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Abstract 

 

A series of dinuclear and mononuclear oxovanadium(V) complexes containing tridentate 

Schiff base ligands derived from pyridoxal and appropriate thiosemicarbazide or hydrazide 

are reported. The compounds were characterised by elemental analysis, thermogravimetric 

analysis, IR and NMR spectroscopy. The molecular structure of the dioxido-vanadium(V) 

complex [VO2(HL5)]·MeOH·H2O (H2L
5 = pyridoxal benzhydrazido ligand), determined by 

X-ray crystallography, reveals an unexpected distorted trigonal bipyramidal arrangement of 

the VO2 moiety. A DFT study of this molecule and of the related [VO2(H2L
5)] complex of VIV 

reveals a moderate effect of the oxidation state change on the bond distances and angles, 

pointing to solvation as the cause of the structural distortion. All complexes were tested as 

(pre)catalysts for olefin epoxidation by aqueous tert-butylhydroxyperoxide (TBHP) under 

solvent-free conditions. Low vanadium loadings (0.05% vs. olefin) resulted in good 

cyclooctene conversions and TOFs. The lifetime of one catalyst was explored through 

repeated runs with recovery/recycling. DFT calculations have also addressed the olefin 

epoxidation mechanism, which reveals the possible direct O atom transfer from the activated 

tert-butoxido (tBuOO–) ligand, without the need to generate a peroxido (O2
2–) ligand.  

 

Keywords: Vanadium(V) complexes / Pyridoxal Schiff base / Epoxidation mechanism / 

Solvent free / Catalyst recovery / DFT calculations  
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Graphical Abstract 

 

 

Highlights 

 New vanadium complexes have been synthesized and characterized 

 Their catalytic activity was studied under solvent-free conditions. 

 DFT calculations clarify the mechanism of the catalytic cycle 
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1. Introduction 

Vanadium has growing impact in coordination chemistry because of its biological and 

catalytic properties [1]. It can exist in wide range of oxidation states from –III to +V [2]. The 

rich chemistry of oxidovanadium(V) is due to its ability to adopt three different structural 

motifs: i) [VO]3+, ii) [VO2]
+ and iii) [V2O3]

4+ [3].The combination of the pyridoxal moiety 

with thiosemicarbazides and hydrazides provides interesting chemical and biological activity 

for the resulting condensation products. It is known that the neutral form of such ligands, H2L, 

exists in three tautomeric forms A-C (scheme 1), of which the third one is zwitterionic. The 

singly and doubly deprotonated forms HL- and L2- have also been described and it has been 

demonstrated that their tridentate coordination involves the limiting forms shown in scheme 1 

[4]. Oxido vanadium metal complexes with Schiff base chelating ligands have been reported 

[5] in which O, N donor ligands have the tendency to stabilize vanadium in its highest 

oxidation state.  

 

 

 

Scheme 1.  ONS and ONO donors ligands used for the preparation of vanadiumV complexes. The 

ligand tautomerism is also illustrated in the scheme. 

 

Coordination complexes of oxidovanadium(V) [VO]3+ and dioxidovanadium(V) [VO2]
+ are 

well known as (pre)catalysts for oxidation reactions of different substrates [6] as well as in 
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sulfoxidation processes [7], but only few studies concern olefin epoxidation [8]. Epoxides are 

important intermediates for the synthesis of several commercial products [9]. Traditional 

catalytic processes use organic solvents, which cause safety and pollution problems due to 

flammability, toxicity and volatility [10]. Avoiding solvents is the crucial point for “greening” 

the epoxidation processes. Following the principle ″the best solvent is no solvent″ [11], an 

organic solvent-free process is emerging as the most appropriate choice, since it is 

environmentally friendlier, less hazardous and characterized by lower running costs [10-12]. 

Taking into account economic and environmental viewpoints, great efforts are invested in 

catalyst recovery and recycling [8g,13]. Although the catalytic efficiency is usually 

significantly decreased in repeated runs, the opposite trend (activity increase in subsequent 

runs) may also be observed [14].  

We present herein the preparation and spectroscopic characterisation of mononuclear and 

dinuclear vanadium (V) complexes derived from the ligands H2L
1 – H2L

5 (Scheme1), of 

general formula [V2O3(L
1)2], [V2O3(HL1)2]Cl2, [V2O3(L

2)2]·2MeOH, 

[V2O3(HL2)2]Cl2·2MeOH, [VO2(HL3,4)]·MeOH·H2O, and [VO2(HL5)] (Scheme 2). All 

isolated species were used as (pre)catalysts for the organic solvent-free epoxidation of cis-

cyclooctene using the same procedure of our previously published studies with the vanadium 

complex [V2O3(SAP)2] (SAP = salicylideneaminophenolato) [8c], with the Keggin 

polyoxometalate [PMo12O40]
3– [15],with the molybdenum complex [MoO2(SAP)]2 [16], and in 

particular with tridentate pyridoxal derivatives of dioxidomolybdenum(VI) [17]. In these 

epoxidations, the oxidant is tert-butylhydroperoxide (TBHP) administered as an aqueous 

solution, water not acting as a reaction solvent. Moreover, the lifetime of 

[VO2(HL4)]·MeOH·H2O catalyst was explored through repeated runs with 

recovery/recycling. The olefin epoxidation mechanism has also been addressed by DFT 

calculations. 
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2. Experimental Section 

2.1. Materials and methods:  

Pyridoxal hydrochloride, thiosemicarbazides, hydrazides, isoniazide, [VO(acac)2], aqueous 

TBHP (70%), cyclooctene and acetophenone were commercially available (Aldrich) and used 

as received. Solvents (MeOH, EtOH, Et2O) were reagent grade. All the ligands were prepared 

according to literature procedures [18,19]. Infrared spectra were recorded on KBr pellets at 

room temperature with a Mattson Genesis II FTIR spectrometer. Thermogravimetric analyses 

were performed with a thermal analyzer SDT-Q600. The samples were placed into platinum 

crucibles and heated at 10 K min–1 in reconstituted air flow from 25 °C to 600 °C. 1H NMR 

spectra were recorded at 200.1 MHz on a Bruker Advance DPX-200 spectrometer. 51V NMR 

spectra were recorded at 131.6 MHz on a Bruker Avance 500 spectrometer. Elemental 

analyses (C, H, N) were performed by the Laboratoire de Chimie de Coordination analytical 

service. The catalytic reactions were followed by gas chromatography (GC) on an Agilent 

6890A chromatograph equipped with FID detector and a DB5-MS capillary column (30 m x 

0.32 mm x 0.25 µm). The GC parameters were quantified with authentic samples of the 

reactants and products. The conversion of cis-cyclooctene (COE) Conversion = 

[n(COEconsumed)/n(COEintroduced)]100 and the selectivity towards cyclooctene oxide (COEO) 

Selectivity = [n(COEOformed)/n(COEconsumed)]100 were calculated only from the organic 

phase from GC calibration curves (r2 = 0.999). 

2.2. Synthesis of μ-oxido bis oxidovanadium complexes 

A mixture of [VO(acac)2] (0.05 g, 0.2 mmol) and the appropriate ligand (H2L
1, H2L

1·HCl, 

H2L
2, H2L

2·HCl) (0.2 mmol) in the appropriate alcohol (20 mL) was refluxed for four hours. 

The precipitate formed during the reaction was filtered, washed with alcohol, and dried. For 

all 1H NMR spectra, the pyridoxal CH3 resonance, which should appear around 2.5 ppm, was 

not visible because of overlap with the DMSO signal. 

 

Complex [V2O3(L1)2] (1). Dark greenish-black product obtained from EtOH. Yield: 0.04 g, 

64%. Found: C, 34.48; H, 3.46; N, 17.34%. C18H20N8O7S2V2 requires C, 34.53; H, 3.22; N, 

17.89%. 

 TGA: 27.5% V2O5 residue (requires 29.0%). IR(KBr): //cm−1 1616, 1575 (C=N), 1330 (C–

O), 970 (V=O), 773 (V–O–V), 623 (C–S). 1H NMR (DMSO-d6): 4.77 (m, 2H, CH2), 5.60 (m, 
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1H, OH), 7.35 (m, 2H, NH2), 7.94 (m, 1H, CHarom), 8.86 (s, 1H, CH=N). 51V NMR (DMSO- 

d6) -456.7. 

 

Complex [V2O3(HL1)2]Cl2 (2). Black product obtained from EtOH. Yield: 0.05 g, 72%. 

Found: C, 30.14; H, 3.20; N, 15.84; Cl, 9.24%. C18H22N8Cl2O7S2V2 requires C, 30.93; H, 

3.17; N, 16.02; Cl, 10.14%.  

 TGA: 25.7% V2O5 residue (requires 26.0%). IR (KBr): //cm−1 1617, 1567 (C=N), 1340 (C–

O), 968 (V=O), 781 (V–O–V), 617 (C–S). 1H NMR (DMSO-d6): 4.81 (m, 2H, CH2), 5.34 (m, 

1 H, OH), 7.50 (m, 2H, NH2), 8.03 (m, 1H, CHarom), 8.85 (s, 1H, CH=N),). 51V NMR 

(DMSO- d6) -457.3. 

 

Complex [V2O3(L2)2]·2MeOH (3). Dark brown product obtained from MeOH. Yield: 0.05 g, 

59%. Found: C, 45.24; H, 3.94; N, 13.46%. C32H36N8O9S2V2 requires C, 45.62; H, 4.31; N, 

13.30%.  

 TGA: 6.8% MeOH loss (requires 7.4%); 21.6% V2O5 residue (requires 21.6%). IR(KBr): 

/cm−11616, 1577 (C=N), 1319 (C–O), 960 (V=O), 758 (V–O–V), 625 (C–S). 1H NMR 

(DMSO-d6): 4.89 (m, 2H, CH2), 5.70 (m, 1 H, OH), 7.06 (m, 1H, CHar), 7.36 (m, 2H, CHar), 

7.87 (m, 2H, CHar), 8.03 (m, 1H, CHar), 9.13 (s, 1H, CH=N), 9.88 (s, 1H, NH). 51V NMR 

(DMSO- d6) -466.9. 

 

Complex [V2O3(HL2)2]Cl2·2MeOH (4). Dark greenish-brown product obtained from MeOH. 

Yield: 0.08 g, 83%. Found: C, 41.54; H, 4.14; N, 11.94; Cl, 7.34%. C32H38N8Cl2O9S2V2 

requires C, 41.99; H, 4.18; N, 12.24; Cl, 7.75%  

. TGA: 4.3% MeOH loss (requires 6.7%); 17.1% V2O5 residue, (requires 19.9%). IR(KBr): 

//cm−11598, 1571 (C=N), 1319 (C–O), 960 (V=O), 744 (V–O–V), 623 (C–S).1H NMR 

(DMSO-d6): 4.94 (m, 2H, CH2), 5.80 (m, 1H, OH), 7.08 (m, 1H, CHar), 7.42 (m, 2H, CHar), 

7.65 (m, 1H, NH+), 7.89 (m, 2H, CHar), 8.12 (m, 1H, CHarom), 9.12 (s, 1H, CH=N), 9.93 (s, 

1H, NH). 51V NMR (DMSO- d6) -465.3. 

2.3. Synthesis of dioxidovanadium complexes:  

A mixture of [VO(acac)2] (0.05 g, 0.2 mmol) and the appropriate ligand (0.2 mmol) in 

methanol (20 mL) was refluxed for 4 h and the precipitate formed during the reaction was 

filtered, washed with methanol and dried. 
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Complex [VO2(HL3)]·MeOH·H2O (5). Yellow crystals. Yield: 0.02 g, 24%. Found: C, 

45.74; H, 4.91; N, 9.74%. C16H20N3O7V requires C, 46.06; H, 4.83; N, 10.07%.  

 TGA: 12.8% MeOH+H2O loss, (requires 12.0%); 21.8% V2O5 residue (requires 21.7%). 

IR(KBr): //cm−1 1617 (C=N), 933, 916 (O=V=O). 1H NMR (DMSO-d6): 2.56 (m, CH3), 4.89 

(m, 2H, CH2), 5.70 (m, 1H, OH), 7.50-7.57 (m,3H, CHar), 8.00 (s,1H, CHar), 8.07-8.09 (m,2H, 

CHar), 8.28 (1H, CH=N). 51V NMR (DMSO- d6) -536.2. Slow evaporation of the methanol 

solution led to the isolation of single crystals suitable for a structural determination through 

X-ray crystallography. 

 

Complex [VO2(HL4)]·MeOH·H2O (6). Orange product. Yield: 0.03 g, 38%. Found: C, 

43.94; H, 4.44; N, 9.88%.  C16H20N3O8V requires C, 44.36; H, 4.65; N, 9.70%.  

 TGA: 9.2% MeOH+H2O loss (requires 11.5%); 22.4% V2O5 residue (requires 21.0%). 

IR(KBr): //cm−11616 (C=N), 941, 921 (O=V=O). 1H NMR (DMSO-d6): 2.80 (m, CH3), 4.83 

(m, 2H, CH2), 5.70 (m, 1H, OH), 6.88 (m,2H, CHar), 7.99 (3H, CHar), 9.25 (1H, CH=N), 

10.14 (m,1H, NH+). 51V NMR (DMSO- d6) -536.1. 

 

Complex [VO2(HL5)] (7). Complex 7 was prepared according to the previously published 

method1d with the exception of using directly [VO(acac)2] and HL5 ligand in methanol. 

Dark yellow product. Yield: 0.03 g, 41%. Found: C, 45.54; H, 3.77; N, 14.84%. C14H13N4O5V 

requires  C, 45.67; H, 3.56; N, 15.21%.  

 TGA: 26.9 % V2O5 residue (requires 24.7%). IR(KBr): //cm−1 1596 (C=N), 1257 (C–O), 

954, 901 (O=V=O). 1H NMR (DMSO-d6): 2.12 (m, CH3), 4.85 (m, 2H, CH2), 5.74 (m, 1H, 

OH), 7.95 (3H, CHar), 8.75 (2H, CHar), 9.36 (1H, CH=N). 51V NMR (DMSO- d6) -536.1. 

2.4. Catalytic tests 

Procedure A: A mixture of cyclooctene (2.76 mL, 20 mmol), acetophenone (internal 

reference) and VV (pre)catalyst (0.01 mmol of V) was stirred and heated up to 80 °C before 

the addition of aqueous TBHP (70%, 5.48 mL, 40 mmol). The reaction was followed for 5 h 

by withdrawing aliquots at required times. During the kinetic study, 0.1 mL samples of the 

organic phase were taken from the reaction medium and mixed with 2 mL of Et2O. A small 

quantity of MnO2 was added to each sample in order stop the reaction by destroying the 
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remaining peroxide before analysis. The mixture was filtered through silica and analyzed by 

GC. 

 

Procedure B: The procedure B is identical to the procedure A with 2 mg of solid recovered 

from procedure A using complex 6. 

 

Procedure C: The procedure C is identical to procedure A with 1 mg of solid recovered from 

procedure B. 

 

Procedure D: The procedure D is identical to procedure A with use of 0.05 mol of complex 

6. 

2.5. DFT Calculations 

All calculations were carried out with the GAUSSIAN 03 program suite [20],within the DFT 

approach using the B3LYP three-parameter functional [21] in conjunction with the 6-31 G** 

basis set for the light atoms (O, N, C, H) plus the SDD set for the V atom, which includes a 

pseudopotential, augmented by an f polarization function with the optimized [22] 1.715 

coefficient. The geometry of [VO2(HL3)] was optimized from the geometry determined by  

X-ray diffraction without any symmetry constraint. The optimized geometries of all stable 

compounds and reaction intermediates were confirmed to be local minima by the frequencies 

analysis. Likewise, the frequency analysis confirmed the nature of the optimized transition 

states as first order saddle points (only one imaginary frequency at –439.18i for TS II and at –

514.55i for TS III corresponding to the expected reaction coordinates). Thermochemical 

corrections were obtained at 298.15 K on the basis of frequency calculations, using the 

standard approximations (ideal gas, rigid rotor and harmonic oscillator).  

2.6. X-Ray Crystallographic Study 

A single crystal of the compound 5 was mounted under inert perfluoropolyether on the tip of a 

loop and cooled in the cryostream of an Agilent Technologies GEMINI extra diffractometer 

with an EOS CCD detector. Data were collected using the monochromatic Mo K radiation 

( = 0.71073 Å). The structure was solved by direct method (SIR97) [23] and refined by 

least-squares procedures on F2 using SHELXL-97 [24]. All H atoms attached to the C, N and 

O atoms were introduced at idealised positions and treated as riding on their parent atoms in 
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the calculations. Owing to the fact that the hydroxyl oxygen is located on the mirror plane, the 

H atom attached to it is statistically distributed over two symmetry related positions. The O 

atom of the water molecule is also located on the mirror plane and so the H atoms are 

symmetrically related to this plane. The methanol solvate is statistically disordered over two 

positions related through the mirror plane with the C atom located on the mirror. The drawing 

of the molecules was realised with the help of ORTEP3 [25]. Crystal data and refinement 

parameters are shown in Table 1. Crystallographic data (excluding structure factors) have 

been deposited with the Cambridge Crystallographic Data Centre as supplementary 

publication no. CCDC 977949. Copies of the data can be obtained free of charge on 

application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 

1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

Table 1. Crystal data and structure refinement for the complex 5.  

Empirical formula  C16H19N3O7V 

Formula weight 416.28 

Temperature 180(2) K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pnma 

Unit cell parameters  

a (Å) 

b (Å) 

c (Å) 

 19.5940(7)  

 6.6639(3)  

13.6590(5)  

Volume (Å3) 1783.49(12)  

Z 4 

ρcalcd  (g cm–3) 1.550  

μ (mm–1) 0.602  

F(000) 860  

Crystal size (mm3) 0.66 x 0.037 x 0.026  

θ range for data collection (°) 3.64 – 26.36  

Reflections collected 10261 

Reflections independent  1975 [R(int) = 0.0513] 

Completeness to θmax (%) 99.6  

Absorption correction Multiscan 

Max. and min. transmission 1.0 and 0.946 

Refinement method Full–matrix least–squares on 

F2 

Data / restraints / parameters 1975 / 0 / 165 

Goodness–of–fit on F2 0.871  

Final R indices [I>2(I)] R1 = 0.0324, wR2 = 0.0669 

R indices (all data) R1 = 0.0604, wR2 = 0.0705 

Largest diff. peak and hole 0.288 and –0.359 e.Å–3 

 

3. Results and Discussion 

mailto:deposit@ccdc.cam.ac.uk)
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3.1. Synthesis and vibrational properties of vanadium(V) complexes 

 

All vanadium(V) complexes were prepared by the reaction of the appropriate pyridoxal 

thiosemicarbazone or hydrazone ligand H2L (Scheme 1) or the thiosemicarbazone 

hydrochloride analogue H2L·HCl and [VO(acac)2] in refluxing methanol or ethanol, 

conditions that gave the best yield and the highest degree of purity for the products. At 

variance with the previously reported procedures that employed the potassium salts of H2L
1, 

H2L
3 and H2L

5 [18,26], our syntheses made direct use of the neutral ligands. The IR spectra of 

complexes 1-4 exhibit sharp bands in the 960-970 cm–1 range and a band around 745-774 cm–

1. On the other hand, complexes 5-7 display two bands around 934-955 cm–1 and 900-916 cm–

1. As reported in the literature, bands in the 960-970 cm–1 region are assigned to ν(V=O), 

while those around 745-774 cm–1 correspond to ν(V–O–V), typical for binuclear compounds 

[11, 39b] . The bands observed in the spectra of complexes 5-7 correspond to the νa(O=V=O) 

and νs(O=V=O) vibrational modes, indicating mononuclear compounds [27, 39d]. For all the 

complexes, the stretching frequencies attributed to the ONO or ONS ligands are found around 

1610 and 1570 cm–1 (C=N), around 1310 cm–1 (C–O) and around 620 cm–1 (C–S), in 

agreement with the literature data [18, 28]. The broad absorptions in the 3000-2600 cm−1 

range, appearing in the spectra of the mononuclear dioxidovanadium(V) complexes, confirm 

the presence of the pyridinium moiety of HL− [4, 17, 29].  

The proposed structures of complexes 1-7 are presented in Scheme 2. All reactions 

probably lead initially to air-unstable [VIV(O)L] intermediates which convert to the final V(V) 

products in air, as previously proposed for other similar systems [18, 19]. The sulphur 

containing ligands H2L
1 and H2L

2 yield dinuclear neutral complexes where the dianionic 

(L1)2- and (L2)2- bind the central [V2O3]
4+ core in a  tridentate ONS coordination mode, as 

already observed in other species.[18, 19] Use of the corresponding hydrochlorides, H2L
1·HCl 

and H2L
2·HCl, yields the same structural motif with (HL1)- and (HL2)- ligands (i.e. 2 and 4) 

where the ligand is still bonded in a tridentate ONS fashion and the additional proton is 

located on the pyridine N atom. However, the reaction does not proceed in the same manner 

with the ONO ligands H2L
3-5, leading instead to the formation of mononuclear zwitterionic 

[VO2(HL)] complexes where the residual proton on the tridentate ONO ligand is again located 

on the pyridine N atom (scheme 2). Complexes 5 and 6 crystallized in the form of solvates 

with one MeOH and one H2O molecule per vanadium complex, 5·MeOH·H2O and 

6·MeOH·H2O.  
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Scheme 2. Proposed compositions of VV complexes. 

 

2.2. NMR studies 

 

The 1H NMR spectra of compounds 1-7 in d6-DMSO showed broad signals corresponding 

to the coordinated ligands, at sufficiently different positions from those of the free ligands. 

The spectra of compounds 3-6 showed signals corresponding to free methanol. For 3-4, this is 

liberated by substitution, since DMSO is a stronger coordinating agent. The observation of the 

MeOH resonances for compounds 5 and 6 confirms the stoichiometry resulting from the 

thermal analysis.  

Further analyses were carried out by 51V NMR [30]. The two different chemical 

environments give 51V NMR resonances in distinct chemical shift regions. Thus, all the 

complexes with ONS ligands exhibit a resonance between -456 and -470 ppm, in strict 

accordance with similar complexes and with the postulated coordination mode [18, 31]. On 

the other hand, all the ONO complexes exhibit resonances around -536 ppm, also 

corresponding to our structural assignment in relation to similar compounds.[19] Al these 51V 

NMR data clearly indicate that all complexes contain vanadium (V).  

 

3.2. Thermal analyses 

 

When complexes 1-2 are heated in air, decomposition occurs in the 197 – 468 °C (1) and 

164 – 525 °C (2) range, formally leading to two losses of (L1–O) (or (L1HCl–O) for 2 with 
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oxygen uptake from moisture and formation of V2O5. For complexes 3-4, the first mass loss in 

the range 47 – 132 °C (3) and 40 – 105 °C (4) corresponds to the facile loss of the methanol 

molecules. In a second step, the ligand loss occurs at 200 – 480 °C (3) and 185 – 505 °C (4), 

resulting in the formation of V2O5. The dioxidovanadium complexes 5 and 6 behave in the 

same way, with a first desolvation step (methanol and water) in the 48 – 103 °C (5) and 42 – 

124 °C (6) range followed by ligand loss leading to V2O5 in the 190 – 443 °C (5) and 175 – 

470 °C (6) range. The complex 7, which is non solvated, exhibits only the decomposition step 

to V2O5 in the 162 – 475 °C range. 

 

3.3. X-ray structure 

 

The structure of 5 was determined unambiguously by single crystal X-ray diffraction 

(Figure 1). The molecule is composed of a [VO2]
+ fragment linked to the (HL3)– ligand 

through ONO coordination. Relevant distances and angles are listed in Table 2. 

 

 

 

Figure 1. ORTEP View of the complex 5 [VO2(HL3)]·MeOH·H2O. The ellipsoids are drawn at the 

30% probability level. Hydrogen bonds between the complex and methanol and water molecules are 

represented by dotted lines. 

 

Table 2. Selected bond lengths (Å) and interatomic angles (°) for the compound 5. 

Bond lengths  

V(1)–O(1)  1.6191(14) V(1)–O(3)  1.950(2) 

V(1)–O(12)  1.913(2) V(1)–N(1)  2.153(2) 

O(3)–C(3)  1.302(3) C(12)–C(13)  1.414(4) 
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O(12)–C(12)  1.300(3) O(16)–C(16)  1.427(3) 

N(1)–C(1)  1.295(3) C(1)–C(11)  1.435(4) 

N(1)–N(2)  1.398(3) C(3)–C(31)  1.478(4) 

N(2)–C(3)  1.302(3) C(11)–C(12)  1.410(4) 

N(3)–C(13)  1.321(3) C(11)–C(15)  1.420(4) 

N(3)–C(14)  1.351(3) C(21)–O(21)  1.383(4) 

Interatomic angles  

O(1)–V(1)–O(1i) 109.52(11) O(1)–V(1)–N(1) 125.03(5) 

O(1)–V(1)–O(12) 97.93(6) O(12)–V(1)–N(1) 82.02(8) 

O(1)–V(1)–O(3) 96.08(6) O(3)–V(1)–N(1) 73.56(8) 

O(12)–V(1)–O(3) 155.58(9)  

 

The geometry around the vanadium atom can best be described as distorted trigonal 

bipyramidal, the axial vector O(3)–V(1)–O(12) being distorted from linearity by the 

constraints of the tridentate ONO ligand. The angles between the equatorial ligands are close 

to 120°. All the heavy atoms of the complex are located on the (x, ¾, y) mirror plane except 

for the terminal O atoms, which are symmetrically located on each side of the plane. The O 

atom of the interstitial water molecule is located on the same mirror plane and acts as a 

hydrogen bond donor through two H atoms and as a hydrogen bond acceptor through the H of 

the pyridinium, resulting in the formation of layers parallel to the (100) plane (Figure 2).  

 

Figure 2. Packing of the complex 5 in the unit cell. Hydrogen bonds are shown by dotted lines 

between water molecules and vanadium complexes. The disordered methanol molecules were 

removed for clarity.  

 

Within these layers, there are weak slipped - stacking interactions (centroid to centroid = 

3.6128(6) Å and interplanar distance = 3.3320(1) Å with a slippage of 1.397 Å). These layers 
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are further interconnected through O–H...O hydrogen bonds involving the OH of the methanol 

solvate and the hydroxyl group attached to the complex (see Table 3), thus building a three 

dimensional network.  

 

Table 3 Relevant hydrogen bonding parameters  (distances in Å, angles in degrees) for the structure of 

compound 5. 

D—H···A D—H H···A D···A D—H···A 

O16—H16···O21 0.82 1.87 2.691(3) 176 

N3—H3···O5 0.86 1.87 2.733(3) 176 

O21—H21···O16iii 0.82 1.89 2.704(3) 169 

O5—H5···O1iv 0.85 1.99 2.825(2) 172 

Symmetry codes: (iii) −x, −y+1, −z –x, -1/2+y, 2-z; (iv) −x+1/2, −y+1, z−1/2 -1/2-x, -y, ½+z 

 

The structure of complex 5 is very close to the structure previously described for complex 

[VO2(H2L
3)] (5*) [27] which crystallizes with a pyridine molecule and the structure is 

stabilized by π–π stacking. In addition to the different solvation (one molecule of pyridine for 

5* vs. one molecule of methanol and one of water for 5), compound 5* contains one 

additional H atom bonded to the N atom corresponding to atom N(2) in Figure 1, making it 

formally a complex of vanadium(IV). In that case, the metal coordination geometry is closer 

to square pyramidal with a value of the τ parameter [32] of 0.10, vs. 0.51 for 5 (an overlay of 

the two structures is shown in Figure 3). A comparison of the most significant parameters of 

the two experimental structures is presented in Table 4. It can be appreciated that all bond 

distances are nearly identical, including those to the two oxido ligands. The most striking 

difference can be seen in the N(1)–V–O(1) and N(1)–V–O(1i) angles, which are identical 

(imposed by the mirror symmetry) at 125.03(5)° in 5 and quite different in 5* (107.17(9) and 

142.60(10)°). 

 

file:///C:/Documents%20and%20Settings/AppData/Local/Local%20Settings/Local%20Settings/Temp/5%20_geom_hbond_atom_site_label_D
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Figure 3. Overlay of the geometries of the complex 5 (dark grey) and 5* (light grey). 

 

Table 4. Comparison of relevant bond lengths (Å) between experimental data for 5 and 5* and with 

the DFT optimized V.  

 

Bonds 5 V 5* [a] 

V–O(1)  1.619(1) 1.599 1.636(2) 

V–O(1i)  1.619(1) 1.597 1.615(2) 

V–O(12)  1.913(2) 1.956 1.937(2) 

V–O(3)  1.950(2) 1.981 1.981(2) 

V–N(1) 2.153(2) 2.285 2.147(2) 

N(1)–N(2)  1.398(3) 1.342 1.378(3) 

Angles    

O(1)–V–O(1i) 109.52(11) 110.83 109.69 

O(1)–V–O(12) 97.93(6) 104.30 95.37 

O(1)–V–O(3) 96.08(6) 105.75 93.66 

O(12)–V–O(3) 155.58(9) 140.26 148.81 

O(1)–V–N(1) 125.03(5) 101.22 107.17(9) 

O(1i)–V–N(1) 125.03(5) 147.72 142.60(10) 

O(12)–V–N(1) 82.02(8) 78.20 81.80 

O(3)–V–N(1) 73.56(8) 70.92 73.05 

[a] From reference 20. The labelling scheme follows that of compound 5.  

 

It is pertinent to remark that a search in the Cambridge structural database for mononuclear 

5-coordinated complexes containing a VO2 moiety yielded 160 hits of which only three are 

complexes of vanadium(IV). The other two compounds in addition to 5* are [VO2(
iPrBPDI)] 

(iPrBPDI = substituted bis(imino)pyridine) [33] and [VO2(H2hasc)] (H2hasc = 2-hydroxy-

acetophenone-semicarbazone) [34]. For the former, an EPR study backed up by DFT 

calculations reveals that the spin density is mostly localized on the bis(imino)pyridine ligand, 
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thus the complex is in reality a vanadium(V) complex with a iPrBPDI ligand anion radical. 

The [VO2(H2hasc)] complex, on the other hand, appears to be a genuine vanadium(IV) 

species according to EPR spectroscopy and the structure of the related vanadium(V) complex 

[VO2(Hhasc)] is also described in the same contribution. The comparison of these two 

structures is interesting in relation to our interest in 5 and 5* because they are in both cases 

pairs of complexes with the same ligand, which is neutral in the vanadium(IV) complexes, 

[VO2(H2hasc)] and [VO2(H2L
3)] (5*), while deprotonated in the vanadium(V) complexes, 

[VO2(Hhasc)] and [VO2(HL3)] (5). The geometries of [VO2(H2hasc)] and [VO2(Hhasc)] are 

very similar to each other and similar to that of 5*, namely close to a square pyramidal 

geometry. The N–V–O angles are 105.0(2) and 146.4(2)° in [VO2(H2hasc)] vs. 98.26(13) and 

154.64(12)° in [VO2(Hhasc)].[27] The τ parameter is 0.02 in [VO2(H2hasc)] and 0.16 in 

[VO2(Hhasc)]. There is also no significant difference between the bond lengths for the bonds 

linking the vanadium to its donor atoms between the [VO2(H2hasc)] and [VO2(Hhasc)] 

complexes, as found for the pair of complexes 5 and 5* in Table 4. In conclusion, it seems 

that both vanadium(IV) and vanadium(V) prefer a square pyramidal geometry and that the 

bond distances are little sensitive to the oxidation state change. The adoption of an unusual 

more symmetric geometry by compound 5 could perhaps result from the hydrogen bonding 

network and the subsequent molecular packing imposed in the crystal. 

3.4. DFT calculations on the structural issues 

The DFT study was undertaken with the purpose of better understanding the structural 

difference between 5 and 5*. Starting from the geometry of the isolated molecule in the X-ray 

structure of 5 (excluding water and methanol), the structure converged to a geometry (V) 

(Figure 4), rather close to that already reported [27] for 5* as can be evaluated in Table 3. 

This result appears to confirm the importance of the solvent molecules in the crystals for 

imposing the observed unusual geometry of 5. It is relevant to mention that a related structure 

also showing a symmetric VO2 moiety has been reported for a related [VO2(LH)] complex 

with a similar ONO type Schiff base ligand, where the two symmetry-related N–V–O angles 

are 125.16(5)°. A solvent molecule, water in this case, is again part of the crystal habit [35]. 
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Figure 4. View of the optimized geometry of compound 5 (V). 

 

Additional calculations were carried out starting from the experimental geometry of 5* 

(yielding the optimized geometry V*), and also after adding an H atom to the optimized V, 

yielding a new geometry V+H of formally vanadium(IV), and after removing one hydrogen 

from V* in order to  obtain a new optimized geometry V*-H of formally vanadium(V). The 

optimized geometries of compounds with the same formula (V/V*-H and V*/V+H) are very 

similar (Table 5). The V=O distances are essentially identical in both oxidation states, thus 

this criterion cannot be used to determine the oxidation state. The O–V–N bond angles deviate 

more from the ideal tbp values of 120° for the calculated VV structures than for the calculated 

VIV structures, in agreement with the experimental trend shown above for the complexes 

containing the hasc ligand. The trigonality index τ is greater for the VIV geometries with 

values close to 0.20 whereas those of vanadium(V) yield values close to 0.10. In conclusion, 

the DFT calculation confirm the veracity of the structural determination of 5* as a compound 

of vanadium(IV) and illustrates the little effect of the oxidation state, lower than that of 

crystal packing, on the structural parameters.  

 

Table 5- Selected experimental (5, 5*) and theoretical (V, V*-H, V*, V+H) angles, corresponding τ 

values and theoretical V-O vibrational values. 

 5 V V*-H 5* V* V+H 

Distances       

V–O(1) 1.619(1) 1.599 1.598 1.636(2) 1.598 1.599 

V–O(1i) 1.619(1) 1.597 1.598 1.615(2) 1.599 1.598 

Angles       

O(1)–V–N(1) 125.03(5) 147.72 146.56 142.60(10) 136.16 137.03 

O(1i)–V–N(1) 125.03(5) 101.22 102.35 107.17(9) 111.57 110.74 

τ 0.51 0.12 0.09 0.10 0.20 0.18 

 

O(1)

O(1i)

N(1)

N(2)

O(12)

O(3)

V
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3.5. Catalytic studies 

All new complexes 1-7 have been tested as (pre)catalysts for the epoxidation of 

cyclooctene under solvent-free conditions, following a previously established procedure [8c, 

17]. The oxido-bridged bis-vanadium complexes of general formula [V2O3L2] (1-4) are 

sparingly soluble in cyclooctene and insoluble in water at room temperature. However, they 

dissolve completely in the organic phase after addition of aqueous TBHP at 80 °C. The 

aqueous phase was colourless and the organic one orange-red, indicating that the catalyst is 

mainly confined in the organic phase. The epoxidation reaction was followed during five 

hours by withdrawing and analysing aliquots of the organic phase and the conversion results 

are shown in Figure 5. The cyclooctene conversion was moderate to very good after 5 h (60–

87%), following the order 2 > 4 > 3 > 1. In all cases, but more markedly for complex 3, the 

activity is initially high but decreases after the first half hour, showing either conversion of an 

initially active catalyst into a less active form, or catalyst inhibition by the reaction product. 

 

Figure 5. Kinetic profile of converted cyclooctene vs. time with oxido-bridged bis-vanadium(V) 

(pre)catalysts: complex 1 (), complex 2 (), complex 3 (), complex 4 (). Conditions: 

substrate/complex = 2000:1; T = 80 °C.  

 

The mononuclear dioxidovanadium(V) complexes 5-7 did not completely dissolve in the 

organic phase after addition of aqueous TBHP at 80 °C and a yellow-orange precipitate 

(characterized by IR and 51V NMR as the unsolvated molecule in the case of 6) was formed as 

the reaction progressed. The epoxidation results are shown in Figure 6. The observed 

cyclooctene conversion was lower than in the presence of the oxido-bridged bis-vanadium(V) 

complexes under the same conditions, (26-33%) following the order 6 > 7 > 5. The initial 

catalytic activity is high also with these pre-catalysts, comparable with that of 1-4, but the 

deactivation or inhibition effect seems to be stronger. The change in conversion slope may be 

related to precipitation of the unsolvated complex, hence decreasing the effective catalyst 

concentration in solution. 
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The selectivity towards the formation of cyclooctene oxide for all tested compounds is low 

(Table6). The major product is the corresponding cyclooctanediol, as qualitatively observed in 

the chromatograms. However, this product could not be quantified because part of it remains 

in the aqueous phase. Considering the low catalyst loading (0.05 % [V] vs. substrate), the 

initial turnover frequencies (TOF20min, reported in Table 6) are quite good, from 940 h–1 for 

complex 5 up to 2339 h–1 for complex 1. Under these conditions, the [VO(acac)2] compound 

gives a TOF of 1354 h–1 and a higher selectivity but could not be recovered. The H2L
 ligands 

alone were not active at all. The TOF values were higher for the ONS based compounds 1–4.  

 

Figure 6. Kinetic profile of converted cyclooctene vs. time with dioxidovanadium(V) (pre)catalysts: 

complex 5 (), complex 6 (),  complex 7 (),Conditions: substrate/complex = 2000:1; T = 80 °C.  

 

Table 6. Relative data of epoxidation catalysis toward cyclooctene. 

Complex 1 2 3 4 5 6 7 [VO(acac)2] 

Conversion[a] (%) 61 87 67 74 26 33 31 75 

Selectivity[b] (%) 35 32 30 36 10 10 13 87 

TOF20min
[c] (h–1) 2339 2409 1587 1930 940 1571 1179 1354 

TONd 1251 1804 1386 1551 532 700 633 1500 

[a] Calculated after 5 h. [b] formed epoxide per converted olefin after 5 h. [c] cyclooctene 

transformed / catalyst / time at 20 minutes [d] cyclooctene transformed / catalyst at 5 h.  

 

As mentioned above, the epoxidation processes run with the dioxidovanadium(V) 

(pre)catalysts 5–7 gave rise to the formation of a yellow-orange precipitate. Since 6 yielded 

the largest amount of precipitate (ca. half of the initial mass), this precipitate was used for a 

second run (6*) (procedure B), and the precipitate resulting from this new experiment (6**, 

one quarter of initial mass of 6) for a third run (procedure C). For each run, the amounts of 

starting cyclooctene and TBHP were kept constant. A fourth run was also carried out with a 

fivefold amount (0.25% relative to substrate) of fresh pre-catalyst 6. The kinetic profiles for 

each run are shown in Figure 7and the essential data are summarized in Table 6. While the 
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final conversion after 5 h and the selectivity differ somewhat, the kinetic profile of the four 

runs is essentially the same, with an initial period of high activity followed by a longer period 

of much lower activity. This behaviour is consistent with a product inhibition phenomenon 

(maybe due to the interaction with the formed products) or to the complex precipitation and 

not with catalyst deactivation. The relative independence of the kinetic profile on the catalyst 

amount (0.05% vs. 0.25 %), given that this (pre)catalyst does not completely dissolve in the 

reaction medium, shows that the activity is limited by the solubility. Therefore, it is not 

necessary to use large catalyst loadings. Finally, the activity of the recycled catalysts (6* and 

6**) is essentially identical to that of 6, suggesting the absence of catalyst degradation. 

However, an IR study of the catalytic species 6 and 6* in the ν(V=O) region does not reveal 

important changes ( Figure 8). This suggests that the chemical or at least structural nature of 

the catalyst remains constant during the catalytic runs, without affecting the catalyst 

performance. No signals corresponding to a peroxo intermediate [19] could be detected in the 

IR spectrum as well as in 51V NMR for the recovered catalyst 6*.  

  

Figure 7. Kinetic profile of converted cyclooctene vs. time with (pre)catalysts 6: ---- 0.05% [V] 

complex 6, ---- complex 6*, ---- complex 6**, ----0.25% [V] complex .  Conditions: T = 80 °C.  

 

Table 6 Relative data of epoxidation catalysis toward cyclooctene. 

Complex 0.05% [6] 6* 6** 0.25% [6] 

Conversiona (%) 34 47 35 41 

Selectivityb (%) 10 24 10 12 

TOF20min
c (h–1) 1571 - - 265 

TONd 700 - - 170 

[a] After 5 h. [b] Formed epoxide per converted olefin after 5 h. [c] Cyclooctene transformed / 

catalyst / time at 20 minutes. [d] Cyclooctene transformed / catalyst at 5 h.  

* First recycle of used catalyst. ** Second recycle of used catalyst. 

 

0

25

50

0 60 120 180 240 300

co
n

v
er

si
o

n
 (

%
)

time (min)



22 

 

 

Figure 8. Comparison of the IR vibrations of the catalytic materials 6(blue), 6*(red) in the V=O 

stretching region. 

 

3.6. DFT studies of the catalytic mechanism 

The mechanism of catalytic epoxidation has been the subject of keen interest and debate 

for decades, since the contrasting propositions by Mimoun [36] and Sharpless [37] (vide 

infra). It is inappropriate to summarize the state of the art here, except for pointing out that 

computational studies involving vanadium catalysts are very limited [38] and deal with H2O2 

as the oxidizing agent with only one exception [38e]. When H2O2 is the oxidant, proton 

exchange processes allow the facile formation of peroxido ligands with water elimination and 

the key oxygen atom transfer step can then proceed from the V(OO) moiety to the olefin 

substrate. Besides the Mimoun and the Sharpless pathways, a third pathway involving a 

vanadium(IV) peroxido radical species has also been invoked in experimental studies based 

on VO(acac)2 [39] and on vanadium-substituted phosphomolybdic acid [40] catalysts. The 

theoretical studies carried out so far are in favour of the classical Sharpless mechanism, which 

is represented in Scheme 3 (left). However, when the oxidant is TBHP, regeneration of the 

peroxido ligand from a V=O function and TBHP through intermediate B (R = tBu) is not 

expected to be facile.  

 

6001 0001 4001 800
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Scheme 3.  Possible mechanistic pathways for olefin epoxidation by vanadium catalyst. 

 

Possible ways to go around this problem involve direct transfer to the olefin of an O atom 

from the TBHP molecule which is either coordinated to the metal center, V(O)(tBuOOH), as 

in intermediate A of Scheme 3leading to TS I, or activated by proton transfer to the oxido 

ligand and generation of an alkylperoxido intermediate, V(OOtBu)(OH), as in intermediate B 

which leads to TS II or TS III. While TS II involves assistance by an H-bond between the 

OH ligand as a proton donor and the OOR ligand as a proton acceptor, TS III involves 

assistance by an incipient interaction between the metal atom and the Oβ atom (we use a 

nomenclature where atom Oα binds the H atom in TBHP or the V atom in the tert-

butylperoxido complex, whereas atom Oβ is the atom bearing the tBu group: V-Oα-Oβ-tBu, H-

Oα-Oβ-tBu). Note that the pathway via TS II leads to a concerted and direct generation of 

both products (epoxide and ROH), whereas the other two pathways lead to an alkoxido-

hydroxydo intermediate C via elimination of the epoxide, whereas the ROH by-product must 

be formed in a subsequent step. All these alternatives still involve, however, direct O-atom 

transfer to the olefin substrate as in the Sharpless mechanism, rather than via olefin 

coordination and insertion as in the Mimoun mechanism.  

These variants of the Sharpless mechanism have so far been examined computationally for 

few catalytic systems (Ti,[41] Mo,[ 16, 42] W[43]), but not for vanadium. However, a 
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pathway of this kind (through a transition state similar to TS III) was computationally found 

as the preferred one for the oxygen transfer from H2O2 to R2S2 catalysed by a Schiff base 

complex of VV, in spite of the potential access in this case to the peroxido intermediate for a 

classical Sharpless-type mechanism [44]. Formation of intermediate A, which is stabilized by 

a H-bond to an oxido ligand, requires an open coordination site on the metal centre, as found 

for instance in 5-coordinate complexes of type [MoO2(L)] (L = tridentate dianionic ligand) 

[16a]. The evolution of B via a transition state of type TS II, which is stabilized by the H-

bond in the 5-membered cycle, was shows to be the preferred pathway for a 6-coordinate 

complex of type type [MoO2(L)] (L = tetradentate dianionic ligand) [42a], whereas all the 

calculations on the Ti catalysts [41] and on the organometallic [Cp*WO2Cl] systems 

[42d,43a] highlight a pathway through a transition state of type TS III.  

For both structural types investigated here, namely dinuclear [V2O3L2] and mononuclear 

[VO2(LH)], all pathways involving TS I, TS II or TS III as transition states are possible in 

principle. Indeed, a 5-coordinated vanadium centre is present for coordinative addition of 

TBHP and a V=O function is available for activation by proton transfer. Both types of 

complexes are moderately active towards epoxidation. The same active species is in principle 

accessible from both types of catalysts, because [V2O3L2] can equilibrate with mononuclear 

[VO(OH)L] in the presence of water, and the latter is a tautomeric form of [VO2(LH)]. 

Alkoxido oxido complexes [LVO(OR)] have been isolated previously with other type of ONS 

ligands and different alkoxido groups [45]. Therefore, we have explored the three possible 

pathways using only the complex with the ONO-type pyridoxal benzhydrazido ligand that 

was structurally characterized in this contribution.   

Our calculations have addressed a simplified model of the mononuclear [VO2(HL)] 

complex where the pending methyl and hydroxymethyl substituents were replaced by 

hydrogen atoms, tBuOOH was modelled by MeOOH and the olefin substrate was modelled 

by ethylene, in order to save computational time. The calculations were carried out in the gas 

phase. We did not consider it necessary to carry out a solvation correction. The oxidant was 

introduced as an aqueous solution, but water is not miscible with the substrate whereas 

tBuOOH migrates to the organic phase where the catalyst is also located. The solvent medium 

is therefore essentially a mixture of olefin and tBuOOH (which later transforms into tBuOH) 

and the polarity is difficult to estimate but is considered as sufficiently low and should not 

affect significantly the energies that are estimated in the gas phase.  

A pathway involving intermediate A of Scheme 3could not be located, because every 

attempt to optimize the geometry of this adduct as represented in Scheme 3 led to expulsion 
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of the alkyl hydroperoxide. This result is in stark contrast with the 5-coordinate Mo analogue 

[MoO2(L)], which yields a stable 6-coordinate local minimum for the adduct 

[MoO2(L)(TBHP)] and correlates with the lower propensity of 5-coordinate VO2
+ derivatives 

to increase their coordination number. The calculation led to an H-bonded adduct, 

[VO(HL)(=O···HOOMe)], featuring a strong H-bond between MeOOH as a proton donor and 

one of the oxido ligands of V as a proton acceptor (O···H distance of 1.757 Å), which is 

stabilized by 20.8 kcal/mol on the electronic energy scale (9.9 kcal/mol in free energy) 

relative to the two separate adducts. The strength of this H-bonding interaction reflects the 

electron donor power and polarity of the V=O function and the strong proton donating ability 

of the hydroperoxide. This is the most stable species and is therefore the resting state (or rate-

determining intermediate) of the catalytic cycle. 

For the [VO(OH)(OOMe)(HL)] stoichiometry (intermediate B of Scheme 3), two 

different local minima could be optimized, one with a H-bond between the OH proton and the 

OOMe Oβ atom (at –10.3 kcal/mol relative to the separate reagents, B2) and one without (at –

5.6 kcal/mol, B1), see Figure 9. Note that both local minima are at higher energy than the 

precursor MeOOH adduct, thus proton transfer with activation of the MeOOH reagent is 

endothermic. Using the geometry of B1 as a starting point, a transition state TS III could be 

located at 26.4 kcal/mol. In this transition state, the Oα–Oβ bond is significantly elongated 

relative to the B1 intermediate (from 1.428 to 1.827 Å) whereas the V–Oα remains rather 

short (changing from 1.938 to 1.994 Å) while the two olefin C atoms have significantly 

approached the Oα atom (1.963 and 2.107 Å), the olefin C=C bond is slightly elongated to 

1.365 Å and the V and Oβ atoms have already established a significant interaction (2.050 Å). 

Epoxide elimination is very exothermic and leads to the [VO(OH)(OMe)(HL)] intermediate 

located at –46.1 kcal/mol, which then rearranges to the starting dioxido catalyst with a MeOH 

molecule H-bonded to one of the two O ligands, [VO(HL)(=O···HOMe)], with a further 

thermodynamic gain. The cycle is closed by replacement of the H-bonded MeOH molecule by 

a new molecule of the MeOOH oxidant with a further energy gain of 1.9 kcal/mol. The 

energy span of this cycle is very high (47.2 kcal/mol from the rate-determining intermediate A 

to the rate-determining transition state TS III). On the other hand, starting from the H-bonded 

minimum B2, a transition state TS II in Scheme 3was found at a relative energy of 10.5 

kcal/mol, see Figure 9. In this transition state, both the V–Oα and the Oα–Oβ bonds are 

significantly elongated relative to the [VO(OH)(OOMe)(HL)] intermediate B2 (from 2.079 to 

3.160 Å for the former, from 1.458 to 1.709 Å for the latter), while the Oα atom establishes 

incipient interactions with the olefin C atoms (2.141 and 2.252 Å), the olefin C=C double 
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bond is slightly elongated (1.348 Å), the V–OH proton is already closer to the Oβ atom of the 

former –OOMe ligand than to the OH oxygen atom, and the V–O distance to the former OH 

ligand has considerably shortened (from 1.702 to 1.015 Å). All these parameters indicate the 

“late” nature of the transition state, as expected for a very exothermic process. Indeed, the TS 

leads directly to the free epoxide and to a H-bonded MeOH adduct, [VO(HL)(=O···HOMe)] 

The energy span of this cycle is 31.3 kcal/mol, much lower than that of the other cycle 

examined above. 

 

Figure 9. Energy diagram of the epoxidation of ethylene by MeOOH catalyzed by [VO2(HL)] and 

views of the optimized structures (non relevant hydrogen atoms were removed for clarity). 

 

The structure of compound [VO(O2)(HL)], which  may be generated from intermediate 

B2 by MeOH elimination, was also optimized. It is located at –1.1 kcal/mol on the E scale of 

Figure 9 (–0.8 kcal/mol on the G scale). However, as previously discussed, its formation from 

B2 is expected to be associated to a high energy barrier, which was not calculated. Note that 

this intermediate is endothermic relative to A, therefore it is not expected to accumulate in the 

catalytic reaction, in agreement with the lack of experimental observation of peroxide species. 

Assuming that this intermediate would anyhow be kinetically accessible during catalysis, it 



27 

 

could in principle transfer an O atom to the olefin by one of the classical Sharpless or 

Mimoun mechanisms.  Therefore, the TS of the O atom transfer from [VO(O2)(HL)] to 

ethylene has also been calculated (TS oxo, Figure 9). The energy of TS oxo is higher than that 

of TS II by ca. 10 Kcal/mol (H scale) and close to that of TS III. Therefore, the calculations 

do not support the involvement of peroxide species in epoxidation catalyzed by this type of 

vanadium system.  

The energy span of the best calculated cycle from the resting state A to the rate-

determining transition state TS II is 31.3 kcal/mol on the E scale (47.9 kcal/mol on the G 

scale). The high value of the activation free energy is justified by its strongly associative 

nature and is certainly overestimated given the full consideration of the translational and 

rotational degrees of freedom in the gas phase calculation, whereas these are extensively 

quenched in the condensed phase. The energy span of this cycle is not unreasonable given the 

observed catalytic activity. A lower energy span of 22.5 kcal/mol was calculated for the 

[MoO2(SAP)] system, which indeed displays a considerably greater catalytic activity [16a]. In 

summary, the calculations have located a viable pathway for the activation of the 

hydroperoxide oxidant and O atom transfer to olefin, which involves proton transfer and H-

bonded assisted O atom transfer to external olefin from a hydroxido-alkylperoxido 

intermediate.  

4. Conclusions 

New VV complexes with Schiff bases derived from pyridoxal and pyridoxal hydrochloride 

were synthesised. The crystal structure of complex 5 has been determined, confirming the 

tridentate ONO bonding of the ligand to the vanadium atom, as well as protonation of the 

pyridine ring. The structure is very similar to that of a V(IV) derivative with a neutral ligand, 

[VO2(H2L
3)], except for an unusual trigonal bipyramidal geometry, which has been attributed 

to crystal packing effects. All vanadium complexes have been used as (pre)catalysts at 0.05% 

loading for epoxidation reactions of cis-cyclooctene under “green” reaction conditions, 

namely using aqueous TBHP as oxidising agent and without using any extra solvent. The 

dinuclear oxido-vanadium(V) complexes have shown the best catalytic activity and selectivity 

among all tested compounds. Different mechanistic possibilities for the catalyzed O atom 

transfer to olefin have been addressed by the DFT calculation. Two of the explored pathways 

were shown to be viable, with one of them having a lower energy span. It corresponds to the 

H-bond assisted transfer of the Oα to an external olefin, a pathway that has been investigated 
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before for MoVI systems but never explored for VV.  In addition, the calculations do not 

support the involvement of peroxido complexes as kinetically viable catalytic intermediates.  
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