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Abstract 

New diamine bis-phenol compounds of salan- (HOPh’CHNH(CH2)2NHCHPh’OH, Ph’ = 2,4-(CMe2Ph)C6H2, H2L1) 
and salen-type (HOPh’’CHN(CHPh)2NCHPh’’OH, Ph’’ = 2,4-tBuC6H2, H2L2 and HOPh’’CHN(1,1’-2-
binaphthyl)NCHPh’’OH, Ph’’ = 2,4-tBuC6H2, H2L3), as well as their oxido vanadium derivatives are described. 
VO(OiPr)3 was used as starting material for the preparation of [VO(OiPr)(L1)], 1, [VO(OiPr)(L2)], 3, and (µ-
O){[VO(OiPr)(µ-O)(L3)VO]}2, 5. An intramolecular redox process involving the reduction of V(V) to V(IV) converts 
3 into [VO(L2)], 4. The reactions of 1 and 5 with Me3SiCl give [VOCl(L1)], 2, and [VOCl(L3)], 6, respectively. All 
complexes were tested as catalysts for the sulfoxidation of thioanisole using H2O2 as oxidant. In general, the 
compounds display high activity and selectivity, although salan-type complexes (1 and 2) perform better. 
Comparison of complexes 5 and 6 shows the monomeric species is more active and selective. Well-defined 
complexes, 5 and 6, display better catalytic performance than systems using 1:1.5 [VO(acac)2] and H2L3.  

Introduction 

Sulfoxides are an important class of compounds that may be obtained by catalytic oxidation of thioethers using 
transition metal complexes as catalysts [1]. Among other early transition metals used, vanadium catalyzed 
sulfoxidation reactions gained prominence, as vanadium is a cheap metal, present in biological systems, and 
active when H2O2 is used as oxidant [2]. Despite the important contributions given to this research field, which 
include the implementation of bio-inorganic methodologies as well as successful kinetic resolution processes [3], 
the use of well-defined asymmetric sulfoxidation catalysts still presents several drawbacks [4]. The requirement 
of laborious and expensive separation procedures and the use of chlorinated solvents, low temperature and 
controlled addition of oxidants are some of the issues that need further development [4,5]. The implementation of 
new catalytic systems and a better understanding of their reactivity, through the identification of the species 
involved and the study of the reactions’ mechanisms, using either computational or experimental methods, is 
thus an essential strategy to attain more efficient sulfoxidation systems. 
As part of our research in transition metal catalyzed oxidation reactions [6], we focused on catalytic sulfoxidation 
of thioethers and described tripodal diamine bis(phenolate) oxidovanadium(V) complexes that are very selective 
(up to 98%) towards thioanisole sulfoxidation using H2O2 as oxidant, without requiring the use of chlorinated 
solvents [7,8]. 
Aiming to evaluate the properties of new vanadium complexes in sulfoxidation of thioanisole, we report here the 
synthesis of new salen- and salan-type vanadium complexes with different ligand frames as binaphthyl and 
phenyl groups, along with bulky o-phenolate substituents. 
 
 
Results and Discussion 

Synthesis and characterization 

The ligand precursors used in this work are depicted in Figure 1. H2L1 is a salan-type diamine bisphenol that was 
prepared by a single step Mannich condensation reaction of 2,4-(CMe2Ph)2PhOH, formaldehyde and ethylene 
diamine, adapting a literature procedure [9]. The 1H and 13C-{1H} NMR spectra of H2L1 are in agreement with a 
Cs-symmetric species, displaying only two sets of resonances for the Me and for the Ar-CH groups, one singlet 
for the ArCH2N groups and one singlet for the NCH2CH2N moiety. H2L2 and H2L3 are salen-type diimine 
bisphenols that were synthesized through reactions of 3,5-di-tert-butyl-2-hydroxybenzaldehyde with the 
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corresponding diamines, following reported procedures [10]. H2L3 was prepared from the racemic mixture of 1,1’-
bi(2-naphthylamine), and H2L2 was prepared from meso-(R,S)-diphenylethylenediamine. 
 
 

 
 

Figure 1. Ligand precursors used in this study 
 
 
Crystals of H2L2 suitable for X-ray diffraction were obtained by slow evaporation of an EtOH solution. The 
compound crystallizes in the monoclinic system, space group P21/c, with one half-molecule in the asymmetric 
unit. The structure is stabilized by the formation of intramolecular hydrogen bonds between the OH groups of the 
phenols and the N atoms of the diimine moieties. Such interactions display O(1)-H(1O)...N(1) bond lengths of 
1.73(2) Å and define two 6-member heterocycles. The two phenyl rings linked to the two stereocenters of the 
molecule are placed in an anti periplanar conformation. The overall distances and angles fit the usual values 
reported in the literature for organic molecules [11]. 
 

 
 
 
Figure 2. ORTEP diagram of H2L2 using 30% probability level ellipsoids. Hydrogen bonds are represented by 
dashed lines. Equivalent atoms (i) are generated using the symmetry transformation –x+1, -y, -z+2. 
 
As shown in Scheme 1, treatment of VO(OiPr)3 with one equivalent of H2L1 in THF at room temperature afforded 
[VO(OiPr)(L1)], 1, in 70% yield. The 1H and 13C-{1H} NMR spectra of 1 revealed the formation of a C1-symmetric 
complex, displaying mutually-trans coordination of the phenolate rings to the metal.  The ligand displays an 
overall cis-α coordination mode that is probably determined by the bulkiness of the dimethylphenyl substituents 
on the phenol groups [12]. As expected for an asymmetric species, the proton NMR spectrum of 1 displays 8 
resonances for the Me groups of the CMe2Ph moiety, 2 doublets and 1 septet for methyl and methyne protons of 
the isopropoxido ligand, 2 AX spin systems for the benzyl protons ArCH2N, 4 doublets for the aromatic protons of 
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the phenol rings and several multiplets for the phenyl groups. The 51V NMR spectrum of 1 in C6D6 displays one 
broad peak at δ -563 ppm, which is in agreement with the values reported for monomeric alkoxido 
oxidovanadium complexes supported by other amine phenolate donor sets [7,13]. 
The reaction of 1 with excess of Me3SiCl in CH2Cl2 gave [VO(Cl)(L1)], 2, in 60% yield (Scheme 1). The 1H and 
13C-{1H} NMR spectra of 2 are very similar to those of 1, in agreement with a C1-symmetric species. The 51V 
NMR spectrum of 2 displays one broad peak at δ -413 ppm in C6D6, which is in accordance with the values 
obtained for related complexes [7,12,13]. 
 
 

 
 

Scheme 1. Complexes synthesized 
 
 
 
The reaction of VO(OiPr)3 with H2L2 also led to the formation of a vanadium(V) complex, [VO(L2)(OiPr)], 3, but, 
together with this compound, a vanadium(IV) species, [VO(L2)], 4, was also formed (Scheme 1). The reduction of 
V(V) to V(IV) is the result of a spontaneous intramolecular redox process that is accompanied by the oxidation of 
the isopropoxido ligand to acetone [14]. It is known that the V(V)O(salen)+ species have a pronounced oxidative 
character, as evidenced by the highly positive V(V)O(salen)+/V(IV)O(salen) and V(V)O(salen)+/V(III)(salen)+ 
redox couples [15].. Literature reports regarding the redox activity of isopropanol indicate that the onset of the 
oxidation to acetone can occur at potentials as low as 0.2 V vs. RHE (reversible hydrogen electrode) [16]. 
Therefore, the spontaneous oxidation of the isopropoxido ligand by the V(V)O(salen) core is possible from an 
electrochemical standpoint. Compound 3 and H2L2 where identified by NMR but 4, which is a d1 species, was 
identified by single-crystal X-ray diffraction analysis of the crystals that grew in the bulk solution (see below). The 
1H and 13C NMR spectra of 3 are consistent with its formulation as a C1 symmetry species and the 51V NMR 
resonance comes up at -479.9 ppm. The ESI-MS spectrum in CH3CN shows a peak at m/z 709.70 (100%), that 
is assigned to [VO(L2)]+. 
Compound 4 was also independently synthesized in moderate yield by the reaction of VOCl2·2H2O with H2L2. 
The first derivative of the EPR spectrum of 4, measured in DMF at 77 K, is shown in Figure 3. The spin 
Hamiltonian parameters, gxy= 1.977, gz= 1.949, Axy= 55.3 × 10-4 cm-1, Az= 160.6 × 10-4 cm-1, were obtained by 
simulation of the experimental spectrum. The value obtained for the z-component of the hyperfine coupling 
constant, Az, is consistent with the equatorial donor atom set of two imines and two phenolate oxygens [17].  
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Figure 3. First derivative of the X-band EPR spectra of frozen solutions of 4, measured at 77 K in DMF. 
 
 

Compound 4 crystallizes in the triclinic system, P-1 space group, with two chemically identical but 
crystallographically independent molecules. An ORTEP diagram of one molecule is presented in Figure 4 and 
selected bond distances and angles are shown in Table 1. The coordination geometry of vanadium in 4 is 
square-pyramidal, typical of salen-type vanadium(IV) complexes. The basal plane is defined by the two nitrogen 
atoms and the two oxygen atoms of the salen ligand and the apical position is occupied with the oxido ligand. 
The bond distances V=O (1.597(5) Å), V-Ophenolate (1.910(6) and 1.925(6) Å) and V-Nimine (2.036(7) and 2.052(8) 
Å) are within the ranges reported for other oxidovanadium(IV) complexes anchored by salen-type ligands [18]. 
 
 
Table 1. Selected bond lengths (Å) and angles (deg.) for compounds 4 and 5. 

 4 5 

Distances (Å) 

V(1)-N(1) 2.052(8) 2.325(7) 
V(1)-N(2) 2.036(7) 2.147(7) 
V(1)-O(1) 1.910(6) 1.846(5) 
V(1)-O(2) 1.925(6) 1.896(6) 
V(1)-O(3) 1.597(5) 1.601(5) 
V(1)-O(4) - 1.846(6) 
V(2)-O(4) - 1.725(6) 
V(2)-O(5) - 1.598(7) 
V(2)-O(6) - 1.766(2) 
V(2)-O(7A) - 1.715(7) 
V1(1)-eq. pla 0.598(3) 0.298(3) 

Angles (°) 

O(1)-V(1)-O(2) 89.4(3) 95.5(2) 
O(1)-V(1)-O(3) 111.8(3) 103.2(2) 
O(2)-V(1)-O(3) 107.0(3) 95.3(2) 
O(4)-V(1)-O(1) - 91.3(2) 
O(4)-V(1)-O(2) - 160.3(2) 
O(3)-V(1)-O(4) - 101.1(3) 
O(1)-V(1)-N(1) 85.9(3) 82.8(2) 
O(2)-V(1)-N(1) 148.5(2) 79.0(3) 
O(3)-V(1)-N(1) 103.6(3) 172.2(3) 
O(4)-V(1)-N(1) - 83.6(3) 
O(1)-V(1)-N(2) 139.8(3) 161.5(2) 
O(2)-V(1)-N(2) 85.9(3) 82.1(3) 
O(3)-V(1)-N(2) 107.6(3) 95.3(2) 
O(4)-V(1)-N(2) - 85.5(3) 
N(1)-V(1)-N(2) 77.7(3) 78.7(2) 
O(5)-V(2)-O(7A) - 102.6(5) 
O(5)-V(2)-O(4) - 109.7(3) 
O(7)-V(2)-O(4) - 109.7(3) 
O(5)-V(2)-O(6) - 107.6(4) 
O(7A)-V(2)-O(6) - 109.9(4) 
O(4)-V(2)-O(6) - 112.1(3) 
V(2)-O(6)-V(2i) - 177.6(6) 
θ

b 162.2(4) 120.0(3) 
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Equivalent atoms (i) are generated using the symmetry transformation –x+1, y, -z+1/2.  
a The equatorial plane is defined by atoms O1, O2, N1 and N2 in 4 and by O1, O2, O4 and N4 in 5. b θ is the dihedral angle 
between the planes containing the phenolate rings.  

 
 
 
The reaction of H2L3 with VO(OiPr)3 (Scheme 1) gives a mixture of several species. The analysis of 1D and 2D 
NMR data revealed the presence of free ligand and several minor vanadium species containing isopropoxido 
ligands. The major vanadium species is a rare tetranuclear vanadium(V) compound, (µ-O){[VO(OiPr)(µ-
O)(L3)VO]}2, 5, which was identified by single-crystal X-ray diffraction (Figure 5) and by NMR. The 1H and 
13C{1H} NMR spectra of 5 are rather simple. In the (L3)V=O fragments the ligand is coordinated to the metal in 
the cis-β binding mode [12], and the NMR spectra show C1 symmetry. The 1H NMR spectrum displays 4 
resonances for the tert-butyl substituents of the phenolate moieties, 2 singlets (δ 7.78 and 7.69 ppm) assigned to 
the N=CH protons, several singlets and multiplets in the aromatic region due to the phenolate and binaphthyl 
moieties and 1 septet and two doublets (δ 4.41, 0.88 and 0.39 ppm, respectively) due to the OCHMe2 ligands. 
The 51V NMR spectrum of 5 displays one small broad peak at δ -475 ppm assigned to [VO(L3)(OiPr)] and two 
intense peaks at δ -636 and -652 assigned to µ-oxido vanadium dimers. These assignments take into account 
the fact that replacing the chlorido ligand with more electronegative donors and increasing the steric bulk of the 
OR ligand coordinated to the V(V)O core shifts the 51V signals upfield [19]. The values obtained are in agreement 
with those found for other oxidovanadium complexes supported by amine phenolate ligands [7,13]. 
 

 
 

Figure 4. ORTEP diagram of 4 using 30% probability level ellipsoids. Hydrogen atoms are omitted for clarity. 
 
 
Compound 5 crystallizes in the monoclinic system, C2/c space group, with half molecule of 5 and two co-
crystallized molecules of Et2O in the asymmetric unit. An ORTEP diagram of 5 is presented in Figure 5 and 
selected bond distances and angles are listed in Table 1. This is the first structurally characterized vanadium 
complex bearing a binaphthyl-based salen-type ligand. The coordination geometry around V1 is distorted 
octahedral with the equatorial plane defined by atoms O1, O2 and N2 of the salen ligand and the bridging oxygen 
atom O4, while the axial positions are occupied by the oxido ligand O3 and atom N3 of ligand L3. The 
coordination geometry of V2 is tetrahedral, defined by two bridging oxygen atoms, one terminal oxido ligand, and 
one oxygen atom of the isopropoxido ligand. Differently from other salen vanadium complexes, which display 
trans-phenolate moieties, the binding mode of L3 in 5 is cis-β. 
The V=O (1.601(5) Å) and V-Ophenolate (1.846(5) and 1.896(6) Å) bond distances are in agreement with the values 
reported for other oxidovanadium(V) complexes with salen ligands [20] while the V-Nimine (2.325(7) and 2.147(7) 
Å) bond distances are longer than those reported in other oxidovanadium(V) complexes (typical values range 
from 2.054 to 2.114 Å) [21], possibly due to the cis-β binding mode of the ligand in 5. The long V1-N1 bond 
distance, in comparison with V1-N2 (2.325(7) vs. 2.147(7) Å) is due to the trans effect of the oxido ligand O3. The 
V-Obridging bond lengths are in accordance with values reported [18, 20]. 
The appearance of a small signal in the 51V NMR spectrum assigned to [VO(L3)(OiPr)] might be indicative that 
similarly to [VO(L2)(OiPr)], the compound is spontaneously reduced to V(IV). However, it is surprising that in the 
current experimental conditions, the final product is not the [VO(L3)] species, analogous to 4, but a compound 
that may be described as a bridging oxido dimer of two divanadium moieties, namely (µ-O){[VO(OiPr)(µ-
O)(L3)VO]}2.  
 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
Figure 5. ORTEP diagram of 5 using 30% probability level ellipsoids. Hydrogen atoms, atoms belonging to B fraction of 
disordered isopropoxido ligand and tert-butyl substituents from phenolate groups are omitted for clarity. The inset shows the 
tetranuclear vanadium(V) core. Equivalent atoms (i) are generated using the symmetry transformation –x+1, y, -z+1/2. 
 
 
The reaction of H2L3 with VO(OiPr)3 in THF followed by addition of SiMe3Cl in CH2Cl2 led, upon recrystallization 
from n-hexane, to the isolation of pure [VO(L3)Cl], 6, in 55% yield. The NMR spectra of 6 are in agreement with a 
C1-symmetric species. The 1H NMR spectrum displays 4 resonances for the CH3 protons of the tert-butyl groups, 
2 singlets at δ 8.07 and 8.06 ppm assigned to the N=CH protons and several multiplets in the range δ 7.81-8.06 
ppm for the aromatic protons of the phenolate and binaphthyl moieties. The 51V NMR spectrum of 6 displays one 
broad peak at δ -321 ppm in C6D6, which is in agreement with the values obtained for 1 and other chloride 
oxidovanadium(V) complexes supported by amine phenolate ligands [7,13].  
 
 

Catalytic Studies 

The vanadium complexes prepared were evaluated for their catalytic potential in the sulfoxidation of thioanisole. 
Control reactions were made to test for the lack of thioanisole oxidation in the absence of metal and confirm the 
role of vanadium complexes as catalysts. The results are listed in Table 2.  
Using a ratio of 100:1 between substrate and catalyst precursor, all complexes led to high substrate conversions 
and product selectivity, although complexes [VO(X)(L1)], X = OiPr, 1, and X = Cl, 2, present the best 
performances. Both compounds display the same catalytic features, which is not surprising considering that in 
the presence of H2O2 they should originate identical active species. The comparison of the solvents showed that 
in acetone the reactions are faster than in other solvents and, if the reaction is kept at 0 °C, the amounts of 
sulfone are, in general, very low. It is worth noting that complexes 1 and 2 afforded nearly complete conversions 
after 3 h at 0 °C. Comparatively, complex 6 exhibited a lower activity at 0 °C, with 85 % conversion after 3 h, 
although over oxidation to sulfone was not observed. Complexes 4 and 5 required longer reaction times in order 
to afford comparable conversions, although selectivities towards sulfoxide were lower.  These results are in line 
with those previously reported for tripodal diamine bis(phenolate) vanadium complexes and, as observed for 
those systems, the reactions proceed without O2 release [7].  
The comparison between complexes 5 and 6 points out that the latter leads to a faster and more selective 
catalytic system. It is important to note that the inclusion of a binaphthyl moiety in the ancillary ligand frame of 6 
led to 100% selectivity in sulfoxide. If, as expected, in the presence of H2O2 the V-O-V bridges of 5 are broken, 
the fragments resulting from the V1 centres may originate a catalytic active species that is close to the one 
formed from 6, which implies that  the lower selectivity obtained with 5 is likely associated to the V2 centres. 
Finally, it is clear that the in situ methodology (entries 11 and 12) affords comparable yields, but lower 
selectivities than the pre-formed complex 6.  
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Table 2. Catalytic data for sulfoxidation of thioanisolea 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Thioanisole (1 mmol); 1.2 eq. oxidant H2O2 20% (w/v) aqueous solution, 4 mL solvent.  
b Conversion and yields determined by HPLC.  
c Conversion and yields determined by NMR.  

Concusions 

[VO(X)(L1)], X = OiPr, 1, and X = Cl, 2, are salan-type diamine bisphenolate V(V) complexes that display very 
bulky dimethylphenyl substituents on the phenolate groups. Attempts to obtain pure [VO(OiPr)(L2)], 3, and 
[VO(OiPr)(L3)], both displaying salen-type ligands, were hampered by spontaneous reduction to V(IV) via an 
intramolecular redox process that is accompanied by the oxidation of the isopropoxido ligand to acetone. 
Analysis of the literature reports concerning the redox activity of either V(V)O-(salen)X species and isopropanol 
indicates that this spontaneous intramolecular process is feasible [15,16]. In the case of L2, the resulting V(IV) 
complex is stable and displays a square-pyramidal geometry that is typical of vanadium(IV) oxido salen 
complexes. A more complex process leads to the formation of 5. It may be speculated that transient formation of 
[VO(OiPr)(L3)] is followed by reduction to V(IV) by a process similar to the formation of 4. However, this 
compound reacts further with VO(OiPr)3 to originate the tetra-vanadium complex (µ-O){[VO(OiPr)(µ-O)(L3)VO]}2, 
5. [VO(Cl)(L3)], 6, was obtained in more than 50% yield upon addition of Me3SiCl to the mixture resulting from 
the reaction of H2L3 and VO(OiPr)3.  
In general, all complexes catalyse the sulfoxidation of thioanisole, although well-defined monomeric complexes, 
(1, 2 and 6), display the better performances considering either activity and selectivity. It is noteworthy that the 
inclusion of the binaphthyl moiety in the ancillary ligand frame of 6 leads to 100% selectivity in sulfoxide.  
The results also pointed out that the addition of salen-type ligand precursors to VO(OiPr)3, often used as 
vanadium(V) starting material for the syntheses of oxido vanadium complexes, led to concomitant reduction to 
V(IV). The latter may or not undergo subsequent reactions, leading to polynuclear vanadium complexes. These 
react with H2O2 to give V(V) species that are sulfoxidation catalysts. The higher selectivity displayed by 
monomeric precatalysts is likely associated to the presence of only one type of active species in solution.  

Experimental Section 

General 
All reactions were carried out under inert atmosphere. Unless stated otherwise all reagents were purchased from 
commercial suppliers (e. g. Aldrich, Acrös, Fluka) and used as received. Chlorotrimethylsilane (TMSCl) was 

Entry Catalyst Solvent mol % 
cat. 

T/ºC t (h) conv. 
(%) 

sulfoxide (%) sulfone (%) 

1b 1 (CH3)2CO 1 0 3 99 93 6 

2c 1 CH3Cl3 1 24 1 96 84 12 

3c 1 EtOAc 1 24 1 93 73 20 

4c 1 EtOH 1 24 1 97 82 15 

5b 2 (CH3)2CO 1 0 3 >99 95 5 

6b 4 (CH3)2CO 1 0 24 94 89 5 

7b 4 DCE 1 0 24 88 84 4 

8b 5 (CH3)2CO 1 0 24 93 78 15 

9b 5 DCE 1 0 24 77 60 17 

10b 6 (CH3)2CO 1 0 3 85 85 0 

11b VO(acac)2/H2L3 (CH3)2CO 1/1.5 0 24 97 87 10 

12b VO(acac)2/ H2L3 DCE 1/1.5 0 
 

24 
97 87 10 
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distilled before use. THF, CH2Cl2 and n-hexane were dried by standard methods (sodium/benzophenone for 
THF; calcium hydride for CH2Cl2 and n-hexane) and distilled prior to use. H2L3 was prepared following a 
literature procedure [10]. NMR samples of air/moisture sensitive compounds were prepared in a glovebox under 
inert atmosphere using NMR tubes equipped with J-Young stopcocks. C6D6 was dried over Na and distilled under 
reduced pressure. 1D NMR (1H, 13C-{1H}, 13C-{1H} APT) and 2D NMR (COSY, NOESY, HSQC) spectra were 
recorded on Bruker Advance II+ 300 or 400 MHz (UltraShield Magnet) spectrometers, at ambient temperature. 
1H and 13C chemical shifts (δ) are expressed in ppm relative to Me4Si. EPR experiments were run in a Bruker 
EMX EPR Spectrometer and calibrated using a DPPH (2,2-diphenyl-1-picrylhydrazyl) solution as internal 
standard. The experimental spectra (1st derivative X-band EPR) were simulated with the computer program 
developed by Rockenbauer and Korecz [22]. The analysis of the products obtained in catalytic reactions was 
done by HPLC, using a Jasco system equipped with a Daicel Chiralpak IA column, a 870-UV Intelligent UV-Vis 
detector, two 880-PU Intelligent HPLC Pumps, a 2-line degasser 880-51 and a Rheodyne 725i injector (5 µL). 
The system uses Borwin software for data acquisition and analysis.  
 
Synthesis of H2L1 
Ethylene diamine (0.901 g, 15 mmol) and 37 % aqueous solution formaldehyde (3.2 mL, 43.5 mmol) were added 
to a solution of 2,4-bis(2-phenylpropan-2-yl)phenol (10.9 g, 33 mmol) in EtOH (100 mL). The mixture was 
refluxed for 48h leading to an off-white solid precipitate that was filtered off, washed with cold ethanol and dried 
in vacuum. The solid was suspended in ethanol (50 mL) and the pH adjusted to <1 by dropwise addition of 6M 
HCl solution. The clear solution obtained was refluxed for 3 h and the solvent was then removed through 
evaporation. The residue was washed with Et2O and dissolved in a 1:1 mixture of EtOH and water until a clear 
solution was obtained. The solution was then neutralized with a 1M Na2CO3 solution to give an off-white 
precipitate, which was filtered off, washed with ethanol and dried under vacuum (8.7 g, 78% yield). The product 
was recrystallized from CH2Cl2. 

1H NMR (400 MHz, C6D6, ppm): δ 7.32-7.28 (m, 8H, CH-Ar), 7.26 (d, 4JHH = 1.8 
Hz, 2H, CH-Ar), 7.23-7.15 (m, 10H, CH-Ar), 7.12-7.07 (m, 2H, CH-Ar), 6.74 (d, 4JHH = 1.9 Hz, CH-Ar), 3.72 (s, 
4H, ArCH2N), 2.47 (s, 4H, N(CH2)2N), 1.72 (s, 12H, C(CH3)2Ph), 1.66 (s, 12H, C(CH3)2Ph). 13C-{1H} NMR (101 
MHz, C6D6, ppm): δ 153.7, 151.43, 151.40, 140.3 and 135.5 (Cipso-Ar), 128.0, 127.8, 126.9, 125.8, 125.7 and 
125.6 (CH-Ar), 125.1 and 125.0 (CH-Ar), 121.8 (Cipso-Ar), 52.6 (ArCH2N), 47.2 (N(CH2)2N), 42.6 and 42.1 
(C(CH3)2Ph), 31.2 and 29.6 (C(CH3)2Ph). ESI-MS (CH3CN): m/z = 745 (M+), 100%. EA calcd. for 
C52H60N2O2⋅0.2(CH2Cl2): C, 82.28; H, 7.99; N, 3.68. Found: C, 82.34; H, 8.28; N, 3.65. 
 
Synthesis of H2L2 
meso-1,2-diphenylethane-1,2-diamine (0.212 g, 1 mmol) was dissolved in 10 mL of EtOH and 3,5-di-tert-butyl-2-
hydroxybenzaldehyde (0.469 g, 2 mmol) was then added. The mixture was refluxed for 20 h leading to a light 
yellow precipitate that was filtered off, washed with cold ethanol and dried under vacuum (0.412 g, 88%). 
Colourless crystals of H2L2 suitable for X-ray diffraction were obtained by slow evaporation of an EtOH solution 
at room temperature.  1H NMR (300 MHz, C6D6, ppm): δ 14.01 (s, 2H, OH), 7.83 (s, 2H, N=CH), 7.56 (d, 2H, 4JHH 
= 1.9 Hz, CH-Ar), 7.28 (m, 4H, CH-Ph), 7.07 (m, 4H, CH-Ph), 6.98 (m, 2H, CH-Ph), 6.88 (d, 2H, 4JHH = 2.1 Hz, 
CH-Ar), 4.54 (s, 2H, NCH), 1.64 (s, 18H, C(CH3)3), 1.28 (s, 18H, C(CH3)3). 

13C-{1H} NMR (101 MHz, C6D6, ppm): 
δ 167.3 (N=CH), 158.8, 140.3, 140.1, 137.1 (Cipso-Ar), 128.6, 127.9, 127.5, 126.9 (CH-Ar), 118.6 (Cipso-Ar), 80.2 
(N-CH), 35.5 and 34.3 (C(CH3)3), 31.7 and 29.8 (C(CH3)3). EA calcd. for C44H56N2O2: C, 81.94; H, 8.75; N, 4.34. 
Found: C, 81.75; H, 9.09; N, 4.35. ESI-MS (CH3CN): m/z = 416 (M+), 100%. 
 
Synthesis of [VO(L1)(OiPr)], 1 
A THF solution of VO(OiPr)3 (0.244 g, 1 mmol) was added dropwise, with continuous stirring at room 
temperature, to a solution of H2L1 (0.744 g, 1 mmol) in the same solvent. The initially colorless solution turned 
dark purple while it was stirred for 18 h, after which the solvent was evaporated to dryness.  The compound was 
recrystallized from n-hexane at –20 °C to give a purple crystalline solid (0.608 g, 70 % yield). 1H NMR (300 MHz, 
C6D6, ppm): δ 7.56 (d, 4JHH = 1.9 Hz, 1H, CH-Ar), 7.51 (d, 4JHH = 2.1 Hz, 1H, CH-Ar), 7.46-7.41 (m, 2H, CH-Ar), 
7.39-7.28 (m, 4H, CH-Ar), 7.26-7.18 (m, 6H, CH-Ar), 7.11-7.02 (m, 2H, CH-Ar), 6.95 (d, 4JHH = 2.4 Hz, 1H, CH-
Ar), 6.96-6.86 (m, 4H, CH-Ar), 6.84 (d, 4JHH = 1.9 Hz, 1H, CH-Ar), 6.81-6.72 (m, 2H), 5.88 (sept, 3JHH = 6.1 Hz, 
1H, CH(CH3)2), 4.66 (d, 2JHH = 12.5 Hz, 1H, NCH2Ar), 4.33 (d, 2JHH = 13.7 Hz, 1H, NCH2Ar), 3.16 (d, 2JHH = 14.1 
Hz, 1H, NCH2Ar), 2.89 (d, 2JHH = 14.3 Hz, 1H, NCH2Ar), 2.18 (s, 3H, C(CH3)2Ph), 1.90 (s, 3H, C(CH3)2Ph), 1.81 
(s, 3H, C(CH3)2Ph), 1.79 (s, 3H, C(CH3)2Ph), 1.74 (s, 3H, C(CH3)2Ph), 1.73 (s, 3H, C(CH3)2Ph), 1.52 (s, 6H, 
C(CH3)2Ph), 1.48 (m, 2H, N(CH2)2N), 1.43 (d, 3JHH = 6.1 Hz, 3H, CH(CH3)2), 1.37 (m, 2H, N(CH2)2N), 1.34 (d, 
3JHH = 6.1 Hz, 3H, CH(CH3)2). 

13C-{1H} NMR (101 MHz, C6D6, ppm): δ 154.8, 154.3, 151.9, 151.6, 140.0 and 
139.6 (Cipso-Ar), 128.5, 127.4, 127.3, 127.2, 126.7, 126.5, 126.2, 126.0, 125.9, 124.1, 124.0, 123.5 and 123.3 
(CH-Ar), 122.9 (Cipso-Ar), 85.2 (CH(CH3)2), 56.1 and 52.3 (NCH2Ar), 45.8 and 43.6 (N(CH2)2N), 42.92, 42.88, 
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42.7 and 42.5 (C(CH3)2Ph), 33.0, 32.7, 31.6, 31.6, 31.5, 31.5, 26.1 and 26.0 (C(CH3)2Ph), 25.9 and 25.8 
(CH(CH3)2). 

51V NMR (79 MHz, C6D6, ppm): δ -563.4. FT-IR (KBr, cm−1): ν(V=O) 801. EA calcd. for 
C55H65N2O4V⋅0.6(CH2Cl2): C, 72.59; H, 7.25; N, 3.04. Found: C, 72.54; H, 7.44; N, 3.10. ESI-MS (CH3CN): m/z = 
809.53 [VVO(L1)]+, ca. 70%; 849.86 (M+), 100%; 1636.13 {[VVO(L1)]2O}+, ca. 20%. 
 
Synthesis of [VO(L1)Cl], 2 
1 (0.608 g, 0.7 mmol) was suspended in 10 mL of CH2Cl2 and three equivalents of SiMe3Cl (0.179 g, 2.1 mmol) 
were added dropwise at room temperature. The mixture was stirred for 18 h to give a dark violet solution. The 
solvent was evaporated to dryness under vacuum to give a dark violet powder that was recrystallized from n-
hexane at -20 °C (0.355 g, 60 % yield. 1H NMR (300 MHz, C6D6, ppm): δ 7.61 (s, 1H, CH-Ar), 7.46-7.31 (m, 7H, 
CH-Ar), 7.25-7.17 (m, 6H, CH-Ar), 7.10-7.04 (m, 2H, CH-Ar), 6.97-6.89 (m, 2H, CH-Ar), 6.87-6.64 (m, 5H, CH-
Ar), 6.58-6.53 (m, 1H, CH-Ar), 4.92 (d, 2JHH = 14.1 Hz, 1H, NCH2Ar), 4.52 (d, 2JHH = 13.7 Hz, 1H, NCH2Ar), 3.08 
(d, 2JHH = 14.5 Hz, 1H, NCH2Ar), 2.84 (d, 2JHH = 14.5 Hz, 1H, NCH2Ar), 2.10 (s, 3H, C(CH3)2Ph), 2.05 (s, 3H, 
C(CH3)2Ph), 1.79 (s, 3H, C(CH3)2Ph), 1.77 (s, 3H, C(CH3)2Ph), 1.70 (s, 3H, C(CH3)2Ph), 1.68 (s, 3H, C(CH3)2Ph), 
1.49 (s, 3H, C(CH3)2Ph), 1.36 (m, 1H, N(CH2)2N), 1.36 (s, 3H, C(CH3)2Ph), 1.32 (m, 2H, N(CH2)2N), 1.18 (m, 1H, 
N(CH2)2N). 13C-{1H} NMR (101 MHz, C6D6, ppm): δ 162.1, 159.0, 154.4, 153.8, 150.9, 146.0, 141.8, 137.5 and 
136.3 (Cipso-Ar), 128.6, 128.5, 127.2, 127.1, 126.7, 126.5, 126.3, 126.2, 126.1, 124.4, 124.1, 123.8 and 123.3 
(CH-Ar), 119.2 (Cipso-Ar), 57.8 and 52.0 (NCH2Ar), 47.1 and 44.3 (N(CH2)2N), 43.2, 43.0, 42.8 and 42.6 
(C(CH3)2Ph), 32.7, 32.6, 31.6, 31.3, 26.6 and 26.1 (C(CH3)2Ph). 51V NMR (79 MHz, C6D6, ppm): δ -413. FT-IR 
(KBr, cm−1): ν(V=O) 802. EA calcd. for C52H58ClN2O3V⋅2.8(CH2Cl2): C, 60.76; H, 5.92; N, 2.59. Found: C, 60.61; 
H, 6.33; N, 2.56. ESI-MS (CH3CN): m/z = 843.01 (M–), 100%; 878.58 {[VVO(L1)(Cl)]Cl}–, ca. 45%; 905.65 
{[VVO2(H2L1)Cl]CH3CN}–, ca. 40%. 
 
Reaction of H2L2 with VO(OiPr)3 
A THF solution of VO(OiPr)3 (0.122 g, 0.5 mmol) was added dropwise to a solution of H2L2 (0.318 g, 0.5 mmol) in 
the same solvent, at room temperature. The initially colorless solution turned to dark blue and, after being stirred 
for 18 h, it was evaporated to dryness to give a blue crystalline powder. A THF solution of the powder at -20 ºC 
gave green crystals of 4 suitable for X-ray diffraction. The NMR analysis of the remaining solid revealed the 
presence of H2L2 and [VO(L2)(OiPr)], 3, in 1:4 ratio. Data for 3: 1H NMR (300 MHz, CDCl3, ppm): δ 8.29 (s, 1H, 
N=CH), 8.14 (s, 1H, N=CH), 7.56 (s, 2H, CH-Ar), 7.40-7.14 (m, 4H, CH-Ph), 7.07 (2H, CH-Ar), 7.04-6.93 (m, 4H 
CH-Ph), 6.57 (m, 2H, CH-Ph), 6.35 (d, J = 6.0 Hz, 1H, NCH), 6.20 (sept, 3JHH = 6.0 Hz, 1H, OCH(CH3)2), 5.03 (d, 
3JHH = 6.0 Hz, 1H, NCH), 1.61 (s, 9H, C(CH3)3), 1.48 (s, 9H, C(CH3)3), 1.44 (d, 3H, CH(CH3)2), 1.30 (s, 9H, 
C(CH3)3), 1.26 (s, 9H, C(CH3)3), 1.24 (d, 3H, CH(CH3)2). 

13C-{1H} NMR (101 MHz, C6D6, ppm): δ 167.0 (N=CH), 
166.8 (Cipso-Ar), 160.7 (N=CH), 158.1, 141.3, 139.4, 138.9, 138.4 and 132.3 (Cipso-Ar), 132.1 (CH-Ph), 130.44 
(CH-Ar), 129.6 (CH-Ph), 129.2, 129.0 and 128.9 (CH-Ar), 128.54, 128.45, 128.4, 128.3, 128.2 and 125.7 (CH-
Ph), 122.3 and 121.8 (Cipso-Ph), 89.6 (CH(CH3)2), 76.1 and 75.4 (NCH), 35.69, 35.68, 34.4 and 34.3 (C(CH3)3), 
31.6, 31.5, 30.5 and 30.2 (C(CH3)3), 26.6 and 26.4 (CH(CH3)2). 

51V NMR (79 MHz, C6D6, ppm): δ –480. ESI-MS 
(CH3CN): m/z = 709.70 [VVO(L1)]+, 100%.  
 
Synthesis of [VO(L2)], 4 
H2L2 (0.432 g, 0.67 mmol) in EtOH was added to an aqueous solution 50 % (w/v) of VOCl2·2H2O (0.18 mL, 0.67 
mmol) and the mixture was stirred for 0.5 h at room temperature leading to a green/grey solution. Addition of a 
solution of NaOH 1M in water till pH ~ 8 led to the formation of a light green precipitate that was separated by 
filtration and dried in vacuum (0.290 g, 61%). EPR (DMF, 77 K): gz= 1.949, Az= 160.6 × 10-4 cm-1. Elemental 
analysis: Calcd. for C44H54N2O3V⋅0.8(H2O); C, 72.97; H, 7.74; N, 3.87; Found: C, 72.96; H, 7.24; N, 3.82. 
 
Reaction of H2L3 with VO(OiPr)3 
A THF solution of VO(OiPr)3 (0.122 g, 0.5 mmol) was added dropwise to a solution of H2L3 (0.406 g, 0.5 mmol) in 
the same solvent, at room temperature. The initially colorless solution turned to dark blue and, after 18 h, it was 
evaporated to dryness to give a blue crystalline powder. The NMR analysis of the powder revealed the presence 
of several species including H2L3, [VO(L3)(OiPr)] and (µ-O){[VO(OiPr)(µ-O)(L3)VO]}2,5. An Et2O solution of the 
mixture at -20 ºC gave blue crystals of 5 in 30% yield, suitable for X-ray diffraction.  Data for 5: 1H NMR (300 
MHz, C6D6, ppm): δ 9.25 (d, J = 8.5 Hz, 1H, CH-Ar), 8.48 (d, J = 8.4 Hz, 1H, CH-Ar), 8.34 (d, J = 8.5 Hz, 1H, CH-
Ar), 7.88 (s, 1H, N=CH), 7.76 (s, 1H, CH-Ar), 7.69 (s, 1H, N=CH), 7.58 (s, 2H, CH-Ar), 7.36-7.18 (m, 4H, CH-Ar), 
7.04-6.86 (m, 3H CH-Ar), 6.81 (d, J = 8.5 Hz, 2H, CH-Ar), 6.62 (s, 1H, CH-Ar), 4.41 (sept, 3JHH = 6.1 Hz, 2H, 
OCH(CH3)2), 2.19 (s, 18H, C(CH3)3), 1.72 (s, 9H, C(CH3)3), 1.29 (s, 9H, C(CH3)3), 1.04 (s, 9H, C(CH3)3), 0.88 (d, 
6H, CH(CH3)2), 0.39 (d, 6H, CH(CH3)2). 

13C-{1H} NMR (101 MHz, C6D6, ppm): δ 168.0 and 166.2 (Cipso-Ar), 165.7 
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and 164.1 (N=CH), 149.6, 149.2, 144.4, 141.1, 137.8, 136.1 134.0, 133.6, 133.4 (Cipso-Ar), 132.2 (CH-Ar), 132.1 
(Cipso-Ar), 130.9, 129.8, 129.4, 128.6, 127.1, 127.0, 126.7, 126.4 and 125.4 (CH-Ar), 125.2 and 125.1 (Cipso-Ar), 
124.7 (CH-Ar), 119.9 (Cipso-Ar), 82.6 (CH(CH3)2), 36.3, 35.8, 34.7 and 34.2 (C(CH3)3), 31.6, 31.4, 30.8 and 30.4 
(C(CH3)3), 25.9 and 25.3 (CH(CH3)2). 

51V NMR (79 MHz, C6D6, ppm): δ –475, –636, –652. ESI-MS (CH3CN): m/z 
= 781.55 [VVO(L2)]+, 100%. 
 
Synthesis of [VO(L3)Cl], 6 
A solution of H2L3 (0.500 g, 0.7 mmol) in THF was slowly added to a solution of VO(OiPr)3 (0.171 g, 0.7 mmol) in 
the same solvent and stirred for 18 h at room temperature. The solvent was removed under reduced pressure 
and the dark blue powder that formed was suspended in 10 mL of CH2Cl2. SiMe3Cl (0.179 g, 2.1 mmol) was then 
added dropwise to the suspension and the mixture was stirred at room temperature for 18 h. The solvent was 
evaporated under reduced pressure and the dark blue residue dried under vacuum.  The compound was 
recrystallized from n-hexane at -20 ºC (0.321 g, 55 % yield). 1H NMR (300 MHz, C6D6, ppm): δ 8.07 (s, 1H, 
N=CH), 8.06 (s, 1H, N=CH), 7.81-7.55 (m, 6H, CH-Ar), 7.44-7.22 (d, 3H, CH-Ar), 7.13 (m, 1H, CH-Ar), 6.99 (m, 
1H, CH-Ar), 6.93-6.76 (m, 5H, CH-Ar), 1.81 (s, 9H, C(CH3)3), 1.58 (s, 9H, C(CH3)3), 1.16 (s, 9H, C(CH3)3), 1.00 
(s, 9H, C(CH3)3). 

13C-{1H} NMR (101 MHz, C6D6, ppm): δ 168.4 and 167.0 (Cipso-Ar), 165.53 and 165.49 (N=CH), 
150.2, 149.3, 145.7, 142.2, 136.6, 134.7, 132.9, 132.8, 132.5 and 131.9 (Cipso-Ar), 130.9, 129.3,  128.7, 128.5, 
128.4, 128.2 and 126.9 (CH-Ar), 126.9 (Cipso-Ar), 126.7, 126.6, 126.53 and 126.49 (CH-Ar), 125.9 (Cipso-Ar), 
125.6, 125.2, 125.1 and 124.7 (CH-Ar), 124.1 and 120.2 (Cipso-Ar), 35.5, 35.1, 34.3 and 33.8 (C(CH3)3), 31.0, 
30.8, 30.2 and 30.0 (C(CH3)3). 

51V NMR (79 MHz, C6D6, ppm): δ -321. Elemental analysis: Calcd. for 
C53H61N2O4V⋅(CH2Cl2); C, 71.32; H, 6.48; N, 3.32; Found: C, 71.35; H, 6.39; N, 3.05. ESI-MS (CH3CN): m/z = 
781.63 [VVO(L2)]+, 100%; 1656.70 {Na[VVO(L2)(Cl)]2}

+, ca. 30%. 
 
General Procedure for the solution sulfoxidation of thioanisole 
The catalytic experiments were carried out at atmospheric pressure, at a constant temperature, in a glass vessel, 
equipped with magnetic stirrer, thermometer and condenser. In a typical run, the solid catalyst (1 mol%) and 
thioanisole (1 mmol) were dissolved in the appropriate solvent (4 mL). Then the oxidant (1.2 mmol), hydrogen 
peroxide (20 wt% aqueous solution) was added to the mixture under stirring. Control experiments were carried 
out in the absence of catalyst. Samples of the reaction mixture were withdrawn periodically and analyzed on a 
Jasco HPLC system equipped with a Daicel Chiralpak IA column. The eluent used was hexane:ethyl acetate 
(60:40) with a flow of 1 mL/min. The calibration curves for each reagent and product, namely sulfide, sulfoxide 
and sulfone, were determined using similar HPLC procedures and these calibrations used for the quantitative 
analyses. Diphenylsulfone was used as an internal standard [4e]. 
 
General Procedure for X-ray Crystallography 
Crystals suitable for single-crystal X-ray analysis were obtained for H2L2, 4 and 5 as described in the 
experimental procedures. The data were collected using graphite monochromated Mo-Kα radiation (λ = 0.71073 
Å) on a Bruker AXS-KAPPA APEX II diffractometer equipped with an Oxford Cryosystem open-flow nitrogen 
cryostat. Cell parameters were retrieved using Bruker SMART software and refined using Bruker SAINT on all 
observed reflections. Absorption corrections were applied using SADABS [23]. The structures were solved using 
direct methods with programs SHELX-XS [24] and SIR2004 [25] and refined with program SHELXL [24], included 
in the WINGX-Version 1.80.01 [25] system of programs. All non-hydrogen atoms were refined anisotropically and 
the hydrogen atoms were inserted in idealized positions and allowed to refine riding on the parent carbon atom. 
The crystals of 4 and 5 had poor diffracting power leading to poor quality data; even so, the structures have been 
unequivocally determined. The molecular diagrams were drawn with ORTEP-3 for Windows [27] included in the 
software package. For crystallographic experimental data and structure refinement parameters see Table 3. 

Table 3. Selected crystallographic experimental data and structure refinement parameters for H2L2, 4 and 5. 

 H2L2 4 5 

Empirical formula C44H56N2O2 C44H54N2O3V C106H122N4O13V4· 
4(C4H10O) 

Formula weight 644.90 709.83 2160.31 

Temperature (K) 150(2) 150(2) 150(2) 

Crystal system Monoclinic Triclinic Monoclinic 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Supporting Information 

Data for the structures of H2L2, 4 and 5 were deposited in CCDC under the deposit numbers CCDC 1833347-
1833349 and can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.uk/data_request/cif. 
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New salan- and salen-vanadium complexes display high activity and selectivity in sulfoxidation of thioanisole. 
Salan-type complexes perform better. Well-defined binaphthyl-based salen complexes display better catalytic 
performance than in-situ prepared systems using [VO(acac)2] and the ligand precursor.  
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Highlights: 

• New vanadium complexes of salan- and salen-types are described 
• Salen V(V) complexes spontaneously reduce to V(IV) through intramolecular redox processes 
• Vanadium salen and salan oxido complexes were assessed as sulfoxidation catalysts 
• The inclusion of a binaphthyl moiety in the ancillary ligand frame led to 100% selectivity in sulfoxide 

 

 


