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Abstract: Salen complexes are a versatile and standard system in oxidation catalysis. Their
reduced derivatives, called salan, share their versatility but are still widely unexplored. We
report the synthesis of a group of new vanadium-salen and -salan complexes, their charac-
terization and application in the oxidation of simple organic molecules with H,O,. The lig-
ands are derived from pyridoxal and chiral diamines (1,2-diaminocyclohexane and
1,2-diphenylethylenediamine) and were easily obtained in high yields. The VIV complexes
were prepared and characterized in the solid state (Fourier transform infrared, FTIR, and
magnetic properties) and in solution by spectroscopic techniques: UV—vis, circular dichro-
ism (CD), electron paramagnetic resonance (EPR), and 51V NMR, which provide informa-
tion on the coordination geometry. Single crystals suitable for X-ray diffraction studies were
obtained from solutions containing the V!V-pyr(S,S-chan) complex: [VYO{pyr(S,S-
chen)}],(1-0),-2(CH;),NCHO, where the ligand is the “half” Schiff base formed by pyri-
doxal and 1S,2S-diaminocyclohexane. The dinuclear species shows a OVV(u—O)zVVO unit
with tridentate ligands and two p-oxo bridges. The VIV complexes of the salan-type ligands
oxidize in organic solvents to a VV species, and the process was studied by spectroscopic
techniques. The complexes were tested as catalysts in the oxidation of styrene, cyclohexene,
and cumene with H,O, as oxidant. Overall, the V-salan complexes show higher activity than
the parent V-salen complexes and are an alternative ligand system for oxidation catalysis.
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INTRODUCTION

Traditional methods for the oxidation of organic substrates involve the use of stoichiometric amounts
of high-valent metal compounds, such as CrO5. Unfortunately, these reactions generate large amounts
of solid waste and are becoming less popular in the face of growing environmental concerns. Besides
being environmentally more benign, catalytic oxidation of organic compounds with oxidants such as
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molecular oxygen and hydrogen peroxide is less economically wasteful than the traditional methods
and is now an important procedure in both the laboratory scale and industry.

Salen complexes are a standard system in coordination chemistry and found use as efficient cat-
alysts for oxo transfer reactions [1,2] and other processes [3,4]. They are tetradentate dianionic ligands
similar to porphyrins, and among their advantages is the ease of preparation, which allows the tuning
of their electronic and steric properties through modular synthesis. This is especially advantageous in
catalysis where solubility, activity, and selectivity are important issues, and therefore their metal com-
plexes have been widely applied as catalysts in oxidation reactions with moderate-to-good yields. The
first use of metal salen complexes for catalytic asymmetric reactions was probably the vanadyl-cat-
alyzed oxidation of sulfides reported by Fujita [5]. Later came the breakthrough with the work of
Jacobsen [6] and Katsuki [7], which developed the enantioselective epoxidation of unfunctionalized
alkenes using chiral Mn(salen) complexes as catalysts. Since then, an extremely wide variety of reac-
tions catalyzed by salen complexes have been investigated [1-4]. However, many types of reactions re-
main where selectivity and catalyst stability, activity, and recyclability need to be improved before the
catalytic systems become suitable for the synthesis of fine chemicals. Moreover, in solution salen lig-
ands have the disadvantage of the hydrolysis of the C=N bond, particularly in water-containing solvents
[8,9].

The reduced counterparts of the salen compounds, known as salan-type ligands or tetrahydro-
salen, are much less studied. The presence of two sp3-hybridized nitrogens instead of sp2 confers them
higher flexibility and may also increase their stability toward hydrolysis. They tend to coordinate to
metal ions in high oxidation states forming cis-o. or cis-B C, symmetry octahedral complexes, while due
to the planar nature of the salen ligands their octahedral complexes usually adopt trans geometry. These
characteristics have led to the recent development of salan chemistry and in particular to the application
of their metal complexes as catalysts: Kol et al. applied with success zirconium-salan complexes in
polymerizations [10]; Katsuki is responsible for most of the work done with Ti(salan) complexes in
sulfoxidations and epoxidations [11], and his group also reported the potential of an FeH-salan-H202
(aq) system in the sulfoxidation of thioanisole, with ee’s as high as 96 % [12]. Other successful recent
examples are the asymmetric pinacol coupling of aryl aldehydes with a Mo!Y-salan system [13]; the
asymmetric Henry reaction catalyzed by a Cul-salan complex [14]; the addition of diethylzinc to benz-
aldehyde catalyzed by a Ti(salan) complex [15]; and the asymmetric oxidation of sulfides catalyzed by
V-salan complexes with H,0, with good yields and high enantioselectivities are further examples [16].

In this work, we report the synthesis, characterization, and catalytic potential of chiral V-salen and
-salan complexes derived from pyridoxal and chiral diamines: 1,2-diaminocyclohexane and
1,2-diphenylethylenediamine. Our group has been studying salan complexes for several years
[8,9,17,18]. We reported studies on the solution speciation of salan-type ligands with VIV and VV, Cull,
Nill, and Zn!. Our aim was to study their coordination ability and to identify species and binding modes
formed in solution. Several single-crystal X-ray structures were obtained of both the ligands and the
metal complexes, and in all cases the flexibility of the ligand was evidenced. The speciation studies (by
pH-potentiometry and spectroscopic techniques) showed the higher stability of the salan complexes
(when compared to the salen) due to the presence of amines instead of imines. These results led us to
develop other V-salan complexes, to study their structural properties, and to test them in oxidation catal-
ysis; this is our second report [19] on the catalytic activity of V-salan complexes. Although the com-
plexes are chiral and could induce asymmetry in catalytic reactions, this report presents only its appli-
cation as catalysts in simple organic reactions with H,O,, with no particular objective concerning the
stereoselectivity of products.
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EXPERIMENTAL SECTION
Materials

All chemicals used for the synthetic work were obtained from Merck, Sigma-Aldrich, or Rocc and were
of reagent grade and used without further purification.

Resolution of racemic cyclohexanediamine

The amine enantiomers were separated according to a literature procedure [20]. The tartarate salt was
used directly in the preparation of the ligands.

Synthesis of the ligands

pyr(R,R-chen) 1: The compound was prepared similarly to a literature procedure [21] used for salen
compounds by the reaction of pyridoxal hydrochloride with the optically active diamine (2:1) in
methanol. Yield: 98 %. Anal. calcd. for C22H28N4O4-0.5H20: C, 62.69; H, 6.93; N, 13.29. Found: C,
62.2; H, 7.2; N, 13.5. 1H NMR-DMSO-d¢: 1.76, 1.94, 2.01, 2.19 [8H, m, -CH,-], 2.77 [6H, s,
Ar-CH;], 3.87 [2H, s, CH,CH-N], 4.83 [4H, m, -CH,~OH], 8.19 [2H, s, aromatic], 9.13 [2H, s,
CH=N]. FTIR: v(C=N) = 1628 cm~1. UV-vis in H,0: 4_, . /nm (&M~ em1) 244 (1250), 312 (1090),
and 392 (265).

pyr(R,R-dpen) 2: The procedure was similar to 1. Yield: 97 %. Anal. calcd. for
C;pH5¢N,04:0.5H,0: C, 69.41; H, 5.92; N, 10.79; found: C, 69.1; H, 6.3; N, 10.6; 'H NMR-DMSO-
dg: 2.45 [6H, s, Ar-CH,], 4.62 [4H, m, -CH,—OH], 5.35 [2H, s, PhACH-N], 7.36 [10H, m, aromatic],
7.93 [2H, s, aromatic], 9.01 [2H, s, CH=N]. FTIR: v(C=N) = 1626 cm™!. UV-vis in DMSO: ;tmaxlnm
(e/M~! cm™1) 258 (1950), 340 (698), and 418 (687).

pyr(R,R-chan) 3: pyr(R,R-chen) was dissolved in MeOH and a slight excess of NaBH, was
slowly added. The reduction was considered complete when the solution became colorless. The pH was
adjusted to 1-1.5 with HC14 M and then the pH was re-adjusted to 8 with NaOH 4 M, and a white solid
precipitated which was washed with EtOH and dried. Recrystallization with EtOH yielded a pale yel-
low solid. Yield: 89 %. Anal. calcd. for C22H34N4O4C12-7.5H20: C, 42.31; H, 791; N, 8.97; found: C,
42.5;H,7.5;N, 8.6; 'H NMR-D,0 (pH ~4.3): 1.43, 1.87, 2.48, [8H, m, -CH,—], 2.76 [6H, s, Ar-CH}],
4.43,4.46, 4.58, 4.62 [6H, dd, CH2—N+H2,CH12CH—N+H2 1, 4.96 [4H, m, -CH,~OH], 8.27 [2H, s, aro-
matic]. UV-vis in H,O: 4 . /nm (&Mt em1) 218 (2280), 250 (589), 296 (710), and 324 (915).

pyr(S,S-dpan) 4: The compound was obtained by the same procedure used for 3, being also con-
verted to its HCI salt. A light yellow solid was obtained. Yield: 90 %. Anal. calcd. for
C;yH;34N,0,Cl,-2.5H,0: C, 51.07; H, 6.14; N, 7.94; found: C, 51.4; H, 5.9; N, 7.7; 'H NMR-D,0 (pH
~4.3): 2.51 [6H, s, Ar-CH;], 4.26 [4H, s, ArCH,-N*H2], 4.44 [4H, s, PhACH-N*H2], 4.60 [4H, s,
-CH,-OH], 7.20 [10H, m, aromatic], 8.01 [2H, s, aromatic]. UV—vis in H,0: /lmaxlnm (S/M_l cm_l)
210 (2680), 246 (sh, 509), 292 (1030), and 324 (583).

Synthesis of the oxovanadium(lV) complexes

A general procedure was applied for the synthesis of the oxovanadium(IV) complexes, and all reactions
were carried out under nitrogen atmosphere. The ligand (1 equiv) was dissolved in MeOH, then 1.1
equiv of VOCl, (50 % aqueous solution) were added and the pH was adjusted to 7 using NaOH 1 M.
The desired oxovanadium(IV) complex precipitated, was filtered, washed with MeOH and water, and
dried under vacuum.

{VIVO[pyr(R,R-chen)]} 5: An orange-brown solid was obtained. Yield: 61 %. Anal. calcd. for
C22H26N405V'3H20: C, 49.72, H, 6.07; N, 10.54; found: C, 49.7; H, 6.1; N, 10.7. FTIR:
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V(C=N) = 1626 cm™!, v(V=0) = 888 cm™!. UV-vis in DMSO: 4, /nm (/M~! cm™1): 270 (sh, 14 850),
380 (7700), 574 (131), and 738 (sh, 55).

{VIVO[pyr(R,R-dpen)]} 6: A light green solid was obtained. Yield: 76 %. Anal. calcd. for
C5yH,gN,05V+2H,0: C, 58.92, H, 5.27; N, 9.16; found: C, 58.9; H, 5.1; N, 9.1. FTIR: v(C=N) = 1625
cm™!, v(V=0) = 990 cm™!. UV-vis in DMSO: 4_, /nm (&M~ cm™!) 280 (sh, 11 040), 386 (6180),
586 (95), and 746 (sh, 48).

{VIVO[pyr(R,R-chan)]} 7: A pink solid was obtained. Yield: 54 %. Anal. calcd. for
C,,H;3(N,05V-2.5H,0: C, 50.19, H, 6.79; N, 10.64; found: C, 50.4; H, 6.6; N, 10.6. FTIR: v(V=0) =
885 cm~L. 31V NMR-DMSO (4 h after dissolution in the presence of air): —525 ppm (br).

{VIVO[pyr(S ,S-dpan)]} 8: A brown solid was obtained with minor inorganic impurities, though
the carbon/nitrogen ratio is 12.01, as expected. Yield: 80 %. Anal. caled. for C3,H;,N,O5V+2.5H,0:
C,57.69,H, 5.97; N, 8.97. Found: C, 58.0; H, 6.0; N, 8.9. FTIR: v(V=0) = 930 or 891 cm~!. 31V NMR-
DMSO (4 h after dissolution in the presence of air): =528 ppm (br).

Synthesis of the VV complexes

The procedure was the same for all complexes: 0.5 g of the parent VIVO complex was dissolved in 20
ml of CH,Cl, under vigorous stirring and air. After 24 h, the solution was dark red—brown. The solvent
was then evaporated to dryness, and the residue was washed with water, small amounts of MeOH and
n-hexane, and dried under vacuum.

{VVO[pyr(R,R-chan)]}Z(pL-O) 9: Due to the low solubility of 7 in CH,Cl,, a 1:1 mixture of
MeOH/CH,Cl, was used. A dark red solid was obtained. Yield: 65 %. Anal. calcd. for
Cy4HgpNgO( V,CI-6H,0: C, 48.53, H, 6.85; N, 10.29; found: C, 48.8; H, 6.5; N, 10.0. FTIR:
v(V=0) = 931 cm™!. 31V NMR-DMSO: —519 ppm (br).

{VVO[pyr(R,R-dpan)]}Z(M-O) 10: A dark brown solid was obtained. Yield: 30 %. Anal. calcd.
for C60H66N80”V2-6H20: C, 56.07,H, 6.12; N, 8.72; found: C, 55.9; H, 5.9; N, 8.3. FTIR: v(V=0) =
923 cm™!. 1V NMR-DMSO: —525 ppm (br).

{[VVO[pyr(S,S-chen)]}Z(M-O)Z-Z(CH3)2NCOH 11: Complex 7 was dissolved in DMF, and the
resulting purple solution was left under air to evaporate slowly. The solution turned red as a result of
VIVO oxidation. After ca. 6 weeks, the solution became orange and yellow needles were formed. 31V
NMR-MeOH: -500 ppm.

Physical and spectroscopic studies

IR spectra were recorded with a BioRad FTS 3000 MX FTIR spectrometer. Visible spectra were
recorded either with a Hitachi U-2000 or a Simadzu UV-2401PC spectrophotometer. The temperature
was controlled at 25 °C using thermostatized sample compartments with a Julabo F12 thermostatic bath
circulators. The electron paramagnetic resonance (EPR) spectra were recorded at 77 K (on glasses made
by freezing solutions in liquid nitrogen) with a Bruker ESP 300E X-band spectrometer. The 'H NMR
spectra were obtained on a Bruker Avance+ 400 Mhz Spectrometer, and the !V NMR on a Varian
Unity Inova 300 instrument operating at 131.404 MHz, using a 5-mm broad-band probe and a con-
trolled temperature unit set at 25 + 1 °C. The identity of the catalytic products was confirmed using a
GC/MS model Perkin-Elmer, Clarus 500 and comparing the fragments of each product with the library
available. A Thermax Nicolet gas chromatograph with a HP—1 capillary column (30 m x 0.25 mm x
0.25 wm) was used to analyze the reaction products. Each catalytic experiment was repeated twice for
the validation of the data.

© 2009 IUPAC, Pure and Applied Chemistry 81, 1279-1296
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EPR spectroscopy

The VIVO EPR spectra were simulated using a program from Rockenbauer [22]. The EPR spectra help
to elucidate which groups coordinate in solution [23]. For the VIVO systems, we used the additivity rule
to estimate the hyperfine coupling constant A;°, based on the contributions Al ; of each of the four
equatorial donor groups [AH‘:St =X A”J (i = 1 to 4)]. The estimated accuracy of A;®stis #3 x 107 cm™!
[23]. This data can be used to establish the most probable binding mode of the complexes formed, but
care must be taken as the contributions of the donor groups to the hyperfine coupling may depend on
their orientation [24], or charge of the ligand [25]. The influence of the axial donor groups (if any) was
not taken into account, since it is considered not relevant in the present systems [26].

TH and 5V NMR spectroscopy

All samples for NMR studies were prepared at room temperature. The solutions containing the VY com-
plexes were prepared by weighting the adequate amount of the complex and dissolving it in the solvent
to obtain 2!V NMR spectra. The 'H and >!V NMR chemical shifts were referenced relative to TSS
[sodium 3-(trimethylsilyl)propane sulfonate] at O ppm, and to neat VOCl; at 0 ppm, respectively.
31V NMR acquisition parameters were: 33 kHz spectral width, 30 us pulse width, 1 s acquisition time,
and 50 Hz line broadening.

X-ray crystal structure determination

Three-dimensional X-ray data for 11 were collected on a Bruker Kappa X8Apex CCD diffractometer
by the ¢-® scan method. The data was collected at low temperature. Reflections were measured from a
hemisphere of data collected of frames each covering 0.3° in @. Of the 17853 reflections measured, all
of which were corrected for Lorentz and polarization effects, and for absorption by semi-empirical
methods based on symmetry-equivalent and repeated reflections, 6053 independent reflections ex-
ceeded the significance level |F| /6(|F|) > 4.0. Complex-scattering factors were taken from the pro-
gram package SHELXTL [27]. The structure was solved by direct methods and refined by full-matrix
least-squares methods on F2. The non-hydrogen atoms were refined with anisotropic thermal para-
meters in all cases. The hydrogen atoms were included in calculated positions and refined by using a
riding mode for all atoms. A final difference Fourier map showed no residual density outside: 0.616,
-0.798 e.A=3. CCDC 700857 contains the supplementary crystallographic data for 11. This data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via <www.ccdc.cam.ac.uk/
data_request/cif>. Crystal data and details on data collection and refinement are summarized in the
Supplementary Information.

Catalytic activity studies

All catalytic reactions for the oxidation of styrene, cyclohexene, and cumene were carried out using
50-ml double-neck reaction flasks fitted with a septum and a water condenser. In a typical reaction (see
discussion), styrene (0.52 g, 5 mmol), aqueous 30 % H,0, (1.13 g, 10 mmol), and the catalyst
(0.10 mmol) were mixed in CH;CN (10 ml) and the reaction was carried out at 80 °C, with stirring.
During the course of the reaction, 0.5 ml of the reaction mixture was withdrawn every half-hour, ex-
tracted with petroleum ether (5 X 2 ml), and analyzed quantitatively by gas chromatography.

© 2009 IUPAC, Pure and Applied Chemistry 81, 1279-1296
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RESULTS AND DISCUSSION
Ligand synthesis and characterization

The synthesis of the salen-type compounds involved the reaction of pyridoxal with the chiral diamines,
(1R,2R- and 18S,25-diaminocyclohexane or 1S,2S5-diphenylethylenediamine). Their formula and abbre-
viations used are shown below. The synthesis of the salan-type ligands involved the reduction of the
salen parent compounds with NaBH,, and their conversion to the HCI salts. They were prepared in high
yields (>90 %), gave satisfactory elemental analysis, and were characterized by spectroscopic tech-
niques: IH NMR, FTIR, UV, and circular dichroism (CD).

1 pyr(chen) 3 pyr(chan)

2 pyr(dpen) 4 pyr(dpan)
\"/ OH HO: NH\ﬁ/N
/7 \ AN / \
5 R,Ry=-(CHy)s- 7 R1.Ry= -(CH)4-
6 R],Rz =Ph 8 R],R2 =Ph

Rz Rz Ri

CZ?_(} /eu/:) NH ) O /_\ on

IRL.R= '(CH2)4-
10 R;,R, =Ph
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In the 'H NMR spectra, the peaks attributed to the CH,-N groups of pyran-type compounds ap-
pear at 6 ~ 4 ppm and the CH=N peaks are not detected, confirming the reduction of the imine bonds.
The FTIR spectra also do not show the v(C=N) band, and the v(N-H) appears under a broad band cen-
tered at ca. 3400 cm™!, due to the presence of water molecules and the phenolic OH groups. In the elec-
tronic absorption spectra (see Experimental section), the C=N bands, which in the spectra of the parent
pyren ligands are responsible for the n — ©* and the © — ©* transitions (at ca. 300400 nm) do not
exist. The UV transitions observed are due to the T — ©* transitions associated with the aromatic rings.

Synthesis and characterization of the V complexes

The reaction of compounds 1-4 with VOCI, leads to the formation of VIVO complexes with a N,O,
binding mode, in moderate yields. The complexes were characterized by elemental analysis and spec-
troscopic techniques. Compounds 9 and 10 were obtained by aerobic oxidation of the parent VIO com-
plexes. The elemental analysis and the spectroscopic characterization of the VV-pyran complexes fit
well with a dinuclear formulation with two VV centers and one p-oxo bridge. The IR spectra show that
most of the VIVO complexes present the v(V=0) at ca. 880 cm™! (see Experimental section, for 8, the
assignment is not straightforward). These low v(V=0) values indicate V=0---V=0 interactions. The
binding of an O, to an adjacent vanadium, frans to its vanadyl O-atom, lengthens and weakens the
bond, thereby lowering the V=0 stretching frequency. This is also in agreement with the EPR spectra,
which immediately after dissolution of the complexes in dimethylsulfoxide (DMSO) show some ag-
gregation of the molecules (see below). Complex 6 is monomeric in the solid state with the v(V=0) at
ca. 990 cm™L. The Schiff-base complexes show v(C=N) bands at 1625 cm™!, and the v(C—O) bands
show up in the range 1240-1290 cm™!.

Electronic absorption spectra

The VIV-pyren complexes 5 and 6 show two bands in the visible region which can be assigned to band
I (dxy —d,, dyz) and II (dch - de—yZ)’ and band III is below an intense charge-transfer (CT) band at
ca. 380 nm (see Experimental section). The VIV complexes of the pyran derivatives are not stable when
dissolved in organic solvents (DMSO or CH,Cl,). The solutions turn strong red—brown with time, and
addition of a reducing agent (sodium dithionite or ascorbic acid) reverts the solution to its original color.
When complex 7 is dissolved in DMSO, the spectrum shows only a band at 482 nm (shoulder, € =
275 M~! cm™1), under a strong band tailoring from the UV. Upon addition of excess Na,S,0,, new
bands appear at 770 (e = 125 M1 ecm™!) and 506 nm (shoulder, € = 250 M~! cm™!). For 8, the behav-
ior is very similar and the spectroscopic data obtained after addition of the reducing agent is collected
in the Supplementary Information. The same behavior was observed with complexes from salicylade-
hyde derivatives instead of pyridoxal [19], and all data supports the relatively easy oxidation of the
VIVO complex into a VV species by molecular oxygen. The transition at 482 nm is considered a CT
from a pr orbital on the phenolate oxygen lone-pair to the empty 3d-orbitals of the V atom [28,29]. This
is also corroborated by the spectra of the VY complexes 9 and 10, which show features that are similar
to those observed upon oxidation of the VIV solutions, namely, the strong CT band centered at 500 nm.
Other spectroscopic studies confirmed this assumption and will be detailed below.

EPR

The X-band 1% derivative EPR spectra of frozen solutions (77 K) of the vanadium complexes dissolved
in DMSO were measured and simulated (whenever possible) [22], and the spin-Hamiltonian parameters
are collected in Table 1. The spectra are either axial or show a small rhombic distortion (complex 7).

© 2009 IUPAC, Pure and Applied Chemistry 81, 1279-1296
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For complexes of this type in an octahedral environment (considering the coordination of a solvent mol-
ecule), three binding modes can be envisioned, which are depicted in Scheme 1.

Table 1 Spin-Hamiltonian parameters calculated for the EPR spectra measured in DMSO.

Compound 8o 8y A Ay (orA)) g, A, (orAj) Binding mode (A,*' x 104 cm™)
(org)) x 104 cm™! (or g[:] x 104 cm™!
v )
5 1.978 52.8 1.957 158.8 cis-a. (163.5)
6 - - 1.957 159.6 cis-a. (163.5)
7 1.979, 1.973 51.2,51.3 1.957 158.3 trans (157.9) or cis-0. (159.7)
8 1.973 54.9 1.943 163.5 cis-B (160.9)
1.976 53.4 1.954 159.7 trans (157.9) or cis-0. (159.7)
0 0

£ 5
\/
/N
—
£
J
AN

()
(s

3
N
AN

DM

o)
OQ----<
o)

trans cis-o cis-p

Scheme 1 Possible binding modes for VIVO complexes considering an octahedral geometry and coordination of a
solvent molecule.

For complexes 5 and 6, the parameters fit well with a cis-o-type binding mode involving coordi-
nation of one of the imine bonds in the apical position, and a DMSO molecule in the equatorial posi-
tion for which a value of A| 163.5 x 10* cm™! is obtained. Immediately after dissolution of com-
plexes 7 and 8 the spectra 'show the presence of a broad band, which is due to aggregation of the
molecules in the solid state. The solutions change with time, this broad band progressively disappear-
ing, but the features and spin-Hamiltonian parameters for the VIVO species remain the same. For
complexes 7 and 8, the parameters fit well with binding modes of the type trans or cis-o for which
AHCSt values of 157.9 x 10~* and 159.7 x 10 cm™! are obtained, respectively. Therefore, it is not pos-
sible to assign the spectra to a particular structure in solution. However, when dissolved in DMSO, com-
plex 8 shows the presence of two distinct VIV complexes. These should correspond to different isomers,
which coexist in solution, one of them with a binding mode of the cis-B-type (A”CSt = 160.9 x
104 cm™).

The oxidation process was also studied by EPR. Complex 7 was dissolved in DMSO (ca. 10 mM,
t = 0), and the solutions were left under air. EPR samples were taken and frozen at different time inter-
vals: 0, 1, and 4 h, and the spectra were measured at 77 K, keeping the acquisition parameters constant.
The intensity of the central lines of the EPR spectra can give an estimate of the amount of VIV present
in solution, and this progressively decreases with time, confirming that the complexes are being oxi-
dized (Fig. 1a). We can also observe that the VIVO species present in solution, as the oxidation process
proceeds, is the same, since the EPR parameters do not change. This can be observed by the overlay of
the EPR lines in the high-field region, which is shown in Fig. 1b.
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a)

b)

Fig. 1 Change in the “frozen” EPR spectra of complex 7 with time: (a) central lines and (b) high field zone.

51v NMR

Complexes 7 and 8 were dissolved in DMSO (ca. 10 mM), and the solutions were left under air for ca.
4 h. The >V NMR spectra of the complexes showed broad signals (W%2 ~ 35 ppm) at —525 and —528
ppm for 7 and 8, respectively (see Experimental section). The broadness of the resonances in DMSO is
probably due to the high viscosity of the solvent and/or formation of several isomers. It should be em-
phasized that for the same solutions EPR spectra of reasonable intensity could be recorded.

The VV complexes 9 and 10 also display peaks with chemical shift values in the same region, al-
though not exactly the same values, confirming that upon dissolving 9 and 10, similar VV species form
as those formed in solution after oxidation of the VIVO complexes 7 and 8.

Crystal structure of {[V"O{pyr(S,S-chen)}]z(pu-O)z}-2(CH3)2NCHO 11

Crystals of {VVO[pyr(S,S-chen)]}2(},L-O)2 were obtained from a dimethylformamide (DMF) solution
which contained complex 7 and were characterized by single-crystal X-ray diffraction. This is the re-
sult of the slow oxidation, partial hydrolysis of the ligand, and dimerization of the complex, which was
probably driven by the electron deficiency and oxophilicity of the VV formed.

The asymmetric unit consists of one dinuclear molecule and two DMF [(CH3),NCHO] molecules
of crystallization. Figure 2 shows an ORTEP diagram of the dinuclear species with the atom-labeling
scheme, and Table 2 contains selected bond lengths and angles. The two VY atoms are linked through
two W-oxo bridges, and the vanadium adopts a very distorted octahedral geometry with the ligand tri-
coordinated through the Ophemlate and the two N_ . -~ atoms; the oxo and two bridging [1-oxo atoms
complete the coordination sphere. The two cyclohexane rings display a chair conformation.
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c3)
4,

Fig. 2 ORTEP diagram of [{VVO[pyr(S ,S-chen)]},(1-0O),]-2(CH;),NCHO. The thermal ellipsoids are drawn at the
30 % probability level. The (CH;),NCHO molecules were omitted for clarity. The N atoms shown have S,S
configuration.

amine

Table 2 Selected bond distances (A) and angles (°) for 11.
[{VVO[pyr(1S,2S-chen)] },(1-0),]-2(CH;),NCHO

Bond lengths (A) Bond angles (°)

N()-C(1)  1.476(7) C(7)-N(2)-C(6) 114.1(4)
NQ2)-C(6)  1.499(7) N(2)-C(7)-C(8) 110.0(4)
NQ)-C(7)  1.471(7) C(21)-N(5)-C(20)  115.5(5)
N@)-C(15) 1.487(7) N(5)-C(21)-C(22)  117.9(7)
N(5)-C(20)  1.493(8) 0(2)-V(1)-0(3) 105.7(2)
N(5)-C(21)  1.395(9) 0(2)-V(1)-0(1) 101.2(2)
O(1)-C(12)  1.343(7) 0(3)-V(1)-0(1) 100.02)
O(7)-C(13)  1.428(6) 0(2)-V(1)-N(1) 97.7(2)
V(1)-0(1)  1.919(4) 0(3)-V(1)-N(1) 91.0(2)
V(1)-02)  1.615(4) O(1)-V(1)-N(1) 154.63(19)

V(1)-03)  1.671(4) 0(2)-V(1)-N(2) 93.1(2)
V(1)-0(4)  2.337(4) 0(3)-V(1)-N(2) 158.8(2)

V()-N(1)  2.146(5) O(1)-V(1)-N(2) 85.58(18)
V(1)-N(Q2)  2.245(5) N(1)-V(1)-N(2) 76.54(19)

V(2)-0(3)  2.311(5) 0(2)-V(1)-04) 173.4(2)
V(2)-0(4) 1.665(5) 0(3)-V(1)-04) 79.70(18)

V(2)-0(5)  1.912(5) O(1)-V(1)-0(4) 81.41(16)
V(2)-0(6)  1.607(5) N(1)-V(1)-0(4) 78.16(18)
V(2)-N@)  2.131(5) N(2)-V(1)-0(4) 80.95(17)

V(2)-N(5)  2.213(7) O(4)-V(2)-0(6) 108.9(3)

The two V=0 bonds are very similar (average: 1.611 A) and characteristic of oxo-type O atoms
with strong m-bonding. The V-i-oxo bonds frans to the secondary amine groups also show some

© 2009 IUPAC, Pure and Applied Chemistry 81, 1279-1296



Vanadium-salen and -salan complexes 1289

n-bonding character, presenting an average length of 1.668 A. The V—{1-oxo bonds frans to the oxo
groups are significantly longer (average: 2.324 A). The V-V separation is 3.083 A, comparable to the
values found in related complexes [8]. The vanadium atom in each unit is displaced toward the apical
oxo group from the equatorial plane defined by the Ophenolate, the two N . . groups, and the equatorial
u-oxo atom by 0.37 and 0.34 A. The pyridinic rings are bent toward the terminal oxo groups, forming
an angle of 35.6 and 26.23° with the plane defined by the donor atoms; and the alcoholate groups are
in anti position to the oxo groups.

CATALYTIC STUDIES

In order to screen the catalytic oxidative potential of the prepared complexes, they were applied in the
oxidation of some simple organic molecules with H,O,. Three reactions were studied: the oxidation of
styrene, cumene, and cyclohexene.

Oxidation of styrene

The oxidation of styrene, catalyzed by the vanadium complexes, was carried out in acetonitrile using
30 % aqueous H,O, as oxidant to give benzaldehyde (bza), 1-phenylethane-1,2-diol (phed), benzoic
acid (bzac), and phenylacetaldehyde (phaa) (see Scheme 2). Reaction conditions were optimized con-
sidering 7 as a representative catalyst and varying the reaction parameters to achieve maximum oxida-
tion of styrene.

74
Hzoz
Catalyst é é 5

Styrene phaa bzac phed

Scheme 2 Products identified in the oxidation of styrene by H,O, catalyzed by complexes 5-8: phenylacetaldehyde
(phaa), benzaldehyde (bza), benzoic acid (bzac), and 1-phenylethane-1,2-diol (phed).

Three different amounts viz. 0.1, 0.2, and 0.3 mmol of 7 were taken at the fixed amount of styrene
(5 mmol), aqueous 30 % H,0, (10 mmol) in CH;CN (10 ml), and the reaction was carried out at 80 °C.
The obtained conversions (amount of styrene reacted) were plotted as a function of time and are pre-
sented in Fig. 3. The reaction conditions were also optimized varying the temperature (50-80 °C), and
the amount of H,O, (5, 10, and 15 mmol). The conversion increased with temperature, and at 80 °C the
use of 10 mmol of aqueous 30 % H,0,, CH;CN (10 ml) and 0.1 mmol of catalyst were found optimum
for the conversion of 5 mmol of substrate. Therefore, these reaction conditions were selected to carry
out further catalytic studies.
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Fig. 3 Effect of the amount of catalyst (mmol of 7) on the oxidation of styrene. Reaction conditions: styrene
(5 mmol), aqueous 30 % H,0, (10 mmol), CH;CN (10 ml), and T = 80 °C.

The conversions obtained by all catalysts, plotted as a function of time, are presented in Fig. 4.
Table 3 provides details on the turnover frequency and selectivity of the various products obtained after
5 h of reaction time.

804
—u— VOI[pyr(chan)] .
70 4| —®— VOIpyr(dpan)] _/"‘
—A—VO[pyr(dpen)] -
o 604~ VOlpyr(chen)] ? I
% 50 -/ ././.
— T A
: S Z-f‘/‘
g 40 ~ .
S / / g4
e 307 {2

20 %/

104

0 50 100 150 200 250 300
Time (min)

Fig. 4 Oxidation of styrene catalyzed by various complexes as a function of time. Reaction conditions: catalyst
(0.1 mmol), styrene (5 mmol), aqueous 30 % H,0, (10 mmol), CH;CN (10 ml), and T = 80 °C.
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Table 3 Percent conversion of styrene, turnover frequency (TOF), and
product selectivity (see Scheme 2).

Selectivity?, mol %

Catalyst Conversion (%) TOF phaa bza  bzac phed
VO[pyr(chen)] 5 65 6.5 52 853 7.4 2.1
VO[pyr(dpen)] 6 48 4.8 23 917 0.7 53
VOI[pyr(chan)] 7 73 7.3 58 921 1.1 1.0
VO[pyr(dpan)] 8 56 5.6 1.1 924 4.7 1.8

4phaa = phenylacetaldehyde, bza = benzaldehyde, bzac = benzoic acid, phed =
1-phenylethane-1,2-diol. Reaction conditions as mentioned in Fig. 4.

As shown in Table 3, complex 7 shows the highest catalytic activity with 73 % conversion of
styrene, after 5 h, while 6 gave only 48 % conversion. Catalytic activities of other complexes vary
within this range. Overall, V complexes with reduced ligands (V-pyran) perform better than with non-
reduced ligands (V-pyren), and catalysts involving diaminocyclohexane-containing ligands are more ac-
tive than those derived from diphenylethylenediamine. The most commercially interesting product,
styrene oxide, is not found in the reaction products, probably because after its formation it was trans-
formed into other products. The selectivity of benzaldehyde is the highest (>85 %), and this is possibly
due to nucleophilic attack of H,O, to styrene oxide, formed during the reaction, followed by cleavage
of the hydroperoxystyrene intermediate. Benzaldehyde formation may also be facilitated by direct ox-
idative cleavage of the styrene side-chain double bond via a radical mechanism. The formation of ben-
zoic acid through benzaldehyde is quite likely. Isomerization of styrene oxide may yield phenyl-
acetaldehyde. Hydrolysis of styrene oxide to some extent by water present in H,O0, to
1-phenylethane-1,2-diol is also a plausible pathway for the formation of this product.

Oxidation of cyclohexene

Under similar reaction conditions as those used for the oxidation of styrene, we have also carried out
the oxidation of cyclohexene. Scheme 3 presents the isolated products; Fig. 5 shows the conversion
plotted as a function of time, and Table 4 presents details on the product selectivity. Again, a very sim-
ilar trend was obtained, i.e., highest conversion (71 %) with complex 7 and lowest (41 %) with 6. Once
again within the ligand system, the complexes with the pyran-type ligands have shown better perform-
ance than the complexes with the pyren-type ligands, but the most relevant difference is found in the
type of diamine backbone, with the cyclohexanediamine derivatives showing conversions higher than
71 %, and the diphenyldiamine derivatives lower than 47 %. The selectivity of the reaction products fol-
lows the order: cyclohexane-1,2-diol > cyclohex-2-enol > cyclohex-2-enone = 1,2-epoxycyclohexane.
Thus, with a selectivity >70 %, cyclohexane-1,2-diol is the most important product and is probably the
result of the oxidation of 1,2-epoxycyclohexane. A range of 11-18 % selectivity is found for the sec-
ond highest product, cyclohex-2-enol. Epoxycyclohexane results from the oxidation of the double bond,
while the allylic-oxidation pathway, forming cyclohex-2-enone and cyclohex-2-enol, reflects the pref-
erential attack of the activated C—H bond over the C=C bond [30].
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5 O Now
Catalyst
Cyclohexene chol chone chdol

Scheme 3 Products identified in the oxidation of cyclohexene by H,O, catalyzed by complexes 5-8:
1,2-epoxycyclohexane (cho), cyclohex-2-enol (chol), cyclohex-2-enone (chone), and cyclohexane-1,2-diol (chdol).

—®— VO[pyr(chan)]

804 | —®— VO[pyr(dpan)] -
—A— VO[pyr(dpen)] /'/
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60 //
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Fig. 5 Oxidation of cyclohexene catalyzed by various complexes as a function of time. Reaction conditions: catalyst
(0.1 mmol), cyclohexene (5 mmol), aqueous 30 % H,O, (10 mmol), CH;CN (10 ml), and T = 80 °C.

Table 4 Percent conversion of cyclohexene, TOF, and product selectivity
(see Scheme 3).

Selectivity?, mol %
Catalyst Conversion (%) TOF cho chdol chol chone

VOI[pyr(chen)] § 71 7.1 7 70 14 9
VOIpyr(dpen)] 6 41 4.1 3 75 18 4
VOIpyr(chan)] 7 79 7.9 5 79 5 1.0
VOIpyr(dpan)] 8 47 4.7 4 78 13 5

acho = 1,2-epoxycyclohexane, chdol = cyclohexane-1,2-diol, chol = cyclohex-2-enol,
chone = cyclohex-2-enone. Reaction conditions as mentioned in Fig. 5.

Oxidation of cumene

The oxidation of cumene gave acetophenone, 2-phenylpropanal, 1,2-epoxy-2-phenylpropane, and
2-phenylpropan-2-ol; Scheme 4. After several trials using 0.1 mmol of catalyst, the optimized reaction
conditions for the maximum oxidation of 3 mmol of cumene were found to be aqueous 30 % H,0,
(9 mmol), acetonitrile (10 ml) at 80 °C, and the results reported were carried out under these condi-
tions. Figure 6 presents the percentage of conversion as a function of time, and Table 5 provides other
details.
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Scheme 4 Products identified in the oxidation of cumene by H,O, catalyzed by complexes 5-8: acetophenone
(acp), 2-phenylpropanal (ppa), 1,2-epoxy-2-phenylpropane (mso), and 2-phenylpropan-2-ol (ppo).

Cumene
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Fig. 6 Oxidation of cumene catalyzed by various complexes as a function of time. Reaction conditions: catalyst
(0.1 mmol), cumene (3 mmol), aqueous 30 % H,0, (9 mmol), CH;CN (10 ml), and T = 80 °C.

Table 5 Percent conversion of cumene, TOF, and product selectivity (see

Scheme 4).

Selectivity?, mol %
Catalyst Conversion (%) TOF acp ppa mso  ppo
VO[pyr(chen)] 5 42 2.5 63 18 11 8
VO[pyr(dpen)] 6 31 1.9 73 15 9 3
VOlpyr(chan)] 7 39 23 65 21 8 6
VO[pyr(dpan)] 8 29 1.7 55 20 6 19

3acp = acetophenone, ppa = 2-phenyl-2-propanal, mso = 1,2-epoxy-2-phenylpropane,
ppo = 2-phenylpropan-2-ol. Reaction conditions as mentioned in Fig. 6.

In general, all complexes exhibited moderate catalytic activities between 29 to 42 % toward the
oxidation of cumene. However, in contrast to other substrates studied here, the conversion of cumene
by complexes of pyren ligands are 2—3 % better than the complexes of the reduced derivatives. Amongst
the various products formed, the selectivity of an important product, acetophenone, is the highest and
varies in the range 55-73 %, followed by 2-phenylpropanal with 15-21 %. The order of selectivity for
two other products is: 1,2-epoxy-2-phenylpropane > 2-phenylpropan-2-ol, except for complex 8.
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DFT studies

Several mechanisms have been proposed for the oxidation of alkenes (e.g., styrene) catalyzed by the
vanadium complexes involving: (i) a transient vanadyl diradical species and the formation of a vana-
dium-peroxy-olefin intermediate; (ii) a simple bimolecular mechanism in which the nucleophile and the
peroxo-metal complex react, i.e., a Sharpless-type mechanism; and (iii) the formation of a peroxo-
metallocycle, i.e., a Mimoun-type mechanism which involves the coordination of an alkene molecule to
the metal, followed by the formation of a penta-membered cyclic intermediate which decomposes onto
the epoxide and catalyst.

To elucidate which of these epoxidation mechanisms is the most favorable, preliminary quantum-
chemical calculations were done for the model complex [VIVO(L)(ethylene)] as the starting material,
where L = "O-CH=CH-CH,-NH-CH,-CH,~NH-CH,-CH=CH-O" instead of the N,N"-ethylenebis-
(pyridoxylaminato) ligand. In these studies, we are also considering the olefin as simply ethylene.

On the first step (see Scheme 5), the starting VIV complex DFT-1 is oxidized by H,0, to a Al
complex DFT-2—the active species of the catalyst—which reacts further with another H,0, molecule
to form the peroxo-complex DFT-3. Both these reactions are well known in vanadium chemistry, and
the corresponding mechanisms were considered previously by Shul’pin et al. [31] and by Khaliullin
[32].

0 OH OlH
Wil _OH, H0, V|/O H,0, \VV/OI
>/|\ - \/V|< ahe

o) DFT-2 DFT-3
DFT-1
A— |

X\ — (0]

Q o | ~y 2\
Sy -— “/\ 0
AN

/| O, N

it DFT-4

Scheme 5 Outline of the most probable mechanism of alkene epoxidation catalyzed by the VIV-salan complexes.

The calculations were carried out for the isomers in which two O-atoms and one N-atom of L oc-
cupy equatorial positions and another N-atom of L is in axial position. This isomeric form was found
to be the most stable for the vanadium dioxo-N,N'-ethylenebis-(pyridoxylaminato) complexes on the
basis of theoretical and experimental X-ray structural data [8]. The theoretical calculations done so far
suggest that the Sharpless-type mechanism of alkene epoxidation involving the hydroperoxo species
DFT-4 is the most favorable one. More detailed theoretical mechanistic studies of olefin epoxidation
catalyzed by vanadium complexes with reduced Schiff-base N,0-ligands will be reported [33].

CONCLUSIONS

Two chiral salen-type and two chiral salan-type compounds were prepared and characterized. The cor-
responding VIVO complexes were prepared. Since they oxidize when dissolved in common organic sol-
vents to VV species, the oxidation process was studied by spectroscopic techniques. The data support
the assumption that a VO,* center forms in solution, possibly transient VO3* being formed in the course
of the oxidation process. Moreover, a crystal and molecular structure of a VV dinuclear species was ob-
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tained, showing a OVV(u-O)zVVO core with two -oxo bridging atom, which gives further support to
this assumption.

The complexes were applied as catalysts in the oxidation of simple substrates and showed good
activities. Although most complexes did not show very good selectivity profiles, the V-salan complexes
presented significantly better performance in the oxidation of styrene and cyclohexene than their
V-salen counterparts.

As salan complexes are more stable than their salen counterparts, the salan systems may be prom-
ising for catalytic use, namely, after immobilization of the catalysts, and attempts to prepare immobi-
lized catalysts with these systems are presently being carried out.

Preliminary DFT calculations were carried out with a model system to understand which is the
more favorable mechanism in alkene epoxidation using salan systems as catalysts. The calculations sug-
gest that a simple bimolecular mechanism where the nucleophile and the hydroperoxo-metal complex
react, i.e., a Sharpless-type mechanism is the most favorable one, although the radical route, with a re-
action pathway involving the generation of a diradical alkylperoxo intermediate, should also be com-
petitive.

SUPPLEMENTARY INFORMATION
Tables S1-S4 and Fig. S1 are available online (doi:10.1351/PAC-CON-08-09-07).
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