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SUMMARY

Selective oxidation of alcohols to aldehydes in mild
conditions remains an important reaction in organic
synthesis, in this regard the use of molybdenum com-
plexes of Schiff bases results in an effective improve-
ment of the catalysis of this reaction. Several ONO
Schift bases were synthesized by condensation of o-
aminophenol and the corresponding 5-substituted
salicylaldehyde derivatives, further complexation with
bis(acetylacetonato)dioxomolybdenum(VI) afforded the
corresponding cis-dioxomolybdenum(VI) complexes
which were fully characterized. These complexes were
used as catalysts for the oxidation of several alcohols
under solvent-free condition using H,O, as oxidant
with outstanding results. The electronic effects of
the substituents in the catalytic process were studied
concluding that strong electron withdrawing groups
indeed facilitates the catalytic reaction. Furthermore,
the scope of the methodology was evaluated showing
good tolerance to other functional groups.

Keywords: Schift base; alcohol; oxidation; molybde-
num complex; catalysis.

RESUMEN

La oxidacién selectiva de alcoholes a aldehidos en con-
diciones suaves sigue siendo una reaccién importante en
la sintesis organica, en este sentido el uso de complejos
de molibdeno de bases de Schift da como resultado una
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mejora efectiva de la catdlisis de esta reaccién. Se sinte-
tizaron varias bases ONO Schiff por condensacién de o-
aminofenol y los derivados de salicilaldehido sustituidos
en 5 correspondientes, la complejacién adicional con
bis (acetilacetonato) dioxomolibdeno (VI) proporciond
los correspondientes complejos de cis-dioxomolibdeno
(VI) que se caracterizaron por completo. Estos comple-
jos se utilizaron como catalizadores para la oxidacién
de varios alcoholes en condiciones libres de solventes
utilizando H202 como oxidante con resultados so-
bresalientes. Se estudiaron los efectos electrénicos de
los sustituyentes en el proceso catalitico y se concluyé
que los grupos atractores de electrones fuertes facilitan
la reaccidn catalitica. Ademds, se evalud el alcance de
la metodologia mostrando buena tolerancia a otros
grupos funcionales.

Paraules clau: base de Schiff; alcohol; oxidacion;
complejo de molibdeno; catalisis

RESUM

Loxidacié selectiva d'alcohols a aldehids en condi-
cions suaus segueix sent una reaccié important en la
sintesi organica, en aquest sentit 1'is de complexos de
molibdé de bases de Schiff déna com a resultat una
millora efectiva de la catalisi d'aquesta reaccid. Es van
sintetitzar diverses bases ONO Schift mitjancant la
condensacié d'o-aminofenol i els derivats de salicilal-
dehid substituits en 5 corresponents, la complexacié
addicional amb bis (acetilacetonato) dioxomolibde (VI)
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va proporcionar els complexos cis-dioxomolibde (VI)
corresponents que es van caracteritzar completament.
Aquests complexos es van utilitzar com a catalitzadors
per al'oxidacié6 de diversos alcohols en condicions sense
dissolvents utilitzant H202 com a oxidant amb resultats
excellents. Es van estudiar els efectes electronics dels
substituents en el procés catalitic i es van concloure
que els forts grups d'extraccié d'electrons faciliten
efectivament la reaccié catalitica. A més, es va avaluar
l'abast de la metodologia mostrant una bona tolerancia
a altres grups funcionals.

Paraules clau: base Schiff; alcohol; oxidacié; complex
de molibdé; catalisi

1. INTRODUCTION

Carbonyl compounds are important building blocks
and products within chemical industry [1], in fact, the
application of carboxylic acids [2-5] and aldehydes
[6-9] as starting materials or intermediaries in almost
every field of basic and applied research is customary,
show the importance of their availability. On another
hand, aldehydes and ketones are mainly produced by
oxidizing alcohols [10] in organic solvents and in the
presence of inorganic oxidants (NaClO, KMnO,, CrO,,
etc.) which are commonly used combinations [11] in
the traditional oxidation processes. However, these
methodologies have resulted either expensive, or toxic,
or cumbersome operation, including the low selectivity
due to side reactions and exhaustive oxidation of the
initial alcohols, thus generating a lot of byproducts.
This is no longer recommended in the context of green
chemistry principles.

According a green chemistry approach, new syn-
thetic approaches have been developed including the use
of greener, safer and environmentally friendly oxidants
such as TBHP [12],H,0, [13], O, [14], etc., in this regard,
catalytic process are highly valuable alternatives to
achieve oxidation reactions in mild conditions. Besides,
in terms of solvent selection, solvent free protocols
have been developed and widely preferred. Compared
with the use of solvents, solvent free reactions have the
advantages of being safer, environmentally friendlier,
simpler separation process.

Recently, significant efforts have been redirected
to the development of better and efficient catalytic
oxidation systems for alcohols [15]. In this regard, the
development of suitable ligands for this application is
an important research field for catalysis. Among the
important class of ligands, Schift bases are known and
have been extensively used for many applications such
as adsorbent to remove toxic metal ion from aqueous
solution [16-18], or as ligands in transition metal based
catalysts [19-22], particularly, Schiff bases as ligands
have been found in the development of highly efficient
catalysts with good selectivity and activity for oxida-
tion of alcohols, such as Schiff base manganese(III)
complex [15], MoO,/Cu Schiff base nanoparticles [23],
amide-functionalized metal (Co(II) and Zn(II)) organic
frameworks (MOFs) [24].
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In recent years, several Schiff base molybdenum(VI)
complexes have been used as catalysts for important
oxidation reactions, such as epoxidation of olefins [25-
26], oxidation of sulfides [27] and oxidation of alcohols
[14], concerning oxidation of alcohols, various of Schift
base molybdenum complexes have been reported for the
reaction of oxidizing alcohols with TBHP or H,O, as
oxidant to the corresponding aldehydes or ketones, such
as Mo-V bimetallic organosilicon [28], u-O{MoO,}, bi-
nuclear p-oxidobis{dioxidomolybdenum(VI)} complexes
[29], magnetic recoverable molybdenum(VI) nanocata-
lyst [30]. Less dioxomolybdenum(VI) complexes [31]
than oxoperoxo-molybdenum(VI) complexes have been
reported for the oxidation of alcohols [32-33]. However,
as far as we know, only a few reports have studied the
influence between the electronic environment due to
the nature and position of the substituents within the
ligand and the outcome of catalytic activity of molyb-
denum-based dioxomolybdenum(VTI).

In previous work, our research group have reported
and studied several [MoO,L(L = ONO ligands)], type
cis-dioxomolybdenum(VI) Schiff base complexes, par-
ticularly, as catalysts in solvent-free olefin epoxidation
reactions, showing high catalytic activity [34-36]. The
electron density delocalization has been studied by
introducing electron donor (-NEt,) and/or acceptor
(-NO,) substituents into the aromatic ring, the observed
results have yield interesting conclusions about the rela-
tion between geometry, electron density distribution
and the proposed catalytic olefin oxidation mecha-
nism [34]. Additionally, the relative position of a given
substituent (OH) on the ligand backbone has proven
to exhibit an impact on the catalytic performance of
epoxidation of olefins (R1> R3> R2) (Scheme 1) [36].
Conceptual DFT studies allowed us to propose a cata-
lytic mechanism that fits with the experimental results.
To continue our research on molybdenum catalysis,
herein we report the synthesis and study of the influ-
ence of different substituents on 5-position of ONO
cis-dioxomolybdenum(VI) complexes (R3, Scheme
1) as catalysts for alcohol oxidation. The substitution
pattern was selected to maximize the influence of the
ligand on the molybdenum center, as explained by the
inductive effect exerted by the substituents due to the
relative position within the hydrocarbon backbone.

R? OH OH
R1

HoL A| [MoO,(acac),]

Reflux
R'=R2=H
R¥=H,L°
R¥=cl, L’
R%=Br, L2
R3=OH,L® 0-',,N[\°
R3=NO,, L*

[MoO(L%41,

Scheme 1 Synthesis of cis-dioxomolybdenum Schiff base
complexes



2. MATERIAL AND METHODS

2.1 Materials

All preparations were carried out in air. Water was
distilled before use. Organic solvents (ethanol, methanol,
diethylether and acetrontrile) and organic compounds
such as benzylic alcohol (99%), benzaldehyde (99%),
2-aminophenol (99%), 5-chloro-2-hydroxybenzalde-
hyde (98%), 5-bromo-2-hydroxybenzaldehyde (99%),
2,5-dihydroxybenzaldehyde (99%), 5-nitro-2-hydroxy-
benzaldehyde (98%)) and other alcohols were used as
received without further purification, H,0, (30% in
water) was used as received. The thermogravimet-
ric analyses were performed on a thermal analyzer.
The sample was placed into a nickel/platinum alloy
crucible and heated at 0.83 °C s* in a reconstituted
air flow from 15 °C to 700 °C. An empty crucible was
used as a reference. Infrared spectra were recorded at
room temperature with a MAGNAS550 spectrometer.
'"H NMR spectra were recorded on 300, 400 or 500
MHz Bruker spectrometer. Catalytic reactions were
followed by gas chromatography on a chromatograph
equipped with FID detector and a HF-5 column (30 m
*0.32 mm * 0.5 um).

The GC parameters were quantified with authentic
samples of the reactants and products. The conversion
of benzylic alcohol, and the formation of benzaldehyde
were calculated from calibration curves (r? = 0.999)
relatively to an internal standard (acetophenone).

2.2 Methods

2.2.1 General procedure for synthesis of the ligands

Ina 100 mL Erlenmeyer flask, 2 mmol of the 5-substi-
tuted-2-hydroxybenzaldehyde was dissolved in 20 mL
of ethanol and then 2 mmol of 2-amino-phenol was
added. The mixture was stirred at reflux temperature
for 4 h. The resulting precipitate was filtered and washed
with ethanol to obtain the corresponding Schiff bases,
as red colored powders, namely, H L.

General procedure for synthesis of the molybdenum
complexes

In a 100 mL Erlenmeyer flask, the ligand H,L%* (1.42
mmol) was dissolved in 20 mL of ethanol and then
[MoO,(acac),] (1.42 mmol) was added. The mixture
was stirred at reflux temperature for 4 h leading to
[MoO, L], precipitated as brown powder. The precipitate
was dried (80 °C) under reduced pressure for 24 hours.

(@) [MoO, L], [37] {4-Chloro-2-[(2-hydroxy-phenylimino)-
methyl]-phenolato}dioxido-molybdenum(VI)

Brown powder, yield: 77.2%; IR (ATR, cm™): v™ = 1613
(s) (C=N), 924 (Mo=0), 807 (Mo-O-Mo).

'"H NMR (400 MHz, DMSO-d,, (ppm)): § = 9.25 (s,
1H, CH=N), 7.85 (d, 1H, ] = 2.8 Hz, Ar-H), 7.77 (d, 1H,
] = 8.2 Hz, Ar-H), 7.55 (dd, 1H, ] = 8.8, 2.8 Hz, Ar-H),
7.26 (t, 1H, ] = 7.8 Hz, Ar-H), 6.97 (dd, 2H, ] = 8.6, 5,7
Hz, Ar-H), 6.87 (d, 1H, ] = 8.2 Hz, Ar-H).

“C NMR (100 MHz, DMSO-d,, (ppm)): § = 160.6,
160.3, 156.1, 135.8, 135.1, 134.0, 131.0, 124.3, 123.6,
121.4, 121.0, 117.9, 116.9.

TGA: 38.3% MoQ, residue (requires 38.5%); elemen-
tal analysis Calcd (%) for C ,H.CIMoNO, (Mr = 373.60):
C41.79,H 2.16, N 3.75; found: C 40.76, H 2.19, N 3.73%.

(b) [MoO,L1%,[37] {4-Bromo-2-[(2-hydroxy-phenylimino)-
methyl]-phenolato}dioxido-molybdenum(VI)

Brown powder, yield: 85%, 'H NMR (500 MHz, DMSO-
d,, (ppm)): & = 9.28 (s, 1H, CH=N), 7.82-7.77 (m, 2H,
Ar-H), 7.25 (t, 1H, J = 10 Hz, Ar-H), 7.14 (d, 1H, ] = 10
Hz, Ar-H), 7.07 (s, 1H, Ar-H), 6.96 (t, 1H, ] = 10 Hz,
Ar-H), 6.87 (d, 1H, J = 10 Hz, Ar-H).

13C NMR (125 MHz, DMSO-d6, (ppm)) & = 160.2,
160.1, 155.6, 137.5, 136.5, 135.3, 130.5, 123.7, 121.3,
120.5, 1174, 116.5, 111.3.

TGA: 34.3% MoQ, residue (requires 34.4%); elemen-
tal analysis Calcd (%) for C,,H.BrMoNO, (Mr = 418.05):
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C37.35,H 1.93, N 3.35; found: C 37.36, H 1.95, N 3.31%.

(©) [MoO, L], [36] {4-Hydroxy-2-[(2-hydroxy-phenylimino)-
methyl]-phenolatojdioxido-molybdenum(VI)

Yield: 87%. IR (ATR, cm™): v- = 1613 (C=N), 912
(Mo=0), 804 (Mo-O-Mo). 'H NMR (300 MHz, DMSO-
d,, (ppm)): 6 = 9.43 (s, 1 H, Ar-OH), 9.15 (s, 1 H, CH=N),
7.78-8.82 (m, 1 H, Ar-H), 6.75-7.24 (m, 6 H, Ar-H).

BCNMR (DMSO-d,, (ppm)): 6 = 160.6 (Cq-0O), 156.9
(CH-N), 155.0 (Cq-0),151.4 (Cq-0O), 136.0 (Cq-N), 130.6
(CH-Ar), 123.8 (CH-A1), 122.5 (Cq), 120.6 (CH-AT),
119.7 (CH-Ar), 1194 (CH-Ar), 117.8 (CH-Ar), 116.9
(CH-Ar).

TGA: 41.3% MoQ, residue (requires 40.5%). Anal.
Calcd. for C ;HMoNO, (Mr = 355.15): C, 43.96; H,
2.55; N, 3.90 %. Found: C, 43.84; H, 1.83; N, 3.84 %.

(d) [MoO,L*, [38] {4-Nitro-2-[(2-hydroxy-phenylimino)-
methyl]-phenolato}dioxido-molybdenum(VI)

Yield: 89%. IR (ATR, cm™) 1603 (C=N), 941 (Mo=0),
780 (Mo—O-Mo).

'"H NMR (500 MHz, DMSO-d,, (ppm)): 8 = 9.48 (s,
1H, CH=N), 8.81 (d, 1H, J = 2.9 Hz, Ar-H), 8.34 (dd,
1H,J=9.2,3.0 Hz, Ar-H), 7.85 (dd, 1H, ] = 8.2, 1.3 Hz,
Ar-H), 731 (t, 1H, ] = 8.4 Hz, Ar-H), 713 (d, 1H, ] =
9.2 Hz, Ar-H), 7.04 (t, 1H, = 8.4 Hz, Ar-H) , 6.92 (dd,
1H,J = 8.2, 1.2 Hz, Ar-H).

13C NMR (125 MHz, DMSO-d,, (ppm)) § = 166.2,
160.5, 156.5, 140.5, 135.7, 131.7, 131.3, 130.2, 122.0,
121.5,121.0, 117.9, 117.3.

TGA: 37.2% MoO, residue (requires 37.4%). Anal. Calc.
For C ;,H,MoN,O, (Mr = 384.15): C, 40.65; H, 2.10; N,
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7.29. Found: C, 40.63; H, 2.12; N, 7.30%.

2.2.2 Catalytic alcohol oxidation with H,0, under
solvent-free condition

The oxidation of benzyl alcohol by [MoO,L], was
carried out according to the following general pro-
cedures. The optimized condition was as follow: to
the alcohol (2 mmol), complex (0.01 mmol), aceto-
phenone (0.2 mmol, 0.0240 g, internal standard) and
H,O, (4 mmol, 30% in water, 0.4 mL) were added in
a 50 mL two neck flask. While for volatile products,
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the reaction was performed in closed schlenk tube.
The reaction mixture was stirred at 65 °C for 4 h. The
crude of the reaction was introduced and quantified by
GC-FID or NMR periodically. After the complication
of the reaction, the products were isolated by column
chromatography with Petroleum ether / ethyl acetate
= 5:1 as eluent.

Benzaldehyde (2a): '"H NMR (500 MHz, CDCl,) 6
10.03 (s, 1H), 7.89 (d, ] = 8.4 Hz, 2H), 7.64 (t, ] = 7.2,
1H), 7,54 (t, ] = 7.5, 2H). °C NMR (126 MHz, CDCL)
0 192.39, 136.42, 134.47, 129.75, 129.01.

4-Chloro-benzaldehyde (2b): 'H NMR (500 MHz,
CDCl,) 69.99 (s, 1H, CHO), 7.88-7.80 (m, 2H), 7.55-7.42
(m, 2H). *CNMR (126 MHz, CDCI,) 6 190.87, 140.96,
134.72,130.92, 129.47, 129.34.

2-Hydroxy-benzaldehyde (2¢): 'H NMR (500 MHz,
CDCL) § 11.02 (s, 1H, OH), 9.89 (s, 1H, CHO), 7.59-7.49
(m, 2H), 7.07-6.96 (m, 2H).°C NMR (126 MHz, CDCL)
0 196.63, 161.64, 137.01, 133.75, 120.68, 119.87, 117.63.

4-Hydroxy-benzaldehyde (2d): '"H NMR (500 MHz,
CDCl,) § 9.87 (s, 1H), 8.04-7.67 (m, 2H), 7.17-6.83 (m,
2H), 6.17 (s, 1H). ®C NMR (126 MHz, CDCl,) § 191.28,
161.55, 132.56, 129.90, 116.03.

4-Methoxy-benzaldehyde (2e): "H NMR (500 MHz,
CDCl,) 6 9.89 (s, 1H), 7.88-7.81 (m, 2H), 7.04-6.97 (m,
2H), 3.89 (s, 3H). *C NMR (126 MHz, CDCI,) § 190.83,
164.63, 132.01, 129.98, 114.33, 55.60.

4-Nitro-benzaldehyde (2f): 'H NMR (500 MHz,
CDCL) § 1017 (s, 1H, CHO), 8.41-8.40 (m, 2H), 8.11-
8.07 (m, 2H). °C NMR (126 MHz, CDCL) § 190.28,
151.16, 140.06, 130.50, 129.47, 124.34.

Pyridine-2-carbaldehyde (2g): '"H NMR (500 MHz,
CDCl,) §10.09 (s, 1H), 8.81 (m, 1H), 8.04-7.95 (m, 1H),
7.94-7.86 (m, 1H), 7.55 (m, | = 7.6, 4.8, 1.4 Hz, 1H). *C
NMR (126 MHz, CDCl,) & 193.40, 152.78, 150.20,
137.07, 127.87, 121.69.

Furan-2-carbaldehyde (2h): 'H NMR (500 MHz,
CDCl,) 6 9.68 (s, 1H), 7.72-7.68 (m, 1H), 7.26 (dd, ] = 3.7,
0.8 Hz, 1H), 6.61 (dd, ] = 3.6, 1.7 Hz, 1H). *CNMR (126
MHz, CDCL,) 6 177.90, 153.02, 148.07, 120.95, 112.59.

Diphenyl-methanone (2i): 'H NMR (500 MHz, CDCL,)
§ 7.86-7.77 (m, 4H), 7.61-7.54 (m, 2H), 747 (t, ] = 7.7
Hz, 4H). *C NMR (126 MHz, CDCL,) § 196.76, 137.62,
132.44, 130.08, 128.31.

1,2-Diphenyl-ethane-1,2-dione (2j): '"H NMR (500
MHz, CDCL,) § 8.23-8.16 (m, 1H), 7.78 (dt, ] = 6.4, 3.2
Hz, 1H), 7.58-7.49 (m, 2H), 7.41-7.30 (m, 3H). *C NMR
(126 MHz, CDCl,) 6 153.46, 141.19, 138.99, 130.05,
129.88, 129.19, 128.88, 128.31.

Butyraldehyde (2k): '"H NMR (500 MHz, CDCl,) 6
9.77 (t, ] = 1.9 Hz, 1H), 2.41 (td, J = 7.2, 1.8 Hz, 2H),
1.67 (q, ] = 7.3 Hz, 2H), 0.99-0.95 (m, 3H).

Decanal (21): '"H NMR (500 MHz, CDCL,) 6 9.76 (d, ] =
2.0 Hz, 1H), 2.42 (td, ] = 7.4, 1.9 Hz, 2H), 1.63 (m, 2H),
1.29 (d, J = 14.7 Hz, 12H), 0.88 (¢, ] = 6.8 Hz, 3H). 1*C
NMR (126 MHz, CDCl,) § 202.99, 43.93, 31.86, 29.39,
29.36, 29.24, 29.17, 22.66, 22.10, 14.10.

2-Methyl-butyraldehyde (2m): "TH NMR (500 MHz,
CDCl,) § 9.63 (s, 1H), 2.28 (m, 1H), 1.79-1.72 (m, 1H),
144 (dt, J = 14.3, 7.2 Hz, 1H), 1.12-1.07 (m, 3H), 0.97-
0.94 (m, 3H). *C NMR (126 MHz, CDCI,) & 205.43,
47776, 23.52, 12.86, 11.35.
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Acetone (2n): 'H NMR (500 MHz, CDCl,) § 2.17
(s, 6H). *C NMR (126 MHz, CDCIB) 5 206.88, 30.85.

Oct-2-enal (20): IHNMR (500 MHz, CDCl,) 6 9.51 (d,
J = 8.1Hz, 1H), 6.86 (dt, ] = 15.7, 6.8 Hz, 1H), 6.17-6.07
(m, 1H), 2.38-2.29 (m, 2H), 1.59-1.47 (m, 2H), 1.34 (tq,
J = 7.4, 3.8 Hz, 4H), 0.95-0.86 (m, 3H). ®C NMR (126
MHz, CDCIS) 0 194.18, 159.07, 132.98, 32.70, 31.30,
27.52,22.39, 13.94.

3. RESULTS AND DISCUSSION
3.1 Characterization

The ligands H,L° [22, 39] and H,L'** compounds were
synthesized according to literature (see experimental
part). [MoO,(acac),] was synthesized as previously
described [40] and used freshly prepared. Complex
[MoO,L°], was prepared as described earlier [22].
The complexes were fully characterized by IR, NMR,
TG analysis or elemental analysis. The above ligands
exhibit the typical imine (CH=N) resonance signals
at around 9.0 ppm, which shift downfield due to the
coordination with {MoO,}** core. The iminic (CH=N)
signal shifts due to the electron withdrawing ability
of the different substituents, in fact, even without
nitro the iminic signal is slightly shifted downfield, as
Lewis acids make the coordination bond and polari-
zes towards the metallic center reduce the electronic
density of the imine. The two signals assigned to the
protons from free OH groups in the ligand also disap-
peared after coordination. On another hand, FT-IR
spectroscopy is also relevant for characterization, the
broad signal corresponding to the C=N stretching
vibration is also shown at around 1603-1613 cm™, the
signal is sharper than the ligand as the rigidity of the
structure is somehow increased by the coordination
with the metallic center. There are two other relevant
signals appearing at the expected region between at
941-912 and 807-780 cm™ respectively which were
assigned to the vibrations of cis-dioxomolybdenum
and the Mo-O-Mo vibration as referred in literatu-
re. Concerning other structural features, the com-
plex [MoO,L’], as obtained from the reaction gives
a monomeric complex from ethanol solution, namely
[MoO,(L°)(EtOH)] (orange needles), as seen by TGA
coordinated ethanol is loosed at higher temperature
obtaining the corresponding dimeric [MoO,(L)], (red
powder) [36], the monomeric-dimeric equilibrium is
observed in the presence of ¢ donor ligands and is
described elsewhere.

3.2 Oxidation of benzyl alcohol catalyzed by
cis-dioxomolybdenum(VI) complexes

The catalytic ability of the synthesized cis-
dioxomolybdenum(VI) complexes were tested in
alcohols oxidation. All the results were obtained by
GC, while benzyle alcohol (Fig. 1) and oct-2-en-1-ol
were also compared by NMR, the results were very
close to that measured by GC. Benzyl alcohol was
used as a model substrate, and 30% H,O, aqueous



was used as an oxidant without any added organic
solvent. Blank experiments were carried out and have
the expected results, in the absence of catalyst, no
significant benzaldehyde or benzoic acid was observed,
showing the catalytic effect of the complexes. The
catalytic oxidation reaction produced benzoic acid
product only after 24 hours of reaction. In addition,
the catalytic oxidation of alcohol strongly depends
on the reaction temperature. No benzoic acid was
observed at room temperature. When we observe the
conversion of more than 50% at 65°C, we can conclude
that the reaction starts at higher temperature. The
optimized catalytic experiments were performed
using two equivalents of H O, per benzyl alcohol
and a 0.5% Mo/ benzyl alcohol / ratio at 65 °C. Each
complex showed good catalytic activity. The kinetic
study was shown in Fig. 2 with different catalysts. The
reactions show fast speed at the beginning, then get
slower with the lapse of time. The conversions are
already very high after 3-4 hours.

(o]
S
©/\OH [Mo] ©/\0 . ©)LOH
H202(aq)
1 2 3 Trace

Scheme 2 Oxidation of benzyl alcohol

It is well known that the modification of the ligand
backbone will affect the electrochemical performance
of the molybdenum complexes [38]. As shown in
Table 1, the influence of the presence of substituents
(-Cl, -Br, -OH, -NO,) on the backbone of tridentate
ligand is observed. Among them, [MoO,L], is also
active (conversion: 68%, selectivity: 99%), but it is the
lowest one. To its framework the electron withdraw-
ing group was introduced showing higher catalytic
activity than the complex [MoO, (L], (all conversions
> 81%, up to 93% for [MoO,L*],). This may be due to
the fact that the electron withdrawing groups in the
benzene ring backbone of these ligands reduce the
electron density of the aromatic ring of the parent
salicylaldehyde reducing the coordination ability of
the coordinating O atom which is in para relative
position to the molybdenum atom [31], whicch mak-
ing the metal center more active to get coordinated
with the oxidant setting the start of our proposed
catalytic cycle (Scheme 3). That is because it forms
the deshielding effect on the metal center. For X =
NO,, this is expected since the nitro group is a strong
electron acceptor. The electron withdrawing group
exert a long-range electronic effect withdrawing elec-
tron density away from the metal center allowing the
metal to coordinate with the oxidant. These were in
accordance with Kuhn and coworkers reported that
aromatic N-based ligand coordinated with the metal
center reducing the catalyst’s Lewis acidity and addi-
tionally accelerating the catalytic oxidation [41-42].
The catalytic conversions are in accordance with the
electron withdrawing ability of the substitute in the
order as follow: [MoO,L*], (NO,) > [MoO,L"], (CI) >
[MoO,L?], (Br) > [MoO,L’], (OH) > [MoO,L]..

Table 1 Solvent-free oxidation of benzyl alcohol with
different molybdenum complexes”

Complex Ligand Conversion  Selectivity TON TOF

(%] (%] (h]¢
[MoO,(L)], L 68 99 57 108
[MoO,LY], LI(5-Cl) 88,87.8" 82¢ 98 171 129
[MoO,12],  L*(5-Br) 85 99 120 99
[MoO,L?], L*(5-OH) 81 98 83 76
L4(5-
MoOLT, ) 93 98 214 148

*Conditions: Mo/ benzyl alcohol /
H,0, = 05/100/200; T = 65 °C; t = 4 h.
b Calculated by 'H NMR

¢ Isolated result

4TOF is calculated on the time interval with maximum
slope for the conversion plot.

o © -
S 9 N
S ~ <

261
-0.00

8.38
:92.39
3.00

Fig. 1’H NMR of the crude reaction mixture with
[MoO2L'], as catalyst in the 4th hour
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== [M002L0]2
=—[Mo02L1]2

[MoO2L2]2
== [M002L3]2

50 r

Conversion/%

% |
= [M0O2L4]2

0 60 120 180 240
Time/min

Fig. 2 Conversion vs time for alcohol oxidation with
dioxomolybdenum(VI) complexes

Having performed the selective oxidation of benzyl
alcohol to afford the corresponding benzaldehyde we
get inspired to further investigate the versatility of
the dioxomolybdenum(VI) complexes under aqueous
conditions. The oxidation of a variety of primary and
secondary alcohols was performed under the optimized
reaction conditions with [MoO,L*], as catalyst (Table
2). Methoxy, chloro and hydroxybenzyl alcohols were
oxidized to corresponding aldehydes (Table 2, entries
1-6) in high isolated yields (81-98%). Substrates con-
taining electron withdrawing functionalities like nitro
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afforded their corresponding aldehydes (Table 2, en-
tries 6) in moderate yields. Several substituted benzyl
alcohols with either electron donor or withdrawing
groups were also converted to their related aldehydes
in good to excellent yields (entries 1-6) by this catalyst,
even benzylic alcohols were oxidized selectively in the
presence of an hydroxyl group in the aromatic ring, in
this regard, oxidation of phenols to quinones is a known
oxidation reaction, despite this fact the quinone was
not isolated, showing the selectivity of this catalytic
system. Furthermore, good yields were observed for
heteroaromatic alcohols which are difficult to oxidize
in most transition-metal catalytic conditions (entry 7-8,

Table 2). Hindered benzyl alcohols were also oxidized
to aldehydes with high yields (entries 9-10). Linear al-
cohols also gave lower yield aldehydes (entries 11-13),
while secondary alcohols produced the corresponding
ketones in high yields (entries 14). It is worth to point
out that the alkenols, especially conjugate ones (oct-
2-en-1-ol, entry 15) are selective oxidized to aldehyde
while with the double band remain. We have found
that these kinds of dioxomolybdenum(VI) complexes
do not work for alkenes with H,O, as oxidatnt. Thus,
all the above mentioned functional groups were found
to be tolerated. A preliminary mechanistic study is
provided in a later section.

Table 2 Oxidation of alcohols with H,0, catalyzed by the [MoO,L*],complex under solvent-free conditions®

Entry Substrate (1)

379858889

10 D_li_u _@

11 I T

-

%
%

29999859

Product (2)" Conv.®  Selectivity TON
(%)
93 o8 214
o1 ] 205
86 o4 201
o7 25 227
28 ] 235
81 a3 146
25 a2 218
g0 o0 198
86 87 221

@_I_II_@ 85 23 215

e g7t 23 186
84 88 171
/\r“‘ B&f a2 199
/L\ 86" 83 187
o1, a7 197

9144

¢ Conditions: Mo/ benzyl alcohol / H,0, (aq.) = 0.5/100/200; T = 65 °C; t = 4 h.
® The products were identified by comparison of physical and spectroscopic properties with authentic compounds.

¢ Obtained from GC

4Calculated by "TH NMR

¢ Aldehyde selectivity.

f Performed in closed schlenk tube at 65 °C
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3.3 Plausible mechanism

Concerning a plausible mechanism, it is known that
the dimeric complexes of the type [MoO, L], dissociate
to give monomers while in solution, particularly in the
presence of o donor solvents [36] (Wang et al., 2016) in
this case, the hydrogen peroxide is a ¢ donor capable
of disrupt the dimeric structure therefore activating
the oxygen atom. The mechanism for oxidation of
alcohols by oxidometal complexes in the presence
of H,0, is not clear yet but based on both, existing
literature [43-44] (Burke, 2008; Hatefi-Ardakani et al.,
2016) and previous results of our group, we propose
that the alcohol oxidation starts with the formation
of peroxido-molybdenum-Schiff base intermediate as
the active species that oxidize the substrate. The first
step of the catalytic cycle involves a H,O, proton ex-
change in the presence of one of the cis Mo=0 and the
HOO- coordinated to the Lewis-acidic metal center,
giving the peroxo intermediate. Then, the intermediate
oxidizes alcohol and loses one molecule H,O, giving
an intermediate that releases aldehyde and H,O and
finally regenerates the dioxomolybdenum(VI) complex.

QA //O H—Q,

—Mo, \
\ O—H
S F\(
I
e o, 0
\ He—
oMo O/\© o—\\?/lo/\—o/ O

Scheme 3 Probable mechanism of catalytic cycle for
benzyl alcohol oxidation catalyzed by
dioxomolybdenum(VI) complex

4. CONCLUSIONS

Several dioxomolybdenum Schiff base complexes were
synthesized from o-aminophenol and 5-substituted
salicylaldehydes. These molybdenum Schiff base com-
plexes were used as catalysts to catalyze the oxidation of
alcohols in solvent free condicionts. [MoO,L], resulted in
good catalytic ability to oxidize the selected alcohols, the
reaction turned to be highly selective to the aldehydes,
thus, the full oxidation to carboxylic acids or other side
reaction products were not observed. Experiments have
shown that the molybdenum Schiff base complexes
have good conversion and selectivity for the oxidation
of alcohols, and the different substituents at 5-position
have slightly different catalytic activities due to their
electrochemical performance derived from different
electron withdrawing groups. The catalytic activities

follow the trend of the electron acceptor ability of the
substituents (NO,>Cl>Br>OH). This type of dioxomo-
lybdenum catalyst may turn into versatile and viable
complexes for a wide range of alcohols.

5. ACKNOWLEDGEMENTS

This work was supported by the Research Founda-
tion for Advanced Talents of Ludong University (No.
LB2017003), and the University Student Innovation
and entrepreneurship training Program of Shandong
(No. $201910451158).

6. REFERENCES

1. Sheldon, R. A,; Kochj, J. K., Metal-catalyzed oxi-
dations of organic compounds. Academic Press,
New York, 1981.

2. Wu, G; Chen, L; Liu, L., Direct grafting of octama-
leamic acid-polyhedral oligomeric silsesquioxanes
onto the surface of carbon fibers and the effects on
the interfacial properties and anti-hydrothermal
aging behaviors of silicone resin composites. Jour-
nal of Materials Science 2017, 52, 1057-1070. DOL:
10.1007/s10853-016-0401-y.17).

Zhang, C.; Wu, G.; Jiang, H., Tuning interfacial

strength of silicone resin composites by varying

the grafting density of octamaleamic acid-POSS

modified onto carbon fiber. Composites: Part A

2018, 109, 555-563. DOI: 10.1016/j.composite-

5a.2018.04.008.

4. Li,G.;Meng, Y, Guo, L; Zhang, T,; Liu, J., Forma-
tion of thermo-sensitive polyelectrolyte complex
micelles from two biocompatible graft copolymers
for drug delivery. Journal of Biomedical Mate-
rials Research Part A 2014, 102, 2163-2172. DOLI:
10.1002/jbm.a.34894.

5.  Zheng, Y.; Wang, X.; Wu, G., Chemical modification
of carbon fiber with diethylenetriaminepentaacetic
acid/halloysite nanotube as a multifunctional inter-
facial reinforcement for silicone resin composites.
Polymers for Advanced Technologies 2020, 31,
527-535. DOI: 10.1002/pat.4793.

6. Wang, F; Qin, X;; Ren, S.; Yang, L.; Meng, Y.; Ming,
Y., Preparation and photoluminescence of netlike
and curved B-SiC nanostructures. Materials Re-
search Bulletin, 2013, 48, 3640-3643.

7. Kang, L.; Yang, Z,; Jiang, W,; Xu, Y.; Meng, Y,;
Wang, F.; Liu, F., Phenolic resin derived porous
carbon/a-Fe,O, composites with improved lithium
storage performance. Reactive & Functional Poly-
mers, 2018, 131, 276-282.

8. Ji, C; Shi, J; Sun, C.; Qu, R; Wang, C.; Sun, Y.,
Synthesis and characterization of crosslinked phe-
nolic- typed beads by dispersion polycondensation
of 2-phenoxyethanol with formaldehyde. Journal
of Applied Polymer Science 2010, 117, 216—221.

9. LiY,;JiC,; Ly Y,;Wuy,L,;Sun,S.; Qu, R; Sun, C.;
Zhang, Y,; Xue, Z., In situ synthesis of carbon/g-
C,N, composites for visible light catalysis by facile

w

| 41



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

42

one-step pyrolysis of partially formaldehyde-mo-
dified dicyandiamide. Materials Chemistry and
Physics 2018, 214, 28-33.

Hudlicky, M. Oxidation in organic chemistry, ACS
monograph series. American Chemical Scociety,
Washington DC, 1990.

Ley, S. V.,; Madin, A., Comprehensive Organic
Synthesis; Trost, B. M., Fleming, ., Eds.; Pergamon
Press: London, 1991; Vol. 7, pp. 251-289.

Wang, Y.; Gayet, F.; Guillo, P.; Agustin, D., Organic
solvent-free olefins and alcohols (ep)oxidation using
recoverable catalysts based on [PM,,0, ]** (M=Mo
or W) ionically grafted on amino functionalized
silica nanobeads. Materials 2019, 12, 3278-3300.
Liu, X.; Xu, H,; Lauren, R. G.; Gao, S.; Lou, Z,;
Wang, W.; Huang, B.; Dai, Y.; Xu, T., Ti** Self-doped
TiO,-x anatase nanoparticles via oxidation of TiH,
in H,O,. Catalysis Today 2014, 225, 80—89.

Gao, B,; Wan, M.; Men, J.; Zhang, Y., Aerobic
selective oxidation of benzyl alcohols to ben-
zaldehyde catalyzed by bidentate Schiff base
dioxomolybdenum(VI) complex immobilized on
CPS microspheres. Applied Catalysis A: General
2012, 439, 156-162.

Mardani, H. R.; Golchoubian, H., Effective oxi-
dation of benzylic and aliphatic alcohols with hy-
drogen peroxide catalyzed by a Manganese(I1I)
Schiff-base complex under solvent-free conditions,
Tetrahedron Letters, 2006, 47, 2349-2352.
Zhou, Y., Luan, L., Tang, B, Niy, Y., Qu, R, Liu,
Y., Xu, W. Fabrication of Schiff base decorated
PAMAM dendrimer/magnetic Fe,O, for selective
removal of aqueous Hg(II). Chemical Engineering
Journal 2020, 398, 125651.

Wang, W.; Lu, Q.; Ren, X,; Liu, C,; Jin, J.;Yin,
S.; Zhang, J.; Zhou, J., Synthesis of novel ECH
crosslinked chitosan Schiff base-Sodium alginate
for adsorption of Cd(II) ion from aqueous solu-
tion. Desalination & Water Treatment 2019, 145,
169-178.

Wang, W.; Lu, Q.; Zhuo, Z.; Zhang, W.; Liu, H,;
Zhang, J.; Zhou, J; Niu, Y.; Guerrero, T., Synthesis
and characterization of recyclable O-carboxy-
methyl chitosan Schiff base for the effective removal
of Cd(II) from aqueous solution. Desalination &
Water Treatment 2020, 189, 264-275.

Wang, W.; Vanderbeeken, T.; Agustin, D.; Poli, R.,
Tridentate ONS vs. ONO salicylideneamino(thio)
phenolato [MoO,L] complexes for catalytic solvent-
free epoxidation with aqueous TBHP. Catalysis
Communications 2015, 63, 26—30.

Chowdhury, H.; Bera, R; Rizzoli, C.; Adhikary,
C., A nitrate bridged one-dimensional copper(II)
coordination polymer with a tridentate (NNO)
Schiff base: synthesis, X-ray structure and catalytic
efficacy. Transition Metal Chemistry 2020, 45,
605—-612.

Pisk, J.; Rub¢i¢, M.; Kuzman D.; Cindri¢ M.; Agus-
tin D.; Vrdoljak V., Molybdenum(V1 ) complexes
of hemilabile aroylhydrazone ligands as efficient
catalysts for greener cyclooctene epoxidation: an

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

experimental and theoretical approach. New Jour-
nal of Chemistry 2019, 43, 5531-5542.

Morlot, J.; Uyttebroeck, N.; Agustin, D.; Poli, R.,
Solvent-free epoxidation of olefins catalyzed by
“[MoO,(SAP)]": A new mode of tert—butylhydrope-
roxide activation. ChemCatChem, 2013, 5, 601-611.
Naeimi, A.; Honarmand, M.; Sedri, A., Ultrasonic
assisted fabrication of first MoO,/copper complex
bio-nanocomposite based on Sesbania sesban plant
for green oxidation of alcohols. Ultrasonics Sono-
chemistry 2018, 32, 166-172.

Paul, A.; Martins, L. M.; Karmakar, A.; Kuznet-
sov, M. L.; Pombeiro, A. J. L., Environmentally
benign benzyl alcohol oxidation and C-C cou-
pling catalysed by amide functionalized 3D Co(II)
and Zn(II) metal organic frameworks. Journal of
Catalysis 2020, 385, 324—-337. DOI: 10.1016/j.
jcat.2020.03.035.

Pisk, J.; Prugovecki, B.; Matkovié-Calogovié, D.;
Jednacak, T.; Novak, P.; Agustin, D.; Vrdoljak, V.,
Pyridoxal hydrazonato molybdenum(VI) com-
plexes: assembly, structure and epoxidation (pre)
catalyst testing under solvent-free conditions. RSC
Advances 2014, 4, 39000.

Pisk, J.; Agustin, D.; Poli, R., Organic salts and
Merrifield resin supported [PM12040]3- (M =
Mo or W) as catalysts for adipic acid synthesis.
Molecules 2019, 24, 783. doi:10.3390/molecules-
24040783Molecules 24:783.

Haghdoost, M. M.; Zwettler, N.; Golbaghi, G.; Belaj,
E; Bagherzadeh, M.; Schachner, J. A.; Msch-Zanetti,
N. C., Diastereoselective synthesis and catalytic
activity of two chiral cis-dioxidomolybdenum(VI)
complexes. European Journal of Inorganic Che-
mistry 2018, 22, 2549-2556.

Tavallaei, H.; Jafarpour, M.; Feizpour, F.; Rezaei-
fard, A.; Farrokhi, A., A cooperative effect in a
novel bimetallic Mo-V nanocomplex catalyzed
selective aerobic C-H oxidation. ACS Omega 2019,
4, 3601-3610.

Maurya, M. R; Rana, L.; Avecilla, F., Molybded-
num complexes with a u-O{MoO2}2 core: their
Synthesis, crystal structure and application as
catalyst for the oxidation of bicyclic alcohols using
N-based additives. New Journal of Chemistry 2017,
41, 724-734.

Saeednia, S.; Parizi, P.; Hafshejani, M. T., Synthesis
and characterization of a magnetically recoverable
molybdenum(VI) nanocatalyst for eco-friendly
oxidation of alcohols. Transition Metal Chemistry
2016, 41, 767-774.

Ngan, N. K;; Lo, K. M.; Wong, C. S. R, Dinuclear
and polynuclear dioxomolybdenum(VI) Schiff base
complexes: Synthesis, structural elucidation, spec-
troscopic characterization, electrochemistry and
catalytic property, Polyhedron 2012, 33, 235-251.
Bagherzadeh, M.; Amini, M., A new vanadium
Schiff base complex as catalyst for oxidation of
alcohols. Journal of coordination chemistry 2010,
63, 3849-3858.

Amini, M.; Haghdoost, M. M.; Bagherzadeh, M.,
Oxido-peroxido molybdenum(VI) complexes in



34.

35.

36.

catalytic and stoichiometric oxidations. Coordi-
nation Chemical Reviews 2013, 257, 1093-1121.
Wang W.; Guerrero T.; Merecias S. R.; Garcia-Or-
tega H.; Santillan R.; Daran J.-C.; Farfan N.; Agus-
tin D.; Poli R., Substituent effects on solvent-free
epoxidation catalyzed by dioxomolybdenum(VI)
complexes supported by ONO Schiff base ligands.
Inorganica Chimica Acta 2015, 431, 176—183.
Wang, W.; Agustin, D.; Poli, R.; Agustin, D., Influence
ofligand substitution on molybdenum catalysts with
tridentate Schiff base ligands for the organic solvent-
free oxidation of limonene using aqueous TBHP
as oxidant. Molecular Catalysis 2017, 443, 52—59.
Wang, W.; Daran, J.-C.; Poli, R.; Agustin, D., OH-
substituted tridentate ONO Schiff base ligands and
related molybdenum(VI) complexes for solvent-
free (ep)oxidation catalysis with TBHP as oxidant.

40.

41.

42.

Chen, G.J. J.; McDonald, J. W.; Newton, W. E.,
Synthesis of Mo(iv) and Mo(v) complexes using oxo
abstraction by phosphine - mechanistic implica-
tions. Inorganic Chemistry 1976, 15, 2612—2615.
Kuhn, F. E;; Santos, A. M.; Roesky, P. W., Herdt-
weck, E.; Scherer, W.; Gisdakis, P;; Yudanov, . V,;
Valentin C. D,; Résch, N., Trigonal-bipyramidal
Lewis base adducts of methyltrioxorhenium(VII)
and their bisperoxo congeners: Characterization,
application in catalytic epoxidation, and density
functional mechanistic study. Chemistry A Europe
Journal 1999, 5, 3603-3615.

Ferreira, P; Xue, W. M.; Bencze, E.; Herdweck,
E.; Kuhn, F. E. Bidentate Lewis base adducts of
methyltrioxorhenium(VII) and their application in
catalytic epoxidation. Inorganic Chemistry 2001,
40, 5834—-5841.

Journal of Molecular Catalysis A: Chemical 2016, 43. Burke, A. J. Chiral oxoperoxomolybdenum(VI)
416, 117-126. complexes for enantioselective olefin epoxidation:
37. Topich, J.; Bachert, II1 ]. O., Solution IR spectros- Some mechanistic and stereochemical reflections.
copic studies of cis-dioxomolybdenum( VI) com- Coordination chemistry reviews 2008, 252, 170-175.
plexes. Inorganic Chemistry 1992, 31, 511-515. 44. Hatefi-Ardakani, M.; Saeednia, S.; Pakdin-Parizi,
38. Topich, J. Coordination complexes of Mo(VI) with Z.; Rafeezadeh, M.; Efficient and selective oxi-
tridentate Schiff base ligands: synthesis and redox ac- dation of alcohols with tert-BuOOH catalyzed
tivity. Inorganica Chimica Acta 1980, 46, L37-L39. by a dioxomolybdenum(VI) Schiff base complex
39. Argaueri, R. J.; White, C. E., Effect of substituent under organic solvent-free conditions. Research
groups on fluorescence of metal chelates. Analytical on Chemical Intermediates 2016, 42, 7223-7230.
Chemistry 1964, 36, 2141-2144.
SUPPLEMENTARY DATA
[MoO,L"],
gee
oM@
00
FLY004 5 '§ | 3000000
e
ABIRIBRAIILIZTESEE S MR | 2500000
AORNNNNNNNNNNNGGOGGG OO mA
\%&*"JWJ ——————— | 2600000
SIRRALEEER S I
~ l\\ NKNKNN to \%//\O © | 3000000 2400000
23S g =8 i 600000
s 7T 716 7|.\‘T<Dp:’.)\z Y% 618 [
L J L L k . Lo
§ R
g g g g 8 5 a 7’2()()0()()
) 3 2 T T0 < ) = —‘3;_‘ = N‘i = [ 3 k] K] z T [ Ul

| 43



FLY004

160. 67
160. 3¢
156. 19

e

R

NY»2

[ 1900000
[ 1800000
[ 1700000
;1500000
;1500000
;1400000
;1300000
;1200000
;1100000
[ 1000000
[ 900000

[ 800000

[ 700000

[ 600000

;500000
;400000
;300000
;200000
;100000

[

[ ~100000

Br

[MoO,L?],

120

110 100

£1 (ppm)

90

EQ

60

3.33HDO

70

2.50 DMSO

30

20

9

-0.00

44 | AFINIDAD LXXX, 598

Ry

570

IO

7O

070

[ 3800000
[ 3600000

[ 3400000

3200000

3000000

2800000

2600000

2400000

2200000

2000000

1800000

[ 1600000
[ 1400000
[ 1200000

1000000

800000

600000

100000

200000

o

—200000



GYY042M2

160.24
160.16
155.62
137.45

(
/

136.55

135.31
~—130.51
T123.75
—121.28

120.55

117.40

116.48

111.26

40.13 DM

39.92 DM

39.71 DM

39.51 DM

39.30 DM

39.09 DM

38.88 DM

|

i
\

1600000

1500000

1400000

1300000

1200000

1100000
1000000
900000

800000

700000

600000

VEUOOUO
k/l 00000
kii()L)O(JO
k200000
100000

100000

210 * 2060 ' 190 ' 180

test

ey

19.43
[9.16
17.83
7.19
7.14
7.14
17.13

170 7 160 ' 150

T IR0 T 130 T 120 ' 110 ' 1060

1 (ppm)

90 "~ 80

0 —
cacee

775 =

£1 (ppm)

—To— €%

2000000

1000000

FAO
338

L
L

3.35 HD(
3.35 HD(

3.33

21000000

20000000

2.51 DM!
2.51 DM!

19000000

12.49 DM

L

2.50 DM!
12.49 DM!

L
|

1

18000000

L 17000000
k16000000
kl 5000000
14000000
13000000
12000000
kl 1000000
klOOODODO
VQODODOD

8000000

7000000

6000000

5000000

4000000

3000000

2000000

1000000

I 0

—1000000

T205 71200 " 1105 " 11..0 ' 10.5

1000

615 610
£1 (ppm)

515

AFINIDAD LXXX, 598 | 45



~ ~ ~ - - o o ~ ~ @ @
o - I~ I~ o ) ) ) ) ) ) ) S S S S
) ) ) ) 3 7 3 b 3 b e b T T T T
7 T T T 7 @ @ @ @ @ i @ @ o @ o
o o il @ o 5 5 5 3 S s S 5 s 5] =
S o o o S . . . . . . . . > [=3 i=3 [=3 i=3 [=3 i=3 (=3 i=3 [=3 i=3 (=3 i=3 i=3
: : = - N «© ¥ w © ~ @ > it i > =} i=3 =} i=3 =3 j=3 =3 i=3 j=3 =1 j=} i=3 [=3 i=3 [=3 i=3 j=3
hd ~ = - < ! ! | ! ! ! ! H I S @ © < Q =] @ © <+ « =] =] =] =] =] ]
L L L L L L L L L L L L L L 1 ® & 51 « N Q 5 - — —- - = @ o = Q IS} )
e I I I I I I I I I I I I I I I I I I
= |L
= .
3

e LO0
so'L

o
9
{20
22
o}

g L0'L N9 /m
E 0 © (o) — 5
S 80'L, T g9 160
£ i €0°Cy 22204 ;
£ OSWao0sz| / 0/1 « |
weel g 3 oo 12 \ 9 E
Wa ze6€L L OSWa LS _ =
INQ S9'6€ i N OSWazse W /V
WA S6'6€ H L oswacesc N :
WA vZor : OSWQ €5 o ==

I MERT
0
@)
I
I
M
o

O a1
\

70
o
\og
|
1
T

1 Fm.og 0 F

W

80

m
o
O

1 (ppm)

. 2oL

N 0] B

- SyA

F s =60

I AWA m.w

L 472 ol
©) o@b. — = 00°'L

F 6=0 LeZ .16
=N vz

50
NS
o~

1 (ppm)
|
f

60
N
X
o

70
m
M
ol

130
O,N
wn
m
©

190

200

1D 13C JMOD

[MoO, LY,

46 | AFINIDAD LXXX, 598



1. 60E+11
1. 50E+11
1. 40E+11
1. 30E+11

1. 20E+11

1. 10E+11

1. 00E+11

9. 00E+10

8. 00E+10

7.00E+10

6. 00E+10

5. 00E+10

4. 00E+10

3. 00E+10

2. 00E+10

1. 00E+10

~1. 00E+10

850

OSQ 0S'6€
OSQ 99'6€
OSQ £8'6€
OSWA Z6°6€ |
OSWQ 00°0%

l 0. 00E+00

OSWU 60 U7 /
OSWA 910t/
OSWQa 9z 0V J
OSWA €£°0t )
OSWA z¥'ot )
OSWa 05°0t)
OSINA 65°0%

LEZLL
96'/1L1L
oLzl
psLzLt
S0TTL
v 0EL
SELEL
9L’ LEL \
LLSEL
65071
65951
85°091
07'991

cxo13

=10

10 30 20 10

50

200 190 180 170 160 150 40 130 120 110 160 90 80 70
£1 (ppm)

210

IR
[MoO, L1,

T PAWA 2] FAR ) 1
ovLLL -
682, 9008 |
i 62126 |
|0
8
= - .
rANARA) /8'98¢lL |
8.CLEL
e 4% 198/ 11 |2
. 3
L8€LOL 1~
o=
T8¢
No
e
.
Lg%
3
.2
8
o
Qo
Yol
.3
o
.._.............._...._.............._...._.........um
8 4 8 3 S 8 Q e e I

8

1%

AFINIDAD LXXX, 598 | 47



8E'L 1S
€e196
PAWA 2]
L 799
or'LLL
86'8¢.
90208
cLys8
6226
geeeeh
oL'vvel
clelel 195821
8lclEl
€C99vl
98.¥L
66€rSl
£€8'G851
18€L9L

1000

1200

1400

1600

Wavenumbers (cnm-1)

[MoO, L],

veury

Vaary

—
10619
£V'€99
¥6GEL
i S08L
10b £9738
0ccoLL
280cLL
€Leeel 80°/€21
IS06ZH 0 oeer |
/08051 1
L6'€09L
R S S e L S S =S =
© o) [te} < < (5o} [sel N N - -
1%

3500 3000 2500 2000 1500 1000

4000

o

8

Wavenumbers (cm-1)

TGA

Mass/%

%%/ SSEJA]

100 200 300 400 500 600 700 800

0

T/°C

[MoO, L],

48 | AFINIDAD LXXX, 598



5. 0E+11

10.02
~7.89
[7.89
[7.88
(7.88
(7.65
7.27 CDX(
1.72 HD(
0.00

4. 5E+11

4. OE+11

3.5E+11

3.0E+11

2.5E+11

2.0E+11

1. 5E+11

1. 0E+11

5. 0E+10

. OE+00

2.02
1.90%
g

4 1004 _

T [ 5 X k3 7z T 0
£1 (ppm)

2IMar04-PhCHO. 5. 1. Ir TR
2. 40E+10

. 30E+10

77.31 CD(
/77.06 CD(

19239
136.42
/134.47
129.75
1129.01

-

L2. 20E+10

\ 76.80 CD(

L2. 10E+10

L2. 00E+10

L 1. 90E+10

L 1.80E+10

L1.70E+10

L1. 60E+10

1. 50E+10

L 1. 40E+10

L 1. 30E+10

L 1. 20E+10

L 1. 10E+10

L 1. 00E+10

L9. 00E+09

L.8. O0E+09

7. 00E+09

6. 00E+09

L5. 00E+09

L4. 00E+09

3. 00E+09

L2. 00E+09

L 1. O0E+09

" TP Tl | h L.0. O0E+00

L—1. 00E+09

L.—2. 00E+09

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 10 30 20 10 0
1 (ppm)

AFINIDAD LXXX, 598 | 49



L OE+11

8.09
8.09
8.08
8.07
7.26 CDC
1.58 HD(
-0.00

. BE+11

10.17
—841
8.41
8.40
8.40
8.16
18.10

|

<)

. OE+11

o

. BE+11

o

OE+11

4. 5E+11

IS

OE+11

w

. 5E+11

. OE+11

N

SE+11

o

L OE+11

. BE+11

L 0E+11

o

OE+10

0. OE+00

—5. 0E+10

A

0.95
91.91
2.00=

1 (ppm)

. 10E+11

190.28
151.16
140.06

~130.50

/12434
77.28 CD

/77.03 CD

\/b./8 CDt

. 00E+11

9. 00E+10

8. 00E+10

7. 00E+10

6. 00E+10

5. 00E+10

4. 00E+10

3. 00E+10

2. 00E+10

. 00E+10

| N | _ | 0. 00E+00

—1. 00E+10

210 200 190 180 170 160 150 10 130 120 110 1060 EY 80 70 60 50 a0 30 20 10 [ =10
1 (ppm)

50 | AFINIDAD LXXX, 598





