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Synthesis, spectral characterization,
electrochemistry and catalytic activities

of Cu(ll) complexes of bifunctional tridentate
Schiff bases containing O-N-0O donors

A. Manimaran?, R. Prabhakaran®, T. Deepa?, K. Natarajan® and
C. Jayabalakrishnan®*

Paramagnetic copper(ll) complexes of the type [Cu(PPh;3)(L)] (where L = bifunctional tridentate Schiff bases) were synthesized
from the reaction of anthranillic acid with salicylaldehyde (H,L'), 2-hydroxy-1-naphthaldehyde (H,L?), o-hydroxyacetophenone
(H,L3) and o-vanillin (H,L*) with monomeric metal precursor [CuCl,(PPh;3);]. The obtained complexes were characterized by
elemental analysis, magnetic susceptility and spectroscopic methods (FT-IR, UV-vis and EPR and cyclic voltammetry). EPR
and redox potential studies have been carried out to elucidate the electronic structure, nature of metal-ligand bonding and
electrochemical features. EPR spectra exhibit a four line pattern with nitrogen super-hyperfine couplings originating from
imine nitrogen atom. These planar complexes possess a significant amount of tetrahedral distortion leading to a pseudo-square
planar geometry, as is evidenced from EPR properties. Cyclic voltammograms of all the complexes display quasireversible
oxidations, Cu(lll)-Cu(ll), in the range 0.31-0.45 V and reduction peaks, Cu(ll)-Cu(l),in the range —0.29 to —0.36 V, involving
a large geometrical change and irreversible. The observed redox potentials vary with respect to the size of the chelate ring of
the Schiff base ligands. Further, the catalytic activity of all the complexes has been found to be high towards the oxidation
of alcohols into aldehydes and ketones in the presence of N-methylmorpholine-N-oxide as co-oxidant. The formation of high
valent Cu'V =0 oxo species as a catalytic intermediate is proposed for the catalytic process. Copyright (€) 2008 John Wiley &

Sons, Ltd.
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Introduction

The preparation of Schiff base containing > C=0, > C=N, >
C=N groups with potential ligating ability has drawn a lot of
attention in recent years because of their use as chelating agents,
analytical reagents, metal indicators in complexometric titrations
and colorimetric reagents, in addition to biochemical research.
The behaviour of the > C=N bond is strongly dependent on
the structure of the amine moiety, which in turn controls the
efficiency of the conjugation and may incorporate structural
elements able to modulate the steric crowding around the
coordination.!”! This class of ligands is flexible in terms of both
size and charge.Z Schiff base complexes of transition metals!®
having O and N donor atoms have shown an exponential
increase as inorganic catalysts for various organic transformations.
Transition metal phosphine complexes also find application in
classical catalytic processes such as hydrogenation, isomerization,
decarbonylation, reductive elimination, oxidative addition and in
making C-C bonds.*! Unquestionably, transition metal-based
catalytic systems have established themselves as the most
employed ‘work horses’ in modern oxidation chemistry for
preparatory purposes.”) Among these, catalytic oxidation of
alcohols to carbonyl compounds is a pivotal reaction due to
their utility in fine chemical and pharmaceutical industries.!’
No reports are available on the oxidation of alcohols into
their carbonyl compounds catalysed by copper(ll) Schiff base

complexesin the presence of N-methylmorpholine-N-oxide (NMO)
as co-oxidant. In copper (Il) complexes the metal ions have
either a four or six coordination geometry and there only a
few exceptions to this. The 3d® configuration of Cu(ll) is of
particular interest because it represents a simple one magnetic
hole system.!”!

In view of the rich photophysical and catalytic properties of
organometallic copper(ll) complexes, the introduction of Schiff
bases with an O-N-O donor set to Cu(ll) complexes contain-
ing triphenylphosphine has been carried out. As on extension
of our preliminary communication®® and to provide further
insight into the catalytic and electronic behaviours, an ex-
tensive series containing Schiff bases has been synthesized
and characterized. Further, the redox and electron param-
agnetic resonance studies are also reported along with the
catalytic activity of copper(ll) complexes towards oxidation of
primary alcohols. The tridentate Schiff bases were derived from
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condensation of anthranilic acid and salicylaldehyde/2-hydroxy-1-
naphthaldehyde/o-hydroxyacetophenone/o-vanillin (Scheme 1).

Experimental

Materials and physical measurements

The Schiff bases were prepared by following the reported
procedure.®?! All the reagents used were chemically pure and
of analytical reagent grade. Solvents were purified and dried
according to standard procedures. CuCl;.2H,0 was purchased
from Loba Chemie Pvt Ltd, Bombay, India and was used
without further purification. [CuCl,(PPhs),] was prepared by the
methods available in literature.'” Microanalyses were performed
at Sophisticated Test and Instrumentation Centre (STIC), Cochin
University, Kerala, India. Infrared spectra were recorded using KBr
pellets in the 4000-400 cm~"' region in a Shimadzu FT-IR 8000
spectrophotometer/Nicolet Avatar Model. Electronic spectra of the
complexes were recorded in methanol solution with a Systronics-
2202 double beam UV-spectrophotometer at 800—200 nm. Room
temperature and frozen EPR spectra of powdered samples and
solution samples were recorded on an E-112 Varian model
instrument in X-band frequencies. Magnetic moments were
measured on an EG&G PARC vibrating sample magnetometer.
Cyclic voltammetric measurements were carried out on a Bio
Analytical System (BAS) CV-50 electrochemical analyser using
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Scheme 2. Formation of new Cu(ll) Schiff base complexes.

CH,Cl, as solvent. Melting points were recorded with a Raaga
apparatus and are uncorrected.

Synthesis of new Cu(ll) Schiff base complexes containing
triphenylphosphine

To a solution of [CuCly(PPhs),] (0.131g; 0.2 mmol) in ethanol the
appropriate Schiff base ligand (0.2 mmol) in dichloromethane was
added and heated under refluxed for 5-8 h. The resulting solution
was concentrated to 5 cm? and cooled. The product was separated
by the addition of small quantity of petroleum ether (60-80 °C;
5cm?3) whereupon the complex separated out. The solid was
filtered off, washed and recrystallized from chloroform - petroleum
ether mixture and dried in vacuo. The purity of the complexes was
checked by TLC (yield: 67-72%).

Catalytic oxidation

Catalytic oxidation of alcohols to corresponding aldehydes
and ketones by copper(ll) Schiff base complexes containing
triphenylphosphine as co-ligand was studied in the presence
of NMO as co-oxidant. A typical reaction using the complex
[Cu(PPh3(L)] as a catalyst and alcohols as substrates at a 1:100
molar ratio is described as follows. A solution of copper(ll)
Schiff base complex (0.01 mmol) in 20 cm?® CH,Cl, was added
to the solution of substrate (1 mmol) and NMO (3 mmol). The
solution mixture was stirred at room temperature for 3 h and the
solvent was then evaporated from the mother liquor by heating
under reduced pressure. The residue was then extracted with
petroleum ether (60-80°C; 20 cm?) and was then quantified as
2,4-dinitrophenylhydrazone derivative. The oxidation products are
known and are commercially available.

Results and Discussions

Stable copper () complexes of the general formula [Cu(PPhs)(L)]
(where L = dianion tridentate Schiff bases) have prepared by
reacting [CuCl,(PPhs),] with the respective tridentate Schiff bases
in a 1:1 molar ratio in CH,Cl,-ethanol mixture as shown in
Scheme 2. All the complexes are soluble in most common organic
solvents. Their purity was checked by thin-layer chromatography
on silica gel.

The analytical data for the new complexes agree well with the
proposed molecular formula (Table 1).In all of the above reactions,
Schiff bases behave as binegative tridentate ligands.

IR spectra

The IR spectra of the ligands were compared with those of
the copper complexes in order to confirm the binding mode
of the Schiff base ligands to the copper ion in the complexes
(Table 1). In all the complexes, the vic=n) band is shifted to
lower frequency, 1590-1610 cm~', indicating coordination of the
Schiff bases through the azomethine nitrogen atom.[®''12 On
complexation, the band due to phenolic C-O stretching has
been shifted to a higher frequency range, 1310 cm~', showing
that the other coordination site is through the phenolic oxygen
atom. This has been further supported by the disappearance
of the broad band around 3000cm~' due to O-H in the
complexes.’>'%! The coordination of the azomethine nitrogen
and phenolic oxygen are further supported by the appearance
of two bands at 510-540 and 400-460 cm~' due to vy_o!"?
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Table 2. Electronic and EPR spectral data for [Cu(PPhs)(L)] Schiff base complexes
EPR parameter
Complexes ~ UV-vis(nm) go gy g1 G A AP QA2 NAR K K fl@) o o? B2 B y2 7 e BM
[Cu(PPh3)(L")] 350,380,578 2.110 2.143 2.052 2.80 7630 178 29.1 160 0.61 044 125 065 0.82 056 0.78 122 1.11 1.83
[Cu(PPhs)(Lz)] 359,420,581 2.113 2.135 2.055 257 7410 176 284 147 0.59 045 126 0.63 081 055 0.78 1.19 1.10 1.90
[Cu(PPh3)(L3)] 362,395,590 2.110 2.148 2.062 242 7540 174 276 157 0.61 048 128 0.67 083 055 0.78 137 1.19 177
[Cu(PPh3)(L*)] 365,405,587 2.108 2.145 2.049 3.04 7421 178 269 153 060 042 125 066 0.81 055 078 1.06 1.03 1.88
AAx 107%inem ™.
G = (g — 2.0023)/(g, — 2.0023).
Table 3. Cyclic voltammetric data? for new copper (ll) Schiff base complexes
Cu(ll)-Cu(ll Cu(Il)=Cu(l)
Complex Epa (V) Epc (V) E¢ (V) AE, (mV) Epa (V) Epc (V) E¢ (V) AE, (mV)
[Cu(PPh.v,)(L1 )] 0.230 0.350 0.290 120 —0.160 —0.225 0.193 65
[Cu(PPh3)(L2)] 0.250 0.375 0.313 125 —0.200 —0.350 —0.275 150
[Cu(PPh3)(L3)] 0.460 0.350 0.405 110 —0.180 —0.400 —0.290 220
[Cu(PPh3)(LY] 0.470 0.365 0416 105 —0.190 —0.410 —0.300 220
@ Working electrode, glassy carbon electrode; reference electrode, Ag—AgCl electrode; supporting electrolyte, [NBu,]ClO4 (0.01 M); concentration of
the complex, 0.001m; scan rate, 100 mV s~ '; E; = 0.5(Epa + Epc), AEp = Epa — Epc, Where Ep; and Epc are anodic and cathodic potentials.

and vym_n,!" respectively. For the anthranilic acid moiety, the
bands observed in the 1614-1660 and 1409-1430 cm™' regions
arise from asymmetric [v,5,c00-)] and symmetric [vg,coo-)!
stretching of the carboxylate group. The difference between
the asymmetric and symmetric stretching frequencies of the
coordinated carboxyl group lies in the 205-248 cm™' range,
indicating that the third coordination site is a carboxyl group
with the free carbonyl group.['®! The characteristic bands due to
triphenylphosphine were observed in the expected regions.

Magnetic moment and UV -vis spectra

The magnetic moment of all the copper(ll) Schiff base complexes
at room temperature lie in the range of 1.77-1.90 B.M,, indicating
the presence of one unpaired electron. This also indicates that
these complexes are monomeric in nature.

The ground state of copper (Il) is d,2_,», three spin-allowed
transitions are expected,'”18 viz, 2B;q —2 Axg(dy2_y2 — d,?),
2319 —2 Bzg(dX2,y2 — dy) and 2319 —2 Eg(dX2,y2 — dyzyz). Itis
rather difficult to resolve these bands because they are very close
in energy and individual transition cannot be distinguished. These
bands are utilized for evaluating the covalency parameters from
ESR studies.

The electronic spectra of the mononuclear copper(ll) Schiff
base complexes exhibit three main transitions. The moderately
intense peak observed are due to an intra-ligand charge transfer
transitions.’ A shoulder in the range 365-350 nm is due to
phenolato to Cu(ll) complex [p,, — Cu(ll) d; LMCT transition], and
shows a Amax Of 578-590 nm due to a d-d transition (Table 2),
which is characteristic of a square planar geometry.[?”!

ESR spectra

The ESR parameters observed for polycrystalline state (300 K) and
in DMSO (77 K) are presented in Table 3. The spectra of all the
complexes showed three lines with three different ‘g’ values,
indicating magnetic anisotropy in these system. The spectra

of four coordinate complexes in frozen DMSO resolved four
copper hyperfine lines, characteristics of monomeric copper(ll)
complexes. The values of g; and g L were in the ranges
2.135-2.148 and 2.049-2.062. The fact that the g values are
less than 2.3 is an indication of significant covalent bonding in
these complexes.?"! The empirical ratio g : A from 170 to 250 cm
suggests a distorted tetragonal symmetry (square planar structure)
around the Cu(ll) ion.

The EPR parameters g, g L, go, Ajjcyy and Ay and the
energies of d—d transition were used to evaluate the bonding
parameters o2, 82 and y2, which may be regarded as measures of
the covalency of the in-plane o bonds, in-plane = bonds and out of
plane = bonds, respectively. The following simplified expressions
were used to calculate the bonding parameters.[?2

Ky? = (g — 2.0023)A/8x0
K12 = (g, —2.0023)A1 /2)o

where K| = «?f2 and K| = a?y?, K| and K_are orbital reduction
factors and A, represents the one electron spin orbit coupling
constant which equals —828 cm~". Hathway,?3! has pointed out
that for the pure o-bonding K; ~ K, =~ 0.77, for in-plane -
bonding K| < K, while for out-of-plane 7-bonding K| < K|. In
all the complexes it is observed that K| < K|, which indicates the
presence of out-of-plane 7-bonding.

For these complexes, the G-values are <4, suggesting the
monomeric nature of copper(ll) centres and consistent with a
d,2_,2 ground state having a small exchange coupling.?*! The
value of the in-plane o bonding parameter («?) was estimated
from the expression!2®!

a? = —A/0.036 + (g — 2.0023) + (3/7)(g. — 2.0023) + 0.04
The «? values (0.63-0.67) account for the fraction of the

unpaired electron density located on the copper(ll) ion. These
values are comparable to that obtained for copper complexes
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Figure 1. Cyclic voltammogram of [Cu(PPh3)(L3)] complex.

of Schiff bases,?426-2% indicating the presence of appreciable
covalency in the o-bond. The observed EPR parameters reflect
the degree of tetrahedral distortion in square planar copper(ll)
complexes.’3%

Electrochemistry

Complexes were electrochemically examined at a glassy carbon
working electrode in CH,Cl, solution using cyclic voltammetry.
A representative voltammograms has been depicted in Fig. 1
and the potential data are given in Table 3. The complexes
display Cu(l)-Cu(ll) and Cu(ll)-Cu(lll); the oxidation process
Cu(l)-Cu(lll) can be observed while scanning between 0 and
+2.0 V. The redox potentials of the complexes were characterized
by well-defined waves in the range 0.313-0.688 mV (oxidation)
and —0.275 to —0.600 mV (reduction). Since the ligands used in
this work are not reversibly reduced or oxidized in the applied
potential range, the redox processes are assigned to the metal
centres only. In the scan between 0 and —2.0V, the reduction
process is directly associated with reoxidation peak at 0.5 V in the
reverse scan, suggesting one-electron redox change originating
from the chemically reversible [Cu(PPh3)(L)] — [Cu(PPhs)(L)]~ but
an electrochemically quasi-reversible Cu(ll)- Cu(l) redox couple.B"

Analysis of the cyclic voltammetric response of Fig. 1 for these
complexes indicates that the ratio of ipa/ipc is approximately
equal to unity and the peak-to-peak separation (AEp) is in
the range 65-220mV. It is expected that the Cu(ll)-Cu(l)
couple experiences some structural reorganization barrier in
view of the likely rearrangement from square planar Cu(ll)
to pseudo-tetrahedral Cu(l). It therefore originates from the
chemical equilibrium between square-planar and tetrahedral (or
pseudo-tetrahedral) geometries with concomitant departure from
pure electrochemical reversibility for the Cu(ll)-Cu(l) couple as
measured by mean AE, values of 65mV at 0.01V s~ for the
present series of complexes. The often interrelated factors which
raise the E;; value of the Cu(ll)-Cu(l) couple may be considered
to be:

(1) those which stabilize Cu(ll) species by reducing its crystal field
stabilization energy (CFSE) either by decreasing the ligand o--
donor ability or by constraining the geometry of the copper
centre favoring Cu(l); and

Table 4. Catalytic oxidation of alcohols by Cu(ll) Schiff base com-
plexes in the presence of N-methylmorpholine-N-oxide as precursor
Yield Turnover
Complex Substrate Product (%) number?
[Cu (PPhs)(L")] Cinnamyl alcohol Cinnamaldehyde 57.56  58.08
Benzyl alcohol Benzaldehyde 5573 57.79
Cyclohexanol Cyclohexanone 4691  46.90
[Cu (PPh3)(L2)] Cinnamyl alcohol Cinnamaldehyde 60.23  60.18
Benzyl alcohol Benzaldehyde 5734 5946
Cyclohexanol Cyclohexanone 49.25 49.25
[Cu (PPh3)(L3)] Cinnamyl alcohol Cinnamaldehyde 53.27  54.11
Benzyl alcohol Benzaldehyde 52.06 53.98
Cyclohexanol Cyclohexanone 43.52  43.52
[Cu (PPh3)(L*)] Cinnamylalcohol Cinnamaldehyde 5821  59.03
Benzyl alcohol Benzaldehyde 56.55 58.64
Cyclohexanol Cyclohexanone 47.29 47.29
@ Moles of product per mole of catalyst.

(2) the presence of m-acceptor ligands which favours the
formation of Cu(l) species.??! It has been shown that the
softer ligands tend to favor more positive E;/, values while
hard acids give rise to more negative values.?3!

The cyclic voltammetric behavior of [Cu(PPhs)(L)] between +1.0
and 0 V exhibits cathodic response in the range 230-470 mV with
its counterpart in the range 350-375 mV. This feature corresponds
to a quasi-reversible Cu(lll)-Cu(ll) redox process as indicated
by AE, values as non-equivalent current intensities of cathodic
and anodic peaks (%ipc/ipa)- The redox process associated with
oxidation of Cu(ll) to Cu(lll) for all the complexes may originate
from the presence of phenolate oxygen centre and redox active
carboxylate moiety. Moreover, the oxidation step results in the
formation of a low-spin d® Cu(lll) state with a preference for a
square-planar geometry.3 It is quite likely that this process does
not proceed via a change in the geometry of the complexin CH,Cl,
solution. The cyclic voltammetric spectral data given in Table 3
indicates that the Cu(lll) state can be stabilized at relatively lower
oxidation potential.

Catalytic oxidation

The oxidation of benzyl alcohol, cinnamyl alcohol and cyclohex-
anol was carried out with the new copper(ll) Schiff base complexes
containing in the presence of N-methylmorpholine-N-oxide as
co-oxidant and CH,Cl, as solvent and the by-product water was
removed using molecular sieves. The results are summarized in
Table 4. Benzaldehyde was formed from benzyl alcohol. Cinnamyl
alcohol and cyclohexanol were converted into cinnamaldehyde
and cyclohexanone, respectively. The products formed were
quantified as their 2,4-dinitrophenylhydrazone derivatives. There
was no detectable oxidation of alcohol in the presence of N-
methylmorpholine-N-oxide alone. All the complexes were found
to catalyze the oxidation of alcohols to aldehydes/ketone, but the
yields and the turnover number were found to vary with different
catalysts. This was further supported by changes that occur on
addition of NMO to a CH,Cl, solution of the Cu(ll) Schiff base
complexes containing triphenylphosphine. The oxidation of cin-
namyl alcohol to cinnamaldehyde took place with retention of the
carbon-carbon double bond.

Appl. Organometal. Chem. 2008, 22, 353-358

Copyright (© 2008 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/aoc




Applied
Organometallic
Chemistry

A. Manimaran etal.

©/\/\OH [Cu(PPhg)(L)YNMO
CH,Cl, /3 hrs

[Cu(PPhs) (L)YNMO
CH,Cly/ 3 hrs

[Cu(PPhg)(L)YNMO
CH,Cly/ 3 hrs

Scheme 3. Catalytic oxidation of alcohols by Cu(ll) complexes.

[Cu(PPh3)(L)] was found to be an effective catalyst for the
oxidation of various alcohols with NMO as the co-oxidant. It has
been found that the substitution of groups on the Schiff base
affects the catalytic activity of the complexes.®*! These complexes
were used as catalysts in the oxidation of alcohols to aldehydes or
ketones using NMO as the co-oxidant. The relatively higher product
yield obtained for the oxidation of cinnamyl alcohol as compared
with benzyl alcohol is due to the presence of the unsaturation
in cinnamyl alcohol. The relatively higher product yield obtained
for the oxidation of cinnamyl alcohol than for benzyl alcohol is
due to the fact that the a-CH moiety of cinnamyl alcohol is more
acidic.3°-38! The proposed catalytic oxidation of alcohols to their
corresponding aldehydes and ketones by [Cu(PPh3)(L)] complexes
is shown in Scheme 3.
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