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a  b  s  t  r  a  c  t

A  series  of  tetradentate  pyridyl-imine  terminated  Schiff-base  ligands  has  been  investigated  for their
ability  in  the  catalytic  oxidation  of  alcohols  when  combined  with  copper  bromide  (CuBr2)  and  2,2,6,6-
tetramethylpiperidyl-1-oxy  (TEMPO).  Analogous  bidentate  ligands  showed  poorer  catalytic  activity  and
the  ratio  of  Cu:ligand  was  of  crucial  importance  in  maintaining  high  yields.  The polydimethylsiloxane
(PDMS)  derived  pyridyl-imine  terminated  ligand  combined  with  copper(II)  ions  affords  an  effective  and
selective  catalyst  for aerobic  oxidations  of  primary  and  secondary  alcohols  under  aqueous  conditions.
Preliminary  mechanistic  studies  suggest  that  bimetallic  complexes  may  be  playing  a  role  in  the  catalytic
transformation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of primary and secondary alcohols
to their corresponding aldehydes and ketones is an important
functional group transformation in organic synthesis [1–3]. Tradi-
tionally, this is accomplished by addition of stoichiometric amounts
of inorganic oxidants (e.g. KMnO4, CrO3, SeO2, and Br2), which
often generate environmentally hazardous or toxic by-products [4].
There is a growing trend to develop safer and more environmen-
tally friendly chemistry. From this perspective, it is not surprising
that aerobic oxidation of alcohols using inexpensive and non-toxic
air or O2 as the sole terminal oxidant has continued to gain much
interest in recent years [5–7]. The high atom efficiency of the reac-
tion and non-toxic by-products make aerobic alcohol oxidations a
promising and attractive synthetic method.

Many highly efficient catalysts for the aerobic oxidation of
alcohols have been developed recently using palladium [8–11],
platinum [12], ruthenium [13] and rhodium complexes [14–17].
In the interest of sustainability, there has been significant devel-
opment in the use of more abundant and cheaper transition
metals such as iron [18,19] and copper as active catalysts. Fol-
lowing the first reported aerobic oxidation of activated primary
alcohols by Semmelhack et al. [20] in 1984, inexpensive and
abundant copper has attracted much attention in the field of
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alcohol oxidations. Markó et al. have done pioneering work in
this field and developed three generations of CuCl–phenanthroline
catalytic systems, associated with di-tert-butyl hydrazine-1,2-
dicarboxylate (DBADH2) and strong base, for aerobic oxidation
of alcohols [21–25].  Also, there has been significant interest in
using the free radical TEMPO (2,2,6,6-tetramethyl-piperidinyl-1-
oxy) or analogues as efficient co-catalysts in the aerobic oxidation
of alcohols [26–33].  Sheldon and Reedijk et al. have reported the
efficient use of copper–bipyridine and copper–pyrazole/TEMPO
systems in oxidation reactions under air [34–37].  Subbaryant
et al. have reported a TEMPO/Copper–salen system that could
efficiently oxidize a wide range of benzylic and heterocyclic
alcohols (e.g. 2-furylmethanol) under an oxygen atmosphere
[38]. Repo et al. recently reported a highly efficient catalytic
system based on TEMPO/Copper diimine (10 bar oxygen) and
2-N-arylpyrrolecarbaldimino (1 atm oxygen) systems for alcohol
oxidation [39,40].  In recent studies, Koskinen et al. and Stahl
et al. have described improved bipyridine–Cu–TEMPO catalytic
systems for the effective oxidation of alcohols [41,42].  In both of
these studies, trifluoromethanesulfonate copper salts were found
to afford greater activity compared with copper halides, and use of
N-methyl-imidazole as the base was advantageous. Furthermore,
detailed kinetic studies performed by Koskinen and Kumpulainen
indicate that bimetallic copper species play a crucial role in these
transformations [41].

We  have previously prepared siloxane-derived ligands contain-
ing phosphorus donor atoms and used these ligands in C–C coupling
reactions [43,44]. More recently, others have prepared pyridine
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terminated siloxane-derived ligands for use in a variety of appli-
cations including oxidation catalysis [45–50].  We  have extended
this approach to prepare a bis(pyridyl-imine) terminated siloxane
ligand and herein, we report the first use of a series of tetradentate
N-donor ligands in the aerobic oxidation of alcohols.

2. Experimental

2.1. Materials and methods

All functionalized silicon-containing chemicals were purchased
from Gelest. Alcohols and other chemicals were purchased from
Aldrich and Alfa Aesar and were used without further purifi-
cation. The 1H NMR  spectra of the pyridyl-imine ligands were
acquired on a Bruker AVANCE 500 MHz  spectrometer. The 13C
NMR  spectra were obtained on a Bruker AVANCE III 300 MHz
spectrometer equipped with a BBFO probe. Chemical shifts are
reported in ppm using the residual protons of the deuterated
solvent as an internal reference. All solution-state spectra of L1
and L2 were obtained in tetramethylsilane free CDCl3 due to any
overlap with –OSiMe2– resonances that might occur. Yield and
selectivity were determined by GC–MS (gas chromatography–mass
spectrometry) analyses using an Agilent Technologies 7890A GC
system coupled to an Agilent Technologies 5975C mass selec-
tive detector (MSD). Dodecane was used as an internal standard.
The GC system was equipped with electronic pressure control,
split/splitless and on-column injectors, and a capillary column DB-5
(column length: 30.0 m and column diameter: 0.25 mm).  MALDI-
TOF MS  spectra were recorded on an Applied Biosystems Voyager
DE-PRO. Observations of cloud point data and reaction homo-
geneity in supercritical carbon dioxide (scCO2) were performed
using a Supercritical Fluid Technologies Phase Monitor II (40 mg
of L1 was placed in the variable volume view cell and the mix-
ture was allowed to equilibrate for approximately 15 min under
each temperature/pressure condition prior to observations being
made).

2.2. Ligand synthesis

For L1:  2-Pyridinecarboxaldehyde (1.04 g, 9.71 mmol) was
added to a mixture of diamino terminated PDMS (5.00 g, approx.
3 mmol) and anhydrous sodium sulfate (5.02 g, 35.3 mmol) in 50 mL
dry THF. The mixture was stirred at room temperature. The reaction
was judged to be complete after 12 h by monitoring the disap-
pearance of the C O absorption band and the formation of the
newly formed C N bond using infrared spectroscopy. The mixture
was filtered via cannula. Solvent and unreacted starting materials
were evaporated under vacuum. The product L1 was isolated as
an orange oil, 91% yield. The other ligands were synthesized fol-
lowing the same method. Characterization data are available as
Supplementary Data.

2.3. Oxidation of alcohols

The oxidation reactions were carried out under air in a 25 mL
three-necked round-bottom flask equipped with a magnetic stirrer.
Typically, 5.0 mmol  alcohol and 1.67 mmol  dodecane (GC inter-
nal standard) were dissolved in 10 mL  acetonitrile. 0.25 mmol
(56 mg)  of CuBr2 (from a stock solution of 22.4 mg/mL  in water)
and 0.25 mmol  (28 mg)  of potassium tert-butoxide (from a stock
solution of 11.2 mg/mL  in water) were then added leading to the
formation of a green suspension. 0.125 mmol  (232 mg)  L1 was
then added and the reaction mixture turned dark-blue. Finally,
0.25 mmol  (39 mg)  TEMPO was introduced and the reaction mix-
ture immediately turned brown and ultimately a red solution
formed. The progress of the oxidation reaction was  monitored by
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Fig. 1. Schematic structures of the ligands used in this catalytic study.

GC analysis. Upon completion, the reaction mixture was  extracted
with diethyl ether. The organic layer was washed with water and
brine. Prior to GC–MS analysis, the organic phase was dried with
anhydrous magnesium sulfate and filtered through a short silica
column. As an example, after concentrating under vacuum the
product of the reaction from benzyl alcohol oxidation, benzalde-
hyde was obtained without further purification as a pale yellow
liquid, 96% yield, 1H NMR  (500 MHz, CDCl3, 25 ◦C): ı = 10.02 (s, 1H),
8.35 (s, 2H), 7.89–7.87 (m,  2H), 7.64–7.61 (m, 1H), 7.54–7.51(m, 2H).
The NMR  spectroscopic data were in good agreement with those
reported in the literature [51]. It should be noted that the isolated
products were not contaminated with the PDMS-derived ligand, as
evidenced by the absence of –SiMe2O– resonances. Also, all 1H reso-
nances of the product were sharp and well-defined indicating that
the product was likely not contaminated with any paramagnetic
Cu(II) residues.

GC-traces and mass spectra for all products are available as
Supplementary Data.

3. Results and discussion

3.1. Ligand effect

In order to further improve catalytic activity and strive towards a
heterogeneous Cu/TEMPO based system, our research was focused
on employing new chelating N-donor ligands to substitute the clas-
sical bipyridine and salen-type ligands used in these homogeneous
oxidation reactions. In our studies, a series of �-� pyridyl-imine ter-
minated ligands were prepared (Fig. 1). These ligands can be easily
synthesized by the condensation reactions between pyridine-2-
carboxylaldehyde and different diamines. This simple synthetic
approach means that the ligand synthesis is amenable to form-
ing heterogeneous solid-supported catalytic systems [52]. In our
study, the resulting ligands contain backbones of differing chemical
type and length attached to the donor groups. L1–L6 are potentially
tetradentate ligands whereas L7 is bidentate.

The oxidation of benzyl alcohol was chosen as a model reac-
tion to investigate the utility of these ligands and any ligand
effects (Fig. 2). As previously reported by Sheldon et al., TEMPO is
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Fig. 2. CuBr2 catalyzed aerobic alcohol oxidation model reaction.

crucial for the CuBr2 catalyzed aerobic oxidation [35]. Further-
more, bases are used as co-catalysts to deprotonate the alcohol and
increase the reaction rate. Catalysis using CuBr2 with L1–L7 also
required TEMPO and base. Therefore, 5 mol% TEMPO and 5 mol%
potassium tert-butoxide (t-BuOK) were chosen for screening lig-
and effects within our catalytic system (Table 1). The same results
were obtained if potassium hydroxide was used as the base co-
catalyst, however, t-BuOK was used as it can be more accurately
weighed on a laboratory scale. Furthermore, it should be noted that
in the absence of added base, the reaction still progressed albeit at
a slower reaction rate. For example, under similar conditions to
entry 2, Table 1, a yield of 40% is obtained after 2 h reaction time in
the absence of base and we presume that the organic basic groups
within the ligand act as deprotonating co-catalysts. A quantita-
tive yield of benzaldehyde was obtained after 8 h in the absence
of added base. It should be noted that organic bases, e.g. N-methyl-
imidazole, have been used in recent studies by other groups [41,42].

Encouraged by previous reports that some aerobic oxidation
copper catalysts can be easily prepared in situ by mixing the copper
salt and ligand in the reaction medium [40,53], we chose an in situ
approach to yield copper(II) complexes to be used with TEMPO and
t-BuOK in our catalytic system. As revealed in Table 1, the yield of
benzyl alcohol to benzaldehyde was very low in the absence of lig-
and (Table 1, entry 1). N-donor ligands are essential for the catalytic
oxidation process. The PDMS derived tetradentate N-donor ligands
(L1 and L2)  afforded very good yields when they were employed
with CuBr2 at 2:1 metal:L mole ratio (entries 2 and 3). L6 and the
other tetradentate ligands employed also showed excellent activity
(entries 4–7). By comparing yields using these similar �-� pyridyl-
imine terminated ligands, we found that the chain length of the
ligand appears to have some influence on the activity of the cat-
alytic system. The ligands where donor groups were separated by
a long chain led to greater catalytic activity than those containing
short chains. These differences are possibly associated with free-
dom of movement and steric effects within the [Cu2L] catalytic
system. When provided with a long chain ligand, the copper coor-
dination sphere has more space (less steric congestion). Therefore,

Table 1
Influence of the ligand structure on the oxidation of benzyl alcohol to benzaldehyde.a

Entry Catalytic system Yieldb (%) TON (mol product/mol of Cu)

1 CuBr2 4 1
2  CuBr2 + L1 (2:1) 91c 19
3  CuBr2 + L2 (2:1) 89 18
4 CuBr2 + L3 (2:1) 78 16
5  CuBr2 + L4 (2:1) 83 17
6  CuBr2 + L5 (2:1) 86 17
7  CuBr2 + L6 (2:1) 90 18
8  CuBr2 + L1 (1:1) 12 2
9  CuBr2 + L7 (1:1) 37 7

10 CuBr2 + phen (1:1) 72 14
11 CuBr2 + bipyridine (1:1) 85 17

a Reaction conditions:  5 mmol  benzyl alcohol in the solvent mixture of 10 mL
CH3CN and 5 mL  H2O. 5 mol% catalyst (Cu) loading, 5 mol% TEMPO, 5 mol% t-BuOK,
air, 2 h.

b GC yields (mol of benzaldehyde/100 mol  of benzyl alcohol) using dodecane as
an internal standard; in all cases selectivity was >99%. Yields were averaged for five
runs under identical conditions, all values ± 2%.

c As per reaction conditions (a) but in the absence of t-BuOK, 40% yield obtained.

Table 2
Optimization of the reaction medium for aerobic oxidation of benzyl alcohol.a

Entry Solvent mixture (v/v) Time (h) Yieldb (%) TON (mol
product/mol of Cu)

1 Acetonitrile 3 76 15
2 Water  12 28 6
3  Acetonitrile/water (2/1) 2 91 18
4  Acetonitrile/water (1/2) 2 93 19
5  Acetonitrile/water (1/3) 2 82 16
6  Acetonitrile/water (1/15) 12 90 18
7 Acetone/water (1/2) 2 52 10
8 Dioxane/water (1/2) 2 84 17

a Reaction conditions: 5 mmol benzyl alcohol. 5 mol% CuBr2,  2.5 mol% L1,  5 mol%
TEMPO, 5 mol% t-BuOK, air, 2 h.

b GC yields (mol of benzaldehyde/100 mol of benzyl alcohol) using dodecane as
an  internal standard; in all cases selectivity was >99%.

it is easier for the substrate to enter the coordination sphere of the
copper and become activated. These findings may  be significant
when designing heterogeneous tethered-Cu catalyst systems for
aerobic oxidation processes, as two  linked copper centres appear to
be superior to copper centres that behave independently. It should
be noted that replacement of tetradentate ligands (L1–L6)  with a
closely related pyridyl-imine bidentate ligand (L7) resulted in a
much lower yield (entry 9). Also, under our reaction conditions,
the employment of 1,10-phenanthroline (phen) and 2,2′-bipyridine
ligands (entries 10 and 11) gave lower yields than tetradentate
ligands L1–L6.  However, when TON are taken into account, com-
mercially available ligands such as phen and 2,2′-bipyridine give
very good results and would be more useful than tetradentate lig-
ands L1–L6 at the present time for practical chemistry applications.

The ratio of tetradentate ligand to copper was  also impor-
tant. When the amount of tetradentate ligand was increased to
an equimolar amount with respect to CuBr2, the yield dramati-
cally dropped down to 12% (entry 8). This can be explained by
strong coordination of 4 N-donors to the copper centre and a
difficulty in dissociating these to yield a vacant site. Cyclic coor-
dination oligomers might be forming as previously reported for
bis(pyridyl)siloxane ligands with palladium acetate [49]. Forma-
tion of such cyclic species would mean that coordination of the
alcoholate group with the metal centre would be challenging.

3.2. Solvent effect

Acetonitrile has been broadly used as a solvent in oxidation
reactions. Gamez et al. has reported the great effect of acetonitrile
on the Cu(II)-catalyzed oxidative coupling of 2,6-dimethylphenol
[53]. The aerobic Cu(II)-catalyzed oxidation of primary alcohols
has also been reported using a similar catalytic system [35]. In
comparison with these results, our catalytic system can tolerate
a greater proportion of water in the solvent mixture and also
achieves moderate yield levels in pure acetonitrile when we use
poly(dimethylsiloxane) derived L1,  Table 2. Probably due to the
insolubility of t-BuOK base in pure acetonitrile, water is essential
to obtain catalytic activity when using 2,2′-bipyridine as the ligand.
As shown in Table 2, using L1 a moderate yield can be achieved in
neat acetonitrile (Table 2, entry 1). Recently, Repo and co-workers
reported the aerobic oxidation of alcohols using copper(II) 2-N-
arylpyrrolecarbaldimino complexes under aqueous conditions (no
added organic co-solvent), they achieved 100% yield in 2 h under
an O2 atmosphere and 17% using air [54]. They also found that
upon addition of co-solvents yields decreased. For our catalytic sys-
tem, 28% yield was  obtained in water after 12 h using air (entry 2).
However, in our study, improved yields could be achieved when
the amount of water was increased in acetonitrile/water solvent
mixtures. 90% yield was  obtained in 12 h with a 1:15 (v/v) acetoni-
trile/water solvent mixture (entry 6). This reversal in activity trends
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Table  3
CuBr2/L1/TEMPO-catalyzed aerobic oxidation of benzylic alcohols.a

Entry Substrate Product Yieldb (%) Selectivityb (%)

1 100 (96c) >99

2  100 >99

3 100 >99

4  100 >99

5 100 >99

6  99 >99

7 98 >99

8  100 >99

9 100 >99

10 100d >99

11 97d >99

12  92d >99

a Reaction conditions: 5 mmol  benzyl alcohol in 5 mL  CH3CN and 10 mL  H2O. 5 mol% CuBr2, 2.5 mol% L1,  5 mol% TEMPO, 5 mol% t-BuOK, air, 4 h.
b GC yields (mol of aldehyde/100 mol  of alcohol) using dodecane as an internal standard; selectivities were also measured by GC–MS. TONs between 18 (entry 12, p-nitro

benzyl  alcohol) and 20 (entries 1–10).
c Isolated yield.
d 6 h.

compared with the results of other researchers may  imply that our
catalytic system operates via a different mechanism to theirs. Also,
at this stage, we assume that the presence of water assists in sol-
ubilising t-BuOK and the presence of an organic solvent assists in
solubilising the substrates. Two other water-miscible co-solvents
were also tested in place of acetonitrile for the oxidation of benzyl
alcohol (entries 7 and 8). A lower yield was obtained using ace-
tone (entry 7), but a good yield was achieved with a dioxane/water
solvent mixture (entry 8). An attempt at biphasic catalysis using
a water/toluene system afforded a yield of 8% (TON 1.6) using

conditions similar to those in Table 2 (entries 7 and 8). The low
TON in this case was likely due to the an inefficient mixing of the
reactants [35], and the catalyst and co-catalyst residing in sepa-
rate phases (TEMPO in the toluene phase and the copper-species
in the aqueous phase). Furthermore, when two equiv. CuBr2 were
mixed with L1 in toluene, L1 formed a homogeneous solution but
the CuBr2 remained insoluble (black precipitate) and the organic
phase remained colourless.

Even though L1 is soluble in scCO2 (a single continuous phase
is observed at pressures exceeding 6000 psi between 50 and 90 ◦C),
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Table  4
CuBr2/L1/TEMPO-catalyzed aerobic oxidation of other selected alcohols.a

Entry Substrate Product Time (h) Yieldb (%)

1 4 100 (20)

2  4 91 (18)
95c (19) 24 h

3  4 88 (18)
89c (18) 36 h

4  6 75 (15)

5  8 59 (12)
24 61 (12)

6  8 64 (13)
60c (12) 36 h

7 12 88 (18)
71c (14) 36 h

8  12 87d (17)
68c (14) 36 h

9 24 3 (0.6)

10  4 100/0e (20)

a Reaction conditions:  5 mmol  alcohol in 5 mL  CH3CN and 10 mL  H2O. 5 mol% CuBr2, 2.5 mol% L1,  5 mol% TEMPO, 5 mol% t-BuOK, air.
b GC yields (mol of aldehyde/100 mol  of alcohol) using dodecane as an internal standard; selectivities were also measured by GC–MS. TON values (mol product/mol of Cu)

in  parentheses.
c Reaction conditions same as other entries but 1 mL  CH3CN and 15 mL  H2O.
d Reaction conditions same as other entries but 4 mL  CH3CN and 12 mL  H2O.
e Competitive oxidation experiment, 100% selectivity for 1◦ benzyl alcohol oxidation shown in 4 h.

oxidation reactions were not studied in this reaction medium, as
under the conditions studied (25–120 ◦C, 4000–7500 psi) homo-
geneity for a mixture of CuBr2/L1 (2:1) was not achieved. It should
also be noted that due to the high pressures and moderate tem-
peratures required to achieve a homogeneous supercritical phase,
and that the reaction could be performed effectively in aqueous
solution, studies using co-solvents and reagents to encourage sol-
ubilisation of the CuBr2/L1 catalyst system in scCO2 were not
performed. However, it should be noted that the alcohol substrates
may  be able to act as co-solvents and yield a homogeneous reaction
system in the future.

3.3. Aerobic oxidation of benzylic alcohols

Through the studies reported above and in order to compare
results with a future heterogeneous catalyst system, we chose to
focus on the in situ CuBr2/L1 (2:1) complex in combination with
TEMPO and base for an investigation of substrate scope. The oxida-
tion reactions of a variety of benzylic alcohols were carried out in a
2:1 (v/v) water/acetonitrile solvent mixture (Table 3). As shown
in Table 3, a range of benzylic primary alcohols was converted
into the desired aldehydes with high yields and selectivities. The
electronic property of the substituent on the benzene ring had
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no significant effect on the yields and selectivities. All the ben-
zylic primary alcohols whether containing electron-donating or
-withdrawing groups were smoothly oxidized to the correspond-
ing aldehydes. Benzyl alcohols with electron-donating groups, e.g.
entry 9, achieved slightly faster reaction rates compared with sub-
strates bearing electron-withdrawing groups (entries 10–12).

3.4. Aerobic oxidation of other primary and secondary alcohols
into aldehydes and ketones

The L1-based catalytic system was also examined for aerobic
oxidations of other alcohols (Table 4). 2-Furylmethanol, geraniol
and citronellol were oxidized to their corresponding aldehydes
with high yields (entries 1–3). To our delight, aryl-aliphatic and
aliphatic primary alcohols could also be converted to the alde-
hydes with moderate to good yields (entries 4–6). However, the
reaction rates were much slower in comparison with the oxidation
of benzylic and allylic alcohols. This is most likely due to stronger
C�–H bond strengths in these species compared with those in ben-
zylic and allylic alcohols [55]. Even when we increased the reaction
time to 24 h, the yields did not improve significantly. This might
be explained by the presence of aliphatic aldehydes and oxygen
which could lead to decomposition of the oxoammonium ion in our
catalytic cycle and therefore decrease the overall catalytic activ-
ity [20]. We  were pleased to find that benzylic secondary alcohols
could also be oxidized to ketones. However, in order to achieve high
yields, longer times were essential (entries 7 and 8). Also, the reac-
tions of non-benzylic alcohols proceeded well in the presence of
increased water content but longer reaction times were required
(entries 2, 3, and 6–8). Unfortunately, the L1-based catalytic system
was unable to oxidize secondary aliphatic alcohols (entry 9).

3.5. Comparison with known Cu–ligand–TEMPO catalyst systems
for the oxidation of benzyl alcohol and some other alcohols

In order to more clearly present the activity of our catalyst sys-
tem, Table 5 compares the Cu–L1/TEMPO system with some other
reported Cu–ligand/TEMPO catalytic systems. As shown in entry
1, one of the early Cu–bipyridine/TEMPO systems oxidized ben-
zyl alcohol to benzaldehyde smoothly at room temperature and
under atmospheric air. However, this system was  unable to oxi-
dize secondary alcohols. For a Cu–pyrazole/TEMPO system (entry
2), only the oxidation of benzyl alcohol to benzaldehyde was
reported. For the Cu–DABCO/TEMPO system, oxidation of aliphatic
alcohols was much less efficient compared with the oxidation of
benzyl alcohol (entry 3). Copper(II) 2-N-arylpyrrolecarbaldimino
complexes combined with TEMPO have been shown to efficiently
oxidize benzyl alcohol with low catalyst loadings in water (entry
4). However, aliphatic alcohols could not be converted under these
conditions. Compared to the selected literature catalytic systems
described above, our L1-Cu/TEMPO system was more general for
the aerobic oxidation of alcohols at room temperature and under
atmospheric air (entry 5), as moderate to good conversions for pri-
mary aliphatic and secondary benzylic alcohols could be obtained
in shorter reaction times compared with those reported in the
literature.

3.6. Preliminary mechanistic insights

In order to investigate the selectivity of the catalytic sys-
tem towards primary and secondary alcohols, a competitive
oxidation experiment with equal amounts of benzyl alcohol and 1-
phenylethanol was performed (Table 4, entry 10). The result shows
the specificity of our CuBr2/L1/TEMPO catalytic system towards the
primary alcohol because 100% of the benzyl alcohol was  converted
into benzaldehyde, whereas 1-phenylethanol remained unreacted

Fig. 3. Bimetallic Cu-species of relevance to this study.

within 4 h. This chemoselectivity is consistent with one of the
typical characteristics of the natural copper protein galactose oxi-
dase (GOase) and can be used for the selective oxidation of different
alcohols [57–61].  Also, this potentially offers some insight into the
reaction mechanism in this system and the increased yields seen
for L1–L6 compared with L7.  L3 is known to form a di-copper com-
plex [62] and we  propose that the tetradentate ligands shown here
are efficient in forming such species, Fig. 3. Although monometal-
lic mechanisms dominate this field, there is some precedent for
highly active bimetallic species [61]. Recently, a kinetic dependency
for copper of 2.25 was identified for Cu–bipyridine/TEMPO com-
plexes in aerobic alcohol oxidation reactions [41]. Also, it should
be noted that given the differences in reactivity observed for our
catalyst system compared with those in the literature (Table 5),
Cu–L1 is likely to perform such oxidation reactions via a differ-
ent mechanism compared with bipyridine-derived systems. We
monitored the metal-centred reaction process by MALDI-TOF mass
spectrometry using L2 as an example. MALDI-TOF mass spectrom-
etry is developing as a useful method for probing metal-centred
reactions, especially when the paramagnetic nature of a metal cen-
tre thwarts NMR  based methods of interrogation [63,64]. An aliquot
of the reaction mixture was  mixed with matrix (dithranol) and
the solution was  spotted onto the MALDI plate and allowed to
evaporate. The resulting mass spectrum showed two main peaks
at m/z = 493 and 633. By inspection of their isotope distribution
and on the basis of their mass, they could be assigned to species
containing one Cu atom and one equivalent of L2 (m/z = 493)
and two  copper atoms, one ligand and one Br atom (m/z = 633),
Fig. 3 (see Supplementary Data). This data provides some evidence
to support the presence of a bimetallic species in the catalytic
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Table  5
Comparison of literature catalysts and our catalytic system for the aerobic oxidation of benzyl alcohol, 1-phenylethanol, 1-decanol and 1-hexanol.

Entry Catalytic system Reaction conditions for BnOH oxidation Yield (%) TON

1 Sheldon et al. [35] 5 mol% CuBr2, 5 mol% t-BuOK, 5 mol% 2,2′-bipyridine, 5 mol% TEMPO,
air, 25 ◦C, CH3CN/H2O (2:1), 2.5 h

100 20
0a 0a

2 Reedijk et al. [36] 5 mol% CuBr2, 5 mol% t-BuOK, 5 mol%
2-(1-methyl-1H-pyrazol-5-yl)pyridine, 5 mol% TEMPO, air, 25 ◦C,
CH3CN/H2O (2:1), 24 h

89 19

3  Sekar et al. [56] 5 mol% CuCl, 5mol% TEMPO, 5 mol% 1,4-diazabicyclo[2.2.2]octane
(DABCO), 5 mol% TEMPO, 1 atm O2, 80 ◦C, toluene, 2 h

85 17
20b (72 h) 4

4  Repo et al. [54] 1 mol% of CuSO4, 2 mol%
N-((1H-pyrrol-2-yl)methylene)-4-fluoroaniline, 0.1 M K2CO3, 5 mol%
TEMPO, 1 atm O2,  80 ◦C, water, 2 h

100 100
6c (20 h) 6

5  This work 5 mol% CuBr2, 5 mol% t-BuOK, 2.5 mol% L1,  5 mol% TEMPO, air, 25 ◦C,
CH3CN/H2O (1:2), 4 h

100 20
88a (12 h) 19
64b (8 h) 13
56c (8 h) 11

a Oxidation of 1-phenylethanol to acetophenone.
b Oxidation of 1-decanol to decan-1-al.
c Oxidation of 1-hexanol to hexan-1-al.

cycle but further experiments are needed in the future to con-
firm this possibility. Another option that we cannot overlook at
this stage is a mechanism that involves reaction of the imine
ligand. However, similar imine ligands once coordinated to met-
als have been shown to be stable in water [65]. No evidence of
ligand decomposition was seen in the mass spectra of reaction
mixtures.

In order to understand the limitations of the catalyst system
under investigation here, some catalyst deactivation studies were
performed. For the model reaction studied, after benzyl alcohol
oxidation was complete (same as Table 3, entry 1), the acetoni-
trile solvent and benzaldehyde produced were removed under
vacuum. Additional amounts of benzyl alcohol (5 mmol) and ace-
tonitrile (10 mL)  were added to the aqueous residue remaining
from the initial reaction. If an additional 5 mol% of TEMPO was
added at this time, 86% yield of benzaldehyde was  obtained in
4 h (c.f. 100% in 4 h for initial reaction). For a similar Cu–L1
catalyst recycling study, only 7% yield was obtained when addi-
tional TEMPO was not used. Therefore, the activity of the copper
complex is maintained after the reaction but the TEMPO has
degraded and is the limiting reagent/factor with regards to catalyst
re-use.

4. Conclusions

In conclusion, we have developed a new catalyst system for
room temperature CuBr2–TEMPO catalyzed aerobic oxidation of
alcohols based on known and novel tetradentate pyridyl-imine
ligands. The polydimethylsiloxane (PDMS) derived pyridyl-imine
ligand and other tetradentate ligands studied showed catalytic
activity as good as 2,2′-bipyridine based systems. However, the
bidentate pyridyl-imine ligands studied showed poor catalytic
activity and for tetradentate ligands a ratio of 2Cu:L was  crucial in
maintaining good catalyst TON. A number of primary and some sec-
ondary alcohols could be oxidized to the corresponding aldehydes
and ketones with high yields and selectivities. The exact mechanis-
tic details are still under investigation, but likely involve a di-copper
species. With these initial homogeneous catalyst based results as
a starting point, in the future, we aim to use pyridyl-imine ligands
within heterogeneous or recyclable homogeneous catalyst systems
for aerobic oxidation reactions [66]. A combination of PEG-modified
Cu catalyst and PEG-modified TEMPO catalyst have previously been
used to good effect [67], and therefore, there is the potential to use
Cu–L1 with a modified-TEMPO or other stable radical co-catalyst
in future studies.

Acknowledgements

We  gratefully acknowledge support from NSERC of Canada
(Discovery and RTI grants to F.M.K), the Canada Foundation
for Innovation (Leaders Opportunity Fund Award to F.M.K.), the
provincial government of Newfoundland and Labrador (IRIF fund-
ing to F.M.K.), and Memorial University (Scholarship to Z.H.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.apcata.2011.11.024.

References

[1] R.A. Sheldon, I.W.C.E. Arends, G.-J. ten Brink, A. Dijksman, Acc. Chem. Res. 35
(2002) 774–781.

[2] I.W.C.E. Arends, R.A. Sheldon, in: J.-E. Bäckvall (Ed.), Modern Oxidation meth-
ods, Wiley-VCH, Weinheim, 2004, pp. 83–118.

[3] M.I. Fernandez, G. Tojo, Oxidation of Alcohols to Aldehydes and Ketones: A
Guide to Current Common Practice, Springer, New York, 2006.

[4] J. March, Advanced Organic Chemistry: Reactions, Mechanisms, and Structure,
4th  ed., John Wiley & Sons, New York, 1992.

[5] R. Noyori, M.  Aoki, K. Sato, Chem. Commun. (2003) 1977–1986.
[6] T. Mallat, A. Baiker, Chem. Rev. 104 (2004) 3037–3058.
[7] G.-J. ten Brink, I.W.C.E. Arends, R.A. Sheldon, Science 287 (2000) 1636–1639.
[8]  G.-J. ten Brink, I.W.C.E. Arends, R.A. Sheldon, Adv. Synth. Catal. 344 (2002)

355–369.
[9] G.-J. ten Brink, I.W.C.E. Arends, M.  Hoogenraad, G. Verspui, R.A. Sheldon, Adv.

Synth. Catal. 345 (2003) 497–505.
[10] G.-J. ten Brink, I.W.C.E. Arends, M.  Hoogenraad, G. Verspui, R.A. Sheldon, Adv.

Synth. Catal. 345 (2003) 1341–1352.
[11] I.W.C.E. Arends, G.-J. ten Brink, R.A. Sheldon, J. Mol. Catal. A: Chem. 251 (2006)

246–254.
[12] L. Tonucci, M.  Nicastro, N. d’Alessandro, M.  Bressan, P. D’Ambrosio, A. Morvillo,

Green Chem. 11 (2009) 816–820.
[13] N. Komiya, T. Nakae, H. Sato, T. Naota, Chem. Commun. (2006) 4829–4831.
[14] M.  Takahashi, K. Oshima, S. Matsubara, Tetrahedron Lett. 44 (2003) 9201–9203.
[15] S. Arita, T. Koike, Y. Kayaki, T. Ikariya, Chem. Asian J. 3 (2008) 1479–1485.
[16] T. Zweifel, J.-V. Naubron, H. Grützmacher, Angew. Chem. Int. Ed. 48 (2009)

559–563.
[17] L. Liu, M.  Yu, B.B. Wayland, X. Fu, Chem. Commun. 46 (2010) 6353–6355.
[18] N. Wang, R. Liu, J. Chen, X. Liang, Chem. Commun. (2005) 5322–5324.
[19] W.  Yin, C. Chu, Q. Lu, J. Tao, X. Liang, R. Liu, Adv. Synth. Catal. 352 (2010)

113–118.
[20] M.F. Semmelhack, C.R. Schmid, D.A. Cortes, C.S. Chou, J. Am. Chem. Soc. 106

(1984) 3374–3376.
[21] I.E. Markó, P.R. Giles, M.  Tsukazaki, S.M. Brown, C.J. Urch, Science 274 (1996)

2044–2046.
[22] I.E. Markó, A. Gautier, I. Chellé-Regnaut, P.R. Giles, M.  Tsukazaki, C.J. Urch, S.M.

Brown, J. Org. Chem. 63 (1998) 7576–7577.
[23] I.E. Markó, P.R. Giles, M. Tsukazaki, I. Chelle-Regnaut, A. Gautier, S.M. Brown,

C.J. Urch, J. Org. Chem. 64 (1999) 2433–2439.
[24] I.E. Markó, A. Gautier, J.L. Mutonkole, R. Dumeunier, A. Ates, C.J. Urch, S.M.

Brown, J. Organomet. Chem. 624 (2001) 344–347.



Author's personal copy

Z. Hu, F.M. Kerton / Applied Catalysis A: General 413– 414 (2012) 332– 339 339

[25]  I.E. Markó, A. Gautier, R. Dumeunier, K. Doda, F. Philippart, S.M. Brown, C.J. Urch,
Angew. Chem. Int. Ed. 43 (2004) 1588–1591.

[26] W.  Adam, C.R. Saha-Möller, P.A. Ganeshpure, Chem. Rev. 101 (2001)
3499–3548.

[27] M.V.N. De Souza, Mini-Rev. Org. Chem. 3 (2006) 155–165.
[28] R.A. Sheldon, I.W.C.E. Arends, J. Mol. Catal. A: Chem. 251 (2006) 200–214.
[29]  T. Vogler, A. Studer, Synthesis (2008) 1979–1993.
[30] L. Liu, J. Ma, L. Ji, Y. Wei, J. Mol. Catal. A: Chem. 291 (2008) 1–4.
[31]  Y. Kuang, N. Islam, Y. Nabae, T. Hayakawa, M.  Kakimoto, Angew. Chem. Int. Ed.

49  (2010) 436–440.
[32] K.T. Mahmudov, M.N. Kopylovich, M.F.C.G.d. Silva, P.J. Figiel, Y.Y. Karabach, A.J.L.

Pombeiro, J. Mol. Catal. A: Chem. 318 (2010) 44–50.
[33] L. Tebben, A. Studer, Angew. Chem. Int. Ed. 50 (2011) 5034–5068.
[34] P. Gamez, I.W.C.E. Arends, J. Reedijk, R.A. Sheldon, Chem. Commun. (2003)

2414–2415.
[35] P. Gamez, I. Arends, R. Sheldon, J. Reedijk, Adv. Synth. Catal. 346 (2004)

805–811.
[36] J. Salinas Uber, Y. Vogels, D. van den Helder, I. Mutikainen, U. Turpeinen, W.T. Fu,

O.  Roubeau, P. Gamez, J. Reedijk, Eur. J. Inorg. Chem. 2007 (2007) 4197–4206.
[37] Z. Lu, T. Ladrak, O. Roubeau, J. Van Der Toorn, S.J. Teat, C. Massera, P. Gamez, J.

Reedijk, Dalton Trans. (2009) 3559–3570.
[38] S. Velusamy, A. Srinivasan, T. Punniyamurthy, Tetrahedron Lett. 47 (2006)

923–926.
[39] P.J. Figiel, M.  Leskela, T. Repo, Adv. Synth. Catal. 349 (2007) 1173–1179.
[40] P.J. Figiel, A. Sibaouih, J.U. Ahmad, M.  Nieger, M.T. Räisänen, M.  Leskelä, T. Repo,

Adv. Synth. Catal. 351 (2009) 2625–2632.
[41] E.T. Kumpulainen, A.M. Koskinen, Chem. Eur. J. 15 (2009) 10901–10911.
[42] J.M. Hoover, S.S. Stahl, J. Am.  Chem. Soc. 133 (2011) 16901–16910.
[43] S. Saffarzadeh-Matin, C.J. Chuck, F.M. Kerton, C.M. Rayner, Organometallics 23

(2004) 5176–5181.
[44] S. Saffarzadeh-Matin, F.M. Kerton, J.M. Lynam, C.M. Rayner, Green Chem. 8

(2006) 965–971.

[45] M. Herbert, A.N. Galindo, F. Montilla, Organometallics 28 (2009) 2855–2863.
[46] M. Herbert, F. Montilla, A. Galindo, Dalton Trans. 39 (2010) 900–907.
[47] M. Herbert, F. Montilla, A. Galindo, Polyhedron 29 (2010) 3287–3293.
[48] M. Herbert, F. Montilla, A. Galindo, J. Mol. Catal. A: Chem. 338 (2011) 111–120.
[49]  M.N. Missaghi, J.M. Galloway, H.H. Kung, Organometallics 29 (2010)

3769–3779.
[50] M.N. Missaghi, J.M. Galloway, H.H. Kung, Appl. Catal. A 391 (2011) 297–304.
[51] S. Wertz, A. Studer, Adv. Synth. Catal. 353 (2011) 69–72.
[52] J.J.E. Hardy, S. Hubert, D.J. Macquarrie, A.J. Wilson, Green Chem. 6 (2004) 53–56.
[53] P. Gamez, C. Simons, R. Steensma, W.L. Driessen, G. Challa, J. Reedijk, Eur. Polym.

J.  37 (2001) 1293–1296.
[54] P. Figiel, A. Sibaouih, J.U. Ahmad, M.  Nieger, M.  Räisänen, M.  Leskelä, T. Repo,

Adv. Synth. Catal. 351 (2009) 2625–2632.
[55] N. Jiang, D. Vinci, C.L. Liotta, C.A. Eckert, A.J. Ragauskas, Ind. Eng. Chem. Res. 47

(2008) 627–631.
[56] S. Mannam, S.K. Alamsetti, G. Sekar, Adv. Synth. Catal. 349 (2007) 2253–2258.
[57] M.M. Whittaker, Y.Y. Chuang, J.W. Whittaker, J. Am. Chem. Soc. 115 (1993)

10029–10035.
[58] M.M. Whittaker, J.W. Whittaker, Biophys. J. 64 (1993) 762–772.
[59] Y.D. Wang, T.D.P. Stack, J. Am. Chem. Soc. 118 (1996) 13097–13098.
[60] Y.D. Wang, J.L. DuBois, B. Hedman, K.O. Hodgson, T.D.P. Stack, Science 279

(1998) 537–540.
[61] P. Chaudhuri, M. Hess, U. Florke, K. Wieghardt, Angew. Chem. Int. Ed. 37 (1998)

2217–2220.
[62] C.M. Harris, E.D. McKenzie, J. Chem. Soc. A (1969) 746–753.
[63] M.D. Eelman, J.M. Blacquiere, M.M.  Moriarty, D.E. Fogg, Angew. Chem. Int. Ed.

47  (2008) 303–306.
[64] N. Ikpo, S.M. Butt, K.L. Collins, F.M. Kerton, Organometallics 28 (2009) 837–842.
[65] A. Kundu, B.P. Buffin, Organometallics 20 (2001) 3635–3637.
[66] M. Benaglia, Recoverable and Recyclable Catalysts, John Wiley & Sons, Ltd.,

2009, pp. 301–340.
[67] C.W.Y. Chung, P.H. Toy, J. Comb. Chem. 9 (2007) 115–120.


