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Abstract: Herein, we report on the facile synthesis of a
heterogeneous copper nanocatalyst and its combination
with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) for the
aerobic oxidation of alcohols to their corresponding
carbonyl compounds. This low cost copper nanocatalyst
was found to exhibit excellent recyclability, making it a
highly attractive catalytic system from an economical and
environmental point of view. Extensive characterization of
the catalyst by a number of techniques revealed that it was
comprised of well-dispersed Cu(l/Il) nanoparticles with an

average size of around 6 nm. )

Transition-metal catalysis has revolutionized the field of organic
synthesis by improving the efficiency and selectivity of many
different reactions, as well as opening up reaction pathways
that are inaccessible using conventional chemistry." In recent
years, transition metal nanoparticles have gained particular
popularity within the organic synthesis community as they
have shown excellent catalytic activity for a variety of chemical
transformations.” Of these nanoparticle-based catalysts, those
based on immobilized metal nanoparticles are of special
interest as they display improved stability and simpler separa-
tion from the reaction mixture, which allows for effective
recycling. Furthermore, by employing heterogeneously sup-
ported nanoparticles it is easier to minimize the levels of metal
impurities in the final product, which is a topic of major
concern for synthetic processes within the pharmaceutical
industry.”
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The rapid development of the nanocatalysis field has
primarily been driven by advances in material and nano-
technology research. Today, a wide variety of well-elaborated
synthetic protocols are available that allow precise tailoring of
the chemical and physical properties of metal nanoparticles,
including their particle size, shape, composition, and chemical
state.) Moreover, there exists a great number of different
supports that can be prepared with tunable morphology and
specific surface functionalization, including carbon-based mate-
rials,”! covalent-organic frameworks,® metal-organic frame-
works,” metal oxides,”® polymers® and silicas."” In this context,
controlled pore glass (CPG), which belongs to the family of
silica-based materials, remains a relatively underutilized support
within the nanocatalysis field. Aside from possessing the typical
characteristics of silica supports, such as cost-effective synthesis,
tunable morphology and being commercially available with
different types of surface functionalities, CPG also exhibits
remarkable chemical and thermal stability, making it an
excellent choice for the immobilization of various transition
metal catalysts. The limited numbers of studies that have used
CPG, mainly describe its use as a support for nanopalladium
and nanoplatinum based catalysts.!"

Given the surging interest in green and sustainable
oxidation catalysis, we were motivated to explore the possibility
of using CPG as a support for copper nanoparticles, and to
investigate if the developed catalyst could be effective in
mediating the oxidation of alcohols to their corresponding
carbonyl compounds. Indeed, there are several homogeneous
copper/TEMPO co-catalyzed systems available for the oxidation
of alcohols;"? however, the number of heterogeneous proto-
cols are markedly fewer."” Moreover, the vast majority of the
catalytic systems that employ homogeneous copper salts also
rely on the use of nitrogen-containing ligands to stabilize the
copper and prevent formation of inactive copper oxides. For
heterogeneous systems such functionalities can be anchored
directly onto the support material, enabling simultaneous
recycling of both the stabilizing ligand and the copper catalysts
from the reaction mixture.

Herein, we report the straightforward synthesis of mixed
Cu(I/l) nanoparticles immobilized on aminopropyl-functional-
ized controlled pore glass (Cu(l/l)-AmP-CPG). The copper nano-
catalyst was demonstrated to be an efficient catalyst for the
oxidation of alcohols to their corresponding carbonyl com-
pounds when used together with TEMPO as an electron transfer
mediator under solvent-free conditions.
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A schematic overview of the synthesis of the Cu-AmP-CPG
nanocatalyst is outlined in Scheme 1, and a more detailed
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Scheme 1. General scheme for the synthesis of the mixed valence Cu(l/Il)-
AmP-CPG catalyst. For clarity reasons, the surface functionalization is
depicted on the exterior of the CPG particle, although the majority of these
sites are in fact located within the interwoven network of the pores.

experimental procedure is provided in the Supporting Informa-
tion (SI). Briefly, amino-functionalized CPG (AmP-CPG) was
subjected to an aqueous solution of Cu(OTf), (pH 9) at room
temperature for 24 h to furnish a Cu(ll)-precatalyst. This
precatalyst was subsequently reduced by treatment with 20
equivalents NaBH, in H,0 at ambient temperature for 45 min to
generate the mixed valence Cu-AmP-CPG nanocatalyst. The
obtained Cu nanocatalyst was characterized by a number of
analytic techniques, including transmission emission micro-
scopy (TEM) coupled with electron energy loss spectroscopy
(EELS), scanning electron microscopy (SEM), X-ray photoelec-
tron spectroscopy (XPS) and elemental analysis by inductively
coupled plasma optical emission spectrometry (ICP-OES). To
determine the size of the supported nanoparticles, TEM was
used (Figure 1) and a statistical particle size distribution was

Figure 1. Transmission electron micrographs (dark field imaging) of the
mixed valence Cu-AmP-CPG nanocatalyst, a) with 50 nm scale bar and b)
with 20 nm scale bar.

generated from the acquired images (Figure S1). By TEM, the
Cu-AmP-CPG nanocatalyst displayed a well-dispersed and uni-
form pattern of nanoparticles in the size range 1-20 nm, with
an average particle size of 6.4 nm. The polydispersity index of
the copper nanoparticles was calculated from the ratio of the
D90 and D10 values, and was found to be 5.8.
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To assess the morphology of the Cu-AmP-CPG, SEM imaging
was used and showed that the copper loading process had not
led to the formation of any larger aggregates, and neither had
the nanoparticle formation caused any pore blockage. As can
be seen in Figure2, the CPG support displays the same

Figure 2. Different resolution SEM micrographs of the AmP-CPG support
after loading of copper, a) with 1 um scale bar and b) with 100 nm scale bar.

macroporous morphology with wide channels and narrow
necking of the pore walls both before and after the immobiliza-
tion of copper nanoparticles (for SEM images of AmP-function-
alized CPG, see Figure S2).

To obtain information regarding the oxidation state of the
copper nanoparticles, the catalyst was analyzed by XPS. This
analysis provided evidence for the presence of both Cu(l) and
Cu(ll) in an estimated ratio of 1.6:1, respectively. The high
resolution spectra for the Cu2p region revealed two main peaks
located at 932.5 eV and 952.6 eV belonging to Cu(l) as well as
peaks at 934.8 eV and 955.2 eV that are characteristic of Cu(ll)
(Figure S3). Moreover, the satellite features of these peaks are
clearly observed at 941.1 eV, 943.9 eV and 963.0 eV, which also
indicated the absence of Cu(0) species. Furthermore, the auger
parameter (AP) was calculated to 1849 eV using the kinetic
energy of the LMM state (916.5 eV) (for auger spectra of Cu
LMM, see Figure S4) and the binding energy of Cu2p (932.5 eV),
which is consistent with previous reports for Cu(l) species and
clearly different from the Cu(0) AP of 1851 eV. Collectively, these
results show that the majority of the immobilized ionic Cu(ll)
species in the precatalyst were reduced to Cu(l) (61%)." For
quantification of the total copper content, inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used and it
measured the loading to be 3.3 wt%.

The catalytic evaluation of the Cu-AmP-CPG nanocatalyst
commenced with a screening of the reaction conditions for the
aerobic oxidation of benzyl alcohol 1a to benzaldehyde 2a
(Table 1). Subjecting 1a to the Cu-AmP-CPG nanocatalyst
(5 mol%) and TEMPO (5 mol%) in toluene at room temperature
under O, atmosphere, resulted in 49% conversion into the
desired aldehyde 2a after 48 h (Table 1, entry 1). Significantly
lower conversion was observed when the reaction was carried
out in MeCN or CH,Cl,, which gave 29% and 5% conversion,
respectively (Table 1, entries 2 and 3). To improve the efficiency
of the catalytic protocol, the temperature was increased to
100 °C, which resulted in quantitative conversion already after
4 h (Table 1, entry 4). In comparison, only negligible levels of
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Table 1. Optimization of the oxidation of benzyl alcohol 1a to benzalde-
hyde 2a catalyzed by the mixed valence Cu(l/I)-AmP-CPG nanocatalyst.
Cu(l/1)-Amp-CPG
©AOH (5 mol%) ©/§O
TEMPO (5 mol%), O,
1a 2a
Temp.  Time Conv.[P!
Ent Solvent o
v QO (%)

11l PhMe 22 48 49

281 MeCN 22 48 29

3@l CH,Cly 22 48 5

4@ PhMe 100 4.0 >95

5lcl PhMe 100 4.0 <5

glal neat 100 1.0 >95

78l neat 50 55 95

gldl neat 50 55 <5

glel neat 50 55 <5
[a] Performed under 1 atm. O, with 1a, Cu(l/l)-AmP-CPG (5 mol% of Cu),
and TEMPO (5 mol%). See Sl for details. [b] Determined by 'H NMR spectra
on the crude reaction mixture. [c] Without TEMPO and Cu(l/Il)-AmP-CPG.
[d] Without Cu(l/I)-AmP-CPG. [e] Without TEMPO.

benzaldehyde 2a were detected for control reactions per-
formed in the absence of Cu(l/ll)-AmP-CPG and/or TEMPO
(Table 1, entries 5, 8 and 9), clearly emphasizing that both
components are necessary for the observed oxidation process.
The presence of additional Lewis basic ligands, as exemplified
by 1-methylimidazole and 4-dimethylaminopyridine, was found
to not have any beneficial effect on the reaction outcome
(entries not shown). Aiming to improving the green chemistry
profile of our catalytic system, we investigated if it operated
efficiently under solvent-free conditions. To our delight,
performing the reaction under neat conditions at 100°C
allowed the reaction time to be reduced to 1h, while
maintaining quantitative conversion (Table 1, entry 6). It was
also possible to achieve full conversion to 2a at 50°C for the
neat reaction by extending the reaction time to 5.5 h (Table 1,
entry 7).

With the optimized conditions in hand (neat, 50°C), the
scope of the catalytic protocol was studied by surveying a
variety of alcohols (Table 2). As demonstrated by entries 2-5,
the catalytic system was also successful in the oxidation of
other benzyl alcohol derivatives. The p-methoxy and p-chloro
substituted aldehydes 2b and 2c (entries 2 and 3) could be
obtained in 98% yield after comparable reaction times to that
of the oxidation of benzyl alcohol (entry 1). For the more
electron-deficient alcohols 1d and 1e (entries 4-5), an
extended reaction time was needed to reach a high yield (80%
and 85% after 10 h, respectively). On the other hand, the
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Table 2. Aerobic oxidation of alcohols 1 to carbonyl compounds 2
catalyzed by the mixed valence Cu-AmP-CPG nanocatalyst.

Cu(l/ly-Amp-CPG

R (5 mol%) R

)
R; OH  1emMPO (5 mol%), 0,  R2 20

1
Product Time (h) T(°Q)

Entry  Alcohol Yield (%)®

N
o
@a 55 50 97
/©/\OH So
2 ; ® w55 50 98
/©/\OH So
3 . 55 50 98
4 o W e w10 50 80
O,N O,N ~
5 @AOH ° 10 50 86
1e 2e
Ve
e 5.5 50 97
= OH XN
7 m WD, 10 50 710
OH o
@ 16 100 57

@/% 48 100 95

2i

/©/L_O 48 100 89"

i %

/@*0 48 100 90
2k

=]
ph/&o 48 100 40
2m

8[c]

>

13 Ph” “OH

[a] Yield of purified products 2 after silica gel chromatography if not
otherwise stated. [b] Conversion determined from crude 'H NMR, see Sl for
details. [c] Performed under 1 atm. O,, Cu(l/ll)-AmP-CPG (5 mol% of Cu),
and TEMPO (5 mol%) under neat conditions. See S| for details. [b]
Performed under 1atm. O, Cu(//I)-AmP-CPG (15 mol%) and TEMPO
(5 mol%), in toluene.

catalytic protocol proved to be more efficient for the oxidation
of cinnamyl alcohol 1f, giving aldehyde 2f in 97% yield after
5.5 h (entry 6). Furfuryl alcohol 1g was also tolerated by the
catalytic protocol, giving 70% conversion to 2g after 10h
(entry 7). The primary aliphatic alcohol, 1-heptanol 1Th was
found to be oxidized less efficiently, and the reaction had to be
carried out with increased catalyst loading and harsher reaction
conditions in toluene to give 1-heptanal 2h in 57% yield
(entry 8). A noteworthy feature of this catalytic system was that
it exclusively formed the aldehyde products in all cases, without
any detectable amounts of the over-oxidized carboxylic acid
products.

The copper nanocatalyst also proved to be quite effective
for the oxidation of secondary alcohols as demonstrated by the
reactions of 1-phenylethanol (1i), 1-(4-chlorophenyl)ethanol
(1j) and 1-(4-methylphenyl)ethanol (1k) (entries 9-11). All of
these substrates were efficiently converted to their correspond-
ing ketones when the reactions were carried out for 48 h at
100°C. However, in the case of the secondary alcohols 11 and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1m, the oxidation were found to proceed less efficiently and
only moderate yields of the corresponding ketones 21 and 2m
were obtained (entries 12-13).

To evaluate the recyclability of the synthesized Cu-AmP-CPG
nanocatalyst, it was used repeatedly for the oxidation of 1a,
where each cycle was performed under neat conditions at
100°C for 1 h. The catalyst proved to be robust under these
reaction conditions, and gave >95% conversion over seven
consecutive reaction cycles (Figure 3)."™ Analysis of the recov-

100 -

90 4
85 1
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75 A

% Conversion

70 A

65 A

7]
0
L

h
=
n

1 2 3 4 5 6 7
No. of Cycles

Figure 3. Aerobic oxidation of 1a by the mixed valence Cu-AmP-CPG
nanocatalyst under neat conditions at 100 °C for 1 h measured over seven
cycles. Conversion was determined by 'H NMR analysis of the crude reaction
mixture.

ered Cu-AmP-CPG nanocatalyst by EELS, revealed that the Cu
nanoparticles maintained a similar composition of Cu(l) and
Cu(ll) oxidation states as before catalysis (see SI and Figure S5
for more details).

By comparing the Cu-AmP-CPG/TEMPO system with other
recent aerobic alcohol oxidation protocols based on heteroge-
neous transition-metal catalysts, it is evident that the reported
system compares well both in terms of performance and green
chemistry profile. Although there exists a number of hetero-
genous catalytic protocols that can effeciently mediate the
direct aerobic oxidation of alcohols without the need of
additional electron transfer mediators, these are ofter are based
on noble metals such as Au,"® Pd"®®'” and Ru"™, In comparison
to these heterogeneous catalysts, the reported Cu-AmP-CPG
constitutes a more cost-effective alternative. Also, the reaction
conditions (temperature, reaction time and catalyst loading)
used for the oxidation reactions involving the Cu-AmP-CPG/
TEMPO system are competitive with those of other benchmark
heterogeneous catalysts."®""'®'¥ Additionally, the Cu-AmP-CPG
was shown to operate efficiently under solvent-free conditions,
unlike some other reported heterogeneous protocols.['6¢'72<#18a-
b1%cdl |t js also important to emphasize that there also exist
metal-free protocols based on nitric acid-assisted oxidation
systems and TEMPO,”® which are also attractive systems for
carrying out the oxidation of alcohols. However, by employing
the Cu-AmP-CPG nanocatalyst it is possible to avoid the use of
nitric acid, which could be detrimental for acid-labile substrates.
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In conclusion, we have reported the synthesis of copper
nanoparticles immobilized on amino-functionalized CPG and
shown that they in combination with TEMPO constitute an
efficient and selective catalytic system for the aerobic oxidation
of alcohols to their corresponding carbonyl compounds.
Characterization by XPS and various microscopy techniques
revealed that the catalyst was primarily composed of 1-10 nm
sized mixed Cu(l/ll) nanoparticles that were uniformly distrib-
uted throughout the pore system of the CPG material. The
developed copper nanocatalyst displayed excellent recyclability
that enabled it to be used up to seven times for the oxidation
of benzyl alcohol without any significant loss in activity. Further
research is currently on-going in our laboratories to identify
other attractive transformations and cascade reactions that can
be mediated by this low cost heterogeneous copper catalyst.

Experimental Section

Representative Procedure for the Cu(l/ll)-AmP-CPG Catalyzed
Catalytic Aerobic Oxidation of Benzylic Alcohol under
Solvent-free Conditions

An oven-dried microwave vial (8 mL) equipped with a magnetic stir
bar was charged with Cu(l/I)-AmP-CPG (30 mg, 5 mol% of Cu) and
TEMPO (3.84x 10"> mmol, 5 mol%). The vial was then sealed and
benzyl alcohol 1a (6.78x 10" mmol) was added. The atmosphere
was then changed to oxygen and an oxygen balloon was
connected to the reaction vessel. The resulting mixture was
allowed to stir at 50°C for 5.5 h. The reaction mixture was then
diluted with CHCI,, transferred to a falcon tube, and centrifuged at
4000 rpm for an appropriate time. The supernatant was collected,
concentrated in vacuo and purified by silica gel column chromatog-
raphy (petroleum ether/EtOAc 20:1) to afford the corresponding
product 2a.
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