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1. Introduction

ABSTRACT

Copper(Il) oxide, cerium oxide, and several copper(ll) oxide supported on cerium oxide catalysts are
explored in the aerobic oxidative homocoupling of benzylamine to form N-benzylidenebenzylamine in
DMSO at 110 °C. Although both CuO and CeO, alone are shown to catalyze the reaction, CuO—CeO, cat-
alysts are shown to most efficiently catalyze the reaction, providing higher rates (per g Cu) due to the
presence of both copper and ceria species in the reactor. Catalysts with lower copper loadings and
increased ceria content reduce the product yield, as ceria domains can catalyze the decomposition of
the desired product as well. The amine conversion occurs with a significant induction period, associated
with the putative formation of an initial benzylimine intermediate in the case of catalysis with CeO,
alone or from slow copper solubilization in cases where supported or unsupported copper catalysts
are used, followed by rapid conversion to the N-benzylidenebenzylamine product. Copper leaching stud-
ies clearly demonstrate that catalysis using copper-containing catalysts is primarily associated with turn-
over by soluble copper species. A series of experiments targeted at elucidating the reaction pathway
suggests that copper oxide domains promote the coupling of the initial intermediate, benzylimine, with
benzylamine to produce the N-benzylidenebenzylamine product (path A), with a maximum production
rate of 888 umol/m? h (13.3 mmol/gCu h) over the pure CuO catalyst or 22.9 umol/m? h (26.1 mmol/
gCu h) over the CuO—CeO, catalyst. In contrast, cerium oxide domains are suggested to primarily convert
the benzylimine to benzaldehyde, followed by condensation of the benzaldehyde with benzylamine in a
rapid step to yield the N-benzylidenebenzylamine product (path B), with a maximum amine production
rate of 2.74 umol/m? h. Both ceria and copper(ll) oxide domains promote the initial benzylimine forma-
tion at comparable rates. Although the CuO—CeO, catalyst leaches about 11% of the copper during the
reaction, and these soluble copper species are largely responsible for the catalytic turnover, the recovered
solid can be recycled until the copper is depleted, catalyzing the reaction with an identical rate per g Cu in
a second cycle, after calcination. The copper-ceria family of catalysts offers an alternative, potentially
lower cost composition for the target oxidative homocoupling reaction than previously studied precious
metal catalysts, although copper leaching is a distinct drawback to the catalyst composition.

© 2013 Elsevier Inc. All rights reserved.

type is benzylamine oxidative homocoupling to form N-benzylide-
nebenzylamine. This reaction has been reported to be catalyzed by

Imines are important intermediates in the synthesis of various
biologically active nitrogen-containing compounds. Imines are tra-
ditionally synthesized by several methods, including direct synthe-
sis from amines and alcohols in the presence of catalyst and base
[1-8], self-condensation of primary amines with oxidants [6,9-
14], and via oxidation of secondary amines [12,15-20]. In the last
several years, it has been demonstrated that imines can be synthe-
sized by conversion of two moles of the parent primary amine un-
der oxidative conditions in the presence of a variety of suitable
catalysts [6,9,10,12,13,15,18,21-33]. A prototypical reaction of this

* Corresponding author. Fax: +1 404 894 2866.
E-mail address: cjones@chbe.gatech.edu (C.W. Jones).

0021-9517/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jcat.2013.01.027

homogeneous copper(l) chloride under mild aerobic conditions
[13], a copper(Il) complex [31], bulk gold powder [18] and sup-
ported gold nanoparticles [27,32,34], ruthenium N-heterocyclic
carbene (NHC) catalysts [21], V05 catalysts with aqueous hydro-
gen peroxide [9], and by a molecular vanadium complex catalyst,
VO(Hhpic), [33] among others.

Copper oxide supported on ceria (CuO—Ce0,) is known to be a
highly effective catalyst in NO reduction [35-46], CO and hydrocar-
bon oxidations [37,46-49], the water-gas shift reaction [50-54],
and in many other reactions. This catalytic reactivity is generally
ascribed to the synergistic interactions of CuO and CeO,, which
are related to their interdispersivity, the facile creation of defects
(e.g., oxygen vacancies), and redox interplay between copper and


http://dx.doi.org/10.1016/j.jcat.2013.01.027
mailto:cjones@chbe.gatech.edu
http://dx.doi.org/10.1016/j.jcat.2013.01.027
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

L. Al-Hmoud, C.W. Jones/Journal of Catalysis 301 (2013) 116-124 117

cerium redox couples (Cu?*/Cu’ and Ce*'/Ce3*) [55,56]. While
exploring CuO—CeO, catalysts for other reactions, we serendipi-
tously discovered it to be highly efficient in the aerobic oxidation
of benzylamine to form N-benzylidenebenzylamine. Following this
initial observation, we carried out a systematic study of the con-
version of benzylamine in the title reaction, establishing the role
of the copper species and ceria support on the reaction.

2. Experimental
2.1. Catalyst preparation

A commercial mesoporous CeO, (Rhodia, Sger = 211 m?/g, aver-
age pore diameter =3.2 nm, pore volume =0.130 cm®/g, 4-5 um
particle diameter) was used as received. The CuO—CeO, catalyst
was prepared by wetness impregnation. First, 5g of CeO, was
added to 0.75 ml of 2.57 g/ml aqueous solution of Cu(NO3),-3H,0
(Sigma-Aldrich, purity >99%) as a precursor, to yield a 9 wt% cer-
ia-supported copper catalyst. Then, the catalyst was heated to
120 °C at ramp of 3 °C/min in an air flow and dried at 120 °C for
3 h. Then, it was further heated to 500 °C at ramp of 3 °C/min
and calcined in flowing air at 500 °C for another 3 h. Elemental
analysis established the copper content in this CuO—CeO, catalyst
as 9.2 wt%, and thus, it is referred to as CeCu(II)09. Two additional
catalysts with lower copper oxide loadings were prepared
similarly, CeCu(II)01 and CeCu(II)05, using the appropriate
Cu(NO3),;-3H,0 concentration to yield 1 wt% and 5 wt% copper,
respectively.

Commercial CuO nanoparticles (Sigma-Aldrich, Sger = 12 m?/g)
were used as received for comparison purposes.

2.2. Characterization

Powder X-ray diffraction (PXRD) was carried out with a PAna-
lytical X’Pert PRO diffractometer operating with Cu Ko radiation
and an X'celerator RTMS detector. A step size of 0.002° 20 and a
scan rate of 10s per step were used. Nitrogen-adsorption iso-
therms were recorded at 77 K using a Micromeritics TriStar II
3020. BET (Brunauer-Emmett-Teller) surface areas were calcu-
lated using adsorption data. Average pore diameters were deter-
mined by BDB-FHH method (a simplified Broekhoff-de Boer
method with a Frenkell-Halsey-Hill isotherm)[57]. Elemental
analysis by ICP-AES was carried out by Columbia Analytics
(Tucson, AZ). Scanning electron microscopy (SEM) images and
electron-dispersive X-ray (EDX) analysis were obtained on a JEOL
LEO-1530 at a landing energy of 15 kV using the “In Lens” mode
detector. Hydrogen-temperature programmed reduction (H,-TPR)
was measured using approximately 150 mg of fresh catalysts in a
Micromeritics AutoChem II 2920. The samples were placed in a
U-shaped tube and first oxidized in 10%0,-He flow of 60 ml/min

Table 1

while heating from room temperature to 600 °C at 10 °C/min, then
passivated under helium and returned to room temperature. The
TPR spectra were then recorded by heating the samples from room
temperature to 400 °C at 10 °C/min, under 60 ml/min flow of 10%
H,—-Ar mixture.

2.3. Catalytic conversion of benzylamine to N-benzylidenebenzylamine

The catalyst, generically coded as CeCu(X)YY (0.05 eq. Cu rela-
tive to the amine), was added to a 25-ml two-neck round bottom
flask containing 3 mmol benzylamine (327 pl), 3 ml DMSO, and
1.5 mmol diphenyl ether (0.5 eq., 238 pl) as an internal standard.
The round bottom flask was attached to a condenser and immersed
in a preheated oil bath, at 110 °C, in an air atmosphere, to start the
reaction. Samples of the reaction mixture were taken by a needle
and a syringe through a rubber septum at specified times, filtered
over silica gel column, and diluted with ethyl acetate, and the
product yield was determined by GC-FID. The identity of the prod-
uct was verified by GC-MS. The product yield is calculated by
dividing the product concentration by the initial concentration of
the reactant, benzylamine, after calibrating the GC-FID peak in ref-
erence to the internal standard, diphenyl ether.

3. Results and discussion
3.1. Catalyst characterization

Table 1 shows the copper and cerium content of the synthesized
catalysts. The results are close to the theoretical values. PXRD pat-
terns for the catalysts are shown in Fig. S1. Using these patterns
and the Scherrer equation, the crystallite sizes of the copper and
cerium domains are estimated and listed in Table 1. The PXRD pat-
terns of CeCu(I1)01 and CeCu(II)05 (not shown) are very similar to
that of pure mesoporous CeO,, with no detectable crystalline CuO
peaks (e.g., at 20 = 35.7° and 38.8°), suggesting high dispersion of
CuO on the ceria support.

Crystalline CuO peaks are clearly detected in the CeCu(II)09
material, and the crystallite size of the largest particles was esti-
mated using the Scherrer equation to be 28 nm, as shown in Ta-
ble 1. Knowing that the mesoporous CeO, average pore diameter
was around 4 nm, based on the nitrogen physisorption isotherms
(see below), and that the support particle size is 4-5 pum, Fig. S2,
it appears that the large, crystalline CuO domains were on the out-
er surface of CeO, crystallites, but may be also contained within
the CeO, particles. In addition, there were some unsupported
CuO particles observed in TEM images (not shown), which were
estimated by H,-TPR (below) to represent 35% of the total CuO
present in the sample.

The porosity of the CeO, was characterized using nitrogen phys-
isorption at 77 K. The material had a relatively high BET surface

Physical properties of the composite Cu/CeO, catalysts, CuO nanoparticles, and CeO, support.

Catalyst Cu Cu/Ce (mol/  Sggr Micropore area®  Average pore Cumulative pore volume® [Cu] Crystallite [Ce] Crystallite
(wt%)  mol) (m?/g)  (m?/g) diameter(s)* (nm) (cm?/g) size® (nm) size® (nm)

CeO, - - 211 11 2.6, 4.5 0.130 - 5.0

Calcined?- - - 153 7 4.0 0.161 - 6.0

CeO,

CuO - - 12 - - 19 _

CeCu(I1)01 1.1 0.031 127 8 3.6,5.0 0.141 - 6.5

CeCu(II1)05 53 0.153 105 13 34,53 0.114 - 6.7

CeCu(II)09 9.2 0.269 105 4 37,73 0.120 28 6.1

Estimated using the Scherrer equation, from X-ray line-broadening at 20 = 35.5°.
Estimated using the Scherrer equation, from X-ray line-broadening at 20 = 28.5°.
After calcination at 500 °C.

a n T o

Calculated from nitrogen-adsorption isotherms at 77 K, using t-plot for micropore area, and BDB-FHH method for average pore diameter and cumulative pore volume.



118 L. Al-Hmoud, C.W. Jones/Journal of Catalysis 301 (2013) 116-124

Table 2

H,-TPR analysis results of for three supported CuO catalysts, CeCu(11)01, CeCu(II)05, CeCu(I)09, and CuO nanoparticles.

CeCu(I1)01 CeCu(II)05 CeCu(I1)09 CuO nanoparticles
T (°C) H, consumption T (°C) H, consumption T (°C) H, consumption T (°C) H, consumption
(pmol/g) (nmol/g) (1mol/g) (pmol/g)

159 190 86 490 76 650 185 2723
217 240 95 360 105 240 229 7170
288 210 110 300 128 540

129 190 140 460
Total 640 Total 1340 Total 1890 Total 9893
Theoretical 167 Theoretical 836 Theoretical 1454 Theoretical 12,572
Reduction in 473 (74% of Hy) Reduction in 504 (38% of Hy) Reduction in 436 (23% of Hy)

CeO, CeO, CeO,

area, 211 m?/g, which decreased to 153 m?/g upon calcination at
500 °C. The average pore diameter and the cumulative pore volume
of the as received mesoporous CeO, were 3.2 nm and 0.13 cm’/g,
respectively, and they changed to 4.0 nm and 0.16 cm?/g upon cal-
cination. The crystallite size of CeO, also increased from 5.0 nm to
6.0 nm after calcination. Fig. S3 shows the pore size distribution of
the ceria support and the synthesized catalysts. It can be noted that
upon calcination of the CeO,, the pore size distribution changed
from bimodal with 2.6 and 4.5 nm average pore diameters to a
mono-modal distribution with 4.0 nm average pore diameter.
The pore diameter of 3.8 nm was unchanged upon incorporation
of copper onto the solid.

Supporting CuO on Ce0O, and progressively increasing the CuO
loading reduced the BET surface area and changed the pore size
distribution from mono-modal to bimodal. This may suggest that
copper oxide interacts with CeO, particles in such a way as to cre-
ate the new, larger pores seen in the pore size distribution curves
in the range from 5 to 8 nm (Fig. S3). Nonetheless, these pore size
changes are subtle, and significant changes in porosity upon
copper addition are not evident.

Table 2 and Fig. S4 show and summarize H,-TPR patterns for the
three supported CuO—CeO, catalysts, specifically CeCu(II)01,
CeCu(I1)05, CeCu(I1)09, bare Ce0,, and for unsupported CuO nano-
particles, as a reference. It is known that CeO, has two reduction
peaks at about 430 °C and 900 °C, which are ascribed to the reduc-
tion in surface and bulk oxygen of CeO,, respectively [58].
Although bulk CuO has been shown to reduce at 300-400 °C
[59-61], the H,-TPR pattern of unsupported CuO nanoparticles
shown in Fig. S4 starts reduction at a much lower temperature,
100 °C, and has one main peak at 229 °C, with a leading shoulder
at 185 °C. This lower reduction temperature may be associated
with the nanoparticle nature of the CuO sample, as it has been
shown that when the particle size of CuO was decreased, the mate-
rials are more easily reduced [62]. Also, it has been shown in the
literature that the shape and position of the H,-TPR peaks of
CuO—CeO, system depend on the copper content, the type of
copper species, the interaction between CuO and CeO,, and on
the surface area of the support [59-61,63,64]. The CeCu(II)01
material contained minimal reducible material, as expected from
the low CuO loading, and showed a broad peak centered at
159 °C and another weaker broad peak at 288 °C. The total H, con-
sumption was 640 pmol/g. Theoretically, for a 1 wt% Cu sample,
167 pmol H,/g was required to completely reduce all the CuO to
metallic copper. The difference, 473 pmol H,/g, was expected to
be associated with reduction in the ceria support. Since the CuO

5 mol% [Cu]

in CeCu(I1)01 was highly dispersed, as indicated by PXRD, the
H,-TPR reduction peak at 159 °C can be related to highly dispersed
CuO particles and/or Cu?* isolated species, while the high temper-
ature peaks, 217 °C and 288 °C, may be associated with the reduc-
tion in surface ceria [59-61].

The reduction profile for the CeCu(Il)05 material included a
sharp peak at 86 °C with a shoulder at 95 °C and another smaller
peak at 129 °C, with a total H, consumption of 1340 umol H,/g.
As suggested by Ayastuy [61], the former peak may be related to
reduction in highly dispersed CuO domains that are not strongly
interacting with the CeO, support, whereas the latter peak was
likely associated with the simultaneous reduction in ceria and
the CuO species that were directly interacting with CeO, support,
as in the case of CeCu(II)01. Comparing the theoretical amount of
H, required for complete reduction in CuO in CeCu(II)05,
836 umol/g, with actual amount, about 500 pmol H,/g was con-
sumed to reduce the CeO, support. This value was approximately
similar to the amount assigned to ceria reduction in the CeCu(II)01
sample.

The total H, consumption during TPR of the CeCu(I1)09 material
was 1890 umol H,/g, and the reduction profile was similar to
CeCu(II)05 sample, with a sharp peak at lower temperature,
76 °C, and a broader one at higher temperature, 128 °C. There
was also an additional peak at 140 °C. Theoretically, 1454 pmol
H,/g was needed for complete CuO reduction in the copper in
CeCu(I1)09, and thus, about 440 pmol H,/g was associated with
reduction in the ceria support. Comparing CeCu(I1)05, CeCu(II)09,
and as suggested by Ayastuy et al. [61], it was hypothesized that
the peak at 76 °C was related to reduction in highly dispersed
CuO species not in strong contact with CeO,, and the peaks at
128 °C might be related to simultaneous reduction in ceria and
CuO species in direct contact with CeO,. The peak at 140 °C is sug-
gested to be associated with reduction in larger domains of crystal-
line/bulk CuO species. In all three cases, only 16-18% of the total
Ce0, was reduced. The collected TPR data coupled with PXRD data
demonstrate that the CuO domains in the three supported samples
are clearly different, being highly dispersed and non-crystalline in
the low loading sample, and with the highest loading sample hav-
ing some larger, crystalline CuO domains, some of which may be
unsupported.

3.2. Catalytic reactivity

The oxidative coupling of benzylamine to form N-benzylideneb-
enzylamine in DMSO, Scheme 1, was evaluated over the series of

2 gNHz

N/
DMSO, 110°C, air

Scheme 1. Oxidative coupling of benzylamine to N-benzylidenebenzylamine.
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copper oxide-ceria catalysts along with CeO, and copper(Il) oxide
as controls. As this catalytic conversion was discovered serendipi-
tously while using dimethylsulfoxide (DMSO) as the solvent for an-
other reaction, we continued to work with DMSO as the main
solvent. Other solvents, such as toluene, were tried, but these sol-
vents were found to be far less effective, likely due to their poor
ability to solubilize copper (vide infra). The initial rate with toluene
was one-third the initial rate with DMSO. Also, after 24 h, the prod-
uct yield with toluene was one-third that using DMSO.

Fig. 1 shows the kinetic behavior of the benzylamine oxidative
coupling reaction using CeCu(II)09 as the catalyst. After an induc-
tion period of 8 h, with an initial benzylamine conversion rate of
0.36 mmol/gcat h (3.85 mmol/gCu h or 3.39 umol/m? cath), the
rate increased to 2.41 mmol/gcath (26.1 mmol/gCuh or
22.9 pmol/m? cat h), and 90% product yield was obtained after
22 h. The product yield decreased after this point due to the
decomposition of the product, N-benzylidenebenzylamine, to
benzaldehyde, as verified by GC-MS analysis. The formation of
benzaldehyde at extended reaction times was promoted by the
presence of H,O produced from the dehydrogenation of benzyl-
amine to benzylimine, Scheme 2. This was verified by running a
reaction under the same conditions, starting with N-benzylideneb-
enzylamine and 1 equivalent H,O0. It was found that N-benzylide-
nebenzylamine decomposed linearly at a rate of 0.055 mmol/
gcath (0.60 mmol/gCu h)(0.524 umol/m? h), with benzaldehyde
being formed at a rate of 0.105 mmol/gcath (1.14 mmol/
gCu h)(1.0 pmol/m? h), which was stoichiometrically correct.

Given the complex shape of the kinetic profile for the CeCu(II)09
catalyst, the ceria support, unsupported CuO nanoparticles, and a
physical mixture of the two oxides were evaluated in an attempt
to gain further insight into the reactivity. Fig. 1 shows that the
CeO, alone had moderate activity for the amine oxidation. A
maximum yield of 41% was reached after 48 h. The shape of the ki-
netic profile was similar to that of the CeCu(Il)09 catalyst, but as
noted in Table 3, the rates in each stage were lower, and the induc-
tion period was somewhat prolonged. When using unsupported

—a— CeCu(I1)09
—e— CuO-np
—a— CeO,-meso
—e— CeCu-PM

100 -

80

60

40

product yield (%)

20 A

0 10 20 30 40 50 60 70
time (hr)

Fig. 1. Kinetic profiles for the oxidative coupling of benzylamine using the bare
ceria support, unsupported CuO nanoparticles, a physical mixture of CuO nanopar-
ticles and ceria, and the CeCu(I)09 material, as catalysts. Conditions: benzylamine
(3 mmol), catalyst (5 mol% Cu), DMSO (3 ml), 110 °C, air.

Table 3

Rates of reaction over the various catalysts.”
Catalyst CeCu(I1)09 CeO, CuO CeCu-PM
Initial amine conversion rate (in first 2 h)
mmol/gcat h 0.36 0.29 2.97 0.64
mmol/gCu h 3.85 N/A 3.71 7.08
umol/m? h 339 1.38 247.2 N/A
mmol/gCe h 0.50 0.36 N/A 0.86
Highest observed amine conversion rate
mmol/gcat h 241 0.58 10.7 2.37
mmol/gCu h 26.1 N/A 13.3 26.4
umol/m? h 229 2.74 888.4 N/A
mmol/gCe h 335 0.72 N/A 3.20

2 Copper loading in case of CeCu(11)09, CuO, and CeCu-PM is 0.05 mole per mole
of reactant. Cerium loading in case of CeO,, CeCu(II)09, and CeCu-PM is 0.18 mole
per mole reactant.

©/\NH2 ©ANH

Scheme 3. Oxidative dehydrogenation of benzylamine to benzylimine.

1/2 0,
-H,0

CuO nanoparticles as the catalyst (referred to as CuO), an induction
period of 11 h was observed, after which a maximum product yield
of 75% was reached after 48 h. Interestingly, when a physical mix-
ture of CuO and CeO, (referred to as CeCu-PM) was used as a cat-
alyst, the initial rate was significantly higher than those of the
individual oxides, with a significantly reduced induction period.
After the first 4 h, the rate of reaction was almost the same as that
of CeCu(II)09, after its induction period, as well as that of ceria-free
CuO in its first 8 h, after its induction period. A maximum product
yield of 82% was reached in 17 h. The initial and maximum ob-
served rates in each case are given in Table 3. It is also important
to note that the formation of benzaldehyde at extended reaction
times was mostly promoted by CeO,, as the rate of product decom-
position in the case of CuO was much less than the rates in the
other three experiments that have CeO, in the catalytic system.
The shape of the kinetic profiles may be used to gain insights
into the roles of the CuO and CeO, phases in the oxidative coupling
reaction. The CuO catalyst had a longer induction period than
the CeCu(II)09 catalyst, and the physical mixture of oxides
(CeCu-PM) had a severely reduced induction period. Furthermore,
the initial rate of the CeCu-PM catalyst was approximately the sum
of the initial rates of individual oxide catalysts, CuO and CeO,. The
first step of this reaction is believed to be the dehydrogenation of
benzylamine to benzylimine (Scheme 3) [18], and in this regard,
it has been reported by Tamura [65] that the N—H group of amines
adsorbs on CeO, via the surface Lewis acid sites (Ce‘”) of CeO, and
the strongly basic oxygen atom adjacent to the Ce*" cation
(Scheme S1), and this may play a role in activating the N—H group
in benzylamine. However, ceria alone appears inefficient in cata-
lyzing the overall reaction, as observed in Fig. 1, with it showing
the slowest initial and maximum observed rates, Table 3. On the
other hand, if one compares the copper-containing catalysts
CeCu(II)09, CuO, and CeCu-PM and excludes the induction periods,
it is apparent that all these catalysts have a similar rate of reaction.
This observation suggests that CuO species are the main catalysts
for the overall process, ultimately producing the final product,

5 mol% [Cu]

N/
+ 1
©/\ @ H20 + 72 0, "BMs0, ar, 110°C

AN
(6]
2©/\ +NH3

Scheme 2. N-Benzylidenebenzylamine decomposition to benzaldehyde.
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N-benzylidenebenzylamine. The CeO,, when present, may play a
role of providing additional sites to promote the first step of the
reaction.

The stability of the CeCu(II)09 catalyst was evaluated. After
completing the reaction, the catalyst was recovered by centrifuga-
tion, washed with de-ionized water, and re-calcined at 500 °C. Ele-
mental analyses of fresh and used catalysts show that the fresh
catalyst had 9.2 wt% copper, with Cu/Ce molar ratio of 0.269 and
that the re-calcined used catalyst had 8.6 wt% copper, with a
0.240 Cu/Ce molar ratio. Accordingly, 11% of copper was lost from
the CeCu(I1)09 catalyst after the first cycle.

Knowing that there was 11% copper leaching from the support
in the first cycle, it became necessary to test the effect of that lea-
ched copper on the reactivity of the system. Running the same
reaction under the same conditions (Scheme 1), in a second exper-
iment, the catalyst was filtered off (hot filtration) when the prod-
uct yield reached 30%. The solid-free reaction solution was
allowed to continue to react, and the product yield was monitored.
The reaction continued to proceed with a similar rate as before the
filtration, suggesting that the leached copper species were largely
responsible for the catalytic conversion when the reaction rate
was highest, at moderate conversions. This supports the hypothe-
sis that copper species were the main catalyst for the formation of
the final product and suggests another cause, beyond generation of
the initial imine intermediate, may contribute to the observed
induction period, copper leaching.

To further clarify the role of ceria versus copper in this reaction
and to test whether the induction period was related to copper
leaching, an additional experiment was conducted. The reaction,
shown in Scheme 1, was started with only CeO, as catalyst, and
after 20 h, CuO was added to the reaction. As shown in Fig. 2, with
CeO, alone, the rate of product formation was low, and once the
CuO catalyst was added, the rate increased significantly, from
0.15 to 2.4 mmol/gcat h. This experiment further demonstrates
that CuO species most efficiently promote the overall reaction
and that the presence of CeO, primarily helps in shortening the
induction period associated with the first step compared to using
CuO alone.

To further resolve this issue, the same reaction starting with
CeO, alone was run in parallel in three separate flasks for 5.5 h,
after which solid CuO nanoparticles were added to two flasks
(0.25 mol% and 1.25 mol%), and pre-dissolved, soluble CuO species
(also at 0.25 mol%) were added to the third flask.! The initial kinetic
profiles for these experiments are shown in Fig. 3. As shown in the
figure, adding 1.25 mol% solid CuO nanoparticles increased the rate
5-fold compared to addition of 0.25 mol% solid CuO nanoparticles.
On the other hand, when adding “soluble” and “solid” CuO nanopar-
ticles at the same loading (0.25 mol%), there was almost no differ-
ence in the rate. Because pre-dissolved and solid CuO
nanoparticles gave similar rates, one may view that these experi-
ments support the hypothesis that the induction period might not
be due to the time needed to solvate copper species, but instead
may be due to the time needed to build sufficient amount of the
intermediate, benzylimine, which is effectively promoted by both
Ce0, and copper species.

Nonetheless, additional tests were done to evaluate the relation
between copper leaching and the production rate of the final cou-
pled product, and the dissolved copper concentration was mea-
sured in another experiment (similar to that in Fig. 1 using

! Soluble CuO species were produced by stirring CuO nanoparticles at reaction
temperature in DMSO for 15 h, then quickly centrifuging the mixture, and pipetting
off the supernatant containing dissolved copper species while the solution was still
warm. The residual CuO nanoparticles were dried and weighed, and this weight was
used to estimate the amount of dissolved CuO species for comparison with solid
addition.

100 -
—=—CeO, only
—s— after adding CuO
80
2 60
©
°
=
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=}
°
o
oY
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0 _../I/./.
T T T T T T T T T 1
0 10 20 30 40 50

time (hr)

Fig. 2. Kinetic profiles for the oxidative coupling of benzylamine using the bare
ceria support, followed by addition of unsupported CuO nanoparticles after 20 h.
Reaction carried at 110 °C under air.

1009 o Addition of 1.25mol% CuO nanoparticles
—a— Addition of 0.25 mol% CuO nanoparticles
80 4 —=— Addition of 0.25 mol% dissolved Cu from CuO nanoparticles
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Fig. 3. Kinetic profiles for the oxidative coupling of benzylamine using the bare
ceria support, followed by addition of “solid” and “soluble” copper species derived
from CuO nanoparticles after 5.5 h. Reaction carried at 110 °C under air.

CeCu(I1)09) as a function of time and related to product yield, as
shown in Fig. 4. It is apparent that the rate increases in proportion
to the amount of copper dissolved in the reaction mixture. In this
experiment, samples were withdrawn at specified times, solid cat-
alyst was removed by centrifugation, and the clear solution was
sent to elemental analysis. As the copper concentration increased
from 9 ppm to 95 ppm, the product yield increased accordingly
from 8% to 85%. In contrast to the above paragraph, these experi-
ments support the idea that CuO species dissolved in the reaction
mixture are primarily responsible for the overall reaction, and con-
tribute to the observed induction period.

Fig. 5 shows the kinetic profiles of supported catalysts with dif-
ferent copper loadings, CeCu(I1)01, CeCu(II)05, and CeCu(II)09. It is
clear that the low copper loading CeCu(II)01 catalyst had little or
no induction period, and the overall kinetic profile appeared simi-
lar to reactions using pure ceria alone. Also, it can be observed that
the maximum product yield increased with increasing copper
loading, from 49% to 70% to 90% (note: reactions were conducted
with fixed copper loading in the reactor and therefore with varied
ceria content). This supports the hypothesis that a key role of CeO,
may be reducing the induction period by catalyzing the first step of
the reaction, as more CeO, is available in the case of CeCu(Il)01
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Fig. 4. Kinetic profiles for the oxidative coupling of benzylamine using CeCu(I1)09

catalysts and the effect of Cu concentration in the solution on the product yield.
Conditions: benzylamine (3 mmol), catalyst (5 mol% Cu), DMSO (3 ml), 110 °C, air.
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Fig. 5. Kinetic profiles for the oxidative coupling of benzylamine using ceria-
supported catalysts with different Cu(ll) loadings: CeCu(I)01, CeCu(II)05 and
CeCu(I1)09. Conditions: benzylamine (3 mmol), catalyst (5 mol% Cu), DMSO (3 ml),
110 °C, air.
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Fig. 6. Comparison between bare CeO, (172 mol%) and CeCu(Il)01 as catalysts, and
their effect on the kinetic profiles of the oxidative coupling of benzylamine.
Reaction carried at 110 °C under air.

than in CeCu(I1)05 and CeCu(II)09. An alternate explanation is that
highly dispersed copper domains more slowly leach into solution,
if one argues that copper dissolution is the main cause of the
induction period. The reduction in product yield may be related
to the amount of ceria in the reactor, since the ceria promotes
product decomposition to benzaldehyde, as mentioned earlier.

To further understand the reduction in the induction period in
the CeCu(II)01 experiment, the amount of CeO, in CeCu(II)01 was
calculated, found to be 172 mol% based on reactant, and this
amount of CeO, was used in a new experiment. In this experiment,
shown in Fig. 6, the initial rate was almost four times the one with
CeCu(II)01, and the product decomposition rate was about three
times the rate observed CeCu(I[)01. Keeping in mind that in the
case of the CeO, experiment, though the CeO, loading was similar
to the CeCu(I1)01 catalyst, many more CeO, sites were available in
this case, as the highly dispersed CuO species block access to CeO,
sites. The observations support the hypotheses that CeO, promotes
the decomposition of N-benzylidenebenzylamine to benzaldehyde
and that the induction period can be reduced or eliminated (see
Fig. 6) by adding CeO, to the reactor. This suggests that the initial
slow step in the process, generating the imine intermediate, can be
accelerated with CeO, domains, as shown in Scheme 3.

NH;

NH
WG

H,O

o

Scheme 4. Proposed reaction pathways for aerobic oxidation of benzylamine to benzylimine.
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The collected data above argue for both copper and ceria species
playing a role in the catalysis. The induction period is caused by
multiple factors, an important one is copper dissolution, and a sec-
ond one is the presence or absence of CeO,, with CeO, shortening
the induction period. Dissolved copper species appear to be the
most effective catalysts for this reaction, and these species do
not contribute appreciably to product decomposition, whereas
CeO, domains lead to significant product decomposition and
reduction in overall yield.

Scheme 4 depicts two hypothetical reaction pathways for the
target aerobic oxidative benzylamine homocoupling reaction
[18,66]. As noted above in Table 3, the CuO catalyst gave a much
higher initial reaction rate (per gram catalyst) compared to CeO5;
however, addition of ceria to the CuO catalyst substantially short-
ened the induction period, as shown in Fig. 1. Since the first step of
the coupling reaction, the dehydrogenation of the amine to an
imine, produces water, and since CeO, has the ability to adsorb
water, it was hypothesized that CeO, reduced the induction period
not only by potentially activating the N—H group (kinetic effect),
but also by adsorbing water (thermodynamic effect, shifting an
equilibrium), and hence favoring the production of the intermedi-
ate benzylimine (Scheme 3). To test this hypothesis, CeO, was
dried under vacuum at 200 °C overnight, and this dried CeO, was
used in the same reaction. Fig. 7 compares the rates of this exper-
iment with the experiment that used CeO, without drying. The
data show dry CeO, was more active than the one stored under
atmospheric conditions. The productivity of dry CeO, was almost
double that of wet CeO, after 24 h of reaction. These results sug-
gest that CeO, may promote this reaction by both activating the
amine N—H and adsorbing the water produced from the first step
of this oxidative coupling reaction (Scheme 3).

The reusability of the CeCu(Il)09 catalyst in a subsequent cata-
lytic reaction was evaluated. As mentioned earlier, after complet-
ing the reaction, the catalyst was recovered by centrifugation,
washed with de-ionized water, and re-calcined at 500 °C, before
use in a second cycle. Elemental analyses of fresh and used cata-
lysts show that 11% of copper was lost from the CeCu(II)09 catalyst
after the first cycle. Before use in a second cycle, this loss was taken
into consideration, so that 5 mol% Cu was added to the reaction in
both cases.

Fig. 8 shows the kinetic curve of the first cycle, using the fresh
catalyst, and the second cycle, with the recovered, calcined cata-
lyst. In the second cycle, the induction period decreased from 8
to 3 h, and the overall product yield was 90% of the first cycle. After
the induction periods, the rates of reaction were almost the same
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Fig. 7. Comparison between bare CeO, and dried, bare CeO, as catalysts, and their
effect on the initial rate of amine oxidative coupling reaction. Reaction carried at
110 °C under air.
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Fig. 8. Kinetic profiles for the oxidative coupling of benzylamine over two cycles
using the CeCu(II)09 catalyst. Conditions: benzylamine (3 mmol), catalyst (5 mol%
Cu), DMSO (3 ml), 110 °C, air.

in both cases, 1.54 + 0.1 mmol/gcat h. Since the catalyst was re-cal-
cined before recycling, carbon-desposition was excluded as the
cause of the loss in yield. The reduction in the induction period
may be associated with the presence of less CuO on the CeO, sur-
face due to copper leaching, exposing more of the ceria surface,
which is hypothesized to enhance the first dehydrogenative step
of the reaction (see above). From PXRD (as shown in Fig. S1) using
the Scherrer equation, the crystallite sizes of CuO and CeO, in the
used catalyst were estimated to be 38 nm and 6.6 nm (4-5 pm par-
ticle size, Fig. S5), respectively. Comparing these values with those
of the fresh catalyst, 28 nm and 6.1 nm, it seems that some copper
agglomeration occurred after using the fresh catalyst. Given that in
the work using different CuO loadings described above, the induc-
tion period was longest with the highest CuO loading and largest
CuO domain size, the observation that the CuO domains were lar-
ger in the recycled catalyst, but a shorter induction period was ob-
served suggests that the nature of the copper species did not have a
dominant effect on the induction period. Rather, the induction per-
iod was likely shorter in the recycled catalysts due to greater ex-
posed CeO, surface area. Also, as mentioned earlier, having more
CeO, in the system means more decomposition of the final product
to benzaldehyde, which may be another cause for the lower prod-
uct yield.

3.3. Proposed reaction pathway

In the literature, two mechanisms have been proposed for the
oxidation of primary amines to a dimeric imine product [18] as
shown in Scheme 4. Both mechanisms proceed by way of an initial
oxidative dehydrogenation of the amine to the imine intermediate,
RCH=NH. For benzylamine, this intermediate is unstable and diffi-
cult to detect by routine spectroscopic techniques. In path A, the
imine intermediate is then attacked by a second molecule of the pri-
mary amine, giving an aminal, which loses NH3 to give the coupled
imine product RCH=NCH,R. In path B, the initially formed imine
intermediate reacts with trace amounts of H,O to give the aldehyde
RCH=0 and NHjs, with the aldehyde subsequently reacting with a
second molecule of the amine to give the imine product. The last
step, 2B, is accomplished quickly under these reaction conditions;
when benzylamine was added to benzaldehyde, with 5 mol% Cu
from CeCu(II)09 in DMSO, the N-benzylidenebenzylamine yield
was 95% immediately upon immersing the reaction flask in the
110 °C preheated oil bath.

To gain further insight into the reaction pathway, a control
experiment was run under the exact same conditions (Scheme 1),
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Fig. 9. Effect of adding 0.5 equivalents of water on the kinetic profiles of oxidative
coupling of benzylamine using CuO, CeO,, and CeCu(I)09 as catalysts. Reaction
carried at 110 °C under air.

but without any catalyst. It was found that the initial rate was
almost half of that observed in the experiment with CeO, alone.
Other experiments were run under the same reaction conditions,
but with the addition of 0.5 equivalents of water. Fig. 9 shows
the kinetic profiles of the reactions with and without added
water. Adding water to the CeCu(II)09 catalyst and the CuO cat-
alyst significantly increased the induction periods in both cases,
decreased the maximum observed rates by 50%, and decreased
the maximum yield in the case of CeCu(I)09. On the contrary,
adding H,0 to CeO, alone increased its initial and maximum ob-
served rates and led to higher maximum yield. These observa-
tions might suggest that CuO catalysis primarily follows path
A, as added water shifts the formation of imine intermediate
to the left and slows the overall reaction rate, while CeO, catal-
ysis primarily follows path B, as excess H,O helps accelerate the
hydrolysis of intermediate imine to the aldehyde, step 1B. This
may be why CeCu(I)09 is more active than individual CuO and
CeO,, as it combines both pathways.

To further test this hypothesis, several other experiments were
run, to study the relative rates of steps 1A and 1B using CuO and
CeO, as catalysts. In these experiments, N-benzylidenemethyl-
amine was used as a substrate because it is more stable than ben-
zylimine and can be quantified using GC-FID. To study step 1A,
benzylamine was added to 1 equivalent N-benzylidenemethyl-
amine, with 5 mol% Cu from CuO in DMSO (Scheme S2). This reac-
tion yielded 75% N-benzylidenebenzylamine immediately upon
immersing the reaction flask in the 110 °C preheated oil bath. This
observation strongly supports the hypothesis that copper mediated
reactions proceed via path A. Running the same reaction,
Scheme S2, with CeO, formed a minimal amount of desired prod-
uct. To study step 1B, N-benzylidenemethylamine was added to 1
equivalent of H,0, with 5 mol% Cu from CuO in DMSO. In this reac-
tion, 12% benzaldehyde was formed in 12 h. When running the
same reaction, 1B, using CeO, instead of CuO, 22% benzaldehyde
was formed in 12 h. These data suggest that it is unlikely that
CuO-based catalysts proceed via path B with significant rates un-
der the conditions used here. In addition, when running the reac-
tion starting with N-benzylmethylamine, it was noticed the rate
of N-benzylidenemethylamine formation using CuO was double
the rate observed using CeO,, supporting the hypothesis
mentioned earlier (in Section 3.2) that CuO domains may be the
main catalysts for the overall process. It is also noteworthy that
with CeO,, more benzonitrile was formed than in the case with

the CuO catalyst, which might explain the limited ability of CeO,
to produce the desired final product, N-benzylidenebenzylamine,
as intermediate was siphoned off into side-products.

After running this comprehensive set of experiments, it is
proposed that the overall coupling reaction runs according to
the following pathway: benzylamine is oxidatively dehydroge-
nated to the benzylimine intermediate by copper species, and
this step is enhanced by the existence of CeO,, which absorbs
water molecules formed by this dehydrogenation, and thus shifts
the reaction to the right. CeO, may participate, in parallel, in the
catalytic dehydrogenation reaction. Once the benzylimine inter-
mediate is formed, copper species catalyze the coupling with a
second molecule of benzylamine, causing the fast formation of
the final product, N-benzylidenebenzylamine, and the loss of
NHs (path A). On the other hand, CeO, can competitively convert
the benzylimine intermediate to benzaldehyde, at a slower rate,
and once the benzaldehyde is formed, it spontaneously reacts
with a second molecule of the benzylamine to give the final
imine product, N-benzylidenebenzylamine (path B). Based on
the reaction rates observed, this pathway is less important under
the conditions used here.

4. Conclusions

Copper oxide supported on ceria (CuO—Ce0O,) was shown to
be an effective, somewhat stable, and recyclable catalyst for
the direct synthesis of imines from amines under aerobic condi-
tions. Copper(Il) oxide and ceria alone also promoted the conver-
sion, but not as efficiently as the combined catalyst. Varying the
loading of the copper(Il) oxide on the ceria support affected the
overall product yield, as well as the induction period; catalysts
with higher copper loading gave higher yield of N-benzylideneb-
enzylamine due to the higher rate of product formation over
copper oxide domains and the reduced ceria content in the reac-
tor, as the ceria promoted product decomposition. Leaching stud-
ies demonstrated that the majority of the copper catalysis
occurred in solution.

A series of experiments demonstrated that ceria and copper do-
mains promote the reaction primarily via two distinct pathways.
Both pathways begin with an initial oxidative dehydrogenation
of the amine to form an imine. Subsequently, copper(Il) oxide do-
mains appeared to primarily promote product formation via path
A, involving the coupling of benzylimine with a second molecule
of benzylamine, with liberation of ammonia. In contrast, ceria pro-
duced the N-benzylidenebenzylamine product more slowly, pri-
marily via path B, involving hydrolysis of the benzylimine to
form benzaldehyde, which was quickly coupled with benzylamine
to form the N-benzylidenebenzylamine product.

This CuO—CeO, catalytic system has the advantages of being
both easily separated from the reaction media and more active
than unsupported CuO nanoparticles at similar copper loadings,
because of the added efficiency of CeO, domains. However, the cat-
alyst is not fully recyclable, as the copper catalysis occurs in solu-
tion, and thus the catalyst may only be reused to good effect until
the copper reservoir is depleted.
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