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Abstract

Reductive amination of cyclohexanone with benzylamine was investigated at 100 °C under 30 bar hydrogen in toluene
with five different gold catalysts prepared by deposition—precipitation method and supported on TiO,, La,05/TiO,, CeO,/
TiO,, La,05 and CeO,. Size of metallic gold varied in the range of 2.6-3.6 nm. The best catalysts in reductive amination of
cyclohexanone with benzylamine were 4 wt% Au/TiO, and 4 wt% Au/CeO,/TiO, giving 72% and 79% yield of the desired
amine. The most acidic and basic catalysts were also unselective and exhibited low activity towards imine hydrogenation.
The best catalyst 4 wt% Au/CeO,/TiO, gave in reductive amination of propiophenone 56% selectivity to the corresponding
amine at 20% conversion in 5 h.
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using homogeneous catalysts [4], as well as reductive amina-
tion using heterogeneous metal catalysts [5-7].

Hydroamination of alkynes has been conducted using
titanium indenyl complexes. In the first step of the reac-
tion 1-phenylpropyne reacted with benzylamine with
[Ind,TiMe,] complex as a catalyst at 105 °C in 2 h in tolu-
ene followed by hydrogenation of imine in methanol for
20 h using NaBH;CN as a reducing agent in the presence of
ZnCl, at 25 °C giving N-benzyl-1-phenylpropan-1-amine.
As a result a mixture of regio-isomers was obtained [1]. In
addition, a-ethyl-N-(phenylmethyl)benzenemethaneamine
was produced via ethylmagnesiation (EtMgCl) of the cor-
responding imine in the presence of a homogeneous catalyst,
zirconocene dichloride (di(cyclopentadienyl)zirconium(IV)
dichloride, Cp,ZrCl,) in tetrahydrofuran under argon atmos-
phere giving 90% yield at 20 °C after 8 h [2].

N-benzyl-1-phenylpropan-1-amine with 86% yield after
3 h at room temperature has been synthesized via reduc-
tive allylation of N-benzylbenzamide using a homogeneous
iridium complex as a catalyst in dichloromethane [4]. In
addition, N-alkylation of aromatic alcohols over non-noble
metal catalysts for production of amines such as via hydro-
gen borrowing mechanism [8], was done with benzyl alcohol
and cyclohexylamine as reactants over NiCuFeO in xylene
under reflux giving 89% yield of cyclohexylbenzenemeth-
aneamine in 24 h.

Heterogeneous catalysts, such as Pd/C, Pt/C and Rh/C [5]
and Au/TiO, [6] have been used in reductive amination of
ketones. In particular Pd/C, Pt/C and Rh/C [5] were active
in amination of aldehydes and ketones in the absence of
hydrogen, requiring, however, high pressure of CO. Reduc-
tive amination of benzaldehyde with p-anisidine was per-
formed in the presence of 95 bar CO at 140 °C in tetrahy-
drofuran over Rh/C catalyst giving 50% of the corresponding
amine after 42 h [5]. A carbon based solid acid catalyst of
the overall composition CH,) Oy 355 ;4 prepared by sulfona-
tion of naphthalene with sulfuric acid at 200-300 °C [9]
was used in reductive amination of cyclohexanone with ben-
zylamine allowing 90% yield of N-benzylcyclohexyamine
in 10 min at room temperature with NaBH, as a reducing
agent [10]. Au/TiO, was reported as an efficient catalyst for
reductive amination of cyclohexanone with benzylamine at
60 °C in tert-butanol using formic acid as a hydrogen source
[6]. Unsupported ionic liquid (carboxymethyl)-1-methyl-
1H-imidazol-3-ium-bis(trifluoromethyl)sulfonyl)amine has
also been applied as a catalyst in the same reaction using
formic acid and triethylamine as hydrogen sources at 40 °C
in acetonitrile as a solvent [3]. The authors [3] achieved the
yield of amine of 30% after 5 h.

Imines have been hydrogenated using isopropanol as a
hydrogen source in transfer hydrogenation and Funk’s iron
complex together with Fe(acac), as a catalyst under nitrogen
atmosphere at 110 °C under 48 h facilitating formation of
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N(E)-N-(1-phenylpropylidene)-benzenemethaneamine with
98% yield [11].

Based on a recent study [6], describing Au/TiO, and
formic acid as a catalyst and a hydrogen source in reduc-
tive amination of cyclohexanone with benzylamine, it was
decided to explore catalytic behavior of different Au sup-
ported catalysts in reductive amination of cyclohexanone
and propiophenone with benzylamine using instead of for-
mic acid as a hydrogen source molecular hydrogen, which
has clear advantages in the case of industrial implementation
compared to formic acid, namely lower costs and no CO,
release.

2 Experimental
2.1 Catalyst Preparation and Characterization

Aeroxide® Titania P25 (Evonik Degussa GmbH),
lanthanum(III) oxide (Merck), cerium(IV) oxide (Merck)
were used as supports. For comparative studies, titania was
modified with ceria and lanthana by impregnating with
aqueous solutions of the corresponding nitrates (molar
ratio Ti/M =40, M-Ce or La). The catalysts (4wt%Au/
TiO2, 4wt%Au/M,0,/TiO, (where M,0,~CeO, or La,0,),
4wt%Au/CeO, and 4wt%Au/La,05) were prepared by the
deposition—precipitation method with urea, previously
described in ref. [12]. Gold(III) chloride trihydrate (Merck)
was used as a gold precursor. The nominal gold content in
all catalysts was 4 wt%. After the gold deposition and drying
procedure, the materials were treated in a reducing atmos-
phere (H,) at 300 °C for 1 h.

The specific surface area (Sggp) of the supports and cata-
lysts was measured by nitrogen adsorption method (“TriStar
3000 analyzer, Micromeritics, USA). The phase composi-
tion of the materials was studied by XRD (Philips XPert
PRO diffractometer). The measured diffractograms were
analyzed with the ICDD-2013 powder diffraction database
and Inorganic Crystal Structure Database (ICSD) [13].
Catalysts morphology and the gold cluster size were inves-
tigated by transmission electron microscopy and scanning
transmission electron microscopy-High Angle Annular Dark
Field (JEOL JEM-2100F). The gold content was measured
by energy dispersive spectroscopy (JEOL JEM-2100F with
an Oxford INCA X-sight system detector) and inductively
coupled plasma optical emission spectrometry (Perkin Elmer
ICP-OES Optima 3300 DV spectrometer). The electronic
state of gold on the support surface was determined by XPS
(SPECS Surface Nano Analysis GmbH, Berlin, Germany).
The concentration of basic and acid sites, and their distribu-
tion in supports and catalysts were investigated by tempera-
ture programmed desorption (TPD) of CO, (Autochem 2900
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apparatus) and NH3 (Chemosorb—chemisorption analyzer),
respectively.

Details on the catalysts preparation and characterization
are reported in the Electronic supplementary material.

2.2 Catalyst Testing

Reductive amination of cyclohexanone (Sigma Aldrich
>99.5%) and propiophenone (Kebo Lab >99%) with ben-
zylamine (Fluka >99%), was performed in an autoclave
using toluene as a solvent. In a typical experiment 6.6 mmol
of ketone and 6.6 mmol of benzylamine in 50 ml solvent
were mixed with 100 mg of catalyst. Thereafter, the reactor
was flushed with hydrogen and after reaching the desired
temperature and pressure, the reaction was started. The stir-
ring rate was 900 rpm and small catalyst particles, below
63 um were used to suppress the external and internal mass
transfer limitations. The samples were taken from the reac-
tor and analyzed by GC equipped with a FID detector and
a capillary column, HP-5 (length 30 m, internal diameter
320 pm, film thickness 0.50 um) with the following tempera-
ture programme: 100 °C (5 min)-5 °C/min-320 °C (5 min).
The products were confirmed by GC-MS.

NMR spectra were recorded on a Bruker AVANCE III
spectrometer equipped with a BB/1H SmartProbe operat-
ing at 500.10 MHz ('H) and 125.8 MHz (3C). 15N-1H
HMBC were recorded on a Bruker AVANCE III spectrom-
eter equipped with a Prodigy BBO CryoProbe operating at
500.20 MHz (*H) and 50.59 MHz (*°N). The spectra were
calibrated against an internal standard TMS (tetramethyl-
silane, 8,;=0.0 ppm, §,3-=0.0 ppm) or residual solvent
signals (DMSO-dg4: 5;H=2.50 ppm, 5,;C=39.5 ppm). All
spectra were recorded at 25 °C and a standard set of g, B¢,
DQF-COSY, HSQC (multiplicity edited, CH/CH; signals
positive, CH, signals negative) and HMBC (with a threefold
low-pass J-filter to suppress one-bond correlations) experi-
ments was acquired.

2.3 Quantum Mechanical Calculations

The stability of imine structures (1D) (E)-
N-(cyclohexylmethyl)-1-phenylpropan-1-imine and (1C)
N-(cyclohexylmethyl)-1-phenylpropan-1-imine was stud-
ied by a multi-level deterministic structural optimization
using the Forcite, Conformers and DMol3 modules in the
software Materials studio version 7.0 [14, 15]. At molecu-
lar mechanics (MM) level, the Universal Force Field was
applied as implemented in the Conformers module. The most
stable conformers were optimized with density functional
theory applying the B3LYP hybrid functional [16—19] the
DNP basis set and Grimme’s method for DFT-D (disper-
sion) correction [20] as implemented in the DMol3 module.

Vibrational frequencies were also calculated in order to
obtain thermodynamic data of the stabilities.

3 Results and Discussion
3.1 Catalyst Characterization Results

The phase composition of the studied catalysts was inves-
tigated by XRD (Fig. 1). Analysis of diffractograms of
4wt%Au/TiO,, 4wt%Au/La,04/TiO,, 4wt%Au/CeO,/TiO,
and their corresponding supports (Fig. 1a, b, ¢) showed
absence of any diffraction peaks characteristic for gold, ceria
or lanthana, implying that their size is lower than 3—4 nm
(i.e. sensitivity of XRD) or that they are X-ray amorphous.
For these samples, only reflections characteristic of titania
(P25) were observed [21]. Previously, this was also reaf-
firmed by XRD-SR [22], where the reflections related to
additives (CeO,) were only detected for 4wt%Au/CeO,/
TiO,.

The XRD pattern of CeO, (Fig. 1d) revealed all of the
major characteristic peaks of CeO, corresponding to the
(111), (200), (220), (400), (311), (222) and (420) planes,
which are very close to the face centered cubic CeO, crystal
[23] indicating the cubic fluorite structure (JCPDS file No:
81-0792). No changes in the phase composition or the sup-
port structure were detected after gold deposition. Moreo-
ver, no reflections related to the Au NPs were observed as
mentioned above.

The diffractogram of La,O5 (Fig. 1e) consisted of peaks
related to hexagonal [24] and monoclinic [25] polymorphs of
La,0,(CO3). Deposition of gold on La20; surface leads to a
change in its structure and composition. The diffractogram
of 4 wt%Au/La,0; consisted of peaks related to La(OH);
(hexagonal) [26] and La,(CO;),(OH), (orthorhombic) [27],
while no peaks related to Au were seen.

The highest specific surface area (Sggy) was measured for
4 wt%Au/TiO, being 50 m%g,,, (Table 1). Loading of 4 wt%
Au on TiO, decreased its surface area by 15%. Both addi-
tion of CeO, and La,0; decreased the specific surface area
of 4wt%Au/La,0,/TiO, and 4wt%Au/CeO,/TiO, in com-
parison with 4wt%Au/TiO,. The lowest specific surface area
was determined for 4wt%Au/La,05 and 4wt%Au/CeO,. In
comparison with data reported by Demidova et al. [28] the
Sgger of La,05 and CeO, are much lower than in the current
work, however, following the same trends.

The mean size of gold particle was determined by
TEM (Table 1, Electronic supplementary material, Figure
S1). The largest value was measured for 4wt%Au/La,0;,
which also exhibited the lowest specific surface area. On
the other hand, the average gold particle sizes for other
studied catalysts were in the narrow range of 2.6-2.9 nm.
Morphology of different catalysts was also investigated
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Fig. 1 XRD patterns for
4wt%Au/TiO, (a), 4wt%Au//
CeO,/TiO, (b), 4wt%Au/La,0/
TiO, (¢), 4 wt%Au//CeO, (d)
and 4wt%Au/La,0; (e) versus
corresponding supports
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(Fig. S1). In particular, 4 wt% Au/TiO, exhibited irregular
shape particles in the range of 10-35 nm (Fig. Sla). Mor-
phology of 4 wt% Au/CeO,/TiO, and 4 wt% Au/La,0,/
TiO, did not change remarkably after ceria and lanthana
modification because to their small amounts (Fig. S1 b, c).

@ Springer

Irregular shaped particles in 4 wt% Au/CeO, exhibited the
size of 8- 25 nm (Fig. S1d). Particles in 4 wt% Au/La,04
were not clearly separated in the TEM image most prob-
able due to changes in La,0; after gold modification (Fig.
S1 e) identified by XRD (see above).
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Table 1 Specific surface area of the supports and catalysts, average
Au particles size

Catalyst SgETs Au average
m%/g particle size,

nm

TiO, 54 -

La,0, 9 -

CeO, 37 -

La,04/TiO, 48 -

Ce0,/TiO, 48 -

4wt%Au/La,04/TiO, 43 2.6

4wt%Au/CeO,/TiO, 46 2.8

4wt%Au/TiO, 50 2.9

4wt%Au/La,05 10 3.6

4wt%Au/CeO, 38 2.6

Table 2 Concentration of acidic sites of the catalysts determined by
TPD of ammonia

Sample Concentration of acid sites, umol/g

Weak  Medium  Strong Total
TiO, 208 79 30 317
La,04 89 91 34 214
CeO, 89 45 15 149
La,0,/TiO, 145 43 4 192
CeO,/TiO, 146 43 55 244
4wt. %Au/La,0,/TiO, 63 58 103 83 307
4wt. %Au/CeO,/TiO, 228 164 37 429
4wt. %Au/TiO, 260 66 9 335
4wt. %Au/La,0; - 852 2548 3400
4wt. %Au/CeO, 133 29 74 236

It is noted in the literature [28-30] that the acid-base
properties of the support play a very important role in the
amination of oxygen-containing compounds. The acidic
and basic properties of supports and respective gold cata-
lysts were investigated by NH;-TPD (Table 2, Fig. 2) and
CO,-TPD (Table 3, Fig. 3).

Three types of acid sites with different strength and con-
centrations were observed for the initial supports (Table 2,
Fig. 2). Among the used supports, unmodified titania has the
highest acidity, characterized by the presence of both weak
and medium strong Brgnsted acid sites (acidic OH groups),
according to [31-33]. The presence of strong acid sites may
be due to the existence of Lewis (aprotic sites—tetrahedral
coordinated Ti**) and/or Brgnsted sites. The total acidity of
ceria and lanthana was 1.5 and 2.1 fold lower than the acid-
ity of titania. The main difference is in the concentration
of weak acid sites the amount of which for TiO, is 2.3 fold
higher than for CeO, and La, 05, both latter ones exhibiting
the same amounts. In contrast to ceria, the concentration

500
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400 ® weak
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100
s |
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Fig.2 The distribution of the acid sites in strength and concentration
for: a—TiO,; b—Ce0,/TiO,; ¢—La,04/TiO,; d—La,05;; e—CeO,;
f—4wt% Au/TiO,; g—4wt% Au/CeO,/TiO,; h—4 wt% Au/La,0,/
TiO,; i—4wt% Au/CeO,.

Concentration of acid sites, pmol/g
[=]

Table 3 Concentration of basic sites of the catalysts determined by
TPD of CO,

Catalyst Concentration of basic sites, pmol/g

Weak Medium Strong Total
TiO, 29 51 5 88
La,0, 34 29 21 84
CeO, 45 54 23 122
La,0,/TiO, 56 46 17 119
Ce0,/TiO, 27 40 3 70
4wt%Au/La,05/TiO, 38 46 76 161
4wt%Au/CeO,/TiO, 60 63 31 153
4wt%Au/TiO, 15 41 17 73
4wt%Au/La,0; 7 1488 28 1523
4wt%Au/CeO, 92 92 46 230

of medium and strong acid sites for lanthana was slightly
higher than for titania.

After modification of the pristine titania surface with
ceria and lanthana, a decrease in the concentration of both
weak and medium acidic centers was observed, which is
caused by dehydration of the surface under high temper-
ature (550 °C) during preparation. In the case of the Ce-
modified material, the concentration of strong acid centers
increases almost two fold, compared to modification with
lanthana, for which a sevenfold decrease in the concentra-
tion of strong acid sites was observed. It should be noticed
that on the contrary to lanthana ceria is a reducible oxide
with variable valence states. It can be suggested that after
modification of titania with ceria, new Lewis acid sites
Ce**/Ce*" can be formed, which presence being indirectly
confirmed by TPR [34]. Deposition of gold on the supports
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Fig. 3 The distribution of the basic sites in strength and concentration
for: a—TiO,; b—La,0;; c—CeO,; d—La,05/Ti0,; e—CeO,/TiO,;
f—4wt%Au/La,0,/TiO,; g—4wt%Au/CeO,/TiO,; h—4wt%Au/TiO,;
i—4wt%Au/CeO,

-

Concentration of basic sites, pmol/g

results in redistribution of acid sites strength. This was most
pronounced for 4wt%Au/La,05, which acidity increased 16
fold compared with the corresponding support. Such sig-
nificant changes are most likely associated with changes
in the phase composition of lanthana after gold deposition
(formation of lanthanum hydroxide and hydroxycarbonate
observed by XRD, Fig. le). For all other studied catalysts,
acidity alteration was much less noticeable and was not asso-
ciated with changes in the phase composition according to
XRD (Fig. 1). For 4wt%Au/TiO, the amount of weak sites
moderately increased, while the concentration of medium
sites slightly decreased, at the same time strong acid sites
almost vanished. Similar trends in the change of support
acidity after the introduction of the metal were previously
discussed [35-37]. The origin of such changes was related to
the mutual influence of the support and the metal crystallites
on each other through their interactions at the catalyst prepa-
ration step. Furthermore, it was found [38—41] that during
the gold deposition, the support surface is protonated, which
leads to formation of additional OH groups, which can
remain on the surface even after drying and redox pretreat-
ments. Moreover, a part of the acid sites previously present
on the surface can be blocked by formed gold nanoparticles.
The amount of blocked sites depends on the nanoparticles
size. Moreover, acidity can also affect the particle size, as
previously found [42]. For Ce-modified titania catalysts,
a decrease in the amount of strong acid sites after deposi-
tion of gold was also observed. In this case, however, the
concentration of weak and medium acid sites increases. For
4wt%Au/La,05/TiO, and 4wt%Au/CeO, the concentration
of strong acid sites significant increased. When compar-
ing XPS (Table 4) and NH;-TPD (Table 2) data, it can be
assumed that a part of these sites (39 umol/g) is due to the
presence of Aut, which are Lewis acid sites, while another
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Table 4 Contribution of electronic states of gold calculated in
accordance with XPS for studied catalysts

Sample Au®+1-+301d9) content in the samples, %

Au® Au* Au*t Aud~

(84.1- (85.0- (86.0— (83.3-

843eV)® 853eV)® 86.3eV)’ 83.5eV)°
4wt%Aw/TiO} 74 15 11 0
4wt%Au/Ce0,/TiO, 68 20 12 0
4wt%Au/La,05/TiO} 81 19 0 0
4wt%Au/La,0, 50 12 0 38
4wt%Au/CeO, 57 21 0 22
2From [34]

bRefer to BE data from literature [34-61]

part is associated with Brgnsted acidity and belongs to the
support or the modifier. As for the acid sites of weak and
medium strength, the amount of weak ones decreased for
4wt%Au/La,05/TiO, and increased for 4wt%Au/CeO,,
while that of medium strong sites varied opposite to the
weak ones.

According to the literature [43—46] CO, adsorption on
metal-oxide materials results in formation of various carbon-
ate species (bicarbonate, bidentate and monodentate carbon-
ates), which are desorbed at different temperatures giving
information about the strength and nature of the basic sites.
CO, desorption in the low-temperature range (25-200 °C) is
usually associated with the interactions of CO, with surface
hydroxyl groups, which are basic sites of weak strengths.
Medium strong basicity is related to the presence of metal-
oxide pairs, in this case CO, desorption is observed in the
range of 200400 °C. Desorption peaks appearing in the
range of 400-600 °C are caused by monodentate carbonate
species formed on low-coordination oxygen anions which
correspond to strong basic sites.

Three types of basic sites of different strength and con-
centrations were observed on the surface of studied supports
in similar temperature ranges mentioned above (Table 3,
Fig. 3). Among the used supports, CeO, and La-modified
titania possess the highest and approximately the same
basicity, with a small difference in the distribution of the
basic sites in strength. For ceria weak/medium/strong site
ratio is 2:2:1, while for La,0,/TiO,, the ratio is 3:3:1. Tita-
nia and lanthana have intermediate basicity, for them the
W/M/S ratio is 6:10:1 and 2:1:1, respectively. The low-
est basicity was determined for Ce-modified titania, with
the predominant contribution of the basic sites of medium
strength (W/M/S ratio is 9:13:1).

Similar to acidic properties, after gold deposition a
redistribution of basic sites was observed. For almost
all studied catalysts, except 4wt%Au/TiO,, a signifi-
cant increase in the concentration of the basic sites was
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Fig.4 XPS results from dif-
ferent catalysts (a—e). d and e
from [34]

4wt.% AulLa203

4wt.% Au/CeO,

T T T T T

T T T T T 82 84 86 88 90
82 84 86 88 90 Binding energy, eV
Binding energy, eV
(b)
(a)
4wt.% Au/CeO,[TiO, 4wt.% AulTiO,

Binding energy, eV

(c)

observed compared to the corresponding supports, while
the number of strong basic sites increased for all materi-
als without any exception. Since the acid—base properties
of materials are interrelated, such changes could occur
for the reasons described above for acidity. The 18-fold
increase in the basicity of 4wt%Au/La,0; after gold depo-
sition should be noted separately, associated with changes
in the phase composition as described above for acidity.

90 92 82 84 86 88 90 92
Binding energy, eV
(d)
4wt.% Au/La O, [TiO,

84 8 88 90 92

Binding energy, eV
(e)

82

Moreover, CO, desorption can be originated from carbon-
ates, which are incorporated in the structure of lanthanum
hydroxycarbonate. Thus, evaluation of basic sites is not
straightforward, as these residual carbonates contribute
to the overall released CO, in addition to carbon dioxide
desorbed from basic sites. Furthermore, these data explain
the formation of Aug_ sites (38%, Table 4, Fig. 4a) due
to increased interactions between gold and the support
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accompanied by changes in the structure and phase com-
position of the support.

XPS was used to determine the electronic state of gold.
XPS spectra of Au4; are shown in Fig. 4. A relative atomic
concentration of various electronic states of gold, as well as
the corresponding binding energies (BE), identified accord-
ing to the literature [25-33, 47-61] are given in Table 4. Rel-
ative values of the various gold states depend strongly on the
support nature. On the surfaces of all studied materials, most
of gold (50-81%) is in a metallic state with BE (Au4,) in
the range of 84.1-84.3 eV, part of gold (12-21%) is present
as Au™ with BE (Au4,),) in the range of 85.0-85.3 eV. In
the case of unmodified and Ce-modified samples, another
state related to Au** with BE of Aud;,,=86.1 and 86.2 eV
appears in XPS spectra (11 and 12%, respectively). It is
notable that for 4wt%Au/La,0; and 4wt%Au/CeO, within
BE range 83.3-83.5 eV, related to Aug' states (38 and 22%,
respectively), was observed. Such a shift towards lower
BE as compared with the metallic state can be explained
by several reasons. A negative particle charge may occur
due to an electron transfer from the support to gold [54, 55,
60]. Another possible explanation is stronger interactions
between gold and the support accompanied by local changes
in the structure and phase composition of the support [43,
44, 48]. Finally, the particle shape determined by the size
of gold nanoparticles may also be a reason of a lower BE
shift [57].

3.2 Catalytic Results
3.2.1 Reductive Amination of Cyclohexanone

The results revealed that imines 1C/1D were instantaneously
formed already after mixing of cyclohexanone with ben-
zylamine at room temperature. According to GC analysis
high conversion of cyclohexanone was obtained already after
few minutes when a mixture of reactants and a solvent was
prepared. Since the imine formation kinetics was very rapid,
it was not quantified. Two different imines were formed, 1C
and 1D (Table 5, Fig. 5) with D being the main product in
line with quantum mechanical calculations for the Gibbs free
energy also showing that this product is more stable than 1C
by 19.5 kJ/mol at DFT/B3LYP/DNP level (Fig. 6). Standard
thermodynamic quantities in the range 275-475 are shown
in Table 6. At 298.15 K, the Gibb’s free energy was 620.3
and 614.4 kJ/mol for the two conformers of the 1D structure
and 613.8 and 618.0 kJ/mol for 1C.

The product distribution in amination was analyzed
by NMR for 4wt% Au/TiO, (Table 5). Besides the antici-
pated products the mixture contained also 9% unreacted
cyclohexanone. The molar ratio between unreacted
benzylamine to cyclohexanone was 0.44 showing that
amine not only reacts with a ketone, but also undergoes
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self- condensation forming E-(N)-benzyl-1-phenylmethan-
imine (Table 5). Kinetics of amine formation over different
catalysts is shown in Fig. 7.

The results illustrate that the lowest produced total con-
centration is obtained for 4wt%Au/La,05/TiO,, which
exhibited also a high amount of strong acid sites (Table 2).
The highest initial rate for amine formation was obtained by
4wt%Au/TiO, followed by 4wt%Au/CeO,/TiO, (Table 7).
The initial formation rates for three other catalysts were very
small resulting also in low conversion after 4 h (Fig. 7). The
three most active catalysts, 4wt%Au/TiO,, 4wt%Au/CeO,/
TiO, and 4wt%Au/La,05/TiO, were retaining their activity
also after 1 h reaction time resulting in 72%, 79% and 27%
yield of N-benzylcyclohexanamine after 4 h. The concentra-
tion of amine increased in the liquid phase for other cata-
lysts as follows: 4wt%Au/CeO, < 4wt%Au/La,0; < 4wt%Au/
Ti0, < 4wt%Au/CeO,/TiO,.

It is important to note here that rather high yields of
amine were obtained with the supported gold catalysts con-
taining small gold particle, below 3 nm (Tables 1 and 7). As
a comparison with literature, relatively large gold particles,
8.4 nm were active in reductive amination of aldehydes over
gold supported on mesoporous silica functionalized by an
amine [62]. In that work [62] the reduction was, however,
performed at room temperature with a slight excess of the
stoichiometric reducing agent, dimethylphenylsilane in
2-propanol as a solvent.

When using molecular hydrogen as a reducing agent, Au/
Si0,—SO;H catalyst with 4.1 nm gold particles was rather
inactive in reductive amination of furfural with aniline under
50 bar hydrogen at room temperature in ethyl acetate, giv-
ing mainly imine and only 3% yield of amine in 8 h [63].
In the latter study the gold particle size was rather large,
4.1 nm, which can decrease the hydrogenation rate as activ-
ity of gold catalysts is typically very sensitive to the cluster
size. Moreover, a low BE of 83.4 eV indicated the presence
of Au®~ [63], while in the current work gold was mainly in
the metallic state (Table 4).

The catalyst giving the highest yield for the desired
amine, i.e. 4wt%Au/CeO,/TiO, contained twofold more
basic sites and 1.3 fold more acidic sites in comparison
with 4wt%Au/TiO, (Tables 2, 3). A lower amine yield was
obtained with 4wt%Au/LaO,/Ti0O, which also exhibited 2.5
fold strong acid sites in comparison with 4wt%Au/CeO,/
TiO,. When comparing the amount of strong acid sites
for these catalysts and the corresponding amine yields, it
can be stated that a lower amount of strong acid sites was
beneficial for amine production. It can also be noted that a
large fraction of metallic gold exists in 4wt%Au/TiO, and
4wt%Au/Ce0,/TiO, and 4wt%Au/La,0,/TiO,, The latter
one exhibited a lower activity compared to the two former
ones, despite a larger amount of metallic gold. 4wt%Au/TiO,
was more active, but less selective than 4wt%Au/CeO,/Ti0O,.
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Table 5 NMR results from reductive amination of cyclohexanone with benzylamine over 4wt%Au/TiO,

Compound Yield (%)

Cyclohexanone (1A)

Benzylamine (1B)

O

N-(cyclohexylmethyl)-1-phenylpropan-1-imine(1C)

@W@ '

(E)- N-(cyclohexylmethyl)-1-phenylpropan-1-imine (1D)

N-benzylcyclohexanamine (1E)
Unknown (1G) 8

(E)-N-benzyl-1-phenylmethanimine (1F)

Conversion 91%

(a) The amount of unreacted benzylamine to propiophenone was 0.44

(b) Benzylamine amount and its product excluded from cyclohexanone yield calculation

O
N ©ANH2
1C
H, R Q_\ () 1€

v Cat. 16 -

SV

1F

1A

Fig.5 The reaction scheme for the reductive amination of cyclohexanone with benzylamine. Notation is in Table 5
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Fig.6 Optimized structures

of imines 1D (right) and 1C

(left). Bond lengths are given in

Angstrom C

Table 6 Quantum mechanically calculated thermodynamic quantities
of imines 1C and 1D

T Entropy Heat capacity Enthalpy Free energy
(K) S (cal/mol*K) Cp H (kcal/mol) G
275.00 106.151 46.679 178.404 149.212
298.15 110.090 50.860 179.533 146.709
300.00 110.406 51.196 179.627 146.505
325.00 114.684 55.753 180.964 143.692
350.00 118.982 60.288 182.415 140.771
375.00 123.294 64.751 183.978 137.743
400.00 127.612 69.102 185.651 134.606
425.00 131.929 73.312 187.432 131.362
450.00 136.235 77.364 189.316 128.010
475.00 140.522 81.248 191.299 124.551
275.00 103.117 45.870 179.042 150.685
298.15 106.991 50.058 180.153 148.253
300.00 107.301 50.396 180.246 148.055
325.00 111.516 54.965 181.563 145.320
350.00 115.756 59.516 182.994 142.479
375.00 120.015 63.998 184.538 139.532
400.00 124.286 68.370 186.193 136.478
425.00 128.559 72.603 187.955 133.318
450.00 132.825 76.679 189.821 130.050
475.00 137.076 80.588 191.788 126.677

In addition to imine and amine, several other products
were also identified by NMR (Table 5). No cyclohexanol
was observed in the reaction mixture after 4 h for reductive
amination of cyclohexanone with benzylamine in toluene on
4wt%Au/TiO, opposite to the results where reductive amina-
tion was performed in water using a homogeneous reducing
agent, such as NaBH, and water as a solvent [64]. Absence
of cyclohexanol among the products in reductive amination
of cyclohexanone with benzylamine in the current work can
be partially explained by low ability of metallic gold, pro-
duced via reduction with hydrogen at 300 °C, to dissociate
hydrogen [65].
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Fig.7 Concentrations of amine as a function of time in reductive
amination of cyclohexanone with benzylamine at 100 °C under 30 bar
hydrogen. Notation: (filled triangle) Au/CeO,/TiO,, (filled cicle) Au/
La,0;, (open circle) Au/CeO,, (filled square) Au/La,03/TiO, and (x)
Au/TiO,. Catalyst amount 100 mg, the initial concentrations of reac-
tants were 0.13 mol/l

Low activity of 4wt%Au/La,0,/Ti0O, is related to its high
acidity and basicity. From the mechanistic point of view
reductive amination of ketones proceeds differently than
amination of alcohols through borrowing hydrogen. In the
latter case some acidity is required for dehydrogenation
of an alcohol and formation of a corresponding aldehyde.
For reductive amination of ketones, it has been stated that
the carbonyl bond is activated by homogeneous Lewis acid
catalysts, forming an aminol followed by activation of the
imine towards nucleophilic attack [64]. Furthermore, it was
proposed in ref. [65] for reductive amination of benzalde-
hyde with aniline using heterogeneous B(OSO;H),/Si0O, as
a catalyst, that Brgnsted acidity plays a role in increasing the
electrophilic character of the carbonyl compound leading
to formation of an intermediate which further dehydrates
to imine.
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Table 7 The results from

A S Catalyst Initial hydrogenation =~ Conversion Yield of Yield of imine  Other
reductive arnmatl.on of rate (mmol/min/g,,) after4 h (%) amine after after 4 h (%) after 4 h
cyclohexanone with 4h (%) (%)
benzylamine over different
catalyst at 100 °C under 30 bar 4Wt%Au/TiOZ 0.4 91 72 17 11
hydrogen 4wt%Au/La,0, Very small 90 2 69 29

4wt%Au/CeO, Very small 89 3 64 33
4wt%Au/La,0,/TiO,  0.08 89 27 31 58
4wt%Au/CeO,/TiO, 0.5 89 79 10 11

Table 8 Comparison of different methods for production of N-benzylcyclohexanamine

Entry Reaction Conditions Time (min) Yield (%) Ref.
1 o HCOOH + (GHN 40 °C, acetonitrile 300 30 [3]
O O
©/\ SILP catalyst NHO
2 o 70 °C, tert-butanol 300 97 [6]
HCOOH
+ NH, —
Au/TiO, catalyst NHO
3 o 25 °C, no solvent 10 90 [10]
NaBH,
+ NH, —
CBSA catalyst NHO
4 NH, OH 138 °C, xylene 1440 89 [8]
© + NiCuFeOx catalyst @—\
e )
5 o 100 °C, 30 bar, toluene 240 79 This work

H,
n NH, —
Au/Ce0,/TiO, NHO

Selectivity in amination has also been correlated with
electronegativity of the support metal ions in [28, 30]. The
results of [28] in amination of myrtenol showed that gold
supported on La,O; and CeO, exhibited low conversion and
selectivity to secondary amines, whereas in N-alkylation
of aniline with benzyl alcohol the selectivity to second-
ary amine was slightly higher with Ti** ion in comparison
to Ce** ion [30]. The electronegativity of Ti**, Ce** and
La’*is decreasing as follows: 14, 10 and 8.23, respectively
[28, 30]. In reductive amination of cyclohexanone with
benzylamine the highest amine yield was obtained over
4wt%Au/TiO, with the highest support ion electronegativ-
ity in comparison to CeO, and La,O;, which gave low amine
yields. The best catalysts in the current work are Au/TiO,
and Au/CeO,/TiO, which could also be related to their high
electronegativity.

As a comparison the yields of N-benzylcyclohexanamine
produced via reductive amination (Table 8, entries 1-3)

and N-alkylation of cyclohexylamine with benzylalcohol
(Table 8, entry 4) with the current results (Table 8, entry
5) agree very well with the work of Liang et al. [6]. In the
latter work it was reported that a commercial 1 wt% Au/
TiO, with 2-3 nm Au particles was very active and selec-
tive for production of N-benzylcyclohexanamine using 1:4
molar ratio of cyclohexanone to benzylamine with formic
acid as a reductant at 60 °C in fert-butanol as a solvent giv-
ing after 5 h 97% yield of amine [6]. The TOF for formation
of N-benzylcyclohexanimine, defined as moles of formed
amine divided by moles of the surface gold over 1 wt%
Au/TiO, [6] was 1.1 s~! while in the current work it was
52 57!, The main difference between these studies is the use
of formic acid as a reducing agent [3, 6], whereas hydrogen
was applied in the current study. The gold particle size was
about the same in the current work and in [6]. In addition
to formic acid [3, 6], also NaBH, [10] has been used as a
reducing agent for production of N-cyclohexylbenzylamine
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Table 9 NMR results from the reaction mixture obtained from reductive amination of propiophenone reaction with benzylamine over 4 wt% Au/

CeO,/TiO, in cyclohexane as a solvent, 100 °C, 30 bar hydrogen after 5 h

Structure Yield (%)

9 Conversion 20%
©*/CH3
propiophenone (2A)

0

a-ethyl-N-(phenylmethyl)-benzene-methaneimine (2C/2D)

Lk :
CHj
a-ethyl-N-(phenylmethyl)-benzene-methaneamine (2E)

OH
CH,

Phenyl-1-propanol (2F)

Unidentified
NH,

benzylamine (2B)

0

N-benzylmethanamine (21)

32+1.1

33
(@)

(a0

(a) Benzylamine amount and its product are excluded from cyclohexanone yield calculation

(b) The amount of unreacted benzylamine to propiophenone was 0.48

(c) Very low amount

as illustrated in Table 8. Furthermore, N-alkylation of
cyclohexylamine with benzylalcohol is rather slow reaction,
although giving a high yield of the desired product (Table 8,
entry 4). Thus it can be concluded that Au/CeO,/TiO, using
hydrogen as a reducing agent can be considered as a viable
alternative to chemical reducing agents.

3.2.2 Reductive Amination of Propiophenone
In reductive amination of propiophenone with ben-

zylamine the initial reaction mixture was analyzed by
GC-MS showing that a small fraction of propiophenone

@ Springer

has already reacted to the corresponding imine, a-ethyl-
N-(phenylmethyl)benzenemethaneimine (2C/2D) at room
temperature. Together with this imine a small amount of
E-(N)-benzyl-1-phenylmethanimine was also present in the
initial mixture and the molar ratio between the unreacted
benzylamine to propiophenone was 0.48.

Reductive amination of propiophenone over 4wt%Au/
Ce0,/TiO, resulted in 20% conversion after 4 h (Table 9,
Fig. 8). The ratio of unreacted benzylamine to propiophe-
none over this catalyst was 0.5 showing the benzylamine
reacts not only with propiophenone. The yield of the



Reductive Amination of Ketones with Benzylamine Over Gold Supported on Different Oxides

Fig.8 The reaction scheme in
the reductive amination of pro-
piophenone with benzylamine
over 4wt% Au/Ce0,/Ti0,.The
notation is the same as in NMR
results (Table 9)

Nl.g_]
I |®©
O

OH

2F

desired amine was 11.2% corresponding to TOF of 6.3 57!
for formation of amine.

The formed imines (2C/2D) were to a substantial
extent hydrogenated to the corresponding amine (2E) over
4wt%Au/CeO,/TiO,. The final amine selectivity at 20% con-
version was 56%, defined as the yield of amine divided by
converted propiophenone determined based on NMR analy-
sis It is known that especially Brgnsted acidity promoted the
reaction between aniline and furfural under 50 bar hydrogen
at room temperature in ethyl acetate [50], when the imine
was formed in the first step followed by hydrogenation to
corresponding amine.

Hydrogenation of the carbonyl bond in ketone was very
minor, 2% yield, over 4wt%Au/CeO,/TiO, catalyst in com-
parison to formation of imine with subsequent hydrogena-
tion to amine, which was analogous to the case of cyclohex-
anone reductive amination. In addition to the desired imines,
amines and phenyl-1-propanol, minor amounts of unidenti-
fied side products were formed (Table 9).

4 Conclusions

Several gold catalysts supported on TiO,, La,0;, CeO,, and
mixed oxides, La,0,/TiO,, CeO,/TiO, were prepared by
deposition—precipitation method and investigated in reduc-
tive amination of cyclohexanone and propiophenone using
molecular hydrogen as a reducing agent. Typically Au was
present as small particles, below 3 nm in all other catalysts
except Au/CeO, which had a slightly larger cluster size.
According to XPS gold mainly the metallic state after pre-
reduction with hydrogen at 300 °C. The lowest fraction of
metallic Au was present in Au/La,O; catalysts.

SRAe

21

NH,
o
CHj
+
2A 2B

NH
Y\
2E
/N
CH3
2C/2D

.

UK

The catalytic results revealed that the most promising
catalysts in reductive amination of cyclohexanone with ben-
zylamine at 100 °C under 30 bar hydrogen using toluene as a
solvent namely 4 wt% Au/CeO,/TiO, exhibited mainly weak
and medium strong acid sites. On the other hand, 4 wt% Au/
La,0,/TiO, was very unselective catalyst giving only 27%
yield of N-benzylcyclohexanamine at 89% conversion. This
catalyst contained mainly strong acid sites. The best catalyst
in amination of cyclohexanone, 4 wt% Au/CeO,/TiO,, was
also tested in reductive amination of propiophenone giving
56% selectivity to corresponding amine at 20% conversion
in 5 h.
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