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Self-Suspended Nanoparticles for N-Alkylation Reactions: A
New Concept for Catalysis
Maria Sarno,* Claudia Cirillo, and Mariagrazia Iuliano[a]

The catalytic activity of snowman-like and core-shell Fe3O4/Au
nanoparticles (NPs), obtained through a “wet chemistry”
approach which directly restitutes nanocatalysts stable and
highly active in the reaction medium, was tested towards N-
alkylation reactions. The nanocatalysts were tested for the
synthesis of secondary amines. The core-shell NPs, thanks to the

surface properties, homogeneous dispersion and intimate
connection with reagents in the catalyst medium, exhibited an
excellent catalytic activity (e.g. >99% yield and conversion of
aniline in very short time and mild conditions). Owing to the
magnetic part, the nanoparticles can be easily separated and
reused, showing an almost stable activity after 10 cycles.

1. Introduction

Different agrochemicals, pharmaceuticals, bioactive and natural
identical molecules are produced from intermediates such as N
containing molecules, e.g. amines.[1] For the syntheses various
approaches have been proposed and developed.[2–7] The so
called borrowing hydrogen method, consisting in an alcohol
based alkylation, is a very promising approach for the synthesis
of secondary amines[8–17] attracting recently great
attention.[11,12,18–25] Indeed, it is an atom-economic and environ-
mental friendly approach, as alcohols are abundant and water is
the only by-product. Homogeneous catalysts have been
extensively studied[26–40] and catalysts based on Ru,[21] Ir,[41] Pd,[42]

Au,[43] Pt[44] have been successfully used. On the other hand,
homogeneous catalysts suffer from some typical drawbacks
such as recovery, handling of metal complexes, etc. Homoge-
neous catalysts recovery is a key topic in industrial chemistry.
Also, heterogeneous catalysis has been explored.[21–25,45� 59]

Heterogeneous catalysts containing metals such as Pd,[21–25]

Ru,[45] Au,[46] Ag[47–48] and Fe[58,59] have been used for N-alkylation
of amines with alcohols. However, they require multistep and
complex procedures and often result in reduced activity and
selectivity. Indeed, good activity can be achieved at temper-
atures higher than 140 °C.[26,32–39,43,46,50� 59] This is mainly due to
diffusion limitations and heterogeneity of the active sites.
Nanoparticles (NPs) because of size and surface area are ideal
candidates to support catalysts, suppling large load and
improved activities. On the other hand, the design and develop-

ment of an easy recoverable and/or recyclable nanocatalysts
can reduce environmental impact and costs.

Surface modifications[60–62] can provide an hydrophobic
nature to stable nanoparticles in reaction media, avoiding
agglomeration and aggregation. Although, it is so promising,
there are few examples of catalysis promoted by self-suspended
nanoparticles and none, at the best of our knowledge, to
promote N-alkylation reactions. n recent years, magnetically
recyclable nano-catalysts have attracted much attention in
organic synthesis. Apart from an ease of separability, they also
have other advantages such as low toxicity simple preparation
technique and are low-cost. [1] The magnetic nano-catalyst can
broadly be divided into two types: (i) supported magnetic
nano-catalyst, the active metal is deposited on freshly prepared
Fe3O4 nano-material, and (ii) a mixed ferrite nano-catalyst with
general formula MFe2O4 (where M is a divalent cation other
than iron), all starting materials are incorporated into one pot.
[2] Gold catalysts, that had been for long time considered inert,
have obtained considerable attention because of the catalytic
activity and selectivity showed at the small sizes.[43] This activity
strongly depends on: the particles size; crystallographic
nature;[63] etc… In particular, gold has been found to exhibit
unique catalytic properties for a number of liquid and vapor
phase reaction.[64] Moreover, magnetite is a soft Lewis acid in
organic synthesis[58,64,65] and can catalyze N-alkylation reaction,
e.g. through hydrogen autotransfer.[58,59]

Here we report, for the first time, the catalytic activity
towards N-alkylation reactions of Fe3O4/Au snowman-like
(Fe3O4/AuSM) and Fe3O4/Au core-shell (Fe3O4/AuCS) NPs. They
were obtained through a “wet chemistry” approach, which is a
scalable and reliable synthesis method. It directly restitutes
nanoparticles stable in solution, without requiring further
modification,[62,66–68] thanks to the surfactant molecules covering
the NPs during synthesis and allowing a behaviour between
homogeneous and heterogeneous catalysis. In particular, the
NPs can be dispersed and stabilized in solution because of the
small size and the ligand coating, whereas magnetic part allows
easily separation.

The two different nanocatalysts were prepared to explore:
ligand covered nanometric size gold surfaces; and heterojunc-
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tion between small gold NPs on magnetite, reducing the
amount of noble metals too.

In particular, N-alkylation of aniline and other substrates as
alkylating agent, were investigated, showing in the case of
core-shell NPs very high conversion and selectivity in short
times and mild conditions.

Experimental Section

Materials

The synthesis process for magnetic snowman-like Fe3O4/AuSM NPs
was modified based on the Hao et al. method[66,69,70] and performed
in the experimental apparatus shown in Figure 1a. 2-propanol and
hexane were used as received. 1-octadecene (90%), oleic acid (OA),
1,2-hexadecanediol (90%), iron(III) acetylacetonate (Fe(acac)3) (97%)
and gold(III) chloride trihydrate (HAuCl4) were acquired from Aldrich
Chemical Co. For the preparation of Fe3O4/AuSM: 20 mL of 1-
octadecene, 2 mmol of Fe(acac)3, 0.1 mmol of HAuCl4, 10 mmol of
1,2-hexadecanediol, 12 mmol of oleic acid were mixed and heated
from 25 °C to 190 °C for 2 h and then to 275 °C for 1 h. For washing,

centrifugations (7500 rpm; 0.5 h) in ethanol and then in a mixture
of 2-propanol and hexane (2 :1 v/v) were performed.

The synthesis process for magnetic core-shell Fe3O4/Au NPs, named
in the following Fe3O4/AuCS, or Fe3O4/AuCS@OA to highlight the
complexation with the organic coating, was performed in the same
experimental apparatus as previously described.[71] In particular, the
magnetic Fe3O4 NPs were synthesized as previously reported
elsewhere.[70]

The as-prepared Fe3O4 NPs were dispersed in hexane. For Au
coating, in a typical experiment, 2.5 mmol of HAuCl4 · 3H2O were
dissolved in 10 mL chloroform, 9 mL of NaBH4 and 1 mmol OA.
Another 10 mL chloroform solution, containing 40 mg of 10 nm
Fe3O4 NPs and 2 mmol of OA, was prepared. Under stirring, the
HAuCl4 solution was added dropwise into the Fe3O4 NPs solution.
After 20 h, the Au coated Fe3O4 NPs were precipitated by adding
ethanol and washed by hexane and ethanol for several times.

Procedure for N-Alkylation

In a typical experiment, a mixture of 1.0 mmol of substrate (aniline,
2-aminobenzothiazole,2-aminopyridine, 4-methoxyaniline, 2-meth-
ylaniline and 3-chloroaniline), 1 mmol of alcohol (benzyl alcohol, 4-
methylbenzyl alcohol, α-methylbenzyl alcohol, 2-methyl-2-propanol
and 1-octanol), Cs2CO3 (2.0 mmol), toluene (5 mL) and 1 mg of
nanocatalyst was taken in a 50 mL round bottomed flask and stirred
at 100 °C for 4 h. The reaction was carried out under N2 atmosphere.
The progress of the catalytic reactions was monitored through GC
analysis, which was performed on the reaction mixtures at different
time intervals. Before measurements, the catalyst was separated
under a magnetic field and the reaction mixture cooled. Then the
mixture was passed through anhydrous Na2SO4 and dried under
vacuum, or only dried. The products were identified by GC
analysis.[32,72–74]

Qualitative analysis was compared with chromatographic standard
and mass spectrometry of the product. The obtained results were
in good agreement with parallel evaluation performed by using
dodecane as internal standard.[51,52] No substantial differences were
observed for the samples differently pretreated. The experiments
were performed in triplicate. Along the results the text are
expressed with a standard deviation, which takes into account the
different tests.

The conversion of amine was calculated as follows:

Conversion %ð Þof amine

¼
Initial wt:% of amine � final wt:% of amine

Initial wt:% of amine
*100

Characterization Techniques

XRD measurements were performed with a Bruker D8 X-ray
diffractometer using CuKα radiation. Thermogravimetric analysis
(TG-DTG) at 10 K/min heating rate in air flow was performed with a
SDTQ 600 Analyzer (TA Instruments). Transmission electron micro-
scopy (TEM) images were acquired using a FEI Tecnai electron
microscope operated at 200 KV with a LaB6 filament as the source
of electrons, equipped with an energy dispersive X-ray (EDX) probe.
The N-alkylation of amines using alcohols, after a purification by a
chromatographic column, were analyzed through a GC-MS (Thermo
Fischer Scientific) equipped with HP-5 capillary column (0.25 μm×
0.25 mm×30 m). All reaction products were identified by matching
the GC retention time with authentic samples. The column temper-Figure 1. Schemes of experimental apparatus of synthesis of nanoparticles

(a) and reactor used for N-alkylation reactions (b).
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ature was kept at 70 °C for 4 min, then raised to 180 °C at 4 °C/min
and maintained at this temperature for 1 min. Measurements
performed up to 280 °C did not highlight the presence of other
compounds (more weighted e.g. dialkylated amines, …). The
temperatures of the injector and detector were set at 250 °C and
250 °C, respectively. Helium was used as the carrier gas. The KBr
technique was applied for determining the FT-IR spectra of the
samples by using Vertex 70 apparatus (Bruker Corporation). Spectra
were recorded in the scanning range from 4000 to 400 cm� 1.

2. Results and Discussion

The two catalysts have been investigated by X-ray diffraction,
thermal analysis, electron microscopy and FT-IR spectroscopic.

2.1 Characterization of the Nanocatalysts

2.1.1 X-Ray Diffraction Analysis

X-ray diffraction patterns of both Fe3O4/AuSM and Fe3O4/AuCS
nanocatalysts are shown in Figure 2. In the XRD spectrum of
Fe3O4/AuSM, Figure 2a, the characteristic crystal planes well
match with (111) at 18.5°, (220) at 30.4°, (311) at 35.4°, (400) at
43.2°, (422) at 53.7°, (511) at 57.4° and (440) at 62.7° of
magnetite.[70,75–83] Scherrer’s equation was used to measure the
crystalline sizes, ~9 nm was found quite close to the TEM
particles size measured, see below. It means that all the as-
synthesized particles are single crystal. Lattice parameter “a”

and interplanar spacing dhkl
[77] were found to be a=8.391 Å and

d311=2.530 Å, they match with the standard lattice parameter
of magnetite (8.396 Å) and are relatively far from the one of
magnemite (8.346 Å), indicating that the as-synthesized iron
oxide NPs are in magnetite phase.[82]

In the XRD pattern of the core-shell Fe3O4/AuCS, Figure 2b,
the spectrum of Au shell prevails. It shows a strong diffraction
peak at 38.5° attributed to (111) facet of the face-centered cubic
metal gold structure. The other diffraction peaks (44.5°, 64.3°,
77.6° and 81.4°) the facets of (200), (220), (311) and (222) (JCPDS
File number 04-0784) were also observed.

2.1.2 Thermal Analysis

To estimate the thermal stability of both Fe3O4/AuSM and
Fe3O4/AuCS nanocatalysts, thermogravimetric analysis was
carried out. In Figure 3a and Figure 3b, the TG/DTG profiles, in
the temperature range 25–900 °C, of Fe3O4/AuSM and Fe3O4/
AuCS are shown, respectively. The first weight loss up to 180 °C,
which is equal to ~3 wt.% for Fe3O4/AuSM and Fe3O4/AuCS, can
be attributed to solvent release. In the range 200–400 °C, the
weight loss, due to the oxidation/degradation of the organic
oleic acid chains, which cover the NPs surface,[84–99] occurs.
These weight loss account for ~16 wt.% and ~12 wt.% for
Fe3O4/AuSM and Fe3O4/AuCS, respectively; indeed, the samples
after washing show residual amounts of organic chains linked
on the nanoparticles surface, lower in the case of the core-shell
nanoparticles probably due to the NPs larger diameter.

Figure 2. XRD spectra of Fe3O4/AuSM (a) and Fe3O4/AuCS (b). Figure 3. TG-DTG profiles of Fe3O4/AuSM (a) and Fe3O4/AuCS (b).
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2.1.3 Microscopic Analysis

The high resolution transmission electron microscopy (HR-TEM)
images of both Fe3O4/AuSM and Fe3O4/AuCS NPs are shown in
Figure 4. In particular, Figure 4a represents an HRTEM image of
the snowman-like Fe3O4/AuSM NPs, that are characterized by a
quasi-spherical Fe3O4 NPs (about 9 nm diameter) supporting Au
NPs (~2 nm diameter). Figure 4b shows the HRTEM image of
the core-shell Fe3O4/AuCS nanocatalyst showing nanoparticles
with an average diameter of ~10 nm coated with a layer (of

~2.5 nm) of crystalline Au. In the insert of Figure 4b, a HRTEM
image of a single Fe3O4/AuCS NPs is shown. The lattice fringes
in the Au shell are clearly see in the image, the inter-fringe
spacing is of 0.201 nm, close to the interplane distance of the
(200) planes in the face centered cubic (fcc) Au, indicating that
the Fe3O4 nanoparticles are coated with a layer of crystalline Au.
Au/Fe atomic ratios of ~0.032 and of ~3.6 were evaluated from
energy dispersive TEM based x-ray spectroscopy (EDS) for
Fe3O4/AuSM and Fe3O4/AuCS NPs, respectively. These values
indicate a gold deposition yield of 64% and 75%, as gold
absorption is not quantitative. On the other hand, the atomic
ratio Fe/O results of 0.68 for Fe3O4/AuSM and of 0.71 for Fe3O4/
AuCS, likely due to the oxygen form the organic chains.

2.2 Catalytic Activity

The catalytic performance of the magnetite/gold nanocatalysts
were investigated for the N-alkylation of amines using benzyl
alcohol as the source of alkyl group, toluene as solvent and
under N2 atmosphere (Figure 5) in the experimental apparatus
shown in Figure 1b.

2.2.1 Catalytic N-Alkylation

The activity of the catalysts was tested for the N-alkylation of
aniline using benzyl alcohol as alkylating agent. Firstly, we have
optimized the reaction conditions in terms of base (see Table 1),

Figure 4. TEM images at different magnifications of Fe3O4/AuSM (a) and
Fe3O4/AuCS.

Figure 5. Schemes of N-alkylation reaction of: aniline with benzyl alcohol (a); example of a possible reaction pathway, with both the intermediate imine and
secondary amine formation, from aniline (b).

Table 1. Optimization of base and catalyst for the N-alkylation reaction of
aniline with benzyl alcohol. Reaction conditions: aniline (1 mmol), benzyl
alcohol (1 mmol), toluene (5 ml), catalyst (1 mg), base (2 mmol), temper-
ature 100 °C, N2 flow, 4 h.

Entry Catalyst Base Yield/%*

0 – – –
1 Fe3O4/AuSM – 9�1.4
2 Fe3O4/AuSM K2CO3 23�0.9
3 Fe3O4/AuSM Cs2CO3 34�0.5
4 Fe3O4/AuCS – 24�1.3
5 Fe3O4/AuCS Cs2CO3 >99

* The Yield is referred to benzylaniline formation
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then, we performed the reaction in the absence of any catalyst
in order to prove its real effect (Table 2).[100–104] The addition of a
Cs2CO3 base promoter, led to a significant increase of the yield
up to a value higher than 99% (Table 1, entries 4 and 5). On the
other hand, benzyl alcohol and aniline did not form any
products in the absence of a catalyst, see Figure S2 and Table 1
entry 0.

The N-alkylation of the amines using alcohols were analyzed
through a GC-MS. In particular, GC-MS spectra of the reaction

mixture in N-alkylation of aniline with benzyl alcohol at differ-
ent time using snowman-like Fe3O4/AuSM NPs are shown in
Figure 6. At the beginning of the reaction (t=0 h) the dominant
peaks due to the solvent are visible. Minor peaks due to aniline
and benzyl alcohol are also present. After 1 h reaction, an
aniline conversion of about 17% was achieved with N-
benzylideneaniline as the dominant product (signal at
30.7 min), the desired N-benzylaniline is not yet visible. After
4 h reaction, an aniline conversion of about 57% was achieved,

Table 2. Effect of gold on the N-alkylation. Reaction conditions: aniline (1 mmol), benzyl alcohol (1 mmol), toluene (5 ml), catalyst (1 mg), Cs2CO3 (2 mmol),
temperature 100 °C, N2 flow, 4 h.

Entry R1NH2 R2OH Yield/%a

Fe3O4/AuSM
Yield/%a

Fe3O4/AuCS

1 34�0.5 >99

2 37�1.2 97�0.5

3 39�1.1 98�0.7

4 27�1.2 90�0.8

5 24�1.3 88�0.9

6 32�1.2 99�0.8

7 34�1.4 >99

8 31�1.1 >99

9 27�1.3 89�0.6

10 26�0.9 94�1.6

aReaction conditions: amine (1 mmol), alcohol (1 mmol), toluene (5 ml), catalyst (1 mg), Cs2CO3 (2 mmol), temperature 100 °C, N2 flow, 4 h.
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with the intermediate imine N-benzylideneaniline product
(signal at 30.7 min) and the desired N-benzylaniline (signal at
32.0 min) as the major product (yield of 34%�0.5). With Fe3O4/
AuSM NPs catalyst a conversion higher than 90% with a N-
benzylaniline, yield of about 54%, was achieved after 24 h,
which undergoes very small variations in the following hours. In
Figure 7, GC-MS spectra of the reaction mixture in N-alkylation
of aniline using benzyl alcohol as the alkylating agent and core-
shell Fe3O4/AuCS NPs nanocatalyst, at different times, are
shown. Also in this case, at the beginning of the reaction (t=

0 h), dominant peaks, in the first minutes, due to solvent are
visible. Minor peaks due to aniline and benzyl alcohol are also
present. After 1 h reaction, an aniline conversion of about 43%
was achieved with N-benzylaniline as the dominant product
(signal at 32.0 min). After, only, 4 h reaction under flowing N2,
an almost complete conversion of aniline was achieved. The
concentration of the intermediate N-benzylideneaniline was
now fallen to ~0 %, whereas the desired N-benzylaniline was
formed with >99% yield.

We have also explored the catalytic efficiency of the Fe3O4/
AuSM and Fe3O4/AuCS as nanocatalysts in N-alkylation of aniline
and benzyl alcohol using Cs2CO3 in presence of different
substrates.

The N-alkylation of aniline with different alcohol is shown in
Table 2 entry 1–10. When aniline was reacted with Ph� Me and
Ph� MeO substituted benzyl alcohols (Table 2, entry 2 and
entry 3) good yields, of ~97% and ~98%, respectively, are

achieved. On other hand, secondary alcohols are challenging
alkylating agents compared with primary alcohols because of
the dehydrogenation of secondary alcohols to the correspond-
ing ketones is more difficult than that of primary alcohols
(Table 2 entry 4).[105] When benzyl alcohol substituted electron-
withdrawing -Cl group reacts with aniline the alkylation results
more slowly than with primary alcohols (Table 2 entry 5). It was
observed that the rate of reaction in the presence of electron
donating groups, like methyl or methoxy (entry 7 and 8), was
faster than with milder electron withdrawing groups like
halogens (Table 2, entries 9).[50,106]

The 2-aminobenzothiazole and 2-aminopyridine N-alkyla-
tion were also analyzed using Cs2CO3 as promoter in toluene,
see Table 2 (entry 6 and 10). Yield of about 99% was achieved
in the N-alkylation of 2-aminobenzothiazole, whereas yield of
94% was obtained in the N-alkylation of the 2-aminopyridine
molecule because of its different electrophile behavior.[50,57]

As far as N-alkylation of aniline, using alcohols as alkylating
agent, is concerned, see Table 3, it is evident that high activity
and fast kinetic can be achieved, requiring, especially in the
case of heterogeneous catalysis, temperatures higher than
140 °C.[26,32–39,43,46,50–59] The high conversion achieved in short
time by small amount of our nanoparticles, that can be easily
separated thanks to the magnetic component, suggests a
catalytic behavior approaching homogeneous catalysis.

Figure 6. GC spectra of reaction mixture in N-alkylation of aniline with benzyl alcohol at different time using snowman like Fe3O4/AuSM NPs. Reaction
conditions: aniline (1 mmol), benzyl alcohol (1 mmol), toluene (5 ml), Fe3O4/AuSM (1 mg), Cs2CO3 (2 mmol), temperature 100 °C, N2 flow. Pretreatment on
anhydrous Na2SO4 and dried under vacuum. For the GC: maximum temperature of 180 °C.

Full Papers

525ChemistryOpen 2019, 8, 520–531 www.chemistryopen.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Montag, 29.04.2019

1904 / 134489 [S. 525/531] 1

https://doi.org/10.1002/open.201900104


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

2.2.2 FT-IR Spectroscopic Studies

In particular, in the Fe3O4/AuCS@OA spectrum (Figure 8a),
typical peaks at 637 and 590 cm� 1 are present due to the bonds
ν1 (Fe� O) and ν2 (Fe� O).[107] In the IR spectrum of the Fe3O4/
AuCS@OA, the presence of oleic acid as a capping agent on the
surface is confirmed by the peaks at 1540 cm � 1 and 1660 cm� 1,
due to the asymmetric νas(COO

� ) and the symmetric νs(COO
� )

stretch, indicating the bonding of the carboxylic acids on the
nanoparticles surface.[70] On the other hand, no peaks from free
carboxyl groups can be observed. The characteristic peaks of
the oleic groups in the 2850–3000 cm� 1 region can be also
seen.

The FT-IR spectrum of the reaction mixture after catalyst
separation through a magnetic field and an hour of reaction
using Fe3O4/AuCS@OA N-alkylation nanocatalyst, see Figure 8b,
shows the typical peaks of N-benzylaniline C� H bending at
692 cm� 1 and 750 cm� 1. The C� C stretching and NH2 scissoring
of N-benzylaniline are visible at 1507 cm� 1 and 1602 cm� 1.
Bands due to C� N stretching can be seen in the range 1000–
1400 cm� 1. The band at 3419 cm� 1 can be assigned to the N� H
stretching of N-benzylaniline, while the vibrational band at
1727 cm� 1 suggest the presence of free oleic acid in the
reaction medium, likely evidencing that the reactive process
was analyzed at an intermediate state. The bands at wavelenght
close to 3000 cm� 1 can be attributed to C� H stretching coming

from the organic molecules present into the analyzed mixture.
Very weak bands from N-benzylideneaniline, e.g at 649 cm� 1

and 762 cm� 1, can be also detected. On the other hand, the
spectrum of aniline (bands indicated by the blue arrows in the
Figure 8b) is practically superimposable to that of N-benzylani-
line, making difficult through FT-IR the identification of the two
species, as evaluated by GC-MS, also due to the broadening of
many bands that, indeed, suggests their contemporaneous
presence.

The spectrum of N-benzylaniline recorded at 4 h, which is
more resolved after 4 h (Figure 8c) suggests the almost
complete conversion of the reagent in N-benzylaniline.

2.2.3 Recyclability of the Nanocatalysts

We have studied the recyclability of both nanocatalysts for the
N-alkylation of aniline, 2-aminobenzothiazole and 2-amino-
pyridine, using benzyl alcohol as alkylating agent. The nano-
catalysts can be easily recovered from the reaction medium just
applying an external magnetic field, and then washed with
distilled water and acetone. It was then dried and used for new
runs. As we can see from Figure 9, the nanocatalysts can be
successfully recycled ten times without any appreciable loss in
the catalytic activity. This is likely due to the efficiency of the
magnetic separation process. The weak decrease in product

Figure 7. GC spectra of reaction mixture in N-alkylation of aniline with benzyl alcohol at different time using core-shell Fe3O4/AuCS NPs. Reaction conditions:
aniline (1 mmol), benzyl alcohol (1 mmol), toluene (5 ml), Fe3O4/AuCS (1 mg), Cs2CO3 (2 mmol), temperature 100 °C, N2 flow. Pretreatment on anhydrous
Na2SO4 and dried under vacuum. For the GC: maximum temperature of 180 °C.
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yield could be attributed to a small loss of the catalyst during
the recycling process and a weak reduction of the catalytic
activity due to uses.

2.2.4 Reaction Mechanism

A possible reaction pathway, taking the reaction shown in
Figure 5 as a model, is presented in Figure 10.

First of all, in order to confirm the reaction mechanism, an
experiment was performed under an excess of benzyl-alcohol
(molar ratio benzyl-alcohol/aniline equal to 3 :1.5) and by using
Fe3O4/AuCS@OA or Fe3O4/AuSM@OA as catalyst, which allowed
to observe the formation of the relative aldehyde (GC-MS
evaluated, retention time 8.4 min, after 4 h), together with small
amount of benzyl benzoate (retention time 34.7 min), suggest-

ing that a borrowing hydrogen is active in the process.[108] The
contribution of the base during the dehydrogenation step to
form the alkoxide is evident, see Table 1. Indeed, the base helps
the Lewis acid behavior of the surface in the deprotonation of
the alcohol,[59] since the reaction proceeds slowly without base.
We believe that the reaction proceeds with the transitory
formation of catalyst surface hydride species (Schemes in
Figure 10 for a possible reaction mechanism and Figure S1 for
FT-IR spectrum of the Fe3O4/AuCS@OA NPs after 1 h reaction).
To establish that the process involves the formation of the
hydride, an additional experiment was performed in the
absence of amine. The mixture after 1 h of reaction in presence
of Fe3O4/AuCS@OA was analyzed by FT-IR. The intermediate
formation of Au� H species in the FT-IR spectral range of 2125–
2130, peak at about 2132 cm� 1,[109,110] can be observed, see
Figure S1. Although, the peak is weak, it can be assigned to the

Table 3. Literature survey of N-alkylation of amine with alcohols.

Catalyst catalyst/solvent/
mg/ml
per 1 mmol of
amine

catalyst
/mmol

Reaction
Temperature/°C

Time
/h

Base/
ligand
or other

Conversion
/%

Selectivity
/%

Yield
/%

Alcohol/amine Ref.

Ru complex 5.05 0.025 110 24 K2CO3/li-
gand

100 – – Phenethyl alcohol/
tert-butylamine

[26]

Co Complex 2.54 0.01 ~100 48 ligand – up to 99 98 Benzyl alcohol/aniline [32]

PdCl2 0.355 0.02 100 15 base/li-
gand

100 – 96 Benzyl alcohol/aniline [33]

[Cp*IrCl2]2 0.192 0.005 110 17 NaHCO3 – 94 Benzyl alcohol/aniline [34]

Ru complex – 0.04 65 48 ligand >99 75 74 Benzyl alcohol/aniline [36]

NiBr2 8.92 0.025 130 48 BuOK/li-
gand

99 – 96 Benzyl alcohol/aniline [37]

Ir complexes 0.54 0.03 110 5 KOt-Bu 99 – – Benzyl alcohol/aniline [38]

Ir complexes 0.3 mol% in
0.3 ml toluene

0.003 100 4 ligand 99 – – Benzyl alcohol/aniline [39]

Mn pincer
complexes

3 mol% in 2 ml
toluene

0.01 80 24 t-BuOK 91 – 78 Benzyl alcohol/aniline [40]

NaOH – 1 220 6 NaOH 99.6 99.5 – Benzyl alcohol/aniline [35]

Pd/Fe2O3 (Pd 2.28 wt.%) 0.15 160 2 100 94 90 Benzyl alcohol/aniline [22]

Au/ZrO – 1.5 mol% of
Au

110 22 – – 94 80 Benzyl alcohol/aniline [42]

Au/Al-MIL53 24.7 (Au
2.5 wt.%)

0.18 110 22 Cs2CO3 – – 16 Benzyl alcohol/aniline [45]

Au/Al-MIL53 24.7 (Au
2.5 wt.%)

0.18 130 48 Cs2CO3 – – 48 Benzyl alcohol/aniline [45]

Ag/Al2O3 22 (Ag 2.4 wt.%) 0.309 120 19 Cs2CO3 >99 >99 >99 Benzyl alcohol/aniline [46]

Ag@Al2O3 4 ( Ag 1.5 wt.%) 0.095 100 10 Cs2CO3 99 – 96 Benzyl alcohol/aniline [49]

Pd/MgO 0.8 (Pd 0.8 wt.%) 0.680 180 0.25 – 99 – 79 Benzyl alcohol/aniline [50]

Ni/θ-Al2O3
a 8 (Ni 5 wt.%) 0.01 144 3 – 100 – 99 Benzyl alcohol/aniline [51]

Cu-
AcTp@Am� Si-
Fe3O4

b

0.8 (Cu 0.8 wt.%) – 100 10 KOH 98 100 – Benzyl alcohol/aniline [52]

Al-MCM-41 c – – 300-400 – – Total >70 – Methanol/aniline [53]

Pd(AlO(OH) 17 (Pd 3.5 wt.%) 0.02 90 18 – – – 84 Benzyl alcohol/2-phe-
nylethyamine

[54]

CuO 0.8 0.03 110 12 K2CO3 – – 88 Benzyl alcohol/aniline [55]

Au/TiO2-VS 1.3 (Au 1.2 wt.%) 0.5 mol% of
Au

120 14 Cs2CO3 >99 – 92 Benzyl alcohol/aniline [56]

Au/TiO2-VS 4787 (Au
0.02 wt.%)

0.0083 mol
% of Au

180 96 solvent
free

>99 – 98 Benzyl alcohol/aniline [56]

Fe3O4 18.6 0.040 90 168 (CH3)3COK – – 88 Benzyl alcohol/aniline [57]

Fe-HMS d 10 (Fe 0.39 wt.%) – 150-170 1.5 DABCO
base

99 90 – Benzyl alcohol/aniline [58]

Fe3O4@Au 0.2 0.005 100 4 Cs2CO3 >99 >99 Benzyl alcohol/aniline This
work

a pre-reduced at 500 °C under a flow of H2 for 0.5 h; b aerobic N-alkylation; c tubular stainless steel, continuous flow mixed-bed microreactor; d microwave
irradiation (300 W max. power output); e air atmosphere.
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presence of gold-hydride intermediated species. Similarly to
what happens in homogeneous catalysis, a role of the ligand
chains of OA, forming complexes with the nanoparticles surface,
cannot be neglected. A cooperative mechanism due to
generation of coordinative functionality, similar to unsaturated
metal centers, followed by a simultaneous carboxylic protona-
tion (see the previous FT-IR analysis paragraph), which helps
the continuous base regeneration, probably occurs.

A scheme of the possible reaction pathway is shown in
Figure 10 c. The removal of a hydrogen from the alkoxide (A), to
form hydride with the catalyst surface, leads to the formation of
the carbonyl compound (B). The carbonyl compound quickly

reacts with a primary amine to form the corresponding imine
(C). Finally, it is then reduced by the catalyst, hydrogen is
transferred back to the imine to yield the corresponding
secondary amine (D) and restituting the catalyst OA complex.

Although, in the two catalysts, the components are the
same, i. e. magnetite and gold, the catalysts morphologies and
exposed surfaces are different. The high activity and selectivity
showed by the catalysts can be ascribed to the small
dimensions, high surface area, absence of diffusion limitation
and homogeneous dispersion, together with the surface
properties and the presence of the base. In particular, during
the amine formation the small size of the Au NPs[51,111] and
electron transfer through the Au NPs to the imine favor the
subsequent hydrogen transfer.[112]The kinetic of the snowman-
like catalyst, which results better than that shown by magnetite
alone,[58] can be attributed to the nanosize of the catalyst, the
cooperative mechanism between base and surfactant inducing
additional surface coordinative functionality, and to the hetero-
junction between the different work-function of the Au and
magnetite components, which allows electron flow from the
Fe3O4 to Au enhancing the Lewis acid behavior of the Fe3O4

surface. On the other hand, the catalyst at the same time shows
a lower selectivity. Moreover, core-shell NPs, exposing a gold
surface to the reaction medium, show higher selectivity to
amine[113] in the a-polar solvent used, and this is because of
their more pronounced nucleophile nature, influencing the
selectivity and thus activity of the catalyst. An additional
experiment performed with gold alone led to a yield reduction
(40% reduction after 4 h), confirming the role of magnetite core
in enhancing surface electron donating behavior. This is
because the rate limiting step in the formation of the amine
from imine was the hydride transfer via metal-hydride inter-

Figure 8. FT-IR spectra in the range 4000–500 cm� 1 of: Fe3O4/AuCS@OA NPs
(a); reaction medium at 1 h (b); reaction medium at 4 h (c).

Figure 9. Recycling efficiency of Fe3O4/AuSM (a) and of Fe3O4/AuCS (b) in the
N-alkylation of amines.
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mediates (borrowing hydrogen)[51,57,114,115] to reduce imine,
which increases the selectivity of the process[43] and, at the
same time, releases the active sites of the catalyst.

3. Conclusion

Two new nanocatalysts, based on gold and magnetite, stable in
reaction media and easily recoverable and recyclable were
designed and tested for N-alkylation of amines using alcohols.
HRTEM images of the snowman-like Fe3O4/AuSM NPs show that
they are characterized by a quasi-spherical Fe3O4 NPs (about
9 nm diameter) supporting Au NPs (~2 nm diameter). Fe3O4/
AuCS core-shell NPs are constituted of nanoparticles with an
average diameter of ~10 nm coated with a layer of ~2.5 nm of
crystalline Au.

Benzyl alcohol and aniline did not form any products in the
absence of catalyst. The surface behavior of nanoparticle and

the addition of a Cs2CO3 base promoter are fundamental to
obtain yields up to a value higher than >99% in toluene. The
high activity and selectivity showed by the catalysts can be
ascribed to: small dimensions; high surface area; absence of
diffusion limitation and homogeneous dispersion; a ligands
cooperation mechanism, due to generation of unsaturation on
metal surface in the presence of the base. Core-shell NPs show
higher activity because of their more pronounced nucleophile
nature, influencing the activity and selectivity of the catalyst.
Indeed, the rate limiting step in the formation of the amine
from imine was the hydride transfer via metal-hydride inter-
mediates (borrowing hydrogen) to reduce imine, which in-
creases the selectivity of the process] releasing the catalyst
active sites.

The nanocatalysts can be easily recovered from the reaction
medium just applying an external magnetic field and success-
fully recycled ten times without any appreciable loss in the
catalytic activity, likely due to the efficiency of the magnetic
separation process. It is worth noticing, that the method for N-
alkylation chosen is atom-economic and environmental friendly,
as alcohols are abundant and water is the only by-product. This
paper is, also, a proof of concept of the possibility to use new
nanocatalyst synthesis approaches, based on the combination
of self-dispersible active species and magnetic components, for
a catalysis between homogeneous and heterogeneous.
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