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ABSTRACT

In this research study, the Fe;0,@SiO,@CS@ PO(OH),/Cu(ll) core-shell
nanoparticle serves as a highly effective magnetic catalyst. Benzylamine
and ammonia were employed as the amination agents. The optimization
process studied various factors, including the presence and kind of a base,
reaction temperature, time of reaction, type of transition metal, and
amount of catalyst to identify the most favorable parameters. The optimal
conditions were observed when using 0.35 mmol of catalyst liganded to
Cu(Il) under reflux conditions for a duration of 5-24 h corresponding to
the substrate in the presence of K,COs. The results of the study revealed
that electron-donating groups have a positive impact on the reaction rate,
whereas electron-withdrawing groups, such as nitro, negatively influence
the overall yield. It offers exceptional practicality in organic chemistry and
industrial applications, primarily due to the ease of separating the catalyst
using an external magnetic field, its stability, and its ability to be reused
multiple times.
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Catalyst optimization; Alcohol.
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1. Introduction

Nitrogen-containing compounds, particularly amines, and their derivatives play a crucial
role as versatile foundational units for diverse organic molecules and act as precursors to a
range of biologically active compounds [1-3]. Synthetic organic chemists are fascinated by
the formation of carbon—nitrogen bonds due to their broad applicability [4]. The progress in
this field significantly contributes to generating a diverse range of organic molecules and
bioactive compounds. In response to the growing demand for these compounds, various
synthetic methods have been established, encompassing the Buchwald-Hartwig reaction [5],
Ullmann reaction [6], Hofmann alkylation [7], hydrogen transfer processes [8],
hydroamination [9], amination or hydroamination of alkenes and alkynes [10], amine
production through the reduction of carbonyl compounds [11], and reduction of nitriles and
nitro compounds [12]. However, these techniques present unique challenges, including the
requirement for aryl/alkyl halide activation, the use of hazardous reagents, and dependence
on potent reducing agents, all contributing to unfavorable environmental consequences. The
development of efficient and practical catalytic systems for alcohol amination represents a
significant leap towards more sustainable and environmentally conscious synthetic processes
[13]. The process involves the transfer of hydrogen from alcohol to amine via the oxidation

of alcohol to aldehyde, followed by amine formation and the reduction of imine.

Numerous transition-metal-based catalysts for the amination of alcohols have been
investigated in the context of this oxidation/imination/reduction sequence [14]. Most of these
catalysts are homogeneous, based on ruthenium [15-18], rhodium [19], platinum [20, 21], and
iridium [22-24]. Despite the effectiveness of reported homogeneous catalysts in facilitating
this reaction, they pose significant drawbacks, notably being more expensive and
nonrecoverable. Exploring heterogeneous catalysts in the synthesis of specialty chemicals has

emerged as a significant research focus. This interest stems from the potential benefits of
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these materials, including simplified recovery and reusability, along with the possibility of

using inexpensive transition metals [25].

The findings clearly demonstrate that the incorporation of transition metals, such as Cu
[26, 27], Fe [27, 28], Co [29], plays an essential role in facilitating the conversion of alcohols
into amines .Within this category of catalysts, combinations of Cu-based metal precursors
and ligands have emerged as potent catalytic systems, offering cost-effectiveness and
selectivity, particularly in the production of primary amines using ammonia as the nitrogen
source. Noteworthy catalysts employed in recent iterations of this reaction include copper-
aluminum hydrotalcite NCM@EDTA/Cu(ll) [26], Cu(OH)«/TiO, [30, 31], CuAI-HT/K,CO3
[32], NiCu/Al,03 [33], CuO-NiO/y-Al,03 [34], Cu(OH),/Al,03 [35], Cu-Fe [36], Co/y-Al,O3
[37], Ni/AISiO, Ni/LaO and Ni /LaAISIO [38], MgO/Hap [39] and iron-based heterogeneous

catalysts [40].

The phosphate group exhibits remarkable ligand compatibility with transition metals,
particularly displaying rapid and intriguing binding when in association with these metals.
Recognizing the impact of these intermediary metals, the Fe3O,@SiO,@CS@POCI;.x
nanocomposite emerges as an advanced catalyst featuring a distinctive multilayered core-
shell structure. Developed by our research group, this composite comprises layers beginning
with an initial coating of iron oxide nanoparticles supported on silica, followed by chitosan,
and ultimately, NCP@ POCI,.x [41]. Its primary application lies in the conversion of alcohols
into alkyl halides. Notably, NCP@ POCI,.x readily transforms into PO(OH), in the presence

of trace amounts of water.

For simplicity, we will refer to this catalyst as NCP@PO(OH),, representing
Fe;0,@Si0,@CS@PO(OH),. This catalyst holds significance due to its ease of separation

from the solution with a magnet and its stability in the reaction environment, attributed to the
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attached functional groups facilitating fast and stable ligand binding to transition metals. The
synthesis of this catalyst is straightforward, and it has not been previously utilized in organic
syntheses. In our research, we found it to be a practical and cost-effective tool for
synthesizing amines. We employ it to convert alcohols, using NCP@POCI,.x, Cu(ll)
solution, and a base as catalysts. Utilizing a catalyst in alcohol amination offers advantages
such as recyclability, easy separation with a magnet, a simple synthesis process, and excellent

selectivity. These qualities make it an attractive option for both researchers and industries.
2. Experimental

2.1. Catalyst Preparation: NCP@PO(OH),/Cu(ll)

All material purchased from Merck company. The catalyst preparation method for NCP@
POCl,« as previously reported [42], can be summarized as follows: Chitosan (2.5 g) is
initially converted into a gel form using a 2% acetic acid solution and then sonicated for 3h.
Simultaneously, in another container, Fe30,@SiO; (2 g) [42] is mixed with CTAB salt (2.5
g) in deionized water. Then, the prepared chitosan gel is added to the above solution, and
glutaraldehyde (30 pl) is introduced as a cross-linking agent for chitosan. Subsequently,
@POCI,.x monohydrate (0.87 g) is added to the container contents, and the mixture is stirred
for 5h. Following this, NCP@POCI,.x is separated and, after washing with water, it is dried
under vacuum conditions for 24h at 50°C. In continuation, 1.0 M copper nitrate solution (20
mL) is added to 1g of NCP@PO(OH), and left to equilibrate at room temperature for 24h.
Finally, under the influence of an external magnetic field, the nanoparticles of

NCP@PO(OH), /Cu(ll) are separated. After washing with water, they are dried at 50°C.

2.2. Alkylation of Benzyl Amine with Ammonia or Benzyl Alcohol Derivatives Using

NCP@PO(OH),/Cu(ll) Catalyst
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In alkylation method, NCP@PO(OH),/Cu(ll) (0.93 g, 0.35 mmol), the relevant benzyl
alcohol (1 mmol) or ammonia (1 mmol), and benzylamine (3 mmol) are mixed together in the
presence of 10 ml of acetonitrile as a solvent in a round-bottom flask. The mixture is heated
and refluxed under argon gas conditions at 80°C for 3 to 24h . the time related to substrate.
Conversion and product yield are examined via Thin-layer chromatography (TLC), and the
final purification is conducted. The NMR spectrum is compared to a standard sample. All the
products are known compounds, and the NMR spectrum characteristics of the products listed

in Table 2 are provided:
1. Dibenzylamine: Table 2, entry 1. *H NMR (CDCl3) 8(ppm) = 6.12 (m, 10H), 3.69 (s, 4H).

2. N-Benzyl-N-(4-methoxybenzyl)amine: Table 2, entry 3.'"H NMR (CDCls) &(ppm) = 7.62-

7.15 (m, 9H), 3.87 (s, 4H), 3.77 (s, 3H), 1.76 (s, 1H).

3. N-Benzyl-N-(4-nitrophenyl)amine: Table 2, entry 4. *"H NMR (CDCls) §(ppm) = 8.16 (d,

2H), 7.41-7.17 (m, 5H), 6.65 (d, 2H), 4.78 (s, 1H), 4.66 (s, 1H).

4. N-Benzylheptan-1-amine: Table 2, entry 5."H NMR (CDCls) 8(ppm) = 7.52-6.17 (m, 5H),

3.49 (d, 2H), 2.81 (s1, H), 1.58 (m, 2H), 1.36 (m, 2H), 0.90 (m, 3H).
3. Results and discussion

The phosphoric functional group has taken our interest in the field of chemistry, prompting
us to conduct a more detailed examination of the recently reported NCP@POCI,.«. FESEM of
the catalyst represented in Figure 1. It shows that the presence of the phosphate group leads
to an increase in the size of nanoparticles in comparison to the core-shell catalyst, which
involves the Fe;O,@SiO,@Chitosan layer, exhibiting an average size of 190 nm. In contrast,
the NCP@POCI,.« configuration reveals nanoparticles with a larger average size, measuring

236 nm. This size variation could potentially influence the catalytic properties and overall
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performance of the NCP@POCI,. catalyst, and further exploration is warranted to understand

its implications in chemical processes.
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Fig. 1. FESEM image of (a) NCP (b)NCP@POCI,.

To improve the synthesis of the second type of amines, our initial investigations focused
on examining the amination of benzyl alcohol with ammonia. We initiated this reaction using
the NCP@POCI,. catalyst. Various parameters were accurately studied, including the choice
of base, the type of transition metal, the reaction duration, temperature, and the quantity of

catalyst used.

The experiments were conducted using K,COj3 as the base at a temperature of 80°C.
Optimization results revealed that the inclusion of a reducing agent, such as NaBH,, in the
reaction completion and reduction step significantly improved the reaction yield (Table 1,
entry 4). However, in the absence of a reducing agent, the reaction still proceeded but
required an extended duration and the major product is the oxidation product. The presence
of another transition metal (Co(ll)) was also studied, and the results indicated that the
reaction could proceed with the catalyst serving as a ligand for Co(ll), but a higher

conversion yield was obtained in the presence of Cu(ll) (Table 1, entries 4-7). In the presence
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of Co(ll), some benzyl aldehyde is produced as a byproduct because the conversion of Co(ll)
to Co(l) occurs more slowly than Cu(ll) to Cu(l). Therefore, our focus remains on
NCP@PO(OH),/Cu(ll). The optimal result was achieved using 0.35 mmol of
NCP@PO(OH),/Cu(ll) catalyst per 1 mmol of benzyl alcohol at 80 °C, under reflux
conditions for 7 h, resulting in a 90% conversion (Table 1, entry 9). We recognize that a
significant portion of @POCI,.« transforms into @PO(OH); in the presence of water. Due to

this observation, entries 4 to 8 in Table 1 prompted us to rename the catalyst as @PO(OH)..

Table 1. Optimization of alcohol (1 mmol) to amine conversion in the presence of NCP@PO(OH),/Cu(ll)

OH Cat. NH,
+ NH; ——
CH;CN, reflux

catalyst.

Entry | Amount | Catalyst (type) Base/ Time(h) | Yield of Yield of
of reducing benzyl | benzaldehyde
Catalyst agent amin as a by-
(mmol) (%) product (%)
1 0.4 NCP@ POCl,. - 24 - 0
2 1 NCP@ POCl,., /Cu(ll) - 24 - 65
3 1 NCP@ PO(OH),/Cu(ll) K,CO;s 5 90 10
4 1 NCP@@PO(OH),/Cu(ll) K,CO4/NaBH, 3 100 0
5 1 NCP@PO(OH),/Co(ll) K,COs/NaBH, | 24 93 0
6 1 NCP@PO(OH),/Cu(ll)+Co(ll) | K,COs/NaBH, | 24 87 0
7 1 NCP@PO(OH),/ Co(ll) K,CO; 24 85 15
8 0.5 | NCP@PO(OH),/Cu(ll) K,COs, 5 100 0
9 0.35 | NCP@PO(OH),/Cu(ll) K,CO;4 7 90 0
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Titration studies, employing a standard Mg®* solution with the Eriochrome Black T (EBT)
indicator, indicated that each gram of the NCP@POCI,. catalyst contains approximately 4.0
mmol of phosphate group. Consequently, the optimized 3.5 mmol catalyst base on phosphate
functional group approximately is 0.87 g. The addition of copper ions results in the

coordination of phosphate ligands with copper ions, forming complexes.

We explored reactions involving benzyl alcohol derivatives with various functional groups,
encompassing both electron-withdrawing groups like nitro and electron-donating groups like
methoxy in the presence of ammonia or benzyl alcohol. The findings indicated that the
presence of electron-donating groups in the benzyl ring enhanced the reaction rate, whereas
the inclusion of electron-withdrawing groups, such as nitro, diminished the reaction rate and
necessitated a longer reaction time. Furthermore, the overall yield decreased in cases with
electron-withdrawing groups (Table 2, entries 3,4). The results also clearly showed that in the
presence of ammonia, the reaction was carried out with a higher yield compared to benzyl

amine.

In the case of aliphatic alcohols, there was a notable decrease in the conversion rate and
overall yield, with aliphatic alcohols generally exhibiting lower yields compared to benzyl
alcohols (Table 2, entry 5). This can be attributed to the increased complexity associated with
generating carbonyl intermediates from aliphatic alcohols. The results of these investigations

are summarized in Table 2.
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Table 2. Conversion of various alcohols in terms of structure in the reaction with ammonia or benzylamine in

the presence of the NCP@@POCI,.x /Cu(ll) catalyst.

Entry | substrate Amin Product Time(h) | Yield (%)
1 ©/\OH Benzyl amin ©N© 10 89
H
Ammonia ©/NH2 7 90
2 /©/\OH Benzyl amin /@N© 8 92
H
H;C H;C
Ammonia /@fNHZ 5 93
H;C
3 @AOH Benzyl amin ©N© 8 89
H
OMe MeO
Ammonia /©/\NH2 5 90
MeO
4 /@AOH Benzyl amin /@%N@ 24 70
H
O,N O,N
Ammonia /©/NH2 24 76
O,N
5 A "oH | Benzyl amin /\/\/\/\N@ 24 65
Ammonia NN, 24 60

While this method requires relatively high reaction temperatures and additional amounts of

amines, the use of the cost-effective and heterogeneous catalyst NCP@PO(OH),/Cu(ll),

instead of expensive and non-recyclable homogeneous catalysts, offers the advantage of easy

separation in the presence of an external magnetic field. It demonstrates the versatility of the
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process in converting various aliphatic and benzylic alcohols containing both electron-
donating and electron-withdrawing groups into amines. The presence of ammonia slightly

accelerates the reaction time with almost equal conversion yield.

The reaction mechanism involves the conversion of alcohol into a carbonyl compound,
followed by the formation of an imine between the amine and the newly generated carbonyl,

which is then subsequently reduced.

The phosphate groups in the catalyst exhibit a remarkable ability to fast form a complex
with Cu(ll) ions, creating the catalytic ensemble NCP@ PO(OH),/Cu(ll). This cooperative
interaction facilitates the conversion of Cu(ll) to Cu(l) and vice versa, occurring seamlessly
within the framework of the NCP@ PO(OH), catalyst (Figure 2). During research into the
role of a base in alcohol amination, reactions shown without a base resulted in no observable
product formation. This observation suggests that the oxidation step likely proceeds through
alkoxide formation, involving the dissociation of a proton from the alcohol in the presence of

a base and its coordination with the copper center in NCP@ PO(OH),/Cu(ll).

The amino groups linked to chitosan in the catalyst play a crucial role in enhancing
reaction Kinetics and facilitating the elimination of hydrogen from the alkoxy intermediate.
This process ultimately aids in the in-situ preparation of aldehyde and subsequent imine
formation. This enhancement enables the reaction under mild alkaline conditions.
Subsequently, copper alkoxy intermediates undergo conversion to amine products, revealing
a dynamic process involving the reversible transformation of Cu(l) to Cu(ll), facilitated by
the catalyst's structure. The PO(OH), ligand, along with the hydroxyl and amino groups
linked to chitosan in the nanostructured catalyst, establishes an environment favorable for the

easy variety of the oxidation state of the Cu ion. Essentially, the presence of PO(OH),
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simplifies the conditions required to revert Cu(l) to its Cu(ll) oxidation state. The reaction

mechanism is depicted in Figure 2.

/4
NCP@P 11y o o1
Cl or OH
R-CH, OH O< -2 R-CH,-NH-CH,-Ph
_ S~ e or RCH,NH,
NCP@P - 0", 7Cu--0 7 P@NCP A
“, R
70 o
o)
< R/
S ~o - (l), . s ///c
NCP@P g 0 - = =~ O B> P@NCP
Vv gy |~ |
70 H 0
R.CH-O PhCH,NH, ) R-CH=N-CH,-Ph
N or NHj or R-CH=NH,

Fig. 2. Proposed Mechanism for the Reaction of Alcohols with Amines in the Presence of the NCP@ PO(OH),
/Cu(ll) Catalyst.

The NCP@P PO(OH),/Cu(ll) catalyst can be easily separated from the reaction mixture
with the aid of an external magnetic field. After recovery, the catalyst underwent washing
with acetone, ethanol, and water sequentially, followed by drying at 65 °C. This recovered
catalyst was then employed in subsequent cycles to assess its reusability and effectiveness, as

detailed in Table 3.
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Table 3. Catalyst recovery in the reaction of methoxybenzyl alcohol and benzyl amine
/©/\0H ©/\ NH, NCP@PO(OH),/Cu(Il) @/\ N /\©
+ + o H
MeO CH;CN/K,CO,/80C°  MeO

Entry  Recovery Steps Yield (%)

1 first 89
2 Second 85
3 third 80
4 forth 65

In conclusion, the NCP@PO(OH),/Cu(ll) catalyst demonstrates its efficacy in the
amination of benzyl alcohols, yielding a high conversion rate under optimal conditions. This
catalytic system shows considerable potential in organic chemistry, presenting advantages
like facile catalyst separation through an external magnetic field, stability in the reaction

environment, and straightforward recyclability.
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