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Plentiful tertiary amine derivates are synthesized by direct
formation of tertiary amine by interaction of aldehydes with
secondary amines over Pt nanowires under mild conditions. This
method offer a green and rapid approach to transform secondary
amines into various tertiary amines.

The synthesis of nitrogen-containing compounds is a
fundamental process in organic chemistry.m Especially, tertiary
amines have drawn much more research interest around the
world, by their applications in
pharmaceuticals, dyes, biologically compounds and functional
materials.>® Numerous catalytic and non-catalytic procedures
for synthesis of tertiary amines have been reported, for

reason of extensive

example, 1) N-alkylation of amines/nitroarenes with
aIkylhaIides/alcohols,[G'm] 2) amination of arylhalides[“"lgl and
3) hydroamination of unsaturated hydrocarbons with

(1418 Most of conventional

amines. methods have many
shortcomings, such as, environmental pollutions arose from
the usage of halides, relatively low yields and poor selectivity
of desired tertiary amines. On the other hand, few reports are
available for the preparation of tertiary amines through direct
reductive amination from aldehydes with secondary amines.
Ruthenium (I) catalyst was utilized for reductive amination of
aldehydes with amines, which could give a decent yield of
tertiary amines, but 50 bar hydrogen working pressure was
essential.*”? Additionally, Wiebke demonstrated a method for
amination of aldehydes with secondary amines in a long
reaction time (even up to 72h) with a general yield (56%-
86%).[18] These harsh reaction conditions and low vyields of all
above-mentioned methods are not appropriate for industrial
production. Therefore, it is found that a highly efficient
reaction system which is convenient to extract the high-yield
goal products is challenging.
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In our previous work, we demonstrated that Pt NWs showed a
high catalytic activity and selectivity towards the
hydrogenation of aromatic compounds, carbonyls, nitro-
compounds and reversible hydrogenation-oxidative
dehydrogenation of quinolines.[19'23] Moreover, our group
obtained tertiary amines from hydrogenation and deamination
of nitriles with excellent yields.m] Besides, Nishimura has ever
reported related contents about the formation of tertiary
amine®. several heterogeneous catalyst were successfully
applied in the formation of tertiary by reductive alkylation of
secondary amines with carbonyl compounds. Inspired by these
works, we assumed that the nitriles could be substituted with
aldehydes to form tertiary amines, because the aldehydes can
be easily obtained and much more cheap. Therefore, this
reaction system could meet the demand of industrial
production.

Hence, we report a heterogeneous catalytic system which is
extremely effective in the direct formation of tertiary amine by
interaction of aldehydes with secondary amines over ultra-thin
Pt NWs catalyst. And it proves to be much faster and more
eco-friendly than that in previous researches. Due to the
prominent stability which can be easily recovered and recycled
with no loss of catalytic activity and the exceptionally high
catalytic activity, Pt NWs catalyst with no supports could meet
all the requirements for green chemistry under mild reaction
conditions. Pt NWs as heterogeneous catalyst have important
advantages in separating products and recycling without any
loss of activity, in stark contrast to most supported
nanocatalysts and homogeneous metal catalysts.

Scheme 1. The formation of tertiary amine by interaction of benzaldehyde with
piperidine catalysed by Pt NWs.

To confirm the feasibility of our concept, ultra-thin Pt NWs
catalyst was synthesized through acidic etching of FePt NWs,
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followed by repeated centrifugation and washing for several
times with methanol,ml the ultimate prepared material was
dispersed in methanol for further use. No Fe element was
detected by inductively coupled plasma (ICP) analysis (the
content of Fe element is 0) indicating that Fe was completely
removed from the FePt NWs. TEM and HR-TEM images
indicate that the diameter of NWs is approximately 1.5 nm and
several micrometers in length (see the Supporting
Information). At the beginning of this study, benzaldehyde and
piperidine were selected as the model reaction substrates to
assess the possibility of hydrogenating aldehydes with
secondary amines to obtain tertiary amines (Scheme 1). As
shown in Scheme 1, 1-benzylpiperidine was the major product
and phenylmethanol was the main side product. Many control
experiments were carried out to optimize the reaction

product were obtained. Among all solvents we used, ethanol is
the most appropriate solvent for this reaction because it is
environmentally friendly and effectively free as well as high
yield. Furthermore, worse results were observed when this
reaction was performed with platinum nanorods (Pt NRs)ml
and platinum nanoparticles (Pt NPs)[23] as catalysts (Table 1,
entries 11-12). As expected, no hydrogenated products were
observed without catalyst or hydrogen. Commercial Pt/C
catalyst was also used to draw a comparison to Pt NWs
catalyst (see the Supporting Information). As a result, it was
demonstrated that Pt NWs and H, were essential for
interaction of aldehydes with secondary amines (Table 1,
entries 13-14).

Table 2. Pt NWs catalyzed reductive amination of different aldehydes with piperidine.’

conditions. Conv.” yield.”
Entry Substrate Product %) %)
0 0
Table 1. Optimization of reaction conditions for the formation of tertiary amine by
interaction of benzaldehyde with piperidine.” 1 @CHO @AI\O 91 82(79)
Entry Solvent Catalyst T(°C)  Conv.”(%)  Select.” (%) ) \©/CHO \@D 99 90(88)
1 water Pt NWs 40 76 38
N ar JORS 100 99(96)
2 water Pt NWs 80 92 70
N
3 methanol  PtNWs 40 100 60 4 o~ )-o0 HacoJ©A @ 100 94(91)
4 ethanol Pt NWs 40 100 62 5 o )-cro SO 100 94(92)
5 ethanol Pt NWs 80 100 99
6 Br@wo . ﬁ @ 100 95(92)
6 p-xylene Pt NWs 80 100 91 O
0
7 dioxane Pt NWs 80 100 % 7 (oo 100 94(90)
8 DMF Pt NWs 80 100 95
8 QCHO @QJO 100 98(95)
9 toluene PtNWs 80 100 94 -
- 0
HO CHO
10 n-heptane Pt NWs 80 100 89 9 HO/©A 100 91(87)
H3CO. CHO HsCO. N
1 ethanol Pt NRs 80 45 2 10 HJCOQ/ choﬁ ® - .
OCH;, OCH,
12 ethanol Pt NPs 80 96 56
11 AN 100 99
13 ethanol - 80 0 0 /\/W'O
14° ethanol Pt NWs 80 0 0 12 W " N 100 98(94)
[a] Reaction conditions: benzaldehyde (1.0 mmol), piperidine (1.1 mmol) and o
solvent (2 mL) at 1 bar H, with 0.005 mmol Pt NWs for 3 h. [b] GC yield. [c] The 13 N /O\ Q\/@ 94 91(88)
reaction was performed without H,, o
14 R Q\/@ 90 90(88)
Table 1 shows the hydrogenation results of benzaldehyde with s s
piperidine under different reac?on cond:)tlons. Water was 15¢ OHC@CHO Qﬂ@ 100 95(93)
firstly used as the solvent at 40°C and 80 C under an initial
hydrogen pressure of 1 bar. The yields of 1-benzylpiperidine 0
ydrogen p y ylpip 16° ©¢ QND 30 80

were 29% (Table 1, entry 1) and 64% (Table 1, entry 2),
respectively. Also, alcohols were used as solvents in this
reaction including methanol and ethanol (Table 1, entries 3-4).
The yield of 1-benzylpiperidine could reach up to 99% in
ethanol at 80°C under a hydrogen pressure of 1 bar for 3 hours
(Table 1, entry 5). In addition, we selected p-xylene, dioxane,
DMF, toluene and n-heptane as solvents for this reaction
(Table 1, entries 6-10). However, no better yields of target

2| J. Name., 2012, 00, 1-3

[a] Substrate (1 mmol), piperidine (1.1 mmol), ethanol (2 mL), Pt NWs (0.005
mmol) and 1 bar of Hy, 80 °C, 3 h. [b] Determined by GC and GC-MS. [c] 2.2 mmol
piperidine. [d] 6 h. The numbers in parenthesis refer to the yields of isolated
products.

Under the optimal reaction conditions (Table 1, entry 5), we
proceeded to explore the scope of this catalytic reaction using
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a series of para, meta, ortho-substituted aldehydes as
substrates with piperidine. The results of these scoping
experiments are summarized in Table 2. As shown in Table 2,
different substituted aldehydes reacted with piperidine to
form corresponding tertiary amines under 1 bar H, in ethanol
for 3 hours. The hydrogenation of o-, m-, p-substituent
benzaldehydes with piperidine (Table 2, entries 1-10) could
afford the desired tertiary amines with high yields superior to
90%. And we can find that the functional groups showed little
influence on the formation of tertiary amines. However, the
steric hindrance of the substituents was closely related to the
yield of the target product. Substituents with smaller steric
hindrance could afford higher yield of tertiary amines (entries
1, 2, 3), o-, m-, p-methyl benzaldehyde corresponds to yields of
83%, 90%, 99%, respectively. Aliphatic aldehydes could also
give a perfect yield higher than 98% (Table 2, entries 11 and
12). Several other heterocyclic aldehydes were also employed
as substrates and gave decent results (Table 2, entries 13 and
14). Interestingly, para-tertiary amines could be received when
terephthalaldehyde was used as substrate (Table 2, entry 15).
Furthermore,
react with piperidine and gave corresponding product with a
good yield of 80% (Table 2, entry 16).

relatively inactive cyclohexanone could also

Table 3. Pt NWs catalysed reductive amination of some different kinds of secondary
amines with benzaldehyde.?

Entry Substrate Product Conv.’(%)  Select.”(%)
1 /O‘” @u 100 95(91)
2 CNH @D 100 97(94)

3 HOH ;NCNJ 100 81
4 @“H ©ﬁ”/\0 100 97(93)

H\/ mJ 100 61

Sd

<

[a] Substrate (1.1 mmol), benzaldehyde (1 mmol), ethanol (2 mL), Pt NWs (0.005
mmol) and 1 bar H,, 80 °C, 3 h. [b] Determined by GC and GC-MS. [c] 2.2 mmol
benzaldehyde. [d] 6 h. The numbers in parenthesis refer to the yields of isolated
products.

In view of these results, several kinds of secondary amines as
substrates were subjected to the reaction for the formation of
tertiary amines (Table 3). Annular secondary amines can all
provide high yields (Table 3, entries 1-4). The exceedingly
inactive diethylamine could even afford desired product with a
moderate yield of 61% (Table 3, entry 5).

This journal is © The Royal Society of Chemistry 20xx
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Fifgure 1. Time-conversion plot for the formation of tertiary amine by interaction
o benzaldehyde with secondary amine over Pt NWs catalyst (Reaction
Condition:10mmol benzaldehyde, 11mmol piperidine, 20mL ethanol, 0.05mmol
Pt NWs and 1 bar H,).

In order to get the possible mechanism of this reaction, kinetic
experiment (tenfold amount of substrates was added) was
carried out. The the
hydrogenation of benzaldehyde with piperidine was on

time-dependent conversion of
account of the GC analysis. From the Figure 1 we can see,
under the optimized reaction conditions, benzaldehyde
reacted swiftly with piperidine to form the tertiary amine with
a perfect yield of only within 30 minutes.

R,
o) R iy R
S HN—_R; PtNWs jéBNC/;L Pt NWs N—_Rs

_— = e

Ry R, M H, R, H, n

\1 Major
Pt NWs j\“ -H;0
H, R Ry

Side

Scheme 2. Proposed mechanism for the synthesis of tertiary amines.

According to the kinetic picture and Iiterature,[26'31] we have

proposed a plausible mechanism for the reaction shown in
Scheme 2. In the progress, Pt NWs played a predominant role
in activating H, and eliminating a molecular of water, making
sure this reaction could successfully conduct and offer high-
yield target products. With the purpose of certifying the
catalytic stability of Pt NWs, cycle experiments were carried
out over ten times. As seen in Figure 2, the Pt NWs catalyst can
be expediently recycled and reused for many times without
any attenuation in catalytic activity and selectivity. After the
reaction, the Pt NWs can be separated and reused by
centrifugation and washing with methanol and hydrochloric
acid (0.1 M) and the TEM image of Pt nanowires after ten
cycles was observed (see the Supporting Information).
Moreover, platinum ion could not be detected by atomic
absorption spectrum (AAS) and inductively coupled plasma
mass spectrometry (ICP-MS).

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Catalytic stability of the Pt NWs catalyst in the formation of tertiary
amine by interaction of benzaldehyde with piperidine (Reaction Condition:

10mmol benzaldehyde, 11mmol piperidine, 20mL ethanol, 0.05mmol Pt NWs
and 1 bar H,).

Conclusions

In summary, we have developed a green and highly efficient
method for the synthesis of tertiary amines by direct
formation of tertiary amines by interaction of aldehydes with
secondary amines using Pt NWs as catalyst under mild reaction
conditions. Pt NWs show an ultrahigh selectivity towards
tertiary amines and afford perfect yields just in 3 hours,
avoiding high temperature and pressure. Moreover, the
catalyst can also be easily recovered and recycled with no loss
of catalytic activity. We firmly believe that this procedure is an
attractive option in organic synthesis with potential
industrial applications.
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A highly efficient and environmentally friendly method for synthesis of tertiary amines by direct
interaction of aldehydes with secondary amines was reported over Pt NWs catalyst under mild
reaction conditions.



