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Reductive amination of carboxylic acids under H, using a
heterogeneous Pt-Mo catalyst

An aluminum oxide-supported Pt-Mo (Pt-Mo/y-Al,Os)
catalyst exhibits high activity for the reductive amination of
carboxylic acids even under 0.1 MPa H, pressure. Pt-Mo/y-
Al,Os is reusable and applicable to the reductive amination of
biomass-derived fatty acids such as lauric acid, palmitic acid,
and stearic acid to provide their corresponding fatty amines
in excellent yields. The unigue catalysis of Pt-Mo will make

a significant contribution to establish a future sustainable
process for alkylamine synthesis.
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Reductive amination of carboxylic acids under H,
using a heterogeneous Pt—Mo catalyst+
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Yasutaka Kitagawa, (2 #°<9€ Takato Mitsudome *ab.c

Reductive amination of carboxylic acids is a green and sustainable method for alkylamine synthesis
because carboxylic acids are abundant and accessible carbon sources. Herein, we present an aluminum
oxide-supported platinum-molybdenum (Pt—-Mo/y-Al,O3) catalyst that enables mild and selective reduc-
tive amination of carboxylic acids under H,. Pt—-Mo/y-Al,Oz exhibited high performance even under
ambient H, pressure. A broad range of carboxylic acids and amines were transformed into alkylamines
with good functional group tolerance. Notably, the amination of biomass-derived fatty acids led to the
successful formation of the corresponding fatty amines. The catalyst was reusable at least four times
without any significant loss in activity. The development of highly active heterogeneous Pt—Mo catalysts
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Introduction

Alkylamines are an important class of chemicals that can be
used as polymers, pharmaceuticals, dyes, agrochemicals, and
surfactants.” To date, there have been numerous reports on
alkylamine syntheses based on stoichiometric or catalytic
methods, including N-alkylation with organohalides, coupling
of aryl halides with amines,>* and reductive amination of car-
bonyl compounds.””” Among these methods, the reductive
amination of aldehydes or ketones to produce alkylamines is a
reliable and widely accepted method in both research and
industry. Meanwhile, carboxylic acids have been applied less
frequently for reductive amination,®"" despite their natural
abundance and availability.”>™* In the previously reported
reductive amination of carboxylic acids, stoichiometric
amounts of NaBH,">'® or hydrosilanes'” ' were adopted as
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with wide applicability and reusability will significantly contribute to sustainable alkylamine production.

reductants (Scheme 1(I)). However, these methods produce
large amounts of waste. In contrast, H, is an ideal reductant
because water is the sole co-product. Research efforts have
been devoted to developing homogeneous Ru or Co catalysts
for the reductive amination of carboxylic acids using H,
(Scheme 1(I1)).>* " Nevertheless, these catalyst systems have
serious drawbacks, including difficulty in reusing the catalyst
and the requirement of expensive phosphine ligands or addi-
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Scheme 1 Catalytic reductive amination of carboxylic acids.
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tives. To address these problems, heterogeneous catalysts have
been employed because of their easy recovery and reuse;
however, the reported catalyst systems require high H, press-
ures and temperatures (Scheme 1(I11)).**° To attain green and
sustainable reductive amination of carboxylic acids, the devel-
opment of highly active heterogeneous catalysts is required.

Herein, we report the mild reductive amination of car-
boxylic acids with H, using a supported Pt-Mo -catalyst
(Scheme 1(IV)). This study represents the first catalyst for the
reductive amination of carboxylic acids that operates under H,
at atmospheric pressure. Furthermore, the Pt-Mo catalyst exhi-
bits a wide substrate scope, including biomass-derived car-
boxylic acids, and demonstrates high reusability.

Results and discussion
Catalyst performance

Pt-Mo and the other catalysts were prepared using the co-
impregnation method (see Table S17 for details). The obtained
catalysts were evaluated for the reductive amination of acetic
acid (2a) with piperidine (1a) to N-ethylpiperidine (3a) under 2
MPa H, at 100 °C for 12 h without any pre-reduction step
(Table 1, see Table S2t for details). Notably, the aluminum
oxide-supported platinum-molybdenum (Pt-Mo/y-Al,03) cata-
lyst showed high activity, providing 3a in a 98% yield (entry 1).
Catalysts using platinum-group metals (Rh, Pd, and Ru) and
metal oxides (Re, W, and V) resulted in low yields of 3a (entries
2-7). The single-metal catalysts (Pt/y-Al,O; and Mo/y-Al,03)
were ineffective in the reductive amination (entries 8 and 9).
These results indicated that the co-presence of Pt and Mo is
important for efficient reductive amination. The support effect

Table 1 Reductive amination of acetic acid (2a) with piperidine (1a) to
N-ethylpiperidine (3a) over various supported metal catalysts®

o
O A caNen
OH
3a 4a

1a 2a

Yield ? [%]
Entry Catalyst Conv. of 1a” [%)] 3a 4a
1 Pt-Mo/y-Al,O; >99 98 0
2 Rh-Mo/y-AlL,O;, 28 18 3
3 Pd-Mo/y-Al,0, 11 5 6
4 Ru-Mo/y-Al,0; 9 0 4
5 Pt-Re/y-AL,O; 36 28 3
6 Pt-W/y-AL,O, 13 9 3
7 Pt-V/y-Al,O, 11 2 4
8 Pt/y-Al,O 7 2 3
9 Mo/y-ALO; 13 0 5

“Reaction conditions: catalyst (0.15 g, Pt: 8 mol% and Mo: 2 mol%),
1a (1 mmol), 2a (3 mmol), n-hexane (3 mL), 100 °C, H, (2 MPa), 12 h.

Conversion and yield were determined by gas chromatography-flame
ionization detection (GC-FID) using an internal standard for analysis
and calculated based on 1a.
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of the Pt-Mo catalysts was also examined (Tables S3 and S4,
Fig. S1 and S27 for details); consequently, the y-Al,0; and
TiO,-supported catalysts showed high yield and selectivity for
the reductive amination. The turnover number (TON) value of
Pt-Mo/TiO, surpassed that of Pt-Mo/y-Al,0;. Then, the re-
usability of the Pt-Mo/y-Al,0; and Pt-Mo/TiO, catalyst was
investigated (Fig. 1 and Table S5t). After the reaction, Pt-Mo
catalyst was recovered by centrifugation and reused for the
next run. The Pt-Mo/y-Al,0; maintained its activity in the 2nd
run, but the yield of 3a decreased to 85% in the 6th run. In
sharp contrast to Pt-Mo/y-Al,O3, the 3a yield using Pt-Mo/TiO,
significantly decreased in the 2nd run, clearly representing the
superior reusability of Pt-Mo/y-Al,0; to Pt-Mo/TiO,.
Therefore, Pt-Mo/y-Al,O3 catalyst was selected as the most suit-
able catalyst in terms of activity and durability (see Tables S6,
S7, and Fig. S37 for details).

The high performance of the Pt-Mo/y-Al,O; catalyst was
further demonstrated under H, at atmospheric pressure
(Scheme 2a); the Pt-Mo/y-Al,O; catalyst promoted the amin-
ation of 2a with 1a to afford 3a in a 71% yield, outperforming
previously reported catalysts that require 1-6 MPa of H,.>*™°
To the best of our knowledge, the Pt-Mo/y-Al,O; catalyst is the
first example of a catalyst that can promote the reductive amin-
ation of carboxylic acid using H, at atmospheric pressure. The

NH, O PL-Mo-Al,03 (0.159) Oa\
A >
OH n-hexane (3 mL), H, (2 MPa)
1a 2a 100°C, 12 h 3a
(1 mmol) (3 mmol)

100 -

97 97
92 93

90 o
80 1
60
40 4
20 |
0 4

it 2nd  3d 4th  5th o 6th

conv. and yield (%)

B conv. of 1a yield of 3a
Fig. 1 Reusability of the Pt—Mo/y-Al,0z catalyst for reductive
amination.
(o} Pt-Mol/y-Al,03 (0.15 -~
NH+)L o/y-Al;03 (0.15 g) ‘Ol @
OH n-dodecane (3 mL), H, (0.1 MPa)
1a 2a 140 °C, 24 h 3a
(1 mmol) (3 mmol) yield: 71%
Pt-Mo/y-Al,04
(o} A Pt: 0. 1%, Mo: 0.17 mol?¥ -~
NH )J\ (0.15 g, Pt: 0.68 mol%, Mo: 0.17 mol%) O )
OH n-hexane (10 mL), H, (4 MPa)
1a 2a 160 °C, 48 h 3a
1.00g 2009 isolated yield: 93%
(1.64 g as HCl salt)
TON: 363
Scheme 2 (a) Pt—Mo/y-Al,O5 catalyzed reductive amination under H,

at atmospheric pressure. (b) Preparative-scale reductive amination.
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Pt-Mo/y-Al,O; catalyst was also applicable to gram-scale amin-
ation (Scheme 2b); 1a (1 g) and 2a (2 g) were stirred at 160 °C
for 48 h, and 3a was obtained in a 93% isolated yield with a

high TON of 363 for the reductive amination of carboxylic
acids (Table S8t). Overall, Pt-Mo/y-Al,0; showed high activity
and good reusability in reductive amination.

8
@
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|
! Pt-Moly-Al,O, (0.15 1 .
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c
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o o
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Scheme 3 Reductive amination of various carboxylic acids with amines under H,. Reaction conditions: Pt—Mo/y-Al,O3 (0.15 g, Pt: 8 mol% and Mo:
2 mol%), amine (1 mmol), carboxylic acid (3 mmol), n-hexane (3 mL), H, (2 MPa). ? GC-FID yield. ? Isolated yield as a hydrochloride salt. < Carboxylic
acid (1.5 mmol). “*H NMR yield. € H, (3 MPa). "H, (4 MPa). 9 Carboxylic acid (4 mmol). " Carboxylic acid (5 mmol).
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Substrate scope

Using the Pt-Mo/y-Al,O; catalyst, the reductive amination of
various carboxylic acids with 1a was investigated (see
Scheme 3a and Table S91 for the products distribution).
Notably, the Pt-Mo/y-Al,O; catalyst was applicable to naturally
abundant carboxylic acids (2a-2g and 2k). Short-chain fatty
acids obtained from the waste stream, such as 2a, propionic
acid (2b), and butyric acid (2¢),>* were successfully converted
to 3a, N-propyl (3b), and N-butyl piperidine (3c¢) in 98%, 97%,
and 85% yields, respectively. Triglyceride-derived medium-
and long-chain fatty acids such as caproic acid (2d), lauric acid
(2e), palmitic acid (2f), and stearic acid (2g) reacted well with
la to generate the corresponding alkylamines in over 93%
yield. Carboxylic acids bearing trifluoromethyl (2h), ether (2i
and 2j), and heterocycles (2k) were aminated in good-to-mod-
erate yields, but slight cleavage of the C-O bond occurred.
The amination of acetic acid-d, (21) afforded N-ethyl piper-
idine with H-D scrambling. The Pt-Mo/y-Al,O; catalyst con-
verted relatively bulky carboxylic acids (2m and 2n) to
produce the corresponding amines at a high reaction temp-
erature (160 °C). Furthermore, leptacline (30), which has
been reported to be a respiratory stimulant,*” was obtained
from cyclohexanecarboxylic acid (20). 30 was also directly
produced from readily available benzoic acid (2p), along with
the hydrogenation of the aromatic ring. The tertiary car-
boxylic acid (2q), with high steric hindrance around the acyl
carbonyl carbon, was unfavorable for this catalytic system,
and formic acid (2r) and sodium acetate (2s) were hardly
aminated.

View Article Online

Green Chemistry

Next, we applied the Pt-Mo/y-Al,O; catalyst to the reductive
amination of 2a using a wide range of amines (Scheme 3b and
Table S107). The Pt-Mo/y-Al,O; catalyst exhibited high activity
toward various cyclic amines, aliphatic amines, and pyridine
derivatives, producing the corresponding alkylamines in high
yields. Secondary cyclic amines with different ring sizes (1a, 1t,
and 1u) were smoothly alkylated to afford N-ethyl amines in
excellent yields. Importantly, various functional groups,
including hydroxyl (1v), ester (1w), ether (1x), acetal (1y),
amino (1z), amide (1aa), and carbamate (1ab), were tolerated.
However, the reaction using a bulky amine, cis-2,6-dimethyl-
piperidine (1ac), resulted in only 7% yield. The Pt-Mo/y-Al,0;
catalyst was also applicable to amination with primary amines;
heptyl (1ad), tert-butyl (1ae), and cyclohexyl amines (1af) were
efficiently transformed into the corresponding secondary
amines. 3af was further alkylated to produce N,N-diethyl cyclo-
hexylamine (3ag) in 58% yield. Amination with aniline (1ah)
gave 3af in a 40% yield. Heteroaromatics are also potential
substrates for synthesizing alicyclic amines; pyrrole (1ai) and
pyridine derivatives (1aj-1am) were hydrogenated and con-
verted to their corresponding tertiary alicyclic amines. These
results clearly demonstrate the broad applicability of this Pt-
Mo/y-Al,O; catalyst for the synthesis of a variety of alkylamines
from carboxylic acids and amines.

Characterization

To investigate the catalyst structure during the reaction, Pt-
Mo/y-Al,0; was pre-reduced with H, under the reaction con-
ditions and characterized (see ESI for details). Transmission

fresh Pt—-Mol/y-Al,O,
reduced Pt—Mol/y-Al,O4
------ Pt foil (0)
PtO, (IV) 7\

normalized xu (E)

11570 11580

energy (eV)

11550 11560 11590

Fig. 2

—— fresh Pt—-Mol/y-Al,0, (f)
o reduced Pt—Mol/y-Al,O4
pug) TP Mo,C (ll)
) e MoO, (IV)
E T MoO; (VI)
©
E
o
[ =
19980 1 95;90 20(l)00 20(')1 0 20(')20 20030

energy (eV)

(a) TEM image and size distribution histogram (inset) of reduced Pt—Mo/y-Al,Os. (b) High-resolution TEM image of reduced Pt—Mo/y-Al,O3

showing one-dimensional lattice fringes of the (200) lattice planes in Pt NPs. (c) HAADF-STEM image of reduced Pt—Mo/y-Al,Os. (d) Composite
overlay of the elemental mapping of Pt, Mo, and Al in reduced Pt—Mo/y-Al,Os. (e) Pt Ls-edge XANES spectra of fresh Pt—Mo/y-Al,O3, reduced Pt—
Mo/y-Al,O3, Pt foil, and PtO,. (f) Mo K-edge XANES spectra of fresh Pt—Mo/y-Al,O3, reduced Pt—Mo/y-Al,O3, Mo,C, MoO,, and MoOs.
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electron microscopy (TEM) images of the reduced Pt-Mo/
y-AL,O; revealed the presence of nanoparticles (NPs) with a
mean diameter of 2.3 nm (Fig. 2a). A high-resolution TEM
image of the NPs showed that the measured d-spacing value of
the lattice fringe was approximately 0.20 nm, which corres-
ponds to the (200) plane of face-centered cubic Pt NPs
(Fig. 2b). High-angle annular dark-field scanning TEM
(HAADF-STEM), coupled with energy-dispersive X-ray spec-
troscopy (EDX), confirmed the dispersion of Pt and Mo (Fig. 2c
and d). The local structures of the Pt and Mo species in Pt-
Mo/y-Al,O; were characterized by X-ray absorption fine struc-
ture (XAFS) analysis. The white lines in the Pt L;-edge X-ray
absorption near-edge structure (XANES) spectra of fresh and
reduced Pt-Mo/y-Al,O; were similar to those of PtO, and Pt
foil, respectively, indicating the in situ formation of metallic Pt
species (Fig. 2e). In the Mo K-edge XANES spectra, the absorp-
tion edge energy of reduced Pt-Mo/y-Al,O; shifted toward a
lower energy relative to that of fresh Pt-Mo/y-Al,03, indicating
the partial reduction of Mo®* (Fig. 2f and S$4t). Overall, Pt(0)
and partially reduced Mo-oxide species (MoO,) were generated
on the y-Al,O; surface under reductive amination conditions.

Reaction pathway

In the reductive amination of carboxylic acids, three possible
pathways can occur via amide, aldehyde, or alcohol intermedi-
ates (Scheme 4).>>° As shown in Scheme 3b, amide and
hydroxyl groups (3aa and 3v) are tolerated, suggesting that
amides or alcohols are unlikely to be the major reaction inter-
mediates. Indeed, the hydrogenation of N-propionylpiperidine
(4b) in the presence of 2b or the amination of 1-propanol with
1a resulted in low yields of 3b (Scheme Sla and bf). In con-
trast, the reductive amination of propionaldehyde with 1a
afforded 3b in a 70% yield, indicating that the aldehyde is the
major intermediate (Scheme Slc and Fig. S5t). Based on the
above results, a main reaction pathway is proposed
(Scheme S2f). Pt NPs dissociate H, to reduce MoO; to
MoO,,**?** and carboxylic acid is adsorbed on MoO,*> and
hydrogenated to give an aldehyde intermediate.*® The nucleo-
philic attack of the amine on the aldehyde, followed by hydro-
genation of the generated hemiaminal, affords an alkyl-
amine.”” Partially reduced MoO, serves as a Lewis acid site for

carbonyl activation (see Fig. S6 and S7f for details).*™°
0 +RIR2NH -H,0 , i

QA R gs o .
R*OH L2 :

+2H,
© +H, :

| H,0

-RTR2NH 2

tHy H0 o) +R'R2NH, H, -H,0 RLN,\R3
main path of - R3"H F'zz
Pt-Mo/y-Al,03 system i "
HoHH, :
i :

~ +R'R2NH -H,0

R¥TOH  rmoreroseneoseneoseseosenend

Scheme 4 Possible reaction pathways for the Pt—Mo/y-Al,Oz-cata-
lyzed reductive amination of carboxylic acids.
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Therefore, cooperative catalysis between the Pt NPs and MoO,
successfully promotes the reductive amination of carboxylic
acids under H,.

Conclusions

We developed a highly efficient Pt-Mo/y-Al,O; catalyst for the
reductive amination of carboxylic acids under H,. This is the
first catalytic system that achieves the reductive amination of
carboxylic acids under ambient H, pressure. The Pt-Mo/
y-Al,O; catalyst was applicable to preparative-scale reactions
with a high TON value (363). Furthermore, Pt-Mo/y-Al,O; was
easily separated from the reaction mixture and the reaction
could be repeated at least five times while maintaining high
activity and selectivity. A wide range of substrates, including
biomass-derived fatty acids, and high functional group toler-
ance were demonstrated, thus offering a simple and clean
methodology for the reductive amination of carboxylic acids.
We propose that the high catalytic performance of the Pt-Mo/
y-Al,O; catalyst originates from cooperative catalysis between
Pt NPs and MoO,, and this study makes a significant contri-
bution to the development of future sustainable reaction
processes.
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