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Abstract—An unprecedented efficient and highly selective direct reductive amination of aldehydes with primary and secondary
amines in water using gaseous hydrogen and water-soluble catalysts is developed. The catalytic system formed in situ from
Pd(PhCN),Cl, and 2,2'-biquinoline-4,4’-dicarboxylic acid dipotassium salt (BQC), allows full conversion of aldehydes and the for-
mation of desired alkylated amines with excellent yields and selectivities. The catalytic system is stable and can be recycled and

reused three times without loss of activity.
© 2006 Elsevier Ltd. All rights reserved.

Amines and their derivatives are highly versatile build-
ing blocks for various organic substrates and are essen-
tial precursors to a variety of biologically active
compounds, such as pharmaceuticals' and agrochemi-
cals.” Amines and their derivatives are widespread
among natural products and pharmaceutical industries
abound with drugs based on amine moieties.’> Conse-
quently, synthesis of amines is a very active field in
medicinal chemistry and modern organic synthesis.
The direct reductive amination (DRA) of aldehydes
and ketones with amines to target higher alkylated
amines is an elegant and a powerful methodology.* It
can be carried out under mild conditions, and is compat-
ible, in some cases, with many functional groups. In
addition, it is based on commercial substrates that are
widely available and the experimental operations are
simple. The two commonly used direct reductive amina-
tion processes are based on either hydride reducing
agents or catalytic hydrogenation. Among the hydride
reducing agents,>” different borohydrides are frequently
used to carry out this transformation, mainly sodium
cyanoborohydride (NaBH;CN)? and sodium triacetoxy-
borohydride (NaBH(OAc)3).® However, the processes
based on such reducing agents have many limitations.
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Furthermore, they are not environmentally friendly
and are not accepted in the concept of green chemistry.
In general, it is necessary to use excess amount of amines
in order to limit or prevent the competitive reduction of
carbonyl groups. In addition, they frequently generate
undesirable wasteful salts. NaBH;CN is expensive and
highly toxic. Moreover, it may contaminate the product
with cyanide!® and generates toxic byproducts HCN and
NaCN upon work-up. NaBH(OAc); is flammable,
water-reactive, and poorly soluble in most of the com-
monly used organic solvents. Pyridine-BH;’ and tin
hydride® are also used for the reductive amination of
aldehydes and ketones. Pyridine-BHj is unstable to heat
and must be handled with extreme care,!' while tin
hydride and its organotin byproducts are highly toxic.'?
Consequently, there is still tremendous demand for
new processes that satisfy increasing environmental
concerns and constraints. Direct reductive amination
of carbonyl compounds were also performed by hydro-
genation methods. In contrast to hydride reducing
agents, the use of molecular hydrogen is attractive from
economical and ecological viewpoints, despite its incom-
patibility with some functional groups such as carbon—
carbon double and triple bonds. While the literature
abounds with heterogeneous hydrogenation pro-
cesses,*!3 little attention has been paid to the direct
reductive amination which are catalyzed by homoge-
neous catalysts.'* Most recently, Sajiki and co-workers
described a selective monoalkylation of both aromatic
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and aliphatic amines using nitriles as an alkylating agent
and Pd/C or Rh/C as the catalysts."> DRA is mostly
performed in costly and toxic organic solvents. Further-
more, anhydrous conditions were applied in order to
avoid the decomposition of the reducing agents or cata-
lysts, and to enhance the generation of the intermediate
imines or imminium ions. If direct reductive amination
of carbonyl compounds could be performed in water,
the processes would attract considerable interest. Thus,
the challenging development of effective catalysts or
reagents that tolerate water is highly desirable.

Recently, Kikugawa and co-workers demonstrated that
DRA can be carried out in water using o-picoline—
borane as the reducing agent.”® Beller and co-workers
reported the first DRA of aldehydes with ammonia
using molecular hydrogen and water-soluble cata-
lysts.!4® Excellent results were obtained, however, or-
ganic solvents such as THF or methyl ferz-butyl ether
were used. Moreover, the reactions were performed at
high temperature (135 °C) and high hydrogen pressure
(65 bars). We, recently, reported different organic trans-
formations in water.!® To the best of our knowledge
there are no reports concerning selective synthesis of sec-
ondary or tertiary amines using DRA based on molecu-
lar hydrogen and water-soluble transition metal
catalysts. In this letter we are pleased to report an
unprecedented highly efficient direct reductive amina-
tion of aldehydes with primary and secondary amines
catalyzed by water-soluble transition metal complexes
under hydrogen pressure. The catalysts are generated
in situ using TPPTS (P(m-CgH4SO3Na);) or BQC
(2,2’-biquinoline-4,4’-dicarboxylic acid dipotassium
salt).

In order to test the catalytic activity of various systems,
direct solvent-free reductive amination of benzaldehyde
with equimolar amount of benzylamine was chosen as a
model reaction. Interestingly, the results summarized in
Table 1 indicate that the systems studied afforded the
anticipated dibenzylamine without detectable tertiary
amine (tribenzylamine). Generally, excess amount of
amines is necessary in order to avoid over alkylation.
The water-soluble ligands, TPPTS and BQC, allowed
full conversion of benzaldehyde in all the cases and gave

dibenzylamine in good to excellent yields in most cases,
in spite of the presence of benzyl alcohol and N-benzyl-
idenebenzylamine (imine) as byproducts. BQC showed
better selectivity than TPPTS for the formation of
dibenzylamine, except in the case of [Rh(COD)Cl],/
BQC where secondary amine and the corresponding
imine were formed in 45% and 31% yields, respectively
(Table 1, entry 6). The best result was reached by the
catalytic system Pd(PhCN),Cl,/BQC (Table 1, entry 8).

One important aspect of aqueous-phase catalysis is the
ability to recover and recycle the catalyst after its sepa-
ration from the reaction products by simple decantation.
The stability of Pd(PhCN),Cl,/BQC is evidently very
good as the catalyst aqueous solutions can be reused
without loss of activity and selectivity for dibenzylamine
(Table 1, entries 8-10).!7

In the light of these excellent results, various aldehydes
were subjected to DRA with different amines, using
the above reaction process, in order to explore the scope
and limitations of Pd(PhCN),Cl,/BQC (Table 2).'8
Under our standard conditions, reductive amination of
aldehydes with primary amines proceeded smoothly
with full conversion of aldehydes and excellent yields
(82-99%) of the desired alkylated amines (Table 2,
entries 1-7). DRA of acetophenone was sluggish and
only a conversion of 88% was reached and the alkylated
amine was obtained with 44% yield and 50% selectivity
(Table 2, entry 8). The result is however interesting since
acetophenone has been shown to be an inert’® or a
difficult substrate®°? in some reported reductive amina-
tions. Tertiary amines were also prepared easily with
excellent yields and selectivities. Indeed, benzaldehyde
and dodecylaldehyde underwent successful reductive
amination with dihexylamine yielding the corresponding
tertiary amines with full conversion and excellent yields
(Table 2, entries 9 and 10). Under the same condition,
DRA of benzaldehyde with sterically hindered dibenzyl-
amine or diisopropylamine did not occur. The reactions
afforded only 1-phenylethanol in 100% yield (Table 2,
entries 11 and 12).

In conclusion, we described an unprecedented synthesis
of secondary and tertiary amines in water by direct

Table 1. DRA of benzaldehyde with benzylamine catalyzed by different water-soluble systems®

Entry Catalytic system Conversion %

Dibenzylamine yield (%)

N-Benzylidene-benzylamine yield (%) PhCH,OH yield (%)

1 [Ir(COD)CIL/TPPTS 100 71
2 [Ir(COD)ClL/BQC 100 93
3 Pt(COD)CL/TPPTS 100 69
4 Pt{(COD)CL,/BQC 100 91
5 [Rh(COD)CIL,/TPPTS 100 86
6 [Rh(COD)CI],/BQC 100 45
7 Pd(PhCN),ClL,/TPPTS 100 90
8 Pd(PhCN),Cl,/BQC 100 95
b Pd(PhCN),Cl,/BQC 100 95
10° Pd(PhCN),CL/BQC 100 93

0 29
0 7
6 23
0 7
0 8
31 9
0 9
0 5
0 5

(=]
~

# Reaction conditions: benzaldehyde (2.5 mmol), benzylamine (2.5 mmol), catalyst (0.025 mmol), ligand (0.15 mmol), water (10 mL), H, (200 psi),

100 °C.
®Second cycle of entry 8.
¢ Third cycle of entry 8.
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Table 2. DRA of various aldehydes with different amines catalyzed by Pd(PhCN),Cl,/BQC*

i R,R,NH (2) Fﬁ
1582
)I\ > R ~— N+ R/\OH
R 1 H 3 R2 4
Entry Aldehyde (1) Amine (2) Conversion (%) Alkylated amine (3) yield (%) Alcohol (4) yield (%)
1 PhCHO PhCH,NH, 100 95 5
2 PhCHO CHj;(CH,)sNH, 100 97 3
3 PhCHO PhCH,CH,NH, 100 99 0
4 PhCHO (CH3;),CHNH, 100 90 10
5 p-CH;0-C¢H,CHO PhCH,NH, 100 93 7
6 p-CH;0-C¢H,CHO CHj;(CH,)sNH, 100 99 0
7° CHj;(CH,);CHO CHj;(CH,)sNH, 100 90 0
8 PhCOCH; CHj;(CH,)sNH, 88 44 44
9 CHj;(CH,);(CHO (CH;3(CH,)s),NH 100 93 0
10 PhCHO (CH;3(CH,)s),NH 100 99 0
11 PhCHO iPr,NH 100 0 100
12 PhCHO (PhCH,),NH 100 0 100

#Reaction conditions: aldehyde (2.5 mmol), amine (2.5 mmol), Pd(PhCN),Cl, (0.025 mmol), BQC (0.15 mmol), water (10 mL), H, (200 psi), 100 °C.
® Tertiary amine was obtained with 8% yield.

reductive amination of aldehydes with primary and sec-
ondary amines. The reaction is performed under mole-
cular hydrogen pressure using Pd(PhCN),Cl,/BQC. The
catalytic system is stable and can be recycled and reused
three times without loss of activity and selectivity.
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The aqueous phase obtained after the removal of solvents
was re-used with a fresh charge of the benzaldehyde
(2.5 mmol) and benzylamine (2.5 mmol).

Typical procedure for the reductive amination of alde-
hydes with amines: In a glass liner of a 45 mL autoclave
and under an atmosphere of nitrogen, Pd(PhCN),Cl,
(0.025 mmol) and BQC (0.15 mmol) were dissolved in
degassed water (10 mL) at room temperature. Then the
aldehyde (2.5 mmol) was introduced, followed by the
amine (2.5 mmol), and the resulting solution was white-
opaque. The autoclave was flushed several times with
40 psi of N, and then purged with hydrogen. After the
autoclave was pressurized to 200 psi of hydrogen, it was
placed in an oil bath at 100 °C for 24 h. The autoclave was
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cooled to room temperature, the remaining hydrogen was
vented and the mixture was extracted three times with
dichloromethane (3 mL). The combined organic layers
were dried (MgSO,), evaporated to dryness and the
resulting products were analyzed. N-Benzylidenebenzyl-

amine, dibenzylamine, N-isopropylbenzylamine, N-benzyl-
2-phenylethylamine, and the alcohols were identified by
'H NMR and '*C NMR and compared to authentic
commercial samples. The other amines were all charac-
terized by '"H NMR, '*C NMR, and mass spectrometry.
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