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Palladium-catalyzed transfer hydrogenation of organic substrates by hypophosphite in water
containing a nonionic surfactant
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Palladium-catalyzed transfer hydrogenation of some organic substrates in water containing a nonionic surfactant
was examined using sodium hypophosphite as a hydrogen source. Hydrogenation of organohalides such as
polychloroarenes, alkenes, alkynes, nitro compounds, aromatic aldehydes, and O-benzyl and N-benzyl
derivatives efficiently proceeded to give the corresponding reduction products. The addition of a nonionic
surfactant, such as Tween 20, proved to be effective in obtaining satisfactory results in most cases.
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Introduction

Catalytic hydrogenation reactions are among the
most fundamental and important processes in syn-
thetic and industrial chemistry [1]. Typically, these
reactions are performed in organic solvents under a
hydrogen atmosphere. For safe and environmentally
benign operations, transfer hydrogenation, which
does not need a hydrogen cylinder, in aqueous media
is preferable.

Hypophosphorous acid and its salts are well-
known powerful reducing agents and are mainly
used in electroless plating. In organic synthesis,
hypophosphites are often used as hydrogen donors
in the catalytic transfer reduction of various func-
tional groups such as alkene [2—4], alkyne [5], halogen
[2,6,7], nitro [8,9], N-oxide [2,10], carboxyl [11], cyano
[12,13], carbonyl [2,12], O-benzyl [2,4,14,15], and
N-benzyl [16] groups, although most of the methods
require an organic co-solvent. Some examples of
organic-solvent-free processes include dehalogenation
of water-soluble aryl chlorides [17], microwave-as-
sisted dechlorination of pentachlorobenzene [18], and
mechanochemical solid-phase dechlorination of hex-
achlorobenzene [19]; however, these methods were
optimized for specific targets, and no systematic
studies were conducted to explore the substrate scope.
In this paper, we report the catalytic transfer hydro-
genation of various organic substrates in water using
a hypophosphite—palladium system, in which the
reaction efficiency remarkably improved by the use
of nonionic surfactants. Regarding the effect of

coexisting phase-transfer agents, Tundo and cow-
orkers reported rapid hydrodehalogenation of
1,2,4,5-tetrachlorobenzene by hypophosphite and a
palladium catalyst in a multiphase system consisting
of an organic solvent, a strong aqueous alkali, and a
quaternary onium salt [7].

Results and discussion

We began our investigation with 1-bromododecane, a
highly hydrophobic organic halide, as a substrate to
optimize the reaction conditions, and the results of
which are shown in Table 1. An aqueous solution of
1-bromododecane containing Tween 20 as a surfac-
tant was treated with sodium hypophosphite in the
presence of palladium on carbon (Pd/C) at the reflux
temperature. The gas chromatography (GC) analysis
of the reaction mixture showed an almost quantita-
tive formation of dodecane (entry 1). A similar
treatment at 50°C gave only 6% yield (data not
shown). The addition of a base was necessary to
neutralize the liberated hydrogen bromide and to
prevent catalyst poisoning (entries 1-4). In fact, the
yield was reduced to 16% without any bases (entry 5).
Among the other surfactants tested, nonionic surfac-
tants, such as Triton X series (entries 6 and 7) and
Brij 30 (entry 8) produced satisfactory results,
whereas ionic surfactants, such as quaternary ammo-
nium salts (entries 9 and 10) and a linear alkylbenzene
sulfonate (entry 11), were less effective. In particular,
the reaction in the presence of Aliquat 336 resulted in
a poor yield in contrast to Tundo’s multiphase system

*Corresponding author. Email: moba@tokai-u.jp

© 2013 Makoto Oba, Kaori Kojima, Minehito Endo, Haruki Sano and Kozaburo Nishiyama
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s)

have been asserted.


http://dx.doi.org/10.1080/17518253.2012.754498
http://www.creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.1080/17518253.2012.754498
http://www.tandfonline.com

234 M. Oba et al.

Table 1. Reduction of 1-bromododecane.

Entry Surfactant Base (equivalent) Yield® (%) Recovery of starting material® (%)
1 Tween 20 Na,CO; (1) 96 <1
2 Tween 20 NaHCO; (2) 95 <1
3 Tween 20 NaOH (2) 97 1
4 Tween 20 K,CO;3 (1) 95 4
5 Tween 20 none 16 76
6 Triton X-100 Na,COs3 (1) 93 2
7 Triton X-405 Na,CO; (1) 84 10
8 Brij 30 Na,COs3 (1) 95 <1
9 Aliquat 336 Na,CO; (1) 38 19°
10 C1sH37NTMe;Cl~ Na,CO; (1) 55 250
11 C12H24C6H4SO37 Na+ N32CO3 (1) 75 23
12 None Na,CO; (1) 32 67

Note: 1—-bromododecane — Olcomtaini i .

) ) ) 5 containinglw/w /o_surfacldnl)‘reﬂux.l.Sh
“Determined by GC using tridecane as an internal standard.
®Accompanied by unidentified byproducts.

[7]. However, in the absence of any surfactants, the
substrate and catalyst were not well dispersed, and
the reaction resulted in only 32% yield (entry 12). It is
currently unclear why nonionic surfactants are so
effective.

Using the reaction conditions employed in entry 1
of Table 1, hydrogenolysis of other organic halides
was also examined, and representative results are
shown in Table 2. As shown in entries 2 and 3, the
dehalogenation of hydrocinnamyl bromide and B-
bromophenetole successfully proceeded at 50°C to
afford 3-phenylpropane and phenctole in >99 and

NaH, PO, (5 equiv), 10% Pd/C(cat),Na, CO; (1 equiv) dodecane

90% yields, respectively. A similar reaction without
Tween 20 resulted in somewhat lower yields (data
shown in parentheses). Aromatic halides, such as 4-
chloroanisole and 4-bromobiphenyl, were smoothly
reduced to anisole and biphenyl, respectively, in
almost quantitative yields even in the absence of a
surfactant (entries 4 and 5). This was probably due to
the high adsorbability of aromatic compounds on
activated carbons.

The catalytic hydrodehalogenation of aromatic
halides — a promising alternative to traditional high-
temperature incineration — is also important as an

Table 2. Reduction of various substrates using an NaH,PO,—Pd/C system.

Entry Substrate Na,COj; (equivalent)  Temperature (°C) Product Yield® (%)

lb CH3(CH2)10CH2BI' 1 reflux CH3(CH2)10CH3 96 (32)
2 PhCH,CH,CH,Br 1 50 PhCH,CH,CHj3 >99 (82)
3 PhOCH,CH,Br 1 50 PhOCH,CHj; 90 (61)
4 4-CICcH,OMe 1 50 PhOMe >99 97)
5 4-BrC¢H4Ph 1 50 PhPh 96 97)
6 CH;(CH,)oCH = CH, 0 reflux CH3(CH,),0CH3 >99  (>99)
7 trans-PhCH = CHPh 0 reflux PhCH,CH,Ph 97 (81)
8 trans-PhCH = CHCO,Me 0 rt PhCH,CH,CO,Me >99 )
9 PhC =CPh 1 50 PhCH,CH,Ph 97¢ 97)
10 c-HexNO, 0 50 c-HexNH, >99 (52)
11 PhNO, 0 50 PhNH, >99 (63)
12 4-MeC¢H4NO, 0 50 4-MeC4H4NH, 98 (6)
13 4-CICcH4NO, 1 50 PhNH, 98 (47)
14 4-MeOC¢H4CHO 0 50 4-MeOC¢H4CH,OH 68 17)
15 PhOCH,Ph 0 50 PhOH 944 (34)
16 PhEtNCH,Ph 0 50 PhEtNH 81° ©9)

NaH, PO, (5 equiv), 10% Pd/C(cat),Na, CO;

Note: Substrate H,O(containinglw/w%Tween20),1.5h

product

“Determined by GC. Data in parentheses are the yield obtained in the absence of Tween 20.

®Same data shown in entry 1 of Table 1.
‘Without Na,COs, the yield dropped to 76%.
9Toluene was also produced in 95% yield.
“Toluene was also produced in 76% yield.



attractive process for the chemical detoxification of
polychlorinated aromatic pollutants, such as poly-
chlorinated biphenyls and dioxins. In this study, we
examined the hydrodechlorination of polychlorinated
aromatics using the hypophosphite—palladium system
using 1,2,3 4-tetrachlorobenzene as a model com-
pound. The reaction was performed in a 1 w/w%
aqueous Tween 20 solution containing three equiva-
lents of Na,CO; at 50°C (Scheme 1), yielding
completely dechlorinated benzene in 86% yield and
partially reduced products only in trace amounts.
However, a similar treatment without Tween 20
produced benzene in 54% yield and considerable
amounts of chlorinated intermediates along with a
7% recovery of the starting material (data shown in
parentheses), indicating the effectiveness of the sur-
factant additive.

To explore the scope and limitations of the
present protocol, the hydrogenation of other organic
substrates, which participate in several reduction
processes, was carried out, and the results are also
shown in Table 2. The reduction of nonactivated
alkenes, such as 1-dodecene and trans-stilbene, was
achieved by performing the reaction at the reflux
temperature, yielding the corresponding saturated
hydrocarbons in almost quantitative yields (entries 6
and 7), whereas methyl trans-cinnamate could be
reduced even at room temperature to afford the
hydrocinnamate in quantitative yield without affect-
ing the ester functionality (entry 8). In these cases,
adding Na,COj; was not necessary. However, for the
hydrogenation of diphenylacetylene, the product
yield improved from 76 to 97% by adding Na,CO;
despite the fact that the process did not liberate any
hydrogen halides (entry 9). We assume that the
weakly acidic dihydrogen phosphite generated during
the process might act as a weak catalyst poison.

Aliphatic and aromatic nitro compounds, such as
nitrocyclohexane, nitrobenzene, and 4-nitrotoluene,
were reduced to their corresponding amino com-
pounds in quantitative yields (entries 10—12). In the
case of 4-chloronitrobenzene, simultaneous dechlor-
ination occurred during the process to afford aniline
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in 98% yield (entry 13). Hydrogenation of carbonyl
compounds was carried out in a similar manner.
Although aliphatic aldehydes and ketones were un-
reactive, the carbonyl group conjugated with a
benzene ring was reduced to its corresponding benzyl
alcohol in 68% yield (entry 14). The present method
was also effective for the hydrogenolysis of O- and N-
benzyl compounds. The reaction of benzyl phenyl
ether and N-benzyl-N-ethylaniline gave phenol and
N-ethylaniline in 94 and 81% yields, respectively
(entries 15 and 16). In these cases, toluene was also
produced.

Experimental

General information

All reagents and solvents were commercial products
and were used as accepted. GC measurements were
performed on a Shimadzu GC-1700 gas chromato-
graph using a 50 m x0.25 mm methyl silicone
capillary column (Quadrex). The GC peaks of the
starting materials and reaction products were identi-
fied by a comparison of their GC retention times with
those of commercially available authentic samples.

General procedure for catalytic transfer hydrogenation

Typically, a mixture of 1-bromodedecane (249 mg,
0.999 mmol), Na,CO5 (107 mg, 1.01 mmol), 10% Pd/
C (24.8 mg), and tridecane (107 mg) as an internal
standard in 1 w/w% aqueous Tween 20 (6 ml) was
placed in a 20-ml recovery flask equipped with a
dropping funnel and a reflux condenser and was
heated to reflux. To the refluxing mixture, a 1 w/w%
aqueous Tween 20 solution (4 ml) of NaH,PO, H,O
(531 mg, 5.01 mmol) was added dropwise over 30
min. After being refluxed for an additional 1 h, the
reaction mixture was cooled in an ice bath, and
CHCI; was added as the extraction solvent. Then, the
resulting mixture was filtered through Hyflo Super
Cel to remove the catalyst. A direct GC analysis of
the dried organic phase showed the formation of

cl
cl cl NaH,PO, (5 equiv), 10% Pd/C (10 wt%), Na,CO3; (3 equiv)
cl H>0O (containing 1 wt% Tween 20), 50 °C, 1.5 h {
Cl

©+©+CI

86%
(54%)

Scheme 1. Hydrodechlorination of 1,2,3,4-tetrachlorobenzene.

Cl Cl
Gl gl starting
¥ * material

1% 1% <1% <1%
(1%) (12%) (11%) (7%)
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dodecane in 96% yield, and no starting material was
detected.

The hydrogenation of other substrates, which do
not liberate any hydrogen halide during the process,
was carried out without a base. A mixture of methyl
trans-cinnamate (162 mg, 0.999 mmol), 10% Pd/C
(16.3 mg), and dodecane (109 mg) as an internal
standard in 1 w/w% aqueous Tween 20 (6 ml) was
placed in a 20-ml recovery flask equipped with a
dropping funnel. To the mixture, a 1 w/w% aqueous
Tween 20 solution (4 ml) of NaH,PO,-H>O (532 mg,
5.02 mmol) was added dropwise over 30 min at room
temperature. After being stirred at room temperature
for an additional 1 h, CHCIl; was added as the
extraction solvent. Then, the resulting mixture was
filtered through Hyflo Super Cel to remove the
catalyst. A direct GC analysis of the dried organic
phase showed the formation of methyl 3-phenylpro-
pionate in quantitative yield, and no starting material
was detected.

Conclusion

We investigated the palladium-catalyzed transfer
hydrogenation of some organic substrates using
NaH,PO, as the hydrogen source in water. The
reduction of aliphatic and aromatic halides, alkenes,
alkynes, nitro compounds, and aromatic aldehydes,
as well as the deprotection of O-benzyl and N-benzyl
derivatives, took place smoothly. The hydrodehalo-
genation of polychlorinated aromatics was also
demonstrated using 1,2,3,4-tetrachlorobenzene as a
model compound. In most cases, the addition of a
nonionic surfactant, such as Tween 20, was necessary
to obtain acceptable yields.
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