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SELECTIVE ALKENE HYDROGENATION WITH ATOMIC HYDROGEN
PERMEATING THROUGH A Pd SHEET ELECTRODE

Shojiro Maki,"”* Yasuhiro Harada," Takashi Hirano,"” Haruki Niwa,"Yasuki
Yoshida,” Setsuro Ogata®, Shuji Nakamatsu?, Hiroshi Inoue,”
Chiaki Iwakura®

1) Department of Applied Physics and Chemistry, The University of Electro-
communications, Chofu, Tokyo 182-8585, Japan
2) Permelec Electrode LTD. Endo, Fujisawa, Kanagawa 252-0816
3) Department of Applied Chemistry, College of Engineering, Osaka Prefecture
University, Sakai, Osaka 599-8531.

Abstract: Chemoselective hydrogenation of olefinic double bonds without
concomitant hydrogenolysis of allylic and benzylic C-O linkages was performed
successfully by the aid of active hydrogen permeated through a Pd sheet
electrode.

Hydrogenation of an alkene is quite important for organic syntheses
employing a catalyst (Pd, Ni, Pt) which chemisorbes active hydrogen'.
However, hydrogenolysis® of allylic C-O bonds and benzyloxy groups (Bn-O-)
also takes place under the same conditions. Therefore, it is difficult for alkenes
having an allyloxy and/or benzyloxy group to be hydrogenated by active
hydrogen without the hydrogenolysis. A new hydrogenation system utilizing
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electrochemically produced active hydrogen has been successful in the saturation

of several unsaturated organic compounds such as styrene and its derivates®.

The reaction cell is made up of two compartments separated by a Pd sheet as a

cathode, where galvanostatic electrolysis of water is carried out to produce the

active hydrogen at one side of the Pd sheet, and a substrate is hydrogenated at

the opposite side surface by active hydrogen permeating through the Pd sheet

(Fig. 1).
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A typical reaction of an alkene bearing a benzyloxy group is shown in
Scheme 1. The compound 1 was subjected to hydrogenation in benzene with a

reaction concentration of 7.0 mM to give a selective reduction compound 2 in
75% yield (c.y. 100%) and a current efficiency (c.e.) of 3.5%.
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Scheme 1
Me Bn Me Bn
43 F/mol
r————-
Me X benzene, rt Me
10 mA/cm? 2
1 c.e. 3.5%

75% (c.y. 100%)

Some alkenes were subjected to hydrogenation in the same way to give
corresponding hydrogenated products without hydrogenolysis in 100%
conversion yields as summarized in Table 1.

The compound 3 bearing a styrylic olefin and an allylic benzyloxy
group was selectively hydrogenated to give 4 in 20% yield (c.e. 3.6%). The
o, B-unsaturated ester 5§ was also converted into the saturated ester 6 in 46%
yield (c.e. 3.4%). The disubstituted alkenes 7 and 9 were hydrogenated
without hydrogenolysis in this condition to give 8 and 10 in 64% and 20%
yields (c.e. 1.8% and 0.50%), respectively. The compound 11 including a
trisubstituted olefin was subjected to hydrogenation, though it acquired a long
reaction time, to give the corresponding product 12 in 70% yield (c.e. 0.46%).
In the case of the tetrasubstituted alkene 13, the reaction took place quite slowly
to afford 14 in 8% yield (c.e. 0.02%) recovering the starting material (92%)
passing through even 1600 F/mol. The benzyl esters* 15 and 17 were also
converted into 16 and 18 in 46% and 12% yields (c.e. 4.4% and 0.89%),
respectively.  As a superior point, the aldehyde 19 was subjected to
hydrogenation to give 20 in 13% yield (c.e. 0.48%). It is well known that
Wilkinson’s complex’ is effective for hydrogenation® without hydrogenolysis,
however, because of the accompanying deformylation’, this method is difficult
to apply to aldehydes. As shown in Scheme 2, although 19 was hydrogenated,
deformylation took place, as well, to give 20 and 21 in 32% (c.y. 52%) and
28% (c.y. 38%) yields, respectively. In the cases of using EtOAc or benzene
as the solvent, compound 19 was recovered.

Control reactions employing Pd-C as a catalyst are shown in Scheme 3.
1 was immediately reduced to the phenol 22 in 93% yield using MeOH as the

solvent, however, in the case of using benzene, compound 1 was recovered in
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Table 1. Hydrogenation of alkenes®.
Entry Substrate F/mol Products Yields®? (c.6.)(%)
MeQ. — Bn M Bn
1 1 20(3.6)
MeO 3 M 4
Mel Bn
2 P 27 46 (3.4)
Mel QOEt MeO OOEt
5
Mel Bn
3 69 64°) (1.8)
Me A MeO
7 ZE=T1
Me Bn MeO.
4 80 20 (0.50)
Bi Bi
Mel & n MeO' n
9
MeO. Bn MeO.
5 1600 70 (0.46)
MeO' Z MeO'
11
Mel Bn M
6 1800 8(0.02)
Me Z MeO mH\
13
B
Me — A008n MeO,
7 21 46 (4.4)
Mel 15 MeO
Me Bn Me Bn
8 / 27 12(0.89)
Mel 00Bn Mel 0O0Bn
17 18
MeO. B8n Me Bn
9 27 13 (0.48)
MeQ 4 HO Me! HO
19 20

a) The reaction concentration was standardized in 7.0 mM.

b) These conversion yields were 100% in all cases.

c¢) The geometrical isomer ratio of the recovered starting material was Z/E=3/1.
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Scheme 2

Me
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more than 98% yield. Even using the new hydrogenation system, when the
MeOH was employed, 1 was converted into 22 in 75% yield (Scheme 4).

Scheme 3
Me Bn
Ha /5% Pd-C
Me = MeOH, <1 h
1 22 (93%)
Me Bn Me
Ha /5% Pd-C
—_—— + 22
Me X  benzene Me
24 h
1 >98% trace
Scheme 4

Me Bn Me H
43 F/mol
Me X MeOH, rt Me
10 mA/cm? 22
1 75% (c.y. 100%)

Where as this hydrogenation system achieves hydrogenation of an
alkene without hydrogenolysis, the current efficiency is low. Accordingly, we
investigated the effect of reaction concentration for current efficiency employing
1 and allyl benzyl ether (23) as substrates. The results were summarized in
Table 2 and 3. The current efficiencies were increased depending on the
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reaction concentration rising.
was almost completed at 6.3 F/mol which is calculated from the current

efficiency of entry 5 in Table 2.

MAKIET AL.

As shown an entry 6 in the Table 2, the reaction

Table 2. Effect of reactant concentration for current efficiency.

Me Bn Me Bn
10 mA/cm?
Me X benzene Me
n, 4 h
1 2

entry mol/l 1 (%) 2 (%) F/mol c.e. (%)
1 0.007 50 50 21 4.8
2 0.014 40 60 11 11
3 0.035 60 40 4.4 18
4 0.070 47 53 2.2 24
5 0.350 93 7 0.44 32
6 0.350 0 100 21 9.5
7 0.350 <2 >98 6.3 32

Table 3. Effect of reactant concentration for current efficiency.

B > 10 mA/cm? Bro”
23 8 h, (c.y. 100%) 24

entry mol/l 23 (%) 24 (%) F/mol c.e. (%)
1 0.007 42 58 43 2.7
2 0.035 17 83 8.5 20
3 0.35 72 28 0.85 33
4 3.5 95 0.085 100
5 7.0 (neat) 95 0.085 100
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In the case of the simple compound 23, when the reaction
concentration was 3.5 M, the current efficiency was achieved 100% (entry 4 in
Table 3). It was remarkable that the selective reduction was carried out even
under neat conditions to give 24 (entry 5). This indicated that the new
hydrogenation system has applications for large scale synthesis. In addition,
the Pd sheet has with stood long practical experiments using more than 1000
hours already. The endurance test of the Pd sheet applying practical
hydrogenation is in progress.

Experimental Section

Pretreatment of a Pd Sheet Electrode: For the purpose of arrangement Pd
atoms, removing residual internal stress in the Pd sheet and removing surface
oxides, the Pd sheet was heated by a gas burner untilred.  For the palladization,
an aqueous solution of 6 M KOH was put in the compartment having a Ni sheet
anode and then, an aqueous solution of 1 M HCI 2.8 X 102 M PdCl, was filled
into the other compartment for the deposition of Pd black. The palladization
was carried out using atomic hydrogen, which was produced with galvanostatic
electrolysis at various current densities for different periods. During the
palladization, a PdCl, solution was circulated with a roller pump or a magnetic
stirrer.  The amount of the deposit, determined from the weight gain after each
deposition, was 4.5 mg cm?.  The prepared Pd/Pd black electrode was rinsed
with distilled water and then dried with Ar gas.

Conditions of Hydrogenation: Alkenes including a benzyloxy group were
hydrogenated as shown in Fig. 1. During the reaction, the substrates were
circulated at a rate of 2.4 cm’ min" with a roller pump (Furue Science, RP-NE).
The hydrogenation reactions were conducted using galvanostatic electrolysis at
10 mA cm? at room temperature. IR spectra were taken on a JASCO IR-810
spectrometer. 'H NMR spectra were recorded on the JEOL LLambda-270 (270
MHz) spectrometer: Chemical shifts (8) are reported in ppm downfield from
internal tetramethylsilane in CDCl;, and coupling constants are reported in Hz.

C NMR spectra were recorded on a JEOL Lambda-270 (67.5 MHz)
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spectrometer. Low-resolution mass spectra (EIMS) were measured on a JEOL
JMS-600H instrument with an ionization potential of 70 eV.  High-resolution
mass spectra (HREIMS) were measured on a HITACHI M80-B instrument.

1: IR (neat) 1510, 1610 cm'l; 1H NMR (270 MHz, CDCl3) § 1.30 3 H, d, J =
7.0 Hz), 3.82 (6 H, s), 409 (1 H, dq, J= 7.0, 11.0 Hz), 4.91-5.15 (2 H,

complex), 5.03 (2 H, s), 6.57 (1 H, ), 6.71 (1 H, s5), 7.29-7.45 (5H,
complex); HREIMS: found m/z 298.1560 (M*); calcd for CigH2203 298.1569.

2: IR (neat) 1510, 1615 cm'!l; IH NMR (270 MHz, CDCl3) 50.83 3H, t, J =
7.6 Hz), 1.18 3 H, d, J= 6.9 Hz), 1.51-1.63 (2 H, complex), 3.13 (1 H, tq, J
=17.2, 6.9 Hz), 3.83 (3H, s), 3.85 3H, s), 5.02 (2H, s), 6.51 (1H, s), 6.72
(1H, s), 7.31-7.44 (5 H, complex); 13C NMR (68.7 MHz, CDCl3) & 12.18 (g),
20.87 (q), 30.14 (), 33.21 (d), 55.98 (q), 56.53 (q), 71.74 (1), 98.81 (d),
110.94 (d), 127.18 (d), 127.65 (d), 128.30 (s), 128.38 (d), 137.55 (s), 143.47

(s), 147.08 (s), 150.12 (s); HREIMS: found m/z 300.1728 (M*); caled for
C19H2403 300.1725.

21: IR (neat) 1500, 1615 cm!; TH NMR (400 MHz, CDCl3) $0.90 3 H, t, J =
7.3Hz), 1.213H, d, J=7.0Hz), 1.21-1.38 (2 H, complex), 1.47-1.73 2 H,
complex), 3.26 (1 H, tq, J="7.2, 7.0 Hz) 3.86 (3 H, s), 3.89 3H, 5), 5.01 (2

H, s), 6.60 (1 H, s), 6.76 (1 H, s), 7.33-7.48 (5 H, complex); HREIMS: found
m/z 314.1888 (M*); calcd for CooH603 314.1882.

22: IR (neat) 1520, 1610, 3380 cmr!; 'H NMR (270 MHz, CDCl3) § 0.87 (3 H,
t,J=7.5Hz), 1.22 (3 H, d, J= 6.6 Hz), 1.60 (2 H, quin, J=7.5 Hz), 2.84 (1
H, tq, J= 6.6, 7.5Hz), 3.81 3 H, s), 3.83 (3 H, s), 4.52(1 H, br. s, OH),

6.41 (1 H, s), 6.66 (1 H, s); HREIMS: found m/ 210.1254 (M*); caled for
Ci12H1803 210.1256.
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