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Abstract

The chemoselective reduction is based on the reaction between Al either as powder or from the alloy and
water which generates in situ hydrogen to effect the reduction of the targeted functional groups. Raney Ni-Al
alloy with Al powder can reduce phenylacetylenes to the corresponding ethylbenzene (3) in water in excellent
yield at 120 °C for 6 h in a sealed tube. In addition, the complete reduction of the aromatic ring to
ethylcyclohexane required 60 °C for 12 h with Raney Ni-Al alloy, Al powder in the presence of Pt/C.

Appropriate selection of reaction conditions allowed the selective preparation of ethylbenzene as well as
ethylcyclohexane from phenylacetylene.
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Introduction

Addition of hydrogen to aromatic alkynes is one of the important transformations in synthetic organic
chemistry. Catalytic hydrogenation using hydrogen gas or hydride transfer agents is commonly employed for
this transformation. Numerous hydrogenation reactions have been reported, for which the active catalysts
commonly employed include systems based on metals such as Pd, Rh, Ru, Ni, Pt, Ir, Os, V, Fe, and Nb.! There
is particular interest in the use of Pd given its excellent performance in the selective hydrogenation of
alkynes.” Nowadays, isolated single atom Pd sites in intermetallic nanostructures are used for high catalytic
selectivity in the semihydrogenation of alkynes and light mediated preparation of palladium nanoparticles as
catalysts for alkyne cis—semihydrogenation.3’4 It is found that N,N-dimethylformamide (DMF) can act as a
hydride source in nickel-catalyzed asymmetric hydrogenation of a,B-unsaturated esters.” Also a Hantzsch
amido dihydropyridine has been reported as a transfer hydrogenation reagent for a,B-unsaturated ketones
while pyridine derivatives were reduced via borane-catalyzed transfer hydrogenation reaction with ammonia-
borane.®” Recently, use of a copper catalyst as a monophasic catalytic system and silica-supported copper
nanoparticles have been employed for the selective semireduction of alkynes.®? In another study, a nonclasical
Co-H, system was used to assess the effect of hydrogen spin on isomerization and E-selectivity in an alkyne
semihydrogenation reaction.’® Moreover, rationally tuned micropores within enantiopure metal-organic
frameworks for highly selective separation of acetylene and ethylene as well as tuning the gate opening
pressure of metal-organic frameworks (MOFs) for the selective separation of hydrocarbons have appeared in
the literature.™™*? Microporous metal-organic framework with dual functionalities for highly efficient removal
of acetylene from ethylene/acetylene mixtures have also been reported. In addition, a microporous metal-
organic framework for highly selective separation of acetylene, ethylene and ethane from methane at room
temperature has been reported.>**

Over a century ago Paul Sabatier developed nickel-catalyzed hydrogenation as one of the most commonly
applied procedures for organic synthesis.”>*® The use of complex hydrides as reducing reagents causes many
environmental concerns. Catalytic hydrogenation is widely considered to be an environmentally benign
process while both heterogeneous and homogeneous alternatives are popular in industry.’’** Hydrogen is an
explosive gas and its production through steam reforming is a highly energy-intensive (700-1000 °C) process
and it also causes considerable emission of carbon dioxide, a well-known greenhouse gas.24 So the current
method of production of hydrogen cannot be considered to be environmentally-friendly. Therefore, the
overall environmental impact of catalytic hydrogenation cannot be considered negligible. Nowadays,
heterogeneous catalysts are being used for the selective reduction of condensed N-heterocycles using water
both as a solvent and a hydrogen source.””> More recently, the application of a heterogeneous catalyst in
combination with microwave irradiation has been employed as an environmentally benign tool for some
contemporary organic syntheses.26’27 Based on the application of Raney-type Ni-Al alloy in aqueous medium
as the hydrogen source as well as solvent, the selective reduction of ketones and reductive amination of
carbonyl compounds has been reported.zg’29

Tashiro et al. have pioneered the use of various metal-Al alloys (Ni-Al, Co-Al, Cu-Al, Fe-Al) in water for the
reduction of aryl ketones to the corresponding alcohols or alkane derivatives. Raney Ni-Al alloy in water was
found to be a good reducing agent for the reduction of aromatic ketones and aldehydes to the corresponding
cyclohexane derivatives, but a large amount of alloy was employed in these studies.®® Thereafter, under
microwave irradiation, the reduction of acetophenones was performed using Raney Ni-Al alloy in water. Also
reported were the reductive reactions of a series of aromatic ketones with noble metal catalysts such as Rh,
Ru, Pd or Pt along with added Al powder in water in a sealed tube. 332 Raney Ni-Al was found to be very
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efficient in the reduction of various aromatic compounds as well as for dechlorination of mono and
dichlorobiphenyls to the corresponding hydrocarbon derivatives. In the absence of any organic solvents under
milder reaction conditions, dilute sodium or potassium hydroxide solutions were applied to accelerate the
reduction systems.**® Recently, reduction or the oxido-reduction reaction of cinnamaldehyde and its
derivatives with Ni-Al alloy and Al powder in water was also reported.?’

The utilization of water as a chemical reagent is an essential aspect of Green Chemistry.38 Water as a
solvent for organic reactions has many advantages over the use of other organic solvents include among
others cost, safety, simplicity of operation and most importantly its benign environmental nature.>*™** More
recently, the Pd/C-Al-water-facilitated selective reduction of a broad variety of functional groups and Pd/C
catalyzed hydrogenolysis of dibenzodioxocin lignin model compounds using silanes and water as a hydrogen
source has been reported.**® Also, water has been used as a stoichiometric H or D atom donor for
tetrahydroxydiboron-mediated palladium-catalyzed transfer hydrogenation and deuteriation of alkenes and
alkynes.** In addition, hydrogenations and deuterium labeling has been carried out with Al-based metal alloys
under aqueous conditions.** Previously, we reported the reduction of carbonyl compounds by Raney Ni-Al
alloy and Al powder in the presence of noble metal catalysts in water.”® Herein, we illustrate a simple
reduction method for the alkyne group as well as an aromatic ring using commercially available Raney Ni-Al
alloy and Al powder in the presence of a noble metal catalyst (Pt/C, Pd/C, Ru/C or Rh/C) in water in a sealed

tube.
Results and Discussion

In order to develop an environmentally benign methodology, the reduction of phenylacetylene (1a) was
performed by using commercially available Al powder and a noble metal catalyst in water in a sealed tube. The
functional group that can undergo reduction has been assessed in terms of applicability, yields and
chemoselectivity. The reduction of phenylacetylene using the heterogeneous catalysts was investigated to
obtain the optimized reaction conditions, i.e. the effects of the reaction temperature, time, amount of catalyst
and the required volume of water. As a first step, the reduction of phenylacetylene (1a) was carried out using
only Al powder. The reaction was carried out at 60 °C for 6 h in water in a sealed tube and did not start (ie
nothing occured). The reaction did not proceed on increasing the reaction time up to 12 h and at a
temperature of 120 °C. Then it was decided to add a noble metal catalyst such as Pt/C, Pd/C, Ru/C or Rh/C and
Al powder in water in a sealed tube. Selective and complete reduction of phenylacetylene (1a) occurred and
the results are summarized in Table 1.

Ni-Al alloy/
Al powder/

Pt/C
R <> _ <> / <> / 4 < > /
Hzo

’ 80 °C, 12 h

in a sealed tube

1a:R=H,
1b:R=CHjs,
1c :R=0CHj;,
1d : R = C(CHy)3

Scheme 1. Reduction of substituted phenylacetylenes (1a-1d) using Raney Ni-Al, Al powder and Pt/C in H,0.
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The reduction of phenylacetylene (1a) also occured with high selectivity providing 83% styrene (2a) as the
major product using Pd/C at 80 °C for 6 h (Table 1; entry 5). Finally, the reduction at 120 °C for 6 h resulted in
complete reduction to ethylbenzene in a highly selective and quantitative reaction (Table 1; entry 3, 6) using
both catalysts Pt/C and Pd/C. Moreover, the catalytic systems employing Ru/C and Rh/C exhibited a low
selectivity for the reduction of alkyne group to the corresponding alkene and alkane groups (Table 1; entries 7,
8).

From these results, it can be concluded that Al powder alone in water is unable to generate hydrogen gas
but the addition of a noble metal catalyst can produce hydrogen gas.

Table 1. Reduction of phenylacetylene (1a) using Al powder and catalyst in H,0*P

Entry Catalyst Teomp. ’a Yield (%)° Recovery

(¢) 3a la

1 none 60 0 0 100

2 Pt/C 60 33 4 63

3 Pt/C 120 0 100 0

4 Pd/C 60 74 10 16

> Pd/C 80 83 15 5

6 Pd/C 120 0 100 0

/ Ru/C 60 1 ? 97

8 Rh/C 60 17 4 29

®Substrate: 20 mg (0.20 mmol), Catalyst: 4.5 mol% (metal), Al powder: 100 mg (500 wt%), H,O: 0.5 mL.
®Conditions: time: 6 h. “The yields were determined by GLC.

Tashiro et al. also reduced acetophenone with a noble metal catalyst and Al powder to the corresponding
ethylbenzene and cyclohexyl benzene in water at 130 °C.>* Also using Raney Ni-Al alloy in water, reduction of
carbonyl groups to the corresponding methylenes in high yields was performed within 2 h by Ishimoto et al as
was the microwave-assisted reduction of acetophenones by Miyazawa et al.*>*' Inspired by this, we
introduced Raney Ni-Al alloy into our reaction system and carried out the reduction of phenylacetylene (1a)
for 6 h at 120 °C. A quantitative yield of ethylbenzene was obtained as complete reduction occured under
these reaction conditions (Table 2; entry 3).

Table 2. Reduction of phenylacetylene (1a) using Raney Ni-Al and Al powder in H,0""

Temp. Yield (%)° Recovery
Entry . 2a
(°C) 3a 1a
1 60 0 0 100
2 90 70 26 4
3 120 0 100 0

@Substrate: 20 mg (0.20 mmol), Raney Ni-Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), H,0: 0.5 mL.
®Conditions: time: 6 h. “The yields were determined by GLC.
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From these results, Raney Ni-Al alloy with Al powder is found to be a good reducing agent for the
reduction of an alkyne group to the ethyl radical in high yield.

As the catalytic system appears to work efficiently, noble metal catalysts were introduced into the mixture
of Raney Ni-Al alloy and Al powder in water to afford the complete reduction of the aromatic ring of
phenylacetylene (1a). The reduction was examined using these catalysts at various temperatures for 6 h and
the results are plotted in the following Figure 1.

Ni-Al, Al powder and noble metal catalyst = 120°C
= 90°C
60 °C
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Figure 1. Reduction of Phenylacetylene (1a) using Raney Ni-Al, Al powder and noble metal catalysts in water
for 6 h.

From Figure 1, it is observed that the reduction of an aromatic ring using either Pd/C or Ru/C was less
effective compared to systems employing Pt/C or Rh/C. The Rh/C catalyst turned out to be the most effective
catalyst for this reduction, but the temperature is comparatively higher than for Pt/C. The reduction product
4a was afforded in lower than 40% yield in both these cases. For the Pt/C catalyst, the favorable reaction
temperature is 60 °C which is lower and more convenient for most organic syntheses. Consequently, the
reaction time was increased from 6 h to 12 h in order to increase the yield for the reduction of the aromatic
motif. The temperature was fixed at 60 °C under various catalyst combinations using Pt/C, Raney Ni-Al alloy
and Al powder. The results are tabulated in Table 3.

Table 3. Reduction of phenylacetylene (1a) using Raney Ni-Al, Al powder and Pt/C in H,0*"

Yield (%) Recovery

Entry Catalyst 2a 3a 4a 1a
1 Ni-Al + Al powder 50 15 0 35
2 Ni-Al + Pt/C 62 36 0 2

3 Pt/C 0 0 0 100
4 Al powder + Pt/C 6 92 2 0
Ni-Al + ﬁL/pCowder + 0 13 g7 0

®Substrate: 20 mg (0.20 mmol), Raney Ni-Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), catalyst: 4.5
mol% (metal), H,0: 0.5 mL. ® Conditions: temp: 60 °C, time: 12 h. “The yields were determined by GLC.
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At the time of treatment of phenylacetylene (1a) with Pt/C catalyst and Al powder for 12 h, the alkyne
group was reduced to an ethyl radical in 92% yield with trace amounts of reduction of aromatic ring (Table 3;
entry 4). Pt/C by itself is unable to reduce either the alkyne group or aromatic ring (Table 3; entry 3).
Interestingly, Pt/C in the presence of a mixture of Raney Ni-Al and Al powder can reduce the aromatic ring of
compound 4a (87%) (Table 3; entry 5). From these results, it can be stated that Pt/C is an effective catalyst
with a mixture of Raney Ni-Al and Al powder in water to generate sufficient nascent hydrogen to reduce the
aromatic motif. These results clearly show that a transition-metal catalyst increases the reducing capability of
Raney Ni-Al as also reported previously by our group.*® Guo-Bin Liu et al. reported that Raney Ni-Al alloy in a
dilute alkaline aqueous solution becomes a powerful reducing agent, which is highly effective in the reduction
of benzophenones to the corresponding hydrocarbon derivatives without using any organic solvent.>® In our
case, reduction of phenylacetylene (1a) to the corresponding hydrocarbon derivatives is achieved in water
without using any alkaline solution and under mild reaction conditions.

Next, in order to obtain higher yields of the aromatic reduction product, the reaction temperature was
raised up to 120 °C using Pt/C catalyst in the presence of a mixture of Raney Ni-Al and Al powder. The results
are plotted in Figure 2.

Ni-Al, Al powder & Pt/C

% of Yleld

80
Temperature

120

Figure 2. Effects of temperature on the reduction of phenylacetylene (1a) for 12 h.

From Figure 2, it is observed that an increase in the reaction temperature, leads to a gradual decrease in
the reduction of the aromatic ring instead of improving the product yield. These results reveal that the rapid
generation of hydrogen gas at higher temperature decreases the reduction reaction. A lower temperature is
effective for the generation of sufficient nascent hydrogen to reduce the benzene ring. To ascertain whether
ethylbenzene can function as an intermediate and produce the desired products under the reaction conditions
employed, it was subjected to the same reaction conditions and 100% ethylcyclohexane was obtained.

From the above, the mixture of Raney Ni-Al and Al powder emerged as the best reducing agent for the
reduction of the alkyne functional group. To observe the effect of substituents, different types of 4-substituted
phenylacetylenes were treated with the reducing agent and the results are shown in Table 4. A series of 4-
substituted phenylacetylenes (1a—1d) were investigated under the same reaction conditions. In the case of
methyl-, methoxy- and tert-butyl-phenylacetylene, a temperature of only 60 °C is sufficient for the reduction
of the alkyne group (Table 4; entries 2—4). Indeed, only temperature variation versus substituent effect was
observed. The substituent effect in this case is to modify the reactivity of the substrate leading to reaction at a
low temperature. In fact, this could be a clue in understanding the reaction mechanism.
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Table 4. Reduction of substituted phenylacetylenes (1a—1d) to afford compound 3 using Raney Ni-Al and Al
powder in H,0*"

Entry Substrate (1) Tt(aor;r:\)p. Yieli(%)c
1 H 120 100[65]
2 CHs 60 100
3 OCHj; 60 100
4 C(CHs)s 60 98

4Substrate: 20 mg (0.20 mmol), Raney Ni-Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), H,0: 0.5 mL. b
Conditions: time: 6 h. “The yields were determined by GLC.

Addition of Pt/C to the mixture of Raney Ni-Al and Al powder was found to create the best catalyst system
for the reduction of the aromatic ring at 60 °C for 12 h. For the methyl substituted derivative, a 93% yield of
the reduction of the aromatic ring was obtained with both cis and trans products. Unfortunately, for the
methoxy and tert-butyl derivatives, yields of products were less at 78 and 63%, respectively. For the methoxy
containing compound, 4a was obtained which indicates that cleavage of the C-O bond had occured. Clearly,
this strong reducing agent not only reduces the aromatic ring but also cleaves the polar C-O bond. The
presence of the bulky tert-butyl group matters for that derivative, as it cannot approach parallel to the metal
surface to give the targeted product in high yield. From these substituent effects, it can be summarized that
the approach of the 4-substituted phenylacetylenes (1) toward the highly porous surface of the Ni and Pt
catalyst depends on the pattern of substituents.

Table 5. Reduction of substituted phenylacetylene (1a—1d) using Raney Ni-Al, Al powder and Pt/C in H,0*"

Entry Substrate (1) 3 Yiel(i(%)c Reccivery
! H 13 87 [50] 0
2 CHs 7 93¢ 0
3 OCH; 11 11(4a)+78(4c)” 0
4 C(CHs)s 36 63¢ 0

ubstrate: mg (0.20 mmol), Ni-Al: mg wt%), Al powder: mg wt%), catalyst: 4.5 mol%
4Sub 20 (0.20 1), Ni-Al: 100 (500 wt%), Al der: 100 (500 wt%) I 4.5 1%
(metal), H,0: 0.5 mL. ® Conditions: temp: 60 °C, time: 12 h. “The yields were determined by GLC. %cis- and
trans-Isomers.

Though the actual overall yield seems relatively low, one of the most important advantages of this method
is that the reaction can be carried out in water which is cheap, readily available and the most environmentally
benign solvent. Besides, water serves as an economic source of hydrogen, and as a result no extra hydride or
addition of hydrogen is required. Moreover, this is also conducted without the need of any additional strong
base. Probably, the noble metal catalysts and Ni of the alloy readily adsorb hydrogen to facilitate the effective
reduction of the substrates. The reaction does not also produce any harmful by-products. The only by-product
is Al(OH)s, which is a non-toxic and an easily recyclable material. The reaction does not require a high
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pressure of hydrogen, which is advantageous given the explosive nature of hydrogen that also requires the use
of high pressure reaction vessels.

The reaction mechanism of reduction is not yet well understood. Water as a solvent may play an
important role in the creation of the catalytic surface (Figure 3).>* From the substituent effect (Table 4), it was
observed that an electron donating substituent could increase the electronic density on the triple bond. This
means the first species that is being trapped by the alkyne moiety could be a proton.

Pathway 1
Catalyst / H
R —] y 2 > R
Fast
3
Catalyst/ H
Catalyst /H Pathway 2 y 2
Slow
R <:> V4
2

Figure 3. Proposed reaction pathways for the reduction of phenylacetylenes (1).

Being rich in m-electrons, both alkyne group and aromatic ring are adsorbed on the surface of the active Ni
metal and react with the reactive form of the hydrogen already adsorbed on the catalyst surface. In water, the
Raney Ni-Al alloy reacts in an uncontrolled manner and liberates hydrogen gas which escapes unreacted from
the reaction vessel. Based on the GC-MS analysis, a reaction pathway for the reduction of phenylacetylene can
be proposed.”” The reduction of triple bond to a single bond directly in pathway 1 and the single bond is
afforded via the intermediate styrene (2) as shown in pathway 2. The intermediate compound 2 only forms
when Pd/C is used with Al powder (Table 1; entry 5) and the mixture of Raney Ni-Al alloy with Pt/C (Table 3;
entry 2) under mild reaction conditions. These results indicate that pathway 2 is a relatively slower route
compared to pathway 1.

Conclusions

Raney Ni-Al alloy along with Al powder in water is an effective reducing agent for the reduction of an alkyne
group under mild reaction conditions. In addition, the presence of Pt/C in the mixture of Raney Ni-Al alloy
together with Al powder in water can further reduce an aromatic ring. The nature of the reduction product
formed was found to be strongly influenced by the reaction temperature, time, volume of water and also the
amount of catalyst employed. Moreover, the reduction capability of para substituted phenylacetylenes
depends on the substituents present. The reduction of the aromatic ring produces both cis and trans products
but the stereochemistry of the cyclohexyl substituted compound has not yet been established. Overall, this
reduction is operationally simple, i.e. no harsh reaction conditions such as elevated temperatures, high
pressures, a hydrogen atmosphere, an inert gas atmosphere, highly alkaline media or any special apparatus
are required. Finally, the readily commercially available Raney Ni-Al alloy in water provides yet another very
important protocol for the reduction of aromatic compounds.
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Experimental Section

General. All melting points are uncorrected. *H NMR spectra were recorded at 300 MHz on a Nippon Denshi
JEOL FT-300 NMR spectrometer in CDCl3 with Me4Si as an intenal reference. IR spectra were measured as KBr
pellets on a Nippon Denshi JIR-AQ20M spectrometer. Mass spectra were obtained on Shimadzu GCMS-
QP5050A Ultrahigh Performance Mass Spectrometer AOC-20l, 100 V using a direct-inlet system. G.L.C.
analyses were performed by Shimadzu gas chromatograph, GC-2010.

General procedure for reduction of aromatic compounds. The mixture of a substrate (20 mg, 0.20 mmol)
(Wako), Raney Ni-Al alloy (500 wt%), Al powder (500 wt%) (53-150 um, 99.5%) (Wako) and Pt/C, Pd/C, Ru/C or
Rh/C (20 mg) (4.5 mole % metal) was added to water (0.5 mL) (Wako distilled water). After heating the
mixture at 60-120 °C for 6-12 h, it was cooled to room temperature. The solution was then diluted with 1 mL
water and stirred overnight at room temperature in a sealed tube. After 24 h, the solution was extracted with
diethyl ether (3 x 2 mL) as per the reported procedure.37 The combined organic layers were dried over
anhydrous MgS0, and filtered through a porous cotton plug followed by concentrating in vacuum to afford the
corresponding reduction product. The yields were determined by GLC analysis using the standard compound
(1,2,3,4-tetrahydronaphthalene), and the products were identified by GC-MS.
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