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Diphenylacetylenes can be reduced to the correspgndiphenylethanes2) in water it
excellent yield using Al powder and Pd/C at 60 o€ 3 h in a sealed tubén addition, th
complete reduction of both aromatic rings requifd °C for 15 h with Al powder irthe
presence of Pt/C. However, the nature of hydrogehptoduct formed was found to be strgng|
influenced by the reaction temperature, time, va@whwater and the amount of catalsing

2009 Elsevier Ltd. All rights reserw

1. Introduction

Hydrogenation of aromatic alkynes to the correspanélkenes
and alkanes is of great interest in synthetic drgelnemistry. This is
one of the most widely used chemical reactions wietny industrial
applications in the petro, food and pharmaceutiwlstries. Styrene
is an industrially and commercially valuable matkri
Phenylacetylene reduced by semi-hydrogenatiorpieess of great

industrial importance® because phenylacetylene is a pOisoninghydrogen3f8

impurity in styrene feedstocks, and leads to deatitin of the
styrene  polymerization catalyst. The hydrogenationf
phenylacetylene proceeds under relatively mild d¢wrds and the
desired product is the intermediate (styrene). Tthis methodology
is a very convenient tool for the evaluation ofqess desigh® and
testing the efficiency of hydrogenation catalystsThis is why a
substantial amount of literature is available featy both
homogeneofs'® and heterogeneotis!” selective processes for the
semi-hydrogenation of alkynes.

Catalytic hydrogenation using hydrogen gas or ligitransfer
agents is commonly employed for this transformatidfarious
hydrogenation reactions have been studied, for lwhie active
catalysts commonly employed include systems baseth® metals
Pd®RhZ2RuZ5Ni,? Pt?281r,>° 0s¥° V,* Fe?? and Nb*
There is particular interest in the use of Pd given excellent
performance in the selective hydrogenation of adisjh Recently,
transition-metal nanoparticles in catalysis hanar much attention

* Corresponding author. Fax: +81 952 28 8548; elmddlress: yamatot@cc.saga-u.ac.jp
(T. Yamato).

due to their high efficiency and unique properti€zlladium
nanoparticles possessing high catalytic activityd aontrollable
particle size have also attracted attenfiohloreover, the use of
ruthenium nanoparticles for the semi-hydrogenatéralkyne and
platinum-ruthenium nanoparticles for the selectiyerogenation of
phenylacetylene has been reported’ The selective reduction of
phenylacetylene was also investigated with AIMgQtiples which
were used as an alternative to water-reactive géorerof
The partial hydrogenation of 3-hexyne was observed
using low-loadings of palladium mono- and bimetadiatalysts® A
Hantzsch amido dihydropyridine has been used agaasfer
hydrogenation reagent fagp-unsaturated ketoné§.

Catalytic hydrogenation is widely considered to be a
environmentally benign process and both heterogeneand
homogeneous alternatives are popular in indd&ty.Nowadays,
heterogeneous catalysts are being used for thetse reduction of
condensedN-heterocycles using water as both a solvent and a
hydrogen sourc® Based on the application of Raney-type Ni-Al
alloy in aqueous medium, the selective reductiorketbbnes and
reductive amination of carbonyl compounds has beeorted!®*°
More recently, an application of heterogeneous Iysttain
combination with microwave irradiation has been Eyed as an
environmentally benign tool for some contemporaryganic
synthesis>?

On the other hand, the utilization of water as ensical reagent is
an essential aspect of Green Chemidtryater as a solvent for
organic reactions has many advantages over thefustber organic
solvents including cost, safety, simplicity of ogton and most



importantly its benign environmental characfer® More recently,
water has been used as a stoichiometric H or D atonor for
tetrahydroxydiboron-mediated palladium-catalyzed ansfer
hydrogenation and deuteriation of alkenes and &&3fin addition,
hydrogenations and deuterium labeling has beefedaout with Al-
based metal alloys under aqueous conditiridere in this study,
we illustrate a simple reduction method for dipHaogtylene using
commercially available Al powder in the presencenoble metal
catalysts (Pt/C, Pd/C, Ru/C or Rh/C) in water in aegkalbe.

2. Results and discussion

In order to achieve a more environmentally friendlyemical
process, the reduction of diphenylacetylene (Schém#&a) was
carried out using Al powder in the presence of bl@onetal catalyst
in water in a sealed tube. Besides the expectediuptol,2-
diphenylethane (Scheme3s), a mixture of stilbene (Scheme2h),
cyclohexylphenylethane (Scheme4h) and 1,2-dicyclohexylethane

(3a) was found in the highest yield (97%) (Table 2, Erj. On
increasing the reaction time, the amount of theicgdn product

Table 2 Reduction of diphenylacetylen&a) using Al powder and Pd/C in
H.02P

Yield ¢ (%)
Entry  Time recovery
(h) 2a 3a Ja 5a la
1 2 0 52 0 0 48
2 3 0 97[84] 0 0 3
3 4 0 100 0 0
4 5 0 97 3 0 0

#Substrate: 20 mg (0.11 mmol), Al powder: 100 mg0(8@%), Catalyst: 4.5
mol% (metal), HO: 0.5 mL.

P Condition: temp: 60 °C.

°The yields were determined by GLC.

9The isolated yields are shown in a square bracket.

(3a) was not found to increase, rather over a longesti@atime of

(Scheme 1,5a) was obtained upon reduction. The relative more than 4 h, the produ@ad) started to transform intéa (Table 2,

distribution of the products formed was found tqeled on the
reaction conditions employed. Consequently, the ctffeof the
reaction temperature, time, amount of catalyst r@uglired volume

of water for the reduction of diphenylacetylenda)( were
investigated.
Al powder/
Catalyst
= —_ > Y + +
O=C0 =0

in a sealed tube 2a 3a
4a 5a

Scheme 1 Reduction of diphenylacetylenga) by using Al powder and noble
metal catalyst in kD.

An initial attempt to reduce diphenylacetyled@)(using only Al
powder in water in a sealed tube failed. Howevéremthe reduction
was carried out using Al powder and Pd/C at 60 °€ 3oh,
diphenylethane3a) was isolated in good yield (Table 1, Entry 2).
On increasing the reaction time, diphenylacetyl¢te gradually
underwent further reduction and as a result, tkerimediate product
(3a) was transformed intda over a longer reaction tim@able 1,
Entry 3).

Table 1 Reduction of diphenylacetylendd) using Al powder and noble
metal catalyst in pD.2°

Yield ¢

Entry  Catalyst Time (%) recovery

(h) 3a 4a la
1 Al Powder + Pt/C 3 20 0 80
2 Al Powder + Pd/C 3 95 0 5
3 Al Powder + Pd/C 6 94 6 0
4 Al Powder 6 0 0 100
5 Ni-Al 3 91 0 9

@Substrate: 0.11 mmol, Ni-Al: 100 mg (500 wt%) (Wakal powder: 100
mg (500 wt%) (Wako), Catalyst: 4.5 mol% (metal) (@p H,O: 0.5 mL
(Wako).

P Conditions: temp: 60 °C.

°The yields were determined by GLC.

The reduction of diphenylacetylenta) was conducted at 60 °C
to evaluate the effect of the reaction time at 60using Al powder
and Pd/C. Wheda was subjected to reduction oveh3the product

Entry 4).

It was observed that on increasing the reaciion,tthe yield of
the desired compoundq) was found to peak (97%) at 8 On
increasing the reaction time further, the amountpodduct 8a)
increased only very slightly. On the other handpgifRaney Ni-Al
in dilute alkaline aqueous solution, benzophenauiired a higher
amount of catalyst compared to that used in thiskwbThus, the
catalytic system developed here is more economical.

From Table 2, it was found that 60 °C for 4vhs the best
conditions for the reduction of diphenylacetylenda)( to
diphenylethane3a) when using Al powder and Pd/C. To explore the
corresponding activity of other catalytic systeitie reduction was
carried out under the same conditions. In the aHs®h/C, we
obtained a 27% yield, whilst for Ru/C, no reactiorcwoced. In
Figure 1, the pink colour indicates the startingmpound
diphenylacetylenes (DPA), the green colour reprssenr desired
product 1,2-diphenylethane (DPE) and the blue gofou stilbene
product.

Al powder & Catalysts at 60°C for 3h

= Stilbene
1,2-DPE

=DPA

100 7

80 1

Yield %

Pt/C Pd/IC Ru/C Rh/C
Catalyst (wt%)

none

Fig. 1 Reduction of diphenylacetylenga) using Al powder and noble metal
catalyst.

Table 3 Reduction of diphenylacetylen&a) using Al powder and Pt/C in
H02

Yield °(%)

Entry  Temp. Time recovery
(°C) (h) 3a 4a 5a la
1 80 12 0 0 37 63
2 100 12 9 0 87 4
3 80 15 6 0 91[78] 3
4 80 18 7 0 92 1



4

# Substrate: 20 mg, Al powder: 100 mg (500 wt%), lgata 4.5 mol%
(metal), HO: 0.5 mL.

The yields were determined by GLC.

°The isolated yields are shown in a square bracket.

In our previous study, a Pt/C catalyst with Al gawvin water was
found to be a stronger reducing agent for the réoluof aromatic
rings®® Based on this information, the reduction of dipHeny
acetylene 1a) was examined with this catalyst in a sealed tube.

When the reduction of diphenylacetyleda)(was carried out at
80 °C for 12 h using a Pt/C catalyst with Al powdemiater, 37% of
5a was observed along with 63% recovery of the stgrtiompound
(1a) (Table 3, Entry 1). The reduction increased meraasing the
reaction temperature up to 100 °C, but this tempesais not
suitable when water is used as the solvent. (T&pl&Entry 2).
Consequently, when using this catalyst, the readgomperature was
gradually decreased and a 91% yield of compdamdas obtained
at 80 °C over 15 h. Thus Pt/C turned out to be tis¢ ¢etalyst and it
is well-known that Pt/C can act as a more effectimtalyst when
used in the presence of Raney Ni-Al alloy and Al geif* The
intermediate product diphenylethane was also imyatstd under the
same reaction conditions and it led to excellergldg via the
reduction of both aromatic rings.

Table 4 Reduction of substituted diphenylacetylenBsusing Al powder and
Pd/C in HO2"

Yield®? (%)
Entry R recovery
2 3 1
1 la 0 100 0
2 1b 0 68 32
3 1c 53 37 10
4 1d 16 36 48
5 le 0 100[90] 0
6 1If 19 41 41

#Substrate: 0.11 mmol, Al powder: 100 mg (500 wttb)D: 0.5 mL.
P Conditions: temp: 60 °C, time: 3 h.

“The yields were determined by GLC.

9The isolated yields are shown in a square bracket.

Subsequently, the reduction of substituted dipheretlylenes was
examined to afford compoun@sand5. Following exposure of the
substituted diphenylacetylenes to reduction, uritier established
standard conditions, 4-methyldiphenylacetylen#b) ( gave the
product3b with a yield of 68 % along with recovery of tharsing
compound 1b), which is probably due to steric hindrance.
Interestingly, given the presence of the bulky @roud-
methoxydiphenylacetylend€) gave a 53% vyield of stilbene product
(2c) whereas 4ert-butyl-

Al powder/
=) = ~0- O
— —_—
) oW
1 80°C, 15h 2 3
a;R=H, in a sealed tube
b; R =CHs
¢; R=0CH. .
d; R = C(CHy)
e R=N(CH)s R R
f;R=CF; 4 5

Scheme 2 Reduction of substituted diphenylacetylengsysing Al powder
and Pt/C in HO.

Table 5 Reduction of substituted diphenylacetylenBsusing Al powder and
Pt/C in HO2P

Yield®(%o)
Entry R recovery
3 4 5 1
1 la 6 0 91 3
2 1b 25 32 36 5
3 1c 25 44a) 7(5a)+48 0
4 1d 13 7 10 0
5 le 100 0 0 0

Tetrahedron

1f 7 15 78 0

@ Substrate: 20 mg, Ni—-Al: 100 mg (500 wt%), Al powd&00 mg (500
wt%), Pt/C: 4.5 mol% (metal), J@: 0.5 mL.

P Conditions: temp: 80 °C, time: 18 h.

°The yields were determined by GLC.

diphenylacetylene 1¢l) and 4-trifluorodiphenylacetylene 1fj
produced a negligible amount of the stilbene presl@®@d) and @f)
along with the corresponding diphenylethane derieat In case of
an electron-donating group, a complete reductiahefalkyne group
occurred for 4-dimethylaminodiphenylacetylenée)( under the
conditions used. The outcome of the reduction ddépeon the
substituents present in the diphenylacetylene.

We also explored the substituent effects on diplaeeyylenes
(1) to observe a wider picture of the reduction paiguwbtained
using the above catalysts under the same reaabioditons. In the
case of 4-methyldiphenylacetylene 1bY and  4tert-
butyldiphenylacetylenelfl), a completely reduced produ&dj was
obtained in low yield, namely 36% and 10%, respetyialong with
the other products due to the steric hindrance hef tespective
methyl andtert-butyl groups. Only 4N,N-dimethylaminodiphenyl-
acetylene 1e) afforded a quantitative yield for the alkyne gpou
reduction producBe which may be due to the electron donating
nature of the substituent. In the case of 4-mettihenylacetylene
(1c), a 48% yield of compoundx and5a (7%) was achieved. This
result strongly suggests that the present systdanomig reduces the
aromatic ring but also cleaves the polar C-O bdbd.the other
hand, a 78% reduction occurred with the formatibnampounds3f
(7%) and4f (15%) in the case of 4-trifluoromethyldiphenyladehe
(2f).

One of the most important advantages of this methdtat the
reaction can be carried out in water which amoafjsts important
environmental properties, is both readily availabled cheap. In
addition, water serves as an economic source ofolggth and as a
result, no extra hydride or hydrogen gas addit®meiquired. It is
noteworthy that this is also accomplished withchg heed of the
presence of any strong base. Moreover, the nohtal wetalyst most
likely readily adsorbs hydrogen and thereby enstines effective
hydrogenation of the substrates. In addition, th&ction does not
produce any harmful waste materials and the onkproguct that
forms is non-toxic Al(OH) /Al,O; that can be filtered and used in
other hydrogenation processes.

Proposed Reaction M echanism

The reaction mechanism for the reduction is notffyiy clear. It
can be proposed that in the presence of Pt/C, theoAlder reacts
with water producing a reactive form of hydrogeattbets adsorbed
on catalyst's surface. Also, we have noted thatnvilepowder and
Pt/C were combined with Raney Ni—Al alloy as a cabst, the
system becomes a much more potent reducing agevatar. Here,
the solvent water may play an important role in ¢heation of the
catalytic surface (Fig. 2.

Pathway 1

Catalyst/ Hy
=
1

—_—
Pathway 2
Catalyst/ Hy
Slow

Vo YaV,

2

n

Catalyst
/H,



Fig. 2 Proposed reaction pathways for the reduction gfehylacetylenes

This work was conducted under the Cooperative Relsea

Program of “Network Joint Research Center for Matsriand

Devices (Institute for Materials Chemistry and Emgiring, Kyushu

Based on the G@/S analysis, a detailed reaction pathway for theUniversity)”.
form of a travel grant to CR.

reduction of diphenylacetylenes can be prop8&dd.pathwayl the
triple bond is reduced to single bond directly amgathway? the
single bond is afforded through the intermediatedpct stilbene3).
The intermediate produgtis only forms when a bulky substituent is
introduced (Table 4), which makes the path\®alatively slower.
So, we can assume that pathwiays the faster route compared to

The EPSRC is thanked for financialppart in the

Supplementary data
Electronic Supplementary Information (ESI) avaitalDetails of
the GC and GAVIS data. See DOI:

pathway 2. It may be concluded here that the approach of théteférencesand Notes

diphenylacetylenes towards the catalyst’s surfaceery important 1
in terms of achieving a high yield of the product. 2

3. Conclusion 3

N

It was found that the alkyne diphenylacetylene Id¢obe
converted to the corresponding diphenylethane uAingowder in
the presence of Pd/C in,8 in a high yield. Furthermore, both the
aromatic rings were also reduced in high yield v#tipowder in the
presence of Pt/C in 4@ under mild reaction conditions in a sealed 7
tube. Without using any organic solvents, Al powihethe presence
of the catalyst in water turns out to be a poweréducing agent. 8
The nature of the reduction products greatly depamdthe reaction
temperature, time, volume of water and the amountatalyst
employed. This novel approach is characterized Hey ¢ase and
speed of the reaction, the simplicity of the matdpan and the
mildness of the reaction conditions. Moreover, thavenience and
low costs associated with the process are worthligigting.
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4, Experimental 13

4.1. General

14
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Materials and appar atus

All melting points are uncorrectedtH NMR spectra were
recorded at 300 MHz on a Nippon Denshi JEOL FT-3@dR
spectrometer in CDglwith Me,Si as an internal reference. IR
spectra were measured as KBr pellets on a NipporstibeiR-
AQ20M spectrometer. Mass spectra were obtained fimegizu
GCMS-QP5050A Ultrahigh Performance Mass Spectrom&@C-
201, 100 V using a direct-inlet system. G.L.C. asek were
performed by Shimadzu gas chromatograph, GC-2010.
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General procedurefor reduction of aromatic compounds 21

The mixture of substrate (20 mg, 0.11 mmol) (Wakd)powder 22

(500 wt%) (53-150 um, 99.5%) (Wako) and Pt/C, Pd/C/CRor

Rh/C (20 mg) (4.5 mole % metal) were added to wales (L)

(Wako distilled water). After heating the mixture6®—-80 °C for 3—
15 h, it was cooled to room temperature. The smiutivas then
diluted with 1 mL water and stirred overnight abmotemperature in
a sealed tube. After 24 h, the solution was exdrhatith diethyl

ether (3 x 2 mL) as per the reported procedtit&he combined
organic layers were, dried over Mggeéndfiltered through a cotton
layer followed by being concentrated in vacuum twegthe

corresponding hydrogenated product. The yields \determined by ~ 28
GLC analysis using the standard compound (1,2,3,4-29
tetrahydronaphthalene), and the products wereiftghby GG-MS.
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