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Abstract

Several aromatic and heterocyclic aldehydes are reduced at atmospheric pressure by calcined Ni-Al hydrotalcite and the
catalyst is reused for several cycles with consistent activity and selectivity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction low-valency titanium[15], tetrabutylammonium tri-

acetoxyborohydrid¢l6], potassium triphenylborohy-

The reduction of carbonyl functionality is a fun- dride [17] and lithium trialkoxyaluminium hydrides

damental reaction in organic chemistry and found [18]. Raney nicke[19,20]is an effective catalyst to
numerous applications in fine chemical industry and achieve the chemoselective reduction of aldehydes in
laboratory. Basically varieties of reducing systems are the presence of ketones. All these methods have their
available to effect reductions, for instance, nickel- own drawbacks that include the use of high pressure

aluminium (Ni-Al) alloy [1], Al,O3—NaBH; [2,3], and temperature or both, non-reusable/regenerable
Cu/Ru complexes[4-6], PHMS [7], HCO;Na/A/ and non-selective stoichiometric amounts of reagent
pressurg8,9] and MPV reduction§10,11] The se- which leads to the formation of quantitative amounts

lective reduction of aldehydes in the presence of other of undesirable salts, or the use of pyrophoric catalyst.
functional group vulnerable for reduction constitutes With this background, there is strong need to develop
a more difficult task in organic synthesis and in such a new heterogeneous catalyst that can be reusable and
cases, most of the times it is necessary to use the ex-efficient under mild conditions.
pensive reagents and/or work at low temperatures. This Layered double hydroxides (LDHs) or hydrotal-
can be accomplished by using aminobor&h2,13], cite like compounds (HTLCs) have recently received
tributylstannane[14], especially in the presence of much attention in view of their potential usefulness
as adsorbents, anion exchangf&] and most im-
e portantly as basic catalysf@2—29] for a variety of
* Corresponding author. Tek+91-40-2719-1510; . . . .
fax: 491-40-2716.0921. organic transformations. We report in this commu-
E-mail address choudary@iict.ap.nic.in (B.M. Choudary). nication the selective reduction of various aromatic
1 Co-corresponding author. anda,B-unsaturated aldehydes to their corresponding
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Scheme 1. The reduction of aldehydes to alcohols by calcined
Ni-Al hydrotalcite catalyst.

alcohols in good yieldsScheme ) at atmospheric
pressure by calcined Ni-Al hydrotalcite.
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18 h. After cooling to room temperature, the solid was
filtered, washed with warm distilled water and dried at
125°C under vacuum overJ®s. The obtained solid
(Ni-Al-CO3 hydrotalcite) was calcined at 45C in a
flow of air for 6 h, then cooled to room temperature
and used for the reactions. Ni-Al-GOhydrotalcites,
Ni/Al ratios (2.5 and 3) were prepared similarly by
taking appropriate ratios of Ni and Al nitrates.

We have developed a series of heterogeneous2 22 Preparation of Ni-Al rehydrated

Ni-Al hydrotalcites of various Ni/Al compositions
for reduction of aldehydes to alcohols. Aromatic and

hydrotalcite (2:1)
Ni-Al-CO3 hydrotalcite synthesized with Ni/Al in

conjugated aldehydes, heterocyclic aldehydes such as ratio of 2.0 was first calcined at 450 in a flow

2-pyridinecarboxaldehyde, 3-pyridinecarboxaldehyde,

of air at the rate of 10C min—! to reach 450C and

2-thiophenecarboxaldehyde, and 3-thiophenearboxla- maintained for 6 h. The solid was then rehydrated at
dehyde have been_ effectively and selectively reduced gom temperature under flow of nitrogen gas (6h
to the corresponding alcohols in presence of other saturated with water vapour for about 6 h and used for

vulnerable function groups.

2. Experimental
2.1. General

1H NMR spectra were recorded on a Gemini Var-
ian (220 MHz) spectrometer, using TMS as an in-
ternal standard and CDghs solvent. Mass spectra
were obtained at an ionisation potential of 70eV
(scanned on VG 70-70H (micro mass)). Thin layer
chromatography was performed on silica gel 60F254
plates procured from E-Merck. Starting materials
purchased from Aldrich and Fluka were used as it is
without any further purification. X-ray powder diffrac-
tion (XRD) data were collected on a Siemens/D-5000
diffractometer using Cu K radiation ¢ = 1.5405A).

2.2. Preparation of the catalysts

2.2.1. Preparation of calcined Ni-Al hydrotalcite
(Ni/Al, 2:1) Cat A [27]

An aqueous solution of Ni(Ng),-6H,O (29.1¢,
0.10 mol) and AI(NQ)3-9H0 (18.75g, 0.05mol) in
70 ml distilled water was slowly added to an aque-
ous solution of NaOH (24.0g, 0.3 mol) and M03
(10.0g, 0.094 mol) in 100 ml distilled water under vig-
orous stirring at room temperature. At the end of the
addition (30 min) when a milky suspension remained
intact, the material was allowed to age at°@sfor

the reaction.

Ni-Al hydrotalcite (catB) was prepared by copre-
cipitation using ammonia solution as detailed in the
literature[28], then the solid was calcined at 450 in
a flow of air for 6 h, then cooled to room temperature
and used for the reaction, NifAl,O3 (2, 5, and 10%)
catalysts were prepared as described edig}.

2.2.3. Atypical experimental procedure for
reductions

In typical run, the catalyst (0.5g) and KOH (0.1 9)
was suspended in dry THF (10 ml) and treated with
molecular hydrogen for 20min and then 2-pyridi-
necarboxaldehyde (2 mmol) was added drop-wise.
A hydrogen balloon was fitted to the flask and the
resultant solution was stirred under reflux for a spec-
ified period. The progress of the reaction was mon-
itored by TLC and on completion of the reaction,
the reaction mixture was subjected by column chro-
matography (hexane/ethyl acetate, 9:1 (v/v)) to afford
the 2-pyridylcarbinol. 1TH NMR (200 MHz, CDC,
25°C, TMS): 8 = 85 (d, 1H,J = 5.2Hz), 7.6-7.7
(t, 1H, J = 7.3Hz), 7.3 (d, 1H,J = 7.8Hz), 7.1 (t,
1H, J = 6.8Hz), 4.7 (s, H), 4.4 (s, broad, 1H)yz
(El), 109 M+, 62%), 108 (100), 80 (52), 52 (27).

3. Results and discussion

In order to identify and evolve the best catalytic
system composed of Ni catalyst and suitable base in
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Table 1
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Reduction of 2-pyridinecarboxaldehyde to 2-pyridylcarbinol by different nickel catalysts in hydrogen atmosphere

Entries Catalyst Time (h) Yield (%) Specific activity
(mmolg-th-1yP

1 Ni-Al HTLC (2:1, catA) (calcined) 14 98 0.280

2 Ni-Al HTLC (2:1) (rehydrated) 16 80 0.200

3 Ni-Al HTLC (2.5:1) (calcined) 30 80 0.106

4 Ni-Al HTLC (3:1) (calcined) 30 29 0.038

5 Ni-Al HTLC (2:1) (uncalcined) 30 No reaction -

6 Ni-Al (cat B) (calcined) 20 47 0.094

7 Ni/y-Al203 (2%) (calcined) 30 7‘9 0.105

8 Ni/y-Al203 (5%) (calcined) 30 45 0.060

9 Ni/y-Al203 (10%) (calcined) 30 52 0.069
10 None 30 No reaction -

All reactions were performed with 2 mmol of substrate in 10ml of dry THF using 0.5g of catalyst and 0.1g of KOH under 1atm of

hydrogen at refluxing in a specified time.
2|solated yields.

b Specific activity: mmol of product obtained per gram of catalyst per hour.

¢Reaction was conducted imhexane.

the activation of molecular hydrogen and aldehyde,
a study on various hydrotalcite catalysts of different
compositions of Ni/Al prepared by different copre-
cipitation agentq26] and Nif-Al,O3 of varied Ni
content in the reduction of 2-pyridinecarboxaldehyde
to 2-pyridylcarbinol with molecular hydrogen was un-
dertaken and the results are presented inTddgde 1

A series of hydrotalcite containing different com-
positions of Ni/Al such as 2:1, 2.5:1 and 3:1 and
Ni/y-Al>03 of varied nickel content 2, 5, and 10%
were screened, and the calcined Ni-Al HTLC (2:1,
catA) was found to be the most active. The calcined
and rehydrated form of the Ni-Al HTLC (2:1), is
found to be the next best catalyst in the reduction of
2-pyridinecarboxaldehyde. The Ni-Al HTLC catalysts
with the Ni/Al 2, 2.5, 3:1 as-synthesised composed
of anion carbonate are essentially inactive. Ni-Al hy-
drotalcite catB (Ni:Al, 2:1) prepared by an ammonia

> Ni-Al (cat B) > Ni/y-Al203 (10%) > Nify-Al203
(5%) > Ni-Al hydrotalcite (3:1); the results are sum-
marised inTable 1

A TPR profile of all the catalyst$26] indicates
that the free NiO is reduced at low temperature
400°C (Tmax) and NiO in association with oxide of
aluminium is reduced at higher temperature 500
(Tmax). The TPR of the samples of NiHAI,O3 in-
dicates the presence of free NiO only, while the
samples of Ni-Al hydrotalcite prepared by coprecip-
itation agents, NaOH/N&Os; and ammonia display
both free NiO and NiO in association with aluminium
oxide. The moderate activity of Ni#Al,O3 in the
reduction of aldehydes indicates that the free Ni
which is present in these impregnated samples also
contributes to the activity in reduction reactions. The
activation of molecular hydrogen by all the samples
of Ni-Al hydrotalcites, as evident by the reduction of

coprecipitation method and on subsequent calcination aldehydes is attributed to the presence of Ni in as-

showed moderate activity. The N#Al,O3 catalysts
with different compositions and on subsequent cal-
cination also exhibit moderate activity. Therefore, it
is concluded that calcined Ni-Al hydrotalcite cAt
was the best catalyst for an effective reduction of
2-pyridinecarboxaldehyde to 2-pyridylcarbinol. The
observed order of the specific activity in the reduc-
tion of 2-pyridinecarboxaldehydes: Ni-Al hydrotalcite
(catA calcined, 2:1) > rehydrated Ni-Al hydrotalcite
(2:1) > Ni-Al hydrotalcite (2.5:1) > Niy-Al203 (2%)

sociation with aluminium oxide. The TPR profile of
Ni-Al hydrotalcites prepared by NaOH/NEOs dis-
played a shoulder at lower temperature which grows
on increased free NiO content, namely from Ni:Al
ratio 2:1 to 3:1, although XRD analysis showed a
crystalline hydrotalcite patterr{g. 13. The rate of
reduction of aldehyde which is in the increasing or-
der: 3:1< 2.5:1 < 2:1 (Ni-Al), is in good agreement
with the TPR data of hydrotalcites. The IR spectra of
various compositions of Ni-Al hydrotalcite samples
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Fig. 1. XRD powder patterns of samples. (a) Ni-Al-g€@s-synthesised, (b) calcined Ni-Al hydrotalcite catalyst fgaand (c) used cad.

as-synthesised show that the vibrational stretching particles composed of Al(lll) ions (ordered cationic
frequency of the hydrogen atom in a hydroxide group distribution) are the active sites that reduce aldehydes
of the catA with Ni:Al (2:1) appears at lower wave to alcohols effectively. The higher specific activity
number (3420cm!) and has a smaller half-width  (0.280 mmolgth~1) by Ni-Al hydrotalcite (catA)
than the other composition, which indicates there is a calcined Table 1, entry 1) in the reduction reactions
more-ordered cation distribution in the formg6]. is thus attributed to the presence of high Ni disper-
The XRD of the Ni-Al hydrotalcite calcined (ca) sion in the mixed oxide. All these results identify that
shows formation of NiO phase only with Al(Ill) in-  the Ni in association with aluminium oxide as the
side the NiO particle§30] with the disappearance of active species and major contributor to maximise the
hydrotalcite pattern concomitantlyig. 1b). Despite activation of molecular hydrogen. The inactivity of
the rehydration with water for 2 days at room temper- the Ni-Al hydrotalcite as-synthesised reinforces the
ature, the calcined sample could not be restructured above inference.

into hydrotalcite. This is in agreement with the re- The rehydrated version of hydrotalcite caf in
ported results suggesting that the restructure of the which inclusion of hydroxyl ion is incorporated to en-
calcined Ni-Al hydrotalcite requires stringent condi- hance the basic character shows in fact a slightly low-
tions [30,31] The protocol of the calcination does ered specific activity, 0.200 mmotgh= (Table 1

not effect homogeneity (cationic distribution) of the entry 2). The presence of moisture in the rehydrated
Ni-Al hydrotalcite (catA) since the restructuring of  version of hydrotalcite cah lowers the activity of the
calcined hydrotalcite into layered one is possible al- catalyst.

beit using stringent conditionN80-32] The used cat The effect of various organic solvents on the re-
A shows a XRD patternH{g. 19 identical to the cal- duction of 2-pyridinecarboxaldehyde as the model
cined catalyst indicating that the homogeneous NiO substrate using cad was examined and the results
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Table 2
Reduction of 2-pyridinecarboxaldehyde to 2-pyridylcarbinol in var-
ious organic solvents using cét in hydrogen atmosphere

Entries Solvent Time (h) Yield (%)
1 THF 14 98

2 n-Hexane 14 95

3 Benzene 14 54

4 Toluene 14 88

5 Cyclohexane 14 83

All reactions were performed with 2 mmol of substrate in 10 ml
of dry solvent using 0.5g of caA and 0.1g of KOH under an
hydrogen atmosphere at refluxing in a specified time.

2|solated yields.

Table 3
Effect of base for reduction of 2-pyridinecarboxaldehyde to
2-pyridylcarbinol using caf in hydrogen atmosphere

Entries Base (g) Time (h) Yield (%)
1 NaOH (0.1) 14 98
2 KOH (0.1) 14 98
3 KOH (0.05) 14 52
3 KO!Bu (0.05) 6 45
4 KO'Bu (0.1) 5 59
6 K2CO;3 (0.1) 18 50
9 None 36 11

All reactions were performed with 2 mmol of substrate in 10 ml

of dry THF using 0.5g of cafA under an hydrogen atmosphere

at refluxing temperature of solvent in a specified time.
2|solated yields.

are summarised in th&able 2 The polar solvent,
THF is found superior over hydrocarbon solvents. The
order of activity is: tetrahydrofuran- n-hexane >
toluene> cyclohexane- benzene.

The effect of the bases on the reduction of
2-pyridinecarboxaldehyde to 2-pyridylcarbinol using
catA and molecular hydrogen was studied and found
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ious kinds of aldehydes such as aromatic, conjugated,
heterocyclic onesTable 4 to their corresponding al-
cohols using molecular hydrogen as a sole reductant.
Although the reduction of benzaldehyd&able 4
entry 5) with catA is low yielding, the reduction

of halobenzaldehydes proceeds in quantitative yields
to the corresponding alcoholsgble 4 entries 4,
and 13). However, moderate yields are obtained in
the reduction ofp-nitro and -cyano benzaldehydes
(Table 4 entries 3, and 6). It is notable that the sub-
stituted benzaldehydes are selectively reduced, while
the functional groups such as nitro and halo are intact.
The naphthyl aldehyde is also reduced with moderate
yields. The selective reduction of cinnamaldehyde
(Table 4 entry 9) provides excellent yields of cor-
responding unsaturated alcohol. The heterocyclic
aldehydes composed of pyriding€aple 4 entries 1,
and 2), thiopheneTable 4 entry 7), furan {able 4
entry 12), indole Table 4 entry 8), benzthiophene
(Table 4 entry 11) are subjected for reduction using
catA under similar conditions. It is significant that the
2-pyridine and 3-carboxaldehydes are reduced effec-
tively and quantitatively. 2-Thiophenecarboxaldehyde
is reduced in good yieldsTéble 4 entry 7). While
benzthiophene, furfural and indole aldehydes on re-
duction under similar conditions offer only moderate
yields. The caA is reused for six cycles, which shows
almost consistent activity and selectivity in the reduc-
tion of 2-pyridinecarboxaldehyd&@#ble 4 entry 2).

3.1. Plausible reaction mechanism

The plausible reaction mechanisnscheme 2
therefore, involves the formation of nickel hydride
on interaction of molecular hydrogen with Ni-Al hy-
drotalcite. The nickel hydride of the hydrotalcite on

that both NaOH and KOH are effective bases and the reaction with aldehyde forms alkoxide via hydride
use of molar equivalents of the base to substrate is transfer and eventually generates the alcohol on sub-

required for higher yieldsTable 3.
The catA, proved to be the best catalyst in our
studies was further evaluated for the reduction of var-

Al

AL NN A

| 07 0T

e

sequent hydrolysis with the base used as an additive.
Aluminium is well documented both in Oppenauer
oxidation and Meerwein—Ponndorf—\Verley (MPV)

Al

H Hydrolysis

K
H R H

Scheme 2. Plausible mechanism for the reduction of aldehydes usig cat
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Table 4
Reduction of various aromatic aldehydes to alcohols usingAcat hydrogen atmosphere
S. no. Substrate Time (h) Product Yield @b)
N HO N H,OH
HO H,OH
2 Q 15 Q 91 (89%
N N
3 om«@—wo 20 OZN@CHZOH 37
4 Br@—CHO 22 Br@CHZOH 90
5 @—CHO 12 @CHgoH 51
6 CN@—CHO 15 CN@CHgoH 60
. BN 18 BN 63
s~ CHO g~ SCH,OH
HO CHZOH
g 0
8 N 30 N 48
H H
~_ _CHO ~_~CH,0H
. @/\/ " @/\/ o
CHO CH,OH
HO CH,OH
11 | 15 Oj/ 35
S S
12 @\ 12 @\C 35
o~ CHO o H,OH
13 C|~@—CHO 24 CI@CHZOH 92

alsolated yields.

PYield after sixth cycle.

reduction, as well as in the recently reported MPV to the physisorbed carbonyl compound to generate Al
reduction[25] of ketones by Mg-Al hydrotalcite, to  alkoxide. Hydrotalcites are homogeneous mixtures of
favor the formation of alkoxide, while the neighbor- heterobimetallic composition having a periodic com-
ing Ni atom facilitates the formation of a hydride position of M' and M" ions. The cationic order of
species with molecular hydrogen. The hydride trans- cat A calcined as revealed by IR on as-synthesised
fer from the nickel hydride of hydrotalcite is effected sample suggests that the presence of one aluminium
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atom for every two nickel atoms substituted alter-
nately in the hydrotalcite provides optimum use of
nickel in catA better than is possible with the other
compositions, and is thus responsible for the display
of higher activity [26]. The synergistic activity of
nickel and aluminum is conspicuously demonstrated
as reflected in the superior activity over fialumina.

4. Conclusions

In conclusion, calcined Ni-Al hydrotalcite, com-
posed of NiO-A$O3, efficiently reduces a wide range
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