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Abstract

Heterogeneous catalysis of transfer reduction was assessed by measurement of liquid-phase adsorption isotherms, enabling quant@ative evalua
of H-donor, H-acceptor and solvent interplay at the catalyst surface so as to find the optimum reaction conditions. Liquid-phase isotherms wer
measured for adsorption of aromatic aldehydes (H-acceptors) onto a commercial Pd/C catalyst from a range of solvents. The resulting isothern
provided fundamental information on the competitive adsorption of aldehyde and solvent molecules at sites on the catalyst surface. These resu
suggested a novel solvent system for the heterogeneously catalysed transfer reduction of aromatic aldehydes to alcohols. This new solvent syst
performs heterogeneously catalysed transfer reduction of aromatic aldehydes at room temperature in a highly selective way, thus, avoiding tt
previously proposed unselective processes requiring high temperatures. The heterogeneous catalyst was re-usable at least five times without
loss of activity. A major role of oxygen as a reverting inhibitor of transfer reduction was demonstrated.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Heterogeneous catalysis; Transfer hydrogenation; Mechanism; Adsorption isotherms; Liquid phase; Aldehydes; Reduction

1. Introduction is crucial for achieving reasonable selectivity, additionally,

such reactions normally require dry solvents and may involve
Heterogeneous catalysis in the liquid phase provides easyonversion of an aldehyde to a derivative before its redu¢@ipn

fast hydrogenation or hydrogenolysis of a variety of functional In the present work, hydrogenation of aromatic aldehydes

groups under mild conditions and without the need for hydrogetio primary alcohols was achieved at ambient temperatures and

gas [2]. Remarkably, the carbonyl group in aldehydes andpressures under very mild conditions, using readily available

ketones resists reduction in heterogeneous phase-transind cheap hydrogen donors and easily recoverable and re-usable

methods, with an exception of a few cases, where extremketerogeneous catalyst (Pd/C). The reaction proved to be very

conditions were usel@]. More recently, the interest in this area selective over a range of carbonyl groups. Thus, aromatic alde-

has been renewed by the regio- and chemo-selective reductittydes can be selectively reduced in the presence of aliphatic

of carbonyl groups over nickel-containing silicates and cobaltaldehydes and ketones, which remain intact. Under the same

containing aluminium phosphatgs4]. Homogeneous catalytic reaction conditions, aromatic ketones react sufficiently slowly,

methods of hydrogen transfer reduction of the carbonyl groupo that selective reduction of aromatic aldehydes can be achieved

have been used successfully, although the expensive solulilepresence of a ketone. Carboxylic acids, esters and amides are

catalysts requires a complicated recovery process in all cases butt reduced.

the small-scale resear{$y. Because of economic and practical

difficulties raised by the available catalytic methods, carbonyb. Results and discussion

groups are more routinely reduced by a wide variety of soluble

metal hydride reagents. Even so, the choice of metal hydrid2.1. Thermochemical considerations

Heterogeneous catalytic hydrogenation of benzaldehyde to
* Corresponding author. benzyl alcohol using a Pd/C catalyst should proceed through ini-
E-mail address: cfonseca@ualg.pt (C.S.C. Fonseca). tial adsorption of both the aldehyde (H-acceptor) and a source
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of hydrogen (H-donor) onto the catalyst surface. This step igan be calculated from the adsorption isotherms, as described
followed by hydrogen transfer from the H-donor to the alde-below.

hyde. The reaction possibly proceeds through formation of an

intermediate Pd(H) species, although there is evidence that F3. Measurement of the adsorption isotherms

transfer takes place directly from the adsorbed H-donor to the

adsorbed H-acceptor, without formation of a real Pd(H) species The importance of adsorption isotherms in gas-phase catal-

[7]. Egs.(1)—(3)can be used to assess the exo- or endothermigysis is well recognised, and their measurement has become a
ity of reactions leading to reduction of benzaldehyde to benzystandard procedure for examining gas-phase processes occur-

alcohol. ring on solid surfacefl4]. In sharp contrast, measurement of
adsorption isotherms for liquid-phase reactions with heteroge-
PhCHO+ 2PdH = PhCHOH + 2Pd (1) neous catalysts is much less advanced. This relative lack of

interest probably reflects the difficulties presented by attempting
to incorporate the effects of solvent. Using a new approach to
PhCHOH + O, PhCHO+ [H20,] (3)  measuring adsorption isotherms in the liquid phase, it has been
possible to gain some practical understanding of the interplay
Reactior(1) describes the formation of Pd(H) species on the catof solvents and solutes in reactivity at a heterogeneous cata-
alyst surface. Reactid®) describes the overall enthalpy changelyst surface[1,15,16] For example, it has been demonstrated
in the reduction of benzaldehyde by phosphinic acid, whereathat the hydrogenation rate at the surface of heterogeneous cat-
reaction(3) is introduced because of evidence (see below) thaalyst in THF can be made to vary from zero to a maximum and
oxygen can easily reverse the reduction even in the presence thfen back to zero again, simply by changing the proportion of
a phosphinate H-donor. water in THF1]. This new approach to measurement and usage
Using the various enthalpies of formatif8)9], the enthalpy  of isotherms in heterogeneous catalysis has been preferentially
change of reactionHR) for the procesg1) was estimated tested on commercially available catalysts rather than on ide-
to be —42kJmot?! [10]. This low value suggests that both alised surfaces frequently used in the gas-phase research.
the forward and reverse reaction might proceed spontaneously, The competition for sites on a heterogeneous catalyst surface
depending on the reaction entropy. The low exothermicity is noby an H-donor and an H-acceptor has been discussed extensively
too surprising given the wealth of evidence for the reversibility of[1,15,16] For example, it has been shown that the adsorption
many hydrogenation/dehydrogenation reactions involving careonstant for a common H-donor, sodium phosphinate, onto the
bonyl and alcohol groups. For example, the Oppenauer reactigurface of a palladium catalyst from solution is about 20 times
proceeds through reduction of a carbonyl group with simultalarger than that of a typical H-acceptor, thus, the substance to
neous oxidation of an alcohol, with or without catalygi4]. be reduced is easily displaced from the catalyst surface by the
Homogeneous catalytic reduction of aldehydes and ketones canbstance supplying the hydrodé@]. Obviously, no reduction
be achieved with a variety of H-donors based on alcohols, suctan take place if the surface of a heterogeneous catalyst is cov-
as 2-propands]. ered by the H-donor molecules and no H-acceptor molecules
The exothermicity is—150 kJmot? for the reaction(2), can reach it. Thus, it is necessary to decrease the competition
which considers only the total enthalpy of the process withfrom the H-donor and/or to increase the competition from the H-
out the intervention of PdH speci§s2]. This value is rather acceptor to enable an H-acceptor to populate the catalyst surface
large to allow easy back reaction. However, if the back reacto a reasonable extent in the presence of a strongly adsorbing
tion (2) were assisted by oxygen, as seems likely from theH-donor. There are two obvious ways to change the surface
evidence given below, the endothermicity of procgjsvould  densities of the two substances, as the H-donor and H-acceptor
be replaced by the alternative return path of pro¢8sswvhich  are both present in the solvent surrounding the catalyst. The
is exothermic by-114 kJ mot 1 [11]. This value is still slightly ~ first is to change their relative adsorption constants by chang-
lower than that of the forward reactiq®). Thus, while it is  ing the solvent. The second is to reduce the concentration of
not easy to drive back the reactig¢®) directly, there is suf- the H-donor and simultaneously increase the concentration of
ficient energy gain in the alternative reacti¢8) for benzyl  the H-acceptor by manipulation of a mixed solvent systen.
alcohol to be reoxidised into benzaldehyde in the presence @ne of the ways to adjust the surface densities is to use a mix-
air. The enthalpies of reactior{$)—(3) suggest that reduction ture of largely immiscible solvents, such as water and toluene.
of benzaldehyde to benzyl alcohol is reversible in the presenc€&he concentration of water-soluble H-donor (e.g., sodium for-
of oxygen, whether or not PdH is an intermediate species. Thmate or sodium phosphinate) in this biphasic solvent system is
actual rates of reactior{s)—(3)will be governed by the respec- high in the aqueous phase but very low in the organic phase.
tive free energies of activation, and also by the surface densitida contrast, the solubility of a typical H-acceptor, such as ben-
of H-acceptor, H-donor and oxygen at the catalyst surface. Thesmldehyde, is high in the organic phase (toluene) and low in the
surface densities are in turn governed by the respective adsoragueous phase. The Pd/C catalyst is strongly hydrophobic so
tion constants and by the relative concentrations of H-acceptothat even with rapid stirring of a biphasic toluene/water system,
H-donor and oxygen in solution. The solubility of oxygen (air) the catalyst stays in the organic phase. Thus, the Pd/C cata-
is known to be low in most solven{d 3], while the adsorp- lyst is surrounded by a high concentration of the H-acceptor
tion constantsK) for aldehydes are unknown. These constantsn the toluene phase but by only a low concentration of the

PhCHO + H3PO; 4+ Hy0 < PhCHOH + H3PO; )
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H-donor, because most of the latter remains in the aqueousy using different weights of catalyst and then measuring the
phase. uptake of benzaldehyde from solution in any chosen solvent.
As an alternative to the biphasic solvent system, a monophaFhe adsorption constantg)were calculated from the resulting

sic mixture of solvents can be used if the solvents are mutuallplots [15,16] By varying the solvent or varying the composi-
soluble, as happens with water and THF. Addition of an inortion of mixed solvents, the changes in the strength of adsorption
ganic H-donor, such as solid sodium phosphinate, to such af benzaldehyde onto the catalyst surface could be examined
monophasic system will result in some of the sodium phosphiguantitatively.
nate dissolving, the amount being critically controlled by the The estimated adsorption coefficienkx 10° mg) for ben-
proportion of water in the THF. Thus, the concentration of thezaldehyde in the three solvents (DCM, THF and ethanol)
H-donor can be maintained at a constant low level by adjustare 0.04, 3.2 and 42.6, respectively. Their relative values
ing the proportion of water in the THF solvent. Similar to the (1:810:1080) indicate how well benzaldehyde can compete with
biphasic solvent discussed above, this monophasic arrangemehe respective solvent for sites on the catalyst surface and how
results in a high concentration of the H-acceptor and a low conwidely this competitive ability varies. For example, DCM com-
centration of the H-donor surrounding a heterogeneous catalygietes strongly with benzaldehyde for sites on the catalyst sur-
In turn, this adjustment of the effective solution concentrationface. In contrast, ethanol competes so poorly that benzaldehyde
gives more appropriate surface densities of the H-acceptor araimost excludes the solvent from the surface of the catalyst.
the H-donor at the surface of the heterogeneous catalyst. Therefore, benzaldehyde in ethanol adsorbs 1080 times as effi-
Whereas manipulation of the surface density of the H-donociently to the catalyst surface as it does when dissolved in DCM.
in relation to the H-acceptor on the catalyst surface can b&HF holds an intermediate position. Thus, for benzaldehyde to
achieved by the use of mono- or biphasic mixtures of water wittadsorb onto the surface of the catalyst at sufficient concentration
an organic solvent, the ability of the H-acceptor to compete witho enable rapid reaction, a solvent, such as THF, is preferable
the solvent itself for the surface sites is also important. Clearlyto DCM. The hydrophilic ethanol is not a good choice because
the stronger the adsorption of the H-acceptor onto the catalystithough it allows easy adsorption of aldehyde onto the catalyst,
surface, the better it can compete for sites against the H-dondtr also allows a high concentration of the strongly adsorbing
[16]. Thus, choice of the organic solvent component becomesodium phosphinate H-donor, which is soluble in ethanol and
important not only due to its effect in adjusting the surface densihas an adsorption coefficient some 20 times larger than that of
ties butalsoin its effect on the actual strength of adsorption of theenzaldehyd§l 6].
H-acceptor onto the surface of the catalyst. If the solvent itself As a second example, the adsorption coefficiersx (
adsorbs too strongly, it displaces the H-acceptor, whereby both?? mg) for 9-anthraldehydeF{g. 2) in four separate solvents
H-acceptor and H-donor surface densities become low, whickDCM, THF, ethyl acetate and toluene) were found to be 0.32,
slows down or even stops the reduction. The effects of solver@2.30, 0.05 and 0.02, respectively (relative values =16:15:2.5:1).
on adsorption of an H-acceptor can be investigated by measufhe adsorption of this multi-ring aromatic compound onto the
ing adsorption isotherms for the acceptor on a catalyst surfaceatalyst surface is relatively weak from all solvents. There is
in a variety of solvents or in mixtures of solverfis15,16] not much to choose between DCM or THF, which allow the
In the present work, isotherms were measured for adsorpstrongest adsorption of 9-anthraldehyde, and toluene or ethyl
tion of benzaldehyde onto the surface of a Pd/C catalyst imcetate that provide the weakest.
a range of solventsF{g. 1). Each isotherm was determined
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Fig. 2. Plots showing the adsorption of 9-anthraldehyde from dicloromethane,

toluene, ethyl acetate and THF solutions at°@0 Initial solutions §) are

Fig. 1. Plots showing the adsorption of benzaldehyde from dichloromethanegach of 20mL and contained the following amounts of 9-anthraldehyde:
THF and ethanol using the following amounts of benzaldehyde:2 7a° mol 1.144x 10~5mol (toluene), 1.68& 105 mol (ethyl acetate), 2.48 105 mol
(DCM), 2.34x 10~3 mol (THF) and 2.43< 10~5 mol (ethanol). Actual adsorp-  (THF)and 2.62x 10> mol (dicloromethane). Actual adsorptionsx 10° mol)

tions (' x 10° mol) for different amounts of Pd/C catalyst (mg; ordinate) are for different amounts of Pd/C catalyst (mg; ordinate) are plotted on the abscissa.
plotted on the abscissa. Calculated adsorption constantsig) are 0.0004  The calculated adsorption constanks (ng) for the three solvents are 0.0229
(DCM), 0.0075 (THF) and 0.4255 (ethanol). (toluene), 0.0502 (ethyl acetate) and 0.2992 (THF).
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Considering the adsorption coefficients for benzaldehyde
and 9-anthraldehyde in various solvents, it appears that THF
might be the most convenient solvent for reduction of aldehy-
des because of its boiling point, general stability and complete
miscibility with water.

By adjusting the amount of water mixed with THF, an opti-
mum solubility for the intended H-donor (sodium phosphinate)
could be found experimentally, as described below. However,
hydrogenolyses of other functional groups in toluene/water sys-
tems had been shown to be highly succed&fdl5]. Therefore,
as the role of solvent was under special scrutiny in the present
work, we decided to quantitatively compare the reduction ofFig. 3. Plots showing the percentage yield of benzyl alcohol formed by reduction
aromatic aldehydes ina biphasic toluene/water system with th%f bgnzaldehyde against the time of reaction in the absenpe of sogli_um sulphgte

] ; - ; and in the presence of 2 M sodium sulphate. Other reaction conditions for this
same reduction in a monophasic THF/water mixture, chose[E)Iwerwlwater system are given in Section
based on the isotherm measurements. As described below, major

practical differences were found between the two solvent sys- ] o . )
tems in reduction of aromatic aldehydes. hyde, possibly through oxidation by dissolved oxygen (reaction

(3).
Under most oxidative conditions, benzaldehyde is known to
be oxidised to benzoic acid easier than benzyl alcohol can be
We used a single large batch of a commercially available Pd/@Xidised to benzaldehy#8]. It seems clear that in theesence
catalyst in all of the following experiments so as to avoid vari-°f Some H-donor, oxidation of benzyl alcohol to benzaldehyde
ations in behaviour between batches. All the reaction mixtureSIOPS at the aldehyde stage. No attempt was made to exclude
were stirred rapidly. The catalyst remained suspended in th@" from the system in these experiments, thus, it is likely that
organic layer in both the biphasic toluene/water and monophasf*Y9en acts as an alternative H-acceptor so as to reverse the
THF/water systems. Approximate rates of reduction of benf€duction, as shown in reacti¢8).
zaldehyde to benzyl alcohol were measured by monitoring the
amounts of the two during reaction by GC, after calibrating thet.1.1. The effect of oxygen on the reversibility of reaction
GC responses with authentic samples of starting material and)
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4. Transfer reduction of benzaldehyde

product. By excluding oxygen from the system (reaction done under
argon), the above reduction of benzaldehyde could be driven to
4.1. In biphasic toluene/water systems completion without any back oxidation of the alcohol. Oxygen as

a hydrogen acceptor is probably reduced initially to superoxide

Atfirst, attempts were made to reduce benzaldehyde in refluxar more likely to peroxide under the reaction conditions used in
ing toluene/water (azeotrope, bp QD) with slightly more than  this work[19]. However, any peroxide would be readily reduced
an equimolar amount of sodium phosphinate in the presendae water by sodium phosphinate and would thus be unavailable
of the catalyst. Some initial formation of benzyl alcohol wasto oxidise benzaldehyde to benzoic acid.
observed but this soon ceased, after which the amount of alcohol To examine the effect of changes in oxygen concentration on
began to decrease with time, while the amount of benzaldehydbe reduction of benzaldehyde in a more quantitative manner,
began to rise towards its initial level. More sodium phosphi-an inert inorganic salt was added to the reaction medium. It is
nate was added in stages until it was in large excess, becaukeown that addition of salts, such as sodium sulphate or potas-
this effect could result from insufficient concentration of the H- sium chloride, reduces the equilibrium concentration of oxygen
donor at the catalyst surface. This approach led to very slown solution[20]. Accordingly, in a separate experiment, sodium
but complete reduction to benzyl alcohol. Because the consulphate (2 M) was included with the sodium phosphinate in the
centration of H-donor appeared to be so important, anothemqueous solution. The solubility of oxygen in an aqueous solu-
reduction of benzaldehyde with a large initial excess of sodiuntion of sodium sulphate of this strength is 1.42 mL/L, compared
phosphinate was left to proceed without addition of more H-with 5.78 mL/L in pure water, thus, the oxygen concentration is
donor during the reaction. In this case, the initially fast reactiorreduced by 4.1 times on addition of inert sodium sulptib®.
slowed down, with the formation of benzyl alcohol ceasing atintentionally, in this experiment, we used sodium phosphinate
ca. 50% of the aldehyde conversion. The reaction then appearedfficient to reduce only half of the available benzaldehyde so
to reverse itself because the yield of benzyl alcohol began tthat the reverse oxidation could be readily observed. The rate
fall and the amount of benzaldehyde to increase. Note thaif reduction to benzyl alcohol was monitored by G&g( 3).
the combined amounts of benzaldehyde and benzyl alcohdl is seen that formation of benzyl alcohol reaches a maximum
remained almost constant and neither was transformed into othat about 20-25 min but then begins to decrease markedly. The
products. This result indicated that the reactfdhor (2) pro-  experiment was repeated without addition of sodium sulphate
ceeded from left to right, but as the H-donor concentrationFig. 3). The initial rate of formation of benzyl alcohol over the
decreased, benzyl alcohol began to be oxidised back to benzaldést 15-20 min of reaction was mostly unaffected by sodium
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sulphate. Thus, with regard to the reduction stage, addition dfon of benzaldehyde itself. No attempt was made to optimise
sodium sulphate had almost no effect on the rate. Howevethe reaction conditions in order to obtain better yields, because
starting from the point when the yield of benzyl alcohol begantwo other problems were manifest. First, particularly for multi-
to decrease as it began to be oxidised back to benzaldehyd@g aromatic compounds, some decarbonylation of the starting
(25-30 min), the reoxidation rate was reduced by a factor of 4ldehyde was observed. Second, in some cases, there was sig-
in the presence of sodium sulphate. Given the lower solubilitynificant over-reduction of the initially formed primary alcohol

of oxygen in aqueous 2 M sodium sulphate solutions, the difto give the corresponding methyl group (e.g., see the last three
ference in rates of oxidation of benzyl alcohol can be attributeentries inTable J). In view of the far better results obtained on

to the change in concentration of dissolved oxygen. Thus, fochanging to the monophasic THF/water system, the reduction
the toluene/water system at 90, it is clear that aerial oxygen of aromatic aldehydes in the biphasic toluene/water system was
can slow down and even reverse the reduction of benzaldehydwmt investigated any further.

unless the concentration of sodium phosphinate remains high or

the concentration of dissolved oxygen is reduced. 4.2. In monophasic THF/water system
4.1.2. Transfer reduction of other aromatic aldehydes in The adsorption isotherms describedlabove indicate that_alde-
toluene/water hydes should be able to compete with sodium phosphinate

Despite the high concentrations of the H-donor needed in thg'ore efficiently for sites on the catalyst surface in THF than
above reduction of benzaldehyde, it seemed useful to examirlg toluene. At the same time, the concentration of sodium phos-
the general applicability of the method to other aromatic aldePhinate can be controlled by adjusting the proportion of water
hydes Table 1. It is immediately clear from the table that in N the monophasic THF/water system. By comparing the rates
the biphasic toluene/water system, the yields of alcohols fron?f reéduction of benzaldehyde as the proportion of water in THF

reduction of aldehydes are generally inferior to those from reducv@s varied, it was found that a mixture of 80% THF to 20%
water (v/v) produced the fastest reaction at room temperature
(about 20°C). This ratio of THF to water was adopted for all the

Reduction of various aromatic aldehydes (RCHO) to the corresponding alcoholcs)ther r_educt|0n§ carried outin thIS survé')able 3

(RCH,OH)? An increase in rate on changing from anhydrous THF to the

80:20 THF/water mixture agrees well with earlier work, which

Table 1

Carboxaldehyde (RCHO, R=) Conversion (%) Yield (%) showed that rates of hydrogenolysis of phenolic ethers could
Phenyl 97 89 be varied from zero to a maximum and back to zero simply
4-Fluorophenyl 92 91 by changing the proportions of THF and waf&}. The use of
i:gg:g:ggﬂg:i: g‘li j% THF/water rather than toluene/water gave very fast reduction
3-Methoxyphenyl 62 61 o_f all the investigated aromatic aldehydes to alcoholslln high
4-Methoxyphenyl 65 61 yields at room temperature. Importantly, decarbonylation and
3,4-Dimethoxypheny! 41 32 over-reduction of the product alcohol to methyl group became
4-(o,,0) Trifluoromethylphenyl 38 32 almost non-existent.

3,4-Methylenedioxyphenyl 45 36 The method of reduction in THF/water is very easy to use,
;g;';%:i;?" gé’ 32 requiring no expensive reagents. Further, it is not necessary to
4-Quinolinyl 96 45 exclude air from the system because the reduction rate is so
2-Naphthy! 79 6 high that the reverse oxidation of benzyl alcohol cannot com-
9-Anthranyl 90 25 pete with it. The product alcohols are easily separated from the
9-Phenanthryl 100 50

catalyst by filtration, while inorganic oxidation products, such as
a All the reactions were carried out for the same times (see Se@fidthere ~ sodium phosphate, are readily removed by washing the product
was no attempt to optimise the conversions or yields. with water. Advantageously, after filtration from the product, the
b Avery small quantity (<1%) of benzyl alcohol was formed by dechlorination. Pd/C catalyst could be rinsed with hot THE and re-used in sub-

¢ 1,2,3,4-Tetrahydroguinoline-2-methanol and 1,2,3,4-tetrahydroquinoline equent reductions. This simple recovery process was repeated
were formed in 51 and 4% uncorrected yields, respectively. The reduced pI‘O(?— a ) P yp P

ucts were separated by GC and identified by mass spectral analysis. five times, without any apparent loss in catalytic activity towards
d 1,2,3,4-Tetrahydroquinoline-4-methanol and 4-methylquinoline werereduction of aromatic aldehydes.
formed in 8 and 41% uncorrected yields, respectively. The reduced products
were separated by GC and identified by mass spectral analysis. 5. Selectivity for reduction of aromatic aldehydes in the
€ 2-Methylnaphalene was formed in 61% yield. Percentage yield was deter- ..
mined using an internal standard and corrected for detector response. presence of other carbonyl-containing compounds
f 9-Methylanthracene, anthracene and 9,10-dihydroanthracene were formed
in respective yields of 33, 13 and 2%. 9-Methylanthracene and anthracene per- Although the THF/water system provides for easy reduction
centage Yyield were determined by GC after 60 min reaction using an internabf an aromatic aldehyde to the respective alcohol, for the

standard and corrected for detector response. 9,10-Dihydroanthracene was id?é‘action to be rea"y useful. it should preferably be selective
tified by mass spectral analysis and the yield was determined by GC and was :

uncorrected. as well. This sort of selectivity can be difficult to achieve with

9 9-Methylphenanthrene was formed in 49% yield. Percentage yield was detefetal hydrides-_ For _example, SOd_ium tetrahydroborate easily
mined using an internal standard and corrected for detector response. reduces both aliphatic and aromatic aldehydes and ketones but
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not carboxylic ester,6]. In marked contrast, in the THF/water adsorbed than the H-acceptor. In effect, by acting as a “poison”
system with sodium phosphinate and Pd/C catalyst, aliphatisimilar to triphenylphosphine, the strongly adsorbing H-donor
aldehydes and ketones, and all carboxylic acids, esters ammtevents the more weakly adsorbing H-acceptor from settling
amides remain unaffected by this reductive procedtablé 3. on the surface of the catalyst. In monophasic THF/water sys-
Importantly, aromatic ketones are either not reduced at all otrems, the concentration of H-donor at the catalyst surface can be
react only slowly. For example, when a mixture of benzaldehydeeduced by limiting its concentration in the organic phase. This
and acetophenone was subjected to the THF/water reductioopntrol can be most easily achieved by adjusting the proportion
benzyl alcohol was formed in 92% yield in 5 min, together with of water in the monophasic THF/water solvent or by relying on
just 3.5% of 1-phenylethanol. This compares well with a 96%the low solubility of the donor in the upper organic phase of a
yield of benzyl alcohol obtained in the same time in the absencbiphasic toluene/water system.

of acetophenone. If the reaction was left on for an extended Thus, from two points of view, the choice of solvent for het-
time after all of the benzaldehyde had been reduced and moerogeneous transfer reduction becomes important for attaining
sodium phosphinate was added, acetophenone was then reduceaximum efficiency of reduction. The choice is made easier by
slowly to 1-phenylethanol. Thus, the reduction of aromaticmeasuring adsorptionisotherms for H-donor and H-acceptorina
aldehydes is indeed highly selective. The reaction proceedsmall range of solvents. Then, by use of the most suitable solvent,
at room temperature, being fast, high-yielding and requiringeeduction of aromatic aldehydes to the corresponding primary
no special reaction conditions. The use of THF is industriallyalcohols by sodium phosphinate and Pd/C catalyst was changed
acceptable for these reactions, because no peroxides of THFom a relatively slow, modest-yielding reaction at“@D in

can build up under the reducing conditions. toluene/water into a very rapid, high-yielding, selective, room
temperature reduction in THF/water.

6. The effect of a strong donor molecule on reduction Oxygen in air was found to play an important role in acting

rates as an apparent inhibitor to reduction. This inhibition is actually

a dehydrogenation of the product primary alcohol back to the

The rationalization of reduction rates of aldehydes in terms obriginal aldehyde. The ensuing inhibition arises from a balance
differential adsorption of H-donor and H-acceptor on the catalysof the desired forward reduction and a simultaneous back oxi-
surface suggests that any other strongly adsorbing species thatlation, which is almost as fast. The rate of reduction is so high
present might be expected to limit the reduction. Strong electrom THF/water under the best conditions presently described that
donors should prevent H-acceptor and/or H-donor moleculethe reverse oxidation cannot compete.
from adsorbing by competing for available sites on the cata-
lyst surface. Triphenylphosphine is known to be a good, neutrs8. Experimental
electron donor, which is soluble in organic solvents but not in
water. Indeed, when triphenylphosphine was added to a reduc- Compounds were characterized and assessed for purity by
tion of benzaldehyde with sodium phosphinate and Pd/C in eithezombinations of melting point, mass spectrometry, proton mag-
toluene/water or in THF/water, the rate of reduction fell to verynetic resonance spectroscopy, infrared spectroscopy and ele-
low levels. For example, when triphenylphosphine was addedhental analysis. Mass spectra and GC/MS data were recorded
so that it was approximately equimolar with benzaldehyde irat 70 eV on a Trio 1000 Quadrupole or on a VG 7070E double-
the THF/water system, only about 10% of benzyl alcohol wadocusing instrument.
formed in 15min, compared with the usual 96% in 5min. In  'H NMR spectra were recorded on either a Bruker ACE200
effect, triphenylphosphine acts as a heterogeneous palladiuat 200 MHz or a Varian Gemini instrument at 300 MHz with
catalyst poison in contrast to its usual rolé&imogeneous catal-  tetramethylsilane as internal standard and GI2SIsolvent. UV
ysis, where it acts as a valuable ligand for enhancing the activitgpectra were measured on either a Hewlett Packard diode array or

of palladium or its salt§5]. a Shimadzu UV-260 spectrometer. IR spectra were obtained on a
Perkin-Elmer 883 double beam instrument, liquids as films and
7. Conclusion solids as Nujol mulls. Gas chromatography was carried out on

a Dani 3800 or a Phillips PU 4600 instrument, using FFAP, SE-

The overall rate of heterogeneous catalytic transfer hydro30 or Carbowax capillary columns. Thin layer chromatography
genation of aromatic aldehydes results from a competition of awas done on silica gel 68k plates (Merck). C, H, N analyses
H-acceptor with an H-donor and solvent for sites on the catalysivere obtained on a Carlo Erba 1106 elemental analyser.
surface. In molar terms, the concentration of solvent is necessar- In all the experiments, the catalyst was 10% (w/w) palladium-
ily in large excess compared with the H-acceptor and H-donoon-carbon (PdC) taken from a single batch of catalyst supplied
solutes and should remain in excess if reagents and produdby Johnson—Matthey. The specific metal area was 2§ Th
are to remain in solution. However, by competing for sites at
the catalyst surface, the actual solvent used can have a profoud. Measurement of isotherms for aldehydes adsorbing
effect on the reaction rate. onto Pd/C catalyst in various solvents

In any one solvent system, an ability to adjust the relative con-
centrations of H-donor and H-acceptor at the catalyst surface is All isotherms were measured at 20. The amounts of solute
important because the H-donor is generally much more stronglgdsorbed from solution onto the catalyst were determined by
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UV spectroscopy at a selected wavelength, after first measuringgble 2

the extinction coefficients) from solutions of known concen- Conversionofketones {R?CO) into the corresponding alcohols(RRCHOH)

. ST _ 2CH,) i
trations. In a typical isotherm measurement, a solution of ben2" Methylenes (R®CHp) in tolunene/watér

zaldehyde (29 mg; 0.27610-3mol) in DCM (250 mL) was  Ketone Conversion  Yield of Yield of
prepared (solution A; concentration= 1.1x 10~2M). Eight (%) alcohol (%)  methylene (%)
samples of catalyst were weighed out accurately Gpprox-  Benzophenone 65 25 39
imately 50, 100, 150, 200, 300, 400, 600 and 1000 mg). Thd-Methoxybenzophenone 64 7 54

25 mL of solution A was added to each sample. An additionaf‘cétophenone 80 23 54

sample of solution A was used as a blank. The mixtures of °PioPhenone “ 1 49

catalyst and solution A were stirred gently so as not to dis- * Reaction conditions were the same as for the aldehyidid 3. No attempt

rupt the physical structure of the catalyst and its support. Aftel¥as made to optimise yields. _

15min, stirring was stopped and samples were left to stand Methylene were formed by over-reduction of the alcohols.

for 10 min to allow the catalyst to settle out. From each solu- _ ) o )
tion, several millilitres were withdrawn using a syringe fitted Other aromatic ketones were examined similarly and are listed
with a fine filter (Whatman mountable filter; PTFE; 13 mm; With their product yields ifable 2

0.2pum pore size) and UV absorption was measured at 280 nm Aliphatic aldehydes (octanal aqd dodecanal) and ketones (3_’—
to give the new solution concentratios”), The amount of ~honanone ar_1d 2-octa_1r_10ne) remained completely unaffected in
benzaldehyde’ that had adsorbed onto the catalyst was calthese reduction conditions.

culated from the difference in UV absorption between the

sample and the blank. A graph was drawn with as ordi- 84 Transfer reduction of benzaldehyde in the presence of

nate ands’=s — s” as abscissaF{g. 1). From the initial lin-  sodium sulphate

ear portion of the graph, for whichy, =a x s/, the constant

a (the weight of catalyst saturated per mole of benzaldehyde A solution of benzaldehyde (1.01g; 9.5410-3mol) in
adsorbed) was obtained. Then, a second graph was preparéduene (20 mL) was heated to 90 with Pd/C catalyst (0.10 g)
with ew=a x s’ as ordinate and’/(s —s') as abscissa, using and a solution of sodium phosphinate (0.36 g;>410~2 mol)
points from the curved portion of the first graph. The secdn water (10 mL), which had been saturated withp8@-H>0

ond graph was linear with slope =Kl/wherek is the adsorp- (39). In a separate experiment, the reaction was repeated but
tion constant for benzaldehyde in DCM. The experiment wagdvithout any added sodium sulphate. The yields of benzy! alco-
repeated for other solvents to give a rangeKof/a|ues (See hol with time are shown |ﬁ|g 3. The total of the molar amounts
the text). More details and data appear in earlier publication§f benzaldehyde and benzyl alcohol remained constant through-

[1,15,16] out the reaction.
8.2. Transfer reduction of aromatic aldehydes in 8.5. Determination of percentage yields of products and
toluene/water solvent system percentage conversions of starting materials

In a typical experiment, a solution of sodium phosphinate The extent of reaction was monitored at regular intervals for
(NaH,POy; 3¢, 3.4x 10-2mol) in water (10 mL) was added each of the reductions described below. Aliquots (L0Pwere
dropwise over 3 min to a rapidly stirred mixture of benzaldehydeemoved from the upper organic layer of the reaction mixture
(1.03g, 9.7 10-3mol) in toluene (20 mL) and Pd/C catalyst and the amounts of starting material and products were measured
(0.1g) at 90°C. The yield of benzyl alcohol reached 97% after from GC peak areas. To assist quantification, an inert internal
120 min. standard, dodecane (0.10 g), was added to every reaction mixture

All other aldehydes listed ifiable Iwere reduced similarlyin ~ at the start. Also for the purposes of quantification, the relative
the yields stated after a standard reaction time of 120 min. Wher@sponse factors of benzaldehydes, benzyl alcohols and dode-
unknown peaks appeared in addition to starting aldehyde angane were determined separately by analysing their mixtures
product alcohol (as with 9-anthraldehyde), the new substancea known concentrations. Finally, the GC yields were checked
were identified by GC/MS and column chromatography and thely work-up of larger scale reaction mixtures and isolation of
by comparison with authentic samples. These extra reductioproducts in the usual way for several aldehydes.
products are listed ifiable 1

8.6. Preparation of authentic samples of primary alcohols
8.3. Transfer reduction of ketones in toluene/water
All aldehydes were purchased (Aldrich) but many of their

In a typical experiment, a solution of benzophenone (0.12 greduction products, the primary alcohol§ables 1 and R
6.48x 10~*mol) in toluene (10 mL) was heated to 90 with  were not available. These alcohols were needed for purposes
Pd/C catalyst (0.11g) and a solution of sodium phosphinatef identification and quantification and were synthesised sepa-
(0.159; 1.7 10-3mol) in water (5mL). After 60 min, 65% rately. In a typical reaction, 2-thiophenecarboxaldehyde (0.49 g,
of the benzophenone had been converted to diphenylmethanl4 x 10-2 mol) in methanol (10 mL) was reacted with sodium
(benzhydrol; 25% yield) and diphenylmethane (39% yield).tetrahydroborate (0.09 g; 2:310~3 mol) at room temperature
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for 2h. Water (10 mL) was added to stop the reaction and thé&able 3

products were extracted into DCM £810mL). The combined Reduction of aromatic aldehydes (RCHO) to the corresponding alcohols
. . (RCH,OH) in THF/watef

organic phases were dried (p80y) and the solvent was evapo-

rated to give the required 2_(hydr0xymethy|)thiophé‘r]e,4_93 Aromatic aldehyde Conversion Yield by  Yield by isolation
(2H,'s), 7.29 (1H, m), 7.55 (1H, m), 8.12 (1H, m); Mgl 170  (RCHO,R=) 0 GC Oy o
(M*). Most of thelH NMR spectra for the primary alcohols Phenyi 100 100 97
listed inTables 1 and 2re known[21]. 4-Fluorophenyl 97 85 90
3-Chlorophenyl 89 6B
4-Chlorophenyl 93 83 89
8.7. Optimum solvent ratio for the reduction of 3-Methoxyphenyl 100 &1 90
benzaldehyde in THF/water solvent systems 4-Methoxyphenyl 100 78
3,4-Dimethoxypheny! 98 gl 82
. . . .1 4-(c,0,0) Trifluorophenyl 100 9
A series of_ _reductlons was carried out 1o eStabIIShs,4-Methylenedioxyphenyl 99 94
the best pondmons for using THF/water mixtures as & .thiophenyl 64 55
monophasic solvent system. The proportion of water wag-pyridyl 100 67
changed so that the total solvent volume remained at 10 mB-Pyridyl 86 52
(THF:water =x:10— xmL). Typically, benzaldehyde (0.514g; 4‘Pyr_'dy|'_ | 99 Gg
4.85x 107*mol) in THF (9mL) and sodium phosphinate igz:zgl:zil lgg 24
(0..17 g; 1.93< 10~3mol) in water (1 mL) were mixed and  ;_naphthyl 87 76
stirred. Pd/C catalyst (0.106 g) was added at time zero and theanthryl 75 33 21
reaction was stopped after 5min. The yield of benzyl alcohoP-Phenanthryl 75 P

was measured by GC. Similar experiments were carried out fora o reaction were carried out for the same times. Conversion and yields are
x=10, 9, 8, 7, 6 and 5mL. The amounts of benzyl alcohol pronot optimised.

duced were (% yieldqratio)): 0 (10), 30 (9), 96 (8), 90 (7), 91 b Benzyl alcohol (from hydrogenolysis of chlorine) and toluene were also
(6) and 89 (5). formed in 18 and 3% yield, respectively.
¢ Benzyl alcohol (from hydrogenolysis of chlorine) and toluene were also
formed in 5 and 2% vyield, respectively.
8.8. General method for transfer reduction of aromatic 4 Very small amounts (1-7%) of the corresponding methylene compounds

aldehydes in the THF/water solvent system (RCHg) were formed by over-reduction. ) o
& 2-Methylquinoline and quinoline were formed in respective yields of 7 and

. . . . . 2% yield, respectively. The yields were uncorrected.

Ina typlcal experiment, a SSOIUI'On' of sodium phosphlnate f A precipitate appears after isolation. It was dissolved in ethanol and
(NaH,POp; 0.173g; 1.9% 10 °mol) in water (2mL) was GC/MS revealed to be a mixture of 4-methylquinoline, quinoline and 4-
added all at once to rapidly stirred mixture of benzaldehydejuinolinemethanol.

(0.065¢; 6.14x 104 mol) in THF (8 mL) and Pd/C catalyst 9 9-Methylanthracene and 9,10-dihydroanthracene were formed in yields of
’ : 17 and 5% yield, respectively.

(0'1 g) aF 20)(:2 A few a“qUOts, CLOQLL) were removed,from . h 9-Methylphenanthrene was formed in 43% yield (uncorrected).

the solution at intervals to monitor the course of reduction, with

the reaction stopped after 5 min. The yield of benzyl alcohol was ) ) . )
96%. In a separate experiment, a solution of sodium phosphinate

All the other aldehydes listed iTable 3 were simi- (O..O7 g; 6.6x 10~*mol) in water (2 mL) was added to a stirred
larly reduced to the corresponding primary alcohols in theMixture of benzaldehyde (0.061g; 5:7.0~* mol), acetophe-
yields stated after the standard reaction time of 5min. For 90one (0.076 g; 6.3 10~ mol) and Pd/C catalyst (0.1g) in THF
anthraldehyde, the reported reaction components were separaf€dnL) at room temperature. After 5min, the yields of benzyl
by column chromatography on silica gel (DCM as eluent) prio,alcohol and 1-phenylethanol were 92 and 3.5%, respectively
to identification Table 3. (Table 9.

Table 4

8.9. Transfer reduction of aromatic ketones and aliphatic ) ) i )
Conversion of ketones (ilR2CO) into the corresponding alcoholsRECHOH)

ketones in the THF/water solvent system and methylenes (R2CHCHy) in THF/watef

Acetophenone (0.09 g; 7.4510 4 mol) in THF (8 mL) was  Ketone f;on"ersmn Ylie":lolf o Y‘e'ﬂ ‘Tf o
stirred with Pd/C catalyst (0.11g) and sodium phosphinate o) alcohol (%) methylene (%)
(0.19g; 2.19< 10~ 3mol) in water (2mL) at room temper- Benzophenone 34 4 25
ature for 5min. Work-up in the usual way showed that 1-4-Methoxybenzophenone 35 7 19

. O i cetophenone 40 33 -
phenylethanol had been formed in 33% vyield. Benzophenonéropiophenone 37 o5 _

4-methoxybenzophenone and propiophenone were examined
similarly (Table 4 @ Reaction conditions were the same as for the aldehyiddsd 3. No attempt

No reduction of aliphatic aldehvdes (octanal ordodecanal) owasmadetooptimiseyields. Conversions andyields of alcohols were determined
P y . Ey GC after 5min reaction, using an internal standard for quantification. Per-
ketones (3-nonanone or 2-octanone) was observed in the sai§ages yields of methylenes were determined by GC using an internal standard

reaction conditions. and was uncorrected for detector response.
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Table 5 [5] M. Hudlicky, Reductions in Organic Chemistry, ACS Monograph 188,
Selective reduction of carbonyl compounds in THF/water using sodium phos- Washington, DC, 1996, pp. 139-144;

phinate as hydrogen donor and Pd/C (10%, w/w) as a catalyst P.A. Chaloner, Handbook of Co-ordination Catalysis in Organic Chem-
Ketone Product (s) Yield (%) istry, Butterworths, London, 1986, pp. 109-116.

[6] I. Fleming (Ed.), Comprehensive Organic Synthesis, vol. 8, Pergamon
Benzaldehyde Benzyl alcohol 96.2 Press, Oxford, 1991 (Chapter 1.1-1.14, see reference 4).
[7] R.A.W. Johnstone, P.J. Price, Tetrahedron 41 (1985) 2493;

Ilientzak:]ehyde ?eF?hzyI allctc:]hol | 923% D. Bethell, R.A.W. Johnstone, P.J. Price, J. Chem. Soc. Chem. Commun.
cetophenone -Phenylethano! . (1985) 303.
Benzaldehyde Benzyl alcohol 98.6 [8] (@) Enthalpies of formation from (a) Handbook of Chemistry and
Octaldehyde c < Physics, 76th ed., 1995/6, Ed., D.R. Lide, CRC Press, Boca Raton,
1995/6, B-39 (benzaldehyde, benzyl alcohol), 5-1 H,0O,) and
Benzaldehyde Benzyl alcohol 92.0 (PdH): ( 4 Y ) 6QttH,02)
- c _c ,
2-Octanone (b) N.A. Lange, Handbook of Chemistry, 10th ed., McGraw-Hill, New
a The reaction was run at room temperature using approximately@  mol York, 1967, p. 1619 (KPO;, H3POs).
of each substrate, dodecane (internal standard, 0.30 g), Pd/C catalyst (10%, wid@] The bond s}rength for PdH is 234 kJ mol(ref. 8a, 9-54) a”‘AHf('l") =
0.1g), sodium phosphinate (0.07 g, 6.60~4 mol) in THF/water (8:2mL). 218kJmot™ (ref. 8a, 9-54), from which\Hy(PdH) =—16 k mot ™.

b The products yields were determined by GC after 5 min of reaction, using10] For reaction (1), the heats of formation (kJmbl are: benzaldehyde
the internal standard for quantification. (—87) and benzyl alcohol{161)[8] and PdH ¢16). [9] These values

© There was no conversation of the starting material. give AHR(1)=—42kJmot . _ _
[11] M. Hudlicky, Oxidations in Organic Chemistry, ACS Monograph 186,

American Chemical Society, Washington, DC, 1990, pp. 142-144;

8.10. Transfer reduction of benzaldehyde with added K. Ohno, J. Tsuji, J. Am. Chem. Soc. 90 (1968) 99.
triphenylphosphine [12] For reaction (2), in addition to benzaldehyde and benzyl alcohol,
[9] the enthalpies of formation (kJmdi) are given in [7b] and
Benzaldehyde (0.44 g; 4.2510~3 mol) and triphenylphos- [7a]: HsPO, (—609), HPO; (—971) and HO (—286) from which

. . 3 . . AHRr=-150kImot?. For reaction (3),AH;(H202)=—188kJmot?
phine (1.27 g; 4.84 10—°mol) in toluene (10 mL) were stirred [8] and henceAHr = —114kJ mot L,

together with Pd/C catalyst (0.159) at 90. A solution of [13] W.F. Linke, Solubilities of Inorganic and Metal-Organic Compounds,

sodium phosphinate (0.15g; 1x7.0-2mol) in water (5mL) vol. Il, fourth ed., American Chemical Society, New York, 1965.
was added to this mixture dropwise over 3 min. After 60 min, ~ Some typical solubilities for oxygen (mL/mL of solvent at 5 and
only 4% of benzyl alcohol was formed. Similarly, ben- normal pressure) are: water (0.028), benzene (0.223), diethyl ether

. —4 : . (0.455), ethanol (0.242).
zaldehyde (0.05g; 4.9210 “"mol) and triphenylphosphine |, 1 ' "Gates, catalytic Chemistry, Wiley, New York, 1992, pp. 192198,

(1.405 g; 5.35¢< 10~*mol) in THF (8 mL) were stirred at 20C [15] A.F. Brigas, Ph.D. Thesis, 1993;
with Pd/C catalyst (0.1g) and sodium phosphinate (0.17g; J.A.C. Alves, Ph.D. Thesis, 1996;

1.93x 10~3mol) in water (2mL). After 60 min, only 8% of C.S.C. Fonseca, Ph.D. Thesis, 2002, Faculty of Science, University of
benzyl alcohol was formed. Liverpool, UK.
[16] A.F. Brigas, R.A.W. Johnstone, Tetrahedron 48 (1992) 7735 (Reference
1).
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