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Optimisation of the reaction conditions for the rhodium-catalysed aldehyde hydrogenation under

hydroformylation conditions showed that water used as co-solvent enhances both rate and

selectivity towards primary alcohols. One-pot hydroformylation–hydrogenation using rhodium as

the only transition metal yielded alcohols in excellent selectivities and good linearities.

Introduction

The hydroformylation reaction was discovered in 1938 by Otto

Roelen for cobalt-based systems at Ruhrchemie in Germany.1

In the early days research and development focused mainly on

those cobalt-based catalysts.2 Later other transition metals were

shown to exhibit interesting activities for this transformation as

well.3 In particular Rh-based systems in combination with

phosphorus ligands showed excellent activities4 and led to many

industrial applications. Nowadays ligand-modified Rh-systems

are preferred due to their superior activity and linear selectivity

allowing processes to be operated at much lower pressure and

temperature and giving less undesired by-products. However,

Co-based systems remain an exception due to their hydrogenation

activity. Due to the protic nature of the cobalt hydride, these

systems show high isomerisation activity and due to the harsh

conditions at which they are applied, aldehydes can be directly

reduced to the corresponding alcohols. This is interesting for

lower value internal alkene streams as obtained e.g. in the Shell

Higher Olefin Process, SHOP. Here detergent range internal

alkenes (C12–C18) can be directly converted to surfactant alcohols

with decent, yet not really satisfying linearity.5

Thus it is of high interest to apply the highly active and

linear selective Rh-systems tandem transformation. However,

Rh-catalysts usually show only very low hydrogenation activity

(Scheme 1).

Amongst the many ligands studied in the literature for the

Rh-catalysed tandem hydroformylation–hydrogenation, few

of them allow the formation of alcohols with satisfying

linearity. A major breakthrough was made in the 1990s by

Cole-Hamilton and co-workers when a new catalytic system

based on Rh in combination with a tri-n-alkylphosphine

ligand was reported.6 High activities and selectivities towards

alcohols were obtained under mild conditions of pressure and

temperature. Nevertheless, the linearities obtained were rather

poor (2 to 3 : 1). This problem was later circumvented by using

cooperative ligand effects.7 The combination of PEt3 and

Xantphos allowed the formation of alcohols in excellent yields

and selectivities.7 Importantly, it was shown that aldehydes are

not intermediates in this reaction and that the high activity of

highly s-donating tris-alkyl-phosphine was due to the favored

protonation of the acylrhodium intermediate to a hydroxy-

carbene, leading to the direct production of alcohols. Breit and

co-workers reported in 2009 on a supramolecular catalyst for

this reaction showing very good activity under mild condi-

tions: For example, 80% of 1-nonanol could be obtained at

temperatures as low as 40 1C with a l/b ratio of 11.5.8

Recently, Nozaki and co-workers reported on a new catalytic

system using a combination of rhodium and ruthenium.9 The

linearities obtained were very satisfying (l/b of up to 22) and

up to 90.1% yield of linear alcohol could be obtained from

1-octene. The major drawback of this catalytic system is its

price, since 1 mol% of rhodium and 2.5 mol% of the expensive

Shvo’s catalyst were necessary for this transformation.

Optimisation of the nonanal reduction reaction

Aiming at a monometallic catalyst for this tandem reaction,

we decided to first optimise the reduction of linear aldehydes

Scheme 1 Tandem hydroformylation–hydrogenation.
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by syngas using a rhodium precursor. Xantphos, giving

excellent linearities in Rh-catalysed hydroformylation,10 was

used as ligand (see the results in Table 1). Cole-Hamilton and

co-workers used ethanol as solvent for their catalytic system.6

Hence, we started our study on the reduction of n-nonanal

using this solvent. The reaction being very slow under milder

conditions, the temperature was set to 160 1C with a syngas

pressure of 36 bar (ratio of CO :H2 1 : 2). Under these condi-

tions, only 16.5% of n-nonanol were produced within half an

hour (Table 1, entry 1). Running the reaction in the presence

of H2 instead of syngas afforded a nearly complete reaction

producing mainly n-nonanol (Table 1, entry 2). This reaction

demonstrates the expected catalyst poisoning effect by CO.

Previous studies on the hydrogenation of linear aldehydes by a

ruthenium catalyst showed that the use of water as co-solvent

improves both activity and selectivity, especially limiting the

formation of acetal in alcohol solvents.11,12 Moreover,

Cole-Hamilton and co-workers also mentioned the beneficial

effect of additional water in the tandem hydroformylation–

hydrogenation.6b We reasoned that mixtures of ethanol : water

could improve the hydrogenation activity of the catalyst. The

reaction under syngas was carried out in a mixture of ethanol :

water 1 : 1. No significant effect was noticed; the reaction

being even slower and producing acetals (ca. 10%) despite

the presence of water as co-solvent (Table 1, entry 3). This

proves again the high acetalisation activity of the present

catalytic system in alcohol solvents.11 Increasing the ratio of

ethanol : water to 1 : 9 increased both selectivity and activity

towards n-nonanol, obtaining 76.3% alcohol with a selectivity

higher than 99% (Table 1, entry 4). Diethoxynonane was only

produced in traces in this case (below 0.2%). Interestingly, not

only protic and polar co-solvents (ethanol, methanol,

isopropanol and tert-amyl alcohol, entries 4 to 7) are suitable

for this reaction, but also toluene, dimethylacetamide and tetra-

hydrofuran gave good results (entries 8 to 10). Even the basic

triethylamine allowed for 47.7% conversion under the same

conditions (entry 11). The reaction could also be performed in

neat water (entry 12). Isopropanol was selected as co-solvent of

choice for this reaction since 90.0% of 1-nonanol was produced in

a very short time (entry 7).

The beneficial effect of water can be explained by the fact

that this very polar reaction medium pushes the long hydro-

phobic aliphatic chains together, increasing the local substrate

concentration. This was described as ‘‘on water’’ effect by

Sharpless et al. in 2005.13 Also, this very protic and polar

medium may favour the formation of cationic rhodium

species, known for their good activity in polar multiple bond

reduction.14–16 The same study was thus conducted using the

readily available PnBu3 and PPh3. PnBu3 showed excellent

activity for the reduction of nonanal to nonanol under syngas

at only 80 1C. The optimum solvent mixture in this case was

methanol : water 1 : 3.17 When using PPh3 as ligand, large

amounts of aldol condensation products were obtained and

no selective system based on Rh/PPh3 was found for this

reduction.17

Tandem hydroformylation–hydrogenation

The tandem hydroformylation–hydrogenation reaction was then

performed under the optimised conditions using 1-octene as sub-

strate [Rh(CO)2(acac) (S/Rh = 1000) and Xantphos (P/Rh = 6)].

The reaction profile is depicted in Fig. 1. As expected, the hydro-

formylation reaction is very fast and nearly complete conversion is

obtained before the reaction temperature is reached (ca. 10 min.).

Table 1 Rhodium–Xantphos catalysed nonanal hydrogenation with
syngasa

Entry Solvent Nonanol (%) Selectivity (%)

1 EtOH 16.5c 57
2 EtOHb 90.1d 90.1
3 EtOH :H2O (1 : 1) 9.8c 34.2
4 EtOH :H2O (1 : 9) 76.3 499
5 MeOH :H2O (1 : 9) 57.9 499
6 tAmOH:H2O (1 : 9) 34.3 499
7 iPrOH :H2O (1 : 9) 90.0 499
8 toluene :H2O (1 : 9) 40.4 499
9 DMA :H2O (1 : 9) 84.7 499
10 THF :H2O (1 : 9) 72.9 499
11 Et3N :H2O (1 : 9) 47.7 499
12 H2O 46.2 499

a Reaction conditions: nonanal (2 mmol), [Rh(CO)2(acac)] (10 mmol,

S/Rh = 200), Xantphos (30 mmol, L/Rh = 3), solvent (2 mL).
b H2 (20 bar) used instead of syngas. c Significant amounts of acetal

(ca. 10–15%) were also produced. d Conversion is 499.5%; 5% acetal

was formed together with 4.8% of aldol condensation product.

Fig. 1 Reaction profile of one-pot hydroformylation–hydrogenation

of 1-octene.

Fig. 2 Evolution of l/b ratio and alcohol selectivity in time.
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The aldehyde hydrogenation is slower and the alcohol selectivity

reached 92.5% after 6 h of reaction. Fig. 2 shows the evolution of

the l/b ratio of alcohol and the alcohol selectivity in time. Not

surprisingly, the l/b ratio decreases in time and is relatively low due

to the high reaction temperature (l/b = 11). The overall yield in

linear alcohol is 85.8% (Table 2, entry 1). It is important to note

that in this case the aldehyde is clearly a reaction intermediate.18

In order to improve the l/b ratio of the final product, we

decided to use different reaction temperatures for the hydro-

formylation and for the hydrogenation reaction. Two

temperature profiles were investigated (see Table 2). Setting

up the starting temperature to 100 1C for 3 h and then heating

to 160 1C for 6 h afforded a very satisfying l/b ratio of 15.2

with good alcohol selectivity (Table 2, entry 2 and Fig. 3).

However, after the 3 h treatment at 100 1C, the l/b ratio of the

intermediate aldehyde was 33–34 (Fig. 4). Moreover, signifi-

cant amounts of internal octenes were formed (3.5%). We

reasoned that the drop in linearity was due to the hydro-

formylation–hydrogenation sequence of remaining internal

octenes at 160 1C, producing branched alcohols (5.8% at the

end of the reaction). Setting up the initial reaction temperature

to 110 1C for 4 h led to a similar l/b ratio of 32 for the

intermediate aldehyde and only 1.4% of internal octenes.

Letting the reaction stir at 160 1C overnight provided excellent

alcohol selectivity with a l/b ratio of 14.3 (Table 2, entry 3).

These reaction conditions could produce an unprecedented

93.2% yield of 1-nonanol. Of important note, compared to

precedent reports in the literature,9 the reaction is very clean

and only octane is formed in traces as a secondary product

(see ESIw).
Next, the tandem hydroformylation–hydrogenation of 1-octene

using Rh/PnBu3 in methanol :water (1 : 3) was performed at 80 1C

(see Scheme 2). Despite the significant formation of octane (11%),

the reaction proceeded very fast and reached 94.0% alcohol

selectivity in only 2 h. An alcohol selectivity of 99.8% was

obtained by setting up the reaction for 18 h.

Scope of the reaction

With these optimised reaction conditions in hand, we decided

to investigate the scope of this transformation (see Table 3).

Reaction profiles are depicted in the ESI.w Usually, aqueous

catalytic systems are more suitable for short chain alkenes due

to their solubility in water and hence better interaction with

the hydrophilic catalysts. However in the present case, the

catalyst is soluble in the organic phase. 1-Decene and 1-dodecene

showed indeed good conversions of 93.4% and 99.2%, respec-

tively (Table 3, entries 5 and 6). Nevertheless these two examples

emphasize the importance of substrate dependence. First,

1-decene was selectively hydroformylated but the surprisingly

low aldehyde hydrogenation activity produced alcohols with a

selectivity of only 69.2% (Table 3, entry 5). In contrast, the

aldehyde reduction activity was very high for 1-dodecene as

substrate (95.0% alcohol selectivity) but the l/b ratio of the

produced alcohol was poor (Table 3, entry 6).

A catalytic system able to produce linear hydroformylation

products and especially alcohols from internal alkenes would

be of very high interest.19–21 Our attention then turned to the

tandem hydroformylation–hydrogenation reaction of internal

alkenes. Although Rh/Xantphos systems are well-known for

their low hydroformylation and alkene isomerization rates, the

high temperatures used here may allow for some activity.

Gratifyingly, the tandem reaction using trans-2-octene as

Table 2 Tandem hydroformylation–hydrogenation using different
temperature profilesa

Entry Temperature profile
l/b
alcohol

Alcohol
selectivityc

Yield in
nonanol

1 160 1C for 6 h 11.0 92.5% 85.8%
2 100 1C for 3 h, then

160 1C for 6 hb
15.2 93.9% 88.1%

3 110 1C for 4 h, then
160 1C for 20 h

14.3 99.7% 93.2%

a In all runs conversion was 499.5%. b Reaction profile of this reaction:

see Fig. 3 and 4. c Amongst hydroformylation products, aldehyde and

alcohols.

Fig. 3 Reaction profile of the reaction (Table 2, entry 2).

Fig. 4 Evolution of the l/b ratio and alcohol selectivity in the reaction

(Table 2, entry 2).

Scheme 2 Tandem hydroformylation–hydrogenation using an Rh/PnBu3
system.
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substrate gave 98.4% conversion and 67.0% alcohol selectivity.

However, the linearity was expectedly poor (Table 3, entry 7). To

this end ligands that tolerate the protic conditions and at the

same time combine high isomerization and hydroformylation

activity with good linear selectivity will be required. Using PBu3
as ligand at 80 1C gave poor activity in this case (Table 3, entry 8),

with only 51.6% conversion observed after 24 h (Table 3, entry 9).

Moreover, the linear alcohol was only formed as traces.

Under the same conditions (PBu3, 80 1C), cis-cyclooctene reacted

smoothly to give cycloctylmethanol in good conversion and

selectivity (Table 3, entries 10 and 11). These reactions proceeded

very cleanly and no side-products were formed.

The reaction was also performed using water-soluble allyl

alcohol as substrate, but the standard conditions described here

did not allow the formation of 1,4-butanediol or subsequent

cyclic products. Changing the co-solvent for better catalyst

solubility also proved unsuccessful. This emphasizes again the

high substrate dependence of the present catalytic system.

Conclusions

The Rh-catalysed reduction of linear aldehydes under syngas

pressure was investigated. Three common hydroformylation

ligands, Xantphos, triphenylphosphine and tri-n-butylphosphine,

were tested. The use of water as main solvent significantly

improved the activity and the selectivity of the overall reaction.

Interestingly, all the co-solvents tested showed good activity in

aldehyde hydrogenation and the reaction was also efficient in

neat water. The formation of cationic rhodium species, known

for their high activity in hydrogenation, is likely to be favoured

by highly polar and protic solvents. Optimum reaction conditions

could be found using either Xantphos or PnBu3 as ligand.

The feasibility of tandem hydroformylation–hydrogenation

reaction was investigated. 1-Octene could be converted to

1-nonanol by an Rh/Xantphos system in excellent conversion,

selectivity and with satisfying linearity. Up to 93.2% of

1-nonanol could be obtained from 1-octene which is—to the

best of our knowledge—the highest reported yield for this

transformation.

The substrate scope showed significant substrate dependence.

Higher alkenes showed either slower hydrogenation activity or

lower linearity. In aqueous media, the length of the alkyl chains

influences the catalyst solubility and the interaction between the

water and the organic phase. The solvent mixture, the pressure

and the temperature may be adapted for each substrate.

Internal alkenes are also suitable for this transformation and

trans-2-octene and cis-cyclooctene could be converted in high

yield to their corresponding alcohols. A future challenge here

will be the development of ligands that are stable under protic

conditions and enable high isomerisation activity combined

with high linear selectivity.
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