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Abstract
Although the hydroformylation of vegetable oil-derived oleochemicals, such as methyl oleate, 

is a highly demanded reaction and has been intensively studied, little is known about the 

influence of naturally occurring polyunsaturated (PU) components and their effect on the 

homogeneous Rhodium catalyst. This is now examined in detail in the presented work by 

conducting systematic perturbation experiments. For the first time, it can be verified that the 

isomerisation of double bonds in polyunsaturated oleochemicals generates conjugated double 

bond systems that form stable η3-Rh allyl species and thus temporarily inhibit the catalyst. 

However, based on these findings, hydroformylation activity can be significantly increased by 

selective hydrogenation of PU to monounsaturated components. In the case of sunflower 

methyl ester, the turnover frequency multiplied by a factor of 8 and reached 3201 h-1, the 

highest rate reported in the context of methyl oleate hydroformylation. These effects were 

shown for both phosphine and phosphite ligands under both mono- and biphasic conditions 

and for methyl esters with different PU content, stressing the magnitude of this effect. This 

work makes it possible to support long-observed phenomena with the underlying mechanism 

scientifically. This lays the scientific basis for efficiently converting oleochemicals into valuable 

intermediates through hydroformylation for an increased share of renewable carbon in the 

chemical value chain.
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Introduction
In a time of increasing emphasis on sustainability, using renewable raw materials as molecular 

building blocks in the chemical industry is becoming increasingly important. Fats and oils, in 

particular, represent a promising resource with the potential for a wide range of chemical 

applications. Large quantities of these raw materials are already available as methyl esters 

from biodiesel production, especially in Europe and the US, allowing for swift market entry. 

Their use not only offers ecological benefits but also helps to reduce dependence on fossil 

fuels and their producers and minimise environmental impact.

To date, the use of oleochemicals as a molecular building block has mainly focused on 

functionalizing carboxyl functionality, resulting in possible applications as surfactants and 

lubricants. However, functionalizing unsaturated alkyl chains would open up a wide range of 

new applications.[1],[2] One example might be using fat and oil derivatives to synthesize 

bifunctional molecules, e.g., for polymer precursors.[3] Hydroformylation is a promising and 

atom-economic tool for this and many other purposes since the resulting aldehydes are 

valuable platform chemical (Figure 1).[3]–[5] 

Figure 1: Hydroformylation on the internal alkene of a plant oil-derived oleochemical yielding an aldehyde as a bio-
based platform chemical with a wide range of possible applications. 

Within fats and oils, oleic acid (C18:1) stands out, as it is formed in almost any oilseed, and 

its potential applications are numerous.[6]–[8] However, fats and oils do not occur as pure 

substances; instead, a mixture of several different triglycerides with various fatty acid 

combinations is formed as a metabolic product of plants. This poses a particular challenge for 

chemical use in conventional processes, which usually work with almost pure compounds. It 

is noticeable that although many plant oils contain oleic acid, they always come with 
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appreciable shares of polyunsaturated fatty acids (PU-FAs) like linoleic (C18:2) and linolenic 

(C18:3) acids (Table 1).

Table 1: Fatty acid profiles of various plant oils.[2],[6],[9],[10] Average values are provided as 
natural fluctuations occur. 

≤C16:0 C18:0 C18:1 C18:2 C18:3 ≥C20:0 ≥C20:1

Canola (old) 2 1 15 16 10 2 54

Canola (new) 4 1 59 21 9 1 5

Corn 11 2 30 55 1 1 0

Hemp 6 2 11 60 21 0 0

Linseed 5 4 19 15 57 0 0

Peanut 11 3 55 29 1 1 0

Soy 9 4 24 54 8 0 1

Sunflower (old) 7 4 28 61 0 0 0

Sunflower 
(high oleic)

4 2 91 3 0 0 0

As we highlighted in an earlier study, the shares of polyunsaturated fatty acids, in particular, 

pose a problem in homogeneously catalyzed functionalization reactions of the double 

bonds.[11] Several papers have already hinted at this phenomenon, especially in the case of 

hydroformylation of methyl oleate. The findings gathered in these studies now contribute to 

developing a deeper understanding of the underlying mechanisms through target-oriented 

experiments in this work. 

In three consecutive studies with methyl esters of different origins (e.g., olive, safflower, soy) 

by Frankel et al. from 1971 onwards, it was demonstrated that more extreme reaction 

conditions are necessary to achieve similar conversions and yields with increasing 

polyunsaturated methyl ester (PU-FAME) shares.[12]–[14] While oliveME (PU-FAME = 8 wt.%) 

was converted at conditions of Rh = 0.1 %, temperature of 110 °C and pressure of 138 bar 

with triphenylphosphine and heterogeneous supported Rh catalyst, for safflowerME (PU-

FAME = 76 wt.%) this was only achieved under significantly more extreme conditions 

(Rh = 1%, 120 °C, 241 bar). It is noteworthy that in multiple studies with complete conversion, 

in some cases, PUFA components remained in the form of conjugated dienes, which is why it 

was logically concluded that "these conjugated dienes were more difficult to hydroformylate 

[...] than methyl linoleate"[14]. In 1978, Friedrich demonstrated that pressures of only 14 bar at 

<120 °C are required for the hydroformylation of methyl oleate (monounsaturated methyl 

esters (MU-FAME) > 98 wt.%) using triphenyl phosphite.[15] Similar observations were made 
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in 1997 by the group of van Leeuwen during hydroformylation with rhodium and tris(2-tert-

butyl-4-methylphenyl)phosphite ligands (20 bar, <100 °C).[16] In the hydroformylation of pure 

methyl oleates, significantly higher reaction rates were observed than in the conversion of 

technical grade methyl oleates (PU-FAME = 14 wt.%). They suggested that stable π-allylic 

intermediates are formed between polyunsaturated substrates and the catalyst, leading to a 

significantly slower hydroformylation reaction. These observations are by now known from the 

hydroformylation of butadiene[17]–[20] and other 1,3-dienes[21]–[25], but there is no analytical 

validation for the conversion of PU-FAME yet. Similar observations were made in other studies 

in which hydroformylation of various vegetable oils (e.g. soy, sunflowers, safflower) was 

carried out to produce polymers and investigate their material properties subsequently.[26]–[28] 

Additionally, in contrast to other studies, here 2-3 times higher activities were achieved with 

phosphines than with phosphites[28], although they are known as highly active ligands in 

hydroformylation[29]–[33] due to their better pi-acceptor properties.[34],[35] It was assumed that 

these favour the conjugation of the double bonds and, thus, the formation of Rh-allyl 

intermediates, which is why phosphines were used. 

Throughout the literature, it was repeatedly observed with various ligands that PUFAs have a 

disruptive effect on the hydroformylation of oleic acid-containing substrates. Although a 

convincing explanation exists, there is still a lack of quantification and analytical evidence to 

understand this phenomenon in detail. Hereby, it will be possible to identify specific measures 

to enable efficient hydroformylation with the help of active phosphites. With this work we would 

like to close this gap by first quantifying and proving the influence of methyl linoleate on the 

hydroformylation of methyl oleate. These findings will finally show that an additional 

harmonization step by selective hydrogenation enables much higher activities in the 

hydroformylation of oleochemical substrates of relevant and technical quality.
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Result and Discussion
In the hydroformylations of methyl oleate, a quite simple reaction network arises (

O

O

O

O

O

O

[Rh]
H2

[Rh]
CO/H2

Methyl Stearate
(MS)

Formyl Methylstearate
(FMS)

Methyl Oleate
(MO)

Methyl Linoleate
(ML)

Conjugated Methyl Linoleate
(CML)

Diformyl Methylstearate
(dFMS)

Formyl Methyloleate
(FMO)

[Rh]
H2

[Rh]
H2

[Rh]
CO/H2

[Rh]
CO/H2

Methyl Elaidate Isomers
(iME)

[Rh]

[Rh]

C18:2C18:1

O

O

O

O

O

O

O

O

O O

Figure 2): Positional isomerization of the double bond can occur. For clarity, the resulting 

species are grouped as methyl oleates (MO) but can be identified individually. In addition, 

hydrogenation to methyl stearate (MS) and cis-trans-isomerisation may occur, resulting in 

various trans-configured isomers of methyl elaidate (iME). In the hydroformylation, different 

positional isomers of the formyl methyl stearates (FMS) can be formed. As soon as methyl 

linoleate is present, several other possible reactions arise. Firstly, it can be converted to 

various positional isomers with a multitude of cis-trans-configuration combinations; all 

summarised here to methyl linoleate (ML). Of particular importance is the conjugation of the 

double bonds to conjugated methyl linoleate (CML), which in turn can either be hydrogenated 

to MO or hydroformylated to formyl methyl oleate (FMO), which can then eventually react to 

form a diformyl methylstearate (dFMS). 
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Figure 2: Most important species in the reaction network for the hydroformylation of methyl oleate with methyl 
linoleate present. Different positional isomers exist for all species except MS as well as different cis-trans-isomers 
for CML, which are not shown here for clarity.

Ligand screening for hydroformylation of MO 
For an initial ligand screening, the MO hydroformylation was tested under typical 

conditions.[36]–[38] MO was obtained from high oleic (h.o.) sunflower ME (PU-FAME = 3.6 wt.%) 

by our previously used partial hydrogenation method. By this a mixture consisting exclusively 

of MU-FAME and and saturated species is obtained with a slightly increased proportion of 

C18:0 compared to the starting material (see SI). Only monodentate ligands were considered, 

as these generally offer higher activity than polydentate ligands, and their high regioselectivity 

is not required for the hydroformylation of methyl oleate. Two phosphines, 

triphenylphosphine (L1) and triazaadamantane (L2), as well as triphenylphosphite (L3) and 

tris(2,4-di-tert-butylphenyl)phosphite (L4) as phosphite ligands were investigated. The latter is 

a notably bulky ligand that has recently attracted particular attention. It was long assumed that 

L4 could not replace more than a single carbon monoxide in the complex because of its 

challenging steric.[34] However, recent studies have shown that they can form significant 

amounts of a bis-ligand species even under classical hydroformylation conditions.[39] 
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As expected, the phosphine ligands showed lower activities than the phosphite ligands used 

(  

N
N

N

P

P

P
O O

O

O
P

O

O

(1s,3s,5s)-1,3,5-triaza-7-
phosphaadamantane

(L2)
TOF20 = 111 h-1triphenylphosphine

(L1)
TOF20 = 539 h-1

triphenyl phosphite
(L3)

TOF20 = 2136 h-1

tris(2,4-di-tert-butylphenyl) phosphite
(L4)

TOF20 = 3201 h-1

Figure 3). As a result, only the latter achieved quantitative conversion within four hours, while 

all ligands showed high aldehyde selectivity of >99%. Although no spectroscopic data are 

available to verify the character of the active species under reaction conditions, comparable 

reaction systems in the literature suggest that the species predominantly contributing to the 

reaction is the mono or bis phosphine/phosphite rhodium hydride.1[39],[40] The reduced activity 

in the experiment without the addition of a ligand, except for L2 in toluene where the complex 

was not completely soluble, supports this.

1 For completeness, it should be noted that Rh6(CO)12 species may form under the choosen conditions. 
This can subsequently lead to the formation of a highly active HRh(CO)4 species, which may be a 
contributor to the observed activity. However, the fact that the addition of ligand always results in higher 
activities than in the experiment without ligand-addition is an reliable indication that the catalysis is 
mainly carried out by the phosphine/phosphite coordinated species.  For a detailed study on the active 
species in rhodium-catalyzed hydroformylation with phosphines and phosphites, the reader is 
recommended to consult references 39 and 40.
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N
N

N

P

P

P
O O

O

O
P

O

O

(1s,3s,5s)-1,3,5-triaza-7-
phosphaadamantane

(L2)
TOF20 = 111 h-1triphenylphosphine

(L1)
TOF20 = 539 h-1

triphenyl phosphite
(L3)

TOF20 = 2136 h-1

tris(2,4-di-tert-butylphenyl) phosphite
(L4)

TOF20 = 3201 h-1

Figure 3: Ligands screened for the hydroformylation of MO. Left: Yield (Y) of aldehyde in the hydroformylation of 
MO. Right: TOFs are calculated as the aldehyde produced per amount of catalyst used per time required for 20% 
conversion, TOF = nProduct nCat

-1
 tX=20%

-1. Calculations based on GC- FID analysis with n-dodecane as internal 
standard. Connections between data points are for visualization purposes only. Conditions: T = 120 °C, p = 30 bar, 
t = 4 h; nCO:nH2 = 1:1, VSTR = 100 ml, U = 1000 rpm, cRh = 0.5 mmol L-1, nP:nRh = 10, nMO:nRh = 1000, solvent: 
toluene, *solvent: 2-Propanol as solvent with nMO:nRh = 100, Preforming: T = 120 °C, p = 30 bar, nCO:nH2 = 1:1, 
U = 1000 rpm, t = 30 min.

L3 also exhibited rapid positional isomerization, which led to a broader distribution of positional 

isomers of the product aldehyde MFS. L4 achieved the markedly highest turnover frequency 

at 20% conversion (TOF20) with 3201 h-1. To our knowledge, this is the highest reported activity 

for the hydroformylation of MO. It is to be considered that no prior optimisation of the reaction 

conditions was carried out. 

Investigation of the ML influence
Subsequently, perturbation experiments were conducted by gradually replacing MO with ML 

using L4 (Figure 4). Starting from an equimolar amount to the catalyst, the reaction is 

increasingly slowed down as the ML content increases. In addition, significantly lower 

aldehyde selectivities are observed at the beginning of the reaction, as positional and cis-

trans-isomerization of the double bonds occurs. However, since these can still form aldehydes, 

all reactions achieve quantitative conversions with almost complete selectivity to mono or 

dialdehydes after a reaction time of 240 minutes. It is also noticeable that in all reactions, 

starting from a large cis-excess in the C18:1 species, a cis/trans ratio of 0.5 is formed within 

approximately thirty minutes (see SI). Since cis-double bonds make up a significantly higher 

proportion at the beginning, it is to be expected that these react much faster and the cis/trans 

ratio decreases. The fact that it stays at a level of 0.5 suggests that the hydroformylation of 

MO is about twice as fast as that of iME.
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Figure 4: Conversions (X) of C18 species and combined selectivity (S) to mono and dialdehydes for the perturbation 
experiments of hydroformylation by gradually replacing MO with ML. X and S are calculated based on GC-FID 
analysis with n-dodecane as an internal standard. For more detailed diagram of the reaction start see SI. 
Connections between data points are for visualization purposes only. Conditions: T = 120 °C, p = 30 bar, nCO:nH2 
= 1:1, VSTR= 100 ml, U = 1000 rpm, cRh = 0.5 mmol L-1, nP:nRh = 10, n(MO+ML):nRh = 1000, ligand: L4, Preforming: T 
= 120 °C, p = 30 bar, nCO:nH2 = 1:1, U = 1000 rpm, t = 30 min. 

Surprisingly, reaction profiles of the reactions with higher ML show an S-shape. This behaviour 

could already be observed under the influence of other accompanying substances than ML in 

the Rh-catalyzed hydroformylation.[41] This indicates an initial inhibition that diminishes over 

time, resulting in an acceleration of the reaction rate before it decreases again due to a lack 

of reactant. The reason for the significantly lower reaction rate at the beginning of the 

experiments with a high ML content could be that ML has a higher affinity for coordination to 

the catalyst than MO. Still, reactions with ML proceed at a significantly slower rate. Only when 

ML is almost completely consumed is MO then converted in a faster reaction. This is supported 

by the observation that, among other minor species, conjugation of the double bonds occurs 

at the start of the reaction within the first 5 minutes (Figure 5). With the help of commercially 

available chemicals, these could be identified as c,t 9,11 and t,c 9,11-CML (see SI). In the 

further course, the conjugated double bond system isomerise along the alkyl chain and 

accumulates in a particularly stable CML isomer, which elutes very close to the inert C20:0. 

As soon as this isomer is consumed, a sudden increase of the hydroformylation reaction rate 

is observed (chromatogram of 90 min sample in Figure 5), which is in line with van Leeuwen's 

hypothesis that the rhodium catalyst forms a stable η3-π-allyl intermediate with CML. 
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Figure 5: The C18:2 region of the GC-FID traces of the experiment with 5 wt.% ML from Figure 3. The peak at 35.6 
is the inert C20:0. 

Further experiments were carried out to verify this hypothesis. The precursor and ligand were 

first preformed in d8-toluene under syngas pressure, then the substrate was added, and the 

resulting solutions were analyzed using 1H- and 31P-NMR under syngas at ambient pressure. 

As expected, after preforming as well as after the addition of MO, rhodium species with one 

(31P-NMR: d, δ = 133 ppm, 134 ppm) and two (31P: d, δ = 117 ppm, 118 ppm) coordinated 

ligands and Rh-hydride (1H-NMR: s, δ = -9.5 ppm) could be detected, which is in accordance 

with the literature.[39],[42] Since the active Rh-hydride with two coordinated phosphite ligands is 

present, the hydroformylation of the added MO consequently occurs. In contrast, a rhodium 

species with only a single coordinated ligand and no Rh-hydride signals can be observed 

when the reaction is performed with both ML or CML. 

H-Rh
O

O nm

O

O

Rh

H

H H
m n

[Rh]

O

O
47

[Rh]
O

O
7 4

ML c,t 9,11 CML

iCMLη3-Rh-allyl

Figure 6: Observed reaction sequence of conjugation, isomerization and formation of Rh-allyl-complex.

In addition, the formation of a signal (doublet of triplet, δ=4.58ppm J=2.1 Hz, J = 8.9 Hz) can 

be observed here, which can be assigned to the proton of the central allyl carbon.[43] Similar 
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results were found in the palladium-catalyzed methoxycarbonylation of ML, where an allylic 

species was also identified.[44] In addition, significantly lower productivity was obtained with 

pure ML (TOF20 = 6) and with CML than with pure MO under the original reaction conditions 

(Figure 3), requiring up to 7 days for full conversion of all C=C bonds. The even lower activity 

in the conversion of CML shows that hydroformylation and isomerization are competing 

reactions in the reaction of ML. Consequently, decelerating the overall reaction rate described 

here only occurs according to the mechanism described if CML is formed first. However, even 

small amounts of CML formation massively affect the reaction. The fact that even the presence 

of equimolar amounts (0.14 wt.%) of the catalyst still causes a reduced activity further 

underlines this finding. It convincingly shows that the deactivation mechanism described here 

cannot be avoided by using high oleic substrates such as sunflowerME (PU-FAME = 3 wt.%, 

Table 1).

In summary, under hydroformylation conditions, the isolated alkene functions of ML partially 

isomerize to a conjugated system iCML before inserting into the rhodium hydride bond and 

forming an allylic-η3 complex, which slows down hydroformylation due to the slow conversion 

to the η1 species. If ML is present, this leads to a temporary binding of a part of the catalyst, 

which reduces the overall reaction rate. Only with increasing conversion of the ML is the 

entirety of the applied catalyst available, accelerating the overall reaction rate once again. 

Hydroformylation of technical FAME and partially hydrogenated derivatives
To apply the findings made in the hydroformylation model mixtures, it is essential to transfer 

them to technically relevant substrates. Since ML significantly slows down the reaction rate, it 

can be assumed that methyl linolenate, which also occurs in natural raw materials, has a 

comparable, if not stronger, influence as the conjugation of double bonds is much more likely. 

Therefore, removing both components from the reaction mixture before hydroformylation is 

advisable to enable an efficient and fast reaction. Conventional separation processes such as 

distillation can only be achieved with considerable time and energy. As we have shown 

recently, the selective partial hydrogenation of PU-FAMEs to MU-FAME is an elegant way to 
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remove the interfering components and simultaneously increase the efficiency of the overall 

process.[11] 

To demonstrate the influence of PU-FAME share on the hydroformylation of naturally derived 

ME with different compositions, a high oleic sunflowerME and a canolaME with a particularly 

high PU-FAME content were selected (Figure 7).

  

Figure 7: Results for the hydroformylation of a model mixture with 40 wt.% ML, CanolaME (31 wt.% PU-FAME), 
partially hydrogenated CanolaME (3.3 wt.% PU-FAME), high oleic sunflowerME (3.7 wt.% PU-FAME) and partially 
hydrogenated high oleic sunflowerME (0 wt.% PU-FAME). Yields are calculated based on GC- FID analysis with 
n-dodecane as the internal standard. Connections between data points are for visualisation purposes only. 
Conditions: T = 120 °C, p = 30 bar, nCO:nH2 = 1:1, VSTR= 100 ml, U = 1000 rpm, cRh = 0.5 mmol L-1, nP:nRh = 10, 
nMO+PUFA:nRh = 1000, ligand: L4. Preforming: T = 120 °C, p = 30 bar, nCO:nH2 = 1:1, U = 1000 rpm, t = 30 min.

The significant influence of PU-FAME on the reaction can also be observed here. Since the 

technical canolaME has a 10 wt.% share of the triple unsaturated component methyl 

linolenate, the probability of isomerization to a conjugated derivative increases compared to 

the model mixture with ML. It is, therefore, not surprising that the conversion of the technical 

canolaME has an even more reduced reaction rate at the start of the reaction and a longer 

time to reach complete conversion. The fact that by far the highest activity can be observed in 

p.h. sunflowerME (PU-FAME = 0 wt.%) clearly shows that even the most minor fractions are 

detrimental to the hydroformylation of MO. On an industrial scale, hydroformylation is also 

carried out in aqueous biphasic systems using polar phosphines. The effects observed in this 

work could also be reproduced in this catalyst system (see SI). Consequently, a selective 

reduction of the PU-FAME content led to an increase in yield of up to 30 %.
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Conclusion 
In this work, the influence of naturally occurring polyunsaturated methyl esters (PU-FAME) on 

the hydroformylation of methyl oleate was investigated. It has been observed for the first time 

that the isomerisation of the double bonds in the polyunsaturated components leads to the 

formation of conjugated double bond systems which subsequently form stable η3-Rh-allyl 

species. As a result, a large amount of catalyst is inhibited at the beginning of the reaction, 

which is gradually released during the slow reaction of the conjugated species, resulting in a 

characteristic S-shaped reaction profile. As little as 5 wt.% PU-FAME results in a 90% activity 

loss when a bulky phosphite ligand is used under monophasic conditions. By selective 

hydrogenation of the PU-FAME to monounsaturated-FAME content in a canola methyl ester, 

the activity in subsequent hydroformylation could be increased 24-fold. In the case of a 

sunflowerME, the TOF was increased by a factor of 7.7 to a value of 3172 h-1, which, to our 

knowledge, is the highest reported rate for the hydroformylation of a methyl oleate. Overall, 

this work provides a deeper insight into the use of methyl esters as a molecular building block, 

paving the way for more sustainable chemistry.
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