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Chapter 1 

 

Introduction 

The interaction between molecules has been studied at least since before 1873, when van 

der Waals published his thesis.1 Van der Waals’ work gave rise to the understanding that 

intermolecular forces were not simply repulsive, but that there is a balance between attractive 

and repulsive forces. The fundamental importance of these forces is nowadays clear: It makes 

oxygen bind to hemoglobin, it makes our DNA stick together, and it keeps water liquid under 

ambient conditions, to name some examples. The application of these forces in a rational 

manner however, is something of the last 30 years.2 The resulting field of supramolecular 

chemistry is very broad, ranging from materials science to spectroscopy to molecular biology 

and to catalysis, which is the subject of this thesis. The importance of supramolecular 

catalysis lies not only in its potential applied character, but also at the same time in the 

fundamental concepts that it encompasses, which are worth to study in their own right. 

The main focus of this thesis is the study of the rhodium catalyzed hydroformylation 

reaction, a commercially very important process that is applied industrially at several 

hundreds of kiloton per annum scale and that is considered to be very well understood. There 

is a plethora of mechanistic studies where details of the reaction such as the influence of 

reaction conditions and ligands on the rate of the reaction and the selectivity for linear or 

branched products are explained. This reaction has been optimized to afford linear products, 

but more recently branched products have also been the targets in some industrial processes. 

The supramolecular catalyst described in this thesis is able to afford branched products with 

unprecedented selectivity, and the appearance of some patents making use of this catalyst 

certainly shows the commercial interest. In this work, we explain the unusual behavior of this 

catalyst via the combination of quantum chemical and kinetic models. In doing so, we were 

able to show how these complexes behave at the molecular level, and to understand why this 

catalyst works and others do not, which is crucial for knowing how to further develop such 

catalytic systems, to improve the state of the art of the reaction, and ultimately to face the 

challenges that we face in an ever changing world. 
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1.1  Industrial perspective on hydroformylation. 

The hydroformylation of alkenes (Figure 1), also known as the oxo-process, is tonnage 

wise the most important homogeneously catalyzed reaction on this planet. It converts olefins 

into aldehydes, which can subsequently be converted into alcohols, acids, esters, amines, and 

further compounds. An important aspect of the hydroformylation reaction is its selectivity: A 

linear product (L) and a branched product (B) can be formed. 

The two most relevant hydroformylation substrates are the higher olefins and propene. 

Higher olefins are mixtures of C6– to C14–alpha-olefins, produced either from ethene 

oligomerization (e.g. Ziegler process or SHOP process) or from Fischer-Tropsch synthesis. 

The aldehydes resulting from such a hydroformylation process are reduced to afford fatty 

alcohols, which are used as surfactants, detergents and plasticizers. The branched and linear 

products, or mixtures thereof will obviously have different physical properties, rheology and 

biodegradability. 

Propene is probably the most important substrate for hydroformylation, accounting for 

about three quarters of the volume.3 In this case the reaction yields n– or iso–butyraldehyde. 

n-Butyraldehyde is used mostly to produce n-butanol and the whole range of butyl esters, 

ethers and such, while iso-butyraldehyde is used to produce iso-butanol, methyl methacrylate 

(via methacrylic acid), neopentylglycol (via hydroxypivaldehyde) and texanol (the 

trimerization product of iso-butyraldehyde, and an important ingredient for paints) (Figure 2). 

Other substrates are not very relevant for industry, but the hydroformylation reaction does 

have some importance in organic synthesis. Because the reaction is quite tolerant to a variety 

of functional groups, it is a useful tool for installing the formyl functionality. Additionally, 

when branched selectivity can be induced, the products are chiral, and enantioselective 

hydroformylation can be used to make chiral compounds. 

When reading the literature it might be at first glance obvious that the desired product is 

the linear one, but the situation is in fact slightly more complicated. Since most industrial 

 

Figure 1. The hydroformylation reaction of terminal olefins gives rise to a linear (L) and a 
branched (B) aldehyde product. 
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processes are only moderately selective, markets exist for the branched products as well as the 

linear ones. This means that a shortage of branched aldehydes might exist at some point, and 

branched-selective hydroformylation becomes interesting. However, since the attention has 

been focused solely on the linear product throughout the second half of the 20th century, the 

technology for producing linear aldehydes is much further advanced, and technology for 

producing branched aldehydes selectively is just starting to take off, and seems much more 

challenging than developing catalyst that form the linear aldehyde. 

1.2  Historical perspective on hydroformylation. 

The hydroformylation reaction was discovered (or more accurately: the patent was filed) in 

1938 by Otto Roelen, who was working for Ruhrchemie in Oberhausen, Germany.4 The 

discovery was by serendipity: After feeding ethylene back into a Fischer-Tropsch process 

making use of a catalyst consisting of cobalt, thorium and manganese oxide, “oxo-products” 

were found in the product stream.5 The National Socialist regime stimulated the research 

during the Second World War, because Germany had a shortage of fats, which were needed in 

de steel industry as lubricants and coatings, as well as for soap. The regime put the focus on 

applied research however, supporting the war machine, and fundamental understanding of the 

process was considered less important.6 It was therefore not until after the war that it was 

realized that a dissolved cobalt complex catalyzed the hydroformylation reaction. This was 

noted first by Adkins and Krsek. 7  The first use of rhodium (as well as iridium) in 

 

Figure 2. Several uses of the hydroformylation products of propene. 
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hydroformylation is described in a patent application from 1952 by Ruhrchemie, and 

interestingly enough, they used rhodium chloride impregnated on silica.8 It can be safely 

assumed that desorbed rhodium was the active catalyst. Exxon later published a patent where 

a strictly homogeneous rhodium catalyst was described, prepared by treating rhodium(III) 

oxide with syngas in hexane.9 

In 1961, Heck & Breslow proposed a mechanism for the cobalt-catalyzed 

hydroformylation.10 After that, the development of the field accelerated considerably: In 1965 

Wilkinson published his first system based on rhodium,11 and in 1968 he introduced the use 

of arylphosphines as ligands to rhodium in hydroformylation.12 In this last paper he also 

describes the mechanism, although at the time he was not able to distinguish between his 

associative mechanism, in which the catalyst alternated between 5- and 6-coordinated species 

and his dissociative mechanism, in which the catalyst alternates between 4- and 5-coordinated 

species. It is now widely accepted that the dissociative one is the correct one. A more modern 

representation of the catalytic cycle is depicted in Figure 3. 

1.3  Mechanistic perspective on the hydroformylation reaction. 

The rhodium catalyst is normally added to the reaction as 

 

Figure 3. The generally accepted mechanism of rhodium-catalyzed hydroformylation. L can 
be any ligand, including CO. Ethene drawn as substrate for simplicity. 
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tris(triphenylphosphino)rhodium(I) carbonyl hydride, which basically enters the cycle 

directly. Alternatively, (acetylacetonato)dicarbonylrhodium(I) is used as precursor, which 

after reaction with hydrogen gives the active species of type 1. Hydride species 1 is the 

resting state in most cases. Loss of CO from 1 followed by coordination of the olefin leads to 

species 3, which can undergo hydride migration followed by CO coordination to arrive at 

species 5. After CO insertion, the species 6 will most likely pick up another CO to form 

species 7, which could be a resting state under specific circumstances (bulky electron poor 

ligands). If species 6 activates hydrogen, 6-coordinated species 8 is formed, which can 

eliminate the aldehyde product. A concerted, metathesis-like mechanism that goes directly 

from 6 to 2 has been proposed as well. All steps except for the very last one are most likely 

equilibria, which has some implications for how the selectivity is determined. The reaction 

from 3 to 4 is the selectivity determining-step only if it is irreversible under the conditions 

applied. Depending on the reaction conditions, the whole system of equilibria, as far as they 

are relevant, could play a role in determining the selectivity of the reaction.13 

When the hydride migration step is very reversible, alkene isomerization can be a side 

reaction. The activity for hydroformylation of internal olefins to internal aldehydes is most 

often much lower than of terminal olefins. When using internal olefins as substrate, 

isomerization can be used to produce terminal aldehydes with very high turnovers.14 

The selectivity of the process strongly depends on the ligands used, thus a lot of research 

focused on improving the linearity of the aldehyde product by ligand modification. A big step 

was made already in 1969, when Pruett and Smith published the first system making use of 

phosphites, resulting in a linearity of up to 93%.15 Building on this, in 1983 van Leeuwen 

introduced a “bulky phosphite” ligand (Figure 4). Although this ligand does not give a 

particularly high selectivity, it gives a very active catalyst. It was later shown that with this 

ligand mono (phosphorus) ligated rhodium species are formed, and that the resting state is the 

 

Figure 4. Some of the ligands described in this chapter. 
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rhodium acyl species (7 in Figure 3).16 This in its turn was the inspiration for the development 

of the bidentate bulky phosphite ligands, initially by Union Carbide.17 These ligands give rise 

to complexes that afford high activity and also good selectivities, when appropriate bite 

angles were used. 

A breakthrough with respect to the linearity of the reaction was made by Eastman Kodak 

when they developed BISBI (Figure 4), the first wide-bite angle bidentate ligand.18 This 

ligand was able to induce such high linearities because of its bite angle of 113°. In 1995 van 

Leeuwen introduced Xantphos.19 It was shown that the bite angle of the ligand is not 

correlated with the coordination mode of the ligand in the hydride species (ee vs. ea 

coordination), but that it controls the selectivity in subsequent steps.20 

The kinetics of the reaction can be classified as type I or type II, depending on the rate-

determining step of the reaction. Type I is the most commonly observed type. This type is 

observed for example with triphenylphosphine, and the reaction is first order in substrate, zero 

order in hydrogen, and negative first order in CO. The explanation is that 1 is the resting state, 

and therefore the loss of CO and subsequent coordination of olefin, or hydride migration are 

rate determining. 

When bulky phosphites are used, the kinetics become different. In that case first order in 

hydrogen, negative first order in CO, and no order in olefin are observed. The acyl species 7 

becomes the resting state in that case, and therefore loss of CO followed by hydrogenolysis 

becomes rate determining. This is called type II kinetics. 

A last important mechanistic aspect is the effect of the coordination mode on activity and 

selectivity. It is known that RhH(CO)4 is not selective at all. It is also known that in the case 

of triphenylphosphine, addition of excess of phosphine is good for the linearity of the product. 

This is explained by the notion that monophosphine rhodium species give lower selectivity, 

but are also more active, thus enhancing the loss of selectivity. However, this has never been 

proven experimentally, since the only ligand that enforces pure monophosphine coordination 

is the bulky phosphite, which is clearly a different case. An attempt to force mono-phosphine 

coordination by using an extremely bulky phosphine ligand resulted only in ligand 

dissociation.21 

Bidentate ligands enforce the formation of rhodium bisphosphine species (mostly), and the 

bite angle has a profound influence on the selectivity as well. This was shown clearly in the 
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Xantphos work of van Leeuwen, and additionally it was demonstrated that the bigger bite 

angles resulted in higher linearities of the product.22 

DFT studies have shown that both the electronic properties of the ligands as well as the 

bite angle have an influence on the identity of the selectivity-determining step.23 In another 

study, investigation of a kinetic isotope effect showed that the rate-determining step for 

hydroformylation using thixantphos as ligand is actually the alkene coordination, although 

DFT studies of the catalytic cycle showed the hydride migration to be rate determining.24 

Identifying the rate- and selectivity-determining steps is complicated because this is very 

system-dependent. Additionally, the complexity of the mechanism makes it hard to give a 

clear-cut answer. 

1.4  Supramolecular approaches. 

The turn of the 21st century saw an increase in the interest in novel supramolecular systems 

for catalysis. Many interesting properties of supramolecular catalysts have been described. It 

has been demonstrated to be an ideal tool to generate large libraries of catalysts that form by 

self-assembly of ligand building blocks. The synthesis of building blocks is generally easier, 

and from a library of 100x100 a library of 10.000 catalysts can be generated, from which a 

solution for specific problems can be found faster by screening parts of such a library.25 A 

supramolecular bidentate ligand based on hydrogen bonding was constructed that showed 

enhanced selectivity in the hydroformylation of 1–octene.26 The catalytic cycle of this catalyst 

was thoroughly investigated computationally, making use of an ONIOM-type model with 

CCSD(T) as the high method and DFT as the low.27 

Additional interactions between catalyst and substrate can give increased selectivity 

because the extra interaction gives some additional directionality: In 2000 Breit introduced 

the concept of reagent-directing groups.28 Making use of a functional group on the substrate 

that binds (covalently, but reversibly) to the catalyst, the selectivity of the reaction is changed, 

because the catalyst is pre-arranged. This strategy was used elegantly in a supramolecular 

fashion in the hydroformylation of unsaturated carboxylic acids, where a guanidinium 

functionality on the catalyst interacts with the carboxylic acid.29 A similar strategy was used 

by Reek et al., but making use of an anion binding pocket to bind the carboxylate.30 

Supramolecular interactions can be used to construct a confined space around a reactive 

center. Reactions in a confined space can give very different results compared to their 
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unconfined counterparts. The term “confined space” can be interpreted in various ways, 

ranging from a fully closed container like a fullerene (not supramolecular, obviously) to the 

mostly closed cages of Raymond31 and Fujita,32 to structures that simply impose some steric 

bulk around the reactive center. This can be enough to induce a change in selectivity, and 

indeed hydroformylate olefins stereoselectively.33 

1.5  The trispyridylphosphine-tetraphenylporphyrin system. 

In 2001 Reek et al. introduced a supramolecular hydroformylation catalyst system based 

on rhodium (from Rh(acac)(CO)2), meta-trispyridylphosphine and zinc(II) tetraphenyl-

porphyrin (Figure 5).34 In this system phosphine selectively coordinates to rhodium through 

phosphorus, and to zinc through the nitrogens (because soft phosphorus prefers soft rhodium, 

and hard nitrogen prefers hard zinc). In this manner a cavity is created in which the active 

center is positioned. It was shown that this encapsulated catalyst was ten times more active 

than the non-encapsulated analogue and that the capsule produced mainly the branched 

aldehyde, which is very unusual. Later it was shown that this system also displayed unusually 

high selectivity and activity for internal olefins, for all substrates with selectivity for the more 

internal product (Figure 6).35 

 

Figure 5. The assembly of trispyridylphosphine, Zn(II) porphyrin and Rh(acac)(CO)2. 
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Figure 6. Results of hydroformylation of octene isomers: yields in percent. Data taken from 
ref. 35. Reactions at 25 °C in toluene under 20 bar syngas. 

 

Figure 7. Structural variations used for zinc-building blocks in Rh-catalysed 
hydroformylation in combination with meta-trispyridylphosphine: Zn(II) 

Tetraphenylporphyrin (a), Zn(II) Phthalocyanine (b), Bis-(thiosemicarbazonato) Zn(II) (c) 
and Zn(II) Salphen (d). 
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also for these encapsulated catalysts.36 Structurally related bis-(thiosemicarbazonato) Zn(II) 

complexes have been applied as building blocks as well, and these appeared to behave 

similarly to the salphen building blocks: Increased activity compared to the system without 

building blocks, but normal triphenylphosphine selectivity. 37  It was shown by further 

comparison with phthalocyanines as building blocks that the size and shape of the cavity has a 

great influence on the outcome of the hydroformylation reaction. DFT studies showed that the 

energy of reorganization of the cavity structure, required to accommodate the rate-

determining hydride migration step, determines the selectivity in the case of the porphyrin.38 

In the same study it was shown that even a modification as tiny as the replacement of the 

protons on the phenyl groups by deuteriums was able to induce a change in the catalytic 

behavior of the resulting complex. 

It was shown that at elevated temperatures the catalyst assembly loses its selectivity, but 

this can be mitigated by using very high CO concentrations (160 bar with CO/H2 = 2 at 80 

°C).39 The replacement of the zinc center in the tetraphenylporphyrin by magnesium proved 

to afford a catalyst giving an even higher branched selectivity, especially at higher syngas 

pressures. Hydroformylation at 20 bar gives an l/b ratio of 0.35 for 1-octene, and 0.6 for 

propene. At 80 bar an l/b ratio of 0.25 can be reached for 1-octene.40 It was also shown that 

the branched selectivity of propene hydroformylation with the Mg(II)porphyrin system can be 

improved by incubation with 1-octene.41 

1.6  Thesis outline. 

In situ-IR studies showed that the porphyrin building blocks force the formation of mono-

phosphorus ligated rhodium species. Phenomenologically it is known that when lower 

concentrations of phosphine are used, the activity of the catalyst increases, and the linearity of 

the product decreases. This led us to entertain the hypothesis that the encapsulation of the 

phosphine served only to isolate the rhodium center as a monoligated species, and nothing 

more. In the second chapter of this thesis, DFT calculations are performed that strongly 

support the hypothesis that the observed increase in rate is due to this change from bis- to 

mono-phosphorus coordinated species. It also shows that the expected change in selectivity 

stemming only from this change in coordination is much smaller than the observed change, 

thus suggesting that an additional interaction between the substrate and the building blocks 

exists. 
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In the third chapter, a general kinetic model to describe hydroformylation reactions is 

developed. This model explicitly takes both the linear and branched cycle into account, and it 

is shown that the two interconnected cycles can influence each other, leading to potentially 

complex situations. It is shown that this model can describe systems following type I or type 

II kinetics. In chapter four it is shown that this model is necessary to describe the kinetics of 

the porphyrin-encapsulated hydroformylation system. The selectivity under different 

conditions is explored, and it is shown how the odd kinetics of the system can be explained, 

and furthermore used to explain why this catalyst is so branched-selective. 

The fifth and final chapter deals with the conformational freedom that is found in the 

salphen system, but not in the porphyrin system. It is shown that due to conformational 

fluxionality in the salphen system, complexes are formed that are not encapsulating the 

rhodium center, and therefore not isolating it as monophosphine. 
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Chapter 2 

 

A comparison of the full catalytic cycle of 

hydroformylation mediated by mono- and 

bisligated triphenylphosphine-rhodium complexes 

by DFT 

Abstract 

The coordination mode of triphenylphosphine to rhodium is considered to be very 

important for the outcome of hydroformylation catalysis. The difference in reactivity between 

mono- and bisligated rhodium has not been investigated systematically, mostly because it is 

impossible to get pure mono-ligated rhodium under hydroformylation conditions. Therefore 

we performed detailed computational studies to get insight in the effect of the coordination 

mode to rhodium on hydroformylation catalysis. The DFT calculated catalytic pathway of the 

mono-phosphine based catalyst shows a lower free energy barrier of 24.5 kcal mol-1 compared 

to that of the bis-phosphine catalyst (28.9 kcal mol-1). This confirms that mono-phosphine 

catalysts have an intrinsic higher activity than bis-phosphine catalysts, and implicates that the 

rate-enhancement seen with the tetraphenylporphyrin-based catalyst reported by our group 

previously is indeed (at least partially) due to the mono-coordination enforced by this 

encapsulating ligand. 

  

This chapter has been published as: I. Jacobs, B. de Bruin, J. N. H. Reek, ChemCatChem, 

2015, 7, 1708–1718. 
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2.1  Introduction. 

Hydroformylation can be considered as the flagship of homogeneous catalysis: it is applied 

commercially on a multimillion ton per year scale, but also studied in great detail at the 

fundamental level.1 Both terminal and internal olefins are used as feedstock to produce a 

variety of products. The terminal olefins are more reactive, and selectivity issues are less 

challenging. Two different aldehyde products can be formed from primary olefins: the linear 

(L) or the branched aldehyde (B), see Figure 1. There is a large market for the linear 

aldehyde, and many industrial processes aim for this product. In some of the processes the 

aldehydes are further reacted to produce either alcohols or acids. Next to the linear product, 

there is an increasing demand in recent years for branched aldehydes. 2  For example 

isobutyraldehyde, which is a precursor for isobutyric acid and neopentyl glycol, is a product 

that is made by hydroformylation of propene. Whereas several catalysts are nowadays known 

that can produce the linear aldehyde in high selectivity, catalysts that mainly produce 

branched aldehydes from aliphatic alkenes are scarce, and selectivities are still rather low. 

In 2001 we reported an encapsulated hydroformylation catalyst that forms by self-assembly 

from meta-trispyridylphosphine and three zinc-tetraphenylporphyrin building blocks. The 

encapsulated mono-phosphine rhodium catalyst self-assembles upon mixing the ligands with 

rhodium(acac)(CO)2 under a syngas atmosphere (figure 2).3 This complex is a very active 

hydroformylation catalyst that preferentially produces the branched aldehyde product from 

terminal alkenes. Recently, it was demonstrated that it even operates at temperatures as high 

as 80°C, although under these conditions higher CO pressures are required to prevent the 

formation of bis-phosphorus ligated complexes.3c Next to terminal olefins, the catalyst can 

also be used to hydroformylate internal olefins with unequalled selectivity, forming the most 

internal product preferably.4 In all experiments, the encapsulated catalyst showed higher 

 

Figure 1. Hydroformylation yields two products: Linear (L) and branched (B). 
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activity with respect to the parent triphenylphosphine-derived catalyst. 

From detailed studies it is already known for a long time that bisphosphine ligated rhodium 

complexes give a much higher selectivity for the linear product, 5  and therefore high 

concentrations of ligand are used in commercial applications. Whereas very bulky 

monodendate phosphite ligands have been used,6 leading to monophosphorus ligated rhodium 

complexes that are very active, bulky phosphine ligands that lead to exclusive mono-

coordination have not been reported.7 As such, the supramolecular ligand system shown in 

Figure 2, in which the phosphine donor is embedded, is the only system that shows such 

exclusive mono-coordination. Very recently, Matt et al reported a cyclodextrin-based 

phosphine ligand that also leads to exclusive formation of monoligated rhodium complexes 

under hydroformylation conditions, which resulted in enantioselective hydroformylation of 

styrene.8 

Because the properties of monoligated phosphine rhodium catalysts are not known 

experimentally, it is impossible to determine whether the high activity and unusual selectivity 

are the result of confinement effects or of the coordination mode to rhodium. To improve our 

understanding of how the coordination mode affects catalytic performance in the case of the 

triphenylphosphine modified rhodium system, we performed a full DFT-investigation 

comparing mono- and bisligated rhodium species. This should facilitate the deeper 

understanding of the operational mode of the supramolecular systems. 

The catalytic cycle of rhodium catalyzed hydroformylation is depicted in Figure 3. Three 

stages can be distinguished: In the first stage a rhodium hydride species reacts with an olefin 

to form a rhodium alkyl species. In the second stage this rhodium alkyl species reacts with 

 

Figure 2. The porphyrin capsule enables formation of monoligated rhodium species. 
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CO to form a rhodium acyl species. Finally, in the third stage, the acyl species reacts with 

hydrogen to form the product aldehyde, and the rhodium hydride is reformed. This 

mechanism is very well established, and has been extensively corroborated using both 

experimental (spectroscopic) and theoretical methods.5, 9,10 

The kinetics of the hydroformylation reaction catalyzed by phosphine-modified rhodium are 

in most cases dominated by the reactions in stage 1. This results in a rate equation with a first 

order in olefin concentration, a negative order in CO and a zero order in hydrogen. From the 

kinetics alone it cannot be determined which individual step is rate determining, because all 

three possibilities give the same rate equation. Spectroscopic evidence shows that hydride 

species 1 is indeed the resting state.5b It has been shown that olefin coordination is rate-

determining when Xanthphos is used as a ligand,11 and several studies show that the hydride 

migration is irreversible (for triphenylphosphine, but not for BISBI or Xanthphos),12 but no 

direct experimental evidence shows exactly which step is rate determining. Several 

computational studies, however, did conclude that hydride migration is rate 

determining.11,13,16a 

Some systems exhibit a different kind of kinetics, dominated by stage 3. This is named type II 

kinetics, and such a system displays first order in hydrogen, zero order in olefin, and negative 

 

Figure 3. The catalytic cycle of the rhodium catalyzed hydroformylation with 
triphenylphosphine as ligand. L can be CO or PPh3 in any combination. 
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order in CO. In this case 7 is the resting state, and one of the reactions leading from it to the 

release of product must be rate determining. This type of kinetics is less common, and mostly 

only encountered with the bulky phosphite ligands.5b Breit’s phosphinine system may fall 

under this category as well.14 

The reactivity of mono- and bis-phosphine complexes has been compared before in 

computational investigations of the hydroformylation reaction, most recently by Hirst and 

Carbo.15 The full catalytic cycle has never been investigated in any of the computed models 

though. In most cases only the first stage of the reaction was taken into account. We 

considered it important to calculate the full catalytic cycle, using the same computational 

model throughout, accounting for all relevant transition states and all possible changes in the 

potential energy surface on going from the bis-phosphine to the mono-phosphine cycles, thus 

allowing a proper comparison with kinetic data from experimental studies. This information is 

important to find out whether the changed behaviour seen in the case of the encapsulated 

rhodium complex is only due to the enforced mono-coordination, or if other effects play a 

role. 

In this chapter we report calculations of the entire catalytic cycle of rhodium catalyzed 

hydroformylation for both mono- and bisligated rhodium species. These calculations show 

that the pathways are similar, and that the rate-determining step is in all cases the hydride 

migration. In line with a previous report by Kumar and Jackson,16 it also became clear from 

these calculations that attractive Van Der Waals interactions between the triphenylphosphine 

ligands, as well as between the ligands and the substrate, are important. Since these are not 

taken into account in (uncorrected) DFT calculations, DFT-D3 dispersion-corrected 

calculations were needed to get a better estimate for the energy difference between mono- and 

bis-triphenylphosphine complexes. Therefore, the rate determining transition states TS-3 were 

recalculated with dispersion corrections, in order to arrive at more realistic overall reaction 

barriers. 

2.2 Results and discussion. 

General 

Several papers have appeared that report DFT calculations on (parts of) the hydroformylation 

catalytic cycle.17 In all these reports model ligands such as PH3, or PF3 (which is the better 

model for PPh3) have been used to reduce the calculation time. For our calculations we 
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decided to use the full PPh3 ligand, as we also wanted to take into account the steric hindrance 

in the bisphosphine complexes, because this might have a strong influence on the difference 

between the bisphosphine pathway and the monophosphine pathway. As we were primarily 

interested in activity, ethene was used as the substrate model initially. It was found, however, 

that when comparing the monophosphine and bisphosphine complexes, ethene is not a good 

model, and to correct for this, all propene variants of the rate limiting transition state TS3 

were built and calculated as well. 

For the DFT calculations we used the B3LYP functional with Stuttgart-Dresden basis sets 

with ECP’s for rhodium and phosphorus, and Pople basis sets for the rest, in Gaussian ‘03. 

This combination of functional and basis sets has previously shown to give accurate results.18 

Because Grimme’s dispersion corrections are not implemented in Gaussian ’03, the relevant 

structures for which we wanted to investigate the effect of dispersion corrections were 

reoptimized in Turbomole 6.5, at the b3-lyp, def2-TZVP disp3 (DFT-D3) level of theory. A 

small core ECP pseudo-potential was used for rhodium. The def2-TZVP basis used is slightly 

larger, but otherwise comparable to 6-311G**. 

We will first discuss the catalytic cycle of the bisphosphine rhodium complexes, and 

subsequently compare that to the catalytic cycle of the monophosphine complex. 

Formation of the active complex 

It is well established that the Rh(acac)(CO)2 precursor can be converted to various rhodium 

 

Figure 4. Representation of the equilibria of rhodium complexes before substrate addition. 
DFT calculated free energies are given in kcal mol-1 (dispersion-corrected energies in between 

brackets). 
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complexes under catalytic conditions. A schematic overview of the complexes identified with 

high pressure IR (under various conditions) and their connecting equilibria is presented in 

Figure 4. As is known from Rossi and Hoffmann,19 the stronger sigma donating ligands prefer 

to occupy the axial positions. Accordingly, in all complexes the hydride ligands reside at the 

axial position and structures with the hydride in the equatorial plane are not even minima on 

the potential energy surface. The phosphine ligands are much less strong sigma donors, and 

therefore do not have a particular preference for the axial position compared to CO. 

As is clear from Figure 4, the mono-phosphine complexes are predicted to be lower in energy 

than the bis-phosphine complexes when using regular DFT without dispersion corrections. 

This contradicts experimental observations.20 This is mostly due to the absence of attractive 

dispersive interactions in regular DFT, leading to an underestimation of the stability of the 

bisphosphine complexes, especially when they are situated in cis position with respect to one 

another. Some of the complexes were therefore reoptimized employing Grimme’s dispersion 

corrections (D3 version, implemented as disp3 in Turbomole). The results are included in 

Figure 4. These calculations show that there are significant attractive van der Waals 

interactions between the phosphines, and indeed the non-dispersion corrected calculations 

clearly underestimate the stability of the bisphosphine complexes. In general, these errors are 

expected to be similar for subsequent steps in a reaction sequence from either mono- or 

bisphosphine rhodium complexes, and thus as long as no PPh3 association/dissociation occurs 

in the sequence the DFT calculated reaction pathways should benefit from error cancelation. 

On the other hand, ee1 being 0.6 kcal mol-1 lower in energy than ea1, as predicted by the 

uncorrected calculations matches well with the ee1:ea1 ratio of 85:15 observed in NMR by 

Brown and Kent.10e The dispersion corrected calculations predict ea1 to be 1.7 kcal mol-1 

lower in energy than ee1, which might be an effect of over-correction for van der Waals 

interactions when comparing gas-phase calculations with condensed-phase experiments. 

Ultimately ~2 kcal mol-1 error in the difference between ee1 and ea1 is better than ~10 kcal 

mol-1 error in the difference between monophosphine and bisphosphine. Because the 

dispersion effects are significant, we decided to evaluate the barriers of all key transition 

states both with and without dispersion corrections (vide infra).21 In the next section we 

compare the catalytic cycles that start from ee1/ea1 with those that start from a1/e1. 

Catalytic cycle with the bisphosphine rhodium complex as catalyst 

The (non-corrected) DFT calculated free energy profile of the first two steps of the 

bisphosphine pathway is shown in Figure 5. The resting state of the triphenylphosphine-
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ligated catalyst is the pentacoordinated rhodium hydride complex 1. This hydride complex 

exists as a mixture of two isomers, indicated by the position of the phosphine ligands (e for 

equatorial and a for axial), with the ea1 being 0.6 kcal mol-1 higher in energy than ee1. The 

equilibrium between 1 and 2 is characterized by a very late transition state (Rh–C distance is 

3.1 and 3.2 Å for TS-ee1 and TS-ea1 respectively). The calculated free energy barriers for 

CO dissociation from ee1 and ea1 amount to 13.8 and 17.5 kcal mol-1, respectively. The 

reverse reactions, CO binding to tP2 and cP2 to form ee1 and ea1, have somewhat lower free 

energy barriers (10.3 and 7.4 kcal mol-1, respectively). 

In the square planar complexes the trans complex tP2 is 7 kcal mol-1 lower in energy than the 

cis-complex cP2, which can be explained by steric hindrance between the two 

triphenylphosphine ligands. Indeed, in cP2 the square planar complex is significantly 

distorted, with a P–Rh–-P angle of 104°. 

After coordination of ethene the pentacoordinated ethene complex is obtained. In this 

substrate associated complex both isomers, ee3 and ea3, are very close in energy. The 

rhodium-olefin interactions are known to be somewhat underestimated in DFT calculations, 

so the energies of these alkene intermediates are probably a few kcal mol-1 lower.22,23 

The energy profiles for the hydride migration steps are depicted in Figure 6, and the Berry 

pseudorotation-like mechanism is further clarified in Figure 7 (for transition state TS-ee3-c). 

Migratory insertion of the olefin into the Rh–H bond of ee3 leads via low barrier transition 

state TS-ee3-c (ΔG‡ = 11 kcal mol-1) to formation of the square planar cis-coordinated bis-

 

Figure 5. Energy diagram of phase 1 with the bisphosphine catalyst until substrate 
coordination. Red line is for the ea complex and the black line is for the ee complex. 
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phosphine alkyl complex cP4. For ea3 two pathways are possible, because the olefin can 

rotate either towards the phosphine or towards CO. The former has the lower barrier (∆G‡ = 

13 kcal mol-1) and results in the formation of tP4. 

In line with findings in the literature, the hydride migration is here predicted to be the highest 

overall barrier, and is as such the rate determining step. Transition state TS-ee3-c corresponds 

to the lowest energy pathway in this rate-determining step, and lies 28.9 kcal mol-1 above the 

corresponding resting state, ee1. 

 

Figure 6. Energy diagram of the hydride migration reaction at the bisphosphine complex. 
Below: the way the different paths connect the intermediates. 

 

Figure 7. Migratory insertion steps involving the bisphosphine hydrido-rhodium carbonyl-
olefin complex ee3, resulting in square planar cis-bisphosphine alkyl-rhodium carbonyl 

complex cP4. Bond distances in are given in Å. 
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From Figure 7 it becomes clear that the distance between the two phosphine ligands changes 

in the hydride migration step, and it is therefore necessary to investigate the effect of 

dispersion corrections for this reaction. In Table 1 the dispersion-corrected free energy 

barriers are tabulated and compared to the non-corrected values. The DFT-D3 barriers are 3–6 

kcal mol-1 lower than the DFT barriers, but the relative order stays the same. The lower DFT-

D3 barriers are partly explained by stronger ethene binding in the transition states, as close 

contacts between the substrate and the aryl groups of the catalyst lead to favourable 

Table 1. Free energy barriers in kcal mol-1 to the rate-determining bisphosphine transition 
states from ee1/ea1 with ethene as substrate. 

 
∆G‡ DFT 

(referred to ee1) 

∆G‡ DFT-D3 

(referred to ea1) 

TS-ea3-c 35.9 30.6 

TS-ea3-t 31.5 26.8 

TS-ee3-c 28.9 25.8 
 

Table 2. Free energy barriers in kcal mol-1 to the rate-determining bisphosphine transition 
states from ee1/ea1 with propene as substrate. 

 
∆G‡ DFT 

(referred to ee1) 

∆G‡ DFT-D3 

(referred to ea1) 

TS-p-ea3-c-B 39.9 32.7 

TS-p-ea3-c-B 45.4 36.8 

TS-p-ea3-c-L 40.9 32.6 

TS-p-ea3-c-L 41.9 33.5 

TS-p-ea3-t-B 38.0 30.8 

TS-p-ea3-t-B 40.4 31.9 

TS-p-ea3-t-L 35.7 28.9 

TS-p-ea3-t-L 36.8 30.7 

TS-p-ee3-c-B 34.7 29.4 

TS-p-ee3-c-B 35.1 30.1 

TS-p-ee3-c-L 32.3 28.2 

TS-p-ee3-c-L 35.0 28.7 
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interactions which are taken into account by including dispersion corrections. 

For comparison the corresponding propene transition states were also calculated.  For each of 

the ethene transition states four corresponding propene transition states can be drawn, leading 

to twelve transition state structures. Six of these lead to the linear product, and six to the 

branched product. Since dispersion is of importance, we evaluated these transition states both 

at the DFT and the DFT-D3 level. In Table 2 the results of these calculations are shown. The 

dispersion corrections stabilize both the transition states and the minima. Like in the case of 

ethene, the barriers are lowered when the dispersion corrections are applied. In fact, the 

barriers are lowered more. This can be expected, because the larger propene profits more from 

stronger van de Waals interactions (thus reducing unfavourable steric interactions) in the 

transition state. It should be noted that the lowest transitions state for ethene has the same 

structure as the lowest transitions states for propene for both the linear and the branched path 

(Figure 8). The lowest barrier for formation of the linear product is 1.2 kcal mol-1 lower than 

the lowest barrier for formation of the branched product. This corresponds to a modest rate 

difference of a factor 9 (see section 2.4), which corresponds qualitatively with the reported 

selectivities displayed by triphenylphosphine-modified rhodium catalysts.24 

In figure 9 the energy profiles of the second stage of the catalytic cycle are depicted. First, CO 

coordinates to the square planar complex to form the more stable five-coordinated rhodium 

species. As expected, this step is exothermic for all complexes. 

The next step in the catalytic cycle involves the migratory-insertion of CO in the metal-alkyl 

bond to form the rhodium acyl species. According to the calculated pathway, the mechanism 

is best described by a migration of the alkyl to a CO (see Figure 10). During this reaction step 

the ligands turn in such a way that the trans-bisphosphine acyl complex tP6 is formed from 

the ea-alkyl ea5. Similarly, the cis-bis-phosphine acyl cP6 is formed from the ee-alkyl 

complex ee5. The formation of the four-coordinate acyl complex is exothermic. The 

 

Figure 8. The lowest transition state structures for the branched (TS-p-ee3-c-B, left) and 
linear (TS-p-ee3-c-L, right) reactions are nearly identical in structure. 
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formation of a carbon-carbon bond clearly compensates for the formation of a relatively 

unfavourable unsaturated four-coordinate rhodium complex. The energy barrier is low, 

around 14 kcal mol-1 for the ea species, and even a bit less for the ee species. After the acyl 

formation step, CO is coordinated to the complex to make the five-coordinate acyl species. 

This is less energetically favourable as one expects, mainly due to entropy contributions. 

Also, there is a significant energy barrier between the four and five coordinated species. 

 

 

Figure 9. The energy diagram of the second stage of the catalytic cycle with the bis-
phosphine catalyst. Red line is for the ea complex and the black line is for the ee complex. 

 

 

Figure 10. The mechanism of the CO insertion of the ea alkyl complex, resulting in the trans 
acyl complex. Bond distances in Å. 
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Experimentally, it is not clear whether the final reaction with hydrogen takes place via an 

oxidative addition-reductive elimination pathway, or via a concerted, metathesis-like 

mechanism. In our calculations we were unable to find a pathway that supports the concerted 

mechanism. Instead, when the rhodium acyl complex is approached by hydrogen, oxidative 

addition occurs with relatively low energy barriers (less than 20 kcal mol-1). 

 

Figure 11. The energy diagram of phase 3 with the bisphosphine catalyst, via the cis-cis 
dihydride species (with respect to the acyl). Below: the way the different paths connect the 

intermediates. 

 

Figure 12. The energy diagram of phase 3 with the bisphosphine catalyst, via the cis-trans 
dihydride species (with respect to the acyl). 
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The oxidative addition of hydrogen to the four-coordinate rhodium acyl complexes can occur 

in two ways for each complex. One where both hydride atoms end up cis to the acyl, and one 

with one hydrogen cis and one hydrogen trans to the acyl. The latter geometry is expected to 

be energetically less favourable since two hard sigma donors (a hydride and the acyl) are 

coordinated trans with respect to one another. This is confirmed by the calculations, showing 

that the trans complex is 3–8 kcal mol-1 higher in energy (Figure 11 and Figure 12). In 

addition, the barriers leading to the rhodium(III) intermediates with cis and trans hydrogens 

are higher. We therefore assume that the cis-trans hydride complexes do not play a role here. 

Analysis of the energy profiles shows that the lowest energy pathway for the last stage of the 

reaction also involves a change in coordination geometry. The trans-bisphosphine acyl is 

transformed into the cis-bisphosphine hydride after the reductive elimination of the product 

aldehyde. Interestingly, the cis-bisphosphine acyl is also preferably converted to the cis-

bisphosphine hydride during the elimination step, meaning that the catalytic cycle ends in the 

cis-bisphosphine hydride. After coordination of CO, leading to the ea resting state complex a 

reorganization should take place to form the slightly more favourable ee complex.25 

Catalytic cycle with the monophosphine rhodium complex as catalyst 

The mechanism and energy profile for the pathway of the monophosphine rhodium complex 

is very similar to that of the bisphosphine analogue. As such, we will not discuss the pathway 

in detail, but instead focus the discussion on the differences between the two pathways. 

In Figure 13 the energy diagram of the first phase is depicted. The pathway starting from e1 

 

Figure 13. Energy diagram of phase 1 up to substrate coordination as calculated for the 
monophosphine catalyst. 
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involves the expected low barrier CO dissociation and alkene coordination. The only 

significant difference with the bisphosphine pathway is that the back reaction from tCO2 to 

a1 is barrierless on the enthalpy surface. The free energy barrier ΔG‡ can therefore not be 

accurately evaluated. Based on entropy comparisons,26 the estimated free energy of TS-a1 

amounts to ~18 kcal mol-1. 

The free energy of activation for the hydride migration step (Figure 14) is very similar for the 

monophosphines and the bisphosphines: 11.8 and 13.1 for mono-P compared with 11.0 and 

13.0 for bis-P. The lowest energy pathway, via TS-e3-c, is the one where the phosphine 

configuration is retained, going from e3 to cCO4. Importantly, the overall energy barrier as 

calculated from the resting state to this transition state does significantly differ for the mono 

and the bis-phosphorus complexes. This barrier, which controls the rate of the reaction, 

amounts to 24.5 kcal mol-1, which is lower than the corresponding barrier for the bis-

phosphine complex (28.9 kcal mol-1). This is in agreement with the higher reactivity observed 

for the mono-phosphine coordination complex in the supramolecular capsule. The origin of 

this energy difference seems to lie mostly in the substrate coordination step (2 to 3), which is 

6 kcal mol-1 more endergonic for the bisphosphine. Since the bisphosphine is more electron 

rich than the monophosphine, this is not surprising. 

 

Figure 14. Energy diagram of the hydride migration step occurring at the monophosphine 
supported complex. Below: the way the different paths connect the intermediates. 
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In Table 3 the overall energy barriers of the non-dispersion corrected calculations are 

compared with the dispersion corrected ones. Again the barriers go down a couple of kcal 

mol-1. The difference between corrected and non-corrected is smaller than in the case of the 

bisphosphines, which is expected because there are less internal steric and van der Waals 

interactions. 

The same trend is also seen in the case of propene as substrate (Table 4). The DFT and DFT-

Table 3. Free energy barriers in kcal mol-1 to the rate-determining monophosphine transition 
states from a1 with ethene as substrate. 

 
∆G‡ DFT 

(referred to a1) 

∆G‡ DFT-D3 

(referred to a1) 

TS-a3-c 26.9 24.3 

TS-e3-c 25.5 22.9 

TS-e3-t 28.0 23.6 
 

Table 4. Free energy barriers in kcal mol-1 to the rate-determining monophosphine transition 
states from a1 with propene as substrate. 

 
∆G‡ DFT 

(referred to a1) 

∆G‡ DFT-D3 

(referred to a1) 

TS-p-a3-c-B 32.2 27.5 

TS-p-a3-c-B 32.2 27.7 

TS-p-a3-c-L 30.6 26.8 

TS-p-a3-c-L 30.7 26.8 

TS-p-e3-c-B 32.0 26.9 

TS-p-e3-c-B 32.2 27.6 

TS-p-e3-c-L 31.8 28.0 

TS-p-e3-c/t-L 29.5 26.3 

TS-p-e3-t-B 31.6 27.5 

TS-p-e3-t-B 33.6 27.9 

TS-p-e3-t-L 31.6 28.1 
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D3 barriers differ a bit more than in the case of ethene, and a bit less than in the case of the 

bisphosphines with propene. This is all as expected according to the amount of internal steric 

interactions: The more sterically crowded bisphosphine system benefits more from the 

inclusion of attractive Van Der Waals forces. In Figure 15 the lowest transitions states for the 

linear and branched products are depicted. It is very interesting to see that they exactly 

correspond with the lowest transition states in the case of the bis-phosphine pathway. Also in 

this case the lowest transition state corresponds with the linear product, but the difference 

between linear and branched is smaller than in the case of the bis-phosphines. The difference 

is 0.6 kcal mol-1, and this corresponds with a factor 3 rate difference (see section 2.4). This 

means that the calculations support the observation that bisphosphine rhodium species give a 

higher linearity than the mono-phosphine rhodium complexes. Long-range interactions seem 

to play an important role in this, since the uncorrected calculations predict the linear barrier to 

be 2.5 kcal mol-1 lower. It can be seen from Figure 15 that in the branched transition state a 

long-range substrate-ligand interaction exists that is not present in the linear transition state. 

The energy differences show that this is a stabilizing interaction. This striking difference does 

not occur in the case of the bisphosphine pathway. 

The energy diagram of the second stage of the catalytic cycle is depicted in Figure 16. First 

CO coordinates to the unsaturated square planar complex to form the 5-coordinated complex. 

This binding of CO to complex 4 is energetically less favourable than we found for the bis-

phosphine analogue, but it follows a similar pathway. Interestingly, the CO-insertion follows 

a slightly different path. The transition states from a5 and e5 are very similar in structure (see 

Figure 17), differing only in the way the phosphine is rotated. Both these transition states 

subsequently lead to the same product, eCO6. The energy barriers for these transition states 

are significantly higher than for the bis-phosphine pathway, but because these are after the 

rate determining step this does not affect the overall rate. The binding of CO to the square-

 

Figure 15. Structures of the lowest transition states for the branched (TS-p-e3-c-B, left) and 
linear (TS-p-e3-c/t-L, right) reaction. 
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planar complexes 6 to form the saturated 18-electron species again, is a bit more favourable 

than we observed for the bis-phosphine but otherwise it is very similar. 

For the hydrogenolysis (Figure 18 and Figure 19), the pathway is very similar to that of the 

bis-phosphine complexes, but the free energy of activation of the oxidative addition reaction 

is significantly lower for the mono-phosphine species. This is somewhat surprising, since 

oxidative addition normally becomes faster as complexes become more electron rich.27 If we 

look at van der Waals models of the transition states leading to the six-coordinate complexes 

however, it becomes clear that steric influences are likely important here (Figure 20). The 

final reductive elimination shows similar barriers and pathways for the mono-P and bis-P 

complexes. The cis-trans hydrogen complexes and the associated transition states are again 

 

Figure 16. The energy diagram of the second phase of the catalytic cycle with the 
monophosphine catalyst. 

 

Figure 17. The structures of TS-a5 and TS-e5 only differ in the way the triphenylphosphine 
ligand is rotated compared to the rest of the complex. 
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energetically very unfavourable, and therefore the reaction has to go via the cis-cis complex. 

Starting from cCO6 the most favourable route is via TS-cCO6-cc and TS-ccH-cCO8-t, 

which then regenerates tCO2. 

The configuration of the complex does not change in the path from the hydride migration up 

to the CO insertion (for the lowest energy pathway), but it does in the final hydrogenolysis 

step. So also for the mono coordinated complex there is an overall change in coordination 

mode during the cycle. The pathway that is slightly higher in energy but still relevant for the 

overall reaction does involve a change of configuration in the hydride migration step. This 

 

Figure 18. The energy diagram of phase 3 with the monophosphine catalyst, via the cis-cis 
hydride species. Below: the way the different paths connect the intermediates. 

 

Figure 19. The energy diagram of phase 3 with the monophosphine catalyst, via the cis-trans 
hydride species. 
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means that similar to that observed for the bisphosphine pathways, the reaction ends with the 

higher energy resting state and a reorganization may occur before it enters the next catalytic 

cycle. 

Our results are in line with previously published theoretical work on hydroformylation: The 

hydride complex is the resting state of the reaction and the hydride migration step is 

associated to the highest barrier. The former is backed up by spectroscopic evidence, while 

the latter is in line with the kinetic data (see section 2.1). The absolute barriers found in the 

current study are slightly different from those published earlier, which is obviously due to the 

difference in method used for the calculation as well as the difference in ligands used. In one 

of the more recent studies, for example by Jensen et al.13 (one that used explicit 

triphenylphosphine, although only monoligated), a value of 105 kJ mol-1 (25 kcal mol-1) was 

found for the overall barrier for the reaction from the hydride resting state to the hydride 

migration rate limiting transition state. This corresponds well with the 25.5 kcal mol-1 we 

found without dispersion corrections for the monophosphine. Jensen et al. found a value of 74 

kJ mol-1 (18 kcal mol-1) for the overall barrier height for the reaction from the 

pentacoordinated acyl to the release of the product. This corresponds qualitatively with the 

19.7 kcal mol-1 that we found (TS-ccH-cCO8-t-e7). More recently, Hirst and Carbo15 

compared the reaction barrier of ethene hydroformylation using phosphinines with both 

mono- and bisligated triphenylphosphine, and found values of 22.4 and 25.9 kcal mol-1 

respectively, which corresponds very well with the numbers found in this study. 

  

 

Figure 20. Van der Waals representation of TS-cP6-cc (left) and TS-cCO6-cc (right) 
showing that steric hindrance is most likely important for the oxidative addition of H2. 
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2.3  Conclusions 

We have calculated for the first time the entire catalytic cycle for the hydroformylation 

reaction for both mono-triphenylphosphine and bis-triphenylphosphine rhodium complexes, 

using the full molecular structures. For both catalytic cycles we found very similar pathways, 

and according to these DFT calculations the rate-determining step is in both cases associated 

with migratory insertion of the olefin into the Rh–H bond. Based on these energy profiles, 

type I kinetics should be observed in both cases, which indeed is found experimentally for 1-

octene under standard conditions.5b 

The key hydride migration step in the process was investigated more in-depth, comparing 

ethene and propene substrates, and we also investigated the effect of dispersion corrections. 

The relative energies of the resting states 1 are not predicted correctly without dispersion 

corrections. In contrast to experimental observations, the uncorrected DFT energies suggest 

that the monophosphine complexes are lower in energy. Calculations with dispersion 

corrections (DFT-D3) show that the bisphosphine complexes are lower in energy, which is in 

line with experimental observations. With dispersion corrections, the overall barrier for 

ethene hydroformylation is predicted to be 3.0 kcal mol-1 lower with the monophosphine 

catalyst. When propene is used as the model substrate, the overall barrier is predicted to be 

only 1.9 kcal mol-1 lower for the monophosphine pathway. Additionally, the trend in 

selectivity that is predicted for the hydroformylation of propene by the mono- and 

bisphosphine complexes is correct: For the bisphosphine the linear reaction is predicted to be 

9 times faster than the branched reaction, while for the monophosphine the linear reaction is 

predicted to be only 3 times faster than the branched reaction. This gives confidence to the 

calculated pathways and applied computational models. 

The porphyrin-encapsulated catalysts were 10 times more active than the non-encapsulated 

analogues. The current calculations show that this increase in rate is most likely a 

consequence of the change from bisphosphine to monophosphine coordination. The overall 

barrier of the reaction is 1.9 kcal mol-1 lower for the monophosphine, which roughly 

corresponds with a rate acceleration of a factor 30 (see section 2.4). The selectivity that these 

monophosphine complexes display as predicted by these calculations is however in favour of 

the linear product. This means that the steric restrictions imposed by the capsule play an 

important role in directing the selectivity to the branched aldehyde. It is difficult to obtain 

precise experimental (kinetic) data on the use of monophosphine ligated rhodium complexes 
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in hydroformylation as these complexes so far have been obtained in a mixture of complexes. 

The current computational data nicely demonstrate that the high reaction rates observed for 

the trispyridylphosphine-porphyrin-based catalysts are largely explained by the coordination 

mode, whereas the selectivity displayed by these catalyst is more controlled by the confined 

space created around the active site. 

2.4  Applied computational methods. 

Uncorrected DFT calculations 

The uncorrected DFT calculations were performed with Gaussian ’03.28 Minima on the 

potential energy surface were characterized by being stationary points without negative 

eigenvalues. Transition states were characterized by having one negative eigenvalue. 

Eigenvector following (IRC) was used to confirm which minima were connected by the 

transition states. The B3LYP functional was used in all cases. For rhodium and phosphorus 

the SDD basis set was used (SDDAll should be specified for P in Gaussian to prevent it 

actually using D95V, see manual) with ECPs, and for phosphorus an extra d function with an 

exponent of 0.386 was added.29 For the ligands directly attached to rhodium (CO, ethene, 

hydrogen and everything originating from that) the 6-311G** basis set was used, and for the 

phenyl groups on the triphenylphosphine 6-31G* was used. 

Dispersion corrected DFT calculations 

The DFT-D3 dispersion corrected geometry and transition state optimizations were carried 

out with the Turbomole program package30 coupled to the PQS Baker optimizer31 via the 

BOpt package,32 at the b3-lyp33  level. We used the def2-TZVP basis set34  (small-core 

pseudopotentials on Rh35) and Grimme’s dispersion corrections (disp3 version).36 Scalar 

relativistic effects were included implicitly through the use of the Rh ECPs. All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were characterized by 

calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 

298 K, 1 bar) from these analyses were calculated accordingly using standard thermodynamic 

relations. 

PM3-conformational study 

A simple conformational study was performed on PM3 level for ee1 and ea1. Energy 

pathways were determined for rotation of each full PPh3-unit, as well as for each individual 

phenyl ring. All rotational barriers were below 6 kcal mol-1, and all intermediates encountered 
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on these paths were within a 2 kcal mol-1 range. This assured us that any error stemming from 

conformational freedom of the triphenylphosphine ligands would be smaller than 2 kcal mol-1. 

This is probably well within the accuracy of the DFT calculations. Conformational freedom 

of the alkyl and acyl substituents is expected to give even lower errors. 

Calculation of selectivity in propene hydroformylation based on dispersion corrected 

DFT calculations 

Because several barriers have comparable heights, it is necessary to take all of them into 

account when calculating the selectivity. This can be done by calculating the rate constants 

for all pathways from the free energies of activation using the Eyring equation: 

!! =
!!!
ℎ !

!∆!!
!"  

The data is given in Table 5. The total rate constants for the branched and linear pathways can 

be obtained by simple summation. Care must be taken to properly account for transition states 

that can be reached via more than one pathway (n in Table 5 represents the number of 

pathways, and k’=n*k).  In Table 6 the summed rate constants are given, together with some 

useful ratios. 

In conclusion, the l/b ratio for the monophosphine pathways is predicted to be about 3, and 

for the bisphosphine pathways about 9. Also the monophosphine catalyst is predicted to be 

about 30 times faster than the bisphosphine catalyst.  
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Table 5. Rate constants calculated for the competing pathways of propene hydroformylation. 

 
∆G‡ (kcal mol-1) k (s-1) n k' (s-1) 

TS-p-a3-c-B 27.7 2.84E-08 2 5.68E-08 

TS-p-a3-c-B 27.5 4.07E-08 2 8.15E-08 

TS-p-e3-c-B 27.6 3.82E-08 1 3.82E-08 

TS-p-e3-c-B 26.9 1.10E-07 1 1.10E-07 

TS-p-e3-t-B 27.5 4.16E-08 1 4.16E-08 

TS-p-e3-t-B 27.9 2.23E-08 1 2.23E-08 

TS-p-a3-c-L 26.8 1.33E-07 2 2.67E-07 

TS-p-a3-c-L 26.8 1.36E-07 2 2.72E-07 

TS-p-e3-c/t-L 26.3 3.01E-07 2 6.03E-07 

TS-p-e3-c-L 28.0 1.94E-08 1 1.94E-08 

TS-p-e3-t-L 28.1 1.47E-08 1 1.47E-08 

TS-p-ea3-c-B 32.7 6.33E-12 1 6.33E-12 

TS-p-ea3-c-B 36.8 6.98E-15 1 6.98E-15 

TS-p-ea3-t-B 31.9 2.79E-11 1 2.79E-11 

TS-p-ea3-t-B 30.8 1.55E-10 1 1.55E-10 

TS-p-ee3-c-B 30.1 5.83E-10 2 1.17E-09 

TS-p-ee3-c-B 29.4 1.65E-09 2 3.29E-09 

TS-p-ea3-c-L 33.5 1.85E-12 1 1.85E-12 

TS-p-ea3-c-L 32.6 7.58E-12 1 7.58E-12 

TS-p-ea3-t-L 28.9 4.31E-09 1 4.31E-09 

TS-p-ea3-t-L 30.7 1.90E-10 1 1.90E-10 

TS-p-ee3-c-L 28.2 1.38E-08 2 2.77E-08 

TS-p-ee3-c-L 28.7 5.80E-09 2 1.16E-08 
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Table 6. Summed rate constants (in s-1) and their ratios. 
kmonophos,branched 3.51E-07 

kmonophos,linear 1.17E-06 

kmonophos,linear/kmonophos,branched 3.36E+00 

kbisphos,branched 4.46E-09 

kbisphos,linear 4.38E-08 

kbisphos,linear/kbisphos,branched 9.42E+00 

kmonophos,tot 1.53E-06 

kbisphos,tot 4.84E-08 

kmonophos,tot/kbisphos,tot 3.15E+01 
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Chapter 3 

 

A general kinetic model for rhodium-catalyzed 

hydroformylation 

 

Abstract 

Although many kinetic studies on hydroformylation reactions have been reported, a general 

model that describes both the reaction rate and the selectivity is still missing. In this chapter 

such a model is described. The application of the model can be either under the steady-state 

approximation, or in a fully dynamic framework. Under the steady-state approximation, this 

model is able to describe experimental data with reasonable accuracy, based on relatively 

little data. This first approximation can then be used as a starting point for a full dynamic 

description. The model becomes especially useful when sufficient kinetic data are available, 

for example from multiple gas-uptake curves obtained under various conditions. 
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3.1  Introduction. 

The kinetics of the rhodium-catalyzed hydroformylation are well-known, and widely studied. 

However, in most cases the kinetic model is simplified to two extreme cases (type I and type 

II).1 Most kinetic studies in hydroformylation focus on a single system, which is then 

categorized as type I or type II. In other cases a phenomenological description is used, 

specific for the system at hand.2 Additionally, the existing kinetic models are focused on the 

reaction rate, or the turnover frequency, while the selectivity, which is a very important aspect 

of hydroformylation, is mostly ignored in the kinetic models (and determined 

experimentally). However, since the mechanism of the reaction is very well known, it is 

possible to setup a general description that includes both type I and type II, as well as 

intermediate or special cases. 

The selectivity in a general but simple case is determined via two competing reactions that 

can occur from a common resting state. An interesting more complex situation exists if two 

competing products can form in more or less independent but interconnecting catalytic cycles. 

To the best of our knowledge, the Halpern mechanism3 for the asymmetric hydrogenation of 

functionalized alkenes was the first example of such system. Two diastereoisomeric resting 

states co-exist in solution and are in equilibrium, and interestingly the minor species observed 

in solution is connected to the catalytic cycle with the lowest energy barriers, and therefore 

this species is the one that produces the dominant product. As the two catalytic cycles have 

different rate equations, they can respond differently to the conditions applied. As such, 

rhodium complexes that follow the Halpern mechanism are generally far more sensitive to 

hydrogen pressure and substrate concentration. Under higher-pressure conditions also the 

competing catalytic cycle starts to produce a product in significant amounts. 

In this chapter a general kinetic model for the hydroformylation of olefins will be introduced 

that encompasses both the classical type I and II kinetics, but because of its generality can 

also accommodate intermediate cases. It will be shown in the next chapter that this is needed 

to describe the kinetics of the trispyridylphosphine-Zn(II)TPP ligated system. Although the 

mathematics behind the model are fairly elaborate, it can be conveniently handled with 

readily available software. 
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The full mechanism as it is accepted today is depicted in Figure 1.1 The kinetics of the system 

are described by a set of differential equations that describe how the concentration of each 

species depends on the concentration of all the other species, so for example: 

!!!
!" = !!!!!! − !!!!!! + !!!!!! − !!!!!!"!! − !!!!!!!!! ( 1 ) 

Here cx is the concentration of x, and kx$y the rate constant for the reaction from x to y. In a 

real system, all concentrations are variable, including those of the olefin substrate, the two 

aldehyde products, hydrogen and carbon monoxide, yielding a system of 16 differential 

equations. When the rate constants are known, this system can be solved (numerically), and 

the evolution of the concentrations in time can be determined. This approach has been used 

earlier to successfully compare an energy profile obtained with high-level ab-initio 

calculations with experimental data.4 

 

Figure 1. The mechanism of rhodium-catalyzed hydroformylation. 
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Typically, the rate constants are the extracted data, and the experimental information 

consists of concentrations of the catalyst, substrates and products. In this case non-linear 

fitting must be used to find the set of rate constants that best describes the experimental data. 

Of course there must be a good balance between the amount and quality of experimental data 

available, and the number of parameters used to describe the system. To fit this system, 

described by 22 rate constants, the data should be extremely good, covering a wide range of 

conditions, and concentrations of the catalytic intermediates should be measured, and even 

then it will be very difficult. It is therefore required to reduce the number of variables. This 

can be done by combining several steps from Figure 1 into one, so for example: 

!!!
!" = !!!!!!"!! − !!!!!! + !!!!!! − !!!!!!"!! − !!!!!!!!! ( 2 ) 

Care must be taken in this simplification process, but as long as the expression kx$ycx gives a 

good description of the reaction rate from x to y, this should be a valid simplification. 

Of course the steady-state approximation can be used if the changes in concentrations are 

small compared to the actual concentrations. For the hydroformylation reaction, this can be 

achieved by working under constant-pressure conditions and by using a large substrate to 

catalyst ratio. In this case dcx/dt is set to zero for all catalyst intermediates, yielding n 

equations with n variables, which can be solved. (There will be some interdependence among 

the equations, so a mass balance needs to be added.) This gives expressions for the reaction 

rates, and therefore also the selectivity under steady state conditions. 

In this chapter we will look at different models, how the fully dynamic description differs 

from the steady-state approximation, and how well some experimental data from the literature 

can be described. We aim for a model with a minimal number of parameters. 

3.2 Results and discussion. 

First, the treatment of the simpler single-cycle system is shown, by leaving out the right half 

of Figure 1. The results of the steady-state approximation for the detailed mechanism will be 

compared with that of a simplified mechanism, where some steps have been skipped. Then 

we will move on to the more complicated double-cycle system. We will show that the 

simplified system can describe examples from the literature, and how the steady-state 

approximation compares with the fully dynamic approach. 
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The Single-Cycle model 

Rate equations for the two well-known kinetic modes for hydroformylation can be derived by 

setting up steady-state equations for all catalyst intermediates in Figure 2a, and solving for 

them (see appendix 1a). The following equation results: 

!!!!
!" = !!!!"!!!!!!!!!

!! + !!!!! + !!!!" + !!!!"!!! + !!!!"!!!! + !!!!! + !!!!!!!! + !!!!"!!! + !!"!!"!!!! + !!!!!"!!!!!!
 ( 3 ) 

Here the K’s are (sums of) products of the microscopic rate constants, and their definitions are 

tabulated in Table 1. 

If the K6-term in the denominator dominates, we find the familiar expression for type I 

kinetics: 

!!!!
!" = !!!!!!!!!!!!!!

(!!!! + !!!!)!!!!!!"
 ( 4 ) 

 

  

Figure 2. a) The full mechanism for the single catalytic cycle. b) The simplified mechanism 
for the single catalytic cycle. 
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Table 1. Definitions of the constants in equation ( 3 ). 
Constant Definition 

K1+ k2$3+k3$4+k4$5+k5$6+k6$2+
K2+ k3$2+k4$3+k5$4+k6$5+
K3+ k3$2+k4$3+k6$2+(k5$4+++k5$6)+
K4+ k3$2+k4$3+k5$4+k6$5+K2$1+
K5+ K6$2+(k3$2+(k4$3+K2$1+(k5$4+++k5$6)+++k4$5+k5$6)+++k3$4+k4$5+k5$6)+
K6+ k4$5+k5$6+k6$2+K2$1+(k3$2+++k3$4)+
K7+ k2$3+k5$4+k6$5+(k3$4+++k4$3)+
K8+ k2$3+k6$2+(k3$4+(k5$4+++k5$6)+++k4$3+(k5$4+++k5$6))+
K9+ k2$3+k3$4+k4$5+(k5$6+++k6$5)+
K10+ k2$3+k3$4+k4$5+k5$6+K6$7+
K11+ k2$3+k4$5+k6$2+(k3$4+++k5$6)+

 

If we let the K10-term dominate, we find the expression for type II kinetics: 

!!!!
!" = !!!!!!!!!!

!!!!!!"
 ( 5 ) 

If some of the intermediates are skipped, as in Figure 2b, the system simplifies. The 

derivation of the rate equation can be found in appendix 1b, but it leads to the following rate 

equation: 

!!!!
!" = !!!!"!!!!!!!!!

!! + !!!!! + !!!!" + !!!!"!!! + !!!!"!!!! + !!!!! + !!!!!!!! + !!!!"!!! + !!"!!"!!!!
 ( 6 ) 

The definitions of the K’s are in Table 2. The simplification reduces the number of rate 

constants describing the system from 11 to 7, but only the K11-term in the denominator is lost. 

Like above, the expression can be reduced to well-known expression for type I kinetics by 

taking K6 as dominating: 

!!!!
!" = !!!!!!!!!!

!!!!!!"
 ( 7 ) 

 



A general kinetic model for rhodium-catalyzed hydroformylation 

 53 

Table 2. Definitions of the constants in equation ( 6 ). 
Constant Definition 

K1+ k2$4+k4$5+k5$2+
K2+ k4$2+k5$4+
K3+ k4$2+k5$2+
K4+ k4$2+k5$4+K2$1+
K5+ k5$2+(k4$5+++k4$2+K2$1)+
K6+ k4$5+k5$2+K2$1+
K7+ k2$4+k5$4+
K8+ k2$4+k5$2+
K9+ k2$4+k4$5+
K10+ k2$4+k4$5+K5$7+

 

Or for type II kinetics using K10: 

!!!!
!" = !!!!!!!!!!

!!!!!!"
 ( 8 ) 

It can be seen from the form of the resulting equations, that the simplification only slightly 

reduces the complexity. Further simplification changes the rate equation more dramatically, 

but this might only be appropriate in some special cases. 

The Double-Cycle Model 

To arrive at a more general expression for the hydroformylation kinetics, both the linear and 

the branched cycle should be taken into account that are connected via intermediate 2 (see 

Figure 3). To derive the kinetics of that model, the same procedure as above can be followed 

(see appendix 1c). After setting up the equations for the steady state approximation, the 

rhodium mass balance, and the rates of formation of the linear and branched product, the 

systems of equations can be solved, and the following expressions are found for the linear and 

branched reaction rates: 

!! =
!!!!
!" = (!! + !!!!! + !!!!"!!!)!!"!!!!!!!!!

!  ( 9 ) 
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!! =
!!!!
!" = (!! + !!!!! + !!!!"!!!)!!"!!!!!!!!!

!  ( 10 ) 

 

where: 

! = !! + !!!!! + !!!!! + !!"!!!!!! + !!!!!!! + !!"!!!!!!! + !!"!!"
+ !!"!!"!!! + !!"!!"!!! + !!"!!"!!!!!! + !!"!!"!!!!

+ !!"!!"!!!!!!! + !!"!!"!!!! + !!"!!"!!!! + !!"!!"!!!!!!!
+ !!!!!"!!!!! + !!"!!"!!!!!!! + !!"!!"!!!!! 

( 11 ) 

The definitions of the K’s are in Table 3. 

 

Figure 3. Double catalytic cycle used for the double-cycle model. 
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Table 3. Definitions of the constants in equations ( 9 ), ( 10 ) and ( 11 ). 
Constant Definition 

K1+ k2$4+k4$5+k8$2+k5$2+k9$8+
K2+ k2$4+k4$5+k8$2+k5$2+k9$2+
K3+ k2$4+k4$5+k8$9+k5$2+k9$2+
K4+ k2$8+k4$2+k8$9+k5$4+k9$2+
K5+ k2$8+k4$2+k8$9+k5$2+k9$2+
K6+ k2$8+k4$6+k8$9+k5$2+k9$2+
K7+ k4$2+k8$2+k5$4+k9$8+
K8+ k5$4+k9$8+(k2$8+k4$2+++k2$4+k8$2)+
K9+ k4$2+k8$2+(k5$4+k9$2+++k5$2+k9$8)+
K10+ (k2$8+k4$2+++k2$4+k8$2)+(k5$4+k9$2+++k5$2+k9$8)+
K11+ k4$2+k8$2+k5$2+k9$2+
K12+ k5$2+k9$2+(k2$8+k4$2+++k2$4+k8$2)+
K13+ k4$2+k8$2+k5$4+k9$8+K2$1+
K14+ k2$8+k4$2+k8$9+k5$4+++k2$4+k4$5+k8$2+k9$8+
K15+ k4$2+k8$9+k5$4+k9$2+++k4$5+k8$2+k5$2+k9$8+++k4$2+k8$2+K2$1+(k5$4+k9$2+++k5$2+k9$8)+
K16+ k2$4+k9$2+(k4$5+k8$2+++k8$9+k5$4)+++k2$8+k5$2+(k4$2+k8$9+++k4$5+k9$8)+
K17+ k5$2+k9$2+(k4$5+k8$2+++k4$2+(k8$9+++k8$2+K2$1))+
K18+ k5$2+k9$2+(k2$8+k4$5+++k2$4+k8$9)+
K19+ k2$4+k4$5+k8$2+k9$8+K5$7+++k2$8+k4$2+k8$9+k5$4+K9$11+
K20+ K2$1+(k4$2+k8$9+k5$4+k9$2+++k4$5+k8$2+k5$2+k9$8+
K21+ (k2$4+k4$5+k9$2+(k8$9+++k8$2+K5$7)+++k2$8+k8$9+k5$2+(k4$5+++k4$2+K9$11))+
K22+ k5$2+k9$2+(k4$2+k8$9+K2$1+++k4$5+(k8$9+++k8$2+K2$1))+
K23+ k4$5+k8$9+(k2$4+k9$2+K5$7+++k2$8+k5$2+K9$11)+
K24+ k4$5+k8$9+k5$2+k9$2+K2$1+

 

With the rate equations for both products, we can set up an expression for the selectivity, and 

since the denominator for both expressions is the same, the expression for the selectivity is 

fairly simple: 
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!!
!!
= !! + !!!!! + !!!!"!!!

!! + !!!!! + !!!!"!!!

= !!!!!!!!!!!!(!!!!!!!! + !!!!!!!(!!!! + !!!!!!"))
!!!!!!!!!!!!(!!!!!!!! + !!!!!!!(!!!! + !!!!!!"))

 
( 12 ) 

Note that the substrate concentration does not influence the selectivity at all. This means that 

the selectivity of the reaction stays the same over the course of the reaction (assuming that the 

pressure does not change, which can be achieved in some reactor systems), and that the 

selectivity found at the end of the reaction expressed as the linear over branched ratio is 

exactly the ratio shown above. This is of course only true if the steady-state approximation is 

valid over the whole course of the reaction. 

The equilibrium constants governing the formation of the resting states, K2-1, K5-7 and K9-11 

also do not appear in the selectivity equation. They do not influence the selectivity at all, 

because under steady state conditions they essentially just remove some catalyst from the 

active pool. 

Unlike in the single-cycle model, there are now three terms in the numerator. The difference 

seems to lie in what the dominating pathway is to return catalyst from the competing cycle. K1 

has a factor k8$2k9$8, whereas K2 has a factor k8$2k9$2, and K3 has a factor k8$9k9$2. This means 

for example that K2 dominates when k9$2 >> k9$8 and k8$2 >> k8$9. So the type of kinetics 

found for linear product formation strongly depends on what happens in the branched cycle. 

To show the validity of the double-cycle model, it can be shown that also this model predicts 

type I and type II kinetics, just like the single-cycle model. If we assume the forward reactions 

to be faster than the backward reactions in both cycles, K3 and K6 will be the dominating 

terms in the respective numerators. If we then assume K24 to be the dominating term in the 

denominator, the equations simplify to the following: 

!! =
!!!!!!!!!!
!!!!!!"

 ( 13 ) 

!! =
!!!!!!!!!!
!!!!!!"

 ( 14 ) 
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!!
!!
= !!!!
!!!!

 ( 15 ) 

This corresponds to the equation for type I kinetics using the single-cycle model. 

For type II kinetics, the assumption should be made that K1 and K4 dominate in the numerator, 

and K19 in the denominator. The equations simplify to: 

!! =
!!!!!!!!!!!!!!!!!!!!!!!!!!

(!!!!!!!!!!!!!!!!!!!! + !!!!!!!!!!!!!!!!!!!!!)!!"
 ( 16 ) 

!! =
!!!!!!!!!!!!!!!!!!!!!!!!!!

(!!!!!!!!!!!!!!!!!!!! + !!!!!!!!!!!!!!!!!!!!!)!!"
 ( 17 ) 

This represents the familiar equation for type II kinetics, but the expression is now more 

complex. However, if k2$8 would be negligible compared to k2$4, the equation for v1 would 

revert to that of the single cycle model. This means that if one cycle is significantly faster 

than the other (i.e. the linear forming cycle compared to the branched one), the fast reaction is 

not really influenced by the slow one. The slow reaction is strongly influenced by all the 

reaction constants of both the fast and the slow reaction. In most cases in which both reactions 

proceed with rates in the same order of magnitude, all constants influence both reactions. This 

shows again that the two cycles strongly influence each other, and that a lot of possible 

complexity is overlooked by describing the reaction as a single cycle. In simple cases the 

single-cycle approximation might work, but this should not be taken for granted. 

The selectivity reduces to: 

!!
!!
= !!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!

 ( 18 ) 

This shows that for type II kinetics one cannot really talk about a selectivity-determining step, 

because in this case all rate constants influence the selectivity. 

In general, when the reaction kinetics are similar for both the linear and the branched 

pathway, the dominant term in the numerator is the same for both pathways. This results in 

the l/b ratio being reduced to a constant (either K1/K4, K2/K5 or K3/K6). This is the case for the 

kinetic modes described above, and that means that the selectivity does not depend on the H2 
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or CO concentration in systems that strictly follow type I or type II kinetics. When the 

selectivity in a system does depend on the H2 and CO concentrations, however, this implies 

that either the reaction kinetics for the linear and branched pathways are sufficiently different 

that a different term in the numerator of the kinetic equation dominates, or that more than one 

term is needed for a good description. 

Note that there are many cases documented in literature where selectivity does depend on the 

partial pressure of CO.5 Often, this has to be explained by competition of CO with the 

(phosphine) ligands for coordination to the rhodium center. This results in a different catalyst 

structure under different conditions, with different selectivity. In a kinetic model this is 

difficult to include explicitly in any other way than to add catalytic cycles for the modified 

complex, resulting in a far more complex situation. However, another way to look at it is that 

in the current description, each cycle in fact represents an average of all the catalytic cycles 

for that product. Then dissimilar behavior in the linear and branched cycles might also stem 

from the way the different catalytic species contribute to this average. 

The equations also show that entirely different kinetic modes are mathematically possible (if 

not chemically). For example, it would be possible to have a positive order in CO in this 

model when the 5-coordinate resting states are inaccessible and the CO-insertion in the alkyl 

complex is rate-determining. This is, however, very unlikely from a chemical point of view. 

Literature examples 

To validate this model, as well as show some of its shortcomings, it will be fitted to 

experimental data from the literature. We note here that we are not using the primary data, but 

just the reported numbers from the tables. When turnover frequencies and selectivities at the 

start of the reaction (say, the first 10% of conversion) are determined as a function of CO and 

hydrogen pressures, as well as substrate concentration, this can be directly compared to the 

modeled data by realizing that: 

!"#! =
!!
!!!

 ( 19 ) 

We assume that P1 and P2 are the only products: 

!"#!"! = !"#!
!

≅ !"#! + !"#! ( 20 ) 
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!/! = !"#!
!"#!

 ( 21 ) 

And therefore: 

!"#! =
!/!!!"#!"!
1+ !/!  ( 22 ) 

!"#! =
!"#!"!
1+ !/! ( 23 ) 

The fitting can be easily performed in a spreadsheet program by minimizing the absolute 

error, although some effort must be taken to avoid local minima. Minimizing the errors in 

TOF1 and TOF2 works better than minimizing the errors in the total TOF and the selectivity, 

because the l/b value becomes rather sensitive to small changes in the branched product 

concentration, as it grows smaller. 

The data for the first example6 is tabulated in Table 4. The catalyst is a rhodium complex 

ligated by a phenoxaphosphino-modified xantphos. Typical type I behavior is claimed in the 

article, but the selectivity is somewhat pressure-dependent. The complication in this example 

evidently is isomerization, which is not taken into account in the model, but which is in this 

case much faster than branched product formation. The TOF and the selectivity can be 

modeled reasonably well, however. After fitting, the resulting expressions for the rate look as 

follows: 

!! =
(29000+ 1600!!")!!"!!!!!!!!!

!  ( 24 ) 

!! =
130!!"!!!!!!!!!!

!  ( 25 ) 

! = 0.0055!!!!!! + 0.10!!"!!! + 0.12!!"!!! + 0.011!!"!!!!!! + 0.081!!"!!!!
+ !!"!!!! + 0.48!!"!!!! + 0.053!!"!!!! ( 26 ) 
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Table 4. Literature data for example 1. TOF1 and TOF2 calculated from total TOF and l/b. 
The rest of the data from ref 6. 

Entry pH2 

(bar) 

pCO 

(bar) 

CS1 

(M) 

TOF 

(h-1) 

l/b 

 

%iso 

 

TOF1 

(h-1) 

TOF2 

(h-1) 

1 9.5 5.5 0.605 3150 59 16.5 3098 53 

2 10.0 10.0 0.605 1550 39 9.4 1511 39 

3 10.5 14.5 0.605 1200 17 5.4 1133 67 

4 10.4 29.9 0.605 700 14 3.0 653 47 

5 2.4 9.4 0.605 850 32 15.3 824 26 

6 5.5 9.4 0.605 1450 31 10.6 1405 45 

7 10.0 10.0 0.605 1550 36 11.9 1508 42 

8 14.6 10.5 0.605 1550 33 14.6 1504 46 

9 20.6 9.3 0.605 1700 31 12.0 1647 53 

10 31.6 8.7 0.605 1550 34 12.9 1506 44 

11 10.0 10.0 0.201 548 
    

12 10.0 10.0 0.404 1096 
    

13 10.0 10.0 0.605 1550 
    

14 10.0 10.0 0.807 1947 
    

15 10.0 10.0 1.009 2275 
    

 

  

Figure 4. The accuracy of the fit for TOF1 and TOF2 for example 1. In black the reference 
line x = y. 
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Table 5. Modelled turnover frequencies and selectivities for example 1. Compare with Table 
4. 

Entry TOF1 

(h-1) 

TOF2 

(h-1) 

TOF 

(h-1) 

l/b 

1 2801 55 2855 51 

2 1479 44 1523 33 

3 994 37 1031 27 

4 449 24 473 19 

5 1062 30 1092 35 

6 1404 40 1445 35 

7 1479 44 1523 33 

8 1479 46 1525 32 

9 1738 50 1788 35 

10 1915 52 1967 37 

11 551 16 568 33 

12 1043 31 1074 33 

13 1479 44 1523 33 

14 1871 56 1927 33 

15 2227 67 2294 33 

 

The fitting parameters are in appendix 2. Unfortunately, the rate equations do not converge to 

a situation where only one term remains in the numerator and one in the denominator. Both 

K2 and K3 remain important, because k8$2 is significant. As can be seen from Figure 4, TOF1 

fits quite well, but for TOF2 there are two very strong outliers. Interestingly, these correspond 

to the entries with the highest CO pressures, which causes isomerization to be strongly 

suppressed in these experiments. However, since isomerization is not included in the model, 

the model compensates for isomerization by making branched hydride migration very 

reversible. This then causes it to fail when isomerization is low. 

 

 



Chapter 3 

 62 

Table 6. Literature data for example 2. All data from ref 7, except TOF1 and TOF2 calculated 
from the total TOF and the l/b value. 

Entry pH2 

(bar) 

pCO 

(bar) 

CS1 

(M) 

TOF 

(h-1) 

l/b 

 

%iso 

 

TOF1 

(h-1) 

TOF2 

(h-1) 

1 10.0 10.0 0.391 28500 1.9 14.0 18672 9828 

2 10.0 10.0 1.029 29600 1.8 14.0 19029 10571 

3 10.0 10.0 0.731 32100 1.9 13.0 21031 11069 

4 40.0 40.0 1.471 46200 1.7 1.1 29089 17111 

5 40.0 40.0 0.731 43100 1.7 2.1 27137 15963 

6 40.0 40.0 0.366 30300 1.7 0.6 19078 11222 

7 40.0 40.0 0.366 24600 1.7 0.4 15489 9111 

8 40.0 40.0 0.366 23000 1.7 1.2 14481 8519 

9 2.5 2.5 0.731 30500 2.1 2.8 20661 9839 

10 10.0 10.0 0.731 38500 1.8 14.0 24750 13750 

11 15.0 15.0 0.731 43700 1.8 9.0 28093 15607 

12 20.0 20.0 0.731 45400 1.9 6.0 29745 15655 

13 10.0 10.0 0.731 38500 1.7 12.0 24241 14259 

14 10.0 21.0 0.731 25600 1.7 8.0 16119 9481 

15 10.0 32.0 0.731 14300 1.7 6.0 9004 5296 

16 10.0 40.0 0.731 7600 1.7 3.0 4785 2815 

17 10.0 10.0 0.731 16900 1.7 7.0 10641 6259 

18 20.0 10.0 0.731 34900 1.7 6.0 21974 12926 

19 30.0 10.0 0.731 39400 1.7 5.0 24807 14593 

20 30.0 10.0 0.731 42300 1.7 5.0 26633 15667 

21 40.0 10.0 0.731 72400 1.7 5.0 45585 26815 

22 50.0 10.0 0.731 85200 1.7 5.0 53644 31556 

The second example7 is a typical type II system, using a rhodium complex based on van 

Leeuwen’s bulky phosphite. The literature data is in Table 6. After fitting, the rate equations 

look as following: 

!! =
14000!!"!!!!!!!!!

!  ( 27 ) 



A general kinetic model for rhodium-catalyzed hydroformylation 

 63 

!! =
8000!!"!!!!!!!!!

!  ( 28 ) 

! = 0.27!!!!!! + !!"!!! + 0.15!!"!!! + 0.35!!"!!!! ( 29 ) 

 

Table 7 Modelled turnover frequencies and selectivities for example 2. Compare with Table 
6. 

Entry TOF1 

(h-1) 

TOF2 

(h-1) 

TOF 

(h-1) 

l/b 

1 16179 9313 25492 1.7 

2 22321 12848 35169 1.7 

3 20389 11736 32125 1.7 

4 28754 16551 45306 1.7 

5 23720 13654 37374 1.7 

6 17595 10128 27722 1.7 

7 17595 10128 27722 1.7 

8 17595 10128 27722 1.7 

9 13055 7515 20570 1.7 

10 20389 11736 32125 1.7 

11 21746 12517 34264 1.7 

12 22495 12948 35443 1.7 

13 20389 11736 32125 1.7 

14 13207 7602 20810 1.7 

15 9700 5583 15283 1.7 

16 8122 4675 12797 1.7 

17 20389 11736 32125 1.7 

18 30443 17523 47966 1.7 

19 36430 20970 57400 1.7 

20 36430 20970 57400 1.7 

21 40404 23257 63661 1.7 

22 43233 24886 68119 1.7 
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Figure 5. The accuracy of the fit for TOF1 and TOF2 for example 2. In black the reference 
line x = y. 

Again, the fitting parameters are in appendix 2. Here the fit is reasonably good for both the 

linear and the branched product. Although several terms remain in the denominator, the rate 

equation looks like that for type II kinetics. Interestingly, however, K3 and K6 are the 

dominating terms in the numerators. This means that the reaction is not very reversible, 

because k8$9k9$2 >> k8$2k9$8,"k8$9 >> k8$2,"k4$5k5$2 >> k4$2k5$4 and k4$5 >> k4$2. The selectivity 

is constant: k2$4/k2$8. This matches with the very slight variation in selectivity that is seen in 

the experimental data. 

Beyond the steady-state picture 

As shown above, the steady-state picture can help to describe a system in a crude manner, but 

it can also serve as a starting point for a fully dynamic description of the system. The fully 

dynamic description essentially consists of the differential equations describing all the species 

involved (in this case, the ones in appendix 1c). Instead of taking the steady-state route, these 

differential equations can be integrated numerically. An example python script is provided in 

appendix 3. In this way we can take the rate constants that we determined in the previous 

section, insert them into the dynamic model, and then we can calculate the concentration of 

all the different species in time. These simulations were done for both example 1 and example 

2, and the resulting graphs are in Figure 6 and Figure 7. When reaction progress kinetic data 
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is available, for example from gas-uptake curves, this can be used to fit the dynamic model, 

and thus get a more accurate description of the system. 

The graphs in Figure 6 show the situation as expected for type I kinetics: 1 is the main resting 

state, directly in equilibrium with 2, and the reaction rate gradually drops from the start. Not 

expected is the presence of a significant amount of acyl species 11 that disappears slowly in 

time. This is generally not observed experimentally and is most likely an artifact stemming 

from the steady-state approximation. 

The graphs in Figure 7 show that the system of example 2 behaves exactly as one would 

expect for type II kinetics: At the start of the reaction, the two acyl species (7 and 11) are the 

main species, and the most prevalent, 7, produces the major product. The reaction rate stays 

more or less constant in the beginning. Towards the end of the reaction, the system reverts to 

the hydride complex. Note, however that this model predicts 2 to be the main species in the 

absence of substrate, because K2-1 is very small. This is clearly wrong, because 1 is known to 

be more stable. Again, this is an artifact of the steady-state approximation, and can be 

 

Figure 6. Fully dynamic simulation of example 1. Starting conditions: 10 bar H2, 10 bar CO, 
0.637 M 1-octene, 0.001 M catalyst. 
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improved by using reaction progress data. 

One advantage of the dynamic model is that it is not very difficult to modify the differential 

equations to suit a particular problem. For example, we can add an irreversible isomerization 

reaction to the equations describing example 1. This only adds one parameter to the system. It 

is not straightforward to do this with the steady-state model, because the rate equations 

become a lot more complex. In the same way, it is possible to add dimerization, further 

isomerization to 3-alkene, or even entire catalytic cycles to describe the formation of 

additional products. This obviously comes at the cost of introducing the extra parameters 

needed for the description. 

3.3  Conclusions 

In this chapter, a kinetic model was introduced that describes several facets of 

hydroformylation that have not been united in a single model before. By skipping some of the 

intermediates, the number of parameters can be reduced significantly without making too 

many concessions to the predictive power of the model. By integrating the catalytic cycles of 

 

Figure 7. Fully dynamic simulation of example 2. Starting conditions: 10 bar H2, 10 bar CO, 
0.86 M 1-octene, 0.0001 M catalyst. 
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the two products, two rate expressions can be obtained under the steady state approximation, 

and these can be combined into an expression for the selectivity of the reaction. 

The model is able to describe experimental data to a good extent. The most important 

shortcoming is that isomerization is not included. 

The results under the steady-state approximation, in the form of rate constants can 

subsequently be used as a starting point for the fully dynamic description. If necessary, the 

model can be expanded to include reactions like isomerization or Rh-dimerization to further 

improve the description. When reaction progress data are available the dynamic model can be 

fitted further to arrive at a final description, and this should significantly improve the 

description compared with the steady-state model. An application of this will be shown in 

chapter 4. 

3.4 Appendix 

1a. Derivation of rate equation for full single-cycle system 

The elementary differential equations that describe the full (detailed) single cycle system are 

the following: 

!!!
!" = !!!!!!"!! − !!!!!! ( 30 ) 

!!!
!" = !!!!!! − !!!!!!"!! + !!!!!! − !!!!!!!!! + !!!!!!!!! ( 31 ) 

!!!
!" = !!!!!!!!! − !!!!!! + !!!!!! − !!!!!! ( 32 ) 

!!!
!" = !!!!!! − !!!!!! + !!!!!! − !!!!!!"!! ( 33 ) 

!!!
!" = !!!!!!"!! − !!!!!! + !!!!!! − !!!!!! ( 34 ) 
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!!!
!" = !!!!!! − !!!!!! + !!!!!! − !!!!!!"!! − !!!!!!!!! ( 35 ) 

!!!"
!" = !!!!!!"!! − !!!!!! ( 36 ) 

Formation of 1 and 10 can each be described by a single equilibrium constant, which reduces 

the number of variables: 

!!!! =
!!!!
!!!!

 ( 37 ) 

!!!! =
!!!!
!!!!

 ( 38 ) 

The steady-state approximation requires that dcn/dt" =" 0 for all n. This gives 7 linear 

equations with 7 variables, but because there is interdependence, one more equation needs to 

be added, which is the mass balance: 

!!! = !! + !! + !! + !! + !! + !! + !! ( 39 ) 

Solving this system of equation gives the concentration for all catalyst species as a function of 

substrate, hydrogen and carbon monoxide concentration. The expression for c6 can then be 

substituted into the following rate expression: 

!!!!
!" = !!!!!!!!! ( 40 ) 

This then gives equation ( 3 ). 

1b. Derivation of rate equation for simplified single-cycle system 

The elementary differential equations are the following: 

!!!
!" = !!!!!!"!! − !!!!!! ( 41 ) 
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!!!
!" = !!!!!! − !!!!!!"!! + !!!!!! − !!!!!!!!! + !!!!!!!!! ( 42 ) 

!!!
!" = !!!!!!!!! − !!!!!! + !!!!!! − !!!!!!"!! ( 43 ) 

!!!
!" = !!!!!!"!! − !!!!!! + !!!!!! − !!!!!!"!! − !!!!!!!!! ( 44 ) 

!!!
!" = !!!!!!"!! − !!!!!! ( 45 ) 

When the same strategy is then followed as above, equation ( 6 ) is the result. 

1c. Derivation of rate equation for double-cycle system 

The elementary differential equations are the following: 

!!!
!" = !!!!!!"!! − !!!!!! ( 46 ) 

!!!
!" = !!!!!! − !!!!!!"!! + !!!!!! − !!!!!!!!! + !!!!!! − !!!!!!!!!

+ !!!!!!!!! + !!!!!!!!! 
( 47 ) 

!!!
!" = !!!!!!!!! − !!!!!! + !!!!!! − !!!!!!"!! ( 48 ) 

!!!
!" = !!!!!!!!! − !!!!!! + !!!!!! − !!!!!!"!! ( 49 ) 

!!!
!" = !!!!!!"!! − !!!!!! + !!!!!! − !!!!!!"!! − !!!!!!!!! ( 50 ) 

!!!
!" = !!!!!!"!! − !!!!!! + !!!!!!!! − !!!!!!!"!! − !!!!!!!!! ( 51 ) 
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!!!
!" = !!!!!!"!! − !!!!!! ( 52 ) 

!!!!
!" = !!!!!!!"!! − !!!!!!!! ( 53 ) 

The following definitions can be used to remove a few variables: 

!!!! =
!!!!
!!!!

 ( 54 ) 

!!!! =
!!!!
!!!!

 ( 55 ) 

!!!!! =
!!!!!
!!!!!

 ( 56 ) 

And finally the catalyst mass balance to make up for the interdependency: 

!!! = !! + !! + !! + !! + !! + !! + !! + !!! ( 57 ) 

Solving these equations under the constraint that dcn/dt" =" 0 for all n, gives again the 

distribution of the catalyst. The rate equations are in this case: 

!!!!
!" = !!!!!!!!! ( 58 ) 

!!!!
!" = !!!!!!!!! ( 59 ) 

Substituting the expressions for c6 and c7 into these gives equations ( 9 ), ( 10 ) and ( 11 ). 
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2. Fitted parameters for literature examples 

Final values of the parameters after fitting: 

Parameter Example 1 Example 2 

K2$1+ 8.6E+00 1.0E-08 

k2$4+ 2.5E+05 9.3E+04 

k2$8+ 2.2E+04 5.4E+04 

k4$2+ 0.0E+00 0.0E+00 

k4$5+ 5.3E+06 6.1E+04 

k8$2+ 2.4E+05 0.0E+00 

k8$9+ 1.3E+04 1.7E+05 

k5$4+ 0.0E+00 0.0E+00 

k5$2+ 2.9E+05 6.3E+05 

k9$8+ 0.0E+00 0.0E+00 

k9$2+ 1.8E+03 8.2E+03 

K5$7+ 0.0E+00 1.3E+01 

K9$11+ 6.3E+00 5.9E-02 
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Final values of the rate constants after fitting: 

Rate Constant Example 1 Example 2 

K1+ 0.0E+00 0.0E+00 

K2+ 1.7E+26 0.0E+00 

K3+ 9.0E+24 4.9E+24 

K4+ 0.0E+00 0.0E+00 

K5+ 0.0E+00 0.0E+00 

K6+ 7.7E+23 2.8E+24 

K7+ 0.0E+00 0.0E+00 

K8+ 0.0E+00 0.0E+00 

K9+ 0.0E+00 0.0E+00 

K10+ 0.0E+00 0.0E+00 

K11+ 0.0E+00 0.0E+00 

K12+ 3.1E+19 0.0E+00 

K13+ 0.0E+00 0.0E+00 

K14+ 0.0E+00 0.0E+00 

K15+ 0.0E+00 0.0E+00 

K16+ 5.9E+20 0.0E+00 

K17+ 6.6E+20 0.0E+00 

K18+ 6.1E+19 9.7E+19 

K19+ 0.0E+00 0.0E+00 

K20+ 0.0E+00 0.0E+00 

K21+ 4.7E+20 3.5E+20 

K22+ 5.7E+21 5.3E+19 

K23+ 2.7E+21 1.2E+20 

K24+ 3.1E+20 5.3E+11 
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Python script for the fully dynamic model 

from scipy.integrate import odeint 

from pylab import * 

 

def model(s0,c0,co,h2,k,tend,npoints,doplot): 

 

#  k is [k1-2,k2-1,k2-5,k2-4,k5-2,k5-7,k4-2,k4-6,k7-2,k7-5,k7-11,k6-2,k6-4,k6-10,k11-7,k10-6] 

#          0    1    2    3    4    5    6    7    8    9   10    11   12   13     14    15 

 

   def deriv(c,t): 

      return array([ -k[2]*c[0]*c[2]-k[3]*c[0]*c[2]+k[4]*c[3]+k[6]*c[4], 

                     -k[0]*c[1]+k[1]*co*c[2], 

                     -k[1]*co*c[2]-k[2]*c[0]*c[2]-

k[3]*c[0]*c[2]+k[0]*c[1]+k[4]*c[3]+k[6]*c[4]+k[8]*h2*c[5]+k[11]*h2*c[6], 

                     -k[4]*c[3]-k[5]*co*c[3]+k[2]*c[0]*c[2]+k[9]*c[5], 

                     -k[6]*c[4]-k[7]*co*c[4]+k[3]*c[0]*c[2]+k[12]*c[6], 

                     -k[8]*h2*c[5]-k[9]*c[5]-k[10]*co*c[5]+k[5]*co*c[3]+k[14]*c[7], 

                     -k[11]*h2*c[6]-k[12]*c[6]-k[13]*co*c[6]+k[7]*co*c[4]+k[15]*c[8], 

                     -k[14]*c[7]+k[10]*co*c[5], 

                     -k[15]*c[8]+k[13]*co*c[6], 

                     k[8]*h2*c[5], 

                     k[11]*h2*c[6] ]) 

 

   time = linspace(0.0,tend,npoints) 

 

   #initial c1 and c2 governed by equilibrium: c1/(c2*co) = k21/k12 

   cinit = 

array([s0,k[1]*co*c0/(k[0]+co*k[1]),k[0]*c0/(k[0]+co*k[1]),0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0]) 

 

   c = odeint(deriv,cinit,time) 

 

   with errstate(invalid='ignore'): 

      selec = array(c[:,10])/array(c[:,9]) 

 

   if doplot == 1: 

      figure() 
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      subplot(2,2,1) 

      plot(time,c[:,0],label='S1') 

      plot(time,c[:,10],label='P1') 

      plot(time,c[:,9],label='P2') 

      xlabel('t (h)') 

      ylabel('c (M)') 

      legend(loc='upper right') 

      subplot(2,2,2) 

      plot(time,selec,label='l/b') 

      xlabel('t (h)') 

      ylabel('selectivity') 

      legend(loc='upper right') 

      subplot(2,2,3) 

      plot(time,c[:,1],label='c1') 

      plot(time,c[:,8],label='c10') 

      plot(time,c[:,7],label='c11') 

      xlabel('t (h)') 

      ylabel('c (M)') 

      legend(loc='upper right') 

      subplot(2,2,4) 

      plot(time,c[:,2],label='c2') 

      plot(time,c[:,4],label='c4') 

      plot(time,c[:,3],label='c5') 

      plot(time,c[:,6],label='c6') 

      plot(time,c[:,5],label='c7') 

      xlabel('t (h)') 

      ylabel('c (M)') 

      legend(loc='upper right') 

      show() 

 

   return(c,selec) 

 

#Example 1 

 

guess = 

[1.0e6,1.5e5,2.5e3,7.7e3,1.0e5,9.6e2,0.0e1,4.1e5,2.4e5,0.0e1,1.5e5,1.1e4,0.0e1,1.3e6,1.0e6,1.0
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e6] 

#  k is [k1-2, k2-1, k2-5, k2-4, k5-2, k5-7, k4-2, k4-6, k7-2, k7-5, k7-11,k6-2, k6-4, k6-

10,k11-7,k10-6] 

#          0     1     2     3     4     5     6     7     8     9    10    11    12    13     

14    15 

 

out1,out2 = model(0.637,0.001,10.0,10.0,guess,2.0,1000,1) 

 

#Example 2 

 

guess = 

[1.0e6,1.7e5,4.2e5,7.2e5,0.0e1,3.6e4,0.0e1,5.3e3,2.1e5,0.0e1,9.1e5,8.8e5,0.0e1,2.2e7,1.0e6,1.0

e6] 

#  k is [k1-2, k2-1, k2-5, k2-4, k5-2, k5-7, k4-2, k4-6, k7-2, k7-5, k7-11,k6-2, k6-4, k6-

10,k11-7,k10-6] 

#          0     1     2     3     4     5     6     7     8     9    10    11    12    13     

14    15 

 

out1,out2 = model(0.86,0.0001,10.0,10.0,guess,0.5,1000,1) 
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Chapter 4 

 

Complex Kinetic Behavior of a Supramolecular 

Rhodium-Based Hydroformylation Catalyst 

 

Abstract 

The supramolecular high-precision catalyst developed in our group several years ago displays 

kinetics that are not described well by the standard single cycle model, or type I and type II 

models, as evidenced by the kinetic experiments described in this chapter. Here, the kinetic 

model for hydroformylation proposed in chapter 3 is applied to this system. In this model, the 

two catalytic cycles that lead to the two isomeric products, are taken into account explicitly. 

This model describes the kinetics of the supramolecular catalyst well, and helps to understand 

the mechanism by which this catalyst operates. Moreover, it gives a more descriptive insight 

to further optimize the reaction conditions. 
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4.1 Introduction 

Rational ligand design is a powerful tool in transition metal catalysis, but only possible if 

details of the mechanism by which the reaction takes place are known. In general, in situ 

spectroscopy reveals the resting state of a reaction, i.e. the intermediate lowest in energy prior 

to the rate-determining step. Possibly, dormant states of a reaction are observed as well. In 

combination with the rate equation obtained from kinetic studies, this provides the main body 

of support for catalytic cycles proposed in the literature, often supported by theoretical studies 

to corroborate the mechanism. The latter is especially important for the steps that are too fast 

to observe with spectroscopy, i.e. steps after the rate-determining step, as also kinetic studies 

provide limited information on these steps. The selectivity of a reaction is a decisive 

parameter in catalysis and as such one of the objectives for rational ligand design. For many 

catalytic cycles and mechanisms the kinetics are relatively simple; one resting state and one or 

two steps (or an equilibrium) prior to the rate determining step, and kinetic equations for these 

types of reactions are well known. This is not always the case however, as we will show in 

this chapter. 

The hydroformylation reaction using rhodium complexes has been studied in great detail 

because of its industrial relevance.1 In this reaction alkenes are reacted with hydrogen/carbon-

monoxide mixtures to provide aldehyde products. This is the key step in the production 

process of many surfactants and a range of other chemicals based on alcohols or their parent 

aldehydes. Starting from 1-alkene the reaction yields both the linear and the branched 

aldehyde. The ratio of these products strongly depends on the ligands attached to the 

rhodium.2 The selectivity of the hydroformylation reaction has always been an issue of 

interest, because whenever relative product demand does not match the selectivity obtained in 

the process, there are economic and environmental losses. Historically, the linear product has 

been the desired product, so many catalysts have been developed to produce aldehyde with a 

high linearity. There is however also a demand for some branched hydroformylation products, 

and not many catalysts exist that can deliver those in high yield. These two reaction products 

each have their own catalytic cycle (Figure 1), with one common intermediate just before 

alkene coordination. 
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Most catalysts based on phosphine-type ligands display type I kinetics, in which case the rate-

determining step is early in the catalytic cycle. The rhodium-hydride species is a common 

resting state for both cycles. CO dissociation/alkene coordination is an equilibrium before the 

rate determining hydride migration step. When electron poor ligands are applied, such as 

phosphites, type II kinetics have been observed.2 Under such conditions the rhodium acyl 

complex is the resting state, and the hydrogenolysis (CO dissociation/H2 oxidative addition/ 

reductive elimination) is rate determining. So far, systems that display type II kinetics have 

been approached with relatively simple kinetic models that assume similar rates for the linear 

and branched acyl complexes. In other words, the reaction has been modeled as one catalytic 

cycle, whereas it consists of two connected catalytic cycles. In this chapter we use reaction 

progress analysis based on gas-uptake curves obtained under various conditions in 

combination with a kinetic model that includes two cycles. We developed these kinetic tools 

 

Figure 1. The two interconnecting catalytic cycles of the rhodium catalyzed hydroformylation 
of 1-octene. 
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to understand our supramolecular catalyst (Figure 2). This catalyst is self-assembled from 

biscarbonylrhodium(I)acetylacetonate, tris-(meta-pyridyl)phosphine and zinc(II)-

tetraphenylporphyrin. Because the porphyrins encapsulate the phosphine, monocoordination 

of the phosphine to rhodium is enforced. Interestingly, the analysis shows that the linear and 

branched cycles behave differently, and that the connected cycles influence one another, 

explaining unusual orders in hydrogen. 

4.2 Results and discussion 

A few years ago we published a high-precision supramolecular catalyst for the 

hydroformylation of internal octenes.3 This catalyst, depicted in Figure 2, consists of a ligand-

linker, tris-meta-pyridylphosphine, that coordinates to rhodium through the phosphine, and to 

three Zn(II)tetraphenylporphyrin building blocks through the nitrogens. This catalyst was able 

to hydroformylate 2-octene and 3-octene with unprecedented high selectivities for their 

respective internal products. Additionally, an increase in the rate of hydroformylation was 

observed for the encapsulated catalyst compared to the non-encapsulated analogue. Detailed 

studies showed that for internal alkenes, the system follows type I kinetics and the hydride 

migration is selectivity determining.4 Also in the hydroformylation of 1-octene increased 

activity and unusual selectivity for the branched aldehyde were observed. High-pressure IR 

measurements of the catalyst under reaction conditions showed that a monophosphine-

rhodium complex is formed after incubation, and also the high-pressure 31P NMR data 

indicated the formation of the encapsulated monophosphine coordinated rhodium complex.5  

 

Figure 2. The catalyst is formed by mixing the template-ligand and the building blocks in the 
presence of Rh(acac)(CO)2 and CO / H2. 
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In-Situ High-Pressure Infrared Spectroscopy 

Before detailing on the kinetic data we will first discuss the formation of the pre-catalyst 

(Figure 2) and the resting state of the reaction under hydroformylation conditions. The 

formation of the pre-catalyst was investigated with high-pressure infrared spectroscopy. A 

solution of Zn-tetraphenylporphyrin and trispyridylphosphine in dichloromethane was put 

under 20 bar of syngas pressure in a high pressure IR-autoclave. This solution was used to 

measure the background spectrum. Then Rh(acac)(CO)2 was injected under pressure, and the 

catalyst was left to incubate for one hour. The HP-IR spectrum of the incubated catalyst is 

shown on the left side of Figure 3. The three bands at 2089, 2039 and 2011 cm-1 indicate the 

formation of the monophosphine hydridorhodium triscarbonyl species, and calculations 

confirm that the phosphine is in the equatorial plane (2145, 2094 and 2066 cm-1 found, see 

experimental part for details). 

Upon subsequent injection of the substrate, the spectrum immediately changes, and only two 

main bands remain at 2010 and 1993 cm-1, and a small one at 2063 cm-1. This spectrum 

corresponds to that of a monophosphine acylrhodium triscarbonyl species, with the phosphine 

in the axial position (2114, 2062 and 2041 cm-1 found, see experimental part). The small 

bands observed at 2090 and 2040 cm–1 indicate that small amounts of the hydride are also still 

present. After all substrate has been converted, the system returns to its original state, the 

hydride complex. 

The spectra obtained for the acyl species correspond well with those reported by Poliakoff 

and George6. Recently also Selent et al. published similar spectra, obtained from in-situ 

studies of rhodium hydroformylation catalyst based on bulky phosphite ligands. 7  We 

therefore expected that our encapsulated hydroformylation catalyst would display similar 

  

Figure 3. HP-IR spectra before (left) and during (right) hydroformylation. Measured spectra 
in red, and modeled spectra in black, wavenumbers in cm-1. The modeled spectra were shifted 

by –52 cm-1 to show the overlap. Pressure: 20 bar, CO/H2: 1:1. 
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kinetics as the catalyst based on the bulky phosphite systems, (type II kinetics). 

In Figure 4 the spectra during catalysis under altered conditions are depicted. At 10 bar 

total pressure with a CO:H2 ratio of 1:2, less of the hydride complex is converted to the acyl 

complex. At 40 bar total pressure with a CO:H2 ratio of 2:1 the hydride complex has been 

completely converted to the acyl complex. In the experiment at higher pressure, the absolute 

hydrogen concentration (partial pressure) is higher, and this should lead to a faster conversion 

of the acyl complex. The expected change in ratio in favor of the hydride complex was not 

observed, indicating that the kinetics do not simply follow type II kinetics, and its explanation 

appears to be more complex. 

Kinetics 

The kinetics of the hydroformylation reaction were measured under constant pressure by 

following the gas-uptake of a series of reactions carried out under different conditions using 

an AMTEC robot (see experimental). We investigated the influence of the partial pressures of 

CO and H2 on the reaction rate by using syngas constituting of CO/H2 ratios of 1:1, 2:1 and 

1:2, and at total pressures of 10, 20, 30 and 40 bar. The influence of the substrate 

concentration on the reaction rate was measured by reaction progress analysis.8 The final 

composition of the reaction mixtures was measured by GC, and they are presented in table 1. 

Almost all reactions show (nearly) complete conversion. The amount of octene-isomerization 

is generally small, and only significant at low CO-pressures. Comparison of entries 5 and 10 

shows that increasing the H2 pressure has no significant influence on the isomerization rate. In 

contrast, when we compare entries 6 and 9 the isomerization is suppressed more than tenfold 

with increased CO pressure. At higher pressures, the H2 concentration also starts to influence 

the isomerization reaction (compare entries 6 and 12). This suggests that at low pressures the 

  

Figure 4. HP-IR spectra taken during the hydroformylation reaction under different 
conditions. Left: 10 bar, CO/H2 = 1:2 (pCO: 3.3 bar, pH2: 6.7 bar); right: 40 bar, CO/H2 = 2:1 

(pCO: 26.7 bar, pH2: 13.3 bar). 
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beta H elimination is fast making the hydride migration reversible. As commonly accepted, at 

higher CO pressures, CO blocks the vacant site required for beta H elimination from the alkyl 

species, slowing down the isomerization. At higher pressure also the subsequent reaction 

steps are faster, further suppressing the isomerization reaction. 

To obtain the reaction rates during the progress of the reaction, the gas uptake curves up to 

95% conversion were fitted with exponential decays9 to get properly differentiable curves 

(Figure 5a). Three curves did not give good fits because of wrong curvature: The reaction rate 

increased over time. (This may be due to the fact that incubation was performed under the 

same conditions as catalysis, resulting in a lower rate of activation in the case of low CO 

pressure.) These datasets were discarded for further detailed analysis. Differentiation of the 

remaining curves gave the reaction rates as continuous curves, allowing the turnover 

frequencies to be determined at every point of the reaction. As the selectivity does not depend 

Table 8. Results of hydroformylation at various partial pressures of CO and H2. Conditions: 
0.7 mM Rh(acac)(CO)2, 9 eq. P(m-pyr)3, 27 eq. ZnTPP, 1000 eq. 1-octene, in 8 ml DCM, 20 

°C, for 24 hours. 
Entry CO 

(bar) 

H2 

(bar) 

Conv 

(%) 

Isom 

(%) 

Lin 

(%) 

Bran 

(%) 

3-al 

(%) 

4-al 

(%) 

1 5.0 5.0 98.8 1.1 51.1 46.9 0.9 0.1 

2 10.0 10.0 98.7 1.0 42.5 56.1 0.4 0.0 

3 15.0 15.0 98.8 0.8 39.1 59.9 0.3 0.0 

4 20.0 20.0 98.7 1.1 37.2 61.6 0.2 0.0 

5 6.7 3.3 55.9 4.3 40.8 54.9 0.0 0.0 

6 13.3 6.7 93.4 1.3 37.8 60.9 0.0 0.0 

7 20.0 10.0 98.6 1.2 35.9 62.9 0.1 0.0 

8 26.7 13.3 98.6 1.5 34.6 63.9 0.1 0.0 

9 3.3 6.7 99.8 16.1 49.8 26.3 6.8 0.9 

10 6.7 13.3 99.4 4.8 51.6 39.1 4.1 0.4 

11 10.0 20.0 99.3 0.2 46.8 52.0 0.9 0.1 

12 13.3 26.7 99.2 0.3 42.8 56.3 0.6 0.0 
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on the reaction progress (under the steady-state assumption, see chapter 3), the rates or 

turnover frequencies for the individual products at any point in time can be calculated (also 

shown in Figure 5 b, TOFs at the start of the reaction shown in figure 5 b-d). In this manner 

the TOF of the reaction was calculated along the progress of the reaction, and an elaborate 

dataset of TOFs as a function of CO and H2 partial pressures as well as substrate 

concentration was obtained.  

  

Figure 5. Left: Reaction progress from gas uptake at CO/H2 = 1:1 and total pressure of 20 bar 
(black line), and the exponential fit (blue line). Right: Differentiation of the exponential fit 

gives the reaction rates that can be split in linear and branched from the l/b ratio. 

 

Figure 6. The influence of the partial pressures of CO and H2 on the selectivity and reaction 
rates: a) l/b-ratio; b) Overall TOF; c) TOF for linear product formation; d) TOF for branched 

product formation. Data points shown as black squares. TOF in hr–1. 
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In Figure 6a the selectivity (l/b value) is plotted as function of the partial pressures in 

hydrogen and CO. In the direction of the Y-axis the color of the graph is hardly changing, 

Table 9. Results of fitting the steady-state models to the kinetic data. TOF in h–1, 
concentrations in mol l–1, pressures in bar. Err is the average squared error in the TOF. 

Model Rate Equation Best fit 
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indicating that the partial pressure of hydrogen has little influence on the selectivity. In 

contrast, the partial pressure of CO has a strong influence on the regioselectivity of this 

reaction. Figure 6b shows the TOF at the start of the reaction, in Figure 6c and d this is split 

in linear and branched (based on the measured selectivity). It is clear that the reaction has a 

negative order in CO, and a positive order in H2. 

Fitting with steady-state models 

A variety of models was fitted to the dataset obtained as described above, as shown in Table 

9. Models 1–4 are standard models for type I and II kinetics from the literature.2 Type I 

kinetics (model 1 and 2) cannot fit the data since the rate clearly has a hydrogen dependency. 

"  

"  

Figure 7. Experimental TOF vs. modeled TOF for the various models in table 2. The average 
distance of the points to the black reference line (x = y) is a measure for the quality of the fit. 
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Type II (model 3 and 4) gives a better approximation, but because the substrate dependency is 

lacking, the TOF is constant over time. On the contrary, in these experiments the TOF slowly 

declines over time. Thus we conclude that the standard type I and type II models do not 

adequately describe this system. The quality of the fits is shown in figure 7. 

A standard strategy to characterize the reaction kinetics is to make logarithmic rate vs. 

concentration plots to determine the (approximate) reaction orders. Due to the high 

dimensionality of this dataset, however, this is not very practical in this case. Instead all 

orders can be determined at once, by fitting to model 5 in Table 9. This method is 

mathematically analogous to the more standard method. This model describes the data well, 

but it is a phenomenological description, and as such it does not give any chemical 

information. It does show good estimates for the reaction orders. The parameters found show 

why type II kinetics gave the better fit, but ultimately it raises a lot of questions: 1) the order 

for hydrogen is unusually high (1.4), 2) the order for CO unusually low (-1.6). Such orders in 

hydrogen and CO are not observed for classic type I or type II kinetic behavior. In the 

previous chapter, a double-cycle steady-state model was developed. In this model, the linear 

and branched catalytic cycles are taken into account explicitly. Because the two cycles are 

able to influence each other, fairly complex behavior can be described. The model was 

verified by fitting literature data, and it was shown that both type I and type II kinetics can be 

adequately described, but more complex kinetics should be supported as well. In the double-

cycle steady-state model, the rates are expressed by the following equations: 

!! =
!!!!
!" = (!! + !!!!! + !!!!"!!!)!!"!!!!!!!!!

!  ( 1 ) 

!! =
!!!!
!" = (!! + !!!!! + !!!!"!!!)!!"!!!!!!!!!

!  ( 2 ) 

! = !! + !!!!! + !!!!! + !!"!!!!!! + !!!!!!! + !!"!!!!!!! + !!"!!"
+ !!"!!"!!! + !!"!!"!!! + !!"!!"!!!!!! + !!"!!"!!!!

+ !!"!!"!!!!!!! + !!"!!"!!!! + !!"!!"!!!! + !!"!!"!!!!!!!
+ !!!!!"!!!!! + !!"!!"!!!!!!! + !!"!!"!!!!! 

( 3 ) 

The constants Ki in these equations are composed of the rate constants. Their definitions can 

be found in chapter 3. The parameters obtained in the fit are depicted in Figure 8. The rate 

equations resulting from the fit are: 
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!! =
42!!"!!!!!!!!!!

!  ( 4 ) 

!! =
(150+ 3.4!!"!!!)!!"!!!!!!!!!

!  ( 5 ) 

! = 0.014!!! + 0.010!!"!!! + 0.016!!"!!! + 0.00033!!"!!!! + 1.0!!"!!!!
+ 0.00025!!"!!!!!!! + 0.00037!!"!!!!! + 0.023!!"!!!!!!! 

( 6 ) 

!!
!!
= 42!!!
150+ 3.4!!"!!!

 ( 7 ) 

 

In this model the branched acyl resting state, 11 is the dominant resting state, while the linear 

acyl resting state 7, is almost non-existent under the reaction conditions. Further implications 

of this set of parameters on the mechanism will be discussed in the next section, because apart 

 

Figure 8. Parameters found by fitting the double-cycle steady-state model to the kinetic data. 
Note that the numbers in bold are equilibrium constants, while the numbers in italics are rate 

constants. 
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from the relative stability of the acyl resting states, the mechanism is similar. 

Fitting the dynamic double cycle model to the kinetic data 

The parameters found using the steady-state model were used as a starting guess for fitting the 

dynamic model, as described in the previous chapter. Unfortunately it is not possible to 

directly compare the quality of the fit of the steady state models with that of the dynamic 

model, because a different quantity is used to fit to. Where the TOF was used in case of the 

steady-state models, here we use product concentration. This is calculated, as above, from the 

gas uptake and the final selectivity. The assumption that the selectivity is constant over the 

course of the reaction is not necessarily valid under the dynamic model, but we will show that 

for this case, it is sufficiently valid (Figure 13 to Figure 15). The fitted parameters are shown 

in Figure 9. It can be seen that the branched cycle is faster, mainly due to k9$8 being very 

small. Three graphs showing the quality of the fits for three representative sets of conditions 

(out of twelve) are in Figure 10 to Figure 12. (Note that the fit in Figure 11 is the worst in the 

full set.) With the dynamic model, at the beginning of the reaction, 1 is converted directly and 

completely to 11, the dominant resting state at that stage of the reaction, but over time, 7 

starts to build up. 7 gets formed very slowly, but reacts away even slower. This is evident in 

the graphs shown in Figure 13 to Figure 15, where the evolution of all concentrations in time 

is depicted (again for three representative sets of conditions out of the total 12). The two 

models therefore agree that 11 is the dominant species at the beginning of the reaction, but 

only the dynamic model predicts the conversion to 7 over time. 

A note about the fundamental difference between the steady-state and the dynamic approach: 

In the steady-state approximation, the reaction rate is calculated based on the equilibrium 

concentrations of the catalyst intermediates at a certain constant substrate concentration (the 

system is assumed to equilibrate during the infinitesimal time in which the substrate 

concentration is constant, so that the catalyst intermediates are in steady-state with the 

substrate). This is a mathematical construct that works well when the substrate concentration 

changes slowly, compared to the time that the catalyst intermediates need to adjust to this 

change.10 When this assumption is not valid, all concentrations should be calculated without 

this approximation. This is the dynamic model. The steady-state model is therefore a sub-case 

of the dynamic model, and any situation that can be described by the steady-state model can 

be described as well by the dynamic model, but not the other way around. In the case 

described above, the steady-state concentration of the linear acyl species is very high (at any 

appreciable substrate concentration), but because its rate of formation is very low, the system 
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is not actually in steady-state with the substrate. Therefore this situation cannot be described 

by the steady-state model, and this explains the different results obtained by the two models. 

At this point it is valid to question which model gives the most accurate description. The 

dynamic model gives a better fit quantitatively, but it cannot be excluded that this is due to 

overfitting. Ultimately, only spectroscopic evidence can prove one or the other to be true. 

What can be concluded from both models however, is that the branched acyl species is the 

one that is associated to the fast cycle and thus produces the main product, and this is in line 

with the high branched selectivity observed for this system. 

 

Figure 9. Parameters found by fitting the dynamic model to the kinetic data. 
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Figure 10. Quality of the fit for the experiment at 20 bar total pressure with 1:1 CO/H2. 

 
Figure 11. Quality of the fit for the experiment at 10 bar total pressure with 2:1 CO/H2. 

 
Figure 12. Quality of the fit for the experiment at 40 bar total pressure with 1:2 CO/H2. 



Chapter 4 

 94 

 

 

Figure 13. Evolution of all species predicted by the dynamic model for the experiment at 20 
bar total pressure with 1:1 CO/H2. 
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Figure 14. Evolution of all species predicted by the dynamic model for the experiment at 10 
bar total pressure with 2:1 CO/H2. 
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Figure 15. Evolution of all species predicted by the dynamic model for the experiment at 40 
bar total pressure with 1:2 CO/H2. 

The mechanism defined by the set of parameters acquired through the dynamic fitting process 

can thus be described as follows: At the start, after incubation, at t = 0 there is only 1 in 

equilibrium with a very minor amount of 2. Upon introduction of the olefin, 2 starts to 

quickly react towards 4 and 8, and then on to 5 and 9. From 5, going to 7 is slow, but going to 

2 by forming P1 is moderately fast. This causes linear product to be formed immediately. On 

the contrary, from 9, going to acyl 11 is moderately fast, while going to 2 by forming P2 is 

fairly slow. This delays initial formation of the branched product, resulting in a fairly high 

linearity at the start of the reaction. Additionally the reaction going from 9 back to 8 is very 

slow. This results in a buildup of 11, and as soon as this starts to happen, the linearity drops. 

The virtual irreversibility of reaction 8–9 has the effect that starting from resting state 11, at 
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least one molecule of branched aldehyde has to be formed for a catalyst complex to go to the 

linear cycle. This is the reason for the high branched-selectivity at this stage of the reaction. 

Formation of the linear acyl 7 is slow, but its reaction back to 5 is even slower. This causes 7 

to act as a sort of dormant state, slowly deactivating catalyst over time. This is in line with the 

decrease in the TOF observed in the experiments at the 2:1 CO:H2 ratio (see Figure 11), but is 

slightly overexpressed for the other experiments. The deactivation does not seem to have an 

effect on the selectivity, because the still active catalyst keeps behaving the same. Indeed, if 

we add 0.5 mM of 7 at the start of the reaction (in the simulation), the curves of the products 

stay (almost) the same. The mechanism acquired with the steady-state model is conceptually 

the same, except that 7 does not get formed at all. 

The influence of the partial pressures on the selectivity is more complicated to explain. The 

conversion of 1 to 11 certainly does not have much to do with it, because the disappearance of 

1 takes about 50 minutes in all experiments. Also, if the reaction is started from 11 instead of 

from 1, the same final selectivities are found, so the reaction from 11 intrinsically has this 

partial pressure dependency. It is not surprising that a reaction mechanism with such “linear-

branched asymmetry” shows different responses in the linear and branched rates to changes in 

the partial pressures. 

The HP-IR spectroscopy measurements are not completely in line with what the kinetic 

models predict, because a small amount of hydride species 1 can be observed over the whole 

course of the reaction (at least at 20 bar with 1:1 CO:H2 and at 10 bar with 1:2 CO:H2). This 

is another sign that some of the features of the model are somewhat overexpressed.11 To 

improve this, kinetic experiments could be performed with in situ spectroscopic 

measurements,12 but this was not possible with our setup. 

Deuteroformylation 

To examine specifically the reversibility of the hydride migration step and the importance of 

isomerization, a deuteroformylation experiment was done under 40 bar D2/CO (1:1). A 

relatively high pressure was applied to suppress the isomerization. The products were 

analyzed by GC and 2H-NMR. The reaction reached 63.5 % conversion in 16 hours. 0.8% of 

isomers were formed, along with 32.9% linear aldehyde, and 66.3% branched aldehyde. The 

selectivity in the reaction was essentially the same as observed for the experiment with the 
1H2-containing syngas. The yield is a bit lower, which is in line with the anticipated isotope 

effect (order in H2).  
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Figure 16. 2H NMR spectrum of the whole reaction mixture after deuteroformylation. 

In the 2H-NMR spectrum (Figure 16), the peaks at 1.3 and 1.7 ppm are the expected beta-

deuterium signals of the branched and the linear product respectively. At 9.7 and 10.0 ppm 

the corresponding aldehyde deuterium signals are observed. The peaks at 5.2 ppm indicate 

that some isomerization takes place as deuterium ends up on a double bond. Most 

interestingly, the peak at 2.6 ppm is from deuterium at the alpha position of an aldehyde. 

From Figure 17, which shows the various pathways to the different deuterated products, it is 

clear that iso-L and iso-B (both with alpha-D) can only be formed via beta-hydride 

elimination. It is peculiar though that about 10% of the products contain this alpha-deuterium, 

while we see much less deuterated octene. This means that after beta-hydride elimination, 

dissociation of the octene is slower than reinsertion and further reaction to form the aldehyde, 

an effect that might be a result of catalyst encapsulation imposing an additional barrier for 

alkene dissociation. This explains the relatively low amounts of deuterated octene formed, 

even though the hydride migration is reversible, and confirms that isomerization is relatively 

unimportant for the mechanism. It also shows that the linear and branched cycles are in fact in 

equilibrium with each other. 
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Figure 17. The mechanism of D-scrambling. 

4.3 Conclusions 

We have investigated the mechanism of a Zn(II)-porphyrin-encapsulated rhodium catalyst for 

hydroformylation. In situ IR spectroscopy shows that the acyl rhodium species is the resting 

state in most cases. Detailed kinetic data were obtained by measuring gas-uptake curves. By 

applying the double cycle kinetic model, we were able to understand why this catalyst 

behaves differently from previously described catalysts that follow type I or type II kinetics. 

The behavior is similar to type II kinetics, in that the active resting state is a rhodium acyl 

species, as was observed with IR spectroscopy. The kinetics differ from the traditional type II 

kinetics however, since the selectivity depends on the partial pressures of the gasses, and the 

reaction orders are different from those of type II kinetics. 

By fitting a double-cycle kinetic model to the kinetic data, we were able to give an 

explanation for this difference: The branched acyl rhodium complex is the main active resting 

state, and because its formation is virtually irreversible, the catalyst has to pass through the 

hydrogenolysis to go to the linear cycle. Therefore a branched product molecule is formed for 

every linear product molecule. Of course the relative rates in the cycles themselves contribute 

as well. Together, this is the cause for the high branched selectivity. The linear acyl rhodium 

complex does not produce significant amounts of product. Although the fit of the models with 

the experiments is not perfect, and some of the features might be overexpressed,11 this general 

picture is most likely correct. 

A deuteroformylation experiment shows D-scrambling in the product, but little deuterated 

octenes. This is consistent with the mechanistic picture obtained from the reaction kinetics, 

and confirms that inclusion of isomerization in the model is not required. 
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Finally, the realization of the double-cycle dynamic model for hydroformylation has allowed 

us to do an in-depth investigation of the complex kinetic mechanism of our supramolecular 

catalyst. This would not have been possible with previously existing models. 

4.4 Experimental. 

General 

All experiments were carried out under inert atmosphere (N2 or Ar) and at room temperature. 

P(m-pyr)3
13 , ZnTPP 14 , and Rh(acac)(CO)2

15  were synthesized according to previously 

reported methods. 1-octene was purchased from Sigma-Aldrich, and filtered over alumina 

prior to use. Dichloromethane was purchased from Biosolve, and freshly distilled from 

calcium hydride. 

Gas chromatography was performed with a Shimadzu GC-17A apparatus (split/unsplit, 

equipped with a F.I.D. detector and a BPX35 column (internal diameter of 0.22 mm, film 

thickness 0.25 µm, carrier gas 70 kPa He)). High-pressure FT-IR was performed in a stainless 

steel 50 ml autoclave equipped with INTRAN windows (ZnS), a mechanical stirrer and a 

pressure transducer. The spectra were recorded with a Nicolet 510 FT-IR spectrophotometer. 
2H NMR spectra were measured on a Bruker Avance DRX 300. 

HPIR experiments 

The high-pressure infrared experiments were performed in a high-pressure infrared autoclave 

that was degassed and filled with argon before use. In a typical experiment P(m-pyr)3 (95 

µmol, 25 mg) and ZnTPP (284 µmol, 192 mg) in DCM (13 ml) were injected into the 

autoclave. The autoclave was flushed three times with syngas, and pressurized to 20 bar. The 

background spectrum was taken from this mixture. Rh(acac)(CO)2 (11 µmol, 2.6 mg) in DCM 

(1 ml) was injected via the injection chamber. The catalyst was left to incubate for one hour, 

during which spectra could be recorded. 1-octene (2.1 mmol, 330 µl) in DCM (1 ml) was 

injected via the injection chamber, after which more spectra could be recorded. 

DFT calculations – IR simulation 

The DFT calculations were performed with Gaussian ’03.16 The IR simulations were done by 

performing an energy minimization followed by a frequency analysis. Triphenylphosphine 

complexes were used as model for the full supramolecular assemblies. The B3LYP functional 

was used in combination the Stuttgart-Dresden basis set for rhodium and phosphorus, 6-

311G** for the hydride and CO-ligands, and 6-31G* for the PPh3 phenyl groups. An extra d 
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function with an exponent of 0.386 was added for phosphorus.17 For comparison with the 

experimental spectra, the simulated spectra were shifted by -52 cm-1. 

Gas uptake experiments 

The experiments were performed in an AMTEC SPR16 apparatus, consisting of 16 parallel 

reactors equipped pressure and temperature sensors and mass flow controller. Since only one 

gas mixture could be used at the same time, three runs were done with CO/H2 = 1:1, 2:1 and 

1:2. The pressures of the reactors could be set individually. The reactors were dried and put 

under argon prior to use. A solution of Rh(acac)(CO)2 (5.6 µmol, 1.4 mg), P(m-pyr)3 (50 

µmol, 13 mg) and ZnTPP (151 µmol, 103 mg) in DCM (6 ml) was injected into each reactor. 

The reactors were pressurized with the appropriate pressure, and the catalyst was left to 

incubate for 24 hours. Then, while the pressure was maintained, 1-octene (5.6 mmol, 880 µl) 

and decane (as internal standard, 440 µl) in DCM (680 µl) were pumped into the reactors. The 

gas uptake was measured for 24 hours. After that the reactors were depressurized. The 

catalyst was deactivated with tributylphosphite, and the compostion of the reaction mixtures 

was measured with gas chromatography. 

Deuteroformylation experiment 

A solution of Rh(acac)(CO)2 (2.8 µmol, 0.72 mg), P(m-pyr)3 (25 µmol, 6.7 mg), ZnTPP (76 

µmol, 51 mg) and 1-octene (6.4 mmol, 1.0 ml) in DCM (3 ml) was prepared under argon. The 

solution was transferred, still under argon to a 10 ml stainless steel autoclave equipped with a 

glass insert and stirring bar. The autoclave was pressurized with 40 bar D2/CO (1:1), and 

stirred for 16 hours. After that the autoclave was depressurized and the catalyst was 

deactivated with tributylphosphite. The composition of the reaction mixture was measured 

with gas chromatography, and 2H NMR. 
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Chapter 5 

 

Conformational Studies of Ligand-Template 

assemblies and the consequences for encapsulation 

of Rhodium Complexes and Hydroformylation 

catalysis  

 

Abstract 

The second coordination sphere around a transition metal catalyst can contribute to the 

activity and selectivity that it displays. In this chapter we present encapsulated catalysts using 

a template-ligand assembly strategy based on Zn(II)salphen building blocks, and show that 

these have significantly different properties in catalysis than previously reported 

Zn(II)porphyrin-based analogues. The conformational properties of tris-Zn(II)salphen-based 

capsular catalysts were examined by a combination of solid state and solution phase analytical 

methods, as well as computational techniques. We found that as a result of the ability of the 

salphen-based capsules to adopt different conformations compared to porphyrin-based 

capsules, less stringent constraints are enforced to the catalytic centre, resulting in different 

catalyst selectivities displayed by the rhodium complexes enclosed. 

  

This chapter has been published as: I. Jacobs, A. C. T. van Duin, A. W. Kleij, M. Kuil, D. M. 

Tooke, A. L. Spek, J. N. H. Reek, Catal. Sci. Technol. 2013, 3, 1955-1963. 
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5.1  Introduction. 

Self-assembled molecular capsules with hollow structures can encapsulate smaller guests 

molecules within their cavities.1 Since the 1990s, various research groups have investigated 

the application of such capsules as nanoreactors.2 A diversity of chemical processes, both 

stoichiometric and catalytic has been carried out within molecular capsules.3 Reactions can be 

accelerated, as shown for example by Raymond and coworkers. They demonstrated that acid-

catalyzed reactions can be carried out inside nano-environments even if the outside conditions 

are basic.4 Also the selectivity of a chemical process can be changed completely, as shown by 

Fujita in the Diels-Alder reaction5 and this particular example, where unique selectivities are 

obtained, shows the influential nature of the restricted micro-environment within the capsule. 

Such unusual selectivities are generally not achieved using traditional catalytic approaches. 

Although the field of supramolecular capsular catalysis is still in its developmental stage, 

several successful examples of reactions carried out within self-assembled nanoreactors have 

appeared and demonstrate the power of the concept. Detailed studies are required to fully 

understand the mechanisms behind the effects observed when carrying out reactions in these 

confined spaces. 

We have previously reported a general strategy to encapsulate phosphine ligands and metal 

complexes thereof (Scheme 1).6 The strategy is based on template-ligands, which are building 

blocks that have one type of coordination site for the transition metal that is active in 

catalysis, and another type of coordination site used in the self-assembly of the capsule. 

Initially we used Zn(II)porphyrin building blocks for the assembly process. A tenfold increase 

in conversion and reversed regio-selectivity (i.e., linear-branched ratio) was found when using 

2a in the rhodium catalysed hydroformylation of 1-octene with meta-trispyridylphosphine7 

(1) as the template-ligand. When using internal octenes, a twofold increase in yield was found 

as well as unprecedented selectivity.8 In order to extend the diversity of the building blocks 

 

Scheme 1. The assembly of the porphyrin/salphen capsules assisted by the template-ligand, 
and a list of building blocks (i.e., 2a-h) used in this chapter. 
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and to vary the size and/or shape of the catalytic capsules, we also used Zn(II)salphens (2b-

f).9, 10 These are easier to prepare than Zn(II)porphyrins, and can be structurally modified 

using modular approaches.11 Initial results have also shown that with these building blocks we 

obtained more active catalysts with selectivities generally in between that of the non-

encapsulated Rh-phosphine complex and the porphyrin-based capsule. The interaction 

between the Zn(II)salphen building blocks and the pyridyl fragments of the phosphine 

template is stronger, which apparently did not translate to higher selectivities. 

In this chapter we provide insight into the origin of this difference supported by detailed 

investigations of the structure of the salphen-based capsules both in the solid state and in 

solution. Computational studies and solution-phase NMR have been used to show the 

conformational behaviour of these ligands in solution. This conformational flexibility of the 

encapsulated ligands affects the coordination environment around the transition metal centres, 

and ultimately the catalytic performance. 

5.2 Results and Discussion 

Effects of the encapsulation by porphyrin or salphen units on hydroformylation catalysis 

Before discussing the conformational behaviour we will summarize the differences in 

catalytic behaviour observed for the capsules based on porphyrins and various zinc(II) 

salphens. In Table 1 to Table 3 some of the previously reported results in the 

hydroformylation of various substrates (Scheme 2) using encapsulated catalysts based on 

several zinc-containing building blocks and the meta-trispyridylphosphine template are 

summarised. In addition, we carried out reactions with shorter reaction times such that the 

conversion indicates the relative reaction rate (Table 4, see experimental part for details). 

 

Scheme 2. The rhodium-catalysed hydroformylation of octenes gives rise to several aldehyde 
products. 
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Table 1. Results of the rhodium catalysed hydroformylation of 1-octene with 
trispyridylphosphine and the building blocks illustrated in Scheme 1.a 

Entry Ligand Yieldb TOFc C1/C2 

1d 1 31 (6) 5 (3) 2.3 (2.9) 

2e 1+2a 52 23 0.56 

3 1+2b 97 16 1.2 

4 1+2c 97 16 1.0 

5 1+2d 97 16 0.80 

6 1+2f 97 16 1.4 
a This table is compiled from various sources (refs. 8 and 9). All experiments were performed at 25˚C in 

toluene, with a substrate/catalyst ratio of 1052. The reaction time was 65 h except where noted. See 
experimental part for more details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)-1 h-1, based on 

conversion. d The numbers in brackets are for an experiment run for 24 hr. e Reaction time: 24 hr. 
 

Table 2. Results of the rhodium catalysed hydroformylation of 2-octene with 
trispyridylphosphine and the building blocks illustrated in Scheme 1.a 

Entry Ligand Yieldb TOFc C2/C3 

1 1 17 2 1.3 

2 1+2a 32 5 0.11 

3 1+2c 47 7 1.0 

4 1+2d 48 7 0.86 
a This table is compiled from various sources (refs. 8 and 10). All experiments were performed at 25˚C in 

toluene, with a substrate/catalyst ratio of 1052. The reaction time was 73 hr. See experimental part for more 
details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)-1 h-1, based on conversion 

 

Table 3. Results of the rhodium catalysed hydroformylation of 3-octene with 
trispyridylphosphine and the building blocks illustrated in Scheme 1.a 

Entry Ligand Yieldb TOFc C3/C4 

1 1 26 4 0.98 

2 1+2a 45 6 0.31 

3 1+2c 60 9 1.0 

4 1+2d 63 9 0.98 
a This table is compiled from various sources (refs. 8 and 10). All experiments were performed at 25˚C in 

toluene, with a substrate/catalyst ratio of 1052. The reaction time was 73 hr. See experimental part for more 
details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)-1 h-1, based on conversion. 
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Table 4. Results of the rhodium catalysed hydroformylation of 1-octene with 
trispyridylphosphine and the building blocks illustrated in Scheme 1.a 

Entry Ligand Yieldb TOFc C1/C2 

1 1 27 16 2.5 

2 1+2b 59 38 1.6 

3 1+2c 42 27 1.3 

4 1+2e 22 13 1.9 

5 1+2f 21 12 1.8 

6d 1+2a 44 126 0.60 
a All experiments were performed at 25˚C in toluene, with a substrate/catalyst ratio of 1000. The reaction time 
was 16 hr. See experimental part for more details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)-1 h-

1, based on conversion. d Substrate/catalyst ratio was 5000, reaction time was 18 hr. 
 

The difference between the non-encapsulated catalyst and the porphyrin-based capsule (entry 

1 and 2 in Table 1 to Table 3 respectively) is clear: the average TOF increases from 3 to 23 

for 1-octene, and the C1/C2 product ratio changes from 2.9 to 0.56. Also for the internal 

octenes the activity increases (2–5), and a profound effect on the selectivity effect is observed. 

For 2-octene the C2/C3 ratio changes from 1.3 to 0.11, and for 3-octene the C3/C4 ratio from 

0.98 to 0.31. This shows that the catalyst can distinguish between the carbon centres at the 3– 

and 4–position of the substrate (i.e., between an ethyl and an n-butyl group). This effect 

represents one of the unique examples of an unequalled selectivity induced by a nano-

environment.8 

When Zn(II)salphens are used for encapsulating the hydroformylation catalyst, the activity is 

in some cases still higher compared to the non-encapsulated ligands, as is apparent from the 

average TOFs reported in entries 1 and 3–6. From Table 4 it can be seen that at short reaction 

times the average TOFs vary quite significantly when different salphen building blocks are 

applied. The TOFs range from 12 to 38, which means that the slowest encapsulated catalyst 2f 

is slower than the non-encapsulated catalyst. However, none of the catalysts based on salphen 

building blocks converts 1-octene with a higher TOF than the porphyrin-based capsule. For 

the internal octenes, the salphen-based capsules are also slightly faster than the porphyrin-

based ones with TOFs up to 7 for 2-octene and up to 9 for 3-octene. The selectivities are in 

between those of the non-encapsulated catalyst and the porphyrin-based capsule, ranging from 

1.9 to 0.80 for 1-octene, and close to 1 for the internal octenes. Clearly, the encapsulation by 

the Zn(II)salphens leads to selectivities significantly different from those obtained with the 
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Zn(II)porphyrin capsule. There is obviously a difference in the steric impediment upon 

capsule formation using the various building blocks. Here we further investigated the 

conformational fluxionality of the capsule based on the smaller Zn(II)salphen building blocks, 

and the consequence in coordination chemistry and catalysis. 

Solid State Structure 

The assembly 3b crystallized from a CH2Cl2/CH3CN solution. Much to our surprise we found 

that the assembly exists in two different conformations, each being present in the unit cell. In 

one conformation all the pyridyl groups point up, so that the lone pairs of the pyridyl groups 

point in the same direction as that of the phosphorus center (designated as the “in” 

conformation). This causes the salphen units to encapsulate the phosphine (Figure 1), similar 

to what molecular modelling suggested and what was found for the porphyrin-encapsulated 

ligand. The other conformation has all the pyridyl groups pointing down (denoted as the “out” 

conformation), which makes the ligand very bulky, but the phosphorus donor atom is not 

encapsulated. It is clear that the capsule with the “in” conformation can only form 

monophosphine coordinated rhodium complexes, while in the “out” conformation maybe Rh-

diphosphine complexes can be formed. In this way the conformation of the ligand directly 

influences the catalysis. It is also interesting to note that the conformation around zinc is 

 

Figure 1. The molecular structure of the tris-meta-pyridylphosphine/3b assembly exhibits 
two conformations. Left the “in” conformation, right the “out” conformation, and below line 
drawings of the different conformations of the central part of the assembly. In light grey the 

salphen units and in dark grey the trispyridylphosphine template. Selected bond distances (Å) 
and angles (º) with esd´s in parentheses: P(1)–C(1) = 1.847(5), P(2)–C(38) = 1.827(4), Zn(1)–

O(1) = 1.947(3), Zn(2)–O(3) = 1.971(3), Zn(1)–O(2) = 1.960(3), Zn(2)–O(4) = 1.959(3), 
Zn(1)–N(1) = 2.131(4), Zn(2)–N(4) = 2.114(3), Zn(1)–N(2) = 2.092(4), Zn(2)–N(5) = 

2.071(3), Zn(1)-N(3) = 2.074(3), Zn(2)–N(6) = 2.105(3), C(1)–P(1)–C(1a) = 100.7(2), C(34)–
P(2)–C(34c) = 103.3(2). 
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different for the two complexes. In the “in” conformation the Zn-ion resides 0.075(4) Å above 

the basal plane of the “close to square pyramidal” coordination environment around Zn (86% 

of the Berry pseudo-rotation pathway between TP and SP). In the “out” conformation the Zn 

ion is located 0.069(4) Å above the basal plane (84%) defined by the N- and O donor atoms 

of the salphen ligand (See experimental section). 

It is sterically impossible for the porphyrin-based capsule to be in the “out” conformation 

according to molecular modelling. A recent X-ray molecular structure of the capsule based on 

tris-meta-pyridylphosphine and 2a shows that it is only in the “in” conformation in the solid 

state.12 If these salphen-based complexes are also able to adapt these “out” conformations in 

solution, this would provide a clear explanation for the different selectivity that these 

complexes induce. The difference in the solid-state structure can, however, be caused by 

packing effects, and does not necessarily represent the structures present in solution. 

Therefore, we next studied these supramolecular ligands in solution, to examine if this 

conformational flexibility actually plays a significant role. 

Ru(II)salphens as analogues for Zn(II)salphens 

From NMR titrations that were performed previously to establish the formation of assemblies 

of type 3 (Scheme 1), it is clear that the building blocks are in fast exchange on the NMR 

timescale despite a strong pyridyl-zinc interaction (Kass ~ 105 M-1).9, 11 NMR analysis of the 

Zn(II)salphen-based complexes therefore does not give any information about the 

conformational dynamics. Low-temperature NMR experiments of the Zn(II)salphen-based 

assemblies 3 (down to –90 °C) only gives rise to a single set of 1H NMR and 31P NMR 

signals. As at these temperatures the pyridyl-zinc complex is still in fast exchange on the 

NMR timescale, the single set of signals does not mean that co-existence of the two 

conformations (in and out) can be ruled out. Therefore, we have studied the conformational 

dynamics of these self-assembled capsules using Ru(II)salphen building blocks. 

 

Figure 2. The rotation of the pyridine ligand was calculated and compared between the Zn(II) 
and Ru(II) salphens. 
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Ru(II)salphen complexes13 are also known to form strong bonds with pyridines, and the 

exchange rates between coordinated and free pyridyl are slow on the NMR timescale. As the 

same salphen framework can be used, the size of the building block is very similar to 

Zn(II)salphens. The Ru(II)salphens have a CO coordinated opposite to the axial position of 

the pyridine donor, but since this will be on the outside of the capsule this will not interfere 

with the formation of capsule structure. 

DFT calculations were performed to show the similarities and differences between the 

Zn(II)salphen-pyridyl and the Ru(II)salphen-pyridyl complexes. These calculations were 

performed using the B3LYP functional and the DGDZVP basis set (see experimental section). 

An energy profile was calculated for the rotation over the Npyr–metal bond (Figure 2). In 

Figure 3 the energy is shown as a function of the Osal–M–Npyr–Co,pyr torsion angle, and in the 

length of the Npyr–metal bond is shown. The Zn-complex has its energy minimum when the 

pyridine plane is more or less parallel to the direction of the Zn-O bonds,14 and the bond 

length is intermediate at 2.16 Å. The energy barrier associated with this rotation is very small 

amounting to 0.5 kcal mol–1. The Ru(II)-complex, however, has its global minimum when the 

pyridine plane is perpendicular to the O–O line (so pointing in between the two O’s), and a 

local minimum when it is parallel to this line (so pointing in between the N and the O). The 

bond length at the global minimum is 2.24 Å with a still relatively low rotational barrier of 3 

 

 
 

Figure 3. The energy profile for the rotation of the pyridine ligand. On the x-axis the torsion 
angle O–M–Npyr–Co,pyr ϕ is displayed. 
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kcal mol–1. From these calculations it can be concluded that both complexes have virtually 

free rotation around the M–Npyr bond. As the difference in M–pyridyl distance is less than 0.1 

Å the size and the shape of the capsule that is formed is virtually the same."

NMR analysis of Ru(II)salphen based complexes 

NMR titrations were performed in toluene-d8 with a fixed concentration of template-ligand 1 

containing three pyridyl units (0.1 mM) and by gradually increasing the amount of 2g or 2h (0 

to 0.3 mM). The 1H and 31P{1H} NMR spectra clearly demonstrate the slow exchange 

between the free and associated components. During the titration the concentration shifts from 

the free phosphine to the 1:1 complex, then the 2:1 complex, and finally the 3:1 complex. 

These can all be observed separately, both in the 31P and the 1H NMR spectra (Figure 5 and 

Figure 6). 

In the 1H NMR spectra (Figure 6) the aliphatic region shows distinct peaks for all these 

associated states because the tert-butyl groups shift upon coordination. Interestingly, the tert-

butyl groups of salphen 2h give two signals each in the 2:1 complex. This is not due to 

unequivalence of the salphens but because the C2v symmetry of the salphens is broken in the 

2:1 complex (see Figure 7). In the 3:1 complex the C2v symmetry is restored, and the tert-

butyl groups give rise to only one peak. This means that the trispyridylphosphine template can 

be considered to have C3v symmetry in all its forms: free, in the 1:1 complex, in the 2:1 

 

 
 

Figure 4. The M–Npyr bond length as a function of the torsion angle O–M–Npyr–Co,pyr ϕ. 
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complex, and even in the 3:1 complex. From this we can conclude that the symmetry 

inversion of the trispyridylphosphine unit is fast on the NMR timescale, even in its fully 

encapsulated form. If the inversion would be slow on the NMR timescale, we would observe 

the trispyridylphosphine as a C3 symmetric entity, and the whole complex would have lower 

symmetry. Based on the simplicity of the NMR patterns we can also conclude that the 

salphens can freely rotate around the Ru–Npyr bond, in line with the energy barriers that we 

computed. 

Importantly, the free building blocks and the 1:1, 1:2 and 1:3 complexes can be distinguished 

by NMR as the Ru–pyridine exchange is slow on the NMR timescale. We expect substantial 

spectral differences if different capsular conformations are present, but we observe only one 

set of signals for the 3:1 complex. This indicates that: 1) only one conformation exists in 

solution, or 2) rapid interchange of different conformations on the NMR timescale via a 

 

Figure 5. 31P{1H} NMR spectra from the titration of 1 with 2h (left) and 2g (right). From top 
to bottom: 0, 0.5, 1, 1.5, 2, 2.5 and 3 equivalents of Ru(II)salphen are present. 
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process that does not involve salphen dissociation. In the next section this non-dissociative 

conformational exchange using molecular dynamics is discussed. 

Molecular Dynamics Modeling 

The conversion between “in” and the “out” conformation was studied by molecular dynamics 

simulations. As pyridyl decoordination may be required for this process, it is important to use 

a computational model that allows bond breaking. For this reason, we used the ReaxFF 

reactive force field15 method for these simulations. ReaxFF has been successfully applied in 

previous simulations on transition metal/organic interactions15b,c To enable application to the 

Ru–pyridine systems here we extended the ReaxFF C/O/N/H description, as developed for 

protein-based materials15d with P–C, Zn–N and Ru–N bond- and angle parameters against a 

DFT-based training set, containing P–phenyl and P–CH3 bond, Ru–pyridine and Zn–NH2 and 

Zn–NH3 bond dissociation curves. The ReaxFF H/C/N/O parameters successfully reproduces 

rotational barriers in aromatic and non-aromatic hydrocarbons15 and heteroatoms15d and 

provides a geometry-dependent charge-calculations, indicating that this method is suitable for 

studying complex rotational barriers in metallo-organic complexes, as described here. 

 

Figure 6. 1H NMR spectra (selected aliphatic region) from the titration of 1 with 2h (left) and 
2g (right). From top to bottom: 0, 0.5, 1, 1.5, 2, 2.5 and 3 equivalents of Ru(II)salphen are 

present. 
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In our molecular dynamics simulations we investigated three types of conformational 

changes, as shown in Figure 8. The first is a so called “propellor flip” (A) of the 

pyridylphosphine, which only changes the handedness of the pyridylphosphine propellor, but 

not the up or down orientation of the pyridyl groups. The second conformational change 

relates to the rotation of the salphen units around the Npyr-Zn or Npyr-Ru bond (B). These two 

types of rotation were performed as a benchmark, as these are known to be fast on the NMR 

timescale, thus providing a reference point. 

Finally, and most importantly we studied the pyridyl group rotation (C), which is necessary to 

go from the “in” to the “out” conformation. All these simulations were performed for both the 

“in” and the “out” conformation for the supramolecular assemblies based on the Zn complex 

3b and the Ru complex 3g. 

 

Figure 7. The symmetry of the Ru(II)salphens is broken only in the 2:1 complex. 
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Figure 8. The rotations that were investigated with ReaxFF molecular dynamics. 

From Figure 9 and Figure 10 it can be deduced that for both the Zn and the Ru assembly the 

energy barrier for the propellor flip is much higher for the “out” conformation (35 and 80 kcal 

mol–1, respectively) than for the “in” conformation (20 and 40 kcal mol–1, respectively). The 

calculated energy barriers are higher than would be expected from the NMR measurements, 

as dynamic processes with barriers higher than 16–20 kcal mol–1 should be slow on the NMR 

timescale. This can be explained by relatively short timescale used for the simulations (25 ps). 

The rotational barriers are probably overestimated, since the system is given only a limited 

time to respond to the sliding torsion perturbation. While the complexes have plenty of time 
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Figure 9. Energy profile of the “propellor flip” (A) of complex 3b starting from the “in” (red) 
and from “out” conformation (blue) at t = 0. 

 

Figure 10. Energy profile of the “propellor flip” (A) of complex 3g starting from the “in” 
(red) and from “out” conformation (blue) at t = 0. 
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to equilibrate in the NMR experiment (nanosecond timescale), for example by rotation of the 

salphen units, this is not the case in the simulation. This can result in higher energy barriers 

for the simulations than in the experiments. Increasing the temperature would give better 

sampling, but this also increases the temperature noise, making the measured barrier less 

accurate. The relative barriers that are calculated can still be compared. Also for the salphen 

rotations (Figure 11 and Figure 12) relatively high barriers were found (up to 35 kcal mol–1 

for the rotation of a Ru(II)salphen from the “out” conformation), whereas these rotations have 

also proven to be fast on the NMR timescale. 

The barriers for pyridine rotation (Figure 13 and Figure 14) are in the order of 20 kcal mol–1. 

Since this is lower than the barrier for the propeller flip, which is fast on the NMR timescale, 

we can conclude that the non-dissociative conformational exchange is also fast on the NMR 

timescale. This means that the supramolecular ligands 3b and 3g can exist as a mixture of 

 

Figure 11. Energy profile of the rotation of the salphen fragment (B) in the assembly based 
on complex 3b starting from the “in” conformation (red) and from “out” conformation (blue) 

at t = 0. Negative time signifies rotation in opposite direction. 

 

Figure 12. Energy profile of the rotation of the salphen fragment (B) of the assembly based 
on complex 3g starting from the “in” conformation (red) and from “out” conformation (blue) 

at t = 0. Negative time signifies rotation in opposite direction. 
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conformations in solution (in, out, as well as rotamers), while the NMR spectra will give an 

average signal. Based on the current data we do not know the relative amount of each 

conformer in solution, and the calculations are not sufficiently accurate to predict the relative 

stability. 

Metal Complexes 

The nature of the active species under hydroformylation conditions was previously 

determined directly with high-pressure infrared spectroscopy (HP-IR, see experimental part) 

for the catalyst based on the porphyrin capsule comprising 3a.6 In HP-IR three distinct bands 

were observed in the carbonyl-stretching region. This means that a monophosphine-rhodium 

species is formed, which is in line with the HP NMR data and the distinct catalytic properties. 

For catalysts based on the salphen capsule, only indirect evidence of mono-phosphine species 

has been reported so far.9 In previous studies of the catalyst precursor it has been shown that a 

2:1 mixture of 3f and Rh(acac)(CO)2 in CDCl3 gives rise to two signals in the 31P NMR: a 

singlet at –20.9 ppm (free ligand), and a doublet at 43.4 ppm with a coupling constant of 182 

Hz, which is characteristic for a monophosphine-Rh complex. 

 

Figure 13. Energy profile of the rotation of the pyridyl group with salphen attached (C) of 
complex 3b (red) and 3g (blue) starting from the “out” conformation at t = 0, ending up with 

the “in” conformation. 

 

Figure 14. Representation of the pyridyl group rotation of complex 3b. Energy profile in 
Figure 13. The phosphorus lone pair is kept pointing towards the reader throughout. 
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We now recorded also the HPIR spectrum under actual hydroformylation conditions, which 

shows the typical bands observed for a mixture of complexes with two phosphorus donor 

atoms in the ee and ea coordination mode (Figure 15). The HP-IR spectrum can be simulated 

relatively well using DFT calculations (see experimental part) by making a 1:1:1 linear 

combination of the equatorial-axial and equatorial-equatorial bis-phosphine complexes and 

the equatorial monophosphine complex (Figure 16). In combination with the molecular 

modelling studies that show rapid exchange between “in” and “out” conformations, we 

conclude that it is most likely that these salphen-based catalysts are able to adopt “out” 

conformations upon coordination that do not exclusively enforce formation of mono-

phosphine complexes. 

5.3 Conclusions 

By a combination of X-ray analysis, spectroscopic analysis, DFT and ReaxFF molecular 

dynamics calculations we have been able to determine that complexes of type 3 most likely 

 

Figure 15. HP-IR of the active species in hydroformylation when using 3f as ligand. 

 

Figure 16. The simulated IR spectrum of the Rh-hydroformylation catalyst based on 3f is a 
1:1:1 linear combination of the ea and ee bis-phosphine complexes and the equatorial mono-

phosphine complex. 
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exist as multiple conformations both in solution and in the solid state. Whereas the porphyrin 

based assemblies were found in only one conformation in which the phosphorus donor atom 

was shielded by the porphyrins, the salphen-based analogues can also adopt a conformation in 

which the phosphorus donor atom is much less shielded. The consequences for coordination 

chemistry are large, as for the porphyrins we found that the shielding resulted in exclusive 

monophosphorus coordination complexes,6 whereas for the salphen based assemblies bis-

phosphorus complexes are also formed. Although in these complexes the metal is also 

shielded by the salphens,11c the activity and selectivity is very different from the encapsulated 

mono-phosphine rhodium complexes. Further exploration of the salphen framework might 

result in a structure that does share this ability with the porphyrins, although a valid question 

is whether this salphen would be as synthetically accessible as the easily prepared parent 

Zn(II)tetraphenylporphyrin. More interestingly, chiral versions of these salphen or porphyrin-

based capsules are an attractive target for future directions in this area. 

5.4 Experimental section 

Hydroformylation experiments 

Hydroformylation experiments were performed in a stainless steel autoclave with an insert for 

GC vials to run up to 15 experiments at the same time. The autoclave was equipped with a 

pressure indicator, and was kept at constant room temperature in an oil bath. Each GC vial 

was equipped with a stirring bar. In a typical run each GC vial contained 1 ml of a solution of 

Rh(acac)(CO)2 (0.1 mM), meta-trispyridylphosphine (9 eq.), Zn(II)salphen (27 eq.) and 

octene (1000 eq.). In the cases where salphens were used as associated building block, 

diisopropyl-ethylamine (2.5 eq) was used to protect the salphens from acid-induced 

autocatalytic demetallation.14 

Overview of hydroformylation results 

In Table 5 an overview is given of the hydroformylation results used to assess the catalytic 

properties of the building blocks. The TOFs were calculated based on the reaction yield only, 

so should be taken as a minimum value, especially in the case of high conversion. The table 

was compiled from various sources, as indicated. 
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Table 5. A summary of the results of octene hydroformylation using supramolecular rhodium 
catalysts based on the tris-m-pyridylphosphine template. 

Entry Sub-
stratea 

Buildin
g blockb 

Substrate:
catalyst 

ratio 

Reaction 
time (h) 

out/inc Yield TOF Ref. 

1 1 - 1052 65 2.30 31 5 9 

2 1 2f 1052 65 1.40 97 16 9 

3 1 2c 1052 65 1.00 97 16 9 

4 1 2b 1052 65 1.20 97 16 9 

5 1 2d 1052 65 0.80 97 16 9 

6 1 - 1052 24 2.88 6 3 8 

7 1 2a 1052 24 0.56 52 23 8 

8 2 - 1052 73 1.27 17 2 8 

9 2 2a 1052 73 0.11 32 5 8 

10 2 2c 1052 73 1.04 47 7 10 

11 2 2d 1052 73 0.86 48 7 10 

12 3 - 1052 73 0.98 26 4 8 

13 3 2a 1052 73 0.31 45 6 8 

14 3 2c 1052 73 1.03 60 9 10 

15 3 2d 1052 73 0.98 63 9 10 

16 1 - 5160 18 2.80 4 11 6a 

17 1 2a 5160 18 0.60 44 126 6a 

18 1 - 1000 16 2.50 27 16 d 

19 1 2b 1000 16 1.60 59 38 d 

20 1 2c 1000 16 1.30 42 27 d 

21 1 2e 1000 16 1.90 22 13 d 

22 1 2f 1000 16 1.80 21 12 d 
a 1: 1-octene, 2: 2-octene, 3: 3-octene. b See Scheme 1. c Outer product over inner product, so C1/C2 for 1-

octene, C2/C3 for 2-octene and C3/C4 for 3-octene. d This work. 

 

Crystal structure determination 

Crystal structure determination of 3b: C99H102N9O6PZn3, Fw = 1741.04, orange block, 0.22 × 

0.2 × 0.14 mm3, trigonal crystal system, space group P3c1, cell parameters: a = 20.8644(4) Å, 
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c = 52.9489(13) Å, V = 19961.8(7) A3, Z = 8, 204945 reflections were measured on a Nonius 

KappaCCD diffractometer with rotating anode and MoKα radiation (graphite mono-

chromator, λ = 0.71073 Å) at a temperature of 150(2) K. A multi-scan absorption correction 

was applied (µ = 0.784 mm–1, 0.68–0.9 transmission). 8702 unique reflections (Rint = 0.0974), 

of which 7387 were observed [I > 2σ(I)]. The structure was solved with the program 

DIRDIF,16 and refined using the program SHELXL-9717 against F2 of all reflections up to a 

resolution of  θ = 22.48º. Non-hydrogen atoms were freely refined with anisotropic 

displacement parameters. H atoms were placed in geometrically idealized positions [d(C–H) 

= 0.98 for methyl H atoms and 0.95 for other H atoms] and constrained to ride on their parent 

atoms, with Uiso(H) = 1.5 Ueq(C) for methyl H atoms and Uiso(H) = 1.2 Ueq(C) for all other H 

atoms. The structure contained disordered solvent molecules, which were taken into account 

by back-Fourier transformation with PLATON/SQUEEZE,18 (SQUEEZE volume = 4202 Å3, 

recovered number of electrons = 502). 722 refined parameters, 0 restraints. R (obs. refl.): R1 = 

0.0538, wR2 = 0.1105. R (all data): R1 = 0.0746, wR2 = 0.1185. Weighting scheme w = 1/[σ2 

(Fo
2)+(0.0367P)2+1.1877P], where P = (Fo

2+2Fc
2)/3. GoF = 1.179. Residual electron density 

between –0.394 and 0.387 e Å–3. Checking for additional symmetry was performed with the 

program PLATON.19  CCDC 831697. 

NMR titrations 

NMR measurements were recorded on a Varian 500 NMR spectrometer. The titration 

experiments were performed as follows: A sample containing 0.75 ml of a solution of 0.1 mM 

tris-meta-pyridylphosphine in toluene-d8 was prepared, and measured. To this sample, 0.1 ml 

of a solution of Ru(II)salphen (0.375 mM) and tris-meta-pyridylphosphine (0.1 mM) was 

added for each successive measurement. 

High-pressure infrared spectroscopy 

High-pressure FT-IR was performed in a stainless steel 50 ml autoclave equipped with 

INTRAN windows (ZnS), a mechanical stirrer and a pressure transducer. The spectra were 

recorded with a Nicolet 510 FT-IR spectrophotometer. The high-pressure infrared 

experiments were performed in a high-pressure infrared autoclave that was degassed and 

filled with argon before use. In a typical experiment P(meta-pyr)3 (95 µmol, 25 mg) and 

ZnTPP (284 µmol, 192 mg) in DCM (13 ml) were injected into the autoclave. The autoclave 

was flushed three times with syngas, and pressurized to 20 bar. The background spectrum was 

taken from this mixture. Rh(acac)(CO)2 (11 µmol, 2.6 mg) in DCM (1 ml) was injected via 
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the injection chamber. The catalyst was left to incubate for one hour, during which spectra 

could be recorded. 1-octene (2.1 mmol, 330 µl) in DCM (1 ml) was injected via the injection 

chamber, after which more spectra could be recorded. 

DFT calculations 

All DFT calculations were performed with Gaussian ’03.20 The pyridine rotations were done 

by performing a relaxed potential energy surface scan at the B3LYP/DGDZVP level. The IR 

simulations were done by performing an energy minimization followed by a frequency 

analysis. Triphenylphosphine complexes were used as model for the full supramolecular 

assemblies. The B3LYP functional was used in combination the Stuttgart-Dresden basis set 

for rhodium and phosphorus, 6-311G** for the hydride and CO-ligands, and 6-31G* for the 

PPh3 phenyl groups. An extra d function with an exponent of 0.386 was added for 

phosphorus.21 

ReaxFF MD simulations 

ReaxFF MD calculations were performed with the stand alone ReaxFF program.15a Force 

field parameters can be obtained from Adri van Duin (acv13@psu.edu) upon request. The 

simulations were performed using the sliding torsion restraint method, which essentially 

slowly progresses selected torsion angles (see figures in the text) during a MD/NVT (T = 250 

K) simulation. This is similar to the umbrella sampling concept - essentially allowing the 

system to respond to a perturbation by performing a molecular dynamics simulation. 
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Summary 

 

Catalysis is immensely important for the chemical industry to meet the demands of 

modern society in terms of chemical products. Whenever selectivity is an issue, it 

might be attractive to have the possibility to change the selectivity of a chemical 

process to meet a change in demand. Supramolecular chemistry gives the possibility 

to change the reactivity of a catalyst by simple self-assembly, and in some cases the 

changes can be quite spectacular. A supramolecular catalyst system for 

hydroformylation, published by our group some years ago certainly falls in this 

category. These catalysts consist of a rhodium center ligated by pyridylphosphine(s) 

through phosphorus. Each pyridine group is coordinating to a building block 

containing a Lewis acidic, but not catalytically active metal center. One of the most 

successful members of this catalyst family in changing the reactivity compared to the 

non-associated system is the system depicted in Figure 1. Here, the ligand is tris-

meta-pyridylphosphine, and zinc(II)tetraphenyl-porphyrin building blocks 

encapsulate the catalytic center. This catalyst is ten times more active than the non-

encapsulated counterpart, and preferentially produces the branched product (l/b = 

0.6), whereas the non-encapsulated catalyst preferentially produces the linear product 

 

Figure 1. The self-assembly of the tris-meta-pyridylphosphine/Zn(II)porphyrin 
capsule followed by coordination of rhodium to form the active hydroformylation 

catalyst. 
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(l/b = 2.8). Spectroscopic studies showed that the encapsulated catalyst exists as a 

monoligated (by phosphine) rhodium species, which is unusual, but conceptually 

easily understood: There is simply no space for a second ligand. This thesis deals with 

experimental and theoretical studies, aimed at gaining a better understanding of the 

mechanism by which these catalysts operate, focusing on the rate acceleration and the 

high branched-selectivity. 

Chapter 1 gives an introduction to several aspects of hydroformylation in general, as 

well as to the supramolecular systems described above. 

In chapter 2, DFT calculations are presented on the parent triphenylphosphine catalyst 

system. Although this system is well known, it has never been thoroughly determined 

how the reactivity changes when going from the bisligated to the monoligated 

catalyst. Experimentally this is not possible because the monoligated rhodium is in 

equilibrium with both the bisligated and the non-ligated species, so that under 

conditions where appreciable amounts of monoligated species are present, also the 

other complexes are present. The full catalytic cycles were calculated for the 

hydroformylation of ethene using non-dispersion-corrected DFT. However, these 

calculations showed some inconsistencies in the relative stability of the mono- and 

bisligated species, as well as in the relative reaction rates compared to what is known 

from experiments. Therefore, the key hydride migration step was recalculated with 

propene as the substrate and using dispersion corrections. This removed said 

inconsistencies, and allowed us to model the selectivity. The DFT calculations 

confirm that the monoligated catalyst is more active, and indeed the acceleration that 

was calculated matches with those observed for the encapsulated catalyst. The 

calculated l/b ratio is lower for the monoligated species than for the bisligated species, 

but the reduction is much smaller than that observed experimentally with the 

encapsulation of the catalyst. This means that the change in activity observed in the 

encapsulated catalyst can be fully attributed to the change in ligand coordination 

mode, but the change in selectivity cannot. Interactions between the substrate and the 

building blocks might additionally play a role in pushing the selectivity towards the 

branched product. 

The kinetics of the hydroformylation reaction have been studied rigorously in the 

past, and two simple models exist to describe the two most common kinetic types 

found in hydroformylation (type I and type II). These models do not say anything 
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about selectivity however, and more problematically, they are not able to describe the 

kinetics of the tris-meta-pyridylphosphine/zinc(II)tetraphenylporphyrin system (as 

shown in chapter 4). In chapter 3 a general model for hydroformylation is described 

that explicitly takes the linear and branched cycles into account. It is shown that the 

kinetics of each cycle influence the kinetics of the other, resulting in a complex 

system. This model can be used to describe systems displaying both type I and type II 

kinetics, as shown by fitting it to data from the literature. 

In chapter 4 experiments are described to measure the kinetics of the tris-meta-

pyridylphosphine/zinc(II)tetraphenylporphyrin system using gas-uptake 

measurements. Several steady-state models are compared in their ability to describe 

the hydroformylation kinetics, and it is shown that the standard type I and type II 

models do not describe the experimental results adequately. The model from chapter 3 

works much better, but an even better description can be obtained by moving away 

from the steady-state approximation using a fully dynamic model. Both the steady-

state and the dynamic model show that the branched acyl species is the dominant 

resting state, and that its formation is (almost) irreversible. Because of this, the 

catalyst has to pass through the hydrogenolysis to produce the branched product 

before entering the linear cycle. This, in combination with a fast branched cycle, 

causes the high branched selectivity. 

 

Figure 2. The assembly of tris-meta-pyridylphosphine with a zn(II)salphen building 
block exhibits two conformations in the solid state. 

In chapter 5 experimental and theoretical studies are described of catalysts making 

use of zinc(II)salphens instead of porphyrins. These catalysts show the same trends 

upon association of the building blocks as the porphyrins, but the changes are less 

pronounced. An X-ray crystal structure of the pyridylphosphine with the salphen 
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building blocks showed the co-crystallization of two conformers alternating in the 

crystal lattice (Figure 1). This shows that multiple conformations are accessible, but 

not to what extent they play a role in solution. This was investigated with NMR 

studies and molecular dynamics simulations. From these it was concluded that 

conformational exchange is very fast, even without dissociation of the building 

blocks, and that therefore multiple conformations are indeed accessible in solution. As 

a consequence, the salphen complexes do not result in fully encapsulated ligands, and 

mixtures of mono- and bisligated rhodium complexes are formed during catalysis. 

This results in lower branched-selectivity and a lower rate acceleration. 

To summarize, we have studied supramolecular catalysts making use of both 

experimental and theoretical approaches. In this manner we were able to understand 

the behavior of these supramolecular complexes at the molecular level. We were able 

to give an explanation for both the increase in activity and the change in selectivity 

when the porphyrin building blocks are used. At the same time we were able to show 

why these changes are much less pronounced when using the salphen building blocks. 

Hopefully, understanding how these catalysts work facilitates the design and 

development of the next generation of hydroformylation catalysts. 
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Samenvatting 

 

Katalyse is enorm belangrijk in de chemische industrie, omdat katalysatoren helpen 

chemische processen efficiënter te laten verlopen. Zonder katalyse zou het onmogelijk 

zijn om onze moderne samenleving te voorzien van alle stoffen en materialen die 

nodig zijn om de huidige levensstandaard te handhaven. Wanneer selectiviteit een rol 

speelt in een chemisch proces, kan het aantrekkelijk zijn om de mogelijkheid te 

hebben de selectiviteit te beïnvloeden, om in te spelen op veranderingen in vraag. Dit 

wordt traditioneel gedaan door het ligand dat aan het metaal vast zit aan te passen, 

maar het kan ook met behulp van supramoleculaire katalyse. Dit geeft de 

mogelijkheid om door middel van simpele zelf-assemblage de reactiviteit van een 

katalysator te veranderen. In sommige gevallen zijn deze veranderingen vrij drastisch, 

en een goed voorbeeld daarvan is het hydroformyleringssysteem dat een aantal jaren 

terug in onze groep is ontwikkeld. Deze homogene katalysatoren zijn gebaseerd op 

rhodium, dat gebonden is aan pyridylfosfine(s) via de fosfor. Tegelijkertijd is elke 

pyridinegroep gebonden aan bouwstenen die bestaan uit Lewis-zure 

metaalcomplexen, die niet katalytisch actief zijn. Deze bouwstenen vormen in meer of 

mindere mate een capsule rondom het rhodium centrum. Van deze groep 

 

Figuur 1.)De zelf-assemblage van de tris-meta-pyridylfosfine/Zn(II)porfyrine capsule 
en coördinatie van rhodium geeft de actieve hydroformyleringskatalysator. 
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katalysatoren is de variant afgebeeld in Figuur 1 het meest succesvolle, als gekeken 

wordt naar verandering in reactiviteit ten opzichte van de katalysator zonder 

omhullende capsule. In dit geval is tris-meta-pyridylfosfine het ligand, en drie 

zink(II)tetrafenylporfyrines omhullen het rhodium centrum. Deze katalysator is tien 

keer actiever dan de variant zonder capsule, en produceert meer vertakt product (l/b =  

0.6), waar de variant zonder capsule meer lineair product produceert (l/b = 2.8). 

Spectroscopische studies laten zien dat rhodium hier maar aan één fosfineligand 

gebonden is. Dit is vrij bijzonder, omdat dat normaal gesproken alleen met fosfieten 

gebeurt. Het is wel te begrijpen, want gezien het formaat van deze liganden ligt het 

voor de hand dat er maar eentje past. In dit proefschrift worden experimentele en 

theoretische studies beschreven met als doel het mechanisme van deze katalysator 

beter te begrijpen, waarbij de nadruk ligt op het verklaren van zowel de verhoogde 

activiteit als de veranderde selectiviteit. 

Hoofdstuk 1 is de inleiding, waar verschillende aspecten van de 

hydroformyleringsreactie worden toegelicht. Ook de hierboven beschreven 

katalysator komt verder aan het licht. 

In hoofdstuk 2 presenteren we DFT berekeningen aan het trifenylfosfine-rhodium 

systeem voor hydroformylering. Hoewel dit systeem welbekend is, is er nooit een 

grondige vergelijking  gedaan van de reactiviteit van het bis-gecoördineerde rhodium 

complex ten opzichte van het mono-gecoördineerde complex. Dit is experimenteel 

dan ook niet mogelijk, omdat bis, mono en vrij rhodium allemaal met elkaar in 

evenwicht zijn, waardoor het tot dusver nooit mogelijk is geweest om het mono-

gecoördineerde complex geïsoleerd te bestuderen. De volledige katalytische cyclus 

voor de hydroformylering van etheen is doorgerekend voor zowel het mono- als het 

bis-fosfinecomplex, waarbij in eerste instantie gebruik gemaakt is van niet-dispersie-

gecorrigeerde DFT. De voorspelling die deze berekening gaf voor de relatieve 

stabiliteit van de mono- en bis-fosfinecomplexen kwam echter niet overeen met wat 

spectroscopische experimenten laten zien. Bovendien kwamen de relatieve 

reactiesnelheden van het mono-fosfine complex en het bis-fosfine complex niet 

overeen met de verwachting. Door de hydride migratiestap opnieuw uit te rekenen, 

maar nu met dispersie-gecorrigeerde DFT, en bovendien met propeen als substraat, 

kwamen deze inconsistenties te vervallen, en was het mogelijk om de selectiviteit van 

de reactie te berekenen. De DFT berekeningen bevestigen dat het mono-
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gecoördineerde complex actiever is, en het berekende verschil in reactiesnelheid komt 

overeen met het waargenomen verschil in reactiesnelheid tussen het rhodium complex 

omhuld door de supramoleculaire capsule en het complex zonder de capsule. De 

berekende l/b-waarde is lager voor het mono-gecoördineerde complex dan voor het 

bis-gecoördineerde complex, maar dit verschil is veel kleiner dan het verschil dat 

verkregen wordt door omhulling van de katalysator met een supramoleculaire capsule. 

Dit betekent dat de we toename in reactiesnelheid volledig kunnen toekennen aan de 

verandering van de coördinatiemodus, maar de verandering in selectiviteit niet. Het is 

dus zeer waarschijnlijk dat interacties tussen substraat en capsule een belangrijke rol 

spelen in het verkrijgen van de hoge selectiviteit voor het vertakte product. 

De kinetiek van de hydroformyleringsreactie is in het verleden grondig bestudeerd, en 

er zijn twee simpele modellen die de meest voorkomende kinetische profielen 

beschrijven (type I en type II). Deze modellen laten selectiviteit echter volledig buiten 

beschouwing. In hoofdstuk 4 wordt bovendien aangetoond dat deze modellen niet in 

staat zijn om de kinetiek van de rhodium katalysator verpakt in de supramoleculaire 

capsule te beschrijven. In hoofdstuk 3 wordt daarom een algemeen model voor 

hydroformyleringskinetiek beschreven dat expliciet de katalytische cyclussen voor 

vorming van zowel het lineaire als het vertakte product meeneemt. Omdat de cycli 

met elkaar verbonden zijn, kunnen ze elkaar beïnvloeden, wat het geheel een complex 

systeem maakt. Dit model kan zowel type I als type II kinetiek beschrijven, wat werd 

aangetoond door literatuurdata te fitten. 

In hoofdstuk 4 wordt de kinetiek van het systeem in de supramoleculaire capsule 

gemeten met behulp van gas-opname experimenten. Verschillende steady-state 

modellen worden gebruikt om de kinetiek te beschrijven, maar het is duidelijk dat de 

standaard type I en type II modellen geen goede beschrijving geven. Het model uit 

hoofdstuk 3 werkt veel beter, maar de beste beschrijving werd verkregen met een 

dynamisch model. Zowel het steady-state model als het dynamische model laten zien 

dat het vertakte acyl complex de dominante ‘resting state’ is, en dat deze vrijwel 

irreversibel gevormd wordt. Hierdoor moet de katalysator hydrogenolyse ondergaan 

en een vertakt product maken voor het naar de lineaire cyclus kan gaan. Dit, in 

combinatie met de snellere cyclus waarin het vertakte aldehyde gevormd wordt 

veroorzaakt de hoge selectiviteit voor het vertakte product. 
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Figuur 2. Het complex van tris-meta-pyridylfosfine met zn(II)salphen bouwstenen 
bestaat in twee conformaties in de kristalstructuur. 

In hoofdstuk 5 worden experimentele en theoretische studies beschreven van 

katalysatoren gebaseerd of zink(II)salphens in plaats van porfyrines. Deze 

katalysatoren laten bij de coördinatie van de bouwstenen dezelfde trends zien als in 

het geval van de porfyrines, maar de veranderingen zijn minder uitgesproken. 

Röntgendiffractie laat zien dat het complex van pyridylfosfine met de salphen 

bouwstenen in de kristalstructuur in twee conformaties bestaat die alterneren in het 

kristalrooster (Figuur 2). Dit betekent dat meer dan één conformatie toegankelijk is. 

Op basis van de kristalstructuur kan niet geconcludeerd worden dat deze conformaties 

ook een rol spelen in oplossing. De flexibiliteit van dit systeem, relevant voor het 

gedrag van de katalysator in oplossing, is daarom onderzocht met behulp van NMR 

studies en moleculaire dynamica simulaties. Hiermee kon worden aangetoond dat 

uitwisseling tussen de verschillende conformaties heel snel is, en dat dissociatie van 

de bouwstenen daarvoor niet nodig is. Meerdere conformaties zijn dus inderdaad 

toegankelijk in oplossing, en dit betekent dat het salphen complex niet perse een 

volledig omhullende capsule om het actieve rhodium centrum vormt. Hierdoor 

kunnen mengsels van mono- en bis-gecoördineerde rhodium complexen gevormd 

worden tijdens de katalyse, met als gevolg een lagere selectiviteit voor het vertakte 

product, en minder verhoogde reactiesnelheid ten opzichte van het porfyrinecomplex. 

Tot slot: We hebben supramoleculaire katalysatoren bestudeerd met behulp van zowel 

experimentele als theoretische methoden. Op deze manier was het mogelijk om het 

gedrag van deze supramoleculaire complexen op moleculair niveau te begrijpen. Dit 

heeft ons in staat gesteld om te verklaren waarom de katalysatoren die omhuld zijn 

met een supramoleculaire porfyrine capsule een hogere activiteit en een heel andere 
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selectiviteit hebben dan de variant zonder die capsule, en waarom dit veel minder 

uitgesproken is wanneer salphens worden gebruikt in plaats van porfyrines. Begrijpen 

hoe deze katalysatoren werken zou in de toekomst kunnen helpen om de volgende 

generatie hydroformyleringskatalysatoren te ontwikkelen. 



 

 140 



 

 141 

Dankwoord 

 

Lieve lezer, dan nu hetgeen waar iedereen lang op heeft moeten wachten: het puntje 

op de ı, de kers op de appelmoes, de vlag op de modderschuit, oftewel het dankwoord. 

Aangezien ik geen lijst heb bijgehouden zal ik ongetwijfeld iemand vergeten, 

waarvoor bij voorbaat mijn verontschuldiging. 

Joost, jouw enthousiasme en creativiteit zijn bewonderenswaardig, en in mijn geval 

heb je ook nog een goede portie geduld getoond. Het was een lange rit, maar we zijn 

er gekomen. Bedankt voor alle steun. Bas, jij kwam pas later in het traject echt op de 

trein, maar je bent van onschatbare waarde geweest voor de totstandkoming van dit 

boekje: vooral je bijdragen aan hoofdstuk 2, maar ook correcties voor de rest van het 

proefschrift. Jarl, bedankt voor de kritische vragen en suggesties bij de 

werkbesprekingen. Piet, ik heb je niet lang meegemaakt in Amsterdam, voor je 

voorgoed (nouja, betrekkelijk voorgoed) naar Tarragona vertrok. Bedankt dat je wilde 

plaatsnemen in mijn commissie. Ook de andere commissieleden, Kees, Jan, Fred, 

Evert-Jan en Gerard, bedankt voor de moeite. 

Om te leren werken met ReaxFF heb ik een weekje op CalTech mogen meelopen met 

de groep van William Goddard III en Adri van Duin. Adri, bedank voor de tijd daar, 

en voor de latere samenwerking die tot hoofdstuk 5 heeft geleid. 

Een onderzoeksgroep draait niet zonder de technische ondersteuning. Erik, Taasje, 

Fatna en Lars, bedankt voor de hulp bij alle praktische zaken. Jan G., bedankt voor 

alle hulp bij het shimmen en tunen om al die rare kernen te meten. Ik hoop dat je 

pensioen je goed bevalt. Jan-Meine, bedankt voor je kalme uitleg en hulp bij de 

deuterium-NMR experimenten. 

Vladica, you arrived a bit after me in the group, and we noticed quite soon that we 

had a good portion of overlap in musical taste. This resulted in visiting quite some 

concerts and other events. More importantly, we shared a whole lot of suffering in the 

lab. I enjoyed our discussions on science and the world, and more recently we 

realized, together with our spouses that we also share an interest in board games. And 



 

 142 

now you have your own little Munchkin. Thank you for accepting to be my 

paranymph, even though you have to come from far. All the best to you, Marija and 

Philip. 

Fred, thank you for being my other paranymph. You came to the group much later, 

and so we didn’t have a lot of scientific interaction. On the other hand we spent a lot 

of time together with our respective partners cooking, chatting and playing board 

games. It was great having you in the house for a while. All the best to you and 

Jacques. 

Sander, jij begon net na mij bij HomKat als postdoc. Ik wil niet weten hoeveel biertjes 

we in de tussentijd genuttigd hebben, hoewel die ene keer in de Twee Spieghels daar 

buitenproportioneel aan heeft bijgedragen. In de tussentijd ben je veranderd van 

verstokte vrijgezel in vader van vier, en toch ook hetzelfde gebleven. Bedankt voor 

alle discussies, Mathematica sessies, aluminiumfolie hoedjes en andere zin en onzin. 

In de loop van de jaren zijn er heel wat HomKatters gegaan en gekomen, en op een 

bepaalde manier hebben die allemaal bijgedragen. Zo niet op wetenschappelijk 

gebied, dan wel door middel van gezelligheid in de koffiepauzes, lunches en borrels. 

Dus bedankt Alessandra, Andrei, Annemarie (ik herinner me de rondleiding in zonnig 

en cultureel Almere), Avi, Axel (master of Linux and Monty Python), Bart, Bert, 

Chrétien, Danny, Dennis, Dinesh, Elsbeth, Erica en Wojciech (heel veel geluk met de 

kleine), Erik Z. (toch ook een grondlegger van een deel van het werk in dit boekje, 

bedankt voor alle hulp in het begin), Fabrizio M. (thanks for all the parties and good 

times), Fabrizio R., Franco (altijd interessante gesprekken), Franti, Fred P., Genady, 

Gledison, Guillaume (I’m starting to believe your theory on hangovers), Irshad, Jana, 

Jeroen, Jitte (ons streng, maar rechtvaardige labhoofd, ik heb veel van je geleerd), 

Johanneke, Julien (guitar hero, from Grateful Dead to Slayer), Jurjen (bedankt voor 

alle barbecues), Leszek (evenings with you always turned surreal in some way, thanks 

for that), Lidy, Linda, Mark B. (thanks for the hospitality in Leipzig), Mark K., 

Markus, Martin, Massimo (hipster without a cause?), Miguel, Monalisa, Nicole, 

Pawel (you had a talent for leading us the wrongest bars), grote Pierre, kleine Pierre, 

Piluka (you were a great housemate and friend, thank you for hosting us in Zaragoza, 

also to your mother), Quinten, Rafa, Remko (bedankt voor de hulp met de AMTEC), 

René (leuk om je nu weer als collega te hebben), Richard (grote levensgenieter), Rick 

(it was great having you as an office mate for a while), Ronald, Rosalba, Ruta, 



 

 143 

Rutger, Samir, Sandra, Sofia, Sumesh, Tatiana, Tehila (ik herinner me onze 

fietstochten van en naar Slotervaart), Tendai, Vincent, Xiaowu (good luck with the 

kinetics), Yann, Yasemin en Zohar. Thank you all for the scientific contributions as 

well as for the great atmosphere in the group. 

Pap & Mam, jullie hebben me altijd gestimuleerd om zover mogelijk door te leren. De 

laatste fase heeft wat langer geduurd dan gepland, maar is nu dan toch voltooid. 

Bedankt voor alles. Myrthe ik zie je veel te weinig nu je zo ver zit, maar weet dat ik 

trots ben op mijn zusje. 

En het belangrijkste voor het laatst: Alma, you deserve the greatest thanks for 

stimulating me to finish this thesis, for being in my life, and for making me a better 

man. Te amo por siempre ♥ 

 

 

 

 

 

 

 


