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‘Double, double, toil and trouble. 

Fire burn and cauldron bubble’ 

William Shakespeare, MacBeth, Act 4 scene 1 
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Summary 

SUMMARY 

 

 

Hydroformylation of olefins is one of the most important industrial applications of 

homogeneous transition metal catalysis. It is a 100% atom efficient reaction to convert olefins 

to aldehydes. In the case of industrial intermediates for plasticizers and monomers for 

polyesters as well as for detergent alcohols the linear aldehydes are desired. In applications 

directed towards fine chemicals often the branched aldehydes are wanted, as for example in 

asymmetric hydroformylation to obtain optically pure precursors for pharmaceuticals. 

 

Besides the well-established rhodium-catalyst systems, platinum/tin catalysts have been 

known long time but never came to real applications. The latter can be used for both reaction 

types mentioned. The platinum-systems have since long been known for their superior 

enantioselectivity. However, the systems using classical phosphine ligands suffer from low 

regioselectivities. This originates from a high isomerization activity, which can be 

advantageous for the conversion of internal olefins. Application of rigid, large bite-angle 

ligands can furthermore bring about very high selectivity for linear terminal aldehydes. 

 

Combining in situ high-pressure techniques such as IR in catalytic experiments and complex 

characterization, using NMR and X-ray crystallography, gives a powerful tool to study these 

systems. Using kinetic and mechanistic studies the rate-limiting step as well as the selectivity 

determining steps in the catalytic cycle can be identified. The role of the ligand in the catalytic 

cycle can further be elucidated, which can lead to the development of new ligands or classes 

of ligands in future studies. 

 

The work described in this thesis is aimed at the exploration of the mechanisms governing 

activity and selectivities in the platinum catalyzed hydroformylation. Both the asymmetric 

hydroformylation and the regioselective hydroformylation are investigated. The latter will, 

starting from internal olefins, consist of a tandem reaction of isomerization towards terminal 

olefins, followed by the hydroformylation to yield linear aldehydes. The observed activity and 

selectivities will be related to the reaction mechanism. 
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Summary 

In Chapter 1 the literature dealing with hydroformylation in general and platinum catalyzed 

hydroformylation is reviewed. The historical development of hydroformylation is considered. 

The platinum catalyzed hydroformylation is discussed in more detail. Some attention is 

directed towards the ligands used in hydroformylation and the ligand specific effects. Factors 

governing activity and selectivities are further explored in the discussion on the reaction 

mechanism in platinum catalyzed hydroformylation. Potential rate limiting and selectivity 

determining steps are identified in the catalytic cycle. In the reaction mechanism the 

tin(II)chloride plays an important role and the contribution of this activator is reviewed. 

 

The platinum catalyzed asymmetric hydroformylation with the ligand XantBino is explored in 

Chapter 2. The platinum-complex was investigated using NMR spectroscopy and X-ray 

crystallography. It was shown that the two phosphorus atoms are inequivalent due to the 

conformational arrangements of the Bino-groups. The ligand coordinated to the platinum 

atom in a cis-configuration. Furthermore, the platinum atom adopted a remarkable out-of-

plane conformation relative to the xanthene backbone. After activation with tin(II)chloride the 

complex was used in the asymmetric hydroformylation of styrene. The enantioselectivity 

proved to be independent of the conversion, contrary to previous research and attributed to the 

equimolar amount of tin. The chemoselectivity reached 82% and was dependent on 

conversion, temperature and pressure. This was mainly caused by the changes in the relative 

amount of hydrogenolysis, the rate-limiting step. The regioselectivity was shown to reach 

83% towards the branched aldehyde and was governed by π-stacking of the substrate with the 

side-groups of the ligand. Enantio-inversion was shown and an encouraging 30% 

enantioselectivity was reached. 

 

Chapter 3 is dedicated to the study of the regioselective hydroformylation of octenes using 

Sixantphos as a ligand. The ligand proved to coordinate in a cis-conformation to the platinum 

atom, as shown by 31P NMR and the molecular structure of the complex. The latter showed 

the platinum atom to be placed orthogonally out of the backbone plane. Using UV-Vis 

spectroscopy the activation of the platinum complex with tin(II)chloride was proven to be 

complete within one hour. In in situ high-pressure IR experiments the preformation process 

was monitored. A hydride species was shown to be formed initially, gradually converting to a 

stable carbonyl resting state. This resting state was also observed during regioselective 

hydroformylation of 1-octene. The reaction rate for the regioselective hydroformylation was 
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shown to be limited by two steps, prevailing at different temperatures. Also the 

hydrogenation, an undesired side-reaction, was shown to be strongly dependent on 

temperature. Excluding the presence of platinum clusters this could be attributed to changes in 

the reaction mechanism. In the regioselective hydroformylation of internal octenes linear to 

branched ratios up to 3.1 could be reached. The tandem reaction of isomerization and 

hydroformylation gave encouraging results in the production of linear aldehydes from internal 

octenes. Both the effects of added ligand and changing the partial pressures of hydrogen or 

carbon monoxide proved the hydrogenolysis to be the rate-limiting step. 

 

The ligand effects in regioselective hydroformylation are further explored in Chapter 4. The 

focus is directed towards the steric and electronic parameters governing activity and 

selectivity. Using 31P NMR the diphosphonite 4,5-bis{di[(2-tert-butyl)phenyl]phosphonito}-

9,9-dimethyl-xanthene was shown to have more electron-deficient phosphorus atoms than the 

diphosphine Sixantphos. This should give a less active catalyst, and this was indeed shown in 

the regioselective hydroformylation of 1-octene and 4-octene. But also the steric factors can 

play an important role in the activity of these xanthene-derived ligands. Both effects could not 

be separated. Turnover frequencies of 1228 h-1 could be reached and regioselectivities in 

excess of 99% were observed. After complexation to platinum the ligands Terphos and 

UvAphos were shown to be electronically very similar by NMR spectroscopy. Using 

molecular modeling and comparing the results to the known molecular structure of Terphos-

complexes showed the Terphos to have a more accessible platinum atom. This explains the 

higher activity with the Terphos catalyst (TOF = 49 h-1) and the better chemoselectivity 

(100%) and linear to branched ratio of 45 for UvAphos. 
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Samenvatting 

SAMENVATTING 
 
 
Hydroformylering van olefinen is een van de belangrijkste industriële toepassingen van homogene 

overgangsmetaal katalyses. Het is een 100% atoom-efficiënte reactie om olefinen om te zetten 

naar aldehydes. Industriële tussenproducten voor weekmakers, monomeren voor polyester en 

alcoholen voor wasmiddelen vereisen lineare aldehydes. In fijnchemische toepassing zijn 

daarentegen de vertakte aldehydes gewenst, bijvoorbeeld om optisch zuivere uitgangsstoffen voor 

medicijnen te verkrijgen. 

 

Naast de bekend rodium katalysator systemen zijn de platina-tin katalysatoren reeds lang bekend. 

Industriële toepassing hiervan laat echter nog op zich wachten. Deze systemen kunnen worden 

gebruikt voor beide hydroformyleringsprocessen zoals boven vermeld. De platina-systemen staan 

bekend om hun superieure prestaties in de enantioselectieve hydroformylering. De systemen met 

de klassieke phosphine liganden hebben echter te lijden van lage regioselectiviteiten. Dit wordt 

veroorzaakt door isomerisatie activiteit, welke toegepast kan worden voor de hydroformylering 

van interne olefinen. Het gebruik van rigide liganden met een grote “bite angle” kan de 

selectiviteit naar lineare aldehydes verder vergroten. 

 

Het gecombineerd toepassen van in situ hoge druk technieken zoals IR in katalytische 

experimenten en complex karakterisering met NMR en röntgen diffractie spectrometrie levert een 

krachtig middel om deze systemen nader te bestuderen. Gebruik makend van kinetische en 

mechanistische studies, kunnen de snelheidsbepalende en de selectiviteitsbepalende stappen in de 

katalytische cyclus worden geïdentificeerd. De rol van het ligand in de katalytische cycles kan 

verder worden opgehelderd, waardoor toekomstige nieuwe liganden of nieuwe klassen van 

liganden kunnen worden ontwikkeld. 

 

De resultaten beschreven in dit proefschrift zijn gericht op het uitzoeken van de mechanismen die 

de activiteit en selectiviteit bepalen in de platina gekatalyseerde hydroformylering. Zowel de 

asymmetrische als de regioselectieve hydroformylering zijn bestudeerd. Deze laatste bestaat uit 

een cascade reactie wanneer wordt uitgegaan van interne olefinen. De interne olefinen worden 

eerst geïsomeriseerd naar de eindstandige olefinen die vervolgens worden gehydroformyleerd om 

lineare aldehydes te leveren. De geobserveerde activtiteit en selectiviteit kan worden gecorreleerd 

aan het reactie mechanisme. 
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In hoofdstuk 1 wordt de literatuur besproken die zowel de algemene hydroformylering als de 

platina gekatalyseerde hydroformylering betreft. De historische ontwikkeling van 

hydroformylering wordt beschouwd. Vervolgens wordt dieper ingegaan op de platina 

gekatalyseerde hydroformylering. Enige aandacht gaat daarbij uit naar de liganden zoals gebruikt 

in hydroformylering en de ligand-specifieke effecten. De activiteits- en selectiviteitsbepalende 

factoren worden verder uitgediept in een discussie aangaande het reactie mechanisme van de 

platina gekatalyseerde hydroformylering. Potentiële snelheids- en selectiviteitsbepalende stappen 

in de katalytische cyclus worden geïdentificeerd. Vanwege het grote belang van de activator 

tin(II)chloride in het reactie mechanisme, wordt de bijdrage hiervan besproken. 

 

De platina gekatalyseerde asymmetrische hydroformylering met het XantBino ligand wordt 

verkend in hoofdstuk 2. Het platina-complex is onderzocht met NMR spectroscopie en röntgen 

diffractie spectroscopie. De twee fosfor atomen blijken ongelijkwaardig te zijn door de structurele 

ordening van de Bino-groepen. Het ligand coördineert aan het platina in een cis-configuratie. Het 

platina atoom neemt een uitzonderlijke conformatie aan buiten het vlak van de xanthene 

“backbone”. Na activering met tin(II)chloride wordt het complex toegepast in de asymmetrische 

hydroformylering van styreen. De enantioselectiviteit blijkt onafhankelijk te zijn van conversie, in 

tegenstelling tot voorgaand onderzoek. Dit effect is toegeschreven aan de equimolaire hoeveelheid 

tin. De chemoselectiviteit behaalde waarden van 82% and was afhankelijk van conversie, 

temperatuur en druk. Dit wordt vooral veroorzaakt door het relatieve belang van hydrogenolyse, 

de snelheidsbepalende stap. De verhouding vertakte aldehydes over lineare aldehydes was 

maximaal 4,9. De regioselectiviteit wordt bepaald door de π-stapeling van het substraat met de 

zijgroepen van het ligand. Enantio-inversie is aangetoond en een 30% enantioselectiviteit kon 

worden bereikt. 

 

Hoofdstuk 3 is gewijd aan het onderzoek naar de regioselectieve hydroformylering van octenen 

met het Sixantphos ligand. Het ligand bleek te coordineren aan het platina in een cis-conformatie, 

zoals kon worden aangetoond met 31P NMR en de moleculaire structuur van het complex. Deze 

structuur laat zien dat het platina loodrecht buiten het vlak van de “backbone” ligt. Met behulp 

van UV-Vis spectroscopie is aangetoond dat de activering van het platina complex met 

tin(II)chloride is voltooid binnen een uur. In in situ hoge druk IR experimenten is het preformatie 

proces geobserveerd. Een hydride complex werd initieel gevormd, welke geleidelijk omzette in 

een stabiele carbonyl rust-toestand. Deze rust-toestand kon ook worden aangetoond tijdens de 

regioselectieve hydroformylering van 1-octene. De reactiesnelheid voor de regioselectieve 
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hydroformylering wordt gelimiteerd door twee stappen, welke afhankelijk van de temperatuur 

overheersen. Ook de hydrogenering, een ongewenste nevenreactie, was sterk afhankelijk van de 

temperatuur. Door het uitsluiten van platina clusters kon worden aangetoond dat dit veroorzaakt 

werd door veranderingen in het reactie mechanisme. In de regioselectieve hydroformylering van 

interne olefinen kon een regioselectiviteit van 76% worden bereikt. De cascade reactie van 

isomerisatie en hydroformylering leverde goede resultaten op in de vorming van lineare aldehydes 

uit interne olefinen. Zowel toegevoegd ligand als een verandering in partiële druk van waterstof of 

koolmonoxide lieten zien dat hydrogenolyse de snelheidsbepalende stap was. 

 

Het effect van liganden op de regioselectieve hydroformylering wordt verder uitgediept in 

hoofdstuk 4. De nadruk ligt op de sterische en electronische parameters die de activiteit en 

selectiviteit bepalen. Gebruik makend van 31P NMR kon worden aangetoond dat het 

diphosphoniet 4,5-bis{di[(2-tert-butyl)phenyl]phosphonito}-9,9-dimethyl-xanthene meer 

electron-arme fosfor atomen bezit dan het difosfien. Dit zou een minder actieve katalysator 

moeten opleveren, wat inderdaad in de regioselectieve hydroformylering van 1-octene en 4-octene 

het geval bleek te zijn. Ook de sterische factoren spelen een rol in de activiteit van deze op 

xantheen gebaseerde liganden. Beide effecten konden niet los worden beschouwd. “Turnover 

frequencies” van 1228 per uur konden worden bereikt en regioselectiviteiten van meer dan 99% 

bleken mogelijk. Na complexatie van de liganden Terphos en UvAphos bleken de liganden 

electronisch vergelijkbaar te zijn in NMR spectroscopie. Gebruik makend van moleculair 

modelleren en de resultaten daarvan vergelijkend met de bekende moleculaire structuur kon 

worden aangetoond dat het Terphos een meer toegankelijk platina atoom bezat. Dit verklaart dan 

tevens de hogere activiteit van het Terphos complex (TOF = 49 per uur) en de hogere 

chemoselectiviteit (100%) en regioselectiviteit (98%) voor het UvAphos complex. 
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PLATINUM CATALYZED 

HYDROFORMYLATION 
 

 

Abstract: A short historical overview of hydroformylation in general is presented in this chapter. 

Subsequently this is narrowed down to the platinum catalyzed hydroformylation, as this will be the focus of the 

research collected in this thesis. Because of the importance of the reaction mechanism in this work an account on 

this topic is given for platinum-catalyzed hydroformylation. Since the tin(II)chloride addition in platinum 

catalyzed hydroformylation is essential in the conversion of olefins to aldehydes, the role of this additive is 

elaborately discussed. Finally, this chapter closes with the aim of this research and the outline of this thesis. 
 



Chapter 1 

1.1 History of Hydroformylation  

 

 

The hydroformylation of alkenes was discovered by serendipity in 1938 by Roelen [1] while 

studying the Fischer-Tropsch reaction with various metals on solid supports. It was found 

later that not the heterogeneous supported cobalt but dissolved HCo(CO)4 catalyzed the 

hydroformylation reaction. Formally hydroformylation, or oxo reaction, is the addition of a 

formyl group to an alkene, yielding an aldehyde. Hydroformylation has grown to become one 

of the largest homogeneous catalytic processes, next to the carbonylation of methanol to 

produce acetic acid. Industrial capacity has grown from 6.6 · 106 tons in 1995 to 9.2 · 106 tons 

in 1998 [2]. The main industrial product of hydroformylation is butanal, accounting for about 

75% of the products. Aldol-condensation subsequently gives 2-ethyl-1-hexanol, a plasticizer 

alcohol. Most of the bulk aldehydes are converted to their hydrogenated alcohols to be used as 

plasticizers in the polymer industry. But there are many other applications such as detergents, 

surfactants, and other chemical intermediates [3]. In fine-chemical applications 

hydroformylation is used as well, for example for the production of flavors and fragrances [4] 

or in the Vitamin A synthesis that has been running at BASF AG since 1971 [5, 6]. 

 

Up to the mid 1970’s the commonly used metal for hydroformylation remained cobalt. Other 

metals were tested but the well-known cobalt remained the only industrial catalyst. Heck and 

Breslow [7] in 1961 proposed a reaction mechanism for the cobalt-catalyzed 

hydroformylation that has now been generally accepted. Nowadays a renewed interest in 

cobalt catalysts can be seen for the hydroformylation of branched medium- to long-chained 

olefins and longer internal olefins to linear aldehydes [8]. The cobalt carbonyl hydride 

catalyst has been modified with a phosphine, especially in processes where the corresponding 

alcoholic product is needed. The catalyst isomerizes feed olefins [9] and therefore olefinic 

mixtures can be used as feedstock in this so-called Shell process, introduced in 1963. 

 

Rhodium has been known for a long time to catalyze the hydroformylation of alkenes with a 

higher activity than cobalt-based catalysts. The higher pressure needed to form the 

unmodified rhodium hydrides remained a serious disadvantage [10]. This changed with the 

fundamental work of Evans, Osborn and Wilkinson [11-14]. The addition of 

triphenylphosphine made hydroformylation possible under more feasible conditions, even as 
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low as 25 °C and 1 atm. [12]. The higher activity of these rhodium-based catalysts made them 

readily accepted for industrial application, despite the higher cost of the metal. In 1974-1975 

two companies, Celanese and Union Carbide, introduced rhodium-based hydroformylation on 

industrial scale. 

O

O

PPh2
PPh2 Ph2P PPh2 PPh2Ph2P

PPh2

PPh2
Fe

Ph2P PPh2

X
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Figure 1. Examples of ligands that have been used in rhodium catalyzed hydroformylation. 

 

Following the oil crisis in 1973, the economy of hydroformylation reactions shifted from 

equipment costs to feedstock costs. This called for more active and more selective catalysts, 

sparking a renewed interest in the modification of ligands and a focus towards catalyst 

recycling. The catalytic cycle proposed by Evans et al. [13] had to be modified in order to 

explain the results obtained with the various rhodium-ligand complexes in solution. No longer 

one catalytically active species was present, but especially under industrial conditions various 

catalytically active species, each having unique reaction rates and product selectivities, were 

shown to be present by Pruett and Smith [15]. To reach higher selectivities, bidentate ligands 

were introduced after the first uses of the chiral ligand DIOP (1) [16] (vide infra). Soon 

thereafter ligands like dppe (bis(diphenylphosphino)ethane (2)) [17], dppp 

(bis(diphenylphosphino)propane (3)) [17] and dppf (bis(diphenylphosphino)-ferrocene (4)) 

[18] and variations thereof [19] were successfully tested in regioselective hydroformylation. 

In 1987 work done at Texas Eastman by Devon et al. [20] led to the discovery of BISBI (5). 

This was found to have a large natural bite angle [21], which was shown to be important in 

determining the regioselectivity. To test the bite angle effect, Van Leeuwen et al. have 

developed a series of ligands based on Xanthene backbones (6) [22-27]. 

 

The biphasic Shell’s Higher Olefin Process (SHOP) [28-30] was inspiration for the concurrent 

use of separation technology and the hydroformylation reaction. The process, with an aqueous 

and organic phase, uses a water-soluble rhodium catalyst modified with meta-trisulfonated 

triphenylphosphine and was developed by Rhône-Poulenc [31] and Ruhrchemie [32]. The 

 
11



Chapter 1 

alkene feedstock and the aldehyde products are soluble in the organic phase only while the 

water-soluble catalyst remains in the aqueous phase. Both phases are easily separated in a 

decanter. The unreacted alkenes are then distilled from the aldehydes and recycled. 

 

PPh2Ph2P

N

PPh2

PPh2

O O

7 8  

Figure 2. Early ligands for asymmetric hydroformylation. 

 

In the middle of the 1970’s chiral monodentate ligands appeared in cobalt-catalyzed [33] and 

rhodium-catalyzed [34, 35] asymmetric hydroformylation. DIOP (1) was first introduced in 

the asymmetric reduction by Dang and Kagan [36]. Later this chiral bidentate ligand was 

applied in the asymmetric hydroformylation of various alkenes by Consiglio et al. [16] and by 

Stern et al. [37]. Variations of DIOP (1) were made to test the effects of the ligand in the 

asymmetric hydroformylation of enamides [38]. Soon various chiral ligands were developed 

and tested, such as Chiraphos (7) and BPPM (8). Most of the newly developed chiral ligands 

were used in platinum/tin systems (vide infra) since significantly higher enantioselectivities 

could be reached compared to rhodium-based catalysts. 

 

 

1.2 Platinum-Catalyzed Hydroformylation 

 

 

In the middle of the 1960’s it was shown by Wilkinson et al. [39] and Slaugh and Mullineaux 

[40] that hydroformylation with platinum yielded good selectivities, but only low conversions 

could be reached. Schwager and Knifton [41] used platinum with tin(II)chloride as cocatalyst 

for hydroformylation for the first time, although platinum/tin systems had been described 

previously for the carbonylation of olefins by Kehoe et al. [42]. The work on platinum/tin-

catalyzed hydroformylation was continued in the middle of the 1970’s by Hsu and Orchin 

[43] and Schwager and Knifton [44]. In this work platinum(II)triphenylphosphine systems 
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activated by tin(II)chloride were used and a reaction mechanism was proposed for these 

reactions (vide infra). 

 

After the discovery of platinum in hydroformylation the qualities of these catalyst systems 

were rapidly recognized. The high regioselectivity obtained with platinum/tin systems in the 

hydroformylation of α-olefins proved to be advantageous as compared to the rhodium-based 

catalysts. In the hydroformylation of 1-pentene the regioselectivity towards the linear product 

was 75% when using [RhCl(CO)(PPh3)2]. For the similar platinum/tin complex 

[PtH(SnCl3)(PPh3)2] the regioselectivity reached 95% [43]. The disadvantage of platinum/tin 

systems is their lower activity compared to the rhodium systems. This calls for more drastic 

reaction conditions, i.e. higher pressure and temperature. For fine-chemical applications, 

regioselectivities are of the utmost importance. A serious disadvantage of the platinum/tin 

systems is the low chemoselectivity, i.e. the high amount of hydrogenation. An additional 

disadvantage of the platinum/tin systems compared to the rhodium systems is their high 

tendency for alkene isomerization. In the hydroformylation of terminal olefins this can be a 

disadvantage. However, in the regioselective hydroformylation of internal olefins this 

property of the platinum-based catalysts can be turned to good uses. 

 

In the 1980’s and early 1990’s systematic studies were undertaken in platinum/tin-catalyzed 

hydroformylation [45-48]. It was shown by Moretti et al. [49] that functionalized olefins 

could be hydroformylated with the bimetallic platinum/tin catalyst. The use of bidentate 

ligands improved chemoselectivity and regioselectivity, both in rhodium- and platinum-

catalyzed hydroformylation. The focus in these studies was mainly on the mechanism of 

hydroformylation and the role of tin(II)chloride (vide infra). It was shown by Kollár et al. [50] 

that also with the platinum/tin systems more flexible ligands gave lower regioselectivity 

towards the linear aldehydes. Similar developments in rhodium-catalyzed hydroformylation, 

based on work by Casey et al. [21, 51] and the results with BISBI (5) [20], led to the 

development of the rigid, large bite angle ligands of the Xantphos family (6) [22-27]. 

Soon after the introduction of rhodium-catalyzed asymmetric hydroformylation in the middle 

of the 1970’s the first studies appeared with platinum/tin and DIOP (1) [52, 53, 54]. The use 

of DIOP (1) in the asymmetric hydroformylation of styrene gave mainly linear aldehyde (l/b = 

3) and the enantioselectivity reached a maximum of only 22% [55]. Modification of the ligand 

to DBP-DIOP (9) by Parrinello et al. [56] gave better selectivity towards the branched 
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aldehyde (l/b = 0.26) and higher enantioselectivities (ee = 65%) as well. In following research 

by the same group it was found that the platinum/tin catalyst also caused racemization of the 

formed aldehydes [57]. 

 

OO

PP
PPh2

PPh2Ph2P PPh2

9

10

11
 

Figure 3. Ligands in platinum catalyzed asymmetric hydroformylation. 

 

The undesired side-reaction of isomerization was greatly suppressed upon performing the 

reaction in the solvent triethyl orthoformate instead of benzene. This selectivity enhancing 

effect was first shown in the platinum/tin-catalyzed asymmetric hydroformylation of styrene 

with PPM (8) [57, 58]. The reaction in benzene was faster (52% conv. in 5 h) than in triethyl 

orthoformate (100% conv. in 150 h). However, in triethyl orthoformate the enantioselectivity 

was improved while retaining the regioselectivity (70% ee in benzene and >96% ee triethyl 

orthoformate). 

 

New ligands were developed to gain more insight in the mechanism governing 

enantioselectivity. In a study by Kollár et al. [59] with BDPP (2,4-

bis(diphenylphosphino)pentane, 10) it was shown for the first time that the direction of 

enantioselectivity can change sign with increasing temperature. This was explained by a 

conformational change of the six-membered chelate ring. The concept of enantio-inversion 

was later studied in more detail with BINAP (11). Using dynamic NMR studies it was shown 

that this effect was caused by changes in the conformation of the ligand [60]. At lower 

temperature the rotation of the phenyl rings of the ligand is restricted. At higher temperature 

the dynamic NMR showed one of the phenyl rings to rotate freely. This changes the geometry 

around the platinum atom, which in turn causes the insertion of styrene to take place from the 

other enantioface. 
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1.3 Reaction Mechanism of Hydroformylation 

 

 

Soon after the advent of platinum/tin-catalyzed hydroformylation the first attempts were made 

to understand the reaction mechanism. In 1975 Schwager and Knifton [44] proposed a 

reaction mechanism for the regioselective hydroformylation of terminal alkenes. This scheme 

(Figure 4) explained the dependence of the chemoselectivity on the hydrogen partial pressure 

and could explain the occurrence of olefin isomerization. The scheme clearly showed the 

steps of the alkene insertion, i.e. coordination of the olefin (from 12 to 13) and the following 

slower insertion step (13 to 14). However, some of the reaction steps (14 to 15) were 

oversimplified or seem to require six-fold coordination around the platinum (species 16 and 

17), which is not very likely with platinum(II). Furthermore, the mechanism assumed the 

coordination of only one phosphorus atom to the central platinum atom, while later studies by 

Kégl et al. [61] clearly showed that coordination of diphosphine was easily possible and even 

up to three phosphorus atoms could be attached to the platinum center. 

 

The observed isomerization of the olefin via alkyl-platinum species 14A and 14B was later 

explored into more detail by Petrosyan et al. [62]. They observed that secondary alkyl-

platinum complexes were unstable and isomerized readily into normal alkyl complexes. This 

was confirmed by Castonguay et al. [75] who calculated that linear alkyl-platinum complexes 

were more stable than branched alkyl-platinum complexes by 7 kcal/mol, which was in good 

agreement with the 99% selectivity found experimentally. 
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Figure 4. Mechanism of olefin hydroformylation, isomerization and reduction, 

according to Schwager et al. [44], with X = SnCl3
- and Y = PR3. 

 

The ease of ß-elimination from the γ-position of an alkyl group favors alkene isomerization. 

Thus the ß-elimination of alkyl-platinum complexes formed an equilibrium mixture of 

terminal and internal alkenes under catalytic conditions. Furthermore, it was found that for the 

dialkyl-platinum complex the rate-determining step was the dissociation of phosphine from 

the complex cis-[PtR2(PR’3)2]. This showed the need for vacant sites during isomerization. 

Lowering the carbon monoxide partial pressure was proven to increase the isomerization, 

since the isomerization step prior to carbonyl insertion will take place at a higher rate [44]. 

 

In a computational study to the methane activation by Kua et al. [63] the (reversible) 

activation of methane showed that the formed hydrogen was abstracted with chloride to 

hydrogen chloride. This could be possible for the platinum/tin-catalyzed hydroformylation as 

well and acidic species like HCl and HSnCl3 might be involved in the isomerization process. 
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Research by Bartlett et al. [64] showed indeed that starting from cis-HPt(Me)(PPh3)2 methane 

could be reductively eliminated. In a theoretical study directed at the olefin insertion in 

platinum complexes Rocha et al. [65] showed that ß-hydrogen elimination required two times 

as much energy as olefin insertion. This explained the necessity of higher temperature to bring 

about isomerization while olefin insertion, and hence hydroformylation, was possible at lower 

temperature. The individual steps in the hydroformylation will be discussed in more detail 

(vide infra). 
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Figure 5. Olefin coordination and insertion. 

 

The first step in hydroformylation is the coordination and insertion of the olefin (Figure 5). 

Clark and Kurosawa [66] studied the role of cationic intermediates for olefin insertion into the 

platinum-hydrogen bond. The electron withdrawing properties of the phosphine were shown 

to activate the coordinated ethylene. The phosphine also caused easier cleavage of the 

platinum-hydride bond, facilitating insertion of ethylene. In later studies Clark and Kurosawa 

[67, 68] showed that insertion of ethylene was preceded with a rapid reversible substitution of 

a solvent molecule and followed by a slow insertion step into the platinum-hydride bond. This 

last step was thought to occur via a five-coordinated transition state. 

 

Theoretical studies by Thorn and Hoffmann [69] and Rocha and De Almeida [65] showed that 

ethylene indeed coordinated to the platinum in five-fold coordination mode (19) when starting 

from square planar platinum complexes. The ethylene coordination occurred primarily when 

the platinum-hydride bond was weakened and a good π-acceptor was present as ligand. This 

was fulfilled by having SnCl3
- as ligand (vide infra). In the study by Rocha and De Almeida 

[65] it was also shown that the P-Pt-P angle changes from 180° in the square planar 

complexes (18, 22) to approximately 120° in the five-coordinated complexes (19, 20, 21). 

Similar trends for rhodium-catalyzed hydroformylation led to the development of the rigid 

Xantphos-type ligands (6) with bite angles around 120° by Van Leeuwen et al. [22-27], 

thought to facilitate the five-fold transition states [22, 70]. These ligands have been used in 

platinum/tin-catalyzed hydroformylation as well [71, 84] and have shown the same trend for 
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bite angle as in rhodium-catalyzed hydroformylation. Starting from a five-coordinated 

complex with four phosphorus atoms bound to the platinum, [Pt(PP3)(SnCl3)]+, 

hydroformylation was slower than with bidentate phosphorus ligands. The lower reactivity 

was attributed to the lack of free coordination sites for olefin and carbon monoxide [72]. This 

showed both the necessity of coordination sites and the possibility of five-fold coordination in 

the insertion of the olefin. The calculations by Rocha et al. [65] showed that a four-center 

transition state (21) occurs during ethylene insertion. Calculations with longer olefins by 

Creve et al. [73] confirmed the occurrence of four-center transition states. 

 

The regioselectivity is governed in the olefin insertion steps (see also Figure 4). In a related 

integrated molecular orbital/molecular mechanics study by Carbó et al. [74] the 

regioselectivity determining step was shown to be the transition state for alkene insertion. The 

regioselectivity was governed by steric effects of the phenyl substituents on the phosphorus. 

This confirmed the calculations by Castonguay et al. [75], but was in clear contrast with the 

results by Consiglio et al. [76].  The steric effect on the regioselectivity was also shown in the 

work of Wesemann et al. [77] where [SnCl3]- was replaced by the more sterically demanding 

stannaborate [SnB11H11]-, improving the regioselectivity (linear to branched ratio) from 1.7 to 

7.8. The decreased stability of branched alkyl species [62] (vide infra) also contributes to the 

increased regioselectivities at higher temperature. 
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Figure 6. Carbonylation on platinum complexes. 

 

The next step in the hydroformylation cycle is carbon monoxide insertion, yielding species 15 

or similar species (Figure 4). The one-step process shown in Figure 4 was studied in more 

detail by Garrou et al. [78] already in 1976 for the carbonylation of halo(bis 

ligand)organoplatinum(II) complexes (Figure 6). The carbonylation yielded stable acyl-metal 

complexes, but intermediates could be detected by 31P and 1H NMR. First carbon monoxide 

coordinated to the platinum, resulting in a five-coordinated platinum species 24. Another 
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possibility for carbonyl insertion is replacement of halide X in 23 with carbon monoxide, as 

has been reported by Il’inich et al. [79].  The following elementary step can be envisaged in 

two different manners, especially when monodentate ligands are being used. A dissociative 

mechanism may operate, yielding 27 via 25 and 26, or an associative mechanism resulting 

directly in 27. For a cis-bidentate ligand the dissociative pathway is unlikely with a very 

stable chelate ring. Therefore the direct insertion from 24 to 27 will be operative for the rigid 

bidentate ligands such as for example the Xantphos family members [22, 23, 24, 25, 26, 27]. 

According to Anderson et al. [80] the alkyl or aryl group R migrates to the carbonyl. 
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Figure 7. Carbonylation in presence of tin(II)chloride. 

 

The associative mechanism should proceed via an irreversible insertion step according to this 

proposed mechanism (Figure 6). This insertion step was later shown to be reversible by Tóth 

et al. [81] at room temperature and CO pressure of 6 bar, using high pressure 31P NMR 

(Figure 7). The difference is not only the bidentate ligand in this study by Tóth et al. but also 

the use of SnCl3
- instead of Cl- as counterion. The carbonyl-platinum species (29) was in 

equilibrium with a three-coordinated acetyl compound 30. The unstable three-coordinated 

species reacted via a fast and favorable coordination of carbon monoxide, with SnCl3
- as a 

stabilizing counterion (31). Similar observations have been made by Scrivanti et al. [82] for 

the asymmetric hydroformylation of styrene. 
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Figure 8. Carbonyl insertion into the platinum-methyl bond. 

 

Computational studies by Rocha and De Almeida [83] have shown that the actual insertion 

step (29 to 30 in Figure 7) proceeds via a three-center transition state (Figure 8). By looking at 

bond lengths and bond angles it was shown that the methyl moves to the carbonyl. The bond 

angle Sn-Pt-Me changes from 181° (33) to 142° (34), while Sn-Pt-CO only deviates by 5° 
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(34) from the 90° in 33 and 36. The last step (35 to 36) is a slow intramolecular 

rearrangement. Remarkable is the almost constant value for the P-Pt-P’ bond varying between 

101° and 97°, showing the feasibility of rigid, wide bite-angle ligands. 

 

The final step in hydroformylation is hydrogenolysis of the acyl-platinum species. Tóth et al. 

[81] showed this step to be irreversible, giving an unidentified species 32. This last step is 

generally considered to be the rate-determining step for hydroformylation [44, 45, 84]. In 

contrast to previous steps the hydrogenolysis requires the presence of tin(II)chloride. This was 

shown by the stability of the acyl-metal complex by Garrou et al. [78] and by the lack of 

hydrogenolysis when no tin(II)chloride was present in propene hydroformylation as 

investigated by Bardi et al. [85]. 

 

Figure 9. Hydrogenolysis. 
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Hydrogenolysis involves oxidative addition of hydrogen to the platinum. Il’inich et al. [79] 

showed that [(P-P)Pt(CO)X]+ reacted at around 60 °C with hydrogen, forming trans-[HPt(P-

P)(CO)]+ (42). The same species 42 was also obtained by reacting the corresponding 

platinum-hydride with carbon monoxide. The exact mechanism is shown in Figure 9. In 

species 38 the coordination of the hydrogen is structurally similar to the coordination 

observed for PCP-pincer stabilized platinum catalysts. Kimmich et al. [86] have protonated a 

platinum-hydride at –80 °C and were able to detect a species similar to 38. Heating to 22 °C 

resulted in evolution of hydrogen. Similar studies were done by Stahl et al. [87] indicating the 

likelihood of structures like 38 at low temperature or as transition states. The resulting 

dihydrogen complexes were proven with analogous iridium compounds by Permin et al. [88] 

by ParaHydrogen Induced Polarization (PHIP) experiments. The reductive elimination of the 

acyl species resulted in incorporation of one of the parahydrogens in the aldehyde. The last 

step finally regenerated the catalysts and completes the catalytic cycle. 
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1.4 On the Role of Tin(II)chloride 

 

 

In early studies by Chatt and Shaw [89] it was shown that the substitution of chloride in trans-

[PtHCl(PEt3)2] makes the platinum more reactive, or less stable. Lindsey et al. [90] observed 

an unusual ability of trichlorostannate to stabilize five-coordinate platinum. This was 

attributed to trichlorostannate being a weak σ-donor and a strong π-acceptor. The combined 

effect of the trichlorostannate prevents build-up of excessive electron density on the central 

metal atom. Furthermore, the trichlorostannate is considered to be a strong trans-directing 

group. In a patent by Slaugh and Mullineaux [40] platinum-catalyzed hydroformylation was 

shown without tin(II)chloride. The conversion was shown to remain below 45% in 12 hours. 

In a detailed study to platinum/tin catalyzed hydroformylation of olefins by Schwager and 

Knifton [44] two effects were attributed to the trichlorostannate-ligand: sterical and π acidic 

effects. The first effect caused the olefins to insert as straight chain σ-alkyls. This was later 

confirmed when the regioselectivity was shown to increase upon addition of the more 

sterically demanding stannaborate SnB11H11 [77]. The latter effect increased the polarity of 

the platinum-hydride bond and led to Markovnikov addition of hydride to the olefin, resulting 

in branched σ-alkyls. This was confirmed by Petrosyan et al. [62], Kehoe et al. [91], and 

Scrivanti et al. [92] who also observed that the insertion of the olefin into the platinum-

hydride bond is facilitated in the presence of trichlorostannate as a ligand. 
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Figure 10. Tin(II)chloride as Lewis acid. 

 
In papers by Scrivanti et al. [92] and Ruegg et al. [93] the function of tin(II)chloride was 

discussed. The tin(II)chloride can act as a Lewis acid and coordinate to the acyl-species (44) 

as shown in Figure 10. This tin(II)chloride, coordinated to the acyl, has been observed using 

IR and NMR spectroscopy. During hydroformylation only species 43 has been observed. The 

trichlorostannate-ligand plays a role in almost all of the described reaction steps of the 

hydroformylation (vide supra). It facilitates insertion of the olefin into the platinum-hydride 

bond, assists in the migratory insertion of the carbonyl into the platinum-alkyl bond and 
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hydrogenolysis of the formed platinum-acyl only takes place in the presence of 

trichlorostannate [94, 95]. The roles of trichlorostannate in the reaction mechanism will be 

discussed in more detail below. 
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Figure 11. Triflate as leaving group in carbalkoxylation. 

 

The formation of trichlorostannate as a counterion can explain the observed reaction rate 

enhancement upon addition of tin(II)chloride. The hemi-labile ligand facilitates the generation 

of vacant sites, necessary for insertion of olefin and formation of both hydride and carbonyl 

species. The dissociation of trichlorostannate can be very well observed in the oxidative 

addition of hydrogen to generate the hydride necessary for hydrogenolysis. Here the acidic 

HSnCl3 is formed, as was shown by addition of amines that inhibits hydroformylation. 

HSnCl3 is forming salts with the amines and not available anymore for coordination to the 

platinum afterwards to stabilize transition states (vide infra) [50]. The platinum complex itself 

and especially the ligands were shown not to be affected by the amines. Other proof for the 

dissociation of trichlorostannate is found in the increasing conductivity of the complex-

solution [61, 81, 96]. The formation of cationic platinum species with trichlorostannate as 

counterion is similar to the role of the added triflate in research by Stang et al. in the 

carbalkoxylation of vinyl electrophiles [97]. The triflate is exchanged for carbon monoxide, 

forming the cationic platinum complex 46 (Figure 11) with triflate as counterion. In a study 

on the effects of triflate additives in platinum-catalyzed enantioselective hydroformylation it 

was shown that also the platinum-triflate complex is active, although to a lower extent than 

the trichlorostannate-platinum complex [98]. 

 

Besides the role as counterion, the trichlorostannate can act as a ligand in the same catalytic 

cycle. In X-ray diffraction of PtI(SnCl3)[(2S,4S)-2,4-bis(diphenyl-phosphino)pentane] the 

platinum was shown to have square planar conformation with trichlorostannate as one of the 

ligands [99]. Calculations performed by Rocha et al. [100] have shown that tin(II)chloride 

inserts into the platinum-chloride bond without any energy barrier. In the formed complexes 
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the trichlorostannate was shown to be a stronger trans director than PH3. As shown by 

Lindsey et al. [90] trichlorostannate is an electron-withdrawing ligand to the platinum. This 

was confirmed by theoretical work by Rocha et al. [83]. The transition state from the η2-olefin 

towards the alkyl was lowered in energy, as is visible from the lengthening of the double bond 

in the transition state 21 (Figure 5). Coordinated η2-olefin has the double bond in the plane of 

the trigonal bipyramidal complex 20 while the transition state 21 shows a double bond 

perpendicular to this plane. The trichlorostannate stabilized complex 20 only by 38 kcal/mol, 

which is only half of the analogous chloro-complex with 70 kcal/mol. This rotation energy of 

the η2-olefin bond is thus lowered using trichlorostannate, resulting in faster insertion. 
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Figure 12. Dihydrogen activation. 

 

The coordinated trichlorostannate also plays an important role in the activation of dihydrogen. 

This corresponds with the observed required presence of tin for the hydrogenolysis [94, 95]. It 

was shown by Albinati et al. [101] that [Pt(SnCl3)5]3- and K2[PtCl4] with excess SnCl2 are 

active catalysts in hydrogenation, whereas K2[PtCl4] alone is not active. The unique character 

of trichlorostannate, both a weak σ-donor and a π-acceptor facilitates dihydrogen activation. 

The σ-donor function increases electron density on the platinum and favors oxidative addition 

of hydrogen [92]. In similar oxidative addition of hydrogen to iridium compound 47 it was 

shown that the π-bond of the carbonyl is involved in the activation of dihydrogen [102]. The 

same can be envisaged with the trichlorostannate ligand (48) as is shown in Figure 12, which 

is similar to theoretical calculations on rhodium-chloride by Dedieu et al. [103]. The 

increasing overlap from the bonding π-orbitals is added to the σ*-orbital of dihydrogen, 

facilitating oxidative addition. 

 

Trichlorostannate as a ligand stabilizes five-coordinated platinum [90]. The first observation 

of this phenomenon was for platinum bearing five trichlorostannate ligands. This was later 

shown to be valid as well for complexes containing between one and four trichlorostannate 

ligands [101]. In hydroformylation the best results were obtained with a platinum/tin ratio of 

approximately 2. This led to the conclusion that during the early stages of the catalysis 
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bis(trichlorostannate)-complexes are present. Later research in the field of asymmetric 

hydroformylation showed that also platinum/tin catalysts having only an equimolar amount of 

tin yielded active catalysts [104, 105, 106, 107]. The five-coordinated trichlorostannate 

stabilized platinum complexes were shown to be stable species by calculations by Rocha and 

De Almeida [65, 83]. Furthermore the trichlorostannate is shown to stabilize mononuclear, 

cationic platinum-complexes [108, 61]. 

 

 

1.5 Aim of this Research 

 

 

The previous literature review has contributed to our knowledge in the field of platinum/tin-

catalyzed hydroformylation, however, the current research focuses on the design and testing 

of new ligands and classes of ligands. Since the research towards the kinetic and mechanistic 

aspects of the platinum/tin-catalyzed regioselective hydroformylation has received less 

attention, in this thesis both the asymmetric platinum/tin-catalyzed hydroformylation and the 

regioselective platinum/tin-catalyzed hydroformylation will be studied in more detail. The 

approach to study catalytic reactions from a mechanistic point of view, combined with 

complexation and coordination studies, has deepened the insights in the influence of reaction 

parameters on the catalytic results. 

 

In Chapter 2 the results obtained with the chiral ligand XantBino in the platinum/tin-

catalyzed asymmetric hydroformylation of styrene are described. The platinum complex of 

this ligand is synthesized and characterized, including molecular structure. A remarkable 

molecular structure has been observed with the platinum atom perpendicular to the plane of 

the backbone of the XantBino ligand. Hydroformylation results are shown and explained 

using a reaction mechanism. 

 

Chapter 3 describes the results of the platinum/tin-catalyzed regioselective hydroformylation 

with terminal and internal octenes with the ligand Sixantphos. The molecular structure of the 

platinum complex of this ligand shows a remarkable out of plane conformation of the central 

platinum atom relative to the backbone. Activation of the platinum-ligand complex with 

tin(II)chloride yields an active catalyst for the regioselective hydroformylation of octenes. In 
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situ high-pressure infrared spectroscopy shows a stable carbonyl resting state during 

hydroformylation, which was formed during preformation. Kinetic and mechanistic studies to 

the regioselective hydroformylation of terminal and internal octenes are related to the 

proposed reaction mechanism. 

 

Two pairs of ligands are compared to unravel the contribution of steric and electronic 

parameters on the hydroformylation of terminal and internal octenes in Chapter 4. The 

changes both in electronic and steric parameters of the diphosphine and the diphosphonite 

made it impossible to determine the activity and selectivity governing property. Comparing 

two electronically similar diphosphine ligands the effect of steric crowding on the 

hydroformylation of 1-octene could be established. 

 

The research described in this thesis was financially sponsored by the Dutch Organization for 

Scientific Research – Chemical Sciences (NWO-CW) and the used noble metals were a 

generous gift of OMG AG. 
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ASYMMETRIC 

HYDROFORMYLATION 
 
 
Abstract: Platinum(II) complexes of a diphosphonite ligand XantBino (4,5-bis(dinaphtho[d,f][1,3,2] 

dioxaphosphino)-9,9-dimethyl-xanthene) have been synthesized and characterized by 31P NMR and X-ray 

crystallography. The complex contains a cis-coordinated XantBino ligand in a square planar platinum complex. 

Addition of tin(II) chloride yielded the activated platinum/tin catalyst. The platinum/tin system was active as 

hydroformylation catalyst in the asymmetric hydroformylation of styrene and results in high chemoselectivity of 

up to 82% and high regioselectivity of up to 83%. Temperature dependent enantio-inversion is shown for this 

catalyst system, with the highest enantioselectivity reaching 30% ee. 



Chapter 2 

2.1 Introduction 

 

 

As discussed in chapter 1 for asymmetric hydroformylation of styrene the highest 

enantioselectivities have been observed with platinum systems while catalysts based on 

rhodium [1-3] or cobalt [4], can lead to higher chemoselectivities or regioselectivities [5, 6]. 

 

The exact role of ligands in the mechanism leading to stereoselection at the central platinum 

atom is not very well understood yet. In asymmetric hydrogenation for example, Knowles 

showed that chiral induction could be achieved with the P-stereogenic ligand DiPAMP (1) [7, 

8]. 

 

PP

OMe

MeO

1  

Figure 1. DiPAMP ligand (1) used for asymmetric hydrogenation. 

 

In the asymmetric hydroformylation much attention has been paid to the development of 

bidentate ligands based on chiral backbones. Haelg et al. used (R,R)-DIOP (2) in the 

platinum-catalyzed asymmetric hydroformylation of straight chain butenes [9]. In the reaction 

of mono- and disubstituted alkenes Consiglio et al. [10] used Chiraphos (3). Also the use of 

sugar backbones (e.g. 4) has been reported [11-13]. 
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Figure 2. Ligands with chiral backbones used for asymmetric hydroformylation. 
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However, examples are rare where chelating ligands with an achiral backbone, that solely 

bear chiral substituents on the two phosphorus atoms, have been applied in asymmetric 

hydroformylation [14]. For other reactions, such as the nickel-catalyzed hydrocyanation of 

styrene, Goertz et al. [15] have shown that reasonable enantioselectivities can be reached 

when the chirality is centered on the substituents on the phosphorus. This ligand, called 

XantBino, consists of a xanthene backbone and two chiral binaphthyl groups. It has been 

successfully tested before in the rhodium-catalyzed asymmetric hydroformylation of styrene 

[16]. For our studies (R,R)-XantBino (5) was used for hydroformylation experiments and its 

enantiomer (S,S)-XantBino (S-5) for crystal structural analysis. 

 

O

P PO
O

O
O

 

Figure 3. (R,R)-XantBino ligand (5). 

 

 

2.2 Coordination 

 

 

The coordination behavior of XantBino to platinum was investigated both by NMR 

spectroscopy and by X-ray crystallography in order to be able to relate activity and selectivity 

of the catalyst to the structural elements. 

 

Platinum(II)chloride was refluxed in acetonitrile to form the bis(acetonitrile)platinum(II)-

dichloride complex. Thereafter the ligand (R,R)-XantBino was added. The resulting complex 

6 was investigated by 31P NMR (Figure 5). 
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O

P PO
O

O
O

Pt
Cl Cl

 
Figure 4. Cis-((R,R)-XantBino)platinum(II)chloride complex 6. 

 

Two doublets are present at δ = 110.5 ppm (1) and δ = 113.1 ppm (2). The 195Pt satellites are 

visible as well (1a and 2a, respectively). Obviously the two phosphorus nuclei are 

inequivalent in the complex resulting in a coupling constant JP-P of 15.9 Hz. The coupling 

constants JPt-P(1) of 5000 Hz (1a) and JPt-P(2) of 5040 Hz (2a) indicate cis-coordination of the 

diphosphonite [17-20, 23]. 

21

9 49 49 69 69 89 81 0 01 0 01 0 21 0 21 0 41 0 41 0 61 0 61 0 81 0 81 1 01 1 01 1 21 1 21 1 41 1 41 1 61 1 61 1 81 1 81 2 01 2 01 2 21 2 21 2 41 2 41 2 61 2 61 2 81 2 81 3 01 3 0

1a 2a 2a1a 

Figure 5. 31P NMR spectrum of complex 6 showing the two doublets 1 and 2 with their satellites. 

 

For complex 6 (Figure 4) a C2v-symmetric square planar coordination was expected for the 

platinum. In that case the two phosphorus atoms would be equivalent and should give rise to a 

singlet in the 31P NMR spectrum. The two signals in the 31P NMR spectrum (Figure 5) are 

most probably brought about by a different spatial arrangement of the two binaphthyl groups 

in the complex. In order to further investigate this, the molecular structure of the complex was 

determined by X-ray crystallography. 
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Single crystals, suitable for X-ray analysis, were obtained by layering a dichloromethane 

solution of ((S,S)-XantBino)platinum(II)dichloride (7) with acetonitrile. The complex 

crystallized in the non-centrosymmetric space group P212121. The molecular structure of 

complex 7 is displayed in Figure 6, while selected bond lengths and dihedral angles are listed 

in Table 1. 

 

 

 

Figure 6. Displacement ellipsoid plot of the PtCl2((S,S)-XantBino) complex 7. The ellipsoids are drawn at the 
50% probability level. All hydrogen atoms and disordered solvent molecules are omitted for clarity. 

 

The molecular structure of ((S,S)-XantBino)platinum(II)dichloride (7) shows that the ligand 

indeed adopts the cis-coordination. From the dihedral angles (Table 1) it is clear that the 

coordination mode around the platinum atom is indeed slightly distorted square planar. The 

observed bite angle [21], defined by the angle between the two phosphorus atoms and the 

central platinum atom, P1-Pt-P2, is 99.64(4)°, while the angle between the platinum and the 

two chlorine atoms, Cl1-Pt-Cl2, is 87.99(4)°. 
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Table 1. Selected bond lengths, distances and bond angles for PtCl2((S,S)-XantBino) (7). 

Bond lengths (Å) 
Pt-P1 2.2229(11) Pt-P2 2.2245(11) Pt-Cl1 2.3504(11) 
Pt-Cl2 2.3450(11) P1-O1 1.604(3) P1-O2 1.601(3) 
P2-O3 1.603(3) P2-O4 1.616(3) P1-C41 1.798(4) 
P2-C54 1.813(4) O5-C46 1.388(5) O5-C55 1.397(5) 
Pt-O5 3.335 P1-P2 3.398   

Angles (°) 
Cl1-Pt-Cl2   87.99(4) P1-Pt-P2   99.64(4) Cl1-Pt-P1   84.32(4) 
Cl1-Pt-P2 172.19(4) Cl2-Pt-P1 170.59(4) Cl2-Pt-P2   87.39(4) 
O1-P1-O2 102.54(14) O3-P2-O4 102.61(17) Pt-P1-O1 116.58(11) 
Pt-P1-O2 117.11(11) Pt-P2-O3 122.51(12) Pt-P2-O4 110.23(12) 
Pt-P1-C41 111.32(14) Pt-P2-C54 108.92(14) C46-O5-C56 112.6(3) 
C45-C47-C50 105.7(4) O1-P1-C41 105.87(16) O2-P1-C41 101.80(16) 
O3-P2-C54 104.24(16) O4-P2-C54 107.32(19)   

 

Moreover, the angles between the platinum center and the backbone carbon atoms bonded to 

the phosphorus are found to be 111.32(14)° (Pt-P1-C41) and 108.92(14)° (Pt-P2-C54). The 

dihedral angle between the metal plane Cl1-Pt-Cl2 and the ligand plane P1-P2-C41 is 112.2°. 

This shows that the platinum atom is actually located outside of the plane defined by the 

backbone and the phosphorus atoms. The displacement of the platinum plane relative to the 

ligand plane is clearly illustrated in Figure 7, showing a side view on the complex. The 

sterically demanding binaphthyl-units have been omitted for clarity, but both are pointing 

sideways of the molecule.  

 

 

Figure 7. Side view on the core of complex 7, showing the 

displacement of the square planar platinum out of the ligand plane. 
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This is in contrast to the examples of complexes reported for the Xantphos-type ligands, 

where the central metal atom lies in the plane of the backbone [22]. This “out of plane 

platinum” gives rise to a high accessibility to the metal center. In the Xantphos-type ligands 

the substituents at the phosphorus atom consist of aryl groups. Due to their conformational 

freedom they can accommodate the central atom in the plane of the backbone. In contrast, the 

binaphthyl moiety is rigid and does not provide sufficient space for the platinum atom in the 

plane. 

 

The distance between the two phosphorus atoms is 3.3980(15) Å. The calculated distance 

between the platinum atom and the oxygen in the backbone is 3.335(3) Å, which is too large 

to expect any interaction. The platinum-chlorine bond lengths are in the expected range with 

2.3504(11) Å (Pt-Cl1) and 2.3450(11) Å (Pt-Cl2). Additionally, the platinum-phosphorus 

bonds, respectively 2.2229(11) Å (Pt-P1) and 2.2245(11) Å (Pt-P2), are in the observed range 

for phosphonites [23, 24, 25]. As can be expected, the phosphonite-platinum bonds are 

considerably shorter than phosphine-platinum bonds due to the enhanced π-backdonation 

from the metal center into antibonding orbitals of the ligand. 

 

From the crystal structure (Figure 6) the conformational arrangement around the two 

phosphorus atoms is obvious. One of the binaphthyl groups is oriented parallel to the 

xanthene backbone, while the other takes a position orthogonal to the backbone. This gives 

rise to a chemically different environment for the phosphorus atoms and explains the two 

doublets for the phosphorus in the 31P NMR spectrum. Obviously, the same coordination 

mode is present both in the solid state and in solution. 
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2.3 Asymmetric hydroformylation 

 

 

The ligand-platinum complex ((R,R)-XantBino)platinum(II)dichloride (6) was pretreated with 

tin(II)chloride to activate the complex. The obtained yellow solution, containing the 

platinum/tin complex 8 (Figure 8) was used in the enantioselective hydroformylation of 

styrene (Figure 9). 

 

O

P PO
O

O
O

Pt

Cl3Sn Cl

 
Figure 8. Platinum/tin complex 8. 

 

Possible products are the hydrogenation product ethylbenzene (12), the linear product 3-

phenylpropanal (11), and both the enantiomers of 2-phenylpropanal (10) ((R)-2 and (S)-2)). 

Hydrogenation of the formed aldehydes 10 and 11 can lead to alcohols, but their amount was 

less than 1% for all reactions. Before addition of the substrate, the platinum/tin catalyst 

system was preformed for two hours at 60 °C and 20 bar of syngas in order to generate the 

actual catalyst resting state.  

 

CO/H2

Pt(P-P)Cl(SnCl3)
CHO

CHO

+ +
*

branched linear
9 10 11 12

 

Figure 9. Platinum/tin-catalyzed asymmetric hydroformylation of styrene. 

 

It has been shown that the enantioselectivity can change with reaction time [26] and also the 

chemoselectivity can be influenced by reaction time [27]. In all these cases it was suggested 

that excess of tin(II)chloride was the cause of side-reactions. A series of experiments has been 

performed in which the reaction time was varied. The results obtained are summarized in 
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Table 2. It is clear that for the ((R,R)-XantBino)platinum/tin system the enantioselectivity 

does not change with time. This is attributed to the fact that no excess of tin(II)chloride has 

been used. The regioselectivity (branched over linear ratio) is changing from 79/21 to 73/27 at 

most. The chemoselectivity (hydroformylation versus hydrogenation) on the other hand does 

show a pronounced dependence on the reaction time. 

 

The results (Table 2) show that the catalyst is stable over prolonged periods of time and at 

elevated temperature, showing no racemization. This is supported by experiments in which 

the effects reaction temperature and pressure are studied (Table 3, vide infra). Reaction times 

of up to 64 hours are applied without any sign of decomposition of the catalyst. Kollár et al. 

[28] have shown that the direction of the enantioselectivity is governed by the chiral 

information of the complex. Therefore, the stability of the corresponding platinum complex is 

very important. Decomposition of the complex leads to a racemic mixture of branched 

aldehydes 10. The high stability of platinum/tin Xantphos-type catalysts has been shown by 

Meessen et al. [29]. This in contrast to phosphine-platinum catalyst of monodentate ligands 

and flexible classic diphosphines like DPPE, which decompose in time [30]. The stabilizing 

effect of bidentate ligands is well known to increase the stability of the catalyst, as well as an 

excess of tin(II)chloride or excess of monodentate ligand [30]. 
 

Table 2. Platinum/tin-catalyzed asymmetric hydroformylation of styrene, using (R,R)-XantBino (5). 

entry T 
[°C] 

time 
[h] 

conversion 
[%] 

hydrogenation (12) 
[%] 

branched (10) 
/linear (11) 

ee 
[%] (abs. conf.) 

1 20 4 4 46 80/20 26 (R) 
2 20 6 6 39 80/20 26 (R) 
3 20 10 15 27 79/21 27 (R) 
4 20 10b 100 18 77/23 27 (R) 
5 60 1 14 73 79/21 11 (R) 
6 60 2 29 74 77/23 11 (R) 
7 60 5 90 40 73/27 10 (R) 

a Reaction conditions: 20 bar synthesis gas, ligand/Pt = 1, SnCl2/Pt = 1, substrate/Pt ~ 1000, CO/H2 = 1, 
dichloromethane, preformation 2 h at 20 bar, 60 °C. 
b substrate/Pt ~ 170. 
 

From the results shown in Table 2 it can be derived that initially the conversion increases non-

linearly with time. This effect can, however, not be attributed to an incomplete preformation. 

It has been shown by Meessen et al. [29] for diphosphines that a preformation time of 30 

minutes is already sufficient for activating a platinum/tin catalyst. This is strongly supported 
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by in-situ studies for platinum/tin-catalyzed hydroformylation with Sixantphos in chapter 3. It 

is therefore reasonable to assume that the preformation time of two hours is sufficient in this 

case as well. 

 

The low reaction rates in the initial stages of the hydroformylation suggest an incubation time 

for the catalytic reaction. This was also found for XantBino in the rhodium-catalyzed 

asymmetric hydroformylation [16], where the incubation time was estimated to be 30 

minutes. But also studies in the platinum/tin-catalyzed asymmetric hydroformylation using 

other ligands, such as (R,R)-Bco-dpp and (R,R)-Bco-dbp by Consiglio et al. [31] and (R,R)-

DIOP (2) by Haelg et al. [9], show similar behavior. 

 

Several hydroformylation experiments were performed at different synthesis gas pressures 

(10- 60 bar) and at different temperatures (0-100 °C). The results obtained are summarized in 

Table 3. It shows that the reaction rate, as seen from the turn over frequency (TOF), increases 

with temperature, as is the expected behavior (Figure 10). Usually turnover frequency derived 

from conversions above 30% deviate from ideal behavior, but in Figure 10 no such deviation 

is observed. 

 

Table 3. Platinum/tin-catalyzed asymmetric hydroformylation of styrene with XantBino (5). 

entry p 
[bar] 

T 
[°C] 

t 
[h] 

conv. 
[%] 

hydrogenation 
(12) [%] 

branched 
(10) /linear 

(11) 

ee [%] 
(abs. conf.) 

TOF 
[h-1] 

TON 

1 10 20 15 43 47 83/17 18 (R) 29 435 
2 10 40 10 87 42 78/22 9 (R) 92 920 
3 10 60 5 99 52 63/37 3 (S) 202 1010
4 10 80 2 83 64 45/55 6 (S) 441 882 
5 10 100 0.5 58 78 34/66 4 (S) 1200 600 
6 20 0 64 23 35 69/31 30 (R) 4 256 
7 20 20 15 45 37 79/21 27 (R) 49 735 
8 20 40 10 99 39 79/21 17 (R) 101 1010
9 20 60 5 90 40 73/27 10 (R) 187 935 
10 20 80 2 95 53 57/43 1 (S) 505 1010
11 20 100 0.5 61 68 45/55 2 (S) 1242 621 
12 60 20 10 12 26 71/29 14 (R) 2 20 
13 60 40 4 21 25 73/27 8 (R) 7 28 
14 60 60 1.8 36 25 74/26 3 (S) 9 16 
15 60 80 0.5 35 36 70/30 2 (S) 94 47 
a Reaction conditions: ligand/Pt/SnCl2 = 1/1/1 preformed, substrate/Pt ~ 1000/1, CO/H2 = 1/1, dichloromethane, 
preformation 2 h at 20 bar, 60 °C. 
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Figure 10. Plot of the turn over frequency as a function of reaction temperature, 

at three different pressures. Conditions are summarized in Table 3. 

 

The effect of the pressure on the reaction rate can better be seen in Figure 10. Highest reaction 

rates were observed at a pressure of 20 bar. The reaction rate at 60 bar is approximately 5 

times slower than at 10 bar or 20 bar. This pressure-dependent optimum can be explained by 

the reaction mechanism as shown in appendix A1. The relevant part is shown in Figure 11. 

Similar reaction mechanisms have been discussed by Van Rooy et al. [32, 33] for the 

rhodium-catalyzed asymmetric hydroformylation of styrene and by Meessen et al. [29] for the 

platinum-catalyzed hydroformylation of methyl-3-pentenoate. 

 

Pt
P CO

HP

Ph

CO
Pt

P

HP
Pt

P
P CO

Ph

CO

13 14 15  

Figure 11. Carbon monoxide influence on the reaction rate. 

 

For the platinum/tin-catalyzed hydroformylation the last step in the reaction sequence, the 

hydrogenolysis, has been shown to be the rate-limiting step [29, 34]. The other steps in the 

reaction mechanism are then in equilibrium. Changes in these equilibria can nonetheless have 

a notable effect on the overall reaction rate. In the reaction mechanism (Figure 11) it can 
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easily be seen that two consecutive steps involve equilibria with carbon monoxide. When the 

carbon monoxide partial pressure is slightly increased (i.e. from 10 bar to 20 bar) the second 

step is accelerated, resulting in a higher concentration of species 15. This species is a 

precursor for the steps leading to the final products and therefore the reaction rate is 

increased. However, when the carbon monoxide pressure is increased further (i.e. from 20 bar 

to 60 bar) the backward reaction path becomes more favored, resulting in higher 

concentrations of species 13. Therefore the amount of acyl-species, which can be 

hydrogenolyzed to yield the products, is lower, leading to lower activity. The increasing 

hydrogen partial pressure increases the overall reaction rate, but for the highest pressure this is 

counteracted by carbon monoxide, resulting in a change in rate-limiting step for higher 

pressures. 

 

The chemoselectivity towards the aldehyde shows an optimum at about 60 °C (Figure 12) 
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Figure 12. Plot of the aldehyde selectivity as a function of reaction temperature, 

at three different pressures. Conditions are summarized in Table 3. 

 

For the experiments at 20 bar the Eyring plot of the chemoselectivity at this temperatures 

gives another clear indication of changing reaction pathways (Figure 14). This indicates two 

competing reaction pathways. These results again support proposed reaction mechanism and 

the relevant part of the reaction mechanism is shown in Figure 13. The hydrogenolysis step, 

from species 20 to species 18 is the rate-limiting step for hydroformylation, whereas for 
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hydrogenation the step from species 16 to species 18 directly yields the side-product 12. Since 

these steps are rate limiting, they are irreversible. An increase in temperature increases both 

steps, but considering the different nature of the reactions, different activation parameters can 

be assumed.  
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Figure 13. Hydroformylation versus hydrogenation. 
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Figure 14. Eyring plot for the chemoselectivity at 20 bars. 

Conditions are summarized in Table 3. 
 

The exact values of the activation enthalpy and activation entropy cannot be determined since 

also simultaneous hydroformylation plays a role, but some qualitative observations can be 

made using the Gibbs equation (1). If for example the hydrogenation step (16 to 18) (Figure 

13) has a higher activation entropy than the hydrogenolysis step (20 to 18) (Figure 13) this 
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explains a faster increase of hydrogenation at elevated temperatures. At lower temperatures 

the more favorable activation enthalpy of the hydroformylation makes this the fastest reaction 

of the two. 

 

∆rG = ∆rH - T∆rS    (1) 

 

For the regioselectivity the amount of branched product decreases with increasing 

temperature, as can be seen in Figure 15. 
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Figure 15. Plot of the branched selectivity as a function of temperature, 

at three different pressures. Conditions are summarized in Table 3 

 

This can be explained by looking at the complexes that lead to the branched product 10 and 

the linear product 11. Styrene can have various interactions with the ligand system. Most 

notable is the possibility of π-stacking of the phenyl ring with the aryl substituents of the 

ligand. Castonguay et al. [35] showed in a molecular modeling study that the secondary α-

methyl styryl intermediate 21 (Figure 16) is more stable than the phenethyl intermediate 22 

(Figure 16) by 4-6.5 kJ/mol, due to π-stacking with one of the phenyl rings of the ligand. 

However, the calculations were based on isolated species in the gas-phase and therefore do 

not directly relate to the more complex situation with solvent, substrate and products. 
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Figure 16. Intermediates in the styrene hydroformylation. 

 

In the same paper it is shown that even the presence of the anion SnCl3
- does not influence the 

relative stability very much, so some conclusions can be drawn about the stabilities of these 

two intermediates. At lower temperature the small energy difference between 21 and 22 

(Figure 16) is enough to favor the more stable intermediate 21, which leads to the branched 

product 10. At higher temperature, the increased movement of the atoms decreases the 

accessible space, thus forcing the substrate into the sterically less demanding phenethyl 

species 22. 
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Figure 17. Plot of the enantioselectivity as a function of reaction temperature, 

at three different pressures. Conditions are summarized in Table 3. 

 

The enantioselectivity as a function of the reaction temperature shows an interesting feature 

(Figure 17). Apart from the normal decrease in enantioselectivity (e.g. [36]), an inversion of 

configuration from the (R)-2-phenylpropanal ((R)-2) to the (S)-2-phenylpropanal ((S)-2) was 

observed. Although the normal decrease in enantioselectivity makes it less pronounced, the 

trend is clearly visible. This phenomenon has been observed before in the platinum/tin-
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catalyzed asymmetric hydroformylation. Kollár et al. [28] ascribe this to a change in 

conformation of the flexible six-membered chelate ring with the ligand BDPP ((2S,4S)-2,4-

bis(diphenylphosphino)pentane (23)).  Tóth et al. [37], using BDPP (23), DIOP (2) and 

Chiraphos (3) showed an enantio-inversion for the hydroformylation of styrene. Kollár et al. 

[38], using BDPP (23) for the asymmetric hydroformylation of styrene, 2-methylstyrene, 

methylitaconate and dimethylitaconate, reported this remarkable inversion of configuration as 

well. No hard evidence for the change in conformation of the chelate-ring is given, but seems 

to be a plausible explanation. The chelate ring itself is not chiral, so the change in 

conformation is most probably brought about by a change in the conformation of the side-

groups on the phosphorus of the ligand. 

 

PPhPh2P 2 

Figure 18. BDPP ligand (23). 

 

 

 

2.4 Conclusions 

 

 

The coordination of (Xant-R-bino)platinum(II)dichloride (6) was explored using 31P NMR 

and revealed two inequivalent phosphorus atoms in a cis-configuration. The molecular 

structure showed this inequivalence to be due to the spatial orientation of the binaphthyl 

groups. It also showed an “out of plane platinum”, with the platinum atom standing almost 

orthogonal to the Xantphos-type backbone. The platinum complex 6, activated with 

tin(II)chloride, was used in the asymmetric hydroformylation of styrene. The catalyst was 

shown to be stable over longer reaction times and at higher temperatures and pressures. An 

incubation period was observed. 

 

Activity and hydrogenation increased with temperature, while the enantioselectivity showed 

enantio-inversion. Increase in pressure affected the reaction rate in two ways. Firstly the 

hydrogen partial pressure increases the reaction rate by enhancing the hydrogenolysis, which 

is considered to be the rate-limiting step. Secondly the carbon monoxide partial pressure 
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prevents the formation of platinum-alkene species, thus slowing down the pre-equilibrium. 

Regioselectivity was explained by the preferential coordination of styrene and subsequent 

formatting of π-stacking with the phenyl rings of the ligand. 

 

 

2.5 Experimental 

 

 

General 

All reactions, unless stated otherwise, were performed under an inert atmosphere of argon 

using standard Schlenk techniques. Glassware was heated in an oven and subjected to three 

consecutive vacuum – argon cycles prior to use. After use it was cleaned and placed in baths 

containing respectively potassium hydroxide in isopropanol and sulphuric acid in demi-water. 

 

Chemicals were purchased from Aldrich Chemical Co., Acros, Fluka or VWR. Solvents were 

purified using basic alumina after degassing. Substrates and internal standards were purified 

by passage through basic alumina and degassed using the freeze-pump-thaw method. PtCl2 

was obtained from OMG. Synthesis gas (CO/H2 in a 1/1 ratio with a purity of at least 99.99% 

was obtained from HoekLoos. 

 

NMR spectra were recorded on a Varian Mercury 400 Spectrometer (400 MHz for 1H, 100 

MHz for 13C and 162 MHz for 31P). Chemical shifts are given in ppm referenced to the 

solvent (1H, 13C{1H}) or an 85% aqueous solution of H3PO4 (31P{1H}). For the styrene 

hydroformylation the GC column of choice was a HP Ultra 2 (25 m*0.25 mm). Conversion 

was based on the amount of styrene reacted. The turnover number (TON) is defined as the 

conversion multiplied with the substrate/platinum ratio. From this TON the turnover 

frequency (TOF) is calculated by dividing by reaction time, which only holds value for low 

conversions. Chemoselectivity towards aldehydes is complementary with hydrogenation, 

which is calculated as the amount of ethylbenzene in the total of ethylbenzene and aldehydes. 

The determination of enantiomeric excess was performed on a Carlo Erba GC6000 Vega 2 

with a Lipodex E (25 m*0.25 mm) column and a FID detector.  
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Crystal data were collected on a Nonius KappaCCD diffractometer with rotating anode using 

graphite-monochromated MoK radiation. A face-indexed correction was applied using 

PLATON/ABSTOMPA [39] (transmission range 0.508 – 0.844). The structure was solved by 

direct methods using SHELXS97 [40], and was refined on F2 by least-squares procedures 

using SHELXL97 [40]. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were constrained to idealized geometries and allowed to ride on 

their carrier atoms with isotropic displacement parameter related to the equivalent 

replacement parameter of their carrier atom. Structure validation and molecular graphics 

preparation were performed with the PLATON package [39]. 

 

Autoclaves were manufactured in-house from stainless steel, 1.4571. For good heating 

capacity the autoclaves were fitted with a shrunk copper mantle. The autoclaves with a 

volume of 75 mL closed on a stainless steel ring in order to have line closure. In order to add 

substrates at elevated temperature and pressure the autoclave was equipped with a dripping 

funnel, which could be cooled or heated. The autoclave was fitted with a tube-manometer 

with a pressure range from 0 to 160 bar (Econosto), ball valves for the dripping funnel (VSM 

GmbH, KH 4M 4F HT X), needle valves (Swagelock, SS-4PDF4), a relief valve set at a 

pressure of 105 bar (Swagelock, SS-4R3A5-C), various high-pressure connections 

(Swagelock) and high-pressure tubing (Dockweiler, Finetron). The autoclave was heated with 

an electric heating mantle and the temperature was measured internally with a PT-100 

thermocouple. The autoclave was also safeguarded to overheating. The contents were stirred 

with a X-type stirring bar.  

 

(R,R)-XantBino (5) 

O

P PO
O

O
O

 
The ligand (R,R)-XantBino ((R,R)-4,5-bis(dinaphtho[d,f][1,3,2] dioxaphosphino)-9,9-

dimethyl-xanthene) (5), developed in our group, was prepared according to literature 
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procedures by Goertz et al. [15] and Van der Vlugt et al. [16]. The ligand was characterized 

by NMR spectroscopy: 
1H NMR (CDCl3): δ (ppm) = 7.94 (d, 2H, 1J = 8.8 Hz, bino H), 7.90 (d, 2H, 1J = 8.0 Hz, bino 

H), 7.84 (d, 2H, 1J = 8.0 Hz, bino H), 7.63 (d, 2H, 1J = 8.8 Hz, bino H), 7.58 (d, 2H, 1J = 8.8 

Hz, bino H), 7.55 (dd, 2H, 1J = 8.0 Hz, 2J = 0.8 Hz, bino H), 7.42 (t, 6H, 1J = 8.8 Hz, 

xanthene ArH), 7.32 (d, 2H, 1J = 8.4 Hz, bino H), 7.28 (dquin, 4H, 1J = 8.0 Hz, 2J = 1.2 Hz, 

bino H), 7.18 (d, 2H, 1J = 8.8 Hz, bino H), 6.92 (s, 2H, 1J = 8.8 Hz, bino H), 6.90 (d, 4H, 1J = 

7.2 Hz, bino H), 1.79 (s, 6H, C(CH3)2). 
13C{1H} NMR (CDCl3): δ (ppm) = 152.6, 149.9, 149.1, 133.0, 132.5, 131.5, 130.9, 130.4, 

129.9, 129.0 (d, JP-C = 16.8 Hz), 128.5, 128.2 (d, JP-C = 6.8 Hz), 126.9 (d, JP-C = 3.8 Hz, 125.8 

(d, JP-C = 19.0 Hz), 124.6 (d, JP-C = 20.6 Hz), 123.3, 121.9 (d, JP-C = 5.3 Hz), 34.1 (C(CH3)2), 

31.9 (C(CH3)2).  

 31P{1H} NMR (CDCl3): δ (ppm) = 178.0 (s). 

 

(S,S)-XantBino (S-5) 

The ligand (S,S)-XantBino was prepared in the same way as described for (R,R)-XantBino (5) 

(vide supra). As the enantiomer of 5 corresponding analytical data were obtained for the pure 

ligand. 

 

PtCl2(5) (6) 

O

P PO
O

O
O

Pt

Cl Cl

 
The platinum complex PtCl2(5) was obtained by refluxing platinum(II)chloride in acetonitrile. 

After two hours one equivalent of the ligand was added and refluxed for another hour. 

Complex 6 was obtained as a white powder in quantitative yield and was characterized by 31P 

NMR spectroscopy: 
31P{1H} NMR (CDCl3): δ (ppm) = 110.5 (d, JPP = 15.9 Hz, JPtP = 5000 Hz), 113.1 (d, JPP = 

15.9 Hz, JPtP = 5040 Hz). 
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PtCl2(S-5) (7) 

Complex 7 was prepared in the same way as described for complex 6 (vide supra). 

 

Single crystals suitable for X-ray diffraction were obtained by layering a dichloromethane-

solution of PtCl2((S,S)-XantBino) with acetonitrile. The crystal structure contains solvent 

accessible voids with a total volume of 1399 Å3 per unit cell volume filled with disordered 

solvent molecules (dichloromethane/acetonitrile). Their contribution to the structure factors 

was ascertained using PLATON/SQUEEZE [39]. Crystal data are given in Table 4. 

 

The complex crystallized in the non-centrosymmetric space group P212121. The molecular 

structure is depicted in Figure 6. Table 1 contains selected bond lengths and dihedral angles. 

 

Table 4. Selected crystallographic data for PtCl2(S-5) (7). 

Formula* C55H36Cl2O5P2Pt 

FW / Mr
* (g/mol) 1104.76 

Crystal size (mm) 0.06*0.24*0.32 

Crystal system Orthorhombic 

Space group P212121 (no. 19) 

a (Å) 11.2545(1) 

b (Å) 17.1813(1) 

c (Å) 27.4069(2) 

V (Å3) 5299.59(7) 

Z 4 

dcalc (g cm-3)* 1.3846(1) 

µ (Mo-Kα) (mm-1) 2.853 

T (K) 150  

Reflections collected 60343 

Unique reflections (Rint) 12174 (0.062) 

wR2 of F2 (all data) 0.0749 

λ (Å) 0.71073  

R1 0.0302 
* Excluding the contribution of the disordered solvent 
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PtCl(SnCl3)(5) (8) 

O

P PO

O

O

O

Pt

Cl3Sn Cl

 
The ligand-platinum complex (6) was pretreated with tin(II)chloride. To tin(II)chloride (2.6 

mg, 13.7 µmol) an equimolar amount of platinum complex 6 (15 mg, 13.7 µmol), dissolved in 

dichloromethane (10 mL), was added. After two hours of stirring a yellow solution containing 

complex 8 was obtained. 

Due to solubility problems no NMR was possible. 

 

Asymmetric Hydroformylation of Styrene 

The autoclaves were pretreated with three consecutive vacuum – argon cycles prior to use. 

The 10 mL platinum/tin complex 3 solution in dichloromethane (vide supra) was transferred 

to the autoclave. Additional dichloromethane (10 mL) was added. The autoclave was 

pressurized to 20 bar with syngas and heated to 60 °C. After two hours of preformation a 

mixture of styrene (1.6 g, 15.4 mmol) and n-decane (0.5 g, 3.4 mmol), dissolved in 5 mL 

dichloromethane was added at the desired temperature and pressure. The pressure was kept 

constant using a gas line with a pressure regulator. Reaction time was adjusted to reach a 

conversion of around 40%. 

 

Work-up of Hydroformylation Experiments 

After the reaction the autoclave was cooled rapidly to room temperature using an ice-bath. It 

was vented and a sample of the reaction mixture was analyzed by GC to determine 

conversion, chemoselectivity and regioselectivity. 

 

To a solution of 0.12 g LiAlH4 in 15 mL of diethyl ether a 5 mL sample of the reaction 

mixture was added. After 3 hours the reaction was quenched with water. The mixture was 

extracted 3 times using a total of 30 mL diethyl ether. The combined organic layers were 

dried using MgSO4. The solvents were removed in vacuo using the Rotavap, and 5 mL 

dichloromethane and 1.5 mL trifluoroacetic anhydride were added. The solvent and excess 
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trifluoroacetic anhydride were removed in vacuo using the Rotavap, and the residue was 

dissolved in toluene and analyzed by chiral GC. 
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REGIOSELECTIVE 

HYDROFORMYLATION 
 

 

Abstract: High-pressure in situ infrared spectroscopy has been applied as a powerful tool to study the 

platinum/tin complexes during preformation and hydroformylation. Combining these results with the results 

obtained in regioselective hydroformylation of terminal and internal octenes, a consistent mechanistic scheme is 

presented. The successful study of the tandem reaction of isomerization and hydroformylation will be reported. 

Platinum(II) complexes of the diphosphine ligand Sixantphos have been synthesized and characterized by NMR 

spectroscopy and X-ray diffraction. The cis-coordinated platinum/Sixantphos complexes were activated by 

tin(II)chloride and used as active catalysts in the regioselective hydroformylation of terminal and internal 

octenes. Chemoselectivities of up to 99% were reached for terminal octenes and 66% for internal octenes. 

Excellent regioselectivity of over 99% was reached for terminal octene, while for internal octenes 

regioselectivities up to 76% could be achieved, showing the favorable reaction tandem isomerization-

hydroformylation. 



Chapter 3 

3.1 Introduction 

 

 

As discussed in chapter 1, platinum/tin systems have long been known to give isomerization 

of substrates in homogeneously catalyzed reactions [1]. More specifically, Ancillotti et al. [2] 

have shown this for the hydroformylation of n-butene with triphenylphosphine as ligand, 

while Consiglio et al. [3] showed that hydroformylation of 2-butenes using either Bco-dpp (1) 

or Bco-dbp (2) gave 1-pentanal, which is only possible via a tandem isomerization - 

hydroformylation. For the more active rhodium catalysts this cascade reaction has been 

studied as well, for example by Beller et al. [4], applying a dual catalytic system consisting of 

ruthenium for isomerization and rhodium for hydroformylation. Using only rhodium as the 

metal has also proven to give isomerization and hydroformylation [5, 6, 7]. For the platinum-

catalyzed hydroformylation Meessen et al. [8] showed that this tandem reaction is also 

feasible for more complex substrates such as methyl-3-pentenoate using Xantphos ligands (3) 

[9], where regioselectivities up to 95% were reached. In an ab initio study Creve et al. [10] 

showed that the double bond of propene could be isomerized. They found two different 

pathways: direct exchange of ß-hydrogen in the ß-agostic isopropyl complex and association 

and dissociation of a coordinating solvent molecule. 
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Figure 1. Ligands used in regioselective hydroformylation. 

 

Although the platinum/tin-catalyzed isomerization/hydroformylation tandem reaction has 

shown to be effective, very little was known about the kinetics and reaction mechanism. 

Using the Sixantphos ligand (Figure 1) this reaction has been studied. In situ infrared studies 

have been carried out to elucidate the nature of the catalytic species and the processes 

occurring during preformation. The molecular structure of the platinum-ligand complex was 
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obtained and could be related to catalyst activity and selectivity. Catalytic experiments 

combined with mechanistic considerations allowed us to explain the activity and selectivities 

of the isomerization/hydroformylation reaction. 

 

 

3.2 Coordination 

 

 

O

Si

PPh2Ph2P

Pt
Cl Cl  

Figure 2. [PtCl2(Sixantphos)] 4. 

 

Complexation of Sixantphos (Figure 1) [9] with platinum(II)chloride in refluxing acetonitrile 

resulted in the formation of the [PtCl2(Sixantphos)] complex 4 as a pure white powder. The 
31P NMR spectrum (Figure 3) showed a singlet at δ = 7.0 ppm, flanked by 195Pt satellites with 

a coupling constant JPt-P of 3661 Hz. This coupling constant was a clear indication for the 

existence of a cis-[PtCl2(Sixantphos)] (cis-4) complex [11-15]. 

 

 

Figure 3. 31P NMR spectrum of complex 4 showing the singlet with its 195Pt satellites. 

 
 

Single crystals, suitable for X-ray analysis, were obtained by slow diffusion of acetonitrile 

into a solution of 4 in dichloromethane. The complex crystallized in the space group P21/c. 

The molecular structure for complex 4 is depicted in Figure 4, while selected bond lengths 

and dihedral angles are listed in Table 1. 
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Figure 4. Displacement ellipsoid plot of the PtCl2(Sixantphos) complex 4. The ellipsoids are drawn 

at the 50% probability level. All hydrogen atoms and solvent molecule are omitted for clarity. 

 

The asymmetric unit cell for this complex contained two crystallographically independent 

molecules of complex 4 together with two acetonitrile molecules. For the first independent 

molecule the bite angle of the diphosphine ligand (P1-Pt1-P2) is 99.17(3)° while the Cl1-Pt1-

Cl2 angle is 86.75(3)°. For the second independent molecule these angles differ only slightly 

at 100.23(3)° (P3-Pt2-P4) and 87.75(3)° (Cl3-Pt2-Cl4), respectively. For clarity and because of 

the close similarity between the two independent molecules only the first independent 

molecule will be discussed in more detail. 

 

Table 1. Selected bond lengths, distances and bond angles for cis-[PtCl2(Sixantphos)] (4). 

Bond lengths (Å) 
Pt1-P1 2.2568(9) Pt1-P2 2.2476(10) Pt1-Cl1 2.3595(8) 
Pt1-Cl2 2.3459(9) P1-C1 1.825(3) P2-C7 1.823(3) 
P1-P2 3.4517(9) Pt1-O1 3.151(2)   

Angles (°) 
P1-Pt1-P2   99.17(3) Cl1-Pt1-Cl2   86.75(3) P1-Pt1-Cl1 85.96(3) 
P1-Pt1-Cl2 163.56(3) P2-Pt1-Cl1 173.18(3) P2-Pt1-Cl2 87.13(3) 
Pt1-P1-C1 101.36(10) Pt1-P2-C7 105.98(11) C5-Si13-C9 99.81(15) 
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The geometry around the platinum atom of complex 4 is distorted square planar, with the 

phosphorus atoms coordinated in the expected cis-fashion (vide supra). The distortion from 

square planarity, besides the P1-Pt1-P2 and Cl1-Pt1-Cl2 angles, is also evident from the P-Pt-Cl 

angles of 85.96(3)° (P1-Pt1-Cl1) and 87.13(3)° (P2-Pt1-Cl2). The distortion of square planarity 

towards tetrahedral geometry is clearly visible by the out-of-plane bending of the Cl2-atom, 

which leads to a dihedral angle between the Cl1-Pt1-Cl2 plane and the P1-Pt1-P2 plane of 16.8°. 

This might originate from the Cl-Cl repulsion, as discussed by Goertz et al. [16] for 

[NiCl2(Thixantphos)]. Similar tetrahedral distortion of square planar Cl2PtP2-complexes have 

recently been described by Armstrong et al. [17]. 

 

The Pt-P bond lengths of 2.2568(9) Å (Pt1-P1) and 2.2476(10) Å (Pt1-P2) are in the expected 

range, compared to other complexes of the same type [13-15, 18-20]. The distance between 

the two phosphorus atoms is 3.4295(12) Å while the distance between the platinum atom and 

the oxygen atom in the backbone, Pt1-O1, is 3.151(3) Å. This platinum-oxygen distance is too 

large to expect any interaction. Two of the phenyl substituents, one on each of the phosphorus 

atoms, are π-stacked as can be seen in Figure 5. This is similar as has been seen in the 

molecular structure for the uncoordinated Xantphos-type ligands [9, 21]. 

 

Figure 5. Side view on the core of complex 4, showing the π-stacking of the 

phenyl rings and the displacement of the platinum from the ligand plane. 

 

The dihedral angle between the two aromatic rings in this Sixantphos backbone is 133.4°, 

which shows the bending of this moiety as a result of the unusually small bite angle of the 

ligand (vide supra). The dihedral angle for Pt1-P1-C1 is 101.36(10)°, which implies that the 
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same structural motif is present around the platinum atom as found in the corresponding Xant-

(S,S)-Bino diphosphonite (chapter 2). The displacement of the platinum atom relative to the 

ligand plane is clearly illustrated in the side view of complex 4 as displayed in Figure 5. This 

gives way to a very large accessibility of the platinum center. 

 

For the hydroformylation (but also for other homogeneously catalyzed reactions) the general 

trend is that the sterically more bulky ligands, leading to a smaller accessibility to the metal 

atom, tend to promote the formation of linear products [22, 23, 24]. Niyomura et al. even 

reported rate-enhancement with very bulky, bowl-shaped ligands in the rhodium-catalyzed 

hydrosilylation of ketones [25]. Rate- and selectivity-enhancement have been observed by 

Englert et al. for bulky ligands as well [26]. The very open structure and easy accessibility of 

the platinum in complex 4 and the high regioselectivity in the hydroformylation of methyl-3-

pentenoate observed by Meessen et al. [8] with these earlier statements. A chelating mode of 

the substrate could be envisaged, thereby creating an auto-induced bulkiness from the 

substrate, so the direct evidence of these results is questionable and should be investigated in 

this new light. 

 

 

3.3 Preformation 

 

 

Si

O

Ph2P PPh2

Pt
Cl SnCl3  

Figure 6. Platinum/tin complex 5. 

 
The Sixantphos-platinum complex 4 was activated by reaction with tin(II)dichloride for 

activation (see chapter 1). The obtained yellowish solution, containing the platinum/tin 

complex 5, was used in the regioselective hydroformylation of octenes. Before addition of the 

substrate, the platinum/tin catalyst system was preformed for one hour at 60 °C and 40 bars of 

syngas in order to generate a catalyst that is active in the hydroformylation reaction. 
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Little research has been done so far on the processes taking place during the pretreatment 

[27]. It has been shown that preformation times depended on the nature of the ligand and the 

procedure of preformation. Some of the problems in these studies were circumvented in this 

research by coordinating the ligand to the platinum prior to use and pretreating the ligand-

platinum complex with tin(II)chloride. Similar studies have been done by Sturm et al. [15] 

using 31P NMR. In the studies by Sturm et al. a tenfold excess of tin(II)chloride has been 

added. Complexation has been studied in the previous paragraph (vide supra). The 

pretreatment with tin(II)chloride has been followed by UV-Vis. After an hour the solution 

was left standing and after five hours the last measurement was taken. From Figure 7 it can be 

seen that after an hour the spectra remain unchanged. The peak at 324 nm, attributed to the 

platinum-tin bond, clearly shows the insertion of the tin(II)chloride into the platinum-chloride 

bond, leading to complex 5. 

 

 

 

Figure 7. Plot of the pretreatment of complex 4 with tin(II)chloride, followed by UV-Vis. 

 

There are no studies reported on the preformation of platinum/tin catalysts under syngas 

conditions. A good method to investigate the preformation is in situ high pressure IR 

spectroscopy. In a designated autoclave equipped with ZnS windows the preformation was 

followed in time (Figure 8). 
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Figure 8. Preformation of 4 under 40 bar syngas at 60 °C followed by in situ high-pressure IR. 

 

Immediately upon addition of syngas (after t = 0 min) two new bands appeared in the 

spectrum. These bands at 2048 cm-1 and 2100 cm-1 could originate from the carbonyl stretch 

vibrations or the platinum-hydride vibrations. The initial band at 2100 cm-1 disappeared after 

twenty minutes, while the band at 2048 cm-1 increased in intensity and did not change after 

twenty minutes. Even after addition of substrate this peak remained, as can be seen in the 

hydroformylation experiment (vide infra). 

 

The band at 2048 cm-1 indicates a carbonyl stretch vibration. Scrivanti et al. [28] reported a 

carbonyl band at 2066 cm-1 for [PtH(SnCl3)(CO)(PPh3)2]. Stang et al. [29] found 2090 cm-1 

for σ-vinyl Pt(II) carbonyls, while Tóth et al. [30] reported 2075 cm-1 with 

[Pt(Me)(CO)(BDPP)][SnCl3]. Finally, Van der Veen et al. [31] have shown bands at 2049 cm-

1 and 2041 cm-1 for platinum/tin complexes with ligands 6 and 7, respectively. The similarity 

between the ligands 6 and 7 and Sixantphos, used in this study, give good reason to assume 

that the electronic properties of platinum, and therefore the carbonyl wavenumber, are very 

much the same. Van der Veen et al. observed the same stability of the complexes under 

hydroformylation conditions. The band at 2048 cm-1 indicated the resting state of the catalyst 

under syngas conditions. No carbonyl-bridged species were observed [31, 32]. 
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Figure 9. Ligands 6 and 7. 

 

The band at 2100 cm-1 belongs to a short-lived species. The band can belong to a platinum-

hydride stretch or a carbonyl stretch. Scrivanti et al. [32] found a platinum-hydride at 2177 

cm-1 for the above mentioned complex (vide supra), but Stang et al. [29] reported 1996 cm-1 

for a σ-vinyl Pt(II) hydride with two triphenylphosphine ligands. Since the carbonyl 

wavenumber is higher in this complex than with a Xantphos-type ligand, the platinum-

hydride can be expected to be at a higher wavenumber as well. In the work by Llorca et al. 

[33] on supported bimetallic Pt-Sn complexes, a platinum-hydride was found at 2132 cm-1. 

The stability and relative ease of formation of [PtH(SnCl3)(CO)(PPh3)2] give a clear 

indication for the existence of this species [34, 35]. Use of deuterium instead of hydrogen will 

result in a shift of the hydride band. The expected wavenumber can be calculated with 

formula (1) and (2) and, keeping in mind that the force constant k hardly changes with a 

change from hydrogen to deuterium, yielding a wavenumber of approximately 1480 cm-1. In 

Figure 10 this peak can clearly be seen at 1464 cm-1, while the peak at 2100 cm-1 has 

disappeared. The hydride species disappeared after 20 minutes and a resting state with a 

carbonyl-containing species, which can also be observed in the deuteroformylation, forms 

slowly. 

νν ⋅⋅=⋅= chhE        (1) 

µπ
ν k

⋅=
2
1      (2) 
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Figure 10. Plot of preformation under hydroformylation and deuteroformylation 

conditions using complex, 5, after 10 minutes of preformation time. 

 

 

3.4 Regioselective Hydroformylation 

 

 

3.4.1 In Situ High Pressure Infrared Spectroscopy 

 

The preformed platinum/tin complex (vide supra) was used in the regioselective 

hydroformylation of octenes (Figure 12). The reaction, with 1-octene, was followed by in situ 

high pressure IR. The results can be seen in Figure 11. 
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Figure 11. Plot of the hydroformylation of 1-octene at 60 °C and 40 bar using 

preformed complex 5,followed by in situ high-pressure IR spectroscopy. 

 
The resting state with the characteristic carbonyl frequency at 2048 cm-1 is clearly visible 

during hydroformylation. The peak at 1639 cm-1 decreased over time. This wave number is 

very close to other reported platinum-acyl complexes [28, 29, 32]. However, it is more likely 

that this frequency corresponds to the alkene double bound, which has been reported for 1-

octene at 1690 cm-1 [36]. At longer reaction time substrate depletion occurs. At the same time 

peaks arise around 1720 cm-1, the expected region for aldehydes [30, 36]. The observed 

resting state during preformation (vide supra) has been shown to be a stable resting state even 

at hydroformylation conditions.  
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Figure 12. Platinum/tin-catalyzed regioselective hydroformylation of octenes, using complex 5. 

 

 

3.4.2 Hydroformylation of 1-octene 

 

The system was further tested under different reaction conditions, varying the temperature 

between 20 °C and 120 °C. The results obtained are summarized in Table 2. As can be 
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expected, the activity increased with temperature, which was characterized by the turnover 

frequency. Note that the conversion, and hence the turnover frequency, is defined as the 

conversion of 1-octene. Isomerization is therefore incorporated in the activity of the catalytic 

system. 

 
Table 2. Platinum-catalyzed regioselective hydroformylation of 1-octene (8), using complex 5.a 

entry T 
[°C] 

t 
[h] 

conv. 
[%] 

TOF 
[h-1] 

Shf  
(10 + 11) [%]

Shg 
(12) [%] 

Siso 
[%] 

l/b 
(10/11) 

1 20 4.0 5.2 13 96 4.0 0 > 250 
2 30 3.3 25 63 99 0.7 0.3 >250 
3 40 2.0 42 217 98 0.9 1.1 >250 
4 50 1.3 55 338 97 0 3.0 195 
5 60 1.0 43 440 96 1.0 3.0 135 
6 70 0.8 46 616 93 0.9 6.3 84 
7 80 0.4 39 914 82 12 5.3 55 
8 90 0.3 33 1060 72 22 6.5 39 
9 100 0.2 20 1228 50 44 6.0 22 
10 110 0.1 35 2533 36 50 15 23 
11 120 0.1 35 4356 25 58 17 21 

a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, CO/H2 = 1/1, p = 40 bar, dichloromethane, 
preformation 1 h at 40 bar syngas, 60 °C. 
 

When the activity was plotted in an Eyring plot (Figure 13), two different linear regions could 

be observed. This indicated two different reaction pathways, or rather rate-limiting steps, were 

operating, as has been seen in other reactions as well [37]. The temperature for a change in 

mechanism was 40 °C. The calculated (apparent) activation enthalpies for the two reaction 

mechanisms were ∆H# = 107 kJ/mol for the low temperature and ∆H# = 36 kJ/mol for the 

high temperature ranges. The (apparent) activation entropies were calculated to be ∆S# = 318 

J/(mol·K) and ∆S# = 90 J/(mol·K), respectively. The values at high temperature are in the 

expected range [38], for the low temperature case the values are relatively high compared to 

for example theoretical calculations for propene insertion in [Pt(PH3)2H]+, which gave 

maximum values of ∆H# = 24.5 kJ/mol [10]. 
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Figure 13. Eyring plot for the activity of 1-octene hydroformylation 

at 40 bar using complex 5. Conditions are summarized in Table 2. 

 
For the high temperature case, above 40 °C, the rate-limiting step is the hydrogenolysis of the 

formed acyl complex, as has been shown by Meessen et al. [8] for the hydroformylation of 

methyl-3-pentenoate with the same complex 5. The high activation entropy for the low 

temperature case suggests involvement of multiple species, which implies that the alkene 

insertion must be the rate-limiting step. This is supported by work from Petrosyan et al. [1] in 

the hydrogenation of various alkenes and from Clark et al. [39] on insertion of ethylene into 

the platinum-hydride bond. Concerning the latter report, the rate of insertion of ethylene into 

the platinum-hydride bond was shown to be temperature dependent making the 

hydrogenolysis of the acyl-platinum the rate-limiting step at higher temperatures. 

 

For the unwanted side-reaction leading to the hydrogenated product (12) a similar trend was 

observed as for the hydroformylation. Up to 70 °C hardly any hydrogenation of the substrate 

occurred. Above 70 °C the hydrogenation follows a more or less linear dependency on the 

temperature as can be seen in Figure 14. 
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Figure 14. Plot of the hydrogenation as a function of the temperature for the hydroformylation 

of 1-octene at 40 bar with complex 5. Conditions are summarized in Table 2. 

 

Using these data for another Eyring plot allowed to calculate (apparent) activation parameters. 

For the low temperature case the activation enthalpy is ∆H# = 18 kJ/mol and the activation 

entropy ∆S# = 46 J/(mol·K) and for the high temperature regime the values are respectively 

∆H# = 48 kJ/mol and ∆S# = 149 J/(mol·K) (c.f. [38]). Note the fact that the inversion 

temperatures for the overall reaction and the hydrogenation differ. This shows that different 

reaction mechanisms are responsible for these phenomena. 

 

In the hydroformylation of butenes Ancillotti et al. [2] and Cavinato et al. [40] observed that 

platinum metal and anionic platinum clusters could be formed. These platinum particles are 

highly active in hydrogenations and could therefore be responsible for the increase in 

hydrogenation with temperature [41, 42]. By performing the mercury drop test it is possible to 

selectively block the heterogeneously catalyzed hydrogenation with bulk platinum metal 

without affecting the homogeneous organometallic reactions [43]. For the hydroformylation 

of octenes using Sixantphos as ligand no influence on selectivities was observed. Therefore 

soluble organometallic species must catalyze the observed hydrogenation. 

 

The change in chemoselectivity can be rationalized by looking at the activation parameters of 

the different reaction parameters (Figure 15). It is concluded that alkene insertion becomes the 

rate-limiting step at low temperature (vide supra). Subsequent reaction towards species 16 is 

fast relative to hydrogenation. The rate of this step does not change very much with 
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temperature, but the rate-limiting step shifts towards hydrogenolysis of the platinum-acyl 

species 17. The concentrations of the equilibrium species 13 to 16 therefore increase. Since 

not all species 14 react towards species 16, increasing the concentration of species 14 will 

increase the hydrogenation rate. 
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Figure 15. Hydroformylation versus hydrogenation, R = hexyl. 

 

The regioselectivity, characterized by the linear to branched ratio, decreased with temperature 

(Figure 16). 
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Figure 16. Regioselectivity (l/b) as a function of temperature for 1-octene  

hydroformylation, using complex 5. Conditions are summarized in Table 2. 

 
This seems to be in sharp contrast with results published by Cavinato et al. [40]. They showed 

that the linear alkyl complex 14L is more stable at high temperature than the branched alkyl 

complex 14B for a platinum-catalyzed irreversible carbonyl insertion (Figure 17). For the 

hydroformylation, however, especially at higher temperatures this step (from species 13 to 
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species 14) is reversible, since the hydrogenolysis of the acyl-complex 17 is the rate-limiting 

step. This gives rise to increased amounts of branched alkyl species 14B. The branched alkyl-

complexes should be more stable since the isomerized products, being 2-octene, 3-octene and 

4-octene, constituted a larger portion of the total product composition as well. This is 

supported by the work from Schwager et al. [44], Ancillotti et al. [2] and Meessen et al. [8] 

who also show decreasing regioselectivities with temperature. 
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Figure 17. Regioselectivity governing step in the reaction mechanism for 1-octene, R = hexyl. 

 
 
3.4.3 Hydroformylation of Terminal and Internal Octenes 

 

The isomerization capacities of the catalytic system are further investigated with various 

octenes (Table 3). Although in far smaller quantities than 1-octene (8), the internal octenes (9, 

19 and 20) also produce the linear aldehyde nonanal 10. It should be noted that for all internal 

octenes as substrate the product mixture contains all octenes. Even 1-octene is present when 

starting with 4-octene. This 1-octene can only be formed from 4-octene via isomerization. The 

isomerization is brought about by a concerted mechanism of migratory insertion of alkene 

into a platinum-hydride bond and ß-hydrogen elimination of a platinum-alkyl complex 

(Figure 17). In research by Morrill et al. [45] to the hydride-assisted isomerization of alkenes, 

equilibrium concentrations of the various octenes are determined, starting from the various 

terminal and internal octenes. For the internal octene products these data are in agreement 

with the values observed here. The amount of 1-octene in the product mix, however, is lower 

for almost all cases. 
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Table 3. Platinum-catalyzed regioselective hydroformylation of terminal and internal octenes, using complex 5.a 

 1-octene 2-octene 3-octene 4-octene 
t [h] 1 20 28 28 
conversion [%] 43 18 51 29 
TOF [h-1] 440 8 15 8 
Shf (10 + 11) [%] 96 66 56 40 
Shg (12) [%] 1.0 19 11 41 
Siso [%] 3.0 15 34 19 
l/b (10/11) 135 0.10 0.20 0.03 

1-octene (8) 
2-octene (19) 
3-octene (20) 

octene's 
composition 

4-octene (9)  

97 
3.0 
0 
0  

0.12 
83 
14 
2.3  

0.27 
28 
49 
23  

0.14 
3.8 
20 
76  

nonanal (10) 
2-methyl-octanal (11A) 
2-ethyl-heptanal (11B) 

aldehyde's 
composition 

2-propyl-hexanal (11C)  

99 
0.7 
0 
0  

9.2 
8.3 
45 
38  

17 
15 
35 
33  

3.2 
2.2 
11 
83  

a Reaction conditions: ligand/Pt/SnCl2 = 1/1/1 preformed, T = 60 °C, substrate/Pt = 1000/1, CO/H2 = 1/1, p = 40 
bar, dichloromethane, preformation 1 h at 40 bar, 60 °C.  
 

Comparing the reactivity of 1-octene and the internal octenes, it is obvious that 1-octene is 

more reactive than the internal octenes. Turnover frequencies are about 40 times higher for 1-

octene. This also explains the lower amount of 1-octene in the product mixture for internal 

octene hydroformylation. 1-octene can either rapidly react towards the linear aldehyde 10 or 

the intermediate alkene-complex directly reacts towards the linear aldehyde 10 even before 1-

octene has been formed. The aldehyde product mixture mirrors the trend observed for the 

octenes product mixture. This is logical when looking at the reaction scheme for 

isomerization and hydroformylation (Figure 18). The 2-propyl-hexanal (11C) can only be 

formed from 4-octene (9) and 3-octene (20) and therefore the aldehyde composition closely 

follows the octene composition. 
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Figure 18. Isomerization and hydroformylation for the platinum- 

catalyzed hydroformylation of octenes, using complex 5. 

 

3.4.4 Hydroformylation of 4-octene 

 

The successful tandem reaction of isomerization of internal alkenes followed by 

hydroformylation was further explored in the hydroformylation of 4-octene (9). Since the 

isomerization is faster at higher temperature (see results in Table 2) and it was known from 

the asymmetric hydroformylation of styrene (chapter 2) that the pressure has an pronounced 

effect on the regioselectivity, the reaction was monitored in a temperature range from 60 °C to 

140 °C and at a pressure of 10 bar and 40 bar (Table 4). 

 

Table 4. Platinum catalyzed regioselective hydroformylation of 4-octene (9), using complex 5. 

entry T 
[°C] 

p 
[bar] 

t 
[h] 

conv. 
[%] 

TOF
[h-1] 

Shf 
(10 + 11) [%]

Shg 
(12) [%] 

Siso 
[%] 

l/b 
(10/11) 

1 60 10 45 20 4.3 15 72 14 0.06 
2 80 10 39 30 7.3 37 20 44 1.0 
3 100 10 15 19 13 13 48 39 2.0 
4 120 10 8 17 24 14 43 44 3.1 
5 140 10 3 16 54 0 62 38 b 

6 60 40 28 29 8.0 39 42 19 0.03 
7 80 40 20 47 21 52 14 35 0.17 
8 100 40 8 49 56 49 11 40 0.37 
9 120 40 4 21 61 8.9 60 32 0.93 
10 140 40 0.8 16 209 5.2 52 43 2.8 

a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, CO/H2 = 1/1, dichloromethane, preformation 
1 h at 40 bar, 60 °C. 
b Below detection limit. 
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The activity, characterized by the turnover frequency, increased of course with the 

temperature. The same general trend holds for the isomerization and the regioselectivity to 

linear products (Figure 19). That these two parameters follow the same trend has been 

explained already for the regioselective hydroformylation of terminal and internal olefins in 

the previous paragraph (vide supra). 
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Figure 19 a Regioselectivity depending on temperature, and b isomerization selectivity depending on 
temperature in the regioselective hydroformylation of 4-octene, using complex 5. Conditions are summarized in 

Table 4. 

 

The chemoselectivity towards aldehydes shows an optimum at 80 °C and 100 °C for 10 bar 

and 40 bar respectively (Figure 20). This trend also correlates with the observation that the 

hydroformylation reaction increases in activity with temperature, but at a certain temperature 

the hydrogenation starts to play an important role as well. 
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Figure 20 Chemoselectivity as a function of temperature for 4-octene  

hydroformylation, using complex 5. Conditions are summarized in Table 4. 
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Assuming hydrogenolysis to be the rate-limiting step (vide supra) it directly follows that 

increasing the pressure will lead to faster hydroformylation. Increasing the pressure leads to 

higher activity for the catalyst. This increase is in contrast to the hydroformylation of styrene 

(Chapter 2), where an optimum in the pressure has been found. The increase in hydrogen 

partial pressure seems to influence the rate of hydrogenolysis to a bigger extent than the rate 

of hydrogenation (c.f. Figure 15). Isomerization is only affected marginally, supporting again 

the rate-limiting step of hydrogenolysis in the tandem reaction of isomerization and 

hydroformylation (Figure 18). 

 

Remarkable is the decrease in regioselectivity with increasing pressure (Figure 19a). A 

detailed analysis of the distribution of the various octenes (not shown) does not show a big 

difference at the two different pressures. The aldehyde product distribution indicates that at 

higher pressure more direct hydroformylation of 4-octene (9), yielding 2-propyl-hexanal 

(11C), occurs. This again confirms the rate-limiting step to be the hydrogenolysis. The almost 

instantaneous hydroformylation of 1-octene is not affected by the increase in hydrogen partial 

pressure, but the much slower hydroformylation of 4-octene increases with hydrogen partial 

pressure. Since the isomerization is not influenced, as shown by the distribution of octenes, 

more 4-octene reacts to 11C and less 4-octene isomerizes. 

 

3.4.5 Additional Ligands  

 

Traditionally in hydroformylation a five- to ten-fold excess of ligand has been used. The main 

reason is to stabilize the catalyst and thereby preventing the loss of precious noble metal. 

Since we have shown the retaining of catalyst stability and selectivity over longer reaction 

time (chapter 2) and at high temperatures (vide supra), the need to use a large excess of ligand 

seems to be unnecessary. Kégl et al. [24] showed that cationic platinum(II) complexes are 

formed upon addition of excess ligand, where the tin(II)chloride played an important role in 

complex formation. For the regioselective hydroformylation of methyl-3-pentenoate Meessen 

et al. [8] showed a small but significant increase in selectivity and activity with increased 

ligand to metal ratio. Therefore the influence of ligand to metal ratio was investigated for the 

regioselective hydroformylation of 1-octene (8) and 4-octene (9). The results are summarized 

in Table 5. 
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Table 5. Platinum-catalyzed regioselective hydroformylation of 1-octene (8) and 4-octene (9) with additional 
ligand Sixantphos, using complex 5.a 

entry 5/ligand 
[mol/mol] 

substrate conv.
[%] 

TOF
[h-1] 

Shf 
(10 + 11) [%]

Shg 
(12) [%] 

Siso 
[%] 

l/b 
(10/11)

1 1/0 1-octene 22 717 55 4.1 41 14 
2 1/0.5 1-octene 17 702 67 3.5 29 23 
3 1/1 1-octene 15 615 70 3.7 26 22 
4 1/2 1-octene 10 428 80 4.2 16 23 
5 1/5 1-octene 4 167 80 7.9 12 > 25 
6 1/0 4-octene 34 21 38 24 38 0.8 
7 1/0.5 4-octene 39 24 44 16 40 0.5 
8 1/1 4-octene 18 11 4.5 86 9.1 0.0 
9 1/2 4-octene 20 12 5.1 80 15 0.0 
10 1/5 4-octene 1 0 0 0 100 - 

a Reaction conditions: Pt/Sn = 1/1, substrate/Pt = 1000/1, CO/H2 = 1/1, t = 0.3 h (1-octene) or 17 h (4-octene), T 
= 100 °C, p = 40 bar, dichloromethane, preformation 1 h at 40 bar, 60 °C, extra ligand added after preformation. 
 

The added ligand decreases the activity of the catalyst, as can be seen by the turnover 

frequency. This is consistent with the generally accepted view that the added ligand stabilizes 

the catalyst by occupying the vacant site of the active species. In order to have 

hydroformylation, the excess ligand needs to dissociate again and this slows down the rate of 

reaction. The decrease in activity correlates with the decrease in isomerization. The 

selectivities for 1-octene (8) hydroformylation are hardly affected by adding more ligand. 

However, for 4-octene (9) a decrease of selectivity is observed. The regioselectivity of course 

directly relates to the isomerization capacity of the catalyst, since in order to produce nonanal 

(10) from 4-octene several isomerization steps are required. In order to have isomerization 

consecutive steps of migratory alkene insertion into the platinum-hydride bond and β-

hydrogen elimination are needed. This last step requires a vacant site adjacent to the alkyl 

group. The presence of additional ligand competes for this vacant site and therefore 

suppresses the isomerization. 

 

The drop in chemoselectivity for 4-octene is explained by the difference in coordination of 1-

octene and 4-octene. In order to accommodate the more bulky secondary alkyl coordination to 

the platinum more space is needed around the central metal atom. This is more easily 

achieved with hydrogen coordinated to the platinum than with the more bulky ligand carbon 

monoxide. This holds especially when the coordination sphere around the central metal atom 

has been occupied by more ligand, as has been proven by Kégl et al. [24]. The trend that 

ligands forming more than 6-membered chelate rings do not coordinate to the platinum is 
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contradicted by the results in Table 5. The activity, and for 4-octene the selectivity as well, is 

influenced by the addition of Sixantphos, which forms an 8-membered chelate ring with 

platinum. 

 

In the article by Kégl et al. it is also shown that addition of triphenylphosphine has a similar 

effect on the catalyst as additional ligand. Since the formation of platinum complexes has 

been related to the size of the chelate ring, the use of triphenylphosphine should avoid this 

problem, as well as the possibility of forming bis-chelates. The results of these measurements 

are summarized in Table 6. In order to exclude the formation of a platinum species containing 

only triphenylphosphine an additional experiment was performed using PtCl(SnCl3)(PPh3)2 as 

a catalyst (entry 4). The activity of this catalyst is negligible, which is in accordance with 

almost similar experiments performed by Hayashi et al. [23], compared to the platinum-

diphosphine catalysts with added triphenylphosphine. The contribution of this species to the 

selectivity is therefore negligible and, even when formed during reaction, it does not need be 

considered for this discussion. 

 

Table 6. Platinum-catalyzed regioselective hydroformylation of 1-octene (8) and 

4-octene (9) with additional ligand triphenylphosphine (PPh3), using complex 5.a 

entry 5/PPh3 
[mol/mol] 

substrate t 
[h] 

conv.
[%] 

TOF 
[h-1] 

Shf 
(10 + 11) [%]

Shg 
(12) [%] 

Siso 
[%] 

l/b 
(10/11)

1 1/0 1-octene 0.2 20 1228 50 44 5.7 22 
2 1/0.8 1-octene 1 35 355 96 1.0 2.9 114 
3 1/2.3 1-octene 1 8 85 95 5.0 0 > 250 
4 b 1-octene 14 6 5 91 5.8 2.9 > 250 
5 1/0 4-octene 8 49 56 49 11 40 0.4 
6 1/0.8 4-octene 15 18 12 3.5 84 12 0 
7 1/2.3 4-octene 17 17 10 2.7 87 11 0 
a Reaction conditions: Pt/Sn = 1/1, substrate/Pt = 1000/1, CO/H2 = 1/1, t = 0.3 h (1-octene) or 17 h (4-octene), T 
= 100 °C, p = 40 bar, dichloromethane, preformation 1 h at 40 bar, 60 °C, extra ligand added after preformation. 
b Catalyst is PtCl2(PPh3)2, prepared by literature procedure [44] and catalysis at T = 60 °C. 
 

Again the activity decreases markedly upon addition of the ligand triphenylphosphine. 

Selectivities and isomerization follow a similar trend as observed upon addition of 

Sixantphos. This confirms the idea that the nature of the catalytically active species does not 

contain two bidentate ligands, but only one bidentate plus additional phosphorus, being either 

from mono-coordinating Sixantphos or triphenylphosphine, leading to a [PtCl(P-P)P][SnCl3]. 

The changes in selectivity are more pronounced with triphenylphosphine than with 
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Sixantphos. This is due to the less flexible structure of Sixantphos. The rigid backbone of the 

Sixantphos, together with its added steric constraints, leaves less space for the two phenyl 

groups to be folded away from the already crowded coordination sphere of platinum. 

 

3.4.6 Pressure Effect 

 

An effect of the reaction pressure on activity and selectivity was observed for the asymmetric 

hydroformylation of styrene (Chapter 2), as well as for the regioselective hydroformylation of 

4-octene. So far it was only a hypothesis that this is mainly due to the increased partial 

pressure of hydrogen, since the hydrogenolysis of the acyl complex is the rate-limiting step of 

the hydroformylation. In order to unravel the exact nature of the pressure effect the 

regioselective hydroformylation of 1-octene (8) and 4-octene (9) was investigated varying the 

partial pressure of carbon monoxide and hydrogen independently. The results are summarized 

in Table 7 and Table 8, respectively. 

 

Table 7. Platinum catalyzed regioselective hydroformylation (and hydrogenation) of 1-octene (8), using 
complex 5. 

entry T 
[°C] 

p(H2) 
[bar] 

p(CO) 
[bar] 

t 
[h] 

conv. 
[%] 

TOF
[h-1]

Shf 
(10 + 11) [%] 

Shg 
(12) [%]

Siso 
[%] 

l/b 
(10/11)

1 60 20 20 1 43 440 96 1.0 3.0 135 
2 60 30 10 2 57 302 92 0 7.9 > 100 
3 60 35 5 2 50 264 87 1.8 12 109 
4 60 10 10 3 17 65 89 1.8 9.1 36 
5 60 15 5 5 36 78 72 4.6 23 41 
6 60 40 0 0.6 11 194 0b 50 50 b 

a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, dichloromethane, preformation 1 h at 40 bar, 
60 °C. 
b No aldehydes formed. 
 
Decreasing the pressure from 40 bar (entry 1) to 20 bar (entry 4), maintaining the CO/H2 ratio 

of 1:1, shows a decrease in activity. The chemoselectivity is not markedly changed, but the 

regioselectivity decreases. This decrease is caused by hydroformylation of the internal 

alkenes, since at lower pressure the isomerization is increased as well and therefore the 

amount of internal alkenes in solution is increased. The increase in isomerization in turn is 

caused by the decrease in hydroformylation activity. The slower the hydroformylation, limited 

by the hydrogenolysis, the higher the concentration of the species 16, 14 and 13 (Figure 15), 

which are involved in the isomerization. 
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Decreasing the hydrogen partial pressure while maintaining the carbon monoxide partial 

pressure (entries 3 and 5) shows exactly the same trend as described for lowering the total 

pressure. This shows that indeed the partial pressure of hydrogen is the key factor in changing 

the pressure. This can also be seen in comparing entries 2 and 3. The small difference in 

hydrogen partial pressure and the relatively large difference in carbon monoxide only results 

in small differences in activity and selectivity. Again the regioselectivity and the 

accompanying isomerization of 1-octene increase with increasing hydrogen partial pressure 

and decreasing carbon monoxide partial pressure. Both the increased activity and selectivity 

contribute to a higher overall yield of linear product, nonanal (10). The observed trend for 

increase in partial pressure of hydrogen sparks interest for future research to more pronounced 

ratios of hydrogen/carbon monoxide, like for example a ratio of 39:1. 

 

The increase in isomerization with increased hydrogen partial pressure is shown in extremo in 

entry 6. Applying 40 bar of pure hydrogen, the total conversion towards octane (12) is far 

higher than with syngas. This shows that in hydroformylation the unwanted hydrogenation is 

even slowed down by the presence of carbon monoxide. This is logical since carbon 

monoxide present at the platinum complex competes for insertion. Furthermore it shows that 

the presence of hydrogen is the key element in isomerization activity, as can be expected from 

the mechanism of isomerization (Figure 17). The product distribution for entry 6 (not shown) 

reveals 2-octene as the major component, instead of the expected mixture observed for 

internal octene hydroformylation (vide supra). This is due to the short reaction time, since in 

4-octene (9) hydrogenation (Table 8, entry 6) the product distribution is consistent with the 

product distribution found for internal octene hydroformylation (vide supra). Longer reaction 

times are needed to reach the equilibrium distribution of the various octenes. 

 

In order to examine the influence of the partial pressure on 4-octene (9) several reactions were 

performed at 100 °C (Table 8). The increase in reaction temperature compared to 1-octene 

(Table 7) was needed to reach conversion in a reasonable time. Decreasing the overall 

pressure (entries 1 and 4) has already been discussed for the regioselective hydroformylation 

of 4-octene in paragraph 4.4.4 (vide supra). The difference in isomerization activity upon 

changing the pressure can hardly be noticed, since at these long reaction times isomerization 

takes place to the equilibrium octene distribution, as described in paragraph 4.4.3. 
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Table 8. Platinum-catalyzed regioselective hydroformylation (and hydrogenation) of 4-octene (9), using 
complex 5.a 

entry T 
[°C] 

p(H2) 
[bar] 

p(CO) 
[bar] 

t 
[h] 

conv. 
[%] 

TOF
[h-1]

Shf 
(10 + 11) [%] 

Shg 
(12) [%]

Siso 
[%] 

l/b 
(10/11) 

1 100 20 20 8 49 56 49 11 40 0.37 
2 100 30 10 17 34 20 37 26 38 1.5 
3 100 35 5 17 41 25 40 20 40 2.1 
4 100 5 5 15 19 13 13 48 39 2.0 
5 100 7.5 2.5 21 25 12 28 31 45 2.8 
6 60 40 0 3.5 16 48 0b 60 40 b 

a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, CO/H2 = 1/1, dichloromethane, preformation 
1 h at 40 bar, 60 °C. 
b No aldehydes formation possible. 
 

Since the isomerization of 4-octene (9) has reached equilibrium, the increase in 

regioselectivity with increased hydrogen partial pressure (entries 3 and 4) is negligible. The 

only parameter that changes markedly upon increasing the hydrogen partial pressure is the 

chemoselectivity, again showing the hydrogenolysis to be the rate-limiting step in the reaction 

mechanism (c.f. Figure 15). Remarkable is the comparable activity for entries 4 and 5. Again 

the chemoselectivity increases with increasing hydrogen partial pressure and consequently 

decreasing carbon monoxide partial pressure. The isomerization causes also the 

regioselectivity to reach higher values. The octene distribution (not shown) is virtually the 

same as for other experiments, but more 1-octene and 2-octenes are present in the reaction 

mixture.  

 

 

3.5 Conclusions 

 

 

The coordination chemistry of the previously reported complex 

(Sixantphos)platinum(II)dichloride (4) has been explored. The NMR confirmed that the 

molecular structure in solid state and solution contains a cis-coordinated Sixantphos. The 

platinum atom is placed at an angle of 101.36° from the ligand plane. The activation of 

platinum complex (4) with tin(II)chloride was followed by UV-Vis spectroscopy and it was 

shown that pretreatment was completed within an hour, yielding platinum/tin complex (5). 

The preformation of 5 was followed by in situ high-pressure infrared spectroscopy. First a 
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platinum-hydride was formed with a band at 2100 cm-1, which was transformed into a 

platinum-carbonyl, which was stable even during hydroformylation reaction. 

 

The preformed complex 5 was used in the regioselective hydroformylation of various internal 

and terminal octenes. For 1-octene hydroformylation two regions for the activity were shown, 

with activation enthalpy of ∆H# = 107 kJ/mol and entropies ∆S# = 318 J/(mol·K) below 40 °C 

and ∆H# = 36 kJ/mol and ∆S# = 90 J/(mol·K) above 40 °C, respectively. This was attributed 

to a change in the rate-limiting step from alkene insertion to hydrogenolysis upon increasing 

the temperature. The hydrogenation showed a sudden increase above 70 °C, which was 

attributed to the increased presence of platinum-alkyl species in solution. 

 

Regioselective hydroformylation of various octenes showed a tandem reaction of 

isomerization and hydroformylation for internal octenes. The subsequent studies of 4-octene 

hydroformylation showed an increased formation of the linear aldehyde nonanal (10) at 

increased temperature and lower pressure. Adding super-stochiometric quantities of ligand 

showed a decrease in activity due to blocking of vacant sites. The increased regioselectivity 

was caused by the added steric bulk of the additional ligand. This was confirmed by adding 

triphenylphosphine, which had the same effect as added diphosphine ligand. 

 

Increasing the partial pressure of hydrogen had a beneficial effect on the activity and 

regioselectivity, while hardly influencing the chemoselectivity. This confirmed the 

hydrogenolysis as the rate-limiting step for the regioselective platinum-catalyzed 

hydroformylation. 

 

 

3.6 Experimental 

 

 

General 

All reactions were performed under an inert atmosphere of argon using standard Schlenk 

techniques. Glassware was heated in an oven and subjected to three consecutive vacuum – 

argon cycles prior to use. After use it was cleaned and placed in baths containing respectively 

potassium hydroxide in isopropanol and sulphuric acid in demi-water. 
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Chemicals were purchased from Aldrich Chemical Co., Acros, Fluka or VWR. Solvents were 

purified using basic alumina after degassing. Substrates and internal standards were purified 

by passage through basic alumina and degassed using the freeze-pump-thaw method. PtCl2 

was obtained from OMG. Synthesis gas (CO/H2 in a 1/1 ratio), hydrogen, deuterium and 

carbon monoxide with a purity of at least 99.99% were obtained from HoekLoos. Carbon-13C 

monoxide with a purity of 99% was purchased from Cambridge Isotope Laboratories, Inc. 

 

NMR spectra were recorded on a Varian Mercury 400 Spectrometer (400 MHz for 1H, 100 

MHz for 13C and 162 MHz for 31P). Chemical shifts are given in ppm referenced to the 

solvent (1H, 13C{1H}) or an 85% aqueous solution of H3PO4 (31P{1H}). GC analyses for 

conversion, chemoselectivity and regioselectivity in octene hydroformylation were performed 

on a Shimadzu GC-17A with a FID detector and a HP Pona (50 m*0.2 mm) column. 

Conversion was calculated as the amount of starting octene reacted and therefore includes 

isomerization of starting octene. The turnover number (TON) was calculated as conversion 

multiplied by the substrate/platinum ratio. The corresponding turnover frequency (TOF) was 

derived from the TON by dividing by reaction time. This TOF only holds any value for low 

conversions. The chemoselectivity, in tables shown as Shf, is the amount of aldehydes from 

the total products. The unwanted side reaction of hydrogenation is shown as Shg. Finally, 

isomerization (Siso) is defined as the amount of other octenes in the final product-mixture. 

 

Autoclaves were manufactured in-house from stainless steel, 1.4571. For good heating 

capacity the autoclaves were fitted with a shrunk copper mantle. The autoclaves with a 

volume of 75 mL closed on a stainless steel ring in order to have line closure. In order to add 

substrates at elevated temperature and pressure the autoclave was equipped with a dripping 

funnel, which could be cooled or heated. The autoclave was fitted with a tube-manometer 

with a pressure range from 0 to 160 bar (Econosto), ball valves for the dripping funnel (VSM 

GmbH, KH 4M 4F HT X), needle valves (Swagelock, SS-4PDF4), a relief valve set at a 

pressure of 105 bar (Swagelock, SS-4R3A5-C), various high-pressure connections 

(Swagelock) and high-pressure tubing (Dockweiler, Finetron). The autoclave was heated with 

an electric heating mantle and the temperature was measured internally with a PT-100 

thermocouple. The autoclave was also safeguarded to overheating. The contents were stirred 

with an X-type stirring bar.  
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Crystal data were collected on a Nonius KappaCCD diffractometer with rotating anode using 

graphite-monochromated MoK radiation. A face-indexed correction was applied using 

PLATON/ABSTOMPA [46] (transmission range 0.508 – 0.844). The structure was solved by 

direct methods using SHELXS97 [47], and was refined on F2 by least-square procedures 

using SHELXL97 [47]. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were constrained to idealized geometries and allowed to ride on 

their carrier atoms with isotropic displacement parameter related to the equivalent 

replacement parameter of their carrier atom. Structure validation and molecular graphics 

preparation were performed with the PLATON package [46]. 

 

High-pressure infrared measurements were done on a Shimadzu Fourier Transform Infrared 

Spectrophotometer FTIR-8300 with a Michelson interferometer. The spectra were processed 

with Hyper-IR software provided by Shimadzu Corp. In the spectrophotometer was placed an 

in-house built autoclave after design by Van Leeuwen et al. [48] made from stainless steel 

(SS 316) with a volume of 50 mL, equipped with a temperature controller and a pressure 

transducer.  The infrared beam was led through ZnS windows (transparent up to 700 cm-1, 10 

mm internal diameter) and an effective path length of 0.4 mm. Stirring was performed with a 

mechanical stirrer equipped with a Rushton-type stirrer. This HP-IR autoclave is similar to the 

one described by Van Rooy [48]. 

 

Sixantphos 

Si

O

PP

 
The well-known ligand 4,6-bis(diphenylphosphino)-10,10-dimethylphenoxasilin (Sixantphos) 

was synthesized according to literature procedures given by Kranenburg et al. [9]. 
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cis-PtCl2(Sixantphos) (4) 

Si

O

Ph2P PPh2

Pt
Cl Cl  

The platinum complex was obtained by refluxing platinum(II)chloride in acetonitrile. After 

one hour, one equivalent of the ligand Sixantphos was added and the mixture refluxed for 

another hour. The complex 4 was obtained in quantitative yield and was characterized by 

NMR spectroscopy: 
31P{1H} NMR (CDCl3): δ (ppm) = 7.0 (s, JPtP = 3661 Hz). 

Single crystals suitable for X-ray diffraction were obtained by slow diffusion of acetonitrile 

into a dichloromethane solution of 4. The complex crystallized in the space group P21/c. The 

asymmetric unit cell for the complex contained two crystallographically independent 

molecules of complex 4 together with two acetonitrile molecules. Crystal data are given in 

Table 9. The molecular structure as well as a table containing selected bond lengths and 

dihedral angles can be found in Table 1. 
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Table 9. Selected crystallographic data for PtCl2(Sixantphos) (4). 

Formula C38H32Cl2OP2PtSi · C2H3N 

FW / Mr [g/mol] 1104.76 

Crystal system Monoclinic 

Space group P21/c (no. 14) 

a (Å) 19.2417(10) 

b (Å) 18.0033(12) 

c (Å) 21.9848(14) 

V (A3) 7343.2(9) 

Z 8 

dcalc (g cm-3)* 1.6312 

µ (Mo-Kα) (mm-1) 0.412 

T (K) 150  

Reflections collected 174098 

Unique reflections (Rint) 16837 (0.094) 

wR2 of F2 (all data) 0.072 

λ (Å) 0.71073  

R1 (F) 0.029 

 

PtCl(SnCl3)(Sixantphos) (5) 

The ligand-platinum complex 4 (11.8 mg, 13.7 µmol), dissolved in 10 mL dichloromethane, 

was added to an equimolar amount of tin(II)chloride (2.6 mg, 13.7 µmol). After one hour a 

yellow solution containing the platinum/tin complex 5 was obtained. 

Due to solubility reasons no NMR of this complex could be obtained. 

 

The synthesis of the platinum/tin complex was followed on a Shimadzu UV-2401PC UV-Vis 

spectrophotometer. The spectra were processed with Hyper-UV software provided by 

Shimadzu Corp. In the spectrophotometer quartz cuvettes were placed with a path length of 1 

cm. 
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Regioselective Hydroformylation of Octenes 

The autoclave was pretreated with three consecutive vacuum – argon cycles prior to use. The 

platinum/tin complex 6 solution in 10 mL dichloromethane (vide supra) was transferred to the 

autoclave. In some instances additional ligands were added dissolved in 10 mL of 

dichloromethane, otherwise an additional 10 mL dichloromethane were added to the 

autoclave to get a total volume of 20 mL. The autoclave was pressurized to 40 bar and heated 

to 60 °C. After one hour of preformation a mixture of the octene (3.0 mL, 19.0 mmol) and n-

decane (1.0 mL, 5.1 mmol), dissolved in 6.0 mL of dichloromethane, was added at the desired 

pressure and temperature. The pressure was kept constant by using a gas line with a pressure 

regulator. After the reaction the autoclave was cooled to room temperature with an ice-bath. 

After depressurizing a sample was taken from the autoclave and analyzed by GC to determine 

conversion, chemoselectivity and regioselectivity. 

 

Mercury drop test 

The autoclave was pretreated with three consecutive vacuum – argon cycles prior to use. A 

solution of the platinum/tin complex 6 (18.9 mg, 10 µmol) in 20 mL dichloromethane was 

transferred to the autoclave. To this solution 0.0183 g mercury (91.2 µmol) was added and the 

autoclave was pressurized to 40 bar and heated to 60 °C for an hour. A substrate mixture, 

containing 3.0 mL 1-octene (19.0 mmol), 1.0 mL n-decane (5.1 mmol), and 6.0 mL 

dichloromethane, was added after heating the autoclave to 100 °C. After 10 minutes the 

autoclave was cooled rapidly to room temperature in an ice-bath. After depressurization a 

sample of the reaction mixture was analyzed by GC to determine conversion, 

chemoselectivity and regioselectivity. 

 

High Pressure IR Experiments 

The autoclave was pretreated by flushing with argon for at least an hour. Background 

measurements of the solvent were taken at the appropriate temperatures and pressures. A 

solution of complex 5 (60.8 mg, 57.9 µmol) in 20 mL dichloromethane was added to the 

autoclave. The measurements were started and the autoclave was brought to the desired 

pressure and temperature. Via a small reservoir a mixture of 1-octene (1.5 mL, 9.5 mmol) and 

n-decane (0.5 mL, 2.7 mmol) in 3 mL of dichloromethane was added at the desired reaction 

temperature and pressure.  
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ELECTRONIC AND 

STERIC EFFECTS IN 

HYDROFORMYLATION 
 

 

Abstract: The influences of electronic and steric parameters on the platinum/tin-catalyzed regioselective 

hydroformylation have been studied. Comparing a diphosphine ligand with a similar diphosphonite ligand shows 

the steric parameter as well as the electronic parameter to attribute in determining the regio- and 

chemoselectivity in the hydroformylation of internal and terminal octenes. The higher activity for the 

diphosphine ligand (turnover frequencies up to 1228 h-1 versus 158 h-1) and far better chemoselectivity of up to 

96% for the diphosphine compared to only 56% for the diphosphonite proved the diphosphine to be superior. 

Two ligands possessing slightly different steric properties were used in the platinum/tin-catalyzed regioselective 

hydroformylation of 1-octene. The sterically more constrained complex showed higher chemo- and 

regioselectivity of up to 100% and 98%, respectively. 



Chapter 4 

4.1 Introduction 

 

 

The relationship between the ligand structure and the corresponding catalytic activity in the 

platinum/tin-catalyzed hydroformylation has been investigated in some detail before. Hayashi 

et al. [1] reported that for diphosphine ligands steric rather than electronic factors are 

governing the reaction rate and regioselectivity. In a study by Scrivanti et al. [2] the two 

chelating diphosphine ligands DPPP (1) and DPPB (2) were used to perform 

hydroformylation of olefins. It was shown that the ligand forming the larger, 7-membered, 

chelate ring (DPPB, 2) was more active in the activation of hydrogen. Later Kollár et al. [3] 

showed that the flexibility of the chelate ligand influenced the chemoselectivity and 

confirmed the findings of Scrivanti et al.. The use of more flexible chelate rings (DPPP, 1 and 

DPPB, 2) yielded conversions over 70%, whereas the ligands forming smaller, 4- and 5-

membered, chelate rings (DPPM, 3 and DPPE, 4) yielded only up to 10% conversion in 4 

hours.  

Ph2P PPh2 Ph2P PPh2Ph2P PPh2 Ph2P PPh2

1 2 3 4

Ph2P

X

O

PPh2

RR

DPEphos
Xantphos
Sixantphos
Thixantphos

  X           R

H,H          H
CMe2       H
SiMe2      H
   S          Me

5  

Figure 1. Chelating diphosphine ligands with varying chain-length. 

 

Similar studies performed in the rhodium-catalyzed hydroformylation led to the development 

of the concept of bite angle by Casey et al. [4]. The use of molecular mechanics techniques 

allowed to calculate the natural bite angle of chelating diphosphine ligands. The power of this 

simple concept was demonstrated by Kranenburg et al. [5] for rhodium-catalyzed 

hydroformylation. In this study a series of ligands of the Xantphos-family (5) was developed 

that have similar steric bulk and electronic effects, but varied in bite angle. The ligand 

Xantphos, with a bite angle of 112° very close to the ideal 120° for trigonal bipyramidal 

geometry, gave the highest regioselectivity in the hydroformylation of 1-alkenes. The ideal 

geometry of 120° was derived from the observation that trigonal bipyramidal rhodium 
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complexes with the chelating ligand adopting a bis-equatorial coordination gave the highest 

activity and selectivities. 

 

For platinum/tin-catalyzed hydroformylation the demands on the natural bite angle might be 

different. The necessity of cis-coordination however remains, as was shown by Van Veen et 

al. [6]. It was shown that narrowing the bite angle from 110° to 102° gave a forty-fold higher 

rate of hydroformylation. The larger bite angle ligands gave higher regioselectivity and less 

isomerization. This was explained by the increasing steric congestion around the platinum 

center, promoting the formation of the less bulky n-alkyl platinum complexes. 

 

Next to the natural bite angle the steric bulk around the phosphorus atom is a parameter 

governing activity and selectivity. This parameter could be characterized by Tolman’s cone 

angle [7]. The stability of dimethylbis(phosphine)platinum(II) complexes was shown to 

depend on the size of this cone angle by Haar et al. [8]. The dimethyl complexes bearing the 

larger cone angle diphosphines proved to be thermodynamically less stable. 

 

Figure 2. Ligands used in this comparative study. 

O

P PO O

2 2

Si

O
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With the help of previously reported ligands 4,5-bis{di[(2-tert-butyl)phenyl]-phosphonito}-

9,9-dimethyl-xanthene (6) [9, 10] and Sixantphos (7) [5], Terphos (8) [11, 12] and UvAphos 

(9) [13] electronic and steric effects on coordination behaviour and on performance in 

hydroformylation of different alkenes are investigated. 
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4.2 Coordination 

 

 

4.2.1 4,5-bis{di[(2-tert-butyl)phenyl]phosponito}-9,9-dimethyl-xanthene (6) and Sixantphos (7) 

 

The coordination behavior of ligand 6 has been studied by Van der Vlugt et al. [14]. Since the 
31P NMR has been shown to have the strongest correlation to electronic parameters [8], the 

data for ligand 6 coordinated to platinum are compared to the data of Sixantphos-platinum 

complexes (chapter 3). For ligand 6 a singlet was found at δ = 86.8 ppm. The peak was 

flanked by 195Pt satellites and had a coupling constant JPt-P of 5188 Hz. This indicates a cis-

configuration. For ligand 7 the coordination behavior has been studied in chapter 2 of this 

thesis. One singlet was found at δ = 7.0 ppm, flanked by 195Pt and a coupling constant JPt-P of 

3661 Hz. It has been shown that this also is a cis-configuration. From the downfield shift with 

ligand 6 compared to the chemical shift for ligand 7 clearly shows an electron-poor 

phosphorus atom. The same trend is visible in the coupling constants. The coupling constant 

JPt-P = 5188 with ligand 6 is larger than the coupling constant JPt-P of 3661 Hz with ligand 7, 

indicating an electron-poor phosphorus atom. 

 

From experimental work by Clark et al. [15] and theoretical work by Thorn et al. [16] and 

Rocha et al. [17] it is known that an electron-withdrawing phosphorus ligand or a good π-

acceptor ligand will enhance the coordination of alkenes. This would imply that a 

diphosphonite ligand gives higher activity in the first steps of hydroformylation and therefore 

more isomerization should be observed. For the oxidative addition of dihydrogen the bonding 

π-orbitals have an overlap with the incoming dihydrogen and donate electron density into the 

σ*-orbital of dihydrogen [18]. This also would indicate that the stronger π-acceptor 

diphosphonite gives lower activity in hydroformylation since hydrogenolysis, involving 

oxidative addition of dihydrogen, is the rate limiting step in hydroformylation [1, 19, 20]. 

 

From the molecular structure of the cis-[PtCl2(6)]-complex [26] the bite angle was shown to 

be 113°. The platinum atom lies in the ligand plane, with a negligible 5° out of plane bending 

of the platinum. The xanthene backbone is bent, with a dihedral angle between the two 

aromatic rings of 101°. For the platinum-complex with ligand 7 (chapter 3) the bite angle was 

shown to be 99°. Both ligands adopt a mononuclear cis-configuration. The remarkable out of 
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plane platinum atom has been shown for both the XantBino ligand (chapter 2) and Sixantphos 

(chapter 3) and the angle between the metal plane and the ligand plane was 101°. The 

backbone is again bent with an angle of 135° between the two aromatic rings. The larger bite 

angle with ligand 6 should give lower activity but higher selectivity and less isomerization 

[6]. Another steric factor is the increased steric bulk of the t-butyl groups on the phenyl rings 

in ligand 6. This would, especially in combination with the larger bite angle, lower the 

activity and increase the regioselectivity. 

 

4.2.2 Terphos (8) and UvAphos (9) 

 

The coordination behavior of Terphos (8) and UvAphos (9) was investigated by 31P NMR 

spectroscopy. To a solution of PtCl2(cod) in dichloromethane a very diluted solution of 

Terphos or UvAphos in dichloromethane was slowly added. The solution was stirred 

overnight and after evaporation in vacuo a white powder was obtained. In the 31P NMR 

spectrum only one singlet is present at δ = 9.9 ppm. The 195Pt satellites are visible as well with 

a coupling constant JPt-P of 3810 Hz. This coupling constant clearly indicates a cis-

coordination of the diphosphine [21-25]. For UvAphos a singlet at δ = 8.2 ppm was found, 

flanked by 195Pt satellites and the coupling constant JPt-P was 3728 Hz. Especially the small 

difference in coupling constant indicates that the electronic properties of the phosphorus, and 

consequently of the platinum, for Terphos and UvAphos are very similar. This is to be 

expected from the structure of both ligands (Figure 2). The difference in chemical shift is due 

to the variation in coordination, characterized by the bite angle of both ligands. 

 

For the Terphos-platinum complex a crystal structure is known that shows a cis-coordination 

[26]. The bite angle was shown to be 99°. The distance between the two phosphorus atoms is 

3.45 Å, smaller than for other non-complexed diphosphine ligands, including the Xantphos-

family. The two lower phenyl rings of the backbone are oriented parallel, with the two 

methoxy-groups pointing in opposite directions. This limits the accessibility to the platinum. 

Molecular modelling using Sybil gave a similar structure as has been observed in the crystal 

structure (Figure 3). For UvAphos no crystal structure is known to date, but the molecular 

modelling should give credible structures. The topmost phenyl ring of UvAphos acts as a roof 

over the metal atom in this modelled structure (Figure 3). 
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Figure 3. Modelled structures for a) Terphos (8) rhodium complex and b) UvAphos (9) rhodium complex. 

 

 

4.3 Regioselective Hydroformylation 

 

 

The ligand-platinum complexes were pretreated by reaction with tin(II)chloride and the 

obtained yellow solutions were used in the regioselective hydroformylation of 1-octene and 4-

octene (Figure 4). Before addition of the substrate the platinum/tin catalyst was preformed for 

one hour at 60 °C and 40 bar of syngas. 

 

CO/H2

Pt(P-P)Cl(SnCl3)

CHO

+ +
CHO

12 13 14

linear branched

10

11

Figure 4. Platinum/tin-catalyzed regioselective hydroformylation of octenes. 

 

4.3.1 4,5-bis{di[(2-tert-butyl)phenyl]phosponito}-9,9-dimethyl-xanthene (6) and Sixantphos (7) 

 

The system was tested at 60 °C and 100 °C to evaluate the isomerization and 

hydroformylation of 1-octene (10) and 4-octene (11). The obtained results are summarized in 

Table 1. For both substrates 10 and 11 the activity, characterized by the turnover frequency, is 

considerably lower for ligand 6 than for Sixantphos (7). As discussed in the paragraph on 

coordination (vide supra) based on electronic properties ligand 6 should be less active and 

also the steric constraints would give lower activity. 
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Table 1. Platinum/tin-catalyzed hydroformylation of 1-octene (10) and 4-octene (11), using the ligands 6 and 7.a 

entry ligand substr. T 
[°C] 

t 
[h] 

conv.
[%] 

TOF
[h-1] 

Shf 
(12 + 13) [%]

Shg 
(14) [%] 

Siso 
[%] 

l/b 
(12/13)

1 6 10 60 3.8 0.9 1.7 56 44 0.9 c 

2 6 10 100 1 15 158 15 42 43 5.6 
3 6 11 60 50 0.01 b 0 0 100 b 

4 6 11 100 26 15 6.0 1.8 68 30 c 

5 7 10 60 1 43 440 96 1.0 3.0 135 
6 7 10 100 0.2 20 1228 50 44 6.0 22 
7 7 11 60 28 29 8.0 40 41 19 0.03 
8 7 11 100 8 49 56 49 11 40 0.37 

a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, p = 40 bars, dichloromethane, preformation 1h 
at 40 bar, 60 °C. 
b No conversion. 
c Too low conversion to determine l/b. 
 
For 1-octene hydroformylation (runs 1, 2, 5 and 6) both ligands showed increasing 

isomerization and consequently (c.f. chapter 3) a decrease in regioselectivity with increasing 

temperature. Due to the higher reactivity towards hydroformylation of terminal octene than 

the internal octenes, this trend is reversed for 4-octene (11), runs 3, 4, 7 and 8. The difference 

between ligand 6 and Sixantphos (7) in the isomerization is not very clear. From the data in 

Table 1 it becomes clear that Sixantphos has a somewhat higher isomerization activity than 

ligand 6, characterized by both isomerization and linear to branched ratio. The regioselectivity 

for the diphosphonite is higher than the observed linear to branched ratio of 1.73 in 1-octene 

hydroformylation with calix[4]arene-based disphosphonite ligands by Kunze et al. [27]. 

Using monophosphonite ligands and a mixture of octenes, Selent et al. [28] showed high 

activities and encouraging regioselectivities, with up to 48% of n-nonanal. For diphosphine 

ligands these high regioselectivities have been shown before, for example by Meessen et al. 

[20]. Although encouraging results were obtained with diphosphonites, diphosphine ligands 

outperform diphosphonites in regioselectivity. 

 

4.3.2 Terphos (8) and UvAphos (9) 

 

Both ligands obviously give active platinum catalysts. Compared to the Sixantphos-system 

(vide supra) activities are rather low. Chemoselectivity to aldehydes as well as the 

regioselectivity to linear aldehyde are high with Terphos. Increasing the total syngas pressure 

to 80 bars (entries 1 and 3) increases the activity, but selectivity remains constant. The 

increasing isomerization and the hydrogenolysis as rate-limiting step suggest that this effect 
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can be attributed to the increased hydrogen partial pressure, as has been discussed for 

Sixantphos (chapter 3). This has been verified by changing the ratio of carbon monoxide over 

hydrogen from 1:1 to 1:3 (60 bars H2 and 20 bars CO, entry 4). The activity increases 

somewhat, but chemo- and regioselectivity remain the same. Isomerization increases with a 

factor 3. Comparing entries 1 and 4 shows an increase in activity, caused by the rate-limiting 

hydrogenolysis (species 19 to 17, Figure 5). The increased isomerization (species 15 to 16 in 

Figure 5) together with the lack of increase in hydrogenation (species 16 to 17) shows that the 

amount of coordinated alkyl-platinum (16) does not increase. The rate of hydrogenation is not 

influenced by the hydrogen partial pressure for Terphos, but the rate of hydroformylation is 

increased. 

 

Table 2. Platinum/tin-catalyzed hydroformylation of 1-octene, using ligands 8 and 9.a 

entry ligand p 
[bar] 

T 
[°C] 

t 
[h] 

conv.
[%] 

TOF 
[h-1] 

Shf 
(12 + 13) [%]

Shg 
(14) [%] 

Siso 
[%] 

l/b 
(12/13)

1 8 40 60 18 21 12 90 3.7 6.5 34 
2 8 40 100 1 4.7 49 65 18 17 c 

3 8 80 60 18 42 27 86 3.6 10 32 
4 8 80b 60 18 58 29 73 3.8 24 31 
5 9 40 60 18 51 8.3 94 1.0 4.8 8.5 
6 9 40 100 6 26 86 75 7.4 17 1.8 
7 9 80 60 18 13 7.2 100 0.0 0.0 30 
8 9 80b 60 18 48 25 97 1.0 1.6 45 
a Reaction conditions: ligand/Pt/Sn = 1/1/1, substrate/Pt = 1000/1, dichloromethane, preformation 1h at 40 bar 
syngas, 60 °C. 
b 40 bar (CO/H2) and 40 bar H2. 
c Too low conversion to determine l/b. 
 

Increasing the temperature from 60 °C (entry 1) to 100 °C (entry 2) results in an increase in 

activity. This increase, however, is accompanied by a decrease in chemoselectivity, shown by 

the decreased selectivity for hydroformylation from 90% to 65%. Isomerization and 

regioselectivity are increased at increasing temperature. These results can be explained with 

the reaction mechanism (Figure 5). As already shown in chapter 3, the hydrogenation rate 

(from 16 to 17) is more temperature-dependent than the hydrogenolysis (from 19 to 17). 

Especially isomerization has been shown to be strongly dependent on the reaction 

temperature. 
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Figure 5. Hydroformylation versus hydrogenation, R = hexyl. 

 

For UvAphos (9) the results are very similar. The activity was only marginally lower than for 

Terphos (8), but chemoselectivity was slightly better. This might have to do with the 

increased steric congestion around the platinum atom using UvAphos. It has been shown by 

Meessen et al. [20] that the more rigid backbones suppress hydrogenation in 

hydroformylation of methyl-3-pentenoate. The phosphorus atoms close to the top-phenyl in 

UvAphos cause the backbone to adopt a twisted conformation, which is more rigid than the 

conformation for Terphos [26]. This has been shown by molecular modelling (vide supra). In 

addition the topmost phenyl ring acts as a roof, thereby effectively shielding the platinum 

atom and causing the lower activity. 

 

 

4.4 Conclusions 

 

 

The coordination of the ligands 4,5-bis{di[(tert-butyl)phenyl]phosphonito}-9,9-dimethyl-

xanthene (6) and Sixantphos (7) has been compared. Both ligands adopt a cis-coordination 

when complexed with platinum. The bite angles of both complexes were in the same range at 

around 100°-110°. The two ligands Terphos (8) and UvAphos (9) were complexed with 

platinum and 31P NMR investigation confirmed the similar electronic properties for both 

ligands. The steric arrangements of the platinum-complexes of both ligands are quite distinct, 

caused by the constrained geometries of the three phenyl-rings of the backbones. 
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The platinum-complexes for 6 and 7 were used in the regioselective hydroformylation of 1-

octene and 4-octene. The phosphonite 6 was less active, which can be attributed both to the 

sterically demanding tert-butyl bearing phenyl groups on the phosphorus atom and the 

changed electronic properties. Isomerization played an important role in the regioselectivity, 

since for 1-octene the regioselectivity decreases at higher temperature. For 4-octene the 

reverse is valid, caused by the difference in reactivity of terminal versus internal octenes. The 

hydroformylation of 1-octene using ligands 8 and 9 yielded similar results. The sterically 

more demanding UvAphos (9) gave slightly lower activities and higher chemoselectivities, 

which can be explained by the more rigid conformation in the UvAphos-complex. 

 

 

4.5 Experimental 

 

 

General 

All reactions, unless stated otherwise, were performed under an inert atmosphere of argon 

using standard Schlenk techniques. Glassware was heated in an oven and subjected to three 

consecutive vacuum – argon cycles prior to use. After use it was cleaned and placed in baths 

containing respectively potassium hydroxide in isopropanol and sulphuric acid in demi-water. 

 

Chemicals were purchased from Aldrich Chemical Co., Acros, Fluka or VWR. Solvents were 

purified using basic alumina after degassing. Substrates and internal standards were purified 

by passage through basic alumina and degassed using the freeze-pump-thaw method. PtCl2 

was obtained from OMG. Synthesis gas (CO/H2 in a 1/1 ratio) and hydrogen with a purity of 

at least 99.99% were obtained from HoekLoos. 

 

NMR spectra were recorded on a Varian Mercury 400 Spectrometer (400 MHz for 1H, 100 

MHz for 13C and 162 MHz for 31P). Chemical shifts are given in ppm referenced to the 

solvent (1H) or an 85% aqueous solution of H3PO4 (31P{1H}). GC analyses for conversion, 

chemoselectivity and regioselectivity in octene hydroformylation were performed on a 

Shimadzu GC-17A with a FID detector and a HP Pona (50 m*0.2 mm) column. Conversion 

was calculated as the amount of starting octene reacted away and therefore includes 

isomerization of starting octene. The turnover number (TON) was calculated as conversion 
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multiplied by the substrate/platinum ratio. The corresponding turnover frequency (TOF) was 

derived from the TON by dividing by reaction time. This TOF only holds any value for low 

conversions. The chemoselectivity, in tables shown as Shf, is the amount of aldehydes from 

the total of octane and aldehydes. Hydrogenation is the amount of octane and is shown as Shg. 

Finally, isomerization is defined as the amount of other octenes in the final octene-mixture 

and in tables denominated as Siso. 

 

Autoclaves were manufactured in-house from stainless steel, 1.4571. For good heating 

capacity the autoclaves were fitted with a shrunk copper mantle. The autoclaves with a 

volume of 75 mL closed on a stainless steel ring in order to have line closure. In order to add 

substrates at elevated temperature and pressure the autoclave was equipped with a dripping 

funnel, which could be cooled or heated. The autoclave was fitted with a tube-manometer 

with a pressure range from 0 to 160 bar (Econosto), ball valves for the dripping funnel (VSM 

GmbH, KH 4M 4F HT X), needle valves (Swagelock, SS-4PDF4), a relief valve set at a 

pressure of 105 bars (Swagelock, SS-4R3A5-C), various high-pressure connections 

(Swagelock) and high-pressure tubing (Dockweiler, Finetron). The autoclave was heated with 

an electric heating mantle and the temperature was measured internally with a PT-100 

thermocouple. The autoclave was also safeguarded to overheating. The contents were stirred 

with an X-type stirring bar. 

 

4,5-Bis{di[(2-tert-butyl)phenyl]phosphonito}-9,9-dimethyl-xanthene (6) 

O

P PO O

2 2 
The ligand 4,5-bis{di[(2-tert-butyl)phenyl]phosphononito}-9,9-dimethyl-xanthene (6) was 

first developed and tested in our group [9,10]. The coordination behavior was studied by Van 

der Vlugt et al. [14]. The crystals of ligand 6 with platinum were used to study the platinum-

catalyzed hydroformylation. 
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Sixantphos (7) 

Si

O

PP

 
The well-known ligand 4,6-bis(diphenylphosphino)-10,10-dimethylphenoxasilin (Sixantphos) 

7 was synthesized according to literature procedures given by Kranenburg et al. [5]. 

 

Terphos (8) 

OMeMeO Ph2P PPh2  
The ligand Terphos (1,2-bis((3-diphenylphosphino-4-methoxy)phenyl)benzene) (8) was 

developed as a member of the BPphos family and tested in the rhodium-catalyzed 

hydroformylation of 1-octene by Van der Vlugt et al. [11,12].  

 

UvAphos (9) 

PPh2Ph2P

 
The ligand UvAphos (1,2-bis((2-diphenylphosphino)phenyl)benzene) (9) was developed by 

Batema et al. [13] at the University of Amsterdam. 

 

PtCl2(6) (20) 

O

P PO O

Pt
Cl Cl

2 2 
The platinum complex was obtained by refluxing platinum(II)chloride in acetonitrile. After 

one hour one equivalent of 4,5-bis{di[(2-tert-butyl)phenyl]phosphonito}-9,9-dimethyl-
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xanthene (6) was added and refluxed for another hour. After evaporation of the solvent in 

vacuo, platinum complex 20 was obtained as a white powder. 

 

PtCl2(7) (21) 

Si

O

Ph2P PPh2

Pt
Cl Cl  

The platinum complex was obtained by refluxing platinum(II)chloride in acetonitrile. After 

one hour one equivalent of Sixantphos (7)  was added and refluxed for another hour. The 

complex 21 was obtained in quantitative yield and was characterized by NMR spectroscopy: 
31P{1H} NMR (CDCl3): δ (ppm) = 7.0 (s, JPtP = 3661 Hz). 

 

PtCl2(8) (22) 

OMeMeO Ph2P PPh2  
To a solution of platinum(II)dichloride(cyclo-octadiene) (PtCl2(cod), 35.9 mg, 95.9 µmol) in 

15 mL dichloromethane, a solution of Terphos 8 (65.1 mg, 95.5 µmol) in 15 mL of 

dichloromethane was slowly added. The solution was stirred overnight. After evaporation of 

the solvent in vacuo, platinum complex 22 was obtained as a white powder. The complex 22 

was characterized by NMR spectroscopy and elemental analysis: 
1H NMR (CDCl3) δ 7.83 (br s, 8H, PPh2), 7.51 (dd, 2H, 1J = 5.2 Hz, 2J = 2.8 Hz), 7.44(dd, 

2H, 1J = 5.2 Hz, 2J = 2.8 Hz), 7.23 (dd, 14H, Ph and PPh2, 1J = 8.8 Hz, 1J = 2.4 Hz), 6.57 (dd, 

2H, Ph, 1J = 8.4 Hz, 2J = 4.8 Hz), 6.35 (d, 2H, Ph, 1J = 9.2 Hz), 5.64 (d, 2H, Ph), 3.61 (s, 6H, 

OCH3).  
31P{1H} NMR (CDCl3) δ 9.9 (s, JPt-P = 3810 Hz). 

Anal. Calcd. for C44H36Cl2O2PtP2: C, 57.15; H, 3.92. Found: C, 57.25; H, 4.06. 
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PtCl2(9) (23) 

Ph2P PPh2

Pt
Cl Cl  

Ligand 9 was complexed with platinum(II)dichloride(cod) in a similar way as described for 

Terphos 8 (vide supra), but still held some minor impurities. It was characterized by NMR 

spectroscopy: 
31P{1H} NMR (CDCl3) δ 8.2 (s, JPt-P = 3728 Hz). 

 

Platinum/tin Complexes 

The ligand-platinum complex (13.7 µmol), dissolved in 10 mL dichloromethane, was added 

to an equimolar amount of tin(II)chloride (2.6 mg, 13.7 µmol). After two hours a yellow 

solution containing the platinum/tin complex was obtained. 

 

Regioselective Hydroformylation of Octenes 

The autoclave was pretreated with three consecutive vacuum – argon cycles prior to use. The 

platinum/tin complex in 10 mL dichloromethane (vide supra) was transferred to the autoclave. 

An additional 10 mL dichloromethane were added to the autoclave to get a total volume of 20 

mL. The autoclave was pressurized to 40 bar and heated to 60 °C. After one hour of 

preformation a mixture of the octene (3.0 mL, 19.0 mmol) and n-decane (1.0 mL, 5.1 mmol), 

dissolved in 6.0 mL of dichloromethane, was added at the desired pressure and temperature. 

The pressure was kept constant by using a gas line with a pressure regulator. After the 

reaction the autoclave was cooled to room temperature with an ice-bath. After venting a 

sample was taken from the autoclave and analyzed by GC to determine conversion, 

chemoselectivity and regioselectivity. 
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DANKWOORD 
 
 
 

Natuurlijk kan ik hier volstaan met een simpel “dank aan iedereen die me geholpen heeft”, 

maar dat zou onrecht doen aan de bijdrage die diverse mensen hebben geleverd aan het tot 

stand komen van dit proefschrift. En tot stand komen dan in de meest brede zin des woords. 

Want hoewel dat voor sommige mensen moeilijk te bevatten is (JI), is er ook een leven naast 

de promotie. En dat helpt zeker in het succesvol af kunnen ronden van dit traject. Ik wil dan 

ook de mensen bedanken die hebben bijgedragen op werk-gebied, sport-gebieden en privé-

gebied, hoewel het onderscheid tussen deze gebieden niet bij een ieder aanwezig is. 

 

Allereerst natuurlijk Dieter. Want hoewel we hem nooit mogen bedanken voor het “werk” 

(“dat is mijn baan”), wil ik hem dan bedanken voor alles buiten het directe werk om. De vele 

informele momenten, zoals barbeque, groepsweekend en dergelijke. Daarmee is de groep 

Homogene Katalyse uitgegroeid tot een van de gezelligste. Maar ook voor de vele goede 

adviezen voor het schrijven van bijvoorbeeld dit boekje hebben bijgedragen aan mijn 

ontwikkeling. Ook de overige heren van de promotiecommissie wil ik hierbij bedanken voor 

hun kritische blik op het proefschrift. Dankzij jullie kritische kanttekeningen is mijn 

proefschrift toch weer verbeterd. 

 

Zoals boven al is gebleken heb ik het uitstekend naar mijn zin gehad, binnen de vakgroep 

SKA en in het bijzonder binnen de groep Homogene Katalyse. Dankzij al die fijne mensen die 

je steunen als je het moeilijk hebt (en dat overkomt iedere Promovendus wel) heb ik het dan 

toch weer gehaald. Allereerst natuurlijk paranimf Niek. Tegelijk begonnen en drie maanden 

eerder klaar, goed gedaan. Jouw relaxte aanpak paste perfect bij mijn eigen ideeën. En de vele 

congressen, uitjes, mountainbike-expedities (ook rechtdoor kan vermoeiend zijn!), borrels en 

andere gelegenheden waren erg gezellig met jou erbij. Ook de immer kritische Eric was altijd 

te porren voor “buiten-werkse” activiteiten. Ski-weekend, uitgaan, concert, EZ gaat altijd 

mee. Heel erg veel sterkte met de rest van jouw promotie-traject. Zeker nu je twee altijd 

gezellige kamergenoten binnenkort weg zijn.... 

 

Ook de andere groepsleden dragen elk op hun eigen manier hun steentje bij aan de sfeer. 

Mabel, tegen wie ik geen Engels woord meer mag zeggen en die een gezellige buurvrouw op 
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het lab was (Da Fingâh, so irritant). Jarl Ivar die een heel andere werk-ethiek er op na hield. 

Michiel de hardcore Volvo liefhebber en mede-mountainbiker. Jos die altijd voortijdig 

feestjes verlaat (maar niet die van mij....). Vincent die altijd de klos was tijdens de koffie en 

de lunch (sorry, kalende rondbuikige, aan fietsen klussende collega). Marije, die werkelijk 

met één hand op de grond is te leggen, ondanks al die Karate-jiu-jitsu-aikido-tae-bo-shit. Dat 

stelt dus allemaal niet veel voor. Gabriela, die altijd heerlijk kwam klagen (“I came to bother 

you”) en dat dan weer probeerde goed te maken door in mijn zij te prikken. En al die andere 

al dan niet tijdelijke collega’s: Gijs (slippertje?), Rafaël (de franse Elzasser, of was ’t 

andersom), Rob H. (niet eens reserve-Belg meer), Mark, Tessa, Sam, Alison, Erik A. (altijd 

kritisch, soms iets te), Maria, Christian, Marco, Estèr, Ton S., Nollaig (blondie?). 

 

Ook de studenten die ons lab zo nu en dan bevolkten wil ik bedanken. Allereerst natuurlijk 

mijn eigen research studenten, die een deel van hun werk ongetwijfeld zullen herkennen in dit 

proefschrift. Jeroen Huijbers en Jurjen Meeuwissen, bedankt voor jullie actieve bijdrage mijn 

onderzoek. Jeroen, hoofdstuk 2 is voor een deel gebaseerd op jouw experimenten. En Jurjen, 

jouw resultaten zijn deels terug te vinden in hoofdstuk 3. Maar ook de andere studenten 

droegen bij. Bijvoorbeeld tijdens het tweedejaars practicum of tijdens de vele lessen zelfstudie 

of college’s die ik heb mogen verzorgen. Ik ben blij dat ik over jullie ruggen heen mijn 

didactische kwaliteiten heb mogen verbeteren. En dat een aantal van jullie me daarvan nog 

steeds willen kennen, zegt denk ik wel genoeg. 

 

Tenslotte dan de andere collega’s op het werk. Ik kan jullie niet allemaal noemen, maar neem 

er toch een aantal uit. Thijs, dé electro. Chrétien en Bouke, die de theorie-groep een beetje 

levend wisten te laten. Wout, die altijd met technische (en andere) raad en daad terzijde wilde 

staan. Zonder jouw hulp was ik nooit zo’n ervaren sleutelaar geworden. Dat geldt ook voor 

Joop, die me tijdens mijn afstuderen de beginselen daarvan bijbracht. Sander, als 

vertegenwoordiger van de oppervlakte-groep. Tijdens de diverse activiteiten droegen jullie 

allen bij aan de gezelligheid. 

 

Een mooie brug kan ik nu maken via Dr. Danny. Eerst alleen een collega bij SKA, later mede-

mountainbiker en al snel daarna ook overgehaald bij Squadra te komen. Nadat Richard 

langzaam verstek moest laten gaan, kon ik nu jou gebruiken als eeuwige rivaal. Dank voor al 

die wedstrijdjes waar jullie net wat sneller waren, dat heeft me zeker aangezet tot gerichter en 
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beter trainen. Ook Marc moet ik hierin betrekken, net als de andere oude-lullen van Squadra. 

Samen wedstrijden doen is altijd leuker dan alleen, al was het maar dat je elkaar zo lekker 

kunt afzeiken ervoor of erna. 

 

Verder iedereen bij Squadra bedankt voor de leuke jaren. Eerst als matig triatleet, later iets 

verder gevorderd en tegenwoordig zelfs als hoofdtrainer. Ook dank aan Jacques de Mooij, die 

me de gelegenheid bood de triathlon trainer opleiding te gaan doen om meteen aansluitend 

hoofdtrainer te kunnen worden. En alle andere collega’s van het Studenten Sport Centrum. Ik 

denk niet dat ik ergens anders zo’n gezellige en diverse groep trainers vindt om veel van te 

leren. 

 

Dan zijn er nog de mensen die niet direct onder de categorieën werk of sport vallen. Uiteraard 

vallen daar de mensen van het 40e bestuur der T.S.V. ‘Jan Pieter Minckelers’ onder. Paranimf 

Dirk, die na een tijdelijk verblijf in Rotterdam onze eigen wereldstad Eindhoven toch niet kon 

missen en weer terug is gekeerd, zij het met horten en stoten. Veel succes met je bedrijf Dirk, 

dolfijnen zijn mooie beesten. Ook voor Tijn, die eerst Nijmegen verkend heeft maar toch zijn 

“roots” volgt en terug dreigt te gaan keren naar Eindhoven. Nooit gedacht dat jij zo goed zou 

kunnen aarden bij het bedrijf dat dingen beter maakt. En Babs, als je je alleen dreigt te gaan 

voelen in Nijmegen, dan kom je toch ook gewoon naar Eindhoven..... Zonder jullie hulp en 

begrip waren een aantal moeilijke periodes minder vergemakkelijkt. Ik zal er ook altijd zo 

voor jullie zijn. Ronald en Roel, zonder jullie aanwezigheid is het oud-bestuur duidelijk niet 

compleet, dus blijf er aan werken om erbij te kunnen zijn. 

 

Dan zijn er natuurlijk nog bergen andere mensen die ik hier zo één, twee, drie niet genoemd 

heb. Laten zij zich niet bezwaard voelen, ik waardeer ook jullie inzet, ook al noem ik je niet 

met name. Er is geen ruimte genoeg om iedereen te noemen, bovendien vergeet ik dan toch 

wel weer mensen. Allemaal ontzettend bedankt voor jullie steun en begrip. 

 

Kom ik aan bij mijn meest directe familie. Pa en ma, jullie staan altijd voor me klaar. Het 

maakt niet uit wat, ik kan overal mee thuis komen. Ondanks het feit dat we niet altijd alles op 

dezelfde manier zien, lukt het toch best aardig. En dan Tim. Ondanks dat ik het elke keer weer 

probeer, valt er met jou simpelweg niet te discussiëren. Ook bedankt dat ik regelmatig 

 
105



Dankwoord 

(bijvoorbeeld tijdens carnaval) gebruik mag maken van jouw vrienden. Vooral ook Jochem 

als “half-familie” wil ik hierbij noemen. 

 

En dan tenslotte Inge. Ik weet zeker dat zonder jouw stimulerende aanwezigheid het schrijven 

van dit proefschrift veel moeilijker zou zijn geweest. Zoals je weet kan irritant en vervelend 

soms ook best leuk zijn. En denk er om: “alles komt goed”. 

 

En daarmee is de bijna tienjarige periode aan de TU/e afgesloten. 

Dixi. 

 

1 

Rups 

 

                                                 
1 Eric Carle, Rupsje Nooitgenoeg, ISBN 90-257-2644-5, 2002. 
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