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 Zusammenfassung - Abstract 

Olefine können mit Kohlenstoffmonoxid in Palladium-katalysierten Carbonylierungen zu 

einer Vielzahl höherwertiger Produkte, wie z.B. Carbonsäuren, Ester, Aldehyde oder 

(Poly)Ketone, umgesetzt werden. Die Carbonylierung kann gemeinsam mit einer Isomerisierung 

zur selektiven terminalen Funktionalisierung von internen Doppelbindungen verwendet werden. 

Für derartige isomerisierende Funktionalisierungsreaktionen bieten sich ungesättigte Fettsäuren 

mit ihrer einzigartigen Molekülstruktur an. Die lange, lineare Kohlenwasserstoffkette besitzt 

neben der terminalen Carboxygruppe eine interne Doppelbindung, welche zu einer zweiten 

funktionellen Gruppe umgewandelt werden kann. Pd-Katalysatoren, die sterisch anspruchsvolle 

Diphosphanliganden tragen, haben sich als hochaktiv und selektiv für diese anspruchsvolle 

Umsetzung erwiesen. Die langkettigen, α,ω-funktionalisierten Produkte dieser Reaktion können 

beispielsweise als Monomere für Polymere aus nachwachsenden Rohstoffen verwendet werden. 

Ein direkter, katalytischer Zugang zu linearen, langkettigen Dicarbonsäuren, welche 

beispielsweise für die Herstellung von Polyamiden benötigt werden, ausgehend von ungesättigten 

Fettsäuren, war bislang nicht möglich. In der vorliegenden Arbeit wurde eine direkte Synthese 

von diesen wichtigen organischen Verbindungen durch eine Pd-katalysierte isomerisierende 

Hydroxycarbonylierung mit Wasser als reagierendes Nukleophil realisiert. 

Der Pd-Katalysator mit dem sterisch anspruchsvollen Diphosphanliganden 1,2-Bis{(di-tert-

butylphosphino)methyl}benzol (dtbpx) ermöglicht eine effiziente Umwandlung von Ölsäure (C18) 

zur linearen 1,19-Dicarbonsäure mit Selektivitäten über 90% unter CO-Druck (typischerweise 20 

bar) in einem THF-Wassergemisch. Des Weiteren können ungesättigte Fettsäurederivate 

unterschiedlicher Kettenlängen (z.B. C11, C22) und auch Triglyceride in einem Schritt zur 

jeweiligen linearen Dicarbonsäure umgewandelt werden. Die Schlüsselelemente dieser Reaktion 

sind eine homogene Reaktionsmischung, welche einen ausreichenden Kontakt zwischen allen 

Reaktionskomponenten sicherstellt, und ein Katalysatorsystem, welches unter den wässrigen 

Bedingungen aktiv ist. Experimente unter Druckreaktorbedingungen haben den bedeutenden 

Einfluss der Nukleophil- und Reaktantenkonzentration und der Zugabe von protoniertem 

Diphosphanliganden (dtbpxH2)(OTf)2 für hohe Katalysatoraktivitäten aufgezeigt. Der protonierte 

Diphosphanligand spielt eine wichtige Rolle in der Aktivierung der Pd-Katalysatorvorstufe zum 

katalytisch aktiven PdII-Hydrid. Mittels NMR Spektroskopie wurde die Bildung der aktiven 

Hydridspezies in einem zweistufigen Mechanismus beobachtet. Die Katalysatorvorstufe 

[(dtbpx)Pd(OTf)2] wird nach der Koordination von zwei Wassermolekülen unter der Bildung von 

Phosphanoxiden zu Pd0 reduziert. Im zweiten Schritt erfolgt eine oxidative Addition des 
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protonierten Liganden (dtbpxH2)2+ unter Bildung der aktiven Spezies [(dtbpx)Pd(H)(L)]+ (L = CO, 

H2O, Lösungsmittel, etc.). Theoretische Berechnungen, welche von Prof. Dr. Lucia Caporaso und 

Dr. Laura Falivene durchgeführt wurden, zeigten, dass die Hydrolyse einer Pd-Acylspezies der 

geschwindigkeitsbestimmende Schritt ist. Als limitierende Komponenten der Katalysatoraktivität 

wurden hier vor allem die geringe Konzentration des reaktiven terminalen Olefins und der 

linearen Pd-Acylspezies, sowie die unvollständige Aktivierung der Katalysatorvorstufe zum 

aktiven Pd-Hydrid, eine geringe Nukleophilkonzentration in der Reaktionsmischung und die hohe 

Barriere der Hydrolyse identifiziert. Dennoch zählt die isomerisierende Hydroxycarbonylierung 

mit einer Katalysatorwechselzahl (‚turnover frequency‘, TOF) von 7 h-1 für die selektive 

Umwandlung von Ölsäure zu über 90% linearer Dicarbonsäure zu den isomerisierenden 

Funktionalisierungen mit den höchsten Aktivitäten und Selektivitäten und wird nur von der 

verwandten isomerisierenden Methoxycarbonylierung mit Methanol als Nukleophil übertroffen 

(12 h-1). 

Pd-Katalysatoren mit Diphosphanliganden können nicht nur Doppelbindungen in 

Carbonylfunktionalitäten umwandeln und damit zur Herstellung von Monomeren für 

Polykondensationen dienen, sondern können auch direkt Olefine mit Kohlenstoffmonoxid zu 

alternierenden Polyketonen polymerisieren. Jedoch erzeugen diese Pd-Katalysatoren stets 

Polyketone, welche aufgrund hoher Schmelzpunkte schwer zu verarbeiten sind (Polyketone aus 

Ethylen und CO) oder aliphatische Verzweigungen aufweisen (z.B. Polyketone aus Propylen und 

CO). In dieser Arbeit wurde systematisch untersucht, ob Pd-Komplexe mit sterisch 

anspruchsvollen Diphosphanliganden geeignet sind um eine Copolymerisation von Olefinen mit 

CO unter einer ‚Kettenstreckung‘ zu katalysieren. Hierbei erfolgt der Einbau von terminalen 

Olefinen kombiniert mit einem Isomerisierungsschritt, wobei aus einem Isomerengemisch 

selektiv die lineare Pd-Alkylspezies ein weiteres Kettenwachstum eingeht. Diese 

Reaktionsabfolge sollte so zu gestreckten, linearen Kohlenwasserstoffsegmenten zwischen den 

Carbonylfunktionalitäten führen. Der Komplex [(dtbpx)Pd(OTf)2] wurde als Katalysatorvorstufe 

für die vorhergesehene alternierende, isomerisierende Copolymerisation eines terminalen 

Olefins mit CO aufgrund der hohen Isomerisierungsrate und der außergewöhnlichen Selektivität 

für die lineare Funktionalisierung ausgewählt. Propylen wurde als Substrat eingesetzt, da es auch 

unter isomerisierenden Bedingungen stets eine reaktive terminale Doppelbindung bildet.  

Zunächst wurde die Carbonylierung von Propylen in Methanol untersucht, wobei Methanol 

als Lösungsmittel und als Reaktant agiert. Unter einem Druck von 20 bar CO und bei 60 °C wurden 

mit der Katalysatorvorstufe [(dtbpx)Pd(OTf)2] ausschließlich der lineare (n-) und der iso-

Buttersäuremethylester gebildet (97% lineare Selektivität). Dabei wurde festgestellt, dass eine 

hohe Konzentration von Propylen in der Reaktionsmischung einen positiven Einfluss auf die 

Katalysatoraktivität hat. Geringe Methanolkonzentrationen sollten die Wahrscheinlichkeit der 
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Terminierung durch Methanolyse verringern und die Möglichkeit des weiteren Propyleneinbaus 

in eine Pd-Acylspezies erhöhen. Der dtbpx-koordinierte Pd-Katalysator bildet jedoch keine 

Produkte, abgesehen von den schon zuvor beobachteten Esterprodukten. Die Bevorzugung der 

Methanolyse gegenüber allen anderen möglichen Reaktionswegen wird durch die Bildung einer 

stabilen η2-Acylspezies begründet, welche die Terminierung begünstigt. Ein Pd-Komplex, der 

einen C2-verbrückten Diphosphanliganden (1,2-Bis(di-tert-butylphosphino)ethan, dtbpe) trägt, 

katalysiert die Bildung von sekundären Insertionsprodukten. Das iso-Propyl-n-propylketon 

wurde als Hauptprodukt identifiziert. Dieses Produkt bildet sich aus einer linearen Pd-Acylspezies 

(1,2-Einbau oder 2,1-Einbau mit Isomerisierung von Propylen in Pd-Hydridspezies) gefolgt von 

einem 1,2-Einbau und abschließender Protonolyse. Höhere Insertionsprodukte oder ein 

selektiver 2,1-Einbau, welcher für eine ‚Kettenstreckung‘ zwingend notwendig ist, wurden jedoch 

nicht beobachtet. Ein möglicher Ligand, der für die Pd-katalysierte alternierende, isomerisierende 

Copolymerisation geeignet wäre, hat eine hohe Isomerisierungsrate und bildet, über einen 2,1-

Einbau des terminalen Olefins, selektiv lineare Pd-Alkyl- und -Acylspezies.  

In all diesen Pd-katalysierten Reaktionen wurde stets die Zersetzung des aktiven 

Katalysators zu stark agglomerierten und reduzierten Spezies, hier ‚Pd schwarz‘, beobachtet. Die 

Deaktivierungspfade des aktiven Katalysators, die Umwandlung in inaktive Zustände und die 

Reaktivierung von möglichen ‚Reservoirspezies‘ sind bislang nicht umfassend untersucht. Die 

Umwandlung und Zusammenlagerung einer molekularen Katalysatorspezies zu Nanopartikeln 

und umgekehrt ist ein weit verbreitetes Phänomen in der übergangsmetallbasierten Katalyse, wie 

zum Beispiel bei C-C-Kupplungsreaktionen. Jedoch fehlt den existierenden Untersuchungen 

dieser gegenseitigen Umwandlungen meist eine eindeutige und unbestreitbare Zuordnung der 

aktiven Spezies für ein umfassendes Bild der Deaktivierung und Reaktivierung über alle 

Größenordnungen.  

In der vorliegenden Arbeit wurde gezeigt, dass sich in der isomerisierenden 

Methoxycarbonylierung ein aktiver Katalysator in sämtliche Zustände unterschiedlicher 

Größenordnungen (Nanopartikel bis hin zu makroskopischen Metallen) umwandeln und aus 

diesen (rück)gebildet werden kann. Die aktive Pd-Hydridspezies [(dtbpx)Pd(H)(L)]+ der 

isomerisierenden Methoxycarbonylierung ist eine einkernige, molekulare Spezies, die mit einer 

einzigartigen und charakteristischen Selektivität reagiert, welche als Indikator für den 

molekularen Charakter dient. Diese Spezies zersetzt sich zu diprotoniertem Diphosphan und Pd0, 

welches sich zu ‚Pd schwarz‘ zusammenlagert. Diese Reaktion ist komplett reversibel und so 

können beispielsweise unterschiedliche Pd0-Spezies der Nano- und Makroskala als Vorstufen für 

einen molekularen PdII Katalysator verwendet werden. Dazu wird Pd0 auf unterschiedlichen 

Trägermaterialien oder in Form von Pd-Nanokristallen unter Reaktionsbedingungen zu einer 

aktiven PdII-Hydridspezies aktiviert und wandelt Ölsäuremethylester zum linearen 1,19-Diester 
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mit einer Selektivität von über 90% um. Präzise Pd-Nanokristalle ermöglichen die Beobachtung 

des Auflösungsprozesses des Pd0 über die oxidative Addition des protonierten Liganden mittels 

Transmissionselektronenmikroskopie und die Detektion der molekularen Pd-Hydridspezies 

mittels NMR Spektroskopie. Auch makroskopische Metallspezies, wie ‚Pd schwarz‘, Pd Schwamm 

oder Draht lassen sich in dieser Aktivierungsreaktion zu einer molekularen PdII-Spezies 

umwandeln und reagieren in der isomerisierenden Methoxycarbonylierung mit der 

charakteristischen linearen Selektivität. Durch diese Experimente konnte bewiesen werden, dass 

selbst stark agglomerierte Metallspezies in molekulare Katalysatoren umgewandelt werden 

können und eine gegenseitige Umwandlung auf allen Größenordnungen möglich ist.  
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1. General Introduction 

Genera l Introduction 
Genera l Introduction 

Large scale and industrial homogeneous catalysis began with the discoveries of transition 

metal catalyzed functionalizations of alkenes and alkynes with carbon monoxide by Otto Roelen 

at Ruhrchemie and Walter Reppe at BASF in the period of 1938-1957.1-7 Roelen’s approach of 

reacting syngas (CO/H2) with olefins to produce aldehydes was first labelled ‘oxo synthesis’, 

nowadays more commonly termed as ‘hydroformylation’. Reppe coined the term ‘carbonylation’ 

for reactions of alkenes and alkynes with carbon monoxide and nucleophiles bearing a reactive 

hydrogen atom (water, alcohols, ammonia, amines, or thiols) which generate carboxylic acid 

derivatives.2-4 Within this work, ’Reppe-type’ reactions of olefins with carbon monoxide and 

nucleophiles are summarized under the term ‘carbonylation’. Note that hydroformylation is 

technically also a ‘carbonylation reaction’ as it introduces a carbonyl functionality -CHO 

(aldehyde) into the substrate. However, within the context here, the term ‘carbonylation’ is 

primarily used for generation of carboxylic acids, esters and derivatives with a –COOR 

functionality and hydroformylation is named separately. 

Hydroformylation and carbonylation reactions are some of the most important reactions that 

are actively researched and developed. Both types of reactions form a new carbon-carbon bond 

and introduce an oxygen functionality which is versatile in application and useful for further 

functionalization. While large scale carbonylations of simple olefins are established industrial 

processes, current challenges involve the carbonylation of difficile and unreactive substrates, 

selectivities and sophisticated remote carbonylations. This is also driven by novel feedstocks.  

This work is focused on alkoxy- and hydroxycarbonylation (also known under 

hydroesterification, hydrocarbalkoxylation or hydrocarboxylation) – the reaction of an olefin with 

carbon monoxide and an alcohol or water generating carboxylic esters or acids. The 

considerations on these carbonylations will be limited to aliphatic, olefinic substrates (Scheme 

1-1, R = alkyl, H), only including aromatic compounds and alkynes when appropriate. A major 

1 



General Introduction 

- 2 - 

interest within this work is the generation of terminally functionalized products, particularly the 

production of long-chain α,ω-functionalized substrates as potential building blocks for polymers.  

Scheme 1-1. General reaction schemes for hydroformylation (a) and carbonylation reactions (b).  

 

 

1.1 Catalytic Carbonylation Reactions for Generation of 

Aliphatic Carbonyl Compounds 

1.1.1 Development of Hydroformylation of Aliphatic Olefins 

Hydroformylation is the largest and most important homogeneously catalyzed reaction with 

a worldwide production capacity of over 12 million t/a.5 The reaction of syngas (CO/H2) with an 

aliphatic, terminal olefin yields linear and branched aldehydes which are essential intermediates 

for further functionalizations to alcohols, aldols, carboxylic acids or amines. Cobalt and rhodium 

are most commonly used in transition metal based catalysts, with rhodium being the most active 

transition metal for these chemical transformations.5,8  

Initially, transition metal salts forming the active hydride-carbonyl species, HCo(CO)4 or 

HRh(CO)4, under reaction conditions with H2 and CO were used as catalysts for hydroformylation.9 

By introduction of other ligands to the transition metal complex the catalytic activity, chemo- and 

regioselectivity and suppression of side reactions can be influenced. Common ligands are 

phosphines PR3 and phosphites P(OR)3, also as bidentate chelating ligands, that partially replace 

CO as a ligand on the catalytically active transition metal. Typical concentrations of Rh complexes 

are in the range of 10-100 mg/kg and perform best below 140 °C. Compared to this, Co-based 

catalysts are usually applied at concentrations about one to two orders of magnitude higher 

(1-10 g/kg) and at temperatures up to 190 °C.8 

Shell commercialized the use of trialkylphosphine substituted Co catalysts HCo(PR3)(CO)3 in 

the 1960s.10-11 These catalysts showed a high selectivity for the terminal functionalized product, 
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and were also active in isomerization of double bonds allowing the use of internal olefins for 

generation of linear aldehydes. The modification of Rh-based catalysts with phosphine ligands 

also lead to more active catalysts12 and was explored further by the companies Union Carbide, 

Johnson and Matthey and Davy Powergas, in particular for a low pressure oxo (LPO) process of 

propylene to butanal.5,13-14 In the Ruhrchemie/Rhône-Poulenc process the phosphine ligand is 

modified with water-soluble sulfonate groups (e.g. sulfonated triphenylphosphine tppts) allowing 

for a two-phase liquid-liquid reaction that simplifies separation of products and catalyst and 

minimizes the loss of expensive Rh metal species.14-15 

The loss of the expensive Rh metal is one of the major drawbacks of hydroformylation. The 

depressurization during the hydroformylation process can cause destabilization of the active 

complex by loss of the stabilizing CO ligand resulting in precipitation of insoluble Rh clusters.8,16 

Further, hydroformylation often suffers from hydrogenation as a side reaction to a significant 

extent. Therefore, the reaction conditions and the catalytic system need to be finely tuned to yield 

the desired linear to branched ratio of the products and avoid the formation of hydrogenated 

substrate.  

 

1.1.2 Development of Alkoxy- and Hydroxycarbonylation of 

Aliphatic Olefins 

In Walter Reppe’s early reports on carbonylation in 1953, he demonstrated that acrylic acid 

can be generated from acetylene, carbon monoxide and water in the presence of [Ni(CO)4]. He 

further showed the functionalization of olefins to acids or esters with carbon monoxide and water 

or alcohols with catalytic amounts of metal carbonyls (Scheme 1-2).2-4,17-18 Nickel and cobalt were 

further used as transition metal catalysts for these Reppe-type carbonylations under relatively 

harsh conditions (160-300 °C, 150-300 bar).  

Scheme 1-2. Reppe-type carbonylations of acetylene and ethylene in the presence of a 

Ni carbonyl as a catalyst precursor.  
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The use of palladium as a transition metal catalyst for carbonylations allowed for milder 

conditions and was reported by Bittler et al. (BASF) and Tsuji (Toyo Rayon) in the 1960s.19-22 Pd 

complexes with phosphine ligands, e.g. triphenylphosphine (PPh3), were used as catalyst 

precursors for the synthesis of carboxylic acids and esters at temperatures below 100 °C for a 

range of aliphatic olefins.21 It was later recognized that the phosphine ligands are not only 

stabilizers for Pd, either as a zero valent species (Pd0) or in a positive oxidation state (PdII), but 

can also influence the selectivity for a desired product.23 

Studies on a selective linear alkoxy- and hydroxycarbonylation of α-olefins were conducted 

by Knifton.24-26 He reported the linear carbonylation of 1-heptene and 1-octene among others with 

a linear selectivity of about 80-90% by using aryl phosphine coordinated PdII dichloride 

complexes and Sn-, Ge- or Pb-salts as co-catalysts (Scheme 1-3).25-26 Carbonylation of internal 

olefins, e.g. 2-heptene, 3-heptene, under the same reaction conditions as for 1-heptene, gave a 

mixture of products containing only small amounts of the linear ester. The rate and selectivity 

decreased with the distance of the double bond to the chain end. Knifton already proposed a Pd 

hydride species as an intermediate in the catalytic cycle in 1976.25  

Scheme 1-3. Methoxycarbonylation of 1-heptene to methyl octanoate with a triphenyl phosphine 

based Pd catalyst and a Sn dichloride co-catalyst.25  

Selectivity is based on yield of linear methyl octanoate related to total C8-ester yield. 

Later on, the work by Drent and co-workers at Shell improved activities and selectivities of 

the phosphine coordinated Pd systems tremendously.27-28 Using acids that contain weakly 

coordinating anions enhanced the catalytic activity of alkoxycarbonylation of short-chained 

olefins, such as ethylene, by two orders of magnitude. Applying a bidentate diphenyl phosphine 

ligand (1,3-bis(diphenylphosphino)propane dppp) changed the chemoselectivity of the reaction 

drastically and polyketones with high molecular weights were produced (Scheme 1-4).28-29 
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Scheme 1-4. Pd catalyzed carbonylation of ethylene with CO and methanol to methyl propionate 

(a) or alternating polyketone (b) depending on phosphine ligand.28 

 

 

Further development of sterically demanding phosphine ligands, like dtbpp, showed that not 

only are bidentate phosphines suitable for polyketone formation, but also for Pd catalyzed 

alkoxycarbonylation of olefins forming esters in very high selectivities.30-33 The activity, as well as 

selectivity, were enhanced by exchanging the alkyl backbone of the diphosphine ligand with a 

xylene moiety (dtbpx, Figure 1-1, selectivity for methyl propionate from ethylene with dtbpx 

> 99%).31,34 

 

Figure 1-1. Bidentate ligands for polyketone formation (dppp) and alkoxycarbonylation (dtbpp 

and dtbpx).  

These examples show that the ligand’s steric bulk and basicity need to be tuned finely to 

generate an ester or polyketone product by favoring either chain termination or chain 

propagation.23 For detailed explanations see chapter 1.1.3 Mechanistic Considerations on 

Alkoxycarbonylation and Polyketone Formation.  

In 2008, Lucite International (now with Mitsubishi Chemical Company) has commercialized 

the use of Pd catalyzed methoxycarbonylation of ethylene to methyl propionate with dtbpx as a 

ligand. Methyl propionate is an intermediate in Lucite’s Alpha process for production of methyl 

methacrylate (MMA).35-36 The MMA production plant in Singapore has a production capacity of 

100 000 t/a and a new, world-scale plant (250 000 t/a) is built in cooperation with SABIC in Saudi 

Arabia.37 
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Pd as a catalytically active transition metal allows for reactions of olefins, but also acetylenes 

and dienes under relatively mild conditions and tolerates various functional groups contrary to 

many Ni and Co catalysts that were used in the first carbonylation approaches.1,23 As already 

indicated before, many Pd catalysts are also active in isomerization of the olefinic substrates. This 

can be a disadvantage when using terminal olefins as substrate which are isomerized to less 

reactive internal olefins,23 but can also be used in favor for targeting terminal functionalization of 

an internal double bond, as it will be elucidated in chapter 1.2.2 Isomerizing Alkoxy- and 

Hydroxycarbonylation.  

 

1.1.3 Mechanistic Considerations on Alkoxycarbonylation and 

Polyketone Formation 

Carbonylation of olefins with a Pd catalyst can yield a variety of products, ranging from short-

chained esters to high molecular weight polyketones depending on the choice of diphosphine 

ligand.  

The generation of polyketones with [(PtBu2)2PdCl2] as a catalyst precursor was first disclosed 

by Gough at ICI.38 However, high temperatures and high pressures (250 °C, 2000 bar) were 

necessary to produce polyketones with a relatively low yield.38-40 Sen et al. investigated the use of 

weakly coordinating anions on PdII complexes for polyketone formation41-42 and Drent and co-

workers expanded this research to copolymerization for polyketones and alkoxycarbonylation of 

ethylene to methyl propionate.28-29 

Drent and Sen both proposed the existence of two parallel catalytic cycles starting from a Pd 

methoxy species [(P^P)Pd(OMe)(L)]+ or a Pd hydride species [(P^P)Pd(H)(L)]+ (Scheme 1-5, 

initiating species in dashed boxes, with P^P as a bidentate phosphine or two cis-coordinating 

monodentate phosphines).28-29,41,43 If the initiating species is a Pd methoxy species, CO will be 

inserted in a first step and ester end groups are produced from this initiation (Scheme 1-5, 

methoxy cycle). Starting from a Pd hydride as initiating species, a keto end group is generated 

(Scheme 1-5, hydride cycle). In terms of termination pathways there are two possibilities. 

Protonolysis of a Pd alkyl species results in a saturated keto end group and methanolysis of a Pd 

acyl forms an ester group. Consequently, the methoxy and the hydride cycle both form a keto and 

an ester end group (‘keto ester’ in Scheme 1-5). Diketo and diester end groups are produced in 

‘cross-termination’ reactions, connecting both cycles.  
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Scheme 1-5. Proposed mechanisms for polyketone formation of ethylene and CO with a 

bidentate (P^P)-coordinated PdII complex following a methoxy and a hydride cycle.29,44 

  

L = solvent, CO, C2H4; coordination of CO and ethylene prior to insertion into a Pd-H, Pd-C or Pd-O bond is 
omitted for reasons of clarity. 

In detailed mechanistic studies on the polyketone formation, all intermediates and individual 

steps were observed and characterized by NMR spectroscopy suggesting the co-existence of both 

cycles.45-46 However, depending on reaction conditions and the catalytic system, in particular the 

choice of phosphine ligand, one cycle might dominate.  

The exclusive formation of alternating polyketones without any defects was reasoned by a 

stronger coordination of CO over ethylene to the electrophilic Pd center.29,47-48 A Pd alkyl species 

is therefore preferentially coordinated by CO on the remaining coordination site of the active Pd 

center and CO is subsequently inserted to generate a Pd acyl species. In the presence of CO 

ethylene does not coordinate or insert into a Pd alkyl species bearing a diphosphine ligand. 

Brookhart and co-workers demonstrated with extensive kinetic studies that only one double 

ethylene insertion occurs for every ~105 CO insertion into a Pd alkyl coordinated by bidentate 

diphosphines, such as dppp.48 Even at high ethylene concentrations, no insertion of ethylene into 

a diphosphine coordinated Pd alkyl species was detected by Drent and co-workers.28 Longer 

hydrocarbon segments can be formed as butenyl end groups when applying monodentate ligands, 
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such as PPh2Et and PnBu3, in the Pd catalyzed oligo-/polymerization of ethylene and CO in an 

aprotic reaction medium such as CH2Cl2.49 A double CO insertion is not feasible owing to 

thermodynamic reasons.50-51  

The growing polymer chain and the incorporated carbonyl units also contribute to the strict 

alternating insertion of CO and ethylene. The β-carbonyl unit of the growing polymer chain (in the 

Pd alkyl stage) provides a stabilizing chelate effect by formation of a five-membered ring with the 

Pd center (Figure 1-2).29 The formation of this chelate influences the next insertion step. 

Coordination of ethylene to the Pd center and replacement of the carbonyl group has a high 

energetic barrier and does therefore not occur.52 Contrary to that, CO as a smaller and strongly 

coordinating molecule, can displace the carbonyl, undergo insertion and form a Pd acyl species 

where the γ-carbonyl group can form a six-membered chelate (Figure 1-2). This six-membered 

ring is most likely less stable and therefore enables the coordination and insertion of ethylene 

which in turn leads to the formation of a new five-membered chelate with the β-carbonyl 

coordinating to the Pd center. 

 

Figure 1-2. Formation of chelates of the growing polymer chain with the PdII center.  

Drent and co-workers assumed that the coordination mode of the phosphine ligand on the 

square-planar coordinated Pd center has a major impact on the reaction products (Figure 1-3). A 

bidentate ligand like dppp would preferably coordinate in a cis-fashion, allowing a faster chain 

growth as the growing polymer chain is in closer proximity to the free coordination site for further 

monomer insertion. Two monodentate ligands, like PPh3, can coordinate in cis- and trans-mode 

and isomerization between those two species would interrupt the chain propagation leading to 

low molecular weight products with methyl propionate being the smallest product of ethylene 

and CO. These assumptions elucidate the differences in chemoselectivity with mono- and 

bidentate ligands (PPh3 vs dppp), but this effect of different coordination modes does not allow 

for an explanation of the selective ester formation with bidentate ligands like dtbpp and dtbpx.  

 

Figure 1-3. Possible coordination modes of mono- and bidentate phosphine ligands (abbreviated 

with P or P^P) in square-planar Pd complexes. 
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The mechanism of initiation and termination for polyketone formation shown in Scheme 1-5 

can also be transferred to alkoxycarbonylation, e.g. of ethylene to methyl propionate. Here, there 

is no propagation step and after insertion of one CO and one ethylene molecule (or vice versa, n = 

1 in Scheme 1-5) the reaction is terminated via protonolysis or methanolysis.29 Until the discovery 

of sterically demanding diphosphines like dtbpp and dtbpx30-33 formation of esters in an 

alkoxycarbonylation of α-olefins with CO and an alcohol was catalyzed by monodentate 

phosphines (e.g. PPh3) coordinating presumably in cis- and trans-fashion to the active Pd center 

(Figure 1-3).  

Several theoretical and experimental studies reported on the differences in product 

distribution depending on the choice of bidentate diphosphine ligand.42,52,48 Van Leeuwen and co-

workers reasoned that diphosphine ligands like dppp are advantageous for the polymer 

production as they destabilize the resting state of an olefin coordinated complex prior to insertion 

into the Pd acyl bond and therefore increase the rate of insertion.42,48 DFT studies on a 

bis(dimethylphosphino)ethane (dmpe) coordinated Pd complex also revealed that the insertion 

of ethylene into the Pd acyl species is the rate-determining step in the chain propagation and 

energetic barrier for the ethylene insertion is lower (about 7 kcal mol-1) compared to 

methanolysis as the major termination pathway.52 

An increasing bite angle of a diphosphine ligand, e.g. elongation of the alkyl backbone from 

bis(dimethlyphosphino)ethane to bis(dimethylphosphino)propane, causes a destabilization of 

the transition state of olefin insertion into a Pd acyl and therefore decreases the rate of chain 

propagation. While the coordination of methanol is also thermodynamically less favorable for 

diphosphines with a wide bite angle, this transition state is destabilized to a smaller extent 

compared to olefin insertion. Consequently, methanol coordination and termination is favored 

over ethylene coordination and insertion and the rate of the alcoholysis increases for wide-bite 

angle diphosphines.52  

With increasing bulkiness of the ligands (dtbpp, dtbpx), these ‘bite angle effects’ are 

enhanced, olefin coordination on a Pd acyl becomes more difficult and is associated with high 

energetic barriers. Further, the formation of a five-membered β-CO-chelate as shown in Figure 

1-2 is inhibited by the steric bulk of tert-butyl substituted diphosphine ligands.52 Sterically 

demanding ligands like dtbpx are very selective for short-chained ester products as they just give 

enough space for insertion of ethylene into a Pd-H bond and CO insertion into a Pd alkyl species. 

Further propagation is hindered and termination via alcoholysis produces an ester.44,53 

In methoxycarbonylation of ethylene no ‘cross-termination’ products (diethyl ketone or 

dimethyl succinate) were reported suggesting that only one of the catalytic cycles is active or both 

cycles operate separately (cf. Scheme 1-5).29 Extensive NMR spectroscopic and kinetic insertion 
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studies proved that the Pd catalyzed alkoxycarbonylation with a sterically demanding 

diphosphine ligand like dtbpx operates via the hydride cycle exclusively (Scheme 1-6).54-56 The 

initiating Pd hydride species forms via a β-H elimination of an intermediate Pd species with two 

coordinated alcohol molecules, e.g. methanol (Scheme 1-7), and methanolysis is the rate-

determining step.56-57 

Scheme 1-6. Catalytic cycle of methoxycarbonylation of ethylene with a Pd complex coordinated 

by a sterically demanding ligand (e.g. P^P = dtbpx).  

 

Scheme 1-7. Pd hydride formation via β-H elimination exemplified on a diphosphine coordinated 

neutral PdII complex as a precursor. 

 

 

Theoretical calculations identified a η2-acyl species as a crucial intermediate in the 

methanolysis as termination pathway of the hydride cycle (Figure 1-4). This η2-acyl is formed 

prior to methanol coordination that induces the formation of the ester group.  

 

Figure 1-4. η2-Acyl complex as an intermediate species in methanolysis.  

Van Leeuwen et al.52 revealed that dtbpp, which has a larger bite angle and induces a higher 

steric bulk around the metal center compared to dppp (a ligand known for Pd catalyzed 

polyketone formation), can stabilize this η2-acyl species and favors its formation in the 

methanolysis pathway rather than further ethylene coordination to this Pd acyl complex. Ligands 
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like dtbpp and dtbpx are good σ-donors and cause a high electron density at the metal center 

contributing to a stable η2-acyl. Because of these σ-donors properties and the high steric bulk on 

the metal center, ethylene coordination to the Pd acyl is disfavored and the energetic barrier of 

ethylene insertion is increased. Consequently, termination via a η2-acyl species is favored, rather 

than propagation by ethylene coordination and insertion.  

 

1.1.4 Water as a Nucleophile in Hydroxycarbonylation 

In the early developments of carbonylation reactions by Reppe,3 Bittler21 and Knifton25 water 

was commonly used besides other nucleophiles such as aliphatic or aromatic alcohols. For the 

carbonylation of aliphatic olefins the following reactivity order of the nucleophiles was stated: 

aliphatic alcohols > water > phenols.23,25 Bittler et al. noted that the hydroxycarbonylation with 

water as a nucleophile requires higher temperatures to proceed efficiently.21 Most of the recent 

research on highly active Pd complexes for carbonylation and polyketone production focuses on 

the use of alcohols, in particular methanol.  

Alper and co-workers reported on the hydroxycarbonylation of alkenes, such as heptene and 

decene, with water as a nucleophile in 1983.58 Contrary to other reports, here, the carbonylation 

of a terminal alkene proceeds regioselectively to the branched acids with a Pd catalyst and a Cu 

co-catalyst under ambient conditions. The authors stated that the concentration of water has a 

crucial influence on the reaction. No conversion was observed if water was the only solvent or if 

a large amount of water was added to the THF solvent.  

Hydroxycarbonylation of terminal alkenes with a linear regioselectivity was later achieved 

by using 10% Pd/C as a Pd source and 1,4-bis(diphenylphosphino)butane (dppb) as a ligand in 

1,2-dimethoxyethane (DME).59 With a further acid component (formic or oxalic acid) and at 

reaction temperatures of 150 °C a variety of terminal alkenes, e.g. heptene, neohexene, and 5-

hexen-2-one, were transformed to the linear acids with selectivities between 70-100% (Scheme 

1-8). 

Scheme 1-8. Hydroxycarbonylation of terminal olefins with Pd/C and dppb.59 
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Hydroxycarbonylation of less polar olefins with water can be realized in a biphasic reaction. 

Sheldon and co-workers successfully used water-soluble phosphine ligands like tppts in the 

hydroxycarbonylation of propylene and octenes.60-62 The biphasic hydroxycarbonylation of 

octenes is attractive since the formed nonanoic acid is not water-soluble and allows for a facile 

catalyst recovery. However, solubility of octene is also limited and consequently activities were 

lower compared to propylene.61 Further, isomerization to internal octenes, that were not reactive 

under those reaction conditions, lowered the selectivity for the linear acid out of all products and 

isomers to 50-57% (Scheme 1-9a). A refined biphasic hydroxycarbonylation of ethylene, 

propylene and styrene with a sulfonated xantphos ligand (xantphos-s) was reported by van 

Leeuwen et al.63 However, linear selectivities for the carbonylation of propylene to butyric acid 

did not exceed 65% (Scheme 1-9b). 

Scheme 1-9. Biphasic hydroxycarbonylation approaches of olefins by Sheldon (a)61 and van 

Leeuwen (b).63 

 

 

The studies of Alper and Sheldon prove that a sufficient contact between reactants and the 

catalyst is crucial for an efficient hydroxycarbonylation of alkenes. This is particularly true for 

olefins of chain lengths of C8 or longer as they become less water-soluble. An organic solvent is 

required for many cases to achieve a homogeneous reaction mixture. A biphasic reaction set-up 

can be used for lighter olefins, but the reaction of longer-chained olefins is limited by the mass 

transfer between phases.  

Hydroxycarbonylation is applied industrially by BASF for production of propionic acid that is 

used as a feed grain preservative, for pharmaceuticals, solvents and thermoplastics. The reaction 

conditions and the catalyst system resemble the carbonylation conditions originally used by 

Reppe. In this so-called ‘BASF process’ a Ni(CO)4 catalyst precursor is applied for the 
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hydroxycarbonylation of ethylene to propionic acid at high pressures (100-300 bar, 250-

320 °C).1,64  

Scheme 1-10. BASF process of hydroxycarbonylation of ethylene to propionic acid. 

 

 

The major advantages of this process are the low cost raw materials, high yields and a 

relatively simple work up of the crude propionic acid by distillation. The nickel salts are recovered 

and recycled within this process.56 The current production capacity of BASF at their sites in 

Ludwigshafen and Nanjing, China, is 150 000 t/a and will increase by 2019 by an additional 

30 000 t/a by an expansion at the Verbund site of BASF-YPC at Nanjing, China.65, 66 

 

1.2 Catalytic Isomerizing ω-Functionalization of 

Unsaturated Fatty Acids a 

The previous chapter demonstrates that hydroformylation and carbonylation are both well-

established reactions allowing for the functionalization of olefins by introducing an oxygen 

functionality. However, both reactions are adversely affected by isomerization as a common side 

reaction in transition metal catalysis on unsaturated compounds. This becomes an issue when 

using terminal olefins as starting materials, which are thermodynamically disfavored compared 

to internal olefins. 

Isomerization can be considered as a side reaction reducing the amount of reactive starting 

material, or it can also be regarded as a helpful tool for a combination with a selective terminal 

functionalization of internal olefins. For most applications, in particular for polymer synthesis, the 

terminal functionalized substrates are the desired products. Selective approaches combining 

isomerization and functionalization are execptionally useful for transformation of raw materials 

that are either isomeric mixtures, for example industrial reactants like butene isomers (Raffinate) 

or di-n-butene (C8 olefin mixtures), or substrates that intrinsically exhibit an internal double bond, 

e.g. unsaturated fatty acids.67-72  

                                                             

aParts of this chapter 1.2 are published in ACS Catal. 2015, 5, 5951-5972. 
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Fatty acids from seed or algae oils are a unique feedstock for the production of chemicals 

because of their characteristic long-chain methylene sequences.73-74 These fatty acids are already 

endowed with one functional group in the form of the carboxyl unit. For many applications, in 

particular for polymer production, a further functionality is required. The double bonds of 

unsaturated fatty acids offer themselves for the generation of an additional functional group via a 

combined isomerization and functionalization reaction. Such mono- or multiple unsaturated fatty 

acids are contained in substantial amounts in common seed oils (Table 1-1).75 

Table 1-1. Fatty acid composition of selected seed oils.a,74-75 

seed oil 
double 

bondsb 

palmitic 

(16:0) [%] 

stearicc 

(18:0) [%] 

oleicc 

(18:1) [%] 

linoleicc 

(18:2) [%] 

linolenicc 

(18:3) [%] 

palm oil 1.7 43 4 41 10 - 

rapeseed 4 4 2 56 26 10 

soybean 5 11 4 23 53 8 

sun-flower 5 5 3 37 54 1 

HO-sunflowerd 3.0 2 1 93 2 - 
a wt % of a given fatty acids with respect to total fatty acid content. b Average number of double bonds per 

triglyceride. c Number of carbon atoms and double bonds given in parentheses. d HO = high oleic. 

Selective isomerization and ω-functionalization of the internal double bonds of unsaturated 

fatty acids can incorporate the entire fatty acid chain into the desired linear α,ω-functionalized 

product. Besides biotechnological pathways,76-81 chemical catalysis, in particular by transition 

metals, has been an attractive approach for such functionalization reactions in the past decades 

(Scheme 1-11).71  

As outlined above, the terminal functionalization is difficult due to a preference of the 

thermodynamically most stable internal double bond isomers. Additionally, the α,β-unsaturated 

fatty acids are slightly favored, due to the conjugated double bonds, compared to other double 

bond isomers. For methyl oleate, 94.3% of internal olefins, 5.5% of α,β-unsaturated ester, and 

<0.2% of terminal olefin are found in the equilibrium mixture of all isomers.57 The challenge is to 

find ways to functionalize the terminal position exclusively out of all isomeric components. An 

effective suppression of the numerous alternative reaction pathways on the various olefins, 

including the α,β-unsaturated ester, is required to achieve a high selectivity for the linear α,ω-

difunctionalized compound (Scheme 1-11). 
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Scheme 1-11. General reaction scheme of metal-catalyzed (M) isomerizing ω-functionalization of 

unsaturated fatty acids yielding linear, long-chain α,ω-difunctional compounds and other 

isomers with the functional group distributed over all positions along the chain (exemplified on 

methyl oleate). 

 

 

In the following chapters, the catalytic functionalization of unsaturated fatty acids by 

isomerizing hydroformylation and alkoxycarbonylation will be outlined and catalytic systems are 

analyzed in terms of activity and selectivity. As far as they are instructive toward this aim, 

additional isomerizing functionalizations of other internal olefins with a double bond remote from 

the terminal site of functionalization, such as 4-octene, are also considered and discussed. 

Compared to other isomerizing functionalizations like hydroboration and hydrosilylation, 

hydroformylation and alkoxycarbonylation have been the most promising approaches in terms of 

activities and selectivities.71 Isomerizing hydroxycarbonylation using water as a nucleophile has 

only been investigated scarcely and reported only in the final stages of this thesis.82 

 

1.2.1 Isomerizing Hydroformylation 

As outlined in the previous chapter, hydroformylation is one of the most important 

homogeneously catalyzed reactions in the chemical industry. Relevant catalysts are based on 

cobalt or rhodium bearing phosphorus ligands, but platinum, palladium, ruthenium and iron have 

also been reported. Many processes for the hydroformylation of short-chained olefins (C2-C4) have 
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been commercialized with Rh- or Co-based catalysts and relatively simple phosphine ligands (e.g. 

tppts in the Ruhrchemie/Rhône-Poulenc process). But the selective functionalization of long-

chain and internal olefins in hydroformylation still remains challenging,8 in particular due to the 

low amount of terminal olefin present in a thermodynamic equilibrium mixture of all isomers.  

With regard to the generation of linear α,ω-functionalized compounds, isomerizing 

hydroformylation of fatty acids can provide such linear long-chain compounds bearing an ω-

aldehyde group (Scheme 1-12).  

Scheme 1-12. Isomerizing hydroformylation of methyl oleate to the desired ω-aldehyde ester 

and relevant byproducts.a 

 
a For values of conversion, selectivity and TOF, see ref 83. 

Börner and co-workers recently reviewed the isomerizing hydroformylation.68 A large 

number of studies addressed the isomerizing hydroformylation of 2-olefins (e.g., 2-butene, 2-

pentene, 2-hexene, or 2-octene).84-94 Furthermore, Carpentier and co-workers presented the 

hydroformylation of fatty acid derived substrates, such as 10-undecenenitrile, with a high linear 

selectivity and the ability to convert internal isomers of the starting material to the desired linear 

aldehyde.95-98 However, the reactivity of these olefins with the double bond at or adjacent to the 

chain terminus differs substantially from olefins with the double bond deep in the chain, as 

discussed later in more detail with several examples of rhodium-catalyzed hydroformylation of 

octenes (vide infra). Concerning the scope of this thesis, the transformation of more challenging 

substrates is of interest because these are potentially directly instructive for the generation of 

linear α,ω-functionalized compounds from seed oils by isomerizing ω-functionalization. Thus, 

isomerizing hydroformylation of substrates in which the double bond is three or more carbon 

atoms away from the terminus (e.g., 4-octene) are considered exclusively, in addition to fatty acids 

themselves. 
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Platinum-Based Catalysts 

Tang and co-workers reported the isomerizing hydroformylation of trans-5-decene using a 

cationic platinum complex [PtCl(CO)(P(OPh)3)2]ClO4 with a metal halide (e.g., SnCl2·2H2O) as a 

catalyst precursor at 100 °C and 140 bar (1 mol% Pt, 5 mol% Sn, CO/H2 = 1/1).99 After 3 h, the 

olefin conversion was 73%, with 84% aldehyde selectivity but a relatively low aldehyde linearity 

of only 17% (this corresponds to an average turnover frequency (TOF) of 26 h-1). As a side 

reaction, 16% of the hydrogenation product decane was formed. The authors also stated that 

combination of the well-known hydroformylation catalyst system [PtCl2(PPh3)2]/SnCl2 with 

compounds promoting isomerization (e.g., acids, base, inorganic or organometallic compounds) 

did not result in formation of the terminal aldehyde from internal olefins, even though 

isomerization was observed in some cases. Vogt and co-workers gave another example for 

platinum-catalyzed isomerizing hydroformylation using 0.1 mol% of [Pt(sixantphos)Cl(SnCl3)] as 

the catalyst precursor.100 With 4-octene as the substrate, a conversion of 19% was observed. 

Formation of 33% of 1-nonanal along with 16% branched aldehydes, 11% octane, and 40% 

isomerized octenes as side products at 100 °C and 10 bar (CO/H2 = 1/1) after 15 h of reaction time 

was noted. This corresponds to a selectivity of 55% for the linear aldehyde and an average TOF of 

13 h-1. Hydrogenolysis of the intermediately formed Pt acyl species was identified as the rate-

limiting step at temperatures above 40 °C. In general, catalyst activity and selectivity increased 

with increasing temperature. However, hydrogenation also became more significant at higher 

temperatures (>70 °C).  

 

Cobalt-Based Catalysts 

Beck and co-workers compared the selectivity in the Co2(CO)8-catalyzed (isomerizing) 

hydroformylation of 1-octene, cis-4-octene, and trans-4-octene at 120 °C and 200 bar (2.5 mol% 

Co, CO/H2 = 1/1).101 Selectivities of 74%, 54%, and 56% toward the linear aldehyde 1-nonanal at 

conversions of 66%, 60%, and 52%, respectively, were observed. This work clearly shows that 

the unmodified cobalt catalyst precursor Co2(CO)8 is suitable for isomerizing hydroformylation 

with a preference for terminal functionalization. Although cobalt plays an important role in 

hydroformylation in general, most examples of isomerizing hydroformylation use rhodium-based 

catalysts (vide infra). 
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Rhodium-Based Catalysts 

Generally, rhodium-catalyzed hydroformylation has some major advantages over cobalt-

based systems. Rhodium catalysts are usually active under milder conditions, for example, lower 

temperatures and pressures, and exhibit higher activity, as well as increased selectivity toward 

the desired linear products. 

Van Leeuwen and co-workers reported the rhodium-catalyzed isomerizing hydroformylation 

of trans-4-octene with bidentate dibenzophosphindole- and diphenoxaphosphinine-substituted 

xanthene ligands 1a and 1b (Figure 1-5, Rh/ligand = 1/10; 0.15 mol% Rh, Table 1-2, entry 1, 2). 

Both rhodium diphosphine complexes showed a high selectivity toward the linear aldehyde 

1-nonanal with good conversions at 120 °C and 2 bar (CO/H2 = 1/1). The catalyst system with 

ligand 1b was more active (Table 1-2, entry 2), but at the same time selectivity decreased 

compared with 1a. An initial TOF (20-30% conversion) of 15 h-1 for 1a and 20 h-1 for 1b was 

reported. In their study, isomerizing hydroformylation of trans-2-octene as a substrate was also 

investigated, and a higher selectivity to the linear aldehyde and a higher initial TOF compared 

with 4-octene was observed. On the basis of these results, the authors suggested that the applied 

rhodium complexes exhibit a low isomerization activity, and therefore, turnover frequencies for 

internal olefins are low. It was also stated that no hydrogenation was observed, and 

hydroformylation of the terminal olefin was preferred. 

 

Figure 1-5. Phosphine ligands for Rh-catalyzed isomerizing hydroformylation. 
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Table 1-2. Rhodium-catalyzed isomerizing hydroformylation. 

entry olefin conversion (%) selectivitya (%) TOFb (h-1) ref. 

1 trans-4-octenec 54 86 15 102 

2 trans-4-octened 67 81 20 102 

3 trans-4-octene 60 66 300ø 103 

4 trans-4-octenee 82 89 41ø 104-105 

5 trans-4-octenef 94 95 34g 105 

6 cis-4-octene 59 47 295ø 103 

7 4-octene 41 70 43 106 

8 isomeric n-octenesh,i 55 48 1320 107 

9 isomeric n-octenesh,j 96 69 4448 108 

10 methyl oleate 65 40 35ø 83 

11 methyl oleate 93 67 7ø, k 109 
a Selectivity towards the linear aldehyde; b Turnover frequency (TOF) is given at 20-30% conversion if 

information available from reference, if not available TOF is averaged over complete reaction time with 

given conversion (ø), see reference for details; c Rh-precursor [Rh(CO)2(dipivaloylmethanoate)], ligand 1a, 

Rh/ligand = 1/10; d Rh-precursor see c, ligand 1b, Rh/ligand = 1/10; e toluene as organic solvent; f propylene 

carbonate as organic solvent, liquid-liquid two-phase reaction; g TOF for two-phase reaction system was 

determined after complete conversion of olefin to aldehyde; h isomeric n-octenes: 3.3% 1-octene, 48.4% 

cis/trans-2-octene, 29.2% cis/trans-3-octene, 16.4% cis/trans-4-octene. i 0.006 mol% [Rh(acac)(cod)], 

ligand 2, Rh/ligand = 1/10; j 0.06 mol% [Rh(acac)(cod)], ligand 3, Rh/ligand = 1/10. k Average TOF is based 

on the amount of Rh as catalyst for hydroformylation. 

Selent and co-workers reported the rhodium-catalyzed formation of 1-nonanal from a 

mixture of isomeric n-octenes by using monodentate phosphonite ethers as a ligand (0.006 mol% 

Rh, Rh/ligand = 1/10) at 140 °C and 20 bar (CO/H2 = 1/1). The hydroxyl phosphonite ligand 2 

showed a superior selectivity toward 1-nonanal compared with a methyl ether analogue (Table 

1-2, entry 8).107,110 An initial TOF (at 20% conversion) of 1320 h-1 was observed, and hydrogenated 

olefin (total yield <1.4%) and hydrogenated aldehyde (total yield = 1.4%) as side products were 

reported. Higher TOFs up to 19 000 h-1 were reached with increased ligand loadings (Rh/ligand = 

1/50). Selectivity toward the linear aldehyde was lower compared with van Leeuwen’s catalyst, 

but catalyst activity was significantly higher. A further increase in the reaction rate was reported 

later, with bidentate phosphonites as ligands for isomerizing hydroformylation under slightly 

different reaction conditions (130 °C and 0.06 mol% rhodium). The bidentate phosphonite ligand 

3 showed the best results, with an increased yield and selectivity to 1-nonanal with a remarkably 

high turnover frequency of 4448 h-1 (20% conversion) and reduced hydrogenation activity (total 

yield of hydrogenated aldehyde = 0.3%, Table 1-2, entry 9).108 

Beller and co-workers reported the rhodium-catalyzed isomerizing hydroformylation of 4-

octene in the presence of 2,2′-bis(3,4,5-trifluorobenzyl)-1,1′-binaphthalene 4 as a ligand 
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(0.01 mol% Rh, Rh/ligand = 1/5) at 120 °C and 10 bar (CO/H2 = 1/1, Table 1-2, entry 7).106 A 

selectivity of 70% to the linear aldehyde 1-nonanal was observed at 41% conversion after a 

reaction time of 96 h. Using 2-octene as a starting material resulted in a higher conversion (64%) 

and selectivity (88%), which was also observed by van Leeuwen with his catalyst system (vide 

supra). Isomerization of 4-octene was slow, and hydroformylation of the internal double bond 

occurred faster. 

Zhang and co-workers reported the rhodium/tetraphosphine (5) catalyzed isomerizing 

hydroformylation of cis- and trans-4-octene at 125 °C and 10 bar (0.1 mol% Rh, Rh/ligand = 1/4, 

CO/H2 = 1/1, Table 1-2, entry 3, 6).103 Within a reaction time of 2 h, 59% of cis-4-octene was 

converted into aldehydes with a selectivity of 47% to 1-nonanal (Table 1-2, entry 6). For trans-4-

octene, conversion into aldehydes was slightly higher, with increased selectivity to the desired 

linear product (Table 1-2, entry 3). The methyl-branched aldehyde was the major 

hydroformylation byproduct, and only small quantities of octane were formed. Note that when 

2-octene was used instead of 4-octene, conversion (84%) and selectivity to the linear aldehyde 

(98%) were significantly higher under otherwise identical conditions. This and all 

aforementioned studies showed that isomerization of a double bond adjacent to the chain 

terminus occurs much faster compared with isomerization over three or more carbon atoms. 

Behr and co-workers reported the isomerizing hydroformylation of trans-4-octene by a 

rhodium/biphephos 6 (ratio = 1/3) catalyst system at 125 °C and 20 bar (CO/H2 = 1/1) in 89% 

selectivity to the linear aldehyde (Table 1-2, entry 4).104-105 Applying 0.5 mol% Rh, 82% of the 

substrate was converted, yielding 75% 1-nonanal, along with 3% octane and 4% branched 

aldehydes after a reaction time of 4 h. A further increase in conversion and selectivity toward 1-

nonanal was achieved by using propylene carbonate instead of toluene, forming a liquid-liquid 

two-phase reaction system (0.5 mol% [Rh(acac)(CO)2], Rh/ligand = 1/10, 10 bar CO/H2 = 1/1, 125 

°C, Table 1-2, entry 5). This increase is a result of the low solubility of the olefin in the propylene 

carbonate phase and a deceleration of the reaction rate.105 In addition, this approach facilitated an 

easy recovery of the catalyst and recycling in five runs without loss of activity or selectivity. Later, 

the same group used a similar rhodium catalyst system with biphephos 6 as ligand (0.5 mol% 

[Rh(acac)(CO)2, Rh/ligand = 1/10) in the isomerizing hydroformylation of methyl oleate (Table 

1-2, entry 10).83 At a temperature of 115 °C and a pressure of 20 bar (CO/H2 = 1/1), 65% of the 

substrate was converted, yielding only 26% of the linear ω-aldehyde ester along with large 

amounts of hydrogenated starting material after 4 h of reaction time. This corresponds to a 

selectivity of only 40% and an average TOF of 35 h-1. A slight increase in the aldehyde yield to 34% 

was observed by using ethyl linoleate which forms a conjugated system during isomerization. The 

authors propose a faster isomerization for this substrate compared with methyl oleate. No 
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formation of the dialdehyde ester was observed, but large amounts of hydrogenated starting 

material were detected. The hydrogenation of starting material in both cases was related to the 

presence of the ester group of the substrate, which is considered to favor the hydrogenation 

pathways via α,β-unsaturated esters formed through isomerization. Consequently, observed 

yields were much lower compared with previously reported isomerizing hydroformylation of 

trans-4-octene. 

In an orthogonal tandem approach of a Pd-based isomerization catalyst with the Rh-

biphephos system (6) for hydroformylation Behr and co-workers achieved an increased 

selectivity for the terminal aldehyde ester (0.8 mol% [Rh(acac)(CO)2], Rh/ligand = 1/4, 10 bar 

CO/H2 = 1/1, 100 °C, Table 1-2, entry 11).109 A PdI complex, generated in situ from PdI2 and 

[Pd(PtBu3)2] (0.5 mol% and 3 mol%, respectively), quickly isomerizes the internal double bond of 

methyl oleate and provides a constant supply of the terminal double bond which reacts 

preferentially in the hydroformylation with the biphephos (6) coordinated Rh catalyst. The fast 

isomerization of the PdI-based catalyst prevents the occurrence of side reactions like 

hydrogenation and formation of branched aldehydes to a certain extent. After 40 h of reaction 

time, 62% of the linear aldehyde with only 7% of branched aldehyde were observed. However, 

the amount of hydrogenated starting material is still significant (24%).  

 

Mechanistic Considerations on Rhodium Catalyzed Isomerizing 

Hydroformylation 

The mechanistic details of the rhodium-catalyzed isomerizing hydroformylation are not 

known in detail to date. However, from mechanistic studies on the rhodium-catalyzed 

hydroformylation, in particular those dealing with the selective formation of linear aldehydes, 

some conclusions can be drawn.111 The generally accepted dissociative mechanism first presented 

by Wilkinson and co-workers is shown in Scheme 1-13.112-115 

Note that the chelating phosphine shown in Scheme 1-13 can also be substituted by any 

monodentate phosphorus ligands used in (isomerizing) hydroformylation. For monodentate 

ligands, two isomeric forms of the catalyst can be formed, with either a diequatorial (ee) or an 

equatorial-apical (ea) coordination of the ligands. Contrary to that, bidentate phosphine ligands 

usually have a preferred mode of coordination, and therefore, one of the isomers is stabilized. 

Most cases of isomerizing hydroformylation use bidentate phosphine ligands; therefore, these are 

considered exclusively for the mechanistic argumentation. 
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Scheme 1-13. Mechanism of Rh-catalyzed hydroformylation. 

 

The active species in Wilkinson’s mechanism is a Rh hydride species generated by 

dissociation of one CO ligand from the trigonal bipyramidal Rh hydride complex. Coordination of 

the olefin substrate generates a Rh olefin complex. Olefin insertion into the Rh hydride and 

subsequent CO insertion into the Rh alkyl species generates a Rh acyl species that reacts with 

hydrogen to form the desired aldehydes and regenerates the catalytically active Rh hydride 

species. Paciello and co-workers suggest that a partially irreversible olefin insertion, where the 

linear Rh alkyl is irreversibly trapped and the branched Rh alkyl can undergo β-hydride 

elimination to regenerate the Rh olefin species, is responsible for the high linear selectivity.115 

Van Leeuwen and co-workers explained the performance of their dibenzophosphindole- and 

diphenoxaphosphinine-substituted xanthene ligands in isomerizing hydroformylation by (a) low 

phosphine basicity, resulting in high isomerization and hydroformylation activity, and (b) the 

large natural bite angle, which induces the selectivity for linear aldehyde formation.116 The latter 

is a result of the trigonal bipyramidal geometry of the rhodium complexes with bidentate 

phosphine ligands, which preferentially coordinate in a diequatorial mode. A large bite angle of 

the diphosphine ligand leads to a higher steric congestion around the metal center, especially in 

the apical position.93 These crowded systems favor β-hydride elimination of branched Rh alkyl 
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species over CO coordination and insertion and, thus, result in higher isomerization activity, 

which is not the case for less congested Rh complexes. Thus, sterically congested metal centers in 

general favor the formation of linear aldehydes. It is important to note that in general, the overall 

mechanistic picture is very complex, and elementary steps are sensitive not only to the steric and 

electronic effects of the phosphine ligand, but also to temperature and CO/H2 pressure.94,117-118  

 

Isomerizing Hydroformylation and In Situ Reduction 

Some examples of isomerizing hydroformylation with subsequent in situ reduction of the 

generated aldehyde to an alcohol were reported. With regard to fatty acid esters, this would yield 

an ω-hydroxy ester (Scheme 1-14), which may be directly used, for example, as a difunctional AB-

type monomer in polycondensation reactions. 

Scheme 1-14. Isomerizing hydroformylation and in situ reduction of an internal olefin to the 

desired ω-hydroxy ester and relevant byproducts.a 

 
a For values of conversion, selectivity, and TOF, see ref 119. 

In principle, two different catalyst systems are conceivable: (a) systems that catalyze both the 

isomerizing hydroformylation and the reduction of the formed aldehydes to an alcohol or (b) 

combined systems of two different catalysts, one catalyzing isomerizing hydroformylation and a 

second one catalyzing the reduction of the aldehyde. 

Drent and co-workers reported the palladium/1,2-bis(9-phosphabicyclo[3.3.1]nonan-9-

yl)ethane 7 (Figure 1-6, ratio = 1/1.4) catalyzed isomerizing hydroformylation and reduction,120 

generating linear alcohols from an equilibrated isomeric mixture of linear C8-C10 alkenes as the 

starting material (Table 1-3, entry 1). The desired linear alcohols were formed in a selectivity up 
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to 72%, with a remarkably high average TOF of 1000 h-1 at 105 °C and 60 bar (CO/H2 = 1/2). Less 

than 1% of alkanes and ketones were noted as side products. Interestingly, formation of esters by 

alkoxycarbonylation of the intermediately formed Pd acyl species with the alcohols generated 

during the reaction was not observed. Enhanced selectivity and productivity in the presence of 

substoichiometric amounts of halide anions are ascribed to a beneficial effect of the halide anion 

in the rate-determining hydrogenolysis reaction. 

 

Figure 1-6. Ligands for isomerizing hydroformylation of internal olefins and reduction to 

terminal alcohols. 

Table 1-3. Isomerizing Hydroformylation and in situ reduction to a terminal alcohol.  

entry olefin conversion (%) selectivitya (%) TOFb (h-1) ref. 

1 C8-C10 alkenesc n.a. 72 1000 120 

2 trans-4-octene 14d 57 0.5 121 

3 trans-4-octene 100 58 5.6 119 

4 methyl oleate 86 43 2.4 119 

5 methyl oleatee 93 56 2.6 119 
a Selectivity toward the linear alcohol. b Average turnover frequencies are given, see reference for details. 
c Linear thermally equilibrated internal C8-C10 alkenes: 12% C8, 44% C9, 44% C10. d Conversion of olefin to 

alcohol, no details on conversion values or side product distribution are available for this entry. e Addition 

of Ru3(CO)12 to catalyst system from entry 4. 

The ruthenium/2-(dicyclohexylphosphino)-1-(2-methoxyphenyl)-1H-imidazole (8) 

catalyzed transformation of trans-4-octene into 1-nonanol at 160 °C, 10 bar CO, and 50 bar H2 was 

reported by Beller and co-workers (1.2 mol% Ru, Ru/ligand = 1/2.2, Table 1-3, entry 2),121 

however, only a poor yield of the desired alcohol was observed (14%), with a low selectivity to 

the desired 1-nonanol after 24 h (this corresponds to an average TOF of 0.5 h-1). Note that when 

1-octene was used instead under slightly different reaction conditions (0.6 mol% Ru; Ru/ligand = 

1/1.1; 130 °C), the alcohol yield was significantly higher (87%, along with 9% octane), with a 

selectivity of 92% for 1-nonanol within 20 h (this corresponds to an average TOF of 8 h−1). 

Nozaki and co-workers recently presented the synthesis of a mixture of linear alcohols and 

aldehydes from internal olefins (Table 1-3, entry 3-5) by combining a rhodium/bisphosphite 9 

(ratio = 1/2; 1.0 mol% Rh) catalyst system with Shvo’s ruthenium catalyst (1.5 mol%) at 120 °C 
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and 5 bar (CO/H2 = 1/1).119 trans-4-Octene was converted into a mixture of alcohols and 

aldehydes (67%), octane (4%), and some unidentified side products (8%) (Table 1-3, entry 3). 

The observed selectivity for the linear functionalized alcohol and aldehyde mixture was 79%; the 

selectivity for the linear alcohol alone was only 43%. After 18 h, full conversion of the substrate 

was reported (this corresponds to an average TOF based on Rh of 5.6 h-1). Note that the 

transformation of 1-octene under otherwise identical conditions resulted in a slightly increased 

selectivity (87%) to the linear functionalized product mixture, but a lower overall selectivity for 

the linear alcohol alone (25%). 

When methyl oleate was used as the substrate, 64% of a mixture of alcohols and aldehydes 

along with 23% methyl stearate were formed within 36 h (this corresponds to an average TOF 

based on Rh of 2.4 h-1). The selectivity to the linear ω-alcohol/aldehyde ester was 48%, for the 

desired linear alcohol a selectivity of 43% was observed (Table 1-3, entry 4). The authors stated 

that the rate of hydroformylation was much faster than isomerization. Consequently, addition of 

Ru3(CO)12 (1.5 mol% based on Ru atom), which is a known precursor for alkene isomerization, 

resulted in an increased selectivity to the linear ω-alcohol ester of 56% (Table 1-3, entry 5). Only 

trace amounts of the linear or branched aldehydes were observed; however, the amount of methyl 

stearate also increased to 29%. 

As already observed in isomerizing hydroformylation of methyl oleate by Behr and co-

workers (vide supra), the major limitation of this reaction is a low selectivity for the linear ω-

hydroxy ester due to hydrogenation of the substrate, which generates substantial amounts of 

methyl stearate. 

 

Summary on Isomerizing Hydroformylation 

With regard to the synthesis of α,ω-functionalized compounds by isomerizing 

hydroformylation, also in combination with an in situ reduction, two limitations appear. The 

selectivity for the linear product decreases significantly for substrates in which the double bond 

is in a more remote position to the terminus (1-octene > 2-octene > 4-octene). This is particularly 

important because in methyl oleate the double bond is eight carbon atoms away, and thus, more 

than twice as many isomerization steps are necessary to generate a terminal olefin as compared 

with 4-octene. Note that catalytic productivity also decreases within this series. Hydrogenation of 

the substrate is a common side reaction in (isomerizing) hydroformylation. This is a problem 

especially for fatty acid derived substrates because α,β-unsaturated esters, which are formed 

through isomerization as the thermodynamically slightly favored species among the various olefin 
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isomers (vide supra), are prone to hydrogenation, and this results in a decreased overall selectivity 

to the desired ω-aldehyde ester. 

 

1.2.2 Isomerizing Alkoxy- and Hydroxycarbonylation 

Carbonylation of short-chain olefins has been investigated intensively and is mechanistically 

well-understood as outlined in the chapter 1.1 Catalytic Carbonylation Reactions for Generation of 

Aliphatic Carbonyl Compounds.6,46,53-57,122-125 Isomerization of terminal olefins under Pd catalyzed 

carbonylation conditions and a carbonylation of internal olefins has already been recognized in 

Knifton’s work in 1976,25 but a systematic investigation of a selective isomerizing carbonylation 

approach for a terminal functionalization was not pursued until 1999 with a report by Pringle and 

co-workers on ‘tandem isomerization-carbonylation catalysis’.126  

Pringle and co-workers reported that PdII complexes modified with meso/rac 1,3-

bis(phospha-oxa-adamantyl)propane (meso/rac-doadpp 12/13, Figure 1-7) or 1,3-bis(di-tert-

butylphosphino)propane (dtbpp, 11, Figure 1-7) convert the double bond of an isomeric mixture 

of linear C14 olefins to a terminal ester group with selectivities above 78%.126  

Cole-Hamilton and co-workers reported on a highly selective PdII-catalyzed terminal 

functionalization of 4-octene127 and were the first ones to selectively functionalize methyl oleate 

(Scheme 1-15).128 With these reports the use of dtbpx as a ligand (10, Figure 1-7) combined with 

[Pd2(dba)3] and methanesulfonic acid (MsOH) for an in situ generation of the catalytically active 

species in isomerizing methoxycarbonylation was established – a catalyst system originally 

described for methoxycarbonylation of ethylene in the Lucite process. In their study, Cole-

Hamilton and co-workers concluded that isomerizing methoxycarbonylation of internal olefins 

operates via a hydride mechanism and methanolysis is the rate-determining step. 

 

Figure 1-7. Diphosphine ligands for isomerizing alkoxycarbonylation. 
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Scheme 1-15. Pd catalyzed isomerizing methoxycarbonylation of an unsaturated fatty acid to a 

linear diester and possible branched side products (exemplified on methyl oleate).  

 

 

A significant amount of (di)phosphine ligand development and screening for 

alkoxycarbonylation of ethylene, propylene and styrene has been published in the past 

decades,23,29,129-140 but only few ligands have been applied for an isomerizing alkoxycarbonylation 

of mid- to long-chain olefins. In particular, the challenging isomerizing functionalization of 

unsaturated fatty acids has only been investigated with a relatively small range of diphosphine 

ligands. For the industrially relevant isomerizing methoxycarbonylation of methyl pentenoates, 

that was developed by DSM,141-142 “close to hundred ligands, mostly bidentate phosphines, were 

screened”.143 However, the results of the dtbpx ligand (10) could not be outperformed.  

A comparison of diphosphine ligands and derived Pd catalysts for an isomerizing 

alkoxycarbonylation of internal olefins and unsaturated fatty acids will be presented in the 

following chapter.  

 

Catalytic Systems for Isomerizing Carbonylation – Diphosphine Ligands 

Since the discovery of Pringle126 and Cole-Hamilton127-128 of a selective isomerizing 

alkoxycarbonylation, a small selection of bidentate phosphine ligands was found to be suitable for 

the challenging functionalization of internal double bonds. The number of reports utilizing 

unsaturated substrates beyond ethylene, propylene and styrene is fairly limited. Figure 1-8 shows 

diphosphine ligands that have been tested in isomerizing carbonylation reactions of substrates 

that include a migration of the double bond of a minimum of three positions, e.g. 4-octene. Only 

reactions that generate the catalytic system in situ are considered (Table 1-4). A typical Pd 

precursor is Pd(OAc)2 or [Pd2(dba)3], and diphosphine ligands and acids are added in a slight 
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excess (1.5-2.5 equivalents of diphosphine to Pd, 5-42 equivalents of acid). Using defined catalyst 

precursors with a diphosphine coordinated to the Pd center are described in the following 

chapter. 

 

Figure 1-8. Diphosphine ligands for isomerizing carbonylation of internal unsaturated 

substrates with a double bond in a remote position.  

In methoxycarbonylation of a non-functionalized olefin, like 4-octene or tetradecene, the 

well-known ligand dtbpx (10) and the sterically demanding dadpx and bpx ligands (14, 15) 

perform best in terms of selectivity (> 94% linear ester product, Table 1-4). Diphosphine ligands 

with a propyl backbone, like dtbpp (11) and doadpp (12/13) are less selective for the linear ester 

product in an alkoxycarbonylation of tetradecene (< 80%, Table 1-4, entry 5-6).126 However, 

doadpp (12/13) generates a more active catalyst compared to dtbpp (11).  

 In the view of the most active catalyst system, a general statement is difficult due to different 

ratios of components of the catalytic system and variations in the reaction times.a Experiments by 

van Meurs et al. allow for a comparison of bpx (15), dadpx (14) and dtbpx (10) in 

methoxycarbonylation of trans-4-octene (Table 1-4, entry 2-4).144 Here, the diphosphine ligand 

bpx (15), bearing cyclic phosphorinone substituents, gave the highest conversion and average 

turnover frequency (TOF) at a high selectivity of 94% for the linear nonanoic methyl ester.  

The functionalization of an unsaturated fatty acid ester, e.g. methyl oleate, with an in situ 

system was only studied with the dtbpx (10) and bpx (15) ligands (entries 7-10). Here, using bpx 

as a diphosphine ligand yields a more active catalyst. However, depending on the composition of 

                                                             
a Note that calculating an average turnover frequency of a reaction that is near quantitative conversion 
underestimates the activity of the catalyst. Ideally, a TOF is calculated at 20-30% conversion. However, as a 
comparative measure and due to the lack of other values given consistently in literature, we calculate the 
average TOF for all reactions.  
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the catalytic system, different selectivities were reported. With Pd(OAc)2 or [Pd2(dba)3], dtbpx 

and MsOH selectivities above 90% for the linear 1,19-diester were observed (entries 7-8). A lower 

selectivity for the linear 1,19-diester of only 80% with dtbpx and as well as bpx was observed with 

Pd(OAc)2 as Pd precursor and CF3COOH as an acid (entries 9-10).128,144 

Table 1-4. Isomerizing carbonylation of internal unsaturated substrates with a variety of 

diphosphine ligands (Figure 1-8). 

# ligand 
olefinic 

substrate 

Pd 

precursor 

Pd/ ligand/ 

acid/ olefin 

time 

(h) 
conv.a 

(%) 

sel.a 

(%) 

ᴓTOFb 

(h-1) 
ref. 

1 10 4-octene [Pd2(dba)3] 1/2.5/5/63 16 quant. 94 4 127 

2 10 trans-4-octene Pd(OAc)2 1/2/10/950 4 30 94 71 144 

3 14 trans-4-octene Pd(OAc)2 1/2/10/950 4 8 95 19 144 

4 15 trans-4-octene Pd(OAc)2 1/2/10/950 4 85 94 202 144 

5 12/13 tetradecene Pd(OAc)2 1/1.5/2.5/700 5 93 78 130 126 

6 11 tetradecene Pd(OAc)2 1/1.5/2.5/700 5 10 75 14 126 

7 10 methyl oleate [Pd2(dba)3] 1/5/10/63 22 quant. >95 3 128 

8 10 methyl oleate Pd(OAc)2 1/5/42/500 22 52 90 12 145 

9 10 methyl oleate Pd(OAc)2 1/2/10/450 4 7 80 8 144 

10 15 methyl oleate Pd(OAc)2 1/2/10/450 4 40 80 45 144 

For detailed reaction conditions see references, temperatures typically between 80-115 °C, 20-50 bar of CO, 

MsOH, TsOH or CF3COOH as acid. a conv. = conversion, quant. = quantitative, selectivity (sel.) for the linear 

ester product. b Turnover frequency (TOF) is averaged over complete reaction time and given in the units 

of (mol of products) (mol of Pd)-1 (h of reaction time)-1. Please note that the TOF is most likely 

underestimated at (near) quantitative conversions. 

The group around Nobbs and van Meurs have further studied a range of diphosphine ligands 

for the hydroxycarbonylation of pentenoic acid to adipic acid (Scheme 1-16, Figure 1-9, Table 1-5). 

Here, a mixture of isomeric pentenoic acids (PEA) was carbonylated with water as a nucleophile 

(hydroxycarbonylation) and with diglyme as a co-solvent (Scheme 1-16).146 

Scheme 1-16. Pd catalyzed hydroxycarbonylation of pentenoic acid (PEA) mixtures for 

generation of adipic acid. 
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Figure 1-9. Diphosphine ligands for carbonylation of pentenoic acid.146 

Ten different diphosphine ligands were screened at the comparable reaction conditions of 

which five (19, 20, 21, 22, 23, 25) did not generate an active catalysts (< 5% conversion) in the 

hydroxycarbonylation of pentenoic acids (Table 1-5, entry 4-7, 9, and 11).  

The phenyl-substituted diphosphine ligands 17 and 18 formed an active catalyst in the 

hydroxycarbonylation of pentenoic acid, but were not selective for the linear functionalization 

and produced ethyl succinic acid as a major product (Table 1-5, entry 2-3). These diphosphine 

ligands 17 and 18 are structurally related to the dppp ligand that is known for generating highly 

active Pd catalysts for polyketone formation. Diphosphine ligand 17 has also been utilized for this 

purpose and produces polyketones with ethylene and CO.147  

Contrary to the previous reports,126 Nobbs and co-workers found that dtbpp (11) was not 

selective for the linear functionalization of a short-chained substrate with water as a nucleophile 

(Table 1-4, entry 6 vs Table 1-5, entry 8).  

Ligands that are structurally related to dtbpx gave best results in terms of activity combined 

with a high selectivity (Table 1-5, entry 1 and 10). Diphosphine 16, with tert-butyl substituents 

on the phosphorous atoms and a cyclohexyl backbone, has been reported as a ligand for 

methoxycarbonylation of ethylene to methyl propionate affording a more active catalyst 

compared to dtbpx-based systems.134 However, in isomerizing hydroxycarbonylation of pentenoic 
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acids the activity of a Pd catalyst with 16 is low (8% conversion, TOF of 10 h-1). A similar ligand 

with a dihydroanthracene backbone (24), showed a similarly low activity (12% conversion, TOF 

of 15 h-1). Notwithstanding the low activities, both ligands showed a high selectivity above 95% 

for the terminal product. 

 Ligands 16, 17, 18 were also used in the hydroxycarbonylation of isomeric pure compounds, 

like 2-pentenoic acid (Table 1-5, entry 12-14). Similar to hydroxycarbonylation of the isomeric 

pentenoic acid mixture, using diphosphine ligands 17 and 18 did not yield the linear product 

selectively, and a Pd catalyst with diphosphine 16 was low in activity, but selective for adipic acid.  

Table 1-5. Pd catalyzed isomerizing hydroxycarbonylation with various diphosphine ligands for 

generation of adipic acid from pentenoic acids (PEA).146 (Pd/ligand/acid/substrate ratio = 

1/2/100/1500). 

entry ligand olefinic substrate conversion (%) selectivity (%) ᴓTOFa (h-1) 

1 16 PEA mixture 8 98 10 

2 17 PEA mixture 16 3b 20 

3 18 PEA mixture 65 1b 81 

4 19 PEA mixture <1 99 - 

5 20 PEA mixture <1 96 - 

6 21 PEA mixture 1.5 74 2 

7 22 PEA mixture <1 69 - 

8 11 PEA mixture 60 38 75 

9 23 PEA mixture <1 83 - 

10 24 PEA mixture 12 95 15 

11 25 PEA mixture 2 97 3 

12 16 2-pentenoic acid 10 90 13 

13 17 2-pentenoic acid 40 1b 50 

14 18 2-pentenoic acid 40 1b 50 

Reaction conditions: 20 µmol of Pd(OAc)2, 40 µmol of ligand, 2 mmol of CF3COOH, 3 mL of pentenoic acid 

mixture (PEA mixture: trans-2-PEA, 18.4%; cis-2-PEA, 6.2%; cis- and trans-3-PEA, 29.5%; 4-PEA, 32.5%; 

GVL, 12.6%; valeric acid, 0.8%), 0.5 mL of H2O, 5.5 mL of diglyme, 50 bar of CO, 105 °C, 12 h. a Turnover 

frequency (TOF) is averaged over complete reaction time and given in the units of (mol of products) (mol 

of Pd)-1 (h of reaction time)-1. b The main product is ethyl succinic acid, besides methyl glutaric acid. 

This study shows that decreasing the steric bulk around the phosphorous atoms, e.g. by 

diphenyl substituents, shifted the selectivity towards the branched products. This was reasoned 

by a favored formation of a five- and six-membered branched chelate Pd alkyl species, rather than 

the linear Pd alkyl. These chelate intermediates react preferentially with CO and methanol and 

form the branched products with a higher selectivity compared to the linear product.146 This is 

further confirmed as ligands 16, 17 and 18 afford linear selective catalysts in the carbonylation 
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of a non-functionalized olefin (1-hexene) that is not able to form a branched Pd alkyl chelate 

species.  

The authors concluded that a sufficient steric congestion around the Pd center is a 

prerequisite for diphosphine ligands for Pd catalyzed carbonylation with a high linear selectivity 

to avoid chelation of the reacting substrates and block hydrolysis of the intermediate branched 

Pd acyl species. Combined with a rigid backbone, preferably a C4 structure, highly active catalysts 

for carbonylation can be generated. 

Holzapfel and Bredenkamp conducted an empirical study on phosphine ligands for the 

methoxycarbonylation of medium-chain olefins.148 Even though, the work only includes the 

methoxycarbonylation of 1-octene (Scheme 1-17), this study is instructive as a vast array of 

phosphine ligands was screened under identical conditions (Figure 1-10).  

Scheme 1-17. Methoxycarbonylation of 1-octene in an empirical study by Holzapfel and 

Bredenkamp.148 

 

 

Figure 1-10. Phosphine ligands for the methoxycarbonylation of 1-octene.148 
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Table 1-6. Comparison of phosphine ligands for methoxycarbonylation of 1-octene.148 

# ligand Pd/ ligand/ acid 
conversion 

(%) 

selectivity 

(%) 

initial TOFa 

(h-1) 

ᴓTOFb 

(h-1) 

1 26 
R2=R4=R6=H 

R1=R3=R5=H 

1/8/10 49 74 140 98 

2 26 
R2=R4=R6=H 

R1=R3=R5=OMe 

1/8/10 50 80 100 100 

3 26 
R2=R4=R6=H 

R1=R3=R5=F 

1/8/10 17 73 85 34 

4 26 
R2=R4=R6=H 

R1=R3=R5=Me 

1/8/10 52 77 105 104 

5 10 1/5/10 

1/5/20 

98 

85 

98 

98 

600 

510 

196 

170 

6 27 1/2/10 65 77 399 130 

7 28 1/2/10 18 72 74 36 

8 29 1/2/10 21 72 65 42 

9 30 1/2/10 70 82 297 140 

10 31 1/2/10 no ester - - - 

11 32 1/2/10 no ester - - - 

12 33 1/2/10 12 78 46 24 

13 34 1/2/10 <5 - - - 

14 35 1/2/10 

1/2/20 

82 

85 

77 

77 

594 

743 

164 

170 

15 36 1/2/10 no reaction - - - 

16 37 1/2/10 

1/2/20 

84 

89 

74 

74 

362 

483 

168 

178 

17 38 1/2/10 no reaction - - - 

18 39 1/2/10 20 87 46 40 

19 40 1/2/10 

1/4/10 

1/4/20 

84 

98 

97 

77 

77 

77 

1220 

1160 

1189 

168 

196 

194 

Reaction conditions: 0.2 mmol of Pd(OAc)2, equiv. of ligand relative Pd given in table, 2 mmol of MsOH, 20 

mL of 1-octene (127 mmol, approx. 600 equiv. to Pd), 100 mL of methanol, 80 °C, 30 bar of CO, 3 h. a initial 

turnover frequency (TOF) is given as (mol of CO absorbed) (mol of Pd)-1 (h)-1, based on the linear part (first 

20–30 min) of the CO uptake curve (average of two runs). b TOF is averaged over complete reaction time 

and given in the units of (mol of products) (mol of Pd)-1 (h of reaction time)-1. 

In terms of the catalytic system, the authors used Pd(OAc)2 as a palladium precursor in the 

presence of MsOH and a phosphine ligand as depicted in Figure 1-10 for the in situ generation of 

the active catalyst. With monodentate phosphine ligands (26) they were not able to generate 

highly active or selective catalysts. Table 1-6 (entry 1-4) shows the most active derivatives of this 
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class of monodentate triphenyl phosphine ligands 26. Generally, all monodentate phosphines did 

not show a distinct preference for the linear product, the activities (initial and average TOFs) were 

only moderate and a high ligand to Pd ratio was necessary to generate a stable catalyst.  

Higher activities were observed by using bidentate ligands for the methoxycarbonylation. 

The ‘benchmark catalytic system’ with the dtbpx ligand 10 proved to be the best system in terms 

of a high selectivity for the linear product (98%), while also showing a high activity (initial TOF of 

600 h-1, entry 5). All other catalytic systems showed a lower selectivity for the linear product, 

typically in the range of 72-87%. 

As expected and outlined previously, carbonylations with dppe 31 and dppp 32 as 

diphosphine ligands, typically used for polyketone production, did not yield the desired ester 

product (Table 1-6, entry 10-11).29 Xantphos-type ligands, with the exception of dpephos 35, 

showed no reaction or poor activities and selectivities, most likely due to a trans-coordination of 

the diphosphine ligand to the Pd center (Table 1-6, entry 12-15).53 Further, diphosphine ligands 

that carry atoms like oxygen or iron in their backbone (vide infra) can coordinate to the cationic 

Pd center as hemi-labile tridentate ligands and subsequently reduce activity for coordination of 

reacting substrates.53,149-150  

Ferrocene-based ligands seemed to be promising candidates as they have shown high 

activities in the Pd catalyzed carbonylation of ethylene.130,132 In this study, ferrocene-based 

diphosphines of four different substitution patterns were used for the carbonylation of 1-octene. 

The sterically most demanding ferrocene-based diphosphine ligand 38 does not yield an active 

catalyst (Table 1-6, entry 17). The high steric bulk that is induced by the tert-butyl groups in a 

close proximity does not allow a cis-configuration on the Pd center which is required for 

generation of an active catalyst.48 Reducing the steric bulk in similar ferrocene-based 

diphosphines, 37, 39, 40, yielded Pd catalysts of moderate to high activity for carbonylation 

(Table 1-6, entries 16, 18-19, initial TOF between 46-1220 h-1).  

The study of these diphosphine ligands also revealed that the selectivity and activity are 

influenced by steric factors as well as electronic properties of the diphosphine and flexibility of 

the coordinating backbone. This is demonstrated by comparing the TOF and selectivity of 

reactions with diphosphines 29 and 30 (Table 1-6, entry 8-9). Both are similar in their bite angle 

and steric properties, but the more electron-rich diphosphine 30 with cyclohexyl substituents 

generates a more active catalyst in the methoxycarbonylation of 1-octene. The contrary trend was 

observed with ligands 35 and 36 where the electron-deficient analogue gave a more active 

catalyst. However, coordination modes are presumably quite different compared to the 

aforementioned ligands 29 and 30 (vide supra).  
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The most active ligand in this study is the unsymmetrical substituted ferrocene-based 

diphosphine ligand 40 that outperforms the dtbpx ligand (Table 1-6, entry 19, initial TOF around 

1200 h-1 compared to 600 h-1 for dtbpx). The linear selectivity however is fairly low with 77%, in 

particular when considering that a terminal olefin is used as reacting substrate.  

The isomerization rate influences the overall catalytic activity to different extents depending 

on the diphosphine ligands. A Pd catalyst with dpephos 35 as diphosphine ligand shows a 

comparable initial activity to dtbpx (10), but has a lower average activity (as a result of a lower 

overall conversion, Table 1-6, entry 5 vs 14). Carbonylation of a mixture of internal octenes is 

slower compared to pure 1-octene for a catalytic system with 35, whereas carbonylation rates are 

not affected by the position of the double bond when using dtbpx. This effect, that the position or 

isomerization of the double bond does not influence the activity of the methoxycarbonylation, is 

a result of a fast isomerization rate and can also be observed with a Pd catalyst based on 

diphosphine 40. However, no information on the selectivity of a carbonylation of a mixture of 

internal octenes with these ligands was given within this study.  

Holzapfel and Bredenkamp concluded in their empirical study that a number of structural 

types of diphosphine ligands are suitable for methoxycarbonylation of mid-chain alkenes. 

Complexes with diphosphines that can act as (hemilabile) tridentate ligands like dpephos 35 or 

40, show similar or even higher activities compared to the catalytic system with the ‘benchmark 

ligand’ dtbpx (10). However, selectivity for the linear product, even from a terminal octene as 

starting material, is generally lower.148 

 

In terms of highly active catalysts with diphosphines that contain additional functionalities 

in the ligand structure, the group around Beller reported the synthesis and application of new 

diphosphine ligands for Pd catalyzed carbonylation of short-chained olefins (Figure 1-11, Table 

1-7).138-139 The pyridine moieties on the phosphorous atoms of the diphosphine ligand are an 

additional coordinating moiety and can act as an integrated base.140  

 

Figure 1-11. Diphosphine ligands for carbonylation catalyst for short-chained olefins. 

Diphosphine ligand pytbpx 41 was used for Pd catalyzed carbonylation of highly substituted 

olefins, e.g. tetramethylethylene, for which dtbpx-coordinated Pd catalysts are not active (Table 
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1-7, entry 1-2, also see chapter Scope of Substrates and Utility of Isomerizing Carbonylation).138 The 

ferrocene-based diphosphine 42 has a similar substitution pattern compared to 41 and was 

applied in a highly efficient catalyst for carbonylation of ethylene and is active at room 

temperature.139 This highly active catalyst system can also be used in carbonylations of internal 

olefins, like 2- or 4-octene and Raffinate-I (Table 1-7, entry 5-7).140 Internal octenes were 

converted quantitatively (e.g. entry 7), however with a moderate selectivity for the linear product 

typically between 70-80%. The linear selectivity decreased slightly with the distance of the double 

bond from the chain end (1-octene: 75%, 2-octene: 72%, 4-octene: 71%). 

Table 1-7. Carbonylation with diphosphine ligands 41 and 42.138-140 

# ligand olefin Pd/ ligand/ acid/olefin p(CO) (bar) T (°C) yield (%) 

1 41 tetramethylethylene 1/4/16/1000 40 120 98 

2 10 tetramethylethylene 1/4/16/1000 40 120 0 

3 42 ethylene 1/4/15/2500 30 80 99a 

4 10 ethylene 1/4/15/2500 30 80 99b 

5 42 Raffinate-I 1/4/15/500 50 100 73 

6 10c Raffinate-I 1/4/15/500 50 100 60 

7 42 4-octene 1/4/16/500 40 120 99 

Reaction conditions: Pd(acac)2 as Pd precursor, TsOH as acid, methanol as solvent, 20 h reaction times for 

entry 1-2, 5-7. Raffinate-I: 26% 1-butene, 17% 2-butene, 42% isobutylene, 0.3% butadiene, 15% butanes. a 

30 minutes reaction time. b 10 minutes reaction time. c A dtbpx-based catalyst suffers from a long induction 

period for this carbonylation reaction. 

The reasons for the high activity of a Pd catalyst with 42 as a ligand were elucidated in 

theoretical and experimental studies by Beller and co-workers.140 The pyridine moieties on the 

phosphorous atoms play a decisive role and assist as proton shuffle agents (via the nitrogen 

atoms) in the rate-determining step of methanolysis. This mechanism is similar to the 

Pd catalyzed alkoxycarbonylation of propyne to methyl methacrylate reported by Drent and co-

workers.151 Here, a P,N-type ligand, e.g. PyPPh2, operates as an in situ base and a proton shuffle 

agent. 

 

Catalytic Systems for Isomerizing Carbonylation – Metal precursors and 

Diphosphine Coordinated Complexes 

Up to date, no systematic investigation on the influence of the Pd precursor on activity and 

selectivity of a carbonylation reaction has been reported. For carbonylation of ethylene a range of 
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Pd precursors has been utilized and both Pd0 (e.g. Pd black, supported Pd0, Pd(L)n) and 

PdII sources (e.g. PdX2, PdX2L2, L = neutral ligand, X = anionic ligand) proved to be suitable 

precursors.22-23 Within Drent’s extensive screening of catalytic systems for alkoxycarbonylation 

and polyketone formation, Pd(OAc)2 was the most commonly used precursor in the presence of 

an acid or salt containing a weakly coordinating anion (vide supra).23,28-29 Often Pd(OAc)2 is the 

preferred precursor in isomerizing carbonylation reactions as it does not suffer from an induction 

period as occasionally noted with [Pd2(dba)3] due to the required oxidation to PdII.123,148 Lucite’s 

original description of ethylene methoxycarbonylation152 claims that [Pd2(dba)3], in combination 

with dtbpx as a ligand and MsOH as an acid, gives a more active catalyst compared to Pd(OAc)2. 

Heraeus holds a patent on a process for the production of palladium(0)-dibenzylideneacetone 

complexes that contain less than 1% of insoluble residues which are often ascribed to PdO.153 

These [Pdx(dba)y] complexes (y/x) = 1.5-3) can be used as a Pd precursor of high purity for 

Lucite’s Alpha process. Other Pd precursors, that have been applied in isomerizing carbonylation 

reactions, include PdCl2 or [Pd(acac)2].139,154 However, a general influence on activity or selectivity 

depending on the choice of precursor cannot be rationalized for the examples given in the 

previous chapter as reaction conditions, the choice of acid and Pd/diphosphine/acid ratios vary 

significantly. 

The biggest drawback of using ‘in situ catalyst systems’ is the need of an excess of 

diphosphine ligand and acid. In particular, as advanced diphosphine ligands like dtbpx or other 

derivatives are costly. Decomposition and side reactions of such diphosphine ligands are also a 

factor that need to be considered when using these catalytic systems with expensive diphosphine 

ligands for isomerizing carbonylation reactions.16,155 Further, using corrosive acids in large 

excesses can damage pressure reactors and equipment. 

In 2011, in our group Stempfle et al. established the use of a defined diphosphine coordinated 

Pd complex as precursor for the isomerizing methoxycarbonylation of unsaturated fatty acids.145 

Such diphosphine coordinated Pd complexes were previously reported for the characterization of 

intermediate species of the catalytic cycle, e. g. the active hydride species.55-56 A defined Pd catalyst 

precursor with dtbpx as coordinated ligand and weakly coordinating anions, for example 

[(dtbpx)Pd(OTf)2] ((10)-Pd(OTf)2), eliminates the use of an excess of costly diphosphine and 

corrosive acid and has a slightly higher average activity (18 h-1) compared to a typical in situ 

system of Pd(OAc)2/dtbpx/MsOH (1/5/42, 12 h-1).145  

Based on this successful application of a defined diphosphine coordinated Pd catalyst, a range 

of diphosphine coordinated Pd complexes were synthesized and applied as defined catalyst 

precursors in isomerizing methoxycarbonylation of methyl oleate (Figure 1-12, Table 1-8).  
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Figure 1-12. Diphosphine coordinated Pd complexes for isomerizing methoxycarbonylation of 

methyl oleate. 

Table 1-8 shows results of isomerizing methoxycarbonylation of methyl oleate with the given 

diphosphine coordinated Pd complexes as catalyst precursors. Most reactions were conducted 

under similar reaction conditions with comparable Pd to substrate ratios and no further excess of 

ligand or acid. The average turnover frequency (TOF) allows for a direct comparison of the activity 
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of the given diphosphine coordinated Pd complexes. However, these values might be 

underestimated when a reaction is near quantitative conversion.  

Comparing all reactions that were performed with the defined Pd complexes, it becomes 

obvious that the dtbpx-coordinated precursor (10)-Pd(OTf)2 gives the most active catalyst with 

the highest average activity of 18 h-1 at a catalyst loading of 0.2 mol% (Table 1-8, entry 1). At 

higher catalyst loadings (and higher conversions) of 0.8 mol% the average activity is 7 h-1 (Table 

1-8, entry 2). A similar activity can be achieved with (12/13)-Pd(OTf)2, but a significantly lower 

selectivity of 63% for the linear 1,19-diester is observed (Table 1-8, entry 3). 

Table 1-8. Isomerizing methoxycarbonylation of methyl oleate with diphosphine coordinated Pd 

complexes.  

entry complex Pd/ligand/olefina 
reaction 

time (h) 

conversion 

(%) 

selectivity 

(%) 

ᴓTOFb 

(h-1) 
ref. 

1 (10)-Pd(OTf)2 1/1/500 22 80 90 18 145 

2 (10)-Pd(OTf)2 1/1/125 18 95 91 7 156 

3 (12/13)-

Pd(OTf)2 

1/1/125 18 

90 

73 

99 

63 

63 

5 

1 

157 

4 (14)-Pd(OTf)2 1/1/125 18 

120 

46 

95 

96 

96 

3 

1 

158 

5 (43)-Pd(OTf)2 1/1/125 18 

120 

81 

98 

94 

94 

6 

1 

159 

6 (44)-Pd(OTf)2 1/1/125 18 

120 

78 

97 

94 

93 

5 

1 

159 

7 (45)-Pd(OTf)2 1/1/125 18 

120 

69 

97 

92 

93 

5 

1 

159 

8 (46)-Pd(OTf)2 1/1/125 120 94 68 1 160 

9 (47)-Pd(OTf)2 1/1/125 120 18 76 0.2 160 

10 (48)-Pd(OTf)2 1/1/125 120 19 75 0.2 160 

11 (49)-Pd(OTf)2 1/1/125 120 77 79 0.8 160 

12 (50)-Pd(OTf)2 1/1/125 120 22 80 0.2 160 

13 (51)-Pd(OTf)2 1/1/125 120 1 n.d. - 160 

14 (52)-Pd(OTf)2 1/1/125 120 97 79 1 160 

15 (11)-Pd(OTf)2 1/1/125 18 

90 

25 

71 

82 

82 

2 

1 

156 

16 (16)-Pd(OTf)2 1/1/250 18 4 90 0.6 157 

17 (20)-Pd(OTf)2 1/1/250 18 <0.5 n.d. - 157 

Reaction conditions: 20 bar of CO, 90 °C, methanol as solvent, for amounts of individual compounds, see 

given references. a ratio of ligand to Pd includes diphosphine coordinated to Pd. b turnover frequency (TOF) 

is averaged over complete reaction time and given in the units of (mol of products) (mol of Pd)-1 (h of 

reaction time)-1.  
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In terms of enhancing the selectivity for the linear product, the introduction of adamantyl 

substituents on the phosphorous atoms proved to be beneficial (Table 1-8, entries 4-7). The dadpx 

(14) coordinated diphosphine Pd catalyst transforms methyl oleate with a remarkable linear 

selectivity of 96%.158 This enhanced selectivity is a result of a high steric congestion around the 

Pd center similar to the dtbxp ligand, and more importantly, secondary interactions of the 

adamantyl substituents with methanol in the rate-determining step of methanolysis.a Compared 

to the dtbpx (10) coordinated complex as a precursor, the activity is decreased though.  

A compromise of a high selectivity and a sufficient activity was achieved by the synthesis and 

application of unsymmetrical diphosphine ligands bearing both adamantyl and tert-butyl groups 

in diphosphine coordinated Pd catalyst precursors (Figure 1-12, 43-45, Table 1-8, entries 5-7). 

Selectivities for the linear product are in the range of 92-95% with average activities of 5-6 h-1. 

Here, the Pd precursors (43)-Pd(OTf)2 and (44)-Pd(OTf)2 with diphosphine ligands, that are 

symmetrically substituted on the phosphorous atoms with one tert-butyl and one adamantyl 

group each, perform slightly better in terms of a higher selectivity.159 

An exchange of the xylene moiety to toluene analogues generates an unsymmetric backbone 

that forms a six-membered ring when coordinated to the Pd center and was realized with a range 

of diphosphine ligands with different substitution patterns (Figure 1-12, 46-52).160 Fanjul et al. 

applied similar unsymmetrical ligands for the methoxycarbonylation of ethylene and reported 

activities that outperformed the dtbpx system for some substitution patterns.137 The influence of 

the substituents of such unsymmetric diphosphines on the catalytic activity and selectivity in 

isomerizing methoxycarbonylation was investigated with iso-propyl, tert-butyl, cyclohexyl and 

adamantyl groups. However, most diphosphine coordinated Pd precursors only afforded catalysts 

of low activity and in particular with inferior selectivity, mostly below 80% for the linear 1,19-

diester (Table 1-8, entries 8-14).  

Matching the results for the in situ systems, catalysts with diphosphines bearing a saturated 

cyclohexyl- or propyl-based backbone (11, 16, 20) are generally less active and selective in the 

isomerizing methoxycarbonylation of methyl oleate compared to diphosphine ligands with a 

xylene backbone, in particular dtbpx (Table 1-8, entries 15-17).  

Nobbs et al. have also utilized a small range of diphosphine coordinated Pd complexes as 

precursors for the isomerizing hydroxycarbonylation of penentoic acid mixtures (Figure 1-12, 

ligands 17, 18, 20, 24, 25).146 Contrary to the catalytic systems presented in Table 1-8, here, a 

further equivalent of diphosphine ligand was added to the preformed complex, most likely to 

generate reactions conditions that are similar to the in situ systems. In their comparative study 

                                                             
a For further mechanistic considerations on dadpx and dtbpx coordinated Pd catalysts, see chapter 
Mechanism of Isomerizing Alkoxycarbonylation. 
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they observed a general trend of a higher activity of the diphosphine coordinated catalyst 

precursors compared to in situ systems (Table 1-5 vs Table 1-9). The activities of complexes 

(18)-Pd(O2CCF3)2, (20)-Pd(O2CCF3)2, and (25)-Pd(O2CCF3)2 were very low (<2%) and given 

selectivities and their accuracy at such low conversions is questionable (Table 1-9, entries 1-3). 

Complex (17)-Pd(O2CCF3)2 only shows a selectivity of 61% for the linear product (entry 4), while 

the precursor (24)-Pd(O2CCF3)2 performs unexpectedly well in terms of activity and selectivity 

(entry 5). Compared to the in situ system with ligand 24, the activity is doubled from an average 

TOF of 15 to 38 h-1 with an unaltered selectivity over 95% for adipic acid (Table 1-9, entry 5 vs 

Table 1-5, entry 10).  

Table 1-9. Isomerizing hydroxycarbonylation of pentenoic acid mixtures (PEA) to adipic acid with 

diphosphine coordinated Pd complexes (Pd/ligand/substrate ratio = 1/2/1500).a, 146  

entry complex conversion (%) selectivityb (%) ᴓTOFc (h-1) 

1 (18)-Pd(O2CCF3)2 <1 76 - 

2 (20)-Pd(O2CCF3)2 1.5 98 2 

3 (25)-Pd(O2CCF3)2 1 95 1 

4 (17)-Pd(O2CCF3)2 8 61 10 

5 (24)-Pd(O2CCF3)2 30 92 38 

Reaction conditions: 20 µmol of Pd complex, 20 µmol of ligand, 3 mL of pentenoic acid mixture (trans-2-

PEA, 18.4%; cis-2-PEA, 6.2%; cis- and trans-3-PEA, 29.5%; 4-PEA, 32.5%; GVL, 12.6%; valeric acid, 0.8%), 

0.5 mL of H2O, 5.5 mL of diglyme, 50 bar of CO, 105 °C, 12 h. a ratio of ligand to Pd includes diphosphine 

coordinated to Pd. b selectivity for adipic acid. c turnover frequency (TOF) is averaged over complete 

reaction time and given in the units of (mol of products) (mol of Pd)-1 (h of reaction time)-1.  

 

In summary, the presented studies showed that the diphosphine ligand has a crucial influence 

on the activity and selectivity of the isomerizing carbonylation reaction. A fine tuning of the bite 

angle and steric congestion around the metal center, as well as coordination modes and secondary 

remote interactions, that are elucidated later on, is necessary to achieve highly active and selective 

catalysts for this challenging transformation.  

Sterically demanding bidentate phosphines, such as dtbpx (10), bpx (15) or pytbpx (41) are 

excellent ligands for Pd catalysts that react with high activities in isomerizing 

methoxycarbonylation of internally unsaturated substrates, such as methyl oleate. However, 

complexes with diphosphine ligands 15 and 41 are less selective compared to 10. Defined catalyst 

precursors that are coordinated by the decisive diphosphine ligand, e.g. [(dtbpx)Pd(OTf)2] ((10)-

Pd(OTf)2) show higher activities compared to their corresponding in situ systems when the active 

species is generated from a Pd source (e.g. Pd(OAc)2), diphosphine ligand and acid. In terms of 

selectivity for an ω-functionalization, the dadpx coordinated Pd precursor (14)-Pd(OTf)2 gives 
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best results with a linear selectivity of 96% for the 1,19-diester from methyl oleate, but shows a 

decreased activity compared to the dtbpx analogue. Notwithstanding, full conversion can be 

achieved (>95%) with the selectivity of 96% retained.  

Up to date, the dtbpx-coordinated Pd precursor [(dtbpx)Pd(OTf)2] remains the best catalyst 

precursor in combining a high activity and high linear selectivity above 90%. The next chapter 

will also show the versatility of the substrate scope of this exceptional catalyst precursor.  

 

Scope of Substrates and Utility of Isomerizing Carbonylation 

Since the remarkable finding of Cole-Hamilton of a highly selective isomerizing 

methoxycarbonylation of methyl oleate128 to the terminal diester, the substrate scope and the 

utility of the reactions and its products has been broadened.71-72,139,145  

Our group applied the isomerizing methoxycarbonylation to generate and isolate linear long-

chain α,ω-diesters from oleates and erucates on a preparative scale, which were then used to 

generate polyesters.161 An analysis of the byproducts formed from methyl oleate with 

[(dtbpx)Pd(OTf)2] as a catalyst precursor showed that all conceivable alkyl-branched diesters are 

formed in very small amounts, with the methyl-branched diester as the major byproduct (yield by 

GC: 3.5%, retention time 8.7 min in Scheme 1-18).160 Thus, alkoxycarbonylation occurs in all 

positions of the fatty acid chain, but with a very high terminal selectivity (Scheme 1-18).  

Scheme 1-18. GC traces of crude reaction mixture of isomerizing methoxycarbonylation of 

methyl oleate with side product distribution and purified 1,19-diester from methyl oleate 

(>99%) catalyzed by [(dtbpx)Pd(OTf)2].160 

 

 

The desired linear α,ω-diester can be obtained in polycondensation purity (>99%) by simple 

crystallization from the reaction mixture that removes all alkyl-branched byproducts (picture in 
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Scheme 1-18). The linear α,ω-diester can be further reduced to the diol, which then enables 

polycondensation of these two compounds to semicrystalline polyesters.161 The incorporation of 

the long-chain hydrocarbon segments derived from the fatty acids results in high crystallinities, 

which becomes obvious from the WAXS pattern of the polyester-23,23 (poly[1,23-tricosadiyl-

1,23-tricosanedioate]) generated from erucic acid. The crystalline properties of the plant-oil-

based polyesters are “polyethylene-like” in the sense of an essentially similar solid state structure. 

In addition, these polyesters show a high melting temperature (>100 °C) comparable to the 

thermal properties of typical thermoplastics (Scheme 1-19). Moreover, these plant-oil-based 

polyesters are easily processable and meet the requirements of injection molding, film extrusion, 

and electrospinning. 161-162 Beyond that, the α,ω-diester and further functionalization (e.g., to diols 

or diamines) allow for the generation of long-chain polyamides, polyacetals, and polycarbonates 

from seed oils.145,163-164 

Scheme 1-19. Polyester-23,23 from erucic acid, WAXS pattern of polyester-23,23 and 

photograph of tensile testing bars and films from injection molding and melt extrusion.161-162 

 

 

It is important to note that both the in situ catalyst system and the defined catalyst precursor 

are not only capable of transforming pure oleate or erucate but also commercially available 

technical grade seed oils that are mixtures of fatty acids with different numbers of carbon atoms 

and, in particular, multiple double bonds.128,161,165-169 Linoleate, as a major component of tall oil, is 

also converted to the linear α,ω-diester 1,19-nonadecenedioate, although only with a significantly 

decreased selectivity of 45% for the linear diester with the defined catalyst precursor.156,165,167 

Whereas the reaction of methyl oleate (or high oleic sunflower oil) proceeds with a selectivity of 

>90% and an average TOF of 12 h-1 to the saturated α,ω-diester, the conversion of methyl linoleate 
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under identical conditions is less selective and with an average TOF of only 2 h-1 to the 

monounsaturated α,ω-diester. 

This significant decrease in the reaction rate is a result of the formation of a stable, 

disubstituted internal Pd allyl species that isomerizes to the monosubstituted terminal Pd allyl 

species (Scheme 1-20), from which carbonylation occurs.59 Energetic barriers for the 

isomerization with this Pd allyl species are significantly increased compared with methyl oleate 

and the respective Pd alkyl species. In combination with the decreased reaction rate, which leaves 

more time for other reaction pathways to occur, the presence of a second double bond in linoleate 

enables a range of side reactions, which lowers the selectivity toward the desired linear α,ω-

diester. 

Scheme 1-20. Formation of the Pd allyl species with stoichiometric amounts of catalytically 

active Pd hydride species [(dtbpx)Pd(H)(MeOH)]+ and isomerization to the terminal Pd allyl 

species (ΔG in kcal mol-1).59 

 
 

Cole-Hamilton and co-workers were able to identify the products formed in this reaction 

catalyzed by the in situ Pd catalyst generated from [Pd2(dba)3] with dtbpx and methanesulfonic 

acid (MsOH) in methanol at 30 bar CO and 90 °C over 48 h (Scheme 1-21).167 

Scheme 1-21. Isomerizing methoxycarbonylation of methyl linoleate (left) with GC-FID trace of 

crude reaction mixture showing product distribution (right).a 

 
a Adapted from ref. 167. Copyright 2013, The Royal Society of Chemistry. 
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The major product was the linear, monounsaturated α,ω-diester (a) with the remaining 

double bond at different positions along the chain. This compound is easily hydrogenated to the 

saturated α,ω-diester. Other components identified were the C18 keto ester (b), the methoxy-

substituted diester (c) resulting from mono alkoxycarbonylation and hydromethoxylation of the 

remaining double bond, and the triester (d) formed by double alkoxycarbonylation of linoleate. 

Note that each compound is a mixture of isomers with the third functionality distributed over all 

positions along the chain. During our own investigations on the fate of multiple unsaturated fatty 

acids during isomerizing methoxycarbonylation formation of a terminal dimethylacetal was also 

observed by NMR spectroscopy. 59 

Technical grade plant oils can also be employed directly as the crude triglyceride material. 

Under the conditions of isomerizing carbonylation, transesterification with methanol as a reagent 

and solvent to the respective methyl esters occurs simultaneously.166,169 Alternatively, the 

respective plant oil methyl esters can be used as the crude material. Impurities in technical grade 

methyl esters do not influence the catalytic conversion significantly. Isomerizing 

alkoxycarbonylation of either starting materials results in the formation of linear α,ω-diesters 

with high selectivity. Monounsaturated fatty acids (e.g., oleic acid or palmitoleic acid) are 

transformed into saturated α,ω-diesters, and double unsaturated fatty acids are transformed into 

monounsaturated α,ω-diesters that can be converted into the respective saturated analogues by 

hydrogenation of the crude reaction mixture (vide supra). Saturated fatty acids are unreactive in 

isomerizing methoxycarbonylation, but do not hinder the aforementioned transformations. 

Our group showed that even crude algae oil extracted from microalgae (Phaeodactylum 

tricornutum) was readily transformed into the respective α,ω-diesters (Scheme 1-22). This 

microalgae oils contains, in addition to saturated, monounsaturated (mostly palmitoleic, C16; and 

oleic acid, C18) and multiple unsaturated fatty acids (e.g., eicosapentaenoic acid, C20), carotenoids, 

chlorophylls, carbohydrates, and phosphates as impurities.170  

Scheme 1-22. Generation of linear long-chain α,ω-diesters from crude algae oil with isomerizing 

methoxycarbonylation.a 

 
a Adapted from ref. 170. Copyright 2014, John Wiley and Sons. 
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This shows the exceptional versatility of this reaction and the remarkable robustness of the 

[(dtbpx)Pd(OTf)2] catalyst precursor because impurities such as phosphate moieties could block 

coordination sites detrimentally, particularly for the electrophilic cationic active species. 

We have also demonstrated that multiple unsaturated fatty acid esters, such as methyl 

eicosapentaenoate, can be hydrogenated selectively to monounsaturated fatty acids with 

Pd/γ-Al2O3. Following this hydrogenation, the Pd0 nanoparticles on the Al2O3 support material 

react in an oxidative addition with (dtbpxH2)(OTf)2 in methanol and form a soluble molecular Pd 

hydride species that catalyzed the selective carbonylation of the monounsaturated fatty acids to 

the linear α,ω-diesters (Scheme 1-23).171 The activation and dissolution of Pd0 species to the 

catalytically active hydride species was investigated in detail in this thesis and is elucidated in 

chapter 5. Interconversion of Nanocrystals and Bulk Metal with a Highly Selective Molecular 

Catalyst.  

Scheme 1-23. Dual catalysis reaction with methyl eicosapentaenoate to a linear 1,21-diester. 

 

 

This approach eliminates side reactions that occur with multiple double bonds during 

Pd catalyzed alkoxycarbonylation (vide supra) and is applicable to mixtures of saturated, mono- 

and multiple unsaturated fatty acids mixtures, such as microalgae or tall oil. Using this dual 

catalysis approach for crude algae oil allowed for a selective hydrogenation of the 

eicosapentaenoic acid to the monounsaturated C20 acid in the presence of other monounsaturated 

fatty acids such as palmitoleic (C16) and oleic acid (C18). This resulting mixture that only contains 

monounsaturated and saturated fatty acids was subsequently carbonylated and the linear 1,17-, 

1,19-, and 1,21-diesters were formed with a selectivity > 90% (Figure 1-13).  
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Figure 1-13. GC traces of dual catalysis reaction of crude algae oil from genetically modified 

P. tricornutum (PYC transformant) after transesterification with methanol. (a) Crude microalgae 

oil containing various fatty acids; (b) hydrogenated microalgae oil; (c) microalgae oil after 

hydrogenation and alkoxycarbonylation showing desired linear diester products.  

Concerning the scope of palladium-catalyzed isomerizing alkoxycarbonylation, it is notable 

that highly substituted double bonds of functionalized substrates can also be transformed 

selectively to the terminal product, as illustrated by terpenes.172 Isomerizing 

methoxycarbonylation of the trisubstituted double bond of citronellic acid gave dimethyl-3,7-

dimethylnonanedioate with full conversion and a selectivity of >95% for the terminal diester and 

an initial TOF of 3 h-1 (0.4 mol% [(dtbpx)Pd(OTf)2], 80 °C, 30 bar CO, 4 days, Scheme 1-24). Only 

minor amounts of a second diester were formed (<2% of dimethyl 3-(4-methylpentyl)-

pentanedioate). Hydromethoxylation to 7-methoxy-3,7-dimethyloctanoate occurred to a slightly 

larger extent as the only side reaction (10% by GC). 

Scheme 1-24. Isomerizing methoxycarbonylation of citronellic acid.172 
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Beller et al. have recently demonstrated that tetrasubstituted double bonds, e.g. 

tetramethylethylene, or pharmaceuticals, like cholesterol and diethylstilbestrol, can be 

functionalized by a catalyst system with a diphosphine ligand carrying one pyridine substituents 

instead of a tert-butyl group (pytbpx, 41, Scheme 1-25).138  

Scheme 1-25. Methoxycarbonylation of highly substituted double bonds with isolated yields. 

 

 

Most of the isomerizing functionalization approaches, e.g. hydroformylation, hydrosilylation 

or hydroboration, generate unsymmetric compounds with two different functional groups. In 

contrast, isomerizing alkoxycarbonylation of fatty acid esters yields symmetric α,ω-diesters. 

Several new pathways to valuable unsymmetric α,ω-difunctionalized, long-chain compounds 

were presented recently.173-174  

A production of unsymmetric α,ω-diesters in isomerizing alkoxycarbonylation of methyl 

oleate with different alcohols is not possible under the aforementioned conditions because of 

extensive acid-catalyzed transesterification. One equivalent of acid is formed presumably during 

generation of the catalytically active Pd hydride species from [(dtbpx)Pd(OTf)2]. This can be 

neutralized by adding pyridine as a base, which enables the generation of unsymmetric α,ω-

diesters with various alcohols (e.g., ethanol or benzyl alcohol) from methyl oleate (Figure 1-14, 

reaction a).173 Cole-Hamilton and co-workers recently reported the aminocarbonylation of methyl 

10-undecenoate and aniline with quantitative conversion to the desired linear amidoester 

(1.6 mol% [Pd2(dba)3], ratio Pd/diphosphine/acid = 1/10/15, 2 equiv. of aniline, 1.5 equiv. of 2-

napthol, 0.2 equiv of KI, 30 bar CO, 110 °C, 16 h; Figure 1-14, reaction b).174 However, selectivities 
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toward α,ω-amido esters from internal unsaturated esters were low. Another approach to long-

chain unsymmetric α,ω-compounds was established by our group with isomerizing 

methoxycarbonylation of various N-functionalized substrates derived from oleic acid (Figure 

1-14, reaction c-e).173 Isomerizing alkoxycarbonylation of oleamide, oleonitrile, and 

N-oleylphthalimide gave the respective ω-ester-functionalized compounds with high conversions 

(70-96%). Transesterification did not occur to a significant extent under appropriate conditions. 

Note that oleonitrile and oleylphthalimide were stable even in the presence of methanol without 

any addition of base. 

 

Figure 1-14. Isomerizing alkoxycarbonylation (a, c-e)173 and amino-carbonylation (b)174 for 

generation of unsymmetric α,ω-functionalized compounds; given conversions were determined 

by GC. 

 

Mechanism of Isomerizing Alkoxycarbonylation 

From experimental and theoretical studies on isomerizing alkoxycarbonylation of fatty 

acids,57,156,160 Roesle et al. were able to evolve a comprehensive mechanistic picture of this 

remarkable transformation. Low-temperature NMR spectroscopy allowed for the observation of 
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relevant intermediates and the key features of the catalytic conversion of methyl oleate to the 

linear α,ω-diester with [(dtbpx)Pd(OTf)2] (Scheme 1-26). 38 

Scheme 1-26. Decisive pathways of isomerizing methoxycarbonylation of methyl oleate with 

[(dtbpx)Pd(OTf)2] from NMR studies at low temperature.a 

 
a Adapted from ref 38. Copyright 2012, American Chemical Society.  

Addition of stoichiometric amounts of methyl oleate to the catalytically active Pd hydride 

species (A) at -80 °C results in formation of two distinct species: a linear Pd alkyl species (B1) and 

a branched Pd alkyl species (B2) that is stabilized by chelation of the ester group to the metal 

center. Both Pd alkyl species rapidly insert CO and form defined Pd acyl species (C1 and C2), even 

at these low temperatures. The linear Pd acyl C1 then undergoes methanolysis to form the linear 

diester and regenerates the catalytically active Pd hydride species A. The methanolysis is the rate-

determining step of the catalytic cycle and does not proceed at -80 °C in the presence of an excess 

of CO, but only upon warming to room temperature. Contrary to its linear analogue, the chelated 

Pd acyl C2 resists methanolysis, and no significant amounts of the branched (here, malonic) ester 

are formed. This observation agrees qualitatively with results of pressure reactor experiments at 

elevated temperatures (90 °C) in which only small amounts of alkyl-branched side-products were 

formed (cf. Scheme 1-18). Whereas the first steps of functionalization, isomerization and CO 

insertion, are completely reversible, the rate-determining methanolysis is irreversible. 

Consequently, a formation of C2 does not represent a dead end, but C2 can interconvert with the 

productive catalytic cycle, leading to generation of the linear α,ω-diester product. 

Further experimental and theoretical studies on the role of the ligand environment revealed 

that the steric demand around the Pd center induced by the diphosphine ligand is responsible for 

both catalytic selectivity and catalytic productivity in isomerizing alkoxycarbonylation of plant 
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oils. These results are in unison with previously discussed studies on the alkoxycarbonylation of 

ethylene. As outlined before, methanolysis is the rate-determining step of isomerizing 

methoxycarbonylation. DFT calculations suggested that the linear Pd acyl species favors a cluster 

of three methanol molecules coordinated in the transition state of methanolysis rather than a 

single molecule transition state, which is favored for the methanolysis of branched Pd acyl species. 

Comparing the energetic barrier of methanolysis of the linear Pd acyl with the sterically 

demanding dtbpx as coordinating diphosphine ligand to the corresponding energy profile of dmpx 

(1,2-(CH2PMe2)2C6H4) as a less bulky diphosphine ligand (Scheme 1-27), it becomes obvious that 

the higher energetic barrier for dmpx makes sterically less demanding ligands (such as dmpx) less 

productive (ΔG‡ dtbpx = 29.1 kcal mol-1 (blue) vs ΔG‡dmpx = 32.1 kcal mol-1 (red)). 

Scheme 1-27. Energy profile (ΔG in kcal mol-1) of ester formation starting from linear Pd acyl 

species [(P^P)Pd(COC6H12COOCH3)]+ for dtbpx (blue) and dmpx (red) diphosphine coordinated 

Pd species with methyl heptenoate as a model substrate.a 

 
a [(dtbpx)Pd(COC6H12COOCH3)]+ as reference, set to zero. 

In addition, the differentiation of pathways yielding the linear diester and the alkyl-branched 

products is less pronounced. The calculated energetic barrier for methanolysis of the linear Pd 

acyl species with dtbpx is 29.1 kcal mol-1, and the methanolysis of the methyl-branched Pd acyl 

(which leads to the main byproduct, the methyl-branched diester) is significantly higher (ΔΔG‡
calc 

= 6.1 kcal mol-1). The difference between methanolysis to the linear diester and methyl-branched 

diester for a dmpx-coordinated Pd center is significantly smaller (ΔG‡
calc = 32.1 kcal mol-1 for 

methanolysis of linear [(dmpx)Pd(COC6H12COOCH3)]+, ΔΔG‡calc = ΔG‡Me‑branched − ΔG‡lin = 1.5 kcal 
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mol-1). Therefore, sterically congested metal centers result in more selective and more productive 

catalysts.156 

Scheme 1-28 summarizes this first unravelling of a selective catalytic isomerizing 

functionalization reaction sequence in a schematic energy landscape: The rate-determining step 

(in this case methanolysis) is preceded by a relatively flat energy landscape of the various 

reversible reaction pathways (Curtin-Hammett kinetics). This applies to the isomerization 

sequences (energy barriers around 6-12 kcal mol-1), but also to the first reaction steps of 

functionalization (CO coordination and insertion, respectively, energy barriers between 8 and 18 

kcal mol-1). Effectively, these isomerization and functionalization steps are in mutual equilibrium. 

Selectivity arises from the differentiation of pathways in the final step of functionalization that 

has the highest energetic barrier.156 

Scheme 1-28. Schematic representation of the energy landscape of the isomerizing 

methoxycarbonylation of methyl oleate with sterically congested PdII centers, for example 

[(dtbpx)Pd(L)2]n+.  

 

 

 

As already outlined, an enhancement of the catalytic selectivity (up to 96%) was obtained by 

introducing adamantyl substituents (Scheme 1-29) to the diphosphine ligand.158 By comparison 

with the established tert-butyl-substituted complex, steric congestion at the metal center is not 

increased as obvious from the opening angles. The opening angle (= twice the half cone angle) is 

defined by the cone that is created steric demand of the diphosphine ligand and describes the 
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catalytic pocket open for coordination of substrates. This angle is very similar for the dadpx and 

dtbpx ligand (176 ° for dadpx vs 172 ° for dtbpx).160 Rather, the rigid nature of the adamantyl 

substituents results in a specific interaction with the methanol substrate relatively remote to the 

metal center, which destabilizes the transition states of unselective pathways and thus results in 

higher energy differences of the desired reaction pathway leading to the linear product versus the 

various reaction pathways leading to branched products. 

Scheme 1-29. PdII ditriflate complexes of the diphosphine dtbpx and dadpx (top) and 

methanolysis transition states of linear (three-fold MeOH coordinated) vs methyl-branched Pd 

acyl species (single MeOH coordinated) for dtbpx (bottom left) and dadpx (bottom right.)a,b 

 
a The C-atom of MeOH is marked green for better visualization; ΔG in kcal mol-1. b Adapted from ref. 158. 

Copyright 2014, John Wiley and Sons. 

 

 

Summary on Isomerizing Alkoxy- and Hydroxycarbonylation 

A range of phosphine ligands and Pd precursors have been investigated for their activity and 

selectivity in the isomerizing carbonylation of internally unsaturated substrates to linear carbonyl 

compounds. In terms of the best compromise of having a highly active as well as a highly selective 
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catalyst for the challenging linear functionalization of unsaturated fatty acids, such as methyl 

oleate, the dtbpx-coordinated (10) Pd triflate precursor [(dtbpx)Pd(OTf)2] outperforms all other 

catalytic systems.  

It becomes clear from the various comparative studies that not only the bite angle of the 

diphosphine or the steric congestion around the Pd center has major influence on activity and 

selectivity, but also electronic factors, flexibility of the diphosphine ligand backbone and 

interactions in the transition states of decisive steps of the catalytic cycle.  

In general, Pd precursors that already carry the diphosphine ligand coordinated to the 

cationic PdII center perform better in terms of activity compared to their corresponding in situ 

systems, where the active species is generated from a Pd source, such as Pd(OAc)2 or [Pd2(dba)3], 

an excess of diphosphine ligand and acid. These defined diphosphine coordinated Pd catalyst 

precursors also eliminate the need of an excess of costly ligand and (potentially) corrosive acid.  

The xylene-based diphosphine bpx (15) bearing sterically demanding phosphorinone 

substituents is a promising candidate for Pd catalysts showing a higher activity compared to a 

dtbpx-based catalytic system. Pd catalysts with diphosphine ligands with a pyridine and a tert-

butyl group on each phosphorous atom, either with a xylene- or ferrocene-backbone (41, 42), are 

exceptionally active in the methoxycarbonylation of short- and medium-chain alkenes, but do not 

show a distinguishing preference for a terminal reaction like the dtbpx ligand. In terms of an 

improved selectivity compared to a dtbpx-based system, the adamantyl substituted diphosphine 

ligand dadpx (14) showed the best results in a linear methoxycarbonylation of methyl oleate. A 

selectivity of up to 96%, at full conversion can be achieved with this catalyst precursor. However, 

a dadpx-coordinated Pd catalyst suffers from a lower activity compared to the ‘benchmark 

catalyst’ [(dtbpx)Pd(OTf)2].  

The isomerizing alkoxycarbonylation, in particular with [(dtbpx)Pd(OTf)2] as a catalyst 

precursor, is compatible with a broad spectrum of substrates, ranging from internal alkenes, 

monounsaturated fatty acid derivatives such as oleates, polyunsaturated fatty acid derivatives 

such as linoleates, and plant oil triglycerides to crude algae oil diacylglycerides. The reaction is 

kinetically controlled and selectively gives the linear functionalized product in high yields. 
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2. Objectives  

Objective s 

Isomerizing carbonylation reactions facilitate the selective terminal functionalizations of 

internal double bonds with a carbonyl moiety, for example of internal olefins to terminal 

carboxylic esters. Pd complexes with electron rich and sterically demanding diphosphine ligands 

catalyze the isomerizing carbonylation with very high activities and selectivities for the terminal 

product. This Pd catalyzed reaction can also be utilized to generate difunctional long-chain 

compounds as useful building blocks for sustainable polymers from renewable resources, such as 

seed and algae oils. 

A direct pathway to the important building blocks and essential organic chemicals, the linear 

long-chain dicarboxylic acids, was established within this work (chapter 3). Isomerizing 

hydroxycarbonylation of unsaturated fatty acids utilizes water as a nucleophile to generate a 

carboxylic acid moiety in a single step. Finding a matched solvent and catalyst system allowing for 

an efficient conversion of unsaturated fatty acids is a key point of these investigations. Further, a 

thorough understanding of the activation pathway of the Pd catalyst in aqueous media, which 

differs strongly from an alcohol reaction medium, is obtained.  

Diphosphine coordinated Pd complexes are useful for monomer synthesis but can also be 

applied for a direct copolymerization of short-chained olefins and carbon monoxide generating 

alternating polyketones. However, polyketones from ethylene and CO are typically difficult to 

process due to their insolubility and high melting points and copolymers of other short-chained 

olefins exhibit aliphatic side chains on the polymer backbone that influence their properties. In 

chapter 4, propylene is used as a substrate in an isomerizing alkoxycarbonylation approach that 

is expanded toward the generation of higher insertion products, such as (poly)ketones. A 

combination of copolymerization and isomerization is envisioned to yield products with ‘chain 

straightened’ aliphatic segments between carbonyl moieties. It is investigated if further insertions 

of propylene into a Pd acyl species can be enforced on Pd centers that are coordinated by a 

2 
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sterically demanding diphosphine that are known for selective terminal functionalizations, but 

mostly producing short-chained esters so far. 

During our studies, it became obvious that deactivation of active catalysts of isomerizing 

carbonylation reactions occurs to a large extent and agglomeration results in formation of inactive 

states. Contrary to the well-known mechanism of the catalytic cycle, the deactivation and 

reactivation pathways of the active catalyst and the interconversions with inactive, agglomerated 

states are not understood and are now elucidated in chapter 5. With a thorough understanding of 

the deactivation pathways, the activation of various Pd precursors, such as nanocrystals and 

highly agglomerated species like Pd black and Pd wire is reported. These studies were conducted 

under real-life pressure reactor conditions with a molecular catalyst reacting with a characteristic 

and unique selectivity. The impact of CO as a reductant and stabilizing ligand of the molecular 

catalyst is further presented. These studies also advance the long-standing, but challenging, 

question of the role of noble metal nanoparticles in soluble catalysts. The characteristic high 

selectivity of the isomerizing carbonylation is a key to resolving this long-lasting problem. 
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3. Water as a Nucleophile in 

Isomerizing Carbonylation for Generation of 

Linear Dicarboxylic Acids 

Water a s a Nucleophile in Isome rizing Carbonylation 

3.1 Introduction 

Linear α,ω-dicarboxylic acids are important organic compounds and are used on large scales 

as feedstocks for polyamides and polyesters, plasticizers or lubricants.175 For example, one of the 

most important commodity dicarboxylic acids is adipic acid, which is used as a monomer for 

polyamide (nylon-6,6) production. A typical midchain-length dicarboxylic acid, such as sebacic 

acid, is accessible from ricinoleic acid and is utilized in the production of nylon-6,10.176 Other 

important mid- to long-chain dicarboxylic acids, which are produced on an industrial scale are: 

suberic acid (C8), azelaic acid (C9), sebacic acid (C10) and dodedanedioic acid (C12). Most of these 

dicarboxylic acids are used for lubricants, plasticizers and polymer production.175 

Fatty acids from seed and algae oils are attractive substrates with a unique molecular 

structure that can be used to generate higher-value chemicals, including carboxylic acids and 

derivatives.73-74 Unsaturated fatty acids with their double bonds can be functionalized by chemical 

catalysis or enzymatic approaches, which yield a second functionality in addition to the 

carboxylate moiety that is already present in those fatty acids.71  

The generation of long-chain α,ω-dicarboxylic acids that maintain the entire sequence of 

3 

Parts of this chapter 3 are published in ACS Catal. 2016, 6, 8229-8238.  
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methylene groups originating from the fatty acid substrates are of particular interest, but their 

synthesis often involves multiple steps or extensive workup.145,177-178 There are several options 

for functionalizing a fatty acid in an atom-efficient way by completely utilizing the feedstock and 

retaining their unique molecular structure with the long hydrocarbon backbone. Biotechnological 

approaches offer one possibility to access those valuable compounds in one step via enzymatic 

pathways from a variety of fatty acids,78-81 but the potential of these approaches is limited due to 

complex downstreaming processes and the necessity of feeding costly glucose.71 Transition-metal 

catalysis can generate a range of functional groups from unsaturated fatty acids: in particular, 

carbonyl functionalities such as aldehydes and ester groups that could be further transformed 

into carboxylic acid moieties. Rh-catalyzed isomerizing hydroformylation provides an access to 

such functionalities but is adversely affected by a low selectivity and large amounts of undesired 

side products (average turnover frequency (TOF) for conversion of methyl oleate 35 h-1, 

selectivity to linear aldehyde ester of 40%).83 This low selectivity is a result of the formation of 

thermodynamically slightly favored α,β-unsaturated esters in the isomerization step and their 

propensity for hydrogenation. In comparison, isomerizing alkoxycarbonylation with an alcohol as 

nucleophile has a slightly lower reaction rate than isomerizing hydroformylation (initial TOF 

12 h-1 for conversion of methyl oleate) but a selectivity toward the linear diester of up to 96% can 

be achieved.128,156,158  

A carbonylation of an olefin with water as a nucleophile can form carboxylic acids directly. 

Such hydroxycarbonylation reactions are well established for the generation of short-chain 

substrates, mostly from terminal olefins.59,63,179-181 Concerning an envisioned Pd catalyzed 

isomerizing carbonylation with water as a nucleophile, however, the aforementioned related 

alkoxycarbonylation necessarily requires an alcohol (e.g. methanol) for formation of the active 

hydride species (cf. Scheme 1-7).55,57  

There are only a few examples of hydroxycarbonylation of terminal olefins longer than C8 due 

to their poor solubility in water or a low solubility of the nucleophile water in the reaction 

medium, both resulting in a low reactivity.61,63 Alper and co-workers have already pointed out that 

a sufficient contact between all reactants, e.g. in a homogeneous reaction mixture, is crucial to 

achieve a high conversion of the substrate and high activities of the catalyst.58  

Prior to this work, no isomerizing functionalization reaction has used water as a reactant or 

was conducted in the presence of water and the desired direct access toward linear long-chain 

dicarboxylic acids via chemical catalysis was missing. The following chapter reports on a selective 

formation of long-chain α,ω-dicarboxylic acids in one step through isomerizing functionalization 

of fatty acids. Key features of this transformation are a matched solvent and catalyst system, 

including an activation pathway specific to water.  
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3.2 Results and Discussion 

3.2.1 Generation of Dicarboxylic Acids under Pressure Reactor 

Conditions 

The isomerizing hydroxycarbonylation of an unsaturated fatty acid, such as oleic acid, with 

water as a nucleophile brings about several challenges, such as overcoming the immiscibility of 

fatty acids and water and achieving high reaction rates with high selectivities at the same time. Pd 

complexes bearing sterically demanding diphosphine ligands, such as 1,2-(CH2PtBu2)2C6H4 

(dtbpx), have shown excellent activities and selectivities in other isomerizing carbonylation 

reactions in the past57,128,156 and were therefore chosen for this approach of 

hydroxycarbonylation. To elucidate the key features of the catalytic system under practically 

relevant conditions, we used technical grade oleic acid as the substrate, which also contains 

saturated and multiunsaturated fatty acids of various chain lengths in addition to the desired 

monounsaturated oleic acid (93%; see Experimental Section for details on composition). Oleic acid 

was then converted to 1,19-nonadecanedioic acid with water as a nucleophile, at high pressures 

of CO catalyzed by a Pd complex with dtbpx as diphosphine ligand (Scheme 3-1). 

Scheme 3-1. Isomerizing hydroxycarbonylation of oleic acid to generate linear, long-chain α,ω-

dicarboxylic acids. 

 

 

A homogeneous reaction mixture allowing for sufficient contact between all reactants and 

the catalyst is crucial to achieve high activities of the Pd catalyst. The immiscibility of fatty acids 

and water prohibits a direct hydroxycarbonylation of oleic acid with CO and water without 

additional solvent. To obtain a homogeneous reaction mixture, as assessed under ambient 

conditions for practical reasons,a polar, mainly aprotic solvents having good miscibility properties 

                                                             
a If all components of a reaction mixture gave a clear solution without visible phase separation in the Schlenk 
tube under ambient conditions, prior to transferring the reaction mixture into the pressure reactor, we 
referred to this as a “homogeneous reaction mixture”. As shown in Table 3-3, reaction mixtures that had 
separate phases upon mixing under ambient conditions consequently gave lower conversions under 
pressure reactor conditions. 
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with water and fatty acids were screened for isomerizing hydroxycarbonylation of oleic acid 

(Table 3-1). We chose a reaction temperature of 125 °C to overcome potential barriers and added 

a slight excess of trifluoromethanesulfonic acid (TfOH) and diphosphine ligand dtbpx in a 2:1 

ratio, as the diprotonated diphosphine ligand (dtbpxH2)(OTf)2, to stabilize the Pd catalyst under 

these conditions. 

Table 3-1. Solvent screening for isomerizing hydroxycarbonylation of oleic acid.a 

entry solvent conversionb(%) selectivityb (%) 

1  ethyl acetate 3 73 

2  2-methyl-THF 15 43 

3  DMSO 3 67 

4  diglyme 35 91 

5  1,2-dimethoxyethane 42 90 

6  1,4-dioxane 34 93 

7  methyl ethyl ketone 42 86 

8  tert-BuOH 34 93 

9  THF 31 91 

10c 1,2-dimethoxyethane 53 91 

11c THF 61 93 
a Reaction conditions unless specified otherwise: 25 μmol of [(dtbpx)Pd(OTf)2], 75 μmol of (dtbpxH2)(OTf)2, 

5 mmol of technical grade oleic acid (Dakolub MB6098, 93% oleic acid content), 1 mL of H2O, 10 mL of 

solvent, 20 bar of CO (initial pressure), 125 °C, 18 h. b Conversion and selectivity for linear products 

determined by gas chromatography of the crude reaction mixture. c 50 μmol of [(dtbpx)Pd(OTf)2], 120 μmol 

of (dtbpxH2)(OTf)2, 10 mmol of technical grade oleic acid.  

With ethyl acetate or 2-methyl-THF as solvent, the reaction mixtures were not entirely 

homogeneous under the chosen conditions, giving turbid suspensions upon mixing of all 

components. Consequently, low conversions were observed (Table 3-1, entries 1 and 2). By using 

DMSO, which gave a homogeneous reaction mixture, oleic acid was only converted to a minor 

extent (<3% conversion, entry 3). Since DMSO is presumably coordinating to the Pd center, active 

sites on the catalyst were blocked, causing a low conversion rate. Using solvents bearing oxygen 

functionalities that do not coordinate strongly to the Pd center or react in the carbonylation 

reaction (entries 4-9) increased conversions above 30% were observed. With THF as a solvent 

the best activities and selectivities toward the desired linear dicarboxylic acid under pressure 

reactor conditions were achieved (entry 9). THF also gave best results regarding activity and 

selectivity of the catalyst in experiments with higher oleic acid concentrations in comparison to 

1,2-dimethoxyethane under identical conditions (entries 10 and 11). THF was also the solvent of 

choice for the following experiments because of its volatility and easy removal from the reaction 
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mixture as well as miscibility properties with all components, in particular the dissolution of the 

long-chain reaction products. 

The effect of temperature, amount of solvent, substrate, and nucleophile concentration was 

studied (Table 3-2). 

Table 3-2. Variation of temperature, amount of solvent, substrate and nucleophile concentration 

in isomerizing hydroxycarbonylation in homogeneous reaction mixtures.a 

entry n(OA) 

(mmol) 

V(THF) 

(mL) 

V(H2O) 

(mL) 

c(H2O) 

(mol L-1) 

T 

(°C)] 

conversionb 

(%) 

selectivityb 

(%) 

TONc 

1  2.5 10 1 4.7 90 14 92 7 

2  2.5 10 1 4.7 110 42 93 21 

3  2.5 10 1 4.7 125 71 92 36 

4  2.5 10 1 4.7 135 61 90 30 

5  2.5 10 1 4.7 150 29 85 14 

6  5 10 1 4.4 125 72 93 72 

7  5 7 1 5.7 125 88 93 88 

8 10 10 1 3.9 125 61 93 122 
a Reaction conditions: 50 μmol of [(dtbpx)Pd(OTf)2], 120 μmol of (dtbpxH2)(OTf)2, technical grade oleic acid 

(Dakolub MB6098, 93% oleic acid content), 20 bar of CO (initial pressure), 18 h. b Conversion and selectivity 

for linear products determined by gas chromatography of the the crude reaction mixture. c Turnover 

number in units of (mol of products)(mol of Pd)-1. 

In addition to the homogeneity of the reaction mixture, the reaction temperature also turned 

out to be a key factor in achieving a high turnover number (TON) in the conversion of oleic acid. 

Experiments under typical carbonylation conditions with [(dtbpx)Pd(OTf)2] as a catalyst 

precursor (90 °C, 20 bar of CO, 18 h) with a homogeneous reaction mixture containing oleic acid 

and water in THF surprisingly gave very low activities and a low conversion (Table 3-2, entry 1). 

Increasing the reaction temperature to 125 °C resulted in a higher TON (Table 3-2, entries 1-3). 

Between 90 and 125 °C the desired linear product is obtained with a high selectivity of around 

92%. At even higher reaction temperatures lower activities were observed (Table 3-2, entries 4 

and 5). Substantial amounts of Pd black were observed for temperatures above 135 °C, suggesting 

catalyst decomposition at higher temperatures. At the same time, selectivity toward the desired 

linear product decreased slightly, as competing pathways forming alkyl-branched dicarboxylic 

acids, which typically have a higher energetic barrier,156 also become energetically more feasible 

under those conditions, relative to the energetic barrier for the linear product.  

As outlined, a homogeneous reaction mixture is crucial to achieve a satisfactory conversion 

for this reaction. At the same time, high concentrations of the reactants are desirable to maximize 

the reaction rates. Increasing the amount of oleic acid and decreasing the amount of THF resulted 

in higher turnover numbers (Table 3-2, entries 6 and 7). Under these conditions, a high selectivity 
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for the linear dicarboxylic acid and, in particular, a high substrate conversion were achieved. 

However, a further reduction of the amount of THF was limited by the immiscibility of the fatty 

acid substrate with water. Reaction mixtures with larger quantities of water showed phase 

separation under ambient conditions, and subsequently, conversions were significantly lower 

(Table 3-3). The concentration of the nucleophile is limited and greatly affects the reaction rates 

of the conversion. At lower concentrations of water (c(H2O) < 3.3 mol L-1), significant amounts of 

palladium black were observed, indicating catalyst instability (Table 3-3). From these 

observations, we assume that a certain concentration of H2O is necessary to obtain a stable 

catalyst and a satisfactory conversion of the substrate.  

Table 3-3. Isomerizing hydroxycarbonylation of oleic acid with varying amounts of nucleophile 

H2O.a 

entry V(H2O) in 10 mL 

THF (mL) 

c(H2O) (mol L-1) conversionb (%) selectivityb (%) TONc 

1  0.2 0.9 6 81 6 

2 0.5 2.3 39 93 39 

3  0.75 3.3 59 93 59 

4  1 4.4 72 93 72 

5  2 8.1 49 94 49 

6  3 11.3 30 94 30 

7  4 14.1 21 88 21 

8  5 16.6 14 91 14 

9  6 18.8 9 91 9 
a Reaction conditions: 50 µmol of [(dtbpx)Pd(OTf)2], 120 µmol of (dtbpxH2)(OTf)2, 5 mmol of technical grade 

oleic acid (Dakolub MB6098, 93% oleic acid content), 10 mL of THF, 20 bar of CO (initial pressure), 125 °C, 

18 h. b Conversion and selectivity for linear products determined by gas chromatography of the crude 

reaction mixture. c Turnover number in units of (mol of products) (mol of Pd)-1. 

The best TON with a high selectivity toward the desired linear product was achieved with a 

further increase in the oleic acid concentration while the reaction mixture was kept homogeneous 

by adapting THF and water ratios (Table 3-2, entry 8). The concentration of the nucleophile H2O 

is relatively low for this reaction mixture but is still in a significant excess to the oleic acid 

substrate. 

An evaluation of the CO pressure and its influence on the activity of the catalyst revealed that 

the turnover numbers did not change significantly between 20 and 40 bar of CO and decreased 

for lower CO pressures (Table 3-4). 
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Table 3-4. Impact of CO pressure on isomerizing hydroxycarbonylation of oleic acid.a 

entry p(CO) (bar) conversionb (%) selectivityb (%) 

1  5 12 92 

2  10 47 91 

3  20 61 93 

4  30 63 93 

5  40 64 92 
a Reaction conditions: 50 µmol of [(dtbpx)Pd(OTf)2], 120 µmol of (dtbpxH2)(OTf)2, 10 mmol of technical 

grade oleic acid (Dakolub MB6098, 93% oleic acid content), 10 mL of THF, 1 mL of H2O, initial CO pressure 

see table, 125 °C, 18 h. b Conversion and selectivity for linear products determined by gas chromatography 

of the crude reaction mixture.  

With an average turnover frequency (TOF) of 7 h-1 the isomerizing hydroxycarbonylation of 

long-chain unsaturated fatty acids ranks as one of the most active transformations in isomerizing 

functionalization reactions. This value is lower than a typical average TOF in Rh-catalyzed 

isomerizing hydroformylation (35 h-1 for methyl oleate),83 but hydroxycarbonylation has a 

significantly higher selectivity toward the desired linear product (92% for linear dicarboxylic acid 

in hydroxycarbonylation vs 40% for linear aldehyde ester in hydroformylation). 

Isomerizing alkoxycarbonylation of methyl oleate with an initial TOF of 12 h-1 is the only 

isomerizing functionalization outranking hydroxycarbonylation of fatty acids regarding catalyst 

activity with a comparable selectivity for the linear products.71,156 However, it is important to take 

into account that the concentration of the nucleophile affects these reaction rates directly. A 

typical nucleophile concentration, e.g. of methanol, that serves as solvent and nucleophile in 

alkoxycarbonylation, is five times higher in comparison to the water concentration in a solvent-

water-oleic acid mixture as needed for hydroxycarbonylation, which highlights the potential of 

hydroxycarbonylation to functionalize unsaturated substrates with excellent catalyst activities. 

 

3.2.2 Key Features of the Catalytic System under Pressure Reactor 

Conditions 

The role of the excess of diphosphine ligand and strong, but weakly coordinating acid TfOH, also 

as the diprotonated diphosphine ligand (dtbpxH2)(OTf)2, was further elucidated under pressure 

reactor conditions. Previously optimized reaction conditions of temperature, nucleophile and 

substrate concentrations, solvent, CO pressure, and [(dtbpx)Pd(OTf)2] as a catalyst precursor 

were applied for the conversion of oleic acid (Table 3-5). 
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Table 3-5. Variation of excess ligand dtbpx and acid TfOH in isomerizing hydroxycarbonylation of 

oleic acid.a  

entry n(dtbpx) (µmol) n(TfOH) (µmol) conversionb (%) selectivityb (%) TONc 

1  0 0 20 90 40 

2  50 (as (dtbpxH2)(OTf)2) 49 93 98 

3  120 (as (dtbpxH2)(OTf)2) 61 93 122 

4  170 (as (dtbpxH2)(OTf)2) 64 93 129 

5  0 120 7 93 15 

6  0 550 2 94 4 

7  120 0 2 91 4 

8  550 0 < 1 n.d. n.d 
a Reaction conditions: 50 μmol of [(dtbpx)Pd(OTf)2], 10 mmol of oleic acid (technical grade, Dakolub 

MB6098, 93% oleic acid content), 10 mL of THF, 1 mL of H2O, 20 bar of CO (initial pressure), 125 °C, 18 h. 
b Conversion and selectivity for linear products determined by gas chromatography of the crude reaction 

mixture. c Turnover number in units of (mol of products)(mol of Pd)-1. n.d. = not determined. 

By a comparison of conversions and TONs of isomerizing hydroxycarbonylation of oleic acid 

with varying amounts of additional acid TfOH and diphosphine ligand dtbpx, in a 2:1 ratio as the 

diprotonated ligand (dtbpxH2)(OTf)2 (Table 3-5, entries 1-4), it becomes evident that the reaction 

rates are significantly enhanced in the presence of (dtbpxH2)(OTf)2. The addition of 1 equiv. of 

(dbtpxH2)(OTf)2 to the precursor [(dtbpx)Pd(OTf)2] already resulted in a twofold increase of the 

conversion of oleic acid. An excess greater than 2.5 equiv. in relation to the palladium precursor 

did not result in further substantial increases in TONs.  

In contrast to this, the addition of the acid TfOH or the diphosphine dtbpx alone to the catalyst 

precursor [(dtbpx)Pd(OTf)2] decreased the conversion of oleic acid significantly in all 

experiments. In the presence of TfOH, substantial amounts of palladium black were observed after 

the carbonylation reaction, originating from catalyst decomposition (Table 3-5, entries 5 and 6). 

The presence of additional dtbpx to the defined diphosphine coordinated precursor 

[(dtbpx)Pd(OTf)2] gave rise to even lower conversions (<5%) to the difunctionalized product 

(Table 3-5, entries 7 and 8). It can be assumed that an excess of diphosphine blocks free 

coordination sites on the Pd center and therefore deactivates the catalyst. We believe that a strong 

acid alone, such as TfOH, is not acting as a co-catalyst or promoter in this catalytic system, in 

contrast to what is often assumed for other carbonylation reactions.182 However, the 2:1 addition 

of acid TfOH and ligand dtbpx as the protonated ligand (dtbpxH2)(OTf)2 obviously has a major 

beneficial impact on the activity of the Pd catalyst. 

On the basis of these observations, we investigated whether the protonated ligand 

(dtbpxH2)(OTf)2 can form a catalytically active species in situ with a Pd precursor and how 

activities compare to those for a catalyst generated from a Pd precursor with separate dtbpx and 
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TfOH (Table 3-6). In situ generation of the active catalyst with Pd(OAc)2 or PdCl2 as a metal 

precursor, the diphosphine ligand dtbpx, and the acid TfOH resulted in low conversions and 

turnover numbers for both cases, while the selectivity for the linear products remained above 

90% (Table 3-6, entries 1 and 2). It is noteworthy that a larger excess of TfOH with these in situ 

systems did not have any effect on the activity of the catalyst (entry 3), in contrast to observations 

made with the defined precursor [(dtbpx)Pd(OTf)2] (vide supra). Remarkably, a threefold higher 

TON was observed when using (dtbpxH2)(OTf)2 instead of separate dtbpx and TfOH (Table 3-6, 

entry 1 vs 4). These results suggest that the catalytically active species, most likely a Pd hydride, 

is formed very effectively in the presence of the protonated ligand. 

Table 3-6. Comparison of catalytic performance of in situ generated catalysts in isomerizing 

hydroxycarbonylation of oleic acid.a 

entry Pd precursor n(dtbpx) 

(µmol) 

n(TfOH) 

(µmol) 

conversionb 

(%) 

selectivityb 

(%) 

TONc 

1  Pd(OAc)2 170d 240e 18 92 36 

2 PdCl2 170d 240e 17 91 35 

3 Pd(OAc)2 170d 670 18 91 36 

4 Pd(OAc)2 170 (as (dtbpxH2)(OTf)2) 53 92 107 

5 PdCl2 170 (as (dtbpxH2)(OTf)2) 41 93 81 

6 [Pd(dba)2] 170 (as (dtbpxH2)(OTf)2) 54 91 108 

7 [Pd(PPh3)4] 120 as (dtbpxH2)(OTf)2 25 89 50 

8 [Pd(PPh3)4] 170 as (dtbpxH2)(OTf)2 27 90 54 

9 [Pd(PtBu3)2] 120 as (dtbpxH2)(OTf)2 13 90 26 
a Reaction conditions: 50 μmol of Pd precursor, 10 mmol of oleic acid (technical grade, Dakolub MB6098, 

94.3% oleic acid content), 10 mL of THF, 1 mL of H2O, 20 bar of CO (initial pressure), 125 °C, 18 h. 
b Conversion and selectivity for linear products determined by gas chromatography of the crude reaction 

mixture. c Turnover numbers in units of (mol of products) (mol of Pd)-1. d A 170 μmol amount of dtbpx 

corresponds to the amount of diphosphine ligand present in previous experiments with 50 μmol of 

[(dtbpx)Pd(OTf)2] and 120 μmol of (dtbpxH2)(OTf)2. e A 240 μmol amount of TfOH corresponds to the molar 

amount of protons that are present when using 120 μmol of (dtbpxH2)(OTf)2 in addition to 

[(dtbpx)Pd(OTf)2] (2 equiv. of TfOH for generation of 120 μmol of (dtbpxH2)(OTf)2). 

In addition to catalysis experiments with PdII precursors, [Pd(dba)2] as a Pd0 precursor was 

also applied under the same reaction conditions (Table 3-6, entry 6). This reaction with a Pd0 

precursor showed a high turnover number that is very similar to the performance of the PdII 

precursor Pd(OAc)2, indicating that the protonated ligand can also activate a Pd0 precursor to 

generate the catalytically active PdII hydride species. This observation is important and will be 

discussed in more detail in the following section on the formation of the catalytically active Pd 

hydride species. Other Pd0 precursors, such as [Pd(PPh3)4] and [Pd(PtBu3)2], were also studied 

under similar conditions and showed lower turnover numbers (entries 7-9). 
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These observations can be accounted for by the presence of coordinating phosphine ligands 

from the precursors, blocking coordination sites of the active catalyst. When the defined 

diphosphine coordinated precursor [(dtbpx)Pd(OTf)2] is used, additional coordinating ligands or 

anions are not present and, therefore, this precursor gives the best catalyst performance in 

isomerizing hydroxycarbonylation under the given conditions. The various experiments with 

different Pd precursors illustrated that the protonated ligand (dtbpxH2)(OTf)2 has a crucial role 

in achieving high activities in hydroxycarbonylation. Pressure reactor studies alone do not allow 

for a conclusive picture of the mechanistic function of the protonated diphosphine ligand, and 

NMR studies are outlined in the chapter Formation of the Catalytically Active Hydride Species. 

 

3.2.3 Substrate Scope of Isomerizing Hydroxycarbonylation 

A selection of unsaturated substrates was further utilized in isomerizing 

hydroxycarbonylation to explore the scope of the reaction and to shed light on its mechanism. To 

investigate if the position of the double bond within the substrate molecule has an influence on 

activity or selectivity of the catalyst in this reaction, 1- and 4-octene were applied to typical 

isomerizing hydroxycarbonylation reaction conditions (0.5 mol% of [(dtbpx)Pd(OTf)2], 1.2 mol% 

of (dtbpxH2)(OTf)2, 10 mL of THF, 1 mL of H2O, 20 bar of CO, 125 °C). Both substrates were 

converted with virtually identical rates (73% conversion in 3 h) and high selectivities (95% 

selectivity with 1- and 4-octene for linear nonanoic acid). Therefore, it can be concluded that 

isomerization to the thermodynamic equilibrium of all double bond isomers is fast, and the 

original position of the double bond in the substrate has no influence on activity or selectivity 

under pressure reactor conditions for this catalytic system. These results are in unison with 

observations of the related isomerizing alkoxycarbonylation of internal alkenes, including 

different octenes, and a low energetic barrier for the isomerization, which was confirmed by DFT 

calculations.126-127,156 

Various fatty acids and derivatives were used in isomerizing hydroxycarbonylation to 

generate valuable linear, long-chain dicarboxylic acids (Scheme 3-2 and Table 3-7). 
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Scheme 3-2. Generation of long-chain dicarboxylic acids from fatty acid derivatives via Pd 

catalyzed isomerizing hydroxycarbonylation. 

 

 

Table 3-7. Substrate scope of isomerizing hydroxycarbonylation for the production of linear long-

chain dicarboxylic acids.a 

entry substrate conversionb (%) selectivityb (%) 

1  10-undecenoic acid 95 91 

2  oleic acid 61 93 

3  high oleic sunflower oil 57 89 

4  erucic acid 47 88 
a Reaction conditions: 50 μmol of [(dtbpx)Pd(OTf)2], 120 μmol of (dtbpxH2)(OTf)2, 10 mmol of fatty acid 

derivative (entries 1, 2, 4) or 3.33 mmol of high oleic sunflower oil (oleic acid triglyceride 93%), 10 mL of 

THF, 1 mL of H2O, 20 bar of CO (initial pressure), 125 °C, 18 h. b Conversion and selectivity for linear products 

determined by gas chromatography of the crude reaction mixture. 

From the results in Table 3-7, it is evident that the conversion for different substrates from 

C11 up to C22 decreased with an increasing chain length of the substrate. This observation can be 

accounted for by our previous mechanistic studies on isomerizing alkoxycarbonylation:156 the 

longer the hydrocarbon chain is, the more isomeric metal species are formed and, therefore, the 

concentration of the reactive terminal Pd alkyl and acyl species is lower. The rate-determining 

step, solvolysis, has a lower energy barrier for the terminal Pd acyl species in comparison to all 

other possible branched Pd acyls. Consequently, with a lower concentration of the terminal 

species, the reaction rate decreases. The selectivity also decreases to a minor extent for the 



Water as a Nucleophile in Isomerizing Carbonylation 

- 68 - 

conversion of the longer-chained erucic acid in comparison to oleic acid due to a larger amount of 

possible branched byproducts resulting from branched Pd acyl intermediates. Nevertheless, it is 

noteworthy that the C22 erucic acid was converted to the valuable long-chain 1,23-dicarboxylic 

acid with an excellent TON of 95 and a selectivity of 88% under the same conditions as for the C19 

oleic acid.  

It is remarkable that not only fatty acids themselves but also triglycerides, such as high oleic 

sunflower oil, can be used directly in isomerizing hydroxycarbonylation, forming the desired 1,19-

dicarboxylic acid (Table 3-7, entry 3). Under the conditions identified for isomerizing 

hydroxycarbonylation (cf. Table 3-1 and Table 3-2), the ester bonds of the triglyceride are 

hydrolyzed, and carbonylation occurs on the terminal chain end simultaneously, generating the 

long-chain α,ω-dicarboxylic acids in one step. Although the reaction mixture showed phase 

separation upon mixing all components under ambient conditions, there is only a minor difference 

between conversion values of oleic acid and its triglyceride (Table 3-7, entry 2 vs 3). After 18 h of 

reaction time, the reaction mixture was completely homogeneous, and no separated phases were 

observed. The slightly lower conversion rate of high oleic sunflower oil could be a result of the 

inhomogeneous reaction mixture at the beginning of the reactiona and a minimally lower 

concentration of water over the course of the reaction, as some water is consumed by the ester 

hydrolysis of the triglycerides. 

With these experiments, we showed that hydroxycarbonylation is not limited to short-chain 

or terminal alkenes but can also be utilized in combination with isomerization to generate high-

value (di)carboxylic acids from a range of unsaturated substrates with a Pd catalyst and a bulky 

diphosphine ligand. Alkenes with terminal or internal double bonds, unsaturated fatty acids of 

various chain lengths, and technical grade plant oils are converted with remarkable selectivities 

to the desired linear (di)carboxylic acids. 

 

 

                                                             
a Note that this reaction mixture turns homogeneous over the course of the reaction, presumably as a result 
of the ester hydrolysis, forming oleic acid (or its carbonylation products) and glycerol that are more soluble 
in the given reaction mixture. In addition, pressure reaction conditions (elevated temperature and high 
pressure) could also enhance the homogeneity of the reaction mixture. 
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3.2.4 Mechanistic Considerations for Isomerizing 

Hydroxycarbonylation 

For hydroxycarbonylation reactions, it is proposed that the catalytic cycle starts with a Pd 

hydride species. A “hydroxy-cycle”, starting from a Pd-OH species in the presence of water, is 

unlikely, as this would involve the formation of a highly unstable Pd-COOH species by CO insertion 

that rapidly undergoes elimination of CO2 and forms a Pd hydride species.180 However, literature 

is not conclusive on the formation mechanism of the active Pd hydride species, suggesting various 

pathways depending on the catalytic system.55,57,131,180 

Formation of the Catalytically Active Hydride Species 

To detect and observe the formation of the key compound of the catalytic cycle, the active Pd 

hydride complex, we transferred our catalytic system of the isomerizing hydroxycarbonylation 

from the pressure reactor to an NMR tube experiment. Upon dissolution of the catalyst precursor 

[(dtbpx)Pd(OTf)2] in the presence of an excess of (dtbpxH2)(OTf)2 in THF and water (0.6 mL of 

THF, 0.15 mL of H2O, sealed capillary filled with DMSO-d6 as “lock stick”) the diaqua complex 

[(dtbpx)Pd(H2O)2]2+ was formed rapidly, as observed via 31P{1H} NMR spectroscopy (singlet at 

54.3 ppm). From this Pd species we were able to follow the slow formation of the hydride 

[(dtbpx)Pd(H)(H2O)]+ via 1H and 31P{1H} NMR spectroscopy at room temperature (Figure 3-1). 

The 1H NMR spectra reveal a characteristic doublet of doublets at -10.93 ppm (2JPH,cis = 22.5 Hz, 

2JPH,trans = 188.4 Hz) corresponding to the water-coordinated Pd hydride species 

[(dtbpx)Pd(H)(H2O)]+. The corresponding signals of two inequivalent phosphorus atoms were 

detected via 31P{1H} NMR spectroscopy at 23.0 and 73.5 ppm (both 2JPP = 19.0 Hz). These 

characteristic signals match well with data reported by Clegg et al., who were also able to observe 

the formation of the Pd hydride [(dtbpx)Pd(H)(H2O)]+ in a THF/water mixture.55 Further, we 

observed a decline in the singlet of the initially formed [(dtbpx)Pd(H2O)2]2+ in the 31P{1H} NMR 

spectra (Figure 3-1, orange boxes), while the intensities of the two doublets corresponding to 

[(dtbpx)Pd(H)(H2O)]+ increase (Figure 3-1, blue boxes). Additional hydride signals of low 

intensity around -18.3 ppm in the 1H NMR spectra and singlets between 60 and 65 ppm in the 

31P{1H}-NMR spectra can be assigned to reaction products from hydride formation that will be 

discussed later on.  
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Figure 3-1. 1H NMR (left) and 31P{1H} NMR spectra (right) of relevant signals monitored over 

time for observation of Pd hydride formation. 

Relating the hydride signals against dimethyl terephthalate as an internal standard in the 

1H NMR spectra, we concluded that a maximum of approximately 12% of the initial amount of the 

precursor [(dtbpx)Pd(OTf)2] was transformed into the observed hydride [(dtbpx)Pd(H)(H2O)]+ 

(Figure 3-2 and Figure 3-3).  

 

Figure 3-2. Kinetic of hydride formation with [(dtbpx)Pd(OTf)2] in the presence of 

(dtbpxH2)(OTf)2 in THF and H2O (0.6 mL THF, 0.15 mL H2O) at room temperature observed via 

1H NMR spectroscopy. 

(Signals for Pd hydride species are referenced to aromatic region of [(dtbpx)Pd(OTf)2] and excess 

(dtbpxH2)(OTf)2. Blue: dd at -10.93 ppm, grey: multiple signals around -18.3 ppm; blue dotted line is 

shown as a mere guide to the eye.) 



Water as a Nucleophile in Isomerizing Carbonylation 

- 71 - 

 

Figure 3-3. Kinetic of hydride formation with [(dtbpx)Pd(OTf)2] in the presence of 

(dtbpxH2)(OTf)2 in THF and H2O (0.6 mL THF, 0.15 mL H2O; left axis) and consumption of 

(dtbpxH2)(OTf)2 (right axis) at room temperature observed via 1H NMR spectroscopy.  

(Red diamonds ♦, left axis: ratio of Pd hydride species referenced against aromatic signals of 

[(dtbpx)Pd(OTf)2] and (dtbpxH2)(OTf)2 and all other aromatic species (excluding internal standard); blue 

circles ●, left axis: ratio of Pd hydride species referenced against internal standard dimethyl terephthalate. 

Blue crosses ⤬, right axis: integral of aromatic protons from (dtbpxH2)(OTf)2 referenced against internal 

standard dimethyl terephthalate.) 

The hydride formation is comparably slow at room temperature, and after 12 h at 300 K the 

maximum amount of Pd hydride species was detected with no further significant increase at 

longer reaction times. At elevated temperatures, the hydride formation is significantly faster. 

About 10% of Pd hydride was already formed within 20 min from [(dtbpx)Pd(H2O)2]2+ and 

(dbtpxH2)(OTf)2 at 50 °C (Figure 3-4). Nevertheless, under NMR conditions, even at elevated 

temperatures, the Pd precursor is virtually consumed completely, but the amount of generated Pd 

hydride never surpassed the aforementioned maximum of hydride present in this reaction 

mixture. 

Note that in the presence of an atmospheric pressure of CO in the NMR tube no Pd hydride 

species were detected at room temperature with [(dtbpx)Pd(OTf)2] and (dtbpxH2)(OTf)2 in 

THF/H2O. Van Leeuwen et al. have also observed this issue in their mechanistic investigations on 

hydroxycarbonylation of styrene with various Pd phosphine catalyst systems.180 However, we 

believe that the Pd hydride [(dtbpx)Pd(H)(L)]+ (L = H2O, CO, THF) as the catalytically active 

species is formed in sufficient amounts in the presence of CO at higher temperatures and at higher 

pressures, since isomerizing hydroxycarbonylation of oleic acid was successfully run at 125 °C 

and 20 bar of CO in a pressure reactor (vide supra). 
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Figure 3-4. Kinetic of hydride formation with [(dtbpx)Pd(OTf)2] in the presence of 

(dtbpxH2)(OTf)2 in THF and H2O (chemical shifts referenced to DMSO-d6) at 300 K (●), 320 K (♦) 

and 330 K (♦) observed via 1H NMR spectroscopy and referenced to aromatic region of 

[(dtbpx)Pd(OTf)2] and excess of (dtbpxH2)(OTf)2. 

As previously mentioned, in addition to signals originating from the Pd hydride or starting 

materials, the intensity of singlets between 60 and 65 ppm in the 31P{1H} NMR spectra increased 

during hydride formation. These singlets can be assigned to phosphine oxides that are formed via 

reductive elimination from the diaqua complex [(dtbpx)Pd(H2O)2]2+ (see Experimental Section, 

Figure 3-12 for comparative NMR data), with the singlet at 65.4 ppm corresponding to the 

diphosphine dioxide dtbpxO2. By an ESI-MS measurement of this NMR reaction mixture, the 

formation of dtbpxO2 was confirmed (m/z calcd. for C24H45O2P2+ 427.29 [dtbpxO2 + H]+, found 

427.28; m/z calcd. for C24H44NaO2P2+ 449.27 [dtbpxO2 + Na]+, found 449.26). The additional 

hydride signals around -18.3 ppm in the 1H NMR spectra (cf. Figure 3-1) correlate to the small 

singlets (61.4, 64.4 ppm) in the 31P{1H} NMR spectrum, indicating the coordination of a phosphine 

oxide to a Pd hydride species. The amount of these phosphine oxide Pd hydride species is usually 

below 2% (see Figure 3-2) and, therefore, is negligible in terms of the fate of the metal. 

This process of a reductive elimination generating a phosphine oxide and a Pd0 species in the 

presence of water was already investigated for a number of Pd systems with mono- and 

diphosphines as ligands183-185 and can be expanded to our catalytic system starting from 

[(dtbpx)Pd(OTf)2] as a precursor. NMR spectroscopy did not allow for a complete assignment of 

all phosphorus species in this reaction mixture (Figure 3-5).  
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Figure 3-5. Reductive elimination of [(dtbpx)Pd(H2O)2]2+ generating phosphine oxides at 300 K 

after 3 h. 

The diphosphine monoxide dtbpxO was not detected as the characteristic signal for the non-

oxidized phosphorus atom of dtbpxO was not visible in the range of 20-25 ppm (see also Figure 

3-12). One of the two signals at 64.04 and 64.18 ppm presumably corresponds to the diphosphine 

dioxide dbtpxO2, but cannot be assigned unambiguously. The signal at 61.57 ppm could correlate 

to a diphosphine oxide coordinated to a Pd species. Signals in the range of 104-108 ppm are 

possibly a result of orthometallated ligands coordinated to Pd0- or PdII-species.56 

Because of the difficulties identifying the phosphorus species in this reaction mixtures, we 

followed the formation of the diphosphine oxides in the absence of the protonated ligand 

(dtbpxH2)(OTf)2 in THF and water by ESI-MS (Figure 3-6).a At an early stage of the oxidation (after 

3 h at room temperature), the diphosphine monoxide dtbpxO can be identified by ESI-MS (m/z 

calcd. for C24H45OP2
+ 411.29 [dtbpxO + H]+, found 411.28), as well as various other dtbpx-, dtbpxO-, 

and dtbpxO2-coordinated Pd species (Figure 3-6, top). After a longer reaction time, ESI-MS shows 

only two major sets of signals at m/z 427.28 and 449.26, both corresponding to the diphosphine 

dioxide dtbpxO2 (m/z calcd. for C24H45O2P2+ 427.29 [dtbpxO + H]+, found 427.28; m/z calcd. for 

C24H44NaO2P2+ 449.27 [dtbpxO2 + Na]+, found 449.26; Figure 3-6, bottom). These observations 

confirm the oxidation of the diphosphine ligand via reductive elimination from the PdII precursor 

[(dtbpx)Pd(OTf)2] in the presence of water. The resulting Pd0 species, which is inevitably formed 

during this process, is then a crucial reactant in the next step. 

                                                             
a Note that [(dtbpx)Pd(OTf)2], dissolved in dry and degassed THF, is stable and no oxidation of dtbpx 
occurs in the absence of H2O. 
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Figure 3-6. ESI-MS of [(dtbpx)Pd(OTf)2] in THF and H2O after 3 h (top) and 72 h (bottom) with 

diphosphine oxide and diphosphine(oxide)-coordinated Pd species assigned. Inserts show 

measured (black line) and simulated spectra (grey, filled signals) of both dtbpxO2 species. 

While the experiment mentioned above allowed for a clear analysis of the diphosphine 

oxidation, we were not able to detect the hydride [(dtbpx)Pd(H)(H2O)]+ via the characteristic 

signals (dd around -11 ppm) in 1H NMR spectra in the absence of the protonated ligand 

(dtbpxH2)(OTf)2. This confirms the active role of the protonated diphosphine ligand in the hydride 

formation. NMR experiments with an internal standard proved that the amount of protonated 

ligand (dtbpxH2)(OTf)2 declined over time during hydride formation (see Figure 3-3). Since a Pd0 

species is present from the preceding reductive elimination reaction, we assume that 

(dtbpxH2)(OTf)2 undergoes an oxidative addition, forming a Pd hydride species. The role and 

importance of the protonated ligand are further emphasized by pressure reactor experiments, for 

which a lower amount of (dtbpxH2)(OTf)2 resulted in significantly lower conversion of oleic acid 

to the 1,19-dicarboxylic acid (cf. Table 3-5, entries 1-4). With a lower amount of protonated ligand, 

less active Pd hydride is formed which consequently results in a lower conversion rate. 

The feasibility of an oxidative addition of the protonated diphosphine ligand to a Pd0 species 

was demonstrated by using [Pd(PtBu3)2] as a molecular, soluble Pd0 precursor with 

(dtbpxH2)(OTf)2 in THF. We observed the formation of the hydride [(dtbpx)Pd(H)(THF)]+ by 1H 

and 31P{1H} NMR spectroscopy (Figure 3-7). An oxidative addition of a protonated phosphine 

ligand with a Pd0 species has also been reported for other Pd catalysts.186 
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Figure 3-7. Hydride formation from [Pd(PtBu3)2] with (dtbpxH2)(OTf)2 in THF. Bottom: 31P{1H} 

spectrum of Pd0 precursor and protonated ligand in THF at room temperature. Top: 31P{1H} 

spectrum of mixture after 3 h at 60 °C, insert shows hydride region of corresponding 1H NMR 

spectrum.a  

On the basis of this compiled evidence, we propose a two-step process as the major pathway 

for the formation of the catalytically active Pd hydride species in water. First, the diaqua complex 

[(dtbpx)Pd(H2O)2]2+ undergoes reductive elimination, forming a Pd0 species and dtbpx oxides. 

These Pd0 species are then accessible for the second step, an oxidative addition of the protonated 

ligand, which is usually present in excess in the reaction mixtures, to generate the desired Pd 

hydride species [(dtbpx)Pd(H)(H2O)]+ (Scheme 3-3). 

Scheme 3-3. Proposed pathway for formation of the catalytically active Pd hydride species via 

reductive elimination (1) and subsequent oxidative addition (2).  

 

                                                             
a Please note that (dtbpxH2)(OTf)2 is only slightly soluble in THF at room temperature and is increasingly 
dissolved over the reaction time and with increased temperatures.  
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This two-step activation of the Pd precursor with the protonated ligand as a crucial reaction 

partner differs from other suggested pathways of hydride formation of a Pd precursor in 

carbonylation reactions. A β-H elimination pathway, which is assumed for hydride formation of a 

Pd precursor with a primary or secondary alcohol,55 is not feasible for water. As already 

mentioned, Clegg et al. observed the formation of a hydride species in THF/H2O as the reaction 

solvent and suggested an oxidation of water to generate the observed Pd hydride and O2.55 We did 

not observe any gas evolution during hydride formation, and therefore, this reaction pathway was 

ruled out for our catalytic system with the PdII precursor and excess protonated ligand. A different 

approach proposes that a Pd hydride species can be formed by a watergas shift reaction in the 

presence of CO and water.131 As elucidated, we were not able to detect any Pd hydride in the 

presence of CO under ambient conditions, indicating that CO does not play an essential role in 

activation of our Pd precursor for isomerizing hydroxycarbonylation. However, under pressure 

reactor conditions CO can act as another reducing agent for the PdII precursor,13,180 generating Pd0 

that is available for the oxidative addition of the protonated ligand to form the active Pd hydride 

species. 

This proposed pathway for the hydride formation also explains the high activities observed 

for the in situ approaches with Pd0 precursors (Table 3-6). By using a Pd0 precursor, the entire 

amount of Pd is accessible for the direct oxidative addition of (dtbpxH2)(OTf)2 and reduction of 

the PdII precursor, which is possibly incomplete, is not required. This could eventually result in a 

larger amount of catalytically active PdII hydride species that participates in the catalytic cycle and 

the transformation of the unsaturated fatty acids to linear dicarboxylic acids. The utilization of 

Pd(OAc)2 as a PdII precursor resulted in a high activity, comparable to results obtained with 

[Pd(dba)2] as precursor in isomerizing hydroxycarbonylation (107 turnovers with Pd(OAc)2 as a 

precursor, 108 turnovers with [Pd(dba)2] as a precursor). This high activity is a result of the very 

effective reductive elimination and presumably complete generation of Pd0 from Pd(OAc)2, as this 

precursor is known to effectively undergo reductive elimination and oxidation of phosphines with 

water.184  

Considering this activation pathway of the active catalyst, it is conceivable that a Pd0 species 

with (dtbpxH2)(OTf)2 could be more suitable rather than applying a PdII species that needs to be 

reduced first. However, the catalytic system of the [(dtbpx)Pd(OTf)2] precursor in the presence of 

a slight excess of (dtbpxH2)(OTf)2 has shown superior performance compared to other catalytic 

systems with molecular Pd0 precursors. Most likely, the presence of other ligands, such as dba or 

phosphines that can also coordinate to the Pd center, cause a lower activity of these catalytic 

systems in the isomerizing hydroxycarbonylation. 
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The formation of the catalytically active Pd hydride species with a mechanism that is specific 

to the reaction with water is not rate-limiting in the isomerizing hydroxycarbonylation. The 

reaction forming the hydride is comparably slow at room temperature, but significantly faster at 

elevated temperatures under NMR conditions. We assume that the hydride formation occurs 

rapidly under pressure reactor conditions, especially at 125 °C. Pressure reactor studies showed 

no delay or induction period of conversion of oleic acid (Figure 3-8).  

 

Figure 3-8. Reaction profile of isomerizing hydroxycarbonylation of oleic acid during first hours 

of reaction time (dotted line is shown as a mere guide to the eye).a  

This observation was further confirmed by isomerizing hydroxycarbonylation experiments 

of oleic acid with an additional induction period allowing for hydride formation in the absence of 

CO by stirring at room temperature or elevated temperatures before pressurizing. These 

experiments showed almost identical conversion in comparison to experiments without 

additional reaction time for hydride formation (Table 3-8). 

 Note that, under NMR tube conditions, only a small amount of the catalyst precursor was 

converted to the desired catalytically active Pd hydride species. Presumably, the hydride 

formation under pressure reactor conditions is also not quantitative, due to other competing 

reaction pathways, which is decisive for the catalyst performance. 

                                                             
a Reaction conditions: 0.8 mmol of [(dtbpx)Pd(OTf)2], 1.9 mmol of (dtbpxH2)(OTf)2, 100 mmol of technical 
grade oleic acid (Dakolub MB6098, 93% oleic acid content), 100 mL of THF, 10 mL of H2O, 20 bar of CO 
(initial pressure), 125 °C, 18 h. 
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Table 3-8. Isomerizing hydroxycarbonylation of oleic acid with induction period prior to 

application of CO pressure.a 

entry induction period conversionb (%) selectivityb (%) TONc  

1  2 h at 25 °C 62 90 123 

2  2 h at 40 °C 55 90 111 

3  2 h at 60 °C 60 90 120 
a Reaction conditions: 50 µmol of [(dtbpx)Pd(OTf)2], 120 µmol of (dtbpxH2)(OTf)2, 10 mmol of technical 

grade oleic acid (Dakolub MB6098, 93% oleic acid content), 10 mL of THF, 1 mL of H2O, 20 bar of CO (initial 

pressure), 125 °C, 2 h induction period + 18 h reaction time. b Conversion and selectivity for linear products 

determined by gas chromatography of the crude reaction mixture. c Turnover number in units of (mol of 

products) (mol of Pd)-1. 

 

Hydrolysis as the Rate-Determining Step  

To gain an insight into the rate-limiting factors of hydroxycarbonylation, we investigated the 

crucial step of hydrolysis in isomerizing hydroxycarbonylation. This choice is based on the finding 

that alcoholysis is the rate-determining step in the related alkoxycarbonylation.57,156 The decisive 

step of hydrolysis was examined by density functional theory (DFT), as NMR experiments alone 

do not allow for a comprehensive access to this important step and its overall energy profile. The 

DFT calculations were performed by Laura Falivene (KAUST Catalysis Center, King Abdullah 

University of Science and Technology, Thuwal, Kingdom of Saudi Arabia) and Lucia Caporaso 

(Department of Chemistry, University of Salerno, Fisciano, Italy). 

A model reaction of the hydrolysis of the Pd acyl species [(dtbpx)Pd(COMe)Cl] producing 

acetic acid was rapid in an NMR tube experiment at room temperature (Scheme 3-4, Figure 3-9). 

Note, that this hydrolysis step of a short-chain acyl species is rapid and complete before recording 

the NMR spectrum. This rapid solvolysis was also observed for methanolysis with the same model 

compound [(dtbpx)Pd(COMe)Cl].156 

Scheme 3-4. In situ generation of Pd acyl species [(dtbpx)Pd(13COMe)Cl] as a model compound 

for subsequent hydrolysis. 
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Figure 3-9. NMR spectra of hydrolysis of in situ generated [(dtbpx)Pd(13COMe)Cl] forming acetic 

acid and Pd hydride species as a model step for hydrolysis in isomerizing hydroxycarbonylation. 

Top spectrum: 13C{1H} NMR after addition of 13CO and H2O, bottom spectrum: 31P{1H} NMR after 

addition of 13CO and H2O. Inserts show relevant regions in 1H NMR spectrum. 

The dtbpx-PdII acyl species [(dtbpx)PdC(=O)(CH2)6COOH]+ has been considered as a zero 

point energy reference (for computational details, see Experimental Section). The coordination of 

H2O to Pd and the following insertion into the Pd-C bond leading to the formation of the linear 

dicarboxylic acid and the Pd hydride species, were calculated (Figure 3-10). For comparison, the 

energetic profile for the methanolysis of the Pd acyl species is also reported in Figure 3-10. Similar 

to the methoxycarbonylation with MeOH,156 the energy profile of the hydrolysis involving a cluster 

of three molecules of water is favored versus a coordination of a single H2O molecule (the 

difference in energetic barriers is almost 3 kcal mol-1). From calculations, the energetic barrier for 

the hydrolysis is 30.1 kcal mol-1 and is 1.5 kcal mol-1 higher than that for the corresponding 

methanolysis reaction (this preference for methanolysis over hydrolysis is confirmed by using 

different functionals, see Table 3-10). 
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Figure 3-10. Energy profile (THF, in kcal mol-1) of the hydrolysis (blue) and methanolysis 

(orange) of the linear dtbpx Pd acyl species (P ̑P =dtbpx). 

In detail, both hydrolysis and methanolysis involve a cluster of three hydrogen-bonded 

molecules in which one ROH species is coordinated to the metal and another is oxygen-bonded to 

the acyl chain. The reductive elimination of the product occurs through a transition state in which 

the -OR moves from the coordinated ROH molecule to the acyl moiety and the excess of the proton 

is transferred to the Pd center via proton shuttle across the cluster, forming the Pd-H species 

(Figure 3-11 a). 

 

Figure 3-11. Transition state (TS) geometries of hydrolysis (a) and methanolysis (b). All 

hydrogen atoms of the Pd acyl species are omitted for clarity, and the CH3 groups of methanol 

are shown in green. 

A detailed analysis of the transition state (TS) geometries reveals that for the hydrolysis an 

additional Pd-H interaction, involving the H2O molecule bonded to the acyl moiety, occurs (see the 

short distance in Figure 3-11a) so that two different H2O molecules interact with the Pd center in 
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the TS. During the elimination process, electron density moves from the eliminating moieties to 

the metal; this additional Pd-H interaction makes it more difficult to transfer the proton from the 

H2O-coordinated molecule to the Pd center. Vice versa, for the methanolysis, only one methanol 

molecule of the cluster interacts with the metal.a 

The high energetic barrier of hydrolysis limits the rate of isomerizing hydroxycarbonylation 

significantly. Note that, in addition to this energetic barrier of 30 kcal mol-1, the concentration of 

the reactive linear Pd acyl species is low in a mixture of all possible branched acyl species,156 also 

limiting the reaction rates to a certain extent. Nevertheless, the calculated energetic barrier 

matches well with the experimental conditions identified for isomerizing hydroxycarbonylation. 

This energetic barrier can be overcome by a high reaction temperature of 125 °C.  

A direct comparison of the theoretical energetic barriers with experimental data of 

isomerizing hydroxy- and methoxycarbonylation of unsaturated fatty acids under pressure 

reactor conditions is only possible to a limited extent. As outlined, due to competing reaction 

pathways, we assume that the PdII catalyst precursor does not form the catalytically active hydride 

species quantitatively in the presence of water. Contrary to this, hydride formation from 

[(dtbpx)Pd(OTf)2] with a primary alcohol, like methanol, is fast and quantitative.55,57,156 Further, 

during methoxycarbonylation with low concentrations of methanol (corresponding to the water 

concentration under our reaction conditions of isomerizing hydroxycarbonylation), we observed 

substantial amounts of Pd black, indicating catalyst decomposition to a large extent under those 

conditions, also confirmed by very low conversions of methyl oleate (5.9% conversion of methyl 

oleate with MeOH, compared to 61% conversion of oleic acid with H2O in 18 h; Scheme 3-5, Table 

3-9). Catalyst decomposition does not occur to such an extent in hydroxycarbonylation of oleic 

acid, or in methoxycarbonylation with higher methanol concentrations given by the typical 

conditions with methanol as solvent. An increase of the water concentration in 

hydroxycarbonylation though was not possible causing phase separation and resulting in 

decreased conversion rates of oleic acid (vide supra).  

Scheme 3-5. Isomerizing hydroxy- and methoxycarbonylation of oleates for comparison of 

solvolysis rates. 

 

                                                             
a From the NPA charge analysis, the charges on Pd in the hydrolysis and methanolysis TS are -0.22 e 
and -0.16 e, respectively. 
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Table 3-9. Isomerizing hydroxy- and methoxycarbonylation of oleic acid and methyl oleate under 

comparable conditions.a 

# subs-

trate/Nu 

n(Pd) 

(µmol) 

V(THF) 

(mL) 

V(Nu) 

(mL) 

c(Nu) 

(mol/L) 

n((dtbpxH2)2+) 

(µmol) 

T  

(°C) 

conv.b 

(%) 

sel.b 

(%) 

TOFc 

(h-1) 

1 OA/ H2O 50 10 1 3.9 120 125 61 93 7 

2 MO/MeOH 50 10 2.25 3.7 120 90 6 81 0.7 

3 OA/H2O 20 10 1 3.9 220 125 32 91 9 

4 MO/MeOH 20 10 2.25 3.7 220 90 5 76 1 

a Reaction conditions: [(dtbpx)Pd(OTf)2] as Pd precursor, 10 mmol of technical grade oleic acid (OA, 

Dakolub MB6098, 93% oleic acid content) or technical grade methyl oleate (MO, Dakolub MB9001, 92.5% 

methyl oleate), Nu = nucleophile = H2O or MeOH, 20 bar of CO (initial pressure), reaction time 18 h. 
b Conversion (conv.) and selectivity for the linear products (sel.) determined by gas chromatography of the 

crude reaction mixture. c Turnover frequencies are averaged over the entire reaction time.  

 Even though these factors limit the comparability of hydroxy- and methoxycarbonylation, 

the calculated ΔG‡exp values from the turnover frequencies reflect the same trends as already given 

by the DFT studies with ΔG‡calc (see Experimental Section for calculation). For isomerizing 

hydroxycarbonylation of oleic acid with an average TOF of 7 h-1 an energy barrier of 

ΔG‡exp (125 °C) = 28.5 kcal mol-1 is obtained. The corresponding value of methoxycarbonylation of 

methyl oleate at the same nucleophile concentration is ΔG‡exp (90 °C) = 27.6 kcal mol-1 (average 

TOF of 0.7 h-1). Assuming that isomerization and CO insertion are fast processes,156 the 

experimental ΔG‡ values can be compared to the theoretical values of the rate-determining 

hydrolysis and methanolysis from DFT calculations. The experimental value for the energy barrier 

of hydrolysis is slightly higher compared to methanolysis, showing the same trends as elucidated 

before by DFT calculations. The difference between energy barriers of hydrolysis and 

methanolysis from the experimental data is only slightly smaller compared to the calculated 

values (ΔΔG‡exp = 0.9 kcal mol-1 vs. ΔΔG‡calc = 1.5 kcal mol-1).  
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3.3 Conclusion 

Linear long-chain dicarboxylic acids are valuable compounds, for example as building blocks 

for polyamide synthesis, but a direct access in an atom-efficient approach has not been achieved 

to date. Carbonylation with water as a nucleophile offers the possibility of forming such carboxylic 

acid functionalities from alkenes but has not been applied to internal double bonds. Unsaturated 

fatty acids with their internal double bonds and carboxylate functionalities are ideal starting 

materials for an isomerizing functionalization reaction generating long-chain α,ω-dicarboxylic 

acids. 

Within this chapter, we demonstrated that water can be applied as a nucleophile in 

isomerizing hydroxycarbonylation and turnover numbers above 120 (for oleic acid) were 

achieved. This approach is suitable for various substrates with different positions of the double 

bond or different chain lengths and gives access to a range of long-chain α,ω-dicarboxylic acids in 

a single step with a selectivity for the linear products of above 90%.  

With water as a reactant, we unraveled a specific activation mechanism of our catalytic 

system consisting of a reductive elimination step from a PdII precursor forming a Pd0 species and 

subsequent oxidative addition of a protonated ligand to the generated Pd0, resulting in the 

catalytically active Pd hydride species. The hydride formation is presumably not quantitative, 

limiting the reaction rates to some extent. Further, the importance of the protonated diphosphine 

ligand was demonstrated by pressure reactor studies, as well as NMR experiments. The catalytic 

system of the [(dtbpx)Pd(OTf)2] precursor in the presence of a slight excess of (dtbpxH2)(OTf)2 

showed the best performance and results in higher catalytic activity compared with other systems 

using Pd0 precursors. 

Theoretical calculations showed that the rate-determining step of this isomerizing 

hydroxycarbonylation is the hydrolysis of the linear Pd acyl species, contributing to a significant 

extent to the limitation of the rates of the isomerizing hydroxycarbonylation in addition to the low 

concentration of the reactive terminal species. Experimentally, the limitation of this 

functionalization reaction is also given by a low nucleophile concentration caused by the 

immiscibility of fatty acids and water and the necessity of using an organic solvent. Nevertheless, 

the activity of the catalytic system of hydroxycarbonylation with an average TOF of 7 h-1 ranks as 

one of the highest achieved for isomerizing functionalization reactions. 
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3.4  Experimental Section 

3.4.1 Materials and General Considerations  

Unless noted otherwise, all manipulations of phosphines or palladium complexes were 

carried out under an inert nitrogen or argon atmosphere using standard glovebox or Schlenk 

techniques. THF and diethyl ether were distilled from blue sodium/benzophenone ketyl under 

argon prior to use. All other solvents were commercial grade and degassed by repetitive 

freeze/pump/thaw-cycles. Trifluoromethanesulfonic acid, 3 Å molecular sieves, 13CO, methyl 

oleate (99 %), and H2O2 (30%w/w in H2O) were purchased from Sigma-Aldrich, 1,2-bis((di-tert-

butylphosphino)methyl)benzene (dtbpx) from ABCR. Palladium(II)-chloride was obtained from 

MCAT and CO 3.7 from AirLiquide. High oleic sunflower oil methyl ester ‘Dakolub MB 9001’, high 

oleic sunflower oleic acid ‘Dakolub MB6098’ and high oleic sunflower oil ‘Dakolub MB 9300’ were 

donated by Dako AG. Oleic acid ‘Dakolub MB6098’ was distilled under reduced pressure, methyl 

oleate ‘Dakolub MB 9001’ and high oleic sunflower oil ‘Dakolub MB 9300’ were degassed by 

repetitive freeze/pump/thaw-cycles. All fatty acid substrates were stored over 3 Å molecular 

sieves and used without further purification. Typical composition of high oleic sunflower oleic 

acid ‘Dakolub MB6098’ is as followed: 93% oleic acid (18:1), 2.5% linoleic acid (18:2), 2.5% 

palmitic acid (16:0), 1% stearic acid (18:0), 1% fatty acids of longer chain lengths (>C18). The 

typical composition of high oleic sunflower oil methyl ester ‘Dakolub MB9001’ is as followed: 

92.5% oleic acid (18:1), 2.5% linoleic acid (18:2), 2.5% palmitic acid (16:0), 1.5% stearic acid 

(18:0), 1% fatty acids of longer chain lengths (>C18). High oleic sunflower oil ‘Dakolub MB 9300’ 

typically consists of triglycerides of the following fatty acids with the corresponding distribution: 

93% oleic acid (18:1), 2.5% linoleic acid (18:2), 2.5% palmitic acid (16:0), 1% stearic acid (18:0), 

1% fatty acids of longer chain lengths (>C18). 

All other chemicals were used without further purification. [Pd(dba)2], dibenzylideneacetone 

(dba),187 [(dtbpx)Pd(OTf)2]145 and [(dtbpx)Pd(Me)Cl]56 were synthesized according to literature 

procedures. [(dtbpx)Pd(13COMe)Cl] was generated in situ following a literature procedure.  

 

NMR Spectroscopy 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a Bruker 

Avance III 600. 1H NMR spectra were referenced to residual protiated solvent signals. 13C NMR 

spectra were referenced to the solvent signals, 31P NMR spectra to external 85% H3PO4. NMR 
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spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), and 

integration. Multiplicities are given as follows (or combinations thereof): s: singlet, d: doublet, t: 

triplet, q: quartet, quint: quintet, m: multiplet, v: virtual, br.: broad. The identity of metal 

complexes and detailed NMR assignments were established by 2D NMR experiments (1H,1H COSY, 

1H,13C HSQC, 1H,13C HMBC and 1H,31P HMBC) in addition to 1D NMR experiments. Acquired data 

was processed and analyzed using MestReNova software. 

 

Gas Chromatography 

Prior to analysis by gas chromatography, all samples were esterified in methanol and diluted 

H2SO4 at elevated temperature. Gas chromatography was carried out on a PerkinElmer (PE) Clarus 

500 instrument with auto sampler and FID detection on a PerkinElmer Elite-5 (5% Diphenyl- 95% 

Dimethylpolysiloxane) Series Capillary Columns (length: 30 m, inner diameter: 0.25 mm, film 

thickness: 0.25 mm), using helium as carrier gas at a flow rate of 1.5 mL min-1. The injector 

temperature was 300 °C. When 10-undecenoic acid or oleic acid (both as methyl ester), or 1-

octadecene were used as substrates, the oven was kept isothermal at 90 °C for 1 min after 

injection, then heated with 30 K min-1 to 280 °C, and kept isothermal at 280 °C for 8 min. When 

octenes were used as substrates, the oven was kept isothermal at 60 °C for 3 min after injection, 

then heated with 30 K min-1 to 280 °C, and kept isothermal at 280 °C for 3 min. The detector was 

kept at a constant temperature of 280 °C for all methods.  

 

Electrospray Ionization Mass Spectrometry 

Electrospray ionization mass spectrometry (ESI-MS) was performed via direct injection with 

a MicroTOF II ESI-MS and a Compass Otof Control software (version 3.4) from Bruker (Billerica, 

Massachusetts, USA). Samples for ESI-MS measurements were taken from the corresponding 

solutions from NMR experiments and diluted with THF (20 µL of solution from NMR experiments 

diluted with 5 mL of THF). The obtained data was analyzed using the software Compass 

DataAnalysis (version 4.2 SR2). 
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3.4.2 General Procedures for Pressure Reactor Experiments  

Carbonylation Procedure I 

Carbonylation of various substrates were carried out in a 20 mL stainless steel reactor 

equipped with a glass inlet, a heating jacket and a magnetic stirring bar. The reactor was purged 

several times with nitrogen prior to the experiments. The catalyst precursor, additional 

diphosphine ligand, acid and/or protonated diphosphine ligand were weighed in a Schlenk tube 

equipped with a magnetic stirring bar in a glovebox. All other compounds were filled into the 

Schlenk tube outside of the glovebox using standard Schlenk techniques. The reactions mixtures 

were stirred vigorously and cannula-transferred into the reactors in a nitrogen stream. A static 

pressure of 20 bar CO was applied and the mixtures were heated to the desired temperatures 

under stirring. Information about the temperature always refers to the temperature of the 

thermometer in the heating jacket. After the desired reaction time, the mixtures were cooled to 

room temperature and CO pressure was released.  

The reactor and the glass inlet were washed with THF. Possible precipitated dicarboxylic acid 

was dissolved in THF and the reaction mixtures were diluted with THF and were transferred to a 

flask.a All combined organic phases were filtered to remove possible Pd black before sampling for 

GC and NMR measurements. Conversion and selectivity for the linear products were determined 

by GC analysis from the crude reaction mixture after esterification with methanol and diluted 

sulfuric acid. 

 

Carbonylation Procedure II 

Carbonylations with time-dependent monitoring of conversions were carried out in a 200 mL 

stainless steel mechanically stirred pressure reactor equipped with a heating/cooling jacket 

supplied by a thermostat controlled by a thermocouple dipping into the reaction mixture. The 

reactor was purged several times with argon prior to the experiment. The catalyst precursor, 

additional diphosphine ligand, acid and/or protonated diphosphine ligand were weighed in a 

Schlenk tube equipped with a magnetic stirring bar in a glovebox. All other compounds were filled 

into the Schlenk tube outside of the glovebox using standard Schlenk techniques. The reactions 

mixtures were stirred vigorously and cannula-transferred into the reactors in an argon stream. A 

                                                             
a Note, that the long-chain dicarboxylic acids as a reaction product of isomerizing hydroxycarbonylation of 
fatty acids are most easily dissolved in THF (especially when heated to 40 °C) or DMSO. 
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static pressure of 20 bar CO was applied. After pressurization, the preheated thermostat was 

connected to the heating/cooling jacket to reach the desired reaction temperature as fast as 

possible. Samples for GC analysis were drawn with a bottom blow valve periodically.  

After the desired reaction time, the mixture was cooled to room temperature and CO pressure 

was released. Possible precipitated dicarboxylic acid was dissolved in THF and the reaction 

mixture was diluted with THF and filtered to remove possible Pd black before sampling for GC 

and NMR measurements. Conversion and selectivity for the linear products were determined by 

GC analysis from the crude reaction mixture after esterification with methanol and diluted sulfuric 

acid. 

 

3.4.3 Diprotonated Diphosphine Ligand (dtbpxH2)(OTf)2 

 

5 g of dtbpx (12.67 mmol) was dissolved in 100 mL of diethyl ether and 2.35 mL of 

trifluoromethanesulfonic acid (26.61 mmol) in 20 mL of diethlyether were added slowly via a 

syringe to the vigorously stirred reaction mixture. Upon addition of the acid, immediate 

precipitation of the protonated ligand occurred. The reaction mixture was stirred for 60 minutes 

to ensure complete precipitation of the desired protonated ligand. The precipitated white solid 

was washed three times with 40 mL of diethyl ether and dried in vacuo.  

 

1H NMR (400 MHz, CD2Cl2, 300 K): δ 7.56 (m, 4H, H-6), 7.46 (m, 2H, H-5), 6.52 (dt, 1JPH = 466.1, 3JHH 

= 5.9, 2H, P-H), 4.00 (dd, 2JPH = 14.0, 3JHH = 5.9, 4H, H-3), 1.50 (d, 2JPH = 16.9, 36H, H-1).  

31P{1H} NMR (162 MHz, CD2Cl2, 300 K): δ 45.63 (s). 

 

3.4.4  General Procedure for NMR Tube Experiments 

All solid substrates were weighed into a NMR tube in a glove box and dissolved in the 

appropriate solvent or solvent mixtures. NMR tubes were equipped with an internal sealed glass 

capillary (“lock stick”) containing DMSO-d6 when non-deuterated tetrahydrofuran was used as 

solvent. The NMR tubes were sealed with rubber septa. Liquid substrates were added via µL 



Water as a Nucleophile in Isomerizing Carbonylation 

- 88 - 

Hamilton syringes and NMR tubes were shaken thoroughly after each addition. Degassed water 

was added via a syringe or a µL Hamilton syringe outside of a glovebox via the rubber septum. 

Carbon monoxide was taken from a compressed gas cylinder equipped with a three-way stopcock, 

a pressure relief valve, connected to a vacuum line and a small Schlenk flask sealed with a rubber 

septum. The system was evacuated and filled with 1 atm of CO. The desired amounts of CO were 

transferred to the NMR tube with 1 mL syringes. The tubes were shaken thoroughly after addition 

of CO gas. The appropriate volumes of desired gas were calculated by assuming ideal gas 

conditions. 

 

3.4.5 NMR Tube Experiments 

In situ Generation of [(dtbpx)Pd(H)(H2O)]+ 

10-15 mg of [(dtbpx)Pd(OTf)2] were weighed into an NMR tube, equipped with a sealed 

capillary with DMSO-d6, and 2.5 equiv. of (dtbpxH2)(OTf)2 were added and partially dissolved in 

0.6 mL of THF. In case of measuring with an internal standard, 2 equiv. of dimethyl terephthalate 

(>99% purity, measured by GC and NMR) were added to the mixture. After recording 1H and 

31P{1H} NMR spectra, 0.15 mL of degassed H2O was added resulting in complete dissolution of all 

components. Hydride formation was followed by 1H and 31P{1H} NMR spectroscopy. Molar ratios 

of the resulting species was calculated with the exact amounts of weighed in substrates and their 

integrals in 1H NMR spectra.  

 

Key resonances of [(dtbpx)PdH(H2O)]+ referenced to DMSO-d6:  

1H NMR (400 MHz, THF/H2O, 300 K): δ -10.93 (dd, 2JPH,cis = 22.5, 2JPH,trans = 188.4 Hz).  

31P{1H} NMR (162 MHz, THF/H2O, 300 K): δ 23.01 (d, 2JPP = 19.0), 73.46 (d, 2JPP = 19.0). 

 

Oxidation of dtbpx with Substoichiometric Amounts of H2O2 

20 mg of dtbpx were weighed into a NMR tube, equipped with a sealed capillary containing 

DMSO-d6, and were dissolved in 0.6 mL of THF. Substoichiometric amounts of H2O2 (approx. 0.5 

equiv. H2O2, 30% w/w in H2O) were added and the tube was thoroughly shaken. Partial oxidation 

of the diphosphine dtbpx to the monoxide dtbpxO and dioxide dtbpxO2 was observed via 31P{1H} 

NMR spectroscopy.  
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31P{1H} NMR (162 MHz, THF, 300 K): δ 63.62 (s, dtbpxO2), 62.18 (d, 5JPP = 4.2, -P(=O)(tBu3)2 of 

dtbpxO), 26.10 (d, 5JPP = 4.2, -P(tBu3)2 of dtbpxO), 24.11 (s, dtbpx). 

 

Oxidation of dtbpx to dtbpxO2 with H2O2  

50 mg of dtbpx were dissolved in 5 mL of dry toluene under N2 atmosphere and a large excess 

of H2O2 (>10 equiv., 30% w/w in H2O) was added. The reaction mixture was stirred for 1 h at room 

temperature and the solvent was removed in vacuo. 

 

1H NMR (400 MHz, DMSO-d6, 300 K): 7.52 (m, 2H, H-6), 7.09 (m, 2H, H-5), 3.78 (d, 2JPH = 11.5, 4H, 

H-3), 1.13 (d, 3JPH = 12.9, 36H, H-1).  

31P{1H} NMR (162 MHz, DMSO-d6, 300 K): δ 61.00 (s). 

31P{1H} NMR (162 MHz, THF/H2O, 300 K): δ 63.42 (s). 

 

 

Figure 3-12. Comparison of 31P{1H} NMR spectra of dtbpx (top), partially oxidized dtbpx to 

diphosphine monoxide and diphosphine dioxide (center), and diphosphine dioxide dtbpxO2 

(bottom). 
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Reductive Elimination of [(dtbpx)Pd(OTf)2] in THF with H2O 

15 mg of [(dtbpx)Pd(OTf)2] were weighed into an NMR tube, equipped with a sealed capillary 

containing DMSO-d6, and dissolved in 0.6 mL of THF. Upon addition of 0.3 mL of H2O 

[(dtbpx)Pd(H2O)2]2+ was formed quickly and a slow oxidation of dtbpx was observed via 31P{1H} 

NMR spectroscopy.  

The oxidation was not completed after 3 h at room temperature, as also indicated by ESI-MS. 

After 72 h the diphosphine dioxide dtbpxO2 was detected by ESI-MS as the main species remaining 

in solution. Note, that reaction mixtures were filtered over a syringe filter prior to injection for 

ESI-MS analysis, removing any insoluble compounds. Therefore, no Pd species were detected in 

the reaction mixture after 72 hours (Figure 3-6) as most of the palladium has agglomerated as 

Pd0, also indicated by a darkening of the reaction mixture from light yellow to dark brown. 

 

Hydride Formation via Oxidative Addition of (dtbpxH2)(OTf)2 to [Pd(PtBu3)2] 

13 mg of [Pd(PtBu3)2] (25 µmol) were weighed into an NMR tube, equipped with a sealed 

capillary containing DMSO-d6, and dissolved in 0.6 mL THF. After recording 1H and 31P{1H} NMR 

spectra 2 equiv. of (dtbpxH2)(OTf)2 were added and the tube was thoroughly shaken. Note that 

(dtbpxH2)(OTf)2 is only slightly soluble in THF at room temperature. 1H and 31P{1H} NMR spectra 

were recorded. Subsequently, the reaction mixture was heated to 60 °C for three hours during 

which the protonated ligand (dtbpxH2)(OTf)2 almost completely dissolved. 1H and 31P{1H} NMR 

spectra were recorded after the heating period and the hydride [(dtbpx)Pd)(H)(THF)]+ was 

detected.  

 

Key resonances of [(dtbpx)Pd(H)(THF)]+:  

1H NMR (400 MHz, THF, 300 K): δ -10.84 (dd, 2JPH,cis = 28.7, 2JPH,trans = 184.0).  

31P{1H} NMR (162 MHz, THF, 300 K): δ 23.51 (d, 2JPP = 18.4), 72.12 (d, 2JPP = 18.3). 

 

3.4.6 Computational Details 

DFT calculations were performed at the generalized gradient approximation (GGA) level by 

using the Gaussian 09 package.188 Geometries were optimized with the BP86 functional with the 

6-31G(d) basis set for main group atoms and the LANL2DZ ECP for Palladium.189-192 This 

pseudopotential accounts for 28 core electrons (1s2, 2s2, 2p6, 3s2, 3p6, 3d5) and the double zeta 
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basis set is used for the valence electrons. The reported free energies were built through single 

point energy calculations on the BP86/6-31G(d) geometries using the triple-ζ TZVP basis set.193 

Electrostatic and non-electrostatic (dispersion, repulsion and cavitation) solvation effects were 

included with the PCM model using THF as the solvent.194-195 To these BP86/TZVP electronic 

energies in solvent, zero point energy and thermal corrections were included from the gas-phase 

frequency calculations at the BP86/6-31G(d) level using a pressure of 1354 atm to model the 

solution conditions.196-198 

Table 3-10. ΔG (kcal mol-1) for the hydrolysis and for the methanolysis of the dtbpx-PdII acyl 

species obtained with different calculation methods. [(dtbpx)PdC(=O)(CH2)6COOH]+ is considered 

as zero point energy reference. 

Opt BP86/Sp BP86 Pd Acyl Coor-(ROH)3 TS-(ROH)3 Products 

H2O 0.0 4.0 30.1 -9.2 

MeOH 0.0 5.4 28.6 -11.5 

 

Opt BP86/Sp M06 Pd Acyl Coor-(ROH)3 TS-(ROH)3 Products 

H2O 0.0 -5.6 22.6 -7.5 

MeOH 0.0 -7.5 15.9 -7.9 

 

Opt BP86/Sp B3LYP-D3 Pd Acyl Coor-(ROH)3 TS-(ROH)3 Products 

H2O 0.0 -7.5 24.5 -6.1 

MeOH 0.0 -11.3 15.5 -9.4 

 

Opt B3LYP/Sp B3LYP-D3 Pd Acyl Coor-(ROH)3 TS-(ROH)3 Products 

H2O 0.0 -4.7 28.5 -5.9 

MeOH 0.0 -9.8 16.7 -8.9 

 

Opt BP86/Sp BP86: Geometry optimizations were performed at the GGA BP86 level, 6-

31G(d) basis set for O, C, N, and P, for Pd LANL2DZ ECP.189-192 The Free energy reported are 

BP86/TZVP193 in THF. Thermal corrections were included from the gas-phase frequency 

calculations at the BP86/6-31G(d) using a pressure of 1354 atm to model the solution 

conditions.195 
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 Opt BP86/Sp M06: Geometry optimizations were performed at the GGA BP86 level, 6-

31G(d) basis set for O, C, N, and P, for Pd LANL2DZ ECP.189-192 The Free energy reported are M06199-

200/TZVP193 in THF. Thermal corrections were included from the gas-phase frequency calculations 

at the BP86/6-31G(d) using a pressure of 1354 atm to model the solution conditions.195 

 

Opt BP86/Sp B3LYP-D3: Geometry optimizations were performed at the GGA BP86 level, 6-

31G(d) basis set for O, C, N, and P, for Pd LANL2DZ ECP.189-192 The Free energy reported are 

B3LYP189-191/TZVP193 in THF with empirical dispersion GD3.201-202 Thermal corrections were 

included from the gas-phase frequency calculations at the BP86/6-31G(d) using a pressure of 

1354 atm to model the solution conditions.195 

 

Opt B3LYP/Sp B3LYP-D3: Geometry optimizations were performed at the GGA B3LYP189-191 

level, 6-31G(d) basis set for O, C, N, and P, for Pd LANL2DZ ECP. The Free energy reported are 

B3LYP/TZVP193 in THF with empirical dispersion GD3.197-198 Thermal corrections were included 

from the gas-phase frequency calculations at the B3LYP/6-31G(d) using a pressure of 1354 atm 

to model the solution conditions.195 

 

3.4.7 Hydroxy- and Methoxycarbonylation at Comparable 

Nucleophile Concentration 

Calculations: 

ΔG‡ from observed reaction rates under pressure reactor conditions 

ΔG‡ =  −R ∙ T ∙ ln (
kr ∙ h

kb ∙ T
) 

kr: reaction rate from average TOF (Table 3-9) (s-1) 

T: reaction temperature under pressure reactor conditions 

(398.15 K for hydroxycarbonylation, 363.15 K for 

methoxycarbonylation) 

Isomerizing hydroxycarbonylation of oleic acid (Table 3-9, entry 1)  

⇒ ΔG‡exp (125 °C) = 28.5 kcal mol-1 (ΔG‡calc = 30.1 kcal mol-1) 

Isomerizing methoxycarbonylation of methyl oleate (Table 3-9, entry 2)  

⇒ ΔG‡exp (90 °C) = 27.6 kcal mol-1  (ΔG‡calc = 28.6 kcal mol-1) 
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4. Propylene as a Substrate in 

Isomerizing Carbonylation for Higher Insertion 

Products 

Propy lene a s a Substrate in Isome rizing Carbonylation 

4.1 Introduction  

Carbonylation of olefins with carbon monoxide and an alcohol by Pd catalysis gives an access 

to a range of products, like short-chain esters or high-melting polyketones. Drent and co-workers 

at Shell systematically investigated the application of diphosphine ligands and acids in Pd-based 

systems for the selective production of either esters or polyketones.28-30,32,126,203 They 

demonstrated that Pd catalysts with monodentate phosphine ligands, such as PPh3, selectively 

produce esters, while bidentate phosphine-based catalysts, (e.g. with 1,3-bis(diphenyl-

phosphino)propane (dppp)), yield strictly alternating polyketones with high molecular 

weights.28,30,203 Later, it was found that sterically demanding diphosphine ligands, such as 1,2-

bis{(di-tert-butylphosphino)methyl}benzene (dtbpx) can be used for highly active and selective 

Pd catalysts for the generation of short-chain, terminal esters (Scheme 4-1).126 These 

developments and suitable catalytic systems are outlined in detail in the General Introduction 

(1.1.2 Development of Alkoxy- and Hydroxycarbonylation of Aliphatic Olefins, and 1.1.3 Mechanistic 

Considerations on Alkoxycarbonylation and Polyketone Formation).  

The short-chained ester product, methyl propionate, is an intermediate in Lucite’s Alpha 

process for the production of methyl methacrylate (MMA).35-36 The alternating polyketone, on the 

4 
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other hand, is a useful thermoplastic polymer with a high content of carbonyl groups that impact 

thermal and mechanical properties and offer themselves for further functionalization. However, 

a polyketone from ethylene and CO is insoluble in most solvents and the high melting point around 

260 °C makes processing difficult.204 

Scheme 4-1. Pd catalyzed formation of methyl propionate or γ-polyketone from ethylene and CO. 

 

 

A polyketone with a lower carbonyl content and a higher amount of aliphatic units is 

desirable to tune the properties and the processability of the polyketone product. Non-alternating 

polymerization with repeated olefin insertions into a Pd alkyl species allows for longer 

hydrocarbon segments and has been reported for Pd catalysts that carry phosphinosulfonato 

ligands.204-208 However, this approach lacks control over defined lengths of the aliphatic units.  

Another possibility for increasing the hydrocarbon content is the copolymerization of longer-

chained terminal olefins, like propylene or hexene, with CO. This approach was investigated by 

several groups.13,28-29,43,203,209-213 Diphosphine coordinated Pd catalysts produce alternating 

γ-polyketones from terminal olefins that are inserted either in a 1,2- or a 2,1-mode, resulting in 

the formation of alkyl branches on the polymer backbone.29,43,211-212 Such alternating 

γ-polyketones with alkyl branches on the backbone exhibit a lower melting point compared to 

their non-branched, linear poly(ethylene-alt-CO) analogue.205 The regioregularity of the insertion 

of the terminal olefin can be influenced by the choice of diphosphine ligand (Figure 4-1): Alkyl 

substituted diphosphines have a higher preference for a 1,2-insertion (up to 99%) compared to 

aryl substituted diphosphine ligands (typical regioselectivity of 65-75% for a 1,2-

insertion).13,29,213 An analysis of the endgroups of a propylene-CO copolymer catalyzed by an alkyl 

diphosphine Pd catalyst revealed that iso-propenylketo groups dominate, also pointing towards a 

repeated 1,2-insertion of propylene into the Pd acyl species.13,29  
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Figure 4-1. Copolymerization of a terminal olefin with CO with [(P^P)Pd(CH3CN)2)](BF4)2213 or 

Pd(OAc)2/P^P/TfOH (marked with *).13,29,a 

 

For generation of an alternating polyketone with defined linear aliphatic units between 

carbonyl moieties a ‘chain straightening’ of the reacting olefin – by a combination of an insertion 

and an isomerization step – is envisioned. A catalytic system that exhibits a fast isomerization rate 

and a high selectivity for the linear functionalization would be suitable for an alternating, 

isomerizing copolymerization approach of terminal olefins and CO. In such an envisioned reaction 

the olefin inserts into either the initiating Pd hydride species or the Pd acyl species bearing a 

growing polymer chain. This step is followed by an isomerization to generate a linear Pd alkyl 

species. Further propagation and alternating CO and olefin insertion and isomerization generates 

linear hydrocarbon units between carbonyl moieties (Scheme 4-2).  

                                                             
a The head-to-tail ratio is typically determined from the integrals of the various carbonyl C-atoms in the 13C 
NMR spectrum (different shifts of head-to-tail/h-t, head-to-head/h-h, tail-to-tail/t-t). The selectivity for a 
1,2-insertion was reported by Drent and Budzelaar29 and calculated as (h-t) + (h-h) – 0.01 ∙ (t-t) ∙ (h-h). 
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Scheme 4-2. Reaction sequence of an envisioned alternating isomerizing copolymerization of 

propylene and CO.  

 

 

However, as elucidated in the General Introduction (Catalytic Systems for Isomerizing 

Carbonylation), most Pd catalysts that are highly selective for a terminal functionalization – 

typically based on bulky diphosphine ligands – selectively produce short-chained esters and no 

higher insertion products. Consequently, it is necessary to find suitable conditions that allow 

diphosphine coordinated Pd catalysts to isomerize and selectively insert CO into linear Pd alkyl 

species to generate higher insertion products, like ketones, oligoketones or polyketones. 

The well-known [(dtbpx)Pd(OTf)2] catalyst precursor was proven to be very versatile in its 

substrate scope and application and gives the most selective and active catalyst for isomerizing 

methoxycarbonylation. Although this precursor is known to be highly selective for the ester 

formation, it has never been investigated systematically if a second insertion of an olefin can be 

enforced under suitable conditions. Propylene is the shortest olefin allowing for an isomerization 

step in which the isomerization of the substrate itself does not result in the formation of less 

reactive internal olefins.  

In this work, propylene was used as a substrate for isomerizing methoxycarbonylation with 

[(dtbpx)Pd(OTf)2] as a catalyst precursor. Suitable conditions for the carbonylation in methanol 

as a solvent and reactant were established first. Subsequently, the concentration of methanol was 

reduced to increase the probability of the formation of higher insertion products. Besides the 

dtbpx-coordinated Pd complex other catalyst precursors with diphosphines of varying steric 

demand were screened for this alternating, isomerizing copolymerization approach toward the 

formation of a δ-polyketone.  
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4.2 Results and Discussion 

4.2.1 Carbonylation of Propylene with [(dtbpx)Pd(OTf)2] toward 

Formation of Ketones 

Alkoxycarbonylation of Propylene in Methanol 

The reaction conditions for an alkoxycarbonylation of propylene in methanol as the only 

reactant and solvent with [(dtbpx)Pd(OTf)2] as a catalyst precursor were established with a series 

of experiments with varying temperatures and CO pressures in methanol. The well-known 

[(dtbpx)Pd(OTf)2] catalyst precursor was applied because of its high activity in related 

carbonylation reactions, the high isomerization rate and linear functionalization selectivity. The 

short-chained ester products, methyl butyrate as the major product and methyl iso-butyrate as 

the only branched product, are expected to be formed in the alkoxycarbonylation of propylene 

with CO and methanol (Scheme 4-3). The formation of higher insertion products is not expected 

in pure methanol and was investigated systematically in the next chapter Carbonylation of 

Propylene at Reduced Methanol Concentrations.  

Scheme 4-3. Isomerizing methoxycarbonylation of propylene.  

 
 

For the carbonylation of propylene, we used a relatively simple pressure reactor set-up (vide 

infra) that allows for a general screening of reaction conditions and the applicability of the 

catalytic system for the envisioned reaction strategy (cf. Scheme 4-2). Reaction conditions were 

evaluated as a measure of comparison for the following experiments (e.g. propylene carbonylation 

at reduced methanol concentrations). Note that the reaction set-up and conditions do not 

represent the optimum but rather a brief screening test to evaluate the use of the catalytic system 

for an alternating isomerizing copolymerization. However, even with this simple set-up and 

variations in reaction conditions, conclusions on the general reaction principles can be drawn.  

All carbonylation reactions were performed in 20 mL stainless steel pressure reactors with 

inlets allowing for subsequent addition of different gaseous substrates to the reaction mixture 

under inert gas conditions (see Experimental Section). The amount of gaseous substrate was 

determined by weight. The variances within the standardized procedure can be neglected for the 
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purpose of these experiments. The mass of applied catalyst precursor was kept constant, but the 

catalyst to substrate ratio changed according to the amount of charged substrate. The turnover 

frequency (1) allows for a comparison between experiments regardless of catalyst loading. 

However, it is important to note that a high substrate concentration often results in higher TOFs 

in Pd catalyzed carbonylations. For example, chapter 3. Water as a Nucleophile in Isomerizing 

Carbonylation for Generation of Linear Dicarboxylic Acids demonstrates that a higher substrate 

concentration results in higher TONs of the Pd catalyst in isomerizing hydroxycarbonylation of 

unsaturated fatty acids. Consequently, for an accurate comparison the substrate concentration 

(mol L-1) and catalyst loading (mol%) are usually given with the corresponding experiments. 

TOF =  
mol of products

mol of Pd precursor × hours of reaction time
         (1) 

 

Table 4-1 shows the results of alkoxycarbonylation of propylene at 10 bar of CO with varying 

temperatures at reaction times of 30 minutes. The mass of propylene and resulting concentration 

in the reaction mixtures is specified for every experiment due to inconsistent mass of charged 

propylene.  

Table 4-1. Carbonylation of propylene with [(dtbpx)Pd(OTf)2] as a catalyst precursor at varying 

temperatures.a 

entry  MeOH  

(mol L-1) 
propylene (g) 

(c[mol L-1])b
 

CO 

(bar) 

cat. 

(mol%) 

T 

 (°C) 

conversionc 

(%) 

selectivityc 

(%) 

TOF  

(h-1) 

1 23 0.8 (2.2) 10 0.2 90 8 95 93 

2 23 0.7 (2.0) 10 0.1 60 8 92 77 

3 23 0.4 (1.2) 10 0.4d 60 34 95 144 

4 23 0.7 (1.9) 10 0.2 40 13 97 132 
a Reaction conditions: [(dtbpx)Pd(OTf)2] as a precursor (20-30 mg), 8 mL of MeOH, 500 µL of methyl 

hexanoate as internal standard, saturation of reaction mixtures with propylene at 4 bar for 10 min, 30 min 

reaction time at temperature T (see table). b Theoretical concentration of propylene in the reaction mixture 

as calculated by charged mass is given in parentheses. c Conversion and selectivity for the linear product, 

methyl n-butyrate, were determined by gas chromatography of the crude reaction mixtures vs methyl 

hexanoate as an internal standard. d A higher catalyst loading was intentionally used to achieve a higher 

conversion.  

Conversions were generally low (around 10%) at all tested reaction temperatures for a 

catalyst loading around 0.2 mol% (entry 1, 2, and 4) and TOFs are consequently in the same range. 

A higher conversion of 34% was observed with a higher catalyst loading (0.5 mol%, 60 °C, entry 

3 vs entry 2). Gas chromatography (Figure 4-2) allowed for assignment of the linear and branched 

ester in comparison with genuine samples of those substrates. The linear selectivity is not 

influenced to a significant extent by different reaction temperatures.  



Propylene as a Substrate in Isomerizing Carbonylation 

- 99 - 

 

Figure 4-2. GC trace of a typical reaction mixture of a carbonylation of propylene with methyl 

hexanoate as an internal standard (a). Identification of products is given by genuine samples of 

methyl butyrates (b+c). 

Despite the aforementioned variations, a slight decrease of the activity of the Pd catalyst for 

higher temperatures can be observed (Table 4-1). This is presumably a result of the decreased 

solubility of propylene in methanol at higher temperatures resulting in a lower concentration of 

the reactant in the reaction medium. Lowering the reaction temperature from 90 °C to 60 °C is 

also advantageous for the experimental procedure with a reaction time of 30 minutes because of 

shorter heating and cooling times. Consequently, all reactions were conducted at 60 °C as a 

compromise between a high concentration of propylene at lower temperatures and a high 

temperature to overcome energetic barriers in the catalytic cycle. 

An increase in conversion and activities of the Pd catalyst for the alkoxycarbonylation of 

propylene was achieved by increasing the CO pressure from 10 to 20 bar (Table 4-2, Figure 4-3). 

At 20 bar of CO and 60 °C the conversion of propylene is significantly higher compared to previous 

results at 10 bar of CO. The TOFs are increased by a factor of two at a higher CO pressure. The 

experiment with the highest conversion of 82% gives a TOF of 369 h-1 and is most likely 

underestimated compared to other TOFs calculated at lower conversions. The selectivity at 20 bar 

of CO and 60 °C is high with 97% for the linear product. 
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Table 4-2. Carbonylation of propylene with [(dtbpx)Pd(OTf)2] at varying CO pressures.a 

entry  MeOH  

(mol L-1) 
propylene (g) 

(c[mol L-1])b
 

CO  

(bar) 

cat. 

(mol%) 

T 

 (°C) 

conversionc 

(%) 

selectivityc 

(%) 

TOF  

(h-1) 

1d 23 0.4 (1.2) 10 0.5 60 34 95 144 

2 23 0.7 (2.0) 10 0.2 60 8 92 77 

3 23 0.3 (0.9) 20 0.4 60 82 97 369 

4 23 0.4 (1.0) 20 0.3 60 35 97 209 
a Reaction conditions: [(dtbpx)Pd(OTf)2] as a precursor (20-30 mg), 8 mL of MeOH, 500 µL of methyl 

hexanoate as internal standard, saturation of reaction mixtures with propylene at 4 bar for 10 min, 30 min 

reaction time, 60 °C. b Theoretical concentration of propylene in the reaction mixture as calculated by 

charged mass is given in parentheses. c Conversion and selectivity for the linear product, methyl n-butyrate, 

was determined by gas chromatography of the crude reaction mixtures vs methyl hexanoate as an internal 

standard. d A higher catalyst loading was intentionally used to achieve a higher conversion (compared to 

entry 2). 

 

Figure 4-3. Activity of dtbpx-coordinated catalyst in carbonylation of propylene at 10 and 20 bar 

of CO (corresponding to Table 4-2). 

We conclude that, even though the activities vary to some extent, a higher CO pressure, in 

combination with a reaction temperature of 60 °C, seems to be advantageous for the 

carbonylation of propylene. From the simplified experimental set-up it is not possible or 

necessary to draw further conclusions about relationships regarding catalyst activity and 

propylene concentration. It is important to note that under these conditions, in methanol as a 

solvent and reactant, only methyl butyrate and minor amounts of the iso-product were detected. 

No higher insertion products or other side products were detected via gas chromatography. In 

order to achieve this goal, other reaction parameters like the methanol concentration were 

modified. 
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Carbonylation of Propylene at Reduced Methanol Concentrations 

Regarding the generation of higher insertion products by an isomerizing carbonylation 

approach, the reaction conditions established in the previous chapter were taken for experiments 

at reduced methanol concentrations. By lowering the concentration of methanol in the reaction 

mixture, the probability of the termination of the reaction via methanolysis is reduced (left path 

in Scheme 4-4).  

Scheme 4-4. Possible reaction pathways of a diphosphine coordinated Pd acyl species via 

termination or propagation (e.g. P^P = dtbpx).  

 

With a small olefin, that bears its double bond in the most reactive terminal position, for 

example propylene, an insertion into a Pd acyl species, instead of termination, might become more 
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likely in the absence of methanol (right path in Scheme 4-4). Pd alkyl species can undergo further 

propagation steps creating growing keto chains on the Pd center or terminate via protonolysis or 

β-hydride elimination.52 

Here, the insertion mode of propylene is decisive for the regiochemistry of the products. We 

assume that with a sterically demanding ligand like dtbpx, the first olefin inserts into the initiating 

Pd hydride species via a 1,2-insertion mode or proceeds via a 2,1-insertion with an isomerization 

step and consequently always yields a linear Pd alkyl and Pd acyl after subsequent CO insertion. 

If the following propylene molecule inserts in a 1,2-mode, alkyl-branches in the keto products are 

produced. A 2,1-insertion of propylene into a Pd acyl facilitates an isomerization step that 

‘straightens’ the alkyl chain and allows for further linear functionalization steps (Scheme 4-4).  

The concentration of methanol was reduced in propylene carbonylation experiments with 

[(dtbpx)Pd(OTf)2] as a precursor by using THF as a co-solvent. THF does not coordinate strongly 

to the catalytically active Pd center and is able to solubilize polar as well as apolar components as 

demonstrated in the carbonylation of long-chain oleates with water as a nucleophile in chapter 3. 

The total volume of methanol and THF was kept constant at 8 mL to generate similar conditions 

comparable to the previous experiments. The reaction was conducted at 60 °C with 20 bar of CO 

for 30 minutes (Table 4-3). For comparison, a mean value of the TOF for the carbonylation of 

propylene in methanol is given (entry 1).  

Table 4-3. Carbonylation of propylene with [(dtbpx)Pd(OTf)2] as a catalyst precursor at reduced 

methanol concentrations with THF as a co-solvent.a 

entry  
MeOH  

(mol L-1) 

propylene (g) 

(c[mol L-1])b 

CO  

(bar) 

cat. 

(mol%) 

T 

 (°C) 

conversionc 

(%) 

selectivityc 

(%) 

TOF  

(h-1) 

1 (av)d 23 n.d. 20 n.d. 60 n.d. n.d. 289 

2e 18 0.3 (0.8) 20 0.5 60 43 97 175 

3e 14 0.2 (0.5) 20 0.9 60 25 97 56 

4 10 0.7 (1.9) 20 0.2 60 25 95 257 

5 5 0.8 (2.2) 20 0.2 60 8 94 91 

6 1 0.9 (2.5) 20 0.2 60 <1 n.d. 7 

7 0.5 0.9 (2.6) 20 0.2 60 <1 n.d. 6 
a Reaction conditions: [(dtbpx)Pd(OTf)2] as a precursor (20-30 mg), THF as co-solvent with methanol (8 mL 

total volume), 500 µL of methyl hexanoate as internal standard, saturation of reaction mixtures with 

propylene at 4 bar for 10 min, 30 min reaction time, 60 °C. b Theoretical concentration of propylene in the 

reaction mixture as calculated by charged mass is given in parentheses. c Conversion and selectivity for the 

linear product, methyl n-butyrate, were determined by gas chromatography of the crude reaction mixtures 

vs methyl hexanoate as an internal standard. d Given TOF is the mean value of TOFs from Table 4-2, entries 

3-4 as a comparative entry. e Saturation of propylene was conducted at pressures of 1-2 bar resulting in 

lower concentrations of propylene. 
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With decreasing methanol concentration the conversion of propylene decreased while the 

selectivity for the linear methyl butyrate remains in the same range. At methanol concentrations 

below 1 mol L-1, propylene was not converted to a significant extent. No further insertion 

products, e.g. ketones as secondary insertion products, were detected via gas chromatography or 

NMR spectroscopy, even at low methanol concentrations of 0.5 mol L-1. The concentration series 

and the lack of any other products besides the butyrate esters demonstrate that the dtbpx-

coordinated Pd catalyst has a clear preference for termination via methanolysis (Scheme 4-4, left 

pathway) over any other reaction pathways.  

The experiments at reduced methanol concentrations also show the impact of the substrate 

concentration on the activity of the Pd catalyst. Figure 4-4 displays the dependence of the TOF on 

the methanol as well as the propylene concentration. A carbonylation at higher propylene 

concentration (1.9 vs 0.5 mol L-1) proceeds with a fivefold TOF even at a lower methanol 

concentration (Table 4-3 entry 3 vs 4).a  

 

Figure 4-4. Activity of dtbpx-coordinated catalyst in carbonylation of propylene at reduced 

methanol concentrations with THF as co-solvent (corresponding to Table 4-3). 

Regardless of the propylene concentration, the activity of the dtbpx-coordinated Pd catalyst 

decreases with a decreasing concentration of methanol as visible from entries 4-7. This can be 

rationalized by the fact that methanol is the crucial reactant in the rate-determining step of 

methanolysis. Various theoretical studies further demonstrated that a cluster of three methanol 

molecules coordinates in the transition state of the methanolysis, highlighting the importance of 

a high concentration of the alcohol.53,125,156,214 

To rule out any inhibition of secondary insertion products by the lower reaction temperature 

or the use of THF as solvent, further experiments at an increased temperature (Table 4-4, entry 1) 

                                                             
a Note that propylene is more soluble in THF/methanol mixtures compared to pure methanol resulting in a 
higher propylene concentration for decreasing methanol concentrations. 
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and with dichloromethane as a co-solvent (Table 4-4, entries 2-3) were conducted. However, also 

under these modified reaction conditions no secondary (or higher) insertion products were 

detected. Propylene was solely converted to methyl butyrates in these experiments. Conversion 

was generally low and activities were in the same range compared to previous experiments under 

similar conditions. Figure 4-5 shows comparative experiments at 60 and 90 °C in pure methanol 

and at reduced methanol concentration (also compare Table 4-4, entry 1 to Table 4-3, entry 5). At 

a methanol concentration of 5 mol L-1 the activity of the Pd catalyst is generally lower compared 

to pure methanol as a solvent and reactant (23 mol L-1) regardless of the reaction temperature 

and propylene concentration.  

 Dichloromethane is a better solvent for propylene than THF or methanol and large amounts 

of propylene were dissolved in the reaction medium (up to 1.3 g, Table 4-4, entries 2-3). 

Therefore, at a methanol concentration of 5 mol L-1 and a propylene concentration of 3.1 mol L-1, 

the activity is doubled compared to experiments with THF as a co-solvent (Figure 4-5, also 

compare Table 4-4, entry 2 to Table 4-3, entry 5). This again, underlines the influence of the 

substrate concentration on the catalyst activity.  

Table 4-4. Carbonylation of propylene with [(dtbpx)Pd(OTf)2] as a catalyst precursor at reduced 

methanol concentrations at varying reaction conditions.a 

entry  
MeOH  

(mol L-1) 

co-

solvent 

propylene (g) 

(c[mol L-1])b 

CO  

(bar) 

cat. 

(mol%) 

T 

 (°C) 

conversionc 

(%) 

selectivityc 

(%) 

TOF  

(h-1) 

1 5 THF 0.2 (0.6) 20 0.6 90 15 88 54 

2d 5 DCM 1.3 (3.6) 20 0.1 60 16 95 196 

3d 0.5 DCM 1.1 (3.1) 20 0.1 60 <1 n.d. 3 
a Reaction conditions: [(dtbpx)Pd(OTf)2] as a precursor (20-30 mg), THF (entry 2) or DCM (entry 3, 4) as 

co-solvent with methanol (8 mL total volume), 500 µL of methyl hexanoate as internal standard, saturation 

of reaction mixtures with propylene at 4 bar for 10 min, 30 min reaction time, 60 or 90 °C. b Theoretical 

concentration of propylene in the reaction mixture as calculated by charged mass is given in parentheses. c 

Conversion and selectivity for the linear product, methyl n-butyrate, was determined by gas 

chromatography of the crude reaction mixtures vs methyl hexanoate as an internal standard. d reaction 

time: 45 min; because of large amounts of propylene dissolved in reaction mixture. 
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Figure 4-5. Activity of dtbpx-coordinated catalyst in carbonylation of propylene at reduced 

methanol concentrations with THF or DCM as co-solvent at 20 bar of CO (corresponding to Table 

4-3 and Table 4-4). 

In summary, a dtbpx-coordinated Pd catalyst does not insert propylene into a Pd acyl species 

and methanolysis occurs directly and preferentially after formation of the acyl. Even at low 

concentrations of methanol and with high amounts of propylene no further insertion could be 

enforced to generate keto products. The dtbpx ligand creates an environment around the Pd atom 

that only allows for a coordination and insertion of an olefin into a Pd hydride or termination via 

methanolysis from a Pd acyl species, as already proposed by van Leeuwen et al. (vide infra).44,53 

 

4.2.2 Ethylene as a Comparative Substrate 

Variations in the reaction conditions, including reaction temperature, CO pressure, propylene 

and methanol concentration and co-solvents, could not enforce the desired second (or higher) 

insertion of propylene into a dtbpx-coordinated Pd acyl species. The dtbpx ligand creates a 

sterically congested Pd center in the active complex and the insertion of propylene with its methyl 

group on the double bond might be slowed down due to steric reasons. To investigate if the methyl 

group of propylene has an influence on the termination or propagation reactions and for 

comparison of reaction rates of a similar olefin, ethylene was used as a substrate under 

comparable reaction conditions. With ethylene, only the linear ester product (methyl propionate) 

can be formed in the alkoxycarbonylation and no different insertion modes of ethylene or 

isomerization steps are feasible (Scheme 4-5).  
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Scheme 4-5. Proposed reaction pathways in carbonylation of ethylene.  

 

 

Table 4-5 shows results of the alkoxycarbonylation of ethylene in methanol as solvent and 

reactant (entries 1-4), and at reduced methanol concentration with THF as a co-solvent (entries 

5-6). Alkoxycarbonylation of ethylene with 20 bar of CO at 60 or 90 °C gave conversions between 

19-27% in pure methanol (Table 4-5, entries 1-3). Conversions, as well as TOFs are in the same 

range and do not vary significantly. It is notable that the amount of charged ethylene was almost 

constant in the given experiments, contrary to the variations with propylene as a substrate, even 

though all of the reaction mixtures were saturated and pressurized with 4 bar of ethylene or 

propylene, respectively. The activities with ethylene as a substrate are slightly lower compared to 

propylene at 20 bar of CO (mean value of TOFs: 289 h-1 for propylene vs 130 h-1 for ethylene) 

which is a result of the lower concentrations of ethylene in the reaction mixtures. 

Table 4-5. Carbonylation of ethylene with [(dtbpx)Pd(OTf)2] as a catalyst precursor.a 

entry  
MeOH  

(mol L-1) 

co-solvent ethylene (g)  

(c[mol L-1])b 

CO  

(bar) 

cat.  

(mol%) 

T 

 (°C) 

conversionc 

(%) 

TOF  

(h-1) 

1 23 - 0.2 (1.0) 20 0.4 60 19 101 

2 23 - 0.3 (1.1) 20 0.3 60 27 158 

3 23 - 0.3 (1.1) 20 0.4 90 25 141 

4 (av)d 23 - n.d. 20 n.d. 60 n.d. 130 

5 5 THF 0.3 (1.2) 20 0.3 60 12 74 

6 0.5 THF 0.3 (1.3) 20 0.3 60 8 56 
a Reaction conditions: [(dtbpx)Pd(OTf)2] as a precursor (20-30 mg), 8 mL of solvent (mixture), 500 µL of 

methyl hexanoate as internal standard, saturation of reaction mixtures with ethylene at 4 bar for 10 min, 

30 min reaction time, 60 or 90 °C. b Theoretical concentration of ethylene in the reaction mixture as 

calculated by charged mass is given in parentheses. c Conversion was determined by gas chromatography 

of the crude reaction mixtures vs methyl hexanoate as an internal standard (entries 1-3), for reactions with 

THF conversion was calculated via NMR spectroscopy due to overlapping signals in gas chromatography 

(entries 5-7). d Given TOF is the mean value from entries 1-3. 

A reduction of the methanol concentration, to increase the probability of an insertion of 

ethylene into a Pd acyl species (cf. Scheme 4-4 and Scheme 4-5), at otherwise consistent reaction 

conditions, did not result in the formation of any keto products as detected by NMR spectroscopy 
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and gas chromatography. Similar to propylene, a declining activity with a lower methanol 

concentration is observed. The TOF for carbonylation of ethylene is however still fairly high at low 

methanol concentrations of 0.5 mol L-1 (56 h-1). In a similar experiment with propylene the TOF is 

below 10 h-1.  

These experiments demonstrate that even the shorter ethylene substrate does not allow for 

further olefin insertions into a Pd acyl. Neither with propylene nor ethylene, secondary insertions 

were observed with a dtbpx-coordinated Pd catalyst.  

In a theoretical study, van Leeuwen et al. reasoned that diphosphines with large bite angles 

(e.g. dmpp or dtbpp) destabilize the transition state of the ethylene insertion into a Pd acyl species 

and termination via methanolysis is favored over propagation.52 Ligands like dtbpx or dtbpp with 

sterically demanding substituents on the phosphorous atoms inhibit the formation of a five-

membered β-chelate, which is crucial for chain propagation, and stabilize a η2-acyl, an 

intermediate in the methanolysis pathway (Figure 4-6). The combination of these effects explains 

the lack of any secondary insertion products with the dtbpx ligand. For more detailed explanations 

on the chemoselectivity in diphosphine coordinated Pd catalyzed carbonylations, see 1.1.3 

Mechanistic Considerations on Alkoxycarbonylation and Polyketone Formation.  

 

Figure 4-6. Intermediates in chain propagation and methanolysis in carbonylation reactions of 

short-chain olefins with CO.  

 

4.2.3 Catalyst Screening with Propylene as a Substrate 

The previous reactions demonstrated that dtbpx is not a suitable diphosphine ligand to 

enforce higher insertion products in Pd catalyzed carbonylation of propylene and CO. A range of 

diphosphine coordinated Pd complexes with larger opening angles were tested in the 

carbonylation of propylene under the established reaction conditions and at reduced methanol 

concentrations. As reflected by the opening angles of the complexes,156-157 the available space 

around the active metal center decreases and the steric congestion increases from left to right in 

Figure 4-7. The opening angle (= twice the half cone angle) is defined by the cone that is left open 
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by the diphosphine ligand and, here in particular, the substituents on the phosphorous atoms. This 

angle describes the space on the Pd center that is open for coordination of substrates.160 

 

Figure 4-7. Diphosphine coordinated Pd precursors used in carbonylation of propylene with 

opening angles.  

These complexes were used previously for the alkoxycarbonylation of technical grade methyl 

oleate, but only [(dtbpp)Pd(OTf)2] and [(dtbpx)Pd(OTf)2] as precursors showed an activity for the 

selective isomerizing alkoxycarbonylation to the linear 1,19-diester.156-157 Reactions with dtbpp 

as a diphosphine ligand usually proceed with a lower activity and selectivity compared to dtbpx 

(selectivity for 1,19-diester in methoxycarbonylation of methyl oleate: 82% for dtbpp vs 91% for 

dtbpx-Pd catalysts). Using dtbpe in a Pd methyl precursor [(dtbpe)Pd(Me)(Cl)] for the 

carbonylation of octene gave an active catalyst, but only with low activity. The iso-propyl- and 

ethyl-substituted diphosphines dippp and depp were successfully used for the copolymerization 

of terminal alkenes, such as propylene, and CO with a [(P^P)Pd(CH3CN)2](BF4)2 precursor.213 

Here, the depp-coordinated Pd catalyst was more active compared to the dippp analogue. 

However, even the depp-Pd catalyst only produced polyketones with a moderate activity and was 

outperformed by a n-hexyl-substituted diphosphine ligand (TON of 5400 vs 2600). 

The shown catalyst precursors with depp, dippp, dtbpe and dtbpp as diphosphine ligands 

were used for the carbonylation of propylene under reaction conditions that were established for 

the carbonylation of propylene with [(dtbpx)Pd(OTf)2] (8 mL of solvent, 20 bar of CO, 60 °C, Table 

4-6). Carbonylation reactions were conducted in methanol as reactant and only solvent 

(23 mol L-1), and at a low methanol concentration (e.g. 0.5 mol L-1) with THF as a co-solvent to 

enhance the probability of further propylene insertions. Similar to previous results of 

carbonylation of long-chain substrates, depp- and dippp-coordinated Pd catalyst precursors were 

not active in the carbonylation of propylene (Table 4-6, entries 1-4). Even though, these 

diphosphines have been successfully applied in copolymerization before, no higher insertion 

products were observed with the Pd triflate precursors, here. Most likely and in contrast to the in 

situ systems (Pd(OAc)2, excess of diphosphine and HOX), these Pd complexes do not form the 

active hydride species as fast and efficient as other, more sterically congested Pd centers.156-157 

available space at Pd center 
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Table 4-6. Carbonylation of propylene with diphosphine coordinated Pd complexes. 

entry  catalyst precursor 
MeOH  

(mol L-1) 

propylene (g) 

(c[mol L-1])b 

cat. 

(mol%) 

conversionc 

(%) 

selectivityc 

(%) 

TOF  

(h-1) 

1 [(depp)Pd(OTf)2)] 23 0.4 (1.0) 0.3 <1 n.d. n.d. 

2 [(depp)Pd(OTf)2)] 0.5 0.5 (1.5) 0.2 <1 n.d. n.d. 

3 [(dippp)Pd(OTf)2)] 23 0.3 (0.9) 0.5 <1 n.d. n.d. 

4 [(dippp)Pd(OTf)2)] 0.5 0.5 (1.5) 0.3 <1 n.d. n.d. 

5d [(dtbpp)Pd(OTf)2)] 23 0.3 (0.9) 0.4 10 74 52 

6 [(dtbpp)Pd(OTf)2)] 0.5 1.0 (2.7) 0.1 <1 n.d. n.d. 

7 [(dtbpe)Pd(OTf)2)] 23 0.5 (1.3) 0.3 8e 6 43 

8 f [(dtbpe)Pd(OTf)2)] 23 0.4 (1.1) 0.3 11e 9 18 

9 [(dtbpe)Pd(OTf)2)] 10 0.2 (0.5) 0.6 5e 8 10 

10 [(dtbpe)Pd(OTf)2)] 0.5 0.7 (2.0) 0.2 <1 n.d. n.d. 
a Reaction conditions: precursor see table (20-30 mg), 8 mL of methanol (23 mol L-1) or 7.8 mL of THF as a 

co-solvent with 0.2 mL of methanol (0.5 mol L-1), 500 µL of methyl hexanoate as internal standard, 

saturation of reaction mixtures with propylene at 4 bar for 10 min, 45 min reaction time, 60 °C. b Theoretical 

concentration of propylene in the reaction mixture as calculated by charged mass is given in parentheses. 
c Conversion and selectivity for linear product, methyl n-butyrate, were determined by gas chromatography 

of the crude reaction mixtures vs methyl hexanoate as an internal standard. d Reaction time: 30 min. e 

Conversion includes new peaks detected via GC at a retention time of 7.8 min and 8.2 min. f Reaction time: 

2.5 h. 

 A dtbpp coordinated catalyst gave similar results compared to a dtbpx-coordinated catalyst 

in pure methanol as solvent and reactant, however with a lower activity and selectivity, as 

expected (Table 4-6, entries 5-6). At a reduced methanol concentration, the dtbpp coordinated Pd 

catalyst did not react in the carbonylation of propylene and no higher insertion products were 

observed.  

Carbonylation of propylene with a dtbpe-coordinated Pd complex afforded a different 

product mixture and only minor amounts of butyrate esters were observed via gas 

chromatography (Figure 4-8, retention times between 3 and 4 min). The conversion and TOF in 

pure methanol is moderate and is only enhanced to a small extent at longer reaction times (Table 

4-6, entry 7 vs 8, GC traces a+b in Figure 4-8). Reducing the concentration of methanol leads to a 

lower conversion, or no detectable conversion at all at 0.5 mol L-1 (entry 9 and 10). The ester 

products, methyl butyrate and methyl iso-butyrate, that are usually formed via methanolysis, are 

only formed to a minor extent as visible by comparison to a carbonylation with a 

[(dtbpx)Pd(OTf)2] precursor (Figure 4-8, traces a+b vs c). The selectivity for the linear ester of all 

products is therefore low (>10%). Around 90% of the product mixture are other compounds that 

exhibit signals at higher retention times indicating a higher molecular weight and possible 

formation of secondary insertion products.  
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Figure 4-8. Comparative GC traces of reaction mixtures of carbonylation of propylene in 

methanol with the [(dtbpe)Pd(OTf)2] precursor (a-b) and [(dtbpx)Pd(OTf)2] precursor (c). Right 

enlargement shows new signals detected via gas chromatography. 

As outlined in Scheme 4-4 various products of a higher molecular weight are conceivable. The 

insertion mode of propylene determines the regiochemistry of the product and can either produce 

a branched or linear alkyl segment. The termination follows either a protonolysis or β-hydride 

elimination pathway generating saturated or olefinic endgroups. 

The additional, so far not identified, products were further analyzed via NMR spectroscopy.a 

A 1H NMR spectrum of the reaction mixture clearly shows the characteristic signals for an iso-

propyl group neighboring a carbonyl group (Figure 4-9, heptet at 2.7 ppm, 3JH-H = 7.0 Hz; doublet 

at 1.1 ppm, 3JH-H = 7.0 Hz). This signal can partially be related to the formation of the branched 

methyl iso-butyrate from alkoxycarbonylation, but 2D NMR spectroscopy also shows correlations 

of this group to a keto moiety (Figure 4-10, for more 2D NMR spectra see Experimental Section). 

These characteristic signals and correlations clearly prove that propylene inserts into a dtbpe-

coordinated Pd acyl species in a 1,2-mode and terminates via protonolysis. It is assumed that the 

first insertion of propylene into a Pd hydride, either in a 1,2- or 2,1-mode with isomerization, 

always yields a linear Pd alkyl prior to CO insertion. This is confirmed by 2D NMR spectroscopy 

by correlations of the protons of the iso-propyl moiety to protons of the linear unit. This 

combination of a linear Pd acyl with a 1,2-insertion followed by protonolysis generates the 

unsymmetric iso-propyl-n-propylketone as a major product (as shown in Figure 4-9).  

                                                             
a NMR spectroscopic analysis was conducted with crude reaction mixtures as removal of the solvent 
inevitably removed some products with similar boiling points. Further, the internal standard methyl 
hexanoate, which was needed for GC analysis, could not be removed from the reaction mixture and signals 
of this compound overlap partially with product signals.  
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Figure 4-9. Aliphatic region of 1H NMR spectrum of crude reaction mixture of Table 4-6, entry 7, 

showing the formation of n-propyl-iso-propylketone (2-methylhexan-3-one).  

 

Figure 4-10. 1H 13C HMBC NMR spectrum of crude reaction mixture of Table 4-6, entry 7, 

showing the formation of n-propyl-iso-propylketone.  

Further signals in the olefinic region also allow for an identification of the second product 

that is formed in minor amounts (GC retention time at 7.8 min, 16%, Figure 4-8). Characteristic 

peaks in the 1H NMR spectrum indicate that an iso-propenyl group is formed via β-hydride 

elimination after a 1,2-insertion of propylene (Figure 4-11). Again, the first insertion of propylene 
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is assumed to produce a linear hydrocarbon segment (vide supra) which affords a n-propyl-iso-

propenylketone as the secondary insertion product. Correlations of 2D NMR spectroscopy further 

confirmed the formation of a keto moiety besides the iso-propenyl group (carbonyl-C in 13C NMR: 

δ 203 ppm, cf. Figure 4-10 and Experimental Section for further NMR spectra). The relative 

integrals of the characteristic NMR signals of both assumed products, n-propyl-iso-propylketone 

and n-propyl-iso-propenylketone, are also in the same range compared to relative amounts given 

by integrations in the GC trace. 

 

Figure 4-11. Olefinic region of 1H NMR spectrum of crude reaction mixture of Table 4-6, entry 7, 

showing the formation of n-propyl-iso-propenylketone (2-methylhex-1-en-3-one). Integrals 

relate to integrals shown in Figure 4-9 (∫ = 6 for CH3 of iso-propyl moiety).  

The products that were unambiguously detected by NMR spectroscopy and gas 

chromatography from the propylene carbonylation with a dtbpe-Pd catalyst are shown in Scheme 

4-6 with their relative amounts. The unsymmetric, saturated secondary insertion product 

n-propyl-iso-propylketone is the major product with 72%. This compound is most likely formed 

by an insertion of propylene into a Pd hydride (1,2-insertion, or 2,1-insertion with isomerization), 

followed by CO insertion, 1,2-insertion of propylene and protonolysis. Note that this product could 

also be a result of a 2,1-insertion of propylene into a Pd-H species, followed by insertion of CO and 

propylene in an 2,1-mode. This reaction pathway is, however, unlikely as the formation of the 

linear Pd alkyl species is favored in the first step. The preference for a linear Pd alkyl species is 

obvious from the ratios of linear to branched ester products. The linear ester is formed with a 

selectivity of 75% of both ester products with the dtbpe-based Pd catalyst. 

A range of other products with different regiochemistry and end groups following a similar 

reaction pattern is conceivable and are shown besides the major products (grey compounds in 

Scheme 4-6). The formation of an iso-propyl group in the first step of propylene insertion into a 

Pd hydride is most likely only occurring to a minor extent. In combination with a subsequent CO 

insertion and 1,2-insertion of propylene this would result in the formation of a di-iso-propyl-

ketone. The formation of the 2,1-insertion products into a linear Pd acyl giving di-n-propylketone 
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(heptan-4-one) and n-propyl-n-propenylketone (hept-1-en-4-one) is also feasible. In 1H NMR 

signals for the saturated di-n-propylketone overlap with signals of the internal standard and the 

linear aliphatic units of the aforementioned keto products and cannot be assigned unambigiously. 

The linear unsaturated n-propyl-n-propenylketone (and its double bond isomer) could be formed 

in small amounts as there are further unidentified signals in the olefinic region of the 1H NMR 

spectrum (Figure 4-11). Notwithstanding, amounts of these 2,1-insertion products and all other 

products arising from an iso-propyl Pd acyl species in combination with various insertion and 

termination reactions are assumed to be negligible as there are no further product signals 

detected via gas chromatography. Higher insertion products were not detected in the dtbpe-Pd 

catalyzed carbonylations of propylene. 

All of the aforementioned saturated keto products, linear as well as branched compounds, 

and both esters are commercially available.215 A catalytic access to the unsaturated keto products, 

e.g. the unsymmetric n-propyl-iso-propenylketone, from cheap and abundant starting materials, 

such as propylene and CO, could be of interest as these are currently not commercially available.  

Scheme 4-6. Carbonylation products of propylene with a [(dtbpe)Pd(OTf)2] precursor as 

detected by NMR spectroscopy and GC with relative amounts (as detected by GC, Table 4-6, 

entry 8) besides other products that cannot unambiguously detected. 

 

These experiments demonstrate that none of the applied catalysts bearing a diphosphine 

with a C3-backbone, independent of their steric congestion, can generate keto products by further 

insertions of propylene into a Pd acyl species. The C2-bridged diphosphine is the only exception 

amongst the ligands studied that allows for a second insertion of propylene to form various 

heptanones and heptenones.  

This peculiar reaction behavior has already been reported by Pugh and Drent who used dtbpe 

as a diphosphine for a Pd catalyzed reaction of ethylene and CO.33 A dtbpe-coordinated Pd catalyst 

produces diethylketone with a selectivity of over 90% and only minor amounts of methyl 
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propionate or higher insertion products were formed. Methanol acts as a source of hydrogen for 

the termination via protonolysis as found by gas phase analysis and detection of formaldehyde. 

The authors reasoned that the dtbpe ligand with its C2 backbone and a lower steric demand allows 

for the formation of the stable five-membered chelate (c.f. Figure 4-6) which is inhibited with the 

related dtbpp ligand that exhibits a C3-backbone.  

It is remarkable that the dtbpe complex is selective for a single CO insertion and the formation 

of diethylketone or dipropylketone (with all the aforementioned isomers), respectively. Usually, 

CO coordination and insertion into the five-membered chelate is facile as observed with related 

Pd complexes coordinated by diphosphine ligands like dppp or dsbpp.28-29,33 Due to this facile and 

fast CO insertion we would have expected the intermediate formation of a six-membered chelate 

and subsequent chain propagation to higher oligoketo products which we did not observe with 

the dtbpe-based catalyst. The electron rich dtbpe ligand holds the special position of promoting a 

second olefin insertion into a Pd acyl complex, forming the five-membered chelate, but preventing 

further chain growth via the six-membered chelate species. Presumably, the formation of this five-

membered β-CO-chelate with one keto group on the growing chain is favored and highly stable 

with the dtbpe ligand. It can be assumed that further coordination of CO – or any other substrate – 

generates a Pd complex that is energetically disfavored. This particular behavior can also be 

reasoned by the opening angle of the [(dtbpe)Pd(OTf)2] precursor which is in between the 

opening angles of complexes with diphosphine ligands known for their copolymerization activity 

that form both five- and six-membered chelates213 (dippp and depp when used as in situ systems) 

and selective methoxycarbonylation ligands that promote the formation of a η2-acyl species156-157 

(dtbpp and dtbpx).  

The favored formation of the unsymmetric ketones (n-propyl-iso-propylketone and n-propyl-

iso-propenylketone, vide supra) in the carbonylation of propylene with a dtbpe-Pd complex can 

be reasoned by the preference for a 1,2-insertion of the olefin into the Pd-acyl. Drent already 

reported that diphosphines with alkyl substituents on the phosphorous atoms show a 

significantly higher selectivity for the 1,2-insertion (up to 99%) compared to diphosphines with 

phenyl substituents (typically around 75%).13,29  

Both termination pathways of protonolysis and β-hydride elimination are operative, as 

obvious from the products detected in 1H NMR spectroscopy. However, protonolysis seems to 

dominate as a termination reaction. Methanol is most likely the hydrogen donor, similar to the 

previous reports by Drent et al.33 Consequently, at lower methanol concentrations the activity for 

the ketone formation also decreases, as observed in the aforementioned reactions.   
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4.3 Conclusion 

Pd catalyzed carbonylation allows for a functionalization of olefins by introducing a carbonyl 

moiety. The shortest possible product is an ester that can be formed from an olefin, CO and an 

alcohol by a Pd catalyst either bearing two monodentate phosphines or a bulky diphosphine 

ligand. Instead of direct termination of the reaction via solvolysis, propagation by repeated 

insertion of the olefin and CO can produce a polyketone. A polyketone from ethylene and CO has 

a high chemical resistance, but is also insoluble in most solvents and processing is difficult. A lower 

ratio of carbonyl to hydrocarbon segments seems to be desirable to reduce the melting point and 

allow for an easier processing. However, up until today only copolymerization of terminal olefins 

with CO producing alkyl branches on the polymer backbone of a γ-polyketone was feasible by 

diphosphine Pd catalysis. Longer hydrocarbon segments can be obtained by non-alternating 

ethylene-CO polymerization with phosphinosulfonato Pd catalysts.  

Another approach to extend the aliphatic units in a polyketone is the combination of 

isomerization and chain propagation in a carbonylation reaction of a terminal olefin and CO. To 

achieve such a ‘chain straightening’ we investigated if the well-known [(dtbpx)Pd(OTf)2] catalyst 

precursor with its high isomerization activity and preference for terminal functionalization is 

suitable to undergo chain propagation by insertion of propylene into a Pd acyl generating higher 

insertion products. Propylene was utilized as a substrate that cannot isomerize to a less reactive 

internal olefin. 

Carbonylation of propylene with [(dtbpx)Pd(OTf)2] as a catalyst precursor in methanol was 

established and yields methyl butyrate as a main product with a selectivity of 97% at 60 °C and 

20 bar of CO. The activity of the catalyst is dependent on the concentration of propylene.  

We hypothesized that an intermediate Pd acyl species could be enforced to insert a second 

olefin if the concentration of the alcohol as the crucial reactant of the rate-determining step is 

lowered. A high concentration of the olefin at a low methanol concentration could increase the 

likelihood of the formation of higher insertion products. However, with a dtbpx-coordinated Pd 

catalyst we did not observe any formation of higher insertion products; the short-chained esters 

were the only products detected and activity declined significantly with lower methanol 

concentrations. This was observed with propylene and ethylene as substrates. The lack of higher 

insertion products can be rationalized by the fact that sterically demanding, electron rich ligands 

like dtbpx are very effective in stabilizing a η2-acyl species that is an intermediate in the 

methanolysis pathway, while further olefin coordination to a Pd acyl species is disfavored. The 

insertion of an olefin into a Pd acyl is inhibited with these sterically demanding ligands due to a 

high energetic barrier for the olefin insertion. The formation of a stabilizing five-membered β-CO-
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Pd-chelate is therefore not feasible and the favored η2-acyl promotes termination via 

methanolysis.  

Propylene as a substrate for higher insertion products was further applied in a carbonylation 

reaction of propylene with other diphosphine coordinated Pd catalysts that exhibit a varying 

steric demand around the Pd center. Pd complexes with a larger opening angle, such as 1,3-

bis(diethylphosphino)propane (depp) and 1,3-bis(di-iso-propylphosphino)propane (dippp) did 

not yield an active catalyst for a carbonylation reaction, presumably as a result of inefficient 

formation of the active hydride from the Pd triflate precursors contrary to their in situ systems 

that apply an excess of ligand and acid.156-157,213 A Pd catalyst with a 1,3-bis(di-tert-

butylphosphino)propane (dtbpp) ligand only shows formation of the ester products, comparable 

to the dtbpx-based system.  

A Pd complex with a diphosphine based on a C2-backbone (1,2-bis(di-tert-butylphosphino)-

ethane, dtbpe) is the only catalyst studied within this work that allowed for the formation of 

higher insertion products. Here, two ketones were detected and the unsymmetric n-propyl-iso-

propenylketone is the major product (about 72% of product mixture). The short-chained ester 

products were only generated in a minor amount (approx. 10%). Based on similar results with 

ethylene as a substrate from other groups,33,52 we reasoned that this C2-bridged diphosphine is in 

a peculiar position that allows for the formation of a five-membered β-CO-Pd-chelate, which is 

highly stable and prevents further CO coordination and insertion. The lack of further substrate 

coordination and chain growth results in the selective formation of the keto products.  

However, for generation of polyketones with ‘straightened’ hydrocarbon segments, this 

dtbpe-based catalyst is not suitable. The 1,2-insertion of a terminal olefin into a Pd acyl is favored 

and always results in the formation of alkyl-branches in the polymer backbone. This preference 

for a 1,2-insertion has been reported before for alkyl phosphine ligands that can be used to 

produce highly regioregular polymers.13,29 Phenyl phosphine ligands give less regioselective 

catalysts, but no selectivity for a 2,1-insertion, which is needed for a ‘chain straightening’, is 

reported either. The ideal ligand for a Pd catalyzed alternating, isomerizing copolymerization of a 

terminal olefin and CO would promote a selective 2,1-insertion while also exhibiting a high 

isomerization activity and preference for a terminal functionalization. Additionally, such an 

electron-rich ligand promotes the formation of a five-membered chelate Pd alkyl chelate which is 

able to coordinate and insert CO subsequently, rather than a highly stable chelate as presumably 

formed with the dtbpe ligand, to promote the keto chain growth and prevent termination from 

this chelate. 
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4.4 Experimental Section 

4.4.1 Materials and General Considerations  

Unless noted otherwise, all manipulations of phosphines or palladium complexes were 

carried out under an inert nitrogen or argon atmosphere using standard glovebox or Schlenk 

techniques. THF was distilled from blue sodium/benzophenone ketyl, methanol from activated 

(iodine) magnesium and dichloromethane from calcium hydride under argon prior to use. All 

other solvents were commercial grade and degassed by repetitive freeze/pump/thaw-cycles. 

Methyl hexanoate, methyl butyrate and methyl iso-butyrate were obtained from Sigma Aldrich, 

propylene (BASF) and ethylene (3.5, Air Liquide) were used as commercially available. Methyl 

hexanoate was degassed with three consecutive freeze-pump-thaw cycles. Pd complexes were 

prepared according to reported procedures and were available in the group.157  

 

Gas Chromatography 

Gas chromatography was carried out on a Perkin Elmer Clarus 500 instrument fitted with an 

autosampler and FID detector. A Perkin Elmer Elite-5 5% Diphenyl- 95% Dimethylpolysiloxane 

series capillary column (length: 30 m, inner diameter: 0.25 mm, film thickness: 0.25 mm) was 

utilized with helium as a carrier gas at 1.5 mL/min flow rate. The oven was held at 40 °C for 7 

minutes, then ramped 40 °C min-1 to 280 °C and held isothermal for 3 minutes. The detector was 

kept at a constant temperature of 280 °C.  

 

NMR Spectroscopy 

Spectra were recorded on a Bruker Advance III 400 instrument. 1H NMR spectra were 

referenced to residual protiated solvent signals. 13C NMR spectra were referenced to the solvent 

signals, 31P NMR spectra to external 85% H3PO4. NMR spectra are reported as follows: chemical 

shift (δ ppm), multiplicity, coupling constant (Hz), and integration. Multiplicities are given as 

follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, quint: quintet, m: 

multiplet, v: virtual, br.: broad. The identity of metal complexes and detailed NMR assignments 

were established by 2D NMR experiments (1H,1H COSY, 1H,13C HSQC, 1H,13C HMBC and 1H,31P 

HMBC) in addition to 1D NMR experiments. Acquired data was processed and analyzed using 

MestReNova software. 
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4.4.2 General Procedure for Alkoxycarbonylation of Propylene and 

Ethylene 

All alkoxycarbonylation experiments were carried out in a 20 mL stainless steel pressure 

reactor fitted with a glass insert, magnetic stir bar and a two-way and a three-way stopcock 

allowing for addition of various gaseous substrates under inert gas conditions (Figure 4-12). The 

reactors were purged according to standard Schlenk/air-sensitive techniques prior to use. 

Nitrogen gas was used to purge the propylene and ethylene lines while argon was used to purge 

the carbon monoxide line. The reactors were inserted into stainless steel blocks and heated using 

standard laboratory hot plates regulated with a thermocouple. 

The palladium catalyst precursor was weighed out in a glove box into a 25 mL Schlenk tube. 

The required amount of methanol, methyl hexanoate as an internal standard and, optionally, a 

second solvent was added under nitrogen. The reaction mixture was transferred to the pressure 

reactor under a constant nitrogen stream. The reactor was pressurized with propylene or 

ethylene for 10 minutes while stirring at 1000 rpm. The mass of gas added and dissolved was 

measured as the weight difference of the pressure reactor after pressurization. The reactor was 

then pressurized with CO (10 or 20 bar) and transferred into a preheated aluminum block. The 

reaction was stirred at 1000 rpm at a given temperature for the desired reaction times (typically 

between 30-45 minutes). After the reaction was terminated the reactor was cooled for 10-30 

minutes (depending on reaction temperature) and the remaining pressure was released 

subsequently. The reaction mixture was transferred into a vial and the reactor washed with 

methanol. The organic fractions were combined, and a sample for NMR and gas chromatography 

was taken from this volume. 

 

Figure 4-12. Stainless steel pressure reactor fitted with connections allowing for charging of 

different gaseous substrates under inert gas conditions.  
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4.4.3 NMR Spectroscopic Identification of Products of Propylene 

Carbonylation 

Methyl Hexanoate (internal standard for GC analysis) 

 

1H NMR (400 MHz, MeOD, 300 K): δ 3.6 (s, 3H, H-7), 2.3 (t, 3JH-H = 7.4 Hz, 2H, H-5), 1.5 (m, 3JH-H = 4 

Hz, 2H, H-4), 1.3 (m, 2H, H-3), 1.2 (m, 2H, H-2), 0.9 (t, 3JH-H = 7.0 Hz, 3H, H-1). 

13C{1H} NMR (100 MHz, MeOD, 300 K): δ 175.0 (C-6), 50.9 (C-7), 33.8 (C-5), 31.4 (C-4), 25.1 (C-3), 

22.4 (C-2), 13.2 (C-1). 

 

Methyl Butyrate 

 

1H NMR (400 MHz, MeOD, 300 K): δ 3.2 (s, 3H, H-5), 2.2 (t, 3JH-H = 7.3 Hz, 2H, H-3), 1.65 (hept, 3JH-

H = 7.4 Hz, 2H, H-2), 0.9 (t, 3JH-H = 7.4 Hz, 3H, H-1). 

13C{1H} NMR (100 MHz, MeOD, 300 K): δ 174.8 (C-4), 50.9 (C-5), 35.7 (C-3), 18.4 (C-2), 12.9 (C-1). 

 

Methyl iso-Butyrate 

 

1H NMR (400 MHz, MeOD, 300 K): δ 3.6 (s, 3H, H-4), 2.5 (hept, 3JH-H = 6.9 Hz, 1H, H-2), 1.1 (d, 3JH-H 

= 6.9 Hz, 6H, H-1). 

13C{1H} NMR (100 MHz, MeOD, 300 K): δ 178.3 (C-3), 51.1 (C-4), 34.0 (C-2), 18.3 (C-1). 
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2-Methylhexan-3-one (iso-Propyl-n-propylketone) 

 

1H NMR (400 MHz, MeOD, 300 K): δ 2.7 (hept, 3JH-H = 7.0 Hz, 1H, H-2), 2.6 (t, 3JH-H = 7.2 Hz, 2H, H-

4), 1.6 (m, 2H, H-5), 1.1 (d, 3JH-H = 7.0 Hz, 6H, H-1), 0.9 (t, 3JH-H = 7.4 Hz, 3H, H-6). 

13C{1H} NMR (100 MHz, MeOD, 300 K): δ 217.34 (C-3), 34.74 (C-4), 32.37 (C-2), 25.69 (C-5), 23.34 

(C-1), 14.03 (C-6). 

 

 

Additional NMR Spectra of Reaction Mixture of Propylene Carbonylation 

with [(dtbpe)Pd(OTf)2] as a Precursor 

For reaction conditions and results, see Table 4-6, entry 7.  

 

Figure 4-13. Aliphatic region of 1H 1H COSY NMR spectrum of propylene carbonylation in 

methanol with [(dtbpe)Pd(OTf)2]. 
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Figure 4-14. Olefinic correlations in 1H 1H COSY NMR spectrum of propylene carbonylation in 

methanol with [(dtbpe)Pd(OTf)2]. 

 

Figure 4-15. Aliphatic region of 1H 13C HSQC NMR spectrum of propylene carbonylation in 

methanol with [(dtbpe)Pd(OTf)2]. 
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Figure 4-16. Aliphatic region of 1H 13C HMBC NMR spectrum of propylene carbonylation in 

methanol with [(dtbpe)Pd(OTf)2]. 

 

Figure 4-17. Olefinic correlations in 1H 13C HMBC NMR spectrum of propylene carbonylation in 

methanol with [(dtbpe)Pd(OTf)2]. 
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Figure 4-18. Correlations of carbonyl moieties in 1H 13C HMBC NMR spectrum of propylene 

carbonylation in methanol with [(dtbpe)Pd(OTf)2]. 
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5. Interconversion of Nanocrystals 

and Bulk Metal with a Highly Selective 

Molecular Catalyst a 

Interconversion of Na nocrysta ls a nd Metal with a Selective Molecular Cataly st 

5.1 Introduction 

Catalysis by soluble transition metal complexes often involves interconversions of the soluble 

catalyst to nanoparticles and further to highly aggregated and inactive states. Understanding 

these deactivation pathways of the active catalyst and the ultimate transformation to a completely 

inactive species is of great interest.16 Research on palladium-catalyzed C-C couplings has shown 

that molecular catalyst species can interconvert to metal clusters and nanoparticles and vice 

versa.216-230 However, the true nature of the active species – mononuclear metal complexes or 

surface atoms of small clusters or dispersed nanoparticles – remained unclear throughout the 

discussion and seems to be highly dependent on reaction conditions and parameters.231-232 These 

C-C couplings are also particular in that the substrates, namely aryl halides, undergo oxidative 

addition as part of the catalytic cycle. Further, in the systems studied selectivity is not an issue. 

Investigations on hydroformylation, as one of the most prominent and important 

homogeneously catalyzed reactions, showed that Rh nanoparticles can be used instead of 

molecular precursors.233-239 A typical Rh-catalyzed hydroformylation of an olefin, also with 

nanoparticles as precursors, results in a linear to branched product ratio of approximately 3:1. 

                                                             

a Parts of this chapter 5 are published in ACS Catal. 2018, 8, 5515-5525. 

5 
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Examples of a highly selective catalyst e.g. reaching a selectivity for the linear product above 90%, 

are rare and in these cases it is particularly doubtful whether nanoparticles are the true active 

species or a precursor for a homogeneous molecular catalyst.237,240  

Widegren and Finke and Crabtree have reviewed various tests and methods for 

distinguishing between homogeneous and heterogeneous catalyst species.241-242 Notwithstanding 

this, it remains a challenge to make a clear distinction between catalyst species and it is possible 

that the true nature of the active species is a ‘cocktail of catalysts’ in many cases.243  

The formation, agglomeration and precipitation of such particles to macroscopically 

separated bulk metal, e.g. the formation of ‘palladium black’ from molecular Pd precursors, has 

been considered as the final inactive state of many catalysts which terminates the reaction.244-246 

Formation of zerovalent species and the agglomeration is particularly an issue for reactions that 

are catalyzed by a transition metal species in a positive oxidation state in a reducing environment, 

e.g. PdII catalyzed carbonylation reactions in the presence of CO. An effective stabilization of an 

intermediate species, such as nanoclusters and particles, can prevent further agglomeration. This 

effect presumably enhances the activity of a molecular Pd catalyst in a carbonylation reaction.141-

143 

To date, there are only few examples where agglomerates, precipitates or bulk materials have 

been positively identified as precursors for a homogeneously catalyzed reaction. Crudden and co-

workers247 and Del Zotto and co-workers248 successfully showed that Pd bulk metal (foil, sponge 

or wire) can be used as a precursor for the active Pd0 species in Suzuki-Miyaura couplings. Using 

a reactor that allows for a local heating of Pd foil, Crudden et al. were able to demonstrate the 

dissolution of the bulk Pd, the formation of a soluble species and the redistribution from the 

reactive zone to the non-heated zone. However, both of these examples are particular in that the 

oxidative addition of an aryl halide to a metal atom is a key reaction step in the catalytic cycle.249 

Further, Del Zotto et al. showed that palladium oxide impurities on the surfaces can act as the 

catalyst precursor in these Suzuki-Miyaura couplings and that no catalytic activity was observed 

after hydrogenation of the bulk material.248  

In terms of generating highly active catalysts, that operate as single-site and homogeneously 

dissolved species, it is important to know at what stage the conversion to larger structures and 

agglomerates becomes irreversible (Figure 5-1). The existing observations on the mechanism, the 

true active species and the final decomposition products in many transition metal catalyzed 

reactions lack a comprehensive view of the (ir)reversibility of agglomeration of particles and 

possible (re)activation mechanisms to an unambiguous active species within one catalyst system. 

This knowledge would be instrumental to regenerate a reservoir species to the active species and 

avoid the final decomposition of the active catalyst. 
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Figure 5-1. Interconversion of a transition metal catalyst with possible reservoir species and/or 

inactive states. 

The isomerizing carbonylation studied in this thesis provides a unique system to address 

these long-standing issues. The high selectivity of the formation of the new ester group at a site 

remote to the original double bond position is characteristic to a homotopic (= single-site) 

sterically highly congested mononuclear species. At the same time, these studies also provide a 

deeper understanding of the particular catalyst system itself.  
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5.2 Results and Discussion 

5.2.1 Isomerizing Methoxycarbonylation as a Single-Site 

Catalyzed/Homotopic Reaction 

When investigating interconversions between an active catalyst, reservoir species and 

inactive agglomerates it is crucial to work with a reaction that is run exclusively by one defined 

and well-characterized species. For the following discussion we will adopt Crabtree’s definition 

for differentiating between homotopic catalysis (single-site catalysts) and heterotopic catalysis 

(multiple active sites on a catalyst) rather than homogeneous and heterogeneous catalysis that is 

based on phase distinction.242 This definition is particular reasonable when discussing 

nanoparticles or small nanoclusters that could act as heterotopic catalysts and are on the border 

between being solubilized or a phase-separated species, situated between the classic definitions 

of homogeneous and heterogeneous catalysis. 

Highly selective reactions, such as isomerizing carbonylation reactions are assumed to run 

exclusively from a single-site/homotopic catalyst species. In Pd catalyzed carbonylations of 

unsaturated substrates, including unsaturated fatty acid esters as a renewable feedstock (Scheme 

5-1), a Pd hydride species has been recognized as the active species.54-56,127,214  

Scheme 5-1. Isomerizing methoxycarbonylation of methyl oleate generation a liner 1,19-diester. 

 

The selectivity for the terminal functionalized product starting from methyl oleate is over 

90% when using a sterically demanding and electron rich diphosphine ligand, like 1,2-bis-(di-tert-

butylphosphino)xylene (dtbpx), even though the position functionalized is eight carbon atoms 

away from the original double bond. The high selectivity is unique and a clear indicator of a 

homotopic catalysis reaction that is in line with the nature of the assumed species. This is further 

attested by computational studies that have identified a homotopic species and major differences 

in the energetic barriers of the rate-determining methanolysis step which matches well with the 

experimental results.57,128,145,156,242 Here, only the linear Pd acyl species reacts with methanol and 

forms the linear ester product, while all other branched acyl species do not react in 
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methanolysis.52,57,156 At the same time, while olefin insertion into a Pd-H occurs rapidly and chain 

walking is facile, no observable olefin insertion into the formed Pd alkyls or Pd acyls occurs. This 

very specific overall selectivity profile is related to the environment of a PdII center entwined by 

a very bulk diphosphine ligand (e.g. the remaining opening angle for an approaching substrate is 

<172 °).156 Further evidence for the homotopic nature of the catalyst is provided in the course of 

this work with methods that follow Crabtree’s review.242 We have previously reported on the 

isomerizing methoxycarbonylation of unsaturated fatty acids with [(dtbpx)Pd(OTf)2] as a highly 

active catalyst precursor giving access to linear, long-chain difunctionalized monomers for 

polycondensation.145,161,173 However, the catalytically active Pd hydride species decomposes to a 

large extent during the reaction as observed by the formation of Pd black. 

The activity of the catalytic system can be enhanced by suppressing decomposition of the 

active catalyst [(dtbpx)Pd(H)(MeOH)]+ through the addition of diprotonated diphosphine ligand 

(dtbpxH2)(OTf)2 to the reaction mixture. Compared to the previously published activity of 12 h-1 

for the same catalyst precursor, we have achieved an increased turnover frequency (TOF) of 76 h-1 

for this catalytic system (Figure 5-2, TOF was calculated at 30% conversion).156, a Note, that the 

selectivity for the linear product remains above 90% at all times for both catalytic systems 

indicating no changes in the homotopic nature of the catalytically active species. 

 

Figure 5-2. Kinetic profiles of isomerizing methoxycarbonylation of methyl oleate with 

[(dtbpx)Pd(OTf)2] as a catalyst precursor (●) and in the presence of additional 

(dtbpxH2)(OTf)2 (■). Note, that the dashed lines are merely a guide to the eye. 

                                                             
a As shown later, (dtbpxH2)(OTf)2 is a potent activator of any Pd species, and in particular of any trace 
residues of Pd from previous reactions remaining in the pressure reactor. Therefore, it was of particular 
importance to work in entirely “Pd free” pressure reactors for a reliable and reproducible calculation of 
TOFs (see Experimental Section for procedure). 
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To further unravel the reaction occurring, the influences of the individual components of the 

catalytic system were studied. Addition of a strong acid containing a weakly coordinating anion, 

like trifluoromethanesulfonic acid (TfOH), or addition of the non-protonated diphosphine ligand 

dtbpx without any additional acid results in a lower activity of the catalytic system (Table 5-1). An 

excess of TfOH causes intensified decomposition to Pd black, while addition of the diphosphine 

ligand dtbpx potentially blocks active sites on the Pd center resulting in a lower conversion of 

methyl oleate.  

Table 5-1. Isomerizing methoxycarbonylation of methyl oleate with 0.1 mol% of 

[(dtbpx)Pd(OTf)2] and additional dtbpx and TfOH.a 

entry additive equiv. of additive conversionb (%) selectivityb (%) 

1 - - 65 91 

2 dtbpx 1 25 90 

3 dtbpx 5 <1 n.d. 

4 TfOH 1 43 92 

5 TfOH 5 26 90 

6 TfOH 10 12 91 

7 (dtbpxH2)(OTf)2 1 89 93 

8 (dtbpxH2)(OTf)2 5 92 91 

9 (dtbpxH2)(OTf)2 10 92 93 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), 0.1 mol% of [(dtbpx)Pd(OTf)2] as catalyst precursor, equiv. of additives 

relative to Pd, 8 mL of methanol, 20 bar of CO (initial pressure), 90 °C, 18 h. b Conversion and selectivity for 

the linear 1,19-diester were determined by gas chromatography of the crude reaction mixtures. n.d. = not 

determined. 

Coordination of dtbpx to the Pd center is observed in NMR scale experiments with an excess 

of dtbpx relative to the precursor [(dtbpx)Pd(OTf)2] in MeOH showing a multitude of doublet and 

singlet signals which most likely correspond to various diphosphine coordinated Pd species 

(Figure 5-3). Utilizing the diphosphine ligand dtbpx and TfOH in a 1:2 ratio results in the 

formation of (dtbpxH2)(OTf)2 and an increasing conversion of methyl oleate is observed when this 

is used as an additive to the precursor [(dtbpx)Pd(OTf)2] (vide supra, Table 5-1, see Experimental 

Section, Figure 5-28, Figure 5-29). NMR spectroscopy of a reaction mixture of [(dtbpx)Pd(OTf)2], 

(dtbpxH2)(OTf)2 in methanol shows the sole formation of the hydride [(dtbpx)Pd(H)(MeOH)]+ 

besides unaltered (dtbpxH2)2+ (Figure 5-4). Increasing the amount of (dtbpxH2)(OTf)2 to more 

than three equivalents relative to Pd did not cause a significant enhancement of the activity (see 

also Appendix, Table 5-11). 
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Figure 5-3. 31P{1H} NMR spectrum of experiment for the influence of excess of dtbpx to the 

catalyst precursor [(dtbpx)Pd(OTf)2]. Reaction conditions: 10 mg of [(dtbpx)Pd(OTf)2] and 3 

equiv. of dtbpx in 0.5 mL of CD2Cl2 and 0.3 mL of methanol. 

 

Figure 5-4. 31P{1H} NMR spectrum of experiment for the influence of excess of (dtbpxH2)(OTf)2 

to the catalyst precursor [(dtbpx)Pd(OTf)2]. Reaction conditions: 10 mg of [(dtbpx)Pd(OTf)2] 

and 3 equiv. of (dtbpxH2)(OTf)2 in 0.5 mL of CD2Cl2 and 0.3 mL of methanol.a 

A slight excess of the diprotonated diphosphine ligand to the precursor [(dtbpx)Pd(OTf)2] 

also gives a more robust catalytic system. While the catalyst derived from the precursor alone 

decomposes to Pd black more easily at temperatures above 90 °C, [(dtbpx)Pd(OTf)2] in the 

presence of (dtbpxH2)(OTf)2 gives even higher activities at 110 °C (Figure 5-5). The selectivity is 

slightly lowered (88%), as expected, as higher energetic barriers can be overcome under those 

                                                             
a Note, that the signal for (dtbpxH2)(OTf)2 does not resemble a doublet but is rather a broad signal due to a 
rapid exchange of P-H protons with MeOH. 
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conditions which enhance the formation of side products.156 Therefore, all of the subsequent 

reactions were conducted at 90 °C.  

 

Figure 5-5. Temperature variation in isomerizing methoxycarbonylation of methyl oleate with 

[(dtbpx)Pd(OTf)2] (0.1 mol% ●) and with additional (dtbpxH2)(OTf)2 (0.05 mol% ●). 

Table 5-2. Temperature variation in isomerizing methoxycarbonylation of methyl oleate with 

[(dtbpx)Pd(OTf)2].a 

entry 
cat. loading 

(mol%) 

equiv. of 

(dtbpxH2)(OTf)2 
T (°C) 

conversionb  

(%) 

selectivityb  

(%) 

1 0.1 0 80 54 93 

2 0.1 0 90 65 91 

3 0.1 0 100 60 91 

4 0.1 0 110 51 90 

5 0.1 0 120 37 89 

6 0.1 0 130 17 87 

7 0.1 3 70 65 92 

8 0.1 3 80 84 93 

9 0.1 3 90 90 92 

10 0.1 3 100 93 90 

11 0.05 0 90 30 92 

12 0.05 3 80 50 93 

13 0.05 3 90 64 90 

14 0.05 3 100 73 91 

15 0.05 3 110 75 88 

16 0.05 3 120 72 86 

17 0.05 3 130 56 88 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), [(dtbpx)Pd(OTf)2] as catalyst precursor, equiv. of (dtbpxH2)(OTf)2 relative 

to Pd, 8 mL of methanol, 20 bar of CO (initial pressure), 90 °C, 18 h. b Conversion and selectivity for the 

linear 1,19-diester were determined by gas chromatography of the crude reaction mixtures. n.d. = not 

determined. 



Interconversion of Nanocrystals and Metal with a Selective Molecular Catalyst 

- 133 - 

5.2.2 Identification of Deactivation Pathways of the Molecular Pd 

Catalyst 

NMR studies on the decomposition of the Pd hydride species [(dtbpx)Pd(H)(MeOH)]+, as well 

as analysis of reaction mixtures after isomerizing methoxycarbonylation show that the 

diprotonated diphosphine (dtbpxH2)2+ is the major phosphorous-containing decomposition 

product of the active hydride species in isomerizing methoxycarbonylation (Figure 5-6 – Figure 

5-8). Decomposition of the Pd hydride in methanol to form the diprotonated diphosphine 

proceeds relatively slow at room temperature in an NMR tube experiment (Figure 5-6). 

 

Figure 5-6. Deactivation of [(dtbpx)Pd(H)(MeOH)]+ in methanol at room temperature followed 

by 31P{1H} NMR spectroscopy. Reaction conditions: 10 mg of [(dtbpx)Pd(OTf)2] in 0.5 mL of 

MeOH, DMSO-d6 lock stick. 
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Figure 5-7. 31P{1H} NMR spectrum and ESI-MS of deactivation experiment (Figure 5-6) at 41h.  

 

 

Figure 5-8. 31P{1H} NMR spectrum of reaction mixture after typical isomerizing 

methoxycarbonylation of technical grade methyl oleate with 0.4 mol% [(dtbpx)Pd(OTf)2] as 

precursor (20 bar of CO, 90 °C, 18 h). 

A NMR scale experiment with CO demonstrates that the formation of Pd black and 

(dtbpxH2)2+ is significantly faster in the presence of CO and (dtbpxH2)2+ can be identified as the 

main component after 15 minutes (Figure 5-9). No further changes in the composition can be 

noted after 2 hours. NMR spectroscopy allowed for the detection of intermediate species such as 

[(dtbpx)Pd(H)(CO)]+ and [(dtbpx)Pd(µ-H)(µ-CO)Pd(dtbpx)]+ (see Appendix for NMR spectra, 

Figure 5-38 – Figure 5-40). These experiments suggest that the decomposition of the active 

hydride species proceeds via a CO-H-bridged PdI dimer that ultimately forms Pd0 and (dtbpxH2)2+ 

(Scheme 5-2).  
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Figure 5-9. Deactivation of [(dtbpx)Pd(H)(MeOH)]+ in methanol in the presence of CO at room 

temperature followed by 31P{1H} NMR spectroscopy. Reaction conditions: 10 mg of 

[(dtbpx)Pd(OTf)2] in 0.5 mL of MeOH, 1 mL of 13CO, DMSO-d6 lock stick. 

 

Scheme 5-2. Proposed deactivation pathway of Pd hydride in the presence of CO forming Pd0 and 

(dtbpxH2)2+. 

 

 

The diprotonated diphosphine ligand, or (dtbpxH2)(OTf)2 considering the counterion, is 

generated from the free diphosphine dtbpx and a proton forming in the reductive elimination of 

the PdII hydride to Pd0 (Scheme 5-2). The second proton for (dtbpxH2)2+ is present in the reaction 
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mixture as a result of the β-hydride elimination of methanol-coordinated [(dtbpx)Pd(MeOH)2]2+ 

forming the initial Pd hydride species [(dtbpx)Pd(H)(MeOH)]+ (cf. Scheme 1-7 ). Please note, that 

the reaction is further performed in a protic medium, contributing to a facile double protonation 

of dtbpx (see also Experimental Section, Figure 5-28 and Figure 5-29).  

The Pd0 species that are formed in this deactivation reaction ultimately form ‘Pd black’ as 

observed from visual inspection of both NMR scale and pressure reaction mixtures (photograph 

in Figure 5-9). Before Pd0 precipitates as insoluble agglomerates, it is most likely to form 

intermediate Pd0 clusters and nanoparticles (Figure 5-10).  

 

Figure 5-10. Decomposition and possible activation of an active metal catalyst. 

In the presence of an excess of diprotonated diphosphine ligand we do not observe any 

formation of larger agglomerates or precipitation of Pd black under pressure reaction conditions. 

NMR experiments demonstrate that the Pd hydride species is stable with an excess of 

(dtbpxH2)(OTf)2, even in the presence of CO. The coordination of CO to the Pd hydride was 

detected via 1H and 31P{1H} NMR spectroscopy, but the characteristic signals for the bridged PdI 

dimer as an intermediate in the deactivation to Pd0 were not observed (Figure 5-11, also see 

Appendix, Figure 5-41). Only a minor increase of the integrals of (dtbpxH2)2+ was noted over 16 h 

(Figure 5-12) which stands in strong contrast to the fast decomposition in the absence of an excess 

of (dtbpxH2)2+ (cf. Figure 5-9). This NMR experiment, however, does not allow for a conclusion on 

the question if the Pd hydride is stabilized by the addition of (dtbpxH2)(OTf)2 or if fast 

decomposition and reactivation occurs which is too fast to be resolved on an NMR time scale.  

In this chapter, we showed that a dtbpx-coordinated PdII hydride decomposes to Pd0 and 

(dtbpxH2)2+ which is accelerated by CO. The formation and agglomeration of Pd black can be 

prevented by the addition of an excess of (dtbpxH2)2+. The following chapter now elaborates on 

reactions of the diprotonated diphosphine ligand with Pd0 demonstrating the active role of the 

protonated diphosphine ligand in the reactivation and formation of the active catalyst.  
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Figure 5-11. Deactivation experiment with [(dtbpx)Pd(H)(MeOH)]+ in methanol in the presence 

of CO and (dtbpxH2)(OTf)2 at room temperature followed by 31P{1H} NMR spectroscopy. 

Reaction conditions: 11 mg of [(dtbpx)Pd(OTf)2], 27 mg of (dtbpxH2)(OTf)2 in 0.5 mL of MeOH, 

2 mL 13CO, DMSO-d6 lock stick. 

 

Figure 5-12. Relative integrals of (dtbpxH2)2+ and [(dtbpx)Pd(H)(13CO)]+ during NMR scale 

decomposition experiment shown in Figure 5-11 (sum of integrals referenced to 100%).  
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5.2.3 Activation of Pd0 Species for Generation of a Soluble and 

Homotopic Catalyst Species 

From the previous NMR scale experiments and visual observations from pressure reactor 

experiments it is obvious that the diprotonated diphosphine ligand has an active role in the 

stabilization of the Pd hydride species or reactivation of decomposed Pd catalyst. It is conceivable 

that the diprotonated diphosphine ligand and Pd0 react in an oxidation and form the PdII hydride. 

The feasibility of an oxidation of Pd0 / addition of (dtbpxH2)2+ to form the catalytically active 

hydride has been demonstrated in a carbonylation with water as a nucleophile (see 3. Water as a 

Nucleophile in Isomerizing Carbonylation for Generation of Linear Dicarboxylic Acids) or in a 

hydrogenation-carbonylation dual-catalysis approach.171 As observed from the aforementioned 

results, the addition of diprotonated diphosphine ligand minimizes the amount of decomposed Pd 

catalyst, namely Pd black, presumably by reactivating it and increasing the concentration of the 

catalytically active Pd hydride species. This creates a unique situation where the deactivation is 

completely reversible because all of the products are capable of undergoing a (re)activation 

reaction (Scheme 5-3). 

Scheme 5-3. Reversible deactivation of catalytically Pd hydride species under 

methoxycarbonylation conditions.  

 
 

These experiments now bring up the question of whether the diprotonated diphosphine 

ligand (dtbpxH2)(OTf)2 can activate all of the Pd species or agglomerates as shown in Figure 5-10 

or if the deactivation and agglomeration become irreversible at a certain stage as discussed for 

many other reactions.244-246 To detect and observe the dissolution process of intermediate species, 

isomerizing methoxycarbonylation converting methyl oleate with a high selectivity for the linear 

diester product was taken as a characteristic indication for a homotopic catalysis. Nanoparticulate 

Pd on various support materials and precise nanoscale Pd single crystals were used as a Pd 

precursor. The distinctively shaped Pd nanocrystals and reactions with those precursors were 
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further monitored with transmission electron microscopy (TEM), NMR and UV-Vis-NIR 

spectroscopy to support the conclusions on the nature of the active species.  

 

Pressure Reactor Studies with Pd0 catalyst precursors 

The use of soluble molecular Pd0 sources for carbonylation reactions is well-established.23 In 

methoxycarbonylation in situ systems are frequently used that generate the active catalyst species 

from a Pd0-source, e.g. [Pd2(dba)3], a diphosphine ligand and an acid.126-128,169 With dtbpx as the 

diphosphine ligand, these in situ systems have always shown inferior performance compared to 

the diphosphine coordinated [(dtbpx)Pd(OTf)2] precursor.145 We have also demonstrated that 

Pd/γ-Al2O3 can be activated to form an active, homotopic and soluble catalyst in a hydrogenation-

alkoxycarbonylation approach for valorization of algae oils.171 

Table 5-3. Isomerizing methoxycarbonylation of methyl oleate with various Pd0 sources.a 

# Pd-source 
Pd 

(mol%) 

equiv. 

(dtbpxH2)(OTf)2 

time 

(h) 

conv.b 

(%) 

sel.b 

(%) 

activityc 

(h-1) 

1  [(dtbpx)Pd(OTf)2] 0.05 3 18 60 91 67 

2 [(dtbpx)Pd(OTf)2] 0.05 5 18 59 91 66 

3 Pd/C (≈10 wt%) 0.1d,f 0 18 no reactione n.d. n.d. 

4 Pd/C (≈10 wt%) 0.1d,f 6 18 63 90 35 

5 Pd/SiO2 (≈5 wt%) 0.1d 3 67 36 91 5 

6 Pd/γ-Al2O3 (≈5 wt%) 0.1d 3 18 45 92 25 

7 Pd nanocrystalsg 0.1 1 18 30 91 17 

8 Pd nanocrystalsg 0.1 3 18 56 92 31 

9 Pd nanocrystalsg 0.1 6 18 85 92 47 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C. b Conversion (conv.) and selectivity for the linear 1,19-diester (sel.) was determined 

by gas chromatography of the crude reaction mixtures. c activities are given in units of (mol of products) 

(mol of Pd precursor)-1 (h of reaction time)-1. d Please note, that the Pd loading is only an approximate here, 

as the loading of the Pd on the support materials as a commercial product is only an approximate value. e No 

isomerization of the starting material and no carbonylation products were detected, see also Figure 5-37. 

n.d. = not determined f Using different batches of commercially available Pd/C can give different activities, 

see Table 5-4 for comparative experiments; the given values show the best results that were observed. g Pd 

as dispersed nanocrystals: c(Pd) = 4.45 mmol L-1 in toluene. 

Besides Pd/γ-Al2O3, other supported Pd precursors can be activated with (dtbpxH2)(OTf)2 to 

generate an active catalyst species in solution (Table 5-3, entries 4-6). The activities of these 

catalysts generated from supported Pd0 sources are lower compared to catalysts from 

[(dtbpx)Pd(OTf)2] and (dtbpxH2)(OTf)2, most likely as a result of incomplete activation of the Pd 
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precursor (entries 1-2 compared to 4-6). Differences in activity between the various Pd sources 

on support materials are most likely a result of different surfaces of the support materials, size 

and accessibility of the Pd particles and consequently varying amounts of Pd activated to the 

catalytically active hydride species.a In the absence of the diprotonated diphosphine ligand no 

isomerization and no carbonylation occurs (entry 3). The selectivity for the linear product is 

above 90% for all catalyst systems as expected only for a homotopic catalytically active 

[(dtbpx)Pd(H)(L)]+ species. Note that a filtration experiment speaks against the possibility of a 

heterotopic catalytic species or the resting of the active species on the support material.171 In this 

filtration test, the active hydride species was generated from Pd/γ-Al2O3 with (dtbpxH2)(OTf)2, 

methanol and an unsaturated fatty acid in the absence of CO. This reaction mixture was then 

filtered and both the filtrate and the solid residue were subjected to typical alkoxycarbonylation 

conditions (20 bar of CO, 90 °C). Only the filtrate showed catalytic activity converting the internal 

double bond to a terminal ester functionality, while the solid residue was not active in isomerizing 

methoxycarbonylation.  

A system that allows for a close observation of the activation process is given by precise 

nanoscale Pd single crystals.250-251 These dispersed nanocrystals have a distinct shape that is easily 

recognizable in TEM (Figure 5-13).  

 

Figure 5-13. TEM images of hexagonal Pd nanocrystals. 

Isomerizing methoxycarbonylation reactions with these dispersions of Pd nanocrystals as 

precursors show high conversions of methyl oleate (Table 5-3, entries 7-9) with an unaltered high 

                                                             
a Note that we observed significant differences in conversion of methyl oleate in 18 h with different batches 
of commercial Pd/C (illustrated in Table 5-4, entry 7 vs 10). Using Pd/C with different amounts of 
(dtbpxH2)(OTf)2 shows the same trend as reported for the Pd nanocrystals which corresponds to an 
increasing amount of activated Pd (Table 5-4, entry 9-10 compared to Table 5-3, entry 7-9). We ascribe 
these different conversions for Pd/C as a precursor to the differences in support materials, size and 
accessibility of the Pd particles. 
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selectivity for the linear products above 90%. Note, the Pd nanocrystals are not catalytically active 

in isomerization or carbonylation in the absence of (dtbpxH2)(OTf)2 and the highly branched, 

amphiphilic polymer stabilizing the Pd hexagons does not influence the formation, the activity or 

selectivity of the homotopic Pd hydride species (vide infra, Table 5-4). Compared to the homotopic 

precursor [(dtbpx)Pd(OTf)2] the activity with nanocrystals as a precursor is lower (Table 5-2, 

entry 1 vs. Table 5-3, entry 7) but increases with increasing amounts of diprotonated diphosphine 

ligand. This observation indicates that a substantial amount of the dispersed Pd nanocrystals is 

oxidized and forms the active PdII hydride species that reacts as a homotopic species in the 

isomerizing methoxycarbonylation. In regard to Scheme 5-3, we postulate that the activation and 

formation of the active Pd hydride species in the presence of an excess of (dtbpxH2)(OTf)2 is 

favored rather than the deactivation reaction. 

TEM enabled the imaging of the activation and dissolution of the hexagonal Pd0 nanocrystals 

to a PdII hydride species. TEM images show that the nanoparticles themselves are stable under 

typical pressure reactor conditions (20 bar of CO, 90 °C, 1000 equiv. of technical grade methyl 

oleate, methanol as the solvent) and do not dissolve or change their shape in the absence of 

(dtbpxH2)(OTf)2 (Figure 5-14).  

 

Figure 5-14. TEM images of hexagonal Pd nanocrystals after 18 h under typical 

methoxycarbonylation reaction conditions (1000 equiv. of Dakolub MB9001, 8 mL of methanol, 

20 bar of CO, 90 °C). 

In the presence of (dtbpxH2)(OTf)2, but without any substrate (e.g. methyl oleate), a slight 

change of the shape of the nanocrystals can be observed. The sharp edges and corners of the 

nanocrystals are altered and appear fringed (Figure 5-15). The addition of methyl oleate for 

isomerizing methoxycarbonylation with the nanocrystals as a precursor changes their shape 

drastically (Figure 5-16). The distinct hexagonal shape is lost and the pictured hexagons seem 

dissolved to a large extent. 
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Figure 5-15. TEM images of Pd nanocrystals after 18 h in a typical reaction mixture without 

methyl oleate (5.9 μmol Pd (c(Pd) = 4.45 mmol L-1 in toluene), 3 equiv. of (dtbpxH2)(OTf)2, 8 mL 

of MeOH, 20 bar of CO, 90 °C). a-b and c-d are representative images of two different reactions to 

illustrate reproducibility. 

 

Figure 5-16. TEM images of Pd nanocrystals after 18 h of isomerizing methoxycarbonylation (5.9 

μmol Pd (c(Pd) = 4.45 mmol L-1 in toluene), 3 equiv. of (dtbpxH2)(OTf)2, 2 mL of technical grade 

methyl oleate, 8 mL of MeOH, 20 bar of CO, 90 °C, 54% conversion of methyl oleate). 
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Table 5-4 shows control experiments regarding the isomerizing methoxycarbonylation with 

Pd on activated charcoal (Pd/C) and the Pd nanocrystal dispersions. Entries 1 and 2 demonstrate 

that Pd0 on activated charcoal or dispersed as nanocrystals are not active in isomerization or 

carbonylation.  

The addition of the amphiphilic, hyperbranched polymer has no influence on the catalytic 

activity of the homotopic catalyst precursor [(dtbpx)Pd(OTf)2] (Table 5-4, entries 3-6). Further, 

the hyperbranched polymer does not adversely affect the formation of the homotopic catalytically 

active species from a heterogeneous Pd0 source (Pd/C) (Table 5-4, entry 7 vs 8). Rather a small, 

but reproducible increase of conversion, compared to Pd/C with (dtbpxH2)(OTf)2 in the absence 

of the hyperbranched polymer, can be observed. This slightly higher conversion could be 

attributed to an intermediate stabilization of nanoparticles and clusters in solution by the 

hyperbranched polymer. This effect has also been observed before by de Vries and co-workers for 

a similar reaction.143 Most importantly, the selectivity of the homotopic catalyst is not influenced 

by the presence of the hyperbranched polymer in any case. 

For most pressure reactor experiments discussed in this work the Pd nanocrystals 

dispersions were used as obtained after reduction of Pd(OAc)2 with CO in toluene overnight 

without further treatment.250 Analysis of the nanocrystals by TEM does not allow for a conclusion 

on the effectivity or yield of the reduction. To show that only minor amounts of the Pd precursor 

at most remain in solution and are not responsible for the catalytic activity to a significant extent, 

the nanocrystals were centrifuged and dispersed multiple times. Experiments with the 

supernatant solvent and redispersed nanocrystals are listed in Table 5-4, entries 11-13.  

After the reduction of Pd(OAc)2 with CO overnight, the dispersion was centrifuged once. The 

obtained supernatant solvent shows some catalytic activity in isomerizing methoxycarbonylation 

indicating residual Pd in solution (Table 5-4, entry 11). ICP-OES of this supernatant solution of 

centrifuged Pd nanocrystals shows that 45 ppm of Pd remain in solution. This corresponds to 

approx. 8% of the original amount of Pd precursor used for the nanocrystal synthesis. TEM of the 

supernatant solvent also reveals that some Pd nanocrystals stay dispersed and were not 

quantitatively removed by centrifugation (Figure 5-17). 

Repeating the centrifugation and redispersing of the nanocrystals two times, completely 

removes any Pd residues in the supernatant solvent. This is demonstrated by a pressure reactor 

experiment where no conversion and no isomerization of the oleate substrate was observed by 

using the supernatant as a ‘source of Pd’ (Table 5-4, entry 12). Further, no Pd nanocrystals were 

found in a TEM sample. 
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Table 5-4. Control experiments regarding isomerizing methoxycarbonylation of methyl oleate 

with Pd nanocrystals and Pd/C.a 

# Pd source 
equiv. of 

(dtbpxH2)(OTf)2 
additive conv.b (%) sel.b (%) 

1 Pd nanocrystalsc 0 - no reaction n.d. 

2 Pd/C (≈10 wt%) (batch B) 0 - no reaction n.d. 

3 [(dtbpx)Pd(OTf)2] 0 - 48 93 

4 [(dtbpx)Pd(OTf)2] 0 amphiphilic 

polymerd 

48 92 

5 [(dtbpx)Pd(OTf)2] 5 - 82 91 

6 [(dtbpx)Pd(OTf)2] 5 amphiphilic 

polymerd 

84 92 

7 Pd/C (≈10 wt%) (batch B) 6 - 32 92 

8 Pd/C (≈10 wt%) (batch B) 6 amphiphilic 

polymerd 

37 92 

9 Pd/C (≈10 wt%) (batch A) 3 - 35 90 

10 Pd/C (≈10 wt%) (batch A) 6 - 63 90 

11 supernatant solvent of 

centrifuged Pd nanocrystalse 

“3”  

(11.8 µmol) 

- 9 89 

12 supernatant solvent of 3x 

centrifuged Pd nanocrystalsf 

“3”  

(11.8 µmol) 

- <1 n.d. 

13 redispersed Pd nanocrystalsf “3”  

(11.8 µmol) 

- 39 92 

a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), 5.9 µmol of [(dtbpx)Pd(OTf)2] or Pd nanocrystals (c(Pd) = 4.45 mmol L-1 in 

toluene) as catalyst precursor, equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C, 18 h. b Conversion and selectivity for the linear 1,19-diester were determined by 

gas chromatography of the crude reaction mixtures. n.d. = not determined. c Pd as nanocrystals: c(Pd) = 4.45 

mmol L-1 in toluene. d 14 mg of hyperbranched, amphiphilic polymer (polyglycerol with Mn = 5000 g mol-1, 

partially esterified with C16 hydrocarbon substituent) that stabilizes Pd particles in toluene, amount of 

polymer corresponds to the amount of polymer present in catalysis experiments with Pd nanocrystals. 
e 5 mL of Pd nanocrystals in toluene were centrifuged at 20 000 g for 20 minutes, 1.35 mL of the supernatant 

solution were taken for the catalysis reactions (corresponding to 5.9 µmol of Pd in the nanocrystals 

dispersion before centrifugation). f 3 mL of Pd nanocrystals in toluene were centrifuged at 20 000 g for 20 

minutes, solid was redispersed in 3 mL of toluene via ultrasonication and repeated twice; 1.35 mL of 

dispersion or supernatant solvent was used for catalysis (corresponding to 5.9 µmol of Pd in the 

nanocrystals dispersion before centrifugation). 
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Figure 5-17. Exemplary TEM images of Pd nanocrystals found in supernatant solution of 

centrifuged Pd nanocrystal dispersion (similar to Table 5-4, entry 6). 

When applying thoroughly centrifuged and redispersed Pd nanocrystals to typical 

isomerizing methoxycarbonylation conditions in the presence of diprotonated diphosphine, 

conversion of methyl oleate to the desired linear diester with the characteristic selectivity >90% 

was observed (Table 5-4, entry 13). Note that the concentration of the redispersed Pd 

nanocrystals (entry 13) is most likely slightly lower after three centrifugation steps as a result of 

incomplete precipitation while centrifugation and removing small amounts of nanocrystals when 

separating the supernatant solvent. This decreased Pd concentration explains the lower oleate 

conversion with the redispersed nanocrystals compared to the original nanocrystal dispersion 

(39% vs. 56% conversion). This experiment unambiguously shows the active role of the 

nanocrystals as a precursor for the molecular catalyst species. 

As an intrinsic problem, TEM does not allow for a quantification of the remaining Pd residues. 

Besides their distinct shape, visible in TEM, the Pd nanocrystals exhibit a broad, but characteristic 

absorption band in the NIR region around 1000 nm.251 This characteristic absorption band of the 

Pd nanocrystals decreases when they are used in isomerizing methoxycarbonylation. With 

increasing conversion the absorption band vanishes completely indicating a complete destruction 

of the distinct hexagonal shape and characteristic absorption of the Pd nanocrystals (Figure 5-18, 

Figure 5-19).  
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Figure 5-18. UV-Vis-NIR spectra of Pd nanoparticles before (a) and after 1-pentene 

methoxycarbonylation with different Pd loadings (b,c). Concentration of Pd: 30 ppm in 

EtOH/toluene.a  

 

Figure 5-19. TEM images of Pd nanocrystals after 90 minutes of isomerizing 

methoxycarbonylation of 1-pentene.b 

The increase in activity with increasing amounts of diprotonated diphosphine ligand 

(dtbpxH2)(OTf)2 relative to the Pd nanocrystals can also be followed by kinetic profiles of 

                                                             
a Reaction conditions: 11.8 or 23.6 μmol of Pd as nanocrystals (c(Pd) = 4.45 mmol L-1 in toluene), 3 equiv. 
of (dtbpxH2)(OTf)2, 1.3 mL of 1-pentene, 8 mL of MeOH, 100 μL of methyl nonanoate as internal standard, 
20 bar of CO, 90 °C;  
Figure 5-18b/Figure 5-19: 33% conversion, 96% selectivity for linear methyl hexanoate.  
Figure 5-18c: 60% conversion, 96% selectivity for linear methyl hexanoate. 
b Note that images in Figure 5-19 and the spectrum b of Figure 5-18 are samples from the same reaction 
mixture. No Pd nanocrystals were found via TEM of a sample from the reaction mixture corresponding to 
spectrum c of Figure 5-18. 
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isomerizing methoxycarbonylation of methyl oleate (Figure 5-20). Initial average TOFs, calculated 

at 30% conversion, increase from 18 h-1 for 1 equiv. of (dtbpxH2)(OTf)2, over 31 h-1 for 3 equiv., to 

48 h-1 for 4 equiv. of (dtbpxH2)(OTf)2 in relation to the total amount of Pd introduced into the 

pressure reactor. The selectivity for the linear product is again >90% at all sampling times, 

evidencing a homotopic catalyst species exclusively that reacts with this characteristic selectivity. 

 

Figure 5-20. Kinetic profile of isomerizing methoxycarbonylation with Pd0 nanocrystals (NCs) 

with varying amounts of (dtbpxH2)(OTf)2 (♦) compared to [(dtbpx)Pd(OTf)2] (●) and in the 

presence of (dtbpxH2)(OTf)2 (●). Note, that the dashed lines are merely a guide to the eye. 

While the latter conditions are almost identical with the system based on a soluble catalyst 

precursor ([(dtbpx)Pd(OTf)2] and 3 equiv. of (dtbpxH2)(OTf)2) in terms of equivalents of 

diphosphine ligand dtbpx to Pd, the activity is still lower (initial TOF of 48 h-1 vs. 76 h-1). This is 

expected as the soluble precursor is activated quantitatively and immediately at the start of the 

reaction. Contrary, the colloidal Pd nanocrystals need to undergo an oxidation before they can 

react in the isomerizing methoxycarbonylation. This induction phase can also be seen in the initial 

kinetic profiles of the carbonylations with the nanocrystals exhibiting a slightly sigmoidal shape 

(Figure 5-21). The conversion and activity averaged over the complete reaction time are almost 

identical ([(dtbpx)Pd(OTf)2] precursor: 97% conversion, 21 h-1 at 23 h; Pd nanocrystal precursor: 

93% conversion, 21 h-1 at 22 h 10 min). 
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Figure 5-21. Kinetic profiles of the initial stages of isomerizing methoxycarbonylation of methyl 

oleate with Pd nanocrystals showing a slightly sigmoidal shape.  

 

NMR Spectroscopic Studies on the Pd Hydride Formation 

The homotopic and soluble nature of the active catalyst species that can be generated from 

Pd nanocrystals was further demonstrated by NMR spectroscopy. A direct observation of the 

formation of the Pd hydride by activation of the Pd nanocrystals with (dtbpxH2)(OTf)2 in an NMR 

tube experiment is difficult because of the low concentration of the Pd nanocrystals in toluene 

(c = 4.45 mmol L-1) and subsequently an even lower concentration of the Pd hydride, in particular 

at non-quantitative conversions. Further, the low solubility of (dtbpxH2)(OTf)2 in toluene and the 

destabilization of the nanocrystals by the diprotonated diphosphine ligand at high concentrations 

hindered the direct detection of the hydride via NMR spectroscopy. Note that the typical 

concentrations in such NMR experiments are an order of magnitude higher compared to typical 

concentrations in a pressure reactor experiment. 

The formation of a Pd hydride species from Pd nanocrystals with (dtbpxH2)(OTf)2 in the 

absence of CO in a NMR tube experiment is evidenced indirectly by the isomerization of the double 

bond of methyl oleate to an equilibrium mixture of all isomers. Here, the characteristic coupling 

pattern of the signal of the internal double bond of methyl oleate changes to a multiplet and signals 

for the conjugated double bond, as the thermodynamically most stable isomer, arise (Figure 5-22). 

Neither the presence of Pd nanocrystals, (dtbpxH2)(OTf)2, or heating alone results in 

isomerization of the internal double bond or any other side reactions of methyl oleate, even over 

prolonged reaction times (see Experimental Section, Figure 5-30 – Figure 5-36).  
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Figure 5-22. Characteristic signal of double bond of methyl oleate in 1H NMR spectra and 

isomerization over two days at 80 °C (NMR tube reaction mixture: 0.2 mL of methyl oleate 

(99%), 9.0 mg of (dtbpxH2)(OTf)2, 0.6 mL of Pd nanocrystals in toluene (c(Pd) = 4.45 mmol L-1), 

0.1 mL of methanol, NMR spectra measured at 300 K with centrifuged sample, NMR tube heated 

to 80 °C in aluminum heating block). 

 

A direct detection of the Pd hydride species generated from Pd nanocrystals was possible by 

using typical pressure reactor conditions and addition of PPh3 after the desired reaction time to 

trap a stable Pd hydride species (Scheme 5-4). Besides other unidentified hydride species, 

significant amounts of the desired homotopic and soluble Pd hydride species 

[(dtbpx)Pd(H)(PPh3)]+ were clearly detected by 31P{1H} and 1H NMR spectroscopy as a result of 

dissolution and oxidation of the Pd nanocrystals and addition of (dtbpxH2)(OTf)2 at 90 °C with 20 

bar of CO in the absence of methyl oleate (Figure 5-23, additional spectra see Appendix, Figure 

5-42). Chemical shifts, coupling patterns, as well as coupling constants, match well with reported 

NMR data.160 As a rough approximation and in relation to the integrals of free (dtbpxH2)(OTf)2 and 

bound dtbpx ligand in [(dtbpx)Pd(H)(PPh3)]+ approximately 50% of the Pd nanocrystals were 

converted to the desired Pd hydride species under these conditions.a 

                                                             
a Please note, that this is an approximation as some of the free (dtbpxH2)(OTf)2 might have been filtered of 
prior to NMR analysis. Further, any other non-identified signals in the 31P{1H} NMR spectrum were not 
taken into account in this approximation (see Appendix for calculation). 
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Scheme 5-4. Generation of a stable, and NMR-detectable Pd hydride species from Pd 

nanocrystals. 

 

 

Figure 5-23. NMR spectra of Pd hydride species in solution, generated from Pd nanocrystals and 

(dtbpxH2)(OTf)2.a  

In noble-metal catalyzed carbonylation reactions CO is often considered a reductant that is 

involved in the ultimate deactivation to bulk metal.16 Contrary to this, here, we demonstrate that 

CO plays a crucial role in the Pd0 activation process as a stabilizing ligand to the PdII hydride 

species. In the presence of CO, we were able to observe the formation of the desired hydride 

species [(dtbpx)Pd(H)(L)]+ starting from Pd nanocrystals and (dtbpxH2)(OTf)2 in methanol and 

toluene in sufficient amounts (L = neutral ligand, vide supra). At elevated temperatures, as shown 

in Figure 5-23, a large portion of the Pd nanocrystals generate the desired PdII hydride species. At 

ambient temperature the formation of the Pd hydride species is much less efficient and only small 

amounts of hydride are detected by 1H NMR spectroscopy (Figure 5-24a). In the absence of CO, in 

a N2 atmosphere, we were not able to detect the formation of the desired hydride species 

                                                             
a Reaction conditions: 22.3 μmol of Pd as nanocrystals in toluene (c(Pd) = 4.45 mmol L-1), 5.5 equiv. of 
(dtbpxH2)(OTf)2, 5 mL of MeOH, 90 °C, 20 bar of CO, 91.5 h, addition of 5 equiv. of PPh3 in 2 mL of MeOH 
after termination of reaction, stirring for 60 min before removal of solvents. 
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[(dtbpx)Pd(H)(PPh3)]+, but rather other, non-identified hydrides (Figure 5-24b). This experiment 

and the aforementioned NMR scale experiment of indirect hydride detection over isomerization 

of methyl oleate (cf. Figure 5-22) demonstrate that the active PdII hydride can be formed with 

(dtbpxH2)2+ from Pd nanocrystals in the absence of CO, although less effectively. The effective 

hydride formation in the presence of CO shows that CO plays a crucial role in stabilizing the Pd 

hydride species, presumably via [(dtbpx)Pd(H)(CO)]+55,57 which is formed prior to addition and 

ligand exchange with PPh3. 

 

Figure 5-24. Hydride region of 1H NMR spectra of Pd hydride generated from Pd nanocrystals 

with (dtbpxH2)(OTf)2.a 

The activating and stabilizing effect of CO in the hydride formation process can also be 

observed in the formation of a Pd hydride from a molecular Pd0 source, e.g. [Pd(dba)2]. In the 

absence of CO, the oxidation of Pd0 / addition of (dtbpxH2)(OTf)2 to [Pd(dba)2] in CD2Cl2/MeOH 

requires elevated temperatures to produce Pd hydride species with signals in the hydride region 

of a 1H NMR spectrum. These hydride species cannot be assigned to the desired 

[(dtbpx)Pd(H)(MeOH)]+ (Figure 5-25).  

In the presence of 13CO, a clear doublet of doublets is detected immediately after 13CO addition 

to (dtbpxH2)(OTf)2 and [Pd(dba)2] in CD2Cl2/MeOH. This doublet of doublets at -6.31 ppm 

(2JPH = 167.2 Hz, 17.4 Hz) corresponds to the 13CO-coordinated Pd hydride species 

                                                             
a Reaction conditions: a) 22.3 μmol of Pd as nanocrystals in toluene (c(Pd) = 4.45 mmol L-1), 6 equiv. of 
(dtbpxH2)(OTf)2, 5 mL of MeOH, 25 °C, 20 bar of CO, 115 h, addition of 5 equiv. of PPh3 in 2 mL of MeOH 
after termination of reaction, stirring for 60 min before removal of solvents. b) 22.3 μmol of Pd nanocrystals 
in toluene (c(Pd) = 4.45 mmol L-1), 5 equiv. of (dtbpxH2)(OTf)2, 5 mL of MeOH, 25 °C, N2 atmosphere, 91.5 h, 
addition of 5 equiv. of PPh3 in 2 mL of MeOH after termination of reaction, stirring for 60 min before removal 
of solvents. 
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[(dtbpx)Pd(H)(13CO)]+55,57 clearly demonstrating the stabilizing effect of CO favoring the 

formation of this complex (Figure 5-26). CO as a ligand can then easily be replaced by either PPh3 

in trapping experiments to observe hydride formation or by methyl oleate in 

methoxycarbonylation experiments under pressure reactor conditions.  

 

Figure 5-25. Hydride region of 1H NMR spectra of Pd hydride generated from [Pd(dba)2] with 

(dtbpxH2)(OTf)2.a 

 

Figure 5-26. Hydride region of 1H NMR spectra of Pd hydride generated from [Pd(dba)2] with 

(dtbpxH2)(OTf)2 in the presence of 13CO.b  

                                                             
a Reaction conditions: 22 μmol of [Pd(dba)2], 4 equiv. of (dtbpxH2)(OTf)2, 0.5 mL of CD2Cl2, 0.3 mL of MeOH, 
NMR spectra measured at 300 K, NMR sample heated to 65 °C in aluminum heating block. 
b Reaction conditions: 17 μmol of [Pd(dba)2], 4 equiv. of (dtbpxH2)(OTf)2, 0.5 mL of CD2Cl2, 0.3 mL of MeOH, 
5 equiv. of 13CO, NMR spectra measured at 300 K, NMR tube heated to 65 °C in aluminum heating block. 
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With these experiments, we demonstrated the activation of a Pd0 species to a distinct, 

homotopic PdII hydride species that is active in a carbonylation reaction with its characteristic 

selectivity. By the combination of TEM imaging and UV-Vis-NIR spectroscopy we have shown the 

eventual dissolution of the hexagonal Pd nanocrystals. The formation of a soluble Pd hydride 

species from those nanocrystals by an activation with the diprotonated diphosphine ligand was 

observed via NMR spectroscopy. Pressure reactor studies, as well as kinetic studies of isomerizing 

methoxycarbonylation with precise Pd nanocrystals have further demonstrated a slow activation 

and a sigmoidal kinetic profile. The homotopic nature of the catalyst species is further evidenced 

by the characteristic selectivity observed in all reactions. Considering Figure 5-10, we conclude 

from this section that palladium at the stages of small clusters or nanoparticles can easily be 

dissolved to form an active homotopic catalyst species (cf. Figure 5-10, c and d to a).  

 

5.2.4 Activation of Bulk Metal to a Homotopic Catalyst Species 

At this point the question remains whether a molecular, homotopic catalyst species can 

interconnect with precipitated ‘Pd black’ or bulk metal. To study the complete transformation 

along the chain as shown in Figure 5-10 we used bulk Pd (precipitated Pd black, Pd sponge or 

wire) for isomerizing methoxycarbonylation of methyl oleate. Note, that it is crucial here to work 

with entirely “Pd-free” pressure reactors to avoid activation of trace Pd instead of the added bulk 

Pd (see Experimental Section for general procedure for cleaning the pressure reactors for Pd 

sponge and wire). 

Pd black that precipitates from an isomerizing methoxycarbonylation with [(dtbpx)Pd(OTf)2] 

as a precursor, in the absence of (dtbpxH2)(OTf)2, can be activated in a subsequent reaction with 

(dtbpxH2)(OTf)2 and without any further Pd source as shown in Table 5-5, entry 1. The oleate 

substrate conversion is lower compared to a reaction with using [(dtbpx)Pd(OTf)2] as a precursor 

under otherwise similar reaction conditions (Table 5-3, entry 2). The activities (averaged over the 

complete reaction time and the amount of used Pd precursor used for methoxycarbonylation) 

with Pd black are 5.7 h-1 for 18 h and 7.0 h-1 for 88 h of reaction time, respectively. These activities 

are about one order of magnitude lower compared to the [(dtbpx)Pd(OTf)2] precursor. This is 

expected as activation of the Pd black to a PdII hydride species is presumably slow and not 

quantitative, different from [(dtbpx)Pd(OTf)2]. After termination of the reaction some Pd black 

remains on the glass inlet walls in line with an incomplete activation and dissolution of Pd black. 
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Table 5-5. Activation of Pd bulk metal for isomerizing methoxycarbonylation of methyl oleate.a 

entry Pd source 
Pd loading 

(mol%) 

equiv. 

(dtbpxH2)(OTf)2 

reaction 

time (h) 

conversionb 

(%) 

selectivityb 

(%) 

1  ‘Pd black’c ≈0.1 ≈7 18 11 90 

88 67 92 

2d Pd sponge 0.8 7 210 48 90 

3d Pd wire 0.6 10 500e  5 >50f 

760 26 89 

949 45 75 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C. b Conversion and selectivity for the linear 1,19-diester were determined by gas 

chromatography of the crude reaction mixtures. c Pd black was isolated from a previous isomerizing 

methoxycarbonylation with [(dtbpx)Pd(OTf)2] as a catalyst precursor, the precipitated Pd black and 

deposits on the glass inlet were washed with MeOH and CH2Cl2, dried and weight prior to its reuse in the 

methoxycarbonylation reaction; 7 equiv. of (dtbpxH2)(OTf)2 to Pd, 6.43 mmol of technical grade methyl 

oleate, 8.7 mL of methanol. d ‘Blank reactions’ were run 2-3 times prior to the shown long-term experiments 

to ensure that pressure reactors were Pd-free; entry 2: 210 h (1% conversion) and 258 h (<0.5% 

conversion); entry 3: 186.5 h (2% conversion) and 500 h (2% conversion). e Note that at 500 h a sample of 

2 mL was taken for ICP-OES measurements (in addition to the typical sample of 0.1 mL for GC analysis) 

slightly increasing the concentration of the Pd precursor for the following reaction time. f Accuracy limited 

due to low conversions and product signal intensities. 

The activation of bulk Pd material can be extended to metallic materials (Table 5-5). Bulk 

metal, like Pd sponge or wire, can form a catalytically active, homotopic catalyst species and 

converts methyl oleate in an isomerizing methoxycarbonylation selectively to the linear 1,19-

diester (Table 5-5, entries 2-3). Reaction times are significantly longer for the activation of bulk 

metal and therefore selectivity is slightly lower because side reactions, e.g. formation of the 

branched diesters or methanol addition to the double bond, can occur at such long reaction times 

with very low catalyst concentrations (vide infra). 

The conversion of methyl oleate was 48% in 210 h with Pd sponge as a precursor and about 

45% in 949 h with Pd wire as a precursor (Table 5-5, entries 2 and 3). Both examples show that 

the dissolution and activation of the bulk metal is feasible, however slow and orders of magnitude 

lower, e.g. compared to the Pd nanocrystals that are particular with their high surface to volume 

ratio. For Pd wire, as a compact form of bulk metal, the surface to volume ratio and therefore the 

amount of easily accessible Pd atoms is the lowest in all shown examples of Pd precursors 

(nanocrystals, Pd/γ-Al2O3, Pd sponge). Hence, reaching a conversion of methyl oleate of 45% takes 

approximately 40 days which is more than four times longer compared to Pd sponge (48% 

conversion in 9 days). We believe the lower selectivities observed in these experiments result 

from consecutive reaction pathways that become relevant when heating the organic products to 
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90 °C for such extended periods of time. Note that the nominal overall selectivities are still very 

high and, independent of the aforementioned assumption of further decomposition of products 

formed, show that for the largest part a dtbpx-coordinated mononuclear metal species is 

operative. These somewhat lower selectivities were observed only with the wire as the Pd 

precursor. With Pd sponge which is also a compact form of Pd, simply with a larger surface area, 

we did not observe a significant decrease in the selectivity.  

The reaction mixtures of the given experiments were all stirred with magnetic stir bars, which 

exerts mechanical stress on the bulk materials and abrades those metals to a certain extent as 

exemplified on Pd wire in Figure 5-27 (for more SEM images see Appendix, Figure 5-43 – Figure 

5-49) However, activation of Pd bulk and selective conversion of methyl oleate to the linear 

diester is also feasible in the absence of any stirring and mechanical stress (Table 5-6 and Figure 

5-27c).  

 

Figure 5-27. Influence of mechanical abrasion by magnetic stir bar and reaction conditions 

exemplified on Pd wire.a  

                                                             
a b-c) Pd wire after isomerizing methoxycarbonylation for 40 days, c) corresponds to Table 5-6, entry 2.  
d) Pd wire after stirring under reaction conditions for 40 days (8 mL of MeOH, 90 °C at 20 bar of CO, no 
methyl oleate or (dtbpxH)2(OTf)2). 
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Table 5-6. Isomerizing methoxycarbonylation with bulk Pd without mechanical abrasion.a 

entry Pd source 
Pd loading 

(mol%) 

equiv. of 

(dtbpxH2)(OTf)2 

reaction 

time (h) 

conversionb 

(%) 

selectivityb 

(%) 

1c,d  Pd sponge 0.8 7 210 4 >50e 

2c,d Pd wire 1.1 10 760 2 >50e 

949 11 52 

a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C. b Conversion and selectivity for the linear 1,19-diester were determined by gas 

chromatography of the crude reaction mixtures. c ‘Blank reactions’ were run 2-3 times prior to the shown 

experiments to ensure that pressure reactors were Pd-free; entry 1: 186.5 h (<0.5% conversion) and 258 h 

(<0.5% conversion); entry 2: 186.5 h (1% conversion), and 500 h (1% conversion). d The reaction mixture 

was not stirred to avoid mechanical stress on the bulk Pd material (no magnetic stir bar present). e Accuracy 

is limited due to low conversions and product signal intensities. 

To estimate the amount of Pd dissolved and activated from the bulk metal, we assume that 

the activity of the active species is equal when generated from the homotopic precursor 

[(dtbpx)Pd(OTf)2] in the presence of an excess of (dtbpxH2)(OTf)2 and from Pd bulk (activity of 

66 h-1, Table 5-1 entry 2). With this assumption and the oleate conversion at the given time, we 

estimate an amount of 200 nmol of active Pd hydride formed from Pd sponge within 210 h (Table 

5-1, entry 2). This estimated amount of catalytically active Pd corresponds to 0.4% of the initial 

amount of Pd sponge used as a precursor. For Pd wire as a compact precursor, we estimate 9 nmol 

(500 h of reaction time) and 42 nmol (949 h) of active Pd hydride in solution (entry 3). The latter 

amount of Pd corresponds to 0.1% of the initial amount of the Pd wire precursor. 

Note that the approximations do not include the fact that the activation of the heterogeneous 

precursors occurs gradually over the entire experiment (and also the comparative experiment 

with a molecular precursor is at a much higher catalyst concentration in general). A measurement 

of the actual Pd concentration via inductively coupled plasma optical emission spectrometry (ICP-

OES) showed that the amount of Pd in solution is indeed higher than the estimated amount. ICP-

OES proved that at 500 h the reaction mixture contained 3 ppm of Pd (Table 5-5, entry 3), 

corresponding to approximately 230 nmol of Pd. Given the experimental inaccuracy overall, the 

ICP-OES results are qualitatively consistent with the overall picture of formation of a homotopic 

active species. 

To rule out that possible PdO on the bulk surface acts as the catalyst precursor, we 

hydrogenated the Pd bulk materials and conducted further control experiments. Del Zotto et al. 

have suggested that holes and cavities on such Pd surfaces contain prevalently palladium oxide 

which was shown to act as a precursor in Suzuki-Miyaura coupling reactions.248 PdO itself can also 

act as a precursor in isomerizing methoxycarbonylation, however with low activities (Table 5-7). 
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Table 5-7. Isomerizing methoxycarbonylation with palladium oxide as a precursor.a 

entry 
Pd loading 

(mol%) 

equiv. of 

(dtbpxH2)(OTf)2 

reaction 

time (h) 

conversionb 

(%) 

selectivityb 

(%) 

activitiyc 

(h-1) 

1 0.1 3     18   4 >80d 2.1 

    39   8 92 2.2 

    87.5 18 92 2.0 

2 0.2 3     18 25 86 6.9 

3 1.0 3     24 96 92 4.1e 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), PdO as precursor, equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of 

methanol, 20 bar of CO (initial pressure), 90 °C, 18 h. b Conversion and selectivity for the linear 1,19-diester 

were determined by gas chromatography of the crude reaction mixtures. c activities are given in units of 

(mol of products) (mol of Pd precursor)-1 (h of reaction time)-1. d Accuracy limited due to low conversions 

and product signal intensities. e Please note that this activity is most likely underestimated since the 

conversion is almost quantitative after 24 h. 

The Pd wire, which was used for the carbonylation reactions in this work, also shows 

scratches and holes that appear darker and could contain palladium oxide (cf. Figure 5-27a). Some 

of these structures with a high contrast in SEM images decrease in size when treated in a hydrogen 

stream at 100 °C (see Appendix, Figure 5-50 and Figure 5-51). No notable changes were observed 

when treating Pd sponge under the same conditions (see Appendix, Figure 5-52).  

After hydrogenation we used the Pd sponge and wire in an isomerizing 

methoxycarbonylation of methyl oleate and were able to demonstrate that it is feasible to activate 

the hydrogenated bulk Pd (Table 5-8). The conversion is similar compared to carbonylation with 

untreated bulk Pd as a precursor. In a typical isomerizing methoxycarbonylation experiment the 

conversion of the oleate substrate is 37% with hydrogenated Pd sponge compared to 48% 

conversion with untreated Pd sponge in 210 h. Using Pd wire gives an oleate conversion of 13% 

with hydrogenated wire in 664 h or 26% in 760 h with untreated wire (Table 5-8 vs Table 5-5).  

Reusing Pd sponge and a Pd wire sample already used for isomerizing methoxycarbonylation 

in repetitive cycles was also feasible and gives similar conversions under comparable reactions 

conditions (Table 5-9 and Table 5-10). Such reused wire and sponge should carry less or no oxide 

impurities on the surface as these materials had been abraded significantly in the previous 

reactions (e.g. Figure 5-53). Conversion of methyl oleate and selectivity for the linear 1,19-diester 

are in the same range and no significant decline in activity is observed in such recycling 

experiments. 

From these results we exclude that PdO impurities on the Pd metal act as the sole precursor 

and confirm the formation of the active Pd hydride species from pure palladium metal. 
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Table 5-8. Isomerizing methoxycarbonylation with hydrogenated bulk Pd as a precursor. 

entry Pd source 
Pd loading 

(mol%) 

equiv. 

(dtbpxH2)(OTf)2 

reaction 

time (h) 

conversiona 

(%) 

selectivitya 

(%) 

1b,d hydrogenated 

Pd sponge 

0.8 7 210 37 90 

2c,d hydrogenated 

Pd wire 

0.8 10 500   2 >50e 

664 13 64 
a Conversion and selectivity for the linear 1,19-diester were determined by gas chromatography of the crude 

reaction mixtures. n.d. = not determined. b Reaction conditions: 4.9 mmol of technical grade methyl oleate 

(Dakolub MB9001, 92.5% methyl oleate), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 6.6 mL of methanol, 20 

bar of CO (initial pressure), 90 °C. c Reaction conditions: 4.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 6.7 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C. d ‘Blank reactions’ were run prior to the shown experiments to ensure that pressure 

reactors were Pd-free: entry 1: 350 h (<0.5% conversion, 280 h at ambient temperature) and 186 h (<0.5% 

conversion); entry 2: 186 h (<0.5% conversion) and 277 h (<0.5% conversion). e Accuracy limited due to 

low conversions and product signal intensities. 

Table 5-9. Isomerizing methoxycarbonylation with Pd wire in repetitive cycles. 

entry/

cycle 

Pd loading 

(mol%) 

equiv. of 

(dtbpxH2)(OTf)2 

Pd : methyl 

oleate 

reaction 

time (h) 

conversiona 

(%) 

selectivitya 

(%) 

1b,e 0.8 10 1 : 122 500 13 80 

760 35 79 

943 48 75 

2c,e 0.8 10 1 : 122 500   6 >50g 

760 30 82 

858 41 83 

3d,e 0.8 10 1 : 122 500 4 >50g 

760 18f 77 

949 32 77 
a Conversion and selectivity for the linear 1,19-diester were determined by gas chromatography of the crude 

reaction mixtures. b Reaction conditions: 5.9 mmol of technical grade methyl oleate (Dakolub MB9001, 92.5% 

methyl oleate), 5.14 mg of Pd wire, equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO (initial 

pressure), 90 °C. c 5.6 mmol of technical grade methyl oleate (Dakolub MB9001, 92.5% methyl oleate), 4.84 mg 

of Pd wire (after reaction shown in entry 1 and SEM, Figure 5-48), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 7.5 

mL of methanol, 20 bar of CO (initial pressure), 90 °C. d 5.5 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), 4.78 mg of Pd wire (after reaction shown in entry 2 and SEM, Figure 5-53), equiv. 

of (dtbpxH2)(OTf)2 relative to Pd, 7.5 mL of methanol, 20 bar of CO (initial pressure), 90 °C. e ‘Blank reactions’ 

were run 2-3 times prior to the shown experiments to ensure that pressure reactors were Pd-free; entry 1: 260 

h (3% conversion), 210 h (2% conversion) and 512 h (8% conversion); entry 2: 210 h (0.7% conversion), 500 h 

(1.7% conversion), entry 3: 190 h (0.8% conversion), 350 h (<0.5% conversion, 280 h at ambient temperature) 

and 186 h (<0.5% conversion). f CO pressure of 10-15 bar due to a minor leakage over 5 days, possibly causing a 

lower conversion. g Accuracy limited due to low conversions and product signal intensities. 



Interconversion of Nanocrystals and Metal with a Selective Molecular Catalyst 

- 159 - 

Table 5-10. Isomerizing methoxycarbonylation with Pd sponge in repetitive cycles. 

entry/

cycle 

Pd loading 

(mol%) 

equiv. of 

(dtbpxH2)(OTf)2 

Pd : methyl 

oleate 

reaction 

time (h) 

conversiona 

(%) 

selectivitya 

(%) 

1b,e 0.8 7 1 : 121 210 48 90 

2c,e 0.8 7 1 : 121 210 45 88 

3d,e ≈0.8 ≈7 ≈1 : 120 210 80 91 
a Conversion and selectivity for the linear 1,19-diester were determined by gas chromatography of the crude 

reaction mixtures. b Reaction conditions: 5.9 mmol of technical grade methyl oleate (Dakolub MB9001, 92.5% 

methyl oleate), 5.17 mg of Pd sponge, equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C. c 4.4 mmol of technical grade methyl oleate (Dakolub MB9001, 92.5% methyl oleate), 

3.89 mg of Pd sponge (after reaction shown in entry 1 and SEM analysis), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 

6 mL of methanol, 20 bar of CO (initial pressure), 90 °C. d 1.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), approx. 1.6 mg of Pd sponge (after reaction shown in entry 2, small amount 

causes large weighing errors for this reaction mixture), equiv. of (dtbpxH2)(OTf)2 relative to Pd, 2.5 mL of 

methanol, 20 bar of CO (initial pressure), 90 °C. e ‘Blank reactions’ were run 2-3 times prior to the shown 

experiments to ensure that pressure reactors were Pd-free; entry 1: 210 h (1.4% conversion) and 258 h (<0.5% 

conversion); entry 2: 93 h (<0.5% conversion), 350 h (<0.5% conversion, 280 h at ambient temperature) and 186 

h (<0.5% conversion), entry 3: 186 h (<0.5% conversion) and 210 h (<0.5% conversion). 

 

 

The sum of these experiments shows that Pd can be activated all the way from a bulk metal 

to an active homotopic species. In regard to Figure 5-10, this means that the complete pathway is 

reversible and that the activation of all shown species to a defined catalyst is feasible. As expected, 

it is more difficult to activate bulk metal than dispersed precise nanocrystals.  
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5.3 Conclusion 

Catalysis by soluble transition metal complexes often involves side reactions that lead to the 

occurrence of nanoparticles and ultimately inactive aggregated states removing the active species 

from the catalytic cycle. Understanding these reactions, the relations between these species and 

their roles is of fundamental importance for a rational design of highly active and productive 

catalysts. Despite the large number of studies touching upon this long-standing question, for 

example in Pd catalyzed C-C couplings, cases of a conclusive picture are lacking in which the 

reversibility (or irreversibility) of the formation of aggregates has been understood and the 

nature of the active species is unambiguous. 

The molecular, homotopic diphosphine (dtbpx) coordinated Pd hydride species is 

catalytically active in an isomerizing methoxycarbonylation of methyl oleate forming a 1,19-

diester with a unique and characteristic selectivity for the linear product above 90%. By addition 

of a slight excess of (dtbpxH2)(OTf)2 to the Pd precursor the catalytic activity of the 

aforementioned catalytic reaction can be enhanced six-fold and less decomposed catalyst in the 

form of Pd black is observed after termination of the reaction. Studies by NMR spectroscopy and 

real-life pressure reactor experiments reveal that the deactivation is completely reversible as all 

of the formed products, namely diprotonated diphosphine ligand and Pd0, are capable of 

undergoing a (re)activation reaction. 

We have demonstrated on various examples that nanoparticulate zerovalent Pd (Pd on 

various heterogeneous support materials or dispersed Pd nanocrystals) can interconnect with a 

molecular PdII hydride species that is active as a homotopic catalyst in isomerizing 

methoxycarbonylation. The unique and characteristic selectivity is the clear indicator and is only 

expected of a homotopic catalytically active species. This indicator distinguishes the isomerizing 

methoxycarbonylation from other reactions with a debatable nature of the true active species, like 

C-C couplings or hydroformylations. The PdII hydride species is formed via an oxidation of a Pd0 

species in the presence of the diprotonated diphosphine ligand (dtbpxH2)(OTf)2. A combination 

of TEM imaging, UV-Vis-NIR and NMR spectroscopic analyses and kinetic pressure reactor 

experiments has revealed the dissolution process of well-defined Pd nanocrystals and the 

formation of the molecular, homotopic hydride species. NMR studies of the formation of the 

hydride species have shown the crucial influence of carbon monoxide on the oxidation of a given 

Pd0 precursor with diprotonated diphosphine ligand to form a stable PdII hydride. Considered a 

problematic reductant in many cases, here, CO stabilizes the PdII hydride species and enables its 

detection by NMR spectroscopy.  
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Going even further, we have been able to show that even macroscopically separated bulk 

palladium metal can be activated with (dtbpxH2)(OTf)2. We have revealed that bulk Pd with 

various surface morphologies can be dissolved under pressure reactor conditions forming a 

catalytically active species. These experiments show that the complete pathway of deactivation 

and agglomeration of Pd atoms, clusters and bulk material is reversible. This establishes a full-

range interconversion of nanocrystals and bulk material with a selective molecular catalyst and 

provides evidence that even highly agglomerated states of Pd can be converted to a homotopic 

catalytically active species. 
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5.4 Experimental Section 

5.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations of phosphines or palladium complexes were 

carried out under an inert nitrogen or argon atmosphere using standard glovebox or Schlenk 

techniques. THF and diethyl ether were distilled from blue sodium/benzophenone ketyl, 

methanol from activated (iodine) magnesium under nitrogen prior to use. Toluene was distilled 

from sodium prior to use. All other solvents were commercial grade and degassed by repetitive 

freeze/pump/thaw-cycles. Trifluoromethanesulfonic acid, 4 Å molecular sieves, 13CO, methyl 

oleate (99%), 1-pentene (95%), PdO (99.97% trace metal basis), Pd sponge (99.9% trace metal 

basis) and Pd wire (ᴓ 0.5 mm, 99.9% trace metal basis) were purchased from Sigma-Aldrich, 1,2-

bis((di-tert-butylphosphino)methyl)benzene (dtbpx) from ABCR, 5 wt% Pd/γ-Al2O3 and 5 wt% 

Pd/SiO2 were bought from Alfa Aesar, Haverhill Massachusetts, USA. Palladium(II)-chloride and 

Palladium(II)-acetate was obtained from MCAT and CO 3.7 from AirLiquide. High oleic sunflower 

oil methyl ester ‘Dakolub MB 9001’, was donated by Dako AG. Methyl oleate ‘Dakolub MB 9001’ 

was degassed by repetitive freeze/pump/thaw-cycles and used without further purification. The 

typical composition of Dakolub MB9001 is as followed: 92.5% methyl oleate (18:1), 2.5% methyl 

linoleate (18:2), 2.5% methyl palmitate (16:0), 1.5% methyl stearate (18:0), 1% fatty acid methyl 

esters of longer chain lengths (>C18). Deuterated solvents supplied by Eurisotop were stored over 

4 Å molecular sieves. All other chemicals were used without further purification. [Pd(dba)2],252 

dibenzylideneacetone (dba),187 [(dtbpx)Pd(OTf)2],145 (dtbpxH2)(OTf)2
214 and hexagonal Pd 

nanocrystals250 were synthesized according to literature procedures.  

 

NMR Spectroscopy 

NMR spectra were recorded on a Varian Unity Inova 400 or a Bruker Avance III 400. 1H NMR 

spectra were referenced to residual protiated solvent signals. 13C NMR spectra were referenced 

to the solvent signals, 31P NMR spectra to external 85% H3PO4. NMR spectra are reported as 

follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), and integration. Multiplicities 

are given as follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, m: multiplet, v: virtual, br.: broad. The identity of metal complexes and detailed NMR 

assignments were established by 2D NMR experiments (1H,1H COSY, 1H,13C HSQC, 1H,13C HMBC 
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and 1H,31P HMBC) in addition to 1D NMR experiments. Acquired data was processed and analyzed 

using MestReNova software. 

 

Gas Chromatography 

Gas chromatography was carried out on a PerkinElmer Clarus 500 instrument with 

autosampler and FI (flame ionization) detection on a PerkinElmer Elite-5 (5% Diphenyl- 95% 

Dimethylpolysiloxane) Series Capillary Columns (length: 30 m, inner diameter: 0.25 mm, film 

thickness: 0.25 mm), using helium as carrier gas at a flow rate of 1.5 mL min-1. The injector 

temperature was 300 °C. For reactions with methyl oleate and arising products, the oven was kept 

isothermal at 90 °C for 1 min after injection, then heated with 30 K min-1 to 280 °C, and kept 

isothermal at 280 °C for 8 min. When pentenes were used as substrates, the oven was kept 

isothermal at 40 °C for 7 min after injection, then heated with 40 K min-1 to 280 °C, and kept 

isothermal at 280°C for 3 min. The detector was kept at a constant temperature of 280 °C for all 

methods.  

 

Electrospray Ionization Mass Spectrometry 

Electrospray ionization mass spectrometry (ESI-MS) was performed via direct injection with 

a MicroTOF II ESI-MS and a Compass Otof Control software (version 3.4) from Bruker (Billerica, 

Massachusetts, USA). Samples for ESI-MS measurements were taken from the corresponding 

solutions from NMR experiments and diluted with the corresponding solvent (20 µL of solution 

from NMR experiments diluted with 5 mL of solvent). The obtained data was analyzed using the 

software Compass DataAnalysis (version 4.2 SR2). 

 

UV-Vis-NIR Spectroscopy 

UV-Vis-NIR spectra were recorded on a TIDAS fiberoptic diode array spectrometer 

(combined MCS UV/NIR and PGS NIR instrumentation) from j&m in quartz cuvettes with 0.1 cm 

optical paths lengths at a Pd concentration of approx. 30 ppm in EtOH-toluene mixtures.  
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Inductively Coupled Plasma Optical Emission Spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES) for Pd content was 

measured on an Iris Intrepid ICP (Thermo Elemental). A sample of 0.23 g was weighed out in a 

Teflon cup and 2.5 mL of HNO3 (65%) and 4 mL of H2SO4 (96%) were added. The digestion 

proceeded in a MWS µPrep start-system microwave (MLS). After completed digestion, the 

samples were diluted with 2 mL of double-distilled H2O and 1 mL of H2O2.  

 

Electron Microscopy 

Transmission electron microscopy (TEM) was performed on a Zeiss Libra 120 EF-TEM 

instrument operated at 120 kV acceleration voltage. For particle examination, one drop of the Pd 

nanocrystal dispersion was deposited on a carbon-coated 400 mesh copper grid and allowed to 

dry under controlled temperature. 

Scanning electron microscopy (SEM) was carried out on a Zeiss NEON 1540EsB instrument 

at 5 kV acceleration voltage. 

 

 

5.4.2 General Procedures for Pressure Reactor Experiments and 

NMR Scale Experiments 

Carbonylation Procedure I 

Carbonylation of various substrates were carried out in a 20 mL stainless steel reactor 

equipped with a glass inlet, a heating jacket and a magnetic stir bar. The reactor was purged 

several times with nitrogen prior to the experiments. In case of air-stable Pd precursors such as 

Pd/Al2O3, Pd/C, Pd/SiO2, Pd sponge, Pd wire, the desired amount was weighed into the glass inlet 

and degassed in the pressure reactor prior to addition of all other components. The catalyst 

precursor, additional ligand, acid and/or protonated ligand were weighed in a Schlenk tube 

equipped with a magnetic stir bar in a glovebox. All other compounds were filled into the Schlenk 

tube outside of the glovebox using standard Schlenk techniques. The reactions mixtures were 

stirred vigorously and cannula-transferred into the reactors in a nitrogen stream. An initial 

pressure of 20 bar CO was applied and the mixtures were heated to the desired temperatures 

under stirring. Information about the temperature always refers to the temperature of the 
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thermometer in the heating jacket. After the desired reaction time, the mixtures were cooled to 

room temperature and CO pressure was released. In case of long-term experiments with time-

dependent monitoring of conversions, samples were drawn at ambient temperature via a syringe 

under a constant nitrogen stream and the pressure reactor was closed, pressurized again and 

heated afterwards.  

The reactor and the glass inlet were washed with CH2Cl2 after diluting the reaction mixtures 

with CH2Cl2 and were transferred to a flask. All combined organic phases were filtered to remove 

possible Pd black before sampling for GC and NMR measurements. Conversion and selectivity for 

the linear product were determined by GC analysis from the crude reaction mixture. 

 

Carbonylation Procedure II 

Carbonylations with time-dependent monitoring of conversions were carried out in a 200 mL 

stainless steel mechanically stirred pressure reactor equipped with a heating/cooling jacket 

supplied by a thermostat controlled by a thermocouple dipping into the reaction mixture. The 

reactor was purged several times with argon prior to the experiment. The catalyst precursor, 

additional ligand, acid and/or protonated ligand were weighed in a Schlenk tube equipped with a 

magnetic stir bar in a glovebox. All other compounds were filled into the Schlenk tube outside of 

the glovebox using standard Schlenk techniques. The reactions mixtures were stirred vigorously 

and cannula-transferred into the reactors in an argon stream. An initial pressure of 20 bar CO was 

applied. After pressurization, the preheated thermostat (reaction temperature + 5 °C) was 

connected to the heating/cooling jacket to reach the desired reaction temperature as fast as 

possible. Samples for GC analysis were drawn via a bottom blow valve periodically.  

After the desired reaction time, the mixture was cooled to room temperature and CO pressure 

was released. The reaction mixture was diluted with CH2Cl2 and filtered to remove possible Pd 

black before sampling for GC and NMR measurements. Conversion and selectivity for the linear 

product were determined by GC analysis from the crude reaction mixture. 

 

General Procedure for NMR Tube Experiments 

All solid substrates were weighed into a NMR tube in a glovebox and dissolved in the 

appropriate solvent or solvent mixtures. NMR tubes were equipped with an internal sealed glass 

capillary (lock stick) containing DMSO-d6 when non-deuterated solvents were used. The NMR 

tubes were sealed with rubber septa. Liquid substrates were added via µL Hamilton syringes and 

NMR tubes were shaken thoroughly after each addition. Carbon-13C monoxide was taken from a 
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compressed gas cylinder equipped with a three-way stopcock, a pressure relief valve, connected 

to a vacuum line and a small Schlenk flask sealed with a rubber septum. The system was evacuated 

and filled with 1 atm of 13CO. The desired amounts of 13CO were transferred to the NMR tube with 

1 mL syringes. The tubes were shaken thoroughly after addition of 13CO gas. The appropriate 

volumes of the desired gas were calculated by assuming ideal gas conditions. 

 

5.4.3 NMR Scale Experiments 

Protonation of Diphosphine dtbpx 

21 mg of dtbpx were dissolved in 0.4 mL of MeOD and 0.1 mL of CD2Cl2. A solution of 13.5 µL 

of trifluoromethanesulfonic acid in 0.6 mL of MeOD was added stepwise and 31P{1H} and 1H NMR 

spectra were recorded.  

 

Figure 5-28. Protonation of diphosphine ligand dtbpx to (dtbpxH2)(OTf)2 by stepwise addition of 

trifluoromethanesulfonic acid (TfOH) in MeOD. 
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Figure 5-29. Relative amounts of diphosphine ligand dtbpx and protonated diphosphine ligands 

(dtbpxH)(OTf) and (dtbpxH2)(OTf)2 with increasing amounts of added acid TfOH as observed by 

31P{1H} NMR spectroscopy.  

 

Control Experiments for Isomerization of Methyl Oleate 

 

Figure 5-30. 1H NMR spectrum of methyl oleate (99%) in a typical reaction mixture for 

isomerization experiments (toluene-MeOH). Insert shows the characteristic signal of the internal 

double bond at C9 position. 
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Figure 5-31. Characteristic signal of double bond of methyl oleate in 1H NMR spectra over 9 days 

at 80 °C (NMR tube reaction mixture: 0.2 mL of methyl oleate (99%) in 0.6 mL of toluene, 0.1 mL 

of methanol, NMR spectra measured at 300 K, NMR tube heated to 80 °C in aluminum heating 

block).  

 

Figure 5-32. Characteristic signal of double bond of methyl oleate in 1H NMR spectra over 9 days 

at 80 °C with (dtbpxH2)(OTf)2 (NMR tube reaction mixture: 0.2 mL of methyl oleate (99%), 9 mg 

of (dtbpxH2)(OTf)2 in 0.6 mL of toluene, 0.1 mL of methanol, NMR spectra measured at 300 K, 

NMR tube heated to 80 °C in aluminum heating block). 



Interconversion of Nanocrystals and Metal with a Selective Molecular Catalyst 

- 169 - 

 

 

Figure 5-33. Aliphatic region of 1H NMR spectra of methyl oleate over 9 days at 80 °C with 

(dtbpxH2)(OTf)2 (reaction conditions see Figure 5-32, for assignments of signals see Figure 5-30, 

signals for methanol are excluded for clarity reasons). 

 

Figure 5-34. 31P{1H} NMR spectra of diprotonated diphosphine ligand in the presence of methyl 

oleate over 9 days at 80 °C (reaction conditions see Figure 5-32). 



Interconversion of Nanocrystals and Metal with a Selective Molecular Catalyst 

- 170 - 

Figure 5-32 and Figure 5-33 show that methyl oleate does not isomerize or react with the 

diprotonated diphosphine ligand in the absence of the Pd catalyst, ruling out any off-metal 

interactions of those components. Further, the diprotonated ligand stays intact under those 

conditions (singlet 45 ppm, Figure 5-34). The newly evolving signals at 65 and 35 ppm are most 

likely due to partial oxidation of the diphosphine to the phosphine monoxide dtbpxO. This can 

occur as a result of diffusion of air into the NMR tube over such long reaction times.  

 

Figure 5-35. Characteristic signal of double bond of methyl oleate in 1H NMR spectra over 9 days 

at 80 °C with Pd nanocrystals (NMR tube reaction mixture: 0.2 mL of methyl oleate (99%), 0.6 

mL of Pd nanocrystals in toluene (c(Pd) = 4.45 mmol L-1), 0.1 mL of methanol, NMR spectra 

measured at 300 K, NMR tube heated to 80 °C in aluminum heating block). 
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Figure 5-36. Destabilization of Pd nanocrystals in NMR tube reaction mixtures in the presence of 

(dtbpxH2)(OTf)2 (both samples show Pd nanocrystals in MeOH/toluene after 9 days at 80 °C).  

 

 

Figure 5-37. 1H NMR spectrum of methyl oleate after 18 h under isomerizing 

methoxycarbonylation reaction conditions with Pd/C as a precursor in the absence of 

(dtbpxH2)(OTf)2 (corresponding to Table 5-3, entry 3, for assignment of signals see Figure 5-30). 
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5.4.4 Activation of Bulk Metal to a Homotopic Catalyst Species – 

Carbonylation with Bulk Pd 

General Procedure for Ensuring “Pd-free” Pressure Reactors 

For a thorough removal of any residues and to ensure the absence of trace Pd, a typical 

reaction mixture without any added Pd precursor (typically 2 mL of technical grade methyl oleate, 

150-300 mg of (dtbpxH2)(OTf)2, 8-10 mL of MeOH) was exposed to 20 bar of CO and 90 °C for a 

similar reaction time that the following reaction was intended for. The pressure reactors were 

typically considered clean and free of Pd if the conversion of methyl oleate was less than 2% in 

such “Pd-free” carbonylation reactions as detected by gas chromatography. This procedure is 

particularly relevant for very long reaction times (>200 h).  

 

General Comments on Experimental Procedure 

Isomerizing methoxycarbonylation experiments were conducted following Carbonylation 

procedure I.  

Pd sponge was stored under inert atmosphere and small amounts were weighed out on air. 

The Pd wire was stored on air and samples of approx. 5 mg were cut off from the original wire 

(length of 40 cm, diameter of 0.5 mm).  

Prior to methoxycarbonylation with Pd sponge or wire as a precursor the pressure reactors 

were tested for any trace Pd in a ‘blank reaction’ (2-3 times, vide supra). For all ‘blank reactions’, 

as well as the following carbonylation reaction, the same glass inlets and magnetic stir bars were 

used. The reaction times and conversions of the oleate substrate for those blank reactions are 

listed with the corresponding carbonylation experiment as a footnote. In between reactions the 

stainless steel reactors, glass inlets and stir bars were cleaned thoroughly (various rinse cycles 

with organic solvents, water, detergent) to remove any residues from the previous reactions.  

Long-term experiments were monitored by drawing samples after certain reaction times. 

Samples of 0.1-0.2 mL were drawn via syringe under a nitrogen stream after cooling down to room 

temperature and releasing the CO pressure. After drawing the sample, the pressure reactors were 

re-pressurized with 20 bar of CO and heated to 90°C. Given reaction times do not include the time 

where reaction mixtures were cooled down and samples were drawn at room temperature.  
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Hydrogenation of Pd Wire and Pd Sponge - Experimental Procedure 

Samples of Pd wire (ca. 5 mg) and Pd sponge (ca. 100 mg) were treated under a stream of 

H2(5%)/N2 at 120 °C for 2 h. The oven was allowed to cool down to 60 °C over 3 h and the samples 

were removed, evacuated and stored under nitrogen.  

 

Reusing of Pd Wire and Pd Sponge - Experimental Procedure 

Samples of Pd wire (initially 5.14 mg) and Pd sponge (initially 5.17 mg) were used in a 

carbonylation experiment following Carbonylation procedure I (detailed reaction conditions see 

Table 5-9 and Table 5-10, also note general comments on experimental procedure of 

carbonylation with Pd bulk, vide supra). 

After each cycle the remaining Pd was removed from the reaction mixture thoroughly rinsed 

several times with organic solvents (dichloromethane, methanol, and acetone), dried under 

reduced pressure and stored under nitrogen until further reuse.  
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5.5 Appendix 

Table 5-11. Isomerizing methoxycarbonylation of methyl oleate with [(dtbpx)Pd(OTf)2] and 

additional dtbpx and TfOH.a 

entry 
cat. loading 

(mol%) 
additive 

equiv. of 

additive 

conversionb 

(%) 

selectivityb 

(%) 

1 0.1 - - 65 91 

2 0.1 dtbpx 1 25 90 

3 0.1 dtbpx 3.5 <1 n.d. 

4 0.1 dtbpx 5 <1 n.d. 

5 0.1 dtbpx 10 <1 n.d. 

6 0.1 TfOH 1 43 92 

7 0.1 TfOH 5 26 90 

8 0.1 TfOH 10 12 91 

9 0.1 (dtbpxH2)(OTf)2 1 89 93 

10 0.1 (dtbpxH2)(OTf)2 3 89 93 

11 0.1 (dtbpxH2)(OTf)2 5 92 91 

12 0.1 (dtbpxH2)(OTf)2 7 90 92 

13 0.1 (dtbpxH2)(OTf)2 10 92 93 

14 0.1 (dtbpxH2)(OTf)2 12 96 91 

15 0.1 (dtbpxH2)(OTf)2 15 87 90 

16 0.1 (dtbpxH2)(OTf)2 20 86 93 

17 0.05 - - 30 92 

18 0.05 (dtbpxH2)(OTf)2 1 55 92 

19 0.05 (dtbpxH2)(OTf)2 3 60 91 

20 0.05 (dtbpxH2)(OTf)2 5 59 91 

21 0.05 (dtbpxH2)(OTf)2 7 63 91 

22 0.05 (dtbpxH2)(OTf)2 10 72 91 

23 0.05 (dtbpxH2)(OTf)2 12 66 91 

24 0.05 (dtbpxH2)(OTf)2 15 71 90 

25 0.05 (dtbpxH2)(OTf)2 20 74 92 

26 0.05 (dtbpxH2)(OTf)2 40 74 92 
a Reaction conditions unless specified otherwise: 5.9 mmol of technical grade methyl oleate (Dakolub 

MB9001, 92.5% methyl oleate), [(dtbpx)Pd(OTf)2] as catalyst precursor, 8 mL of methanol, 20 bar of CO 

(initial pressure), 90 °C, 18 h. b Conversion and selectivity for the linear 1,19-diester were determined by 

gas chromatography of the crude reaction mixtures. n.d. = not determined. 
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Additional NMR spectra 

Scheme 5-5.Proposed decomposition pathway of [(dtbpx)Pd(OTf)2] in the presence of CO. 

 

 

 

Figure 5-38. Characteristic signals of [(dtbpx)Pd(H)(MeOH)]+ in 1H and 31P{1H} NMR spectra. 

Reaction conditions: 14 mg of [(dtbpx)Pd(OTf)2], 0.5 mL of MeOH, 0.3 mL of CD2Cl2.  
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Figure 5-39. Detection of [(dtbpx)Pd(H)(CO)]+ during decomposition experiment of 

[(dtbpx)Pd(H)(L)]+ in the presence of CO. Reaction conditions: a-c) 14 mg of [(dtbpx)Pd(OTf)2], 

0.5 mL of MeOH, 0.3 mL of CD2Cl2, 3 mL of 13CO.  
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Figure 5-40. Simultaneous detection of [(dtbpx)Pd(H)(CO)]+ and [(dtbpx)Pd(µ-H)(µ-

CO)Pd(dtbpx)]+ during decomposition experiment of [(dtbpx)Pd(H)(L)]+ in the presence of CO. 

Reaction conditions: a-c) 12.5 mg of [(dtbpx)Pd(OTf)2], 0.5 mL of MeOH, 0.3 mL of CD2Cl2, 1 mL 

of 13CO.  
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Figure 5-41. Deactivation experiment of [(dtbpx)Pd(H)(MeOH)]+ in methanol in the presence of 

13CO and (dtbpxH2)(OTf)2 at room temperature followed by 1H NMR spectroscopy. Reaction 

conditions: 11 mg of [(dtbpx)Pd(OTf)2], 27 mg of (dtbpxH2)(OTf)2 in 0.5 mL of MeOH, 2 mL 

of 13CO, DMSO-d6 lock stick 
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Figure 5-42. Hydride region of 1H{31P} (top) and 1H NMR spectra (bottom) of Pd hydride 

generated from Pd nanocrystals with (dtbpxH2)(OTf)2. Reaction conditions: 22.3 μmol of Pd as 

nanocrystals in toluene (c(Pd) = 4.45 mmol L-1), 5.5 equiv. of (dtbpxH2)(OTf)2, 5 mL of MeOH, 

90 °C, 20 bar of CO, 91.5 h, addition of 5 equiv. of PPh3 in 2 mL of MeOH after reaction 

termination, stirring for 60 min before removal of solvents. 
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Calculation: Conversion of Nanocrystals to Pd Hydride Species 

[(dtbpx)Pd(H)(PPh3)]+ 

Figure 5-23 demonstrates the formation of the molecular Pd hydride species from Pd 

nanocrystals in the presence of CO and at elevated temperatures. By addition of PPh3 a stable and 

NMR-detectable Pd hydride species was generated. The following calculation estimates the molar 

amount of nanocrystals which is converted to the molecular hydride species 

[(dtbpx)Pd(H)(PPh3)]+. The calculations are based on the integrals of the signals that were 

assigned to (dtbpxH2)(OTf)2 and [(dtbpx)Pd(H)(PPh3)]+ in the 31P{1H} NMR spectrum. Chemical 

shifts and relative integrals of the corresponding signals are given below.  

 

Free (dtbpxH2)2+:    δ 44.96 ppm,  

∫ = 100 

 

Bound “(dtbpxH2)2+”   δ 59.52, 35.30 ppm, 

(in [(dtbpx)Pd(H)(PPh3)]+):  ∫ = 10.51 

      

Sum of integrals for all dtbpx(H2)-related signals: 

∑(∫)  =110.51 ≡ 2 P atoms per molecule 

          = 55.26  ≡ 1 P atom per molecule  

       corresponds to 121.2 µmol,  

molar amount of added (dtbpxH2)(OTf)2 in this 

NMR scale experiment 

 

[(dtbpx)Pd(H)(PPh3)]+:   δ 59.52, 35.30, 13.57 ppm 

∫ = 15.93 ≡ 3 P atoms per molecule 

         = 5.31   ≡ 1 P atom per molecule  

 

∫ = 55.26  ≡ 121.2 µmol 

 ∫ = 5.31   ≡ 11.65 µmol  

estimated molar amount of formed [(dtbpx)Pd(H)(PPh3)]+ 

 

initial amount of Pd nanocrystals: 22.25 µmol   

 52.4% of Pd nanocrystals converted to [(dtbpx)Pd(H)(PPh3)]+ 
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SEM Images of Pd Sponge 

 

Figure 5-43. SEM images of commercial Pd sponge.  
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Figure 5-44. SEM images of Pd sponge after application in isomerizing methoxycarbonylation of 

methyl oleate with (dtbpxH2)(OTf)2 for 210 h (5.9 mmol of technical grade methyl oleate, 

0.8 mol% of Pd sponge, 7 equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of methanol, 20 bar of 

CO (initial pressure), 90 °C, stirred at 1000 rpm with magnetic stir bar, 48% conversion).  
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Figure 5-45. SEM images of Pd sponge after application to isomerizing methoxycarbonylation of 

methyl oleate with (dtbpxH2)(OTf)2 for 210 h without stirring (5.9 mmol of technical grade 

methyl oleate, 0.8 mol% of Pd sponge, 7 equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of 

methanol, 20 bar of CO (initial pressure), 90 °C, Table 5-6, entry 1). 
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SEM Images of Pd Wire 

 

Figure 5-46. SEM images of three samples of commercially available Pd wire (I-III) as used in 

isomerizing methoxycarbonylation. 
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Figure 5-47. SEM images of Pd wire after 943 h of isomerizing methoxycarbonylation of methyl 

oleate. Reaction conditions: 5.9 mmol of technical grade methyl oleate (Dakolub MB9001, 92.5% 

methyl oleate), 5.136 mg of Pd wire, 10 equiv. of (dtbpxH2)(OTf)2 relative to Pd, 8 mL of 

methanol, 20 bar of CO (initial pressure), 90 °C. 
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Figure 5-48. SEM images of Pd wire after 943 h of stirring in 8 mL of MeOH at 90 °C at 20 bar of 

CO. 
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Figure 5-49. SEM images of Pd wire after 949 h of isomerizing methoxycarbonylation of methyl 

oleate without stirring (reaction conditions see Table 5-6, entry 2). 

 

 



Interconversion of Nanocrystals and Metal with a Selective Molecular Catalyst 

- 188 - 

SEM Images of Hydrogenated Bulk Pd 

 

Figure 5-50. SEM images of Pd wire before (I) and after hydrogenation (II). Blue boxes show 

exemplary spots where changes after hydrogenation are visible. 
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Figure 5-51. (continued from Figure 5-50). SEM images of Pd wire before (I) and after 

hydrogenation (II). Blue boxes show spots where changes after hydrogenation are visible. 
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Figure 5-52. SEM images of a sample of Pd sponge after hydrogenation treatment.  
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SEM Images of Reused Pd Wire 

 

Figure 5-53. SEM images of details of reused Pd wire. I.a-d = first cycle, Table 5-9, entry 1; II.a-

d = second cycle, Table 5-9, entry 2. 
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6. General Summary and 

Conclusion 

Genera l Summa ry and Conclusion 

Carbonylation reactions, such as hydroxy- and alkoxycarbonylation, are industrially relevant 

reactions of olefins with carbon monoxide generating carbonyl functionalized compounds.1,5 A 

combination of a Pd catalyzed carbonylation with an isomerization allows for a selective terminal 

functionalization of internal double bonds.126-128 These isomerizing carbonylation reactions are 

also applicable to renewable feedstock such as unsaturated fatty acids for the direct generation of 

linear, long-chain α,ω-difunctional compounds that can be used as building blocks for 

polymers.71,128,161,177 Unsaturated fatty acids are attractive substrates for an isomerizing ω-

functionalization because of their unique molecular structure of a long methylene sequence 

besides a carbonyl functionality and an internal double bond. The isomerizing 

alkoxycarbonylation, catalyzed by Pd complexes with sterically demanding diphosphine ligands, 

is the state of the art in terms of activity and selectivity for the linear product. A Pd complex with 

dtbpx as a ligand (1,2-bis{(di-tert-butylphosphino)methyl}benzene) is the ‘benchmark’ catalyst 

suitable for converting a range of substrates, such as olefins and unsaturated fatty acids, but also 

terpenes and tri- and diacylglycerides from seed and algae oils.127-128,156,169-170,172  

A direct access to the important long-chain α,ω-dicarboxylic acids was missing prior to this work. 

An isomerizing hydroxycarbonylation of unsaturated fatty acids with water as a nucleophile was 

envisioned to provide linear, long-chain α,ω-dicarboxylic acids in a single step and as an atom-

efficient reaction with high selectivities (Figure 6-1). Major challenges in such an approach were 

a matched solvent system allowing for sufficient contact between all reactants and a catalytic 

system tolerant to and reactive in aqueous media.  

6 
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Figure 6-1. Isomerizing hydroxycarbonylation of an unsaturated fatty acid for generation of 

linear, long-chain dicarboxylic acids.  

The [(dtbpx)Pd(OTf)2] precursor with a Pd hydride as the active species was found to be 

suitable for transforming a range of unsaturated fatty acid derivates (C11, C18, C22), as well as a 

triglyceride, to linear, long-chain α,ω-dicarboxylic acids with water as a nucleophile and at high 

CO pressures. Selectivities for the linear product were generally around 90% (Scheme 6-1). 

A sufficient contact between all reactants – fatty acid substrate, water as a nucleophile, CO 

and Pd catalyst – is important to achieve high turnovers of the catalyst and consequently high 

conversions of the substrate. From a range of solvents, THF performed best as it does not 

coordinate strongly to the active catalyst, dissolves all components, including the product, and can 

be removed from the reaction mixture easily. Besides a homogeneous reaction mixture, the 

reaction temperature was a crucial parameter to achieve high activities (TON over 120) for a 

catalyst system consisting of [(dtbpx)Pd(OTf)2] as a precursor with a slight excess of ligand and 

acid in the form of (dtbpxH2)(OTf)2. Compared to the related methoxycarbonylation with 

methanol as a nucleophile, the temperature needs to be increased from 90 to 125 °C to overcome 

energetic barriers. 

A key feature of the catalytic system under pressure reactor conditions is the addition of 

diphosphine ligand dtbpx and acid TfOH, ideally in a 1:2 ratio as (dtbpxH2)(OTf)2, to the 

diphosphine coordinated catalyst precursor [(dtbpx)Pd(OTf)2]. The addition of a slight excess of 

(dtbpxH2)(OTf)2 to the Pd precursor causes an increase of the TON by a factor of three. Addition 

of diphosphine ligand or acid alone results in a detrimental decline of the catalytic activity. NMR 

studies demonstrated that the diprotonated diphosphine ligand plays an active role in the 

formation of the catalytically active hydride species (Scheme 6-1). The PdII precursor 

[(dtbpx)Pd(OTf)2] is first coordinated by two water molecules and undergoes reductive 

elimination forming Pd0 and diphosphine oxides. The generated Pd0 can react in an oxidative 

addition with (dtbpxH2)2+ forming the catalytically active hydride [(dtbpx)Pd(H)(L)]+. From this 

activation pathway it is conceivable that a Pd0 precursor with (dtbpxH2)(OTf)2 could perform 

better since such a system eliminates the step of reductive elimination. However, using Pd0 

precursors usually involves the introduction of additional coordinating ligands, such as dba or 
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phosphines, to the catalytic system. Pressure reactor studies showed that the catalytic system of 

[(dtbpx)Pd(OTf)2] and a slight excess of (dtbpxH2)(OTf)2 outperforms other Pd0 precursors, e.g. 

[Pd(dba)2], in the isomerizing hydroxycarbonylation.  

Scheme 6-1. Isomerizing hydroxycarbonylation of oleic acid to the linear 1,19-diester with 

formation of the active hydride species via a sequence of reductive elimination and oxidative 

addition (P^P = dtbpx).  

 

 

The reaction rate in the isomerizing hydroxycarbonylation is limited by a several factors. 

Most of all, the reactive terminal olefin species is only present in a low amount in a thermodynamic 

mixture of all double bond isomers (<0.2%). Further, the formation of the active Pd hydride 

species is not quantitative (approximately 12%) and the concentration of the nucleophile H2O in 

a THF-oleate mixture is limited (c(H2O)max = 5 mol L-1). DFT calculations demonstrated that a 

cluster of three water molecules is coordinated to the Pd acyl in the transition state of the rate-

determining solvolysis step and the high energetic barrier of this step further contributes to a 

relatively low reaction rate.  

With an average turnover frequency of 7 h-1 the isomerizing hydroxycarbonylation of oleic 

acid ranks just below the isomerizing methoxycarbonylation (12 h-1), but exceeds activities of 

many other isomerizing functionalization reactions, such as hydroboration or silylation, and 

features the desired high linear selectivity over 90% and therefore outperforms the isomerizing 

hydroformylation (TOF of 35 h-1, 40% selectivity for linear product for hydroformylation of 

methyl oleate).71 
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Sterically demanding diphosphine Pd complexes, such as [(dtbpx)Pd(OTf)2], can be used for 

synthesis of difunctional polymer building blocks while complexes with related, sterically less 

demanding diphosphines, e.g. dppp, are established for generation of polyketones by 

copolymerization of short-chained terminal olefins and CO.13,28-29,43,203,209-212 These γ-polyketones 

are strictly alternating and propylene (or a higher terminal olefin) is always inserted in a 1,2- or 

2,1-mode producing branches on the polymer backbone.29,43,211-212 An elongation of the linear 

hydrocarbon segment between carbonyl functionalities is desired to tune thermal properties and 

processability of the polyketone product. For polyketones exhibiting such an extended, linear 

hydrocarbon backbone a combination of alternating copolymerization of a terminal alkene and 

CO with an isomerization step is conceivable. The isomerization of an intermediate Pd alkyl 

species and the selective propagation of the linear species would yield a ‘chain-straightened’ 

polyketone. In this work, we investigated if an insertion of an olefin into a Pd acyl species can be 

enforced in combination with isomerization to generate higher insertion products ranging from 

ketones to polyketones with Pd catalysts known for their terminal selectivity in 

alkoxycarbonylation.  

Propylene as a substrate can isomerize but does not form any less reactive internal olefins. 

With [(dtbpx)Pd(OTf)2] as a precursor the carbonylation of propylene in methanol as a solvent 

and reactant proceeds with a selectivity for the linear methyl butyrate of 97%. In pure methanol 

no further insertion products were observed and termination via methanolysis is the favored 

reaction pathway after the formation of the Pd acyl species (Scheme 6-2, left pathway with main 

product in red box). 

We hypothesized that a propylene insertion into the Pd acyl species could be enforced by a 

reduction of the methanol concentration resulting in a lower probability for the methanolysis 

termination. However, with [(dtbpx)Pd(OTf)2] as a catalyst precursor even at a low methanol 

concentration of 0.5 mol L-1 no secondary or higher insertion products were observed. This clear 

preference for the termination via methanolysis and formation of the short-chain ester products 

can be rationalized by a strong preference of the η2-acyl species, a crucial intermediate in the 

methanolysis, by the sterically demanding and electron rich diphosphine dtbpx. A five-membered 

β-CO-Pd-chelate, that promotes the propagation, is not formed with such a diphosphine ligand as 

a result of high energy barriers for olefin coordination and insertion into the Pd acyl.  

Other Pd catalysts with sterically less demanding ligands, such as dtbpp, dtbpe, dippp and 

depp, were applied in the carbonylation of propylene in methanol and at reduced methanol 

concentration. Catalysts with dtbpp, dippp and depp ligands did not yield the desired keto 

products. A dtbpe-coordinated Pd complex produces secondary insertion products with the iso-

propyl-n-propylketone as the major product (Scheme 6-2, right pathway with main product in the 
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blue box, 72% of product composition). This product is formed by insertion of propylene into a 

Pd hydride (1,2-insertion or 2,1-insertion with isomerization), subsequent CO insertion and 1,2-

insertion of propylene followed by protonolysis as termination reaction. This unique sequence of 

reacting two olefin molecules and one molecule of CO to the keto product was previously reported 

for a dtbpe-Pd catalyst yielding diethylketone from ethylene and CO33 and can be reasoned by an 

exceptionally high stability of the resulting five-membered β-CO-chelate. The preference for 1,2-

insertions of propylene resulting in the formation of iso-propyl and iso-propenyl groups is also 

known from Pd catalyzed copolymerization with alkyl (di)phosphine ligands.13,28 

Scheme 6-2. Carbonylation of propylene with a diphosphine coordinated Pd catalyst giving 

access to different products depending on the nature of the diphosphine ligand.  
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The generation of an alternating ‘chain-straightened’ δ-polyketone by an isomerizing 

copolymerization of propylene and CO was not feasible with the catalyst precursors used in this 

work (Scheme 6-2, right pathway with desired polyketone in the orange dashed box). 

Notwithstanding, the requirements for a catalytic system that yields the desired product have 

been identified. A diphosphine coordinated Pd catalyst for such an isomerizing copolymerization 

promotes a selective 2,1-insertion of the olefin, exhibits a high isomerization activity and 

functionalization selectively occurs in the terminal position. The propagation is advanced by 

formation of stable five- and six-membered Pd alkyl and acyl chelates that allow for further 

coordination of substrates, and a destabilization of a η2-acyl to inhibit termination via 

methanolysis.  

In all Pd catalyzed reactions investigated in this thesis, decomposition of the active catalyst 

and agglomeration to inactive states, here as Pd black, has been observed. It is a common 

phenomenon in transition metal catalysis that soluble catalysts interconvert with nanoparticles 

and further to highly aggregated and inactive states. The observations on the mechanism, the true 

active species and the final decomposition products in many transition metal catalyzed reactions 

lack a comprehensive view on the (ir)reversibility of agglomeration of particles and possible 

(re)activation mechanisms to an unambiguous active species within one catalyst system. For the 

generation of highly active catalysts by molecular, single-site transition metal complexes it is 

crucial to know at what stage the conversion to larger structures and agglomerates becomes 

irreversible. However, these investigations are complicated in many cases, such as C-C couplings, 

as the true nature of the active species is unclear.  

The isomerizing methoxycarbonylation of unsaturated fatty acids is exclusively catalyzed by 

a homotopic (= single-site) Pd hydride species. The unique and characteristic selectivity (over 

90% of linear product from an internal double bond) as observed in catalysis experiments and 

confirmed by DFT calculations can only arise from a homotopic catalyst that is unambiguously 

assigned to [(dtbpx)Pd(H)(L)]+.57,156 The isomerizing methoxycarbonylation is therefore a 

suitable reaction to investigate interconversions between active and inactive states over all 

dimensions (Figure 6-2).  

The isomerizing methoxycarbonylation of methyl oleate with the [(dtbpx)Pd(OTf)2] 

precursor typically proceeds with an initial TOF of 12 h-1 and significant amounts of Pd black as 

decomposition product were observed during the reaction.147 By addition of a slight excess of 

diprotonated diphosphine ligand (dtbpxH2)(OTf)2 no decomposition was observed and the initial 

TOF is increased by a factor of six (76 h-1). Pressure reactor studies and NMR scale experiments 

demonstrate that the active Pd hydride species decomposes to Pd0 and (dtbpxH2)2+. The 
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deactivation is completely reversible as all formed products, namely dipronated diphosphine and 

Pd0, are capable of the reverse activation reaction. 

 

Figure 6-2. Interconversion between a molecular catalyst, nanoparticle and highly agglomerated 

bulk metal during a catalytic reaction. 

Various nanoparticlulate Pd0 precursors (Pd on support materials, Pd nanocrystals) were 

applied in the isomerizing methoxycarbonylation of methyl oleate and formed a homotopic PdII 

hydride species as evidenced by the characteristic selectivity for the linear product in this 

transformation. The dissolution and the formation of the homotopic, catalytically active hydride 

was further proven by kinetic pressure reactor experiments, NMR spectroscopy, UV-Vis-NIR 

spectroscopy and TEM imaging. Even highly agglomerated states of Pd, such as Pd black, sponge 

and wire, were activated to the molecular PdII hydride species.  

This work proves the feasibility of the full-range interconversion of a molecular transition 

metal catalyst with agglomerated species ranging from the nano- to the macroscale as shown in 

Figure 6-2. The characteristic selectivity for the linear product over 90% that arises from the 

molecular catalyst is a clear indicator distinguishing the isomerizing methoxycarbonylation from 

other reactions with a debatable nature of the true active species, like C-C couplings or 

hydroformylations. 
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