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IV.  Abstract / Zusammenfassung 

Im Hinblick auf die Endlichkeit fossiler Rohstoffe spielen nachhaltige Strategien zur 

Synthese von Chemikalien aus nachwachsenden Rohstoffen eine immer größere Rolle. 

Ein möglicher Rohstoff sind ungesättigte Fettsäuren, welche aus Pflanzenölen gewonnen 

werden können. Das besondere an diesen ungesättigten Fettsäuren ist neben der langen 

Kette aus Methylensequenzen die Tatsache, dass bereits zwei funktionelle Gruppen im 

Molekül vorhanden sind: eine Carbonylfunktion in Form einer Estergruppe und die schon 

angesprochene ungesättigte Doppelbindung. Letztere kann durch eine Vielzahl bekannter 

chemischer Transformationen in eine andere funktionelle Gruppe umgewandelt werden. 

Um die vollständige stoffliche Nutzung des Rohstoffs zu ermöglichen sind 

isomerisierende w-Funktionalisierungen von besonderem Interesse. Innerhalb dieser 

isomerisierenden w-Funktionalisierungen hat sich die isomerisierende 

Alkoxycarbonylierung aufgrund der hohen Produktivität und Selektivität als besonders 

geeignet erwiesen. 

Die isomerisierende Alkoxycarbonylierung ist eine durch elektronenreiche und 

sterisch anspruchsvolle Diphosphan Palladium(II) Komplexe homogenkatalysierte 

Transformation, bei der die Doppelbindung mit CO und einem Alkohol in eine 

Estergruppe umgewandelt wird. Die Estergruppe wird dabei mit über 90 % Selektivität 

an der terminalen Position des Substrats generiert, d.h. acht Kohlenstoffatome entfernt 

von der ursprünglichen Position der Doppelbindung. 

Zielsetzung dieser Arbeit war ein mechanistisches Verständnis der isomerisierenden 

Alkoxycarbonylierung ungesättigter Fettsäureester. Dabei wurde im ersten Schritt der 

Reaktionsmechanismus der Palladium katalysierten Transformation durch NMR 

spektroskopische Untersuchungen bei tiefen Temperaturen aufgeklärt. Im Weiteren 

wurde der Einfluss des Diphosphanliganden auf die Produktivität und Selektivität der 

Reaktion experimentell unter katalytischen Bedingungen in einem Druckreaktor und 

durch NMR Spektroskopie sowie mittels theoretischer Methoden untersucht. Sämtliche 

DFT Berechnungen hierzu wurden in Kooperation von Prof. Dr. L. Caporaso an der 

Universität Salerno / Italien durchgeführt. Zuletzt wurde der Einfluss mehrfach 

ungesättigter Fettsäuren auf die isomerisierende Alkoxycarbonylierung und insbesondere 

auf die katalytisch aktive Spezies untersucht, da diese in kommerziell erhältlichen 

Pflanzenölen stets zu einem gewissen Anteil enthalten sind. 
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Stöchiometrische mechanistische Untersuchungen mittels NMR Spektrospkopie bei 

tiefen Temperaturen zeigten, dass Diphosphan Palladium(II) Hydride die katalytisch 

aktiven Spezies sind, welche aus den entsprechenden Diphosphan Palladium(II) Ditriflat 

Komplexen durch Zugabe von Methanol gebildet werden. Durch Zugabe von 

koordinierenden Verbindungen wie z.B. Pyridin ist es möglich, die katalytisch aktive 

Spezies zu isolieren, was für Untersuchungen in Methanol-freiem Medium notwendig ist. 

Beginnend von der isolierten katalytisch aktiven Pd-Hydrid Spezies wurde gezeigt, dass 

Methyl Oleat in die Pd-H Bindung insertiert und schnell isomerisiert. Dadurch werden 

lediglich die lineare und nur eine verzweigte Pd-Alkyl Spezies beobachtet. Bei der 

verzweigten Pd-Alkyl Spezies befindet sich das Pd-Zentrum in a-Position zur 

Carbonylfunktion, wodurch dieses durch Ausbilden eines 4-Ring-Chelats stabilisiert 

wird. Insertion von CO in diese beiden Pd-Alkyl Komplexe wird beobachtet und führt 

zur Bildung der entsprechenden Pd-Acyl Komplexe, wobei auch gezeigt wurde, dass 

diese CO Insertion reversibel ist. Des Weiteren zeigt sich, dass ausschließlich der lineare 

Pd-Acyl Komplex mit Methanol zum linearen Diester abreagiert, die verzweigte Pd-Acyl 

Spezies hingegen ist stabil gegenüber der Reaktion mit Methanol und die Bildung des 

entsprechenden Malonesters wird nicht beobachtet. 

Theoretische und experimentelle Untersuchungen, die unter katalytischen 

Bedingungen in einem Druckreaktor bei 20 bar CO Druck und 90 °C durchgeführt 

wurden, zeigten, dass der verwendete Diphosphanligand für die Selektivität und Aktivität 

des verwendeten Katalysatorsystems verantwortlich ist. Katalysatorvorstufen, in denen 

das Metallzentrum sterisch abgeschirmt ist, ergeben selektivere Systeme, da der 

Energieunterschied im geschwindigkeitsbestimmenden Methanolyseschritt zwischen den 

Reaktionswegen, die zum linearen bzw. zu den verzweigten Diestern führen, für diese 

Systeme höher ist. Darüber hinaus ist die Energiebarriere des 

geschwindigkeitsbestimmenden Methanolyseschritts an sich niedriger als bei den 

weniger abgeschirmten Metallzentren, wodurch sterisch abgeschirmte Metallzentren 

aktivere Systeme darstellen. Die theoretischen Studien ergeben, dass der Grund für die 

Unterschiede in den Energiebarrieren verschiedene Mechanismen, nach denen die 

Methanolyse abläuft, sind. Bei sterisch weniger anspruchsvollen Diphosphanen ist eine 

Gruppe aus drei Methanolmolekülen an der Reaktion beteiligt, was energetisch günstiger 

ist als die Reaktion mit einem einzelnen Methanolmolekül. Bei sterisch 

anspruchsvolleren Diphosphanen ist der Mechanismus aus drei Molekülen nur für die 
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lineare, nicht aber für die verzweigten Pd-Acyl Spezies energetisch günstiger, wodurch 

sich ein größerer Energieunterschied zwischen den Methanolyseschritten der linearen und 

den verzweigten Pd-Acyl Spezies ergibt, wodurch wiederum die Selektivität mit diesen 

Systemen größer ist. Ein weiterer wichtiger Punkt ist die Bildung der katalytisch aktiven 

Pd-Hydrid Spezies, die bei den sterisch weniger abgeschirmten Metallzentren nicht so 

effektiv erfolgt, wodurch schon der Eintritt in den Katalysezyklus an sich gehindert ist. 

Untersuchungen zum Einfluss des olefinischen Substrats zeigten eine starke 

Abhängigkeit von der Kettenlänge und der Zahl der Doppelbindungen im Substrat. Die 

Selektivität zur Bildung der linearen Ester ist mit kürzeren Substraten etwas höher. 

Deutlich ausgeprägter ist jedoch der kinetische Aspekt, da Substrate geringerer 

Kettenlänge deutlich schneller umgesetzt werden, was vermutlich an der 

Gleichgewichtskonzentration der linearen Pd-Acyl Spezies liegt, die für längere Substrate 

geringer ist. Zu erwähnen ist hier, dass die Position der Doppelbindung keinen Einfluss 

auf die Kinetik hat, was zeigt, dass die Isomerisierung nicht der 

geschwindigkeitsbestimmenden Schritt der Reaktion ist. Eine größere Anzahl an 

Doppelbindungen im Substrat führt ebenfalls zu einer verminderten Reaktivität. NMR-

Studien zeigen, dass dies an der Bildung von Pd-Allyl Komplexen liegt, die zwar 

ebenfalls zu den linearen Pd-Allyl Spezies isomerisiert werden, allerdings geschieht dies 

deutlich langsamer als für einfach ungesättigte Fettsäuren, und die anschließende 

Carbonylierung ist ebenfalls deutlich langsamer als die der entsprechenden linearen Pd-

Alkyl Spezies. 

Neben den Substraten hat der in der Reaktion eingesetzte Alkohol einen großen 

Einfluss auf die Reaktionsgeschwindigkeit. Verglichen mit Methanol haben höhere 

Alkohole aufgrund ihrer größeren Molmasse immer eine geringere Konzentration pro 

Volumeneinheit, wodurch die Reaktionsgeschwindigkeit per se herabgesetzt wird. Hinzu 

kommt noch eine mittels NMR-Spektroskopie und unter katalytischen Bedingungen 

nachgewiesene und durch theoretische Berechnungen bestätigte geringere Reaktivität an 

sich, weshalb Methanol für hohe Umsätze je Zeiteinheit das bevorzugte 

Reaktionsmedium in der isomerisierenden Alkoxycarbonylierung sein sollte. 
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V. Abbreviations 

Chemical Compounds: 

biphephos 6,6'-((3,3'-di-tert-butyl-5,5'-dimethoxy-[1,1'-biphenyl]-2,2'-

diyl)bis(oxy))didibenzo[d,f][1,3,2]dioxaphosphepine 

cis-dtbpcy (1R,2S)-1,2-bis((di-tert-butylphosphino)methyl)cyclohexane 

cod (1Z,5Z)-cycloocta-1,5-diene 

coe (Z)-cyclooctene 

dba (1E,4E)-1,5-diphenylpenta-1,4-dien-3-one 

depp 1,3-bis(diethylphosphino)propane 

dippp 1,3-bis(di-iso-propylphosphino)propane 

dmpx 1,2-bis((dimethylphosphino)methyl)benzene 

dtbpb 1,4-bis(di-tert-butylphosphino)butane 

dtbpe 1,2-bis(di-tert-butylphosphino)ethane 

dtbpm bis(di-tert-butylphosphino)methane 

dtbpp 1,3-bis(di-tert-butylphosphino)propane 

dtbppb bis((di-tert-butylphosphino)methyl)diphenylborate 

dtbpx 1,2-bis((di-tert-butylphosphino)methyl)benzene 

HOSO high oleic sunflower oil 

meso-oxoada 1-((1R,3S,5S,7R)-1,3,5,7-tetramethyl-2,4,6-trioxa-8-

phosphaadamantan-8-yl)-3-((1S,3R,5R,7S)-1,3,5,7-tetramethyl-

2,4,6-trioxa-8-phosphaadamantan-8-yl)propane 

ML methyl linoleate 

MO methyl oleate 

rac-oxoada 1,3-bis((1S,3R,5R,7S)-1,3,5,7-tetramethyl-2,4,6-trioxa-8-

phosphaadamantan-8-yl)propane 

sixantphos (10,10-dimethyl-10H-dibenzo[b,e][1,4]oxasiline-4,6-

diyl)bis(diphenylphosphine) 

trans-dtbpcy (1R,2R)-1,2-bis((di-tert-butylphosphino)methyl)cyclohexane 

 

Methods: 

COSY correlation spectroscopy 

ESI electrospray ionization 

FID flame ionization detector 

GARP globally optimized alternating phase rectangular pulse 

GC gas chromatography 

HMBC heteronuclear multiple bond correlation spectroscopy 

HSQC heteronuclear single quantum correlation spectroscopy 

MS mass spectrometry  

NMR nuclear magnetic resonance 

TOCSY total correlation spectroscopy 

 

Miscellaneous: 

TOF turnover frequency Ḭ TON Ā h-1 

TON turnover number Ḭ mol(substrate converted) Ā mol(Pd)-1 
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1 Introduction  

Todayôs chemical industry is based almost exclusively on fossil feedstock. This in 

particular applies to polymer production, which is one the major consumer of these raw 

materials. In view of the limited availability of fossil feedstock, the use of renewable raw 

materials is of growing interest in the long term.1,2,3 Such a utilization of renewable 

resources as a source of chemicals requires their efficient transformation to useful 

building blocks.4,5,6 Fatty acids from plant oils are attractive substrates for monomer 

generation due to their unique, long-chain methylene sequences.7,8 The incorporation of 

plant oil based fatty acids into linear long-chain a,w-functionalized compounds is of 

interest, for example, for the generation of semicrystalline aliphatic polyesters,9,10,11,12,13 

hydrophobic polyamides10 and hydrolytically degradable polyacetals.14,15 These and other 

potential applications require two (terminal) functional groups. The carboxy group of the 

fatty acid is suited for polycondensation or conversion into other functional groups like 

alcohols, amines or acetals. In addition, most plant oil based fatty acids are unsaturated,16 

thus having a functionality that can be transformed into various other functional groups, 

including aldehydes by hydroformylation or carboxy groups by alkoxycarbonylation 

(Figure 1-1). A selective conversion, particularly to a functional group in a different 

position on the fatty acid chain than that of the original double bond is challenging, 

however. Combining these functionalization reactions with a preceding isomerization 

step can allow for selective w-functionalization and thus for the generation of a,w-

functionalized compounds from unsaturated fatty acids (cf. section 1.2). 

 

Figure 1-1: Oleic acid as an example for the structure of a plant oil based monounsaturated fatty 

acid and possible reaction pathways of its functional groups. 

1.1 Plant oils as a source of a,w-functionalized monomers 

Since many years, polycondensation monomers are generated from ricinoleic acid, 

which is the major component (up to 90 %) of castor oil.17 Alkali fusion of ricinoleic acid 

at elevated temperatures (250 °C) yields sebacic acid along with stoichiometric amounts 
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of 2-octanol as a coupling product.18 Polycdondensation of sebacic acid with 1,6-

diaminohexane produces Nylon 6.10 (Figure 1-2). 

 

Figure 1-2: Monomer and polymer generation from castor oil based ricinoleic acid and its methyl 

ester by alkali fusion (left pathway) and thermal rearrangement (right pathway). 

By thermally induced rearrangement, methyl 10-undecenoate along with 

stoichiometric amounts of heptanal as a coupling product is obtained from methyl 

ricinoleate, respectively. Further transformation of methyl 10-undecenoate with 

hydrobromic acid and ammonia yields 11-aminoundecanoic acid, which is polymerized 

to produce Nylon 11, which is commercially available under its trade name óRilsanô 

(Figure 1-2).19 

 

Figure 1-3: Ozonolysis of oleic acid, yielding pelargonic and azelaic acid. 

This particular cleavage is, however, restricted to fatty acids with a hydroxy group in 

the vicinity of the double bond, of which ricinoleic acid is the only practically available 

representative. Instead, ozonolysis of oleic acid yields azelaic acid along with 

stoichiometric amounts of pelargonic acid as a coupling product (Figure 1-3). 4,20,21 This 



The mechanism of the isomerizing alkoxycarbonylation of plant oils 

3 

process is also performed on industrial scale.5 An alternative to ozonolysis is the oxidative 

cleavage of the double bond of methyl oleate with hydrogen peroxide as an oxidant in the 

presence of a Ruthenium catalyst, yielding azelaic acid mono methyl ester and 

stoichiometric amounts of pelargonic acid as a coupling product.22 

More recent approaches use the olefin metathesis reaction to generate a,w-

functionalized monomers from plant oils.8,23,24 Self-metathesis of 10-undecenoic acid 

(produced from ricinoleic acid) in the presence of Grubbs first generation catalyst can 

produce icosanedioic acid after hydrogenation of the remaining double bond (Figure 

1-4). However, isomerization of the starting materialsô terminal double bond by 

decomposition products of the Ruthenium catalyst may result in a mixture of diacids with 

different chain lengths.25 

 

Figure 1-4: Self-metathesis of 10-undecenoic acid, generating icosanedioic acid. 

Self-metathesis of oleic acid can yield 1,18-octadecanedioic acid (after subsequent 

hydrogenation of the double bond).8,23,25 However, stoichiometric amounts of the C18-

alkene are formed (Figure 1-5). Also, as an equilibrium reaction only 50 % conversion 

can be attained unless the product can be removed from the reaction mixture selectively.  

 

Figure 1-5: Self-metathesis of oleic acid, yielding 1,18-octadecanedioic acid. 
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Note that highly purified oleic acid is needed for the latter transformation, as the 

presence of fatty acids with different numbers of carbon atoms or double bonds will result 

in a complex mixture of products with different chain lengths. This is of particular interest 

as plant oils are in general mixtures of fatty acids with different chain lengths and numbers 

of double bonds.8,16 Self-metathesis of oleates also occurs to a significant extent in a 

recently commercialized process for butenolysis of palm oil.8  

All the above-mentioned approaches have the disadvantage of producing 

stoichiometric amounts of less valuable coupling products. Consequently, only half of the 

fatty acid starting material is incorporated into a polymeric material that is produced from 

these plant oil based monomers. With this regard, reactions that transform the entire fatty 

acid starting material into the polymer backbone are desirable. 

1.2 Selective w-functionalization of fatty acids 

To utilize the entire molecular feedstock of the fatty acids, selective w-

functionalization is a very useful but also challenging approach. Amongst others, 

biotechnological pathways can provide such a functionalization.26,27 Via enzymatic w-

oxidation using the yeast Candida tropicalis it is possible to transform saturated and 

unsaturated fatty acids into the respective w-hydroxy functionalized acids or a,w-

functionalized diacids, respectively (Figure 1-6). 28,29,30,31  

 

Figure 1-6: Selective enzymatic w-oxidations of fatty acid (ester) into the respective a,w-

functionalized diacid (mono ester) (left pathway) and w-hydroxy acid (ester) (right pathway). 

Engineered Candida tropicalis is capable of selective terminal oxidation of methyl 

myristate (14:0), methyl palmitate (16:0), methyl stearate (18:0), oleic acid (18:1) and 

erucic acid (22:1) into the respective diacids.28,29,30 The positions and configurations of 

the double bonds are maintained in unsaturated substrates. Further engineering, namely 

the elimination of enzymes that are responsible for the oxidation of the intermediately 
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formed w-hydroxy group, allowed for the selective synthesis of w-hydroxy functionalized 

methyl myristate (14:0). Other fatty acids (methyl palmitate (16:0), methyl stearate 

(18:0), oleic acid (18:1) and linoleic acid (18:2)) were also transformed into the respective 

w-hydroxy fatty acids, although with less selectivity and productivity.31 Disadvantages of 

these biotechnological pathways are the necessity of feeding the yeasts with costly 

glucose due to the blocked b-oxidation pathway, which is usually used to deliver the 

energy that is needed for these biotechnological processes, and complex downstream 

processing for product extraction. 

 

Figure 1-7: General scheme of the isomerizing w-functionalization of unsaturated fatty acids, 

exemplified with methyl oleate yielding linear long-chain a,w-difunctional compounds.  

In view of these issues, entirely chemical catalytic pathways are attractive.32,33 

Selective isomerization/w-functionalization of the double bond of unsaturated fatty acids 

in principle can incorporate the entire fatty acid chain (Figure 1-7). This is particularly 

difficult, however, as terminal olefins are thermodynamically strongly disfavored versus 

the internal double bonds of the substrate. The following sections present recent catalytic 

isomerizing functionalization approaches focused on the transformation of fatty acids into 

linear a,w-functionalized compounds. 

1.2.1 Isomerizing hydroformylation  

Hydroformylation (also known as oxo-synthesis) is a reaction that generates an 

aldehyde from an olefin, carbon monoxide and hydrogen. Hydroformylation is maybe the 

most prominent and definitely one of the largest homogenously catalyzed reactions in 

chemical industry. Relevant catalysts are based on Cobalt or Rhodium bearing 

phosphorus ligands, but also representatives using Platinum, Palladium, Ruthenium and 

Iron have been reported. With regard to the generation of linear a,w-functionalized 

compounds, isomerizing hydroformylation of fatty acids can provide such linear long-

chain compounds bearing an w-aldehyde group (Figure 1-8). Börner and co-workers 

recently reviewed the isomerizing hydroformylation.34 Numerous publications on this 
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topic report isomerizing hydroformylation of 2-olefins (e.g. 2-butene, 2-pentene, 2-

hexene or 2-octene).35,36,37,38,39,40,41,42,43,44,45 The reactivity of these olefins with the double 

bond adjacent to the chain terminus differs substantially from olefins with the double 

bond deep in the chain. With regard to this thesis, the transformation of more challenging 

substrates is of interest, as these potentially allow for the synthesis of linear a,w-

functionalized monomers from plant oils. Thus, isomerizing hydroformylation of 

substrates in which the double bond is four or more carbon atoms away from the terminus 

(e.g. 4-octene or methyl oleate) are considered exclusively within this work. 

 

Figure 1-8: Isomerizing hydroformylation of methyl oleate. 

Tang and co-workers reported the isomerizing hydorformylation of trans-5-decene 

using [PtCl(CO)(P(OPh)3)2]ClO4/SnCl2Ā2H2O (1 mol-% Pt / 5 mol-% Sn) as a catalyst 

precursor at 100 °C and 140 bar (CO/H2 = 1/1).46 After 3 h the olefin conversion was 

72.5 %, with 84.1 % aldehyde selectivity and 17.3 % aldehyde linearity (this corresponds 

to an average TOF of 24 h-1). As a side reaction 15.9 % of the hydrogenation product 

decane were formed. Vogt and co-workers give another example for Platinum catalyzed 

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

catalyst precursor.47 With 4-octene as the substrate they observed 19 % conversion and 

the formation of 32.7 % 1-nonanal along with 16.3 % branched aldehydes, 11 % octane 

and 40 % isomerized octenes as side products at 100 °C and 10 bar (CO/H2 = 1/1) after a 

reaction time of 15 h. This corresponds to a selectivity of 54.5 % to the linear aldehyde 

and an average TOF of 13 h-1. They report hydrogenolysis of the intermediately formed 

Pt-acyl species as the rate limiting step at temperatures above 40 °C. In general, catalyst 

activity and selectivity increased with increasing temperature. However, hydrogenation 

also becomes more significant at higher temperatures (> 70 °C). 

Beck and co-workers compared the selectivity in the Co2(CO)8 (2.5 mol-% Co) 

catalyzed (isomerizing) hydroformylation of 1-octene, cis-4-octene and trans-4-octene at 

120 °C and 200 bar (CO/H2 = 1/1).48 They observed 74.4 %, 54.4 % and 56.2 % selectivity 

towards the linear aldehyde 1-nonanal at conversions of 66 %, 60 % and 52 %, 
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respectively. Unfortunately, they do not give reaction times so that TOFs cannot be 

calculated. Although Cobalt plays an important role in hydroformylation in general, most 

examples of isomerizing hydroformylations use Rhodium based catalysts (vide infra). 

Van Leeuwen and co-workers reported the Rhodium catalyzed isomerizing 

hydroformylation of trans-4-octene with bidentate dibenzophosphindole- and 

diphenoxaphosphinine-substituted xanthene ligands (Rh/ligand = 1/10; 0.15 mol-% 

Rh).49 A selectivity of up to 86 % towards the linear aldehyde 1-nonanal at a conversion 

of 54 % was observed at 120 °C and 2 bar (CO/H2 = 1/1). An initial TOF (20 ï 30 % 

conversion) of 15 h-1 is reported. In their study they also investigated trans-2-octene as a 

substrate and observed higher selectivity to the linear aldehyde and a higher initial TOF. 

Note that they do not state on side reactions like olefin hydrogenation or hydrogenation 

of the aldehyde. Selent and co-workers reported the Rhodium (0.006 mol-%) catalyzed 

formation of 1-nonanal from a mixture of 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) in 48 % linear 

selectivity at a total aldehyde yield of 52 % by using monodentate phosphonite ethers as 

ligands (Rh/ligand = 1/10) at 140 °C and 20 bar (CO/H2 = 1/1).50,51 They observed an 

initial TOF (20 % conversion) of 1320 h-1 and reported hydrogenated olefin (total yield 

< 1.4 %) and hydrogenated aldehyde (total yield = 1.4 %) as side products. Later they 

reported bidentate phosphites as ligands under slightly different reaction conditions 

(130 °C and 0.06 mol-% Rhodium) and observed 69 % selectivity to 1-nonanal at a total 

aldehyde yield of 96 % with an initial TOF of 4448 h-1 and reduced hydrogenation activity 

(total yield of hydrogenated aldehyde = 0.3 %).52 Beller and co-workers reported the 

Rhodium (0.01 mol-%) catalyzed isomerizing hydroformylation of 4-octene in the 

presence of 2,2'-bis(3,4,5-trifluorobenzyl)-1,1'-binaphthalene as a ligand (Rh/ligand = 

1/5) at 120 °C and 10 bar (CO/H2 = 1/1).53 A selectivity of 70 % to the linear aldehyde 

1-nonanal was observed at 41 % conversion after a reaction time of 96 h (this corresponds 

to an average TOF of 43 h-1). Zhang and co-workers reported the Rhodium/tetraphosphine 

(ratio = 1/4; 0.1 mol-% Rh) catalyzed isomerizing hydroformylation of cis- and trans-4-

octene at 125 °C and 10 bar (CO/H2 = 1/1).54 Within 2 h reaction time, 59 % cis-4-octene 

was converted into aldehydes with a selectivity of 47 % to 1-nonanal (this corresponds to 

an average TOF of 295 h-1). For trans-4-octene conversion into aldehydes was 60 % with 

a selectivity of 66 % to 1-nonanal (this corresponds to an average TOF of 300 h-1). Only 

small quantities of octane are formed as a side product. Note that when 2-octene is used 
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instead of 4-octene, conversion (84 %) and selectivity to the linear aldehyde (98 %) were 

significantly higher under otherwise identical conditions.  

 

Figure 1-9: Mechanism of Rh-catalyzed hydroformylation. 

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

a Rhodium/biphephos (ratio = 1/3) catalyst system at 125 °C and 20 bar (CO/H2 = 1/1) in 

89 % selectivity to the linear aldehyde.55,56 Applying 0.5 mol-% Rh, 82 % of the substrate 

was converted yielding 75 % of 1-nonanal, along with 3 % octane and consequently 4 % 

of branched aldehydes after a reaction time of 4 h (this corresponds to an average TOF of 

41 h-1). Later the same group used a similar catalyst system (Rh/ligand = 1/10) in the 

isomerizing hydroformylation of methyl oleate.57 At a temperature of 115 °C and a 

pressure of 20 bar (CO/H2 = 1/1), 65 % of the substrate were converted yielding only 26 

% of the linear w-aldehyde ester along with large amounts of the hydrogenated starting 

material. This corresponds to a selectivity of only 40 %. The large amount of 

hydrogenated starting material was related to the ester group of the substrate, which is 

considered to favor the hydrogenation pathway via Ŭ,ɓ-unsaturated esters formed through 

isomerization. Consequently the observed yields are much lower than for the previously 

reported isomerizing hydroformylation of trans-4-octene. 
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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 particularly those dealing with the selective formation of linear 

aldehydes, some conclusions can be drawn.58 The generally accepted dissociative 

mechanism first presented by Wilkinson and co-workers is shown in Figure 1-9.59,60,61 

Note that the monophosphines shown in Figure 1-9 may be replaced by any bidentate 

phosphorus ligand used in (isomerizing) hydroformylation. The active species in 

Wilkinsonôs mechanism is a trigonal bipyramidal Rh-hydride species. Dissociation of one 

CO ligand and 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 generate 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 b-hydride elimination to 

regenerate the Rh-olefin species, is responsible for high linear selectivity.62 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.63 The latter is because in trigonal bipyramidal Rhodium complexes of 

bidentate diequatorial coordinated phosphine ligands, increase of the bite angle results in 

increase of the steric congestion around the metal center, especially in the apical 

position.64 These crowded systems favor b-hydride elimination of branched Rh-alkyl 

species over CO coordination and insertion and thus result in higher isomerization 

activity, which is not the case for less demanding Rh complexes. Thus, sterically 

demanding metal centers in general favor the formation of linear aldehydes. It is 

important to note, that the overall mechanistic picture is very complex and elementary 

steps are very sensitive not only to the ligand, but also to temperature and CO/H2 

pressure.65,66,67 Consequently, quantitative forecasts are not possible. 

With regard to the synthesis of a,w-functionalized compounds by isomerizing 

hydroformylation two major drawbacks compared to other isomerizing functionalization 

approaches (vide infra) have to be considered. The selectivity towards the linear product 

decreases tremendously for substrates where the double bond is in a more remote position 
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to the terminus (1-octene > 2-octene > 4-octene). This is in particular important as in 

methyl oleate the double bond is 9 carbon atoms away from the terminus and thus more 

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

compared to 4-octene. Note that also catalytic productivity decreases within this series. 

Hydrogenation of the substrate is a common side reaction in (isomerizing) 

hydroformylation. Especially for fatty acid derived substrates this is a serious problem, 

as Ŭ,ɓ-unsaturated esters formed through isomerization are prone to hydrogenation and 

thus also result in a great drop of selectivity to the desired w-aldehyde ester. In addition, 

such Ŭ,ɓ-unsaturated esters are thermodynamically favored versus the other double bond 

isomers. 

1.2.2 Isomerizing hydroformylation and in-situ reduction 

Some examples of isomerizing hydroformylation with desired subsequent in-situ 

reduction of the generated aldehyde to an alcohol are reported (Figure 1-10). With regard 

to fatty acid esters, this would yield a w-hydroxy ester, which may be directly used as a 

monomer in polycondensation reactions. In principle, two different possible catalyst 

systems are conceivable: a) systems that catalyze both the isomerizing hydroformylation 

and the reduction of the formed aldehydes into an alcohol or b) combined systems of two 

different catalysts, one catalyzing isomerizing hydroformylation and a second one 

catalyzing the reduction of the aldehyde. 

 

Figure 1-10: Isomerization/hydroformylation/reduction of an internal olefin. 

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

9-yl)ethane (ratio = 1/1.4) catalyzed isomerization/hydroformylation/reduction,68 

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

(12% C8, 44% C9, 44% C10) as the starting material, in up to 72 % selectivity with an 

average TOF of 1000 h-1 at 105 °C and 60 bar (CO/H2 = 1/2). Less than 1 % of alkanes 

and ketones were formed as side products. Interestingly, they did not observe the 

formation of any esters by alkoxycarbonylation of the intermediately formed Pd-acyl 

species with the alcohols generated during the reaction. Enhanced selectivity and 

productivity in the presence of sub-stoichiometric amounts of halide anions are ascribed 

to a beneficial effect of the halide anion in the rate determining hydrogenolysis reaction. 
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The Ruthenium/2-(dicyclohexylphosphino)-1-(2-methoxyphenyl)-1H-imidazole (ratio = 

1/2.2; 1.2 mol-% Ru) 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.69 However, 

only 14 % alcohol yield and poor selectivity (57 %) to 1-nonanol are observed 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; 130 °C) the 

alcohol yield is 87 % (along with 9 % octane) with a selectivity of 92 % to 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 

by combining a Rhodium/bisphosphite (ratio = 1/2; 1.0 mol-% Rh) catalyst system with 

the Ruthenium based Shvoôs catalyst (1.5 mol-%) at 120 °C and 5 bar (CO/H2 = 1/1).70 

Trans-4-octene was converted into a mixture of alcohols and aldehydes (66.9 %), octane 

(4.4 %) and some non-identified side products (8.2 %) with an overall selectivity to the 

linear functionalization products of 94.1 %. After 18 h full conversion of the substrate is 

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 slightly 

increased selectivity (97.5 %) to the linear products. When methyl oleate was used as the 

substrate, 64 % of a mixture of alcohols and aldehydes along with 23 % methyl stearate 

is formed within 36 h (this corresponds to an average TOF based on Rh of 2.4 h-1). 

Selectivity to the linear w-alcohol/aldehyde ester was 65.5 %. The authors state that the 

rate of hydroformylation is much faster than isomerization. Consequently addition of 

Ru3(CO)12 (1.5 mol-% based on Ru) which is a known precatalyst for alkene 

isomerization resulted in increased selectivity to the linear w-alcohol/aldehyde ester of 

81.5 %. However, also the amount of methyl stearate increased to 29 %.  

As already observed in isomerizing hydroformylation of methyl oleate, the major 

limitation of this reaction is a low selectivity to the linear w-hydroxy ester due to 

hydrogenation of the substrate, which generates substantial amounts of methyl stearate. 

1.2.3 Isomerizing hydroboration 

Hydroboration of olefins is the addition of a boron bound hydrogen (e.g. diborane, 

B2H6) to an unsaturated double bond, yielding an alkylborane species, which can be 

oxidized with alkaline hydrogen peroxide to generate a hydroxy group.71 Note that 

alkylboranes may also be oxidized to yield carboxylates, primary or secondary amines, 

or alkyl bromides. In addition, C-C bond forming reactions are possible. However, 
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oxidation to hydroxy groups is the most prominent and convenient pathway (vide infra). 

Internal alkylboranes are thermally isomerized at elevated temperature into the respective 

terminal alkylboranes. Thus, internal olefins can be in principle transformed into the 

respective linear alcohols with high yields. Amongst others a mixture of decenes was 

transformed into 1-decanol in 80 % yield after refluxing the crude alkylborane mixture in 

diglyme (bp. = 162 °C) for 4 h (Figure 1-11, reaction a).72 The driving force of this 

isomerization is the higher thermodynamic stability of terminal over internal 

alkylboranes. Substrate, solvent, and steric effects of the substrate or the hydroboration 

reagent can influence the kinetics and thermodynamics of hydroboration as well as 

isomerization (vide infra).73 The mechanism of the thermal isomerization remains subject 

to discussion. However, theoretical studies indicate that dehydroboration followed by 

olefin re-addition ï as already proposed by Brown and co-workers ï is most likely.74  

 

Figure 1-11: Hydroboration, thermal isomerization and oxidation with NaOH/H2O2 of different 

olefinic substrates with diborane (B2H6). 

With regard to unsaturated fatty acids, isomerizing hydroboration generating a 

terminal hydroxy group would be of interest as linear a,w-functionalized compounds with 

two different functional groups could be generated (Figure 1-12). When methyl oleate is 

used instead of a non-functionalized olefin under the aforementioned reaction conditions, 

thermal isomerization to the linear a,w-functionalized product is not observed. Even after 

prolonged isomerization of 24 h, only the respective 9- and 10-hydroxyoctadecanoic acids 

are obtained (Figure 1-11, reaction b).75 In another study, oleyl alcohol was used instead 

of methyl oleate employing isomerization times of up to 20 h, which resulted in 10 ï 13 % 

of the desired 1,18-octadecanediol (Figure 1-11, reaction c). Furthermore, a significant 
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amount of 1,4-octadecanediol was identified, which indicates that thermal migration of 

the boron atoms occurs in both directions, however, they may be trapped in the 4 position 

of the hydrocarbon chain, by formation of a six-membered ring.76 This hypothesis is 

further underlined by hydroboration of 10-undecenol, which results in the formation of 

92 % of 1,11-undecanediol and 8 % of 1,10-undecanediol. After thermal isomerization at 

160 °C for 3 h, 56 % of 1,4-undecanediol are formed. This amount increases to 70 % after 

22 h (Figure 1-11, reaction d).77 These observations indicate that in the presence of 

functional groups isomerization to the terminal alkylborane is hindered and the product 

distribution is altered significantly, as compared to non-functionalized olefins. 

 

Figure 1-12: Isomerizing hydroboration of methyl oleate. 

All the reactions described above used diborane as hydroboration reagent. More recent 

approaches employed sterically demanding 4,5-substituted 1,3,2-dioxaborolanes (e.g. 

catecholborane or pinacolborane). However, their reactivity is in general lower as 

compared to diborane. Thus, transition metal catalysts are used to accelerate these 

hydroborations. Moreover these catalysts allow for control of chemo-, regio-, and 

stereoselectivity of the hydroboration.78,79,80 Within this thesis, systems that undergo 

isomerizing hydroboration will be addressed exclusively, as these potentially allow for 

the preparation of a,w-functionalized compounds from unsaturated fatty acids. 

Several Rhodium catalyzed isomerizing hydroborations of internal olefins have been 

reported. Srebnik and co-workers reported the isomerizing hydroboration of trans-4-

octene with pinacolborane, resulting in 92 % isolated yield of the linear 1-octyl-

pinacolborane exclusively, by 1 mol-% [Rh(PPh3)3Cl] (Wilkinsonôs catalyst) within 10 

minutes at 25 °C (this corresponds to an average TOF of 552 h-1).81 The same group also 

reported that by using [Rh(CO)(PPh3)2Cl] instead of Wilkinsonôs catalysts, the respective 

4-octyl-pinacolborane was obtained in high selectivity of 97 % versus 3 % of the linear 

1-octyl-pinacolborane (in 94 % overall yield).82 These findings contrast to earlier work 

by Evans and co-workers, who performed mechanistic studies on the Rhodium(I) 

catalyzed hydroboration. They reported that applying freshly prepared Wilkinsonôs 
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catalyst and catecholborane in hydroboration of 1-olefins results in highly selective 

formation of the linear products, however, if 4-octene was used as a substrate, they 

observed the formation of 4-octyl-catecholborane exclusively.83 These observations may 

lead to the conclusion that the hydroboration reagent itself ï namely its steric congestion 

ï influences the chemoselectivity of the reaction.84 However, subsequently Miyaura and 

co-workers,85 Robinson and co-workers86 and Crudden and co-workers87 failed to 

reproduce Srebnikôs results. This can possibly be accounted for by a beneficial effect of 

oxygen inadvertently present, which induces isomerizing hydroboration as both 

Robinson86 and Crudden87 observed enhanced catalytic activity in the presence of oxygen. 

Note that oxygen treatment of Wilkinsonôs catalysts results in the formation of the 

oxygen-coordinated Rhodium species [RhO2(PPh3)2Cl]2 and [RhO2(PPh3)3Cl], 

respectively.88,89,90 Robinson and co-workers observed isomerizing hydroboration of 

trans-4-octene with pinacolborane to the linear octyl-pinacolborane in 72 % yield (by 11B 

NMR) within 48 h at 25 °C in the presence of 2 mol-% oxygen treated Wilkinsonôs 

catalyst (this corresponds to an average TOF of 0.8 h-1). Acceleration of the 

transformation was observed by microwave irradiation at 25 °C, resulting in 73 % yield 

of the linear octyl-pinacolborane already after 20 minutes (this corresponds to an average 

TOF of 110 h-1).86 Crudden and co-workers observed that the application of catalyst 

precursors with decreased phosphine to Rhodium ratio ï e.g. [Rh(PPh3)2Cl]2 or 

[Rh(C2H4)2Cl]2 + 1.25 equiv. PPh3 ï resulted in an enhanced catalytic activity in the 

hydroboration of 1-octene with pinacolborane. It was also possible to transform an 

equimolar mixture of 1-, 2-, and 4-octene to the respective linear 1-octyl-pinacolborane 

in > 85 % yield by [Rh(C2H4)2Cl]2 + 1.25 equiv. PPh3 catalyzed isomerizing 

hydroboration.87  

In the generally accepted mechanism of the Rhodium catalyzed hydroboration 

presented by Männig and Nöth (Figure 1-13),78 dissociation of a triphenylphosphine 

ligand is necessary prior to oxidative addition of the H-BR2 species. Thus the observation 

of a reduced phosphine to Rhodium ratio enhancing the catalytic activity is in line with 

this mechanistic feature. Isomerization of olefins with Rhodium species is ascribed to 

proceed via an olefin insertion / b-hydride elimination mechanism catalyzed by Rhodium-

hydride species that are formed by oxidative addition of the hydroboration reagent to the 

metal center.78,80,91 Thus isomerization of internal olefins into a mixture of all isomers is 

reasonable. In their mechanistic study on the hydroboration of 1-decene and 2-octene, 
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Evans and co-workers suggested that olefin insertion into the Rh-hydride is indeed 

reversible, but sensitive to the steric bias around the metal center.83 Bringing together all 

the above-mentioned observations, one can conclude that low phosphine concentration 

and oxygen coordination to the Rhodium(I) species (vide supra) can result in systems that 

allow for isomerizing hydroboration and this transformation may be explained by the 

accepted mechanism for hydroboration reactions. However, with regard to this thesis it is 

important to note that to the best of our knowledge, Rhodium catalyzed isomerizing 

hydroboration of fatty acid derived substrates has not been reported so far. 

 

Figure 1-13: Proposed mechanism of catalytic hydroboration by Männig and Nöth. 

Recently, Chirik and co-workers reported the bis(imino)pyridine Cobalt92 and 

bis(imino)pyridine Iron93 catalyzed isomerizing hydroboration of internal olefins using 

pinacolborane as a hydroboration agent. For Iron, > 98 % conversion (by GC-FID) of cis-

4-octene to the linear octyl-pinacolborane was observed in the presence of 1 mol-% 

catalyst within 24 h at 25 °C (this corresponds to an average TOF of 4.1 h-1).93 However 

in the presence of a carbonyl group in the substrate (trans-pent-3-en-2-on) no productive 

hydroboration was observed, indicating that carbonyl groups inhibit catalysis. 

With Cobalt, > 98 % conversion (by GC-FID) of cis- and trans-4-octene to the linear 

octyl-pinacolborane was observed in the presence of 1 mol-% catalyst within 1.5 h at 

23 °C (this corresponds to an average TOF of 65.3 h-1).92 When methyl 3-hexenoate was 

used as the substrate, conversion was 88 % with a selectivity of 70 % to the linear alkyl-

pinacolborane (GC-FID) after 24 h at 23 °C (this corresponds to an average TOF of 
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3.7 h-1). Although the catalytic activity is significantly altered in the presence of an ester 

group, this study shows, that conversion of unsaturated esters into the respective linear 

a,w-functionalized compounds is possible. From deuterium labelling experiments, a 

mechanism involving a Co-hydride as the catalytically active species, which is formed by 

reaction of pinacolborane with the Co-methyl precursor, is proposed. Insertion of internal 

olefin into the Co-hydride results in formation of a secondary alkyl species, which then 

undergoes isomerization by a sequence of b-hydride eliminations and re-insertions until 

a terminal Co-alkyl species is formed. This reacts with pinacolborane to regenerate the 

catalytically active Co-hydride species and results in formation of the linear alkylborane 

(Figure 1-14). As conversion of 1-octene was faster than conversion of 4-octene, the 

authors state isomerization as the rate limiting step in this transformation. 

 

Figure 1-14: Proposed mechanism of bis(imino)pyridine Cobalt catalyzed isomerizing 

hydroboration.  

Miyaura and co-workers reported the Iridium(I) catalyzed isomerizing hydroboration 

of cis- and trans-4-octene with pinacolborane in the presence of 1.5 mol-% [Ir(cod)Cl]2 

+ 3 mol-% dppm yielding 78 % of the respective linear octyl-pinacolborane after 24 h at 

25 °C (this corresponds to an average TOF of 1.1 h-1).85  

Two reports on the Iridium catalyzed isomerizing hydroboration of unsaturated fatty 

acids exist. Angelici and co-workers used 3.3 mol-% [Ir(coe)2Cl]2 + 6.6 mol-% dppe as a 

catalyst precursor and obtained the linear alkylborane in 45 % yield (GC), along with 8 % 

of non-identified isomers and 47 % of the hydrogenation product methyl stearate after 24 

h at 25 °C (this corresponds to an average TOF of 0.6 h-1).94 The authors propose an 
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Iridium catalyzed isomerization with subsequent Iridium catalyzed hydroboration as the 

operative catalytic mechanism.  

A more recent study by Zhu and co-workers reports the use of 2.5 mol-% Iridium 

nanoparticles in the presence of 6.6 mol-% of 1,2-bis(dicyclohexylphosphino)-1,2-

dicarba-closo-dodecaborane as the diphosphine ligand in an ionic liquid / methylene 

chloride mixture for isomerizing hydroboration of methyl oleate. After 24 h at 25 °C 78 % 

of the linear hydroboration product was isolated (this corresponds to an average TOF of 

1.3 h-1).95 Note that a mercury-poisoning test evidences heterogeneous catalysis. When 

[Ir(coe)2Cl]2 is used instead of the Ir-nanoparticles, the yield is lower (55 %) under 

otherwise identical conditions. A mechanism is proposed in which the diphosphine 

coordinates to the Iridium nanoparticles, which activates the B-H bond of pinacolborane 

and generates an Ir-hydride on the particlesô surface. Oleate can insert into the Ir-hydride 

and isomerizes to the terminal Ir-alkyl species. Reductive elimination results in formation 

of the desired linear alkylborane (Figure 1-15). 

 

Figure 1-15: Proposed mechanism of nano-Iridium catalyzed isomerizing hydroboration.  

In summary, only few reports about isomerizing hydroboration of unsaturated esters 

exist. Both selectivity and productivity of these systems is rather low as compared to other 

isomerizing/functionalization approaches (vide infra). Nevertheless, it is interesting to 

note that in Rhodium catalyzed isomerizing hydroboration fatty acids and other 

unsaturated esters have not been addressed so far. 
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1.2.4 Isomerizing silylation 

Amongst the various silylation reactions, the isomerizing dehydrogenative silylation 

and isomerizing hydrosilylation are of interest as these potentially allow for w-

functionalization of fatty acids. Isomerizing dehydrogenative silylation aims at producing 

a terminal carbon-silicon bond starting from an olefin and a silicon-hydride species H-

Si(R)(Rô)(Rôô), maintaining the double bond of the molecule (Figure 1-16). Thus, part of 

the olefinic substrate is hydrogenated or addition of a sacrificial olefin as a hydrogen 

scavenger is necessary. 

 

Figure 1-16: Isomerizing dehydrogenative silylation of methyl oleate. 

Isomerizing hydrosilylation also aims at producing a terminal carbon-silicon bond 

from the same starting materials, however, the silicon-hydride formally inserts into the 

olefinic double bond (Figure 1-17). Thus, hydrogenation is not a stoichiometric side 

reaction and addition of sacrificial olefins is not necessary. 

 

Figure 1-17: Isomerizing hydrosilylation of methyl oleate. 

The addition of silicon hydrides to olefinic double bonds is catalyzed by radicals (e.g. 

peroxide or azo compounds) and by a large variety of transition metal catalysts (e.g. of 

Fe, Co, Rh, Ir, Pd, Pt, Ru). With regard to the desired w-functionalization of internal 

olefins, transition metal catalysis is more relevant as an isomerization step brought about 

by the transition metal is necessary prior to silylation. A very general observation in 

silylation reactions is a strong influence of the electronic and steric properties of both the 

silicon hydride species and the olefinic substrate. The latter is less problematic when 

focusing on similar substrates, which is the case within this work. In addition, several 
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mechanisms have been proposed, based on different ligand-metal systems. It is thus very 

difficult to derive general trends and mechanisms, but rather it is necessary to illuminate 

every single catalyst system. Here we focus on isomerizing silylation and discuss selected 

examples that appear potentially interesting for w-functionalization of fatty acids. 

In 1956, Speier and co-workers reported hydrosilylation of 1- and 2-pentene with H-

SiMeCl2 in the presence of a Platinum (H2PtCl6, K2PtCl4, Pt/C) or Ruthenium (RuCl3) 

catalyst, yielding the respective linear 1-pentylsilane from both substrates.96 For the 

formation of the linear 1-pentylsilane from 2-pentene, Speier excluded the rearrangement 

of the expected 2- and 3-pentylsilanes and isomerization of 2-pentene by H2PtCl6 was 

also not observed. When a peroxide initiator is used instead of the aforementioned metal 

species (note that H-SiCl3 was used as the silicon hydride in this case), the formation of 

the expected 2- and 3-pentylsilanes is observed.97 Speier and co-workers later reported 

the formation of linear 1-heptylsilanes from 3-heptene and H-SiCl3, H-SiMeCl2, H-

SiMe2Cl in the presence of catalytic amounts of H2PtCl6.
98 As a mechanism, they 

proposed a metal assisted hydride donation to the double bond of the substrate forming 

an internal 3- or 4-carbanion that isomerizes into the more stable terminal 1-carbanion, 

which then forms the linear 1-heptylsilane by nucleophilic attack on the silicon atom. It 

was later shown that H2PtCl6 does not act as a homogeneous catalyst per se but is reduced 

by the silane to form Pt-nanoparticles that are the actual active species, which catalyze 

the hydrosilylation reaction.99 A mechanism for this heterogeneous catalysis, involving 

molecular oxygen as a co-catalyst that prevents the Pt-nanoparticles from agglomeration, 

which slows down catalysis, was also proposed.100 However, this mechanism cannot 

explain the formation of terminal 1-alkylsilanes from internal olefins. 

 

Figure 1-18: Chalk-Harrod mechanism for the metal catalyzed hydrosilylation of olefins. 
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Chalk and Harrod proposed a mechanism for the homogeneously catalyzed 

hydrosilylation reaction based on studies with Iridium and Platinum complexes (Figure 

1-18).101 Oxidative addition of the silane results in the formation of a metal hydride 

species. Olefin then coordinates to the metal center and is inserted into the metal hydride 

bond yielding a metal alkyl species. Reductive elimination results in regeneration of the 

catalytically active species and in formation of the hydrosilylation product. This 

mechanism also accounts for the formation of terminal 1-alkylsilanes from internal 

olefins, if olefin insertion into the metal hydride species is reversible. This was also 

pointed out by Chalk and Harrod who proposed isomerizing silylation if b-hydride 

elimination is faster than reductive elimination. 

Investigations on the hydrosilylation of 1-hexene with H-SiCl3 proved that Rh(I) is 

also a suitable precursor for this reaction and oxidative addition of the silane to 

Wilkinsonôs catalyst yielding [RhClH(SiCl3)(PPh3)2] was also observed.102 However, 

insertion of olefin into this Rhodium-hydride species was not observed. Instead addition 

of ethylene resulted in reductive elimination of H-SiCl3 and formation of 

[RhCl(C2H4)(PPh3)2]. Note that the authors found that small traces of oxygen exert a 

substantial catalytic effect, as previously described in Rhodium catalyzed hydrogenation 

and hydroboration (vide supra). Faltynek also observed such a beneficial oxygen effect 

in the photocatalyzed hydrosilylation with Wilkinsonôs catalyst.103 He postulated that 

oxygen supports formation of the three-coordinated [RhCl(PPh3)2] species by oxidation 

of the dissociated triphenylphosphine. Some years later, Haszeldine and co-workers 

investigated this reaction in more detail.104 Besides the aforementioned observations they 

reported that the rate of oxidative addition to Wilkinsonôs catalyst and the stability of the 

complexes thus formed are dependent on the silane. For the Rhodium(III) species 

[RhClH(SiR3)(PPh3)2] that is formed they suggested a five-coordinated Rhodium species 

with trigonal bipyramidal configuration. Even with excess phosphine they did not find 

any indication for formation of octahedral metal centers. In the hydrosilylation of 1-

hexene using Wilkinsonôs catalyst they observed olefin isomerization and reaction rates 

that were strongly depending on the silane (H-SiPh3 > H-SiEt3 > H-SiCl3). Kono and co-

workers found [RhH(PPh3)3] to be an effective catalyst for hydrosilylation of 1-alkenes. 

Moreover they observed the formation of four- and five-coordinated Rhodium(III) 

dihydride complexes [RhH2(SiR3)(PPh3)n], with n = 1 for R = OMe and OEt and n = 2 

for R3 = PhMe2, Ph(OMe)2 and Et2H.105 All these observations suggest Rhodium catalysis 
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via the Chalk-Harrod mechanism. This is further evidenced by Lappert and co-workers 

who reported the Rh(acac)3 (acac = acetylacetonate) catalyzed isomerizing 

hydrosilylation of 2-pentene and 2-octene with H-SiEt3 in the presence of AlEt3 as a 

cocatalyst.106 AlEt3 promotes the formation of the catalytically active Rhodium(I) species 

by trans-metallation, b-hydride elimination (resulting in liberation of ethylene and 

formation of a Rh-hydride species) and reductive elimination of ethane (forming a Rh(I) 

species). 

 

Figure 1-19: Mechanism of Fe-photocatalyzed hydrosilylation and dehydrogenative silylation. 

Wrighton and co-workers discussed the hydrosilylation and dehydrogenative silylation 

photocatalyzed by Fe(CO)5.
107 Starting from either 1-butene or 1-pentene and H-SiMe3 

they observed the formation of a mixture of alkyl-SiMe3 (20 %), alkenyl-SiMe3 (40 %) 

and alkane (40 %). The product distribution depended on the alkene/H-SiMe3 ratio and 

the reaction temperature (a low ratio and low temperature favored the alkyl-SiMe3 

formation and vice versa). They suggest an alternative mechanism to Chalk-Harrod that 

accounts for the formation of unsaturated products (Figure 1-19). 

[FeH(SiMe3)(alkene)(CO)3] is assumed as a key intermediate which is photogenerated 

from Fe(CO)5, H-SiMe3 and the alkene. Either this species can undergo the Chalk-Harrod 

pathway to generate the alkyl-SiMe3 species, or, as an alternative, silyl migration can 

occur. Direct reductive elimination would also result in formation of alkyl-SiMe3. If b-

hydride elimination occurs instead, the respective alkenyl-SiMe3 and an Iron dihydride 
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species are generated. Olefin exchange, hydride migration and reductive elimination then 

finally results in olefin hydrogenation. 

In 1997 Brookhart and co-workers suggested a slightly different mechanism for the 

Palladium(II) catalyzed hydrosilylation and dehydrogenative silylation reaction.108 The 

key species of Brookhartôs mechanism is a cationic species [L2Pd(SiR3)(olefin)]+ (L2 = 

neutral phenanthroline ligand; Figure 1-20). The main difference to the aforementioned 

mechanism is the absence of any change of the oxidation state of the metal center during 

catalysis. Instead Brookhart suggests cleavage of any Pd-alkyl species by H-SiR3 via s-

bond metathesis. 

 

Figure 1-20: Mechanism of Pd-catalyzed hydrosilylation and dehydrogenative silylation. 

Jimenez and co-workers made similar observations as Wrighton did in the Iridium 

catalyzed silylation of 1-hexene with H-SiEt3.
109 Depending on the precursor [IrX(cod)]2 

(X = OMe or Cl; cod = cyclooctadiene) and the ligand GPh3 (G = N, P, As, Sb) they 

observed the formation of different ratios of the hydrosilylation product (1-hexyl)-SiEt3 

and the dehydrogenative silylation product (1-hexenyl)-SiEt3 and hexane. For all systems 

the relative amount of hexane formed is very similar to that of (1-hexenyl)-SiEt3. Note 

that the authors report the rapid formation of hexene isomers in the reaction mixture, thus 

indicating that their catalyst system is prone to olefin isomerization, but they only 

observed terminal products for both hydrosilylation and dehydrogenative silylation. This 

indicates that isomerizing siliylation may be possible, although the authors did not prove 

evidence for this by using internal olefins. 
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Chirik and co-workers recently presented the bis(imino)pyridine Cobalt catalyzed 

isomerizing dehydrogenative silylation of 4-octenes producing exclusively the linear (1-

octenyl)silanes.110 By stirring a 2:1 mixture of cis- or trans-4-octene and H-

SiMe(OSiMe3)2 in the presence of 1 mol-% of Co catalyst precursor for 24 h, at 23 °C, 

they observed the quantitative formation of the terminal allylsilane and stoichiometric 

amounts of octane (this corresponds to an average TOF of 4.2 h-1). By monitoring the 

progress of the reaction they observed the intermediacy of 2- and 3-octene isomers. From 

this and other investigations they proposed a mechanism (Figure 1-21) essentially similar 

to the one suggested by Brookhart (vide supra). The catalytically active Co-silyl species 

inserts terminal olefin and generates a Co-alkyl species, which undergoes b-hydride 

elimination to form the terminal allylsilane, and a Co-hydride species. According to the 

authors, the b-hydride elimination is preferred on the carbon atom away from the large 

tertiary silane substituent, thus resulting in selective formation of allylsilanes. The Co-

hydride is responsible for isomerization of the 4-octene substrate into a mixture of 1-, 2-, 

3- and 4-octene and thus brings about isomerizing silylation. Reaction of a Co-alkyl 

species with silane (s-bond metathesis) to regenerate the Co-silyl and to generate the 

respective alkane is rate limiting. 

 

Figure 1-21: Proposed mechanism of dehydrogenative silylation of 4-octene to linear allylsilane. 
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Already in 1956 Speier and co-workers reported the hydrosilylation of methyl oleate 

with H-SiPh3 by using 10 mol-% of tert-butyl peroxybenzoate.111 After 18 h at 90 °C 

quantitative conversion to the hydrosilylation product was observed. However, the 

authors do not comment on the position of the -SiPh3 group. The Platinum catalyzed 

hydrosilylation of methyl 10-undecenoate and methyl oleate using different silanes 

(amongst others: H-SiCl3, H-SiMeCl2, H-Me2Cl and H-SiPhCl2) was reported by Gertner 

and co-workers.112 Typical reactions conditions were 0.1 mol-% H2PtCl6, at 90 °C, for 5 

h. Yields were between 70 ï 97 %. For methyl 10-undecenoate the linear product forms 

exclusively. For methyl oleate only internal hydrosilylation products were observed, 

however, the exact position of the silyl moiety was not reported. In view of previous 

reports that did not report isomerization with this catalyst system, the silyl group is likely 

located on the 9- or 10-position of the fatty acid chain. Note that the authors report the 

formation of trans-isomers, which indicates isomerization, although this was not reported 

for H2PtCl6 before. Rivière and co-workers confirmed these results on hydrosilylation of 

10-undecenoate and methyl oleate in an almost identical study.113 In addition, they 

reported that Wilkinsonôs catalyst is also suitable, albeit it is less efficient. Behr and co-

workers investigated the hydrosilylation of methyl 10-undecenoate and ethyl oleate in a 

biphasic cyclohexane/propylene carbonate system.114 With 1 mol-% H2PtCl6 they 

observed the formation of the linear hydrosilylation product from methyl 10-undecenoate 

in a selectivity of 27 ï 100 % for H-SiPh3 and H-SiOEt3, respectively. For ethyl oleate no 

formation of the hydrosilylation products was observed. 

The first and ï to the best of our knowledge ï only isomerizing silylation of 

unsaturated fatty acids is reported by Riepl and co-workers.115 For the isomerizing 

dehydrogenative silylation of methyl oleate (MO), they used 8 mol-% [Ir(OMe)(cod)]2 

catalyst precursor, 300 mol-% H-SiEt3 and 300 mol-% norbornene as a sacrificial olefinic 

substrate. After 24 h at 60 °C the MO conversion was 88 % with a selectivity to the 

desired linear dehydrogenative silylation product of 78 % (this corresponds to an average 

TOF of 0.2 h-1). As side products, they observed hydrogenation of methyl oleate and the 

formation of internally silylated products, along with other unidentified products. The 

authors do not comment on the mechanism of this transformation at all. Although it is 

difficult to make an educated guess, one can conclude that silyl migration and subsequent 

b-hydride elimination are necessary to account for the formation of unsaturated products. 

Assuming that oxidative addition of carbon-silicon bonds to the metal center is not 
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possible and s-bond metathesis is irreversible, there are still several possible pathways 

that may generate the linear a,w-functionalized fatty acid derivative, such that no final 

conclusion on the selectivity determining step can be drawn. 

It is important to note that the reactivity and thus also the potential applications of the 

alkyl-Si(R)(Rô)(Rôô) species generated by isomerizing silylation is strongly dependant on 

the nature of the substituents R, Rô and Rôô. For example, from alkyl-silyl chlorides the 

respective silanoles, siloxides, or silyl ethers can be generated, which may be used as 

additives in polycondensation reactions to generate silicons bearing alkyl side-chains. 

1.2.5 Isomerizing metathesis 

Olefin metathesis reactions are applied in almost any field of chemical synthesis. The 

synthesis of a,w-functionalized monomers via metathesis reaction was already described 

in section 1.1 of this thesis. However, in these transformations stoichiometric amounts of 

less valuable coupling products are formed. In addition, olefin metathesis is often an 

equilibrium reaction and only 50 % conversion can be attained unless the product can be 

removed from the reaction mixture selectively.  

 

Figure 1-22: Isomerizing cross-metathesis between methyl oleate and a functionalized olefinic 

substrate. 

Thus, a one-pot transformation starting from an internal olefin (e.g. methyl oleate) 

with the first step being an isomerization of the internal double bond to the terminal 

position and the second step being an olefin metathesis reaction is desirable. This 

metathesis can be either cross-metathesis between the terminal unsaturated fatty acid 

substrate and a functionalized olefinic substrate (Figure 1-22) or self-metathesis between 

two of the terminal unsaturated fatty acid substrates (Figure 1-23). The challenge of both 

reactions is to choose appropriate isomerization and metathesis catalysts which 

selectively catalyze the desired reactions. Both reactions generate a linear long-chain 

unsaturated a,w-diester as the desired product and stoichiometric amounts of a coupling 

product. In the self-metathesis reaction, ethylene forms, which can be removed from the 
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reaction mixture selectively and thus the equilibrium reaction may be shifted to 

conversions > 50 %. In the cross-metathesis reaction, the coupling product which is 

formed depends on the choice of the functionalized olefinic substrate used as reaction 

partner for the fatty acid substrate. By appropriate choice of this substrate the desired 

linear long-chain unsaturated a,w-diester which is formed in this metathesis reaction is 

less reactive than the starting materials.116 In addition coupling products that can be 

removed from the reaction mixture selectively are desirable, to shift the equilibrium to 

conversions > 50 % (vide infra). 

 

Figure 1-23: Isomerizing self-metathesis of methyl oleate. 

Some approaches in combining isomerization and self-metathesis were already 

presented. Porri and-co-workers reported the generation of a mixture of linear butenes, 

pentenes, hexenes and olefins higher than C7, from 1-pentene by isomerizing self-

metathesis using an [IrCl(coe)2]2 catalyst that was activated with AgOTf (2 equiv.) in the 

presence of trifluoromethanesulfonic acid (14 equiv.).117 Grubbs and co-workers used a 

similar system of 4 mol-% [IrCl(coe)2]2 activated with AgOTf (4 equiv.) in isomerizing 

self-metathesis of methyl oleate. After hydrogenation of the reaction mixture, a mixture 

of linear C9-C26 alkanes, linear C8-C28 monoesters and linear C11-C26 a,w-diesters was 

obtained.118 Consorti and co-workers used a biphasic systems of toluene and an ionic 

liquid to combine a Ruthenium-hydride isomerization catalyst and a modified Grubbs-

Hoveyda 2nd generation metathesis catalyst to convert trans-3-hexene into a mixture of 

linear C4-C17 olefins.119 More recently, Gooßen and co-workers combined a Palladium 

isomerization catalyst (0.6 mol-%) and a NHC-indenylidene Ruthenium metathesis 

catalyst (0.5 mol-%) to convert oleic acid into an equilibrium mixture of C8-C32 olefins, 

C13-C25 monocarboxylates and C13-C22 a,w-dicarboxylates.120 The same group reported 

the isomerizing cross-metathesis between oleic acid and trans-3-hexenedioic acid (2 

equiv.) with a similar catalysts system (2.5 mol-% Pd, 5.0 mol-% Ru) yielding a mixture 
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of olefins, monocarboxylates and a,w-dicarboxylates. By using a high boiling solvent, 

the olefin fraction was continuously removed by distillation during the isomerizing 

metathesis, which resulted in a shift of the equilibrium towards the dicarboxylic acid 

fraction. It is important to note that: a) the ratio of oleic acid / trans-3-hexenedioic acid 

influences the relative chain-length distribution and b) successful isomerizing metathesis 

was not observed with acrylic acid or maleic acid as the coupling partner. Nevertheless, 

all these approaches do not result in the formation of a single compound in high 

selectivity, but in mixtures of compounds with different chain lengths. Moreover, when 

methyl oleate or oleic acid are used as the substrate, mixtures of olefins, 

monocarboxylates and a,w-dicarboxylates are formed. 

Schrock and co-workers recently presented the only approach that yielded a single 

product in high selectivity from an isomerizing metathesis reaction.121 By combination of 

a Ruthenium based óalkene zipperô catalyst that selectively isomerizes trans-olefins into 

a thermodynamic mixture of trans-olefins and a Tungsten based Z-selective metathesis 

catalyst, they were able to transform trans-3-hexene into cis-5-decene and ethylene in a 

selectivity of up to 64 % (Figure 1-24). In a typical experiment, they used 0.16 mol-% of 

the Tungsten metathesis catalyst and 0.05 mol-% of the Ruthenium isomerization catalyst 

in refluxing methylene chloride (40 °C), at a reaction time of 6 hours. Conversion is 

12.8 % and thus relatively low, however the selectivity of 64 % is remarkable (this 

corresponds to an average TOF to the desired product of 11.2 h-1). 

 

Figure 1-24: Isomerizing metathesis of trans-3-hexene to cis-5-decene.  

A general problem in isomerizing metathesis reactions are further reaction cycles of 

the products initially formed (secondary metathesis). In the example of Schrock and co-

workers this translates into further isomerizing metathesis of cis-5-decene. They 
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overcame this issue by application of a Z-selective metathesis catalyst that produces 

internal cis-olefins and an isomerization catalyst that exclusively isomerizes trans-

olefins. Thus a second isomerizing metathesis cycle is not possible as the initial product 

cis-5-decene is unreactive towards both catalysts. Aiming at the isomerizing metathesis 

of unsaturated fatty acids, secondary metathesis of the desired unsaturated a,w-

dicarboxylate products is less problematic, as formation of terminal olefins by double 

bond isomerization is not possible from these compounds. However, a metathesis catalyst 

is needed that a) tolerates the carboxylate groups of the substrate and b) is even more 

selective to terminal olefins than the Tungsten based catalyst used by Schrock and co-

workers. The latter is due to the concentration of terminal olefins, which is much lower 

for a longer chain substrate (e.g. < 0.2 % for methyl oleate) versus the trans-hexenes (ca. 

1 %) used by the authors. 

1.2.6 Isomerizing alkoxycarbonylation 

Alkoxycarbonylation is a well-known reaction that generates an ester group from an 

olefin, carbon monoxide and an alcohol.122,123,124,125 Thus, methoxycarbonylation of 

ethylene with CO and methanol to methyl propionate has recently been commercialized 

as part of a novel process for methyl methacrylate production.126,127 This reaction is 

catalyzed with high rates by Palladium(II) complexes of 1,2-(CH2P
tBu2)2C6H4 (dtbpx),128 

and is also well understood mechanistically (Figure 1-25).129,130,131,132,133,134,135 

 

Figure 1-25: Mechanism of the Palladium catalyzed methoxycarbonylation of ethylene. 

In the hydride mechanism that is operative in this transformation, the catalytically 

active Pd-hydride species inserts ethylene to generate a Pd-ethyl species, which then 

inserts carbon monoxide to form a Pd-acyl species that reacts with methanol to form the 
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desired methyl propionate product and regenerates the catalytically active Pd-hydride 

species. 

Pringle and co-workers reported that Palladium(II) complexes modified with meso/rac 

1,3-bis(phospha-oxa-adamantyl)propane (meso/rac-oxoada) or 1,3-bis(di-tert-

butylphosphino)propane (dtbpp) convert the double bond of internal olefins into a 

terminal ester group with high selectivity.136 From a thermodynamically equilibrated 

mixture of linear C14-olefins (< 0.2 % terminal olefin) they observed the formation of the 

linear, terminal functionalized methyl 1-pentadecanoate in 78 % (meso/rac-oxoada) or 

75 % (dtbpp) selectivity, respectively, at 115 °C and 30 bar CO. Average TOFs were 

120 h-1 for meso/rac-oxoada and 5 h-1 for dtbpp. Cole-Hamilton and co-workers later 

reported the transformation of 4-octene into the linear, terminal functionalized methyl 1-

nonanoate in 94 % selectivity by Palladium(II) catalysts modified with the 

aforementioned dtbpx diphosphine at 80 °C and 30 bar CO with an average TOF of 4 h-1 

(note that the conversion was 100 % thus this TOF may be underestimated).137 In their 

study, Cole-Hamilton and co-workers concluded that in isomerizing 

methoxycarbonylation of internal olefins, a hydride mechanism (cf. section 3) is operative 

and methanolysis is the rate-determining step. Both studies used an in-situ catalyst system 

consisting of a Pd-source with excess diphosphine and methanesulfonic acid. As the Pd-

source Pringle used [Pd(OAc)2] (ratio olefin/Pd/diphosphine/acid = n.a./1/1.5/2.5) and 

Cole-Hamilton used [Pd2(dba)3] (ratio olefin/Pd/diphosphine/acid = 62.5/1/2.5/5). 

 

Figure 1-26: Pd-catalyzed isomerizing methoxycarbonylation of methyl oleate. 

As a part of their study of ódicarboxylic acid esters from the carbonylation of 

unsaturated estersô Cole-Hamilton and co-workers reported the isomerizing 

methoxycarbonylation of different plant oil based unsaturated fatty acids (Figure 1-26) 

using a similar catalyst system they previously reported for isomerizing 

methoxycarbonylation of 4-octene (ratio olefin/Pd/diphosphine/acid = 62.5/1/5/10).138 

Amongst others, methyl oleate was converted into the respective linear a,w-diester 
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dimethyl 1,19-nonadecanedioate in high selectivity (> 95 % by GC) at 40 °C and 20 bar 

CO with an average TOF of 19.8 h-1. Our group refined this approach to generate and 

isolate linear long-chain a,w-diesters from oleates and erucates on a preparative scale, 

which were then used to generate polyesters.9 These in-situ approaches always use an 

excess of the relatively expensive diphosphine dtbpx. Consequently, the use of a defined 

catalyst precursor is desirable. The application of [(dtbpx)Pd(OTf) 2] as a single 

component precursor was recently introduced by our group.10 This precursor not only 

eliminates the necessity of excess diphosphine, but moreover the catalytic productivity is 

30 ï 50 % higher (based on Pd) as compared to the in-situ system with identical selectivity 

to the linear a,w-diesters. Notably, both the in-situ and the defined catalyst system are 

not only capable of transforming pure oleate, but also commercially available technical 

grade plant oils which are mixtures of fatty acids with different numbers of carbon atoms 

and in particular multiple double bonds, and even pure linoleate is converted into the 

linear a,w-diesters (Figure 1-27).10,13,25,142,139,140,141,142 

 

Figure 1-27: Isomerizing methoxycarbonylation of a technical grade plant oil and its methyl ester 

(both consisting of fatty acids with different numbers of carbon atoms and multiple double bonds) 

into the respective linear a,w-diesters. 

Technical grade plant oils can be employed as the raw material directly as the 

triglycerides. Under the conditions of isomerizing carbonylation, transesterification to the 



The mechanism of the isomerizing alkoxycarbonylation of plant oils 

31 

respective methyl esters occurs simultaneously. Alternatively, the respective plant oil 

methyl esters can be used as the raw material. Isomerizing alkoxycarbonylation of both 

starting materials results in the formation of linear a,w-diesters with high selectivity. 

Monounsaturated fatty acids (e.g. oleic acid or palmitoleic acid) are transformed into 

saturated a,w-diesters and double unsaturated fatty acids are transformed into 

monounsaturated a,w-diesters that can be transformed into the respective saturated 

analogs by hydrogenation of the crude reaction mixture. Saturated fatty acids are 

unreactive in isomerizing methoxycarbonylation, but do not hinder the aforementioned 

transformations. We recently showed that even crude algae oil, which besides saturated, 

monounsaturated and multiple unsaturated fatty acids likely contains carotenoids, 

chlorophylls, carbohydrates and phosphates as impurities was readily transformed into 

the respective a,w-diesters.143 This shows the remarkable robustness of the 

[(dtbpx)Pd(OTf) 2] catalyst precursor as the phosphate moieties may block coordination 

sites detrimentally, particularly for electrophilic cationic active species. In all these 

approaches, purification of the desired saturated a,w-diesters (purity > 99 %) is easily 

achieved by recrystallization from methanol, which is also used as the reaction medium. 

First mechanistic considerations of the isomerizing alkoxycarbonylation were reported 

by Cole-Hamilton and co-workers (vide supra). From their study of the isomerizing 

methoxycarbonylation of octenes, they concluded that a hydride mechanism is operative 

and methanolysis is the rate-determining step. Dr. Christoph Dürr recently performed 

mechanistic studies of the isomerizing alkoxycarbonlyation of methyl oleate by direct 

observation of the reaction intermediates in methanol solution with NMR spectroscopic 

methods during his diploma thesis in our group.144 Formation of the catalytically active 

Pd-hydride species [(dtbpp)PdH(CH 3OH)]+ from the defined catalyst precursor 

[(dtbpp)Pd(OTf)2] and rapid isomerization of the substrates double bond into the 

equilibrium mixture of all isomers by this Pd-hydride species was observed (cf. section 

3.2). In addition, first indications of the formation of Pd-alkyl and Pd-acyl species were 

found. These mechanistic considerations of the isomerizing alkoxycarbonlyation of 

octenes and methyl oleate form the basis of this Ph.D. thesis. 

1.2.7 Conclusive consideration of catalytic isomerization/functionalization 

With regard to the catalytic productivity and selectivity, the insensitivity to impurities 

in technical grade feedstock and the lack of undesired side reactions like olefin 



The mechanism of the isomerizing alkoxycarbonylation of plant oils 

32 

hydrogenation or further reaction of the primary products, isomerizing 

alkoxycarbonylation is definitely the state of the art for isomerizing/functionalization of 

fatty acids. Furthermore, purification of the product is easily achieved by recrystallization 

from the reaction medium yielding highly purified materials (> 99 %), which can be used 

for polycondensation reactions. Isomerizing alkoxycarbonylation not only allows for the 

most straightforward and most simple synthesis of linear a,w-functionalized compounds, 

but it also allows for the synthesis of very defined products from technical grade plant oil 

feedstock when compared to other established catalytic transformations as for example 

olefin metathesis that produces a large mixture of products with different chain lengths. 
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2 Objective 

Isomerizing alkoxycarbonylation of plant oils converts the double bond deep in the 

chain of unsaturated fatty acids to a terminal ester group. Hereby, useful a,w-

functionalized compounds containing the entire fatty acid chain are accessible. However, 

the decisive mechanistic features enabling this ódream reactionô were unclear: an 

understanding of the origin of selectivity and rate, the influence of the catalystsô structure 

on productivity and selectivity, and insights into the fate of multiple unsaturated fatty 

acids was lacking. 

This thesis therefore aimed to resolve this issue and to provide a comprehensive 

mechanistic picture of this unusual catalytic transformation by a combined experimental 

and theoretical approach. Methodologically, the approach pursued to this end comprises 

the synthesis and isolation of the catalytically active species, the direct observation of 

relevant intermediates of the catalytic cycle by NMR spectroscopic methods, and studies 

under pressure reactor conditions. 
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3 Stoichiometric studies by NMR spectroscopy 

For stoichiometric studies of the isomerizing alkoxycarbonylation, a viable access to 

the reactive intermediates of the catalytic cycle is required. Weakly coordinated Pd(II) 

ditriflate complexes of the bulky-substituted, electron rich, chelating diphosphines 1,3-

bis(di-tert-butylphosphino)propane (dtbpp) [(dtbpp)Pd(OTf) 2] and 1,2-

(CH2P
tBu2)2C6H4 (dtbpx) [(dtbpx)Pd(OTf) 2] proved to be suitable precursors. These 

diphosphine Palladium(II) ditriflate complexes were accessed by reaction of the 

corresponding diphosphine (P^P) with [Pd(dba)2] in THF to yield [(P^P)Pd(dba)] and 

subsequent oxidation of the Palladium metal with benzoquinone in the presence of 

trifluoromethanesulfonic acid in Et2O (for details cf. section 8). Both complexes allow 

for the straightforward generation of Pd-hydride species by dissolving the diphosphine 

Palladium(II) ditriflate complex in methanol (cf. section 3.1). From [(dtbpp)Pd(OTf) 2], 

the pyridine coordinated hydride species [(dtbpp)PdH(pyridine)] + could be isolated, 

which provides an entry into stoichiometric mechanistic studies under methanol free 

conditions (cf. section 3.3). During the course of this thesis, Dr. Etienne Grau from our 

group isolated the PPh3 coordinated hydride species [(dtbpx)PdH(PPh3)]+.171 However, 

abstraction of the pyridine ligand from [(dtbpp)PdH(pyridine)] + is easily possible (cf. 

section 3.3), whereas abstraction of phosphines is more challenging in general. Thus 

[(dtbpp)PdH(pyridine)] + was used as a precursor for studies in which the absence of 

methanol is crucial. 

To ensure that [(dtbpp)PdH(pyridine)] + is a suitable precursor for stoichiometric 

mechanistic studies, a methoxycarbonylation experiment at elevated temperature and CO 

pressure using methyl oleate as the substrate and [(dtbpp)Pd(OTf) 2] as a catalyst 

precursor was performed. Methyl oleate was converted to 1,19-dimethylnonadecandioate 

with high conversion and selectivity as determined by gas chromatography. The catalyst 

performance of [(dtbpp)Pd(OTf) 2] is similar to methoxycarbonylation of methyl oleate 

with the [(dtbpx)Pd(OTf) 2] complex.10 In detail, reaction rate and selectivity are lower; 

this aspect is addressed separately (cf. section 6.3). 

3.1 Generation and isolation of Pd-hydride species 

To provide an entry into the studies of the various reaction steps and intermediates, 

Palladium hydrides [(dtbpp)PdH(L)] + were found to be suitable reactive species. 

Dissolution of the triflate complex [(dtbpp)Pd(OTf)2] in CD2Cl2 containing CH3OH or 
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CD3OD, respectively, at room temperature resulted in clean conversion to the solvent 

coordinated hydride [(dtbpp)PdH(CH3OH)]+ or corresponding deuteride 

[(dtbpp)PdD(CD3OD)]+, respectively (Figure 3-1).144 Key resonances (-80 °C) of 

[(dtbpp)PdH(CH 3OH)]+ are observed at d 1H -9.52 ppm (doublet of doublet with 

2JPHtrans = 195.7 Hz and 2JPHcis = 18.9 Hz) for Pd-H and d 31P 73.19 ppm and 20.79 ppm 

(doublet each, 2JPP = 23.2 Hz) for the inequivalent phosphorus atoms. In 

[(dtbpp)PdD(CD3OD)]+ additional 2JPD couplings (2JPDtrans = 29.0 Hz and 2JPDcis = 2.8 

Hz) are observed in 31P NMR spectroscopy. Likewise, dissolution of [(dtbpx)Pd(OTf) 2] 

in CD2Cl2/CH3OH or CD3OD resulted in the formation of [(dtbpx)PdH(CH3OH)]+ and 

[(dtbpx)PdD(CD3OD)]+, respectively.129 Key resonances (25 °C) of 

[(dtbpx)PdH(MeOH)] + are observed at d 1H -10.85 ppm (doublet of doublet with 2JPHtrans 

= 182.6 Hz and 2JPHcis = 21.7 Hz) for Pd-H and d 31P 74.6 ppm and 21.1 ppm (doublet 

each, 2JPP = 17.1 Hz) for the two inequivalent phosphorus atoms. Also in 

[(dtbpx)PdD(CD3OD)]+ additional 2JPD couplings (2JPDtrans = 27.7 Hz and 2JPDcis = 3.1 

Hz) are observed in 31P NMR spectroscopy. 

 

Figure 3-1: Pd-hydride species generated from [(dtbpp)Pd(OTf) 2]. 

Addition of carbon monoxide to [(dtbpp)PdH(CH 3OH)]+ or 

[(dtbpp)PdD(CD3OD)]+ at -80 °C resulted in displacement of coordinated methanol by 

the strongly coordinating CO ligand to form [(dtbpp)PdH/D(CO)]+, or 

[(dtbpp)PdH/D(13CO)]+ if 13CO was used.144 Key resonances (-80 °C) of 

[(dtbpp)PdH(CO)] + are observed at d 1H -5.51 ppm (doublet of doublet with 2JPHtrans = 
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169.5 Hz and 2JPHcis = 20.8 Hz) for Pd-H and d 31P 59.60 ppm and 31.12 ppm (doublet 

each, 2JPP = 27.6 Hz) for the inequivalent phosphorus atoms. In [(dtbpp)PdH( 13CO)]+ 

additional 2JPC couplings (2JPCtrans = 100.5 Hz and 2JPCcis = 12.1 Hz) are observed. The 

resonance of coordinated 13CO is observed at d 13C 183.47 ppm (doublet of doublet), 

which is very similar to free 13CO (d 13C 184.13 ppm). Nonetheless, coordination of CO 

is evidenced by the observed 2JPC
 couplings in 13C NMR spectra. Note that upon warming 

[(dtbpp)PdH( 13CO)]+ to room temperature quantitative formation of [(dtbpp)Pd(ɛ-

H)(µ-13CO)Pd(dtbpp)]+ (d 1H -7.79 ppm (quint) 2JPH = 42.8 Hz for ɛ-H, d 31P 38.64 

(doublet) 2JPC = 30.6 Hz and d 13C 230.00 ppm (quint) 2JPC = 30.6 Hz for ɛ-13CO) was 

observed within minutes.144 A characteristic of this Palladium(I) complex is a rapid 

fluxional process, that results in rapid site exchange of all 31P nuclei leading to a single 

resonance in 31P NMR spectroscopy, even at temperatures as low as -80 °C. This 

characteristic has been observed previously for binuclear Palladium(I) species with ɛ-H 

and ɛ-CO bridging ligands with different diphosphines.145,146,147,148,149,150 Also, a 

mechanism for the reductive formation of a species similar to [(dtbpp)Pd(ɛ-H)(µ-

13CO)Pd(dtbpp)]+ has been suggested.151 

 

Figure 3-2: 31P{1H} NMR spectrum (-80 °C) of [(dtbpp)PdH(pyridine)] + in CD2Cl2. Insert: Pd-

hydride resonance. 

For the anticipated observation of CO insertion reactions into Palladium alkyl species 

the absence of alcohol is crucial, as subsequent methanolysis can occur otherwise and 
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disturb these studies (cf. section 3.3.4). Addition of pyridine to [(dtbpp)PdH(CH 3OH)]+ 

resulted in displacement of methanol from the solvent coordinated hydride to yield 

[(dtbpp)PdH(pyridine)] + with d 1H -9.07 ppm (doublet of doublet with 2JPHtrans = 190.6 

Hz and 2JPHcis = 17.7 Hz) for Pd-H and d 31P 65.32 ppm and 19.68 ppm (doublet each, 

2JPP = 26.0 Hz) for the inequivalent phosphorus atoms (-80 °C). This pyridine adduct was 

isolated by removing the solvent in vacuum as a stable off-white solid (Figure 3-2). 

3.2 Double bond isomerization with Pd-hydride species 

Isomerization experiments in the absence of CO had already been studied by Dr. 

Christoph Dürr during his diploma thesis in our group preceding this thesis.144 Exposure 

of excess methyl oleate (100 equivalents) to a catalytic amount of 

[(dtbpp)PdD(CD3OD)]+ in a CD3OD/CD2Cl2 mixture (2/3 by volume) in an NMR tube 

at room temperature resulted in immediate isomerization of the double bond to an 

equilibrium of all isomers (94.3 % of internal olefins, 5.5 % of a,b-unsaturated ester and 

< 0.2 % of terminal olefin; Figure 9-39 and Figure 9-40). This observed distribution was 

confirmed to correspond to the thermodynamic distribution by isomerization experiments 

on other olefins, for which thermodynamic data are available.152,153 Isomerization of 

methyl 5-hexenoate and 1-octene, respectively, by [(dtbpp)PdD(CD3OD)]+ in CD3OD 

yielded the previously reported thermodynamic distribution within experimental error, 

and, correcting for chain lengths, the portion of 1-olefin and a,b-unsaturated ester agree 

with the isomer composition obtained from methyl oleate. 

Isomerization was also observed in the presence of carbon monoxide. 10 equiv. of 

carbon monoxide were added at room temperature to a solution of 

[(dtbpp)PdH(pyridine)] + in C2D2Cl4, which resulted in displacement of pyridine by CO 

and formation of [(dtbpp)Pd(ɛ-H)(µ-CO)Pd(dtbpp)]+. Upon addition of 10 equiv. of 

methyl oleate to this solution isomerization was observed via 1H NMR spectroscopy. At 

50 °C resonances of the a,b-unsaturated ester as well as of the internal olefins appeared. 

Heating the sample to 70 °C led to faster isomerization but also fast decomposition 

(within 30 minutes) of [(dtbpp)Pd(ɛ-H)(µ-CO)Pd(dtbpp)]+ forming Palladium black 

and free protonated diphosphine (evidenced by its signals in 1H and 31P NMR 

spectroscopy). While this experiment does not distinguish between the effect of reversible 

coordination of CO and of formation of [(dtbpp)Pd(ɛ-H)(µ-13CO)Pd(dtbpp)]+, which 
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occurs here, on the rate of isomerization, it is evident that the presence of CO as a 

relatively strongly binding donor does not prevent isomerization. 

3.3 Reaction of methyl oleate and 1-octene with the Pd-hydride species 

The capability of the hydride species [(dtbpp)PdH(L)] + for very rapid isomerization 

was illuminated further by stoichiometric experiments at low temperature. Abstraction of 

pyridine from [(dtbpp)PdH(pyridine)] + with a stoichiometric amount of BF3ĀOEt2 at 

0 °C in CD2Cl2 yielded a reactive species, which upon addition of methyl oleate and 1-

octene inserted the olefin cleanly and completely to form Pd-alkyl species (cf. section 

3.3.1). Key resonances (-80 °C) of the reactive [(dtbpp)PdH(pyridine)] + / BF3ĀOEt2 

species are d 1H -9.80 ppm (doublet of doublet with 2JPHtrans = 193.0 Hz and 2JPHcis = 25.7 

Hz) for Pd-H and d 31P 72.81 ppm and 20.96 ppm (doublet each, 2JPP = 23.6 Hz) for the 

two inequivalent phosphorus atoms. 1-13C labeled 1-octene was used as a model substrate 

in these stoichiometric studies as it allows for more straightforward and clear 

identification of the Pd-alkyl species formed. 

3.3.1 Pd-alkyl species 

Addition of 1-13C labeled 1-octene (0.95 equiv.) at -80 °C to the reactive 

[(dtbpp)PdH(pyridine)] + / BF3ĀOEt2 species resulted in clean and complete insertion of 

the olefin into the Pd-hydride to form a linear Pd-alkyl species exclusively (Figure 3-3 

and Figure 9-1). 

 

Figure 3-3: Stoichiometric insertion of 1-13C labeled 1-octene into the Palladium hydride species 

at -80 °C. 

 Moreover, the 13C label is not only found in the a-position 

[(dtbpp)Pd13CH2(CH2)6CH3]+, but in an equal amount (50:50) also in the terminal 
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position, [(dtbpp)Pd(CH2)7
13CH3]+ as evidenced by integration of 31P and 13C NMR 

spectra. Key resonances (-80 °C) of these linear Pd-alkyl species are d 13C 35.08 ppm 

(PdCH2) with 2JPCtrans = 39.0 Hz (2JPCcis is not resolved) and 14.11 ppm (CH2CH3), and 

d 31P 61.73 ppm (doublet with 2JPP = 35.7 Hz) and 38.60 ppm (doublet with 2JPP = 35.7 

Hz, and a further doublet splitting in [(dtbpp)Pd13CH2(CH2)6CH3]+ by 2JPCtrans = 39.0 

Hz). Furthermore, insertion of 2-octene into [(dtbpp)PdH(pyridine)] + / BF3ĀOEt2 leads 

to identical resonances in the 31P NMR spectrum. This shows that even at this low 

temperature the metal center is running along the alkyl chain by a series of rapid insertion 

and ß-hydride elimination events.  

Also, the chemical shifts of the phosphorus atoms observed in the linear Pd-alkyl 

[(dtbpp)Pd(CH 2)7CH3]+ are not altered significantly by the presence of methanol, as 

evidenced by addition of 5.5 equivalents of 1-octene to a solution of 

[(dtbpp)PdH(CH 3OH)]+ (prepared from [(dtbpp)Pd(OTf) 2]; cf. section 3.1) in CD2Cl2 

/ MeOH (3 / 2 by volume) at -80 °C.144 The addition of an excess of 1-octene to the Pd-

hydride [(dtbpp)PdH(CH 3OH)]+ shifts the equilibrium between free olefin plus Pd-

hydride and its insertion product (Pd-H + olefin D Pd-alkyl) completely towards the 

olefin insertion product and d 31P 62.23 ppm and 38.99 ppm (doublet each, 2JPP = 36.0 

Hz) is observed. This suggests that the fourth coordination site is likely occupied by a b-

agostic interaction rather than coordination of methanol solvent. 

 

Figure 3-4: Stoichiometric insertion of methyl oleate into Palladium hydride species at -80 °C. 

Reaction of [(dtbpp)PdH(pyridine)] + / BF3ĀOEt2 at -80 °C with 0.95 equiv. of methyl 

oleate 13C-labeled at the carbonyl group afforded two Pd-alkyl species in a ratio of 1 to 4 

(calculated from integration of 31P NMR spectra). Based on its 31P resonances 
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(d 31P 61.80 ppm and 38.70 ppm; doublet each with 2JPP = 35.8 Hz), being virtually 

identical to the aforementioned linear insertion product of 1-octene 

[(dtbpp)Pd(CH2)7CH3]+, a carbonyl resonance (d 13C 174.93 ppm) identical to free 

methyl oleate and otherwise conclusive spectral data, the minor species was identified as 

the linear Pd-alkyl [(dtbpp)Pd(CH2)17
13COOCH3]+ (Figure 3-4 and Figure 9-5). The 

major species (d 13C (13C=O) 168.10 ppm and d 31P 65.73 ppm (doublet of doublet with 

2JPP = 41.0 Hz and 3JPC = 3.5 Hz) and 37.76 ppm (doublet with 2JPP = 41.0 Hz) was 

identified as the branched alkyl [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+ with the 

metal-bound carbon directly adjacent to the ester function (Figure 3-4 and Figure 9-6). 

Evidence for this structure arises from the observed coupling of one 31P resonance to the 

13C label, and particularly from 1H,13C-HSQC and 1H,13C-HMBC correlation 

experiments in which the methine group next to the Palladium center was clearly 

identified to be in the a-position of the carbonyl group (Figure 9-7, Figure 9-8 and 

Figure 9-9). That this four-membered chelate prevails in stability over the five- and six-

membered isomers is also confirmed by theoretical DFT studies (cf. section 5.1). It is 

likely a result of the very bulky tert-butyl substituted diphosphine ligand, which restricts 

the available space at the metal center. 

3.3.2 Pd-acyl species 

Addition of 1.5 equiv. 13CO to the linear Pd-alkyl 

[(dtbpp)Pd12/13CH2(CH2)6
12/13CH3]+ at -80 °C resulted in insertion of 13CO to form a 

linear Pd-acyl complex [(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(L)] + (L = solvent) 

and a Pd-acyl carbonyl complex (L = 13CO). In these products of CO insertion the 13C-

label from the olefin is also evenly distributed in the a- and the terminal position of the 

acyl fragment, as evidenced clearly by the coupling patterns in the 13C and 31P NMR 

spectra. Key resonances of [(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(solvent)]+ 

(Figure 9-2) are d 31P 76.42 ppm and 34.78 ppm (multiplet each) for the two inequivalent 

phosphorus atoms and d 13C 235.11 ppm (multiplet, carbonyl group), 44.66 ppm 

(multiplet, a-methylene group) and 14.17 ppm (singulet, terminal methyl group). Key 

resonances of [(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(13CO)]+ (Figure 9-3) are 

d 31P 31.49 ppm and 28.12 ppm (multiplet each) for the two inequivalent phosphorus 

atoms and d 13C 232.12 ppm (multiplet, carbonyl group), 177.82 ppm (multiplet, 

coordinated 13CO), 62.34 ppm (multiplet, a-methylene group) and 14.17 ppm (singulet, 
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terminal methyl group). Note that due to the use of substoichiometric amounts of olefin 

in the generation of the linear Pd-alkyl [(dtbpp)Pd12/13CH2(CH2)6
12/13CH3]+, addition of 

13CO also generates the hydrido carbonyl complex [(dtbpp)PdH( 13CO)]+ (Figure 9-4). 

 

Figure 3-5: Stoichiometric insertion of carbon monoxide into the Pd-alkyl species formed by 

methyl oleate insertion into the Pd-hydride species at -80 °C. 

 Upon addition of 13CO (1.5 equiv.) at -80 °C to the Pd-alkyls formed from oleate, 

[(dtbpp)Pd(CH2)17
13COOCH3]+ and [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+, these 

react to form a linear Pd-acyl species [(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(L)] + (L = 

solvent) a linear Pd-acyl carbonyl species (L = 13CO) and a five-membered chelate 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3]+ (Figure 3-5). Key resonances of 

[(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(solvent)]+ (Figure 9-10) are d 31P 76.52 ppm 

(doublet of doublet with 2JPP = 44.5 Hz and 2JPCcis = 16.3 Hz) and 34.86 ppm (doublet of 

doublet with 2JPP = 44.5 Hz and 2JPCtrans = 81.7 Hz) for the two inequivalent phosphorus 

atoms. d 13C 238.74 ppm (multiplet, carbonyl group next to the Pd center), 174.93 ppm 

(singulet, carbonyl group at chain end) and 51.69 ppm (doublet, methoxy group). Key 

resonances of [(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(13CO)]+ (Figure 9-11) are d 31P 

31.50 ppm (doublet of doublet with 2JPP = 60.5 Hz and 2JPCtrans = 76.8 Hz) and 28.20 ppm 

(doublet of doublet of doublet with 2JPP = 60.5 Hz and 2JPCtrans = 76.0 Hz and 2JPCcis = 

23.2 Hz) for the two inequivalent phosphorus atoms. d 13C 232.11 ppm (multiplet, 

carbonyl group next to the Pd center), 177.82 ppm (multiplet, coordinated 13CO), 174.93 

ppm (singulet, carbonyl group at chain end) and 51.69 ppm (doublet, methoxy group). 

Key resonances of [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3]+ (Figure 9-12) 

are d 31P 58.31 ppm (doublet of doublet with 2JPP = 49.6 Hz and 2JPCcis = 15.8 Hz) and 

24.06 ppm (doublet of doublet with 2JPP = 49.6 Hz and 2JPCtrans = 114.9 Hz) for the two 
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inequivalent phosphorus atoms. d 13C 222.61 ppm (multiplet, carbonyl group next to the 

Pd center), 182.49 ppm (doublet, carbonyl group coordinated to the Pd center), 72.48 ppm 

(broad multiplet, methine group) and 57.08 ppm (doublet, methoxy group).  

Note that the 31P resonances of the linear Pd-acyl species generated from 

[(dtbpp)Pd(CH 2)17
13COOCH3]+ are in good agreement with those generated from of 

[(dtbpp)Pd12/13CH2(CH2)6
12/13CH3]+. The ratio of linear versus branched (five-

membered chelate) carbonyl species is ca. 1:1 (determined by integration of the 31P NMR 

spectra). Notably, even in the presence of an excess of the strongly coordinating ligand 

13CO (> 6 equiv.) the chelate is not opened and formation of 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3(13CO)]+ is not observed. 

In these experiments only insertion products of CO into the linear alkyl species are 

observed (except for the four-membered chelated Pd-alkyl species). This is notable 

because, though only the primary alkyls are observed as products of insertion of internal 

olefin into Pd-H, secondary alkyls must occur in small concentrations as intermediates of 

fast isomerization along the hydrocarbon chain of the substrate. Thus, it could be 

conceivable that for the acyls, branched species predominate, which is however not the 

case here (-80 °C). Note that under pressure reactor conditions (90 °C, 20 bar CO; cf. 

section 4) branched acyls do play a role as concluded from the formation of branched 

esters as side products (cf. section 4.1), and from an influence of the chain length of the 

olefinic substrate on the reaction rate (cf. section 4.3). 

3.3.3 Reversibility of CO insertion 

In the overall mechanistic picture, the reversibility of carbon monoxide insertion in the 

branched product pathway turns out to be a crucial issue (vide infra). To this end, 13C 

labeled carbon monoxide was added to a sample of the Pd-acyls 

[(dtbpp)PdC(=O)(CH2)17COOCH3(CO)]+ (Figure 9-15) and 

[(dtbpp)PdC(=O)CH{(CH2)15CH3}COOCH3]+ (Figure 9-16). This sample had been 

prepared as described above but without using 13C labeled compounds and employing 2.5 

equiv. CO to ensure that the Pd-alkyl complexes are converted completely into the 

respective Pd-acyl and Pd-acyl carbonyl species, respectively. After addition of 10 equiv. 

13CO at -80 °C the sample was warmed to -50 °C and the exchange reaction was 

monitored via 31P NMR spectroscopy. Exchange of carbon monoxide is evidenced by 
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gradual appearance of additional 2JPC couplings, which was completed within 5 hours 

(Figure 3-6, Figure 9-17 and Figure 9-18). 

chemical shift / ppm
 

Figure 3-6: Detail of 31P{1H} NMR spectra (measured at -80 °C) of CO exchange in complex 

[(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH 3]+ (bottom: spectrum before addition of 13CO; top: 

after addition of 10 equiv. 13CO and 5 h at -50 °C). 

3.3.4 Methanolysis 

The final step of the catalytic cycle is alcoholysis of the Pd-acyl species. Addition of 

0.5 equiv. of methanol to a mixture of the acyl species 

[(dtbpp)Pd13C(=O)(CH2)17COOCH3(L)]+ (L = solvent or CO) and 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH 3]+ (prepared by addition of 1.5 equiv. 

13CO to the respective Pd-alkyl species) at -80 °C resulted in disappearance of the 31P 

NMR signals of [(dtbpp)Pd13C(=O)(CH2)17COOCH3(solvent)]+ and immediate 

formation of the linear 1,19-dimethylnonadecandioate. No formation of the branched 

ester was observed, as evidenced by comparison with the 13C NMR shifts of a genuine 

sample of the malonic ester MeOOC-CHR-COOMe (R = C16H33) prepared 

independently. Likewise, addition of 0.5 equiv. of methanol to 

[(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(L)] + (L = solvent or CO) prepared by 

addition of 1.5 equiv. 13CO to [(dtbpp)Pd12/13CH2(CH2)6
12/13CH3]+ at -80 °C resulted in 

fast methanolysis as evidenced by a rapid decrease of the 31P NMR resonances of 
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[(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(solvent)]+ (Figure 9-19). Immediate 

formation of linear methyl nonanoate and complete consumption of methanol was 

observed. With excess CO, methanolysis appears to be slower. Addition of 20 equiv. of 

methanol to [(dtbpp)Pd13C(=O)(CH2)17COOCH3(13CO)]+ and 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH 3]+ (prepared by addition of 10 equiv. of 

13CO to [(dtbpp)Pd(CH2)17COOCH3]+ and [(dtbpp)PdCH{(CH 2)15CH3}COOCH 3]+) 

at -80 °C did not result in any observable methanolysis (evidenced by 31P and 13C NMR 

spectroscopy). Upon warming this sample to room temperature formation of the linear 

1,19-dimethylnonadecandioate and the bridged hydride carbonyl complex [(dtbpp)Pd(ɛ-

H)(µ-13CO)Pd(dtbpp)]+ was observed. A trace amount (< 1 %) of the branched ester was 

found, as evidenced by its 13C NMR shifts (Figure 9-20 and Figure 9-21). Also, under 

reaction conditions of preparative methyl oleate methoxycarbonylation (methyl oleate/Pd 

= 125/1, 20 bar CO, 90 °C, 90 h) the formation of a small amount (< 0.5 %) of the 

branched diester was observed, as evidenced by GC, by comparison to a genuine sample 

of the compound (cf. section 4.1.1).  

To further work out the reactivity differences responsible for the overall selectivity, 

the reaction was studied at -60 °C starting directly from a methanol solution 

(CD3OD/CD2Cl2 = 2/3 by volume).144 Dissolving complex [(dtbpp)Pd(OTf) 2] in this 

solvent mixture yielded [(dtbpp)PdD(CD3OD)]+ (cf. section 3.1). Addition of 2 equiv. 

of methyl oleate afforded a mixture of the Pd-alkyls [(dtbpp)Pd(CH 2)17COOCH3]+ and 

[(dtbpp)PdCH{(CH 2)15CH3}COOCH 3]+. Note that there is still a small amount of 

[(dtbpp)PdD(CD3OD)]+ present, as the equilibrium between free olefin plus hydride and 

its insertion products is not completely shifted towards the olefin insertion product, even 

at this low temperature. Upon addition of 5 equiv. of 13CO to this solution, the branched 

five-membered chelate [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH3]+ is formed (as 

evidenced by 13C and 31P NMR spectroscopy) along with some linear diester, 1,19-

dimethylnonadecandioate (Figure 9-22). Notably, 

[(dtbpp)Pd13C(=O)(CH2)17COOCH3(L)] + (L = solvent or 13CO) is not observed under 

these conditions, due to rapid methanolysis to the linear diester. Finally, warming this 

sample to room temperature again results in the formation of further linear 1,19-

dimethylnonadecandioate, trace amounts (< 1 %) of the branched diester, and 

[(dtbpp)Pd(ɛ-D)(µ-13CO)Pd(dtbpp)]+. Likewise, addition of carbon monoxide to a 

solution of [(dtbpp)Pd(CH2)7CH3]+ (prepared by addition of 1-octene to 
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[(dtbpp)PdD(CD3OD)]+) in a CD3OD/CD2Cl2 mixture (2/3 by volume) at -80 °C 

resulted in formation of linear methyl nonanoate. These observation indicate that 

methanolysis of the linear acyl complexes is faster than methanolysis of the branched acyl 

species. This decisive difference in the methanolysis rate was further confirmed by DFT 

studies (cf. section 5). 

3.3.5 Conclusions on the catalytic cycle 

As an intermediate summary, the following conclusions can be drawn for 

stoichiometric low temperature (-80 °C) NMR conditions (Figure 3-7):154 In the 

isomerization equilibrium along the alkyl chain, the terminal linear alkyl 

[(dtbpp)Pd(CH 2)17COOCH3]+ by far predominates over the branched mid-chain alkyls. 

Only one branched alkyl occurs in amounts roughly similar to the linear alkyl species, 

due to its stabilization by chelating coordination of the adjacent ester group from the 

oleate substrate [(dtbpp)PdCH{(CH 2)15CH3}COOCH 3]+. Both the preference of this 

four-membered chelate over the corresponding five- or six-membered chelate isomers 

which are not observed, and the strong preference for linear alkyls over branched alkyls 

are related to the extremely bulky diphosphine ligand, which restricts the available space 

around the other two coordination sites of the square-planar metal center (cf. section 5). 

 

Figure 3-7: Key species and reaction pathways observed in stoichiometric low temperature (-80 

°C) NMR studies (P^P = tBu2P(CH2)3PtBu2). 

Both the linear alkyl species and the chelate-stabilized branched alkyl species can 

insert CO. The linear CO insertion product [(dtbpp)PdC(=O)(CH2)17COOCH3(L)] + is 

subject to methanolysis to the linear a,w-diester product, which represents the rate 
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determining step of product formation. By contrast, the resulting branched acyl insertion 

product [(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH 3]+ resists methanolysis, such that 

the corresponding branched malonic ester does not form to any significant extent in these 

stoichiometric studies at low temperature (-80 °C). Nonetheless, the pathway leading to 

this Pd-acyl is not a dead end, which would shut down catalysis rapidly. Its formation is 

reversible and this dormant species can interconvert with the productive catalytic cycle. 

3.4 Reaction of methyl linoleate and double unsaturated model 

compounds with the Pd-hydride species 

As outlined, plant oils inadvertently contain multiple unsaturated fatty acids in variable 

amounts.8,16 Thus, their role during catalysis must be accounted for. To this end, 

stoichiometric mechanistic studies on the reactivity of the catalytically active deuteride 

species [(dtbpx)PdD(CD3OD)]+ with double unsaturated compounds were performed by 

NMR spectroscopic methods at 25 °C. Note that the dtbpx coordinated deuteride species 

[(dtbpx)PdD(CD3OD)]+, which was generated from [(dtbpx)Pd(OTf) 2] (cf. section 3.1), 

was used instead of the dtbpp coordinated isolated hydride species 

[(dtbpp)PdH(pyridine)] + for these studies, as it turned out that the absence of methanol 

is not crucial in these studies (vide infra). In addition, the [(dtbpx)Pd(OTf) 2] precursor 

was used in the pressure reactor studies (cf. the following section 4), and is also the 

precursor, which is commonly used to generate the linear a,w-diesters preparatively (on 

a laboratory scale).9,10,139,140,142 

3.4.1 Pd-allyl species 

To gain mechanistic insights into the reactivity of multiple unsaturated compounds 

with the catalytically active deuteride species, the catalyst precursor [(dtbpx)Pd(OTf) 2] 

was dissolved in CD3OD, resulting in quantitative formation of the catalytically active  

Pd-deuteride species [(dtbpx)PdD(CD3OD)]+ within five minutes at room temperature 

(cf. section 3.1). Addition of stoichiometric amounts of methyl linoleate resulted in 

virtually quantitative formation of a disubstituted / internal Pd-allyl species 

[(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}]+ (n + m = 13). Key resonances 

of this species are two broad singulets observed at d 31P 51.7 ï 47.7 and 46.6 ppm for the 

two inequivalent phosphorus atoms and d 1H 6.27 ï 6.07 (broad singulet), 5.15 (multiplet) 

and 4.69 ppm (broad singulet) for the three allylic protons (indicating syn/anti 

configuration of this species). This internal Pd-allyl species is isomerized virtually 
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quantitatively to the monosubstituted / terminal Pd-allyl species [(dtbpx)Pd(h3-

C3H4){(CH 2)14COOCH3}]+ already at room temperature (Figure 3-8). Key resonances 

of this species are d 31P 49.5 (doublet with 2JPP = 40.6 Hz) and a broad singulet at 45.6 ï 

40.2 ppm for the two inequivalent phosphorus atoms and d 1H 6.51 (multiplet), 5.25 

(multiplet), 4.63 (virtual triplet) and 3.40 ppm (multiplet) for the four allylic protons (for 

a more detailed analysis of these Pd-allyl species cf. section 8.4.19 and 8.4.20). 

 

Figure 3-8: Reactivity of stoichiometric amounts of methyl linoleate with the catalytically active 

deuteride species [(dtbpx)PdD(CD3OD)]+. 

 

Figure 3-9: 1H NMR spectra of a) [(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}] + (n + 

m = 13), b) [(dtbpx)Pd(h3-C3H4){(CH 2)14COOCH3}] + formed by isomerization of 

[(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}] + (n + m = 13) and c) [(dtbpx)Pd(h3-

C3H4)CH3]+ in methanol-d4 at 25 °C. The respective allylic protons are highlighted. 

The formation of the monosubstituted / terminal Pd-allyl species was corroborated by 

reaction of the Pd-deuteride species [(dtbpx)PdD(CD3OD)]+ with stoichiometric 

amounts of 1,7-octadiene as a model substrate. After 1.5 h at 55 °C the respective 

monosubstituted / terminal Pd-allyl species [(dtbpx)Pd(h3-C3H4){(CH 2)4CH3}]+, which 

was fully characterized by 1H, 13C and 31P NMR spectroscopy was formed. The NMR 

signals in the allylic region of the 1H NMR as well as the signals in 31P NMR were 
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virtually identical to the aforementioned species generated from methyl linoleate. In 

addition, [(dtbpx)Pd(h3-C3H4)CH3]+ was synthesized from dtbpx and [{(h3-

C3H4)CH3}Pd(m-Cl)]2.
155 Pure [(dtbpx)Pd(h3-C3H4)CH3]+ was isolated and 

characterized by 1H, 13C and 31P NMR spectroscopy, elemental analysis and X-ray 

crystallography. Again, the signals in the allylic region of 1H NMR and in 31P NMR were 

virtually identical to those of the other monosubstituted / terminal Pd-allyl species 

(Figure 3-9 and Figure 9-32, respectively; see also Figure 9-33 and Figure 9-34). In 

detail, the chemical shift of the most downfield shifted allylic proton (i.e. the proton, 

which is bound to the carbon atom that is adjacent to the respective allylic substituent) 

are slightly different (by about 0.1 ppm) when comparing the methyl substituted 

[(dtbpx)Pd(h3-C3H4)CH3]+ species versus the alkyl-chain substituted [(dtbpx)Pd(h3-

C3H4){(CH 2)4CH3}]+ and [(dtbpx)Pd(h3-C3H4){(CH 2)14COOCH3}]+ species. This 

effect may be due to the length of the alkyl substituent that is bound to the carbon atom 

at which this specific allylic proton is located. 

 

Figure 3-10: X-ray crystal structure of [(dtbpx)Pd(h3-C3H4)CH3]+ (CCDC 1010351). Hydrogen 

atoms and a non-coordinating triflate counterion were omitted for clarity. Displacement ellipsoids 

are shown at the 50 % probability level. 

In the solid state structure of [(dtbpx)Pd(h3-C3H4)CH3]+ (Figure 3-10), the square 

planar coordination sphere around the Palladium(II) center is formed by the chelating 

diphosphine with the two other coordination sites occupied by the carbon atoms C1 and 

C3 of the butenyl ligand. The Pd-C2 distance is shorter than the Pd1-C1 and Pd1-C3 bond 

distances, respectively, as C2 is located above the square planar coordination plane 

(formed by the two phosphorus atoms and C1 and C3) and the triangle C1-C2-C3 is tilted 

with its C2-tip towards the Pd-center. Bond distances C1-C2 and C2-C3 are nearly equal 

C1 

C2 

C3 

C4 
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(1.376(6) versus 1.393(7) Å). With an average value of 1.385 Å these bond distances are 

in the typical range for aromatic systems, thus indicating delocalization of the double 

bound through the C1, C2 and C3 carbon atoms. In a previous study on the telomerization 

of 1,3-butadiene similar values were observed for C-C bond distances in a butenyl-

diphosphine Palladium(II) complex.156 The carbon atom C4 of the allylic fragment is in 

anti position in this solid state structure, which is also observed in methylene chloride and 

methanol solution, respectively, by 1H NMR spectroscopy (cf. section 8.2.18). 

Kinetic observations of the allylic isomerization of the disubstituted / internal Pd-allyl 

species [(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}]+ (n + m = 13) to the 

monosubstituted / terminal Pd-allyl species [(dtbpx)Pd(h3-C3H4){(CH 2)14COOCH3}]+ 

at temperatures between 25 ï 55 °C by 1H NMR spectroscopy yielded an overall energetic 

barrier of DGÍisom = 23.1 kcal mol-1 with DHÍisom = 17.3 ° 1.3 kcal mol-1 and DSÍisom 

= -19.5 ° 4.2 cal mol-1 K-1 (Figure 3-11 and Figure 9-62). Compared to isomerization of 

the monounsaturated analog methyl oleate (vide supra), this is significantly slower. 

Nevertheless, the monosubstituted / terminal Pd-allyl species is gradually formed 

selectively, which indicates a reason for the preference for terminal alkoxycarbonylation 

products from multiple unsaturated fatty acids as previously reported.25,141 

 

Figure 3-11: Allylic isomerization reaction monitored by 1H NMR at denoted temperatures. 

3.4.2 CO insertion into Pd-allyl species and methanolysis 

Insertion of carbon monoxide into the terminal Pd-allyl species was investigated using 

[(dtbpx)Pd(h3-C3H4)CH3]+ as a model substrate. At CO pressures of up to 5 bar in a 

pressure NMR tube in methylene chloride as the solvent, neither insertion nor 
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coordination of CO was observed. Even at temperatures of 90 °C only decomposition of 

the Pd-species as indicated by the formation of Pd-black, protonated diphosphine and 

butadiene was observed. This is in stark contrast to the facile insertion of CO into Pd-

alkyls (cf. section 3.3.2), which is already observed at -80 °C. Note that this observation 

does not necessarily reflect the CO insertion reaction rates but also reflects the 

thermodynamic stability of the Pd-allyl species.  

 

Figure 3-12: 1H NMR spectra of [(dtbpx)Pd(h3-C3H4)CH3]+ in methanol-d4 pressurized with 5 

bar CO a) before and b) after heating to 90 °C for 3 days, and c) 2H NMR spectrum after heating 

to 90 °C for 3 days. 

 

Figure 3-13: Possible reaction pathways leading to deuterated dimethyl adipate. Compounds in 

black were identified, intermediates and pathways drawn in grey are reasonably assumed to occur. 

When methanol-d4 was used as a solvent instead, under otherwise identical conditions, 

no reaction of the Pd-allyl was observed at room temperature, however after 3 days at 

90 °C, the signals of the starting material had disappeared completely. 13C and 2H NMR 

spectroscopy reveal the formation of perdeuterated dimethyl adipate (Figure 3-12 and 

section 8.4.21), thus indicating insertion of CO, subsequent methanolysis to form methyl 

pentenoate, reinsertion of methyl pentenoate, isomerization, CO insertion and 

methanolysis to form dimethyl adipate (Figure 3-13). These observations reflect the high 
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thermodynamic stability of the allyl complexes and thus account for the lower reaction 

rates in isomerizing alkoxycarbonylation of methyl linoleate versus methyl oleate (cf. 

section 4.3). 

In summary, multiple unsaturated fatty acids, as exemplified by methyl linoleate, 

insert into the Pd-hydride species to form internal Pd-allyl complexes, which isomerize 

to the terminal Pd-allyl isomers, from which carbonylation occurs. Other than 

isomerization of the Pd-alkyl species formed from methyl oleate, this isomerization is 

slow and associated with a significant energy barrier. However, the rate of carbonylation 

of this Pd-allyl is even lower, such that the major pathway is isomerization to the terminal 

allyl followed by carbonylation to the linear diester product. This was further evidenced 

by isomerizing methoxycarbonylation of pure methyl linoleate under pressure reactor 

conditions (cf. section 4.3). Note already at this point, that the slower nature of 

isomerization and carbonylation of linoleate may open up other pathways not observed 

for oleate as side reactions under pressure reactor conditions, like methanol addition to 

(i.e. hydromethoxylation of) the remaining double bond.  
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4 Pressure reactor studies 

As outlined in section 1.2.6, the isomerizing methoxycarbonylation of methyl oleate 

or the corresponding triglyceride has been reported to yield 1,19-dimethyl 

nonadecanedioate (L ) as the major product, which can be obtained cleanly.9,10,14,138,139,140 

By crystallization of the crude reaction mixture from methanol (also used as the reaction 

medium of catalysis), the desired linear product L  is obtained in > 99 % purity (Figure 

4-2).9,10 However, a comprehensive picture of the selectivity and the products formed 

remained to be established. As a prerequisite for a correlation of reaction conditions or 

diphosphine structure with selectivity a complete identification of the products of 

isomerizing methoxycarbonylation formed from methyl oleate and methyl linoleate, 

respectively, with the defined catalyst precursor [(dtbpx)Pd(OTf)2] was performed. 

4.1 Identification of products formed in isomerizing 

alkoxycarbonylation 

4.1.1 Products formed from methyl oleate 

The product spectrum formed was determined from a reaction in which 

[(dtbpx)Pd(OTf) 2] was used as a defined catalyst precursor with a ratio of methyl oleate 

/ Pd = 500 and a prolonged reaction time of 120 h at 90 °C with a CO pressure of 20 bar 

using a mechanically stirred 200 mL pressure reactor.  

 

Figure 4-1: Products formed in the isomerizing methoxycarbonylation of methyl oleate. 
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Pure methyl oleate (99 %) was used, to exclude impurities from the starting material 

and to facilitate identification of the products. GC analysis revealed a MO conversion of 

80.9 %. As no formation of saturated monoesters as by-products (methyl stearate) was 

observed, it is concluded that MO is converted exclusively to diesters by reaction of its 

double bond with CO and MeOH. Besides the desired product (1,19-dimethyl 

nonadecanedioate; L ), formed in a total amount of 71.8 %, with MO as a starting material, 

sixteen branched diester products (B1-B16) are conceivable (Figure 4-1). In these 

branched products the newly formed ester function is not located at the ɤ position, but in 

all positions from ɤ-1 (B1) to the Ŭ (B16) position. GC analysis (Figure 4-2) of the crude 

reaction mixtures showed that at least seven branched esters are formed (giving rise to 

seven different signals in the gas chromatogram). To identify the branched products, these 

were enriched by removing the linear 1,19-dimethyl nonadecanedioate (L ) from the crude 

reaction mixture by crystallisation from methanol and column chromatography of the 

supernatant to further remove the methyl oleate starting material (for experimental details 

cf. section 8.5.1). 

 

Figure 4-2: Comparison of the gas chromatograms of the crude reaction mixture (red) and after 

crystallization from methanol (black) of the products obtained in the isomerizing 

methoxycarbonylation of methyl oleate with [(dtbpx)Pd(OTf) 2] (MO/Pd = 500, 120 h, 20 bar 

CO, 90 °C). 
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By NMR-analysis (1H; 13C; 1H,1H-COSY; 1H,13C-HSQC; 1H,13C-HMBC; Figure 

9-23, Figure 9-24, Figure 9-25 and Figure 9-26) of this purified reaction mixture 

dimethyl 2-methyloctadecane-1,18-dioate (B1), dimethyl 2-ethylheptadecane-1,17-

dioate (B2), and dimethyl 2-propylhexadecane-1,16-dioate (B3) were clearly identified. 

Longer chain branched diesters dimethyl 2-butylpentadecane-1,15-dioate (B4) and 

dimethyl 2-pentyltetradecane-1,14-dioate (B5) were also found. For diesters with even 

longer branches, B6-B15, individual compounds could not be assigned unambiguously 

by NMR spectroscopy. Formation of the malonic ester dimethyl 2-hexadecylmalonate 

(MeOOC-CHR-COOMe, R = C16H33; B16) is evidenced by comparison with the 13C 

carbonyl NMR shift of a genuine sample of the compound prepared independently, and 

also by enrichment of the purified reaction mixture with this genuine sample in GC 

(Figure 9-41). 

Table 4-1: Product distribution observed in the isomerizing methoxycarbonylation of methyl 

oleate with [(dtbpx)Pd(OTf) 2].a) 

product L  B1 B2 B3 B4-B15 B16 

fraction 89.0 % 4.3 % 1.0 % 0.6 % 4.8 % 0.3 % 
a) Reaction conditions: 96 mmol (28.5 g) MO (99 %), 0.19 mmol (153 mg) [(dtbpx)Pd(OTf) 2], 

130 mL MeOH, 20 bar CO, 90 °C, 120 h. Total conversion of MO was 80.9 %. Product 

distribution was calculated from GC data. 

Table 4-1 gives the product distribution as determined by GC. The selectivity for the 

formation of the linear diester 1,19-dimethyl nonadecanedioate (L ) was found to be 

89.0 %. Amongst the branched products dimethyl 2-methyloctadecane-1,18-dioate (B1) 

predominates with 4.3 %. The portion of the respective branched products decreases with 

increasing length of the branch. The malonic diester (B16) is also formed to a very small 

extent only. This is in accordance with the aforementioned mechanistic studies (cf. 

section 3.3) by low temperature NMR spectroscopy where a preference for linear 

insertion products along with a roughly similar amount of the branched Pd-acyl 

[(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH3]+ was observed. Formation of the latter is 

promoted due to stabilization by chelating coordination of the ester group of the MO 

substrate. However, this branched acyl is subject to a relatively slow methanolysis, and 

thus only a very small amount of B16 is formed. 

4.1.2 Products formed from methyl linoleate 

To determine the product distribution formed from methyl linoleate a carbonylation 

reaction with [(dtbpx)Pd(OTf) 2] as the catalyst precursor was performed. As rates for 
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methyl linoleate methoxycarbonylation are substantially lower as compared to methyl 

oleate (cf. section 4.3, and references 25 and 141) a ratio of methyl linoleate / Pd = 125 

and a prolonged reaction time of 190 h were used under otherwise identical conditions 

(90 °C / 20 bar CO). To identify the products formed from methyl linoleate and to 

calculate the conversion and selectivity of the reaction, the crude reaction mixture was 

hydrogenated with Pd/C. Complete hydrogenation was evidenced by the absence of any 

olefinic signal in NMR spectroscopy. Conversion and selectivity were determined on the 

hydrogenated reaction mixture via GC from the signals of methyl stearate and the linear 

diester 1,19-dimethyl nonadecanedioate (L ), respectively. To identify the products, the 

hydrogenated reaction mixture was crystallized from methanol to remove substantial 

amounts of methyl stearate and the linear 1,19-diester L . The supernatant of this 

recrystallization was separated by column chromatography and the products were 

identified by GC (Figure 9-42), NMR spectroscopy (1H; 13C; 1H,1H-COSY; 1H,13C-

HSQC; 1H,13C-HMBC; Figure 9-27, Figure 9-28, Figure 9-29, Figure 9-30 and Figure 

9-31) and ESI-MS (for experimental details cf. section 8.5.2) 

 

Figure 4-3: Products identified from the hydrogenated reaction mixture of isomerizing 

methoxycarbonylation of methyl linoleate. 

In the hydrogenated reaction mixture the linear diester 1,19-dimethyl 

nonadecanedioate (L ) along with the branched ester products B1-B16 were identified 

(Figure 9-42). In addition, a triester (B1ô; Figure 9-27), formed by double 

alkoxycarbonylation of the substrate, a methoxy substituted diester (B2ô; Figure 9-28), 

formed by mono alkoxycarbonylation and hydromethoxylation of the remaining double 

bond of the substrate, and a C18 keto monoester product (B3ô; Figure 9-29 and Figure 
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9-30 ) were identified by GC, NMR spectroscopy and ESI-MS (see also ref. 141). In 

addition, the terminal dimethylacetal (B4ô; Figure 9-31) was identified by NMR 

spectroscopy (Figure 4-3). 

Table 4-2 summarizes the product distribution calculated from GC after 

hydrogenation of the crude reaction mixture (Figure 9-42). After 190 h, 76 % conversion 

and a selectivity to the linear 1,19-dimethyl nonadecanedioate (L ) of 46 % was observed. 

The selectivity is thus significantly lower as compared to methyl oleate (cf. sections 1.2.6, 

4.1.1 and 4.3). 12 % of the branched products B1-B16, 10 % of the triester B1ô and 5 % 

of the methoxy substituted diester B2ô were found. Note that the keto monoester B3ô 

could not be separated from several other non-identified products by GC, which together 

account for 27 % of the product mixture. 

Table 4-2: Product distribution observed in the isomerizing methoxycarbonylation of methyl 

linoleate with [(dtbpx)Pd(OTf) 2].a) 

product L  B1-B16 B1ô B2ô B3ô + non-identified 

side products 

fraction 46 % 12 % 10 % 5 % 27 % 
a) Reaction conditions: 29.5 mmol (8.7 g) ML (99 %), 0.24 mmol (188 mg) [(dtbpx)Pd(OTf) 2], 

170 mL MeOH, 20 bar CO, 90 °C, 190 h. Total conversion of ML was 76 %. Product 

distribution was calculated from GC data after hydrogenation of the crude reaction mixture. 

In summary, due to the slower reaction of the intermediate Pd-allyl species formed (cf. 

section 3.4.1) and the resulting longer reaction times, additional pathways become 

relevant. The remaining double bond of the product already formed (or possibly to some 

extent also a double bond of the starting material) is also subject to methanol addition or 

an oxidation reaction. In addition, the internal double bond of the diester product is slowly 

carbonylated to a triester product. 

4.2 Influence of the reaction temperature and CO pressure 

Catalytic properties of [(dtbpx)Pd(OTf) 2] in the isomerizing methoxycarbonylation 

of methyl oleate at different temperatures and CO pressures were evaluated in a small 

scale 20 mL stainless steel autoclave. In order to study óreal-lifeô catalytic performance, 

technical grade high oleic sunflower oil methyl ester (Dakolub MB 9001) was used, rather 

than highly purified methyl oleate. The typical composition of Dakolub MB 9001 is 92.5 

% methyl oleate (18:1), 2.5 % methyl linoleate (18:2), 2.5 % methyl palmitate (16:0), 1.5 

% methyl stearate (18:0) and 1.0 % methyl esters of longer chain (> C18) fatty acids. The 

results are summarized in Table 4-3. 
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Table 4-3: Temperature and pressure dependence of productivity and selectivity in isomerizing 

alkoxycarbonylation with [(dtbpx)Pd(OTf) 2] as a catalyst precursor.a) 

entry  T  

[°C]  

p(CO) 

[bar]  

conve

rsion 

[%]  

selecti 

vity for 

L [%]  

L  SBx  B1  B2 B3 B4-B16 

[%]  [%] [% of branched esters] 

1 70 20 85.0 92.2 78.4 6.6 33 10 5 52 

2 90 20 94.8 90.6 85.9 8.9 34 9 5 52 

3 110 20 74.3 87.5 65.0 9.3 37 8 5 50 

4 90 5 74.0 91.6 67.8 6.2 36 10 6 48 

5 90 10 91.0 91.0 82.8 8.2 35 9 5 51 

6 90 40 96.7 90.2 87.2 9.5 33 9 5 53 
a) Reactions were performed in a 20 mL stainless steel pressure reactor using 6 mmol of MO 

and 0.048 mmol [(dtbpx)Pd(OTf) 2] in 10 mL of methanol. Technical grade high oleic 

sunflower oil methyl ester (92.5 % methyl oleate) was used as the substrate. Conversions are 

calculated from GC data. L  denotes the linear 1,19-diester, SBx the sum of all by-products and 

B1-B16 the length of the alkyl branch in the corresponding branched by-product.  

A maximum conversion is observed at 90 °C (entries 1 to 3). At a lower temperature, 

the reaction is slower, and at an elevated temperature of 110 °C presumably catalyst 

decomposition results in a lower overall conversion. Conversion increases with CO 

pressure in the regime studied, 5 to 40 bar (entries 2, 4, 5 and 6). However, beyond 20 

bar, the effect of CO pressure is low. Selectivity is relatively insensitive to reaction 

conditions. In detail, selectivity decreases slightly with reaction temperature (entries 1 to 

3), as expected from Eyring's relationship. CO pressure virtually does not affect the 

selectivity (entries 2, 4, 5 and 6). As the major by-product, the methyl branched diester 

(B1) resulting from CO insertion and subsequent methanolysis at the C-atom adjacent to 

the terminus of the MO chain is formed in all cases. A much smaller amount of the ethyl 

branched product (B2), and all higher branched C19 diesters (B3 to B16) are formed (cf. 

section 4.1.1). At all temperatures and pressures studied, the relative amounts of branched 

esters with respect to each other is virtually identical. 

4.3 Influence of the olefinic substrate 

Reported rates for the methoxycarbonylation of ethylene128 are substantially higher 

than reported rates for the isomerizing methoxycarbonylation of methyl oleate10 and 

methyl linoleate.25 In view of desirable enhanced rates of isomerizing 

methoxycarbonylations of plant oils, an analysis of the influence of different olefinic 

substrates on the carbonylation rate is instructive. To obtain data allowing for a 

quantitative comparison of the reaction of different olefinic substrates, preparative 
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experiments with different olefins were performed in a 200 mL pressure reactor using 

29.5 mmol of substrate and 0.8 mol-% [(dtbpx)Pd(OTf) 2] as a catalyst precursor under 

20 bar CO at 90 °C in neat methanol as a solvent and reagent. 

To monitor the progress of the reaction samples for GC analysis were drawn 

periodically via a needle valve at the bottom of the reactor. To gain insights into the role 

of isomerization under reaction conditions, a prior exposure of the olefinic substrate to 

the catalyst in the absence of CO was avoided. For this purpose, the catalyst was added 

into the loaded (olefinic substrate + methanol) and pre-pressurized (2 bar CO) reactor (for 

experimental details cf. section 8.3). Already at low conversions (e.g. ~15 % for methyl 

oleate) isomerization of the substrate to the thermodynamic distribution of all isomers is 

observed, as evidenced by comparison with a genuine sample of the substrate with added 

[(dtbpx)Pd(OTf) 2] in methanol (Figure 9-44 and Figure 9-45). Note that during the 

entire catalytic transformation this distribution does not change (Figure 9-45 and Figure 

9-46) and thus indicates that isomerization occurs, even in the presence of substantial 

amounts of CO (20 bar). For all substrates, the selectivity does not change with time, thus 

indicating that a conceivable decomposition of the catalyst does not influence the 

selectivity of isomerizing methoxycarbonylation.  

 

Figure 4-4: Conversion of different substrates in (isomerizing) alkoxycarbonylation in methanol 

as a solvent. Reaction conditions: 29.5 mmol olefin, 0.8 mol-% [(dtbpx)Pd(OTf) 2], total volume 

180 mL, 20 bar CO, 90 °C. Typical composition of HO-sunflower oil methyl ester: 92.5 % methyl 

oleate (18:1); 2.5 % methyl linoleate (18:2); 2.5 % methyl palmitate (16:0); 1.5 % methyl stearate 

(18:0); 1.0 % methyl esters of longer chain (> C18) fatty acids. 
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Average TOFs (calculated from the data shown in Figure 4-4) > 3,500 h-1 for ethylene 

(calculated from the data point at 2 min), ca. 12 h-1 for methyl oleate (calculated from the 

data point at 5 h) and ca. 2 h-1 for methyl linoleate (calculated from the data point at 6 h), 

respectively, confirm the aforementioned higher productivity in ethylene 

methoxycarbonylation. Comparing the rates of different mono-olefinic substrates (Figure 

4-4) the conversion for shorter chain substrates is faster (ethylene >> octenes > 

octadecene). Average TOFs (calculated from the data shown in Figure 4-4) are ca. 91 h-1 

for 1-octene and 4-octene (calculated from the data point at 1 h), and ca. 39 h-1 for 1-

octadecene (calculated from the data point at 1 h). Remarkably, the position of the double 

bond within the substrate virtually does not influence the rate (1-octene versus 4-octene). 

Selectivity for the different monoester products methyl nonanoate (95.0 %), methyl 2-

methyloctanoate (3.7 %), methyl 2-ethylheptanoate (0.8 %), and methyl 2-

propylhexanoate (0.5 %) is also identical for both octenes, thus indicating that 

isomerization is not the rate-limiting step (Figure 9-48, Figure 9-49, Figure 9-51 and 

Figure 9-52). However, the length of the hydrocarbon chain of the substrate not only 

influences the overall rate but also the selectivity. For the octenes 95 % selectivity to the 

linear product is observed whereas only 90 % is observed for 1-octadecene. Thus 

selectivity for the linear product decreases with increasing length of the hydrocarbon 

chain. When comparing rates and selectivity of the conversion of octene versus 

octadecene, the overall reaction rate is ca. only half and the amount of branched side 

products twice as high for the longer chain substrate. Both observations may be due to 

different concentrations of the linear Pd-acyl, which is the starting point of the preferred 

further rate-determining methanolysis (cf. section 5.3). 

As outlined, plant oils inadvertently contain multiple unsaturated fatty acids in variable 

amounts (cf. ref. 16). Thus, their role during catalysis must be accounted for. To this end, 

experiments under pressure reactor conditions were performed with pure methyl linoleate 

to complement the stoichiometric mechanistic NMR studies (cf. section 3.4). Rates of 

methyl linoleate alkoxycarbonylation are lower as compared to methyl oleate under 

identical reaction conditions as confirmed by TOFs of ca. 2 h-1 for neat linoleate versus 

ca. 12 h-1 for oleate. With linoleate the selectivity to the linear diester is 46 % and thus 

much lower as compared to methyl oleate where selectivities of > 90 % are observed (cf. 

sections 4.1.1 and 4.1.2). However, it is important to note that small amounts (ca. 2.5 %) 

of methyl linoleate in technical grade plant oils exemplified by the high-oleic sunflower 
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oil methyl ester óDakolub MB 9001ô (Figure 4-4) do not significantly influence the 

overall rate of catalysis under pressure reactor conditions, presumably due to a certain 

entropic contribution and thus a strong influence of the temperature on the equilibrium of 

Pd-H + diene D Pd-allyl. 

4.4 Influence of the alcohol 

To study the influence of the alcohol, which serves as the reaction solvent of catalysis 

and also as a reactant in isomerizing alkoxycarbonylation, pressure reactor experiments 

in neat methanol, ethanol, n-propanol and iso-propanol using 29.5 mmol of the respective 

oleates were performed. The respective oleates were prepared from high oleic sunflower 

oil and the pressure reactor experiments were performed in a total volume of 180 mL 

using 0.8 mol-% [(dtbpx)Pd(OTf) 2] as a catalyst precursor under 20 bar CO pressure at 

90 °C (for experimental details cf. section 8). Oleate conversion is shown in Figure 4-5. 

 

Figure 4-5: Isomerizing alkoxycarbonylation of iso-propyl oleate in iso-propanol (ƴ), n-propyl 

oleate in n-propanol (Î), ethyl oleate in ethanol (ƶ), and methyl oleate in methanol (ǒ). Reaction 

conditions: 29.5 mmol oleate, 0.8 mol-% [(dtbpx)Pd(OTf) 2], total volume 180 mL, 20 bar CO, 

90 °C. 

Rates of conversion decrease within the series methanol > ethanol > n-propanol >> 

iso-propanol. Rate constants assuming first order reactions in oleate (Figure 9-63) are: 

kMeOH = 3.7 × 10-5 s-1; kEtOH = 2.0 × 10-5 s-1; kn-PrOH = 1.2 × 10-5 s-1; kiso-PrOH = 7.1 × 10-7 s-1. 

Note that in these pressure reactor experiments in neat alcohol as the reaction solvent the 

concentration of a lower molecular weight alcohol is always higher in a given volume 

(23.3 M methanol, 16.1 M ethanol, 12.5 M n-propanol, 12.2 M iso-propanol). This results 

in a higher productivity not only due to the higher reactivity of the alcohol, but also due 
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to its higher concentration. However, correcting the aforementioned rate constants for the 

different alcohol concentrations (by calculating kalcohol/calcohol) still results in higher rates 

for methanol > ethanol > n-propanol >> iso-propanol. The selectivity for the linear diester 

of 91 ° 1 % was similar for methanol, ethanol and n-propanol as evidenced by GC (Figure 

9-54, Figure 9-56 and Figure 9-58) and thus not significantly influenced by the alcohol. 

 

Figure 4-6: 31P{1H} NMR spectrum of a) [(dtbpx)Pd(OTf) 2], b) [(dtbpx)PdH(MeOH)] +, c) 

[(dtbpx)PdH(EtOH)] +, d) [(dtbpx)PdH(n-PrOH)] + and e) [(dtbpx)PdH( i-PrOH)] + in 0.5 mL 

CD2Cl2 / alcohol (0.5 mL MeOH, 0.75 mL EtOH, 1 mL n-PrOH, 1 mL i-PrOH) at 25 °C. Inset 

shows 1H resonances of the hydride region. 

In order to elucidate whether the slower conversion with the different alcohols is due 

to a slower transformation of the catalyst precursor into the catalytically active Pd-hydride 

species, the activation of [(dtbpx)Pd(OTf) 2] was studied. For this purpose, 

[(dtbpx)Pd(OTf) 2] was dissolved in CD2Cl2, equal amounts of the respective alcohols 

were added and 1H and 31P NMR spectra were recorded. For all alcohols studied, 

complete conversion to the solvent coordinated Pd-hydride species 

[(dtbpx)PdH(ROH)]+ occurred within 5 minutes at room temperature as evidenced by 

disappearance of the 31P signal of [(dtbpx)Pd(OTf) 2] at 77.5 ppm and the appearance of 

two doublets for the two inequivalent phosphorous atoms (Figure 4-6). Hydride 

formation is further evidenced by 1H NMR signals around -11 ppm. Key NMR resonances 

and coupling constants of these Pd-hydride species are given in Table 4-4. Rapid 
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isomerization of the respective oleates with these Pd-hydride species was evidenced by 

NMR spectroscopy at 25 °C by addition of 10 equiv. of the respective oleate to the 

aforementioned Pd-hydride species, which resulted in rapid isomerization within 5 

minutes as previously described for methyl oleate in section 3.2 and ref. 144. 

Table 4-4: Key resonances (25 °C) of the Pd-hydride species [(dtbpx)PdH(ROH)]+.a) 

Pd-H species 1H (Pd-H) 

[ppm]b) 

2JPHtrans 

[Hz]  

2JPHcis 

[Hz]  

31P  

[ppm] c) 

2JPP  

[Hz]  

[(dtbpx)PdH(MeOH)] + -10.85 182.6 21.7 74.6 / 21.1 17.1 

[(dtbpx)PdH(EtOH)] + -10.97 181.9 23.0 72.9 / 21.2 17.4 

[(dtbpx)PdH(n-PrOH)] + -10.93 181.8 23.5 73.0 / 21.4 17.4 

[(dtbpx)PdH( i-PrOH)] + -11.08 179.7 26.2 70.5 / 21.3 17.8 
a) [(dtbpx)Pd(OTf) 2] was dissolved in CD2Cl2, equal amounts of the respective alcohols were 

added and 1H and 31P NMR spectra were recorded. For all alcohols studied, complete 

conversion to the Pd-hydride species occurred within 5 minutes at room temperature, b) doublet 

of doublet, c) two inequivalent phosphorus atoms; each 31P resonance is a doublet. 

To study the influence of the different alcohols (methanol, ethanol, n-propanol and 

iso-propanol) on the alcoholysis of the Pd-acyl species, which were identified as 

intermediates in isomerizing alkoxycarbonylation (cf. section 3.3.2 and in the following 

sections 5.2 and 5.3), the dtbpx coordinated Pd-acyl species [(dtbpx)Pd(COMe)Cl]  was 

chosen as a model compound. This neutral diphosphine acetyl chloro species was used, 

as it is stable at room temperature and readily available by in-situ generation in an NMR 

tube.129 Dissociation of the chloro ligand from [(dtbpx)Pd(COMe)Cl]  may be limited 

and influenced by different solvents (and thus also by the different alcohols). However, 

only relatively small amounts (vide infra) of the respective alcohols were added to induce 

alcoholysis reaction to minimize such a solvent effect. The observed rates thus should 

allow for a qualitative conclusions concerning the effect of the different alcohols on 

alcoholysis of Pd-acyl species in general. 

The [(dtbpx)Pd(COMe)Cl]  species was generated in-situ in an NMR tube by addition 

of 2 equiv. CO to a solution of [(dtbpx)PdMe(Cl)] in 0.5 mL of CD2Cl2.
129 After addition 

of 10 equiv. of the respective alcohol (methanol, ethanol, n-propanol and iso-propanol) 

the reaction was monitored by 1H NMR spectroscopy. The rate of alcoholysis with 

methanol was fastest and already completed when the NMR tube was introduced into the 

probe after methanol addition. For the other alcohols the reaction was monitored over 

time showing that the rate of alcoholysis decreases within the series methanol >> ethanol 

> n-propanol >> iso-propanol (Figure 4-7). The much slower reaction with iso-propanol 
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suggests that a larger steric demand of the alcohol primarily accounts for the slower 

reaction of the higher alcohols versus methanol. 

 

Figure 4-7: Alcoholysis reaction of [(dtbpx)Pd(COMe)Cl]  with ethanol (ƶ), n-propanol (Î) 

and iso-propanol (ƴ) at 25 °C monitored by 1H NMR spectroscopy. 

These studies on the influence of different alcohols on the elementary steps of 

isomerizing alkoxycarbonylation (hydride formation, isomerization, alcoholysis) clearly 

show that in preparative diester synthesis the use of methanol as the alcohol is desirable 

not only because its concentration in a given volume is in general higher as compared to 

higher molecular weight alcohols but also because its reactivity towards the Pd-acyl 

species is higher compared to ethanol, n-propanol and iso-propanol.  
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5 Origin of selectivity and rate 

In addition to the aforementioned stoichiometric mechanistic studies by NMR 

spectroscopy (cf. section 3) and the studies under pressure reactor conditions (cf. section 

4), theoretical DFT studies were performed in collaboration with Prof. Dr. Lucia 

Caporaso from the University of Salerno / Italy, who executed all these theoretical 

calculations. The DFT calculations were performed with the Gaussian09 package157 using 

the B3LYP158 functional and the LANL2DZ ECP159,160 with the associated valence basis 

set on the Pd-atom, and the 6-31G(d)161,162,163,164,165 basis set on all the other atoms. All 

geometries were localized in the gas phase at the B3LYP level. Minima were localized 

by full optimization of the starting structures, while transition states were approached 

through a linear transit procedure starting from the coordination intermediate and then 

located by a full transition state search. All structures were confirmed as minimum or 

transition state through frequency calculations. The complete coordinates of all species 

studied are given in the supporting information of ref. 166. 

 

Figure 5-1: Diphosphine Palladium(II) complexes with different steric congestion around the 

Palladium center used for DFT calculations of isomerizing alkoxycarbonylation. 

To gain insights into the influence of the catalystsô structure, namely its steric 

congestion around the metal center, on catalysis the calculations were performed with the 

sterically demanding diphosphine 1,2-(CH2P
tBu2)2C6H4 (dtbpx) and the less demanding 

diphosphine 1,2-(CH2PMe2)2C6H4 (dmpx) as a comparison (Figure 5-1).  

5.1 Isomerization along the hydrocarbon chain 

As isomerization is fast, even at temperatures of -80 °C (cf. section 3.3), experimental 

data alone is not conclusive in describing the overall energy profile of the isomerization 

reaction. DFT calculations starting from the diphosphine Palladium(II) hydride fragment 

[(P^P)Pd(H)]+ (P^P = dmpx and dtbpx) and methyl 4-heptenoate as model substrate were 

performed, calculating a series of insertion and subsequent b-hydride elimination 

reactions (Figure 5-2). The numerous metal species occurring are described as X-b-Y, in 

which the first number (X) denotes the carbon atom attached to the Pd-center and the 
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second number (Y) denotes the carbon atom whose hydrogen atom interacts with the 

fourth coordination site of the Pd-center via a b-hydrogen interaction. In the isomerization 

study calculations on cis- and trans-isomers of the respective olefins were performed for 

each coordination and transition state. The results reported refer to the energetically 

favored trans-isomer path for both diphosphines. The coordination energy of methyl 4-

heptenoate to the Pd-H fragment to form the olefin coordinated [(P^P)PdH(olefin)]+ 

complex is DG = 7.6 kcal mol-1 for the dtbpx coordinated species and DG = -5.5 kcal 

mol-1 for the dmpx coordinated species. 

 

Figure 5-2: Energy profile (DG in kcal mol-1) of isomerization along the hydrocarbon chain of 

the model substrate methyl heptenoate with the dtbpx (Ƶ; red) and dmpx (Ƶ; blue) coordinated 

diphosphine Palladium(II) hydride species (relative to the energy of the Pd-H fragment with 

coordinated methyl 4-heptenoate as a reference point, set to zero). óX-b-Yô indicates the 

respective Pd-Alkyl species, óTSô the respective transition states, óBHEô the b-H elimination, and 

óInsô the insertion reaction. 

For both diphosphines the energetic profile of isomerization is relatively flat with 

barriers of around 6-12 kcal mol-1 and a chelated species is lowest in energy due to the 

electronically favored interaction of the substratesô ester group with the metal center. The 

five-membered chelate (5-m.c.) is favored by 3.3 kcal mol-1 for the dmpx coordinated 

metal center, whereas in case of the sterically demanding dtbpx diphosphine the four-

membered chelate (4-m.c.) is favored by 2.6 kcal mol-1 due to steric interactions of the 

diphosphines tert-butyl-groups with the alkyl chain of the substrate thus making a four-

membered species more favorable although it may have higher ring strain within the 

chelate. Considering the other alkyl species (3-b-2 to 7-b-6) the linear Pd-alkyl species 

7-b-6 is favored by 1.7 kcal mol-1 over the methyl branched alkyl species 6-b-7 and over 

all other branched alkyl species by more than 2 kcal mol-1 for the bulky dtbpx 

diphosphine. This is not the case for the less bulky dmpx system where no preference for 
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the linear alkyl species is found. The 5-b-4 alkyl species of the dmpx system is lowest in 

energy due to a favorable interaction of the substrates ester group with the b-hydrogen 

interacting with the metal center, thus rendering this alkyl species the most stable for this 

particular diphosphine Pd-alkyl species (Figure 5-3).  

 

Figure 5-3: Favorable interaction of the substrates ester group with the b-hydrogen atom 

interacting with the metal center in 5-b-4 (left) thus being energetically favored over 5-b-6 (right), 

for the dmpx (R = Me) coordinated metal center. 

Such an interaction of the substratesô ester group with a b-hydrogen is not observed 

for the more sterically demanding dtbpx system. Energy differences for the alkyl species 

can be directly traced to the specific nature of the metal center. For the bulky dtbpx 

system steric interactions are more pronounced than electronic interactions and vice versa 

for the less demanding dmpx system. Notably this is observed for the 6-b-7 versus 6-b-

5 alkyl species: 6-b-7 with its interaction to a primary b-hydrogen is favored by 3.6 kcal 

mol-1 for the case of dtbpx due to lower steric demand of the substrate around the metal 

center, while 6-b-5 is favored by 3.9 kcal mol-1 for the less demanding dmpx ligand due 

to the favored electronic interaction of a secondary b-hydrogen with the metal center 

versus the primary b-hydrogen interaction in 6-b-7 (Figure 5-2). From these studies of 

isomerization of methyl heptenoate along its hydrocarbon chain a preference for the 

formation of linear versus branched alkyl species is observed for sterically demanding 

ligands (dtbpx) which is not the case for less crowded diphosphines (dmpx). The former 

is in accordance with the stoichiometric NMR studies with a related bulky diphosphine 

(cf. section 3.3), where the formation of a linear and a four-membered chelated species 

was observed when the catalytically active hydride species was exposed to methyl oleate. 

Notably, these calculations suggest that isomerization occurs with low barriers with either 

diphosphine. 
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5.2 Insertion of CO into Pd-alkyl species 

CO insertion into the Pd-alkyl species was studied for both diphosphines (dmpx and 

dtbpx) starting from key alkyls, namely the four- (4-m.c.) and five- (5-m.c.) membered 

chelate, the linear Pd-alkyl 7-b-6, the methyl branched alkyl 6-b-5 or 6-b-7 (depending 

on which of them is energetically favored) and the ethyl branched alkyl 5-b-4 (Figure 

5-4 and Figure 5-5). For the CO insertion reaction into the Pd-alkyl species, the CO 

coordinated intermediate (CO-Coord), the CO insertion transition state (CO-Ins-TS), 

and the corresponding CO insertion product (Pd-acyl) were calculated. For almost all Pd-

acyl species, the three membered Pd-acyl (i.e. the Pd-acyl in which the acyl-CO is h2-

coordinated to the Pd-center) intermediate is lowest in energy, except for the CO insertion 

product formed from 4-m.c for dtbpx and dmpx which results in a five-membered 

chelate Pd-acyl, and from 5-m.c. for dmpx which results in a six-membered chelate Pd-

acyl. 

 

Figure 5-4: Energy profile (DG in kcal mol-1) of CO insertion and subsequent methanolysis of 

the dmpx coordinated linear Pd-alkyl species (7-b-6; black), the methyl branched Pd-alkyl 

species (6-b-5; blue), the ethyl branched alkyl (5-b-4; red), the 5-membered chelate (5-m.c.; 

purple) and the 4-membered chelate (4-m.c.; green), relative to the energy of the linear Pd-alkyl 

7-b-6 as a reference point, set to zero. 

Despite somewhat differing energies of the starting Pd-alkyl species due to chelating 

coordination of the substrates ester group (vide supra), barriers for CO insertion are only 

8 to 18 kcal mol-1 and thus not prohibitive for the different linear and branched alkyls 

with both diphosphines. In general, CO insertion is slightly exergonic. However, this 

energy released is not very high, such that CO insertion can be considered to be reversible. 
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This agrees with the experimental findings at low temperature for two selected alkyls (cf. 

section 3.3.3). The most notable difference observed is a generally more facile CO 

coordination with the less bulky diphosphine (dmpx). However, both the decisive energy 

barriers (DGÍ) of CO insertion into the Pd-alkyl species and also the energetics (DG) of 

the overall CO insertion reaction are little affected by the diphosphine coordinated to the 

Pd-center and are thus in general little affected by the steric repulsion around the Pd-

center. This was not only found by these theoretical studies but also experimentally by 

insertion of CO into diphosphine Pd-alkyl model compounds [(P^P)PdMe(Cl)] with 

variably bulky diphosphines (cf. the following section 6). 

 

Figure 5-5: Energy profile (DG in kcal mol-1) of CO insertion and subsequent methanolysis of 

the sterically congested dtbpx coordinated linear Pd-alkyl species (7-b-6; black), the methyl 

branched Pd-alkyl species (6-b-7; blue), the ethyl branched alkyl (5-b-4; red), the 5-membered 

chelate (5-m.c.; purple) and the 4-membered chelate (4-m.c.; green), relative to the energy of the 

linear Pd-alkyl 7-b-6 as a reference point, set to zero. 

5.3 Methanolysis of Pd-acyl species 

As postulated by Cole-Hamilton137 and previously outlined in this thesis, methanolysis 

is the rate-determining step of isomerizing methoxycarbonylation associated with the 

highest energetic barrier (DGÍ) of the overall catalytic cycle (Figure 5-4 and Figure 5-5). 

For methanolysis of the linear Pd-acyl species [(P^P)PdC(=O)(CH2)6COOMe]+ 

calculations suggest that a cluster of three methanol molecules is favored versus a single 

methanol coordinated transition state (TS) for the case of the bulky diphosphine (dtbpx). 

Conversely, for all the branched alkyl species a single methanol coordinated transition 
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state is calculated with lower energy versus the respective three methanol coordinated TS 

(Figure 5-5 and Figure 5-6). This change in the mechanism decisively contributes to the 

high selectivity with bulky diphosphines. In contrast, for the less demanding dmpx 

diphosphine the three methanol cluster mechanism is calculated to be lower in energy for 

all Pd-acyl species (Figure 5-4). For both systems and mechanisms the lowest energies 

of methanolysis are calculated for the linear Pd-acyl species. However, the energetic 

barrier for methanolysis of the linear Pd-acyl is lower for the dtbpx coordinated species 

by DDGÍ = 3.0 kcal mol-1 (DDGÍ = DGÍdmpx - DGÍdtbpx = 32.1 - 29.1 kcal mol-1 in Figure 

5-4 and Figure 5-5), thus indicating significantly higher reaction rates for a more crowded 

Pd-center. Note that by transition state theory the methanolysis barrier of the dtbpx 

coordinated linear Pd-acyl species of DGÍ = 29.1 kcal/mol (DGÍ = 19.8 - (-9.3) kcal mol-1 

in Figure 5-5) corresponds to a rate constant at 90 °C (pressure reactor conditions) of 

ktheo = 2.4 × 10-5 s-1. This compares well with the experimentally determined rate constant 

of kexp = 3.7 × 10-5 s-1 (cf. section 4.4). 

 

Figure 5-6: The dtbpx coordinated linear Pd-acyl species [(dtbpx)PdC(=O)(CH 2)6COOMe]+ 

(left), the three-fold methanol coordinated transition state of methanolysis of this linear Pd-acyl 

species (middle), and the single methanol coordinated transition state of methanolysis of the 

methyl branched acyl species [(dtbpx)PdC(=O)CH(CH 3){(CH 2)4COOMe}] +. 

For the dtbpx coordinated Pd-center, calculations indicate that methanolysis of the 

methyl branched Pd-acyl is lowest within the branched acyl species, but it is 6.1 kcal 

mol-1 higher in energy as compared to the linear analog (DDGÍ = 25.9 - 19.8 kcal mol-1 in 

Figure 5-5). The highest energy was found for the methanolysis TS of the five-membered 

Pd-acyl species (formed by CO insertion into the four-membered Pd-alkyl species), 9.4 

kcal mol-1 higher than for the linear Pd-alkyl (Figure 5-5).  
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For the dmpx coordinated Pd-center, methanolysis of the Pd-acyl formed by insertion 

of CO into the five-membered Pd-alkyl to afford dimethyl 2-alkylsuccinate is calculated 

to be lowest within the branched Pd-acyl species but 1.2 kcal mol-1 higher than the TS of 

the linear Pd-acyl (Figure 5-4). The highest barrier is found for the ethyl branched Pd-

acyl species, which is 4.8 kcal mol-1 higher as compared to the TS of the linear Pd-acyl. 

The TS of methanolysis of the methyl branched acyl species is calculated 1.5 kcal mol-1 

higher as compared to the TS of the linear Pd-acyl (DDGÍ = 18.8 - 17.3 kcal mol-1 in 

Figure 5-4). The difference in the TSs energies is thus less pronounced than for the dtbpx 

coordinated species. Coming along with a change of the mechanism from a three 

methanol molecule cluster versus a single methanol molecule TS, these calculations 

indicate that energy differences in methanolysis TSs are less pronounced for the less 

demanding dmpx diphosphine. This overall picture suggests, that the preference for the 

linear diester as the major product is not unique to the crowded dtbpx, but due to these 

differences the selectivity for the desired linear product is indeed higher. 

5.4 Ethylene versus longer chain olefins 

In pressure reactor experiments with [(dtbpx)Pd(OTf) 2] as the catalyst precursor (cf. 

section 4), conversion is faster for shorter chain olefinic substrates (average TOFs: > 

3,500 h-1 for ethylene, ca. 91 h-1 for 1-octene and 4-octene, and ca. 39 h-1 for 

1-octadecene). Selectivity to the linear product is 95 % for the octenes and 90 % for 

1-octadecene and thus decreases with increasing length of the hydrocarbon chain. When 

comparing rates and selectivities of the conversion of octene versus octadecene, the 

overall reaction rate is ca. only half and the amount of branched side products twice as 

high for the longer chain substrate. Both observations may be due to different 

concentrations of the linear Pd-acyl, which is the starting point of the preferred further 

rate-determining methanolysis. A slight preference for the linear versus the numerous 

branched acyls (DDGÍ Ó 1 kcal mol-1) is calculated, but all will be equilibrated, such that 

for a longer chain substrate a larger part of the acyls will be present as less reactive 

branched acyls (Figure 5-5). 

In view of the experimentally observed very high activity of ethylene 

methoxycarbonylation and desirable enhanced rates of isomerizing 

methoxycarbonylation an analysis of the origin of these different rates is instructive. 

Theoretical studies considering the entire reaction sequence starting from a Pd-H species 
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+ the respective olefin indicate that the higher rate of ethylene carbonylation versus 

carbonylation of a higher olefin is likely not only due to the obvious occurrence of linear 

acyls exclusively, but also due to a significantly lower transition state of the rate-

determining methanolysis step by DDGÍ = 9.7 kcal mol-1 (Figure 5-7). This seems an 

intrinsic problem of the substratesô nature as formation of a Pd-alkyl is calculated to be 

more favored for Pd-H + ethylene versus Pd-H + 1-olefin, resulting in lower rates for 

(isomerizing) alkoxycarbonylation of higher olefins versus ethylene, although barriers of 

methanolysis of the respective Pd-acyls alone are similar for both substrates. 

 

Figure 5-7: Energy profile (DG in kcal mol-1) of ester formation starting from the Pd-hydride 

fragment [(dtbpx)Pd(H)] +, ethylene and the longer chain olefinic substrate methyl 6-heptenoate, 

relative to the energy of the Pd-hydride fragment as a reference point, set to zero. 

That is, the comparatively higher reactivity of ethylene in methoxycarbonylation 

appears to result from the intrinsically more favorable generation of an agostic ethyl from 

Pd-H + ethylene versus formation of a higher alkyl from Pd-H + 1-olefin rather than being 

brought about by a particular (diphosphine) ligand environment.
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6 Experimental studies on the effect of the diphosphinesô 

structure on catalysis and activation 

To probe the theoretical findings and to gain further insights on the influence of the 

diphosphinesô structure on catalysis, a series of diphosphine Palladium(II) ditriflate 

complexes [(P^P)Pd(OTf) 2] and diphosphine Palladium(II) methyl chloro complexes 

[(P^P)PdMe(Cl)] with variable steric demand around the metal center were synthesized 

and evaluated. 

Figure 6-1: Diphosphines evaluated in isomerizing methoxycarbonylation. 

The various diphosphines (Figure 6-1) were synthesized according to literature 

procedures (cf. Experimental Section). Diphosphine Palladium(II) ditriflate complexes 

[(P^P)Pd(OTf) 2] were accessed by reaction of the corresponding diphosphine (P^P) with 

[Pd(dba)2] to yield [(P^P)Pd(dba)] and subsequent oxidation of the Palladium center with 

benzoquinone in the presence of trifluoromethanesulfonic acid or by reaction of the 

corresponding diphosphine (P^P) with [(cod)PdCl2] to yield [(P^P)PdCl2] and metathesis 

of the chloride ligands with AgOTf. Diphosphine Palladium(II) methyl chloro complexes 

[(P^P)PdMe(Cl)] were synthesized by reaction of the corresponding diphosphine (P^P) 

with [(cod)PdMe(Cl)]. 

Alkyl bridged diphosphines (P^P = R2P(CH2)nPR2; n = 1-4; R= tBu, iPr, Et) were used 

instead of 1,2-(CH2PR2)2C6H4 diphosphines, as the former allow for more straightforward 

syntheses, and tBu2P(CH2)3P
tBu2 (dtbpp) is known to afford an active catalyst for 
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isomerizing alkoxycarbonylation and was also used in stoichiometric NMR studies (cf. 

section 3.3). Two approaches were followed to achieve variable steric demand around the 

metal center: the modification of the backbone of the diphosphines and the modification 

of the substituents on phosphorus. By increasing the number of bridging methylene units 

(C1 to C4; dtbpm, dtbpe, dtbpp, dtbpb) between two di-tert-butylphosphine moieties 

the space around the metal center decreases (vide infra). Modification of the substituents 

on phosphorus from tert-butyl to iso-propyl and ethyl, respectively, with constant length 

of the bridge (C3; dtbpp, dippp, depp), increases the available space (vide infra). Both 

approaches should not change the electronic properties of the metal center significantly. 

For investigations on the influence of the backbone (e.g. its rigidity), non-aromatic 

versions cis-dtbpcy and trans-dtbpcy of the dtbpx diphosphine were synthesized. In 

addition, the anionic, electron rich bis(phosphino)borate dtbppb reported by Peters and 

co-workers167,168,169,170 and the meso/rac-1,3-bis(phospha-oxa-adamantyl)propane 

(meso-oxoada and rac-oxoada) were synthesized. The latter were already reported by 

Pringle and co-workers as suitable ligands for the isomerizing alkoxycarbonylation of 

non-functionalized (internal) olefins.136 

6.1 Solid state structures of diphosphine Palladium(II) complexes 

With the exception of [(dtbpm)Pd(OTf)2] crystals suitable for single crystal X-ray 

diffraction were obtained from the [(P^P)Pd(OTf) 2] complexes. In the case of dtbpm 

the respective dichloro complex [(dtbpm)PdCl2] was crystallized and analyzed instead, 

as [(dtbpm)Pd(OTf)2] did not form crystals suitable for single crystal X-ray diffraction. 

[(dtbpx)Pd(OTf)2] was previously crystallized in our group,10 however, the structure will 

be discussed in this thesis for comparison. All  crystals formed from complexes 

[(P^P)Pd(OTf) 2] and from the complex [(dtbpm)PdCl2] have square planar coordinated 

Palladium(II) centers, with a tetrahedral distortion in [(cis-dtbpcy)Pd(OTf)2], [(trans-

dtbpcy)Pd(OTf)2] and [(rac-oxoada)Pd(OTf)2]. Crystals formed from [(cis-

dtbpcy)Pd(OTf)2] and [(rac-oxoada)Pd(OTf)2] crystallized with one equivalent of 

methylene chloride per formula unit of the crystal, which is disordered in [(rac-

oxoada)Pd(OTf)2]. Crystals formed from [(dtbpp)Pd(OTf)2] crystallized with two 

independent complex molecules in the asymmetric unit. The coordination geometries 

contain the two phosphorous atoms of the chelating diphosphines with the other two 

coordination sites occupied by triflate oxygen atoms in crystals formed from 

[(dtbpp)Pd(OTf)2], [(dtbpb)Pd(OTf) 2], [(dtbpx)Pd(OTf)2], [(rac-oxoada)Pd(OTf)2] 
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and [(depp)Pd(OTf)2], by one triflate oxygen atom and one water molecule in crystals 

formed from [(dtbpe)Pd(OTf)2] and [(dippp)Pd(OTf) 2], by two water molecules in 

crystals formed from [(meso-oxoada)Pd(OTf)2], [(cis-dtbpcy)Pd(OTf)2] and [(trans-

dtbpcy)Pd(OTf)2], by DMF oxygen atoms in crystals formed from [(dtbppb)Pd(OTf)2] 

and by two chloride anions in crystals formed from [(dtbpm)PdCl2]. In crystals formed 

from [(dtbpp)Pd(OTf)2], [(dtbpb)Pd(OTf) 2] and [(dtbpx)Pd(OTf)2] the triflate is 

coordinated in a bidentate fashion, whereas in crystals formed from [(rac-

oxoada)Pd(OTf)2] and [(depp)Pd(OTf)2] both triflate anions are coordinated in a 

monodentate fashion. Water molecules coordinating in crystals formed from 

[(dtbpe)Pd(OTf)2], [(dippp)Pd(OTf) 2], [(meso-oxoada)Pd(OTf)2], [(cis-

dtbpcy)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2] may originate from traces of water in 

solvents or the trifluoromethanesulfonic acid reagent. 

Table 6-1: P-Pd-P bite angles, the half-cone angle and Pd-P bond lengths of the synthesized 

complexes [(P^P)Pd(OTf) 2]. 

complex P-Pd-P bite 

angle [°]d) 

half-cone 

angle [°]d) 

Pd-P bond lengths  

[Å]  d) 

[(dtbpm)Pd(OTf )2]a) 75.591(19) 106.7 2.2633(5) / 2.2578(5) 

[(dtbpe)Pd(OTf)2] 87.677(18) 96.3 2.2641(5) / 2.2473(5) 

[(dtbpp)Pd(OTf)2]b) 96.92(7) / 

95.79(7) 
87.5 

2.279(2) / 2.267(2) / 

2.2589(19) / 2.260(2) 

[(dtbpb)Pd(OTf)2] 100.444(14) 86.4 2.2607(4) / 2.2778(4) 

[(dippp)Pd(OTf)2] 94.553(18) 98.8 2.2443(5) / 2.2391(5) 

[(depp)Pd(OTf)2] 93.62(2) 111.9 2.2258(6) / 2.2249(6) 

[(meso-oxoada)Pd(OTf)2] 93.313(17) 74.4 2.2465(5) / 2.2343(5) 

[(rac-oxoada)Pd(OTf)2] 92.44(3) 74.1 2.2354(8) / 2.2501(8) 

[(dtbpx)Pd(OTf)2]c) 99.30(2) 86.1 2.2607(6) / 2.2808(6) 

[(dtbppb)Pd(OTf)2] 93.812(13) 91.2 2.2870(4) / 2.2879(4) 

[(cis-dtbpcy)Pd(OTf)2] 101.51(5) 87.6 2.3057(13) / 2.3017(15) 

[(trans-dtbpcy)Pd(OTf)2] 99.81(2) 88.5 2.2953(5) / 2.2665(5) 
a) bite angle, half-cone angle and bond lengths are determined from [(dtbpm)PdCl 2], b) 

[(dtbpp)Pd(OTf) 2] crystallized with two independent complex molecules in the asymmetric 

unit, c) data taken from ref. 10, d) determined from X-ray crystal structure data of 

[(P^P)Pd(OTf) 2]. 

Palladium-phosphorous bond lengths (Table 6-1) range from 2.22 Å to 2.30 Å in 

[(depp)Pd(OTf)2] and [(cis-dtbpcy)Pd(OTf)2], respectively. Bite angles (P-Pd-P, Table 

6-1) range from 75.6° to 101.5° in [(dtbpm)PdCl2] and [(cis-dtbpcy)Pd(OTf)2], 

respectively. With increasing number of bridging methylene units between the two 

phosphorous moieties ([(dtbpm)PdCl 2], [(dtbpe)Pd(OTf)2], [(dtbpp)Pd(OTf) 2] and 
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[(dtbpb)Pd(OTf) 2]) the bite angle increases, as expected. In complexes with three 

bridging methylene units ([(dtbpp)Pd(OTf) 2], [(dippp)Pd(OTf) 2], and 

[(depp)Pd(OTf)2]) the bite angle slightly decreases with decreasing steric demand of the 

substituents on phosphorus (tert-butyl in [(dtbpp)Pd(OTf) 2] > iso-propyl in 

[(dippp)Pd(OTf) 2] > ethyl in [(depp)Pd(OTf)2]). However, this is not necessarily an 

effect of the substituents on phosphorous but rather due to the steric demand of the 

molecules occupying the other two coordination sites of the Palladium center by only one 

bidentate triflate molecule in crystals formed from [(dtbpp)Pd(OTf) 2], one triflate and 

one water molecule in crystals formed from [(dippp)Pd(OTf) 2] and two triflate 

molecules in crystals formed from [(depp)Pd(OTf)2], respectively. This effect is 

particularly observable in the crystals formed from [(rac-oxoada)Pd(OTf)2] and [(meso-

oxoada)Pd(OTf)2] in which the bite angle of the [(rac-oxoada)Pd(OTf)2] is smaller due 

to two triflate molecues occupying the other two coordination sites versus two water 

molecules in [(meso-oxoada)Pd(OTf)2]. Bite angles in complexes with a C4 backbone 

([(dtbpb)Pd(OTf) 2], [(dtbpx)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and [(trans-

dtbpcy)Pd(OTf)2]) are all in a close range, from 99.3° to 101.5°. [(dtbppb)Pd(OTf) 2] 

has a smaller bite angle as compared to the [(dtbpp)Pd(OTf) 2] complex, presumably due 

to the smaller C-B bond lengths compared to the respective C-C bond lengths in the 

diphosphine backbone, but the steric demand of the molecules occupying the other two 

coordination sites of the Palladium center again may also affect the bite angle to some 

extent. 

The solid state conformation of the backbone-P-Pd-P moiety (which is a six-membered 

ring) of complexes with a C3 backbone, or a CBC backbone respectively 

([(depp)Pd(OTf)2], [(dippp)Pd(OTf) 2], [(dtbpp)Pd(OTf) 2], [(meso-

oxoada)Pd(OTf)2], [(rac-oxoada)Pd(OTf)2] and [(dtbppb)Pd(OTf)2]) comprises a 

half-chair like conformation in crystals formed from [(depp)Pd(OTf)2], 

[(dippp)Pd(OTf) 2], [(dtbpp)Pd(OTf) 2] and [(meso-oxoada)Pd(OTf)2] (Figure 6-2). In 

detail, the half-chair conformation is slightly distorted in the direction of a chair 

conformation. In contrast to this, in crystals formed from [(rac-oxoada)Pd(OTf)2] and 

[(dtbppb)Pd(OTf)2] a twist conformation is observed. Thus, the substituents on 

phosphorus as well as the molecules occupying the other two coordination sites of the 

Palladium center do not seem to influence the solid state conformation of the backbone-

P-Pd-P moiety in [(depp)Pd(OTf)2], [(dippp)Pd(OTf) 2] and [(dtbpp)Pd(OTf) 2], all 
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comprising half-chair like conformations. In contrast to this, in [(rac-oxoada)Pd(OTf)2] 

(twist) and [(meso-oxoada)Pd(OTf)2] (half-chair like) the conformation is different, 

presumably due to the molecules occupying the other two coordination sites of the 

Palladium center (two water molecues in [(meso-oxoada)Pd(OTf)2] and two triflate 

anions in [(rac-oxoada)Pd(OTf)2], respectively). The larger steric demand of the triflate 

anions may be responsible for a) the distortion of the square planar coordination geometry 

of the Pd-center (vide supra); b) the slight increase of the P-Pd-P bite angle (vide supra); 

and c) the twist conformation of the backbone-P-Pd-P moiety. The latter may result from 

distortion of the phosphaadamantane cages due to a ósteric pressureô induced by the 

coordinating triflate anions, which then results in a change of the backbone-P-Pd-P 

conformation in such phosphaadamantane ligands. This hypothesis is underlined by a 

previously published solid state structure of [(rac-oxoada)PdCl2], which in contrast to 

[(rac-oxoada)Pd(OTf)2] comprises a half-chair like conformation of the backbone-P-Pd-

P moiety.185 

[(depp)Pd(OTf)2] [(dippp)Pd(OTf)2]

[(dtbppPd(OTf)2] [(meso-oxoada)Pd(OTf)2]

[(rac-oxoada)Pd(OTf)2] [(dtbppb)Pd(OTf)2]  

Figure 6-2: X-ray crystal structures of [(P^P)Pd(OTf)2] complexes with three atom backbones 

between the two phosphorus atoms. All atoms except the Pd-center (grey), the P-atoms (orange) 

and the bridge, respectively, were omitted for clarity. Displacement ellipsoids are shown at the 

50 % probability level. 

In [(dtbppb)Pd(OTf)2] the central methylene group is substituted for an anionic 

diphenylborate group. When comparing the conformations of the backbone-P-Pd-P 

moiety of crystals formed from this complex and crystals formed from 

[(dtbpp)Pd(OTf) 2], different conformations may not only be due to different sterics, but 

also due to different electronics. However, in the twist conformation that is observed in 
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the backbone-P-Pd-P moiety of [(dtbppb)Pd(OTf)2], steric interactions of the phenyl 

substituents of the borate moiety with the tert-butyl substituents of the phosphorus atoms 

may be reasonably reduced, as compared to a respective chair-like conformation, in which 

one of the phenyl groups would be closer to the tert-butyl groups than in the twist 

conformation. 

[(cis-dtbpcy)Pd(OTf)2]

[(trans-dtbpcy)Pd(OTf)2]

[(dtbpb)Pd(OTf)2]

[(dtbpx)Pd(OTf)2]  

Figure 6-3: X-ray crystal structures of [(P^P)Pd(OTf)2] complexes with C4 backbones between 

the two phosphorus atoms. All atoms except the Pd-center (grey), the P-atoms (orange) and the 

brindging methylene units (blue), respectively, were omitted for clarity. Displacement ellipsoids 

are shown at the 50 % probability level. 

The solid state conformation of the backbone-P-Pd-P moiety (which is a seven-

membered ring) of complexes with C4 backbones ([(dtbpb)Pd(OTf) 2], 

[(dtbpx)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2]) comprises 

virtually identical conformations in crystals formed from [(cis-dtbpcy)Pd(OTf)2] and 

[(dtbpb)Pd(OTf) 2] (Figure 6-3), which may be denoted as a distorted half-chair. The 

conformation in crystals formed from [(dtbpx)Pd(OTf) 2] can be described as a half-chair 

and the conformation in crystals formed from of [(trans-dtbpcy)Pd(OTf)2] may be 

denoted as twisted. With regard to [(dtbpx)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and 

[(trans-dtbpcy)Pd(OTf)2] it is important to note that the benzene and cyclohexane 

moiety, respectively, in the backbone may strongly influence the respective 

conformation, which is not the case in [(dtbpb)Pd(OTf) 2]. The [(dtbpb)Pd(OTf) 2] 

backbone is thus considered to be the most flexible one, whereas the [(dtbpx)Pd(OTf) 2] 

backbone is most rigid because of the aromatic benzene moiety in the backbone. The 

cyclohexane moieties in [(cis-dtbpcy)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2] adopt a 

chair conformation, respectively. This results in an equatorial/equatorial conformation of 

the alkyl substituents of the cyclohexane moiety in [(trans-dtbpcy)Pd(OTf)2] and in an 
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equatorial/axial conformation in [(cis-dtbpcy)Pd(OTf)2]. Inversion of the cyclohexane 

conformation would result in an axial/axial conformation in [(trans-dtbpcy)Pd(OTf)2] 

and in an axial/equatorial conformation in [(cis-dtbpcy)Pd(OTf)2]. Due to the 

unfavorable axial/axial conformation, a higher flexibility of the cyclohexane moiety in 

[(cis-dtbpcy)Pd(OTf)2] versus [(trans-dtbpcy)Pd(OTf)2] is assumed. With regard to 

[(cis-dtbpcy)Pd(OTf)2] it is interesting to note that in the solid state structure of a similar 

complex [(cis-dtbpcy)Pd(OMs)2] the cyclohexane moiety in the diphosphinesô backbone 

has two disordered conformations with a chair and a boat conformation, respectively,183 

which was not observed for [(cis-dtbpcy)Pd(OTf)2]. However, the authors state, that the 

metal coordination remains the same. Differences in Pd-P bond lengths (2.2854(9) Å and 

2.2828(10) Å versus 2.3057(13) Å and 2.3017(15) Å) and P-Pd-P bite angle (100.94(3)° 

versus 101.51(5)°), respectively, of [(cis-dtbpcy)Pd(OMs)2] versus [(cis-

dtbpcy)Pd(OTf)2] may origin from bidentate coordination of one mesylate anion in [(cis-

dtbpcy)Pd(OMs)2] versus coordination of two water molecules in [(cis-

dtbpcy)Pd(OTf)2]. 

 

Figure 6-4: Calculation of the half-cone angle from the X-ray crystal structure data. 

To investigate whether catalyst productivity and selectivity can be related to the steric 

demand of the substituents on the phosphorus moieties of the ligand, the space around the 

metal center left open by the diphosphine was quantified from the available X-ray crystal 

structure data (Figure 6-4).171 For this purpose a vector V was defined by the Cartesian 
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coordinates of the center of the two phosphorus atoms and the Palladium(II) center. For 

each substituent on the phosphorus atoms, vectors Rj
i (j = number of the substituent, i = 

number of the vector on the respective substituent) were defined by the Cartesian 

coordinates of the metal center, and the Cartesian coordinates of the atoms in a and b 

position to the phosphorus atom for the tert-butyl, iso-propyl and ethyl substituted 

diphosphines and in b, g and d position to the phosphorus atom for the oxoadamantyl 

substituted diphosphines, respectively. The smallest angle Ŭj between the vector V and 

the vectors Rj
i was calculated for each substituent j. The arithmetic average ű of the four 

angles Ŭj gives the half-cone angle. Larger values of the half-cone angle describe 

increasing available space around the metal center and therefore less crowded metal 

centers. As an alternative to the half cone angle, an opening angle that comprises twice 

the half cone angle may be used (cf. section 6.3).  

6.2 31P NMR data of diphosphine Palladium(II) complexes 

31P NMR chemical shifts of complexes [(P^P)Pd(OTf)2] are summarized in Table 

6-2. Each phosphorus signal is a singulet, which is relatively broad in [(meso-

oxoada)Pd(OTf)2] and [(cis-dtbpcy)Pd(OTf)2]. 

Table 6-2: 31P NMR chemical shifts and P-Pd-P bite angles of the complexes [(P^P)Pd(OTf) 2]. 

complex 31P NMR [ppm] c) P-Pd-P bite angle [°]e) 

[(dtbpm)Pd(OTf )2]a) -13.5 / -15.9d) 75.591(19) 

[(dtbpe)Pd(OTf)2] 126.1 87.677(18) 

[(dtbpp)Pd(OTf)2] 79.4 96.92(7) / 95.79(7) 

[(dtbpb)Pd(OTf)2] 94.8 100.444(14) 

[(dippp)Pd(OTf)2] 55.1 94.553(18) 

[(depp)Pd(OTf)2] 35.2 93.62(2) 

[(meso-oxoada)Pd(OTf)2] 20.3 (br.; acetone-d6) 93.313(17) 

[(rac-oxoada)Pd(OTf)2] 27.1 (acetone-d6) 92.44(3) 

[(dtbpx)Pd(OTf)2]b) 79.1 99.30(2) 

[(dtbppb)Pd(OTf)2] 129.2 (C6D6) 93.812(13) 

[(cis-dtbpcy)Pd(OTf)2] 95.9 (very br.) 101.51(5) 

[(trans-dtbpcy)Pd(OTf)2] 90.0 99.81(2) 
a) bite angle determined from [(dtbpm)PdCl 2], b) data taken from ref. 10, c) determined in 

CD2Cl2 at 25 °C unless noted otherwise, d) chemical shift of [(dtbpm)PdCl 2] e) determined 

from X-ray crystal structure data of [(P^P)Pd(OTf) 2]. 

With exception of [(dtbpm)Pd(OTf )2], [(dtbpe)Pd(OTf)2] and [(dtbppb)Pd(OTf)2] 

a correlation of 31P NMR chemical shifts versus P-Pd-P bite angles (Figure 9-64) seems 

to indicate an increasing chemical shift with increasing bite angle. However, as solid state 
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data is compared with solution data and the chemical shift may also be influenced by the 

substituents on phosphorus as well as the backbone of the diphosphine (vide infra), such 

a correlation is oversimplifying and merely informative, and will not be discussed in 

detail. Rather, some selected 31P NMR chemical shifts will be discussed with regard to 

the diphosphinesô backbone and its substituents on phosphorus.  

Differences in the 31P NMR chemical shift of [(meso-oxoada)Pd(OTf)2] and [(rac-

oxoada)Pd(OTf)2] (Dd 31P = 6.8 ppm) can most likely be ascribed to the different 

arrangement of the oxygen atoms in the phosphaadamantane cages. Comparing 

[(dtbpp)Pd(OTf)2] and [(dtbppb)Pd(OTf)2] these complexes differ in that the central 

methylene group of the diphosphine is substituted for a diphenylborate group. Thus, the 

diphosphine is negatively charged. In addition, 1H NMR spectra of [(dtbppb)Pd(OTf)2] 

shows the presence of two equivalents of DMF, which is also coordinated to the Pd-center 

in the solid state structure (cf. section 6.1). However the difference in 31P NMR chemical 

shift (Dd 31P = 49.8 ppm) is most likely due to the charge of the diphosphine dtbppb. 

Comparing complexes with C4 backbones ([(dtbpb)Pd(OTf) 2], [(dtbpx)Pd(OTf) 2], 

[(cis-dtbpcy)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2]) the backbone obviously 

influences the 31P NMR chemical shift (Table 6-2). It is interesting to note that 

[(dtbpb)Pd(OTf) 2] and [(cis-dtbpcy)Pd(OTf)2] have a very similar chemical shift 

(Dd 31P = 1.1 ppm) and also have similar conformations in their respective backbone-P-

Pd-P moiety in the solid state structure (Figure 6-3). Although comparing solid state data 

with solution data is an oversimplification, this may indicate the influence of the 

backbone conformation on 31P NMR chemical shift, which is further underlined by 

comparing [(trans-dtbpcy)Pd(OTf)2] versus [(cis-dtbpcy)Pd(OTf)2] that have different 

chemical shifts (Dd 31P = 5.9 ppm) but also different conformations in their respective 

backbone-P-Pd-P moieties (Figure 6-3). Finally, the 31P shift of [(dtbpx)Pd(OTf) 2] with 

its aromatic backbone differs by more than 10 ppm from its non-aromatic versions 

[(trans-dtbpcy)Pd(OTf)2] and [(cis-dtbpcy)Pd(OTf)2].  

Comparing 31P NMR chemical shifts of [(depp)Pd(OTf)2], [(dippp)Pd(OTf) 2] and 

[(dtbpp)Pd(OTf) 2], all having three methylene units and virtually identical solid state 

backbone-P-Pd-P conformation (Figure 6-2), influence of the substituents on phosphorus 

is obvious. The chemical shift decreases within the series [(dtbpp)Pd(OTf) 2] > 

[(dippp)Pd(OTf) 2] > [(depp)Pd(OTf)2], with Dd 31P = 24.3 and 19.9 ppm, respectively.  



The mechanism of the isomerizing alkoxycarbonylation of plant oils 

81 

Note that the above discussion is based on the assumption of similar coordination 

situations on the other two coordination sites of the respective Pd-centers (i.e. trans to the 

diphosphine). However, this is reasonable to assume, as triflate anions are weakly 

coordinating and thus considered to be dissociated in solution. In summary, both the 

substituents on phosphorus, as well as, the diphosphinesô backbone influence the 31P 

NMR chemical shift of complexes [(P^P)Pd(OTf) 2]. With regard to the backbone, the 

conformation (although determined in the solid state) seems to influence the 31P NMR 

chemical shift of diphosphine complexes with a C4 backbone. 

6.3 Catalytic properties of diphosphine Palladium(II) complexes 

The catalytic properties of the complexes [(P^P)Pd(OTf)2] in the isomerizing 

methoxycarbonylation of methyl oleate were studied (Table 6-3). A constant pressure of 

CO (20 bar), 0.8 mol-% Pd and a reaction temperature of 90 °C were chosen as the 

experimental parameters to evaluate the catalytic performance. In order to study óreal-

lifeô catalytic performance, the technical grade high oleic sunflower oil methyl ester 

Dakolub MB 9001 with a methyl oleate content of 92.5 % was used rather than highly 

purified methyl oleate (typical composition of Dakolub MB 9001: 92.5 % methyl oleate 

(18:1), 2.5 % methyl linoleate (18:2), 2.5 % methyl palmitate (16:0), 1.5 % methyl 

stearate (18:0), 1.0 % methyl esters of longer chain (> C18) fatty acids). The experimental 

data shows the tendency that the more sterically crowded metal centers 

[(dtbpp)Pd(OTf) 2], [(meso/rac-oxoada)Pd(OTf)2], [(cis-dtbpcy)Pd(OTf)2] and 

[(dtbpx)Pd(OTf) 2] are more productive catalysts for isomerizing alkoxycarbonylation 

(Table 6-3). All the other less crowded systems did not show any significant conversion 

of methyl oleate. Surprisingly [(dtbpb)Pd(OTf) 2] and [(trans-dtbpcy)Pd(OTf)2] are 

also non-productive although their steric congestion is virtually identical to 

[(dtbpx)Pd(OTf) 2]. Note that the dmpx ligand studied as a comparison in the DFT 

calculations (cf. section 5) has an opening angle of ca. 219.5° (as calculated from the 

quaternary carbon atoms of the solid state structure of [(dtbpx)Pd(OTf) 2]) and is thus 

similarly congesting as [(dtbpm)Pd(OTf) 2]. 

In complexes with a C4 backbone between the two phosphorus atoms 

([(dtbpb)Pd(OTf) 2], [(trans-dtbpcy)Pd(OTf)2], [(cis-dtbpcy)Pd(OTf)2] and 

[(dtbpx)Pd(OTf) 2]) only [(cis-dtbpcy)Pd(OTf)2] and [(dtbpx)Pd(OTf) 2] are productive 

catalyst precursors for isomerizing alkoxycarbonylation. Regarding the solid state 

structures of the backbone-P-Pd-P moieties of these complexes (Figure 6-3) 
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[(dtbpb)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and [(dtbpx)Pd(OTf) 2] have similar 

conformations. However, in [(cis-dtbpcy)Pd(OTf)2] the backbone is more rigid as 

compared to [(dtbpb)Pd(OTf) 2] because of the cyclohexane moiety. This may inhibit the 

complex [(cis-dtbpcy)Pd(OTf)2] in forming a conformation as is observed for [(trans-

dtbpcy)Pd(OTf)2] (non-productive conformation), whereas this may be possible for the 

more flexible backbone in [(dtbpb)Pd(OTf) 2]. Thus, the conformation of the backbone-

P-Pd-P moiety may influence the catalytic productivity in that less-flexible conformations 

result in more productive systems. 

Table 6-3: Results of isomerizing alkoxycarbonylation of HO-sunflower oil methyl ester with 

different diphosphine Palladium(II) ditriflate complexes as catalyst precursor and the respective 

opening angle. 

complex conversion of 

MO [%] c) 

selectivity to 

linear diester 

[%] c) 

opening angle 

[°]d) 

[(dtbpm)Pd(OTf )2]a) < 0.5 n.d. 213.4e) 

[(dtbpe)Pd(OTf)2]a) < 0.5 n.d. 192.6 

[(dtbpp)Pd(OTf)2]a) 25.4 (18 h) 

70.6 (90 h) 
82 175.0 

[(dtbpb)Pd(OTf)2]a) < 0.5 n.d. 172.8 

[(dippp)Pd(OTf)2]b) < 0.5 n.d. 197.6 

[(depp)Pd(OTf)2]b) < 0.5 n.d. 223.8 

[(meso/rac-oxoada)Pd(OTf)2]a) 
72.8 (18 h) 

98.8 (90 h) 
63 

148.8 (meso) 

148.2 (rac) 

[(dtbpx)Pd(OTf)2]a) 94.8 (18 h) 91 172.2 

[(dtbppb)Pd(OTf)2]a) < 0.5 n.d. 182.4 

[(cis-dtbpcy)Pd(OTf)2]b) 
4.4 (18 h) 

14.0 (90 h) 
90 175.2 

[(trans-dtbpcy)Pd(OTf)2]b) < 0.5 n.d. 177.0 
a) Reaction conditions: n(Pd) = 0.048 mmol; V(MO) = 2 mL; V(MeOH) = 8 mL; p(CO) = 20 

bar; T = 90 °C; t = 90 h unless noted otherwise, b) reaction conditions: n(Pd) = 0.024 mmol; 

V(MO) = 1 mL; V(MeOH) = 4 mL; p(CO) = 20 bar; T = 90 °C; t = 90 h unless noted otherwise, 

c) conversion and selectivity determined from GC of crude reaction mixture, d) determined from 

X-ray crystal structure data of [(P^P)Pd(OTf) 2], e) as no crystals suitable for single crystal X-

ray diffraction of [(dtbpm)Pd(OTf) 2] were obtained, data of [(dtbpm)PdCl2] was used. 

With regard to their observed lack of catalytic activity, complexes 

[(dtbpm)Pd(OTf) 2], [(dtbpe)Pd(OTf)2] and [(dtbpb)Pd(OTf) 2] were investigated in 

more detail. 1H and 31P NMR spectra of [(dtbpm)Pd(OTf) 2] and [(dtbpe)Pd(OTf)2] in 

methanol-d4 or in a mixture of CD2Cl2/MeOH did not indicate the formation of any Pd-

hydride species. Note that [(dtbpp)Pd(OTf) 2] and [(dtbpx)Pd(OTf) 2] cleanly yield a 

defined hydride species upon dissolution in methanol-d4 or CD2Cl2/MeOH (cf. section 
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3.1 and ref. 129 and 144). [(dtbpb)Pd(OTf) 2] forms several non-identified Pd-hydride 

species, as also underlined by addition of 20 equiv. of methyl oleate to the NMR tube 

resulting in rapid isomerization (within 5 minutes) of the substratesô double bond to the 

equilibrium mixture of all isomers as observed for [(dtbpp)Pd(OTf) 2] previously (cf. 

section 3.1 and ref. 144). Addition of 20 equiv. of methyl oleate to the methanol solution 

of [(dtbpm)Pd(OTf) 2] showed no isomerization even after 12 h at room temperature. 

Only after heating to 90 °C for 90 min, isomerization to the equilibrium mixture was 

completed. With [(dtbpe)Pd(OTf)2] slow isomerization of methyl oleate (20 equiv.) is 

observed already at room temperature, however, after 12 h at room temperature 

isomerization to the equilibrium mixture is not completed. Upon heating to 90 °C for 90 

min, hydrogenation of the substratesô double bond to yield methyl stearate was observed. 

This hydrogenation may occur via Pd-catalyzed transfer hydrogenation with methanol as 

the hydrogen source. These findings of olefin isomerization indicate the formation of 

certain amounts of Pd-hydride species for [(dtbpm)Pd(OTf) 2] and [(dtbpe)Pd(OTf)2], 

although not directly observed by NMR spectroscopy. However, entry into the catalytic 

cycle may already be much less efficient for these catalyst systems having lower steric 

demand around the metal center. 

 

Figure 6-5: Formation and X-ray crystal structure (CCDC 1010348) of the hydrido-carbonyl 

bridged species [(dtbpe)Pd(µ-H)(µ-CO)Pd(dtbpe)]+ from [(dtbpe)Pd(OTf)2] in the presence of 

methanol and CO. Hydrogen atoms (except µ-H) and a non-coordinating triflate counterion were 

omitted for clarity. Displacement ellipsoids are shown at the 50 % probability level. 

To further probe the complexesô ability for isomerization, the aforementioned 

experiments were performed in the presence of 6 equiv. of CO. The respective complex 

was dissolved in methanol-d4 or CD2Cl2/MeOH, respectively, and 6 equiv. CO were 

added via syringe into the NMR tube. Afterwards, 20 equiv. of methyl oleate were added. 

[(dtbpm)Pd(OTf) 2] did not afford any isomerization in the presence of CO even at a 

temperature of 90 °C. [(dtbpe)Pd(OTf)2] showed no isomerization in the presence of CO 
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at room temperature, but at a temperature of 90 °C isomerization to the equilibrium 

mixture was observed within 2 h. Other than in the aforementioned analogous 

experiments without CO, the formation of methyl stearate was not observed in the 

presence of CO. NMR analysis of the reaction mixture reveals the formation of a bridged 

hydrido-carbonyl species [(dtbpe)Pd(µ-H)(µ-CO)Pd(dtbpe)]+ (Figure 6-5) as 

previously also observed for [(dtbpp)Pd(OTf) 2] (cf. section 3.1 and ref. 144). Addition 

of CO to a methanol-d4 solution of [(dtbpb)Pd(OTf) 2] resulted in quantitative formation 

of the deuterated diphosphonium salt (tBu2DP(CH2)4PDtBu2)(OTf)2 as evidenced in 31P 

NMR spectra by a triplet at d = 46.6 ppm with 2JPD = 70.2 Hz. Addition of methyl oleate 

to this solution did not result in any isomerization. Thus, the inactivity of 

[(dtbpb)Pd(OTf) 2] for isomerizing alkoxycarbonylation is likely due to rapid 

decomposition of the catalytically active species in the presence of CO. Note that in 

pressure reactor studies, the protonated diphosphine was also observed after a 

carbonylation experiment. 

The bridged hydrido-carbonyl complex [(dtbpe)Pd(µ-H)(µ-CO)Pd(dtbpe)]+ was 

crystallized from a methanol solution that was layered with Et2O. Both Palladium(I) 

centers have a square planar coordination geometry with the two phosphorous atoms of 

the chelating diphosphine and the other two coordination sites occupied by the bridging 

µ-H and µ-CO ligands. The Pd-Pd bond length is 2.7666(3) Å and is thus in the same 

range as previously reported for a similar complex by Milstein and co-workers.145 The 

Pd-P bond length is slightly longer, by ca. 0.1 Å, compared to the respective ditriflate 

complex [(dtbpe)Pd(OTf)2] and also the bite angle is slightly higher, by 0.5°. 

To overcome the problem of less efficient hydride formation (vide supra) of 

[(dtbpm)Pd(OTf) 2] and [(dtbpe)Pd(OTf)2] the methyl chloro complexes 

[(dtbpm)PdMe(Cl)], [(dtbpe)PdMe(Cl)] and [(dtbpp)PdMe(Cl)] were used for studies 

of isomerizing alkoxycarbonylation of the less challenging substrate 1-octene (Table 

6-4). Note that these neutral diphosphine methyl chloro complexes [(P^P)PdMe(Cl)] 

were used, as addition of AgOTf to generate the respective cationic complexes 

[(P^P)PdMe]+ instantaneously resulted in the formation of Pd-black. Dissociation of the 

chloro ligand is expected to be limited and thus hinders insertion/methanolysis reactions. 

In addition, the diphosphine ligand in turn may affect the ease of chloride dissociation. 

Consequently, observed rates with this system only allow for qualitative conclusions 

concerning the effect of different diphosphines on the catalytic cycle.  
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The conversion of 1-octene increases with increasing steric demand of the diphosphine 

around the metal center which is in accordance with the results found in theoretical studies 

(cf. section 5). Differences in selectivity are less pronounced, in all cases the linear ester 

is the major product. For dtbpm, however, a significantly larger portion of the branched 

esters are formed, ~25 % versus ~10 % for the C2- and C3-backbone diphosphines. Note 

that isomerizing alkoxycarbonylation of methyl oleate (i.e. high oleic sunflower oil) was 

also performed with these methyl-chloro complexes (Table 6-4). Conversions are slightly 

higher compared to the respective ditriflate complexes (Table 6-3), however, they are 

lower than for 1-octene. This is in accordance with the aforementioned studies under 

pressure reactor conditions with the complex [(dtbpx)Pd(OTf) 2] (cf. section 4.3), where 

a lower rate for methyl oleate versus 1-octene was observed. 

Table 6-4: Catalytic results of diphosphine Palladium(II) methyl chloro complexes in isomerizing 

methoxycarbonylation of 1-octene and high-oleic sunflower oil methyl ester (HOSO). 

complex substrate conversion of 

substrate [%]c) 

selectivity to linear 

product [%] c) 

[(dtbpm)PdMe(Cl) ]a) 1-octene (>99 %) 5.7 % 73 % 

[(dtbpe)PdMe(Cl)]a) 1-octene (>99 %) 33.8 % 92 % 

[(dtbpp)PdMe(Cl) ]a) 1-octene (>99 %) 96.1 % 90 % 

[(dtbpm)PdMe(Cl) ]b) HOSO < 0.5 % - 

[(dtbpe)PdMe(Cl)]b) HOSO 2.3 % 75 % 

[(dtbpp)PdMe(Cl) ]b) HOSO 80.7 % 79 % 
a) Reaction conditions: n(Pd) = 0.051 mmol; V(1-octen) = 1 mL; V(MeOH) = 4 mL; p(CO) = 

20 bar; T = 90 °C; t = 90 h, b) reaction conditions: n(Pd) = 0.024 mmol; V(MO) = 1 mL; 

V(MeOH) = 4 mL; p(CO) = 20 bar; T = 90 °C; t = 90 h, c) conversion and selectivity determined 

from GC of crude reaction mixture. 

The diphosphine Palladium(II) methyl chloro complexes [(dtbpm)PdMe(Cl)], 

[(dtbpe)PdMe(Cl)] and [(dtbpp)PdMe(Cl)] were also used as model compounds to 

investigate the CO insertion into the Pd-alkyl species: an NMR tube was charged with the 

respective complex in CD2Cl2 and 1-3 equiv. of 13CO were added at 25 °C. Direct NMR 

spectroscopic measurements revealed that CO is inserted cleanly and completely within 

5 minutes into the Palladium(II) methyl species, generating the Pd-acyl species 

[(dtbpm)Pd(COMe)Cl] , [(dtbpe)Pd(COMe)Cl], and [(dtbpp)Pd(COMe)Cl]  which 

were characterized by NMR spectroscopy (cf. experimental section). Note that also with 

an excess of CO the formation of a carbonyl coordinated cationic Pd-acyl species 

[(P^P)Pd(COMe)CO]+ was not observed. This indicates that CO insertion into this Pd-

alkyl model species is independent from the steric environment around the Pd-center. 
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The methanolysis of the Pd-acyl species was evaluated by generating 

[(dtbpm)Pd(COMe)Cl] , [(dtbpe)Pd(COMe)Cl], and [(dtbpp)Pd(COMe)Cl]  from the 

respective [(P^P)PdMe(Cl)] complexes in CD3OD by addition of 2 equiv. 13CO and 

direct observation of methanolysis after CO addition by 1H NMR spectroscopy. 

[(dtbpp)PdMe(Cl)]  directly reacted to methyl acetate D3CO(13CO)Me, the deuterido-

carbonyl bridged Palladium(I) complex [(dtbpp)Pd(µ-D)(µ-13CO)Pd(dtbpp)]+, and the 

dichloro complex [(dtbpp)PdCl 2] within 5 minutes at room temperature (Figure 9-35 

and Figure 9-36). Observation of the Pd-acyl species was not possible in methanol 

solution. By contrast, [(dtbpe)PdMe(Cl)] reacted to the observable acyl species 

[(dtbpe)Pd(COMe)Cl]. This acyl species reacts slowly with methanol at room 

temperature to methyl acetate D3CO(13CO)Me, the deuterido-carbonyl bridged 

Palladium(I) complex [(dtbpe)Pd(µ-D)(µ-13CO)Pd(dtbpe)]+, and the dichloro complex 

[(dtbpe)PdCl2] (Figure 9-37 and Figure 9-38). [(dtbpm)PdMe(Cl)] also reacted to the 

acyl species [(dtbpm)Pd(COMe)Cl] . This acyl species was even less reactive towards 

methanol than the respective [(dtbpe)Pd(COMe)Cl] complex. Methanolysis was only 

observed at an elevated temperature of 50 °C. This indicates that methanolysis of this Pd-

acyl model species is dependent on the steric environment around the Pd-center in that 

crowded systems result in faster methanolysis. 

These experimental findings demonstrate that the generation of the catalytically active 

Pd-hydride species is critical. In detail, less crowded Pd-centers result in less efficient 

hydride formation. Moreover, the alcoholysis reaction of Pd-acyl species is influenced by 

the variable steric demand around the metal center in that more crowded systems result 

in faster methanolysis as compared to less crowded systems. This qualitatively agrees 

with the aforementioned theoretical studies (cf. section 5.3). 
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7 Summary and conclusion 

From the comprehensive experimental and theoretical studies performed within the 

scope of this thesis, the following mechanistic picture evolves: isomerization along the 

substratesô hydrocarbon chain is associated with relatively low energy barriers for the 

diphosphine ligands studied to this end. Thus, isomerization of an olefinic substrate with 

Pd-hydride species [(P^P)PdH(ROH)] + results in rapid isomerization of the respective 

olefinic substrate into a thermodynamic mixture of all possible isomers. Linear Pd-alkyls 

are more stable than branched Pd-alkyls, particularly for the very crowded metal centers. 

Consequently, [(dtbpp)Pd(CH 2)17COOCH3]+ by far predominates over the branched 

mid-chain alkyls in low temperature NMR experiments (-80 °C). For sterically less 

encumbered analogs, the energies of linear versus branched Pd-alkyls differ less. The 

vicinity of an ester group of the substrate can result in a slight stabilization of a branched 

agostic alkyl by an interaction of the functional group with a ß-agostic hydrogen atom 

(however not to the extent, that this renders the branched alkyl more stable than the linear 

alkyl for the sterically crowded metal centers). More pronouncedly, coordination of the 

ester group itself can stabilize certain branched alkyls. The expected five-membered 

chelate can form. However, for the sterically crowded metal centers, a four-membered 

chelate is energetically more favorable. Indeed, the four-membered chelate 

[(dtbpp)PdCH{(CH 2)15CH3}COOCH 3]+ is observed in amounts roughly similar to the 

aforementioned linear Pd-alkyl species by NMR spectroscopy at low temperatures 

(-80 °C). These results clearly show that isomerization itself is not the major rate-

determining process. In the flat energy landscape with low barriers for interconversion, 

all alkyls are energetically readily accessible and are in equilibrium with each other 

(Figure 7-1). 

For all the above Pd-alkyls, coordination of CO and subsequent insertion to form the 

respective Pd-acyls are energetically feasible and reversible. For the crowded metal 

centers, these organometallic species are in equilibrium with each other. Consequently, 

the formation of [(dtbpp)PdC(=O)(CH2)17COOCH3(L)] + (L = solvent or CO) and 

[(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH3]+, as well as CO exchange was observed 

by NMR spectroscopy at low temperatures (-80 °C and -50 °C, respectively). 

Notwithstanding overall reaction rates can be influenced to a relevant extent by the 

portion of a given species in this equilibrium composition ï namely the linear Pd-acyl ï 

which is the starting point of the preferred further rate-determining pathway. This portion 
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depends on statistics resulting from the chain length of the substrate, and (chelating) 

binding of a functional group present in the substrate. These considerations are reflected 

in experimental monitoring of the progress of the reaction over time under pressure 

reactor conditions (90 °C, 20 bar CO) for different substrates, all resulting in the linear 

ester as the major product: 4-octene reacts at virtually the same rate as 1-octene, which, 

in addition, again clearly shows that isomerization itself is not the major rate-determining 

process. 1-Octadecene with its larger number of methylene groups reacts slightly slower, 

and the rate of conversion of methyl oleate with its additional ester group is further slowed 

down. Further, isomerization of the respective olefinic substrate by the Pd-hydride occurs, 

even in the presence of substantial amounts of CO (20 bar). 

 

Figure 7-1: Schematic representation of the energy landscape of the isomerizing 

methoxycarbonylation of methyl oleate with sterically crowded Pd-centers. 

The rate-determining step associated with the highest energetic barrier is invariably 

methanolysis of the Pd-acyl formed by carbon monoxide insertion (Figure 7-1). 

Considering methanolysis for the linear Pd-acyls, the barrier of methanolysis is decisively 

lower for a sterically encumbered metal site compared to active sites with less bulky 

diphosphine ligands. This is due to a significantly higher stability of the methanol adducts 
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for less bulky diphosphines. For bulky diphosphines, this ground state, which precedes 

the rate-determining methanolysis step, is destabilized. In fact, for bulky diphosphine 

ligands, its formation from the preceding direct product of CO insertion is not associated 

with a disadvantageously high energy gain. For less bulky ligands, the higher stability of 

the methanol adduct not only results in an effective higher barrier of insertion, but it can 

also render the overall methanolysis step thermoneutral. In addition, entry into the 

catalytic cycle may already be less efficient for such catalyst systems. Thus, defined Pd-

hydride species are formed straightforwardly from dtbpx and dtbpp coordinated Pd-

complexes in methanol, whereas this is not the case for sterically less demanding 

diphosphines. 

Another decisive consequence of the extreme steric bulk introduced by appropriate 

diphosphine ligands is a destabilization of the transition states of methanolysis for all 

branched acyls versus the linear acyl (Figure 7-1). This is also reflected in low 

temperature NMR experiments (-80 °C) by rapid methanolysis of the linear Pd-acyl 

[(dtbpp)PdC(=O)(CH2)17COOCH3(L)] + to the linear 1,19-diester product, whereas the 

branched Pd-acyl [(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH 3]+ resists methanolysis, 

such that the corresponding malonic ester is not formed to any significant extent at this 

low temperature. In fact, the mechanism is calculated to change from a three molecule 

cluster TS in case of the linear Pd-acyl to a single molecule TS for all branched Pd-acyls. 

This accounts for the remarkable selectivity of isomerizing alkoxycarbonylation of 

methyl oleate. Even for the smallest branched alkyl with a methyl substituent on the 

carbonyl-bound carbon atom, which would result in a methyl-branched long-chain 

diester, the transition state for methanolysis is already significantly higher in energy. That 

the pathway to the linear product involves a cluster of three molecules of methanol in a 

concerted mechanism, while a pathway involving a single molecule of methanol is more 

favorable for the branched acyls only applies to the extremely bulky diphosphine-

substituted catalysts, in other cases a ócluster-mechanismô is predicted to be operative also 

for the branched acyls. 

Multiple unsaturated fatty acids, as exemplified by methyl linoleate, insert into the 

catalytically active Pd-hydride species to form Pd-allyl complexes, which isomerize to 

the terminal Pd-allyl, from which carbonylation occurs. Other than isomerization of the 

Pd-alkyl species formed from oleate, this isomerization is slow and associated with a 

significant energy barrier. However, the rate of carbonylation of Pd-allyls is even lower, 
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such that the major pathway is isomerization to the terminal allyl followed by 

carbonylation to the linear diester product. The remaining internal double bond is subject 

to further side reactions: alkoxycarbonylation to form a triester or hydromethoxylation. 

These are comparatively slow reactions, but due to the prolonged reaction times required 

to methoxycarbonylate the allyl species they can occur on the product already formed and 

thus become relevant. However, the influence of small amounts (Ò 2.5 %) of methyl 

linoleate in technical grade plant oils is neglible. 

In summary, the steric demand around the Pd-center induced by the diphosphine ligand 

is both responsible for catalytic selectivity and productivity in isomerizing 

alkoxycarbonylation of plant oils. Sterically congested metal centers result in more 

selective catalysts, as energy differences between the pathways leading to the linear 

versus the branched products of the rate-determining methanolysis steps are higher for 

these systems. Moreover, these systems are more productive in general, as the energetic 

barrier of this rate-determining methanolysis step is lower as compared to less 

encumbered systems, which may not be active catalysts at all for methoxycarbonylation 

due to an unfavorable barrier. Concerning the isomerization step, our findings suggest 

that this is not a unique feature of sterically bulky diphosphines, but also other 

diphosphine Pd-H species can promote a rapid isomerization. However, formation of the 

Pd-H species from the catalyst precursor occurs much more readily for certain 

diphosphines, which may be a decisive factor. This may go hand in hand with stability of 

the active species, as indicated by a rapid decomposition to protonated ligand under 

carbonylation conditions with diphosphines with a flexible backbone with otherwise 

favorable characteristics (bite angle, opening angle, and observed formation of Pd-H 

initially).  

From this first unravelling of a successful catalytic isomerization-functionalization 

reaction sequence, the following general picture emerges (Figure 7-1): The rate 

determining step (in this case methanolysis) is preceded by a diverse relatively flat energy 

landscape of the various reversible reaction pathways (Curtin-Hammett kinetics). This 

applies to the isomerization sequences, but also to the first reaction steps of 

functionalization. Effectively, these isomerization/functionalization steps are in mutual 

equilibrium vice versa. Selectivity arises from differentiation of pathways in the final and 

highest barrier step of functionalization, here by extreme steric congestion about the 

active site. These features define the essential prerequisite in designing isomerization-
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functionalization schemes with a single type of active sites, and this picture identified 

may also provide inspiration for multi-component catalyst systems in which equilibrium 

landscapes may extend over the different cooperating types of sites. 
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8 Experimental section 

8.1 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. Pentane and methylene chloride were distilled from calcium hydride, 

THF and diethyl ether from blue sodium / benzophenone ketyl, and methanol, ethanol, n-

propanol and iso-propanol from activated (iodine) magnesium under argon prior to use. 

All other solvents were commercial grade and used without further purification. Methyl 

oleate (99 %), methyl linoleate (99 %), methyl oleate-1-13C, iodomethane-13C and 13CO 

were purchased from Sigma-Aldrich, 1,2-bis((di-tert-butylphosphino)methyl)benzene 

(dtbpx) from ABCR, PdCl2 from MCAT, lithium organyls from Acros, CO 3.7 and 

ethylene 3.7 from AirLiquide. High oleic sunflower oil methyl ester (Dakolub MB 9001), 

and its respective acid (Dakolub MB 6098) were donated by Dako AG. All other 

chemicals were purchased from Sigma-Aldrich, Acros or ABCR. Heptaldehyde was 

distilled, and p-benzoquinone sublimed prior to use. Methyl oleate, methyl linoleate, and 

the high oleic sunflower oil methyl/ethyl/n-propyl/iso-propyl esters were degassed and 

stored under an inert nitrogen or argon atmosphere prior to use. All other chemicals were 

used without further purification. All deuterated solvents were supplied by Eurisotop and 

stored over 3 Å molecular sieves.  

[Pd(dba)2],
172 dibenzylideneacetone (dba),173 high oleic sunflower oil methyl/ethyl/n-

propyl/iso-propyl esters,173 dimethyl 2-hexadecylmalonate (B16),173 [(cod)PdCl2],
174 

[(cod)Pd(Me)Cl],175 di-tert-butylphosphine,176,177 di-tert-butylchlorophosphine,178 1,1-

bis(di-tert-butylphosphino)methane (dtbpm),178 1,2-bis(di-tert-butylphosphino)ethane 

(dtbpe),179 1,3-bis(di-tert-butylphosphino)propane (dtbpp),180 1,4-bis(di-tert-

butylphosphino)butane (dtbpb),181 1,3-bis(di-iso-propylphosphino)propane (dippp),182 

1,3-bis(diethylphosphino)propane (depp),182 cis-1,2-bis(di-tert-

butylphosphinomethyl)cyclohexane (cis-dtbpcy),183 trans-1,2-bis(di-tert-

butylphosphinomethyl)cyclohexane (trans-dtbpcy),183 bis((di-tert-

butylphosphino)methyl)diphenylborate (dtbppb),184 1-((1R,3S,5S,7R)-1,3,5,7-

tetramethyl-2,4,6-trioxa-8-phosphaadamantan-8-yl)-3-((1S,3R,5R,7S)-1,3,5,7-

tetramethyl-2,4,6-trioxa-8-phosphaadamantan-8-yl)propane (meso-oxoada),185 1,3-

bis((1S,3R,5R,7S)-1,3,5,7-tetramethyl-2,4,6-trioxa-8-phosphaadamantan-8-yl)propane 
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(rac-oxoada),185 [(dtbpx)Pd(OTf) 2],10 [(dtbpx)PdMe(Cl)]129 and 1-octene-1-13C186,187 

were synthesized according to literature procedures. [(dtbpx)Pd(COMe)Cl]  was 

generated in-situ according to a literature procedure.129  

8.1.1 NMR spectroscopy 

NMR spectra were recorded on a Varian Unity Inova 400 instrument equipped with a 

4NUC/switchable mode - 5 mm "direct detection" probe, a Bruker Avance III 400 

instrument equipped with a BBFO plus probe or a Bruker Avance III 600 instrument 

equipped with a QXI-H/C/N/P quadruple resonance probe. Low temperature NMR 

temperature calibration was performed using pure methanol. To establish the methine 

proton in the a-position of the carbonyl group in the Pd-alkyl species 

[(dtbpp)PdCH{(CH 2)15CH3}COOCH 3]+ a multiplicity-edited 1H,13C-HSQC was 

recorded in which the carbonyl region was decoupled using the WALTZ16 sequence. The 

assignment of CH- and CP-coupling patterns was supported by 1D-13C spectra with 

additional decoupling of the 31P resonances using GARP. 1H NMR spectra were 

referenced to residual protiated solvent signals, 13C NMR spectra to the solvent signals, 

31P NMR spectra to external 85% H3PO4 and 19F NMR spectra to external BF3ĀOEt2. 

NMR spectra are reported as follows: chemical shift (ŭ ppm), multiplicity, coupling 

constant (Hz), and integration. Multiplicities are given as follows (or combinations 

thereof): s: singulet, d: doublet, t: triplet, q: quartet, quint: quintet, sext: sextet; sept: 

septet, 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.  

8.1.2 Gas chromatography 

Gas chromatography was carried out on a PerkinElmer (PE) Clarus 500 instrument 

with an autosampler and FID detection on a PerkinElmer Elite-5 (5% Diphenyl- 95% 

Dimethylpolysiloxane) Series Capillary Column (Length: 30 m, Inner Diameter: 0.25 

mm, Film Thickness: 0.25 mm), using Helium as the carrier gas at a flow rate of 1.5 mL 

min-1. The injector temperature was 300 °C. For analysis of products obtained with 

methyl oleate, methyl linoleate or 1-octadecene used as a substrate, 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. For analysis of products obtained with octenes used 
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as a substrate, 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. For analysis of 

products obtained with ethylene used as a substrate, 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. For analysis of the branched ester products formed in isomerizing 

methoxycarbonylation of methyl oleate (cf. Figure 9-41) a program was used in which 

the oven was kept isothermal at 220 °C for 2 min after injection, then heated with 2 K 

min-1 to 230 °C, kept isothermal at 230 °C for 5 min, then heated with 20 K min-1 to 280 

°C, and kept isothermal at 280 °C for 3 minutes. 

8.1.3 X-ray crystallography 

X-ray diffraction analysis was performed at 100 K on a STOE IPDS-II diffractometer 

equipped with a graphite-monochromated radiation source (l = 0.71073 Å) and an image 

plate detection system. Crystals were mounted on a fine glass fiber with silicon grease. 

The selection, integration and averaging procedure of the measured reflex intensities, the 

determination of the unit cell dimensions and a least-squares fit of the 2ɗ values as well 

as data reduction, LP-correction and space group determination were performed using the 

X-Area software package delivered with the diffractometer.188 Unless noted otherwise, a 

semi empirical absorption correction was performed. The structures were solved by 

Patterson or Direct methods (SHELXS-97),189 completed with difference Fourier 

syntheses, and refined with full-matrix least-square using SHELXL-97190 minimizing 

w(F0
2-Fc

2)2. Weighted R factor (wR2) and the goodness of fit GooF are based on F2. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. All 

hydrogen atoms were treated in a riding model. Graphical output (ORTEP plots) were 

created using ORTEP-3 V2.02 for Windows 7.191 

8.2 Synthesis and characterization of Palladium complexes 

8.2.1 Synthesis of [(P^P)Pd(OTf)2] ï general procedure 1129,192 

1 Equiv. of diphosphine was dissolved in THF (c ~ 0.1 mol L-1) and added to a deep 

red solution of 1 equiv. [Pd(dba)2] in THF (c ~ 0.1 mol L-1). The reaction mixture was 

stirred for two hours at room temperature. Insoluble parts (Palladium black) were filtered 

off and the solvent was removed in vacuum. The yellow to red residue thus obtained was 

suspended in pentane and washed three more times with pentane to remove remaining 

diphosphine and dba. After drying in vacuum yellow to orange solids were obtained, 
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which were used without further characterization. 1.1 Equiv. p-benzoquinone and Et2O 

(c ~ 0.05 mol L-1) were then added, resulting in a yellow to red suspension. After dropwise 

addition of 2.1 equiv. TfOH in Et2O (c ~ 0.5 mol L-1) the suspension became clear and 

after 5-10 minutes the desired complexes precipitated as yellow to orange solids. After 

stirring overnight at room temperature, the solid was filtered off, washed with Et2O until 

the Et2O phase was colorless and the solids were dried in vacuum. 

8.2.2 Synthesis of [(P^P)Pd(OTf)2] ï general procedure 2129 

1 Equiv. of diphosphine, dissolved in CH2Cl2 (c ~ 0.1 mol L-1) was added dropwise to 

a solution of 1 equiv. [(cod)PdCl2] in CH2Cl2 (c ~ 0.1 mol L-1) and stirred for 4 hours at 

room temperature. Insoluble parts were filtered off and the solvent was removed in 

vacuum. The residue was washed with Et2O and dried under reduced pressure. For further 

purification, the complex was dissolved in a minimum amount of methylene chloride, 

precipitated with pentane, filtered and washed with pentane to yield the desired 

[(P^P)PdCl2] complex. 1 Equiv. of the respective [(P^P)PdCl2] complex was dissolved in 

CH2Cl2 (c ~ 0.1 mol L-1) and 2 equiv. AgOTf were added as a solid and the reaction 

mixture was stirred for 20 minutes under the exclusion of light at room temperature. The 

white precipitate of AgCl was removed by filtration and the solvent was removed in 

vacuum. The crude product was washed with Et2O and dried in vacuum. For further 

purification, the complex was dissolved in a minimum amount of methylene chloride, 

precipitated with pentane, filtered and washed with pentane to yield the desired 

[(P^P)Pd(OTf)2] complex. 

8.2.3 Synthesis of [(P^P)PdMe(Cl)] ï general procedure129 

1 Equiv. of diphosphine, dissolved in CH2Cl2 (c ~ 0.2 mol L-1) was added dropwise to 

a solution of 1 equiv. [(cod)PdMe(Cl)] in CH2Cl2 (c ~ 0.2 mol L-1) and stirred for 30 

minutes at room temperature. The solvent was removed, and the resulting solid was 

washed with Et2O and pentane. For further purification, the complex was dissolved in a 

minimum amount of methylene chloride, precipitated with pentane, filtered and washed 

with pentane to yield the desired [(P^P)PdMe(Cl)] complex. 
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8.2.4 [(dtbpm)PdCl2] 

 

Following the general synthesis procedure 2, [(dtbpm)PdCl 2]193,194 was obtained as 

an off-white powder in 73 % yield. Crystals suitable for X-ray diffraction were grown 

from a CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): d 3.29 

(t, 2JPH = 9.1, 2H, H-3), 1.58 (d, 3JPH = 15.9, 36H, H-2). 31P{1H} NMR  (162 MHz, 

CD2Cl2, 298 K): d -15.9 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): d 38.9 (m, C-1), 

31.2 (s, C-2), 27.8 (t, C-3). Elemental analysis (%) for C17H38Cl2P2Pd: calculated: C 

42.38, H 7.95; found: C 42.26, H 7.99. 

8.2.5 [(dtbpm)Pd(OTf)2] 

 

Following the general synthesis procedure 1, [(dtbpm)Pd(OTf) 2] was obtained as an 

off-white powder in 72 % yield. 1H NMR  (400 MHz, CD2Cl2, 298 K): d 3.96 (t, 2JPH = 

10.2, 2H, H-3), 1.63 (d, 3JPH = 17.4, 36H, H-2). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 

K): d -13.5 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): d 121.5 (q, 1JCF = 321.1, 

CF3SO3
-), 41.0 (m, C-1), 31.4 (m, C-2), 27.3 (m, C-3). 19F{1H} NMR (376 MHz, CD2Cl2, 

298 K): d -78.8 (s). Elemental analysis (%) for C19H38F6O6P2PdS2: calculated: C 32.19, 

H 5.40; found: C 32.59, H 5.78. ESI-MS (m/z) for C19H38F6O6P2PdS2: [M - OTf]+ 

calculated: 559.1, found: 559.2; [M + OTf]- calculated: 857.0, found: 856.8. 

8.2.6 [(dtbpe)Pd(OTf)2] 

 

Following the general synthesis procedure 2, [(dtbpe)Pd(OTf)2] was obtained as an 

off-white powder in 70 % overall yield. Crystals suitable for X-ray diffraction were grown 

from an acetone solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): d 2.42 
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(m, 4H, H-3), 1.54 (d, 3JPH = 15.1, 36H, H-2). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): 

d 126.1 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): d 121.5 (q, 1JCF = 320.9, CF3SO3
-), 

41.3 (t, C-1), 30.7 (s, C-2), 25.7 (m, C-3). 19F{1H} NMR (376 MHz, CD2Cl2, 298 K): d -

78.7 (s). ESI-MS (m/z) for C20H40F6O6P2PdS2: [M - OTf]+ calculated: 573.1, found: 

573.3; [M + OTf]- calculated: 871.0, found: 870.8. 

8.2.7 [(dtbpp)Pd(OTf)2] 

 

Following the general synthesis procedure 1, [(dtbpp)Pd(OTf)2]144 was obtained as a 

yellow powder in 54 % yield. Crystals suitable for X-ray diffraction analysis were grown 

from a CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 2.38 

(m, 2H, H-4), 2.08 (m, 4H, H-3), 1.52 (d, 3JPH = 15.9 Hz, 36H, H-2). 13C{1H} NMR  (100 

MHz, CD2Cl2, 298 K): ŭ 120.66 (q, 1JCF = 319.6 Hz, CF3SO3
-), 42.02 (d, 1JCP = 20.0 Hz, 

C-1), 30.84 (d, 2JCP = 2.3 Hz, C-2), 24.45 (s br., C-4), 16.05 (d br., 1JCP = 23.9 Hz, C-3). 

31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): ŭ 79.39 (s). 19F{1H} NMR  (376 MHz, CD2Cl2, 

298 K): ŭ -77.75 (s). Elemental Analysis (%) for C21H42F6O6P2PdS2: calculated: C 34.22, 

H 5.74; found: C 33.83, H 5.92. 

8.2.8 [(dtbpb)Pd(OTf) 2] 

 

Following the general synthesis procedure 1, [(dtbpb)Pd(OTf) 2] was obtained as an 

orange powder in 81 % yield. Crystals suitable for X-ray diffraction were grown from a 

CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): d 2.41 (m, 4H, 

H-3), 2.10 (m, 4H, H-4), 1.57 (d, 3JPH = 15.4, 36H, H-2). 31P{1H} NMR  (162 MHz, 

CD2Cl2, 298 K): d 94.8 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): d 120.6 (q, 1JCF 

= 319.6, CF3SO3
-), 42.6 (m, C-1), 31.3 (s, C-2), 20.8 (s, C-4), 18.2 (m, C-3). 19F{1H} 

NMR (376 MHz, CD2Cl2, 298 K): d -77.5 (s). ESI-MS (m/z) for C22H44F6O6P2PdS2: [M 

- OTf]+ calculated: 601.2, found: 601.3; [M + OTf]- calculated: 899.1, found: 898.9. 
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8.2.9 [(dippp)Pd(OTf) 2] 

 

Following the general synthesis procedure 1, [(dippp)Pd(OTf) 2]144 was obtained as 

an orange powder in 70 % yield. Crystals suitable for X-ray diffraction were grown from 

a CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 2.79 (m br., 

4H, H-1), 2.13 (m br., 2H, H-4), 1.68 (m br., 4H, H-3), 1.50 (dd, 3JPH = 19.1, 3JHH = 7.2, 

12H, H-2), 1.33 (dd, 3JPH = 16.3, 3JHH = 7.0, 12H, H-2ô). 31P{1H} NMR  (162 MHz, 

CD2Cl2, 298 K): ŭ 55.1 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): ŭ 120.2 (q, 1JCF 

= 319.3, CF3SO3
-), 28.4 (d, 1JCP = 28.6, C-1), 21.7 (s br., C-4), 21.3 (s, C-2), 19.0 (d, 2JCP 

= 3.6, C-2ô), 14.6 (dd, JCP = 30.6, 7.2, C-3). 19F{1H} NMR  (376 MHz, CD2Cl2, 298 K): 

ŭ -77.5 (s). Elemental Analysis (%) for C17H34F6O6P2PdS2ĀC4H10O: calculated: C 33.40, 

H 5.87; found: C 33.48, H 5.65. 

8.2.10 [(depp)Pd(OTf)2] 

 

Following the general synthesis procedure 1, crude [(depp)Pd(OTf)2] was obtained, 

which was purified by dissolving in CH2Cl2 and precipitation by addition of Et2O to yield 

the desired product as a yellowish powder in 60 % yield. Crystals suitable for X-ray 

diffraction were grown from a CH2Cl2 solution layered with Et2O.
 
1H NMR  (400 MHz, 

CD2Cl2, 298 K): ŭ 2.36 (m br., 4H, H-1), 2.10 (m br., 6H, H-4 and H-1), 1.78 (m br., 4H, 

H-3), 1.34 (dt, 3JPH = 19.6, 3JHH = 7.6, 12H, H-2). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 

K): ŭ 35.2 (s). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): ŭ 120.4 (q, 1JCF = 318.9, 

CF3SO3
-), 19.6 - 18.6 (m, C-3, C-4 and C-1), 9.0 (s br., C-2). 19F{1H} NMR  (376 MHz, 

CD2Cl2, 298 K): ŭ -77.4 (s). Elemental Analysis (%) for C13H26F6O6P2PdS2: calculated: 

C 24.99, H 4.19; found: C 24.13, H 4.47. 
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8.2.11 [(cis-dtbpcy)Pd(OTf)2] 

 

Following the general synthesis procedure 1, [(cis-dtbpcy)Pd(OTf)2] was obtained as 

an orange powder in 85 % yield. Crystals suitable for X-ray diffraction were grown from 

a CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 2.21 (s br., 

2H, H-4), 1.98 (m br., 4H, H-3), 1.62 and 1.55 (d each, 3JPH = 15.6 each, 36H, H-2, H-

2ô), 1.72-1.40 (8H, H-5 and H-6). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): ŭ 95.9 (s, 

very br.). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): ŭ 120.7 (q, 1JCF = 319.8, CF3SO3
-), 

43.3 (d, 1JCP = 15.4, C-1), 42.5 (d, 1JCP = 17.8, C-1ô), 34.6 (s, C-4), 31.8 (d, 2JCP = 2.0, C-

2), 31.2 (d, 1JCP = 10.2, C-3), 31.0 (d, 2JCP = 1.9, C-2ô), 23.7 and 22.9 (s each, C-5 and C-

6). 19F{1H} NMR  (376 MHz, CD2Cl2, 298 K): ŭ -77.5 (s). Elemental Analysis (%) for 

C26H50F6O6P2PdS2: calculated: C 38.78, H 6.26; found: C 38.84, H 6.60. 

8.2.12 [(trans-dtbpcy)Pd(OTf)2] 

 

Following the general synthesis procedure 1, [(trans-dtbpcy)Pd(OTf)2] was obtained 

as an orange powder in 62 % yield. Crystals suitable for X-ray diffraction were grown 

from a CH2Cl2 solution layered with Et2O. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 2.27 

(m br., 4H, H-3), 1.89 (m br., 2H, H-4), 1.59 and 1.58 (d each, 3JPH = 15.3 and 15.9, 36H, 

H-2 and H-2ô), 1.84 and 1.38 (m br. each, 4H, H-5), 1.77 and 1.28 (m br. each, 4H, H-

5ô). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): ŭ 90.0 (s). 13C{1H} NMR  (100 MHz, 

CD2Cl2, 298 K): ŭ 44.0 and 42.7 (C-1 and C-1ô, detected by HMBC), 40.1 (C-4), 37.8 (C-

5), 33.2 (C-3, detected by HSQC), 31.3 and 31.0 (s br. each, C-2 and C-2ô), 25.9 (s, C-

5ô), CF3SO3
- is not detected. Elemental Analysis (%) for C26H50F6O6P2S2Pd: C 38.78, H 

6.26; found: C 38.38, H 6.07. Note that the assignment of the pairs H-5/C-5 and H-5ô/C-

5ô is tentative, as final and definite assignment was not possible. 
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8.2.13 [(meso/rac-oxoada)Pd(OTf)2] 

 

Following the general synthesis procedure 1, [(meso/rac-oxoada)Pd(OTf)2] was 

obtained as a 1/1 mixture of the two isomers as an orange powder in 90 % yield. Red 

crystals suitable for X-ray diffraction of [(rac-oxoada)Pd(OTf)2] were grown from a 

CH2Cl2 solution layered with Et2O. Yellow crystals suitable for X-ray diffraction of 

[(meso-oxoada)Pd(OTf)2] were grown from a acetone solution layered with Et2O. 1H 

NMR  (400 MHz, acetone-d6, 298 K): ŭ 2.96-1.89 (14 H, CH2), 1.88-1.65 (12 H, CH3), 

1.46-1.36 (12 H, CH3). 31P{1H} NMR  (162 MHz, acetone-d6, 298 K): ŭ 27.1 (s, [(rac-

oxoada)Pd(OTf)2]), 20.3 (s br., [(meso-oxoada)Pd(OTf)2]). 19F{1H} NMR  (376 MHz, 

acetone-d6, 298 K): ŭ -98.8 (s). Elemental Analysis (%) for C25H38F6O12P2PdS2: 

calculated: C 34.24, H 4.37; found: C 33.38, H 5.15. ESI-MS (m/z) for 

C25H38F6O12P2PdS2: [M ï 2 OTf]+ calculated: 578.1, found: 578.3; [M + OTf] - calculated: 

1025.0, found: 1024.7. 

8.2.14 [(dtbppb)Pd(OTf)] 

 

Following the general synthesis procedure 1 with DMF instead of THF as the solvent, 

[(dtbppb)Pd(OTf)]  was obtained as a yellow powder in 71 % yield. Crystals suitable for 

X-ray diffraction were grown from a benzene solution layered with Et2O. Note that the 

complex contains 2 equiv. of DMF from the synthesis, which is also evidenced by X-ray 

diffraction. 1H NMR  (400 MHz, C6D6, 298 K): ŭ 7.71 (s, 2H, DMF), 7.35 (d, 3JHH = 7.8, 

4H, H-5), 7.05 (vt, 3JHH = 7.8, 4H, H-6), 6.82 (t, 3JHH = 6.8, 2H, H-7), 2.38 (s, 6H, DMF), 

1.96 (s, 6H, DMF), 1.32 (d, 2JPH = 15.0, 4H, H-3), 1.11 (d, 3JPH = 14.1, 36H, H-2). 11B{1H} 

NMR  (128 MHz, C6D6, 298 K): ŭ -10.8 (s). 13C{1H} NMR  (100 MHz, C6D6, 298 K) ŭ 

162.6 (s, DMF), 131.1 (s, C-5), 127.9 (C-6), 123.8 (s, C-7), 40.8 (d, 1JCP = 20.6, C-1), 
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35.4 (s, DMF), 30.8 (s, DMF), 30.2 (s, C-2), 11.2 (m br., C-3), C-4 and CF3SO3
- are not 

detected. 19F{1H} NMR  (376 MHz, C6D6, 298 K): ŭ -76.9 (s). 31P{1H} NMR  (162 MHz, 

C6D6, 298 K): ŭ 129.2 (s). Elemental Analysis (%) for C38H64BF3N2O8P2PdS: calculated 

C 50.21, H 7.29, N 3.16; found: C 50.25, H 6.77, N 2.77. 

8.2.15 [(dtbpm)PdMe(Cl)] 

 

Following the general procedure, [(dtbpm)PdMe(Cl)] was obtained as a white solid 

in 92 % yield. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 3.03 (dd, 2JPH = 9.0, 5.3, 2H, H-

3), 1.45 (vt, 3JPH = 13.6, 36H, H-2, H-2ô), 0.54 (dd, 3JPH = 8.8, 1.4, 3H, H-4). 31P{1H}  

NMR  (162 MHz, CD2Cl2, 298 K): ŭ 24.5 (d, 2JPP = 29.5), -3.3 (d, 2JPP = 29.5). 13C{1H} 

NMR  (100 MHz, CD2Cl2, 298 K): ŭ 37.7 (dd, JPC = 11.4, 3.5, C-1), 35.8 (dd, JPC = 5.8, 

3.0, C-1ô), 31.4 (d, JPC = 4.4, C-2), 31.2 (d, JPC = 6.4, C-2ô), 27.9 (dd, JPC = 15.3, 4.4, C-

3), -0.6 (dd, 2JPCtrans = 115.2, 2JPCcis = 4.6, C-4). Elemental Analysis (%) for 

C18H41ClP2Pd: calculated: C 46.86, H 8.96; found: C 46.49, H 9.30. 

8.2.16 [(dtbpe)PdMe(Cl)] 

 

Following the general procedure, [(dtbpe)PdMe(Cl)] was obtained as a off-white 

solid in 86 % yield. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 2.03 (m, 2H, H-3), 1.67 (m, 

2H, H-3ô), 1.37 (d, 3JPH = 12.3, 18H, H-2ô), 1.35 (d, 3JPH = 13.4, 18H, H-2ô), 0.78 (dd, 

3JPH = 7.6, 2.0, 3H, H-4). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): ŭ 87.8 (d, 2JPP = 

14.9), 75.2 (d, 2JPP = 14.9). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): ŭ 38.1 (d, JPC = 

19.1, C-1), 36.0 (d, JPC = 6.5, C-1ô), 30.8 (d, 2JPC = 3.8, C-2), 30.6 (d, 2JPC = 5.0, C-2ô), 

27.6 (dd, JPC = 23.3, 20.8, C-3), 20.5 (dd, JPC = 13.2, 8.6, C-3ô), 3.2 (dd, 2JPCtrans = 103.7, 

2JPCcis = 3.4, C-4). 
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8.2.17 [(dtbpp)PdMe(Cl)] 

 

Following the general procedure, [(dtbpp)PdMe(Cl)]144 was obtained as a white solid 

in 82 % yield. 1H NMR  (400 MHz, CD2Cl2, 298 K): ŭ 1.95 (m br., 2H, H-4), 1.83 (m br., 

2H, H-3), 1.65 (m br., 2H, H-3ô), 1.38 (d, 3JPH = 12.4, 18H, H-2), 1.37 (d, 3JPH = 13.2, 

18H, H-2ô), 0.92 (dd, 3JPH = 7.0, 2.2, 3H, H-5). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 

K): ŭ 48.8 (d, 2JPP = 33.3), 19.5 (d, 2JPP = 33.3). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 

K): ŭ 38.4 (d, JPC = 19.1, C-1), 36.2 (d, JPC = 7.1, C-1ô), 31.8 (d, JPC = 3.6, C-2), 30.8 (d, 

JPC = 5.3, C-2ô), 23.0 (dd, JPC = 8.0, 1.8) and 22.8 (dd, JPC = 18.3, 10.9, C-3 and C-4), 

22.0 (dd, JPC = 8.2, 1.2, C-3ô), 5.3 (dd, 2JPCtrans = 93.9, 2JPCcis = 3.6, C-5). Elemental 

Analysis (%) for C20H45ClP2Pd: calculated: C 49.08, H 9.27; found: C 48.99, H 9.58. 

8.2.18 [(dtbpx)Pd(h3-C3H4)CH3]+ 

 

According to ref. 155, 100 mg of [{(h3-C3H4)CH3}Pd(m-Cl)]2 (0.26 mmol, 0.5 equiv.) 

were dissolved in 2 mL THF. 130 mg of AgOTf (0.52 mmol, 1.0 equiv.) dissolved in 3 

mL THF were added dropwise. A white precipitate formed immediately. The reaction 

mixture was stirred at room temperature under exclusion of light for 30 minutes and then 

filtered. 200 mg of dtbpx (0.52 mmol, 1.0 equiv.) dissolved in 3 mL THF were added 

dropwise and the reaction mixture was stirred for 2 hours. After removing the solvent in 

vacuum, the crude product was washed with pentane (3 x 3 mL) to give 297 mg of the 

pure product (94 %, 0.49 mmol). 1H NMR (400 MHz, CD2Cl2, 298 K): ŭ 7.44 (m, 2H, 

aromatic CH), 7.25 (m, 2H, aromatic CH), 6.52 (vsext, JPH = 6.6, 3JHH = 6.6, 1H, H-3syn), 

5.15 (ddd, 3JHH = 13.2, 7.5, 6.6, 1H, H-2), 4.59 (dd, JPH = 7.5, 3JHH = 7.5, 2JHH not 

resolved, 1H, H-1syn), 3.84 - 3.54 (m, 4H, benzylic CH2), 3.34 (dd, JPH = 9.7, 3JHH = 13.2, 

2JHH not resolved, 1H, H-1anti), 1.69 - 1.02 (m, 39H, tBu-H and H-4). 31P{1H} NMR (162 

MHz, CD2Cl2, 298 K): ŭ 50.3 (d, 2JPP = 39.9), 44.4 - 41.8 (s br.). 13C{1H} NMR (100 

MHz, CD2Cl2, 298 K): ŭ 135.4 (s, aromatic C), 133.9 (s, aromatic CH), 128.2 (s, aromatic 
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CH), 112.1 (s br., C-2), 94.5 (d, JCP = 23.8, C-3), 59.0 (d, JCP = 32.4, C-1), 39.6 - 38.1 

(m, tBu-C(CH3)3), 31.5 - 30.2 (m, tBu-C(CH3)3), 29.6 - 28.5 (m, benzylic CH2), 16.9 (d, 

JCP = 4.6, C-4anti), CF3SO3
- is not detected. 1H NMR (400 MHz, MeOD, 298 K): ŭ 7.53 

(m, 2H, aromatic CH), 7.23 (m, 2H, aromatic CH), 6.62 (m, 1H, H-3syn), 5.29 (m, 1H, H-

2), 4.64 (m, 1H, H-1syn), 3.97 - 3.69 (m, 4H, benzylic CH2), 3.45 (m, 1H, H-1anti), 1.64 - 

1.12 (m, 39H, tBu-H and H-4). Elemental Analysis (%) for C19H51F3O3P2PdS: 

calculated: C 49.40, H 7.29; found: C 49.68, H 7.34.  

The assignments of the syn- and anti-protons of the allylic fragment are based on the 

respective coupling constants and coupling patterns in methylene chloride solution. For 

coupling constants of allylic syn- and anti-protons in Pd-allyl complexes in 1H NMR see 

also references 195, 196, 197. 

8.2.19 [(dtbpp)PdH(pyridine)] + 

 

50.0 mg of [(dtbpp)Pd(OTf) 2] (0.068 mmol, 1.0 equiv.) were dissolved in 5 mL of 

methanol and stirred for 15 minutes at room temperature. 1 mL of pyridine were added 

and the resulting solution was stirred for another 15 minutes. Volatiles were then removed 

under reduced pressure, and the resulting grayish solid was washed several times with 

Et2O. Yield: 54.9 mg [(dtbpp)PdH(pyr)]+(OTf)- including 1 equiv. pyridinium triflate 

(0.061 mmol, 90 %). 1H NMR  (400 MHz, CD2Cl2, 193 K): ŭ 14.20 (s br., 1H, H-9), 8.79 

(d, 3JHH = 5.6 Hz, 2H, H-6), 8.64 (d, 3JHH = 4.7 Hz, 2H, H-6ô), 8.57 (t, 3JHH = 7.9 Hz, 1H, 

H-8), 8.04 (vt, 3JHH = 6.6 Hz, 2H, H-7), 7.89 (t, 3JHH = 7.7 Hz, 1H, H-8ô), 7.53 (vt, 3JHH 

= 6.4 Hz, 2H, H-7ô), 2.10 (m, 2H, H-4), 1.75 (m, 2H, H-3), 1.66 (m, 2H, H-3ô), 1.22 (d, 

3JPH = 14.8 Hz, 18H, H-2), 1.12 (d, 3JPH = 12.9 Hz, 18H, H-2ô), -9.07 (dd, 2JPHtrans = 190.6, 

2JPHcis = 17.7 Hz, 1H, H-5). 13C{1H} NMR  (100 MHz, CD2Cl2, 193 K): ŭ 152.09 (s, C-

6ô), 146.78 (s br., C-8), 141.60 (s br., C-6), 138.85 (s, C-8ô), 127.55 (s br., C-7), 125.76 

(s, C-7ô), 120.28 (q, 1JCF = 320.1 Hz, CF3SO3
-), 35.84 (d, 1JCP = 28.9 Hz, C-1), 35.32 (d, 

1JCP = 11.1 Hz, C-1ô), 29.52 (d, 2JCP = 5.3 Hz, C-2ô), 29.21 (d, 2JCP = 2.9 Hz, C-2), 22.61 

(d, 2JCP = 5.0 Hz, C-4), 19.00 (dd, 1JCP = 14.8 Hz, 3JCP = 3.2 Hz, C-3ô), 18.21 (dd, 1JCP = 

17.2, 3JCP = 7.8 Hz, C-3). 31P{1H} NMR  (162 MHz, CD2Cl2, 193 K): ŭ 65.32 (d, 2JPP = 

26.0 Hz), 19.68 (d, 2JPP = 26.0 Hz). 19F{1H} NMR  (376 MHz, CD2Cl2, 193 K): ŭ -79.67 
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(s). Elemental Analysis (%) for C31H54F6N2O6P2PdS2: calculated: C 41.50, H 6.07, N 

3.12; found: C 41.06, H 6.16, N 3.13. 

8.3 Carbonylation procedures 

8.3.1 Carbonylation procedure 1 

Carbonylations were carried out in a 20 mL stainless steel pressure reactor with a glass 

inlay. Mixing was provided by a magnetic stirring bar, and the reactor was heated by 

means of a surrounding aluminum block. Prior to a carbonylation experiment the reactor 

was purged several times with argon. The catalyst precursor was weighed into a Schlenk 

tube equipped with a magnetic stirring bar in a glovebox. The Schlenk tube was removed 

from the glovebox and all other reactants (olefinic substrate and alcohol) were added 

using standard Schlenk techniques. Vigorous stirring afforded a homogenous reaction 

mixture, which was cannula-transferred into the reactor in an argon counter stream. The 

reactor was closed, pressurized with carbon monoxide and then heated to the desired 

reaction temperature. After the desired reaction time, the reactor was cooled to room 

temperature and vented. The reaction mixture was diluted with methylene chloride and 

filtered to remove Pd-black. Conversion and selectivity were determined by GC analysis. 

8.3.2 Carbonylation procedure 2 

Carbonylations in which the progress of the reaction was monitored over time 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. Prior to a carbonylation experiment, the reactor was purged 

several times with argon. The catalyst precursor was dissolved in 2 mL of the desired 

alcohol and transferred into a syringe. All other reagents (olefinic substrate and alcohol) 

were mixed in a Schlenk tube, stirred and cannula-transferred into the reactor in an argon 

counter stream. The reactor was closed and pressurized with 2 bar carbon monoxide. The 

catalyst solution was then injected into the reactor through a custom made rubber septum 

via a long needle attached to the syringe. The reactor was closed, pressurized with carbon 

monoxide and heated to the desired reaction temperature. To reach the desired reaction 

temperature as fast as possible (within 2 minutes) the thermostat was preheated to the 

desired reaction temperature + 4 °C and connected to the heating/cooling jacket of the 

reactor after pressurization. Samples for GC analysis were drawn via a needle valve at 

the bottom of the reactor periodically. After the desired reaction time, the reactor was 
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cooled to room temperature and vented. The reaction mixture was diluted with methylene 

chloride and filtered to remove Pd-black. Conversion and selectivity were determined by 

GC analysis. 

8.3.3 Carbonylation of ethylene 

The reaction was 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. Prior to a methoxycarbonylation 

experiment the reactor was purged several times with argon. The catalyst precursor was 

weighed into a Schlenk tube equipped with a magnetic stirring bar in a glovebox. The 

Schlenk tube was removed from the glovebox and 180 mL methanol and methyl 

hexanoate (220 µL, 1.5 mmol) as an internal standard were added. The catalyst / internal 

standard solution was cannula-transferred into the reactor in an argon counter stream. The 

reactor was closed, pressurized with 2-10 bar ethylene and ósaturatedô for 5-10 minutes. 

The preheated thermostat (94 °C) was then connected and the reactor was pressurized 

with additional 20 bar CO after the reaction mixture reached 90 °C. Ethylene conversion 

was calculated from the total amount of methyl propionate formed after reaction times of 

ca. 15 minutes (note that already after 2-3 minutes the amount of methyl propionate did 

not change any more). 29.5 mmol ethylene loading were obtained when an ethylene 

pressure of 5 bar was applied and the methanol solution was ósaturatedô for 5 minutes. 

8.4 NMR scale experiments 

8.4.1 General procedure for NMR scale experiments 

NMR tubes were charged with solid reagents and the appropriate solvent or solvent 

mixture in a glove box. All tubes were sealed with rubber septa. Liquid reactants were 

added with µL Hamilton syringes and tubes were thoroughly shaken after each addition. 

To adjust low temperatures, isopropanol / dry ice or isopropanol / liquid nitrogen cooling 

baths were used and temperatures were checked prior to each step. Carbon monoxide was 

added at low temperatures, since solubility of carbon monoxide is increased at lower 

temperatures. Using a three-way stopcock, a compressed gas cylinder equipped with a 

pressure relief valve was connected to a vacuum line and a small Schlenk flask sealed 

with a rubber septum. The system was evacuated, and back-filled with 1 atmosphere 

(ambient pressure) of 12/13CO. Gas was transferred into the NMR tubes with 1 mL gastight 

syringes, and tubes were briefly shaken after addition. For calculating the appropriate 
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volume, ideal gas conditions were assumed. For NMR experiments in which pressures of 

up to 6 bar CO were applied, a 5 mm Medium Wall Precision Pressure/Vacuum Valve 

NMR Sample Tube from Wilmad-LabGlass was used. By a custom made three-way 

pipeline system the tube was connected to the vacuum line and to the compressed gas 

cylinder equipped with a pressure relief valve. The NMR tube was evacuated at low 

temperature (-80 °C) prior to pressurization with CO. 

8.4.2 Reaction of [(dtbpx)PdD(MeOD)] with double unsaturated compounds 

In a typical experiment 20 ï 30 mg of [(dtbpx)Pd(OTf) 2] were dissolved in 0.6 mL of 

methanol-d4 in an NMR tube. Rapid formation of the deuteride species 

[(dtbpx)PdD(MeOD)]+ was evidenced by 31P NMR spectroscopy. After addition of 

(sub)-stoichiometric amounts (0.7 ï 1.0 equiv.) of the desired double unsaturated 

compound, the tube was shaken carefully, and NMR spectra were acquired. To generate 

the respective linear / terminal Pd-allyl species, the NMR tube was heated for 1.5 hours 

to 55 °C. During this time the formation of Pd-black and deuterated diphosphine (dtbpx-

D2)
2+(OTf)2

2- was observed. The sample was filtered to remove Pd-black, and further 

spectra were acquired. 

8.4.3 Generation of [(P^P)Pd(COMe)Cl]  

10 ï 15 mg of [(P^P)PdMe(Cl)] were dissolved in 0.6 mL of the desired solvent in an 

NMR tube. 1 ï 3 Equiv. of CO were then added via syringe and the NMR tube was 

thoroughly shaken. Formation of the desired [(P^P)Pd(COMe)Cl]  species was 

confirmed by NMR spectroscopy. Note that formation of the cationic Pd(II) species 

[(P^P)Pd(COMe)CO]+(Cl)- was not observed, even when CO was used in excess (> 1 

equiv.), and free CO was detected via 13C NMR spectroscopy. 

8.4.4 Methanolysis of [(P^P)Pd(COMe)Cl]  

The desired Pd-acyl complexes [(P^P)Pd(COMe)Cl]  were generated in-situ in 

methanol-d4 as described above using 2 equiv. of CO. The NMR tube was shaken 

thoroughly and introduced into the NMR spectrometer. The methanolysis was then 

monitored by 1H NMR spectroscopy. Note that in case of [(dtbpp)Pd(COMe)Cl ] the 

methanolysis was already finished before recording the first NMR spectrum. 
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8.4.5 Alcoholysis of [(dtbpx)Pd(COMe)Cl] 

[(dtbpx)Pd(COMe)Cl]  was generated in-situ in an NMR tube in methylene chloride 

as described above and in ref. 129 using 2 equiv. of CO. 10 Equiv. of the desired alcohol 

(methanol, ethanol, n-propanol or iso-propanol) were then added and the alcoholysis 

reaction was monitored by 1H NMR spectroscopy. Note that when methanol was used as 

the alcohol, the alcoholysis reaction was already completed before recording the first 

NMR spectrum. 

8.4.6 Generation of [(dtbpp)PdH(CH 3OH)]+ 

 

[(dtbpp)PdH(CH 3OH)]+ was formed quantitatively at room temperature by addition 

of methanol (0.2 mL) to a solution of [(dtbpp)Pd(OTf )2] in CD2Cl2 (0.3 mL).144 NMR 

Data is referenced to methanol. 1H NMR  (400 MHz, CD2Cl2 / MeOH = 3 / 2 (by volume), 

298 K): ŭ 2.07 (m, 2H, H-4), 1.80 (m, 2H, H-3), 1.67 (m, 2H, H-3ô), 1.29 (d, 3JPH = 7.5 

Hz, 18H, H-2), 1.26 (d, 3JPH = 5.4 Hz, 18H, H-2ô), -9.83 (dd, 2JPHtrans = 192.2, 2JPHcis = 

20.8 Hz, 1H, H-5). 31P{1H} NMR  (162 MHz, CD2Cl2 / MeOH = 3 / 2, 298 K): ŭ 74.79 

(d, 2JPP = 22.9 Hz, Pa), 23.85 (d, 2JPP = 22.9 Hz, Pb). 19F{1H} NMR  (376 MHz, CD2Cl2 / 

MeOH = 3 / 2, 298 K): ŭ -79.88 (s). NMR Data at -80 °C are as follows: 1H NMR  (400 

MHz, CD2Cl2 / MeOH = 3 / 2 (by volume), 193 K): ŭ 2.04 (m, 2H, H-4), 1.74 (m, 2H, H-

3), 1.61 (m, 2H, H-3ô), 1.25 (d, 3JPH = 7.1 Hz, 18H, H-2), 1.21 (d, 3JPH = 4.5 Hz, 18H, H-

2ô), -9.52 (dd, 2JPHtrans = 195.7, 2JPHcis = 18.9 Hz, 1H, H-5). 31P{1H} NMR  (162 MHz, 

CD2Cl2 / MeOH = 3 / 2, 193 K): ŭ 73.19 (d, 2JPP = 23.2 Hz, Pa), 20.79 (d, 2JPP = 23.2 Hz, 

Pb). 19F{1H} NMR  (376 MHz, CD2Cl2 / MeOH = 3 / 2, 193 K): ŭ -79.88 (s). 

8.4.7 Generation of [(dtbpp)PdD(CD3OD)]+ 

 

[(dtbpp)PdD(CD3OD)]+ was formed quantitatively at room temperature by 

dissolving [(dtbpp)Pd(OTf )2] in methanol-d4.
144 1H NMR  (400 MHz, methanol-d4, 298 

K): ŭ 2.13 (m, 2H, H-4), 1.96 (m, 2H, H-3), 1.82 (m, 2H, H-3ô), 1.36 (d, 3JPH = 6.7 Hz, 
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18H, H-2), 1.33 (d, 3JPH = 4.6 Hz, 18H, H-2ô). 31P{1H} NMR  (162 MHz, methanol-d4, 

298 K): ŭ 75.57 (dt, 2JPP = 23.2 Hz, 2JPDcis = 2.8 Hz, Pa), 23.86 (d, 2JPP = 23.2 Hz, 2JPDtrans 

= 29.0 Hz, Pb). 19F{1H} NMR  (376 MHz, methanol-d4, 298 K): ŭ -80.54 (s). 

8.4.8 Generation of [(dtbpp)PdH(13CO)]+ 

 

[(dtbpp)PdH( 13CO)]+ was formed quantitatively at -80 °C by addition of 13CO to a 

solution of [(dtbpp)PdH(CH 3OH)]+ in CD2Cl2 (0.3 mL) / MeOH (0.2 mL).144 

[(dtbpp)PdH( 13CO)]+ is only stable at low temperatures. NMR Data is referenced to 

methanol. 1H NMR  (400 MHz, CD2Cl2 / MeOH = 3 / 2, 193 K): ŭ 1.87 (m, 2H, H-4), 

1.47 (m, 2H, H-3), 1.43 (m, 2H, H-3ô), 1.26 (d, 3JPH = 3.3 Hz, 18H, H-2), 1.22 (d, 3JPH = 

4.6 Hz, 18H, H-2ô), -5.51 (dd, 2JPHtrans = 169.5, 2JPHcis = 20.8 Hz, 1H, H-5). 31P{1H} NMR  

(162 MHz, CD2Cl2 / MeOH = 3 / 2, 193 K): ŭ 59.60 (dd, 2JPCtrans = 100.5 Hz, 2JPP = 27.6 

Hz, Pa), 31.12 (dd, 2JPP = 27.6 Hz, 2JPCcis = 12.1, Pb). 13C{1H} NMR  (100 MHz, CD2Cl2 / 

MeOH = 3 / 2, 193 K): ŭ 183.47 (dd, 2JPCtrans = 100.5 Hz, 2JPCcis = 12.1 Hz, C-6). 19F{1H} 

NMR  (376 MHz, CD2Cl2 / MeOH = 3 / 2, 193 K): ŭ -80.30 (s). 

8.4.9 Generation of [(dtbpp)Pd(ɛ-H)(µ-13CO)Pd(dtbpp)]+ 

 

[(dtbpp)Pd(ɛ-H)(µ-13CO)Pd(dtbpp)]+ was formed quantitatively by heating a 

solution of [(dtbpp)PdH(CO)] + to 25 °C.144 NMR Data is referenced to methanol. Key 

resonances: 1H NMR  (400 MHz, CD2Cl2 / MeOH = 3 / 2, 298 K): ŭ -7.79 (quint, 2JPH = 

42.8 Hz, ɛ-H). 31P{1H} NMR  (162 MHz, CD2Cl2 / MeOH = 3 / 2, 298 K): ŭ 38.64 (d, 2JPC 

= 30.6 Hz). 13C{1H} NMR  (100 MHz, CD2Cl2 / MeOH = 3 / 2, 298 K): ŭ 230.00 (quint, 

2JPC = 30.6 Hz, ɛ-CO). 
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8.4.10 Generation of [(dtbpx)PdH(CH3OH)]+ 

 

[(dtbpx)PdH(CH3OH)]+ was formed quantitatively at room temperature by addition 

of methanol (0.5 mL) to a solution of [(dtbpx)Pd(OTf )2] in CD2Cl2 (0.5 mL).129 NMR 

data is referenced to CD2Cl2. Key resonances: 1H NMR  (400 MHz, CD2Cl2 / MeOH = 1 

/ 1, 298 K): ŭ -10.85 (dd, 2JPHtrans = 182.6, 2JPHcis = 21.7 Hz, Pd-H). 31P{1H} NMR  (162 

MHz, CD2Cl2 / MeOH = 1 / 1, 298 K): ŭ 74.6 (d, 2JPP = 17.1 Hz, Pa), 21.1 (d, 2JPP = 17.1 

Hz, Pb). 

8.4.11 Generation of [(dtbpx)PdD(CD3OD)]+ 

 

[(dtbpx)PdD(CD3OD)]+ was formed quantitatively at room temperature by dissolving 

[(dtbpx)Pd(OTf )2] in methanol-d4. Key resonances: 31P{1H} NMR  (162 MHz, 

methanol-d4, 298 K): ŭ 76.0 (dt, 2JPP = 17.3 Hz, 2JPDcis = 3.1 Hz, Pa), 23.9 (dt, 2JPP = 17.3 

Hz, 2JPDtrans = 27.7 Hz, Pb). 

8.4.12 Generation of [(dtbpx)PdH(EtOH)]+ 

 

[(dtbpx)PdH(EtOH)]+ was formed quantitatively at room temperature by addition of 

ethanol (0.75 mL) to a solution of [(dtbpx)Pd(OTf )2] in CD2Cl2 (0.5 mL). NMR data is 

referenced to CD2Cl2. Key resonances: 1H NMR  (400 MHz, CD2Cl2 / EtOH = 1 / 1.5, 

298 K): ŭ -10.97 (dd, 2JPHtrans = 181.9, 2JPHcis = 23.0 Hz, Pd-H). 31P{1H} NMR  (162 MHz, 

CD2Cl2 / EtOH = 1 / 1.5, 298 K): ŭ 72.9 (d, 2JPP = 17.4 Hz, Pa), 21.2 (d, 2JPP = 17.4 Hz, 

Pb). 
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8.4.13 Generation of [(dtbpx)PdH(n-PrOH)]+ 

 

[(dtbpx)PdH(n-PrOH)]+ was formed quantitatively at room temperature by addition 

of n-propanol (1.0 mL) to a solution of [(dtbpx)Pd(OTf )2] in CD2Cl2 (0.5 mL).129 NMR 

data is referenced to CD2Cl2. Key resonances: 1H NMR  (400 MHz, CD2Cl2 / n-PrOH = 

1 / 2, 298 K): ŭ -10.93 (dd, 2JPHtrans = 181.8, 2JPHcis = 23.5 Hz, Pd-H). 31P{1H} NMR  (162 

MHz, CD2Cl2 / n-PrOH = 1 / 2, 298 K): ŭ 73.0 (d, 2JPP = 17.4 Hz, Pa), 21.4 (d, 2JPP = 17.4 

Hz, Pb). 

8.4.14 Generation of [(dtbpx)PdH(i-PrOH)]+ 

 

[(dtbpx)PdH(i-PrOH)]+ was formed quantitatively at room temperature by addition 

of iso-propanol (1.0 mL) to a solution of [(dtbpx)Pd(OTf )2] in CD2Cl2 (0.5 mL). NMR 

data is referenced to CD2Cl2. Key resonances: 1H NMR  (400 MHz, CD2Cl2 / iso-PrOH = 

1 / 2, 298 K): ŭ -11.08 (dd, 2JPHtrans = 179.7, 2JPHcis = 26.2 Hz, Pd-H). 31P{1H} NMR  (162 

MHz, CD2Cl2 / iso-PrOH = 1 / 2, 298 K): ŭ 70.5 (d, 2JPP = 17.8 Hz, Pa), 21.3 (d, 2JPP = 

17.8 Hz, Pb). 

8.4.15 Generation of [(dtbpe)Pd(µ-H/D)(µ-12/13CO)Pd(dtbpe)]+ 

10 mg of [(dtbpe)Pd(OTf)2] were dissolved in a mixture of 0.5 mL MeOH and 0.1 

mL C6D6 or in 0.6 mL methanol-d4 in a NMR tube. Ca. 6 equiv. 13CO were added. After 

heating to 90 °C for 3 h formation of [(dtbpe)Pd(µ-H)(µ-13CO)Pd(dtbpe)]+ or 

[(dtbpe)Pd(µ-D)(µ-13CO)Pd(dtbpe)]+, respectively, was observed. Using 12CO instead 

of 13CO under otherwise identical conditions results in the formation of [(dtbpe)Pd(µ-

H)(µ-CO)Pd(dtbpe)]+ and [(dtbpe)Pd(µ-D)(µ-CO)Pd(dtbpe)]+, respectively. 1H NMR 

resonances are identical to the respective 13CO labeled species, in 31P NMR spectroscopy 

no JPC couplings are observed. [(dtbpe)Pd(µ-H)(µ-13CO)Pd(dtbpe)]+: 1H NMR  (400 

MHz, CH3OH / C6D6 (0.5 mL / 0.1 mL)), referenced to residual C6D5H, 298 K): ŭ 1.84 

(dd, JPH = 6.3, 1.9 Hz, 8H, CH2), 1.10 (m br., 72H, tBu-H), -5.70 (quint, 2JPH = 43.1 Hz, 
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1H, µ-H). 31P{1H} NMR  (162 MHz, CH3OH / C6D6 (0.5 mL / 0.1 mL), 298 K): ŭ 75.77 

(d, 2JPC = 32.5 Hz). 13C{1H} NMR  (100 MHz, CH3OH / C6D6 (0.5 mL / 0.1 mL), 

referenced to C6D6, 298 K): ŭ 247.64 (quint, 2JPC = 32.5 Hz, µ-13CO), 184.64 (s br., non-

coordinated 13CO), 35.56 (s br., tBu-C(CH3)3), 30.19 (s br., tBu-C(CH3)3), 23.49 (s br., 

CH2). [(dtbpe)Pd(µ-D)(µ-13CO)Pd(dtbpe)]+: 1H NMR  (400 MHz, CD3OD, 298 K) ŭ 

2.18 (dd, JPH = 6.4, 2.0 Hz, 8H, CH2), 1.34 (m br., 72H, tBu-H). 31P{1H} NMR  (162 MHz, 

CD3OD, 298 K): ŭ 75.08 (dt, 2JPC = 32.7 Hz, 2JPD = 6.5 Hz). 13C{1H} NMR  (100 MHz, 

CD3OD, 298 K): ŭ 248.33 (quint, 2JPC = 32.7 Hz, µ-13CO), 185.43 (s br., non coordinated 

13CO), 36.44 (s br., tBu-C(CH3)3), 30.93 (s br., tBu-C(CH3)3), 24.35 (s br., CH2). 

[(dtbpe)Pd(µ-H)(µ-CO)Pd(dtbpe)]+: 1H NMR  (400 MHz, CH3OH / C6D6 (0.5 mL / 0.1 

mL)), referenced to residual C6D5H, 298 K): ŭ 1.84 (dd, JPH = 6.3, 1.9 Hz, 8H, CH2), 1.10 

(m br., 72H, tBu-H), -5.70 (quint, 2JPH = 43.1 Hz, 1H, µ-H). 31P{1H} NMR  (162 MHz, 

CH3OH / C6D6 (0.5 mL / 0.1 mL), 298 K): ŭ 75.77 (s). [(dtbpe)Pd(µ-D)(µ-

CO)Pd(dtbpe)]+: 1H NMR  (400 MHz, CD3OD, 298 K) ŭ 2.18 (dd, JPH = 6.4, 2.0 Hz, 8H, 

CH2), 1.34 (m br., 72H, tBu-H). 31P{1H} NMR  (162 MHz, CD3OD, 298 K): ŭ 75.08 (t, 

2JPD = 6.5 Hz). 

8.4.16 Generation of [(dtbpm)Pd(COMe)Cl]  

 

Following the general procedure (section 8.4.3), [(dtbpm)Pd(COMe)Cl]  was 

generated in methylene chloride within 5 minutes. 1H NMR  (400 MHz, CD2Cl2, 298 K): 

ŭ 2.81 (m br., 2H, H-3), 2.47 (d, 2JCH = 4.6, 3H, H-5), 1.46 and 1.43 (s br. each, 36H, H-

2 and H-2ô). 31P{1H} NMR  (162 MHz, CD2Cl2, 298 K): ŭ 30.0 (dd, 2JPP = 27.5, 2JPCcis = 

22.8, Pa), 7.4 (dd, 2JPCtrans = 131.4, 2JPP = 27.5, Pb). 13C{1H} NMR  (100 MHz, CD2Cl2, 

298 K): ŭ 236.7 (dd, 2JPCtrans = 131.4, 2JPCcis = 22.8, C-4), 40.4 (detected by HSQC, C-5), 

37.1 and 35.6 (m each, C-1 and C-1ô), 31.3 (d, JPC = 7.0, C-2), 31.0 (d, JPC = 4.6 Hz, C-

2ô), 25.3 (d, JPC = 15.4 Hz, C-3). When 13CO was used in excess, free non-coordinated 

13CO was observed at ŭ 185.4 (s). 
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8.4.17 Generation of [(dtbpe)Pd(COMe)Cl]  

 

Following the general procedure (section 8.4.3), [(dtbpe)Pd(COMe)Cl] was 

generated in methylene chloride within 5 minutes.
 
1H NMR  (400 MHz, CD2Cl2, 298 K): 

ŭ 2.56 (d, 2JCH = 5.3, 3H, H-5), 1.99 (m, 2H, H-3), 1.64 (m, 2H, H-3ô), 1.38 (d, 3JPH = 

12.4, 18H, H-2), 1.33 (d, 3JPH = 13.7, 18H, H-2ô). 31P{1H} NMR (162 MHz, CD2Cl2, 298 

K): ŭ 74.4 (dd, 2JPP = 32.8, 2JPCcis = 12.1, Pa), 66.3 (dd, 2JPCtrans = 125.6, 2JPP = 32.8, Pb). 

13C{1H} NMR (100 MHz, CD2Cl2, 298 K): ŭ 243.3 (dd, 2JPCtrans = 125.6, 2JPCcis = 12.1, 

C-4), 40.8 (ddd, J = 37.9, 21.3, 16.1, C-5), 37.0 (d, JPC = 16.4, C-1), 35.5 (dd, JPC = 4.0, 

1.3, C-1ô), 30.5 (2 x d, C-2, C-2ô), 26.6 (vt, JPC = 22.7, C-3), 19.76 (dd, JPC = 11.6, 7.8, 

C-3ô). When 13CO was used in excess, free non-coordinated 13CO was observed at ŭ 184.8 

(s). 

8.4.18 Generation of [(dtbpp)Pd(COMe)Cl]  

 

Following the general procedure (section 8.4.3), [(dtbpp)Pd(COMe)Cl]  was 

generated in methylene chloride within 5 minutes. 1H NMR  (400 MHz, CD2Cl2, 298 K): 

ŭ 2.66 (d, 2JCH = 5.4, 3H, H-6), 1.95 (m br., 2H, H-4), 1.76 (m br., 2H, H-3), 1.61 (m br., 

2H, H-3ô), 1.40 (d, 3JPH = 12.2, 18H, H-2), 1.35 (d, 3JPH = 13.4, 18H, H-2ô). 31P{1H} 

NMR  (162 MHz, CD2Cl2, 298 K): ŭ 39.6 (dd, 2JPP = 54.1, 2JPCcis = 13.8, Pa), 16.7 (dd, 

2JPCtrans = 111.2, 2JPP = 54.1, Pb). 13C{1H} NMR  (100 MHz, CD2Cl2, 298 K): ŭ 235.3 (dd, 

2JPCtrans = 111.2, 2JPCcis = 13.8, C-5), 40.0 (detected by HSQC, C-6), 36.91 and 35.72 (m 

each, C-1 and C-1ô), 30.9 and 30.7 (m each, C-2 and C-2ô), 22.86 (m, C-4), 22.62 and 

21.71 (m each, C-3 and C-3ô). When 13CO was used in excess, free non-coordinated 13CO 

was observed at ŭ 185.10 (s). 
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8.4.19 Reaction of [(dtbpx)PdD(MeOD)] with methyl linoleate 

 

Following the general procedure (section 8.4.2), the disubstituted / internal Pd-allyl 

species [(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}]+ (n + m = 13) was 

generated from [(dtbpx)PdD(CD3OD)]+ and methyl linoleate within 5 minutes at room 

temperature. 1H NMR (400 MHz, methanol-d4, 298 K): ŭ 7.51 (m, aromatic CH), 7.22 

(m, aromatic CH), 6.27 ï 6.07 (s br., 1H, H-2syn), 5.15 (m, 1H, H-1), 4.69 (s br., 1H, H-

2ôanti), 3.96 ï 3.70 (m, benzylic CH2), 3.64 (s, 3H, -O-CH3), 2.52 ï 2.36 (s br., 1H, H-3a), 

2.31 (m, 2H, CH2 next to carbonyl), 2.06 ï 1.92 (s br., 1H, H-3b), 1.69 (m, 1H, H-3ôa), 

1.65 ï 1.01 (m, tBu-H, H-3ôb and remaining CH2 groups of methyl linoleate), 0.89 (m, 

3H, terminal -CH3). 31P{1H} NMR (162 MHz, methanol-d4, 298 K): ŭ 51.7 ï 47.7 (s br.), 

46.6 (s br.). Note that the assignment of the signals 2/3 and 2ô/3ô may be inverted. 

 

Following the general procedure (section 8.4.2), the linear / terminal Pd-allyl species 

[(dtbpx)Pd(h3-C3H4){(CH 2)14COOCH3}]+ was generated from the 

disubstituted / internal Pd-allyl species [(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3} 

{(CH 2)nCH3}]+ (n + m = 13) by heating the sample to 55 °C for 1.5 h. 1H NMR (400 

MHz, methanol-d4, 303 K): ŭ 7.51 (m, aromatic CH), 7.23 (m, aromatic CH), 6.51 (m, 

1H, H-3syn), 5.25 (m, 1H, H-2), 4.63 (vt, J = 6.7, 1H, H-1syn), 4.02 ï 3.67 (m, benzylic 

CH2), 3.40 (m, 1H, H-1anti), 3.35 (s, 3H, -O-CH3), 2.31 (t, 3JHH = 7.2 Hz, 2H, CH2 next to 

carbonyl), 1.86 ï 1.72 (s br., 1H, H-4a), 1.70 ï 1.03 (m, tBu-H, H-4b and remaining CH2 

groups of methyl linoleate). 31P{1H} NMR (162 MHz, methanol-d4, 303 K): ŭ 49.5 (d, 

2JPP = 40.6 Hz), 45.6 ï 40.2 (s br.). 13C{1H} NMR (100 MHz, methanol-d4, 303 K): ŭ 

175.9 (s, carbonyl), 136.8 (s, aromatic C), 134.6 (s, aromatic CH), 128.3 (s, aromatic CH), 

112.1 (s br., C-2), 100.6 (d, JCP = 23.8 Hz, C-3), 59.7 (d, JCP = 30.8 Hz, C-1), 49.9 (s, -O-

CH3), 39.2 (m, tBu-C(CH3)3), 31.7 ï 28.4 (m, tBu-C(CH3)3, benzylic CH2 and remaining 

CH2 groups of methyl linoleate). 
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The assignments of the syn- and anti-protons of the allylic fragments of 

[(dtbpx)Pd(h3-C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}]+ (n + m = 13) and 

[(dtbpx)Pd(h3-C3H4){(CH 2)14COOCH3}]+ are mainly derived from comparing the 

respective 1H NMR chemical shifts with chemical shifts of [(dtbpx)Pd(h3-C3H3)CH3] 

(cf. section 8.2.18) and literature known Pd-allyl complexes.155,195,196,197,198 From these 

data it may be seen, that syn-protons are generally shifted to lower field as compared to 

anti-protons in similar environment, that is within linear / terminal Pd-allyl species and 

disubstituted / internal Pd-allyl species, respectively. With regard to the [(dtbpx)Pd(h3-

C3H3){(CH 2)mCOOCH3}{(CH 2)nCH3}]+ (n + m = 13) species it is worth to note, that 

this species may have four different configurations (syn/syn, syn/anti, anti/syn and 

anti/anti). From 2D NMR data, a syn/anti or anti/syn configuration (which may not be 

distinguished in this case) is reasonable, however, the presence of syn/syn and anti/anti 

configurations cannot be excluded. 

8.4.20 Reaction of [(dtbpx)PdD(MeOD)] with 1,7-octadiene 

 

Following the general procedure (section 8.4.2), the linear / terminal Pd-allyl species 

[(dtbpx)Pd(h3-C3H4){(CH 2)4CH3}]+ was generated from [(dtbpx)PdD(CD3OD)]+ and 

1,7-octadiene by heating the mixture of both compounds to 55 °C for 1.5 h. 1H NMR 

(400 MHz, methanol-d4, 298 K): ŭ 7.52 (m, aromatic CH), 7.23 (m, aromatic CH), 6.50 

(s, 1H, H-3syn), 5.25 (m, 1H, H-2), 4.63 (vt, J = 6.6 Hz, 1H, H-1syn), 4.01 ï 3.73 (m, 

benzylic CH2), 3.39 (m, 1H, H-1anti), 1.77 (s, 1H, H-4a), 1.66 ï 1.13 (m, tBu-H, H-4b and 

H-5 to H-7), 0.89 (m, 3H, H-8). 31P{1H} NMR (162 MHz, methanol-d4, 298 K): ŭ 49.4 

(d, 2JPP = 50.0 Hz), 45.1 ï 40.3 (s br.). 13C{1H} NMR (100 MHz, methanol-d4, 298 K): ŭ 

136.9 (s, aromatic C), 134.6 (s, aromatic CH), 128.3 (s, aromatic CH), 112.1 (s br., C-2), 

100.5 (d, JCP = 21.3 Hz, C-3), 59.7 (d, JCP = 29.6, C-1), 39.9 ï 38.6 (m, tBu-C(CH3)3), 

32.2 ï 30.4 (m, tBu-C(CH3)3, C-4, C-5), 29.8 ï 28.4 (m, benzylic CH2), 27.8 (s, C-6), 

23.0 (s, C-7), 14.2 (s, C-8). 
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With respect to the assignments of the syn- and anti-protons of the allylic fragment, 

the above statement in section 8.4.19 applies accordingly. 

8.4.21 Formation of dimethyl adipate from [(dtbpx)Pd(h3-C3H4)CH3]+ 

Following the general procedure of NMR tube experiments, the pressure NMR tube 

was charged with 20 mg of [(dtbpx)Pd(h3-C3H4)CH3]+, 0.5 mL methanol-d4 and 

pressurized with 5 bar CO at room temperature. 13C NMR was used to confirm the 

presence of CO in solution. The sample was then heated to 90 °C for 3 days. 1H NMR 

showed disappearance of the signals of the [(dtbpx)Pd(h3-C4H7)]
+(OTf)- and 2H NMR 

indicated the formation of deuterated dimethyl adipate by appearance of its respective 

resonances in 2H NMR spectroscopy, which were compared with reported 1H NMR 

chemical shifts.199 Note that methanol-d4 was evaporated and replaced by non-deuterated 

methanol prior to acquiring of the 2H NMR spectrum. 2H NMR (61 MHz, methanol, 298 

K): ŭ 3.79 (-OCD3), 2.54 (-(C=O)CD2-), 1.90 (-(CD2)2-). 1H NMR  (ref. 199, 90 MHz, 

CDCl3): ŭ 3.68 (-OCH3), 2.32 (-(C=O)CH2-), 1.66 (-(CH2)2-). 

With regard to the formation of adipic acid it is important to note that the Pd-catalyzed 

alkoxycarbonlyation of 1,3-butadiene in the presence of the diphosphine 1,4-

bis(diphenylphosphino)butane to form pentenoates200 as well as the 

methoxycarbonylation of isolated [(P^P)Pd(h3-C3H4)CH3]
+ (P^P = 1,2-

bis(diphenylphosphino)ethane and 1,4-bis(diphenylphosphino)butane) complexes to 

form methyl pentenoate155 has been reported previously. In addition, the Pd-catalyzed 

hydroxycarbonylation and methoxycarbonylation, respectively, of pentenoic acid to form 

adipic acid and dimethyladipate, respectively, in the presence of dtbpx has also been 

reported recently.201,202 Bringing together said observations, the formation of dimethyl 

adipate from [(dtbpx)Pd(h3-C3H4)CH3]+ is fairly reasonable. 

8.5 Identification of products formed in isomerizing 

alkoxycarbonylation 

8.5.1 Products formed from methyl oleate 

The reaction was 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. Prior to a carbonylation experiment, the 

reactor was purged three times with argon. 153 mg (0.19 mmol) of [(dtbpx)Pd(OTf) 2] 
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were weighed into a Schlenk tube. 130 mL of methanol and 33.5 mL (28.5 g, 96 mmol) 

of methyl oleate (99 %) were added to the catalyst precursor. The resulting yellow 

solution was stirred for 5 minutes and transferred into the reactor. The reactor was 

pressurized with 20 bar of CO and heated to 90 °C for 120 h. The crude reaction mixture 

was dissolved in methylene chloride and filtered through celite to remove Palladium 

black. The branched products were then enriched by crystallization from methanol (three 

times), to remove the linear 1,19-diester (L ) as a white solid. Note that L  was not 

completely removed by these crystallizations. The resulting yellowish oil from the 

supernatant was purified by column chromatography (eluent: pentane/ethyl acetate = 10/1 

by volume), to remove the starting material (MO ; Rf = 0.4) and catalyst residues, yielding 

an enriched mixture of the branched products (B1-B16; Rf = 0.2) along with traces of L  

as a colorless oil. Possible products of the isomerizing methoxycarbonylation of methyl 

oleate are shown in Figure 4-1. The enriched and purified reaction mixture was then 

analyzed by GC and NMR spectroscopy (1H; 13C; 1H,1H-COSY; 1H,13C-HSQC; 1H,13C-

HMBC). The gas chromatogram showed the presence of at least seven branched products, 

indicated by seven independent peaks (Figure 4-2). NMR analysis (Figure 9-23, Figure 

9-24, Figure 9-25 and Figure 9-26) showed that indeed all the branched products (B1-

B16) are formed during this catalytic reaction. The formation of B16 is clearly evidenced 

by enrichment of the gas chromatogram with a genuine sample of B16 (Figure 9-41), and 

by its NMR chemical shifts (Figure 9-23, Figure 9-24 and Figure 9-26). Note that in the 

carbonyl region of the 13C{1H} NMR spectrum more than one signal is observed for the 

linear carbonyls, as in the product mixture 16 different linear carbonyl groups are present 

(two in the linear diester, having identical chemical shifts, and each one in each of the 

branched products B1-B15), all having slightly different chemical shifts. 

8.5.2 Products formed from methyl linoleate 

The reaction was carried out according to the carbonylation procedure 2 (cf. section 

8.3.2) using 9.8 mL (8.7 g, 29.5 mmol) of methyl linoleate (> 99 %), 188 mg (0.235 

mmol) of the [(dtbpx)Pd(OTf) 2] catalyst precursor, 20 bar of CO, at 90 °C in methanol 

at a total volume of 180 mL. After an overall reaction time of 190 h, the reaction was 

stopped, the crude reaction mixture was diluted with methylene chloride and filtered to 

remove Palladium black. To identify the products formed during the reaction and to 

calculate the selectivity of the reaction, the crude reaction mixture was hydrogenated 

using Pd/C in a methanol/ethyl acetate mixture (1/1 by volume) at atmospheric hydrogen 
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pressure. Complete hydrogenation was proved by the absence of any olefinic signal in 1H 

and 13C NMR spectroscopy. Conversion was calculated via GC (Figure 9-42) from the 

remaining signal of methyl stearate after hydrogenation of the crude reaction mixture 

(conversion = 100 % - integral (methyl stearate)). Selectivity was calculated via GC from 

the signal of the linear 1,19-diester (L ) and the conversion after hydrogenation of the 

crude reaction mixture (selectivity = integral (linear 1,19-diester) / conversion). To 

identify the products, the hydrogenated reaction mixture was crystallized from methanol 

twice to remove substantial amounts of methyl stearate and the linear 1,19-diester (L ). 

Note that both, methyl stearate and L  were not completely removed by these 

crystallizations. The supernatant of the recrystallization was then separated by column 

chromatography (eluent: pentane/ethyl acetate = 10/1 by volume) into four different 

fractions (a-d; Rf was in the range of 0.1 to 0.3; Figure 9-27, Figure 9-28, Figure 9-29 

and Figure 9-30), which were used to identify the products by GC, NMR spectroscopy 

and ESI-MS. In addition to the known branched products B1-B16, formed in the 

isomerizing alkoxycarbonylation of methyl oleate (cf. sections 4.1.1 and 8.5.1), four 

further byproducts (B1ô-B4ô) were identified: a triester (B1ô; Figure 9-27), formed by 

double alkoxycarbonylation of the substrate, a methoxy substituted diester (B2ô; Figure 

9-28), formed by mono alkoxycarbonylation and hydromethoxylation of the remaining 

double bond of the substrate, a C18 keto monoester product (B3ô; Figure 9-29 and Figure 

9-30), and a terminal dimethylacetal monoester (B4ô; Figure 9-31). B1ô-B3ô were 

identified by GC, NMR spectroscopy (1H; 13C; 1H,1H-COSY; 1H,13C-HSQC; 1H,13C-

HMBC) and ESI-MS. B4ô was identified by NMR spectroscopy. 

8.6 NMR-data of high oleic sunflower oil esters prepared from a high 

oleic sunflower oil acid mixture 

Note that only the chemical shifts of the respective oleates are given, as these amount 

to > 92 % of the respective ester mixtures (cf. Figure 9-53, Figure 9-55, Figure 9-57 and 

Figure 9-59), which were obtained by esterification of the commercially available high 

oleic sunflower oil acid mixture óDakolub MB 6098ô according to a literature 

procedure.173 NMR data of methyl oleate prepared from óDakolub MB 6098ô is virtually 

identical to NMR data of methyl oleate in the commercially available high oleic sunflower 

oil methyl ester óDakolub MB 9001ô and pure methyl oleate. 
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8.6.1 High oleic sunflower oil methyl ester (methyl oleate) 

 
1H NMR  (400 MHz, CDCl3, 298 K) ŭ 5.31 (m br., 2H, H-9 and H-10), 3.63 (s, 3H, H-

19), 2.27 (t, 3JHH = 7.5 Hz, 2H, H-2), 1.98 (m, 4H, H-8 and H-11), 1.59 (m, 2H, H-3), 

1.37-1.18 (m, 20H, H-4 to H-7 and H-12 to H-17), 0.85 (t, 3JHH = 6.9 Hz, 3H, H-18). 

13C{1H} NMR  (100 MHz, CDCl3, 298 K) ŭ 174.3 (C-1), 130.1 and 129.8 (C-9 and C-

10), 51.4 (C-19), 34.2 (C-2), 32.0 (C-16), 29.9-29.2 (C-4 to C-7 and C-12 to C-15), 27.3 

and 27.2 (C-11 and C-8), 25.1 (C-3), 22.8 (C-17), 14.2 (C-18). 

8.6.2 High oleic sunflower oil ethyl ester (ethyl oleate) 

 
1H NMR  (400 MHz, CDCl3, 298 K) ŭ 5.32 (m br., 2H, H-9 and H-10), 4.10 (q, 3JHH = 

7.1 Hz, 2H, H-19), 2.26 (t, 3JHH = 7.5 Hz, 2H, H-2), 1.98 (m, 4H, H-8 and H-11), 1.60 

(m, 2H, H-3), 1.37-1.18 (m, 20H, H-4 to H-7 and H-12 to H-17), 1.23 (t, 3JHH = 7.1 Hz, 

3H, H-20), 0.86 (t, 3JHH = 6.9 Hz, 3H, H-18). 13C{1H} NMR  (100 MHz, CDCl3, 298 K) 

ŭ 173.9 (C-1), 130.1 and 129.8 (C-9 and C-10), 60.2 (C-19), 34.5 (C-2), 32.0 (C-16), 

29.9-29.2 (C-4 to C-7 and C-12 to C-15), 27.3 and 27.2 (C-11 and C-8), 25.1 (C-3), 22.8 

(C-17), 14.3 and 14.2 (C-18 and C-20). 

8.6.3 High oleic sunflower oil n-propyl ester (n-propyl oleate) 

 
1H NMR  (400 MHz, CDCl3, 298 K) ŭ 5.31 (m br., 2H, H-9 and H-10), 4.00 (t, 3JHH = 

6.7 Hz, 2H, H-19), 2.26 (t, 3JHH = 7.5 Hz, 2H, H-2), 1.98 (m, 4H, H-8 and H-11), 1.68-

1.53 (m, 4H, H-3 and H-20), 1.37-1.18 (m, 20H, H-4 to H-7 and H-12 to H-17), 0.91 (t, 

3JHH = 7.4 Hz, 3H, H-21), 0.85 (t, 3JHH = 6.9 Hz, 3H, H-18). 13C{1H} NMR  (100 MHz, 

CDCl3, 298 K) ŭ 173.9 (C-1), 130.0 and 129.8 (C-9 and C-10), 65.8 (C-19), 34.4 (C-2), 

32.0 (C-16), 29.9-29.2 (C-4 to C-7 and C-12 to C-15), 27.3 and 27.2 (C-11 and C-8), 25.1 

(C-3), 22.8 (C-17), 22.1 (C-20), 14.2 (C-18), 10.5 (C-21). 
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8.6.4 High oleic sunflower oil iso-propyl ester (iso-propyl oleate) 

 
1H NMR  (400 MHz, CDCl3, 298 K) ŭ 5.31 (m br., 2H, H-9 and H-10), 4.97 (sept, 3JHH 

= 6.3 Hz, 1H, H-19), 2.22 (t, 3JHH = 7.6 Hz, 2H, H-2), 1.98 (m, 4H, H-8 and H-11), 1.58 

(m, 2H, H-3), 1.37-1.18 (m, 20H, H-4 to H-7 and H-12 to H-17), 1.19 (d, 3JHH = 6.3 Hz, 

6H, H-20), 0.85 (t, 3JHH = 6.9 Hz, 3H, H-18). 13C{1H} NMR  (100 MHz, CDCl3, 298 K) 

ŭ 173.3 (C-1), 130.0 and 129.8 (C-9 and C-10), 67.3 (C-19), 34.8 (C-2), 32.0 (C-16), 

29.9-29.2 (C-4 to C-7 and C-12 to C-15), 27.3 and 27.2 (C-11 and C-8), 25.1 (C-3), 22.8 

(C-17), 21.9 (C-20), 14.2 (C-18). 
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9 Additional Information  

9.1 Selected NMR-spectra 

d 31P: 61.73 ppm (Pa, 
2JPP = 35.7 Hz)

38.60 ppm (Pb, 2JPC(trans) = 39.0 Hz)

d 13C: 35.08 ppm (methylene group next to Pd center)

14.11 ppm (terminal methyl group)

Pb
12CPa

2JPC(trans)

all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

13C{1H}

13C

2JPP 2JPP

2JPC(trans)

Figure 9-1: NMR spectra of [(dtbpp)Pd12/13CH2(CH2)6
12/13CH3]+. 

31P{1H}

13C{1H}

Pa Pb

12C

13C

2JPP

3JPC(trans)

2JPC(trans)

2JPC(trans)

1JCC

2JPC(cis)

12C

13C

2JPP

3JPC(cis)

2JPC(cis)

12C

13C

3JPC(trans)

1JCC

3JPC(cis)

all spectra recorded in CD2Cl2 at -80 ÁC

d 31P: 76.42 ppm (Pa, 
2JPP = 43.7 Hz, 3JPC(cis) = 19.1 Hz, 2JPC(cis) = 18.1 Hz)

34.78 ppm (Pb, 2JPC(trans) = 82.6 Hz, 3JPC(trans) = 20.1 Hz)

d 13C: 235.11 ppm (carbonyl group)

44.66 ppm (a-methylene group, 1JCC = 23.4 Hz)

14.17 ppm (terminal methyl group)

 
Figure 9-2: NMR spectra of [(dtbpp)Pd13C(=O)12/13CH2(CH2)6

12/13CH3(solvent)]+. 
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Pa

Pb

d / d / d / d (13C)

d / d / d / d (13C)

d / d / d / d2JPC(trans)

1JCC

2JPC(cis)

12C

13C

2JPC(trans)

3JCC

2JPC(cis)

12C

13C

all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

13C{1H}

d 31P: 31.49 ppm (Pa, 
2JPP = 60.0 Hz, 2JPC(trans) = 76.0 Hz, 3JPC(cis) = 12.3 Hz, 2JPC(cis) = 4.4 Hz)

28.12 ppm (Pb, 2JPC(trans) = 79.5 Hz, 3JPC(trans) = 32.2 Hz, 2JPC(cis) = 23.3 Hz)

d 13C: 232.12 ppm (carbonyl group)

177.82 ppm (coordinated 13CO)

62.34 ppm (a-methylene group, 1JCC = 25.1 Hz, 3JCC = 8.8 Hz)

14.17 ppm (terminal methyl group)

2JCC coupling from the carbonyl group to the coordinated 13CO is not resolved

Figure 9-3: NMR spectra of [(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(13CO)]+. 

Pa

Pb

2JPC(cis)

2JPC(trans)

2JPP

2JPC(trans)
2JPC(cis)

2JPP

all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

13C{1H}

d 31P: 59.60 ppm (Pa, 
2JPP = 27.6 Hz, 2JPC(trans) = 100.5 Hz)

31.12 ppm (Pb, 2JPC(cis) = 12.6 Hz)

d 13C: 183.47 ppm (coordinated 13CO)

d 1H: -5.51 ppm (hydride, 2JPH(trans) = 169.5 Hz, 2JPC(cis) = 20.8 Hz)

2JCH coupling from the hydride to the coordinated 13CO is not resolved

1H NMR

Figure 9-4: NMR spectra of [(dtbpp)PdH( 13CO)]+. 
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2JCC

s

2JPP 2JPP

Pa

Pb

31P{1H}

13C{1H}

d 31P: 61.80 ppm (Pa, 
2JPP = 35.8 Hz)

38.70 ppm (Pb)

d 13C: 174.93 ppm (carbonyl group)

51.69 ppm (methoxy group, 2JCC = 2.6 Hz)

all spectra recorded in CD2Cl2 at -80 ÁC

Figure 9-5: NMR spectra of [(dtbpp)Pd(CH2)17
13COOCH3]+. 

s (br)
2JCC

2JPP

3JPC

2JPP

Pa

Pb

31P{1H}

13C{1H}

d 31P: 65.73 ppm (Pa, 
2JPP = 41.0 Hz, 3JPC = 3.5 Hz)

37.76 ppm (Pb)

d 13C: 168.10 ppm (carbonyl group)

53.12 ppm (methoxy group, 2JCC = 3.2 Hz)

49.88 ppm (methine group, 1JCC = 53.2 Hz, 2JPC(trans) = 53.2 Hz) 

1JCC

2JPC(trans)

all spectra recorded in CD2Cl2 at -80 ÁC

Figure 9-6: NMR spectra of [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+. 
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a

b

c

a

b c

aô

bô

aô

bô

extract of 1H,13C-HMBC

CD2Cl2
-60 ÁC

Figure 9-7: 2D NMR spectrum of [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+ (red) and 

[(dtbpp)Pd(CH 2)17
13COOCH3]+ (blue). 

 

a

a

aô

aô

bô

bô

extract of 1H,13C-HSQC

CD2Cl2
-60 ÁC

coupling pattern is due 

to the 1JCC coupling of 

bô with the 13C labeled 

carbonyl group 

a

aô

bô

Figure 9-8: 2D NMR spectrum of [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+ (red) and 

[(dtbpp)Pd(CH 2)17
13COOCH3]+ (blue). 
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a

aô

bô

a

a

aô

aô

bô

bô

extract of 1H,13C-HSQC 

carbonyl decoupled

CD2Cl2
-60 ÁC

decoupling of the 

carbonyl region 

clearly shows bô to 

be a C-H group

 
Figure 9-9: 2D NMR spectrum of [(dtbpp)PdCH{(CH 2)15CH3}13COOCH3]+ (red) and 

[(dtbpp)Pd(CH 2)17
13COOCH3]+ (blue). 

s

d / d

2JPP / 2JPC(trans)

d / d

2JPP / 2JPC(cis)

d / d

2JPC(cis) / 2JPC(trans)

2JCC

Pa

Pb

31P{1H}

13C{1H}

d 31P: 76.52 ppm (Pa, 
2JPP = 44.5 Hz, 2JPC(cis) = 16.3 Hz)

34.86 ppm (Pb, 2JPC(trans) = 81.7 Hz)

d 13C: 238.74 (carbonyl group next to Pd center)

174.93 ppm (carbonyl group at chain end)

51.69 ppm (methoxy group, 2JCC = 2.6 Hz)

all spectra recorded in CD2Cl2 at -80 ÁC

Figure 9-10: NMR spectra of [(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(solvent)]+. 
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s
2JCC

2JPC(trans)

2JPC(cis)

2JPC(trans)
2JPC(cis)

2JPC(trans)
2JPC(cis)2JPP

2JPC(trans)
2JPP

Pa
Pb

31P{1H}

13C{1H}

d 31P: 31.50 ppm (Pa, 
2JPP = 60.5 Hz, 2JPC(trans) = 76.8 Hz, 2JPC(cis) = 4.4 Hz)

28.20 ppm (Pb, 2JPC(trans) = 76.0 Hz, 2JPC(cis) = 23.2 Hz)

d 13C: 232.11 (carbonyl group next to Pd center)

177.82 (coordinated 13CO)

174.93 ppm (carbonyl group at chain end)

51.69 ppm (methoxy group, 2JCC = 2.6 Hz)

all spectra recorded in CD2Cl2 at -80 ÁC
 

Figure 9-11: NMR spectra of [(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(13CO)]+. 

2JCC2JCC

2JPC(cis)

2JPP
2JPP

2JPC(trans)

2JPC(trans)
2JPC(cis)
2JCC

Pa Pb

31P{1H}

13C{1H}

d 31P: 58.31 ppm (Pa, 
2JPP = 49.6 Hz, 2JPC(cis) = 15.8 Hz)

24.06 ppm (Pb, 2JPC(trans) = 114.9 Hz)

d 13C: 222.61 ppm (carbonyl group next to Pd center, 2JCC = 4.8 Hz)

182.49 ppm (carbonyl group, 2JCC = 4.8 Hz)

72.48 ppm (methine group, identified by 1H-13C gHMBC and 1H-13C gHSQC )

57.08 ppm (methoxy group, 2JCC = 2.8 Hz)

all spectra recorded in CD2Cl2 at -80 ÁC

Figure 9-12: NMR spectra of [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3]+. 
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Figure 9-13: 2D NMR spectrum of [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3]+ (red) and 

[(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(13CO/solvent)]+ (blue). 

a

b

c

aô

bô

aô

aô

bô

bô

a

a

extract of 1H,13C-HSQC

CD2Cl2
-80 ÁC

coupling pattern is due to the 1JCC

coupling of bô with the 13C labeled 

carbonyl groups 

Figure 9-14: 2D NMR spectrum of [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}13COOCH3]+ (red) and 

[(dtbpp)Pd13C(=O)(CH2)17
13COOCH3(13CO/solvent)]+ (blue). 
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all spectra recorded in CD2Cl2 at -80 ÁC

Pa Pb

d 31P: 31.50 ppm (Pa, 
2JPP = 60.5 Hz)

28.20 ppm (Pb)

d 13C: 174.93 ppm (carbonyl group at chain end)

2JPP
2JPP

31P{1H}

13C{1H}

 
Figure 9-15: NMR spectra of [(dtbpp)PdC(=O)(CH 2)17COOCH3(CO)]+. 

all spectra recorded in CD2Cl2 at -80 ÁC

Pa Pb

d 31P: 58.31 ppm (Pa, 
2JPP = 49.6 Hz)

24.06 ppm (Pb)

2JPP
2JPP

31P{1H}

13C{1H}

 
Figure 9-16: NMR spectra of [(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH 3]+. 
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all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

13C{1H}

d 31P: 31.50 ppm (Pa, 
2JPP = 60.5 Hz, 2JPC(trans) = 76.8 Hz)

28.20 ppm (Pb,
2JPC(trans) = 76.0 Hz, 2JPC(cis) = 23.2 Hz)

d 13C: 232.11 (carbonyl group next to Pd center)

177.82 (coordinated 13CO)

174.93 ppm (carbonyl group at chain end)

Pa Pb

free 13CO in solution

2JPC(trans) 2JPC(cis)
2JPP

2JPC(trans)
2JPP

2JPC(trans)

2JPC(trans)

2JPC(cis)

 
Figure 9-17: NMR spectra of [(dtbpp)Pd13C(=O)(CH2)17COOCH3(13CO)]+ generated by 

addition of 13CO to [(dtbpp)PdC(=O)(CH 2)17COOCH3(CO)]+ and warming to -50 °C for 5 h. 

all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

13C{1H}

d 31P: 58.31 ppm (Pa, 
2JPP = 49.6 Hz, 2JPC(cis) = 15.8 Hz)

24.06 ppm (Pb, 2JPC(trans) = 114.9 Hz)

d 13C: 222.61 ppm (carbonyl group next to Pd center)

Pa Pb

2JPC(cis)

2JPP
2JPP

2JPC(trans)

2JPC(trans)
2JPC(cis)

 
Figure 9-18: NMR spectra of [(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH 3]+ generated by 

addition of 13CO to [(dtbpp)PdC(=O)CH{(CH 2)15CH3}COOCH 3]+ and warming to -50 °C for 

5 h. 
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all spectra recorded in CD2Cl2 at -80 ÁC

31P{1H}

Figure 9-19: NMR spectra of [(dtbpp)Pd13C(=O)12/13CH2(CH2)6
12/13CH3(L)]+ (L= solvent or 

CO) before (bottom) and after (top) addition of 0.5 equiv methanol.  

all spectra recorded in CD2Cl2

31P{1H}

Figure 9-20: NMR spectra of [(dtbpp)Pd13C(=O)(CH2)17COOCH3(13CO)]+ and 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH 3]+ before (-80 °C, bottom) and after (-80 °C, 

middle) addition of methanol, and after warming to room temperature (25 °C; top). 
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all spectra recorded in CD2Cl2

free 13CO in solution

methanol

[(dtbpp)Pd(ɛ-H)(µ-13CO)Pd(dtbpp)]+

13C{1H}

branched

diester

1,19-dimethyl-

nonadecandioate

 
Figure 9-21: NMR spectra of [(dtbpp)Pd13C(=O)(CH2)17COOCH3(13CO)]+ and 

[(dtbpp)Pd13C(=O)CH{(CH 2)15CH3}COOCH 3]+ before (-80 °C, bottom) and after (25 °C; top) 

addition of methanol and warming to room temperature. 

all spectra recorded in CD3OD / CD2Cl2 (2 / 3 by volume) at -60 ÁC

31P{1H}

13C{1H}

1,19-dimethyl-

nonadecandioate

Figure 9-22: NMR spectra after addition of 2 equiv. methyl oleate and 5 equiv. 13CO to a solution 

of [(dtbpp)Pd(OTf) 2] in CD3OD/CD2Cl2. 
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dimethyl 2-methyloctadecane-1,18-dioate B1

dimethyl 2-hexadecylmalonate B16

branched carbonyls

linear carbonyls

integral: 100.0 integral: 134.1 integral: 4.4

 
Figure 9-23: Carbonyl region of 13C{1H} NMR spectrum (CDCl3, 25 °C) of products formed in 

isomerizing alkoxycarbonylation of methyl oleate. 

methoxys

B16 (methoxy)

methines
B2 (methine)

B1 (methine)

B1 (Ŭto methine)

B3 (B3)

S3

methylenes Ŭto carbonyl
B3: B4-B16:

 
Figure 9-24: Aliphatic region I of 13C{1H} NMR spectrum (CDCl3, 25 °C) of products formed 

in isomerizing alkoxycarbonylation of methyl oleate. 
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B2 (B2)
backbone

S2 S1 / B1B3 (B2) B3 (B1)

B1 (B1)

B3: B4-B16:B2:B1:

 
Figure 9-25: Aliphatic region II of 13C{1H} NMR spectrum (CDCl3, 25 °C) of products formed 

in isomerizing alkoxycarbonylation of methyl oleate. 

B16 (methoxy)

methoxy

methylenes Ŭto linear carbonyl

B1 (B1)

S1 / B1B1 (methine)

methines

backbone

methylenes ɓto linear carbonyl

methylenes ɓto
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and Ŭto branch

Figure 9-26: 1H NMR spectrum (CDCl3, 25 °C) of products formed in isomerizing 

alkoxycarbonylation of methyl oleate. 
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carbonyls
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+ isomers
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fraction a

Figure 9-27: 13C{1H} (bottom) and 1H (middle) NMR spectra (CDCl3, 25 °C) and GC-trace (top) 

of products (fraction a) formed in isomerizing methoxycarbonylation of methyl linoleate. Key 

NMR signals of B1ô are assigned. 

7 7,5 8 8,5 9 9,5 10 10,5 11

18 %

63 %

primary

carbonyls

secondary 

carbonyls

ESI-MS: m/z = 409.3 [M+Na]+

+ isomers

fraction b

Figure 9-28: 13C{1H} (bottom) and 1H (middle) NMR spectra (CDCl3, 25 °C) and GC-trace (top) 

of products (fraction b) formed in isomerizing methoxycarbonylation of methyl linoleate. Key 

NMR signals of B2ô are assigned. 
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Figure 9-29: 13C{1H} (bottom) and 1H (middle) NMR spectra (CDCl3, 25 °C) and GC-trace (top) 

of products (fraction c) formed in isomerizing methoxycarbonylation of methyl linoleate. Key 

NMR signals of B3ô are assigned. 

Figure 9-30: 13C{1H} (bottom) and 1H (middle) NMR spectra (CDCl3, 25 °C) and GC-trace (top) 

of products (fraction d) formed in isomerizing methoxycarbonylation of methyl linoleate. Key 

NMR signals of B3ô are assigned. 


