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Abstract / Zusammenfassung 

Die vorliegende Arbeit beschäftigt sich mit neuen Phosphinsulfonato Palladium(II)-Komplexe 

und deren Eigenschaften bei der Insertionspolymerisation polarer Monomere. Aufgrund einer 

möglichen κ-X Koordination der Heteroatome an das Katalysatorzentrum ist der Einbau polarer 

Gruppen in apolares Polyethylen nur schwer realisierbar. Bislang bilden die hier untersuchten 

Phosphinsulfonato Pd(II)-Komplexe, neben α-Diimin Pd(II)-Komplexen, dabei die Ausnahme. 

Einige Vertreter dieser (P^O)-chelatisierten Komplexe produzieren durch den Einbau einer 

Vielzahl polarer Vinylmonomere in lineares Polyethylen einzigartige, neue Materialien. Trotz 

zahlreicher Studien dieser Komplexe ist der Einfluss verschiedener Modifikationen am 

Liganden auf deren Polymerisationseigenschaften bis heute nicht vollständig verstanden. 

Durch die Untersuchung von Diazaphospholidinsulfonato Pd(II)-Komplexen wurde zum 

Beispiel im Rahmen einer früheren Arbeit ein ungewöhnlicher Effekt dieser sperrigen (P^O)-

Liganden auf die Insertion von Methylacrylat beobachtet: zum ersten Mal wurde die 

elektronisch gesteuerte Regioselektivität invertiert und das eigentlich benachteiligte Produkt 

der 1,2-Insertion mit über 95 % Selektivität erhalten. Diese ungewöhnliche Regioselektivität 

wurde auf eine Destabilisierung des Übergangszustandes der 2,1-Insertion durch die sperrigen 

Liganden zurückgeführt. 

Daraufhin wurden im Rahmen der vorliegenden Arbeit neue Vertreter dieser 

Diazaphospholidinsulfonato Pd(II) Komplexe synthetisiert und deren Insertions- und 

Polymerisationseigenschaften untersucht. Dabei zeigte sich, dass diese Inversion der 

Regioselektivität bei (P^O) Pd-Methyl Komplexen allein vom sterischen Anspruch der N-Aryl 

Substituenten abhängt: Während sperrige Mesityl- bzw. 2,6-Diisopropylphenyl Substituenten 

Methylacrylat (MA) selektiv im regioirregulären 1,2-Modus insertieren, erhält man bereits mit 

einfachen Phenyl Substituenten das gewöhnliche 2,1-Insertionsprodukt mit hoher Selektivität. 

Experimentell sowie mittels DFT-Rechnungen konnte gezeigt werden, dass diese 

ungewöhnliche Regioselektivität bei den entsprechenden Palladium-Hydrid Komplexen wieder 

aufgehoben wird, da dort die Insertion ohne vorhergehende cis/trans Isomerisierung vom 

sterisch weniger gehinderten Isomer erfolgt.  

Unter Ethylen Polymerisationsbedingungen zeigen diese Komplexe verminderte Aktivitäten im 

Vergleich zu den klassischen Phosphinsulfonato Komplexen. Zwar sind sie bereits bei relativ 

milden Temperaturen polymerisationsaktiv, allerdings weniger stabil, produzieren 

niedermolekulareres Polyethylen (PE) und sind nicht in der Lage polare Monomere in PE 
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einzubauen. Das geringe PE Molekulargewicht zeigt außerdem, dass eine sterische 

Abschirmung der axialen Position des Metallzentrums allein nicht zwangsläufig zu weniger 

Kettenübertragungen führt, wie in der Literatur oft angenommen wird. 

Des Weiteren wurde erstmals der Einfluss von elektronischen Faktoren auf die Aktivität von 

Phosphinsulfonato Pd(II)-Komplexen und die erhaltene Polymermikrostruktur unabhängig von 

sterischen Effekten untersucht. Zu diesem Zweck wurden Derivate mit elektronenziehenden 

und -schiebenden Substituenten in der abgelegenen para Position der nicht-chelatisierenden 

Aromaten synthetisiert. Während der Einfluss dieser Substituenten unter 

Copolymerisationsbedingungen zu gering ist um den Einbau von MA signifikant zu 

beeinflussen, zeigte sich in stöchiometrischen Insertions- und Ethylen-Polymerisationsstudien, 

dass elektronenarme Phosphinsulfonato Komplexe die aktiveren Katalysatoren sind. Die 

elektronenarmen Substituenten führen allerdings auch zu einer Verringerung der 

Katalysatorlebensdauer und des Molekulargerichts der erzeugten Polyethylene. 

Weiterhin wurden im Rahmen dieser Arbeit mögliche Strategien einer Immobilisierung der 

Katalysatorzentren untersucht. Durch eine Adsorption der Phosphinsulfonato Komplexe auf 

anorganischen Oxiden sowie die kovalente Anbindung an quervernetztes Polystyrol konnten 

heterogene (Co)Polymerisationskatalysatoren erhalten werden. 

Die Adsorption auf Ton oder Silica hat dabei nur einen geringen Einfluss auf die 

Katalysatoraktivität und -Lebensdauer und nur geringfügig niedrigere PE Molekulargewichte 

zur Folge. Auch eine (Co)Polymerisation von Ethylen und MA in Suspension ist mit diesen 

heterogenen Katalysatoren ohne den Zusatz eines Co-Katalysators (MAO, AlEt3 etc.) erstmals 

möglich.  

Für die Immobilisierung von Phosphinsulfonato Komplexen durch eine kovalente Anbindung 

an Polystyrol wurde eine geeignete Synthese neuer Komplexe entwickelt. Während das PE 

Molekulargewicht durch diese Art der Trägerung unbeeinflusst bleibt, wird die 

Polymerausbeute aufgrund der schlechteren Diffusion von Ethylen bzw. PE in der 

Polystyrolmatrix deutlich verringert. Auch die Copolymerisationseigenschaften werden 

dadurch negativ beeinflusst und führen zu geringeren Ausbeuten und geringerem MA Einbau. 

Des Weiteren können diese PS-gebundenen, unlöslichen Phosphinsulfonato Pd(II)-Komplexe 

erstmals recycelt werden um damit erneut Ethylen zu polymerisieren. 
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II Annotations 

Abbreviations: 

  AAS   atomic absorption spectroscopy 

AN   acrylonitrile 

Anis   o-anisyl, 2-methoxyphenyl 

Ar   aryl 

  BHT   2,6-di-tert-butyl-4-methylphenol 

  Benz   4-hydroxymethyl-phenyl 

  BuLi   n-butyl lithium 

  COD   1,5-cyclooctadiene 

  COSY   correlation spectroscopy 

  δ   chemical shift in ppm 

  DPn   degree of polymerization 

  DSC   differential scanning calorimetry 

  DMSO   dimethylsulfoxide 

  Et   ethyl 

  equiv.   equivalents 

  ESI   electrospray ionization 

  GPC   gel permeation chromatography 

  H[P,O]   phosphonium sulfonate  

  HDPE   high density polyethylene 

  iPr   iso-propyl 

  IR   infrared 

  L   neutral ligand, labile ligand 

  LDPE   low density polyethylene 

  LLDPE  linear low density polyethylene 

  lut   2,6-lutidine 

  M   metal center or counter ion 

  MA   methyl acrylate 

MAO   methylaluminoxane 

MMA   methyl methacrylate 

  m/z   mass-to-charge ratio 

  Me   methyl 
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   Mn   number average molecular weight 

     𝑀𝑛 =
∑ 𝑀𝑖𝑁𝑖

∑ 𝑁𝑖
 

  Mw   weight average molecular weight 

     𝑀𝑤 =
∑ 𝑀𝑖

2𝑁𝑖

∑ 𝑀𝑖𝑁𝑖
 

  MS   mass spectrometry 

  n.d.   not detected 

  nBu   n-butyl 

  NMR   nuclear magnetic resonance 

  NOE   nuclear Overhauser effect 

  o(OH)pAnis  2-hydroxymethyl-4-methoxy-phenyl 

p(OH)oAnis  2-methoxy-4-hydroxymethyl-phenyl 

  PE   polyethylene 

  Ph   phenyl 

  PMA   poly(methyl acrylate) 

  PP   polypropylene 

  ppm   parts per million 

  PS   polystyrene 

  pyr   pyridine 

  r.t.   room temperature (25 °C) 

  tBu   tert-butyl 

  THF   tetrahydrofuran 

  THP   tetrahydropyran 

  Tm   melting temperature 

  tmeda   N,N,N`,N`-tetramethylethylene-1,2-diamine 

  TON   turnover number  𝑚𝑜𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
𝑚𝑜𝑙𝑚𝑒𝑡𝑎𝑙

⁄  

  TOF   turnover frequency  𝑚𝑜𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
𝑚𝑜𝑙𝑚𝑒𝑡𝑎𝑙 ∙ ℎ⁄  

  TS   transition state 

vs.   versus 

  (X^Y)   κ2-X,Y coordinating ligand 
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III Index of Complexes 
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Nomenclature of compounds: 

Compounds discussed in this work are marked as bold numbers and letters. 

Three main classes of target complexes are distinguished in this work: para-substituted 

bis-o-anisyl phosphine sulfonato palladium(II) complexes, asymmetric P-aryl/alkyl, 

respectively P-aryl/aryl substituted phosphine sulfonato palladium(II) complexes, and N-aryl 

diazaphospholidine sulfonato palladium(II) complexes. 

Para-substituted bis-o-anisyl derived phosphine sulfonato palladium(II) methyl complexes are 

numbered 1, the para-substituent is given by the superscripted acronym X and coordinating 

monodentate ligands at the fourth coordination site of the palladium center are added by –L to 

read X1-L. 

Mixed P-aryl/alkyl, respectively P-aryl/aryl substituted phosphine sulfonato palladium(II) 

methyl complexes are also numbered 1, the aryl or alkyl substituents are both given by 

superscripted acronyms X1/X2 and coordinating monodentate ligands at the fourth coordination 

site of the palladium atom are added by –L to read X1/X21-L. 

N-aryl diazaphospholidine sulfonato palladium(II) methyl complexes are numbered 2, N-aryl 

substituents are given by superscripted acronyms X and coordinating monodentate ligands at 

the fourth coordination site of the palladium atom are added by –L to read X2-L. 

Further complexes such as Pd-hydride, Pd-phenyl or insertion products of e.g. MA into Pd-Me, 

Pd-H, Pd-Ph complexes are numbered in the order of their appearance with the same 

superscripted acronyms X of the ligand. Details concerning the regioselectivity of MA insertion 

are subscripted, so that a 1,2-insertion of MA into a diazaphospholidine sulfonato Pd(II) methyl 

complex is abbreviated for example as X211,2. 

For polystyrene bound, P-aryl/alkyl, respectively P-aryl/aryl complexes X1/X21-L (Chapter 5), 

the abbreviation PS is added in the beginning. The degree of functionalization (in µmol(Pd) per 

100 mg) is added as number Y to give PS(Y)-X1/X21-L. 
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1 General Introduction 

1.1 Polymerization Catalysts 

The global polyolefin demand is estimated at over 100 million tons annually.1 Most of these 

versatile materials are based on ethylene and propylene. Whereas the former can be 

polymerized by both, free-radical and insertion polymerization, polypropylene is only 

accessible by insertion polymerization techniques. The composition as well as the preparation 

method influence the polymer microstructure and therefore the physical properties, which all 

together determine the application of the polymer produced.  

 

Figure 1-1. Polymerization processes and polyethylene microstructure.  

Free-radical polymerization of ethylene was first discovered in 1933 by Eric Fawcett and 

Reginald Gibson and generally requires high temperatures of over 200 °C and a high ethylene 

pressure of over 1500 bar.2,3 The product of this harsh process is a short- and long-chain 

branched polyethylene (LDPE) which is soft and therefore ideal for film fabrication (Figure 

1-1). Linear polyethylene is also accessible by a free-radical process, however at even higher 

pressures (7500 bar).4 Insertion polymerization of ethylene and propylene using heterogeneous 

early transition metal catalysts like titanium compounds together with aluminum alkyls as co-

catalysts, discovered by Karl Ziegler et al.5 expanded the range of application of polyolefins. 

Linear polyethylene (HDPE), tactic polypropylene6 and branched polyethylene from 

copolymerization of ethylene and 1-olefins account for over 80 % of the polyolefins produced 

today. 
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Despite all these different microstructures of polyolefins, their applications are still not all-

embracing due to their apolar nature. Introduction of polar groups into an otherwise non-polar 

material would improve some desired properties such as dyeability, toughness, solvent 

resistance, adhesion, barrier properties or compatibility with polar surfaces like metals or polar 

fillers. Due to the high oxophilicity of early transition metals,7 such groups cannot be 

incorporated directly by an insertion copolymerization process using Ziegler- or other Ti, Zr, 

Cr or V based catalysts. Some polar monomers like methyl methacrylate (MMA) can indeed be 

polymerized by early transition metal catalysts, however by a coordination-addition mechanism 

akin to a group transfer polymerization.8 Thus, random copolymers of MMA and ethylene are 

not accessible since this method only produces block-copolymers of MMA and ethylene by an 

irreversible switching from coordination-insertion to the coordination-addition mechanism.9  

Since a free-radical copolymerization of olefins and polar monomers would result in a 

copolymer with a high functional group content,10 a random incorporation of polar groups is 

therefore achieved by other methods. Alternative routes are, for example, a polymer post-

functionalization,11 or metathesis polymerization of functionalized dienes or cyclic monomers 

and subsequent hydrogenation.12 The drawback of the former is again a lack of selectivity 

whereas both metathesis approach require expensive monomers. Therefore, from an industrial 

point of view, a direct copolymerization of readily available monomers such as acrylates, 

acrylonitrile or vinyl chloride would be desirable. 

In contrast to the early transition metal catalysts, the less oxophilic late transition metals open 

the door to this long-standing challenge in polymer chemistry. The benefit of late transition 

metals is illustrated by one of the most significant processes of homogeneous transition metal 

catalysis – the Shell Higher Olefin Process (SHOP). This ethylene oligomerization, catalyzed 

by (P^O)Ni(II) complexes in polar solvents was discovered in 1968 by W. Keim and is applied 

to produce over one million tons of α-olefins annually.13-15  

1.2 Late Transition Metal α-Diimine Complexes 

A milestone towards the aim of polar monomer insertion copolymerization was the report by 

Brookhart et al. in the mid-1990s that α-diimine palladium complexes16,17 catalyze the 

copolymerization of ethylene and α-olefins.18 In their simplest form, these catalysts comprise 

of a neutral, bulky α-diimine ligand, coordinated to palladium(II) or nickel(II) dihalides and a 

typical co-catalyst such as MAO (Figure 1-2). Depending on temperature, pressure and the 
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ligand structure of the palladium catalyst, the polymer microstructure can be adjusted from a 

hyperbranched material to a predominately linear and semi-crystalline polyethylene.19,20  

 

Figure 1-2. α-Diimine Ni(II) and Pd(II) complex for Brookhart-type olefin polymerization catalysts. 

This highly branched polymer microstructure is attributed to chain walking, a series of 

β-hydride elimination, rotation of the olefin and re-insertion with opposite regiochemistry 

(Scheme 1-1).21-25 This isomerization process is not only responsible for branch formation but 

also for chain-straightening during propylene or α-olefin (co)polymerization.26,27 

 

Scheme 1-1. Chain-walking mechanism. 

Furthermore, Brookhart and coworkers reported the ability of this catalyst system to 

copolymerize ethylene with alkyl acrylates via an insertion mechanism for the first time. 

Whereas the Ni(II) catalysts produce linear copolymers, the Pd(II) complexes afford, due to 

extensive chain-walking, a highly branched copolymer with the acrylate groups predominately 

located at the end of branches (Scheme 1-2).28-30 This was possible by application of an isolated 

and defined cationic α-diimine complex with a non-coordinating counter ion and a weakly 

coordinating labile ligand. Especially the cationic palladium complexes proved to be tolerant 

to the presence of other polar moieties. Besides acrylates, these catalysts are also capable of 
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incorporation of vinyl ketone28 and silyl vinyl ethers.31 However, other vinyl monomers such 

as vinyl acetate,32 vinyl chloride33 or vinyl ethers34 were found to undergo insertion, but 

immediate β-X elimination results in Pd-X species and therefore inhibits further 

polymerization.  

 

Scheme 1-2. Copolymerization of ethylene and acrylates by cationic α-diimine complexes. 

1.3 Phosphine Sulfonato Palladium Complexes 

In seminal work E. Drent and R. I. Pugh et al. showed, that aryl-phosphonium sulfonates 

H[P^O] (H19-H) and palladium-zero precursors yield an active catalyst for the 

copolymerization of ethylene and methyl acrylate.35-37 These catalysts produce, in contrast to 

Brookharts’ cationic α-diimine complexes, highly linear ethylene-MA copolymers with the 

acrylate units incorporated into the polyethylene backbone (Scheme 1-3). Rieger et al. and 

Nozaki et al. could show that the polymerization active species is a neutral phosphine sulfonato 

Pd(II) alkyl/hydride complex such as the isolated palladium-methyl complex H1-L.38,39 

 

Scheme 1-3. Neutral phosphine sulfonato Pd(II) complex for the copolymerization of ethylene and MA.  

1.3.1 Scope of Monomers 

In the last decade, numerous studies focused on the unique polymerization properties of this 

new class of catalysts. Ethylene based copolymers are accessible with a tremendous diversity 
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of polar substituted olefins,35,40-52 even including challenging comonomers such as 

acrylonitrile53,54, vinyl ether,55 vinyl acetate,56 acrylic acid57 and vinyl chloride.58 It has to be 

noted that vinyl chloride, in contrast to the other monomers, is not incorporated into the 

polyethylene backbone since it inserts only selectively into the palladium-hydride bond which 

is formed inevitably after β-hydride elimination. The degree of incorporation of some of these 

monomers are surprisingly high, yielding for example poly(ethylene-co-MA) with over 

50 mol% MA units. This phosphine sulfonato Pd(II) catalyst system even enables for the first 

time the homo-oligomerization of MA by a true coordination-insertion mechanism.44 Of the 

industrially important large-scale monomers, methyl methacrylate cannot be copolymerized as 

it is not incorporable due to the 1,1-disubstitution of the double bond.59  

Besides these vinylic monomers, these catalysts also demonstrate unique properties in ethylene-

CO copolymerization. Whereas metal-catalyzed ethylene/CO copolymerization generally 

yields a completely alternating polyketone and free-radical copolymerization results in a 

ethylene rich, branched copolymer,60 these (P^O)Pd(II) complexes are able to produce an 

ethylene enriched, non-alternating and linear polyketone.61 Improvement of the phosphine 

sulfonato catalysts for this task38,62-66 resulted in up to 90 % ethylene incorporation into a linear 

copolymer.63 

Another challenging task, which was not before the discovery of phosphine sulfonato catalysts, 

is the copolymerization of carbon monoxide and polar vinyl monomers. In the last years, 

examples of an alternating copolymerization of CO with vinyl acetate67-69 and methyl 

acrylate69-71 were published by Nozaki et al.. By using enantiomerically pure P-chiral 

phosphine sulfonato ligands, the copolymerization of CO and vinyl acetate was even 

stereoselective, yielding optically active polyketones (Scheme 1-4).68 

 

Scheme 1-4. Stereoselective copolymerization of CO and vinyl acetate with P-chiral phosphine sulfonato Pd(II) 

complex. 

The manifold possibilities of this unique phosphine sulfonato system is further illustrated by 

their application in carbon-carbon cross coupling reactions such as the Mizoroki-Heck 
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reaction72 or the Suzuki-Miyaura coupling.73 Further, the polymerization in green solvents such 

as supercritical CO2
74 or in aqueous emulsion75-78 is possible. 

1.3.2 Mechanistic Considerations 

As demonstrated above, the phosphine sulfonato system is unique in terms of the applicable 

monomer scope and the resulting polymer microstructure. The key features of these neutral 

Pd(II) catalysts, which were well investigated experimentally50,54,79-81 and theoretically54,62,80-84 

in the last years are ascribed to the unique asymmetric structure of the (P^O) ligand. It activates 

the coordinated olefin for migratory insertion, and the barriers for ethylene and polar monomer 

insertion are comparable. Further, at sufficient monomer concentration, linear chain growth is 

preferred over branch formation or chain transfer.  

Unique Asymmetric Ligand  

The key to the (co)polymerization ability is the asymmetric nature of the anionic phosphine 

sulfonato ligand, which on one hand features the hard character of the chelating oxygen atom, 

resulting in weak σ-donor as well as weak π-donor/acceptor properties. On the other hand, the 

soft phosphorus atom possesses both a strong σ-donation and a good π-acceptor ability (Figure 

1-3). The strong trans influence of the phosphorus atom (good σ-donor) also explains the 

alignment of the alkyl group (which also exhibits a strong trans influence) cis to the phosphorus 

atom, which is always observed for the isolated, stable species in the ground state (Figure 1-3, 

left).62 

 

Figure 1-3. Key features of the asymmetric ligand. 

Insertion, however, occurs after cis/trans isomerization from the less stable cis π-complex (vide 

infra). The orbital repulsion of the filled dπ-orbital and electrons of the oxygen lone pair of the 

sulfonate group leads to weak π-donor/π-acceptor properties of the sulfonate group which 

therefore does not withdraw the π-electrons from palladium (Figure 1-3, right). Hence, the 
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palladium dπ-electrons exhibit an efficient π-back-donation from palladium to the π*-orbital of 

mutually trans (to SO3) coordinated π-acceptor monomers such as olefins or CO.37 This π-back-

donation therefore leads to a shorter Pd-olefin distance and an elongation of the C=C double 

bond of the olefin which stabilizes the insertion transition state by facilitating the conversion 

from sp2- to sp3-hybridization.71 Further, the nucleophilicity and therefore the migrating ability 

of the alkyl substituent is enhanced in the cis π-complex by the strong trans influence of the 

σ-donating phosphorus. 

Pre-equilibria 

Although the studies of the phosphine sulfonato catalysts started with the in-situ reaction of 

phosphonium sulfonates H[P^O] (H19-H) with Pd(0) species, nowadays most systems applied 

are isolated Pd-methyl complexes which exhibit a labile ligand L at the fourth coordination site 

(vide infra). One prerequisite for chain growth during (polar) olefin polymerization is the 

π-coordination of a monomer and dissociation of the labile ligand in an equilibrium (Scheme 

1-5). Due to this equilibrium, stronger coordinating ligands such as pyridine reduce the catalytic 

activity.44,85 

 

Scheme 1-5. Pre-equilibria which influence the catalyst activity. 

In the case of a polar monomer coordination, a second equilibrium reaction between the π- and 

the κ-X σ-complex hampers monomer insertion, which can only occur from a π-complex 

Atrans/A’trans.50 The formation of such a σ-complex (Aσ) can be a strong drawback and 

completely deactivate the catalyst as observed e.g. for cationic diimine complexes.86 In case of 

the neutral (P^O)Pd complexes, Aσ is destabilized by the strong trans influence of the 

phosphorus atom of the anionic ligand, resulting in a comparable low energy for the π-complex 

A’trans.54,62 
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A further feature concerning the necessary π-complexes is that π-coordination of electron 

deficient polar olefins (MA, AN) is more stable and now comparable in energy with the 

π-coordination of the more electron rich ethylene. This can be explained by a stronger π-back-

donation from the electron rich metal center to the π*-orbital of the electron deficient olefin in 

A’trans.54 

Cis/Trans Isomerization 

Though the trans complex Atrans (alkyl- and SO3-groups located mutually trans) is the stable, 

isolated species, the cis isomer Acis was found to be a crucial intermediate since its insertion 

transition state possesses the lower energy due to π-back donation and activation of the olefin 

and migrating alkyl. Therefore, a cis/trans isomerization from Atrans to Acis is necessary prior 

to insertion of the olefin into the palladium-alkyl bond.79,80,83 DFT calculations by Nozaki et al. 

suggest that this actually proceeds via a ‘Berry’s pseudorotation’, a five coordinated 

intermediate where two sulfonate oxygen atom are involved (Scheme 1-6).84  

 

Scheme 1-6. Cis/trans isomerization via Berry’s pseudorotation. 

Chain Propagation 

The key features of the mechanism of ethylene homopolymerization and ethylene/polar 

monomer copolymerization are similar and depicted for ethylene in Scheme 1-7. Some special 

considerations of the copolymerization are discussed afterwards.  

Insertion of an olefin into a Pd-alkyl bond proceeds from the less stable cis isomer Acis via a 

four-membered Cosseé-Arlman like transition state and forms Btrans (Scheme 1-7) by migration 

of the alkyl group. Substituted monomers can, in principle, undergo insertion with 2,1- or 1,2-

regioselectivity (vide infra). The strong trans influence of the phosphorus atom enhances the 

electron density and therefore the migration ability of the nucleophilic alkyl group from Acis. 
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Scheme 1-7. Mechanism of ethylene polymerization with phosphine sulfonato complexes. 

DFT calculations further showed that the β-hydride elimination barrier from Btrans to the most 

stable palladium-hydride species Ctrans via either Bcis or Ccis is reasonably high compared to the 

ethylene insertion transition state (chain growth). Therefore, chain growth is favored under high 

ethylene concentrations.62 The intermediate Pd-hydride formation was also shown 

experimentally by Nozaki et al. by a polymerization in CH3OD, which gave deuterium 

incorporation into the PE backbone by H/D exchange after β-hydride elimination (Btrans to 

Ctrans) and subsequent re-insertion from C’trans to B’trans (Scheme 1-8).87  

 

Scheme 1-8. Proposed mechanism of Deuterium incorporation by H/D-exchange. 

The palladium hydride complexes Ccis/trans are also an entry into branch formation processes 

and even chain walking (vide supra). And indeed, DFT calculations suggest that insertion to 

the iso-alkyl complexes Ecis/trans (Scheme 1-7) is possible and only slightly higher in energy 

than the re-insertion from Ccis/trans to the linear alkyl complexes Bcis/trans.62 One reason though, 

why only small amounts of methyl branches and no higher branches are observed 

experimentally for these complexes could be the preference for chain growth over β-hydride 

elimination from Btrans under high ethylene pressure.84 However, the incorporation of 

deuterium into the PE backbone in presence of CH3OD (vide supra) suggests that the more 
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likely explanation is simply a high insertion barrier of an olefin into a branched Pd-polymeryl 

species Ftrans (Scheme 1-7). 

Chain transfer, which releases 1-olefins, probably proceeds in a dissociative pathway from 

Ctrans to Dtrans (Scheme 1-7) and its barrier is comparable to ethylene insertion into Btrans (chain 

growth). Therefore, chain transfer may proceed once the hydride Ctrans is formed but it is again 

suppressed at high ethylene concentrations. 

Regioselectivity of Insertion 

The migratory insertion of substituted olefins can proceed either with 2,1- or 

1,2-regioselectivity.36 Due to electronic reasons, which are reflected by the partial charges at 

the sp2-carbons of the C=C double bond, electron poor olefins such as methyl acrylate and 

acrylonitrile usually insert with 2,1-regioselectivity21,35,53 into palladium-alkyl bonds (Scheme 

1-9). Accordingly, electron rich monomers (vinyl acetate, vinyl ether etc.) undergo 1,2-insertion 

preferentially.31,55,88 The regioselectivity of apolar olefins is usually governed by steric 

factors.27 

 

Scheme 1-9. Regioselectivity of polar olefin insertion. 

Consecutive Insertion of Polar Monomers 

The feasibility of a consecutive insertion of methyl acrylate to produce MA oligomers was 

shown experimentally by Guironnet et al. and further investigated by DFT calculations.80 The 

resting state after the first 2,1-insertion of MA is B’chelate (Scheme 1-10), a four-membered 

(C^O) chelate with quite weak Pd-O coordination which is already opened by the relatively 

weakly coordinating labile ligand dmso.44  
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After subsequent ethylene or consecutive MA insertion (two times in 2,1-mode), a 

thermodynamically stable six-membered (C^O) chelate (Hchelate, respectively G’rac/meso) is 

obtained which is the resting state during copolymerization. The product of consecutive MA 

insertion G’rac/meso exhibits two stereocenters at the growing chain, which form the rac and the 

meso isomers (Scheme 1-10). The energy of the transition states from B’chelate to both 

stereoisomers G’rac/meso is almost identical for symmetric ligands, favoring the rac product just 

slightly (about 2 kJ mol-1). The experimentally observed rac:meso ratio is therefore usually 

about 3:2.80,81  

 

Scheme 1-10. Possible intermediates in copolymerization of MA and ethylene. 

The application of P-chiral ligands allows for a certain stereocontrol of the first insertion from 

A’trans to B’chelate. However, the stereocontrol of the second insertion step is reduced again due 

to the fact that site stereocontrol of the ligand and chain end control work uncooperatively.81 

Catalyst Decomposition 

Experimentally, it is obvious that the phosphine sulfonato polymerization catalysts are not 

indefinitely stable under polymerization conditions. Rünzi et al. revealed a number of 

irreversible decomposition pathways to occur under polymerization conditions (Scheme 

1-11).89,90 
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Scheme 1-11. Reversible and irreversible deactivation pathways of phosphine sulfonato complexes.89,90 

One side reaction, the influence of which on polymerization properties is not fully understood 

yet, is the scrambling of the phosphorus substituents (Scheme 1-11, A). Reductive elimination 

from polymerization-active Pd(II) species (I) leads to quaternary phosphonium salts (II). The 

reaction is in principle reversible as long as the Pd(0) formed remains in solution. However, it 

was also found that oxidative addition of these mixed tetra-aryl/alkyl phosphonium species (II) 

can form new palladium-aryl complexes bearing new P-alkyl substituents (III). Such a net 

scrambling of the P-substituents implies that a range of different palladium complexes with 

different polymerization properties may be involved during the polymerization active steps. 

Experiments with representative P-alkyl/aryl (III) and P-alkyl/alkyl (IV) complexes showed 

significantly reduced activities and PE molecular weights, especially when P-alkyl/alkyl (IV) 

complexes are applied for ethylene polymerization.90,107 

Furthermore, reductive elimination from a palladium-hydride species (V), which is formed 

inevitably by β-hydride elimination during polymerization, yields the protonated ligand H[P^O] 

(H19-H) and Pd(0) (Scheme 1-11, B). Again, this reaction is reversible and can actually be used 

to form polymerization active species as Drent et al. showed in their seminal work.35 However, 

once formed, this zwitterionic phosphonium sulfonate H19-H can also react with a growing 

polymeryl species (I), yielding a saturated polymer chain and the polymerization inactive bis-

chelated species [(P^O)Pd(P^O)].38 The analogous reaction of H19-H with a palladium-hydride 

species (V), yielding hydrogen and inactive palladium, was found as well.  

Another irreversible decomposition pathway is the direct reaction of both, palladium-hydride 

(V) or palladium-alkyl species (I) to form hydrogen, respectively a saturated alkane and inactive 
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palladium (Scheme 1-11, B). Such a decomposition was also found for neutral Ni(II) 

polymerization catalysts.91 

1.3.3 Catalyst Modifications 

Due to the impressive polar group tolerance and the unique polymeric materials obtained, 

manifold modifications of the original [(κ2-P^O)-2-(2-MeOC6H4)2PC6H4SO2O]- phosphine 

sulfonate have been reported and investigated in polymerization experiments in the past few 

years. The structure of the asymmetric ligand and the corresponding complexes offer different 

opportunities for modifications: the non-chelating substituents at the phosphorus, the chelating 

aryl (sulfonate) moiety, the labile ligand L and the metal center (Figure 1-4). 

 

Figure 1-4. Possible modifications of the phosphine sulfonato system. 

Substitution of palladium by nickel74,92-97 or ruthenium98 results in highly active ethylene 

polymerization/oligomerization catalysts. However, these late transition metal complexes are 

unable to copolymerize ethylene with polar monomers. 

A significant influence on the catalyst activity without any alteration of the actual catalytically 

active species is possible by an appropriate choice of the labile ligand L in the catalyst precursor. 

Due to the equilibrium between this labile ligand and the π-coordination of the incoming 

monomer during polymerization (vide supra), a weak coordination strength of L can improve 

the catalyst performance tremendously. It was found, for example, that at about 14 bar of 

ethylene pressure only about 2 % of the catalyst form the necessary ethylene π-complex in the 

equilibrium when the ligand at the fourth coordination site is strongly coordinating pyridine. In 

other words: 98 % form the dormant Pd-pyr species.76 Addition of boranes as pyridine 

scavenger results in a virtually ‘base-free’ catalyst and enhances the polymerization 

activity.99,100 Such a ‘base-free’ catalyst is also accessible by in-situ chloride abstraction by 

addition of silver salts from [{(P^O)PdMe-µMCl}n] (M = Na, Li) complexes.59,80,85 However, 

attempts to isolate such ‘base-free’ complexes gave hardly soluble, rather ill-defined 

multinuclear species by intermolecular coordination of the SO3 group to multiple Pd 
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centers.85,99 So far, the most weakly coordinating labile ligand to give an isolable single site 

complex is triphenylphosphine oxide.85 Dimethylsulfoxide (dmso) however, which is also quite 

weakly coordinating, is the more feasible labile ligand since the corresponding complexes are 

directly accessible from the phosphonium sulfonate, [(tmeda)PdMe2] and dmso.44 These 

complexes allow for a polymerization at higher monomer concentrations to give poly(ethylene-

co-MA) with over 50 mol% MA content.44 

The chelating aryl sulfonate was also subject to many modifications (Figure 1-5). Some of these 

modifications are simply the substitution of classical benzenesulfonic acid (a) by para 

toluenesulfonic acid (b),55,93 more bulky naphthylsulfonic acid (c)101 or flexible alkyl sulfonic 

acids (e),66,73 others comprise ferrocene sulfonic acid (d).65 Catalyst activity is almost 

unaffected by these modifications, only the higher flexibility of alkyl sulfonic acids (e) seems 

to influence the polymerization activity negatively.66 

 

Figure 1-5. Modifications of the chelating aryl moiety. 

Other attempts involve the substitution of the sulfonic acid by carboxylic acid (f),72,101 

phosphine oxide (h)102 or BF3 (g).103-105 All (P^F) coordinated complexes (g) are selective 

ethylene dimerization catalysts at which the nickel complexes exhibit quite high activities. The 

neutral bisphosphine monoxide ligands (h) by Nozaki et al. form cationic palladium complexes 

which are capable of copolymerization of a range of polar monomers with ethylene to linear 

copolymers.102 This shows that the phosphine sulfonato motif is not unique in this respect. 

Numerous modifications have been performed with the non-chelating phosphorus substituents 

(Figure 1-6, Figure 1-7). However, most of these substituents led to no significant improvement 

of catalyst performance compared to the fundamental 2-MeOC6H4 substituents published by 

Drent and co-workers.35  
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Figure 1-6. Phosphorus substituents reported in literature for symmetrically substituted phosphine sulfonato 

complexes.38,39-41,56,77,79,81,100,101,106-110 

Some phosphorus substituents positively influence some desired catalyst properties, but at the 

same time diminish others. Two tert-butyl substituents for example increase the catalyst 

activity, even at milder conditions, however such complexes decompose much faster.110 

Another not fully understood feature is the influence of bulky ligands. On the one hand, bulky 

2-(2’,6’(OMe)2C6H3)C6H4 substituents yield high molecular weight polyethylene and exhibit 

high activities but these catalysts strongly disfavor polar monomer incorporation.106 The high 

molecular weight has been ascribed to a steric shielding of the axial position of the palladium 

center which reduces chain transfer. The steric bulk of the ligand is also responsible for the low 

MA incorporation.106 On the other hand Claverie et al. could show that bulky naphthyl, 

phenanthryl or anthracenyl moieties lead to a decrease of catalyst activity as well as PE 

molecular weight.107  

This demonstrates, that despite all these modifications, a conclusive picture on a structure-

activity relationship of phosphine sulfonato complexes is still lacking. One promising approach 

to further improve the catalyst properties is the application of mixed P-aryl/aryl or P-aryl/alkyl 

complexes (Figure 1-7). A P-phenyl/tert-butyl substituted complex exhibits, for example, 

similar catalytic properties as the two 2-MeOC6H4 moieties.110 Furthermore, an 

enantiomerically pure P-chiral phenyl/2-(2’,6’-(OMe)2C6H3)C6H4 substituted ligand showed 

the feasibility of a stereoselective polymerization of carbon monoxide and vinyl acetate (vide 

supra, Scheme 1-4).68 
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Figure 1-7. P-aryl/aryl or P-aryl/alkyl of asymmetrically substituted phosphine sulfonates. 65,68,81,96,109-113 

Another attempt to modify the non-chelating phosphine substituents is the incorporation of the 

phosphorus atom into a heterocycle or even to substitute it by a carbene (Figure 1-8). The 

diazaphospholidine sulfonato Pd(II) complexes (Figure 1-8, right) showed a moderate activity 

in ethylene polymerization but, though MA insertion is possible, no incorporation of the polar 

comonomer MA during copolymerization experiments.117,118 

 

Figure 1-8. Heterocyclic phosphine-, respectively carbene sulfonate ligands.65,114118  
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2 Scope of the Thesis 

Polyolefins are produced on a vast scale of over 100 million tons annually. Whereas early 

transition metal catalysts are used in industry to polymerize apolar olefins like ethylene and 

propylene, polar vinyl monomers can only be copolymerized by free-radical techniques. This 

is due to the high oxophilicity of early transition metals, which prohibits insertion 

polymerization.  

In the last two decades, two catalyst systems, based on d8 late transition metals, demonstrated 

the feasibility of an insertion copolymerization of polar and apolar monomers. The cationic 

α-diimine system by Brookhart et al. enables the copolymerization of ethylene and acrylates to 

highly branched materials with the acrylate units incorporated at the end of the branches. In 

contrast, the neutral phosphine sulfonato Pd(II) complexes reported by Drent et al. produce 

linear copolymers with acrylates or various other polar comonomers incorporated into the PE 

backbone. Despite a number of experimental and theoretical studies, dealing with the phosphine 

sulfonato system, the relationship between the catalyst structure and its properties (region- 

selectivity, activity, life-time, polymer molecular weight, comonomer incorporation) is still not 

fully understood and is therefore further illuminated as part of this thesis. 

Some aspects of steric influences of the ligand are discussed in Chapter 3 by the investigation 

of new diazaphospholidine sulfonato Pd(II) complexes. Such bulky complexes, with the non-

chelating aryl moieties forced closer to the palladium center by the more rigid heterocycle, 

exhibited an unusual 1,2-regioselectivity in previous stoichiometric acrylate insertion 

experiments. The influence of the steric bulk on this regioselectivity as well as the 

polymerization properties of this class of complexes is illuminated in Chapter 3.  

To further investigate the structure-activity relationship of phosphine sulfonato Pd(II) 

complexes, ligands with remotely located electron-donating or -withdrawing moieties were 

synthesized. The structure of these ligands allowed for an investigation of solely electronic 

effects on the insertion and (co)polymerization behavior (Chapter 4). 

Chapter 5 highlights potential immobilization strategies. An adsorption of these catalysts on 

inorganic substrates as well as a tethering of new phosphine sulfonato Pd(II) complexes to 

insoluble crosslinked polystyrene was conducted and the slurry polymerization behavior of 

these heterogeneous complexes was further investigated. 
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3 Insertion and Polymerization Selectivity of 

Diazaphospholidine Sulfonato Pd(II) Complexes 

3.1 Introduction 

The selective insertion of an olefinic substrate into a metal-carbon bond is a decisive step in 

many catalytic transformations. In the area of polymer synthesis, this is impressively illustrated 

by isotactic polypropylene. Its properties ultimately result from a highly regio- and 

stereoselective insertion of propylene into the growing chain. By comparison to the large scale 

application of catalytic polymerization of apolar olefins like ethylene and propylene,119 an 

insertion (co)polymerization of polar substituted monomers is challenging. Considerable 

progress in this area has been achieved by the development of d8-metal (transition metal) 

complexes. Their less oxophilic nature, in comparison to their early transition metal 

counterparts, renders them more tolerant towards polar moieties.8,16,36,120-125  

3.1.1 Phosphine Sulfonato Palladium(II) Polymerization Catalysts 

Highly linear poly(ethylene-co-methyl acrylate) without any chain-walking derived features in 

their microstructure are obtained with neutral Pd(II) complexes H1-L (Figure 3-1) based on 

anionic phosphine sulfonato ligands [{κ2-(P^O)}-(2-MeOC6H4)2PC6H4SO2O]-. These unique 

catalytic properties can be related to the asymmetric nature of the chelating ligand, which 

possesses a soft phosphine and a hard sulfonate oxygen donor.54  

 

Figure 3-1. Neutral phosphine sulfonato Pd(II) complex H1-L. 

In the last few years, a number of different substitution patterns of the phosphine aryl sulfonate 

motif have been reported.81,101,107 Some of the results imply that more bulky ligands lead to 

increased molecular weights of the obtained polymers. For example, polyethylene produced by 

a phosphine sulfonato complex with [{κ2-(P^O)}-2-(2-(2,6-(MeO)2C6H3)C6H4)2PC6H4SO2O]-, 

reported by Claverie et al.,106 exhibits Mn = 2×105 g mol-1, which is one order of magnitude 

higher than PE produced with complex H1-L. This increase in molecular weight is ascribed to 
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steric effects, particularly to blocking of the axial coordination site of the metal center by the 

ligand, which reduces chain transfer. This interpretation is based on the assumption of an 

analogous effect as observed for α-diimine complexes bearing bulky substituted diimine 

ligands.23,126-130  

3.1.2 Diazaphospholidine Sulfonato Pd(II) Complexes 

 

Figure 3-2. Neutral diazaphospholidine sulfonato Pd(II) complex X2-L 

With respect to influencing the olefin insertion step, however, the immediate environment of 

the metal center is rather open in these square-planar phosphine sulfonato Pd(II) complexes 

X1-L (Figure 3-1): the sulfonate donor bears little steric bulk and the aryl substituents on the 

phosphorus donor of H1 point away from the metal center. Therefore, in previous work by our 

group, we investigated the effect of an incorporation of the phosphorus atom into a more rigid 

diazaphospholidine heterocycle, which would force the aromatic moieties closer to the metal 

center (Figure 3-2), thus shielding the axial position.117 Diazaphospholidine sulfonato Pd(II) 

and Ni(II) complexes with N-bound 2,6-diisopropyl-phenyl moieties were used as precatalysts 

for ethylene polymerization and ethylene/1-olefin copolymerization. The Ni(II) complexes 

prepared were highly active (9×105 molE molPd
-1 h-1) and produced polyethylene with Mn of ca. 

600 g mol-1. Activities of the palladium complexes are one to two orders of magnitude lower 

and molecular weights are slightly higher (800 g mol-1). The obtained polyethylene is highly 

linear for both catalyst systems. Copolymerization of methyl acrylate and ethylene however 

gave only very little polymer with no detectable MA incorporation.117,118 MA insertion into the 

Pd-Me bond, however, was possible and proceeded with very unexpected 1,2-regioselectivity 

(vide infra).  

A comprehensive and conclusive picture of the origin of the polymerization and insertion 

properties of such bulky diazaphospholidine sulfonato Pd(II) complexes is derived in this 

chapter. 
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3.1.3 Carbon-Carbon Bond Formation by the Mizoroki-Heck Reaction 

Catalytic carbon-carbon bond formation is not only an important step in polymerization 

reactions but also late transition metal catalyzed cross-coupling reactions include this decisive 

step. One prominent example is the palladium-catalyzed Mizoroki-Heck coupling, which is an 

established, powerful tool in synthetic chemistry and was awarded with the Nobel Prize in 

chemistry in 2010.131,132,135 The catalytic cycle is entered by the oxidative addition of an aryl-

halide to a Pd(0) species, followed by insertion of an olefin into the newly formed palladium-

carbon bond. Reductive elimination releases the coupling product and regenerates the Pd(0) 

complex (Scheme 3-1). 

 

Scheme 3-1. Simplified scheme of the catalytic cycle of the Mizoroki-Heck reaction. 

Various catalyst precursors have been reported for this cross coupling reaction, including 

phosphine sulfonato Pd(II) complexes. Pfaltz et al. reported for example that (P^O)Pd(II) 

complexes (P^O = 2-diphenyl-PC6H4SO2O) give the corresponding cinnamate under Heck-

coupling conditions starting from bromobenzene and n-butyl acrylate.72 

3.1.4 Regioselectivity of Polar Olefin Insertion into Metal-Alkyl Species 

A key step during (co)polymerization and cross coupling reactions alike is the migratory 

insertion of the polar olefin. One factor, influencing the regioselectivity of insertion into a 

metal-alkyl bond (1,2- vs. 2,1-insertion) is the nature of the olefin. Experimental and theoretical 

studies86,133,134 suggest that for polar substituted vinyl compounds, the regioselectivity is usually 

dictated by electronic effects, represented by the partial charges of the polarized double bond 

(Figure 3-3).36,135 The metal bound, nucleophilic carbon migrates via a four-membered Cossée-

Arlman-like transition state to the more electron deficient carbon whereas the electrophilic 
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palladium atom migrates to the electron richer carbon atom of the double bond. Thus, electron 

rich olefins, such as vinyl ethers, preferentially undergo an insertion in 1,2-fashion31,55,88 

whereas electron poor olefins such as acrylates usually undergo a 2,1-insertion.21,35,53,136 Apolar 

olefins commonly afford a mixture of both regioisomers since the double bond is only weakly 

polarized and insertion is therefore dominated by the steric bulk of the ligand.27,137,138 

 

Figure 3-3. Migratory insertion of polar olefins into metal-carbon bonds via a Cossée-Arlman like transition state. 

In previous studies, we reported the first example of an inversion of the insertion 

regioselectivity for electron poor olefins: the mesityl substituted diazaphospholidine sulfonato 

Pd(II) complex Mes2-L (L = pyr, dmso, Cl) showed an exceptionally high selectivity (> 95%) 

towards the usually discriminated 1,2-insertion of the electron poor olefin methyl acrylate 

(Scheme 3-2).118 The origin of this unusual behavior is part of this work and will be further 

elucidated in this chapter.  

 

Scheme 3-2. 1,2-insertion of methyl acrylate into a diazaphospholidine sulfonato Pd(II) complex Mes2-L. 

3.2 Results and Discussion 

3.2.1 Synthesis of Diazaphospholidine Sulfonato Pd(II) Complexes 

Diazaphospholidine sulfonates with various substitution patterns and their Pd(II) complexes 

were prepared similar to the procedures reported previously by us for Mes2-L and iPr2-L 
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(Scheme 3-3):117,118 The diamines X4 were prepared in a two-step reaction in 32 to 80 % yield, 

starting with the condensation of glyoxal and an aniline derivative X3, followed by reduction of 

the intermediate diimines with NaBH4. The isolated diamines X4 were reacted with PCl3 in the 

presence of an excess of triethylamine to yield the 2-chloro-diazaphospholidines X5,139 which 

were further reacted with o-dilithiobenzenesulfonate to form the diazaphospholidine sulfonates 

X6. These lithium salts generate the LiCl-bridged binuclear Pd(II) complexes [{X2-µLiCl}2] in 

63 to 88 % isolated yield by a stoichiometric reaction with [(COD)PdMeCl]140 (Scheme 3-3). 

For the preparation of the phosphine sulfonato complexes {X1}2-tmeda, the reaction of a 

zwitterionic phosphonium sulfonates with [(tmeda)PdMe2] is applied. However, this was not 

possible for most diazaphospholidine sulfonates since only compound iPr6 could successfully 

be protonated to iPr6-H using trifluoroacetic acid. 

The corresponding mononuclear dimethylsulfoxide complexes X2-dmso can be prepared by 

addition of equimolar amounts of AgBF4 and DMSO to a methylene chloride solution of the 

lithium chloride-bridged complexes [{X2-µLiCl}2]. Addition of stronger coordinating pyridine 

or 2,6-lutidine without additional silver salts results in the direct formation of the corresponding 

mononuclear pyridine or lutidine complexes X2-pyr and X2-lut in 56 to 95 % yield. All 

diazaphospholidine sulfonates and the corresponding complexes complexes were fully 

characterized by 1D- and 2D-NMR spectroscopy and elemental analysis. 
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Scheme 3-3. Preparation of diazaphospholidine sulfonato Pd(II) complexes. 

In addition, X-ray quality crystals of some complexes were grown. X-Ray diffraction analyses 

of complexes Ph2-lut, Me2-lut, OMe2-lut, Mes2-lut, iPr2-lut, and [{Me2-µLiCl}2] (Figure 3-4) 

confirmed their identity. Complexes Ph2-lut and OMe2-lut crystallize in the triclinic P1̄  space 

group, whereas Me2-lut, Mes2-lut, iPr2-lut and [{Me2-µLiCl}2] crystallize in the monoclinic P21/c 

or C2/c space group. Crystal structures of complexes [{Mes2-µLiCl}2], Mes2-pyr and Mes2-dmso 

can be found in ref 118, and iPr2-pyr and iPr2-dmso are reported in ref 117.  

All complexes exhibit a distorted square planar environment around the Pd-center, with the 

methyl group and the phosphorus atom located mutually cis to each other. The solid state 

structure of complex OMe2-lut contains two rotamers per unit cell with both methoxy-anisyl-

groups occupying the same and the opposite site, respectively, of the diazaphospholidine ring.  

The crystal structures of [{Me2-µLiCl}2] and [{iPr2-µLiCl}2] both confirm the proposed 

binuclear structures of these compounds, similar to [{Mes2-µLiCl}2]118 and [{H1-µNaCl}2].59 In 
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the structure of [{Me2-µLiCl}2] all three sulfonate oxygen atoms are involved in the binuclear 

framework, whereas the other complexes only show two binding oxygen atoms.  

 

               Ph2-lut                                   Me2-lut                                  [{Me2-µ-LiCl}2] 

    

                           Two rotamers of OMe2-lut                                          Mes2-lut 

 

                                iPr2-lut                                        [{iPr2-µ-LiCl}2] 

Figure 3-4. ORTEP plots of diazaphospholidine sulfonato Pd(II) complexes X2-L. Ellipsoids are drawn with 50% 

probability. Hydrogen atoms and cocrystallized solvent molecules are omitted for clarity. 

The bond lengths around the Pd-atom (Table 3-1) are all in the expected range with palladium 

phosphorus distances between 2.18 Å and 2.22 Å: Pd-N and Pd-P distances of phosphine 

sulfonato Pd(II) lutidine and pyridine complexes:106 Pd-P: 2.2 Å, Pd-N: 2.1 Å (for further 

examples see ref. 55,56,106). For the 2,6-lutidine coordinated complexes X2-lut, the Pd-N and 

the Pd-P distances increase slightly in the order o-MeO < Ph < o-Me < iPr < Mes from 2.120 Å 

to 2.139 Å and 2.191 Å to 2.228 Å, respectively. Concerning the effect of the labile ligand L, 
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the Pd-P distance (trans to the labile ligand) elongates in the order dmso < pyridine < 

2,6-lutidine since dmso exerts less of a trans influence on the phosphorus atom than an N-donor.  

Table 3-1. Selected bond distances for diazaphospholidine sulfonato Pd(II) complexes X2-L. 

 Pd-La [Å] Pd-P [Å] Pd-O [Å] Pd-C [Å] 

Ph2-lut 2.134(6) 2.191(7) 2.147(5) 2.030(0) 
Me2-lut 2.134(0) 2.197(3) 2.141(5) 2.048(7) 

OMe2-lut 
2.120(7) / 

2.119(7) 

2.191(3) / 

2.190(6) 

2.147(7) / 

2.151(2) 

2.034(7) / 

2.028(2) 
Mes2-lut 2.139(2) 2.228(6) 2.153(4) 2.027(8) 
Mes2-pyr118 2.107(7) 2.205(7) 2.165(4) 2.032(2) 
Mes2-dmso118 2.149(6) 2.187(9) 2.159(6) 2.187(9) 
iPr2-lut 2.136(9) 2.212(8) 2.174(9) 2.018(9) 
iPr2-pyr117 2.112(2) 2.202(8) 2.178(2) 2.021(7) 
iPr2-dmso117 2.129(8) 2.179(1) 2.181(2) 2.019(3) 

a distance between Pd and the N-atom of lutidine or pyridine, or the O-atom of dmso, respectively 

In addition to these palladium methyl complexes X2-L, the 2,6-diisopropyl-phenyl substituted 

diazaphospholidine sulfonato Pd-hydride and Pd-deuteride complexes iPr7-lut and iPr8-lut were 

synthesized by oxidative addition of P-protonated (iPr6-H) or deuterated diazaphospholidinium 

sulfonate (iPr6-D) to [Pd0(dba)2] in the presence of excess 2,6-lutidine (Figure 3-5). 

 

Figure 3-5. Synthesis of iPr7-lut and 1H NMR spectrum (400 MHz, CD2Cl2) of iPr7-lut. 

The deuteride complex iPr8-lut contained about 30 % of the corresponding hydride complex 

iPr7-lut, indicated by the characteristic highfield 1H NMR resonance of the hydride 

at -19.42 ppm and the second resonance in the 31P NMR spectrum (Figure 3-6). 
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Figure 3-6. 1H NMR (400 MHz, CD2Cl2) of iPr8-lut. Inset: 31P NMR and 2H NMR of the deuteride region. 

Crystals of iPr7-lut suitable for single crystal X-Ray diffractometry were grown by layering a 

solution of the complex in acetone with pentane in an NMR tube (Figure 3-7). The crystal 

structure shows a rotational disorder of the sulfonate group which was modeled by two sets of 

oxygen positions O1, O2, O3 and O4, O5, O6 refining to an occupancy of 61:39. After modeling 

this disorder the split hydride positions H40, respectively H41, were located in the electron 

density map while all other hydrogen atoms were refined by use of a riding model. As in the 

other crystallized diazaphospholidine sulfonato complexes X2-L (vide supra), the labile neutral 

monodentate ligand 2,6-lutidine is coordinated trans to the phosphorus atom. 

 

Figure 3-7. ORTEP plots of two rotamers (rotational disorder of the sulfonate group and the hydride atom) of 
iPr7-lut drawn with 50 % probability ellipsoids. Hydrogen atoms (except Pd-H) are omitted for clarity. Hydrides 

H40 and H41 were located in the electron density map after the other hydrogen atoms were treated in a riding 

model. Selected bond length [Å]: Pd1-H40 1.559(0), Pd1-H41 1.514(7), Pd1-N3 2.125(3), Pd1-P1, 2.176(8), Pd1-

O2 2.190(5), Pd1-O5 2.230(6). 
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3.2.2 Regiochemistry of Insertion 

For polar vinyl monomers, the regioselectivity of insertion into a transition metal carbon bond, 

and in particular into a palladium-carbon bond is usually electronically controlled. This applies 

to polymerization as well as transition metal catalyzed cross coupling reactions.36,135 Thus, 

electron-deficient olefins such as methyl acrylate selectively insert in a 2,1-fashion.21,28, 29,35,44,53 

β-Hydride elimination from the 2,1-insertion product X92,1 would yield methyl crotonate, 

whereas the 1,2-insertion product X91,2 would result in methyl methacrylate formation. In both 

pathways, stoichiometric amounts of the palladium hydride complex X7-L would be obtained 

(Scheme 3-4). 

 

Scheme 3-4. Regioselectivity of methyl acrylate insertion into diazaphospholidine sulfonato complexes X2-L. 

As we could previously show, the reaction of the mesityl-substituted diazaphospholidine 

sulfonato Pd-Me complex Mes2-L with excess methyl acrylate yields the 1,2-insertion product 

Mes91,2 in almost quantitative yield.118 This unexpected insertion mode was verified by one- and 

two-dimensional NMR spectra (Figure 3-8) as well as a crystal structure of the 1,2-insertion 

product Mes91,2 (Figure 3-9). 
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Figure 3-8. 1H NMR spectrum (400 MHz, CD2Cl2) of the 1,2-insertion product (Mes91,2) of MA into the Pd-Me 

bond of Mes2-L. Inset: gCosy NMR of Mes91,2. Data taken from ref.118.  

 

Figure 3-9. ORTEP plot of complex Mes91,2 (1,2-insertion of MA into Mes2-L) drawn with 50 % probability 

ellipsoids. Hydrogen atoms are omitted for clarity. Figure taken from ref.118. 

The origin of this unusual regioselectivity of complex Mes2-L towards MA was now elucidated 

by density functional theory calculations. Prof. Lucia Caporaso and Prof. Luigi Cavallo et al. 

calculated the reaction of the palladium methyl fragments Ph2, Mes2, iPr2 as well as fragment H1 

for comparison with methyl acrylate and found that steric interactions of the bulky ligands of 

Mes2 and iPr2 with the incoming MA molecule destabilize the transition state of the electronically 

preferred 2,1-insertion mode. This results in a net preference for the 1,2-insertion since it is less 
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influenced by sterics. The results of these theoretical calculations are discussed in more detail 

in chapter 3.3.  

This proposed concept of a sterical destabilization of the transition state of 2,1-insertions also 

implies that by decreasing the steric bulk of the diazaphospholidine sulfonato ligand, the 

insertion should be electronically controlled again and favor the 2,1-insertion product X92,1 of 

MA into a Pd-Me bond. However, an experimental proof was missing. 

Therefore, the reaction of the electron deficient olefin methyl acrylate towards the 

diazaphospholidine sulfonato complexes X2-L (Chapter 3.2.1) was monitored by NMR 

spectroscopy. To a tetrachloroethane-d2 solution of the complexes [{X2-µLiCl}2] (30 µmol in 

0.6 mL), one equivalent of silver tetrafluoroborate and 20 to 25 equivalents of MA were added. 

The silver mediated chloride abstraction took place within minutes at room temperature and the 

reaction mixture was monitored by 1H NMR spectroscopy at 50 °C. In all cases, the Pd-Me 

resonance decreased and a simultaneous increase of characteristic signals for 2,1- and 

1,2-insertion was observed. The intermediately formed 2,1-insertion products X92,1 were not 

fully characterized due to their low concentration and stability. Simultaneous β-hydride 

elimination, from the 2,1-insertion product to form methyl crotonate, took place immediately 

after some 2,1-insertion product had formed, whereas the 1,2-insertion products X91,2 were 

stable under these conditions and did not undergo β-hydride elimination to methyl methacrylate. 
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Figure 3-10. Stacked 1H NMR spectra (C2D2Cl4, 400 MHz, 50°C) of the reaction of methyl acrylate and complex 

[{Ph2-µLiCl}2] after silver mediated chloride abstraction. 

Due to this complex reaction scheme (two competing insertion modes and immediate 

consecutive reactions), only the decreasing Pd-Me signal can be analyzed and fitted linearly for 

a pseudo first-order reaction. Note that the given rate constants are a combination of both 

insertion modes. Analysis of the NMR data of the least bulky N-phenyl complex [{Ph2-µLiCl}2] 

gives a rate constant at 50 °C of kobs = 5.0(±0.1)  10-5 s-1 and shows only traces of the 

regioirregular 1,2-insertion product (Figure 3-10). Insertion into the ortho methyl-, respectively 

methoxy phenyl substituted complexes [{Me2-µLiCl}2] and [{OMe2-µLiCl}2] is slightly slower 

(kobs = 3.7(±0.1)  10-5 s-1 and kobs = 1.2(±0.1)  10-4 s-1, respectively) and both insertion modes 

proceed in approximately similar ratios (Figure 3-11). Complexes [{Mes2-µLiCl}2] and [{iPr2-

µLiCl}2], bearing bulky mesityl, respectively 2,6-diisopropylphenyl moieties, insert MA with 

an observed rate constant of kobs = 6.0(±0.1)  10-4 s-1 (at 25 °C)118 and kobs = 4.8(±0.1)  10-4 s-1 

(at 45 °C), respectively.  

Note that most NMR studies also show the formation of poly(methyl acrylate), which under 

these conditions is likely formed by a radical pathway since addition of a radical trap such as 

BHT was omitted due to potential overlaps with key signals of the insertion products.  
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Figure 3-11. Stacked 1H NMR spectra (C2D2Cl4, 400 MHz, 50°C) of the reaction of methyl acrylate and complex 

[{Me2-µLiCl}2] after silver mediated chloride abstraction. 

Both complexes [{Mes2-µLiCl}2] and [{iPr2-µLiCl}2] are highly selective towards a 

1,2-insertion of MA as only trace amounts of methyl crotonate (from β-hydride elimination 

after 2,1-insertion) are observed (Figure 3-12). 

 

Figure 3-12. 1H NMR (CD2Cl2, 400 MHz) after the insertion of methyl acrylate into complex [{iPr2-µLiCl}2]. 
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Complex [{Ar2-µLiCl}2] was not stable after silver mediated chloride abstraction and 

decomposed during the insertion experiment at 50 °C, evident by the rapid formation of 

palladium black. Therefore, the more stable pyridine complex Ar2-pyr was investigated in its 

reactivity towards MA. Due to the stronger coordination of pyridine, insertion of MA into the 

Pd-methyl bond was monitored in C2D2Cl4 via 1H NMR spectroscopy at elevated temperature 

(80 °C). The Pd-Me signal decays under these conditions with a pseudo-first order rate constant 

of kobs = 1.2(±0.1)  10-4 s-1 while only the formation of the 1,2-insertion product was observed. 

A quantitative analysis of the formed insertion products X91,2 (after 1,2-insertion) versus X92,1 

(after 2,1-insertion) and methyl crotonate (after 2,1-insertion and -hydride elimination) by 

1H NMR spectroscopy reveals that a decrease of the steric bulk of the N-aryl moieties in 

diazaphospholidine sulfonato palladium methyl complexes X2-L indeed inverts the insertion 

regiochemistry of methyl acrylate again from 1,2-insertion (Mes2-L and iPr2-L) to 2,1-insertion: 

The observed ratios of X91,2 vs. X92,1 + methyl crotonate are ca. 20:1 for Mes2, iPr2 and Ar2, ca. 

1:1 for Me2 and OMe2, and 1:23 for Ph2 (Scheme 3-5). 

 

Scheme 3-5. Observed regioselectivity of insertion MA into the Pd-Me bond of diazaphospholidine sulfonato 

Pd(II) complexes X2-L. 
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3.2.3 Methyl Acrylate Insertion into Palladium-Hydride Complexes 

Besides the two aforementioned opposite insertion products X91,2 and X92,1, respectively the β-

hydride elimination product methyl crotonate, the formation of palladium black was observed 

during these insertion experiments. This implies that the investigated diazaphospholidine 

sulfonato complexes are somewhat unstable under these conditions. Also, in all cases, no 

insertion of MA into a Pd-hydride, which should be present in the reaction mixture after β-

hydride elimination, was observed. To further elucidate this issue, the reactivity of the isolated 

hydride complex iPr7-lut towards MA was studied. NMR spectroscopic monitoring of a solution 

of iPr7-lut and MA in CD2Cl2 at 40 °C did not provide any evidence for an insertion to occur, 

even at prolonged reaction times (overnight). Only slow decomposition by reductive 

elimination, evidenced by the formation of palladium black and the lutidinium salt of the 

diazaphospholidine sulfonate iPr6 ([{N-(2,6-iPr2C6H3)2C2H4N2P}C6H4SO3]
-[C7H10NH]+), was 

observed. Even with a large excess of MA (ca. 200 equiv.), no insertion products were observed 

over a wide temperature range studied (-80 °C to 25 °C). 

When, however, the analogous deuteride complex iPr8-lut is reacted with 12 equivalents of MA 

in benzene-d6, an immediate increase of the Pd-hydride signal from about 30 % (from iPr7-lut 

as an impurity in the deuteride complex, vide supra) to over 90 % is observed within a few 

minutes at room temperature. Also, the phosphorus resonance at 88.39 ppm, a 1:1:1 triplet with 

a coupling constant of 3.6 Hz (2JPD) decreases in favor of a distinct doublet at 88.18 ppm with 

a coupling constant of 26.4 Hz (2JPH). This clearly shows that insertion into the Pd-D/H bond 

takes place very rapidly, but since no insertion product iPr10 was detected, immediate β-hydride 

elimination appears to be even faster such that the insertion/elimination equilibrium is on the 

side of the hydride complex iPr7-lut and free MA (Scheme 3-6). 

 

Scheme 3-6. Possible insertion pathways of MA into the Pd-hydride complex iPr7-lut. 

2H NMR spectroscopy of the reaction mixture in C6D6 reveals the nature of the previous 

insertion mode. Only two resonances at 5.26 ppm and 6.23 ppm for the terminal olefin, but no 

resonances for the internal olefin (expected at 5.91 ppm) are observed (Figure 3-13). This 

clearly shows that only 2,1-insertion into the Pd-D bond of iPr8-lut occurs (Scheme 3-7). 
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Scheme 3-7. Reaction of iPr8-lut with 12 equivalents of MA in C6D6 at room temperature. Exclusive 

2,1-insertion of methyl acrylate into iPr8-lut was proven by H/D-exchange at the terminal position of methyl 

acrylate exclusively. 

 

Figure 3-13. NMR spectra (C6D6, 298 K) of the reaction of 12 equiv. MA with complex iPr8-lut. Bottom: 1H NMR 

spectra before (red) and after (green) MA addition. Top left: 31P NMR spectra before (red) and after (green) MA 

addition. Top right: 2H NMR spectrum after reaction with MA. 

The intermediate formation of the electronically favored 2,1-insertion product iPr102,1 is further 

backed up by the observed ingrowth of two triplets at 130.3 ppm with a characteristic coupling 

constant of 24.7 Hz (1JCD) in the 13C NMR spectrum of a stoichiometric reaction of iPr8-lut and 

MA in CH2Cl2. The 2H NMR spectrum (referenced to a small amount of acetone-d6) of this 

stoichiometric reaction mixture features the terminal olefinic resonances (6.38 ppm and 

5.83 ppm in CH2Cl2) and the Pd-deuteride complex iPr8-lut (-19.32 ppm) in a statistical ratio 

of approximately 1:1:1 (Figure 3-14). 
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Figure 3-14. NMR spectra (CH2Cl2 and small amounts of acetone-d6 as a reference) after the reaction of iPr8-lut 

and stoichiometric amounts of MA. Left: 2H NMR spectrum, right: 13C NMR spectrum. 

This 2,1-insertion of methyl acrylate into the palladium hydride/deuteride bond of iPr7/iPr8-lut 

is quite unexpected since methyl acrylate insertion into the corresponding palladium methyl 

fragment iPr2 proceeds with 1,2-insertion regioselectivity (vide supra). The origin of this 

opposite reactivity of the Pd-H complex iPr7-lut compared to the Pd-Me complex iPr2-L was 

again revealed by DFT studies (see chapter 3.3 for details): In contrast to the Pd-Me fragment, 

insertion into the Pd-H species takes place from the trans complex, from which electronic and 

steric effects work cooperatively, both favoring the 2,1-insertion mode by 24 kJ mol-1.  

3.2.4 Towards a Regioirregular Mizoroki-Heck Reaction 

This chapter summarizes the results of Dr. Inigo Göttker-Schnetmann and Fabian Geist141 on 

the studies of the half-reactions of the Mizoroki-Heck cross coupling reaction. 

As mentioned previously, the insertion of an olefin (e.g. methyl acrylate) into a palladium 

carbon bond is not only important for insertion (co)polymerization but also for carbon-carbon 

cross coupling reactions such as the Mizoroki-Heck reaction.135 The catalytic cycle of the 

Mizoroki-Heck reaction is entered by oxidative addition of an aryl (pseudo)halide to Pd(0), 

followed by insertion of the olefin into the Pd-carbon bond and β-hydride elimination to release 
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the coupling product. Base aided reductive elimination of the palladium-hydride regenerates 

the Pd(0) complex (Scheme 3-1).  

Since we could show that the regioselectivity of insertion of the electron deficient olefin methyl 

acrylate into a palladium-methyl bond is inverted entirely when using bulky diazaphospholidine 

sulfonato Pd(II) complexes (vide supra), it is of interest to further investigate this unusual 

regioselectivity on the insertion step of the Mizoroki-Heck reaction. A regioirregular catalytic 

1,2-insertion of electron deficient olefins into Pd-aryl bonds would offer a new route to many 

unsaturated β-carbylation products (Figure 3-15, right) 

 

Figure 3-15. Coupling products after 2,1-insertion (left) and 1,2-insertion (right) of MA and a Pd-phenyl precursor. 

Therefore, the palladium-phenyl complex [{iPr11-µLiCl}] was synthesized by a reaction of the 

lithium diazaphospholidine sulfonate iPr6 and [(dmso)2Pd(Ph)Cl].142 Silver mediated chloride 

abstraction of complex [{iPr11-µLiCl}] in the presence of 25 equivalents of MA in CD2Cl2 at 

45 °C was monitored by 1H NMR spectroscopy. The reaction was completed after 30 min, 

yielding only about 7 % of methyl cinnamate 13 (‘normal’ 2,1-insertion and β-hydride 

elimination) and over 90 % NMR yield of the regioirregular 1,2-insertion product iPr121,2 

(Scheme 3-8). The 1,2-insertion product iPr122,1 was isolated and fully characterized. Thermally 

induced β-hydride elimination (11h at 90 °C) gave the regioirregular Mizoroki-Heck product 

2-phenyl-methyl acrylate 14. A control experiment, using a dianisyl substituted phosphine 

sulfonato Pd-phenyl complex (Pd-phenyl analogue of complex H1) yielded, as expected, methyl 

cinnamate (13) in nearly quantitative yield.  
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Scheme 3-8. Insertion of MA into diazaphospholidine sulfonato Pd-aryl complex [{iPr11-µLiCl}], followed by 

β-hydride elimination. 

In the scope of the master thesis of Fabian Geist,141 other electron deficient olefins were tested 

towards the reaction with complex [{iPr11-µLiCl}]. It was found that the unusual 

regioselectivity of insertion into such bulky diazaphospholidine sulfonato complexes is very 

sensitive to the nature of the olefin and thus limited. Whereas cyclohex-2-enone and 

1,1-dihydroperfluorooctyl acrylate undergo the usual, electronically controlled 2,1-insertion 

exclusively, acrolein yields 2-phenyl acrylic aldehyde after 1,2-insertion and β-hydride 

elimination in 80 % NMR yield. Finally, methyl vinyl sulfone inserts with over 95 % 

regioselectivity for the 1,2-mode into the Pd-methyl complex iPr2-L. 
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Scheme 3-9. 2,1- vs 1,2- regioselectivity of insertion of cyclohex-2-enone, acrolein, 1,1-dihydroperfluorooctyl 

acrylate and methyl vinyl sulfone into [{iPr11-µLiCl}], respectively iPr2-L. 

In the scope of his master thesis, Fabian Geist also investigated the other half-reactions of the 

catalytic cycle of the Mizoroki-Heck reaction.141 β-Hydride elimination from the 1,2-MA-

insertion product iPr91,2 (iPr2-L + MA) can be triggered at milder reaction conditions (1 h at 

55 °C) by the addition of Hünig’s base. Furthermore, complex iPr91,2 in the presence of Hünig’s 

base and an excess of p-trifluoromethylphenyl bromide releases methyl methacrylate and 

undergoes base aided oxidative addition to form a new palladium-aryl complex iPr15 (Scheme 

3-10). 

 

Scheme 3-10. β-Hydride elimination from complex iPr91,2 and oxidative addition of p-trifluoromethylphenyl 

bromide to form complex iPr15. 

However, the regioirregular Mizoroki-Heck reaction is not catalytic yet. A mixture of the Pd-

hydride complex iPr7-lut with Hünig’s Base, p-trifluoromethylphenyl bromide and methyl 

acrylate did not yield any coupling product. 
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3.2.5 Ethylene Polymerization with Diazaphospholidine Sulfonato 

Pd(II) Complexes 

Beyond the stoichiometric insertion studies, the catalytic properties of the diazaphospholidine 

sulfonato Pd(II) complexes X2-L were studied. All compounds are precursors to active ethylene 

polymerization catalysts (Table 3-2). Productivities, however, are limited by comparison to the 

phosphine sulfonato complex H1-L at comparable conditions.35,44 The phosphine sulfonato 

complex H1, which is the benchmark complex for these kind of polymerization catalysts, 

exhibits for example an average activity of more than 1.6 × 105 TO h-1 in a 30 min ethylene 

polymerization experiment at 90 °C.85 The lower activity of less than 104 TO h-1 of the 

diazaphospholidine complexes X2-L also arises from a reduced stability at elevated 

temperatures for the diazaphospholidine sulfonato complexes, particularly for Mes2-L and 

iPr2-L, as evidenced by a decreasing ethylene uptake over time during ethylene polymerization 

experiments (Figure 3-16). 

 

Figure 3-16. Typical mass flow plot of ethylene polymerization with iPr2-lut (20 µmol Pd, 100 mL toluene, 50°C, 

10 bar ethylene, 30 min). 

Complexes Mes2-lut and iPr2-lut for example exhibit their highest productivity at 50 °C (Table 

3-2, entry 2-18 and 2-24), whereas complexes Ph2-lut and Me2-lut reach their highest 

productivity of 2.0 × 103 molE molPd
-1 and 3.6 × 103 molE molPd

-1, respectively, at 90 °C (Table 

3-2, entry 2-3 and 2-14). The terphenyl substituted complex Ar2-pyr did not yield significant 

amounts of polymer.  
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As expected, complexes with the weaker coordinating ligand dmso display higher activities 

(compare for example entry 2-3 and 2-8 or entry 2-18 and 2-21), as dmso competes less with 

monomer binding by comparison to lutidine or pyridine. Also, a higher ethylene pressure leads 

to an increase in catalyst activity (compare entry 2-4 and 2-6). 

Table 3-2. Ethylene polymerization by neutral diazaphospholidine sulfonato Pd(II) complexes X2-L.a 

entry cat. precursor pressure 

[bar] 

temperature 

[°C] 

yield 

[mg] 

TON [(mol C2H4) 

(mol Pd)-1] 

Mn
c 

[g mol-1] 

2-1 Ph2-lut 10 50 --- --- --- 

2-2 Ph2-lut 10 70 40 146 n.d. 

2-3 Ph2-lut 10 90 275 984 34600 

2-4 Ph2-lut 5 90 167 599 30900 

2-5 Ph2-lut 20 90 354 1268 38300 

2-6 Ph2-lut 40 90 534 1909 35900 

2-7 Ph2-dmsob 10 70 40 650 n.d. 

2-8 Ph2-dmsob 10 90 120 1948 24300d 

2-9 Me2-lut 10 50 46 167 2580 

2-10 Me2-lut 10 70 131 468 1800 

2-11 Me2-lut 10 90 103 369 1800 

2-12 OMe2-lut 10 50 --- --- --- 

2-13 OMe2-lut 10 70 91 326 --- 

2-14 OMe2-lut 10 90 501 1793 27500 

2-15 OMe2-lut 5 90 277 991 19800 

2-16 OMe2-lut 20 90 748 2673 20200 

2-17 OMe2-lut 40 90 944 3372 20000 

2-18 OMe2-lut 10 50 900 3217 1000 

2-19 Mes2-lut 10 70 784 2800 600 

2-20 Mes2-lut 10 90 428 1531 600 

2-21 Mes2-dmsob 10 50 278 4513 1500 

2-22 Mes2-dmsob 10 70 64 1039 1200d 

2-23 iPr2-lut 10 40 983 3514 900 

2-24 iPr2-lut 10 50 1397 4992 700 

2-25 iPr2-lut 10 70 1109 3964 600 

2-26 iPr2-lut 20 50 1430 5107 700 

2-27 Ar2-lut 10 50 n.d. --- --- 

2-28 Ar2-lut 10 90 63 228 4400 

a Reaction conditions: 100 mL of toluene, 30 min reaction time, 10 µmol Pd(II). b 2.2 µmol Pd(II). c Determined 

by 1H NMR in C2D2Cl4 at 130 °C. d Determined by GPC in 1,2,4-trichlorobenzene at 160 °C vs. linear 

polyethylene. 

Molecular weights of the isolated polymers depend strongly on the diazaphospholidine aryl 

substitution pattern. The least bulky complex Ph2-lut produced polyethylene with a molecular 

weight of up to 35 000 g mol-1, which is in the same order of magnitude as found for the 

phosphine sulfonato complexes X1-L. The more bulky complexes Mes2-lut and iPr2-lut are more 

active (vide supra), but produce oligomeric material with molecular weights of about 

1000 g mol-1 or less (Figure 3-17). This is somewhat unexpected since it is thought that more 



Insertion and Polymerization Selectivity of Diazaphospholidine Sulfonato Pd(II) Complexes 

48 

bulky ligands increase catalyst activity and molecular weight of polyethylenes produced by 

phosphine-sulfonato Pd(II) complexes,106 though this is not a clear trend.107 The electron 

donating methoxy group of complex OMe2-lut enhances productivity and molecular weight 

compared to the methyl-substituted complex Me2-lut (compare entry 2-11 and entry 2-14).  

All catalyst precursors produce highly linear polyethylenes according to quantitative high 

temperature 13C NMR spectroscopy (Figure 3-17). Only for polyethylenes formed by Ph2-lut 

and Me2-lut a small amount of methyl branches (< 2 Me/1000 C) was detectable, and no higher 

alkyl branches were found. 

 

Figure 3-17. 1H (top) and 13C NMR spectra (bottom) at 130°C in C2D2Cl4 of Polyethylene (Table 2, Entry 2-24) 

(iPr2-lut, 50°C, 10 bar of ethylene, 30 min). 

3.2.6 Copolymerization Studies 

The most active catalyst iPr2-lut was also studied in copolymerization experiments of ethylene 

and various comonomers, namely methyl acrylate (MA), styrene (S), norbornene (NB), 

5-norbornene-2,3-dicarboxylic anhydride (NBA), vinyl acetate (VAc), vinyl ether (VE) and 

carbon monoxide (CO) (Table 3-3). Only the strained norbornene was incorporated (Table 3-3, 

entry 3-6 and 3-7), while in the presence of all other comonomers neat polyethylene was 

formed. Molecular weights of these polyethylenes are between 600 and 900 g mol-1, which is 

in the same range as in ethylene polymerization in the absence of comonomers. Taking into 

account these molecular weights, the detection limit of the aforementioned composition 
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analysis is less than one comonomer repeat unit per chain. That is, even comonomer derived 

endgroups can be excluded. The polymer yield decreased significantly in the presence of polar 

substituted comonomers by comparison to polymerization without comonomer (entry 3-1). This 

decrease in productivity is likely due to competing σ-coordination of the polar moiety, as 

observed in detailed studies of the phosphine sulfonato complexes X1-L.50 This interpretation 

is also supported by the finding that the presence of styrene did not reduce the yield as 

pronouncedly (entry 3-4 and 3-5), and that productivities decrease with increasing 

concentration of the polar comonomer. 

Table 3-3. Results of polymerization in the presence of ethylene and various comonomers by iPr2-lut.a 

entry comonomer CX yield 

[mg] 

TON E [(mol 

C2H4) (mol Pd)-1] 

TON X [(mol 

X) (mol Pd)-1] 

incorp. X 

[mol-%] 

Mn
b 

[g mol-1] 

3-1 --- --- 2950 4213 --- --- 900 

3-2 methyl acrylate 0.1 M 544 777 --- < 0.1 % 1000 

3-3 methyl acrylate 0.3 M 303 433 --- < 0.1 % 1000 

3-4 styrene 0.1 M 1869 2670 --- < 0.1 % 800 

3-5 styrene 0.3 M 1275 1821 --- < 0.1 % 800 

3-6 norbornene 0.1 M 1744 2404 26 3.5 % 700 

3-7 norbornene 0.3 M 2325 3119 60 6.1 % 700 

3-8 5-norbornene-2,3-

dicarboxylic anhydride 

0.1 M 744 1063 --- < 0.1 % 700 

3-9 5-norbornene-2,3-

dicarboxylic anhydride 

0.3 M 293 418 --- < 0.1 % 600 

3-10 vinyl acetate 0.05 M 535 764 --- < 0.1 % 800 

3-11 vinyl acetate 0.1 M 312 446 --- < 0.1 % 900 

3-12 ethyl vinyl ether 0.05 M 413 590 --- < 0.1 % 900 

3-13 ethyl vinyl ether 0.1 M 194 277 --- < 0.1 % 800 

3-14 carbon monoxidec 3 bar --- --- --- --- --- 

3-15 carbon monoxidec 7 bar --- --- --- --- --- 

3-16 carbon monoxidec 20 bar --- --- --- --- --- 

a Reaction conditions: 100 mL total volume (comonomer + toluene), 30 min reaction time, 50 °C, 25 µmol of 
iPr2-lut, 10 bar of ethylene, 200 mg of BHT. b Determined by 1H NMR in C2D2Cl4 at 130 °C. c total pressure 

(ethylene and CO) of 40 bar, 10 mL toluene, 20 µmol iPr2-lut, 19 h reaction time. 

The copolymerization attempts of ethylene and carbon monoxide with the diazaphospholidine 

sulfonato complex iPr2-lut (entry 3-14 to 3-16), which is possible with phosphine sulfonato 

complexes X1-L,65,66 only resulted in the formation of palladium black. 

Copolymerization of ethylene with 0.1 mol L-1 and 0.3 mol L-1 norbornene (entry 3-6 and entry 

3-7) yielded oligomeric materials as highly viscous oils with a molecular weight (by 1H NMR) 

of about 700 g mol-1 and a norbornene content of 3.5 mol % and 6.1 mol %, respectively (Figure 

3-18). 
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Figure 3-18. 1H NMR spectrum at 130°C in C2D2Cl4 of the copolymerization of ethylene with norbornene (Table 

3-3, Entry 3-7) (iPr2-lut, 50°C, 10 bar of ethylene, 30 min, 3M norbornene in toluene). 

Isolated norbornene units are incorporated into the linear ethylene backbone. The NMR 

resonances were assigned according to reported data.143,144 This incorporation of norbornene is 

about four times lower compared to phosphine sulfonato complexes X1-L, which produced 

copolymers with 48 000 g mol-1 and 12 mol-% norbornene incorporation under similar 

conditions (24 µmol Pd, 0.1 mol L-1, 20 bar of ethylene).75 In general, the steric bulk of the 

diazaphospholidine moiety appears to hamper incorporation of comonomer vs. ethylene 

incorporation. 

3.2.7 Deactivation Studies of Diazaphospholidine Sulfonato Pd(II) 

Complexes 

From the insertion studies (formation of palladium black) as well as the polymerization 

experiments (decreasing ethylene uptake with longer polymerization time), it is obvious that 

the investigated diazaphospholidine sulfonato complexes undergo some kind of decomposition. 

Detailed decomposition studies with the phosphine sulfonato complex H1 identified 

bimolecular reactions of a palladium alkyl complex with either a palladium hydride complex, 

or the protonated ligand, formed after β-hydride elimination from the palladium hydride 

complex, as the primary irreversible decomposition pathway (Scheme 3-11).89 
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Scheme 3-11. Reversible (A) and irreversible (B and C) decomposition pathways known for phosphine sulfonato 

Pd(II) complex H1.89  

Another side reaction under polymerization conditions with these catalysts is a scrambling of 

the phosphorus substituents of the ligand by reductive elimination from a palladium alkyl 

complex, followed by reinsertion of Pd(0) into another P-C bond (Scheme 3-12). 

 

Scheme 3-12. Scrambling of the phosphorus substituents of phosphine sulfonato complex H1-L.89 

Comparable reactions might be responsible for the fast decomposition during polymerization 

reactions with the diazaphospholidine sulfonato complexes X2-L (vide supra). To shed light on 

this issue, NMR experiments with the 2,6-diisopropyl substituted complex iPr2 and the 

corresponding Pd-hydride/deuteride complex iPr7/iPr8 were conducted in a J. Young tube.  

In a first experiment, 20 mg of the hydride complex iPr7 were dissolved in tetrachloroethane-d2 

and heated to 90 °C for 17 hours. Within this time, the hydride resonance at -19.6 ppm in the 

1H NMR spectrum disappeared completely while formation of palladium black was observed.  

The dominating species formed shows a new proton resonance at 16.27 ppm, which is 

characteristic for the lutidinium salt of the diazaphospholidine sulfonate, formed by reductive 

elimination. A total of four 31P NMR resonances (156 ppm, 126 ppm, 116 ppm and 91 ppm) 

indicates that this is not the only reaction which occurs. Hydrogen formation as an indication 

of a binuclear decomposition pathway was not observed during these experiments. 

The palladium methyl complex iPr2-lut, which is also stable at room temperature, showed only 

one new 31P NMR resonance at 57.7 ppm along with residual starting compound (86.9 ppm) in 
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a ratio of about 1:1 after thermolysis at 90 °C for 17 hours. Also, in the 1H NMR spectrum, only 

one new set of signals was observed. After 31P decoupling, one of these new signals, a doublet 

at 2.57 ppm (2JPH = 13.1 ppm), collapsed to a singlet (Figure 3-19).  

 

Figure 3-19. Thermolysis of complex iPr2-lut. Bottom: 1H NMR spectrum before thermolysis, middle: 1H NMR 

(31P coupled) after 17 hours at 90 °C, top:  1H NMR (31P decoupled) after 17 hours at 90 °C in C2D2Cl4. 

 

Figure 3-20. ESI-MS analysis (positive mode) of the thermolysis product (17 h at 90 °C) of complex iPr2-L. 

These observations in the NMR spectra suggest that reductive elimination from the Pd-Me 

complex iPr2-L took place, forming a methyl-phosphonium salt. This species can also be found 

by ESI-MS analysis of the sample (Figure 3-20). 

In contrast to this clean reaction of the neat complex iPr2-Lut, the thermolysis of complex 

iPr2-lut in presence of the hydride complex iPr7-L as well as the reaction of iPr2-L with the 
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protonated ligand iPr6-H result in many unidentified species, as seen in 31P NMR spectra (Figure 

3-21). In both experiments, only key resonances of the protonated ligand as well as the methyl-

phosphonium salt of the ligand could be assigned. 

 

Figure 3-21. 31P NMR spectra of a mixture of Pd-Me complex iPr2-Lut with Pd-H complex iPr7-Lut (top), 

respectively Pd-Me complex iPr2-Lut and protonated ligand iPr6-H (bottom) after 17 hours at 90 °C in C2D2Cl4. 

None of these decomposition reactions showed any sign of hydrogen, methane or ethane 

formation, which would suggest an intermolecular reaction pathway. Note that a loss of these 

gases over the long reaction time can be excluded since these experiments were conducted in a 

tight J. Young tube. Therefore, only evidence for reductive elimination from 

diazaphospholidine sulfonato palladium-hydride complexes as well as from palladium-alkyl 

complexes could be found to this end (Scheme 3-13). 
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Scheme 3-13. Possible products of the decomposition experiments of iPr2-Lut and iPr7-Lut. Bold: observed 

products, grey: not observed. 

3.3 Density Functional Theory Calculations (Performed by 

Prof. Lucia Caporaso and Prof. Luigi Cavallo et al.) 

3.3.1 MA Insertion into Palladium-Methyl Fragments 

Density functional theory calculations, performed by Prof. Dr. Lucia Caporaso and Prof. Dr. 

Luigi Cavallo et al. illuminate the origin of the observed unusual regioselectivity of MA 

insertion with the diazaphospholidine sulfonato Pd(II) complexes Mes2-L and iPr2-L in 

comparison to the diazaphospholidine sulfonato complex Ph2-L. Further, MA insertion into the 

phosphine sulfonato fragment H1 was calculated in more detail since only the 2,1-insertion 

mode was considered in previous theoretical studies.80,82  

According to these calculations, MA insertion into all investigated Pd-Me fragments X1 and X2 

proceeds by η2-coordination of MA trans to the phosphorus atom, followed by cis/trans 

isomerization to the less stable cis isomer from which insertion into the Pd-Me bond occurs. 

The rate determining and electronically preferred transition state of MA, the 2,1-insertion into 

the Pd-Me bond of complex H1cis-MA and Ph2cis-MA is favored by 10 kJ mol-1, respectively 12 kJ 

mol-1 over the 1,2-insertion transition state. In contrast, the same reaction (2,1-insertion) into 

other diazaphospholidine sulfonato complexes Mes2cis-MA and iPr2cis-MA was found to be 3 kJ 

mol-1, respectively 9 kJ mol-1 higher in energy than the corresponding 1,2-insertion transition 

states (Scheme 3-14). This is in qualitative agreement with the observed insertion products of 

MA into these complexes (see Chapter 3.2.2). 
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Scheme 3-14. Calculated energy difference (in kJ mol-1) of 2,1-insertion vs. 1,2-insertion of MA the Pd-Me 

bond of H1cis-MA (black), Ph2cis-MA (red), Mes2cis-MA (blue) and iPr2cis-MA (green). 

A closer investigation of the transition state geometries for MA insertion into the four 

investigated complexes reveals that in the electronically preferred 2,1-insertion transition state, 

the bulky mesityl, respectively 2,6-diisopropylphenyl moieties of the diazaphospholidine 

sulfonato ligand in Mes2 and iPr2 are in close proximity to the methoxycarbonyl group of the 

incoming MA molecule (Figure 3-22). To avoid this steric clash, the MA molecule rotates 

away, resulting in a deviation of the planar Cosseé-Arlman-like transition state (the dihedral 

angel Me-Pd-C1-C2 is -27° and -20° rotated out of plane for Mes2 and iPr2, respectively).  

 

Figure 3-22. Transition state geometries for 1,2- (left) and 2,1-(middle) insertion of MA into diazaphospholidine 

sulfonato fragments Mes2 (top) and iPr2 (bottom). Right: Topographic steric maps of the fragments Mes2 and iPr2. 
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The steric pressure of the mesityl, respectively 2,6-diisopropylphenyl groups in Mes2 and iPr2 is 

also illustrated by calculated steric maps215 of the ground states of these complexes (Figure 

3-22, right). Both topographic plots show a high occupancy by the ligand in the two bottom 

quadrants, which represent the area cis to the phosphorus atom, thus the area from which 

insertion takes place. In the case of a 2,1-insertion, the methoxy carbonyl group of MA occupies 

one of these bottom quadrants in the insertion transition state, whereas in the 1,2-insertion, one 

of the less encumbered top quadrants will be occupied during insertion. 

In contrast, the topographic steric maps of fragments H1 and Ph2 exhibit less steric pressure in 

the decisive bottom quadrants (Figure 3-23). Thus, the dihedral angle Me-Pd-C1-C2 in the 

Cosseé-Arlman-like transition state is only slightly rotated out of plane (-4° and -13° for H1 and 

Ph2) during the 2,1-insertion.  

 

Figure 3-23. Transition state geometries for 1,2- (left) and 2,1-(middle) insertion of MA into diazaphospholidine 

sulfonato fragments Ph2 (top) and H1 (bottom). Right: Topographic steric maps of the fragments Ph2 and H1. 

Inspection of the 1,2-insertion transition states of MA into H1, Ph2 (Figure 3-23, left) as well as 

Mes2 and iPr2 (Figure 3-22, left) shows no notable steric interference of ligand moieties and MA 

and therefore allows the system to adopt an almost planar geometry around the central 

palladium atom (the dihedral angel is < 4°). 

These theoretical studies indicate that the strong steric pressure of bulky diazaphospholidine 

sulfonato Pd(II) complexes (Mes2 and iPr2) destabilizes the transition state of the usually 
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preferred 2,1-insertion mode, overruling the electronic preference and thus result in a net 

preference for the regioirregular 1,2-insertion. Therefore, the calculations back up the previous 

observations during the NMR insertion studies depicted in Chapter 3.2.2. 

3.3.2 MA Insertion into Pd-hydride Complexes 

Whereas the diazaphospholidine sulfonato Pd(II) methyl complex iPr2-L inserts MA in an 

unusual 1,2-regioselectivity, insertion of MA into the corresponding Pd(II) hydride/deuteride 

complexes iPr7/iPr8-L was found to occur in 2,1-mode exclusively (see Chapter 3.2.3). Since 

both fragments (iPr2 and iPr7) bear the same diazaphospholidine sulfonato ligand, steric reasons 

seem to be negligible. The reason for this regioselectivity was revealed by DFT studies.  

As discussed previously, MA initially coordinates trans to the phosphorus atom of the 

palladium-methyl complexes X1 and X2, followed by a trans to cis isomerization. Insertion 

finally proceeds from this cis coordinated intermediate since the corresponding cis transition 

state is lower in energy than the trans transition state (Figure 3-24, top).44,82,84 The 

regioselectivity is then influenced by the steric bulk of the ligand (vide supra). 

In case of the hydride or deuteride complex (iPr7-MA or iPr8-MA), consistently with Nozaki’s 

results on the olefin insertion into the hydride complex of fragment H1,84 calculations reveal 

that the trans transition state for 2,1-insertion of MA is favored over the cis transition state 

(Figure 3-24, bottom). As a consequence, reaction occurs by MA coordination trans to the 

phosphorus atom followed by 2,1-insertion from this trans geometry (Scheme 3-15). In other 

words, no trans to cis isomerization is necessary. In the trans complex iPr7trans-MA, the MA 

molecule occupies the less bulky top quadrants of the steric maps (Figure 3-25). Due to the 

cooperative electronic and steric effects, 1,2-insertion is now disfavored by 24 kJ mol-1 vs. 

2,1-insertion. This difference in insertion barrier is even higher compared to the phosphine 

sulfonato complex H1 (15 kJ mol-1). 

 

Scheme 3-15. Insertion of MA into Pd-H proceeds from X7trans-MA. 
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Figure 3-24. Qualitative energy profile of insertion of MA into Pd-Me (top) and Pd-H (bottom) for phosphine-

sulfonato Pd(II) hydride complex H1-MA and diazaphospholidine-sulfonato Pd(II) hydride complex iPr7-MA. 
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Figure 3-25. Transition state geometries for MA insertion in phosphine sulfonato Pd(II) hydride complex H1 (top) 

and diazaphospholidine sulfonato Pd(II) hydride complex iPr7-MA (bottom). Insertion in 1,2-mode (left) and 

2,1-mode (middle). Right: steric maps of the ligand spheres of complex H1 (top) and iPr7 (bottom). Energies in 

kJ mol-1. 

3.4 Summary 

This comprehensive study of new diazaphospholidine sulfonato Pd(II) complexes X2-L reveals 

that within this class of compounds, the usually electronically controlled regioselectivity of 

acrylate insertion can be influenced by the bidentate (P^O) ligand. Depending on the steric bulk 

of the N-aryl substituents, insertion can occur very selectively (> 95 %) in either a 2,1- or 

1,2-fashion. The selectivity for 1,2-insertion of certain complexes is due to a destabilization of 

the 2,1-insertion transition state by interference of bulky substituents with the coordinated 

acrylate substrate which overrides the electronic preference for this insertion mode, while for 

less sterically demanding substituents the 2,1-insertion transition state was found to be 

energetically favorable vs. the transition state of 1,2-insertion.  

In stark contrast, acrylate insertion into diazaphospholidine hydride (or deuteride) complexes 

was observed to follow the common 2,1-insertion pathway even for very bulky substituted 
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complexes iPr7-lut. Other than insertion into a metal-alkyl bond, insertion into the Pd-hydride 

occurs from the species in which the -coordinated acrylate is trans to the P-donor, with the 

hydride in cis position. Thus, the olefin is more remote to the P-donor and its substituents, and 

the insertion step is less sensitive to their steric bulk.  

All representatives of diazaphospholidine sulfonato Pd(II) complexes studied were found to be 

active for ethylene polymerization. The investigated diazaphospholidine sulfonato complexes 

X2-L exhibit a reduced activity, reduced thermal stability and produce lower molecular weight 

polyethylene compared to many phosphine sulfonato complexes X1-L known. The lower PE 

molecular weight obtained further demonstrates that an increase in steric bulk does not 

necessarily reduce chain transfer and therefore increase Mn, as it is often implied in literature. 

In the presence of various comonomers, under polymerization conditions incorporation of 

ethylene is much preferred. This chemoselectivity can be related to a preference for the less 

bulky ethylene monomer. Only a copolymerization of ethylene and strained norbornene was 

possible with these complexes. 
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4 Electronic Influences in Phosphine Sulfonato Pd(II) 

Polymerization Catalysts 

4.1 Introduction 

Late transition metal catalysts gained much attention for olefin polymerization and 

oligomerization in the last decades which is due to their different incorporation behavior, branch 

formation and generally less oxophilic nature in comparison to early transition metal 

catalysts.13,16,18,120-122,145-153 They are particularly advantageous with regard to the challenge of 

insertion polymerization of polar vinyl monomers. 

Thus acrylates and ethylene can be copolymerized by cationic α-diimine Pd(II) complexes, 

yielding highly branched copolymers with acrylate units located at the end of branches.28 By 

contrast, neutral phosphine sulfonato Pd(II) catalysts afford linear ethylene-acrylate 

copolymers with the polar repeat units incorporated into the polymer backbone.35 In the last 

decade the scope of functional monomers amenable to insertion polymerization has been 

broadened extensively, even enabling the copolymerization of ethylene with acrylonitrile, vinyl 

acetate or acrylic acid.53,56,57 

In view of these unique catalytic properties further substitution patterns of the phosphine 

sulfonato motif have been reported (Figure 4-1). The investigated phosphorus substituents 

range from various alkyl and aryl substituents to more exotic moieties such as ferrocenyl and 

heterocyclic diazaphospholidines (see Chapter 3).81,101,107,110,154  

 

Figure 4-1. Selected phosphine sulfonato Pd(II) complexes reported in literature. 

So far, however, there is no comprehensive picture of how desirable properties such as high 

polymer molecular weights, high polymerization activities, and high comonomer incorporation 

correlate with the catalyst structure. For example, in some cases the PE molecular weights 
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decrease with increased steric bulk,81,154 whereas other bulky ligands lead to higher molecular 

weight PE.106  

 

Figure 4-2. Reported81,106 examples of how bulky substituents influence the PE molecular weight. 

In this context, it is noteworthy that such steric modifications usually go along with changes in 

the ligand acidity and that it is therefore difficult to separate steric effects from electronic 

influences of the ligand. Figure 4-3 displays some examples from literature109 where the PE 

molecular weight cannot be connected to the ligand steric bulk solely. Therefore, it was sought 

to synthesize new phosphine sulfonato Pd(II) complexes with clearly assignable electronic 

effects, unaffected by steric influences.  

 

Figure 4-3. Molecular weights of polyethylene obtained with different catalysts 1 (PC2H4 = 5 bar, 80 °C). Data was 

taken from ref. 109. 
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4.2 Results and Discussion 

4.2.1 Ligand and Complex Synthesis 

The phosphine sulfonato system with (P^O) = {2-(2-anisyl)2PC6H4SO2O} (H19, Scheme 4-1), 

first described for ethylene-MA copolymerization by Drent et al. in their seminal work,35 

remains the most well studied (P^O) ligand motif. Corresponding catalysts have a high 

functional group tolerance as well as reasonable activity, combined with high comonomer 

incorporation ratios.36,37,125 For this reason, it was sought to study purely electronic influences 

by modifications of the anisyl groups of this prototypical ligand motif. From structure analysis 

it is evident that the most suitable position for electronic modifications with a minimum steric 

impact is the 4-position of the anisyl moieties.81,155 

 

Scheme 4-1. Synthesis of different phosphonium sulfonates X19-H. 

Different 2-bromo-anisole derivatives (X17) were synthesized by a nucleophilic aromatic 

substitution of the corresponding 2-bromo-fluorobenzene compounds with sodium methoxide. 

From such anisole derivatives, the lithium phosphine sulfonates (X19) were either synthesized 

in a one-pot synthesis as described by Goodall et al.101 or by a stepwise procedure as shown in 

Scheme 4-1. The 4-chloro substituted phosphine sulfonate (Cl19) was prepared via an in-situ 

generated Grignard reagent. Protonation of the lithium salts (X19) afforded the zwitterionic 

phosphonium sulfonates H[P^O] (X19-H) with the acidic proton located at the phosphorus 

atom, as indicated by a characteristic coupling constant of about 1JPH ≈ 600 Hz. This is also 

exemplified by the solid state structure of the phosphonium sulfonate Cl19-H (Figure 4-4). 

Cl19-H crystallized in the monoclinic space group C2/c. The position of the hydrogen atom H23 

(P-H) was found in the electron density map at a distance of 1.293 Å to the phosphorus atom. 
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Figure 4-4. ORTEP plot of the phosphonium sulfonate Cl19-H. Ellipsoids are drawn with 50 % probability. All 

hydrogen atoms, except H23 (P-H), are omitted for clarity. 

 

Scheme 4-2. Synthesis of phosphine sulfonato Pd(II) complexes. 
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These phosphonium sulfonates X19-H could be reacted with [(tmeda)PdMe2] to yield the 

binuclear tmeda-bridged complexes {X1}2-tmeda, from which the dmso complexes X1-dmso 

are directly accessible ( 

Scheme 4-2). A complementary approach is given by the reaction of the phosphine sulfonates 

(X19) with [(COD)PdMeCl] to the chloride-bridged binuclear palladate complexes [{X1-

µMCl}2] (M = Na, Li), which are very active in polymerization and in insertion reactions upon 

activation with silver salts.85 Hence, no labile ligand (L), which decreases activity by shifting 

the equilibrium [(P^O)Pd(polymeryl)(L)] + ethylene ⇄ [(P^O)Pd(polymeryl)(ethylene)] + L 

towards the dormant species, is present in the polymerization mixture.50 

To underline the effects of varied electron-density at phosphorus, further electron rich 

P-alkyl/aryl substituted phosphine sulfonato catalyst precursors X1/X21-L with a weakly 

coordinated labile ligand (dmso) were prepared. Such complexes are known to promote polar 

olefin copolymerization as well.47,56,110 The new P-aryl/alkyl complex tBu*/(OMe)31-dmso (Figure 

4-5) was prepared as well as a dmso-substituted analogue of the known lutidine complex 

tBu*/Ph1-lut.110 The methoxy substituents of tBu*/(OMe)31-dmso represent a more electron rich 

variation of complex tBu*/Ph1-dmso, analogous to the electron rich modification (OMe1-dmso) 

of the prototypical anisyl motif H1-dmso. Of course it has to be noted that the three methoxy 

substituents, especially the two ortho-OMe moieties also increase the steric bulk. The required 

phosphonium sulfonates tBu*/(OMe)319 and tBu*/Ph19 were obtained by a stepwise procedure 

similar to the approach described above. 

 

Figure 4-5. Mixed P-aryl/alkyl substituted Pd(II) complex tBu*/Ph3-dmso and tBu*/(OMe)33-dmso. 

The identity of all complexes was confirmed unambiguously by one- and two-dimensional 

NMR spectroscopy, elemental analysis as well as the crystal structures of [{CF31-µLiCl}2], 

[{Me1-µLiCl}2], OMe1-dmso, OMe1-pyr and tBu*/(OMe)33-dmso (Figure 4-6). All complexes 

crystallize in the monoclinic space group P21/c and exhibit a square planar coordination sphere 

around the palladium center, with the palladium methyl group and the phosphorus atom located 



Electronic Influences in Phosphine Sulfonato Pd(II) Polymerization Catalysts 

66 

mutually cis to each other. The bond lengths around the palladium center are in the expected 

range for phosphine sulfonato Pd(II) complexes (Table 4-1). Complexes [{CF31-µLiCl}2] and 

[{Me1-µLiCl}2] are binuclear, with both Pd centers bridged via LiCl, similar to the reported 

structure of [{H1-µNaCl}2].59 One additional solvent molecule is coordinated to the Li atom. 

Note that also other structures of phosphine sulfonato complexes are known where for example 

the Pd:MCl ratio is substoichiometric116 or where two Pd complexes are bridged directly by the 

alkali metal via the sulfonate oxygen without involvement of the chlorine atom.156 

The labile ligand dmso is κ-S coordinated to the Pd-atom in both dmso complexes OMe1-dmso 

and tBu*/(OMe)31-dmso. The factors determining this coordination mode remain unclear since κ-S 

as well as κ-O coordination of dmso to phosphine sulfonato complexes are observed and there 

is no obvious correlation between sterics and electronics in the environment of the Pd(II) center 

and the coordination mode. κ-S-coordination of dmso is found for the electron poorer and bulky 

complex [{κ2-(P^O)}-[2-(2-(2’,6’-(OMe)2C6H3)C6H4)2PC6H4SO2O)PdMe]-dmso44 whereas 

κ-O-coordination is found for less bulky, electron richer Pd(II) complexes,58 neutral phosphine 

sulfonato Ni(II) complexes44 and bulky diazaphospholidine sulfonato Pd(II) complexes.142,154 

DFT calculations with complex H1-dmso gave an energy difference of only 4 kJ mol-1 between 

the two coordination modes of dmso in favor of κ-O-coordination.89 
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Figure 4-6. ORTEP plots of the Pd(II) complexes [{CF31-µLiCl}2], [{Me1-µLiCl}2], OMe1-dmso, OMe1-pyr and 
tBu*/(OMe)31-dmso. Ellipsoids are drawn with 50 % probability. All hydrogen atoms and solvent molecules are 

omitted for clarity. Top right: Structure of [{CF31-µLiCl}2]. 

Table 4-1. Selected bond lengths [Å] of complexes [{CF31-µLiCl}2], [{Me1-µLiCl}2], OMe1-dmso, OMe1-pyr and 
tBu*/OMe31-dmso 

Bond length [Å] [{CF31-µLiCl}2] [{Me1-µLiCl}2] OMe1-dmso OMe1-pyr tBu*/(OMe)31-dmso 

Pd-P 2.215(8) 2.224(3) 2.267(1) 2.228(5) 2.268(4) 

Pd-O 2.214(9) 2.231(8) 2.174(4) 2.141(2) 2.151(4) 

Pd-C 2.029(2) 2.019(3) 2.039(3) 2.025(3) 2.025(7) 

Pd-Cl/S/N 2.371(7) 2.399(0) 2.313(9) 2.2111(2) 2.333(2) 

 

[{CF31-µLiCl}2] 

OMe1-dmso 

tBu*/(OMe)31-dmso 

[{Me1-µLiCl}2] 

OMe1-pyr 
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The 31P NMR shifts of the isolated Pd-dmso complexes X1-dmso in CD2Cl2 correlate nicely 

with the Hammett constants of the different substituents, as an established measure for the 

electronic nature of aromatic substituents (Figure 4-7).157 

 

Figure 4-7. 31P NMR chemical shifts of Pd(II)-dmso complexes X1-dmso vs. Hammett parameter (σp) of the 

remote substituents. 

4.2.2 Insertion of Methyl Acrylate 

The reaction with methyl acrylate is one of the most well studied reactions of such (κ2-P^O) 

phosphine sulfonato Pd(II) complexes.59,70,71,76,80,81,106,109 While it is known that sterics can 

strongly influence the rate of insertion and the insertion mode and even reverse the 

regioselectivity (see Chapter 3),142,154 the 2-anisyl2phosphine sulfonato Pd(II) complex 

H1-dmso is known to clearly favor the electronically preferred 2,1-insertion mode.80,142 The 

first 2,1-insertion product X202,1 can undergo either β-hydride elimination to methyl crotonate 

or insert another MA molecule to form the double insertion product X212,1-2,1 (Scheme 4-3). 

 

Scheme 4-3. Reaction of methyl acrylate with complexes X1-dmso to X202,1, followed by β-hydride elimination 

or further MA insertion (X212,1-2,1). 
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The reactions of an excess of MA (ca. 20 equiv.) with complexes X1-dmso ([Pd] = 7 mmol L-1) 

were monitored by 1H NMR at 298 K. The first insertion of MA into the palladium methyl bond 

to the 2,1-insertion product X202,1 was relatively fast at room temperature for all complexes 

X1-dmso and completed within about one hour at room temperature (Figure 4-8). Evidence for 

a significant amount of 1,2-insertion of MA to X201,2 was not found during these studies. 

 

Figure 4-8. 1H NMR spectra (CD2Cl2, 298 K) of the 1st insertion of MA (20 equiv., [Pd] = 7 mmol L-1) into the 

Pd-Me bond of complexes X1-dmso. 

Note that the observed rate constants are a combination of the preequilibrium X1-dmso + MA 

⇄ X1-MA + dmso and the actual rate of insertion from X1-MA. Due to overlapping resonances 

in some cases, either the decay of the Pd-Me signal or the decay of proton 6-H (ortho to the 

SO3 group) was analyzed. Under these pseudo first order conditions, the electron poor complex 

CF31-dmso undergoes the fastest insertion of MA into the Pd-Me bond (kobs = 3.0 × 10-3 s-1), 

which is significantly faster than for H1-dmso (kobs = 6.1 × 10-4 s-1) and even one order of 

magnitude faster than for electron rich complexes  Me1-dmso (kobs = 3.8 × 10-4 s-1) and 

OMe1-dmso (kobs = 2.1 × 10-4 s-1). The P-aryl/alkyl complex tBu*/(OMe)33-dmso (kobs = 3.1 × 

10-4 s-1) shows approximately the same net rate constant for the 1st insertion as the electron rich 

complexes Me1-dmso and OMe1-dmso. These results reflect the general reactivity pattern for 
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migratory insertion reactions into metal-carbon bonds, namely a faster insertion for more 

electron deficient complexes due to a more effective activation of the olefin.158-160 

 

Figure 4-9. 1H NMR spectra (400 MHz, CD2Cl2) of the reaction of X1-dmso with excess methyl acrylate (ca. 20 

equiv., [Pd] = 7 mmol L-1) after 15 hours at 298 K. 

Further reactions from the 1st insertion product X202,1, such as β-hydride elimination to methyl 

crotonate or further MA insertion to the double insertion product X212,1-2,1, occur 

simultaneously. Overlapping resonances hamper a detailed kinetic analysis of these processes. 

However, the ratio of formation of methyl crotonate and the double insertion product X212,1-2,1 

can be compared to determine whether β-hydride elimination is influenced by electronics. The 

samples were analyzed after 15 hours at 298 K. Under these conditions, all samples still 

contained some residual first insertion product X202,1 (Figure 4-9). Whereas the reactivity of 

this first insertion product X202,1 for both, β-hydride elimination and further insertion, is highest 

for the electron poor complexes CF31-dmso and Cl1-dmso, there is no clear correlation between 

the tendency for β-hydride elimination and the electronic nature of the phosphine sulfonato 

ligand, respectively complex. A second MA insertion is favored over β-hydride elimination for 

all complexes except the 4-chloro substituted complex Cl1-dmso. The ratio of β-hydride 

elimination:2nd insertion range from 1:2 (H1-dmso) to 1:4 (OMe1-dmso). 
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A consecutive insertion to product X212,1-2,1 yields two diastereomers, with characteristic 1H 

NMR methyl resonances at around 0.9 ppm. The characteristic chemical shifts of the aromatic 

proton 12-H (ortho position of the P-substituted anisyl moiety) and the γ-proton of complexes 

CF3212,1-2,1 and OMe212,1-2,1 were assigned by comparison to reported data.81,116 A ratio of the two 

diastereomers of about 2:1 was found, independent of the electronic modification (Figure 4-10). 

This rac:meso ratio of the consecutive insertion product X212,1-2,1 is also found for other 

substitution patterns of diaryl substituted phosphine sulfonato complexes X1-L.80,81  

 

Figure 4-10. 1H NMR (298 K) spectra in C2D2Cl4 of the double insertion products of MA into the Pd-methyl bond: 
CF3212,1-2,1 (bottom) and OMe212,1-2,1 (top). # indicates the product of two consecutive MA insertions into a 

palladium-hydride, which is present after β-hydride elimination. 

4.2.3 Ethylene Polymerization 

All Pd(II) complexes prepared are active pre-catalysts for ethylene polymerization at 80 °C 

(Table 4-2). In general, for late transition metal complexes ethylene polymerization activities 

increase with the electron withdrawing character of the bidentate ligand.145,81,159,161-166 

Computational studies on salicylaldiminato Ni(II) polymerization catalysts, for which 

electronic influences of remote substitutents were well investigated in the last decade, 

rationalize this with a decreased dissociation energy of the labile ligand as well as a lower 

ethylene insertion barrier as compared to more electron rich dericatives.159 Surprisingly, Guan 
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et al. however could show that activity in ethylene polymerization with acyclic cationic Pd(II) 

diimine complexes decreases with electron withdrawing groups introduced at a remote position 

of the diimine.167  

Table 4-2. Polymerization of ethylene with phosphine sulfonato Pd(II) complexes X1-dmso and X1/X21-dmso.a 

entry cat.  

precursor 

Time 

[min] 

Yield 

 [g] 

Activityb 

  

TONc 

× 104  

TOFd  

× 104 

Mn (NMR) 

[g mol-1]e 

Mn (GPC) 

[g mol-1]f 

Mw/

Mn
f 

2-1 CF31-dmso 15 4.50 1288 4.6  18.4  10.1 × 103 7.9 × 103 1.9 

2-2 CF31-dmso 30 7.03 2016 7.2  14.3 10.1 × 103 8.1 × 103 2.0 

2-3 CF31-dmso 60 9.20 2632 9.4 9.4 11.2 × 103 8.3 × 103 1.9 

2-4 Cl1-dmso 15 2.13 616 2.2 8.8 13.4 × 103 13.7 × 103 2.3 

2-5 Cl1-dmso 30 2.77 784 2.8 5.6 14.1 × 103 13.2 × 103 2.4 

2-6 Cl1-dmso 60 3.27 924 3.3 3.3 14.6 × 103 14.5 × 103 2.3 

2-7 H1-dmso 15 4.09 1176 4.2 16.7 13.8 × 103 9.9 × 103 2.2 

2-8 H1-dmso 30 7.05 2016 7.2 14.4 14.2 × 103 9.8 × 103 2.2 

2-9 H1-dmso 60 10.13 2884 10.3 10.3 13.5 × 103 10.5 × 103 2.1 

2-10 Me1-dmso 15 2.95 840 3.0 12.0 17.1 × 103 14.2 × 103 2.3 

2-11 Me1-dmso 30 4.60 1316 4.7 9.4 17.4 × 103 14.1 × 103 2.4 

2-12 Me1-dmso 60 8.70 2492 8.9 8.9 17.5 × 103 13.8 × 103 2.5 

2-13 OMe1-dmso 15 2.32 672 2.4 9.5 20.0 × 103 14.1 × 103 2.5 

2-14 OMe1-dmso 30 4.69 1344 4.8 9.6 19.0 × 103 18.4 × 103 2.1 

2-15 OMe1-dmso 60 7.43 2128 7.6 7.6 19.6 × 103 16.4 × 103 2.4 

2-16 tBu*/(OMe)31-dmso 60 1.80 504 1.8 1.8 > 100 × 103 122 × 103 2.2 

2-17 tBu*/(OMe)31-dmsog 30 3.92 1120 4.0 8.0 > 100 × 103 77.1 × 103 1.5 

2-18 tBu*/(OMe)31-dmsoh 30 1.81 504 1.8 3.6 > 100 × 103 n.d. n.d. 

2-19 tBu/Ph3-dmso 60 1.19 336 1.2 1.2 41.2 × 103 15.8 × 103 2.6 
a Reaction conditions: 3.5 µmol of Pd, 100 mL of toluene, 10 bar of ethylene, 80 °C reaction temperature. 
b [g Polymer / mmol Pd]. c [(mol E) (mol Pd)-1]. d [(mol E) (mol Pd)-1 h-1]. e Determined by 1H NMR 

spectroscopy at 130 °C in C2D2Cl4. f Determined by GPC at 160 °C in 1,2,4-trichlorobenzene vs linear PE. 
g 97 °C reaction temperature. h 40 bar of ethylene pressure. 

As expected, the highest activity of 18.4 × 104 molE molPd
-1 h-1 (Table 1-2, Entry 2-1) was 

observed with the electron deficient complex CF31-dmso. The more electron rich complexes 

Me1-dmso and OMe1-dmso exhibit a maximum activity of about 12.0 × 104 molE molPd
-1 h-1 in 

a 15 minute polymerization experiment (Table 2, Entry 2-10). Polymerization experiments with 

variable reaction times as well as the data from the mass flow plots also reveal a higher stability 

for more electron rich complexes (Figure 4-11). This may result from different tendencies for 

reductive elimination from the intermediately formed Pd-hydride complexes, which is an entry 

into the most relevant decomposition pathway as revealed recently.89 The origin of the relatively 

low activity of complex Cl1-dmso remains unclear but it parallels the results of the 

stoichiometric MA insertion experiments (vide supra).  
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Figure 4-11. Normalized average ethylene uptake from 60 min mass flows for intervals of 10 minutes. a: first 10 

min, b: 10-20 min, c: 20-30 min, d: 30-40 min, e: 40-50 min. 

A more pronounced trend is found for the molecular weights of the polyethylenes produced. 

The influence of electronics, represented by the Hammett parameter (σp),
157 correlates with the 

molecular weight of the polyethylenes obtained (Figure 4-12). That is, the average molecular 

weight of the samples, as determined by high temperature 1H NMR spectroscopy, increases 

moderately with a more electron donating character of the phosphine sulfonato ligands, 

resulting in a factor of two for the 4-OMe substituted complex OMe1-dmso (20.0 × 103 g mol-1) 

compared to the 4-CF3 substituted complex CF31-dmso (10.1 × 103 g mol-1). 
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Figure 4-12. Average molecular weight of polyethylenes obtained with complexes X1-dmso vs. Hammett 

parameter (σp). 

The electronic modifications of the ligand have no obvious effect on the branching structure of 

the polymers. All polymers obtained are highly linear, as revealed by high temperature 13C 

NMR spectra, with degrees of branching between one and two methyl branches per 1000 carbon 

atoms. On the one hand this is expected since all neutral phosphine sulfonato complexes known 

produce very linear polyethylene, then again electronics in related neutral salicylaldiminato 

Ni(II) catalysts influence the polyethylene microstructure much more.161,162,164,168 Here, 

electron donating substituents favor branch formation, resulting in entirely different 

materials.162 

This tendency to produce higher molecular weight polyethylene was further confirmed by 

studies of tBu*/(OMe)31-dmso and tBu*/Ph1-dmso, with an electron donating alkyl substituent at 

the phosphorus. Complex tBu*/Ph1-dmso with the known110 tBu*/Ph-substituted phosphine 

sulfonato motif produced polyethylene with about 41.2 × 103 g mol-1. By comparison, the 

polymer produced by the more electron rich (and more bulky) substituted complex 

tBu*/(OMe)31-dmso shows no quantifiable endgroups in the 1H NMR spectra, which corresponds 

to a molecular weight of at least 100 × 103 g mol-1 (Mn(GPC) = 122 × 103 g mol-1) while 

activities are similar (about 104 molE molPd
-1 h-1, as also observed for all other complexes 

X1-dmso and tBu*/Ph1-dmso). These high linearity and high molecular weights are also reflected 

in the thermal properties of these polyethylenes. Melting temperatures of Tm = 141.4 °C and a 
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heat of fusion of ΔHm = 254.6 J g-1, which corresponds to a crystallinity of χ = 87 %, were 

measured in the first DSC heating cycle (Figure 4-13). The obtained melting temperature is 

about 10 °C higher as the most polyethylenes produced by phosphine sulfonato complexes99,169 

and these values are only slightly reduced in the second heating cycle (Tm = 140.9 °C, ΔHm = 

206.5 J g-1, χ = 71 %). 

 

Figure 4-13. DSC trace of polyethylene produced by complex tBu*/(OMe)31-dmso (Table 4-2, Entry 2-18). 

4.2.4 Copolymerization of Ethylene and Methyl Acrylate 

Complexes X1-dmso and X1/X21-dmso are also active in copolymerization of ethylene and 

methyl acrylate (Table 4-3). While the stoichiometric MA insertion experiments (vide supra) 

indicate a faster MA insertion into electron poor complexes, in the copolymerization 

experiments, the MA incorporation ratio is independent of the electronic nature of the 

phosphine sulfonato ligand within experimental error (ca. 12 mol% MA for [MA] = 0.6 M and 

p(ethylene) = 5 bar). As expected, MA incorporation increases with increasing MA concentration 

in the reaction mixture. Molecular weights decrease with increasing MA incorporation since 

β-hydride elimination is more pronounced after the incorporation of an MA repeat unit as seen 

by end-group analysis. The ratio of MA vs. ethylene derived endgroups increases with higher 

MA content in the copolymer but does not correlate with the electronic nature of the catalyst.  
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Table 4-3. Copolymerization of ethylene and methyl acrylate with complexes X1-dmso and X1/X21-dmsoa 

entry cat. precursor MA 

[M] 

yield 

[g] 

TONb 

ethylene 

TON  

MAb 

χ MA  

[mol %]c 

endgroups 

MA:E 

Mn  

[g mol-1]c 

3-1 CF31-dmso 0.2 3.42 5600 160 3.7 1.6 2.0 × 103  

3-2 CF31-dmso 0.6 0.90 1200 130 12.2 3.7 2.0 × 103 

3-3 CF31-dmso 1.2 0.77 830 180 20.1 8.0 1.5 × 103 

3-4 Cl1-dmso 0.2 0.54 860 40 5.1 1.8 4.1 × 103 

3-5 Cl1-dmso 0.6 0.22 290 30 12.5 4.4 2.6 × 103 

3-6 Cl1-dmso 1.2 0.10 110 20 19.9 42.3 1.0 × 103 

3-7 H1-dmso 0.2 2.08 3300 130 5.0 1.4 3.1 × 103 

3-8 H1-dmso 0.6 0.68 900 100 12.3 3.5 2.9 × 103 

3-9 H1-dmso 1.2 0.28 290 70 20.8 5.4 1.5 × 103 

3-10 Me1-dmso 0.2 2.73 4430 150 4.1 1.0 5.4 × 103 

3-11 Me1-dmso 0.6 0.82 1070 130 12.8 4.4 2.7 × 103 

3-12 Me1-dmso 1.2 0.28 290 70 21.0 5.9 3.9 × 103 

3-13 OMe1-dmso 0.2 2.07 3320 120 4.5 1.4 4.5 × 103 

3-14 OMe1-dmso 0.6 0.60 790 90 12.6 2.1 3.9 × 103 

3-15 OMe1-dmso 1.2 0.32 360 40 19.4 5.5 1.5 × 103 

3-16 tBu*/(OMe)31-dmso 0.6 0.45 670 40 7.7 9.6 12.3 × 103 

3-17 tBu*/(OMe)31-dmso 1.2 0.19 240 30 14.5 25.8 5.8 ×103 

3-18 tBu*/Ph1-dmso 0.6 0.53 820 20 6.1 3.9 8.7 × 103 

3-19 tBu*/Ph1-dmso 1.2 0.33 460 30 10.5 56.8 5.9 × 103 
a Reaction conditions: 20 µmol of Pd, 50 mL total volume (toluene + MA), 5 bar of ethylene, 200 mg of BHT, 

93 °C reaction temperature, 30 min reaction time. b [mol(monomer consumed) mol(Pd)-1 h-1] c Determined by 1H 

NMR spectroscopy at 130 °C in C2D2Cl4. 

In contrast to ethylene polymerization, the molecular weights of the copolymers do not correlate 

that well with the Hammett parameter of the substituent. This may be due to a larger number of 

competing reaction pathways, such as chain growth by insertion of either olefin or β-hydride 

elimination after an acrylate or ethylene repeat unit, respectively, which are all influenced to 

some extent by the electronic nature of the ligand. 

The mixed P-aryl/alkyl complexes tBu*/(OMe)31-dmso and tBu*/Ph1-dmso exhibit similar activities 

while incorporating less MA than the symmetrically substituted P-diaryl complexes X1-dmso 

under identical conditions (compare e.g. entry 3-16/3-18 and 3-8). Both P-aryl/alkyl substituted 

complexes, however, produce copolymers of significantly higher molecular weights. 

Interestingly, the three methoxy groups of complex tBu*/(OMe)31-dmso not only promote an 

increase in molecular weight, but also the MA incorporation is about 50 % higher compared to 

the P-tBu/Ph-substituted complex tBu*/Ph1-dmso (Figure 4-14).  
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Figure 4-14. 1H-NMR (400 MHz, C2D2Cl4, 403K) of Poly(E-co-MA) with 7.7 mol% MA and 12.3 × 103 g mol-1 

produced by tBu*/(OMe)31-dmso (Table 4-3, entry 3-16). 

4.3 Summary & Conclusion 

This study of largely novel phosphine sulfonato Pd(II) complexes X1-dmso with remotely 

located electron-withdrawing or –donating substituents shows that electron rich complexes 

produce polyethylene with higher molecular weight at the expense of activity. More electron 

rich complexes appear to be more stable over time under polymerization conditions. 

Stoichiometric insertion experiments with methyl acrylate indicate a faster olefin insertion into 

more electron deficient complexes.  

Copolymerization experiments show no clear correlation of the acrylate incorporation ratio with 

the electronic nature of the ligand. The two mixed P-alkyl/aryl substituted complexes 

tBu*/(OMe)31-dmso and tBu*/Ph1-dmso produce higher molecular weight copolymers at reasonable 

MA incorporation ratios and similar activities as the P-diaryl substituted complexes X1-dmso. 

Also, they offer additional possibilities for further electronic and steric modifications. As this 

study revealed, the electronic effect of the P-aryl substituents alone is limited, and combined 

fine tuning of electronics and especially sterics is necessary to improve properties of the 

phosphine sulfonato system.  
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5 Solid-Supported Single-Component Phosphine 

Sulfonato Pd(II) Catalysts 

5.1 Introduction 

Insertion polymerization is a powerful tool to influence the microstructure of (co)polymers and 

to design new materials. The application of heterogeneous catalysts (e.g. Ziegler-Natta type) in 

slurry or gas-phase polymerization processes has therefore gained a high industrial importance. 

An insertion (co)polymerization of polar substituted monomers by these catalysts, however, is 

not possible due to the applied co-catalysts (AlR3, MAO) and the high oxophilicity of the early 

transition metals applied. Only since the discovery of cationic α-diimine single-site 

polymerization catalysts by Brookhart et al.28 and neutral phosphine sulfonato complexes by 

Drent et al.35 it was possible to incorporate polar vinyl monomers into polyethylene.8,36,37,124,125  

There are various motivations for an application of supported metal complexes for olefin 

polymerization.187,189 The control of the morphology of the solid polymer formed is essential in 

slurry and gas-phase polymerization processes. In cases where a soluble polymer is formed, 

recycling of the catalyst can also become possible. Further, ‘site-isolation’ by binding to a 

support can suppress bimolecular deactivation reactions involving two metal sites.89 On the 

other hand, given a certain mobility of the active sites, the higher concentration on the support 

material can also promote such reactions. 

Notably, virtually all support materials contain polar functionalities, such as hydroxyl or 

carboxyl groups. Compatibility with the electrophilic metal center is only achieved by a prior 

passivation, often by an excess of aluminum co-catalyst, which functions as a scavenger here. 

Even for late-transition metals, supported catalysts were activated with excess aluminum 

alkyls.179,180 This is also prohibiting for polar monomer insertion polymerization, due to 

reaction of the co-catalyst with the monomer. 

In this chapter, the immobilization of phosphine sulfonato Pd(II) complexes by adsorption onto 

solid, inorganic supports as well as the covalent binding of new phosphine sulfonato complexes 

to insoluble polystyrene for the (co)polymerization of ethylene and methyl acrylate in 

suspension (without additional co-catalyst) was studied. These site-isolation approaches are 

further investigated in terms of catalyst activity and life-time.  



Solid-Supported Single-Component Phosphine Sulfonato Pd(II) Catalysts 

80 

5.2 Inorganic Supports as Substrates for Phosphine Sulfonato 

Pd(II) Complexes 

One possible approach towards heterogeneous phosphine sulfonato Pd(II) slurry-

polymerization catalysts could be the immobilization of these complexes on inorganic supports. 

Such an immobilization strategy is well known for metallocene catalysts which are nowadays 

applied in such a heterogeneous form in industrial slurry- or gas-phase processes.170-172 

Metallocenes are usually adsorbed on silica, magnesium chloride or alumina and the catalysts 

are activated by addition of aluminum co-catalysts such as MAO or AlR3 prior to the 

polymerization. However, these co-catalysts are not feasible for a polar monomer 

copolymerization. 

For late transition metal polymerization catalysts, such an immobilization was also investigated 

in the last years. In some examples, Ni(II) / Pd(II) diimine or pyridyl bis(imine) Fe(II) 

complexes were supported on inorganic substrates and used for ethylene polymerization.173-178 

In contrast to neutral single-site phosphine sulfonato complexes, the active catalyst in these 

examples is also generated by addition of aluminum alkyls.179-182 Only few examples of an co-

catalyst free ethylene oligomerization by silica-immobilized SHOP-type Ni(II) catalysts are 

reported.183 Furthermore, clay as a support for single-component phosphine sulfonato Pd(II) 

and Ni(II) complexes was reported in a patent by Scott et al..184 

5.2.1 Pretreatment of Inorganic Substrates and Heterogeneous Catalyst 

Preparation 

In the scope of this thesis, different inorganic materials, including silica, aluminum oxide, clay 

and titanium oxide, have been investigated as potential solid supports for phosphine sulfonato 

Pd(II) complexes H1-L (Figure 5-1). Most of these substrates have to be subjected to some 

pretreatment before the metal complex can be adsorbed. 

 

Figure 5-1. Phosphine sulfonato Pd(II) complexes H1-L studied in the immobilization on inorganic substrates. 
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5.2.1.1 Clay 

Montmorillonite, which was for example used to immobilize Ni(II) α-diimine catalysts,185 is a 

three-layer type clay, whose sheet structures is composed of two layers of SiO4
- tetrahedrons 

and one central octahedral layer containing aluminum or magnesium.186 An ion exchange of 

the clay was achieved by treatment with 6 M H2SO4 / 1 M Li2SO4 for six hours at 100 °C and 

subsequently washing with deionized water and drying at 200 °C under vacuum for two hours. 

Some samples where further treated with MAO before the clay was suspended in toluene. A 

solution of the phosphine sulfonato complex H1-L in methylene chloride was added and all 

volatiles were removed under vacuum. 

5.2.1.2 Silica 

Silicas are the most common inorganic supports for single-site polymerization catalysts. For 

this purpose, the amorphous form, which includes anhydrous amorphous silica and surface 

hydroxylated, amorphous silica is most often applied.187 Typical commercial silica is 

unmodified and fully hydroxylated (Figure 5-2, A to C), which requires some pretreatment to 

remove water as well as the numerous silanol groups on the surface. Under vacuum and at 

temperatures above 180 °C, water is first desorbed and adjacent silanol groups begin to 

condense with each other to form a siloxane (D in Figure 5-2).187,188 The final silanol content 

depends on the calcination temperature and usually amounts to between 1 and 5 OH/nm2.187 

Isolated silanol groups dehydrate only above 600 °C.189 

 

Figure 5-2. Silica surface hydroxyl groups. 

Besides calcination, silica supports are often treated with aluminum alkyls or MAO before the 

metal complex is adsorbed.174 The detailed interactions of alkyl aluminum complexes with 

silica are still under debate.187 The proposed structures contain various types of surface AlRn 

groups. 

During this work, two commercial silica were investigated as potential supports: GRACE silica 

(SP 550-10654, particle size: ca. 30 nm) and a calcined silica (GRACE XPO-2326, particle 

size: 10-100 µm, pore volume: 1.54 mL g-1). The Grace SP 550-10654 silica was calcined either 
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at 330 °C for 15 hours under vacuum190 (SiO2-330C) or at 500 °C (SiO2-500C), respectively 700 °C 

(SiO2-700C) for six hours before it was heated under vacuum for another 14 hours at 300 °C. The 

GRACE XPO-2326 silica (SiO2-XPO) was used as received in its calcined form.202 

The phosphine sulfonato Pd(II) complex H1-pyr or H1-dmso was added either as a methylene 

chloride or a toluene solution and the solvent was removed under vacuum. In most cases, the 

catalyst was supported by the incipient wetness method using 300 µL of a catalyst solution for 

200 mg of silica (SiO2-XPO) and subsequent drying under vacuum (Grace XPO-2326, pore 

volume: 1.54 mL g-1).202 

5.2.1.3 Aluminum oxide 

Single-site polymerization catalysts are often immobilized on aluminum oxide. In this 

industrially important alumina, about 12.5 % of all oxygen atoms are situated on the surface, 

leading to a high degree of hydroxyl groups. Calcination of γ-Al2O3 leads to the formation of 

surface aluminum cations, which act as Lewis acids.187 Therefore, aluminum oxide was only 

dried under vacuum at 100 °C. 

5.2.1.4 Titanium dioxide 

Commercially available titanium dioxide nanopowder (21 nm particle size) was heated under 

vacuum at 330 °C for 16 hours. The substrate was then suspended in a methylene chloride 

solution of the phosphine sulfonato complex H1-dmso. The solvent was removed under vacuum 

prior to the polymerization.  

5.2.2 Polymerization with Supported Complexes H1-L 

If not indicated otherwise, 100 mL of a toluene suspension of the inorganic substrate, charged 

with the phosphine sulfonato Pd(II) complex H1-L, was transferred into a preheated 250 mL 

stainless steel reactor and ethylene pressure was applied. The clay supported catalysts are active 

in ethylene slurry-polymerization (Table 5-1) without any additional activator, even for the case 

of the cationic chloride complexes. 
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Table 5-1. Ethylene polymerization with phosphine sulfonato complexes H1-L, supported on claya. 

entry substrate and 

pretreatment 

complex time 

[min] 

yield 

 [g] 

TOFb 

  

TONc 

  

Mn (NMR) 

[g mol-1]d 

1-1 --- H1-pyr 30 4.77 3.4 × 104 1.7 × 104 8.2 × 103 

1-2 clay H1-pyr 30 5.45 3.9 × 104 1.9 × 104 4.5 × 103 

1-3 clay H1-pyr 180 16.22 1.9 × 104 5.8 × 104 5.4 × 103 

1-4 clay, washed H1-pyr 30 2.37 1.7 × 104 0.8 × 104 3.4 × 103 

1-5 clay, MAO H1-pyr 30 --- --- --- --- 

1-6 --- H1-dmso 30 13.26 9.5 × 104 4.7 × 104 7.4 × 103 

1-7 clay H1-dmso 30 13.24 9.5 × 104 4.7 × 104 1.0 × 103 

1-8 --- [H1-Cl-NR4
+] 30 --- --- --- --- 

1-9e --- [H1-Cl-NR4
+]e 30 11.88 8.5 × 104 4.2 × 104 8.2 × 103 

1-10 clay [H1-Cl-NR4
+] 30 4.11 2.9 × 104 1.5 × 104 5.6 × 103 

1-11 clay [H1-Cl-NR4
+] 180 17.67 2.1 × 104 6.3 × 104 7.2 × 103 

1-12e clay [H1-Cl-NR4
+]e 30 1.74 1.2 × 104 0.6 × 104 2.1 × 103 

a polymerization conditions: 10 µmol of H1-L, 120 mg of clay (montmorillonite, treated with 6M H2SO4/1M 

Li2SO4) 100 mL of toluene, 7 bar of ethylene, 90 °C reaction temperature. b [molE molPd
-1 h-1]. c [molE molPd

-1]. d 

Determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4. e addition of 1 equivalent of AgBF4 

The activities of the clay supported complexes H1-pyr and H1-dmso compare to those of the 

unsupported single-site complexes (compare Table 5-1, entry 1-1 and 1-2 or 1-6 and 1-7). Note 

that the obtained polyethylene is soluble in toluene under the polymerization conditions and 

therefore does not hinder further polymer growth by accumulation on the support. Longer 

reaction times give significantly more polyethylene, however the turnover frequency is also 

reduced over time which is likely due to some decomposition. The effect of clay on the catalyst 

lifetime and activity is less distinct compared to the results reported by Scott et al. in their 

patent.184 They observed significantly lower yields, accompanied by a much faster catalyst 

deactivation in presence of clay. Here, the clay does also not accelerate catalyst decomposition.  

The reduced yield of entry 1-4, where the clay supported complex was repeatedly washed with 

toluene before it was applied to polymerization, shows that the complex can leach from the clay 

support to some extent. It remains unclear if the clay supported phosphine sulfonato complexes 

H1-L are active in their immobilized form or if polymerization occurs solely in solution and 

therefore which possible decomposition pathways remain accessible. Also, the influence of 

support friability, which may be a limiting factor in slurry polymerization, is not clear yet.191 

Pretreatment of the clay with MAO results in an inactive catalyst (entry 1-5). The degradation 

of the palladium complex is already evident by the rapid formation of palladium black when 

the catalyst solution is added to the MAO pretreated clay slurry. 

Surprisingly, polymerization with the clay supported palladate complex [H1-Cl-NR4
+] yields 

polyethylene in good yield, even without addition of silver salts (entry 1-10 and 1-11). This 
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contrasts with the reactivity of the unsupported complex, which is inactive unless activated by 

silver mediated chloride abstraction (entry 1-8 and 1-9). Such an addition of silver salts is even 

disadvantageous for the clay supported complex (entry 1-12). Possibly, chloride abstraction is 

promoted by the ionic nature of the support by attraction to the cation containing layers in the 

anionic aluminate framework. 

The polyethylene microstructure is only slightly altered when using clay supported complexes. 

Molecular weights are decreased to about 4000 g mol-1 by comparison to the unsupported 

catalyst (8000 g mol-1). In addition, all polyethylenes obtained are still highly linear 

(<2 Me/1000C). Note that Scott et al. describe a slight increase of molecular weights of PE 

produced by H1-lut in presence of clay, which was not observed in this study.184  

Table 5-2. Ethylene polymerization with phosphine sulfonato complexes H1-L, supported on silica, TiO2 or 

Al2O3.a 

entry substrate and 

pretreatment 

substr. 

[mg] 

complex Pd 

[µmol] 

time 

[min] 

yield 

 [g] 

TOFb 

  

Mn (NMR) 

[g mol-1]c 

2-1d --- --- H1-dmsod 8 30 1.44 1.3 × 104 6.9 × 103 

2-2d SiO2-330C 500 H1-dmsod 8 30 1.35 1.2 × 104 0.2 × 103 

2-3 --- --- H1-pyr 8 30 6.43 5.7 × 104 17.8 × 103 

2-4 SiO2-500C 500 H1-pyr 8 30 0.6 0.5 × 104 0.9 × 103 

2-5 SiO2-700C 500 H1-pyr 8 30 --- --- --- 

2-6 SiO2-500C, MAO 500 H1-pyr 8 30 --- --- --- 

2-7 SiO2-XPO 200 H1-pyr 10 60 5.07 1.8 × 104 2.3 × 103 

2-8 SiO2-XPO, i.w. 200 H1-pyr 10 5 0.80 3.6 × 104 4.0 × 103 

2-9 SiO2-XPO, i.w. 200 H1-pyr 10 15 2.39 3.4 × 104 4.6 × 103 

2-10 SiO2-XPO, i.w. 200 H1-pyr 10 60 4.82 1.7 × 104 2.4 × 103 

2-11 SiO2-XPO, i.w. 200 H1-pyr 10 240 11.37 1.0 × 104 3.7 × 103 

2-12d SiO2-XPO, i.w. 200 H1-pyrd 10 60 0.80 0.3 × 104 0.9 × 103 

2-13 SiO2-XPO, i.w., 

washed 

200 H1-pyr 10 60 5.21 1.9 × 104 2.3 × 103 

2-14e SiO2-XPO, i.w. 200 H1-pyr 10 15 1.04 1.5 × 104 n.m. 

2-15e SiO2-XPO, i.w. 150 H1-pyr < 7.5 15(+15) 0.38 0.7 × 104 n.m. 

2-16e SiO2-XPO, i.w. 100 H1-pyr < 5 15(+30) 0.05 0.2 × 104 n.m. 

2-17d TiO2 500 H1-dmsod 8 30 --- --- --- 

2-18d Al2O3 500 H1-dmsod 8 30 --- --- --- 

a polymerization conditions: 100 mL of toluene, 90 °C reaction temperature, 10 bar of ethylene, i.w. = incipient 

wetness. b [molE molPd
-1 h-1]. c Determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4. d Polymerization in 

100 mL of n-heptane. e Recycling experiment: soluble PE in toluene was removed from silica by hot filtration 

and the isolated silica was applied to ethylene polymerization again. 

Whereas clay turned out to be a promising substrate for phosphine sulfonato polymerization 

catalysts (Table 5-1), the titanium dioxide and aluminum oxide supported complex H1-dmso 

showed no polymerization activity (Table 5-2, Entry 2-17 and 2-18). Silica supported catalyst 

H1-pyr however yielded polyethylene, depending on the silica pretreatment. The immobilized 

complex on GRACE silica SiO2-500C (6 hours at 500 °C and 14 hours at 300 °C under vacuum) 
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is only moderately active (entry 2-4). The calcined silica SiO2-XPO, however, is a more suitable 

substrate and the supported complex H1-pyr exhibits good activities (1.8 × 104 molE molPd
-1 h-1, 

entry 2-7) and is again polymerization active without additional co-catalyst.  

The immobilization on silica has a slightly more pronounced effect on polymer molecular 

weight. Whereas activities remain high and the linear microstructure of the polymer obtained 

is not altered significantly, Mn are further decreased to about 3000 g mol-1. The preparation 

method of the silica supported complexes (incipient wetness, or mixing with excess solvent 

volume and drying in vacuum) has no observable effect on the catalyst activity or the PE 

microstructure (entry 2-7 vs. 2-10).  

Time dependent polymerization experiments (entry 2-8 to 2-11) also show that the silica 

supported complex H1-pyr remains active over some hours but is still slowly deactivated over 

prolonged polymerization time. 

Further, it appears that the catalyst precursor H1-pyr is adsorbed well on the silica substrate and 

does not leach easily in toluene since repetitive washing of the substrate with toluene after 

immobilization does not reduce activity in a subsequent polymerization experiment (entry 

2-13). This is further supported by recycling experiments with the silica supported complex 

H1-pyr (entry 2-14 to 2-16). Since the polyethylene produced is soluble in hot toluene, the silica 

support was separated by filtration and repetitively washed with hot toluene. The fact that the 

isolated silica remains polymerization active shows again that the catalyst is adsorbed well onto 

the substrate. 

AAS analysis of the supernatant solution after polymerization indicates that ≤ 10 % of the Pd 

have leached. Given that polymer yields are similar as with the unsupported catalyst, this further 

confirms that catalysis occurs for the largest part or entirely by supported catalysts. Apparently, 

the neutral catalyst is adsorbed efficiently on silica. This is notable, as in the well-studied 

supporting of metallocenes (or also late transition metal diimine or bis(imino)pyridine catalysts) 

on silica, the active species are cationic and bound by electrostatic interactions to their 

aluminum alkyl counterion, which have reacted to form covalent bonds to the support.187,189 
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Table 5-3. Copolymerization of ethylene and MA with clay or silica supported complexes H1-L.a 

entry substrate and 

pretreatment 

complex time 

[min] 

yield 

 [g] 

χ(MA)b 

  

Mn (NMR) 

[g mol-1]c 

3-1 --- H1-pyr 30 0.93 3.4 4.9 × 103 

3-2 clay H1-pyr 30 0.49 3.2 2.1 × 103 

3-3 clay [H1-Cl-NR4
+] 30 0.56 2.2 1.8 × 103 

3-4 clay [H1-Cl-NR4
+]c 30 0.71 4.3 4.7 × 103 

3-5 SiO2-XPO, i.w. H1-pyr 15 0.24 2.5 3.7 × 103 

3-6 SiO2-XPO, i.w. H1-pyr 60 0.76 2.5 2.6 × 103 

3-7 SiO2-XPO, i.w. H1-pyr 240 2.20 2.3 2.7 × 103 

a polymerization conditions: 10 µmol of H1-L, 120 mg of clay (montmorillonite, treated with 6M H2SO4/1M 

Li2SO4) or 200 mg of Silica; 0.2 M MA (total volume: MA+toluene 100 mL), 90 °C reaction temperature, 7 bar 

of ethylene for clay, 10 bar for silica. b Determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4. c addition of 

1 equivalent of AgBF4 

Montmorillonite clay, as well as silica supported complexes H1-pyr and [H1-Cl-NR4
+] further 

enable a copolymerization of ethylene and methyl acrylate without any co-catalyst such as 

MAO (Table 5-3). Whereas both substrates do not influence the degree of MA incorporation 

significantly (2.5 – 4 mol% MA), productivity and molecular weights are both slightly reduced 

in presence of silica or clay. The silica supported complex H1-pyr is less active compared to 

the free complex (entry 3-1 vs. 3-6) but retains its activity over some hours and is only 

deactivated slowly (entry 3-5 to 3-7). 

   

Figure 5-3. SEM images of SiO2-XPO with H1-pyr before (left) and after ethylene polymerization (right) (Table 

5-2, entry 2-8). 
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Figure 5-4. SEM images of SiO2-XPO with H1-pyr after ethylene / MA copolymerization (Table 5-3, entry 3-5). 

SEM images (Figure 5-3 and Figure 5-4) of the catalyst charged silica support before and after 

polymerization show that the morphology of the silica particles (SiO2-XPO) did not change under 

(co)polymerization conditions. The soluble (co)polymers were precipitated during workup and 

the silica beads (10-100 µm in diameter) are embedded in the polymer matrix. These images 

show no indication of fragmentation of the microporous silica particles. Since catalyst leaching 

seems to be marginal, as seen from the recycling experiments and AAS measurement discussed 

above, this is likely due to the good solubility of the formed polymers. 

Though the clay particles are less uniform in size and shape, the SEM image after ethylene 

polymerization also shows clay fragments of unaltered size (Figure 5-5), which suggests that 

support fragmentation is again negligible during polymerization.  

   

Figure 5-5. SEM images of clay with H1-pyr before (left) and after ethylene polymerization (right) (Table 5-1, 

entry 1-4). 

 



Solid-Supported Single-Component Phosphine Sulfonato Pd(II) Catalysts 

88 

5.2.3 Conclusion 

The adsorption of phosphine sulfonato Pd(II) complexes on inorganic substrates such as 

montmorillonite clay or silica (SiO2-XPO) affords active (co)polymerization catalysts without 

any additional scavenger or co-catalyst. Especially clay supported complexes show no change 

in activities and only slightly diminished molecular weights when compared to the single-site 

complexes. Silica has a slightly stronger influence on the palladium catalyst and leads to further 

reduced polymer molecular weights. The supported complexes yield copolymers with 

comparable MA incorporation but reduced activities and molecular weights compared to the 

unsupported single-site complexes. To our knowledge, this is the first demonstration of 

ethylene-acrylate insertion copolymerization by supported solid catalysts. Overall, this shows 

that the nature of the active single-site species is advantageously retained upon supporting. 

5.3 Tethering of Phosphine Sulfonato Pd(II) Complexes to 

Functionalized Polystyrene 

Organic, polymeric supports have some advantages over inorganic substrates. They have a more 

defined, non-acidic surface and they are more easily functionalized which offers opportunities 

of immobilization of the active late transition metal catalyst. On the other hand, they are often 

more sensitive to undergo fragmentation upon mechanical stress. Crosslinked polystyrene was, 

for example, successfully used to support SHOP-type as well as α-diimine Ni(II) 

complexes.183,192,193 Therefore, a site-isolation by covalent tethering of ligands, respectively 

complexes to a commercially available carboxyl functionalized, crosslinked polystyrene was 

sought (Scheme 5-1).  
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Scheme 5-1. Tethering of new phosphine sulfonato Pd(II) complexes to a carboxyl functionalized crosslinked 

polystyrene. 

 

A multitude of different phosphine sulfonates has been synthesized to this day. However, none 

of these bear suitable reactive substituents on the bidentate ligand to bind them directly to a 

solid substrate. The prototypical35 [{2-(2-anisyl)2PC6H4SO2O}PdL] (H1-L, L = dmso, pyr, Cl), 

and the [{2-(tert-butyl)(phenyl)PC6H4SO2O}PdL] system (tBu*/Ph1-L, L = lut) by Claverie 

et al.110 perform well in terms of polymerization activity combined with a high degree of 

comonomer incorporation. Therefore, these complexes served as a model for new (P^O) 

chelated complexes X1/X2OH1-L with a hydroxyl group on the non-chelating P-aryl moiety for 

tethering to a polystyrene support (Scheme 5-1). 

5.3.1 Synthesis of Linkable Phosphine Sulfonato Complexes 

5.3.1.1 Synthesis of Anis/p(OX)oAnis1, respectively Anis/o(OX)pAnis1 

Due to the apparent importance of the two anisyl moieties of the well investigated model system 

[{2-(2-anisyl)2PC6H4SO2O}PdMeL] (H1-L), it was sought to introduce a linkable hydroxyl 

group in the remotely located para position of one of the anisyl moieties. Anis/p(OX)oAnis1-L was 

synthesized by a stepwise procedure, starting from 3-methoxy-benzyl alcohol (23, Scheme 5-2). 

The subsequent bromination to 4-bromo-3-methoxy-benzyl alcohol 24 using sodium bromate 

and sodium bisulfite was performed as described in literature.194  
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Scheme 5-2. Attempted stepwise synthesis of a para hydroxyl substituted analogue (Anis/p(OX)oAnis1-L) of the 

model complex H1-L. This procedure gave the wrong product (Anis/o(OX)pAnis1-L) due to the wrong regioisomer in 

the bromination step (vide infra). 

Unfortunately, as it was revealed later (vide infra), this synthesis procedure yields the wrong 

regioisomer, 2-bromo-5-methoxy-benzylalcohol (28). Since this was not obvious from the 

NMR spectra at this point, the synthesis was continued as planned (Scheme 5-2) and the (at this 

point expected) target complex Anis/p(OH)oAnis1-pyr, was characterized (Figure 5-6): 
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Figure 5-6. 1H NMR (400 MHz, CD3OD) of the product of the described synthesis of Anis/p(OH)oAnis1-pyr, which is 

in fact Anis/o(OH)pAnis1-pyr, as it turned out. Inset: 31P NMR. 

Crystals of this deprotected complex, suitable for X-Ray diffractometry could be grown directly 

from the CD3OD solution in the NMR tube. The electron density peaks of atoms O4, O5, C13 

and C14 of the CH2OH, respectively OCH3 moiety, found on the electron density map, did not 

fit to the desired product Anis/p(OH)oAnis1-pyr. The crystal structure actually suggests that both 

substituents are interchanged and Anis/o(OH)pAnis1-pyr was isolated (Figure 5-7). 
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Figure 5-7. Left: ORTEP Plot of the crystal structure of the obtained complex Anis/o(OH)pAnis1-pyr. Ellipsoids are 

drawn with 50% probability and hydrogen atoms are omitted for clarity. Right: desired and obtained compounds 
Anis/p(OH)oAnis1-pyr and Anis/o(OH)pAnis1-pyr. 

Not only the electron density of atoms O4, O5, C13 and C14, but also the bond lengths and 

angles of these substituents indicate this regioisomer (Table 5-4). Both aryl-O bonds (1.362 Å, 

respectively 1.364 Å) are significantly shorter than the aryl-C bond of the benzyl alcohol moiety 

(1.509 Å). 

Table 5-4. Bond lengths and angles of the aromatic P-substituents in the crystal structure of Anis/o(OH)pAnis1-pyr. 

 Aryl1-CH2OH Aryl1-OCH3 Aryl2-OCH3 

Bond length Aryl-O/C  1.509 Å 1.364 Å 1.362 Å 

Bond length O-C 1.419 Å 1.418 Å 1.428 Å 

Angle Aryl-O/C-C/O 112.02° 117.97° 117.59° 

  

A closer examination of the product of the literature known194 bromination of 3-methoxy-

benzyl alcohol 23 revealed that the regioselectivity is already interchanged at this early stage 

and that the described bromination with NaBrO3/NaHSO3 does not yield 4-bromo-3-methoxy-

benzyl alcohol 24 but 2-bromo-5-methoxy-benzyl alcohol (28). The gHMBC-spectrum (Figure 

5-8) of the tetrahydropyran (THP) protected bromination product clearly shows a 3JCH coupling 

of the Br-substituted carbon atom to the methylene protons, which is only possible in the isomer 

29. Furthermore, the NOESY-spectrum (Figure 5-9) supports this assignment since the through 

space coupling of the OCH3 protons to both neighboring protons 3-H and 5-H is again only 

observable in compound 29. 
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Figure 5-8. gHMBC of the bromination product 29, assigned by the 3JC-H coupling. 

 

Figure 5-9. NOESY of the bromination product 29, assigned by the coupling of OCH3 to protons 3-H and 5-H. 

Since the NMR shifts of the isolated product 28 are identical to those reported for the 

bromination product 24, it seems that all data reported in literature to this reaction might be 

assigned erroneously.194,197 
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However, as mentioned above, the syntheses were already conducted, following the corrected 

synthesis plan to Anis/o(OH)pAnis1-pyr as shown in Scheme 5-3: To avoid side reactions of the 

alcohol such as binding to the phosphorus or deprotonation with nBuLi, the hydroxyl group of 

28 was protected using a tetrahydropyran (THP) group. The THP protecting group should be 

cleavable under slightly acidic conditions. For the synthesis of the phosphorus chloride 

Anis/o(OTHP)pAnis18 (70.70 ppm in 31P NMR), the application of isolated chloro-(2-

anisyl)(diethylamino)phosphine 27 (137.15 ppm) proved to be advantageous to adjust the 

correct stoichiometry since the formed side products could not be removed otherwise. The 

conversion of all phosphorus containing compounds was observed by 31P NMR analysis of 

periodically drawn samples in non-deuterated solvents. 

 

Scheme 5-3. Corrected stepwise synthesis of the ortho hydroxyl substituted complex Anis/o(OX)pAnis1-L. 
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The reaction of Anis/o(OTHP)pAnis18 with o-lithium-benzenesulfonate gave a diastereomeric 

mixture of the phosphine sulfonate Anis/o(OTHP)pAnis19 (-30.63 ppm and -31.13 ppm). Since the 

anticipated cleavage of the THP-protection group from Anis/o(OTHP)pAnis19 did not proceed 

cleanly, the phosphine sulfonate Anis/o(OTHP)pAnis19 was first reacted with [(COD)PdMeCl] to 

[{Anis/o(OTHP)pAnis1-µLiCl}2]. This binuclear complex was further reacted with pyridine to 

Anis/o(OTHP)pAnis1-pyr, which can finally be deprotected with aqueous HCl in methanol to form 

Anis/o(OH)pAnis1-pyr (Figure 5-6). 

5.3.1.2 Synthesis of Anis/BenzOH1-L and tBu*/BenzOH1-L 

Due to the synthetic difficulties during the synthesis of the building block 24 for the target 

complex Anis/p(OH)oAnis1-pyr, which would bear a linkable hydroxyl group in para position, two 

new target complexes Anis/BenzOH1-L and tBu*/BenzOH1-L were considered. Both complexes 

feature a para-benzylalcohol substituent which can later be tethered to the functionalized 

polystyrene substrate. 

The phosphine sulfonato Pd(II) complex Anis/BenzOH1-L was synthesized by a similar route as 

described above (Scheme 5-4). Again, the syntheses of all phosphorus containing compounds 

were followed by 31P NMR spectra of small samples in the non-deuterated solvent: 

Anis/BenzOTHP18 resonates at 77.53 ppm and Anis/BenzOTHP19 resonates at -20.21 ppm. 

 

Scheme 5-4. Stepwise synthesis for complex Anis/BenzOH1-pyr. 
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The removal of the THP protecting group again did not proceed cleanly on the level of the 

phosphine sulfonate Anis/BenzOTHP19 but was possible with HCl in methanol from 

[{Anis/BenzOTHP1-µLiCl}2] or Anis/BenzOTHP1-pyr. Both deprotected complexes 

[{Anis/BenzOH1-µLiCl}2] and Anis/BenzOH1-pyr as well as Anis/BenzOTHP1-pyr could be crystallized 

and their structure was confirmed by X-Ray diffractometry (Figure 5-10). All structures exhibit 

a distorted square planar palladium center with the Pd-Me group located mutually cis to the 

phosphorus atom. Complex [{Anis/BenzOH1-µLiCl}2] is a binuclear palladate complex, with both 

Pd centers bridged via LiCl, similar to other structures found for such palladate complexes (see 

chapters 3 and 4). 

 

 

Figure 5-10. ORTEP Plots of complexes [{Anis/BenzOTHP1-µLiCl}2], Anis/BenzOH1-pyr and Anis/BenzOTHP1-pyr. 

Ellipsoids are drawn with 50 % probability, hydrogen atoms are omitted for clarity. 
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Further, the P-alkyl/aryl substituted, linkable phosphine sulfonate tBu*/BenzOX19 and the 

corresponding complexes tBu*/BenzOX1-L were synthesized in a similar procedure (Scheme 5-5). 

Again, some steps can be followed by 31P NMR spectra to adjust the correct stoichiometry: 

tBu*/BenzOTHP18 resonates at 108.80 ppm and tBu*/BenzOTHP19 resonates at 5.50 ppm. 

 

Scheme 5-5. Stepwise synthesis for complex tBu*/Benz1-pyr. 

As for the other THP containing complexes described above, a cleavage of the THP protecting 

group from the phosphine sulfonate tBu*/BenzOTHP19 yielded many side products and was 

dismissed. Deprotection from [{tBu*/BenzOTHP1-µLiCl}2] or [{tBu*/BenzOTHP1-pyr] with HCl in 

methanol at 60 °C for 2 hours also did not proceed cleanly in this case. Even though the THP 

group was quantitatively cleaved, as shown by the singlet 1H NMR resonance of the methylene 

protons, in both cases, a significant amount (> 30 %) of one new species, which exhibits all 

proton resonances of the desired target complex except of the palladium-methyl group (Figure 

5-11), was formed.  
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Figure 5-11. 1H NMR spectrum (400 MHz, CH3OD) after the deprotection of [{tBu*/BenzOTHP1-µLiCl}2] with HCl 

in methanol at 60 °C shows a mixture of the target complex [{tBu*/BenzOH1-µLiCl}2] and one new species in a ratio 

of 1:0.5. 

ESI MS measurements (Figure 5-12) of the reaction mixture indicate that the Pd-CH3 group 

was cleaved (m/z = 492 g mol-1) and a phosphine sulfonato PdCl2 complex is formed (m/z = 

529.0 g mol-1). The main species with m/z = 509.0 g mol-1 represents the target complex 

[{tBu*/BenzOH1-µLiCl}2]. The mass at m/z = 436.8 ppm might belong to a species where the 

tert-butyl group was cleaved though such a complex was not observed in the NMR spectra.  

 

Figure 5-12. ESI MS (negative mode) of the reaction mixture after the deprotection of [{tBu*/BenzOTHP1-µLiCl}2] 

with HCl in methanol at 60 °C. 

Deprotection of [{tBu*/BenzOTHP1-µLiCl}2] according to a literature procedure by Taniguchi 

et al.198 using montmorillonite clay proceeded cleanly but only with 50 % conversion after 

80 hours at 40 °C. Finally, deprotection of [{tBu*/BenzOTHP1-µLiCl}2] at 40 °C for 2 hours using 

catalytic amounts of trifluoroacetic acid in dry and degassed methanol proved to be 

advantageous and resulted in clean formation of [{tBu*/BenzOH1-µLiCl}2] (Figure 5-13). Addition 

of an excess of pyridine in methylene chloride yielded the corresponding pyridine complex 

tBu*/BenzOH1-pyr which can be tethered to the carboxyl functionalized polystyrene (vide infra). 
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Figure 5-13. 1H NMR spectrum (400 MHz, CD3OD) of the deprotected complex tBu*/BenzOH1-pyr. 

5.3.2 Tethering of Phosphine Sulfonato Complexes to Polystyrene 

As a substrate to immobilize the phosphine sulfonato Pd(II) complexes X1/X2(OH)1-pyr prepared 

a commercially available crosslinked polystyrene (macroporous beads of ca. 100 µm diameter, 

purchased from Rapp Polymers), which is functionalized with 2.19 mmol carboxyl groups per 

gram polymer, was used (Scheme 5-6). The carboxylic acid moieties were activated by a 

reaction with oxalyl chloride in dry methylene chloride.199 The IR band of the carbonyl 

stretching vibration was shifted from 1650 cm-1 to 1750 cm-1 which shows the formation of the 

carboxylic acid chloride. 

 

Scheme 5-6. Immobilization of tBu*/BenzOH1-pyr by ester formation with a functionalized polystyrene. 

Since the analysis of the crosslinked polymer is challenging, the coupling conditions were first 

optimized in a model reaction. Benzyl alcohol and benzoyl chloride immediately form the ester 

in good yield in the presence of triethylamine as a base. Under these conditions, also the reaction 

of the functionalized polystyrene with benzyl alcohol is quantitative as seen by the 
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disappearance of the 1H NMR resonances of benzyl alcohol from the reaction mixture compared 

to hexamethylbenzene as an internal standard. 

The coupling of all complexes Anis/o(OH)pAnis1-L, Anis/BenzOH1-L and tBu*/BenzOH1-L with 

carboxylic acid chloride functionalized polystyrene was performed under identical conditions 

(Scheme 5-6). Dry methylene chloride was used as a solvent, triethylamine was used in excess 

and a small excess of pyridine was added to avoid pyridine abstraction from the complexes. 

This reaction mixture was shaken for 18 hours at room temperature before dry methanol was 

added to quench the remaining carboxylic acid chloride groups. The insoluble polystyrene was 

subsequently isolated by filtration, washed with methanol and dried under vacuum. Thus, the 

IR spectrum of the product PS(Y)-X1/X21-pyr (Y = µmol Pd per 100 mg PS) exhibits two 

carbonyl stretching vibrations (1715 cm-1 and 1780 cm-1 for PS(12)-tBu*/Benz1-pyr) which arise 

from the methyl ester as well as the benzyl ester of the bound phosphine sulfonato Pd(II) 

complex. The 31P MAS-NMR spectra of PS(12)-tBu*/Benz1-pyr (Figure 5-14) exhibit one broad 

resonance at about 45 ppm, which agrees with the solution spectrum of tBu*/BenzOH1-pyr, 

exhibiting a 31P resonance at 43.2 ppm. 

 

Figure 5-14. Solid state 31P NMR of PS(12)-tBu*/Benz1-pyr with spinning sidebands. 

The exact degree of functionalization (given as number Y in µmol/100 mg) of PS(Y)-X1/X21-pyr 

with the palladium complex was indirectly determined by solution 31P NMR spectroscopy 

(Figure 5-16). Since phosphines coordinate considerably stronger to palladium than pyridine, 

they will replace the latter. This results in depletion of a PPh3-solution upon exposure to the 

supported catalyst. For quantification, a known amount of trioctylphosphine oxide was used as 

an internal standard since phosphine oxides were found to coordinate quite weakly and both 

31P NMR resonances are well separated.85 Further, to assure a quantitative integration of the 31P 

NMR spectra, the spin-lattice relaxation times (T1) of PPh3 and Oct3P=O were determined by 

an inversion-recovery experiment (Figure 5-15). The quantitative feasibility of this method was 
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evaluated by a reference experiments with the soluble complex H1-pyr. Further proof of a 

covalent binding is obtained from polymerization studies (vide infra). 

 

Figure 5-15. Stacked 31P NMR spectra of the inversion recovery experiment to determine T1 of trioctylphosphine 

oxide and triphenylphosphine. 

Figure 5-16 shows the stacked 31P NMR spectra of the pyridine – PPh3 exchange experiment 

of PS(12)-tBu*/Benz1-pyr to PS(12)-tBu*/Benz1-PPh3. Besides the decrease of the PPh3 resonance 

in contrast to the internal standard trioctylphosphine oxide, one can also see the formation of 

triphenylphosphine oxide during the reaction time of 18 hours. The amount of both, O=PPh3 

and PPh3 after 18 hours corresponds to the amount of PPh3 present after 30 minutes, which 

indicates that the pyridine – PPh3 exchange is already quantitative within 30 min while PPh3  

slowly oxidizes. The calculated degree of functionalization however shows that less complex 

X1/X2OH1-L is bound to the polymer than it should be from the applied stoichiometry. This might 

either be due to a hindered functionalization due to steric interactions or a transesterification 

during workup with methanol. 
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Figure 5-16. Stacked 31P NMR of the pyridine – PPh3 exchange experiment of PS(12)-tBu*/Benz1-pyr to determine 

the amount of phosphine sulfonato Pd(II) complex tBu*/Benz1-pyr bound to the polystyrene. 

The same coupling conditions (excess Et3N and pyridine in CH2Cl2) were also used to 

synthesize a soluble reference complex tBu*/Benz31-pyr (Scheme 5-7). This para ester 

substituted phosphine sulfonato complex was isolated in 33 % yield after a short column 

chromatography over neutral aluminum oxide. 

 

Scheme 5-7. Synthesis of a soluble reference complex tBu*/Benz31-pyr. 
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5.3.3 Ethylene Polymerization 

The polystyrene bound phosphine sulfonato Pd(II) complexes PS(Y)-X1/X21-pyr are active 

ethylene polymerization catalysts in toluene (Table 5-5 and Table 5-6). Polymerization with 

PS(Y)-tBu*/Benz1-pyr in heptane as a solvent however did not yield any polyethylene (Entry 

5-7).  

Table 5-5. Ethylene polymerization with PS bound phosphine sulfonato complex PS(Y)-tBu*/Benz1-pyr and its 

soluble analogue tBu*/Benz31-pyr.a 

entry PS bound cat.  

precursor 

Pd 

[µmol] 

Time [min] Yield 

 [g] 

TOFb 

  

TONc 

  

Mn (NMR) 

[g mol-1]d 

5-1 PS(31)-tBu*/Benz1-pyr 31 90 0.343 263 395 10.0 × 103 

5-2 PS(20)-tBu*/Benz1-pyr 20 10 0.288 3144 524 9.4 × 103 

5-3 PS(20)-tBu*/Benz1-pyr 20 90 1.287 1562 2344 13.0 × 103 

5-4 PS(20)-tBu*/Benz1-pyr 20 450 5.688 1381 10364 16.1 × 103 

5-5 PS(12)-tBu*/Benz1-pyr 12 90 0.470 910 1365 14.3 × 103 

5-6 PS(12)-tBu*/Benz1-pyre 12 90 1.849 3578 5368 14.0 × 103 

5-7 PS(12)-tBu*/Benz1-pyrf 12 90 --- --- --- --- 

5-8 PS(5)-tBu*/Benz1-pyr 5 90 0.300 1428 2143 0.1 × 103 

5-9 tBu*/Benz31-pyr 7 90 3.973 13138 19707 21.0 × 103 

5-10 tBu*/Benz31-pyr 8 450 14.074 8274 62055 14.0 × 103 

5-11 PS & tBu*/Ph1-pyrg -- 90 0.001 --- --- --- 

5-12 PS(12)-tBu*/Benz1-pyrh 24 120 0.838 1247 2494 10.2 × 103 

5-13 PS(12)-tBu*/Benz1-pyrh 24 (120+)120 0.769 1144 2289 10.1 × 103 

5-14 PS(12)-tBu*/Benz1-pyrh 24 (240+)120 0.256 381 762 10.2 × 103 

a Reaction conditions: 100 mg of PS(Y)-X1/X21-pyr, 100 mL of toluene, 10 bar ethylene, 90 °C reaction 

temperature. b [molE molPd
-1 h-1]. c [molE molPd

-1]. d Determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4. e 

40 bar of ethylene. f 100 mL of heptane, no toluene. g identical pretreatment of PS with tBu*/Ph1-pyr without 

hydroxyl linker. h catalyst recycling experiment: 200 mg of PS(Y)-X1/X21-pyr, 20 bar of ethylene, decanted and 

run again. 

With the exception of entry 5-1, the polymer yield increases with increasing PS(Y)-tBu*/Benz1-

pyr loading Y (compare entry 5-3, 5-5 and 5-8). Longer reaction time also leads to a higher 

polyethylene yield (entry 5-2 to 5-4). Activities are, in general, significantly lower compared to 

the unbound complexes. This is ascribed mainly to a hindered diffusion of ethylene substrate 

or polyethylene product in the macroporous polystyrene beads.  

The decreasing activity with longer reaction times further indicates that the polystyrene bound 

complexes PS(Y)-tBu*/Benz1-pyr are still amenable to some deactivation pathways. One 

explanation might be that Pd(0) clusters or precipitates formed after reductive elimination are 

not amenable to react with the immobile phosphonium sulfonate and therefore do not undergo 

the reverse reaction (oxidative addition) to reform an active catalyst. Of course, new 

deactivation pathways can also not be excluded. 
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Further, a physisorption rather than the anticipated covalent tethering in the above synthesis of 

the supported catalyst could result in catalysis by non-bound complexes in solution. To this end 

polymerization studies are instructive. Physical adsorption of the complex can be excluded by 

a comparative experiment (Table 5-5, Entry 5-11) with complex tBu*/Ph1-pyr, which possesses 

no hydroxyl linker. The supporting procedure and washing steps used to tether the other 

complexes to PS (see chapter 5.3.2) was conducted with tBu*/Ph1-pyr. Subjecting the resulting 

solid support to ethylene in the pressure reactor yielded no polymer. This shows that the 

palladium complexes in PS(Y)-X1/X21-pyr are indeed covalently bound to the polystyrene 

support by this procedure and not just physisorbed onto the substrate.  

Analysis of a filtrate after isolation of the polymer obtained (from Table 5-6, Entry 6-2) by 1H 

and 31P NMR however indicated that the ester functionality might be partly cleaved to a small 

extent under polymerization conditions since a weak 31P resonance at -4.2 ppm and traces of 

aromatic signals in the proton spectra were observed. The identity of this species could not be 

evaluated further due to its low concentration. Furthermore, AAS analysis of the solution also 

suggests that less than 1 % of the metal complex has leached from the support so that 

polymerization occurs predominantly by the PS-bound catalysts. 

Successful recycling experiments (entry 5-12 to 5-14) with complex PS(12)-tBu*/Benz1-pyr 

further demonstrated that the deactivation and any leaching is not quantitative under 

polymerization conditions within two hours. After decantation of the polyethylene solution, the 

polystyrene beads were washed with toluene, dried under vacuum and reused to polymerize 

ethylene again. The second run yielded PE amounting to 91 % of the PE yield of the first run. 

Note that the palladium-methyl complex activation in the first run will likely afford a PS-bound 

palladium-hydride complex upon work-up. Also, the nature of the labile ligand at the fourth 

coordination site is not known, which influences the catalyst activity and stability. A third 

polymerization attempt produced additional 30 % (0.256 g) of the PE yield of the first run. The 

polyethylene molecular weights remain constant (10 × 103 g mol-1) over these recycling 

experiments. This shows again that some decomposition or leaching occurs during 

polymerization but that the catalyst remains active over at least six hours and also the identity 

of the active species is not altered.  

Further experiments with the soluble analogue tBu*/Benz31-pyr were conducted. This complex is 

significantly more active (19707 molE molPd
-1) than the polymer bound complex 

PS(Y)-tBu*/Benz1-pyr (2344 molE molPd
-1) under identical polymerization conditions. This 

higher activity is not unexpected since supported catalysts often show, due to the diminished 
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diffusion of the monomer in the interior pores, a reduced activity compared to their soluble 

counterparts. However, the stronger decrease of the turnover frequency during the long time 

polymerization experiments with tBu*/Benz31-pyr indicate that this soluble complex is 

deactivated faster when compared to the polymer bound complex PS(20)-tBu*/Benz1-pyr 

(compare entry 5-10 and 5-4). The mass flow plot of the longer term experiment with the soluble 

complex tBu*/Benz31-pyr in Figure 5-17 illustrates this loss of activity over time. 

 

Figure 5-17. Left: Mass flow plot of the ethylene polymerization with complex tBu*/Benz31-pyr over 450 min (Table 

5-5, entry 5-10). Right: Structure of tBu*/Benz31-pyr. 

The polyethylene molecular weights produced with the polystyrene bound phosphine sulfonato 

complex PS(Y)-tBu*/Benz1-pyr are between 10 × 103 g mol-1 and 16 × 103 g mol-1. Molecular 

weights of polyethylenes produced with the soluble analogue are slightly higher (up to 20 × 103 

g mol-1). Furthermore, the NMR analysis of the polymers in all cases revealed only small 

amounts of methyl branches (< 1/1000 Carbon atoms). 

Table 5-6. Ethylene polymerization with PS(Y)-Anis/Benz1-pyr, PS(Y)-Anis/oAnis1-pyr and the corresponding single 

site complexes.a 

entry PS bound cat.  

precursor 

Pd 

[µmol] 

Time [min] Yield 

 [g] 

TOFb 

  

TONc 

  

Mn (NMR) 

[g mol-1]d 

6-1 PS(18)-Anis/Benz1-pyr 18 30 0.666 2628 1314 8.6 × 103 

6-2 PS(18)-Anis/Benz1-pyr 18 90 0.811 1067 1601 12.7 × 103 

6-3 PS(18)-Anis/Benz1-pyr 18 450 1.036 273 2045 8.1 × 103 

6-4 PS(18)-Anis/Benz1-pyre 18 90 0.858 1128 1693 8.2 × 103 

6-5 Anis/BenzOTHP1-pyr 7.0 90 7.954 27056 40584 19.4 × 103 

6-6 Anis/BenzOH1-pyr  8.0 90 10.405 30967 46450 15.1 × 103 

6-7 PS(7)-Anis/oAnis1-pyr 6.6 30 traces --- --- --- 

6-8 PS(7)-Anis/oAnis1-pyr 6.6 90 0.180 706 471 11.7 × 103 

6-9 Anis/o(THP)pAnis1-pyr 7.3 90 16.775 54713 82069 26.7 × 103 

6-10 Anis/o(OH)pAnis1-pyr  7.7 90 12.632 39061 58591 22.3 × 103 

a Reaction conditions: 100 mg of PS(Y)-X1/X21-pyr, 100 mL of toluene, 10 bar of ethylene, 90 °C reaction 

temperature. b [molE molPd
-1 h-1]. c [molE molPd

-1]. d Determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4. e 

addition of 1 equiv of B(C6F5)3.  
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Ethylene polymerization with the PS bound complex PS(18)-Anis/Benz1-pyr shows similar 

trends. The complex is not stable over time (Table 5-6, Entry 6-1 to 6-3) and produces highly 

linear PE with molecular weights of ca. 10 × 103 g mol-1. Polymerization activities and 

molecular weights of the tethered complex are again significantly reduced compared to their 

soluble counterpart. Activities are, however, not limited by a conceivable disadvantageously 

strong coordination of pyridine to the Pd center of the PS-bound catalysts since an addition of 

equimolar amounts of the pyridine scavenger B(C6F5)3 did not result in higher PE yield (entry 

6-4 vs. 6-2). 

The difference in activity between bound and free complex is even more pronounced for PS(7)-

Anis/oAnis1-pyr, which bears the hydroxyl linker in ortho position to the phosphorus atom. The 

immobilized complexes produce only traces of polyethylene whereas the free complexes are 

the most active polymerization catalysts investigated in this study. This is likely due to a 

prohibitive steric bulk around the palladium atom due to the closer proximity of the linker. 

5.3.4 Copolymerization of Ethylene and Methyl Acrylate 

The polystyrene bound phosphine sulfonato Pd(II) complexes PS(Y)-tBu*/Benz1-pyr and 

PS(Y)-Anis/Benz1-pyr were also found to be active for a co-catalyst free copolymerization of 

ethylene and MA (Table 5-7). Despite the good activity of the free complexes Anis/o(OX)pAnis1-

pyr during ethylene/MA copolymerization (Table 5-7, Entry 7-12 and 7-13), PS(Y)-Anis/oAnis1-

pyr was not applied in copolymerization experiments since the activities of the immobilized 

complex were already very low during ethylene polymerization.  

Interestingly, MA incorporation (0.2 mol% - 0.8 mol% MA) in the copolymers produced with 

PS(Y)-tBu*/Benz1-pyr are considerably lower compared to the free complex tBu*/Ph1-L.110 Under 

identical conditions, PS(18)-Anis/Benz1-pyr was able to incorporate higher amounts of MA (ca. 

2.5 mol%), only slightly lower than with the corresponding unbound complex (3.5 mol % MA, 

Table 5-7, Entry 7-11). It is well established from studies of soluble catalysts that bulky 

substituents on the P-donor reduce MA incorporation.106 Possibly, this effect is further 

amplified by the sterically demanding environment provided in the crosslinked polystyrene 

support, particularly for the case of PS(Y)-tBu*/Benz1-pyr with its already bulky tBu substituents. 

The molecular weights are lower (3 × 103 g mol-1) compared to neat PE formed with the same 

supported catalysts. This is not surprising since incorporation of polar comonomers increases 

the tendency for β-hydride elimination and therefore enhances chain transfer. All obtained 

copolymers possess a highly linear microstructure with less than one methyl branch per 1000 
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carbon atoms. As during ethylene polymerization, polymerization experiments with different 

reaction times imply a significant decomposition of these immobilized complexes since the 

isolated polymer yield did not increase much after the first few minutes. 

Table 5-7. Copolymerization of MA and ethylene with PS bound phosphine sulfonato complexes 

PS(Y)-X1/X21-pyr and free complexes X1/X21-pyr, respectively H1-pyr.a 

entry PS bound cat.  

precursor 

Pd 

[µmol] 

Time  

[min] 

Yield 

 [g] 

χ MAb 

 [mol %] 

Mn (NMR) 

[g mol-1]b 

7-1 PS(12)-tBu*/Benz1-pyr 12 90 0.295 0.2 3.1 × 103 

7-2 PS(12)-tBu*/Benz1-pyr 12 90 0.244 0.3 3.0 × 103 

7-3 PS(5)-tBu*/Benz1-pyr 05 10 0.227 0.8 3.8 × 103 

7-4 PS(5)-tBu*/Benz1-pyr 05 90 0.170 n.d. n.d. 

7-5 PS(5)-tBu*/Benz1-pyr 05 450 0.354 0.7 3.2 × 103 

7-6 PS(18)-Anis/Benz1-pyr 18 10 0.137 2.2 3.4 × 103 

7-7 PS(18)-Anis/Benz1-pyr 18 90 0.157 2.7 2.5 × 103 

7-8 PS(18)-Anis/Benz1-pyr 18 450 0.217 2.5 2.2 × 103 

7-9 PS(18)-Anis/Benz1-pyrc 54 90 0.225 2.4 3.0 × 103 

7-10 PS(18)-Anis/Benz1-pyrc 54 90(+90) traces --- --- 

7-11 Anis/BenzOH1-pyr 25 90 1.514 3.5 6.2 × 103 

7-12 Anis/o(THP)pAnis1-pyr 24 90 5.264 1.9 4.3 × 103 

7-13 Anis/o(OH)pAnis1-pyr 23 90 0.646 2.0 3.5 × 103 

7-14 H1-pyr 23 90 6.812 2.5 6.6 × 103 

a reaction conditions: 100 mg of PS(Y)-tBu*/Benz1-pyr, 0.2 M MA, 100 mL total volume (MA + toluene), 200 mg 

of BHT, 10 bar of ethylene, 90 °C reaction temperature. b Determined by 1H NMR spectroscopy at 130 °C in 

C2D2Cl4. c recycling experiment: 300 mg of PS(18)-Anis/Benz1-pyr, 90 min each run. 

SEM images (Figure 5-18 and Figure 5-19) of the polystyrene beads (PS(12)-tBu*/Benz1-pyr) 

after ethylene (co)polymerization show that the PS beads are still intact and that the 

polymerization process does not break up the crosslinked polystyrene. Under 

(co)polymerization conditions (90 °C in toluene), the ethylene-MA copolymer and also the 

polyethylene formed are completely dissolved in the reaction medium. The (co)polymer 

precipitates only during the workup (precipitation of the dissolved (co)polymer by excess 

methanol and drying under vacuum) and is thus found as a matrix embedding the polystyrene 

beads. 
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Figure 5-18. SEM image of a polystyrene bead (PS(12)-tBu*/Benz1-pyr) after 90 min ethylene polymerization 

(Table 5-5, Entry 5-6). 

 

Figure 5-19. SEM image of a polystyrene bead (PS(12)-tBu*/Benz1-pyr) after copolymerization of MA and ethylene 

(Table 5-7, Entry 7-2). 

5.3.5 Summary 

Different phosphine sulfonates bearing hydroxyl linkers were synthesized. The obtained 

palladium pyridine complexes are stable enough to cleave the THP-protecting group under 

acidic conditions in methanol. These complexes were subsequently tethered to a carboxylic acid 

functionalized crosslinked polystyrene. The PS-immobilized phosphine sulfonato Pd 

complexes PS(Y)-X1/X21-L are active in ethylene polymerization and yield polyethylene with 
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similar molecular weights as related homogeneous catalysts. Though this method provides 

active catalysts without additional co-catalysts, these experiments also showed that an 

immobilization by a binding to polystyrene cannot suppress all deactivation pathways and that 

activities significantly decrease over longer polymerization times. However, it was possible to 

recycle these immobilized complexes by simple decanting of the polyethylene solution and 

apply them again for ethylene polymerization. 

5.4 Comprehensive Summary and Conclusion 

Phosphine sulfonato palladium(II) complexes are well investigated experimentally and 

theoretically. These late transition metal complexes demonstrate an outstanding polar group 

tolerance which makes them very interesting precursors in the challenging task of polar 

monomer copolymerization.36,37 These complexes are generally applied in solution 

polymerization, but there are various motivations to support these complexes and to apply them 

in slurry- or gas phase polymerization. This could not only suppress bimolecular deactivation 

reactions but also allow for a recycling of the applied heterogeneous catalysts form the polymer 

products. 

For this task, the prototypical phosphine sulfonato Pd(II) complex H1-L was immobilized by 

adsorption on inorganic supports such as montmorillonite clay or silica. It could be shown that 

clay and silica are both potential substrates for an ethylene slurry polymerization after an 

appropriate pretreatment. Though both inorganic substrates could not prevent the catalyst from 

slow decomposition, the supported catalysts retain their initial catalytic activity and produce 

linear polyethylene with only slightly lower molecular weights compared to the free single-site 

complex. H1-pyr on silica is quite stable under copolymerization conditions. Further, it was 

now possible to produce poly(E-co-MA) by these heterogeneous single-component palladium 

catalysts. To our knowledge, this is the first demonstration of ethylene-acrylate insertion 

copolymerization by supported solid catalysts. 

Another possible strategy which was investigated is the covalent tethering of the pre-catalyst to 

functionalized polystyrene. Three new P-asymmetric phosphine sulfonato complexes, bearing 

a hydroxyl group at one of the non-chelating P-aryl moieties, were synthesized. The polymer-

bound catalysts show reduced polymerization activity but produce PE and poly(E-co-MA) with 

similar microstructure as the unbound complexes. This immobilization approach allowed for 

the first time for a separation and recycling of phosphine sulfonato Pd(II) polymerization 

catalysts. 
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6 Conclusive Summary 

Polyolefins are produced on a vast scale since the discovery of early transition metal 

polymerization catalysis by Ziegler and Natta. The insertion polymerization of apolar olefins 

offers access to versatile materials from amorphous, highly branched and soft polymers to 

highly linear, semi-crystalline polymers. It further allows for a stereo- and regiocontrol of 

1-olefin monomers during insertion. Incorporation of polar substituted monomers however, 

which would result in new materials with desirable properties, remains an unresolved problem 

by this approach.  

In contrast, less oxophilic late transition metal complexes showed great potential for this 

challenging task. The discovery of cationic α-diimine palladium(II) and nickel(II) complexes 

by Brookhart and coworkers almost twenty years ago drew the focus onto these promising 

d8-transition metal polymerization catalysts. With these Brookhart-type catalysts it was possible 

for the first time to copolymerize ethylene with polar vinyl monomers such as methyl acrylate 

by an insertion mechanism. The copolymer obtained is highly branched and the polar acrylate 

groups are located at the end of the branches predominantly, which is ascribed to an extensive 

chain walking of these catalysts.  

The discovery of neutral phosphine sulfonato palladium(II) olefin polymerization catalysts by 

Drent et al. enabled an incorporation of methyl acrylate into the backbone of a highly linear 

polyethylene. These neutral complexes are even more tolerant towards the nature of the polar 

group so that also challenging monomers such as acrylonitrile, acrylic acid or vinyl acetate can 

now be copolymerized with ethylene. The unique properties of these complexes are ascribed to 

the asymmetric nature of the chelating backbone; more precisely the hard sulfonate oxygen and 

its weak σ-donor ability combined with the strong trans influence of the phosphorus atom.   

In recent years, a multitude of different phosphine sulfonato complexes have been synthesized. 

Among others, the seminal ligand motif with (P^O) = (2-MeOC6H4)2PC6H4SO2O
- by Drent 

et al. still represents a good compromise between catalyst activity, polymer molecular weight 

and comonomer incorporation. Despite the variety of non-chelating phosphorus substituents 

reported in literature, structure-activity relationships are not really understood. This is 

exemplified for example by the report that increased steric bulk of P-aryl substituents (aryl = 

phenyl < naphthyl < phenanthryl < anthracenyl) reduces catalyst activity as well as polyethylene 

(PE) molecular weight107 whereas another bulky {(P^O)-(2-(2’,6’-(MeO)2C6H3)C6H3)2P-

C6H4SO2O} ligand significantly enhances the polymer molecular weight and the catalyst 
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activity.106 This influence of bulky substituents is not only observed for (P^O)PdMeL 

complexes and is often attributed to steric shielding of the axial site of the metal complex.18 

In terms of the underlying olefin insertion step, in 2011 we reported an outstanding effect of 

the steric bulk of (P^O)-chelating ligands by the observation that new, bulky 

diazaphospholidine sulfonato Pd(II) complexes significantly affect the regioselectivity of 

methyl acrylate insertion:118,142 Usually, electron deficient olefins such as MA undergo 2,1-

insertion with very high regioselectivity. This electronic preference was inverted by these bulky 

complexes to obtain the unexpected 1,2-insertion product in >95 % selectivity. 

Chapter 3 provides a comprehensive experimental and theoretical study of this new class of 

neutral diazaphospholidine sulfonato Pd(II) complexes.200 Further representatives of these 

chelating (P^O) ligands and the respective palladium complexes have been synthesized and 

investigated. This study with complexes X2-L confirms that the regioselectivity is indeed 

controlled by the steric bulk of the ligand. Bulky complexes Mes2-L, iPr2-L and Ar2-L override 

the electronic preference and afford the regioirregular 1,2-insertion product in over 93 % 

selectivity whereas the less bulky complex Ph2-L affords the ‘normal’, electronically controlled 

2,1-insertion product in over 95 % yield (Figure 6-1). It was shown by DFT calculations that 

this is due to a destabilization of the 2,1-insertion transition state by interference of the bulky 

substituents with the carbonyl moiety of the coordinated acrylate. 

 

Figure 6-1. Regioselectivity of diazaphospholidine sulfonato Pd(II) complexes X2-L. 

In stark contrast to the Pd-methyl complexes X2-L, acrylate insertion into diazaphospholidine 

sulfonato Pd-hydride (or deuteride) complexes – which are formed in polymerization reactions 

by chain transfer – was observed to follow the common 2,1-insertion pathway even for very 

bulky substituted complexes iPr8-lut. DFT calculations showed that other than insertion into a 

Pd-alkyl bond, insertion into the hydride occurs from the species in which the -coordinated 

acrylate is located trans to the phosphorus atom, with the hydride in cis position. Thus, the 
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olefin is more remote from the P-donor and its bulky substituents, and the 2,1-insertion step is 

less sensitive to their steric bulk.  

All representatives of diazaphospholidine sulfonato Pd(II) complexes studied were found to be 

active for ethylene polymerization. Norbornene was, due to its ring strain, the only comonomer 

which is prone to a copolymerization with ethylene. In the presence of various other 

comonomers under polymerization conditions, incorporation of ethylene is much preferred. 

This chemo-selectivity can be related to a preference for the less bulky ethylene monomer. 

The diazaphospholidine sulfonato complexes X2-L investigated exhibit, under ethylene 

polymerization conditions, a reduced activity, reduced thermal stability, and produce lower 

molecular weight polyethylene compared to many phosphine sulfonato complexes X1-L. This 

clearly shows that the previous assumption in literature (from simple phenomenological 

analogy to proven effects in cationic α-diimine complexes) that a blocking of the axial position 

by sterically demanding ligands alone does not necessarily reduce chain transfer to yield high 

PE molecular weights. 

Chapter 4 describes the electronic influence of remotely located substituents on the insertion 

and polymerization behavior of phosphine sulfonato Pd(II) complexes X1-L.201 Even though 

some studies discuss the electronic influence of the ligands, they are never clearly separated 

from steric influences and are usually investigated as a combination of both.107,109,110 By 

introduction of electron-withdrawing, respectively electron-donating substituents in the 

remotely located para position of the non-chelating P-aryl moieties, it was now possible to 

solely explore the influence of electronic modifications (Figure 6-2).  

 

Figure 6-2. Electronic influences of remotely located substituents on the insertion and polymerization properties 

of phosphine sulfonato Pd(II) complexes X1-L (L = dmso, pyr, Cl etc.). 

This study of largely novel phosphine sulfonato Pd(II) complexes X1-L shows that electron-

withdrawing groups such as –CF3 accelerate the insertion of methyl acrylate into the Pd-methyl 

bond. An enhanced activity was also found during the ethylene polymerization experiments 
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where CF31-L produces twice as much polyethylene as the electron richer complex OMe1-L. 

However, the electron poorer complexes undergo a faster decomposition and produce lower 

molecular weight polyethylene when compared to electron-richer complexes. Both is due to an 

(not necessarily predicted) enhanced tendency for β-hydride elimination of electron poorer 

complexes.  

To further demonstrate the increase in molecular weight by electron donating moieties, two 

mixed P-aryl/alkyl substituted complexes tBu*/(OMe)31-dmso and tBu*/Ph1-dmso were prepared. 

Both complexes produce higher molecular weight polyethylene (> 105 g mol-1) at comparable 

activities than the symmetrically P-diaryl substituted complexes X1-dmso. Under 

copolymerization conditions, the new complex tBu*/(OMe)31-dmso yields the best combination of 

high molecular weight and good methyl acrylate incorporation reported so far (7.7 mol% MA 

and 12.3 × 103 g mol-1).  

As this study revealed, the electronic effect of the P-aryl substituents alone is limited, and 

combined fine tuning of electronics and especially sterics is necessary to improve the properties 

of the phosphine sulfonato system. Mixed P-aryl/aryl or P-aryl/alkyl may offer the widest scope 

to influence the catalyst performance since they offer additional possibilities for such fine-

tuning. 

Chapter 5 summarizes potential immobilization approaches for phosphine sulfonato Pd(II) 

complexes to obtain heterogeneous single-component catalysts for the insertion 

(co)polymerization of polar monomers. Supporting of the catalysts may influence the catalyst 

activity and lifetime and enable a separation of the supported catalyst from the soluble polymer 

products for subsequent recycling of the heterogeneous polymerization catalyst. Inorganic 

supports such as montmorillonite clay or silica as well as crosslinked polystyrene were 

investigated in this study (Figure 6-3). 

 

Figure 6-3. Solid-supported single-component Pd(II) catalysts for polar monomer insertion polymerization. 
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After an appropriate pre-treatment, both, montmorillonite clay and silica proved to be suitable 

substrates for an immobilization of phosphine sulfonato Pd(II) complexes H1-L (cf. Figure 6-2). 

Other than in the supporting of metallocene complexes, no excess aluminum alkyl co-catalyst 

is added which scavenges impurities and passivates the inorganic oxide surface. The supported 

complexes show no significant decrease in activity and only slightly diminished molecular 

weights, compared to the single-site catalysts. Furthermore, montmorillonite clay acts as 

activator by chloride abstraction from the binuclear complexes [{H1-µLiCl}2]. All 

heterogeneous catalysts investigated are active in ethylene/MA copolymerization without any 

additional scavenger and yield poly(E-co-MA) with similar MA incorporation compared to the 

unsupported single-site complexes. These results show that the nature of the active single-site 

species is advantageously retained upon supporting. 

Besides the promising inorganic supports, a site-isolation by polystyrene tethered phosphine 

sulfonato Pd(II) complexes was investigated. For this purpose, three new ligand motifs with 

hydroxyl moieties and the corresponding palladium complexes were synthesized (Figure 6-4). 

These complexes were subsequently bound covalently to a carboxylic acid functionalized 

crosslinked polystyrene. The PS-bound complexes PS(Y)-X1/X21-pyr are active ethylene and 

ethylene/MA (co)polymerization catalysts and yield polyethylene with similar molecular 

weights as related soluble complexes. 

These experiments also show that an immobilization on polystyrene cannot suppress all 

deactivation pathways. However, it was possible for the first time to separate the PS-bound 

complexes and successfully recycle a phosphine sulfonato Pd(II) catalyst to apply it again to 

ethylene polymerization. 

 

Figure 6-4. Phosphine sulfonato Pd(II) complexes X1/X2OH1-pyr bearing hydroxyl linkers and their tethering to 

crosslinked polystyrene (PS(Y)-X1/X21-pyr). 
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7 Experimental Section 

7.1 Materials and General Considerations 

Unless stated otherwise, all manipulations of air and moisture sensitive compounds were carried 

out under an inert gas atmosphere using standard glovebox and Schlenk techniques. Note that 

most palladium complexes are quite air- and moisture stable (in solid state as well as in solution) 

and can be stored and handled under air. 

7.1.1 Solvents and Reagents 

Toluene and pentane were distilled from sodium, methylene chloride was distilled from CaH2. 

THF, benzene and diethylether were distilled from blue sodium/benzophenone ketyl. 

Triethylamine and TMEDA were distilled from KOH. Methanol p.a., acetone p.a. and methyl 

acrylate (MA) were degassed by repetitive freeze-pump-thaw cycles and used without further 

purification. 

Ethylene (3.5 grade) was supplied by Praxair. All deuterated solvents were supplied by 

Eurisotop. Crosslinked carboxypolystyrene (2.19 mmol COOH per g polymer) was supplied by 

Rapp Polymers. Montmorillonite K10 (surface area: 220-270 m2 g-1) was purchased from 

Aldrich. Untreated silica was provided by GRACE (SP 550-10654). Alternatively, a spray dried 

silica gel from Grace (XPO-2326), calcined at 600 °C for 6 h with a pore volume of 1.54 mL 

g-1 was used.202 All other compounds where purchased from Aldrich, Acros, ABCR, Apollo 

Scientific or Fluorochem. 

[(tmeda)PdMe2],
203 [(COD)Pd(Me)Cl],204 H1-dmso,44 tBu*/Ph1-dmso58,110 were prepared 

according to reported procedures. 

7.1.2 NMR Spectroscopy 

NMR spectra were recorded on a Varian Unity Inova 400 (1H: 400 MHz; 13C: 101 MHz, 31P: 

162 MHz), a Bruker Avance III 400 (1H: 400 MHz; 13C: 101 MHz, 31P: 162 MHz, 19F: 

376 MHz) or a Bruker Avance DRX 600 spectrometer (1H: 600 MHz; 13C: 151 MHz). 1H and 

13C chemical shifts were referenced to the solvent signals (1H NMR:, CDCl3: 7.26 ppm, C6D6: 

7.16 ppm, C2D2Cl4: 5.91 ppm, CD2Cl2: 5.32 ppm, THF-d8: 3.58 ppm, CD3OD: 3.31 ppm, 

dimethylsulfoxide-d6: 2.50 ppm, acetone-d6: 2.05 ppm; 13C NMR: C6D6: 128.06 ppm, CDCl3: 
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77.16 ppm, C2D2Cl4: 74.20 ppm, THF-d8: 67.57 ppm, CD2Cl2: 54.0 ppm, CD3OD: 49.00 ppm, 

dimethylsulfoxide-d6: 39.52 ppm, acetone-d6: 29.84 ppm). 19F and 31P signals were referenced 

to external CFCl3 and 85 % H3PO4, respectively. Multiplicities are given as follows (or 

combinations thereof): s: singlet, d: doublet, t: triplet, vt: virtual triplet, m: multiplet, br: broad. 

Diastereomeric atoms/groups/molecules are designated as: X and X’, respectively. 

7.1.3 Gel Permeation Chromatography (GPC) 

GPC was carried out in 1,2,4-trichlorobenzene at 160° C at a flow rate of 1 mL min-1 on a 

Polymer Laboratories 220 instrument equipped with Olexis columns with differential refractive 

index-, viscosity- and light scattering- (15° and 90°) detectors. Data reported were determined 

directly against PE standards. 

7.1.4 IR Spectroscopy 

IR-Spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer equipped with 

a Perkin Elmer Universal ATR unit. The adsorption bands are given as wave numbers in cm-1. 

7.1.5 Mass Spectrometry 

Electro spray ionization (ESI) mass spectra were recorded on a Bruker Esquire 3000+ 

instrument. The detected ion masses are reported as mass-to-charge ratio (m/z) and refer to the 

isotope with the highest natural abundance. The isotope patterns of the reported signals are in 

agreement with the expected isotope distribution. The complete, neutral molecule is designated 

as M. 

7.1.6 Elemental Analysis 

Elemental analyses were obtained by the Analytical Service at the Department of Chemistry, 

University of Konstanz. Elemental analyses were performed on an Elementar Vario MICRO 

cube instrument. 

7.1.7 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry was carried out on a Netzsch DSC 204 F1 in closed 40 µl 

alumina pans under a nitrogen atmosphere. The samples were heated with a bicyclic 

temperature program from -50 to 160 °C with heating and cooling rates of 10 K/min. For 
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determination of melting temperatures and the degree of crystallization, the enthalpy of fusion 

of the measure polymer was compared to 100 % crystalline PE (290 J/g).205 

7.1.8 Single Crystal X-Ray diffraction 

The data collection was performed at 100 K on a STOE IPDS-II diffractometer equipped with 

a graphite-monochromated radiation source (λ = 0.71073 Å) and an image plate detection 

system. A crystal mounted on a fine glass fiber with silicon grease was employed. The selection, 

integration and averaging procedure of the measured reflex intensities, the determination of the 

unit cell dimensions by a least-squares fit of the 2Θ values, data reduction, LP-correction and 

space group determination were performed using the X-Area software package delivered with 

the diffractometer.206 A semiempirical absorption correction was performed. The structure was 

solved by direct- or heavy atom methods (SHELXS-97), completed with difference Fourier 

syntheses, and refined with full-matrix least-squares using SHELXL-97 minimizing w(Fo2 – 

Fc2)2.207 Following anisotropic refinement of all non-H atoms, ideal hydrogen positions were 

usually calculated in an isotropic-riding model. Some special hydrogen positions (such as Pd-H) 

were found on the electron density map. Weighted R factor (wR) and the goodness of fit S is 

based on F2; the conventional R factor (R) is based on F. All scattering factors and anomalous 

dispersion factors are provided by the SHELXL-97 program. Thermal ellipsoid representations 

were created with ORTEP-3.208 

7.1.9 Atomic Absorption Spectroscopy (AAS) 

AAS analysis was used to determine the amount of palladium in the filtrate after ethylene 

polymerization experiments with silica supported complex H1-pyr, polystyrene bound complex 

PS(18)-Anis/Benz1-pyr, respectively the unbound, soluble single-site complex H1-pyr as 

reference. The polymer formed was precipitated by pouring the reaction mixture into methanol 

p.a., and subsequently removed by filtration and washed with methanol p.a.. The filtrate was 

evaporated to dryness and the residue was taken up in hot aqua regia. The acid was evaporated 

and the residue was taken up in warm hydrochloric acid. The solution was diluted to a total 

volume of 10 mL with deionized water. This solution was injected into the atomic absorption 

spectrometer and evaluated against a calibration curve.  

One mL of a concentrated palladium(II) solution (999 ppm, purchased from Aldrich) was 

diluted with water to a volume of 100 mL (about 10 ppm). Further solutions with a palladium 

content of 6 ppm, 2 ppm and 0.4 ppm were adjusted und used to calibrate the spectrometer. 
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The amount of palladium found in the reference experiment using soluble H1-pyr as a catalyst 

precursor was only about 2 µmol (10 µmol were applied in the polymerization experiment). 

Apparently, not all Pd(II) present is captured by the above protocol but may be included in the 

polymer partially. As a precaution, an analogous margin was considered in interpretation of the 

data with supported catalysts (found: 0.02 µmol/18 µmol for PS(18)-Anis/Benz1-pyr and 0.26 

µmol/10 µmol for 1-pyr on silica; reported: < 1 % leaching for PS(18)-Anis/Benz1-pyr and ≤ 10 % 

for 1-pyr on silica). 

7.1.10 MA Insertion Studies 

The insertion of methyl acrylate into the palladium methyl bond of complexes X1-L, X1/X21-L 

or X2-L was monitored by 1H-NMR spectroscopy under pseudo first order conditions. 

Generally, about 7 μmol of the corresponding Pd complex were dissolved in 0.5 mL of CD2Cl2. 

About 20 equivalents of degassed methyl acrylate was added, the NMR tube was sealed and 

quickly shaken. 1H-NMR spectra were recorded periodically over a period of 12 hours. To 

determine the rate constant of the first insertion, either the decay of the Pd-Me resonance or the 

decay of proton 6-H (ortho to the SO3 group) was analyzed. The key-resonances of the products 

(1st insertion, 2nd insertion and methyl crotonate) are assigned according to literature.81,142 This 

assignment was also backed up by gCOSY NMR experiments. 

7.1.11 Tethering of Hydroxyl Substituted Complexes to Polystyrene 

Activation of Carboxypolystyrene 

5 g of a commercial crosslinked carboxypolystyrene (2.19 mmol COOH per g polymer, total of 

10.95 mmol COOH) were first washed with methylene chloride (4×30 mL) and subsequently 

swollen in a solution of 50 mL of methylene chloride and 5.9 mL (68 mmol, 6 equiv.) of oxalyl 

chloride.199 The reaction mixture was shaken for 8 hours at room temperature. The crude 

product was filtered off and washed with methylene chloride before the treatment was repeated 

with a fresh oxalyl chloride solution for 16 h. The product was filtered off again, washed with 

methylene chloride and dried under vacuum. 

Tethering of Phosphine Sulfonato Complexes 

The coupling of complexes Anis/o(OH)Anis1-L, Anis/BenzOH1-L and tBu*/BenzOH1-L with carboxyl 

chloride functionalized polystyrene was performed via an identical procedure. Dry methylene 

chloride was used as a solvent, triethylamine was used in excess and a small excess of pyridine 
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was added to avoid pyridine abstraction from the complexes. This reaction mixture was shaken 

for 18 hours before dry methanol was added to quench the remaining carboxylic acid chloride 

groups. After shaking for another 30 min, the insoluble polystyrene PS(Y)-X1/X21-pyr was 

isolated by filtration, washed with methanol, and dried under vacuum. 

Determination of Catalyst Loading 

The catalyst loading Y of the insoluble crosslinked polystyrene was determined by an exchange 

of the labile ligand pyridine for the stronger coordinating PPh3. About 50 mg of the phosphine 

sulfonato functionalized polystyrene PS(Y)-X1/X21-pyr were used for this experiment. First, a 

small excess of PPh3 (corresponding to the amount of phosphine sulfonato complex used in the 

supporting procedure to prepare PS(Y)-X1/X21-pyr) and 1.5 equiv. of trioctylphosphine oxide 

as an internal standard were weighed into an NMR tube and dissolved in about 1 mL of CDCl3. 

A 31P NMR spectrum (196 scans, 20 sec relaxation delay) was acquired. Afterwards, this 

solution was added into a small vial containing 50 mg of PS(Y)-X1/X21-pyr. The mixture was 

shaken for 30 minutes and the solution was carefully decanted into an NMR tube. The catalyst 

loading Y can be calculated from the relative amount of PPh3 (and Ph3P=O) before and after 

ligand exchange, as determined vs. the Oct3P=O standard: 

𝑌 =  
𝐼0(𝑃𝑃ℎ3 + 𝑃ℎ3𝑃𝑂) − 𝐼(𝑃𝑃ℎ3 + 𝑃ℎ3𝑃𝑂)

𝐼0(𝑃𝑃ℎ3 + 𝑃ℎ3𝑃𝑂)
∙

0.1 ∙ 𝑛(𝑃𝑃ℎ3)

𝑚(𝑃𝑆)
 

Y in µmol per 100 mg polystyrene: with integral of trioctylphosphine oxide set = 1 as a 

reference (48.7 ppm); I(PPh3+PPh3O) = Integral of triphenylphosphine (-5.4 ppm) and 

triphenylphosphine oxide (28.9 ppm), calibrated to the Oct3P=O internal standard. n(PPh3) [in 

mol] and m(PS) [in g] as weighed.  

7.1.12 Immobilization of Complex H1-L on Silica or Clay 

15 g Montmorillonite clay (K10, purchased from Aldrich) was treated with 200 mL 6 M H2SO4 

/ 1M Li2SO4 at 100 °C for 6 hours. The clay was filtered, washed with deionized water and 

dried under vacuum for 2 hours at 200 °C. Some samples where further treated with MAO 

before the complex 1-L was added. The phosphine sulfonato Pd(II) complex 1-L was dissolved 

in little methylene chloride and added to a slurry of the clay in toluene. All volatiles were 

removed under vacuum. 

Calcined silica (GRACE XPO-2326) was used as obtained. The phosphine sulfonato Pd(II) 

complex 1-pyr was dissolved in methylene chloride (10 µmol in 300 µL) and added dropwise 
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to 200 mg of silica (pore volume: 1.54 mL g-1). The silica was stirred for another hour before it 

was dried under vacuum and re-suspended in toluene for polymerization. 

7.1.13 Ethylene Polymerization 

Polymerizations of ethylene were carried out in a 250 mL stainless steel mechanically stirred 

(1000 rpm) pressure reactor equipped with a heating/cooling jacket supplied by a thermostat 

controlled by a thermocouple dipping into the polymerization mixture. A valve controlled by a 

pressure transducer allowed for applying and keeping up a constant ethylene pressure. The 

required flow of ethylene, corresponding to ethylene consumed by polymerization, was 

monitored by a mass flow meter and recorded digitally. Prior to polymerization experiments, 

the reactor was heated under vacuum to 90 °C for 60 min and then brought to the desired 

temperature and back-filled with argon. 

A stock solution of the catalyst precursor in methylene chloride was prepared daily and stored 

in a glovebox at -30 °C. The amount required was transferred into a syringe and transferred out 

of the drybox. 100 mL of toluene was transferred into the reactor via cannula in a slight argon 

stream before the catalyst solution was injected into the reactor. After the desired reaction time, 

the reactor was vented and the reaction mixture was either precipitated in methanol and filtered, 

or rotary evaporated to dryness. The isolated polymer was further dried under vacuum at 50 °C 

for at least 24 hours. 

Mass flow for catalyst stability: 

Mass flow traces were recorded to monitor the catalyst stability. For integration, the 

unprocessed data was used and a mass flow trace of an identical experiment without catalyst 

was subtracted before integration to account for saturation of the solution with ethylene and 

creeping of the magnetic valve, which is evident by a slow pressure increase. 

Immobilized complexes: 

Immobilized complexes (H1-L on inorganic substrates or PS(Y)-X1/X21-L) were suspended in 

100 mL of toluene and the slurry was cannula transferred into the preheated reactor. The 

suspension was stirred for about 2 minutes to equilibrate the temperature before ethylene was 

added.  
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Recycling of PS-bound polymerization catalyst: 

The polystyrene bound phosphine sulfonato palladium(II) complex PS(12)-tBu*/Benz1-pyr was 

used for recycling experiments. After ethylene polymerization of two hours, the soluble 

polyethylene was decanted off and the remaining polystyrene beads were washed with hot 

toluene repeatedly. The polystyrene beads were dried under vacuum, suspended in toluene and 

cannula transferred into the preheated reactor to polymerize ethylene again.  

Recycling of silica supported polymerization catalyst: 

The silica (SiO2-XPO) supported phosphine sulfonato palladium(II) complex H1-pyr was 

isolated after a 15 minutes ethylene polymerization experiment. Therefore, the soluble 

polyethylene was filtered over a glass frit and washed with hot toluene repeatedly. The 

remaining solid was dried under reduced pressure, suspended in fresh toluene and cannula 

transferred into the preheated reactor to polymerize ethylene again. 

7.1.14 Copolymerization 

Copolymerizations of ethylene and MA were carried out in a 250 mL stainless steel 

mechanically stirred (1000 rpm) pressure reactor equipped with a heating/cooling jacket 

supplied by a thermostat controlled by a thermocouple dipping into the polymerization mixture. 

A valve, controlled by a pressure transducer, allowed for applying and keeping up a constant 

ethylene pressure. Prior to polymerization experiments, the reactor was heated under vacuum 

to 90 °C for at least 60 min and then cooled to the desired temperature and back-filled with 

argon.  

A MA solution was prepared by dissolving the desired amount of MA in toluene (50 mL total 

volume). 200 mg of BHT was added to this solution before it was cannula transferred in a slight 

argon stream into the reactor. A stock solution of the catalyst precursor in methylene chloride 

was prepared daily and stored in a glovebox at -30 °C. The amount required was transferred 

into a syringe, transferred out of the box and the catalyst solution was injected into the reactor. 

Ethylene pressure was applied and after the desired reaction time, the reactor was vented and 

the reaction mixture was rotary evaporated to dryness. The residue was washed with methanol 

repeatedly and the isolated polymer was further dried under vacuum at 50 °C for at least 24 

hours. 

 



Experimental Section 

124 

Immobilized complexes: 

Immobilized complexes (H1-L on inorganic substrates or PS(Y)-X1/X21-L) were suspended in 

80 mL of toluene and the slurry was cannula transferred into the preheated reactor. A 

concentrated MA solution (toluene, BHT, MA, total volume of 20 mL) was added. The 

suspension was stirred for about 2 minutes to equilibrate the temperature before ethylene was 

added. 

7.1.15 PE molecular weight determination by NMR 

Molecular weights of polyethylene are calculated according to the equation below from 

1H NMR spectra, acquired at 130 °C in 1,1,2,2-tetrachlorethane-d2.  

 

𝑀𝑛 =

𝐼(𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐) + 𝐼(𝑎) + 𝐼(𝑏) + 𝐼(𝑐)
4

𝐼(𝑎)
2⁄ +

𝐼(𝑐)
2⁄

∙ 28 𝑔 𝑚𝑜𝑙−1 

7.1.16 PE-co-MA molecular weight and MA incorporation 

determination by NMR 

Molecular weights of Ethylene-MA copolymers and MA incorporation ratios were calculated 

according to equation 1 and equation 2, respectively, from 1H NMR spectra, acquired at 130 °C 

in 1,1,2,2-tetrachlorethane-d2.  



Experimental Section 

125 

 

𝑒𝑞 1: 𝑀𝑛 =
(

𝐼(𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐) + 𝐼(𝑎) + 𝐼(𝑏) + 𝐼(𝑐)
4 −

𝐼(𝑀𝐴)
3 )

𝐼(𝑏) + 𝐼(𝑐)
2

⁄ + 𝐼(𝑑)
∙ 28 𝑔 𝑚𝑜𝑙−1 

+

𝐼(𝑀𝐴)
3

⁄

𝐼(𝑏) +
𝐼(𝑐)

2⁄ + 𝐼(𝑑)
∙ 86 𝑔 𝑚𝑜𝑙−1 

𝑒𝑞 2:     𝑋(𝑀𝐴) =

𝐼(𝑀𝐴)
3

⁄

(𝐼(𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐) − 𝐼(𝑀𝐴))
4

⁄ +
𝐼(𝑀𝐴)

3⁄
 

7.1.17 Computations 

Theoretical calculations were carried out by Prof. Lucia Caporaso and coworkers at the 

University of Salerno in Italy. Detailed data (xyz-coordinates) of the calculated species can be 

found in the supporting information of Ref. 142 and 154. 

Computational Details. The Amsterdam Density Functional (ADF) program209,210 was used. 

The electronic configuration of the molecular systems was described by a triple- STO basis 

set on Pd (ADF basis set TZV). Double- STO basis sets, augmented by one polarization 

function, were used for main group atoms (ADF basis sets DZVP). The inner shells on Pd 

(including 3d), P and S (including 2p) C and O (1s), were treated within the frozen core 

approximation. Energies and geometries were evaluated using the local exchange-correlation 

potential by Vosko et al.,211 augmented in a self-consistent manner with Becke’s212 exchange 

gradient correction and Perdew’s213,214 correlation gradient correction (BP86 functional). The 

transition states were approached through a linear transit procedure starting from the 

coordination intermediates. The forming C-C and C-H bond were assumed as reaction 



Experimental Section 

126 

coordinate during the linear transit scans. Full transition state searches were started from the 

maxima along the linear transit paths.  

Topographic steric maps. The steric maps were calculated for the phosphine sulfonato and 

diazaphospholidine sulfonato ligands in the DFT optimized geometry of the complexes. The 

points in space defining the steric map were located with the SambVca.215 This program 

analyzes the first coordination sphere around the metal, which is the place where the reaction 

occurs. It is normally used to calculate the buried volume of a given ligand, which is a number 

that quantifies the amount of the first coordination sphere of the metal occupied by this ligand.  

To build the steric map, the complex under analysis has been placed with the Pd center at the 

origin, with the axis bisecting the S-Pd-P angle aligned along the z-axis, and with the S and P 

atoms in the xz plane at negative z values. After this alignment step the Me and DMSO/lutidine 

groups have been removed (because they are not a part of the bidentate ligand) and the first 

coordination sphere around the metal is analyzed. This sphere, of radius R, is sectioned by a 

regular 3D cubic mesh of spacing s, which defines cubic voxels v. The distance between the 

center of each voxel with all the atoms in the ligand is tested to check if any of the atoms is 

within a van der Waals distance from the center of the examined voxel. If no atom is within a 

van der Waals distance, the examined voxel is marked as a free voxel. Otherwise, the examined 

voxel is marked as buried.  

After all the voxels in the first coordination sphere have been marked as free or buried, for each 

(x,y) point within the first coordination sphere the program scans the sphere from the top (i.e. 

away from the ligand) to find at which z value there is the first buried voxel. This procedure 

results in a surface, defined as S(x,y) = zB, which represents the surface of the ligand that is 

exposed towards the incoming reactants. In other words, this S(x,y) = zB surface defines the 

shape of the reactive pocket. Positive values of zB indicate that the ligands protrudes in the z > 

0 half-sphere, which is the half-sphere where the reacting groups are placed. A schematic 

representation of the interaction surface between the complex and the substrate is shown in 

Figure 7-1.  

Finally, the maps are a simple 2D isocontour representation of the surface of interaction S(x,y) 

= zB. In this work, the radius R of the sphere around the metal center was set to 3.5 Å, while for 

the atoms we adopted the Bondi radii216 scaled by 1.17, and a mesh of 0.1 Å was used to scan 

the sphere for buried voxels.  
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Figure 7-1. Schematic representation of the interaction surface between the substrate and the complex. 
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7.2 Synthetic Procedures 

7.2.1 Syntheses of Building Blocks  

4-methyl-phenylboronic acid 

 

17 g (700 mmol, 1.2 equiv.) of magnesium turnings in a three-neck round bottom flask equipped 

with a dropping funnel and a reflux condenser were heated under vacuum and THF (200 mL) 

was added afterwards. A catalytic amount of iodine was added to start the Grignard reaction. A 

solution of 100 g (588 mmol) of p-bromotoluene in THF (50 mL) was added dropwise so that 

the Grignard reaction continued to boil gently. After complete addition, the reaction mixture 

was stirred at room temperature for one hour. 200 g (858 mmol, 1.46 equiv.) of B(OEt)3 were 

added slowly at -30°C. Since the reaction mixture became highly viscous due to the formed 

precipitate, 200 mL of THF and 200 mL of ether were added. The reaction mixture was stirred 

at ambient temperature over night. The reaction was quenched by the slow addition of HCl (600 

mL, 1 M). The product was extracted with ether and washed with water. The organic phase was 

dried over sodium sulfate and evaporated to dryness. The crude product was recrystallized from 

water to yield 43 g (316 mmol, 54 %) of a white solid. The obtained 1H NMR resonances agree 

with reported data.217 

1H NMR (400 MHz, CDCl3): δ = 7.74 (d, 3JHH = 7.7 Hz, 2H, 2-H), 7.29 (d, 3JHH = 7.7 Hz, 2H, 3-H), 2.44 (s, 3H, 

5-H). 

2,6-di(4-methylphenyl)aniline (Ar3) 

 

10.2 g (40.6 mmol) of 2,6-dibromoaniline, 15.3 g (112.5 mmol, 2.7 equiv.) of 4-methyl-

phenylboronic acid and 25.0 g (236 mmol) of sodium carbonate were degassed in a 500 mL 

round bottom flask. Toluene (120 mL), water (20 mL) and ethanol (20 mL) were added. A 

second Schlenk flask containing 231 mg (0.4 mmol, 1 mol%) of Pd(dba)2 and 250 mg (0.95 

mmol, 2.4 mol%) of PPh3 in toluene (6 mL) was prepared. The palladium solution was syringed 
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into the reaction mixture. The reaction mixture was refluxed at 105 °C for two days, cooled to 

60 °C and stirred for two hours under air. Extraction with ether/water, drying of the organic 

phase over MgSO4 and evaporation of all volatiles gave the crude product as a brown solid 

which was purified by a silica gel column with petrol ether/toluene 4:1 as eluent. Yield: 5.1 g 

(18.7 mmol, 46%) of Ar3 as a white solid. The obtained 1H NMR resonances agree with reported 

data.162 

1H NMR (400 MHz, CDCl3): δ = 7.40 (d, 3JHH = 8.0 Hz, 4H, Ar-H), 7.26 (d, 3JHH = 7.8 Hz, 4H, Ar-H,), 7.10 (d, 
3JHH = 7.5 Hz, 2H, 3-H), 6.86 (m, 1H, 4-H), 3.74 (s, 2H, N-H), 2.40 (s, 6H, 9-H). 

1,4-Bis(2,6-di(4-methylphenyl)phenyl)-1,4-diazabutadiene (Ar16) 

 

Ar16 was prepared according to a literature procedure.218 3.3 g (12.1 mmol, 2.05 equiv.) of 

2,6-di(4-methylphenyl)aniline (Ar3) were dispersed in acetonitrile (20 mL). At 50 °C, 0.86 g 

(5.9 mmol) of glyoxal (40 w% in water) were added and the reaction mixture was stirred at 

50 °C for 5 days, during which the crude product formed as a yellow precipitate. The precipitate 

was filtered off, washed with methanol and recrystallized from hot ethyl acetate. Extraction 

with toluene and removal of the solvent yielded 3 g (5.3 mmol, 90 %) of Ar16 as yellow needles. 

The 1H NMR resonances agree with reported data.218 

1H NMR (400 MHz, C6D6): δ = 7.62 (s, 2H, 10-H), 7.23 (d, 3JHH = 7.6 Hz, 4H, 3-H), 7.14 (d, 3JHH = 8.1 Hz, 8H, 

Ar-H), 7.02 (t, 3JHH = 7.5 Hz, 2H, 4-H), 6.98 (d, 3JHH = 7.7 Hz, 8H, Ar-H), 2.20 (s, 12H, 9-H). 
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N,N’-(2,6-di(4-methylphenyl)phenyl)-ethanediyl-1,2-diamine (Ar4) 

 

4.09 g (7.2 mmol) of 1,4-bis(2,6-di(4-methylphenyl)phenyl)-1,4-diazabutadiene (Ar16) were 

dissolved in THF (165 mL). At 0°C, a dispersion of 602 mg (15.8 mmol, 2.2 equiv.) of LiAlH4 

in THF (40 mL) was added. The reaction mixture became greenish during the addition. While 

stirring at room temperature over night, the reaction mixture turned orange. The reaction was 

slowly poured onto a mixture of ice and HCl (10 mL, 2 M). Afterwards, the reaction mixture 

was adjusted to pH~10 by the addition of aqueous NaOH and the product was extracted with 

ether. The organic phase was dried over MgSO4 and evaporated to dryness. The solid was 

washed with little ether to yield 2.89 g (5.0 mmol, 70 %) of Ar4 as a white powder. 

1H NMR (400 MHz, C6D6): δ = 7.24 (d, 3JHH = 8.0 Hz, 8H, Ar-H), 7.13 (d, 3JHH = 7.5 Hz, 4H, 3-H), 6.99 (d, 3JHH 

= 7.8 Hz, 8H, Ar-H), 6.88 (t, 3JHH = 7.5 Hz, 2H, 4-H), 3.51 (s, 2H, N-H), 2.37 (s, 4H, 10-H), 2.15 (s, 12H, 9-H). 

13C{1H} NMR (101 MHz, C6D6): δ = 144.6 (s), 138.6 (s), 136.4 (s), 133.0 (s), 130.7 (s, C3), 129.6 (s), 129.3 (s), 

120.7 (s, C4), 48.3 (s, C10), 21.2 (s, C9). 

1,4-Bis(2-methylphenyl)-1,4-diazabutadiene (Me16) 

 

50 g (467 mmol, 2.2 equiv.) of o-toluidine were dissolved in methanol (200 mL) and a catalytic 

amount of pTsOH was added. 31 g (213 mmol) of a glyoxal solution (40 w% in water) were 

added and the reaction mixture was stirred for 1 hour at room temperature while the product 

precipitated. The precipitate was filtered off and washed with methanol until the washing liquid 

was almost colorless. The yellow solid was dried under vacuum. Yield: 28 g (118 mmol, 55 %). 

The NMR resonances found agree with reported data.219  

1H NMR (400 MHz, CDCl3): δ = 8.31 (s, 2H, 8-H), 7.21 (m, 6H, Ar-H), 7.01 (m, 2H, Ar-H), 2.40 (s, 6H, 7-H). 
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N,N‘-di(2-methylphenyl)ethanediyl-1,2-diamine (Me4) 

 

20 g (84.7 mmol) of 1,4-bis(2-methylphenyl)-1,4-diazabutadiene (Me16) were suspended in 1 L 

of ethanol p.a.. 32 g (840 mmol, 10 equiv.) of sodiumborohydride were added and the reaction 

mixture was heated to reflux until gas evolution ceased. The reaction was quenched at room 

temperature by the addition of water and was extracted with chloroform. The chloroform phase 

was washed with water, dried over MgSO4 and evaporated to dryness. The red oil crystallized 

over night and yielded 12 g (50 mmol, 59 %) of Me4 as an orange solid. 

1H NMR (400 MHz, C6D6): δ = 7.15 (m, 2H, Ar-H), 7.02 (d, 3JHH = 7.3 Hz, 2H, Ar-H), 6.78 (t, 3JHH = 7.4 Hz, 2H, 

Ar-H), 6.56 (d, 3JHH = 7.5 Hz, 2H, Ar-H), 3.30 (br, 2H, N-H), 2.99 (s, 4H, 8-H), 1.84 (s, 6H, 7-H). 

N,N’-bis(2-methoxyphenyl)oxalamide 

 

N,N’-bis(2-methoxyphenyl)oxalamide was prepared according to a literature procedure.220 

24.6 g (200 mmol, 2.0 equiv.) of o-anisidine were dissolved in dry THF (500 mL). 2 g 

(20 mmol) of triethylamine were added prior to the addition of 12.6 g (100 mmol) of oxalyl 

chloride in THF (80 mL) via a dropping funnel at 0 °C. The pink solution was stirred over night 

at ambient temperature. The fine white precipitate was filtered off, washed with diethyl ether 

and dispersed in methanol. The precipitate was filtered off again, washed with methanol and 

dried under vacuum to afford 27.3 g (91 mmol, 91 %) of a white solid. The 1H NMR resonances 

are in accordance with reported data.220 

1H NMR (400 MHz, CDCl3): δ = 9.96 (s, 2H, N-H), 8.42 (dd, 3JHH = 8.0 Hz, 4JHH = 1.5 Hz, 2H, Ar-H), 7.14 (td, 
3JHH = 7.9 Hz, 4JHH = 1.6 Hz, 2H, Ar-H), 7.01 (td, 3JHH = 8.0 Hz, 4JHH = 1.2 Hz, 2H, Ar-H), 6.94 (dd, 3JHH = 8.2 

Hz, 4JHH = 1.1 Hz, 2H, Ar-H), 3.94 (s, 6H, 7-H). 
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N,N‘-di(2-methoxyphenyl)ethanediyl-1,2-diamine (OMe4) 

 

Compound OMe4 was prepared in analogy to a literature procedure by Lünig et al..221 A solution 

of 21 g (70 mmol) of N,N’-bis(2-methoxyphenyl)oxalamide in dry THF (800 mL) was cannula 

transferred at 0 °C into a suspension of 5.32 g (140 mmol, 2 equiv.) of LiAlH4 in THF (100 mL). 

The reaction mixture was refluxed for 4 hours and the resulting orange solution was stirred over 

night at room temperature. The orange solution was quenched with water and extracted with 

diethyl ether. The orange organic phase was dried over sodium sulfate and all volatiles were 

removed under vacuum. Purification by column chromatography afforded 15.2 g (56 mmol, 

80 %) of OMe4 as a white solid. The 1H NMR resonances agree with reported data.221 

1H NMR (400 MHz, CDCl3): δ = 6.90 (td, 3JHH = 7.8 Hz, 4JHH = 1.5 Hz, 2H, Ar-H), 6.80 (m, 2H, Ar-H), 6.73 (m, 

4H, Ar-H), 4.62 (br, 2H, N-H), 3.84 (s, 6H, 7-H), 3.47 (s, 4H, 8-H). 

2-Bromo-5-trifluoromethyl-anisole (CF317) 

 

25.0 g (103 mmol) of 1-bromo-2-fluoro-4-(trifluoromethyl)benzene were dissolved in 400 mL 

of dry THF. 46 g (852 mmol, 8.3 equiv.) of NaOMe were added and the reaction mixture was 

refluxed for 16 hours. Water was added and the product was extracted with chloroform. The 

organic phase was dried over MgSO4 and all volatiles were removed under vacuum. 24.6 g 

(96 mmol) of CF317 were obtained as a colorless oil in 94 % yield without further purification. 

1H NMR (400 MHz, CDCl3): δ = 7.64 (d, 3JHH = 8.7 Hz, 1H, 6-H), 7.09 (m, 2H, 3- and 5-H), 3.94 (s, 3H, 7-H). 

19F{1H} NMR (376 MHz, CDCl3): δ = -62.71 (s). 
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2-Bromo-5-methyl-anisole (Me17) 

 

23 g (109.5 mmol) of 4-bromo-3-fluoro-toluene and 7.7 g (142 mmol, 1.3 equiv.) of sodium 

methoxide were dissolved in 60 mL of dmso. The reaction mixture was stirred at 130 °C over 

night. The resulting brown solution was quenched with 50 ml of water and extracted with ether. 

The organic phase was evaporated to dryness to leave a brown oil. Vacuum distillation at 

14 mbar (110 °C) gave Me17 as a colorless oil in 77 % yield (16.9 g, 84 mmol). The 1H NMR 

resonances agree with reported data.222 

1H NMR (400 MHz, CDCl3): δ = 7.40 (d, 3JHH = 8.0 Hz, 1H, 6-H), 6.72 (d, 4JHH = 1.3 Hz, 1H, 3-H), 6.65 (dd, 3JHH 

= 8.0 Hz, 4JHH = 1.2 Hz, 1H, 5-H), 3.87 (s, 3H, 7-H), 2.33 (s, 3H, 8-H) 

2-bromo-5-methoxy-benzylalcohol (28) 

 

Speicher et al.196, Lee et al.195 and Zhang et al.194 described the synthesis of 4-bromo-3-

methoxy-benzylalcohol (24) by the same procedure. As it turned out, this synthesis actually 

yields 2-bromo-5-methoxy-benzylalcohol (28) in good yield. 

25 g (181 mmol) of 3-methoxybenzylalcohol (23) were dissolved in 350 mL of acetonitrile and 

350 mL of water, 47.9 g (317 mmol) of NaBrO3 and 17 g (89 mmol) of Na2S2O5 were added. 

After 2.5 hours the reaction mixture was quenched with Na2S2O3 and extracted with ether. The 

yellow ether phase was dried under vacuum and purified by silica gel column chromatography 

with chloroform as eluent. 12.7 g (58.5 mmol, 32 %) of a colorless oil were isolated and 1H 

NMR data are consistent with the resonances reported for 4-bromo-3-methoxy-benzylalcohol 

(24).194-197 However, the reported bromination actually yields another regioisomer, 2-bromo-5-

methoxy-benzylalcohol (28),223,224 in high selectivity. gHMBC and NOESY spectra (Figure 5-8 

and Figure 5-9) clearly show the formation of 2-bromo-5-methoxy-benzylalcohol (28). Also, 

crystals of the subsequently synthesized Pd(II) complexes Anis/o(OTHP)pAnis1-pyr and 

Anis/o(OH)pAnis1-pyr clearly indicate this regioisomer at this step. 
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1H NMR (400 MHz, CDCl3): δ = 7.42 (d, 3JHH = 8.7 Hz, 1H, 3-H), 7.06 (d, 4JHH = 3.1 Hz, 1H, 6-H), 6.72 (dd, 3JHH 

= 8.7 Hz, 4JHH = 3.1 Hz, 1H, 4-H), 4.71 (s, 2H, 8-H), 3.81 (s, 3H, 7-H). 

2-((2-bromo-5-methoxybenzyl)oxy)tetrahydro-2H-pyran (29) 

 

This compound was synthesized analogous to a procedure by Speicher et al..196 12.7 g (58.5 

mmol) of 2-bromo-5-methoxy-benzylalcohol (28) were dissolved in 250 mL of dry methylene 

chloride. 14 mL (153 mmol) of 3,4-dihydro-2H-pyrane and a catalytic amount of pTsOH were 

added. The reaction mixture was stirred at room temperature for 3 days to obtain a yellow 

solution. All volatiles were removed under vacuum and the product was purified by silica gel 

column (methylene chloride Rf ~ 0.5). Yield: 14.3 g (47.5 mmol, 81 %) of 29 as a colorless oil.  

1H NMR (400 MHz, CDCl3): δ = 7.41 (d, 3JHH = 8.7 Hz, 1H, 3-H), 7.10 (d, 4JHH = 3.1 Hz, 1H, 6-H), 6.70 (dd, 3JHH 

= 8.7 Hz, 4JHH = 3.1 Hz, 1H, 4-H), 4.79 (m, 2H, 8-H and 9-H), 4.54 (d, 2JHH = 13.5 Hz, 1H, 8’-H), 3.93 (m, 1H, 

13-H), 3.80 (s, 3H, 7-H), 3.56 (m, 1H, 13’-H), 1.92 (m, 1H, 11-H), 1.76 (m, 2H, 10-H), 1.59 (m, 3H, 11’-H and 

12-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 159.2 (s, C5), 139.0 (s, C1), 133.1 (s, C3), 114.8 (s, C6), 114.3 (s, C4), 

112.9 (s, C2), 98.5 (s, C9), 68.6 (s, C8), 62.3 (s, C13), 55.6 (s, C7), 30.7 (s, C10), 25.6 (s, C12), 19.5 (s, C11). 

2-((4-bromobenzyl)oxy)tetrahydro-2H-pyran (30) 

 

Compound 30 was synthesized according to [225]. A 1 L round bottom Schlenk flask was 

charged with 33.6 g (180 mmol) of 4-bromo-benzylalcohol, 44.38 g (530 mmol) of 3,4-dihydro-

2H-pyrane and 400 mL of dry methylene chloride. 1.33 g (7 mmol) of pTsOH were added and 

the reaction mixture was stirred for 96 hours. 300 mL of diethyl ether were added and the 

reaction mixture was washed with brine (3×150 mL). The organic phase was dried over MgSO4 

and all volatiles were removed under reduced pressure. The crude product was filtered through 

a pad of silica gel (Et2O as solvent) to obtain 41.96 g (150 mmol, 83 %) of 30 as a yellowish 

oil. The observed 1H NMR resonances agree with reported data.225 
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1H NMR (400 MHz, CDCl3): δ = 7.2 (d, 3JHH = 8.2 Hz, 2H, 2- and 6-H), 7.05 (d, 3JHH= 8.2 Hz, 2H, 3- and 5-H), 

4.53 (d, 2JHH = 12.3 Hz, 1H, 7-H), 4.49 (t, 3JHH = 3.5 Hz, 1H, 8-H), 4.26 (d, 2JHH = 12.3 Hz, 1H, 7’-H), 3.70 (m, 

1H, 12-H), 3.35 (m, 1H, 12’-H), 1.7-1.3 (m, 6H, 9-, 10- und 11-H).  
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7.2.2 Syntheses of Phosphine Chlorides 

Chloro-diethylamino-tert-butyl-phosphine (22) 

 

41.4 ml of diethylamine (400 mmol, 2 equiv.) in 50 mL diethyl ether were added slowly 

at -40 °C to 200 mL of a 1 M tert-butylPCl2 solution (200 mmol). The formation of ammonium 

chloride as a white precipitate was observed. The reaction mixture was warmed to room 

temperature and additionally stirred for 2 h. The ammonium chloride was filtered off and 

washed with ether. All volatiles was removed under vacuum. The product was purified by 

distillation (98 °C at 14 mbar) to yield 23.8 g of 22 as a colorless liquid (121 mmol, 61%). The 

obtained NMR resonances agree with reported data.226 

1H NMR (400 MHz, CDCl3): δ = 3.13 (dq, 3JPH = 21.6 Hz, 3JHH = 7.2 Hz, 4H, 5- and 7-H), 1.16 (d, 3JPH = 14.7 

Hz, 9H, 2-, 3- and 4-H), 1.12 (d, 3JHH = 7.2 Hz, 6H, 6- and 8-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 161.0 (s). 

Chloro-bis(diethylamino)-phosphine (26) 

 

A solution of 125 mL (1.2 mol, 4 equiv.) of diethylamine in 100 mL of ether was added slowly 

via a dropping funnel into a cooled (Ice/NaCl) solution of 26 mL (0.297 mol) of PCl3 in 500 mL 

of ether. After the addition, the reaction mixture was stirred for another 30 min at room 

temperature. The ammonium chloride was filtered off and washed with 300 mL of ether. All 

volatiles of the clear solution were removed under vacuum and the product was isolated by 

distillation (100-110 °C at 12 mbar). Yield: 50 g (237 mmol, 80 %) of 26 as a colorless liquid. 

1H NMR (400 MHz, CDCl3): δ = 3.15 (br, 8H, CH2), 1.13 (t, 3JHH = 7.1 Hz, 12H, CH3).  

31P{1H} NMR (162 MHz, CDCl3): δ = 160.16 (s). 
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Chloro-diethylamino-2-anisyl-phosphine (27) 

 

23 g (109 mmol) of chloro-bis(diethylamino)-phosphine (26) in 500 mL of ether were provided 

in a 1 L Schlenk flask. A solution of 15 g (1 equiv. by NMR since it contained some residual 

solvent) of 2-Li-anisole in 200 mL of ether was added slowly. The reaction was followed by 

31P NMR, in the non-deuterated solvent: PCl(NEt2)2: 160 ppm, P(Anisyl)(NEt2)2: 69.5 ppm. 

The reaction mixture was stirred at 0 °C for 30 minutes before 125 mL of HCl/Et2O (2N) were 

added slowly at 0 °C. The crude product resonates at 137 ppm in the 31P NMR. The ammonium 

chloride formed was filtered off and all volatiles were removed under vacuum. The product was 

purified and isolated by distillation (103 °C at 0.8 mbar). The clean, colorless product 27 

crystallized after distillation. Yield: 17.5 g (71 mmol, 65 %) of 27 as a colorless solid. 

1H NMR (400 MHz, CDCl3): δ = 8.03 (ddd, J = 7.6, 3.3, 1.7 Hz, 1H, Ar-H), 7.42 (m, 1H, Ar-H), 7.08 (tt, J = 7.5, 

1.0 Hz, 1H, Ar-H), 6.88 (ddd, J = 8.3, 5.2, 1.0 Hz, 1H, Ar-H), 3.84 (s, 3H, 7-H), 3.09 (m, 4H, 8- and 10-H), 1.03 

(t, 3JHH = 7.2 Hz, 6H, 9- and 11-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 137.1. 

Chloro-di(4-trifluoromethyl-2-methoxy-phenyl)phosphine (CF318) 

 

12 g (47.0 mmol) of 2-bromo-5-trifluoromethyl-anisole (CF317) were dissolved in 150 mL of 

pentane. 29 mL (46.4 mmol) of a 1.6 molar nBuLi solution in hexanes was added slowly at 

room temperature. The reaction mixture was stirred for 2 hours during which 2-lithium-5-

trifluoromethyl-anisole precipitated. The white solid was purified by careful decantation of the 

yellow pentane solution and repeatedly washing with pentane. 4 g (23.0 mmol) of 

N,N-diethylamino-phosphorous-dichloride were added slowly to a suspension of the lithium 

adduct in 150 mL of pentane. The reaction mixture was stirred for 1 hour and the remaining 

solid was removed by filtration. The yellow pentane solution was evaporated to dryness to give 

10 g of diethylamine-di(4-trifluormethyl-2-methoxy-phenyl)phosphine in good purity 

according to 31P NMR. The yellow oil was dissolved in 15 mL of diethylether and 22 mL 
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(2 equiv.) of 2N HCl/Et2O were added. The white precipitate of ammonium chloride was 

filtered off over a pad of celite and the ether was removed under vacuum. Yield 7.3 g (17.5 

mmol, 76 %) of CF318 as a white powder. 

1H NMR (400 MHz, Acetone): δ = 7.59 (dd, 3JHH = 7.8, 3JPH = 3.8 Hz, 2H, 6-H), 7.39 (m, 4H, 3-H and 5-H), 3.96 

(s, 6H, 7-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 162.0 (d, 2JPC = 18.9 Hz, C2), 134.5 (q, 2JFC = 32.2 Hz, C4), 133.6 (d, 
2JPC = 4.9 Hz, C6), 131.0 (d, 1JPC = 40.8 Hz, C1), 124.9 (q, 1JFC = 272.0 Hz, C8), 118.8 (d, 3JPC = 4.0 Hz, C5), 

108.6 (d, 3JPC = 3.8 Hz, C3), 57.0 (s, C7). 

31P{1H} NMR (162 MHz, Acetone): δ = 64.92 (s). 

19F{1H} NMR (376 MHz, Acetone): δ = 114.13 (d, J = 1.7 Hz). 

Chloro-di(4-methyl-2-methoxy-phenyl)phosphine (Me18) 

 

12.96 g (64.5 mmol) of 2-bromo-5-methyl-anisole (Me17) were degassed in a 250 ml Schlenk 

tube and dissolved in 100 mL of ether. 38 mL (60.8 mmol.) of a 1.6 molar solution of nBuLi in 

hexanes was added slowly at 0 °C and the reaction mixture was stirred for 2 hours. The addition 

of 5.05 g (29 mmol) of N,N-diethylamino-phosphorous-dichloride in 30 mL of ether at 0 °C 

afforded a fine white precipitate. The reaction mixture was stirred for an additional hour before 

32 mL of a 2 molar solution of HCl in ether were added. The resulting precipitate was filtered 

off over celite and washed with 100 mL of ether. The product was extracted from the remaining 

solid with 30 mL of THF and all volatiles of the THF phase were removed under vacuum to 

yield 2.8 g (9 mmol, 31 %) of Me18 as a white powder.  

1H NMR (400 MHz, CD2Cl2): δ = 7.21 (dd, 3JHH = 7.7 Hz, 3JPH = 4.1 Hz, 2H, 6-H), 6.81 (d, 3JHH = 7.7 Hz, 2H, 

5-H), 6.76 (d, 4JPH = 5.0 Hz, 2H, 3-H), 3.81 (s, 6H, 7-H), 2.38 (s, 6H, 8-H). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 71.95 (s). 
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Chloro-(tert-butyl)(2,4,6-trimethoxyphenyl)-phosphine (tBu*/(OMe)318) 

 

15 g of 1,3,5-trimethoxybenzene (89.25 mmol) were degassed and dissolved in 250 mL of ether 

and 1.34 mL of tmeda (8.9 mmol, 0.1 equiv.). The solution was cooled to 0 °C and 61.4 mL of 

nBuLi (1.6 M, 1.1 equiv.) were added slowly. After 10 minutes the formation of a white 

precipitate was observed. The reaction mixture was warmed to room temperature and refluxed 

at 40 °C over night. After removing half of the solvent under vacuum the white solid (Lithium-

2,4,6-trimethoxybenzene) was filtered off and dried under vacuum.  

12.2 g of tBuPClNEt2 (22) (62.4 mmol, 1 equiv.) in 50 mL of THF were added slowly to 10.87 g 

of lithium-2,4,6-trimethoxybenzene (62.4 mmol) in 400 mL of THF at 0 °C. After warming to 

room temperature the brown clear solution was stirred over night. An ethereal solution of 

hydrochloric acid (2 M, 62.4 mL, 2 equiv.) was added to this solution at 0 °C. The yellow 

reaction mixture was stirred over night. After removing half of the solvent, the reaction mixture 

was filtrated to remove the precipitated ammonium chloride. The solvent was removed to form 

a yellow oil which contained some residual ammonium chloride. The oil was dissolved in ether 

and the remaining solid was filtered off. The solvent was removed once again to yield 13.56 g 

of tBu*/(OMe)318 as an orange oil which still contained some ether (13.56 g, ca. 12.2 g pure 

product, 41.98 mmol, 67 %). 

1H NMR (400 MHz, CDCl3): δ = 6.10 (d, 4JPH = 2.1 Hz, 2H, 3- and 5-H), 3.83 (s, 3H, 8-H), 3.79 (s, 6H, 7- and 9-

H), 1.15 (d, 3JPH = 14.2 Hz, 9H, 11-, 12- and 13-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 102.71 (s). 
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Chloro-(2-anisyl)(4-methoxy-2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl) 

phosphine (Anis/o(OTHP)pAnis18) 

 

6.35 g (25.8 mmol) of AnisylPCl(NEt2) (27) were dissolved in 150 mL of THF. In a second 

flask, 8.4 g (27.9 mmol) of THP protected 2-bromo-5-methoxy-benzylalcohol (29) were 

dissolved in 100 mL of THF. 17.4 mL of nBuLi (1.6 M in hexanes, 28 mmol, 1 equiv.) were 

added slowly at -78 °C to this second flask. The reaction mixture was stirred for 30 minutes 

at -78 °C before it was added slowly to the first flask in an ice bath. The progress of the reaction 

was monitored by drawing samples and measuring 31P NMR spectra (AnisylPCl(NEt2) (27): 

137 ppm, Anis/o(OTHP)pAnisP(NEt2): 2×45 ppm). Note that most intermediates and the final product 

exhibit two stereocenters and therefore two sets of signals in the NMR spectra. After the right 

stoichiometry was reached, HCl/Et2O (2N) was added slowly and the reaction was again 

monitored by 31P NMR Anis/o(OTHP)pAnisP(NEt2): 2×45 ppm, Anis/o(OTHP)pAnis18: 2×71 ppm). 22 mL 

of HCl/Et2O were used. The suspension was filtered over celite to remove the formed 

ammonium chloride and all volatiles were removed under reduced pressure. The yellow oil was 

taken up in 50 mL of ether, leaving some white solid which was filtered off. The solvent was 

removed, yielding 9.3 g (23.5 mmol, 91 %) of the product Anis/o(OTHP)pAnis18 as a yellow, highly 

viscous (honey-like) oil. Due to the mixture of diastereomers obtained, the NMR resonances of 

this product were not fully assigned. 

1H NMR (400 MHz, CDCl3): δ = 7.53 (m, 1H, Ar-H), 7.46 (m, 1H, Ar-H), 7.39 (m, 4H, Ar-H), 7.02 (m, 4H, Ar-

H), 6.82 (m, 4H, Ar-H), 5.05 (dd, 2JHH = 15.5 Hz, 2JHH = 12.4 Hz, 2H, 7-H), 4.89 (m, 2H, 7’-H), 4.76 (m, 2H, 8-

H), 3.92 (m, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 3.73 (s, 2H, THP-H), 3.56 

(m, 2H, THP-H), 2.15 – 1.32 (m, 12H, THP-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 69.74 (s), 69.50 (s). 

13C{1H} NMR (101 MHz, CDCl3) δ = 161.6 (s), 161.5 (s), 160.4 (d, J = 11.0 Hz), 160.2 (d, J = 11.0 Hz), 144.5 

(s), 144.4 (d, J = 35.8 Hz), 140.1 (s), 134.7 (s), 132.1 (s), 131.8 (s), 131.6 (s), 129.5 (s), 121.4 (s), 121.4 (s), 120.1 

(s), 113.8 (s), 113.6 (s), 113.2 (d, J = 17.4 Hz), 111.1 (s), 110.7 (s), 110.6 (s), 100.9 (s), 98.4 (s), 98.2 (s), 68.8 (s), 

67.8 (s), 67.6 (s), 67.6 (s), 67.3 (s), 66.0 (s), 62.3 (s), 62.1 (s), 56.0 (s), 55.4 (s), 30.5 (s), 30.4 (s), 25.6 (s), 25.5 

(s), 19.3 (s), 19.1 (s). 
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Chloro-(2-anisyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphine 

(Anis/BenzOTHP18) 

 

11.9 g (48.5 mmol) of AnisylPCl(NEt2) (27) were dissolved in 200 mL of THF. In a second 

flask 14.9 g (55.0 mmol) of THP protected 4-bromo-benzylalcohol (30) were dissolved in 

150 mL of THF. To this flask, 34 mL (54.4 mmol) of nBuLi (1.6 M in Hexanes) were added 

at -78 °C and the reaction mixture was stirred for 20 min at this temperature. The THP protected 

4-Li-Benzylalcohol was added slowly to the first flask and the progress of the reaction was 

followed by 31P NMR (AnisylPCl(NEt2): 135.75 ppm; Anis/BenzylOTHPP(NEt2): vd = 52.8 ppm). 

Note that most intermediates and the final product exhibit two stereocenters and therefore two 

potential sets of signals in the NMR spectra. After stirring for one hour, 37 mL of 2 N HCl/Et2O 

were added at 0 °C while periodically measuring 31P NMR spectra in the non-deuterated solvent 

(Anis/BenzOTHP18: 77.8 ppm). The reaction mixture was stirred at room temperature for one hour 

and the precipitated ammonium salts were removed by filtration over celite. All volatiles were 

removed under reduced pressure. The obtained turbid oil was taken up in 50 mL of ether and 

filtered through a syringe filter. Removal of the solvent gave the product Anis/BenzOTHP18 as a 

yellow, highly viscous oil which still contained one equivalent of ether (19.5 g, 44.4 mmol, 

91 %). 

1H NMR (400 MHz, CD2Cl2): δ = 7.60 (ddd, 3JHH = 7.5 Hz, 3JPH = 4.4 Hz, 4JHH = 1.7 Hz, 1H, 18-H), 7.52 (vt, J = 

8.1 Hz, 2H, C2 and C6), 7.40 (m, 1H, 16-H), 7.34 (d, 3JHH = 7.8 Hz, 2H, C3 and C5), 7.05 (t, 3JHH = 7.5 Hz, 1H, 

17-H), 6.85 (dd, 3JHH = 8.3 Hz, 4JPH = 5.1 Hz, 1H, 15-H), 4.73 (d, 2JHH = 12.5 Hz, 1H, 7-H), 4.65 (m, 1H, 8-H), 

4.45 (d, 2JHH = 12.5 Hz, 1H, 7’-H), 3.82 (m, 1H, 12-H), 3.69 (s, 3H, 19-H), 3.48 (m, 1H, 12’-H), 1.66 (m, 6H, 9-, 

10- and 11-H). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 77.53 (s). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 160.9 (d, 2JPC = 18.3 Hz, C14), 142.0 (s, C4), 138.4 (d, 1JPC = 34.9 Hz, 

C1), 132.7 (s, C16), 132.4 and 132.3 (each s, C2 and C6), 131.8 (d, 2JPC = 3.1 Hz, C18), 128.1 and 128.1 (s, C3 

and C5), 126.5 (d, 1JPC = 35.5 Hz, C13), 122.0 (s, C17), 111.3 (s, C15), 98.6 (s, C8), 68.8 (s, C7), 62.5 (s, C12), 

56.4 (s, C19), 31.1, 26.1 and 19.9 (each s, C9, C10 and C11). 
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Chloro-(tert-butyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphine 

(tBu*/BenzOTHP18) 

 

A 250 mL Schlenk flask was charged with 2.6 g (37 mmol) of THP protected 4-bromo-

benzylalcohol (30) and 50 mL of dry THF. At 0 °C, 24 mL (38 mmol) of nBuLi in hexanes 

(1.6 M) were added slowly and the reaction mixture was stirred for 10 min at 0 °C. A second 

Schlenk flask (500 mL) was charged with 6.06 g (31 mmol) of tBu(NEt2)PCl (22) and 50 mL 

of dry THF. The solution of the THP protected 4-Li-benzyl alcohol was added slowly at 0 °C 

while the progress of the reaction was followed by 31P NMR. The signal of tBu(NEt2)PCl (22) 

at 159.3 ppm disappeared and the intermediately formed tBu*/BenzOTHPP(NEt2) resonates at 82.1 

ppm. Note that most intermediates and the final product exhibit two stereocenters and therefore 

two potential sets of signals in the NMR spectra, which apparently exhibit the same 31P NMR 

resonance in this case. Addition of 24 mL (48 mmol) of HCl in Et2O (2N) formed the product 

tBu*/BenzOTHP18, which resonates at 108.8 ppm. After 2 hours at room temperature, half of the 

volatiles were removed under vacuum and the remaining suspension was filtered over celite 

before the rest of the volatiles were removed. The turbid residual oil was taken up in 50 mL of 

pentane and filtered over celite. Removal of the solvent gave the product tBu*/BenzOTHP18 in 93 % 

yield (9.0 g, 29 mmol) as a clear, orange oil. 

1H NMR (400 MHz, CDCl3): δ = 7.60 (vt, J = 8.08 Hz, 2H, 2- and 6-H), 7.41 (d, 3JHH = 7.81 Hz, 2H, 3- and 5-H), 

4.82 (d, 2JHH = 12.30 Hz, 1H, 7-H), 4.72 (m, 1H, 8-H), 4.53 (d, 2JHH = 12.30 Hz, 1H, 7’-H), 3.55 and 3.91 (each 

m, 1H, 12-H und 12‘-H), 1.67 (m, 6H, 9-, 10- and 11-H), 1.04 (d, 3JPH = 13.7 Hz, 9H, 14- 15- und 16-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 108.8 (s). 

13C{1H} NMR (101 MHz, CDCl3): δ = 140.8 (s, C4), 134.7 (d, 1JPC = 39.42 Hz, C1), 132.1 (d, 2JPC = 24.99 Hz, C2 

and C6), 127.1 (d, 3JPC = 8.18 Hz, C3 and C5), 98.1 (vd, J = 4.98 Hz, C8), 68.5 (s, C7), 62.3 (s, C12), 34.3 (d, 1JPC 

= 29.67 Hz, C13), 30.7, 25.6 and 19.5 (s, C9, C10 and C11), 25.3 (d, 2JPC = 17.7 Hz, C14, C15 and C16).  
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7.2.3 Syntheses of Chloro-Diazaphospholidines 

2-Chloro-1,3-(diphenyl)-1,3,2-diazaphospholidine (Ph5) 

 

Compound Ph5 was prepared in analogy to a literature procedure by Baker et al..139 15 g 

(70.7 mmol) of N,N‘-diphenyl-ethanediyl-1,2-diamine were dissolved in methylene chloride 

(150 mL) and triethylamine (100 mL). A solution of 9.7 g (70.8 mmol) PCl3 in methylene 

chloride (30 mL) was added slowly at 0 °C. The resulting suspension was stirred for one hour 

at room temperature before all volatiles were removed under vacuum. The brown residue was 

suspended in diethyl ether and the ammonium chloride was filtered off and washed with ether. 

The solid was extracted with THF and the THF phase was concentrated to a total volume of 

about 30 mL. Crystallization from this solution at -30 °C gave 7.8 g (28 mmol, 40 %) of Ph5 as 

a brownish solid. The NMR resonances are in accordance with reported data.227 

1H NMR (400 MHz, CDCl3): δ = 7.37 (t, 3JHH = 7.9 Hz, 4H, Ar-H), 7.18 (dd, J = 8.6, 2.0, 4H, Ar-H), 7.06 (t, 3JHH 

= 7.4 Hz, 2H, 4-H), 3.96 (vd, J = 5.1 Hz, 4H, 7-H). 

31P{1H} NMR (162 MHz, CDCl3): δ = 137.34 (s). 

2-Chloro-1,3-[di-(2-methyl)phenyl]-1,3,2-diazaphospholidine (Me5) 

 

Compound Me5 was prepared in analogy to a literature procedure by Baker et al..139 12 g 

(50 mmol) of 1,3-di(2-methylphenyl)-1,3-diamine (Me4) were dissolved in methylene chloride 

(400 mL) and Et3N (100 mL, 14 equiv.). The reaction mixture became dark red during the slow 

addition of 4.4 ml (50 mmol) of PCl3. While the reaction mixture was stirred for two hours at 

room temperature, ammonium chloride precipitated as a white solid. All volatiles were removed 

under vacuum. The reddish residue was suspended in diethyl ether and filtered. Removal of all 

volatiles afforded 12.4 g (4.1 mmol, 82%) of Me5 as a red/brown solid. 

1H NMR (400 MHz, C6D6): δ = 7.43 (d, 3JHH = 7.8 Hz, 2H, Ar-H), 7.01 (m, 6H, Ar-H), 3.63 and 3.05 (each br, 

each 2H, 8-H), 2.26 (vd, J = 1.2 Hz, 6H, 7-H). 
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13C{1H} NMR (101 MHz, C6D6): δ = 140.6 (d, 2JPC = 11.1 Hz, C1), 134.9 (d, 3JPC = 3.8 Hz, C6), 131.6 (d, 4JPC = 

0.9 Hz, C5), 127.4 (d, 4JPC = 1.8 Hz, C3), 126.5 (m, C2 and C4), 51.9 (d, 2JPC = 8.1 Hz, C8), 18.7 (vd, J = 7.8 Hz, 

C7). 

31P{1H} NMR (162 MHz, C6D6): δ = 158.04 (s). 

31P{1H} NMR (162 MHz, CDCl3): δ = 148.15 (s). 

2-Chloro-1,3-[di-(2-methoxy)phenyl]-1,3,2-diazaphospholidine (OMe5) 

 

Compound OMe5 was prepared in analogy to a literature procedure by Baker et al..139 5.0 g 

(18.4 mmol) of N,N‘-di(2-methoxyphenyl)ethanediyl-1,2-diamine (OMe4) were dissolved in 

methylene chloride (100 mL) and triethylamine (45 mL). A solution of 2.56 g (18.7 mmol, 1.01 

equiv.) of PCl3 in methylene chloride (10 mL) was added slowly at 0 °C. The resulting 

suspension was stirred for another hour at room temperature before all volatiles were removed 

under vacuum. The residue was suspended in diethyl ether and the ammonium chloride was 

filtered off and washed with ether. The solid was extracted with THF (4×20 mL) and the THF 

solution was concentrated to a total volume of 30 mL. Direct crystallization at -30 °C gave 3.3 g 

(9.8 mmol, 55 %) of OMe5 as colorless crystals. 

1H NMR (400 MHz, CDCl3): δ = 7.17 (dd, 3JHH = 7.8 Hz, 4JPH = 1.3 Hz, 2H, 6-H), 7.09 (t, 3JHH = 7.6 Hz, 2H, 

4-H), 6.98 (m, 4H, 5-H and 3-H), 3.91 (br, 10H, 7-H and 8-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 151.58 (d, 3JPC = 1.1 Hz, C2), 132.52 (d, 2JPC = 8.8 Hz, C1), 123.85 (d, 
5JPC = 1.4 Hz, C4), 121.44 (s, C5), 120.13 (d, 3JPC = 7.0 Hz, C6), 112.16 (s, C3), 55.94 (s, C7), 48.68 (d, 2JPC = 9.3 

Hz, C8). 

31P{1H} NMR (162 MHz, CDCl3): δ = 151.07 (s). 
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2-Chloro-1,3-[di-(2,6-di(4-methylphenyl))phenyl]-1,3,2-diazaphospholidine (Ar5) 

 

1.8 g (3.1 mmol) of N,N’-(2,6-di(4-methylphenyl)phenyl)-ethanediyl-1,2-diamine (Ar4) were 

dissolved in methylene chloride (50 mL) and Et3N (8 mL). A solution of 430 mg (3.1 mmol) of 

PCl3 in methylene chloride (5 mL) was added slowly. The reaction mixture was stirred at 70 °C 

for 3 h. All volatiles were removed under vacuum and the solid was washed with ether (30 mL). 

The remaining solid was extracted with toluene (20 mL). The toluene phase was evaporated to 

dryness to yield 700 mg (1.1 mmol, 35%) of Ar5 as a white powder. 

1H NMR (400 MHz, C6D6): δ = 7.36 (d, 3JHH = 7.9 Hz, 8H, 6-H), 7.08 (d, 3JHH = 7.8 Hz, 12H, 3- and 7-H), 6.92 

(t, 3JHH = 7.6 Hz, 2H, 4-H), 3.14 and 2.48 (each m, each 2H, 10-H), 2.23 (s, 12H, 9-H). 

13C{1H} NMR (101 MHz, C6D6): δ = 141.3 (d, 3JPC = 3.4 Hz, C2), 138.8 (s, C5), 138.0 (d, 2JPC = 8.7 Hz, C1), 

136.7 (s, C8), 131.6 (s, C3), 129.7 (s, C6), 129.3 (s, C7), 125.7 (s, C4), 52.7 (d, 2JPC = 8.5 Hz, C10), 21.4 (s, C9). 

31P{1H} NMR (162 MHz, C6D6): δ = 171.65 (s).  



Experimental Section 

147 

7.2.4 Syntheses of Diaryl Phosphine Sulfonates 

Lithium-2-(di(4-trifluormethyl-2-methoxy-phenyl)phosphine)benzenesulfonate (CF319) 

 

2.6 g (16.4 mmol) of benzenesulfonic acid were dissolved in 150 mL of THF and 20.5 mL 

(32.5 mmol, 2 equiv.) of nBuLi (1.6 M in hexanes) were added. The off white suspension was 

stirred for one hour before a solution of 7.3 g (17.5 mmol) of chloro-di(4-trifluormethyl-2-

methoxy-phenyl)phosphine (CF318) in 30 mL of THF was added. The reaction mixture was 

stirred over night, forming a yellowish clear solution. All volatiles were removed under vacuum 

and the yellowish residue was dissolved in 80 mL of ether from which a white solid precipitated 

within 5 minutes. The suspension was stirred for 30 min before the white solid was isolated by 

centrifugation, washed with ether and dried under vacuum to yield 4.9 g (9.1 mmol = 55 %) of 

CF319 as a white solid. 

1H NMR (400 MHz, THF-d8): δ = 8.14 (dd, 3JHH = 6.8 Hz, 4JPH = 4.1 Hz, 1H, 6-H), 7.35 (vt, J = 4.9 Hz, 1H, 5-H), 

7.21 (td, 3JHH = 7.5 Hz, 4JHH = 1.2 Hz, 1H, 4-H), 7.15 (d, 4JPH = 3.4 Hz, 2H, 9-H), 7.08 (d, 3JHH = 7.8 Hz, 2H, 

11-H), 6.91 (dd, 3JHH = 7.6 Hz, 3JPH = 2.1 Hz, 1H. 3-H), 6.77 (d, 3JHH = 6.5 Hz, 2H, 12-H), 3.72 (s, 6H, 13-H). 

13C{1H} NMR (101 MHz, THF-d8): δ = 162.3 (d, 2JPC = 16.8 Hz, C8), 151.7 (d, 2JPC = 29.0 Hz, C1), 136.0 (s, C3), 

135.2 (s, C12), 134.9 (d, 1JPC = 26.4 Hz, C2), 133.7 (d, 1JPC = 25.2 Hz, C7), 132.1 (q, 2JFC = 32.0 Hz, C10), 130.4 

(s, C4), 129.3 (s, C5), 128.7 (d, 3JPC = 5.1 Hz, C6), 125.5 (q, 1JFC = 272.3 Hz, C14), 117.9 (d, 3JFC = 3.9 Hz, C11), 

107.5 (s, C9), 56.2 (s, C13). 

31P{1H} NMR (162 MHz, THF-d8): δ = -29.25 (s). 

19F{1H} NMR (376 MHz, THF-d8): δ = -65.07 (d, 4JHF = 2.1 Hz). 
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2-(Di-(2-methoxy-4-trifluoromethyl-phenyl)-phosphonium)benzenesulfonate (CF319-H) 

 

3 g of lithium-2-(di(4-trifluormethyl-2-methoxy-phenyl)phosphine)benzenesulfonate (CF319) 

were dispersed in 30 mL of chloroform and acidified by addition of 20 mL of a 2 N aqueous 

HCl solution. The clear organic phase was extracted with CHCl3 and dried over MgSO4 and all 

volatiles were removed under vacuum to yield 3 g (quantitative yield) of CF319-H as a white 

solid. NMR characterization was not possible due to the very broad signals in 1H NMR. 

31P{1H} NMR (162 MHz, Acetone): δ = -15.95 (br). 

2-(Di-(2-methoxy-4-chloro-phenyl)-phosphonium)benzenesulfonate (Cl19-H) 

 

1.4 g (57.6 mmol) of magnesium turnings were heated in a 500 mL three neck flask (flask A). 

200 mL of dry THF were added and a solution of 10 g (45.2 mmol) 5-chloro-2-bromo-anisole 

in 50 mL of THF was added slowly. The Grignard reaction was started by addition of a small 

amount of iodine. The reaction mixture was refluxed for 3 hours. In a second flask (flask B), 

3.2 g (20.3 mmol) of benzenesulfonic acid were dissolved in 100 mL of THF and 25 mL 

(40 mmol) of nBuLi (1.6 M in hexanes) were added slowly. The resulting beige suspension was 

stirred at room temperature for an additional hour. Meanwhile, the content of flask B was 

cannula transferred into a third flask (flask C), containing a solution of 2.8 g (20.4 mmol) of 

PCl3 in 100 mL of THF. A clear, colorless solution formed during one hour. The contents of 

flask A were added through a glass frit into flask C and the orange, brown solution was stirred 

over night at room temperature. All volatiles were removed under reduced pressure and the 

beige foam was subsequently dissolved in methylene chloride. About 50 mL of HCl (2 N 

aqueous solution) were added. The organic phase was extracted with CH2Cl2, dried over MgSO4 

and evaporated to dryness. The brown residue was repeatedly washed with ether. Yield: 1.6 g 
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(3.4 mmol = 17 %). The obtained phosphine sulfonate did not show the characteristic doublet 

for a 1JPH coupling in 1H and 13P NMR. However, crystals, which could be grown from a CDCl3 

solution, showed the proton situated at the phosphorus atom and the reaction with 

[(tmeda)PdMe2] afforded the desired Pd-Me complex {Cl1}2-tmeda. 

1H NMR (400 MHz, CDCl3): δ = 8.34 (dd, 3JHH = 7.0 Hz, 4JPH = 5.3 Hz, 1H, 6-H), 7.77 (t, 3JHH = 7.6 Hz, 1H, 

5-H), 7.47 (m, 1H, 4-H), 7.10 (m, 5H, 3-, 9- and 12-H), 6.98 (dd, 4JPH = 14.7 Hz, 3JHH = 8.6 Hz, 2H, 11-H), 3.80 

(s, 6H, 13-H). 

31P NMR (162 MHz, CDCl3): δ = -11.57 (s). 

Lithium-2(di(2-methoxy-4-methyl-phenyl)phoshine)benzenesulfonate (Me19) 

 

380 mg (1.23 mmol) of chloro-di(2-methoxy-4-methylphenyl)phosphine (Me18) in a Schlenk 

tube were dissolved in 5 mL of THF. A suspension of 300 mg of ortho-lithium-

benzenesulfonate, which contained one equivalent of THF, in 5 mL of THF was added. The 

reaction mixture became clear within 5 minutes and all volatiles were removed under vacuum. 

The resulting yellow foam was washed with pentane, dissolved in 1,4-dioxane and filtrated. All 

volatiles were removed under vacuum and the yellowish residue was washed twice with 5 mL 

of benzene to give the product Me19 in good yield as a white solid.  

1H NMR (400 MHz, Acetone): δ = 8.08 (ddd, 3JHH = 7.7, 4JPH = 4.0 Hz, 4JHH = 1.2 Hz, 1H, 6-H), 7.30 (td, 3JHH = 

7.5 Hz, 4JHH = 1.3 Hz, 1H, 5-H), 7.21 (td, 3JHH = 7.5 Hz, 4JHH = 1.5 Hz, 1H, 4-H), 6.99 (ddd, 3JHH = 7.6 Hz, 4JPH = 

3.3 Hz, 4JHH = 1.2 Hz, 1H, 3-H), 6.78 (d, 4JPH = 4.3 Hz, 2H, 9-H), 6.63 (d, 3JPH = 7.6 Hz, 2H, 11-H), 6.51 (dd, 3JPH 

= 7.6 Hz, 3JPH = 3.8 Hz, 2H, 12-H), 3.63 (s, 6H, 13-H), 2.31 (s, 6H, 14-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 162.1 (d, 2JPC = 16.8 Hz, C8), 151.2 (d, 2JPC = 27.3 Hz, C1), 140.4 (s, 

C10), 136.6 (d, 1JPC = 24.6 Hz, C2), 136.0 (s, C3), 134.6 (s, C12), 129.9 (s, C4), 128.6 (m,C5 and C6), 124.5 (d, 
1JPC = 15.7 Hz, C7), 122.3 (s, C11), 112.4 (s, C9), 56.1 (s, C13), 21.5 (s, C14). 

31P{1H} NMR (162 MHz, Acetone): δ = -32.28 (s). 
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2-(Di-(2-methoxy-4-methyl-phenyl)-phosphino)benzenesulfonic acid (Me19-H) 

 

2.3 g (14.5 mmol) of benzenesulfonic acid were dissolved in 150 mL of THF and 18 mL 

(28.8 mmol, 2 equiv.) of nBuLi (1.6 molar in hexanes) were added. The off white suspension 

was stirred for one hour before a solution of 4.6 g (14.9 mmol) of chloro-di(2-methoxy-4-

methyl-phenyl)phosphine (Me18) in 20 mL of THF was added. The reaction mixture was stirred 

over night, forming a yellowish clear solution. All volatiles were removed under reduced 

pressure and the resulting yellow oil was dissolved in methylene chloride. Ca. 10 mL of a 2 M 

aqueous HCl solution were added and the organic phase was extracted with CH2Cl2 and dried 

over MgSO4. The organic phase was evaporated to dryness and the yellow residue was washed 

with THF, yielding 2 g (4.6 mmol, 32 %) of Me19-H as a white powder.  

1H NMR (400 MHz, CDCl3): δ = 9.38 (d, 1JPH = 600.7 Hz, 1H, P-H), 8.33 (dd, 3JHH = 7.1 Hz, 4JPH = 5.3 Hz, 1H, 

6-H), 7.69 (t, 3JHH = 7.6 Hz, 1H, 5-H), 7.40 (t, 3JHH = 7.0 Hz, 1H, 4-H), 7.12 (dd, 3JPH = 15.1 Hz, 3JHH = 7.6 Hz, 

1H, 3-H), 6.87 (m, 6H, 9-, 11- and 12-H), 3.74 (s, 6H, 13-H), 2.41 (s, 6H, 14-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 161.4 (d, 2JPC = 2.5 Hz, C8), 152.4 (d, 2JPC = 9.2 Hz, C1), 148.3 (d, 4JPC = 

2.1 Hz, C10), 134.5 (d, 2JPC = 8.0 Hz, C12), 134.4 (d, 4JPC = 2.9 Hz, C5), 133.4 (d, 2JPC = 11.6 Hz, C3), 129.5 (d, 
3JPC = 3.6 Hz, C4), 129.3 (s, C6), 123.0 (d, 3JPC = 13.3 Hz, C9 or C11), 113.5 (d, 1JPC = 99.6 Hz, C2), 112.7 (d, 
3JPC = 6.5 Hz, C11 or C9), 103.1 (d, 1JPC = 98.3 Hz, C7), 56.4 (s, C13), 22.3 (s, C14). 

31P{1H} NMR (162 MHz, CDCl3): δ -11.45 (s). 

31P NMR (162 MHz, CDCl3): δ -11.43 (d, 1JPH = 596.9 Hz). 

2-(Di-(2,4-dimethoxy-phenyl)-phosphonium)benzenesulfonate (OMe19-H) 

 

OMe19-H was synthesized in analogy to a patent by Goodall et al.101 
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4.4 g (27.8 mmol) of benzenesulfonic acid were dissolved in 150 mL of THF (flask A). Slow 

addition of 35 mL (56 mmol, 1.95 equiv.) of nBuLi (1.6 M in hexanes) at 0 °C led to 

precipitation of o-lithium benzenesulfonate. The reaction mixture was stirred for another hour 

at 0 °C. A 1 L Schlenk flask (flask B) was charged with 150 mL of THF and 2.2 mL of PCl3 

(1 equiv.). Both Schlenk tubes were cooled to -78 °C before the contents of Schlenk A were 

cannula transferred into Schlenk B. A third flask (flask C) was charged with 150 mL THF and 

12 g (55.3 mmol) of 2,4-dimethoxy-bromo-benzene. At -78 °C, 35 mL (56 mmol) of nBuLi 

(1.6 M in hexanes) were added slowly to flask C, resulting in a color change to yellow. After 

30 minutes, the contents of flask C were cannula transferred into flask B, which was then 

allowed to warm to room temperature. All volatiles were removed under vacuum, leaving a 

light brown residue. Methylene chloride (100 mL) and degassed water (100 mL) were added 

before the pH of the solution was adjusted to pH=2 by addition of 2 M HCl (about 5 mL). The 

organic phase was separated, dried over MgSO4, evaporated to dryness and the solid was 

washed with ether and THF to yield 5.1 g (11 mmol, 40 %) of OMe19-H as a white powder. 

1H NMR (400 MHz, CDCl3): δ = 9.30 (d, 1JPH = 600.7, 1H, P-H), 8.32 (dd, 3JHH = 7.0 Hz, 4JPH = 5.1 Hz, 1H, 6-H), 

7.68 (dd, 3JHH = 10.7 Hz, 4JPH = 4.5, 1H, 5-H), 7.39 (m, 1H, 4-H), 7.14 (dd, 3JPH = 14.9 Hz, 3JHH = 7.5 Hz, 2H, 3-

H), 6.94 (dd, 3JPH = 14.9 Hz, 3JHH = 8.5 Hz, 2H, 12-H), 6.54 (m, 4H, 9- and 11-H), 3.83 (s, 6H, OCH3), 3.73 (s, 

6H, OCH3). 

31P NMR (162 MHz, CDCl3): δ = -12.06 (d, 1JP-H = 600.7 Hz).  



Experimental Section 

152 

7.2.5 Synthesis of Mixed P-Aryl/Alkyl and P-Aryl/Aryl Phosphine 

Sulfonates 

Lithium-2-((tert-butyl)(2,4,6-trimethoxyphenyl)phosphine)benzenesulfonate 

(tBu*/(OMe)319) 

 

A solution of nBuLi (53.8 mL, 86 mmol, 1.6 M in hexanes, 2.1 equiv.) was added slowly to a 

solution of benzenesulfonic acid (6.5 g, 41.1 mmol) in 250 mL of THF at 0 °C. The reaction 

mixture was stirred for 2 hours at room temperature while the product precipitated. The 

suspension was cooled to 0 °C again and a solution of 12.2 g (41.9 mmol) of chloro-(2,4,6-

trimethoxyphenyl)(tert-butyl)-phosphine (tBu*/(OMe)318) in 100 mL of THF was cannula-

transferred to this reaction mixture. After stirring for 1.5 h, the solution was concentrated to ca. 

half of the volume and the formed precipitate was filtered off and washed with THF. The THF 

was removed to yield 5.23 g (12.5 mmol, 30 %) of tBu*/(OMe)319 as a white solid.  

1H NMR (400 MHz, CD3OD): δ = 8.10 (d, 3JHH = 7.8 Hz, 1H, 6-H), 8.00 (ddd, 3JHH = 7.9 Hz, 3JPH = 3.9 Hz, 4JHH 

= 1.4 Hz, 1H, 3-H), 7.36 (td, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz, 1H, 5-H), 7.28 (dd, 3JHH = 11.0 Hz, 4JPH = 4.1 Hz, 1H, 

4-H), 6.09 (d, 4JPH = 2.2 Hz, 2H, 9- and 11-H), 3.78 (s, 3H, 14-H), 3.54 (s, 6H, 13- and 15-H), 1.28 (d, 3JPH = 12.6 

Hz, 9H, 17-, 18- and 19-H). 

13C{1H} NMR (101 MHz, CD3OD): δ = 165.5 (d, 2JPC = 8.0 Hz, C8 and C12), 164.1 (s, C10), 149.9 (d, 1JPC = 25.1 

Hz, C2), 139.2 (d, 2JPC = 33.4 Hz, C1), 136.3 (s, C6), 129.1 (d, 2JPC = 3.6 Hz, C3), 128.7 (s, C5), 127.5 (s, C4), 

106.9 (d, 1JPC = 21.5 Hz, C7), 92.4 (d, 3JPC = 1.3 Hz, C9 and C11), 55.5 (s, C14), 55.5 (s, C13 and C15), 33.3 (d, 
1JPC = 18.0 Hz, C16), 30.0 (d, 2JPC = 16.8 Hz, C17, C18 and C19). 

31P{1H} NMR (162 MHz, CD3OD): δ = -9.63 (s). 

2-((tert-butyl)(2,4,6-trimethoxyphenyl)-phosphonium)benzenesulfonate (tBu*/(OMe)319-H) 
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2.1 g (5 mmol) of lithium-2-((tert-butyl)(2,4,6-trimethoxyphenyl)phosphine)benzenesulfonate 

(tBu*/(OMe)319) were dissolved in 100 mL of degassed water and acidified with 2 M hydrochloric 

acid to pH=2, extracted with methylene chloride (5×40 mL) and dried over MgSO4. The solvent 

was removed to yield 1.7 g (4.1 mmol, 82 %) of tBu*/(OMe)319-H as a white solid.  

1H NMR (400 MHz, CDCl3): δ = 8.89 (d, 1JPH = 541.3 Hz, 1H, P-H), 8.33 (dd, 3JHH = 7.8 Hz, 4JPH = 4.8 Hz, 1H, 

6-H), 8.03 (dd, 3JPH = 11.8 Hz, 3JHH = 7.6 Hz, 1H, 3-H), 7.62 (t, 3JHH = 7.7 Hz, 1H, 5-H), 7.49 (tdd, 3JHH = 7.8, 4JPH 

= 2.2, 4JHH = 1.3 Hz, 1H, 4-H), 6.14 (d, 4JPH = 4.4 Hz, 2H, 9- and 11-H), 3.83 (s, 6H, 13- and 15-H), 3.80 (s, 3H, 

14-H), 1.43 (d, 3JPH = 18.5 Hz, 9H, 17-, 18- and 19-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 167.9 (s, C10), 164.4 (s, C8 and C12), 153.2 (d, 2JP-C = 7.9 Hz, C1), 134.7 

(d, 2JPC = 9.0 Hz, C3), 133.7 (d, 4JPC = 2.8 Hz, C5), 129.5 (d, 3JPC = 8.7 Hz, C6), 128.1 (d, 3JPC = 11.6 Hz, C4), 

114.2 (d, 1JPC = 83.4 Hz, C2), 92.3 (d, 3JPC = 6.5 Hz, C9 and C11), 85.6 (d, 1JPC = 93.7 Hz, C7), 56.6 (s, C13 and 

C15), 56.0 (s, C14), 34.2 (d, 1JPC = 48.4 Hz, C16), 27.2 (d, 2JPC = 3.4 Hz, C17, C18 and C19). 

31P{1H} NMR (162 MHz, CDCl3): δ = 1.20 (s). 

31P NMR (162 MHz, CDCl3): δ = 1.20 (d, 1JPH = 543.5 Hz). 

Lithium-2{(2-anisyl)(4-methoxy-2(((tetrahydro-2H-pyran-2-yl)oxy) 

methyl)phenyl)phosphine}benzenesulfonate (Anis/o(OTHP)pAnis19) 

 

9.3 g (23.5 mmol) of Anis/o(OTHP)pAnis18 were dissolved in 100 mL of THF. In a second flask, 

4.5 g (28.5 mmol) of benzenesulfonic acid were dissolved in 150 mL of THF and 33.5 mL (53.6 

mmol) of nBuLi (1.6 M in hexanes) were added at room temperature. The formed beige 

suspension was stirred for 30 minutes before it was added slowly to the first flask at 0 °C. The 

reaction process was followed by drawing samples and measuring 31P NMR spectra in the non-

deuterated solvent (Anis/o(OTHP)pAnis18: 2×70 ppm, Anis/o(OTHP)pAnis19: 2×-31 ppm). Note that the 

intermediates and the final product exhibit two stereocenters and therefore two potential sets of 

NMR resonances. After reaching the right stoichiometry, the reaction mixture was stirred over 

night. All volatiles were removed under vacuum to obtain a light brown foam which was 

dispersed in 200 mL of ether, stirred for 30 minutes and filtered. The solid was further washed 

with 100 mL of ether and dried under vacuum to obtain 8.3 g of Anis/o(OTHP)pAnis19 as a beige 
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powder, containing 1 equivalent of ether. Due to the presence of two diastereomers, the NMR 

resonances were not fully assigned.  

1H NMR (400 MHz, Acetone): δ = 8.10 (m, 2H, Ar-H), 7.85 (m, 2H, Ar-H), 7.30 (m, 4H, Ar-H), 7.10, (m, 2H, 

Ar-H), 7.02 (m, 2H, Ar-H), 6.95 (m, 2H, Ar-H), 6.75 (m, 6H, Ar-H), 6.50 (m, 2H, Ar-H), 4.83 (m, 6H, 13- and 

14-H), 3.78 (s, 6H, OCH3), 3.64 and 3.63 (each s, 3H, OCH3), 3.76 and 3.51 (each m, 2H, 18-H), 1.79 – 1.23 (m, 

12H, 15-, 16- and 17-H). 

31P{1H} NMR (162 MHz, Acetone): δ = -31.16 (s), -31.74 (s). 

13C{1H} NMR (101 MHz, Acetone): δ = 161.5, 160.8, 154.3, 150.6, 146.3, 145.1, 136.7, 135.8, 135.2, 134.7, 

130.3, 129.0, 128.6, 127.7, 126.9, 121.5, 114.1, 113.0, 111.0, 98.2, 97.9, 67.5, 61.5, 55.8, 55.1, 30.7, 25.9, 19.4, 

19.2 

Lithium-2{(2-anisyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphine} 

benzenesulfonate (Anis/BenzOTHP19) 

 

9.0 g (57.0 mmol, 1.3 equiv.) of benzenesulfonic acid were dissolved in 250 mL of THF. At 

room temperature 70 mL (112 mmol, 2.05 equiv.) of nBuLi (1.6 M in hexanes) were added 

slowly. The formed suspension was stirred for 30 min at room temperature. In a second flask, 

19.5 g (44.4 mmol incl. 1 equiv. of ether) of Anis/BenzOTHP18 were dissolved in 250 mL of THF. 

The contents of the first flask were slowly transferred into the second flask while drawing 

samples to measure 31P NMR spectra in the non-deuterated solvent (Anis/BenzOTHP18: 77.8 ppm, 

Anis/BenzOTHP19: -20.7 ppm). Ca. 70 % of the prepared o-dilithiobenzenesulfonate solution were 

necessary. The clear orange solution was stirred for 1 hour at room temperature and all volatiles 

were removed under vacuum to leave a beige foam. The crude product was dispersed in 250 

mL of ether, stirred for one hour, filtered, washed with 250 mL of ether and dried under vacuum. 

Anis/BenzOTHP19 was isolated as a white powder which contained one equivalent of ether (14.5 g, 

25.6 mmol, 57 %). The product was used as obtained and not further characterized due to broad 

signals in 1H NMR 

31P NMR (162 MHz, Acetone): δ = -21.26. 
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Lithium-2{(tert-butyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphine} 

benzenesulfonate (tBu*/BenzOTHP19) 

 

A 500 mL Schlenk flask was charged with 3.78 g (24 mmol) of benzene sulfonic acid and 

200 mL of dry THF. The solution was cooled to 0 °C and 30 mL (48 mmol, 2 equiv.) of nBuLi 

(1.6 M in hexanes) were added slowly. After 30 minutes, a solution of 9 g (29 mmol) of 

tBu*/BenzOTHP18 in 100 mL THF was added slowly. The exact stoichiometry was adjusted by 31P 

NMR spectroscopy: tBu*/BenzOTHP18 resonates at 108.8 ppm while the product signal resonates 

at 5.5 ppm. Note that the intermediates and the final product exhibit two stereocenters and 

therefore two potential sets of NMR resonances. All volatiles were removed under reduced 

pressure to obtain a brown foam. After addition of 250 mL of ether, the light brown suspension 

was filtered and the solid product was washed with 200 mL of pentane and 150 mL of toluene, 

respectively. The remaining solid was dried under vacuum to obtain the product tBu*/BenzOTHP18 

as a light brown powder in 96 % yield (10.2 g, 23 mmol). 

1H NMR (400 MHz, CD3OD): δ = 8.15 (m, 1H, 6-H), 7.74 (m, 1H, 3-H), 7.42 (m, 4H, 4-, 5-, 8- and 12-H), 7.25 

(m, 2H, 9- and 11-H), 4.70 and 4.45 (each d, 2JHH = 12.40 Hz, 1H, 13- and 13’-H), 4.67 (s, 1H, 14-H), 3.89 and 

3.52 (m, 1H, 15- and 15’-H), 1.71 (m, 6H, 16-, 17-, and 18-H), 1.22 (d, 3JPH = 12.55 Hz, 9H, 20-, 21- and 22-H) 

31P{1H} NMR (162 MHz, CD3Cl3): δ = 5.5 (s) 

13C{1H} NMR (101 MHz, CD3OD): δ = 152.8 (d, 2JPC = 28.86 Hz, C1),140.4 (d, 1JPC = 25.42 Hz, C7), 138.9 (s, 

C10), 138.1 (d, 2JPC = 2.97 Hz, C3), 137.0 (d, 1JPC = 30.61 Hz, C2), 134.0 (d, 2JPC = 17.31 Hz, C8 and C12), 129.9 

(s, C4 and C5), 128.8 (d, 3JPC = 6.18 Hz, C6), 128.3 (d, 3JPC = 4.86, C9 and C11), 99.3 (s, C14), 69.71 (s, C13), 

63.2 (s, C15), 32.4 (d, 1JPC = 20.89 Hz, C19), 31.7, 26.6 and 20.5 (s, C16, C17- and C18), 29.8 (d, 2JPC = 16.18 Hz, 

C20, C21 and C22).  
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7.2.6 Syntheses of Diazaphospholidine Sulfonates 

Lithium (2-[1,3-di-phenyl]-1,3,2-diazaphospholidin-2-yl) benzenesulfonate (Ph6) 

 

2.4 g (15.2 mmol) of benzenesulfonic acid were dissolved in THF (100 mL). nBuLi (20 mL, 

32 mmol, 2.1 equiv., 1.6 M in hexanes) was added and the formed yellowish suspension was 

stirred for 2 hours at room temperature. The so formed suspension of o-dilithiobenzenesulfonate 

in THF was cannula transferred into a Schlenk flask containing a solution of 4.8 g of 2-chloro-

1,3-[diphenyl]-1,3,2-diazaphospholidine (Ph5) (17.4 mmol, 1.1 equiv.) in THF (100 mL). The 

reaction mixture was refluxed over night. The product precipitated from this reaction mixture 

upon cooling to room temperature. The precipitate was filtered off, washed with little THF (4×5 

mL) and dried under vacuum to yield 2.8 g (6.9 mmol, 45 %) of Ph6 as a white powder. 

1H NMR (400 MHz, Acetone): δ = 7.99 (m, 1H, Ar-H), 7.46 (dt, J = 6.0, 2.9 Hz, 1H, Ar-H), 7.26 (m, 7H, Ar-H), 

7.12 (t, 3JHH = 8.0 Hz, 3H, Ar-H), 6.69 (t, 3JHH = 7.3 Hz, 2H, Ar-H), 3.96 (m, 4H, 13-H). 

31P{1H} NMR (162 MHz, Acetone): δ = 82.53 (s). 

Lithium (2-[1,3-di-(2-methylphenyl)]-1,3,2-diazaphospholidin-2-yl) benzenesulfonate 

(Me6) 

 

3.7 g (12.2 mmol) of Me5 and 3.4 g (14.0 mmol, 1.15 equiv.) of o-dilithiobenzenesulfonate142 

were dissolved in THF (100 mL). The reaction mixture became clear while it was stirred for 

2 hours at room temperature. All volatiles were removed under vacuum to yield a light brown 

foam. Pentane (50 mL) was added and the suspension was stirred for 30 minutes. The light 

brown solid was filtered off and dried under vacuum to yield 3.4 g (7.8 mmol, 64 %) of Me6 as 

a beige powder. 
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1H NMR (400 MHz, Acetone): δ = 7.97 (m, 2H, 6-H and 3-H), 7.44 (td, 3JHH = 7.5 Hz, 4JHH = 1.2 Hz, 1H, 5-H), 

7.33 (td, 3JHH = 7.6 Hz, 4JHH = 1.2 Hz, 1H, 4-H), δ 7.08 (m, 4H, 9-H and 12-H), 7.03 (t, 3JHH = 7.5 Hz, 2H, 11-H), 

6.87 (t, 3JHH = 7.2 Hz, 2H, 10-H), 3.76 (m, 2H, 14-H), 3.51 (m, 2H, 14’-H), 2.34 (s, 6H, 13-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 149.2 (d, 2JPC = 18.1 Hz, C7), 148.9 (d, 1JPC = 21.3 Hz, C2), 141.2 (d, 
2JPC = 51.1 Hz, C1), 133.2 (d, 3JPC = 4.0 Hz, C8), 131.9 (d, 3JPC = 2.1 Hz, C6), 131.8 (s, C9), 129.0 (m, C3, C4, 

C5), 126.8 (s, C11), 123.0 (s, C10), 122.9 (d, 3JPC = 12.6 Hz, C12), 52.3 (d, 2JPC = 5.9 Hz, C14), 20.8 (s, C13). 

31P{1H} NMR (162 MHz, Acetone): δ = 90.93 (s). 

Lithium (2-[1,3-di-(2-methoxyphenyl)]-1,3,2-diazaphospholidin-2-yl) benzenesulfonate 

(OMe6) 

 

1.78 g (11.3 mmol) of benzenesulfonic acid were dissolved in THF (100 mL) and nBuLi 

(14.7 mL, 23.5 mmol, 2.1 equiv., 1.6 M in hexanes) was added. The resulting yellowish 

suspension was stirred at room temperature for 1 hour and then cannula transferred into a second 

flask containing a solution of 4.2 g (12.5 mmol, 1.1 equiv.) of OMe5 in THF (150 mL). The 

white suspension was stirred for 1 hour to yield a colorless solution. All volatiles were removed 

under vacuum and the resulting foam was washed thrice with 20 mL of diethyl ether. The white 

residue was dissolved in acetone (40 mL) and the colorless solution was concentrated to a 

volume of 20 mL from which the product crystallized at -30 °C over night. Yield 3.1 g 

(6.7 mmol, 60 %) of OMe6 as colorless crystals.  

1H NMR (400 MHz, THF-d8): δ = 7.96 (m, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.27 (m, 2H, Ar-H), 7.12 (m, 2H, Ar-

H), 6.66 (m, 6H, Ar-H), 3.64 (m, 4H, 14-H), 3.55 (s, 6H, 13-H). 

31P{1H} NMR (162 MHz, THF-d8): δ = 86.58 (s). 

 (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-diazaphospholidin) benzenesulfonic acid (iPr6-H) 
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1.5 g (2.6 mmol) of lithium (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-diazaphospholidin-2-yl) 

benzenesulfonate (iPr6)142 were dissolved in methylene chloride (10 mL). 400 mg of 

trifluoracetic acid (3.5 mmol, 1.3 equiv.) were added. The yellowish turbid solution was 

filtrated through a syringe filter and evaporated to dryness. The off white solid was washed 

thrice with diethyl ether (3×5 mL) and the remaining white solid was dried under vacuum. 950 

mg (1.7 mmol, 65 %) of the desired product iPr6-H were isolated as a white powder. 

1H NMR (400 MHz, CD2Cl2): δ = 9.02 (d, 1JPH = 689.8 Hz, 1H, P-H), 8.35 (ddd, 3JHH = 8.9 Hz, 4JPH = 6.1 Hz, 
4JHH = 3.6 Hz, 1H, 6-H), 7.84 (m, 1H, 3-H), 7.66 (m, 2H, 4- and 5-H), 7.33 (t, 3JHH = 7.7 Hz, 2H, 10-H), 7.26 (d, 
3JHH = 6.5 Hz, 2H, 9-H or 11-H), 7.10 (d, 3JHH = 7.5 Hz, 2H, 9-H or 11-H), 4.07 and 3.83 (each m, 2H, 19-H), 3.38 

(h, 3JHH = 6.8 Hz, 2H, 13-H), 3.20 (h, 3JHH = 6.8 Hz, 2H, 16-H), 1.53, 1.37, 1.21 and 0.63 (each d, 3JHH = 6.8 Hz, 

6H, 14-, 15-, 17- and 18-H). 

31P NMR (162 MHz, CD2Cl2): δ = 19.76 (d, 1JPH = 689.8 Hz). 

Deutero (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-diazaphospholidin) benzenesulfonic 

acid (iPr6-D) 

 

1.3 g (2.2 mmol) of lithium (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-diazaphospholidin-2-yl) 

benzenesulfonate (iPr6)142 were dissolved in methylene chloride (5 mL). 300 mg of deuterated 

trifluoracetic acid (2.6 mmol, 1.2 equiv.), which was prepared by a stoichiometric reaction of 

trifluroacetic acid anhydride and D2O, were added. The yellowish turbid solution was filtrated 

through a syringe filter and evaporated to dryness. The off white solid was washed thrice with 

diethylether (3×5 mL) and the remaining white solid was dried under vacuum. 720 mg 

(1.3 mmol, 60 %) of the desired product iPr6-D were isolated as a white powder, containing 

about 8 % of the protonated species iPr6-H (according to 1H NMR). Note that the 31P resonance 

is, due to the isotope effect, slightly shifted compared to iPr6-H. 

1H NMR (400 MHz, CD2Cl2): δ = 8.35 (ddd, 3JHH = 8.9 Hz, 4JPH = 6.1 Hz, 4JHH = 3.6 Hz, 1H, 6-H), 7.84 (m, 1H, 

3-H), 7.66 (m, 2H, 4- and 5-H), 7.33 (t, 3JHH = 7.7 Hz, 2H, 10-H), 7.26 (d, 3JHH = 6.5 Hz, 2H, 9-H), 7.10 (d, 3JHH 

= 7.5 Hz, 2H, 11-H), 4.07 and 3.83 (each m, 2H, 19-H), 3.38 (h, 3JHH = 6.8 Hz, 2H, 13-H), 3.20 (h, 3JHH = 6.8 Hz, 

2H, 16-H), 1.53, 1.37, 1.21 and 0.63 (each d, 3JHH = 6.8 Hz, 6H, 14-, 15-, 17- and 18-H). 

31P NMR (162 MHz, CD2Cl2): δ = 18.00 (t, 1JPD = 105.3 Hz). 
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Lithium (2-[1,3-di-(2,6-di(4-methylphenyl))phenyl]-1,3,2-diazaphospholidin-2-yl) 

benzenesulfonate (Ar6) 

 

300 mg (0.47 mmol) of Ar5 and 170 mg (70 mmol, 1.5 equiv.) o-dilithiobenzenesulfonate were 

dispersed in THF (15 mL). The brown reaction mixture was stirred for 3 h at 65 °C until it 

became clear. All volatiles were removed under vacuum and the resulting orange solid was 

washed with pentane and extracted with toluene (10 mL). The solvent was removed under 

vacuum and the yellow solid was dissolved in acetone (1 mL) in an NMR tube. After one 

minute, the product precipitated as a white solid. The solid was purified by repetitive washing 

with acetone (3×1 mL) and centrifugation. The product Ar6 was directly used in the next step. 

1H NMR (400 MHz, THF-d8): δ = 7.65 (d, 3JHH = 5.4 Hz, 1H, 6-H), 7.15 (m, 2H, 3- and 5-H), 7.00 (m, 1H, 4-H), 

6.94 (d, 3JHH = 7.6 Hz, 8H, 12-H), 6.83 (d, 3JHH = 7.2 Hz, 4H, 9-H), 6.76 (m, 2H, 10-H), 6.65 (d, 3JHH = 7.5 Hz, 

8H, 13-H), 2.60 and 2.47 (each m, 2H, 16-H), 2.12 (s, 12H, 15-H). 

13C{1H} NMR (101 MHz, THF-d8): δ = 148.41 (d, 2JPC = 21.8 Hz, C1), 146.61 (d, 2JPC = 18.5 Hz, C7), 141.70 (d, 
4JPC = 2.8 Hz, C11), 138.22 (d, 1JPC = 63.2 Hz, C2), 135.62 (s, C14), 135.47 (d, 3JPC = 4.5 Hz, C8), 133.45 (s, C3), 

131.66 (s, C9), 130.90 (s, C12), 129.02 (d, 3JPC = 27.4 Hz, C6), 128.70 (s, C13), 127.62 (s, C5), 127.24 (s, C4), 

119.57 (s, C10), 54.44 (d, 2JPC = 5.4 Hz, C16), 21.49 (s, C15). 

31P{1H} NMR (162 MHz, THF-d8): δ = 89.67 (s).  
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7.2.7 Syntheses of Diaryl Phosphine Sulfonato Pd(II) Complexes (X1-L) 

Bis{{(κ2-P,O)-2-[di-(2-methoxy-4-trifluoromethyl-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl-chloro-µ-Li}∙acetone [{CF31-µLiCl}2] 

 

300 mg (1.1 mmol) of [(COD)PdMeCl]204 and 720 mg (1 equiv. by NMR) of lithium-2(di(2-

methoxy-4-trifluoromethyl-phenyl)phosphine)benzenesulfonate (CF319) were dissolved in 

15 mL of acetone. After 5 minutes, all volatiles were removed under vacuum and the orange 

solid was repeatedly washed with ether and pentane. The residue was dried under vacuum to 

yield 620 mg (0.81mmol, 72 %) of [{CF31-µLiCl}2] as a yellowish powder. The product was 

further purified by crystallization from an acetone solution layered with pentane. Crystals for 

X-Ray diffraction analysis were also grown by layering an acetone solution of [{CF31-µLiCl}2] 

with pentane. 

1H NMR (400 MHz, Acetone): δ = 8.03 (ddd, 3JHH = 7.5 Hz, 4JPH = 4.9 Hz, 4JHH = 1.1 Hz, 1H, 6-H), 7.89 (br, 2H, 

12-H), 7.55 (m, 1H, 5-H), 7.48 (m, 1H, 4-H), 7.38 (m, 5H, 3-, 9- and 11-H), 3.76 (s, 6H, 13-H), 2.09 (s, 6H, 

Acetone), 0.29 (d, 3JPH = 3.7 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 161.6 (d, 2JPC = 2.1 Hz, C8), 148.1 (d, 2JPC = 15.7 Hz, C1), 135.9 (s, C3), 

135.0 (q, 2JFC = 32.2 Hz, C10), 130.7 (s, C5), 129.9 (d, 3JPC = 6.9 Hz, C4), 128.6 (s, C12), 128.0 (d, 3JPC = 8.3 Hz, 

C6), 127.83 (d, 1JPC = 48.1 Hz, C2), 124.7 (q, 1JFC = 272.3 Hz, C14), 121.82 (d, 1JPC = 52.3 Hz, C7), 117.51 (s, 

C11), 109.42 (s, C9), 56.35 (s, C13), -2.51 (s, C15). 

31P{1H} NMR (162 MHz, Acetone): δ = 21.22 (s). 

19F{1H} NMR (376 MHz, Acetone): δ = 114.21 (s). 

Anal Calc. (%) for C23H19ClF6LiO5PPdS·(Acetone) + LiCl: C: 38.95, H: 3.14, S: 4.00. Found C: 38.61, H: 2.99, 

S: 4.01. 
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Bis{N,N’-{(κ2-P,O)-2-[di-(2-methoxy-4-trifluoromethyl-phenyl)-phosphine] 

benzenesulfonate} palladium(II)-methyl}-N,N,N’,N’-tetramethylethylenediamine 

({CF31}2-tmeda) 

 

0.95 g (3.7 mmol) of [PdMe2(tmeda)]203 were dissolved in 30 mL of methylene chloride. 2 g 

(3.7 mmol) of [2-di(2-methoxy-4-trifluoromethyl-phenyl)-phosphonium]benzenesulfonate 

(CF319-H) were added and the yellowish solution was stirred for 20 min at room temperature. 

All volatiles were removed under vacuum and the residue was taken up in 20 mL of methanol. 

The reaction mixture was stirred for 30 min at room temperature and the white solid, which 

formed, was isolated by filtration. Yield 1.2 g (1.7 mmol, 45 %) of a white powder. NMR 

analysis of {CF31}2-tmeda is hampered due to its low solubility. 

Anal Calc. (%) for C26H27F6NO5PPdS: C: 43.56, H: 3.80, N: 1.95. Found C: 43.50, H: 4.19, N: 2.19. 
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{(κ2-P,O)-2-[di-(2-methoxy-4-trifluoromethyl-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl-dimethylsulfoxide (CF31-dmso) 

 

800 mg (1.1 mmol) of {CF31}2-tmeda were dispersed in 50 mL of dmso. All volatiles were 

removed under vacuum while the suspension became clear. Another 30 mL of dmso were added 

and removed again. The residue was washed with pentane (100 mL) and dissolved in 10 mL of 

methylene chloride. The yellow methylene chloride solution was filtered through a syringe filter 

to remove traces of palladium black. All volatiles were removed and the yellowish solid was 

washed with pentane (100 mL). The off white solid was dissolved in 100 mL of diethyl ether, 

filtered through a syringe filter and ca. 40 mL of ether were removed until the product 

precipitated again. The white precipitate was isolated by filtration. Further product could be 

collected from the ether solution after 4 days at -30 °C. Total yield 550 mg (0.75 mmol, 68 %) 

of CF31-dmso as a white powder.  

1H NMR (400 MHz, CD2Cl2): δ = 8.08 (dd, 3JHH = 6.9 Hz, 4JPH = 5.1 Hz, 1H, 6-H), 7.78 (br, 2H, 12-H), 7.53 (t, 
3JHH = 7.6 Hz, 1H, 5-H), 7.36 (m, 3H, 4- and 11-H), 7.27 (m, 1H, 3-H), 7.19 (d, 4JPH = 3.8 Hz, 2H, 9-H), 3.72 (s, 

6H, 13-H), 2.97 (s, 6H, DMSO), 0.27 (s, 3H, 15-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 161.0 (d, 2JPC = 2.6 Hz, C8), 148.3 (d, 2JPC = 15.4 Hz, C1), 138.9 (br, 

C12), 135.7 (q, 2JFC = 31.6 Hz, C10), 135.1 (d, 2JPC = 2.2 Hz, C3), 131.6 (d, 4JPC = 2.3 Hz, C5), 129.7 (d, 3JPC = 

7.6 Hz, C4), 128.3 (d, 3JPC = 8.6 Hz, C6), 126.4 (d, 1JPC = 53.3 Hz, C2), 124.3 (q, 1JFC = 272.9 Hz, C14), 120.5 (d, 
1JPC = 57.5 Hz, C7), 117.9 (qd, 3JFC = 12.6 and 3JPC = 3.8 Hz, C11), 108.8 (s, C9), 56.4 (s, C13), 41.2 (s, DMSO), 

2.7 (s, C15). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 23.48 (s). 

19F{1H} NMR (376 MHz, CD2Cl2): δ = -63.39 (s). 

Anal Calc. (%) for C25H25F6O6PPdS2: C: 40.74, H: 3.42. Found C: 40.62, H: 3.80. 
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Bis{N,N’-{(κ2-P,O)-2-[di-(2-methox-4-Chloro-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl}-N,N,N’,N’-tetramethylethylenediamine ({Cl1}2-tmeda) 

 

375 mg (0.8 mmol) of the Cl19-H and 190 mg (1 equiv.) of [PdMe2(tmeda)]203 were dissolved 

in 10 mL of dioxane. The yellow solution was stirred for 1 hour before 10 mL of diethyl ether 

were added. The resulting suspension was stirred over night and the solid was filtered off, 

washed with ether and pentane, respectively. The white powder was dried under vacuum to 

afford 400 mg (0.61 mmol, 77 %) of the product {Cl1}2-tmeda. 

1H NMR (400 MHz, CD2Cl2) δ = 8.01 (dd, 3JHH = 7.0 Hz, 4JPH = 4.8 Hz, 1H, 6-H), 7.55 (br, 2H, 12-H), 7.46 (t, 
3JHH = 7.5 Hz, 1H, 5-H), 7.25 (m, 2H, 3- and 4-H), 7.04 (d, 3JHH = 8.2 Hz, 2H, 11-H), 6.95 (dd, 4JPH = 3.7 Hz, 4JHH 

= 1.7 Hz, 2H, 9-H), 3.63 (s, 6H, 13-H), 3.57 (s, 2H, 17-H), 2.66 (s, 6H, 15- and 16-H), 0.03 (d, 3JPH = 2.2 Hz, 3H, 

14-H). 

13C{1H} NMR (101 MHz, CD2Cl2) δ = 161.4 (d, 2JPC = 2.7 Hz, C8), 148.9 (d, 2JPC = 15.7 Hz, C1), 139.8 (s, C10), 

139.1 (br, C12), 135.1 (s, C3), 131.0 (s, C5), 129.1 (s, C4), 127.8 (d, 3JPC = 8.5 Hz, C6), 127.2 (d, 1JPC = 50.4 Hz, 

C2), 121.3 (d, 3JPC = 12.4 Hz, C11), 115.2 (d, 1JPC = 55.8 Hz, C7), 112.8 (d, 3JPC = 4.9 Hz, C9), 59.8 (s, C17), 56.2 

(s, C13), 50.2 (s, C15 and C16), 1.6 (s, C14). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 21.87 (s). 

Anal Calc. (%) for C24H27Cl2NO5PPdS + H2O (as observed in 1H NMR): C: 43.16, H: 4.38, N: 2.10, S: 4.80. 

Found C: 43.38, H: 4.66, N: 3.91, S: 3.94. 
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{(κ2-P,O)-2-[di-(2-methox-4-chloro-phenyl)phosphine]benzenesulfonate} palladium(II)-

methyl-dimethylsulfoxide (Cl1-dmso) 

 

200 mg (0.3 mmol) of {Cl1}2-tmeda were dissolved in ca. 100 mL of dmso. All volatiles were 

removed under vacuum at 65 °C and the procedure was repeated. The remaining yellow oil was 

dissolved in 5 mL of methylene chloride and added slowly to ca. 100 mL of pentane. The 

resulting white precipitate was collected by filtration and washed with pentane and ether, 

respectively. Isolated yield: 110 mg (0.16 mmol, 55 %) of Cl1-dmso as a white powder. 

1H NMR (400 MHz, CD2Cl2): δ = 8.02 (dd, 3JHH = 7.0 Hz, 4JPH = 4.9 Hz, 1H, 6-H), 7.64 (br, 2H, 12-H), 7.47 (t, 
3JHH = 7.2 Hz, 1H, 5-H), 7.28 (m, 2H, 3- and 4-H), 6.76 (vt, J = 7.8 Hz, 2H, 11-H), 6.68 (d, 4JPH = 10.6 Hz, 2H, 9-

H), 3.62 (s, 6H, 13-H), 2.86 (br, 6H, DMSO), 0.17 (s, 3H, 14-H). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 22.62 (s). 

Anal Calc. (%) for C23H25Cl2O6PPdS2: C: 41.24, H: 3.76. Found C: 41.84, H: 4.02. 
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Bis{{(κ2-P,O)-2-[di-(2-methoxy-4-methyl-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl-chloro-µ-Li∙acetone} [{Me1-µLiCl}2] 

 

400 mg (0.94 mmol) of lithium-2(di(2-methoxy-4-methyl-phenyl)phosphine)benzenesulfonate 

(Me19) and 225 mg of [(COD)PdMeCl]204 (1 equiv. by NMR) were dissolved in 10 mL of 

acetone. The yellowish solution was stirred for 5 minutes and all volatiles were removed under 

vacuum. The light yellow solid was repeatedly washed with ether and pentane and dried under 

vacuum. 495 mg (0.76 mmol, 81 %) of [{Me1-µLiCl}2] as a yellowish solid were isolated. 

Crystals suitable for X-Ray diffraction analysis were grown after layering an acetone solution 

with pentane. 

1H NMR (400 MHz, Acetone): δ = 7.96 (m, 1H, 6-H), 7.86 (dd, 3JHH = 7.9 Hz, 4JHH = 1.7 Hz, 1H, 3-H), 7.54 (br, 

2H, 12-H), 7.36 (m, 2H, 4- and 5-H), 6.88 (d, 4JPH = 4.1 Hz, 2H, 11-H), 6.84 (d, 3JHH = 7.8 Hz, 2H, 9-H), 3.59 (s, 

6H, 13-H), 2.37 (s, 6H, 14-H), 0.28 (d, 3JPH = 3.2 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 161.6 (d, 2JPC = 2.0 Hz, C8), 148.6 (d, 2JPC = 15.0 Hz, C1), 144.4 (s, 

C10), 138.6 (br, C12), 130.2 (d, 1JPC = 46.6 Hz, C2), 130.2 (s, C5), 129.1 (d, 3JPC = 6.9 Hz, C4), 127.8 (d, 3JPC = 

8.0 Hz, C6), 127.0 (s, C3), 121.9 (d, 3JPC = 12.4 Hz, C9), 114.6 (d, 1JPC = 56.9 Hz, C7), 113.2 (d, 3JPC = 4.6 Hz, 

C11), 55.6 (s, C13), 28.6 (s, Acetone), 21.7 (s, C14), -2.6 (s, C15). 

31P{1H} NMR (162 MHz, Acetone): δ = 20.17 (s). 

Anal Calc. (%) for C23H25ClLiO5PPdS·(Acetone): C: 47.94, H: 4.80, S: 4.92. Found C: 48.00, H: 4.62, S: 4.94. 
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Bis{N,N’-{(κ2-P,O)-2-[di-(2-methoxy-4-methyl-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl}-N,N,N’,N’-tetramethylethylenediamine ({Me1}2-tmeda) 

 

1.0 g (2.3 mmol) of [2-(2-methox-4-methyl-phenyl)-phosphonium]benzenesulfonate (Me19-H) 

and 530 mg (1 equiv.) of [PdMe2(tmeda)]203 were dissolved in 20 mL of THF. Methane 

formation lasted for about 2 minutes. 20 mL of ether were added and the clear yellow solution 

was stirred at room temperature over night during which a white solid precipitated. The 

precipitate was filtered and washed with 10 mL of ether and pentane, respectively. Yield: 

800 mg (1.3 mmol, 57 %) of {Me1}2-tmeda as a white powder.  

1H NMR (400 MHz, CDCl3): δ = 8.11 (dd, 3JHH = 7.3 Hz, 4JPH = 4.6 Hz, 1H, 6-H), 7.43 (m, 3H, 5- and 12-H), 

7.24 (m, 2H, 3- and 4-H), 6.80 (d, 3JHH = 7.7 Hz, 2H, 11-H), 6.69 (d, 4JPH = 3.8 Hz, 2H, 9-H), 3.58 (s, 8H, 13- and 

18-H), 2.65 (s, 6H, 16- and 17-H), 2.38 (s, 6H, 14-H), 0.02 (d, 3JPH = 1.4 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 160.5 (d, 2JPC = 2.3 Hz, C8), 148.3 (d, 2JPC = 14.9 Hz, C1), 144.0 (d, 4JPC 

= 1.6 Hz, C10), 137.7 (br, C12), 134.6 (s, C3), 129.9 (s, C5), 128.3 (d, 1JPC = 49.6 Hz, C2), 128.2 (d, 3JPC = 7.3 

Hz, C4), 127.6 (d, 3JPC = 8.3 Hz, C6), 121.6 (d, 3JPC = 12.2 Hz, C11), 113.3 (d, 1JPC = 58.9 Hz, C7), 112.4 (d, 3JPC 

= 4.9 Hz, C9), 59.3 (s, C18), 55.3 (s, C13), 49.9 (s, C14), 22.0 (s, C16 and C17), 1.3 (d, 3JPC = 4.5 Hz, C15). 

31P{1H} NMR (162 MHz, CDCl3): δ = 21.20 (s). 
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{(κ2-P,O)-2-[di-(2-methoxy-4-methyl-phenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl-dimethylsulfoxide (Me1-dmso) 

 

500 mg (0.82 mmol) of {Me1}2-tmeda were dissolved in ca. 50 mL of dmso. All volatiles were 

removed at 50 °C under reduced pressure. The yellowish residue was dispersed in ether, filtered 

and repeatedly washed with ether to yield 350 mg (0.55 mmol, 68 %) of Me1-dmso as a white 

powder. 

1H NMR (400 MHz, CDCl3): δ = 8.16 (dd, 3JHH = 6.8 Hz, 4JPH = 4.8 Hz, 1H, 6-H), 7.45 (t, 3JHH = 7.6 Hz, 1H, 5-

H), 7.23 (m, 4H, 3-, 4- and 12-H), 6.80 (d, 3JHH = 7.8 Hz, 2H, 11-H), 6.71 (d, 4JPH = 4.5 Hz, 2H, 9-H), 3.62 (s, 6H, 

13-H), 2.85 (s, 6H, dmso), 2.38 (s, 6H, 14-H), 0.44 (d, 3JPH = 2.0 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, CDCl3): δ = 160.5 (d, 2JPC = 3.3 Hz, C8), 148.1 (d, 2JPC = 14.7 Hz, C1), 144.4 (s, C10), 

137.1 (br, C12), 134.5 (s, C3), 130.4 (s, C5), 128.9 (d, 3JPC = 7.2 Hz, C4), 128.3 (d, 3JPC = 8.1 Hz, C6), 127.7 (d, 
1JPC = 50.1 Hz, C2), 121.9 (d, 3JPC = 11.7 Hz, C11), 112.3 (d, 3JPC = 5.1 Hz, C9), 112.2 (d, 1JPC = 59.0 Hz, C7), 

55.3 (s, C13), 41.5 (s, dmso), 22.0 (s, C14), 3.2 (s, C15). 

31P{1H} NMR (162 MHz, CDCl3): δ = 15.35 (s). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 17.57 (s). 

Anal Calc. (%) for C25H31O6PPdS2: C: 47.73, H: 4.97, S: 10.20. Found C: 47.46, H: 5.05, S: 10.62. 
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Bis{{(κ2-P,O)-2-[di-(2,4-dimethoxyphenyl)phosphine]benzenesulfonate} palladium(II)-

methyl-chloro-µ-Na}∙acetone [{OMe1-µNaCl}2] 

 

650 mg (1.4 mmol) of [2-(2,4-dimethoxyphenyl)-phosphonium]benzenesulfonate (OMe19-H) 

and 34 mg (1 equiv.) of sodium hydride were dispersed in 10 mL of acetone and stirred for one 

hour. 265 mg (1 mmol) of [(COD)PdMeCl]204, dissolved in 5 mL of acetone were added. The 

orange reaction mixture was filtered through a syringe filter and evaporated to dryness. The 

crude product was repeatedly washed with 5 ml of ether. The product was purified by 

recrystallization by layering an acetone solution of the product with pentane. Isolated yield: 

170 mg (0.24 mmol, 24 %). 

1H NMR (400 MHz, Acetone): δ = 7.96 (dd, 3JHH = 6.9 Hz, 4JPH = 3.9 Hz, 1H, 6-H), 7.73 (br, 2H, 12-H), 7.38 (m, 

3H, 3-, 4- and 5-H), 6.60 (d, 3JHH = 8.6 Hz, 2H, 11-H), 6.55 (s, 2H, 9-H), 3.84 (s, 6H, 13-H), 3.57 (s, 6H, 14-H), 

0.32 (d, 3JPH = 2.1 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 165.1 (d, 2JPC = 1.9 Hz, C8), 162.8 (d, 4JPC = 2.3 Hz, C10), 148.9 (d, 4JPC 

= 15.0 Hz, C5), 140.1 (br, C12), 135.8 (s, C1), 130.2 (d, 1JPC = 48.8 Hz, C2), 130.1 (d, 2JPC = 2.1 Hz, C3), 128.9 

(d, 3JPC = 7.2 Hz, C4), 127.7 (d, 3JPC = 8.3 Hz, C6), 108.9 (d, 1JPC = 62.9 Hz, C7), 106.1 (d, 3JPC = 13.2 Hz, C11), 

99.4 (d, 3JPC = 5.1 Hz, C9), 55.8 (s, C13), 55.8 (s, C14), -1.2 (s, C15). 

31P{1H} NMR (162 MHz, Acetone): δ = 20.54 (s). 

Anal Calc. (%) for C23H25ClNaO7PPdS·(Acetone): C: 44.65, H: 4.47, S: 4.58. Found C: 44.83, H: 4.34, S: 4.58. 
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Bis{N,N’-{(κ2-P,O)-2-[di-(2,4-dimethoxyphenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl}-N,N,N’,N’-tetramethylethylenediamine ({OMe1}2-tmeda) 

 

213 mg (0.85 mmol) of [PdMe2(tmeda)]203 and 424 mg (0.9 mmol) of [2-(2,4-

dimethoxyphenyl)-phosphonium]benzenesulfonate (OMe19-H) were dissolved in 5 mL of 

methylene chloride. Methane formation lasted for about 2 minutes. The yellow solution was 

stirred at room temperature for another hour and about 10 mL of ether were added to precipitate 

the product as a white solid. The precipitate was filtered and washed with 10 mL of ether and 

pentane, respectively. Yield: 460 mg (0.7 mmol, 82 %) of {OMe1}2-tmeda as a white powder.  

1H NMR (400 MHz, CD2Cl2): δ = 7.99 (dd, 3JHH = 7.1 Hz, 4JPH = 4.4 Hz, 1H, 6-H), 7.55 (br, 2H, 12-H), 7.41 (t, 
3JHH = 7.3 Hz, 1H, 5-H), 7.29 (m, 2H, 3- and 4-H), 6.57 (d, 3JHH = 8.5 Hz, 2H, 11-H), 6.47 (m, 2H, 9-H), 3.85 (s, 

6H, 13-H), 3.61 (s, 6H, 14-H), 3.57 (s, 2H, 18-H), 2.65 (s, 6H, 16- and 17-H), 0.02 (d, 3JPH = 2.0 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 164.8 (s, C8), 162.3 (s, C10), 148.7 (d, 2JPC = 14.9 Hz, C1), 139.4 (s, C12), 

135.3 (s, C3), 130.3 (s, C5), 128.7 (d, 3JPC = 7.2, C4), 128.2 (d, 1JPC = 58.2 Hz, C2), 127.6 (d, 3JPC = 8.2 Hz, C6), 

108.3 (d, 1JPC = 63.3 Hz, C7), 105.5 (d, 3JPC = 12.6, C11), 99.3 (d, 3JPC = 5.2 Hz, C9), 59.9 (s, C18), 56.0 (s, C13), 

55.8 (s, C14), 50.2 (s, C16 and C17), 1.4 (s, C15). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 20.42 (s). 
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{(κ2-P,O)-2-[di-(2,4-dimethoxyphenyl)phosphine]benzenesulfonate} palladium(II)-

methyl-(κ-S)-dimethylsulfoxide (OMe1-dmso) 

 

700 mg (1.1 mmol) of {OMe1}2-tmeda were dissolved in ca. 70 mL of dmso, giving a clear, 

yellowish solution. All volatiles were removed under reduced pressure at 55 °C, leaving a 

greyish residue. The grey residue was dissolved in methylene chloride and filtered through a 

syringe filter. The yellow methylene chloride solution was evaporated to dryness. The residue 

was washed twice with 5 mL of ether and pentane, respectively. Removal of all volatiles gave 

470 mg (0.8 mmol, 73 %) of OMe1-dmso as a light yellow solid.  

1H NMR (400 MHz, CD2Cl2): δ = 8.03 (dd, 3JHH = 7.5 Hz, 4JPH = 4.9 Hz, 1H, 6-H), 7.45 (dd, 3JHH = 8.4 Hz, 4JPH 

= 4.8 Hz, 3H, 5- and 12-H), 7.28 (m, 2H, 3- and 4-H), 6.56 (d, 3JHH = 8.5 Hz, 2H, 11-H), 6.48 (m, 2H, 9-H), 3.84 

(s, 6H, 13-H), 3.63 (s, 6H, 14-H), 2.86 (s, 9H, 1.5 × DMSO), 0.32 (s, 3H, 15-H). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 16.71 (s). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 165.0 (s, C8), 162.4 (s, C10), 148.6 (d, 2JPC = 14.8 Hz, C1), 139.1 (s, C12), 

135.1 (s, C3), 130.7 (s, C5), 129.2 (s, C4), 128.6 (d, 1JPC = 50.9 Hz, C2), 128.2 (s, C6), 107.6 (d, 1JPC = 62.7 Hz, 

C7), 105.8 (d, 3JPC = 12.5 Hz, C11), 99.3 (d, 3JPC = 5.4 Hz, C9), 56.1 (s, C13), 55.9 (s, C14), 41.7 (s, DMSO), 2.7 

(s, C15). 

Anal Calc. (%) for C25H31O8PPdS2: C: 45.42, H: 4.73, S: 9.70. Found C: 45.27, H: 5.00, S: 9.42. 
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7.2.8 Synthesis of Mixed P-aryl/alkyl and P-aryl/aryl Phosphine 

Sulfonato Pd(II) Complexes (X1/X21-L) 

Bis{N,N’-{(κ2-P,O)-2-[(tert-butyl)(2,4,6-trimethoxyphenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl}-N,N,N’,N’-tetramethylethylenediamine ({tBu*/(OMe)31}2-tmeda) 

 

20 mL of 1,4-dioxane were added to a mixture of 1.68 g (4 mmol) of 2-((tert-butyl)(2,4,6-

trimethoxyphenyl)-phosphonium)benzenesulfonate (tBu*/(OMe)319-H) and 1.03 g of 

[PdMe2(tmeda)]203 (1 equiv.). The formation of a white solid was observed after 5 minutes. The 

reaction mixture was warmed to 50 °C for 2 h. The white solid was filtered off and repeatedly 

washed with ether. The solid was dried under vacuum to yield 1.7 g (2.9 mmol, 72 %) of 

{tBu*/(OMe)31}2-tmeda as a white solid. 

1H NMR (400 MHz, CD2Cl2): δ = 8.08 (dd, 3JHH = 7.7 Hz, 4JPH = 4.3 Hz, 1H, 6-H), 7.41 (t, 3JHH = 6.7 Hz, 1H, 5-

H), 7.17 (m, 2H, 3- and 4-H), 6.17 and 6.02 (each s, each 1H, 9- and 11-H), 3.88 (s, 3H, 14-H), 3.81 and 3.47 

(each s, each 3H, 13- and 15-H), 3.30 (m, 2H, 23-H), 2.63 (vt, J = 38.5 Hz, 6H, 21- and 22-H), 1.44 (d, 3JPH = 16.1 

Hz, 9H, 17-, 18- and 19-H), -0.03 (d, 3JPH = 2.2 Hz, 3H, 20-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 164.5 and 162.6 (each s, C8 and C12), 162.2 (s, C10), 149.6 (d, 2JPC = 

12.2 Hz, C1), 133.4 (s, C3), 131.5 (d, 1JPC = 46.0 Hz, C2), 130.3 (s, C5), 128.6 (m, C6 and C4), 102.7 (d, 1JPC = 

46.7 Hz, C7), 92.7 and 90.8 (each s, C9 and C11), 59.7 (s, C23), 56.0 and 55.9 (each s, C13 and C15), 55.1 (s, 

C14), 51.0, 50.7, 50.2 and 49.9 (each s, C21 and C22), 38.4 (d, 1JPC = 24.0 Hz, C16), 30.1 (s, C17, C18 and C19), 

-0.4 (s, C20). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 44.01 (s). 

Anal Calc. (%) for C23H35NO6PPdS: C: 46.74, H: 5.97, N: 2.37, S: 5.43. Found C: 47.48, H: 6.33, N: 2.06, S: 

4.91. 
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{(κ2-P,O)-2-[(tert-butyl)(2,4,6-trimethoxyphenyl)phosphine]benzenesulfonate} 

palladium(II)-methyl-(κ-S)-dimethylsulfoxide (tBu*/(OMe)31-dmso) 

 

1.43 g (2.4 mmol) of {tBu*/(OMe)31}2-tmeda were dissolved in 200 mL of dmso. Removal of the 

solvent at 50 °C and repetitive washing of the remaining solid with ether gave 1.14 g (1.9 mmol, 

79 %) of tBu*/(OMe)31-dmso as a white solid. Crystals suitable for X-Ray diffraction analysis 

were grown after layering a methylene chloride solution of the compound with pentane in an 

NMR tube.  

1H NMR (400 MHz, CD2Cl2): δ = 8.13 (m, 1H, 6-H), 7.46 (m, 1H, 5-H), 7.19 (m, 2H, 3- and 4-H), 6.19 and 6.03 

(each s, 1H, 9- and 11-H), 3.89, 3.81 and 3.49 (each s, 3H, 13-, 14- and 15-H), 2.99 (s, 6H, DMSO), 1.46 (d, 3JPH 

= 16.6 Hz, 9H, 17,- 18- and 19-H), 0.23 (d, 3JPH = 2.0 Hz, 3H, 20-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 164.9, 162.8 and 162.3 (each s, C8, C10 and C12), 149.0 (d, 2JPC = 12.0 

Hz, C1), 133.5 (s, C3), 131.3 (d, 1JPC = 48.3 Hz, C2), 130.6 (d, 4JPC = 2.2 Hz, C5), 129.1 (d, 3JPC = 6.3 Hz, C4), 

129.0 (d, 3JPC = 7.8 Hz, C6), 101.0 (d, 1JPC = 75.2 Hz, C7), 92.5 and 90.9 (each s, C9 and C11), 56.0 (s, C13 and 

C15), 55.2 (s, C14), 41.7 (s, DMSO), 38.6 (d, 1JPC = 22.4 Hz, C16), 30.0 (br, C17, C18 and C19), 0.4 (s, C20). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 41.32 (br). 

Anal Calc. (%) for C22H33O7PPdS2: C: 43.25, H: 5.44, S: 10.50. Found C: 43.15, H: 5.28, S: 10.76. 
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Bis{{(κ2-P,O)-2-[(2-anisyl)(4-methoxy-2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl) 

phenyl)phosphine]benzenesulfonate}palladium(II)-methyl-chloro-µ-Li}∙acetone 

[{Anis/o(OTHP)pAnis1-µLiCl}2] 

 

750 mg of [(COD)PdMeCl]204 and 1.9 g of lithium phosphine sulfonate Anis/o(OTHP)pAnis19 (about 

1 equiv. according to NMR) were dissolved in 15 mL of acetone. The yellowish solution 

became dark brown while stirring for 1 hour at room temperature. All volatiles were removed 

under vacuum to obtain a brown solid which was taken up in 5 mL of methylene chloride. The 

brown solution was filtered through a pad of celite and a syringe filter and added dropwise into 

100 mL of pentane. The beige precipitate was isolated by filtration and washed with pentane 

(100 mL) and ether (100 mL). The vacuum dried crude product can be used directly for the 

preparation of the pyridine complex Anis/o(OTHP)pAnis1-pyr and was not further characterized. 

Note that Anis/o(OTHP)pAnis1-pyr is obtained as a mixture of diastereomers. 

31P{1H} NMR (162 MHz, Acetone): δ = 20.03 (br). 

Anal Calc (%) for C30H37ClLiO8PPdS•Acetone + 2 H2O (as observed in 1H NMR): C: 46.58, H: 4.58, S: 4.15. 

Found C: 46.35, H: 5.72, S: 3.28. 
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{(κ2-P,O)-2-[(2-anisyl)(4-methoxy-2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl) 

phosphine]benzenesulfonate} palladium(II)-methyl-pyridine (Anis/o(OTHP)pAnis1-pyr) 

 

The crude product of the previous step [{Anis/o(OTHP)pAnis1-µLiCl}2] was dissolved in 10 mL of 

methylene chloride and 3 mL of pyridine. The brown solution was stirred for 15 min at room 

temperature, all volatiles were removed under vacuum and the brown residue was dissolved in 

5 mL of methylene chloride and 0.5 mL of pyridine. The brown solution was filtered through a 

pad of celite and a syringe filter, and was added dropwise into 100 mL of pentane. The beige 

solid was isolated by filtration, washed with pentane (50 mL) and dried under vacuum. The 

crude product was washed with methanol (4×4 mL) and the solid was isolated by centrifugation 

and dried under vacuum to obtain Anis/o(OTHP)pAnis1-pyr as a light grey powder (1.1 g, 1.5 mmol). 

Note that Anis/o(OTHP)pAnis1-pyr is obtained as a mixture of diastereomers. The product complex 

can be recrystallized from a concentrated methylene chloride solution (ca. 500 mg in 3 mL), 

layered with pentane. The crystals obtained are of X-Ray quality. 

1H NMR (400 MHz, CD2Cl2): δ = 8.79 (d, 3JHH = 6.1 Hz, 2H, 28-H), 8.09 (dd, 3JHH = 6.9 Hz, 4JPH = 5.0 Hz, 1H, 

6-H), 8.09 (br, 1H, 25-H), 7.89 (tt, 3JHH = 7.7 Hz, 4JHH = 1.6 Hz, 1H, 30-H), 7.57 (t, 3JHH = 7.9 Hz, 1H, 23-H), 7.49 

(m, 3H, 5-, 29- and 31-H), 7.33 (m, 2H, 3- and 4-H), 7.25 (br, 1H, 9-H), 7.06 (m, 2H, 12- and 22-H), 6.96 (dd, 
3JHH = 8.0 Hz, 4JPH = 4.1 Hz, 1H, 24-H), 6.78 (dd, 3JHH = 8.6 Hz, 4JHH = 1.5 Hz, 1H, 11-H), 5.69 (vt, J = 13.8 Hz, 

1H, 13-H), 4.65 (m, 2H, 13’- and 14-H), 3.86 (s, 3H, OCH3), 3.75 (m, 1H, 18-H), 3.60 (br, 3H, OCH3), 3.32 (m, 

1H, 18’-H), 1.50 (m, 6H, 15-, 16- and 17-H), 0.34 (s, 3H, 27-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 162.5 (d, 2JPC = 2.3 Hz, C21), 161.5 (s, C10), 151.0 (s, C28 and C32), 

149.5 (br, C1), 144.5 (d, 2JPC = 12.8 Hz, C8), 138.9 (s, C30), 135.9 (s, C12) 135.9 (br, C9), 134.4 (br, C23), 131.3 

(s, C5), 129.5 (br, C4, C3), 128.5 (br, C6), 127.9 (d, 1JPC = 47.5 Hz, C2), 125.7 (s, C29 and C31), 121.4 (d, 3JPC = 

13.6 Hz, C22), 116.8 (d, J = 59.7 Hz, C7), 114.7 (d, 1JPC = 41.06 Hz, C20), 112.1 (d, 3JPC = 9.9 Hz, C11), 111.8 

(d, 3JPC = 4.4 Hz, C24), 99.1 (s, C14), 67.5 (d, 3JPC = 14.7 Hz, C13), 62.7 (s, C18), 55.8 (s, OCH3), 55.4 (s, OCH3), 

31.0, 26.0, 20.0 (each s, C15, C16 and C17), 1.6 (s, C27). C25 was not found, probably due to the broad signal. 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 22.45 (br). 

Anal Calc. (%) for C32H36NO7PPdS + 1/2 CH2Cl2 + 2 H2O (as observed in 1H NMR): C: 49.13, H: 5.20, N: 1.76, 

S: 4.04. Found C: 48.87, H: 4.86, N: 1.90, S: 4.03. 
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{(κ2-P,O)-2-[(2-anisyl)(4-methoxy-2-benzylalcohol)phosphine]benzenesulfonate} 

palladium(II)-methyl-pyridine (Anis/o(OH)pAnis1-pyr) 

 

520 mg of Anis/o(OTHP)pAnis1-pyr were dispersed in 6 mL of methanol. 3 droplets of trifluoroacetic 

acid were added and the reaction mixture was stirred at 70 °C for 5 hours until all starting 

material was dissolved. The formed traces of palladium black were removed by filtration and 

all volatiles were removed under vacuum to obtain a white powder. The product 

Anis/o(OH)pAnis1-pyr can be recrystallized from a concentrated acetone solution. X-Ray quality 

crystals were obtained by layering an acetone solution with pentane.  

1H NMR (400 MHz, CD3OD): δ = 8.82 (d, 3JHH = 4.9 Hz, 2H, 23- and 27-H), 8.15 (br, 1H, 20-H), 8.09 (dd, 3JHH 

= 7.5 Hz, 4JPH = 5.6 Hz, 1H, 6-H), 8.05 (br, 1H, 25-H), 7.66 (m, 4H, 5-, 18-, 24- and 26-H), 7.50 (t, 3JHH = 7.6 Hz, 

1H, 4-H), 7.41 (m, 3H, 3-, 9 and 11-H), 7.12 (m, 3H, 12-, 17- and 19-H), 6.86 (dd, 3JHH = 8.6 Hz, 4JHH = 1.8 Hz, 

1H, 18-H), 5.78 (d, 2JHH = 14.6 Hz, 1H, 13-H), 4.51 (d, 2JHH = 14.8 Hz, 1H, 13’-H), 3.90 (s, 3H, 21-H), 3.66 (s, 

3H, 14-H), 0.39 (d, 3JPH = 1.7 Hz, 3H, 22-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 162.6 (d, 4JPC = 2.5 Hz, C10), 161.2 (d, 2JPC = 2.1 Hz, C16), 151.0 (br, 

C23 and C27), 148.5 (d, 2JPC = 13.6 Hz, C1), 147.4 (d, 2JPC = 14.4 Hz, C8), 139.0 (br, C25), 136.2 (d, 2JPC = 5.3 

Hz, C12 and C20), 134.9 (s, C18), 134.2 (d, 2JPC = 2.0 Hz, C3), 131.2 (s, C5), 130.0 (d, 3JPC = 7.0 Hz, C4), 129.0 

(d, 2JPC = 47.3 Hz, C2), 128.6 (d, 3JPC = 7.9 Hz, C6), 125.9 (br, C24 and C26), 121.3 (d, 3JPC = 12.1 Hz, C19), 

117.2 (d, 1JPC = 33.4 Hz, C15), 116.7 (d, 1JPC = 36.6 Hz, C7), 115.4 (d, 3JPC = 10.1 Hz, C9), 113.3 (d, 3JPC = 9.3 

Hz, C11), 111.9 (d, 3JPC = 4.7 Hz, C17), 63.5 (d, 3JPC = 13.7 Hz, C13), 55.9 (s, C14), 55.7 (s, C21), 2.0 (s, C22). 

31P{1H} NMR (162 MHz, CD3OD): δ = 19.97 (br). 

Anal Calc. (%) for C27H28NO6PPdS: C: 51.31, H: 4.47, N: 2.22, S: 5.07. Found C: 51.37, H: 4.61, N: 2.32, S: 

5.02. 
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Bis{{(κ2-P,O)-2-[(2-anisyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phosphine] 

benzenesulfonate} palladium(II)-methyl-chloro-µ-Li}∙acetone ([{Anis/BenzOTHP1-µLiCl}2]) 

 

1.0 g (3.8 mmol) of [(COD)PdMeCl]204 and 2.6 g (4.5 mmol) of Anis/BenzOTHP19 were mixed. 

20 mL of dry acetone were added, forming a clear, orange solution. After 10 minutes, the 

product started to precipitate from this mixture, which was stirred for another hour. The 

precipitate was collected by filtration and washed with little acetone. The white solid was dried 

under reduced pressure and characterized as the desired product (1.5 g, 2.1 mmol, 56 %). Note 

that [{Anis/BenzOTHP1-µLiCl}2] is obtained as a mixture of diastereomers. 

The 1H NMR in CD3OD showed only 0.3 equivalents of Acetone. 

1H NMR (400 MHz, CD3OD) δ = 8.04 (ddd, 3JHH = 7.8 Hz, 4JPH = 4.4 Hz, 4JHH = 1.2 Hz, 1H, 6-H), 7.69 (vdd, J 

= 12.0, 8.1 Hz, 2H, 8- and 12-H), 7.55 (m, 2H, and 5- and 22-H), 7.42 (m, 3H, 4-, 9- and 11-H), 7.25 (ddd, 3JPH = 

10.6 Hz, 3JHH = 7.7 Hz, 4JPH = 1.0 Hz, 1H, 3-H), 7.10 (dd, 3JHH = 8.1 Hz, 4JPH = 5.1 Hz, 1H, 21-H), 6.92 (m, 2H, 

23- and 24-H), 4.79 (d, 2JHH = 12.7 Hz, 1H, 13-H), 4.73 (dd, 3JHH = 6.4 Hz, 4JHH = 3.1 Hz, 1H, 14-H), 4.55 (d, 2JHH 

= 12.7 Hz, 1H, 13’-H), 3.89 (m, 1H, 18-H), 3.73 (s, 3H, 25-H), 3.54 (m, 1H, 18’-H), 2.15 (s, 2H, Acetone), 1.97 

– 1.38 (m, 6H, 15-, 16- and 17-H), 0.35 (d, 3JPH = 2.3 Hz, 3H, 26-H). 

13C{1H} NMR (151 MHz, CD3OD) δ = 161.6 (d, 2JPC = 4.0 Hz, C20), 148.7 (d, 2JPC = 14.2 Hz, C1), 143.2 (d, 4JPC 

= 2.3 Hz, C10), 136.4 (d, 2JPC = 13.6 Hz, C8 and C12), 136.0 (d, 2JPC = 6.2 Hz, C24), 134.7 (d, 2JPC = 16.2 Hz, 

C3), 134.7 (s, C22), 131.7 (d, 4JPC = 1.8 Hz, C5), 131.2 (d, 3JPC = 6.9 Hz, C4), 130.6 (d, 1JPC = 48.5 Hz, C2), 129.1 

(d, 1JPC = 56.6 Hz, C7), 128.7 (d, 2JPC = 8.0 Hz, C6), 128.6 (d, 3JPC = 11.9 Hz, C9 and C11), 121.5 (d, 3JPC = 9.9 

Hz, C23), 119.4 (d, 1JPC = 59.3 Hz, C19), 113.0 (d, 3JPC = 4.7 Hz, C21), 99.6 (s, C14), 69.4 (s, C13), 63.3 (s, C18), 

56.3 (s, C25), 30.7 (s, Acetone), 31.6, 26.6 and 20.4 (each s, C15, C16 and C17), -1.8 (s, C26). 

31P{1H} NMR (162 MHz, CD3OD) δ = 22.03 (s). 

Anal Calc. (%) for C26H29ClLiO6PPdS·(1/3 Acetone) + H2O (as observed in 1H NMR): C: 48.01, H: 5.14, S: 4.42. 

Found C: 47.62, H: 4.79, S: 4.59. 
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{(κ2-P,O)-2-[(2-anisyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phosphine] 

benzenesulfonate} palladium(II)-methyl-pyridine (Anis/BenzOTHP1-pyr) 

 

850 mg of [{Anis/BenzOTHP1-µLiCl}2] (1.2 mmol) were dispersed in 20 mL of methylene chloride. 

5 mL of pyridine were added and the reaction was stirred for 20 min at room temperature while 

it became clear. All volatiles were removed under vacuum and the residue was taken up in a 

mixture of 10 mL of methylene chloride and 2 mL of pyridine. All volatiles were removed. A 

solution of the residue in 5 mL of methylene chloride was added dropwise into 100 mL of 

pentane. The white precipitate was isolated by filtration and washed with a total of 200 mL of 

pentane. The solid was dried under reduced pressure to isolate 850 mg (1.2 mmol, quantitative 

yield) of Anis/BenzOTHP1-pyr. The product can be recrystallized from a concentrated methanol 

solution. Note that Anis/BenzOTHP1-pyr is obtained as a mixture of diastereomers, 

1H NMR (400 MHz, CD3OD): δ = 8.76 (dd, 3JHH = 6.3 Hz, 4JHH = 1.5 Hz, 2H, 27-H), 8.06 (ddd, 3JHH = 7.8 Hz, 
4JPH = 4.4 Hz, 4JHH = 1.2 Hz, 1H, 6-H), 8.00 (tt, 3JHH = 7.7 Hz, 4JHH = 1.6 Hz, 1H, 29-H), 7.73 (dd, 3JPH = 11.9 Hz, 
3JHH = 8.1 Hz, 2H, 8- and 12-H), 7.57 (m, 6H, 5-, 9-, 11-, 22- and 28-H), 7.48 (m, 3H, 4-, 9- and 11-H), 7.28 (ddd, 
3JPH = 10.6 Hz, 3JHH = 7.7 Hz, 4JHH = 1.0 Hz, 1H, 3-H), 7.14 (dd, 3JHH = 8.1 Hz, 4JPH = 5.2 Hz, 1H, 21-H), 6.95 (m, 

2H, 23- and 24-H), 4.80 (d, 2JHH = 12.7 Hz, 1H, 13-H), 4.74 (m, 1H, 14-H), 4.56 (d, 2JHH = 12.7 Hz, 1H, 13’-H), 

3.90 (m, 1H, 18-H), 3.76 (s, 3H, 25-H), 3.54 (m, 1H, 18’-H), 1.95 – 1.20 (m, 6H, 15-, 16- and 17-H), 0.39 (d, 3JPH 

= 2.9 Hz, 3H, 26-H). 

13C{1H} NMR (101 MHz, CD3OD): δ = 161.6 (d, 2JPC = 4.5 Hz, C20), 151.5 (s, C27), 148.7 (d, 2JPC = 14.1 Hz, 

C1), 143.4 (s, C10), 140.1 (s, C29), 136.4 (d, 2JPC = 13.5 Hz, C8 and C12), 135.9 (d, 2JPC = 5.8 Hz, C24), 134.8 

(d, 2JPC = 7.5 Hz, C3), 134.8 (s, C22), 131.9 (s, C5), 131.5 (d, 3JPC = 6.7 Hz, C4), 130.4 (d, 1JPC = 47.6 Hz, C2), 

128.8 (d, 3JPC = 7.8 Hz, C6), 128.7 (d, 3JPC = 11.7 Hz, C9 and C11), 128.1 (d, 1JPC = 59.6 Hz, C7), 126.6 (s, C28), 

121.7 (d, 3JPC = 9.6 Hz, C23), 119.1 (d, 1JPC = 58.3 Hz, C19), 113.1 (d, 3JPC = 4.7 Hz, C21), 99.6 (s, C14), 69.4 (s, 

C13), 63.3 (s, C18), 56.3 (s, C25), 31.7, 26.6 and 20.4 (each s, C15, C16 and C17), -0.8 (s, C26). 

31P{1H} NMR (162 MHz, CD3OD): δ = 20.34 (s). 

Anal Calc. (%) for C31H34NO6PPdS + H2O (as observed in 1H NMR): C: 52.88, H: 5.15, N: 1.99 S: 4.55. Found 

C: 52.23, H: 5.05, N: 2.02 S: 4.54. 
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{(κ2-P,O)-2-[(2-anisyl)(4-benzylalcohol)phosphine] benzenesulfonate} palladium(II)-

methyl-pyridine (Anis/BenzOH1-pyr) 

 

720 mg (1.0 mmol) of Anis/BenzOTHP1-pyr were dispersed in 7 mL of methanol. 3 drops of 

trifluoroacetic acid were added and the reaction mixture was stirred at 60 °C over night. The 

yellow solution was filtered through a syringe filter to remove traces of palladium black and all 

volatiles were removed under reduced pressure. The obtained sticky residue was taken up in 

methylene chloride and evaporated to dryness again, leaving a yellow solid (560 mg, 0.9 mmol, 

88 %). The product can be recrystallized from a concentrated methylene chloride solution, 

layered with pentane (ca. 300 mg in 3 mL CH2Cl2). The crystals obtained are of X-Ray quality.  

1H NMR (400 MHz, CD3OD): δ = 8.80 (d, 3JHH = 5.0 Hz, 2H, 22-H), 8.15 (br, 1H, 24-H), 8.05 (m, 1H, 6-H), 7.72 

(dd, 3JPH = 11.9 Hz, 3JHH = 8.1 Hz, 4H, 8-, 12- and 23-H), 7.58 (m, 2H, 5- and 17-H), 7.48 (m, 3H, 4-, 9- and 11-

H), 7.27 (dd, 3JPH = 9.7 Hz, 3JHH = 7.8 Hz, 1H, 3-H), 7.13 (dd, 3JHH = 8.2 Hz, 4JPH = 5.2 Hz, 1H, 16-H), 6.92 (m, 

2H, 18- and 19-H),4.67 (s, 2H, 13-H), 3.76 (s, 3H, 20-H), 0.37 (d, 3JPH = 2.7 Hz, 3H, 21-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 160.9 (d, 2JPC = 4.4 Hz, C15), 150.7 (s, C22), 149.3 (d, 2JPC = 14.7 Hz, 

C1), 145.1 (d, 4JPC = 2.3 Hz, C10), 138.6 (br, C24), 135.8 (s, C19), 135.7 (d, 2JPC = 13.2 Hz, C8 and C12), 133.8 

(d, 2JPC = 13.8 Hz, C3 and C17), 131.3 (d, 4JPC = 2.2 Hz, C5), 130.2 (d, 3JPC = 6.9 Hz, C4), 128.9 (d, 1JPC = 48.8 

Hz, C2), 128.6 (d, 3JPC = 8.1 Hz, C6), 128.1 (d, 1JPC = 55.9 Hz, C7), 127.3 (vd, J = 11.7 Hz, C23, C9 and C11), 

121.1 (d, 3JPC = 9.6 Hz, C18), 118.8 (d, 1JPC = 57.4 Hz, C14), 112.3 (d, 3JPC = 4.8 Hz, C16), 65.0 (s, C13), 56.3 (s, 

C20), -0.6 (d, 2JPC = 4.6 Hz, C21). 

31P{1H} NMR (162 MHz, CD3OD): δ = 20.67 (s). 

Anal Calc. (%) for C26H26NO5PPdS: C: 51.88, H: 4.35, N: 2.33 S: 5.33. Found C: 51.51, H: 4.50, N: 3.02 S: 4.76. 
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Bis{{(κ2-P,O)-2-[(tert-butyl)(4-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phosphine] 

benzenesulfonate}palladium(II)-methyl-chloro-µ-Li} ([{tBu*/BenzOTHP1-µLiCl}2]) 

 

A 100 mL Schlenk tube was charged with 1.5 g (5 mmol) of [(COD)PdMeCl]204 and 3.58 g 

(8 mmol) of the THP protected phosphine sulfonate tBu*/BenzOTHP19. 50 mL of acetone were 

added and the reaction mixture was stirred for 2 hours at room temperature. The solvent was 

removed under vacuum and the brown residue was washed with 160 mL of diethyl ether and 

60 mL of pentane, respectively. The solid was dried under vacuum to obtain 3.68 g (5 mmol, 

quantitative yield) of [{tBu*/BenzOTHP1-µLiCl}2] as a light brown solid which contained some 

impurities. The product was used as obtained in the next step. Note that 

[{tBu*/BenzOTHP1-µLiCl}2] is obtained as a mixture of diastereomers. 

1H NMR (400 MHz, CD3OD): δ = 8.15 (m, 1H, 6-H), 7.70 (vt, J = 9.25 Hz, 2H, 8- and 12-H), 7.59 (t, 3JHH = 7.08 

Hz, 1H, 5-H), 7.43 (m, 2H, 9- and 11-H), 7.37 (t, 3JHH = 7.44 Hz, 1H, 4-H), 7.15 (vt, J = 8.76 Hz, 1H, 3-H), 4.78 

and 4.53 (each d, 2JHH = 12.72 Hz, 1H, 13- and 13‘-H), 4.73 (t, 3JHH = 3.48 Hz, 1H, 14-H), 3.89 and 3.54 (m, 1H, 

15- and 15‘-H), 1.19-1.57 (m, 6H, 16-, 17- and 18-H), 1.15 (d, 3JPH = 15.66 Hz, 9H, 20-, 21- and 22-H), 0.24 (s, 

1H, 23-H). 

13C{1H} NMR (101 MHz, CD3OD): δ = 151.3 (d, 2JPC = 12.12 Hz, C1), 141.9 (s, C10), 138.3 (s, C3), 134.6 (d, 
2JPC = 10.19 Hz, C8 and C12), 132.6 (d, 1JPC = 47.74 Hz, C7), 132.5 (s, C5), 130.4 (d, 3JPC = 6.06 Hz, C4), 129.5 

(d, 3JPC = 7.26 Hz, C6), 128.6 (d, 1JPC = 38.62 Hz, C2), 128.4 (d, 3JPC = 10.59 Hz, C9 and C11), 99.8 (s, C14), 69.4 

(s, C13), 63.3 (s, C15), 37.2 (d, 1JPC = 25.20 Hz, C19), 29.5 (d, 2JPC = 5.90 Hz, C20, C21 and C22), 31.6, 26.6 and 

20.4 (s, C16, C17 and C18), 0.2 (s, C23). 

31P{1H} NMR (162 MHz, CD3OD): δ = 46.3 (s). 

Anal Calc.: C23H31ClLiO5PPdS•Acetone + LiCl + 2 H2O (as observed in 1H NMR): C: 42.44, H: 5.62, S: 4.36; 

found: C: 42.15, H: 5.52; S: 4.89. 
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Bis{{(κ2-P,O)-2-[(tert-butyl)(4-benzylalcohol)-phosphine]benzenesulfonate} 

palladium(II)-methyl-chloro-µ-Li} ([{tBu*/BenzOH1-µLiCl}2]) 

 

1.34 g (2 mmol) of the THP protected phosphine sulfonato Pd(II) complex [{tBu*/BenzOTHP1-

µLiCl}2] were dissolved in 30 mL of dry methanol. A catalytic amount of trifluoroacetic acid 

was added and the reaction mixture was stirred for 2 hours at 40 °C. All volatiles were removed 

under reduced pressure. The brown residue was taken up in 20 mL of acetone and all volatiles 

were removed. This procedure was repeated thrice to quantitatively remove all volatile side 

products. Yield: 1.09 g (2 mmol, quantitative yield) of [{tBu*/BenzOH1-µLiCl}2] as a light brown 

solid. 

1H NMR (400 MHz, CD3OD): δ = 8.15 (m, 1H, 6-H), 7.72 (m, 2H, 8- and 12-H), 7.60, (t, 3JHH = 7.58 Hz, 1H, 5-

H), 7.44 (m, 2H, 9- and 11-H), 7.37 (t, 3JHH = 7.69 Hz, 1H, 4-H), 7.15 (dd, 3JPH = 9.11 Hz, 3JHH = 7,92 Hz, 1H, 3-

H), 4.65 (s, 2H, 13-H), 1.52 (d, 3JPH = 15.78 Hz, 9H, 15-, 16- and 17-H), 0.26 (d, 3JPH =  2.11 Hz, 3H, 18-H). 

13C{1H} NMR (101 MHz, CD3OD): δ 151.2 (d, 2JPC = 12.00 Hz, C1), 145.0 (s, C10), 138.4 (s, C3), 134.6 (d, 2JPC 

= 10.11 Hz, C8 and C12), 132.4 (s, C5), 132.0 (d, 1JPC = 47.63 Hz, C7), 130.4 (d, 3JPC = 5.83 Hz, C4), 129.4 (d, 
1JPC = 7.44 Hz, C2), 129.3 (s, C6), 127.6 (d, 3JPC = 10.42 Hz, C9 and C11), 64.4 (s, C13), 37.2 (d, 1JPC = 25.23 Hz, 

C14), 29.6 (d, 2JPC = 5.73 Hz, C15, C16 and C17), 0.09 (s, C18). 

31P{1H} NMR (162 MHz, CD3OD): δ = 43.6 (s). 

Anal Calc.: C18H23ClLiO4PPdS + LiCl + H2O (as observed in 1H NMR): C: 37.56, H: 4.38, S: 5.57; found: C: 

37.74, H: 4.90, S: 5.64.  
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{(κ2-P,O)-2-[(tert-butyl)(4-benzylalcohol)-phosphine]benzenesulfonate} palladium(II)-

methyl-pyridine (tBu*/BenzOH1-pyr) 

 

1.0 g (2 mmol) of the phosphine sulfonato Pd(II) complex [{tBu*/BenzOH1-µLiCl}2] was dissolved 

in 20 mL of methylene chloride. 5 mL of pyridine were added and the reaction mixture was 

stirred for 1 hour at room temperature. All volatiles were removed under vacuum. The crude 

product was dissolved in 15 mL of methylene chloride and filtered through a syringe filter 

directly into a vial containing 200 mL of pentane from which the product precipitated. The 

yellowish solid was isolated by filtration, washed with pentane and dried under vacuum. Yield: 

0.98 g (2 mmol, quantitative yield) of tBu*/Benz1-pyr as a yellowish solid. 

1H NMR (600 MHz, CD3OD): δ = 8.76 (s, 2H, 19-H), 8.17 (m, 1H, 6-H), 7.98 (m, 1H, 21-H), 7.74 (m, 2H, 8- and 

12-H), 7.63 (t, 3JHH = 7.60 Hz, 1H, 5-H), 7.57 (m, 2H, 20-H), 7.47 (dd, 3JHH = 8.52 Hz, 4JPH = 2.21 Hz, 2H, 9- and 

11-H), 7.41 (m, 1H, 4-H), 7.22 (dd, 3JPH =  9.11 Hz, 3JHH = 7.94 Hz, 1H, 3-H), 4.65 (s, 2H, 13-H), 1.57 (d, 3JPH = 

15.53 Hz, 9H, 15-, 16- and 17-H), 0.28 (s, 3H, 18-H). 

13C{1H} NMR (150 MHz, CD3OD): δ = 151.2 (s, C19), 150.9 (d, 2JPC = 12.23 Hz, C1), 146.4 (s, C21), 145.3 (s, 

C10), 138.5 (s, C3), 134.6 (d, 2JPC = 10.11 Hz, C8 and C12), 132.7 (d, 4JPC = 2.21 Hz, C5), 131.2 (d, 1JPC = 47.68 

Hz, C7), 130.8 (d, 3JPC = 5.83 Hz, C4), 129.5 (d, 3JPC = 7.20 Hz, C6), 128.4 (d, 1JPC = 38.65 Hz, C2), 127.8 (d, 3JPC 

= 10.55 Hz, C9 and C11), 126.4 (s, C20), 64.4 (s, C13), 36.9 (d, 1JPC = 24.86 Hz, C14), 29.5 (d, 2JPC = 5.63 Hz, 

C15, C16 and C17), 1.8 (s, C18). 

31P{1H} NMR (162 MHz, CD3OD): δ = 43.7 (s). 

Anal Calc.: C23H28NO4PPdS + LiCl + 3 H2O (as observed in 1H NMR): C: 42.61, H: 5.29, N: 2.16, S: 4.95; found: 

C: 42.27, H: 5.14, N: 2.38, S: 5.19. 
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{(κ2-P,O)-2-[(tert-butyl)(4-benzyl-benzoate)-phosphine]benzenesulfonate} palladium(II)-

methyl-pyridine (tBu*/Benz31-pyr) 

 

291 mg (0.508 mmol) of the deprotected phosphine sulfonato complex [{tBu*/BenzOH1-µLiCl}2] 

were dissolved in 100 mL of methylene chloride. 96 mg (0.683 mmol) of benzoyl chloride, 

57 mg (0.722 mmol) of pyridine and 84 mg (0.832 mmol) of triethylamine were added. The 

reaction mixture was stirred for 2 hours at room temperature. All volatiles were removed under 

vacuum and the residue was extracted with methylene chloride and water. The organic phase 

was washed thrice with distilled water before it was dried over MgSO4. All volatiles were 

removed under vacuum and the residual brown solid was purified by filtration over a small 

column of neutral aluminum oxide, using methylene chloride as eluent. Since the product 

adheres on the column, it was subsequently washed off with methanol. All volatiles were 

removed under reduced pressure to obtain 109 mg (0.166 mmol, 33 %) of tBu*/Benz31-pyr as a 

yellow powder. 

1H NMR (600 MHz, CDCl3): δ = 8.86 (s, 2H, 26-H), 8.35 (s, 1H, 6-H), 8.09 (d, 3JHH = 7.35 Hz, 2H, 16- and 20-

H), 7.83 (m, 1H, 28-H), 7.69 (m, 2H, 8- and 12-H), 7.58 (t, 3JHH = 7.98 Hz, 1H, 18-H), 7.53 (m, 1H, 5-H), 7.46 

(m, 6H, 9-, 11-, 17-, 19- and 27-H), 7.29 (m, 1H, 4-H), 7.09 (m, 1H, 3-H), 5.39 (s, 2H, 13-H), 1.55 (d, 3JPH = 15.33 

Hz, 9H, 22-, 23- and 24-H), 0.22 (s, 25-H). 

13C{1H} NMR (150 MHz, CDCl3): δ = 166.4 (s, C14), 150.9 (br, C1), 150.7 (s, C26), 138.3 (s, C28), 138.0 (s, 

C10), 136.6 (s, C3), 133.6 (m, C8 and C12), 133.4 (s, C18), 131.6 (br, C5), 131.1 (s, C15) 31.0 (d, 1JPC = 46.27 

Hz, C7) 129.9 (s, C16 and C20), 129.3 (d, 3JPC = 7.09 Hz, C6), 129.3 (d, 3JPC = 6.83 Hz, C4), 128.6 (s, C17 und 

C19), 127.6 (d, 3JPC = 10.19 Hz, C9 and C11), 126.6 (d, 1JPC = 32.34 Hz, C2) 125.3 (s, C27), 65.8 (s, C13), 30.6 

(d, 1JPC = 23.64 Hz, C21), 29.3 (d, 2JPC = 5.56 Hz, C22, C23 und C24), 1.6 (s, C25). 

31P{1H} NMR (162 MHz, CDCl3): δ = 44.58. 
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7.2.9 Synthesis of Diazaphospholidine Sulfonato Pd(II) Complexes 

Bis{{(κ2-P,O)-(2-[1,3-di-phenyl]-1,3,2-diazaphospholidin-2-yl-benzenesulfonato)}-

palladium(II)-methyl-chloro-µ-Li} [{Ph2-µLiCl}2] 

 

To a mixture of 600 mg (2.3 mmol) of [(COD)PdMeCl]204 and 1.5 g (3.1 mmol, 1.3 equiv., incl. 

1 equiv. of THF) of the diazaphospholidine sulfonate Ph6 in a 25 ml Schlenk tube was added 

acetone (15 mL). The turbid solution was stirred for 10 minutes at room temperature before it 

was filtered through a syringe filter. The clear yellowish solution was evaporated to dryness 

and the resulting off-white foam was washed with ether (5×5 mL), toluene (2×3 mL) and 

pentane (5×5 mL). The remaining solid was dried under vacuum to yield 1.1 g (1.8 mmol, 78 %) 

of [{Ph2-µLiCl}2] as an off-white powder. 

1H NMR (600 MHz, Acetone): δ = 8.02 (m, 1H, 6-H), 7.62 (d, 3JHH = 7.9 Hz, 5H, 8-, 12- and 3-H), 7.48 (t, 3JHH 

= 7.3 Hz, 1H, 5-H), 7.40 (t, 3JHH = 7.4 Hz, 1H, 4-H), 7.21 (t, 3JHH = 7.6 Hz, 4H, 9- and 11-H), 6.86 (t, 3JHH = 7.2 

Hz, 2H, 10-H), 4.33 and 4.12 (each m, 2H, 13-H), 2.09 (s, 6H, Acetone), 0.52 (s, 3H, 14-H). 

13C{1H} NMR (151 MHz, Acetone): δ = 205.9 (s, Acetone), 150.6 (d, 2JPC = 19.6 Hz, C1), 143.6 (d, 2JPC = 11.7 

Hz, C7), 136.1 (d, 1JPC = 22.3 Hz, C2), 132.6 (s, C3), 132.5 (s, C5), 131.4 (d, 3JPC = 5.1 Hz, C4), 129.7 (s, C11 

and C9), 128.5 (d, 3JPC = 7.4 Hz, C6), 121.3 (s, C10), 117.8 (d, 3JPC = 9.3 Hz, C12 and C8), 47.8 (s, C13), 28.6 (s, 

Acetone), -3.2 (s, C14). 

31P{1H} NMR (162 MHz, Acetone): δ = 78.92 (s). 

Anal Calc. (%) for C22H21ClLiN2O3PPdS•Acetone: C: 46.54, H: 4.39, N: 4.52, S: 5.18. Found C: 46.95, H: 4.89, 

N: 4.38, S: 4.62. 
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{(κ2-P,O)-(2-[1,3-di-phenyl]-1,3,2-diazaphospholidin-2-yl-benzenesulfonato)}-

palladium(II)-methyl lutidine (Ph2-lut) 

 

500 mg (0.80 mmol) of [{Ph2-µLiCl}2] were dissolved in methylene chloride (20 mL). 400 mg 

(3.7 mmol, 4.7 equiv.) of 2,6-lutidine were added and the reaction mixture was stirred at room 

temperature for 10 minutes. All volatiles were removed under vacuum and the resulting 

yellowish solid was repeatedly washed with pentane and ether. The remaining powder was 

recrystallized from hot toluene (40 mL) to give 330 mg (0.52 mmol, 66 %) of Ph2-lut as an off-

white powder.  

Crystals suitable for X-Ray were grown after dissolving 5 mg of the complex in hot toluene 

(0.6 mL) in an NMR-tube and slowly cooling to room temperature. 

1H NMR (600 MHz, CD2Cl2): δ = 8.09 (m, 1H, 6-H), 7.60 (m, 1H, 17-H), 7.58 (d,3JHH = 8.0 Hz, 4H, 8- and 12-H), 

7.50 (t, 3JHH = 8.9 Hz, 2H, 3- and 5-H), 7.42 (t, 3JHH = 7.4 Hz, 1H, 4-H), 7.33 (t, 3JHH = 7.8 Hz, 4H, 9- and 11-H), 

7.11 (d, 3JHH = 7.7 Hz, 2H, 16-H), 6.99 (t, 3JHH = 7.3 Hz, 2H, 10-H), 4.25 and 4.13 (each m, 2H, 13-H), 2.87 (s, 

6H, 18-H), 0.14 (s, 3H, 14-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.33 (s, C15), 150.30 (d, 2JPC = 19.9 Hz, C1), 142.85 (d, 2JPC = 11.7 Hz, 

C7), 134.51 (d, 1JPC = 28.3 Hz, C2), 132.87 (s, C3), 131.76 (s, C5), 130.99 (d, 3JPC = 5.6 Hz, C4), 129.67 (s, C9 

and C11), 129.53 (s, C17), 128.75 (d, 3JPC = 9.5 Hz, C6), 123.08 (d, 4JPC = 3.7 Hz, C16), 121.90 (s, C10), 117.72 

(d, 3JPC = 8.9 Hz, C8 and C12), 47.59 (s, C13), 26.18 (s, C18), -4.94 (s, C14). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 84.48 (s). 

Anal Calc. (%) for C28H30N3O3PPdS + 0.5 toluene (as observed in 1H NMR): C: 56.29, H: 5.10, N: 6.25, S: 4.77. 

Found C: 55.81, H: 4.92, N: 6.43, S: 4.63. 
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Bis{{(κ2-P,O)-(2-[1,3-di-(2-methyl)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-chloro-µ-Li} [{Me2-µLiCl}2] 

 

440 mg (1.6 mmol) of [(COD)PdMeCl]204 and 940 mg of the diazaphospholidine sufonate Me6 

were dissolved in acetone (15 mL). The brown solution was stirred for 10 min at room 

temperature and all volatiles were removed under vacuum. The remaining solid was washed 

with ether (5×5 mL) and pentane (2×5 mL). The brownish solid was dried under vacuum to 

yield 900 mg (1.4 mmol, 88 %) of [{Me2-µLiCl}2] as a light brown powder.  

Crystals, suitable for X-Ray crystallography were grown after layering an acetone solution of 

the complex in an NMR tube with pentane. 

1H NMR (400 MHz, Acetone): δ = 7.99 (m, 2H, 6-H and 3-H), 7.68 (td, 3JHH = 7.5 Hz, 4JHH = 1.1 Hz, 1H, 5-H), 

7.61 (dd, 3JHH = 10.7 Hz, 4JPH = 4.4 Hz, 1H, 4-H), 7.14 (m, 4H, Ar-H), 7.01 (m, 4H, Ar-H), 4.04 (m, 4H, 14-H), 

2.30 (s, 6H, 13-H), 0.69 (d, 3JPH = 1.8 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, Acetone): δ = 147.9 (d, 1JPC = 18.1 Hz, C1), 143.1 (d, 2JPC = 9.6 Hz, C7), 138.4 (d, 2JPC 

= 21.5 Hz, C2), 135.2 (d, 3JPC = 4.5 Hz, C8), 132.5 (s, Ar), 132.4 (s, C6), 131.6 (d, 3JPC = 1.8 Hz, C4), 130.8 (d, 
4JPC = 5.2 Hz, C5), 128.4 (d, 2JPC = 7.1 Hz, C3), 126.9 (s, Ar), 126.7 (d, J = 5.7 Hz, Ar), 125.7 (s, Ar), 51.9 (s, 

C14), 20.8 (s, C13), -1.1 (d, 2JPC = 2.6 Hz, C15). 

31P{1H} NMR (162 MHz, Acetone): δ = 84.67 (s). 

Anal Calc. (%) for C24H25ClLiN2O3PPdS•Acetone: C: 48.24, H: 4.83, N: 4.33, S: 4.95. Found C: 47.44, H: 4.71, 

N: 4.80, S: 5.24. 
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{(κ2-P,O)-(2-[1,3-di-(2-methyl)phenyl]-1,3,2-diazaphospholidin-2-yl-benzenesulfonato)0-

palladium(II)-methyl-lutidine (Me2-lut) 

 

400 mg (0.62 mmol) of [{Ph2-µLiCl}2] were dissolved in methylene chloride (15 mL). 300 mg 

(2.8 mmol, 4.5 equiv.) of 2,6-lutidine were added and the reaction mixture was stirred at room 

temperature for 10 minutes. All volatiles were removed under reduce pressure and the resulting 

yellowish solid was repeatedly washed with pentane and ether. The remaining powder was 

recrystallized from hot toluene (30 mL) to give 300 mg (0.46 mmol, 74 %) of Me2-lut as a white 

powder.  

Crystals suitable for X-Ray were grown after dissolving 5 mg of the complex in hot toluene 

(0.6 mL) in an NMR-tube and slowly cooling to room temperature. 

1H NMR (600 MHz, CD2Cl2): δ = 8.00 (m, 1H, 6-H), 7.90 (t, 3JHH = 8.3 Hz, 1H, 3-H), 7.56 (m, 3H, 4-, 5- and 

18-H), 7.23 (d, 3JHH = 8.2 Hz, 2H, 12-H), 7.18 (m, 2H, 9-H), 7.09 (m, 4H, 10- and 11-H), 7.03 (d, 3JHH = 7.7 Hz, 

2H, 17-H), 4.02 (m, 4H, 14-H), 2.66 (s, 6H, 19-H), 2.24 (s, 6H, 13-H), 0.29 (s, 3H, 15-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.2 (s, C16), 148.4 (d, 2JPC = 18.4 Hz, C1), 142.4 (d, 2JPC = 9.7 Hz, C7), 

138.9 (s, C18), 137.5 (d, 1JPC = 26.5 Hz, C2), 135.2 (d, 3JPC = 4.1 Hz, C8), 132.3 (s, C9), 131.6 (s, C5), 131.2 (s, 

C3), 130.2 (d, 3JPC = 5.3 Hz, C4), 128.4 (d, 3JPC = 7.4 Hz, C6), 126.9 (d, 3JPC = 5.3 Hz, C12), 126.8 (s, C11), 125.9 

(s, C10), 122.9 (d, 4JPC = 3.6 Hz, C17), 51.9 (s, C14), 25.9 (s, C19), 20.7 (s, C13), -3.3 (s, C15). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 89.22 (s). 

Anal Calc. (%) for C30H34N3O3PPdS: C: 55.09, H: 5.24, N: 6.42, S: 4.90. Found C: 55.23, H: 5.29, N: 6.26, S: 

4.59. 
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Bis{{(κ2-P,O)-(2-[1,3-di-(2-methoxy)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-chloro-µ-Li} [{OMe2-µLiCl}2] 

 

 2.4 g (5.2 mmol, 1.37 equiv.) of the diazaphospholidine sulfonate OMe6 and 1.0 g (3.8 mmol) 

of [(COD)PdMeCl]204 were dissolved in acetone (20 mL) and stirred for 1 hour at room 

temperature. During this time, a white solid precipitated from the yellow solution. The solid 

was isolated by filtration, washed with cold acetone (5×2 mL) and dried under vacuum to yield 

1.9 g (2.8 mmol, 74 %) of [{OMe2-µLiCl}2] as a white powder. 

1H NMR (400 MHz, CD3OD): δ = 8.03 (ddd, 3JHH = 7.4 Hz, 4JPH = 5.1 Hz, 4JHH = 1.4 Hz, 1H, 6-H), 7.90 (ddd, 
3JPH = 10.5 Hz, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, 3-H), 7.60 (td, 3JHH = 7.4 Hz, 4JHH = 1.0 Hz, 1H, 4-H), 7.54 (tt, 
3JHH = 7.5 Hz, 4JHH = 1.5 Hz, 1H, 5-H), 7.28 (dt, 3JHH = 7.9 Hz, 4JHH = 1.3 Hz, 2H, 9-H), 7.06 (t, 3JHH = 7.4 Hz, 

2H, 11-H), 6.92 (vdd, J = 11.0, 4.3 Hz, 2H, 10-H), 6.86 (dd, 3JHH = 8.1, 4JHH = 1.1 Hz, 2H, 12-H), 4.03 and 3.79 

(each m, 2H, 14-H), 3.37 (s, 6H, 13-H), 2.18 (s, 6H, Acetone), 0.39 (s, 3H, 15-H). 

13C{1H} NMR (101 MHz, CD3OD): δ = 210.1 (s, Acetone), 155.0 (s, C8), 146.0 (d, 2JPC = 19.7 Hz, C1), 139.9 (d, 
1JPC = 40.1 Hz, C2), 133.8 (d, 2JPC = 8.4 Hz, C7), 131.4 (s, C3), 130.8 (d, 3JPC = 3.0 Hz, C4), 130.7 (s, C5), 128.1 

(d, 3JPC = 8.7 Hz, C6), 125.7 (s, C11), 124.4 (d, 4JPC = 4.4 Hz, C9), 121.8 (s, C10), 112.5 (s, C12), 55.2 (s, C13), 

49.8 (s, C14), 30.7 (s, Acetone), -3.0 (s, C15). 

31P{1H} NMR (162 MHz, CD3OD): δ = 90.47 (s). 

Anal Calc. (%) for C24H25ClLiN2O5PPdS•Acetone: C: 45.96, H: 4.60, N: 4.12, S: 4.72. Found C: 45.07, H: 4.68, 

N: 4.35, S: 4.59. 
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{(κ2-P,O)-(2-[1,3-di-(2-methoxy)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-lutidine (OMe2-lut) 

 

900 mg (1.3 mmol) of [{OMe2-µLiCl}2] were dissolved in methylene chloride (10 mL). 1.4 g 

(13 mmol, 10 equiv.) of 2,6-lutidine were added and the reaction mixture was stirred for 10 min 

at room temperature. All volatiles were removed from the turbid reaction mixture to afford a 

white foam. The crude product was washed with ether (4×10 mL) and pentane (2×10 mL) and 

dried under vacuum. The white solid was extracted with methylene chloride (10 mL) and 

evaporated to dryness to yield 700 mg (1.0 mmol, 77 %) of OMe2-lut as a white powder.  

Crystals suitable for X-Ray were grown after dissolving 5 mg of the complex in hot toluene 

(0.6 mL) in an NMR-tube and slowly cooling to room temperature. 

1H NMR (400 MHz, CD2Cl2): δ = 8.07 (ddd, 3JHH = 7.2 Hz, 4JPH = 5.3 Hz, 4JHH = 1.7 Hz, 1H, 6-H), 7.80 (m, 1H, 

3-H), 7.51 (m, 3H, 4-, 5- and 18-H), 7.37 (d, 3JHH = 7.8 Hz, 2H, 9-H), 7.09 (t, 3JHH = 7.7 Hz, 2H, 11-H), 7.03 (d, 
3JHH = 7.7 Hz, 2H, 17-H), 6.96 (t, 3JHH = 7.6 Hz, 2H, 10-H), 6.82 (d, 3JHH = 8.0 Hz, 2H, 12-H), 3.99 and 3.89 (each 

m, 2H, 14-H), 3.31 (s, 6H, 13-H), 2.72 (s, 6H, 19-H), 0.07 (d, 3JPH = 2.3 Hz, 3H, 15-H). 

13C{1H} NMR (101 MHz, CD2Cl2): δ = 159.3 (s, C16), 154.1 (d, 3JPC = 1.7 Hz, C8), 146.9 (d, 2JPC = 19.7 Hz, C1), 

139.1 (d, 1JPC = 37.5 Hz, C2), 138.7 (s, C18), 133.7 (d, 2JPC = 9.0 Hz, C7), 130.4 (s, C3), 130.1 (d, 4JPC = 2.1 Hz, 

C5), 129.5 (d, 3JPC = 5.8 Hz, C4), 128.0 (d, 3JPC = 8.5 Hz, C6), 125.0 (s, C11), 124.4 (d, 4JPC = 4.5 Hz, C9), 122.7 

(d, 4JPC = 3.8 Hz, C17), 121.2 (s, C10), 111.9 (s, C12), 55.2 (s, C13), 49.4 (s, C14), 26.0 (s, C19), -6.9 (s, C15). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 89.67 (s). 

Anal Calc. (%) for C30H34N3O5PPdS + 0.5 toluene (as observed in 1H NMR): C: 54.96, H: 5.74, N: 5.74, S: 4.38. 

Found C: 55.24, H: 5.43, N: 5.75, S: 4.19. 
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{(κ2-P,O)-(2-[1,3-di-(2,4,6-trimethylphenyl)]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl lutidine (Mes2-lut) 

 

700 mg (1.00 mmol) of [{Mes2-µLiCl}2]142 were dissolved in methylene chloride (25 mL). 

700 mg (6.5 mmol, 6.5 equiv.) of 2,6-lutidine were added and the reaction mixture was stirred 

at room temperature for 10 minutes. All volatiles were removed under vacuum and the resulting 

off-white solid was repeatedly washed with pentane and ether to yield 400 mg (0.56 mmol, 

56 %) of Mes2-lut as an off-white powder.  

Crystals suitable for X-Ray were grown after dissolving 5 mg of the complex in hot toluene 

(0.6 mL) in an NMR-tube and slowly cooling to room temperature. 

1H NMR (600 MHz, CD2Cl2): δ = 8.11 (vt, J = 8.1 Hz, 1H, 6-H), 7.91 (m, 1H, 3-H), 7.54 (m, 2H, 5- and 20-H), 

7.45 (t, 3JHH = 7.5 Hz, 1H, 4-H), 7.02 (d, 3JHH = 7.6 Hz, 2H, 19-H), 6.84 (br, 4H, 9- and 11-H), 3.98 (m, 4H, 16-H), 

2.74 (s, 6H, 21-H), 2.57 (br, 6H, 13- or 15-H), 2.25 (s, 6H, 14-H), 1.84 (br, 6H, 13- or 15-H), 0.00 (s, 3H, 17-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.2 (s, C18), 147.9 (d, 2JPC = 18.4 Hz, C1), 140.1 (d, 1JPC = 27.0 Hz, 

C2), 139.2 (d, 2JPC = 8.6 Hz, C7), 138.7 (s, C20), 137.1 (br, C8 and C12), 136.2 (s, C10), 131.9 (s, C6), 130.8 (s, 

C4), 130.5 (s, C9 and C11), 129.9 (d, 2JPC = 4.9 Hz, C3), 128.1 (d, 4JPC = 7.0 Hz, C5), 123.8 (s, C19), 52.3 (s, 

C16), 26.1 (s, C21), 21.8 (br, C13 and C15), 21.0 (s, C14), -5.2 (s, C17). 

31P{1H} NMR (162 MHz, CD2Cl2); δ = 84.75 (s). 

Anal Calc. (%) for C34H42N3O3PPdS + 0.5 toluene (as observed in 1H NMR): C: 59.56, H: 6.13, N: 5.56, S: 4.10. 

Found C: 60.71, H: 6.11, N: 5.47, S: 4.72. 
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{(κ2-P,O)-(2-[1,3-di-(2,6-diisopropyl)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-lutidine (iPr2-lut) 

 

780 mg (1.3 mmol, incl. 0.5 equiv. diethyl ether) of (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-

diazaphospholidin) benzenesulfonic acid (iPr6-H) were mixed with 323 mg (1.28 mmol) of 

[PdMe2(tmeda)]203 in a 25 mL Schlenk tube. Methylene chloride (10 mL) was added which led 

to strong methane evolution. After one minute, 2,6-lutidine (1.5 mL, 10 equiv.) was added. The 

colorless solution was stirred for 10 minutes at room temperature before all volatiles were 

removed under vacuum. The resulting colorless foam was washed with pentane (4×5 mL) and 

diethyl ether (3×5 mL) to yield 970 mg (1.22 mmol, 95 %) of iPr2-lut as a white powder.  

Crystals suitable for X-Ray were grown after dissolving 5 mg of the complex in hot toluene 

(0.6 mL) in an NMR-tube and slowly cooling to room temperature.  

1H NMR (600 MHz, CD2Cl2): δ = 8.08 (ddd, 3JHH = 7.8 Hz, 4JPH = 5.0 Hz, 4JHH = 1.3 Hz, 1H, 6-H), 7.97 (vt, J = 

8.0 Hz, 1H, 3-H), 7.60 (td, 3JHH = 7.8 Hz, 4JHH = 1.1 Hz, 1H, 4-H), 7.53 (t, 3JHH = 7.6 Hz, 1H, 5-H), 7.49 (t, 3JHH 

= 7.7 Hz, 1H, 14-H), 7.25 (t, 3JHH = 7.6 Hz, 2H, 10-H), 7.21 (dd, 3JHH = 7.5 Hz, 4JHH = 1.1 Hz, 2H, 9’-H), 7.10 (dd, 
3JHH = 7.6 Hz, 4JHH = 1.7 Hz, 2H, 9-H), 6.97 (d, 3JHH = 7.7 Hz, 2H, 13-H), 4.15 (m, 4H, 11-H), 3.57 (h, 3JHH = 6.7 

Hz, 2H, iPr-CH), 2.81 (h, 3JHH 6.7 Hz, 2H, iPr-CH), 2.55 (s, 6H, 15-H), 1.39 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 1.37 

(d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 0.93 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 0.78 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3), 0.12 

(d, 3JPH = 2.1 Hz, 3H, 16-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.6 (s, C12), 149.9 (s, C8’), 148.0 (d, 2JPC = 18.0 Hz, C1), 147.7 (d, 3JPC 

= 3.6 Hz, C8), 141.6 (d, 1JPC = 30.3 Hz, C2), 139.2 (d, 2JPC = 8.8 Hz, C7), 138.6 (s, C14), 130.7 (s, C5), 130.6 (d, 
2JPC = 1.6 Hz, C3), 129.6 (d, 3JPC = 4.9 Hz, C4), 129.2 (d, 3JPC = 7.3 Hz, C6), 127.8 (s, C10), 125.2 (s, C9’), 125.0 

(s, C9), 122.9 (d, 4JPC = 3.7 Hz, C13), 52.9 (s, C11), 29.7 (s, iPr-CH), 29.7 (s, iPr-CH), 27.1 (s, iPr-CH3), 26.5 (s, 

iPr-CH3), 26.2 (s, C15), 24.2 (s, iPr-CH3), 23.5 (s, iPr-CH3), -5.9 (s, C16). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 87.35 (s). 

Anal Calc. (%) for C40H54N3O3PPdS: C: 60.48, H: 6.85, N: 5.29, S: 4.04. Found C: 60.58, H: 6.90, N: 5.60, S: 

3.89. 
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{(κ2-P,O)-(2-[1,3-di-(2,6-diisopropyl)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-hydride-lutidine (iPr7-lut) 

 

210 mg (0.35 mmol) of Pd(dba)2 were dissolved in benzene (10 mL). 500 mg (4.7 mmol, 

13 equiv.) of 2,6-lutidine and 200 mg (0.35 mmol) of (2-[1,3-di(2,6-diisopropylphenyl)]-1,3,2-

diazaphospholidin) benzenesulfonic acid (iPr6-H) were added. The reaction mixture was stirred 

at room temperature over night. All volatiles were removed under vacuum and the resulting 

yellowish solid was repeatedly washed with little diethyl ether (3×2 mL). The remaining solid 

was dried under vacuum to yield 140 mg (0.18 mmol, 51 %) of iPr7-lut as a reddish solid.  

Crystals suitable for X-Ray analysis were grown after layering a solution of iPr7-lut in benzene 

with pentane in an NMR tube. 

1H NMR (600 MHz, CD2Cl2): δ = 8.09 (vt, J = 8.2 Hz, 1H, 6-H), 8.00 (ddd, 3JHH = 7.8 Hz, 4JPH = 4.9 Hz, 4JHH = 

1.1 Hz, 1H, 3-H), 7.64 (m, 1H, 5-H), 7.54 (vt, J = 7.7 Hz, 1H, 4-H), 7.49 (t, 3JHH = 7.7 Hz, 1H, 14-H), 7.29 (t, 3JHH 

= 7.6 Hz, 2H, 10-H), 7.24 (dd, 3JHH = 7.7 Hz, 4JHH = 1.4 Hz, 2H, 9-H), 7.09 (dd, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz, 2H, 

9’-H), 6.95 (d, 3JHH = 7.7 Hz, 2H, 13-H), 4.24 (vq, J = 5.0 Hz, 2H, 11-H), 3.97 (vtt, J = 10.4, 5.3 Hz, 2H, 11’-H), 

3.57 (h, 3JHH = 6.8 Hz, 2H, iPr-CH), 2.89 (h, 3JHH = 6.8 Hz, 2H, iPr-CH), 2.33 (s, 6H, 15-H), 1.39 (d, 3JHH = 6.7 

Hz, 6H, iPr-CH3), 1.30 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 1.00 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 0.56 (d, 3JHH = 6.8 

Hz, 6H, iPr-CH3), -19.42 (d, 2JPH = 30.7 Hz, 1H, Pd-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.9 (s, C12), 150.9 (d, 3JPC = 2.0 Hz, C8), 148.8 (d, 3JPC = 2.6 Hz, C8’), 

148.5 (d, 1JPC = 19.7 Hz, C1), 141.4 (d, 2JPC = 28.1 Hz, C2), 138.7 (s, C13), 138.7 (d, 2JPC = 9.2 Hz, C7), 131.9 (s, 

C6), 131.1 (d, 3JPC = 1.6 Hz, C4), 129.3 (d, 4JPC = 5.0 Hz, C5), 128.6 (d, 2JPC = 6.3 Hz, C3), 128.8 (s, C10), 125.5 

(s, C9’), 125.1 (s, C9), 122.5 (s, C14), 53.9 (s, C11), 29.6 (s, iPr-CH), 29.3 (s, iPr-CH), 26.8 (s, iPr-CH3), 26.0 (s, 

C15), 25.3 (s, iPr-CH3), 24.7 (s, iPr-CH3), 23.5 (s, iPr-CH3). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 87.88 (s). 

31P NMR (162 MHz, C6D6): δ = 101.49 (d, 2JPH = 9.8 Hz). 

Anal Calc. (%) for C39H52N3O3PPdS: C: 60.03, H: 6.72, N: 5.39, S: 4.11. Found C: 60.28, H: 6.58, N: 5.10, S: 

4.18. 
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{(κ2-P,O)-(2-[1,3-di-(2,6-diisopropyl)phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-deuteride-lutidine (iPr8-lut) 

 

435 mg (0.7 mmol) of Pd(dba)2 were dissolved in benzene (10 mL). 600 mg (5.6 mmol, 

8 equiv.) of 2,6-lutidine and 408 mg (0.72 mmol, 1.03 equiv.) of deutero (2-[1,3-di(2,6-

diisopropylphenyl)]-1,3,2-diazaphospholidin) benzenesulfonic acid (iPr6-D) were added. The 

reaction mixture was stirred at room temperature over night. All volatiles were removed under 

vacuum and the resulting yellowish solid was repeatedly washed with little diethyl ether 

(6×4 mL). The remaining grey solid was dried under vacuum to yield 320 mg (0.42 mmol, 

60 %) of the desired product, which contained, according to 1H NMR, ca. 30 % of the 

corresponding hydride species iPr8-lut. 

1H NMR (600 MHz, CD2Cl2): δ = 8.09 (vt, J = 8.2 Hz, 1H, 6-H), 8.00 (ddd, 3JHH = 7.8 Hz, 3JPH = 4.9 Hz, 4JHH = 

1.1 Hz, 1H, 3-H), 7.64 (m, 1H, 5-H), 7.54 (vt, J = 7.7 Hz, 1H, 4-H), 7.49 (t, 3JHH = 7.7 Hz, 1H, 14-H), 7.29 (t, 3JHH 

= 7.6 Hz, 2H, 10-H), 7.24 (dd, 3JHH = 7.7 Hz, 4JHH = 1.4 Hz, 2H, 9-H), 7.09 (dd, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz, 2H, 

9’-H), 6.95 (d, 3JHH = 7.7 Hz, 2H, 13-H), 4.24 (vq, J = 5.0 Hz, 2H, 11-H), 3.97 (vtt, J = 10.4, 5.3 Hz, 2H, 11’-H), 

3.57 (h, 3JHH = 6.8 Hz, 2H, iPr-CH), 2.89 (h, 3JHH = 6.8 Hz, 2H, iPr-CH), 2.33 (s, 6H, 15-H), 1.39 (d, 3JHH = 6.7 

Hz, 6H, iPr-CH3), 1.30 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 1.00 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 0.56 (d, 3J HH= 6.8 

Hz, 6H, iPr-CH3), -19.42 (d, 2JPH = 30.7 Hz, 0.3H, Pd-H). 

2H NMR (92 MHz, CD2Cl2): δ = -19.31 (d, 2JPD = 4.0 Hz). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 159.9 (s, C12), 150.9 (d, 3JPC = 2.0 Hz, C8), 148.8 (d, 3JPC = 2.6 Hz, C8’), 

148.5 (d, 1JPC = 19.7 Hz, C1), 141.4 (d, 2JPC = 28.1 Hz, C2), 138.7 (s, C13), 138.7 (d, 2JPC = 9.2 Hz, C7), 131.9 (s, 

C6), 131.1 (d, 3JPC = 1.6 Hz, C4), 129.3 (d, 4JPC = 5.0 Hz, C5), 128.6 (d, 2JPC = 6.3 Hz, C3), 128.8 (s, C10), 125.5 

(s, C9’), 125.1 (s, C9), 122.5 (s, C14), 53.9 (s, C11), 29.6 (s, iPr-CH), 29.3 (s, iPr-CH), 26.8 (s, iPr-CH3), 26.0 (s, 

C15), 25.3 (s, iPr-CH3), 24.7 (s, iPr-CH3), 23.5 (s, iPr-CH3). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 88.04 (t, 2JPD = 3.7 Hz). 

Anal Calc. (%) for C39H51D1N3O3PPdS: C: 59.95, H: 6.84, N: 5.38, S: 4.10. Found C: 60.22, H: 6.81, N: 5.22, S: 

4.07. 
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Bis{{(κ2-P,O)-(2-[1,3-di-(2,6-di(4-methylphenyl))phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-chloro-µ-Li} [{Ar2-µLiCl}2] 

 

200 mg (0.26 mmol) of Lithium (2-[1,3-di-(2,6-di(4-methylphenyl))phenyl]-1,3,2-

diazaphospholidin-2-yl) benzenesulfonate (Ar6) were suspended in acetone-d6 (1 mL) in an 

NMR tube. [(COD)PdMeCl]204 was added until the reaction mixture was almost clear (ca. 

50 mg, 0.19 mmol). The reaction mixture was filtered through a syringe filter to yield a red 

solution. All volatiles were removed under reduced pressure. The light yellow powder was 

dissolved in methanol-d4 (1 mL). After one minute a white crystalline solid precipitated. The 

solid was washed and centrifuged twice with methanol-d4 (2×0.5 mL). The solid was dried 

under vacuum to yield 112 mg (0.12 mmol, 63 %) of [{Ar2-µLiCl}2] as a white powder. 

1H NMR (600 MHz, CD3OD): δ = 7.55 (m, 1H, 6-H), 7.22 (t, 3JHH = 7.6 Hz, 1H, 5-H), 7.10 (br, 8H, 12-H), 7.06 

(t, 3JHH = 7.6 Hz, 2H, 10-H), 7.01 (br, 8H, 13-H), 6.87 (d, 3JHH = 7.5 Hz, 4H, 9-H), 6.63 (t, 3JHH = 7.6 Hz, 1H, 4-

H), 6.33 (m, 1H, 3-H), 3.36 and 3.15 (each m, 2H, 16-H), 2.26 (s, 12H, 15-H), -0.50 (s, 3H, 17-H). 

13C{1H} NMR (151 MHz, CD3OD): δ = 144.6 (d, 2JPC = 18.4 Hz, C1), 143.4 (br, C8), 140.6 (s, C7), 139.2 (br, 

C14), 137.7 (s, C11), 135.8 (d, 1JPC = 38.0 Hz, C2), 133.6 (s, C9), 132.5 (d, 2JPC = 1.9 Hz, C3), 132.0 (s, C4), 130.9 

(s, C12), 129.8 (s, C13), 129.1 (s, C5), 127.5 (d, 3JPC = 7.7 Hz, C6), 125.9 (s, C10), 54.8 (s, C16), 21.2 (s, C15), -

2.9 (d, 2JPC = 3.3 Hz, C17). 

31P{1H} NMR (162 MHz, CD3OD): δ = 94.01 (s). 

Anal Calc. (%) for C49H45ClLiN2O3PPdS•CD3OD: C: 62.96, H: 5.18, N: 2.94, S: 3.36. Found C: 62.80, H: 5.40, 

N: 3.07, S: 2.97. 

  



Experimental Section 

194 

{(κ2-P,O)-(2-[1,3-di-(2,6-di(4-methylphenyl))phenyl]-1,3,2-diazaphospholidin-2-yl-

benzenesulfonato)}-palladium(II)-methyl-pyridine (Ar2-pyr) 

 

150 mg (0.15 mmol) of [{Ar2-µLiCl}2] were dissolved in methylene chloride (10 mL). The 

yellowish color vanished during the addition of pyridine (1 mL, 12.6 mmol, 80 equiv.). The 

reaction mixture was stirred at room temperature for 45 minutes and all volatiles were removed 

under vacuum. The white residue was washed thrice with diethyl ether (5 mL), dried under 

vacuum and dissolved in methylene chloride (1 mL). The turbid solution was filtrated through 

a syringe filter and the solvent was removed under reduced pressure to obtain 100 mg 

(0.10 mmol, 67 %) of Ar2-pyr as a white powder. 

1H NMR (600 MHz, CD2Cl2): δ = 8.59 (dd, 3JHH = 4.1 Hz, 4JHH = 1.3 Hz, 2H, 18-H), 7.89 (t, 3JHH = 7.6 Hz, 1H, 

20-H), 7.58 (dd, 3JHH = 7.0 Hz, 4JPH = 5.2 Hz, 1H, 6-H), 7.47 (m, 2H, 19-H), 7.15 (m, 1H, 5-H), 7.12 (br, 8H, 

13-H), 7.09 (t, 3JHH = 7.5 Hz, 2H, 10-H), 6.91 (d, 3JHH = 7.5 Hz, 4H, 9-H), 6.89 (br, 8H, 12-H), 6.58 (t, 3JHH = 7.5 

Hz, 1H, 4-H), 6.28 (vt, J = 8.7 Hz, 1H, 3-H), 3.34 and 3.15 (each m, 2H, 16-H), 2.21 (s, 12H, 15-H), -0.52 (s, 3H, 

17-H). 

13C{1H} NMR (151 MHz, CD2Cl2): δ = 150.5 (s, C18), 145.2 (d, 2JPC = 18.8 Hz, C1), 142.6 (br, C8), 139.9 (s, 

C14), 139.3 (br, C7), 138.7 (s, C20), 136.96 (s, C11), 134.6 (d, 1JPC = 31.0 Hz, C2), 132.9 (s, C9), 131.4 (s, C3), 

130.5 (d, 3JPC = 5.2 Hz, C4), 130.3 (s, C13), 129.1 (s, C12), 128.1 (s, C5), 126.9 (d, 3JPC = 7.6 Hz, C6), 125.3 (s, 

C19), 125.0 (s, C10), 54.7 (s, C16), 21.3 (s, C15), -2.7 (s, C17). 

31P{1H} NMR (162 MHz, CD2Cl2): δ = 94.70 (s). 

Anal Calc. (%) for C54H50N3O3PPdS: C: 67.67, H: 5.26, N: 4.38, S: 3.35. Found C: 67.85, H: 5.68, N: 4.62, S: 

3.26. 
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8 Crystallographic Appendix 

Table 8-1. Crystallographic Data of Complex OMe1-dmso. 

 

CCDC Number 930955 

Empirical formula C25H31O8PPdS 

Formula weight 661.01 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=14.0244(8) Å, α= 90.00° 

 b=14.7958(8) Å, β= 116.076(4)° 

 c=16.1492(9) Å, γ= 90.00° 

Volume 3009.9(3) Å3 

Z 4 

Density (calculated) 1.459 Mg/m3 

Absorption coefficient 0.851 mm-1 

F(000) 1352 

Crystal size 0.300 x 0.300 x 0.300 mm3 

Theta range for data collection 1.62 to 26.47° 

Index ranges -17<=h<=15, 0<=k<=18, 0<=l<=20 

Reflections collected 42861 

Independent reflections 6050 [R(int) = 0.00] 

Completeness to theta 97.2 % 

Absorption correction Integration 

Max. and min. transmission 0.9325 and 0.8207 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6050/0/ 341 

Goodness-of-fit on F2 1.1018 

Final R indices [I>2sigma(I)] R1 = 0.0322, wR2 = 0.0716 

R indices (all data) R1 = 0.0478, wR2 = 0.0750 

Largest diff. peak and hole 0.425 and -0.670 e.Å-3 

Remarks 

A total of 124 electrons from a potential disordered 

pentane molecule in a solvent accessible void at the 

position 0.500 0.000 0.500 and 0.500 0.500 1.000 

with a total volume of 396.0 Ang^3 was sqeezed out,  

using the SQUEEZE routine from PLATON v1.15228 
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Table 8-2. Crystallographic Data of Complex OMe1-pyr. 

 

CCDC Number 992173 

Empirical formula C32H38O8PPdS 

Formula weight 734.06 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Orthorhombic 

Space group Pbca 

Unit cell dimensions a=13.9032(5) Å, α= 90.00° 

 b=17.1431(7) Å, β= 90.00° 

 c=27.3777(9) Å, γ= 90.00° 

Volume 6525.3(4) Å3 

Z 8 

Density (calculated) 1.495 Mg/m3 

Absorption coefficient 0.732 mm-1 

F(000) 3024 

Crystal size 0.200 x 0.150 x 0.100 mm3 

Theta range for data collection 2.03 to 26.09° 

Index ranges -16<=h<=16, -20<=k<=20, -33<=l<=33 

Reflections collected 78934 

Independent reflections 4938 [R(int) = 0.0317] 

Completeness to theta 99.2 % 

Absorption correction Integration 

Max. and min. transmission 0.929 and 0.877 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6200/0/448 

Goodness-of-fit on F2 1.0006 

Final R indices [I>2sigma(I)] R1 = 0.0317, wR2 = 0.0597 

R indices (all data) R1 = 0.0489, wR2 = 0.0636 

Largest diff. peak and hole 0.456 and -0.440 e.Å-3 

Remarks 
Two co-crystallized THF molecules were omitted for 

clarity 
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Table 8-3. Crystallographic Data of Complex [{Me1-µLiCl}2]. 

 

CCDC Number 930954 

Empirical formula C52H62Cl2Li2O12P2Pd2S2 

Formula weight 1302.66 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a=15.4219(7) Å, α= 90.00° 

 b=12.9147(7) Å, β=114.859(3)°  

 c=15.6951(8) Å, γ= 90.00° 

Volume 2836.3(2) Å3 

Z 2 

Density (calculated) 1.525 Mg/m3 

Absorption coefficient 0.916 mm-1 

F(000) 1328.0 

Crystal size 0.100 x 0.100 x 0.100 mm3 

Theta range for data collection 2.13 to 27.93° 

Index ranges -20<=h<=20, -16<=k<=17, -20<=l<=20 

Reflections collected 40236 

Independent reflections 6765[R(int) = 0.0765] 

Completeness to theta  99.5 % 

Absorption correction Integration 

Max. and min. transmission 0.8507 and 0.7860 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6765/0/341 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0412, wR2 = 0.0650 

R indices (all data) R1 = 0.0604, wR2 = 0.0688 

Largest diff. peak and hole 0.375 and -0.795 e.Å-3 
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Table 8-4. Crystallographic Data of Complex [{CF31-µLiCl}2]. 

 

CCDC Number 930958 

Empirical formula C26H25ClF6LiO6PPdS 

Formula weight 759.28 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=15.4772(6) Å, α= 90.00° 

 b=13.2496(5) Å, β= 123.592(2)° 

 c=17.2530(7) Å, γ= 90.00° 

Volume 2947.2(2) Å3 

Z 4 

Density (calculated) 1.711Mg/m3 

Absorption coefficient 0.923 mm-1 

F(000) 1520.0 

Crystal size 0.200 x 0.200 x 0.200 mm3 

Theta range for data collection 2.09 to 28.03° 

Index ranges -20<=h<=19, -17<=k<=17, -22<=l<=22 

Reflections collected 44978 

Independent reflections 7052 [R(int) = 0.0904] 

Completeness to theta  98.9 % 

Absorption correction Integration 

Max. and min. transmission 0.8018 and 0.7237° 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7052/0/396 

Goodness-of-fit on F2 1.053 

Final R indices [I>2sigma(I)] R1 = 0.0302, wR2 = 0.0679 

R indices (all data) R1 = 0.0398, wR2 = 0.0718 

Largest diff. peak and hole 1.0313 and -1.035 e.Å-3 
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Table 8-5. Crystallographic Data of Ligand Cl19-H. 

 

CCDC Number 930957 

Empirical formula C20H17Cl2O5PS, 2(CHCl3) 

Formula weight 710.0 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group C2/c 

Unit cell dimensions a=14.5693(7) Å, α= 90.00° 

 b=14.7414(8) Å, β= 95.060(4)° 

 c=27.6507(12) Å, γ= 90.00° 

Volume 5915.4(5) Å3 

Z 8 

Density (calculated) 1.594 Mg/m3 

Absorption coefficient 0.919 mm-1 

F(000) 2864.0 

Crystal size 0.300 x 0.300 x 0.300 mm3 

Theta range for data collection 1.97 to 26.90° 

Index ranges -18<=h<=18, -18<=k<=18, -34<=l<=34 

Reflections collected 39308 

Independent reflections 6312 [R(int) = 0.0585] 

Completeness to theta  98.5 % 

Absorption correction Integration 

Max. and min. transmission 0.8311 and 0.7386 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6312/0/ 340 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.0483, wR2 = 0.1158 

R indices (all data) R1 = 0.0699, wR2 = 0.1235 

Largest diff. peak and hole 0.778 and -0.979 e.Å-3 

Remarks Two chloroform molecules were omitted for clarity 
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Table 8-6. Crystallographic Data of Ligand tBu*/(OMe)31-dmso. 

 

CCDC Number 930956 

Empirical formula C22H33O7PPdS2 

Formula weight 610.97 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=10.0468(4) Å, α= 90.00° 

 b=14.0673(5) Å, β= 90.884(4)°  

 c=18.2637(8) Å, γ= 90.00° 

Volume 2580.93(18) Å3 

Z 4 

Density (calculated) 1.572 Mg/m3 

Absorption coefficient 0.982 mm-1 

F(000) 1256.0 

Crystal size 0.300 x 0.250 x 0.200 mm3 

Theta range for data collection 1.83 to 26.75° 

Index ranges -12<=h<=12, -17<=k<=17, -23<=l<=23 

Reflections collected 37511 

Independent reflections 5468 [R(int) = 0.0630] 

Completeness to theta  99.7 % 

Absorption correction Integration 

Max. and min. transmission 0.9192 and 0.7822 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5468/0/307 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0231, wR2 = 0.0537 

R indices (all data) R1 = 0.0292, wR2 = 0.0551 

Largest diff. peak and hole 0.416 and -0.769 e.Å-3 
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Table 8-7. Crystallographic Data of Complex Ph2-lut. 

 

CCDC Number 894991 

Empirical formula 2(C28H30N3O3PPdS),C7H8 

Formula weight 1344.11 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Triclinic 

Space group P1̄  

Unit cell dimensions a=10.6341(7) Å   α= 78.501(5)° 

 b=11.1581(7) Å   β= 86.039(6)°  

 c=13.4760(9) Å   γ= 72.151(5)° 

Volume 1491.44(18) Å3 

Z 1 

Density (calculated) 1.497 Mg/m3 

Absorption coefficient 0.783 mm-1 

F(000) 690.0 

Crystal size 0.200 x 0.200 x 0.200 mm3 

Theta range for data collection 1.95 to 27.14° 

Index ranges -13<=h<=13, -13<=k<=14, -16<=l<=17 

Reflections collected 36802 

Independent reflections 6302 [R(int) = 0.0658] 

Completeness to theta  98.9 % 

Absorption correction Integration 

Max. and min. transmission 0.925 and 0.794 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6302/0/ 375 

Goodness-of-fit on F2 1.202 

Final R indices [I>2sigma(I)] R1 = 0.0316, wR2 = 0.0854 

R indices (all data) R1 = 0.0396, wR2 = 0.0871 

Largest diff. peak and hole 1.994 and -0.843 e.Å-3 

Remarks 
One disordered toluene molecule was omitted for 

clarity 
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Table 8-8. Crystallographic Data of Complex [{Me2-µLiCl}2]. 

 

CCDC Number 894982 

Empirical formula C52H62Cl2Li2N4O8P2Pd2S2 

Formula weight 1294.70 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=10.8748(6) Å   α=90° 

 b=15.8693(13) Å  β= 91.214(5)°  

 c=16.3526(11) Å   γ=90° 

Volume 2821.4(3) Å3 

Z 2 

Density (calculated) 1.524 Mg/m3 

Absorption coefficient 0.917 mm-1 

F(000) 1320.0 

Crystal size 0.200 x 0.200 x 0.200 mm3 

Theta range for data collection 1.79 to 25.00° 

Index ranges -12<=h<=12, -18<=k<=18, -19<=l<=19 

Reflections collected 32891 

Independent reflections 4753 [R(int) = 0.1353] 

Completeness to theta 99.7 % 

Absorption correction Integration 

Max. and min. transmission 0.8935 and 0.7315 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4753/0/339 

Goodness-of-fit on F2 0.922 

Final R indices [I>2sigma(I)] R1 = 0.0533, wR2 = 0.1083 

R indices (all data) R1 = 0.0929, wR2 = 0.1210 

Largest diff. peak and hole 0.740 and -0.514 e.Å-3 
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Table 8-9. Crystallographic Data of Complex Me2-lut. 

 

CCDC Number 894983 

Empirical formula C30H34N3O3PPdS 

Formula weight 654.04 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=10.8529(5) Å   α= 90° 

 b=12.9377(5) Å   β= 98.446(4)°  

 c=20.5399(11) Å   γ= 90° 

Volume 2852.8(2) Å3 

Z 4 

Density (calculated) 1.523 Mg/m3 

Absorption coefficient 0.817 mm-1 

F(000) 1344.0 

Crystal size 0.300 x 0.250 x 0.200 mm3 

Theta range for data collection 1.87 to 25.11 

Index ranges -12<=h<=12, -15<=k<=15, -23<=l<=24 

Reflections collected 31799 

Independent reflections 4801[R(int) = 0.1150] 

Completeness to theta  98.9 % 

Absorption correction Integration 

Max. and min. transmission 0.9532 and 0.8578 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4801/0/357 

Goodness-of-fit on F2 1.016 

Final R indices [I>2sigma(I)] R1 = 0.0349, wR2 = 0.0706 

R indices (all data) R1 = 0.0500, wR2 = 0.0747 

Largest diff. peak and hole 0.521 and -0.813 e.Å-3 
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Table 8-10. Crystallographic Data of Complex OMe2-lut. 

 

CCDC Number 894984 

Empirical formula C30H34N3O5PPd S, 0.75(C7H8) 

Formula weight 755.13 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Triclinic 

Space group P1̄  

Unit cell dimensions a=14.7264(8) Å   α= 73.728(4)° 

 b=15.5116(8) Å   β= 85.791(4)° 

 c=15.8485(8) Å   γ= 89.685(4)° 

Volume 3465.5(3) Å3 

Z 4 

Density (calculated) 1.447 Mg/m3 

Absorption coefficient 0.687 mm-1 

F(000) 1558.0 

Crystal size 0.200 x 0.150 x 0.100 mm3 

Theta range for data collection 1.93 to 26.89 

Index ranges -18<=h<=18, -19<=k<=19, -20<=l<=20 

Reflections collected 48457 

Independent reflections 14695 [R(int) = 0.0660] 

Completeness to theta  98.2 % 

Absorption correction Integration 

Max. and min. transmission 0.9483 and 0.8313 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14695/0/851 

Goodness-of-fit on F2 0.963 

Final R indices [I>2sigma(I)] R1 = 0.0439, wR2 = 0.0781 

R indices (all data) R1 = 0.0816, wR2 = 0.0860 

Largest diff. peak and hole 1.087 and -0.694 e.Å-3 

Remarks 

Two independent isomers crystallized in the unit cell. 

Further, disordered toluene molecules were omitted 

for clarity 
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Table 8-11. Crystallographic Data of Complex Mes2-lut. 

 
Two atropisomers (rotation about C-N bond of one anisyl moiety) 

CCDC Number 894985 

Empirical formula C34H42N3O3PPdS, C7H8 

Formula weight 802.28 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=15.8625(6) Å   α= 90° 

 b=14.5073(3) Å  β= 132.939(2)° 

 c=22.3982(9) Å   γ=90° 

Volume 3773.4(2) Å3 

Z 4 

Density (calculated) 1.412 Mg/m3 

Absorption coefficient 0.632 mm-1 

F(000) 1672.0 

Crystal size 0.300 x 0.250 x 0.200 mm3 

Theta range for data collection 2.25 to 27.13 

Index ranges -19<=h<=20, -18<=k<=18, -28<=l<=28 

Reflections collected 52020 

Independent reflections 8032 [R(int) = 0.0550] 

Completeness to theta  98.6 % 

Absorption correction Integration 

Max. and min. transmission 0.8993 and 0.7360 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8032/0/461 

Goodness-of-fit on F2 1.007 

Final R indices [I>2sigma(I)] R1 = 0.0280, wR2 = 0.0569 

R indices (all data) R1 = 0.0412, wR2 = 0.0598 

Largest diff. peak and hole 0.355 and -0.595 e.Å-3 

Remarks 
One disordered toluene molecule was omitted for 

clarity 
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Table 8-12. Crystallographic Data of Complex Mes2-pyr. 

 

CCDC Number 894986 

Empirical formula C32H38N3O3PPdS 

Formula weight 682.08 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=13.8229(6) Å   α=90° 

 b=13.5851(4) Å  β= 109.842(3)°  

 c=17.0924(7) Å   γ=90° 

Volume 3019.2(2) Å3 

Z 4 

Density (calculated) 1.501 Mg/m3 

Absorption coefficient 0.817 mm-1 

F(000) 1408.0 

Crystal size 0.350 x 0.300 x 0.250 mm3 

Theta range for data collection 1.96 to 29.02° 

Index ranges -18<=h<=18, -18<=k<=18, -22<=l<=22 

Reflections collected 52423 

Independent reflections 7679[R(int) =0.0508] 

Completeness to theta 98.7 % 

Absorption correction Integration 

Max. and min. transmission 0.8926 and 0.8172 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7679/0/377 

Goodness-of-fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0287, wR2 = 0.0634 

R indices (all data) R1 = 0.0390, wR2 = 0.0673 

Largest diff. peak and hole 0.433 and -0.852 
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Table 8-13. Crystallographic Data of Complex iPr2-lut. 

 

CCDC Number 894988 

Empirical formula C40H54N3O3PPdS 

Formula weight 794.29 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=17.9943(8) Å   α=90° 

 b=11.7637(4) Å  β= 133.528(2)°  

 c=24.8130(11) Å   γ=90° 

Volume 3808.2(3) Å3 

Z 4 

Density (calculated) 1.385 Mg/m3 

Absorption coefficient 0.625 mm-1 

F(000) 1664.0 

Crystal size 0.400 x 0.300 x 0.200 mm3 

Theta range for data collection 1.56 to 27.14° 

Index ranges -22<=h<=22, -14<=k<=14, -31<=l<=31 

Reflections collected 52677 

Independent reflections 8106 [R(int) = 0.1136] 

Completeness to theta 98.7 % 

Absorption correction Integration 

Max. and min. transmission 0.8946 and 0.7837 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8106/0/453 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0353, wR2 = 0.0675 

R indices (all data) R1 = 0.0502, wR2 = 0.0712 

Largest diff. peak and hole 0.547 and -0.926 

 

  



Crystallographic Appendix 

 

208 

Table 8-14. Crystallographic Data of Complex iPr2-pyr. 

 

CCDC Number 894989 

Empirical formula C38H50N3O3PPdS 

Formula weight 766.24 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a=17.9735(7) Å   α=90° 

 b=11.2607(3) Å  β= 94.484(3)°  

 c=18.2288(7) Å   γ=90° 

Volume 3678.1(2) Å3 

Z 4 

Density (calculated) 1.384 Mg/m3 

Absorption coefficient 0.645 mm-1 

F(000) 1600.0 

Crystal size 0.400 x 0.350 x 0.300 mm3 

Theta range for data collection 2.13 to 28.35 

Index ranges -23<=h<=23, -14<=k<=14, -24<=l<=23 

Reflections collected 60659 

Independent reflections 8802 [R(int) = 0.0521] 

Completeness to theta 98.8 % 

Absorption correction Integration 

Max. and min. transmission 0.8898 and 0.8280 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8802/0/435 

Goodness-of-fit on F2 1.917 

Final R indices [I>2sigma(I)] R1 = 0.0268, wR2 = 0.0456 

R indices (all data) R1 = 0.0340, wR2 = 0.0461 

Largest diff. peak and hole 0.358 and -0.613 
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Table 8-15. Crystallographic Data of Complex iPr2-dmso. 

 

CCDC Number 894987 

Empirical formula C35H51N2O4PPdS2 

Formula weight 765.27 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group C2/c 

Unit cell dimensions a=33.6446(15) Å   α=90° 

 b=12.4167(5) Å  β= 108.694(3)°  

 c=18.2467(9) Å   γ=90° 

Volume 7220.5(6) Å3 

Z 8 

Density (calculated) 1.408 Mg/m3 

Absorption coefficient 0.713 mm-1 

F(000) 3200.0 

Crystal size 0.450 x 0.367 x 0.250 mm3 

Theta range for data collection 1.76 to 27.72° 

Index ranges -44<=h<=44, -16<=k<=16, -24<=l<=24 

Reflections collected 54861 

Independent reflections 8651 [R(int) = 0.0560] 

Completeness to theta 99.2 % 

Absorption correction Integration 

Max. and min. transmission 0.7878 and 0.6724 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8651/0/417 

Goodness-of-fit on F2 1.052 

Final R indices [I>2sigma(I)] R1 = 0.0324, wR2 = 0.0664 

R indices (all data) R1 = 0.0432, wR2 = 0.0695 

Largest diff. peak and hole 0.792 and -0.850 

  



Crystallographic Appendix 

 

210 

Table 8-16. Crystallographic Data of Complex iPr8-lut. 

 
Left: Overlaying rotamers. H40 and H41 were found on the electron density map. Right: One 

rotamer 

CCDC Number 894990 

Empirical formula C39H52N3O3PPdS 

Formula weight 780.27 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=18.0006(7) Å   α=90° 

 b=11.2854(3) Å  β= 131.405(2)°  

 c=24.3809(9) Å   γ=90° 

Volume 3714.9(2) Å3 

Z 2 

Density (calculated) 1.395 Mg/m3 

Absorption coefficient 0.640 mm-1 

F(000) 1632.0 

Crystal size 0.300 x 0.300 x 0.300 mm3 

Theta range for data collection 2.12 to 25.65° 

Index ranges -21<=h<=21, -13<=k<=13, -29<=l<=29 

Reflections collected 47487 

Independent reflections 7001 [R(int) = 0.0794] 

Completeness to theta 99.6 % 

Absorption correction Integration 

Max. and min. transmission 0.8868 and 0.8034 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7001/0/447 

Goodness-of-fit on F2 1.032 

Final R indices [I>2sigma(I)] R1 = 0.0249, wR2 = 0.0603 

R indices (all data) R1 = 0.0330, wR2 = 0.0619 

Largest diff. peak and hole 0.571 and -0.607 e.Å-3 

Remarks 

The molecule crystallized as two different rotamers. 

The hydride hydrogen was found on the electron 

density map. 
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Table 8-17. Crystallographic Data of Complex Anis/o(OH)pAnis1-pyr. 

 

CCDC Number 992177 

Empirical formula C27H28NO6PPdS 

Formula weight 631.94 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=13.7944(7) Å   α=90° 

 b=9.9669(3) Å  β= 120.694(3)°  

 c=22.1792(10) Å   γ=90° 

Volume 2622.2(2) Å3 

Z 4 

Density (calculated) 1.601 Mg/m3 

Absorption coefficient 0.892 mm-1 

F(000) 1288.0 

Crystal size 0.400 x 0.35 x 0.350 mm3 

Theta range for data collection 1.94 to 28.40° 

Index ranges -18<=h<=18, -13<=k<=13, -29<=l<=29 

Reflections collected 6350 

Independent reflections 6285 [R(int) = 0.0892] 

Completeness to theta 99.0 % 

Absorption correction Integration 

Max. and min. transmission 0.732 and 0.707 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6285/0/341 

Goodness-of-fit on F2 1.092 

Final R indices [I>2sigma(I)] R1 = 0.0393, wR2 = 0.0857 

R indices (all data) R1 = 0.0492, wR2 = 0.0892 

Largest diff. peak and hole 1.101 and -1.008 
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Table 8-18. Crystallographic Data of Complex [{Anis/BenzOH1-µLiCl}2]. 

 

CCDC Number 992176 

Empirical formula C48H54Cl2Li2O12P2Pd2S2 

Formula weight 1246.57 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Triclinic 

Space group P1̄  

Unit cell dimensions a=9.6353(6) Å   α=103.819(5)° 

 b=10.7338(6) Å  β= 93.508(5)°  

 c=13.7048(8) Å   γ=106.900(4)° 

Volume 1303.85(13) Å3 

Z 1 

Density (calculated) 1.588 Mg/m3 

Absorption coefficient 0.992 mm-1 

F(000) 632.0 

Crystal size 0.400 x 0.400 x 0.300 mm3 

Theta range for data collection 2.22 to 32.25° 

Index ranges -14<=h<=14, -15<=k<=15, -20<=l<=20 

Reflections collected 8896 

Independent reflections 7880 [R(int) = 0.0308] 

Completeness to theta 99.5 % 

Absorption correction Integration 

Max. and min. transmission 0.743 and 0.679 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8896/0/332 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0308, wR2 = 0.0683 

R indices (all data) R1 = 0.0388, wR2 = 0.0719 

Largest diff. peak and hole 0.722 and -0.904 
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Table 8-19. Crystallographic Data of Complex Anis/BenzOH1-pyr. 

 

CCDC Number 992175 

Empirical formula C26H26NO5PPdS 

Formula weight 601.92 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=9.5988(5) Å   α=90° 

 b=8.6559(3) Å  β= 106.094(4)°  

 c=29.9833(16) Å   γ=90° 

Volume 2393.6(2) Å3 

Z 4 

Density (calculated) 1.670 Mg/m3 

Absorption coefficient 0.969 mm-1 

F(000) 1224.0 

Crystal size 0.300 x 0.250 x 0.200 mm3 

Theta range for data collection 2.21 to 26.73° 

Index ranges -11<=h<=11, -10<=k<=10, -37<=l<=37 

Reflections collected 4826 

Independent reflections 3977 [R(int) = 0.0344] 

Completeness to theta 99.4 % 

Absorption correction Integration 

Max. and min. transmission 0.824 and 0.748 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4797/0/320 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0344, wR2 = 0.0852 

R indices (all data) R1 = 0.0463, wR2 = 0.0901 

Largest diff. peak and hole 0.630 and -1.299 
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Table 8-20. Crystallographic Data of Complex Anis/BenzOTHP1-pyr. 

 

CCDC Number 992174 

Empirical formula C31H34NO6PPdS 

Formula weight 686.03 

Temperature 100.(2) K 

Wavelength 0.71073 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a=15.7840(9) Å   α=90° 

 b=10.3015(5) Å  β= 90.938(4)°  

 c=19.7923(9) Å   γ=90° 

Volume 3217.8(3) Å3 

Z 4 

Density (calculated) 1.416 Mg/m3 

Absorption coefficient 0.733 mm-1 

F(000) 1408.0 

Crystal size 0.300 x 0.250 x 0.200 mm3 

Theta range for data collection 2.06 to 27.12° 

Index ranges -20<=h<=20, -13<=k<=13, -24<=l<=24 

Reflections collected 6918 

Independent reflections 5215 [R(int) = 0.0761] 

Completeness to theta 98.9 % 

Absorption correction Integration 

Max. and min. transmission 0.864 and 0.803 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6842/105/372 

Goodness-of-fit on F2 1.066 

Final R indices [I>2sigma(I)] R1 = 0.0761, wR2 = 0.2061 

R indices (all data) R1 = 0.0954, wR2 = 0.2189 

Largest diff. peak and hole 2.624 and -1.259 

Remarks  
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