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Abstract 

In the first part of the project, the generation of organozinc reagents by insertion of zinc into 

aryl sulfonates has been investigated. The direct insertion of zinc into the C–X bond of aryl 

halides has previously been limited to X = iodides and bromides. A NiCl2–1,4-diazadiene 

catalyst-system, where diazadiene refers to glyoxal or diacetyl diimines, bipyridines and related 

ligands, has been developed which enables the insertion of preactivated zinc dust into the C–O 

bonds of aryl sulfonates (tosylates, mesylates, triflates, sulfamates) or into the C–X bonds of 

weakly activated aryl electrophiles (X = Cl, SMe). In this manner, aryl zinc sulfonates are 

readily available by catalytic zincation in either DMF or NMP solution and have been shown 

to undergo a wide range of catalytic cross-coupling or electrophilic substitution reactions. 

The second part of the project was concerned with the focus of current research in homogeneous 

metal-complex catalysis placed on increasingly efficient catalyst-systems, which convert 

previously inaccessible substrates or enable novel types of transformations. However, these 

catalyst systems still usually incorporate unfunctional spectator units which fulfill no specific 

role in the catalytic cycle. If such spectator components were substituted by substances exerting 

a specific role instead, the efficiency and overall activity of the catalyst-system could be 

ameliorated. The application of the resulting multifunctional component catalyst (MFCC) 

precursors either alone or in combination with other functional additives opens new and 

efficient ways of catalysis screening. 

In palladium cross-coupling catalysis, the combination of a metal precatalyst (Pd(OAc)2) with 

an imidazolium salt (Im·HCl) as ligand precursor affords an active catalyst. These separate 

functional components were combined into single, difunctional salts of the types 

(ImH)2[Pd2Cl6] or (ImH)2[PdCl4] (Im = IMes, IPr, IPr*). The hexachlorodipalladates were 

structurally characterized by single crystal X-ray analysis. Attempts to create a trifunctional 

IPrH–Pd–pivalate precursor incorporating an additional CMD (concerted metalation 

deprotonation) functional component delivered the mesoionic carbene complex 

[(κ2-IPr)2Pd2Cl2(µ-OPiv)2]. Application of the precursors (ImH)2[Pd2Cl6], (ImH)2[PdCl4], and 

[(κ2-IPr)2Pd2Cl2(µ-OPiv)2] (Im = IPr) in catalytic test reactions showed good to excellent 

activity compared to literature precedent with in situ catalysts. 

In developing MFCC precursors, the synthesis of composite salts that provide two or more 

functionalities to a catalyst-system has been achieved. By combining pre-ligand- or phase-

transfer catalyst- (PTC) with CMD-functionality, we have obtained the difunctional salts 

Im·HOPiv (Im = IMes, IPr) as well as several ammonium carboxylates, e.g. tetrabutyl- 



 

 

  



 

 

 

 

ammonium diisopropyl propionate (NBu4DiPP) or pivalate (NBu4OPiv). The application of 

these composite salts as additives in Pd-catalyzed C–H cross-coupling reactions revealed 

enhanced reactivity effects. 

In a third topic, new pathways for the efficient release of active catalyst from specific precursor 

components were explored. The ligand precursors in question are a series of P-alkylated air-

stable, quaternary phosphonium salts derived from air-sensitive PCy3, and a selection of 

Buchwald type ligands. They were obtained by quaternization of the free phosphines with 

appropriate alkylating reagents of the benzyl-, allyl- or vinyl-type. Combination of these 

compounds with nucleophiles (amine or NaOtBu) and a PdII source (Pd(OAc)2) efficiently 

released catalytically active Pd0L fragments as demonstrated by 31P-NMR spectroscopy. 

Crystallization of [(Trop)RPCy2]PF6 salts (Trop = cyclohepta-2,4,6-trienyl, R = Ar, Cy) 

revealed a susceptible rearrangement from a cycloheptatrienyl to a norcaradienyl 

(bicyclo[4.1.0]hepta-2,4-dien-7-yl) species. Compared to free Buchwald ligands, the tropylated 

versions demonstrated enhanced reactivity in the Suzuki coupling of p-chloroanisole with 

phenyl boronic acid, although the exact reasons for this are not yet evident. 

In a fourth focus of the project, a combination of Ir- and Pd-precatalysts offers first examples 

of dehydrogenative coupling of tertiary amines with aryl bromides to give β-styryl dialkyl 

amines. Best results were obtained by using an IPr-PEPPSI (5.0 mol%)/[Cp*IrCl2]2 (2.5 mol%) 

catalyst-system at 110 °C. For NEt3 as symmetric substrate, which cannot suffer from 

competitive dehydrogenation of different alkyl groups, the reaction with 1-naphthyl bromide 

yielded 54% of (E)-N,N-diethylstyrylamine, entailing 14% of overarylation side-product. 

Cyclic, tertiary amines, e.g. N-methyl- or N-ethylpiperidine, were preferably dehydrogenated 

inside the 6-membered ring, and not at the N-alkyl group. Using 1-naphthyl bromide, Hünig’s 

base (N,N-diisopropyl ethylamine) was converted to N,N-diisopropyl styrylamine in 24% yield. 

Dehydrogenation of an isopropyl group occurred as side-reaction, giving 29% of diphenyl allyl 

derivative. 

In a fifth part of the project, the Heck coupling of styrene with chloropyrimidines was chosen 

as model reaction for testing catalysis screening with MFCC precursors. A ‘naked, ligandless’ 

Pd-catalyst already provided 31% of heteroarylated olefin coupling product, whereas the 

additional introduction of phosphine ligands impeded the cross-coupling, as did NHC- (N-

heterocyclic carbene) ligands. Application of the difunctional ammonium carboxylates 

NBu4OPiv and NBu4DiPP proved successful by ameliorating the conversion and yielding 47% 

of the derived pyrimidyl styrene. 



  



 

 

 

 

Zusammenfassung 

Im ersten Teil dieser Arbeit wurde die Bildung von Organozinkreagenzien durch Insertion von 

Zink in Arylsulfonate untersucht. Die direkte Insertion von Zink in die C–X Bindung von 

Arylhalogeniden war bisher auf X = Iodid und Bromid limitiert. Ein NiCl2–1,4-Diazadien 

Katalysatorsystem, wobei sich Diazadien auf Glyoxal- oder Diacetyldiimine, Bipyridine, oder 

verwandte Liganden bezieht, wurde entwickelt und ermöglicht die Insertion von präaktiviertem 

Zink in die C–O Bindung von Arylsulfonaten (Tosylate, Mesylate, Triflate, Sulfamate) oder in 

die C–X Bindung von schwach aktivierten Arylelektrophilen (X = Cl, SMe). Durch katalytische 

Zinkierung in DMF oder NMP Lösungen sind auf diese Weise Arylzink Sulfonate leicht 

zugänglich und gehen eine Vielzahl an katalytischen Kreuzkupplungs- und elektrophilen 

Substitutionsreaktionen ein. 

Im zweiten Teil der Arbeit liegt der Fokus auf der aktuellen Forschung in der homogenen 

Metallkomplex-Katalyse. Dieser liegt auf immer effizienteren Katalysatorsystemen, welche 

bisher unzugängliche Substrate umsetzen können oder neuartige Umsetzungstypen 

ermöglichen. Diese Katalysatorsysteme enthalten oft nicht funktionale Zuschauereinheiten, 

welche keine spezifische Rolle im Katalysezyklus einnehmen. Werden solche Komponenten 

ersetzt durch funktionale Einheiten mit bestimmten Eigenschaften, könnte dadurch sowohl die 

Effizienz als auch die Aktivität des Katalysatorsystems gesteigert werden. Die Verwendung der 

resultierenden multifunktionalen Komponenten-Katalysator (MFKK) Präkursoren allein oder 

in Kombination mit anderen funktionalen Additiven öffnet neue und effiziente Wege des 

Katalysescreenings. 

In der Palladium Kreuzkupplungskatalyse ergibt die Kombination eines Metallpräkatalysators 

(Pd(OAc)2) mit einem Imidazolium Salz (Im·HCl) als Ligand-Präkursor einen aktiven 

Katalysator. Diese separaten, funktionalen Komponenten wurden zu einzelnen, difunktionalen 

Salzen des Typs (ImH)2[Pd2Cl6] oder (ImH)2[PdCl4] (Im = IMes, IPr, IPr*) kombiniert. Die 

Hexachlordipalladate wurden strukturell durch Einkristall-Röntgenstrukturanalyse 

charakterisiert. Versuche einen trifunktionalen IPrH–Pd–Pivalat Präkursor, welcher eine 

zusätzliche funktionale CMD (konzentrierte Metallierung-Deprotonierung) Komponente 

beinhaltet, ergaben den mesoionischen Carbenkomplex [(κ2-IPr)2Pd2Cl2(µ-OPiv)2]. Die 

Anwendung der Präkursoren (ImH)2[Pd2Cl6], (ImH)2[PdCl4], und [(κ2-IPr)2Pd2Cl2(µ-OPiv)2] 

(Im = IPr) in katalytischen Testreaktionen zeigte gute bis exzellente Aktivität im Vergleich zur 

Literaturpräzedenz mit in situ Katalysatoren. 



 

  



 

 

 

 

In der Entwicklung von MFKK Präkursoren wurde die Synthese von gemischten Salzen, 

welche einem Katalysatorsystem zwei oder mehr Funktionalitäten zuführen, erreicht. Durch die 

Kombination von Präligand- oder Phasentransferkatalystor- (PTC) mit CMD-Funktionalität 

haben wir die difunktionalen Salze Im·HOPiv (Im = IMes, IPr) und mehrere Ammonium-

carboxylate, z. B. Tetrabutylammoniumdiisopropylpropionat (NBu4DiPP) oder -pivalat 

(NBu4OPiv), erhalten. Die Verwendung dieser gemischten Salze als Additive in Pd-

katalysierten C–H Kreuzkupplungsreaktionen offenbarte verbesserte Reaktivitätseffekte. 

In einem dritten Thema wurden neue Wege zur effizienten Freisetzung eines aktiven 

Katalysators aus spezifischen Präkursorkomponenten untersucht. Die Ligand-Präkursoren, 

welche dabei in Frage kommen, sind eine Reihe aus P-alkylierten luftstabilen, quaternären 

Phosphoniumsalzen abgeleitet von luftempfindlichem PCy3, und einer Reihe an Liganden des 

Buchwaldtyps. Sie wurden durch Quaternisierung der freien Phosphine mit geeigneten 

Alkylierungsmitteln des Benzyl-, Allyl- oder Vinyltyps erhalten. Die Kombination dieser 

Komponenten mit Nukleophilen (Amin oder NaOtBu) und einer PdII-Quelle (Pd(OAc)2) setzte 

effizient katalytisch aktive Pd0L Fragmente frei, welche mit Hilfe von 31P-NMR Spektroskopie 

nachgewiesen wurden. Die Kristallisation von [(Trop)RPCy2]PF6 (Trop = Cyclohepta-2,4,6-

trienyl, R = Ar, Cy) offenbarte eine mögliche Umlagerung von einer Cycloheptatrienyl- zu einer 

Norcaradienyl- (Bicyclo[4.1.0]hepta-2,4-dien-7-yl) Spezies. Im Vergleich zu den freien 

Buchwaldliganden bewiesen die tropylierten Versionen eine verbesserte Reaktivität in der 

Suzuki-Kupplung von p-Chloranisol mit Phenylboronsäure, auch wenn die genauen Gründe 

bisher nicht geklärt wurden. 

Im vierten Teil des Projektes lieferte die Kombination von Ir- und Pd-Präkatalysatoren erste 

Beispiele einer dehydrierenden Kupplung von tertiären Aminen mit Arylbromiden, welche β-

Styryldialkylamine ergibt. Mit Hilfe eines IPr-PEPPSI (5.0 mol%)/[Cp*IrCl2]2 (2.5 mol%) 

Katalysatorsystems bei 110 °C wurden die besten Ergebnisse erzielt. Im Falle von NEt3 als 

symmetrisches Substrat, welches keine kompetitive Dehydrierung verschiedener Alkylgruppen 

eingehen kann, ergab die Reaktion mit 1-Bromnaphthalin 54% (E)-N,N-Diethylstyrylamin und 

14% des Überarylierungsnebenproduktes. Zyklische, tertiäre Amine, z. B. N-Methyl- oder N-

Ethylpiperidin, wurden vorzugsweise im 6-gliedrigen Ring dehydriert und nicht an der N-

Alkylgruppe. Unter Einsatz von 1-Bromnaphthalin lieferte die Hünig-Base (N,N-

Diisopropylethylamin) das Produkt N,N-Diisopropylstyrylamin in 24% Ausbeute. Die 

Dehydrierung einer Isopropylgruppe trat als Nebenreaktion auf und ergab 29% des 

Diphenylallylderivats. 



 

  



 

 

 

 

In einem fünften Teil des Projekts wurde die Heck-Kupplung von Styrol mit Chlorpyrimidinen 

als Modellreaktion zum Testen des Katalysescreenings mit MFKK Präkursoren ausgewählt. 

Ein „nackter, ligandloser” Pd-Katalysator lieferte bereits 31% des heteroarylierten 

Kupplungsprodukts, während der zusätzliche Einsatz eines Phosphin- oder NHC- (N-

heterozyklisches Carben) Liganden die Kreuzkupplung größtenteils verhinderten. Die 

Verwendung der difunktionalen Ammoniumcarboxylate, NBu4OPiv und NBu4DiPP, erwiesen 

sich als erfolgreich, indem sie sowohl den Umsatz verbesserten als auch 47% des abgeleiteten 

Pyrimidylstyrols ergaben. 
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The following chapter is divided in seven sub-chapters. After introductory words (1.1), the basic 

concept initiated by Tanja Schimmel at RWTH Aachen as well as extended screening results 

by Vivien Lechner are depicted (1.2). A refined experimental procedure soon evolved during 

my PhD studies (1.3). Different aryl sulfonates and derivatives are subjected to the elaborated 

conditions (1.4). The utility of ArZnOTs reagents is explored by conversion with several 

electrophiles (1.5). A potential catalytic cycle for catalytic zincation is proposed (1.6). The first 

chapter ends with a short conclusion and an outlook (1.7). The key results of the following 

section have already been published.[1] 

1.1 Zinc insertion in organic synthesis 

Organometallic zinc reagents are widely used in cross-coupling[2] and other[3] reactions. Due to 

similar electronegativity of carbon and zinc, the nature of their bond is mostly covalent (85%).[4] 

Zinc reagents may be prepared by insertion of zinc metal into RX (R = functional group, X = 

halide). Two general pathways can be differed: either by oxidative addition or by 

transmetalation reaction. The first example by Frankland[5] reporting the oxidative addition of 

zinc metal into alkyl iodides is rather limited due to low reactivity of Zn. Since then, many 

activation methods have been established to increase the reactivity of zinc metal.[6] The group 

of Knochel reported the conversion of allylic or benzylic chlorides to zinc derivatives in very 

polar solvents.[7] However, most alkyl or aryl bromides and chlorides are incompatible for direct 

Zn insertion. Lithium naphthalenide reduction of ZnCl2 generates the highly reactive Rieke-Zn, 

which enables zincation of a wide range of organic halides including aromatic bromides.[8] 

Whereas the activity of Rieke-Zn decreases over time, a LiCl mediated regioselective ortho 

insertion depicts mild and practical conditions for zinc incorporation.[9] 

Transmetalation from either magnesium- or lithium-organyls illustrates a convenient method 

for the generation of organozinc reagents. At low temperatures (<–40 °C), lithium-halogen 

exchange of aryl iodides and bromides proceeds smoothly with lithium organic bases. Even 

though aryllithium reagents are less reactive than alkyl analogues, their stability can 

significantly be further increased by transmetalation with zinc salts (ZnBr2, ZnCl2) yielding 

arylzinc halides.[10] Trapping of magnesium reagents with ZnX2 furnishes organozinc species 

with specific reactivity in C–C cross-coupling or related reactions.[11] 

While the above methods often require activated substrates or rather harsh conditions (Li-

naphthalenide, very low temperature), more recent examples of metalation depict metal-
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catalyzed magnesium or zinc insertion. Bogdanović et al. described the iron-catalyzed 

magnesiation[12] of inactive organochlorides at ambient temperature, which presumably involve 

a so-called inorganic Grignard reagent[13] ([MI(MgCl)m∙(MgCl2)p], m = 1-3, p = 0-1; here: M = 

Fe, m =1-2, p = 0). Cobalt-catalyzed zinc insertion into aryl or thienyl halides was reported by 

the group of Gosmini, depicting an original alternative to previously known zincation.[14] A 

Cobalt-Xantphos catalyst system presented by Yoshikai et al.[15] allows the preparation of 

arylzinc reagents from aryl iodides, bromides and chlorides and zinc dust. The organometallic 

compounds resulting from the cited examples were all further subjected to a wide range of 

metal-catalyzed cross-coupling reactions. Zn-, Mg-, and Li-tetramethylpiperidine (TMP) bases 

established by the group of Knochel enable the direct substitution of H+ by M+.[16] Employing 

this new type of base, even polyfunctional arenes and heteroarenes were efficiently zincated.[16c] 

Few literature reports are concerned with metal insertion into non-halogenated substrates, e.g. 

alkyl phosphates[17] or sulfonates[17-18], and benzyl ethers[19], sulfonates[19-20] or phosphates[20a]. 

Although metal-catalyzed (Ni or Pd) borylation of aryl sulfonates[21] (mesylate, tosylate and 

triflate) are numerous, the catalytic zinc insertion into the latter is less common. Even though 

aromatic chlorides and triflates were zincated in good yields via CoBr2-bipy catalysis[22], aryl 

mesylates only showed minor to no zincation yield. 

1.2 Ni-catalyzed zinc insertion into aryl sulfonates – how it all started 

Preliminary work by Tanja Schimmel at RWTH Aachen had revealed the potential of metal 

catalyzed zinc insertion into aryl sulfonates.[23] The model substrate, 1-naphthyl tosylate (1), 

was subjected to zinc dust in the presence of various metal precursor complexes and additives. 

Quenching of the reaction mixture with iodine converted any arylzinc species 2 formed to the 

iodide 3. Analysis of the crude material by GC-MS allowed a semi-quantitative listing of the 

reaction products 1-naphthyl iodide (3), naphthalene (4), 1,1’-binaphtalyl (5) and 1-naphthol 

(6). Reactions performed in hot acetonitrile additionally generated 1-methylnaphthalene, 1-

cyanonaphthalene as well as imine 7 as side-products. 

 

Scheme 1. Preliminary screening of catalytic zinc insertion into 1-naphthyl tosylate as model substrate (using GC-

MS as analytical method). 
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Among the metal precursors tested, only nickel compounds showed activity. A solvent change 

from MeCN to THF did not only suppress side-reactions due to MeCN splitting but led to an 

increase in selectivity. Inspired by Jutand and coworkers[24], who had reported the Pd- or Ni-

catalyzed reductive homocoupling of aryl triflates in the presence of NaI as additive, the latter 

was incorporated as iodide source for potential halogen-tosylate exchange. In agreement with 

Jutand et al., Ni-bisphosphane catalysts induced a high degree of homocoupling. Ligand effects 

were explored to shift the product distribution away from unwanted homocoupling or reduction. 

First experiments involving a diazadiene (DAD) type ligand, namely 1,4-bis(2,6-

diisopropylphenyl)diazabutadiene (IPr-DAD, L1), appeared promising (table 1, entry 7). 

Table 1. Selected preliminary reaction conditions in the metal-catalyzed zinc insertion of aryl tosylates.a conv. = 

conversion; s.p. = side-product. 

 

entry Ni [mol%] ligand [mol%] ArOTs conv.b ArI ArH Ar2 s.p. 

1 NiCl2(dppe) (10) - 14 86 30 11 45  

2 NiCl2(dppp) (10) - 0 100 3 3 89 5% Nap-Ph 

3 NiCl2(dppb) (10) - 51 49 1 4 44  

4 NiCl2(binap) (10) - 0 100 31 64 5  

5 NiCl2(PPh3)2 (10) - 7 93 0 5 88  

6 NiCl2(PPh3)2 (5) - 28 72 0 1 71  

7 dried NiCl2 (10) IPr-DAD (30) 9 91 27 44 20  
aReaction conditions: 400 µmol 1-NapOTs, THF (1 mL), 70 °C, 18-21.5 h; zinc activated with iodine (1 

grain). Yields calculated via GC-MS area integration given in mol%. Ar = 1-Nap. bConversion (conv.) = 

100 mol% – area% of remaining 1-NapOTs. 

Refined screening experiments conducted by Vivien Lechner at TUM with anhydrous Ni 

etherates (NiCl2(dme) or NiCl2(diglyme)) as better soluble precatalysts allowed exclusion of 

water in all steps.[25] The use of either complex did not affect the outcome of the reaction. 

Quantitative NMR (q-NMR) of the crude reaction mixture enabled a more precise and superior 

quantification of all reaction products in comparison to GC-MS. Among the DAD-type ligands 

tested, diacetyl bis(2,6-diisopropylphenyl)imine (IPrMe-DAD, L2) proved superior to L1 (table 

2). Additive NaI quickly fell into disuse, given that its presence was inconsequential. Amidic 

solvents such as DMF or N-methyl-2-pyrrolidone (NMP) enabled the reaction to proceed at 

room temperature, while also suppressing unwanted homocoupling to biaryl 5. A metal to 

ligand ratio of 1:2 gave the most active catalyst. In all cases, zinc dust was activated with either 
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iodine or 1,2-dichloroethane (DCE). Both activators resulted in virtually identical yields, also 

highlighting the needlessness of additive NaI in terms of specific iodide effect. 

Table 2. Selected conditions of refined screening experiments in the nickel-catalyzed zinc insertion of aryl 

tosylates.a cat. = catalyst. 

 

entry Ni [mol%] ligand [mol%] solvent additive [eq.] T [°C] ArI ArH Ar2 

1 NiCl2(diglyme) (10) L1 (20) THF NaI (1.5) 70 62 18 8 

2 NiCl2(diglyme) (10) L2 (20) THF NaI (1.5) 70 71 19 5 

3 NiCl2(dme) (5)  L2 (10) DMF - r.t. 98 2 0 

4 NiCl2(diglyme) (10) L2 (20) THF - r.t. 86 8 2 

5 NiCl2(diglyme) (5) L2 (10) THF - r.t. 35 3 0 

6 NiCl2(diglyme) (5) L2 (10) NMP - r.t. 80 13 <1 

7b NiCl2(dme) (5) L2 (10) DMF - r.t. 93 5 0 

8 NiCl2(dme) (5) L2 (5) DMF - r.t. 90 4 0 

9 NiCl2(dme) (10) L2 (30) THF NaI (1.5) 70 63 16 2 
aReaction conditions: 1.00 mmol 1-NapOTs, solvent (3 mL). Zinc was activated with iodine (0.5 eq.) by 

stirring at r.t. until complete discoloration. Spectral yield according to 1H-NMR with internal standard, given 

in mol%. Ar = 1-Nap. bZinc activation with 1,2-dichloroethane (0.2 eq.); heated to boiling (heat-gun) for one 

min. 

Other open-chain DADs (L1 to L4) or related Schiff bases (L5 and L6) were suitable ligands 

for the transformation of naphthyl tosylate (1) to the zinc species 2 (figure 1). Phenanthroline-

type ligands (L7–L9) profited from the presence of iodine resulting from the activation step. 

Even at low catalyst loading (3 mol%) and equimolar Ni to ligand ratio (1:1) a very good 

conversion of tosylate 1 to zinc species 2 was observed. However, given the necessity of iodine 

activation as well as the sumptuous design of structurally diverse phenanthroline-based ligands, 

the latter were not of first choice for further development. 

To emphasize the generation of actual ArZnOTs in solution, the reaction was once conducted 

in [D7]-DMF using the NiCl2(dme)-L2 system. Full 2D NMR analysis of the reaction mixture 

confirmed the presence of zinc species 2 in solution by complete 1H- as well as 13C-NMR signal 

sets (quaternary signal at δC = 156.3 ppm for C–Zn). Residual water in the deuterated solvent 

led to the formation of minor amounts of naphthalene. Ligand L2 was also observed in the 

reaction mixture. Upon addition of little water to the sample, more naphthalene (4) was 

generated with simultaneous consumption of the zinc species 2. 
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Figure 1. Ligand variation in the Ni-catalyzed zincation of 1; %-numbers refer to analytically detected yield of 

1-NapI (3) after quenching with I2. Scale: 1 mmol 1-NapOTs, DMF (3 mL), r.t., 20 h. Zinc dust activation with 

iodine (0.5 eq.) by stirring at r.t. until complete discoloration. aZinc activation with 1,2-DCE (0.2 eq.), heated to 

boiling for one min. bA metal to ligand ratio 1:1 was used; otherwise a 1:2 ratio was used. 

Previous work by V. Lechner had also started to examine the leaving group scope in this nickel-

catalyzed zincation. For this purpose, aryl (pseudo-)halides were subjected to the catalytic 

reaction conditions (figure 2). 

 

Figure 2. Leaving group scope of the nickel-catalyzed zincation of aryl electrophiles. Reactions were performed 

on a 1 mmol scale; 5 mol% Ni. Zinc dust was activated with 1,2-DCE (0.2 eq.). Reaction solvent and yield of 1-

NapI or 2-NapI (in brackets, determined by q-NMR) after iodolysis (4.0 eq. I2) are given for each substrate. 

Naphthyl sulfonates including the mesylate or triflate at either 1- or the 2-position were zincated 

in good to excellent yield. Among the naphthyl halides (1-bromo, 1-chloro, 1-fluoro), only 1-

fluoronaphthalene remained untouched, even when heating to 70 °C overnight. Gosmini and 

coworkers had previously reported a cobalt-catalyzed synthesis of organozinc reagents from 
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aryl chlorides and sulfonates, although only for unsubstituted or electron-deficient substrates. 

In their case, aryl triflates as well as aryl chlorides were converted in good yields. However, 

aryl mesylates afforded a maximum of 36% of ArZnX, and suffered from extensive S–O bond 

cleavage.[22] 

1.3 Refined reaction conditions and procedure 

Since zinc activation with 1,2-dichloroethane requires heating to reflux with a heat-gun, an 

accurate control of this step was difficult (table 3, entry 1). Further methods were explored to 

establish fully reproducible conditions. Short stirring (5 min) with catalytic amounts of iodine 

induced the quantitative conversion of 1 to 3 in the ensuing catalysis but entailed rather high 

amounts of naphthalene (4, entry 2). 

Table 3. Concluding screening experiments in the metal-catalyzed zinc insertion of aryl tosylates.a 

 

entry activator [eq.] T [°C] t [min] ArOTs ArI ArH Ar2 ArOH comment 

1 DCE (0.2) ? 0.5 <1 98 2 <1 <1 heat-gun 

2 I2 (cat.) r.t. 5 <1 87 13 <1 <1  

3b - r.t. - <1 94 6 <1 <1 new DMF 

4 - r.t. 30 <1 89 11 <1 <1  

5 - 100 10 <1 86 13 <1 <1  

6 - 150 10 <1 87 14 <1 <1  

7b DBE (0.2) r.t. 5 <1 94 6 <1 <1 5 h reaction 

8 DBE (0.2) 50 15 <1 94 6 <1 <1  

9 DBE (0.2) 60 20 <1 97 3 <1 <1  

10 DBE (0.2) 150 10 <1 87 14 <1 <1  

11 DBE (0.2) ? 0.5 91 <1 10 <1 <1 heat-gun 
aReaction conditions: 1.00 mmol 1-NapOTs, DMF (3 mL). Spectral yield according to 1H-NMR with internal 

standard, given in mol%. Ar = 1-Nap. bReaction conditions were irreproducible. Amount of ArH grew at cost 

of ArI. 

Skipping of the activation step only yielded aryl iodide 3 in excellent yield when solvent from 

a freshly opened bottle of DMF was used (entry 3). Simple stirring of zinc dust at room 

temperature or while heating did not affect the outcome of the reaction (entries 4-6). Activation 

with 1,2-dibromoethane (DBE) proceeded best at 60 °C (entry 9) , whereas more naphthalene 

was produced at higher temperature (entry 10). Already upon addition of the first drops of DBE, 
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small gas bubbles evolving from the zinc surface could be observed. Zinc activation at ‘heat-

gun temperature’ for 30 seconds suppressed the ensuing catalysis (entry 11), which only 

produced minor amounts of naphthalene. Hence, practical reaction conditions were elaborated 

and the use of a heat-gun except for drying of glassware became unnecessary. Unless otherwise 

stated, all upcoming zincations used the conditions described in table 3 entry 9. The detailed 

general metalation procedure can be found in the experimental section (7.2.1.1). 

To broaden the application range and utility of this new reaction, additional diimine or 

phenanthroline type ligands in combination with NiCl2(dme) were evaluated (figure 3). 

Compared with L2, use of the open-chain DAD L1 resulted in lower amounts of aryl iodide 3. 

Ligands L4, L6 and L9 induced high activities similar to those of L2. 

 

Figure 3. Evaluation of various ligand structures in the catalytic zincation of naphthyl tosylate (1). The %-numbers 

indicate the spectral yield of 1-NapI after iodolysis of the reaction mixture. Values in brackets refer to nickel 

precatalyst loading in mol%. Scale: 1 mmol 1-NapOTs, DMF (3 mL), r.t., 20 h. Zinc dust activation with 1,2-DBE 

(0.2 eq.), heated to 60 °C for 20 min. aNo q-NMR was conducted as GC-MS claimed no reaction taking place. 

bAdditional NiCl2(dme) (5 mol%) added. 

Catalysis with terpyridyl ligand L10 left the starting naphthyl tosylate mainly untouched, even 

at a higher catalyst loading of 10 mol%. The macrocyclic biquinazoline ligand, Mabiq, features 

an unique scaffold with two distinct coordination sites.[26] Several redox-active homo- or 

heterobimetallic complexes of this ligand with metals in formal oxidation states ranging from 

0 to +3 have been reported.[27] In our case, the Ni(Mabiq) triflate salt (L11) was investigated, 

and thus might be reduced to a low-valent and catalytically active species by zinc powder. 

However, steric crowding at the central coordination site may have blocked any reaction from 
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taking place. Upon addition of a co-catalytic amount of NiCl2(dme), good conversion of 

1-naphthyl tosylate was achieved. This is readily explained by assuming that the added nickel 

coordinated to the vacant, external bipyridine moiety of the Mabiq ligand framework, thereby 

forming a catalytically active complex similar to those with other diimines. 

1.4 To react or not to react – substrate scope 

A new catalytic reaction proves its practical worth through a broad application range against a 

variety of variably functionalized starting materials. Thus, the versatility of the zincation was 

examined with several electron-rich and electron-poor substrates. Most of the aryl tosylates 

used in this study were easily accessible in almost quantitative yield from phenols and tosyl 

chloride with aqueous sodium hydroxide according to a procedure by Lei and coworkers.[28] 

Substrates containing the hydrolysis-sensitive ester functionality were prepared under non-

aqueous conditions using pyridine as base.[29] 

Each tosylate was subjected to the standard metalation conditions (see table 4). Subsequent 

iodolysis converted any organozinc species present to aryl iodide, which could be accurately 

quantified by q-NMR. Reactions performing at a good to excellent level (>50%) were also 

operated on a 2 mmol preparative scale and the product was purified by flash column 

chromatography. With less successful substrates, the 1 mmol scale analytical run with q-NMR 

analysis was considered sufficient. Similar to 1 (entry 1), regioisomeric 2-naphthyl as well as 

ortho-biphenyl tosylate were successfully zincated in almost quantitative yield (entries 2 and 3, 

respectively). The low solubility of para-substituted biphenyl sulfonate as well as of the 

corresponding zinc reagent hindered the conversion of this substrate (entry 4). Simple aryl 

derivatives, including cresyl and para-tert-butylphenyl tosylates, cleanly yielded the desired 

products (entries 5-9). Larger groups in ortho-position of tosylate, like isopropyl, slightly 

lowered the performance of the transformation (entries 10 and 11). Less bulky carvacryl (5-

isopropyl-2-methylphenyl) tosylate could not be isolated in sufficient purity to be subjected to 

the catalytic zincation conditions. The allyl-substituted tosylate (entry 12) did neither yield aryl 

iodide nor the ring-closed (dihydro)benzofuran, but simply isomerized to its styryl derivative. 

Whereas electron-rich methoxy and dialkylamino substrates (entries 13 and 14) were well 

tolerated, electron-poor nitrile and bis(trifluoromethyl) substitutions impeded the reaction 

(entries 15 and 16). The meta,meta-xylyl tosylate (entry 17) merely converted in trace amounts. 
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Table 4. Substrate scope of the nickel-catalyzed zincation of aryl tosylates.a 

 

entry substrate Ni [mol%] yield [%]b entry substrate Ni [mol%] yield [%]b 

1 

 

5 96c (96) 14f 
 

5 96 (99) 

2 
 

5 88d (92) 15 
 

5 (7) 

3 

 

5 98 (99) 16 

 

5 (2)g 

4 
 

5 (21) 17 

 

5 (<1) 

5 
 

5 85 (88) 18 
 

10 96 (96) 

6 
 

5 95 (96) 19 
 

10 75 (78) 

7 
 

5 85 (90) 20 

 

5 86 (85) 

8 
 

5 90 (93) 21 
 

5 (0)h 

9 
 

10 76 (80) 22 

 

10 56 (54) 

10 
 

10 80 (85) 23 
 

5 77i (77) 

11 

 

10 77 (77) 24 

 

5 (10)j 

12 
 

5 (0)e 25k 

 

15 88 (89) 

13 
 

5 83 (88) 26k 
 

15 (33)l 

aReaction conditions according to GP 1.3 (preparative scale, or GP 1.2 for analytical scale, see 7.2.1.1): Zn 

(4.0 eq.) and DBE (0.2 eq.) were stirred for 20 min at 60 °C; NiCl2(dme) and L2 (Ni–L2 1:2) were added at r.t. 

and stirred for 30 min; ArOTs was added and the mixture was stirred for 20 h at r.t.; solvent: DMF (3 mL/mmol). 
bYield of ArI after iodolysis (4.0 eq., 0 °C, 10 min) of ArZnOTs; isolated yield of chromatographically purified 

material, numbers in brackets, according to quantitative 1H-NMR against internal standard. cArI-ArH 98:2. dArI-

ArH 95:5. e76% starting material, 24% isomerized styryl derivative. f1.2 eq. of I2, short iodolysis (1 min) at 0 °C. 
g3% ArOH detected. h2% 5-iodovanillin, 14% ArOH and further decomposition compounds. iIC6H4Cl-C6H4I2-

PhI 91:6:3. J72% ArOH. kNMP as solvent. lYield of p-C6H4I2, 44% IC6H4OTs, 5% C6H5I. 
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Ester as well as ortho-nitrile type starting materials reacted with excellent yields, and their 

acceptor substituents were left untouched (entries 18-20). The latter substrates might have 

profited from coordination of OMe or CN in comparison to the para-nitrile derivative 

(entry 15). The vanillin derived tosylate (entry 21) suffered ortho-iodination in the case of 

work-up, after S–O bond cleavage had taken place under zincation conditions, leading to a 

rather low spectral recovery. Suffering from potential metal coordination at the nitrogen, the 

quinolinyl-8-tosylate achieved moderate yields at high catalyst loading (entry 22). 

Chemoselectivity issues were explored with 4-chlorophenyl tosylate as bifunctional substrate 

in the nickel-catalyzed zincation (entry 23). Indeed, tosylate activation was preferred over         

C–Cl cleavage. Minor amounts of diiodobenzene arose from double metalation. A 

chromatographical separation of the aryl iodide mixture was not possible. Reductive S–O bond 

cleavage was highly preferred with the coumaryl mesylate (entry 24). Even though 

naphthalene-1,5-ditosylate (entry 25) seemed to hold solubility issues, the challenging twofold 

metalation was achieved in high yield. The related resorcinol derived disulfonate (entry 26) 

exhibited similar properties like the naphthalene derivative, yet a double metalation was not 

completely achieved. The bulk of material stopped to react after a single zincation. Losses in 

recovery were mainly due to poor solubility of the starting material in the extraction solvent, 

diethylether. 

To broaden the applicability of the catalytic zincation protocol, alternative electrophiles with 

non-halogen leaving groups (figure 4, compare figure 2) were also explored. Aminosulfonate 

as well as weakly activated methylthioethers were subjected to the same reaction conditions as 

the tosylates. Dimethylaminosulfonates were highly active substrates for zincation. Regarding 

methylthioethers as electrophilic partners, several research groups have already reported Ni- or 

Pd-catalyzed cross-coupling reactions.[30] Gosmini and coworkers have reported on the cobalt-

catalyzed zincation with such substrates.[31] Our Ni–DAD system efficiently converted both 

naphthylthiomethylether regioisomeres to the corresponding zinc species entailing neglectable 

amounts of naphthalene. This appears to be the first catalytic zincation outside the realm of 

activated heteroarenes. Since dimethylaminosulfonate had delivered a particularly clean 

reaction with no detectable side-product, the corresponding coumarin derivative, which in case 

of mesylate activation had failed to cleanly zincate, was synthesized in the hope of a smoother 

conversion. However, both recovery and yield from this coumaryl substrate were even less 

satisfactory. 
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Figure 4. Extended leaving group scope of the Ni-catalyzed zincation. The %-number indicate the spectral yield 

of 1- or 2-NapI, respectively, after iodolysis (4.0 eq. I2, 0 °C, 10 min) of the reaction mixture. Scale: 1.00 mmol 

ArX, NiCl2(dme)–L2 (1:2, 5 mol% Ni), DMF (3 mL), r.t., 20 h. a2% ArX, 3% ArH. b31% ArSMe. c12% ArSMe, 

7% ArH. dLow recovery (17%), 15% ArOH. 

1.5 Zinc species, where now? 

Employing the Ni–DAD catalyst system, a range of substrates was successfully converted to 

the corresponding arylzinc tosylates, which were further quantified as aryl iodides after 

iodolysis. In recent years, several research groups have reported on the synthesis of air-stable, 

easy to handle zinc species.[32] From such studies, it is known that the reactivity and stability of 

zinc species is highly dependent on the counter-ion associated to zinc.[33] To explore the 

feasibility of ArZnOTs in typical reactions ascribed to organozinc reagents, we subjected two 

of them, namely 1-naphthyl tosylate (1) and 2-biphenyl tosylate (11), to various follow-up 

reactions (table 5). Quenching of arylzinc reagent with excess amounts of D2O and NBS 

respectively delivered the desired products in near quantitative yields (entries 1 and 2). 

Buchwald’s Pd–SPhos catalyst system[34] allowed room temperature cross-coupling reactions 

of organozinc reagents with a range of electrophiles in high yields: allylation with allyl bromide 

(entry 3), methylation with 13CH3I (entry 4), and Negishi coupling with aryl halides proceeded 

straightforward (entries 5 and 6). Acylation of benzoyl chloride was not tolerated in DMF, 

presumably due to reaction of the electrophile with solvent. Consequently, a Fukuyama-type 

acylation[35] with a less reactive thioester electrophile delivered the desired ketone (entry 7). An 

attempted synthesis of a Buchwald-type phosphine[36] in DMF mainly led to decomposition of 

the phosphine chloride.[37] This again points to a limitation of application of arylzinc tosylates 

due to their generation in a nucleophilic amide solvent. However, it had been established in 

earlier screening results that the synthesis of ArZnOTs is also possible in THF, by using 

10 mol% of the Ni catalyst. Even though the nucleophilic solvent was thus removed, and a 

stoichiometric amount of CuCl∙2LiCl[36a,38] was applied, the reaction in THF only led to minor 

conversion and the generation of a considerable phosphine oxide fraction (entry 8). 
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Table 5. Follow-up reaction of the Ni-catalyzed zincation of aryl tosylates.a E+ = electrophilic reagent.  

 

entry ArOTs E+ [eq.] conditions product yield [%]b 

1 1 D2O (xs) 
0 °C → r.t. 

45 min 
 

91c (92) 

2 11 NBS (4.0) 0 °C, 10 min 

 

96 (>99) 

3 11 AllylBr (4.0) 
[Pd] (3)d 

0 °C → r.t., 2 d 

 

92e (93) 

4 11 13CH3I (2.0) 
[Pd] (3)d 

r.t., 4 h 

 

94f (90) 

5 1 
IC6H4CO2Me 

(1.0)g 

[Pd] (2)d 

r.t., 1 h, DMF 

 

95 (>99) 

6 1 
BrC6H4CN 

(1.0)g 

[Pd] (2)d 

r.t., 1 h, DMF 

 

94 (>99) 

7 11 
PhCH2COSPh 

(1.0)g 

[Pd] (5)d 

r.t., 5 h, DMF 

 

71 (74) 

8 11h PPh2Cl (1.0)g 
CuCl∙2 LiCl 

(1.0)i, THF 
 

(37)j 

9 11 CO2 (xs)k r.t., 20 h 

 

-j 

aReaction conditions: ArOTs (2.00 mmol), DMF (6 mL). bIsolated yield of chromatograph-

ically purified material; numbers in brackets according to quantitative 1H-NMR against 

internal standard. c95% [D]-incorporation at C–1. dPd(OAc)2–SPhos (1:2); Pd loading given 

in brackets. eArAllyl–ArH 95:5. fAr13CH3–ArH 87:13, ArH due to acid traces in 13CH3I. 
g1.5 eq. of ArZnOTs added to E+. hArZnOTs prepared with 10 mol% Ni in THF. iFreshly 

prepared solution: CuCl and LiCl (1:2) were dried at 150 °C for 3 h under reduced pressure 

(<2∙10–1 mbar) and dissolved in THF (1 M) by stirring for 16 h at r.t. jYield determined by 

integration of 31P-NMR signals. 14% phosphine oxide. kAdded via CO2 balloon at the start 

of the zincation. 

The classic synthesis of carboxylic acids from Grignard reactions involves quenching of the 

organometallic species with solid CO2.
[39] More recent access pathways consist of the metal-
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catalyzed carboxylation[40] of organometallic reagents or a direct reductive coupling of aryl 

bromides with CO2
[41], either at normal or positive pressure of CO2. However, reactions under 

CO2 atmosphere completely failed in the Ni-catalyzed zinc insertion step when using our 

catalyst system (entry 9), or also with neocuproine as ligand. Neither was carboxylic acid 

formed when CO2 was bubbled through a solution of preformed ArZnOTs. 

1.6 Behind the scenes 

What is actually happening in the catalytic zincation of aryl tosylates? Which species are 

involved? Those questions arose while looking through literature. Similar to related Ni-

chemistry, the Co-catalyzed zincation of aryl bromides presented by the group of Gosmini[14a] 

was suggested to involve a dominant CoI-CoIII catalytic cycle.[42] Later, Yoshikai and coworkers 

assume a similar reaction mechanism in the generation of aryl zincs from aryl halides.[15] Taking 

into account our findings as well as those from earlier work on catalytic zincations[14,43] and 

results from studies on Ni-catalyzed reductive coupling reactions,[41b,43c,44] we propose the 

following catalytic cycle (scheme 2). 

Loss of the ether ligand offers a vacant coordination site for introducing the ligand. (L)NiIICl2, 

where L stands for diimine L2, can be reduced by pre-activated zinc to (L)Ni0. Work by tom 

Dieck suggests that stabilization of the low-valent nickel species as (L)2Ni0 takes place with 

additional ligand.[45] The Ni(0) complex will oxidatively add aryl tosylate, generating an 

arylnickel(II) species. Subsequent transmetalation of the aryl group from (L)NiIIArX to ZnX2 

(X = Cl, OTs) is unfavorable. Namely, it is much more common that aryl transfer proceeds 

from electropositive (Zn, Mg) to less electropositive (more electron-rich) metal centers (NiII, 

PdII, PtII).[46] However, SET-reduction of NiII to NiI with Zn metal as reductant increases the 

nucleophilicity of the Ni species. Thus, transmetalation of aryl from (L)NiIAr to ZnCl(OTs) is 

more likely, resulting in both ArZnOTs and (L)NiICl. Additional zinc dust readily reduces the 

latter to Ni0, closing the catalytic cycle. 

Homocoupling of aryl electrophiles to biaryl poses an unwanted side-reaction in our case. Work 

by Jutand[24,47], Durandetti[48] and Persec[49] describes the direct synthesis of the latter from 

reductive coupling of aryl sulfonates, which is thought to involve a NiI-NIII catalytic cycle. 

Hence, ArOTs oxidatively adds to a preformed NiIAr-species and generates biaryl by reductive 

elimination. Whereas this pathway is preferred with Ni-phosphane[24,49] catalyst systems, the 

DAD-type ligands suppress homocoupling of aryl sulfonates. The presence of a π-acceptor 
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ligand as well as weak donor ligands render the (L)NiIX species relatively electron-poor. 

Particularly, the non-innocent DAD ligand reduces the electron density at Ni. Hence, oxidative 

addition of ArOTs to (L)NiIX is not possible, and reduction to (L)Ni0 is necessary. 

 

Scheme 2. Proposed reaction mechanism. L = IPr-MeDAD (L2); dme = dimethoxyethane. 

1.7 Conclusion and outlook 

Aryl sulfonates and other deactivated electrophiles were efficiently zincated using the Ni-L2 

(L2 = IPr-MeDAD) catalyst system developed in this study. Sterically hindered, electro-rich, or 

-deficient aryl tosylates were converted to the corresponding aryl zinc reagent. Quenching with 

iodine allowed the quantification of zinc species present, affording high amounts of ArI in most 

cases. Chemoselective as well as two-fold zincation were both realized. Preferred 

chemoselectivity of our system could provide useful in the synthesis of natural products in case 

where an umpolung of the reactive site is needed. 

In comparison to other ligands (bipyridines, phenanthrolines, phosphines), DAD-type ligands 

are readily accessible by simple condensation of commercially available diketones 

or -aldehydes with a variety of substituted anilines. Hence, a structural modification can easily 

be realized. While phenanthroline type ligands appear to depend on iodine activation, iodide 

proved to be superfluous in the case of using DAD ligands, which reduces the complexity of 

the catalyst system. Treatment of zinc dust with 1,2-dibromoethane turned out to be a mild and 

efficient method for pre-activation. Among the catalysts and ligands screened, the Ni(Mabiq) 

triflate salt stands out by showing a peculiar activation effect in case co-catalytic NiCl2(dme) 

was added to the inactive complex. This is readily explained by postulating that catalytic 
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activity depends on an external coordination of nickel to a bipyridine substructure. Since the 

macrocyclic biquinazoline ligand is capable of hosting different metal atom (Zn, Cu, Fe, Co, 

Ni),[26-27,50] it may be possible to modulate the redox activity of the bimetallic complex 

depending on the metal coordinated inside the macrocycle. The influence exerted on the 

catalytic zincation would be of interest.  

In much of the work performed on Ni-catalyzed reductive coupling reactions, it is assumed that 

reactions take place at the Ni-center exclusively.[51] The mechanistic pathway suggested for our 

catalytic zincation implies that a temporary release of ArZnX is possible, offering a new look 

on previously published findings, and pointing to applications in a wide range of synthetically 

useful reactions. It will also be of interest to subject the zinc species generated from our reaction 

to unexplored classes of electrophiles, either with or without additional Pd-catalyst, to provide 

the desired products.  

Future projects could also include the extension of the substrate scope to heteroaryl[9b] 

sulfonates, especially pyrroles and thiophenes, as well as to electrophiles bearing less activated 

functional groups. Weix et al. have already reported several multi-metallic cross-electrophile 

reactions of aryl halides with aryl triflates.[52] Lately, they described the bimetallic one-pot 

coupling of aryl triflates with aryl tosylates that is believed to involve an in situ generation of 

ArZnOTs (scheme 3).[53] The employed metals, Ni and Pd, exhibit complementary reactivity: 

while Ni reacts preferentially with aryl tosylate, Pd selectively activates aryl triflate. Even 

though the reaction can also be performed exclusively with Ni, the additional introduction of a 

Pd-catalyst assures the fast consumption of any aryl zinc species present by cross-coupling with 

ArOTf. A large excess of the additive LiBr seemed decisive for the reaction to take place, which 

points to a (pseudo)-halide exchange at the metal center. 

 

Scheme 3. Bimetallic cross-coupling reaction of phenyl tosylate with p-anisole triflate to biaryl 12 described by 

Weix and coworkers.[53] dppb = 1,4-bis(diphenylphosphino)butane; dpby = 4,4’-diphenylbipyridine. 
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2 THE MULTIFUNCTIONAL COMPONENT CATALYST (MFCC) PRINCIPLE: 

DEFINITIONS, SCREENING, AND APPLICATION 
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First, the multifunctional component catalyst (MFCC) principle will be defined (2.1). Recent 

literature relevant to the topic will be analyzed from our point of view. A new approach for 

screening of catalytic reactions using multifunctional additives will be presented (2.2). First 

applications verify the feasibility of our screening approach (2.3). Conclusions and an outlook 

(2.4) end the chapter. 

2.1 Defining the multifunctional component catalyst principle (MFCCP) 

In the framework of homogeneous metal-complex catalysis, we set out to define the 

multifunctional component catalyst principle (MFCCP). A general representation of a reaction 

in current, homogeneous catalysis is displayed in scheme 4. 

 

Scheme 4. Representation of a typical reaction in homogeneous metal-complex catalysis. E+ = electrophile; Nuc– 

= nucleophile; T = temperature; t = time. 

The electrophile (E+) and nucleophile (Nuc–) usually do not react with each other to form A–B. 

However, by taking advantage of a catalyst-system energy barriers can be overcome to realize 

the desired transformation. In literature, one stumbles across various definitions of a catalyst-

system, often referring to every substance which is included in the red rectangle of scheme 4.[1] 

Increasing complexity may be prescribed to a catalyst-system depending on how many 

independently stable, physically separable substances it involves. Such compounds commit a 

single or several functions, e.g. a base, a ligand, a reductant or any other, designating the task(s) 

they perform. For example, silver salts have been extensively used as additives in Csp3–H cross-

coupling reactions,[2] being known for deprotonation in the case of a carbonate salt, halide 

abstraction as well as oxidation of metal intermediates. However, a fourth role has been 

attributed to silver acetate.[3] Multimetallic interactions of silver and palladium were determined 

to significantly enhance the activity of the catalyst-system. Another example displays the 

function of a base which is designated to deprotonate either intermediates or substrate to 

maintain the turnover of the catalytic cycle. The function as basic activator in ligand 

deprotonation is often attributed to a base, thus generating the active catalyst species.[4] Such 

hidden functionalities render it difficult to draw clear lines between substances, which simply 
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sustain the existence or actually increase the activity of a catalyst-system, and could be defined 

as a catalyst-component. 

We suggest that a catalyst-system should be defined as positive or negative interplay of catalyst-

components, which are independently stable and storable substances. Each catalyst-component 

carries out a specific task to maintain the activity or existence of the system. Individual 

components may interfere either directly or indirectly, e.g. react, merge, transform or other. 

Changes in a system, e.g. removal or substitution of an active element, often have severe impact 

on its performance or reactivity. Simply thought: a system wraps up all catalyst-components 

present to one entity (figure 5). 

 

Figure 5. Several catalyst-components merge together to define a catalyst-system. Each color depicts one catalyst-

component. 

single-component vs. multi-component 

Catalyst-systems may either be of single- or multi-component nature. One may ask which 

substances of a reaction can be defined as component to differ single- and multi-component 

catalyst-systems. Do reactants (electrophile, nucleophile) as well as product(s) already take part 

in a catalyst-component? Or is it necessary for a catalyst-component to be involved in catalytic 

loading? What about solvent(s) or (Lewis) bases/acids which are often present in excess? 

Several research groups refer to single-[5] or multi-component[1c,1e-g] catalysts or reactions. 

Some include starting materials, base, and solvents, others do not. In our opinion, substrates 

acting as nucleophile or electrophile delivering a desired product should not be considered as 

catalyst-component. However, one interesting exception is displayed by the Soai-

autocatalysis[6], which describes the alkylation of pyrimidine-5-carbaldehydes with 

diisopropylzinc. In the presence of product with minor enantiomeric excess (ee), chiral 

induction takes place for further turnovers of the catalytic cycle, leading to extremely high ee’s 
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in the end. More and more publications emerge reporting of aqueous[7] or solvent-free[8] 

conditions with the desire to contribute to green chemistry. In chemistry, solvents may have 

major impact on the outcome of a reaction by (de)stabilizing reactive intermediate, as e.g. in 

the SN1 vs. SN2 mechanistic dichotomy.[9] Catalysis often relies on the chosen reaction media. 

In the case of solvent-induced reactivity, e.g. transfer of chirality[10] via hydrogen bonding or 

other, the solvent should still be counted as reaction medium and not catalyst-component. 

In conclusion, any reagent capable of the following should be added to the list of catalyst-

components: assisting the transformation of reagents, reduction of activation barrier, 

stabilization of intermediates occurring in the catalytic cycle. Physical separation divides 

components into individually weighable substances. A system constituted of more than one 

catalyst-component (puzzle piece) is specified as multi-component, else single-component 

catalyst system. 

function – monofunctional vs. multifunctional 

In literature, a large variety of catalyst-components can be found, including metals, ligands, 

base, halide abstractor, CMD (concerted metalation deprotonation) or PTC (phase-transfer 

catalyst) additive just to name a few. Every catalyst-component can further be classified in an 

even more precise manner. For example, metals could be separated as main group[11] or 

transition[12] metals according to their position in the periodic table. Any compound, ion or 

molecule, coordinating a metal center to form a coordination complex is designated as ligand. 

Most prominent ones are phosphines[12h,13], NHC[14] (N-heterocyclic carbenes) or 

bipyridines[15]. Bases can be divided in organic[16] or inorganic[17] ones.[18] Any of these catalyst-

component added to a reaction mixture features an expected behavior, which takes at least one 

particular position in a system. Thus, catalyst-components exhibit one or more functions, being 

mono- or multifunctional, respectively. Such functions describe the direct task(s) a substance 

exhibits, e.g. deprotonation, coordination or other. The list of discrete functionalities could be 

extended to infinity but should not consist our primary intention at this point. Functions of a 

catalyst-component can either be spatially separated, e.g. in a salt[19] or complex[20], or belong 

to the same part of the substance. Silver salts are prime examples for difunctional catalyst-

components with the ability of Ag(I) for halide abstraction as well as oxidation of inactive metal 

species.[21] Catalyst-components ranging from mono- to tetrafunctional are illustrated as puzzle 

pieces in figure 6. Each puzzle piece can fulfil specific tasks depending on their anchor(s) 

(function). 
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Figure 6. Illustration of mono-, di-, tri-, and tetrafunctional catalyst components. 

For example, more than a decade ago Buchwald et al. developed a first class of palladacycles 

active in catalysis.[22] After key improvements, precatalysts of four different generations have 

evolved.[23] Among these catalyst-systems, we have chosen the amination of unprotected 

bromoimidazoles as outlined by Buchwald et al. to delineate mono- or multifunctionality 

(scheme 5).[24] In this particular reaction, two catalyst-components are present, namely the 3rd 

generation palladacycle 13, and the ligand (L12, tBuBrettPhos). The latter one is 

monofunctional, since its only function relies in coordination to Pd, thus stabilizing 

intermediary species. The palladacycle 13 is trifunctional merging reductant, ligand and metal 

center into one physically separable compound. The involved mesylato ligand is only present 

due to its weak coordination to Pd. The sulfonate anion allows the complexation of more 

sterically hindered phosphines leaving the precatalyst with no extra functionality. 

 

Scheme 5. Pd-catalyzed amination of unprotected bromo-imidazoles reported by the group of Buchwald.[24] 

Example shown depicts the coupling of 4-bromo-1H-imidazole with electron-rich 4-ethoxyanilin. precat. = 

precatalyst; L12 = tBuBrettPhos. 

However, it is not clear whether the base (LiHMDS) takes part in the catalyst-system, since it 

is not only assuring catalyst-cycle turnover, but also activating the palladacycle 13 in the initial 

step of the reaction. Via deprotonation of the amino group with subsequent reductive 

elimination of the carbazole, the Pd(II) center is readily reduced to an active, monoligated Pd(0) 

species. Therefore, counting LiHMDS as catalyst-component, we would add up to a three-

component catalyst-system. The number of functions defining the catalyst-system should be 
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composed of their total sum, here four. Hence, Buchwald employed conditions[24] could be 

summarized as tetrafunctional three-component catalyst system. 

Kleij et al. claim the use of difunctional complexes as one-component catalysts for ring-opening 

copolymerization of cyclic anhydrides and epoxides (scheme 6).[4] We agree that the employed 

catalyst-system is of single-component nature, since the only involved substance is the depicted 

metal complex 14 (M = Co, Mn, or Cr) besides reactants and solvent. However, in our opinion, 

the catalyst-component 14 is trifunctional, unifying multidentate ligand (aminotriphenolate), 

Lewis acid (M = Co, Mn, or Cr), and activator (L = DMAP). Functions attributed would 

comprise coordination, activation as well as (electron pair) acceptor. The work of Kleij et al.[4] 

is considered as trifunctional single-component catalyst system. 

 

Scheme 6. Ring-opening polymerization published by Kleij et al.[4]. Reaction conditions: 14 (0.25-0.50 mol%) at 

65-110 °C in either 8 M THF, 1,2-DCE, toluene, or neat. CHO = cyclohexene oxide (1.0, 1.1, 2.0, or 4.0 eq.); M 

= Co, Mn, or Cr; L = N,N-dimethylaminopyridine (DMAP). 

Sun et al. reported the iron catalysed cross-coupling of aryl phosphates (electrophile) with alkyl 

Grignard reagents (nucleophile, scheme 7).[25] Next to these two reactants and the solvent, only 

one single catalyst-component was added, namely the ionic Fe(II) complex 15. 

 

Scheme 7. Fe(II)-catalyzed cross-coupling of aryl phosphates with alkyl Grignard reagents described by Sun and 

coworkers.[25] Example shown described the coupling of 1-naphthyl phosphate with n-butylmagnesium chloride. 

Ar = 2,6-diisopropylphenyl. 

The latter consists of a border case, unifying metal center (Fe(II)), and two ligands (PCy3 and 

imidazolium salt). One might argue that the complex is trifunctional, since it bears different 

types of ligands. We suggest that the described salt should be assumed as difunctional, since 

only two different functionalities, metal center and ligand, are present. However, a second 

substance exhibits a certain function indispensable for a successful reaction. Besides 
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functionalization of the phosphate, the hidden base (Grignard) exposes the carbene ligand most 

likely involved in the catalytic conversion, thus taking part in the catalyst-system. Taking our 

description into account, the work presented by Sun et al.[25] can be described as trifunctional 

two-component catalyst system. 

2.2 New ways of screening 

The outcome of chemical reactions is strictly dependent on the involved catalyst-system. 

Extensive screening efforts seek for optimal conditions to achieve maximal conversion and 

selectivity to the target material.[26] Conventional methods rely on one variable (catalyst, ligand, 

temperature, solvent…) at a time (OVAT) screening, leaving a large number of possible 

combinations. Since the latter execution is rather exhausting, several groups have taken 

advantage of high throughput experiments (HTE).[27] Reactions can either be performed 

manually or fully automated. Among all possible combinations of catalyst-components, 

literature precedents for new reactivities often represent good starting points for novel 

transformations. However, the variation of continuous parameters such as pressure, time, and 

temperature is limited in batch HTE screening. Microfluidic reactors overcome this challenge 

while consuming only nanomolar amounts of substances and being limited to screening one 

reaction at a time.[28] Possible combinations of catalyst-components are significantly reduced 

by the Design of Experiments (DoE) methodology.[29] Based on mathematical calculations, 

important variables and relations can be deduced to identify viable functionalities for a specific 

catalytic reaction. This method was further extended to the sequential Design of Experiments 

(sDoE). Newly generated information from analysis is directly implemented in the development 

of new conditions, thus a self-optimizing system.[30] For example, Jensen et al. designed an 

automated feedback which allowed maximization of yield without loss of catalyst activity in 

Suzuki-type coupling.[31] 

Next to these methods, we wanted to establish an original approach of screening. By mixing 

different catalyst-components with individual functions, we hope to discover unprecedent 

reactivities, e.g. multi-metallic active catalysts similar to reported Pd–Ag interactions[3,32]. In 

general, a two-dimensional (2D) matrix should illustrate our proposition for any catalytic 

conversion (table 6). Any substance, e.g. the solvent, a base, or any other additive, which is not 

listed in the table but part of the reaction, remains constant. Whereas metal precatalysts define 

rows of the matrix, catalyst-component of different functionality (additives) will be arranged in 
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columns. Further arrangements are also possible but will not be part of this thesis. While 

progressing from left to right, the consecutive combination of additives is expected to reveal 

the positive or negative influence they exhibit to one another. Metal precatalysts will be used 

either alone or in combined high–low loading (HiLo). In any case, one metal will be 

predominant for each row. For HiLo screening, further precursors will be added in considerably 

lower amounts, e.g. ten times less than the dominant one. This kind of set-up should favor the 

discovery of hidden multi-metallic interplay. We have depicted one entry of a 2D screening 

matrix in table 6. Two possibilities emerge from the combination of column 4 and row 3. In 

both cases, every additive listed so far (additives 1-4) will be involved in a previously fixed 

stoichiometry (e.g. 10 mol%). Metal 3 will be present in the Hi setting (e.g. 5.0 mol%), either 

alone or combined in Lo loading (here: 0.5 mol%) with every other metal specified in the 

matrix.  

Table 6. Two-dimensional (2D) screening matrix. Additives are listed horizontally, metals vertically. HiLo = 

high–low (e.g. 10:1) loading. 

 additive 1 additive 2 additive 3 additive 4 additive 5 … 

metal 1 

  

metal 2 

metal 3 

metal 4 

metal 5 

…
 

To visualize our concept, an exemplary two-dimensional (3X3) screening matrix is shown in 

figure 7. The header of the table includes the corresponding reaction scheme, describing the 

catalytic conversion which will be optimized. At this point, reactants, fix catalyst-components 

and conditions (solvent, temperature, time) are depicted. Involved additives which constitute 

individual rows are listed on the right side of the matrix, metal precatalysts representing 

columns. Detailed reaction conditions (procedure, analysis) can be found at the bottom of the 

table. Each intersection of a column and row defines one entry of the matrix, showing which 

catalyst-components are further added. Every entry summarizes metal precatalyst(s), 

additive(s), and yield (mol%) for the specific combination. To clarify which entry is being 

discussed, we adapted conventional numbering from mathematics[33], i.e. variable Ex,y refers to 

entry of row x and column y. Additive equivalents are indicated in the respective column 

header. Metal atoms written in subscripts are added in previously defined low (Lo), else in high 

loading (Hi). One exemplary entry (E2,2) is highlighted in red. In this case, Ni- (Hi, 5.0 mol%), 

additives 1-4; 

metal 3 (alone) 

or metal 3 (Hi), 

other metals (Lo) 
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Pd- and Co-precatalysts (Lo, 0.5 mol% each), as well as additives A and B (10.0 mol% each) 

would be incorporated in the described reaction scheme depicted in the header. While the entry 

on the left excludes additive B, the right one comprises additive C.  

 

 

 A (10.0) B (10.0) C (10.0) 

 

PdCl2(MeCN)2 (5.0) 
PdNiCo yield PdNiCo yield PdNiCo yield 

A AB ABC 

NiCl2(dme) (5.0) 
NiPdCo yield NiPdCo yield NiPdCo yield 

A AB ABC 

CoBr2 (5.0) 
CoPdNi yield CoPdNi yield CoPdNi yield 

A AB ABC 
Reaction conditions and additional information. 

 

 

Figure 7. Example of a theoretical two-dimensional (2D) screening matrix. precat. = precatalyst (HiLo 10:1). 

2.3 Two-dimensional (2D) Matrix screening in practice 

Three versions of a 2D matrix were assembled and applied to the arylation of caffeine described 

by the group of You[34]. Initial screening experiments are displayed in table 7. Amounts of 

starting material, reactant, base, and solvent were kept constant for all manipulations. 

Table 7. Two-dimensional (2D) 3X3 screening matrix of arylation of caffeine with bromobenzene according to 

You et al.[34]. 

   
 A (10.0) B (10.0) C (10.0) 

 

PdCl2(MeCN)2 (5.0) 
Pd 14 Pd 13 Pd 12 

A AB ABC 

NiCl2(dme) (5.0) 
Ni 0 Ni 0 Ni 0 

A AB ABC 

CoBr2 (5.0) 
Co 0 Co 0 Co 0 

A AB ABC 
aReaction performed with 500 µmol caffeine in DMF (∑ 1.5 mL) according 

to GP 2.1 (see 7.2.2.1); additive A (0.1 M, 0.5 mL) and PhBr (0.75 M, 

1.0 mL) were added as solutions (DMF); spectral yield according to 1H-

NMR with internal standard, given in mol%. 

Since previous experiments1 had already confirmed easily comparable arylation results after 

2.5 hours at 100 °C, we stuck to the latter conditions. Reaction mixtures were directly filtered 

 

1 Referring to several master theses at AK Hintermann (P. Klein[35], L. Rast[36], J. Rekowski[37]). 
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over a short pad of silica gel, eluting with DCM–MeOH (10:1). Crude products were analysed 

by q-NMR analysis. Limiting our screening to monofunctional catalyst-components, we chose 

2-pyridone (A), tetrabutylammonium HSO4 (B), and pivalic acid (C). Additives were arranged 

in alphabetic order (A to C) in columns. Only one metal precatalyst was added for each entry, 

picking between PdCl2(MeCN)2, NiCl2(dme), and CoBr2. Reactions involving the latter two 

precursors (Ni, Co) proved unreactive (E2,1-E3,3). The desired product was only observed when 

Pd metal was present (E1,1-E1,3). Regarding the three additives, only 2-pyridone seems to 

practice a positive effect on the coupling (E1,1). Additives B and C did not affect the yield (E1,2 

and E1,3). 

Since we already knew enhanced reactivity could be expected especially for additives B and C, 

we repeated the 2D matrix in reversed order (table 8). To simplify analysis, work-up of reaction 

mixtures was performed by fast extraction. Washing phase (sat. aq. NaCl solution), extraction 

solvent (EtOAc) as well as internal standard (1,3,5-trimethoxybenzene) were directly added to 

the vial. After shaking for 1-2 minutes, samples for q-NMR analysis were withdrawn from the 

organic layer.2 

Table 8. Two-dimensional (2D) 3X3 screening matrix of the arylation of caffeine with bromobenzene according 

to You et al.[34], reversed order of additives. 

   
 C (10.0) B (10.0) A (10.0) 

 

PdCl2(MeCN)2 (5.0) 
Pd 39 Pd 48 Pd 13 

C BC ABC 

NiCl2(dme) (5.0) 
Ni 0 Ni 0 Ni 0 

C BC ABC 

CoBr2 (5.0) 
Co 0 Co 0 Co 0 

C BC ABC 
aReaction performed with 500 µmol caffeine in DMF (∑ 1.5 mL) according 

to GP 2.1 (see 7.2.2.1); additive C (0.1 M, 0.5 mL) and PhBr (0.75 M, 

1.0 mL) were added as solutions (DMF); spectral yield according to 1H-

NMR with internal standard, given in mol%. 

Whereas no conversion was observed for Ni and Co precatalysts (E2,1-E3,3), Pd-containing 

reactions delivered the target material. Compared to entries of table 7 (E1,1-E1,3), a significant 

increase in yield was detected for combinations C (E1,1) and BC (E1,2). Further addition of 

 

2 An extraction with previously weighed amounts of internal standard, educt and product revealed quantitative 

recovery of phenylcaffeine. Losses in caffeine were observed but will not be indicated in the discussion. 
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additive A remarkably diminished the amount of phenylcaffeine (E1,3). Regarding our results 

obtained so far, we conclude that pivalic acid and NBu4HSO4 exhibit a positive influence on 

the desired conversion. As soon as 2-pyridone takes part, reaction progression is impeded. We 

suggest that the latter exerts strong coordination to Pd, displacing CMD additive C and 

hindering the reaction from taking place. Out of curiosity, we also conducted the arylation 

involving CuTc (copper (I) thiophene-2-carboxylate) as metal source. Due to the sole recovery 

of starting material, we decided not to display these reactions in the matrix. 

As third option, we wanted to investigate whether any influence induced by multi-metallic 

interactions could be detected (table 9). For each row, a HiLo setting (10:1) of precatalysts was 

envisaged. Under argon, greater amounts of metal precursors were previously mixed in the 

appropriate ratio. Homogeneous solutions or suspensions were added to the vials. Additives A, 

B, and C were arranged in the same order as in table 7. 

Table 9. Two-dimensional (2D) 3X3 screening matrix of the arylation of caffeine according to You et al.[34], HiLo 

setting (10:1). 

   
 A (10.0) B (10.0) C (10.0) 

 

PdCl2(MeCN)2 (5.0) 
PdNiCo 8 PdNiCo 8 PdNiCo 16 

A AB ABC 

NiCl2(dme) (5.0) 
NiPdCo <1 NiPdCo <1 NiPdCo <1 

A AB ABC 

CoBr2 (5.0) 
CoPdNi <1 CoPdNi <1 CoPdNi <1 

A AB ABC 
aReaction performed with 500 µmol caffeine in DMF (∑ 1.5 mL) according 

to GP 2.2 (see 7.2.2.1); catalyst mixtures were added in HiLo as solution 

in DMF (0.5 mL); additive A (0.1 M, 0.5 mL) and PhBr (1.5 M, 0.5 mL) 

were added as solutions (DMF); spectral yield according to 1H-NMR with 

internal standard, given in mol%. 

Reactions with either Ni or Co in the Hi loading (5.0 mol%) performed poorly (E2,1-E3,3), 

showing minimal conversion. While combinations A (E1,1) and AB (E1,2) slightly diminished 

the yield compared to the mono-metallic version, additional pivalic acid (E1,3) afforded similar 

results than before. The presence of different metal atoms seems to hinder coordination of 

reactive catalyst-components. However, excessive CMD-additive (E1,3) overcomes this barrier. 
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2.4 Conclusion and outlook 

First stages of the multifunctional component catalyst principle (MFCCP) were presented. 

Definitions were clarified starting from a general point of view. Several catalyst-components, 

which display physically separable substances, merge to generate a catalyst-system. Depending 

on the number, one- or multi-component systems can be differentiated. Functions refer to ask 

one catalyst-component fulfils, e.g. base, metal precatalyst, ligand, or other. Multifunctionality 

is reached when one catalyst-component exerts several tasks. To underline its potential, 

literature examples were analyzed according to our outlined principle, and classified as 

tetrafunctional three-component, trifunctional single-component, or trifunctional two-

component catalyst systems. 

Opposed to conventional DoE[29b], OVAT, or HTE[26] screening, we have depicted a new 

screening procedure. Reminding of a matrix encountered in mathematics, the screening tables 

consist of metal precatalysts (rows) by additives (columns). Entries are designated as Ex,y, 

where x refers to rows, and y to columns, respectively. At intersections, all encountered 

catalyst-components (additives), when reading from left to right, will be mixed with metal 

precursors from the corresponding row. For each individual catalytic reaction, the influences 

substances exhibit on one another should be easily detectable. A second implementation allows 

the incorporation of every metal listed in the matrix. While high loading (Hi) is operated to the 

main metal of a row, others will be involved in predefined, low amounts (Lo), e.g. HiLo setting 

of 10:1. Unexpected, intermetallic interactions are expected to crystallize. 

We chose the C–H-arylation of caffeine with bromobenzene according You et al.[34] as model 

reaction. Metal precatalysts (PdCl2(MeCN)2, NiCl2(dme), CoBr2) as well as monofunctional 

additives (2-pyridone, NBu4HSO4, PivOH) were involved. Solely reactions involving Hi setting 

(5.0 mol%) of Pd afforded detectable amounts of phenylcaffeine. The order of additives in 

columns was decisive for the extent of conversion. While reactions including 2-pyridone 

performed poorly, omitting the latter significantly sped up the progression of the reaction. 

Competitive coordination of PivOH and 2-pyridone to Pd seems deliver a reasonable 

explanation. At HiLo loading, no intermetallic interactions were observed. We conclude that a 

sole additive variation is unfavourable in multi-component screening. One has to consider 

combinations which do not include certain catalyst-components in the design of experiments. 
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With these results in hand, further studies are necessary and will have to aim at new model 

reactions. Literature precedents for new transformations should be studied to identify suitable 

reaction systems. Matrix screening should be extended to further combinations in either way, 

e.g. permutations of catalyst-components, inclusion of more diverse components or changes of 

the HiLo ratios. Additives which exhibit a mutually positive influence have to be identified by 

screening different catalytic reactions. These catalyst-components should be summarized to 

create a pool of potentially active reagents. By combining most promising ones, the degree of 

potential functionality exerted upon a catalytic reaction will drastically be increased. Their 

incorporation in catalysis screening will hopefully speed up the discovery process of new 

reactions. Even though no breakthrough has yet been achieved, the presented definitions and 

principle will shape the direction of future investigations. While matrix screening will be of 

least priority for the remainder of the thesis, our main focus will concentrate on the design, 

synthesis and efficient release of and from multifunctional precursors. 
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This chapter is subdivided into five parts. A short state of the art overview of established catalyst 

systems introduces the subject in the first section (3.1). The synthesis of well-defined 

difunctional salts combining either imidazolium ligand, metal center or CMD-additive 

(cyclometallation-deprotonation) into one substance is presented (3.2). Unfunctional units, e.g. 

chloride ligands, in NHC–Pd catalyst precursors are substituted by components exerting a 

certain role (3.3). Incorporation of our multifunctional component catalyst precursors in state 

of the art cross-coupling reactions (3.4) demonstrates their utility in catalysis. The conclusion 

and future outlook (3.5) end chapter 3. To give the full overview of the topic, parts of the 

preceding master thesis are additionally depicted.[1] 

3.1 Introduction 

While worldwide waste generation is an omnipresent problem of today´s society[2], chemists 

seek for atom-economic as well as eco-friendly synthetic methods.[3] Catalysis offers a great 

tool to reduce the formation of by-products by selective conversion of starting materials. The 

efficiency of a catalyst system strictly relies on the interplay of all components. A multitude of 

factors have to be considered. The generation of catalytically active species from suitable 

precursors is decisive for a reaction to take place; a problem several research groups have 

addressed over the years. Unique properties of N-heterocyclic carbenes (NHC) in catalysis were 

demonstrated by the groups of Herrmann[4], Beller[5], and Nolan[6]. Since then, a multitude of 

publications covering a broad field, e.g. cross-coupling[7], olefin metathesis[8], asymmetric 

(organo-)catalysis[9], or metallopharmaceuticals[10], emerged day by day.[11] The introduction of 

PEPPSI (pyridine- enhanced precatalyst preparation, stabilization and initiation) precatalysts 

by Organ et al.[12] has allowed the synthesis of air-stable, easy to handle metal complexes active 

in cross-coupling reactions[13], chiral versions also being reported[14]. One type of precatalyst 

has been developed by Buchwald and coworkers.[15] Four generations of their palladacycles 

have been established so far.[16] While ligated aminobiphenyl was methylated, the coordinated 

chloride ion was replaced with a more weakly binding mesylate counterion. These changes 

facilitated the activation of the Pd center while expanding the scope of compatible ancillary 

ligand and decreasing the amount of harmful activation by-products (carbazole). Difunctional 

nickelates combining imidazolium ligand precursor cations and anionic metallate in fixed ratios 

have been reported by Sun et al.[17] (IPrH)2[NiCl4] showed superior reactivity in the cross-

coupling of Grignard reagents with aryl halides compared to biscarbene Ni(II) or related 

phosphine complexes. The group of Muzart described ammonium chloropalladates merging 
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metal center and phase-transfer catalyst (PTC).[18] The latter aims to increase the catalyst’s 

solubility as well as its activity. Benzene arylation was efficiently demonstrated by Fagnou and 

coworkers who incorporated pivalic acid as CMD-additive into the catalyst system.[19] Further 

examples taking advantage of the carboxylate additive as proton shuttle are widely reported.[20] 

Even though these systems are highly active in catalysis, they all contain elements without a 

specific role. The substitution of co-ligands, counter-ions and other inactive units by 

components exerting a distinct task would significantly increase the functionality of established 

catalyst precursors. The resulting multifunctional component catalyst (MFCC) precursors alone 

or in combination with other multifunctional additives open new ways of catalysis screening. 

The preparation time of a reaction, e.g. weighing of all reactants or additives, can be remarkably 

diminished while accelerating the discovery process of new reactions. In the following, 

structurally well-defined, multifunctional catalyst precursor salts for homogeneous transition 

metal catalysis are illustrated. 

3.2 Difunctionality in a well-defined precursor salt 

3.2.1 Merging of metal and ligand precursor 

The general aim of this subproject can be described as merging as many functionalities as 

possible into a stoichiometrically well-defined catalyst precursor salt. The combination of a 

metal precursor, e.g. Pd(OAc)2 or Ni(acac)2, with an imidazolium salt under specific conditions 

creates an active catalyst system for a range of C-C coupling reactions.[21] But rather than 

mixing those separate components, we now want to merge them into a single compound. First 

MFCC precursors, namely hexachlorodipalladates 16 and 17, difunctional component catalyst 

precursors (CCP´s) combining imidazolium precursor and Pd cation, were isolated in near 

quantitative yields as red, air-stable salts (scheme 8). 

 

Scheme 8. Synthesis of hexachlorodipalladates 16 and 17 from PdCl2. 

The sum formula corresponding to a dinuclear species was confirmed by elemental analysis (C, 

H, N). In the 1H-NMR spectrum in [D6]-acetone, the C-2 proton of the imidazolium core is 

shifted upfield relative to the chloride salt by 2 ppm, whereas all other signals move by 

insignificant amounts (0.1-0.5 ppm). The structure of palladate 16 was confirmed by X-ray 

analysis of suitable single crystals (figure 8). Crystal data, as well as collected data for structure 
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refinement are summarized in the appendix (8.3, table 54f.). The two Pd atoms, which are 

separated by 3.39(6)-3.41(7) Å, are coordinated in a square planar fashion by four chloride ions 

forming Cl-Pd-Cl angles close to 90°, where the bridging chloride ions span the smallest angle. 

Pd-Cl bond distances to bridging atoms are significantly longer (2.32(3)-2.34(2) Å) than 

terminal ones (2.25(9)-2.28(2) Å). The central core of the imidazolium cations features similar 

bond lengths and angles to the previously reported structure of IPr∙HCl by Arduengo et al.[22] 

The constitution of [Pd2Cl6]
2– is typical and can e.g. be compared to the tetrabutylammonium 

hexachlorodipalladate synthesized by the group of Muzart.[18] A dinuclear benzyl-DABCO Pd 

salt as catalyst precursor for a range of cross-coupling reactions (Suzuki, Sonogashira, Stille) 

has also been reported by the group of Rafiee.[23] 

 

Figure 8. X-Ray crystal structure of (IPrH)2[Pd2Cl6] (16). Ellipsoids are shown at 50% probability level. Hydrogen 

atoms are omitted. Carbon atoms are depicted in grey, nitrogen atoms in blue, chlorine atoms in green and 

palladium atoms in yellow. 

Muzart et al. isolated (NBu4)2[Pd2Cl6] via recrystallisation of the mononuclear (NBu4)2[PdCl4] 

species.[18] 1H-NMR analysis of the mother liquor indeed revealed the presence of NBu4Cl. In 

our case, mononuclear composite salts were isolated by stirring of PdCl2 with two equivalents 

of Im∙HCl in acetone (scheme 9). Elemental analysis (C, H, N) confirmed the stoichiometry. 

 

Scheme 9. Synthesis of tetrachloropalladates 18 and 19 from PdCl2. 

In the 1H-NMR spectrum of the bright red solids in [D6]-acetone, the C-2 proton is considerably 

shifted downfield compared to the hexachlorodipalladates. This phenomenon is also observed 
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in the case of the NBu4-based chloropalladates. The higher charge density of the dianion leads 

to a stronger hydrogen-bonding interaction between the anion and H-C(2), which induces the 

downfield shift. The remaining 1H-NMR signals are slightly shifted upfield. A comparison of 

1H-NMR shifts of palladate salts with other imidazolium salts is further discussed in a later 

section (figure 12). Similar to observations by Muzart et al.[18], recrystallization of IMes 

tetrachloropalladate 19 delivered crystals of the hexachlorodipalladate 17, as shown by X-ray 

crystal structure (figure 9). IMes∙HCl must have been eliminated in the process. Crystal data, 

as well as collected data for structure refinement are summarized in the appendix (8.3, table 

56f.). Almost identical values for Pd-Pd or Pd-Cl bond lengths and Cl-Pd-Cl angles compared 

to 16 were determined. Tetrahedral complexes are less common with palladium(II)[24], which 

usually prefer the square-planar coordination.[25] High charge density at the palladium center of 

16 induces the observed elimination which will be favored in apolar solvent, hence reducing 

the overall density. The relatively small atoms nickel as well as cobalt prefer a tetrahedral 

coordination.[25-26] Nickel(II) may also take on square-planar or an intermediate between both 

geometries.[25,27] Related nickelates[17,28] and cobaltates with different cations have been 

reported.[29] We stirred NiCl2∙6H2O with IPr∙HCl (1.0 or 2.0 eq.) in acetone and supposedly3 

yielded tetra- and hexachloronickelates quantitatively. In [D6]-acetone, the C-2 proton of 

[NiCl4]
2– was shifted downfield (0.3 ppm) compared to [Ni2Cl6]

2–. Due to deliquescence as well 

as non-confirmed structure of the salts, application in catalysis was not performed. 

 

Figure 9. X-ray crystal structure of (IMesH)2[Pd2Cl6] (17). Ellipsoids are shown at 50% probability level. 

Hydrogen atoms are omitted. Carbon atoms are depicted in grey, nitrogen atoms in blue, chlorine atoms in green 

and palladium atoms in yellow. 

 

3 The structures were neither confirmed by elemental nor X-ray analysis. 
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NHC based catalyst activity is strongly dependent on the specific NHC ligand structure.[30] 

Strong σ-donor property of the latter allow the oxidative addition of sterically hindered aryl 

halides, especially o,o’-substituted ones.[31] Steric hindrance in close proximity to the metal 

center entails enhanced reductive elimination while stabilizing the catalyst resting state.[32] 

Recent examples report the application of highly hindered, yet flexible NHC ligands, namely 

IPr* (1,3-bis(2,6-benzhydryl-4-methylphenyl)-imidazol-2-ylidene)[6a,6b,33] and IPr*OMe (para-

methoxy analogue)[6c,34]. Similar to its sterically less crowded IPr eponym, hexa- and 

tetrachloropalladates of IPr*, 20 and 21 respectively, were prepared (scheme 10). Interestingly, 

the salts show better solubility behavior compared to (IPrH)2[Pd2Cl6] and (IPrH)2[PdCl4]. 

Reaction of PdCl2 with one equivalent of imidazolium salt in acetone afforded a light pink 

suspension, which instantly dissolved upon addition of dichloromethane.4 Performing the 

synthesis directly in dichloromethane afforded (IPr*H)2[Pd2Cl6] in excellent yield. Stirring of 

PdCl2 with two equivalents of IPr*∙HCl in dichloromethane resulted in a light pink suspension. 

Isolation of the solid confirmed the formation of tetrachloropalladate 21.  

 

Scheme 10. Synthesis of chloropalladates 20 and 21 from PdCl2 and IPr*∙HCl. 

Elemental analysis (C, H, N) of both solids verified the formulae in accord with the proposed 

structures. Even though the tetrachloropalladate salt 21 is nearly insoluble in dichloromethane, 

complete dissolution is achieved in chloroform, allowing the comparison of 1H-NMR shifts. 

The chemical shift of H-2 proton in the IPr*H-based Pd salts show opposite characteristics to 

IPrH-based ones: signals of (IPr*H)2[Pd2Cl6] (20) are shifted significantly downfield compared 

to 21, whereas those of (IPrH)2[Pd2Cl6] (16) can be observed upfield in comparison to 

(IPrH)2[PdCl4] (18). Steric bulk as well as high electron excess of the IPr*H cation probably 

induces this observation. In solution, ions of [PdCl4]
2– might also dissociate to [Pd2Cl6]

2– and 

Cl–. Crystallization of the salts delivered the X-ray structure of (IPr*H)2[Pd2Cl6] in both cases 

(figure 10). Crystal data, as well as collected data for structure refinement are summarized in 

the appendix (8.3 table 86f.). Pd-Pd (3.37(1) Å) or Pd-Cl bond lengths (terminal: 2.26(9)-

 

4 Note: IPr*∙HCl is completely soluble in dichloromethane, less soluble in acetone. 
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2.28(3) Å; bridging: 2.32(4)-2.32(5) Å) and Cl-Pd-Cl angles are identical to those described for 

other hexachlorodipalladates (IPrH and IMesH) in this thesis. Hydrogen bond distances 

(terminal chloride ions to C2-proton) are remarkably shorter (2.61(2)- 2.62(5) Å) than those 

observed in (IPrH)2[Pd2Cl6] (2.67(0)-2.87(4) Å), pointing to a stronger interaction of both ions. 

In the crystal structure of 20, terminal chloride ions of [Pd2Cl6]
2– interact via hydrogen bonding 

with the H-2 proton of IPr*H cations as well as Van der Waals forces with phenyl groups of the 

benzhydryl moiety (figure 10, left). In the unit cell, [Pd2Cl6]
2– anions of 20 fill up all four 

corners as well as the center of the cell, displaying a body centered packaging (figure 10, right). 

  

Figure 10. X-ray crystal structure of (IPr*H)2[Pd2Cl6] (20); coordination of [Pd2Cl6]2– anion by IPr*H cations (left), 

packaging of anions in the unit cell (right). Ellipsoids are shown at 50% probability level. Except for atoms 

involved in hydrogen bonding or Van der Waals interactions, hydrogen atoms are omitted. Hydrogen bonding as 

well as Van der Waals interactions are depicted in light rose. Carbon atoms are depicted in black, (important) 

hydrogen atoms in light rose, nitrogen atoms in blue, chlorine atoms in green and palladium atoms in yellow. 

IPr-PEPPSI: an air- and moisture stable Pd-NHC precatalyst originally introduced by Organ 

and coworkers[12] shows enhanced reactivity in a wide range of cross-coupling reactions 

(scheme 11).[13c,32,35] 

 

Scheme 11. IPr-PEPPSI catalyzed Negishi cross-coupling reported by Organ et al.[12a] R1 = phenyl, n-heptyl, p-

tolyl; X = Cl, Br, I, OTs, OMs, OTf; R2 = n-butyl, n-heptyl, phenyl, p-MeOC6H4; DMI = 1,3-dimethyl-2-

imidazolidinone. 
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Modifications of the imidazole backbone deliver efficient catalysts, e.g. for selective cross-

coupling of secondary organozinc reagents which else tend to undergo unwanted β-hydride 

elimination.[36] Organ’s original synthesis involves boiling of imidazolium salt and PdCl2 

together with a solid base, mostly K2CO3, in co-ligand 3-chloropyridine as solvent 

(42.1 eq.).[12a] Even though excess heterocyclic co-ligand was recovered by distillation, 

handling of this highly toxic reagent should be avoided as far as possible. 

We herein present a new synthesis approach for IPr-PEPPSI starting from our 

hexachlorodipalladate 16, which does not require excess amounts of the pyridine, but profits of 

cheap and non-toxic co-solvent (table 10). Each reaction mixture was filtered over a short pad 

of silica eluting with dichloromethane. Stirring of (IPrH)2[Pd2Cl6] with reduced amounts of 3-

chloropyridine (10.5 eq.) afforded the desired complex at 40 °C or ambient temperature in high 

yields (entries 1-3). The choice of either K2CO3 or K3PO4 did not affect the outcome of the 

reaction, even when reducing the amount of base (entries 4 and 5). Equimolar amounts of 

K3PO4 significantly diminished the formation of IPr-PEPPSI (entry 6). Exclusion of inorganic 

base completely stopped the reaction (entry 7); the pyridine´s basicity alone is evidently not 

strong enough for inducing deprotonation. Lowering of pyridine excess (entry 8) created a 

requirement for introducing a regular solvent to assure complete mixing of all components. The 

reaction in dichloromethane first appeared to be irreproducible at ambient temperature (entries 

9 and 10). But since initial experiments had been conducted in a non-air-conditioned laboratory 

during summer, a reaction temperature of over 35 °C had been reached inside the hood while 

vigorously stirring. Later, it became clear that a little heating was highly beneficial for the 

reaction progress. Ensuing experiments (entries 11-22) were conducted in the conditioned 

laboratory either at room temperature (24 °C) or with heating to 40 °C. The use of DBU as 

organic base was not viable, since it led to formation of a DBU–PdCl2 species (entry 11), similar 

to the one reported by Castillón and coworkers.[37] Whereas the solvent dichloromethane 

delivered good results at low concentrations (entries 12 and 13), the dipolar solvent DMSO 

produced impure material (entry 14). Higher reactant concentrations (250 mM) together with 

slightly larger excesses of 3-chloropyridine (7.5 eq.) and base (3.0 eq.) afforded excellent 

results (entry 15) at 40 °C, and satisfactory ones at ambient temperature (entry 16). Acetone 

yielded comparable amounts of product (entries 17 and 18), even with less pyridine (5.0 eq.)  

involved (entry 19). The experiments so far had all relied on isolated hexachlorodipalladate 16 

as starting material. Next, a two-step one-pot synthesis was attempted. By merging the 
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conditions of two screening experiments (entries 17 and 19), optimal conditions affording IPr-

PEPPSI (22) in excellent yield were reached (entry 20). 

Table 10. Selected screening conditions for the synthesis of IPr-PEPPSI (22) from (IPrH)2[Pd2Cl6] (16).a K2CO3 

and K3PO4 were dried for at least two hours under reduced pressure (0.8-1.2 mbar) at 300 °C and stored in Schlenk 

flasks prior use (see 7.1.1). 

 

entry base [eq.] 3-Cl-py [eq.] T [°C] solvent [mM] yield [%]b 

1 K2CO3 (10.0) 10.5 40 - (10.0) 91 

2 K2CO3 (10.0) 10.5 r.t. - (10.0) 91 

3 K3PO4 (10.0) 10.5 r.t. - (10.0) 90 

4 K3PO4 (3.0) 10.5 r.t. - (10.0) 91 

5 K3PO4 (2.0) 10.5 r.t. - (10.0) 88 

6 K3PO4 (1.0) 10.5 r.t. - (10.0) 54 

7 - 10.5 r.t. - (10.0) <1 

8 K3PO4 (3.0) 4.2 r.t. - (25.0) 83 

9 K3PO4 (2.0) 2.5 r.t. DCM (25.0) 25 

10 K3PO4 (2.0) 5.0 r.t. DCM (25.0) 83 

11 DBU (2.0)c 5.0 r.t. DCM (50.0) -d 

12 K3PO4 (2.0) 5.0 40 DCM (50.0) 76 

13 K3PO4 (2.0) 5.0 40 DCM (100) 76/67e 

14 K3PO4 (2.0) 5.0 40 DMSO (100) 85f 

15 K2CO3 (3.0) 7.5 40 DCM (250) 90 

16 K2CO3 (3.0) 7.5 r.t. DCM (250) 70 

17 K2CO3 (3.0) 7.5 40 acetone (250) 93 

18 K2CO3 (3.0) 7.5 r.t. acetone (125) 57 

19 K2CO3 (3.0) 5.0 40 acetone (125) 86 

20g K2CO3 (1.5) 2.5 40 acetone (250) 90h/93i 
aReaction conditions: (IPrH)2[Pd2Cl6] (50.0 µmol), base, solvent and 3-chloropyridine were 

stirred for 24 hours at the indicated time and temperature according to GP 3.1 (see 7.2.3.1). 
bIsolated yield after flash column chromatography (DCM) of the reaction mixture. cAddition 

of DBU (2.0 eq.) at the outset of the reaction. Additional DBU (250 µL) was added after 

stirring overnight at r.t. dNo IPr-PEPPSI isolated. 1H-NMR analysis revealed the presence of 

a DBU-Pd species. e150 µmol scale. f~80% purity. Isolated material contained IPr∙HCl 

(~9%), and unidentified 3-Cl-pyridine Pd species (~9-10%). g2-step synthesis starting from 

PdCl2: PdCl2 and IPr∙HCl in acetone were stirred for 24 hours at room temperature. Base and 

3-chloropyridine were added and the reaction mixture was stirred for another 24 hours at 

40 °C, before purification by flash column chromatography. h200 µmol scale. i1.00 mmol 

scale. 
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Compared to the usual synthesis reported by the group of Organ[12], a less toxic and wasteful 

procedure not involving 3-Cl-pyridine as the solvent was established (Scheme 12). A large 

excess of base was avoided. Both the isolated (IPrH)2[Pd2Cl6] or an in situ complex from PdCl2 

and IPr∙HCl depicted excellent starting material for the synthesis of IPr-PEPPSI (22). 

 

Scheme 12. Synthesis of IPr-PEPPSI (22) according to Organ et al.[12] and by our new one-pot two-step approach. 

3.2.2 Merging of ligand precursor and CMD additive 

Extensive research dealt with the synthesis of NHC precursor imidazolium salts from simple 

α-diimines.[38] The majority of the prepared salts incorporate unfunctional anions, e.g. chloride, 

BF4
– , PF6

– or others, whose identity is usually defined by the employed (Lewis) acids. In our 

project, substitution of non-functional with functional anions would be of utmost interest. 

During my master thesis, a direct synthesis approach of a difunctional imidazolium involving 

both a NHC precursor and a CMD additive, (pivalate) was attempted. The use of sulfuric acid 

as H+ source led to the formation of IPr∙HSO4. Further screening of the initial procedure 

constituted a central element of another master thesis.[39] Addition of an ethereal solution of 

sulfuric acid to a suspension of IPr-DAD and p-formaldehyde in EtOAc yielded the salt 23 in 

89% yield. In the case of IMes, the reaction medium had to be changed to dioxane for further 

obtained the highest yield, which amounted to 93% of IMes∙HSO4. 

 

Scheme 13. Synthesis of IPr∙HSO4 (23) from IPr-DAD and p-CH2O. 
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The same synthesis protocol could not be transferred to the synthesis of the target bifunctional 

salt IPr∙HOPiv. Alternatively, we envisaged a salt metathesis, starting with IPr∙HCl. Stirring of 

the latter with equimolar amounts of KOPiv in acetone afforded IPr∙HOPiv (24) in 94% yield 

(scheme 14). KCl is rather insoluble in the involved solvent and could easily be removed by 

filtration. The pivalate salt (25) of the sterically less hindered IMesH cation was obtained in 

analogy to IPr∙HOPiv in 59% yield.  

 

Scheme 14. Synthesis of imidazolium pivalates 24 and 25 by salt metathesis. 

The 1H-NMR spectrum of 24 in [D6]-acetone displayed a signal at δH 11.78 for H-2 of the 

imidazolium unit that disappeared over time. A similar event had been reported by Magnier et 

al. for the salt IPr∙HF.[40] They interpreted the disappearance of the C2-proton as being caused 

by the presence of a hydrogen bond between H-2 of the imidazolium cation and the fluoride 

anion. In our opinion, H/D-exchange with deuterated solvent is a much more reasonable 

explanation for the loss of this signal. A saturated solution of IPr∙HOPiv (24) in [D6]-acetone 

was analyzed on a Bruker AVHD-500cr spectrometer with a cryogenic probe for sensitive 13C-

NMR experiments. In the 1H-NMR spectrum, a small signal (area = 0.18) for H-2 was detected. 

The 13C-NMR spectrum displayed a triplet (δ 142.7) for the C–D signal at C-2, confirming our 

hypothesis. Dilution of the sample solution with conventional acetone ([D6]-acetone–[H6]-

acetone 3:1) led to the reappearance of H-2 (δ 11.47, area = 0.67). A solution of 24 in 

[D6]-dimethylsulfoxide gave rise to a spectrum that showed all the expected signals. No H/D 

exchange with the deuterated solvent was observed. NMR analysis in CDCl3 revealed a 

diminished signal for H-2 (δ 9.39, area = 0.70). The residual water signal of the deuterated 

solvent was shifted remarkably downfield (δ 4.63) as the result of hydrogen-bonding to the 

pivalate anion. Whereas a solution of IMes∙HOPiv (25) in [D6]-acetone showed minor 

impurities in the 1H-NMR spectrum, the [D6]-dimethylsulfoxide solution afforded a pure 

spectrum. Possibly, the lower steric shielding allows an easier deprotonation of H-2 by pivalate, 

leading to the decomposition of the free carbene in air.[4d] Since the basicity of pivalate increases 

in dimethylsulfoxide, the pure spectrum in the latter solvent speaks against the assumption of a 

free carbene in solution. It is likely that IMes∙HOPiv could have reacted with acetone as 

electrophile. 
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To gain further insight in the spectral properties of the salts with regard to H-2, a range of 

imidazolium salts with more or less coordinating counterions was synthesized. The latter were 

all synthesized via salt metathesis from IPr∙HCl in either acetone or water, affording the desired 

products in near quantitative yields (figure 11). 

 

Figure 11. Synthesized imidazolium salts with different anions. ArF = 3,5-bis(trifluoromethyl)phenyl. 

Solely, the attempted isolation of a perchlorate salt failed due to a minor solubility of potassium 

perchlorate in acetone, which disabled a complete ion exchange. The latter salt might be 

obtained according to a procedure by Yi et al.[41] from IPr∙HCl and AgClO4 with precipitation 

of AgCl. However, on the account of the explosive nature of perchlorates[42] in general, the 

synthesis of this particular imidazolium salt was not conducted. 

An attempt to prepare a bicarbonate salt from IPr∙HSO4 and KHCO3 failed due to similar 

solubility properties. The groups of Taton and Vignolle have presented the synthesis of several 

imidazolium bicarbonate salts.[43] Depending on the solvent used, such salts are in equilibrium 

with their corresponding imidazolium carboxylate zwitterions. Following the original 

procedure for IMes- and iPr- based salts by stirring IPr∙HCl with KHCO3 in dry methanol, the 

desired bicarbonate was obtained in 74% yield (scheme 15). 

 

Scheme 15. Synthesis of imidazolium bicarbonate 30 from IPr∙HCl following a procedure by Taton and Vignolle 

et al.[43]. 

In [D6]-acetone, the salt shows broad signals in the 1H-NMR spectrum that can be assigned to 

at least two species.5 This behaviour led us to exclude IPr∙HCO3 (30) from the comparison of 

H-2 proton shifts (figure 12). However, only one species is observed in a solution of 30 in [D4]-

methanol; both -N-CH=N+- and HCO3
–
 protons are not detected in the 1H-NMR spectrum. The 

 

5 Partial decomposition may not be excluded. 
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former one (-N-CH=N+-) exchanges rapidly with the deuterated solvent on the NMR time scale. 

Due to fast equilibrium of HCO3
–
/CO2

–
,[44] a single signal appears for the counterion in the 13C-

NMR spectrum (δC 161.4) and none in the 1H-NMR spectrum. Imidazolium protons displayed 

as either broad singlet (δC 140.5, -N-CH=N+-) or triplet (δC  127.1 (t, 2JC,D = 15.3 Hz), NCDCH) 

as a result of H/D exchange.  

For better comparison, equimolar amounts of salt were dissolved in [D6]-acetone (see 7.2.3.1, 

general procedure 3.2, for detailed procedure). Due to low solubility, a saturated solution of 

tetrachloropalladate 18 was submitted to NMR analysis. The shift of H-2 allows to conclude on 

the coordinating properties of the salts. A cut-out of the relevant chemical shift is shown on the 

next page (figure 12).  

 

Figure 12. Cut-out of the stacked 1H-NMR spectra of the H-2 region of different imidazolium salts in [D6]-acetone, 

according to GP 3.2 (see 7.2.3.1). ArF = 3,5-bis(trifluoromethyl)phenyl. 

Among the anions, halides (chloride, iodide) are known for strong hydrogen bonding to 

polarized C–H donors with bond distances increasing on going from fluoride to iodide.[45] High 

charge density at the anion accords the tetrachloropalladate the behaviour of a hydrogen 

bonding anion, just as chloride or iodide. Judging from our findings concerning the ease of 
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crystallization, slow dissociation of [PdCl4]
2– to [Pd2Cl6]

2– and chloride salt (IPr∙HCl) is 

imaginable. Non-nucleophilic ions (PF6
– , BF4

–, B(ArF)  )4
–  as well as almost dissociated (HSO4

–
) 

ones manifest a significant upfield shift owing to low interaction with the cation. The 

hexachlorodipalladate salt 16, (IPrH)2[Pd2Cl6], shows no coordinative properties, similar to 

PF6
–. In the case of pivalate, H/D exchanges with the deuterated solvent and completely omits 

the H-2 in [D6]-acetone. Over time (one week) the solution darkened, indicating slow 

decomposition of the salt. In the carbon NMR, a triplet with very low intensity associated to 

the C2-carbon in the form of D–C is perceived. 

3.2.3 Merging of metal precursor and CMD additive 

Among difunctional CCP’s, our focus lay on the synthesis of Pd(OPiv)2 starting from PdCl2, 

which combines metal precursor and CMD additive in one defined compound. For this purpose, 

we were interested in synthesizing silver carboxylates as synthetic carboxylate metathesis 

reagents. Besides halide abstraction, combination of Ag(OAc) with Pd(OAc)2 exhibits 

enhanced reactivity allowing C(sp2)–C(sp3)[46], CAr–N or CAr–O coupling reactions.[47] 

Ag(OAc) is either added as solid or formed in situ[48] from a silver salt and acetic acid. These 

transformations often profit from a directing group, e.g. amide, carboxylate or others, 

facilitating regioselective functionalization.[46b,48c,49] Authors refer to heterodimeric Pd(II)–

Ag(I) species stabilized by chelating ligands and intermetallic Pd–Ag interaction being 

involved, lowering the activation transition state.[50] Conventional synthesis methods of silver 

acetate start from silver nitrate[51] or silver oxide[52] in water or the acid itself. We sought for a 

non-aqueous method involving minor excess of acid. Bright yellow silver carbonate is insoluble 

in cold toluene, still assuring mixing of all components.[42] Addition of acetic acid (3.0 eq.) 

slowly whitens the present solid, indicating the formation of Ag(OAc) (31). Small bubbles 

occurring from CO2 via protonation of the carbonate anion were perceived. Simple filtration 

followed by washing with diethylether affords silver acetate in 97% yield (scheme 16). 

 

Scheme 16. Synthesis of silver acetate (31) from Ag2CO3 and acetic acid in toluene. 

An even more relevant target for our work was silver pivalate, whose carboxylate unit exerts a 

powerful CMD effect. The latter was prepared during my master thesis[1] according to a 

procedure by Molloy et al.[53] starting from pivalic acid and silver nitrate in aqueous ammonia 

(scheme 17). Silver pivalate was isolated in 71% yield and stored under exclusion of light. 
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Scheme 17. Synthesis of AgOPiv according to a procedure by Molloy and coworkers.[53] 

Compared to the acetate, palladium pivalate represents a metal precursor that also includes a 

strong CMD additive. Following a literature procedure[54], a large excess (>10 eq.) of pivalic 

acid was added to a solution of Pd(OAc)2 in toluene to displace the acetate anion. Azeotropic 

distillation removes acetic acid and further shifts the reaction equilibrium to the desired product, 

removing any trace of acetate present. The surplus of pivalic acid can be removed via distillation 

under reduced pressure at elevated temperature. Due to this rather sumptuous approach, we 

envisaged a milder procedure at room temperature involving extraction of the product from an 

aqueous phase. Dissolution of PdCl2 in water was achieved by the addition of KCl, generating 

K2[PdCl4] in solution.[55] A prior ion-exchange with sodium pivalate led to the precipitation of 

a brownish solid. Given the solubility of Pd(OPiv)2 in diethylether, the latter was chosen as 

extracting solvent. Elemental analysis (C, H, N) of isolated material revealed a reduced carbon 

content (0.9%). While KCl is insoluble in ethylether, the ethereal solution might still contain 

small impurities of residual chloride ions. In that case, silver precipitation was foreseen for 

assuring full removal. The amount of silver pivalate employed was not optimized, since the 

exact chloride impurity was not quantified. Even though highest precautions were undertaken 

to prevent dragging of any water in the extraction step, minor amounts of water present in the 

ether phase cannot be excluded. Drying agents like Na2SO4, MgSO4 or K2CO3 would risk 

introducing contamination with the listed anions. Therefore, purification including drying of 

the extract was achieved by simple filtration over a small plug of silica gel. Elemental analysis 

(C, H, N) of the isolated orange crystals revealed the successful synthesis of Pd(OPiv)2 (32) in 

excellent purity, albeit in moderate yield (scheme 18). 

 

Scheme 18. Synthesis of Pd(OPiv)2 (32) from PdCl2 via ion-exchange with NaOPiv and AgOPiv. 
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3.3 A trifunctional NHC-Pd-pivalate precursor – cheered too soon? 

The degree of functionality of our CCP’s (IPrH)2[Pd2Cl6] or (IPrH)2[PdCl4] is still expandable. 

Within our current project, our method of choice to introduce additional functionality into 

CCP’s was to replace function-free halide ligands by CMD-active carboxylates. During my 

master thesis,[1] the reaction of (IPrH)2[Pd2Cl6] (16) with sodium pivalate led to a new 

precatalyst complex which includes three functional components, namely a metal cation, a 

mesoionic NHC ligand, and coordinated pivalate as CMD-additive (scheme 19). The research 

literature describes the synthesis of a range of mesoionic carbene complexes and their 

application in catalysis.[56] The evaluation of complex 33 in C–H arylation catalysis will be 

presented in sub-chapter 3.4. 

 

Scheme 19. Ion-exchange reaction of (IPrH)2[Pd2Cl6] (16) with NaOPiv yielding the mesoionic carbene 

precatalyst 33, (mIPr)2Pd2Cl2(µ-OPiv)2. 

Suitable single crystals of 33 for X-ray analysis were grown by slow evaporation of a saturated 

solution of the precursor in dichloromethane (figure 13). Crystal data as well as collected data 

for structure refinement is summarized in the appendix (8.3, table 59f.). Two pivalate anions 

bridge both Pd atoms, each being coordinated in a square planar fashion by the latter, a chloride 

ion, and a mesoionic, anionic heteroaryl. The metal atoms are separated by 3.02(1) Å. Pd–O 

bond lengths range from 2.04(1)-2.08(9) Å longer than those reported for the palladium pivalate 

trimer[54] (1.98(0) Å). Carboxylate-bridged palladium complexes with phosphine[57] and NHC 

ligands[58] feature significantly longer Pd–O bonds (2.17-2.19 Å), probably occurring from 

stronger trans-effects. Non-bridging carboxylate anions following η1-coordination are slightly 

more distanced from the palladium centers (2.22(6) Å).[59] Chloride anions fill empty spaces of 

square planar coordination around the Pd centers. The Pd–Cl bond distance is identical for both 

Pd atoms (2.27(7) Å), similar to terminal chloride ions of (IPrH)2[Pd2Cl6]. The mesoionic 

(anionic) NHC ligand is bound via its backbone to the Pd centers (1.94(4) Å), a comparable 

Pd–C2 bond distance present in reported IPr-PEPPSI[12a] (1.96(9) Å). Interestingly, Nolan and 

coworkers synthesized a palladium complex containing normal and unusual/mesoionic carbene 

at the same time.[60] In Nolan’s complex, both ligands exhibit somewhat longer Pd–C2 bond 
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lengths than our complex 33: 2.01(9) Å for normal NHC ligand, 2.02(1) Å for mesoionic one, 

owing to minor steric crowding.  

 

Figure 13. X-ray structure of the mesoionic carbene complex 33. Two dichloromethane molecules crystallized 

with the complex but are omitted for sake of clarity. Ellipsoids are shown at 50% probability level. Hydrogen 

atoms are omitted. Carbon atoms are depicted in grey, nitrogen atoms in blue, chlorine atoms in green, oxygen 

atoms in red and palladium atoms in yellow. One pivalate group is slightly disordered. 

Reducing the sodium pivalate equivalents (2.0, 3.0, or 4.0) in the synthesis of 33 yielded a 

mesoionic complex of the type (mIPr)PdCl2 or the related dimer, whose crystallization was 

rather difficult. Further investigation of the synthesis or isolation of the latter compound was 

not carried out, given that it does not display a higher level of functionality. Conversion of 

(IPrH2)[PdCl4] (18) with NaOPiv under identical conditions afforded traces of the mesoionic 

carbene complex 33, probably because the reduced solubility of the tetrachloropalladate in 

acetone prevented an efficient exchange reaction.  

In an alternative approach towards obtaining a trifunctional CCP, the synthesis of a 

stoichiometrically well-defined salt of the type (IPrH)2[Pdx(OPiv)3x] (x = 1 or 2) was attempted 

(scheme 20), similar to the assembly of PdCl2 and IPr∙HCl to (IPrH)2[Pd2Cl6]. Stirring of 

Pd(OPiv)2 with IPr∙HOPiv in different solvents (acetone, dichloromethane, DMSO) did not 

yield any desired compound. According to 1H-NMR analysis, complex 33 was formed in low 

amounts independent of the solvent involved. This was unexpected, since none of the reaction 

components (except dichloromethane) contains chlorine. However, traces of chloride might 
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have been introduced as contamination of either Pd(OPiv)2 or IPr∙HOPiv from prior synthesis,6 

allowing the generation of 33. 

 

Scheme 20. Attempted assembly of Pd(OPiv)2 and IPr∙HOPiv; x = 1 or 2 depending of either 1.0 or 2.0 eq. of 

IPr∙HOPiv added. Solvent: acetone, dichloromethane or DMSO. 

Further signals at very low intensity were detected in the recorded NMR spectra of the reaction 

mixtures. Several crude products of the attempted assembly of Pd(OPiv)2 and IPr∙HOPiv 

(scheme 20) were collected and subjected to crystallizations in a broad set of solvent mixtures. 

Slow evaporation of acetone from a solution of the latter afforded one tiny crystal. Luckily 

enough, the crystal was suitable for X-ray analysis revealing its structure: (IPr)PdCl(η2-OPiv) 

(figure 14). Crystal data, as well as collected data for structure refinement are summarized in 

the appendix (see 8.3, table 79f.).  

 

Figure 14. X-ray structure of (IPr)PdCl(η2-OPiv). Ellipsoids are shown at 50% probability level. Hydrogen atoms 

are omitted. Carbon atom are depicted in grey, nitrogen atoms in blue, chlorine atom in green, oxygen atoms ins 

red and palladium atoms in yellow. 

The complex unifies three elements of functionality, a carbene ligand, Pd metal center and a 

CMD-additive. Together with a residual non-functional chloride ion the three components 

arrange in a square-planar fashion around the Pd center. The pivalate coordinates the metal via 

both oxygen atoms. Whereas the Pd–C1 bond length is slightly shorter (1.93(4) Å) than those 

reported for IPr-PEPPSI[12a] (1.96(9) Å) or the mesoionic complex (1.94(4) Å), Pd–O distances 

(2.06(4)-2.15(4) Å) are elongated compared to the latter. Palladium and chlorine atoms are 

separated by 2.26(9) Å within the range of terminally[61] bound ones. While most angles vary 

 

6 Note: employed Pd(OPiv)2 was synthesized via a different salt metathesis than the one reported under 3.2.3. 

Elemental analysis of the incorporated Pd salt showed less satisfactory percentage of carbon and hydrogen. 
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from 87-107°, palladium and oxygen atoms span an acute angle of 62°, owing to structural 

constitution of the pivalate anion. 

Since the synthesis of a salt type trifunctional CCP failed, following experiments were based 

on ligand exchange reactions bound directly to Pd-carbene complexes. Our focus primarily lay 

on chloride containing precursors, dimeric [(IPr)Pd(µ-Cl)Cl]2 or monomeric (IPr)2PdCl2. First 

reported by the group of Nolan[62], the chlorine bridged Pd complex was prepared following a 

two-step procedure (scheme 21). Two precursors were necessary for the reported complex: a) 

free carbene ligand (IPr) accessible via deprotonation of IPr∙HCl with KOtBu[63], b) 

PdCl2(PhCN)2 (34) synthesized by boiling of PdCl2 in benzonitrile[64]. The multi-step synthesis 

and purification of the latter proved rather sumptuous, yielding the dimer 35 in 35% yield. 

Crystallization was often accompanied with the precipitation of a dark brown solid. Besides, 

non-neglectable amounts of THF co-crystallized, which could not be removed. 

 

Scheme 21. Two-step synthesis of [(IPr)Pd(µ-Cl)Cl]2 (35) starting from PdCl2. Following a procedure by Nolan 

et al.[63], the free carbene ligand employed in the second step was prepared in 88% yield. 

Only one year after Nolan, the group of Sigman published a more convenient method for the 

preparation of [(IPr)Pd(µ-Cl)Cl].[65] Even though it involves a three-step procedure, every 

precursor was easily isolated in near quantitative yield (scheme 22). According to a procedure 

of Nolan et al.[66], we first prepared the allyl dimer 36 in 96% yield by adding allyl chloride to 

an aqueous solution of K2[PdCl4]. In situ generation of the IPr carbene allowed the reaction 

with [Pd(allyl)Cl]2, affording the Pd(allyl)Cl-carbene complex 37 in 98% yield after flash 

column chromatography. Stirring of complex 37 with ethereal HCl produces propene via 

protonolysis, yielding the corresponding dimer 35 in 92%. 

 

Scheme 22. Two-step synthesis of Pd-dimer 35 following a procedure by the group of Sigman.[65] Allyl dimer 36 

was prepared prior according to Nolan et al.[66] in 96% yield. a) An ethereal solution of HCl (1 M) was used.  

In both cases, the synthesis of the chlorine bridged carbene complex 35 required a detour over 

several catalyst precursors. We were wondering if a direct synthesis from PdCl2 would be 
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possible. Unlike the expected bright orange dimer, the reaction of PdCl2 with IPr∙HCl yielded 

a yellow solid. Spectroscopic analysis revealed the formation of a well-known Pd complex 

reported by the group of Fagnou[67]: (IPr)2PdCl2 (38). Holding this knowledge, we adapted the 

equivalents of imidazolium salt to the stoichiometry of the reaction, obtaining 83% of complex 

38. In contrast, (IPrH)2[Pd2Cl6] could not be converted to either (IPr)2PdCl2 nor 

[(IPr)Pd(µ-Cl)Cl] by boiling in the presence of excess K2CO3. 

 

Scheme 23. Synthesis of the well-known Pd complex 38; purification by flash column chromatography simplifies 

its isolation. Fagnou and coworkers isolated the complex in 51% yield by refluxing a suspension of PdCl2, IPr∙HCl, 

and Cs2CO3 in THF overnight.[67] 

To introduce more functionality into the presented NHC–Pd–Cl complexes, they were 

subjected to different pivalate sources: PivOH, AgOPiv, and/or NaOPiv. Reaction of the 

monomeric biscarbene complex (IPr)2PdCl2 with AgOPiv only gave recovered starting material 

(scheme 24). We suggest that the steric crowding around Pd (2 carbene ligands) block pivalate 

from approaching the metal center. Hence, further studies concerning (IPr)2PdCl2 were 

dropped. 

 

Scheme 24. The halide abstraction with AgOPiv proved unreactive. x = 0 or 1.  

However, the dimeric 1:1 complex, [(IPr)Pd(µ-Cl)Cl]2, reacted even with NaOPiv. Addition of 

either 2.1 or 4.2 equivalents of the reactant to a solution of the complex in acetone did not affect 

the outcome of the reaction, yielding an approximately 1:2 mixture of educt and a new species. 

While the starting material shows rather broad signals in the 1H-NMR spectrum, sharp peaks 

of a species with a ligand to pivalate ratio of 1:1 resulted, and the assumption was that 

(IPr)Pd(OPiv)Cl was formed (figure 15). Extensive crystallization attempts of the mixture only 

yielded block-shaped crystals of [(IPr)Pd(µ-Cl)Cl], instead. 
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Figure 15. Stacked 1H-NMR spectra of [(IPr)Pd(µ-Cl)Cl]2 (top) and after reaction with NaOPiv (4.2 eq., bottom) 

in CDCl3. New signals corresponding to (IPr)Pd(OPiv)Cl are marked with ♦. ac = acetone. 

The allyl-type carbene complex (IPr)Pd(allyl)Cl features two reactive sites of interest: a) the 

allyl ligand, which may be removed via protonolysis, as in the synthesis of the dichloro 

dimer[65], b) an anionic chloride ligand, which can be activated by halide abstraction. The 

reaction of (IPr)Pd(allyl)Cl with stoichiometric amounts of pivalic acid in Et2O or toluene did 

not proceed, even at elevated temperatures (90 °C) in toluene or with excess of acid (5.0 eq.), 

much likely due to steric hindrance. Although the complex remained untouched when stirred 

with NaOPiv, the addition of AgOPiv to a solution of (IPr)Pd(allyl)Cl in THF led to complete 

consumption of the starting material as indicated by TLC. Spectral analysis of the crude product 

confirmed the conversion of 37. Several complex species, whose signals could not be 

completely separated in the 1H-NMR, were detected. Crystallization7 resulted in the isolation 

of (IPr)Pd(allyl)(η1-OPiv) (39) along with minor impurities from derived (non-identifiable) 

complexes in 23% yield. Storing of the mother liquor in the freezer (–25 °C) for several days 

led to the precipitation of copious amounts of grey or black solid, caused by the decomposition 

 

7 The isolated material was not suitable for X-ray diffraction. Its appearance consisted more of a powder. 
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of Pd-complexes or of residual Ag-salts. The negative outcome of these reactions led us to 

abandon further transformations of complex 37. 

 

Scheme 25. Complex 37 was subjected to three different conditions, affording two different, identified products 

in at best moderate yield. The addition of AgOPiv afforded minor amounts of (IPr)Pd(allyl)(η1-OPiv) (39). 

Taking also phosphine-type complexes into consideration, the reactivity of PdCl2(PCy3)2 was 

exemplarily investigated.8 Neither ion-exchange with NaOPiv nor halide abstraction with 

AgOPiv proved successful. Poor solubility of PdCl2(PCy3)2 might have been the reason for 

failure. A direct conclusion from 1H-NMR was not possible due to overlapping of the 

cyclohexyl signals. Even though the complex was nearly quantitatively converted with the 

silver salt, 31P-NMR analysis revealed a wild mixture of phosphines, including phosphine 

oxides. Two broad signals (δ 38.6, 44.0) accounting nearly to 60%9 of present species especially 

caught our eyes. We suppose that Pd0(PCy3)x (x = 1-4) cannot be ruled out as in the case of 

Pd0(PPh3)4 generation reported by Kollár and coworkers[68]. Reduction of PdII to Pd0 might have 

been induced by partial oxidation of PCy3. A similar event has been reported by M’Barki et 

al.[69] citing the formation of zerovalent palladium from Pd(OAc)2 and triphenylphosphine. 

 

Scheme 26. The ion-exchange reaction of chloride to pivalate failed along two paths. x = 0 or 1. 

 

8 The Pd precursor was synthesized prior during my master thesis. 

9 Determined by integration of all signals and setting the total area to 100. 
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3.4 Multifunctional CCP’s in catalysis 

To underline the practicability of our CCP’s, we sought for promising applications. Suzuki[70] 

coupling of aryl (pseudo)-halides with a range of boronic acids turned out to rely on either 

NHC[71] or phosphine[72] bearing Pd catalysts. Related nickel-catalyzed[73] coupling reactions 

are also reported but were not in the focus of our interest. We wanted to challenge our IPrH-

hexachlorodipalladate precursor 16 by performing the coupling of p-chloroanisole (40) and 

para-tolyl boronic acid at room temperature and low catalyst loading (0.5 mol%, 1.0 mol% 

with respect to Pd). Higher reaction temperatures or varied conditions were not envisaged. 

Depending on the catalyst used in literature, the desired product 41 has been obtained in yields 

ranging from <5% to >90%.[71a] While the latter experiments were performed in alcohol, we 

tested three solvents of different polarity: toluene, dioxane and 2-propanol. Spectral analysis of 

crude reaction mixtures revealed comparable results (60-68%) in all media (table 11). The low 

recovery can be explained by partial loss of p-chloroanisole at the rotary evaporator. The 

characteristic smell of this material was recognized in all cases when removing the flask after 

solvent evaporation. 

Table 11. Coupling of p-chloroanisole (40) with p-tolyl boronic acid.a pTol = p-tolyl. 

 

entry solvent ArCl [%] yield [%] recovery [%] 

1 PhMe  25 63 88 

2 dioxane 31 60 91 

3 2-PrOH 24 68 92 
aReactions performed with 1 mmol of 4-chloroanisole in the indicated solvent 

(1 mL) according to GP 3.3 (see 7.2.3.1); spectral yield according to 1H-NMR with 

internal standard, given in mol%. 

Buchwald and coworkers have described the use of monodentate phosphine ligands (DavePhos, 

JohnPhos, CyJohnPhos,...) in the α-arylation of ketones as being indispensable.[74] Since, NHC-

bearing multifunctional precursor complexes have also proven to be successful in this 

transformation as reported by the groups of Nolan[75] and Shi[76]. Whereas Stradiotto et al.[77] 

investigated the α-arylation of acetone with aryl halides and tosylates, employing Mor-DalPhos 

(phosphine ligand), the group of Ackermann[78] coupled acetone with imidazolyl sulfonates 

using a XantPhos/Pd(OAc)2 catalyst system (diphosphine). To prove the efficiency of our 
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multifunctional catalyst precursor complexes, we chose the α-arylation of 3-pentanone with p-

Cl-anisole as model reaction as described by Lu and coworkers (table 12).[79]  

Table 12. α-Arylation of 3-pentanone.a disubst. = disubstituted; Im = imidazole. 

 

entry precatalyst [mol%] additive [mol%] educt [%] monosubst. [%] disubst. [%] Σ[%] 

1 (IPrH)2[Pd2Cl6] (0.5) - <1 80 (80) 8 89 

2 (IPrH)2[PdCl4] (1.0) - 0 81 9 90 

3 IPr-PEPPSI (1.0) - 0 81 8 89 

4b (IPr)PdCl2(Me-Im) - - 86 - - 

5c (IPrH)2[Pd2Cl6] (0.5) - 65 28 1 94 

6 (IMesH)2[Pd2Cl6] (0.5) - 88 5 <1 94 

7 (IMesH)2[PdCl4] (1.0) - 87 2 <1 90 

8 Pd(OAc)2 (1.0) IPr∙HSO4 (2.0) 67/48 31/55c 0/2c 98/95c 

9 Pd(OAc)2 (1.0) IPr∙HOPiv (2.0) 54/48 40/48c <2/2c 96/98c 

10e (IPrH)2[Pd2Cl6] (0.5) - <1 40 38 79 
aReactions performed with 1.00 mmol of 4-chloroanisole in toluene (1 mL) according to GP 3.4 (see 7.2.3.1). 

Spectral yield according to 1H-NMR against internal standard, given in mol%. Isolated yields after flash column 

chromatography (EtOAc-hexanes 1:50) in brackets. bResults reported by Lu et al.[79] cReaction was stirred for 

16 h at r.t. dSpectral yield after 24 h. e700 µmol of 3-pentanone were reacted with 2.1 eq. of 4-chloroanisole in 

toluene (1 mL). 

The catalyst loading was kept at 1 mol% with respect to Pd for better comparison. The IPrH-

hexachlorodipalladate (16) showed similar reactivity as the tetrachloropalladate 18, IPr-PEPPSI 

and (IPr)PdCl2(Me-Im), the complex originally used by Lu et al.[79] (entries 1-4). Reduction of 

the temperature significantly reduced the conversion (entry 5). Application of IMesH-based 

chloropalladates (17, 19) did not induce activity even after 24 hours (entries 6-7). The 

combination of Pd(OAc)2 with an imidazolium salt (IPr∙HSO4 (23), IPr∙HOPiv (24)) seemed 

unsatisfactory, even after 24 hours (entries 8 and 9). While increasing the equivalents of 

chloroanisole employed in the reaction, the group of Lu also described the successful 

diarylation of ketones. Despite our efforts, the precatalyst (IPrH)2[Pd2Cl6] (16) only afforded 

near identical amounts of mono- or disubstituted ketone with two equivalents of electrophile 

(entry 10). Recovery losses are owed to the similar boiling point of 3-pentanone 

(100-101 °C)[80] compared to toluene (109-111 °C)[81], allowing for azeotropic removal of the 

ketone. In addition to the signals of both coupling products, 4-chloroanisole (14%)10 and its 

 

10 Percentage calculated on the amount of 4-chloroanisole involved. 
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homocoupling product (16%)10 can be detected. We may conclude that our difunctional CCP’s 

exhibited great activity in Heck-type coupling compared to previously established catalyst 

systems. 

In palladium-type cross-coupling chemistry, there seem to be few examples where IMesH-

based catalysts are forcedly the best ones among those reported.[82] An IMes-carbene containing 

palladacycle, IMes-Pd(dmba)Cl described by the group of Ying efficiently enabled Heck 

coupling of a range of challenging substrates.[82c] To test the suitability of our chloropalladates 

17 and 19 as catalyst precursors, we envisaged the Heck coupling of two hindered aryl bromides 

with tert-butyl acrylate: mesityl- and isityl bromide (table 52). 

Table 13. Heck coupling of sterically hindered aryl bromides with tert-butylacrylate.a dmba = N,N-

dimethylbenzylamine. 

 

entry substrate precatalyst [mol%] ArBr [%] ArH [%] yield [%] Σ [%] 

1 

 

(IMesH)2[Pd2Cl6] (1.0) 84 2 11 95 

2 (IMesH)2[PdCl4] (2.0) 85 2 11 96 

3b 

 

IMes-Pd(dmba)Cl (2.0) - - 72/44c - 

4 (IMesH)2[Pd2Cl6] (1.0) 79 5 17 101 

5 (IPrH)2[Pd2Cl6] (1.0) 76 3 21 100 

6 (IMesH)2[PdCl4] (2.0) 65 5 32 102 

7 (IPrH)2[PdCl4] (2.0) 60 3 38 101 
aReactions performed with 1.00 mmol of aryl bromide in NMP (400 µL) according to GP 3.5 (see 

7.2.3.1). Spectral yield according to 1H-NMR against internal standard, given in mol%. bResults 

reported by Ying et al.[82c] cReaction performed in air. 

Both IMesH-precatalysts showed virtually identical results for the mesityl substrate (entries 1 

and 2). The product was accompanied by minor amounts of reduced aryl halide (2%). 

Employing their IMes-Pd(dmba)Cl precatalyst, Lu et al. were able to convert the sterically more 

hindered isityl to the desired product in 72% yield (entry 3). The identical reaction in air 

afforded 44% of target material. Interestingly, our CCP’s showed slightly better conversions of 

the sterically more hindered isityl compared to mesityl (entries 4-7). Regardless of the ligand´s 

nature (IMesH or IPrH), similar results were obtained. In direct comparison of tetra- and 

hexachloropalladates, an imidazolium ligand to metal ratio of 2:1 was preferred (entries 4 and 

6, or entries 5 and 7). Supposedly, poor conversions are due to the alkene coupling partner being 

rather sensitive towards polymerization and decomposition or reduced catalyst activities. 
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As pivalate appeared to have only a minor impact in the α-arylation of 3-pentanone, we sought 

for a more suitable reaction to highlight the CMD-effect. The group of Peris reported the 

synthesis of three Pd-NHC-pyridine complexes which were applied in a tandem 

Sonogashira/hydroalkoxylation reaction yielding benzofurans.[83] The reaction of 2-

bromobenzyl alcohol (42) with phenylacetylene in combination with Pd(OAc)2 and one of our 

imidazolium salts (IPr∙HSO4 or IPr∙HOPiv) afforded the desired benzofuran (44) in 90-93% 

spectral yield (scheme 27). Both of our NHC precursors proved superior to the complexes 

reported by Peris et al.[83] who obtained 44 in 43-77% yield starting from 42.11 The CMD-effect 

of IPr∙HOPiv will be demonstrated by monitoring the reaction progression. 

 

Scheme 27. Tandem Sonogashira/hydroalkoxylation reaction of 2-bromobenzyl alcohol (42) with phenylacetylene 

to benzofuran 44. X = SO4 or OPiv. 

To further underline the CMD-effect, we performed a kinetic study of the above model reaction 

employing our imidazolium salts. The reaction progress curves are plotted in figure 16 (see 

7.2.3.1, general procedure 3.6, for further details). After 70 minutes, almost 60% of starting 

material was converted when using IPr∙HOPiv. The hydroalkoxylation is independent of the 

anion X in IPr∙HX, showing a linear trend. We might assume that no metal is involved in this 

step of the model reaction, but no investigations proving this assumption were conducted. 

However, the initial Sonogashira coupling profits from the CMD-effect evocated by the pivalate 

anion, which accelerates the reaction by 30% and causes a building of intermediate 43.  

 

11 Peris et al. used Cs2CO3 (3.0 eq.) as base. 
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Figure 16. Kinetic study of the tandem Sonogashira/hydroalkoxylation reaction of 42 to 44. Amount of substance 

(n) plotted against time (min). Green: amount of alkyne 43 using IPr∙HOPiv; red: amount of alkyne 43 using 

IPr∙HSO4; blue: amount of benzofuran 44 using IPr∙HOPiv; orange: amount of benzofuran 44 using IPr∙HSO4. 

A CMD-additive dependent reaction that displayed a pronounced additive effect is the arylation 

of caffeine as described by the group of You.[20a] This turned out to be an ideal model reaction 

for our purpose.12 We analyzed the reaction progress during the first six hours by HPLC, 

allowing us to plot reaction progress for the arylation (figure 17). Reaction temperatures were 

reduced to 100 °C down from 120 °C in the original work for better comparison. To exclude 

any CMD-influence derived from the Pd precatalyst, we chose PdCl2(MeCN)2 as precursor in 

combination with different additives. Leaving carboxylate anions completely out of the reaction 

system effectively shuts down the reaction, showing less than 2% conversion (orange curve). 

Addition of pivalic acid remarkably extremely increased the catalyst’s activity and led to 

quantitative conversion after six hours (red curve). In comparison, the combination of 

PdCl2(MeCN)2 with IPr∙HOPiv showed satisfactory results, but at a lower rate (purple curve). 

The mesoionic carbene complex 35 showed initial activity, but the reaction seemed to stagnate 

after four hours (green curve). The lower pivalate content in this precursor (Pd–OPiv 1:1)is 

likely responsible for reduced catalyst activity. Oxidative addition as well as subsequent 

β-elimination were probably impeded by the NHC-Pd-catalyst’s relatively inert structure. 

Doubling of the catalyst loading resulted in a 1.7 times higher conversion of caffeine (blue 

curve). Enhanced catalyst decomposition due to the high amount of palladium involved is 

 

12 The applications described in this paragraph were already performed during my master thesis. 
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likely. For the previous two cases, a complete consumption of caffeine was not achieved after 

20 hours, yielding 42% of phenylcaffeine for 2.5 mol%, and 65% for 5.0 mol%, respectively. 

       

 

Figure 17. C–H arylation (%) plotted against time (h). Reactions performed with 1.5 mmol of caffeine according 

to general procedure 3.7 (see 7.2.3.1). Orange: PdCl2(MeCN)2 (5.0 mol%); green: (mIPr)2Pd2Cl2(µ-OPiv)2 

(2.5 mol%); blue: (mIPr)2Pd2Cl2(µ-OPiv)2 (5.0 mol%); purple: PdCl2(MeCN)2 (5.0 mol%), IPr∙HOPiv 

(10.0 mol%); red: PdCl2(MeCN)2 (5.0 mol%), PivOH (10.0 mol%) 

3.5 Conclusion and outlook 

Imidazolium chloropalladates containing stoichiometrically well-defined ratios of anion to 

cation have efficiently been prepared. Tetrachloropalladates tend to eliminate IPr∙HCl and 

generate hexachlorodipalladates during crystallization. The structure of the latter salt has been 

confirmed by X-ray analysis. Depending on the charge density on the anion, a more or less 

pronounced hydrogen bonding behavior of the anion towards the imidazolium H-C(2) bond has 

been demonstrated by comparison of 1H-NMR shift data with that in some common salts 

(halide, BF4, PF6, BArF). (IPrH)2[Pd2Cl6] (16) was readily converted to the established IPr-

PEPPSI precatalyst (22) introduced by Organ et al.[12] in what constitutes a practical new 

synthesis of this material. The salts IPr∙HOPiv (24) and IMes∙HOPiv (25) were designed as 

difunctional additives for catalysis development, which serve both as ligand precursor and as 
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source of CMD-activity. While the IMesH-based salt IMes∙HOPiv (25) was inherently unstable, 

IPr∙HOPiv (24) was isolated in near quantitative yield. The ambient temperature synthesis of 

Pd(OPiv)2 (32) from PdCl2 was studied, since this (known) precatalyst is another example for 

a bifunctional catalyst precursor. A new preparative route to the salt was developed, but while 

it provided the desired product, it currently suffers from low yield and the unclear state of 

chloride contamination in the product. Either synthetic or work-up procedures should be varied 

by substituting extracting solvents and/or purification methods to improve the overall yield. 

The introduction of a third component of functionality into our precatalysts with the aim to 

synthesize a complex incorporating imidazolium cation as ligand precursor, a palladate as metal 

precursor, and a pivalate anion as CMD-additive was partly successful, except that palladium 

was found to be bound to the NHC-ligand in an ‘abnormal’ fashion, in that the NHC acted as 

mesoionic carbene. The mesoionic carbene complex 33 was obtained in good yield. On the 

other hand, a salt-type trifunctional CCP could not be isolated. Minor amounts of chloride 

impurities led to the formation of a small fraction of (IPr)PdCl(OPiv), as proven by X-ray 

diffraction. Reaction of the allyl carbene complex 37 with AgOPiv afforded 23% of 

(IPr)Pd(allyl)(OPiv) (39) in a not overly selective reaction. 

The suitability of the newly prepared multifunctional component catalyst precursors (MCCP’s) 

for catalysis development was successfully demonstrated. IPrH-based chloropalladates salts 

showed activity in Suzuki coupling as well as in the α-arylation of 3-pentanone. The results 

obtained were comparable with those of the established IPr-PEPPSI precatalyst. So far 

application of the IMesH-based salts were not successful and we generally found it difficult to 

identify model reactions in which this ligand induced specific and superior catalytic activity at 

palladium. Heck-type coupling of hindered aryl bromides with tert-butyl acrylate showed little 

conversion with either salt type and imidazolium cation. While showing rather unexceptional 

results in the α-arylation of ketones, additive salts IPr∙HSO4 (23) and IPr∙HOPiv (24) efficiently 

converted 2-bromobenzyl alcohol and phenyl acetylene to a benzofuran in a Sonogashira 

coupling/hydroalkoxylation tandem reaction. The co-catalytic effect of pivalate versus 

hydrogensulfate was verified in the initial cross-coupling step. Among CMD-dependent 

reactions, the arylation of caffeine[20a] turned out as ideal candidate to confirm the effectiveness 

of pivalate containing precursors. Whereas IPr∙HOPiv delivered satisfactory results, the 

mesoionic carbene precatalyst 33 performed poorly, even at high catalyst loading. It is not quite 

clear what causes the low catalytic activity of this complex. In any case, the C–H arylation 
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appears to not profit from a specific ligand effect of the NHC ancillary ligands, and the 

mesoionic carbene-palladium complex may likewise display low intrinsic activity for this 

reaction. 

The development of other multifunctional CCP’s can be envisaged. The combination of 

palladium carboxylates with phosphines, e.g. [(Ph3P)2Pd(OAc)2], is already established in the 

literature.[84] Few applications of [(Ph3P)2Pd(OAc)2] or related complexes in catalysis are 

reported leaving room for new reactions.[85] The trifunctional complex (PCy3)2Pd(OPiv)2, 

merging ligand, metal, and CMD-additive sources would still be of high interest in future 

projects, although its stability and shelf-life may be limited. When IPr∙HOPiv (24) was 

combined with a Pd-precursor, the formation of a NHC-Pd complex seems inevitable. 

Therefore, it might be advisable to directly synthesize a (NHC)Pd(OPiv)2 or a related 

precatalyst. 

A report from the 1990’s describes the synthesis of K2[Pd(ox)2]∙4H2O (ox = oxalate) as 

precursor for bimetallic Ag2[Pd(ox)2].
[86] Irradiation or heating of the latter induced the 

decomposition of the oxalate anion, affording Ag–Pd metal colloids characterized via electron 

microscopy. One could take advantage of this decomposition to release active Pd(0) for 

catalysis (scheme 28).13 Even if stored under the exclusion of light and in the fridge, the 

complex K2[Pd(ox)2] slowly decomposes, yielding a greenish-black solid. Freshly prepared 

oxalate salt might be combined with imidazolium salts or other cations exhibiting a specific 

functionality, to generate new trifunctional CCP’s. Any trace of chloride (or other halide) 

present might lead to the already known chloropalladates as side-product. As in the reported 

Ag[Pd(ox)2] synthesis, a nitrate salt of the introduced cations would be beneficial. As weakly 

coordinating anions, the latter would not tend to occupy free space around the Pd center. 

 

Scheme 28. Irradiation or heating of the Pd-oxalate precatalysts generates Pd(0) along with K2(ox) and CO2. 

Palladium phthalate, obtained by boiling of metallic Pd and phthalic acid in nitric acid,[87] could 

also present a practical precursor to generate Pd(0) by heating, even though harsher conditions 

would be needed. An increase in functionality would be rather difficult with no exchangeable 

 

13 The potassium salt was already synthesized during my master thesis. 
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cation present. The potassium salt of palladium phthalate has not yet been reported. 

Additionally, a trapping agent for generated aryne would have to be added. A 1,2-dihydro 

alternative of palladium phthalate would decompose more easily, leaving benzene, carbon 

dioxide, and Pd(0). 1,2-Dihydrophthalic acid is available either via electroreduction[88] or 

sodium amalgam[89] in sulfuric acid. Major drawback of these precursors will be the rather high 

tendency for decomposition due to oxidation of the organic component. 
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This chapter is subdivided in four parts. After introductory words on the use of additives in 

catalysis (4.1), the synthesis of two carboxylic acids with putative reactivity as concerted-

metalation-deprotonation (CMD) reagents is described (4.2.1). The combination of promising 

carboxylic acids with ‘onium’ cations affords multifunctional additives merging CMD- and 

PTC-properties (4.2.2). Application of these compounds in the arylation of caffeine allows a 

direct comparison of their activity (4.3). The most promising difunctional CCP, NBu4DiPP, is 

involved in state-of-the-art reactions underlining its advantage compared to conventional 

CMD-additives. A brief outlook concludes the subject (4.4). 

4.1 Introduction 

Over the years, a variety of catalyst systems have been established, which allow for coupling 

of more and more sterically hindered substrates to be combined in cross-coupling reactions.[1] 

Catalyst systems require or profit from a multitude of different functionalities: metal centers[2], 

ligands[3], bases[4], halide abstractors[5], redox-partners[6], phase transfer catalysts (PTC)[7], and 

CMD-additives[8]. For each new catalyzed reaction, extensive screening efforts are inevitable 

to discover the optimal interplay of all components. Whereas a multitude of reactions rely on 

specific steering ligands[4], this chapter will focus on PTC- and CMD-effects in catalysis. 

Reactions in non-homogeneous media suffer from low solubility of certain reagents in one of 

the phases of the reaction mixture, e.g. in the Suzuki[9] cross-coupling the base and the organic 

electrophile are usually soluble in the water or organic phase, but not in both phases. Phase-

transfer catalysts or -reagents overcome this barrier, bringing one reagent into a phase where it 

originally did not dissolve. In case of an efficient transfer mechanism only catalytic amounts of 

phase-transfer agent is necessary.[10] A prominent example to describe PTC effects is the 

reaction of chlorocyclooctane14 with aqueous sodium cyanide.[10a,11] After refluxing for several 

days without phase-transfer catalyst, no obvious reaction had taken place. Only minor amounts 

of decomposition products emerging from hydrolysis of the cyanide ion, e.g. ammonia or 

sodium formate, were detected. This is unsurprising if one recons that sodium or potassium 

salts are typically insoluble in nonpolar organic media.[12] However, quaternary ammonium 

salts are soluble in lipophilic solvents depending on their chain length and the nature of their 

counter-ion. Free ions usually exist in solvents with dielectric constants ε > 40 and at high 

 

14 No additional organic solvent was added to the system. 
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dilution, e.g. in solvents like water, alcohols, acetonitrile, or DMF[13]. Larger ions further 

promote the degree of dissociation. In contrast, ion-pairing is preferred in solvents with 

ε < 10-15, even at high dilution. Aprotic solvents of low polarity are most suitable media for 

phase-transfer catalysis. In the above outlined example of the reaction of chlorocyclooctane 

with aqueous sodium cyanide, addition of catalytic amounts of a quaternary ammonium salt 

(1 wt.%) significantly accelerates the reaction, yielding cyanocyclooctane in near 100% 

selectivity and conversion within three hours. An illustration of the phase-transfer reaction is 

depicted in figure 18. The reaction taking place can be subdivided into three basic steps.[10a] 

First, the catalyst, Q+Cl–, soluble in the organic phase is extracted into the aqueous phase. After 

anion exchange with cyanide, the ion-pair Q+CN– returns to the organic phase via re-extraction. 

In the above case, the reaction occurs by displacement of anions between Q+CN– and the 

substrate, yielding Q+Cl– and cyanocyclooctane. The displaced chloride anion is transferred 

into the aqueous phase as Q+Cl– by the PTC to start a new catalytic cycle. 

 

Figure 18. Illustration of the phase-transfer catalyst assisted cyanation of chlorocyclooctane. R = cyclooctane; 

Q+ = quaternary ammonium cation. 

Crown ethers and cryptands, or cyclic polyethers and -amines in general (figure 19) are 

particularly interesting in their ability to bind potassium cations.[12,14] With their aid, 

hydrophilic salts KY (Y = reactive anion) can be solubilized in the organic phase, allowing the 

reaction of Y– with a lipophilic electrophile to take place. Using crown ethers oxidations with 

KMnO4 in benzene solution[15] or Finkelstein reactions in fluorous solvents[16] were achieved. 

A similar behavior is observed with polyethylene glycols (PEG). A major advantage of PEGs 

is their much cheaper price compared to crown ethers.15 Nucleophilic fluorination of alkyl 

triflates or -halides is possible in dipolar aprotic solvents without the introduction of any 

catalyst.[17] However, the smaller potassium analogue was inactive in the SN2 reaction of 2-(3-

methanesulfonyloxypropoxy)naphthalene with KF in MeCN due to the strong Coulombic 

influence of K+ on F–, which reduces its solubility and retards the reaction rate.[18] The addition 

of crown ethers in dipolar aprotic solvents (DMF, MeCN) only led to minor conversion. 

Introduction of bis-terminal hydroxy polyether significantly increased the reaction rate by 

 

15 Prices at Fisher Scientific Germany (09.07.2020): PEG4000 0.14 €/g; 18-crown-6 2.87 €/g. 
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activation of both reactants. The cation K+ is chelated via the ether groups enhancing the 

solubility of the potassium salt. One hydroxy group reduces the basicity of F– by hydrogen 

bonding; the other alcohol group may be involved in activation of the electrophile following 

similar H-bonding. A chiral version of tetraethylene glycol also enabled the desilylative kinetic 

resolution of silyl ethers with KF. 

 

Figure 19. Illustration of a crown ether (left), cryptand (middle), glycol and polyethylene glycols (right). 

Hydroxide ions from aqueous concentrated hydroxide solutions or from powdered solids are 

not extracted into the organic phase.[10a,12] Deprotonation of the substrate rather occurs at the 

interphase, anchoring the anion. Phase transfer catalysts can detach anions from the interphase 

while their original counter-ion passes over to the aqueous one. Additionally, PTCs might assist 

in the deprotonation by ion-pairing with the anion. Typical phase transfer assisted reactions 

with hydroxide bases include cyclopropanations[19], alkylations[20], or others[21]. 

Asymmetric phase transfer catalysis can be performed by introducing chiral cations capable of 

interacting with reactants (figure 20).[22] Thus, chiral information from the PTC ion is 

transferred to the substrate. 

 

Figure 20. Chiral cinchonidinium salts: a) Merck laboratories[23] (left) b) Corey[20d] et al. (middle); chiral anion 

phase transfer catalyst (CAPT, right) by Toste[26b-d] and Sigman[26a-c] et al. R = 2,4,6-tri(isopropyl)benzene. 

Ground-breaking studies were published by the Merck laboratories describing the asymmetric 

methylation via chiral cinchonidinium salts.[23] Almost simultaneously the groups of Corey[20d] 

and Lygo[24] published the enantioselective enolate alkylation using cinchona alkaloids bearing 

9-anthrylmethyl groups at the nitrogen. Another approach for introducing chirality by phase 
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transfer catalysis was described by the groups of Sigman and Toste. Whereas several examples 

depict enantioselective Heck coupling by incorporation of chiral steering ligands at 

palladium,[25] Sigman and Toste realized asymmetric transformations involving chiral anion 

phase transfer (CAPT) catalysts, using lipophilic phosphoric acids[26]. The anions of the latter 

transport the cationic, electrophilic partner into the organic solution, making them accessible 

for oxidative addition by Pd0 or nucleophilic attack. While remaining as counter-ion in close 

proximity to the reaction center, chiral information is delivered to the substrate. 

Over the years, C–C cross-coupling reactions have come to the center of attention of synthetic 

chemists. Driven by the increasingly complex structure of drugs, chemists seek for highly active 

catalyst systems to assure efficient C–C bond formation. Game changing results by Suzuki[27], 

Negishi[28], and Stille[29] enabled coupling of aryl halides with boron-, zinc-, and tin-based 

organometallic reagents (scheme 29).[30] Other common nucleophiles include aryl, vinyl, or 

alkyl derivatives of magnesium[31], or silicon[32]. Whereas most of these reactions are catalyzed 

by Pd, examples of nickel catalyzed Kumada[33] or Negishi[34] coupling reactions have been 

reported. Less common organometallic nucleophiles (Li[35], Al[36], Cu[37], Zr[38]) and catalyst 

metals (Fe, Cu, Rh, …) have also been published but are not in the forms of this thesis. 

Especially on large scale, these reactions hold a major drawback: next to the expensive 

synthesis of the required organometallic nucleophiles, they entail large amounts of inorganic 

(zinc, boron, tin, …) waste products. 

 

Scheme 29. Overview of C–C cross-coupling reactions involving aryl halides and organometallic reagents. R1 = 

alkenyl, aryl, allyl, benzyl, propargyl; R2 = alkenyl, aryl, alkynyl, alkyl, benzyl, allyl.16 

Catalytic C–C bond formation from C–H and C–X (X = halogen) compounds is accompanied 

by a waste flow of HX or BX (B = base) and is potentially more sustainable. Coupling of aryl 

halides with either alkenes (Heck[39], Cassar[40]) or alkynes (Sonogashira[41]) are among the most 

 

16 Enumeration of R1 and R2 do not match with every metal indicated. The list only accounts exemplary 

functionalities. 
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prominent reactions of this type.17 Whereas early Heck reactions mostly involved aryl iodides 

or bromides, the scope has been extended to aryl chlorides[42] over the years. The reaction 

proceeds via alkyl-palladium intermediates. In case of stereoelectronically hindered β–H-

elimination, the palladium center may conduct follow-up reactions, e.g. insertion of alkynes or 

alkenes.[43] The group of Trost took advantage of this effect by realizing a Domino-Heck 

coupling in the synthesis of vitamin D metabolites.[44] Early literature of Castro et al. cites the 

palladium-free substitution of aryl iodides with cuprous acetylides in pyridine.[45] A few 

decades later, Miura et al. published a similar conversion with catalytic amounts of copper.[46] 

However, both cases require harsh conditions with limited compatibility of functional groups. 

The coupling method later introduced by the group of Sonogashira with Pd metal and co-

catalytic copper(I) salt tolerates a wide range of substrates at mild temperature levels 

(25-100 °C).[47] Depending on the amine base, copper-free cross-coupling reactions are 

possible.[43,47c,48] With functionalized arenes as C–H donors, it is possible to realize selective 

ortho-aryl-aryl couplings. Especially phenols, amines, and heteroarenes act as directing group 

(scheme 30).[49] After oxidative addition of an aryl halide to Pd0, the resulting PdII coordinates 

to the functional group entailing coordination-assisted ortho-insertion. Reductive elimination 

affords the desired biaryl structure. 

 

Scheme 30. ortho-C–H arylation in functionalized arenes. L = Lewis base.[49a] 

Electrophilic aromatic substitution (SEAr) as well as CMD-type mechanisms are the most 

common pathways in the C–H arylation of (hetero)arenes.[50] Decisive results in C–H-

transformations have been described by the group of Fagnou.[8f] Incorporation of pivalic acid 

into the catalyst system allowed the direct arylation of benzene, where the pivalate anion was 

postulated to play a key role in C–H bond cleavage. The authors assumed that the carboxylate 

anion acts as proton shuttle from benzene to the inorganic carbonate base. Early studies of         

C–H bond activation of unactivated arenes already pointed to a concerted proton abstraction 

mechanism.[51] Computational DFT studies by Echavarren and coworkers have supported this 

 

17 The three groups independently published their results nearly at the same time. Heck and Cassar et al. reported 

their methods as extension of Heck reactions to terminal acetylenes. 
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hypothesis.[52] Substitution of coordinated bromide ion by bicarbonate at the Pd center 

significantly lowers the transition state energy of proton abstraction. Fagnou et al. proposed two 

possible pathways for the C–H arylation (figure 21).[8f] One invokes the reversible coordination 

of pivalate to Pd. Once the aryl bromide oxidatively adds to the Pd0 species, deprotonated acid 

substitutes the bromide ion. Coordinated arene then undergoes a concerted-metalation-

deprotonation (CMD) activation step of the C–H bond. According to pathway A, pivalic acid 

detaches from the metal center. After reductive elimination the coupling product along with Pd0 

is formed. Pathway B suggests that pivalic acid/pivalate remains bound to Pd throughout the 

catalytic cycle. Extensive mechanistic and computational studies revealed the general 

preference of CMD-type mechanisms for electron-rich and deficient substrates, and refute the 

formation of any σ-Wheland intermediate in a SEAr mechanism.[53] Many research groups have 

taken advantage of the carboxylate assisted CMD-mechanism.[54] Astonishing results were 

achieved by the group of You who reported the arylation of heterocycles through C–H bond 

activation with pivalic acid.[8a] 

      

Figure 21. Proposed concerted-metalation-deprotonation (CMD) mechanism by Fagnou et al.[8f] PR3 = DavePhos, 

2-dicyclohexylphosphino-2’-(N,N-dimethylamino)biphenyl; Ar = electron-rich or -deficient aryl group. 
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CMD-assisted C–H arylation[55] is being widely used in total synthesis. Besides CMD-

activation, a second feature is attributed to carboxylates. Depending on their tail length (8-18 

carbon atoms), they can form micelles is in aqueous media (figure 22); by virtue of their lipo- 

and hydrophilicity structure elements.[11,56] Three prevalent types of micellar surfactants exist: 

cationic (ammonium, phosphonium), anionic (sulfate, sulfonate, carboxylate), and nonionic 

ones (polyoxyethylenes). In aqueous media, the hydrophilic parts of surfactant molecules, e.g. 

carboxylate groups, are always in contact with the solvent whereas the lipophilic tails arrange 

in an oil-droplet like shape, minimizing contact of the apolar residues with water.[57] Non-polar 

solvents support the formation of inverse micelles. Long chain surfactants may often lead to 

enhanced reactivity by providing necessary channels for organic reactants to approach aqueous 

media. 

 

Figure 22. Illustration of a normal micelle (left) and inverse micelle (right) in the case of long-chain carboxylate 

surfactants. A ball shape arrangement is mostly observed. 

Finally, dehydrogenative CH–CH coupling reactions are potentially the most eco-friendly ones, 

since they formally produce only H2 or water as waste products. Often involving substrates with 

activated positions, they allow the efficient synthesis of heterocycles[58] or biheterocycles[59]. 

The group of Gaunt reported the solvent-controlled regioselective C2- or C3-alkenylation of 

free indoles.[60] Another approach included an ancillary 3-pyridylsulfonyl group at arylamine 

nitrogen, providing regioselective C2-Heck alkenylation of functionalized anilines.[61] 

Intramolecular Michael addition, subsequent reductive desulfonylation and rearomatization 

with DDQ afforded the respective indoles (scheme 31). 
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Scheme 31. ortho-Alkenylation of N-(2-pyridyl)sulfonyl anilines by the groups of Carretero and Arrayás.[61] The 

depicted kind of N-alkylated substrate can be transferred to an indole via multi-step synthesis. P = SO2(2-Py); 

R1 = electron-withdrawing group (EWG); DMAc = dimethylacetamide. 

Several groups reported applications of tetraalkylammonium carboxylates as nucleophilic 

oxygen sources in catalysis.[62] While the ions themselves already showed enhanced reactivity 

in C–H arylation reactions, we now also want to explore their feasibility as difunctional units 

for catalyst systems. Pivalic acid as well as long-chain carboxylates often hold low melting and 

high boiling points[63], and are difficult to measure in small amounts. Tetraalkylammonium 

salts, particularly of the chloride type, suffer from high deliquescence.[64] Our aim consisted in 

the synthesis of stoichiometrically well-defined, weighable ammonium carboxylate salts as 

practical additives for catalysis. By combining both ammonium and carboxylate functionalities 

we expect superior activity in C–H arylation reactions of catalyst system to which the easy to 

handle additive has been added. Different types of carboxylic acids as well as alkylammonium 

cations were chosen in order to diversify the properties of the composed salts. The catalytic    

C–H arylation of caffeine as reported by the group of You[8a] should provide a stable platform 

for comparing the effects of each additive in catalysis. 

4.2 Synthesis of difunctional ammonium carboxylate additives 

4.2.1 Carboxylic acids and their performance in catalysis 

A range of carboxylic acids seemed interesting for the synthesis of difunctional onium 

carboxylates. Next to those cheaply available from chemical suppliers, 2,2-dimethyldecanoic 

and 2-isopropyl-2,3-dimethylbutanoic acid were previously prepared in our group.[65] Two 

specific α-trisubstituted carboxylic acids, acetal 45 and dicarboxylic acid 46 (H2-esp) 

additionally raised our attention based on their structural analogy to pivalic acid (figure 23). 

 

Figure 23. Target carboxylic acids for the subsequent synthesis of difunctional onium carboxylates. 
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Besides being used as starting material for dendrons[66], hydrophobic analogues of aspirin[67], 

or molecular receptors[68], acetal 45 might profit from σ-donor effects and steric hindrance from 

its backbone when applied as CMD-additive in catalysis. Following the procedure by Dhar et 

al.[67], the target was isolated in 48% on a large scale (scheme 32). Together with dicarboxylic 

acid 46, their evaluation in our model reaction, the arylation of caffeine as described by You[8a], 

is presented at the end of this sub-chapter (table 14). 

 

Scheme 32. Acetalization of 2,2-bis(hydroxymethyl)propionic acid to acetal (45). 

Several metal complexes (Co[69], Rh[70], Pd[71]) bearing H2-esp (46) as ligand have been 

reported. Originally named after a coworker from the group of Du Bois[70b], acid 46 features 

two carboxylate groups. Its superior role over pivalate in the intra- and intermolecular Rh-

catalyzed C–H amination arose our interest in potential CMD-reactivity in our arylation 

reaction. In the case of Du Bois et al., the Rh-units profit from the chelating effect of the ligand, 

disfavoring complete ligand exchange from the metal centers[72]. The dicarboxylic acid was 

readily available via a two-step procedure starting from xylene dibromide (scheme 33).[69] The 

intermediary dinitrile as well as the acid were both filtered as solutions over a plug of silica to 

remove polymeric substances, followed by crystallization. In this manner, flash column 

chromatography proved unnecessary. A single recrystallization yielded H2-esp (46) in 79% 

yield over two steps. 

 

Scheme 33. Two-step synthesis of H2-esp (46).[70b] Whereas Du Bois and coworkers started from the cheaper 

m-Cl2-xylene, we chose the bromo substrate as it was available in our storage. The intermediary dinitrile was 

isolated in 81% yield. Saponification of the latter worked in close to quantitative yield. EG = ethylene glycol. 

Prior the combination of both acids 45 and 46 with quaternary ammonium salts, their feasibility 

as CMD additives in the arylation of You[8a] was investigated. The group of You carried out the 

arylation of caffeine with bromobenzene in DMF in the presence pivalic acid, resulting in 85% 
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of phenylcaffeine after seven hours at 120 °C. In previous work18, we reduced the reaction 

temperature to 100 °C to get a better insight in the reaction progression. Pd(OAc)2 was 

substituted with unfunctional PdCl2(MeCN)2 to exclude any CMD-influence by the precatalyst. 

Reaction progress curves were recorded over five hours by removing small aliquots for HPLC 

analysis. The aforementioned carboxylic acids (PivOH, Me2-decanoic acid, …) proved 

effective after five hours at 100 °C when the conversion of caffeine had reached completion. 

Table 14. Model-reaction testing the performance of CMD additives.a A– = carboxylate anion; caff. = caffeine; 

Phcaff. = phenylcaffeine. 

 

entry HA [mol%] caff. [%]b Phcaff. [%]b recovery [%] 

1 acetal 45 (10) 85 12 97 

2 H2-esp (5) 96 3 99 

3 H2-esp (10) 94 3 97 
aReaction performed with 500 µmol caffeine in DMF (1.5 mL) according to GP 4.2 (see 7.2.4.1). 
bSpectral yield according to 1H-NMR against internal standard, in mol%. 

In contrast, reactions involving acetal 45 and H2-esp (46) were analyzed via q-NMR, allowing 

a more precise quantification of reaction products, but only after work-up of the reaction. Both 

test reactions showed little conversion after 14 hours (table 14). Doubling of the H2-esp (46) 

loading to 10 mol% (20 mol% acid per Pd) did not affect the outcome of the reaction. The 

groups of Autschbach and Berry[71] have reported the synthesis of two Pd–esp complexes with 

different symmetries, namely CS–Pd3(esp)3 and C3h–Pd3(esp)3. In the CS-symmetric complex 

two esp-ligands lie either above or below the Pd3 plane, shielding the Pd-atom(s) from any 

additive or reactant approaching. From our point of view, the cage like species seems relatively 

stable, impeding the generation of catalytically active Pd(0). Higher loadings of esp ligand 

probably increase the complex’s stability while disfavoring the dissociation of a carboxylate 

moiety, consequently leaving no vacant coordination site. Due to these results we decided to 

abandon the synthesis of difunctional onium salts from H2-esp (46) or the acetal 45. 

 

18 For the evaluation of those CMD additives, see references [65] and [73]. 
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4.2.2 Synthesis of quaternary ammonium carboxylates 

The target additives in this chapter combine two structural elements: the onium and carboxylate 

component (figure 24). Quaternary ammonium anions potentially exhibit PTC effects, assuring 

a fast encounter of substrate and reactants. Our target cations range from simple 

tetraalkylammonium over benzyl trialkylammonium to chiral cinchonidinium units. Each one 

of them exhibits unique properties of which catalysis may profit. Depending on their 

hydrocarbon chain lengths and the nature of their counter-ion, varying stability and PTC ability 

may be attributed to the salts. Especially alkyl chains suffer from Hofmann elimination in 

alkaline reaction mixtures.[74] Decomposition due to nucleophilic ion displacement is more 

common with benzyl, methyl, and allyl substituted quaternary ammonium salts. Among alkyl 

chains, tetrabutylammonium salts might not offer the highest reactivity but are readily available 

and inexpensive.[75] Concerning benzyl trialkylammonium salts, the large benzyl group at the 

nitrogen increase its lipophilic character. Small methyl groups provide better accessibility of 

the cationic center, allowing a closer association with the anion, like in the case of 

methyltrioctylammonium. The latter is most likely to show PTC activity. Aliquat® 336, a high 

molecular weight methyl ammonium salt consisting of a mixture of C8 and C10 carbon chains 

(C8 predominant), efficiently promoted Rh-catalyzed hydrogenation[76], carbonylation[77], and 

Pd-catalyzed Suzuki coupling[78]. In the total synthesis of Manzamine A, neat Aliquat® 336 

with potassium acetate achieved nucleophilic substitution of hindered neopentylic bromide.[79] 

The cation might be favorable in performing catalytic reactions in water. Cinchona alkaloid-

derived quaternary ammonium salts allowed enantioselective alkylations under phase-transfer 

catalysis.[20d,23-24] The substrates come in close proximity to the cation due to van der Waals 

interactions. Thereby, ion pairing simulates the direction for the nucleophilic substitution of 

primary alkyl halides, delivering high ee’s. The group of Corey reisolated the cinchonidinium 

salt by aqueous extraction for reuse.[20d] A different example depicts the enantioselective 

dihydroxylation of olefins using OsO4 in the presence of a phthalazine-bridged cinchona 

alkaloid catalyst under Sharpless conditions.[80] Osmium potentially coordinates the alkylated 

nitrogen atoms. The crowded chiral cinchona backbone blocks any approach of the olefin, thus 

inducing face selectivity. 

Previous work by L. Rast in our group had depicted good to enhanced catalytic reactivity of the 

carboxylic acids illustrated in figure 24 as CMD additives. Accelerated conversion was 

observed for diisopropyl propionic acid as CMD additive.[65] A major advantage of this acid is 
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its crystalline state at room temperature. Being used as antiepileptic drug[81], the liquid valproic 

acid is readily available. Concerning the long chain decanoic acid, we expect the formation of 

micelles, increasing the activity of the catalyst, particularly in two-phase systems. 

 
Figure 24. Overview of target difunctional onium carboxylates. 

For a meaningful comparison of difunctional salts, we did not envisage to prepare all possible 

combinations. The main goal was to merge the most promising one, namely diisopropyl 

propanoic acid (DiPPA), with all of the above ammonium units. The remaining acids will only 

be combined with the tetrabutyl- and methyltrioctylammonium cations. Titration of carboxylic 

acids with tetrabutylammonium hydroxide in iPrOH against phenolphthalein indicator yielded 

the corresponding tetrabutylammonium salts in over 90% (table 15).19 Water was removed via 

azeotropic distillation with toluene. Diisopropyl propanoic, pivalic, and valproic acid delivered 

solid salts with increasing deliquescence (entries 1 and 3-4). The onium salt of the long chain 

carboxylate presented itself as viscous oil or ionic liquid (entry 5). Even after drying for several 

hours at elevated temperature and reduced pressure, minor amounts of toluene remained 

dissolved in the valproate and decanoate salt. Combination of diisopropyl propanoic acid with 

benzyl trimethylammonium hydroxide afforded a crystalline solid in 95% yield (entry 2). 

Benzyl triethylammonium chloride was first converted to its hydroxide following a 

procedure[82] by the group of Pallavicini20. Equimolar reaction with DiPPA resulted in the 

 

19 The titration was stopped as soon as a light pinkish color was perceived. 

20 They reported the synthesis of cetyltrimethylammonium naproxenate from cetyltrimethylammonium 

hydrogensulfate or chloride and naprocet via precipitation of K2SO4 or KCl. 
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desired product. However, it was accompanied by a significant impurity one could not get rid 

of. The appearance of diethylbenzylamine (7 mol%) is likely due to decomposition by Hofmann 

elimination.[74c] On account of the impurity as well as its rather viscous consistence, further 

investigations of this salt were abandoned.  

Table 15. Synthesis of tetrabutylammonium carboxylates.a A– = carboxylate anion. 

 

entry HA [1.0 eq.] yield [%] properties 

1 

 

93 solid 

2b 95 solid 

3 

 

93 solid, 

hygroscopic 

4 

 

97c solid, highly 

hygroscopic 

5 
 

101d oil 

aReaction performed with 5.00 or 20.0 mmol of acid in iPrOH 

(1.0 mL/mmol), 3-4 drops of an alcoholic solution of 

phenolphthalein (0.73 wt.% in iPrOH) were added as pH-

indicator; isolated yield after purification. bBzNMe3OH (1.0 eq.) 

was used instead of NBu4OH. c0.2 wt.% toluene. d0.6 wt.% 

toluene. 

The five isolated onium carboxylates (table 15, entries 1-5) can be organized according to their 

physical properties and deliquescence (figure 25). With increasing crystallinity, the 

hygroscopic nature of the salts decreases. Both diisopropyl propanoates 47 and 48 appear as 

easily weighable solids which do not quickly absorb water, with tetrabutylammonium slightly 

superior to the benzyl trimethylammonium derivative. After a few weeks (>4) of storage in a 

closed container in air, embedded water was clearly perceived while working with the pivalate 

salt 49. The valproate salt 50 readily melted while weighing in. Due to easy uptake of water it 

was stored in a glovebox to facilitate its handling (entry 4). Small amounts of solid difunctional 

additives pick up moisture more rapid. Formation of small droplets on the spatula could be 

perceived. Due to its long chain unit, tetrabutylammonium dimethyldecanoate (51) remains as 

ionic liquid at room temperature. The oily nature of this salt impedes an accurate addition in 

catalysis. 

 
  

 

Figure 25. Physical solidity and deliquescence of difunctional onium salts. 

crystallinity  deliquescence  
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Suitable single crystals for X-ray analysis of 47∙3H2O were grown by slow diffusion of hexanes 

into a saturated solution of the latter in toluene (figure 26). Crystal data, as well as collected 

data for structure refinement are summarized in the appendix (8.3, table 76f.). Alkyl chains 

surround the nitrogen atom in a tetrahedral fashion, spanning angles of 111-112°. Steric 

crowding of the cation hampers any approach of the anion: atoms O2 and C14 exhibiting the 

closest contact distance of 3.41(8) Å. No interactions between O2 and C14 protons were 

observed. Hydrogen bonds between three water molecules and the carboxylate can be observed, 

arranging in a twisted six-membered ring (figure 26 right). Oxygen atoms are separated by 

1.83(9)-2.07(1) Å. The presence of water supposedly facilitated the dissolution of the salt in 

toluene. Only by lowering the polarity of the solution, crystallization was induced. 

 

 

Figure 26. X-ray crystal structure of 47∙3H2O. Left: complete structure; right: magnified cutout of water 

coordination by the carboxylate unit. Ellipsoids are shown at 50% probability level. Hydrogen atoms are omitted 

except for water molecules. Carbon atoms are depicted in grey, nitrogen atoms in blue, and oxygen atoms in red. 

We also wanted to tackle the challenge of combining the above acids with Aliquat® 336, which 

is nominally methyl trioctylammonium chloride, although the alkyl chains are actually a 

mixture of C8 and C10 alkyl chains.[83] Avoiding ionic exchange chromatography, Pallavicini 

and coworkers described the preparation of cetyltrimethylammonium (CTA) naproxenate from 

CTA∙HSO4.
[82] Their large-scale synthesis minimized the amount of residual inorganic counter 

anions (<500 ppm) originating from the educt. A procedure starting from CTA∙Cl was also 

achieved; a final chloride content of 4700 ppm was detected. Following their procedure, we 

envisaged ion exchange from chloride to hydroxide. The expected compound should then be 

used as titrant similar to NBu4OH. Unfortunately, our attempt led to major decomposition of 

the ammonium cation (figure 27). Analysis of the spectrum revealed the presence of 

trioctylamine (1.8 mol%), oct-1-ene (2.0 mol%), methyldioctylamine (43.8 mol%), and 

methyltrioctylammonium salt (52.4 mol%); the values are absolute. Significant amounts of oct-
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1-ene might have been removed azeotropically.21 Similar results were obtained by Landini et 

al.[74c] who studied the stability of quaternary onium salts in the presence of aqueous alkaline 

solution (50% NaOH). Degradation was already observed at room temperature. Heating to 

60 °C led to halfway decomposition of the cation after less than one hour. We suppose our 

alkaline reaction conditions together with the elevated temperature (60 °C) at the rotary 

evaporator induced the degradation. 

 

Figure 27. 1H-NMR spectrum (CDCl3) of the attempted methyltrioctylammonium hydroxide synthesis from its 

chloride. Aliquat® 336 is depicted with only C8 alkyl chains for simplicity. Minor amounts of toluene (♦) from 

azeotropic distillation as well as 1-octanol/1-decanol (●) from the starting material are present in the spectrum. 

X = Cl or OH. 

Recollecting work of Ladenburg et al.[84], we attempted a milder approach via anion exchange 

with silver oxide in an aqueous, methanolic medium (scheme 34). Several samples were 

withdrawn to pursue completion of the reaction by precipitation of AgCl from an acidified 

aliquot with dilute silver nitrate solution. Due to foaming and clouding while acidulating with 

 

21 The reaction was performed in isopropanol. Both solvent evaporation and azeotropic drying with toluene will 

have removed oct-1-ene. 

♦ 
● 

MeN(nOct)3X 

MeN(nOct)2 

oct-1-ene N(nOct)3 

oct-1-ene 
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aqueous HNO3 and addition of AgNO3, we considered the ion exchange to be incomplete after 

six hours of stirring. The suspension was filtered multiple times over a pad of Celite on the next 

day to remove potential AgCl and residual Ag2O.22 Removal of the solvent led to a viscous 

brownish oil which was used for titration of an acid. Sadly, no color change of the pH-indicator 

was perceived. Incomplete or failed anion exchange was further confirmed by a silver 

precipitation test. As the age of used Ag2O was rather indefinable, previous decomposition of 

the reactant cannot be excluded. Freshly prepared silver hydroxide from silver nitrate would 

have been beneficial.[85] 

 

Scheme 34. Silver oxide in an aqueous medium should generate silver hydroxide, conducting the actual ion 

exchange from chloride to hydroxide. 

Suffering from these two setbacks, we searched literature for an alternative way to prepare 

methyltrioctylammonium (MTOA) carboxylates. A clean method was reported by the group of 

Perosa, describing the halide free synthesis of ionic liquids from MTOA methyl carbonate 

(54).[86] Other workers [87] as well as Perosa et al.[86] prepared the methylammonium salt 54 

inside an autoclave. Not having access to one, we took advantage of our microwave reactor 

which is capable of resisting pressure up to 30 bar. After removal of excessive dimethyl 

carbonate and methanol, we isolated 54 in 98% yield (scheme 35). Minor amounts of methanol 

(~1 mol%) and unreacted starting material (~1 mol%) could not be removed. Reactants were 

only dried for one night over molecular sieves (3 Å and 4 Å). Small quantities of water induced 

partial hydrolysis of the anion to hydrogen carbonate (9 mol%). 

 

Scheme 35. Microwave synthesis of methyltrioctylammonium (MTOA) methyl carbonate (54). DMC = dimethyl 

carbonate. 

Perosa et al. subsequently reacted 54 with Brønsted acids yielding the anion exchanged salts 

along with methyl hydrogen carbonate.[86] The latter decomposed to methanol and carbon 

dioxide as only side-products (scheme 36). Use of water quantitatively converted MTOA 

methyl carbonate to the hydrogen carbonate salt. 

 

22 A faint silver mirror at the bottom of the Erlenmeyer flask had formed overnight. 
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Scheme 36. Protonation of the methyl carbonate anion by a Brønsted acid yields the anion exchanged salt. In case 

of water, hydroxide recombines with CO2 to give bicarbonate. A– = anion. 

Following Perosa’s reaction procedures[86], we investigated the reaction of MTOA methyl 

carbonate with our acids: diisopropyl propionic, pivalic, valproic, and 2,2-dimethyldecanoic 

acid (table 16). Due to impurities in MTOA, we used it in small excess. Upon addition of acid 

to the latter and heating to 50 °C, gas evolution (CO2) was observed. In evidence of tiny bubbles 

forming as well as perceptible heat, pivalic acid seemed to be acidic enough for protonation at 

room temperature. The viscous MTOA methyl carbonate inhibited homogeneous mixing in the 

beginning. Stirring improved with the progression of the reaction due to stoichiometric amounts 

of methanol forming. All four salts were obtained as ionic liquids in >100% yield owing to 

hydrogen carbonate impurity of the educt.  

Table 16. Synthesis of methyltrioctylammonium (MTOA) carboxylates.a A– = carboxylate anion. 

 

entry HA [1.0 eq.] yield [%] observation 

1 

 

107 gas evolution at 

50 °C 

2 

 

109 gas/heat evolution 

at r.t. 

3 

 

106 gas evolution at 

50 °C 

4 

 

105 gas evolution at 

50 °C 
aReactions performed with 5.00 or 20.0 mmol of HA in iPrOH (1 mL/mmol) 

according to GP 4.1 (see 7.2.4.1); isolated yield after purification. 

The last challenge we wanted to tackle consisted in the synthesis of a chiral cinchonidinium 

carboxylate salt (scheme 37). Ion-exchange of the starting material 55 with either sodium 

hydroxide[82] or Ag2O
[84] were the first options we considered to isolate hydroxide salt 56 for 

acid titration. Unfortunately, the cinchonidinium salt decomposed under the chosen reaction 

conditions, leaving us with rather complex 1H-NMR spectra. Crystallization of reaction 

mixtures including stoichiometric amounts of acid only afforded unfunctionalized cinchona 

alkaloid. In the case of the silver salt reaction, no acid was added to the isolated intermediate 

as its 1H-NMR spectrum already depicted decomposition of the latter. Another approach relied 

on a classical ion-exchange in which potassium chloride precipitates. First, we prepared the 
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corresponding potassium salt of DiPPA via titration against phenolphthalein indicator. Due to 

limited solubility of both reactants in acetone, we performed the subsequent ion-exchange 

reaction in iPrOH. At 0 °C, potassium chloride should be weakly soluble in the alcohol.23 After 

work-up, a slightly sticky, brownish solid was obtained. Purification by precipitation or 

washing was not achieved. Spectral analysis of the crude product revealed complete 

consumption of the starting material 55. However, broad multiplets were observed in the 

spectrum, pointing to mainly decomposition of the salt. Further investigations were not 

conducted at this point. 

 

Scheme 37. Attempted syntheses of a chiral cinchonidinium carboxylate salt. Before addition of DiPPA to a 

supposed cinchonidinium hydroxide solution, solvents and inorganic salts were removed by azeotropic distillation 

and filtration, respectively. DiPPA = diisopropyl propionic acid; DiPP = diisopropyl propionate. 

4.3 Difunctional onium carboxylates in catalysis 

For better comparison of the isolated difunctional onium carboxylates, we envisaged their 

application as additives in the arylation of caffeine according to You et al.[8a]. Starting from 

previously established conditions in our group,[65,73] we reduced the reaction temperature to 

100 °C, since differences in reactivity are best observed at lower reaction rate and  in the initial 

phase of the arylation. Dilution by a factor of three (0.33 M down from 1 M) should also 

decelerate the progression of the reaction. To remove any CMD-influence due to the Pd 

precatalyst24, we chose PdCl2(MeCN)2 as Pd source. Except for results taken from my master 

 

23 For comparison, the solubility of NaCl in isopropanol is 16 mg/100 g iPrOH. 

24 The group of You used Pd(OAc)2 as metal precursor. Acetate might exhibit a minor CMD effect. 



 

 

103 

 

thesis, yields were determined via q-NMR analysis following the procedure described in the 

general experimental section (7.1.3). After either 2.5 or 13 hours, the reaction mixture was 

filtered over a short pad of silica, eluting with DCM–MeOH (10:1). Losses in the recovery 

might be caused by partial sublimation of caffeine at the rotary evaporator.25 Results of the 

arylation of caffeine are summarized in table 17. 

Table 17. Incorporation of difunctional onium carboxylates in the arylation of caffeine described by You[8a] and 

coworkers.a caff. = caffeine; Phcaff. = phenylcaffeine; recov. = recovery. 

 
entry additive yield [%] after 2.5 h yield [%] after 13 h 

cation anion caff. Phcaff. recov. caff. Phcaff. recov. 

1b − – >99 <1 100 98 1 99 

2   
56 35 91 <1b 83b 83b 

3   
49 47 96 1 88 89 

4  
 

51 49 100 7 89 96 

5  
 

48 48 96 2 88 90 

6  

 

30 66 96 <1 87 87 

7 
  

45 54 99 5 90 95 

8  
 

50 48 98 13 84 97 

9  
 

40 54 94 4 91 95 

10  

 

25 69 94 <1 92 92 

11  
 

27 68 95 <1 87 87 

aReaction performed with 500 µmol caffeine in DMF (1.5 mL) according to GP 4.2 or 4.3 for 

HPLC (see 7.2.4.1); spectral yield according to 1H-NMR against internal standard, given in 

mol%. bValues extracted from my master thesis. Yields determined via HPLC according to 

equations 1.1 to 1.4 described in the general remarks (7.1.3). 

In the absence of an additive, the catalytic reaction displayed hardly any conversion (table 17, 

entry 1), incorporation of pivalic acid (entry 2) improved the coupling of the xanthine with 

bromobenzene to 35% and 83% yield after 2.5 and 13 hours, respectively. Our difunctional 

 

25 Evaporation of residual DMF was performed at 15 mbar and 50 °C. Additionally, condensing drops of solvent 

at the splash protection were gently heated with the aid of a heat-gun to facilitate their removal. 
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onium carboxylates dramatically accelerated the progression of the reaction in all cases. All 

salts tested induced near quantitative consumption of caffeine with similar amounts of target 

material being formed after 13 hours. Differences in reactivity were best observed after 2.5 

hours. Tetrabutylammonium salts of pivalic, valproic, and 2,2-dimethyldecanoic acid produced 

equal quantities of product, reacting 1.4 times faster compared to pivalic acid (entries 3-5). 

Remarkably, NBu4DiPP almost doubled the rate of formation of phenylcaffeine, accompanied 

by an equally high conversion of caffeine (entry 6). 

In most instances, MTOA carboxylates, which are ionic liquids, delivered slightly higher yields 

(entries 7-10). We assume that the model reaction profits from the superior PTC functionality 

of this cation. To facilitate dropwise dosing MTOA salts by syringe, the ionic liquids were 

gently heated with the aid of a water bath (45 °C) into order to further liquefy them. Still, ionic 

liquid type salts impeded an accurate addition, often entailing larger amounts of ions added 

(1-2 mol%). Even though it would involve an additional preparation step, the precision of salt 

addition could be increased by the use of stock solutions in DMF. Yet, considering the impurity 

present in our MTOA salts, namely the hydrogen carbonate anion, use of a minor excess of 

additive should not implicate crucial differences. Benzyl trimethylammonium DiPP presented 

identical results to other DiPP salts. Among our difunctional onium carboxylates, diisopropyl 

propionate additives clearly depicted superior reactivity as well as handling, especially those of 

tetrabutyl- and benzyl trimethylammonium.  

Surfactants promote micellar catalysis in aqueous reaction media without the addition of 

organic cosolvents.[76b,89] We wanted to investigate feasibility of arylating of caffeine in water 

by employing our MTOA salts. Accurate dosing of these viscous compounds was again rather 

difficult. Unlike in conventional purification by flash column chromatography, reaction 

mixtures were diluted with saturated aqueous NaCl and subsequently extracted multiple times 

with dichloromethane. Spectral analysis of crude products revealed no conversion to the desired 

product for all salts (table 18, entries 1-4). Next to the signals of caffeine, other singlets and 

multiplets appeared in the spectra. These signals could not be assigned to other xanthine 

alkaloids, including theophylline, theobromine and paraxanthine, which might have originated 

by demethylation. Assuming the presence of methyl groups in the unidentified side product, the 

impurity adds up to an average of 20%. The distressingly low recovery can most likely be 

blamed to loss of the starting material, including its decomposition products, in the aqueous 

phase, or to sublimation of the former in the rotary evaporator. 
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Table 18. Attempted arylation of caffeine in water.a MTOA = methyltrioctylammonium; caff. = caffeine; Phcaff. 

= phenylcaffeine; s.p. = side-product. 

 

entry carboxylate caff. [%] Phcaff. [%] s.p. [%] recov. [%] 

1 
 

41 <1 23 64 

2 
 

42 <1 24 66 

3 
 

45 <1 20 65 

4 

 

48 <1 17 65 

aReactions performed with 500 µmol caffeine in water (1.5 mL) according to GP 4.4 (see 

7.2.4.1); spectral yield according to 1H-NMR against internal standard, given in mol%. 

The presence of a yet unidentified side product did not satisfy our investigations. With the aid 

of 2D-NMR analysis (13C, COSY, HSQC, HMBC), we wanted to tackle the identification of 

the latter. Over time, a decrease in signal intensity was observed, indicating further 

decomposition taking place. At such low concentrations26 accurate coupling patterns, especially 

long-range, were not detected. While searching literature concerning the degradation of 

caffeine[90], we encountered a paper[90d] dealing with the behavior of caffeine in alkaline 

aqueous solution. In dilute hydroxide solution, both carbonyl groups are at risk of nucleophilic 

attack. The authors clarified the hydrolysis of caffeine (56) followed by subsequent 

decarboxylation (scheme 38). Either way two imidazole compounds were obtained: caffeidine 

(57) or N-(4-1-methylimidazolyl))-N,N’-dimethylurea (58). Comparison of reported NMR 

shifts with our signal set27 confirmed the presence of imidazole 57 in our crude products, 

clarifying the riddle. Other derivatives or intermediates of the beneath decomposition cannot 

be excluded but were not quantified due to overlay of signals of weak intensity. Hence, we 

concluded to best leave the case unsolved[91]. 

 

26 Most of the crude products except for q-NMR samples (4 counted) were already discarded prior 2D analysis. 

27 δ 2.88 (d, J = 4.6 Hz, 3H), 3.20 (s, 3H), 3.66 (s, 3H), 6.36 (d, J = 1.5 Hz, 1H), 7.18 (d, J = 1.5 Hz, 1H), 8.49 

(br s, 1H). 
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Scheme 38. Decomposition of caffeine in alkaline solution reported by Kigasawa et al.[90d]. 

Besides the arylation of caffeine, we wanted to employ our most promising difunctional onium 

carboxylate salt, NBu4DiPP, in other state-of-the-art coupling reactions. The group of Fagnou 

described the arylation of benzene for a range of aryl bromides, one of the most prominent 

examples of CMD additive assisted catalysis.[8f] While leaving any additional carboxylic acid 

out only led to <5% conversion, the incorporation of pivalic acid led to enhanced reactivity by 

acting as proton shuttle. Following their standard procedure, we chose 2-bromonaphthalene and 

4-bromoanisole as model substrates to investigate the compatibility of our preferred additive 

salt NBu4DiPP (47, table 19). 

Table 19. Incorporation of NBu4DiPP in the palladium-catalyzed benzene C–H arylation.a DavePhos = 

2-dicyclohexylphosphino-2’-(N,N-dimethylamino)biphenyl; DiPP = diisopropyl propionate; DMAc = 

dimethylacetamide; recov. = recovery; lit. = literature.  

 

entry substrate ArBr [%] ArH [%] ArAr [%] yield [%] recov. [%] lit. yield [%] 

1 
 

20 22b <1 57 99 55[8f] 

2 
 

18 1c 5 64 93 -d 

aReactions performed with 500 µmol of aryl bromide in DMAc (2.9 mL) and benzene (2.5 mL) 

according to GP 4.5 (see 7.2.4.1); spectral yield according to 1H-NMR against internal standard, given 

in mol%. bSignals overlay with other compounds. cVery small signal in the 1H-NMR spectrum. dNo 

yield given in the literature for this catalyst system. 

As in the case of pivalic acid, 2-bromonaphthalene was converted in good yield along with 

unreacted and hydrodebrominated aryl halide (entry 1). Fagnou and coworkers used 4-
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bromoanisole only for kinetic isotope effect experiments, not indicating the actual yield of the 

reaction.[8f] However, regioisomeric 3-bromoanisole afforded 69% of target material. In our 

case, 4-bromoanisole was arylated in good yield with minor amounts of side-products (entry 2). 

Losses in recovery were most likely due to the volatility of the aryl bromide and the 

dehalogenated arene. Even after intense rinsing of glassware in contact with the crude product, 

the characteristic smell of 4-bromoanisole was still perceived. Further optimization of the 

reaction, e.g. ligand, metal precatalysts, was not conducted. 

Complementary work by the group of Fagnou[8b] dealt with the arylation of other heterocycles, 

including (benzo)thiophene, (benzo)furans, imidazoles, and pyrroles. Kinetic experiments 

revealed the pivotal role of pivalic acid as CMD additive, leading to significantly accelerated 

reactions. A few years later, Kappe and coworkers reported the microwave assisted arylation 

of heteroaromatic compounds.[8c] With reaction temperatures of 180 °C coupling times were 

remarkably reduced down to a few minutes. To underline the practicability of our NBu4DiPP 

salt, we envisaged the coupling of two heterocycles with a few aryl bromides (table 20). 

Table 20. Incorporation of NBu4DiPP in the palladium-catalyzed direct C–H arylation of heteroaromatic 

compounds.a HetAr = heteroaromatic arene; DiPP = diisopropyl propionate; DMAc = dimethylacetamide; lit. = 

literature.  

 

entry ArBr HetAr [eq.] product t [h] yield [%] lit. yield [%] 

1 
  

(1.5) 

 

18 42 34b/68c 

2 
  

(1.5) 

 

18 13d <5b/55c 

3 
  

(1.0) 

 

4 58 65b/55c 

4 

  
(1.1) 

 

18 76 -b/55c 

aReactions performed with 1.00 mmol of aryl bromide (1.0 eq.) in DMAc (2.0 mL) according to GP 

4.6 (see 7.2.4.1); spectral yield according to 1H-NMR with internal standard (1,3,5-

trimethoxybenzene), given in mol%. bIsolated yield as described by the group of Fagnou.[8b] Reaction 

conditions: aryl bromide (1.0 eq.), heterocycle (1.0 eq.), Pd(OAc)2 (2.0 mol%), PCy3∙HBF4 (4.0 mol%), 

PivOH (0.3 eq.) and K2CO3 (1.5 eq.) in DMAc (0.3 M) for the indicated time at 100 °C. cIsolated yield 

as described by the group of Kappe.[8c] Reaction conditions: aryl bromide (1.0 eq.), heterocycle (1.1-

1.5 eq.), Pd(OAc)2 (1.0-2.0 mol%), PCy3 (2.0-4.0 mol%), PivOH (0.3 eq.) and K2CO3 (1.5 eq.) in DMF 

(0.5 M) for short periods of time (10-60 min) at 180 °C in a sealed vessel using single-mode microwave 

heating (Monowave 300). dAdditional 11% of C3-arylated product. 
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Due to strong overlay of signals as well as partial loss of reactants by work-up techniques 

(solubility in water, rotary evaporator), a discussion of recovered or decomposed material is left 

out. Whereas microwave heating promoted the reactivity of the imidazole ring for C–H 

arylation (68%),[8c] the reaction of 1-methylimidazole with 4-bromoanisole yielded 42% of 

arylated species with our salt (entry 1), within the range of Fagnou et al.[8b] (34%). None of the 

bromopyridines (o, m, p) used underwent notable reaction (<5%) under Fagnou’s original 

conditions. Owing to the high temperature employed, Kappe and coworkers enabled the 

arylation in 55% yield.[8c] In our case at 100 °C, spectral analysis confirmed the formation of 

desired 2-substituted benzothiophene (13%) (entry 2), demonstrating higher activity of our salt 

compared to pivalic acid. Near identical amounts of 2-(benzothiophene-3-yl)pyridine (11%) as 

side product were also detected. Similar to the reported methods, the less activated electrophile 

4-bromoanisole afforded arylated target material in 58% after four hours (entry 3). 

Unsubstituted benzothiophene was readily converted to the 2-naphthyl derivative in good yield 

(76%), surpassing Kappe’s results obtained at higher temperature[8c] (entry 4). 

Regarding our previous results, NBu4DiPP efficiently promoted the C–H arylation of several 

heterocycles. To further highlight the beneficial nature of our difunctional onium carboxylate, 

we monitored a comparative kinetic profile of a C–H arylation reaction. The groups of 

Marchand and Bazin prepared 2,3-diarylimidazo[1,2-a]pyridines through a Suzuki coupling–

direct arylation sequence.[8d] Our focus lay on the second part of the functionalization. 2-

Phenylimidazo[1,2-a]pyridine (59) was readily available in 64% yield by the one-pot 

Tschitschibabin method reported by Tomoda et al.[92] The structural motif of the substrate was 

particularly interesting due to its characteristic signal shifts and splitting, allowing a 

straightforward, quantitative 1H-NMR analysis of crude mixtures. Optimal conditions to run a 

kinetic study were determined by a small set of screening experiments (table 21). The 

combination of Pd(OAc)2 with PCy3 and our difunctional onium salt quantitatively yielded the 

desired product with both aryl bromides (entries 1 and 2). Reducing the amount of additive 

(from 0.3 down to 0.1 equivalents) did not affect the outcome of the reaction (entry 3); in fact 

even after leaving the latter completely away (entry 4). We supposed that the acetate counter-

ion from the metal precursor exhibits a minor CMD effect. The following entries were deduced 

from kinetic monitoring of reactions mixtures. To cancel any influence of the precatalyst, 

PdCl2(MeCN)2 in combination with PCy3 was applied, which showed only moderate 

conversion after 24 hours (entry 5). Indeed, Pd(OAc)2 significantly promoted the cross-
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coupling with excellent yield after two hours (entry 6). Employing NBu4DiPP accelerated the 

reaction, showing quantitative conversion to the arylated heterocycle (entry 7). Regarding our 

findings, we expected a concurrent coordination of Pd metal between ligand and CMD additive. 

In fact, by dismissing any additional ligand, we managed an acceleration of the reaction rate, 

delivering similar amounts of arylated target material after only 15 minutes (entry 8). Under 

these conditions, the reaction would be too fast for any kinetic study. Small time differences, 

even seconds, between samples withdrawn would lead to considerable deviations. Whereas 

lowering of the temperature to 60 °C mainly stopped the reaction (entry 9), optimal conditions 

were established at 90 °C (entry 10). 

Table 21. Incorporation of NBu4DiPP in the palladium-catalyzed direct C–H arylation of 2-phenylimidazo-

[1,2-a]pyridine (59).a DMAc = dimethylacetamide; Tol = tolyl; DiPP = diisopropyl propionate. 

 

entry ArBr precatalyst ligand additive [eq.] T [°C] t [h] 59 [%] yield [%] 

1 PhBr Pd(OAc)2 PCy3 NBu4DiPP (0.3) 100 18 <1 93 

2 4-TolBr Pd(OAc)2 PCy3 NBu4DiPP (0.3) 100 13 <1 95 

3 4-TolBr Pd(OAc)2 PCy3 NBu4DiPP (0.1) 100 13 <1 93 

4 4-TolBr Pd(OAc)2 PCy3 - 100 13 <1 94 

5b 4-TolBr PdCl2(MeCN)2 PCy3 - 100 24 25 67 

6b 4-TolBr Pd(OAc)2 PCy3 - 100 2 <1 95 

7b 4-TolBr PdCl2(MeCN)2 PCy3 NBu4DiPP (0.1) 100 0.5 2 95 

8b 4-TolBr PdCl2(MeCN)2 - NBu4DiPP (0.1) 100 0.25 6 91 

9b 4-TolBr PdCl2(MeCN)2 - NBu4DiPP (0.1) 60 4 89 8 

10b 4-TolBr PdCl2(MeCN)2 - NBu4DiPP (0.1) 90 2 2 93 
aReactions performed with 1.00 mmol of 59 in DMAc (4.0 mL) according to GP 4.7 (7.2.4.1); spectral yield 

according to 1H-NMR with internal standard (1,3,5-trimethoxybenzene), given in mol%. bKinetic monitoring. 

In the following, we compared different conditions to testify the beneficial effect of our 

difunctional onium carboxylate, NBu4DiPP as additive in catalysis. The reaction progress is 

plotted in figure 28 (see 7.2.4.1 – general procedure 4.8 for further details). In all cases, a short 

initiation phase (5 min) with little conversion is observed. Only after a certain amount of time 

the reaction mixtures supposedly reached the required temperature for arylation to take place. 

Whereas Pd(OAc)2 alone showed slow formation of the product, the reaction profited from both 

functionalities, the PTC- and the CMD-effect, provided by tetrabutylammonium carboxylates. 

Again, our promising difunctional onium salt, NBu4DiPP, proved effective. The latter further 
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significantly accelerated the rate of the C–H arylation by 20% compared to using NBu4OPiv as 

difunctional additive. 

 

Figure 28. Kinetic study of the C–H arylation of 2-phenylimidazo[1,2-a]pyridine (59). Amount of substance (n) 

plotted against time (min). Dotted line: amount of educt; continuous line: amount of 59. Green: Pd(OAc)2; blue: 

PdCl2(MeCN)2, NBu4OPiv (49); red: PdCl2(MeCN)2, NBu4DiPP (47). 

4.4 Conclusion and outlook 

In this chapter, we have proposed to introduce ammonium carboxylate salts as difunctional 

additives for use in the optimization of catalytic C–H coupling reactions. Such salts are 

potentially easy to handle and measure out, which makes them convenient additives for 

catalysis screening. The quaternary ammonium carboxylates can specifically contribute with 

two or three roles to the improvement of catalytic reactions, namely by inserting (1) a phase-

transfer catalyst into the reaction, (2) by providing a CMD-active carboxylate, and (3) by 

introducing a micelle-forming long-chain carboxylate anion. 

Newly synthesized carboxylic acids, acetal 45 and H2-ESP (46), proved minor reactivity in C–

H arylation. Further investigations of the latter were not conducted. More promising acids, e.g. 

PivOH, DiPPA, were combined with ammonium cations leading to difunctional onium 

carboxylates. Those of NBu4 or BnNMe3 were isolated in near quantitative yields via simple 

titration against phenolphthalein indicator. Initial attempts of merging the cation in Aliquat® 

336 with carboxylate anions from our acids mostly led to decomposition of the cation. A milder 

method that excluded any use of strong base solves this synthetic problem. Even though small 

impurities due to partial hydrolysis of the anion remained, methyltrioctylammonium (MTOA) 
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methyl carbonate turned out to be an ideal starting material. The anion readily decomposed to 

easily removable CO2 and methanol when stirred with carboxylic acids, yielding the 

carboxylate salts quantitatively. A chiral version of a difunctional ammonium carboxylate could 

not be isolated. The ease of handling our difunctional onium carboxylates was strongly 

dependent on the ions involved. MTOA salts presented themselves as ionic liquids. In case of 

tetrabutylammonium salts, crystallinity decreased with less substituted or long-chain acids. 

α,α-Diisopropyl propionate salts were easiest to handle, with NBu4DiPP shown to be more 

stable than BnNMe3DiPP. 

The application of our salts in C–H coupling reactions allowed for some direct comparisons 

with established CMD-additives. Compared to pivalic acid itself, enhanced reactivity in the 

arylation of caffeine was demonstrated, no matter which salt was involved. DiPP salts led to 

strikingly accelerated conversion of caffeine to phenylcaffeine, underlining the superior role of 

the difunctional onium carboxylate. MTOA versus tetrabutylammonium compounds showed 

minor acceleration of the reaction, either owing to superior PTC effects of the cation or greater 

amounts of ions added. Namely, the viscous nature impeded an accurate dosing of Aliquat® 

derived salts. On the account of surfactants promoting micellar catalysis in water without the 

addition of organic co-solvents,[76b,89] we wanted to investigate the arylation of caffeine in 

aqueous media. Unfortunately, this reaction was unsuitable for the purpose, and no coupling 

product was detected. The alkaline reaction mixture led to the hydrolysis of the uracil unit 

followed by decarboxylation. Besides minor amounts of caffeidine (57), N-(4-1-

methylimidazolyl))-N,N’-dimethylurea (58) was the major side-product (figure 29). 

 

Figure 29. Side-products of the attempted arylation of caffeine in water. 

In terms of handling and reactivity, NBu4DiPP (47) turned out to be the most convincing 

additive salt. Indeed, benzene as well as several other heterocycles including benzothiophene, 

and 1-methylimidazol were efficiently arylated in its presence. To underline the superior role 

played by NBu4DiPP, we investigated the arylation of 2-phenylimidazo[1,2-a]pyridine (59). 

Enhanced activity was detected when NBu4DiPP was involved. Kinetic monitoring of the 

reaction profile revealed a three times faster reaction with NBu4Dipp compared to Pd(OAc)2 

alone, and 20% faster than NBu4OPiv (49). 
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‘Time is money’ has become a common set phrase.[93] In medicinal chemistry, labeling of 

pharmaceuticals must occur as fast as possible to prevent any unnecessary decay of the isotope. 

With half-lives ranging from 20 (11C) to 100 minutes (18F),[94] these isotopes are widely used in 

PET radiology.[95] Plenty of methods have been established for the synthesis of labelled, 

aromatic scaffolds.[96] C–H coupling reactions can strongly profit from both functionalities, 

PTC and CMD effects. Our difunctional onium carboxylates, especially NBu4DiPP (47), are 

capable of accelerating C–C-bond forming processes. Potential applications besides preparing 

PET chemicals lie in accelerating key steps in total syntheses. For example, streptochlorin, a 

novel antineoplastic agent,[97] could readily be available via Heck-type C–H coupling of indole 

with an oxazole electrophile, supported by our additive salt and followed by chlorination (figure 

30). 

 

Figure 30. Retrosynthetic sequence of a potential synthesis of streptochlorin. X = leaving group. 

Our difunctional onium carboxylates have shown wide application in catalysis, still leaving 

room for further diversification. Coupling in water which failed with caffeine due to 

decomposition should be extended to less water- or base-sensitive substrates, e.g. imidazo[1,2-

a]pyridines, indoles or other heterocycles. Surfactants including commercially available 

Kolliphor® EL or Triton™ X-100 as reaction media could also promote the arylation by 

increased micelle formation.[89c] Other target anions should include sodium stearate or lauryl 

sulfate, which can both be expected to display strong micellar effects. Future projects should 

also tackle the synthesis of chiral carboxylate salts either by introduction of stereochemical 

information in the cation or anion, e.g. cinchonidinium, N-protected amino acids, or axially 

chiral 1,1’-binaphthyl-2-carboxylic acids. In that manner, the bifunctional role of the additive 

salts providing both PTC- and CMD-functionality could be complemented with a third role, 

namely providing chiral induction.  
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5 BENZYL, VINYL AND CYCLOHEPTATRIENYL PHOSPHONIUM SALTS: 

MOLECULAR STOREHOUSE FOR AIR-SENSITIVE LIGANDS 
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This chapter is divided in four main sections. In the beginning, the unifying subject, phosphines 

and their salts, is briefly presented (5.1). The first sub-chapter deals with benzyl and vinyl 

phosphonium salts (5.2). Their synthesis (5.2.1), isomerization (5.2.2), attempted release of free 

phosphine (5.2.3) as well as their application in catalysis (5.2.4) are depicted. Similarly, the 

specific case of cycloheptatrienyl (CHT) phosphonium salts are discussed in the third section 

of this chapter (5.3). Their synthesis and characterization by X-ray diffraction (5.3.1) reveals a 

susceptible electrocyclic rearrangement (5.3.3). CHT salts are subjected to different 

nucleophilic agents and conditions to testify their capability for ligand release (5.3.4). Direct 

comparison of quaternary cycloheptatrienyl salts with their free phosphine analogue permits us 

to evaluate their performance in catalysis (5.3.5). The conclusion and outlook (5.4) close this 

chapter. To present the full overview of this topic, results of the preceding master thesis have 

been included in the discussion.[1] 

5.1 Introduction 

Ligand design is a central topic in today´s homogeneous catalysis.[2] Phosphines are among the 

most commonly used steering ligands. Triarylphosphines, and triphenylphosphine in particular, 

have been preferred for a long time due to their availability, stability and simple modification.[3] 

Tri-ortho-tolylphosphine was among the first examples of a phosphine with increased steric 

hindrance, designed to suppress quaternization at phosphorus, and simple modification. It also 

displayed high activity in diverse Heck coupling reactions.[4] Later, Herrmann and Beller 

showed that its superior reactivity is owed to the formation of a thermally robust palladacycle 

60 (scheme 39).[5] 

 

Scheme 39. Formation of Herrmann-Beller catalyst from Pd(OAc)2 and P(o-Tol)3.[5] R = o-Tol; Tol = tolyl. 

Even though trialkylphosphines have been neglected in the beginning, growing evidence 

proved their superior role due to electron-richness and bulky sterics. A major drawback of 

trialkylphosphines lies in their high sensitivity towards oxygen, with which they readily furnish 

the corresponding phosphine oxides. The broadly applicable tert-butyl phosphine derivatives[6] 

suffer from fast radical chain oxidation[7] in particular. The group of Fu purposed to circumvent 

this problem by protonation the free ligand with HBF4, yielding air-stable quaternary, 
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protonated trialkylphosphonium salts.[8] In combination with a weak base, the ligand is liberated 

from the salt and available for coordination to a metal center. The synthesis of tri-tert-

butylphosphonium tetrafluoroborate (61) is representative of this approach and has been 

improved by Cramer and coworkers such that no air-sensitive intermediates need to be isolated 

(scheme 40).[9] Use of a copper(I) salt as a catalyst in the alkylation of PCl3 with Grignard 

reagent significantly increased the reaction rate. 

 

Scheme 40. Synthesis of (tBu)3P∙HBF4 (61) by Cramer et al.[9] extr. = extraction; cryst. = crystallization. 

Next to tri-tert-butylphosphine, tricyclohexylphosphine has experienced widespread use.[10] In 

combination with Pd(OAc)2, PCy3 prevailed as best ligand in Suzuki-[6a,10e] or Kumada-type[10d] 

coupling reactions. The precatalyst PdCl2(PCy3)2 enabled the reaction of highly activated aryl 

chlorides with arylboronic acids.[11] Whereas a Pd/PtBu3 catalyst system efficiently promotes 

Heck coupling of less activated aryl chlorides, Pd/PCy3 seems to fail.[12] The observed 

reluctance of Pd(PCy3)2HCl to undergo reductive elimination to Pd(PCy3)2, thus regenerating 

Pd(0), explains the low reactivity of Pd/PCy3 in Heck reactions of aryl chlorides.[13] In Suzuki 

coupling, ligand dependent chemoselectivity has been demonstrated with 4-chlorophenyl 

triflate.[14] While PdPtBu3, formed in situ from Pd2(dba)3 and PtBu3¸[15] exclusively activates the 

C–Cl bond, reaction at the triflate moiety[16] occurs with Pd(PCy3)2.
[6e,17] Computational studies 

by the group of Schoenebeck have revealed the rationale for the reversed regioselectivity.[18] 

The monoligated Pd species reacts preferentially with C–Cl due to ease of distortion. However, 

dispersion effects favor the more nucleophilic intermediate, PdL2, whose reactivity is controlled 

by HOMO–LUMO interaction. In nickel-type chemistry, Dankwardt described the cross-

coupling of Grignard reagents with aromatic alkyl ethers using NiCl2(PCy3)2 and related 

derivatives as catalysts (scheme 41).[19] Plenty of other examples have dealt with coupling 

reactions involving a Ni/PCy3 (or Rh) catalyst system.[20] 

 

Scheme 41. Ni-catalyzed cross-coupling of Grignard reagents with aromatic alkyl ether according to 

Dankwardt.[19] 
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Even though trialkylphosphines suffer from air-sensitivity, bulky derivatives seem to be stable 

in the solid state due to their crystallinity.[21] With a melting point of >350 °C, 

triadamantylphosphine is stable in air for weeks, but readily oxidizes when exposed to air in 

solution. Under mild conditions, this bulky phosphine enabled the coupling of base sensitive 

polyhaloboron reagents with aryl bromides.[22] Introduced by Beller et al.[23], n-

butyldiadamantylphosphine, known as cataCXium® A, proved practical in industrial 

catalysis.[24] This mixed ligand permitted the C–H arylation of heterocycles with aryl 

chlorides,[25] whereas You et al.[26] had only succeeded with aryl bromides in their reaction. 

Other coupling reactions involving BuP(1-Ad)2 include carbonylations[27], stereospecific cross-

coupling of organotrifluoroborates[28], aminations[29], and Heck coupling reactions[23,30]. 

With the introduction of their ligand families, Buchwald in particular and Hartwig have 

revolutionized cross-coupling chemistry, not only in the amination of aryl halides.[31] Whereas 

Hartwig relies on ferrocenyldialkylphosphines, Buchwald sticks to monodentate, bulky, and 

electron-rich dialkylbiarylphosphines. Interestingly, FcPtBu2 (Fc = ferrocenyl) in combination 

with Pd2(dba)3 only showed enhanced reactivity after an extended induction period.[32] 

Observations from kinetics revealed an initial consumption of aryl bromide, with no product 

formation, pointing to a side-reaction taking place. Indeed, the ligand itself underwent 

perphenylation of the lower ferrocene ring furnishing the actual ligand of the active catalyst 

system, which displays high activity by virtue of its bulky nature (scheme 42). 

 

Scheme 42. Ligand modification to QPhos in the aromatic C–O bond formation as described by Hartwig et al.[32] 

Buchwald ligands exhibit a basic structure in which each substituent exhibits a distinct role 

(figure 31).[33] Alkyl groups at the phosphorus atom increase electron density at phosphorus, 

enhancing the rate of oxidative addition. Bulky substituents likewise promote ligand 

dissociation, thus favoring generation of reactive [L1Pd0] (L1 = Buchwald ligand) species. 

Finally, the bulk of L in [L1Pd0Ar(Nuc)] (Ar = aryl group, Nuc = nucleophile) aids in the 

reductive elimination of coupling product Ar–Nuc. The expansion of ligand size by introduction 

of the lower ring reduces the phosphine’s propensity for oxidation. Due to stabilization of Pd–

arene interactions, reductive elimination is preferred. While para-substitution of the lower ring 

usually emerges using more convenient synthesis procedures, ortho-functionalization 
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prevents cyclometallation. Steric bulk supports the formation of [L1Pd0] species. Further 

substitution of the upper ring simulates the conformation of PR2 over the bottom ring, hence 

abetting reductive elimination. Buchwald ligands are easily available on large scale (>10 kg) in 

a direct one-pot procedure.[34] Conventional synthetic methods include the addition of an aryl 

Grignard or an aryllithium reagent to a benzyne intermediate generated in situ from the 

appropriate dihalobenzene. With the aid of CuCl catalysis, trapping of the biaryl Grignard 

intermediate with the corresponding dialkylchlorophosphine yields the desired phosphine. In 

figure 31 the most commonly used Buchwald ligands are depicted. With profound application 

in amination reactions[35], fluorination of aryl (pseudo)halides[36], or other reactions[37], these 

ligands play an integral part in today´s homogeneous catalysis. The most recent achievement 

of Buchwald et al. is the development of terphenyl ligand AlPhos that enables the fluorination 

of aryl (pseudo)halides at room-temperature.[36d] Lately, AlPhos has also permitted the use of 

soluble, organic bases in C–N coupling reactions, as opposed to strong inorganic bases.[38] 

 

Figure 31. Selection of typical Buchwald ligands.[33,36d] Ad = 1-adamantyl. 

A third class of phosphine ligands was established by Stradiotto and coworkers who explored 

chelating P,N-[39] or P,P-[40]ligands (figure 32). Compared to the rather harsh conditions of 

Buchwald[36f] and Hartwig[41], the use of Mor-DalPhos allowed the coupling of aryl chlorides 

and tosylates with ammonia[42] to proceed at room temperature. Shortly after, Stradiotto and 

coworkers reported additional application in the cross-coupling with hydrazine[43], gold-

catalyzed hydroamination of alkynes with dialkylamines[44], as well as the mono-α-arylation of 
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acetone[45]. The introduction of sterically demanding, yet electron poor bisphosphane PAd-

DalPhos gave access to an air-stable NiII-precatalyst.[46] The latter is capable of coupling a broad 

range of (hetero)aryl halides and sulfonates with plenty of amines, including gaseous ammonia. 

Variations in phosphorus substitution further extended nickel-catalyzed cross-coupling of aryl 

electrophiles with aliphatic alcohols[47], sulfonamides[48], and bulky primary alkylamines[49].[50] 

 

Figure 32. Examples of chelating P,N- and P,P-ligands described by Stradiotto et al. Mor = morpholine; NHP = 

N-heterocyclic phosphine. 

Due to their big size and extended substitution pattern, the Buchwald, Hartwig and DalPhos 

ligands feature high stability towards oxygen. However, this does not apply to all ligands 

likewise, and the least so for trialkylphosphines or for many ligands in the dissolved state. Thus, 

Protonation of trialkylphosphines as introduced by the group of Fu[8], was welcomed[51] as 

facilitating the handling of air-sensitive phosphines. The suitability of protonated tert-

phosphanes as ligand precursors appears evident. An even better protection of the phosphorus 

center is arguably provided by quaternization of phosphanes with alkyl electrophiles. Numerous 

quaternary phosphonium salts of the benzyl[52], vinyl[53], allyl[54], and 

cycloheptatrienyl/norcaradienyl[55] type exist, yet no reports depict their application as ligand 

precursors in catalysis. Quaternary phosphonium salts are mostly used as arylating[56], or 

coupling reagent[57] (e.g. PyBrOP®,28), next to uses as phase-transfer catalysts or ionic liquid 

reaction media[60]. Pd-π-complexes of styryl phosphonium salts have been described in the 

literature.[61] However, neither applications in catalysis nor the potential release of phosphine 

have been reported. The group of Fürstner already illustrated the synthesis of gold and rhodium 

ylide complexes derived from quaternary phosphonium salts[53], and other groups[62] have 

recently dealt with the application of phosphonium ylides as ligands in coupling chemistry.  

Tropylium salts are readily available through different procedures.[63] Among those salts, the 

perchlorate, hexafluorophosphate and tetrafluoroborate are easiest to handle, due to their 

 

28 PyBrOP® = bromotripyrrolidinophosphonium hexafluorophosphate. PyBOP®, (benzotriazol-1-yloxy)tripyrroli-

dinophosphonium hexafluorophosphate was introduced by the group of Castro. 
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stability and non-hygroscopicity compared to the chloride, bromide or iodide.[63b] The 

cycloheptatrienyl (CHT) motif permits π-coordination of metal atoms, and several complexes 

of Pd, Pt, Rh,… including CHT-phosphines or -imidazoles have so far been synthesized, 

bringing the phosphonium unit in close proximity to the metal center.[64] 

In this project, we want to pursue the isolation of air-stable P-alkylated quaternary phosphonium 

salts, based on standard tertiary phosphine ligands, and focusing on moderately labile 

unsaturated groups for quaternization, like benzyl, allyl, vinyl, and cycloheptatrienyl. For the 

tertiary phosphine platform, we looked towards cyclohexyl-type phosphines, as they have been 

much spotlighted in catalysis. Compared to a simple protonation (HPCy
3

+
), quaternary salts are 

more stable since there is no danger of reversible proton loss at phosphorus. The ease with 

which the salts transfer phosphine to a metal precursor is a priori unknown but expected to 

depend on the structure of the alkyl group. Pre-complexation of the unsaturated phosphonium 

unit through π-coordination of the metal can be anticipated to play a key role in precatalyst 

activation.  
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5.2 Vinylic- and Benzylic- Tricyclohexylphosphonium Salts: Suitable 

Precursors for Active Catalyst Generation 

The following chapter is divided in subsections. First, the synthesis as well as characterization 

of vinyl and benzyl phosphonium salts will be presented. The isomerization of allyl type salts 

delivers corresponding vinyl salts. A short excursion on the complexation of Pd to unsaturated 

phosphonium salts will be illustrated. The efficient release of free PCy3 ligand from a styryl 

phosphonium salt will be investigated. Applications of vinyl- and benzyl-phosphonium salts in 

catalysis end this chapter. 

5.2.1 Synthesis of vinylic- and benzylic-tricyclohexylphosphonium salts 

In my master thesis, a range of vinylic and benzylic phosphonium salts has already been 

described (figure 33).[1] Stirring of the corresponding halides with PCy3 readily afforded benzyl 

salts 62 and 63. In case of trityl chloride, steric crowding hindered substitution at the central 

Csp3–carbon atom. Nucleophilic attack at the para-position of one of the phenyl groups was 

followed by 1,5-H shift affording 64 in 77% yield. A similar rearrangement had already been 

noticed in the reaction of PPh3
29 or other phosphines with halo-triphenylmethanes.[65] Whereas 

the PPh3 derivative was available at comparably low temperatures (100 °C),[61b] the synthesis 

of PCy3 salt (65) took advantage of microwave assisted heating to 210 °C. 

 

Figure 33. Available benzylic- and vinylic-phosphonium salts synthesized during my master thesis.[1] aThe product 

contains impurities. 

Suitable single crystals for X-ray diffraction were obtained by either slow diffusion of 

diethylether into a saturated solution of the salts in dichloromethane, or by direct overlayering 

of the latter phase with diethylether (table 22). Crystal data, as well as collected data for 

structure refinement are summarized in the appendix (8.3, table 64ff.). In each case, the 

phosphorus as well as benzylic carbon atoms show tetrahedral geometry, and the cyclohexyl 

groups adopt chair conformation. P–CCy bond distances lie within 1.80(6) and 1.84(1) Å, typical 

 

29 Reaction previously performed by Lukas Hintermann. 
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for Csp3-P bonds[66], with the phosphonium unit as equatorial substituent. Benzyl–phosphorus 

bond distances are slightly longer, 1.84(1) Å for benzyl and 1.87(9) Å for benzhydryl. The latter 

occurs from either steric repulsion or the pronounced +σ-effect, since C–P–C bond angles 

decrease with increasing size of the benzylic group. P–Csp2 bond lengths are shorter, 1.80(3) Å 

for para-trityl and 1.78(6) Å for β-styryl salts, but still considerably longer than (R)HC––+PPh3 

ylide bonds (1.64(0)[67] Å). Substituents of the vinylic double bond are arranged trans to each 

other. Within the limits of accuracy the salt’s C=C bond length (1.34(1) Å) is similar to the one 

reported for styrene (1.32(5)[68] Å) and shorter than those of styrene metal complexes[68-69]. 

Table 22. X-ray crystal structures of benzylic and vinylic tricyclohexyl phosphonium salts: a) benzyl, b) 

benzhydryl, c) p-trityl, d) β-styryl. Ellipsoids are shown at 50% probability level. Hydrogen atoms, counter-ions 

as well as co-crystallized solvent molecules (CH2Cl2) are omitted for sake of clarity. Carbon atoms are depicted in 

grey, and phosphorus atoms in yellow. 
 

a) 

 

 

b) 

 
 

c) 

 

 

d) 

 

Even though alkenyl phosphonium salt 65 had already been obtained in comparably high yield, 

we wanted to explore if we could further improve the reaction conditions (table 23). In the 

1990’s, the group of Stang reported the Pd-catalyzed synthesis of vinylic phosphonium salts 

from vinyl triflates and PPh3.
[70] Later, Cheng et al. isolated β-styryl triphenylphosphonium 

salts from β-bromostyrenes and PPh3 under Pd(PPh3)4 catalysis.[61] Yet, no reports display the 
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isolation of related styryl tricyclohexylphosphonium salts. Previous investigations in our group 

including Pd(PPh3)4 as catalyst and NaOPiv as base/additive already afforded salt 65 in 80% 

yield at microwave-assisted heating (entry 1). Pd(OPiv)2 as sole metal precursor and CMD 

additive diminished the yield (entry 2). Since reactions were usually performed at rather low 

scale, we wanted to increase reaction scale to confirm the results. At higher concentration 

(0.2 M), almost identical results were obtained at the 1.00 mmol scale (entry 3), entailing minor 

amounts of an unknown phosphorous impurity (δP 30.2, ~3.2 mol%), detected by 1H- and 31P-

NMR spectroscopy. The light yellowish color of the isolated solid might indicate the potential 

presence of a Pd complex. A spectral identification of the Pd species was not conducted. The 

use of NaBPPh4 as additive led to virtually identical results without any substitution of the 

counterion from bromide to BPh4 (entry 4). Aged Pd(dba)2 precatalyst for those reactions was 

purified by the method of Ananikov et al.[71]. Nevertheless, reduced amounts of styryl salt 65 

were isolated (entry 5). Short heating of a Pd(PPh3)4/NaOPiv mixture for 15 minutes 

significantly improved the outcome of the ensuing phosphination with 95% isolated, and 97% 

spectral yield (entry 6). Further reduction of catalyst as well as additive loading halved the 

amount of salt (entry 7). 

Table 23. Synthesis of (E)-tricyclohexyl(styryl)phosphonium bromide (65).a precat. = precatalyst; t = time. 

 

entry Pd-precat. [mol%] additive [mol%] t [min] yield [%] 

1b Pd(PPh3)4 (5.0) NaOPiv (10) 60 80 

2b Pd(OPiv)2 (5.0) NaOPiv (10) 60 55 

3c Pd(PPh3)4 (5.0) NaOPiv (10) 60 84d (85) 

4 Pd(PPh3)4 (5.0) NaBPh4 (10) 60 (87) 

5 Pd2(dba)3∙CHCl3 (2.5) NaOPiv (10) 60 (53) 

6 Pd(PPh3)4 (5.0) NaOPiv (10) 15 95d (97) 

7 Pd(PPh3)4 (2.5) NaOPiv (5) 15 (48) 
aReactions performed 500 µmol PCy3 in toluene (4 mL) according to GP 5.2.3 (see 

7.2.5.1); isolated yield. Spectral yield in brackets according to 1H-NMR against 

internal standard, given in mol%. bReaction performed with 100 mg PCy3 (357 µmol) 

in 5 mL toluene; entry extracted from my master thesis. cReaction performed with 1.00 

mmol PCy3 in 4 mL toluene. dContains minor amounts of a phosphorous species (δP 

30.2). 

Next, we focused on vinyl- and allyl-type phosphonium salts. Allyl (66) and cinnamyl (67) 

tricyclohexylphosphonium salts were already known.[52a] Heating of the corresponding allyl 

bromides and PCy3 to 120 °C afforded both salts in good to excellent yields (scheme 43). The 
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desired products simply precipitated from the reaction mixture and were isolated via filtration. 

Cinnamyl bromide was prepared from HBr and cinnamyl alcohol in 97%30 yield.[72] It was used 

without further purification. 

 

Scheme 43. Synthesis of allyl (66) and cinnamyl (67) tricyclohexylphosphonium bromide. 

The group of Fürstner described the synthesis of singlet carbene ligands via deprotonation of 

fluorenylidene phosphonium salts.[53] Among derivatives depicted, the PCy3-based salt 68 took 

our attention. Wittig olefination[73] of 9-fluorenone with (bromomethyl)triphenylphosphonium 

bromide31 delivered the required vinyl bromide in 69% yield. Heating with PCy3 resulted in 

72% of 68 (scheme 44). It is notable that this phosphination requires no catalyst, unlike the 

aforementioned one of styryl bromide. Presumably, the reaction proceeds via reversible 

deprotonation to a carbenoid species that reacts with neutral phosphane to phosphonium ylide, 

followed by reprotonation. 

 

Scheme 44. Synthesis of fluorenylidene tricyclohexylphosphonium bromide (68) as described by the group of 

Fürstner.[53] They immediately converted the crude product to the less coordinating BF4
– derivative. The vinyl 

bromide is available via direct Wittig olefination of 9-fluorenone.[73] 

Since direct Wittig reaction with (bromomethyl)triphenylphosphonium bromide failed,32 a 

range of other vinyl bromides were prepared via two-step procedure including Wittig 

olefination[75] followed by bromination[76] with NBS in acetic acid (scheme 45). Olefin 69 was 

isolated in 77% yield. Since 1,1-diphenylethylene readily decomposes upon prolonged storage 

at room temperature, direct conversion of the latter is recommended. Methyl- (70) and propyl-

substituted (71) derivatives were obtained in near identical yields. Both were accompanied by 

impurities occurring from incomplete or over-bromination which could not be separated. 

 

30 The product contains residual ethyl acetate (3 wt.%) and minor amounts of starting alcohol (8 wt.%). 

31 Synthesized according a procedure by the group of Drewes (see reference [74]) in 66% yield. 

32 The failed reaction could also be owed to the employed base, KOtBu. NaHMDS could have been more 

promising. 
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Scheme 45. Two-step synthesis of 2-bromo-1,1-diphenylethylenes. Wittig olefination: R = H:[75a] a) KOtBu, 

methyl triphenylphosphonium bromide, Et2O, r.t., 15 min, b)  benzophenone, Et2O, 0 °C, 15 h; R = Me, Pr:[75b] a) 

n-BuLi, alkyl (R =Me: ethyl, R = Pr: butyl) triphenylphosphonium bromide, THF, 0 °C, 2 h, b) benzophenone, 

0 °C to r.t., 16 h. The bromination was conducted according to a procedure by Zhang et al.[76] Yields indicated 

over two steps. 

Commercially available α-methylstyrene was first brominated with Br2. Small impurities from 

overbromination were detected in the 1H-NMR spectrum. Nevertheless, direct conversion of 

the crude product with the strong base KOtBu afforded the styryl bromide 72 in 80% yield over 

two steps; (E)-configuration being dominant. Minor amounts of regioisomeric 3-bromo-2-

phenylpropene were inevitable. 

 

Scheme 46. Two-step synthesis of 1-bromo-2-phenylpropene (72). Yield indicated over two steps. The product 

contains 3-bromo-2-phenylpropene (~1 mol%). 

Olefins 69-72 were subjected to the previously established phosphination conditions for the 

synthesized styryl phosphonium salt 65 (table 24). The use of NaBPh4 as additive in the 

synthesis of 65 afforded good results compared to NaOPiv. It has not yet been clarified which 

role NaBPh4 plays in the described reaction. An in situ substitution of bromide to BPh4
–
 would 

be imaginable when used in equimolar amounts which potentially increases the solubility of the 

reactants and product, but no exchange was observed at catalytic loading of NaBPh4. Due to its 

superior crystallinity compared to NaOPiv, we decided to give it a try and employ the borate 

salt in the synthesis of other vinylic phosphonium salts. One should note that conditions using 

short heating time (table 23, entries 6 and 7) were established later than the results depicted in 

table 24 excluding entry 6. Pd-induced isomerization of the double bond hindered the complete 

conversion of vinyl bromide 72 (entries 1 and 2), affording low amounts of desired 

phosphonium salt. Catalyst deactivation by formation of a Pd–allyl species seems imaginable. 

1,1-Diphenylethylenes feature a similar structural motif like fluorene derivative 68. However, 

heating of the simplest alkenyl bromide 69 with PCy3 in the absence of precatalyst and additive 

impeded any reaction (entry 3). Application of Pd(PPh3)4–NaBPh4 conditions delivered the salt 
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in 75% spectroscopic yield (entry 4). In the crude 1H-NMR spectrum, the already observed 

phosphorous impurity (δH 3.20-3.29, δP 30.2, 6.2 mol%) was present. Attempted crystallization 

of the salt entailed identical amounts of the impurity. The use of excess PCy3 slightly improved 

the spectroscopic yield to 88% accompanied with 14 mol% Pd–PCy3 species (entry 5). 

Filtration of a methanolic solution of the salt did not remove two additional phosphorous species 

(δP 30.2 (1.2 mol%), 33.6 (5.3 mol%)). Short heating times of 15 minutes led to significantly 

reduced phosphination yields (entry 6). In contrast to NaBPh4, NaOPiv already showed reduced 

amounts of side product (~5.0 mol% in total) in the crude NMR spectrum, delivering 58% of 

phosphonium salt after purification (entry 7). Substituted 1,1-diphenylethylenes 70 and 71 did 

not react with PCy3 under any of the tested conditions (entries 8 and 9). 

Table 24. Attempted synthesis of vinyl phosphonium salts.a 

 

entry vinyl bromide precatalyst additive t [min] product yield [%] 

1 

 72 

Pd(PPh3)4 NaOPiv 80 73 (19)b 

2 Pd(PPh3)4 NaBPh4 60 73 (8)c 

3d 

 69 

Pd(PPh3)4 - 20 74 - 

4 Pd(PPh3)4 NaBPh4 60 74 (75) 

5e Pd(PPh3)4 NaBPh4 60 74 66f (88) 

6 Pd(PPh3)4 NaBPh4 15 74 46f 

7 Pd(PPh3)4 NaOPiv 60 74 58g 

8 

 70 

Pd(PPh3)4 NaBPh4 60 - - 

9 

 71 

Pd(PPh3)4 NaBPh4 60 - - 

aReactions performed 500 µmol PCy3 in toluene (4 mL) according to GP 5.2.3 (liquid 

ArBr) or 5.2.4 (solid ArBr) (see 7.2.5.1). Spectral yield in brackets according to 1H-NMR 

against internal standard; isolated yield, given in mol%. b6% 2-phenylallyl isomer. c5% 2-

phenylallyl isomer, 80% vinyl bromide. dReaction performed for 20 min at 190 °C without 

catalyst or additive in a microwave reactor. eReaction performed with 500 µmol vinyl 

bromide and 1.00 mmol PCy3. fThe product contains two additional phosphorous species 

(δP 30.2, 33.6). g0.9 mol% of phosphorous impurity (δP 30.2). 

Suitable single crystals for X-ray analysis of tricyclohexyl(2,2-diphenylvinyl)phosphonium 

bromide (73, entry 6) were grown by slow diffusion of diethylether into a saturated solution of 

the salt in dichloromethane (figure 34). Crystal data, as well as collected data for structure 
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refinement are summarized in the appendix (8.3, table 88f.). One molecule of CH2Cl2 co-

crystallized with the salt. The phosphorus atom is substituted in a tetrahedral fashion with 

cyclohexyl groups adopting chair conformation. P–CCy bond distances lie within 1.81(7) and 

1.82(7) Å, typical for Csp3-P bonds[66], with the phosphonium unit in equatorial position. The 

P–Csp2 bond length (1.77(7) Å) is comparable to the one of the styryl salt 65 (1.78(6) Å). C=C 

bond lengths were identical (1.31(4) Å) for both salts. Phenyl groups are twisted to each other, 

oriented perpendicular to the C=C–P+ plane. The latter atoms span an angle of 134°, 

significantly wider than in styryl salt 65 (121°). Steric hindrance might be the reason for the 

considerably obtuse angle. 

 

Figure 34. X-ray crystal structure of tricyclohexyl(2,2-diphenylvinyl)phosphonium bromide (74). Ellipsoids are 

shown at 50% probability level. Hydrogen atoms, counter-ion as well as co-crystallized solvent molecules 

(CH2Cl2) are omitted for sake of clarity. Carbon atoms are depicted in grey, and phosphorus atom in yellow. 

As previously noted, the direct phosphination of 1-bromo-2-phenylpropene failed, delivering 

very low and equal amounts of the isomeric vinyl- and allyl phosphonium salts. Since already 

the substrate seems to be prone to isomerization, we envisaged the selective synthesis of the 

allylic phosphonium isomer (scheme 47). The group of Suginome had already reported the 

isolation of the latter as precursor for Wittig olefination.[77] Allylic bromination of α-

methylstyrene afforded the necessary allyl bromide 75 in 71%33 yield following procedures of 

Gu[78] and Mukherjee[79]. Due to decomposition upon storage, 75 was quickly converted. 

Stirring for three days with PCy3 in toluene gave 90% of 76 in >99% purity. Subsequent 

rearrangement to the vinyl derivative will be discussed in the upcoming section. 

 

33 a) (E)-1-bromo-2-phenylpropene (595 mg, 6%), b) (3-bromoprop-1-en-2-yl)benzene (3.78 g, 38%), c) mixture 

of both (a-b 25:75, 4.35 g, 44%). Mixed fraction c) was not further purified. 
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Scheme 47. Two-step procedure for the synthesis of phosphonium salt 76 following procedures by Gu[78], 

Mukherjee[79] and Suginome[77]. a1.6 eq. of allyl bromide 75 were used. 

5.2.2 Isomerization of allyl-type phosphonium salts 

During the attempted phosphination of 1-bromo-2-phenyl-1-propene (72) we had noted the 

generation of both vinylic and allylic phosphonium salt, albeit in very low yield. It was not 

evident whether the isomerization occurred at the stage of the starting bromide or of the 

phosphonium salts, or what the relative stability of both phosphonium salts was. To study the 

isomerization equilibrium of allyl- versus vinyl-phosphonium salts in a fundamental manner, 

we first analyzed the isomerization behavior of our most simple allyl salt 66 under several 

conditions. Scanning of older literature reports revealed that diverse methods for the 

isomerization of allyl phosphonium salt 66 have already been reported. Filtration over basic 

Al2O3
[80] or stirring in basic[81] media proved practical. To perform NMR scale experiments, we 

mixed allyl salt 66 in CDCl3 with catalytic amounts of three amine bases: NEt3, DABCO, and 

DBU (table 25). 

Table 25. Base induced isomerization of allyl tricyclohexylphosphonium bromide (66).a 

 

entry base [eq.] t [d] allyl [%] vinyl [%] H/D exchange 

1 NEt3 (0.1) 5 93 7 yes 

2 DABCO (0.3) 7 68 32 minor to none 

3 DBU (0.1) 0.2 4 96 yes 
aReactions performed with <100 µmol allyl tricyclohexylphosphonium 

bromide in CDCl3 (500 µL) according to GP 5.2.5 (see 7.2.5.1). The 

amount of educt was adjusted in a way that either 1.0 µL liquid or 

weighable amounts of solid (DABCO, 3.06 mg) could be added. Spectral 

yields according to 31P-NMR by integration of 31P-NMR signals (no 

internal standard), given in mol%. 31P-NMR shifts of detected species: δP 

25.4 (vinyl), 29.7 (allyl). 

The samples were monitored by 31P-NMR spectroscopy for several days and the species 

distribution (δP 25.4 (vinyl), 29.7 (allyl)) was analyzed. Analysis of the 1H-NMR spectra further 

unveiled deuterium incorporation. The experiments were stopped if there was no further 

changes noticed. Minor amounts of vinyl salt (2 mol%) were already present from the synthesis 

of the allyl salt. The use of catalytic NEt3 induced negligible generation of vinyl salt (entry 1). 

DABCO induced isomerization progressed very slowly (entry 2), yielding only 32% of 
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propenyl isomer after one week. In contrast, DBU delivered near quantitative amounts of 

propenyl isomer already after five hours (entry 3).34 

Whereas the deuterium incorporation-equilibrium is partly shifted to 66 when NEt3 (0.1 eq.) 

was used, DBU (0.1 eq.) nearly fully exchanges propenyl protons at all positions after six days 

in CDCl3 (figure 35). 

 

 

Figure 35. Stacked 1H-NMR spectra (CDCl3) of allyl tricyclohexylphosphonium bromide (66, top), the 

isomerization of allyl tricyclohexylphosphonium bromide (65) with DBU (0.1 eq.) after five hours (2nd), two days 

(3rd), six days (4th), and isolated, partially deuterated vinyl tricyclohexylphosphonium bromide (77, bottom). The 

bottom spectrum contains residual amounts of DBU∙HOAc. Minor amounts of Et2O occur from the starting 

material. Residual signals of the starting material are marked with ♦, those of DBU with ♣. *Signal overlayering. 

This process is significantly accelerated by the addition of larger amounts (0.5, 1.0 or 1.5 eq.) 

of basic catalyst. The originally sharp signals of the vinyl group broaden as deuterium is 

 

34 The isomerization may be faster. Due to ‘traffic jam’ at the NMR machine, the first sample was only measured 

after four to five hours.  
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incorporation rises. The isomerization equilibrium is clearly shifted towards vinyl derivative. 

To further underline the 2H-incorporation, we conducted the same experiment on larger scale 

(500 µmol). After completed rearrangement (2 days, Vin–All 98:2), the sample was quenched 

by addition of acetic acid (1 drop). The isolated crude material was analyzed via 1H-, 31P-, and 

2H-NMR methods. Besides product signals, those of DBU acetate could be observed. Next to 

minor amounts of starting allyl phosphonium salt (δP 31.9, 2.3 mol%), two additional 

phosphorous signals (δP 25.3 (82.5 mol%), 25.4 (15.2 mol%)) could be assigned to the vinyl 

salt 77. With progressing deuterium incorporation, the broad signal at δP 25.3 belonging to 

partially deuterated 77 rises in intensity while the integral of the species at δP 25.4 decreases. 

Analysis of the 2H-NMR spectrum confirmed partial deuteration of α-, β-, and γ- substituents 

(δD 2.15 (Hγ), 6.22 (Hα), 7.23 (Hβ)). Since both extremities (α, γ) of the vinyl unit are most 

electrophilic, deuterium was preferably incorporated at these positions. The actual degree of 

2H-incorporation could not be calculated due to overlay of reference signals with DBU. 

By chance, we found that NaOPiv was an effective isomerization agent. Initially, we wanted to 

exchange the nonfunctional counter-ion bromide, with the functional CMD-additive pivalate 

via salt metathesis. Stirring of the allyl salt 65 with an equimolar amount of NaOPiv cleanly 

delivered vinyl salt 77 in 98% yield (scheme 48).  

 

Scheme 48. Isomerization of allyl tricyclohexylphosphonium bromide (65) with NaOPiv to vinyl salt 77. Vin = 

vinyl; All = allyl. 

Keeping the above methods in mind, we transferred the rearrangement to our α-methylstyrene 

substituted phosphonium salt 76 to access the corresponding vinyl derivative 73 (table 26). We 

therefore mixed 76 with DBU, NaOPiv or NEt3 and analyzed the experiments by 1H-NMR 

spectroscopy either directly (NMR scale) or after work-up. Minor amounts of phosphine oxide 

(1.0 mol%) were detected but neglected for the product ratio calculations. In all cases, the (E)-

vinyl isomer is clearly preferred due to lower steric hindrance in the product, the (Z)-isomer 

being present in 2-5 mol%. When storing a solution of the salt in CDCl3 with catalytic amounts 

of DBU (0.1 eq.), 1H-NMR analysis showed almost identical distribution of species after 30 

minutes (entry 1) or one day (entry 2). The equilibrium even seems to be shifted to the starting 

material at prolonged reaction time. It might be possible that bromide ions react with 

chloroform, releasing chloride anions. The presence of the latter ions could induce further 
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isomerization to unwanted allylic phosphonium salt 76. With progressing deuterium 

incorporation, a previously adjusted equilibrium can be shifted in turn. 

Table 26. Isomerization of α-methylstyrene substituted phosphonium salt 73.a ac = acetone; exc. = excess. 

 

entry base [eq.] solvent [mL] t [h] educt [%] (E)-77 [%] (Z)-77 [%] 

1 DBU (0.1) CDCl3 (0.5) 0.5 27 71 2 

2 DBU (0.1) CDCl3 (0.5) 24 33 63 4 

3 NaOPiv (1.0) DCM (2.0) 15 21 74 5 

4 NaOPiv (1.0) ac-DCM 1:1 (2.0) 24 12 83 5 

5b NaOPiv (1.0) DCM (2.0) 16 18 75 7 

6 NEt3 (exc.) MeCN (0.6) 18 27 70 3 

7 NEt3 (exc.) DCM (1.0) 18 30 67 3 
aReactions performed with 67.0 µmol (NMR scale) or 100 µmol of phosphonium salt in the indicated 

solvent and volume according to GP 5.2.6a) or b) (see 7.2.5.1). Spectral yield according to 31P-NMR 

by integration of 31P-NMR signals (no internal standard), given in mol%. Minor amounts of phosphine 

oxide (1.5 mol%) were neglected. 31P-NMR shifts of detected species: δ 26.3 ((Z)-vinyl), 26.8 ((E)-

vinyl), 30.5 (allyl). exc. refers to >10.0 eq. (here 35.9 eq.). bReaction conditions were applied to the 

isolated product of entry 4. 

Equimolar amounts of NaOPiv in pure dichloromethane (entry 3) delivered virtually identical 

results to entry 1. Stirring in a 1:1 mixture with acetone (entry 4) led to slightly higher amounts 

of both vinyl isomers. Addition of a fresh portion of NaOPiv (0.3 eq.) increased the percentage 

of allyl substrate 75 at the cost of (E)-vinyl isomer (entry 5). Even though NEt3 failed at catalytic 

loadings with allyl-PCy3Br (66), we wanted to check if excess amounts of base favors the 

desired rearrangement. Adapted from Nesmeyanov et al.[81d], allyl precursor 75 was subjected 

to NEt3 (35.9 eq.) in acetonitrile (entry 6) or dichloromethane (entry 7). Unlike with NaOPiv, 

the reaction mixture can simply be evaporated to dryness. Crude products were directly 

analyzed by 1H- and 31P-NMR spectroscopy. Both reaction media showed comparable results 

similar to those of entry 1. No quantitative shift of the equilibrium could be achieved. Future 

studies should involve raise in temperature to suppress any kinetically favored product. Under 

the conditions depicted in table 26, the state of equilibrium between allylic phosphonium salt 

76 and vinylic derivative 73 was achieved. Even though 73 is more stable due to conjugation 

and a stronger C–P bond, steric repulsion most likely induces the humble preference for the 

formation of 77. While 76 can be selectively prepared by quaternization without the use of base, 

the synthesis of phosphonium salt 73 from 76 under mild basic conditions affords a mixture of 
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isomers. It has not yet been clarified whether the isomerization suffers from the presence of 

bromide anions. 

5.2.3 π-Complexation of alkenylphosphonium to Pd and release of free PCy3 ligand 

With the study of benzylic and vinylic phosphonium salts, we pursued one main objective: the 

design of a new reaction pathway to release air-sensitive phosphine from these air-stable 

compounds. We expect the formation of mono- or bis-ligated Pd–phosphine species (scheme 

49) by combination of our salts with suitable Pd(II) precatalysts and nucleophiles. Oxidative 

addition of the C–P+ bond with subsequent β-elimination additionally appears reasonable for 

an alternative, efficient release pathway of active material. 

 

Scheme 49. Expected release of mono- or bis-ligated Pd–phosphine species. The bromide counter-ion was omitted 

for a better overview. 

The group of Cheng has reported the synthesis of several η2-phosphonioalkene–Pd(0) 

complexes from alkenylphosphonium halides and palladium(0) species.[61] These complexes 

were observed as catalyst intermediates in the Pd(0)-catalyzed reaction of PPh3 with 

bromostyrene, and were also formed by stoichiometric reaction from bromostyrene and 

Pd(PAr3)4. Not only delivering the corresponding phosphonium salt, they might also act as 

potential precursors for phosphine release by the reverse reaction from the phosphonium salt 

back to Pd(0) and coordinated phosphine ligand. Before tackling the release of active species, 

we wanted to isolate PCy3-based vinyl phosphonium Pd complexes to estimate their stability. 

Different Pd precursors including Pd(dba)2
35, Pd(PhCN)2Cl2, Pd(cod)Cl2, and [Pd(η3-allyl)Cl]2 

were chosen. Stirring of each complex with two equivalents of vinyl salt 65 in dichloromethane 

was awaited to deliver the desired compounds. In first instance, Pd(dba)2 looked promising, 

since a clear orange solution was obtained. However, attempted crystallization of the crude 

product inside a glovebox entailed quantitative precipitation of Pd black, which confirms our 

assumption for the reduction of Pd(II) to Pd(0) displayed in scheme 49. No complexation was 

observed for Pd-nitrile or -cod precursors. Addition of salt 65 to a solution of [Pd(η3-allyl)Cl]2 

in dichloromethane afforded a yellow solid. The latter easily dissolves in chloroform whereas 

 

35 Old, not purified batch of Pd(dba)2 was used. 
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educt 65 does not. Spectral analysis clearly revealed a considerable upfield shift of allyl as well 

as vinyl signals. Regarding our findings, we propose the formation of complex 78 in 91% yield 

(scheme 50). Bromide ions could have induced the cleavage of the chloride bridge in 

[Pd(η3-allyl)Cl]2. A definite proof of structure by X-ray or elemental analysis has not yet been 

conducted, leaving us with our hypothesis. The complex salt 78 was not involved in the release 

of free phosphine, nor in catalysis. 

 

Scheme 50. Complexation of vinyl salt 65 with [Pd(η3-allyl)Cl]2. 

As next step, we wanted to monitor the potential release of free PCy3 by 31P-NMR (figure 36). 

Our phosphonium salt 65 was subjected to a Pd(II) precatalyst and excess of strong base inside 

a screw cap NMR under argon. With the aid of an ultrasonic bath, the sample was mixed at 

either room temperature or 50 °C. The previous introduction of an internal standard 

(naphthalene) was expected to deliver quantification of any Pd–PCy3 species in the 1H-NMR. 

However, a quantitative statement could not be drawn due to low intensity of characteristic as 

well as overlayering of signals. We therefore limited our discussion to the observations in the 

31P-NMR. Even though suffering from low solubility, sonication of the suspension gradually 

intensifies the signal corresponding to our phosphonium salt 65. Free tricyclohexylphosphine 

(δP 9.9) was observed after 90 minutes at 50 °C. Since the septum of the screw cap is slightly 

permeable, oxygen may diffuse leading to minor amounts of phosphine oxide (δP 48.2). After 

30 minutes at 50 °C, two new doublets (δP 28.7 (d, J = 2.6 Hz), 36.0 (d, J = 2.6 Hz)) appeared 

while growing in intensity and remaining main component at prolonged heating. The group of 

Cheng described similar signal splitting and coupling for their η2-phosphonioalkene–Pd(0) 

complexes.[61] Hence, we suppose the formation of a related Pd(0) complex, namely 

[(η2-PhCH=CHPCy3)
+Pd(PCy3)]Br. Next to the Pd(0) complex, the well-known PdCl2(PCy3)2 

(δP 25.0) was detected. However, no Pd(PCy3)2 species (δP 39.2[82]) was present in the 31P-

NMR. Solely, a tiny signal (δP 39.6) occurs at the corresponding region. The strong base, 

NaOtBu, involved may deprotonate our phosphonium salt at the vinyl group, yielding an ylide. 

Under our conditions, two possible reaction pathways are imaginable. Polymerization as 

described by the group of Echavarren[83] may be a reasonable explanation for the multitude of 

small signals. This hypothesis is further supported by the broad multiplets observed in the 1H-

NMR spectrum. It is also possible that the presence of strong base induced elimination of PCy3 
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from the β-styryl tricyclohexylphosphonium salt (65), generating phenylacetylene, which tends 

to polymerize under the given conditions. In the 1H-NMR spectrum of the attempted 

isomerization, no free phenylacetylene could be detected, but should be of interest for future 

investigations. The second possibility would consist of the generation of a ylide complex as 

reported by the group of Fürstner[53] for fluorene-type phosphonium ylides. These complexes 

would most likely suffer from high temperatures, leading to major decomposition. Residual, 

comparably intense signals (δP 44.9, 45.6) cannot directly be assigned to any potential species. 

We suppose they arise from any complex degradation or intermediate involved in the release 

of free tricyclohexylphosphine. No attempts for the isolation of the main species were 

conducted but should be of interest for future research. 

 

 

Figure 36. Stacked 31P-NMR spectra ([D6]-benzene, cut-out) of attempted ligand release from the styryl salt 65 in 

the presence of PdCl2(MeCN)2 and NaOtBu. The sample was prepared inside a glovebox (see 7.2.5.6 for further 

details). Times indicated depict the total time of sonication at either room temperature or 50 °C. Increase of 

temperature to 50 °C was conducted after five minutes at ambient temperature. *The sample was sonicated for 

additional 30 minutes on the next day. Signals marked with ♦ could not be assigned. 

PCy3 

r.t., 5 min. 

50 °C, 30 min. 

50 °C, 90 min. 

50 °C, 120* min. 

O=PCy3 
PdCl2(PCy3)2 

♦ ♦ 
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Subjecting our vinyl phosphonium salt 65 to related amination conditions described by Reddy 

et al.[84] should further demonstrate the efficient release of free PCy3 (scheme 51). After boiling 

of our salt for several hours with equimolar amounts of amine and KOtBu in the presence of Pd 

precatalyst (0.1 or 0.5 eq.), reactions mixtures were filtered over Celite in air. Isolated solids 

were analyzed by 1H- and 31P-NMR. While 1H-NMR spectra were inconclusive due to strong 

overlapping of signals, a glance at 31P-NMR spectra allowed the differentiation of present 

species. Next to neglectable signals of Pd–phosphine species, tricyclohexylphosphine oxide 

was detected as major species for both catalyst loadings. Work-up was performed in air, any 

free PCy3 suffered from oxidation, leaving no trace of phosphine. Residual amounts of 

phosphonium salt 65 were also observed. 

 

Scheme 51. Attempted release of PCy3 simulating amination conditions. 

5.2.4 Vinyl and benzyl phosphonium salts in catalysis 

Since the efficient generation of Pd species or free phosphine ligand was demonstrated in the 

last sub-chapter, we wanted to involve most of our phosphonium salts in state-of-the-art 

coupling chemistry. During my master thesis,[1] we already included a range of salts in the Pd-

catalyzed amination of chlorobenzene with N-methylpiperazine as described by Reddy et al.[84] 

(table 27). Entries 1 and 2 display the results reported by Reddy et. al. for an ArCl–amine ratio 

of 1:1 or 1:2, respectively. At that time, reaction mixtures had been directly analyzed by q-

NMR without aqueous work-up. More recent experiments used aqueous work-up with dilute, 

aqueous NaCl solution to remove residual base, leading to much sharper NMR spectra. Direct 

comparison of old and new experiments only reveals minor differences in yield (entries 4 and 

5). The recovery of amine is not indicated given its solubility in water and relatively low boiling 

point36. Thus, losses of the latter were inevitable. Unfunctional PdCl2(MeCN)2 was chosen as 

precatalyst to avoid any functionality owed to the Pd(0) precursor. 

 

36 Its characteristic smell could be perceived at the rotary evaporator as well as other glassware (separatory funnel, 

glass filter…) even after extensive rinsing with solvent (Et2O). 
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Table 27. Pd-catalyzed amination of chlorobenzene with N-methylpiperazine with chlorobenzene, involvement of 

phosphonium salts.a 

 

entry Pd-precat. additive t [h] yield [%] 

1b,c PdCl2(PCy3)2 - 12 64 

2b PdCl2(PCy3)2 - 12 88 

3 PdCl2(MeCN)2 - 12 <1 

4 PdCl2(PCy3)2 - 12 69 

5d PdCl2(PCy3)2 - 17 66 

6 PdCl2(MeCN)2 PCy3 12 77 

7 PdCl2(MeCN)2  12 43 

8 PdCl2(MeCN)2 
 

12 30 

9 PdCl2(MeCN)2 

 

12 40 

10 PdCl2(MeCN)2  17 66d 

11 PdCl2(MeCN)2  17 64d 

12 PdCl2(MeCN)2  12 70 

13b PdCl2(MeCN)2  17 64 

14 PdCl2(MeCN)2 

 

17 44d 

aReactions performed with 110 µL amine (992 µmol) in dry toluene 

(4 mL) according to GP 5.2.7 (see 7.2.5.1). Unless stated otherwise, 

crude mixtures were diluted with dichloromethane (15 mL), dried over 

MgSO4, and subjected to q-NMR analysis after minor concentration of 

the solution; spectral yield according to 1H-NMR with internal standard, 

given in mol%. bResults reported by Reddy et al.[84] cAn ArCl–amine 

ratio of 1:1 was employed. dReaction mixtures subjected to aqueous 

work-up.  

The combination of our salts with PdCl2(MeCN)2 yielded similar results as those observed for 

an ArCl–amine ratio of 1:1 reported by Reddy and Tanaka[84] (table 27, entry 1, 64% of aryl 

amine). However, an ArCl–amine ratio of 1:2 was utilized in all our experiments. Leaving any 

phosphine ligand out stopped the reaction (entry 3). Pre-complexed PCy3 in the form of 

PdCl2(PCy3)2 delivered good results with both work-up techniques (entries 4 and 5). Best yields 

were obtained by the addition of free PCy3 to the acetonitrile precatalyst (entry 6). Benzylic 

salts 62 and 63 arylated the amine in 43% (entry 7) and 30% (entry 8) yield, respectively. The 

rather low outcome of the benzhydryl salt 63 is probably owed to its impure nature. Trityl salt 

64 reacted similar to the benzyl substituted one (entry 9). Cleavage of the PCy3 is rather 
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challenging as it is directly bound to the phenyl ring. The addition of strong base to all three 

benzyl type phosphonium salt reactions led to a remarkable color change to wine red, most 

intense being observed for the trityl derivative 64. Formation of a phosphorous ylide or trityl 

anion, which may coordinate the Pd center, is imaginable. Allyl salt 66 and its isomer 76 

showed virtually identical yields within limits of accuracy (entries 10 and 11). Our styryl 

compound 65 resides among most efficient precursor (entries 12 and 13). Fluorene substituted 

phosphonium salt 68 described by the group of Fürstner[53] performed on average similar to 

benzyl type salts (entry 14). Other phosphonium compounds, e.g. cinnamyl phosphonium salt 

67, were not involved but may be of interest for future studies.  
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5.3 Cycloheptatrienyl Phosphonium Salts: Synthesis, Reactivity and a 

Susceptible Rearrangement 

In this chapter, we describe the tropylation of phosphines to give cycloheptatrienyl-

phosphonium salt (CHT salt), mainly focusing on Buchwald ligands as starting materials. Their 

structure in solution as well as in the solid state will be analyzed. Attempts towards the 

isomerization of CHT phosphonium salts will be presented. Studies on the behavior of these 

salts when exposed to Pd complexes and/or nucleophile will be discussed. We postulate 

enhanced reactivity towards release of the phosphane from these phosphonium salts due to 

potential pre-coordination of the metal center to the CHT-unit. The last part of this chapter 

concentrates on application of CHT-phosphonium salts in catalysis. 

5.3.1 Synthesis of cycloheptatrienyl phosphonium salts 

Addition of free phosphine to a carbenium ion depicts the most straightforward way for the 

synthesis of phosphonium salts. Cycloheptatrienyl phosphonium salts are indeed readily formed 

from tropylium salts and free phosphane.[55,85] Tropylium bromide or iodide would be 

alternative precursors for CHT-phosphonium units with halide counter-ions, which would be 

more versatile in anion exchange reactions. Yet, the tropylium halides suffer from high 

deliquescence as well as low stability upon storage.[63b] 

Cycloheptatrienyl hexafluorophosphate (Trop∙PF6) is hardly soluble in dichloromethane. 

However, upon addition of P-substituted P,P-dicyclohexylphosphines, quick dissolution of both 

reactants was observed. After filtration over Celite, the solutions were concentrated and the 

pure product salts precipitated with diethyl ether (table 28). In case no direct precipitation 

occurred, a rather slow crystallization of the ‘product phase’ could be induced by cooling. Even 

after intensive drying under reduced pressure and heating, some solvent remained attached to 

the products, which points to a tendency for solvate or clathrate formation. Initial experiments 

on tropylium salts have already been conducted during my master thesis.[1] Namely, the reaction 

of tricyclohexyl-phosphine with Trop∙PF6 afforded 84% of the target salt (entry 1). We have 

now extended the synthesis procedure to cyclohexyl-type Buchwald ligands. Unsubstituted 

CyJohnPhos was efficiently tropylated in 85% yield (entry 2). DavePhos was converted in good 

yield (entry 3). Similarly, quaternization of alkoxy phosphines SPhos and RuPhos was achieved 

(entries 4 and 5). 
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Table 28. Synthesis of cycloheptatrienyl phosphonium salts.a struct. = structure; CHT = cycloheptatrienyl (red); 

NCD = norcaradienyl (green), Trop = tropylium.  

 

entry substrate yield [%] struct. in solution solid state struct. P–C1Trop bond length 

1 

 

84 CHT CHT (KlePh5) 1.8306(17) Å 

2 

 

85 CHT - - 

3 

 

87 CHT NCD (KlePh17) 1.782(2) Å 

4 

 

79 CHT CHT (KlePh10) 1.828(2) Å 

5 

 

86 CHT NCD (KlePh12) 1.7867(2) Å 

6 

 

85 CHT NCD (KlePh11) 1.788(3) Å 

7 

 

86b CHT/NCDc NCD (KlePh16) 1.7877(13) Å 

8 

 

93d CHT/NCDe - - 

9 

 

80f CHT - - 

aReactions performed with 250 µmol (or up to 1.00 mmol) phosphine in DCM (0.13-0.20 M) according to GP 

5.3.1 (see 7.2.6.1). Isolated yield after drying in air. bThe product contains protonated species (8 wt.%). cCHT–

NCD ~15:85 in [D6]-acetone. dThe product contains protonated species (~8 wt.%), educt (~3 wt.%) as well as 

co-crystallized dichloromethane (~14 wt.%). eCHT–NCD ~15:85 in CDCl3. fThe product contains protonated 

species (~9 wt.%). 
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In the case of SPhos, an increase in Trop∙PF6 equivalents to 2.0 yielded the product in over 

90%. However, it was accompanied with protonated ligand (HPCy2Ar∙PF6, 6.0 mol%) and 

Trop∙PF6. As our conventional reaction conditions resulted in pure products after single 

precipitation, we decided to stick to the initial procedure. Both ligands bearing isityl moieties, 

XPhos and BrettPhos, were functionalized in almost identical yields (entries 6 and 7). The latter 

was accompanied with a non-neglectable amount of protonated species, probably occurring 

from partial decomposition, deprotonation by free ligand or water in the system, or dynamic 

behavior in solution (see next paragraph for more discussion). In our group, one coworker 

focusses on the development of Buchwald type ligands based on naphthyl backbones.[86] Both 

phosphines, KatPhos and CyAnPhos, were reacted with Trop∙PF6 in our conventional reaction 

set-up. Compared to BrettPhos, the structurally similar KatPhos was tropylated in 93% yield 

(entry 8). Similar to the Buchwald ligand, greater amounts of protonated species as well as 

residual amounts of educt could not be separated from the target salt. The m,m-substituted 

ligand CyAnPhos was converted to the tropylated derivative in 80% yield (entry 9), entailing 

protonated phosphine. 

The cycloheptatrienyl (CHT, red) moiety is able to isomerize to the norcaradienyl (NCD, 

bicyclo[4.1.0]hepta-2,4-dien-7-yl, green) isomer.[87] The CHT unit can either be arrange as 

axial or equatorial conformer. For NCD structures, an endo- and exo-isomer is possible, 

generating diastereomers. While CHT quickly isomerizes between both configurations, NCD 

prefers an exo-structure.[87d] Cycloheptatriene derived salts, e.g. an imidazolidinium or 

spirocyclic substituted salt, are known for variable structures depending on their aggregate 

state.[87d] In solution, several salts (table 28, entries 1-5) clearly show the presence of a CHT 

moiety. Isityl substituted compounds seem to shift the equilibrium to a NCD unit (entries 6-8). 

Solution NMR data of the XPhos salt still indicate the presence of a CHT structure. While 

alkene signals of the seven-membered ring appear broadened, no signal for H–1 of the CHT-

unit is detected. These observations align with a dynamic equilibrium described by Daub et 

al.[87e] and could initiate potential decomposition as observed for BrettPhos.37 Concerning the 

C–H resonance adjacent to the P atom, a cyclo-propyl motif is predominant in the case of 

KatPhos and BrettPhos (entries 8 and 7). The missing o,o’-functionalization in CyAnPhos 

creates enough space for the existence of a CHT ring (entry 9). Considering the substitution 

 

37 Signal broadening due to rotational inhibition elicited by sterics cannot be excluded. 
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pattern of our salts, we conclude that in solution increased steric hindrance promotes 

decomposition of the salts to protonated ligand. The CHT-salts especially dissociate when 

mixed with alcohols. In [D4]-methanol, quantitative formation of 7-([D3]-methoxy)-cyclohepta-

2,4,6-triene along with deuterated phosphonium salt is observed. 

After analysis of the salt’s structures in solution, we wanted to get a better insight in their solid-

state structure. Crystallization by slow diffusion of diethylether into a saturated solution of our 

quaternary precursors in dichloromethane afforded suitable crystals for X-ray diffraction for 

most of our compounds (table 29). Crystal data, as well as collected data for structure 

refinement are summarized in the appendix (8.3, table 63ff.). To avoid any misunderstanding, 

the ad hoc numbering scheme used for both organic ligands is depicted in figure 37. 

 

Figure 37. Numeration of CHT and NCD structures. 

P–C1Trop bond lengths38 are listed in table 28. Less sterically hindered phosphonium salts, 

[(Trop)PCy3]PF6 and [(Trop)SPhos]PF6, hold a CHT unit with boat conformation in the solid 

state. A NCD motif is observed with more crowded compounds. NCD salts crystallized in the 

exo conformation. Since the NCD ring is slightly less bulky than cyclohexyl, the bicycle is 

oriented towards the lower ring of the biphenyl. Whereas P–C1Trop bond lengths of CHT 

containing salts range from 1.82(8)-1.83(0) Å, those of NCD are considerably shorter (1.78(2)-

1.78(8) Å). The latter agree with bond lengths observed for [tBu3P(NCD)][B(C6F5)4] 

(1.79(1) Å) described by the group of Stephan.[55b] 

Cycloheptatrienes feature alternating bond lengths. Average distances range from 1.30(7)-

1.34(3) Å for C=C bonds, 1.45(0)-1.47(4) Å for Csp2–Csp2 bonds, and 1.51(6)-1.52(8) Å for 

Csp2–Csp3 bonds. Depending on the structure, C2–C739 bond lengths of the tropylium core vary. 

The bicyclic NCD structure consists of a cyclopropane annulated with a cyclohexadiene. In 

cyclopropanes, C2 and C7 atoms are separated by 1.51(4) Å.[87d] C2–C7 bond lengths of our 

NCD salts (1.50(6)-1.56(5) Å) are in accordance with the latter, Trop BrettPhos spanning the 

shortest one. Similar to work by Stezowski et al.[87d], we suggest that the higher degree of strain 

 

38 For some X-ray structures, C1 carbon atoms of the tropylium ring are labeled as C13. 

39 For some X-ray structures, C2 and C7 carbon atoms of the tropylium ring are labeled as C14 and C19, 

respectively. 
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and substitution in the BrettPhos salt destabilizes the tropylated phosphine, leading to 

decomposition. In CHT compounds, C2–C7 distances are much longer (2.42(2)-2.43(5) Å) due 

to the seven-membered ring structure. Unfortunately, no suitable crystals of 

[(Trop)CyJohnPhos]PF6, [(Trop)KatPhos]PF6, and [(Trop)CyAnPhos]PF6 for X-ray diffraction 

were obtained. 

Table 29. X-ray crystal structures of phosphonium salts of tropylated ligands based on: a) PCy3, b) DavePhos, c) 

SPhos, d) RuPhos, e) XPhos, and f) BrettPhos. Ellipsoids are shown at 50% probability level. Hydrogen atoms, 

PF6 anions as well as several labels of [(Trop)BrettPhos]PF6 are omitted for sake of clarity. Carbon atoms are 

depicted in grey, phosphorus atoms in yellow, nitrogen atoms in blue, and oxygen atoms in red.  
 

a) 

 

 

b) 

 
 

c) 

 

 

d) 

 
 

e) 

 

 

f) 
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So far, our focus lay on dicyclohexylphosphines. Considering their interest in catalysis,[38b,88] 

we also wanted to study sterically more hindered di-tert-butylphosphines and MenJohnPhos 

derivatives (Men = menthyl) as established in our group (table 28). 

Table 30. Attempted synthesis of other dialkyl cycloheptatrienyl phosphonium salts.a T = temperature; t = time; 

Ar = 2-biphenyl; PO = phosphine oxide.  

 

entry R solvent T [°C] t [h] main product [%] 

1 
 

DCM r.t. 1 [HPtBu2Ar][PF6] (54) 

2  [D8]-THF r.t. → 60 1 (r.t.) → 5 (60 °C) educt (94) 

3  [D6]-benzene r.t. → 60 1 (r.t.) → 5 (60 °C) educt (98) 

4  [D3]-MeCN r.t. 24 [HPtBu2Ar][PF6] (63)b 

5c  [D3]-MeCN r.t. 0.5 educt (>99)d 

6e  [D3]-MeCN r.t. 0.5 educt (>99)d 

7  toluene 110 14 [HPtBu2Ar][PF6] (46)f 

8  tolueneg 90 16 [HPtBu2Ar][PF6]h 

9  MeCNi r.t. 1 [HPtBu2Ar][PF6] (49) 

10 

 

CDCl3 r.t. 1 educt (87)j 

11k [D3]-MeCN r.t. 1 [HP(Men)2Ar][PF6] (53)l 

12 DCM r.t. 5 [HP(Men)2Ar][PF6] (88)h,m 

13  DCM r.t. 18 [HP(Men)2Ar][PF6] (91)o 
aReactions performed in the indicated solvent (0.20 M) according to GP 5.3.1 (see 7.2.6.1). Scale of 

the reactions differ from 50.0 µmol to 1.00 mmol. Yield in brackets refers to either isolated material 

after precipitation, washing (Et2O or pentane) and drying in air, or for reactions on NMR scale: yield 

determined by integration of 31P-NMR signals. b20% educt, 17% oxide species. Ratio changed over 

time. c1.0 eq. NEt3 added. dQuantitative formation of CHT-ammonium salt. e1.0 eq. DBU added. 
f19% educt, 65% [HPR2Ar][PF6], 16% oxide species. gSolvent was degassed (20 min. bubbling of 

argon) prior use. hIsolated yield not determined; spectral ratio is given. iDegassed, dry acetonitrile 

was used. j8% PO, 5% [HPR2Ar][PF6]. kAt r.t., the educt is hardly soluble. lSignals overlay in the 1H-

NMR spectrum. Broad signal at 37.9 ppm in the 31P-NMR spectrum might be assigned to a tropylated 

phosphine. m9% educt, 3% PO. o39% [HPR2Ar][PF6], 61% PO. 

Application of our conventional synthesis procedure to JohnPhos yielded an off-white solid. 

Spectral analysis of the compound revealed the sole presence of protonated phosphine (entry 1). 

We were initially concerned that the remarkably high amount of [HPtBu2Ar][PF6] (Ar = 2-

biphenyl) might be owed to our solvent system, e.g. the presence of water. On NMR scale, 

integration of signals in the 31P-NMR allowed us to determine the ratios of species present. 

Starting from Trop∙PF6 and JohnPhos, no conversion was detected in [D8]-THF or [D6]-benzene 

(entries 2 and 3) even after raising the temperature to 60 °C. Neglecting the amount of 
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phosphine oxide (0.6%), two new, main signals (δP 29.8 (46.7%), 46.6 (31.9%)) arose in 

[D3]-MeCN (entry 4) next to residual educt (δP 17.5 (20.8%)) after immediate measurement of 

the sample.40 The first one could be assigned to [HPtBu2Ar][PF6] (δP 29.8), the second one to a 

CHT-phosphonium salt of JohnPhos (δP 46.6). Over time, the signal of the desired product 

decreased while the amount of [HPtBu2Ar][PF6] grew. Due to overlayering of signals in the 1H-

NMR spectrum, Trop∙HPF6 was the sole side-product, which could clearly be identified. 

Similar to BrettPhos and analogues, the quaternization seems to be a reversible process driven 

by the formation of the least sterically hindered product, [HPtBu2Ar][PF6]. To prevent 

phosphine ligand protonation, we envisaged the addition of bases. Unfortunately, neither NEt3 

(entry 5) nor DBU (entry 6) delivered the expected results. In both cases, cycloheptatrienyl 

hexafluorophosphate reacted with the base to R3N–CHT, leaving the phosphine untouched 

apart from partial oxidation (<1%). Since Trop∙PF6 supposedly suffered from low solubility in 

benzene, we repeated the reaction in dry toluene (entries 7 and 8), raising the temperature to 

110 °C and 90 °C, respectively. Unfortunately, the only isolated substance consisted in the 

protonated species. Identical results were obtained by stirring equimolar amounts of Trop∙PF6 

and JohnPhos at room temperature in dry, degassed acetonitrile (entry 9). 

Our group seeks for the synthesis of chiral menthyl phosphine ligands.[89] Several derivates of 

Buchwald ligands with menthyl instead of cyclohexyl groups, including MenJohnPhos, 

MenSPhos, but also ligands such as PhPMen2 have been isolated to date. As the 

dimenthylphosphines are prone to oxidation, we wanted to exemplarily convert the most simple 

one, JohnPhos, to its tropylated phosphonium salt. Since limited amounts of ligand were 

available, initial experiments involved detection of species on NMR scale. Mixing both 

reactants in CDCl3 mainly recovered the starting material (entry 10). A minor percentage could 

be attributed to [HP(Men)2Ar][PF6] (5%) as well as phosphine oxide (8%).41 After one week, 

the sample showed an increase of both mentioned products. Even though MenJohnPhos and 

Trop∙PF6 are little soluble in acetonitrile, we followed the procedure by Stephan et al.[55b] 

(entry 11). Next to familiar signals of (protonated) phosphine and oxide, a new, broad signal 

(δ 37.9 (39%)) arose in the 31P-NMR spectrum. In correlation with the 1H-NMR spectrum, it 

could most likely be assigned to a tropylated phosphonium salt. A precise statement on the 

 

40  Residual 20.8% were attributed to remaining educt phosphine. 

41 31P-NMR shifts of detected species in CDCl3: δ –22.2 (ArP(Men)2), 0.8 ([HP(Men)2Ar][PF6]), 45.6 

(OP(Men)2Ar). 
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actual extent of phosphonium salt formation cannot be issued given that MenJohnPhos only 

completely dissolves in acetonitrile when heated. Large amounts of white solid were observed 

from the start of the reaction. Our conventional procedure in dichloromethane only afforded 

[HP(Men)2Ar][PF6] and phosphine oxide (entries 12 and 13). Prolonged stirring did actually 

not affect the outcome of the reaction (entry 13), but the gain in oxide resulted from removal of 

solvent at the rotary evaporator. 

5.3.2 Cycloheptatrienyl imidazolium salt: a potential precursor for the synthesis of 

bidentate Pd complexes? 

As result of a discussion with another group, they caught attention on our method for the 

tropylation of phosphines. Parts of their research focusses on the synthesis of bidentate 

carbocyclic/N-heterocyclic carbene ligands.[64g,90] Functionalization of the imidazole core 

occurred directly at the metal complex site by introducing the appropriate nucleophile to a 

dinuclear Pd-CHT complex without isolation of the imidazolium salt. Two questions arose: is 

it possible to apply our method to the free imidazole? Will it be possible to isolate their Pd 

complex starting from our salt? Stirring of N-diisopropylphenylimidazole with a minor excess 

of Trop∙PF6 in dichloromethane afforded the desired salt as off-white solid in 83% yield 

(scheme 52). In solution, the C–H resonance of the tropylium unit clearly confirms the presence 

of a CHT structure. Compared to the phosphonium salts, CHT-signals42 are much more shifted 

downfield. 

 

Scheme 52. Quaternization of N-(diisopropylphenyl)imidazole with Trop∙PF6 to imidazolium salt 79. 

Suitable crystals for X-ray diffraction were grown by slow diffusion of diethylether into a 

saturated solution of 79 in dichloromethane (figure 38). Crystal data, as well as collected data 

for structure refinement are summarized in the appendix (8.3, table 76f.). Similar to its 

appearance in solution, [(Trop)DippIm]PF6 exhibits a cycloheptatrienyl structure in the solid 

state. Opposed to phosphonium salts, a endo-type configuration is observed. The N-C1Trop bond 

 

42 All CHT-signals range over 6 ppm. 
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length (1.50(5) Å) is significantly shorter due to the nitrogen’s hybridization, lying in the range 

of similar Nsp2–Csp3 bond lengths[91]. Concerning the CHT ring, bond lengths are alternating, 

with 1.33(9)-1.34(7) Å for C=C bonds, 1.43(3)-1.44(2) Å for Csp2–Csp2 bonds, and 1.49(9)-

1.50(5) Å for Csp2–Csp3 bonds. 

 

Figure 38. X-ray crystal structures of [(Trop)DippIm]PF6 (79). Ellipsoids are shown at 50% probability level. 

Hydrogen atoms and PF6 anion are omitted for sake of clarity. Carbon atoms are depicted in grey and nitrogen 

atoms in blue. 

We wanted to investigate if the imidazolium salt is a potential precursor for the bidentate 

carbene ligand. Conventional Pd-carbene complex syntheses rely on the in situ deprotonation 

of the salt with direct coordination of Pd precatalyst, often PdCl2.
[92] Following a similar 

protocol, we stirred the imidazolium salt 79 in the presence of PdCl2 and K2CO3 at 80 °C. 

Purification of the crude material by flash column chromatography revealed loss of the seven 

membered ring. The 1H-NMR signals of our crystalline, orange solid were significantly shifted 

compared to the unsubstituted imidazole. Regarding the color of the product as well as the 

presence of all signals in the NMR spectrum, we conclude the formation of the mononuclear 

Pd complex 80. A direct synthesis attempt from the imidazole yielded identical results after 

crystallization. 

 

Scheme 53. Attempted synthesis of a Pd-carbene complex.  

Since the direct synthesis had failed, we envisaged an indirect approach via transmetalation 

from silver[93] or copper[94] carbene complex. A procedure by the Herrmann group involved the 
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incorporation of a bis(mesityl)imidazolium∙BF4.
[95] Chloride anions were introduced via the 

addition of NMe4Cl. However, the addition of Pd precatalyst to the silver precursor did not lead 

to the desired carbene complex. Instead, the formation of a silver carbene palladate salt was 

observed. Following their procedure for the silver(I) carbene complex, we hoped to receive a 

similar compound with our unsymmetrical salt (scheme 54). During work-up, we already 

noticed large amounts of Ag0 as well as Ag2O on top of the Celite pad. Loosing hope in the 

synthesis, spectral analysis of the filtrate corroborated the loss of the tropylium substituent. 

DippIm was the only detectable substance along with undefined decomposition adducts. 

 

Scheme 54. Attempted synthesis of a silver(I) carbene complex. A dinuclear silver complex would also be 

imaginable. Dipp = diisopropylphenyl. 

Regarding our findings, we guess that the tropylium unit is too labile due to its electrophilic 

C1–carbon atom. Any nucleophile, e.g. chloride, hydroxide or other, approaching releases the 

seven membered ring from the imidazole core. Once liberated, free amine might inhibit the 

formation of any carbene species. In the latter synthesis, an additional problem could occur 

from Ag2O. Aged silver precursor might have suffered from partial decomposition. The reaction 

surely benefits from freshly prepared oxide. 

5.3.3 Cycloheptatriene–norcaradiene: a susceptible rearrangement 

Apart from two phosphonium salts, most of our cycloheptatrienyl phosphonium species 

rearranged to norcaradienyl species in the solid state. In solution, a CHT unit was predominant. 

NMR spectra of tropylated XPhos, which show signals for both isomers, implied that they might 

be in equilibrium.[96] It is not uncommon that a temperature dependency of the CHT–NCD 

distribution can be observed in suitable model systems.[87e] We wanted to clarify whether we 

can shift the CHT–NCD equilibrium either thermodynamically or photochemically. 

[(Trop)DavePhos]PF6 exhibits a CHT structure in solution, a NCD one in the solid state. In the 

synthesis of the latter salt, cooling of the attempted precipitation mixture induced the slow 

crystallization of the ‘product phase’. Dissolution of these crystals in [D6]-acetone showed a 

CHT structure as sole motif. Opposed to XPhos, DavePhos is perfectly soluble in [D6]-acetone. 

A broad temperature range from –70 °C to +50 °C could be adjusted. To eliminate any residual 
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solvent occurring from its synthesis, azeotropic distillation with acetone was repeated several 

times (3X).43 Both experiments (1H and 31P) were recorded in 20 °C steps (figure 39). Due to 

the low 31P-NMR resolution of the machine, a relatively concentrated sample was prepared. 

 

 

Figure 39. Variable temperature 1H-NMR (T-NMR) spectra of [(Trop)DavePhos]PF6 in [D6]-acetone (0.12 M). 

NMR spectra were recorded at 400 Hz in 20 °C steps ranging from –70 °C to +50 °C. Signals of the 

cycloheptatrienyl unit were marked with ♦. 

In none of the recorded 1H-NMR spectra, the rise of a new NCD–C1 proton (expected at δ 0.0-

0.4) can be observed. Signals of cycloheptatriene were shifted downfield and clearly broadened. 

At low temperatures, the rotational energy barrier is too high to be overcome, resulting in 

 

43 Even though the solid was dried for further twelve days under reduced pressure (2.4∙10–2 mbar), acetone was 

still detected in the NMR. Anyway, it did not affect the outcome of the experiment. 

+50 °C 

–70 °C 

H2O 

♦ ♦ 
♦ 

♦ 
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splitting of signals. With raising temperature (+30 °C to +50 °C), coupling constants increase 

due to pronounced spin influence of the adjacent phosphorus atom. In the 31P-NMR, only a 

weak signal shift (Δ(δ) 0.3) could be perceived, being additionally broadened at –70 °C. 

Regarding our experiment, a CHT–NCD equilibrium shift can be excluded for 

[(Trop)DavePhos]PF6. Since XPhos potentially exhibits a dynamic behavior in solution, future 

temperature NMR studies could be worth a try. 

As photochemistry is a common tool for rearrangements[97], we wanted to excite our salt with 

light to hopefully induce isomerization to the corresponding NCD compound. To determine if 

[(Trop)SPhos]PF6 absorbs any light, we recorded UV/Vis of different dilutions in CHCl3 

(40.8 µM, 408 µM, 4.08 mM).44 The most promising spectrum was obtained at a concentration 

of 408 µM (for spectrum see 8.4), showing an absorption maximum at 275 nm. Since we do not 

own any photoreactor, we contacted the group of Thorsten Bach, who is expert concerning 

photochemical rearrangements[97g,98]. Using their photoreactors, we irradiated solutions of 

[(Trop)SPhos]PF6 in CDCl3 (40 mM)45 at wavelengths ranging from 300 to 419 nm (table 31). 

Spectral analysis (1H, 31P) of the latter should indicate whether the isomerization took place or 

not. 

Table 31. Irradiation of [(Trop)SPhos]PF6 in CDCl3.a Ar = 2’,6’-dimethoxybiphenyl-2-yl. 

 

entry wavelength λ t [h] δ(31P)b [mol%] 

1 300 4.5 19.0 (19), 41.5 (48) 

2 350 4.5 19.0 (21), 30.8 (4), 41.5 (75) 

3 366 2 19.0 (17), 30.8 (4), 41.5 (76) 

4 419 16c 19.0 (24), 34.6 (47), 41.5 (17) 

5 350, 366 1d 19.0 (14), 30.8 (4), 34.6 (17), 41.5 (65) 
aReactions performed with [(Trop)SPhos]PF6 (14.2 mg, 22.0 µmol) in 

CDCl3 (550 µL), following GP 5.3.2 (see 7.2.6.1). bIn the case of a wild 

mixture, main species are indicated; triplet of F2P(O)OH or its anion was 

neglected. Number in brackets refers to mol% present. cClose to no 

conversion (~3%) after 2 hours at r.t. dIrradiated for 15 minutes at 350 nm 

(spectra measured; ratio: 18.9 (5), 30.8 (2), 34.6 (56), 41.5 (37)), 

additionally reacted at 366 nm (given ratios). 

 

44 Spectra were corrected by a blank measurement of the solvent. 

45 Any decrease in concentration would needlessly complicate execution of the reaction. 
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Starting with the shortest, and at the same time most energetic wavelength (300 nm), we 

irradiated our salt for four and a half hours at room temperature (entry 1). The triplet (δ –19.3 

(J = 1016.3 Hz)) belonging to F2P(O)OH[99] or its anion probably occurs from 

decomposition/hydrolysis of the PF6 anion. Eight additional signals were present in the 31P-

NMR spectrum. The educt being fully consumed, one main signal (δ 41.5) arouse in the 

spectrum. Protonated phosphine (δ 19.0) seems to be a prevalent side product in this reaction. 

Concerning 1H-NMR, aromatic signals were significantly shifted downfield. The usual region 

for cycloheptatriene resembled to polymerized material. Despite, no NCD–C1 proton (δ <0.5) 

could be detected. 

Yet, the newly emerging signal still rose our interest. By choosing longer wavelengths 

(350 nm), less side products occurred while the detected main species (δ 41.5) was enriched 

(entry 2). Virtually identical results were achieved at 366 nm (entry 3). Leaving the ultraviolet 

light spectrum to 419 nm showed almost no conversion after one hour at room temperature 

(entry 4). Even after irradiation overnight, protonated phosphine was the major byproduct 

except for unreacted starting material. Short reaction times should clarify, if we could avoid 

protonation of the phosphine (entry 5). After 15 minutes at 350 nm, almost half of the salt was 

converted, our new species being predominant. Further irradiation of the sample at 366 nm46 

indicated that the progression of the reaction slowly approaches the results observed in entries 

2 and 3. At this point, the reaction was stopped, since the amount of protonated species 

accompanied with the photochemical reaction could not be reduced. 

Even though we can exclude any formation of a NCD species, we wanted to identify the main 

side product of the irradiation process. Merging entries 2 and 3, we attempted purification by 

flash column chromatography (DCM-MeOH 10:1). 2D spectral analysis (1H, 31P, HSQC, 

HMBC, APT, COSY) of the isolated compound revealed the actual structure. In a first instance, 

irradiation of the salt led to loss of the CHT group. In the excited state, the free SPhos ligand 

absorbed enough energy for the monodemethoxylation. The phosphorus atom seized its 

opportunity for ring closure to the tricyclic benzo[b]phosphindolium salt (figure 40). Due to 

observed P,C coupling of quaternary carbon atoms (δ 117.8 (d, JP,C =80.6 Hz), 120.5 (d, JP,C = 

79.7 Hz, 1C), 13C-NMR analysis supports our assumption. 

 

46 In the meantime, the 350 nm irradiation lamp was not in operation anymore. 
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Figure 40. Main product emerging from irradiation of [(Trop)SPhos]PF6. Counter-ion could either be F2P(O)O– 

(detected in the spectrum) or PF6
–. 31P-NMR spectra were only recorded from –40 ppm to +60 ppm for better 

resolution. 

5.3.4 Reactivity of tropylium salts: transfer to Pd metal center 

The reactivity of the tropylated ligand phosphonium salts towards nucleophiles is of interest for 

their projected application as ligand precursor components in precatalysts. A pronounced 

coordination, either η2 or η3 of the CHT unit, to the metal center of a precursor complex is 

expected to enhance the reactivity of the CHT-phosphonium salt. Nucleophiles present in the 

reaction medium could attack the cycloheptatrienyl moiety at the C1–carbon atom, 

simultaneously releasing the phosphine. Following this hypothesis, we hoped to accelerate the 

generation of catalytically active Pd–phosphine species (scheme 55). Alternatively, π- 

coordinated electrophilic metal might induce a 1,2-hetero-metallation, followed by the β-

elimination of metal and phosphane ligand. Finally, also the oxidative addition of the C–PR3
+ 

bond by a low-valent metal center as for example Pd(0) is conceivable. 

 

Scheme 55. Potential coordination of tropylium salts to Pd with subsequent release of catalytically active Pd–

phosphine species. PF6
– counter-ion were omitted for sake of clarity. X = anion, e.g. halogen (chloride, bromide), 

acetate; Nuc = nucleophile (chloride, acetate, amine…). 

In first instance, we wanted to verify whether our salts remain stable in the presence of aqueous 

media. If residual water affects our salts, we should be able to detect formation of protonated 

phosphine along with 1-hydroxycycloheptatriene or related solvent adducts. Water (ca. 5 eq.) 

was added to a solution of [(Trop)SPhos]PF6 in CDCl3 (see 7.2.6.1 for detailed procedure). 

After storing of the sample for 16 hours at room temperature, no decomposition was observed, 

in the 1H- or 31P-NMR spectrum. Further monitoring of the emulsion for a whole week still did 

not show any changes. With low solubility in chloroform, the amount of water present in the 
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organic phase could have been too marginal for any decomposition to take place. Repetition of 

the analogous experiment in [D6]-acetone at room temperature did not affect the educt at first. 

However, raising the temperature for four hours to 50 °C led to the formation of protonated 

phosphine (27%) according to 31P-NMR spectroscopy (scheme 56). The polar character of 

acetone accelerates the solvolysis and nucleophilic attack by water.[100] 

 

Scheme 56. Hydrolysis of [(Trop)SPhos]PF6 in [D6]-acetone. R = 2-(2’,6’-dimethoxybiphenyl); X = PF6 or OH. 

The phosphines discussed in this chapter are useful ligands in catalytic amination 

reactions.[6b,29a,29b,31,39b,44,101] With their nucleophilic character[100], amines also constitute 

optimal reactants for efficient ligand release from the phosphonium salts. We subjected two of 

our phosphonium salts, SPhos and DavePhos, to different amines ranging from primary to 

tertiary (table 30). Since most phosphines are recrystallized in methanol, samples were purified 

by washing with cold alcohol. Due to their tendency for decomposition, we did not envisage 

the isolation nor quantification of cycloheptatrienyl amines but simply characterized them in 

the filtrate’s crude NMR spectra. We chose 2-aminopyridine as secondary amine, since it 

exhibits very characteristic 1H-NMR shifts. Stirring of [(Trop)SPhos]PF6 with 2-aminopyridine 

in the presence of base afforded 75% of free phosphine (entry 1). N-(Cyclohepta-2,4,6-trien-1-

yl)pyridin-2-amine constituted the major species of the filtrate. Next to 2-aminopyridine, 

residual tropylated phosphonium salt and minor amounts of phosphine (oxide) were detected. 

In catalysis, reactions are often performed in toluene.[102] Due to their ionic character, 

cycloheptatrienyl salts are less soluble in non-polar reaction media. However, mixing of 

[(Trop)DavePhos]PF6 with 2-aminopyridine in toluene at 60 °C yielded near identical results 

(entry 2). The secondary amine, N-methylpiperazine, efficiently released DavePhos from its 

precursor (entry 3). Spectral analysis of the filtrate confirmed the formation of N-CHT-N’-

methylpiperazine. In the case of tertiary amines, minor conversion was detected at room 

temperature (entry 4); heating to 50 °C slightly improved the yield (entry 5). 
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Table 32. Release of free phosphine from tropylium salts.a PO = phosphine oxide.  

 

entry R amine [eq.] base [eq.] solvent T [°C] t [h] yield (Cy2PR) [%] 

1 

 
 

(1.2) K2CO3 (2.4) DCM r.t. 13 75b 

2 

 
 

(1.0) K2CO3 (2.0) toluene 60 18 73c 

3 

 
 

(2.0) K2CO3 (2.0) DCM r.t. 2 75d 

4e 

 

NEt3 (1.2) - CDCl3 r.t. 24 10f 

5e 

 

NEt3 (1.2) - CDCl3 50 16 20g 

aReactions performed with tropylium salt (200 or 400 µmol) in the indicated solvent (0.2 M) according to GP 

5.3.3 or 5.3.4 (NEt3) (see 7.2.6.1); isolated yield of phosphine. bWork-up in air. Product composition: 96 mol% 

phosphine, 1 mol% educt, 2 mol% PO, 1 mol% other. cWork-up inside a glovebox. Product composition: 

99 mol% phosphine, <1 mol% educt and PO each. Filtrates still contained minor amounts of free ligand as well 

as salt. dWork-up in air. Product composition: 98 mol% phosphine, 1 mol% educt, 1 mol% PO. eReaction 

performed on 50.2 µmol scale. fYield determined by integration of 31P-NMR signals: after 5 min. 5 mol% 

phosphine, 94 mol% educt, 1 mol% PO; after 24 h 10 mol% phosphine, 86 mol% educt, 4 mol% PO. gYield 

determined by integration of 31P-NMR signals: 20 mol% phosphine, 62 mol% educt, 18 mol% PO. 

Primary as well as secondary amines proved to be ideal reaction partners for efficient phosphine 

release. Nevertheless, we wanted to investigate the direct transfer of ligand to palladium by 

detecting ligated Pd0 or PdII species. Short boiling (45 min.) of PdCl2(MeCN)2 with 

(CHT)PCy3∙PF6 (2.0 eq.) in the presence of sodium acetate (2.0 eq.) partially converted the 

educt salt. According to 31P-NMR, PdCl2(PCy3)2 was the major product (>50%) next to educt 

salt, decomposition adducts, and phosphine oxide. A precise quantification of the components 

was not possible, since PdCl2(MeCN)2 is moderately soluble in chloroform, and sparingly 

soluble in benzene.[103] To get a better insight in the progression of the ligand transfer, we 

monitored the phosphine release via 31P-NMR analysis (figure 41). A screw cap NMR tube 

charged with Pd precatalyst, (CHT)PCy3∙PF6, and excess of strong base was sonicated under 

the exclusion of air to imitate cross-coupling reaction conditions. Due to the very low solubility 

of our salt and the base in [D6]-benzene, a suspension was observed during the entire reaction. 

Yet, after five minutes at room temperature, a new, small signal (δ 39.0) appeared in the 
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spectrum. Comparison with literature allowed the assignment to Pd0(PCy3)2.
[82] With increasing 

time, and temperature (60 °C), the signal rose in intensity. No free ligand has been observed; 

direct coordination to Pd is preferred. Small amounts of PdCl2(MeCN)2 (δ 25.1) were also 

detected. Sonication at 60 °C caused growing dissolution of the educt salt (δ 30.8). Partial 

decomposition of either starting material or complex led to the observed small impurities. 

Prolonged storing of the NMR sample (2 days) slowly advanced the dissociation of the Pd 

precatalyst, entailing the oxidation of free phosphine to its oxide due to diffusion of oxygen 

into the NMR tube. At the beginning of the reaction, we added naphthalene as internal standard 

for the quantification of generated Pd complex in the 1H-NMR spectrum. However, strong 

overlapping of signals hindered an accurate measurement.47 

 
Figure 41. Stacked 31P-NMR spectra ([D6]-benzene, cut-out) of phosphine transfer to Pd metal. The sample was 

prepared inside a glovebox (see 7.2.6.9 for details). Times indicated depict the total time of sonication at either 

room temperature or 60 °C. Increase of temperature to 60 °C was conducted after 35 min at ambient temperature. 

 

47 Approximate integration of signals (PK-234-4) delivered 52% of Pd complex. 

r.t., 5 min. 

r.t., 15 min. 

r.t., 35 min. 

60 °C, 10 min. 

60 °C, 30 min. 

Pd0(PCy3)2 

TropPCy3∙PF6 

PdCl2(PCy3)2 
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5.3.5 Cycloheptatrienyl phosphonium salts in catalysis: increase in efficiency? 

We have efficiently demonstrated the fast release of free phosphine ligand from tropylium salts 

with immediate transfer to palladium metal. Palladium phosphine complexes have been 

confirmed by 31P-NMR, which were reported to be active in catalysis.[82,104] 

In seeking potential applications of our CHT phosphonium salts, we came across the nickel-

catalyzed cross-coupling of aryl Grignard reagents with aromatic alkyl ethers, which profits 

from the same type of ligand studied by us.[19] The incorporation of Ni–PCy3 precatalysts in 1:2 

ratio proved to be crucial for the reaction. Regarding Dankwardt’s substrate scope, 

2-methoxynaphthalene should turn out as optimal starting material for q-NMR analysis. The 

characteristic shifts of the reaction components are well separated, simplifying spectral 

quantification. First screening experiments of Dankwardt included the use of THF as solvent at 

60 °C. When CHT salt TropPCy3∙PF6 was combined in co-catalytic amounts with metal 

precursor Ni(acac)2, the reaction of PhMgBr with 2-MeONap showed moderate conversion to 

2-phenylnaphthalene after 18 hours at room temperature (table 33, entry 1). 

Table 33. Ni-catalyzed cross-coupling of PhMgBr with 2-methoxynaphthalene.a Entries 2-5 were carried out as 

kinetic experiments, but best comparable yields are only depicted. precat. = precatalyst; acac = acetylacetonate; 

DEM = 1,1-diethoxymethane; dme = 1,2-dimethoxyethane. 

 

entry Ni-precat. ligand [mol%] solvent PhMgBr [eq.] t [h] ArOMe yield 

1b Ni(acac)2 TropPCy3∙PF6 (20) THF 3.2 18 52 45 

2c,d NiCl2(PCy3)2 PCy3 (10) DEM-Et2O (1:1) 1.5 2 4 89 

3e NiCl2(PCy3)2 PCy3 (10) DEM-Et2O (1:1) 1.5 4 9 86 

4e NiCl2(dme) PCy3 (10) DEM-Et2O (1:1) 1.5 1 14 83 

5e NiCl2(dme) TropPCy3∙PF6 (10) DEM-Et2O (1:1) 1.5 5 100 0 
aReactions performed with 1.00 mmol 2-methoxynaphthalene in the indicated solvent (total volume 3 mL), 

according to GP 5.3.6 (see 7.2.6.1); Grignard reagent added as solution in THF, or Et2O, respectively; spectral 

yield according to 1H-NMR against internal standard, given in mol%. b0.25 M. c0.33 M. dReaction performed at 

35 °C. e0.17 M. 

The choice of solvent played a major role in the cross-coupling reaction.[19] Non-polar ethers, 

such as diethoxymethane (DEM), Bu2O, iPr2O, or tAmOMe (tAm = tert-amyl, –CEtMe2) 

usually gave best results. Since DEM-Et2O often proved superior, we stuck with a 1:1 mixture 

for further experiments. The amount of Grignard reagent was set to 1.5 equivalents when 

combining NiCl2(PCy3)2 with additional PCy3 (10.0 mol%), imitating the conditions described 

by Dankwardt. Initially, we wanted to monitor the reaction progress by withdrawing samples 
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after fixed time intervals. In first instance, the reaction progressed too fast (entry 2), showing 

89% yield after two hours. Lowering of the temperature to room temperature along with dilution 

of the reaction medium provided better conditions for kinetic studies (entry 3). To exclusively 

scrutinize the influence of added ligand precursor, we changed the Ni precatalyst to the 

unfunctional etherate NiCl2(dme). However, the latter significantly increased the rate of the 

reaction with virtually identical results after only one hour (entry 4), probably the consequence 

of worse solubility of NiCl2(PCy3)2. It is also imaginable that the surplus of PCy3 ligand in 

combination with NiCl2(PCy3)2 blocked the active nickel center. No conversion at all was 

detected when [(Trop)PCy3]PF6 was introduced as phosphine source in the established reaction 

conditions (entry 5). Two major issues might be responsible for the failed reaction. The salt 

might suffer from very low dissolution in the non-polar solvent mixture. Even though the 

Grignard solution did not exhibit any precipitation of inorganic decomposition adducts, 

degradation of the reagent cannot be excluded since no titration was conducted shortly before 

the reaction. Due to changes in our project priorities, we did not further investigate this type of 

Ni-catalyzed cross-coupling reaction. 

Buchwald or related ligands have been extensively employed in Suzuki-Miyaura cross-

coupling reactions.[31a,33,105] In dioxane, complete conversion of 4-chloroanisole as one of the 

most demanding π-donor substrates with phenyl boronic acid has been observed after overnight 

reaction at 100 °C.[31a,105b] At room temperature, higher catalyst loadings were indispensable. 

With the plethora of CHT salts synthesized, we wanted to examine whether our ligand 

precursors can keep up with the corresponding free phosphines. Hence, we subjected Buchwald 

ligands as well as our tropylium salts to similar reaction conditions reported in literature[31a] 

(table 34). Instead of dioxane used in literature, we chose toluene. After stirring for five hours 

at 100 °C, reaction mixtures were directly analyzed by q-NMR from the reaction mixture. 

Losses in recovery might be due to partial volatility of 4-chloroanisole and anisole. In all cases, 

little or dehalogenated starting material was observed. Except for [(Trop)CyJohnPhos]PF6, our 

salts yielded the desired product in good to excellent yield. Free phosphines usually performed 

less efficient than our precursors. Solely CyJohnPhos afforded slightly enhanced reactivity 

(entry 1) compared to the quaternary salt (entry 2). CHT-alkylated DavePhos tremendously 

accelerated the reaction (entries 3 and 4). The dimethoxy substituted phosphine, SPhos 

(entry 5), slowed the reaction by 20% in contrast with its salt (entry 6). RuPhos delivered similar 

yields in either experiment (entries 7 and 8). 
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Table 34. Pd-catalyzed Suzuki cross-coupling of 4-chloroanisole with phenyl boronic acid using either tropylated 

phosphonium salts or free phosphines.a recov. = recovery; CHT = cycloheptatrienyl.  

 

entry ligand state of phosphineb educt [%] anisole [%] yield [%] recov. [%] 

1 

 

free ligand 29 <1 69 98 

2 CHT-salt 37 1 56 94 

3c 

 

free ligand - - 93 - 

3 free ligand 45 1 54 100 

4 CHT-salt 3 <1 92 95 

5 

 

free ligand 28 1 71 100 

6 CHT-salt 8 <1 86 94 

7 

 

free ligand 12 1 85 98 

8 CHT-salt 5 <1 92 97 

9 

 

free ligand 19 2 79 100 

10 CHT-salt <1 <1 96 96 

11 

 

free ligand 18 <1 82 100 

12 CHT-salt <1 <1 95 95 

aReactions performed with 120 µL (985 µmol) 4-chloroanisole in toluene (2 mL), according to GP 

5.3.7 (see 7.2.6.1); spectral yield according to 1H-NMR with internal standard, given in mol%. bFree 

refers to commercially available free phosphine ligand; CHT-salt to synthesized tropylium salts. 
cReaction conditions reported by Buchwald et al.[31a]; 4-chloroanisole (2.00 mmol, 1.0 eq.), PhB(OH)2 

(1.5 eq.), K3PO4 (2.0 eq.), Pd(OAc)2 (0.5 mol%), DavePhos (0.75 mol%) at 100 °C in dioxane (6 mL) 

until completion as judged by GC analysis. 

Sterically bulky XPhos afforded good results (entry 9). However, [(Trop)XPhos]PF6 speeded 

the coupling up by 20%, giving near quantitative yield of the biaryl (entry 10). Virtually 

identical results as for XPhos were obtained for BrettPhos (entries 11 and 12). Interestingly, 

other screening experiments of our group revealed quantitative conversion after only one hour. 

Biggest difference lay in the involved base. Whereas powdery48 K3PO4 was weighed inside a 

glove-box and used for all manipulations depicted in table 34, previous reactions performed in 

 

48 The solid was dried for at least two hours at 300 °C under reduced pressure (0.8-1.2 mbar) and stored inside a 

glove-box. 
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our group relied on salt stored in a Schlenk flask. The already slightly clumpy base was weighed 

in air, allowing further uptake of water. The latter seems to exhibit a crucial role in catalyst pre-

activation.[105a,105d,106] We suggest working under completely anhydrous conditions impeded 

PdII reduction in case where the free phosphines were applied. Except for 

[(Trop)CyJohnPhos]PF6, our precursors underlined their superior role for catalyst activation. 

The cross-coupling reaction displayed in table 34 might also profit from a Pd–ligand ratio of 

1:1. Under the reaction conditions employed, our tropylium salts could have released lower 

amounts of free phosphine, thus approaching a 1:1 metal to ligand ratio. Further investigations 

should focus on varying the Pd–ligand ratio to clarify the reasons for the superior reactivity of 

our tropylium salts compared to the free Buchwald ligands. 

5.4 Conclusion and outlook  

A range of allylic, benzylic and alkenyl tricyclohexylphosphonium salts has been synthesized 

(figure 42). While allylic and benzylic were available by simple stirring of PCy3 with the 

appropriate halides in dichloromethane, styryl salts 65 and 69 required microwave assisted 

heating in the presence of Pd(0) precatalyst and a salt additive. The latter were accompanied 

with minor amounts of an yet unknown phosphorous impurity. Increased steric hindrance or 

the absence of an α-CH bond blocked any conversion of 2-substituted (Me, Pr) 2-bromo-1,1-

diphenylethylenes. Several of the new phosphonium salts were characterized by X-ray analysis 

as well as standard NMR methods. 

 

Figure 42. Isolated tricyclohexylphosphonium salts. Counter-ions (bromide, chloride) were omitted for sake of 

chloride. 

Since attempts towards synthesizing an α-methylstyrene phosphonium salt gave a low amount 

of the desired product along with its allyl isomer, we had a closer look on the isomerization of 



 

 

169 

 

allyl type phosphonium salts. Sodium pivalate as well as DBU turned out to be efficient reagents 

for quantitative rearrangement of allyl tricyclohexylphosphonium bromide to its propenyl 

derivative. The reaction with DBU in deuterated chloroform also led to near full incorporation 

of deuterium at propenyl extremities. However, isomerization of tricyclohexyl(2-phenylallyl)-

phosphonium bromide (75) only provides an equilibrium mixture of allylic and alkenylic 

phosphonium salt (figure 43). 

 

Figure 43. Observed equilibrium in the rearrangement of phosphonium salt 75 to 77. Counter-ions (bromide) were 

omitted for sake of clarity. 

Most of our unsaturated phosphonium salts were evaluated as ligand precursors in the Pd-

catalyzed amination of chlorobenzene with N-methylpiperazine reported by Reddy et al.[84]. 

Whereas allyl and styryl phosphonium salts performed similarly to the well-known 

PdCl2(PCy3)2 precatalyst (66%), benzyl and fluorenyl type compounds led to lower yields 

(<45%). A characteristic color change to wine red at beginning of the reaction might indicate 

the formation of ylidic species in case of benzylic phosphonium salts. 

To verify the potential ligand release from our unsaturated precursors, the styryl phosphonium 

salt 65 was heated with Pd precatalyst in the presence of strong base or a nucleophile. In the 

31P-NMR spectrum, one could observe that the vinyl–PCy3 bond was cleaved, releasing free 

phosphine. Next to minor amounts of phosphine oxide, signals belonging to a mixed alkenyl 

tricyclohexylphosphonium–Pd complex were detected as main species. The presence of 

PdCl2(PCy3)2 was also confirmed. High concentrations of strong base led to the formation of 

Pd black. In the 31P-NMR spectrum, a large amount of small phosphorous signals was detected. 

The temporary presence of an ylide due to deprotonation followed by polymerization[83] might 

be imaginable. Broad signals observed in the 1H-NMR spectrum support the hypothesis of 

polymerization. Since the conditions have not yet been optimized, less harsh conditions could 

ameliorate the enrichment of free ligand in solution, thus generating an active catalyst in the 

presence of palladium. A major issue might be the low solubility of salt 65 in non-polar solvent, 

such as benzene, toluene, or THF, requiring elevated temperatures for any release to take place. 

An increase in solubility could be obtained by substitution of the counterion from bromide to 

TRISPHAT (phosphorous(V) tris(tetrachlorocatecholate)phat) using ion-exchange. Variations 
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of base/nucleophile (weak vs. strong) and Pd precatalyst (Pd0 vs. PdII source) could further 

promote the efficient release of free ligand. Strong base should also be avoided to prevent 

unwanted decomposition. 

Future studies could focus on the isolation of a PCy3-ylide–Pd complex to verify its potential 

activity in catalysis. Mono- and diphenylethylene phosphonium salts would be convenient 

precursors, since their structural motif might stabilize intermediates due to π- or σ-effects. 

Substitution of halide counter-ions by less coordinating ones (BF4
–, PF6

–, or other) might be 

useful to prevent any unwanted side-reactions. Deprotonation should be attempted at low 

temperature (–78°C) with non-nucleophilic amide base (alkali HMDS) instead of n-BuLi[107]. 

Subsequent addition of Pd(cod)Cl2 might yield the desired complex 83 (scheme 57). Once in 

hand, stability studies would provide further insight in the potential release of free PCy3 ligand. 

 

Scheme 57. Proposed reaction sequence for the formation of carbene complex 83. Bromide ions were omitted and 

should be replaced by a less coordinating anion prior deprotonation. 

Phosphination of bromoalkenes failed with several substrates. Under Pd catalysis, the group of 

Stang was able to isolate substituted PPh3-based vinyl phosphonium salts from vinyl triflates, 

including the 2-phenyl-1-propen-1-yl derivative.[70] Similar PCy3-based salts from 

corresponding pseudo-halides would be worth a try. Steric crowding around the Csp3 atom of 

trityl chloride hindered the formation of the desired salt. Tri-para-substituted 

triphenylmethanes could block any unwanted phosphination of phenyl groups, possibly 

favoring the attack of the central carbon atom. Unfunctional anions of our salts could be 

substituted by ions exerting a distinctive role, thus leading to multifunctional precursors. 

Besides stored ligand and Pd(II) reducing agent, one could add CMD, base or other 

functionality. Widespread use of these phosphonium salts in catalysis is yet to come. 

A specific class of phosphonium salts for use as ligand precursor was presented in the form of 

CHT-phosphonium salts derived from ligand and tropylium salts. Whereas tropylation of most 

common cyclohexyl based Buchwald ligands worked smoothly, other derivatives could not be 

converted, entailing quantitative formation of protonated phosphine. Crowded phosphines, e.g. 
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BrettPhos, KatPhos, and CyAnPhos, showed minor amounts of the latter side-product. 

Increasing bulk around the phosphorus atom proved crucial for the synthesis. In most cases, the 

cycloheptatrienyl species was predominant in solution. In case of BrettPhos and KatPhos 

tropylium salts, an equilibrium between a CHT- and NCD-species (CHT/NCD 15:85) seems to 

be present but could not be influenced. Except for CyJohnPhos, KatPhos and CyAnPhos, 

suitable crystals for X-ray diffraction were grown by slow diffusion of diethylether into a 

saturated solution of salts. Analysis of structures revealed the susceptibility of CHT-salts 

towards rearrangement. A norcaradienyl motif was observed in particular with bulky 

phosphonium salts. Even though an [(NCD)PtBu3]PF6 salt has been reported, JohnPhos as well 

as Men2JohnPhos (Men = menthyl) only afforded the protonated phosphine, which might be 

due to increased steric hindrance of substituents. The synthetic procedure of tropylium 

alkylation was further extended to one imidazole, where the resulting imidazolium salt did not 

rearrange to an NCD salt in the solid state. Attempts for the synthesis of a desired Pd carbene 

complex failed, causing loss of the CHT unit.  

With the aid of variable temperature NMR, we studied the behavior of one ligand derived tropyl 

phosphonium salt in solution, namely [(Trop)DavePhos]PF6. Apart from broadening of signals 

as consequence of slow rotation at low temperatures, no formation of a NCD phosphonium salt 

was detected. Since photochemistry is known for rearrangement[98,108] reactions, we envisaged 

structural modification of our salt, [(Trop)SPhos]PF6, induced by photochemical excitation. 

Irradiation at either 350 or 366 nm enriched the newly formed species as major product along 

with minor amounts of protonated phosphine. Spectral analysis of isolated material excluded 

any rearrangement of the seven membered ring but reasoned the generation of a tricyclic 

benzo[b]phosphindolium salt (figure 44). 

 

Figure 44. Main product emerging from irradiation of [(Trop)SPhos]PF6. Counter-ion could either be F2P(O)O– 

(detected in the spectrum) or PF6
–. 31P-NMR spectra were only recorded from –40 ppm to +60 ppm for better 

resolution. 
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The stability of [(Trop)SPhos]PF6 as well as potential for efficient ligand release was analyzed 

by subjecting them to different conditions. Under aqueous conditions, [(Trop)SPhos]PF6 

partially decomposed to its protonated analogue when heated in acetone. Primary and secondary 

amines easily generated substituted cycloheptatriene along with free phosphine ligand. The 

tertiary amine, NEt3, only showed minor conversion. Direct transfer of the PCy3 unit from the 

cationic phosphonium salt to Pd metal was verified by 31P-NMR spectroscopy.  

In Ni-catalyzed Kumada cross-coupling[19] of PhMgBr with 2-methoxynaphthaline, we 

combined [(Trop)PCy3]PF6 with NiCl2(dme) at room temperature to verify the feasibility of our 

tropylium salts as free phosphine precursors in catalysis. However, a low amount of 2-

phenylnaphthaline was obtained. The low conversion could be owed to poor solubility of the 

salt or previous decomposition of the Grignard reagent. Astonishing results were obtained in 

the Pd-catalyzed Suzuki coupling of 4-chloroanisole with phenyl boronic acid. In most cases, 

our quaternary salts proved superior to the free phosphine when combined with Pd(OAc)2. A 

direct comparison between our tropylium salts and the results obtained in literature cannot be 

made, since DavePhos in dioxane solution[31a] was the only condition reported. Our cross-

coupling reactions were performed in toluene and showed almost identical reactivity to the one 

reported for DavePhos[31a]. We suggest that the cycloheptatrienyl motif supports catalyst pre-

activation.[105a,105d,106b,106c] 

The steric bulk near the phosphine seems to have an influence on the CHT/NCD-distribution 

in solution and in the solid state. In most cases no NCD structure was observed in solution. 

Whereas an NCD structure was predominant in solution with bulky BrettPhos and KatPhos 

tropylium salts, minor steric bulk already induced rearrangement to the NCD-conformation 

with most tropylium salts when crystallizing. However, it is unclear why the latter motif is not 

preferred in solution or why no tropylated phosphine was obtained with tBu2P- or Men2P-

ligands. Further attempts for the crystallization of [(Trop)CyJohnPhos]PF6, 

[(Trop)KatPhos]PF6 and [(Trop)CyAnPhos]PF6 would clarify their structure in the solid state, 

thus giving more insight in the relationship between steric bulk and structure of the tropylium 

unit. Since [(Trop)XPhos]PF6 seemed to present a dynamic behavior in solution, variable 

temperature NMR might induce enrichment of either one rearrangement species. In that 

manner, one or both species could be detected in the NMR spectra and indicate a shift in 

equilibrium. The choice of solvent could have crucial impact on their distribution. Solvent 

dependent decomposition of cycloheptatrienyl salts would deliver useful information for 
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application in catalysis. Pre-activation of Pd induced by our salts will surely find serious 

attention in catalysis, especially when aqueous conditions are undesirable. Substitution of 

unfunctional anion or the combination with Pd metal would increase the degree of functionality 

of our salts. Superior reactivity compared to simple, free phosphines would be attributed, 

leaving plenty of room for the discovery of unprecedented coupling chemistry. 

  



 

174 

 

5.5 References 

[1] P. Klein, The Multi-Component-Catalyst (MCC) Principle: Designing Functional 

Catalyst Precursors for Reaction Development, master thesis, Technical University of 

Munich (Garching bei München), 2016. 

[2] S. L. Buchwald, D. Milstein, Ligand Design in Metal Chemistry: Reactivity and 

Catalysis, John Wiley & Sons, 2016. 

[3] a) P. Fitton, E. A. Rick, J. Organomet. Chem. 1971, 28, 287-291; b) A. Sekiya, N. 

Ishikawa, J. Organomet. Chem. 1976, 118, 349-354; c) D. Milstein, J. Stille, J. Am. 

Chem. Soc. 1979, 101, 4992-4998; d) J. W. Labadie, J. Stille, J. Am. Chem. Soc. 1983, 

105, 6129-6137. 

[4] a) C. B. Ziegler Jr, R. F. Heck, J. Org. Chem. 1978, 43, 2941-2946; b) A. Spencer, J. 

Organomet. Chem. 1983, 258, 101-108. 

[5] W. A. Herrmann, C. Brossmer, K. Öfele, C. P. Reisinger, T. Priermeier, M. Beller, H. 

Fischer, Angew. Chem. Int. Ed. 1995, 34, 1844-1848. 

[6] a) A. F. Littke, G. C. Fu, Angew. Chem. Int. Ed. 1998, 37, 3387-3388; b) J. F. Hartwig, 

M. Kawatsura, S. I. Hauck, K. H. Shaughnessy, L. M. Alcazar-Roman, J. Org. Chem. 

1999, 64, 5575-5580; c) G. Mann, C. Incarvito, A. L. Rheingold, J. F. Hartwig, J. Am. 

Chem. Soc. 1999, 121, 3224-3225; d) K. H. Shaughnessy, P. Kim, J. F. Hartwig, J. Am. 

Chem. Soc. 1999, 121, 2123-2132; e) A. F. Littke, C. Dai, G. C. Fu, J. Am. Chem. Soc. 

2000, 122, 4020-4028; f) A. F. Littke, G. C. Fu, J. Am. Chem. Soc. 2001, 123, 6989-

7000; g) M. Nishiyama, T. Yamamoto, Y. Koie, Tetrahedron Lett. 1998, 39, 617-620. 

[7] S. A. Buckler, J. Am. Chem. Soc. 1962, 84, 3093-3097. 

[8] M. R. Netherton, G. C. Fu, Org. Lett. 2001, 3, 4295-4298. 

[9] T. Saget, N. Cramer, Synthesis 2011, 15, 2369-2371. 

[10] a) A. J. Blacker, M. L. Clarke, M. S. Loft, J. M. Williams, Org. Lett. 1999, 1, 1969-

1971; b) M. R. Netherton, C. Dai, K. Neuschütz, G. C. Fu, J. Am. Chem. Soc. 2001, 123, 

10099-10100; c) R. B. Bedford, C. S. Cazin, S. L. Hazelwood, Chem. Commun. 2002, 

2608-2609; d) A. C. Frisch, N. Shaikh, A. Zapf, M. Beller, Angew. Chem. Int. Ed. 2002, 

41, 4056-4059; e) J. H. Kirchhoff, C. Dai, G. C. Fu, Angew. Chem. Int. Ed. 2002, 41, 

1945-1947; f) M. R. Netherton, G. C. Fu, Angew. Chem. Int. Ed. 2002, 41, 3910-3912. 

[11] W. Shen, Tetrahedron Lett. 1997, 38, 5575-5578. 

[12] A. F. Littke, G. C. Fu, J. Org. Chem. 1999, 64, 10-11. 



 

 

175 

 

[13] G. C. Fu, Acc. Chem. Res. 2008, 41, 1555-1564. 

[14] A. De Meijere, S. Bräse, M. Oestreich, Metal catalyzed cross-coupling reactions and 

more, John Wiley & Sons, 2013. 

[15] a) J. P. Stambuli, M. Bühl, J. F. Hartwig, J. Am. Chem. Soc. 2002, 124, 9346-9347; b) 

J. P. Stambuli, C. D. Incarvito, M. Bühl, J. F. Hartwig, J. Am. Chem. Soc. 2004, 126, 

1184-1194; c) M. Yamashita, J. F. Hartwig, J. Am. Chem. Soc. 2004, 126, 5344-5345. 

[16] F. Barrios-Landeros, B. P. Carrow, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 8141-

8154. 

[17] a) E. Galardon, S. Ramdeehul, J. M. Brown, A. Cowley, K. K. Hii, A. Jutand, Angew. 

Chem. Int. Ed. 2002, 41, 1760-1763; b) G. Espino, A. Kurbangalieva, J. M. Brown, 

Chem. Commun. 2007, 1742-1744. 

[18] F. Schoenebeck, K. Houk, J. Am. Chem. Soc. 2010, 132, 2496-2497. 

[19] J. W. Dankwardt, Angew. Chem. Int. Ed. 2004, 43, 2428-2432. 

[20] a) Z. Y. Tang, Q. S. Hu, Adv. Synth. Catal. 2004, 346, 1635-1637; b) Z.-Y. Tang, Q.-S. 

Hu, J. Am. Chem. Soc. 2004, 126, 3058-3059; c) M. Jankowska, O. Shuvalova, N. 

Bespalova, M. Majchrzak, B. Marciniec, J. Organomet. Chem. 2005, 690, 4492-4497; 

d) P. Leowanawat, N. Zhang, A.-M. Resmerita, B. M. Rosen, V. Percec, J. Org. Chem. 

2011, 76, 9946-9955; e) P. Leowanawat, N. Zhang, M. Safi, D. J. Hoffman, M. C. 

Fryberger, A. George, V. Percec, J. Org. Chem. 2012, 77, 2885-2892; f) J. Malineni, R. 

L. Jezorek, N. Zhang, V. Percec, Synthesis 2016, 48, 2808-2815; g) S.-Q. Zhang, B. L. 

Taylor, C.-L. Ji, Y. Gao, M. R. Harris, L. E. Hanna, E. R. Jarvo, K. Houk, X. Hong, J. 

Am. Chem. Soc. 2017, 139, 12994-13005. 

[21] L. Chen, P. Ren, B. P. Carrow, J. Am. Chem. Soc. 2016, 138, 6392-6395. 

[22] a) L. Chen, D. R. Sanchez, B. Zhang, B. P. Carrow, J. Am. Chem. Soc. 2017, 139, 12418-

12421; b) L. Chen, H. Francis, B. P. Carrow, ACS Catal. 2018, 8, 2989-2994. 

[23] A. Ehrentraut, A. Zapf, M. Beller, Synlett 2000, 11, 1589-1592. 

[24] a) M. Beller, C. Fuhrmann, A. Zapf, A. Ehrentraut (Evonik Operations GmbH), US 

7,148.176 B2, 2006; b) S. Klaus, H. Neumann, A. Zapf, D. Strübing, S. Hübner, J. 

Almena, T. Riermeier, P. Groß, M. Sarich, W. R. Krahnert, Angew. Chem. Int. Ed. 2006, 

45, 154-158; c) A. G. Sergeev, A. Spannenberg, M. Beller, J. Am. Chem. Soc. 2008, 

130, 15549-15563. 

[25] H. A. Chiong, O. Daugulis, Org. Lett. 2007, 9, 1449-1451. 



 

176 

 

[26] D. Zhao, W. Wang, S. Lian, F. Yang, J. Lan, J. You, Chem. Eur. J. 2009, 15, 1337-

1340. 

[27] a) X. F. Wu, H. Neumann, M. Beller, ChemCatChem 2010, 2, 509-513; b) H. Neumann, 

A. Brennführer, P. Groß, T. Riermeier, J. Almena, M. Beller, Adv. Synth. Catal. 2006, 

348, 1255-1261; c) H. Neumann, A. Brennführer, M. Beller, Chem. Eur. J. 2008, 14, 

3645-3652; d) A. Brennführer, H. Neumann, M. Beller, Angew. Chem. Int. Ed. 2009, 

48, 4114-4133. 

[28] G. A. Molander, S. R. Wisniewski, J. Am. Chem. Soc. 2012, 134, 16856-16868. 

[29] a) F. Rataboul, A. Zapf, R. Jackstell, S. Harkal, T. Riermeier, A. Monsees, U. 

Dingerdissen, M. Beller, Chem. Eur. J. 2004, 10, 2983-2990; b) A. Tewari, M. Hein, A. 

Zapf, M. Beller, Tetrahedron 2005, 61, 9705-9709; c) T. Schulz, C. Torborg, S. 

Enthaler, B. Schaeffner, A. Dumrath, A. Spannenberg, H. Neumann, A. Boerner, M. 

Beller, Chem. Eur. J. 2009, 15, 4528-4533. 

[30] a) P. Hermange, T. M. Gøgsig, A. T. Lindhardt, R. H. Taaning, T. Skrydstrup, Org. Lett. 

2011, 13, 2444-2447; b) M. Stephan, J. Panther, F. Wilbert, P. Ozog, T. J. Müller, Eur. 

J. Org. Chem. 2020, 14, 2086-2092. 

[31] a) D. W. Old, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1998, 120, 9722-9723; b) 

B. C. Hamann, J. F. Hartwig, J. Am. Chem. Soc. 1998, 120, 7369-7370. 

[32] Q. Shelby, N. Kataoka, G. Mann, J. Hartwig, J. Am. Chem. Soc. 2000, 122, 10718-

10719. 

[33] R. Martin, S. L. Buchwald, Acc. Chem. Res. 2008, 41, 1461-1473. 

[34] S. Kaye, J. M. Fox, F. A. Hicks, S. L. Buchwald, Adv. Synth. Catal. 2001, 343, 789-

794. 

[35] a) P. Ruiz-Castillo, S. L. Buchwald, Chem. Rev. 2016, 116, 12564-12649; b) F. Inoue, 

M. Kashihara, M. R. Yadav, Y. Nakao, Angew. Chem. Int. Ed. 2017, 56, 13307-13309; 

c) R. Dorel, C. P. Grugel, A. M. Haydl, Angew. Chem. Int. Ed. 2019, 58, 17118-17129. 

[36] a) T. J. Maimone, P. J. Milner, T. Kinzel, Y. Zhang, M. K. Takase, S. L. Buchwald, J. 

Am. Chem. Soc. 2011, 133, 18106-18109; b) H. G. Lee, P. J. Milner, S. L. Buchwald, 

Org. Lett. 2013, 15, 5602-5605; c) H. G. Lee, P. J. Milner, S. L. Buchwald, J. Am. Chem. 

Soc. 2014, 136, 3792-3795; d) A. C. Sather, H. G. Lee, V. Y. De La Rosa, Y. Yang, P. 

Müller, S. L. Buchwald, J. Am. Chem. Soc. 2015, 137, 13433-13438; e) A. C. Sather, S. 

L. Buchwald, Acc. Chem. Res. 2016, 49, 2146-2157; f) D. S. Surry, S. L. Buchwald, J. 

Am. Chem. Soc. 2007, 129, 10354-10355. 



 

 

177 

 

[37] a) Y. Yang, S. L. Buchwald, J. Am. Chem. Soc. 2013, 135, 10642-10645; b) E. J. Cho, 

T. D. Senecal, T. Kinzel, Y. Zhang, D. A. Watson, S. L. Buchwald, Science 2010, 328, 

1679-1681; c) M. R. Yadav, M. Nagaoka, M. Kashihara, R.-L. Zhong, T. Miyazaki, S. 

Sakaki, Y. Nakao, J. Am. Chem. Soc. 2017, 139, 9423-9426. 

[38] a) J. M. Dennis, N. A. White, R. Y. Liu, S. L. Buchwald, J. Am. Chem. Soc. 2018, 140, 

4721-4725; b) J. M. Dennis, N. A. White, R. Y. Liu, S. L. Buchwald, ACS Catal. 2019, 

9, 3822-3830. 

[39] a) R. J. Lundgren, K. D. Hesp, M. Stradiotto, Synlett 2011, 17, 2443-2458; b) C. A. 

Wheaton, J.-P. J. Bow, M. Stradiotto, Organometallics 2013, 32, 6148-6161; c) R. J. 

Lundgren, A. Sappong‐Kumankumah, M. Stradiotto, Chem. Eur. J. 2010, 16, 1983-

1991. 

[40] A. V. Gatien, C. M. Lavoie, R. N. Bennett, M. J. Ferguson, R. McDonald, E. R. Johnson, 

A. W. Speed, M. Stradiotto, ACS Catal. 2018, 8, 5328-5339. 

[41] Q. Shen, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 10028-10029. 

[42] R. J. Lundgren, B. D. Peters, P. G. Alsabeh, M. Stradiotto, Angew. Chem. Int. Ed. 2010, 

49, 4071-4074. 

[43] R. J. Lundgren, M. Stradiotto, Angew. Chem. Int. Ed. 2010, 49, 8686-8690. 

[44] K. D. Hesp, M. Stradiotto, J. Am. Chem. Soc. 2010, 132, 18026-18029. 

[45] K. D. Hesp, R. J. Lundgren, M. Stradiotto, J. Am. Chem. Soc. 2011, 133, 5194-5197. 

[46] C. M. Lavoie, P. M. MacQueen, N. L. Rotta-Loria, R. S. Sawatzky, A. Borzenko, A. J. 

Chisholm, B. K. Hargreaves, R. McDonald, M. J. Ferguson, M. Stradiotto, Nat. 

Commun. 2016, 7, 1-11. 

[47] P. M. MacQueen, J. P. Tassone, C. Diaz, M. Stradiotto, J. Am. Chem. Soc. 2018, 140, 

5023-5027. 

[48] R. T. McGuire, C. M. Simon, A. A. Yadav, M. J. Ferguson, M. Stradiotto, Angew. 

Chem. Int. Ed. 2020, 59, 8952-8956. 

[49] J. P. Tassone, E. V. England, P. M. MacQueen, M. J. Ferguson, M. Stradiotto, Angew. 

Chem. Int. Ed. 2019, 58, 2485-2489. 

[50] J. S. Clark, R. T. McGuire, C. M. Lavoie, M. J. Ferguson, M. Stradiotto, 

Organometallics 2018, 38, 167-175. 

[51] a) M. Baghbanzadeh, C. Pilger, C. O. Kappe, J. Org. Chem. 2011, 76, 8138-8142; b) S. 

Marhadour, M.-A. Bazin, P. Marchand, Tetrahedron Lett. 2012, 53, 297-300; c) B. 



 

178 

 

Liegault, D. Lapointe, L. Caron, A. Vlassova, K. Fagnou, J. Org. Chem. 2009, 74, 1826-

1834; d) C. A. Fleckenstein, H. Plenio, Chem. Eur. J. 2007, 13, 2701-2716. 

[52] a) H. J. Bestmann, O. Kratzer, Chem. Ber. 1962, 95, 1894-1901; b) H. J. Bestmann, R. 

Dötzer, Synthesis 1989, 3, 204-205. 

[53] M. Alcarazo, R. M. Suárez, R. Goddard, A. Fürstner, Chem. Eur. J. 2010, 16, 9746-

9749. 

[54] T. Yamamoto, O. Saito, A. Yamamoto, J. Am. Chem. Soc. 1981, 103, 5600-5602. 

[55] a) I. V. Shevchenko, V. P. Kukhar', O. I. Kolodyazhnyi, J. Gen. Chem. USSR (Engl. 

Transl.) 1989, 59, 424-425, 477-478; b) M. H. Holthausen, J. M. Bayne, I. Mallov, R. 

Dobrovetsky, D. W. Stephan, J. Am. Chem. Soc. 2015, 137, 7298-7301; c) I. V. 

Shevchenko, V. P. Kukhar', O. I. Kolodyazhnyi, J. Gen. Chem. USSR (Engl. Transl.) 

1990, 60, 1544-1547, 1730-1735. 

[56] L. K. Hwang, Y. Na, J. Lee, Y. Do, S. Chang, Angew. Chem. Int. Ed. 2005, 44, 6166-

6169. 

[57] a) F.-A. Kang, Z. Sui, W. V. Murray, J. Am. Chem. Soc. 2008, 130, 11300-11302; b) V. 

P. Mehta, S. G. Modha, E. V. Van der Eycken, J. Org. Chem. 2010, 75, 976-979; c) A. 

Sharma, D. Vachhani, E. Van der Eycken, Org. Lett. 2012, 14, 1854-1857; d) X. Zhang, 

A. McNally, Angew. Chem. Int. Ed. 2017, 56, 9833-9836. 

[58] E. Frérot, J. Coste, A. Pantaloni, M.-N. Dufour, P. Jouin, Tetrahedron 1991, 47, 259-

270. 

[59] J. Coste, D. Le-Nguyen, B. Castro, Tetrahedron Lett. 1990, 31, 205-208. 

[60] a) J. McNulty, A. Capretta, J. Wilson, J. Dyck, G. Adjabeng, A. Robertson, Chem. 

Commun. 2002, 1986-1987; b) H. Cao, L. McNamee, H. Alper, Org. Lett. 2008, 10, 

5281-5284; c) J. Zhu, M. Pérez, D. W. Stephan, Angew. Chem. Int. Ed. 2016, 55, 8448-

8451. 

[61] a) J.-P. Duan, F.-L. Liao, S.-L. Wang, C.-H. Cheng, Organometallics 1997, 16, 3934-

3940; b) C.-C. Huang, J.-P. Duan, M.-Y. Wu, F.-L. Liao, S.-L. Wang, C.-H. Cheng, 

Organometallics 1998, 17, 676-682. 

[62] a) T. Scherpf, C. Schwarz, L. T. Scharf, J. A. Zur, A. Helbig, V. H. Gessner, Angew. 

Chem. Int. Ed. 2018, 57, 12859-12864; b) P. Weber, T. Scherpf, I. Rodstein, D. Lichte, 

L. T. Scharf, L. J. Gooßen, V. H. Gessner, Angew. Chem. Int. Ed. 2019, 58, 3203-3207. 



 

 

179 

 

[63] a) K. Conrow, Org. Synth. 1973, 5, 1138; b) H. J. Dauben Jr, F. A. Gadecki, K. M. 

Harmon, D. L. Pearson, J. Am. Chem. Soc. 1957, 79, 4557-4558; c) J. Crivello, Synth. 

Commun. 1973, 3, 9-12. 

[64] a) M. Herberhold, W. Milius, S. Eibl, Z. Anorg. Allg. Chem. 1999, 625, 341-346; b) M. 

Herberhold, A. Pfeifer, W. Milius, Z. Anorg. Allg. Chem. 2002, 628, 2919-2929; c) M. 

Herberhold, T. Schmalz, W. Milius, B. Wrackmeyer, J. Organomet. Chem. 2002, 641, 

173-184; d) M. Herberhold, T. Schmalz, W. Milius, B. Wrackmeyer, Inorg. Chim. Acta 

2002, 334, 10-16; e) M. Herberhold, N. Akkus, W. Milius, Z. Anorg. Allg. Chem. 2003, 

629, 2458-2464; f) B. Wrackmeyer, B. Ullmann, R. Kempe, M. Herberhold, Z. Anorg. 

Allg. Chem. 2005, 631, 2629-2634; g) C. Jandl, K. Öfele, F. E. Kühn, W. A. Herrmann, 
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6 DUAL METAL CATALYSIS: COMBINING HYDROGEN AUTO TRANSFER AND 

HECK COUPLING 
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This chapter is subdivided in four main parts. Examples of dehydrogenation and Heck enamine 

coupling as well as combinations of both will be outlined (6.1). Dual metal catalysis enabled 

the use of trialkylamines as donors in Heck-type coupling (6.2). Several experiments involving 

substrate, precatalyst, and other factor screening will be delineated (6.2.1-6.2.3). A plausible 

mechanism will be proposed (6.2.4). Literature precedents allowed us to analyze the coupling 

of styrenes with chloropyrimidines (6.3).The conclusion and outlook end this chapter (6.4). 

6.1 Introduction 

Activation of hydrogen has fascinated chemists for several decades. The most prominent 

example depicts the hydrogenation of nitrogen through the Haber-Bosch process, generating 

ammonia.[1] The use of metal precatalysts is indispensable to lower the necessary energy for 

hydrogen activation. On a homogeneous level, Wilkinson[2] and Crabtree[3] delivered 

astonishing results hydrogenating aliphatic alkenes (figure 45). Since then, more and more 

active catalysts[4] have evolved, also concerning heterogeneous[5] and enantioselective[6] 

hydrogenation. 

 

Figure 45. Left: Wilkinson’s catalyst[2b] (83), right: Crabtree’s catalyst[3a,3b] (84). 

The reversed step of the above process is designated as dehydrogenation, formally oxidizing 

substrates by eliminating H2.
[7] Hydrogen elimination with concomitant release of free 

hydrogen gas is called acceptorless dehydrogenation.[8] Besides alkanes[9], alcohols are 

prominent starting materials for dehydrogenation. Opposed to mostly stoichiometric methods 

from organic chemistry (Cr-oxides[10], TEMPO[11]…), catalytic oxidation via H2 abstraction[12] 

constitutes a more atom-economic method. Dehydrogenation of primary and secondary amines 

is less common, since the resulting imines are prone to nucleophilic attack by residual amine. 

Still, selective, catalytic dehydrogenation of amines to nitriles[13] or imines[14] has been 

achieved. The question arose whether the product imines are formed by a direct CH–NH or α,β-

CH–CH dehydrogenation with subsequent isomerization. By blocking both β-positions with 

methyl groups, the group of Jensen was still able to conduct the desired conversion, pointing to 

the first possibility.[14] However, just a few years later Goldman et al. were able to generate 
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enamines from tertiary amines using the identical PCP-Ir-pincer complex 85 in the presence of 

tert-butylethylene (TBE) as hydrogen acceptor (scheme 58).[15] 

 

Scheme 58. Transfer-dehydrogenation of tertiary amines catalyzed by the PCP-Ir-pincer complex 85 described by 

Goldman et al.[15] Xy = xylene. 

Dehydrogenation of primary alcohols delivers electrophilic carbonyl compounds which can 

undergo follow-up reactions with other nucleophiles, typically alcohols or amines (figure 46).[8] 

Two pathways can be differentiated. After addition of a nucleophile to carbonyl, a second 

equivalent of hydrogen can be abstracted, generating ester[16]/lactone[16c,16d,17] or 

amide[18]/lactam[17,19], respectively (pathway a)). In the case of amines, elimination of water can 

follow the formation of intermediate hemiaminal (pathway b)), rendering imines.[20] 

Subsequent inter- or intramolecular cyclization followed by dehydrogenation or base-promoted 

elimination is often encountered, giving access to pyrazines[21] or pyrroles.[22] The selective 

synthesis of acetals from alcohols has also been described.[23] 

a) 

 

b) 

 

Figure 46. Potential pathways for acceptorless, dehydrogenative coupling of alcohols.[8] Nuc = nucleophile; M = 

metal. 

The release of free hydrogen gas or its addition to a sacrificial acceptor do not constitute the 

only potential reaction routes.[8] Competing with pathway b) in figure 46, the metal–hydride 

species is capable of hydrogenating the intermediate generated from nucleophilic addition 

(figure 47). Since abstracted H2 is returned to the catalytic cycle, the process is known as 

borrowing hydrogen reaction, also referred to as hydrogen auto-transfer (HAT). The sole side-

product is water, and thus the whole transformation pictures a role model of green chemistry.  
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Figure 47. Borrowing hydrogen reaction or hydrogen auto-transfer (HAT).[8] Nuc = nucleophile. 

HAT chemistry starting from alcohols that does not require toxic reagents such as alkyl 

halides[24] delivers a convenient method for the alkylation of nucleophiles.[25] Through the 

borrowing hydrogen concept, the direct amination of alcohols with ammonia[26] or the synthesis 

of oxazolidin-2-ones[27] have been accessible. Alkylation may also occur at acidified Csp3–H 

centers via their activation as carbanions, but besides also at Csp2–atoms of electron rich arenes, 

e.g. indoles[28].[25c] The group of Li achieved the regioselective alkylation of (hetero)arenes 

employing [RhCp*Cl2]2 as catalyst in substrates containing heterocyclic directing groups.[29] 

Besides alcohols,[30] amines[31] can act as alkylation agents. Metal-free versions of HAT-

alkylations utilizing alkali base as catalyst enable the required H-transfer through a Cannizarro-

type mechanism[32].[33] Early work concerning C-alkylation of pyrroles has been performed by 

Hans-Fischer[34], which was revived and further outlined in our group[35] using either alkali base 

or a PNP-Ir-pincer complex as catalysts (scheme 59). 

 

Scheme 59. Catalytic C-alkylation of pyrroles described by Koller et al.[35] Minor amounts of dialkylated pyrrole 

(0-4%) were detected for 2,5-dimethylpyrroles. 2,4-Dimethylpyrroles usually delivered better conversion, also 

entailing larger amounts of dialkylated product. R = electron-rich or -poor arene. 

Dual metal catalysis is an emerging field in current research and takes advantage of either 

metal-selective coupling[36] or photoredox[37] chemistry. Lately, the group of Dydio was able to 

functionalize inherently unreactive sites of primary alcohols.[38] Ru-catalyzed dehydrogenation 

of primary alcohols to the corresponding aldehyde followed by Pd-assisted arylation of the 

base-generated enolate are key elements of the reaction (scheme 60, top). Additionally, allyl 
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alcohols were efficiently converted to hydroarylated adducts with γ-selectivity using a Rh-

precatalyst in conjunction with either Ru or Fe hydrogen borrowing catalyst (scheme 60, 

bottom). The presence of ancillary, chiral ligand, (R)-binap, even yielded enantiomerically 

enriched products. 

 

Scheme 60. Pd-/Ru-catalyzed β-arylation of primary alcohols (top) and γ-selective hydroarylation of allylic 

alcohols (bottom) described by the group of Dydio.[38] Ar = electron-rich or -poor (hetero)arene; Pd-G3 = 

Buchwald 3rd generation precatalyst complex, di-μ-mesylbis[2’-amino-N)[1,1’-biphenyl]-2-yl-C]dipalladium(II); 

dppf = 1,1’-bis(diphenylphosphino)ferrocene; binap = 2,2’-bis-diphenylphosphino-1,1’-binaphthyl; [HB-catalyst] 

= hydrogen-borrowing catalyst, either RuH2(PPh3)4 (10.0 mol%) or [Fe]-carbonyl complex49 (7.5 mol%). 

Trimethylamine-N-oxide (11.3 mol%) was additionally added to reaction mixtures involving the [Fe]-carbonyl 

complex. 

Considering these interesting results, the question arose whether similar reactivity can be 

extended to other substrate classes. As mentioned before, amines may serve as convenient 

starting materials for dehydrogenation.[14,31] Intermediary imines are prone to subsequent 

conversion ((de)hydrogenation, cyclization or other) depending on the conditions chosen. A 

suitable substitution pattern may induce tautomerization[40] to the corresponding enamine, 

which would be amenable as alkene C–H-donor for Heck-type coupling. Above all, enamines 

have been common feedstocks for the synthesis of indoles[41] or pyrroles[42].[43] Since Goldman 

and coworkers reported the successful synthesis of enamines from tertiary amines,[15] we 

envisioned that unexplored reactivity was still to be investigated with this kind of substrates. 

Direct arylation of enamines followed by hydrogenation would give access to potentially 

biologically active amines, including phenylethylamines,[44] in a one-pot procedure. As last part 

of this thesis, we wanted to tackle this challenge by starting with simple tertiary amines. Given 

 

49 [Fe] = Knölker’s iron complex 
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that Heck coupling will play a key role of the planned reaction, we also wanted to analyze the 

direct Pd-catalyzed coupling of styrene derivatives with chloropyrimidines to sharpen our Heck 

skills. The only precedents for this transformation were related to coupling of iodo-

heterocycles[45], and the reaction examples delivered rather low yields of heteroarylated alkene.  

6.2 Harnessing Trialkylamines as Donors in Heck cross-coupling via a 

Hydrogen Auto Transfer Process 

Inspired by the work of Dydio[38], we asked ourselves whether we could exploit a bimetallic 

catalyst system to convert tertiary amines into enamine donors for Heck-type coupling (scheme 

61). 

 

Scheme 61. Expected reaction sequence in the activation of tertiary amines. R1, R2 = Me, Et, iPr, or other. Ar = 

arene. 

The incorporation of either Ru- or Ir-based precatalysts is expected to permit dehydrogenation 

of ethyl (or longer) alkyl chains of amines. In interplay with a Pd catalyst, the generated olefin 

should be amenable to Heck coupling. Subsequent hydrogenation of the enamine double bond 

would deliver the arylated amine. If released hydrogen gas will not be returned to the catalytic 

cycle, either a sacrificial hydrogen donor will be needed, or released hydrogen gas will remain 

untouched. In the latter case, enamines will be obtained as reaction product. 

6.2.1 Coincidence or getting started? 

Dydio and coworkers employed RuCl2(PPh3)3 as well as Buchwald’s 3rd generation Pd 

precatalyst together with dppf ligand.[38] Since the Pd-G3 precursor was not yet available in our 

group, we initially chose PdCl2(PCy3)2 as coupling catalyst based on its broad applicability[46]. 

Due to increased steric hindrance, Hünig’s base[47] (N,N-diisopropylethylamine; hereafter 

referred to as DIPEA) was expected to be an ideal substrate for dehydrogenation of its ethyl 

moiety. With their PCP-Ir-pincer complex, Goldman and coworkers[15] had claimed exclusive 

dehydrogenation of the less substituted alkyl chain, supporting our plan. Sticking to the Ru-

precursor of Dydio[38] and excess amounts of bromobenzene as arylating agent, we conducted 

our first experiment under the conditions depicted in scheme 62. After the indicated time, we 

filtered the reaction mixture and removed residual solvent in vacuum. Quantification of the 
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starting material was omitted, since most of the amine is removed azeotropically. Even though 

no free amine could be observed, two interesting sets of signals could be detected. In the 1H-

NMR spectrum of the crude material, one was assigned one to the arylated (E)-olefin 86 (δ 5.36 

(d), 6.88 (d)). By trituration of the crude product with hexanes50, an enriched extract was 

obtained and could be analyzed by 2D-NMR. Thus, the major reaction product was identified 

as 87 (scheme 62), which implies that the Ru-catalyst surprisingly had dehydrogenated one 

isopropyl group, and that the resulting enamine had undergone twofold arylation. 

 
Scheme 62. Initial experiment towards dehydrogenative coupling of tertiary amines. Reaction performed with 

500 µmol DIPEA according to GP 6.2.1 (see 7.2.7.1 for details). 

To further simplify work-up, reaction mixtures were filtered over Celite, and the crudes were 

analyzed by q-NMR (1H) against an internal standard. Decomposition of the tertiary amine to 

either a primary or a secondary one may have taken place, but could not have been detected, 

due to the rather low boiling points of those products, explaining the low recovery. Since a little 

of the desired reaction was taking place, we continued our investigation by screening solvents 

(table 35). Opposed to dioxane (entry 1), apolar toluene completely blocked any reaction even 

at higher temperatures (entry 2), showing only recovered starting material. The same goes for 

diethyl carbonate (entry 3) and 1,2-dichloroethane (entry 4), the latter showing reduced 

amounts of unreacted DIPEA. While DMSO diminished the generation of side-products, this 

dipolar aprotic solvent minimally increased the quantity of desired olefin 86 (entry 5). Virtually 

identical portions of both products were found in acetonitrile (entry 6). Comparable results were 

obtained in DMF (entry 7). The tertiary amide solvent DMAc led to slightly enhanced reactivity 

(entry 8), affording 20% of desired coupling product 86. In comparison to DMF and DMAc, 

NMP produced intermediate amounts of enamines 86 and 87 (entry 9). For reasons of 

practicability, also regarding 1H-NMR analysis, further screening was conducted in DMF. 

 

50 We chose hexanes to avoid extraction of any catalyst. 
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Table 35. Dual metal-catalyzed dehydrogenative coupling of DIPEA with PhBr; solvent screening.a Catalyst 

loading refers to mol% of metal, not formula units. n.d. = not determined. DEC = diethoxy carbonate; DCE = 

dichloroethane. 

 

entry [Pd] [Ru] solvent DIPEA [%] 86 [%] 87 [%] 

1 PdCl2(PCy3)2 RuCl2(PPh3)3 dioxane n.d.b 3 13 

2c PdCl2(PCy3)2 RuCl2(PPh3)3 PhMe 80 0 0 

3 PdCl2(PCy3)2 RuCl2(PPh3)3 DEC 81 0 0 

4 PdCl2(PCy3)2 RuCl2(PPh3)3 1,2-DCE 48 0 0 

5 PdCl2(PCy3)2 RuCl2(PPh3)3 DMSO 61 5 <1 

6 PdCl2(PCy3)2 RuCl2(PPh3)3 MeCN 53 12 10 

7 PdCl2(PCy3)2 RuCl2(PPh3)3 DMF 56 11 9 

8 PdCl2(PCy3)2 RuCl2(PPh3)3 DMAc 43 20 12 

9 PdCl2(PCy3)2 RuCl2(PPh3)3 NMP 45 15 11 
aReactions performed with 500 µmol DIPEA (87.0 µL) in the indicated solvent (2 mL) 

according to GP 6.2.1a) (see 7.2.7.1); spectral yield according to 1H-NMR with internal 

standard, given in mol%. bResidual DIPEA was azeotropically removed. cReaction performed 

at 140 °C. 

Temperature is an important factor in catalysis. Whereas selectivity is often promoted by low 

temperature[48], unreactive functionalities are frequently activated at high temperatures[49]. Even 

though our reaction failed in toluene at 140 °C, we wanted to know whether selectivity and 

reactivity could be controlled by the temperature (table 36). 

Table 36. Dual metal-catalyzed dehydrogenative coupling of DIPEA with PhBr; temperature screening in high 

boiling solvents.a Catalyst loading refers to mol% of metal, not formula units. n.d. = not determined. 

 

entry [Pd] [Ru] solvent T [°C] DIPEA [%] 86 [%] 87 [%] 

1 PdCl2(PCy3)2 RuCl2(PPh3)3 DMSO 140 44 12 3 

2 PdCl2(PCy3)2 RuCl2(PPh3)3 DMF 140 n.d.b 14 11 

3 PdCl2(PCy3)2 RuCl2(PPh3)3 DMAc 80 88 0 0 

4 PdCl2(PCy3)2 RuCl2(PPh3)3 DMAc 140 36 12 10 

5c PdCl2(PCy3)2 RuCl2(PPh3)3 DMAc 140 21 10 9 
aReactions performed with 500 µmol DIPEA (87.0 µL) in the indicated solvent (2 mL) according to 

GP 6.2.1a) (see 7.2.7.1); spectral yield according to 1H-NMR with internal standard, given in mol%. 
bSignals of DIPEA overlayered too much for accurate integration. cReaction performed in a 10 mL 

Schlenk tube; other experiments were performed in an 8 mL screw capped vial. 
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At 110 °C, a little dehydrogenative coupling product was observed in DMSO. Increasing the 

temperature to 140 °C improved the yield of olefin 86 to 12% with preferred selectivity over 

87 (entry 1). No significant changes were detected in DMF (entry 2). No reaction took place at 

80 °C in DMAc (entry 3). Higher temperatures (140 °C) lowered the amount of both species 

irrespective of the reaction vessel involved (entries 4 and 5). Both an increase or a reduction of 

temperature did not considerably ameliorate the dehydrogenative coupling of DIPEA with 

PhBr. 

Either one of the employed precatalysts might be too unreactive for the desired transformation. 

Therefore, we performed systematic variations of the coupling or dehydrogenation precatalyst 

(table 37). The dehydrogenation catalyst was changed first, followed by the cross-coupling 

precursor. The previous best result is depicted in entry 1. 

Table 37. Dual metal-catalyzed dehydrogenative coupling of DIPEA with PhBr; ligand, [CC] and [DH] 

precatalyst screening.a [CC] = cross-coupling precatalyst. [DH] = dehydrogenation precatalyst; Cp* = 

pentamethylcyclopentadienyl; Cp = cyclopentadiene; dppf = 1,1’-bis(diphenylphosphino)ferrocene. 

 

entry [CC] [mol%] [DH] [mol%] ligand [mol%] DIPEA 86 [%] 87 [%] 

1 PdCl2(PCy3)2 (5.0) RuCl2(PPh3)3 (5.0) - 56 11 9 

2 PdCl2(PCy3)2 (5.0) CpRuCl(PPh3)2 (5.0) - 72 5 7 

3 PdCl2(PCy3)2 (5.0) RuHCl(CO)(PPh3)3 (5.0) - 53 12 2 

4 PdCl2(PCy3)2 (5.0) [RuCl2(p-cymene)]2 (2.5) - 35 14 21 

5 PdCl2(PCy3)2 (5.0) Milstein N,N,P-Ru51 (5.0) - 38 15 22 

6 PdCl2(PCy3)2 (5.0) [Cp*IrCl2]2 (2.5) - 12 26 18 

7 NiCl2(PCy3)2 (5.0) RuCl2(PPh3)3 (5.0) - 79 0 0 

8 IPr-PEPPSI (5.0) RuCl2(PPh3)3 (5.0) - 41 14 10 

9 Pd(OAc)2 (5.0) RuCl2(PPh3)3 (5.0) S-Phos (15.0) 89 0 0 

10 Pd-G3 (2.5) RuCl2(PPh3)3 (5.0) dppf (15.0) 53 8 8 

11 Pd(dba)2∙CHCl3 (5.0) RuCl2(PPh3)3 (5.0) dppf (15.0) 66 5 3 
aReactions performed with 500 µmol DIPEA (87.0 µL) in DMF (2 mL) according to GP 6.2.1a) (see 7.2.7.1); 

spectral yield according to 1H-NMR with internal standard, given in mol%. 

 

51 ‘N,N,P-Ru pincer‘ 
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Use of a related CpRu complex hampered the reaction (entry 2). Replacing RuCl2(PPh3)3 with 

a hydrido-Ru-complex lowered the amount of diarylated allyl species 87 (entry 3). The p-

cymene RuCl2 complex significantly promoted the dehydrogenation of the isopropyl moiety 

and increased the proportion of 87 (entry 4). Milstein’s N,N,P-Ru-Pincer complex[50] afforded 

virtually identical results (entry 5). Interestingly, [Cp*IrCl2]2 shifted the selectivity to the 

desired olefin (86), and almost 50% of products 86 and 87 (entry 6). Exchanging of the cross-

coupling catalyst with a similar Ni derivative blocked the reaction (entry 7). IPr-PEPPSI is an 

effective precatalyst in a wide range of reactions[51] and was introduced by Organ and 

coworkers[52]. Yet, this precursor delivered almost identical results (entry 8) to our initial 

conditions (entry 1). Buchwald’s widely applied Pd(OAc)2–SPhos system[53] failed (entry 9). 

The group of Dydio had combined Buchwald’s 3rd generation Pd-precatalyst with dppf as 

ligand.[38] To those conditions, Pd-G3 was synthesized via a two-step procedure in 82% overall 

yield.[54] However, Dydio’s promising combination for his β-arylation reaction turned out to be 

ineffective in our reaction (entry 10). The use of a Pd(0) precursor complex even lowered the 

product yield (entry 11). We suppose that the additional ligand blocks free coordination sites at 

the metal center, disfavoring any approach of substrates. Given the effective suppression of 

side-product, the catalyst combination of entry 3 was involved in further screening experiments, 

besides the conventional RuCl2(PPh3)3 dehydrogenation catalyst. 

The group of Dydio had stirred their coupling mixtures for 36 h at 80 °C (scheme 60).[38] 

Dilution of reaction mixtures usually slows the conversion in a catalytic reaction, similar to a 

decrease in temperature. To substantiate whether our reaction require more time to run to 

completion, we extended the reaction time (table 38). However, either running the reaction for 

one, two or three days at 110 °C did not affect the outcome of the arylation (entries 1-3). 

Dehydrogenative coupling does not always involve the release of hydrogen gas. Sacrificial 

hydride acceptors can be added to the reaction mixture to consume any generated H2, and this 

may suppress unwanted side-reactions. The addition of 1,4-benzoquinone in combination with 

either Ru-precatalyst retarded the catalytic reaction, also in DMAc (entries 4 and 5). In contrast, 

the unwanted olefin 87 was preferred in the presence of styrene as hydrogen acceptor (entry 6). 

No proof of actual hydrogenation of styrene was attempted. Detection of released hydrogen 

should be of interest for future research. Interestingly, the reaction can be performed in air with 

no loss in yield (entry 7). We still prepared to conduct all investigations under argon to avoid 

any hydrolysis of enamines to the corresponding carbonyl compounds. 
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Table 38. Dual metal-catalyzed dehydrogenative coupling of DIPEA with PhBr; additive and time screening.a 

Catalyst loading refers to mol% of metal, not formula units. BQ = benzoquinone; n.d. = not determined. 

 

entry [Pd] [Ru] additive t [h] DIPEA [%] 86 [%] 87 [%] 

1b PdCl2(PCy3)2 RuHCl(CO)(PPh3)3  - 24 47 10 4 

2b PdCl2(PCy3)2 RuHCl(CO)(PPh3)3  - 48 50 13 6 

3b PdCl2(PCy3)2 RuHCl(CO)(PPh3)3  - 72 49 11 6 

4 PdCl2(PCy3)2 RuCl2(PPh3)3 1,4-BQ 16 24 2 3 

5c PdCl2(PCy3)2 RuHCl(CO)(PPh3)3 1,4-BQ 16 32 6 2 

6 PdCl2(PCy3)2 RuCl2(PPh3)3 styrene 16 52 0 17 

7d PdCl2(PCy3)2 RuCl2(PPh3)3 - 16 n.d.e 10 11 
aReactions performed with 500 µmol DIPEA (87.0 µL) in DMF (2 mL) according to GP 6.2.1a) (see 7.2.7.1); 

spectral yield according to 1H-NMR with internal standard, given in mol%. bReaction performed in 1 mL 

DMF. cReaction performed in DMAc (2 mL). dReaction performed in air. eResidual DIPEA was removed at 

the rotary evaporator. 

6.2.2 Changing the amine – reduction of complexity or not? 

Since DIPEA bears different alkyl chains at nitrogen, competitive dehydrogenation leads to the 

formation of unwanted side-product. Substitution of the tertiary amine with a symmetric one 

would eliminate this regioselectivity issue. Hence, we focused our attention on triethylamine, 

even though Goldman et al.[15] had reported mere average conversion of the amine to the desired 

enamine (25-65%). Application of the so far best reaction conditions from the previous 

screening to the new substrate NEt3 is depicted in table 39. The first catalyst combination 

involved Cp*Ir-dimer and PdCl2(PCy3)2 (entry 1). Next to the signals of the desired olefin 88 

(δ 5.15 (d), 6.76 (d)), three additional singlets were observed in the alkenyl region. The (Z)-

isomer of 88 was noticed, however. After aqueous work-up, 2D-NMR as well as GC-MS 

analysis revealed the presence of diarylated enamines 89 and 90, whose signals belonged to the 

three detected singlets in the crude reaction mixture (δ 5.49 (E)-90, 5.62 (Z)-90, 6.35 (89), see 

7.2.7.5 for NMR details), with (E)-90 being generally preferred over its (Z)-isomer. The (E/Z)-

ratio for 90 in most cases amounted to 9:1 or 10:1 (E/Z) and will not be indicated. Even though 

the following experiments were subjected to aqueous work-up, aldehydes were not usually 

noticed in the 1H-NMR spectra of crude mixtures (<1%). The recovery of tertiary amine is not 

indicated, since residual amounts of the starting amine were washed away with water. 
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Table 39. Dual metal-catalyzed dehydrogenative coupling of NEt3 with PhBr; previous (DIPEA) best conditions, 

base and additive screening.a Catalyst loading refers to mol% of metal, not formula units. [DH] = dehydrogenation 

precatalyst. 

 

entry [Pd] [DH] base additive [eq.] 88 89 (E/Z)-90 

1 PdCl2(PCy3)2 [Cp*IrCl2]2 K2CO3 - 25 <1 6 

2 PdCl2(PCy3)2 [Cp*IrCl2]2 KOtBu - 21 <1 2 

3 PdCl2(PCy3)2 RuCl2(PPh3)3 K2CO3 - 8 3 15 

4 PdCl2(PCy3)2 RuCl2(PPh3)3 Ag2CO3 - 0 0 0 

5 PdCl2(PCy3)2 Milstein51 K2CO3 - 7 5 21  

6 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 - 30 <1 7 

7b IPr-PEPPSI [Cp*IrCl2]2 K2CO3 - 26b 4b 18b 

8 IPr-PEPPSI [Cp*IrCl2]2 K3PO4 - 32 2 10 

9 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 NBu4DiPP (0.1) 11 3 11 

10 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 norbornene (2.0) 0 0 0 

11 - [Cp*IrCl2]2 K2CO3 - <1 0 0 
aReactions performed with 500 µmol DIPEA (87.0 µL) in DMF (2 mL) according to GP 6.2.1a) (see 

7.2.7.1); spectral yield according to 1H-NMR with internal standard, given in mol%. bReaction performed 

in DMAc. 

Use of strong tert-butoxide base did not affect the outcome of the reaction (entry 2). Substitution 

of the dehydrogenation precatalyst to RuCl2(PPh3)3 preferred the formation of diarylated (E/Z)-

90 (entry 3). Introduction of the halide abstractor base Ag2CO3 completely blocked the reaction 

(entry 4). Milstein’s N,N,P-Ru-pincer complex favored (E/Z)-90 (entry 5). While IPr-PEPPSI 

delivered virtually identical results to PdCl2(PCy3)2 in DMF (entry 6), performing the reaction 

in DMAc increased the amount of (E/Z)-90 side-product (entry 7). Phosphate base did not 

influence the selectivity or reactivity (entry 8). Our defunction onium carboxylate NBu4DiPP 

lowered the amount of alkene 88, while slightly promoting diarylation to (E/Z)-90 (entry 9). 

Competitive coordination of metal centers with additional reactants and additive seems to 

impede the reaction. Similar results were obtained when adding phosphine ligand (see 6.2.1, 

table 37). Goldman and coworkers had observed that substitution of tert-butylethane with 

norbornene as hydrogen acceptor gave almost quantitative conversion of triethylamine, 

providing 75% of di-dehydrogenated product.[15] In our case, the dehydrogenative coupling 

entirely stopped when norbornene was tried (entry 10). Leaving the cross-coupling precatalyst 

out expectedly stopped the coupling step (entry 11). Given the good reactivity as well as 
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comparably high selectivity, we mostly stuck to the IPr-PEPPSI/[Cp*IrCl2]2 precatalyst system 

of entry 6 for the next screening phase. 

Although not shown, low amounts of phenyl bromide and biaryl were noticed in all q-NMR 

analyses for table 39. Notably, a signal belonging to benzene was additionally observed. We 

supposed that any released hydrogen gas could reduce aryl bromide in the presence of metal 

precatalysts, thereby consuming part of the reactant. Variation of equivalents (NEt3 and PhBr) 

should clarify if reactivity or selectivity might be affected (table 40). 

Table 40. Dual metal-catalyzed dehydrogenative coupling of NEt3 with PhBr; NEt3 and PhBr equivalents 

screening.a Catalyst loading refers to mol% of metal, not formula units. 

 

entry [Pd] [Ir] NEt3 [eq.] PhBr [eq.] 88 [%] 89 [%] (E/Z)-90 [%] 

1 PdCl2(PCy3)2 [Cp*IrCl2]2 2.0 1.0 <1 0 <1 

2 IPr-PEPPSI [Cp*IrCl2]2  1.0 3.0 11 7 40 

3b IPr-PEPPSI [Cp*IrCl2]2  1.0 3.0 24 3 15 

4c IPr-PEPPSI [Cp*IrCl2]2  1.0 3.0 17 9 32 

5 IPr-PEPPSI [Cp*IrCl2]2  1.0 4.0 12 8 38 

6 IPr-PEPPSI [Cp*IrCl2]2  1.0 10.0 6 11 46 
aReactions performed with 500 µmol NEt3 (70.0 µL) in DMF (2 mL) according to GP 6.2.1b) (see 7.2.7.1); 

spectral yield according to 1H-NMR with internal standard, given in mol%. bReaction stopped after six hours 

at 110 °C. cReaction performed in DMAc (2 mL). 

Indeed, setting the aryl bromide as limiting component delivered insignificant quantities of 88 

or (E/Z)-90 (entry 1). On the contrary, use of 3.0 equivalents of PhBr significantly increased 

the overall conversion to alkenyl compounds (entry 2), with diarylation being preferred. 

Stopping the reaction after only six hours afforded lower amounts of 89 and (E/Z)-90, leaving 

more of the desired olefin 88 behind, due to decelerated diarylation (entry 3). Performing the 

reaction in dimethyl-acetamide slightly improved the coupling selectivity (entry 4). An increase 

to 4.0 equivalents of ArBr entailed even larger portions of (E/Z)-90 at the cost of monoarylated 

olefin 88 (entry 5). Approaching the status of a co-solvent, excessive incorporation of PhBr 

(10.0 eq.) exclusively gave rise to mainly diarylated alkenes 89 and (E/Z)-90 (entry 6). Unlike 

in the catalysis studied by Goldman and coworkers[15], neither di-dehydrogenated vinylamine 

nor subsequently arylated derivative were detected. 

Since product generation did not profit from using more than 3.0 equivalents of aryl bromide, 

we continued with a 1:3 substrate ratio. While K2CO3 seemed effective, we also tried other 
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carbonate bases in the reaction (table 41). Whereas Cs2CO3 (entry 1) and KHCO3 (entry 2) 

cleanly improved the selectivity to the desired olefin 88, overall reaction was hampered. 

Na2CO3 most likely suffered from reduced solubility[55] and only delivered 7% of 88 (entry 3). 

Introduction of Ag2O as additive inhibited the reaction (entry 4) and also gave rise to the 

formation of a silver mirror. As with benzoquinone in its potential role as oxidant or hydride 

acceptor, other quinones, such as Me2-BQ (entry 5), Cl4-BQ (entry 6), or DDQ (entry 7) proved 

inefficient. 

Table 41. Dual metal-catalyzed dehydrogenative coupling of NEt3 with PhBr; base screening.a Catalyst loading 

refers to mol% of metal, not formula units. BQ = benzoquinone; DDQ = 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone. 

 

entry [Pd] [Ir] base additive [eq.] 88 [%] 89 [%] (E/Z)-90 [%] 

1 IPr-PEPPSI [Cp*IrCl2]2 Cs2CO3 - 17 0 1 

2 IPr-PEPPSI [Cp*IrCl2]2 KHCO3 - 12 0 3 

3 IPr-PEPPSI [Cp*IrCl2]2 Na2CO3 - 7 0 <1 

4 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 Ag2O (1.5) 2 0 0 

5 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 2,6-Me2BQ (0.5) <1 <1 1 

6 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 Cl4-BQ (0.5) 0 0 0 

7 IPr-PEPPSI [Cp*IrCl2]2 K2CO3 DDQ (0.5) <1 <1 <1 
aReactions performed with 500 µmol NEt3 (70.0 µL) in DMF (2 mL) according to GP 6.2.1b) (see 7.2.7.1); 

spectral yield according to 1H-NMR with internal standard (1,3,5-trimethoxybenzene), given in mol%. 

A plethora of Organ’s IPr-PEPPSI derivatives is currently available. Given the good 

performance of IPr-PEPPSI, we focused on the synthesis of a few other precatalysts in the hope 

of enriching the amount of desired coupling product 88. Starting from PdCl2, we isolated the 

cinnamyl dimer 91 in 68% following a procedure by the group of Nolan[56] (scheme 63). The 

reaction was performed in the dark to avoid any decomposition of the allyl reagent due to light. 

 

Scheme 63. Synthesis of [µ-ClPd(cin)]-dimer according to a procedure by the group of Nolan[56]. cin = cinnamyl. 

Conducting all manipulation under strictly inert and dry conditions, the free carbene ligand, IPr 

(92), was synthesized in 88% yield according to reports by Nolan et al.[57] (scheme 64). The 

ligand was stored inside a glovebox for further use. Chlorination of the imidazole backbone 
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was enabled by toxic CCl4 following a procedure by Organ et al.[51c]. Precipitation of the 

imidazolium salt was induced by the addition of ethereal HCl excess, affording IPrCl∙HCl (93) 

in 76% yield. 

 

Scheme 64. Two-step synthesis of IPrCl∙HCl. The free carbene ligand, IPr (92) was isolated according to the group 

of Nolan[57]. Subsequent chlorination of the imidazole backbone was performed following reports from Organ et 

al.[51c]. dipp = 2,6-diisopropylphenyl; xs = excess. 

Nolan’s protocol for allyl type complex syntheses relied on the isolation of intermediate carbene 

ligands.[56] However, Sigman and coworkers previously proved either way is possible: starting 

from deprotonated ligand or in situ from imidazolium salt in the presence of strong base.[58] We 

used both methods, depending on the complex to be generated. Following more recent reports 

of Nolan[59], [Pd(IPr*)(cin)Cl] (94) was available in almost quantitative yield starting from the 

corresponding imidazolium salt (scheme 65). The latter was previously synthesized by Dr. L. 

Zhai in our group. This kind of Pd-allyl complexes is easily purified by flash column 

chromatography. 

 

Scheme 65. Synthesis of [Pd(IPr*)(cin)Cl] (94) starting from IPr*∙HCl according to a procedure by Nolan.[59] 

cin = cinnamyl. 

We also attempted to synthesize a more electron-deficient precatalyst based on the IPrCl–NHC 

ligand. Opposed to Nolan and coworkers[60] who isolated each reactant individually, we 

envisaged an one-pot procedure starting from the free IPr carbene (92). A solution of the latter 

was combined with CCl4. Complete chlorination of the backbone was achieved after only three 

hours at room temperature. After addition of [µ-ClPd(cin)]2, purification by flash column 

chromatography gave 73% of [Pd(IPrCl)(cin)Cl] (95) as yellow crystalline solid (scheme 66). 



 

 

199 

 

 

Scheme 66. One-pot synthesis of [Pd(IPrCl)(cin)Cl] (95) starting from the free IPr carbene (92). cin = cinnamyl. 

Next to these cinnamyl complexes, we wanted to further extend our selection to other PEPPSI 

precatalysts 96-100. The latter were easily available following a procedure by Organ et al.[52] 

(scheme 67). Except for IPrMe-PEPPSI (99), all complexes were obtained in good to excellent 

yield and purity. The main reason for the very low yield of 99 is due to the incorporation of 

IPrMe∙HOTf instead of the chloride salt. Since major amounts of imidazolium salt were 

recovered, we supposed that the triflate one either suffered from low solubility or lack of 

chloride ions to generate complex 99. Synthesis attempts via our established method depicted 

in chapter 3.2.1 were not conducted. 

 

Scheme 67. Synthesis of PEPPSI derivatives. IPrMe∙HOTf was used for the synthesis of IPrMe-PEPPSI (99). 

Having several Pd cross-coupling precatalysts in our deposit, we started screening of catalysts 

as well as their loading (table 42). Dilution of previously established conditions involving IPr-

PEPPSI and [Cp*IrCl2]2 precatalysts (entry 1) slightly shifted the selectivity to the desire 

coupling product 88 (entry 2). To avoid wasting solvent, further experiments kept the initial 

concentration as in entry 1. Additional free carbene ligand partly lowered the reactivity (entry 

3). Even in the change of dehydrogenation catalyst, a little diarylated (E/Z)-90 as well as equal 

amounts of olefins 88 and 89 were formed (entry 4). Supposedly, IPr-PEPPSI dehydrogenates 

tertiary amine to a certain extent. There are some literature reports describing Pd(OTf)2 or Pd 

on carbon for the efficient (α,β)-dehydrogenation of cyclic alcohols, imidazolines, ketones or 

aldehydes.[61] In addition to releasing hydrogen gas, the Ir-catalyst might also be involved in 

reduction or oxidation of Pd, or intermetallic interactions with Pd. Increasing the Ir-loading to 

5.0 mol% led to enhanced formation of the monoarylated alkene 88 (entry 5), still entailing 
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virtually identical quantities of diarylation. However, reduction to 1.0 mol% [Ir] promoted the 

generation of (E/Z)-90 isomers (entry 6). 

Table 42. Dual metal-catalyzed dehydrogenative coupling of NEt3 with PhBr; ligand, [Pd] and [Ir] precatalyst 

screening.a cin = cinnamyl. 

 

entry [Pd]b [mol%] [Ir]c [mol%] ligand 88 [%] 89 [%] (E/Z)-90 [%] 

1 IPr-PEPPSI [Cp*IrCl2]2 - 11 7 40 

2d IPr-PEPPSI [Cp*IrCl2]2 - 23 6 24 

3 IPr-PEPPSI [Cp*IrCl2]2 IPr 15 5 31 

4 IPr-PEPPSI - - 2 2 8 

5 IPr-PEPPSI [Cp*IrCl2]2 (5.0) - 24 3 25 

6 IPr-PEPPSI [Cp*IrCl2]2 (1.0) - 7 5 31 

7d IPr-PEPPSI (10.0) [Cp*IrCl2]2 - 19 7 28 

8 IPr-PEPPSI (2.5) [Cp*IrCl2]2 - 18 6 29 

9 IPr-PEPPSI (1.0) [Cp*IrCl2]2 - 25 2 14 

10e IPr-PEPPSI (1.0) [Cp*IrCl2]2 - 16 5 34 

11 IPrCl-PEPPSI [Cp*IrCl2]2  - 17 6 35 

12 IPr*-PEPPSI [Cp*IrCl2]2 - 20 5 29 

13 IPr*OMe-PEPPSI  [Cp*IrCl2]2 - 12 7 38 

14 IMes-PEPPSI [Cp*IrCl2]2 - 18 5 28 

15 IPent-PEPPSI [Cp*IrCl2]2 - 18 5 30 

16 IPrMe-PEPPSI [Cp*IrCl2]2 - 25 4 27 

17 [Pd(IPr*)(cin)Cl] [Cp*IrCl2]2 - 32 1 7 

18 [Pd(IPr*)(cin)Cl] (1.0) [Cp*IrCl2]2 - 22 4 22 

19 [Pd(IPrCl)(cin)Cl] [Cp*IrCl2]2 - 31 3 10 

20 PdCl2(PCy3)2 (5.0) [Cp*IrCl2]2 PCy3 0 0 0 

21 Pd(OAc)2 (5.0) [Cp*IrCl2]2 PtBu3∙HBF4 0 0 0 

22f Pd(OAc)2 (5.0) [Cp*IrCl2]2 PtBu3∙HBF4 0 0 0 
aReactions performed with 500 µmol NEt3 (70.0 µL) in DMF (2 mL) according to GP 6.2.1b) (see 7.2.7.1); 

spectral yield according to 1H-NMR with internal standard, given in mol%. bUnless stated otherwise, 5.0 mol% 

of Pd precatalyst used. cUnless stated otherwise, 2.5 mol% of Ir-dimer used. dReaction performed in 5 mL DMF. 
eStirring for 40 hours at 110 °C. fUse of KOtBu instead of K2CO3. 

Neither raising the Pd-loading to 10.0 mol% in dilute solution (entry 7), nor lowering [Pd] to 

2.5 mol% had a noticeable effect (entry 8). Low amounts of Pd (1.0 mol%) preferred the 

monoarylated species 88 (entry 9), reducing the overall reactivity. Prolonged stirring of the 

reaction mixture induced further arylation of the olefin 88 already present (entry 10). Despite 

of a plethora of PEPPSI-precatalysts tested, virtually identical amounts of products 88, 89, and 
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(E/Z)-90 were detected (entries 11-15), and they were only slightly more selective than IPr-

PEPPSI (entry 1). IPrMe-PEPPSI was the only complex that stood out from its siblings (entry 

16), displaying slightly enhanced formation of 88. Somewhat disappointed by the PEPPSI 

precatalysts, we hoped for more success with our cinnamyl precursors. Indeed, incorporation 

of [Pd(IPr*)(cin)Cl] almost exclusively delivered the desired coupling product 88 at the cost of 

overall conversion to desired products (entry 17). Reduction of catalyst loading to 1.0 mol% 

improved the consumption of reactants but afforded identical amounts of 89 and (E/Z)-90 (entry 

18). Similar results were obtained with electron-deficient [Pd(IPrCl)(cin)Cl] (entry 19). While 

the addition of ligands such as S-Phos or dppf hampered the reaction, we hoped that 

trialkylphosphines, often used in cross-coupling chemistry, might show a positive effect. While 

the reaction worked without (table 39, entry 1), it was completely blocked by extra PCy3 (entry 

20). Combination of Pd(OAc)2 with PtBu3, released in situ from tBu3P∙HBF4 by base prevented 

any dehydrogenative coupling from taking place (entries 21 and 22). 

The highest yield achieved so far relied on the IPr-PEPPSI/[Cp*IrCl2]2 catalyst system. Since 

screening efforts did not exceed certain levels of product yield, we started changing the amine 

substrate. By using N-methylpiperidine (101) as starting material, we hoped to suppress 

unwanted side-products occurring from diarylation. Subjecting 101 to our conditions delivered 

a mixture of three main isomers 102, 103 and 104, however (scheme 68). 

 

Scheme 68. Dual metal-catalyzed dehydrogenative coupling of N-methylpiperidine (102) with PhBr. Minor 

amounts of triarylated piperidine (1%) were detected. 

With N-ethylpiperidine (105) as substrate, Goldman and coworkers[15] had observed the 

exclusive dehydrogenation of the ethyl group with their catalyst. They found a complete lack 

in reactivity of the six-membered ring, also case of methyl derivative 101. Using our procedure, 

the unwanted dehydrogenation of the free alkyl chain was observed (scheme 69), however as 

for N-methylpiperidine (101), our catalyst-system preferably dehydrogenated α,β-positions in 

the ring, affording the desired olefin 106 in <1% yield, but 33% of 107. Diarylated species 108 

and 109 resulted from allylic activation by Pd. 
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Scheme 69. Dual metal-catalyzed dehydrogenative coupling of N-ethylpiperidine (105) with PhBr. The 

dehydrogenative coupling of the ethyl group afforded <1%. Residual amounts of amine (23%) were detected. 

By blocking both ring positions next to nitrogen, we hoped to prevent dehydrogenation of the 

heterocycle. The tetramethyl-substituted piperidine derivative 110 was prepared in 79% yield 

following a procedure by the group of Berke. Sadly, almost no conversion was detected in a 

catalytic standard run (scheme 71). Our dehydrogenative couplings with piperidines proceeded 

unlike the reaction of Goldman et al.[15], leaving us with NEt3 as most successful substrate. 

 

Scheme 70. Dual metal-catalyzed dehydrogenative coupling of N-ethyl-2,2,6,6-tetramethylpiperidine (EtTMP, 

110) with PhBr. Residual amounts of amine (46%) were detected. 

6.2.3 Diversifying the aryl bromide – influence of the substitution pattern 

Substrate variations in the amine part had only led to unwanted as well as unexpected arylation 

reactions so far. In terms of phenyl bromide, while the reaction mostly lacked selectivity, the 

overall yield was satisfactory. Cross-coupling reactions often depend on involved substrates. 

The reactivity of aryl electrophiles decreases in the row I > Br > Cl (> F).[62] Substitution 

patterns at the benzene ring exhibiting electronic properties certainly influence the latter. 

Similarly, increased steric bulk around the reactive electrophilic site retards its conversion. 

To facilitate conversion of unreactive substrates, chemists take advantage of highly active 

catalysts, as those employed in table 42. Since no decisive changes in selectivity or reactivity 

had been achieved, we sought to diversify the aryl halide, while focusing on the 

IPr-PEPPSI/[Cp*IrCl2]2 catalyst-system (table 43). While less reactive chlorobenzene stopped 

the reaction (entry 1), iodobenzene afforded 22% of the desired olefin 88 along with 10% 

(E/Z)-90 (entry 2). Large amounts of biphenyl were also detected, due to homocoupling of PhI.  
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Table 43. Dual metal-catalyzed dehydrogenative coupling of NEt3 with ArX.a Catalyst loading refers to mol% of 

metal, not formula units.  

 

entry ArX [Pd] [Ir] 112 [%] 113 [%] (E/Z)-114 [%] 

1 
 

IPr-PEPPSI [Cp*IrCl2]2 2 0 <1 

2 
 

IPr-PEPPSI [Cp*IrCl2]2 22 <1 10 

3b 

 

IPr-PEPPSI [Cp*IrCl2]2 3 0 0 

4c IPr-PEPPSI [Cp*IrCl2]2 11 1 6 

5 
 

IPr-PEPPSI [Cp*IrCl2]2 2 7 44 

6 
 

IPr-PEPPSI [Cp*IrCl2]2 0 3 53 

7 
 

IPr-PEPPSI [Cp*IrCl2]2 3 0 <1 

8 

 

IPr-PEPPSI [Cp*IrCl2]2 0 0 47 

9 

 

IPr-PEPPSI [Cp*IrCl2]2 8 6 40 

10 

 

IPr-PEPPSI [Cp*IrCl2]2 15 0 0 

11 

 

IPr-PEPPSI [Cp*IrCl2]2 0 0 0 

12 

 

IPr-PEPPSI [Cp*IrCl2]2 47 0 11 

13d IPr-PEPPSI [Cp*IrCl2]2 49 0 10 

14e IPr-PEPPSI [Cp*IrCl2]2 54 0 14 

15 

 

IPr-PEPPSI [Cp*IrCl2]2 12d 0d 0d 

16 

 

IPr-PEPPSI [Cp*IrCl2]2 24d 0d 0d 

17f 
 

PdCl2(PCy3)2 RuCl2(PPh3)3 <1 0 - 

aReactions performed with 500 µmol NEt3 (70.0 µL) in DMF (2 mL) according to GP 6.2.1b) (see 

7.2.7.1); spectral yield according to 1H-NMR with internal standard, given in mol%. bReaction 

performed with 2.5 mol% IPr-PEPPSI. cNBu4Br (3.0 eq.) was added. Reaction performed with 5.0 mol% 

IPr-PEPPSI. dReaction performed with 4.0 eq. K3PO4. eReaction performed with 4.0 K2CO3. fReaction 

performed with 524 µmol DIPEA (87.0 µL) in DMF (2 mL) following GP 6.2.1b) (7.2.7.1); 2.0 eq. ArBr 

were added. fYield refers to observed diarylated allyl side-product occurring from dehydrogenation of 

an isopropyl group. 
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Phenyl triflate showed little conversion when used alone (entry 3), but the addition of NBu4Br 

as bromide source led to slightly enhanced reactivity (entry 4), although still less than with 

PhBr. Electron-rich arenes including p-TolBr (entry 5) and p-bromoanisole (entry 6) almost 

exclusively gave a mixture of diarylated olefins 113 and (E/Z)-114. 1-Bromo-4-tert-

butylbenzene retarded the dehydrogenative coupling, yielding only 3% of alkene 112 (entry 7). 

Diarylation was preferred with p-(N,N-dimethyl)aminophenyl bromide (entry 8). The same 

goes for m,m-xylyl aryl bromide (entry 9). Sterically hindered bromomesitylene solely resulted 

in 15% of coupling product 112 (entry 10). However, 2-bromobiphenyl failed to react 

(entry 11). Surprisingly, 1-bromonaphthalene showed very good selectivity, delivering 47% of 

target material 112 as well as 11% of (E/Z)-114 (entry 12). Steric repulsion, may have prevented 

the β-diarylation of the alkene, producing olefin 112. While the addition of 4.0 equivalents of 

K3PO4 gave similar results (entry 13), use of 4.0 eq. K2CO3 slightly increased the overall 

reactivity and yield (entry 14). Further substitution of the naphthyl moiety with a 2-methoxy 

group inhibited all diarylation (entry 15), entailing 12% of monoarylation product 112. The 

large anthracene derivative afforded even higher amounts (24%) of the latter, with no trace of 

side-products (entry 16). Electron-deficient aryl bromides were not used in the dehydrogenative 

coupling of NEt3, since a previously performed experiment involving DIPEA and p-

bromobenzonitrile in the presence of Pd- and Ru-precatalysts had not shown any yield 

(entry 17). 

Given the promising results with 1-bromonaphthalene, a final screening effort relied on this 

electrophile. To avoid wasting inorganic base, we decided not to increase the amount of K2CO3, 

but stuck to 2.0 equivalents. Further dilution of reaction mixtures was also omitted. 

Having applied nearly every Ir- and Ru-precatalyst available in our storage, we had not yet 

focused on Rh-type precursors noted for their effective (de)hydrogenation[2,63] activity (table 

44). Unfunctionalized [RhCl(cod)]2 showed similar selectivity compared to the Ir-dimer 

(entry 1). However, the amount of 115-117 formed decreased. Wilkinson’s catalyst, 

RhCl(PPh3)3, afforded almost identical amounts of olefins 115 and (E/Z)-117 and no olefin 116 

at low catalyst loading (entry 2). Higher quantities of catalyst slightly diminished the overall 

yield (entry 3). Use of RhH(CO)(PPh3)3 gave similar results. 
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Table 44. Dual metal-catalyzed dehydrogenative coupling of NEt3 with 1-NapBr; further [DH] screening.a Nap = 

naphthyl; Ar = 1-Nap; cod = 1,5-cyclooctadiene. 

 

entry [Pd] [DH] 115 [%] 116 [%] (E/Z)-117 [%] 

1 IPr-PEPPSI [RhCl(cod)]2 (2.5) 23 0 7 

2 IPr-PEPPSI RhCl(PPh3)3 (2.5) 18 0 5 

3 IPr-PEPPSI RhCl(PPh3)3 (5.0) 14 0 3 

4 IPr-PEPPSI RhH(CO)(PPh3)3 (2.5) 19 0 5 

5 IPr-PEPPSI RhH(CO)(PPh3)3 (5.0) 13 0 3 
aReactions performed with 500 µmol NEt3 (70.0 µL) in DMF (2 mL) according to GP 6.2.1b) (see 

7.2.7.1); spectral yield according to 1H-NMR with internal standard, given in mol%. 

In our glovebox, we came across Ir-precatalyst 118 depicted in scheme 71. The complex has 

previously been reported by the group of Zheng who employed it in the α-arylation of 

unactivated esters using alcohols.[64] In our dehydrogenative coupling, reduced conversion to 

enamines along with marginal better selectivity was observed. Again, no β-diarylated alkene 

116 was observed. 

 
Scheme 71. Attempted dehydrogenative coupling of NEt3 with 1-NapBr using the N,C,P-Ir-pincer complex 119, 

previously prepared by Dr. M. Blazejak in our group.[65] The reaction afforded 34% of 115 and 5% of 117. Ar = 

1-Nap. 

Preliminary best conditions (table 37, entry 6)52 for the dehydrogenative coupling of DIPEA 

had delivered 26% of the desired olefin 86 besides 18% of side-product 87. While selectivity 

and reactivity have been stepwise improved for triethylamine, we envisaged subjecting DIPEA 

to our newly determined conditions (scheme 72). The reaction of DIPEA with 

1-bromonaphthalene resulted in 24% of desired product 120, entailing 29% of diarylated 

enamine 121. Compared to NEt3, virtually identical results were obtained. Each of the amine 

substrates holds its own advantage. Whereas concurring dehydrogenation of other alkyl groups 

 

52 PhBr (1.9 eq.), K2CO3 (2.0 eq.), PdCl2(PCy3)2 (5.0 mol%), [Cp*IrCl2]2 (2.5 mol%), DMF, 110 °C, 16 h. 
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is not possible in the case of NEt3, the isopropyl groups in DIPEA block over-arylation of the 

target product 120. Diarylation was impeded by involving 1-bromo-2-methoxynaphthalene 

when starting from triethylamine. Even though large quantities (34%) of the desired olefin 122 

were detected with DIPEA, we still observed 27% of undesired side-product 123. 

 

Scheme 72. Application of the optimized catalytic conditions for dehydrogenative coupling of DIPEA with aryl 

bromides. 1-Bromo-naphthalene and 1-bromo-2-methoxynaphthalene were used as electrophiles. Nap = naphthyl. 

6.2.4 Proposed mechanism 

Based on the observations so far, we want to propose a plausible mechanism for the coupling 

of NEt3 (A) with ArBr (B) (figure 48). We suppose that no intermetallic interactions occur, 

which simplifies the analysis. The [DH] catalyst based on Ir, Ru, or Rh dehydrogenates the 

tertiary amine A, entailing a metal–hydride species [DH]H2 and enamine A’. Release of 

hydrogen gas or hydrogenolysis of ArBr (B) regenerates the [DH] precatalyst. Oxidative 

addition of aryl bromide B to previously activated Pd metal (reduction with H2, base or other 

from PdII) affords species 124. Approach of the olefinic substrate generates π–complex 125. 

Insertion of the enamine into the Pd–carbon bond in a syn addition step leads to the formation 

of σ–complex 126. In the case of a cis-configuration, strain is relieved by rotation to the trans-

isomer 126. Via β-hydride elimination a new Pd–alkene complex 127 is formed. Release of the 

desire coupling product 88 yields Pd–hydride complex 128. The presence of stoichiometric 

base, such as K2CO3, induces reductive elimination of HBr, which reacts with the base. KBr as 

well as KHCO3 (or CO2 and H2O) emerge. The latter process refurnishes L2Pd0 ready for the 

next turnover. For diarylation, alkene 88 would reinsert into the Pd-species 124 and repeat the 

catalytic cycle. The C–H arylation cycle is essentially the one established from Heck coupling 

of enamines.[41,42b,66] A threefold coupling was never observed. Dehydrogenative coupling of 

other substrates, e.g. DIPEA, N-(m)ethylpiperidine, or EtTMP, is expected to follow the same 

reaction path no matter which alkyl group is activated. 
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Figure 48. Proposed mechanism of the dehydrogenative coupling of NEt3 (A) with ArBr (B). Pd-catalyst was 

either activated by reduction with hydrogen gas, base or other. [DH] = dehydrogenation precatalyst (Ir, Ru, or Rh); 

L = NHC, phosphine or other. 

6.3 Heck Cross-Coupling of Styrenes with Pyrimidyl Chlorides 

Little is known so far about the Heck cross-coupling of alkenes with pyrimidyl chlorides. The 

sole precedents one stumbles upon in literature have been described by the group of 

Yamanaka.[45] In the presence of Pd catalyst, several olefins and iodo pyrimidines reacted in 

hot triethylamine, barely exceeding 55% yield of coupling product. While aryl iodides are 

generally easiest to couple, several methods for the homocoupling[67] of pyrimidine halides have 

been reported, illustrating interesting motifs in biheterocyclic ligands for complex synthesis.[68] 

Chemists seek to identify the cheapest and most efficient way for the synthesis of target 

compounds. Not only by cost but also by availability, aryl chlorides represent the most 

convenient starting materials for coupling chemistry. They sometimes also constitute 

intermediates in the synthesis of the corresponding iodides.[67b] For pyrimidyl chlorides, several 

convenient procedures starting either from amino[69] or hydroxy[67b,70] derivatives are available. 
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Regarding the results obtained by Yamanaka and coworkers[45], we sought to extend the 

coupling profile to pyrimidyl chlorides as cheap analogue (scheme 73). In the following, a 

coherent screening effort is summarized in individual tables. 

 

Scheme 73. Heck coupling of pyrimidyl halides with styrene. Yamanaka et al. reacted pyrimidyl iodides with 

alkenes, including styrene, in the presence of different Pd precatalysts and NEt3 as solvent/base.[45] X = halide. 

We started with a simple catalyst system as depicted in table 45 including inorganic base 

(K2CO3) and Pd(OAc)2. In all cases, the recovery was very low, undoubtedly owed to 

polymerization of styrene. Neglectable quantities of homocoupling adduct along with residual 

amounts of aryl chloride were observed. Most of the latter hydrolyzed during work-up and was 

removed with the aqueous phase. We therefore decided to not indicate the amount of recovered 

aryl chloride or of its homocoupling derivative. Interestingly, the reaction already delivered 

31% of coupling product in DMF (entry 1). Related dipolar aprotic solvent, NMP (entry 2), as 

well as less polar solvents, toluene (entry 3) and dioxane (entry 4) slowed the reaction down, 

providing only 10% olefinic pyrimidine. While other inorganic bases (entries 5 and 6) nearly 

stopped the reaction, the use of Ag2CO3 solely led to the formation of a polymeric species 

whose precise structure was not determined (entry 7). 

Table 45. Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine (ArCl); solvent and base screening.a 

 

entry ArCl solvent base styrene [%] yield [%] 

1 

 

DMF K2CO3 26 31 

2 NMP K2CO3 53 10 

3 PhMe K2CO3 <1 10 

4 dioxane K2CO3 5 10 

5 DMF K3PO4 53 2 

6 DMF Cs2CO3 11 <1 

7 DMF Ag2CO3 ~39b 0b 
aReactions performed with 524 µmol styrene (60.0 µL) in the indicated 

solvent (1 mL) according to GP 6.3.1 (see 7.2.8.1); spectral yield according 

to 1H-NMR with internal standard, given in mol%. bPolymeric species 

observed, overlayering with most aromatic signals. No product observed. 
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Sticking with the best conditions of table 45, we envisaged Pd-precatalyst as well as 

temperature screening as next step (table 46). In first instance, we involved the well-known IPr-

PEPPSI, effective in a broad field of catalysis[51a,51b,71], in our cross-coupling reaction (entry 1). 

Despite its usually reliable performance, reduced reactivity was detected. With Pd(OAc)2, 

lowering of the temperature to 90 °C almost stopped the coupling (entry 2). Even though the 

starting material suffered less from decomposition, hardly any styryl pyrimidine formed at 

110 °C (entry 3). Since temperatures above 120 °C delivered virtually identical results (entries 

4 and 5; table 45, entry 1), we chose 120 °C for further screening due to improved recovery of 

styrene. The presence of Pd(PPh3)4 considerably retarded the reaction (entry 6), showing almost 

no conversion nor decomposition of the starting alkene. 

Table 46. Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine (ArCl); temperature and Pd-precat. 

screening.a precat. = precatalyst. 

 

entry ArCl Pd-precat. T [°C] styrene [%] yield [%] 

1 

 

IPr-PEPPSI 130 42 17 

2 Pd(OAc)2 90 32 3 

3 Pd(OAc)2 110 58 14 

4 Pd(OAc)2 120 37 28 

5 Pd(OAc)2 150 18 24 

6 Pd(PPh3)4 120 70 1 
aReactions performed with 524 µmol styrene (60.0 µL) in the indicated solvent (1 mL) 

according to GP 6.3.1 (see 7.2.8.1); spectral yield according to 1H-NMR with internal standard, 

given in mol%.  

Additional catalyst-components (additives) potentially improve the outcome of a reaction. On 

that account, we wanted to verify whether increased functionality of the catalyst-system leads 

to enhanced reactivity (table 47). The first three entries were performed prior to the temperature 

screening, hence still conducted at 130 °C. Like Pd(PPh3)4, S-Phos decelerated the cross-

coupling activity of Pd(OAc)2 in in DMF (entry 1) and NMP (entry 2). Addition of the 

difunctional onium carboxylate salt, NBu4DiPP (47), did not affect the outcome of the reaction 

(entry 3). However, the electron deficient pyridone returned to initially detected yields of the 

unfunctionalized catalyst system (entry 4). Although electron-poor pyridones are convenient 

CMD additives in Csp2– and Csp3–coupling chemistry[72], the combination of Pd(OAc)2 with 

pyridone alone disappointed in turn (entry 5). We tested two of our difunctional salts, 
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NBu4DiPP (47) and NBu4OPiv (49) in the cross-coupling (entries 6 and 7). Luckily enough, 

both compounds improved the reaction in similar manner. Retaining to our screening procedure 

delineated in chapter 2.2, experiments of table 47 may be considered as (small) 1x3 screening 

matrix. Once again, these results underline the necessity to know which catalyst-components 

are expected to be successful in a specific reaction. 

Table 47. Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine (ArCl); additive screening.a DiPP = 

diisopropyl propionate; Py-2-OH = pyridin-2-ol. 

 

entry ArCl additive T [°C] styrene [%] yield [%] 

1 

 

S-Phos 130 63 8 

2b S-Phos 130 50 12 

3 S-Phos 

NBu4DiPP 

130 40 12 

4 S-Phos 

NBu4DiPP 

5-Cl-2-NO2-Py-2-OH 

130 12 26 

5 5-Cl-2-NO2-Py-2-OH 120 49 14 

6 NBu4DiPP 120 37 41 

7 NBu4OPiv 120 30 47 
aReactions performed with 524 µmol styrene (60.0 µL) in the indicated solvent (1 mL) 

according to GP 6.3.1 (see 7.2.8.1); spectral yield according to 1H-NMR with internal 

standard, given in mol%. bReaction performed in NMP (1 mL). 

A range of other solvents as well as inorganic bases were available  in our laboratory (table 48). 

For reasons of practicability53, we involved NBu4DiPP (47) as difunctional onium carboxylate 

in the following experiments. Dipolar, aprotic solvent dimethylacetamide afforded the olefinic 

pyrimidine in 33% yield (entry 1). In dimethylsulfoxide, the coupling almost stopped (entry 2). 

Due to temperatures above its boiling point, most of acetonitrile was observed at the top of the 

Schlenk tube, delivering low conversion (entry 3). Excess amounts of acetate base impeded the 

arylation (entry 4). Increasing the equivalents of K2CO3 marginally affected the expected cross-

coupling. 

 

53 Reminder: NBu4DiPP is much less hygroscopic than its pivalate brother. Weighing is much more convenient 

with the propionate salt 47. 
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Table 48. Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine (ArCl); solvent and base screening.a 

DMAc = dimethylacetamide. 

 

entry ArCl solvent base styrene [%] yield [%] 

1 

 

DMAc K2CO3 39 33 

2 DMSO K2CO3 48 5 

3 MeCN K2CO3 50 11 

4 DMF NaOAc 45 3 

5b DMF K2CO3 34 38 
aReactions performed with 524 µmol styrene (60.0 µL) in the indicated solvent 

(1 mL) according to GP 6.3.1 (see 7.2.8.1); spectral yield according to 1H-NMR 

with internal standard, given in mol%. bReaction performed with 3.0 eq. base. 

Used in a wide plethora of coupling chemistry[73], cataCXium® A, nBuAd2P, consists of a 

convenient ligand in catalysis. In our case, the theory of retarded reaction due to coordinating 

phosphine to Pd was further confirmed by the addition of cataCXium® A as ligand (table 49, 

entry 1). 

Table 49. Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine (ArCl); additive, Pd-precat. and ArCl 

screening.a precat. = precatalyst; DiPP = diisopropyl propionate; Ad = adamantyl.  

 

entry ArCl Pd-precat. [mol%] additive [eq.] styrene [%] yield [%] 

1 

 

Pd(OAc)2 (5.0) NBu4DiPP (0.1) 
nBuAd2P (0.1) 

54 <1 

2 Pd(OAc)2 (5.0) NBu4DiPP (0.1) 

AgOAc (2.0) 

9 2 

3 Pd(OAc)2 (5.0) PivOH (0.2) 39 29 

4 Pd(OAc)2 (10.0) NBu4DiPP (0.2) 37 42 

5 PdCl2(PCy3)2 (5.0) NBu4OPiv (0.1) 60 <1 

6b  Pd(OAc)2 (5.0) NBu4OPiv (0.1) 38 42 

7 
 

Pd(OAc)2 (5.0) NBu4DiPP (0.1) 46 <1 

aReactions performed with 524 µmol styrene (60.0 µL) in the indicated solvent (1 mL) 

according to GP 6.3.1 (see 7.2.8.1); spectral yield according to 1H-NMR with internal 

standard, given in mol%. bReaction performed with 2.0 eq. ArCl. 

Commonly employed as salt[74] or generated in situ[75] in Csp3–coupling chemistry, detailed 

protocols report the significant lowering of transition states in the presence of AgOAc due to 

intermetallic interactions of Pd and Ag ions.[76] Incorporation of AgOAc in the coupling of 
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styrene with pyrimidyl chlorides promoted the decomposition of the involved starting materials 

(entry 2) as evidenced by the formation of a silver mirror. Negligible amounts of coupling 

product were detected. Use of pivalic acid showed almost identical yield as in the 

monofunctional catalyst system (entry 3 vs. table 45, entry 1). Increase of catalyst loading to 

10.0 mol% did not alter the conversion (entry 4). Changing the Pd-precatalyst to PdCl2(PCy3)2 

in combination with NBu4OPiv completely stopped the reaction (entry 5), probably owing to 

coordinated phosphine ligand. Since screening of catalyst-components did not lead to any 

further amelioration, we attempted two different conditions in terms of the aryl chloride. 

Installation of two equivalents of the previously implemented pyrimidine derivative merely 

raised the amount of aryl chloride recovered (entry 6). Less activated, unsubstituted pyrimidine 

did not react at all (entry 7).  

Initial steps were made virtually imitating the results obtained for iodopyrimidines as described 

by Yamanaka et al.[45], but plenty of possibilities are yet to be discovered. At this point, 

screening was abandoned, with table 47, entry 6 representing the best result. 

6.4 Conclusion and Outlook 

In the first part of this chapter dehydrogenative coupling starting from tertiary amines and ArBr 

to give arylated enamines was attempted. First experiments involved DIPEA and 

bromobenzene as reactants, and a PdCl2(PCy3)2–RuCl2(PPh3)3 catalyst system (scheme 74). 

Concurring dehydrogenation of alkyl groups, ethyl vs. iso-propyl, entailed non neglectable 

amounts of allyl species 87. 

 

Scheme 74. Initial experiment towards dehydrogenative coupling of tertiary amines. 

By changing the amine to symmetric triethylamine, the observed side-reaction was not possible. 

Three additional diarylated alkenes were observed, including α- and β-functionalization of the 

desired enamine 88. Combination of IPr-PEPPSI with [Cp*IrCl2]2 in the presence of 3.0 eq. 

PhrBr led to almost 60% conversion to olefinic products (scheme 75). Whereas a variation of 

PEPPSI catalysts did not significantly influence the outcome of the reaction, NHC–Pd–

cinnamyl complexes enriched the desired monoarylated alkene 88. Addition of sacrificial 



 

 

213 

 

hydrogen acceptors or oxidants blocked the reaction. Even though Goldman and coworkers[15] 

did not observe dehydrogenation of cyclic alkyl group with their Ir-pincer, our dehydrogenative 

coupling solely occurred inside the 6-membered rings. Use of EtTMP (111) as substrate 

impeded the transformation. Screening of aryl halides showed no reaction with chlorobenzene, 

reduced reactivity with iodobenzene, and minor conversion with phenyl triflate. Whereas 

electron-rich aryl bromides promote over-arylation, increase in steric bulk (MesBr) suppressed 

the latter, only producing the desired target material. Best results were obtained when 1-NapBr 

was used as starting amine, giving 54% of aryl enamine 115 and 14% of diarylation adduct 117 

(scheme 75). Application of our best conditions to DIPEA ameliorated the reactivity, still 

entailing large amounts of side-product 87. 

 

Scheme 75. Optimized catalytic conditions for dehydrogenative coupling of NEt3 with aryl bromides. [Pd] = IPr-

PEPPSI (5.0 mol%); [Ir] = [Cp*IrCl2]2 (2.5 mol%); Nap = naphthyl. The corresponding target product is circled in 

green. 

The incorporation of soluble, unfunctionalized Pd-precatalyst could eliminate any concurrent 

coordination of metal centers. To understand unknown reactivity and selectivity, other electron-

rich and -poor aryl bromides could be introduced in the reaction. Over-arylation could be 

suppressed by using sterically hindered N,N-di-tert-butyl-N-ethyl-amine as substrate. Tertiary, 

phenyl-substituted ethylamines could be interesting starting materials for an intramolecular 

reaction, potentially yielding indoles. 

Overall, we have established a novel transformation delivering β-arylated enamines directly 

from tertiary amines and ArBr under dual-metal catalysis. Our method overcomes the need for 

the extensive preparation of alkenyl bromides, which in turn would have to be aminated in a 

second step to afford enamines. Even though our scope of aryl halides has yet been limited to 

bromides, the dehydrogenative coupling is of potential interest in the synthesis of 

pharmaceuticals or natural products, especially if it were possible to return released hydrogen 

gas back into the catalytic cycle. In that manner, β-aryl-N,N-dialkylamines could be prepared 

in a multistep-1-pot-reaction. 
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The second part of this chapter dealt with the Heck coupling of styrene with chloropyrimidines 

(scheme 76). A ‘naked’ catalyst based on Pd(OAc)2 with no added donor ligand already 

afforded 31% of (E)-4,6-dimethyl-2-styrylpyrimidine. Any addition of phosphine or NHC 

ligand suppressed the arylation. The screening was mostly performed at 120 °C to prevent 

styrene decomposition and homocoupling of aryl chloride occurring at higher temperature. To 

our delight, the difunctional onium carboxylates, NBu4OPiv or NBu4DiPP, significantly 

enhanced the desired coupling, yielding 47% of arylated olefin. 

 

Scheme 76. Heck coupling of 2-chloro-4,6-dimethylpyrimidine with styrene. 

In the Heck coupling of styrene with 2-chloro-4,6-dimethylpyrimidine, we have efficiently 

extended the leaving group scope to heteroaryl chlorides as cheap analogue compared to the 

corresponding iodide. The reaction profited from PTC and CMD effects evocated by our 

difunctional onium carboxylates. 
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7.1 General remarks 

7.1.1 Reagents and chemicals 

Unless otherwise specified, all reagents and solvents were obtained from commercial suppliers 

or the university´s chemical store and were used without further purification. Technical quality 

solvents for column chromatography, crystallizations or work-up procedures were distilled 

prior use. Water used in reaction or work-up procedures consisted of deionized water from the 

tap. 

Solvents for water-free reactions were filtered over aluminum oxide (Sigma Aldrich, neutral, 

Brockmann I), degassed by argon bubbling via a cannula for 15 minutes and stored over 

molecular sieves (3 Å or 4 Å). The residual water content was determined by Karl-Fischer-

titration, using a coulometric Karl-Fischer titration apparatus from Schott Instruments Titroline 

KF trace.[1] Acetonitrile was dried over molecular sieves (4 Å) in solvent purifier (MBraun MB-

SPS). The solvents listed below (table 50) were purchased as ‘extra-dry’ from commercial 

suppliers with a water content below 50 ppm. 

Table 50. Purchased dry solvents. 

solvent purity [%] information supplier 

DMAc 99.5 extra dry over molecular sieve 4 Å, 

AcroSeal™, ACROS Organics™ 

Fisher Scientific 

DMF 99.8 extra dry over molecular sieve 4 Å, 

AcroSeal™, ACROS Organics™ 

Fisher Scientific 

DMSO ≥99.9 anhydrous Sigma Aldrich 

MeOH 99.9 extra dry, AcroSeal™, ACROS 

Organics™ 

Fisher Scientific 

Zinc dust for catalytic zincation was pre-treated to obtain a reproducible quality also with the 

usual ‘aged’ samples present in many laboratories: zinc powder (150 g; BASF) was stirred in 

aqueous HCl (0.5 M, 150 mL) for two hours, filtered through a glass filter, the zinc on the filter 

washed with H2O (100 mL), EtOH (2 X 100 mL) and Et2O (3 X 100 mL) and pre-dried on the 

filter by sucking air with a water-jet vacuum (fast flow) for 15 minutes. The zinc powder was 

transferred into a 100 mL Schlenk flask and dried in vacuum (0.01 mbar) at 40 °C for three 

hours, when it presented itself as free-flowing powder. Vacuum drying was continued overnight 

at room temperature. The powder was stored under argon until further use. 

PdCl2(MeCN)2 was prepared by a literature procedure and stored in a Schlenk tube under 

argon.[2] Larger amounts were stored in a glovebox. 
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NiCl2(dme) was prepared by the Inorganic Syntheses procedure and stored in a Schlenk tube 

under argon.[3] Larger amounts were stored in a glovebox. 

Inorganic bases (potassium carbonate, cesium carbonate, potassium phosphate) were finely 

ground and pre-dried for two days at 150 °C in an oven (20% ventilation). The solids were 

further dried in vacuum (0.8-1.2 mbar) at 300 °C for at least two hours using a tube furnace 

(type LOSA) from HTM Reetz GmbH. Potassium bicarbonate was dried for three days at 60 °C 

in an oven (20% ventilation). The hygroscopic bases were stored either in a Schlenk flask or 

inside a glovebox under argon. 

Alkali pivalates were prepared by neutralizing a solution of pivalic acid in ethanol with the 

according hydroxide bases.[4] Removal of the solvent under reduced pressure (45 °C, 7 mbar) 

followed by washing with diethylether and drying (r.t., <1.0∙10–1 mbar) afforded pure salts. 

Molecular sieves (3 Å and 4 Å) were dried for five hours in vacuum (0.8-1.2 mbar) at 400 °C 

and stored under argon. 

Celite® (545, treated with sodium carbonate, flux calcined) was purchased by Fisher Scientific 

(H33152) and used as filter aid either on a suction filter or in a Pasteur pipette. 

7.1.2 Work techniques 

Air and moisture sensitive reactions were carried out under Argon (Westfalen, 4.6) using 

Standard Schlenk techniques.[5] 

Screw capped vials (8 mL, VWR, 548-0821) with silicon/PTFE screw PP caps (VWR, 548-

0863) were used as reaction vials, if stated. For reactions under argon, the vials were introduced 

into a glovebox, filled with all starting materials and solvent(s), closed and stirred with/without 

heating outside the glovebox. 

Heating and cooling. Oil baths were filled with silicon oil (Gruessing, silicon oil M100). Schlenk 

tubes were heated in an alumina block. Freezing mixtures of 0 °C were obtained by mixing ice and 

water. Temperatures below 0 °C were reached with appropriate mixtures (–15 °C: NaCl-ice 1:3 or 

–78 °C: dry ice saturated isopropanol or acetone). Temperatures were controlled with a digital 

contact thermometer. 

Microwave assisted reactions were conducted in an Anton Paar 300 microwave synthesis reactor 

(specifications: max. power: 850 W, max. temperature: 300 °C, max. pressure: 30bar) with a 

MAS 24 auto-sampler. Borosilicate glasses (10 mL or 20 mL) were used as reaction vials, which 
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were sealed with a PEEK-cap and a PTFE-coated silicon septum. The temperature was measured 

via an external infrared thermometer and calibrated with an internal ruby thermometer. A typical 

temperature and pressure profile of a microwave assisted reaction is depicted in the appendix (8.5). 

Flash column chromatography was performed on silica gel 60 (Acros, 35-70 μm) as stationary 

phase with the eluent mixtures given for the corresponding procedures. Compressed air 

(0.1-0.3 bar) was used for flash elution. 

Photochemical reactions were carried out in a NMR tube in a Rayonet RPR-100 photochemical 

reactor (Southern New England Ultra Violet Company, Branford, CT, USA). The set-up consisted 

of 16 fluorescence lamps (8 W, λmax. 300[6], 350[7], 366[6] or 419[8] nm) orientated in a cylindrical 

fashion with the sample placed in the middle of the chamber. The chamber was cooled to room 

temperature with the aid of ventilation to assure no overheating. 

Sampling for kinetic studies was conducted as follows (table 51). The desired temperature was 

adjusted at least one hour before the start of the reaction to avoid any fluctuation. To assure 

homogeneous distribution in the solution, the internal standard was best added at the beginning of 

the reaction.54 A screw cap vial was charged with water (3 mL) and organic solvent (3 mL), e.g. 

Et2O or EtOAc (step 1).55 After retrieval of a sample from the reaction (~250 µL)56, it was added to 

the extraction mixture. The vial was closed with a cap (no septum), shaken for ten seconds and left 

alone to allow phases to separate (step 2). A second screw cap (silicon/PTFE septum) vial was 

charged with MgSO4 (~250 mg) and a stirring bar. It was placed in close to proximity to the 

extraction vial (step 3). Parts of the organic phase (~2/3) were transferred to the MgSO4 vial with 

the aid of a Pasteur pipette (step 4). The organic phase was stirred for approx. two minutes 

(~800 rpm) at room temperature (step 5) before the solvent was removed under reduced pressure 

(water-jet pump, slow flow, ca. 500 mbar) with the aid of a cannula (Ø 0.90 mm, color code 

yellow, step 6). The vial was evacuated for another minute (water-jet pump, fast flow, ca. 

20 mbar) with the aid of a cannula (Ø 0.90 mm, color code yellow) to get rid of residual organic 

solvent (step 7). The vial was slowly vented by puncturing the septum (cannula, Ø 0.90 mm, 

color code yellow, step 8).57 Solid stuck to the walls was gently scratched off with a Pasteur 

pipette (step 9). The walls were rinsed with deuterated solvent (700 µL), e.g. CDCl3, (step 10) 

 

54 It was made sure to add enough solvent, so the reaction cannot run dry. 

55 An organic solvent with density smaller than water simplifies the work-up process. 

56 The volume withdrawn does not have to be the same for each sampling. 

57 An angle of 45°-60° is recommended to prevent excessive twirling of the solid. 
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and the suspension was stirred for two minutes at room temperature (~800 rpm, step 11).58 The 

whole mixture was filtered over cotton wool fitted in a Pasteur pipette (150 mm) into a NMR 

tube (step 12). 

Table 51. Step-by-step guide for kinetic study sampling. Example with Et2O as organic phase. 

step 1 step 2 step 3 step 4 

    
step 5 step 6 step 7 step 8 

    
step 9 step 10 step 11 step 12 

    

 

58 The solvent was added from a safe distance (~2 cm) to the vial to exclude any contamination of the syringe. 

light 
vacuum 

~250 mg 

MgSO4 

organic 

phase 

H2O 

full 
vacuum 

NMR 
tube 

cotton 

wool 
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7.1.3 Analytics  

Elemental analyses were carried out by the analytical core laboratories of the catalytic research 

center at Technical University of Munich. A CHNS-analyzer realizes the chemical digestion of 

a substance by oxidative combustion at elevated temperatures (ca. 1000 °C). Via a helium 

stream emerging CO2, H2O, N2 and SO2 gases are fed into a separate and measuring system. 

The separation follows general gas chromatographic principles. Gases are detected by a thermal 

conductivity cell and the percentage of C, H, N and S are calculated. 

Qualitative thin-layer chromatography (TLC) was performed on silica-coated glass plates (Merck, 

silica gel 60 F254). Compounds were detected under UV light (λ = 254 or 366 nm) and by staining 

with Mostain solution (10.0 g (NH4)6[Mo7O24]∙4 H2O, 200 mg Ce(SO4)2∙4 H2O, 12 mL H2SO4 

(conc.) in 190 mL water) and gently heating with a heat-gun (approx. 100 °C). 

X-Ray diffraction. Grown single crystals were measured at the analytical core labs of the catalytic 

research center of the TUM by Dr. Alexander Pöthig, Dr. Philipp Altmann or myself. Data were 

collected on a single crystal X-ray diffractometer equipped with a CMOS detector (Photon 100), 

a rotating anode TXS and a Helios mirror optic using the APEX3 software package or a single 

crystal x-ray diffractometer equipped with a CMOS detector (Photon 100), an IMS microsource 

with MoKα radiation (λ = 0.71073 Å) and a Helios optic using the APEX3 software package or 

a single crystal X-ray diffractometer equipped with a CCD detector (APEXII), a fine-focus 

sealed tube with MoKα radiation (λ = 0.71073 Å) and a Triumph optic monochromator using 

the APEX3 software package.[9] Measurements were performed on single crystals coated with 

perfluorinated ether. The crystals were fixed on top of a kapton micro sampler and frozen under 

a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. 

Reflections were corrected for Lorentz and polarization effects, scan speed, and background 

using SAINT.[10] Absorption correction, including odd and even ordered spherical harmonics 

was performed using.[11] Space group assignment was based upon systematic absences, E 

statistics, and successful refinement of the structure. The structures were solved using SHELXT 

with the aid of successive difference Fourier maps, and were refined against all data using 

SHELXL in conjunction with SHELXLE.[12] Hydrogen atoms were calculated in ideal positions 

as follows: Methyl hydrogen atoms were refined as part of rigid rotating groups, with a C–H 

distance of 0.98 Å and Uiso(H) = 1.5·Ueq(C). Other H atoms were placed in calculated positions 

and refined using a riding model, with methylene and aromatic C–H distances of 0.99 Å and 

0.95 Å, respectively, and other C–H distances of 1.00 Å, all with Uiso(H) = 1.2·Ueq(C). 
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Non-hydrogen atoms were refined with anisotropic displacement parameters. Full-matrix least-

squares refinements were carried out by minimizing Σw(Fo
2 – Fc

2)2 with the SHELXL weighting 

scheme.[12a] Neutral atom scattering factors for all atoms and anomalous dispersion corrections 

for the non-hydrogen atoms were taken from International Tables for Crystallography.[13] 

Images of the crystal structures were generated with Mercury and PLATON.[14] CCDC 

1946096-1946098 contain the supplementary crystallographic data for X-ray crystal structures 

of chapter 3. These data are provided free of charge by The Cambridge Crystallographic Data 

Centre. 

NMR spectroscopy. NMR spectra were recorded at 300 K either on a Bruker AVHD-300, 

AVHD-400, AVHD-500 or AVHD-500cr. Variable temperature NMR spectra were recorded 

on a Bruker DRX400. Proton NMR spectra were recorded with a delay d1 = 20 s between the 

pulses. Chemical shifts are reported in parts per million (ppm) relative to the residual signal of 

the deuterated solvent or the residual signal of tetramethylsilane (table 52). Attached proton test 

(13C-APT NMR) allowed the assignment of carbon signals; methine (CH) and methyl (CH3) 

signals are positive, quaternary (Cquat) and methylene (CH2) signals are negative.[15] The 

19F- and 31P-NMR spectra are machine-referenced to CFCl3, respectively H3PO4 (85%), as 

external standards.[16] If necessary, spectral width (sw) of 31P-NMR spectra was reduced to 

100 ppm (O1P = usually 10 ppm, depending on product signals ≠ 0 ppm). 11B-NMR were 

recorded without reference. The broad signal rises from the used borosilicate NMR tubes.[17] 

Multiplicities are abbreviated as follows: s - singlet, d - doublet, t - triplet, q - quartet, 

quint. - quintet, sext. - sextet, sept. - septet, m - multiplet, br - broad signal. Coupling constants 

(J) are indicated in Hertz (Hz). Apparent multiplets that occur as a result of accidental equality 

of coupling constants those of magnetically non-equivalent protons are marked as virtual (virt.). 

Table 52. Respective chemical shifts of the residual signal(s) of deuterated solvents in 1H- and 13C-NMR spectra.  

solvent 1H-shift [ppm] 13C-shift [ppm] 

CDCl3 7.26 (s) 77.2 (t) 

[D6]-acetone 2.06 (quint.) 29.8 (sept.), 206.3 (s) 

[D3]-acetonitrile 1.94 (quint.) 1.3 (sept.), 118.3 (s) 

[D2]-dichloromethane 5.32 (t) 54.0 (quint.) 

[D6]-dimethylsulfoxide 2.50 (quint.) 39.5 (sept.) 

[D6]-benzene 7.16 (s) 128.1 (t) 

[D4]-methanol 3.31 (quint.) 49.0 (sept.) 

tetramethylsilane 0.00 (s) 0.0 (s) 
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Quantitative NMR (q-NMR) analysis was carried out as follows. The crude reaction mixture 

was homogeneously dissolved in an appropriate solvent (CDCl3 or dichloromethane, if 

suitable). An internal standard (see below) was added via Hamilton µL syringe (or as weighed 

amount of solid) and the solution was homogenized by swirling. In case of a non-deuterated 

solvent, a sample of the reaction mixture (ca. 50 µL) was added to an NMR tube containing 

CDCl3 (450 µL) and was mixed by shaking. If CDCl3 was used, a sample of the reaction mixture 

(500 µL) was transferred to an empty NMR tube without further dilution. A proton NMR 

(d1 = 20 s, 16 scans) was measured.[18] 

The yield of the reaction is determined by comparison of the integral of the internal standard 

with the integral of characteristic signals of the reaction product(s) and starting material(s) in 

the 1H-NMR spectra. The exemplary analysis of a q-NMR spectrum is depicted in the appendix 

(8.5). 

 

1,1,2,2-tetrachloroethane: 

1H-NMR (500 MHz, CDCl3): δ 5.91 (s, 2H). 

 

1,1,2-trichloroethylene: 

1H-NMR (500 MHz, CDCl3): δ 6.45 (s, 1H). 

 

tetradecane: 

1H-NMR (500 MHz, CDCl3): δ 0.85 (t, J = 6.5 Hz, 6H). 

 

1-methoxy-4-([D3]-methoxy)benzene:[19] 

2H-NMR (61 MHz, CHCl3): δ 3.63 (s, 3H).59 

 

1,3,5-trimethoxybenzene: 
1H-NMR (500 MHz, CDCl3): δ 3.75 (s, 9H), 6.08 (s, 3H). 

 

naphthalene: 

1H-NMR (400 MHz, CDCl3): δ 7.47 (m, 4H), 7.84 (m, 4H). 

 

59 For quantification of both 1H and 2H. 
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UV/Vis spectroscopy was performed on a Perkin Elmer Lambda 35 UV/Vis spectrometer in the 

analytical core laboratories of the Technical University of Munich. Spectra were recorded using 

a Hellma precision cell made of quartz Suprasil with a pathway of 1 cm. Solvents and 

concentrations are given for each spectrum. 

High resolution mass spectrometry (HRMS) were carried out by the analytical core labs at 

Technical University of Munich. ESI-HRMS were recorded on a Thermo Fisher Scientific LTQ 

FT Ultra ion trap with a Fourier Transform Ion Cyclotron Resonance (FT-ICR) MS detector. 

HPLC: Analytical HPLC was performed using an auto-sampler 3800, a manager 5000 and a 

pump 1000 of the Smartline series from Knauer. UV-active substances were detected by a diode 

array detector K-2800 of the WellChrom series. Caffeine reaction mixtures (injection volume 

20 µL) were separated using a silica gel column (Kromasil 100 Si – 5µ), which was cooled to 

20 °C, as stationary phase and a tert-butylmethylether/methanol mixture (TBME-MeOH 40:1) 

as eluent. The retention times are 2.57 minutes for 8-phenylcaffeine and 12.88 minutes for 

caffeine. The flow rate was kept constant at 1.5 mL/min and the pressure never outstripped 

65 bar. The mixtures were analyzed at 274 nm. See general procedure 3.7 (7.2.3.1) for sample 

drawing of caffeine arylation reactions. As reference measurement equimolar amounts of 

caffeine and 8-phenylcaffeine (300 µmol, 600 µmol and 900 µmol) were dissolved in 

dichloromethane in a volumetric flask (100 mL). One milliliter of the prepared solution was 

diluted with dichloromethane in another volumetric flask (10 mL) and the final mixture was 

analyzed via HPLC under the conditions described above. The obtained injection amounts of 

substance, as well as average peak areas, are summarized in table 53. 

Table 53. Injected amounts of substance (ninj.) of caffeine and 8-phenylcaffeine and their average peak area. 

Average peak areas were received by calculating the mean of the collected area of four measurements. 

compound ninj. [nmol] average peak area [-] 

caffeine 6 30.3946 

caffeine 12 59.0916 

caffeine 18 90.4098 

phenylcaffeine 6 24.9539 

phenylcaffeine 12 48.3602 

phenylcaffeine 18 72.5619 

The above reported values were plotted in two separate graphs (injection amount vs. average 

peak area) and a trend line was drawn (see 8.2 figure 49 and figure 50). A linear correlation 

was determined. By using the trend line equations, the amount of substance of caffeine (nCaff.) 



 

 

233 

 

and phenylcaffeine (nPhcaff.) present in a reaction mixture (after one, two, three, … hour(s)) can 

be calculated via equations 1.1 and 1.2. The factor 1/16 represents the applied dilution during 

the sample drawing and xCaff. (or xPhCaff.) the or phenylcaffeine. The outcome equals the amount 

of substance of caffeine, respectively phenylcaffeine, in mmol. 

ncaff. = 
1

16
 ∙ y

caff.
  = 

1

16
 ∙(0.1998 ∙ xcaff. + 0.0176) 1.1 

nPhcaff. = 
1

16
 ∙ y

Phcaff.
=

1

16
 ∙(0.252 ∙ xPhcaff. - 0.2553) 1.2 

With the peak areas converted to amounts of substance of caffeine, the conversion of each 

reaction can be calculated following equation 1.3. Unless otherwise specified, the initial amount 

of caffeine (n0) present in the arylations is always equal to 1.50 mmol. The yield of 

phenylcaffeine after 20 hours reaction time can be determined by insertion of the amount of 

substance of phenylcaffeine detected after into equation 1.4. 

conversion [%] = 
ncaff.

n0
 ∙100 = 

ncaff.

1.50 mmol
 ∙100 1.3 

yield [%] = 
nPhcaff.

n0
 ∙100 = 

nPhcaff.

1.50 mmol
 ∙100 1.4 
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7.2 Synthesis procedures 

Experimental data of each chapter will be depicted in this section. General procedures (GP) of 

individual topics will be listed in the beginning of each subject. Numeration of the latter will 

be conducted as follows: number of corresponding chapter in the main discussion, followed by 

a dot and the count of the mentioned procedure, e.g. 2.1.4 refers to general procedure 4 of 

chapter 2.1. 

7.2.1 Generation of Organozinc Reagents by Nickel-Diazadiene-Complex Catalyzed 

Zinc Insertion into Aryl Sulfonates 

7.2.1.1 General synthesis procedures 

General procedure 1.1 – Synthesis of aryl sulfonates in aqueous base 

This procedure was adapted from Lei and coworkers.[20] An aqueous sodium hydroxide solution 

(15%, 3.3 eq.) was added to a solution of a phenol (1.0 eq.) in THF (1.7 M). At 0 °C, a solution 

of TsCl (1.2 eq.) in THF (0.9 M) was added dropwise and the suspension was stirred for 24 

hours at room temperature. The reaction mixture was transferred with EtOAc (4 mL/mmol) to 

a separatory funnel and the phases were separated. The organic phase was washed with water 

(2 x 2.5 mL/mmol) and a saturated aqueous solution of NaCl (1 mL/mmol), dried over MgSO4, 

filtered and the solvent was removed under reduced pressure (45 °C, 7 mbar). Washing with 

hexanes or purification by CC and drying under reduced pressure (<1.0∙10–1 mbar) afforded the 

pure product. 

General procedure 1.2 – Metalation followed by iodolysis – analytical scale with q-NMR 

quantification 

A pre-dried (2·10–2 mbar, heat-gun) Schlenk tube was charged with zinc powder (262 mg, 

4.00 mmol, 4.0 eq.), which was dried under vacuum (2·10–2 mbar) and stirring with a heat-gun. 

1,2-Dibromoethane (98%, 17.6 L, 37.6 mg, 200 mol, 0.2 eq.) was added and the walls were 

rinsed with dry DMF (1 mL) (heat and gas evolution were observed). After stirring at 60 °C for 

20 minutes, the reaction mixture was cooled down to room temperature for five minutes in a 

water bath. NiCl2(dme) (11.0 mg, 50.0 mol, 5 mol%) and IPr-MeDAD (40.5 mg, 100 mol, 

10 mol%.) were added and the walls were rinsed with dry DMF (1 mL). The brownish-green 

suspension was stirred for 30 minutes at room temperature. Finally, the aryl tosylate 

(1.00 mmol, 1.0 eq.) was added, the walls were rinsed with dry DMF (1 mL) and the reaction 

mixture was stirred for 20 hours at room temperature. Then it was cooled to 0 °C before adding 
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iodine (1.02 g, 4.00 mmol, 4.0 eq.) and stirring for ten minutes at 0 °C. A saturated aqueous 

solution of NH4Cl (10 mL) and solid sodium sulfite (approx. 500 mg) were added and the 

reaction mixture was stirred until most of the brown color faded. The aqueous phase was 

extracted with diethylether (10 mL and 3  5 mL) (or ethyl acetate in the case of non-volatile 

products). The combined organic phase was washed with a saturated aqueous solution of NH4Cl 

(2  20 mL) and NaCl (20 mL), dried over MgSO4, filtered and the solvent was removed under 

reduced pressure (40 °C, 700 mbar for volatile products, 200 mbar for non-volatile ones). The 

crude product was analyzed by q-NMR using either 1,1,2,2-tetrachloroethane (50.0 L, 

473.6 mol) or trichloroethene (200 L, 2.22 mmol) as internal standard according to the 

general procedure (see 7.1.3). 

General procedure 1.3 – Metalation followed by iodolysis on preparative scale 

A pre-dried (2·10–2 mbar, heat-gun) Schlenk tube was charged with zinc powder (523 mg, 

8.00 mmol, 4.0 eq.), which was dried under vacuum (2·10–2 mbar) and stirring with a heat-gun. 

1,2-Dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.) was added and the walls were 

rinsed with dry DMF (2 mL) (heat and gas evolution were observed). After stirring at 60 °C for 

20 minutes, the reaction mixture was cooled down to room temperature for five minutes in a 

water bath. NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and L2 (80.9 mg, 200 mol, 10 mol%) 

were added and the walls were rinsed with dry DMF (2 mL). The brownish-green suspension 

was stirred for 30 minutes at room temperature. Finally, the aryl tosylate (2.00 mmol, 1.0 eq.) 

was added, the walls were rinsed with DMF (2 mL) and the reaction mixture was stirred for 20 

hours at room temperature. Unless otherwise stated, it was cooled to 0 °C before adding iodine 

(2.03 g, 8.00 mmol, 4.0 eq.) and stirring for ten minutes at 0 °C. A saturated aqueous solution 

of NH4Cl (10 mL) and solid sodium sulfite (approx. 1 g) were added and the reaction mixture 

was stirred until most of the brown color faded. Et2O (10 mL or ethyl acetate in the case of 

non-volatile products) was added and the suspension was filtered. Additionally, the pad of 

Celite was rinsed with the used extracting solvent (3  5 mL). The organic phase was separated, 

washed with a saturated aqueous solution of NH4Cl (2  20 mL) and NaCl (20 mL), dried over 

MgSO4, filtered and the solvent was removed under reduced pressure (40 °C, 700 mbar, 150 

mbar for non-volatile products). Purification by flash CC afforded the desired products. 
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7.2.1.2 Synthesis of standard ligand IPr-MeDAD 

Diacetyl-bis(2,6-diisopropylphenylimine) or N,N’-(butane-2,3-

diyl-idene)-bis(2,6-diisopropylaniline) or IPr-MeDAD (CAS 

74663-77-7, PK-SP-14, L2). The ligand was prepared according to 

the original procedure of tom Dieck et al.[21] Diacetyl (5.40 mL, 62.1 mmol, 1.0 eq.) was added 

dropwise to a solution of 2,6-diisopropylaniline (23.2 g, 131 mmol, 2.1 eq.), formic acid 

(600 µL, catalytic) in methanol (45 mL). The reaction mixture was stirred for three hours at 

room temperature. The solid was filtered off and washed with ice-cold methanol (3 X 20 mL). 

After storing of the filtrate at –25 °C overnight, the yellow crystals were filtered and washed 

with cold methanol (–25 °C, 3 x 10 mL). The two fractions were combined and dried in a 

ventilated oven at 60 °C overnight, affording yellow crystals (18.3 g, 73%). 

1H-NMR (400 MHz, [D6]-benzene, PK-SP-14-F1): δ 1.18 (virt. t, J = 6.8 Hz, 24H), 2.16 (s, 

6H), 2.88 (sept., J = 6.8 Hz, 4H), 7.09-7.14 (m, 2H), 7.17-7.20 (m, 4H). 13C-NMR (75 MHz, 

[D6]-benzene, PK-SP-14-F1): δ 16.6, 22.8, 23.3, 29.1, 123.6, 124.5, 135.3, 146.8, 168.5. The 

analytical data matched those reported in literature.[21] 

7.2.1.3 Synthesis of aryl sulfonates 

3,5-Dimethylphenyltosylate (CAS 95127-25-6, PK-328). 3,5-Dimethyl–phenol 

(3.05 g, 25.0 mmol, 1.0 eq.), p-TsCl (5.72 g, 30.0 mmol, 1.2 eq.) and aqueous 

sodium hydroxide (15%, 19 mL, 3.3 eq.) in THF (50 mL) were reacted according 

to general procedure 1.1. Purification by washing with hexanes (2 X 20 mL) and 

drying under reduced pressure (r.t., <1.0∙10–1 mbar) afforded a white solid (6.46 g, 94%). 

1H-NMR (400 MHz, CDCl3, PK-328-N): δ 2.23 (virt. q, J = 0.7 Hz, 6H), 2.45 (s, 3H), 6.57-6.64 

(m, 2H), 6.84-6.89 (m, 1H), 7.28-7.34 (m, 2H), 7.69-7.76 (m, 2H). 13C-NMR (101 MHz, 

CDCl3, PK-328-N): δ 21.3, 21.8, 119.9, 128.6, 128.8, 129.7, 132.9, 139.6, 145.2, 149.6. The 

analytical data matched those reported in literature.[22] 

4-Biphenyltosylate (CAS 76996-40-2, PK-329). 4-Phenylphenol (4.26 g, 

25.0 mmol, 1.0 eq.), p-TsCl (5.72 g, 30.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 19 mL, 3.3 eq.) in THF (50 mL) were reacted according to general procedure 

1.1. Before aqueous work-up, the suspension was filtered, the collected solid (5.82 g, 

17.9 mmol, 72%) washed with EtOAc (50 mL) and hexanes (50 mL) and dried under reduced 

pressure (r.t., <1.0 ∙10-1 mbar). Purification by washing with hexanes (2 X 20 mL) of the crude 
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material yielded from extraction and drying under reduced pressure (r.t., <1.0∙10–1 mbar) 

afforded a white, crystalline solid (2.09 g, 26%). Total yield: 7.91 g, 98%. 

1H-NMR (400 MHz, CDCl3, PK-329-2-N): δ 2.45 (s, 3H), 7.01-7.10 (m, 2H), 7.29-7.38 (m, 

3H), 7.39-7.46 (m, 2H), 7.46-7.54 (m, 4H), 7.71-7.81 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-329-2-N): δ 21.9, 122.8, 127.2, 127.8, 128.4, 128.7, 129.0, 129.9, 132.6, 139.9, 140.3, 

145.5, 149.1. The analytical data matched those reported in literature.[23] 

3,5-Bis(trifluoromethyl)phenyltosylate (CAS 1416330-87-4, PK-330). 

3,5-Bis(trifluoromethyl)phenol (3.45 g, 15.0 mmol, 1.0 eq.), p-TsCl (3.43 g, 

18.0 mmol, 1.2 eq.) and aqueous sodium hydroxide (15%, 11 mL, 3.3 eq.) 

in THF (30 mL) were reacted according to general procedure 1.1. Purification by CC 

(EtOAc-hexanes 1:30) and drying under reduced pressure (r.t., <1.0∙10–1 mbar) afforded a 

white, crystalline solid (1.57 g, 27%). 

TLC: Rf = 0.15 (EtOAc-hexanes 1:30) [UV]. 1H-NMR (400 MHz, CDCl3, PK-330-A): δ 2.48 

(s, 3H), 7.35-7.41 (m, 2H), 7.42-7.46 (m, 2H), 7.70-7.76 (m, 2H), 7.77-7.80 (m, 1H). 13C-NMR 

(101 MHz, CDCl3, PK-330-N): δ 21.9, 121.0 (t, J = 3.9 Hz), 121.2, 123.4-123.5 (m), 123.9, 

128.7, 130.3, 131.5, 133.4 (d, J = 34.6 Hz), 146.7, 150.1. The analytical data matched those 

reported in literature.[23] 

4-Methoxyphenyltosylate (CAS 38891-91-0, PK-331). 4-Methoxyphenol (3.10 g, 

25.0 mmol, 1.0 eq.), p-TsCl (5.72 g, 30.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 19 mL, 3.3 eq.) in THF (50 mL) were reacted according to general 

procedure 1.1. Purification by washing with hexanes (2 X 20 mL) and drying under 

reduced pressure (r.t., <1.0∙10-1 mbar) afforded a white solid (6.79 g, 98%). 

1H-NMR (400 MHz, CDCl3, PK-331-N): δ 2.44 (s, 3H), 3.76 (s, 3H), 6.73-6.80 (m, 2H), 

6.85-6.91 (m, 2H), 7.28-7.33 (m, 2H), 7.66-7.72 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-331-N): δ 21.8, 55.7, 114.6, 123.5, 128.7, 129.8, 132.5, 143.2, 145.3, 158.3. The analytical 

data matched those reported in literature.[20] 

4-tert-Butylphenyltosylate (CAS 7598-28-9, PK-332). 4-tert-Butylphenol (3.76 g, 

25.0 mmol, 1.0 eq.), p-TsCl (5.72 g, 30.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 19 mL, 3.3 eq.) in THF (50 mL) were reacted according to general 

procedure 1.1. Purification by washing with hexanes (2 X 20 mL) and drying under 

reduced pressure (r.t., <1.0∙10–1 mbar) afforded a white solid (7.31 g, 96%). 
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1H-NMR (400 MHz, CDCl3, PK-332-N): δ 1.28 (s, 9H), 2.45 (s, 3H), 6.86-6.93 (m, 2H), 

7.25-7.30 (m, 2H), 7.30-7.33 (m, 2H), 7.70-7.75 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-332-N): δ 21.8, 31.5, 34.7, 121.8, 126.6, 128.6, 129.8, 132.9, 145.3, 147.5, 150.2. The 

analytical data matched those reported in literature.[20] 

2-Methylphenyltosylate (CAS 599-75-7, PK-344). 2-Methylphenol (5.41 g, 

50.0 mmol, 1.0 eq.), p-TsCl (11.5 g, 60.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 38 mL, 3.3 eq.) in THF (100 mL) were reacted according to 

general procedure 1.1. Purification by washing with hexanes (2 X 30 mL) and drying under 

reduced pressure (r.t., <1.0∙10–1 mbar) afforded a white solid (10.8 g, 82%). 

1H-NMR (500 MHz, CDCl3, PK-344-N): δ 2.08 (s, 3H), 2.46 (s, 3H), 6.96-7.02 (m, 1H), 

7.08-7.18 (m, 3H), 7.32 (d, J = 8.1 Hz, 2H), 7.71-7.77 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-344-13C): δ 16.4, 21.8, 122.4, 127.0, 127.1, 128.5, 129.9, 131.7, 131.7, 133.4, 145.4, 148.5. 

The analytical data matched those reported in literature.[20] 

3-Methylphenyltosylate (CAS 3955-72-4, PK-345). 3-Methylphenol (5.41 g, 

50.0 mmol, 1.0 eq.), p-TsCl (11.5 g, 60.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 38 mL, 3.3 eq.) in THF (100 mL) were reacted according to 

general procedure 1.1. Purification by CC (EtOAc-hexanes 1:10) and drying under reduced 

pressure (r.t., <1.0∙10–1 mbar) afforded a yellowish oil (13.0 g, 99%), which solidified upon 

cooling in the fridge. 

1H-NMR (400 MHz, CDCl3, PK-345-N): δ 2.29 (s, 3H), 2.45 (s, 3H), 6.67-6.76 (m, 1H), 

6.82-6.90 (m, 1H), 7.02-7.07 (m, 1H), 7.14 (t, J = 7.9 Hz, 1H), 7.28-7.33 (m, 2H), 7.68-7.76 

(m, 2H). 13C-NMR (101 MHz, CDCl3, PK-345-N): δ 21.4, 21.8, 119.3, 123.1, 127.9, 128.6, 

129.3, 129.8, 132.8, 140.1, 145.3, 149.7. The analytical data matched those reported in 

literature.[20] 

4-Methylphenyltosylate (CAS 3899-96-5, PK-346). 4-Methylphenol (5.41 g, 

50.0 mmol, 1.0 eq.), p-TsCl (11.5 g, 60.0 mmol, 1.2 eq.) and aqueous sodium 

hydroxide (15%, 38 mL, 3.3 eq.) in THF (100 mL) were reacted according to 

general procedure 1.1. Purification by washing with hexanes (2 X 30 mL) and drying under 

reduced pressure (r.t., <1.0∙10–1 mbar) afforded a white solid (12.0 g, 91%). 

1H-NMR (400 MHz, CDCl3, PK-345-N): δ 2.29 (s, 3H), 2.45 (s, 3H), 6.67-6.76 (m, 1H), 

6.82-6.90 (m, 1H), 7.02-7.07 (m, 1H), 7.14 (t, J = 7.9 Hz, 1H), 7.28-7.33 (m, 2H), 7.68-7.76 

(m, 2H). 13C-NMR (101 MHz, CDCl3, PK-345-N): δ 21.4, 21.8, 119.3, 123.1, 127.9, 128.6, 
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129.3, 129.8, 132.8, 140.1, 145.3, 149.7. The analytical data matched those reported in 

literature.[20] 

3-N,N-Diethylaminophenyltosylate (CAS 2259293-70-2, PK-KF-03). 3-N,N-

Diethylaminophenol (4.13 g, 25.0 mmol, 1.0 eq.), p-TsCl (5.72 g, 30.0 mmol, 

1.2 eq.) and aqueous sodium hydroxide (15%, 19 mL, 3.3 eq.) in THF (50 mL) 

were reacted according to general procedure 1.1. Purification by flash column chromatography 

(EtOAc-hexanes 1:10) and drying under reduced pressure (r.t., <1.0∙10–1 mbar) afforded a white 

solid (13.5 g, 88%). 

TLC: Rf = 0.34 (EtOAc-hexanes 1:10) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-03-

Fraktion5): δ 1.05 (t, J = 7.1 Hz, 6H), 3.23 (q, J = 7.1 Hz, 4H), 6.14-6.24 (m, 2H), 6.45-6.52 

(m, 1H), 7.00-7.08 (m, 1H), 7.26-7.35 (m, 2H), 7.70-7.78 (m, 2H). 13C-NMR (101 MHz, 

CDCl3, PK-KF-03-13C): δ 12.4, 21.7, 44.5, 105.5, 108.4, 110.2, 128.7, 129.7, 129.9, 133.0, 

145.1, 148.9, 151.2. This compound is known to literature, but no analytical data is available. 

Methyl 2-(((4-methylphenyl)sulfonyl)oxy)benzoate (51207-44-4, PK-KF-02). 

This compound was synthesized following a slightly modified procedure from 

the group of Khan.[24] Methyl 4-hydroxybenzoate (3.81 g, 25.0 mmol, 1.0 eq.) 

was dissolved in pyridine (4 mL). At 0 °C, p-TsCl (6.36 g, 33.3 mmol, 1.3 eq.) was slowly 

added. The milky suspension was stirred for 2.5 hours at 0 °C before being kept in the fridge 

(4 °C) overnight. The suspension was diluted with water (20 mL) and neutralized with aqueous 

HCl (2 M). After transferring to a separatory funnel, the aqueous phase was extracted with 

EtOAc (2 X 50 mL). The combine organic extract was washed with a saturated aqueous solution 

of NaCl (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (40 °C, 30 mbar). After washing with hexanes (3 X 25 mL) and drying in air (r.t., 

overnight), a colorless crystalline solid (4.92 g, 64%) was obtained.  

1H-NMR (400 MHz, CDCl3, PK_KF_02_N): δ 2.45 (s, 3H), 3.80 (s, 3H), 7.10 (dd, 

J = 8.2, 1.1 Hz, 1H), 7.29-7.37 (m, 3H), 7.47 (ddd, J = 8.2, 7.4, 1.8 Hz, 1H), 7.68-7.76 (m, 2H), 

7.88 (dd, J = 7.8, 1.8 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK_KF_01_N): δ 21.9, 52.5, 

124.1, 125.7, 127.2, 128.7, 129.8, 132.1, 132.8, 133.4, 145.6, 148.0, 165.2. The analytical data 

matched those reported in the literature.[25] 

Methyl 4-(((4-methylphenyl)sulfonyl)oxy)benzoate (51207-43-3, PK-

KF-17). This compound was synthesized following a slightly modified 

procedure from the group of Khan.[24] Methyl 4-hydroxybenzoate (7.61 g, 
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50.0 mmol, 1.0 eq.) was dissolved in pyridine (8 mL). At 0 °C, p-TsCl (12.7 g, 66.5 mmol, 

1.3 eq.) was slowly added. The milky suspension was stirred for 30 minutes at 0 °C before 

being kept in the fridge (4 °C) overnight.60 The suspension was diluted with water (20 mL) and 

neutralized with aqueous HCl (2 M). After transferring to a separatory funnel, the aqueous phase 

was extracted with EtOAc (2 X 50 mL). The combine organic extract was washed with a 

saturated aqueous solution of NaCl (20 mL), dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (40 °C, 30 mbar). After washing with hexanes (3 X 50 mL) 

and drying in air (r.t., overnight), a colorless crystalline solid (13.5 g, 88%) was obtained.  

1H-NMR (400 MHz, CDCl3, PK_KF_17_N): δ 2.45 (s, 3H), 3.90 (s, 3H), 7.02-7.12 (m, 2H), 

7.29-7.37 (m, 2H), 7.65-7.74 (m, 2H), 7.94-8.02 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK_KF_01_N): δ 21.9, 52.5, 122.5, 128.6, 129.1, 130.0, 131.4, 132.3, 145.9, 153.1, 166.1. The 

analytical data matched those reported in the literature.[24] 

Naphthyl-1,5-ditosylate (CAS 151710-15-5, PK-KF-06). 1,5-Dihydroxy-

naphthalene (8.01 g, 50.0 mmol, 1.0 eq.), p-TsCl (22.9 g, 120 mmol, 

2.4 eq.) and aqueous sodium hydroxide (15%, 76 mL, 6.6 eq.) in THF 

(170 mL) were reacted according to general procedure 1.1. Washing with water (3 X 20 mL), 

acetone (50 mL) and hexanes (100 mL) followed by drying in an oven (50 °C) overnight 

afforded a pale white solid (13.3 g, 57%). The product contained tetrahydrofuran (0.7 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-KF-06-N): δ 2.43 (s, 6H), 7.19 (dd, J = 7.6, 0.9 Hz, 2H), 7.24-

7.37 (m, 8H), 7.73-7.80 (m, 4H), 7.80-7.86 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-KF-06-N): δ 21.9, 119.4, 121.2, 126.1, 128.6, 128.9, 130.0, 132.7, 145.7, 145.8. The 

analytical data matched those reported in the literature.[26] 

Benzene-1,5-ditosylate (CAS 2581-43-3, PK-KF-16). Hydroquinone 

(5.51 g, 50.0 mmol, 1.0 eq.), p-TsCl (22.9 g, 120 mmol, 2.4 eq.) and 

aqueous sodium hydroxide (15%, 76 mL, 6.6 eq.) in THF (170 mL) were reacted according to 

general procedure 1.1. Before aqueous work-up, the suspension was filtered. The collected solid 

was washed with water (3 X 25 mL), EtOH (2 X 25 mL) and hexanes (3 X 25 mL) and dried 

under reduced pressure (r.t., <1.0∙10–1 mbar), yielding a first fraction of white crystalline solid 

(6.46 g, 31%). The crude product obtained from extraction was washed with water (3 X 25 mL), 

EtOH (2 X 25 mL) and hexanes (3 X 25 mL) and dried under reduced pressure (r.t., <1.0∙10–1 

 

60 The reaction mixture solidified after stirring for 30 minutes at 0 °C. 
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mbar). A second fraction of white crystalline solid (4.53 g, 22%) was isolated. Total yield: 

11.0 g, 53%. 

1H-NMR (400 MHz, CDCl3, PK_KF_16_N_F1): δ 2.46 (s, 6H), 6.90 (s, 4H), 7.27-7.35 (m, 

4H), 7.62-7.72 (m, 4H). 13C-NMR (101 MHz, CDCl3, PK_KF_16_N_F1): δ 21.9, 123.7, 128.6, 

130.0, 132.1, 145.8, 148.0. The analytical data matched those reported in the literature.[20] 

2-Imidazole-1-sulfonatenaphthalene (CAS 1139705-28-4, PK-388). The 

procedure was adapted from the group of Albaneze-Walker.[27] A 

suspension of 1-naphthol (364 mg, 2.52 mmol, 1.0 eq.), 

1,1’-sulfonyldiimidazole (1.00 g, 5.05 mmol, 2.0 eq.) and CsCO3 (411 mg, 

1.26 mmol, 0.5 eq.) in THF (35 mL) was stirred for 24 hours at room temperature. The solvent 

of the greenish suspension was removed under reduced pressure (45 °C, 320 mbar). After 

cooling to 0 °C, EtOAc (20 mL) and a saturated aqueous solution of NH4Cl (15 mL) were 

added, yielding an orange-yellow two-phase mixture. The phases were separated and the 

aqueous phase was extracted with EtOAc (2 X 40 mL). The organic phase was washed with 

water (50 mL), a saturated aqueous solution of NaCl (40 mL), dried over MgSO4, filtered and 

the solvent was removed under reduced pressure (45 °C, 100 mbar). Purification by CC 

(EtOAc-hexanes 1:2) afforded a light pinkish solid (630 mg, 91%). 

TLC: Rf = 0.25 (EtOAc-hexanes 1:3) [UV]. 1H-NMR (500 MHz, CDCl3, PK-388-A): δ 7.00 

(dd, J = 7.7, 1.0 Hz, 1H), 7.10 (dd, J = 1.7, 0.8 Hz, 1H), 7.29 (t, J = 1.5 Hz, 1H), 7.40 (t, 

J = 8.0 Hz, 1H), 7.49-7.59 (m, 2H), 7.73-7.92 (m, 4H). 13C-NMR (101 MHz, CDCl3, 

PK-388-13C): δ 117.9, 118.6, 120.6, 125.2, 126.5, 127.5, 127.8, 128.2, 128.8, 131.5, 135.0, 

137.6, 145.4. The analytical data matched those reported in literature.[27] 

N,N-Dimethylamino-1-sulfamoylnaphthalene (CAS 1144-13-4, PK-389). 

The procedure was adapted from the group of Spillane.[28] 1-Naphthol 

(1.44 g, 10.0 mmol, 2.0 eq.) and benzyltriethylammonium chloride (45.8 mg, 

201 µmol, 4 mol%) were added to a 25 mL round-bottom flask. The flask 

was sealed with a septum, evacuated (r.t., <1.0∙10-1 mbar) and backfilled with argon three times. 

Toluene (2.5 mL) and aqueous sodium hydroxide (30%, 2.5 mL) were added and the mixture 

was stirred at room-temperature. A solution of sulfamoyl chloride (719 mg) in toluene (2.5 mL) 

was added dropwise and the yellowish-green two-phase system was stirred for seven hours at 

50 °C. The reaction mixture was transferred with diethyl ether (15 mL) to a separatory funnel 

leading to three-phase system. To further decrease polarity, hexanes (10 mL) were added and 
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phases were separated. The organic phase was washed with aqueous sodium hydroxide (2 M, 

20 mL), water (3 X 20 mL, until the water phase was neutral) and a saturated aqueous solution 

of NaCl (20 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (45 °C, 25 mbar). The yellowish oil crystallized promptly. After pulverizing and 

drying under reduced pressure (r.t., <1.0∙10–1 mbar), an off-white solid (1.07 g, 85%) was 

obtained. 

1H-NMR (400 MHz, CDCl3, PK-389-N-2): δ 3.06 (s, 6H), 7.45 (t, J = 7.9 Hz, 1H), 7.50-7.62 

(m, 3H), 7.76 (dd, J = 8.2, 1.0 Hz, 1H), 7.85-7.90 (m, 1H), 8.15-8.21 (m, 1H). 13C-NMR 

(101 MHz, CDCl3, PK-389-N-2): δ 39.0, 117.9, 121.6, 125.5, 126.8, 126.9, 127.3, 128.1, 135.0, 

146.2. The analytical data matched those reported in literature.[29] 

N,N-Dimethylamino-1-sulfamoylnaphthalene (CAS 1803035-97-3, 

PK-401). DMAP (61.1 mg, 500 µmol, 0.1 eq.) and 4-Hydroxycoumarin 

(811 mg, 5.00 mmol, 1.0 eq.) were suspended in dichloromethane (50 mL). 

Triethylamine (3.4 mL) was added. After the remaining white solid 

dissolved, N,N-dimethylaminosulfamoyl chloride (1.08 mL, 1.44 g, 10.0 mmol, 2.0 eq.) was 

added dropwise at room temperature. The clear, yellow solution was stirred for two and a half 

hours at room temperature. The reaction mixture was transferred with dichloromethane (20 mL) 

to a separatory funnel. The organic phase was washed with water (2 X 120 mL), a saturated 

aqueous solution of NaCl (100 mL), dried over MgSO4, filtered and the solvent was removed 

under reduced pressure (45 °C, 500 mbar). Purification by CC (EtOAc-hexanes 1:10 → 1:2 → 

1:1) afforded a yellowish oil (410 mg, 30%). 

TLC: Rf = 0.28 (EtOAc-hexanes 1:2) [UV]. 1H-NMR (400 MHz, CDCl3, PK-401-B): δ 3.14 

(s, 6H), 6.52 (s, 1H), 7.30-7.36 (m, 1H), 7.34-7.41 (m, 1H), 7.61 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H), 

7.72 (dd, J = 7.9, 1.6 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK-401-B): δ 39.1, 102.2, 115.1, 

117.3, 122.6, 124.6, 133.3, 153.7, 158.4, 161.1. This compound is known to literature, but no 

analytical data is available. 

7.2.1.4 Synthesis of electrophiles 

Phenylacetic acid S-thiophenylester (CAS 18245-74-4, PK-378). The 

procedure was adapted from the group of Yadav.[30] Caution: prepare an 

aqueous solution of NaOCl (approx. 3-5%) to eliminate bad smell of 

glassware. Phenylacetyl chloride (3.86 g, 25.0 mmol, 1.0 eq.) was dissolved in toluene (40 mL). 

Activated zinc dust (1.64 g, 25.1 mmol, 1.0 eq.) was added. The suspension was stirred for ten 
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minutes at room temperature before a solution of thiophenol (2.60 mL) in toluene (50 mL) was 

added dropwise. After 30 minutes at room temperature, the reaction mixture was transferred 

with diethylether (100 mL) to a separatory funnel. The organic phase was washed with a 

saturated aqueous solution of NaHCO3 (150 mL), water (150 mL), a saturated aqueous solution 

of NaCl (100 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (45 °C, 25 mbar). Purification by CC (pentane-Et2O 100:0 → 20:1 → 10:1 → 5:1) 

afforded a white, slightly smelling solid (4.02 g, 70%). 

TLC: Rf = 0.33 (pentane-Et2O 20:1) [UV]. 1H-NMR (400 MHz, CDCl3, PK-378-C): δ 3.91 (s, 

2H), 7.28 – 7.40 (m, 10H). 13C-NMR (101 MHz, CDCl3, PK-378-C): δ 50.3, 127.7, 127.9, 

128.9, 129.3, 129.5, 129.8, 133.5, 134.6, 195.4. The analytical data matched those reported in 

literature.[31] 

7.2.1.5 Zincation-iodination products from aryl tosylates (table 4) 

Example procedure for 1-naphthyl tosylate – preparative scale (CAS 90-14-2, 

PK-305, 3). A pre-dried (2·10–2 mbar, heat-gun) Schlenk tube was charged with 

zinc powder (523 mg, 8.00 mmol, 4.0 eq.), which was dried under vacuum (2 · 

10–2 mbar) and stirring with a heat-gun. 1,2-Dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 

0.2 eq.) was added and the walls were rinsed with dry DMF (2 mL) (heat and gas evolution 

were observed). After stirring at 60 °C for 20 minutes, the reaction mixture was cooled down 

to room temperature for five minutes in a water bath. NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) 

and IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) were added and the walls were rinsed with dry 

DMF (2 mL). The brownish-green suspension was stirred for 30 minutes at room temperature. 

Finally, the 1-naphthyl tosylate (597 mg, 2.00 mmol, 1.0 eq.) was added, the walls were rinsed 

with dry DMF (2 mL) and the reaction mixture was stirred for 20 hours at room temperature. 

Next, it was cooled to 0 °C before adding iodine (2.03 g, 8.00 mmol, 4.0 eq.) and stirring for 

ten minutes at 0 °C. A saturated aqueous solution of NH4Cl (10 mL) and solid sodium sulfite 

(ca. 1 g) were added and the reaction mixture was stirred until most of the brown color had 

faded. Et2O (10 mL) was added and the suspension was filtered. Additionally, the pad of Celite 

was rinsed with Et2O (3  5 mL). The organic phase was separated, washed with a saturated 

aqueous solution of NH4Cl (2  20 mL) and NaCl (20 mL), dried over MgSO4, filtered and the 

solvent was removed under reduced pressure (40 °C, 700 mbar). Purification by CC (pentane) 

afforded a yellowish oil (485 mg, 96%, ArI-ArH 98:2). 
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TLC: Rf = 0.72 (pentane) [UV]. 1H NMR (500 MHz, CDCl3, PK-304-A2): δ 7.18 (virt. t, 

3J ≈ 7.8 Hz, 1H), 7.49-7.54 (m, 1H), 7.54-7.60 (m, 1H), 7.77 (d, 3J = 8.0 Hz, 1H), 7.80-7.87 

(m, 1H), 8.04-8.13 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-304-A2-13C): δ 99.7, 126.9, 

127.0, 127.9, 128.7, 129.1, 132.3, 134.3, 134.5, 137.6. The analytical data matched those 

reported in the literature.[32] 

2-Iodonaphthalene (CAS 612-55-5, PK-382). 2-Naphthyl tosylate (597 mg, 

2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0 mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to 1.3. Purification by CC (pentane) 

afforded a pale yellow solid (485 mg, 96%, ArI-ArH = 95:5). 

TLC: Rf = 0.65 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-382-A): δ 7.44-7.52 (m, 2H), 

7.56 (d, 3J = 8.7 Hz, 1H), 7.66-7.75 (m, 2H), 7.75-7.82 (m, 1H), 8.21-8.26 (m, 1H). 13C-NMR 

(101 MHz, CDCl3, PK-382-A): δ 91.6, 126.6, 126.8, 126.9, 128.0, 129.6, 132.2, 134.5, 135.1, 

136.8. The analytical data matched those reported in the literature.[33] 

Iodobenzene (CAS 591-50-4, PK-314). Phenyl tosylate (497 mg, 2.00 mmol, 

1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 

35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%), IPr-MeDAD 

(80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were 

reacted according to 1.3. Purification by CC (pentane) afforded a colorless oil (347 mg, 85%). 

TLC: Rf = 0.89 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3¸PK-314-N): δ 7.07-7.15 (m, 2H), 

7.30-7.36 (m, 1H), 7.66-7.75 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-314-N): δ 94.5, 127.6, 

130.4, 137.6. Analytical data matched those reported in the literature.[34] 

2-Iodobiphenyl (CAS 2113-51-1, PK-320). 2-Biphenyl tosylate (649 mg, 

2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0 mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (pentane) afforded colorless oil (550 mg, 98%). 

TLC: Rf = 0.62 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-320-N): δ 7.03 (virt. td, 

3J = 7.8, 4J ≈ 1.8 Hz, 1H), 7.29-7.45 (m, 7H), 7.96 (dd, 3J = 8.0, 4J = 1.2 Hz, 1H). 13C-NMR 

I
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(101 MHz, CDCl3, PK-320-N): δ 98.8, 127.8, 128.1, 128.2, 128.9, 129.4, 130.2, 139.6, 144.4, 

146.8. The analytical data matched those reported in the literature.[34] 

1-Iodo-2-methylbenzene (CAS 615-37-2, PK-357) . 2-Methylphenyl tosylate 

(525 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0  mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (pentane) afforded a pinkish oil (413 mg, 95%). 

TLC: Rf = 0.84 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-357-A): δ 2.43 (s, 3H), 

6.82-6.90 (m, 1H), 7.21-7.27 (m, 2H), 7.80 (d, 3J = 7.8 Hz, 1H). 13C-NMR (101 MHz, CDCl3, 

PK-357-A): δ 28.3, 101.3, 127.5, 128.3, 129.9, 139.1, 141.5. The analytical data matched those 

reported in the literature.[35] 

1-Iodo-3-methylbenzene (CAS 615-95-6, PK-364). 3-Methylphenyl tosylate 

(525 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 

100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 8.00 mmol, 

4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. Purification by CC 

(pentane) afforded a colorless oil (368 mg, 85%). 

TLC: Rf = 0.81 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-364-A): δ 2.30 (s, 3H), 6.98 

(virt. t, 3J = 7.8 Hz, 1H), 7.13 (d, 3J = 7.8 Hz, 1H), 7.49 (d, 3J = 7.8 Hz, 1H), 7.55 (s, 1H). 13C-

NMR (101 MHz, CDCl3, PK-364-A): δ 21.2, 94.5, 128.5, 130.1, 134.6, 138.2, 140.4. The 

analytical data matched those reported in the literature.[35] 

1-Iodo-4-methylbenzene (CAS 624-31-7, PK-358). 4-Methylphenyl tosylate 

(525 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 

100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 8.00 mmol, 

4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. Purification by CC 

(pentane) afforded a colorless oil (392 mg, 90%). 

TLC: Rf = 0.89 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-358-A2): δ 2.29 (s, 4H), 

6.88-6.97 (m, 2H), 7.52-7.60 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-358-A2): δ 21.2, 90.3, 

131.3, 137.4, 137.6. The analytical data matched those reported in the literature.[35] 
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4-tert-Butyl-1-iodobenzene (CAS 35779-04-5, PK-356) 4-tert-Butylphenyl tosylate 

(609 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (43.9 mg, 

200 mol, 10 mol%), IPr-MeDAD (162  mg, 400 mol, 20 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (pentane) afforded a colorless oil (396 mg, 76%). 

TLC: Rf = 0.75 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-356-A3): δ 1.29 (s, 9H), 

7.10-7.16 (m, 2H), 7.58-7.64 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-356-A3): δ 31.3, 34.7, 

90.8, 127.7, 137.2, 151.0. The analytical data matched those reported in the literature.[36] 

1-Iodo-2-isopropylbenzene (CAS 19099-54-8, PK-390). 2-Isopropylphenyl 

tosylate (586 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 

4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), 

NiCl2(dme) (43.9 mg, 200 mol, 10 mol%), IPr-MeDAD (162  mg, 400 mol, 20 mol%) and 

iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 

1.3. Purification by CC (pentane) afforded a pinkish oil (393 mg, 80%). 

TLC: Rf = 0.80 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-390-A): δ 1.23 (d, 

3J = 6.8 Hz, 6H), 3.19 (sept, 3J = 6.8 Hz, 1H), 6.87 (ddd, 3J = 7.8, 7.1, 4J = 1.8 Hz, 1H), 7.24 

(dd, 3J = 7.8, 4J = 1.8 Hz, 1H), 7.28–7.33 (m, 1H), 7.82 (dd, J = 7.8, 1.3 Hz, 1H). 13C-NMR 

(101 MHz, CDCl3, PK-390-A): δ 23.2, 38.2, 101.3, 126.1, 127.8, 128.7, 139.7, 150.5. The 

analytical data matched those reported in the literature.[37] 

2-Iodo-1-isopropyl-4-methylbenzene (CAS 4395-81-7, PK-366) 2-Isopropyl-

4-methylphenyl tosylate (609 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 

400 mol, 0.2 eq.), NiCl2(dme) (43.9 mg, 200 mol, 10 mol%), IPr-MeDAD (162  mg, 

400 mol, 20 mol%) and iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted 

according to general procedure 1.3. Purification by CC (pentane) afforded a colorless oil 

(399 mg, 77%). 

TLC: Rf = 0.86 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-366-A): δ 1.21 (d, 

3J = 6.8 Hz, 6H), 2.24-2.28 (m, 3H), 3.15 (sept, 3J = 6.8 Hz, 1H), 7.11-7.13 (m, 2H), 7.64-7.68 

(m, 1H). 13C-NMR (101 MHz, CDCl3, PK-366-A): δ 20.4, 23.3, 37.7, 101.2, 125.6, 129.5, 

137.6, 140.0, 147.5. This compound is known to literature, but no analytical data is available. 
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1-Iodo-4-methoxybenzene (CAS 696-62-8, PK-355). 4-Methoxyphenyl tosylate 

(557 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 

100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (pentane) afforded an off-white solid (389 mg, 83%). 

TLC: Rf = 0.21 (pentane) [UV]. 1H NMR (400 MHz, CDCl3, PK-355-A): δ 3.77 (s, 3H), 

6.64-6.71 (m, 2H), 7.52-7.58 (m, 2H). 13C NMR (101 MHz, CDCl3, PK-355-A): δ 55.5, 82.8, 

116.5, 138.3, 159.6. The analytical data matched those reported in the literature.[38] 

2-Iodo-3-methoxybenzonitrile (CAS 490039-70-8, PK-315). 2-Cyano-6-

methoxyphenyl tosylate (607 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 

400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 

10 mol%) and iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to 

general procedure 1.3. Purification by CC (pentane-Et2O 10:1→5:1→2:1) afforded an off-

white solid (443 mg, 86%). 

TLC: Rf = 0.22 (pentane-Et2O 10:1) [UV]. 1H-NMR (400 MHz, CDCl3, PK-315-d): δ 3.93 (s, 

3H), 7.00 (dd, 3J = 8.4, 4J = 1.3 Hz, 1H), 7.23 (dd, 3J = 7.7, 4J = 1.3 Hz, 1H), 7.41 (dd, 3J = 8.4, 

4J = 7.7 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK-315-d): δ 56.9, 91.2, 114.6, 119.5, 122.3, 

126.5, 130.1, 159.3. The analytical data matched those reported in the literature.[39] 

Methyl 2-iodobenzoate (CAS 610-97-9, PK-KF-14). Methyl-2-

(tosyloxy)benzoate (613 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 

8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 

0.2 eq.), NiCl2(dme) (43.9 mg, 200 mol, 10 mol%), IPr-MeDAD (162  mg, 400 mol, 

20 mol%) and iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to 

general procedure 1.3. Purification by CC (EtOAc-hexanes 1:40) afforded a light-yellow oil 

(501 mg, 96%). 

TLC: Rf = 0.14 (EtOAc-hexanes 1:40) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-14-B-2): δ 

3.94 (s, 3H), 7.15 (virt. td, 3J = 7.7, 4J ≈ 1.7 Hz, 1H), 7.40 (virt. td, 3J = 7.7, 4J ≈ 1.1 Hz, 1H), 

7.80 (dd, 3J = 7.8, 4J = 1.7 Hz, 1H), 8.00 (dd, 3J = 7.8, 4J = 1.1 Hz, 1H). 13C-NMR (101 MHz, 

CDCl3, PK-KF-14-B-2): δ 52.6, 94.2, 128.0, 131.1, 132.8, 135.3, 141.5, 167.1. The analytical 

data matched those reported in the literature.[40] 
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Methyl 4-iodobenzoate (CAS 619-44-3, PK-KF-23). Methyl-4-(tosyloxy)benzoate 

(613 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(43.9 mg, 200 mol, 10 mol%), IPr-MeDAD (162  mg, 400 mol, 20 mol%) and 

iodine (2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 

1.3. Purification by CC (DCM-hexanes 1:10) afforded a light-yellow oil (391 mg, 75%). 

TLC: Rf = 0.11 (DCM-hexanes 1:10) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-23-AB): δ 

3.91 (s, 3H), 7.72-7.77 (m, 2H), 7.78-7.82 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-KF-23-AB): δ 52.4, 100.8, 129.8, 131.2, 137.9, 166.7. The analytical data matched those 

reported in the literature.[41] 

1-Chloro-4-iodobenzene (CAS 637-87-6, PK-372). 4-Chlorophenyl-p-toluene 

sulfonate (565 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 

4.0 eq.), dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0 mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) and iodine 

(2.03 g, 8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (pentane) afforded a pinkish oil (365 mg, 77%, IC6H4Cl-C6H4I2-PhI 91:6:3). 

TLC: Rf = 0.84 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-372-A): δ 7.06-7.11 (m, 2H), 

7.57-7.64 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-372-A): δ 91.3, 130.7, 134.4, 138.9, 

139.5. The analytical data matched those reported in the literature.[42] 

8-Iodoquinoline (CAS 1006-47-9, PK-KF-15) Quinolin-8-yl tosylate (599 mg, 

2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(43.9 mg, 200 mol, 10 mol%), IPr-MeDAD (162  mg, 400 mol, 20 mol%) and iodine (2.03 g, 

8.00 mmol, 4.0 eq.) in DMF (6 mL) were reacted according to general procedure 1.3. 

Purification by CC (EtOAc-hexanes 1:100) followed by Kugelrohr distillation (160-180 °C, 

9 mbar) afforded a yellowish oil (283 mg, 56%). 

TLC: Rf = 0.19 (EtOAc-hexanes 1:100) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-15-dest): 

δ 7.28 (virt. t, 3J = 7.7 Hz, 1H), 7.46 (dd, 3J = 8.2, 4.2 Hz, 1H), 7.83 (dd, 3J = 8.1, 4J = 1.3 Hz, 

1H), 8.11 (dd, 3J = 8.2, 4J = 1.7 Hz, 1H), 8.37 (dd, 3J = 7.4, 4J = 1.3 Hz, 1H), 9.03 (dd, 3J = 4.3, 

4J = 1.7 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK-KF-15-dest): δ 103.6, 122.1, 127.9, 129.0, 

129.0, 137.0, 140.3, 147.3, 151.6. The analytical data matched those reported in the 

literature.[43] 
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N,N-Diethyl-3-iodoaniline (CAS 72375-64-5, PK-KF-19). 3-N,N-

Diethylaminophenyl tosylate (639 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 

400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%), IPr-MeDAD (80.9  mg, 200 mol, 

10 mol%) and iodine (609 mg, 2.40 mmol, 1.2 eq.) in DMF (6 mL) were reacted according to 

general procedure 1.3. Purification by CC (EtOAc-hexanes 1:100) afforded a yellowish oil 

(528 mg, 96%).  

TLC: Rf = 0.14 (EtOAc-hexanes 1:100) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-19-B): δ 

1.14 (t, 3J = 7.1 Hz, 6H), 3.31 (q, 3J = 7.1 Hz, 4H), 6.56-6.66 (m, 1H), 6.89 (t, 3J = 7.9 Hz, 1H), 

6.92-6.99 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-KF-19-B): δ 12.6, 44.4, 96.0, 111.0, 

120.5, 124.3, 130.7, 149.1. The analytical data matched those reported in the literature.[44] 

1,5-Diiodonaphthalene (CAS 27715-4-2, PK-KF-24) 1,5-Naphthyl ditosylate 

(937 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (1.04 g, 16.0 mmol, 8.0 eq.), 

1,2-dibromoethane (98%, 70.4 L, 150 mg, 800 mol, 0.4 eq.), NiCl2(dme) 

(65.9 mg, 300 mol, 15 mol%), IPr-MeDAD (243  mg, 600 mol, 30 mol%) and 

iodine (4.06 g, 16.0 mmol, 8.0 eq.) in NMP (6 mL) were reacted according to general procedure 

1.3. Purification by CC (hexanes) afforded a pale yellow solid (665 mg, 88%). 

TLC: Rf = 0.71 (hexanes) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KF-24-A): δ 7.27 (virt. t, 

3J = 7.8 Hz, 3H), 8.10-8.16 (m, 4H). 13C-NMR (101 MHz, CDCl3, PK-KF-24-A): δ 99.8, 128.6, 

133.8, 134.8, 138.7. The analytical data matched those reported in the literature.[45] 

7.2.1.6 Reactions of ArZnOTs with electrophiles – reaction products (table 5) 

Reaction with D2O: 1-(2H)-naphthalene (CAS 875-62-7, PK-302). 1-Naphthyl 

tosylate (597 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 

4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), 

NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) in 

DMF (6 mL) were reacted according to general procedure 1.3. After catalytic zincation, the 

reaction mixture was cooled to 0 °C and D2O (2 mL) was added. After stirring for 15 minutes 

at 0 °C and 30 minutes at room temperature, a saturated aqueous solution of NH4Cl (10 mL) 

and Et2O (10 mL) were added and the suspension was filtered. The organic phase was separated, 

washed with a saturated aqueous solution of NH4Cl (2  20 mL) and NaCl (20 mL), dried over 
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MgSO4, filtered and the solvent was removed under reduced pressure (40 °C, 700 mbar). 

Purification by CC (pentane) afforded a white solid (234 mg, 91%, 95% D at C-1). 

TLC: Rf = 0.70 (pentane) [UV]. 1H-NMR (500 MHz, CDCl3, PK-302-1H): δ 7.44-7.50 (m, 

4H), 7.82-7.86 (m, 3H). 2H NMR (61 MHz, CHCl3, PK-302-2H) δ 7.93 (br s, 1D). 13C-NMR 

(101 MHz, CDCl3, PK-302-13C): δ 125.8, 126.0 (3C), 127.7 (t, 2JC,D = 24.2 Hz), 128.0, 128.0 

(2C), 133.5, 133.6. The analytical data matched those reported in the literature.[46] 

Negishi coupling: methyl 4-(naphthalen-1-yl)benzoate (CAS 229467-26-9, 

PK-318). 1-Naphthyl tosylate (597 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 

400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD 

(80.9  mg, 200 mol, 10 mol%) in DMF (6 mL) were reacted according to 

general procedure 1.3. After catalytic zincation, a second pre-dried (3·10–2 mbar, heat-gun) 

Schlenk tube was charged with Pd(OAc)2 (6.7 mg, 20.0 mol, 2 mol%), S-Phos (24.6 mg, 

40.0 mol, 4 mol%) and methyl p-iodobenzoate (262 mg, 1.00 mmol, 1.0 eq.) in DMF (3 mL). 

After stirring for five minutes at room temperature, the above naphthylzinc tosylate solution 

(4.5 mL) was added dropwise and the brownish reaction mixture was stirred for one hour at 

room temperature. After quenching with a saturated aqueous solution of NH4Cl (10 mL) and 

Et2O (10 mL), the suspension was filtered. The organic phase was separated, washed with a 

saturated aqueous solution of NH4Cl (2  20 mL), aqueous HCl (6 M, 20 mL), water (20 mL) 

and a saturated aqueous solution of NaCl (20 mL), dried over MgSO4, filtered and the solvent 

removed under reduced pressure (40 °C, 190 mbar). Purification by CC (pentane-Et2O 

50:1→10:1) afforded an off-white solid (250 mg, 95%). 

TLC: Rf = 0.34 (pentane-Et2O 20:1) [UV]. 1H-NMR (400 MHz, CDCl3, PK-318-N2): δ 3.97 

(s, 3H), 7.39–7.47 (m, 2H), 7.48–7.55 (m, 2H), 7.55-7.59 (m, 2H), 7.81-7.93 (m, 3H), 8.14-8.19 

(m, 2H). 13C-NMR (101 MHz, CDCl3, PK-318-N2): δ 52.3, 125.5, 125.7, 126.1, 126.5, 127.1, 

128.4, 128.5, 129.2, 129.7, 130.3, 131.4, 133.9, 139.3, 145.7, 167.2. The analytical data 

matched those reported in the literature.[47] 

Negishi coupling: 4-(naphthalen-1-yl)benzonitrile (CAS 27331-37-9, PK-319). 

1-Naphthyl tosylate (597 mg, 2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 

8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 

0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 
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200 mol, 10 mol%) in DMF (6 mL) were reacted according to general procedure 1.3. After 

catalytic zincation, a second pre-dried (3·10–2 mbar, heat-gun) Schlenk tube was charged with 

Pd(OAc)2 (6.7 mg, 20.0 mol, 2 mol%), S-Phos (24.6 mg, 40.0 mol, 4 mol%) and p-

bromobenzonitrile (182 mg, 1.00 mmol, 1.0 eq.) in DMF (3 mL). After stirring for five minutes 

at room temperature, the above naphthylzinc tosylate solution (4.5 mL) was added dropwise 

and the brownish reaction mixture was stirred for one hours at room temperature. After addition 

of a saturated aqueous solution of NH4Cl (10 mL) and Et2O (10 mL), the resulting suspension 

was filtered. The organic phase was separated, washed with a saturated aqueous solution of 

NH4Cl (2  20 mL), aqueous HCl (6 M, 20 mL), water (20 mL) and a saturated aqueous solution 

of NaCl (20 mL), dried over MgSO4, filtered and evaporated under reduced pressure (40 °C, 

190 mbar). Purification by CC (pentane-Et2O 20:1) afforded an off-white solid (215 mg, 94%). 

TLC: Rf = 0.29 (pentane-Et2O 20:1) [UV]. 1H-NMR (400 MHz, CDCl3, PK-319-N): δ 7.40 

(dd, 3J = 7.0, 4J = 1.3 Hz, 1H), 7.46 (virt. ddd, 3J = 8.3, 7.0, 4J = 1.3 Hz, 1H), 7.50-7.57 (m, 

2H), 7.57-7.65 (m, 3H), 7.75-7.81 (m, 3H), 7.90-7.95 (m, 2H). 13C-NMR (101 MHz, CDCl3, 

PK-319-N): δ 111.3, 119.1, 125.3, 125.5, 126.3, 126.8, 127.2, 128.7, 128.9, 131.0, 131.1, 132.3, 

133.9, 138.3, 145.8. The analytical data matched those reported in the literature.[48] 

Bromination with N-bromosuccinimide: 2-bromo-1,1’-biphenyl (CAS 

2052-07-5, PK-322). 2-Biphenyl tosylate (649 mg, 2.00 mmol, 1.0 eq.), 

activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 

35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and 

IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) in DMF (6 mL) were reacted according to general 

procedure 1.3. After catalytic zincation, the reaction mixture was cooled to 0 °C and N-

bromosuccinimide (1.42 g, 8.00 mmol, 4.0 eq.) was added. After stirring for ten minutes at 

0 °C, a saturated aqueous solution of NH4Cl (10 mL) and solid sodium sulfite (1.20 g) were 

added and the reaction mixture was stirred until most of the brown color had faded. Et2O 

(10 mL) was added and the suspension was filtered. The organic phase was separated, washed 

with a saturated aqueous solution of NH4Cl (2  20 mL) and NaCl (20 mL), dried over MgSO4, 

filtered and the solvent was removed under reduced pressure (40 °C, 700 mbar). Purification 

by CC (pentane) afforded a yellow oil (445 mg, 96%). 

TLC: Rf = 0.64 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-322-N): δ 7.20 (ddd, 

3J = 8.0, 6.8, 4J = 2.3 Hz, 1H), 7.31-7.46 (m, 7H), 7.65-7.69 (m, 1H). 13C-NMR (101 MHz, 
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CDCl3 PK-322-N): δ 122.8, 127.5, 127.7, 128.1, 128.8, 129.5, 131.4, 133.2, 141.3, 142.7. The 

analytical data matched those reported in the literature.[49] 

Methylation (and 13C labeling) by Negishi coupling: 2-(13C)-methyl-1,1’-

biphenyl (CAS 2399432-56-3, PK-375). 2-Biphenyl tosylate (649 mg, 

2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) in DMF (6 mL) 

were reacted according to general procedure 1.3. After catalytic zincation, Pd(OAc)2 (13.5 mg, 

60.0 mol, 3 mol%) and S-Phos (49.3 mg, 120 mol, 6 mol%) were added to the reaction 

mixture and the walls were rinsed with DMF (600 L). Next 13C-MeI (190 L, 433 mg, 

3.03 mmol, 1.5 eq.) was added dropwise and the suspension was stirred for two hours at room 

temperature. To complete the reaction, another portion of 13C-MeI (70.0 L, 160 mg, 

1.00 mmol, 1.1 eq.) was added dropwise and the reaction mixture was stirred 30 minutes at 

room temperature. The reaction was quenched with a saturated aqueous solution of NH4Cl 

(10 mL) and aqueous HCl (6 M, 4 mL). The suspension was filtered over a pad of Celite (2 cm) 

and the remaining solid was rinsed with EtOAc (3  5 mL). The organic phase was separated, 

washed with a saturated aqueous solution of NH4Cl (220 mL) and NaCl (20 mL). After drying 

over MgSO4 and filtration, the solvent was removed under reduced pressure (40 °C, 150 mbar). 

Purification by CC (pentane) afforded a colorless oil (317 mg, 94%; Ar13CH3-ArH 87:13). 

TLC: Rf = 0.52 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-375-A2): δ 2.27 (d, 

2JH,C = 126.8 Hz, 3H), 7.22-7.29 (m, 4H), 7.30-7.37 (m, 3H), 7.38-7.47 (m, 2H). 13C-NMR 

(101 MHz, CDCl3, PK-375-A2): δ 20.6, 125.9, 126.9, 127.4, 128.2, 129.3, 129.9 (d, J = 2.6 Hz), 

130.4 (d, J = 3.4 Hz), 135.3, 135.7, 142.1 (dd, J = 3.1, 1.9 Hz). HRMS (EI): m/z [M] calcd for 

[12C12
13CH12]: 169.0967; found 169.0963. This compound is known to literature, but no 

analytical data is available. 

Allylation with allyl bromide: 2-allyl-1,1’-biphenyl (CAS 41658-35-9, 

PK-376). 2-Biphenyl tosylate (649 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 

400 mol, 0.2 eq.), NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 

200 mol, 10 mol%) in DMF (6 mL) were reacted according to general procedure 1.3. After 

catalytic zincation, Pd(OAc)2 (13.5 mg, 60.0 mol, 3 mol%) and S-Phos (49.3 mg, 120 mol, 



 

 

253 

 

6 mol%) were added to the reaction mixture and the walls were rinsed with DMF (500 L). 

Allyl bromide (350 L, 490 mg, 4.05 mmol, 2.0 eq.) was added dropwise at 0 °C and the 

suspension was stirred for one day at room temperature. To assure completion of the reaction, 

more allyl bromide (350 L, 490 mg, 4.05 mmol, 2.0 eq.) was added dropwise at 0 °C and the 

suspension allowed to warm to room temperature over a period of one day. After cooling to 

0 °C, a saturated aqueous solution of NH4Cl (10 mL) and ethyl acetate (10 mL) were added. 

The suspension was filtered over a pad of Celite (2 cm) and the solid was rinsed with ethyl 

acetate (3  5 mL). The organic phase was separated, washed with a saturated aqueous solution 

of NH4Cl (2  20 mL) and NaCl (20 mL), dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (40 °C, 120 mbar). Purification by CC (pentane) afforded a 

colorless oil (356 mg, 92%; ArAllyl-ArH 96:4). 

TLC: Rf = 0.52 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-376-A): δ 3.34 (virt. dt, 

3J = 6.4, 4J ≈ 1.7 Hz, 2H), 4.92 (virt. dq, 3J = 17.1, 4J ≈ 1.7 Hz, 1H), 4.98-5.04 (m, 1H), 5.89 

(ddt, 3J = 17.1, 10.1, 4J = 6.4 Hz, 1H), 7.22-7.43 (m, 9H). 13C-NMR (101 MHz, CDCl3, 

PK-376-A): δ 37.6, 115.9, 126.2, 127.0, 127.5, 128.2, 129.4, 129.8, 130.2, 137.4, 137.9, 141.8, 

142.1. Analytical data matched those reported in the literature.[50] 

Desulfurative acylation with thioesters: 1-([1,1’-biphenyl]-2-yl)-2-

phenylethanone (CAS 229970-97-2, PK-357). 2-Biphenyl tosylate (649 mg, 

2.00 mmol, 1.0 eq.), activated zinc dust (523 mg, 8.00 mmol, 4.0 eq.), 

1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), NiCl2(dme) 

(22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 200 mol, 

10 mol%) in DMF (6 mL) were reacted according to general procedure 1.3. After catalytic 

zincation, a second pre-dried (3·10–2 mbar, heat-gun) Schlenk tube was charged with Pd(OAc)2 

(22.5 mg, 100 mol, 10 mol%), S-Phos (82.1 mg, 200 mol, 20 mol%) and phenyl thioacetic 

acid S-phenyl ester (228 mg, 1.00 mmol, 1.0 eq.) in DMF (1 mL). After stirring for five minutes 

at room temperature, the above biphen-2-ylzinc tosylate solution (4.5 mL) was added dropwise 

and the brownish reaction mixture was stirred five hours at room temperature. The reaction was 

quenched with 25% aqueous NH3 (10 mL) and ethyl acetate (10 mL), stirred and the suspension 

filtered. The organic phase was separated, washed with aqueous NH3 (25%, 20 mL), an aqueous 

solution of NaOH (2 M, 2  20 mL), water (20 mL), aqueous HCl (6 M, 20 mL), water (20 mL) 

and a saturated solution of NaCl (20 mL). After drying over MgSO4 and filtration, the solvent 
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was removed under reduced pressure (40 °C, 25 mbar). Purification by CC (EtOAc-hexanes 

1:50 → 1:30) afforded a yellow viscous oil (195 mg, 72%). 

TLC: Rf = 0.18 (EtOAc-hexanes 1:50) [UV]. 1H-NMR (500 MHz, CDCl3, PK-357-d): δ 3.54 

(s, 2H), 6.83-6.91 (m, 2H), 7.15-7.22 (m, 3H), 7.35-7.47 (m, 8H), 7.48-7.52 (m, 1H). 13C-NMR 

(75 MHz, CDCl3, PK-357-d): δ 49.7, 126.9, 127.6, 128.1, 128.2, 128.4, 129.0, 129.1, 129.7, 

130.2, 130.7, 134.2, 140.1, 140.7, 140.8, 205.2. This compound is known to literature, but no 

analytical data is available. 

Phosphination with PPh2Cl: [1,1’-biphenyl]-2-yldiphenylphosphane (CAS 

13885-09-1, PK-380). A pre-dried (2·10–2 mbar, heat-gun) Schlenk tube was 

charged with zinc powder (523 mg, 8.00 mmol, 4.0 eq.), which was dried 

under vacuum (2·10–2 mbar) and stirring with a heat-gun. 1,2-Dibromoethane (98%, 38.3 L,  

76.7 mg, 400 mol, 0.2 eq.) was added and the walls were rinsed with dry THF (2 mL) (heat 

and gas evolution were observed). After stirring at 60 °C for 20 minutes, the reaction mixture 

was cooled down to room temperature for five minutes in a water bath. NiCl2(dme) (43.9 mg, 

200 mol, 10 mol%) and IPr-MeDAD (162 mg, 400 mol, 20 mol%.) were added and the walls 

were rinsed with dry THF (2 mL). The brownish-green suspension was stirred for 30 minutes 

at room temperature. Finally, the 2-biphenyl tosylate (649 mg, 2.00 mmol, 1.0 eq.) was added, 

the walls were rinsed with dry THF (2 mL) and the reaction mixture was stirred for 20 hours at 

room temperature. Zinc dust was allowed to settle down for 30 minutes. In a second pre-dried 

(2·10–2 mbar, heat-gun) Schlenk tube PPh2Cl (110.2 mg, 499 µmol, 1.0 eq.) was dissolved in 

dry THF (1.5 mL). The above synthesized ArZnOTs (2.4 mL, 1.6 eq.) was added dropwise to 

the latter after filtration over a PTFE-syringe filter (0.2 µm pore size). CuCl∙2LiCl61 (1 M in 

THF, 500 µL, 500 µmol, 1.0 eq.) was added and the brown reaction mixture was stirred for 18 

hours at room temperature. Under argon, aqueous ammonia (25%, 10 mL), Na2(EDTA)∙2H2O 

and EtOAc (10 mL) were added subsequently at 0 °C. The two-phase system was transferred 

to a separatory funnel and the organic phase was diluted with EtOAc (25 mL). Phases were 

separated and the organic phase was washed with aqueous ammonia (25%, 2 X 20 mL), water 

(20 mL) and a saturated aqueous solution of NaCl (20 mL), dried over MgSO4, filtered and the 

solvent was removed under reduced pressure (45 °C, 25 mbar). The crude product was dissolved 

 

61 CuCl and LiCl (1:2) were dried at 150 °C for three hours under reduced pressure (<2∙10–1 mbar) and dissolved 

in THF (1 M) by stirring for 16 hours at room temperature. 
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in CDCl3, trichloethane (200 µL, 2.22 mmol) was added, and the mixture was homogenized by 

swiveling of the flask. An aliquot (500 µL) was transferred to a NMR tube and 1H- (20 s delay) 

as well as 31P-NMR (sw = 300 ppm, O1P = 100 ppm) spectra were recorded. However, the 

reaction only showed minor conversion and the crude material was discarded. 

Zincation under CO2 atmosphere: biphenyl-2-carboxylic acid (CAS 947-

84-2, PK-395). Exemplarily one attempted synthesis procedure is depicted. 

2-Biphenyl tosylate (649 mg, 2.00 mmol, 1.0 eq.), activated zinc dust 

(523 mg, 8.00 mmol, 4.0 eq.), 1,2-dibromoethane (98%, 35.2 L, 75.1 mg, 400 mol, 0.2 eq.), 

NiCl2(dme) (22.0 mg, 100 mol, 5 mol%) and IPr-MeDAD (80.9  mg, 200 mol, 10 mol%) in 

DMF (6 mL) were reacted according to general procedure 1.3. After addition of the tosylate 

and stirring for one hour at room temperature, CO2 was added via a CO2 filled balloon (approx. 

25 mL) and the reaction mixture was stirred for 19 hours at room temperature. A GC-MS sample 

revealed no conversion to the carboxylic acid as well as minor conversion of the aryl tosylate. 

Therefore, the reaction was discarded. Other catalyst systems (NiCl2(dme)+neocuproine 1:2) 

showed similar results. 
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7.2.2 The Multifunctional Component Catalyst (MFCC) Principle: Definitions, 

Screening, and Application 

7.2.2.1 General synthesis procedures 

The following experiments were performed in headspace vials. With the aid of the appropriate 

crimping tool, reaction vessels were closed with a butyl rubber septum and an aluminum flip-

flop flange cap. Additives present in all experiments of a matrix, HiLo precatalyst mixtures as 

well as bromobenzene were added as solutions in the indicated solvent. The content was not 

determined via NMR. Reaction mixtures were flushed with inert gas via a cannula (Ø 0.90 mm, 

color code yellow) by evacuation (<1.0∙10–1 mbar, r.t.) and refilling with argon thrice. Heating 

was conducted in aluminum blocks. Vials were reopened with the opposite crimping tool. 

General procedure 2.1 – 2D matrix screening – arylation of caffeine (general) 

In air, a headspace vial was charged with caffeine (97.1 mg, 500 µmol, 1.0 eq.), catalyst 

(25.0 µmol, 5.0 mol%), additive(s) (50.0 µmol, 10.0 mol% each) and pre-dried K3PO4 (212 mg, 

1.00 mmol, 2.0 eq.).62 The vessel was closed and flushed with argon as indicated in the preface. 

Solutions of remaining additive(s) (10.0 mol% each) and PhBr (1.5 eq.) in dry DMF were 

added. The total volume should add up to 1.5 mL. After stirring for five minutes at room 

temperature, the suspension was heated for 2.5 hours to 100 °C (400 rpm). 

a) flash column chromatography. At room temperature, reaction mixtures were diluted with 

DCM–MeOH (10:1, 2 mL) and filtered over a short pad of SiO2 (~3 cm), eluting with the latter 

mixture (50 mbar). After removal of the solvent under reduced pressure (45 °C, 10 mbar), a 

q-NMR (1,3,5-trimethoxybenzene) was conducted according to the general procedure for q-

NMR analysis (7.1.3). 

b) fast extraction. At room temperature, the internal standard, 1,3,5-trimethoxybenzene, was 

directly weighed to the vial. A saturated aqueous solution of NaCl (2 mL) and EtOAc (3 mL) 

were added. The vessel was closed as indicated above and shaken until homogeneous 

distribution was obtained (1-2 min.). A sample was withdrawn for q-NMR analysis (7.1.3). 

General procedure 2.2 – 2D matrix screening – arylation of caffeine (HiLo setting) 

Preparation of HiLo precatalyst solutions. A pre-dried Schlenk tube (<1.0∙10–1 mbar, heat gun) 

was charged with three metal precatalysts (PdCl2(MeCN)2, NiCl2(dme), CoBr2). The metal on 

 

62 In the case of air-sensitive or hygroscopic reagents, weighing should be performed inside a glovebox. 
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Hi setting (5.0 mol%) will be added on 250 µmol scale, others at Lo loading (0.5 mol%) on 

25.0 µmol scale. The walls were rinsed with dry DMF (5 mL) and the mixture was stirred at 

room temperature until a finely dispersed suspension or solution was obtained (~10 min.). 

Samples (0.5 mL) for reactions were withdrawn while stirring at room temperature (800 rpm). 

In air, a headspace vial was charged with caffeine (97.1 mg, 500 µmol, 1.0 eq.), additive(s) 

(10.0 mol% each) and pre-dried K3PO4 (212 mg, 1.00 mmol, 2.0 eq.).62 The vessel was closed 

and flushed with argon as indicated in the preface. Solutions of remaining additive(s) 

(10.0 mol% each), HiLo precatalyst solution (0.5 mL) and PhBr (1.5 eq.) in dry DMF were 

added. The total volume should add up to 1.5 mL. After stirring for five minutes at room 

temperature, the suspension was heated for 2.5 hours to 100 °C (400 rpm). At room 

temperature, the internal standard, 1,3,5-trimethoxybenzene, was directly weighed to the vial. 

A saturated aqueous solution of NaCl (2 mL) and EtOAc (3 mL) were added. The vessel was 

closed as indicated above and shaken until homogeneous distribution was obtained (1-2 min.). 

A sample was withdrawn for q-NMR analysis (7.1.3). 

7.2.1.1 Exemplary procedures 

Table 8, E1,2, according to general procedure 2.1 (PK-702): In air, a headspace vial was charged 

with caffeine (97.1 mg, 500 µmol, 1.0 eq.), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol, 5.0 mol%), 

NBu4∙HSO4 (17.0 mg, 50.0 µmol, 10.0 mol%) and pre-dried K3PO4 (212 mg, 1.00 mmol, 

2.0 eq.). The vessel was closed and flushed with argon as indicated in the preface. Solutions of 

PivOH (0.1 M, 0.5 mL, 50.0 µmol, 10.0 mol%) and PhBr (0.75 M, 1.0 mL, 1.50 mmol, 1.5 eq.) 

in dry DMF were added. After stirring for five minutes at room temperature, the suspension 

was heated for 2.5 hours to 100 °C (400 rpm). At room temperature, 1,3,5-trimethoxybenzene 

(30.3 mg, 180.2 µmol) was directly weighed to the vial. A saturated aqueous solution of NaCl 

(2 mL) and EtOAc (3 mL) were added. The vessel was closed as indicated above and shaken 

until homogeneous distribution was obtained (1-2 min.). A sample was withdrawn for q-NMR 

analysis (7.1.3, NMR file: PK-702-q, AVHD500). 

Table 9, E2,3, according to general procedure 2.2 (PK-693): Preparation of HiLo precatalyst 

solution (Ni Hi, Pd and Co Lo). A pre-dried Schlenk tube (<1.0∙10–1 mbar, heat gun) was 

charged with NiCl2(dme) (54.9 mg, 250 µmol), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol), and 

CoBr2 (5.47 mg, 25.0 µmol). The walls were rinsed with dry DMF (5 mL) and the mixture was 

stirred at room temperature until a finely dispersed suspension or solution was obtained 
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(~10 min.). Samples for reactions were withdrawn while stirring at room temperature 

(800 rpm). 

In air, a headspace vial was charged with caffeine (97.1 mg, 500 µmol, 1.0 eq.), NBu4HSO4 

(17.0 mg, 50.0 µmol, 10.0 mol%), PivOH (5.1 mg, 50.0 µmol, 10.0 mol%), and pre-dried K3PO4 

(212 mg, 1.00 mmol, 2.0 eq.). The vessel was closed and flushed with argon as indicated in the 

preface. Solutions of 2-pyridone (0.1 M, 50.0 µmol, 10.0 mol%), HiLo precatalyst solution 

(0.5 mL) and PhBr (1.5 M, 0.5 mL, 1.50 mmol, 1.5 eq.) in dry DMF were added. After stirring 

for five minutes at room temperature, the suspension was heated for 2.5 hours to 100 °C 

(400 rpm). At room temperature, 1,3,5-trimethoxybenzene (42.7 mg, 253.9 µmol) was directly 

weighed to the vial. A saturated aqueous solution of NaCl (2 mL) and EtOAc (3 mL) were 

added. The vessel was closed as indicated above and shaken until homogeneous distribution 

was obtained (1-2 min.). A sample was withdrawn for q-NMR analysis (7.1.3, NMR file: 

PK-693-q, AVHD500). 
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7.2.3 Multifunctional Catalyst Component Precursors: The NHC-Pd-Pivalate System 

7.2.3.1 General synthesis procedures 

General procedure 3.1– Synthesis of IPr-PEPPSI from (IPrH)2[Pd2Cl6] 

A headspace vial was charged with (IPrH)2[Pd2Cl6] (1.0 eq.) and base. The walls were rinsed 

with the indicated solvent. The suspension was stirred at room temperature until complete 

dissolution was reached. 3-Chloropyridine was added and the resulting suspension was stirred 

for one day at the indicated temperature. At room temperature, the suspension was diluted with 

DCM (2 mL) and filtered over a short pad of SiO2 (~3 cm), eluting with DCM to complete 

recovering of the complex. The solvent was removed under reduced pressure (45 °C, 7 mbar). 

A yellowish solid was usually obtained. Trituration with pentane (1 X 6 mL, 1 X 4 mL) and 

drying under reduced pressure (r.t., <1.0∙10–1 mbar) afforded IPr-PEPPSI as pale yellow solid. 

General procedure 3.2 – Comparison of imidazolium 1H-NMR shifts 

A NMR tube was tared on an analytical balance (0.01 mg accuracy). Imidazolium salt 

(12.45 µmol) was weighed directly in the NMR tube.63 The salt was dissolved in the indicated 

solvent (500 µL, CDCl3 or [D6]-acetone) and a proton NMR (d1 = 20 s, 16 scans, AVHD500) 

was recorded as soon as possible. 

General procedure 3.3 – Suzuki-coupling of p-chloroanisole and p-toluene boronic acid 

The reaction was performed according to a procedure by the group of Jin.[51] (IPrH)2[Pd2Cl6] 

(60.24 mg, 50.0 µmol, 0.5 mol%), p-toluene boronic acid (163.2 mg, 1.20 mmol, 1.2 eq.) and 

KOtBu (134.7 mg, 1.20 mmol, 1.2 eq.) were fitted in a Schlenk tube. After threefold evacuation 

(1.5∙10–1 mbar) and backfilling with argon, p-chloroanisole64 (142.6 mg, 1.00 mmol, 1.0 eq.) 

was added. The walls were rinsed with the indicated solvent and the Schlenk tube was closed 

with a Teflon sleeve and glass stopper. The suspension was stirred for 19 hours at room 

temperature (600 rpm) before addition of water (7 mL). In the case of copious amounts of black 

solid, the reaction mixture was filtered over a short pad of Celite, rinsing the latter with Et2O 

(3 X 2 mL), and transferred to a separatory funnel. Phases were separated and the aqueous phase 

was extracted with Et2O (3 X 20 mL). The combined organic phase was dried over MgSO4, 

filtered and the solvent was removed under reduced pressure (45 °C, 6 mbar). A q-NMR 

 

63 A maximum deviation of 0.01 mg was maintained for all weighing processes. 

64 The electrophile was added via a tared syringe. The difference in mass after addition was used for yield 

determination/calculation. 
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(tetrachloroethane: 100 µL, 947.3 µmol) was conducted according to the general procedure for 

q-NMR analysis (7.1.3). 

General procedure 3.4 – α-Arylation of 3-pentanone 

The reaction was performed according to a slightly modified procedure by Lu and co-

workers.[52] In a 10 mL Schlenk tube, which was dried under vacuum (1.2∙10–1 mbar) with a 

heat-gun, palladium catalyst (0.5 mol% in case of dimer, 1.0 mol% in case of monomer), if 

needed, additive (2.0 mol%) and KOtBu (2.0 eq.) were added. The tube was evacuated (1.4 ∙ 

10–1 mbar) and backfilled with argon three times. After addition of toluene (1 mL/mmol) and 

stirring for two minutes at room temperature, 3-pentanone (2.0 eq.) and 4-chloroanisole 

(1.0 eq.), were added. The yellow suspension was stirred for three hours at 80 °C (600 rpm) 

before adding water (2 mL) at room temperature. Next, the reaction mixture was filtered over 

Celite to remove Pd(0). After dilution with diethyl ether (25 mL/mmol) and water 

(25 mL/mmol), the organic phase was separated and the aqueous phase was extracted with 

diethyl ether (2 X 15 mL/mmol). The combined organic phase was dried over MgSO4, filtered 

and the solvent was removed under reduced pressure (45 °C, 60 mbar). A q-NMR 

(tetrachloroethane: 50.0 µL, 473.6 µmol; 100 µL, 947.3 µmol) was conducted according to the 

general procedure for q-NMR analysis (7.1.3). 

General procedure 3.5 – Heck coupling of aryl bromides with tert-butyl acrylate 

The reaction was performed according to a procedure by the group of Lu.[53] Pd-precatalyst 

(2 mol% referred to Pd) and K2CO3 (276 mg, 2.00 mmol, 2.0 eq.) were fitted in a 10 mL Schlenk 

tube which was evacuated (1.2∙10–1 mbar) and backfilled with argon thrice. Aryl bromide 

(1.00 mmol, 1.0 eq.) and tert-butyl acrylate (175 µL, 1.20 mmol, 1.2 eq.) were added. The walls 

were rinsed with NMP (400 µL). After stirring at room temperature for one minute, the reaction 

mixture was stirred for 18 hours at 140 °C (600 rpm). The reaction was allowed to cool to room 

temperature before adding water (2 mL) and Et2O (2 mL). Filtration over a short pad of Celite 

and rinsing of the latter with Et2O (3 X 2 mL) removed any amount of insoluble (mostly black) 

solid. The crude material was diluted with water (25 mL) and Et2O (45 mL) and transferred to 

a separatory funnel. Phases were separated. The organic phase was washed with water (25 mL) 

and an aqueous solution of NaCl (25 mL), dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (45 °C, 500 mbar). A q-NMR (trichloroethylene: 50.0 µL, 

555.6 µmol or tetrachloroethane: 100 µL, 947.3 µmol) was conducted according to the general 

procedure for q-NMR analysis (7.1.3). 
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General procedure 3.6 – Domino Sonogashira/hydroalkoxylation – kinetic study 

The reaction was performed according to a slightly modified procedure by Peris and 

coworkers.[54] A 20 mL Schlenk tube was charged with 2-bromobenzyl alcohol (187.0 mg, 

1.00 mmol, 1.0 eq.), Pd(OAc)2 (2.25 mg, 10.0 µmol, 1.0 mol%), ligand salt (2.0 mol%), , K3PO4 

(637 mg, 3.00 mmol, 3.0 eq.) and 1,4-dimethoxybenzene (71.42 mg, 516.9 µmol) as internal 

standard. After evacuating (1.8∙10–1 mbar) and backfilling with argon thrice, dry DMSO 

(5.6 mL) and phenylacetylene (160 µL, 149 mg, 1.45 mmol, 1.5 eq.) were added. The reaction 

mixture was stirred at 80 °C (600 rpm). Samples (100 – 250 µL) of the brown reaction mixture 

were added to a vial containing an aqueous HCl solution (2 M¸3 mL) and diethyl ether (3 mL) 

after 10, 20, 30, 50, and 70 minutes respectively (see 7.1.2 for pictured details). After shaking 

for ten seconds, the organic phase was transferred to a second vial containing MgSO4 

(150-250 mg). After drying over MgSO4, the solvent was removed under reduced pressure 

(water-jet pump, ca. 20 mbar) with the aid of a cannula (Ø 0.90 mm, color code yellow). The 

walls were rinsed with CDCl3 (700 µL) and the crude mixture was stirred for two minutes at 

room temperature. The suspension was filtered over cotton wool into a NMR tube. An 1H-NMR 

(delay = 20 s, 16 scans) was measured.[18] The yield of the reaction was determined by 

comparison of the integral of the internal standard with the integral of characteristic signals of 

the reaction product(s) and starting material(s) in the 1H-NMR spectra. 

General procedure 3.7 – Arylation of caffeine 

K3PO4 (637 mg, 3.00 mmol, 2.0 eq.) was added to a Schlenk tube and dried for 15 minutes in 

high vacuum (2∙10–2 mbar) with a heat-gun. Caffeine (291 mg, 1.50 mmol, 1.0 eq.), 

bromobenzene (236 µL, 353 mg, 2.25 mmol, 1.5 eq.), PdCl2(MeCN)2 (19.5 mg, 75.0 µmol, 

5.0 mol%) and additive (10 mol%) were added under argon and the walls were washed with 

N,N-dimethylformamide (5 mL). The reaction mixture was stirred for five minutes at room 

temperature, followed by heating for six hours to 100 °C (600 rpm). Samples for kinetic studies 

were drawn as follows. Stirring of the reaction mixture was stopped one minute before sample 

drawing. Via a Hamilton syringe a defined volume of the solution (100 µL) was retrieved every 

hour and diluted with dichloromethane in a volumetric flask (25 mL). The flask was shaken 

until a homogeneous phase was obtained. Next a sample was taken and measured instantly. For 

the calculation of the amount of substance present in the reaction mixture, see 7.1.3. 
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7.2.3.2 Synthesis of multifunctional metal precatalysts 

Pd(PhCN)2Cl2 (CAS 14220-64-5, PK-516, 34). This 

compound was synthesized according to a slightly modified 

procedure by the group of Munakata.[55] Benzonitrile (30 mL) was degassed for 20 minutes by 

bubbling argon via a cannula. Palladium(II) chloride (1.00 g, 5.64 mmol, 1.0 eq.) was added 

and the suspension was stirred for one hour at 100 °C. The orange suspension was quickly 

filtered over a pad of Celite and the pad was rinsed with benzonitrile (1 X 10 mL, 2 X 5 mL). 

After cooling to room temperature, the filtrate was added to pentane (300 mL), which caused 

precipitation of a yellow orange solid. Filtration, washing with pentane (3 X 100 mL) and drying 

in air afforded a first batch of yellow orange precatalyst (1.13 g, 50%). The Celite pad (including 

unreacted PdCl2) was transferred to Schlenk flask containing degassed benzonitrile (26 mL). 

The suspension was stirred for an additional hour at 100 °C, quickly filtered and the residue 

rinsed with benzonitrile (10 mL). After addition to pentane (300 mL), filtration, washing with 

pentane (3 X 50 mL) and drying in air, a second batch of yellow orange solid (620 mg, 31%) 

was obtained. Total yield: 1.75 g, 81%. 

1H-NMR (300 MHz, [D6]-benzene, PK-516-R): δ 6.60-6.69 (m, 4H), 6.76-6.84 (m, 2H), 6.93-

7.01 (m, 4H). An additional signal set for mono coordinated Pd complex can be observed in the 

NMR. This compound is known to literature, but no reference NMR is available. 

(IPr)2PdCl2 (CAS 852523-60-5, PK-601, 38).[56] IPr∙HCl 

(223 mg, 525 µmol, 2.1 eq.), palladium(II) chloride 

(44.3 mg, 250 µmol, 1.0 eq.) and K2CO3 (346 mg, 

2.50 mmol, 10.0 eq.) were added to a 20 mL Schlenk tube, 

which afterwards was evacuated (3.1 ∙ 10–1 mbar) and 

backfilled with argon three times. The walls were rinsed 

with toluene (2.5 mL) and the suspension was stirred for 17 hours at 80 °C. After cooling to 

room temperature, the yellow brown reaction mixture was diluted with dichloromethane (2 mL) 

and passed through a short pad of silica, eluting with dichloromethane until no further complex 

was collected. The solvent was removed under reduced pressure (45 °C, 8 mbar) and the residue 

was washed with pentane (2 X 4 mL). Drying for five hours under reduced pressure (r.t., 2.2 ∙ 

10–1 mbar) afforded a yellow solid (197 mg, 83%). 

1H-NMR (400 MHz, CDCl3, PK-601-A2): δ 0.87 (d, J = 6.8 Hz, 24H, CH3), 0.93 (d, J = 6.8 Hz, 

24H, CH3), 2.90 (sept., J = 6.8 Hz, 8H, CH(CH3)2), 6.71 (s, 4H, NCHCH), 7.07 (d, J = 7.8 Hz, 
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8H, HAr), 7.35 (t, J = 7.8 Hz, 4H, HAr). 13C-NMR (101 MHz, CDCl3, PK-601-A2): δ 23.0, 26.2, 

28.3, 123.8, 124.2, 129.3, 136.5, 146.6, 172.8. The analytical data matched those reported in 

the literature.[56] 

[Pd(allyl)Cl]2 (CAS 12012-95-2, PK-552, 36). This compound was 

synthesized according to a procedure by the group of Nolan.[57] Water 

(125 mL) was added to a Schlenk flask (3 X evacuated, 1.0∙10–1 mbar, and backfilled with 

argon), the flask was closed with a septum and argon was bubbled for 30 minutes through the 

water. Palladium(II) chloride (887 mg, 5.00 mmol, 1.0 eq.) and KCl (746 mg, 10.0 mmol, 

2.0 eq.) were added under argon flow and the suspension was stirred for one hour at room 

temperature. Allyl chloride (1.25 mL, 15.3 mmol, 3.1 eq.) was added to the red solution and the 

reaction mixture was stirred in the dark for one day at room temperature. The orange suspension 

was transferred to a separatory funnel and extracted with dichloromethane (4 X 50 mL). The 

organic phase was dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (45 °C, 7 mbar). The obtained solid was dissolved in dichloromethane (5 mL) and 

precipitation was caused by addition of pentane (25 mL). Filtration, washing with pentane (3 X 

25 mL) and drying under reduced pressure (45 °C, 7 mbar) afforded a yellow solid (874 mg, 

96%). 

1H-NMR (400 MHz, CDCl3, PK-552-FS): δ 3.05 (dt, J = 12.1, 0.7 Hz, 4H), 4.12 (dt, 

J = 6.7, 0.7 Hz, 4H), 5.47 (tt, J = 12.1, 6.7 Hz, 2H). 13C-NMR (101 MHz, CDCl3, PK-552-FS): 

δ 63.1, 111.3. The analytical data matched those reported in the literature.[58] 

[(IPr)Pd(allyl)Cl] (CAS 478980-03-9, PK-553, 37). This compound 

was synthesized according to a procedure by the group of Sigman.[59] 

IPr∙HCl (1.71 g, 4.01 mmol, 2.1 eq.), [Pd(allyl)Cl]2 (700 mg, 

1.91 mmol, 1.0 eq.) and KOtBu (514 mg, 4.58 mmol, 2.4 eq.) were 

added to a Schlenk tube, which afterwards was evacuated (1.5 ∙ 10–1 mbar) and backfilled with 

argon three times. The walls were rinsed with dry THF (10 mL) and the brown suspension was 

stirred for 19 hours at room temperature. After transferring to a round bottom flask, the solvent 

was removed under reduced pressure (45 °C, 8 mbar). Filtration over a short pad of silica, 

eluting with Et2O and drying under reduced pressure (r.t., 8.7 ∙ 10–2 mbar) afforded a fluffy off-

white solid (2.13 g, 98%). The product contained diethylether (0.7 wt.%) and tetrahydrofuran 

(0.4 wt.%). 
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1H-NMR (400 MHz, CDCl3, PK-553-A): δ 1.08 (d, J = 6.8 Hz, 6H, CH3), 1.18 (d, J = 6.8 Hz, 

6H, CH3), 1.33 (d, J = 6.8 Hz, 6H, CH3), 1.39 (d, J = 6.8 Hz, 6H, CH3), 1.56-1.59 (m, 1H, 

Hall),
65 2.77 (d, J = 13.6 Hz, 1H, HAll), 2.86 (sept., J = 6.8 Hz, 2H, CH(CH3)2), 3.01-3.06 (m, 

1H, HAll), 3.12 (sept., J = 6.8 Hz, 2H, CH(CH3)2), 3.90 (dd, J = 7.5, 2.2 Hz, 1H, HAll), 4.73-

4.88 (m, 1H, HAll), 7.15 (s, 2H, NCHCH), 7.25-7.29 (m, 4H, HAr), 7.42 (t, J = 7.8 Hz, 2H, HAr). 

13C-NMR (101 MHz, CDCl3, PK-553-A): δ 22.9, 23.1, 25.9, 26.7, 28.7, 28.7, 49.6, 72.7, 114.3, 

123.9, 124.0, 124.3, 130.0, 136.0, 146.1, 146.3. The analytical data matched those reported in 

the literature.[59] 

[(IPr)Pd(µ-Cl)Cl]2 (CAS 444910-17-2, PK-561, 35). This 

compound was synthesized according to a procedure by the group of 

Sigman.[59] A Schlenk tube containing [(IPr)Pd(allyl)Cl] (286 mg, 

500 µmol, 1.0 eq.) was evacuated (1.9∙10–1 mbar) and backfilled 

with argon three times. An ethereal solution of HCl (1 M in Et2O, 

5 mL) was added and the suspension was stirred for one hour at room 

temperature. Gas evolution could be observed immediately after addition. The solvent was 

slowly removed with the aid of a water-jet vacuum pump before drying for 30 minutes at 

elevated water flow (ca. 20 mbar). The solid was dissolved in chloroform, transferred to a flask 

and the solvent was removed under reduced pressure (40 °C, 8 mbar). Washing with Et2O (1 X 

3 mL, 1 X 2 mL) and drying under reduced pressure (r.t., 8.3∙10–2 mbar) afforded a bright orange 

solid (261 mg, 92%). 

1H-NMR (500 MHz, CDCl3, PK-561-R): δ 1.00 (br d, J = 36.1 Hz, 24H, CH3), 1.31 (br d, 

J = 53.1 Hz, 24H, CH3), 2.60 (br s, 4H, CH(CH3)2), 2.86 (br s, 4H, CH(CH3)2), 6.98 (s, 4H, 

NCHCH), 7.22-7.41 (m, 8H, HAr), 7.54 (t, J = 7.8 Hz, 4H, HAr). 13C-NMR (75 MHz, CDCl3, 

PK-516-13C): δ 23.4, 26.4, 28.8, 124.4, 125.4, 130.5, 134.4, 146.4-146.7 (m), 148.1. The 

analytical data matched those reported in the literature.[60] 

 

65 Signal overlays with water (HDO) from the deuterated solvent. 
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(IPrH)2[Pd2Cl6] (PK-534, 16). Palladium(II) chloride (887 mg, 

5.00 mmol, 1.0 eq.) and IPr∙HCl (2.13 g, 5.00 mmol, 1.0 eq.) were 

suspended in acetone (37.5 mL) and stirred for one day at room 

temperature. The dark-red solution was filtered over a short pad of 

Celite, the pad was rinsed with acetone (3 X 4 mL) and the solvent 

was removed under reduced pressure (45 °C, 200 mbar), affording 

a dark-red oil. After triturating with diethylether (15 mL) and scratching with a spatula, a red 

solid crystallized. The crystalline material was filtered off and washed with diethylether (2 X 

10 mL) and pentane (2 X 15 mL). Drying under vacuum (r.t., 9.8∙10–2 mbar) afforded a red 

crystalline solid (2.98 g, 99%). Suitable single crystals for X-ray analysis (KlePh1) were grown 

by slow diffusion of diethylether into a saturated solution of the product in ethanol. 

1H-NMR (300 MHz, [D6]-acetone, PK-534-R): δ 1.27 (d, J = 6.8 Hz, 12H, CH3), 1.33 (d, 

J = 6.8 Hz, 12H, CH3), 2.61 (sept., J = 6.8 Hz, 4H, CH(CH3)2), 7.55 (d, J = 7.7 Hz, 3H, HAr), 

7.72 (virt. t, J = 7.7 Hz, 2H, HAr), 8.47 (d, J = 1.6 Hz, 2H, N(CH)2N), 9.83 (t, J = 1.6 Hz, 1H, 

NCHN). 13C-NMR (75 MHz, [D6]-acetone, PK-006-N): δ 23.9, 24.7, 29.9, 125.7, 127.6, 131.1, 

133.1, 139.5, 146.1. Analysis calcd for C54H74Cl6N4Pd2 C 53.84, H 6.19, N 4.65; found C 53.83, 

H 6.36, N 4.51. 

(IMesH)2[Pd2Cl6] (PK-040, 17). Palladium(II) chloride 

(35.5 mg, 200 µmol, 1.0 eq.) and IMes∙HCl (68.2 mg, 

200 µmol, 1.0 eq.) were suspended in acetone (2 mL) and 

stirred for one day at room temperature. The red solution was 

filtered over Celite, the pad was rinsed with acetone (3 X 2 mL) and the solvent was removed 

under reduced pressure (45 °C, 200 mbar), affording a red solid. After washing with 

diethylether (3 X 2 mL) and drying under vacuum (r.t., 8.5∙10–2 mbar) a dark-red solid (96.4 mg, 

93%) was obtained. Suitable single crystals for X-ray analysis (KlePh2) were grown by slow 

diffusion of diethylether into a saturated solution of (IMesH)2[PdCl4] in ethanol. 

1H-NMR (500 MHz, [D6]-acetone, PK-040-N): δ 2.26 (s, 12H, o-CH3), 2.42 (s, 6H, p-CH3), 

7.24 (s, 4H, HAr), 8.21 (d, J = 1.6 Hz, 2H, NCHCH), 9.62 (t, J = 1.6 Hz, 1H, NCHN). 13C-NMR 

(75 MHz, [D6]-acetone, PK-040-N): δ 17.7, 21., 126.1, 130.6, 132.0, 135.5, 139.3, 142.2. 

Analysis calcd for C42H50Cl6N4Pd2 C 48.67, H 4.86, N 5.41; found 48.35, H 4.99, N 5.66. 
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(IPrH)2[NiCl6] (PK-490). NiCl2∙6H2O (23.8 mg, 

100 µmol, 1.0 eq.) and IPr∙HCl (42.5 mg, 100 µmol, 

1.0 eq.) were suspended in acetone (1 mL) and stirred 

for nine hours at room temperature. The light blue 

solution was filtered over a short pad of Celite, the pad was rinsed with acetone (3 X 3 mL) and 

the solvent was removed under reduced pressure (45 °C, 7 mbar). A light blue solid (51.6 mg, 

>100%) was obtained. Due to high deliquescence, the solid should be stored under argon. The 

depicted structure is only supposed but not verified by elemental analysis or X-ray diffraction. 

Further applications were not conducted 

1H-NMR (500 MHz, [D6]-acetone, PK-490-R): δ 1.19 (d, J = 6.7 Hz, 12H, CH3), 1.43 (d, 

J = 6.7 Hz, 12H, CH3), 2.21 (sept., J = 6.7 Hz, 4H, CH(CH3)2), 6.29-6.95 (m, 2H, NCHCH), 

7.44-7.52 (m, 4H, HAr), 7.61-7.73 (m, 2H, HAr), 8.84-9.09 (m, 1H, NCHN). 

(IPr*H)[Pd2Cl6] (PK-897, 20). Palladium(II) chloride 

(88.6 mg, 500 µmol, 1.0 eq.) and IPr*∙HCl (475 mg, 

500 µmol, 1.0 eq.) were suspended in dichloromethane 

(4 mL) and stirred for 20 hours at room temperature. The 

red solution was filtered over Celite, the pad was rinsed 

with dichloromethane (3 X 1 mL) and the solvent was 

removed under reduced pressure (45 °C, 8 mbar), affording a dark red solid. After washing with 

pentane (3 X 5 mL) and drying under reduced pressure (r.t., 2.7∙10–2 mbar), a red solid (535 mg, 

95%) was obtained. Suitable single crystals for X-ray analysis (KlePh19) were obtained by slow 

diffusion of diethylether into a saturated solution of the product in dichloromethane. The 

product contains dichloromethane (1 wt.%) 

1H-NMR (400 MHz, CDCl3, PK-897-R2): δ 2.30 (s, 6H, CH3), 5.27 (s, 4H, CH(Ph)2), 5.34 (s, 

2H, NCHCH), 6.68-6.89 (m, 12H, HAr), 7.03-7.24 (m, 16H, HAr), 7.27-7.41 (m, 16H, HAr), 

11.14 (br s, 1H, NCHN). 13C-NMR (101 MHz, CDCl3, PK-892-N2): δ 22.3, 51.5, 123.4, 126.9, 

127.1, 128.6, 128.9, 129.4, 130.1, 130.4, 131.3, 140.6, 141.3, 141.7, 142.0, 143.1. Analysis 

calcd for C138H114Cl6N4Pd2 C 73.54, H 5.10, N 2.49; found 73.03, H 5.04, N 2.51. 
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(IPrH)2[PdCl4] (PK-011, 18). Palladium(II) chloride (88.8 mg, 

500 µmol, 1.0 eq.) and IPr∙HCl (425 mg, 1.00 mmol, 2.0 eq.) were 

suspended in acetone (5 mL) and stirred for two days at room 

temperature. The resulting red solution was filtered over Celite, the 

pad was rinsed with acetone (3 X 2 mL) and the solvent was 

removed under reduced pressure (45 °C, 200 mbar), affording a pale 

red solid. After washing with diethylether (10 mL) and pentane (10 mL) and drying under 

vacuum (r.t., 9.8 ∙ 10–2 mbar), a light red solid (497 mg, 97%) was obtained.  

1H-NMR (300 MHz, [D6]-acetone, PK-011-N): δ 1.27 (d, J = 6.8 Hz, 24H, CH3), 1.31 (d, 

3J = 6.8 Hz, 24H, CH3), 2.61 (sept., J = 6.8 Hz, 8H, CH(CH3)2), 7.51 (d, J = 7.7 Hz, 8H, HAr), 

7.67 (virt. t, J = 7.7 Hz, 4H, HAr), 8.47 (d, J = 1.6 Hz, 4H, NCHCH), 10.61 (t, J = 1.6 Hz, 2H, 

NCHN). 13C-NMR (75 MHz, [D6]-acetone, PK-011-N): δ 23.9, 24.8, 29.9, 125.5, 127.4, 131.4, 

132.8, 140.5, 146.2. Analysis calcd for C54H74Cl4N4Pd C 63.13, H 7.26, N 5.45; found C 62.74, 

H 7.38, N 5.26. 

(IMesH)2[PdCl4] (PK-041, 19). Palladium(II) chloride 

(35.5 mg, 200 µmol, 1.0 eq.) and IMes∙HCl (136 mg, 

400 µmol, 2.0 eq.) were suspended in acetone (2.5 mL) and 

stirred for two days at room temperature. The resulting red 

solution was filtered over Celite, the pad was rinsed with acetone (3 X 2 mL) and the solvent 

was removed under reduced pressure (45 °C, 200 mbar), affording a light red oil. After 

triturating with pentane (7 mL) and scratching with a spatula, a light red solid crystallized. The 

crystalline material was filtered off and washed with diethylether (10 mL) and pentane (10 mL). 

Drying under vacuum (9.8∙10–2 mbar) afforded a light red crystalline solid (169 mg, 99%). 

Single crystals for X-ray analysis (KlePh2) were grown by slow diffusion of diethylether into 

a saturated solution of the product in ethanol. However, the material crystalized turned out to 

be (IMesH)2[Pd2Cl6], as shown by the crystal structure analysis. 

1H-NMR (500 MHz, [D6]-acetone, PK-041-N): δ 2.23 (s, 12H, o-CH3), 2.37 (s, 6H, p-CH3), 

7.14 (s, 4H, HAr), 8.20 (d, J = 1.6 Hz, 2H, NCHCH), 10.29 (t, J = 1.6 Hz, 1H, NCHN). 13C-

NMR (75 MHz, [D6]-acetone, PK-041-N): δ 17.8, 21.2, 126.0, 130.4, 132.2, 135.5, 140.2, 

141.7. Analysis calcd for C42H50Cl4N4Pd C 57.51, H 5.98, N 6.39; found C 57.72, H 5.92, N 

6.32. 
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(IPrH)2[NiCl4] (PK-491). NiCl2∙6H2O (23.8 mg, 100 µmol, 1.0 eq.) 

and IPr∙HCl (85.0 mg, 200 µmol, 2.0 eq.) were suspended in acetone 

(1 mL) and stirred for nine hours at room temperature. The dark blue 

solution was filtered over Celite, the pad was rinsed with acetone 

(3 X 3 mL) and the solvent was removed under reduced pressure 

(45 °C, 7 mbar). A dark blue solid (103 mg, 105%) was obtained. 

The high yield is due to the deliquescence of the solid which should be stored under argon. 

Further analysis as well as applications were not conducted. 

1H-NMR (500 MHz, [D6]-acetone, PK-491-R): δ 1.19 (d, J = 6.8 Hz, 12H, CH3), 1.42 (d, 

J = 6.8 Hz, 12H, CH3), 2.25 (sept., J = 6.8 Hz, 4H, CH(CH3)2), 6.84 (s, 2H, NCHCH), 7.48 (d, 

J = 7.8 Hz, 4H, HAr), 7.67 (t, J = 7.8 Hz, 2H, HAr), 9.21 (s, 1H, NCHN). The catalyst salt is 

already reported in the literature, but spectroscopic data differs from ours.[61] 

(IPr*H)[Pd2Cl6] (PK-898, 21). Palladium(II) 

chloride (44.3 mg, 250 µmol, 1.0 eq.) and 

IPr*∙HCl (475 mg, 500 µmol, 2.0 eq.) were 

suspended in dichloromethane (4 mL) and 

stirred for 48 hours at room temperature. The suspension was filtered over a suction filter and 

the remaining solid was washed with dichloromethane (3 X 2 mL) and pentane (3 X 3 mL). 

After drying in air, a light pink solid (472 mg, 91%) was obtained. Slow diffusion of 

diethylether into a saturated solution of the product in chloroform afforded suitable single 

crystals for X-ray analysis of (IPr*H)2[Pd2Cl6]. 

1H-NMR (500 MHz, [D6]-dimethylsulfoxide, PK-898-DMSO): δ 2.23 (s, 6H, CH3), 4.90 (s, 

4H, CH(Ph)2), 6.80-6.90 (m, 8H, HAr), 6.90-6.96 (m, 8H, HAr), 6.97 (s, 4H, HAr), 7.18-7.34 (m, 

24H, HAr), 10.77 (t, J = 1.6 Hz, 1H, NCHN). 13C-NMR (101 MHz, (D6)-dimethylsulfoxide, 

PK-898 13C DMSO): δ 21.3, 50.9, 125.3, 127.1, 127.3, 128.7, 128.8, 128.8, 129.0, 129.6, 

130.0, 140.0, 141.3, 141.5, 141.7. 1H-NMR (500 MHz, CDCl3, PK-898-CDCl3): δ 2.23 (s, 6H, 

CH3), 5.29 (s, 4H, CH(Ph)2), 5.40 (d, J = 1.3 Hz, 2H, NCHCH), 6.70-6.84 (m, 12H), 7.04-7.22 

(m, 16H, HAr), 7.22-7.38 (m, 16H, HAr), 12.07 (s, 1H, NCHN)66. 13C-NMR (101 MHz, CDCl3, 

PK-898 13C CDCl3): δ 22.1, 51.4, 123.4, 127.0, 128.6, 128.8, 129.4, 130.2, 130.3, 131.1, 

 

66 Partial H/D exchange with the deuterated solvent. 
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140.7, 141.6, 142.0, 142.9. Analysis calcd for C138H114Cl4N4Pd C 79.82, H 5.53, N 2.70; found 

78.44, H 5.53, N 2.72. 

IPr-PEPPSI (CAS 2387902-68-1, PK-551, 22). Palladium(II) 

chloride (177 mg, 1.00 mmol, 1.0 eq.) and IPrHCl (425 mg, 

1.00 mmol, 1.0 eq.) were suspended in acetone (4 mL) and stirred for 

one day at room temperature, providing a dark-red solution. Next, 

K2CO3 (207 mg, 1.5 mmol, 1.5 eq.) and 3-Cl-pyridine (240 µL, 

287 mg, 2.52 mmol, 2.5 eq.) were added and the orange suspension 

was stirred for one day at 40 °C. After cooling to room temperature, the orange suspension was 

diluted with dichloromethane (4 mL), passed through a short pad of silica gel eluting with 

dichloromethane until the product was completely recovered. After removing the solvent under 

reduced pressure (45 °C, 8 mbar), the remaining solid was washed with pentane (3 X 10 mL) 

and dried under vacuum (8.7∙10–2 mbar). A pale-yellow solid (634 mg, 93%) was obtained. 

1H-NMR (400 MHz, CDCl3, PK-551-A): δ 1.12 (d, J = 6.8 Hz, 12H, CH3), 1.48 (d, 3J = 6.8 Hz, 

12H, CH3), 3.16 (sept., J = 6.8 Hz, 4H, CH(CH3)2), 7.07 (ddd, J = 8.2, 5.5, 0.5 Hz, 1H, Hpy), 

7.14 (s, 2H, NCHCH), 7.35 (d, J = 7.8 Hz, 4H, HAr), 7.47-7.52 (m, 2H), 7.55 (ddd, 

J = 8.2, 2.4, 1.4 Hz, 1H, Hpy), 8.52 (dd, 3J = 5.5, 1.4 Hz, 1H, ), 8.60 (dd, J = 2.4, 0.5 Hz, 2H, ). 

13C-NMR (101 MHz, CDCl3, PK-551-A2): δ 23.4, 26.5, 28.9, 124.2, 124.5, 125.3, 130.5, 

132.1, 135.1, 137.6, 146.8, 149.5, 150.6, 153.6. The analytical data matched those reported in 

the literature.[62] 

Ag(OAc) (CAS 563-63-3, KH-17, 31). In the dark, silver carbonate (10.0 g. 

36.3 mmol, 1.0 eq.) was suspended in toluene (50 mL). Acetic acid (6.6 mL, 

108 mmol, 3.0 eq.) was added and the suspension was stirred for three hours 

at room temperature under the exclusion of light. The white precipitate was filtered off, washed 

with diethylether (3 X 50 mL) and dried under reduced pressure (r.t., <1.0∙10–1 mbar).67 A white 

fluffy solid (11.9 g, 98%) was obtained. The solid was stored in a brown glass covered with 

aluminium foil at a dark place (under the hood). 

Analysis calcd for C2H3AgO2 C 14.39, H 1.81; found C 14.33, H 1.73. This compound is known 

to literature.[63] 

 

67 The flask was covered in aluminum foil to prevent decomposition of the salt. 



 

270 

 

Pd(OPiv)2 (CAS 106224-36-6, LK-16, 32). PdCl2 (71.1 mg, 401 µmol, 

1.0 eq.) and KCl (62.8 mg, 842 µmol, 2.1 eq.) were dissolved in water 

(6 mL). After stirring for 30 minutes at room temperature, NaOPiv 

(109 mg, 880 µmol, 2.2 eq.) and Et2O (6 mL) were added. The two-phase mixture was stirred 

for 20 minutes at room temperature before the organic phase was separated to a second flask 

with the aid of a syringe. The aqueous phase was extracted twice with Et2O (6 mL) following 

the described procedure. After the final extraction, AgOPiv68 (37.0 mg, 177 µmol, 0.4 eq.) was 

added to the second flask and the dark orange suspension was stirred for one hour at room 

temperature under exclusion of light. Filtration over a short plug of silica69 (6 cm, Et2O) and 

removal of the solvent under reduced pressure (45 °C, 8 mbar) afforded Pd(OPiv)2 (55.3 mg, 

45%) as orange, crystalline solid. 

Analysis calcd for C10H18O4Pd C 38.91, H 5.88; found C 39.00, H 5.91. This compound is a 

known compound.[64] 

(mIPr)2Pd2Cl2(µ-OPiv)2 (PK-117, 33). A suspension of 

palladium(II) chloride (177 mg, 1.00 mmol, 1.0 eq.) and IPr∙HCl 

(425 mg, 1.00 mmol, 1.0 eq.) in acetone (10 mL) was stirred for 

one day at room temperature. The red solution was filtered 

through a cotton plug to remove residual palladium and the solvent was concentrated (approx. 

7 mL, 45 °C, 450 mbar). Next, sodium pivalate (372 mg, 3.00 mmol, 3.0 eq.) and acetone 

(5 mL) were added and the suspension was stirred for four hours at room temperature. The 

resulting dark yellow suspension was filtered through a plug of Celite, the solids washed with 

acetone (3 x 5 mL) and the filtrate evaporated under reduced pressure (45 °C, min. pressure 

8 mbar). A dark yellow solid was collected. Dissolution in dichloromethane (15 mL) followed 

by filtration through a plug of Celite to remove further insoluble palladium rests and 

evaporation to dryness (45 °C, 8 mbar) afforded a bright yellow solid (347 mg, 55% over two 

steps). Suitable single crystals for X-ray analysis (KlePh3) were grown by slow evaporation of 

a saturated solution of the product in dichloromethane. 

1H-NMR (400 MHz, [D2]-dichloromethane, PK-117-13C): δ 0.89 (s, 18H, C(CH3)3), 1.02-1.09 

(m, 18H, CH(CH3)2), 1.12 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.15 (d, J = 6.7 Hz, 6H, CH(CH3)2), 

 

68 Previously synthesized during my master thesis. 

69 Only collected the first colored band. 
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1.29 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.34 (d, J = 6.5 Hz, 6 H, CH(CH3)2), 1.81 (d, J = 6.5 Hz, 

6H, CH(CH3)2), 2.29 (sept., J = 6.7 Hz, 2H, CH(CH3)2), 2.55-2.73 (m, 4H, CH(CH3)2), 3.33 

(sept., J = 6.7 Hz, 2H, CH(CH3)2), 7.24 (d, J = 7.8 Hz, 2H, HAr), 7.28-7.35 (m, 4H, HAr), 7.48 

(t, J = 7.8 Hz, 2H, HAr), 7.53-7.61 (m, 4H, HAr), 7.69 (d, J = 1.9 Hz, 2H, HIm), 7.82 (d, 

J = 1.9 Hz, 2H, HIm). 13C-NMR (101 MHz, [D2]-dichloromethane, PK-117-13C): δ 23.7, 23.8, 

24.3, 24.6, 24.9, 25.8, 25.9, 27.3, 28.4, 28.8, 28.9, 29.1, 29.3, 40.4, 124.6, 124.8, 125.1, 127.1, 

128.7, 130.6, 131.4, 131.7, 134.9, 135.1, 145.5, 146.8, 146.9, 188.5. Analysis calcd for 

C64H90Cl2N4O4Pd2 C 60.85, H 7.18, N 4.44; found C 60.85, H 7.32, N 4.53. 

7.2.3.3 Synthesis of imidazolium salts 

IPr∙HSO4 (LR-016, 23). A suspension of p-formaldehyde (1.75 g, 

58.4 mmol, 1.1 eq.) and IPr-DAD (20.0 g, 53.1 mmol, 1.0 eq.) in ethyl 

acetate (520 mL) was heated to 70 °C. Upon addition of an ethereal 

solution of sulfuric acid (1 M in Et2O, 53.1 mL, 53.1 mmol, 1.0 eq.) 

over 15 minutes, the yellow suspension turned reddish. After stirring for one hour at 70 °C, a 

white precipitate formed. Next, the suspension was stirred for 15 minutes at 0 °C. The solid was 

filtered and washed with diethyl ether (3 x 20 mL). Drying for 16 hours at 100 °C in an oven 

afforded a pale beige to white powder (22.6 g, 87%). 

1H-NMR (500 MHz, [D6]-acetone, PK-046-N): δ 1.25 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.30 

(d, 3J = 6.8 Hz, 12H, CH(CH3)2), 2.60 (sept., J = 6.9 Hz, 4H, CH(CH3)2), 7.51 (d, J = 7.8 Hz, 

4H, HAr), 7.67 (virt. t, J = 7.8 Hz, 2H, HAr), 8.50 (d, J = 1.6 Hz, 2H, NCHCH), 9.88 (t, 

J = 1.6 Hz, 1H, NCHN). 13C-NMR (75 MHz, [D6]-acetone, PK-046-N): δ 23.9, 24.6, 125.5, 

127.8, 131.3, 132.8, 139.6, 146.2. Analysis calcd for C26H35N2O4S C 66.21, H 7.48, N 5.94, S 

6.80; found C 66.66, H 7.89, N 5.76 S 6.31. 

IMes∙HSO4 (LR-020XVII). A suspension of p-formaldehyde 

(41.3 mg, 1.38 mmol, 1.1 eq.) and IMes-DAD (366 mg, 

1.25 mmol, 1.0 eq.) in dioxane (12.5 mL) was heated to 70 °C. 

Upon addition of an ethereal solution of sulfuric acid (1 M in Et2O, 1.25 mL, 1.25 mmol, 1.0 eq.) 

over 15 minutes, the yellow suspension turned from reddish to brownish. After stirring for one 

hour at 70 °C, a white precipitate formed. Next, the suspension was stirred for 15 minutes at 

0 °C. The solid was filtered and washed with ethyl acetate (10 mL), followed by diethyl ether 

(2 x 10 mL). Drying for 16 hours at 100 °C in an oven afforded a pale beige to white powder 

(478 mg, 95%). 
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1H-NMR (400 MHz, [D6]-dimethylsulfoxide, PK-IMesHSO4): δ 2.13 (s, 12H, o-CH3), 2.36 (s, 

6H, p-CH3), 7.21 (s, 4H, HAr), 8.29 (d, J = 1.6 Hz, 2H, NCHCH), 9.66 (t, J = 1.6 Hz, 1H, 

NCHN). 13C-NMR (101 MHz, [D6]-dimethylsulfoxide, PK-IMesHSO4): δ 16.9, 20.6, 124.8, 

129.4, 131.0, 134.3, 138.5, 140.6. Analysis calcd for C21H26N2O4S C, 62.66; H 6.51, N 6.96, S 

7.97; found C 62.39, H 6.83, N 6.90 S 7.86. 

IPr∙HOPiv (PK-048, 24). Potassium pivalate (295 mg, 2.10 mmol, 

1.05 eq.) and IPr∙HCl (851 mg, 2.00 mmol, 1.0 eq.) were suspended in 

acetone (35 mL) and stirred for 15 hours at room temperature. The 

reaction mixture was filtered through a short pad of Celite to remove 

potassium chloride and the remaining solid was washed with acetone (3 x 5 mL). After 

evaporation of the solvent under reduced pressure (45 °C, 8 mbar), the collected solid was 

washed with diethylether (2 x 15 mL) and dried under vacuum (r.t., 8.7∙10–2 mbar), affording a 

white, crystalline solid (917 mg, 94%). 

1H-NMR (500 MHz, [D6]-acetone, PK-048-R): δ 1.00 (s, 9H, C(CH3)3), 1.29 (d, J = 6.8 Hz, 

12H, CH(CH3)2), 1.30 (d, J = 6.8 Hz, 12H, CH(CH3)2), 2.59 (sept., J = 6.8 Hz, 4H, CH(CH3)2), 

7.49 (d, J = 7.8 Hz, 4H, HAr), 7.65 (virt. t, J = 7.8 Hz, 2H, HAr), 8.41 (s, 2H, NCHCH). 1H-

NMR (300 MHz, [D6]-dimethylsulfoxide, PK-048-N): δ 1.00 (s, 9H, C(CH3)3), 1.16 (d, 

J = 6.8 Hz, 12H, CH(CH3)2), 1.26 (d, J = 6.8 Hz, 12H, CH(CH3)2), 2.35 (sept., J = 6.8 Hz, 5H, 

CH(CH3)2), 7.53 (d, J = 7.8 Hz, 4H, HAr), 7.69 (virt. t, J = 7.8 Hz, 2H, HAr), 8.57 (d, J = 1.4 Hz, 

2H, NCHCH), 10.24 (t, J = 1.4 Hz, 1 H, NCHN). 1H-NMR (500 MHz, CDCl3, PK-837-

IPrHOPiv-CDCl3): δ 0.99 (s, 9H, C(CH3)3), 1.21 (d, J = 6.9 Hz, 12H, CH(CH3)3), 1.29 (d, 

J = 6.8 Hz, 12H, CH(CH3)3), 2.48 (sept., J = 6.8 Hz, 4H, CH(CH3)3), 7.34 (d, J = 7.8 Hz, 4H, 

HAr), 7.56 (t, J = 7.8 Hz, 2H, HAr), 8.48 (s, 2H, NCHCH), 9.39 (s, 1H, NCHN)70. 13C-NMR 

(75 MHz, [D6]-dimethylsulfoxide, PK-048-N): δ 23.1, 24.1, 28.1, 28.6, 38.1, 124.6, 126.2, 

130.1, 131.8, 139.4, 144.8, 179.8. 13C-NMR (126 MHz, (D6)-acetone, PK-837-IPrHOPiv-cr): 

δ 23.9, 24.7, 24.7, 39.3, 125.2, 126.9, 131.7, 132.4, 142.7 (t, JC,D = 33.1 Hz), 146.2, 181.3. 

Analysis calcd for C32H46N2O2∙1.5 H2O C 74.23, H 9.54, N 5.41; found C 74.00, H 9.17, N 5.44. 

IMes∙HOPiv (PK-054, 25). Potassium pivalate (61.7 mg, 

440 µmol, 1.0 eq.) and IMes∙HCl (150 mg, 440 µmol, 1.0 eq.) 

were suspended in acetone (6 mL) and stirred for 15 hours at 

 

70 The area integral of this signal decreases with time due to partial H/D exchange with [D6]-acetone. 
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room temperature. The reaction mixture was filtered through a short pad of Celite to remove 

potassium chloride and the remaining solid was washed with acetone (3 X 2 mL). After 

evaporation of the solvent under reduced pressure (45 °C, 8 mbar), the collected solid was 

washed with diethylether (2 X 2 mL) and dried under vacuum (r.t., 8.7∙10–2 mbar), affording an 

off-white yellowish solid (106 mg, 59%). Minor impurities by the starting material can be 

detected in the NMR. No analytical pure product could be isolated. 

1H-NMR (500 MHz, [D6]-acetone, PK-054-N): δ 0.91 (s, 9H, C(CH3)3), 2.24 (s, 12H, o-CH3), 

2.36 (s, 9H, p-CH3), 7.14 (d, J = 1.2Hz, 4H, HAr), 8.12 (s, 2H, NCHCH). 1H-NMR (500 MHz, 

[D6]-dimethylsulfoxide, PK-054-2D): δ 0.90 (s, 9H, C(CH3)3), 2.12 (s, 12H, o-CH3), 2.35 (s, 

6H, p-CH3), 7.20 (s, 4H, HAr), 8.29 (d, J = 1.4 Hz, 2H, NCHCH), 9.93 (t, J = 1.4 Hz, 1H, 

NCHN). 13C-NMR (75 MHz, [D6]-dimethylsulfoxide, PK-054-N): δ 16.9, 20.6, 28.8, 38.4, 

124.8, 129.3, 131.0, 134.3, 138.9, 140.5, 179.8. Analysis calcd for C32H46N2O2∙2 H2O C 70.56, 

H 8.65, N 6.33; found C 69.47, H 8.12, N 6.30. 

IPr∙HI (CAS 524742-02-7, PK-830, 26). IPr∙HCl (850 mg, 

2.00 mmol, 1.0 eq.) and KI (332 mg, 2.00 µmol, 1.0 eq.) were 

suspended in acetone (20 mL). After stirring for seven hours at room 

temperature, the reaction mixture was filtered, the filter rinsed with 

acetone (3 X 5 mL) and the solvent was removed under reduced pressure (45 °C, 8 mbar). 

Further drying for one hour under reduced pressure (45 °C, 8 mbar) afforded a white solid 

(975 mg, 94%). 

1H-NMR (500 MHz, [D6]-dimethylsulfoxide, PK-830-N): δ 1.16 (d, J = 6.8 Hz, 12H, CH3), 

1.26 (d, J = 6.8 Hz, 12H, CH3), 2.35 (sept., J = 6.8 Hz, 4H, CH(CH3)2), 7.53 (d, J = 7.8 Hz, 4H, 

HAr), 7.69 (t, J = 7.8 Hz, 2H, HAr), 8.56 (d, J = 1.6 Hz, 2H, NCHCH), 10.16 (t, J = 1.6 Hz, 1H, 

NCHN). 13C-NMR (75 MHz, [D6]-acetone, PK-830-N) δ 23.8, 24.7, 29.9, 125.5, 127.3, 131.2, 

132.9, 140.3, 146.1. The analytical data matched those reported in the literature.[65] 

IPr∙HPF6 (CAS 897038-14-1, PK-828, 27). IPr∙HCl (850 mg, 

2.00 mmol, 1.0 eq.) and potassium hexafluorophosphate (387 mg, 

2.10 mmol, 1.05 eq.) were suspended in acetone (20 mL). After 

stirring for three hours at room temperature, the reaction mixture was 

filtered, the filter rinsed with acetone (3 X 5 mL) and the solvent was removed under reduced 

pressure (45 °C, 8 mbar). Further drying for two hours under reduced pressure (45 °C, 8 mbar) 

afforded a snow-white solid (1.06 g, 99%). 
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1H-NMR (400 MHz, [D6]-acetone, PK-828): δ 1.26 (d, J = 6.9 Hz, 12H, CH3), 1.31 (d, 

J = 6.9 Hz, 12H, CH3), 2.60 (sept., J = 6.9 Hz, 4H, CH(CH3)2), 7.55 (d, J = 7.8 Hz, 4H, HAr), 

7.71 (t, J = 7.8 Hz, 2H, HAr), 8.44 (d, J = 1.6 Hz, 2H, NCHCH), 9.80 (t, J = 1.6 Hz, 1H, NCHN). 

31P-NMR (162 MHz, [D6]-acetone, PK-828): δ –144.2 (sept., J = 707.4 Hz). 13C-NMR 

(101 MHz, [D6]-acetone, PK-828) δ 23.8, 24.6, 29.9, 125.7, 127.5, 131.1, 133.1, 139.5, 146.2. 

The analytical data matched those reported in the literature.[66] 

IPr∙HBF4 (CAS 286014-25-3, PK-833, 28). IPr∙HCl (850 mg, 

2.00 mmol, 1.0 eq.) was dissolved in water (20 mL).71 An aqueous 

solution of NaBF4 (231 mg, 2.10 µmol, 1.05 eq. in 1 mL H2O) was 

added dropwise. A white solid immediately precipitated. The 

suspension was stirred for 15 minutes at room temperature. After filtration, washing with water 

(3 X 5 mL) and drying for 14 hours in an oven (no ventilation) at 100 °C, a white solid (916 mg, 

96%) was obtained. 

1H-NMR (500 MHz, [D6]-acetone, PK-834-IPrHBF4): δ 1.26 (d, J = 6.9 Hz, 12H, CH3), 1.31 

(d, J = 6.9 Hz, 12H, CH3), 2.60 (sept., J = 6.9 Hz, 4H, CH(CH3)2), 7.55 (d, J = 7.8 Hz, 4H, HAr), 

7.70 (t, J = 7.8 Hz, 2H, HAr), 8.43 (d, J = 1.7 Hz, 2H, NCHCH), 9.89 (d, J = 1.7 Hz, 1H, NCHN). 

11B-NMR (96 MHz, [D6]-acetone, PK-833-N) δ –0.9. 13C-NMR (75 MHz, [D6]-acetone, 

PK-833-N) δ 23.8, 24.6, 29.972, 125.6, 127.4, 131.1, 133.0, 139.7, 146.1. The analytical data 

matched those reported in the literature.[67] 

IPr∙HB(ArF)4 (ArF = 3,5-bis(trifluoromethyl)phenyl, PK-829, 29). 

IPr∙HCl (213 mg, 500 µmol, 1.0 eq.) and NaB(ArF)4 (465 mg, 

525 µmol, 1.05 eq.) were suspended in acetone (5 mL). After 

stirring for three hours at room temperature, the reaction mixture 

was filtered, the filter rinsed with acetone (3 X 3 mL) and the solvent was removed under 

reduced pressure (45 °C, 8 mbar). Further drying for two hours under reduced pressure (45 °C, 

8 mbar) afforded a white solid (598 mg, 95%). 

1H-NMR (400 MHz, [D6]-acetone, PK-829): δ 1.26 (d, J = 6.8 Hz, 12H, CH3), 1.31 (d, 

J = 6.8 Hz, 12H, CH3), 2.61 (sept, J = 6.8 Hz, 4H, CH(CH3)2), 7.55 (d, J = 7.8 Hz, 4H, HAr), 

7.65-7.74 (m, 6H, HAr), 7.75-7.83 (m, 8H, HBArF), 8.46 (d, J = 1.6 Hz, 2H, NCHCH), 9.91 (t, 

 

71 Gentle heating with a heat-gun accelerates the dissolution of the salt. 

72 This signal overlayers with the deuterated solvent. 
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J = 1.6 Hz, 1H, NCHN). 19F-NMR (376 MHz, [D6]-acetone, PK-829) δ –63.3. 11B-NMR 

(96 MHz, [D6]-acetone, PK-829-R): δ –6.6. 13C-NMR (101 MHz, [D6]-acetone, PK-829) δ 

23.8, 24.6, 29.9, 118.3-118.7 (m, p-CH), 125.4 (q, JC,F = 271.8 Hz, CF3), 125.7, 127.4, 130.0 

(qq, JC,F = 31.7 Hz, JC,B = 2.9 Hz, m-Cquat.), 131.2, 133.1, 135.6 (br s), 139.7, 146.2, 162.6 (q, 

JC,B = 49.9 Hz, Cquat.). No CAS available. The analytical data matched those reported in the 

literature.[68] 

IPr∙HCO3 (CAS 1663476-15-0, PK-836, 30).[69] IPr∙HCl (850 mg, 

2.00 mmol, 1.0 eq.) was added to a pre-dried Schlenk tube (1.8 ·         

10–1 mbar, heat-gun). Inside a glovebox, pre-dried KHCO3 (211 mg, 

2.10 mmol, 1.05 eq.) was added and the walls were rinsed with dry 

methanol (2 mL). The suspension was stirred for 16 hours at room temperature before being 

filtered over Celite under argon. The solvent was removed under reduced pressure (r.t., <1.0 ∙ 

10–1 mbar). In air, the solid was dissolved in acetone (6 mL) and filtered over a syringe filter 

(0.2 µm, PTFE). After removal of the solvent under reduced pressure (45 °C, 8 mbar), washing 

with diethylether (3 X 3 mL) and drying in an oven (50 °C) for two hours, a white solid (666 mg, 

74%) was obtained. 

1H-NMR (400 MHz, [D4]-methanol, PK-836-wash-MeOD): δ 1.26 (d, J = 6.9 Hz, 12H, 

CH(CH3)3), 1.33 (d, J = 6.9 Hz, 12H, CH(CH3)3), 2.48 (sept., J = 6.9 Hz, 4H, CH(CH3)3), 7.52 

(d, J = 7.8 Hz, 4H, HAr), 7.68 (t, J = 7.8 Hz, 2H, HAr), 8.27 (s, 2H, NCHCH)73. C2-proton is not 

observed due H/D exchange with the deuterated solvent. 13C-NMR (126 MHz, [D4]-methanol, 

PK-836-wash-13C): δ 23.9, 24.8, 30.4, 126.0, 127.1 (t, 2JC,D = 15.3 Hz, NCDCH), 127.4, 127.5, 

131.5 (d, J = 3.2 Hz, NCDCH), 133.4, 140.5 (br s), 146.5, 161.4 (HCO3
–
). Fast equilibration of 

HCO3
–
/CO2

–
 result in a single signal in the 13C-NMR spectrum.[70] Additional signals (δ 127.3, 

129.5, 140.3) occurring from partial decomposition can be observed in the 13C-NMR. This 

compound is known to literature, but no reference spectra are available. 

7.2.3.4 α-Arylation of 3-pentanone with 4-Cl-anisole 

2-(4-Methoxyphenyl)pentan-3-one (CAS 84736-54-9, PK-566). 3-

Pentanone (215 µL, 174 mg, 2.02 mmol, 2.0 eq.), 4-chloroanisole 

(122 µL, 143 mg, 1.00 mmol, 1.0 eq.), KOtBu (226 mg, 2.01 mmol, 

 

73 Partial H/D exchanges with the deuterated solvent. 
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2.0 eq.) and (IPrH)2[Pd2Cl6] (6.02 mg, 5.00 µmol, 0.5 mol%) in toluene (1 mL) were reacted 

according to general procedure 3.4. After purification by flash CC (EtOAc-hexanes 1:50), the 

mono-arylated product (154 mg, 801 µmol, 80%) was obtained as colourless oil. 

TLC: Rf = 0.13 (EtOAc-hexanes 1:50) [UV, Mostain].1H-NMR (300 MHz, CDCl3, 

PK-566-A): δ 0.96 (t, J = 7.3 Hz, 3H, CH2CH3), 1.36 (d, J = 7.0 Hz, 3H, CHCH3), 2.26-2.48 

(m, 2H, CH2CH3), 3.71 (q, J = 7.0 Hz, 1H, CHCH3), 3.79 (s, 3H, OCH3), 6.82-6.90 (m, 2H, 

HAr), 7.09-7.17 (m, 2H, HAr). 13C NMR (75 MHz, CDCl3, PK-566-A-13C): δ 8.2, 17.7, 34.2, 

52.0, 55.4, 114.4, 129.0, 133.1, 158.8, 212.0. The analytical data matched those reported in the 

literature.[52] 

7.2.3.5 Exemplary procedures 

Table 11, entry3, according to general procedure 3.3 (PK-550). The reaction was performed 

according to a procedure by the group of Jin.[51] (IPrH)2[Pd2Cl6] (60.24 mg, 50.0 µmol, 

0.5 mol%), p-toluene boronic acid (163.2 mg, 1.20 mmol, 1.2 eq.) and KOtBu (134.7 mg, 

1.20 mmol, 1.2 eq.) were fitted in a Schlenk tube. After threefold evacuation (1.5∙10–1 mbar) 

and backfilling with argon, p-chloroanisole74 (142.6 mg, 1.00 mmol, 1.0 eq.) was added. The 

walls were rinsed with 2-PrOH and the Schlenk tube was closed with a Teflon sleeve and glass 

stopper. The suspension was stirred for 19 hours at room temperature (600 rpm) before addition 

of water (7 mL). The reaction mixture was filtered over a short pad of Celite, rinsing the latter 

with Et2O (3 X 2 mL), and transferred to a separatory funnel. Phases were separated and the 

aqueous phase was extracted with Et2O (3 X 20 mL). The combined organic phase was dried 

over MgSO4, filtered and the solvent was removed under reduced pressure (45 °C, 6 mbar). A 

q-NMR (tetrachloroethane: 100 µL, 947.3 µmol) was conducted according to the general 

procedure for q-NMR analysis (7.1.3, NMR file: PK-550-q, AVHD400). 

Table 13, entry 1, according to general procedure 3.5 (PK-599).The reaction was performed 

according to a procedure by the group of Lu.[53] (IMesH)2[Pd2Cl6] (10.36 mg, 10.0 µmol, 

1.0 mol%) and K2CO3 (276 mg, 2.00 mmol, 2.0 eq.) were fitted in a 10 mL Schlenk tube which 

was evacuated (1.2∙10–1 mbar) and backfilled with argon thrice. 2-Bromomesitylene (150 µL, 

995 µmol, 1.0 eq.) and tert-butyl acrylate (175 µL, 1.20 mmol, 1.2 eq.) were added. The walls 

were rinsed with NMP (400 µL). After stirring at room temperature for one minute, the reaction 

 

74 The electrophile was added via a tared syringe. The difference in mass after addition was used for yield 

determination/calculation. 
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mixture was stirred for 18 hours at 140 °C (600 rpm). The reaction was allowed to cool to room 

temperature before adding water (2 mL) and Et2O (2 mL). Filtration over a short pad of Celite 

and rinsing of the latter with Et2O (3 X 2 mL) removed any amount of insoluble (mostly black) 

solid. The crude material was diluted with water (25 mL) and Et2O (45 mL) and transferred to 

a separatory funnel. Phases were separated. The organic phase was washed with water (25 mL) 

and an aqueous solution of NaCl (25 mL), dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (45 °C, 500 mbar). A q-NMR (tetrachloroethane: 100 µL, 

947.3 µmol) was conducted according to the general procedure for q-NMR analysis (7.1.3, 

NMR file: PK-599-q, AVHD500). 
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7.2.4 Difunctional Onium Carboxylate Additives for Catalytic Coupling 

7.2.4.1 General synthesis procedures 

General procedure 4.1 – Synthesis of methyltrioctylammonium (MTOA) carboxylates 

MTOA methyl carbonate (1.1 eq.) and acid (1.0 eq.) were weighed into a round-bottom flask. 

The reaction mixture was stirred for two hours at 50 °C until gas evolution ceased. After cooling 

to room temperature, the stirring bar was washed with Et2O before being removed. The solvents 

(Et2O and generated MeOH) as well as CO2 were removed under reduced pressure (50 °C, 

8 mbar, 2 h). 

General procedure 4.2 – Arylation of caffeine in DMF 

Caffeine (97.1 mg, 500 µmol, 1.0 eq.), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol, 5.0 mol%), and 

additive salt (10.0 mol%) were added to a pre-dried (2·10–2 mbar, heat-gun) Schlenk tube, 

which was introduced into a glovebox. K3PO4 (212 mg, 1.00 mmol, 2.0 eq.) and bromobenzene 

(Hamilton syringe, 79.0 µL, 750 µmol, 1.5 eq.) were added and the walls were rinsed with dry 

DMF (1.5 mL). After five minutes at room temperature outside the glovebox, the suspension 

was stirred for either 2.5 or 13 hours at 100 °C (pre-heated aluminum block, 600 rpm). At room 

temperature, the reaction mixture was filtered over a short pad of silica (5 cm), eluting with a 

DCM-MeOH mixture (10:1, 75-100 mL) until no further reaction components were recovered. 

After removal of the solvent under reduced pressure (50 °C, 15 mbar), a q-NMR 

(1,3,5-trimethoxybenzene: 168.19 g/mol) was conducted according to the general procedure for 

q-NMR analysis (7.1.3). 

General procedure 4.3 – Arylation of caffeine in DMF – HPLC sampling 

K3PO4 (637 mg, 3.00 mmol, 2.0 eq.) was added to a Schlenk tube and dried for 15 minutes in 

high vacuum (2∙10–2 mbar) with a heat-gun. Caffeine (291 mg, 1.50 mmol, 1.0 eq.), 

bromobenzene (236 µL, 353 mg, 2.25 mmol, 1.5 eq.), PdCl2(MeCN)2 (19.5 mg, 75.0 µmol, 

5.0 mol%) and additive (10.0 mol%) were added under argon and the walls were washed with 

N,N-dimethylformamide (5 mL). The reaction mixture was stirred for five minutes at room 

temperature, followed by heating for six hours to 100 °C (600 rpm). Samples for kinetic studies 

were drawn as follows. Stirring of the reaction mixture was stopped one minute before sample 

drawing. Via a Hamilton syringe a defined volume of the solution (100 µL) was retrieved every 

hour and diluted with dichloromethane in a volumetric flask (25 mL). The flask was shaken 
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until a homogeneous phase was obtained. Next a sample was taken and measured instantly. For 

the calculation of the amount of substance present in the reaction mixture, see 7.1.3. 

General procedure 4.4 – Arylation of caffeine in water 

Caffeine (97.1 mg, 500 µmol, 1.0 eq.), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol, 5.0 mol%), and 

dry K3PO4 (212 mg, 1.00 mmol, 2.0 eq.) were added to a Schlenk tube, which was evacuated 

(<1.0∙10–1 mbar) and backfilled with argon thrice. Additive salt (10.0 mol%) and bromobenzene 

(Hamilton syringe, 79.0 µL, 750 µmol, 1.5 eq.) were added and the walls were rinsed with 

degassed75 water (1.5 mL). After five minutes at room temperature, the suspension was stirred 

for 13 hours at 100 °C (pre-heated aluminum block, 600 rpm). At room temperature, the 

reaction mixture was transferred with DCM (50 mL) to a separatory funnel. A saturated aqueous 

solution of NaCl (25 mL) was added, phases were separated and the water phase was extracted 

with DCM (2 X 25 mL). The combined organic extract was dried over Na2SO4, filtered and the 

solvent was removed under reduced pressure (50 °C, 7 mbar). A q-NMR (1,3,5-trimethoxy-

benzene: 168.19 g/mol) was conducted according to the general procedure for q-NMR analysis 

(7.1.3). 

General procedure 4.5 – Arylation of benzene 

The procedure was adapted from the group of Fagnou et al.[71]. Pd(OAc)2 (3.37 mg, 15.0 µmol, 

3.0 mol%), DavePhos (5.90 mg, 15.0 µmol, 3.0 mol%), and NBu4DiPP (60.0 mg, 150 µmol, 

0.3 eq.) were placed in a Schlenk tube, which was evacuated (<1.0∙10–1 mbar) and backfilled 

with argon thrice. If solid, aryl bromide (1.0 eq.) was added. The Schlenk tube was transferred 

into a glovebox and K2CO3 (173 mg, 1.25 mmol, 2.5 eq.) was added. Outside the glovebox, 

aryl bromide (if liquid, Hamilton syringe, 1.0 eq.) was added. The walls were rinsed with 

benzene (2.5 mL) and DMAc (2.9 mL). After five minutes at room temperature, the suspension 

was stirred for 15 hours at 120 °C (600 rpm). The cooled, brown suspension was transferred to 

a separatory funnel and diluted with Et2O (50 mL). The organic phase was washed with water 

(3 X 25 mL), a saturated aqueous solution of NaCl (25 mL), dried over MgSO4, filtered and the 

solvent was removed under reduced pressure (45 °C, 500 mbar).76 A q-NMR (1,3,5-trimethoxy-

benzene: 168.19 g/mol) was conducted according to the general procedure for q-NMR analysis 

(7.1.3). 

 

75 Water was degassed for 30 minutes by injection of argon via a cannula. 

76 Residual benzene was not removed to avoid any potential, azeotropic distillation of reactants. 
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General procedure 4.6 – Arylation of other heterocycles 

The procedure was adapted from Fagnou et al.[72] and Kappe et al.[73]. Heterocycle (if solid, 1.0-

1.5 eq.), Pd(OAc)2 (4.49 mg, 20.0 µmol, 2.0 mol%), and NBu4DiPP (120 mg, 300 µmol, 

0.3 eq.) were placed in a Schlenk tube, which was evacuated (2.1∙10–1 mbar) and backfilled 

with argon thrice. Inside a glovebox, PCy3 (11.2 mg, 40.0 µmol, 4.0 mol%) and K2CO3 

(207 mg, 1.50 mmol, 1.5 eq.) were added. Outside the glovebox, aryl bromide (Hamilton 

syringe, 1.0 eq.) and heterocycle (if liquid, Hamilton syringe, 1.5 eq.) were added and the walls 

were rinsed with dry DMAc (2 mL). After five minutes at room temperature, the suspension 

was stirred for the indicated time at 100 °C (preheated aluminum block, 600 rpm). The cooled 

reaction mixture was transferred to a separatory funnel and diluted with EtOAc (50 mL). The 

organic phase was washed with water (3 X 25 mL), a saturated aqueous solution of NaCl (1 X 

25 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure 

(45 °C, 50 mbar).77 A q-NMR (1,3,5-trimethoxy-benzene: 168.19 g/mol) was conducted 

according to the general procedure for q-NMR analysis (7.1.3). 

General procedure 4.7 – Arylation of 2-phenylimidazo[1,2-a]pyridine 

The procedure was adapted from Marching et al.[74] 2-Phenylimidazo[1,2-a]pyridine (194 mg, 

1.00 mmol, 1.0 eq.), Pd-catalyst (20.0 µmol, 2.0 mol%), and additive salt (0.1-0.3 eq.) were 

placed in a Schlenk tube. Inside a glovebox, K2CO3 (207 mg, 1.50 mmol, 1.5 eq.) and if stated 

PCy3 (11.2 mg, 40.0 µmol, 4.0 mol%) were added. Outside the glovebox, aryl bromide 

(Hamilton syringe, 1.2 eq.) was added and the walls were rinsed with dry DMAc (4 mL). After 

five minutes at room temperature, the reaction mixture was stirred for 18 hours at the indicated 

temperature (600 rpm). The suspension was transferred to a separatory funnel and diluted with 

EtOAc (50 mL). The organic phase was washed with water (3 X 25 mL), a saturated solution 

of NaCl (1 X 25 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (45 °C, 100 mbar). A q-NMR (1,3,5-trimethoxy-benzene: 168.19 g/mol) was 

conducted according to the general procedure for q-NMR analysis (7.1.3). 

General procedure 4.8 – Arylation of 2-phenylimidazo[1,2-a]pyridine – kinetic study 

The procedure was adapted from Marching et al.[74] 2-Phenylimidazo[1,2-a]pyridine (194 mg, 

1.00 mmol, 1.0 eq.), Pd-catalyst (20.0 µmol, 2.0 mol%), 1,3,5-trimethoxybenzene (internal 

standard weighed on an analytical balance with 0.01 mg accuracy) and additive salt (0.1-0.3 eq.) 

 

77 Except for NaCl washing, phases separate very slowly. 
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were placed in a Schlenk tube. Inside a glovebox, K2CO3 (207 mg, 1.50 mmol, 1.5 eq.) and if 

stated PCy3 (11.2 mg, 40.0 µmol, 4.0 mol%) were added. Outside the glovebox, 4-

bromotoluene (Hamilton syringe, 150 µL, 1.24 mmol, 1.2 eq.) was added, the walls were rinsed 

with dry DMAc (4 mL) and the Schlenk tube was closed with a septum. After five minutes at 

room temperature, the reaction mixture was stirred at the indicated temperature (600 rpm). 

Samples were withdrawn after 5, 15, 30, 45, 60, and 90 minutes as follows (see 7.1.2 for 

pictured details): an aliquot (~150 µL) was added to a screw cap vial containing water (4 mL) 

and Et2O (4 mL). The vial was shaken for ten seconds and the organic phase was transferred to 

a second vial containing MgSO4 (150-250 mg). After drying over MgSO4, the solvent was 

removed under reduced pressure (water-jet pump, ca. 20 mbar) with the aid of a cannula (Ø 

0.90 mm, color code yellow). The walls were rinsed with CDCl3 (700 µL) and the crude mixture 

was stirred for three minutes at room temperature. The suspension was filtered over cotton wool 

into an NMR tube. An 1H-NMR spectrum (delay = 20 s, 16 scans) was measured.[18] The yield 

of the reaction was determined by comparison of the integral of the internal standard with the 

integral of characteristic signals of the reaction product(s) and starting material(s) in the 1H-

NMR spectra. 

7.2.4.2 Synthesis of precursors 

2-Phenylimidazo[1,2-a]pyridine (CAS 4105-21-9, PK-251, 59). The 

procedure was adapted from Tomoda et al.[75] ω-Bromo acetophenone 

(94%, 6.35 g, 30.0 mmol, 1.0 eq.) and 2-aminopyridine (2.82 g, 30.0 mmol, 1.0 eq.) in dioxane-

water (2:1, 45 mL) were refluxed for 30 minutes at 110 °C. After stepwise addition of Na2CO3 

(4.77 g, 45.0 mmol, 1.5 eq.) at room temperature, the suspension was stirred for another 22 

hours at 110 °C. Concentrated HCl (24 mL) was added to the cooled reaction mixture and 

insoluble solid was filtered off. The filtrate was basified with aqueous sodium hydroxide (6 M, 

50 mL), and was extracted with DCM (4 X 50 mL). The combined organic extract was dried 

over MgSO4, filtered and the solvent was removed under reduced pressure (45 °C, 7 mbar). 

Purification by flash column chromatography (EtOAc-hexanes 1:5 → 1:2 → 1:1 → 2:1 → 3:1 

→ 1:0), followed by recrystallization (toluene-hexanes 1:2, 130 mL) and drying under reduced 

pressure (r.t., <1.0∙10–1 mbar) afforded off-white needles (3.94 g, 64%). 

TLC: Rf = 0.17 (EtOAc-hexanes 1:2) [UV]. 1H-NMR (500 MHz, CDCl3, PK-251-D1): δ 6.76 

(td, J = 6.7, 1.0 Hz, 1H), 7.16 (ddd, J = 9.0, 6.7, 1.2 Hz, 1H), 7.30-7.37 (m, 1H), 7.40-7.49 (m, 

2H), 7.59-7.66 (m, 1H), 7.85 (s, 1H), 7.93-7.99 (m, 2H), 8.10 (dt, J = 6.7, 1.2 Hz, 1H). 
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13C-NMR (75 MHz, CDCl3, PK-251-13C): δ 13C NMR (75 MHz, CDCl3) δ 108.1, 112.3, 117.4, 

124.6, 125.6, 126.0, 127.9, 128.7, 133.8, 145.6, 145.7. The analytical data matched those 

reported in the literature.[75] 

Methyltrioctylammonium (MTOA) methyl carbonate (CAS 

488711-07-5, PK-1054, 54). The procedure was adapted from Perosa 

and coworkers.[76] Inside a glovebox, a 30 mL microwave reaction vessel was charged with 

trioctylamine (2.65 g, 7.50 mmol, 1.0 eq.), dimethyl carbonate (4.9 mL, 58.5 mmol, 7.8 eq.) 

and dry methanol (3.3 mL). The vial was closed with a PEEK-cap including a PTFE-coated 

silicon septum. Outside the glovebox, the biphasic reaction mixture was heated for six hours78 to 

150 °C with the aid of a microwave reactor. After cooling to room temperature, the colorless 

solution was transferred with Et2O (3 X 5 mL) to a round-bottom flask. Removal of the solvent and 

drying under reduced pressure (4 h, 45 °C, 7 mbar) afforded a yellow-orange oil (3.28 g, 98%). The 

product contained methanol (~1 mol%), unreacted trioctylamine (~1 mol%) and methyltrioctyl-

ammonium hydrogen carbonate salt (9 mol%), adding to approximately 90% purity. 

1H-NMR (400 MHz, [D6]-dimethylsulfoxide, PK-1054-N): δ 0.83-0.92 (m, 9H), 1.12-1.36 (m, 

30H), 1.54-1.66 (m, 6H), 2.94 (s, 3H), 3.14-3.24 (m, 6H), 3.16 (s, 3H). 13C-NMR (101 MHz, 

[D6]-dimethylsulfoxide, PK-1054-N): δ 13.9, 21.3, 22.0, 25.8, 28.4, 28.5, 31.2, 47.5 (N(CH3)), 

50.8 (OCH3), 60.5 (C1), 155.5 (C=O). The analytical data matched those reported in the 

literature.[76] 

Potassium 2-isopropyl-2,3-dimethylbutanoate (PK-994). 2-Isopropyl-2,3-

dimethylbutanoic acid (475 mg, 3.00 mmol, 1.0 eq.) was dissolved in iPrOH 

(10 mL) and three drops of phenolphthalein in iPrOH (0.74%) were added. A 

solution of KOH in iPrOH (0.23 M) was added until the solution turned light pink (total volume 

added: 13.2 mL). After stirring for ten minutes at room temperature, the solvent was removed 

under reduced pressure (45 °C, 50 mbar). The obtained solid was further dried in vacuo (1 h, 

60 °C, 7 mbar), before being washed with Et2O (3 X 10 mL). Drying for twelve hours in an 

oven (10% ventilation) at 60 °C afforded a white solid (568 mg, 96%). In contrast to the free 

acid, the isolated salt did not dissolve in chloroform. 

1H-NMR (300 MHz, [D4]-methanol, PK-994-N): δ 0.86 (d, J = 6.8 Hz, 6H), 0.92 (s, 3H), 0.93 

(d, J = 6.8 Hz, 6H), 1.95 (sept., J = 6.8 Hz, 2H). 13C-NMR (75 MHz, CDCl3, PK-994-13C): δ 

 

78 The maximal reaction time is limited for microwave heating; the total reaction time was split in two. 
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15.9, 18.5, 19.4, 33.7, 54.5, 184.2. This product is not known to literature, but further analysis 

of the solid was not conducted. 

7.2.4.3 Synthesis of carboxylic acids 

2,2,5-Trimethyl-1,3-dioxane-5carboxylic acid (CAS 16837-14-2, PK-912, 

45). This procedure was adapted from the group of Dhar.[77] 

2,2-Bis(hydroxymethyl)propionic acid (20.1 g, 150 mmol, 1.0 eq.) and 2,2-

dimethoxypropane (29.0 mL, 236 mmol, 1.6 eq.) were suspended in acetone (80 mL). After 

addition of p-toluene sulfonic acid monohydrate (1.63 g, 8.55 mmol, 6 mol%), the reaction 

mixture was stirred for one day at room temperature. The yellow solution was neutralized with 

an ethanolic mixture of aqueous ammonia (50:50, 6.3 mL) before the solvent was replaced by 

dichloromethane (350 mL). The organic phase was washed with water (2 X 80 mL), a saturated 

aqueous solution of NaCl (3 X 100 mL), dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (45 °C, 8 mbar). Further azeotropic distillation with toluene 

(2 X 30 mL) afforded a crystalline, impure solid (16.0 g). Purification by crystallization79 

(hexanes-Et2O 9:1, 200 mL) yielded a white, micro-crystalline solid (12.6 g, 48%). 

1H-NMR (400 MHz, CDCl3, PK-912-N-13C): δ 1.21 (s, 3H), 1.44 (d, J = 12.7 Hz, 6H), 3.69 

(d, J = 11.9 Hz, 2H), 4.19 (d, J = 11.9 Hz, 2H). 13C-NMR (101 MHz, CDCl3, PK-912-N-13C): 

δ 18.5, 22.0, 25.5, 41.9, 66.1, 98.5, 179.9. The analytical data matched those reported in the 

literature.[77] 

α,α,α’,α’-Tetramethyl-1,3-benzenedipropionitirle (esp-diCN, CAS 

69774-36-3, PK-913). This procedure was adapted from Berry et 

al.[78]. A pre-dried Schlenk flask (1.3∙10–1 mbar) was charged with solid LDA (2.75 g, 25.6 

mmol, 2.05 eq.). At –78 °C, THF (44 mL) was added and the reaction mixture was stirred for 

five minutes until all solids dissolved. Isobutyronitrile (2.30 mL, 25.6 mmol, 2.05 eq.) was 

added and the orange solution was stirred for 50 minutes at –78 °C. A solution of α,α’-dibromo-

m-xylene (97%, 3.40 g, 12.5 mmol, 1.0 eq.) in THF (12 mL) was added dropwise over a period 

of 15 minutes. The mixture was stirred for ten minutes at –78 °C before stirring for 15 hours at 

room temperature. Water (35 mL) and EtOAc (75 mL) were added and the phases were 

separated. The organic phase was washed with water (30 mL), a saturated aqueous solution of 

 

79 Note: a small amount of solid remains insoluble while crystallization. Product losses may occur due to 

sublimation. 
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NaCl (30 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure 

(45 °C, 100 mbar). The yellow oil was diluted in EtOAc (4 mL) and filtered over a short pad of 

silica (9 cm), eluting with EtOAc until no further product was collected. The solvent was 

removed under reduced pressure (45 °C, 7 mbar). The obtained solid was dissolved in EtOAc 

(8 mL), hexanes (150 mL) were added and the solution was stored for three days at –25 °C. The 

crystals were filtered off, pulverized and washed with hexanes (3 X 10 mL). After drying under 

reduced pressure (45 °C, 8 mbar), a white solid (1.75 g, 58%) was obtained. The filtrate was 

stored for one day at –25 °C, affording more white, crystalline solid (704 mg, 23%). Total yield: 

2.45 g, 81%. 

1H-NMR (400 MHz, CDCl3, PK-913-cryst): δ 1.36 (s, 12H), 2.82 (s, 4H), 7.17 – 7.25 (m, 3H), 

7.32 (dd, J = 8.2, 6.8 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK-913-cryst): δ 26.7, 33.7, 46.7, 

124.8, 128.6, 129.4, 132.3, 136.0. The analytical data matched those reported in the 

literature.[79] 

α,α,α’,α’-Tetramethyl-1,3-benzenedipropionic acid (H2esp, 

CAS 819050-88-9, PK-914, 46). This procedure was adapted 

from Berry et al.[78]. A 25 mL Schlenk flask charged with esp-

diCN (1.44 g, 6.00 mmol, 1.0 eq.) and KOH (1.90 g, 33.9 mmol, 5.7 eq.) evacuated (2.5∙10–1 

mbar) and backfilled with argon three times. Ethylene glycol (7.5 mL) was added and a reflux 

condenser with an argon balloon was fitted on the flask. The two-phase mixture was stirred for 

16 hours at 180 °C.80 After cooling to room temperature, the yellowish solution was transferred 

with chloroform (20 mL) and water (20 mL) to a separatory funnel. Aqueous HCl (6 M, 12 mL) 

was added and the organic layer was collected. The aqueous phase was extracted with EtOAc 

(2 X 65 mL). The combined organic phase was washed with water (2 X 25 mL), a saturated 

aqueous solution of NaCl, dried over MgSO4, filtered and the solvent was removed under 

reduced pressure (45 °C, 190 mbar). The yellow oil was diluted with EtOAc (4 mL) and passed 

through a short pad of silica, eluting with EtOAc until no further product was collected. The 

solvent was removed under reduced pressure (45 °C, 100 mbar). The obtained solid was 

dissolved in EtOAc (8 mL) and hexanes (125 mL) were added. After storing at –25 °C for one 

day, solids were filtered off and washed with hexanes (3 X 15 mL). After drying in air, a 

colorless, micro-crystalline solid (1.64 g, 98%) was obtained. 

 

80 First heating for one hour at 170 °C. 
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1H-NMR (400 MHz, CDCl3, PK-914-N): δ 1.17 (s, 12H), 2.84 (s, 4H), 6.94-7.07 (m, 3H), 7.18 

(t, J = 7.5 Hz, 1H), 11.70 (br s, 1H). 13C-NMR (101 MHz, CDCl3, PK-914-N): δ 24.6, 43.7, 

46.1, 127.7, 128.8, 131.8, 137.5, 184.4. The analytical data matched those reported in the 

literature.[79] 

7.2.4.4 Synthesis of difunctional onium carboxylates 

Tetrabutylammonium 2-isopropyl-2,3-dimethylbutanoate 

(PK-KH-01, 47). 2-isopropyl-2,3-dimethylbutanoic acid 

(3.00 g, 19.0 mmol, 1.0 eq.) and a grain of phenolphthalein 

(ca. 0.5 mg) were dissolved in iPrOH (20 mL). An aqueous solution of tetrabutylammonium 

hydroxide (40 wt.%) was added until the solution turned light pink (total volume added: 

12.4 mL). After stirring for one hour at room temperature, the solvent was removed under 

reduced pressure (45 °C, 100 mbar). Residual alcohol as well as most of the water was removed 

by two-fold azeotropic distillation with toluene (20 mL). After cooling in the fridge for one day 

(less is also tolerable), the solid dissolved in hot toluene (4 mL), over-layered with hexanes 

(4 mL) and stores in the fridge overnight. The crystals (4.75 g, 63%) were filtered off, washed 

with hexanes (2 X 10 mL) and dried under reduced pressure (<1.0∙10–1 mbar). A second 

crystallization afforded a colorless, crystalline solid (2.29 g, 30%). Total yield: 7.04 g, 93%. 

The solid is little hygroscopic. Suitable single crystals for X-ray analysis (KlePh18) were grown 

by slow diffusion of hexanes into a saturated solution of the salt in toluene. 

1H-NMR (500 MHz, [D6]-benzene, PK-KH-01-cryst): δ 0.92 (t, J = 7.3 Hz, 12H), 1.23-1.33 

(m, 14H), 1.33-1.43 (m, 8H), 1.46 (s, 3H), 1.48 (d, J = 6.8 Hz, 6H), 2.48 (sept., J = 6.8 Hz, 2H) 

3.09-3.30 (m, 8H). 13C-NMR (75 MHz, [D6]-benzene, PK-KH-01-cryst-13C): δ 14.0, 17.0, 

19.1, 20.1, 20.2, 24.4, 33.5, 53.2, 58.7, 178.6. 

Benzyl trimethylammonium 2-isopropyl-2,3-dimethylbutanoate 

(PK-890, 48). 2-isopropyl-2,3-dimethylbutanoic acid (791 mg, 

5.00 mmol, 1.0 eq.) was dissolved in iPrOH (5 mL) and three 

drops of phenolphthalein in iPrOH (0.74 wt.%) were added. A methanolic solution of benzyl 

trimethylammonium hydroxide (40%) was added until the solution turned light pink (total 

volume added: 3.35 mL). After stirring for five minutes at room temperature, the solvent was 

removed under reduced pressure (45 °C, 65 mbar). Residual alcohol as well as most of the water 

was removed by two-fold azeotropic distillation with toluene (1 X 5 mL, 1 X 10 mL). The 

obtained white solid was suspended in hexanes (10 mL), filtered and washed with hexanes 
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(3 X 10 mL). After drying under reduced pressure (45 °C, 7 mbar) a white, crystalline solid 

(1.47 g, 95%) was obtained. 

1H-NMR (300 MHz, CDCl3, PK-890-N): δ 0.88 (d, J = 6.8 Hz, 6H), 0.97 (s, 3H), 0.98 (d, 

J = 6.8 Hz, 6H), 2.00 (sept., J = 6.8 Hz, 2H), 3.44 (s, 9H), 4.95 (s, 2H), 7.39-7.55 (m, 3H), 

7.55-7.65 (m, 2H). 13C-NMR (75 MHz, CDCl3, PK-890-N): δ 16.1, 18.5, 19.4, 32.9, 34.9, 53.0, 

69.7, 128.0, 129.3, 130.8, 133.2, 180.9. 

Tetrabutylammonium pivalate (CAS 25255-91-8, PK-626, 

49). Pivalic acid (2.04 g, 20.0 mmol, 1.0 eq.) and a grain of 

phenolphthalein (ca. 0.5 mg) were dissolved in iPrOH 

(20 mL). An aqueous solution of tetrabutylammonium hydroxide (40 wt.%) was added until the 

solution turned light pink (total volume added: 13.1 mL). After stirring for one hour at room 

temperature, the solvent was removed under reduced pressure (50 °C, 40 mbar). Residual 

alcohol as well as most of the water was removed by two-fold azeotropic distillation with 

toluene (10 mL). After cooling to 0 °C, the crystalline solid was washed with hexanes (1 X 

10 mL, 3 X 5 mL) and dried in air. The crude product, containing approx. one equivalent of 

water, was suspended in a toluene-hexanes (2:1, 60 mL) mixture and hexanes were removed 

under reduced pressure (45 C, 300 mbar) until all solids dissolved. Upon storing of the solution 

in the fridge for one week (less is also tolerable) colorless crystals formed. Filtration, washing 

with hexanes (2 X 15 mL) and drying under reduced pressure (3.3∙10–1 mbar) afforded a light 

purple, hygroscopic solid (6.42 g, 93%). 

1H-NMR (300 MHz, [D6]-benzene, PK-626-N): δ 0.94 (t, J = 7.2 Hz, 12H), 1.23-1.54 (m, 16H), 

1.68 (s, 9H), 3.20-3.33 (m, 8H). 13C-NMR (75 MHz, [D6]-benzene, PK-626-N): δ 14.1, 20.2, 

24.6, 30.4, 40.1, 58.8, 181.6. The analytical data matched those reported in the literature.[80] 

Tetrabutylammonium valproate (PK-1009, 50). 

Valproate (722 mg, 5.01 mmol, 1.0 eq.) was dissolved 

in iPrOH (5 mL) and three drops of phenolphthalein in iPrOH (0.74 wt.%) were added. An 

aqueous solution of tetrabutylammonium hydroxide (40%) was added until the solution turned 

light pink (total volume added: 3.4 mL). After stirring for 15 minutes at room temperature, the 

solvent was removed under reduced pressure (45 °C, 8 mbar). Residual alcohol as well as most 

of the water was removed by azeotropic distillation with toluene (2 X 15 mL, 1 X 20 mL). After 

drying under reduced pressure (55 °C, 7 mbar, 3 hours) a white solid (1.87 g. 97%) was 



 

 

287 

 

obtained. The product still contains toluene (0.2 wt.%). Due to its highly hygroscopic nature, 

the salt was stored in a glovebox to facilitate weighing in. 

1H-NMR (300 MHz, CDCl3, PK-1009-N): δ 0.87 (t, J = 7.1 Hz, 6H), 0.99 (t, J = 7.3 Hz, 12H), 

1.24-1.52 (m, 14H), 1.52-1.73 (m, 10H), 2.08-2.22 (m, 1H), 3.37-3.49 (m, 8H). 13C-NMR 

(75 MHz, CDCl3, PK-1009-N): δ 13.8, 14.7, 19.9, 21.5, 24.3, 36.3, 49.7, 59.0, 181.4. 

Tetrabutylammonium 2,2-dimethyldecanoate (PK-927, 51). 

2,2-Dimethyldecanoic acid (1.00 g, 5.00 mmol, 1.0 eq.) was 

dissolved in iPrOH (5 mL) and three drops of phenolphthalein 

in iPrOH (0.74 wt.%) were added. An aqueous solution of 

tetrabutylammonium hydroxide (40%) was added until the solution turned light pink (total 

volume added: 3.28 mL). After stirring for 15 minutes at room temperature, the solvent was 

removed under reduced pressure (45 °C, 90 mbar). Residual alcohol as well as most of the water 

was removed by azeotropic distillation with toluene (3 X 6 mL, 2 X 15 mL). After drying under 

reduced pressure (45 °C, 8 mbar) an orange, viscous oil (2.23 g, 101%) was obtained. The 

product contains toluene (0.6 wt.%). 

1H-NMR (300 MHz, CDCl3, PK-927-R2): δ 0.82-0.92 (m, 3H), 0.99 (t, J = 7.3 Hz, 12H), 1.11 

(s, 6H), 1.25 (s, 12H), 1.44 (sext., J = 7.3 Hz, 10H), 1.58-1.75 (m, 8H), 3.28-3.49 (m, 8H). 

13C-NMR (75 MHz, CDCl3, PK-927-R2): δ 13.8, 14.2, 19.9, 22.8, 24.3, 25.7, 26.9, 29.6, 30.0, 

30.9, 32.1, 42.4, 43.1, 59.0, 183.0. 

Methyltrioctylammonium (MTOA) 2-isopropyl-2,3-dimethyl-

butanoate (PK-1066). MTOA methyl carbonate (444 mg, 

1.00 mmol, 1.1 eq.) and 2-isopropyl-2,3-dimethylbutanoic acid 

(143 mg, 904 µmol, 1.0 eq.) were reacted according to general procedure 4.1. Drying under 

reduced pressure (50 °C, 8 mbar, 2 h) afforded a yellow-orange oil (510 mg, 107%). The higher 

yield is due to hydrogen carbonate salt (8 wt.%) as well as trioctylamine (1 wt.%) impurity. 

1H-NMR (300 MHz, [D6]-dimethylsulfoxide, PK-1079-N): δ 0.63-0.97 (m, 24H), 1.11-1.41 (m, 

30H), 1.15-1.38 (m, 6H), 1.79 (sept., J = 6.8 Hz, 2H), 2.96 (s, 3H), 3.12-3.32 (m, 6H). 

13C-NMR (75 MHz, [D6]-dimethylsulfoxide, PK-1079-N): δ 13.9, 16.0, 18.1, 19.1, 21.3, 22.0, 

25.8, 28.4, 28.5, 31.1, 32.1, 47.4, 51.3, 60.4, 176.2. 

Methyltrioctylammonium (MTOA) pivalate (PK-1066). MTOA 

methyl carbonate (444 mg, 1.00 mmol, 1.1 eq.) and pivalic acid 

(92.5 mg, 906 µmol, 1.0 eq.) were reacted according to general 
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procedure 4.1. Gas and heat evolution was already observed at room temperature. Drying under 

reduced pressure (50 °C, 8 mbar, 2 h) afforded a yellow-orange oil (461 mg, 109%). The higher 

yield is due to hydrogen carbonate salt (8 wt.%) as well as trioctylamine (1 wt.%) impurity. 

1H-NMR (300 MHz, [D6]-dimethylsulfoxide, PK-1066-N): δ 0.81-0.92 (m, 9H), 0.93 (s, 9H), 

1.15-1.40 (m, 30H), 1.46-1.72 (m, 6H), 2.96 (s, 3H), 3.08-3.37 (m, 6H). 13C-NMR (75 MHz, 

[D6]-dimethylsulfoxide, PK-1066-N): δ 13.9, 21.3, 22.0, 25.8, 28.4, 28.5, 29.0, 31.1, 38.4, 47.4, 

60.4, 179.4. 

Methyltrioctylammonium (MTOA) valproate (PK-1081). 

MTOA methyl carbonate (444 mg, 1.00 mmol, 1.1 eq.) and 

valproate (131 mg, 908 µmol, 1.0 eq.) were reacted according to general procedure 4.1. Drying 

under reduced pressure (50 °C, 8 mbar, 2 h) afforded a yellow-orange oil (494 mg, 106%). The 

higher yield is due to hydrogen carbonate salt (8 wt.%) as well as trioctylamine (1 wt.%) 

impurity. 

1H-NMR (300 MHz, [D6]-dimethylsulfoxide, PK-1081-N): δ 0.74-0.94 (m, 15H), 1.01-1.48 (m, 

40H), 1.53-1.75 (m, 6H), 1.85 (tt, J = 9.2, 5.2 Hz, 1H), 2.98 (s, 3H), 3.09-3.42 (m, 6H). 

13C-NMR (75 MHz, [D6]-dimethylsulfoxide, PK-1079-N): δ 13.9, 14.4, 20.7, 21.3, 22.0, 25.8, 

28.4, 28.5, 31.1, 35.8, 47.4, 48.1, 60.4, 177.4. 

Methyltrioctylammonium (MTOA) 2,2-dimethyldecanoate 

(PK-1065). MTOA methyl carbonate (444 mg, 1.00 mmol, 

1.09 eq.) and 2,2-dimethyldecanoic acid (184 mg, 919 µmol, 

1.0 eq.) were reacted according to general procedure 4.1. Drying under reduced pressure (50 °C, 

8 mbar, 2 h) afforded a yellow-orange oil (550 mg, 105%). The higher yield is due to hydrogen 

carbonate (7 wt.%) salt as well as trioctylamine (1 wt.%) impurity. 

1H-NMR (400 MHz, [D6]-dimethylsulfoxide, PK-1065-N): δ 0.81-0.91 (m, 18H), 1.05-1.67 (m, 

44H), 1.37-1.67 (m, 6H) 2.94 (s, 3H), 3.12-3.28 (m, 6H). 13C-NMR (75 MHz, [D6]-

dimethylsulfoxide, PK-1065-N): δ 13.9 (4C)81, 21.3, 22.0, 22.1, 25.1, 25.8, 26.9, 28.4, 28.5, 

28.8, 29.3, 30.3, 31.2, 31.4, 41.8, 42.0, 47.4, 60.4, 178.9. 

 

81 Two signals (terminal CH3 groups) overlay. 
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7.2.4.5 Exemplary procedures 

Table 17, entry 6, according to general procedure 4.2 (PK-1041). Caffeine (97.1 mg, 500 µmol, 

1.0 eq.), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol, 5.0 mol%), and NBu4DiPP (20.0 mg, 50.0 µmol, 

10.0 mol%) were added to a pre-dried (2·10–2 mbar, heat-gun) Schlenk tube, which was 

introduced into a glovebox. K3PO4 (212 mg, 1.00 mmol, 2.0 eq.) and bromobenzene (Hamilton 

syringe, 79.0 µL, 750 µmol, 1.5 eq.) were added and the walls were rinsed with dry DMF 

(1.5 mL). After five minutes at room temperature outside the glovebox, the suspension was 

stirred for either 2.5 hours at 100 °C (pre-heated aluminum block, 600 rpm). At room 

temperature, the reaction mixture was filtered over a short pad of silica (5 cm), eluting with a 

DCM-MeOH mixture (10:1, 100 mL) until no further reaction components were recovered. 

After removal of the solvent under reduced pressure (50 °C, 15 mbar), a q-NMR 

(1,3,5-trimethoxybenzene: 168.19 g/mol, 37.2 mg, 221.2 µmol) was conducted according to the 

general procedure for q-NMR analysis (7.1.3, NMR file: PK-1041-q, AVHD400). 

Table 18, entry 1, according to general procedure 4.4. (PK-1084). Caffeine (97.1 mg, 500 µmol, 

1.0 eq.), PdCl2(MeCN)2 (6.49 mg, 25.0 µmol, 5.0 mol%), and dry K3PO4 (212 mg, 1.00 mmol, 

2.0 eq.) were added to a Schlenk tube, which was evacuated (<1.0∙10–1 mbar) and backfilled 

with argon thrice. Methyltrioctylammonium pivalate (27.8 mg, 59.2 µmol, 12.0 mol%) and 

bromobenzene (Hamilton syringe, 79.0 µL, 750 µmol, 1.5 eq.) were added and the walls were 

rinsed with degassed82 water (1.5 mL). After five minutes at room temperature, the suspension 

was stirred for 13 hours at 100 °C (pre-heated aluminum block, 600 rpm). At room temperature, 

the reaction mixture was transferred with DCM (50 mL) to a separatory funnel. A saturated 

aqueous solution of NaCl (25 mL) was added, phases were separated and the water phase was 

extracted with DCM (2 X 25 mL). The combined organic extract was dried over Na2SO4, filtered 

and the solvent was removed under reduced pressure (50 °C, 7 mbar). A q-NMR 

(1,3,5-trimethoxy-benzene: 168.19 g/mol, 33.2 mg, 197.4 µmol) was conducted according to 

the general procedure for q-NMR analysis (7.1.3, NMR file: PK-1084-q, AVHD400). 

Table 19, entry 2, according to general procedure 4.5 (PK-1018). The procedure was adapted 

from the group of Fagnou.[71] Pd(OAc)2 (3.37 mg, 15.0 µmol, 3.0 mol%), DavePhos (5.90 mg, 

15.0 µmol, 3.0 mol%), and NBu4DiPP (60.0 mg, 150 µmol, 0.3 eq.) were placed in a Schlenk 

 

82 Water was degassed for 30 minutes by injection of argon via a cannula. 
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tube, which was evacuated (<1.0∙10–1 mbar) and backfilled with argon thrice. The Schlenk tube 

was transferred into a glovebox and K2CO3 (173 mg, 1.25 mmol, 2.5 eq.) was added. Outside 

the glovebox, 4-bromoanisole (63.0 µL, 503 µmol, 1.0 eq.) was added. The walls were rinsed 

with benzene (2.5 mL) and DMAc (2.9 mL). After five minutes at room temperature, the 

suspension was stirred for 15 hours at 120 °C (600 rpm). The cooled, brown suspension was 

transferred to a separatory funnel and diluted with Et2O (50 mL). The organic phase was washed 

with water (3 X 25 mL), a saturated aqueous solution of NaCl (25 mL), dried over MgSO4, 

filtered and the solvent was removed under reduced pressure (45 °C, 500 mbar).83 A q-NMR 

(1,3,5-trimethoxy-benzene: 168.19 g/mol, 28.3 mg, 168.3 µmol) was conducted according to 

the general procedure for q-NMR analysis (7.1.3, NMR file: 1018-q, AVHD500). 

Table 20, entry 1, according to general procedure 4.6 (PK-998). The procedure was adapted 

from the group of Fagnou[72] and Kappe[73]. Pd(OAc)2 (4.49 mg, 20.0 µmol, 2.0 mol%), and 

NBu4DiPP (120 mg, 300 µmol, 0.3 eq.) were placed in a Schlenk tube, which was evacuated 

(2.1∙10–1 mbar) and backfilled with argon thrice. Inside a glovebox, PCy3 (11.2 mg, 40.0 µmol, 

4.0 mol%) and K2CO3 (207 mg, 1.50 mmol, 1.5 eq.) were added. Outside the glovebox, 

4-bromoanisole (Hamilton syringe, 125 µL, 1.00 mmol, 1.0 eq.) and 1-methylimidazole 

(121 µL, 1.50 mmol, 1.5 eq.) were added and the walls were rinsed with dry DMAc (2 mL). 

After five minutes at room temperature, the suspension was stirred for 18 hours at 100 °C 

(preheated aluminum block, 600 rpm). The cooled reaction mixture was transferred to a 

separatory funnel and diluted with EtOAc (50 mL). The organic phase was washed with water 

(3 X 25 mL), a saturated aqueous solution of NaCl (1 X 25 mL), dried over MgSO4, filtered and 

the solvent was removed under reduced pressure (45 °C, 50 mbar).84 A q-NMR 

(1,3,5-trimethoxy-benzene: 168.19 g/mol, 34.9 mg, 207.5 µmol) was conducted according to 

the general procedure for q-NMR analysis (7.1.3, NMR file: PK-998-q, AVHD500). 

Table 21, entry 3, according to general procedure 4.7 (PK-1001). The procedure was adapted 

from Marching et al.[74] 2-Phenylimidazo[1,2-a]pyridine (194 mg, 1.00 mmol, 1.0 eq.), 

Pd(OAc)2 (4.49 mg, 20.0 µmol, 2.0 mol%), and NBu4DiPP (120 mg, 300 µmol, 0.3 eq.) were 

placed in a Schlenk tube. Inside a glovebox, K2CO3 (207 mg, 1.50 mmol, 1.5 eq.) and PCy3 

(11.2 mg, 40.0 µmol, 4.0 mol%) were added. Outside the glovebox, 4-bromotoluene (Hamilton 

 

83 Residual benzene was not removed to avoid any potential, azeotropic distillation of reactants. 

84 Except for NaCl washing, phases separate very slowly. 
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syringe, 99%, 147 µL, 1.20 mmol, 1.2 eq.) was added and the walls were rinsed with dry DMAc 

(4 mL). After five minutes at room temperature, the reaction mixture was stirred for 18 hours 

at 100 °C (600 rpm). The suspension was transferred to a separatory funnel and diluted with 

EtOAc (50 mL). The organic phase was washed with water (3 X 25 mL), a saturated solution 

of NaCl (1 X 25 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure (45 °C, 100 mbar). A q-NMR (1,3,5-trimethoxy-benzene: 168.19 g/mol, 35.3 mg, 

209.9 µmol) was conducted according to the general procedure for q-NMR analysis (7.1.3, 

NMR file: PK-1001-q, AVHD500). 
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7.2.5 Vinyl and Benzyl PCy3-Based Phosphonium Salts: Suitable Precursors for Active 

Catalyst Generation 

7.2.5.1 General synthesis procedures 

General procedure 5.2.1 – Wittig olefination with benzophenone an n-BuLi 

This procedure was adapted from Wirth et al.[81] In a pre-dried Schlenk flask (<1.0∙10–1 mbar, 

heat-gun), alkylphosphonium bromide (36.0 mmol, 1.2 eq.) was suspended in THF (60 mL). 

At 0 °C, a solution of n-BuLi (2.5 M in hexanes, 14.4 mL, 36.0 mmol, 1.2 eq.) was added 

dropwise. After complete addition, the suspension was stirred for two hours at 0 °C. A solution 

of benzophenone (5.47 g, 30.0 mmol, 1.0 eq.) in THF (30 mL) was added dropwise. After 

stirring for 30 minutes at 0 °C, the suspension was stirred for 16 hours at room temperature. At 

0 °C, a saturated aqueous solution of NH4Cl (30 mL) and diethylether (30 mL) were added. 

Phases were separated and the aqueous phase was extracted with diethylether (2 X 50 mL). The 

combined organic extract was washed with water (2 X 50 mL), a saturated solution of NaCl 

(1 X 50 mL), dried over MgSO4, filtered and the solvent was removed under reduced pressure 

(50 °C, 300 mbar). The crude product was filtered and washed with hexanes (2 X 25 mL) to 

remove insoluble triphenylphosphine oxide. The washing phase was evaporated to dryness. 

Purification by flash column chromatography afforded the pure product. 

General procedure 5.2.2 – Synthesis of quaternary alkyl tricyclohexylphosphonium salts 

Under argon, tricyclohexylphosphine (280 mg, 1.00 mmol, 1.0 eq.) was dissolved in degassed 

dichloromethane (2 mL/mmol). While stirring, benzyl halide (1.00 mmol, 1.0 eq.) was added 

and the walls were rinsed with dichloromethane (2-3 mL/mmol). The reaction mixture was 

stirred for 15 hours at room temperature. After concentration of the solution to approx. 1-

1.5 mL, the addition of diethylether (5 mL) caused precipitation of the product. The solid was 

filtered off and washed with diethylether (3 X 3 mL). Drying under reduced pressure (16 h, r.t., 

<1.0∙10–1 mbar) afforded the pure product. 

General procedure 5.2.3 – Microwave assisted synthesis of vinyl tricyclohexyl-

phosphonium salts (liquid aryl bromide) 

Inside a glovebox, tricyclohexylphosphine (1.0 eq.) and Pd precatalyst (5.0 mol%) were added. 

The walls were rinsed with toluene (2 mL/mmol). After closing the vial with a septum85, the 

 

85 A NS14 septum was used and turned the other way around to close to microwave vial. 
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vessel was transferred outside the glovebox. Argon counterflow was ensured with the aid of a 

cannula (Ø 0.90 mm, color code yellow). Additive (10.0 mol%) was added. If liquid (or 

subliming solid), aryl bromide (1.0-1.3 eq.) was added at once (solid) or dropwise86 (liquid). 

Walls were rinsed with toluene (2 mL/ mmol) and the vial was closed with a PEEK-cap and a 

PTFE-coated silicon septum. The reaction mixture was stirred for five minutes at room temperature 

and afterwards heated in an Anton Paar microwave reactor at the indicated temperature and time. 

At room temperature and in air, the suspension was diluted with dichloromethane (4 mL/mmol) and 

filtered over a short pad of Celite, eluting with dichloromethane (3 X 2 mL). The solvent was 

removed under reduced pressure (45 °C, 50 mbar). Dissolution of the obtained solid in a minimum 

amount of dichloromethane (~2 mL/mmol) followed by addition of diethylether (20 mL/mmol) led 

to the formation of copious amounts of precipitate. The latter was filtered over a glass filter, washed 

with Et2O (3 X 3 mL/mmol) and dried by suction of air with a water-jet pump (fast flow) for 30 

minutes. The solid was dissolved in a minimum amount of methanol and filtered over a short pad 

of Celite to remove insoluble Pd complex, eluting with methanol until no product was recovered. 

Removal of the solvent and drying under reduced pressure (2 h, 50 °C, 7 mbar) afforded the desired 

product. 

General procedure 5.2.4 – Microwave assisted synthesis of vinyl tricyclohexyl-

phosphonium salts (solid aryl bromide) 

If not prone to sublimation, aryl bromide (1.05 eq.) and additive (10.0 mol%) were added in air 

to a microwave reaction tube which was transferred inside a glovebox. Tricyclohexylphosphine 

(1.0 eq.) and Pd precatalyst (5.0 mol%) were added. The walls were rinsed with toluene 

(4 mL/mmol). After closing the vial with a PEEK-cap and a PTFE-coated silicon septum, the 

vessel was transferred outside the glovebox. The reaction mixture was stirred for five minutes at 

room temperature and afterwards heated in an Anton Paar microwave reactor at the indicated 

temperature and time. At room temperature and in air, the suspension was diluted with 

dichloromethane (4 mL/mmol) and filtered over a short pad of Celite, eluting with dichloromethane 

(3 X 2 mL). The solvent was removed under reduced pressure (45 °C, 50 mbar). Dissolution of the 

obtained solid in a minimum amount of dichloromethane (~2 mL/mmol) followed by addition of 

diethylether (20 mL/mmol) led to the formation of copious amounts of precipitate. The latter was 

filtered over a glass filter, washed with Et2O (3 X 3 mL/mmol) and dried by suction of air with a 

water-jet pump (fast flow) for 30 minutes. The solid was dissolved in a minimum amount of 

 

86 The dropwise addition allowed a more accurate weighing of aryl bromide. 
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methanol and filtered over a short pad of Celite to remove insoluble Pd complex, eluting with 

methanol until no product was recovered. Removal of the solvent and drying under reduced pressure 

(2 h, 50 °C, 7 mbar) afforded the desired product. 

General procedure 5.2.5 – Isomerization of allyl tricyclohexylphosphonium bromide 

A NMR tube was tared on an analytical balance (0.01 mg accuracy). Allyl 

tricyclohexylphosphonium bromide (NEt3: 28.90 mg, 72.00 µmol; DABCO: 36.53 mg, 

91.00 µmol; DBU: 26.88 mg, 66.96 µmol; 1.0 eq.) was dissolved in CDCl3 (500 µL) directly in the 

NMR tube. For DABCO involving reactions, the base (3.06 mg, 27.30 µmol, 0.3 eq.) was added 

prior dissolution, liquid bases (NEt3: 1.0 µL, 6.7 µmol, 0.1 eq.; DBU: 1.0 µL, 7.2 µmol, 0.1 eq.) 

were added afterwards. The tube was closed with a rubber cap and shaken. 1H-NMR (d1 = 20 s, 16 

scans) and 31P-NMR (sw = 100 ppm, O1P = 50 ppm) spectra were recorded periodically. 

General procedure 5.2.6 – Isomerization of α-methylstyrene substituted phosphonium salt 

a) NMR scale. A NMR tube was tared on an analytical balance (0.01 mg accuracy). 

Tricyclohexyl(2-phenylallyl)phosphonium bromide (32.00 mg, 67.00 µmol, 1.0 eq.) was 

dissolved in CDCl3 (500 µL) directly in the NMR tube. DBU (1.0 µL, 7.2 µmol, 0.1 eq.) was added. 

The tube was closed with a rubber cap and shaken. 1H-NMR (d1 = 20 s, 16 scans) and 31P-NMR 

(sw = 100 ppm, O1P = 50 ppm) spectra were recorded periodically. 

b) Flask scale. Tricyclohexyl(2-phenylallyl)phosphonium bromide (47.8 mg, 100 µmol, 1.0 eq.) 

was dissolved or suspended in the indicated solvent (mixture).87 Base (NaOPiv: 12.4 mg, 100 µmol, 

1.0 eq. or NEt3: 500 µL, 3.59 mmol, 35.9 eq.) was added and the suspension was stirred for at least 

15 hours at room temperature. For NEt3 reactions, the solvents were removed with the aid of a 

water-jet pump (slow flow (~500 mbar) in the beginning, fast flow (~20 mbar) when ‘dry’). 

The crude product was analyzed by 1H- (d1 = 20 s, 16 scans) and 31P-NMR (sw = 100 ppm, 

O1P = 50 ppm). Reactions involving NaOPiv were filtered over a short pad of Celite and the 

solvent was removed under reduced pressure (45 °C, 8 mbar). The crude product was washed with 

pentane (3 X 3 mL) and dried under reduced pressure (1 h, 50 °C, 8 mbar). 1H- (d1 = 20 s, 16 scans) 

and 31P-NMR (sw = 100 ppm, O1P = 50 ppm) spectra were recorded. 

General procedure 5.2.7 – Amination of chlorobenzene 

The amination of chlorobenzene was adapted from Reddy et al.[82]. Under argon, a pre-dried 

Schlenk tube (<1.0∙10–1 mbar, heat-gun) was charged with sodium tert-butoxide (139 mg, 

 

87 Note: Reactions involving NEt3 as base were performed in a 10 mL Schlenk tube. 
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1.39 mmol, 1.4 eq.), palladium source (2.0 mol%), and PCy3-source (4.0 mol%). The walls 

were rinsed with dry, degassed toluene (2 mL). The Schlenk tube was evacuated (<1.0∙10–1 

mbar, r.t.) and backfilled with argon thrice. N-methylpiperazine (110 μL, 992 µmol, 1.0 eq.), 

and chlorobenzene (201 μL, 1.98 mmol, 2.0 eq.) were added and the walls were rinsed with 

dry, degassed toluene (2 mL). After stirring for five minutes at room temperature, the reaction 

mixture was heated for the indicated time to 120 °C (600 rpm). 

a) Drying over MgSO4 (old method). The solution was allowed to cool to room temperature and 

diluted with dichloromethane (15 mL). The organic phase was dried over MgSO4, filtered and 

concentrated under reduced pressure (>700 mbar) to remove dichloromethane. If insoluble rests 

were visible, dichloromethane was again added until a homogeneous solution was obtained. A 

q-NMR (1,1,2,2-tetrachloroethane: 53.0 μL, 502 μmol) was conducted according to the general 

procedure for q-NMR analysis (7.1.3). 

b) Aqueous work-up (new method). The solution was allowed to cool to room temperature and 

transferred to a separatory funnel. After dilution with Et2O (30 mL), the organic phase was 

washed with an aqueous, dilute NaCl solution (H2O–sat. aq. NaCl 1:1, 2 X 25 mL), and a 

saturated aqueous solution of NaCl (25 mL). The ethereal phase was dried over MgSO4, filtered 

and the solvent was removed under reduced pressure (45 °C, 200 mbar). A q-NMR (1,1,2,2-

tetrachloroethane: 200 μL, 1.895 mmol) was conducted according to the general procedure for 

q-NMR analysis (7.1.3). 

7.2.5.2 Synthesis of precursors 

(Bromomethyl)triphenylphosphonium bromide (CAS 1034-49-7, PK-442). 

The procedure was adapted from Drewes et al.[83]. At room temperature, 

dibromomethane (4.20 mL, 60.1 mmol, 2.1 eq.) was added to a solution of triphenylphosphine 

(7.50 g, 28.6 mmol, 1.0 eq.) in toluene88 (50 mL). The colorless solution was heated for one 

day to 123 °C. After cooling to 0 °C, the suspension was filtered; the collected solid was washed 

with toluene (2 X 10 mL) and pentane (2 X 25 mL), and dried under reduced pressure (r.t., 16 h, 

<1.0∙10–1 mbar).89 A first fraction of white solid (4.66 g, 37%) was obtained. Meanwhile, 

another portion of dibromomethane (4.20 mL, 60.1 mmol, 2.1 eq.) was added to the filtrate 

which was heated for one day to 123 °C. Cooling to 0 °C, filtration followed by washing with 

 

88 No dry toluene was used. 

89 The toluene washing phase was collected in the filtration of the first filtration. 
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toluene (2 x 50 mL) and pentane (50 mL), and drying under reduced pressure (r.t., 16 h, <1.0 ∙ 

10–1 mbar) afforded more white, crystalline solid (3.52 g, 28%). Total yield: 8.18 g, 66%. 

1H-NMR (300 MHz, CDCl3, PK-442-2): δ 1H NMR (300 MHz, CDCl3) δ 5.90 (d, JP,H = 5.8 Hz, 

2H), 7.64-7.76 (m, 6H), 7.76-7.86 (m, 3H), 7.90-8.03 (m, 6H). 13C-NMR (101 MHz, CDCl3, 

PK-442-R): δ 18.6 (d, JP,C = 54.3 Hz, CH2), 117.1 (d, JP,C = 88.9 Hz), 130.5 (d, JP,C = 13.0 Hz), 

134.5 (d, JP,C = 10.2 Hz), 135.6 (d, JP,C = 3.1 Hz). 31P-NMR (122 MHz, CDCl3, PK-422-2): δ 

21.9 (s, minor isomer, 6.7 mol%), 24.0 (s, major, 93.3 mol%). Impurities were detected in the 

1H-NMR (δ 3.33 (d, J = 13.2 Hz, 3H), 7.54-8.02 (m, 15H)) and 31P-NMR (δ 19.490 (2.3 mol%), 

22.0 (6.0 mol%)) spectra. One species could be assigned to methyl triphenylphosphonium 

bromide (δP 22.0).[84] The analytical data matched those reported in literature.[85] 

Cinnamyl bromide (CAS 4392-24-9, PK-447). The procedure was adapted 

from Weaver et al.[86] At 0 °C, aqueous hydrogen bromide (48%, 50 mL) 

was added to cinnamyl alcohol (3.00 g, 22.4 mmol, 1.0 eq.). After stirring for three hours at 

room temperature, saturated aqueous solution of NaHCO3 (250 mL) and Na2CO3 (90 mL) were 

slowly added until gas evolution ceased. The aqueous phase was extracted with EtOAc (1 X 

150 mL, 1 X 100 mL). The combined organic extract was washed with water (100 mL), a 

saturated aqueous solution of NaCl (100 mL), dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure (40 °C, 40 mbar). A yellowish oil (4.25 g, 97%) was obtained 

and used without further purification. The product contained ethyl acetate (3 wt.%) and minor 

amounts of starting material (8 wt.%). 

1H-NMR (300 MHz, CDCl3, PK-447-R): δ 4.16 (dd, J = 7.7, 1.0 Hz, 1H), 6.39 (dt, J = 15.6, 

7.7 Hz, 1H), 6.65 (d, J = 15.6 Hz, 1H), 7.20-7.47 (m, 5H). The analytical data matched those 

reported in literature.[86] 

9-(Bromomethylene)-9H-fluorene (CAS 4612-64-0, PK-TE-09). The 

procedure was adapted from Gajewksi et al.[87] In a pre-dried Schlenk tube 

(<1.0∙10–1 mbar, heat-gun), (bromomethyl)triphenyl-phosphonium bromide 

(480 mg, 1.10 mmol, 1.1 eq.) was suspended in THF (3 mL). After dropwise 

addition of a NaHMDS solution (1 M in THF, 1.10 mL, 1.1 eq.) at –60 °C (dry ice-acetone, not 

saturated), the yellow suspension was stirred for 40 minutes at the same temperature. A solution 

of 9-fluorenone (180 mg, 1.00 mmol, 1.0 eq.) in THF (500 µL) was added dropwise. The 

 

90 Only observed in the first fraction of solid. 
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suspension was allowed to warm to room temperature and stirred for 20 hours at ambient 

temperature. Water (30 mL) was added and aqueous phase was extracted with diethylether 

(3 X 20 mL). The combined organic extract was dried over MgSO4, filtered and the solvent was 

removed under reduced pressure (40 °C, 8 mbar). Purification by flash column chromatography 

(hexanes) afforded a yellow solid (179 mg, 69%). The product contains 1,1,2,2-

tetrachloroethane (2 wt.%) from previous q-NMR analysis. 

TLC: Rf = 0.49 (hexanes) [UV, Mostain]. 1H-NMR (400 MHz, CDCl3, PK-TE-09-W): δ 7.27 

(dt, J = 7.5, 1.1 Hz, 1H), 7.31-7.40 (m, 3H), 7.43 (td, J = 7.5, 1.1 Hz, 1H), 7.55 (dt, 

J = 7.5, 0.9 Hz, 1H), 7.68 (ddt, J = 16.0, 7.5, 0.9 Hz, 2H), 8.57 (dt, J = 7.5, 0.9 Hz, 1H). 13C-

NMR (101 MHz, CDCl3, PK-TE-09-W2): δ 105.9, 119.9, 120.0, 120.3, 125.8, 127.4, 127.4, 

128.8, 129.6, 136.7, 138.5, 139.0, 139.3, 141.6. The analytical data matched those reported in 

literature.[87] 

(1,2-Dibromopropan-2-yl)benzene (CAS 36043-44-4, PK-BC-04). The 

procedure was adapted from Lodder et al.[88] At 0 °C, bromine (1.19 mL, 

23.4 mmol, 1.2 eq.) was added dropwise to a solution of α-methylstyrene 

(2.36 g, 20.0 mmol, 1.0 eq.) in dichloromethane (30 mL). The reddish solution was stirred for 

one hour at room temperature. Residual bromine was quenched with the addition of a saturated 

aqueous solution of Na2SO3 (30 mL) and the aqueous phase was extracted with 

dichloromethane (3 X 30 mL). The combined organic extract was dried over MgSO4, filtered 

and the solvent was removed under reduced pressure (40 °C, 150 mbar). A light yellow oil 

(6.00 g, 108%) was obtained. The product contained minor impurities from over-

bromination[89] but was used without purification in the next step, elimination to 1-bromo-2-

phenylpropene. 

1H-NMR (300 MHz, CDCl3, PK-BC-04-R): δ 2.32 (s, 3H), 4.14 (d, J = 10.2 Hz, 1H), 4.33-4.39 

(m, 1H), 7.24-7.44 (m, 3H), 7.50-7.64 (m, 2H). 13C-NMR (75 MHz, CDCl3, PK-BC-04-R): δ 

30.1, 43.6, 63.9, 126.7, 128.6, 128.6, 142.0. The analytical data matched those reported in 

literature.[90] 

(E/Z)-1-bromo-2-phenylpropene (CAS 16917-35-4, PK-BC-05, 72). The 

procedure was adapted from the Lodder et al.[88] (1,2-Dibromopropan-2-

yl)benzene (6.00 g, 21.5 mmol, 1.0 eq.)91 was dissolved in tBuOH (100 mL). 

 

91 Impurities of the starting material were not considered. 
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KOtBu (4.83 g, 43.0 mmol, 2.0 eq.) was added and the reaction mixture was stirred for one hour 

at 85 °C.92 Water (150 mL) was added and the aqueous phase was extracted with diethyl ether 

(3 X 75 mL). The combined organic extract was washed with an aqueous solution of NaOH 

(1 M, 20 mL), water (3 x 20 mL), dried over MgSO4, filtered and the solvent was removed under 

reduced pressure (45 °C, 100 mbar). A yellowish oil (3.13 g, 80% over 2 steps, E–Z 93:7). The 

product contains minor amounts of diethylether (0.6 wt.%). Other small impurities (~1 wt.%) 

stems from 3-bromo-2-phenylpropene[91]. Since the attempted synthesis of a vinyl 

phosphonium salt failed, it was not further purified. 

(E)-isomer: 1H-NMR (500 MHz, CDCl3, PK-BC-05-wash): δ 2.22 (d, J = 1.3 Hz, 3H), 6.44 

(d, J = 1.3 Hz, 1H), 7.28-7.38 (m, 6H). (Z)-isomer: 1H-NMR (500 MHz, CDCl3, PK-BC-05-

wash): δ 2.12 (d, J = 1.5 Hz, 3H), 6.23 (d, J = 1.5 Hz, 1H), 7.27-7.38 (m, 5H). The analytical 

data matched those reported in the literature.[88,92] 

1,1-Diphenylethylene or ethene-1,1-diyldibenzene (CAS 530-48-3, PK-

674). The procedure was adapted from Brown et al.[93] A pre-dried Schlenk 

flask (1.5∙10–1 mbar, heat-gun) was charged with methyl triphenyl-

phosphonium bromide (10.7 g, 30.0 mmol, 1.2 eq.). The flask was evacuated (1.7∙10–1 mbar) 

and refilled with argon thrice. Walls were rinsed with dry diethylether (100 mL) and KOtBu 

(3.36 g, 30.0 mmol, 1.2 eq.) was slowly added in eight portions. The reaction mixture was 

stirred for 15 minutes at room temperature. At 0 °C, benzophenone (4.56 g, 25.0 mmol, 1.0 eq.) 

was added over a period of 15 minutes. After stirring for 15 hours at room temperature, the 

white suspension was filtered over a short pad of Celite, eluting with diethylether (3 X 25 mL). 

Purification by column chromatography (hexanes) afforded a colorless oil (3.70 g, 82%). The 

product decomposes over time! 

1H-NMR (400 MHz, CDCl3, PK-674-A): δ 5.46 (s, 2H), 7.26-7.41 (m, 10H). 13C-NMR 

(101 MHz, CDCl3, PK-674-A): δ 114.3, 127.7, 128.2, 128.3, 141.5, 150.1. The analytical data 

matched those reported in literature.[93] 

(2-Bromoethene-1,1-diyl)dibenzene or 2-bromo-1,1-diphenylethylene 

(CAS 13249-58-6, PK-732, 69). The procedure was adapted from Feng et 

al.[94] 1,1-Diphenylethylene (2.39 g, 13.3 mmol, 1.0 eq.) and N-

bromosuccinimide (2.41 g, 13.5 mmol, 1.0 eq.) were suspended in acetic acid (50 mL). The 

 

92 No cooling was adjusted inside a reflux condenser, since tBuOH would solidify. 
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suspension was stirred for four hours at 80 °C. After cooling to room temperature, water 

(100 mL) was added and the aqueous phase was extracted with diethylether (2 X 50 mL). The 

combined organic extract was washed with an aqueous solution of NaOH (2 M, 2 X 50 mL), 

water (1 X 50 mL), a saturated aqueous solution of NaCl (1 X 50 mL), dried over MgSO4, 

filtered, and the solvent was removed under reduced pressure (45 °C, 300 mbar). Purification 

by flash column chromatography (hexanes) afforded a white, crystalline solid (3.24 g, 94%). 

TLC: Rf = 0.35 (hexanes) [UV]. 1H-NMR (300 MHz, CDCl3, PK-732-A2): δ 6.77 (s, 1H), 

7.16-7.25 (m, 2H), 7.26-7.34 (m, 5H), 7.34-7.46 (m, 3H). 13C-NMR (75 MHz, CDCl3, 

PK-732-A2): δ 105.3, 127.8, 128.1, 128.3, 128.4, 128.6, 129.8, 139.2, 140.9, 147.0. The 

analytical data matched those reported in literature.[94] 

1,1-Diphenylpropylene or prop-1-ene-1,1-diyldibenzene (CAS 778-66-5, 

PK-KH-05). Benzophenone (5.47 g, 30.0 mmol, 1.0 eq.), ethyltri-

phenylphosphonium bromide (13.4 g, 36.0 mmol, 1.2 eq.), and n-BuLi 

(14.4 mL, 36.0 mmol, 1.2 eq.) in THF (90 mL) were reacted according to general procedure 

5.2.1. Purification by flash column chromatography (pentane) afforded a white solid (5.61 g, 

96%). 

TLC: Rf = 0.65 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KH-05-N): δ 1.76 (d, 

J = 7.0 Hz, 3H), 6.17 (q, J = 7.0 Hz, 1H), 7.15-7.34 (m, 8H), 7.34-7.42 (m, 2H). 13C-NMR 

(101 MHz, CDCl3, PK-KH-05-N): δ 15.8, 124.3, 126.9, 127.0, 127.3, 128.2, 128.3, 130.2, 

140.2, 142.6, 143.1. The analytical data matched those reported in literature.[95] 

1,1-Diphenylpentylene or pent-1-ene-1,1-diyldibenzene (CAS 1530-11-6, 

PK-KH-04). Benzophenone (5.47 g, 30.0 mmol, 1.0 eq.), butyl-

triphenylphosphonium bromide (14.4 g, 36.0 mmol, 1.2 eq.), and n-BuLi 

(14.4 mL, 36.0 mmol, 1.2 eq.) in THF (90 mL) were reacted according to general procedure 

5.2.1. Purification by flash column chromatography (pentane) afforded a white solid (6.51 g, 

98%). 

TLC: Rf = 0.58 (pentane) [UV]. 1H-NMR (400 MHz, CDCl3, PK-KH-05-N): δ 0.90 (t, 

J = 7.4 Hz, 3H), 1.47 (dt, J = 14.8, 7.4 Hz, 2H), 2.09 (q, J = 7.4 Hz, 2H), 6.09 (t, J = 7.4 Hz, 

1H), 7.13-7.33 (m, 8H), 7.33-7.41 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-KH-04-N): δ 

14.0, 23.3, 32.0, 126.9, 126.9, 127.3, 128.2, 128.3, 130.1, 130.3, 140.5, 141.7, 143.1. The 

analytical data matched those reported in literature.[81] 
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2-Bromo-1,1-diphenylpropene or (2-bromoprop-1-ene-1,1-diyl)dibenzene 

(CAS 781-32-8, PK-KH-07, 70). The procedure was adapted from Feng et 

al.[94] 1,1-Diphenylpropene (2.00 g, 10.3 mmol, 1.0 eq.) and N-

bromosuccinimide (1.93 g, 10.8 mmol, 1.1 eq.) were suspended in acetic acid (50 mL). The 

suspension was stirred for four hours at 80 °C. After cooling to room temperature, diethylether 

(75 mL) was added. Phases were separated. The organic extract was washed with an aqueous 

solution of NaOH (2 M, 2 X 50 mL), water (1 X 50 mL), a saturated aqueous solution of NaCl 

(1 X 50 mL), dried over MgSO4, filtered, and the solvent was removed under reduced pressure 

(50 °C, 500 mbar). Since the crude product exhibit a strong acetic acid smell, the crude product 

was once again diluted with diethylether (70 mL). The organic layer was washed with an 

aqueous solution of NaOH (6 M, 2 X 50 mL), water (1 X 50 mL), a saturated aqueous solution 

of NaCl (1 X 50 mL), dried over MgSO4, filtered, and the solvent was removed under reduced 

pressure (50 °C, 500 mbar). Purification by flash column chromatography (hexanes) afforded 

two fractions of a white solid: a) 865 mg (31%) contained 8.0 mol% (5.4 wt.%) starting 

material, b) 1.28 g (46%, >99% purity). Total yield: 2.10 g, 75%. 

TLC: Rf = 0.27 (hexanes) [UV, Mostain]. 1H-NMR (300 MHz, CDCl3, PK-KH-07-B2): δ 2.43 

(s, 3H), 7.13-7.36 (m, 10H). 1H-NMR (500 MHz, [D4]-methanol, PK-KH-07-methanol): δ 2.39 

(s, 3H), 7.16-7.35 (m, 10H). 13C-NMR (75 MHz, [D4]-methanol, PK-KH-07-B2-13C): δ 27.6, 

121.8, 128.1, 128.4, 129.0, 129.4, 130.1, 130.2, 142.1, 143.4, 144.6. The analytical data 

matched those reported in literature.[96] 

2-Bromo-1,1-diphenylpentene or (2-bromopent-1-ene-1,1-diyl)dibenzene 

(CAS 22133-86-4, PK-KH-08, 71). The procedure was adapted from Feng et 

al.[94] 1,1-Diphenylpentene (2.00 g, 9.00 mmol, 1.0 eq.) and N-

bromosuccinimide (1.68 g, 9.45 mmol, 1.1 eq.) were suspended in acetic acid (50 mL). The 

suspension was stirred for 5.5 hours at 80 °C. Since the reaction was not yet complete (TLC, 

SiO2, hexanes), another portion of N-bromosuccinimide (160 mg, 899 µmol, 0.1 eq.) was added 

to the yellowish solution. Stirring was continued for two hours at 80 °C. After cooling to room 

temperature, diethylether (75 mL) was added. Phases were separated. The organic extract was 

washed with an aqueous solution of NaOH (6 M, 2 X 50 mL), water (1 X 50 mL), a saturated 

aqueous solution of NaCl (1 X 50 mL), dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure (50 °C, 500 mbar). Purification by flash column chromatography 

(hexanes) afforded a yellowish oil (1.87 g, 69%). The product contains impurities of 
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overbromination, elimination and minor amounts of starting material, counting to 15 mol% in 

total. The product was still involved in the synthesis of vinyl phosphonium salts. 

TLC: Rf = 0.45 (hexanes) [UV, Mostain]. 1H-NMR (300 MHz, CDCl3, PK-KH-08-C): δ 0.91 

(t, J = 7.4 Hz, 3H), 1.62-1.81 (m, 2H), 2.55 (t, J = 7.4 Hz, 2H), 7.14-7.46 (m, 10H). 13C-NMR 

(75 MHz, CDCl3, PK-KH-08-K2-13C): δ 13.2, 22.4, 40.4, 127.2, 127.3, 127.8, 128.1, 128.5, 

128.9, 129.2, 130.4, 141.2, 142.1, 143.4. The compound is known to literature, but no analytical 

data is available.[97] 

(3-bromoprop-1-en-2-yl)benzene (CAS 3360-54-1, PK-863, 74). The procedure 

was adapted from Gu et al.[98] and Mukherjee et al.[91]. A suspension of α-

methylstyrene (5.91 g, 50.0 mmol, 1.0 eq.), N-bromosuccinimide (9.35 g, 

52.5 mmol, 1.1 eq.), and TsOH∙H2O (953 mg, 5.01 mmol, 0.1 eq.) in THF (150 mL) was heated 

for three hours to 85 °C. Since TLC (SiO2, hexanes) revealed incomplete reaction, another 

portion of N-bromosuccinimide (934 mg, 5.00 mmol, 0.1 eq.) was added and the suspension 

was stirred for one hour at 85 °C. After cooling to room temperature, the solvent was removed 

under reduced pressure (45 °C, 300 mbar). Hexanes (150 mL) were added. The organic layer 

was washed with water (3 X 40 mL), a saturated solution of NaCl (1 X 40 mL), dried over 

MgSO4, filtered and the solvent was removed under reduced pressure (45 °C, 100 mbar). 

Purification by flash column chromatography (hexanes) afforded three fraction of colorless oils: 

a) (E)-1-bromo-2-phenylpropene (595 mg, 6%), b) (3-bromoprop-1-en-2-yl)benzene (3.78 g, 

38%), c) mixture of both (a-b 25:75, 4.35 g, 44%).93 The product is prone to decomposition 

upon prolonged storage! The pure fraction already showed decomposition in the NMR spectra 

after half a day and was directly used in the next step. The compound is irritant to eyes. 

TLC: Rf = 0.35 (hexanes) [UV]. 1H-NMR (300 MHz, CDCl3, PK-863-B): δ 1.54 (s, 1H), 4.39 

(br s, 2H), 5.41-5.62 (m, 2H), 7.29-7.43 (m, 3H), 7.43-7.55 (m, 2H). 13C-NMR (75 MHz, 

CDCl3, PK-863-B): δ 34.3, 117.3, 126.3, 128.4, 128.7, 137.8, 144.4. The analytical data 

matched those reported in literature.[91,98] 

 

93 Separation was not 100% successful due to failed (broad) layering of the crude product on the SiO2 pad. 

Purification was not repeated, since the amount of isolated pure fraction was sufficient for the planned follow-up 

reaction. 
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Tricyclohexylphosphine carbon disulfide adduct (CAS 2636-88-6, PK-TE-

13). The procedure was adapted from Heyn et al.[99] A 250 mL Schlenk flask 

was charged with magnesium turnings (Merck, (8.05817, ‘cheap & good’), 

4.25 g, 175 mmol, 3.5 eq.) and was evacuated (<1.0∙10–1 mbar) and 

backfilled with argon thrice. Magnesium turnings were wetter with 1,2-Dibromoethane 

(70.0 µL, 809 µmol, 0.2 eq.). At 40 °C, a solution of chlorocyclohexane (20.8 mL, 175 mmol, 

3.5 eq.) in degassed Et2O (58 mL) was added dropwise. After complete addition, the reaction 

mixture was refluxed for two hours at 45 °C before dilution with degassed TBME (8.3 mL). In 

second argon filled 250 mL Schlenk flask, phosphorus trichloride (4.20 mL, 48.0 mmol, 

1.0 eq.) was dissolved in degassed TBME (23 mL). At –15 °C, the prepared Grignard solution 

was added dropwise to the PCl3 solution.94 A white solid precipitated. The suspension was 

diluted with TMBE (10 mL) and Et2O (20 mL), and stirred95 for 16 hours at room temperature. 

Slow addition of a degassed, aqueous solution of NH4Cl (7%, 50 mL) affords a yellow, two-

phase system. Under argon, phases were separated with the aid of a Teflon cannula and the 

organic phase was dried over MgSO4. The organic layer was transferred to a third, argon flushed 

flask via Whatman filtration. After removal of the solvent under reduced pressure (r.t., <1.0· 

10–1 mbar) to approx. 80 mL, carbon disulfide (4.20, 69.0 mmol, 1.4 eq.) was added causing 

the precipitation of a red solid. The latter was filtered in air, washed with cold portions of Et2O 

(2 X 10 mL) and dried under reduced pressure (r.t., <1.0 · 10–1 mbar). A red, crystalline solid 

(9.98 g, 62%) was obtained. The solid was used as received in the next step (release of free 

tricyclohexylphosphine). 

Tricyclohexylphosphine (CAS 2622-14-2, PK-TE-13). The procedure was 

adapted from Heyn et al.[99]In a 250 mL Schlenk flask fitted with a distillation 

unit PCy3∙CS2 (9.90 g, 27.8 mmol, 1.0 eq.) was suspended in degassed 

ethanol (150 mL). After heating for 30 minutes to 90 °C, occasional argon 

flow facilitated removal of carbon disulfide from the suspension.96 As soon as CS2 was 

completely removed, a solution was obtained. At that time, the temperature was raised to 100 °C 

to remove residual ethanol. Recrystallization in degassed ethanol (15 mL) at 70 °C and drying 

 

94 Caution: PCl3 reacts violently!! 

95 Voluminous amounts of white solid impeded regular stirring. The suspension was more or less left standing for 

16 hours at room temperature. 

96 A bubbler (filled with silicon oil) is fitted at the end of the distillation unit. 
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under reduced pressure (2 h, 40 °C, <1.0∙10–1 mbar) afforded a light yellowish solid (6.33 g, 

81%). 

1H-NMR (300 MHz, CDCl3, PK-PCy3-Theresa): δ 1.17-1.54 (m, 15H), 1.63-1.90 (m, 12H), 

1.92-2.07 (m, 6H). 13C-NMR (101 MHz, [D6]-benzene, PK-TE-13-W): δ 27.0 (d, 

JP,C = 0.9 Hz), 28.1 (d, JP,C = 9.1 Hz), 31.7 (d, JP,C = 12.6 Hz), 32.3 (d, JP,C = 18.8 Hz). 31P-NMR 

(122 MHz, CDCl3, PK-PCy3-Theresa): δ 10.0. The analytical data matched those reported in 

literature.[100] 

7.2.5.3 Synthesis of phosphonium salts  

Benzyltricyclohexylphosphonium bromide (CAS 57441-10-8, PK-167, 62). 

This compound was prepared during my master thesis. 

Tricyclohexylphosphine (280 mg, 1.00 mmol, 1.0 eq.) and benzyl bromide (119 μL, 171 mg, 

1.00 mmol, 1.0 eq.) in dichloromethane (5 mL) were reacted at room temperature according to 

general procedure 5.2.2. Drying under reduced pressure (16 h, r.t., <1.0∙10–1 mbar) afforded a 

white crystalline solid (395 mg, 88%). Suitable single crystals for X-ray analysis (KlePh7) were 

grown by layering a saturated solution of the product in dichloromethane with diethylether. 

1H-NMR (400 MHz, CDCl3, PK-167-R): δ 1.17-1.33 (m, 3H), 1.33-1.57 (m, 12H), 1.73-1.84 

(m, 3H), 1.84-1.95 (m, 6H), 1.95-2.07 (m, 6H), 2.67-2.81 (m, 3H), 4.30 (d, J = 14.1 Hz, 2H), 

7.31-7.40 (m, 3H), 7.42-7.48 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-167-N): δ 23.4 (d, 

JP,C = 40.9 Hz), 25.6 (d, JP,C = 1.6 Hz), 26.7 (d, JP,C = 11.7 Hz), 27.3 (d, JP,C = 4.1 Hz), 31.1 (d, 

JP,C = 38.6 Hz), 128.5 (d, JP,C = 3.2 Hz), 129.4 (d, JP,C = 2.6 Hz), 129.6, 130.5 (d, JP,C = 4.9 Hz). 

31P-NMR (162 MHz, CDCl3, PK-167-R): δ = 29.3. Analysis calcd for C25H40BrP C 66.51, H 

8.93, P 6.86; found C 66.08, H 9.02, P 6.86. The analytical data matched those reported in the 

literature.[101] 

Benzhydryltricyclohexylphosphonium bromide (PK-168, 63). This 

compound was prepared during my master thesis. Tricyclohexylphosphine 

(280 mg, 1.00 mmol, 1.0 eq.) and benzhydryl bromide (247 mg, 1.00 mmol, 

1.0 eq.) in dichloromethane (5 mL) were reacted at room temperature 

according to general procedure 5.2.2. After drying under reduced pressure (16 h, r.t., <1.0∙      

10–1 mbar), an off-white solid (341 mg, 65%) was collected. No analytical pure product could 

be isolated. In the 31P-NMR spectra, several other phosphorous species (δ 19.5 (3.0 mol%), 

28.2 (0.7 mol%), 33.5 (HPCy3Br, 6.5 mol%)) were detected. The product contains diethylether 

(~4.5 mol%) Crystallization of the product entailed 0.5 eq. of dichloromethane even after 
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extensive drying under reduced pressure (r.t., <1.0·10–1 mbar). Suitable single crystals for X-ray 

analysis (KlePh8) were grown by layering a saturated solution of the product in 

dichloromethane with diethylether. 

1H-NMR (400 MHz, CDCl3, PK-168-R): δ 1.10-1.29 (m, 3H), 1.29-1.48 (m, 12H), 1.76 (d, 

J = 13.5 Hz, 3H), 1.81-1.95 (m, 6H), 1.95-2.06 (m, 6H), 2.84 (q, J = 11.4 Hz, 3H), 6.22 (d, 

J = 18.0 Hz, 1H), 7.31-7.38 (m, 2H), 7.41 (t, J = 7.2 Hz, 4H), 7.79-7.86 (m, 4H). 13C-NMR 

(101 MHz, CDCl3, PK-168-R): δ 25.7, 27.1 (d, JP,C = 11.5 Hz), 28.0 (d, JP,C = 4.4 Hz), 33.2 (d, 

JP,C = 34.8 Hz), 45.8 (d, JP,C = 34.3 Hz), 128.8 (d, JP,C = 2.2 Hz), 129.5, 130.7 (d, JP,C = 5.6 Hz), 

134.2 (d, JP,C = 4.0 Hz). 31P-NMR (162 MHz, CDCl3, PK-168-R): δ 29.8. Analysis calcd for 

C31H44BrP∙2.5 H2O C 65.03, H 8.63, P 5.41; found C 65.00, H 8.36, P 5.61. HRMS (ESI) calcd 

for C31H44P
+ 447.3175, found 447.3174. 

(4-Benzhydrylphenyl)tricyclohexylphosphonium chloride (PK-154, 

64). This compound was prepared during my master thesis. 

Tricyclohexylphosphine (280 mg, 1.00 mmol, 1.0 eq.) and trityl 

chloride (279 mg, 1.00 mmol, 1.0 eq.) in dichloromethane (5 mL) 

were reacted at room temperature according to general procedure 

5.2.2. Drying under reduced pressure (16 h, r.t., <1.0∙10–1 mbar) afforded a white powder 

(430 mg, 77%). Suitable single crystals for X-ray analysis (KlePh9) were grown by slow 

diffusion of diethylether into a saturated solution of the product in dichloromethane. 

1H-NMR (400 MHz, CDCl3, PK-154-N): δ 1.16-1.27 (m, 3H), 1.38-1.50 (m, 6H), 1.53-1.67 

(m, 6H), 1.77-1.93 (m, 9H), 1.99-2.11 (m, 6H), 3.24 (q, J = 12.3 Hz, 3H), 5.59 (s, 1H), 7.08-

7.14 (m, 4H), 7.22-7.27 (m, 2H), 7.29-7.35 (m, 4H), 7.50 (dd, J = 8.2, 2.7 Hz, 2H), 7.95-8.05 

(m, 2H). 13C-NMR (101 MHz, CDCl3, PK-154-N): δ 25.8, 26.6 (d, JP,C = 12.2 Hz), 27.2 (d, 

JP,C = 3.4 Hz), 29.9 (d, JP,C = 41.1 Hz), 57.1, 111.3 (d, JP,C = 74.7 Hz), 127.0, 128.8, 129.5, 

131.4 (d, JP,C = 11.1 Hz), 133.8 (d, JP,C = 7.5 Hz), 142.3, 150.9 (d, JP,C = 3.1 Hz). 31P-NMR 

(162 MHz, CDCl3, PK-154-N): δ 29.8. Analysis calcd for C31H44BrP∙2.5 H2O C 65.03, H 8.63, 

P 5.41; found C 65.00, H 8.36, P 5.61. HRMS (ESI) calcd for 523.3488, found 523.3486. 

Allyl tricyclohexylphosphonium bromide (CAS 79251-36-8, PK-451, 

PK-877, 66). The compound was prepared according to a slightly modified 

procedure for alkyl tricyclohexylphosphonium salts described by Bestmann et al.[102] Inside a 

glovebox, a 20 mL Schlenk tube was charged with tricyclohexylphosphine (280 mg, 1.00 mmol, 

1.0 eq.) and transferred outside the glovebox. The walls were rinsed with dry, degassed toluene 
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(2 mL). After dropwise addition of allyl bromide (125 µL, 1.45 mmol, 1.5 eq.) at room 

temperature, the yellowish solution was stirred for 16 hours at 120 °C. The two-phase mixture 

was stored inside a freezer (–25 °C) for one hour leading to solidification of one phase. The 

suspension was filtered in air. Washing with Et2O (3 X 2 mL, 1 X 4 mL) and drying in air 

afforded a white solid (391 mg, allyl-vinyl 98:2, 97%). The product contains minor amounts of 

diethylether (0.4 wt.%). Prolonged drying under reduced pressure (3 h, 45 °C, 7 mbar) did not 

diminish the amount of diethylether. 

1H-NMR (300 MHz, CDCl3, PK-877-N): δ 1.19-1.75 (m, 15H), 1.76-2.24 (m, 15H), 2.61-2.79 

(m, 3H), 3.66 (ddt, J = 14.6, 7.2, 1.1 Hz, 2H), 5.44 (ddd, J = 9.8, 2.7, 1.1 Hz, 1H), 5.56-5.68 

(m, 1H), 5.70-5.88 (m, 1H). 31P-NMR (122 MHz, CDCl3, PK-877-N): δ 25.4 (s, vinyl species, 

2.4 mol%) 29.7 (s, allyl species, 97.6 mol%). This compound is known to literature, but no 

analytical data is available. 

Cinnamyl tricyclohexylphosphonium bromide (CAS 80922-19-6, PK-

450, 67). The procedure was adapted from Bestmann et al.[102] Inside a 

glovebox, a 20 mL Schlenk tube was charged with tricyclohexylphosphine (280 mg, 

1.00 mmol, 1.0 eq.) and transferred outside the glovebox. The walls were rinsed with dry, 

degassed toluene (2 mL). After addition of cinnamyl bromide (89%, 286 mg, 1.45 mmol, 

1.5 eq.) at room temperature, the solution was stirred for 16 hours at 120 °C. The precipitated 

solid was filtered off, washed with Et2O (3 X 3 mL), and dried in air. A white solid (371 mg, 

78%) was obtained. The product contains minor amounts of toluene (0.3 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-450-R): δ 1.29 (qt, J = 12.9, 3.4 Hz, 3H), 1.45 (qt, 

J = 12.9, 3.4 Hz, 7H), 1.61 (qt, J = 12.6, 3.4 Hz, 7H), 1.77-1.85 (m, 3H), 1.88-2.03 (m, 6H), 

2.06-2.17 (m, 7H), 2.72 (qt, J = 12.6, 2.7 Hz, 3H), 3.88 (ddd, J = 14.6, 7.8, 0.9 Hz, 2H), 6.02 

(dtd, J = 15.6, 7.8, 4.2 Hz, 1H), 6.94 (dd, J = 15.6, 4.2 Hz, 1H), 7.27-7.41 (m, 5H). 31P-NMR 

(162 MHz, CDCl3, PK-450-R): δ 30.7. This compound is known to literature, but no analytical 

data is available. 

((9H-Fluoren-9-ylidene)methyl)tricyclohexylphosphonium bromide (PK-

TE-10, 68). The procedure was adapted from the group of Fürstner.[103] 

Under argon, a solution of tricyclohexylphosphine (186 mg, 663 µmol, 

1.0 eq.) and 9-(bromomethylene)-9H-fluorene (170 mg, 663 µmol, 1.0 eq.) 

in degassed toluene (9 mL) was heated for 23 hours at 120 °C. The yellow solid was filtered 
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off and washed with toluene (3 X 3 mL). Drying under reduced pressure (2 h, 45 °C, 7 mbar) 

afforded a yellow solid (257 mg, 72%). 

1H-NMR (400 MHz,[D2]-dichloromethane, PK-TE-10): δ 1.23-1.39 (m, 3H), 1.47-1.72 (m, 

12H), 1.72-1.97 (m, 9H), 2.06-2.22 (m, 6H), 3.39 (qt, J = 12.2, 2.9 Hz, 3H), 6.73 (d, J = 9.7 Hz, 

1H), 7.38 (td, J = 7.5, 1.0 Hz, 1H), 7.47 (virt. t, J = 7.5 Hz, 1H), 7.50-7.58 (m, 2H), 7.65 (d, 

J = 7.4 Hz, 1H), 7.68-7.75 (m, 1H), 7.84-7.92 (m, 1H), 8.25 (d, J = 7.7 Hz, 1H). 13C-NMR 

(101 MHz, [D2]-dichloromethane, PK-TE-10): δ 26.0, 27.0 (d, J = 12.5 Hz), 28.4 (d, 

J = 3.9 Hz), 33.8 (d, J = 41.4 Hz), 97.3 (d, J = 75.1 Hz), 120.5, 121.5, 123.8 (d, J = 0.9 Hz), 

125.7, 128.9, 129.3, 132.5, 133.2, 144.2, 160.1. 31P-NMR (162 MHz, [D2]-dichloromethane, 

PK-TE-10): δ 27.9. The analytical data matched those reported in the literature. 

Tricyclohexyl(2-phenylallyl)phosphonium bromide (CAS, PK-865, 

76). The compound was prepared according to a procedure for the 

triphenylphosphonium salt described by the group of Suginome.[104] 

Inside a glovebox, a 20 mL Schlenk tube was charged with tricyclohexylphosphine (280 mg, 

1.00 mmol, 1.0 eq.) and transferred outside the glovebox. The walls were rinsed with degassed 

toluene (2 mL). (3-bromoprop-1-en-2-yl)benzene (312 mg, 1.58 mmol, 1.6 eq.) was added 

leading to immediate precipitation of white solid. After stirring for three days at room 

temperature, the solid was filtered off, washed with toluene (4 mL) and Et2O (3 X 4 mL), and 

dried in air. A white solid (430 mg, 90%) was obtained. The product contains minor amounts 

of toluene (0.7 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-865-R): δ 1.07-1.35 (m, 9H), 1.45-1.62 (m, 6H), 1.62-2.11 

(m, 15H), 2.41-2.58 (m, 3H), 4.28 (d, J = 15.0 Hz, 2H), 5.52 (d, J = 4.3 Hz, 1H), 5.72 (d, 

J = 4.3 Hz, 1H), 7.32-7.48 (m, 3H), 7.51-7.64 (m, 2H). 13C-NMR (75 MHz, CDCl3, 

PK-865-N): δ 23.8 (d, JP,C = 40.4 Hz), 25.6 (d, JP,C = 1.7 Hz), 26.7 (d, JP,C = 11.8 Hz), 27.3 (d, 

JP,C = 4.0 Hz), 31.1 (d, JP,C = 38.5 Hz), 122.5 (d, JP,C = 9.8 Hz), 127.1, 128.8, 129.1, 138.8 (d, 

JP,C = 9.2 Hz), 140.3 (d, JP,C = 1.9 Hz).  31P-NMR (162 MHz, CDCl3, PK-865-R): δ 30.5. 

(E)-Tricyclohexyl(styryl)phosphonium bromide (PK-850, 65). Tricyclo-

hexylphosphine (140 mg, 500 µmol, 1.0 eq.), ω-bromostyrene (115 mg, 

628 µmol, 1.3 eq.), Pd(PPh3)4 (29 mg, 25.0 µmol, 5.0 mol%), and NaOPiv (6.2 mg, 50.0 µmol, 

10 mol%) in dry, degassed toluene (4 mL) were reacted for 15 minutes at 210 °C in an Anton 

Paar microwave reactor according to general procedure 5.2.3. Drying in an oven for 16 hours 

at 100 °C afforded an off-white solid (217 mg, 94%). Suitable crystals for X-ray analysis 
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(KlePh4) were grown by slow diffusion of diethylether into a saturated solution of the product 

in dichloromethane. The product contains methanol (~0.2 mol%) and an unknown PCy3 species 

(δP 30.2 in [D4]-methanol, ~1.1-3.3 mol% depending on amount of PCy3 groups present). 

1H-NMR (300 MHz, [D4]-methanol, PK-850-R): δ 1.26-1.72 (m, 15H), 1.72-1.87 (m, 3H), 

1.87-2.10 (m, 12H), 2.68-2.92 (m, 3H), 6.59 (dd, J = 17.7, 15.7 Hz, 1H), 7.41-7.55 (m, 3H), 

7.65 (virt. t, J = 17.7 Hz, 1H), 7.72-7.81 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-102-13C): 

δ 26.1 (d, JP,C = 1.6 Hz), 27.0 (d, JP,C = 12.3 Hz), 27.4 (d, JP,C = 3.6 Hz), 31.0 (d, JP,C = 43.0 Hz), 

101.9 (d, JP,C = 77.0 Hz), 129.3, 129.5, 132.0, 135.0 (d, JP,C = 17.0 Hz), 154.9.  31P-NMR 

(122 MHz, [D4]-methanol, PK-850-R): δ 27.9. Analysis calcd for C26H40BrP C 67.38, H 8.70, 

P 6.68; found C 66.78, H 8.72, P 6.66. HRMS (ESI) calcd for 383.2862, found 383.2862. 

Tricyclohexyl(2,2-diphenylvinyl)phosphonium bromide (PK-KH-24, 74). 

Tricyclohexylphosphine (280 mg, 1.00 mmol, 1.0 eq.), 2-bromo-1,1-

diphenylehtylene (286 mg, 1.10 mmol, 1.1 eq.), Pd(PPh3)4 (58 mg, 

50.0 µmol, 5.0 mol%), and NaOPiv (12.5 mg, 100 µmol, 10.0 mol%) in 

dry, degassed toluene (4 mL) were reacted for one hour at 210 °C in an Anton Paar microwave 

reactor according to general procedure 5.2.4. Drying in an oven at 50 °C for 16 hours afforded 

an off-white solid (314 mg, 58%). Suitable crystals for X-ray analysis (HinKr1) were grown by 

slow diffusion of diethylether into a saturated solution of the product in dichloromethane. The 

product contains an unknown PCy3 species (δP 30.1 in CDCl3, ~1.1-3.4 mol% depending on the 

amount of PCy3 groups present). 

1H-NMR (400 MHz, CDCl3, PK-KH-24-crzst97): δ 1.17-1.39 (m, 9H), 1.41-1.66 (m, 6H), 1.65-

2.11 (m, 15H), 2.58 (qt, J = 12.5, 2.8 Hz, 3H), 6.74 (d, J = 12.4 Hz, 1H), 7.23-7.31 (m, 2H), 

7.34-7.44 (m, 3H), 7.48-7.62 (m, 5H). 13C-NMR (101 MHz, CDCl3, PK-KH-24-crzst97): δ 25.3, 

26.3 (d, JP,C = 12.3 Hz), 27.4 (d, JP,C = 3.7 Hz), 31.9 (d, JP,C = 41.9 Hz), 102.1 (d, JP,C = 73.4 Hz), 

128.5, 128.6, 128.8, 129.8, 130.7, 137.5 (d, JP,C = 4.9 Hz), 140.0 (d, JP,C = 15.8 Hz), 165.8. 31P-

NMR (162 MHz, CDCl3, PK-KH-24-crzst97): δ 28.1. 

7.2.5.4 Isomerization of allyl-type phosphonium salts 

(E)-Tricyclohexyl(prop-1-en-1-yl)phosphonium bromide (CAS 79251-35-7 

(acetate salt), PK-463, 77). Allyl tricyclohexylphosphonium bromide (50.0 mg, 125 µmol, 

 

97 Original file misnamed; correct name is PK-KH-24-cryzt. 
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1.0 eq.) and NaOPiv (16.5 mg, 133 µmol, 1.06 eq.) were suspended in acetone (2.5 mL). The 

reaction mixture was stirred for 23 hours at room temperature. The suspension was filtered over 

a short pad of Celite, eluting with acetone (3 X 2 mL). The solvent was removed under reduced 

pressure (45 °C, 9 mbar), affording a white solid (49.0 mg, 98%). 

1H-NMR (400 MHz, CDCl3, PK-463-R): δ 1.19-1.38 (m, 3H), 1.42-1.59 (m, 12H), 1.76-2.11 

(m, 15H), 2.20 (dt, J = 6.5, 2.0 Hz, 3H), 2.69-2.87 (m, 3H), 6.20 (ddd, J = 19.1, 17.3, 2.0 Hz, 

1H), 7.17 (tq, J = 17.3, 6.5 Hz, 1H). 31P-NMR (162 MHz, CDCl3, PK-463-R): δ 25.4 (s, vinyl 

isomer, 99.0 mol%), 29.8 (allyl isomer, 1.0 mol%). The product contains acetone (4.8 wt.%). 

The acetate salt is known to literature but not reference data could be found. 

7.2.5.5 Synthesis of Pd–precatalysts 

Pd2(dba)3∙CHCl3 (CAS 52522-40-4, PK-TE-12) – purification of Pd(dba)2 (dba = 

dibenzylideneacetone). This procedure was adapted from the group of Ananikov.[105] Purities 

of Pd–dba samples were determined by consulting their calculations. Aged Pd(dba)2 (43%, 

1.00 g, 1.74 mmol) was dissolved in chloroform. Remaining Pd black was separated by 

filtration over a short pad of Celite, eluting with chloroform (2 X 10 mL). The solvent was 

removed under reduced pressure (≤40 °C, 300 mbar). After dissolution of the purple solid in a 

minimum amount of chloroform, acetone (4 X amount of CHCl3) was added. The mixture was 

stored for 16 hours at –25 °C (freezer). Crystals were filtered off, washed with cold acetone 

(5 °C, 3 X 5 mL) and dried under reduced pressure (16 h, r.t., <1.0∙10–1 mbar). A dark purple 

solid (89% purity, 411 mg, 46%) was obtained. NMR files: PK-TE-12-R, PK-TE-12-R2, 

PK-TE-12-W, PK-TE-12-W2. 

[(η3-allyl)PdClBr][(trans-PhCHCHPCy
3

+
)] (PK-TE-06, 78). A pre-

dried (<1.0∙10–1 mbar, heat-gun) 10 mL Schlenk tube was charged 

with [Pd(η3-allyl)Cl]2 (18.3 mg, 50.0 µmol, 1.0 eq.)98 and (E)-tricyclohexyl(styryl)-

phosphonium bromide (46.3 mg, 100 µmol, 2.0 eq.). Walls were rinsed with dry, degassed 

dichloromethane (1 mL) and the yellow solution was stirred for six hours at room temperature. 

Inside a glovebox, the reaction mixture was filtered over a short pad of Celite, eluting with 

dichloromethane (3 X 1 mL). The solvent was removed under reduced pressure with the aid of 

an external vacuum pump (<1.0∙10–1 mbar). The yellow solid was washed with diethylether 

(3 X 1 mL) and hexanes (3 X 1 mL), and dried under reduced pressure (r.t., <1.0∙10–1 mbar). A 

 

98 The Pd–allyl dimer was previously synthesized as part of a different subject (7.2.3.2). 
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yellow solid (63.0 mg, 91%) was obtained. The solid is stable as solid and in solution in air. 

The product contains diethylether (0.3 wt.%) and dichloromethane (1.2 wt.%). The structure of 

the complex has not yet been verified by X-ray or elemental analysis, but 1H-NMR signals are 

clearly shifted, and the complex is soluble in chloroform. In comparison, the phosphonium salt 

precursor is hardly soluble in chloroform. 

1H-NMR (400 MHz, CDCl3, PK-TE-air): δ 1.21-1.38 (m, 3H), 1.48-1.71 (m, 12H), 1.77-1.88 

(m, 3H), 1.88-2.03 (m, 6H), 2.03-2.19 (m, 6H), 2.83-3.01 (m, 5H), 4.06 (d, J = 6.6 Hz, 2H), 

5.34 (tt, J = 12.0, 6.6 Hz, 1H), 6.89 (dd, J = 17.8, 15.8 Hz, 1H), 7.40-7.51 (m, 3H), 7.65 (virt. t, 

J = 17.8 Hz, 1H), 7.86-7.96 (m, 2H). 31P-NMR (162 MHz, CDCl3, PK-TE-06-W): δ 27.7. 

7.2.5.6 Release of free PCy3 ligand from a styryl phosphonium salt 

PK-240. A screw cap NMR tube was charged with PdCl2(MeCN)2 (6.5 mg, 25.0 µmol, 1.0 eq.), 

(E)-tricyclohexyl(styryl)phosphonium bromide (23.2 mg, 50.0 µmol, 2.0 eq.), and 

naphthalene99 (6.3 mg, 53.1 µmol). Inside a glovebox, NaOtBu (11.0 mg, 114 µmol, 4.6 eq.) 

was added and the walls of the tube were rinsed with [D6]-benzene (700 µL). The tube was 

closed with an appropriate cap and removed from the glovebox. After sonication for five 

minutes at room temperature, a 31P-NMR (sw = 700 ppm, O1P = 100 ppm, AVHD300, filename: 

PK-240-0) spectrum was recorded. Sonication was continued as indicated in figure 36 (5.2.3, 

AVHD300, filenames: PK-240-1,…). 

7.2.5.7 Exemplary procedure 

Table 27, entry 9, according to general procedure 5.2.7 (PK-467). The amination of 

chlorobenzene was adapted from Reddy et al.[82]. Under argon, a pre-dried Schlenk tube 

(<1.0∙10–1 mbar, heat-gun) was charged with sodium tert-butoxide (139 mg, 1.39 mmol, 

1.4 eq.), PdCl2(MeCN)2 (5.2 mg, 19.8 µmol, 2.0 mol%), and tricyclohexylstyrylphosphonium 

bromide (65, 18.4 mg, 40.0 µmol, 4.0 mol%). The walls were rinsed with dry, degassed toluene 

(2 mL). The Schlenk tube was evacuated (<1.0∙10–1 mbar, r.t.) and backfilled with argon thrice. 

N-methylpiperazine (110 μL, 992 µmol, 1.0 eq.), and chlorobenzene (201 μL, 1.98 mmol, 

2.0 eq.) were added and the walls were rinsed with dry, degassed toluene (2 mL). After stirring 

for five minutes at room temperature, the reaction mixture was heated for 17 hours to 120 °C 

(600 rpm). The solution was allowed to cool to room temperature and transferred to a separatory 

 

99 Note: Naphthalene could have been left out, since integration of 1H-NMR signals failed. 
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funnel. After dilution with Et2O (30 mL), the organic phase was washed with an aqueous, dilute 

NaCl solution (H2O–sat. aq. NaCl 1:1, 2 X 25 mL), and a saturated aqueous solution of NaCl 

(25 mL). The ethereal phase was dried over MgSO4, filtered and the solvent was removed under 

reduced pressure (45 °C, 200 mbar). A q-NMR (1,1,2,2-tetrachloroethane: 200 μL, 

1.895 mmol) was conducted according to the general procedure for q-NMR analysis (7.1.3, 

NMR file: PK-467-q, AVHD500). 
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7.2.6 Cycloheptatrienyl Phosphonium Salts: Synthesis, Reactivity and a Susceptible 

Rearrangement 

7.2.6.1 General synthesis procedures 

General procedure 5.3.1 – Synthesis of quaternary Buchwald ligand tropylium salts 

In air, Buchwald ligand (1.0 eq.) and tropylium hexafluorophosphate (Trop∙PF6, 1.05-1.1 eq.) 

were added to a Schlenk tube. The atmosphere was exchanged three times by evacuation and 

backfilling with argon. The walls were rinsed with dry dichloromethane (0.13-0.20 M) and the 

suspension was stirred until disappearance of the solids.100 After one hour, the solution was 

filtered over a short pad of Celite (~ 0.5 cm) in air. Evaporation of the solvent under reduced 

pressure (45 °C, min. pressure 7 mbar) afforded the crude product. Unless otherwise stated, the 

obtained solid (or oil) was dissolved (or diluted in case of an oil) in a minimum amount of 

dichloromethane (2 mL/mmol). Diethylether (10 mL/mmol) was added to cause precipitation 

or crystallization. The solid was isolated by filtration and washed with diethylether (3 X 2 mL). 

Drying in air overnight yielded the pure salt. 

General procedure 5.3.2 – Irradiation of [(Trop)SPhos]PF6 

[(Trop)SPhos]PF6 (14.2 mg, 22.0 µmol) was weighed in a conventional NMR tube. Inside a 

glovebox, dry, degassed CDCl3 (550 µL) was added. The sample was inserted in a photoreactor 

and irradiated for the indicated time at room temperature at the indicated wavelength. For 

analysis, 1H-NMR (d1 = 20 s, 16 scans) and 31P-NMR (sw = 100 ppm, O1P = 10 ppm) spectra 

were recorded. 

General procedure 5.3.3 – Reactivity towards primary or secondary amines 

A Schlenk tube was charged with tropylated phosphine (1.0 eq.) and amine (if solid, 1.0-

1.2 eq.). Inside a glovebox, K2CO3 (2.0-2.4 eq.) was added. The walls were rinsed with the 

indicated solvent (5 mL/mmol). Outside the glovebox, amine (if liquid, 2.0 eq.) was added. The 

suspension was stirred for the indicated time at either room temperature or 50 °C. The 

suspension was filtered over a short pad of Celite, eluting with dichloromethane (3 X 1 mL). 

After removal of the solvent under reduced pressure (~2 h, 50 °C, 8 mbar), the solid was 

suspended in methanol (–25 °C, 1 mL). Filtration, washing with methanol (–25 °C, 3 X 1 mL) 

and drying under reduced pressure (~1 h, 45 °C, 8 mbar) or in air afforded the product. 

 

100 Note: tropylium hexafluorophosphate is nearly insoluble in dichloromethane. 
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General procedure 5.3.4 – Reactivity of [(Trop)SPhos]PF6 towards NEt3 

A NMR tube was charged with [(Trop)SPhos]PF6 (32.5 mg, 50.2 µmol, 1.0 eq.). CDCl3 

(500 µL) was added and the tube was shaken until complete dissolution of the solid was 

reached. Triethylamine (Hamilton syringe, 8.4 µL, 60.2 µmol, 1.2 eq.) was added. The NMR 

tube was either stored at room temperature or at 50 °C in an oil bath for the indicated time. 1H- 

(d1 = 20 s, 16 scans) and 31P-NMR (sw = 100 ppm, O1P = 10 ppm) spectra were recorded. 

General procedure 5.3.5 – Preparation of PhMgBr in THF or Et2O 

A pre-dried (<1.0∙10–1 mbar, heat-gun) Schlenk flask was charged with magnesium turnings 

(Merck (8.05817), 1.47 g, 60.0 mmol, 1.2 eq.) which were overlayered with dry solvent 

(10 mL). A portion (~1/8) of a solution of bromobenzene (5.35 mL, 50.0 mmol, 1.0 eq.) in dry 

solvent (40 mL) was added at once. The start of the reaction was indicated by evolution of heat 

and clouding of the suspension.101 Residual amounts of aryl bromide were added dropwise 

assuring gentle boiling of the reaction mixture without any external heating. After complete 

addition, the brown suspension was stirred for 40 minutes at room temperature. The reagent’s 

concentration was determined via titration with salicylaldehyde phenylhydrazone following a 

procedure by the group of Jones.[106] 

General procedure 5.3.6 – Ni-catalyzed coupling of 2-methoxynaphthalene with PhMgBr 

This procedure was partially adapted from Dankwardt.[107] A pre-dried Schlenk tube (<1.0 ∙   

10–1 mbar, heat-gun) was charged with Ni-precatalyst (5.0 mol%), 2-methoxynaphthaline 

(158 mg, 1.00 mmol, 1.0 eq.). If needed (kinetic study), tetradecane (250 µL, 960.2 µmol) was 

added in an argon counterflow. The walls were rinsed with solvent (THF, DEM-Et2O 1:1) and 

the Schlenk tube was closed with a septum. While stirring at room temperature, previously 

prepared Grignard solution (in THF or Et2O, according to general procedure 5.3.5) was added 

in one portion.102 The total solvent volume should add up to 3 mL. The dark brown suspension 

was stirred for the indicated time at room temperature (600 rpm). For kinetic studies, samples 

were withdrawn as follows (see 7.1.2 for pictured details). An aliquot (~200 µL) was added to 

a screw cap vial containing aqueous HCl (2 M, 2 mL) and Et2O (2 mL). The vial was shaken 

for ten seconds and the organic phase was transferred to a second vial containing MgSO4 (150-

 

101 Partial amounts of bromobenzene can first be added as non-diluted reagent but the mixture should quickly be 

diluted after start of the reaction. 

102 Concentrations after addition of Grignard reagent: THF (0.25 M), DEM-Et2O (1:1, either 0.33 M or 0.17 M). 
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250 mg). After drying over MgSO4, the solvent was removed under reduced pressure (water-

jet pump, fast flow, ca. 20 mbar) with the aid of a cannula (Ø 0.90 mm, color code yellow). The 

walls were rinsed with CDCl3 (700 µL) and the crude mixture was stirred for three minutes at 

room temperature. The suspension was filtered over cotton wool into a NMR tube. A 1H-NMR 

(delay = 20 s, 16 scans) spectrum was measured.  

General procedure 5.3.7 – Pd-catalyzed Suzuki coupling of 4-Cl-anisole with PhB(OH)2 

A 20 mL Schlenk tube103 was charged with Pd(OAc)2 (2.21 mg, 9.85 µmol, 1.0 mol%), phenyl 

boronic acid (180 mg, 1.48 mmol, 1.5 eq.), and ligand (19.7 µmol, 2.0 mol%). The tube was 

transferred inside a glovebox. Dry K3PO4 (418 mg, 1.97 mmol, 2.0 eq.) and 4-chloroanisole 

(120 µL, 985 µmol, 1.0 eq.) were added and the walls were rinsed with dry toluene (2 mL). The 

Schlenk tube was closed with a glass stopper and teflon sleeve and removed from the glovebox. 

After stirring for five minutes at room temperature, the suspension was heated for five hours to 

100 °C (pre-heated aluminum block, 600 rpm). The reaction mixture was cooled to room 

temperature. Dibenzyl ether (Hamilton syringe, 50.0 µL, 263.0 µmol) was added as internal 

standard. Stirring was continued for five minutes at room temperature before a q-NMR was 

conducted following the general procedure for q-NMR analysis (7.1.3). 

7.2.6.2 Synthesis of quaternary cycloheptatriene salts 

Cyclohepta-2,4,6-trienyltricyclohexylphosphonium hexafluorophosphate 

([(Trop)PCy3]PF6, PK-236). Tricyclohexylphosphine (280 mg, 1.00 mmol, 

1.0 eq.) and Trop∙PF6 (236 mg, 1.00 mmol, 1.0 eq.) in dichloromethane (5 mL) 

were reacted according to general procedure 5.3.1. Drying under reduced 

pressure (1 d, r.t., <1.0∙10–1 mbar) afforded a white solid (434 mg, 84%). Suitable single crystals 

for X-ray analysis (KlePh5) were grown by slow diffusion of diethylether into a saturated 

solution of the salt at room temperature. The product contains minor amounts of diethylether 

(0.4 wt%). 

1H-NMR (300 MHz, CDCl3, PK-236-R): δ 1.18-1.38 (m, 3H), 1.39-1.68 (m, 12H), 1.71-2.11 

(m, 15H), 2.20 (dt, J = 12.7, 6.5 Hz, 1H), 2.58-2.81 (m, 3H), 5.27-5.39 (m, 2H), 6.42-6.64 (m, 

2H), 6.81 (t, J = 3.2 Hz, 2H). 13C-NMR (75 MHz, CDCl3 PK-062-N): δ 25.3 (d, JP,C = 1.6 Hz), 

26.4 (d, JP,C = 11.7 Hz), 27.5 (d, JP,C = 4.3 Hz), 29.7 (d, JP,C = 50.7 Hz), 30.7 (d, JP,C = 38.4 Hz), 

 

103 A 20 mL Schlenk tube was chosen to assure homogeneous mixing of all components. 



 

314 

 

110.2 (d, JP,C = 2.2 Hz), 129.0 (d, JP,C = 12.4 Hz), 131.5. 31P-NMR (122 MHz, CDCl3, 

PK-236-R): δ -144.3 (sept., JP,F = 712.0 Hz, PF6), 29.9 (s, single/major isomer). Analysis calcd 

for C25H40F6P2 C 58.13, H 7.81, F 22.07, P 11.99; found C 58.26, H 8.06, F 21.50, P 11.33. 

HRMS (ESI) calcd for C25H40P
+ 371.2862, found 371.2862. Free phosphine (CAS 2622-14-2): 

31P-NMR (162 MHz, CDCl3): δ 9.2.[108] 

Cyclohepta-2,4,6-trienyldicyclohexyl-(2’,6’-dimethoxybiphenyl-2-ylphos–

phonium hexafluorophosphate ([(Trop)SPhos]PF6, PK-261, ). SPhos 

(205 mg, 500 µmol, 1.0 eq.) and Trop∙PF6 (124 mg, 525 µmol, 1.05 eq.) in 

dichloromethane (4 mL) were reacted according to general procedure 5.3.1. 

Drying in air afforded an off-white solid (254 mg, 79%). Suitable single 

crystals for X-ray analysis (KlePh10) were grown by overlayering a 

saturated solution of the salt in dichloromethane with diethylether and cooling to 0 °C. 

1H-NMR (500 MHz, CDCl3, PK-261-N): δ 1.15-1.28 (m, 6H), 1.36-1.49 (m, 4H), 1.69-1.97 

(m, 10H), 2.19-2.23 (m, 1H), 2.56 (q, JP.H = 12.5 Hz, 2H), 3.70 (s, 6H), 4.89 (q, J = 8.5 Hz, 

2H), 6.34-6.35 (m, 2H), 6.67-6.76 (m, 4H), 7.28-7.31 (m, 1H), 7.46 (t, J = 8.5 Hz, 1H), 7.67 (t, 

J = 7.4 Hz, 1H), 7.74 (t, J = 7.4 Hz, 1H), 7.82 (dd, J = 11.6, 8.5 Hz, 1H). 13C-NMR (101 MHz, 

CDCl3, PK-261-N): δ 25.3 (d, JP,C = 1.4 Hz, CH2), 26.6 (d, JP,C = 12.8 Hz, CH2), 26.7 (d, 

JP,C = 12.8 Hz, CH2), 27.6 (d, JP,C = 4.1 Hz, CH2), 28.0 (d, JP,C = 4.1 Hz, CH2), 29.2 (d, 

JP,C = 54.8 Hz, CH), 34.1 (d, JP,C = 40.1 Hz, CH), 56.2 (CH3), 103.2-103.4 (br m, CH), 105.1 

(CH), 115.7 (Cquat.), 116.7 (d, JP,C = 54.1 Hz, Cquat.), 116.9 (Cquat.) 127.5 (d, JP,C = 11.8 Hz, 

CH2), 128.6 (d, JP,C = 11.1 Hz, CH2), 130.6 (CH2), 131.6 (CH2), 134.2 (d, JP,C = 2.9 Hz, CH2), 

134.8 (d, JP,C = 8.0 Hz, CH2), 135.9 (d, JP,C = 10.8 Hz, CH2), 141.1 (d, JP,C = 6.3 Hz, Cquat.), 

157.6 (Cquat.). 31P-NMR (162 MHz, CDCl3, PK-261-N): δ –144.3 (sept., JP,F = 712.0 Hz, PF6), 

19.0 (s, protonated species, 2.5 mol%), 34.6 (s, major isomer, 97.5 mol%). Free phosphine 

(CAS 657408-07-6): 31P-NMR (162 MHz, CDCl3): δ –8.0.[109] 

Cyclohepta-2,4,6-trienyldicyclohexyl-(2’,4’,6’-triisopropylbiphenyl)-2–

ylphosphonium hexafluorophosphate ([(Trop)XPhos]PF6, PK-262). 

XPhos (238 mg, 500 µmol, 1.0 eq.) and Trop∙PF6 (124 mg, 525 µmol, 

1.05 eq.) in dichloromethane (4 mL) were reacted according to general 

procedure 5.3.1. Drying in air afforded a white solid (302 mg, 85%). 

Suitable single crystals for X-ray analysis (KlePh11) were grown by 
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overlayering a saturated solution of the salt in dichloromethane with diethylether and cooling 

to 0 °C. The product contains diethylether (0.6 wt.%) due to co-crystallization. 

1H-NMR104 (500 MHz, [D2]-dichloromethane, PK-262-CD2Cl2): δ 0.97 (d, J = 6.7 Hz, 6H), 

1.05-1.38 (m, 18H), 1.38-2.04 (m, 14H), 2.31 (sept., J = 6.7 Hz, 2H), 2.58 (q, J = 12.3 Hz, 2H), 

2.97 (sept., J = 6.7 Hz, 1H), 4.14 (br s, 2H), 6.14 (br s, 2H), 6.40 (br s, 2H), 7.12 (s, 2H), 7.32 

(t, J = 5.6 Hz, 1H), 7.67-7.88 (m, 3H). 13C-NMR104 (101 MHz, [D2]-dichloromethane, 

PK-262-CD2Cl2): δ 22.7 (CH3), 24.2 (CH3), 25.6 (d, JP,C = 1.9 Hz, CH2), 26.3 (CH3), 27.0 (d, 

JP,C = 3.5 Hz, CH2), 27.1 (d, JP,C = 3.5 Hz, CH2), 28.0 (d, JP,C = 3.8 Hz, CH2), 28.4 (d, JP,C = 

3.8 Hz, CH2), 31.6 (CH), 34.5 (d, JP,C = 41.3 Hz, CH), 34.9 (CH), 116.1 (Cquat.), 116.5 (d, 

JP,C = 71.4 Hz, Cquat.), 122.8 (CH), 127.3-127.7 (m, CH), 128.6-128.9 (m, CH), 129.2 (d, 

JP,C = 11.4 Hz, CH), 134.1 (d, JP,C = 3.1 Hz, CH), 134.3 (d, JP,C = 1.9 Hz, CH), 134.2-134.4 (m, 

CH), 136.8 (d, JP,C = 11.1 Hz, CH), 146.7 (Cquat.), 146.8 (Cquat.), 151.2 (Cquat.). 31P-NMR 

(162 MHz, [D2]-dichloromethane, PK-262-CD2Cl2): δ –144.4 (sept., JP,F = 712.0 Hz, PF6), 

16.0 (s, protonated species, 1.5 mol%), 33.9 (s, major isomer, 98.5 mol%). Free phosphine 

(CAS 564483-18-7): 31P-NMR (121 MHz, [D6]-benzene): δ –11.5.[110]  

Cyclohepta-2,4,6-trienyldicyclohexyl-(2’,6’-diisopropoxybiphenyl)-2-ylphosphonium hexa–

fluorophosphate ([(Trop)RuPhos]PF6, PK-266). RuPhos (233 mg, 

500 µmol, 1.0 eq.) and Trop∙PF6 (124 mg, 525 µmol, 1.05 eq.) in 

dichloromethane (3 mL) were reacted according to general procedure 5.3.1. 

Drying in air afforded a white solid (301 mg, 86%). Suitable single crystals 

for X-ray analysis (KlePh12) were grown by slow diffusion of diethylether 

into a saturated solution of the salt in dichloromethane. 

1H-NMR (500 MHz, CDCl3, PK-266-N): δ 1.02 (d, J = 6.0 Hz, 6H), 1.14-1.36 (m, 6H), 1.18 

(d, J = 6.0 Hz, 6H), 1.37-1.52 (m, 4H), 1.69-1.76 (m, 2H), 1.76-1.92 (m, 7H), 1.92-2.01 (m, 

2H), 2.60-2.80 (m, 2H), 4.38-4.59 (m, 4H), 6.12-6.24 (m, 2H), 6.42-6.53 (m, 2H), 6.62 (d, 

J = 8.4 Hz, 2H), 7.08-7.16 (m, 1H), 7.32 (t, J = 8.4 Hz, 1H), 7.64-7.75 (m, 2H), 7.79-7.91 (m, 

1H). 13C-NMR (101 MHz, CDCl3, PK-266-N): δ 21.9 (CH3), 22.4 (CH3), 25.0 (d, 

JP,C = 55.6 Hz, CH) 25.4 (d, JP,C = 1.4 Hz, CH2), 26.3 (d, JP,C = 9.2 Hz, CH2), 26.4 (d, 

JP,C = 9.2 Hz, CH2), 27.5 (d, JP,C = 3.9 Hz, CH2), 27.8 (d, JP,C = 3.7 Hz, CH2), 33.6 (d, 

 

104 Due to H/D-exchange, the C1–proton of the tropylium unit is not observed. Long C–D relaxation time together 

with potential overlay of signals impede the assignment of the C1–carbon even with the aid of cryo-NMR 

(PK-262-13C-cryo). 
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JP,C = 41.5 Hz, CH), 71.5 (CH), 107.3 (CH), 117.0 (d, JP,C = 73.8 Hz, Cquat.), 120.1 (d, 

JP,C = 2.5 Hz, Cquat.), 127.1 (d, JP,C = 10.4 Hz, CH), 128.4 (d, JP,C = 11.6 Hz, CH), 128.9 (CH), 

130.8 (CH), 133.2 (d, JP,C = 9.0 Hz, CH), 133.5 (d, JP,C = 3.1 Hz, CH), 135.1 (d, JP,C = 10.9 Hz, 

CH), 142.2 (d, JP,C = 5.8 Hz, Cquat.), 156.6 (Cquat.). 31P-NMR (162 MHz, CDCl3, PK-266-N): δ 

–144.2 (sept., JP,F = 712.0 Hz, PF6), 20.7 (s, protonated species, 1.6 mol%), 33.6 (s, major 

isomer, 98.4 mol%). Free phosphine (CAS 787618-22-8): 31P-NMR (121 MHz, [D6]-benzene): 

δ –8.8.[111] 

Norcaradienyldicyclohexyl-(3,6-dimethoxy-2’,4’,6’-triisopropylbiphenylphoshonium hexa–

fluorophosphate ([(Trop)BrettPhos]PF6, PK-433). BrettPhos 

(134 mg, 250 µmol, 1.0 eq.) and Trop∙PF6 (64.9 mg, 275 µmol, 

1.1 eq.) in dichloromethane (2 mL) were reacted according to 

general procedure 5.3.1. Drying under reduced pressure (<1.0 ∙ 

10–1 mbar) afforded a white solid (166 mg, 86%). Suitable single crystals for X-ray analysis 

(KlePh16) were grown by overlayering a solution of the salt in dichloromethane (0.1 M) with 

diethylether (4.5 X volume of dichloromethane) and storing at –25 °C for several days. The 

product contains diethylether (3 wt.%) due to co-crystallization as well as protonated species 

(8 wt.%). 

Norcaradienyl species (major isomer):105 1H-NMR (400 MHz, [D6]-acetone, 

PK-433-Aceton): δ 0.27-0.31 (m, 1H), 0.86-1.04 (m, 7H), 1.23 (d, J = 6.8 Hz, 6H), 1.27-1.78 

(m, 20H), 1.82-1.95 (m, 5H), 2.45 (sept. J = 6.9 Hz, 2H), 2.72-2.90 (m, 4H), 2.97 (sept., 

J = 6.9 Hz, 1H), 3.60 (s, 3H), 4.25 (s, 3H), 5.67-5.71 (m, 2H), 5.88 (dd, J = 7.0, 2.7 Hz, 2H), 

7.18 (s, 2H), 7.47 (dd, J = 9.1, 5.9 Hz, 1H) 7.54 (d, J = 9.1 Hz, 1H). 31P-NMR (162 MHz, 

[D6]-acetone, PK-433-Aceton): δ –144.2 (sept., JP,F = 712.0 Hz, PF6), 19.5 (s, protonated 

species, 7.6 mol%), 40.0 (s, major isomer, 80.1 mol%), 40.8 (s, minor isomer, 12.4 mol%). 

Protonated species: 1H-NMR (300 MHz, [D4]-methanol, PK-344-MeOH): δ 1.01 (d, 

J = 6.7 Hz, 6H), 1.21-1.51 (m, 20H), 1.59-1.94 (m, 10H), 1.94-2.15 (m, 2H), 2.35 (sept., 

J = 6.7 Hz, 2H), 2.67-2.89 (m, 2H), 2.98 (sept., J = 6.8 Hz, 1H), 3.72 (s, 3H), 4.04 (s, 3H), 7.20 

(s, 2H), 7.34 (dd, J = 9.2, 5.9 Hz, 1H), 7.53 (d, J = 9.2 Hz, 1H). 31P-NMR (122 MHz, 

[D4]-methanol, PK-344-MeOH): δ –144.6 (sept., JP,F = 712.0 Hz, PF6), 18.3 (t, JP,D = 70.4 Hz, 

 

105 Due to low solubility and observed partial decomposition, no 13C-NMR could be measured. 
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protonated species, 92.1 mol%), 39.7 (s, major isomer, 8.7 mol%).106 Free phosphine (CAS 

1070663-78-3): 31P-NMR (162 MHz, CDCl3): δ 1.6.[112] 

Cyclohepta-2,4,6-trienyldicyclohexyl-2-biphenylphosphonium hexafluoro–

phosphate ([(Trop)CyJohnPhos]PF6, PK-661). CyJohnPhos (351 mg, 

1.00 mmol, 1.0 eq.) and Trop∙PF6 (248 mg, 1.05 mmol, 1.05 eq.) in 

dichloromethane (5 mL) were reacted according to general procedure 5.3.1. 

Drying in air afforded a white, crystalline solid (498 mg, 85%). The product 

contains diethylether (1 wt.%) and dichloromethane (3 wt.%) due to co-crystallization. 

1H-NMR (300 MHz, CDCl3, PK-661-N): δ 1.10-1.27 (m, 6H), 1.41-1.57 (m, 4H), 1.70-1.91 

(m, 10H), 2.02-2.20 (m, 2H), 2.31-2.44 (dt, J = 12.0, 6.4 Hz, 1H), 5.12-5.28 (m, 2H), 6.44-6.63 

(m, 2H), 6.79 (t, J = 2.8 Hz, 2H), 7.19-7.31 (m, 2H), 7.46-7.62 (m, 4H), 7.69-7.75 (m, 1H), 

7.78-7.84 (m, 1H), 7.94 (dd, J = 12.1, 7.8 Hz, 1H). 13C-NMR (75 MHz, CDCl3, PK-661-N): δ 

25.1 (d, JP,C = 1.9 Hz, CH2), 26.5 (d, JP,C = 8.3 Hz, CH2), 26.6 (d, JP,C = 8.4 Hz, CH2), 27.8 (d, 

JP,C = 4.0 Hz, CH2), 28.5 (d, JP,C = 4.1 Hz, CH2), 30.4 (d, JP,C = 54.4 Hz, CH), 35.5 (d, 

JP,C = 39.8 Hz, CH), 107.3-107.5 (m, CH), 113.5 (d, JP,C = 71.1 Hz, Cquat.), 128.7 (d, 

JP,C = 11.0 Hz, CH), 128.8 (CH), 129.3 (CH), 129.4 (d, JP,C = 11.0 Hz, CH), 130.0 (CH), 131.3 

(CH), 134.5 (d, JP,C = 7.9 Hz, CH), 134.6 (CH), 134.8 (d, JP,C = 7.7 Hz, CH), 139.5 (d, 

JP,C = 2.7 Hz, Cquat.), 147.1 (d, JP,C = 7.7 Hz, Cquat.). 31P-NMR (122 MHz, CDCl3, PK-661-N): 

δ –144.3 (sept., JP,F = 712.0 Hz, PF6), 18.5 (s, protonated species, 1.5 mol%), 36.5 (s, major 

isomer, 98.5 mol%). Free phosphine (CAS 247940-06-3): 31P-NMR (121 MHz, CDCl3): δ –

12.7.[113] 

Cyclohepta-2,4,6-trienyldicyclohexyl-(2’-(dimethylamino)biphenyl)-2-yl–

phosphonium hexafluorophosphate ([(Trop)DavePhos]PF6, PK-662). 

DavePhos (394 mg, 1.00 mmol, 1.0 eq.) and Trop∙PF6 (248 mg, 1.05 mmol, 

1.05 eq.) in dichloromethane (5 mL) were reacted according to general 

procedure 5.3.1. Drying in air afforded a white, crystalline solid (546 mg, 

87%). Suitable single crystals for X-ray analysis (KlePh17) were grown by 

slow diffusion of diethylether into a saturated solution of the salt in dichloromethane. The 

product contains diethylether (1 wt.%) and dichloromethane (2 wt.%) due to co-crystallization. 

 

106 NMR name different due to typing error at the NMR machine. 
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1H-NMR (300 MHz, CDCl3, PK-662-N): δ 0.74-2.03 (m, 20H), 2.25 (dt, J = 9.5, 6.2 Hz, 1H), 

2.37-2.52 (m, 1H), 2.45 (s, 6H), 2.66 (qt, J = 13.0, 3.1 Hz, 1H), 4.74-4.82 (m, 1H), 4.87-4.92 

(m, 1H), 6.24-6.29 (m, 1 H), 6.40-6.45 (m, 1H), 6.59-6.77 (m, 2H), 7.08-7.23 (m, 3H), 

7.44-7.51 (m, 2H), 7.68-7.85 (m, 3H). 13C-NMR (75 MHz, CDCl3, PK-662-N): δ 25.1 (d, 

JP,C = 1.3 Hz, CH2), 25.2 (d, JP,C = 1.5 Hz, CH2), 25.9 (d, JP,C = 12.4 Hz, CH2), 26.6 (d, 

JP,C = 12.6 Hz, CH2), 26.8 (d, JP,C = 11.6 Hz), 27.0 (d, JP,C = 12.0 Hz, CH2), 27.4 (d, 

JP,C = 4.1 Hz, CH2), 27.8 (d, JP,C = 4.1 Hz, CH2), 28.4 (d, JP,C = 3.7 Hz, CH2), 28.5 (d, 

JP,C = 4.8 Hz, CH2), 28.9 (d, JP,C = 55.3 Hz, CH), 33.3 (d, JP,C = 26.7 Hz, CH), 33.8 (d, 

JP,C = 26.9 Hz, CH), 44.2 (CH3), 99.5-100.3 (m, CH), 114.1 (d, JP,C = 73.3 Hz, Cquat.), 118.9 

(CH), 123.8 (CH), 127.5 (d, JP,C = 3.1 Hz, CH), 127.7 (d, JP,C = 2.8 Hz, CH), 128.8 (d, 

JP,C = 11.1 Hz, CH), 130.2 (CH), 130.4 (CH), 130.8 (CH), 132.2 (CH), 133.6 (d, JP,C = 1.7 Hz, 

Cquat.), 134.7 (d, JP,C = 3.0 Hz, CH), 135.4 (d, JP,C = 7.8 Hz, CH), 136.0 (d, JP,C = 11.1 Hz, CH), 

146.8 (d, JP,C = 6.9 Hz, Cquat.), 151.1 (Cquat.). 31P-NMR (122 MHz, CDCl3, PK-662-N): δ –144.3 

(sept., JP,F = 712.0 Hz, PF6), 20.2 (s, protonated species, 1.6 mol%), 35.2 (s, major isomer, 

98.4 mol%). 31P-NMR (203 MHz, [D4]-methanol, PK-662-meoh): δ –144.6 (sept., 

JP,F  = 712.0 Hz, PF6), 17.6 (t, JP,D = 74.2 Hz, protonated species, 7.2 mol%), 35.3 (s, major 

isomer, 92.8 mol%). 31P-NMR (122 MHz, [D6]-acetone, PK-662-Aceton): δ –144.2 (sept., 

JP,F = 712.0 Hz, PF6), 35.6 (s, major isomer). Free phosphine (CAS 213697-53-1): 31P-NMR 

(121 MHz, CDCl3): δ –8.7.[114]
 

Norcaradienyldicyclohexyl-(3-(2’,4’,6’-triisopropylphenyl)-1,4-di-

methoxynaphthalen-2-yl)phosphonium hexafluorophosphate 

([(Trop)KatPhos]PF6, PK-670). KatPhos (147 mg, 250 µmol, 

1.0 eq.) and Trop∙PF6 (62.0 mg, 263 mmol, 1.05 eq.) in 

dichloromethane (1.3 mL) were reacted according to general 

procedure 5.3.1. The crude product was washed with diethylether 

(3 X 2 mL). Drying under reduced pressure (1 h, 45 °C, 8 mbar) afforded an off-white solid 

(191 mg, 93%). The product contains protonated species (~8 wt.%), educt (~3 wt.%) as well as 

co-crystallized dichloromethane (~14 wt.%). Further purification by precipitation from 

dichloromethane did not increase the purity of the product. The salt decomposes over time.  
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Norcaradienyl species (major isomer):107 1H-NMR (400 MHz, CDCl3, PK-670-N): δ 0.49 

(br s, 1H), 0.88-2.09 (m, 63H), 2.13-3.07 (m, 10H), 3.24 (br s, 3H), 4.42 (br s, 3H), 5.64 (br s, 

1H), 5.78 (br s, 1H), 7.12 (br s, 2H), 7.69-7.83 (m, 2H), 8.03-8.14 (m, 2H), 8.17-8.34 (m, 2H). 

31P-NMR (162 MHz, CDCl3, PK-670-N): δ –144.3 (sept., JP,F = 712.0 Hz, PF6), 0.4 (s, educt, 

3.9 mol%), 21.2 (s, protonated species, 9.0 mol%), 39.1 (s, major NCD-isomer, 73.4 mol%), 

40.0 (br s, minor CHT-isomer, 13.7 mol%).  

Protonated species:108 1H NMR (400 MHz, [D4]-methanol, PK-670-N2-MeOD) δ 1.11-1.23 

(m, 9H), 1.23-1.57 (m, 23H), 1.60-1.97 (m, 9H), 2.15-2.28 (m, 2H), 2.43 (sept., J = 6.8 Hz, 

2H), 3.02 (sept., J = 6.8 Hz, 1H), 3.70 (s, 3H), 4.42 (s, 3H), 7.28 (s, 2H), 7.84 (dddd, 

J = 23.2, 8.2, 6.9, 1.3 Hz, 2H), 8.24-8.32 (m, 1H), 8.35-8.42 (m, 1H). 31P-NMR (162 MHz, 

CDCl3, PK-670-N): δ –144.6 (sept., JP,F = 712.0 Hz, PF6), 18.2 (t, J = 68.8 Hz, protonated 

species, 93.8 mol%), 39.5 (s, major NCD-isomer, 6.2 mol%). Free phosphine: 31P-NMR 

(162 MHz, [D6]-benzene, KR-119-f2): δ –0.3. 

Cyclohepta-2,4,6-trienyldicyclohexyl(3-(3’,5’-di-tert-butyl-4’-me–

thoxyphenyl)-1,4-dimethoxynaphthalen-2-yl)phosphonium hexa-

fluorophosphate ([(Trop)CyAnPhos]PF6, PK-1019). CyAnPhos 

(224 mg, 353 µmol, 1.0 eq.) and Trop∙PF6 (91.8 mg, 389 mmol, 

1.05 eq.) in dichloromethane (1.7 mL) were reacted according to 

general procedure 5.3.1. The crude product was washed with 

diethylether (1 X 15 mL, 3 X 3 mL). Drying under reduced pressure (2 h, 50 °C, 7 mbar) afforded 

a white solid (236 mg, 80%). The product contains protonated species (~9 wt.%) as well as co-

crystallized diethylether (~2 wt.%). The salt partially decomposes when heated with 

chloroform. A color change to brown is perceived. 

1H-NMR (400 MHz, CDCl3, PK-966-N2-CDCl3): δ 1.12-1.34 (m, 9H), 1.38-1.64 (m, 18H), 

1.45 (s, 9 H), 1.64-2.00 (m, 12H), 2.40 (virt. q, JP,H = 6.2 Hz, 1H), 2.61 (q, JP,H = 12.6 Hz, 2H), 

3.27 (s, 3H), 3.77 (s, 3H), 4.27 (s, 3H), 4.86 (virt. q, J = 8.6 Hz, 2H), 6.26-6.37 (m, 2H), 6.68 

 

107 1H-NMR shifts were extracted from the obtained mixture of isomers/reaction products. Shifts of the CHT-

species could not be extracted. 13C-NMR was too unconcentrated to differentiate carbon atoms. As it was also 

recorded at a later time, the product suffered from decomposition over time, showing the protonated species as 

major isomer. 

108 NMR spectra were recorded after additional purification by precipitation from dichloromethane. In the 1H-

NMR spectrum, diethylether (46 mol%) and dichloromethane (13 mol%) are visible even after extensive drying 

of the isolated product. The sample also did not completely dissolve, e.g. KatPhos is insoluble in methanol. 
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(virt. t, J = 3.3 Hz, 2H), 7.25 (s, 2H), 7.67-7.84 (m, 2H), 8.18 (dd, J = 16.8, 8.2 Hz, 2H). 

1H-NMR (300 MHz, [D6]-acetone, PK-1019-R): δ 1.16-1.44 (m, 8H), 1.50 (s, 18H), 1.55-1.97 

(m, 12H), 1.97-2.23 (m, 5H), 2.35 (q, J = 6.4 Hz, 1H), 2.72-2.91 (m, 2H), 3.30 (s, 3H), 3.85 (s, 

3H), 4.36 (s, 3H), 4.72-4.93 (m, 2H), 6.28-6.47 (m, 2H), 6.59-6.73 (m, 2H), 7.47 (s, 2H), 7.81 

(ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.89 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 8.27 (dd, J = 8.3, 1.3 Hz, 

1H), 8.34 (d, J = 8.4 Hz, 1H). 13C-NMR (101 MHz, CDCl3, PK-966-N2-CDCl3): δ 25.2 (d, 

JP,C = 1.2 Hz, CH2), 26.7 (virt. t, JP,C = 12.9 Hz, CH2), 28.2 (d, JP,C = 4.0 Hz, CH2), 28.7 (d, 

JP,C = 4.0 Hz, CH2), 32.1 (CH3), 32.1 (CH), 36.2 (s, Cquat.), 36.2 (d, JP,C = 40.6 Hz, CH), 60.7 

(CH3), 65.1 (CH3), 65.4 (CH3), 103.1 (d, JP,C = 72.0 Hz, Cquat.), 123.8 (CH), 124.0 (d, 

JP,C = 10.9 Hz, CH), 126.7 (Cquat.), 126.7 (d, JP,C =13.0 Hz, CH), 128.3 (CH), 128.6 (CH), 129.1 

(d, JP,C = 1.6 Hz, Cquat.), 129.3 (Cquat.), 130.1 (CH), 130.8 (CH), 130.9 (CH), 132.3 (d, 

JP,C = 6.2 Hz, Cquat.), 132.8 (d, JP,C = 2.2 Hz, Cquat.), 144.5 (Cquat.), 152.2 (d, JP,C = 13.2 Hz, 

Cquat.), 160.9 (Cquat.), 161.0 (Cquat.). 31P-NMR (122 MHz, CDCl3, PK-966-N2-CDCl3): δ –144.4 

(sept., JP,F = 712.0 Hz, PF6), 21.2 (br s, protonated species, 11.2 mol%), 38.8 (s, major isomer, 

88.8 mol%). 31P-NMR (122 MHz, [D6]-acetone, PK-1019-R): δ 20.5 (br s, protonated species, 

8.3 mol%), 39.4 (s, major isomer, 91.7 mol%). 

Protonated species: 1H-NMR (300 MHz, [D4]-methanol, PK-966-MeOD): δ 1.18-1.46 (m, 

12H), 1.50 (s, 18H), 1.66-2.15 (m, 12H), 2.70-2.94 (m, 2H), 3.62 (s, 3H), 3.82 (s, 3H), 4.34 (s, 

3H), 7.25 (s, 2H), 7.74-7.96 (m, 2H), 8.28-8.37 (m, 2H). 31P-NMR (122 MHz, [D4]-methanol, 

PK-966-MeOD): δ 19.6 (t, JP,D = 68.2 Hz, protonated species, 91.6 mol%), 38.9 (s, major 

isomer, 8.4 mol%). Free phosphine: 31P-NMR (121 MHz, [D6]-benzene, KR-236-1): δ –0.1. 

N-Cyclohepta-2,4,6-trienyl-N’-diisopropylphenylimidazolium hexa-

fluorophosphate (Trop dippIm∙PF6, PK-385, 79). N-

Diisopropylphenyl-imidazole (1.14 g, 5.00 mmol, 1.0 eq.) and 

Trop∙PF6 (1.24 g, 5.25 mmol, 1.05 eq.) in dichloromethane (15 mL) 

were reacted according to general procedure 5.3.1. Drying in air afforded an off-white solid 

(1.93 g, 83%). The product contains diethylether (0.5 wt.%) and dichloromethane (0.5 wt.%). 

1H-NMR (400 MHz, [D2]-dichloromethane, PK-385-N): δ 1.12 (d, J = 6.8 Hz, 7H), 1.14 (d, 

J = 6.8 Hz, 8H), 2.10 (sept., J = 6.8 Hz, 2H), 6.05 (t, J = 7.9 Hz, 1H), 6.21 (t, J = 8.8 Hz, 2H), 

6.75-6.92 (m, 4H), 7.12 (virt. t, J = 1.9 Hz, 1H), 7.32 (d, J = 7.9 Hz, 2H), 7.44 (virt. t, J = 1.9 Hz, 

1H), 7.56 (t, J = 7.9 Hz, 1H), 7.90 (virt. t, J = 1.9 Hz, 1H). 31P-NMR (162 MHz, 

[D2]-dichloromethane, PK-385-N): δ –144.5 (sept., J = 712 Hz, PF6). 13C-NMR (75 MHz, 
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[D2]-dichloromethane, PK-385-13C): δ 24.3, 24.5, 29.0, 56.6, 119.6, 123.2, 124.6, 125.2, 130.3, 

131.9, 132.4, 132.5, 136.0, 145.9. 

7.2.6.3 Observed decomposition product of the CHT moiety 

7-([D3]-methoxy)-cyclohepta-2,4,6-triene. This side-product was often 

detected due to decomposition of a tropylium substituted salt in 

[D4]-methanol.  

1H-NMR (400 MHz, [D4]-methanol, PK-966-N2-MeOD): δ 3.37 (tt, J = 4.5, 1.5 Hz, 1H), 

5.41-5.56 (m, 2H), 6.16 (dddd, J = 9.4, 3.7, 2.6, 1.5 Hz, 2H), 6.65-6.67 (m, 2H). 13C-NMR 

(101 MHz, [D4]-methanol, PK-966-N2-MeOD): δ 79.2 (CH), 124.3 (CH), 126.1 (CH), 132.0 

(CH). Methoxy group not observed due to low concentration and very low signal (triplet) 

intensity. The analytical data matched those reported in the literature.[115] 

7.2.6.4 Conversion of Trop dippIm with metal precursors 

Bis-N-(N’-diisopropylphenyl)imidazoyl palladium(II) 

chloride (PK-384, 80). The procedure is similar to the one 

reported by the group of Organ.[116] As a different outcome 

of the reaction was expected, equivalents are not optimal. A 

25 mL round-bottom flask was charged with Trop 

dippIm∙PF6 (150 mg, 323 µmol, 1.0 eq.), PdCl2 (52.0 mg, 

294 µmol, 1.8 eq.), and K2CO3 (406 mg, 2.94 mmol, 18.0 eq.). The flask was closed with a 

septum, evacuated (<1.0∙10–1 mbar) and backfilled with argon thrice. The walls were rinsed 

with dry toluene (5 mL). After five minutes at room temperature, the suspension was stirred for 

25 hours at 80 °C. The yellow suspension was diluted with dichloromethane (10 mL) and 

filtered over a short pad of silica (~3 cm) eluting with dichloromethane (15 mL). After removal 

of the solvent under reduced pressure (40 °C, 55 mbar), the solid was washed with pentane 

(3 X 2 mL). Drying under reduced pressure (~2 h, 40 °C, 7 mbar) afforded a bright orange solid 

(93.3 mg, 91%). The isolated salt contains minor impurities of dippIm (0.7 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-384-FS-CDCl3): δ 1.12 (d, J = 6.9 Hz, 12H), 1.16 (d, 

J = 6.9 Hz, 12H), 2.34 (sept., J = 6.9 Hz, 4H), 6.83 (virt. t, J = 1.3 Hz, 2H), 7.25 (d, J = 7.8 Hz, 

4H), 7.46 (t, J = 7.8 Hz, 2H), 7.69 (virt. t, J = 1.3 Hz, 2H), 8.12 (virt. t, J = 1.3 Hz, 2H). 13C-

NMR (101 MHz, CDCl3, PK-384-FS-CDCl3): δ 24.4, 24.6, 28.4, 121.1, 124.2, 130.2, 130.7, 

132.0, 140.7, 146.3. 
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Bis-N-(N’-diisopropylphenyl)imidazoyl palladium(II) 

chloride – direct synthesis approach (PK-776, 80). The 

procedure is similar to the one reported by the group of 

Organ.[116] A pre-dried Schlenk tube (2.1∙10–1 mbar) was 

charged with PdCl2 (355 mg, 2.00 mmol, 1.0 eq.) and N-

dippIm (959 mg, 4.20 mmol, 2.1 eq.). Inside a glovebox, 

K2CO3 (2.76 g, 20.0 mmol, 10.0 eq.) was added and the walls were rinsed with dry, degassed 

toluene (5 mL). Outside the glovebox, the suspension was stirred for five minutes at room 

temperature before being heated for 16 hours at 80 °C. The suspension was filtered over Celite 

and the pad was rinsed with dichloromethane (3 X 15 mL).109 Most of the solvent was removed 

under reduced pressure (40 °C, 150 mbar). The flask containing the crude product was left open 

inside a fume hood to allow evaporation of residual toluene. On the next day, large red crystals 

had formed, and the supernatant was transferred to a second flask. The solid was washed with 

toluene (4 mL) and pentane (2 X 4 mL). Drying under reduced pressure (1 h, 40 °C, 7 mbar) 

afforded red crystals (1.04 g, 82%). The filtrate was evaporated to dryness and washed with 

Et2O (4 X 4 mL). Drying under reduced pressure (40 °C, 8 mbar) yielded a second fraction of 

red solid (114 mg, 9%). Total yield: 1.25 g, 91%. 

1H-NMR (300 MHz, CDCl3, PK-776-cryst): δ 1.12 (d, J = 6.8 Hz, 6H), 1.16 (d, J = 6.8 Hz, 

12H), 2.34 (sept., J = 6.8 Hz, 4H), 6.76-6.90 (m, 2H), 7.25 (d, J = 7.8 Hz, 4H), 7.46 (d, 

J = 7.8 Hz, 2H), 7.64-7.76 (m, 2H), 8.06-8.19 (m, 2H). 13C-NMR (101 MHz, CDCl3, PK-384-

FS-CDCl3): δ 24.3, 24.6, 28.3, 121.0, 124.1, 130.2, 130.7, 131.9, 140.7, 146.2. 

7.2.6.5 Variable temperature NMR study 

A J-Young NMR tube was charged with [(Trop)DavePhos]PF6 (36.6 mg, 58.1 µmol), 

transferred into a glovebox, and closed with its special cap. Outside the glovebox, the NMR 

tube was cooled to –78 °C with the aid of a dry ice saturated acetone bath. In an argon 

counterflow, dry, degassed [D6]-acetone (450 µL) was slowly added. After complete addition, 

the J-Young tube was closed and shaken until dissolution of the solid was reached.110 The 

cooled sample was transferred to a pre-cooled (–70 °C) Bruker NMR machine (DRX400). 1H-

NMR as well as 31P-NMR spectra (standard parameters were recorded at temperatures ranging 

 

109 While cooling to room temperature, red crystals emerged. 

110 Cooling and shaking were performed in a continuous alternation to assure the sample will not heat up. 
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from –70 °C to +50 °C in 20 °C steps. Homogeneous tempering was achieved by holding the 

temperature for five minutes before measurement. 

7.2.6.6 Irradiation of [(Trop)SPhos]PF6 

5,5-Dicyclohexyl-1-methoxy-5H-benzo[b]phosphindol-5-ium hexafluo-

rophosphate or phosphorodifluoridate (PK-1036 and PK-1046). 

[(Trop)SPhos]PF6 (14.2 mg, 22.0 µmol) in CDCl3 (550 µL) was reacted 

once for 4.5 hours at 350 nm and two hours at 366 nm (PK-1046) 

according to general procedure 5.3.2. Purification of merged experiments 

by flash column chromatography (DCM-MeOH 10:1) afforded a colorless, glassy solid 

(7.5 mg)111. 

TLC: Rf = 0.24 (DCM-MeOH 10:1) [UV]. 1H-NMR (400 MHz, CDCl3, PK-1036-1046-BC): 

δ 0.98-1.35 (m, 4H), 1.48-1.63 (m, 4H), 1.64-1.82 (m, 6H), 1.88-2.06 (m, 6H), 3.81-3.96 (m, 

2H), 4.09 (s, 3H), 7.34 (d, J = 8.4 Hz, 1H), 7.54-7.68 (m, 2H), 7.76 (tt, J = 7.8, 1.5 Hz, 1H), 

7.92 (virt. t, J = 7.8 Hz, 1H), 8.30 (virt. t, J = 8.1 Hz, 1H), 8.52 (dd, J = 8.1, 2.6 Hz, 1H). 

13C-NMR (101 MHz, CDCl3, PK-1036-1046-BC): δ 25.4 (d, JP,C = 1.8 Hz, CH2), 25.8 (d, 

JP,C = 14.0 Hz, CH2), 26.3 (d, JP,C = 6.8 Hz, CH2), 26.4 (d, JP,C = 6.8 Hz, CH2), 31.1 (d, 

JP,C = 39.2 Hz, CH), 56.0 (CH3), 117.8 (d, JP,C =80.6 Hz, Cquat.), 117.8 (d, JP,C = 2.5 Hz, CH), 

120.5 (d, JP,C = 79.7 Hz, Cquat.), 124.8 (d, JP,C = 9.2 Hz, CH), 127.9 (d, JP,C = 8.6 Hz, CH), 129.5 

(d, JP,C = 11.2 Hz, CH), 132.0 (d, JP,C = 12.9 Hz, CH), 132.5 (CH), 132.9 (d, JP,C = 9.6 Hz, CH), 

135.3 (d, JP,C = 2.3 Hz, CH), 144.9 (d, JP,C = 14.3 Hz, Cquat.), 157.7 (d, JP,C = 11.7 Hz, Cquat.). 

31P-NMR112 (162 MHz, CDCl3, PK-1036-1046-BC) δ –14.1 (t, J = 957.9 Hz, F2P(O)O– or 

F2P(O)OH), 42.03. 

7.2.6.7 Attempted hydrolysis of [(Trop)SPhos]PF6 

In CDCl3 (PK-1029). A J-Young tube was charged with [(Trop)SPhos]PF6 (32.3 mg, 

50.0 µmol, 1.0 eq.). Inside a glovebox, dry, degassed CDCl3 (500 µL) was added. 1H- (d1 = 20 

s, 16 scans) and 31P-NMR (sw = 100 ppm, O1P = 10 ppm) spectra were recorded. Water 

(Hamilton syringe, 5.00 µL, 278 µmol, 5.6 eq.) was added. 1H- (d1 = 20 s, 16 scans) and 31P-

NMR (sw = 100 ppm, O1P = 10 ppm) spectra were recorded after 30 minutes and 16 hours at 

 

111 No percentage given since the anion distribution, F2P(O)O– or PF6
–, is unclear. 

112 31P-NMR was only recorded from –40 to +60 ppm for better resolution. Signal of F2P(O)O– is comparably 

small. 
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room temperature. After storing of the sample for one week at room temperature, no color 

change has been perceived. Solely, an emulsion has been observed. No decomposition was 

detected. 

In [D6]-acetone (PK-1096). A conventional NMR tube was charged with [(Trop)SPhos]PF6 

(32.3 mg, 50.0 µmol, 1.0 eq.). After addition of [D6]-acetone (500 µL) in air, the sample was 

shaken until homogeneous dissolution of the salt. Water (Hamilton syringe, 5.00 µL, 278 µmol, 

5.6 eq.) was added. 1H- (d1 = 20 s, 16 scans) and 31P-NMR (sw = 700 ppm, O1P = 100 ppm) 

spectra were recorded. No decomposition was detected. The sample was heated for four hours 

at 50 °C before recording 1H- (d1 = 20 s, 16 scans) and 31P-NMR (sw = 700 ppm, 

O1P = 100 ppm) spectra. 

7.2.6.8 Reactivity of tropylated phosphines towards amines 

S-Phos or 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (CAS 

657408-07-6, PK-1053). [(Trop)SPhos]PF6 (129 mg, 200 µmol, 1.0 eq.), 

2-aminopyridine (22.6 mg, 240 µmol, 1.2 eq.), and K2CO3 (66.4 mg, 

480 µmol, 2.4 eq.) in dichloromethane (1 mL) were reacted for 13 hours at 

room temperature according to general procedure 5.3.3. Drying in air afforded a light yellow 

solid (61.2 mg, 75%). The product contained minor amounts of methanol (0.6 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-1053-FS): δ 0.95-1.31 (m, 10H), 1.54-1.73 (m, 10H), 1.73-

1.84 (m, 2H), 3.67 (s, 6H), 6.58 (d, J = 8.4 Hz, 2H), 7.14-7.21 (m, 1H), 7.27-7.36 (m, 2H), 7.39 

(t, J = 7.4 Hz, 1H), 7.53-7.61 (m, 1H). 13C-NMR (101 MHz, CDCl3, PK-1053-FS): δ 26.7, 27.5 

(d, JP,C = 7.6 Hz), 27.7 (d, JP,C = 11.9 Hz), 29.2 (d, JP,C = 9.2 Hz), 30.1 (d, JP,C = 16.8 Hz), 34.1 

(d, JP,C = 13.8 Hz), 55.4, 103.3, 120.1 (d, JP,C = 7.2 Hz), 126.3, 128.7 (d, JP,C = 59.0 Hz), 131.7 

(d, JP,C = 6.1 Hz), 132.5 (d, JP,C = 3.7 Hz), 136.1 (d, JP,C = 17.8 Hz), 143.1 (d, JP,C = 32.0 Hz), 

157.5-157.7 (m). 31P-NMR (162 MHz, CDCl3, PK-1053-FS): δ –9.1.113 

DavePhos or 2-dicyclohexylphosphino-2’-(N,N-dimethylamino)biphenyl 

(CAS 213697-53-1, PK-1015). [(Trop)DavePhos]PF6 (126 mg, 200 µmol, 

1.0 eq.), N-methylpiperazine (44.5 µL, 402 µmol, 2.0 eq.), and K2CO3 

(55.4 mg, 400 µmol, 2.0 eq.) in dichloromethane (1 mL) were reacted for 

 

113 According to 31P-NMR, minor amounts of tropylium salt (0.9 mol%) as well as phosphine oxide (1.5 mol%) 

are present. The latter might occur from non-aerobic work-up. 
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two hours at room temperature according to general procedure 5.3.3. Drying under reduced 

pressure (16 h, r.t., 6.5∙10–2 mbar) afforded a white solid (58.6 mg, 75%). 

1H-NMR (400 MHz, CDCl3, PK-1015-FS): δ 0.71-1.39 (m, 10H), 1.42-1.83 (m, 11H), 1.94-

2.10 (m, 1H)114, 2.44 (s, 6H), 6.91-7.10 (m, 3H), 7.26-7.35 (m, 3H), 7.35-7.42 (m, 1H), 7.55 

(d, J = 7.4 Hz, 1H). 31P-NMR (162 MHz, CDCl3, PK-1015-FS): δ –9.8.115 

7.2.6.9 Transfer of phosphine to Pd metal from TropPCy3∙PF6: a NMR study 

PK-234. A screw cap NMR tube was charged with PdCl2(MeCN)2 (6.5 mg, 25.0 µmol, 1.0 eq.), 

TropPCy3∙PF6 (25.8 mg, 50.0 µmol, 2.0 eq.), and naphthalene (6.2 mg, 48.4 µmol) as internal 

standard. Inside a glovebox, NaOtBu (11.0 mg, 114 µmol, 4.6 eq.) and [D6]-benzene (500 µL) 

were added. The tube was closed with an appropriate cap and removed from the glovebox. After 

sonication for five minutes at room temperature, a 31P-NMR (sw = 700 ppm, O1P = 100 ppm, 

filenames: PK-234-1, -2, -3…) spectrum was recorded. Sonication was continued as indicated 

in figure 41 (5.3.4). Integration of 1H-NMR signals (AVHD500, PK-234-4) revealed the 

presence of 52% of Pd(PCy3)2. The indication is not accurate, since strong overlapping of 

signals was observed. 

7.2.6.10 Exemplary procedures 

Table 34, entry 6, according to general procedure 5.3.7 (PK-1067). A 20 mL Schlenk tube116 

was charged with Pd(OAc)2 (2.21 mg, 9.85 µmol, 1.0 mol%), phenyl boronic acid (180 mg, 

1.48 mmol, 1.5 eq.), and [(Trop)S-Phos]PF6 (12.7 mg, 19.7 µmol, 2.0 mol%). The tube was 

transferred inside a glovebox. Dry K3PO4 (418 mg, 1.97 mmol, 2.0 eq.) and 4-chloroanisole 

(120 µL, 985 µmol, 1.0 eq.) were added and the walls were rinsed with dry toluene (2 mL). The 

Schlenk tube was closed with a glass stopper and teflon sleeve and removed from the glovebox. 

After stirring for five minutes at room temperature, the suspension was heated for five hours to 

100 °C (pre-heated aluminum block, 600 rpm). The reaction mixture was cooled to room 

temperature. Dibenzyl ether (Hamilton syringe, 50.0 µL, 263.0 µmol) was added as internal 

standard. Stirring was continued for five minutes at room temperature before the mixture was 

analyzed following the general procedure for q-NMR (7.1.3, NMR file PK-1067-q AVHD500).  

 

114 Signal belongs to the C1Cy proton. The other proton overlays with the multiplet (δ 1.42-1.83). 

115 According to 31P-NMR, minor amounts of tropylium salt (1.0 mol%) as well as phosphine oxide (1.3 mol%) 

are present. The latter might occur from non-aerobic work-up. 

116 A 20 mL Schlenk tube was chosen to assure homogeneous mixing of all components. 
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7.2.7 Accessing Trialkylamines as Donors in Heck cross-coupling via a Hydrogen Auto 

Transfer Process 

7.2.7.1 General synthesis procedure 

General procedure 6.2.1 – Coupling of trialkylamines with aryl bromides 

Unless otherwise stated, a screw cap vial was charged with Pd- and Ir-, Ru- or Rh-precatalyst 

(5 mol% based on metal). The vial was introduced into a glovebox. Base (2.0 eq.), aryl bromide 

(3.0 eq.) and amine (1.0 eq.) were added in the indicated order. The walls were rinsed with dry 

solvent (4 mL/mmol), the vial was closed with a screw cap and the suspension was stirred for 

16 hours at 110 °C in a pre-heated metal block outside the glovebox.  

a) At room temperature, the suspension was filtered over a short pad of Celite (in a Pasteur 

pipette), eluting with CHCl3 (3 X 0.5 mL). 1,3,5-Trimethoxybenzene (20.0-35.0 mg) was added 

as internal standard and the contents of the flask was dissolved in CDCl3 (800 µL). A sample 

(500 µL) was transferred to a NMR tube and a 1H-NMR spectrum (d1 = 20 s, 16 scans) was 

recorded. 

b) At room temperature, the suspension was filtered over a short pad of Celite (in a Pasteur 

pipette) directly into a separatory funnel. The pad was rinsed with Et2O (3 X 2 mL) and the 

filtrate was diluted with additional Et2O (50 mL). The organic phase was washed with water 

(3 X 25 mL), a saturated aqueous solution of NaCl (1 X 25 mL), dried over MgSO4, filtered and 

the solvent was removed under reduced pressure (45 °C, 500 mbar). 1,3,5-Trimethoxybenzene 

(20.0-35.0 mg) was added as internal standard and the contents of the flask was dissolved in 

CDCl3 (800 µL). A sample (500 µL) was transferred to a NMR tube and a 1H-NMR spectrum 

(d1 = 20 s, 16 scans) was recorded. 

7.2.7.2 Synthesis of trialkyl amines 

N-Ethyl-2,2,6,6-tetramethylpiperidine (EtTMP, CAS 32163-58-9, PK-952, 105). 

This procedure was adapted from the group of Berke.[117] 2,2,6,6-

Tetramethylpiperidine (4.94 g, 35.0 mmol, 1.0 eq.) and K2CO3 (6.05 g, 

43.8 mmol, 1.3 eq.) were suspended in acetonitrile (8.75 mL). The reaction mixture was stirred 

for four hours at 85 °C before adding ethyl iodide (3.4 mL, 42.0 mmol, 1.2 eq.). After stirring 

for 19 hours at 85 °C, the suspension was filtered, the filter was rinsed with EtOAc (3 X 10 mL) 

and the solvent was removed under reduced pressure (45 °C, 90 mbar). Purification by CC 
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(EtOAc-hexanes 1:20 → 1:10) afforded a colorless, viscous oil (4.70 g, 79%) which solidified 

upon cooling. 

1H-NMR (300 MHz, [D6]-benzene, PK-952-A2): δ 1.01 (s, 12H), 1.10 (t, J = 7.0 Hz, 3H), 

1.35-1.52 (m, 6H), 2.40 (q, J = 7.0 Hz, 2H). 13C-NMR (75 MHz, [D6]-benzene, PK-952-A2): 

δ 18.2, 21.4, 27.7 (br s), 38.4, 41.6, 54.6. The analytical data matched those reported in the 

literature.[118] 

7.2.7.3 Synthesis of Pd precatalysts 

2-Ammoniumbiphenyl mesylate (CAS 1445085-50-6, PK-1010). This 

compound was synthesized according to a procedure by the group of 

Buchwald.[119] Methanesulfonic acid (537 mg, 5.59 mmol, 1.1 eq.) in Et2O 

(3 mL) was slowly added to a solution of 2-aminobiphenyl (846 mg, 5.00 mmol, 1.0 eq.) in 

diethylether (18 mL). The suspension was stirred for 30 minutes at room temperature. Filtration, 

washing with diethylether (3 X 5 mL) and drying under reduced pressure (1.5∙10–1 mbar) 

afforded a pinkish solid (1.29 mg, 97%). 

1H-NMR (500 MHz, [D4]-methanol, PK-1010-N): δ 2.68 (s, 3H), 7.37-7.68 (m, 9H). 13C-NMR 

(75 MHz, [D4]-methanol, PK-772-N): δ 39.5, 124.9, 129.1, 129.9, 130.1, 130.3, 130.3, 130.6, 

133.0, 137.6, 138.5. The analytical data matched those reported in the literature.[119] 

µ-OMs dimer (CAS 1435520-65-2, PK-773). This compound was 

synthesized according to a procedure by the group of Buchwald.[119] A 

Schlenk tube containing palladium acetate (225 mg, 1.00 mmol, 1.0 eq.) and 

2-ammoniumbiphenyl mesylate (265 mg, 1.00 mmol, 1.0 eq.) was evacuated 

(1.4∙10–1 mbar) and backfilled with argon three times. The walls were rinsed with anhydrous 

toluene (4 mL) and the suspension was stirred for 45 minutes at 50 °C. Filtration, washing with 

toluene (5 mL) and diethylether (3 X 5 mL) and drying under reduced pressure (9.7∙10–2 mbar) 

afforded a tan solid (313 mg, 85%). The product contains diethylether (1 wt.%). 

1H-NMR (500 MHz, [D3]-acetonitrile, PK-773-N) δ 2.56 (s, 6H), 6.28 (br s, 4H, NH2), 7.03-

7.10 (m, 2H), 7.12-7.22 (m, 4H), 7.23-7.31 (m, 4H), 7.37 (d, J = 6.8 Hz, 2H), 7.46 (d, J = 7.6 Hz, 

2H), 7.55-7.64 (m, 2H). 13C-NMR (75 MHz, [D3]-acetonitrile, PK-773-13C) δ 40.0, 121.5, 

126.2, 127.1, 127.3, 128.1, 128.8, 128.9, 136.5, 137.4, 137.8, 139.8, 140.2. The analytical data 

matched those reported in literature.[119] 
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Palladium(π-cinnamyl) chloride dimer ([μ-ClPd(cin)]2 CAS 

12131-44-1, PK-884, 91). This compound was synthesized 

according to a procedure by Nolan and coworkers.[57] Water 

(125 mL) was added to a Schlenk flask (3 X evacuated, 1.2∙10–1 

mbar, and backfilled with argon), the flask was closed with a 

septum and argon was bubbled for 30 minutes through the water. 

Palladium(II) chloride (887 mg, 5.00 mmol, 1.0 eq.) and KCl (746 mg, 10.0 mmol, 2.0 eq.) 

were added under argon flow and the suspension was stirred for one hour at room temperature. 

Cinnamyl chloride (2.10 mL, 15.0 mmol, 3.0 eq.) was added to the red solution and the reaction 

mixture was stirred in the dark for one day at room temperature. The orange suspension was 

transferred to a separatory funnel and extracted with dichloromethane (3 X 50 mL). The organic 

phase was dried over MgSO4, filtered over a pad of Celite, the pad was rinsed with 

dichloromethane (2 X 25 mL) and the solvent was removed under reduced pressure (45 °C, 

100 mbar). The obtained solid was dissolved in dichloromethane (5 mL) and precipitation was 

caused by addition of pentane (30 mL). Filtration, washing with pentane (3 X 25 mL) and drying 

in air afforded a yellow orange solid (793 mg, 68%). The product contains dichloromethane 

(4 mol%). 

1H-NMR (300 MHz, CDCl3, PK-884-N): δ 2.93-3.13 (m, 1H), 3.96 (dd, J = 6.8, 0.9 Hz, 1H), 

4.62 (d, J = 11.4 Hz, 1H), 5.80 (td, J = 11.7, 6.8 Hz, 1H), 7.14-7.40 (m, 4H), 7.40-7.59 (m, 2H). 

13C-NMR (75 MHz, CDCl3, PK-884-N): δ 59.6, 82.0, 106.1, 128.1, 128.6, 129.2, 137.1. This 

compound is known to literature but no analytical data is available. 

IPr (CAS 244187-81-3, PK-518, 92). This compound was 

synthesized according to a procedure by Nolan and coworkers.[120] A 

pre-dried (1.0∙10–1 mbar, heat-gun) 250 mL Schlenk flask was 

charged with IPr∙HCl (6.50 g, 15.3 mmol, 1.0 eq.). In a glovebox, 

KOtBu (1.86 g, 16.7 mmol, 1.1 eq.) was added and the walls were rinsed with degassed, dry 

THF (60 mL). After stirring for four hours at room temperature, the solvent was removed under 

reduced pressure (1.0∙10–1 mbar) and the obtained solid was dried for two hours in vacuo. The 

residue was suspended in dry toluene (70 mL), heated to 70 °C and filtered over a pre-dried pad 

of Celite117 (3 cm). The flask as well as the pad of Celite were rinsed with additional dry toluene 

 

117 Celite was pre-dried for 17 hours at 130 °C in an oven (40% ventilation) and additionally dried  under reduced 

pressure (5.0∙10–2 mbar) with a heat-gun. 
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(70 °C, 15 mL in total). After removal of the solvent under reduced pressure (5∙10–2 mbar, water 

bath) and drying in vacuo afforded a white solid (5.20 g, 88%). The solid is sensitive to air and 

moisture and was stored in a glovebox. 

1H-NMR (300 MHz, [D6]-benzene, PK-518-R): δ 1.15 (d, J = 6.9 Hz, 12H), 1.25 (d, J = 6.9 Hz, 

12H), 2.91 (sept., J = 6.9 Hz, 4H), 6.58 (s, 2H), 7.10-7.15 (m, 3H), 7.26 (dd, J = 8.5, 6.8 Hz, 

2H). 13C-NMR (75 MHz, [D6]-benzene, PK-518-R): δ 23.6, 24.8, 28.8, 121.6, 123.7, 129.0, 

139.0, 146.3, 220.7. The analytical data matched those reported in the literature.[121] 

IPrCl∙HCl (CAS 905931-87-5, PK-906, 93). This compound was 

synthesized according to a procedure by the group of Organ.[122] In a 

glovebox, a pre-dried Schlenk tube (1.0∙10–1 mbar, heat-gun) was 

charged with IPr (972 mg, 2.50 mmol, 1.0 eq.). Under argon counter-

flow, the walls were rinsed with dry THF (12 mL) and the yellow 

solution was stirred for five minutes at room temperature before adding CCl4 (485 µL, 

5.00 mmol, 2.0 eq.) dropwise (one minute). After stirring for three hours at room temperature, 

1H-NMR analysis (C6D6, 400 µL, PK-906-3h, AVHD500)118 of an aliquot (ca. 50 µL) revealed 

complete conversion of the starting material. A solution of HCl (1 M, 5 mL) in diethylether was 

added dropwise to the vigorously stirring red/pinkish solution, leading to the precipitation of a 

voluminous white solid. Filtration after five minutes at room temperature, washing with 

diethylether (3 X 10 mL) and drying in an oven at 60 °C (no ventilation) afforded a white solid 

(1.06 g, 86%). 

1H-NMR (500 MHz, [D3]-acetonitrile, PK-906-FS): δ 1.18 (d, J = 6.8 Hz, 12H), 1.28 (d, 

J = 6.8 Hz, 12H), 2.46 (sept., J = 6.8 Hz, 2H), 7.52 (d, J = 7.9 Hz, 4H), 7.72 (t, J = 7.9 Hz, 2H), 

10.06 (br s, 1H). 13C-NMR (101 MHz, [D3]-acetonitrile, PK-906-13C): δ 23.3, 25.0, 29.9, 

123.7, 126.2, 127.9, 134.0, 139.1, 147.1. The analytical data matched those reported in the 

literature.[122] 

 

 

118 The NMR tube was evacuated (3.5∙10–1 mbar) and backfilled with argon three times. 
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[Pd(IPr*)(cin)Cl] (CAS 1380314-24-8, PK-887, 94). This 

compound was synthesized according to a procedure by 

Nolan and coworkers.[123] IPr*∙HCl (522 mg, 550 µmol, 

2.2 eq.) was added to a pre-dried Schlenk flask (1.1∙10–1 

mbar, heat-gun). KOtBu (67.3 mg, 600 µmol, 2.4 eq.) was 

added and the flask was evacuated (9.6 ∙10–2 mbar) and 

backfilled with argon three times. The walls were rinsed with THF (46 mL) and the suspension 

was stirred for four hours at room temperature. [μ-ClPd(cin)]2 (130 mg, 250 µmol, 1.0 eq.) was 

added. After 16 hours at room temperature, the solvent was removed under reduced pressure 

(45 °C, 8 mbar) on a rotary evaporator. The residue was dissolved in a minimum amount of 

dichloromethane and passed through a short pad of silica (8 cm), eluting with dichloromethane 

until no further product was collected. The solvent was removed under reduced pressure (45 °C, 

8 mbar). Dissolution in dichloromethane (5 mL) followed by precipitation with pentane 

(40 mL), washing with pentane (3 X 3 mL) and drying in air afforded a first batch of catalyst 

(481 mg, 82%) as light yellow solid. The filtrate was concentrated, dissolved in 

dichloromethane (4 mL) and overlayered with pentane (10 mL). After one day in the fridge, the 

crystals (87.8 mg, 15%) were filtered off, washed with hexanes (3 X 3 mL) and dried under 

reduced pressure (45 °C, 8 mbar). The product contained pentane (1 wt.%). 

1H-NMR (500 MHz, [D2]-dichloromethane, PK-887-N2): δ 1.18 (d, J = 11.4 Hz, 1H), 2.25 (s, 

6H), 2.58 (d, J = 6.8 Hz, 1H), 4.52 (d, J = 13.0 Hz, 1H), 4.96-5.07 (m, 1H), 5.26 (s, 2H), 5.80 

(s, 2H), 5.93 (s, 2H), 6.77-6.87 (m, 8H), 6.90 (d, J = 3.3 Hz, 4H), 7.06-7.15 (m, 12H), 7.16-

7.50 (m, 25H). 13C-NMR (75 MHz, [D2]-dichloromethane, PK-887-N2): δ 22.0, 47.8, 52.0, 

91.4, 109.5, 123.9, 126.9, 126.9, 127.0, 127.6, 128.1, 128.6, 128.9, 129.0, 129.7, 130.5, 130.6, 

131.1, 136.4, 138.5, 139.1, 141.6, 142.0, 144.1, 144.2, 145.1, 145.2, 183.6. The analytical data 

matched those reported in the literature.[123] 

[Pd(IPrCl)(cin)Cl] (CAS 2170714-93-7, PK-907, 95).[124] In a 

glovebox, a pre-dried Schlenk tube (1.9∙10–1 mbar, heat-gun) was 

charged with IPr (428 mg, 1.10 mmol, 2.2 eq.). The walls were rinsed 

with THF (5 mL) and CCl4 (215 µL, 2.22 mmol, 4.4 eq.) was added 

dropwise at room temperature. After stirring for three hours at room 

temperature, 1H-NMR analysis (C6D6, 400 µL, PK-907-3h, AVHD500)118 of an aliquot (50 µL) 

revealed complete consumption of the starting material. [µ-ClPd(cin)]2 (259 mg, 500 µmol, 
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1.0 eq.) was added, the walls were rinsed with THF (2 mL) and brown suspension was stirred 

for 15 hours at room temperature. The solvent was removed under reduced pressure (1.1∙10–1 

mbar) and the obtained solid was dried for 30 minutes in vacuo. The crude product was 

dissolved in dichloromethane (4 mL) and filtered over a short pad of silica (5 cm) covered with 

Celite (0.5 cm), eluting with dichloromethane until no further complex was collected. Removal 

of the solvent under reduced pressure (45 °C, 500 mbar), washing with hexanes (1 X 5 mL, 3 X 

2 mL) and drying in air afforded a light yellow, crystalline solid (525 mg, 73%). In solution an 

allylic and a linear species (allylic-linear 91.7:8.3) can be observed. 

Allylic species: 1H-NMR (400 MHz, [D6]-benzene, PK-907-13C): δ 1.09 (d, J = 6.8 Hz, 12H), 

1.28-1.53 (m, 12H), 2.97-3.33 (m, 5H), 4.19 (d, J = 12.6 Hz, 1H), 4.89-5.03 (m, 1H), 6.94-6.99 

(m, 3H), 6.99-7.14 (m, 6H), 7.13-7.21 (m, 2H). 13C-NMR (101 MHz, [D6]-benzene, 

PK-907-13C): δ 24.4, 25.2 (d, J = 9.4 Hz), 29.0, 48.5, 90.7, 108.8, 120.2, 124.8 (br s), 127.0, 

128.2, 128.3, 131.2, 133.6, 138.1, 147.4, 191.1. 

Linear species:119 1H-NMR (400 MHz, [D6]-benzene, PK-907-13C): δ 1.05 (d, J = 6.9 Hz, 

6H), 1.23 (d, J = 6.7 Hz, 6H), 1.38 (d, J = 6.7 Hz, 6H), 1.80 (d, J = 11.8 Hz, 10H), 2.41 (d, 

J = 13.3 Hz, 1H), 2.97-3.03 (m, 2H), 4.22-4.34 (m, 1H), 5.66 (d, J = 8.2 Hz, 1H), 6.82-6.92 (m, 

4H). 13C-NMR (101 MHz, [D6]-benzene, PK-907-13C): δ 23.7, 24.4, 25.1, 25.4, 28.9, 51.9, 

90.9, 106.4, 120.0, 124.6 (d, J = 5.3 Hz), 126.3, 127.9, 131.0, 133.2, 136.9, 147.1 (d, 

J = 10.4 Hz), 191.0. Missing carbon atom overlayers with the deuterated solvent. The analytical 

data matched those reported in the literature.[124] 

IPrCl-PEPPSI (CAS 1435347-20-8, PK-922, 96). This compound 

was synthesized according to a slightly modified procedure by the 

group of Organ.[122] IPrCl∙HCl (543 mg, 1.10 mmol, 1.1 eq.), K2CO3 

(691 mg, 5.00 mmol, 5.0 eq.) and PdCl2 (177 mg, 1.00 mmol, 

1.0 eq.) were added to a 20 mL Schlenk tube. The system was 

evacuated (2.1∙10–1 mbar) and backfilled with argon three times. The 

walls were rinsed with 3-Cl-pyridine (4 mL). After stirring for 18 hours at 80 °C, the 

orange/brown suspension was cooled to room temperature, diluted with dichloromethane 

(5 mL) and filtered over a short pad of silica (3 cm) covered with Celite, eluting with 

dichloromethane until no further complex was collected. The solvent was removed under 

 

119 Only characteristic signals indicated. Most signals overlay with the allylic species. 
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reduced pressure (50 °C, 7 mbar). The residue was dissolved in minimum amount of 

dichloromethane, overlayered with hexanes and stored in the fridge for four days. After 

filtration, washing with hexanes (3 X 4 mL) and drying in an oven (60 °C, no ventilation) 

overnight, a first batch of orange block-shaped crystals (474 mg, 63%) was obtained. A second 

crystallization afforded further orange complex (164 mg, 22%). Total yield: 638 mg, 85%. 

1H-NMR (400 MHz, CDCl3, PK-922-cryst): δ 1.19 (d, J = 6.7 Hz, 12H), 1.47 (d, J = 6.7 Hz, 

12H), 3.05 (sept., J = 6.7 Hz, 4H), 7.07 (dd, J = 8.2, 5.6 Hz, 1H), 7.40 (d, J = 7.8 Hz, 4H), 7.52-

7.61 (m, 3H), 8.48 (dd, J = 5.6, 1.3 Hz, 1H), 8.56 (d, J = 2.3 Hz, 1H). 13C-NMR (101 MHz, 

CDCl3, PK-922-13C): δ 24.8, 25.5, 29.0, 120.8, 124.5, 124.9, 131.4, 132.1, 132.2, 137.7, 147.8, 

149.6, 150.6, 157.8. The analytical data matched those reported in the literature.[122] 

IPr*-PEPPSI (CAS 1399234-94-6, PK-891, 97). This 

compound was synthesized according to a procedure by 

Nolan and coworkers.[125] IPr*∙HCl (522 mg, 550 µmol, 

1.1 eq.), K2CO3 (346 mg, 2.50 mmol, 5.0 eq.) and PdCl2 

(88.7 mg, 500 µmol, 1.0 eq.) were added to a 25 mL round 

bottom flask. The walls were rinsed with 3-Cl-pyridine 

(2 mL). After stirring for 14 hours at 80 °C, the orange suspension was cooled to room 

temperature, diluted with dichloromethane (5 mL) and filtered over a short pad of silica (6 cm) 

covered with Celite, eluting with dichloromethane until no further complex was collected. The 

solvent was removed under reduced pressure (45 °C, 8 mbar) and the residue was washed with 

pentane (3 X 25 mL). The solid was dissolved in dichloromethane (5 mL), overlayered with 

pentane (10 mL) and stored in the fridge for four hours. After filtration, washing with a mixture 

of CH2Cl2-pentane (1:4, 3 X 5 mL) and drying in an oven (65 °C, no ventilation) overnight, a 

fluffy, light-yellow solid (523 mg, 87%) was obtained. The product contained pentane (1 wt.%). 

1H-NMR (400 MHz, [D6]-benzene, PK-891-cryst-2nd-2): δ 1.76 (s, 6H), 5.16 (s, 2H) 6.07 (dd, 

J = 8.2, 5.5 Hz, 1H), 6.62 (dq, J = 8.2, 1.3 Hz, 1H), 6.80-6.86 (m, 4H), 6.86-6.93 (m, 12H), 

7.00-7.08 (m, 12H), 7.13 (d, J = 3.7 Hz, 12H), 7.86-7.95 (m, 8H), 9.03 (dd, J = 5.5, 1.3 Hz, 

1H), 9.43 (d, J = 2.4 Hz, 1H). 13C-NMR (101 MHz, [D6]-benzene, PK-891-cryst-2): δ 21.3, 

51.6, 124.3, 124.4, 126.5, 126.6, 128.5, 130.1, 131.2, 131.3, 132.2, 136.1, 137.5, 139.2, 143.0, 

144.9, 145.1, 149.9, 150.9, 152.3. Some signals overlay with the deuterated solvent.  13C-NMR 

(75 MHz, CDCl3, PK-891-13C) δ 21.9, 51.0, 124.3, 124.7, 126.2, 127.9, 128.3, 129.6, 130.6, 
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131.1, 132.6, 135.5, 138.1, 138.5, 141.7, 144.0, 144.7, 149.6, 150.0, 151.1. The analytical data 

matched those reported in the literature.[125] 

IPr*OMe-PEPPSI (CAS 2242624-59-3, PK-921, 98). 

This compound was synthesized according to a slightly 

modified procedure by Browne and coworkers.[126] 

IPr*OMe∙HCl (1.08 g, 1.10 mmol, 1.1 eq.), K2CO3 

(691 mg, 5.00 mmol, 5.0 eq.) and PdCl2 (177 mg, 

1.00 mmol, 1.0 eq.) were added to a 20 mL Schlenk 

tube. The system was evacuated (2.1∙10–1 mbar) and 

backfilled with argon three times. The walls were rinsed with 3-Cl-pyridine (4 mL). After 

stirring for 18 hours at 80 °C, the yellow suspension was cooled to room temperature, diluted 

with dichloromethane (5 mL) and filtered over a short pad of silica (3 cm) covered with Celite, 

eluting with dichloromethane until no further complex was collected. The solvent was removed 

under reduced pressure (50 °C, 7 mbar). The residue was dissolved in minimum amount of 

dichloromethane, overlayered with hexanes and stored in the fridge for four days. After 

filtration, washing with hexanes (3 X 4 mL) and drying in an oven (60 °C, no ventilation) 

overnight, a light-yellow solid (690 mg, 56%) was obtained. A second crystallization afforded 

further yellow complex (462 mg, 37%) with minor impurities, which can be removed by further 

crystallization. The product contained dichloromethane (2 wt.%) and hexanes (4 wt.%). 

1H-NMR (400 MHz, CDCl3, PK-921-cryst): δ 3.50 (s, 6H), 4.82 (s, 2H), 6.32 (s, 4H), 6.48 (s, 

4H), 6.76 (d, J = 7.2 Hz, 8H), 6.95-7.11 (m, 12H), 7.11-7.28 (m, 13H), 7.32 (dd, J = 8.2, 5.5 Hz, 

1H), 7.43 (d, J = 7.2 Hz, 8H), 7.79 (d, J = 8.1 Hz, 1H), 9.04 (d, J = 5.5 Hz, 1H), 9.17 (d, 

J = 1.3 Hz, 1H). 13C-NMR (75 MHz, CDCl3, PK-921-13C): δ 51.2, 55.0, 115.6, 124.3, 124.8, 

126.3, 126.4, 128.0, 128.3, 129.5, 130.6, 130.9, 132.6, 138.1, 143.8, 143.9, 144.3, 149.9, 150.3, 

150.9, 159.0. The analytical data matched those reported in the literature.[126] 

IPrMe-PEPPSI (CAS 905459-29-2, PK-951, 99). This compound 

was synthesized according to a slightly modified procedure by the 

group of Organ.[122] IPrMe∙HOTf (624 mg, 1.10 mmol, 1.1 eq.), 

K2CO3 (691 mg, 5.00 mmol, 5.0 eq.) and PdCl2 (177 mg, 1.00 mmol, 

1.0 eq.) were added to a 20 mL Schlenk tube. The system was 

evacuated (2.0∙10–1 mbar) and backfilled with argon three times. The 

walls were rinsed with 3-Cl-pyridine (4 mL). After stirring for 16 hours at 80 °C, the 
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orange/brown suspension was cooled to room temperature, diluted with dichloromethane 

(5 mL) and filtered over a short pad of silica (3 cm) covered with Celite, eluting with 

dichloromethane until no further complex was collected. The solvent was removed under 

reduced pressure (50 °C, 7 mbar). The residue was washed with ethanol (3 X 5 mL), Et2O (3 X 

5 mL) and pentane (3 X 5 mL). After drying in an oven (60 °C, no ventilation) overnight, a 

yellow solid (48.7 mg, 7%) was obtained. 

1H-NMR (300 MHz, [D2]-dichloromethane, PK-950=wash): δ 1.09 (d, J = 6.6 Hz, 12H), 1.43 

(d, J = 6.6 Hz, 12H), 1.93 (s, 6H), 3.08 (sept., J = 6.6 Hz, 4H), 7.12 (ddd, J = 8.2, 5.5, 0.5 Hz, 

1H), 7.36-7.44 (m, 4H), 7.54 (dd, J = 8.4, 7.0 Hz, 2H), 7.62 (ddd, J = 8.2, 2.4, 1.4 Hz, 1H), 8.57 

(dd, J = 5.5, 1.4 Hz, 1H), 8.65 (dd, J = 2.4, 0.5 Hz, 1H). The file name is due to a typing error 

at the NMR machine. 13C-NMR (101 MHz, [D2]-dichloromethane, PK-950-wash-13C): δ 11.4, 

25.4, 25.6, 29.0, 124.9, 125.2, 129.9, 130.6, 132.2, 134.2, 138.1, 148.3, 150.0, 150.3, 150.8. 

Additional signals (PK-950-wash-13C, 1H-NMR: δ 1.51 (d), 13C-NMR: δ 26.4) can be detected 

after prolonged storing of an NMR sample. The analytical data matched those reported in the 

literature.[122] 

IMes-PEPPSI (CAS 905459-29-2, PK-951, 100). This 

compound was synthesized according to a procedure by the 

group of Organ.[62] IMes∙HCl (375 mg, 1.10 mmol, 1.1 eq.), 

K2CO3 (691 mg, 5.00 mmol, 5.0 eq.) and PdCl2 (177 mg, 

1.00 mmol, 1.0 eq.) were added to a 20 mL Schlenk tube. The 

system was evacuated (2.0∙10–1 mbar) and backfilled with argon three times. The walls were 

rinsed with 3-Cl-pyridine (4 mL). After stirring for 16 hours at 80 °C, the orange/brown 

suspension was cooled to room temperature, diluted with dichloromethane (5 mL) and filtered 

over a short pad of silica (3 cm) covered with Celite, eluting with dichloromethane until no 

further complex was collected. The solvent was removed under reduced pressure (50 °C, 

8 mbar). The residue was dissolved in minimum amount of dichloromethane, overlayered with 

hexanes and stored in the fridge for five days. Filtration, washing with hexanes (3 X 4 mL) and 

drying in an oven (60 °C, no ventilation) overnight yielded yellow crystals (446 mg, 75%). 

1H-NMR (300 MHz, CDCl3, PK-951-N): δ 2.35 (s, 12H), 2.38 (s, 6H), 7.00-7.12 (m, 7H), 7.56 

(ddd, J = 8.2, 2.4, 1.3 Hz, 1H), 8.50 (dd, J = 5.5, 1.3 Hz, 1H), 8.59 (dd, J = 2.4, 0.6 Hz, 1H). 

13C-NMR (75 MHz, CDCl3, PK-951-13C): δ 19.2, 21.3, 124.4, 124.4, 129.4, 132.0, 135.1, 
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136.4, 137.6, 139.4, 149.6, 150.6, 151.4. The analytical data matched those reported in the 

literature.[62] 

7.2.7.4 Exemplary procedure 

Table 43, entry 11, according to general procedure 6.2.1b) (PK-934). A screw cap vial was 

charged with IPr-PEPPSI (17.0 mg, 25.0 µmol, 5.0 mol%), and [Cp*IrCl2]2 (10.0 mg, 

25.0 µmol, 2.5 mol%). The vial was introduced into a glovebox. K2CO3 (138 mg, 1.00 mmol, 

2.0 eq.), 1-bromonaphthalene (98%, 215 µL, 1.50 mmol, 3.0 eq.) and NEt3 (70.0 µL, 500 µmol, 

1.0 eq.) were added in the indicated order. The walls were rinsed with dry DMF (2 mL), the 

vial was closed with a screw cap and the suspension was stirred for 16 hours at 110 °C in a pre-

heated metal block outside the glovebox. At room temperature, the suspension was filtered over 

a short pad of Celite (in a Pasteur pipette) directly into a separatory funnel. The pad was rinsed 

with Et2O (3 X 2 mL) and the filtrate was diluted with additional Et2O (50 mL). The organic 

phase was washed with water (3 X 25 mL), a saturated aqueous solution of NaCl (1 X 25 mL), 

dried over MgSO4, filtered and the solvent was removed under reduced pressure (45 °C, 500 

mbar). 1,3,5-Trimethoxybenzene (168.19 g/mol, 23.2 mg, 137.9 µmol) was added as internal 

standard and the contents of the flask was dissolved in CDCl3 (800 µL). A sample (500 µL) 

was transferred to a NMR tube and a 1H-NMR spectrum (d1 = 20 s, 16 scans) was recorded. 

NMR file: PK-934-q, AVHD500. 
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7.2.7.5 Characteristic 1H-NMR shifts of dehydrogenative coupling β-styryl dialkylamine 

products 

Most characteristic 1H-NMR shifts of dehydrogenative coupling β-styryl dialkylamine products 

were indicted; 1H-NMR signals of phenyl-groups were ignored due to strong overlay of isomers 

and side-products (homocoupling of ArBr, catalysts…). Coupling constants of alkyl groups 

were not specified. 

 

1H-NMR (500 MHz, CDCl3): δ 5.36 (d, J =14.0 Hz), 6.88 (d, 

J = 14.0 Hz). 

 

1H-NMR (500 MHz, CDCl3): δ 0.96 (d), 1.17 (t), 3.11 (q), 3.77 

(sept.), 3.86 (s), 5.54 (s). 

 

1H-NMR (500 MHz, CDCl3): δ 1.14 (t), 3.16 (q), 5.15 (d, 

J = 14.0 Hz), 6.76 (d, J = 14.0 Hz). 

 

1H-NMR (500 MHz, CDCl3): δ 0.96 (q), 2.87 (q), 6.35 (s) 

 

1H-NMR (500 MHz, CDCl3): δ 1.03 (t), 2.98 (q), 5.62 (s). 
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7.2.8 Heck Coupling of Styrene Derivatives with Pyrimidyl Chlorides 

7.2.8.1 General synthesis procedure 

General procedure 6.3.1 – Heck coupling of styrene derivatives with 2-chloropyrimidines 

A pre-dried Schlenk tube (<3.0∙10–1 mbar, heat-gun) was charged with Pd-precatalyst 

(5.0 mol%), dried base, (substituted) 2-chloropyrimidine and additive(s) if indicated. The 

system was evacuated (r.t., <3.0∙10–1 mbar) and backfilled with argon three times. The walls 

were rinsed with dry solvent (1 mL) and styrene (60.0 µL, 524 µmol, 1.0 eq.) was added via 

100 µL Hamilton syringe. After stirring for 18 hours at the indicated temperature in a pre-heated 

metal block, the suspension was filtered over Celite into a separatory funnel, eluting with Et2O 

(3 X 2 mL). Water (25 mL) and Et2O (50 mL) were added and the phases were separated. The 

organic phase was washed with water (2 X 25 mL), a saturated solution of NaCl (1 X 25 mL), 

dried over MgSO4, filtered and the solvent was removed under reduced pressure (45 °C, 

500 mbar). The crude material was diluted in CDCl3 (800 µL), tetrachloroethene (50.0 µL, 

473.6 µmol) was added via 50 µL Hamilton syringe and a sample (500 µL) was transferred to 

an NMR tube. A 1H-NMR spectrum (d1 = 20 s, 16 scans) was recorded. 

7.2.8.2 Exemplary procedure 

Table 47, entry 5, according to general procedure 6.3.1 (PK-821). A pre-dried Schlenk tube 

(2.3∙10–1 mbar, heat-gun) was charged with Pd(OAc)2 (5.9 mg, 25.0 µmol, 5.0 mol%), 

NBu4DiPP (20.9 mg, 52.4 µmol, 10.0 mol%), dried K2CO3 (145 mg, 1.05 mmol, 2.0 eq.), 2-

chloro-4,6-dimethylpyrimidine (112 mg, 786 µmol, 1.5 eq.). The system was evacuated (r.t., 

2.4∙10–1 mbar) and backfilled with argon three times. The walls were rinsed with dry DMF 

(1 mL) and styrene (60.0 µL, 524 µmol, 1.0 eq.) was added via 100 µL Hamilton syringe. After 

stirring for 18 hours at the indicated temperature in a pre-heated metal block, the suspension 

was filtered over Celite into a separatory funnel, eluting with Et2O (3 X 2 mL). Water (25 mL) 

and Et2O (50 mL) were added and the phases were separated. The organic phase was washed 

with water (2 X 25 mL), a saturated solution of NaCl (1 X 25 mL), dried over MgSO4, filtered 

and the solvent was removed under reduced pressure (45 °C, 500 mbar). The crude material 

was diluted in CDCl3 (800 µL), tetrachloroethene (50.0 µL, 473.6 µmol) was added via 50 µL 

Hamilton syringe and a sample (500 µL) was transferred to an NMR tube. A 1H-NMR spectrum 

(d1 = 20 s, 16 scans) was recorded. The reaction showed 47% coupling product along with 30% 

unreacted styrene.  
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8.1 List of abbreviations 

2D   two-dimensional 

3-Cl-py  3-Chloropyridine 

[CC]   Cross-Coupling precatalyst 

[DH]   DeHydrogenation precatalyst 

Aλ   absorption maximum at wavelength λ [nm] 

ac   acetone 

acac   acetylacetonate 

act.   activator 

Ad   1-Adamantyl 

add.   additive 

All   Allyl 

tAm   tert-Amyl, –CEtMe2 

approx.  approximately 

aq.   aqueous 

Ar   aryl group 

ArF   3,5-bis(trifluoromethyl)phenyl 

a.u.   normalized absorbance 

binap   2,2’-bis-diphenylphosphino-1,1’-binaphthyl 

bipy   bipyridine 

Bn   enzyl 

BQ   BenzoQuinone 

caff.   caffeine 

calcd   calculated 

CAPT   Chiral Anion Phase Transfer 
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CAS   Chemical Abstract Service 

cat.   catalyst or catalytic 

cataCXium® A n-butyl-diadamantylphosphine 

CC   (flash) Column Chromatography 

CCP   Catalyst Component Precursor 

CHO   CycloHexene Oxide 

CHT   CycloHeptaTriene/CycloHeptaTrienyl 

cin   cinnamyl 

cod   1,5-cyclooctadiene 

Cp   Cyclopentadiene 

Cp*   pentamethylcyclopentadienyl 

cryst.   crystallization 

CTA   CetylTrimethylAmmonium 

CuTC   copper(I) (Cu(I)) Thiophene-2-Tarboxylate 

d   day(s) 

DABCO  1,4-DiAzaBiCyclo[2.2.2]Octane 

DAD   1,2-DiAzaDiene 

dba   dibenzylidenacetone 

DBE   1,2-DiBromoEthane 

DBU   1,8-DiazaBicyclo[5.4.0]Undec-7-ene 

DCE   1,2-DiChloroEthane 

DCM   DiChloroMethane 

DDQ   2,3-Dichloro-5,6-Dicyano-1,4-benzoQuinone 

DEC   DiEthoxy Carbonate 

DEM   1,1-diethoxymethane 
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DFT   Discrete Fourier Transform 

diglyme  bis(2-methoxyethyl)ether 

dipp   2,6-diisopropylphenyl 

DiPP   DiisoPropyl Propionate 

DiPPA   DiisoPropyl Propionoic Acid 

disub.   disubstituted 

DMAc   DiMethylAcetamide 

DMAP   4-DiMethylAminoPyridine 

dmba   N,N-dimethylbenzylamine 

DMC   DiMethyl Carbonate 

dme   1,2-dimethoxyethane 

DMI   1,3-DiMethyl-2-Imidazolidinone 

DoE   Design of Experiments 

dpby   4,4’-diphenylbipyridine 

dppb   1,4-bis(diphenylphosphino)butane 

dppe   1,2-bis(diphenylphosphino)ethane 

dppf   1,1’-bis(diphenylphosphino)ferrocene 

dppp   1,3-bis(diphenylphosphino)propane 

ε   dielectric constant 

E+   Electrophile 

ee   enantiomeric excess 

Ex,y   Element of a matrix (entry) at row x and column y 

e.g.   Latin: exempli gratia, English: for example 

EG   Ethylene Glycol 

eq.   equivalent(s) 



 

350 

 

EWG   Electron-Withdrawing Group 

exc.   excess 

extr.   extraction 

f.   and the following 

Fc   Ferrocenyl 

GC   Gas Chromatography 

GP   General Procedure 

HAT   Hydrogen Auto-Transfer 

HetAr   Heteroaromatic Arene 

HiLo   High–Low loading 

HMDS   HexaMethylDiSilazide 

HOMO  Highest Occupied Molecular Orbital 

HPLC   High Performance Liquid Chromatography 

HRMS   High Resolution Mass Spectrometry 

HTE   High Troughput Experiments 

Im   Imidazole/Imidazolium 

IMes   1,3-(bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene 

IMes-DAD  1,4-bis(2,4,6-trimethylphenyl)diazabutadiene 

IMes∙HCl  1,3-(bis(2,4,6-trimethylphenyl)-imidazolium chloride 

IPr   1,3-(bis(2,6-diisopropylphenyl)-imidazol-2-ylidene 

mIPr   1,3-(bis(2,6-diisopropylphenyl)-imidazol-4-ylidene 

IPr∙HCl  1,3-(bis(2,6-diisopropylphenyl)-imidazolium chloride 

IPrCl∙HCl  4,5-dichloro-1,3-(bis(2,6-diisopropylphenyl)-imidazolium chloride 

IPrMe∙HCl  4,5-dimethyl-1,3-(bis(2,6-diisopropylphenyl)-imidazolium chloride 

IPr*∙HCl  1,3-bis(2,6-benzhydryl-4-methylphenyl)-imidazolium chloride 
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IPr*OMe∙HCl  1,3-bis(2,6-benzhydryl-4-methoxyphenyl)-imidazolium chloride 

IPr-DAD  1,4-bis(2,6-diisopropylphenyl)diazabutadiene 

IPr-MeDAD  diacetyl-bis(2,6-diisopropylphenyl)imine 

or N,N’-(butane-2,3-diylidene)-bis(2,6-diisopropylaniline) 

LDA   Lithium DiisopropylAmide 

lit.   literature 

LUMO   Lowest Unoccupied Molecular Orbital 

max.   maximum 

Men   Menthyl 

Mes   Mesityl 

MFCC   Multifunctional Component Catalyst 

MFCCP  MultiFunctional Component Catalyst Principle 

min   minute(s) 

min.   minimum 

monosubst.  monosubstituted 

MTOA   MethylTriOctylAmmonium 

n   amount of substance 

n0   initial amount of substance n 

NaHMDS  sodium hexamethyldisilazide 

Nap   Naphthyl 

NBS   N-BromSuccinimid 

ncaff.   amount of substance n of caffeine 

NCD   NorCaraDiene/NorCaraDienyl 

n.d.   not determined 

NHP   N-Heterocyclic Phosphine 
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ninj.   Injected amount of substance n 

NMP   N-Methyl-2-Pyrrolidone 

NMR   Nuclear Magnetic Resonance 

nPhcaff.   amount of substance n of phenylcaffeine 

Nuc   Nucleophile 

OAVT   One Variable At a Time 

ox   oxalate 

PEG   PolyEthylene Glycol 

PEPPSI  Pyridine-Enhanced Precatalyst Preparation Stabilization and Initiation 

PET   Positron Emission Tomography 

Phcaff.   Phenylcaffeine 

PO   Phosphine Oxide 

PP   PolyPropylene 

ppm   parts per million 

precat.   precatalyst 

PTC   Phase Transfer Catalyst 

PTFE   PolyTetraFluoroEthylene 

Py   Pyridine 

PyBOP®  (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

PyBrOP®  bromotripyrrolidinophosphonium hexafluorophosphate 

Py-2-OH  Pyridin-2-ol 

recov.   recovery. 

rpm   round(s) per minute 

r.t.   room temperature 

sat.   saturated 
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sDoE   sequential Design of Experiments 

SEAr   electrophilic aromatic substitution 

SET   Single Electron Transfer 

solv.   solvent 

s.p.   side-product 

struct.   structure 

sw   spectral width 

t   time 

T   Temperature (usually in °C) 

TBE   Tert-ButylEthylene 

TBME   Tert-ButylMethylEther 

TEMPO  2,2,6,6-TEtraMethylPiperidinylOxyl 

THF   TetraHydroFuran 

TLC   Thin-Layer Chromatography 

TMP   TetraMethylPiperidine 

Tol   Tolyl 

TRISPHAT  phosphorous(V) tris(tetrachlorocatecholate)phat 

Trop   Tropylium 

TsCl   p-toluenesulfonyl chloride 

Vin   Vinyl 

vs.   versus 

wt.%   weight percent 

xcaff.   respective peak area of detected caffeine 

xPhcaff.   respective peak area of detected phenylcaffeine 

xs   excess 
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Xy   Xylene 

z.B.   zum Beispiel 

λ   wavelength 

µW   micro-wave heating  
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8.2 Graphs of HPLC reference measures for caffeine and phenylcaffeine  

 

Figure 49. Injected amount of substance of caffeine plotted against the detected peak area. Equation of the trend 

line: ycaff. = 0.1998 ∙ x + 0.0176. 

 

Figure 50. Injected amount of substance of 8-phenylcaffeine plotted against the detected peak area. Equation of 

the trend line: yPhcaff. = 0.252 ∙ x – 0.2553. 
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8.3 X-ray structure data 

Table 54. Sample and crystal data for KlePh1. 

Chemical formula C54H74Cl6N4Pd2 

Formula weight 1204.67 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.018 X 0.129 X 0.180 mm 

Crystal habit clear intense yellow orange plate 

Crystal system triclinic 

Space group P –1 

Unit cell dimensions a = 11.9615(5) Å α = 107.400(2)° 

 b = 13.9958(6) Å β = 96.952(2)° 

 c = 18.1042(7) Å γ = 102.204(2)° 

Volume 2771.1(2) Å3 

Z 2 

Density (calculated) 1.444 g/cm3 

Absorption coefficient 0.977 mm–1 

F(000) 1240 

Table 55. Data collection and structure refinement for KlePh1. 

Diffractometer Bruker D8 Venture TXS 

Radiation source iMS-Microfocus, Mo 

Theta range for data collection 2.28 to 25.47° 

Index ranges –14 ≤ h ≤ 14, –16 ≤ k ≤ 16, –21 ≤ l ≤ 21 

Reflections collected 57132 

Independent reflections 10219 [R(int) = 0.1280] 

Coverage of independent reflections 99.4% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9830 and 0.8440 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 10219 / 0 / 611 

Goodness-of-fit on F2 0.982 

∆/σmax 0.002 

Final R indices 7524 data; I > 2σ(I) R1 = 0.0275, wR2 = 0.0536 

 all data R1 = 0.0592, wR2 = 0.0570 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0200 P)2] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.376 and –0.705 eÅ–3 

R.M.S. deviation from mean 0.078 eÅ–3 
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Table 56. Sample and crystal data for KlePh2. 

Chemical formula C21H25Cl3N2Pd 

Formula weight 518.18 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.045 X 0.072 X 0.089 mm 

Crystal habit clear intense yellow orange fragment 

Crystal system monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 10.4727(9) Å α = 90° 

 b = 16.4786(15) Å β = 105.835(4)° 

 c = 13.1528(13) Å γ = 90° 

Volume 2183.7(4) Å3 

Z 4 

Density (calculated) 1.576 g/cm3 

Absorption coefficient 1.225 mm–1 

F(000) 1048 

Table 57. Data collection and structure refinement for KlePh2. 

Diffractometer Bruker D8 Venture TXS 

Radiation source iMS-Microfocus, Mo 

Theta range for data collection 2.21 to 26.46° 

Index ranges –13 ≤ h ≤ 13, –20 ≤ k ≤ 20, –16 ≤ l ≤ 16 

Reflections collected 25747 

Independent reflections 4497 [R(int) = 0.0353] 

Coverage of independent reflections 99.7% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9470 and 0.8990 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 4497 / 0 / 250 

Goodness-of-fit on F2 1.054 

∆/σmax 0.001 

Final R indices 3959 data; I > 2σ(I) R1 = 0.0209, wR2 = 0.0466 

 all data R1 = 0.0273, wR2 = 0.0488 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0179 P)2 + 1.8081 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.388 and –0.581 eÅ–3 

R.M.S. deviation from mean 0.069 eÅ–3 



 

358 

 

Table 58. Sample and crystal data for KlePh3. 

Chemical formula C66H94Cl6N4O4Pd2 

Formula weight 1432.95 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.125 X 0.136 X 0.156 mm 

Crystal habit clear yellow fragment 

Crystal system monoclinic 

Space group C 1 2/c 1 

Unit cell dimensions a = 48.242(5) Å α = 90° 

 b = 11.8507(11) Å β = 97.257(3)° 

 c = 25.228(3) Å γ = 90° 

Volume 14307.(2) Å3 

Z 8 

Density (calculated) 1.330 g/cm3 

Absorption coefficient 0.772 mm–1 

F(000) 5952 

Table 59. Data collection and structure refinement for KlePh3. 

Diffractometer Bruker D8 Venture TXS 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.20 to 25.34° 

Index ranges –58 ≤ h ≤ 58, –14 ≤ k ≤ 14, –30 ≤ l ≤ 30 

Reflections collected 153978 

Independent reflections 13075 [R(int) = 0.0335] 

Coverage of independent reflections 99.8% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9100 and 0.8890 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 13075 / 39 / 792 

Goodness-of-fit on F2 1.034 

∆/σmax 0.002 

Final R indices 11797 data; I > 2σ(I) R1 = 0.0346, wR2 = 0.0882 

 all data R1 = 0.0396, wR2 = 0.0914 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0395 P)2 + 66.3689 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 1.062 and –1.318 eÅ–3 

R.M.S. deviation from mean 0.077 eÅ–3 
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Table 60. Sample and crystal data for KlePh4. 

Chemical formula C52H80Br2P2 

Formula weight 926.92 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.103 X 0.152 X 0.511 mm 

Crystal habit clear colorless  fragment 

Crystal system monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 19.545(5) Å α = 90° 

 b = 11.818(3) Å β = 96.522(9)° 

 c = 21.256(6) Å γ = 90° 

Volume 4878.(2) Å3 

Z 4 

Density (calculated) 1.262 g/cm3 

Absorption coefficient 1.760 mm–1 

F(000) 1968 

Table 61. Data collection and structure refinement for KlePh4. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.18 to 25.02° 

Index ranges –23 ≤ h ≤ 23, –14 ≤ k ≤ 14, –25 ≤ l ≤ 25 

Reflections collected 149268 

Independent reflections 8604 [R(int) = 0.1128] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.8390 and 0.4670 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 8604 / 111 / 570 

Goodness-of-fit on F2 1.069 

∆/σmax 0.001 

Final R indices 6934 data; I > 2σ(I) R1 = 0.0398, wR2 = 0.0888 

 all data R1 = 0.0588, wR2 = 0.0838 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0278 P)2 + 7.1220 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.847 and –0.333 eÅ–3 

R.M.S. deviation from mean 0.066 eÅ–3 
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Table 62. Sample and crystal data for KlePh5. 

Chemical formula C50H80F12P4 

Formula weight 1033.02 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.282 X 0.297 X 0.549 mm 

Crystal habit clear colorless  fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 19.734(3) Å α = 90° 

 b = 14.261(3) Å β = 108.922(6)° 

 c = 19.211(3) Å γ = 90° 

Volume 5114.3(14) Å3 

Z 4 

Density (calculated) 1.342 g/cm3 

Absorption coefficient 0.225 mm–1 

F(000) 2192 

Table 63. Data collection and structure refinement for KlePh5. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.18 to 25.03° 

Index ranges –23 ≤ h ≤ 23, –16 ≤ k ≤ 16, –22 ≤ l ≤ 22 

Reflections collected 148541 

Independent reflections 9022 [R(int) = 0.0526] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9390 and 0.8860 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 9022 / 378 / 778 

Goodness-of-fit on F2 1.034 

∆/σmax 0.001 

Final R indices 7845 data; I > 2σ(I) R1 = 0.0375, wR2 = 0.0894 

 all data R1 = 0.0452, wR2 = 0.0941 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0403 P)2 + 4.7400 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.642 and –0.327 eÅ–3 

R.M.S. deviation from mean 0.056 eÅ–3 
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Table 64. Sample and crystal data for KlePh7. 

Chemical formula C26H42BrCl2P 

Formula weight 536.37 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.122 X 0.221 X 0.249 mm 

Crystal habit clear colorless plate 

Crystal system orthorhombic 

Space group P b c a 

Unit cell dimensions a = 16.941(8) Å α = 90° 

 b = 15.428(7) Å β = 90° 

 c = 20.947(11) Å γ = 90° 

Volume 5475.(5) Å3 

Z 8 

Density (calculated) 1.301 g/cm3 

Absorption coefficient 1.767 mm–1 

F(000) 2256 

Table 65. Data collection and structure refinement for KlePh7. 

Diffractometer Bruker D8 Kappa Apex II 

Radiation source fine-focus sealed tube, Mo 

Theta range for data collection 2.03 to 25.02° 

Index ranges –20 ≤ h ≤ 19, –18 ≤ k ≤ 18, –24 ≤ l ≤ 24 

Reflections collected 50471 

Independent reflections 4825 [R(int) = 0.0557] 

Coverage of independent reflections 100.0% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.8130 and 0.6670 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 4825 / 27 / 299 

Goodness-of-fit on F2 1.031 

∆/σmax 0.001 

Final R indices 3864 data; I > 2σ(I) R1 = 0.0359, wR2 = 0.0816 

 all data R1 = 0.0508, wR2 = 0.0885 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0334 P)2 + 8.4153 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.852 and –0.661 eÅ–3 

R.M.S. deviation from mean 0.063 eÅ–3 
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Table 66. Sample and crystal data for KlePh8. 

Chemical formula C32H46BrCl2P 

Formula weight 612.47 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.164 X 0.178 X 0.241 mm 

Crystal habit clear colorless  fragment 

Crystal system triclinic 

Space group P –1 

Unit cell dimensions a = 9.375(7) Å α = 93.61(3)° 

 b = 10.363(9) Å β = 97.32(3)° 

 c = 16.690(14) Å γ = 105.47(3)° 

Volume 1542.(2) Å3 

Z 2 

Density (calculated) 1.319 g/cm3 

Absorption coefficient 1.578 mm–1 

F(000) 644 

Table 67. Data collection and structure refinement for KlePh8. 

Diffractometer Bruker D8 Kappa Apex II 

Radiation source fine-focus sealed tube, Mo 

Theta range for data collection 2.05 to 25.03° 

Index ranges –11 ≤ h ≤ 11, –12 ≤ k ≤ 12, –19 ≤ l ≤ 19 

Reflections collected 25828 

Independent reflections 5405 [R(int) = 0.0541] 

Coverage of independent reflections 99.4% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.7820 and 0.7020 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 5405 / 0 / 325 

Goodness-of-fit on F2 1.029 

∆/σmax 0.001 

Final R indices 4660 data; I > 2σ(I) R1 = 0.0364, wR2 = 0.0837 

 all data R1 = 0.0463, wR2 = 0.0879 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0359 P)2 + 1.3296 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.847 and –0.563 eÅ–3 

R.M.S. deviation from mean 0.064 eÅ–3 
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Table 68. Sample and crystal data for KlePh9. 

Chemical formula C18.50H24Cl0.50P0.50 

Formula weight 279.59 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.127 X 0.131 X 0.148 mm 

Crystal habit clear colorless fragment 

Crystal system orthorhombic 

Space group I m a 2 

Unit cell dimensions a = 17.6373(7) Å α = 90° 

 b = 17.2729(7) Å β = 90° 

 c = 10.1932(4) Å γ = 90° 

Volume 3105.3(2) Å3 

Z 8 

Density (calculated) 1.196 g/cm3 

Absorption coefficient 0.199 mm–1 

F(000) 1208 

Table 69. Data collection and structure refinement for KlePh9. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.31 to 25.01° 

Index ranges –20 ≤ h ≤ 20, –20 ≤ k ≤ 20, –12 ≤ l ≤ 12 

Reflections collected 36194 

Independent reflections 2840 [R(int) = 0.0274] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9750 and 0.9710 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 2840 / 333 / 263 

Goodness-of-fit on F2 1.058 

∆/σmax 0.001 

Final R indices 2799 data; I > 2σ(I) R1 = 0.0472, wR2 = 0.1161 

 all data R1 = 0.0478, wR2 = 0.1168 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0534 P)2 + 7.9728 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.469 and –0.548 eÅ–3 

R.M.S. deviation from mean 0.058 eÅ–3 
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Table 70. Sample and crystal data for KlePh10. 

Chemical formula C33H42F6O2P2 

Formula weight 646.60 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.096 X 0.235 X 0.320 mm 

Crystal habit clear colorless fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 9.5604(4) Å α = 90° 

 b = 14.6670(7) Å β = 96.109(2)° 

 c = 22.5501(11) Å γ = 90° 

Volume 3144.1(3) Å3 

Z 4 

Density (calculated) 1.366 g/cm3 

Absorption coefficient 0.204 mm–1 

F(000) 1360 

Table 71. Data collection and structure refinement for KlePh10. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.14 to 25.03° 

Index ranges –11 ≤ h ≤ 11, –17 ≤ k ≤ 17, –26 ≤ l ≤ 26 

Reflections collected 111304 

Independent reflections 5548 [R(int) = 0.0387] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9810 and 0.9380 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 5548 / 0 / 390 

Goodness-of-fit on F2 1.038 

∆/σmax 0.001 

Final R indices 5139 data; I > 2σ(I) R1 = 0.0519, wR2 = 0.1273 

 all data R1 = 0.0553, wR2 = 0.1295 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0502 P)2 + 6.6960 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.918 and –0.508 eÅ–3 

R.M.S. deviation from mean 0.064 eÅ–3 
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Table 72. Sample and crystal data for KlePh11. 

Chemical formula C40H56F6P2 

Formula weight 712.78 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.045 X 0.082 X 0.219 mm 

Crystal habit clear colorless fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 10.8732(5) Å α = 90° 

 b = 19.9989(8) Å β = 92.334(2)° 

 c = 17.0258(6) Å γ = 90° 

Volume 3699.2(3) Å3 

Z 4 

Density (calculated) 1.280 g/cm3 

Absorption coefficient 0.176 mm–1 

F(000) 1520 

Table 73. Data collection and structure refinement for KlePh11. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.39 to 25.03° 

Index ranges –12 ≤ h ≤ 12, –23 ≤ k ≤ 23, –20 ≤ l ≤ 20 

Reflections collected 86821 

Independent reflections 6523 [R(int) = 0.0780] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9920 and 0.9630 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 6523 / 0 / 440 

Goodness-of-fit on F2 1.047 

∆/σmax 0.001 

Final R indices 5412 data; I > 2σ(I) R1 = 0.0526, wR2 = 0.1237 

 all data R1 = 0.0670, wR2 = 0.1317 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0495 P)2 + 6.5030 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.726 and –0.395 eÅ–3 

R.M.S. deviation from mean 0.060 eÅ–3 
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Table 74. Sample and crystal data for KlePh12. 

Chemical formula C37H50F6O2P2 

Formula weight 702.71 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.110 X 0.183 X 0.287 mm 

Crystal habit clear colorless fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 9.6697(8) Å α = 90° 

 b = 27.476(2) Å β = 109.332(2)° 

 c = 14.2137(12) Å γ = 90° 

Volume 3563.4(5) Å3 

Z 4 

Density (calculated) 1.310 g/cm3 

Absorption coefficient 0.185 mm–1 

F(000) 1488 

Table 75. Data collection and structure refinement for KlePh12. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.35 to 25.03° 

Index ranges –11 ≤ h ≤ 11, –32 ≤ k ≤ 32, –16 ≤ l ≤ 16 

Reflections collected 52644 

Independent reflections 6299 [R(int) = 0.0398] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9800 and 0.9490 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 6299 / 0 / 429 

Goodness-of-fit on F2 1.039 

∆/σmax 0.001 

Final R indices 5196 data; I > 2σ(I) R1 = 0.0368, wR2 = 0.0890 

 all data R1 = 0.0491, wR2 = 0.0957 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0421 P)2 + 2.2030 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.433 and –0.272 eÅ–3 

R.M.S. deviation from mean 0.044 eÅ–3 
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Table 76. Sample and crystal data for KlePh14. 

Chemical formula C22H27F6N2P1 

Formula weight 464.413 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.081 X 0.148 X 0.274 mm 

Crystal habit clear colorless fragment 

Crystal system triclinic 

Space group P –1 

Unit cell dimensions a = 9.9944(4) Å α = 65.5860(10)° 

 b = 14.8560(4) Å β = 83.307(2)° 

 c = 11.6068(4) Å γ = 88.594(2)° 

Volume 1138.52(7) Å3 

Z 2 

Density (calculated) 1.355 g/cm3 

Absorption coefficient 0.181 mm–1 

F(000) 484 

Table 77. Data collection and structure refinement for KlePh14. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.65 to 26.02° 

Index ranges –12 ≤ h ≤ 12, –13 ≤ k ≤ 13, –14 ≤ l ≤ 14 

Reflections collected 22271 

Independent reflections 4480 [R(int) = 0.0236] 

Coverage of independent reflections 99.8% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9860 and 0.9520 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 4480 / 0 / 284 

Goodness-of-fit on F2 1.043 

∆/σmax 0.001 

Final R indices 3987 data; I > 2σ(I) R1 = 0.0321, wR2 = 0.0814 

 all data R1 = 0.0373, wR2 = 0.0854 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0430 P)2 + 0.4930 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.245 and –0.419 eÅ–3 

R.M.S. deviation from mean 0.055 eÅ–3 
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Table 78. Sample and crystal data for KlePh15. 

Chemical formula C64H90Cl2N4O4Pd2 

Formula weight 1263.09 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.222 X 0.248 X 0.275 mm 

Crystal habit clear yellow fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 15.4239(14) Å α = 90° 

 b = 23.676(2) Å β = 92.839(3)° 

 c = 20.7488(19) Å γ = 90° 

Volume 7567.7(12) Å3 

Z 4 

Density (calculated) 1.109 g/cm3 

Absorption coefficient 0.585 mm–1 

F(000) 2640 

Table 79. Data collection and structure refinement for KlePh15. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.35 to 26.37° 

Index ranges –19 ≤ h ≤ 19, –29 ≤ k ≤ 29, –25 ≤ l ≤ 25 

Reflections collected 320684 

Independent reflections 15477 [R(int) = 0.0541] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.8810 and 0.8560 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 15477 / 132 / 747 

Goodness-of-fit on F2 1.018 

∆/σmax 0.003 

Final R indices 13346 data; I > 2σ(I) R1 = 0.0287, wR2 = 0.0736 

 all data R1 = 0.0363, wR2 = 0.0775 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0372 P)2 + 5.5048 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.921 and –0.495 eÅ–3 

R.M.S. deviation from mean 0.054 eÅ–3 
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Table 80. Sample and crystal data for KlePh16. 

Chemical formula C21H30F3OP2 

Formula weight 386.42 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.230 X 0.257 X 0.265 mm 

Crystal habit colorless fragment 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 12.029(3) Å α = 76.147(9)° 

 b = 13.317(3) Å β = 82.236(9)° 

 c = 14.809(3) Å γ = 88.777(11)° 

Volume 2282.0(9) Å3 

Z 4 

Density (calculated) 1.125 g/cm3 

Absorption coefficient 0.150 mm–1 

F(000) 824 

Table 81. Data collection and structure refinement for KlePh16. 

Diffractometer Bruker D8 Venture 

Radiation source TXS rotating anode, Mo 

Theta range for data collection 2.34 to 26.02° 

Index ranges –14 ≤ h ≤ 14, –16 ≤ k ≤ 16, –18 ≤ l ≤ 18 

Reflections collected 98495 

Independent reflections 8982 [R(int) = 0.0603] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9660 and 0.9610 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 8982 / 0 / 477 

Goodness-of-fit on F2 1.037 

∆/σmax 0.001 

Final R indices 7938 data; I > 2σ(I) R1 = 0.0372, wR2 = 0.0996 

 all data R1 = 0.0419, wR2 = 0.1032 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0478 P)2 + 1.0826 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.328 and –0.292 eÅ–3 

R.M.S. deviation from mean 0.049 eÅ–3 
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Table 82. Sample and crystal data for KlePh17. 

Chemical formula C33H43F6O2P2 

Formula weight 629.62 g/mol 

Temperature 296(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.132 X 0.196 X 0.234 mm 

Crystal habit clear colorless fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 9.345(3) Å α = 90° 

 b = 24.137(8) Å β = 107.454(16)° 

 c = 14.119(5) Å γ = 90° 

Volume 3038.1(18) Å3 

Z 4 

Density (calculated) 1.377 g/cm3 

Absorption coefficient 0.205 mm–1 

F(000) 1328 

Table 83. Data collection and structure refinement for KlePh17. 

Diffractometer Bruker D8 Kappa Apex II 

Radiation source fine-focus sealed tube, Mo 

Theta range for data collection 2.27 to 26.02° 

Index ranges –11 ≤ h ≤ 11, –29 ≤ k ≤ 29, –17 ≤ l ≤ 17 

Reflections collected 68576 

Independent reflections 5985 [R(int) = 0.436] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9730 and 0.9540 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/7 (Sheldrick, 2018) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 5985 / 0 / 381 

Goodness-of-fit on F2 1.058 

∆/σmax 0.001 

Final R indices 4844 data; I > 2σ(I) R1 = 0.0510, wR2 = 0.1188 

 all data R1 = 0.0660, wR2 = 0.1267 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0469 P)2 + 4.7135 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.715 and –0.397 eÅ–3 

R.M.S. deviation from mean 0.063 eÅ–3 
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Table 84. Sample and crystal data for KlePh18. 

Chemical formula C25H59NO5 

Formula weight 453.73 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.150 X 0.380 X 0.380 mm 

Crystal habit clear colorless fragment 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 13.6090(10) Å α = 90° 

 b = 14.8330(11) Å β = 105.270(3)° 

 c = 14.7747(11) Å γ = 90° 

Volume 2877.2(3) Å3 

Z 4 

Density (calculated) 1.047 g/cm3 

Absorption coefficient 0.070 mm–1 

F(000) 1024 

Table 85. Data collection and structure refinement for KlePh18. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.07 to 25.68° 

Index ranges –16 ≤ h ≤ 16, –18 ≤ k ≤ 18, –18 ≤ l ≤ 18 

Reflections collected 122181 

Independent reflections 5462 [R(int) = 0.0539] 

Coverage of independent reflections 100.0% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9900 and 0.9740 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2017/7 (Sheldrick, 2017) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 5462 / 0 / 313 

Goodness-of-fit on F2 1.072 

∆/σmax 0.001 

Final R indices 4750 data; I > 2σ(I) R1 = 0.0346, wR2 = 0.0812 

 all data R1 = 0.0424, wR2 = 0.0881 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0330 P)2 + 1.0550 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.235 and –0.170 eÅ–3 

R.M.S. deviation from mean 0.033 eÅ–3 
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Table 86. Sample and crystal data for KlePh19. 

Chemical formula C69H57Cl3N2Pd 

Formula weight 1126.91 g/mol 

Temperature 100(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.131 X 0.187 X 0.225 mm 

Crystal habit clear intense red fragment 

Crystal system monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 14.1447(7) Å α = 90° 

 b = 19.7739(9) Å β = 90.135(2)° 

 c = 19.5648(8) Å γ = 90° 

Volume 5472.2(4) Å3 

Z 4 

Density (calculated) 1.368 g/cm3 

Absorption coefficient 0.531 mm–1 

F(000) 2328 

Table 87. Data collection and structure refinement for KlePh19. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.05 to 26.37° 

Index ranges –17 ≤ h ≤ 17, –24 ≤ k ≤ 24, –24 ≤ l ≤ 24 

Reflections collected 330622 

Independent reflections 11190 [R(int) = 0.0371] 

Coverage of independent reflections 99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9340 and 0.8900 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 11190 / 0 / 678 

Goodness-of-fit on F2 1.052 

∆/σmax 0.004 

Final R indices 10213 data; I > 2σ(I) R1 = 0.0284, wR2 = 0.0736 

 all data R1 = 0.0326, wR2 = 0.0777 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0351 P)2 + 5.6385P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.665 and –0.499 eÅ–3 

R.M.S. deviation from mean 0.059 eÅ–3 
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Table 88. Sample and crystal data for HinKr1. 

Chemical formula C132H184Br4Cl2P4 

Formula weight 2497.90 g/mol 

Temperature 293(2) K 

Wavelength λ 0.71073 Å 

Crystal size 0.085 X 0.120 X 0.150 mm 

Crystal habit clear colorless  fragment 

Crystal system monoclinic 

Space group P 1 n 1 

Unit cell dimensions a = 11.218(4) Å α = 90° 

 b = 16.526(5) Å β = 98.569(15)° 

 c = 34.004(13) Å γ = 90° 

Volume 6234.(4) Å3 

Z 2 

Density (calculated) 1.331 g/cm3 

Absorption coefficient 1.562 mm–1 

F(000) 2624 

Table 89. Data collection and structure refinement for HinKr1. 

Diffractometer Bruker D8 Venture Duo IMS 

Radiation source IMS microsource, Mo 

Theta range for data collection 2.02 to 26.08° 

Index ranges –13 ≤ h ≤ 13, –20 ≤ k ≤ 20, –42 ≤ l ≤ 42 

Reflections collected 127418 

Independent reflections 24642 [R(int) = 0.0524] 

Coverage of independent reflections 99.98 

Absorption correction Multi-Scan 

Max. and min. transmission 0.7453 and 0.6817 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized ∑ w(Fσ
2 – Fc

2)2 

Data / restraints / parameters 24642 / 2 / 1333 

Goodness-of-fit on F2 1.020 

∆/σmax 0.001 

Final R indices 20755 data; I > 2σ(I) R1 = 0.0376, wR2 = 0.0770 

 all data R1 = 0.0522, wR2 = 0.0834 

Weighting scheme w = 1/[σ2(Fσ
2) + (0.0273 P)2 + 4.6197 P] 

where P = (Fσ
2 + 2 Fc

2)/3 

Largest diff. peak and hole 0.785 and –0.800 eÅ–3 

R.M.S. deviation from mean 0.064 eÅ–3 
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8.4 UV/Vis spectrum of [(Trop)SPhos]PF6 

 

Figure 51. UV/Vis spectrum of [(Trop)SPhos]PF6 in CHCl3 (408 µM), normalized to A275nm (absorption maximum, 

and corrected by a blank measurement of CHCl3. UV/Vis was recorded from 250 to 700 nm, since chloroforms 

absorption is too pronounced for wavelengths <250 nm. 

8.5 Typical reaction profile of a microwave assisted reaction 

A typical reaction profile of a microwave assisted reaction (scheme 77) is shown in figure 52. 

During a first heating process, the reaction mixture is heated as fast as possible inside an 

adiabatic reactor (pressure of the closed cavity: green curve) to a target temperature 

(temperature: orange curve, here 210 °C). The temperature is hold for one hour, which indicates 

the actual reaction time. In this type of reaction, the pressure usually rises to approx. 7 or 8 bar. 

Afterwards, the vessel is cooled to 55 °C with the aid of compressed air and placed back into 

the autosampler. The cooling phase exerts a minor influence on the reaction progress in 

comparison to the heating phase, during which the educt concentration is maximal. The orange 

curve indicates the heating power used by the microwave. 

 

Scheme 77. Microwave assisted synthesis of (E)-tricyclohexyl(styryl)phosphonium bromide (65). 
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Figure 52. Reaction profile of microwave assisted reaction; synthesis of (E)-tricyclohexyl(styryl)phosphonium 

bromide (65). 
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8.6 Exemplary analysis of a quantitative NMR spectrum 

After an aqueous work-up the crude product was diluted in CDCl3 (800 µL). The internal 

standard (here: 1,1,2,2-tetrachloroethane, ρ 1.59 g/mL, M 167.848 g/mol; 50.0 µL added = 

473.6 µmol) was added using a microliter syringe (50 µL Hamilton) and the flask was closed 

with a yellow cap. The solution was mixed vigorously by swiveling. A part of the sample 

(500 µL) was transferred to an NMR tube and a proton NMR (d1 = 20 s, 16 scans) was recorded 

(either AVHD400 or AVHD500). The signals of the expected products were identified by 

comparing with reported spectroscopic data. An example spectrum of a typical catalytic 

metalation is shown in figure 53.  

 

Figure 53. 1H-NMR spectrum (CDCl3) of a typical catalytic metalation reaction. The aromatic region as well as 

the internal standard peak with integrals of the relevant peaks are expanded. The signal of 1-NapOH (black frame) 

is further magnified. 

The yield of the reaction is determined by comparison of the integral of the internal standard 

with the integral of characteristic signals of the reaction product(s) and starting material(s) in 

the 1H-NMR spectra. Area integration of the signals for internal standard 
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(1,1,2,2-tetrachloroethane in the above case) did not include the 13C satellites. The calculation 

of the percentage of each reaction product is shown in table 90. 

Table 90. Analysis of a quantitative NMR spectrum in CDCl3.a 

entry compound δ [ppm] integral #(protons) n [µmol] percentage ω[mol%] 

1b 1,1,2,2-tetrachloroethane 5.95 200.00 2 473.6 - 

2 1-NapI 8.02 405.95 2 961.3c 96.1d 

3e 1-NapH 7.77 38.53 4 45.6 4.6 

4 1-NapOH 8.19 0.67 1 3.2 0.3 

5 1,1’-binaphthalene 7.86 1.79 4 2.1 0.2 
aReaction scale: 1.00 mmol = 1000 µmol. bV = 50 µL. m = ρ∙V = 1.59 mg/µL∙50 µL = 79.5 mg → 

n = 79.5 mg : 167.848 g/mol = 473.6 µmol. cn = 405.95 : 2 : 100∙473.6 µmol = 961.3 µmol. dω = n : 

1000 µmol = 961.3 µmol :1000 µmol = 96.1 mol%. eThe signals of naphthalene overlay with those of 

1-NapI. 
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8.7 Reprint Permission 

8.7.1 Generation of Organozinc Reagents by Nickel-Diazadiene-Complex Catalyzed 

Zinc Insertion into Aryl Sulfonates 
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