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Feel the rain on your skin 
No one else can feel it for you 

Only you can let it in 
No one else […] can speak the words on your lips 

Drench yourself in words unspoken 
Live your life with arms wide open 

Today is where your book begins 
The rest is still unwritten 

 
Natasha Bedingfield – “Unwritten”
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Abstract 
 
This work deals with the exploration of novel ligand structures and their applicability in 

transition-metal catalyzed cross-coupling reactions. In the first part of this thesis, the 

incorporation of the dimenthyl phosphino donor motif into ligand structures starting from the 

air-stable platform chemical dimenthyl phosphine P-oxide (4) was studied. C-P bond formation 

was realized either by a direct addition of 4 to p-quinones via Brønsted acid catalyzed 1,2-

Michael addition, or by alkylation of 4 via lithiation to a nucleophilic phosphinylanion and its 

subsequent reaction with haloalkanes. This approach avoids handling of air-sensitive materials 

until the last deoxygenation step of the synthesis. This was exemplified by deoxygenation of 

20 to afford new bis(dimenthyl)phosphine alkane 23, which was conveniently isolated as air-

stable palladium(II) complex 27. A further exploration of the dimenthyl phosphino ligand motif 

and specifically the complexation chemistry of 4 as secondary phosphine oxide preligand was 

realized by the synthesis of the labile anionic dimenthylphosphinous acid / phosphinito complex 

30. 

The deoxochlorination of 4 with PCl3 gave Men2PCl (3) as an established precursor for 

dimenthylphosphine ligands via reaction with metalated (bi)aryl precursors, affording 

(aryl)dimenthyl monophosphine ligands L1-L5, among them menthyl analogues of Buchwald 

ligands SPhos and JohnPhos. Ligands L1-L5 and 4 as well as complexes 7 and 8 were evaluated 

in various transition-metal catalyzed test reactions. While 4 and its palladium complexes showd 

limited activity in catalysis, ligands L1-L4 showed activity in Suzuki-Miyaura, Mizoroki-Heck 

and Kumada-Corriu couplings. The ligand (2-chlorophenyl)dimenthyl phosphine L3 in 

particular showed asymmetric Suzuki-Miyaura couplings forming sterically hindered in up to 

e.r. 93:7. 

As a further novel ligand motif, a benzoannulated version of Buchwald ligand BrettPhos was 

synthesized, namely KatPhos (dicyclohexyl(1,4-dimethoxy-3-(2,4,6-

triisopropylphenyl)naphthalen-2-yl)phosphine; L6). With CyAnPhos (dicyclohexyl(3-(3,5-di-

tert-butyl-4-methoxyphenyl)-1,4-dimethoxynaphthalen-2-yl)phosphine; L7) and AnPhos ((3-

(3,5-di-tert-butyl-4-methoxyphenyl)-1,4-dimethoxynaphthalen-2-yl)diphenylphosphine; L8), 

two more benzoannulated ligands were synthesized which exhibit a meta,meta substitution at 

the aryl’ moiety (as opposed to the usual ortho-substitution with Buchwald’s biaryl dialkyl 

monophosphine ligands) as novel structural motif. The key phosphination step of each ligand 

synthesis was optimized using 31P-qNMR as a proof of concept to explore the potential of 31P-

qNMR as quantification method in the synthesis of phosphine ligands. 
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The benzoannulated ligands were screened in palladium-catalyzed cross-coupling reactions and 

KatPhos was directly compared to its Buchwald analogue in BrettPhos-typical couplings. As 

KatPhos (L6) proved to be superior in the Buchwald-Hartwig coupling of 4-chloro anisole and 

aniline, its substrate scope in the coupling of primary amines and aryl chlorides was explored. 

Here, the coupling of simple primary aryl amines and activated or unactivated aryl chlorides 

was accomplished in excellent yields, but limitations were seen in the coupling of more 

sterically hindered or heterocyclic substrates.
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Zusammenfassung 
 
Diese Arbeit thematisiert die Erforschung neuer Ligandstrukturen und ihrer Anwendbarkeit in 

übergangsmetallkatalysierten Kreuzkupplungsreaktionen. Im ersten Teil dieser Dissertation 

wurde der Einbau des Dimenthylphosphino-Donormotives in Ligandenstrukturen ausgehend 

von Dimenthylphosphinoxid (4) als luftstabiler Ausgangschemikalie untersucht. Die C-P 

Bindungsbildung wurde zum Einen durch direkte Addition von 4 an p-Chinone via Brønsted-

säurekatalysierte 1,2-Michael Addition oder durch Alkylierung von 4 via Lithiierung zu einem 

nukleophilen Phopshanylanion und darauffolgende Reaktion mit Halogenalkanen erreicht. 

Diese Herangehensweise vermeidet den Umgang mit luftempfindlichen Materialien bis zum 

letzten Schritt der Synthese, der Deoxygenierung. Dies wurde beispielhaft durch die 

Deoxygenierung von 20 zu Bis(dimenthylphosphino)alkan 23 demonstriert, welches als 

luftstabiler Palladium(II)-Komplex 27 isoliert wurde. Weiters wurde das Dimenthylphosphan-

Ligandmotiv und besonders die Komplexierungschemie des sekundären Phosphinoxid-

Präliganden 4 durch die Synthese des labilen, anionischen Dimenthylphosphinige Säure/ -

phosphinitokomplexes 30 untersucht. Die Deoxychlorierung von 4 mit PCl3 lieferte Men2PCl 

(3) als etablierten Vorläufer für Dimenthylphosphan-Liganden via Reaktion mit metallierten 

(Bi)aryl-Vorläufern. Dies lieferte (Aryl)dimenthylphosphan-Liganden L1-L5, unter ihnen auch 

Menthyl-Analoga der Buchwald-Liganden SPhos und JohnPhos. Liganden L1-L5 und 4 sowie 

die Palladiumkomplexe 7 und 8 wurden in diversen Übergangsmetallkatalysen evaluiert. 

Während 4 und seine Palladiumkomplexe begrenzte Aktivität in der Katalyse zeigten, zeigten 

Liganden L1-L4 Aktivität in Suzuki-Miyaura, Mizoroki-Heck und Kumada-Corriu 

Kupplungen. Insbesondere der Ligand (2-Chlorophenyl)dimenthylphosphan L3 zeigte 

Aktivität in asymmetrischen Suzuki-Miyaura Kupplungen, welche zu sterisch gehinderten 

Biarylen in e.r.-Werten von bis zu 93:7 führten. 

Als ein weiteres Ligandmotiv wurde KatPhos (Dicyclohexyl(1,4-dimethoxy-3-(2,4,6-

triisopropylphenyl)naphthalen-2-yl)phosphan; L6), eine benzoanellierte Version des 

Buchwald-Liganden BrettPhos, synthetisiert. Mit CyAnPhos (Dicyclohexyl(3-(3,5-di-tert-

butyl-4-methoxyphenyl)-1,4-dimethoxynaphthalen-2-yl)phosphan; L7) und AnPhos (((3-(3,5-

Di-tert-butyl-4-methoxyphenyl)-1,4-dimethoxynaphthalen-2-yl)diphenylphosphan; L8) 

wurden zwei weitere benzoanellierte Liganden synthetisiert, die eine meta,meta-Substitution 

an der Aryl‘-Einheit (anstelle der üblichen ortho-Substitution an Buchwald’s Biaryldialkyl 

Monophosphinliganden) als neuartige Strukturmodifikation aufweisen. Der Schlüsselschritt 

der Phosphinierung jeder Ligandsynthese wurde mithilfe von 31P-qNMR-Analyse als 
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Machbarkeitsstudie, um das Potential von 31P-qNMR als Quantifizierungsmethode in der 

Synthese von Phosphanliganden zu untersuchen, optimiert. 

Die benzoanellierten Liganden wurden in Palladium-katalysierten Kreuzkupplungsreaktionen 

getestet. Zudem wurde KatPhos direkt mit seinem Buchwald-Analogon in BrettPhos-typischen 

Kupplungsreaktionen getestet. Da KatPhos (L6) in der Buchwald-Hartwig Kupplung von 4-

Chloranisol und Anilin überlegen war, wurde seine Anwendbarkeit auf weitere Substrate in 

Kupplungen von primären Aminen und Arylchloriden untersucht. Hierbei wurde die Kupplung 

von einfachen primären Arylaminen und aktivierten oder nicht-aktivierten Arylchloriden in 

sehr guten Ausbeuten erreicht. Limitationen gab es bei der Kupplung von sterisch gehinderten 

und heterozyklischen Substraten. 
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1.1 Dialkylbiaryl Phosphine Ligands: Properties and Applications in 

Catalysis 
 

Dialkylbiaryl phosphine ligands were first reported by Buchwald and co-workers in 19981 and 

have since found application in a variety of transition-metal catalyzed cross-coupling reactions, 

such as Buchwald-Hartwig aminations, Suzuki-Miyaura couplings and others. Their distinct 

structural features fulfill different functions which are of importance for general stability of the 

phosphines and in the different steps of the catalytic cycle (figure 1).2 

 
Figure 1. Structural features of dialkylbiaryl phosphines and their functions as described by Buchwald 

and co-workers.2 

 

Low Susceptibility of Dialkylbiaryl Phosphine Ligands Towards Oxidation 

One pronounced characteristic of Buchwald’s dialkylbiaryl phosphine ligands is their low 

susceptibility towards oxidation, which is enabled by the bulky alkyl substituents attached to 

phosphorous as well as the ortho substituents of the aryl’ moiety. Barder et al. postulated that 

this might be due to the mechanism of phosphine oxidation, as depicted in scheme 1.3 

 
Scheme 1. Oxidation mechanism explaining the low susceptibility of dialkylbiaryl phosphines towards 

oxidation, as postulated by Barder et al.3 
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A dialkylbiaryl phosphine can potentially exist in two conformations, with the phosphorus lone-

pair facing either in the direction of the aryl’ moiety (A, scheme 1) or away (A-away). If oxygen 

reacts with phosphine in conformation A, subsequent reaction of a second phosphine (forming 

two molecules of phosphine oxide as a final reaction product) is hampered due to the sterical 

bulk of the phosphine. Thus, rotation of the phosphorus center has to happen before a second 

phosphine can react with oxygen. According to Barder et al., this rotation is aggravated with 

increasing sterical bulk of the alkyl groups connected to phosphorous (iso-propyl < cyclohexyl 

< tert-butyl), and ratios of A : A-away conformation are favored towards the A conformation.3 

 

Functions of the Structural Features of Dialkylbiaryl Phosphines in the Catalytic Cycle 

The different structural features of dialkylbiaryl phosphines also contribute favorably to the 

different steps of the catalytic cycle.  

As far as the oxidative addition step in a typical cross-coupling reaction is concerned, the 

sterical demand of the Buchwald ligands stabilize the monoligated LPd(0) species, which is 

more reactive towards oxidative addition. Furthermore, the biaryl moiety contributes to the 

stability of the dialkylbiaryl phosphine palladium complexes by arene interactions of the aryl’ 

moiety and the palladium center (scheme 2).4, 5 

 
Scheme 2. Schematic depiction of the Pd-arene interactions of a dialkylbiaryl phosphine Pd(II) 

oxidative addition complex. 

 

The electron-donating properties of the alkyl moieties attached to phosphorus contribute to a 

faster oxidative addition as well.6,2  

Reductive elimination generates the final product of a cross-coupling reaction. This step of the 

catalytic cycle is influenced by both electronic and steric factors. For most dialkylbiaryl 

phosphine ligands, sterical factors facilitate reductive elimination. The bulkiness of the alkyl 

substituents cause steric congestion around the metal center, which makes the palladium 

complex more reactive towards reductive elimination resulting in the regeneration of the 

sterically less hindered LPd(0) complex.7,2 Furthermore, three-coordinate complexes are 

generally more prone to reductive elimination than four-coordinate complexes. As the 

palladium-aryl’ interactions are merely weak, the preferred T-shaped conformation for 

P
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Pd X
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reductive elimination is more easily adapted for dialkylbiaryl phosphines.8,2 Reductive 

elimination can furthermore be facilitated by the substituent in ortho-position to phosphorus of 

the upper aryl moiety (R3 in figure 1). For the ligand BrettPhos, which exhibits a methoxy 

substituent in ortho-position of phosphorus, it was shown that the corresponding Pd(II) 

complexes exist either in an O-bound or C-bound state, as shown in scheme 3 (R = Me). The 

O-bound state is less reactive in reductive elimination, and it was postulated that a bulkier 

alkoxide substituent (R = iPr) facilitated reductive elimination by shifting the equilibrium to the 

C-bound state.8,9, 10, 

 
Scheme 3. C-bound vs. (less reactive) O-bound state of a BrettPhos (R=Me) ligated oxidative addition 

complex. 

 

Another important factor for catalyst activity in a catalytic reaction is potential catalyst 

deactivation by cyclometallation. It was found that, during Pd-catalyzed C-N bond formation, 

for ligands with ortho-substitution at aryl’, the formation of palladacycles is avoided, thus 

upholding high intrinsic activity of the ligands.11  

Figure 2 depicts a selection of commonly used dialkylbiaryl phosphines reported by Buchwald 

and co-workers along with some of their typical applications. It is worth noting that the range 

of applications exceed those mentioned here, as this class of ligands is commonly used also for 

other groups’ research endeavors. 
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Figure 2. A selection of Buchwald’s dialkylbiaryl phosphine ligands and some of their typical 

applications.5,12,13,14,15, 16,17,18,19,2 

 

Synthesis of Dialkylbiaryl Phosphine Ligands 

For most of the structurally more complex dialkylbiaryl phosphines, Buchwald and co-workers 

use aryne chemistry for the construction of the biaryl moiety (scheme 4). The ensuing 

phosphination is either performed after isolating the respective biaryl halides (as seen in scheme 

4a)20 or in situ (scheme 4b).21 In some cases, such as the synthesis of BrettPhos or AlPhos, the 

use of catalytic to stoichometric amounts of copper(I) salt is necessary in the phosphination 

step.15 
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Scheme 4. Approaches for a) the synthesis of BrettPhos, and b) the synthesis of SPhos using aryne 

chemistry.21  
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1.2 Variations of the Dialkylbiaryl Phosphine Motif 

 

Since Buchwald and co-workers developed their dialkylbiaryl phosphine ligands, other groups 

have taken up on these catalytically useful structural features and further diversified ligand 

structures. Among these variations, some examples are presented in the following. 

 

Variations of the Dialkyl Motif: The 2,3-Dihydrobenzo[d][1,3]oxaphosphole Framework 

by Boehringer-Ingelheim 

While Buchwald and co-workers had mainly focused on dicyclohexyl, -tert-butyl and -

adamantyl monophosphines, which can rotate rather freely around the phosphorus center, 

Boehringer-Ingelheim developed a class of dihydrobenzooxaphosphole-based biaryl 

monophosphine ligands (scheme 5), whose distinctive feature exhibits a rotational and 

conformational rigidity around the phosphorus center, forcing the phosphorus lone pair into a 

fixed orientation for coordination to a metal center.22 

 
Scheme 5. Dihydrobenzooxaphosphole-based dialkylbiaryl ligand variation by Boehringer-

Ingelheim.23, 24 ,25 

 

This ligand class was successfully applied in palladium-catalyzed Suzuki-Miyaura couplings 

of aryl boronic acids and esters with aryl bromides and chlorides, aminations of aryl bromides 

and chlorides, the borylation of di-ortho substituted aryl bromides and aryl chlorides and also 

asymmetric Suzuki-Miyaura and Negishi cross-coupling reactions.25,24 

The synthesis of these ligands is achieved starting from methyldichlorophosphine (scheme 6). 

First, the dihydrobenzooxaphosphole scaffold is constructed,26 which is then coupled with the 

respective phenylboronic acid to afford ligand oxide. The oxide is reduced using 

PMHS/Ti(OiPr)4 to afford the free ligand as a last step of the synthesis.22 
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Scheme 6. Multi-step synthesis of dihydrobenzooxaphosphole-based dialkylbiaryl phosphine ligand 

variation by Boehringer-Ingelheim.22, 23 

 

Variations of the Dialkyl Motif: Biaryl Phosphorinane Ligands 

A phosphacycle was also included in a further variation of the dialkyl motif: Laffoon et al. 

reported the synthesis of a series of biaryl phosphorinane ligands, as shown in scheme 7. 

 
Scheme 7. Biaryl phosphorinane ligands as reported by Laffoon et al. 27 

 

The ligands proved to be beneficial for palladium-catalyzed sulfonamidation, C-O coupling and 

C-N coupling reactions. Structural analysis of the ligands and comparison to their Buchwald 

counter-parts revealed less electron-donating properties and a bigger sterical bulk of the 

phosphorinane ligands, which facilitates reductive elimination in the catalytic cycle. 27 

The phosphorinane scaffold is synthesized by reaction of a primary biaryl phosphine with 

phorone and subsequent formation of the ketal (scheme 8). 

 
Scheme 8. General synthesis of biaryl phosphorinane ligands reported by Laffoon et al. 27 
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Variations of the Biaryl Backbone: Dialkylterphenyl Phosphine Ligands 

As a variation of the biaryl backbone, the groups of Nicasio and Carmona and the group of 

Protasiewicz synthesized and characterized several bulky dialkylterphenyl phosphine ligands 

and their palladium precatalysts and demonstrated their applications in Suzuki-Miyaura 

couplings and C-N couplings (scheme 9).28,29,30 

 
Scheme 9. Selected terphenyl ligands synthesized by Nicasio and Carmona and co-workers. 

 

Surprisingly, high yields were reached in a C-N coupling reaction with this class of ligands 

even when using the palladium precatalyst based on PMe2ArDipp2, which exhibits two methyl 

groups connected to phosphorous, which are not as sterically hindered and electron-donating 

as the alkyl moieties typically seen with phosphine ligands. The authors suggest that the sterical 

encumberment by the terphenyl moiety contributes to the good performance of this ligand. 30  

The terphenyl phosphine scaffold is constructed by reaction of either terphenyl-Grignard or 

lithium reagent with PCl3. Subsequent reaction with either alkyl lithium or alkyl Grignard 

reagent provides the phosphine ligand (scheme 10).28,31,32 
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Scheme 10. Synthetic access to terphenyl dialkyl ligands via a) aryl Grignard 31 and b) aryl lithium 

species.32 

 

Variations of the Biaryl Backbone: Phenyl-Naphthyl Dialkyl Phosphine Ligands 

 In 2006, Demchuk et al. reported the synthesis and application of Nap-Phos, a phenyl-naphthyl 

dialkyl phosphine ligand, which constitutes a formal annulation of the phosphorus-containing 

aryl moiety of the usual biphenyl motif. 33 Later, this structural motif was diversified with the 

synthesis of further ligands (scheme 11), with additional methoxy-substituents on the phenyl-

moiety to prevent cyclometallation and to reach more electron-density at the metal center of the 

corresponding Pd(II)-ligand complex.33 34  

 
Scheme 11. Phenyl-naphthyl dialkyl phopshines as reported by Demchuk et al.33,34 
 
This class of ligands proved to be useful for palladium-catalyzed Suzuki-Miyaura couplings (in 

organic solvent as well as in water), Mizoroki-Heck reactions and hydrodehalogenation 

reactions. As for Sym-Phos, Pd(II)-arene interactions of the phenyl moiety were also observed 

in X-ray crystallographic studies.35  
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position to phosphorus upon deoxygenation, thus somewhat limiting the potential for structural 

diversification of the ligands.34 

 
Scheme 12. Exemplary synthesis route of phenyl-naphthyl dialkyl phosphine ligands.34 
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1.3 Secondary Phosphine Oxides: Properties and Application in 
Catalysis 

 

Another class of ligands of relevance to this work are secondary phosphine oxides (SPOs). The 

traditional, trivalent phosphine ligands are often difficult to handle, as they are prone to 

oxidation and may require protection, for example as BH3 adduct, which requires an additional 

deprotection step before use in catalysis.36 SPOs, due to their pentavalent phosphorus, 

circumvent this problem and are usually bench-stable. They exist in tautomerism with their 

corresponding trivalent phosphinous acid, thus they retain P-donating abilities and can act as 

ligand in catalysis. The SPO/phosphinous acid equilibrium is usually shifted to the side of the 

phosphine oxide in the free ligand, however coordination to transition metals favors the side of 

the phosphinous acid.37 Secondary phosphine oxides can bind to metal centers either in 

bidentate or monodentate fashion. Furthermore, the P-O moiety can, in principle, undergo two 

different coordination modes, as it exhibits a soft binding site (phosphorus) and hard binding 

site (oxygen). The former preferably coordinates late transition metals, whereas the latter 

preferably coordinates early transition metals (scheme 13).36 

 
Scheme 13. Different coordination modes of SPOs to metal centers.36 
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phosphinito/phosphinous acid ligands are of varying electron-donicity depending on their 

substituents. Dialkylphosphine oxide based phosphinito/phosphinous acid ligands, for example, 

surpass N-heterocyclic carbenes in this matter.  

 

The first use of a secondary phosphine oxide in catalysis was reported already in 1986 by van 

Leeuwen and co-workers in a platinum-catalyzed hydroformylation reaction.39 ,40 But only in 

the early 2000s did SPO chemistry and their application in catalysis become of wider interest, 

when Li et al. prepared some air- and moisture-stable SPOs and demonstrated the applicability 

of the [Pd2(dba)3]/RR’P(O)H systems and air-stable dialkyl phosphine oxide palladium 

complexes (POPd) in Mizoroki-Heck, Suzuki-Miyaura, Kumada, C-N and C-S couplings of 

aryl chlorides (scheme 14).39,41,42 

 
Scheme 14. Secondary phosphinous acid complexes by Li et al.41,42 

 

Later, Wolf and co-workers examined the use of POPd, POPd1 and POPd2 in cross-coupling 

reactions of chloroquinolines. Generally, POPd was found to be a superior precatalyst 

compared to POPd1 and POPd2, and the authors postulated that the anionic nature of the 

palladium/phosphinous acid complexes (upon deprotonation by base) might result in low 

solubility of the catalysts and is therefore detrimental to the outcome of the catalytic reaction. 

Tuning of the reaction conditions towards a better homogeneity of the reaction (such as use of 

organic amine base Cy2NMe or use of DMF as polar solvent) improved the yields.43  
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with 2-pyridyl Grignard reagents, among others.44,45,46 For the latter, it was assumed that in situ 

formation of a heterobimetallic complex is responsible for the high activity of the catalyst 46. 

 
Scheme 15. Di(1-adamantyl)phosphine oxide as (pre-)ligand for a Pd(II) complex as reported by 

Ackermann and co-workers.44,45 

 

Another notable class of secondary phosphine oxides are heteroatom-substituted secondary 

phosphine oxides (HASPOs). This type of ligands was employed by Ackermann and co-

workers (scheme 16). 47 One of their main asset is their easy accessibility: While conventional 

SPOs usually require a synthesis starting from air- and moisture-sensitive organometallic 

reagents, HASPOs can conveniently be synthesized from the corresponding diamines or diols 

and cheap PCl3. Ackermann’s HASPOs and their palladium complexes demonstrated activity 

in palladium-catalyzed Suzuki-Miyaura couplings of aryl chlorides and nickel-catalyzed 

Kumada couplings of aryl chlorides, fluorides, (hetero)aryl tosylates and alkenyl tosylates, 

among others.48,49 

 
Scheme 16. Examples of HASPOs employed by Ackermann and co-workers.49 
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1.4 Introducing Chirality to Phosphorus Ligands 

 
The synthesis of enantiomerically pure compounds has posed a problem to industrial chemists 

in the production of e.g. pharmaceuticals for decades and fueled research in catalytic 

asymmetric synthesis. Besides organo- and biocatalysts, the use of chiral phosphorus ligands 

for asymmetric transition-metal catalysis has played a vital role in the synthesis of chiral 

compounds.50,51 The first chiral phosphorus ligands were developed for asymmetric 

hydrogenation reactions, when Knowles and Horner developed chiral analogues of the 

Wilkinson’s catalyst [RhCl(PPh3)3].52,53,54,55 Later, the development of bisphosphine ligand 

DIOP by Kagan and co-workers56,57,58 led to some groundbreaking realizations: Had it before 

been widely assumed that the stereocenter of a ligand has to be as close to the metal center as 

possible to achieve good enantiomeric enrichment, it was now recognized that P-chiral 

phosphorus ligands are not a necessity, but chirality can also be introduced through the ligand’s 

backbone. Moreover, the potential of chelating bisphosphines and C2-symmetry were found to 

be beneficial for ligand design for asymmetric catalysis.53 Up to now, numerous chiral 

phosphorus ligands have been developed and applied in asymmetric catalytic transformations. 

These can roughly be classified into chelating bisphosphines and monophosphines, and these 

again can be classified into those ligands exhibiting P-stereogenic chirality and those with a 

chiral backbone, be it a unit with a chiral center connected to phosphorous or a backbone 

exhibiting axial or planar chirality.59, 60 This classification is depicted in figure 3, along with 

some examples reported in the literature for each classification. Notably, combinations of each 

ligand classes have found application as well, such as the prominently used JosiPhos,61 a 

bisphosphine ligand combining both a planar chiral element and a central chiral unit. Because 

of their relatively easier synthesis, the exploration of ligands with a chiral backbone has been 

prevalent so far.62 
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Figure 3. Rough classification of chiral phosphorus ligands.61,63, 64, 65, 66, 67, 68 
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The here cited examples show that the aforementioned popular dialkylbiaryl phosphine ligand 

motif has also been used for the design of chiral ligands (e.g. SagePhos). Needless to say, chiral 

SPOs have also found application in asymmetric catalytic reactions.36
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2.1 Dimenthylphosphine P-Oxide as Air-Stable Platform Chemical for 
Men2P Donor Ligands 

 
The enantiomeric (−)- and (+)-menthols and derivatives thereof are commonly used chiral 

auxiliaries in asymmetric organic synthesis,69 including the synthesis of chiral phosphorus 

ligands. Besides, the menthyl- or dimenthylphosphino structural motif can be found as chiral 

donor group in a variety of ligands which have been applied in various asymmetric catalytic 

transformations, including rhodium(I) catalyzed asymmetric hydrogenation70,71 or asymmetric 

Ni-catalyzed alka-1,3-diene codimerization, especially in the early days of asymmetric 

catalysis.72,59  

In our group, dimenthylphosphine P-oxide 4 has become available73 (meanwhile, its 

preparation was also reported by Black et al.74). The synthesis sequence for this enantiopure 

SPO is presented in scheme 17. Starting from (−)-menthol 1, an improved synthesis of menthyl 

chloride 2 was developed. While commonly used synthesis pathways are accompanied with the 

generation of cationic rearrangement products in 18-25 mol-%, our group has developed a 

convenient synthesis and purification protocol leading to menthyl chloride of 97-98 mol-% 

purity.75 With menthyl chloride at hand, a method for the synthesis of dimenthylphosphine 

oxide 4 via menthyl Grignard reagent was developed. The use of menthyl magnesium chloride 

generated from the regioisomerically pure 2 enabled an easily scalable and highly 

diastereoselective synthesis of dimenthylphosphine oxide, in which the final product was 

obtained pure and crystalline by simple trituration from hexanes.73,76,77 

 
Scheme 17. Previously achieved multi-step synthesis of 4. 
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Further research efforts in our group focused on simple transformations of the air-stable 

platform chemical dimenthylphosphine P-oxide to the corresponding chlorophosphine 3, 

phosphinic chloride 5,  phosphinic acid 6 or other derivatives (scheme 18).76,77,78 

 
Scheme 18. Previously achieved syntheses starting from Men2P(O)H 4. 

 

According to earlier literature reports, the synthesis of dimenthylchlorophosphine succeeded 

by direct isolation of the compound from the reaction mixture of menthyl magnesium chloride 

with PCl3, however this route provides low yields and requires tedious purification procedures 

under air- and moisture exclusion.79,80 Our new synthesis from dimenthylphosphine oxide as 

air-stable platform chemical provided easy access to dimenthylchlorophosphine 3 in excellent 

yields.78 

The aim was now to incorporate the bulky and chiral dimenthylphosphino donor motif into 

ligands suitable for catalysis. To do so, different strategies were attempted in preliminary works 

by Corvin Lossin during earlier works in our group: Firstly, starting from 

dimenthylchlorophosphine 3, the synthesis of a Buchwald type dimenthylbiaryl phosphine 

ligand L1 (MenJohnPhos) was achieved (scheme 19a). Efforts to obtain L4 afforded (2-

chlorophenyl)dimenthylphosphine L3 instead.77 

A second strategy for the incorporation of the dimenthylphosphino donor motif into ligand 

structures is the direct use of Men2P(O)H 4 as secondary phosphine oxide in catalysis. As such, 

the synthesis of complexes 7 and 8, which are menthyl analogs of Li’s POPd and POPd2, 

respectively, was achieved in our laboratory (scheme 19b). 

The third strategy for the incorporation of the dimenthylphosphino structural motif into ligand 

structures is the direct transformation of air-stable Men2P(O)H by alkylation or arylation with 

an envisioned deoxygenation step as a final step. As such, a first proof of principle was shown 

by Corvin Lossin in the water-promoted phospha-Michael-addition to p-benzoquinone, 

providing 2,5-dihydroxyphenyl-1-dimenthylphosphine oxide 10 (scheme 19c). An alkylation 

was demonstrated by reacting lithiated 4 with 1,2-dichloroethane, affording ethane-1,2-

diylbis(dimenthylphosphineoxide) 11. 

First catalytic test reactions in Suzuki-Miyaura and Buchwald-Hartwig couplings suggested 

applicability of the synthesized phosphine ligands L1 and L3, as well as (pre-)ligand 

dimenthylphosphine oxide 4 in catalysis.77 
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Scheme 19. Previously synthesized ligands and Pd(II) complexes exhibiting the Men2P structural motif.
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2.2 Aim of this Work 
 

One aim of this work was to further demonstrate the potential of dimenthylphosphine oxide as 

an air-stable platform chemical for the synthesis of PMen2-containing ligand motifs. As such, 

the previously established scope of transformations of Men2P(O)H by alkylations and 

arylations should be improved and expanded. In the quest for accessing new chiral ligand 

structures, improvement and scale-up of the already existing syntheses of 

(aryl)dimenthylphosphine ligands L1 and L3 was mapped out, as well as syntheses of further 

dimenthylphosphine ligands. In particular, the synthesis of a menthyl analogue of Buchwald 

ligand SPhos, which had failed before, was envisaged (scheme 20). 

 
Scheme 20. (Aryl)dimenthylphosphine ligands studied in this work. 

 

L3 had shown promising results in first tests in catalytic transformations,77 and the (2-

chlorophenyl)phosphine structural motif has proven applicability in Suzuki-Miyaura couplings 

in the literature.81 Thus, further studies of L3 in catalytic transformations were envisaged in 

this work. As a comparison, its dehalogenated variant L2 (Men2PPh) should be synthesized as 

well. The general (aryl)dimenthylphosphine ligand motif offers great potential for structural 

diversification of the aryl moiety, which could lead to interesting new activities in catalysis. As 

such, the synthesis of L5 (NapPMen2) was envisaged. This ligand exhibits a benzoannulation 

in ortho-position to phosphorus, a structural motif that has so far not been extensively studied 

in catalysis,82 but could lead to interesting activities due to its bigger sterical bulk compared to 

dimenthyl(phenyl)phosphine. 

With ligands L1 – L5 and dimenthylphosphine oxide 4 at hand, their examination in a variety 

of transition-metal catalyzed cross-coupling reactions was envisaged. In this manner, the 
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transformations should be examined, as well as its potential to induce asymmetric 

transformations.
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2.3 Direct Functionalization of Dimenthylphosphine P-Oxide Towards 

Novel Ligand Structures 
 

2.3.1 1,4-Addition of Men2P(O)H to p-Quinones 
 

1,4-Addition of Men2P(O)H to p-Benzoquinone 

The water-promoted 1,4-addition of dimenthylphosphine P-oxide to p-benzoquinone had 

previously been conducted in our group77 following a modified protocol by Li-Bao and co-

workers83 in moderate yield. However, as the isolated compound still contained some impurities 

of p-benzoquinone after a rather tedious purification protocol, further attempts to optimize the 

synthesis were undertaken. As such, the previously employed conditions were first varied with 

respect to reaction time, concentration, solvent and stoichometry, and the crude mixtures 

analyzed by 31P-NMR spectroscopy after work-up. Figure 4 shows an exemplary 31P-NMR 

spectrum of entry 1 (table 1).  

   
Figure 4. Excerpt of an exemplary 31P-NMR spectrum of entry 1 (table 1) for the optimization of the 

1,4-addition of Men2POH to p-benzoquinone. 

Besides the signals stemming from target material 10 (δP 58.63) and starting material 4 (δP 

43.10), the spectrum shows signals of several side products. Presumably, the signal arising at 
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have been formed by 1,6-addition of Men2POH to p-benzoquinone, followed by hydrolysis of 

the resulting 4-hydroxyphenyl dimenthylphosphinate. Besides the aforementioned 1,6-addition 

product, a twofold 1,4-addition could also be responsible for one of the emerging side products, 

as was previously discussed by Li-Bao and co-workers (scheme 21). A definite identification 

of the by-products was, however, not carried out. 

 
Scheme 21. Other possible by-products and their postulated mechanistic generation.83 

 

The optimization for the water-promoted 1,4-addition of Men2POH to p-benzoquinone is 

shown in table 1. An analysis by 1H-qNMR was considered, but rejected due to the lack of a 

proton signal which would be suitable for an accurate analysis. 31P-qNMR analysis was 

attempted, but gave inaccurate results (see section 3.2 of this work). Therefore, an analysis of 

relative 31P-NMR integrals was envisioned for comparing the results. 

 
Table 1. Variation of reaction conditions for the water-promoted 1,4-addition of Men2POH to p-

benzoquinone.  

  
entry solvent 12  /x 

eq. 

time /h conc. [4]  

/M 

NMR yield a 

/mol-% 

conversion a 

/mol-% 

1 toluene 1.0 22 0.5 62 79 

2 toluene 1.5 15 0.5 66 94 

3 toluene 1.0 48 0.5 60 88 

4 toluene 1.0 22 1 66 89 

5 1,4-dioxane 1.0 24 0.5 48 85 

a) Analytical yields and conversions (mol-%) based on 31P-NMR area integration. 
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a higher conversion, which indicates lower selectivity of the reaction. The same applies to 

doubling the reaction time or increasing the nominal concentration of the reactants (entries 3 

and 4). Changing the solvent to 1,4-dioxane led to a considerable decrease in yield and 

selectivity (entry 5). 

Another procedure to perform 1,4-additions of secondary phosphine oxides to p-benzoquinone 

involves the use of Bi(OTf)3 as Lewis acid catalyst.33,35 The results of this approach as applied 

to the target reaction are summarized in table 2. In addition, the use of pTsOH·H2O as Brønstedt 

acid catalyst was explored. 

 
Table 2. Variation of reaction conditions for the Lewis- or Brønsted acid catalyzed 1,4-addition of 

Men2POH to p-benzoquinone. Isolated yields in brackets. 

 
entry solvent catalyst NMR yield a 

/mol-% 

conversion a 

/mol-% 

1 toluene Bi(OTf)3 73 82 

2 toluene pTsOH·H2O 85 92 

3 toluene / 68 85 

4 DMF Bi(OTf)3 81 96 

5 DMF pTsOH·H2O 87 (62) b 100 

6 DMF / 41 85 

a) Analytical yields and conversions (mol-%) based on 31P-NMR area integration.  

b) Isolated yield in brackets. 
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Bi(OTf)3 as catalyst showed slightly better results (entry 4), however not as good as 

pTsOH·H2O (entry 5) in the same solvent. When no additive was used, the yield of 10 was 

considerably lower (entry 6). This is attributed to the generation of more side products and thus 

to a lower selectivity rather than a lower conversion. Although toluene and DMF show 

comparable yields when working with a catalytic amount of pTsOH·H2O, the conditions of 

entry 5 showed a more narrow product distribution, which implied that purification would be 

easier. Thus, the conditions of this entry was chosen for conducting the reaction on a preparative 

scale, affording 62% of pure compound 10 on the 2.5 mmol scale (entry 5). Compared to the 

formerly applied reaction conditions, this is not a substantial improvement in yield, but the 

procedure was simple and purification by recrystallization very effective. 

 

Alternative Reaction Modes 

As an alternative access to 10, n-butyl lithium was used for deprotonation of Men2P(O)H to 

mediate 1,4-addition to p-benzoquinone (scheme 22a). Analysis of the crude product showed a 

slightly lower 31P NMR yield compared to the former reaction modes.  

 
Scheme 22. Alternative reaction modes for the addition of Men2POH to p-benzoquinone. 

 

The relative integrals of the signals at δP 64.1 and δP 61.3 were much higher, implying that the 

1,6-addition pathway is more prevalent for this reaction mode. Li-Bao and co-workers 

postulated that the 1,6-adduct is generated by deprotonation of the P(O)-H compound followed 

by SET to the p-quinone and radical recombination with C-O bond formation (see scheme 23). 
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Scheme 23. Mechanism for the base-promoted formation of 1,6 adduct as proposed by Li-Bao and co-

workers. (“B” = base) 83 

 

This postulate correlates well with these findings, presuming that the signals at δP 64.1 and 

δP 61.3 can be assigned to Men2P(O)OH and the 1,6 addition product, respectively. For a 

definite assignment, an isolation and characterization of the by-products have to be carried out. 

This, however, would not have contributed to solve the synthetic problem at hand. 

As an alternative reaction mode, a radical addition of dimenthylphosphine oxide to p-

benzoquinone was also attempted, using dibenzoyl peroxide as radical starter (scheme 22b). A 

similar reaction mode has been reported by Wang et al. in 2016 in the addition of P-stereogenic 

secondary phosphine oxide to activated alkenes (however using AIBN as radical starter).84 This 

method, with a 31P-NMR yield of 53%, did not show significant advantages compared to the 

former experiments. 

 

1,4-Addition of Men2P(O)H to Naphthoquinone 

The same conditions established for the 1,4-benzoquinone adduct were applied to the 1,4-

addition of 4 to 1,4-naphthoquinone. After work-up, the crude material turned out to be a sticky, 

poorly soluble solid. Recrystallization from hot ethyl acetate/hexanes required a large amount 

of solvent and furnished a slushy-like, voluminous mass which underwent considerable 

shrinkage after removing the residual solvent in vacuo, affording 33% of 12. As this yield is 

rather low and other ways of isolating the target material were deemed difficult due to its low 

solubility, an in situ methylation of both OH groups was envisioned. In a first attempt, when 

O

O

O

O

P
O

R R
O

O

P
O

R
R

„B“

P
O R

RH

„B“H

P
O R

R

SET „B“H (or HP(O)R2)

O

OH

P
O

R
R



 43 

using an excess of base and Me2SO4 as methylating reagent, only the monomethylated species 

13 was obtained in 45% yield (scheme 24). 

  
 Scheme 24. 1,4-Addition of naphthoquinone and Men2POH and subsequent monomethylation. 
 

Another approach envisaged a one-pot 1,4-addition and subsequent two-fold methylation in 

DMF. As Me2SO4 typically reacts with this solvent,85 MeI was instead used as methylation 

reagent, which is also advantageous because of its lower toxicity.86,87 While monitoring the 

reaction by TLC, more K2CO3 and MeI were added during the course of the reaction (table 3 

entry 1). It became evident that the limiting factor for complete methylation was the amount of 

base added. A substantial excess of base is needed to deprotonate the second OH-group, 

supposedly because its proton engages in hydrogen bonding to the neighbouring P(O)Men2 

oxygen. With these findings at hand, the one-pot 1,4-addition and methylation sequence was 

repeated using a larger excess of base (entry 2). These conditions produced compound 14 in 

79% yield, however still containing about 1 mol-% of Men2P(O)H and some other unidentified 

impurities. Washing with cold methanol afforded 67% of pure compound 14. 

 
Table 3. One-pot 1,4-addition of Men2POH to naphthoquinone and subsequent methylation. 

  
entry x y time yield /% 

1 a,b 3.0 4.0 >2 d 81 

2 8.8 5.0 17 h 79 c (67) d 

a) Second addition of 1.0 eq. of K2CO3 and 2.0 eq. of MeI after 20h.  

b) Crude material subjected to further methylation (4.0 eq. of K2CO3 and 2.0 eq. of MeI, 24 h). 

c) Containing around 1 mol-% Men2POOH and other unidentified impurities. 

d) Yield in brackets after wash with cold MeOH. 
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1H-NMR analysis of 13 shows a considerable down-field shift of the hydroxy group (𝛿H 12.31), 

indicating Men2PO···HO hydrogen bonding. This is also confirmed by the 31P-NMR shifts of 

the unmethylated, mono- and dimethylated species: While the chemical shifts of 12 and 13 are 

comparable (𝛿P 57.5 and 59.5, respectively), the signal for 14 is considerably shifted towards a 

higher frequency (𝛿P  46.6).

 

2.3.2 Direct Arylation and Alkylation of Men2P(O)H 
 

Attempted Copper-Catalyzed Arylation of Men2P(O)H 

Following a literature procedure for the copper(I)-catalyzed arylation of dicyclohexylphosphine 

oxide with aryl iodide88, an arylation of dimenthylphosphine oxide was attempted accordingly. 

This coupling had already been attempted in previous works with triphenyl phosphine or (S)-

1-phenylethylamine as ligand.77 In the following approaches, the reaction conditions were 

further varied with respect to base, solvent and ligand and compared with the previous results, 

as shown in table 4, and the crude mixtures analyzed by 1H- and 31P-NMR spectroscopy. 

 
Table 4. Attempted arylation of dimenthyl phosphine oxide. 

 
entry base ligand solvent ratio 15/4/6 b 

1 K2CO3 PPh3 DMF 6/77/17 

2 K3PO4 PPh3 toluene 6/93/1 

3 K2CO3 Me2DACH toluene 0/4/96 

4 a K2CO3 1-phenethylamine toluene 9/88/3 

5 a K2CO3 PPh3 toluene 1/99/0 
a) These experiments were part of a previous work in this group, but are presented here for a full 

overview.77 

b) as estimated by 31P-NMR area integration 

 

Besides the signal of the starting material, almost all mixtures show a new signal with a down-

field shift of ~1 ppm compared to the Men2POH signal. Previously, this signal (~ 𝛿P  42) had 

been dismissed as unidentified by-product, but more recent experiments with phosphine ligand 
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Men2PPh (see section 2.8) helped with assigning this signal to phosphine oxide 15. Compared 

to a previous experiment with PPh3 as a ligand (entry 5), changing the solvent to DMF (entry 

1) or using K3PO4 as a base (entry 2) slightly increased the generation of target material, but 

still its amount remained unsatisfyingly low. Interestingly, the 31P-NMR spectra show another 

signal near	𝛿P 60, which can be assigned to dimenthylphoshinic acid 6 (ref: 𝛿P  63.6 76). The 

amount of 6 increases with DMF as solvent, and it is generated almost exclusively when using 

Me2DACH as ligand (entry 3). The conversion of Men2P(O)H to Men2P(O)OH represents a 

formal oxidation. Copper-mediated oxidations and oxidative P-O couplings of P(O)-H 

compounds in alkaline media are described in the literature,89 however, they require the 

presence of an oxidant. Since all reactions were conducted under the exclusion of air, a pathway 

via oxidative coupling seems unlikely. An example for an oxidant-free, dehydrogenative 

copper-catalyzed P-C bond formation was reported involving a copper-hydride species under 

evolution of hydrogen.90 A similar mechanism might have taken place here forming a P-O bond, 

although such a mechanism has only been reported using an iron catalyst in the literature.91 

 

P-Alkylation of Men2P(O)H 

As a further transformation of dimenthylphosphine oxide, P-alkylation with haloalkanes and 

base was studied. As such, the deprotonation of dimenthylphosphine oxide by n-butyl lithium 

and subsequent alkylation by n-octyl bromide was first studied (scheme 25). An excess of 2.0 

equivalents of n-octyl bromide was first used. The reaction was quenched with D2O prior to 

work-up, and the crude mixture analyzed by 31P-NMR. 31P-NMR analysis showed full 

conversion of Men2P(O)H. However, besides the signal of the desired product, further signals 

of unidentified by-products are visible. In an attempt to avoid the formation of by-products, the 

quantitiy of n-octyl bromide was reduced to an equimolar amount. 31P-NMR analysis of the 

crude material showed, apart from a few negligible impurities, almost complete transformation 

to the alkylated target material, and a filtration over a short column afforded 16 in 91% yield 

(scheme 25). 

 
Scheme 25. Alkylation of dimenthyl phosphine oxide using n-octyl bromide. 
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These conditions also proved advantageous with respect to purification, as it leaves no excess 

(halo)alkane as by-product. 

 

Reaction of 1,n-Dihaloalkanes with Dimenthylphosphine P-Oxide 

After previous work had successfully accomplished the alkylation reaction of lithiated 

dimenthylphosphine oxide with 1,2-dichloroethane 17 to yield 11,77 the conditions were applied 

to other 1,n-dihaloalkanes in this work (scheme 26). Using 1,3-dichloropropane 18 and 1,5-

dibromopentane 19, respectively, compounds 20 and 21 were synthesized in moderate to high 

yields. As for 20, Men2P(O)OH was isolated as by-product, but on a larger scale, the alkylation 

was achieved in quantitative yield.  

 
Scheme 26. Alkylation of 4 with 1,n-dihaloalkanes (scale: 0.5 mmol). X = Cl for 11, 20, Br for 21. The 

synthesis of 11 was established in previous works. a) Scale: 2.0 mmol. 

 

Generally, the crude materials were considered pure enough to be used in follow-up reactions. 

Purification efforts only succeeded by crystallization in the case of 11 at -20°C. Compounds 20 

and 21 were soluble in all solvents tested (hexane, Et2O, methanol, acetone) even at low 

temperature, which is why crystallization was not feasible. In these cases, purification was 

achieved by a short filtration over silica. 

 

Deoxygenation of Alkane-1,n-diyl-bis(dimenthylphosphine)oxides 

As a route to alkane-1,n-diyl-bis(dimenthylphosphine)oxides, the desoxygenation of 11 and 20 

was envisioned. Following a modified procedure by Baldwin and co-workers92 for the 

deoxygenation of ethane-1,2-diyl-bis(dialkylphosphine)oxides R2P(O)CH2CH2(O)PR2 (where 

R = Ph, Cy, iPr), deoxygenation using an excess of HSiCl3 (10 equivalents) at elevated 

temperature was envisioned. Fritzsche et al.93 have elaborated that an excess of at least 2 

equivalents of trichlorosilane is required for this reaction, because HCl is generated from the 

reduction of the phosphine oxide, which then reacts with a further equivalent of HSiCl3 to 

generate H2. As table 5 shows, using ethane-1,2-diyl-bis(dimenthylphosphine)oxide 11 as 

substrate gave no reaction (entry 1). Supposedly, the four menthyl groups constitute too much 

sterical hindrance, and the ethylene bridge is too short to keep the hindered dimenthylposphino 
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moieties in sufficient distance from each other. The propane derivative 20 showed a better 

result, with an approximately 1:1 molar ratio of starting material and desoxygenated material 

(entry 2). This material was subjected to another deoxygenation reaction. This time, to avoid 

emerging H2 and reduce the amount of HSiCl3, triethylamine was added to trap HCl formed 

during the reaction.93 1H-NMR analysis of the crude material showed almost full reduction to 

bisphosphine (entry 3). In entry 5, the conditions were applied to crude compound 20. After 

stirring for 13 hours at 60°C, 31P-NMR analysis of the reaction mixture showed almost complete 

conversion to the bisphosphine 23. The target material was isolated in 26% yield. Problematic 

work-up due to the sluggish nature of the formed siloxanes, which hampered phase separation, 

may have contributed to the substantial loss of yield. Under the same conditions, the 

deoxygenation of ethane-1,2-diyl-bis(dimenthylphosphine)oxide as substrate was attempted 

once more, but showed no conversion (entry 4). 

 
Table 5. Attempted desoxygenation of bis(dimenthylphosphineoxide)alkanes 

 
entry substrate (n = x) conditions result 

1 n = 2 HSiCl3 (10.0 eq.), toluene, 110 °C, 4 h  no conversion 

2 n = 3 HSiCl3 (10.0 eq.), toluene, 110 °C, 4 h 50 mol-% 20,  

50 mol-% 23 a 

3 n = 3 b) HSiCl3 (5.00 eq.), NEt3 (5.00 eq.), 

toluene, 50 °C, 9 h 

nearly complete 

conversion to the 

phosphine 

4 n = 2 HSiCl3 (5.00 eq.), NEt3 (5.00 eq.), 

toluene, 50 °C, 9 h 

no conversion 

5 n = 3 HSiCl3 (6.00 eq.), Net3 (6.00 eq.), 

60 °C, 12 h 

26% isolated yield 

a) as estimated by 31P-NMR integrals  

b) crude mixture of entry 2 

 

As another reagent for deoxygenation, phenyl silane was tested (scheme 27) with pentane-1,5-

diyl-bis(dimenthylphosphine)oxide as a substrate. As opposed to trichlorosilane, phenyl silane 

has a high boiling point, which enables heating the reaction to a higher temperature, and it was 

assumed that this might be beneficial for this reaction. The reaction was monitored by 31P-NMR 
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spectroscopy. However, after 19 hours, no reaction was observed. Adding CF3SO3H as catalyst, 

as described in the literature,94 did not have any effect. 

 

 
Scheme 27. Attempted deoxygenation of 21. The reaction was monitored by 31P-NMR sampling. After 

22 hours, CF3SO3H (10 mol-%) was added to the reaction mixture.
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2.4 Synthesis of Transition-Metal Complexes Incorporating the 
Dimenthylphosphino Structural Motif 

 

2.4.1 Synthesis of Transition-Metal Complexes Starting from 
Bis(dimenthylphosphino)propane 

 
Section 2.3.2 of this work deals with the synthesis of bis(dimenthylphosphino)alkanes. In order 

to avoid handling the phosphines under air-exclusion, one objective was to convert them to 

their corresponding transition metal complexes without prior isolation. The synthesis of nickel 

complex 25 was first envisioned starting from bisphosphine 23. Table 6 shows the conditions 

applied in this synthesis. The conditions from entries 1 and 2 were both adapted from a known 

literature procedure with dppe, dcpe or dcpp as substrates.95,96, 97 

 
Table 6. Conditions for the attempted synthesis of 25. 

 
entry conditions starting material products 

1 (dme)NiCl2 (1.00 eq.), THF, r.t. 

overnight 

crude (dme)NiCl2 recovered  

2 NiCl2·6H2O (1.00 eq.), EtOH, 

80 °C, overnight 

crude 18% of 23 re-isolated 

3 (dme)NiCl2  (1.00 eq.), CH2Cl2, r.t. purified b 20 (12 mol-%), 25 (12 mol-%), 

26 (23 mol-%), 23 (50 mol-%) a 

4 (dme)NiCl2 (1.00 eq.), toluene, 

80 °C 

purified b 20 (7 mol-%), 25 (9 mol-%), 26 

(25 mol-%), 23 (57 mol-%) a 

a) Molar ratios estimated by 31P-NMR area integration. The structures of 25 and 26 were not 

confirmed.  

b) The material was purified by Celite filtration and recrystallization. 

 

While the conditions of entries 1 and 2 were not successful, entries 3 and 4 showed some 

formation of an unknown species, as judged by 31P-NMR analysis. The signal appeared at 

𝛿P 5.66, which indicates the formation of the desired compound 25 (compare the cyclohexyl 

derivative: 𝛿P 18.2 95). It is to be noted that for entries 3 and 4, ligand 23, purified by Celite 

filtration and recrystallization, was used. The crude material still contained siloxanes which are 

formed as by-product of the desoxygenation reaction, which could have hampered complex 
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formation in entries 1 and 2. However, since no selective reaction took place, the idea of 

isolating the phosphine as nickel complex was dismissed, and a further effort focused on the 

isolation as Pd species using PdCl2(MeCN)2 as a precursor. A small scale preliminary 

experiment showed complete conversion to complex 27. Finally, the complex was directly 

isolated after reaction with crude phosphine in 30% isolated yield over 2 steps (scheme 28).  

 
Scheme 28. Synthesis of bis(dimenthylphosphine)propane palladium(II) dichloride. 

 

Compound 27 was characterized by X-ray crystallography (figure 5).  

 
Figure 5. Solid-state molecular structure of 27. Ellipsoids are shown at 50% probability. Hydrogens 

are omitted for clarity. 

 

The bisphosphine chelate complex 27 exhibits idealized square-planar geometry, although the 

P1-Pd1-Cl2 and P2-Pd1-Cl1 bond angles (168.99(6)° and 171.34(5)°, respectively) show a 

slight abbreviation from the 180° expected for a perfectly square planar geometry. This slightly 
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distorted geometry might be a consequence of sterical crowding due to the bulky menthyl 

groups. 

 

The synthesis of a corresponding platinum complex 28 was envisaged as well (table 7). For this 

purpose, small scale experiments were set up and monitored by 31P-NMR sampling of the 

reaction mixtures. The reaction in MeCN with PtCl2 as precursor gave a complex mixture (table 

7, entry 1), with a multitude of unassignable signals in the range of 𝛿P  25 – 96 in the 31P-NMR 

spectrum. Assumedly, these signals are due to phosphine-bridged coordination polymers 

formed in the reaction. Another approach involved a room temperature reaction with acetone 

as solvent (entry 2), which gave rise to three major (broadened) signals between 𝛿P 50 – 52. 

This is in the range of oxidized starting material, but the broadened nature of the singulets rather 

supports the formation of a (partly oxidized) phosphine-bridged coordination polymer. 

 
Table 7. Attempted synthesis of a platinum complex 28. 

 
entry a conditions results b 

1 PtCl2 (1.00 eq.), MeCN, 70 °C, 8 h complex mixture 

2 PtCl2 (1.00 eq.), acetone, r.t. 22 h 98 major (broadened) signals between  

𝛿P ~ 50 – 52 

3 PtCl2(MeCN)2 (1.00 eq.), toluene, 110 °C, 3 d major (broadened) signal at 𝛿P 1.15 

a) Scale: 33.3 µmol.  

b) As judged by 31P-NMR analysis of the reaction/crude mixture  

 

As the synthesis of Pd complex 27 had worked out cleanly with PdCl2(MeCN)2 as palladium(II) 

precursor, the analogous platinum complex PtCl2(MeCN)2 29 was synthesized according to a 

literature procedure (scheme 29).99 Heating 29 and ligand 23 in toluene at higher temperature 

resulted in a cleaner reaction (entry 3), giving rise to a major broadened signal at 𝛿P 1.15. 

However, purification attempts (Celite filtration, crystallization by layering of THF with 

hexanes) failed, and further attempts to synthesize 28 were not undertaken. 

 
Scheme 29. Synthesis of PtCl2(MeCN)2. 
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2.4.2 Synthesis of [{(Men2P–O–H–O–PMen2-k2P,P')Pd}2(m-Cl)2] 
 
As part of studying the complexation chemistry of dimenthylphosphine oxide, the synthesis of 

a pseudo-chelating dimeric dimenthylphosphinito palladium complex 30 by base-promoted 

HCl abstraction of compound 7 had hitherto failed due to the presumed instability of the target 

material in a variety of media.76,77 As an alternative reaction mode, a solid phase reaction with 

aluminum oxide as base was envisaged. This would ensure easy separation of the base·HCl 

adduct. To circumvent possible side reactions of the Pd-complexes with solvent during the 

reaction, chlorinated solvents were avoided. Elution of the reaction products from aluminum 

oxide was conducted by subsequent use of toluene and then Et2O as relatively inert solvents. 

Table 8 shows an overview of the preliminary optimization experiments in the quest to obtain 

compound 30. 

 
Table 8. Preliminary optimization experiments for the solid-phase synthesis of compound 30. 

 
entry solvent a time column 

dimensions 

result b comment 

1 Et2O 2 days h = 5.5 cm,  

d = 3.5 cm 

complex  

2 toluene 5 hours h = 5.5 cm,  

d = 3.5 cm. 

no material 

eluted 

heatgun 

activation of 

Al2O3 

3 Et2O immediate elution h = 0.5 cm,  

d = 0.6 cm. 

7 (57 mol-%), 

30 (40 mol-%), 

4 (2 mol-%)  

 

4 toluene immediate elution h = 0.5 cm,  

d = 0.6 cm. 

7 (8 mol-%), 

30 (92 mol-%) 

 

a) Solvents used for the solution of 7 and for elution. For elution with toluene, a second fraction 

was gathered using Et2O as eluant. 

b) Only the first (main) elution fractions were compared. Molar ratios are estimated by 31P-NMR 

area integration. 
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A first test reaction involved loading a short, dry aluminum oxide column with a solution of 

starting material in the designated solvent and letting the column stand overnight before elution 

with Et2O (entry 1). The crude material was analyzed by 31P-NMR spectroscopy, an exemplary 

spectrum of which is shown in figure 6. 

 
Figure 6. 31P-NMR analysis of crude entry 1 (table 8) 

 

It is evident that almost complete consumption of starting material (7; 𝛿P 118.37) took place. 

Besides the formation of a substantial amount of target material (30; 𝛿P 107.89), 

dimenthylphosphine oxide (4; 𝛿P 44.25) was formed as the main by-product. This might be due 

to dissociation of the target complex as a consequence of its instability. An adverse factor to 

the stability of the target material might be the rather old batch of aluminum oxide used, which 

might have drawn moisture upon storage. This possibility was investigated by activating the 

aluminum oxide using a heat gun prior to the experiment (entry 2). However, with this set-up, 

surprisingly no material was eluted at all. This led to the conclusion that some residual moisture 

is needed for a successful reaction and elution of the complex. Moreover, it was assumed that 

the long retention time on the aluminum oxide column might be detrimental to the integrity of 

the target material. Therefore, in the next experiments (entries 3 and 4), a short pad (h = 0.5 cm) 

of aluminum oxide was used to ensure fast elution. The columns were then eluted with only 

Et2O (entry 3) or toluene followed by Et2O (entry 4) and the crude material was analyzed by 
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31P-NMR spectroscopy. Eluting directly with Et2O resulted in incomplete conversion and minor 

formation of Men2P(O)H as by-product. On the other hand, direct elution by toluene resulted 

in relatively pure target material with only little amount of starting material (around 8 mol-% 

as calculated by 31P-NMR area integration). A second fraction, which was eluted by Et2O, 

showed full conversion of the starting material, however formation of Men2POH as by-product. 

These experiments lead to the conclusion that firstly, elution with toluene is more beneficial, 

as it leads to higher conversion of starting material and formation of less by-product. Using 

Et2O might either enhance degradation of the target material or elute Men2POH formed by side-

reactions from the column. Secondly, extended contact times on the column should be avoided 

by immediate elution and use of a rather short column. As shown in entries 3 and 4, the 

reduction of column length is necessary due to the slow elution of the target material when 

using toluene as eluent, but is also necessary in order to prevent the degradation of target 

material. 

 
Table 9. Scale-up of the optimized reaction conditions. 

entry a time b column 

dimensions 

yield c purity c 

1 immediate elution h = 0.5 cm,  

d = 5 cm 

55% 82 mol-% 

2 5 min h = 0.5 cm,  

d = 5 cm 

52% 98 mol-% 

a) scale: 120 µmol. 

b) standing time on the column after loading with solution of 7. c) as calculated by 1H-NMR 

analysis. 

c) Isolated yields. 

 

For a scale-up of these preliminary experiments, a broader column diameter was chosen, but 

column length was kept the same. The first attempt at scaling up (table 9, entry 1) still resulted 

in incomplete conversion. The standing time of starting material and aluminum oxide was 

therefore prolonged by leaving the starting material on the column for 5 minutes before eluting 

with toluene (entry 2). These conditions were the most beneficial, affording 30 in 52% yield in 

98 mol-% purity (as judged by 1H-NMR analysis) without further purification. Crystallization 

attempts by CH2Cl2/hexanes diffusion experiments had failed earlier. As the formation of grey 

solids suggested instability of the compound in chlorinated solvents, NMR analysis was 

performed in benzene-d6 as deuterated solvent, and crystals suitable for X-ray analysis were 
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obtained by evaporation from this solution. The structure obtained by X-ray crystallography is 

depicted in figure 7.  

 
Figure 7. Solid-state molecular structure of 30. Ellipsoids are shown at 50% probability. Hydrogens 

are omitted for clarity. The disorder of Men2POH on the right is omitted for clarity. 

 

As expected, the anionic character of the dimenthyl phosphinito moieties is reflected by the P3-

O3 (1.54 Å) and P1-O1 bond lengths (1.55 Å), respectively, which are in the range of a P-O 

single bond. OH···O hydrogen bonding is also confirmed. Strikingly, one of the P2-adjacent 

menthyl moieties has taken a disfavored boat conformation. Assumedly, the steric crowding of 

the compound forces the menthyl moiety into this usually unfavored conformation.100 The 

aforementioned instability of the compound is also observed in the 1H-NMR spectrum. The 

OH···O proton signal gives rise to a singlet at 𝛿H 15.2, with a substantial downfield shift due 

to hydrogen bonding. However, integration of the aliphatic region results in values that are too 

high compared to the integral stemming from the two OH···O protons. Presumably, the pseudo-

chelating complex is in equilibrium with other species with 30 existing as the major species in 

C6D6 solution in about 80 mol-%, as judged by 1H-NMR. This assumption is further supported 
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by the rather broad 31P-NMR signal which 30 gives rise to, indicating a fluctuation of different 

species.  

Comparing the spectra of eluted fractions of the different experiments, a singlet appearing at 

𝛿H 4.3 stands out. This singlet only seems to appear in those fractions eluted with Et2O and 

cannot be assigned to the starting material (in C6D6, the corresponding POH singlet appears at 

𝛿H 5.96) or Men2POH. Assumedly, it stems from a partial dissociation of the dimenthyl 

phosphinite and the dimenthyl phosphinous acid moiety, leaving a free OH group, which could 

give rise to said singlet. Figure 8 shows the 1H-NMR spectrum of the Et2O-eluted fraction of 

entry 2, table 9. Comparing the OH···O (𝛿H 15.2) integral to the aliphatic region this time 

indicates an abundance of 30 of ~60 mol-%. 

 
Figure 8. Excerpt of the 1H-NMR spectrum of the Et2O-eluted fraction of entry 2, table 9. 

 

When comparing the amount of dimenthyl phosphine oxide present in the mixture with the 

integral of the singlet, a correlation can be found. Generally speaking, the more 4 is present in 

the mixture, the higher the integral of the singlet at 𝛿H 4.28 seems to be, thus indicating that 

presence of Men2POH in the mixture destabilizes species 30 to form a new (supposedly 

dissociated) species. However, since some exemptions from this correlation were observed, 

other unknown factors might contribute as well. A further elucidation of these factors was not 

possible within the scope of this thesis. 
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The synthesis of 30 was also attempted directly from a suitable Pd precursor and 4, forming 

crude 7, which was then directly filtered over a pad of basic alumina (scheme 30). This, 

however, led to insufficient purity, thus it was concluded that pure 7 is needed for a successful 

synthesis.  

 
Scheme 30. Attempted synthesis of 30 directly from 4 and PdCl2(MeCN)2. Molar ratios are estimated 
by 31P-NMR of the crude material.
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. 
2.5 Synthesis and Complexation Chemistry of Ligands Containing the 

Dimenthylphosphino Structural Motif via Arylation of Men2PCl 
 

For the evaluation of the dimenthylphosphino structural motif in steering ligands for catalysis, 

the synthesis of a series of dimenthyl(bi)aryl phosphines L1-L5 was envisaged (scheme 31). 

 
Scheme 31. The dimenthyl(bi)aryl phosphines synthesized in this work. 

 

Synthesis of MenJohnPhos (L1) 

The formerly established conditions for the synthesis of L1 (MenJohnPhos)77 were reproduced 

affording the same yield on a higher scale (scheme 32). The purification process was improved 

by recrystallizing once from hot MeOH/EtOAc, as opposed to two successive recrystallization 

processes in the earlier synthesis. Compared to the synthesis of CyJohnPhos by Buchwald and 

co-workers which uses a similar procedure, the yield of L1 is lower.101 This could be explained 

by the added sterical bulk of the menthyl moieties compared to the cyclohexyl moieties. 

 
Scheme 32. Synthesis of L1. 
 

Synthesis of Dimenthyl(phenyl)phosphine (L2) 

The synthesis of L2 (Men2PPh) on a small scale by reaction of Men2PCl with phenyl lithium 

afforded the compound in low yield at first (table 10, entry 1). Scaling up the reaction revealed 

purification difficulties, as the compound did not crystallize. Presumably, this is due to a higher 

P

R

PMen2
OMeMeO

P

L1: R = Ph
L2: R = H
L3: R = Cl

L4 L5

P

Ph

Br

Ph
1) nBuLi (1.0 eq.)

2) Men2PCl (1.0 eq.)

THF

-78 °C → r.t., overnight

49%

L131



 59 

amount of not easily volatile di-n-butyl ether stemming from the phenyl lithium solution. 

Purification by column chromatography was not successful due to fast oxidation of the 

phosphine in solution. These results prompted a further investigation of the reaction in order to 

obtain a purer product. Monitoring the reaction by 1H-qNMR using an internal standard showed 

a yield of 94% already after one hour of reaction time.i Thus, low isolated yields are not a result 

of incomplete conversion, but rather of suboptimal purification conditions. A complete work-

up under argon with subsequent removal of most di-n-butyl ether via high vacuum and 

recrystallization under argon led to a satisfying, optimized yield of 77% (entry 2). 

 
Table 10. Synthesis of L2. 

 
entry x time scale work-up and purification yield /% a 

1 1.0 overnight 1.0 mmol under air 37 

2 1.2 2.5 h 2.5 mmol under argon 77 

a) Yields are isolated yields. 

 

Surprisingly, the ligand was relatively air-stable as a solid. Although it was preferably stored 

in a Schlenk tube under argon, it could be easily weighed in under air, and only a minor amount 

of oxidized ligand formed over a month of extensive use. 

 

For studying the complexation chemistry of dimenthyl(phenyl)phosphine (L2) and in an effort 

to synthesize a more bench-stable precursor complex for this ligand, the synthesis of 

bis(dimenthylphenylphosphine) palladium (II) chloride 32 was envisioned. Heating 

dimenthyl(phenyl)phosphine with palladium(II) chloride in acetonitrile at 70 °C overnight 

afforded a yellow crude material. 31P-NMR analysis showed full conversion of the phosphine 

and emergence of a new signal at 𝛿P 24.06, which constitutes a significant downfield shift 

compared to the free phosphine (𝛿P –10.1). This finding supports the coordination of 

phosphorous to the palladium center. While handling the crude material in air, some 

 
ii For a detailed procedure, see Experimental Part. 
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inhomogeneous yellow and red solids formed during rotary evaporation. It is assumed that the 

material disintegrates while heating under air, forming PdCl2 as red solid. Thus, in a further 

experiment, purification was conducted under argon and without heating, affording pure 

compound 32 in 38% yield (scheme 33). Loss of yield is attributed to the small scale of the 

reaction and the purification by hexane wash, causing a part of the target material to remain in 

the filtrate. 

 
Scheme 33. Synthesis of bis(dimenthylphosphine palladium(II dichloride). 

 

The 1H-NMR spectrum of 32 shows (compared to the free phosphine) two sets of rather broad 

signals instead of the multiplet stemming from the meta-aryl protons (figure 9). When 

comparing their integrals to the remaining proton signals, two species (with a ratio of around 

0.8:1) can be assumed. These could be explained by slow rotation of the phenyl groups caused 

by steric congestion of the bulky menthyl moieties, thus causing anisochrony of the meta-aryl 

protons. These findings suggest potential applicability in asymmetric catalysis, if taken as 

indication that the coordination space around Pd is more tightly controlled through the presence 

of the bulky ligand L2. 
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Figure 9. Excerpt of the aromatic region of the 1H-NMR spectra of 32 in CD2Cl2 (a) and free phosphine 

L2 in C6D6 (b). 

 

Line broadening is also observed in the aromatic region of the 13C-APT spectrum (figure 10). 

The pseudo-triplet at 𝛿C 127.58 stems from the phosphorus-bound C-atoms. Three sets of 

broadened signals are observed for the C-H units in ortho- and meta- position (𝛿C 126.87, 

132.81 and 138.56), which agrees with the assumption slow rotation of the phenyl groups. The 

sharp C-H signal at 𝛿C 130.45, on the other hand, is likely to stem from para-C-H, whose 
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chemical environment does not change by rotation of the phenyl groups, and therefore does not 

give rise to a broadened signal. 

 
Figure 10. Excerpt of the aromatic region of the 13C-APT spectrum of 32 in CD2Cl2. Negative 
Integrals are C-H- , positive integrals are C atoms with no attached protons. 
 

Synthesis of (2-chlorophenyl)dimenthyl phosphine (L3) 

The synthesis of L3 was realized directly from 1-bromo-2-chloro benzene via halogen-lithium 

exchange and subsequent phosphination, although the yield was low. Attempts to improve the 

conditions by adding stoichometric amounts of CuCl or conducting the synthesis at higher 

temperatures (-40 °C as opposed to -78 °C) did not bring about significant improvements.102 

The isolated yield was slightly improved when precipitation instead of crystallization was used 

as purification method (scheme 34). 

 
Scheme 34. Synthesis of L3. 
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Synthesis of MenSPhos (L4) 

The synthesis of L4 (MenSPhos) was accomplished in moderate yield (scheme 35). As opposed 

to the synthesis of Buchwald’s SPhos, which is performed by in situ aryne addition and 

phosphination,21 isolation of precursor 34 and phosphination of the corresponding aryl 

magnesiumbromide was preferred. 

 

 
Scheme 35. Synthesis of L4. 

 

Synthesis of Dimenthyl(1-naphthyl)phosphine (L5) 

The synthesis of L5 was achieved by lithiation of 1-bromonaphthalene and subsequent reaction 

with Men2PCl and was optimized in two steps (table 11). The yield was moderate when 

equimolar amounts of aryl lithium were used (entry 1), but improved slightly with an excess of 

ArLi (entry 2). A further optimization of the synthesis was not undertaken, since the potential 

of the ligand in catalysis was first to be explored. 

 
Table 11. Optimization of the synthesis of L5. 

 
entry x eq. yield /% a 

1 1.0 37 

2 2.0 54 

a) Isolated yields. 
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2.6 Exploration of New Dimenthylphosphino Derivatives as Steering 

Ligands in Catalysis 
 

2.6.1 Brønsted Acid Catalyzed Enantioselective Friedel Crafts Alkylation of Indoles 
with 2-Alkene-1,4-diones 

 

Jaisankar et al. have reported on the use of Fiaud’s acid as a Brønstedt acid catalyst for 

enantioselective Friedel Crafts alkylation of indoles with alkene-1,4-diones (scheme 36).103  

 
Scheme 36. Enantioselective Friedel Crafts alkylation of indoles with alkene-1,4-diones catalyzed by 

Fiaud’s acid as reported by Jaisankar and co-workers.103 

 

With dimenthylphosphinic acid 6 available as chiral, enantiopure phosphinic acid, it was of 

interest to explore its performance in the same reaction. Using 1-phenyl indole and trans-1,2-

dibenzoyl ethylene as substrates, the applicability of dimenthylphosphinic acid 6 as a chiral 

Brønstedt acid catalyst was examined. For this purpose, two experiments using 

dimenthylphosphinic acid (table 12, entry 1) and Fiaud’s acid (entry 2) as a reference were set 

up and the progress of the reaction monitored by TLC.
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Table 12. Catalytic test reactions for the enantioselective Brønsted acid catalyzed Friedel Crafts 

alkylation of 1-phenylindole and trans-1,2-dibenzoyl ethylene 

 
entry catalyst temperature time result a 

1 Men2POOH (6) r.t. → 30°C 3 days only traces of 38 

2 Fiaud’s acid 30°C 17 hours near complete 

formation of 38 

a) as judged by 1H-NMR of the crude material 

 

When conducting the reaction at room temperature, TLC analysis showed no reaction for entry 

1. Considering warmer temperatures in Kolkata, where large parts of Jaisankar’s work were 

conducted, compared to Munich,104,105 the reaction temperature was slightly elevated to 30°C. 

However, even after 3 days, no reaction product was detected by TLC analysis. 1H-NMR of the 

crude material after work-up showed only unchanged starting material. The control reaction 

with Fiaud’s acid as a catalyst (entry 2) showed formation of target material after stirring 

overnight for 17 hours as judged by TLC analysis. 1H-NMR analysis of the crude material also 

showed near complete conversion, which is comparable to the literature results. In conclusion, 

6 is not a suitable catalyst for this reaction. Its inferior performance compared to Fiaud’s acid 

might be explained by more sterical demand, which might hinder the two substrates from 

approaching the catalytically active phosphinic acid site. Furthermore, the five-membered ring 

of Fiaud’s acid constitutes a relatively rigid environment of the catalytically active site, which 

might benefit the formation of the very confined catalytic transition state. The two menthyl 

moieties of dimenthyl phosphinic acid, on the other hand, exhibit more rotational freedom, 

which might be an obstacle (scheme 37).
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Scheme 37. Catalytic transition state of the Fiaud’s acid catalyzed enantioselective Friedel Crafts 

alkylation of indoles and alkene-1,4-diones proposed by Jaisankar et al.103 

 

 

2.6.2 Pd-Catalyzed Transformations of Alkynes with Dimenthylphosphine Oxide 
 

Palladium-Catalyzed Dimerization of Phenylethyne 

Morales-Serna and co-workers recently reported a phosphinito palladium(II) complex 

catalyzed synthesis of 1,3-enynes by dimerization of terminal alkynes.106 In their work, 

complex 39, which is derived from diphenylphosphine oxide, served as a catalyst (scheme 38).  

 
Scheme 38. Synthesis of 1,3-enynes by dimerization of terminal alkynes as reported by Morales-Serna 

and co-workers. 

 

In the present work, the utility of a dimenthylphosphine oxide ligated complex was assessed. 

As the dimenthylphosphinite/phosphinous acid palladium(II) complex 30 was not accessible 

yet by synthetic methods at that point, use of complex 7 and in situ generation of 30 by 

deprotonation using NaOAc as base was envisaged. Table 13 shows the employed reaction 

conditions using phenyl ethyne as model substrate and the outcomes analyzed by 1H-qNMR 

spectroscopy of the crude material. This type of reaction can produce three different isomers, 

namely the geminal alkene gem, the Z and the E alkene. 

P

Ph

Ph
O

O

N

Ph

O
Ph

O

PhH

H

R

R

R

R R

R

R

39
(5 mol-%)

NaOAc
toluene, 100 °C

18 h

39 = Pd
Cl

Pd
P

PClPO
Ph Ph

PO
Ph Ph

O
Ph Ph

Ph Ph
O

H H

gem Z E



 67 

Table 13. Palladium-catalyzed dimerization of phenyl ethyne 

 
entry temperature 40 /% 41 /% a 42 /% a 43 /% a recovery /% a 

1 100 °C - 23 6 3 32 

2 60 °C 16 10 trace trace 26 

a) Analytical yields and recoveries (mol-%) determined by quantitative 1H-NMR analysis using 

an internal standard. 

 

At a high reaction temperature of 100 °C (entry 1), the desired 1,3-enyne (41; gem) was the 

major reaction product, however with a low yield of 23%. Besides small amounts of E and Z 

isomers, no starting material was detected. Notably, the recovery of the experiment is too low, 

which could be explained by polymerization. As shown in figure 11, the 1H-NMR spectrum 

shows clear signs of polymerization in the aromatic chemical shift range. Assuming that 

polymerized product initially stems from 1,3-enyne formed as an intermediate, it was concluded 

that lowering the reaction temperature might hamper polymerization and therefore produce 

higher yields of the gem isomer. Thus, in entry 2, the temperature was lowered to 60°C. 

However, these conditions led to a lower yield and incomplete conversion of the alkyne, while 

still showing signs of polymerization. Further efforts to improve the reaction conditions were 

not undertaken. 
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Figure 11. Excerpt of the 1H-NMR spectrum of entry 2, table 13 showing polymerized species in the 

aromatic chemical shift range. 

 

Pd-Catalyzed [2+1] Cycloaddition of Phenyl Ethyne to Norbornadiene  

In 2005, Buono and co-workers reported a palladium catalyzed [2+1] cycloaddition of terminal 

alkynes to norbornene derivatives using dicyclohexylphosphine oxide as a ligand.107 In the 

current work, the assessment of dimenthylphosphine oxide as a ligand in a model reaction using 

phenyl ethyne and norbornadiene as substrates was envisaged (scheme 39). 

 
Scheme 39. Failed [2+1] cycloaddition of phenyl acetylene to norbornadiene. 

 
1H-qNMR analysis of the crude material showed, besides partially recovered norbornadiene 

and phenyl acetylene, no formation of target material. Again, the fate of unrecovered starting 

material can be explained by dimerization of 40 or polymerization of both starting materials. 

This is confirmed by proton signals in the aromatic region, as shown in figure 12. 
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Figure 12. Excerpt of the 1H-NMR spectrum of the Pd-catalyzed [2+1] cycloaddition of phenyl ethyne 

to norbornadiene showing dimerization and polymerization of starting material. 

 

Attempts at optimizing the reaction conditions were not undertaken. Combined with the results 

of section the palladium-catalyzed dimerization of dimenthylphosphine oxide, it became clear 

that catalytic transformations of terminal alkynes are prone to polymerization when using 

dimenthylphosphine oxide as ligand. 

 

 

2.6.3 Dimenthylphosphine P-Oxide as Ligand in Palladium-Catalyzed Cross-
Couplings 

 

Dimenthylphosphine P-Oxide as Ligand in Palladium-Catalyzed Suzuki-Miyaura 

Couplings 

Dimenthylphosphine oxide and dimenthylphosphine oxide incorporating palladium complexes 

were evaluated as a ligand/catalyst systems in Suzuki-Miyaura couplings. The first model 

reaction envisaged the coupling of phenylboronic acid and 4-chloroanisole as an electron-rich 

aryl chloride. The two tested conditions are listed in table 14.
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Table 14. Tested conditions for the Suzuki-Miyaura coupling of 4-chloroanisole and phenylboronic 

acid. 

 
entry Pd source ligand solvent base yield /% a 

1 b Pd(OAc)2  

(2 mol-%) 

Men2POH  

(4 mol-%) 

THF K2CO3 (3.0 eq.) 9 

2 b (Men2POH)2PdCl2  

(2 mol-%) 

- THF K2CO3 (3.0 eq.) 33 

3 b [(Men2POH)PdCl2]2  

(1 mol-%) 

- THF K2CO3 (3.0 eq.) 25 

4 c Pd(OAc)2  

(1 mol-%) 

Men2POH 

(2 mol-%) 

toluene K3PO4 (2.0 eq.) 2 

5 c (Men2POH)2PdCl2  

(1 mol-%) 

- toluene K3PO4 (2.0 eq.) 7 

6 c [(Men2POH)PdCl2]2  

(0.5 mol-%) 

- toluene K3PO4 (2.0 eq.) 10 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

b) Condition A: Procedure according to general procedure GP-5-A. 

c) Condition B: Procedure according to general procedure GP-5-B. 

 

It should be noted that the two tested conditions are not the result of a systematic optimization 

of reaction conditions, but were selected independently from another based on reported 

conditions.1,108 While none of the reactions give satisfying results, it is apparent that generally, 

condition A gives higher yields. This is probably not only attributable to the higher catalyst 

loading with this condition, because the yield should rise proportionally to the catalyst loading 

if both conditions afford the same TON. Therefore, either the solvent, base or amount of base 

or a combination of all of these could be responsible for the better yields with condition A. 

Possibly, anionic Men2POH-Pd complexes, which are formed upon deprotonation of the in situ 

generated Pd species, are better soluble in the more polar solvent THF, which may lead to a 

better catalytic activity. Since the overall performance of dimenthylphosphine oxide and its 

Cl

O

B(OH)2

O

1.0 eq. 1.5 eq.

Pd source
ligand

base

70 °C, 24 h
solvent

47 48 49



 71 

palladium complexes in the Suzuki-Miyaura coupling of 4-chloroanisole and phenylboronic 

acid were not satisfying, a more detailed optimization of the conditions was not conducted. 

 

Table 15. Suzuki-Miyaura coupling of phenylboronic acid and 1-bromo-2-methoxynaphthalene 

 
entry Pd source ligand 50 /% a 52 /% a 53 /% a recovery /% a 

1 Pd(OAc)2  

(2 mol-%) 

Men2POH  

(4 mol-%) 

12 70 18 100 

2 (Men2POH)2PdCl2  

(2 mol-%) 

- 30 43 25 98 

3 [(Men2POH)PdCl2]2  

(2 mol-%) 

- 49 30 20 99 

a) Analytical yields (mol-%) and recoveries (mol-%) determined by 1H-qNMR analysis using 

an internal standard. 

 

As another model substrate, electron-rich and sterically more hindered aryl bromide 1-bromo-

2-methoxynaphthalene 50 was coupled with phenylboronic acid 51. The results of this test 

reaction are presented in table 15. Overall, the coupling with aryl bromide as electrophile 

showed better results than that with aryl chloride. Furthermore, it is evident that a substantial 

amount of hydrodehalogenated product 53 is formed as a by-product with all of the used catalyst 

systems. 

Especially the dimenthylphosphine oxide/Pd(OAc)2 system afforded a good yield of 70% (entry 

1), which is in stark contrast to the very low yield (9%) using aryl chloride. These differences 

suggest that oxidative addition is the rate-limiting step for all of the tested catalyst systems. 

While [(Men2POH)PdCl2]2 and (Men2POH)2PdCl2 show a mediocre performance (entries 2 and 

3), the dimenthyl phosphine oxide/Pd(OAc)2 system could be a promising candidate for further 

investigation. The good results might be attributed to formation of acetate bridged complex 54 

(scheme 40) in situ or the absence of halide anions. Complex 54 had already been observed in 

earlier work within the research group, but not obtained in a high purity.77 Further attempts to 

synthesize 54 and an investigation of its performance in catalysis could be an intriguing task 

for future endeavors. 

Br
O

Pd source
ligand

K3PO4 (3.0 eq.)

70 °C, 24 h
THF

B(OH)2

O

1.0 eq. 1.5 eq.

50 51 52

O

53
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Scheme 40. Proposed in situ formation of complex 54. 

 

Dimenthylphosphine P-Oxide as Steering Ligand in Mizoroki-Heck Couplings 

In a further catalytic test reaction, the Pd-catalyzed Mizoroki-Heck coupling of bromobenzene 

and methyl acrylate was attempted using dimenthylphosphine oxide as ligand (table 16).1 

 
Table 16. Mizoroki-Heck coupling of bromobenzene and methyl acrylate using dimenthylphosphine 

oxide as ligand. 

 
entry Pd source ligand yield /% a 

1 Pd(OAc)2 Men2POH 7 

2 (Men2POH)2PdCl2  - 4 

3 [(Men2POH)PdCl2]2 
b - 18 

4 Pd(OAc)2 - trace 

a) Yield (mol-%) calculated by 1H-qNMR analysis using toluene as internal standard. 

b) 0.5 mol-% of the Pd source was used. 

 

None of the catalyst systems show promising results under the tested condition, but dimeric 

complex [(Men2POH)PdCl2]2 (entry 3) afforded a considerably higher yield than the other two 

catalyst systems (entries 1 and 2). As control reaction, the same coupling was implemented 

using only Pd(OAc)2 as catalyst (entry 4). This set-up afforded only a trace amount of product, 

which leads to the conclusion that Men2POH does contribute to the catalytic cycle as a ligand 

for entries 1 – 3. 

 
1 Conditions in literature for this model reaction vary with respect to solvent, base, Pd precursor and temperature; 
at the time of writing (2021/09), a search in the Reaxys database resulted in 211 different conditions for this 
particular reaction. 

Pd
Men2P PMen2

O O

O O
H

54

Br

O

O

Pd source (1 mol-%)
ligand (2 mol-%)
K2CO3 (2.0 eq.)

DMF
110 °C, 23 h

O

O
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Dimenthylphosphine P-Oxide as Steering Ligand in Kumada-Corriu Couplings 

A further catalytic test reaction involved the Kumada-Corriu coupling of phenylmagnesium 

bromide and 1-bromo-2-methoxynaphthalene (table 17). 

 
Table 17. Kumada-Corriu coupling of phenylmagnesium bromide and 1-bromo-2-methoxynaphthalene. 

 
entry Pd source ligand 50 /% a 52 /% a 53 /% a recovery /% a 

1 Pd(OAc)2 Men2POH 71 20 4 95 

2 (Men2POH)2PdCl2  - 72 19 4 95 

3 [(Men2POH)PdCl2]2 b - 69 21 3 93 

4 Pd(OAc)2 - 34 11 39 84 

a) Analytical yields (mol-%) and recoveries (mol-%) calculated by 1H-qNMR analysis using 

an internal standard. 

b) 0.5 mol-% of Pd species was used. 
 

1H-qNMR analysis of the crude materials shows that the Men2P(O)H-based tested catalytic 

systems (entries 1 – 3) yield a comparable, low amount (~ 20%) of target material 52, but still 

higher than that of the control reaction using only Pd(OAc)2 without a ligand (entry 4). 

Moreover, only a small amount of hydrodehalogenated compound 53 was formed. When using 

only Pd(OAc)2, 53 was formed in a much higher yield. Thus, using Men2POH as ligand 

suppresses the formation of 53, which might be formed outside of the catalytic cycle by 

transmetalation. A further optimization of the reaction conditions was not performed within the 

scope of this work.

O
Br

O

Pd source (1 mol-%)
ligand (2 mol-%)
PhMgBr (1.5 eq.)

1.0 eq.

THF
r.t., 18 h

O

50 52 53
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2.7 (Aryl)dimenthylphosphine Ligands and their Application in 

Catalysis 
 

2.7.1 Catalytic Test Reactions Using (Aryl)dimenthylphosphine Ligands 
 

(Aryl)dimenthylphosphine Ligands in a Buchwald-Hartwig coupling 

The (aryl)dimenthylphosphine ligands L1-L5 (scheme 41) whose synthesis was described in 

section 2.5 of this work were tested in a variety of transition-metal catalyzed cross-coupling 

reactions.  

 
Scheme 41. Ligands L1-L5 assessed in cross-coupling reactions in this work.  

 

The palladium-catalyzed Buchwald-Hartwig amination of chlorobenzene with N-methyl 

piperazine was used as a model reaction based on reported literature109 and the crude materials 

were analyzed by 1H-qNMR. The results of the ligand assessment are presented in table 18. 

While ortho-biarylphosphine ligands L1 and L4 (entries 1 and 4) afforded rather low yields, 

arylphosphine ligands L2 and L3 (entries 2 and 3) performed excellently. This comes to a 

surprise, as dialkylbiarylposphine ligands are known as privileged ligand class in catalysis due 

to Pd-aryl interactions of the ortho-aryl’ moiety. For all ligands, the recovery based on 54 is 

not quantitative. As Reddy et al. proposed, decomposition of the amine starting material is 

likely to take place in these harsh, basic conditions.109

P

R

PMen2
OMeMeO

P

L1: R = Ph (MenJohnPhos)
L2: R = H (Men2PPh)
L3: R = Cl [Men2P(2-ClPh)]

L4 (MenSPhos) L5 (NapPMen2)
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Table 18. Ligand assessment for the Buchwald-Hartwig coupling of chlorobenzene and N-

methylpiperazine. 

 
entry ligand yield /% a conversion /% b 

1 L1 (MenJohnPhos) 19 c 53 

2 L2 (Men2PPh) 92 (90) d 92 

3 L3 (Men2P(2-ClPh)) 88 88 

4 L4 (MenSPhos) 28 (25) d 68 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Conversions (mol-%) of 54 determined by 1H-qNMR analysis using an internal standard. 

c) These results were produced by a co-worker and are listed for a complete overview. 

d) Isolated yields in brackets. 

 

Investigations of the Use of Phenyldimenthylphosphine in the Buchwald-Hartwig 

Coupling 

Based on the initial assessment, ligand L2 appeared to be a promising candidate for application 

in Buchwald-Hartwig coupling. However, the high temperature and strong basicity in the first 

test reaction are unfavorable in terms of substrate tolerance and environmental impact. 

Therefore, the performance of L2 (Men2PPh) was tested at lower temperatures (table 19).

N
NH

Cl
PdCl2(MeCN)2 (2 mol-%)

ligand (4 mol-%)

NaOtBu (1.40 eq.)
toluene

120 °C, 16 h

N
N

1.00 eq. 2.00 eq.

54 55 56
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Table 19. Buchwald-Hartwig coupling of N-methylpiperazine using L2 as steering ligand at lower 

temperatures. 

 
entry Pd source ligand temperature yield /% a comment 

1 PdCl2(MeCN)2 L2 r.t. - - 

2 PdCl2(MeCN)2 L2 60 °C - - 

3 Pd(OAc)2 L2 r.t. 3 - 

4 PdCl2(PPhMen)2 - r.t. - - 

5 PdCl2(PPhMen)2 - 60 °C 2 - 

6 PdCl2(MeCN)2 L2 60 °C - with Pd 

“preactivation” b 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Pd preactivation: PdCl2(MeCN)2 (2 mol-%), L2 (4 mol-%), NaOtBu (16 mol-%) were heated in 

toluene (1 mL) to 120°C for 30 minutes in a Schlenk tube under argon. 

 

Using PdCl2(MeCN)2 as a palladium precursor did not afford any target material (entries 1 – 

2). Assuming that PdCl2(MeCN)2 might have low solubility in toluene at lower temperatures, 

the palladium precursor was switched to the more soluble Pd(OAc)2 (entry 3), which gave only 

a low yield. Palladium complex PdCl2(PPhMen)2 showed no reaction at room temperature 

(entry 4) and gave a very low yield at 60°C (entry 5). Following the assumption that the rate 

limiting step of the reaction might be the Pd(II)/Pd(0) reduction which is required for entering 

the catalytic cycle, a Pd preactivation process was envisaged (entry 6).  

As reported by Grushin and Alper, the reduction of Pd(II) species to the catalytically active 

Pd(0) species is likely caused by residual amounts of OH- in the organic or inorganic base used 

in palladium(II)-catalyzed cross-coupling reactions.110 It was therefore assumed that, in order 

to conduct the coupling at lower temperature, heating only palladium precursor and ligand with 

a small amount of base might be necessary to obtain the desired palladium(0) species prior to 

the cross-coupling reaction. This procedure, however, did not afford any desired target material. 

Further attempts of conducting the model reaction at lower temperature were not undertaken, 

but a water preactivation as reported by Buchwald and co-workers or the direct use of a Pd(0) 

species might be promising to attempt in future endeavours.111 

N
NH

Cl
Pd source (2 mol-%)

ligand (4 mol-%)

NaOtBu (1.40 eq.)
toluene

temperature, 16 h

N
N

1.00 eq. 2.00 eq.

54 55 56



 

Ligands L1-L5 in the Mizoroki-Heck Coupling 

Ligands L1-L5 were tested in the palladium-catalyzed Mizoroki-Heck coupling of 

bromobenzene and methyl acrylate (table 20). 

 

Table 20. Screening of (aryl)dimenthylphosphine ligands in the Mizoroki-Heck model reaction. 

 
entry ligand yield /% a 

1 L1 (MenJohnPhos) 25 

2 L2 (Men2PPh) 94 

3 L3 (Men2P(2-ClPh)) 16 

4 L4 (MenSPhos) 2 

5 L5 (Men2PNap) 0 b 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Formation of dimerized methyl acrylate was observed in trace amounts. 

 

The best result was obtained with (aryl)dimenthylphosphine ligand L2 (entry 2) with a near 

quantitative yield. The ortho-biaryl ligands L1 and L4, on the other hand, gave low to almost 

no yield (entries 1 and 4). This agrees with the findings in literature, where dialkylbiaryl 

phosphine ligands have been reported seldomly as ligands in Heck coupling, but classic 

monophosphine ligands like PPh3 and P(o-tolyl)3 are more common.112 Interestingly, L3, which 

is only distinguished from L2 by a chlorine moiety in ortho-position to the dimenthyl phosphino 

donor group, performed rather poorly. The use of (1-naphthyl)dimenthylphosphine L5 did not 

result in any formation of E-styrene, but dimerization product was formed in trace amounts, 

presumably via an 1,4 addition elimination mechanism (entry 5). 

Br

O

O

Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)
K2CO3 (2.00 eq.)

DMF
110 °C, 23 h

O

O

551.00 eq. 2.00 eq.



 

Ligands L1-L5 in Pd- and Ni-catalyzed Kumada-Corriu Coupling 

As another model reaction, the palladium catalyzed Kumada-Corriu coupling of 

phenylmagnesium bromide and 1-bromo-2-methoxy naphthalene was tested using ligands L1-

L5 (table 21). For comparison, the ligand SPhos by Buchwald and co-workers5 was also tested. 

 
Table 21. Ligand evaluation in a Kumada-Corriu coupling 

 
entry ligand temperature 50 /% a 52 /% a 53 /% a recovery /% a 

1 L2 (Men2PPh) 70 °C 2 98 0 100 

2 SPhos 70 °C 0 88 4 92 

3 L1 (MenJohnPhos) r.t. 77 7 11 95 

4 L2 (Men2PPh) r.t. 13 79 3 95 

5 L3 (Men2P(2-ClPh)) r.t. 62 26 7 95 

6 L4 (MenSPhos) r.t. 75 3 9 87 

7 L5 (Men2PNap) r.t. 61 27 10 98 

8 SPhos r.t. 0 86 7 93 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

At first, the coupling was conducted with heating using L2 or SPhos as steering ligands (entries 

1, 2). L2 gave excellent, near quantitative yield, which was considerably higher than benchmark 

ligand SPhos. These promising results implied that the reaction might also be feasible at room 

temperature. Indeed, the model reaction afforded good results even at room temperature with 

L2 as ligand (entry 4). Compared to SPhos, however, its performance is slightly poorer (entry 

8). The other tested ligands afforded only low yields. Surprisingly, L4, which is the menthyl 

analogue of SPhos, afforded almost no target material. MenJohnPhos (L1) also afforded a very 

low yield. All in all, the biaryl motif combined with the bulky menthyl moieties attached to 

phosphorus seem to be detrimental for the Kumada-Corriu coupling, whereas monoaryl 

combined with a dimenthyl moiety is beneficial. An interesting addition for this ligand 

screening would be dicyclohexylphenyl phosphine to assess the combination of monoaryl and 

cyclohexyl moieties. Substituents on the phenyl moiety in o-position to phosphorus (Cl for L3, 

O
Br

O

Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)
PhMgBr (1.5 eq.)

1.0 eq.

THF
temp., 18 h

50 52

O

53
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entry 5, and a benzoannulation for L5, entry 7) other than phenyl are more beneficial, but still 

afford low yields. 

 

Further Investigations of L2 as Steering Ligand in Kumada-Corriu Cross-Coupling 

The promising activities obtained with L2 in palladium catalyzed Kumada-Corriu coupling 

justified further investigations. Figure 13 compares the rate of the formation of 52 when using 

L2 or SPhos as ligands. After 4.5 hours, the use of Men2PPh already afforded near 70% of 

product. On the other hand, SPhos provides a rather slow rate of product formation in the first 

few hours, with only 24% yield after 4.5 hours. These findings show that L2 is competitive 

with the benchmark Buchwald ligand SPhos, and further examinations into its substrate scope 

might be promising. 

 
Figure 13. Reaction progress  of 52 when using Men2PPh (L2) (blue) vs. SPhos (orange) as ligand. 

 

As another Kumada-Corriu type transformation, the demethoxylative nickel-catalyzed coupling 

of phenylmagnesium bromide and 2-methoxynaphthalene was investigated, with the ultimate 

insight to enable sequential Pd- and Ni- catalyzed Kumada-Corriu coupling using only one 

ligand. The performance of L2 compared to PCy3, which is a commonly used ligand in this 

transformation, as described by Dankwardt (table 22).113
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Table 22. Ni-catalyzed demethoxylative coupling of 2-methoxynaphthalene and phenylmagnesium 

bromide. 

 
entry solvent ligand time /h temperature 58 /% a 59 /% a, b 

1 THF L2 21 60 °C 59 17 

2 toluene-THF L2 14 r.t. 61 18 

3 toluene-THF PCy3 14 r.t. 83 10 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Yield of the dimer based on naphthyl monomer unit. 

 

In a first attempt, the reaction was performed in THF with heating (entry 1), which resulted in 

a rather humble yield. As Dankwardt reported, nonpolar solvents are preferred for this 

transformation due to assumed poisoning of the catalysis by MgBr(OMe) formed during this 

reaction.113 Therefore, a toluene-THF solvent mixture was tested and compared directly to the 

use of PCy3 under the same condition (entries 2, 3). Since this model reaction was performed 

at room temperature in the literature using PCy3, the same conditions were chosen using L2 for 

a direct comparison. This gave comparable results to the first condition, while standard ligand 

PCy3 clearly outperforms L2. However, both conditions using L2 show complete conversion, 

with formation of homocoupled 2,2’-binaphthyl as by-product. 

O

PhMgBr (1.5 eq.)
(dme)NiCl2 (5 mol-%)
ligand (10 mol-%)

solvent
temperature, time

57 58 59



 

Evaluation of L1-L5 in Suzuki-Miyaura Coupling 

The performance of L1-L5 was evaluated in the palladium-catalyzed Suzuki-Miyaura coupling 

of 4-chloroanisole and phenylboronic acid under two different conditions, as presented in table 

23.  

 
Table 23. Evaluation of ligands L1-L5 in the Suzuki-Miyaura coupling of 4-chloroanisol and phenyl 

boronic acid. 

 
entry Pd source ligand solvent base yield /% a 

1 b Pd(OAc)2  

(1 mol-%) 

L1 (MenJohnPhos)  

(2 mol-%) 

toluene K3PO4  

(2.0 eq.) 

>99% 

2 b Pd(OAc)2  

(1 mol-%) 

L2 (Men2PPh) 

(2 mol-%) 

toluene K3PO4  

(2.0 eq.) 

12 

3 b Pd(OAc)2  

(1 mol-%) 

L4 (MenSPhos) 

(1 mol-%) 

toluene K3PO4  

(2.0 eq.) 

93 

4 c Pd(OAc)2  

(2 mol-%) 

L1 (MenJohnPhos) 

(4 mol-%) 

THF K2CO3 

(3.0 eq.) 

66 

5 c Pd(OAc)2  

(2 mol-%) 

L2 (Men2PPh) 

(4 mol-%) 

THF K2CO3 

(3.0 eq.) 

3 

6 c Pd(OAc)2  

(2 mol-%) 

L3 (Men2P(2-ClPh)) 

(4 mol-%) 

THF K2CO3 

(3.0 eq.) 

69 

7 c  Pd(OAc)2  

(2 mol-%) 

L4 (MenSPhos) 

(4 mol-%) 

THF K2CO3 

(3.0 eq.) 

59 

8 c Pd(OAc)2  

(2 mol-%) 

L5 (Men2PNap) 

(4 mol-%) 

THF K2CO3 

(3.0 eq.) 

1 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Condition A: Performed according to general procedure GP-5-A. 

c) Condition B: Performed according to general procedure GP-5-B. 

 

Again, the two tested conditions are not results of systematic optimizations, but were tested 

independently from another based on conditions reported in literature.1,108 The use of 

Cl

O

B(OH)2

O

1.0 eq. 1.5 eq.

Pd source
ligand

base

70 °C, 24 h
solvent

47 48 49
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MenJohnPhos (L1) gave an excellent yield using condition A (entry 1), but a considerably 

lower yield with condition B (entry 4). The same applies to MenSPhos (L4) (compare entries 

3 and 7). Notably, condition A actually uses a lower catalyst loading. L2 did not perform well 

in both conditions (entries 2 and 5). L3 gave a decent yield for condition B (entry 6). L5 

performed very poorly. 

Next, L1-L5 were tested in the Pd-catalyzed Suzuki-Miyaura coupling of sterically hindered 

aryl bromide 1-bromo-2-methoxynaphthalene and phenyl boronic acid, as seen in table 24. 

 
Table 24. Ligand screening for the Pd-catalyzed Suzuki-Miyaura coupling of 1-bromo-2-methoxy 

naphthalene and phenyl boronic acid. 

 
entry ligand 52 /% a 

1 L1 (MenJohnPhos) 69 

2 L2 (Men2PPh) 94 

3 L3 (Men2P(2-ClPh)) 86 

4 L4 (MenSPhos) 97 

5 L5 (Men2PNap) 27 
a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

In this model reaction, dimenthyl(phenyl)phosphine (L2) and MenSPhos (L4) performed best 

with near quantitative yields (entries 2 and 4). L3 performed almost as good (entry 3), and the 

use of L1 afforded moderate results (entry 1). L5 gave poor results (entry 5). The excellent 

performance of L2 comes as a surprise, as it afforded almost no target material for the coupling 

of chloroanisole (table 23). This implies that with this ligand, oxidative addition is slow with 

less activated substrates. In contrast, L3 gives good results with both aryl bromide and chloride. 

Assumedly, the chlorine in ortho-position stabilizes Pd(0) and Pd(II) complexes formed in the 

catalytic cycle by donating electron-density of the chlorine lone pairs to palladium, and the 

same interaction could also be responsible for accelerating oxidative addition similar to the case 

of Buchwald ligands (scheme 42). Such a halogen-metal interaction involving 2-haloaryl 

phosphine ligands has been reported in the case of Ir and Rh.114,115 

Br
O

Pd(OAc)2 (2 mol-%)
ligand (4 mol-%)

K3PO4 (3.0 eq.)

70 °C, 24 h
THF

B(OH)2

O

1.0 eq. 1.5 eq.

50 51 52
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Scheme 42. Proposed Pd(II) complex of L3 formed by oxidative addition with stabilizing o-Cl-Pd 

interactions. 

 

Evaluation of L1-L4 in as Steering Ligands in Asymmetric Suzuki-Miyaura Coupling 

In order to assess the dimenthylphosphino motif’s ability to induce asymmetry in 

enantioselective reactions, the coupling of 1-naphthylboronic acid and 1-bromo-2-

methoxynaphthalene was tested with ligands L1-L4 and the product was analyzed by chiral 

HPLC. As L5 had performed poorly in previous Suzuki-Miyaura couplings, assessment of its 

performance was omitted for this model reaction. The obtained yields and enantiomeric ratios 

are presented in table 25. 

 
Table 25. Asymmetric Suzuki-Miyaura coupling of 1-naphthylboronic acid and 1-bromo-2-

methoxynaphthalene. 

 
entry ligand yield /% a e.r. b 

1 L1 (MenJohnPhos) 33 57:43 

2 L2 (Men2PPh) 52 74:26 

3 L3 (Men2P(2-ClPh)) 62 74:26 

4 L4 (MenSPhos) 56 69:31 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

b) Enantiomeric ratios from chiral HPLC analysis of purified product. 

 

MenJohnPhos (L1) showed the poorest activity with a low yield and only a low, but distinct 

enantiomeric enrichment (entry 1). MenSPhos (L4) performed better with a moderate yield and 

a moderate enantiomeric ratio (entry 4). The best ligands for the asymmetric coupling was 

(aryl)dimenthyl phosphine ligands L2 and L3, which, while still only delivering a moderate 

PdP
Men Men

Cl
Cl

B(OH)2 Br
O

O

Pd(OAc)2 (2 mol-%)

ligand (4 mol-%)

THF
70 °C, 24 h

K2CO3 (3.00 eq.)

1.50 eq. 1.00 eq. 60
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yield, showed a better enantiomeric enrichment (entries 2 and 3). These results demonstrate the 

potential of the dimenthylposphino moiety to act as chiral ligands in asymmetric catalysis. 

 

Further Catalytic Test Reactions Using L2 as Ligand 

Men2PPh (L2) was furthermore tested in the Pd-catalyzed Negishi coupling of 2,4,6-

triisopropylphenylzinc chloride and 4-chloroanisole13 and in the C-O coupling of 1-

bromonaphthalene with methoxide 116 (scheme 43) and its performance was compared to that 

of Buchwald ligands. Both couplings were adapted from literature procedures. However, both 

tested couplings were unsuccessful, and no further examination was undertaken. 

 
Scheme 43. Results of the Negishi coupling and C-O coupling using L2 and benchmark ligands. 

Analytical yields (mol-%)  were determined by 1H-qNMR analysis using an internal standard. 

Br OMe

Br 1) nBuLi (1.65 eq.)
-78 °C, 1 h
2) ZnCl2 (1.80 eq.)
-78 °C → r.t., 1.5 h

THF

ZnCl Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)
4-chloroanisole (1.00 eq.)

THF
70 °C, 24 h

O

1.50 eq. 61
L2: 3%
SPhos: 80%Pd(OAc)2 (1 mol-%)

ligand (2 mol-%)

toluene–MeOH 1:1
Cs2CO3 (1.50 eq.)

80 °C, 3 h
L2: 0%
BrettPhos: 58%

62



 

 

2.7.2 (Aryl)dimenthylphosphines in Catalytic Coupling Reactions: Investigation on 
Substrate Scopes 

 

Substrate Scope: L2 in the Mizoroki-Heck Coupling 

Dimenthyl(phenyl)phosphine L2 gave promising results in in the model Mizoroki-Heck 

coupling of bromobenzene and methyl acrylate (see section 0.1). Its applicability to further 

substrate combinations was therefore assessed. Scheme 44 shows the results in case of 

combining sterically hindered or unactivated aryl bromides with t-butyl acrylate or styrene as 

alkene coupling partners, with the analytical yields of Z-, E- and gem-alkenes given below. 

 
Scheme 44. Substrate scope of the Mizoroki-Heck coupling. Analytical yields (mol-%) are determined 

by 1H-qNMR analysis using toluene or dibenzyl ether as internal standard. Isolated yields in brackets. 
a) Average yields of two runs. b) The reaction was conducted at 150°C. c) 1.1 eq. of the alkene was used. 
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The ligand produced good to excellent yields using sterically hindered aryl bromides and tert-

butyl acrylate (MH-1-3). However, E-selectivity was relatively low. Generally, E- , Z- and 

regioselectivity seems to decrease with increasing sterical bulk of the aryl bromide. Unactivated 

aryl bromides (MH-3-4) were also coupled in moderate to excellent yields. For 1-bromo-4-

chlorobenzene, the excess of alkene had to be lowered to give a selective result. Otherwise, a 

considerable amount of divinylated product was observed. As for styrene as coupling partner, 

sterically hindered aryl bromides gave excellent yields, but low E:Z:gem selectivity (MH5-7). 

Surprisingly, in all three cases, the geminal (branched) alkene was produced as by-product in 

considerable amount. In the case of MH-7, the ratio of regioisomers E:gem was even 2:1, with 

geminal alkene produced in 29% analytical yield. A such high ratio of 𝛼-arylation of an alkene 

is odd for the Mizoroki-Heck coupling, which typically selectively results in E-alkenes. The 

amount of 𝛼-arylation in the Mizoroki-Heck coupling is usually determined by the type of 

mechanism which is prevalent (scheme 45).117 

 

 
Scheme 45. Ionic vs. neutral pathway of the Mizoroki-Heck reaction leading to geminal or E-alkenes 

with a bisphosphine ligand.117 
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In case of the ionic mechanism, which is favored by aryl triflates or when using halide 

scavengers, electron-rich alkenes, bisphosphine ligands and polar solvents, a cationic Pd(II) 

complex is formed as intermediate.117 This intermediate is more sensitive towards electronic 

factors, resulting in orientation of the charge-deficient 𝛼-carbon towards the aryl moiety, which 

leads to the branched alkene as major product. On the other hand, the neutral intermediate, 

which is prevalent with the coupling of electron-deficient alkenes, is more sensitive towards 

steric factors, leading to the linear alkene as major product. The high amount of formed geminal 

alkene especially for substrate MH-7 seems odd because the favorable conditions for an ionic 

pathway are not given. There are, however, some examples in the literature where a high 

amount of branched alkene is reported when coupling sterically hindered aryl bromides.118   

So far, mainly bisphosphines have been reported as ligand for 𝛼-regioselectivity in the 

Mizoroki-Heck coupling.119 It therefore became of interest to improve the unexpected 

regioselectivity seen with the use of monophosphine ligand L2 by changing the reaction 

conditions in such a manner that the ionic pathway would be favored. Hereby, a selective 𝛼-

arylation leading to the branched alkene was envisaged. According to literature reports, the 

ionic pathway is preferred when using polar, hydrogen-bond donor solvents such as ionic liquid 

or ethylene glycol. Supposedly, these help abstract halide to form the cationic Pd(II) 

complex.120 Therefore, the coupling of 1-bromo-2-methoxynaphthalene and styrene was 

repeated in ethylene glycol as solvent (table 26). 

 
Table 26. Attempts for the 𝛼-arylation of styrene with 1-bromo-2-methoxy naphthalene. 

 
entry Pd(OAc)2  

(x mol-%) 

Men2PPh  

(y mol-%) 

temperature yield /% a E /% a 

1 1 2 110°C 8 15 

2 2 4 145°C 5 8 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

This condition resulted in a much lower yield, while still maintaining an E:gem ratio of roughly 

2:1 (entry 1). Raising the catalyst loading and temperature (entry 2) led to even lower yields, 

Br
O

O

Pd(OAc)2 (x mol-%)
Men2PPh (y mol-%)

ethylene glycol
K2CO3 (2.00 eq.)

temperature, 3 d1.00 eq. 2.00 eq.
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which is possibly explained by polymerization. It was thus decided not to follow the quest 

towards 𝛼-regioselectivity any further. 

The reactivity of aryl chlorides in the Pd(OAc)2/Men2PPh catalyst system was also assessed for 

the Mizoroki-Heck coupling (table 27).  

 
Table 27. Mizoroki-Heck coupling of aryl chlorides using the Pd(OAc)2/Men2PPh catalyst system. 

 
entry substrate additive yield /% a 

1 PhCl - trace 

2 PhCl TBAB (0.5 eq.) trace 

3 4-OMePhCl - 10 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

The coupling of chlorobenzene gave only trace amounts of desired target material (entry 1). 

Addition of tetrabutylammonium bromide121 as additive did not lead to any change (entry 2). 

Suprisingly, electron-rich aryl chloride 4-chloroanisole was a slightly better substrate, however 

still affording very low yield (entry 3). Generally, the findings show that aryl chlorides are not 

suitable substrates for the Pd(OAc)2/Men2PPh catalyst system under typical reaction 

conditions. 

 

On the Type of Catalytic System When Using L2 in the Mizoroki-Heck Reaction 

Mizoroki-Heck reactions are thought to follow one of four mechanisms depending on the 

catalytic system and reaction conditions employed. Beletskaya and Cheprakov defined type 1 

as the “classic” Mizoroki-Heck coupling, where typical substrates are aryl iodides or activated 

aryl bromides and ancillary ligands are not necessary.122 Typical ligands in this type of catalytic 

system are simple anionic species such as acetate or chloride. With type 2 catalytic systems, on 

the other hand, ligands usually only play a supporting role rather than forming defined oxidative 

addition complex. This type of catalytic system typically employs aryl bromides and activated 

aryl chlorides as substrates and is defined by its lacking robustness: A slight change of reaction 

conditions or substrate leads to worse catalytic performance. The type 3 catalytic system, on 

the other hand, is truly ligand-accelerated and tolerates unactivated aryl chlorides and bromides 

as substrates. The type 4 catalytic system, which leads to geminal alkenes, shall be neglected 

OtBu

O

Pd(OAc)2 (1 mol-%)
Men2PPh (2 mol-%)
K2CO3 (2.00 eq.)

DMF
110 °C, 24 h

Ar OtBu

O
ArCl

1.00 eq. 2.00 eq.
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here as it is not of importance at this point. The reaction conditions used in this work, namely 

DMF as polar coordinating solvent and a relatively high reaction temperature of 110 °C support 

the assumption that the Men2PPh/Pd(OAc)2 catalytic system can be described as type 2, with 

the ligand not fulfilling an activating function with defined oxidative addition complexes, but 

rather a supporting function without contributing to a defined catalytically active palladium(0) 

species. This assumption is moreover supported by the substrate scope, which was limited to 

unactivated aryl bromides, but failed for aryl chlorides (except for unactivated tert-butyl(E)-3-

(4-chlorophenyl)acrylate, which was formed from 4-chloro-1-bromo benzene and afforded 

doubly vinylated product under standard conditions).122 

Arguments for a type 3 catalytic system and thus a truly accelerating function of the ligand 

would be the robustness of the catalytic system – for type 2 systems, a slight change to reaction 

conditions, for example substrate combinations, can be detrimental for the outcome of the 

reaction and therefore usually requires further tuning of the reaction conditions. Furthermore, 

a clear difference in performance was shown when using no ligand (see table 16, entry 4), thus 

indicating that ligand choice does play a role for these conditions. Tuning the reaction 

conditions to those typically employed for type 3 catalytic systems could be beneficial to reach 

a better tolerance for aryl chlorides as substrates.
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Substrate Scope: L2 in the Kumada-Corriu Coupling 

Due to the promising ligand qualities of dimenthyl(phenyl)phosphine L2, its substrate scope in 

the Kumada-Corriu coupling reaction was evaluated. As its use afforded good results in the 

coupling of phenylmagnesium bromide and 1-bromo-2-methoxynaphthalene, its efficacy in the 

synthesis of other sterically hindered biaryls, such as di-, tri- and tetra-ortho-substituted ones, 

was evaluated first (scheme 46). 

 
Scheme 46. Substrate scope in the synthesis of di-, tri- and tetra-ortho-substituted biaryls for the 

Kumada-Corriu coupling using dimenthyl(phenyl)phosphine (L2). Analytical yields (mol-%) calculated 

by 1H-qNMR analysis using an internal standard. Isolated yields are given in brackets. 

 

The formation of tri-ortho-substituted substrates worked out excellently with 

mesitylmagnesiumbromide as nucleophile (K-1 and K-3) at room temperature. As a 

comparison, K-3 was obtained by Kumada-Corriu coupling by Organ et al. using the well-

established NHC complex PEPPSI-IPr at 50 °C in a yield of 86%.123 This somewhat 

demonstrates a competitiveness of ligand L2 with benchmark ligands. 

Mesitylmagnesiumbromide is sterically hindered, but electron-rich due to 𝜎-donation of the 
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three methyl groups, which makes it an easier substrate. On the contrary, with sterically 

hindered and electron-rich 1-bromo-2,4,6,triisopropylbenzene as electrophile and 

phenylmagnesium bromide as nucleophile, a successful coupling was only possible at elevated 

temperature (K-2). As for tetra-ortho-substituted substrates, the coupling of 2,4,6-

mesitylmagnesiumbromide afforded low yields with 1-bromo-2-methoxynaphthalene as 

electrophile even with heating (K-4) and no target material with 9-bromoanthracene (K-5). 

Ortho-substituted aryl bromide 2-bromobiphenyl was also not a successful substrate (K-6). 

Apparently, a phenyl moiety in ortho-position of the aryl bromide is too much of a sterical 

hindrance. Overall, the Kumada-Corriu coupling towards tri-ortho-substituted biaryls works 

well with L2 as ligand. 

 

Screening of Grignard-sensitive Substrates 

One of the issues with Kumada-Corriu couplings is their relatively low functional group 

tolerance due to the reactivity of the employed Grignard reagents as nucleophiles. Some groups 

have demonstrated the applicability of these couplings even with sensitive substrates, for 

example by using Knochel-type reagents124, low-temperature reactions12 or a slow addition of 

Grignard reagents.125 Using the latter strategy, the coupling of methyl 4-chlorobenzoate 67 and 

phenylmagnesium bromide was attempted using L2 as ligand (table 28). 

 
Table 28. Kumada-Corriu coupling of 67 and phenyl magnesium bromide using L2. 

 
entry PhMgBr /x eq. 67 /% a 68 /% a 69 /% a recovery /% a 

1 1.50 b 16 31 6 55 

2 1.10 c 35 28 4 72 

a) Analytical yields (mol-%) and recoveries (mol-%) calculated by 1H-qNMR analysis using an 

internal standard. 

b) The Grignard solution was added over a period of 2 hours. 

c) The Grignard solution was added over a period of 50 minutes. 

 

For both entries, the Grignard solution was added slowly over a longer period of time (although 

addition time varied) to avoid side reactions. Evidently, lowering the amount of Grignard 
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reagent did not improve the yield of 68 substantially (entry 2), but recovery improved while 

conversion decreased. Thus, the fate of unrecovered material is explained by side reactions. 

Even though the aromatic region of the 1H-NMR spectrum indicates a plethora of side products, 

these cannot be clearly identified due to overlapping signals. 

Nitrogen-containing heterocycles are another type of substrates that is typically not well 

tolerated in the Kumada-Corriu coupling reaction.125 Thus, 1-chloropyrimidine 70 was also 

tested as substrate with L2 as ligand (table 29). 

 
Table 29. Kumada-Corriu coupling of 70 with phenyl magnesium bromide. 

 
entry [Pd] a solvent yield /% b recovery /% b 

1 1 mol-% THF 18 34 

2 2 mol-% THF 20 28 

3 1 mol-% THF–toluene 3:4 18 27 

Grignard reagent was added over a course of 20 – 30 minutes. 

a) Pd(OAc)2 was used as Pd source. 

b) Analytical yields (mol-%) and recoveries (mol-%) calculated by 1H-qNMR analysis using an 

internal standard. 

 

Yields and recoveries were relatively low and did not show any change when raising catalyst 

loading (entry 2) or using a less polar solvent (entry 3). Presumably, oxidative addition for aryl 

chlorides 67 and 70 is not fast enough to compete with side reactions of Grignard reagent and 

substrate when using L2 as a ligand.

N

N Cl
[Pd]:L2 1:2
PhMgBr (1.50 eq.)

N

N
THF

r.t., 18 h

70 71



 

Substrate Scope: L3 in Asymmetric and Sterically Hindered Suzuki-Miyaura Coupling 

Reactions 

Given the overall satisfying performance of L3 in the Suzuki-Miyaura couplings with aryl 

chlorides as well as aryl bromides and in the asymmetric Suzuki-Miyaura model reaction of 1-

bromo-2-methoxynaphthalene and 1-naphthylboronic acid, this ligand was selected for a 

focused screening of reaction conditions of the latter to improve the yield. The reaction 

conditions were varied with respect to solvent, amount of base, and the palladium:ligand ratio 

(table 30). 

 
Table 30. Screening of reaction conditions for the Suzuki-Miyaura coupling of 1-bromo-2-

methoxynaphthalene and 1-naphthylboronic acid using (2-chlorophenyl)dimenthyl phosphine (L3) as 

ligand. 

 
entry Pd:L a base (x eq.) solvent yield /% b 

1 1:2 K3PO4 (2.00 eq.) toluene 93 

2 1:2 K3PO4 (2.00 eq.) 1,4-dioxane 59 

3 1:2 K2CO3 (2.00 eq.) toluene 60 

4 1:2 K3PO4 (3.00 eq.) toluene 91 

5 1:3 K3PO4 (2.00 eq.) toluene 87 

a) Pd:L ratio with 1 mol-% of Pd(OAc)2 as Pd precursor. 

b) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

As the aim was to reach a certain competitiveness with other “state of the art” ligands, palladium 

loading was reduced to 1 mol-% (as opposed to 2 mol-% in table 25) for the optimization. The 

best conditions were achieved using toluene as solvent and K3PO4 as base (entry 1), reaching a 

near quantitative yield. Changing the solvent to 1,4-dioxane or changing the base to K2CO3 

drastically reduced the yield (entries 2 and 3). Employing a higher excess of base or lowering 

the palladium:ligand ratio did not affect the result within the limits of error (entries 4 and 5).  

With the much improved activity obtained, the reaction was now conducted at lower 

temperature. Besides the obvious advantages of lower temperatures such as a better substrate 

tolerance and less environmental impact, the aim was also to reach a better enantiomeric ratio 

B(OH)2 Br
O

O

Pd:L3

solvent
70 °C, 24 h

base (x eq.)

1.50 eq. 1.00 eq. 60



 94 

of the axially chiral coupling product, and general experience in asymmetric catalysis points to 

higher enantioselectivity at lower reaction temperature.126 Table 31 describes the results of 

successively lowering the temperature to 50 °C (entry 2) and to room temperature (entry 3). 

 
Table 31. Successive lowering of the reaction temperature for the asymmetric Suzuki-Miyaura coupling 

using L3. 

 
entry temperature yield /% a 

1 70 °C 93 

2 50 °C 89 

3 r.t. 76 

a) Analytical yields (mol-%) calculated by 1H-qNMR analysis using an internal standard. 

 

The reaction temperature was lowered to 50 °C without significant effect on the yield, and even 

when conducting the coupling at room temperature, the outcome was still satisfactory. 

Due to these promising results, the testing of more sterically hindered was envisaged and, in 

case of chiral products, respective enantiomeric ratios were to be measured by chiral HPLC. 

Scheme 47 shows the substrate scope of the Suzuki-Miyaura coupling using ligand (2-

chlorophenyl)dimenthyl phosphine L3. 
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Scheme 47. Substrate scope of the sterically hindered and asymmetric Suzuki-Miyaura coupling using 

L3. 1H-qNMR yields (mol-%) using an internal standard. Isolated yields in brackets. Enantiomeric 

ratios are determined by chiral HPLC. a) The purified sample contained around 8 mol-% dibenzyl ether. 

 

With 1-naphthylboronic acid, sterically hindered aryl bromides were coupled in moderate to 

excellent yields (SM1-4) comparable to other reported ligands.127 For example, the synthesis 

of SM-2 was achieved quantitatively by Korb et al. at higher temperatures (70 °C) with a 
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ferrocene-based ligand, however using a lower catalyst loading.128 With the optimized 

conditions at room temperature, rather high enantiomeric ratios were obtained (compare SM-

1, SM-3 and SM-4). These substantial enantiomeric enrichments demonstrate the utility of the 

dimenthylphosphino ligand motif in asymmetric cross-coupling reactions. In reactions of 2-

methoxyphenylboronic acid and mesitylboronic acid, however, most substrates failed (SM-7 

and SM-9) or required heating to obtain moderate to low yields (SM-5 and SM-6). The 

coupling of sterically hindered 1-bromo-2,4,6-triisopropylbenzene and phenylboronic acid was 

unsuccessful at slightly elevated temperatures (SM-8), probably due to steric demand of the 

aryl bromide. With regards to the fact that even the use of benchmark ligand SPhos needs a 

higher catalyst loading and high temperatures, further optimization of the conditions with 

respect to temperature and catalyst loading could be attempted.5 Generally speaking, L3 

exhibits promising activity in the sterically hindered and asymmetric Suzuki-Miyaura coupling.
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2.8 In situ Ligand Modification of L2 and L3 
 

2.8.1 Investigations on In Situ Ligand Modification of L3 
 

Initial promising catalysis results77 of ligand L3 had shown higher activity than expected and 

prompted a more detailed investigation of its fate during catalysis. As a hypothesis, it was 

assumed that not L3 was the catalytically active species, but rather that ligand might be 

susceptible to in situ modification by substitution of the chlorine moiety. Besides the obvious 

quest to further explore L3’s mechanism of action, such an in situ modification of ligands could 

be a useful synthetic approach as it could enable simple diversification of ligand structures 

based on a single ligand precursor. 

L3 exhibited excellent results in the amination of aryl chlorides (see section 2.7.1), and so the 

assumption was that an in situ amination of the ligand leads to a Stradiotto-like (1-

aminoaryl)phosphine ligand of the MorDalPhos type (scheme 48) which could be the actual 

catalytically active species. 129 

 
Scheme 48. Proposed in situ ligand modification to result in a Stradiotto-like P,N-ligand 

 

The fate of the ligand was examined by 31P-NMR analysis of the crude reaction mixture of a 

PdCl2(MeCN)2/L3-catalyzed amination reaction, as shown in figure 14. 

It is evident that the ligand stayed widely intact during the catalysis, except for minor amounts 

of oxidized ligand (𝛿P 48.11) and a minor signal of a new, unknown species at 𝛿P -22.12. For 

a further enrichment and identification of the new component, the catalysis was repeated with 

50 mol-% catalyst loading. These conditions gave rise to another new signal at 𝛿P -9 as judged 

by 31P-NMR analysis, and this time, no signal at 𝛿P -22.12 was observed.
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Figure 14. Excerpts of the 31P-NMR spectra of L3-catalyzed Buchwald-Hartwig amination of 55. a) 

PdCl2(MeCN)2 (2 mol-%), L3 (4 mol-%), scale: 1.00 mmol. b) PdCl2(MeCN)2: 50 mol-%, L3: 1.00 eq, 

scale: 0.20 mmol. 
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Following the assumption that L3 might be in situ modified to afford an ortho-aminated ligand, 

stoichometric amounts of the ligand, amine and base were heated with catalytic amounts of 

PdCl2(MeCN)2 and the crude material was analyzed by 31P-NMR analysis. This time, the 31P-

NMR spectrum gave rise to the signal at 𝛿P -9.01 at significant intensity (figure 15). However, 

GC-MS analysis and synthesis of reference material proved that this signal does not stem from 

aminated ligand, but dehalogenated ligand L2. Because of these findings, 

dimenthyl(phenyl)phosphine (L2) was included in the catalytic investigations on 

(aryl)dimenthylphosphines, as described earlier in this work. 

 
Figure 15. Excerpt of the 31P-NMR spectrum of the reaction mixture with 54, base, L3 and catalytic 
amounts of PdCl2(MeCN)2, scale: 1.0 mmol. The signals at	𝛿P 43.26 and	𝛿P 48.09 stem from oxidized 
ligands L2 and L3, respectively. 
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2.8.2 Investigation of In Situ Modification of L2 

 
 
While investigating dimenthyl(phenyl)phosphine L2 in the palladium-catalyzed amination of 

chlorobenzene with N-methylpiperazine, qNMR samples were analyzed by 31P-NMR 

spectroscopy as well, driven by curiosity.102 This revealed degradation of the ligand over the 

course of the reaction: As seen in figure 16a, after three hours of reaction time, the 31P-NMR 

spectrum gives rise to a signal at 𝛿P -22.06 (as seen when studying the in situ functionalization 

of L3, section 2.8.1).  

After stirring overnight, L2 (𝛿P 8.85) has completely degraded, and a set of signals in the 

chemical shift area of 𝛿P -22 – -24 appears in the 31P-NMR spectrum (figure 16b). These signals 

are not in the chemical shift area typically observed for ligand palladium complexes or ligand 

oxide (which would appear downfield-shifted from the ligand signal). Thus, it is assumed that 

L2 is modified in situ over the course of the reaction to generate new species. Notably, the 

amination reaction is already finished after three hours, thus a contribution of the newly formed 

species to the catalytic activity seems unlikely. 
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Figure 16. Excerpts of the 31P-NMR spectrum of the coupling of 54 and 55 using L2 after 3 hours and 

overnight (scale: 1.0 mmol). 

 

A further experiment involved heating chlorobenzene and base with catalytic amounts of Pd 

precursor and L2 in toluene while monitoring the reaction by 31P-NMR sampling. The reaction 

was performed at a higher scale than before for a better detection of by-products in the 31P-

NMR spectrum. Figure 17 shows the 31P-NMR spectra after designated reaction times. After 

two hours, the aforementioned signals in the area of 𝛿P -21 – 𝛿P -23 appear. After four hours, 

ligand L2 is almost completely consumed, now giving rise to a new signal at 𝛿P -16. After 5.5 

hours, complete conversion of L2 took place, with the new signal at 𝛿P -16 as the major 

component in the 31P-NMR spectrum. The chemical shift of the new species is the same as 
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given condition appears unlikely. All in all, these findings show that L2 is not subjected to a 

clean in situ functionalization, but a rather complex degradation, presumably by undirected 

cyclometallation and subsequent modification which could actually hamper catalysis. Such 

cyclometallation reactions of ligands and subsequent modifications during catalysis has long 

been described in the literature.11,130, 131  
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Figure 17. Reaction of 55 with catalytic amounts of Pd precursor and L2: 31P-NMR spectra of the 

reaction mixtures after the designated reaction times (scale: 2.5 mmol). 
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As for L3, the following fate in the palladium-catalyzed amination reaction of chlorobenzene 

is assumed: During the catalytic reaction, a small amount of ligand is dehalogenated and 

converted to L2. This might contribute to a better catalytic activity. The formed L2 is then 

degrading fast to catalytically inactive species, and is thus withdrawn from the catalytic cycle. 

However, the benefits of L3 in catalysis cannot completely be explained by in situ conversion 

to L2: Especially its performance in Suzuki-Miyaura couplings is better than that of L2 (see 

section 2.7.1). In fact, given the relative stability of L3 in the palladium-catalyzed amination of 

chlorobenzene compared to L2 (compare figures 14 and 16), the chloro substituent at ortho-

position to phosphorus could even prevent cyclometallation reactions and thus degradation of 

L3 during the course of the catalytic reaction. A similar observation was made for Buchwald’s 

dialkylbiaryl phosphine ligands, where the formation of a four-membered palladacycle was 

observed during a palladium-catalyzed amination of aryl bromide with tBuXPhos as ligand 

(scheme 49).132 It is therefore suggested that the ortho-methoxy substituent incorporated into 

the structure of various dialkylbiaryl phosphine ligands prevents cyclometallation and therefore 

contributes to ligand stability.2 

 
Scheme 49. tBuXPhos (left) and a stable four-membered palladacycle identified as degradant (right).132 
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2.9 Conclusion and Outlook 

 

2.9.1 The Dimenthylphosphino Structural Motif and its Application in Catalysis 
 

In conclusion, the incorporation of the dimenthylphosphino donor motif into ligands and ligand 

precursors was demonstrated via  

• a direct modification starting from Men2POH (4) and  

• reaction of Men2PCl (3) with ligand precursors.  

Both approaches demonstrate the utility of dimenthylphosphine P-oxide as an air-stable 

platform chemical for ligands containing the dimenthylphosphino donor motif. 

In the assessment of the dimenthylphosphino donor motif in ligands in transition-metal 

catalyzed cross-coupling reactions, most notably its ability to induce asymmetry in Suzuki-

Miyaura coupling reactions was demonstrated in this work. Among the tested ligands L1-L4, 

especially (2-chlorophenyl)dimenthylphosphine L3 succeeded in inducing high enantiomeric 

excesses (exceeding 80% ee) in asymmetric biaryl coupling reactions. Although the substrate 

scope should be expanded in the future, these results are remarkable in view of the limited 

success previously achieved with dimenthylphosphanyl ligands in asymmetric catalysis70,72,133. 

Generally, (monoaryl)dimenthylphosphines performed better than their biaryl analogs, which 

seems to contrast Buchwald’s findings using dialkylbiaryl phosphines and could be a result of 

the steric congestion surrounding the bulky menthyl groups. There are still questions 

concerning what exactly causes the superior performance of some ligands which are not yet 

sufficiently answered. Especially the functionality of ortho-chlorine present in L3 was not yet 

explored in sufficient detail. The possibility that this ligand could be subjected to in situ 

modification during the catalytic process, which leads to the actual catalytically active species, 

seems rather unlikely because apart from minor amounts of dehalogenated ligand L2, no 

modification of this ligand was observed during catalysis. In fact, the ortho-chlorine present in 

L3 seemed to cause superior performance to its dehalogenated equivalent L2 in some instances. 

An explanation for this could be stabilizing interactions of the chlorine lone pairs with Pd in 

ligand-palladium complexes. This was also suggested by Pramic et al. in their study of Suzuki-

Miyaura couplings with P(C6H5)(2-C6H4Cl)2 as ligand,81 however they did not investigate 

further on this assumption. Syntheses of the oxidative addition complexes of L1-L5 and X-Ray 

crystallographic studies could give further insight into their modes of action, which could help 

with future ligand design. Especially the (monoaryl)dimenthylphosphine structural motif offers 

further potential for structural diversification of ligands at the aryl moiety. 
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When comparing the tested couplings, it is apparent that ligands exhibiting an aryl substitution 

in ortho-position to phosphorus (L1, L3 and L4) are promising ligands in Suzuki-Miyaura 

couplings, while dimenthyl(phenyl)phosphine (L2) gave better results in Kumada-Corriu and 

Mizoroki-Heck couplings. This suggests that for the latter, stabilizing arene-Pd (or the 

suggested chloro-Pd) interactions might not be of importance in the catalytic cycle. 

The applicability of bisphosphine palladium(II) complex 27 in catalytic reactions has so far not 

been explored, but could be an interesting task for the future (scheme 50). 

 
Scheme 50. Bisphosphine palladium(II) complex 27 as potential catalyst for asymmetric catalysis. 

 

Since (aryl)dimenthyl monophosphine ligands showed promising results in asymmetric 

catalysis, bisphosphine 23 could be even more beneficial, since chelating bisphosphine ligands 

are privileged structures for inducing high enantiomeric excesses. 
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3 Synthesis of Benzoannulated 

Ligands of the Buchwald Type 

and Their Application in 

Catalysis



 

 

3.1 New Variations of the Dialkylbiaryl Phosphine Ligand type: 
KatPhos, AnPhos and CyAnPhos 

 
Previously, ligands KatPhos (L6) and AnPhos (L8) have become available in our group 

(scheme 51).78 These ligand structures are a variation of the Buchwald dialkylbiaryl phosphine 

ligand type, exhibiting a benzoannulation of the phosphine-containing aryl moiety.  

 
Scheme 51. Benzoannulated ligands of the Buchwald type: KatPhos and AnPhos. 

 

This phenyl-naphthyl dialkyl phosphine structural motif has been reported in the literature (see 

section 1.1 of this work), but direct analogs of their Buchwald derivatives have not been 

synthesized. Thus, the influence of a benzoannulated ligand motif on catalytic activity 

(compared to Buchwald’s dialkylbiaryl phosphine ligands) has not been assessed yet. Such an 

assessment is enabled by the novel ligand KatPhos, which is a direct analog of Buchwald ligand 

BrettPhos. 

Moreover, AnPhos (L8) exhibits a further variation of the dialkylbiaryl phosphine ligand type 

on the aryl’ moiety, namely dispersive tert-butyl groups in meta-aryl’ position instead of the 

usual ortho position. The influence of this substitution pattern has been studied in other cases 

in the literature. For instance, Doyle and co-workers found that aryldialkyl phosphine ligands 

bearing meta-substitution at the aryl moiety performed better in nickel-catalyzed cross-coupling 

reactions than their ortho-substituted counterparts.134 They elaborated that the former enable a 

relatively low sterical hindrance around the metal center, while still providing remote sterical 

crowding, which is beneficial specifically in nickel-catalyzed cross-couplings.  

As far as dialkylbiaryl phosphine ligands are concerned, ortho-aryl’ substitution usually 

prevents cyclometallation of ligands and thus enhances their activity in catalysis.2 The effects 

of a meta-aryl’ substituted equivalent have so far not been studied, but could be an intriguing 

scaffold for ligand design. 
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3.1.1 Previously Established Ligand Syntheses 
 

The benzoannulated ligand precursors 72 and 73 (scheme 52) offer easy synthetic access 

starting from naphthoquinone derivatives, which was realized in an earlier work in our group.78 

 
Scheme 52. Retrosynthetical analysis of KatPhos and AnPhos. 

 

Scheme 53 shows the synthesis of the precursor 72 for the benzoannulated ligand KatPhos (L6) 

starting from 2,3-dichloronaphtoquinone 74.78  

 
Scheme 53. Three-step synthesis of 72. 

 

Reduction of 74 by sodium dithionite afforded 1,4-dihydroxy-2,3-dichloro naphthalene 75 in 

quantitative yield. Methylation then gave 76, which was subjected to an aryne Grignard 

addition to result in precursor 72 after iodine quench (overall yield over three steps: 36%). 
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Ligand AnPhos (L8) can be synthesized from precursor 73 (scheme 54), which was synthesized 

in a four-step synthesis starting from 78. Bromination was performed according to a literature 

procedure to give 79 in near quantitative yield.135 The subsequent addition elimination reaction 

with 2,6-di-tert-butyl phenol was also performed according to an existing literature 

procedure.136 Direct reduction of the reaction mixture afforded 80, which was directly 

methylated to afford precursor 73 in 86% yield in three steps. 

 
Scheme 54. Four-step synthesis of 73.
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3.1.2 Aim of this Work 
 
Starting from precursors 72 and 73, an optimized synthesis for the hitherto only low yielding 

procedures to access benzoannulated ligands KatPhos (L6) and AnPhos (L8) was envisaged. 

Furthermore, for a direct comparison of the meta-aryl’ substitution to the usual ortho-aryl’ 

substitution in catalysis, the synthesis of CyAnPhos (L7), a dicyclohexylphosphino analog of 

L8, was envisaged. 

These syntheses can either be achieved by lithiation and subsequent ClPCy2 quench strategy 

(pathway a, scheme 55) or generation of Grignard reagent with subsequent ClPCy2 quench 

(pathway b).  

 
Scheme 55. Benzoannulated dialkylbiaryl phosphine ligands studied in this work 
 

With ligands L6-L8 at hand, further investigation of their properties in catalysis is then 

envisaged. A direct comparison of established Buchwald ligand BrettPhos with its 

benzoannulated derivative L6 offers information about the influence of a benzoannulation of 

the phosphine-containing aryl moiety in Buchwald ligands. Moreover, comparison of the 

performance of L6 to L7 will give insight into the functionality of the meta-aryl’ substitution 

compared to the usual ortho-substitution, and whether they could lead to new interesting 

activities (scheme 56). 

 
Scheme 56. Distinct structural features of BrettPhos, KatPhos and CyAnPhos.
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3.2 Syntheses of ligands KatPhos, CyAnPhos and AnPhos 

 
3.2.1 Synthesis of the Ligand Precursors 

 

Syntheses of the Naphthoquinone Precursors 

The synthesis of the naphthoquinone precursors for the benzoannulated ligands had already 

been achieved in previous works (see section 3.1), but was altered and improved at some points. 

The bromination of 1,4-naphthoquinone was performed according to a procedure by Inoue et 

al.135 and further-scaled up with excellent yield (scheme 57). 

 
Scheme 57. Scale-up of the bromination of naphthoquinone 79. 

 

The synthesis of 75 was further optimized by reducing the equivalents of reductant Na2S2O4 

used and the amount of solvent. The optimized procedure afforded 75 in quantitative yield. As 

for the subsequent methylation, the reaction time was drastically reduced to 1.33 hours after 

monitoring by TLC had confirmed complete consumption of starting material. This led to a 

slightly lower yield of 76 as before, however still satisfying considering the much shorter 

reaction time (scheme 58).  

 
Scheme 58. Two-step synthesis of 76. 

 

Earlier, oxidation of starting material 75 was assumed to be the main cause for diminished 

yields in the methylation reaction, but analysis of the crude 1H-NMR spectrum also showed 

presence of methylated and presumably dehalogenated by-products (see figure 18). 
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Figure 18. Excerpt of the 1H-NMR spectrum of crude 76.The signals at 𝛿H 6.75, 6.40 and 6.08 ppm and 

the signals in the methoxy area indicate dehalogenated (and presumably partly methylated) by-

products. 

 

Synthesis of Phenyl-Naphthyl Precursor 72 

The preparation of ligand precursor 72 was optimized with respect to purification. Precipitation 

or crystallization from the crude mixture was hampered when scaling up the reaction, leading 

to diminished yields or impure product. Column chromatography and subsequent hexane wash 

afforded 72 in moderate yield, but good purity (scheme 59). 

 
Scheme 59. Synthesis of ligand precursor 72.
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3.2.2 Optimization of the KatPhos Synthesis 
 

As mentioned before, KatPhos was synthesized in an earlier work,78 however in a low yield 

(scheme 60). 

 
Scheme 60. Previously achieved synthesis of KatPhos using tBuLi and stoichiometric amounts of 

copper-salt. Analytical yields (mol-%) determined by 1H-qNMR analysis of the crude material after 

work-up. Yields in brackets are isolated yields. 

 

As scheme 60 shows, the synthesis using tBuLi and stoichometric amounts of copper salt 

suffered from a low recovery rate (78%) after work-up. Presumably, this is due to the formation 

of a ligand copper complex during the reaction. A work-up using a conc. aq. NH3 solution fails 

to deliver a complete decomplexation of the formed copper complex, and its low solubility 

leads to a loss of yield. Furthermore, loss of yield is attributed to oxidation of the target material 

in solution during work-up and during isolation by column chromatography. 

Thus, the objective was to develop a reliable method for synthesis optimization by qNMR of 

the crude reaction mixture, so as not to lose information during work-up, and to find an efficient 

method for isolating the pure ligand, preferably by crystallization. 

For an easy qNMR analysis devoid of overlapping signals, 31P-qNMR analysis of the reaction 

mixture was envisaged. 31P quantitative NMR spectroscopy is commonly used in analytical 

chemistry, for example in lignin analysis. For a precise result, it should be noted that spin lattice 

relaxation times (T1) are quite long for 31P nuclei, and thus a long pulse delay should be chosen 

in order to ensure complete relaxation of all nuclei.137 T1 can also vary depending on the solvent 

and composition of the analyzed mixture.138 

For KatPhos, a further problem with 31P-NMR analysis was the similar chemical shift of 

dicyclohexylphosphine oxide, which is formed as by-product by hydrolysis of excess chloro 

dicyclohexylphosphine, and oxidized target material. To circumvent this problem, scavenging 

the target material with BH3·Me2S was envisaged. It was assumed that the ligand copper 

complex formed during the reaction would be displaced by borane. 
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Table 32 shows the optimization of pulse delays of a preliminary experiment of the KatPhos 

synthesis after borane scavenging. To test the precision and correctness of the quantitative 31P-

NMR analysis, recoveries based on ClPCy2 were calculated. It is apparent that recoveries 

decrease with increasing relaxation delay. A relaxation delay of at least 40 seconds seems to be 

necessary for a precise and correct analysis. 

 

Table 32. Optimization of relaxation delay 

 
entry relaxation delay recovery /% a 

1 20s 121 

2 30s 113 

3 40s 108 

a) Recoveries (mol-%) based on ClPCy2 determined by 31P-qNMR analysis using an internal 

standard. 

 

An exemplary spectrum is depicted in figure 19, which shows the 31P-NMR spectrum of table 

32, entry 3. The components of the reaction mixture were assigned by comparison with 

literature NMR data or known data from previous works.
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Figure 19. Exemplary spectrum of the KatPhos synthesis optimization (table 32, entry 3). Assignments 

to compounds are based on literature data139,140,141 or previous works.78 

 

Starting from precursor 72, formation of Grignard species was first optimized by quenching 

reaction mixtures with D2O and analyzing the crude material with 2H-qNMR spectroscopy 

(table 33).i  

 
Table 33. Optimization of Grignard formation by D2O quench experiments. 

 
entry Mg (x eq.) solvent t /h T / °C yield /% a 

1 3.8 THF 3 80 66 

2 3.8 THF–toluene 3:7 3 100 61 

3 3.8 THF 2 60 76 
For all experiments, magnesium turnings were activated by heating with 1,2-dibromoethane at 80 °C in 

THF for 30 min before addition of 72. 

a) Analytical yield (mol-%) determined by 2H-qNMR analysis using an internal standard. 

 
i These optimizations were part of a student’s research project in our group supervised by Philippe Klein. 
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The experiments show that elevated temperatures of 80 °C (entry 1) or 100 °C (entry 2) were 

not beneficial for Grignard formation, which could be attributed to side reactions such as 

demethylation (however, the less polar solvent composition in entry 2 could also be 

detrimental). The 2H-qNMR yield improved considerably by lowering the reaction temperature 

to 60 °C in THF (entry 3). These conditions were then applied to the optimization of the 

subsequent phosphination reaction by 31P-qNMR analysis (table 34), with slightly changed 

conditions (activation of magnesium with 1,2-dibromoethane at 60 °C instead of 80 °C).i 

 
Table 34. Optimization reactions for the phosphination of Grignard reagent 84 with ClPCy2. 

 
entry CuCl (x eq.) ClPCy2 (y eq.) 83 /%a 85 /%a 𝚺 /%a 

1 0.5 1.5  - 45 45 

2 1.0 1.5 - 73 73 

3 1.0 1.2 10 87 97 

4 1.0 1.0 24 80 104 

a) Analytical yields (mol-%) determined by 31P-qNMR using an internal standard. Yields are 

based on 72. 

 

As seen in table 34, copper complex 85 stayed widely intact under these conditions and was 

only partly displaced by borane in entries 3 and 4. Employing a substoichometric amount of 

CuCl (entry 1) was not beneficial. Raising the amount of copper(I) chloride to an equimolar 

amount afforded a considerably higher qNMR yield (entry 2). The yield improved further when 

lowering the amount of phosphine to 1.2 equivalents (entry 3) and was not negatively affected 

by using an even lower, equimolar amount of phosphine (entry 4). Comparison with crude 1H-

NMR of entry 4 also confirmed no major signals besides the ones stemming from 83 and 85. 

In order to check the accuracy of the results, the recovery of phosphorus components (based on 

ClPCy2) was calculated for each entry of table 34. The results are listed in table 35. 

 
i On a sidenote, despite a 2H-NMR yield of only 74% of 72a in the preliminary Grignard optimization 
experiments, little to no starting material 72 was observed in the crude 1H-NMR spectra of all phosphination 
experiments. This might be attributed to the slightly changed reaction conditions for the Grignard formation. 
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Table 35. Quantification of phosphorus components seen in the 31P-qNMR spectra of table 34. 

 
#a L6 

/%b 

81 

/%b 

83 

/%b 

85 

/%b 

P1 

/%b
 

P2 

/%b 

P3 

/%b
 

P4 

/%b
 

n.d. 

/%b 

𝚺 

/%b 

1 - 14 1.5 30 - 34 48 4.6 6.5 139 

2 - - - 48.5 - 24 31.5 8.6 9.3 122 

3 - 0.8 8.3 72.5 - 4.9 6.3 - - 93 

4 - - 24.3 79.5  10.8 - - - 115 

n.d.: unknown phosphorus species 

a) Entry numbers of table 34. 

b) Molar ratios (mol-%) based on ClPCy2 determined by 31P-qNMR using an internal standard. 

 

It is evident that generally, recoveries are too high for most of the experiments, which questions 

the accuracy and comparability of the results. Notably, integrals of 31P nuclei are not only 

influenced by the T1 value of a nucleus, but also the Nuclear Overhauser effect (NOE), which 

can enhance sensitivity of decoupled 31P NMR spectra due to partial saturation of neighboring 
1H nuclei.142 When comparing the results of table 35, it is obvious that with a higher ratio of 

dicyclohexylphosphine oxide (P2) present in the mixture, recovery rates are generally higher. 

It seems plausible that the NOE is particularly pronounced for compounds bearing protons 

directly connected to phosphorus, thus enhancing integrals disproportionately. For borane 

complex 83 and copper complex 85, such a trend cannot be found, and so the results are still 

seen as somewhat comparable, especially because the crude 1H-NMR spectra generally 

correlate with the respective 31P-qNMR results. However, it cannot be ruled out that other 

factors than the presence of dicyclohexylphosphine oxide have an influence on the NOE or on 

spin lattice relaxation times, and thus an accurate integration of the 31P-NMR spectra, as well. 

As another reaction mode, halogen-lithium exchange of the aryl iodide, followed by 

phosphination, was attempted (table 36). 
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Table 36. Optimization reactions for the synthesis of 83 via halogen-lithium exchange. 

 
entry x eq. ClPCy2 (y eq) CuCl (z eq) conc. 83 /%a 81 /%a 85 /%a L6 /%a 

1 1.0 1.5 - 0.1 M 33 - - - 

2 1.0 1.5 - 0.2 M 18 - - - 

3 1.0 1.5 1.0 0.2 M - - 37 - 

4 b 1.0 1.5 - 0.2 M 19 - - - 

5 1.3 1.0 - 0.1 M 32 2 - 7 

a) Analytical yields (mol-%) determined by 31P-qNMR using an internal standard. Yields are 

based on 72. 

b) The ClPCy2 – solution was cooled to -60°C before addition to the aryl lithium solution. 

 

Variation of the nominal concentration resulted in slightly better results for a lower 

concentration (entries 1 and 2). Addition of a stoichiometric amount of copper(I) chloride 

significantly improved the 31P-qNMR yield (entry 3). Changing the reaction mode by cooling 

down the ClPCy2 solution to -60°C before adding it to the aryl lithium solution, did not affect 

the yield at all (compare entries 2 and 4). As the aryl lithium species could undergo side 

reactions such as butylation, a slight excess of aryl lithium species was used (entry 5). This 

improved the yield slightly, but not considerably. Notably, in case when CuCl was used as 

additive, almost no borane adduct was formed, as observed before. 

Again, the recovery of phosphorus components for the phosphinations via halogen-lithium 

exchange (based on ClPCy2) were calculated for each experiment and the results are listed in 

table 37.

iPr

iPr iPr

I

OMe

OMe

iPr

iPr iPr

PCy2 BH3

OMe

OMe

1) n-BuLi (x eq.)
-78 °C, 1 h

2) ClPCy2 (y eq.)

THF
x eq.

CuCl (z eq.)

72 83

3) BH3 Me2S (1.6 eq.)

-78 °C → r.t., 12 h

iPr

iPr iPr

P(O)Cy2

OMe

OMe

81

iPr

iPr iPr

PCy2 CuX

OMe

OMe
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L6



 

Table 37. Quantification of phosphorus components seen in the 31P-qNMR spectra of table 36. 

 
# a L6  

/%b 

81  

/%b 

83 

/%b 

85 

/%b 

P1 

/%b
 

P2 

/%b 

P3 

/%b
 

P4 

/%b
 

n.d. 

/%b 

𝚺 

/%b 

1 - - 22.7 - 6.1 41.6 10.6 32 10 112 

2 - - 11.8 - 8.3 64.8 10.6 22.5 7.9 126 

3 - - 3.6 22.2 5.6 63.2 9.6 21 3.8 129 

4 - - 12.8 - 4.2 60.7 6.9 39.1 6.4 130 

5 6.9 1.6 32 - 2 37.5 11.2 11.2 16.2 119 

n.d.: unknown phosphorus species 

a) Entry numbers of table 36. 

b) Molar ratios (mol-%) based on ClPCy2 determined by 31P-qNMR using an internal standard. 

 

Again, recoveries are too high for all of the experiments, but somewhat comparable for entries 

2-4. As observed before in table 35, recovery rates are generally higher with a higher content 

of Cy2P(O)H (P2), although this trend is not observable when comparing entries 2-4. Again, 

other factors could contribute to the NOE or spin lattice relaxation times. 

 

Isolation of KatPhos 

With the best conditions at hand, an optimized purification procedure for the isolation of 

KatPhos was now envisaged. Isolation as a borane adduct was considered, but dismissed due 

to incomplete conversion of the copper complex to borane adduct. Due to the stability and low 

solubility of the copper complex, purification by precipitation of 85 and subsequent treatment 

with a solution of NH3/sat. aq. NaCl to release the free ligand was envisaged.15 Crystallization 

from THF/hexanes afforded pure copper complex, however in insufficient yield (scheme 62), 

which was even further reduced after NH3/sat. aq. NaCl wash (the loss of yield during 

decomplexation is probably due to the very small scale). 

Obtaining crystals of copper complex 85 suitable for X-ray analysis failed due to decomposition 

of the material. Thus, the structure and composition of 85 could not be confirmed, however 

upon decomposition, the material adapted a purple color, which indicates iodide as counter-

anion. 
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iPr iPr

PCy2 BH3

OMe

OMe

83

iPr

iPr iPr

PCy2 CuX

OMe

OMe

85

Cy2PH·BH3 (P1)

Cy2P(O)H (P2) Cy2POH·BH3 (P3)

Cy2PCl·BH3 (P4)

L6



 121 

 
Scheme 62. Isolation of copper complex 85 and subsequent decomplexation. 

 

Due to the unsuccessful efforts to purify the copper complex, direct decomplexation of the 

quenched reaction mixture was preferred when performing the reaction on a millimolar scale 

(scheme 63). This was done according to a protocol developed by Buchwald and co-workers15 

for the work-up of their ligand AlPhos which involved diluting the reaction mixture with 

solvent and an aqueous solution of NH3/sat. NaCl and stirring the resulting mixture at room 

temperature for 30 minutes before work-up. This method of decomplexation was successful, 

showing no signal for 85 in the crude 31P–NMR spectrum. The best isolated yield was achieved 

by purification of the crude material by filtration over a short silica column to retain 

dicyclohexylphosphine oxide, which was formed as by-product, and subsequent precipitation 

with MeOH from EtOAc. This procedure delivered L6 in sufficient yield and purity (containing 

6.7 wt-% of 72). 

 

 
Scheme 63. Synthesis of KatPhos on the millimolar scale (L6) (best isolated yield). 

 

Performing the reaction on the millimolar scale, however, could not reproduce the results of the 

small scale optimization reliably, as the reaction was not completed. This was observed when 

monitoring the reaction by TLC, which still showed minor amounts of hydrodehalogenated 

starting material and starting material 72 as by-products after the designated reaction time. 

However, when the reaction did not proceed any further after stirring for three more hours, it 

was decided to stop the reaction to avoid side reactions such as demethylation. 

It is to be noted that other runs on the millimolar scale afforded lower isolated yields (up to 

32% isolated yield after purification by trituration with MeOH and another crystallization from 

MeOH/EtOAc). This is attributed partly to the less optimal purification conditions, but also to 

a lack of reproducibility in the Grignard formation. It should therefore be considered to put 
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60 °C, overnight
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L6

THF
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further efforts into the optimization of the Grignard formation on a larger scale for a better and 

more reproducible result. 

 

The structure of L6 was confirmed by X-ray crystallography after growing suitable crystals by 

diffusion crystallization from THF/MeOH (figure 20).  

 
Figure 20. Solid-state molecular structure of L6. Ellipsoids are shown at 50% probability. Hydrogens 

are omitted for clarity. One unit cell features two molecules of L6. For clarity, only one molecule of the 

smallest unit cell is shown. 

 

The compound crystallized as triclinic crystals belonging to the P-1 space group. One unit cell 

consists of two molecules of L6. Hydrogen bonding interactions are observed between the 

cyclohexyl group and the methoxy oxygen (in ortho-position to phosphorus, C72-H72A···O3). 

This was also reported in the crystal structure of BrettPhos.143 Notably, the two methoxy groups 

face away from the plane that is defined by the naphthalene scaffold. This is contradictory to 

the crystal structure reported for BrettPhos, where the methoxy groups are in plane with the 

phosphorus-containing arene moiety, facing away from the neighboring dicyclohexylphosphine 

and aryl’ substituents.143 For KatPhos, the steric congestion caused by the benzoannulation 
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might force the methoxy substituents to face away from the plane. This indicates different steric 

properties of the two ligands and therefore interesting effects in catalysis. 

 

 

3.2.3 Optimization of the CyAnPhos Synthesis 
 

As for the synthesis of CyAnPhos, a lithiation and subsequent phosphination was attempted 

(scheme 64), but leading only to a moderate yield. 

 
Scheme 64. Synthesis of CyAnPhos via lithiation route. Analytical yields (mol-%) determined by 31P-

qNMR using an internal standard. 

 

The best conditions of the KatPhos synthesis were also tested, however not leading to a 

quantitative yield (table 38, entry 1). Thus, the reaction temperature was raised to 80°C, leading 

to a near quantitative yield (entry 2). 

 
Table 38. Synthesis of CyAnPhos starting from Grignard reagent. 

 
entry temperature 87 /% a 88 /% a 

1 60 °C 65 19 

2 80 °C 75 21 

a) Analytical yields (mol-%) determined by 31P-qNMR using an internal standard. 

 

Unlike with the synthesis of KatPhos, the CyAnPhos copper complex is mostly, but not 

quantitatively displaced by borane using the same conditions. Figure 21 shows the crude 31P-

NMR of entry 1 (table 38) after the standard borane scavenging procedure and after heating the 

crude mixture with BH3·Me2S at 60 °C overnight, which led to almost complete formation of 

the borane adduct. 
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Figure 21. Excerpt of the 31P-NMR spectrum of entry 1, table 38. a) Crude material. b) Crude material 

after heating with BH3·Me2S in THF at 60 °C overnight. 
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Isolation of the CyAnPhos borane adduct by column chromatography failed, and thus it was 

decided to use NH3/sat. aq. NaCl decomplexation. Free ligand L6 was obtained in 64% yield 

after recrystallization from hot acetone (scheme 65). 

 
Scheme 65. Synthesis of CyAnPhos (L7). 
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3.2.4 Optimization of the AnPhos Synthesis 
 

In previous works, the synthesis of AnPhos (L8) had been achieved in a moderate yield of 46% 

after column chromatography (scheme 66).78 When revisiting antecedent optimization 

experiments, it became obvious that moderate yields (40% 1H-qNMR yield) were achieved for 

this reaction even without the use of copper(I) salt. Following this realization, a reaction with 

the same condition was set up again, this time choosing a longer reaction time and a higher 

reaction temperature. This led to an improved synthesis of L8 in 74% isolated yield. The 

purification method was also improved by choosing precipitation instead of column 

chromatography. 

 
Scheme 66. Optimized synthesis of AnPhos (L8). 

 

3.2.5 General Remarks on the Applicability of 31P-qNMRs 
 

As seen in the results of the optimization for the KatPhos and CyAnPhos ligand synthesis, 

recovery values of the 31P quantitative NMR analysis varied from experiment to experiment, 

leading to questionable results. As mentioned before, integrals in 31P-NMR spectra are not only 

influenced by the T1 value of a nucleus, but also the Nuclear Overhauser effect (NOE), which 

enhances sensitivity of decoupled 31P NMR spectra due to partial saturation of neighboring 1H 

nuclei.142 
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Presumably, the fluctuating recovery values are due to the changing composition of the analyte 

solution, which can influence the T1 value of 31P nuclei and leads to unequal signal responses 

as a result of environment-specific NOEs. To suppress NOE enhancement, inverse gated 

decoupling is often used in analytical chemistry.138,137 

Thus, inverse gated decoupling should be applied in the 31P-qNMR reaction optimization to 

deliver more accurate results. Furthermore, relaxation delays could be optimized for each 

experiment. This, however, would come with the cost of long measuring times which is often 

not feasible in practice.
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3.3 Catalytic Test Reactions Employing Benzoannulated Ligands of the 

Buchwald Type 
 

3.3.1 KatPhos and CyAnPhos in Suzuki-Miyaura Coupling Reactions 
 

The Coupling of 4-Chloroanisole and Phenylboronic Acid as a Model Reaction 

As a first catalytic test reaction, the benzoannulated ligands were tested in the Suzuki-Miyaura 

coupling of 4-chloroanisole and phenylboronic acid using reaction conditions adapted from 

Buchwald and co-workers.1 The screened conditions along with their 1H-qNMR yields are 

listed in table 39. 

 
Table 39. First catalytic test reactions for the Suzuki-Miyaura coupling of 4-chloroanisole and phenyl 

boronic acid using CyAnPhos and KatPhos. 

 
entry ligand temperature time yield /% a 

1 CyAnPhos 100 °C 3 d 91 

2 CyAnPhos 100 °C 1 h 93 

3 KatPhos 100 °C 1 h 100 

4 CyAnPhos r.t. 23 h trace 

5 CyAnPhos 50 °C 23 h 4 

6 CyAnPhos 70 °C 24 h 47 

a) Reactions were conducted using an internal standard (tetradecane) and analytical yields (mol-

%) were determined by direct sampling from the reaction mixture and subsequent 1H-qNMR 

analysis. 

 

At first, the reaction was conducted at 100 °C, but both ligands showed comparable, near 

quantitative results (entries 2 and 3) already after one hour (with KatPhos showing slightly 

better results). In the case of CyAnPhos, even after 3 days, the reaction did not progress any 

further (compare entries 1 and 2). For a better comparison, the reaction temperature was 

lowered (entries 4-6). At lower temperatures, CyAnPhos delivered unsatisfying results, and so 

70 °C was chosen as ideal temperature for comparing the performance of different ligands. 

Cl

O

B(OH)2

O

1.0 eq. 1.5 eq.

Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)

K3PO4 (2.00 eq.)

temp., time
toluene

47 48 49
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Table 40 shows the performance of KatPhos, CyAnPhos compared to benchmark ligands 

BrettPhos and SPhos. For each reaction, a sample was taken after 100 minutes and 24 hours, 

respectively, and the reaction progress analyzed by 1H-qNMR. 

 
Table 40. Comparison of benzoannulated ligands and Buchwald ligands in the Suzuki-Miyaura coupling 

of 4-chloroanisole and phenylboronic acid at 70 °C. 

 
entry ligand yield at 100 min /% a yield at 24 h /% a 

1 CyAnPhos 20 47 

2 KatPhos 63 96 

3 BrettPhos 56 98 

4 SPhos 81 81 

a) Reactions were conducted using an internal standard (tetradecane) and yields (mol-%) were 

determined by direct sampling from the reaction mixture and subsequent 1H-qNMR analysis. 

 

With CyAnPhos as ligand (entry 1), the reaction progressed rather slowly. Even though after 

100 minutes, a small amount (20%) of target material had already been formed, the reaction did 

not proceed at the same rate, as the yield was only 47% after 24 hours. The use of KatPhos 

showed much better results (entry 2). Compared to BrettPhos (entry 3), the yield was slightly 

higher after 100 minutes, but results where comparable after 24 hours. The use of benchmark 

ligand SPhos showed by far the best result after 100 minutes, but did not show any further 

progress after that (entry 4). Overall, KatPhos turned out to be a competitive, but not superior 

ligand with its direct Buchwald analogue BrettPhos in this coupling. The use of CyAnPhos is 

clearly of disadvantage here. 

 

Substrate Scope: KatPhos and the Suzuki-Miyaura Coupling 

As KatPhos seemed to show promising results in the Suzuki-Miyaura test reaction similar to 

BrettPhos, its substrate scope was tested in sterically demanding Suzuki-Miyaura coupling 

reactions. As such, the coupling of 1-bromo-2-methoxynaphthalene and 1-naphthylboronic acid 

was tested (see table 41). 

Cl
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B(OH)2

O

1.0 eq. 1.5 eq.
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70 °C, time
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Table 41. Screening of reaction conditions for sterically hindered substrates using KatPhos (L6) 

. 

entry base (x eq) solvent L:Pd a) yield /% b) 

1 K3PO4 (2.00 eq.) toluene 1:2 32 

2 K3PO4 (2.00 eq.) toluene 1:1 22 

3 K3PO4 (2.00 eq.) toluene 1:3 32 

4 K3PO4 (3.00 eq.) toluene 1:2 36 

5 K3PO4 (2.00 eq.) 1,4-dioxane 1:2 38 

6 K3PO4 (3.00 eq.) 1,4-dioxane 1:2 67 

a) Pd(OAc)2 (1 mol-%) was used as Pd precursor. 

b) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

The standard conditions1 only resulted in a low yield (entry 1), so further optimization efforts 

were undertaken. Variation of L:Pd ratio did not offer any advantage (entries 2 and 3). A slight 

improvement in yield was reached by increasing the amount of base (entry 4) and changing the 

solvent to more polar 1,4-dioxane144 (entry 5). Combining the latter variations led to a 

significant improvement in yield (entry 6). However, the screening of reaction conditions for 

sterically hindered substrates was left at this point because the yield was still not satisfying. 

 

Side Note on the Reproducibility of Suzuki-Miyaura Couplings 

On a side note, differing results from a colleague conducting the same catalytic reaction 

motivated the conduction of Pd(OAc)2/BrettPhos-catalyzed coupling of phenyl boronic acid 

and 4-chloroanisole under two different parameters: Firstly, weighing in the inorganic base in 

a glovebox, and secondly, weighing in the inorganic base (stored in a Schlenk flask outside of 

the glovebox) on the bench (table 42). 

B(OH)2 Br
O

O

Pd:L6

solvent
70 °C, 15 h

base (x eq.)

1.50 eq. 1.00 eq. 60
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Table 42. Results for the Pd(OAc)2/BrettPhos-catalyzed Suzuki-Miyaura coupling of 4-chloroanisole 

and phenylboronic acid under different parameters. 

 
entry time yield /% a comment 

1 5 h 89 K3PO4 added in the glovebox 

2 1 h 98 K3PO4 stored in a Schlenk flask under argon, but weighed in on the 

bench 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

As shown in table 42, even after 5 hours of reaction time, the yield of 49 in entry 1 was still 

considerably lower than for entry 2, which was conducted with base weighed in on the bench. 

In conclusion, conditions under perfect water exclusion might not always be the most beneficial 

for the Suzuki-Miyaura coupling. Assumedly, trace amounts of water might improve solubility 

of the inorganic base. Similar observations have already been made in C-N couplings.145 These 

findings should be taken into consideration when discussing reproducibility issues of cross-

coupling reactions. 

Cl

O

B(OH)2

O

1.0 eq. 1.5 eq.

Pd(OAc)2 (1 mol-%)
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100 °C, time
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3.3.2 KatPhos and CyAnPhos in the Mizoroki-Heck Reaction 
 

The Coupling of Bromobenzene and Methyl Acrylate as a Model Reaction 

In another catalytic test reaction, the ligands were evaluated in a Mizoroki-Heck coupling with 

bromobenzene and methyl acrylate (table 43).  

 
Table 43. Ligand screening in the Mizoroki-Heck reaction of bromo benzene and methyl acrylate. 

 
entry ligand time yield /% a 

1 SPhos 23 40 

2 BrettPhos 23 29 

3 CyAnPhos 18 21 

4 KatPhos 23 >99 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

When looking at entries 1-3, the observed trend of section 2.7.1 seems to continue: Ligands 

exhibiting a biaryl (both naphthyl-phenyl or phenyl-phenyl) motif perform rather poorly, 

indicating that the aryl’ moiety is not of significant importance in the Mizoroki-Heck coupling. 

It should be noted that the reaction time with the use of CyAnPhos (entry 3) was shorter, so an 

exact comparability might not be given. Surprisingly, for KatPhos, this observation was not 

confirmed, as it afforded target material in excellent yield and outperformed its Buchwald-

analogue BrettPhos by far (entry 4).
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ligand (2 mol-%)
K2CO3 (2.00 eq.)

DMF
110 °C, 23 h

O

O
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Substrate Scope: KatPhos and the Mizoroki-Heck Reaction 

Due to the excellent results of KatPhos in the Mizoroki-Heck coupling, a further investigation 

in its substrate scope was conducted with sterically hindered aryl bromides and tert-butyl 

acrylate as substrates (scheme 67). 

 
Scheme 67. Failed substrates in Mizoroki-Heck couplings using KatPhos as ligand. 

 

As none of the tested substrates were successful, a further investigation of the substrate scope 

was dismissed. 
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3.3.3 Further Tests in Cross-Coupling Reactions 
 
Kumada-Corriu Cross Coupling of 1-Bromo-2-methoxynaphthalene and 

Phenylmagnesium Bromide 

The ligands were further evaluated in the Pd-catalyzed Kumada-Corriu coupling of 1-bromo-

2-methoxy naphthalene and phenylmagnesium bromide. The results of the ligand screening are 

presented in table 44. 

 
Table 44. Ligand screening in the Kumada-Corriu coupling of 1-bromo-2-methoxynaphthalene and 

phenylmagnesium bromide. 

 
entry ligand temperature yield /% a 

1 SPhos 70 °C 88 

2 BrettPhos 70 °C 45 

3 CyAnPhos 70 °C 84 

4 KatPhos 70 °C 77 

5 SPhos r.t. 86 

6 BrettPhos r.t. 5 

7 CyAnPhos r.t. 70 

8 KatPhos r.t. 10 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

When conducting the coupling at elevated temperature (entries 1-4), CyAnPhos showed very 

good results (entry 3) comparable to benchmark ligand SPhos (entry 1). The use of KatPhos 

resulted in a slightly lower yield than CyAnPhos (entry 4). BrettPhos, on the other hand, showed 

poor results (entry 2). Next, the performance of the ligands at room temperature was evaluated. 

While the performance of SPhos was equally good at room temperature (entry 5), the use of 

CyAnPhos afforded a considerably lower yield, but still satisfying (entry 7). The performance 

of BrettPhos and KatPhos, on the other hand, dropped considerably to afford almost no product 

(entries 6 and 8). At higher temperatures, again, the activity of BrettPhos and its benzo-

annulated derivative KatPhos vary considerably. Combined with the results from the Mizoroki-

O
Br

O

Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)
PhMgBr (1.5 eq.)

1.0 eq.

THF
temp., 18 h

50 52
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Heck coupling, this indicates that the benzoannulation might contribute to a better ligand 

activity at higher temperatures. In this coupling, the aryl’-meta-substitution of CyAnPhos 

seems to be of benefit. 

 

KatPhos and CyAnPhos in the Negishi Coupling of 2,4,6-Triisopropylphenylzinc Chloride 

and 4-Chloroanisole 

The ligands were furthermore screened in the Negishi coupling of 2,4,6-triisopropylphenylzinc 

chloride and 4-chloroanisole (table 45) based on a procedure reported in the literature.13 

 
Table 45. Ligand screening in the Negishi coupling test reaction. 

 
entry ligand yield /% a 

1 SPhos 80 

2 BrettPhos 51 

3 CyAnPhos 10 

4 KatPhos 69 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

Buchwald ligand SPhos, which is typically employed in the Negishi coupling, performed 

excellently (entry 1), whereas BrettPhos only showed a moderate result (entry 2). The use of 

CyAnPhos (entry 3) gave poor yields. KatPhos, on the other hand, performed well (entry 4), 

again indicating an advantage of the benzoannulated structural motif. The performance of 

KatPhos in the Negishi coupling was not further investigated, as its result in the model coupling 

still lags behind compared to benchmark ligand SPhos. A further tuning of reaction conditions 

for enhanced catalytic activity might be beneficial. 

 

KatPhos and CyAnPhos in the Buchwald-Hartwig Amination of N-Methylpiperazine and 

Chlorobenzene 

The ligands were screened in a Buchwald-Hartwig amination following a protocol by Reddy et 

al. (table 46).109  

 

Br 1) n-BuLi (1.65 eq.)
-78 °C, 1 h
2) ZnCl2 (1.80 eq.)
-78 °C → r.t., 1.5 h

THF

ZnCl Pd(OAc)2 (1 mol-%)
ligand (2 mol-%)
4-chloroanisole (1.00 eq.)

THF
70 °C, 24 h

O

1.50 eq. 61
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Table 46. Ligand screening in the Buchwald-Hartwig amination reaction of N-methylpiperazine and 

chlorobenzene. 

 
entry ligand yield /% a 

1 CyAnPhos 37 

2 KatPhos 6 

3 BrettPhos 66 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

It is evident that BrettPhos, a ligand typically employed in amination reactions, delivered the 

best result in this protocol (entry 3). CyAnPhos afforded a considerably lower yield (entry 1), 

while KatPhos performed very poorly (entry 2). This implies that the benzoannulated structural 

motif might be of disadvantage with these conditions, while the meta-substituted aryl’ moiety 

might be slightly beneficial. An interesting addition to this screening could be the 

corresponding dialkylbiarylphosphine ligand with meta-aryl’-substitution. 

Notably, the conditions employed are not typical Buchwald conditions, which explains the 

moderate, but not excellent performance of BrettPhos. The precatalyst system is an important 

factor for a successful cross-coupling reaction, and for typical palladium precatalysts like 

PdCl2(MeCN)2 or Pd(OAc)2, the metal center has to disassociate from the ligand and the Pd(II) 

species must be reduced to Pd(0) before entering the catalytic cycle. To circumvent these issues, 

Buchwald and co-workers developed a variety of pre-ligated Pd precatalysts which proved 

useful in C-N coupling reactions.2,17 Therefore, the synthesis of a CyAnPhos ligated 2-

aminobiphenyl palladium methane sulfonate was attempted according to an altered literature 

procedure by Buchwald and co-workers17 (scheme 68). 

N
NH

Cl
PdCl2(MeCN)2 (2 mol-%)

ligand (4 mol-%)

NaOtBu (1.40 eq.)
toluene

120 °C, 16 h

N
N

1.00 eq. 2.00 eq.

54 55 56
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Scheme 68. Attempted synthesis of a CyAnPhos ligated 2-aminobiphenyl palladium methane sulfonate 

preligand 89. 

 

The reaction was monitored by 31P-NMR. After 1.5 hours of reaction time, analysis of the 

reaction mixture showed complete conversion of the ligand (figure 22). The main species gave 

rise to a broad signal at 𝛿P 43.94. Besides, two minor signals are observed at 𝛿P 38.99 and 

𝛿P 57.65. Adding pentane to the reaction mixture after 24 hours precipitated a colorless solid, 

which after 31P-NMR analysis gave rise to only a single peak at 𝛿P 58.59, which is a 

considerable downfield shift compared to the free ligand (𝛿P -0.14).

OMe

OMe
P

tBu

tBu

OMe

NH2
Pd
OMs

2 NH2
Pd CyAnPhos
OMs

THF
r.t., 24 h

52%

structure not confirmed

89
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Figure 22. 31P-NMR analysis of a) the reaction mixture after 1.5 hours and b) precipitated product after 

24 hours of reaction time. 

 

Analysis of the 1H-NMR spectrum was puzzling, as only two methoxy group signals instead of 

three were observed in the expected chemical shift area and no signals for methanesulfonic acid 

anion were observed. Apart from this observation, the signals matched those expected for the 

target complex, and no signal in other chemical shift ranges was observed which could  stem 

from the third methoxy group. 

This phenomenon is unfathomable, as a demethylation under the employed reaction conditions 

seems unplausible. An elemental analysis was conducted for further elucidation of the identity 

of the formed solid (table 47).
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Table 47. Elemental analysis for compound 89. 

element %-content (calcd.) %-content 

(first analysis) 

%-content 

(second analysis) 

C 64.22 68.83 68.83 

H 7.05 7.28 7.18 

N 1.44 1.62 1.64 

S 3.30 0.44 0.20 

 

The results of the elemental analysis lead to the assumption that a different species than the 

desired one was formed. While the H and N contents seem to agree with the calculated ones 

within the limits of error, the C content is considerably higher, whereas the S content is 

considerably lower. A plausible structure which takes into consideration a) the elemental 

analysis and and b) the lacking 1H-NMR signals cannot be defined. Before considering a further 

elucidation of the structure, the model coupling of chlorobenzene and N-methyl piperazine was 

conducted according to Buchwald conditions17 (scheme 69) to test if its use bears an advantage 

over the formerly applied conditions (table 46). As the coupling failed, a further elucidation of 

the structure of the obtained complex was dismissed and it was decided to best leave the case 

unsolved.146 

 
Scheme 69. Failed Buchwald-Hartwig coupling of chlorobenzene and N-methyl piperazine using 89 as 

Pd precursor. 

 

KatPhos and AnPhos in the Pd-Catalyzed Fluorination of 1-Naphthyl Triflate 

Benzoannulated ligands KatPhos (L6) and AnPhos (L8) were furthermore tested in the Pd-

catalyzed fluorination of 1-naphthyl triflate, which was performed based on an altered 

procedure by Buchwald and co-workers (table 48).15 Buchwald ligand BrettPhos was used for 

a direct comparison. It is to be noted that Buchwald and co-workers prefer to use the AlPhos 

ligand for this procedure, however when starting their efforts in Pd-catalyzed fluorination, 

BrettPhos and tBuBrettPhos were used, so BrettPhos is still a viable ligand for comparison in 

this coupling.147 

 

Cl

N
H

N

CyAnPhos (1 mol-%)
89 (1 mol-%)
NaOtBu (1.20 eq.)

THF
85 °C, 15 h

1.00 eq. 1.20 eq.

N
N

54 55 56
0%
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Table 48. Ligand screening for the Pd-catalyzed fluorination of aryl triflates. 

 
entry Pd precursor ligand yield /% a conversion /% a 

1 Pd(OAc)2 (2 mol-%) KatPhos (3 mol-%) 0 8 

2 Pd(OAc)2 (2 mol-%) BrettPhos (3 mol-%) 0 37 

3 [(allyl)PdCl]2 (2.5 mol-%) KatPhos (7.5 mol-%) <5 27 

4 [(allyl)PdCl]2 (2.5 mol-%) BrettPhos (7.5 mol-%) 23 84 

5 [(allyl)PdCl]2 (2.5 mol-%) AnPhos (7.5 mol-%) 0 5 

a) Analytical yields (mol-%) and conversions (mol-%) determined by 19F-qNMR analysis using 

an internal standard. 

 

At first, the fluorinations were conducted with Pd(OAc)2 as palladium precursor. This coupling 

was unsuccessful for KatPhos (entry 1) and even for BrettPhos (entry 2), which had been used 

in the literature model reaction. This result indicated that Pd(OAc)2 is not suitable as Pd 

precursor. In fact, Buchwald and co-workers reported best results with [(cinnamyl)PdCl]2. 

Assuming that [(allyl)PdCl]2 could perform similarly, this was instead employed as palladium 

precursor (entries 3-5). The use of BrettPhos gave low yield (entry 4), which was in accordance 

to its performance described in the literature. In comparison, its benzoannulated version 

KatPhos performed poorer (entry 3) and the use of AnPhos resulted in no product at all (entry 

5). As for the conversions, BrettPhos also showed an almost complete conversion (entry 4), 

whereas KatPhos only gave low conversion (entry 3). By-products of the reaction were 

identified by GC-MS analysis and are mainly binaphthyl ether and 1-chloronaphthalene (for 

entries 3-5).

OTf F
CsF (1.5 eq.)

Pd precursor (x mol-%)
ligand (x mol-%)

toluene
110 °C, 15 h

90
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3.4 Evaluation of KatPhos and CyAnPhos in BrettPhos-Typical 
Couplings 

 

3.4.1 Arylation of Primary Amines 
 
As a further investigation of the properties of CyAnPhos and KatPhos in catalysis, their 

performance in BrettPhos-typical couplings was compared directly with benchmark ligand 

BrettPhos. As such, it was tested in the arylation of primary amines. Since the Buchwald type 

palladium precatalysts were not available in the case KatPhos and CyAnPhos, the Pd(II) water 

activation protocol developed by Buchwald and co-workers was used for a better catalyst 

activation (scheme 70).111 

 
Scheme 70. Mechanism of the water-mediated catalyst preactivation as reported by Buchwald and co-

workers. 

 

As model reaction, the coupling of 4-chloroanisole and aniline was chosen. The reactions were 

stopped after two hours of reaction time and the crude material analyzed by 1H-qNMR (table 

49). 

 
Table 49. Ligand screening in the arylation of primary amines. 

 
entry ligand yield /% a 

1 BrettPhos 47 

2 KatPhos 65 

3 CyAnPhos 13 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

2 PR3 Pd(II)(OAc)2 (R3P)2Pd(II)(OAc)2

(R3P)Pd(0)(OAc) AcOPR3

H2O

-2 HOAc
O=PR3(R3P)Pd(0)

O

Cl NH2

O

H
N

Pd(OAc)2 (1 mol-%)
ligand (3 mol-%)
H2O (4 mol-%)

NaOtBu (1.2 eq.)
1,4-dioxane
80 °C, 2 h 9247 91
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In this coupling, the use of KatPhos (entry 2) was considerably more beneficial compared to 

BrettPhos (entry 1). CyAnPhos, on the other hand, afforded only low yields (entry 3). 

 

 

3.4.2 Denitrative Suzuki-Miyaura Coupling of Nitroarenes 
 
BrettPhos has also demonstrated wide applicability in denitrative transformations, such as Pd 

catalyzed hydrogenation reactions, intramolecular C-H arylation, alkynylation and 

alkenylations.148 In 2017, Nakao and co-workers reported the denitrative Suzuki-Miyaura 

coupling of nitroarenes with BrettPhos as ligand.149 As model reaction, the coupling of 4-

nitrotoluene and 4-methoxyphenylboronic acid was chosen for a comparison between the 

performance of BrettPhos and its benzoannulated derivative KatPhos (table 50). 

 
Table 50. Ligand screening in the denitrative Suzuki-Miyaura coupling of 4-nitrotoluene and 4-

methoxyphenylboronic acid. 

 
entry ligand yield /% a conversion /% a 

1 BrettPhos 42 47 

2 KatPhos 10 19 

a) Analytical yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

It is evident that after 8 hours, the use of KatPhos resulted in a very low yield and low 

conversion (entry 2) compared to BrettPhos. The benzoannulated structural motif, in this case, 

seems not beneficial. This finding is contradictory to the Suzuki-Miyaura couplings of aryl 

chlorides (see section 3.5.1), where the two ligands showed comparable performance. 

NO2

B(OH)2

O O

Pd(acac)2 (5 mol-%)
ligand (20 mol-%)
18-crown-6 (10 mol-%)
K3PO4 (3.00 eq.)

1,4-dioxane
120 °C, 8 h

1.00 eq. 1.50 eq. 93
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3.4.3 Evaluations of the Substrate Scope in the Arylation of Primary and Secondary 
Amines using KatPhos as Ligand 

 

Due to the promising results for the arylation of primary amines using Buchwald conditions 

(see section 3.5.1 of this work), the substrate scope for KatPhos as ligand for both primary and 

secondary amines was further investigated (scheme 71). 

 
Scheme 71. Substrate scope for the amination of aryl chlorides using KatPhos. Analytical 

yields (mol-%) determined by 1H-qNMR analysis using an internal standard. 

 

Deactivated aryl chlorides as well as unactivated ones were aminated in quantitative yield (BH-

1 and BH-2). The coupling of secondary amine N-methylpiperazine and chlorobenzene resulted 

in poor yields (BH-3), thus indicating that KatPhos, like BrettPhos, might preferably be used 

in the coupling of primary amines.2 Sterically hindered aryl amines with a phenyl moiety in 

ArCl NH2R / NHRR’ Ar-NHR / Ar-NRR’

H2O (4 mol-%)
Pd(OAc)2 (1 mol-%)
KatPhos (3 mol-%)
NaOtBu (1.20 eq.)

1,4-dioxane
80 °C, 23 h
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ortho-position were coupled successfully (BH-4), but more sterically encumbered amine 2,6-

diisopropyl aniline resulted only in low yields (BH-7). Benzyl amine and deactivated 4-

chloroanisole gave moderate yield (BH-6). Heterocyclic substrate 2-chloropyrimidine resulted 

in a low yield as well (BH-5). Presumably, 2-chloropyrimidine is not stable under the very basic 

reaction conditions. Generally speaking, the coupling of simple primary aryl amines and 

activated or unactivated aryl chlorides was accomplished in excellent yields, but limitations 

were seen in the coupling of more sterically hindered or heterocyclic substrates.



 

 

3.5 Conclusion and Outlook 
 

Effective syntheses of ligands L6-L8 have been developed, however 31P-qNMR analysis turned 

out not to be a very reliable method for reaction optimization towards those targets. Compared 

to biaryldialkyl monophosphine ligands, the benzoannulated derivative KatPhos showed 

similar or superior performance in catalysis. In the model Mizoroki-Heck coupling, KatPhos 

showed a superior performance to BrettPhos, but attempts to widen the substrate scope were 

unsuccessful. The Kumada-Corriu and Negishi couplings, both at elevated temperature, 

benefitted from a benzoannulation, although in both cases Buchwald ligand SPhos was still 

superior. The synthesis of a benzoannulated SPhos derivative could therefore be considered for 

assessment in these couplings (scheme 72).  

 

 
Scheme 72. Proposed synthesis of benzoannulated SPhos derivative 94 for assessing in Kumada-Corriu 

and Negishi couplings. 

 

However, synthetically, the phenyl-naphthyl precursor for such a ligand would not be easily 

accessible from naphthoquinone derivatives as for ligands L6-L8. In the cases of Mizoroki-

Heck, Kumada-Corriu and Negishi couplings, it was assumed that the benzoannulation could 

contribute to a higher stability of the catalytically active species at elevated temperature. This 

trend, however, did not continue for the denitrative Suzuki-Miyaura couplings and the 

fluorination of naphthyl triflates. When comparing BrettPhos und KatPhos in a Buchwald-

Hartwig coupling with Buchwald conditions, the benzoannulation was superior in the model 

coupling reaction. Exploration of the substrate scope showed some limitations for heterocyclic 

and sterically hindered substrates, for which a further improvement of reaction conditions is 

needed. A meta,meta-disubstitution in the phenyl group of the phenyl-naphthyl phosphane 

ligand backbone mostly led to inferior catalytic performance. However, in the Kumada-Corriu 

coupling, this structural motif proved beneficial. A further investigation into the subtrate scope 

of CyAnPhos in the Kumada-Corriu coupling could therefore be worthwile. Interestingly, when 

comparing to results obtained in the screenings of (aryl)dimenthylphosphine ligands, monoaryl 

PCy2

MeO

OMe

Buchwald’s SPhos

PCy2

MeO

OMe
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dimenthylphosphine ligand L2 performed best in this coupling. This leads to the assumption 

that the meta,meta-substitution of CyAnPhos is not a beneficial addition, but rather the 

Kumada-Corriu coupling does not necessarily require the biaryl ligand motif for a successful 

catalytic reaction. As for AnPhos (L8), its applicability in catalysis was only rarely assessed in 

this work and a screening in catalytic test reactions could be worthwhile in future research 

endeavors to access more data points that correlate ligand structure to catalytic activity.
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4 Experimental Part
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4.1 Materials and Methods 
 

4.1.1 Chemicals and Reagents 
 
All solvents and chemicals were obtained commercial suppliers, and were used without further 

purification unless otherwise specified. Solvents for purification and reaction work-up were 

bought technical grade and distilled before use. Solvents for air- and moisture-sensitive 

reactions were dried by filtration over aluminum oxide (Sigma Aldrich, neutral, Brockmann I), 

degassed by purging with argon for at least 15 minutes and stored over molecular sieve (3 Å or 

4 Å) under argon. DMF, MeOH and 1,4-dioxane for catalytic reactions were purchased in 

‘extra-dry’ quality from ACROS Organics™ (Fisher Scientific). 

Inorganic bases were ground and dried for two days at 150°C in an oven and stored in a Schlenk 

tube under argon or in the glovebox. Molecular sieves were dried in vaccum (10-2 mbar) with 

a heat gun.  

Celite™ 545 (flux-calcinated, Fisher Scientific) was used as filtration aid if mentioned. 

PdCl2(MeCN)2 and NiCl2(dme) were synthesized according to literature procedures and stored 

under argon in a Schlenk flask or in the glovebox.150 , 151 

 
4.1.2 Working Techniques 

 
Air- and moisture sensitive reactions: Air- and moisture sensitive reactions were performed 

using Argon 4.6 as inert gas with standard Schlenk techniques. 

 

Flash column chromatography: Flash column chromatography was performed on silica gel 

60 (Acros, 35 – 70 µm). Compressed air (0.1 – 0.3 bar) was used for flash elution. 

 

Thin-layer chromatography: TLC was performed on silica-coated glass plates (Merck, silica 

gel 60 F254). Detection was realized by UV light (𝜆 = 254 nm) and staining with Mostain 

solution (prepared from 10.0 g (NH4)6[Mo7O24] · 4 H2O, 200 mg Ce(SO4)2·4 H2O and 190 mL 

of water by slow addition of 12 mL conc. H2SO4 with stirring) and heating. 

 

Heating/Cooling: Reactions were heated in an oil bath containing silicon oil (Gruessing, 

silicon oil M100) or an aluminum block. Temperatures were controlled by digital 

thermometers. Cooling was achieved by ice/wather (0 °C), ice/EtOH (-20 °C), dry ice/acetone 
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(-78 °C) or liquid N2/ethyl acetate (-78 °C) mixture. Reaction temperatures for temperatures 

below 0 °C were checked by analog thermometer. 

 

4.1.3 Analytical Techniques 
 

NMR spectrometry: NMR spectrometric measurements were performed at 300 K on Bruker 

AVHD-300, AVHD-400 or AVHD-500 spectrometers. For 1H-NMR measurements, a 

relaxation delay (d1) of 20s was generally used. Chemical shifts 𝛿 are reported in parts per 

million (ppm) and calibrated to the residual proton signal of the deuterated solvent or TMS 

(1H), the 13C signal of the deuterated solvent (13C), or to the external standard H3PO4 (85%, 
31P). Multiplicities are assigned as follows: s – singulet, d – dublet, t- triplet, p – pentet, hept – 

heptett, m – multiplet – or combinations thereof. Table 51 shows the residual chemical shifts 

of the deuterated solvents used for referencing. 

 
Table 51. Residual signals of deuterated solvents. 

solvent 1H residual signal 

𝛿H 

13C signal 

𝛿C 

C6D6 7.16 128.06 

CDCl3 7.26 77.16 

CD2Cl2 5.32 53.84 

 

GC-MS: GC-MS measurements were recorded on an Agilent Technologies 7890B gas 

chromatograph with a HP-5ms UI Columns (dimensions: 30 m ´ 0.25 m ´ 0.25 µm) by Agilent 

coupled to an Agilent Technologies 5977A mass spectrometer and an Agilent Technologies 

7693 Autosampler using helium as carrier gas (flow rate: 1.8 mL/min). The applied methods 

are listed in table 52. 

 
Table 52. Methods for GC-MS analysis. 

method Tstart Tend /°C t /min 

StandardHT r.t. 250 24 

StdHTlong r.t. 250 a 27 

a) Isocratic elution during the last 3 minutes 
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For the analysis of compounds with a molecular weight < 500 g · mol-1, the method 

“StandardHT” was used. For the analysis of compounds with a molecular weight  > 500 g · 

mol-1, the method “StdHTlong” was used. 

 

Chiral HPLC analysis: Chiral HPLC measurements were performed on an Agilent instrument 

(1260 Infinity Standard Autosampler, 1260 Infinity quaternary pump, 1290 Infinity 

multicolumn thermostat, 1260 Infitniy diode array detector). The stationary phase was a 

ChiralCel® OJ column (packing composition: cellulose tris (4-methylbenzoate) coated on 

10µm silicagel, 250 ´ 4.6 mm). As mobile phase, isohexane/isopropanol mixtures (analytical 

reagent grade) were used. 

 

Elementary analysis: Elementary analysis was performed by the staff of the CRC 

microanalytic laboratory at TU München. 

 

High-resolution mass spectrometry (HR-MS): HR-MS measurements were performed by the 

staff of the central analytic laboratories of the department of chemistry at TU München. EI-

HR-MS were recorded on a DFS high resolution mass spectrometer (EI, 70 eV) (Thermo Fisher 

Scientific). 

 

X-Ray diffraction: Single crystals were measured by Philippe Klein (AK Hintermann) or 

Christian Jandl at the central analytic laboratories at CRC (TU München). The crystals were 

measured on a single crystal X-ray diffractometer (CMOS detector, Photon 100) an IMS 

microsource with 𝑀𝑜𝐾! radiation (𝜆 = 0.71073 Å) and a Helios optic using the APEX3 

software package. The structures were solved by Philippe Klein using the SHELXL and 

SHELXLE software packages. 

 

qNMR analysis: 

 
1H-qNMR: 

 

Preparation of samples: Generally, samples for 1H-qNMR analysis were prepared by addition 

of internal standard (weighed in on a balance or added by µL syringe) to the crude material. A 

minimum amount of solvent (typically CH2Cl2) was added to the mixture until all material had 
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completely dissolved. Then, an aliquot of the solution was added to an NMR tube charged with 

deuterated solvent (typically ~300 µL). 

Analysis: Quantitative analysis was performed by comparing the integral of the internal 

standard’s signal to the integral of the analyzed substance’s signal with respect to the number 

of protons inducing the signal. The internal standards used in this work are listed below. 

 

 1,3,5-trimethoxybenzene 

 CDCl3: 𝛿H  6.08 (s, 3H)  
 

 

 

 

 

 dibenzylether 

 CDCl3: 𝛿H  4.55 (s, 4H) 

 

 

 

tetradecane 

CDCl3: 𝛿H  0.85 (t, 6H)  
 

 

toluene 

CDCl3: 𝛿H 2.34 (s, 3H). 
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31P-qNMR: 

 
Table 53. Typically used parameters for 31P-qNMR measurements and processing. 

measurement parameters 

sw: 300 ppm 

o1p: 100 ppm 

d1: 40s 

processing parameters 

zero filling 128k 

internal standard  

𝛿P (PPh3O) 27.0 ppm (CDCl3) 

 
19F-qNMR: 

 
Table 54. Typically used parameters for 19F-qNMR measurements and processing. 

measurement parameters 

sw: 150 ppm 

o1p: -125 ppm 

d1: 15s 

internal standard  

𝛿F (C6F6) -163.01 (C6D6) 
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4.2 Synthetic Procedures 
 

4.2.1 General Procedures 
 

GP-1: Attempted arylation of dimenthylphosphine oxide. 

Adapted from Stankevic et al. 88 

To an oven-dried Schlenk tube under argon, copper(I) iodide (19.0 mg, 100 µmol, 10 mol-%), 

ligand (20 mol-%) and iodobenzene (0.22 mL, 2.00 mmol, 2.00 eq.) were added sequentially. 

After 5 minutes, dry solvent (5 mL) and Men2POH (327 mg, 1.00 mmol, 1.00 eq.) were added 

and the solution was stirred at room temperature for seven minutes before freshly dried and 

crushed base (2.00 mmol, 2.00 eq.) was added. The resulting suspension was stirred at 110 °C 

for 24 hours. After the reaction mixture had come to room temperature, it was filtered over a 

plug of Celite and eluted with CH2Cl2 (3 ´ 15 mL). When DMF was used as solvent, the filtrate 

was washed with H2O (2´), sat. aq. NaCl (2´) and dried (MgSO4). The solvent was evaporated 

in vacuo. The crude material was analyzed by 1H- and 31P-NMR spectroscopy. 

 

GP-2: Brønsted acid catalyzed enantioselective Friedel-Crafts alkylation of 1-phenyl 

indole with trans-1,2-dibenzoyl ethylene. 

An oven-dried Schlenk tube was charged with 1-phenyl indole (38.7 mg, 20.0 µmol, 1.00 eq.), 

trans-1,2-dibenzoyl ethylene (47.3 mg, 20.0 µmol, 1.00 eq.) and phosphinic acid (0.04 mmol, 

20 mol-%). After evacuating and backfilling with argon (3´), the mixture was stirred at the 

given temperature for the given time, and the reaction was monitored by TLC. After addition 

of sat. aq. NaHCO3 (1´) and extraction of the aqueous phase with CH2Cl2 (2´), the combined 

organic phases were washed with sat. aq. NaCl (1´), dried (MgSO4), filtered and the solvent 

evaporated in vacuo. The crude material was analyzed by 1H-NMR spectroscopy. 

Adapted procedure, for NMR reference data see Jaisankar et al.103 

 

GP-3: Pd-Catalyzed dimerization of phenyl ethyne. 

An oven-dried Schlenk flask was charged with PdCl2(Men2POH)2 (41.5 mg, 0.05 mmol, 5 mol-

%) and NaOAc (164 mg, 2.00 mmol, 2.00 eq.) and evacuated and back-filled with argon (3´). 

Toluene (25 mL) was added and the resulting mixture was stirred for 12 minutes. Subsequently, 

phenyl acetylene (110 µL, 1.00 mmol, 1.00 eq.) was added, the flask was sealed and then stirred 

at the designated temperature for 18 hours. After the mixture had cooled to room temperature, 

it was diluted with EtOAc (25 mL) and washed with sat. aq. NaCl (3 ´ 25 mL). The organic 
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phase was then dried (MgSO4), filtered and the solvent evacuated in vacuo. The crude material 

was analyzed by 1H-qNMR spectroscopy using dibenzyl ether as internal standard. 

Adapted procedure, for NMR reference data see Morales-Serna and co-workers. 106 

 

GP-4: Pd-Catalyzed [2+1] cycloaddition of phenyl acetylene to norbornadiene. 

Pd(OAc)2 (11.2 mg, 0.05 mmol, 5 mol-%) and dimenthylphosphine oxide (32.7 mg, 100 µmol, 

10 mol-%) were added to an oven-dried Schlenk tube. The tube was evacuated and back-filled 

with argon (3´) and toluene (2 mL) was added. The resulting mixture was stirred at room 

temperature for 30 minutes before norbornadiene (203 µL, 2.00 mmol, 2.00 eq.) in toluene 

(1 mL) and phenyl acetylene (110 µL, 1.00 mmol, 1.00 eq.) in toluene (2 mL) were added 

sequentially. The resulting dark mixture was stirred at room temperature for 20 hours. After 

20 hours, dibenzyl ether was added to the stirred solution as internal standard and an aliquot of 

the mixture was analyzed by 1H-qNMR spectroscopy. 

Adapted procedure, for NMR reference data see Buono et al.107 

 

GP-5: Pd-Catalyzed Suzuki-Miyaura couplings. 

GP-5-A: An oven dried Schlenk tube was charged with Pd species (2 mol-%) or Pd(OAc)2 

(2 mol-%) and ligand (4 mol-%), phenylboronic acid (183 mg, 1.50 mmol, 1.50 eq.), K2CO3 

(415 mg, 3.00 mmol, 3.00 eq.) and aryl halide (if solid). The Schlenk tube was sealed with a 

septum and then evacuated and backfilled with argon (3´). Then, aryl halide (if liquid) and THF 

(3.0 mL) was added. The flask was sealed with a glass plug and PTFE sleeve and then stirred 

at 70 °C for 24 hours. After the reaction mixture had come to room temperature, it was diluted 

with Et2O and filtered over a plug of celite, further eluting with Et2O. After removing the 

solvent on a rotary evaporator, the crude compound was analyzed by 1H-qNMR using an 

internal standard (dibenzyl ether). 

GP-5-B: An oven-dried Schlenk tube was charged with Pd species (1 mol-%), ligand (x mol-

%), phenylboronic acid (183 mg, 1.46 mmol, 1.50 eq.) and K3PO4 (425 mg, 1.94 mmol, 

2.00 eq.) and the tube was evacuated and back-filled with argon (3´). Then, toluene (2 mL) and 

4-chloroanisole (125 µL, 1.03 mmol, 1.00 eq.) were added via septum, the flask was sealed 

with a glass plug and PTFE sleeve and heated at 70 °C for 24 hours. After the mixture had come 

to room temperature, it was diluted with Et2O, filtered over a plug of celite and eluted with 

Et2O. After removing the solvent on a rotary evaporator, the crude compound was analyzed by 
1H-qNMR spectroscopy using an internal standard (dibenzyl ether). 
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GP-5-C: An oven-dried Schlenk tube was charged with Pd species (1 mol-%), ligand (x mol-

%), phenyl boronic acid (183 mg, 1.46 mmol, 1.50 eq.) and K3PO4 (425 mg, 1.94 mmol, 

2.00 eq.) and the tube was evacuated and back-filled with argon (3´). Then, toluene (2 mL), 4-

chloroanisole (125 µL, 1.03 mmol, 1.00 eq.) and internal standard tetradecane (45 µL, 

173 µmol) were added via septum, and the flask was heated at 70 °C for 24 hours. An aliquot 

of the reaction mixture (0.1 mL) was used after 100 minutes and 24 hours of reaction time for 
1H-qNMR sampling. 

For isolation, the crude material was purified by flash chromatography (SiO2; Hex–EtOAc 

50:1) and washed with cold methanol. 

 

GP-6: Mizoroki-Heck couplings. 

GP-6-A: Mizoroki-Heck coupling of bromobenzene and methyl acrylate. 

An oven-dried Schlenk tube was charged with Pd(OAc)2 (1.12 mg, 5 µmol, 1 mol-%), ligand 

(2 mol-%) and K2CO3 (138 mg, 1.00 mmol, 2.00 eq.). After the flask had been evacuated and 

back-filled with argon (3´), DMF (1 mL), bromobenzene (53 µL, 500 µmol, 1.00 eq.) and 

methyl acrylate (84 µL, 1.00 mmol, 2.00 eq.) were added sequentially. The tube was then 

sealed and the mixture was stirred at 110 °C for 23 hours. After the solution had come to room 

temperature, internal standard toluene was added via microsyringe. H2O (3 mL) was then added 

and the resulting solution was extracted once with Et2O (3 mL). The organic phase was 

separated and an aliquot (0.25 mL) was used for 1H-qNMR analysis. 

GP-6-B: Substrate scope for the Mizoroki-Heck coupling. 

An oven-dried Schlenk tube was charged with Pd(OAc)2 (2.25 mg, 0.01 mmol, 1 mol-%), L2 

(7.73 mg, 0.02 mmol, 2 mol-%), aryl halide (1.00 mmol, 1.00 eq., if solid) and K2CO3 (276 mg, 

2.00 mmol, 2.00 eq.). The Schlenk tube was then evacuated and back-filled with argon (3´). 

Then, aryl halide (1.00 mmol, 1.00 eq., if liquid) and tert-butylacrylate (290 µL, 2.00 mmol, 

2.00 eq.) or styrene (230 µL, 2.00 mmol, 2.00 eq.) was added, the flask was sealed and the 

mixture was stirred at 110 °C for 24 hours. After the solution had cooled to room temperature, 

it was filtered over a plug of celite and the filtrate eluted with Et2O. The filtrate was washed 

with water (2´), sat. aq. NaCl (1´), dried (MgSO4) and filtered. The solvent was removed on a 

rotary evaporator and the residue was analyzed by 1H-qNMR spectroscopy using dibenzyl ether 

or toluene as internal standard. The crude material was purified by flash chromatography. 
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GP-7: Kumada-Corriu coupling of phenylmagnesium bromide and 1-bromo-2-

methoxynaphthalene. 

To an oven-dried Schlenk tube, Pd(OAc)2 (2.25 mg, 0.01 mmol, 1 mol-%), ligand (2 mol-%) 

and aryl halide (1.00 mmol, 1.00 eq.) was added and the Schlenk tube was evacuated and back-

filled with argon (3´). After addition of dry and degassed THF, arylmagnesiumbromide (~1 M 

solution in THF, 1.50 mmol, 1.50 eq.) was added (final nominal concentration of aryl halide: 

0.33 M) and the resulting reaction was stirred at the designated temperature for 18 hours. Then, 

either a 1 M solution of aq. HCl (12 mL) or sat. aq. NH4Cl (2 mL) and H2O (10 mL) was added 

at room temperature. The aqueous phase was extracted with CH2Cl2 (3´15 mL) and the 

combined organic phases were washed with sat. aq. NaCl (15 mL). The combined organic 

phases were dried (MgSO4), filtered and the solvent removed on a rotary evaporator. The crude 

material was analyzed by 1H-qNMR spectroscopy using dibenzyl ether as internal standard and, 

if specified, purified by column chromatography. 

 

GP-8: Ni-Catalyzed demethoxylative coupling of 2-methoxynaphthalene and 

phenylmagnesium bromide. 

GP-8-A: Procedure in THF. In a glovebox, an oven-dried Schlenk tube was charged with 

NiCl2(dme) (5.49 mg, 0.025 mmol, 5 mol-%) and L2 (19.3 mg, 0.05 mmol, 10 mol-%). 

Outside of the glovebox, 2-methoxynaphthalene (79.1 mg, 500 µmol, 1.00 eq.) and THF 

(0.3 mL) was added. Subsequently, phenylmagnesium bromide (0.53 M, 1.4 mL, 0.75 mmol, 

1.5 eq.) was added dropwise to the stirred solution. The mixture was heated to 60 °C for 

21 hours. After it had cooled to room temperature, sat. aq. NH4Cl (1 mL) and water (5 mL) was 

added. The aqueous phase was extracted with EtOAc (3´) and the combined organic phases 

were washed with sat. aq. NaCl (1´), dried (MgSO4) and the solvent removed under reduced 

pressure. The crude material was analyzed by 1H-qNMR spectroscopy using 1,3,5-

trimethoxybenzene as internal standard. 

GP-8-B: Procedure in THF/toluene. 

To an oven-dried Schlenk tube was added 2-methoxynaphthalene (79.1 mg, 500 µmol, 

1.00 eq.) and after introduction to the glovebox, NiCl2(dme) (5.49 mg, 0.025 mmol, 5 mol-%) 

and ligand (10 mol-%) was added. Outside of the glovebox, toluene (0.8 mL) and 

phenylmagnesium bromide (0.91 M, 0.82 mL, 0.75 mmol, 1.50 eq.) were added sequentially 

and the solution was stirred at room temperature for 14 hours. Work-up and analysis proceeded 

as described in GP-8-A. 
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GP-9-A: Buchwald-Hartwig aminations. 

Adapted from Reddy et al.109 

An oven-dried Schlenk tube was charged Pd species (2 mol-%) or PdCl2(MeCN)2 (2 mol-%) 

and ligand (4 mol-%) and NaOtBu (135 mg, 1.40 mmol, 1.40 eq.) and evacuated and backfilled 

with argon (3´). Chlorobenzene (203 µL, 2.00 mmol, 2.00 eq.), N-methylpiperazine (111 µL, 

100 mg, 1.00 eq.) and toluene (4 mL) were added through a  septum. The septum was 

exchanged with a glass plug and PTFE sleeve under a counterflow of argon, and the resulting 

mixture was stirred at 120 °C for 16 h. After letting the reaction mixture cool to room 

temperature, the mixture was diluted with DCM (15 mL), transferred to an Erlenmeyer flask 

and dried (MgSO4). The mixture was filtered over a plug of celite, eluting with DCM 

(2 ´ 15 mL) and the solvent evaporated under reduced pressure (700 mbar, 20 min). The crude 

mixture was analyzed by 1H-qNMR spectroscopy using an internal standard (1,1,2,2-

tetrachloroethane or 1,3,5-trimethoxybenzene). For isolation, the crude product was purified by 

flash chromatography (SiO2; MeOH–DCM 1:20). 

GP-9-B: Buchwald-Hartwig amination with Pd(II) preactivation. 

An oven-dried Schlenk tube was charged with PdCl2(MeCN)2 (2.59 mg, 0.01 mmol, 2 mol-%), 

L2 (7.73 mg, 0.02 mmol, 4 mol-%) and NaOtBu (7.69 mg, 0.08 mmol, 16 mol-%) and toluene 

(1 mL) in the glovebox. The flask was sealed and heated to 120 °C for one hour outside of the 

glovebox. After the solution had cooled to room temperature, NaOtBu (67.3 mg, 700 µmol, 

1.40 eq.) was added under a counter-flow of argon, and chlorobenzene (101 µL, 1.00 mmol, 

2.00 eq.) and N-methylpiperazine (55 µL, 500 µmol, 1.00 eq.) were added through a septum. 

The inner walls of the tube were rinsed with toluene (1 mL), the flask was sealed and heated to 

60 °C for 17 hours. Work-up proceeded as described in GP-9-A. 

 

GP-10: Negishi-coupling of 2,4,6-triisopropylphenyl zinc chloride and 4-chloroanisole. 

Adapted literature procedure.13 

To an oven-dried Schlenk tube under argon was added bromo-2,4,6-triisopropylbenzene 

(425 mg, 1.50 mmol, 1.50 eq.) and THF (2 mL). The flask was cooled to -78°C (N2/EtOAc) 

and n-BuLi (1.6 M solution in hexanes, 1.0 mL, 1.65 mmol, 1.65 eq.) was added dropwise to 

the stirred solution, and the resulting mixture was stirred at this temperature for one hour.  Dry 

ZnCl2 (245 mg, 1.8 mmol, 1.8 eq.) was added under a counterflow of argon and the solution 

was stirred at -78 °C for 30 minutes before it was warmed to room temperature over the course 

of 1 hour. Pd(OAc)2 (2.25 mg, 0.01 mmol, 1 mol-%), ligand (2 mol-%) and 4-chloroanisole 

(125 µL, 1.03 mmol, 1.00 eq.) was added and the walls of the Schlenk tube were rinsed with 
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THF (1 mL). The solution was heated to 70 °C for 20 hours. After cooling to room temperature, 

the mixture was quenched with H2O (1 mL) and transferred to a separatory funnel. The aqueous 

phase was extracted with Et2O (4´) and the combined organic phases washed with sat. aq. NaCl 

(1´), dried (MgSO4), filtered and the solvent evaporated under reduced pressure. The crude 

material was analyzed by 1H-qNMR spectroscopy using an internal standard (dibenzyl ether). 

 

GP-10: Asymmetric Suzuki-Miyaura coupling. 

To a screw cap vial equipped with a magnetic stirring bar was added Pd(OAc)2 (1.12 mg, 0.005 

mmol, 1 mol-%), L3 (x mol-%), aryl halide (0.5 mmol, 1.00 eq.), aryl boronic acid (0.75 mmol, 

1.50 eq.) and base (x eq.). The vial was sealed and solvent (1 mL) was added. The reaction 

mixture was stirred for 24 hours at the designated temperature. After cooling to room 

temperature, the mixture was filtered over a pad of celite, further eluting with Et2O. The solvent 

was evacuated in vacuo and the crude material was analyzed by 1H-qNMR using an internal 

standard (dibenzyl ether). The crude material was purified by flash chromatography and pure 

target material was analyzed by chiral HPLC.  

 

GP-11: Buchwald-Hartwig aminations with H2O-preactivation. 

Adapted from Fors et al.111 

Pd(OAc)2 (1 mol-%) and ligand (3 mol-%) were added to a screw cap vial and the tube was 

evacuated and back-filled with argon (3´). Then, 1,4-dioxane (0.25 mL for a 0.5 mmol scale) 

H2O (4 mol-%) was added over a septum and the solution was stirred at 80 °C for two minutes. 

After the solution had cooled to room temperature, it was transferred to an oven-dried Schlenk 

tube charged with NaOtBu (1.20 eq.), aryl chloride (1.00 eq.), amine (1.20 eq.) and dioxane 

(final nominal concentration of aryl chloride: 1M) via syringe. The resulting solution was heated 

at 80 °C for the designated time and brought to room temperature. It was diluted with EtOAc, 

washed with H2O (1´) and sat. aq. NaCl (1´). The organic phase was dried (MgSO4), filtered 

and the solvent removed in vacuo. The crude material was analyzed by 1H-qNMR spectroscopy 

using dibenzyl ether as internal standard and, if specified, the product was isolated by flash 

chromatography. 

 

GP-12: Denitrative Suzuki-Miyaura coupling of nitroarenes. 

Adapted from Yadav et al. 149 

An oven-dried Schlenk tube was charged with Pd(acac)2 (4.51 mg, 15.0 µmol, 5 mol-%), ligand 

(20 mol-%), 18-crown-6 (7.93 mg, 30.0 µmol, 10 mol-%), K3PO4 (191 mg, 900 µmol, 
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2.90 eq.), 4-methoxyphenylboronic acid (68.4 mg, 450 µmol, 1.50 eq.) and 4-nitrotoluene 

(42.2 mg, 310 µmol, 1.00 eq.). The tube was evacuated and back-filled with argon (3´) and dry 

dioxane (1.5 mL) was added over a septum. The Schlenk tube was sealed and heated to 120 °C 

for 8 hours. After the reaction mixture had cooled to room temperature, it was diluted with 

CH2Cl2 and filtered over a pad of Celite (eluting with additional CH2Cl2). The solvent was 

removed under reduced pressure and the residue analyzed by 1H-qNMR spectroscopy with 

dibenzyl ether as internal standard. 

 

GP-13: Pd-catalyzed fluorination of 1-naphthyl triflate. 

Adapted from Sather et al.15 

A Schlenk tube was dried in vacuum by heat-gun and introduced into the glovebox, where CsF 

(1.50 eq.) were weighed in. Outside of the glovebox, Pd precursor (x mol-%), ligand (y mol-

%), 1-naphthyl triflate (1.00 eq.) and toluene (final nominal concentration of naphthyl triflate: 

0.1 M) were added under a counterflow of argon. The Schlenk tube was sealed and heated to 

110 °C for the designated reaction time. After the solution had cooled to room temperature, 

internal standard (C6F6) was added and the mixture was stirred at room temperature for 5 

minutes. An aliquot (~300 µL) of the mixture was removed by syringe and added to an NMR 

tube containing C6D6 (~200µL) by filtering through a pad of cotton in a pasteur pipette for 19F-

qNMR analysis. 

 

Kinetic study of the Kumada-Corriu coupling of 1-bromo-2-methoxynaphthalene and 

phenylmagnesiumbromide using SPhos and Men2PPh as ligands. 

An oven-dried Schlenk tube was charged with Pd(OAc)2 (2.25 mg, 0.01 mmol, 1 mol-%), 

ligand (2 mol-%), a defined amount of internal standard (1,2,4,5-tetramethylbenzene) and 1-

bromo-2-methoxynaphthalene (237 mg, 1.00 mmol, 1.00 eq.) and evacuated and back-filled 

with argon (3´). THF (dry and degassed) was added, followed by freshly titrated 

phenylmagnesiumbromide in THF (c = 0.9 M, 0.63 mL, 1.50 eq.) in one portion with stirring 

solution (total amount of solvent: 3 mL). An aliquot of the sample (~0.1 mL) was removed by 

syringe after 30 minutes, 1 hour, 1.5 hours, 2.5 hours and 4.5 hours. 

Work-up of the samples: The sample was quenched in a vial filled with sat. aq. NH4Cl–H2O 

(1:1, 2 mL) and EtOAc (2 mL). The vial was closed and shaken vigorously. Then, it was 

opened, the organic phase was separated and added to a new vial, and washed with sat. aq. NaCl 

(1 mL), again under vigorous shaking of the closed vial. The organic phase was separated again 

and transferred into a headspace vial equipped with a stirring bar. A small amount of MgSO4 
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was added and the vial was sealed. A cannula connected to a vacuum pump was pushed through 

the septum and the solvent was removed under vacuum under continuous stirring (the vial was 

placed in a water bath to ensure faster evaporation). The residue was combined with CDCl3 

(0.7 mL) and the suspension was stirred for 5 minutes. The solution was transferred into an 

NMR tube by filtering through a pad of cotton in a Pasteur pipette, and the sample was analyzed 

by 1H-qNMR spectroscopy.



 

4.2.2 Synthesis Procedures 
 

Chlorodimenthylphosphine (3). Dimenthylphosphine oxide (4; 7.00 g, 

21.4 mmol, 1.00 eq.) was added to a Schlenk flask and the flask was 

evacuated and backfilled with argon (3´). Freshly degassed hexanes 

(140 mL) were added to the flask through a septum. PCl3 (3.70 mL, 

42.8 mmol, 2.00 eq.) was slowly added to the stirred solution at room 

temperature, and the mixture was stirred for 3 h. The solvent and excess PCl3 was removed in 

high vacuum into a liquid N2 cooling trap. The residual colorless solid was redissolved in 

degassed hexanes (20 mL), and a colorless, insoluble precipitate was left at the bottom of the 

flask. The supernatant solution was transferred via cannula into another Schlenk flask, and the 

solvent was again removed in vacuo to give colorless solid (7.15 g, 97%). The material was 

stored in a glovebox. 
1H-NMR (300 MHz, C6D6): δ 0.60–1.09 (m, 16H), 0.82 (d, J = 6.6 Hz, 3H), 0.84 (d, J = 6.9 

Hz, 3H), 1.11–1.51 (m, 4H), 1.53–1.75 (m, 8H), 1.87 (br. d, J = 11.0, 1H), 2.14 (td, J = 12.4, 

3.2 Hz, 1H), 2.58–2.72 (m, 1H), 2.73–2.86 (m, 1H).  
13C{1H} -NMR (101 MHz, C6D6): δ 15.52, 16.26, 21.68, 22.19, 22.99 (2C), 25.43 (br, 2C), 

27.73 (d, JP–C = 21.8 Hz), 28.89 (d, JP–C = 8.1 Hz), 33.51 (2C), 34.52–36.10 (m, 4C), 40.44 (d, 

JP–C = 37.2 Hz), 42.00 (d, JP–C = 40.9 Hz), 43.61 (d, JP–C = 3.8 Hz), 48.64 (d, JP–C = 18.4 Hz). 
31P{1H} -NMR (122 MHz, C6D6): δ 122.7.  

Known compound. CAS 75992-49-3. 

 

cis/trans-PtCl2(MeCN)2 (29). Adapted from Hartley et al. 99 

A Schlenk flask was charged with PtCl2 (450 mg, 1.69 mmol) and evacuated and back-filled 

with argon (3×). Then, dry and degassed MeCN (23 mL) was added and the resulting 

suspension was heated at 80 °C for 4 hours. The hot suspension was filtered, rinsing with a 

small amount of MeCN. The cooled filtrate was then evaporated in vacuo until a pale yellow 

solid precipitated. The solid was filtered off and dried in vacuo to afford 29 (328 mg, 56%) as 

pale yellow solid. The filtrate was left in the refrigerator (4 °C) overnight, and a further crop of 

yellow solid precipitated, which was again filtered and washed with a small amount of Et2O to 

afford 32 (143 mg, 80% yield in total) as pale yellow-green solid (cis/trans mixture, 4.4:1).  
1H-NMR (500 MHz, CD2Cl2) δ 2.54 (s, trans-isomer), 2.49 (s, cis-isomer). 

Known compound. CAS 13869-38-0. The analytical data is in accordance with the literature.152 
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 (2,5-Dihydroxyphenyl)-1-yl-dimenthylphosphine oxide (10). A Schlenk 

tube was charged with p-benzoquinone (270 mg, 2.50 mmol, 1.00 eq.), 

dimenthylphosphine oxide (4; 816 mg, 2.50 mmol, 1.00 eq.) and pTsOH·H2O 

(23.8 mg, 125 mmol, 5 mol-%) and then evacuated and back-filled with argon 

(3´). After addition of dry DMF (5 mL), the reaction was stirred at 80 °C for 

22 h. After the reaction mixture had cooled to room temperature, it was diluted with water 

(5 mL) and CH2Cl2 (10 mL) and transferred to a separatory funnel. The aqueous phase was 

extracted with CH2Cl2 (2 ´ 20 mL) and the combined organic phases were washed with half-

sat. aq. Na2S2O3 (10 mL), water (2 ´ 10 mL), sat. aq. NaCl (10 mL) and dried (MgSO4). After 

filtration, the solvent was evaporated in vacuo and the crude product recrystallized from hot 

EtOAc to afford off-white solid (670 mg, 62%). 
1H-NMR (400 MHz, CDCl3): δ 0.37 (d, J = 6.7 Hz, 3H), 0.77 (d, J = 5.4 Hz, 3H), 0.79 (d, J = 

5.4 Hz, 3H), 0.81 – 0.84 (m, 1H), 0.87 (d, J = 6.7 Hz, 3H), 0.94 (d, J = 6.5 Hz, 3H), 0.98 (d, J 

= 5.7 Hz, 3H), 1.01 – 1.06 (m, 1H), 1.06 – 1.29 (m, 4H), 1.33 – 1.54 (m, 3H), 1.68 – 1.90 (m, 

8H), 2.02 – 2.21 (m, 2H), 2.68 (sept·d, J = 2.0, 6.5 Hz, 1H), 4.83 (br s, 1 H, ArOH), 6.67 (dd, 

J = 3.0, 11.5 Hz, 1H), 6.77 (dd, J = 4.5, 8.9 Hz, 1H), 6.88 (dd, J = 2.9, 8.9 Hz, 1H), 11.29 (s, 

1H). 

31P{1H} -NMR (162 MHz, CDCl3): δ 58.11.  

HR-MS (EI, m/z): Calcd. for C26H43O3P1+ ([M]+), 434.2944; found, 434.2936. 

 
(1,4-Dihydroxynaphthalen-2-yl)dimenthylphosphine oxide (12). An 

oven-dried Schlenk tube was charged with naphthoquinone (158 mg, 

1.00 mmol, 1.0 eq.), pTsOH (11.4 mg, 60 mmol, 6 mol-%), and 

dimenthylphosphine oxide (4; 327 mg, 1.00 mmol, 1.0 eq.) and 

evacuated and back-filled with argon (3´). Then, DMF (2 mL) was 

added and the mixture was stirred at 80 °C for two days. After addition 

of EtOAc and a half-sat. aq. Na2S2O3, the phases were separated in a separatory funnel. The 

aqueous phase was extracted with EtOAc (1 ´), and the combined organic phases washed with 

a half-sat. aq. Na2S2O3 (1´), water (1´) and sat. aq. NaCl (1´). The combined organic phases 

were dried (MgSO4) and the solvent evaporated in vacuo. The residue was recrystallized from 

hot EtOAc–hexanes to afford a slushy mass which shrunk upon filtration and drying in vacuo 

to afford white solid (160 mg, 33%).  
31P{1H}-NMR (162 MHz, C6D6) δ 57.50.  

HR-MS (EI, m/z): calcd for C30H45O3P+ ([M+]), 484.3101, found, 484.3115. 

OH

OH

P
O

Men

Men

10

OH

OH

P
O

Men

Men

crude

12



 163 

 

 (1-Hydroxy-4-methoxynaphthalen-2-yl)dimenthylphosphine oxide 

(13). An oven-dried Schlenk tube was charged with naphthoquinone 

(160 mg, 1.01 mmol, 1.00 eq.) and pTsOH·H2O (11.5 mg, 60 mmol, 6 

mol-%) and evacuated and backfilled with argon (3´). After addition of 

DMF (2 mL), the solution was stirred at 80 °C for 24 h. After cooling to 

RT, the reaction mixture was diluted with EtOAc and transferred to a 

separating funnel. The organic phase was washed with a half-saturated solution of Na2SO3 (2´) 

and the aqueous phase re-extracted with EtOAc (1´). The combined organic phases were 

washed with sat. aq. NaCl, dried (MgSO4) and filtered. After removing the solvent on a rotary 

evaporator, the crude (1,4-dihydroxynaphthalen-2-yl)dimenthylphosphine oxide (14) was 

directly employed in the subsequent methylation reaction. In a 50 mL Schlenk flask under 

argon, dry and ground K2CO3 (415 mg, 3.00 mmol, 3.0 eq.), degassed acetone (4 mL) and 

Me2SO4 (0.4 mL, 4.00 mmol, 4.0 eq.) was added under a counter-flow of argon. Crude 14 was 

added and the reaction mixture was stirred at room temperature for 2.5 h. A conc aq NH4OH 

solution (2 mL) was added and the solution was stirred at room temperature for 2 h to quench 

remaining Me2SO4. Water was added and the aqueous phase was extracted with EtOAc (2´) 

and the combined organic phases were washed with H2O (1´) and sat. aq. NaCl (1´), dried 

(MgSO4) and filered. The solvent was removed in vacuo and the crude compound purified by 

CC (SiO2; EtOAc–hexanes 1:20) to afford 13 (226 mg, 45%, 2 steps) as orange solid.  
1H-NMR (400 MHz, CDCl3): δ 0.38 (d, J = 6.7 Hz, 3H), 0.68 (d, J = 6.9 Hz, 3H), 0.7–1.45 

(m, 6H), 0.72 (d, J = 6.8 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H), 0.94 (d, J = 6.4 Hz, 3H), 1.01 (d, J 

= 5.9 Hz, 3H), 1.45–2.02 (m, 10H), 2.16–2.29 (m, 2H), 2.80 (sept, J = 6.8 Hz, 1H), 3.94 (s, 3 

H), 6.44 (d, JP–H = 10.4 Hz, 1H), 7.51–7.63 (m, 2H), 8.17 (d, J = 7.9 Hz, 1H), 8.33 (d, J = 7.6 

Hz, 1H), 12.31 (s, OH).  
13C-NMR (101 MHz, CDCl3): δ 15.81, 15.99, 21.40, 21.66, 22.92, 23.00, 24.68 (d, JP–C = 11.4 

Hz), 24.87 (d, JP–C = 12.5 Hz), 27.17 (d, JP–C = 3.6 Hz), 28.17 (d, JP–C = 2.0 Hz), 33.14 (d, JP–C 

= 12.3 Hz), 33.21 (d, JP–C = 12.9 Hz), 33.43 (d, JP–C = 3.1 Hz), 34.23 (d, JP–C = 1.2 Hz), 34.68 

(d, JP–C = 1.7 Hz), 36.80 (d, JP–C = 0.8 Hz), 37.04 (d, JP–C = 64.0 Hz), 40.66 (d, JP–C = 62.5 Hz), 

42.74 (d, JP–C = 3.6 Hz), 43.58 (d, JP–C = 3.2 Hz), 55.91, 102.19 (d, JP–C = 83.6 Hz), 102.90 (d, 

JP–C =11.3 Hz), 121.47, 123.22 (d, JP–C = 1.0 Hz), 126.12, 126.38, 127.90, 128.35 (d, JP–C = 2.0 

Hz), 146.72 (d, JP–C = 13.0 Hz), 155.67.  
31P{1H} -NMR (162 MHz, CDCl3): δ 59.5.  

HR-MS (EI, m/z): calcd for C31H47O3P+ ([M]+), 498.3263, found 498.3286. 
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1,4-Dimethoxynaphthalene-2-yl-dimenthylphosphine oxide (14). 

1,4-Naphthoquinone (79.1 mg, 500 µmol, 1.00 eq.), 

dimenthylphosphine oxide (4; 163 mg, 500 µmol, 1.00 eq.) and p-

TsOH·H2O (5.70 mg, 0.03 mmol, 6 mol-%) were added to a Schlenk 

tube and the tube was evacuated and back-filled with argon (3 ´). Then, 

dry DMF (1 mL) was added and the resulting solution was stirred at 80 °C for 24 h. The reaction 

mixture was then brought to room temperature, and K2CO3 (610 mg, 4.41 mg, 8.80 eq.) and 

methyl iodide (160 µL, 2.57 mmol, 5.14 eq.) were added sequentially under a positive stream 

of argon. The tube was sealed with a glass plug and PTFE sleeve and the reaction mixture was 

heated at 50 °C for 17 h, after which TLC analysis confirmed completion of the reaction. After 

letting the reaction mixture cool to room temperature, 10% aq NH3 (4 mL) was added. The 

reaction mixture was diluted with EtOAc (5 mL) and H2O (2 mL) and transferred to a 

separatory funnel. The organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 ´ 8 mL). The combined organic phases were washed with H2O (10 mL) and sat. aq. 

NaCl (10 mL) and then dried (Na2SO4), filtered and the solvent removed on a rotary evaporator. 

The crude material was purified by CC (SiO2; EtOAc–hexanes 1:4) to afford 14 in 79% yield, 

which still contained about 1 mol-% of 4 and some other unidentified impurities. Analytical 

purity was reached by trituration with cold MeOH to afford colorless solid (173 mg, 67%).  
1H-NMR (300 MHz, CDCl3) δ 0.46 (d, J = 6.7 Hz, 3H), 0.55 – 0.85 (m, 1H), 0.71 (d, J = 6.8 

Hz, 3H), 0.82 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 7.0 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 1.01 (d, J 

= 5.8 Hz, 3H), 0.96 – 1.38 (m, 9H), 1.46 – 1.96 (m, 7H), 2.19 (dtd, J = 13.3, 10.3, 2.4 Hz, 1H), 

2.43 – 2.55 (m, 1H), 3.28 – 3.39 (m, 1H), 4.01 (s, 3H), 4.04 (s, 3H), 6.95 (d, 3JP = 10.4 Hz, 1H), 

7.55 – 7.60(m, 3H), 8.06 – 8.16 (m, 1H), 8.22 – 8.33 (m, 1H). 

APT-13C NMR (75 MHz , CDCl3): δ 16.17 (CH3), 16.46 (CH3), 21.53 (CH3), 21.61 (CH3), 

22.78 (d, JP–C = 1.0 Hz, CH3), 22.99 (d, JP–C = 0.7 Hz, CH3), 24.95 (d, JP–C = 12.4 Hz, CH2), 

25.04 (d, JP–C = 11.4 Hz, CH2), 27.59 (d, JP–C = 1.7 Hz, CH), 27.83 (d, JP–C = 3.4 Hz, CH), 

32.86 (d, JP–C = 13.8 Hz, CH), 33.46 (d, JP–C = 12.6 Hz, CH), 34.52 (d, JP–C = 1.3 Hz, CH2), 

34.57 (d, JP–C = 1.7 Hz, CH2), 34.77 (d, JP–C = 2.9 Hz, CH2), 36.63 (CH2), 38.15 (d, JP–C = 65.5 

Hz, CH), 39.27 (d, JP–C = 65.0 Hz, CH), 42.78 (d, JP–C = 3.7 Hz, CH), 43.29 (d, JP–C = 3.5 Hz, 

CH), 55.81 (CH3), 63.56 (d, JP–C = 1.2 Hz, CH3), 105.54 (d, JP–C = 8.5 Hz, CH), 121.39 (d, JP–

C = 75.8 Hz, C), 122.50 (CH), 123.26 (d, JP–C = 0.9 Hz, CH), 126.49 (CH), 126.91 (CH) 128.34 

(d, JP–C = 2.1 Hz, C), 128.62 (d, JP–C = 8.3 Hz, C), 150.49 (d, JP–C = 11.6 Hz, C), 153.23 (C). 
31P{1H} -NMR (122 MHz, CDCl3): δ 46.6.  

HRMS (EI, m/z): calcd for C32H49O3P+ ([M]+), 512.3414; found, 512.3414. 

O

O

P
O

Men

Men

14



 165 

 

Dimenthyl(n-octy)phosphine oxide (16). An oven-dried Schlenk tube was 

charged with dimenthylphosphine oxide (163 mg, 500 µmol, 1.00 eq.) and 

dissolved in dry THF (2.0 mL). The solution was cooled to 0 °C (ice bath) 

and n-BuLi(1.6 M in hexanes, 0.31 mL, 500 µmol, 1.00 eq.) was added 

dropwise. The resulting solution was stirred at 0°C for 4 min before the ice bath was removed 

and the mixture was stirred at room temperautre for 1 hour. Then, 1-bromooctane (86 µL, 

500 µmol, 1.00 eq.) was added dropwise at room temperature. The reaction mixure was stirred 

at room temperature for 18 h and then transferred to a separatory funnel and diluted with H2O–

sat. aq. NaCl (5 mL) and EtOAc (5 mL). The organic phase was separated and the aqueous 

phase was extracted again with EtOAc (2 ´ 5 mL). The combined organic phases were washed 

with sat. aq. NaCl (5 mL), dried (MgSO4) and filtered. The solvent was removed under reduced 

pressure and the oily residue was purified by a short column chromatography, eluting with 

EtOAc–hexanes (1:4), then MeOH–DCM (1:20), to afford colorless oil (199 mg, 91%).  
1H-NMR (CDCl3, 400 MHz): δ = 0.70–1.20 (m, 6H), 0.83 (d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.8 

Hz, 3H), 0.88 (t, J = 7.1 Hz, 3H), 0.91 (d, J = 6.7 Hz, 6H), 0.92 (d, J = 6.4 Hz, 3 H), 0.97 (d, J 

= 6.8 Hz, 3H), 1.19–1.42 (m, 12H), 1.49–1.93 (m, 14H), 2.19 (sept, J ≈ 6.5 Hz, 1H), 2.72 

(sept·d, J = 6.8, 1.9 Hz, 1H).  

13C{1H} -NMR (101 MHz, CDCl3): δ 14.11, 16.02, 16.16, 21.65, 21.75, 22.09 (d, JP–C = 4.3 

Hz), 22.67, 22.71, 22.79, 25.14 (d, JP–C = 11.3 Hz), 25.20 (d, JP–C = 11.4 Hz), 25.47 (d, JP–C = 

58.5 Hz), 28.00 (d, JP–C = 1.7 Hz), 28.68 (d, JP–C = 2.3 Hz), 29.11, 29.12, 31.58 (d, J = 12.9 

Hz), 31.84, 33.28 (d, JP–C = 12.3 Hz), 33.48 (d, JP–C = 11.4 Hz), 34.52 (d, JP–C = 1.1 Hz), 34.68 

(d, JP–C = 1.2 Hz), 35.55 (d, JP–C = 2.9 Hz), 36.54, 39.82 (d, JP–C = 59.0 Hz), 41.10 (d, JP–C = 

59.7 Hz), 43.42 (d, JP–C = 2.5 Hz), 44.09 (d, JP–C = 3.4 Hz).  
31P{1H} -NMR (162 MHz, CDCl3): δ 52.5.  

HR-MS (EI, m/z): calcd for C28H55OP+ ([M]+), 438.3985, found 438.3992. 

 

 GP-14: Synthesis of alkane-1,n-diyl bis(dimenthyl)phosphine oxides 10, 20, 21. 

Small scale: Dimenthylphosphine oxide (4; 327 mg, 1.00 mmol, 2.00 eq.) 

was dissolved in dry THF (5.0 mL) in an oven-dried Schlenk tube under 

argon atmosphere. The solution was cooled to 0 °C (ice bath) and n-butyl 

lithium (625 µL, 1.00 mmol, 2.00 eq., 1.6 M solution in hexanes) was added 

dropwise. The solution was stirred at RT for 1 hour, then cooled to 0 °C 

again and 1,n-dihalo-alkane (1.00 eq.) was added dropwise via microsyringe. The ice bath was 

P
O

Men
Men n-Oct

16

P
O

P
Men

Men
O

Men

Men

n

11 n=2
20 n=3
21 n=5



 166 

removed and the solution was first stirred at room temperature for 1 hour before it was heated 

to 65 °C for 23 h. The reaction was quenched by adding a 1 M solution of HCl (5 mL) and 

transferred to a separatory funnel. The mixture was extracted with DCM or hexanes (2 ´ 

15 mL), and the combined organic phases were washed with H2O (10 mL) and sat. aq. NaCl 

(10 mL), dried (MgSO4) and filtered. The solvent was removed in a rotary evaporator. 

 

Ethane-1,2-diylbis(dimenthylphosphine oxide) 11. 

1. Small scale synthesis performed by co-workers77 according to GP-14 using 1,2-

dichloroethane (39 µL, 500 µmol, 1.00 eq.). After drying in high vacuum, 11 was obtained as a 

colorless solid (339 mg, 100%; ca. 95% purity as calculated by 31P NMR area integration). A 

sample for analysis was recrystallized from pentane at –25 °C.  

2. Larger scale synthesis: 

An oven-dried Schlenk tube was charged with dimenthyl phosphine oxide (4; 1.31 g, 

4.00 mmol, 2.00 eq.) and evacuated and back-filled with argon. Then, dry THF (10 mL) was 

added over a septum. The stirred solution was cooled to 0°C (ice/water bath) and n-BuLi (1.6 M 

in hexane, 2.5 mL, 4.00 mmol, 2.00 eq.) was added dropwise. The ice bath was removed and 

the reaction mixture was stirred at room temperature for 1 hour before 1,2-dichloro ethane 

(160 µL, 2.00 mmol, 1.00 eq.) was added at room temperature. The solution was stirred for a 

further hour at room temperature and then at 60°C for 24 hours. After the mixture had come to 

room temperature, it was quenched by sat. aq. NH4Cl (5 mL). The mixture was transferred to a 

separatory funnel, diluted with H2O and the aqueous phase was extracted with Et2O:hexane 

(2:1, 3´). The combined organic phases were washed with sat. aq. NaCl (1´), dried (MgSO4), 

filtered and the solvents evaporated in vacuo to afford crude 11 in quantitative yield (1.38 g). 

The crude material was considered pure enough to be used in further reactions. 
1H-NMR (400 MHz, CDCl3): δ 0.64–1.17 (m, 10H), 0.85 (d, J = 6.8 Hz, 6H), 0.87 (d, J = 6.8 

Hz, 6H), 0.91 (d, J = 6.4 Hz, 6H), 0.92 (d, J = 6.2 Hz, 6H), 0.93 (d, J = 6.9 Hz, 6H), 0.98 (d, J 

= 6.8 Hz, 6H), 1.21–1.40 (m, 6H), 1.52–1.80 (m, 16H), 1.83–1.98 (m, 4H), 2.05 (m, 4H), 2.18 

(sept·d, J = 6.7, 2.0 Hz, 2H), 2.77 (sept·d, J = 6.8, 2.3 Hz, 2H).  

APT-13C NMR (101 MHz, CDCl3): δ 16.19 (CH3), 16.30 (CH3), 17.67 (dd, 1JP–C = 75.2, 2JP–

C = 23.4 Hz, CH2), 21.85 (CH3), 21.88 (CH3), 22.77 (CH3), 22.81 (CH3), 25.19–25.40 (2 x m, 

CH2), 28.26 (CH), 28.99 (CH), 33.42 (t, JP–C = 6.3 Hz, CH), 33.63 (t, JP–C = 5.8 Hz, CH), 34.64 

(CH2), 34.70 (CH2), 35.76 (CH2), 36.62 (CH2), 39.97 (d, JP–C = 59.4 Hz, CH), 41.35 (d, JP–C = 

59.9 Hz, CH), 43.72 (CH), 44.43 (t, JP–C = 1.6 Hz, CH).  
31P{1H} -NMR (162 MHz, CDCl3): δ 52.8.  
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HR-MS (EI, m/z): calcd for C39H73O2P2+ ([M – C3H7]+), 635.5080, found 635.5064. 

 

Propane-1,3-diylbis(dimenthylphosphine oxide) 20. 

1. Small scale synthesis according to GP-14, using 1,3-dichloro-propane (48 µL, 500 µmol, 

1.00 eq.). The crude material was purified by filtration over a short silica column, elution with 

EtOAc–hexanes (1:1, 2 ´ 15 mL) and then MeOH–DCM (1:20, 3 ´ 15 mL) to afford 20 (219 

mg, 63%) as colorless solid. 

2. Larger scale synthesis: Larger scale synthesis: Dimenthylphosphine oxide (4; 1.31 g, 4.01 

mmol, 1.99 eq.) was dissolved in dry THF (10 mL) in an oven-dried Schlenk tube under argon 

atmosphere. The solution was cooled to 0°C (ice bath) and n-BuLi (2.5 mL, 4.00 mmol, 2.00 

eq., 1.6 M solution in hexanes) was added dropwise. The solution was stirred at room 

temperature for 1 h, then 1,3-dichloropropane (192 mL, 2.02 mmol, 1.00 eq.) was added 

dropwise via microsyringe. The solution was first stirred at room temperature for 1 h, then 

heated to 60 °C for 24 h. The reaction was quenched by adding sat. aq. NH4Cl (5 mL) and 

transferred to a separatory funnel. The mixture was extracted with Et2O–hexanes (3 ´ 30 mL), 

and the combined organic phases were washed with sat. aq. NaCl, dried (MgSO4), filtered and 

evaporated to afford crude 20 (1.45 g) in quantitative yield. This was considered pure enough 

for further reactions. For analytical purposes, a portion of the crude material was purified by 

filtration over a short column (SiO2) with EtOAc.  
1H-NMR (300 MHz, CDCl3): δ 0.76–1.39 (m, 16H), 0.83 (d, J = 6.8 Hz, 6H), 0.86 (d, J = 6.8 

Hz, 6H), 0.91 (d, J = 6.3 Hz, 12H), 0.93 (d, J = 6.3 Hz, 6 H), 0.97 (d, J = 6.9 Hz, 6H), 1.45–

1.97 (m, 24H), 2.01–2.17(m, 2H), 2.24 (sept·m, J ≈ 6.7 Hz, 2H), 2.72 (sept·d, J = 6.8, 2.0 Hz, 

2H).  

APT-13C NMR (101 MHz, CDCl3): δ 15.49 (t, JP–C = 3.0 Hz, CH2), 15.88 (CH3), 15.97 (CH3), 

21.57 (2 CH3), 22.50 (CH3), 22.59 (CH3), 24.95 (d, JP–C = 11.8 Hz, 2 CH2), 27.09 (dd, JP–C = 

57.6, 10.5 Hz, CH2), 27.77 (CH), 28.58 (CH), 33.12 (d, J = 13.0 Hz, CH), 33.27 (d, JP–C = 12.0 

Hz, CH), 34.28 (CH2), 34.35 (CH2), 35.69 (CH2), 36.31 (CH2), 39.44 (d, JP–C = 58.8 Hz, CH), 

41.31(d, JP–C = 59.1 Hz, CH), 43.10 (CH), 43.66 (CH).  
31P{1H} NMR (122 MHz, CDCl3): δ 52.4.  

HR-MS (EI, m/z): calcd for C43H82O2P2+ ([M]+), 692.5785, found 692.5785. 

 

Pentane-1,5-diylbis(dimenthylphosphine oxide) (21). 

1. Small scale synthesis according to GP-14, with 1,5-dibromo-pentane (68 µL, 500 µmol, 

1.00 eq.). The crude material was purified by filtration over a short column (SiO2), eluting with 
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EtOAc–hexanes (1:4), then MeOH–DCM (1:20) to afford 21 (346 mg, 96%) as colourless, 

amorphous solid. 

2. Larger scale synthesis: 

To an oven-dried Schlenk tube, dimenthylphosphine oxide (4; 1.31 g, 4.00 mmol, 2.00 eq.) was 

added and the tube was evacuated and back-filled with argon (3´). Then, dry THF was added 

over a septum and the stirred solution was cooled to 0°C (ice/water bath). Over a septum, n-

BuLi (1.24 M in hexane, 3.2 mL, 4.00 mmol, 2.00 eq.) was added dropwise over a period of 5 

minutes. The ice bath was then removed and the solution was stirred at room temperature for 1 

hour. Then, 1,5-dibromopentane (271 µL, 2.00 mmol, 1.00 eq.) was added dropwise while 

cooling with a water bath. The reaction was stirred at room temperature for 3 days and then 

quenched by adding a sat. aq. NH4Cl solution (4 mL). The mixture was diluted with H2O and 

the aqueous phase extracted with Et2O:hexanes (2:1, 3´). The combined organic phases were 

washed with sat. aq. NaCl (1´), dried (MgSO4) and the solvents were removed in vacuo to 

afford crude 21 in quanitative yield (1.61 g). 
1H-NMR (400 MHz, CDCl3): δ 0.80–1.00 (m, 4H), 0.83 (d, J = 6.8 Hz, 6 H), 0.85 (d, J = 6.8 

Hz, 6H), 0.91 (d, J = 6.7 Hz, 12H), 0.92 (d, J = 6.4 Hz, 6H), 0.97 (d, J = 6.8 Hz, 6H), 1.01–

1.20 (m, 6H), 1.21–1.38 (m, 6H), 1.46–1.96 (m, 30H), 2.20 (sept, J = 6.5 Hz, 2H), 2.74 (sept·d, 

J = 6.7, 1.8 Hz, 2H).  

APT-13C NMR (101 MHz, CDCl3): δ 16.03 (CH3), 16.18 (CH3), 21.73 (CH3), 21.80 (CH3), 

22.04 (d, JP–C = 4.1 Hz, CH2), 22.72 (CH3), 22.80 (CH3), 25.10–25.27 (m, 2 x CH2), 25.49 (d, 

JP–C = 58.2 Hz, CH2), 28.00 (d, JP–C = 1.5 Hz, CH), 28.73 (d, J = 2.1 Hz, CH), 33.30 (d, JP–C = 

12.4 Hz, CH), 33.51 (d, JP–C = 11.4 Hz, CH), 33.71 (t, JP–C = 12.6 Hz, CH2), 34.54 (CH2), 34.65 

(CH2), 35.71 (d, JP–C = 2.7 Hz, CH2), 36.58 (CH2), 39.77 (d, JP–C = 58.9 Hz, CH), 41.31 (d, JP–

C = 59.6 Hz, CH), 43.48 (d, JP–C = 2.5 Hz, CH), 44.09 (d, JP–C = 3.4 Hz, CH).  
31P{1H} -NMR (162 MHz, CDCl3): δ 52.3.  

HR-MS (EI, m/z): calcd for C45H86O2P2+ ([M]+), 720.6098, found 720.6116. 

 

1,3-Bis(dimenthylphosphaneyl)propane (23). Crude propane-1,3-

diyl-bismenthyl-phosphineoxide 20 (679 mg, 1.00 mmol, 1.00 eq.) 

was added to a 250 mL Schlenk flask and the flask was evacuated and 

back-filled with argon (3´). Sequentially, dry and degassed toluene (20 mL) and NEt3 (0.83 mL, 

6.00 mmol, 6.00 eq.) were then added through a septum. The flask was cooled to 0 °C with an 

ice bath and HSiCl3 (0.6 mL, 6.00 mmol, 6.00 eq.) was added dropwise to the stirred solution. 

After replacing the septum with a glass plug with Teflon collar, the ice bath was removed and 
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the solution was heated at 60 °C in an oil bath for 26 h. The oil bath was then removed and 

exchanged with an ice bath again. Then, degassed aq 6 M NaOH (15 mL) was added dropwise 

to the cooled reaction mixture under argon. After stirring the resulting solution overnight, the 

organic phase was transferred into another Schlenk flask and the aqueous phase was once again 

extracted with degassed toluene (8 mL) under Schlenk conditions. The combined organic 

phases were dried (Na2SO4), filtered through a plug of Celite under argon and the solvent was 

removed in vacuo. When 31P-NMR analysis confirmed almost complete conversion of starting 

material to 23, the crude product was used in the next step without further purification. The 

crude material could be recrystallized under argon from hot MeOH–EtOAc (12:10) to obtain 

analytically pure material. 
1H-NMR (400 MHz, C6D6): δ 0.75–1.40 (m, 12H), 0.87 (d, J = 6.9 Hz, 6H), 0.94 (d J = 6.4 

Hz, 18H), 1.02 (d, J = 7.0 Hz, 6H), 1.02 (d, J = 6.9 Hz, 6H), 1.49–1.61 (m, 4H), 1.66–1.91 (m, 

14H), 2.04 (br. t, J ≈ 14 Hz, 4H), 2.81 (sext·d, J = 6.7, 2.7 Hz, 2H), 3.14 (sext, J = 6.5 Hz, 2H). 
31P{1H}-NMR (162 MHz, C6D6): δ –27.9. 

 

 (1,3-Bis(dimenthylphosphaneyl)propane-𝜿2P,P')palladium(II) chloride 

(27). To crude 1,3-Bis(dimenthylphosphaneyl)propane 23 was added 

degassed toluene (6 mL) and PdCl2(MeCN)2 (259 mg, 1.00 mmol, 1.00 eq.) 

in a Schlenk flask under argon and the resulting solution was stirred at 80 °C 

for 16 h. The solution was then cooled to room temperature and the solvent 

was removed in vacuo. The yellow-orange residue was washed with hexanes (8 mL) and then 

dissolved in DCM (10 mL), leaving an insoluble red residue which was filtrated off and washed 

with DCM several times. The filtrate was removed on a rotary evaporator to afford propane-

1,3-diyl-bismenthyl-phosphine palladium dichloride 27 (333 mg, 40%) as a yellow solid which 

still contained minor impurities as judged by 31P NMR analysis. The solid was further purified 

by washing with hexanes (4 mL) and dried in vacuum to afford 27 (250 mg, 30%) yellow solid. 

Crystals for an X-ray structure determination were obtained from dissolving the material in 

DCM and overlayering with hexanes.  
1H-NMR (400 MHz, CD2Cl2): broadened signals: δ 0.68–1.27 (m, 8H), 0.91 (d, J = 5.9 Hz, 

12H), 0.93 (d, J = 5.7 Hz, 12H), 0.97 (d, J = 6.4 Hz, 6H), 1.03 (d, J = 6.2 Hz, 6H), 1.28–1.86 

(m, 22H), 1.87–2.33 (m, 8H), 2.46–2.60 (m, 6H), 2.66 (br. sept, J ≈ 6.2 Hz, 2H).  
13C{1H}-NMR (101 MHz, CD2Cl2): δ 17.37, 19.14, 19.59–19.98 (m), 21.08, 22.18, 22.52 (2 

x), 23.32, 24.67 (d, JP–C = 6.1 Hz), 26.84 (d, JP–C = 9.3 Hz), 29.10 (d, JP–C = 3.9 Hz), 31.06 (d, 
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JP–C = 6.1 Hz), 31.63, 31.96 (d, JP–C = 13.1 Hz), 34.33 (d, JP–C = 11.3 Hz), 34.71, 37.16, 39.99, 

40.37 (d, JP–C = 25.8 Hz), 41.48 (d, JP–C = 17.8 Hz), 43.40, 46.05 (d, JP–C = 4.5 Hz).  
31P{1H} -NMR (162 MHz, CD2Cl2): δ 23.4 (s).  

 

 [{(Men2P–O–H–O–PMen2-𝜿2P,P')Pd}2(µ-Cl)2] (30). A plug of 

basic aluminum oxide (⌀ = 5 cm; h = 0.5 cm) on a sintered glass frit 

was charged with (Men2POH)2PdCl2 (101.1 mg, 121.8 µmol, 

1.00 eq.) dissolved in toluene (6 mL). After 5 min, the plug was eluted 

with toluene (2 ´ 15 mL) and the solvent was evaporated in vacuo. Hexanes (2´) was added to 

the oily residue and the solvent evaporated again to remove residual toluene. After drying in 

high vacuum, a yellow powder was obtained (50.6 mg, 52%).  
1H-NMR (400 MHz, C6D6): integrals for major at 80 mol % abundance (integrals of aliphatic 

area approximated): δ 0.77–1.31 (m, 88H), 1.33–1.62 (m, 14H), 1.64–1.84 (m, 12H), 1.84–2.12 

(m, 12H), 2.20 (br. m, 4H), 2.30–2.41 (m, 4H), 2.53–2.69 (m, 8H), 2.77–2.91 (m, 6H), 3.08 

(sept, J = 6.7 Hz, 4H), 15.20 (s, 2H).  
31P{1H}-NMR (162 MHz, C6D6): δ 109.4 (s, linewidth 128 Hz). 

 

Bis(dimenthyl(phenyl)phosphine)palladium(II) chloride (32). An 

oven-dried Schlenk tube was charged with PdCl2 (22.9 mg, 129 µmol, 

1.00 eq.) and then transferred to the glovebox, where it was charged with 

dimenthyl(phenyl)phosphine (100 mg, 259 µmol, 2.00 eq.). Outside of 

the glovebox, dry and degassed MeCN (4 mL) was added via septum, the 

tube was sealed and the resulting yellow mixture was stirred at 70 °C for 17 hours. After the 

reaction mixture had come to room temperature, the solvent was evacuated in vacuo and the 

residue was washed with hexanes to afford 38% (46.4 mg) of 

bis(dimenthyl(phenyl)phosphine)palladium(II) chloride.  
1H-NMR (400 MHz, CD2Cl2): signals for both rotamers: δ 0.13 (t, J = 11.4 Hz, 1H), 0.43 – 

0.55 (m, 2H), 0.55 (d, J = 6.6 Hz, 6H), 0.76 (d, J = 6.6 Hz, 6H), 0.80 (d, J = 6.7 Hz, 6H), 0.88 

(d, J = 6.4 Hz, 6H), 0.92 (d, J = 6.5 Hz, 6H), 0.99 – 1.28 (m, 14H), 1.14 (d, J = 6.5 Hz, 6H), 

1.33 – 1.49 (m, 8H), 1.53 – 1.62 (m, 3H), 1.65 – 1.89 (m, 13H), 2.15 – 2.30 (m, 2H), 2.35 – 

2.52 (m, 5H), 3.25 (t, J = 11.6 Hz, 2H), 3.40 – 3.49 (m, 2H), 7.32 – 7.51 (m, 6H), 7.61 (br s, 

2H), 8.21 (br s, 2H). 
31P{1H}-NMR (162 MHz, CD2Cl2) δ 25.64. 
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13C-APT-NMR (101 MHz, CD2Cl2): signals for both rotamers: δ 17.37 (CH/CH3), 19.08 

(CH/CH3), 22.02 (CH/CH3), 22.91 (CH/CH3), 23.15 (CH/CH3), 23.29 (CH/CH3), 26.21(CH2), 

26.47 (CH2), 28.03 (CH), 29.31 (CH), 33.88 (CH), 34.35 (CH), 35.45 (CH2), 35.64 (CH2), 35.88 

(CH2), 37.73 (t, CH), 38.23 (CH2), 44.79 (CH), 47.47 (CH), 126.89 (CH), 127.76 (C), 130.45 

(CH), 132.89 (CH, br s), 138.55 (CH, br s). 

 

 MenJohnPhos (L1). To a dried-up Schlenk flask, 2-bromobiphenyl 

(933 mg, 4.00 mmol, 1.00 eq.) and THF (11 mL) was added under argon 

atmosphere. The stirred solution was cooled to –78°C (dry ice/acetone 

bath) and n-butyl lithium (1.6 M in hexane, 2.76 mL, 4.40 mmol, 

1.10 eq.) was added dropwise. After stirring the solution at –78°C for 

one hour, chlorodimenthylphosphine (3; 1.66 g, 4.80 mmol, 1.20 eq.) in 

THF (2.90 mL) was added to the reaction mixture and it was stirred at –

78°C for one hour before it was slowly warmed to room temperature overnight. Then, sat. aq. 

NH4Cl (10 mL) was added and the mixture was extracted with MTBE (2 ´ 40 mL). The 

combined organic phases were washed with sat. aq. NaCl (40 mL), dried (MgSO4) and filtered. 

The solvent was evaporated in vacuo and the resulting yellowish solid was recrystallized from 

hot MeOH–EtOAc (2:1) to afford L1 (910 mg, 49%) as a white solid.  
1H-NMR (400 MHz, CDCl3): δ 0.35–1.70 (m, 16 H), 0.38 (d, J = 6.6 Hz, 3 H), 0.48 (d, J = 

6.9 Hz, 3 H), 0.51 (d, J = 6.8 Hz, 3 H), 0.80 (d, J = 6.5 Hz, 3 H), 0.85 (d, J = 6.9 Hz, 3 H), 0.92 

(d, J = 6.5 Hz, 3 H), 1.70–1.80 (m, 2 H), 1.94 (m, J = 9.4, 6.7, 2.6 Hz, 1 H), 2.19 (m, J = 11.7, 

4.1 Hz, 1 H), 7.20–7.24 (m, 1 H), 7.26–7.42 (m, 1 H), 7.71 (dt, J = 7.4, 1.9 Hz, 1 H).  
13C{1H}-NMR (100 MHz, CDCl3): δ 14.78, 15.71, 21.80, 21.82, 22.75, 23.09, 25.08 (d, JP–C 

= 7.8 Hz), 25.51 (d, JP–C = 11.2 Hz), 26.97 (d, JP–C = 19.5 Hz), 28.20 (d, JP–C = 10.4 Hz), 33.59, 

33.80 (d, JP–C = 6.0 Hz), 34.82, 34.78 (d, JP–C = 19.4 Hz), 34.92, 36.06 (d, JP–C = 22.9 Hz), 

37.75 (d, JP–C = 7.5 Hz), 38.26 (d, JP–C = 3.2 Hz), 42.75 (d, JP–C = 10.9 Hz), 49.07 (d, JP–C = 

23.3 Hz), 125.34, 126.48, 127.51, 127.94, 130.29 (d, JP–C = 4.6 Hz), 130.85 (d, JP–C = 5.4 Hz), 

134.56 (d, JP–C = 28.1 Hz), 135.21 (d, JP–C = 2.9 Hz), 143.07 (d, JP–C = 4.7 Hz), 148.00 (d, JP–C 

= 27.7 Hz).  
31P{1H}-NMR (162 MHz, CDCl3): δ −22.2 (s).  

HR-MS (EI, m/z): calcd for C23H47P+ ([M]+), 462.3410; found, 462.3390. 
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 Dimenthyl(phenyl)phosphine (L2).  
1H-qNMR experiment for reaction monitoring: An oven-dried Schlenk 

tube was charged with Men2PCl (3; 127.5 mg, 500 µmol, 1.00 eq.) in a 

glovebox and the flask was sealed. Outside of the glovebox, internal 

standard naphthalene (25.6 mg, 200 µmol) and dry and degassed THF 

(1.5 mL) were added under a positive stream of argon and the mixture 

was cooled to 0°C (ice/water bath). Then, phenyl lithium (1.5 M solution 

in dibutyl ether, 0.4 mL, 600 µmol, 1.20 eq.) was added dropwise over a septum to the stirred 

solution. The resulting solution was stirred for 1.5 hours at room temperature. Then, the ice 

bath was removed and the reaction mixture was further stirred at room temperature. After a 

total of 2.5 hours of reaction time, an aliquot of the reaction mixture was removed by syringe 

and added to an NMR tube under argon, which was charged with degassed C6D6. The reaction 

mixture was then analyzed by 1H-qNMR as soon as possible, indicating formation of L2 (94% 
1H-qNMR yield). 

Synthesis: An oven-dried Schlenk tube was charged with chlorodimenthylphosphine (3; 

862 mg, 2.50 mmol, 1.00 eq.) in a glovebox. Outside of the glovebox, THF (7.5 mL) was then 

added through a septum and the reaction mixture was cooled to 0 °C. with an ice bath. Phenyl 

lithium (1.5 M solution in dibutyl ether, 2.0 mL, 3.0 mmol, 1.20 eq.) was then added dropwise 

and the resulting solution was stirred at 0°C for 15 min. The ice bath was then removed and the 

reaction mixture was stirred at room temperature for 2 h before it was quenched with degassed 

water (10 mL). Under argon, degassed EtOAc was then added to the biphasic mixture and the 

organic phase was transferred to another Schlenk tube via syringe. The aqueous phase was 

again extracted with EtOAc (2 ´ 5 mL) and the combined organic phases were dried (Na2SO4). 

After filtering off the drying agent, the solvent was removed under high vacuum (10-2 mbar) 

until a yellow, oily residue remained. Degassed acetone (0.5 mL) was added to the residue and 

the compound was left to crystallize at -25 °C overnight. The colorless crystals were then 

filtered off under argon at -30 °C (MeOH/ice bath) and washed with cold, degassed acetone 

(0.4 mL). The solids were dried in high vacuum to afford dimenthylphenylphosphine (747 mg, 

1.93 mmol, 77%) as a colorless solid which was stored in the glovebox.  
1H-NMR (400 MHz, C6D6): δ 0.45 (d, J = 6.7 Hz, 3H), 0.48–0.59 (m, 1H), 0.80–1.18 (m, 7H), 

0.83 (d, J = 6.8, 3H), 0.85 (d, J = 6.3 Hz, 3H), 0.97 (dd, J = 7.1, 0.8 Hz, 3H), 0.97 (d, J = 6.4 

Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H), 1.23–1.90 (m, 8H), 1.92–2.03 (m, 2H), 2.23 (dddd, J = 11.9, 

10.6, 6.2, 3.4 Hz, 1H), 3.31 (sept·d, J = 7.0, 2.9 Hz, 1H), 7.06–7.15 (m, 3H), 7.59–7.65 (m, 

2H).  
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13C{1H}-NMR (101 MHz, C6D6): δ 15.32 (d, JP–C = 1.5 Hz), 16.28, 21.57, 22.44, 23.00, 23.33, 

25.64 (d, JP–C = 7.2 Hz), 25.87 (d, JP–C = 11.1 Hz), 27.78 (d, JP–C = 22.4 Hz), 28.35 (d, JP–C = 

11.4 Hz), 33.33 (d, JP–C = 17.7 Hz), 33.91, 34.07 (d, JP–C = 6.1 Hz), 35.33, 35.40, 36.39 (d, JP–

C = 19.9 Hz), 37.79 (d, JP–C = 3.5 Hz), 38.07 (d, JP–C = 6.8 Hz), 43.98 (d, JP–C = 9.0 Hz), 50.46 

(d, JP–C = 23.2 Hz), 127.72, 128.64 (d, JP–C = 1.0 Hz), 135.00 (d, JP–C = 19.3 Hz), 137.11(d, JP–

C = 22.3 Hz).  
31P{1H} -NMR (162 MHz, C6D6): δ –10.1.  

HR-MS (EI): Calcd for C26H43P1+ ([M]+), 386.3097, found 386.3097. 

 

 (2-Chlorophenyl)dimenthylphosphine (L3). An oven-dried Schlenk 

flask under argon atmosphere was charged with 1-bromo-2-

chlorobenzene (0.48 mL, 4.12 mmol, 1.01 eq.) and dry and degassed 

THF (10 mL). After cooling to –78 °C (acetone–dry ice bath), n-BuLi 

(1.6 M in hexane, 2.6 mL, 1.02 eq.) was added dropwise to the stirred 

solution. After stirring the resulting solution for 1 h at –78 °C, 

chlorodimenthylphosphine (3; 345 mg, 4.08 mmol, 1.00 eq.) in THF (4 mL) was added 

dropwise. The resulting solution was stirred for one hour at –78 °C, and then slowly warmed to 

room temperature over the course of 16 h. After adding sat. aq. NH4Cl (12 mL), the mixture 

was transferred to a separatory funnel and the aqueous phase was extracted with EtOAc 

(2 ´ 20 mL). The combined organic phases were washed with sat. aq. NaCl (20 mL), dried 

(MgSO4), filtered and the solvent evaporated in vacuum. The crude material was triturated with 

MeOH and the flask ultrasonicated until off-white solids had formed. The solids were filtered 

off and washed with a minimum amount of cold MeOH. Drying in high vacuum gave L3 

(640 mg, 37%) as colorless solid.  
1H-NMR (400 MHz, CDCl3): δ 0.25 (d, J = 6.6 Hz, 3H), 0.57–1.11 (m, 7H), 0.78 (d, J = 6.8 

Hz, 3H), 0.80 (d, J = 6.5 Hz, 3H), 0.82 (d, J = 6.9 Hz, 3H), 0.89 (dd, J = 6.9, 1.0 Hz, 3H), 0.96 

(d, J = 6.6 Hz, 3H), 1.20–1.37 (m, 2H), 1.42–1.54 (m, 1H), 1.57–1.85 (m, 8H), 2.09 (dddd, J = 

12.1, 11.1, 4.5, 3.6 Hz, 1H), 3.05 (octett·d, J = 6.9, 2.6 Hz, 1H), 7.18–7.25 (m, 2H), 7.34–7.43 

(m, 1H), 7.56–7.63 (m, 1H).  
31P{1H} -NMR (162 MHz, CDCl3): δ −16.9 (s). ESI-MS (m/z): 420.15 ([M – H]+, 5%), 385.19 

([M – Cl]+, 100%).  

HR-MS (EI, m/z): calcd for C26H42ClP+ ([M]+) 420.2707, found 420.2749. 
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 MenSPhos (L4). To an oven-dried Schlenk tube, magnesium granules 

(26.8 mg, 1.12 mmol, 1.12 eq.) and 2-bromo-2',6'-dimethoxybiphenyl 

(34; 293 mg, 1.00 mmol, 1.00 eq.) was added and the Schlenk tube was 

evacuated and back-filled with argon (3 ´). Then, dry and degassed THF 

(2.0 mL) and DBE (4 µL) was added and the mixture was stirred at 

80 °C for 19 h. After cooling the mixture to room temperature, CuCl (4.95 mg, 0.05 mmol, 

5 mol-%) and chlorodimenthylphosphine (345 mg, 1.00 mmol, 1.00 eq.) in THF (0.5 mL) were 

added sequentially. The reaction mixture was stirred at room temperature for 3 days and for 5 

more hours at 60 °C, after which the reaction was quenched by adding sat. aq. NH4Cl (2 mL) 

and H2O (3 mL). The mixture was transferred into a separatory funnel and extracted with Et2O 

(3 ´ 10 mL). The combined organic phases were washed with H2O (20 mL) and sat. aq. NaCl 

(30 mL). The combined organic phases were dried (MgSO4), filtered and the solvent was 

removed on a rotary evaporator. After recrystallization from hot MeOH–EtOAc (9:1), L4 was 

obtained as a colorless solid (155 mg, 30%).  
1H-NMR (400 MHz, C6D6): δ 0.65 –1.20 (m, 5H), 0.72 (d, J = 6.8 Hz, 3H), 0.79 (dd, J = 6.8, 

0.4 Hz, 3H), 0.81 (d, J = 7.0 Hz, 3H), 0.83 (d, J = 6.5 Hz, 3H), 0.97 (d, J = 6.4 Hz, 3H), 0.98 

(d, J = 6.9 Hz, 3H), 1.26–1.90 (m, 11H), 2.21 (td, J = 11.5, 2.8 Hz, 1H), 2.27–2.40 (m, 2H), 

2.72 (sept·d, J = 6.9, 2.6 Hz, 1H), 3.33 (s, 3H), 3.41 (s, 3H), 6.38 (d, J = 8.3 Hz, 1H), 6.44 (d, 

J = 8.3 Hz, 1H), 7.12–7.22 (m, 3H, overlap with residual solvent signal), 7.26–7.30 (m, 1 H), 

7.83 (dt, J = 7.4, 1.6 Hz, 1H).  
13C{1H}-NMR (76 MHz, C6D6): δ 15.73 (d, JP–C = 0.9 Hz, CH3), 16.17 (CH3), 22.13 (CH3), 

22.60 (CH3), 23.06 (CH3), 23.23 (CH3), 26.07 (d, JP–C = 8.6 Hz, CH2), 26.22 (d, JP–C = 9.5 Hz, 

CH2), 27.56 (d, JP–C = 44.1 Hz, CH), 27.58 (CH), 34.38 (d, JP–C = 2.1 Hz, CH), 34.45 (CH), 

35.48 (CH2), 35.58 (d, JP–C = 26.1 Hz, CH), 35.62 (CH2), 36.86 (d, JP–C = 21.8 Hz, CH), 39.01 

(d, JP–C = 1.5 Hz, CH2), 40.40 (d, JP–C = 2.5 Hz, CH2), 44.16 (d, JP–C = 18.1 Hz, CH), 47.73 (d, 

JP–C = 21.4 Hz, CH), 54.93 (CH3), 55.45 (d, JP–C = 0.8 Hz, CH3), 103.94 (CH), 104.24 (CH), 

120.95 (d, JP–C = 5.5 Hz, C), 126.38 (CH), 128.35 (CH, overlap with solvent signal), 128.85 

(CH), 132.23 (d, JP–C = 6.0 Hz, CH), 133.32 (d, JP–C = 1.5 Hz, CH), 138.82, (d, JP–C = 26.2 Hz, 

C), 141.90, (d, JP–C = 32.4 Hz, C), 158.20 (d, JP–C = 0.8 Hz, C), 158.58 (d, JP–C = 0.8 Hz, C).  
31P{1H} -NMR (162 MHz, C6D6): δ –21.1 (s).  

HR-MS (EI): Calcd for C34H51O2P+ ([M]+), 522.3622, found 522.3614. 
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 Dimenthyl(1-naphthyl)phosphine (L5). An oven-dried Schlenk tube 

was dried by heat gun and back-filled and evacuated with argon (3 ´). 

It was then charged with 1-bromonaphthalene (280 µL, 2.00 mmol, 

2.00 eq.) and THF (2.5 mL) and cooled to -78 °C (acetone/dry ice). 

Then, n-BuLi (1.6 M in hexane, 1.25 mL, 2.00 mmol, 2.00 eq.) was 

added dropwise and the solution was stirred at -78 °C for 100 min 

before adding Men2PCl (3; 345 mg, 1.00 mmol, 1.00 eq.) in THF 

(1 mL) dropwise. The resulting solution was stirred at -78 °C for a further 2 hours before it was 

slowly brought to room temperature and then quenched by addition of H2O (5 mL). It was then 

extracted with EtOAc (3 ´ 8 mL) and the combined organic phases were washed with sat. aq. 

NaCl (8 mL), dried (MgSO4) and filtered. The solvent was removed on a rotary evaporator and 

the crude product was triturated with a small amount of MeOH, filtered and washed with MeOH 

to afford L5 (237 mg, 54%) as off-white solid. 
1H-NMR (400 MHz, C6D6): δ 0.30 (d, J = 6.7 Hz, 3H), 0.70 (d, J = 6.8 Hz, 3H), 0.73 – 1.06 

(m, 5H), 0.83 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H), 1.06 (d, J 

= 6.8 Hz, 3H), 1.16 – 1.68 (m, 8H), 1.74 (d, J = 12.7 Hz, 1H), 1.83 – 2.03 (m, 3H), 2.10 (d, J = 

12.8 Hz, 1H), 2.29 – 2.44 (m, 1H), 3.44 (sept·d, J = 6.9, 2.5 Hz, 1H), 7.21 – 7.28 (m, 1H), 7.55 

– 7.69 (m, 2H), 7.63 (dd, J = 13.3, 8.1 Hz, 2H), 7.83 (dd, J = 7.4, 2.8 Hz, 1H), 9.21 – 9.32 (m, 

1H). 
31P{1H} -NMR (162 MHz, C6D6): δ -28.68. 
13C{1H}-NMR (75 MHz, CDCl3) δ 15.45, 15.84, 21.41, 22.13, 22.81, 23.25, 25.37, 25.47, 

25.55, 25.70, 27.97, 28.01, 28.16, 28.24, 33.57, 34.02, 34.11, 34.61, 34.83, 35.26, 35.92, 36.18, 

38.28, 38.37, 42.96, 49.99, 50.29, 124.16, 125.54, 125.57, 125.59, 125.63, 127.05, 127.45, 

128.52, 128.54, 128.93, 133.56, 133.73, 133.77, 133.80, 133.89, 137.11, 137.44. Complicated 

signal-splitting due to C-P coupling. 

 

 2,3-Dibromo-1,4-naphthoquinone (79). 

The synthesis was performed according to Inoue et al.135 

A 2-neck flask which was equipped with a stirring bar and connected to a 

wash-bottle filled with Na2SO3 solution was charged with 1,4-

naphthoquinone (20.0 g, 126 mmol, 1.00 eq.), HOAc (320 mL), Br2 

(15.5 mL, 303 mmol, 2.40 eq.) and I2 (128 mg, 5.06 mmol, 0.4 mol-%). The 

stirred solution was then heated to 60 °C for 2 hours and then to 100 °C for 
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1.5 hours before it was brought to room temperature. The formed solids were filtered, washed 

with MeOH and dried in vacuo to afford 79 (35.5 g, 91%). 
1H-NMR (500 MHz, CDCl3): δ 7.69 – 7.84 (m, 2H), 8.15 – 8.24 (m, 2H). 
13C{1H}-NMR (101 MHz, CDCl3): δ 128.39, 130.92, 134.69, 142.73, 176.00. 

TLC: Rf = 0.31 (SiO2; hexanes:EtOAc 20:1) [UV, Mostain]  

Known compound. CAS: 13243-65-7.  

The analytical data is in accordance with the literature. 153 

 

 2,3-Dichloro-1,4-dihydroxynaphthalene (75). 

Small scale synthesis: A round bottom flask was charged with 2,3-dichloro-

1,4-naphthoquinone (74; 7.00 g, 30.8 mmol, 1.00 eq.), Et2O (100 mL) and 

CH2Cl2 (100 mL). Then, a solution of Na2S2O4 (86 wt.-% purity, 31.2 g, 

154 mmol, 5.00 eq.) in H2O (200 mL) was added and the resulting two-phase 

mixture was stirred vigorously at room temperature for 4 hours, after which 

TLC analysis confirmed complete formation of target material. Then, the organic solvent was 

evaporated in vacuo and the aqueous phase was extracted with EtOAc (2 ´ 50 mL). The 

combined organic phases were washed with H2O (80 mL) and sat. aq. NaCl (100 mL), dried 

(MgSO4) and filtered. The solvent was removed on a rotary evaporator to afford 73 in 

quantitative yield. 

Larger scale synthesis: A round bottom flask was charged with 2,3-dichloro-1,4-

naphthoquinone (74; 20.0 g, 88.0 mmol, 1.00 eq.), CH2Cl2 (275 mL) and Et2O (275 mL). Then, 

Na2S2O4 (86 wt-% purity, 89.8 g, 440 mmol, 5.00 eq.) in H2O (550 mL) was added and the two-

phase mixture was stirred vigorously at room temperature for 20 hours. The organic solvent 

was then removed on a rotary evaporator and the aqueous phase extracted with EtOAc (3´). 

The combined organic phases were washed with H2O (1´), sat. aq. NaCl (1´), dried (MgSO4), 

filtered and the solvent evaporated in vacuo to afford 75 (19.45 g, 96%) as pale pink solid. 
1H-NMR (500 MHz, CDCl3): δ 5.70 (s, 2H), 7.48 – 7.61 (m, 2H), 8.14 – 8.21 (m, 2H). 
13C{1H}-NMR (101 MHz, CDCl3): δ 111.28, 122.22, 123.29, 127.15, 142.24. 

TLC: Rf = 0.57 (SiO2; hexanes:EtOAc 3:1) [UV, Mostain]  

Known compound. CAS: 7474-86-4. The analytical data is in accordance with the literature. 
154 
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 2,3-dichloro-1,4-dimethoxy-naphthalene (746). 

An oven-dried Schlenk flask was evacuated and back-filled with argon (3´), 

charged with degassed acetone (125 mL). Then, dried and crushed K2CO3 

(12.0 g, 87.2 mmol, 4.00 eq.) was added portionwise under a positive pressure 

of argon so that a well-stirred suspension was formed. Me2SO4 (6.2 mL, 

65.2 mmol, 3.00 eq.) and 2,3-dichloro-1,4-dimethoxynaphthalene (73; 

5.00 g, 21.8 mmol, 1.00 eq.) were then subsequently added (the latter portionwise) under water-

bath cooling. The mixture was then heated to 40 °C for 1.5 hours, after which TLC confirmed 

complete consumption of starting material. After the reaction mixture had cooled to room 

temperature, conc. aq. NH3 (20 mL) was added to destroy any remaining Me2SO4 and the 

mixture was stirred overnight. It was then filtered over a pad of cotton, diluted with water and 

extracted with EtOAc (2´). The combined organic phases were washed with H2O (1´) and sat. 

aq. NaCl (1´), dried (MgSO4) and the solvent evaporated in vacuo. The residue was then 

purified by column chromatography (SiO2; hexanes–EtOAc 20:1) to afford 76 (3.7 g, 66%) as 

off-white solid. 
1H-NMR (500 MHz, CDCl3): δ 4.01 (s, 6H), 7.54 – 7.61 (m, 2H), 8.07 – 8.14 (m, 2H). 
13C{1H}-NMR (75 MHz, CDCl3): δ 61.61, 122.50, 123.16, 127.43, 127.78, 149.84. 

TLC: Rf = 0.79 (SiO2; hexanes-EtOAc 3:1) [UV, Mostain]. 

Known substance, CAS 41245-40-3. The analytical data is in accordance with the literature. 155 

 

 2-Iodo-1,4-dimethoxy-3-(2,4,6-triisopropylphenyl)naphthalene (72). 

An oven-dried 250 mL Schlenk flask was charged with Mg turnings 

(1.14 g, 46.8 mmol, 4.00 eq.), evacuated and back-filled with argon 

(3´) and dried by heat-gun (2´). Then, dry THF (12 mL) and a 

granule of I2 were added. Then, 1-bromo-2,4,6-triisopropyl benzene 

(4.97 g, 17.6 mmol, 1.50 eq.) was added dropwise and slowly via 

syringe, while the reaction was initiated by heat gun. After fading of the purple iodine colour 

had indicated initiation of the Grignard reaction, the remaining 1-bromo-2,4,6-triisopropyl 

benzene was added dropwise under stirring, and the syringe was rinsed with dry THF (2 mL). 

The reaction mixture was then heated to 50°C in an oil bath for 2 hours. Then, 76 (3.00 g, 

11.7 mmol, 1.00 eq.) was added dropwise at this temperature over a period of 20 minutes. The 

mixture was stirred at 50°C for 17 hours. After the reaction had cooled to room temperature, 

the flask was placed in an ice bath and iodine (13.4 g, 52.7 mmol, 4.50 eq.) was added under a 

positive pressure of argon. The ice bath was removed and the mixture was stirred at room 
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temperature for 45 minutes. The solution was then diluted with EtOAc and remaining Mg 

turnings were filtered off. The organic phase was then washed with half-sat. aq. Na2SO3 

solution (2´) and the combined aqueous phases re-extracted with EtOAc (2´). The combined 

organic phases were then washed with sat. aq. NaCl (1´), dried (MgSO4) and the solvent 

evaporated in vacuo. The crude material was purified by column chromatography (SiO2; 

hexanes–toluene 20:1 → 4:1) and then washed with cold hexanes to afford 72 (2.14 g, 35%) as 

pale yellow solid. 
1H-NMR (400 MHz, CDCl3): δ 1.11 (d, J = 6.8 Hz, 6H), 1.21 (d, J = 6.8 Hz, 6H), 1.33 (d, J = 

6.8 Hz, 6H), 2.44 (p, J = 6.8 Hz, 2H), 2.99 (p, J = 6.9 Hz, 1H), 3.61 (s, 3H), 3.99 (s, 3H), 7.09 

(s, 2H), 7.53 – 7.61 (m, 2H), 8.08 – 8.19 (m, 2H). 
13C{1H}-NMR (75 MHz, CDCl3) δ 24.27, 24.56, 24.98, 31.13, 34.33, 61.54, 61.72, 97.72, 

121.23, 123.03, 123.63, 126.73, 127.86, 133.88, 135.61, 146.35, 148.95, 150.20, 153.18, 

129.10. 

HR-MS (EI): Calcd for C27H33IO2+ ([M]+) 516.1520, found 516.1495. 

 

GP-15. General Procedure for the screening of reaction conditions for the synthesis of 83. 

A: Via Grignard reagent: An oven-dried Schlenk tube was charged with Mg turnings (35.3 mg, 

1.47 mmol, 3.80 eq.), evacuated and back-filled with argon (3´) and dried by heatgun (2´). 

Then, dry and degassed THF (0.5 mL) and 1,2-dibromoethane (1 drop) was added. The stirred 

mixture was heated to 60°C for 30 minutes and then cooled to room temperature. Then, 

precursor 72 (200 mg, 387 µmol, 1.00 eq.) and dry and degassed THF (1.4 mL) was added 

under a positive pressure of argon. The resulting mixture was stirred at 60 °C for 2 hours. After 

it had come to room temperature, the resulting Grignard solution was transferred to a second, 

oven-dried Schlenk tube which was charged with CuCl (x eq.) under argon. The first flask was 

rinsed with THF (0.5 mL) and the solution transferred once more. Then, ClPCy2 (128 µL, 

581 µmol, 1.50 eq.) in dry and degassed THF (0.5 mL) was added to the stirred Grignard 

solution at room temperature. The resulting mixture was stirred at 60 °C overnight and then 

brought to room temperature. After addition of BH3·Me2S (94% purity, 60 µL, 1.60 eq.) over a 

septum, the mixture was stirred at room temperature for a further hour. Then, a degassed 

solution of citric acid in H2O (2 mL) was added, resulting in gas evolution. After gas evolution 

had ceased, a defined amount of internal standard (triphenylphosphine oxide) and THF (3 mL) 

were added under a positive flow of argon. After sufficient stirring, an aliquot of the mixture 

(~0.4 mL) was removed by syringe, added to an NMR tube charged with C6D6 (0.2 mL) und 

argon and analyzed by 31P-qNMR. 



 179 

B: Via Aryllithium: An oven-dried Schlenk tube was evacuated and back-filled with argon (3´) 

and dried once more by heat gun. Then, precursor 72 (x eq.) and THF (x mL) was added under 

counter-flow of argon. The stirred solution was cooled to -78°C and n-BuLi (x eq., 16 M 

solution in hexane) was added. The mixture was stirred at -78 °C for 1.5 hours. Then, if 

indicated, CuCl (x eq.) and ClPCy2 (128 µL, 581 µmol 1.50 eq.) in THF (0.5 mL) were added 

subsequently and the resulting solution was slowly warmed to room temperature overnight. 

Then, BH3·Me2S (94% purity, 60 µL, 1.60 eq.) was added over a septum und the resulting 

solution was stirred for 1 – 2 hours at room temperature. The reaction was then quenched with 

degassed sat. aq. NaCl (1.5 mL) and a defined amount of internal standard (triphenylphosphine 

oxide) was added. 31P-qNMR sampling was performed analogically to GP-15-A. 

 

KatPhos copper halide complex (85). An oven-dried Schlenk tube was charged with Mg 

turnings (35.3 mg, 147 mmol, 3.80 eq.), evacuated and back-filled with argon (3´) and dried 

by heatgun (2´). Dry and degassed THF (0.5 mL) and 1,2-dibromoethane (1 drop). The tube 

was sealed and heated to 60 °C for 30 minutes. After 30 minutes, the mixture was cooled to 

room temperature and 2-iodo-1,4-dimethoxy-3-(2,4,6-triisopropylphenyl)naphthalene 72 

(200 mg, 387 µmol, 1.00 eq.) in dry and degassed THF (1.4 mL) was added dropwise and the 

resulting mixture was stirred at 60 °C for 2 hours. The resulting Grignard solution was 

separated from excess magnesium turnings by syringe and the solution added to a new, oven-

dried Schlenk tube under argon charged with CuCl (38.8 mg, 387 µmol, 1.00 eq.). The first 

flask was rinsed once with dry and degassed THF (0.5 mL) and the solution transferred once 

more. Then, chloro(dicyclohexyl)phosphine (1.13 M  solution in THF, 0.34 mL, 1.00 eq.) was 

added and the resulting solution was stirred at 60 °C for 16 hours. After letting the reaction 

mixture come to room temperature, BH3·Me2S (94% purity, 60 µL, 1.60 eq.) was added and 

the solution stirred at room temperature for one hour. Then, a solution of citric acid in H2O 

(2 mL) was added, resulting in gas evolution. After gas evolution had ceased, internal standard 

(triphenylphosphine oxide, 39.8 mg) and THF (3 mL) was added. After qNMR sampling, the 

2-phased mixture was transferred to a separatory funnel, diluted with H2O (2 mL) and extracted 

with Et2O (4´). The combined organic phases were washed with sat. aq. NaCl (1´), dried 

(MgSO4), filtered and the solvent evaporated in vacuo. The resulting white solid was triturated 

with a minimum amount of Et2O and filtered to afford a white solid. Further recrystallization 

from THF–hexanes (1:3) afforded 61 mg of 85 (counteranion not confirmed) as a white solid. 
1H-NMR (400 MHz, C6D6): δ 1.11 – 1.02 (m, 6H, Cy-H), 1.17 (d, J = 6.6 Hz, 6H, iPr-H), 1.37 

– 1.30 (m, 2H, Cy-H), 1.57 – 1.48 (m, 2H, Cy-H), 1.61 (d, J = 6.9 Hz + m, 16H, Cy-H + iPr-
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H), 1.71 – 1.64 (m, 4H, Cy-H), 2.10 (d, J = 13.1 Hz, 2H, Cy-H), 2.40 – 2.29 (m, 2H, Cy-H), 

2.66 (hept, J = 6.7 Hz, 2H, iPr-H), 3.15 (s + m, 4H, O-CH3 + iPr-H), 3.54 (s, 3H, O-CH3), 7.32 

– 7.18 (m, 2H, nap-H), 7.46 (s, 2H, aryl-H), 7.82 (d, J = 8.3 Hz, 1H, nap-H), 8.00 (d, J = 8.6 

Hz, 1H, nap-H).  
31P{1H} -NMR (162 MHz, C6D6): δ 13.55. 

 

 KatPhos (L6). An oven-dried Schlenk tube was charged with Mg 

turnings (179 mg, 7.36 mmol, 3.80 eq.), evacuated and back-filled 

with argon (3´) and dried by heat gun (2´). Then, THF (2.2 mL) and 

1,2 dibromo ethane (2 drops) were added under a positive stream of 

argon and the suspension was heated to 60 °C for 30 minutes. After 

it had cooled to room temperature, precursor 72 (1.00 g, 1.94 mmol, 1.00 eq.) in dried and 

degassed THF (7.5 mL) was added slowly and dropwise. The resulting mixture was then heated 

to 60 °C for 2 hours, after which TLC analysis confirmed full conversion to Grignard reagent. 

A second Schlenk tube under argon was charged with CuCl (192 mg, 1.94 mmol, 1.00 eq.) and 

the Grignard solution was transferred to the second Schlenk tube via syringe. The first flask 

was rinsed once more with THF (0.5 mL) and transferred once more. Then, ClPCy2 (0.43 mL, 

1.94 mmol, 1.00 eq.) in THF (1.5 mL) was added to the stirred solution at room temperature 

(rinsing once more with 0.5 mL THF). The solution was heated to 60 °C overnight, then brought 

to room temperature and quenched with NH4OH/sat. aq. NaCl (2:1, 3 mL). The mixture was 

transferred to an Erlenmeyer flask, diluted with both Et2O (50 mL) and NH4OH/sat. aq. NaCl 

(2:1, 10 mL) and stirred at room temperature for one hour. The mixture was then transferred to 

a separatory funnel and the organic phase separated. The aqueous phase was extracted with 

Et2O (2´) and the combined organic phases washed with NH4OH/sat. aq. NaCl (until the blue 

color of the aqueous phase had faded), H2O (1´) and sat. aq. NaCl (1´). The combined organic 

phases were then dried (MgSO4), filtered and the solvent was removed on a rotary evaporator. 

The oily residue was dissolved again in a minimum amount of Et2O and filtered over a short 

path SiO2 column, eluting with Et2O. After removing the solvent in vacuo, the residue was 

triturated with a minimum amount of cold MeOH and ultrasonicated until solids had formed, 

which were filtered off and washed again with MeOH to afford L6 (971 mg, 85%) as off-white 

solid (containing 6.7 wt-% of 72). For analytical purposes, the material was recrystallized from 

EtOAc/MeOH. 
1H-NMR (300 MHz, C6D6): δ 1.07 – 1.48 (m, 10H), 1.29 (d, J = 6.9 Hz, 6H), 1.32 (d, J = 6.6 

Hz, 6H), 1.55 (d, J = 6.7 Hz, 6H), 1.60 – 1.83 (m, 8H), 2.02 – 2.12 (m, 2H), 2.36 – 2.54 (m, 

iPr

iPr iPr

PCy2

O

O
L6
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2H), 2.75 – 2.98 (2 hept, 3H), 3.33 (s, 3H), 3.69 (s, 3H), 7.21 – 7.35 (m, 4H), 7.97 (d, J = 7.2 

Hz, 1H), 8.12 (d, J = 8.3 Hz, 1H). 
31P{1H} -NMR (122 MHz, C6D6): δ -0.16. 
13C{1H}-NMR (101 MHz, C6D6): δ 24.36, 25.57, 25.87, 25.91, 26.85, 27.83, 27.96, 28.04, 

28.13, 31.22, 31.24, 31.74, 31.86, 32.86, 33.09, 34.62, 37.58, 37.75, 61.19, 62.89, 121.22, 

123.90, 124.08, 125.80, 126.76, 131.00, 147.49, 148.35. 

HR-MS (EI, m/z): calcd for C39H55O2P+ ([M]+) 586.3934, found 586.3934. 

 

 CyAnPhos (L7). An oven-dried Schlenk flask was charged with 

Mg turnings (184 mg, 7.60 mmol, 3.80 eq.), dried by heat gun 

(2´) and evacuated and back-filled with argon (3´). Then, dry and 

degassed THF (2 mL) and 1,2-dibromo ethane (2 drops) were 

added under a positive stream of argon. The flask was sealed and 

heated to 60 °C for 20 minutes. Then, precursor 73 (971 mg, 

2.00 mmol, 1.00 eq.) in THF (8 mL) was added dropwise to the stirred suspension and the 

resulting mixture was heated to 70 °C for 23 hours until TLC monitoring had confirmed 

complete conversion of 73. Then, the solution was cooled to r.t. and transferred to a second 

oven-dried Schlenk tube charged with CuCl (198 mg, 2.00 mmol, 1.00 eq.), rinsing the first 

flask with THF (1 mL) and transferring the solution once more. ClPCy2 (0.44 mL, 2.00 mmol, 

1.00 eq.) in THF (1.9 mL) was then added, the flask was sealed and heated to 80 °C for 

22 hours. After the solution had cooled to room temperature, it was transferred to an Erlenmeyer 

flask and diluted with Et2O (40 mL) and NH4OH–sat. aq. NaCl (2:1, 60 mL). The resulting two-

phase mixture was stirred at room temperature for 30 minutes and then transferred to a 

separatory funnel. The organic phase was separated and the aqueous phase was then extracted 

with Et2O (2´). The combined organic phases were washed with NH4OH/sat. aq. NaCl (2:1) 

until the aqueous phase showed no blue color anymore. The combined organic phases were 

then washed with sat. aq. NaCl (1 ´ 50 mL), dried (MgSO4) and filtered. The solvent was 

evaporated in vacuo and the crude material was recrystallized from hot acetone to afford L7 

(747 mg, 64%) as white solid. 
1H-NMR (400 MHz, C6D6): δ 1.14 – 1.48 (m, 10H), 1.54 – 1.79 (m, 8H), 1.59 (s, 18H), 1.83 

– 2.02 (m, 2H), 2.20 – 2.36 (m, 2H), 3.35 (s, 3H), 3.55 (s, 3H), 3.84 (s, 3H), 7.29 – 7.37 (m, 

2H), 7.39 (s, 2H), 8.14 (d, J = 9.4 Hz, 1H), 8.21 – 8.28 (m, 1H). 
31P{1H}-NMR (162 MHz, C6D6): δ -0.14. 
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13C{1H} -NMR (101 MHz, C6D6): δ 26.88, 27.22, 27.39 (d, J = 7.0 Hz), 31.74 (d, J = 10.9 Hz), 

32.60, 33.29, 33.55, 35.42 (d, J = 16.3 Hz), 36.00, 61.11, 62.42 (d, J = 3.1 Hz), 64.53, 123.72, 

126.08, 127.01, 130.14, 130.90, 133.95, 142.32, 150.51, 158.97. Complicated signal-splitting 

due to C-P coupling. 

HR-MS (EI, m/z): calcd for C39H55O3P+ ([M]+) 602.3883, found 602.3858. 

 

 AnPhos (L8). An oven-dried Schlenk tube was dried by heat gun 

(2´) and evacuated and back-filled with argon (3´). Precursor 73 

(400 mg, 824 µmol, 1.00 eq.) and dry and degassed THF (2 mL) 

was then added under a positive pressure of argon. The resulting 

solution was cooled to -78 °C (N2/ethyl acetate) and n-BuLi (1.6 M 

in hexane, 0.51 mL, 824 µmol, 1.00 eq.) was added dropwise. 

After the resulting solution had stirred at this temperature for one 

hour, Ph2PCl (198 µL, 1.07 mmol, 1.30 eq.) was added via microsyringe and the reaction 

mixture was slowly warmed to room temperature overnight. After 21 hours, the reaction was 

quenched by H2O (2 mL) and the solution was transferred to a separatory funnel. The aqueous 

phase was extracted with Et2O (3´) and the combined organic phases washed with sat. aq. NaCl 

(1´), dried (Mg2SO4), filtered and the solvent removed on a rotary evaporator. The residue was 

then dissolved in a minimum amount of EtOAc and precipitated with MeOH. The precipitation 

process was completed overnight in the freezer (-20 °C), and then the formed solids were 

filtered and washed with MeOH to afford L8 (358 mg, 74%) as off-white solid (containing 4 

wt-% of hydrodehalogenated starting material). 
1H-NMR (400 MHz, C6D6): δ 1.43 (s, 18H), 3.13 (s, 3H), 3.34 (s, 3H), 3.48 (s, 3H), 6.99 (d, J 

= 6.0 Hz, 6H), 7.24 – 7.39 (m, 4H), 7.46 (td, J = 7.5, 2.0 Hz, 4H), 8.05 (d, J = 8.0 Hz, 1H), 8.27 

(d, J = 8.7 Hz, 1H).  
31P{1H}-NMR (162 MHz, C6D6): δ -11.60. 
13C{1H}-NMR (101 MHz, C6D6) δ 32.39, 35.88, 60.99, 61.91 (d, JPC = 1.4 Hz), 64.27, 123.64 

(d, JPC = 2.9 Hz), 126.33, 127.40, 129.27, 129.88 (d, JPC = 3.5 Hz), 131.28, 132.72 (d, JPC = 7.8 

Hz), 133.68 (d, JPC = 21.2 Hz), 138.61 (d, JPC = 14.2 Hz), 142.33, 150.74 (d, JPC = 7.0 Hz), 

157.43, 158.88. 

HR-MS (EI, m/z): calcd for C39H43O3P+ ([M]+) 590.2944, found 590.2941. 

 

CyAnPhos ligated (2-aminobiphenyl)palladium(II) methanesulfonate precatalyst 

complex (84).  

O

O
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The synthetic procedure was adapted from Buchwald and co-workers.17 

An oven dried Schlenk tube was charged with L7 (100 mg, 170 µmol, 1.00 eq.) and µ-OMs 

dimer (62.9 mg, 85.0 µmol, 0.50 eq.) and evacuated and back-filled with argon (3 x). Then, 

THF (1 mL) was added and the solution was stirred at room temperature for 23 hours. Then, 

the Schlenk tube was opened to air and pentane (4 mL) was added, causing white solids to 

precipitate. The Schlenk tube was left in the refrigerator (4 °C) for a few days to complete 

precipitation. The colorless solid was then filtered, and washed with pentane to afford 84 

(84.3 mg, 52%, structure not confirmed) as colorless solid. 
1H-NMR (400 MHz, CDCl3): δ 0.91 – 1.18 (m, 7H), 1.43 (s, 33H), 3.37 (s, 3H), 3.70 (s, 3H), 

4.81 (s, 2H), 6.98 (td, J = 7.4, 1.5 Hz, 1H), 7.05 – 7.10 (m, 1H), 7.11 – 7.21 (m, 5H), 7.26 – 

7.31 (m, 1H, overlap with deuterated solvent), 7.38 – 7.53 (m, 4H), 7.89 (d, J = 8.2 Hz, 1H), 

8.49 (d, J = 8.2 Hz, 1H). 
31P{1H}-NMR (162 MHz, CDCl3): δ 58.59. 

 

 

4.2.3 Analytical Data of Cross-Coupling Products 
 

tert-Butyl (E)-3-(2-methoxynaphthalen-1-yl)acrylate (MH-1). 

Synthesis according to GP-6-B. Isolation by flash chromatography (SiO2; hexane–EtOAc 100:1 

→ 50:1). 

 
1H-NMR (500 MHz, CDCl3): major (E)-isomer: δ 1.58 (s, 9H), 4.00 (s, 3H), 6.66 (d, J = 16.2 

Hz, 1H), 7.28 (d, J = 9.1 Hz, 1H), 7.35 – 7.40 (m, 1H), 7.47 – 7.55 (m, 1H), 7.78 (d, J = 8.5 

Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H), 8.20 (d, J = 9.7 Hz, 1H), 8.25 (d, J = 16.1 Hz, 1H). 

Known compound. CAS: 1309476-85-4. The analytical data is in accordance with the 

literature.156

O

O O

MH-1
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tert-Butyl (E)-3-(4-methoxyphenyl)acrylate (MH-4). 

 
Synthesis according to GP-6-B. Isolation by flash chromatography (SiO2; hexane–EtOAc 20:1). 
1H-NMR (500 MHz, CDCl3): δ 1.53 (s, 9H), 3.83 (s, 3H), 6.24 (d, J = 15.9 Hz, 1H), 6.89 (d, 

J = 8.8 Hz, 2H), 7.45 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 15.9 Hz, 1H). 

Known compound. CAS: 53484-52-9. The analytical data is in accordance with the literature.156  

 

tert-Butyl (E)-3-(4-chlorophenyl)acrylate (MH-5). 

 
Synthesis according to GP-6-B. Isolation by flash chromatography (SiO2; hexane). 
1H-NMR (500 MHz, CDCl3): δ 1.53 (s, 9H), 6.34 (d, J = 16.1 Hz, 1H), 7.34 (d, J = 8.5 Hz, 

2H), 7.43 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 16.0 Hz, 1H). 

Known compound. CAS: 125950-99-4. The analytical data is in accordance with the 

literature.157 

 

(E)-9-Styrylanthracene (MH-6). 

 
Synthesis according to GP-6-B. Isolation by flash chromatography (SiO2; hexane). 
1H-NMR (500 MHz, CDCl3): major (E)-isomer: δ 6.97 (d, J = 16.6 Hz, 1H), 7.34 – 7.40 (m, 

1H), 7.42 – 7.51 (m, 6H), 7.69 (d, J = 6.9 Hz, 2H), 7.93 (d, J = 16.6 Hz, 1H), 7.98 – 8.06 (m, 

2H), 8.33 – 8.39 (m, 2H), 8.42 (s, 1H). 

Known compound. CAS: 42196-97-4. The analytical data is in agreement with the literature.158 
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(E)-1,3,5-Triisopropyl-2-styrylbenzene (MH-7). 

 
Synthesis according to GP-6-B. Isolation by flash chromatography (SiO2; hexane). 
1H-NMR (500 MHz, CDCl3): major (E)-isomer: δ 1.22 (d, J = 6.8 Hz, 12H), 1.29 (d, J = 6.9 

Hz, 6H), 2.92 (hept, J = 6.9 Hz, 1H), 3.29 (hept, J = 6.9 Hz, 2H), 6.50 (d, J = 16.5 Hz, 1H), 

7.04 (s, 2H), 7.20 (d, J = 16.6 Hz, 1H), 7.26 (s, 1H), 7.27 – 7.31 (m, 1H), 7.39 (t, J = 7.7 Hz, 

2H), 7.51 (d, J = 6.9 Hz, 2H). 

Known compound. CAS: 100103-94-4. The analytical data is in agreement with the 

literature.159 

 

2,4,6-Triisopropyl-1,1'-biphenyl (K-2). 

 
Synthesis according to GP-7. Isolation by column chromatography (SiO2; hexane). 
1H-NMR (400 MHz, CDCl3): δ 1.08 (d, J = 6.9 Hz, 12H), 1.31 (d, J = 6.9 Hz, 6H), 2.60 (hept, 

J = 6.9 Hz, 2H), 3.03 – 2.87 (m, 1H), 7.06 (s, 2H), 7.18 (d, J = 7.9 Hz, 2H), 7.44 – 7.30 (m, 

3H). 
13C{1H} -NMR (101 MHz, CDCl3): δ 24.23, 24.36, 30.40, 34.41, 120.65, 126.52, 128.03, 

129.96, 137.22, 141.02, 146.65, 147.96. 

Known compound. CAS: 76804-34-7. The analytical data is in accordance with the literature.160 

MH-7

K-2
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2-Methoxy-1,1’binaphthalene (60/SM-1). 

 
Synthesis according to GP-5 or GP-10. Isolation by column chromatography (SiO2; hexane–

EtOAc 100:1).  
1H-NMR (500 MHz, CDCl3): δ 3.76 (s, 3H), 7.13 – 7.18 (m, 1H), 7.20 – 7.25 (m, 1H), 7.27 – 

7.39 (m, 4H), 7.41 – 7.49 (m, 3H), 7.62 (dd, J = 8.3, 6.9 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.95 

(dd, J = 8.3, 5.0 Hz, 2H), 7.99 (d, J = 9.1 Hz, 1H). 

Known compound. CAS 93603-10-2. The analytical data is in agreement with the literature.128 

 

9-(1-Naphthyl)anthracene (SM-2). 

 
Synthesis according to GP-10. Isolation by column chromatography (hexane → hexane–EtOAc 

20:1). 
1H NMR (400 MHz, CDCl3): δ 7.07 (d, J = 8.5 Hz, 1H), 7.15 – 7.26 (m, 3H), 7.36 – 7.49 (m, 

5H), 7.52 (d, J = 7.0 Hz, 1H), 7.65 – 7.73 (m, 1H), 8.00 (d, J = 8.3 Hz, 1H), 8.05 (d, J = 8.2 

Hz, 1H), 8.10 (d, J = 8.5 Hz, 2H), 8.59 (s, 1H). 
13C{1H} -NMR (101 MHz, CDCl3): δ 125.32, 125.63, 125.68, 126.10, 126.37, 126.69, 127.06, 

128.23, 128.35, 128.53, 129.24, 131.13, 131.55, 133.64, 133.83, 135.08, 136.64. 

Known compound. CAS 7424-70-6. The analytical data is in agreement with the literature.128 

O

60

SM-2



 187 

2-Methyl-1,1’-binaphthalene (SM-3). 

 
Synthesis according to GP-10. Isolation by column chromatography (hexane). 
1H-NMR (500 MHz, CDCl3): δ 2.11 (s, 3H), 7.13 – 7.17 (m, 1H), 7.19 – 7.31 (m, 3H), 7.35 – 

7.42 (m, 2H), 7.44 – 7.52 (m, 2H), 7.61 (dd, J = 8.3, 7.0 Hz, 1H), 7.88 (dd, J = 8.4, 3.0 Hz, 2H), 

7.95 (d, J = 8.3 Hz, 2H). 

Known compound. CAS 69363-30-0. The analytical data is in accordance with the literature.128 

 

2,3-Dimethoxy-1,1’-binaphthalene (SM-4). 

Synthesis according to GP-10. Isolation by column chromatography (hexane–EtOAc 100:1). 

 
1H-NMR (500 MHz, CDCl3): δ 3.53 (s, 3H), 4.07 (s, 3H), 7.04 – 7.14 (m, 2H), 7.26 – 7.30 (m, 

1H), 7.31 (s, 1H), 7.33 – 7.40 (m, 2H), 7.43 – 7.51 (m, 2H), 7.61 (dd, J = 8.2, 7.0 Hz, 1H), 7.79 

(d, J = 8.3 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H). 

Known compound. CAS 222555-03-5. The analytical data is in accordance with the literature. 
161 

 

4-Methoxy-N-phenylaniline (BH-1). 

 
Synthesis according to GP-11. Purification by column chromatography (SiO2; hexane–EtOAc 

40:1). 
1H-NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 5.49 (s, 1H), 6.80 – 6.94 (m, 5H), 7.08 (d, J = 

8.9 Hz, 2H), 7.22 (t, J = 7.9 Hz, 2H). 
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13C{1H} -NMR (101 MHz, CDCl3): δ 55.73, 114.82, 115.79, 119.71, 122.36, 127.94, 128.56, 

129.45, 135.87, 145.32, 155.44. 

Known compound. CAS 1208-86-2. The analytical data is in agreement with the literature.162
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5.1 Glossary 

 
 
(q)NMR (quantitative) nuclear magnetic resonance 

acac acetylacetonate 

Ad adamantyl 

aq. aqueous (solution) 

Ar aryl 

CC column chromatography 

Cy cyclohexyl 

d days 

d1 relaxation delay 

DACH diaminocyclohexane 

DCM dichloromoethane 

dme dimethoxy ethane 

DMF dimethylformamide 

e.r. enantiomeric ratio 

EI electron ionization 

et al et alii 

GC gas chromatography 

h hours 

HPLC high performance liquid chromatography 

HR high resolution 

Hz Hertz 

iPr isopropyl 

J coupling constant 

m meta 

Me methyl 

Men menthyl ( (1R,2S,5R)-2-isopropyl-5-

methyl-cyclohex-1-yl ) 

min minutes 

MS mass spectrometry 

n-Bu n-butyl 

o ortho 
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o1p center of sprectrum 

p para 

Ph phenyl 

ppm parts per million 

RT room temperature 

sat. saturated 

sw spectral width 

T temperature 

t time 

tBu tertiary butyl 

Tf trifluoromethane sulfonate 

THF tetrahydrofuran 

TLC thin layer chromatography 

Ts toluene sulfonate 

UV ultraviolet 

wt. weight 
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5.2 Crystallographic Data 

 
5.2.1 Sample and crystal Data for (1,3-Bis(dimenthylphosphaneyl)propane-

𝜅2P,P')palladium(II) Chloride (27) 
 
Identification code ReiKa3 AP8780-100 

Chemical Formula C43H82Cl2P2Pd 

Formula weight 838.38 

Temperature 100(2) K 

Wavelenght 0.71073 Å 

Crystal size 0.120 ´ 0.130 ´ 0.350 mm 

Crystal habit Clear yellow plate 

Crystal system Orthorombic 

Space group P2(1)2(1)2(1) 

Unit cell dimensions a = 14.0238(9) Å 

b = 14.3605(10) Å 

c = 22.1564(14) Å 

Volume 4462.1(5) Å 

Z 4 

Density (calculated) 1.248 g/cm3 

Absorption coefficient 0.635 mm-1 

F(000) 1800 
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5.2.2 Sample and crystal data for [{(Men2P–O–H–O–PMen2-	𝜅 2P,P')Pd}2(µ-Cl)2] 
(30) 

 
Identification code ReiKa7 

Chemical Formula C92H166Cl2O4P4Pd2 

Formula weight 1743.82 

Temperature 100(2) K 

Wavelenght 0.71073 Å 

Crystal size 0.172 ´ 0.281 ´ 0.358 mm 

Crystal habit clear yellow fragment 

Crystal system triclinic 

Space group P1 

Unit cell dimensions a = 12.3896(16) Å 

b = 15.105(2) Å 

c = 15.259(2) Å 

Volume 2333.6(5) Å 

Z 1 

Density (calculated) 1.241 g/cm3 

Absorption coefficient 0.557 mm-1 

F(000) 936 
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5.2.3 Sample and crystal data for KatPhos (L6) 
 
Identification code ReiKa4 

Chemical Formula C39H55O2P 

Formula weight 586.83 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.042 ´ 0.085 ´ 0.120 mm 

Crystal habit clear colourless fragment 

Crystal system triclinic 

Space group P1 

Unit cell dimensions a = 10.918(4) Å 

b = 17.075(4) Å 

c = 19.651(6) Å 

Volume 3461.(3) Å 

Z 2 

Density (calculated) 1.135 g/cm3 

Absorption coefficient 0.112 mm-1 

F(000) 1280 

 

 
Figure 21. Solid-state molecular structure of L6. Ellipsoids are shown at 50% probability. Hydrogens 
are omitted for clarity. 
 

Crystal Structure Report for ReiKa4

A clear colourless fragment-like specimen of C39H55O2P, approximate dimensions 0.042 mm x 0.085 mm x 0.120 mm, was used
for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker D8 Venture Duo IMS system equipped
with a Helios optic monochromator and a Mo IMS microsource (λ = 0.71073 Å).

Table 1: Data collection details for ReiKa4.

Axis dx/mm 2θ/
° ω/° φ/° χ/° Width/° Frames Time/sWavelength/Å Voltage/kV Current/mA Temperature/K

Phi 37.034 0.00 360.00 0.00 54.74 0.50 360 2.00 0.71073 50 1.0 100.00
Omega37.033 1.89 2.59 72.00 -44.500.50 204 20.00 0.71073 50 1.0 99.99
Omega37.034 1.89 306.03 288.00 60.50 0.50 120 20.00 0.71073 50 1.0 100.01
Omega37.033 1.89 2.59 288.00 -44.500.50 204 20.00 0.71073 50 1.0 99.99
Omega37.033 1.89 2.59 0.00 -44.500.50 204 20.00 0.71073 50 1.0 100.02
Omega37.034 1.89 306.03 144.00 60.50 0.50 120 20.00 0.71073 50 1.0 100.00
Omega37.035 1.89 2.59 144.00 -44.500.50 204 20.00 0.71073 50 1.0 100.02
Omega37.033 1.89 306.03 360.00 60.50 0.50 120 20.00 0.71073 50 1.0 100.00
Omega37.034 1.89 2.59 216.00 -44.500.50 204 20.00 0.71073 50 1.0 100.01
Omega37.033 1.89 306.03 216.00 60.50 0.50 120 20.00 0.71073 50 1.0 100.00
Omega37.033 1.89 306.03 72.00 60.50 0.50 120 20.00 0.71073 50 1.0 100.03
Phi 37.034 1.89 3.29 360.00 -44.000.50 720 20.00 0.71073 50 1.0 100.00

A total of 2700 frames were collected. The total exposure time was 13.20 hours. The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The integration of the data using a triclinic unit cell yielded a total of
152058 reflections to a maximum θ angle of 26.37° (0.80 Å resolution), of which 14055 were independent (average redundancy
10.819, completeness = 100.0%, Rsig = 2.03%) and 12195 (86.77%) were greater than 2σ(F2). The final cell constants of a =
10.918(4) Å, b = 17.075(4) Å, c = 19.651(6) Å, α = 98.433(11)°, β = 97.177(11)°, γ = 104.318(18)°, volume = 3461.(3) Å3,
are based upon the refinement of the XYZ-centroids of 133 reflections above 20 σ(I) with 6.735° < 2θ < 40.76°. Data were
corrected for absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to maximum apparent transmission
was 0.962. The calculated minimum and maximum transmission coefficients (based on crystal size) are 0.9870 and 0.9950. 

The structure was solved and refined using the Bruker SHELXTL Software Package in conjunction with SHELXLE, using the space
group P-1, with Z = 2 for the formula unit, C39H55O2P. The final anisotropic full-matrix least-squares refinement on F2 with 773
variables converged at R1 = 3.71%, for the observed data and wR2 = 10.04% for all data. The goodness-of-fit was 1.029. The
largest peak in the final difference electron density synthesis was 0.408 e-/Å3 and the largest hole was -0.244 e-/Å3 with an RMS
deviation of 0.041 e-/Å3. On the basis of the final model, the calculated density was 1.135 g/cm3 and F(000), 1280 e-.

Figure 1. Ortep drawing with 50% ellipsoids for ReiKa4.

 

Table 2. Sample and crystal data for ReiKa4.

Identification code ReiKa4
Chemical formula C39H55O2P
Formula weight 586.83
Temperature 100(2) K
Wavelength 0.71073 Å
Crystal size 0.042 x 0.085 x 0.120 mm
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5.3 Chiral HPLC Chromatograms 

 
5.3.1 Chromatograms for 2-Methoxy-binaphthyl 

 

Exemplary chromatograms of the chiral HPLC analysis are presented in the following. 

Enantiomeric ratios were determined by comparing areas of both enantiomer peaks at 𝜆 = 

280 nm. Area percent reports for other wavelength are omitted. 

 
L1 (MenJohnPhos) 

 

 

=====================================================================
Acq.  Oper at or    :  SYSTEM                       
Sampl e Oper at or  :  SYSTEM                       
Acq.  I nst r ument  :  Anal yt i sche HPLC                Locat i on :  Vi al  3
I nj ect i on Dat e  :  12/ 16/ 2020 4: 19: 39 PM        
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  12/ 16/ 2020 2: 48: 38 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OJ,  i so- hexane/ i Pr OH 90/ 10,  0. 8  mL/ mi n,  20 ° C
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=====================================================================
                         Ar ea Per cent  Repor t                          
=====================================================================
 
Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs
 

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- YZ- 47- 2- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- YZ- 47- 2

Anal yt i sche HPLC 12/ 16/ 2020 4: 50: 46 PM SYSTEM Page 1 of 3

 
Si gnal  3:  DAD1 E,  Si g=280, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   3. 566 BB    0. 0752   33. 16917    6. 53520   0. 3428
   2  11. 785 BB    0. 7229 5506. 60742  115. 35451  56. 9072
   3  18. 741 BB    1. 3918 4136. 69629   42. 26605  42. 7500
 
Tot al s :                   9676. 47289  164. 15575
 
 
=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- YZ- 47- 2- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- YZ- 47- 2

Anal yt i sche HPLC 12/ 16/ 2020 4: 50: 46 PM SYSTEM Page 3 of 3
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L3 (1-Chlorphenyl)dimenthylphosphine (Condition GP-5-A) 
 

 

=====================================================================
Acq.  Oper at or    :  SYSTEM                       
Sampl e Oper at or  :  SYSTEM                       
Acq.  I nst r ument  :  Anal yt i sche HPLC                Locat i on :  Vi al  1
I nj ect i on Dat e  :  12/ 16/ 2020 3: 16: 59 PM        
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  12/ 16/ 2020 2: 48: 38 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OJ,  i so- hexane/ i Pr OH 90/ 10,  0. 8  mL/ mi n,  20 ° C
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=====================================================================
                         Ar ea Per cent  Repor t                          
=====================================================================
 
Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs
 

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- YZ- 51- 2- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- YZ- 51- 2

Anal yt i sche HPLC 12/ 16/ 2020 3: 46: 16 PM SYSTEM Page 1 of 3

  
Si gnal  3:  DAD1 E,  Si g=280, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   3. 567 BB    0. 0778   35. 52628    6. 93428   0. 4038
   2  11. 785 BB    0. 7296 6506. 12354  133. 73264  73. 9484
   3  18. 922 BB    1. 5232 2256. 54590   17. 58403  25. 6478
 
Tot al s :                   8798. 19571  158. 25094
 
 
=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- YZ- 51- 2- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- YZ- 51- 2

Anal yt i sche HPLC 12/ 16/ 2020 3: 46: 16 PM SYSTEM Page 3 of 3



 197 

7.2.2 Chromatograms for 2-Methyl-binaphthyl 
 

 

=====================================================================
Acq.  Oper at or    :  SYSTEM                       
Sampl e Oper at or  :  SYSTEM                       
Acq.  I nst r ument  :  Anal yt i sche HPLC                Locat i on :  Vi al  2
I nj ect i on Dat e  :  2/ 25/ 2021 2: 41: 13 PM         
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  2/ 25/ 2021 1: 36: 18 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  12/ 16/ 2020 4: 52: 36 PM by SYSTEM
Sampl e I nf o     :  OJ,  i so- hexane/ i Pr OH 90/ 10,  0. 8  mL/ mi n,  20 ° C
 
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed
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=====================================================================
                         Ar ea Per cent  Repor t                          
=====================================================================
 
Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs
 

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- 517- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- 517

Anal yt i sche HPLC 2/ 25/ 2021 3: 45: 15 PM SYSTEM Page 1 of 2

 
Si gnal  1:  DAD1 B,  Si g=254, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   7. 018 MM T  0. 4204 3436. 87549  136. 25044  85. 1646
   2   9. 493 MM T  0. 6887  598. 69336   14. 48800  14. 8354
 
Tot al s :                   4035. 56885  150. 73844
 
 
 
Si gnal  2:  DAD1 D,  Si g=230, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   7. 019 MM T  0. 4770 3. 31361e4  1157. 86560  81. 0552
   2   9. 480 MM T  0. 7272 7744. 78564  177. 50729  18. 9448
 
Tot al s :                   4. 08809e4  1335. 37289
 
 
 
Si gnal  3:  DAD1 E,  Si g=280, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   7. 019 MM T  0. 4255 7918. 76660  310. 20303  83. 0764
   2   9. 480 MM T  0. 7012 1613. 14172   38. 34501  16. 9236
 
Tot al s :                   9531. 90833  348. 54804
 
 
=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- 517- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- 517

Anal yt i sche HPLC 2/ 25/ 2021 3: 45: 15 PM SYSTEM Page 2 of 2
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7.2.3 Chromatogram for 2,3-Dimethoxy-binaphthyl 
 

 

 
 

=====================================================================
Acq.  Oper at or    :  SYSTEM                       
Sampl e Oper at or  :  SYSTEM                       
Acq.  I nst r ument  :  Anal yt i sche HPLC                Locat i on :  Vi al  3
I nj ect i on Dat e  :  2/ 25/ 2021 3: 07: 28 PM         
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  2/ 25/ 2021 1: 36: 18 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ OD_KATJA. M
Last  changed    :  2/ 25/ 2021 3: 50: 21 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OJ,  i so- hexane/ i Pr OH 90/ 10,  0. 8  mL/ mi n,  20 ° C
 
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed
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Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- 532- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- 532

Anal yt i sche HPLC 2/ 25/ 2021 3: 53: 45 PM SYSTEM Page 1 of 2

=====================================================================
                         Ar ea Per cent  Repor t                          
=====================================================================
 
Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs
 
 
Si gnal  1:  DAD1 B,  Si g=254, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   9. 867 BB    0. 7081 4239. 18311   90. 23080 100. 0000
 
Tot al s :                   4239. 18311   90. 23080
 
 
 
Si gnal  2:  DAD1 D,  Si g=230, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   7. 406 BV    3. 5839 2. 42560e4    80. 76273  33. 3307
   2   9. 864 MP    0. 7762 4. 44547e4   954. 57373  61. 0861
   3  16. 647 BB    1. 3699 4063. 04248   39. 43801   5. 5831
 
Tot al s :                   7. 27737e4  1074. 77447
 
 
 
Si gnal  3:  DAD1 E,  Si g=280, 8 Ref =of f
 
Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea  
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   9. 863 MM T  0. 7366 6607. 07227  149. 50481  91. 5162
   2  16. 737 BB    1. 6098  612. 49438    5. 94613   8. 4838
 
Tot al s :                   7219. 56665  155. 45094
 
 
=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ CHEM32\ 1\ DATA\ KR\ KR- 532- OJ- 90_10_08ML_20C. D
Sampl e Name:  KR- 532

Anal yt i sche HPLC 2/ 25/ 2021 3: 53: 45 PM SYSTEM Page 2 of 2
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7.3 Exemplary 1H-qNMR Analysis 
 
Figure 22 shows an excerpt of an exemplary 1H-qNMR spectrum for the Pd(OAc)2/MenSPhos 

catalyzed Suzuki-Miyaura coupling of 4-chloro anisole 47 and phenyl boronic acid 48. 

 

 
Figure 22. Excerpt of the 1H-NMR spectrum for the qNMR analysis of the Pd(OAc)2/MenSPhos 
catalyzed coupling of 47 and 48. 
The peak at 𝛿H 4.45 can be assigned to the 4 benzylic protons of internal standard dibenzyl 

ether, therefore its integral is set to 400 (integral values are multiplied by 100 for a more 

accurate analysis). The signal at 𝛿H 3.65 is assigned to the target material. The amount of 

target material present in the sample is calculated by the formula: 

𝑛" =	
𝐼"

𝑁#$%& ∙ 100
	 ∙ 𝑛'(						(𝑒𝑞𝑛. 1) 

where na = amount of the analyte /mmol, Nprot = number of analyte protons, Ia = integral of 

analyte peak and nIS = amount of the internal standard /mmol. 

In this case, Nprot = 3 (corresponding to three methoxy protons of the target material) and nIS = 

209.8 µmol, which results in a calculated amount of target material na = 870 µmol. 
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