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“A man should look for what is, and not for what he thinks should be.”
~ Albert Einstein (1879 - 1955) ~

“Knowledge's surest logic is the lack of knowledge.”
~ Sorin Cerin (1963) ~
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Abstract

Abstract
The thesis at hand mainly focuses on the synthesis of P-trifluoromethylated ligands derived from
the classical Josiphos backbone and their application in homogeneous transition-metalcatalyzed hydrogenations. A series of new P1-trifluoromethylated ligands of Josiphos-type were
isolated starting from Ugi-amine and corresponding bistrifluoromethylated phosphines. All
investigated representatives turned out to be air-sensitive. The (RP)-ligands oxidized mostly
within a few minutes when exposed to air, the (SP)-stereoisomers were less sensitive. However,
the two (Ph)(CF3)P-stereoisomers were the only trifluoromethylated Josiphos-type ligands that
could be isolated without significant formation of inseparable oxide.

Trifluoromethylated chlorophosphines were as well investigated compounds in the course of this
thesis and it could be shown that they can be applied as electrophile, potentially replacing so far
used bistrifluoromethylated phosphines. However, their syntheses on small scale suffered from
low selectivity, poor reproducibility, and impractical isolation.
Cationic iridium(I) complexes of these ligands were active in the hydrogenation of N-aryl imines,
the absolute P-configuration of the ligand mainly deciding on the major product enantiomer to be
formed. The matched combination of absolute configurations for applied (Ph)(CF3)-Josiphostype ligands yielded 90% ee (-) in the hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline and still remarkable 60% ee (+) were obtained in the mismatched case.

X

Abstract
Xyliphos-type ligands bearing the trifluoromethylated P1 moiety proved to be more oxygen
tolerant. In most cases both P-stereoisomers could be isolated as pure compounds. Cationic
rhodium(I) complexes of these ligands catalyzed the reduction of dimethyl itaconate with up to
>99% ee, reaching full conversion in less than one hour at 1 bar hydrogen pressure and room
temperature.
Corresponding chloroiridium(I) diene precatalysts turned out to be active at elevated
temperatures in the hydrogenation of 1-substituted 3,4-dihydroisoquinolinium chlorides.
1-Phenyl-3,4-dihydroisoquinolinium chloride was reduced at 55-60 °C and 100 bar hydrogen
pressure with 95-97% ee, reaching full conversion in less than three hours. The analogous
iridium(I) complex of parent Xyliphos yielded the tetrahydroisoquinolinium chloride under
identical conditions with only 84% ee.

A remarkable difference in enantioselectivity was found for catalyst complexes bearing chloride
or iodide as counter ions. The electron-poor ligand formed catalysts that performed with higher
enantioselectivity in the hydrogenation of 1-Ph-DHIQ chloride if the chloride complex was used.
The analogous Xyliphos complex led to higher ee if the corresponding iodide of substrate and
precatalyst were used.

Additionally, ligands bearing a trifluoromethylated P2 moiety were isolated in the course of this
thesis. (1-Np)(CF3)PH was applied on PPFA in hot acetic acid, forming both P-stereoisomeric
products with low stereoselectivity. The yields were in general low and the separation of the
P-stereoisomers turned out to be laborious. X-Ray structures of corresponding platinum(II)
chloride complexes revealed strongly differing conformational properties for the two
stereoisomers.
XI

Zusammenfassung

Zusammenfassung
In der vorliegenden Doktorarbeit wird hauptsächlich die Synthese von P-trifluoromethylierten,
von Josiphos abgeleiteten Liganden thematisiert und deren möglichen Anwendungen in
homogenen, durch Übergangsmetalle katalysierten, enantioselektiven Hydrierungen untersucht.
Ausgehend von Ugi-Amin wurde eine Reihe von P1-trifluoromethylierten Josiphos-Derivaten
synthetisiert und isoliert. Alle Liganden dieses Strukturtyps sind jedoch luftempfindlich. Während
die (SP)-Stereoisomere als Feststoffe nur langsam durch Luft oxidiert werden, oxidieren die
meisten (RP)-Stereoisomere in wenigen Minuten vollständig. Nur die Ph(CF3)-Stereoisomere
lassen sich ohne signifikante Verunreinigung durch oxidierte Spezies isolieren.

Die Synthese und Isolierung von trifluoromethylierten sekundären Chlorophosphinen wurde im
Verlauf der Arbeit untersucht und es konnte gezeigt werden, dass diese als potenzieller Ersatz
von bis dato eingesetzten bistrifluoromethylierten Phosphinen herangezogen werden könnten.
Jedoch stellte sich die Synthese im kleinen Massstab als nicht selektiv heraus und die Isolierung
der flüchtigen Produkte als problematisch.
Kationische Iridium(I)-Komplexe der partiell elektronenarmen Liganden sind aktiv in der
Hydrierung von N-Aryliminen. Als entscheidend bezüglich Enantioselektivität der Reduktion
stellte sich dabei die absolute Konfiguration des CF3-Phosphins heraus. Bei der synergistischen
Kombination von absoluter Konfiguration des Josiphos-Grundgerüsts und jener des CF3Phosphins wird in der Hydrierung von (E)-N-(1-(4-Methoxyphenyl)ethyliden)anilin 90% ee (+)
erzielt während die abträgliche Kombination zu 60% ee (-) führen.

XII

Zusammenfassung
P1-Trifluoromethylierte Derivate von Xyliphos wurden ebenfalls isoliert und stellten sich als viel
weniger luftempfindlich heraus. Für die meisten Vertreter konnten beide P-Stereoisomere isoliert
werden und diese sind unter Normalbedingungen handhabbar. Entsprechende kationische
Rhodium(I)-Komplexe reduzieren Dimethylitaconat unter Wasserstoffatmosphäre bei Normaldruck in weniger als einer Stunde mit vollem Umsatz und bis zu >99% ee.
Die Hydrierung von 1-substituierten 3,4-Dihydroisochinolinium Chloriden wird durch Katalysatorvorläufer des Typs [Ir(cod)(P^P)Cl] ermöglicht. Der Komplex des elektronenarmen (SP)-Ph(CF3)Xyliphos-Derivats reduziert 1-Ph-DHIQ Chlorid bei 55-60 °C und unter 100 bar Wasserstoffatmosphäre in 2-3 Stunden vollständig (TON 200), erreicht dabei beachtliche 95-97% ee. Der
analoge Komplex des originalen Xyliphos Liganden zeigt vergleichbare Aktivität, katalysiert die
Reaktion aber mit geringerer Enantioselektivität (84% ee).

Ein bemerkenswerter Einfluss des gewählten Gegenions zum Iridium(I)-Komplex und Substrat
wurde dabei auf die Enantioselektivität der Reaktion festgestellt. Der elektronenarme Ligandkomplex führt, wie bereits erwähnt, zu 95-97% ee in der Reduktion des Hydrochlorids. Der
Enantiomerenüberschuss sinkt auf 82% bei der Reduktion des Hydroiodids. Der entgegengesetzte Trend wurde für Katalysatorkomplexe des originalen Xyliphosliganden beobachtet.

Die Einführung des P-CF3 Bausteins an der stereogenen Ethylgruppe wurde im Verlauf dieser
Arbeit ebenfalls untersucht. Entsprechend der Synthese von Josiphos wurde (1-Np)(CF3)PH als
Nukleophil mit PPFA in Essigsäure umgesetzt. Durch die reduzierte Nukleophilie des
sekundären Phosphins ist die Ausbeute tief. Die Trennung der P-Stereoisomere erfolgte mittels
chiraler präparativer HPLC. Ensprechende Platin(II)chloridkomplexe zeigen auffallend unterschiedliche Konformationen im Festkörper.
XIII

Zusammenfassung

Introductory remarks
The structure of this thesis may be easier to understand after a few introductory remarks. The
thesis is divided into a total of eleven chapters, but only the first four are actually guiding the
reader to the topic and discuss results and conclusions that were obtained and drawn thereof.
The remaining chapters involve the global conclusion and outlook, the experimental part, a
bibliographic index, and supplementary information.
The first chapter gives a very basic introduction to the historic development of homogenous
hydrogenation, followed by an analysis of the conformational space that Josiphos-related ligands
may adopt. Since a number of phosphorus trifluoromethylated Josiphos-derived ligands were
isolated during the practical part of this work, interest arose on potential distortions of common
conformations caused by the strongly electron-withdrawing substituent. Therefore, compounds
may be part of analysis whose preparation is discussed in later chapters. This surely affects as
well the numeration of compounds.
Chapter two gives a short overview of phosphorus stereogenicity and related peculiarities.
Chapter three focuses on electron-poor ligands. After an introduction to bonding behavior and
state of the art in trifluoromethylation of phosphines, the synthesis, characterization, and
potential applications of P-trifluoromethylated Josiphos- and Xyliphos-type ligands are
discussed. Separated from the main chapter about electron-poor phosphine ligands, the
hydrogenation of 1-substituted 3,4-dihydroisoquinolinium chlorides by complexes containing
electron-poor Xyliphos-type ligands is investigated in chapter 4.
Due to splitting the core subject into different main chapters, for all these sections separate
project aims were defined. Each chapter starts with introductory information, followed by the
individual project aims outlining the idea behind the following discussion of results and outlook,
where applicable.
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The Josiphos ligands

1

The Josiphos ligands

1.1

A very short historical retrospect on homogeneous hydrogenations

Activation of dihydrogen on a solid catalyst had been observed in the early 19th century. One of
the first practical applications thereof was Döbereiner’s lighter (1823), in which platinum sponge
ignited a stream of hydrogen, leading to the first commercially available lighter. [1] Heterogeneous
hydrogen activation was quickly recognized as being useful for more than lighting items. Paul
Sabatier found that traces of solid nickel particles facilitated the hydrogenation of alkenes under
very mild conditions. Together with Victor Grignard, Paul Sabatier was awarded the 1912 Nobel
Prize in Chemistry for his work.[2] Since then, heterogeneous hydrogenation catalysis rapidly
developed into a topic with a plethora of applications in research and daily life.
Heterogeneous hydrogenation catalysts offer many advantages: they are usually relatively
cheap, easy to separate from the reaction mixture, most are stable in air, so recycling is
possible, and they show high activity, to name a very few useful features of these catalysts. On
the other hand, the spatial restriction of the reaction to the catalyst surface and selectivity issues
may restrict their application.
The first reported enantioselective hydrogenation applying a heterogeneous catalyst on a chiral
support was reported by Akabori and co-workers in 1956. Adsorbed palladium(II) chloride on silk
fibroin was reduced to Pd(0) and subsequently applied in the stereoselective hydrogenation of
different substrates.[3] Although this first report was promising and based on reasonable ideas,
further work proved that chiral supports and auxiliaries do not efficiently induce stereoselectivity
in heterogeneous hydrogenation catalysis.
1.1.1

The very early days of homogeneous hydrogenation – Wilkinson’s catalyst[4]

Systematic work on homogeneous catalytic hydrogenations was first reported by Iguchi in 1938.
Rhodium(III) chloride and amine complexes thereof were capable of activating dihydrogen in
aqueous acetate solutions, facilitating the reduction of organic and inorganic substrates.
Twenty-five years later, another big leap forward in the field of homogeneous hydrogenation
catalysis took place. Between 1964 and 1965, several groups prepared chlorotris(triphenylphosphine)rhodium(I) 1 while examining rhodium phosphine complexes. But Wilkinson and coworkers were first to notice the remarkable properties of the new compound. Chlorotris(triphenylphosphine)rhodium(I) 1, today commonly known as Wilkinson’s catalyst, shows high
activity in the reduction of terminal olefins at ambient temperature and low hydrogen pressure
(Figure 1). The observed reaction rate directly depends on the coordinating ability of the
1

The Josiphos ligands
substrate. While unfunctionalized terminal 1- and 1,1-substituted alkenes are reduced with very
high turnover frequencies, tetrasubstituted unfunctionalized alkenes are not reduced at all.
However, higher substituted unfunctionalized olefins are often prone to isomerization under
these conditions. Functional groups in proximity to the double bond that may coordinate to the
central atom usually increase the reactivity by substrate coordination as chelate. Functional
groups that are normally easily reduced, such as nitro groups and aldehydes, are not affected. In
1973, Geoffrey Wilkinson was awarded the Nobel Prize in Chemistry for his work on
organometallic compounds, together with Ernst Otto Fischer.
The

preparation

of

cationic

rhodium(I)

diene

complexes

of

the

general

formula

[Rh(diene)(PR3)2]+ was reported by several research groups in the late 1960’s (Figure 1). The
use of many different dienes was reported, but 1,5-cyclooctadiene and 2,5-norbornadiene
became widely accepted. Schrock and co-workers discovered the higher activity of such
complexes in the hydrogenation of a broader range of substrates. They concluded from their
research that the diene is reduced when these complexes are exposed to hydrogen and the
vacant coordination sites are dynamically occupied by solvent. However, substrates may bind to
these easily accessible coordination sites of the active metal core as well, facilitating their
reduction. Thus, it is not astonishing that coordinated solvent is more easily replaced by a
substrate molecule than triphenylphosphine in Wilkinson’s catalyst, resulting in higher activity.

Figure 1: Wilkinson’s catalyst 1 and a representation of a diene catalyst precursor, often referred to as SchrockOsborn complexes.

The mechanism of rhodium-catalyzed homogeneous hydrogenations has been topic of many
reports which suggest that the catalytic cycles only include Rh(I)- and Rh(III)-species. The most
prominent work, a very detailed mechanistic investigation of the homogeneous hydrogenation of
dehydroamino acids was reported by Jack Halpern and should not be missed by any textbook
dealing with catalysis.[5] The mechanisms of catalysis by cationic and neutral halogenide
complexes are similar. An important difference has already been briefly addressed: In the case
of the cationic Schrock-Osborn complexes, the vacant coordination sites are generated by
reduction of the diene, while a ligand must dissociate in the case of neutral halogenide
complexes. Additives and the nature of the ligand may control or change the operating
mechanism. While the effect of acids and bases is widely understood, the beneficial influence of
many other additives was found by empirical experiments.
2

The Josiphos ligands
Rhodium has been the metal of choice so far, since it forms very active species that result in
excellent selectivity. But some functional groups, especially higher substituted alkenes and other
C=X bonds, could not be reduced by applying the same catalytic system.
1.1.2

Active iridium catalysts – Crabtree’s footprint[6]

Iridium(I) analogs to Wilkinson’s catalyst 1 or the well-known Vaska’s complex 2 were also
examined at that time, but the observed activities were much lower. This finding may be
attributed to the stronger coordination of ligands to iridium relative to rhodium. Therefore, the
essential coordination of the substrate to the metal core is suppressed, slowing down or even
preventing the reaction. Crabtree and co-workers reasoned that species with ligands that are
easier to dissociate must be more active. The synthesis of iridium(I) analogs to Schrock and
Osborn’s

cationic

rhodium(I)

diene

complexes

led

to

similar

solvated

species

[Ir(PR3)2H2(Solvent)2]+ when these products were exposed to hydrogen. But as first examinations
were only carried out in strongly coordinating solvents like methanol, the potential high activity
was overlooked. Even more active species were obtained for mixed ligand complexes (PR3 and
NR’3). [Ir(PCy3)Py(diene)]+ 3 is commonly referred to as Crabtree’s catalyst[7] and is capable of
reducing higher substituted unfunctionalized alkenes under mild conditions (Figure 2).

Figure 2: Vaska’s complex 2 with low activity in homogeneous hydrogenation and Crabtree’s highly active iridium(I)
complex 3.

Very often, high activity and turn over frequencies are found at the beginning of the reaction, but
conversions for such alkenes usually only reached 30-40%. Crabtree and co-workers reported
the formation of an inactive trinuclear iridium hydride complex. This trinuclear complex and
related deactivation products are still a common problem and attempts to restore the catalytic
activity have all failed so far.[4c]
In contrast to the rhodium-catalyzed homogeneous hydrogenations, experimental work and DFT
calculations on the mechanism of iridium-catalyzed homogeneous hydrogenations suggest
catalytic cycles only encompassing Ir(III)- and Ir(V)-species.[6] A solvated IrH2+-species is
proposed as the resting state which is oxidized to Ir(V) upon addition of another dihydrogen
molecule. This may explain why iridium catalysts exhibit a very different reaction profile
compared to rhodium catalysts as well as their lower sensitivity towards oxidation.
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Iridium(I) phosphine and mixed phosphine pyridine complexes proved to be very active in
homogeneous hydrogenations of a broad range of substrates, although deactivation was still
problematic. There is general confidence that further development will make other unsaturated
compounds amenable to catalytic hydrogenation.
1.1.3

The introduction and evolution of chiral ligands[4a, 8]

The idea to apply chiral phosphines in order to induce stereodifferentiation during the addition of
hydrogen to the substrate arose naturally from the development of homogeneous hydrogenation
catalysts. Due to the expected close proximity of the chiral environment provided by the ligand to
the active metal core, it was a much more promising concept than the heterogeneous approach
of adding a chiral surrounding. Efficient stereoinduction was thought to be most effective when
the stereogenic center directly coordinates to each metal core. Ligands with more distant
stereogenic centers were neglected in early efforts.
With the knowledge of soluble, achiral and well established catalysts in hand, the synthesis and
resolution of P-stereogenic phosphines was a more challenging task at that time than their
coordination to iridium(I) and rhodium(I).
In 1968, Knowles and Sabacky reported the first enantioselective, homogeneous hydrogenation
based on catalysts bearing P-stereogenic ligands. The catalytic reduction of α-phenylacrylic acid
and itaconic acid applying [RhCl3L*3] (L* being (R)-(-)-methyl-n-propylphenylphosphine 4, Figure
3) as catalyst, yielded the products with 15 and 3% ee, respectively.[9] Similar results with other
substrates were reported by Horner and co-workers, the second important pioneer in this field of
research at that time.[10] The initially low ees suggest failure of this approach, but further efforts
eventually led to higher enantioselectivity.
Only a few years later (1971), Morrison et al. reported the use of a ligand with a stereogenic
carbon center adjacent to the otherwise symmetric phosphino group. (-)-Neomenthyldiphenylphosphine 5 (NMDPP, Figure 3) was coordinated to rhodium(I), leading to a close but
chiral analog of the original Wilkinson’s catalyst 1.[11] In the reduction of (E)-β-methylcinnamic
and (E)-α-methylcinnamic acid, enantiomeric excesses of 61 and 52% were observed,
respectively.
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Figure 3: Knowles P-stereogenic ligand 4,

[9]

Morrison’s C-stereogenic phosphine 5

[11]

and Kagans DIOP

[12]

ligand 6.

Kagan and Dang, well known for their tartaric acid derived bidentate DIOP-ligand 6, proved with
their work that bidentate phosphine ligands exceed the performance of mondodentate ligands
the same year (Figure 3).[12] Kagan subsequently assumed that high stereoselectivity may only
be obtained if the complexes are conformationally strongly restricted and that the ligand needs
to be firmly coordinated to the metal center. He further stated that diphosphines fulfill these
requirements perfectly. Symmetry considerations further favored the development of C2symmetric ligands, as the possibility for geometric isomerism could be excluded. These “rules of
thumb” directed research for many years and led to the development of mainly bidentate, C2symmetric phosphine ligands.
Knowles and co-workers developed an enantioselective process for the large scale production of
L-DOPA 7 to treat Parkinson’s disease. The process relied on the enantioselective
homogeneous hydrogenation of an α,β-dehydroamino acid as the key step. By systematic
screening of ligands combining different substituents, the enantioselectivity could gradually be
increased (Scheme 1).[13]

Scheme 1: Optimization of enantioselectivity by systematic screening of ligands.

[13]

This first highly successful application on large scale stimulated the still very young topic of
enantioselective homogeneous hydrogenation tremendously. During the following decades, an
almost infinite diversity of ligands emerged. William Standish Knowles and Ryoji Noyori were
awarded the 2001 Nobel Prize in Chemistry for their work on enantioselective hydrogenation.
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In 1980 Ryoji Noyori and co-workers set the next milestone in the field of homogeneous
enantioselective hydrogenation with the development and application of 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 9 (BINAP) in catalysis (Figure 4).[14] This compound was the first
ligand introduced, the stereogenicity of which is based on hindered rotation, described as
atropisomerism. BINAP complexes of ruthenium(II) attracted the most attention because of their
high activity and selectivity in the reduction of ketones, which had been a very challenging
substrate class. Many other unsaturated functional groups are efficiently and selectively reduced
by ruthenium(II) BINAP complexes. An impressive number of applications were demonstrated,
including the enantioselective synthesis of naproxen (analgesic) and levofloxacin (antibiotic),
among many other drugs. A special case and presumably the largest application of Ru(II) BINAP
complexes with regard to yearly production is the enantioselective isomerization step in the
industrial synthesis of menthol.[15] The success of BINAP 9 stimulated the development of a
broad diversity of related atropisomeric ligands.
Josiphos 10, a ferrocene based diphosphine, added another element of chirality to the fast
growing ligand pool: Planar chirality. This ligand evolved 1993 from the research of Togni et al.
and will be discussed together with closely related ligands in more detail in chapter 1.2 (Figure
4).[16]
Phosphinooxazoline (PHOX) ligands were first reported in 1993 by three independent research
groups (parent PHOX 11, Figure 4).[17] In 1996, they revolutionized the enantioselective
hydrogenation of highly substituted but completely unfunctionalized alkenes. Iridium(I)
precursors led to active catalysts affording excellent stereoselectivity. Full conversion was
possible with only 0.5 mol-% catalyst loading if the reaction mixture was handled under strict
anhydrous and anaerobic conditions. Pfaltz and Pregosin et al. found that relatively small
counter ions, such as BF4, PF6 or triflate, do not strongly ion pair with the [Ir(PHOX)(cod)] cation
in dichloromethane. Hence, the motion in solution of the free, catalytically active iridium complex
is only little affected. When the small and weakly coordinating counter ions were replaced by
very bulky boron-based anions such as BArF or B(C6F5)4, the reaction became less sensitive
and full conversion was reached with 0.02 mol-% catalyst loading only. The iridium(I) complexes
were significantly slower in motion, as found by PGSE NMR studies, when combined with one of
these bulky counter anions. With regard to these findings, the comparatively low activity of
complexes bearing a small and weakly pairing counter anion may seem counterintuitive.
However, a closer look at the reaction mixture after hydrogenation revealed the formation of
catalytically inactive trinuclear iridium hydride species. It was reasoned that these clusters
formed faster in case of less hindered motion of the iridium cation. Thus, the putative lower
activity of the complexes bearing a small and only weakly coordinating counter ion is in fact a
result of the faster inactivation of corresponding catalysts by cluster formation.[4c, 18]
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Figure 4: Noyori’s BINAP 9,

[14]

Togni’s Josiphos 10

[16]

and the parent PHOX ligand 11.

[17]

The development of chiral ligands started with phosphorus chirality (PAMP 4), but was soon
extended to carbon stereogenicity (NMDPP 5 and DIOP 6), atropisomerism (BINAP 9) and then
Josiphos 10 added a new element of chirality to the ligand pool: Planar chirality by the
disubstituted Cp ring.
This short introduction to the history of homogeneous hydrogenations and important phosphorus
ligands applied in enantioselective hydrogenations could be expanded to several volumes.
Instead, the interested reader is encouraged to read the more detailed accounts in books,
reviews, and summaries with cross references to the original publications cited herein.
1.1.4

Recent developments and the future

The impressive number of ligands that have evolved during the last 60 years led to a plethora of
new complexes and potential applications. However, there are some prerequisites that ligands
must fulfill before they find applications in academia or industry on a common basis:[19]
-

Scope, limitations and specificity of the ligand should be described in literature in as
much detail as possible.

-

The activity and selectivity needs to be high for a broad range of catalytic transformations
(general applicability).

-

The functional group tolerance should be high.

-

The ligand is commercially available or accessible in a few steps.

-

The ligand and the catalyst precursor are stable enough to be handled under ambient
conditions.

-

The synthesis starts from a common chiral building block for which all possible
stereoisomers should be accessible.

-

Especially for industrial applications, it is important, that the conditions for protecting the
process by patents are given.

Just a very few ligands out of the immense diversity fulfill all these requirements to a sufficient
extent. Jacobsen introduced the term “privileged ligands” for such compounds. Among these are
the above mentioned BINAP 9, PHOX 11 and undoubtedly also Josiphos 10.[19a]
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The relatively high price of the noble metals and the expensive synthesis of chiral ligands are the
main reasons why homogeneous enantioselective hydrogenations are not more widespread in
industry. Especially for products with a low profit margin and cheap raw materials it is still more
economical to sell the racemates if possible, or to resolve them. In 2002, only six
enantioselective hydrogenations were reported to be carried out on a >5 t/a scale and only ten
reactions were carried out in pilot plants on >50 kg scale.[20]
Therefore, research on new, easily accessible ligands with excellent activity and selectivity
remains a hot topic. The initial tendency to use only bidentate C2-symmetric phosphine ligands
for enantioselective hydrogenations has been overcome and the opposite of the initial prejudices
has been demonstrated by several new ligands. Monodentate ligands have been reconsidered
and show as promising results as their bidentate analogs. Although our toolbox for synthesis and
handling of carbon stereogenic ligands is still much more advanced, the effort made in
stereogenic phosphorus chemistry brought P-stereogenic ligands back to research and these
are being reconsidered as ligands.
Homogeneous enantioselective catalysis will undoubtedly contribute to solve upcoming
problems like raw material shortage, increasing energy costs and higher quality requirements for
pharmaceutical and related products.

1.2

Josiphos – A success story

1.2.1

A single starting point to all Josiphos-type ligands

N,N-Dimethyl-1-ferrocenylethylamine 12, today commonly referred to as Ugi-amine, was first
described in 1970.[21] An improved synthesis, following an alternative approach to the phosgene
induced activation of ferrocenylethan-1-ol 13, was published soon thereafter (Scheme 2).[22] The
enantiomers are conveniently separated by crystallization from methanol as tartrates. This
makes Ugi-amine 12 a popular chiral compound and all ligands bearing the chiral ethyl moiety
attached to one of the Cp rings are derived from this compound.
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Scheme 2: Ugi-amine 12 was isolated after activation of ferrocenylethan-1-ol 13 and substitution by dimethyl
amine.

[21-22]

Ugi-amine 12 is easily lithiated applying a strong base like nBuLi. This metallation occurs with
high diastereoselectivity (96:4), due to the ability of the amine to coordinate to the approaching
nBuLi. For steric reasons, a hydrogen atom pointing in the direction of the bulky ferrocene
moiety is much favored over a methyl group (Scheme 3), therefore the orientation of the
directing amine moiety is constrained.[21]

Scheme 3: Diastereoselective lithiation of Ugi-amine 12 by nBuLi.

Many

other

stereogenic

moieties

were

introduced

for

[23]

diastereoselective

ferrocene

derivatizations, like sulfoxides, acetals and oxazolines. However, these are not relevant for this
work but are, for the sake of completeness, briefly referred to.[24]
A remarkable property of Ugi-amine 12 and its derivatives can be observed if the amine on the
ethyl side chain is substituted by a nucleophile: Complete retention is observed. Neither a
classical SN1 nor a SN2 mechanism may explain this behavior. From a mechanistic point of view,
Ugi explained this peculiarity by the selective formation of a stable carbocation with resonance
stabilization by the conjugated system of the Cp ring.[21] The iron(II) core may donate as well
electron density, further stabilizing the reactive intermediate (Scheme 4).
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Scheme 4: Substitution of the dimethylamino group on Ugi-amine 12 under retention of absolute configuration.

With a second differing substituent on the same Cp ring, planar chirality appears due to the
missing C2-symmetry and the distinguishable faces of the Cp moiety. As the standard CahnIngold-Prelog-rules[25] are not applicable to this element of chirality, Schlögl introduced a simple
system for di- and trisubstituted ferrocenes.[26] The interested chemist looks along the ferroceneaxis, the substituted Cp ring pointing in his direction. All the substituents are assigned with a
priority following standard CIP-rules. If the priority numbering increases in a clockwise fashion,
the molecule bears a planar (R)-configuration. To prevent the confusion of the stated absolute
configurations of different elements of chirality, a suffix system was introduced in Togni’s group.
Absolute phosphorus configurations are highlighted by a subscript capital P-suffix, while just
above discussed planar chirality with a subscript Fc-suffix. Absolute central carbon
configurations are only stated with a subscript capital C, if other elements of chirality are present
(Figure 5). The CIP-rules may not be clear for the assignment of a priority to the ferrocene
moiety. In this thesis, iron is regarded as substituent of each Cp atom and is assigned the
highest priority. If absolute P-configurations are given for metal complexes, they relate to the
free ligand and not to the changed priorities caused by the late transition-metal core.

Figure 5: Planar stereogenicity of metallocenes due to higher substituted Cp rings, the assignment of an absolute
configuration and the applied system to specify the element of stereogenicity.

Strictly speaking, stereogenic molecules have to be described as whole chiral moieties. The
characterization of molecules by local chirality, such as the chirality of centers or groups, is not
correctly depicting the properties of such compounds in its entirety. This topic was exhaustively
analyzed by Mislow and Siegel.[27] However, due to the widespread application and convenience
to describe molecules by their local chiral elements, this terminology is used throughout this
thesis.
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1.2.2

The rise of Josiphos

N,N-Dimethyl-1-[2-(diphenylphosphino)ferrocenyl]ethylamine 14, commonly abbreviated PPFA,
was first described by Hayashi and co-workers in 1980. The compound was isolated after
treatment of lithiated Ugi-amine with chlorodiphenylphosphine. Ugi-amine 12 was found to be
lithiated twice (Cp, Cp’) when two equivalents of nBuLi in presence of TMEDA were applied.
Quenching the double lithiated compound by the same chlorophosphine as above (Ph2PCl)
afforded the analogous BPPFA 15. The dimethylamino moiety could be replaced by other
amino moieties in a stepwise protocol. First, the acetoxy derivative was formed by treatment of
PPFA 14 or BPPFA 15 with acetic anhydride, followed by nucleophilic substitution of the acetate
by a secondary amine (Scheme 5).[23]

Scheme 5: Hayashi’s fundamental work on stereoselective ferrocene chemistry paved the way for the development of
Josiphos 10 and many other ligands.

[23]

In their subsequent work, Hayashi and co-workers isolated a series of BPPFA-derived
P,P-ligands that were successfully applied in enantioselective gold-catalyzed aldol reactions.
The stereogenic alkyl substituent with a remote terminal amine allowed polar interactions with
the substrate.[28] Therefore, this ligand may be considered an early example of a bifunctional
catalyst (Scheme 6).

Scheme 6: The last synthetic step to Hayashi’s BPPFA-derived P,P-ligands for gold-catalyzed aldol reactions.

[28]
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Pursuing the work of Hayashi on above described P,P-ligands, Togni and co-workers noticed
that the amino moieties may directly act as a leaving group and are substituted in hot acetic acid
by a suitable nucleophile under complete retention of absolute configuration. The detour via
acetoxy derivative became unnecessary.
The nucleophilic attack of a secondary phosphine on PPFA 14 in hot acetic acid led to a hitherto
unknown ligand class (1993, Scheme 7).[16, 19b] The first member of this class was isolated by
Josi Puleo, a technician in Togni’s lab at Ciba-Geigy. Inspired by her name, this ligand found its
way into literature commonly called Josiphos 10. Later, the whole ligand family was marketed
under the same trade name.

Scheme 7: The synthesis of original Josiphos 10 starts from well-known Ugi-amine 12.

[16, 19b]

To simplify the naming of the phosphino moieties in the following, the one directly attached to
the Cp ring will be referred to as P1, the phosphine bound to the ethyl side chain as P2.
Significant effort was devoted to the further development of the ligand class, as first screening
reactions were exceptionally promising. The introduction of the two phosphines in two
consecutive steps makes this ligand class highly modular. Sterics and electronics are easily
tunable and therefore the ligand is adaptable to many different requirements. Today, more than
150 ligands of Josiphos-type have been reported. Furthermore, forty of them are commercially
available in mg-scale kits for screening purposes and on kg-scales for applications in pilot plants
and production steps.
The introduction of P-stereogenic phosphines in both positions was reported by Togni and coworkers as well (Figure 6). Ligands bearing a stereogenic P2 were isolated the same year as the
parent Josiphos 10. However, the substitution of the dimethylamino group on PPFA 14 by a
secondary phosphine with two different substituents was not diastereoselective. The two
P-stereoisomers had to be separated by crystallization of diastereoisomeric palladium(II)
complexes.[29]
In 2001, ligands bearing a stereogenic P1 were reported. Lithiated Ugi-amine was quenched
with a secondary chlorophosphine bearing two different substituents.[30] The PPFA-type P1stereoisomers were obtained as well in equal amounts, but were easily separable by column
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chromatography. The rather harsh conditions necessary for the last step, the introduction of P2,
led to partial epimerization of the stereogenic P1. The separation of the final product
stereoisomers failed and the project was not further investigated.

[16, 19b]

Figure 6: Original Josiphos 10

and the two P-stereogenic versions.

[29-30]

Chen and co-workers reported 2006 a new approach to Josiphos-type ligands bearing a
stereogenic P1. Lithiated Ugi-amine was first quenched with a dichlorophosphine in small
excess. The subsequent addition of a second organometallic compound (RMgX or RLi) led
exclusively to the formation of one PPFA-type diastereoisomer only (Scheme 8). In order to
prevent epimerization in the last reaction step, the second phosphine (P2) was introduced
stepwise at room temperature leading via acetoxy intermediate to the final ligand.[31]

Scheme 8: Chen’s approach to a P1-stereogenic ligand of Josiphos-type.

[31]

Josiphos 10 revolutionized the area of enantioselective hydrogenation in many ways. The
prerequisite of C2-symmetry was simply ignored. The ligand system was highly modular due to
the stepwise introduction of the phosphine moieties. A novelty was that the two phosphines
could be chosen independently. By different sterical demand and electronical properties, the
coordination of the substrate and the addition of hydrogen may be further affected compared to
C2-symmetric ligands. And this surely constitutes an important part of its success.
In chapter 1.2.4, the conformational space occupied by Josiphos-type ligands will be
investigated with the goal of identifying common structural features characterizing this highly
successful ligand class.
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1.2.3

A representative story of Josiphos’ success

A list or summary of successful applications of Josiphos 10 and closely related ligands could be
the topic for several books. The most prominent example, the industrial production of
Metolachlor 16, will be representatively discussed in this chapter.
Metolachlor 16, a herbicide applied in the cultivation of maize and many other crops, was initially
applied as a racemate. A few years after launching production and marketing it was recognized
that only two stereoisomers are actually active. The (SC)-configured product is responsible for
95% of the activity, while the atropisomerism does not play a significant role. In order to reduce
costs and increase the activity of the final product a stereoselective synthesis was developed.
The final process relied on the enantioselective hydrogenation of an imine as key step. With
>10’000 tons a year, it was by far the largest enantioselective hydrogenation process for many
years.

Scheme 9: Optimized (S)-Metolachlor process with a few critical parameters.

[32]

A closely related ligand to Josiphos 10 led to iridium catalysts that did not suffer from
deactivation during the hydrogenation of the Metolachlor intermediate (E)-2-ethyl-N-(1methoxypropan-2-ylidene)-6-methylaniline 17 (MEA imine) and was named Xyliphos 18 in
reference to its substituents on P2 (Scheme 9).
The observed ee was around 80%, but the reaction was rather slow with [Ir(Xyliphos)(cod)Cl] as
catalyst precursor (TOF below 200 h-1). The addition of an iodide source to iridium-catalyzed
hydrogenations was a common practice that often improved the catalytic system, but in this case
it had almost no influence. Several solvents were screened and the addition of acetic acid had a
detrimental influence on the enantioselectivity and activity of the catalyst. But the combination of
iodide and acid as additives led to a reaction that was ten times faster and restored the 80% ee.
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The optimized catalytic system facilitates the enantioselective hydrogenation of (E)-2-ethyl-N-(1methoxypropan-2-ylidene)-6-methylaniline 17 (MEA imine) with remarkable activity and enantioselectivity. The initial turnover frequency reaches 1’800’000 h-1 facilitating full conversion at
80 bar hydrogen and 50 °C in only 3-4 hours, applying less than 5 ppm catalyst. The resulting
amine is converted to the final active compound by amidation with 2-chloroacetyl chloride.[32]
The beneficial role of acid and iodide as additives has been investigated,[33] but remains widely
cryptic. In the following, many ligands exceeded the 80% ee by far, but none of them led to a
more economical catalytic system.
The success of Josiphos-type ligands encouraged many research groups and the developers of
original Josiphos 10 to isolate many closely related ligands like Walphos,[34] Taniaphos,[35]
BoPhoz,[36] Mandyphos[37] and many more.[38]
1.2.4

On the trail of the perpetrator’s success[19a]

But what are the prerequisites for successful ligands in general? The expected necessity of C2symmetry, the use of firmly coordinating diphosphines and limiting the chiral pool to certain
elements of chirality has meanwhile been impressively refuted.
Obviously, a ligand has to ensure a chiral environment around the active metal core in order to
control the way the substrate coordinates and dihydrogen is activated. Therefore, the chiral
information should be close to the central metal atom. Rigidity of the ligand and the retention of
chiral information is required in order to minimize stereoselective bypass. On the other hand, the
ligand needs to be flexible enough to stabilize a diversity of conditions that the catalyst must
adapt to during the catalytic cycle. Not only the number of ligands changes during the catalytic
cycle, but also the metal’s oxidation state, the coordination or binding mode of ligands and
substrates, encompassing different complex geometries.
A vast number of Josiphos-type ligands have emerged since the isolation of the parent ligand.
Discussion of their outstanding success raises three questions: Are there any common features,
correlations, preferred substituent orientations that unify all these ligands? Are Josiphos-type
ligands best described as rigid or flexible? Can excellent enantioselectivity and high activity be
ascribed to certain structural properties?
The first two questions are not independent, but may be answered by compiling a list of
significant structural parameters including bond lengths, bond and torsion angles for all the
reported single crystal structures bearing the Josiphos backbone. A single narrow distribution of
a parameter value points to a high rigidity of the examined motif and a preferred orientation or
state. Broad distributions indicate conformational flexibility and that favored geometries are not
15
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present. Correlations between two or more parameters may disclose direct structural
dependencies. The third question is much more difficult to answer as the reported ligands are
applied in a vast variety of transformations, bearing different metals as active center. Data for
the same transformation, screening all the ligands with the same active metal under identical
conditions, would be essential. And the conclusions obtained would only be valid for the
examined reaction and closely related cases (for a brief introduction to computational ligand
knowledge bases, consult the corresponding paragraph in chapter 3.2.4).
Though the solid-state structure does not necessarily resemble the active species in solution, an
examination of a large number of single crystal X-ray structures gives an idea about the range of
possible conformations adopted by Josiphos-type compounds.
In 2011, Togni systematically examined the conformational space of Josiphos-type ligands and
their complexes based on single crystal structures.[19a] Collecting the data from over 70 different
compounds, he found that for transition-metal complexes the P1-M distance is usually shorter
than the one of P2-M. This was not particularly surprising and could be rationalized by the
simple fact that the majority of ligands reported bear mainly aryl substituents on P1 and bulky
alkyl groups on P2. The bite angle, a much more meaningful parameter varies between 84.4 and
104.1° in square planar and octahedral complexes. This implies adaptable and flexible ligands
rather than high rigidity.
During the investigation of the 70 structures, Togni further found a remarkable correlation
between two torsion angles. He defined α1 as the torsion angle between the Rexo-P1 bond and
the Cp plane. Similarly, α2 describes the torsion angle between the axis of the stereogenic
CH-CH3 moiety and the Cp plane (Figure 7).

Figure 7: The defined torsion angles α1 and α2 chosen for conformational analysis.

Large negative α1-values indicate a pseudo-axial orientation of the P1-Rexo bond, in which the
substituent points along the main axis of the ferrocene moiety. An angle of 0° is assigned to a
parallel orientation to the substituted Cp ring and in the case of positive values, the substituent
points below the Cp plane (pseudo-equatorial). Consequently, a value of +90° for α2 describes a

16

The Josiphos ligands
pseudo-axial methyl group and in the case of α2 = 0°, the methyl group lies within the Cp plane.
Negative values denote a pseudo-equatorial orientation, lying between the two Cp planes.
Two closely related ligand classes were included in the studies as well, although only very few
representatives are known and these ligands never received the same attention as Josiphostype ligands. Ferrocenophanes with the methyl group as part of a Cp-Cp’ tether and ligands with
the methyl group as part of a Cp-Cp (2,3-substituted) six-membered alkyl ring are only
discussed very briefly (Figure 8).

Figure 8: Representatives of the two closely Josiphos-related ligand classes that are also included in the following
1

1

examination of the conformational space. Mercury capped stick representation of XOYMIH (left) and EJAKAB (right).

Only structures of the same absolute central carbon and planar configuration can directly be
compared. (RC,SFc) has been chosen as standard, the sign for differently configured structures
may have been inverted, where applicable.
Plotting the torsion angle α1 against α2 for the more than 70 different compounds, Togni found
five areas where data points accumulate, indicating a correlation between these two parameters.
Each cloud describes one of the following structural groups: The free Josiphos-type ligands,
complexes of P-CF3 bearing ligands, all-aryl/cyclic phosphine ligands, ferrocenophanes and
finally the remaining transition-metal complexes (Figure 9).

1

CSD-Refcodes, see also chapter 1.2.6.
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Figure 9: The correlation plot of two torsion angles for Josiphos-type ligands and their complexes as compiled by
Togni.

[19a]

The drawn-out shape of the clouds show, that the α2 angle is more constrained than α1,
indicating that the stereogenic ethyl side chain is more likely to constrain the complexes’
flexibility than rotation about P1. For the main cloud enveloping the common transition-metal
complexes, α1 varies between -60° and +20° (Δ80°), and α2 is constrained between around -30°
and +10° (Δ40°). The methyl group seems to preferably adopt a nearly pseudo-equatorial
position while the phosphine (P2) becomes pseudo-axial.
As either torsion angle α1 or α2 varies, all other directly connected substituents and lone pairs
are also reoriented. A pseudo-axial Rexo (α1 = -90°) consequently describes the P1 lone pair
pointing below the plane of the Cp. An increasing α1 angle towards positive values leads to a
more axial orientation of the lone pair, exo with respect to the ferrocene core. The topic dealing
with the relative position of the metal upon coordination will be discussed in more detail in
chapter 1.2.6 on the basis of an updated plot with data from more than 140 compounds.
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1.2.5

Aim of this project part

Togni compiled in 2011 a list of structural parameters for more than 70 compounds bearing the
Josiphos backbone and disclosed correlations between different structural features.[19a]
Meanwhile, quite a huge number of new structures have been added to these two sources,
augmenting the amount of evaluable data.
This project part of the thesis at hand was directed at updating the existing dataset and
extending the structural features analyzed, characterizing Josiphos-type compounds in more
detail. A main goal was to investigate the conformational space that these ligands and
complexes may occupy in solid state. Questions about Josiphos’ and related structures rigidity,
common structural characteristics and dependencies may be answered by this analysis.
Especially deviations in the geometric and electronic properties of P-CF3 bearing ligands and
their complexes (see chapter 3) were of great interest, as several new compounds of this type
were isolated in our group. As a strongly electron-withdrawing substituent the trifluoromethyl
group is expected to alter not only the electronics but also the geometry of the corresponding
phosphino group and therefore influence its behavior upon coordination to a transition-metal
core.
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1.2.6

The updated plot and the position of the metal

In the course of this thesis, the original plot was updated to include all structures available in the
Cambridge Structural Database (CSD) and new unpublished structures from our research group
(November 2012). A six-character letter label describes the CSD-Refcode that allows rapid
retrieval of the corresponding cif files from the CSD. Unpublished structures from our research
group are denoted by UNP followed by a consecutive number. More than 140 structures bearing
the Josiphos backbone are included. Phosphine oxides or protected phosphines (P=Se, P-BH3),
monodentate coordinated species, diphospholes, all Pigiphos and Stanphos related compounds
and ligands coordinating to more than one metal core (e.g. in metal clusters) were neglected
(30).
If more than one ligand coordinates to the same central atom or more than one formula unit is
found in the asymmetric unit, the α1 and α2 values are compiled individually (see Appendix A).
But very similar values for the same structure were plotted as an averaged data point (Figure
10).

Figure 10: The updated correlation graph, covering the data of more than 140 different compounds. Only very few
well-justified structures were excluded.
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At first glance, the two versions of the graph are very similar. The correlations found for 70 data
points mainly hold for the data of 140 different structures as well. A more restrictive selection of
compounds would undoubtedly narrow the somewhat enlarged size of the previously discussed
data clouds.
The green region (cloud 1) includes all closely Josiphos-related free P,P-ligands. Only a few
outliers were found: The ligands in which the methyl group is part of a cyclic 2,3-Cp substituted
alkyl chain have slightly larger α2 angles (XOYMIH, XOYMON). Two further outliers are found
with much lower α2 angles within the cloud of the ferrocenophanes. Both bear a cyclic
phosphino group and a Cp* (YIFPOS), in one case the ferrocene core has been replaced by a
ruthenocene (ZUYDEC). Hence, all four structures deviate from the standard Josiphos
backbone.
The five data points significantly expanding the free ligand cloud of data points to lower α1 and
α2 values also represent special cases, namely secondary P2 atoms (GAVLUM, UNP6) or bear
cyclic phosphino groups (ZAZTAX, YOJKUD, EZIGID, Figure 11). The part of cloud 1 with the
highest density of data points suggests a preferred pseudo-axial orientation of the P1-Rexo vector
and a pseudo-equatorial orientation of the methyl group.

Figure 11: Two structures (left YOJKUD, right ZAZTAX) representing the most abundant cyclic phosphino groups.
Mercury capped stick representation.

The highly restricted α2 torsion angles for Cp-Cp’ tethered ferrocenophanes are found at much
more negative values along with the corresponding complexes (yellow, cloud 4). Furthermore, it
is not astonishing that the α2 torsion angle of ferrocenophanes depends almost exclusively on
the tether length and therefore α1 seems to be the only parameter capable of varying
significantly.
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The red region (cloud 3) corresponds to transition-metal complexes of ligands with interlinked
P-substituents and of all-aryl substituted ligands. The most prominent example for the
phosphacycles is the dimethylphospholanyl moiety, well-known from the DUPHOS ligand.
Xyliphos 18 as prominent example for an all-aryl substituted ligand forms complexes that are
also found within this cloud. Trifluoromethyl substituents on the phosphines lead, in certain
cases, to complexes found in this region, although other substituents may neither be aromatic
nor interlinked (UNP35/(SP)-22f). The exceptionally high α2 angles around +90° point at almost
perfectly pseudo-axial orientation of the methyl group. Once again, a much more flexible
orientation for the P1-Rexo vector is found.
The last and most densely populated cloud is the one of the remaining transition-metal
complexes (blue, cloud 2), excluding those containing ferrocenophanes, all-aryl ligands and
ligands with cyclic phosphino groups. Small negative α1 values indicate a slight inclination of the
P1-Rexo vector relative to the Cp plane with the Rexo substituent lying preferentially above and the
methyl group below the Cp plane.
In the original correlation graph, the parameters corresponding to P-CF3 bearing complexes
were found in their own accented region. In the updated plot, structures were included that blur
the borders of this region and lead to an overlap with the more common complex structures.
However, complexes bearing P-CF3 ligands tend to show α2 values closer to zero (co-planar
methyl group with respect to the Cp plane) and larger α1 values, reaching even the positive
scale (the P1-Rexo vector points below the Cp plane). This behavior is rather difficult to interpret.
On one hand the electron-withdrawing CF3 group is expected to reinforce pyramidalization, thus
decreasing the bond angles between the substituents. This is empirically well described as
Bent’s rule.[39] Isopropyl and trifluoromethyl substituents bear comparable steric demand and are
regarded as relatively bulky moieties. Therefore, further distortion of the more common
geometries by the increased spatial extent of trifluoromethyl groups may be present. However, it
is also particularly important to note that CF3 groups are electron-rich substituents which may
interact with their surrounding very differently than comparable more electron-poor aryl or alkyl
groups.
As already briefly introduced, altering one of the two torsion angles consequentially leads to a
change in the orientation of the phosphines. This in turn strongly influences the position of the
metal relative to the ligand backbone upon complexation (Figure 12).
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Figure 12: Strongly differing conformational properties for the platinum complexes of Tobiphos’ platinum(II) chloride
complexes ((RP)-20/UNP27 and (SP)-20/UNP28). Mercury capped stick representation.

Investigating the position of the central metal atom relative to the ligands backbone, several
parameters potentially describing this intriguing structural property were defined and analyzed in
the course of this thesis. The Cp plane as rather rigid and basic moiety present in all
investigated compounds was defined as reference element. The displacement of the metal core
and two angular approaches (denominated in the following as inclination) relative to the chosen
reference plane are discussed below in more detail.
The displacement of the metal from the plane defined by the Cp carbon atoms was expected to
reliably depict the metals position relative to the ferrocene core in Ångstrom (Figure 13, left).
However, transition-metal complexes of a broad range of ligands bearing a variety of different
substituents were included in the following investigation. Therefore, varying bond lengths may be
encountered as perturbing factor, broadening the distribution of data points. A negative value
indicates that the metal center lies below the Cp plane while positive values denote elevation of
the metal above the Cp ring.

Figure 13: Simplified depiction of the three approaches chosen to describe the position of the metal relative to the Cp
plane.
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An increasing torsion angle α1 leads, at first glance, to an almost proportional increase in the
displacement of the metal in Ångstrom (Figure 14). But the flattened ends of the curve could also
indicate a narrow section of the expected sine wave-like shaped behavior for the displacement.
However, the distribution of data points perpendicular to the observed trend is rather narrow
indicating rigid structures for a given displacement or α1 torsion angle. The data points drawn
from the α2 torsion angles against the displacement distances lead to the expected
differentiation of the ferrocenophane and all-aryl/cyclic phosphine complexes. For all
investigated groups, the number of data points is too small or their distribution in a too narrow
range to discern a clear trend from this approach. Hence, the description of the displacement as
a segment of a trigonometric function seems impractical and data points far beyond the
observed α1 and α2 torsion angles will presumably not be accessible due to conformational
constraints. If the function indeed follows a sine-wave shaped function remains uncertain.

Figure 14: Perpendicular displacement of the metal atom from the plane of the substituted Cp ring plotted against the
previously defined torsion angles α1 and α2.

The angular inclination should be less sensitive to differing bond lengths and proportional
behavior can be expected, but the choice of atoms to fit the second plane is of great importance
(Figure 13). Two sets of atoms were chosen, one fits the second plane through the plane P1-MP2, the other through the substituted Cp atoms and the metal center (C1-C2-M, Figure 15).
Because of the higher flexibility of the phosphino moieties compared to the stiff Cp ring, a
broader distribution of data points has to be expected for the first approach. Furthermore, the
influence of a tilted coordination sphere on the angle is minimized in the latter case.
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Figure 15: The reference plane through the Cp atoms (blue) and the second plane (green) either through P1-M-P2
(abbreviated as P-M, right) or C1-C2-M (abbreviated as Cp-M, left). The phosphorus substituents are only indicated
for clarity (adapted Mercury representation of WIJKEF, [Pt(Josiphos)Cl 2]).

It is also not astonishing that these two possibilities do not lead to the same angle between the
two planes, even though both describe the angular inclination of the metal center. The angle
between the Cp-M and the Cp plane (Figure 15, left case) is 29.35° while the angle between the
P-M plane and the Cp plane is 35.75° (Figure 15, right case). P-M inclination angles are
frequently bigger than the ones obtained for Cp-M due to the closer line of intersection between
the two planes in the first case.
The plot of the Cp-M inclination against α1 hints at a linear correlation (Figure 16). The variation
of α1 leads to a concomitant change in lone pair orientation and thus the position of the metal
upon coordination. Complexes in which the metal center lies below the Cp plane, oriented endo
with respect to the ferrocene core, are found at negative values for the inclination. These are
KATYEJ, ODARIU, XIKTAN, YOJLAK, UNP27 ((RP)-20), UNP32 (21), UNP34 ((SP)-22a) and
UNP35 ((SP)-22f), bearing all-aryl or aryl-structures in combination with a P-CF3 moiety. The
observed deviations to a fitted function are rather small. This clearly indicates that the angles
between the phosphine substituents and the lone pair forming the dative bond are strongly
constrained.
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Figure 16: The Cp-M inclination against α1 (blue) and α2 (red).

The plot of the α2 torsion angle against the Cp-M inclination leads to several distinct regions, as
found in the α1 vs. α2 graph. The ferrocenophane and all-aryl/cyclic phosphine complexes are
obviously separated from the more common complexes. The flexibility of the methyl group
seems to be more constrained within the individual data clouds, but may show significantly
different values between the different subgroups. There are not enough data points for allaryl/cyclic phosphine and ferrocenophane complexes to discern a clear trend, but these points
are obviously out of the observed sequence of parameters for the common complexes.

Figure 17: Positive (red, ODAPAK) and negative angular inclination (blue, (RP)-20/UNP27) of the metal plane relative
to the ferrocene moiety. Adapted Mercury capped stick structure overlay.

If the P-M inclination is plotted against the torsion angles α1 or α2, a different picture is obtained.
The graph depicting the α2 torsion angle versus the P-M inclination features a broader
distribution, as expected. The observed correlations for the three different clouds are not
particularly well defined (Figure 18).
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Figure 18: The inclination P-M against α1 (blue) and α2 (red).

The distribution in case of plot α1 against the P-M inclination is broader as well and shows the
influence of a second, independent parameter at low positive α1 values. These are mainly allaryl or cyclic phosphine bearing ligand complexes for which the differing structural feature to the
remaining complexes of this type at negative inclination angles could not be identified.

Figure 19: Values for the two angular inclination approaches plotted against the displacement of the metal core from
the Cp plane.
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In Figure 19, both values for the angular inclination are plotted against the displacement
distance perpendicular to the Cp plane. Obviously a sine-wave shaped function can be
expected. The blue curve (angular Cp-M inclination) shows too narrow a segement of a potential
trigonometric function, but at both ends the trend clearly flattens. The red data points (angular
P-M inclination) also hint at sine wave-like behavior, but the gap around 0° and a group of
complex structures which obviously deviate from this trend affect the interpolation. With the
angular Cp-M inclination, a reasonable and meaningful parameter was introduced to describe
the position of the metal center relative to the ferrocene moiety.

Figure 20: 3D representation plotting α1, α2 and the Cp-M inclination angle against each other.
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If α1, α2 and the Cp-M angle are plotted against each other in a 3D graph, three distinct regions
can be recognized (Figure 20). At highly negative α2 torsion angles, the complexes of
ferrocenophanes are found. In the middle around α2 = 0°, the usual Josiphos-type transitionmetal complexes are depicted and at high positive α2 values, the all-aryl and cyclic phosphine
complexes accumulate. For the transition-metal complexes, excluding the ferrocenophanes and
all-aryl/cyclic phosphine complexes, a linear trend can be observed.
In appendix A, a summary of the data collected is compiled including the literature citations to all
datasets used that are not cited separately in the chapter bibliography. Further information can
be retrieved from the CSD or the author.
1.2.7

Conclusion and outlook

The original plot compiled by Togni displayed a correlation between two torsion angles in
Josiphos-type structures. The first describes the orientation of the P1-Rexo vector relative to the
Cp plane and the second similarly specifies the relative orientation of the side chain methyl
group to the Cp plane. Over 70 included structures split into five distinct clouds, each describing
a certain structural subgroup.[19a] In the course of this thesis, an updated plot with data points
corresponding to more than 140 structures was compiled. This widely substantiates the
previously observed grouping and trends, only the border between the P-CF3 bearing complexes
and the more common complexes was blurred. They seem to be part of the Josiphos geometric
continuum rather than forming a distinct subgroup.
Interpreting this 2D plot (torsion angle α1 vs. α2), the wider range that α1 adopts within a cloud
suggests that P1 is more flexible. The flexibility of the stereogenic CH-CH3 moiety seems to be
more constricted within the same cloud, but can adopt very different values for the different
subgroups.
The strongly deviating α2 values for ferrocenophanes are easy to understand as the methyl
group is part of a quite short tether to the second Cp ring and is therefore forced to clearly point
towards that group. Why α2 is much higher for complexes of all-aryl and cyclic phosphine
ligands is not clear from the data analyzed thus far.
However, there is an obvious correlation between the two above defined torsion angles and the
inclination angle of the metal core relative to the Cp plane. The data points result in a linear
correlation in the corresponding 3D plot for the main complexes’ cloud with a narrow distribution
perpendicular to the observed trend. This indicates high rigidity for a given complex structure.
Only very limited adaption seems possible.
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The first question from chapter 1.2.4 can be answered now with a clear YES. Josiphos-type
ligands and their transition-metal complexes adopt preferred geometries in the solid state. The
orientation of the phosphorus substituents on P1 show a distinct correlation to the orientation of
the methyl group on the side chain. For transition-metal complexes, the relative inclination of the
metal to the Cp plane correlates as well to the two torsion angles.
The second question, if Josiphos-type structures are rigid or flexible, cannot be answered that
authoritatively. The range in the investigated parameters observed may speak for a high degree
of flexibility. The spatial distribution of the data points within the same subgroup suggests higher
flexibility for P1 than for the ethyl side chain. Inspection of the plot as a whole, seems to qualify
this statement. The narrow distribution of data points along the trend in the 3D graph (plotting
α1, α2 and the metal inclination against each other) suggests rather high rigidity for a given
structure. In addition to that, structures with more than one evaluable Josiphos backbone in the
asymmetric unit exhibit, in certain cases, significantly different parameter values, a condition that
speaks again for flexibility (e.g. BEGFAW, α1 -33.59 and -55.86°, α2 -7.37 and 1.60°, Cp-M incl.
23.69 and 8.76°).
A more detailed study could involve the interpretation of activities and selectivities of a broad
range of ligands in standardized experiments. This could answer the third question, if good
enantioselectivity and high activity can be ascribed to certain structural properties. But as the
success of Josiphos 10 and its relatives is not limited to a few examples, the dataset for every
reaction should be as substantial as possible and the outcome could only be adapted to very
similar applications.
Hence, the specific details contributing to the success of Josiphos 10 and related structures may
never be fully elucidated.
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P-stereogenic phosphines

2.1

Amines, phosphines, arsines, stibines, and bismuthines

The pnictogens (Pn), or group 15 elements, adopt a trigonal pyramidal geometry in their trivalent
saturated compounds, exhibiting oxidation states between +III and -III. The corresponding
gaseous PnH3 compounds are known for all the elements in the nitrogen group, but most of
them are highly reactive and decompose under ambient conditions (Figure 21). Only ammonia is
stable at room temperature in an oxygen containing atmosphere and is an important building
block in nature. For alkyl- or aryl-substituted analogs a prefix is added to the name of the
corresponding PnH3 compound, specifying the three substituents. Only carbon substituted Nand P-compounds change their suffix to amine and phosphine, respectively.[40]

Figure 21: All PnH3 compounds are known and depicted with their common names.

The bond angles and bond lengths between pnictogens and their substituents strongly depend
on the group 15 element present. The influence of the substituents electronic and steric
properties on the geometry of corresponding compounds is discussed in chapter 3.2 in more
detail.
The bonding properties of the pnictogen atom in saturated trivalent compounds, encompassing
oxidation states between +III and –III, can be explained by linear combination of s- and p-orbitals
to sp3-hybrid orbitals forming covalent bonds to its substituents. The hybridization of s-, p- and dorbitals as model to describe the observed bonding properties in Pn(V)-compounds was a
controversially discussed topic for a long time. Meanwhile, numerous theoretical studies assured
that d-type functions only act as polarization functions and are not part of bonding. [41] Hence, the
description of sp3-hybridized pnictogens involving three-center four-electron bonds is nowadays
widely accepted for Pn(V)-compounds. At this point, the further interested reader is referred to
the literature cited.
All of these compounds, encompassing tri- (+III to -III) and tetrasubstituted (+V) pnictogens, bear
a stereogenic center if they lack a Sn-axis. Other elements of symmetry may be present. While
arsines, stibines, and bismuthines are in general sparsely explored compound classes, are
amines and phosphines very abundant and descriptions thereof widespread in literature.
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However, chapter 2.2 discloses why the possible stereogenicity of amines is of minor importance
today in nature and chemical research.

2.2

Inversion processes

Amines bearing three distinguishable substituents are chiral. However, single enantiomers of Nstereogenic amines are rarely isolable. Racemization occurs too fast to be even tracked by
common analytical approaches (e.g. dynamic NMR) in most cases.[42] Hence, only very little
kinetic data about the racemization of stereogenic amines has been reported to date.
Nevertheless, single enantiomers of conformationally constrained amines may be isolated
(Figure 22).

2

Figure 22: From left to the right: (+)-quinidine, a κ -metal (-)-sparteine complex and Tröger’s base.

[43]

Three main mechanisms were proposed to explain the inversion of absolute configuration for
trisubstituted pnictogens. As a rather special case, the non-classical inversion occurs by
quantum mechanical tunneling. A particle in a potential well with finite wall thickness has a finite
probability of existing on the other side of the wall. However, this is only relevant for compounds
bearing at least one hydrogen or deuterium substituent, whose invertomers are also
enantiomers and the temperature needs to be sufficiently high to substantially populate
vibrational levels 5-6 kcal/mol below the potential barrier.[42]
The classical inversion of a pyramidal stereogenic center occurs via a trigonal planar geometry
in which the lone pair transiently occupies a pure p-type orbital (Scheme 10).

Scheme 10: The classical pyramidal inversion mechanism for a stereogenic amine.

Most inversions of PnR3 compounds follow the classical pyramidal inversion mechanism. The
pyramidal geometry first flattens to a trigonal planar transition state. Repyramidalization to both
sides, back to the original absolute configuration or to its enantiomer, occurs with identical
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probability. It has to be stressed that during inversion of these compounds bonds are neither
broken nor formed in contrast to racemization processes of most tetra- and higher substituted
atoms.
The third inversion mechanism was postulated for electron-poor compounds, bearing electronwithdrawing substituents. Their inversion was reasoned to proceed via a T-shaped transition
state (Scheme 11).[44]

Scheme 11: The inversion of electron-poor phosphines like PHF2 and PF3 occurs via a T-shaped transition state
rather than the classical trigonal planar geometry.

[44]

However, the type of mechanism applicable to a certain compound is irrelevant for the
discussion of inversion barriers. Nevertheless, the relative importance of the mechanisms has to
be considered when the inversion barriers are extracted from measured inversion rates.[42]
All of the inversion processes discussed are unimolecular reactions, leading to first order
kinetics. The inversion barriers discussed below are not always explicitly assigned as activation
energy (Ea), free enthalpy (ΔH) or Gibb’s free enthalpy (ΔG), but changes in entropy are virtually
negligible in all cases. Hence, values for ΔH, ΔG and Ea generally differ from each other by less
than 1 kcal/mol.[45]

2.3

Inversion barriers

The following few lines aim to introduce the main parameters influencing the inversion barrier of
trisubstituted pnictogens.
In contrast to amines, stereogenic phosphines are readily isolable as single enantiomers without
any structural prerequisite and usually even tolerate elevated temperatures. Chiral arsines are
even less prone to inversion and usually require harsh conditions to trigger racemization (Table
1).[46] In case of stibines, the trend is less clear. However, it has to be highlighted that the
tabulated values were computed and experimental inversion barriers are almost exclusively
reported for phosphines. Arsines, stibines, and bismuthines are generally only rarely
investigated compounds.
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Table 1: Calculated inversion barriers for the first four PnH3 compounds
according to Allred and Rochow.

[47]

together with the electronegativity

[48]

NH3

PH3

AsH3

SbH3

Electronegativity

3.04

2.19

2.18

2.05

Barrier[47] (kcal/mol)

5.60

27.00

34.00

29.00

[48]

Bent’s rule qualitatively describes the influence of the substituents’ electronic nature on the
bonding geometry of the atom to which they are attached. Electron-withdrawing substituents
form bonds of increased p-character, the lone pairs in case of pnictogens (+III to –III) increase in
s-character. Therefore, bond angles and bond lengths are altered upon changes in hybridization.
This topic will be detailed in chapter 3.2.1.
Decreasing electronegativity in the series of pnictogens with increasing mass can also be
interpreted as increasing electronegativity of the substituents. It is the difference in
electronegativity that primarily describes the electron-withdrawing or donating inductive
properties of a substituent relative to the atom to which it is attached. As stated above, electronwithdrawing substituents form bonds of increased p-character, thus the lone pair has increased
s-character and is therefore lower in energy. As the transition state during inversion of most
PnR3 compounds proceeds via trigonal planar geometry with the former lone pair in a pure
p-orbital, the electron-poor pnictogen atom (i.e. bearing electron-withdrawing substituents) is
rehybridized from high s- to pure p-character. Hence, the inversion barrier for pnictogens bearing
electron-withdrawing substituents is higher.[46] The reverse is also true and electron-donating
substituents therefore lower the barrier for inversion.
Phenyl and other unsaturated substituents in conjugation with the pnictogen atom decrease the
inversion barriers significantly. When the lone pair occupies a p-shaped orbital in the transition
state it may overlap with the conjugated π-system, stabilizing the transition geometry. The
completely occupied p-orbital in the transition state may act as π-donor. Hence, reduced
electron density in the conjugated system favors interaction in the transition state, further
lowering the inversion barrier of corresponding compounds (Table 2, entries 5-7).[49] Steric
effects seem to play a minor role (entries 3, 4).
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Table 2: Inversion barriers and rate constants determined by polarimetry at 130 °C in decaline.

Entry

R1

R2

1[47]

NMe3 b

-

k (s-1)
-5

ΔG (kcal/mol)

k/k’a

7.46

-

2

Cy

n-C3H7

0.0427*10

35.6

1.0

3

Ph

n-C3H7

3.34*10-5

32.1

78.0

-5

32.7

37.7

-5

4

Ph

tBu

1.61*10

5

Ph

p-OMePh

17.0*10

30.8

397

6

Ph

p-MePh

30.6*10-5

30.3

716

-5

29.1

3400

7

Ph

p-CF3Ph

145*10

[49]

a

Normalized rate constants to the slowest inversion found.
b
Determined by vibrational spectroscopy.

To summarize, π-donors and σ-acceptors raise the barrier for inversion while π-acceptors and
σ-donors lower it.

2.4

Approaches to stereogenic phosphines

First systematic reports about the stereogenicity of phosphorus based compounds appeared in
the early 20th century. A very unpleasant debate between the pioneering groups concerning their
respective contributions to this field of research was part of initial reports. [50] Hence, it is hard to
identify the very first real contribution to P-stereogenic phosphorus compounds, but many
reviewing articles name Meisenheimer and Lichtenstadt’s resolution of a stereogenic phosphine
oxide as the origin of all further work (Scheme 12).[51]

2

Scheme 12: Meisenheimer and Lichtenstadt’s resolution of a tertiary phosphine oxide by fractional crystallization as
its protonated derivative.

[51]

After these initial reports more than 50 years passed before the first applications of
P-stereogenic tertiary phosphines in enantioselective catalysis were described by Horner and
Knowles (see chapter 1.1.3).[9-10]

2

The exact constitution of „d-Bromcamphersulfonsäure“ could not be verified.
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In the following two subchapters, modern concepts for the synthesis and isolation of
P-stereogenic enantiopure phosphines will be summarized along with a very few representative
examples. For further information or more examples, the interested reader is once again referred
to any of the numerous reviews about stereogenic phosphines.[52]
2.4.1

Separation of enantiomers

The first enantiopure phosphines or corresponding precursors were obtained mainly by
resolution of racemates. Therefore, diastereoisomeric derivatives were formed and separated by
crystallization or chromatography on an achiral stationary phase. The last step reversed the
derivatization, yielding an enantiopure product. Two main approaches were applied, namely the
protonation of the phosphine or phosphine oxide by a chiral enantiopure Brønsted acid (vide
supra) and the formation of complexes bearing a second chiral ligand. Separations by
chromatography on chiral stationary phases were at that time not known.
Otsuka and co-workers introduced the widely applied method for the separation of enantiomeric
phosphines as diastereoisomeric palladacycles (Figure 23). Subsequent liberation can be
achieved by the addition of a chelating cheap ligand like dppe or by treatment of the complexes
with excess cyanide.[53]

Figure 23: Otsuka‘s palladacycles applied for the resolution of P-stereogenic phosphines.

2.4.2

[53]

Stereoselective synthetic approaches

All stereoselective synthetic methods for the isolation of P-stereogenic phosphines make use of
chiral auxiliaries or catalysts. Two main approaches can be identified from numerous reports: 1.
The introduction of a chiral enantiopure substituent and its replacement after the stereoinducing
step or the separation of diastereoisomers. 2. The application of a chiral auxiliary to selectively
derivatize one of two identical (enantiotopic) substituents on the achiral starting material. Further
approaches of minor importance to date include enantioselective transition-metal-catalyzed
formation of tertiary phosphines[54] and dynamic resolution of racemic precursors.
Menthol was used in numerous cases as a chiral substituent forming diastereoisomeric
products. These are, in most cases, separable by crystallization (Scheme 13) and the menthyl
substituent can subsequently be smoothly replaced by nucleophilic attack under inversion of
absolute configuration (Scheme 14).
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Scheme 13: Formation and separation of diastereoisomeric phosphinates.

[55]

Scheme 14: Substitution of the menthyl moiety by the o-anisyl Grignard reagent, yielding the enantiopure phosphine
oxide. Subsequent reductive dimerization and reduction led to DIPAMP 8.

[56]

A second very prominent approach applying chiral substituents to induce stereoselectivity in the
course of their substitution was introduced by Jugé and co-workers. A diaminophosphine is
derivatized with ephedrine and subsequent stepwise replacement of the P-O and P-N moiety in
the oxazaphospholidine borane yields the enantiopure phosphine borane (Scheme 15).[57]

Scheme 15: Jugé’s approach to enantiopure phosphines.

[57]

Achiral phosphine boranes bearing two enantiotopic substituents can be desymmetrized by
selective modification of one. A broad range of borane-protected dimethylphosphines were
enantioselectively deprotonated applying a strong base with a chiral additive. The electronwithdrawing BH3 moiety facilitates the metallation of a methyl group and allows subsequent
derivatization. Evans and co-workers applied sBuLi as strong base in presence of (-)-sparteine
as chiral auxiliary.[58] The reactive organolithium compounds could be subjected to a broad range
of reactions, including the addition of an electrophile or reductive dimerization (Scheme 16).
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Scheme 16: Evans enantioselective deprotonation of dimethylphosphine boranes by sBuLi in presence of
(-)-sparteine.

2.5

[58]

The potential of P-stereogenic phosphines

P-stereogenic ligands are widespread in literature nowadays[52a] and have led, in several cases,
to superior results in a number of catalytic transformations compared to their non-P-stereogenic
analogs. Nevertheless, they have not attracted nearly as much interest as ligands bearing other
elements of chirality. The main reason for this may be identified as the limited accessibility by
above discussed separation and synthetic approaches. Furthermore, the more laborious
synthetic routes, missing commercial sources for building blocks and potential for epimerization
at elevated temperatures hamper their further investigation.
Two bidentate, mono-P-stereogenic ferrocene-based ligands are fairly easily accessible and are
discussed in the following to demonstrate the potential of P-stereogenic ligands. BoPhoz-[36] and
Taniaphos-type[35] ligands (Figure 24) are well-established, exhibiting distinctly different reaction
profiles compared to ligands bearing the backbone of parent Josiphos 10.[59]

Figure 24: BoPhoz-

[36]

and Taniaphos-type

[35]

1

3

R = Ph).
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ligands (parent BoPhoz R = Ph, parent Taniaphos R = OMe, R = H,

P-stereogenic phosphines
Their P1-stereogenic versions were reported by Chen and co-workers in 2006.[31, 60] As already
briefly introduced in chapter 1.2.2, the stepwise construction of the stereogenic phosphorus
atom led to high diastereoselectivity due to intramolecular adduct formation (Scheme 17). For
the BoPhoz-related ligands, only the (SP)-stereoisomers were directly accessible. Inversion of
the absolute configuration occurred in some cases upon boiling the (SP)-diastereoisomer
overnight in hexane and facilitated the isolation of the (RP)-stereoisomer as well. In the case of
Taniaphos-type ligands, the last synthetic step occurs with a diastereoselectivity of around 9:1
(SP:RP), enabling the direct isolation of both P-stereoisomers from the same reaction mixture.

Scheme 17: Chen‘s approach to the P-stereogenic versions of Taniaphos and BoPhoz.

[31, 60]

The obtained P-stereogenic analogs to parent BoPhoz and Taniaphos were applied in the
enantioselective rhodium-catalyzed hydrogenation of α-dehydroamino acids. The matching
combination of central carbon, central phosphorus and planar chirality led to increased
enantioselectivity as compared to the parent ligand and mismatched combinations of absolute
configurations (Table 3).
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Table 3: The advantageous effect combining central carbon, central phosphorus and planar configuration for BoPhozand Taniaphos-type ligands in the hydrogenation of (Z)-methyl 2-acetamido-3-phenylacrylate.

Entry

Ligand

R1

R2

X

Solvent

ee %a

1

BoPhoz

Ph

Ph

TfO

THF

95.7

2

(RC,SFc,SP)

1-Np

Ph

TfO

THF

97.0

3

(RC,SFc,RP)

Ph

1-Np

TfO

THF

92.4

4

Taniaphos

Ph

Ph

BF4

MeOH

90.5

5

(SFc,αS,SP)

1-Np

Ph

BF4

MeOH

99.6

6

(SFc,αS,RP) Ph

1-Np

BF4

MeOH

69.3

a
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[31, 60]
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3.1

A fast told story

To describe the electronic nature of a ligand on a very basic and empirical level, a well-known
compound is chosen as reference and other ligands are described relative to that. As the vast
majority of known phosphine ligands bear aryl substituents, triphenylphosphine seems to be a
reasonable choice as a reference. Electron-donating substituents directly attached to the
phosphorus atom or on the aromatic cores are by far the prevailing case, describing by trend
electron-richer phosphines.
The field dealing with electron-poor phosphine ligands is rather sparingly investigated. Every
now and then reports appear describing better results for a certain transformation applying
electron-poor ligands. Usually it is more a key finding during screening experiments than rational
ligand choice. Electron-withdrawing functional groups are almost exclusively limited to
fluorinated or trifluoromethylated phenyl rings (Figure 25). Other functional groups are widely
neglected mainly due to the missing inertness under the conditions at catalysis or too laborious
synthetic approaches.

Figure 25: Ligands regarded as electron-poor mainly bear fluorinated or trifluoromethylated aromatic cores
(SPHOS,

[61]

[62]

MeO-BIPHEP

[63]

and tBuPHOX

).

Phosphinites, phosphonites,[64] phosphites,[65] phosphoramidites[66] and related compounds[8b] are
more extensively investigated representatives of electron-poor phosphorus-based ligands, but
will not be further discussed at this point.
The electronic nature of a ligand undoubtedly influences its coordination behavior and the
complexes’ catalytic performance. This seduced the author to pick up this rather important topic
in more detail in chapter 3.2.
After changing several times the expression from electron-poor to electron-deficient and back,
the author decided to prefer ‚poor’ as ‚deficient‘ may be misinterpreted in terms of missing
electrons leading to charged species.
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3.2

Geometric and electronic properties

Altering the geometry of a ligand changes simultaneously its electronic properties and vice
versa. The close interplay between geometry and electronic properties makes a separate
discussion impossible. Both effects are of fundamental importance to describe the peculiarities
of electron-poor ligands and will therefore be introduced in the following.
3.2.1

Bent’s rule

Bent set up a simple rule for compounds consisting of second row elements: “Atomic s-character
concentrates in orbitals directed toward electropositive substituents. Or, atomic p-character
concentrates in orbitals toward electronegative substituents.”[39a] This was the conclusion he
drew after revisiting bond lengths and angles of a broad series of compounds, stepwise altering
the electronic nature of the substituents. He considered lone pairs as strongly electropositive
residues.
p-Orbitals are perpendicular to each other and regular tetrahedral angles adopt 109.47°. Starting
from a regularly sp3-hybridized tetrahedral structure, increasing p-character of bonds
consequently leads to decreasing bond angles.
Although this empirical rule was introduced for the first full row of elements in the periodic table
only, it holds as well for heavier atoms (Table 4). Bent clearly stated that „effects of orbital
hybridization on molecular properties are for atoms from the first row of the periodic table free
from complications of participating d orbitals”. However, “it seems likely from the examples just
discussed that data of similar accuracy for heavier atoms would reveal trends similar to those
observed for the lighter atoms.“[39a] The simplification Bent made, ignoring the influence of the
d-orbitals, seems justified for main group elements since “The role of d functions as polarization
functions rather than primary valence orbitals is well established.“[67]
Table 4: Bond angles for phosphoryl trihalides.

Compound

[39a]

Bond angle (X-P-X)

POF3

102.5°

POCl3

103.6°

POBr3

108°

Frenking and co-workers computed the equilibrium geometries of Me2XCl2 compounds (X=C, Si,
Ge, Sn, Pb, Ti, Zr and Hf) and got results that were in good agreement with experimental gasphase values.[39b] The geometries found for compounds of transition elements (X=Ti, Zr, Hf)
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contradict at first glance Bent’s rule (Table 5). The opposite influence of the substituents
electronegativity on bond angles and bond lengths seems to be present.
Table 5: Experimental bond angles for two compounds.

[39b]

The first compound follows Bent’s rule, the second seems

to obey an inverse influence.

Compound

C-X-C angle (°)

Cl-X-Cl angle (°)

Me2CCl2

113.0(4)

108.3(3)

Me2TiCl2

106.2(20)

116.7(5)

However, two classes of compounds have to be distinguished before the applicability of Bent’s
rule on the investigated compounds can be analyzed. Namely structures bearing a “central”
atom from the transition or the main group elements have to be treated separately. In the latter
case, bonding properties are best described by sp3-hybridization of X, the basic p-orbitals being
always higher in energy than the also involved s-orbital. The bonding properties for discussed
compounds of transition elements are best described by sd3-hybridization of X. The basic
d-orbitals are lower in energy than the included s-orbital.
Frenking and co-workers suggested a more general definition of original Bent’s rule that is
capable of predicting as well the electronic influence of substituents on the geometry of other
than main group elements: “The energetically lower-lying valence orbital concentrates in bonds
directed toward electropositive substituents”.[39b]
Bent’s and Frenking’s rule can also be applied to qualitatively predict the influence of a changing
substituent on the other bond lengths. Increasing s-character leads to shorter bonds due to
smaller radial distribution of electron density in the s-orbital (Table 6).
Table 6: The increasing electronegativity lone pair – sulfur – oxygen leads to increasing p-character of the bonds in
this row, increasing in contrast the s-character of the remaining (P-Br) bonds.

Compound

[39a]

Bond length

PBr3

2.23 Å

PSBr3

2.13 Å

POBr3

2.06 Å

The same behavior holds as well for more complex trialkyl-, triaryl- and mixed-substituted
phosphine ligands. But it has to be kept in mind that not only the electronics influence the
geometry, geometric changes and steric restrictions alter as well the electronic properties.
Therefore, it becomes increasingly difficult to trace back observed properties to single effects
only.
43

Electron-poor phosphine ligands
An electron-poor phosphine exhibits smaller bond angles than a comparable electron-rich ligand.
Upon coordination, the central atom acts as well as an electronegative substituent. Thus, the
lone pair bearing high s-character becomes a dative bond of increased p-character. The bonds
to the substituents loose p-character, the affected bond angles increase. Bent’s rule and
Frenking’s generalization thereof allow only qualitative predictions.
3.2.2

Phosphine ligands – the dispute

Electron density of the phosphines lone pair is shared with the central metal atom upon
coordination, forming the rotation-symmetric σ-bond. But the scientific community was debating
controversially for many years about the π-effect of coordinated phosphines. Some authors
reasoned, that alkylphosphines are pure σ-donors[68] or act as π-donors.[69] In contrast, other
authors reported that alkylphosphines are good π-acceptors.[70]
This disagreement was mainly caused by the manifold experimental techniques to quantify the
donor/acceptor properties of various ligands and the difficulty to obtain separate information on
the two bonding mechanisms from experimental data. All obtained results are an indirect
measure of the donor/acceptor properties and usually do not allow conclusions on one
mechanism only.
Today, phosphines are regarded as good σ-donors and π-acceptors. The orbitals occupied by
the back-donated electron density were first considered as the phosphorus‘ 3d-orbitals.
Numerous theoretical studies were reported in the meantime and computational approaches
nowadays allow to draw a different picture of the phosphine coordination to a metal core:
Michalak and Mitoraj calculated the σ-donor and π-acceptor properties of phosphorus-based
ligands and suggested, that the accepted electron density from the metal occupies antibonding
orbitals on the ligand, mostly of 3p-character.[71] Similar results, applying a different
computational approach, were obtained by Pacchioni and Bagus several years before.[72]
3.2.3

Does electron density matter?

Yes! The interdependence of electronic and geometric properties was already discussed above.
But many other effects may be altered like bond dissociation energies, coordination behavior of
trans ligands and kinetics in catalytic cycles.
Computational studies by Pacchioni and Bagus revealed that the σ-donation capability of
P(CH3)3 is not differing from PF3 as much as the chemist would expect following his intuition.
Based on the CSOV approach they computed the change in energy upon coordination of
different ligands to a zerovalent Pd0-core (Table 7). The chosen method allows retrieving the
contributions of both bonding mechanisms separately. The change in the interaction energy (ΔE)
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caused by the σ-donation does not show a clear trend in a series of ligands ranging from
trimethylphosphine to phosphorus(III) fluoride. All investigated phosphorus-based ligands are
moderate to good σ-donors, PF3 being only a moderately weaker donor than P(CH3)3. However,
a steadily increasing ability to accept electrons in antibonding orbitals on the ligand was found,
PF3 being the much stronger π-acid than P(CH3)3. But trialkylphosphines are still good
π-acceptors and PF3 a good σ-donor, though, PF3 forms a stronger π-bond than the basic
σ-bond.[72]
0

Table 7: Computed dissociation energies (De) for different phosphine complexes of Pd and the changes in the
interaction energy for both bonding mechanisms.

De

ΔE σ-don.

ΔE π-acc.

Pd-P(CH3)3

64 kJ/mol

47 kJ/mol

40 kJ/mol

Pd-PH3

51 kJ/mol

38 kJ/mol

47 kJ/mol

Pd-P(OCH3)3

63 kJ/mol

53 kJ/mol

59 kJ/mol

Pd-PF3

66 kJ/mol

44 kJ/mol

85 kJ/mol

Bond

The influence of a ligand on a trans-coordinated CO was investigated as well. CO is well-known
as good π-acceptor and competes with a ligand in trans-position for back-bonding. The P-Pd
bond elongates upon trans-coordination of carbon monoxide due to reduced back-donation to
the phosphine. The influence on a weaker π-accepting phosphine (P(CH3)3) is more pronounced
than for strong π-acceptors (PF3). The same holds for the Pd-CO bond. PF3 as much better
π-acceptor than P(CH3)3 competes stronger for electron density, reducing back-bonding to the
CO. This results in a longer Pd-CO distance but a reduced C-O bond length.
Michalak and Mitoraj calculated for the same ligands as well the contributions of both bonding
mechanisms based on the NOCV approach. They found that the strength of the σ-donor ability
can be related to the electronegativity of the substituents, but the influence is again rather small.
The same order as found by Bagus and Pacchioni concerning π-acidity and σ-basicity was
obtained, only the phosphite changing its position in the row. They calculated the HOMO and
LUMO energies for different metal fragments and ligands and stated that the donor and acceptor
properties are retrievable from the energy differences of involved molecular orbitals in donation
and back-donation.
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Figure 26: Qualitative representation of the HOMO energy level for different ligands and the LUMO of Mo(CO) 5.

[71]

Comparing the calculated HOMO energy level of different ligands (Figure 26) clearly
demonstrates their relative σ-donation strengths. The energy difference between the LUMO of
the Mo(CO)5 fragment and the HOMO of trimethylphosphine is significantly smaller compared to
PF3 to the same metal core. Sharing electron density is favored, forming the stronger
Mo-P(CH3)3 σ-bond.

Figure 27: The computed HOMO energy level of the Mo(CO)5 fragment and the LUMO of different ligands.

[71]

The inverse LUMO-HOMO energy gap becomes important for the discussion of the π-backdonation strength. The smaller the gap, the stronger the π-back-donation becomes. Electronpoor phosphorus species show a smaller energy gap and are therefore stronger π-acceptors.
The order of the ligands seems to follow the expectations, only the lower LUMO for PCl3 than
PF3 may be surprising. Comparing the relative strength of σ-donation and π-acceptance for the
different ligands coordinated to the Mo(CO)5 unit, the corresponding σ/π-ratio significantly
deviates in the series of investigated ligands. P(CH3)3 leads to a stronger σ- than π-bond (σ/π
46

Electron-poor phosphine ligands
strength = 1.20) while PF3 forms a stronger π-bond (σ/π strength = 0.67) to the Mo(CO)5
fragment.[71]
These theoretical studies led to results that are strictly speaking only valid for the investigated
species. The nature of the metal core, the coordination geometry, and further changes in the
chemical surrounding may affect the observed properties tremendously. Nevertheless, essential
insights and a new understanding of the coordination behavior of phosphines to central metal
atoms could be obtained. Qualitative trends widely confirm experimental data and expectations.
The substituents ability to strongly influence the coordination behavior of a ligating atom makes
obvious that not only sterics are a valuable tool to tune the properties of a ligand. Altered
bonding properties to the metal core strongly affect the coordination of trans-positioned ligands.
Push-pull complexes bearing trans-positioned ligands of opposite σ- and π-character increase
both bond strengths. A strongly π-accepting phosphine favors trans-coordination of a π-donating
ligand. Therefore, the alteration of a ligands bonding behavior directly influences the
coordination of the substrate, the product, and other components in the reaction solution. All
these arguments undoubtedly legitimate the research on electron-poor phosphines and may
offer a broad range of new possibilities.
Reviewing the electronic effects of substituents in chiral ligands on the activity and enantioselectivity of corresponding catalysts, Guiry et al. stated “However, the exact origin of these
electronic effects remains difficult to study in isolation owing to possible masking by substrate
and steric effects. Even after minimization of these other contributing influences, a lack of
detailed knowledge of the mechanism of a number of catalytic processes and of the structures of
the key intermediates involved therein, limits our understanding of the precise manner in which
electronic properties affect catalytic transformations.”[73]
3.2.4

Ligand knowledge bases

Fey et al. compiled ligand knowledge bases for different ligand classes, calculating values that
describe the steric bulk, the geometry, and electronic properties of all included individual
compounds. The investigation of monodentate phosphines was particularly comprehensive,
computing the characteristics of 348 ligands on the basis of up to 28 parameters. Correlations in
the dataset were examined, applying the principal component analysis approach (PCA). This
statistical technique minimizes the dimensionality of a dataset and maximizes the information
content. Due to the multidimensionality of the applied data analysis, poor resolution for example
caused by included parameters describing only net-effects (e.g. measures for σ- and π-effects),
could be overcome.[74]
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Two dimensional graphs plotting principal components (PC) against each other may reveal
trends in a series of compounds, but detailed comparisons of single properties are not possible
anymore. However, due to the very comprehensive description of every compound by manifold
variables, close data points describe two in general very similar ligands concerning investigated
parameters.[74] For bidentate P,N- and P,P-ligands similar investigations were performed.[75] The
analyses are very detailed and the theory behind quite complex. Therefore, this approach is only
briefly introduced at this point.
3.2.5

Inversion barriers of electron-poor P-stereogenic phosphines

As already briefly introduced in chapter 2.3, the electronic nature of the substituents strongly
influences the inversion barrier of the phosphine. Raised inversion barriers are found for
π-donating and σ-accepting substituents while π-accepting and σ-donating substituents lower
the energetic barrier for inversion.[49]
While trifluoromethylated and thus electron-poor arenes lower the energetic barrier for inversion
due to increased π-acceptance, direct (mono-)trifluoromethylated phosphines are expected to
exhibit a significantly increased inversion barrier. Resulting ligands, combining electron-poor
character with P-stereogenicity, may be applied under rather harsh conditions without the risk of
racemization. Electron-poor P-stereogenic phosphines are an almost unknown ligand class,
offering new properties and opportunities in homogeneous stereoselective catalysis.

3.3

Partially electron-poor ligands

During the last two decades a number of bidentate ligands were reported bearing electronically
strongly differing ligating atoms. As a very prominent example, the PHOX ligand class already
introduced in chapter 1.1.3, combines soft and mostly rather electron-rich phosphines with hard
nitrogen donors.[17] Another ligand class of this type encompasses the bicyclic pyridinephosphinite ligands reported by Pfaltz and co-workers.[76] All these ligands show exceptional
activity and selectivity in the hydrogenation of highly substituted and completely unfunctionalized
alkenes (Figure 28).

Figure 28: Parent PHOX 11

[17]

and two ligands of the pyridine-phosphinite class.

[76]

[IrPy(PCy3)(cod)]BF4 complex 3 is not to ignore.
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A certain similarity to Crabtree’s
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Gennari and co-workers reported the adjuvant combination of an electron-rich and an electronpoor monodentate ligand in the hydrogenation of methyl acetamidoacrylate and dimethyl
itaconate. The homo- and heterocomplexes of rhodium(I) were statistically formed and the
mixture featuring all three ligand combinations led to superior results compared to the
application of the homocomplexes only.[77]
This clearly points out that partially electron-poor bidentate ligands are an interesting and
promising task to pursue in catalysis research. Still a huge number of catalytic transformations
are challenging, lacking an applicable catalytic system.

3.4

Determination of electronic properties

As already briefly stated above, a number of different experimental approaches were proposed
to determine the electronic properties of a ligand. All techniques just give a qualitative picture of
a ligands electronic nature, allowing only relative statements to a reference compound.
Nevertheless, some of the methods are easy to perform and became widely accepted. The most
prominent approaches are discussed below by way of introduction and the further interested
reader is encouraged to consult the literature cited.
The most widely used method to elucidate the relative electronic effect of a ligating atom on a
metal core is the measurement of the absorption frequency of trans-positioned carbon
monoxide. CO is well known as good π-acceptor and takes up electron density from the metal
core to its π*-orbitals, reducing its C-O bond order. With decreasing bond order and increasing
bond length, the frequency of absorbed infrared light decreases. An electron-poor phosphine
claims a lot of the available electron density for back-bonding that is therefore missed in trans
position. The back-donation to CO is reduced and the observed absorption band is found at
higher energy.[78]
Taylor and Allen investigated phosphorus(V) selenides and proposed the
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constants, determined by NMR spectroscopy, as a measure for the electronic nature of
phosphines. Electron-withdrawing substituents on the phosphorus atom led to higher coupling
constants than electron-rich phosphorus selenides bearing electron-donating substituents.[79]
A broad range of chemical shifts and other coupling constants in NMR spectroscopy can be
used to assess the electronic nature of coordinated phosphines.[80] For example phosphorus
platinum (1JP-Pt) coupling constants are usually of the order of kHz and span a very broad range,
leading to significantly differing coupling constants for complexes of similar ligands. Electron-rich
phosphines tend to couple weaker to platinum than electron-poor phosphine ligands (Table 8).
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1

Table 8: JPt-P coupling constants for a series of cis-[PtL2Cl2] complexes.

[80-81]

1

Ligand (L)

JPt-P for cis-[PtL2Cl2]

PEt3

3520 Hz

PEt2Ph

3530 Hz

PEtPh2

3640 Hz

PPh3

3673 Hz
5

[82]

[Fe{η -C5H4P(CF3)2}2] 23

3805 Hz

P(OPh)3

5793 Hz

Many other nuclei may be considered, such as tungsten, tin, cadmium, mercury, rhodium and
other I=½ cores with reasonable sensitivity and natural abundance.

3.5

P-CF3 bearing compounds

The electronic properties of arylphosphines can be tuned to a certain extent by substitution on
the aromatic cores. But as already briefly addressed, electron-withdrawing functional groups that
tolerate a broad range of conditions at catalysis are rather rare. Furthermore, inductive effects
are relatively weak and rapidly die out with increasing distance to the polarizing moiety. We
already met above P(III)-OR and P(III)-NR compounds as electron-poor ligands. But further
alteration of their electronic properties is even more limited. Hence, direct P-functionalization
with strongly electron-withdrawing substituents could be a valuable approach to obtain electronpoorer phosphine ligands.
PF3, a similar strong π-acceptor as carbon monoxide, was already applied as ligand for
transition-metal complexes many years ago.[83] But it’s inconvenient manipulation (bp -95.2 °C),
the missing possibility to introduce other substituents to tune the steric demand and fine tune the
electronic properties, hampered its further use. Perfluoroalkylated phosphines are in this respect
a valuable approach to ligands displaying electronic properties between P(ER)3-ligands (E = O,
N) and PF3 (Table 9). Furthermore, the given possibility to tune the properties of all substituents
renders the ligand class adaptable.
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Table 9: Selected highest CO absorption bands for [Mo(CO)5L] complexes. The values were determined in different
solvents or matrixes hampering their comparability.

Ligand

[81]

Highest CO absorption band

PF3

2103 cm-1

P(CF3)3

2104 cm-1

P(CF3)2(CH3)

2094 cm-1

P(CF3)(CH3)2

2086 cm-1

PPh2(CF3)

2081 cm-1

P(OCH2CH3)3

2078 cm-1

P(CH3)3

2071 cm-1

The first simple trifluoromethylated phosphines were reported in the early 1950’s. Their
syntheses usually started from elementary phosphorus und trifluoroiodomethane under harsh
conditions.[84] The selectivity could be controlled to a certain extent by the reaction conditions,
but the isolation of pure compounds was tedious. Several groups extended the methodology on
P-trifluoromethylated compounds the following fifty years, but an applicable method for the
selective trifluoromethylation of a broad range of phosphorus(III) precursors was still missing.
The topic of perfluoroalkylated phosphines was recently reviewed[81] and will be therefore just
briefly discussed with a strong focus on CF3 phosphines relevant to this thesis.
3.5.1

Nucleophilic trifluoromethylation of phosphines

In 2001, Hoge and co-workers reported the trifluoromethylation of cyanophosphines applying
trimethyl(trifluoromethyl)silane 24 (TMSCF3, Ruppert-Prakash’s reagent) and catalytic amounts
of [18-crown-6-K]CN. Ph2P(CF3) 25 was formed in short time and isolated in good yield (70%).
The reaction of PhP(CN)2 to PhP(CF3)2 26a was slower and decomposition of the active species
was observed when the catalyst loading and reaction conditions were suboptimal. P(CN)3 as
starting material did not lead to the expected tris(trifluoromethyl)phosphine upon treatment under
similar conditions with TMSCF3 24 (Scheme 18).[85]
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Scheme 18: Hoge’s approach to trifluoromethylated phosphines.

The same year, Michalski and co-workers elaborated a very similar approach: Phenoxy groups
on phosphorus(III) were first smoothly substituted by fluoride ions, forming the corresponding
fluorophosphines. These were subsequently converted to the desired trifluoromethylated
compounds applying TMSCF3 24 and catalytic amounts of a fluoride source (Scheme 19).[86]

Scheme 19: The phenoxy precursor is first transformed to the fluorophosphine which readily reacts with TMSCF 3 24
to yield the trifluoromethylated product.

[86]

In 2005, Caffyn and co-workers simplified the method of Michalski by direct conversion of
phosphinites, phosphonites and phosphites to the corresponding trifluoromethylated phosphines.
Trifluoromethyltrimethylsilane 24 served as CF3 source and catalytic amounts of cesium fluoride
initiated a similar reaction system as depicted in Scheme 19, forming TMSOPh instead of
TMSF.[87]
Applying the new approach to trifluoromethylated phosphines, Roddick and co-workers
synthesized a bidentate pincer ligand bearing two bis(trifluoromethyl)phosphines as ligating
atoms 27 and studied the chemistry of corresponding Pt(II)-pincer complexes.[88] Caffyn and
co-workers isolated the first ferrocene-based bistrifluoromethylated 1,1’-diphosphine ligand 23
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and characterized its complexes (Figure 29). Carbonyl absorption bands of corresponding
platinum 28 or molybdenum complexes 29 pointed at strongly escalated back-bonding to the
phosphorus atom, highlighting the electron poverty of the phosphines and the metal core.[82]

Figure 29: Roddick

[88]

and Caffyn

[82]

were the first who made use of the new methodology and isolated the bidentate

bistrifluoromethylated phosphine ligands 27 and 23, respectively.

Aiming for a more profound understanding and potential applications of strongly electron-poor
ligand classes, P-bistrifluoromethylated analogs to Josiphos 30, Pigiphos 31 and ferrocene
based P,N-ligand 32 were isolated in our group (Figure 30).[89]

Figure 30: From left to the right: a bistrifluoromethylated Josiphos-type ligand 30, a Pigiphos analog 31 and a strongly
electron-poor ferrocene-based P,N-ligand 32.

These ligands were coordinated to a broad variety of transition-metals and the resulting
complexes were screened in a number of benchmark reactions. Unfortunately, the activities and
selectivities were inferior compared to the original, electron-richer ligands.[89]
3.5.2

Electrophilic trifluoromethylation of phosphines

Togni and co-workers reported the synthesis of new hypervalent electrophilic trifluoromethylating agents in 2006. Further work on applications mainly focused on two structurally
differing representatives, namely the acid- 33 and the alcohol-derived reagent 34 (Scheme
20).[90] These are accessible in a few steps from commercially available 2-iodobenzoic acid 35.
Their syntheses were improved in the following, isolating the CF3 reagents with higher yields and
less operating expense.[89, 91]
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Scheme 20: Both CF3 reagents are easily accessible, starting from commercially available 2-iodobenzoic acid 35.

The trifluoromethylation of phosphines applying these reagents was first reported in 2008.[92]
Secondary

phosphines

or

corresponding

trimethylsilylated

compounds

are

efficiently

trifluoromethylated by both reagents. Primary phosphines are interestingly only trifluoromethylated once in DCM, yielding the secondary phosphine (Scheme 21).

Scheme 21: Trifluoromethylation of primary and secondary phosphines applying the acid-derived hypervalent CF3
reagent 33.

The acid-derived reagent 33 led by trend to higher yields in the trifluoromethylation of
phosphines and is easier to prepare. Furthermore, 2-iodobenzoic acid 35 as stoichiometric side
product of the reaction is easier to separate from the desired product than the corresponding
benzylalcohol 36. Hence, the acid-derived CF3 reagent 33 is usually applied preferably in the
trifluoromethylation of phosphines.
Bistrifluoromethylation of primary phosphines can be achieved by the same acid-derived reagent
33 in presence of a strong base like DBU 39 (Scheme 22).[93] This could be shown in the
synthetic approach to a bistrifluoromethylated BINAP analog 40, but was meanwhile proved to
be of general applicability.
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Scheme 22: Bistrifluoromethylation of primary phosphines by the acid-derived reagent 33 occurs only in presence of a
strong base.

The partially electron-poor BINAP-type ligand 40, bearing a PPh2 and a P(CF3)2 moiety, was
astonishingly never applied in catalysis so far. The (F3C)2P-Pd distance in the corresponding
palladium(II) chloride complex is significantly shorter than the cisoid Ph2P-Pd bond length,
reflecting the increased π-back-donation (Figure 31).

Figure 31: Pd-P bond distances for partially electron-poor bidentate P,P-ligands.

[93-94]

In 2011, bidentate ferrocene-based P,P-ligands were reported bearing a stereogenic monotrifluoromethylated phosphine as ligating atom 41.[94] The main difference to closely Josiphosrelated ligands consists of the methylene spacer between P1 and the Cp (Scheme 23). The
introduction of the stereogenic PCF3 moiety by nucleophilic attack on the benzyl-type alcohol 42
by Ph(CF3)PH 38a was only moderately diastereoselective (2:1 RP:SP), but the diastereoisomers
43 were conveniently separated by crystallization. The subsequent substitution of the
dimethylamino group by diphenylphosphine in acetic acid led to the isolation of the P,P-ligands
41. For the palladium(II) chloride complex of (RP)-41, significantly shortened (CF3)P-Pd bond
lengths were found compared to the Ph2P-Pd distance (Figure 31).

Scheme 23: The synthetic key step to mono-P-trifluoromethylated ligands bearing a methylene spacer between P1
and the Cp.
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The new P-stereogenic ligands 41 were applied in the rhodium-catalyzed homogeneous
enantioselective hydrogenation of dimethyl itaconate. The precatalysts were formed in situ,
treating [Rh(cod)2]SbF6 with the ligand. A strong solvent influence on the activity of the catalysts
was observed. At 1 bar hydrogen pressure and room temperature, no reaction was observed
after 24 hours in alcohols as solvent (TFE, MeOH). However, the change to chlorinated solvents
(DCM, CHCl3) led to high activity, reaching full conversion in less than half an hour. A strong
influence of the absolute phosphorus configuration on the enantioselectivity was observed. In
chloroform, the (SP)-ligand (SP)-41 yielded dimethyl (R)-2-methylsuccinate with 69% ee while the
(RP)-ligand (RP)-41 yielded still 37% ee but of the opposite configured product. Josiphos 10 and
many closely related ligands afford frequently 99% ee for the same transformation.[16a] An
analogous non-P-stereogenic ligand, bearing two diphenylphosphino moieties, led to the same
enantiomeric excess as the P-CF3-bearing ligand (SP)-41, but of the opposite absolute
configuration. Hence, the authors reasoned that the increased conformational flexibility caused
by the methylene spacer lowers the enantioselectivity of the corresponding catalyst.
Several synthetic approaches to isolate mono-P-trifluoromethylated Josiphos analogs that do not
bear the methylene spacer failed.[95] The putative secondary (Ugi-amine)(CF3)-phosphine 45 was
treated with the alcohol-derived CF3 reagent 34 but did not yield the desired product. The
authors reasoned that the preceding chlorophosphine forms a stable intramolecular adduct 44,
as already proposed by Chen and co-workers.[31] This species was possibly not reduced by LAH
and the secondary phosphine 45 was never obtained (Scheme 24).

Scheme 24: Lithiated Ugi-amine is treated with PhPCl2 to yield the adduct 44 that may not be reduced by LAH to the
secondary phosphine 45.

To prevent the formation of this cyclic intramolecular adduct, first the less basic phosphino
moiety was introduced on the ethyl side chain (Scheme 25). But treatment of the supposed
analogous secondary phosphine 47 with the alcohol-derived CF3 reagent 34 led to the formation
of Ph2P(CF3) 25. The desired product 48 was not observed.
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Scheme 25: The second approach did not lead to the desired ligand 48. The diphenylphosphino moiety was cleaved
off by the CF3 reagent 34, forming Ph2P(CF3) 25.

The third approach aimed at replacing the fluoride on F-substituted Ugi-amine 49 by nucleophilic
attack of the phenyl(trifluoromethyl)phosphide anion. The desired product 46a was not observed
(Scheme 26).

Scheme 26: The nucleophilic substitution on F-Ugi-amine 49 by the trifluoromethylated phosphide anion failed.

The last synthetic approach in this series of attempts was the formation of corresponding
chlorophosphines which should smoothly react with lithiated Ugi-amine to the desired PPFA-type
product 46. The chloro- and bromophosphines were allegedly formed by treatment of the
secondary CF3-bearing phosphines with NCS or NBS, respectively. A sluggish reaction was
observed, forming several species. But the addition of catalytic amounts CpTiCl3 was found to
enhance the reaction significantly. In only ten minutes full conversion was observed to the as
chloro- or bromophosphine assigned compounds (Scheme 27). The isolation of the product
turned out to be tricky due to its sensitivity and volatility. Therefore, the product was separated in
this case from its side products (imide) by hexane extraction. [95] The subsequent reaction with
lithiated Ugi-amine did not yield the desired PPFA-type product 46a. However, CF3-bearing
chlorophosphines are only very sparsely described in literature and reference values for NMR
spectroscopy are not known.
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Scheme 27: The supposedly CpTiCl3-catalyzed formation of CF3-bearing chloro- and bromophosphines.

Experiments on late-stage substitution on secondary phosphines in Josiphos-derived structures
finally paved the way for the evolution of new Josiphos-type, partially electron-poor, mono-Ptrifluoromethylated, P-stereogenic ligands (Scheme 28). Deprotonation of the closely Josiphosrelated compound 50 at the secondary P2 and subsequent reaction with fluorobenzene was
expected to yield the P1-bistrifluoromethylated P2-stereogenic ligand 51, bearing two tertiary
phosphino moieties.[96]

Scheme 28: The proposed late stage introduction of a phenyl substituent on the secondary phosphine 50 failed.

Structure elucidation of the product obtained instead revealed a nucleophilic attack of the
intermediate phosphide anion on the bis(trifluoromethyl)phosphino group, forming a cyclic
1,2-diphosphole 52 (Scheme 29). Therewith, CF3 was shown to act as a leaving group on
sufficiently electron-poor phosphines if attacked by a suitable nucleophile. The resulting “CF3”
anion could be trapped for example by benzophenone, yielding the tertiary alcohol 53 with the
same yield as the 1,2-diphosphole 52.[97]
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Scheme 29: Formation of the cyclic 1,2-diphosphole 52, a CF3 group acted as leaving group on P1.

The rather surprisingly obtained diphosphole 52 was subsequently derivatized to a double
P-stereogenic bidentate P,P-ligand 54 by sequential treatment with methyl triflate and
methyllithium (Scheme 30).

Scheme 30: Derivatization of the 1,2-diphosphole 52 by sequential addition of an electrophile and a nucleophile.

Unfortunately, only methyl triflate led to the expected conversion, other electrophilic species like
ethyl triflate, iodomethane or Meerwein salts (Me3OX) did not yield the desired product. The
range of applicable organometallic compounds (RMgX and RLi, R = CH3, iPr, Ph) was shown to
be broader. All these transformations were also shown to yield the corresponding products for
starting materials bearing a cyclohexyl substituent instead of the 1-adamantyl moiety.
The obtained ligands, bearing two P-stereogenic phosphines, were applied in the rhodiumcatalyzed enantioselective hydrogenation of dimethyl itaconate and methyl 2-acetamidoacrylate. At 1 bar pressure and room temperature, full conversion was observed after a few
minutes. The ligand bearing an isopropyl group on P1 led to turn over frequencies between
3’000 and 6’000 an hour, an activity rarely observed before. The enantiomeric excess for both
benchmark substrates reached 99% at full conversion (Scheme 31).[97]
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Scheme 31: Hydrogenation of dimethyl itaconate and methyl 2-acetamidoacrylate applying rhodium(I) complexes of
the new double P-stereogenic ligand 55.

With the discovery of the intramolecular CF3 displacement on bistrifluoromethylated phosphines
it became the next logic step to investigate if an intermolecular approach would yield
corresponding products. Lithiated Ugi-amine was therefore quenched with phenylbis(trifluoromethyl)phosphine 26a yielding indeed the P-stereogenic analogs to PPFA 46a in moderate to
good yields (Scheme 32).[98] The P-stereoisomers were conveniently separated by flash column
chromatography.

Scheme 32: The intermolecular displacement of a CF3 group yielding PPFA analogs.

For the unassigned substituent “R” in Scheme 32 phenyl, 1-adamantyl, and 2-napthyl were
chosen. The observed diastereoselectivities were determined by

19

F NMR in the crude reaction

products, reaching very high diastereoselectivity for the 1-adamantyl moiety as third substituent
(>100:1 SP:RP), but 2-naphthyl (1.4:1) and phenyl (~1:1) led to almost no stereoselectivity. The
sterically less crowded (SP)-isomer was always the major product. A subsequent second CF3
substitution on the product seems not to take place (vide infra). It was even found that the
application of two equivalents lithiated Ugi-amine are beneficial concerning yield.[96]
As already mentioned above, primary arylphosphines are bistrifluoromethylated by Togni’s acidderived CF3 reagent 33 in presence of DBU 39. However, the same products can also be
isolated following Caffyn’s approach starting from aryldichlorophosphines. In case of primary
alkylphosphines, the application of the hypervalent CF3 reagent 33 led to the formation of the
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corresponding alkane, indicating that a radical mechanism is involved. Therefore, the isolation of
alkylbis(trifluoromethyl)phosphines was only successful applying Caffyn’s method starting from
the corresponding alkyldichlorophosphines (Scheme 33).

Scheme 33: Methods and their applicability for bistrifluoromethylation of primary (chloro-)phosphines.

For the last step to the P1-trifluoromethylated Josiphos-type ligands, the introduction of the
second phosphino moiety on the ethyl side chain, standard reaction conditions could be applied.
The PPFA analogs 46 and dicyclohexylphosphine were dissolved in acetic acid and warmed
overnight (Scheme 34). If the reaction temperature was strictly kept below 90 °C, no inversion of
absolute phosphorus configuration was observed. At higher temperatures, slow epimerization
took place and the product stereoisomers could not be separated anymore on this stage.

Scheme 34: The last synthetic step to P1-trifluoromethylated Josiphos-type ligands.

[16a]

The necessity to isolate all corresponding primary phosphines or dichlorophosphines to vary the
residue R definitely constitutes the weak point of the synthesis. The more straightforward
reaction of the bis(trifluormethyl)ferrocenyl phosphine 30 with readily accessible organometallic
compounds did not yield the desired products in acceptable selectivity (Scheme 35).[96]

61

Electron-poor phosphine ligands

Scheme 35: Treatment of bis(trifluoromethyl)phosphine 30 with phenyllithium led to poor selectivity.

The electronic nature of the obtained ligands was assessed by measurement of the IR COabsorption bands for corresponding Rh(I) carbonyl complexes. As it could be expected, the
complex of the most electron-poor bistrifluoromethylated Josiphos analog 30 (entries 4 and 8)
led to the highest absorbed wave number, the complex of parent Josiphos 10 as the most
electron-rich to the lowest stretching frequency (entries 3 and 7). Mono-P-trifluoromethylated
ligand complexes led to an intermediate absorption between the extremes mentioned before
(entries 1,2 and 5,6), being almost identical for the two P-stereoisomers (Table 10).[98]
Table 10: CO absorption bands of P-CF3-bearing Josiphos-type Rh(I) carbonyl complexes.
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Entry

Ligand

R1

R2

1

(SP)-56a

Ph

2

(RP)-56a

3

ν1 (CO) [cm-1]

ν2 (CO) [cm-1]

CF3

2015

-

CF3

Ph

2019

-

10

Ph

Ph

1985

-

4

30

CF3

CF3

2029

-

5

(SP)-56a

Ph

CF3

2096

2050

6

(RP)-56a

CF3

Ph

2103

2054

7

10

Ph

Ph

2080

2025

8

30

CF3

CF3

2107

2064

[98]
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The corresponding cationic [Rh(P^P)(cod)]BF4 complexes of mono-P1-trifluoromethylated
Josiphos analogs 56a were applied as well in the hydrogenation of dimethyl itaconate (see also
Scheme 31). The observed activities were still excellent (TOF 3’000 to 4’000 h-1, entries 2 and
3), but significantly lower compared to the double P-stereogenic ligand 55 mentioned above
(Table 11, entry 1). The enantiomeric excess reached 95 to 97%, also slightly below the
performance of the first P-CF3 bearing double P-stereogenic Josiphos-related ligand 55.
Table 11: Hydrogenation of dimethyl itaconate applying the new partially electron-poor Josiphos analogs 56a.

Entry

Ligand

R1

R2

R3

Conv. %

% ee

TOF h-1

1

55

CF3

iPr

Me

100

99

6’000

2

(RP)-56a

CF3

Ph

Cy

100

97

4’000

3

(SP)-56a

Ph

CF3

Cy

100

95

3’000

[96, 98]
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3.6

Aim of this project part

P-Bistrifluoromethylated analogs of different ferrocene-based ligands were readily accessible by
Caffyn’s approach, leading from the dichlorophosphine via the phosphonite to the desired
product. However, the ligands proved to be ineffective in a range of transition-metal-catalyzed
transformations, yielding inferior results compared to the original electron-rich relatives.[89]
With the description of a trifluoromethyl substituent as leaving group on sufficiently electron-poor
phosphines,

new

mono-P-trifluoromethylated

stereogenic

phosphines

became

readily

accessible. The synthetic approach allows the isolation of P-CF3-bearing Josiphos-type
P-stereoisomers in moderate to good yields. The strongly altered electronic properties of P1,
shifted to stronger π-acceptors, combined with its stereogenicity led to first very promising
results in homogeneous hydrogenations.[98]
However, the isolation of trifluoromethylated secondary chlorophosphines would undoubtedly
lead to a more economical and atom efficient approach to stereogenic CF3-bearing ligating
moieties and stimulate their application in a series of further ligands. The formation of a few
trifluoromethylated chlorophosphines was already reported by our group[95] but these were never
isolated or successfully applied. In the course of this thesis, the formation and isolation of
trifluoromethylated chlorophosphines should be reinvestigated.
A second goal was defined as the isolation of further CF3-bearing Josiphos-related ligands and
the study of their structural and chemical properties. The catalytic profile of the new ligands in
transition-metal-catalyzed hydrogenations should be investigated with a focus on imines and
related unsaturated carbon nitrogen bonds. Their catalytic reduction with high activity and
selectivity remains in many cases challenging and became a very active topic in catalysis
research the last few years.
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3.7

CF3-bearing chlorophosphines

Phosphorus trifluoromethylated chlorophosphines are almost unknown. A few publications
appeared in the 1950’s and 60’s dealing with P-CF3 compounds, but it was more methodical
work, describing mainly bis(trifluoromethyl)chlorophosphine and dichloro(trifluoromethyl)phosphine. But all these products were highly volatile, the synthesis rarely selective and the
isolation laborious. Only a single chlorophosphine bearing a non-perfluorinated substituent and
the CF3 group seems to be reported, namely methyl(trifluoromethyl)chlorophosphine[99]
(REAXYS, substructure search for (CH3-PCl(CF3)), October 2013). Phenyl(trifluoromethyl)chlorophosphine 57a, phenyl(trifluoromethyl)bromophosphine and the corresponding 2-naphthylsubstituted compounds were already pursued products in our group, but the crude compounds
did not lead to the expected product upon treatment with lithiated Ugi-amine.[95] In the course of
this discussion of results, a new structure for the assumed chlorophosphine is suggested.
The subsequent oxidation of the formed trifluoromethylated chlorophosphines in situ by the
applied halogen source was mostly reported together with the isolation of starting material. This
clearly points to the problematic control of selectivity applying common halogenating
reagents.[100] Unfortunately, no NMR data could be recorded at that time, hampering the
comparability of results.
3.7.1

Synthetic attempts to trifluoromethylated chlorophosphines

In the course of this work, several halogen sources commonly applied in the synthesis of
chlorophosphines were investigated to form chloro(phenyl)(trifluoromethyl)phosphine 57a from
the corresponding secondary phosphine 38a. In almost all attempts the same three species
were observed. The ratio of these components was determined by

19

F NMR and was only poorly

reproducible. For methods yielding the desired chlorophosphine with acceptable selectivity and
conversion, the separation of the product from potentially interfering byproducts failed.
The first two products 57a and 58a depicted in Scheme 36 could be identified by NMR data and
chemical evidence with reasonable certainty although reference values are not known. The third
component 59a is volatile, much less sensitive to moisture than the other two and was
suggested to be the condensation product between the chlorophosphine 57a and the starting
material 38a.
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Scheme 36: Non-selective chlorination of secondary phosphine 38a leading to mixtures of three compounds.

Applying gaseous chlorine obviously lacks control on applied stoichiometry, yielding at fast
addition primarily the P(V)-compound 58a and at slow addition and low temperatures first the
1,2-diphosphine 59a, later the phosphorane 58a. The formation of the desired chlorophosphine
57a was observed, but acceptable selectivity could not be obtained on several attempts. The
use of a ~1.4 M chlorine solution in CCl4 was expected to facilitate better control of the applied
amount of chlorine, but yielded virtually the same result as applying gaseous chlorine on a
solution of the secondary phosphine 38a. The addition of one equivalent chlorine as its solution
in CCl4 to the secondary phosphine 38a yielded mainly the 1,2-diphosphine 59a. The inverse
addition gave incomplete conversion and led to the formation of the 1,2-diphosphine 59a or
oxidation to the P(V) species 58a occurred (depending on the excess of chlorine applied).
Proper control of conversion and selectivity could not be achieved. The main reason for the
failure in controlling the applied stoichiometry in this case was reasoned to be the high volatility
of chlorine, although the concentration of chlorine in CCl4 was kept below saturation. Bromine in
solution of known concentration did not improve the outcome either, yielding the bromophosphine only as a mixture with the other compounds. Similar problems or no conversion was
observed for a series of other halogen sources like CCl4,[101] phosgene, triphosgene, NCS,
TCICA and PCl3.
Better reaction control was achieved applying PCl5. But the rather small reaction scale (<300 mg
phosphine 38a) made the application of proper stoichiometry difficult. Depending on the reaction
conditions, acceptable selectivity was observed (~90%), but the reproducibility was still poor.
The work-up of the reaction mixture turned out to be difficult. The reaction was performed in
benzene or pentane and the solvent could be evaporated. Apart from that, residual solvent
traces would not disturb the next reaction step. However, PCl3 as side product needs to be
completely removed before further use and was very difficult to separate from the similarly
volatile product 57a.
NCS was described as suitable halogenating reagent applying CpTiCl3 as catalyst.[95]
Unfortunately, the characterized (19F and 31P NMR) main product was found to be more likely the
1,2-diphosphine 59a. If the commercial NCS was dried under high vacuum before setting up the
reaction, a violent conversion took place, making the use of a catalyst needless. The
chlorophosphine 57a was formed indeed but again in a not controllable manner.
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The somewhat exotic trichloroacetic acid ethyl ester as halogen source[102] led to the desired
chlorophosphine 57a at elevated temperatures, but the isolation of the product failed.
An attempt to generate the phosphide anion, intending to quench it subsequently with
dibromoethane, led to a multicomponent mixture and was discarded.
Aiming for a less volatile product, the so far most promising results were repeated with
naphthalen-1-yl(trifluoromethyl)phosphine 38b as starting material. The secondary phosphine
can conveniently be purified by column chromatography and yields an easily weighable solid.
But the chlorination to the chlorophosphine 57b exhibited the same problems: Poor selectivity
and reproducibility.
In a nutshell, the formation of the desired chlorophosphines seems possible with acceptable
selectivity, but their high air and moisture sensitivity, their volatility, and the poor reproducibility
due to the small reaction scale impedes their applicability so far. Other common halogen
sources, such as hexachloroethane, were not screened due to the expected difficulty to separate
the formed product and the harsh conditions usually needed.
3.7.2

Chemical evidence for peak assignment and a gleam of hope

Starting material 38a and the P(V)-compound 58a were never observed together in the same
sample. The same holds true for the assigned chlorophosphine 57a and starting material 38a. If
the phosphorane 58a was treated with the secondary phosphine 38a (not vice versa), the
formation of the desired chlorophosphine 57a was observed. The reaction seems to take place
without formation of the 1,2-diphosphine 59a. This is consistent with the assignment of the
signals. The phosphorane 58a can be selectively formed, for example in condensed chlorine,
and is the only not highly volatile species. Reactions on bigger scale would undoubtedly facilitate
the facile isolation of the phosphorane 58a by simple evaporation of remaining chlorine and the
volatile side products 57a and 59a (Scheme 37). However, once again the high volatility and
sensitivity of involved compounds makes the application of exact stoichiometric amounts difficult.

Scheme 37: Potential approach facilitating the isolation of chlorophosphine 57a.

67

Electron-poor phosphine ligands
If the trichlorophosphorane 58a is treated in situ with one equivalent of sBuLi, the formation of
the chlorophosphine 57a is observed as well. The reaction is much less clean but the
subsequent reaction with lithiated Ugi-amine indeed led to the expected PPFA analog 46a
(Scheme 38).

Scheme 38: The chlorophosphine 57a is formed and reacts with lithiated Ugi-amine.

In several preparations of the (Ph)(CF3)-PPFA analog 46a applying the chlorophosphine 57a of
varying purity, up to ~60% isolated yield were obtained. The synthesis of the chlorophosphine
57a on a larger scale and proper distillation of the product has the potential to significantly
improve the outcome of the following reaction with a nucleophile.

3.8

Phosphonates and primary phosphines

3.8.1

Preparation of diethyl arylphosphonates

A number of approaches to arylphosphonates were reported, but just a few procedures are
broadly applicable and promise to yield the desired product in a single step. The vast majority
deals with catalytic C-P bond formation, mostly starting from arylhalides or triflates and the
corresponding phosphites.[103]
The palladium-catalyzed coupling of bromobenzene and diethylphosphite worked well, leading to
the desired diethyl phenylphosphonate 60a in good yield (Scheme 39). The same reaction
starting from 1-bromonaphthalene gave only low conversions after several days and the
portionwise addition of catalyst just marginally improved the outcome. A byproduct as main
species was observed.

Scheme 39: The C-P coupling of diethylphosphite and bromobenzene to diethyl phenylphosphonate 60a.
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A similar approach, the nickel-catalyzed Arbuzov-type reaction, yielded diethyl o-tolylphosphonate 60e after several attempts only in moderate yield. Triethylphosphite was added
dropwise to NiCl2 and 2-methyl-1-bromobenzene at 180 °C. The NiCl2 has to be thoroughly dried
prior to use in the reaction and very high temperatures have to be maintained to obtain product
at all (Scheme 40).[104]

Scheme 40: The Arbuzov-type synthesis of o-tolyl diethylphosphonate 60e.

A more practical approach with a broader range of applicable arylhalides applies diethyl
chlorophosphate to quench the metallated species. All other diethyl arylphosphonates 60b-d,g
were prepared following this approach, without optimizing the yields (Scheme 41).[104]

Scheme 41: Metallated arenes are quenched by diethyl chlorophosphate, yielding the corresponding diethyl
arylphosphonates.

The inverse addition of the metallated species to an excess diethyl chlorophosphate prevents
further substitution on phosphorus. In case of 1-naphthyl- and 1-mesitylbromide, the arylhalides
were lithiated following a procedure by Brandsma adding TMEDA to the reaction mixture. [105] To
avoid a potential violent decomposition during lithiation of 1,3-bis(trifluoromethyl)-5-bromobenzene, the metallation was achieved by treatment of the bromoarene with iPrMgCl following a
diluted and safe procedure reported for the preparation of BArF.[106]
3.8.2

Preparation of primary phosphines

All diethyl arylphosphonates 60a-e,g were reduced applying the procedure reported by Gilheany
and co-workers.[107] Lithium aluminum hydride was treated with trimethylsilyl chloride in diethyl
ether before the phosphonate was added dropwise (Scheme 42). After stirring the reaction
mixture overnight, the reaction was carefully quenched by Fieser work-up. For every gram LAH
applied, first one milliliter degassed water, then one milliliter degassed aqueous 15% NaOH and
finally three milliliter degassed water were added patiently and carefully under efficient stirring.
The product solution was separated, dried over magnesium sulfate and the solvent evaporated.
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The crude products were distilled under vacuum or argon atmosphere. Residual oxide could be
removed by elution over silica with DCM when necessary. Loss of product occurs mainly during
the tedious work-up under argon and distillation of the crude product.

Scheme 42: Reduction of phosphonates applying LAH in combination with TMSCl yielding the primary phosphines.

The malodorant and partly pyrophoric primary phosphines were stored in tightly closed YoungSchlenks and strictly handled under inert atmosphere.

3.9
For

Bistrifluoromethylated phosphines
commercially

available

dichlorophosphines,

the

synthesis

of

the

corresponding

bistrifluoromethylated phosphines following Caffyn’s approach is more convenient since the
isolation of primary phosphines is very laborious.[87] If primary alkylphosphines are subjected to
bistrifluoromethylation applying the acid-derived CF3 reagent 33 and DBU 39, yields are low due
to side reactions.[96] Therefore, phenyl-[98] 26a and cyclohexylbis(trifluoromethyl)phosphine 26f
were isolated via their bis(4-cyanophenyl)phosphonite 61 (Scheme 43).

Scheme 43: Bistrifluoromethylation of dichlorophosphines via their diarylphosphonites.

The substitution of the phenoxy moiety by the CF3 group sometimes did not start after the
addition of the first portion cesium fluoride. Therefore, it was essential to follow the course of the
reaction by

31

P NMR. If only starting material was observed, more cesium fluoride was added in

portions.
Most arylbis(trifluoromethyl)phosphines 26b-e,g were prepared following a general procedure.
The primary phosphines were added dropwise to a suspension of the acid-derived CF3 reagent
33 in DCM at -78 °C, followed by DBU 39 (Scheme 44).[93, 96, 98] Very electron-poor phosphines
seem to be inapplicable nucleophiles.
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Scheme 44: Bistrifluoromethylation of primary phosphines applying the acid-derived CF3 reagent 33 and DBU 39.

The isolation of the product was straightforward: The reaction mixture was carefully
concentrated to a highly viscous residue and extracted several times with small portions of
pentane. The combined extracts were eluted over silica with plenty of pentane. It is not
recommended to apply the viscous residue directly on silica. The filtration removed most
impurities and the products were free from DCM. All bis(trifluoromethyl)phosphines 26a-g are
volatile and residual pentane in the samples was therefore tolerated. The products are colorless
low viscous liquids and only decompose very slowly when exposed to air.

3.10

PPFA-type ligand precursors

3.10.1

Intermolecular CF3 displacement by lithiated Ugi-amine

Preliminary remark: All given absolute phosphorus configurations for PPFA-type intermediates
and the ligands were not known at that time but were assigned after single crystal diffraction
experiments of the corresponding platinum(II) chloride complexes (see Chapter 3.11.2).
All P1-trifluoromethylated PPFA analogs 46b-f were prepared following the procedure for
(RC,SFc)-1-[(phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46a and
(RP)-46a recently reported by our group.[98] Ugi-amine 12 was lithiated and added dropwise to a
solution of the bis(trifluoromethyl)phosphine 26b-f in diethyl ether at 0 °C. The reaction mixture
commonly turned dark during the addition. In the original synthetic protocol two equivalents of
lithiated Ugi-amine were applied, significantly increasing the achievable yield of the
P-stereoisomers. Due to a shortage of Ugi-amine 12, only around 1.5 equivalents were applied
in the preparations of the PPFA analogs 46 tabulated below and the syntheses were in general
not optimized concerning yield (Scheme 45).
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Scheme 45: Substitution of a CF3 group on bis(trifluoromethyl)phosphines 26b-f by lithiated Ugi-amine.

Of all crude products 19F NMR spectra were recorded to determine the diastereoselectivity of the
reaction. The sterically less crowded (SP)-stereoisomer was always the major product except for
the compound bearing the o-anisyl moiety as third substituent 46d (Table 12). For relatively
small substituents, low or now diastereoselectivity was observed. Very bulky moieties led
exclusively to the formation of the SP-configured product. However, not all diastereoselectivities
may be unambiguously explained by sterical demand. The 1-naphthyl group as sterically
demanding substituent led only to a very low diastereoselectivity while the comparable o-tolylsubstituted compound yielded almost exclusively one stereoisomer.
The phosphorus stereoisomers could conveniently be separated by column chromatography, but
their further purification was tricky. The (SP)-stereoisomer was eluted in all cases faster on silica
by hexane/ethyl acetate/triethylamine 100/2/3 as mobile phase. The second relevant colored
fraction was always the (RP)-diastereoisomer. The products were heavily smearing on silica gel,
even if triethylamine as additive was used in the eluent. Minor side products could not be
removed in several cases. The ligand precursors 46 seemed to decompose slowly. Brown
decomposition residues were found on TLC after storing the purified product for less than one
day under air at room temperature. But NMR spectroscopy did not reveal significant decomposition over months if the product was stored at -18 °C.
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Table 12: Diastereoselectivities for the intermolecular CF3 substitution on bis(trifluoromethyl)phosphines by lithiated
Ugi-amine.

R=

dr (SP:RP)

2-Naphthyl[96]

1:1

[96]

Adamantyl

Only (SP)
46a

1:1

1-Naphthyl

46b

1.4:1

1-Mesityl

46c

Only (SP)

o-An

46d

1:1.5

o-Tolyl

46e

>10:1

Cyclohexyl

46f

1.5:1

Phenyl

3.10.2

[96]

Catalyzed epimerization of stereogenic phosphines

Just recently, the catalyzed pyramidal inversion of stereogenic phosphines by single electron
oxidation was reported.[108] Ferrocenium or tri(p-tolyl)aminium cations are capable of oxidizing a
broad range of tertiary phosphines to the corresponding phosphoniumyl radical cations. While
the inversion barriers of common tertiary phosphines is on the order of 30-40 kcal/mol, the
energetic barrier of its radical cation for inversion was found to be only around ~5 kcal/mol. A
series of enantioenriched P-stereogenic phosphines was epimerized applying catalytic amounts
of single electron oxidants, gradually eroding the observed ee. In the illustrated case (Scheme
46), ferrocenium hexafluorophosphate 62 was applied as single electron (SE) oxidant. A
stronger oxidant for other phosphines bearing a more positive anodic peak potential, tri(p-tolyl)aminium hexafluorophosphate 63 was used.[108] An alternative inversion mechanism via
T-shaped phosphine prevails for ligands bearing strongly electronegative substituents.[44]

Scheme 46: Catalyzed pyramidal inversion of P-stereogenic phosphines by single electron oxidation.

[108]

With the intent to investigate the interconversion of PPFA-type P-stereoisomers, the two single
electron oxidizing agents were isolated and applied on both (oAn)(CF3)-PPFA stereoisomers
46d. Unfortunately, no epimerization could be observed, the pure applied diastereoisomers were
recovered.
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3.10.3

Conclusion and outlook

The synthesis of mono-P-trifluoromethylated PPFA analogs 46 remains most efficient by
applying bis(trifluoromethyl)phosphines 26 as electrophile. Lithiated Ugi-amine displaces a CF3
group, yielding the PPFA-type P-stereoisomers 46 with usually low diastereoselectivity but
moderate to good yields. Only very bulky third substituents led to the formation of virtually one
diastereoisomer only, namely the sterically less crowded SP-configured product. The low
diastereoselectivity for sterically less demanding substituents allows for most PPFA-type
compounds 46 the isolation of both stereoisomers. The reaction conditions were not optimized in
the course of this thesis and could potentially be improved, yielding the P-stereoisomers even
with higher yield. Trifluoromethylated secondary chlorophosphines were not accessible on small
scale with satisfactory purity and were therefore not further pursued as CF3-bearing phosphorus
electrophiles.
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3.11

New Josiphos analogs

3.11.1

Ligand synthesis

A few representatives of CF3-bearing mono-P-stereogenic Josiphos-type ligands were already
reported.[96,

98]

As third substituent beside the ferrocene backbone and the CF3 group,

1-adamantyl, 2-naphthyl, and phenyl were already introduced (Figure 32). A few double
P-stereogenic CF3-bearing ligands were reported as well, but will not be further discussed in this
thesis.[96-97]

Figure 32: The five already described CF3-bearing ligands of Josiphos-type. The (RP)-(2-Np) ligand was interestingly
never isolated (Np = 2-naphthyl).

In the course of this work, five further ligands of this series could be isolated, bearing a
1-naphthyl 56b, 1-mesityl 56c, o-anisyl 56d, o-tolyl 56e, and cyclohexyl substituent 56f on P1.
The standard procedure for the synthesis of original Josiphos 10 could be applied, heating the
PPFA-type ligand precursor 46 with the secondary phosphine in acetic acid overnight.[16a] If the
temperature was carefully monitored and kept below 90 °C, no epimerization occurred. Older
heating devices may exceed the target temperature significantly at the beginning and led to the
formation of a few percentages of the epimer. These are neither by chromatography nor by
crystallization separable and the product had to be discarded.
After evaporation of all volatiles in vacuo, the mostly solid residues were dissolved in boiling
degassed ethanol under an argon atmosphere and the (SP)-ligands 56b,d-f crystallized upon
slow cooling. The crystals were washed with cold ethanol and dried. Only the (SP)-1-mesitylsubstituted ligand 56c could not be crystallized from ethanol but was quickly filtered over silica.
The corresponding crude residues of all (RP)-products 56b,d,f gave unpleasant brown solutions
in hot ethanol and the desired ligands did not crystallize upon cooling. Any further treatment
favored gradually increasing oxidation. The solid products oxidized within a few minutes
completely if exposed to air and were discarded.
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Parent Josiphos 10 is air stable as solid and can be stored under ambient atmosphere for
several months. NMR spectroscopy revealed in all CF3-bearing (SP)-ligands 56 a second
gradually increasing species, namely the ligand with an oxidized dicyclohexylphosphino moiety.
Oxide traces were also observed immediately after crystallization, despite working under argon
and applying degassed solvents (Figure 33).

Figure 33: 284.4 MHz

31

P NMR of just recrystallized (SP)-(1-Np)(CF3)-Josiphos analog 56b.

All attempts to recrystallize the ligands led to co-crystallization of the oxide, making a separation
impossible. The previously reported P1-CF3-ligands of Josiphos-type were not denoted as
oxygen sensitive. In contrast to that, all representatives isolated during this thesis turned out to
be air-sensitive as solids and particularly in solution. The Ph(CF3)-stereoisomers 56a indeed
turned out to be the least sensitive compounds in the investigated series of ligands.
Nevertheless, gradually increasing impurities were as well detected if these ligands were
handled under ambient conditions.
The most sensitive (SP)-ligand was found to be the 1-naphthyl-substituted compound 56b. An
X-ray structure of the free ligand did not reveal any structural feature explaining its extraordinary
oxygen sensitivity. The phosphine seems sterically rather well shielded and a strong P-P’
through space coupling in solution (JPP‘ = 80 Hz) points at strong interaction of the moieties
(Figure 34).
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Figure 34: ORTEPIII plot of the most sensitive (SP)-(1-Np)(CF3)-Josiphos-type ligand 56b.

Attempts to reduce the oxidized phosphine by phenylsilane or tetramethyldisiloxane at 90 °C did
not improve the products purity at all. If two equivalents borane-THF adduct were added to a
solution of the bidentate ligand in THF, only the dicyclohexylphosphino moiety underwent
protection and the ligand could be handled under ambient atmosphere. However, after filtration
or chromatography all attempts to deprotect the oxide free ligand failed, either no conversion
was observed or degradation of the ligand occurred.
All (SP)-diastereoisomers 56 were characterized, although partly significant amounts of oxidized
species were observed (Figure 33). For the 1-mesityl- 56c and o-tolyl-substituted ligand 56e, the
RP-configured product is not accessible applying this methodology because of the high
diastereoselectivity observed in the reaction step before (Figure 35).

Figure 35: The attempted eight Josiphos-type ligands bearing the stereogenic P-CF3 moiety.
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3.11.2

Complexation and structural properties

For the five isolated new P-CF3 bearing Josiphos-type ligands (SP)-56b-f (L) corresponding
[Pt(L)Cl2] complexes 64 were prepared applying [Pt(cod)Cl2] as metal precursor in a
halogenated solvent (CHCl3, CH2Cl2 or DCE). Slow diffusion of hexane or pentane into the
solution of the crude product yielded suitable single crystals for X-ray diffraction experiments.
Structural aspects will be discussed below in a brief overview followed by

31

P-195Pt coupling

constants, aiming for a qualitative description of the phosphines electron poverty.
For all following ORTEPIII plots solvent molecules and irrelevant split positions were omitted for
clarity. The viewing direction was chosen for optimal identification of the changing substituents
and the coordination sphere of the platinum core. The dicyclohexylphosphino moiety was drawn
in all the cases, but may be difficult to recognize. If more than one complex is present in the
asymmetric unit, only one is depicted representatively but discussed data was compiled for all.
The thermal ellipsoids probability was set to 50%.

Figure 36: Numbering scheme for the following discussion of structural properties. Substituents are only indicated as
R for clarity (adapted ORTEPIII plot of 64e, UNP12).
Table 13: ORTEPIII representations of the five crystal structures and a few characteristic structural properties.

R = 1-Naphthyl 64b (UNP 29)
P1-Pt1 / P3-Pt2

2.215(3) / 2.224(3) Å

P2-Pt1 / P4-Pt2

2.279(3) / 2.274(3) Å

Pt1-Cl1 / Pt2-Cl3

2.334(3) / 2.339(3) Å

Pt1-Cl2 / Pt2-Cl4

2.357(3) / 2.361(3) Å

Bite angle

97.45(10) / 96.96(9) °

Sum of angles
a

a

360 / 360 °

Sum of all bond angles around the central metal atom as a
measure for distortion of planarity.
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R = 1-Mesityl 64c (UNP 30)
P1-Pt

2.2290(18) Å

P2-Pt

2.2738(16) Å

Pt-Cl1

2.3555(15) Å

Pt-Cl2

2.3595(15) Å

Bite angle

97.71(6) °

Sum of angles

a

360 °

a

Sum of all bond angles around the central metal atom as a
measure for distortion of planarity.

R = o-Anisyl 64d (UNP 13)
P1-Pt

2.2102(17) Å

P2-Pt

2.267(2) Å

Pt-Cl1

2.3449(18) Å

Pt-Cl2

2.353(2) Å

Bite angle

96.62(7) °

Sum of angles

a

360 °

a

Sum of all bond angles around the central metal atom as a
measure for distortion of planarity.

R = o-Tolyl 64e (UNP12)
P1-Pt

2.2114(10) Å

P2-Pt

2.2785(11) Å

Pt-Cl1

2.3494(10) Å

Pt-Cl2

2.3555(10) Å

Bite angle
Sum of angles

96.24(4) °
a

360 °

a

Sum of all bond angles around the central metal atom as a
measure for distortion of planarity.
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R = Cyclohexyl 64f (UNP26)
P1-Pt

2.2225(15) Å

P2-Pt

2.2640(17) Å

Pt-Cl1

2.3426(15) Å

Pt-Cl2

2.3638(16) Å

Bite angle
Sum of angles

95.23(6) °
a

360 °

a

Sum of all bond angles around the central metal atom as a
measure for distortion of planarity.

The five new structures 64b-f exhibit a distorted boat shaped six-membered chelate ring. The
determined P1-Pt bond lengths are as expected shorter than the one found for the parent
Josiphos’ PtCl2 complex (2.237(3) Å).[29] This is consistent with the increased π-back-bonding to
the electron-poor CF3-substituted phosphine. On the other hand, an elongated P2-Pt distance is
found for the above depicted compounds compared to [Pt(Josiphos)Cl2] (2.247(3) Å).[29] The
Pt-Cl1 bond lengths are significantly shorter than the ones determined for the corresponding
Josiphos complex (Pt-Cl1 2.325(4) Å) and the Pt-Cl2 distance is elongated (2.350(3) Å).[29] The
bite angles (P1-Pt-P2) are equal or larger for trifluoromethylated ligand complexes 64b-f than for
original Josiphos’ PtCl2 complex (95.2(1)°).[29] However, the other bond angles around the metal
core adapt the way that still almost perfect planar coordination geometry is observed.
Most of the α1 and α2 torsion angles (cf. chapter 1.2.4) significantly deviate from the ones found
for [Pt(Josiphos)Cl2] as a reference compound. As already discussed in more detail in chapter 1,
complexes of P1-trifluoromethylated ligands bearing the Josiphos backbone 64b-f tend to adopt
less negative α2 torsion angles and significantly larger α1 torsion angles, reaching even the
positive scale. While the α2 torsion angles are in general closer to the dihedral angle found for
the reference molecule, corresponding α1 dihedral angles deviate more strongly and span a
broader range (Figure 14). The P1 moiety proved again to be more flexible than the stereogenic
side chain.
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Table 14: Torsion and inclination angles for platinum(II) chloride complexes, all in degree (°).

Compound

R1

R2

α1 (°)

α2 (°)

Cp-M Incl. (°)

[29]

WIJKEF

Ph

Ph

-19.12

-20.30

28.92

(SP)-56a*PdCl2
(TATQEM)[98]

CF3

Ph

9.42

-21.40

41.92

(RP)-56a*PdCl2
(TATQIQ)[98]

Ph

CF3

6.78

-25.52

41.59

5.14

-28.23

41.85

(SP)-64b (UNP29)

CF3

1-Np

5.97

-22.93

39.36

6.86

-23.17

39.50

(SP)-64c (UNP30)

CF3

1-Mes

-7.07

-8.44

32.04

(SP)-64d (UNP13)

CF3

oAn

3.89

-14.62

35.83

(SP)-64e (UNP12)

CF3

oTol

3.92

-11.35

36.03

(SP)-64f (UNP26)

CF3

Cy

5.60

-16.50

35.79

The metal inclination angles for the complexes of trifluoromethylated ligands range from 32 to
42° and describe therefore a stronger ascending metal plane compared to the original
[Pt(Josiphos)Cl2] complex (29°, Figure 37).

Figure 37: Overlay of [Pt(Josiphos)Cl2] (WIJKEF, red) and the platinum(II) chloride complex of (SP)-(1-Np)(CF3)Josiphos (SP)-64b (UNP29, blue) as Mercury capped stick representation. The P-substituents were omitted for clarity.

Rather surprising is the fact that the P-stereoisomers in case of phenyl as third substituent on P1
led to complexes 56a*PdCl2 that are very similar from a conformational point of view. For
sterically more demanding substituents than phenyl, a clear distortion of the geometry
comparing the two P-stereoisomers can be expected as the endo position is sterically much
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more congested. However, the lack of other RP-configured ligands bearing more bulky
substituents than phenyl does not allow verifying this assumption at this point.
The larger

1

JP-Pt P1-Pt coupling constants found by NMR spectroscopy for the isolated

platinum(II) complexes 64b-f clearly indicate electron poverty of the CF3-bearing ligating atom
compared to the complex of parent Josiphos (Table 15). The third variable substituent has an
obvious influence on the coupling constant and therefore allows fine tuning of the ligands
electronic and steric properties. While the bistrifluoromethylated Josiphos-type ligand 30 led to
inferior results in catalysis, P-stereogenic monotrifluoromethylated Josiphos-relatives 56 may be
a valuable new class of ligands, having electronic properties between the electron-rich original
Josiphos ligand 10 and the strongly electron-poor P(CF3)2 analog 30. However, direct detailed
comparisons of experimental results obtained in catalysis for these different ligand groups would
be a delicate issue due to the significantly differing sterical and electronic properties. The arising
stereogenicity of the phosphine bearing three differing substituents may further strongly
influence the mechanism, selectivity and activity.
1

Table 15: JP-Pt coupling constants for the platinum(II) chloride complexes of the new CF3-bearing Josiphos-type
ligands and two reference ligands.

Entry

Compound

R1

R2

1

1

1

10*PtCl2[29]

Ph

Ph

3552 Hz

3559 Hz

2

30*PtCl2[89]

CF3

CF3

3996 Hz

3129 Hz

3

64b

CF3

1-Np

3698 Hz

3410 Hz

4

64c

CF3

1-Mes

3665 Hz

3498 Hz

5

64d

CF3

oAn

3884 Hz

3478 Hz

6

64e

CF3

oTol

3718 Hz

3429 Hz

7

64f

CF3

Cy

3797 Hz

3445 Hz

JP-Pt P1

JP-Pt P2

For all new CF3-bearing Josiphos analogs 56b-f, the corresponding cationic [Rh(P^P)(cod)]BF4
complexes 65b-f were isolated as intense-red solids. An excess of the oxide contaminated
ligand 56b-f was dissolved in DCM and [Rh(nbd)2]BF4 as metal precursor was added. After
stirring for a few minutes, the solution was filtered over Celite if any turbidity was observed. The
solvent of the obtained red clear solution was subsequently removed. The crude product was
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dissolved in THF and the complex precipitated by dropwise addition of diethyl ether under
stirring. The isolated complexes 65b-f could be stored at least for several days at -18°C without
significant decomposition. All attempts to grow crystals failed. The compound gradually
decomposed over days in solution or formed slowly solidifying oily droplets. Corresponding
[Ir(P^P)(cod)]BF4 complexes were highly air-sensitive and decomposed in short time.
The 1JP-Rh coupling constants for the complexes 65b-f discussed above are summarized in Table
16. The lower absolute coupling constants in Hertz compared to the Pt-P coupling leads to very
close values for the different complexes. Hence, all the ligands seem to be very similar from an
electronic point of view and trends are much more difficult to recognize. Nevertheless, larger
coupling constants for P1-Rh reveal the electron poverty of the trifluoromethyletd phosphine
relative to the corresponding Josiphos complex and P2.
1

Table 16: JP-Rh coupling constants for cationic rhodium(I) diene complexes of the electron-poor Josiphos related
ligands.

R1

R2

(SP)-65b

CF3

1-Np

163 Hz

150 Hz

(SP)-65c

CF3

1-Mes

Broad multiplet

153 Hz

(SP)-65d

CF3

oAn

166 Hz

151 Hz

(SP)-65e

CF3

oTol

163 Hz

149 Hz

(SP)-65f

CF3

Cy

161 Hz

149 Hz

[Rh(10)(nbd)]BF4[29]

Ph

Ph

152 Hz

Not given

Compound

3.11.3

1

JP-Rh P1

1

JP-Rh P2

Hydrogenation of DMI and imines

Dimethyl itaconate (DMI) was hydrogenated applying above listed isolated rhodium(I) complexes
(SP)-65b-f. In a preceding screening, trifluoroethanol as solvent turned out to yield the best
results for in situ prepared [Rh(cod)(56a)]BF4 precatalysts (complexes (SP)- and (RP)-65a).[98] For
the following screening experiments, the same conditions were applied for meaningful
comparability.
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For securing reproducibility of the preceding reaction conditions, the (SP)- and (RP)-(Ph)(CF3)Josiphos ligands 56a (Table 17, entries 1 and 2) were applied in control experiments. As these
two ligands could be isolated without significant oxidation (vide supra), their catalyst precursors
(65a) were also formed in situ from [Rh(nbd)2]BF4 and the ligand. All other precatalysts 65b-f
were applied as isolated compounds (entries 3-7). Every experiment was conducted at least
twice and revealed accurate reproducibility.
Table 17: Results obtained in the enantioselective hydrogenation of dimethyl itaconate applying rhodium(I) complexes
of the new ligands. Further reaction conditions: 0.5 M DMI in TFE, 1 bar abs. hydrogen, rt, 1.5 hours.

a

Entry

Precat.

R1

R2

Conversiona

% ee

Major product

1

(SP)-65a

CF3

Ph

>99%

92

(S)

2

(RP)-65a

Ph

CF3

>99%

97

(S)

3

(SP)-65b

CF3

1-Np

>99%

72

(S)

4

(SP)-65c

CF3

1-Mes

33%

-

-

5

(SP)-65d

CF3

oAn

>99%

65

(S)

6

(SP)-65e

CF3

oTol

>99%

60

(S)

7

(SP)-65f

CF3

Cy

>99%

46

(S)

1

Determined by H NMR without internal standard.

The results obtained from control experiments (entries 1 and 2) proved the reproducibility of
preceding experiments. Full conversion was obtained under very mild conditions. Only the
observed ee in entry 1 was 3% below the already reported 95%. However, minor deviations can
as well be attributed to different integration or the low sensitivity of the analytical method. The
product poorly absorbs UV light and the detection with HPLC requires very high injection
volumes particularly for excellent enantiomeric excesses.
All new ligands led to inferior results (entries 3-7) compared to parent Josiphos 10 (MeOH,
30 minutes, full conversion, 98-99% ee).[16a] The 1-mesityl substituent seems to be too bulky and
suppressed the reduction of dimethyl itaconate, a substrate leading usually to full conversion
applying a manifold diversity of ligands under very mild conditions.
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The same catalysts were applied in the hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66. The in situ formed cationic rhodium(I) complex (SP)-65a only led to very
poor conversions of 0-5% after six hours at room temperature and 60 bar hydrogen pressure.
Screened additives (pTsOH, acetic acid, TBAI, triethylamine) had almost no effect, whereas
iodine (10 mol-%) increased the conversion to 32% and aniline (5 mol-%) the ee to 29%
(Scheme 47).

Scheme 47: The cationic complex (SP)-65a in the hydrogenation of imine 66.

The corresponding iridium(I) complexes could not be isolated because of their fast
decomposition and were therefore formed as well in situ from the ligand and [Ir(cod)2]BF4. Only
the less sensitive (Ph)(CF3)-substituted ligands 56a were applied as all others gradually oxidized
(vide supra). The results for two acyclic aryl-imines are remarkable as the absolute configuration
of the phosphorus atom (P1) decides on the major product enantiomer formed.
In the hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66 the enantioselectivity
changes from 90% ee (+) to 60% ee (-) upon inversion of the absolute P-configuration, leaving
all other elements of chirality unchanged (Table 18, entries 1 and 2). The complex of (RP)-65a
was less selective and active or deactivated faster than the one with the (SP)-ligand (SP)-65a.
However, the conversions were poorly reproducible while the enantioselectivity was stable. The
same substrate was already reduced with higher enantioselectivity (e.g. f-binaphane with iodine
as additive, 24 h at -5 °C, 95% ee and full conversion).[109]
The sign of optical rotation was determined for the purified and derivatized (acetamide 68)
reaction product with the highest observed ee in order to assign the HPLC peaks. Absolute
configurations, optical rotations and retention times in HPLC are not always consistent in
literature and therefore absolute configurations will not be assigned in the following.
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Table 18: Results obtained in the hydrogenation of acyclic aryl-imines.

R1

Imine

Ligand

Conversiona

% ee

Major product

1

OCH3

66

(SP)-56a

98%

90

(+)b

2

OCH3

66

(RP)-56a

74-87%

60

(-)b

3

H

69

(SP)-56a

79-99%

~90

Ac

4

H

69

(RP)-56a

39-46%

~60

Bc

Entry

a
b

1

Determined by H NMR without internal standard.
Corresponds to the optical rotation sign of the acetamide 68.

c

Partially overlapping peaks in HPLC makes it impossible to give exact numbers at this point. Neither
a sign for optical rotation nor an absolute configuration could be assigned. The first eluting
enantiomer in HPLC was named A, the second B (see experimental part for details).

(E)-N-(1-phenylethylidene)aniline 69 was applied as well as substrate under identical conditions,
obtaining similar results (Table 1, entries 3 and 4). The purified not derivatized reaction product
exhibiting the highest observed ee only led to a very small rotation angle of polarized light. The
obtained sign remains questionable. Therefore, the faster eluting enantiomer in HPLC under the
given conditions (see experimental part) was assigned an A (presumably (-)), the slower a B
(presumably (+)).
However, remaining starting material partly hydrolyzed during work-up yielding a number of
interfering side products. These complicated the analysis, leading to partially overlapping peaks
in HPLC and NMR. Especially the ee-values of underivatized N-(1-phenylethyl)aniline 70 are
only rough estimates obtained by peak-splitting of partially overlapping and strongly broadened
peaks.
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3.11.4

Conclusion and outlook

The last step to the Josiphos-type ligands follows widely the synthetic procedure for parent
Josiphos 10. The PPFA-type precursor is heated with dicyclohexylphosphine in acetic acid for
several hours. However, the reaction temperature during the introduction of the P2 moiety has to
be carefully controlled as exceeding temperatures (above 90 °C) led to partial epimerization of
P1. The product stereoisomers are not separable anymore by crystallization or chromatography
and had to be discarded. All isolated ligands of Josiphos-type bearing the P1-CF3 moiety
meanwhile turned out to be oxygen sensitive. Formed oxide co-crystallizes with the ligand and is
therefore not separable. All attempts to reduce the oxidized phosphine failed. The borane
protected compound could be purified, but deprotection attempts failed or the product
decomposed under the applied conditions. Nevertheless, the isolation of these promising ligands
seems to be possible, but all synthetic steps and handling of the isolated ligands should be
carried out in a glovebox under an inert atmosphere, thoroughly preventing any contact to
oxygen.
The few hydrogenation experiments conducted with these ligands coordinated to rhodium(I) and
iridium(I) gave auspicious results. Especially the profound influence of the phosphorus’ absolute
configuration in the hydrogenation of acyclic imines is remarkable and supports the further
development of P-stereogenic electron-poor ligands. However, the results are not very reliable
due to poorly reproducible conversions. Isolation of pure and well-defined catalyst precursors,
handling the screening reactions in the glovebox and derivatization of all reaction products could
significantly improve the reliability of the obtained results.
However, the pronounced air sensitivity of the ligands and the inseparable oxidized species led
the author to focus on presumably more stable Xyliphos-type ligands bearing the P1-CF3 moiety.
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3.12

New Xyliphos analogs

3.12.1

Air sensitivity of P-CF3 bearing all-aryl ligands: A case study

In order not to isolate a second series of oxygen sensitive ligands that cannot be reasonably
handled, we first prepared the (Ph)3(CF3)-ligand 48 as a representative of presumably more
oxygen tolerant all-aryl-substituted phosphines. Diphenylphosphine was readily available and
applied as nucleophile to displace the dimethylamino group on the (Ph)(CF3)-PPFA-type
substrate 46a. The (SP)-ligand 48 could not be crystallized from hot ethanol and a selection of
other solvents, mostly the ligand did not dissolve in reasonable solvent volumes. Nevertheless,
the pure product could be obtained by chromatography, proving its air stability. The (RP)-ligand
48 dissolved and crystallized from hot ethanol upon cooling, but the obtained crystals were
slightly sticky and air-sensitive. In solution, the ligand oxidized in a few minutes completely,
forming a precipitate of the oxide in hexane solutions.
Several attempts to crystallize the corresponding platinum(II) chloride complexes 21 failed. Only
on one occasion a suboptimal single crystal of the (RP)-ligands PtCl2 complex (RP)-21 was
obtained (Figure 38). Regarding all encountered problems during this case/feasibility study, the
name Annoyphos was introduced for these two new ligands.

Figure 38: ORTEPIII representation of the single crystal structure of [Pt((RP)-Annoyphos)Cl2] (RP)-21 (UNP32).

The new (SP)-(Ph)3(CF3)-ligand 48 is obviously more tolerant to oxygen than the corresponding
Josiphos-type ligands 56 but the (RP)-ligand 48 oxidizes if exposed to air. Nevertheless, the
isolation and reasonable handling of corresponding Xyliphos analogs bearing the P-CF3 moiety
72 seemed more facile and promising.
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3.12.2

Ligand synthesis

In fact, the same synthetic approach as for parent Josiphos 10 and CF3-Josiphos-type ligands
56 could be applied. The corresponding P1-CF3 PPFA-type compound 46 was heated to 90 °C
in a solution of degassed acetic acid with bis(3,5-dimethylphenyl)phosphine 73 overnight. After
evaporation of all volatiles in vacuo, most ligands could be recrystallized from ethanol. The
ligands were in general difficult to dissolve in hot ethanol and corresponding suspensions had to
be heated to reflux for several minutes to obtain a clear solution, rendering the addition of
solvent in ideal amount difficult. A valuable alternative was found to be the slow diffusion of
methanol into a concentrated solution of the reaction residue in DCM under argon. This
technique led to higher yields but presupposed patient undisturbed crystallization over several
days.
Both Ph-P-stereoisomers 72a, the (SP)-mesityl ligand 72c, both oAn-P-stereoisomers 72d, and
the (SP)-cyclohexyl ligand 72f could be isolated (Scheme 48). The (RP)-cyclohexyl ligand (RP)72f was very oxygen sensitive and oxidized in very short time. All listed ligands are accessible in
excellent purity and moderate to good yields. The new series of Xyliphos-type ligands 72 is
much more tolerant to short exposures to air, but were stored under an argon atmosphere.

Scheme 48: Synthesis of Xyliphos-type ligands bearing a stereogenic P1-CF3 moiety 72.

The secondary bis(3,5-dimethylphenyl)phosphine 73 was prepared following standard reaction
procedures. 1-Bromo-3,5-dimethylbenzene was treated with elemental magnesium and the
formed Grignard reagent was added to diethyl phosphite. Important to consider is the fact that
one equivalent of Grignard reagent is spent for deprotonation of the phosphite or the formed
SPO, respectively.[110] The reduction to the secondary phosphine 73 was achieved by treatment
of the SPO 74 with a combination of lithium aluminum hydride and trimethylsilyl chloride.[107]
3.12.3

Complexation and structural properties

The platinum(II) chloride complexes 22 could be isolated of all above listed P1-CF3 bearing
Xyliphos-type ligands 72. The solution of the crude product in a halogenated solvent was treated
dropwise with diethyl ether under stirring to isolate the complex. The mostly yellow precipitates
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were characterized and found to contain in several cases firmly incorporated solvent residues.
The (RP)-(oAn)(CF3)-Xyliphos-type ligand (RP)-72d led upon attempted coordination to PtCl2 to a
product (RP)-22d exhibiting dynamic behavior in solution at room temperature. While the PXyl 2
moiety gave only a slightly broadened signal in

31

P NMR spectra, the PCF3 moiety gave a very

broad signal without any recognizable multiplicity. Upon cooling the sample solution to 178 K,
several species showing still broad signals were observed (Figure 39). The original behavior was
restored by warming the sample to room temperature.

Figure 39: Representative

31

P NMR spectra (283.4 MHz in CD2Cl2) of the (SP)-(oAn)(CF3)-Xyliphos-type PtCl2

complex (SP)-22d (left), the corresponding (RP)-complex 22d at rt (middle), and at 178 K (right).

The selective broadening of the P-CF3 phosphorus and fluorine signal points to dynamic
coordination of P1 or dynamic behavior of the formed six-membered chelate ring. Both effects
could be a result of intermediate coordination of the methoxy group to the metal core or sterical
interactions. The o-anisyl moiety points endo with respect to the ferrocene moiety, the more
congested alternative to the exo orientation in (SP)-ligands. Remarkable is the fact that the
observed P2-P1 coupling of 19.3 Hz is within the expected range and clearly points at interaction
of P1 with the platinum core.
Suitable single crystals for X-ray diffraction experiments could only be obtained for the PtCl2
complexes of the (Ph)(CF3)-P-stereoisomers 22a and the corresponding (SP)-(Cy)(CF3)-complex
(SP)-22f (Figure 40). The diffusion of several solvents into a solution of the other complexes in a
halogenated solvent led to slow decomposition, formation of an oily residue or crystallization in a
dendritic manner.
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Figure 40: ORTEPIII representation of (RP)-22a (UNP33, A), (SP)-22a (UNP34, B), and (SP)-22f (UNP35, C).

For all three complexes the Rexo substituent and the methyl group on the side chain adopt a
nearly perfect pseudo-axial orientation. Therefore, the three complexes are found within the
conformational all-aryl cloud (see chapter 1.2.4). A difference consists in the metal inclination
angle. The (RP)-complex (A) adopts an ascending metal plane while the (SP)-complexes (B and
C) exhibit a descending metal plane, all tilted slightly to the left (Table 19).
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Table 19: Structural parameters describing the platinum complexes of CF3-bearing Xyliphos analogs 22a and 22f.

Parameter

(RP)-(Ph)-complex
22a (UNP33)

(SP)-(Ph)-complex
22a (UNP34)

(SP)-(Cy)-complex
22f (UNP35)

α1

-54.30 °

-68.82 °

-60.82 °

α2

72.90 °

85.05 °

76.58 °

P1-Pt

2.2205(6) Å

2.2130(14) Å

2.2273(7) Å

P2-Pt

2.2510(6) Å

2.2332(13) Å

2.2384(7) Å

Cp-M Incl.

2.70 °

-8.72 °

-4.97 °

P1-Pt-P2

95.96(2) °

95.77(5) °

97.60(2) °

359.61 °

360.21 °

360.24 °

Sum around Pta
a

The sum of all four bond angles around the central metal can be used as a measure for the

distortion of planarity.

Unfortunately, no X-ray structure for the platinum(II) chloride complex of parent Xyliphos (ligand
75) was reported so far. The X-ray structure of the corresponding palladium(II) chloride complex
has been determined (XIKTAN, Appendix A)[29], but direct comparisons with the platinum
complexes of the trifluoromethylated ligands should be interpreted with caution. The bite angles
(P1-M-P2) of above listed complexes 22a and 22f are slightly larger compared to the [Pd((R,S)Xyliphos)Cl2] complex (93.59 °). As already observed on several occasions before, the electronricher P2-atom forms longer dative bonds to the central metal than P1. All in all, the complexes
of P-diastereoisomers (RP)-22a and (SP)-22a strongly resemble each other in the solid state,
apart from the already discussed metal inclination. Ligands bearing more bulky third substituents
did not form suitable single crystals for X-Ray structure elucidation. Therefore, the expected
more pronounced structural differentiation of P-stereoisomers bearing more bulky third
substituents could neither be proven at this point (see also Josiphos analogs 56).
Table 20: Phosphorus platinum coupling constants for the platinum(II) chloride complexes of CF3-bearing Xyliphos
analogs 22 and parent Xyliphos.

Compound
[Pt(RC,SFc-Xyliphos)Cl2]
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1

1

3500 Hz

3630 Hz

JP-Pt P1

[111]

JP-Pt P2

(SP)-(Ph)(CF3)

22a

3742 Hz

3440 Hz

(RP)-(Ph)(CF3)

22a

3740 Hz

3416 Hz

(SP)-(Mes)(CF3)

22c

3608 Hz

3550 Hz

(SP)-(oAn)(CF3)

22d

3823 Hz

3537 Hz

(RP)-(oAn)(CF3)

22d

dynamic

3493 Hz

(SP)-(Cy)(CF3)

22f

3694 Hz

3520 Hz
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The P1-Pt coupling constants increase upon CF3-substitution, as expected. On the other hand,
P2-Pt coupling constants decrease with increasing Pt-P1 coupling. This is consistent with
already observed trends and the expected coordination and bonding behavior.
The coordination to iridium(I) was as well investigated in the course of this thesis. All attempts to
isolate the presumably very reactive dinuclear chloro-bridged catalysts were not successful
(Scheme 49). These were described as highly active in catalysis, no activation of a precursor is
required. The dissociation of the weak Cl-Ir dative bonds leads directly to the active species.[112]

Scheme 49: Dinuclear chloro-bridged iridium catalysts were reported for Josiphos-type ligands, BINAP 9 and
BIPHEMP.

[112]

As the desired complexes are expected to be highly oxygen and moisture sensitive, all solvents
were refluxed under argon for several hours with strongly dehydrating reagents, distilled and
thoroughly degassed. The reaction of [Ir2(coe)4Cl2] with the P-stereogenic (SP)-(Ph)(CF3)Xyliphos analog 72a yielded more than one product. The coordinated cyclooctene is substituted
by the diphosphine, but integration of the signal in 1H NMR for free coe revealed the liberation of
only ~60%. Remaining coordinated coe was detected. In agreement with the integrals found for
the formed species in

19

F NMR spectra, the main species could be assigned as the catalytically

inert [Ir(P^P)2]Cl complex. This is consistent with results obtained forming in situ complexes of
0.25 mol-% [Ir2(coe)4Cl2] and 1.0 mol-% ligand (L:Ir 2:1): Almost no activity was observed for
reactions otherwise yielding full conversion under similar conditions. Nevertheless, the mixture of
products was active in the hydrogenation of acyclic imines, leading to moderate
enantioselectivity after the addition of tetrabutylammonium iodide (TBAI) and trifluoroacetic acid
(TFA) as additives (Table 21, cf. also Table 23).
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Table 21: Selection of screening results applying in situ formed precatalysts.

Entry

R1

R2

Additives

Conversiona

1

CF3

Ph

2

Ph

3

(RP)-72a

-

96 %

26 (-)

CF3

(SP)-72a

-

61 %

19 (-)

Mes

CF3

(SP)-72c

-

<1 %

-

4

CF3

oAn

(RP)-72d

-

10 %

7 (-)

5

oAn

CF3

(SP)-72d

-

29 %

13 (-)

6

Cy

CF3

(SP)-72f

-

45 %

25 (-)

7

Josiphos

10

-

>99 %

3 (+)

8

Xyliphos

75

-

>99 %

29 (+)

9

CF3

Ph

(RP)-72a

TBAI, TFA

40 %

75 (-)

10

Ph

CF3

(SP)-72a

TBAI, TFA

21 %

10 (+)

a

% eeb

1

Conversions were determined by H NMR without internal standard.
b
The sign of optical rotation corresponds to the derivatized acetamide 68.

However, all new CF3-bearing ligands 72 (entries 1-6) led without additives to inferior results
compared to parent Xyliphos 75 (entry 8). The addition of TFA and TBAI as additives
significantly increased the enantioselectivity, but a detrimental influence on the conversion was
observed (entries 1 and 9). The enantioselectivity was reproducible but the conversions often
deviated by 10% and more.
Several attempts to use [Ir2(C2H4)4Cl2], formed in situ from [Ir2(coe)4Cl2] upon bubbling ethylene
through the solution,[113] failed as well.[112] A number of species were observed in varying ratios,
strongly depending on the reaction conditions. The reaction was performed on much smaller
scale (150 mg Ir-precursor) than the synthesis reported for the analogous parent Josiphos
complex, therefore the separation of the coe-solution from the precipitated iridium-ethylene
complex was problematic. Because of the difficulties encountered during attempted isolation of
these dinuclear chloro-bridged complexes the more common Schrock-Osborn complexes
[Ir(P^P)(cod)Cl] were adopted.
These complexes were conveniently isolated after stirring the ligand and a small excess of
[Ir2(cod)2Cl2] in DCM for a few minutes. The reaction mixture was subsequently applied on silica
and after elution of the first colored species by DCM, the excess Ir-precursor, the solvent was
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changed to diethyl ether eluting the pure product. Very slow decomposition for products stored
under air was observed. But the compounds just had to be filtered again over silica with diethyl
ether to restore excellent purity of the catalyst precursors. The counter ion could be exchanged
to iodide by stirring the chloride complex in acetone with potassium iodide [33] or to PF6 by stirring
a solution of the chloride complex in THF with TlPF6.
3.12.4

The coordination of the counter ion

Counter ions can be an important part of the central atoms coordination sphere. In numerous
catalytic transformations a significantly altered selectivity and activity was observed upon
exchange of the counter ion. While “non-coordinating” ions such as PF6, SbF6 or BArF can be
regarded as widely dissociated in solution from the central metal core, “coordinating” ions remain
in close proximity to the central atom. Halide ions are by far the most widespread coordinating
counter ions and therefore ancillary ligands. For a long time, their potential influence on the
coordination behavior and the catalytic cycle was widely ignored, focusing mainly on the ligand
and metal choice. Meanwhile, pronounced halide effects were encountered in a vast number of
transition-metal-catalyzed reactions and the choice of the counter ion was accepted as a further
parameter to optimize.[114]
Iridium(I) as soft central atom forms stronger dative bonds to soft ligands. Therefore, iodide can
be regarded as the more firmly coordinating counter ion compared to the chloride ion. But also
other properties like the metals oxidation state, the geometry of the complexes, and the nature of
the other ligands influence the Ir-X bond strength and its dissociation rate.
Vice versa, the ancillary ligand (e.g. the coordinating counter ion) can also affect bond strengths
and dissociation rates of the other, particularly trans-positioned ligands. Therefore, the replacement of the counter ion (and ancillary ligand) may affect the overall kinetics of a catalyzed
reaction and thermodynamics of single reversible steps in the catalytic cycle.
However “understanding the influence of ancillary ligands on the enantioselectivity (*and activity)
can be a challenging issue since it is often very difficult to pinpoint the precise
enantiodiscriminating (*and rate determining) step in many catalytic processes” (*addendum of
the current author).[114]
The conductivity of a solution mainly depends on the solvent, temperature, concentration, the
molar ionic conductivity of every charged species, and surely the degree of dissociation of ion
pairs.[115] In chapter 4, the enantioselective hydrogenation of 3,4-dihydroisoquinolinium chlorides
is discussed, yielding best results in 2-propanol as solvent applying the new P-stereogenic
P1-CF3-bearing Xyliphos-type iridium(I) precatalysts. In the course of this work, the conductivity
of the different applied catalyst precursors in 2-propanol was determined (Figure 41).
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But the obtained values should be used only for rough comparisons as no calibration was
performed and not for all involved ions molar ionic conductivity values in 2-propanol are
accessible.

Figure 41: Conductivities of selected complexes in iPrOH (rt, 1 mM). The halides are all drawn on the endo side of the
Ir-coordination plane in analogy to [Ir((S,R)-Xyliphos)(cod)I] 77

[33]

but the individual position could not be verified.

Assuming similar molar conductivity values in 2-propanol for the cations and anions respectively,
the PF6-complexes are the most dissociated species in 2-propanol. Also consistent with the
before discussed theory, the closest ion pairing is found for the iodides, the chlorides lying
between PF6 and the iodides. The electron-withdrawing CF3 group seems to lower the electron
density also on the metal core upon coordination, favoring stronger pairing to the counter ions.
But drawing conclusions for the corresponding active catalyst complexes has to be done with
caution: New ligands (solvent, substrate instead of cod), different oxidation state for the metal
(upon addition reactions) and changing complex geometries render the comparison difficult, if
not impossible.
Other experimental techniques were reported to measure and describe the interaction of ion
pairs in solution.[115] The most prominent approaches are based on PGSE diffusion
measurements and NMR correlation spectroscopy.[18,

116]

However, to investigate the relative

extent of ion pairing in a series of complexes bearing different counter ions, the cation and anion
should be traceable by NMR spectroscopy. The cations in the present case could be traced by
31

P, 1H, and for trifluoromethylated ligands additionally by

19

F, the anions apart from PF6 (Cl, I)

obviously lack reasonable detection possibilities. Because of the huge difference in cation and
anion size, solvation effects and approximations during determination of hydrodynamic radii (r H)
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by NMR diffusion experiments, it was not expected to be able to distinguish between the free
cation and the paired species. Due to these restrictions and expected insignificance of
obtainable results, the NMR-based approaches were not further investigated.
3.12.5

Hydrogenation of DMI and imines

Dimethyl itaconate was reduced applying in situ prepared [Rh(P^P)(cod)]BF4 complexes of the
new CF3-bearing Xyliphos-type ligands 72. For comparability reasons, standard conditions as
already discussed before were applied, except a smaller catalyst loading (0.5 M in TFE, 1 bar
H2, rt, 0.5 mol-% Rh-precursor, 0.55 mol-% ligand, 1 h). The obtained results led to a similar
picture as the corresponding CF3-Josiphos ligands 56 resulted (Table 22): The (Ph)(CF3)-ligands
72a gave the most interesting and best results among the new ligands (entries 1 and 2), even
reaching or exceeding the performance of parent Josiphos 10 and Xyliphos 75, respectively
(entries 7 and 8). The data for high conversions and high enantioselectivity was well
reproducible, but low conversions and enantioselectivity were difficult to accurately reproduce.
Remarkable may be the relatively high enantioselectivity observed for the complex of the
(1-Mes)(CF3)-ligand 72c (entry 3) with opposite enantioselectivity compared to most other
ligands. However, forcing the reaction to higher conversions by increasing the hydrogen
pressure led the enantioselectivity drop to yield almost a racemic sample (entry 9). The
P-stereogenic (RP)-(CF3)(Ph)-Xyliphos analog 72a measures up to the performance of the
original Josiphos 10 in the enantioselective hydrogenation of DMI and clearly exceeds the
results obtained with parent Xyliphos 75.
Table 22: Selected screening results for the enantioselective hydrogenation of dimethyl itaconate applying the new
CF3-Xyliphos analogs 72.

Entry

R1

R2

Ligand

Remarks

Conversiona

1

CF3

Ph

(RP)-72a

-

>99 %

99 (S)

2

Ph

CF3

(SP)-72a

-

96 %

69 (S)

3

Mes

CF3

(SP)-72c

-

~24 %

~83 (R)

4

CF3

oAn

(RP)-72d

-

~30 %

~63 (S)

5

oAn

CF3

(SP)-72d

-

~47 %

~3 (R)

6

Cy

CF3

(SP)-72f

-

>99 %

~5 (S)

% ee
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a

7

Josiphos

10

-

>99 %

99 (S)

8

Xyliphos

75

-

84 %

95 (S)

9

Mes

CF3

(SP)-72c

5/50 bar H2

31/68 %

68/~8 (R)

10

CF3

oAn

(RP)-72d

5 bar H2

>99 %

98 (S)

11

oAn

CF3

(SP)-72d

5/50 bar H2

56/99 %

~4/~8 (S)

1

Determined by H NMR without internal standard.

As the (Ph)(CF3) analogs of Josiphos 56a and Xyliphos 72a led to the best results so far, further
work mainly focused on these representatives. The same acyclic imines as already screened
before were applied in iridium-catalyzed enantioselective hydrogenation. The catalyst precursors
of CF3-bearing Xyliphos-type ligands 72a were isolated as [Ir(P^P)(cod)Cl] 79 and applied in the
hydrogenation screening. The most striking results obtained during the optimization of reaction
conditions in the hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66 are
summarized in Table 23.
Table 23: Summary of results obtained during reaction parameter optimization.

a

Conversiona

Yielda

% eeb

-

97 %

95 %

5 (+)

EtOAc

TBAI/PTSA

99 %

95 %

35 (+)

(RP)-79

DCM

-

98 %

93 %

16 (-)

4

(RP)-79

DCM

TFA

28 %

10 %

36 (-)

5

(RP)-79

DCM

TBAI

99 %

93 %

41 (-)

6

(RP)-79

DCM

TBAI/TFA

99 %

93 %

71 (-)

7

(RP)-79

Dioxan

TBAI/TFA

99 %

90 %

77 (-)

Entry

Complex

Solvent

Additives

1

(SP)-79

DCM

2

(SP)-79

3

1

Yields and conversions were determined by H NMR applying an internal standard.
b
Corresponds to the sign of the acetamide 68 derivative.

The (SP)-complex 79 led in general to a lower enantioselectivity in the hydrogenation of (E)-N-(1(4-methoxyphenyl)ethylidene)aniline 66. Without additives (entry 1) an almost racemic reaction
product was obtained. TFA as additive improved the observed ee, but had a detrimental
influence on the conversion and yield. TBAI had a slight positive influence on the
enantioselectivity but did not affect the conversion. In combination, the additives restored the
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almost full conversion and improved the enantioselectivity significantly. The change of solvent
further improved the observed ee by a few percent (entry 2, in DCM 25% ee). Exactly the same
influence was observed for the (RP)-complex 79, but higher enantioselectivity was obtained of
the opposite absolute product configuration. While the (SP)-complex 79 best performed in ethyl
acetate or THF, the (RP)-catalyst 79 yielded the best results in dioxane or benzene. Several
other screened additives (iodine, TBAB, TMAF, acetic anhydride and phenyl(benzyl)amine) had
no or a detrimental influence on the reaction. In case of ethyl acetate as solvent, water free
p-toluene sulfonic acid was used instead of TFA to minimize effects of potential transesterification. In situ formation of the (Ph)(CF3)-Xyliphos’ 72a cationic iridium(I) complexes
[Ir(P^P)(cod)]BF4 and their application in the hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66 under identical conditions to entries 1 and 3 led to conversions below 40%.
The hydrogenation of (E)-N-(1-phenylethylidene)aniline 69 applying the optimized reaction
conditions led to almost identical results (Table 24).
Table 24: Reduction of (E)-N-(1-phenylethylidene)aniline 69 applying before optimized reaction conditions.

Conversiona

Yielda

% eeb

TBAI/PTSA

99 %

98 %

42 (B)

TBAI/TFA

90 %

78 %

75 (A)

Entry

Complex

Solvent

Additives

1

(SP)-79

EtOAc

2

(RP)-79

Benzene

a

1

Yields and conversions were determined by H NMR applying an internal standard.
b
As no sign for optical rotation or an absolute configuration could be assigned, the faster eluting
derivatized (acetamide 71) enantiomer in HPLC was assigned with A, the slower with B (see
experimental part).

The data obtained is much more reliable than the results from the screening of the same
substrates applying the CF3-Josiphos-type ligands 56 described earlier in this chapter: Isolated
and defined catalyst precursors were applied, all reaction products were derivatized (acetamide)
prior to analysis preventing overlapping and broadening of peaks. The addition of an internal
standard immediately after the hydrogenation further improved the quality of the data. Although
handling the imines in the glovebox, very short exposures to air, applying distilled solvents and
substrates of excellent purity, in most samples at least traces of remaining starting material were
observed. During work-up of the samples (addition of internal standard, derivatization, filtration
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over silica and evaporation of the solvent) remaining imine partially hydrolyzed, erroneously
indicating higher conversions. This explains the found discrepancies between conversion and
yield.
3.12.6

Conclusion and outlook

P1-CF3 bearing Xyliphos analogs 72 are accessible following the standard procedure already
discussed above: The corresponding PPFA-type P-stereogenic starting material 46 was heated
to 90 °C with bis(3,5-dimethylphenyl)phosphine 73 in acetic acid. The ligands could be mostly
crystallized from boiling ethanol, although significant loss of yield has to be expected. A
convenient but more time consuming approach is the slow diffusion of methanol into a solution
of the crude product in DCM, increasing isolated yields.
The corresponding PtCl2 complexes 22 could be formed, but led only in three cases to suitable
single crystals for X-ray diffraction studies. In the other cases crystallization attempts led to slow
decomposition in solution or the formation of oily droplets. For the accessible X-ray structures,
almost perfectly pseudo-axial orientation of the CH3 moiety and the P1-Rexo vector was found, a
structural property regularly found for all-aryl-substituted complexes. Pt-P1 bond distances
revealed that increased π-back-bonding occurs. This is consistent with the expected electron
poverty of the trifluoromethylated phosphine. The increased Pt-P1 coupling constants for the
trifluoromethylated phosphines support the concluded electron poverty of these ligating atoms.
With increasing P1-Pt coupling constants, the corresponding 1JP2-Pt values decrease due to a
higher p-character of the formed dative bond.
The attempted isolation of a dinuclear chloro-bridged iridium complex [Ir2(P^P)2Cl2] of the
(SP)-(Ph)(CF3)-Xyliphos-type ligand 72a was not yielding the desired product selectively. The
main species turned out to be the catalytically inactive [Ir(P^P)2]Cl complex. However, the
obtained mixtures of 3-4 products were active in the hydrogenation of acyclic imines, but the
conversions were poorly reproducible. The facile isolation of corresponding well-characterized
diene complexes [Ir(cod)(P^P)Cl] changed the focus to them as catalyst precursors. The
dinuclear chloro-bridged complexes would be much easier to activate and would not suffer from
poorly reproducible induction periods at low catalyst loadings as often found for dienecomplexes. These induction periods were mainly found and investigated for rhodium(I)
complexes[117] but may also be present to a lesser extent for iridium(I) complexes.[118]
In the rhodium-catalyzed hydrogenation of dimethyl itaconate it was found that the (Ph)(CF3)ligands 72a led to the most promising results. The RP-configured CF3-bearing ligand (RP)-72a led
to the same result as parent Josiphos 10 yielded: Full conversion and 99% ee. Hence, higher
enantioselectivity than found for parent Xyliphos 75 and CF3-bearing Josiphos-type complexes
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65 was achieved. Remarkably, the 1-mesityl-substituted ligand 72c led to opposite absolute
product configuration and up to 80% ee. However, the reaction was either very slow or the
catalyst deactivated fast, leading to only 30-40% conversion.
The neutral Schrock-Osborn iridium(I) complexes of (Ph)(CF3)-Xyliphos-type ligands (SP)-79 and
(RP)-79 led in general to lower enantioselectivity in the hydrogenation of (E)-N-(1phenylethylidene)aniline 69 and (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66 than before
discussed cationic complexes of electron-poor Josiphos-related ligands 56. However, the
enantioselectivity significantly increased up to 75% ee upon addition of substoichiometric
amounts of TBAI and TFA. The absolute configuration of the phosphine has a strong influence
on the enantioselectivity (with additives, (SP)-79 75% ee (A) and (RP)-79 42% ee (B) for imine
69) and decides about the major product enantiomer formed.
The obtained results are promising and undoubtedly show the potential of P-stereogenic and
partially electron-poor ligands. However, acyclic arylimines are a well investigated class of
substrates and a number of catalysts led to satisfactory activity and enantioselectivity. [119]
Nevertheless, these substrates were chosen to gain a first impression of the catalytic profile of
the new ligand type. But the difficulties encountered during the screening experiments and only
moderate activity and selectivity in a well-developed field of research favored the investigation of
other challenging, less elaborated substrate classes. In chapter 4, the hydrogenation of
1-substituted

3,4-dihydroisoquinolinium

chlorides

(DHIQ

chlorides)

to

corresponding

tetrahydroisoquinolinium chlorides (THIQ chlorides) will be described in more detail.
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3.13

A CF3-P2-stereogenic ligand

3.13.1

Proposed synthetic pathways

The isolation of ligands bearing the P-CF3 moiety on the ethyl side chain was investigated as
well in the course of this thesis. Three synthetic approaches were considered: The direct
substitution of the dimethylamino group on PPFA 14 by a secondary trifluoromethylated
phosphine was expected to suffer from the reduced nucleophilicity of the phosphine (Scheme
50, top).
The second approach, the trifluoromethylation of a secondary P2-phosphine by the acid-derived
CF3 reagent 33, was proposed but not investigated during this thesis (Scheme 50, middle). As
already shown in the introduction, the CH(CH3)-PR2 bond may be cleaved by the hypervalent
CF3 reagents yielding R2P-CF3.[95] This is consistent with the low yields obtained in the
(bis)trifluoromethylation of alkylphosphines.[96] The secondary phosphines would be accessible
by substitution of the dimethylamino group on PPFA 14 applying an excess of a primary
phosphine.[120]
The third approach relies on the Umpolung of 1-methoxyethylferrocene 82 by lithium
naphthalenide[121] and subsequent intermolecular CF3-substitution on a bistrifluoromethylphosphine 26 (Scheme 50, bottom). This approach is in close analogy to before applied
methods to introduce the P1-CF3 moiety. However, the Umpolung-step could never be adapted
to purposes of our group and it remains unclear if the organolithium species is indeed formed by
this method.

Scheme 50: The three proposed synthetic approaches to P2-stereogenic phosphines bearing a CF3 substituent.
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3.13.2

Isolation of the ligand

Preliminary attempts applying phenyl(trifluoromethyl)phosphine 38a as nucleophile on PPFA 14
in acetic acid were not successful. The formation of product traces could be observed, but the
yield to expect was too low to be worth to isolate the compound. The (Ph)(CF3)-phosphine 38a is
volatile and its isolation as pure compound difficult. Therefore, naphthalen-1-yl(trifluoromethyl)phosphine 38b as non-volatile solid allowing purification by chromatography was used for
further attempts. Indeed, after heating the reaction mixture overnight to reflux, the desired
compound 19 could be isolated with yields varying between 14 and 24% (Scheme 50, upper
reaction, R = 1-Np). The P-stereoisomers were formed in a ratio of 1:1.47 (RP:SP). The absolute
configuration of the phosphorus atom was determined by single crystal X-ray diffraction studies
of corresponding Pt(II)Cl2 complexes 20 (see chapter 3.13.3).
The reaction mixture turned frequently blue-greenish despite refluxing under an argon
atmosphere. This points at oxidation of the ferrocene core to the ferrocenium species. The
P-diastereoisomers 19 could not be separated by column chromatography and the small
amounts of isolated product did not allow efficient crystallization attempts. Hence, the separation
was achieved by chiral preparative HPLC, only combining pure fractions. The ligand was named
Tobiphos, referring to Tobias Kümin who isolated these ligands during his semester project.
Several attempts to improve the reaction procedure failed: Inverse addition, continuous addition
of one starting material and varying reaction temperatures and durations were not yielding more
of the desired product.
The third approach via Umpolung of 1-methoxyethylferrocene 82 was briefly investigated for the
sake of completeness (Scheme 50, bottom). As it could be assumed, the reaction did not lead to
the desired product.
3.13.3

Complexation and structural properties

The platinum(II) chloride complexes 20 could be isolated for both ligand stereoisomers (SP)-19
and (RP)-19. Suitable single crystals for X-ray structure elucidation were obtained after several
attempts and allowed the assignment of the absolute phosphorus configuration (Figure 42).
Traces of remaining or newly formed ferrocenium byproduct or other paramagnetic species led
to broadened signals in badly resolved NMR spectra.
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Figure 42: ORTEPIII plots of the obtained platinum(II) chloride complexes 20 with thermal ellipsoids set to 50%
probability. The left complex was assigned as RP- and the right as SP-configured.

It is remarkable how strong these two compounds deviate from a structural point of view. The
(SP)-complex 20 adopts a geometry found for the common transition-metals cloud (see Chapter
1.2.4), while the (RP)-analog shows a descending metal plane and a pseudo-axial methyl group.
This compound clearly adopts a geometry found for ligand complexes bearing all-aryl or
phosphacyclic substituents (Table 25).
Table 25: Structural properties of the two P2-stereogenic platinum(II) chloride complexes 20.

(RP)-complex 20

Parameter

(UNP27)

(SP)-complex 20
(UNP28)

α1 (Pt1 / Pt2)

-84.17 / -92.49 °

-23.67 °

α2 (Pt1 / Pt2)

88.55 / 85.58 °

-0.95 °

P1-Pt1 / P3-Pt2

2.2325(9) / 2.2403(10) Å

2.2451(11) Å

P2-Pt1 / P4-Pt2

2.2289(11) / 2.2374(11) Å

2.2122(11) Å

-17.32 / -19.29 °

26.09 °

95.73(4) / 94.28(4) °

96.92(4) °

360.43 / 360.09 °

360.00 °

Cp-M Incl.
P1-Pt1-P2 / P3-Pt2-P4
Sum around Pt
a

a

The sum of all four bond angles around the central atom are a measure for distortion of planarity.

The influence of the CF3-substitution led in this case to a shorter P2-Pt bond compared to P1-Pt
despite the electron-donating alkyl substituent. The coordination geometry remains planar and
the bite angles are close to that of the parent [Pt((R,S)-Josiphos)Cl2] complex (95.2(1)°).[29]
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Table 26: Pt-P coupling constants as a measure of the electronic properties of the phosphorus atoms.

Compound

R1

R2

R3

(SP)-20

Ph

1-Np

(RP)-20

Ph

10*PtCl2[29]

Ph

1

JP-Pt PPh2

1

CF3

3264 Hz

3753 Hz

CF3

1-Np

3319 Hz

3692 Hz

Cy

Cy

3552 Hz

3559 Hz

JP-Pt P2

As expected, the trifluoromethylated phosphine (now P2) couples more strongly with the
platinum core and can therefore be described as the more electron-poor ligating atom with
increased π-back-bonding. The decreased coupling constants for P1 compared to the complex
of the parent Josiphos may be explained by reduced electron density on the central metal core,
resulting in a dative bond between P1 and the Pt-atom of increased p-character.
3.13.4

Conclusion and outlook

It could be proved that the corresponding P2-trifluoromethylated ligands are accessible, but the
low yields and the laborious separation of the P-stereoisomers by preparative HPLC hampers
further investigations. The oxidation of the ferrocene iron core points at degradation of the
secondary trifluoromethylated phosphine forming a strongly oxidizing species.
If the steric bulk of the 1-naphthyl moiety slows the reaction remains unclear as the above
reported ligands 19 are the first isolated P2-trifluoromethylated representatives. The application
of the sterically less demanding 2-naphthyl(trifluoromethyl)phosphine could answer this question
in further studies.
The two Pt(II)Cl2 complexes 20 of the isolated Tobiphos P-stereoisomers 19 strongly deviate
from a conformational point of view, in strong contrast to the so far isolated P1-CF3
stereoisomers. Hence, the catalytic profile for the corresponding transition-metal complexes
would be an interesting task to compare. The second synthetic approach discussed above, the
trifluoromethylation of a secondary P2-atom, possibly leads to higher yields and should be
verified before other synthetic attempts are considered. However, due to the low yields and the
laborious purification, the project was not further pursued.
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3.14

Preliminary summary about ligand synthesis

The most promising synthetic approach to P-stereogenic CF3-bearing compounds of PPFA-type
46 remains the nucleophilic displacement of a trifluoromethyl group on bistrifluoromethylated
phosphines 26 by lithiated Ugi-amine.[98] Corresponding chlorophosphines could be formed, but
with poor selectivity. The small reaction scales and the high volatility of the product hampered its
proper isolation. Nevertheless, impure samples of phenyl(trifluoromethyl)chlorophosphine 57a
led up to 60% isolated yield of the desired PPFA-type compound 46a upon treatment with
lithiated Ugi-amine.
All P1-stereogenic P,P-ligands (56 and 72) described in this thesis could be isolated after
treating the P-stereogenic PPFA analogs 46 in acetic acid at 90 °C with the corresponding
secondary phosphines. At reaction temperatures at or below 90 °C, no epimerization was
observed. All Josiphos-type ligands bearing the P-CF3 moiety 56 turned out to be oxygen
sensitive. The (Ph)(CF3)-stereoisomers 56a were the least sensitive and could both be isolated
and stored at least several weeks without significant oxidation. All other (SP)-Josiphos-type
ligands 56 could not be isolated without formation of relevant amounts of oxide and gradually
oxidized as a solid if exposed to air. All RP-configured ligands 56, except the phenyl-substituted
representative 56a, oxidized in a few minutes completely. The corresponding Xyliphos analogs
(P2Xyl2) 72 were much more robust and for most representatives, even the (RP)-ligand could be
isolated and reasonably handled in air.
Trifluoromethylated ligating phosphines clearly led to shorter P-Pt bond lengths and increased
1

JP-Pt coupling constants in their PtCl2 complexes compared to the second phosphine and the

parent ligand complexes. This is consistent with the expected intensified π-Pt-P back-donation.
The formation of Schrock-Osborn-type iridium(I) complexes of both ligand series turned out to be
unproblematic but were highly air-sensitive in case of Josiphos-related ligands 56. Dinuclear
chloride-bridged complexes for Xyliphos analogs 72 were not accessible.
The hydrogenation of two acyclic arylimines revealed only moderate activity presumably due to
inhibition of the catalyst by the formed secondary amines. Nevertheless, the absolute
configuration of the phosphorus atom (P1) decides on the absolute configuration of the major
product enantiomer formed in the reaction. The hydrogenation of (E)-N-(1-(4-methoxyphenyl)ethylidene)aniline 66 led to 90% ee (+) when [Ir((SP)-(Ph)(CF3)-Josiphos 56a)(cod)]BF4
was applied and 60% ee (-) were obtained applying the corresponding complex with inverted
absolute phosphorus configuration. Analogous cationic Xyliphos-type complexes were much
less active while their neutral chloride complexes led to high activity but lower enantioselectivity.
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The P-stereogenic (RP)-(CF3)(Ph)-Xyliphos 72a analog measures up to the performance of
original Josiphos 10 in the enantioselective rhodium-catalyzed hydrogenation of DMI (full
conversions, 99% ee) and clearly exceeds the results obtained with parent Xyliphos 75.
Two ligands bearing the stereogenic P-CF3 moiety on the ethyl side chain were accessible by
direct substitution of the dimethylamino group on PPFA 14 with (1-Np)(CF3)PH 38b. However,
the yields were low and poorly reproducible. Both P-stereoisomers of 19 were formed (SP:RP
1.47:1) and had to be separated by chiral preparative HPLC. The platinum chloride complexes
20 of the two stereoisomers showed a strongly differing conformation in the solid state.
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4

Hydrogenation of DHIQ and DHC chlorides

4.1

Tetrahydroisoquinolines as abundant motif in nature

Hundreds of alkaloids and other biologically active natural products bearing the 1,2,3,4tetrahydroisoquinoline

(THIQ)

motif

as

integral

building

block

were

isolated

and

characterized.[122] Their stereogenicity mostly arises due to a third substituent in position 1.[123] A
broad range of structurally closely related compound classes were found as well in nature, thus
making THIQs also valuable intermediates in the synthesis of other complex structures. Rice
and co-workers isolated morphine after 16 synthetic steps, including the reduction of a DHIQ to
an intermediary THIQ, commencing from small and commercially available starting materials
(Figure 43).[124]

Figure 43: From left to right: (S)-salsolinol (a THIQ), (R)-tetrahydroharmine (a 2,3,4,9-tetrahydro-β-carboline) and a
part of the non-stereoselective, total synthetic approach to morphine (an opioid) from Rice et al.

[124]

Before 2006, most synthetic approaches to stereogenic THIQs mainly relied on diastereoselective reaction steps with subsequent cleavage of the chirality inducing moiety.
Hydrogenations were as well mainly applied on unsaturated substrates already bearing a
stereogenic moiety.[123]

4.2

Hydrogenation of DHIQs: State of the art

It is a fact that the enantioselective hydrogenation of isoquinolines and 3,4-dihydroisoquinolines
(DHIQ) would be the most straightforward approach to stereogenic THIQs. This holds
particularly in consideration of the readily accessibility of corresponding substrates by cyclodehydration of related amides (see as well chapter 4.5).
However, the enantioselective hydrogenation of isoquinolines and DHIQs remained for a long
time ineffective and still offers manifold challenges to tackle. [125] The activity of most catalysts
was disappointingly low, more harsh conditions and prolonged reaction times did not significantly
improve the performance of most catalytic systems. The first few turnovers indeed formed the
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highly basic secondary alkylamines as desired reaction product and it was reasoned that these
amines coordinate to the active metal core, suppressing any further reduction of substrate.
In 2006, Zhou and co-workers reported the successful hydrogenation of 1- and 2-substituted
isoquinolines and quinolines by common iridium(I) complexes, respectively. Chloroformates and
inorganic bases were added to the reaction mixture, serving a dual purpose. The formation of
iminium carbamates activates the substrate towards reduction and prevents the liberation of the
free and highly basic product after the reaction (Scheme 51).[126] The strongly reduced basicity of
derivatized products circumvents strong coordination to the catalyst, favoring instead further
reduction cycles.

Scheme 51: Hydrogenation of isoquinolines activated by chloroformates as described by Zhou et al.

[126]

Zhang et al. reduced a series of 1-substituted 3,4-dihydroisoquinolines, applying dinuclear iodide
bridged iridium(III) hydride complexes of f-binaphane. The addition of elemental iodine was
crucial for high activity and enantioselectivity.[127]

Scheme 52: Enantioselective hydrogenation of DHIQs applying Ir(III) hydride complexes of f-binaphane.

Zhou and co-workers soon expanded the substrate scope to 3,4-disubstituted isoquinolines.
After exhaustive screening, iridium(I) complexes of (R)-Synphos in combination with an oxidizing
additive (BCDMH, 10 mol-%) was found to facilitate the hydrogenation of these 3,4-disubstituted heteroarenes under relatively mild conditions with up to 93% ee at full conversion. The
reaction proceeded well without in situ derivatization of the formed product (Scheme 53).[128]
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Scheme 53: Reduction of 3,4-disubstituted isoquinolines under mild conditions without necessity of in situ product
derivatization if BCDMH is added.

[128]

The seminal reports of Zhou et al. stimulated further developments in the hydrogenation of this
intriguing substrate class. In 2012, Ratovelomanana-Vidal and co-workers reported excellent
activity and selectivity in the hydrogenation of 1-aryl-substituted DHIQs, applying iridium(I)
Synphos complexes in presence of tosyl chloride and proton sponge to quench in situ the
formed product. Methyl substituents were tolerated almost in any position and had only a minor
influence on the outcome of the reaction (Scheme 54).[129]

Scheme 54: Ratovelomanana-Vidal’s approach to trap the reaction product by tosyl chloride.

[129]

Solifenacin, an FDA approved urinary antispasmodic drug to treat overactive bladders, is sold as
(1S)-enantiomer only. However, the intermediate 1-Ph-DHIQ 83a is reduced in a nonstereoselective manner, forming the THIQ 84a as a racemate. The enantiomers are separated
by crystallization as tartrates. Aiming for an enantioselective reduction, Ru i and co-workers
reported optimized conditions for the asymmetric hydrogenation of 1-phenyl-3,4-dihydroisoquinolinium chloride 83a*HCl (Scheme 55).[130]
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P-Phos, again an atropisomeric ligand, led to the most promising results among 21 screened
ligands under standardized reaction conditions (in situ formed [Ir(cod)(P^P)Cl], S/C 43:1, DCE,
50 °C, 30 bar H2, 3 h; >95% conversion and >80% ee). (R,S)-Josiphos 10 proved to form only a
moderately active and poorly selective catalyst under identical conditions (~60% conversion and
~30% ee). After an extensive screening for optimized reaction conditions applying the iridium(I)
P-Phos chloride complex, 95% isolated yield and 97% ee were achieved on 200 g scale.
However, 1-2 equivalents phosphoric acid had to be added, increasing the enantiomeric excess
from ~90% to 97%.

Scheme 55: The enantioselective hydrogenation of 1-Ph-DHIQ chloride 83a*HCl and the synthetic approach to
Solifenacin.

[130]

In 2013, the sucessful reduction of 1- and 3-substituted isoquinolines was reported, as well by
Zhou and co-workers.[131] Iridium(I) TunePhos complexes were most effective, yielding the
THIQs nearly quantitatively and the obtained enantiomeric excesses ranged from 70 to 96% for
various aryl- and alkyl-substituted substrates. Benzyl bromides were added to the reaction
mixtures forming the activated benzyliminium species which led upon reduction to the benzyl
protected tertiary amines (Scheme 56).

111

Hydrogenation of DHIQ and DHC chlorides

Scheme 56: The enantioselective hydrogenation of 1- and 3-substituted benzylisoquinolinium substrates with
moderate to high enantioselectivity applying TunePhos complexes.

[131]

Also in 2013, Mashima and co-workers reported the enantioselective hydrogenation of 1-, 3- and
1,3-substituted isoquinolinium chlorides (Scheme 57). Dinuclear chloride bridged iridium(III)
hydride complexes of Difluorphos facilitated the reduction of the hydrochlorides, the cheapest
and simplest activating and protecting group so far applied. All free THIQs were isolated after
simple basic extraction in nearly quantitative yield and enantioselectivities ranging from 79 to
99% ee.[132]

Scheme 57: Protonation activates the substrate towards hydrogenation and prevents after reduction the coordination
of the product to the active metal core.

[132]

Several further reports were dealing with the enantioselective hydrogenation of isoquinolines
and DHIQs, including ruthenium-catalyzed transfer hydrogenations,[133] but the above discussed
most recent and seminal contributions describe comprehensively the state of the art and trends
at the end of 2013. More detailed reviews about the hydrogenation of heteroarenes may be
consulted for related compound classes and further information.[119a, 134]

4.3

Hydrogenation of DHCs: State of the art

The successful enantioselective hydrogenation of DHCs was reported many years before DHIQs
became amenable substrates, reaching full conversion and good to excellent enantioselectivities
under mild conditions. However, the asymmetric reduction was described only by a few reports,
partially applying rather uncommon approaches (e.g. reduction by extracts from earthworms and
NADPH[135]). Hence, β-carboline structures remain interesting substrates and would offer a
broad range of potential applications.
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In 1996, Noyori and co-workers reduced 1-phenyl- 85a and 1-methyl-4,9-dihydro-β-carboline
85b under conditions classically found for transfer hydrogenations. [Ru(TsDPEN)(p-cymene)Cl]
catalyzed the reaction, applying a 5:2 mixture of formic acid / triethylamine as hydrogen source
(Scheme 58).[136]

Scheme 58: Noyori‘s transfer hydrogenation of 1-substituted 4,9-dihydro-β-carbolines.

[136]

Morimoto and co-workers reported in 2004 the iridium-catalyzed hydrogenation of 1-methyl-4,9dihydro-β-carboline 85a and 4,9-dihydroharmine 87, using BINAP 9 as ligand. Moderate
enantioselectivities could be significantly improved by addition of substoichiometric amounts of
rather uncommon additives like BiI3 or F4-phthalimide (Scheme 59).[137]

Scheme 59: Morimoto‘s hydrogenation of 4,9-dihydro-β-carbolines with iridium BINAP complexes.

[137]

Xiao reported the asymmetric hydrogenation of 1-substituted DHCs 85, obtaining excellent
activity and stereoselectivity applying [Rh(TsDPEN)(Cp*)]SbF6 as catalyst. All substrates were
reduced yielding 96-99% ee at full conversion after less than five hours under 20 bar hydrogen
pressure.[138]
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4.4

Aim of this project part

Despite the recent advances in the field of homogeneous enantioselective hydrogenation of
dihydroisoquinolines and isoquinolines, they remain challenging substrates. In particular the
enantioselective reduction of readily accessible 3,4-dihydroisoquinolines is still sparsely
explored. Ligands leading to active and highly selective catalysts remain limited to a very few
atropisomeric representatives.
Free 1-substituted DHIQs 83 are readily protonated by acids (pKa of 1-aryl-substituted DHIQ
chlorides in water ~5 to ~7). The resulting dihydroisoquinolinium species 83*HX are activated
towards hydrogenation and upon reduction the formed ammonium ions are incapable of forming
strong dative bonds to the active metal core. Hence, hydrochlorides may be an excellent and
cheap substitute for before mentioned activating and derivatizing agents. To the best of our
knowledge, there are no reports about their enantioselective hydrogenation, except the work on
1-phenyl-DHIQ chloride 83a*HCl reported by Ru i et al.[130] Obtained THIQ chlorides 84*HCl
are conveniently deprotected by basic work-up.
The enantioselective hydrogenation of 1-substituted DHIQ chlorides 83*HCl applying the new
P-trifluoromethylated, electron-poor Xyliphos analogs 72 was devised as a central goal of the
thesis at hand. The catalytic profile should be investigated, comparing the achieved activity and
enantioselectivity with the parent Xyliphos 75. The identification of criteria for superior results
may shed light on the advantages of the new ligand type. Closely related substrates, such as the
1-substituted 4,9-dihydro-β-carbolines (DHC) 85, were also of considerable interest and should
be included in the screening.

114

Hydrogenation of DHIQ and DHC chlorides

4.5

Substrate and racemic reference synthesis

4.5.1

Synthesis of DHIQ and DHC chlorides

1-Substituted 3,4-dihydroisoquinolines 83 and 4,9-dihydro-β-carbolines 85 are readily accessible
by cyclodehydration of corresponding β-phenylethylamides 89 or tryptamine amides 90,
respectively. Bischler and Napieralski introduced in 1893 this approach, applying diphosphorus
pentoxide as dehydrating agent in a melt of the corresponding amide (Scheme 60).[139]

Scheme 60: Intramolecular condensation of β-arylethylamides 89 and tryptamine amides 90 leading to DHIQs 83 and
DHCs 85, respectively.

Today, the reaction is commonly performed in a high boiling solvent, applying a broad range of
potential dehydrating agents. The most common reagents are diphosphorus pentoxide and
phosphoryl trichloride, also often in combination. Further frequently used reagents are
phosphorus pentachloride, oxalyl chloride, sulfonyl chloride, polyphosphoric acid, zinc chloride,
without claiming to be a complete listing. Some reaction procedures even start from the
carboxylic acid and the amine, forming in situ the amide in a first dehydrating step. The amide
subsequently cyclizes to the desired DHIQ in a second dehydrating step.[140]
Movassaghi and co-workers reported a very mild approach to DHIQs and related structures,
applying triflic anhydride and 2-chloropyridine on β-arylethylamides 89 and tryptamine amides
90. The dehydration occurs already at room temperature or gentle reflux in DCM at 40 °C. High
functional group tolerance was demonstrated by the broad scope of applied amides.[141]
Most DHIQs 83 investigated in this work were isolated starting from the amides 89 applying
either a mixture of POCl3 and P2O5 (method A) or following Movassaghis procedure (method B).
Only 1-methyl-4,9-dihydro-3H-pyrido[3,4-b]indole 85b was directly obtained by condensation of
acetic acid with tryptamine in PPA (method C). The crude reaction products were immediately
protonated by hydrogen chloride in diethyl ether, hydrogen iodide or hexafluorophosphoric acid
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in water and purified by crystallization, precipitation or chromatography. Table 27 summarizes all
the isolated DHIQ and DHC species, stating the applied method, the counter ion and the
obtained yield.
Table 27: Isolated DHIQ 83 and DHC compounds 85 specifying the applied dehydration method, the counter ion and
the obtained yield.

Entry

a

R1

R2

R3

X

Method

Yield %

1

83a*HCl

Ph

H

H

Cl

A

81

2

83a*HI

Ph

H

H

I

A

82

3

83a*HPF6

Ph

H

H

PF6

A

64a

4

83b*HCl

Me

H

H

Cl

A

50

5

83c*HCl

Bn

H

H

Cl

B

59

6

83d*HCl

iPr

H

H

Cl

A

71a

7

83e*HCl

4‘-MeOPh

H

H

Cl

B

39

8

83f*HCl

2‘-MePh

H

H

Cl

A

67b

9

83g*HCl

4‘-BrPh

H

H

Cl

A

55

10

83h*HCl

4‘-CF3Ph

H

H

Cl

B

84

11

83i*HCl

4‘-COOMePh

H

H

Cl

B

71

12

83j*HCl

Ph

OMe

OMe

Cl

A

75c

13

83k*HCl

3‘,4‘,5‘-OMePh

OMe

OMe

Cl

B

89c

14

83l*HCl

Ph

OMe

H

Cl

B

80c

15

85a*HCl

Ph

-

-

Cl

A

56e

16

85b*HCl

Me

-

-

Cl

C

14d

Highly hygroscopic, handled in the glovebox.
EA (C, H, N content) and later obtained yields in screening reactions revealed only ~90% purity in
absence of significant impurities in NMR spectroscopy and HPLC.
c
Light sensitive, strong yellow coloration of product if exposed to light.
d
Poor quality of applied tryptamine.
e
Obtained as 2-propanol solvate.
b
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The synthethic procedures to all DHIQ chlorides 83*HCl and DHC chlorides 85*HCl were not
optimized, following before discussed general methods rather than individual literature
procedures. Chromatography of the free DHIQs 83 and subsequent precipitation of the
hydrochlorides 83*HCl could improve obtainable yields. In most cases, direct precipitation of the
hydrochloride from a solution of the crude free base in diethyl ether did not yield a suitable
precipitate. In these cases, the solvent was evaporated and the product precipitated from a
solution in DCM or chloroform by dropwise addition of an alkane or ether.
Attempts to isolate the unprecedented 7-(methoxycarbonyl)-1-phenyl-3,4-dihydroisoquinoline
83m failed. The corresponding methyl 2-(4-(methoxycarbonyl)phenyl)ethanaminium chloride
93*HCl was isolated in two steps,[142] starting from methyl 4-(bromomethyl)benzoate 91. The
amide 89m was smoothly formed with benzoyl chloride, but the subsequent cyclization by both
methods (A and B, POCl3/P2O5 and Tf2O) was sluggish and led to partial decomposition
(Scheme 61).

Scheme 61: The isolation of the 7-COOMe-1-Ph-DHIQ 83m failed in the last step.

The formation of 1-substituted 4,9-dihydro-β-carbolines 85 was possible by the same methods
as applied for the isolation of DHIQs 83a-l. However, poor quality of applied tryptamine rendered
the purification a very laborious task. The in situ liberation of tryptamine from its shelf stable
hydrochloride could be advantageous. An alternative mild and convenient procedure promising
good yields for the isolation of DHCs was reported by Prati and co-workers.[143] Chlorine oxidizes
triphenylphosphite to dichlorotriphenoxyphosphorane which dehydrates tryptamine amides 90 to
the desired DHC 85 with little experimental cost.
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4.5.2

Synthesis of racemic references

To establish analytics for the screening samples, all racemic THIQ chlorides 84*HCl and THC
chlorides 86*HCl were prepared. The direct reduction of the DHIQ chlorides 83*HCl and DHC
chlorides 85*HCl was achieved in a few cases by palladium on charcoal under hydrogen
atmosphere. The pure product was conveniently obtained by filtration and evaporation of the
solvent (method A). Unfortunately, in several cases a sluggish conversion was observed even at
100 bar hydrogen pressure overnight. Hence, most samples were reduced by sodium
borohydride, requiring subsequent reprotonation (method B). However, all corresponding THIQ
chlorides 84*HCl and THC chlorides 86*HCl were obtained as colorless solids. Split and
broadened signals in NMR spectroscopy pointed at dynamic behavior for most THC and THIQ
chlorides in solution.
Table 28: Isolated racemic THIQ chlorides 84*HCl and THC chlorides 86*HCl with the applied method for reduction
and the obtained yield.

a

Entry

Substrate

R1

R2

R3

Method

Yield %

1

84a*HCl

Ph

H

H

A

90

2

84b*HCl

Me

H

H

A

88

3

84c*HCl

Bn

H

H

B

72

4

84d*HCl

iPr

H

H

A

79

5

84e*HCl

4‘-MeOPh

H

H

B

89

6

84f*HCl

2‘-MePh

H

H

B

82

7

84g*HCl

4‘-BrPh

H

H

B

88

8

84h*HCl

4‘-CF3Ph

H

H

B

49

9

84i*HCl

4‘-COOMePh

H

H

B

61

10

84j*HCl

Ph

OMe

OMe

B

86

11

84k*HCl

3‘,4‘,5‘-OMePh

OMe

OMe

B

51a

12

84l*HCl

Ph

OMe

H

B

74

13

86a*HCl

Ph

-

-

B

44

14

86b*HCl

Me

-

-

B

64

The N-methyl product was isolated from certain orchidaceous species and named
[144]
Cryptostyline III.
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Due to poor separation of the 2’-MePh-THIQ enantiomers 84f on available chiral stationary
HPLC phases the corresponding acetamide 94 was analyzed.
1-Phenylisoquinoline 95 was isolated after thermal treatment of 1-Ph-DHIQ 83a with palladium
on charcoal[145] as reference for the potentially occurring hydrogen elimination on the DHIQs.
However, none of the screening products revealed even traces of these potential side products.

4.6

Electron-poor Xyliphos analogs in the reduction of DHIQs and DHCs

4.6.1

Optimization of reaction conditions

For details about the experimental set up of screening reactions see subchapter 6.13 in the
experimental part. The reaction conditions were optimized for 1-Ph-DHIQ chloride 83a*HCl only
and finally applied for all isolated DHIQs and DHCs. All screening reactions were repeated at
least once. In case of significantly deviating but low values for enantioselectivity and conversion,
no further runs were performed. The reproducibility for high conversions and enantioselectivity
was in general good to excellent. However, in case of deviating but promising results, the
reactions were repeated at least once more to find a reliable value. As all preceding experiments
revealed best enantioselectivity for the Ph(CF3)P1-Xyliphos-type ligands 72a, only these were
applied as their isolated [Ir(P^P)(cod)X] precatalysts. Concomitant to the screening of the
partially electron-poor ligands, parent Xyliphos 75 was screened as well under identical
conditions in the same autoclave for comparison of obtained results.
All ee-values stated in the following were determined by HPLC on chiral phase if not otherwise
denoted. For every substrate the reaction product with the highest enantiomeric excess was
purified prior to the determination of the polarimetric sign and subsequent assignment of the
HPLC peaks. The signs for the hydrochlorides are given if not stated otherwise. The protonated
reaction products were first treated with base prior to injection into HPLC. 1,3,5-Trimethoxybenzene was added after the hydrogenation as internal standard to each sample. Conversions
and yields were determined by integration of well separated characteristic signals in 1H NMR
spectra. For further details consult the experimental part, chapter 6.13.2.
The solvent effect was investigated first, performing the enantioselective hydrogenation in a
series of common solvents (Table 29).
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Table 29: NMR-yields and ee-values for the reduction of 1-Ph-DHIQ chloride 83a*HCl under standardized reaction
conditions in a range of solvents.

Yielda % K1/K2

ee % K1/K2

DCM

99 / 99

85 (-) / 28 (-)

2

EtOAc

99 / 98

69 (-) / 10 (+)

3

MeOH

99 / 99

87 (-) / 17 (-)

4

THF

95 / 97

72 (-) / 4 (+)

5

Benzene

97 / 96

71 (-) / 16 (+)

6

2-Propanol

99 / 99

96 (-) / 23 (-)

Entry

Solvent

1

7

D2O

8

2-Propanol (K3)

a

b

0 /-

-/-

99

84 (-)

1

Determined by H NMR with internal standard. Quantitative yields are stated as
99%.
b
Possibly due to very low solubility of the precatalyst.

The catalyst complex of the (SP)-Xyliphos analog (SP)-72a led in general to more pronounced
enantiocontrol than the complex of its (RP)-stereoisomer (RP)-72a. Best results concerning
enantioselectivity and conversion were obtained in 2-propanol. With 96% ee at full conversion
(entry 6), the complex of the electron-poor ligand (SP)-72a exceeded significantly the
performance of the parent, more electron-rich, Xyliphos complex 76 (entry 8).
Starting material and product were in all solvents poorly soluble at room temperature, except in
methanol and D2O. Hence, dissolution of the starting material in the corresponding solvent may
be a further parameter influencing the progress of the reaction. However, at 55-60 °C 1-PhDHIQ chloride 83a*HCl was almost completely soluble at ~0.5 M in 2-propanol (attempted
substrate concentration).
Further experiments aiming for an optimization of pressure, temperature, and reaction time were
rather unfruitful. The obtained results were reproducible, but clear influences could not be
recognized (Table 30). However, it is obvious that shorter reaction times could be chosen,
yielding usually full conversion but by trend lower enantioselectivity. Two hours seem to be the
minimal reaction time for the investigated substrate as conversion and yield were not anymore
accurately reproducible (entry 7). This may be attributed among other potential parameters to
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varying induction periods. Lower hydrogen pressures seem to be sufficient for full conversion as
well, but leading by trend also to lower enantioselectivity. The reaction temperature on the other
hand had a striking effect on the catalysts activity (entries 1 and 2). At room temperature and
100 bar hydrogen pressure, only 14% conversion were observed after 24 hours. Heating the
autoclave to 55-60 °C, the reaction seems to reach virtually full conversion in 2-3 hours. It could
be further shown that at 65 °C and 1 bar absolute hydrogen pressure the reaction proceeds as
well, reaching ~30% conversion in five hours. However, the obtained enantioselectivity was
lower (92% ee (-)) and the reaction slows significantly over time (entry 8).
Table 30: Summary of the optimization experiments for reaction pressure, reaction temperature and reaction duration.

Temperature
°C

Pressure
bar

Reaction time
h

Conversiona
%

Yielda
%

ee
%

1

RT

100

24

14

14

-

2

55-60

100

24

99

99

96 (-)

3

55-60

100

8

99

99

92 (-)

4

55-60

100

4

99

99

92 (-)

5

55-60

50

24

99

97

95 (-)

6

55-60

50

4

99

99

88 (-)

7

55-60

50

2

≤99

≤92

93 (-)

65

1

5

~30

-

92 (-)

Entry

8
a

1

Determined by H NMR applying an internal standard.

The decreasing enantioselectivity upon shortening the reaction time may appear illogical as
control experiments applying the racemic product 84a*HCl and precatalyst (SP)-79 under
identical conditions did not reveal any reversibility of hydrogen addition in position 1. Further
lowering the catalyst loading led to poorly reproducible conversions and significantly lower
enantioselectivity (S/C 4000/1, [Ir(cod)((SP)-79)Cl], 66% yield and 80% ee (-)).
A series of 1-substituted DHIQ chlorides 83*HCl bearing varying substituents and substitution
patterns were screened, applying the initial reaction conditions, usually facilitating full conversion
(0.5 M substrate in 2-propanol, 0.5 mol-% precatalyst, 100 bar hydrogen, 55-60 °C, 24 hours).
The obtained data is discussed in the following chapter.
121

Hydrogenation of DHIQ and DHC chlorides
4.6.2

Screening of isolated DHIQ and DHC chlorides

All DHIQ chlorides 83*HCl and DHC chlorides 85*HCl were applied in the hydrogenation
screening under standardized reaction conditions (Table 31).
Table 31: Summarized ee-values and NMR yields for the hydrogenation screening of DHIQ and DHC chlorides.

a

Yielda %

ee %

K1/K3

K1/K3

H

99 / 99

96 (-) / 84 (-)

H

H

99 / 99

28 (+) / 50 (+)

Bn

H

H

99 / 99

29 (-) / 38 (-)

83d*HCl

iPr

H

H

99 / 99

92 (+) / 85 (+)

5

83e*HCl

4‘-MeOPh

H

H

99 / 99

90 (-) / 90 (-)

6

83f*HCl

2‘-MePh

H

H

90 / 90b

95 (-) / 95 (-)c

7

83g*HCl

4‘-BrPh

H

H

99 / 99

90 (-) / 83 (-)

8

83h*HCl

4‘-CF3Ph

H

H

98 / 99

90 (-) / 82 (-)

9

83i*HCl

4‘-COOMePh

H

H

98 / 99

92 (-) / 82 (-)

10

83j*HCl

Ph

OMe

OMe

98 / 99

30 (-) / 46 (-)

11

83k*HCl

3‘,4‘,5‘-OMePh

OMe

OMe

99 / 89

51 (+) / 33 (+)

12

83l*HCl

Ph

OMe

H

98 / 97

77 (+) / 77 (+)

d

Entry

Substrate R1

R2

R3

1

83a*HCl

Ph

H

2

83b*HCl

Me

3

83c*HCl

4

13

85a*HCl

Ph

-

-

85 / 92

85 (+) / 67 (+)

14

85b*HCl

Me

-

-

86 / 89

rac. / 5 (n.d.)

1

Yield determined by H NMR applying an internal standard.
b
As already mentioned, the purity of the substrate was around 90%. The contamination could not be
separated and was invisible in NMR spectroscopy and HPLC.
c
ee and sign of optical rotation determined of the acetamide 94.
d
Substrates 2-propanol solvate.

Applying the partially electron-poor (SP)-Ph(CF3)-Xyliphos-type ligand (SP)-72a gave superior
results for several screened substrates, compared to parent Xyliphos 75. Only 1-Me-DHIQ
chloride 83b*HCl, 1-Bn-DHIQ chloride 83c*HCl and 6,7-OMe-1-Ph-DHIQ chloride 83j*HCl are
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preferentially reduced by Xyliphos complex 76, obtaining higher enantioselectivity (entries 2, 3
and 10). In some cases, virtually the same activity and selectivity was observed (entries 5, 6,12
and 13).
A clear trend to describe the reaction profile of the chloroiridium(I) cyclooctadiene complex
(SP)-79 with the new ligand ((SP)-72a) is difficult to extract from obtained data. However, the
partially electron-poor ligand (SP)-72a performs by trend better in the hydrogenation of
substrates bearing sterically bulky substituents in position 1 (iPr/Ph vs. Me/Bn, entries 1 and 4
vs. entries 2 and 3). Furthermore, electron-rich DHIQ cores seem to have a detrimental effect on
the enantioselectivity (entries 1 and 10-12). A correlation between the logarhitm of obtained e.r.
and Hammett-parameters seems to be absent.
No evidence was encountered for further reduction of the THC chlorides 86a,b to corresponding
hexahydro-β-carbolines with reduced pyrrole moiety.
It has to be highlighted that the report at hand describes the first successful application of a
stereogenic ligand bearing central and planar chiral elements (but no atropisomerism) in the
hydrogenation of dihydroisoquinoline species. Almost the same activity and selectivity is
obtained in the hydrogenation of 1-Ph-DHIQ chloride 83a*HCl applying the electron-poor (SP)Ph(CF3)-Xyliphos-type ligand (SP)-72a as reported by Ru i

and co-workers for P-Phos.[130]

However, no additives (H3PO4) are necessary though these could potentially further improve the
reactions performance. Individual optimization of reaction conditions for every substrate and
screening of all isolated ligands of Xyliphos-type 72 leaves room for further improvements.
4.6.3

Hydrogenation of free 1-Ph-DHIQ

The hydrogenation of free 1-phenyl-DHIQ 83a was investigated as well, applying the same
catalysts under identical conditions. Conversions, yields and enantiomeric excesses are much
lower than the ones obtained for the corresponding hydrochloride (Table 32). Hence, the
activation of the substrate and / or product derivatization is necessary in order to obtain high
activity and enantioselectivity in the applied catalytic system. Furthermore, the inverted
enantioselectivity is remarkable, yielding the opposite configured enantiomer as major product
compared to the application of the hydrochloride.

123

Hydrogenation of DHIQ and DHC chlorides
Table 32: Hydrogenation of 1-phenyl-3,4-dihydroisoquinoline 83a is not efficiently catalyzed by neutral Xyliphos-type
iridium(I) complexes.

Precatalyst

Conversiona %

Yielda %

ee %b

1

K1

25

25

30 (+)

2

K2

18

18

16 (-)

K3

78

79

21 (+)

Entry

3
a

1

Determined by H NMR applying internal standard.
b
The sign for optical rotation of the hydrochloride is given even though the
free base was applied. This is due to the assignment of the HPLC peaks by
the sign of the hydrochloride.

4.6.4

Recrystallization attempts

All investigated THIQ chlorides 84a-l are highly crystalline solids and may be recrystallized from
polar solvents as already reported by Ru i

et al. for 1-phenyl-THIQ chloride 84a.[130] Slow

crystallization seems important, preventing co-crystallization of the minor enantiomer, facilitating
the isolation of the virtually pure major enantiomer (>99% ee obtained for 1-Ph-THIQ chloride
84a in a single recrystallization starting from 95% ee).

4.7

The role of the counter ion

As already discussed in chapter 3.12.4, the nature of the counter ion and its coordination ability
may influence the overall kinetics and / or the thermodynamics of selected reversible steps in the
catalytic cycle. In particular coordinating counter ions are as well ancillary ligands and alter the
coordination properties of other species in the reaction solution and may restrain complex
geometries by their spatial extent.
In the course of this thesis interest arose about halide effects and potential correlation to the
electron poverty of the applied diphosphine ligand. Therefore, the precatalysts with differing
counter ions were as well applied in the enantioselective hydrogenation of the corresponding
1-phenyl-3,4-dihydroisoquinolinium salt 83a (Table 33).
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Table 33: Counter ion dependence of activity and enantioselectivity in the hydrogenation of 1-Ph-DHIQ salts 83a.

μSb

Substrate

X

Y

Yielda %

ee %

(SP)-79

3

83a*HCl

Cl

Cl

99

96 (-)

2

76

14

83a*HCl

Cl

Cl

99

84 (-)

3

(SP)-81

15

83a*HPF6 PF6

PF6

28

12 (+)

4

78

17

83a*HPF6 PF6

PF6

43

3 (-)

5

(SP)-80

<1

83a*HI

I

I

99

82 (-)

6

77

3

83a*HI

I

I

99

93 (-)

7

(SP)-80

<1

83a*HCl

Cl

I

99

94 (-)

8

77

3

83a*HCl

Cl

I

99

85 (-)

Entry

Precatalyst

1

a

1

Determined by H NMR with internal standard.
b
Conductivity of the precatalyst determined in 2-propanol (1 mM, rt).

Cationic complexes seem not to be effective in the hydrogenation of DHIQ chlorides (entries 3
and 4). This is not further astonishing since substrate and catalyst bear a positive charge. For
the complexes of electron-poor ligand (SP)-72a, the chloride as counter ion facilitates the
reduction with higher enantioselectivity compared to iodide (entries 1 and 5). The opposite is
observed for the more electron-rich parent Xyliphos complexes: The iodide as counter ion leads
to superior results relative to the chloride as counter ion (entries 2 and 6). The combination of
different counter ions to substrate and catalyst complex confirms the exchangeability of ions
(entries 7 and 8).
Hence, the electron-poor Xyliphos-type ligand (SP)-72a facilitates high enantioselectivity in the
iridium-catalyzed hydrogenation of 1-Ph-DHIQ chloride 83a*HCl, while the parent ligand 75
would require the application of the much more cost intensive hydroiodide (substrate 83a*HI and
complex 77) to reach similar stereoinduction. As combination experiments of counter ions
revealed, the addition of substoichiometric amounts of iodide as additive would presumably not
improve the outcome in the hydrogenation of DHIQ chlorides.
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4.8

Preliminary summary and outlook

The discussed milestones in the hydrogenation of dihydroisoquinolines and isoquinolines were
all set so far by axial chiral ligands (see also chapter 4.2). Ligands bearing other elements of
chirality were either not screened or did not lead to satisfying results. Josiphos led in the iridiumcatalyzed hydrogenation of 1-Ph-DHIQ chloride 83a*HCl only to moderate conversion and low
enantioselectivity.[130]
In the course of the thesis at hand, electron-poor, P-trifluoromethylated analogs of parent
Xyliphos 72a were applied in the iridium-catalyzed hydrogenation of 1-substituted DHIQ
chlorides 83*HCl. For half of the substrates screened, significantly better enantioselectivity was
obtained compared to reactions applying the complex of the parent ligand 75 as reference.
Moderate to good enantiomeric excess was found for sterically demanding alkyl groups and
phenyl substituents in position 1, but electron-rich aromatic cores were detrimental concerning
enantioselectivity. Parent Xyliphos 75 performed by trend better for electron-rich substrates and
sterically less demanding substituents in position 1.
1-Ph-DHIQ chloride 83a*HCl could be reduced by the iridium complex of the electron-poor
Xyliphos-type ligand (SP)-72a ([Ir(P^P)(cod)Cl]) at 55-60 °C and 100 bar hydrogen in 2-3 hours.
The enantiomeric excess (95-97% ee) almost measured up to the results obtained by Ru i and
co-workers applying P-Phos and 1-2 equivalents of phosphoric acid as crucial additive (97% ee).
Hence, the application of the electron-poor relative to parent Xyliphos allows the reduction of this
structurally simple substrate with virtually the same activity and selectivity, but without the need
of any additive. The reduction proceeds as well at 65 °C and 1 bar absolute hydrogen pressure.
However, the activity is significantly lower and the reaction suffers from catalyst deactivation.
Reactions at room temperature are too slow to be of interest (24 h, 100 bar, 14% conversion).
These results confirm the applicability of the cheapest activation and / or derivatization
procedure so far by simple protonation. Furthermore, these results describe the first successful
hydrogenation of a series of DHIQ chlorides 83 by complexes containing Josiphos-related
ligands and surely leaves room for further optimizations.
As counter ions evidently may play an important role, the chloride and iodide complexes were
isolated and applied in the hydrogenation of 1-Ph-DHIQ 83, protonated by the corresponding
hydrogen halide. While the replacement of chloride for iodide as counter ion had a detrimental
effect on the performance of the electron-poor Xyliphos-type ligand (Cl 96% ee, I 82% ee), it was
beneficial in the application of the parent ligand (Cl 84% ee, I 93% ee). Hence, by application of
the electron-poor ligand, the more cost-intensive hydroiodide can be exchanged to the chloride,
leading to even higher enantioselectivity. It was not unexpected that cationic PF6 complexes
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were much less active under identical reaction conditions. Both species, catalyst and substrate,
bear a positive charge hampering substrate coordination to the catalytically active species.
Conductivity measurements of precatalyst solutions in 2-propanol as a measure for the
dissociation of complex and counter ion revealed in the series of halides and PF6 the expected
order. Iodide as soft counter ion strongly coordinates to the soft central iridium(I) core while PF6
as non-coordinating counter ion leads to widely dissociated ion pairs and thus to the highest
conductivity. Chloride complexes led to a conductivity lying between the corresponding PF 6 and
iodide complexes. Assuming similar contributions to the conductivity of cations and anions
respectively, the CF3-substituted ligand 72a forms complexes that pair stronger with their
counter ions, as indicated by lower conductivity for all investigated counter ions.
The free underivatized 1-Ph-DHIQ 83 was only sluggishly reduced by iridium(I) chloride
complexes of Xyliphos 76 and its electron-poor analog (SP)-79 under otherwise identical
conditions. This clearly points out that substrate activation and / or product derivatization is
crucial for high activity and enantioselectivity of the investigated catalytic system.
The formation of isoquinolinium chlorides as potential side products was never observed in the
course of this screening. If this points to activity of the catalyst in the hydrogenation of
isoquinolinium chlorides or the absence of often observed hydrogen elimination as side reaction
remains unclear. In any case, the investigation of isoquinolinium substrates would be highly
informative and could give rise to further stereogenic centers by substitution in position 3 and / or
4. In case of appealing activity and enantioselectivity, corresponding pyridines would be a further
substrate class that still offers manifold challenges to tackle.
A similar conclusion as for the DHIQ chlorides 83*HCl can be drawn revisiting the obtained
results in the hydrogenation of DHC chlorides 85*HCl applying the electron-poor Xyliphosrelated complex (SP)-79. A phenyl ring as sterically demanding substituent in position 1 leads to
moderate enantioselectivity (substrate 85a, 85% ee) while the small methyl group (substrate
85b) led to a racemic reaction product. Despite the unsaturated motif in DHCs and DHIQs
resemble each other, an individual optimization of reaction conditions for DHC chlorides 85
could improve the enantiomeric excess.
The applied experimental set up led in general to well reproducible values. Only the warming of
the autoclaves by an external heat jacket was difficult to control and reproduce. Better
reproducible conditions could potentially be achieved by application of hydrogen on autoclaves
already stabilized at target temperature. Small deviations concerning yield and conversion may
also arise due to the addition of the internal standard after the reaction. It was not investigated if
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the addition of the internal standard before the reaction interferes with the hydrogen addition to
the substrate but could potentially diminish negative effects.
In continuous experiments, further parameters to optimize may be included such as catalyst
loading, influence of substrate concentration, and the use of additives. The applied acidic DHIQ
hydrochlorides with pKa values between ~5 and ~7 (for 1-aryl substituted DHIQ chlorides in
water) may allow the intermediary oxidation of iridium(I), forming in situ similar catalytic species
as evolving from dinuclear chloride-bridged iridium(III) hydrides applied by Mashima et al.
(Scheme 62).[132] The addition of substoichiometric amounts HCl could promote the oxidation
and should be verified.

Scheme 62: HCl may act as oxidizing agent, forming iridium(III) hydride species. The same active species may be
formed treating diene precatalysts with hydrogen and subsequent oxidation by HCl traces.

Poorly reproducible induction periods for iridium diene complexes at low catalyst loadings are
usually of minor importance. However, under relatively mild reaction conditions and short
reaction times, the reproducibility of conversion and yield turned out to become potentially a
problematic issue in investigated cases. Hence, in future studies norbornadiene complexes
should be preferably applied to minimize or circumvent negative effects caused by the diene.
Mechanistic insights by kinetic studies, characterization and crystallization of potentially active
species or substrate complexes could be highly informative. Deuteration experiments may shed
light on hydrogen activation and the course of hydrogen addition. In the course of this work it
could be ruled out that 2-propanol serves as hydrogen source. The activated precatalyst did not
lead to significant product formation under argon at 55-60 °C in 48 hours. However, at reflux in
2-propanol slow conversion of substrate was indeed observed at 1 bar absolute hydrogen
pressure. But the enantiomeric excess was below the enantioselectivity observed at 50 or
100 bar and the catalytic activity significantly decreased over time.
The 1-benzyl-THIQ-motif is very widespread in natural products. Unfortunately disappointingly
low enantioselectivity was obtained in the hydrogenation of 1-benzyl-DHIQ chloride 83c*HCl
applying parent Xyliphos 75 and its partially electron-poor analogs 72a. The reduction of related
enamine substrates would be an alternative approach and may be investigated in continuation of
this project.
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5

Global conclusion and outlook

The thesis at hand is divided into three main chapters. Chapter 1 focuses on further exploration
of the conformational space that Josiphos-type ligands and their complexes may adopt.
Therefore, the dataset compiled by Togni,[19a] summarizing structural properties extracted from
more than 70 single crystal structures, was updated in the course of this thesis. Over 70
additional compounds were included and the augmented data widely substantiates the trends
and correlations found initially by Togni. Distinct structural correlations seem to be present for
the free ligands and their metal complexes, respectively. Additionally, an inclination angle was
introduced in the course of this thesis, authoritatively describing the relative position of the metal
relative to the ferrocene core. A distinct correlation to torsion angles investigated before,
denoting the orientation of the stereogenic side chain and the substituents on P1 relative to the
Cp plane, was found for the inclination. The complexes of P-trifluoromethylated ligands initially
defined their own accented region in the investigated conformational plots. However, the border
to the cloud defined by complexes of more common aryl- and alkyl-substituted phosphine
ligands got blurred upon addition of the 70 additional data points.
In the first part of chapter 3 the isolation, characterization, and potential applications of Josiphosderived P-trifluoromethylated ligands are discussed. This part of the thesis expands the work of
J. Bürgler who introduced the new approach to monotrifluoromethylated phosphines.[96] The
Josiphos-type ligands (P2Cy2) led to remarkable results in the iridium-catalyzed hydrogenation
of acyclic arylimines. The absolute configuration of the trifluoromethylated phosphine mainly
decides on the absolute configuration of the major product enantiomer formed. However, all
Josiphos-derived ligands bearing the P1-CF3 moiety turned out to be oxygen-sensitive. The
Ph(CF3)-stereoisomers 56a were the only representatives in this series of new ligands that could
be isolated without significant oxide formation.
The second part of chapter 3 deals with the isolation of corresponding Xyliphos-derived ligands
bearing the P1-CF3 moiety (P2Xyl2). These ligands are much less air-sensitive and could be
handled under ambient atmosphere. Corresponding cationic rhodium(I) diene precatalysts
facilitated the reduction of dimethyl itaconate under ambient hydrogen pressure, reaching full
conversion and up to >99% ee in less than one hour.
The last main chapter (chapter 4) describes the potential application of previously isolated
partially electron-poor ligands of Xyliphos-type in the reduction of 1-substituted 3,4-dihydroisoquinolines, still a challenging substrate class in enantioselective hydrogenation research.
Chloroiridium(I) cyclooctadiene precatalysts with P-trifluoromethylated Xyliphos-type ligands
were poorly active and selective in the reduction of the free substrate. But protonation by
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hydrogen chloride activated the substrate towards reduction and prevented the coordination of
the formed product. Usually full conversion and up to 97% ee for substrates containing bulky
substituents in position 1 was obtained.
Electron-poor phosphines are rare in literature anyway and corresponding P-stereogenic
representatives are apart from very few contributions virtually unknown.[81, 96] It could be clearly
demonstrated during this thesis that partially electron-poor, P-stereogenic Josiphos-derived
ligands are a promising, so far unutilized opportunity to tackle still unsolved catalytic challenges
and legitimate more detailed further studies. Especially mechanistic investigations, aiming for
models explaining the selectivity and activity of complexes, could shed light on the numerous
peculiarities found in catalysis so far. The choice of ligands, metals, additives, and conditions
remains up to date widely an empirical task to be optimized in screening experiments.
To each main topic discussed in this thesis, an individual conclusion, outlook or preliminary
summary was composed (see chapters 1.2.7, 3.10.3, 3.11.4, 3.12.6, 3.13.4, 3.14, 4.8).
Suggestions for continuing experiments are listed therein and at this point it is referred to these
chapters.
The golden years of enantioselective catalysis, when breaking news promised a new era in
chemistry almost every day, are, sad to say, over. Meanwhile enantioselective catalysis has
become a mature area in research, usually only allowing incremental advances nowadays. The
high costs for required noble metals, expensive stereogenic ligands and special technical
requirements for enantioselective catalysis hampers the application of enantioselective reaction
steps in production. However, it is beyond controversy that enantioselective hydrogenation
remains an intriguing topic in research and will contribute without any doubt to solve future
challenges (in chemistry).
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6.1

General remarks

The following procedures are not optimized for yield. The substrates used in the hydrogenation
screening were isolated by standard methods rather than optimized literature procedures. As the
data for already known intermediates, substrates, and racemic references cannot be retrieved
from a single reference only, they are as well compiled in the experimental part at hand.
As already introduced in chapter 1.2.1, distinct subscript suffixes for the assignment of different
elements of chirality and their absolute configurations were used. These are P for phosphorus
chirality, Fc for planar chirality of the 1,2-disubstituted ferrocene moiety and C for ordinary
central carbon chirality.
6.1.1

Synthetic techniques

All moisture and oxygen sensitive reactions were carried out under an argon atmosphere using
standard Schlenk techniques. Only very sensitive steps found to be impractical to handle at
normal working bench were carried out in a glovebox under a nitrogen atmosphere (MBraun
labmaster 130 or MB 150B-G). All glassware was heated either in an oven to 140 °C overnight
or with a heat gun for several minutes under dynamic vacuum before purging with argon.
Solvents for sensitive reactions were distilled under argon prior to use (toluene from sodium,
hexane from sodium/benzophenone/tetraglyme, pentane from sodium/benzophenone/diglyme,
methanol/DCM/acetonitrile from calcium hydride, ethanol from sodium/diethyl phthalate, diethyl
ether/THF from sodium/benzophenone). Solvents were degassed if necessary by sonication
while purging argon through the liquid, by distillation from sodium/benzophenone, or by freezepump-thaw cycles, depending on the requirements. Solvents for recrystallization and late stage
chromatography were of p.a. quality (Scharlau, Merck, Sigma-Aldrich or J.T. Baker). TLC and
standard flash chromatography was performed with technical grade solvents. All solvents for
screening experiments were crown-capped and stored under argon over molecular sieves
(Sigma-Aldrich).
Deuterated solvents were purchased from Armar Chemicals (CDCl3) or Cambridge Isotope
Laboratories (d2-DCM, d6-benzene, d6-DMSO, D2O, d4-MeOH). The solvents were used as
received or distilled from calcium hydride, degassed by three freeze-pump-thaw cycles, and
stored in Young-Schlenk-vessels under an argon atmosphere for very sensitive samples (d2DCM).
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Hydrogenations were carried out in Premex 50 mL autoclaves at the high pressure facility of
ETH Zurich.
6.1.2

Analytical techniques and instruments

TLC was run on Merck aluminum sheets covered with silica gel 60 F254 and were visualized by
fluorescence quenching at 254 nm or by staining (KMnO4, cerium molybdate or vanillin/sulfuric
acid). Flash column chromatography was performed on Fluka silica gel with 60 Å pore size
and 230-400 mesh. The solvents are given as volume ratios and the eluent flow was forced by
0.1-0.2 bar nitrogen.
NMR spectra were recorded on Bruker Avance AC-200, DPX-250, DPX-300, DPX-400, DPX500, DPX-700, Bruker Avance III 300, 400 and 500 spectrometers at the given frequency in nonspinning mode. All cited spectra were recorded at room temperature in the given solvent.
Chemical shifts (δ) are expressed as parts per million (ppm) relative to the following external
standards: Tetramethylsilane (1H,

13

C), BF3*OEt2 (11B), CFCl3 (19F), 85% H3PO4 (31P) and

Na2PtCl6 (195Pt). All spectra were calibrated against the residual solvent peak, if applicable.[146]
Multiplicities are abbreviated as follows: s for singlet, d for doublet, t for triplet, q for quartet, pent
for pentet, hept for heptet and m for multiplet. A prefix br describes an obvious broadening of the
signal. Coupling constants (J) are given in Hertz (Hz). The number of atoms leading to the
corresponding signals is given as a fraction, if hindered rotation or dynamic behavior led to a
signal splitting. Combined multiplicities with unresolvable coupling constants are cited as
multiplets. Due to the exhaustive coupling of

13

C with

31

P and

19

F, several thousand scans were

usually necessary to detect the majority of the atoms. Therefore, signals with combined
multiplicities may be still missing in 13C NMR spectra. The PCF3 group, for example, regularly led
to quartets of doublets, if not more complex signals, and vanishes in the noise. Better S/N-ratios
are obtained for such atoms measuring at increased relaxation delays (3-5 s). Atoms were not
assigned to signals if extensive broadening of signals was observed and assignments
questionable.
Optical rotation was measured on an Anton Paar MCP200 at the stated concentration
(g/100 mL) in the given solvent. The measuring distance was 10 cm and the cell was
thermostated to 20 °C. Exclusively the sodium D-lines were used (589 nm). The sign of optical
rotation for screening products was determined at concentrations around 0.5 g/100 mL in
chloroform.
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High performance liquid chromatography (HPLC) was performed on an Agilent 1100 series
system with DAD detector. Five different wavelengths (210, 220, 230, 254 and 280 nm) were
recorded and used for calculations of enantiomeric excess. Measurement parameters are cited
for each substance, where applicable. Retention times are given in minutes. Samples were
dissolved in pure hexane or the eluent composition used at concentrations of around 1 mg/mL.
Protonated species were first treated with base (Py, Et3N, NaOH) before injection.
Gas chromatography (GC) was performed on a Thermo Scientific 2000 Series GC with FID
detector and an OPTIMA-5 column (30 m x 0.25 mm, 0.5 μm coating). Helium was used as the
carrier gas (1.0 mL/min), the injector and detector were heated to 200 °C. The temperature
program used is given as time at starting temperature, heating rate, time at end temperature.
Elemental analyses (EA) were carried out by the EA-service of the “Laboratorium für Organische
Chemie der ETHZ”. The calculated (calcd.) and experimental element content is expressed in
mass-%. High resolution mass spectrometry (HRMS) was performed by the MS-service at the
same institution. The mode of ionization is cited together with the relevant m/z-ratios found.
For structure elucidation by X-ray diffraction, intensity data for single crystals glued on glass
capillaries or mounted on MiTeGen MicroLoops was collected. The crystals were cooled to
100 K for measurement and the diffraction pattern was collected by a Bruker SMART APEX or
APEXII platform with CCD detector. Graphite monochromated Mo-Kα-radiation (λ = 0.71073 Å)
was applied. The program SMART was used for data collection, integration was performed with
SAINT.[147] The structures were solved by direct or heavy atom (Patterson) method, respectively,
using the program SHELXS-97.[148] The refinement and all further calculations were carried out
using SHELXL-97.[149] All non-hydrogen atoms were refined anisotropically using weighted fullmatrix least-squares on F2. The hydrogen atoms were included in calculated positions and
treated as riding atoms using the SHELXL default parameters. An absorption correction was
applied (SADABS)[150] and the weighting scheme was optimized in the final refinement cycles.
The absolute configuration of chiral compounds was determined on the basis of the Flack
parameter.[151] The standard uncertainties (s.u.) are rounded according to the “Notes for Authors”
of Acta Crystallographica.[152] Detailed information about the crystal structures and their solutions
is given in Appendix B.
Melting points (MP) were measured on a Büchi B-540 with three point calibration, but all stated
melting points are uncorrected.
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6.1.3

Chemicals

Chemicals were purchased from ABCR, Sigma-Aldrich, Strem, Acros or TCI Europe and used
without further purification.
(R)-N,N-Dimethyl-1-ferrocenylethylamine 12[22], (RC,SFC)-N,N-dimethyl-1-(2-diphenylphosphinoferrocenyl)ethylamine 14[153], phenylbis(trifluoromethyl)phosphine 26a[98], 1-trifluoromethyl-1,2benziodoxol-3(1H)-one 33[89], (RC,SFc)-1-[(phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene 46a[98], (RC,SFc)-1-[phenyltrifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene 56a[98], bis(4-cyanophenyl) phenylphosphonite 61a, (R)-1-[(S)-2-(diphenylphosphanyl)ferrocenyl]ethyldi(3,5-xylyl)phosphane

75[33],

[Ir((RC,SFc)-Xyliphos)(cod)Cl]

76[33],

[Ir((RC,SFc)-Xyliphos)(cod)I] 77[33], and [Pt(cod)Cl2][154] were prepared according to the cited
reports.
Parts of reported synthetic protocols may have been applied for other than above listed
compounds and are cited individually throughout this experimental part, if relevant. However,
adapted protocols to series of new compounds or procedures following common knowledge and
practice are not cited for every compound. See also the introduction and discussion of results for
further information.

6.2

Trifluoromethylated chlorophosphines and related structures

Phenyl(trifluoromethyl)phosphine 38a[92]
1-Trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (840 mg, 2.66 mmol, 1.5 eq.)
was weighed into a dried 20 mL Schlenk with a magnetic stirring bar and purged
with argon. DCM (4 mL) was added, followed by phenylphosphine 37a (0.2 mL,
200.2 mg, 1.80 mmol, 1.0 eq.). After one hour stirring at rt, an additional portion of CF3-reagent
33 was added (150 mg, 0.48 mmol, 0.27 eq.) and stirred overnight. The next day, the
suspension was concentrated in a tepid water bath under a low flow of Argon. The suspension
was taken up in pentane and filtered over silica under an inert atmosphere. The clear solution
was concentrated applying the same technique as described before yielding a colorless and
highly volatile oil (complete conversion determined by

31

P NMR). The product was used without

further purification.
1

H NMR (500.23 MHz, CD2Cl2): δ 4.91 (dq, 1JHP = 222.3 Hz, 3JHF = 11.5 Hz, 1H, PH), 7.43-7.46

(m, 2H, Ph), 7.50-7.53 (m, 1H, Ph), 7.65-7.68 (m, 2H, Ph);

13

C{1H} NMR (125.78 MHz, CD2Cl2):

δ 129.46 (d, 3JCP = 7.1 Hz, Ph), 131.34 (s, Ph), 136.71 (d, 2JCP = 17.7 Hz, Ph);
(202.50 MHz, CD2Cl2): δ -39.20 (q, 2JPF = 57.8 Hz, P(CF3));
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31

P{1H} NMR

P NMR (202.50 MHz, CD2Cl2):
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δ -39.28 (dqt, 1JPH = 221.6 Hz, 2JPF = 57.5 Hz, 3JPH = 7.5 Hz, P(CF3));
2

19

F NMR (188.31 MHz,

3

CD2Cl2): δ -52.18 (dd, JFP = 57.5 Hz, JFH = 11.5 Hz, CF3).
Chloro(phenyl)(trifluoromethyl)phosphine 57a
Into a dried 20 mL Schlenk with a magnetic stirring bar was placed PCl5
(416 mg, 2.00 mmol, 1.1 eq.) and purged with argon. Benzene (3 mL) was
added and the resulting suspension was cooled to 5 °C. Under stirring at 5 °C,
phenyl(trifluoromethyl)phosphine 38a (320 mg, 1.80 mmol, 1.0 eq.) dissolved in benzene (2 mL)
was added dropwise over 5 minutes. The resulting colorless solution was stirred at rt for 2 hours.
Subsequently, the solvent was carefully removed in vacuum using an external cold trap. The
desired chlorophosphine 57a was always formed along with trichloro(phenyl)(trifluoromethyl)phosphorane 58a and 1,2-diphenyl-1,2-bis(trifluoromethyl)diphosphine 59a at full conversion of
starting material. The resulting yellowish oil was used without further purification.
31

P{1H} NMR (81.01 MHz, CDCl3): δ 62.32 (q, 2JPF = 76.2 Hz, P(CF3));

19

F NMR (188.31 MHz,

CDCl3): δ -65.61 (d, 2JFP = 76.1 Hz, CF3).
Trichloro(phenyl)(trifluoromethyl)phosphorane 58a
Into a 20 mL Schlenk with a magnetic stirring bar was weighed PCl5 (674 mg,
3.23 mmol, 1.8 eq.) and purged with argon. First, benzene (5 mL), then a
solution of phenyl(trifluoromethyl)phosphine 38a (320 mg, 1.80 mmol, 1.0 eq.) in
benzene (2 mL) was added at rt under stirring. After 2 hours at room temperature, all volatiles
were removed under reduced pressure and the waxy, colorless residue was dried under HV.
The desired trichlorophosphorane 58a was formed along with 1,2-diphenyl-1,2-bis(trifluoromethyl)diphosphine 59a but could be widely separated from the volatile side product.
1

H NMR (200.13 MHz, CDCl3): δ 7.56-7.65 (m, 3H, Ph), 7.93-7.96 (m, 1H, Ph), 8.02-8.08 (m, 1H,

Ph);

31

P{1H} NMR (81.01 MHz, CDCl3): δ -46.73 (q,

2

JPF = 107.3 Hz, P(CF3));

19

F NMR

2

(188.31 MHz, CDCl3): δ -69.96 (d, JFP = 106.5 Hz, CF3).
1,2-Diphenyl-1,2-bis(trifluoromethyl)diphosphine 59a
Almost always observed as a side product formed by in situ condensation of
phenyl(trifluoromethyl)phosphine

38a

and

chloro(phenyl)(trifluoromethyl)-

phosphine 57a.
31

P{1H} NMR (81.01 MHz, CDCl3): δ 29.91 (q,

19

2

JPF = 116.0 Hz, P(CF3));

2

F NMR (188.31 MHz, CDCl3): δ -73.93 (d, JFP = 116.1 Hz, CF3).
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Naphthalen-1-yl(trifluoromethyl)phosphine 38b
Into a dried 20 mL Schlenk with a magnetic stirring bar was weighed
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (806 mg, 2.55 mmol, 1.4 eq.) and
purged with argon. DCM (5 mL) was added and the colorless suspension cooled
to -78 °C. Under stirring, naphthalen-1-ylphosphine 37b (300 mg, 1.87 mmol,
1.0 eq.) was added in one portion. After 30 minutes at -78 °C, the cooling bath was removed and
the reaction stirred at rt overnight. The next morning, the solvent was removed under reduced
pressure. The colorless residue was taken up in pentane and filtered over silica. The crude
product was further purified by flash column chromatography (silica, ~25g, cyclohexane) yielding
a colorless solid (270 mg, 1.18 mmol, 63%).
1

H NMR (500.23 MHz, CDCl3): δ 5.11 (dq, 1JHP = 225.7 Hz, 3JHF = 11.0 Hz, 1H, PH), 7.50 (t,

J = 7.3 Hz, 1H, Ph), 7.55-7.59 (m, 1H, Ph), 7.60-7.65 (m, 1H, Ph), 7.87-7.91 (m, 2H, Ph), 8.00
(d, J = 8.2 Hz, 1H, Ph), 8.36 (dd, J = 8.3 Hz, J = 2.6 Hz, 1H, Ph);

13

C{1H} NMR (125.78 MHz,

CDCl3): δ 122.85-122.98 (m, Ph), 125.63 (d, J = 4.7 Hz, Ph), 126.25 (d, J = 18.8 Hz, Ph), 126.68
(s, Ph), 127.43 (s, Ph), 129.10 (s, Ph), 132.31 (s, Ph), 133.83 (d, J = 4.4 Hz, Ph), 135.87 (d,
J = 16.9 Hz, Ph), 138.00 (d, J = 7.7 Hz, Ph);
2

JPF = 56.7 Hz, P(CF3));

31

P{1H} NMR (161.98 MHz, CDCl3): δ -46.17 (q,

31

P NMR (161.98 MHz, CDCl3): δ -46.16 (dqdd,

2

JPF = 56.6 Hz, JPH = 7.8 Hz, JPH = 3.2 Hz, P(CF3));

1

JPH = 225.6 Hz,

19

F NMR (470.69 MHz, CDCl3): δ -50.81 (dd,

2

JFP = 56.6 Hz, 3JFH = 11.0 Hz, CF3); HRMS (ESI) calcd. (m/z) for C11H9F3P: 229.0388 ([M+H]+),

found: 229.0382 ([M+H]+), 159.0357 ([M-CF3]+).
Chloro(naphthalen-1-yl)(trifluoromethyl)phosphine 57b
Into a dried 20 mL Schlenk with a magnetic stirring bar was placed PCl5 (463 mg,
2.22 mmol, 1.1 eq.) and purged with argon. DCM (4 mL) was added, followed by
a solution of naphthalen-1-yl(trifluoromethyl)phosphine 38b (462 mg, 2.02 mmol,
1.0 eq.) in DCM (2 mL) at 0°C. After 30 minutes at 0 °C, the ice bath was
removed and the reaction stirred at rt for two hours. The reaction mixture consists of 44%
chloro(naphthalene-1-yl)(trifluoromethyl)phosphine 57b, 45% trichloro(naphthalen-1-yl)(trifluoromethyl)phosphorane 58b and 11% 1,2-di(naphthalen-1-yl)-1,2-bis(trifluoromethyl)diphosphine
59b (based on 19F NMR integrals at full conversion).
31

P{1H} NMR (81.01 MHz, CDCl3): δ 62.88 (q, 2JPF = 76.0 Hz, P(CF3));
2

CDCl3): δ -64.28 (d, JFP = 74.8 Hz, CF3).

136

19

F NMR (188.31 MHz,
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Trichloro(naphthalen-1-yl)(trifluoromethyl)phosphorane 58b
Side product formed by subsequent oxidation after chlorination of naphthalen-1yl(trifluoromethyl)phosphine

38b

to

chloro(naphthalen-1-yl)(trifluoromethyl)-

phosphine 57b.
31

P{1H} NMR (81.01 MHz, CDCl3): δ -41.97 (q, 2JPF = 122.6 Hz, P(CF3));

19

F NMR

2

(188.31 MHz, CDCl3): δ -68.18 (d, JFP = 122.0 Hz, CF3).
1,2-Di(naphthalen-1-yl)-1,2-bis(trifluoromethyl)diphosphine 59b
Side product formed by intermolecular condensation of naphthalen-1yl(trifluoromethyl)phosphine 38b and chloro(naphthalen-1-yl)(trifluoromethyl)phosphine 57b.
31

P{1H} NMR (81.01 MHz, CDCl3): δ 32.37 (q, 2JPF = 117.1 Hz, P(CF3));

19

F NMR (188.31 MHz,

2

CDCl3): δ -73.07 (d, JFP = 117.0 Hz, CF3).

6.3

Diethylphosphonates and SPO

Diethyl phenylphosphonate 60a[155]
Into a dried 250 mL Schlenk with a magnetic stirring bar was placed triphenylphosphine (500 mg, 1.91 mmol, 5.9 mol-%) as well as palladium(II) acetate
(144 mg, 0.64 mmol, 2 mol-%) and purged with argon. Ethanol (80 mL) and
bromobenzene (3.4 mL, 5.07 g, 32.3 mmol, 1.0 eq.) were added, followed by
diethyl phosphite (4.9 mL, 5.25 g, 38.0 mmol, 1.2 eq.) and DIPEA (8.2 mL, 6.08 g, 47.1 mmol,
1.5 eq.). The reaction mixture was heated overnight to 80 °C. The next day, the cold reaction
mixture was poured onto water (100 mL) and extracted twice with ethyl acetate. The combined
organic phases were washed with aqueous saturated sodium bicarbonate solution and brine,
dried over MgSO4 and the solvent was removed. The crude product was purified by flash column
chromatography (silica, ~150 g, starting with 3:1 cyclohexane:EtOAc, ending with pure EtOAc)
yielding a yellowish oil (6.1 g, 28.5 mmol, 88%).
1

H NMR (200.13 MHz, CDCl3): δ 1.30 (t,

3

JHH = 7.1 Hz, 6H, CH2CH3), 3.95-4.23 (m, 4H,

CH2CH3), 7.38-7.57 (m, 3H, Ph), 7.74-7.85 (m, 2H, Ph);

13

C{1H} NMR (50.32 MHz, CDCl3): δ

16.41 (d, J = 6.5 Hz, CH2CH3), 62.15 (d, J = 5.4 Hz, CH2CH3), 128.53 (d, J = 15.0 Hz, Ph),
131.85 (d, J = 9.8 Hz, Ph), 132.43 (d, J = 3.1 Hz, Ph); 31P{1H} NMR (81.01 MHz, CDCl3): δ 18.89
(s, PhP).
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Diethyl naphthalene-1-ylphosphonate 60b[107]
Into a dried 100 mL Schlenk under an argon atmosphere with a magnetic
stirring bar was placed TMEDA (4.5 mL, 3.49 g, 30.03 mmol, 1.0 eq.) and
diethyl ether (23 mL). The solution was cooled to -20 °C and nBuLi (1.6 M
in hexane, 22 mL, 35.3 mmol, 1.2 eq.) was added in one portion. After
stirring for 15 minutes at -20 °C, 1-bromonaphthalene (4.2 mL, 6.22 g, 30.04 mmol, 1.0 eq.) was
added dropwise forming a bright yellow suspension. This was stirred at -20 °C for 15 minutes,
then 20 minutes at rt. Afterwards, the yellow fine disperse suspension was cooled to -40 °C and
transferred via Teflon cannula into a second 100 mL Schlenk at -40 °C charged under argon with
diethyl chlorophosphate (7.6 mL, 9.07 g, 52.59 mmol, 1.8 eq.) in diethyl ether (20 mL). The
reaction mixture was stirred at rt for one hour, before it was diluted with diethyl ether and
washed with aqueous HCl 5%. The organic phase was washed with water and brine, dried over
MgSO4 and the solvent was evaporated. The crude product was purified by flash column
chromatography (silica, ~500g, 1:1 cyclohexane:EtOAc) yielding a colorless oil (6.6 g,
25.0 mmol, 83%).
1

H NMR (700.13 MHz, CDCl3): δ 1.30 (t,

3

JHH = 7.1 Hz, 6H, CH2CH3), 4.06-4.23 (m, 4H,

CH2CH3), 7.51-7.55 (m, 2H, Ph), 7.59-7.61 (m, 1H, Ph), 7.89 (d, J = 8.1 Hz, 1H, Ph), 8.03 (d,
J = 8.2 Hz, 1H, Ph), 8.24 (dd, J = 16.3 Hz, J = 7.0 Hz, 1H, Ph), 8.52 (d, J = 8.5 Hz, 1H, Ph);
31

P{1H} NMR (283.42 MHz, CDCl3): δ 19.28 (s, PhP).

Diethyl mesitylphosphonate 60c[156]
Into a dried 100 mL Schlenk under an argon atmosphere with a magnetic
stirring bar was placed diethyl ether (23 mL) and TMEDA (4.5 mL, 3.49 g,
30.03 mmol, 1.0 eq.). The clear solution was cooled to -40°C and nBuLi
(1.6 M in hexane, 22.5 mL, 36 mmol, 1.2 eq.) was added in one portion,
followed by dropwise addition of 2-bromo-1,3,5-trimethylbenzene (4.6 mL, 5.98 g, 30.04 mmol,
1.0 eq.). The slightly turbid and yellowish reaction mixture was kept at -40 °C for ten minutes and
then warmed to rt for 20 minutes. After cooling to -40 °C, the solution of lithiated mesitylene was
slowly transferred via Teflon cannula into a second 100 mL Schlenk at -40 °C under an argon
atmosphere charged with diethyl chlorophosphate (7.4 mL, 8.84 g, 51.21 mmol, 1.7 eq.) in
diethyl ether (20 mL). The bright orange suspension was stirred at rt overnight. The next day, the
reaction mixture was washed with aqueous HCl 5%, water and brine, dried over MgSO 4 and the
solvent was evaporated. The crude product was purified by flash column chromatography (silica,
~400g, 1:1 cyclohexane:EtOAc) yielding a yellowish oil (3.2 g, 12.5 mmol, 42%).
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1

H NMR (700.13 MHz, CDCl3): δ 1.30 (t, 3JHH = 7.1 Hz, 6H, CH2CH3), 2.27 (s, 3H, PhCH3), 2.59

(s, 6H, PhCH3), 3.99-4.15 (m, 4H, CH2CH3), 6.89 (d, J = 4.6 Hz, 2H, Ph);

31

P{1H} NMR

(283.42 MHz, CDCl3): δ 20.60 (s, PhP).
Diethyl (2-methoxyphenyl)phosphonate 60d[157]
A dried 250 mL Schlenk under argon was charged with 1-bromo-2methoxybenzene (12.0 mL, 18.02 g, 96.37 mmol, 1.0 eq.) and diethyl ether
(70 mL). The clear solution was cooled to -78 °C and nBuLi (1.6 M in hexane,
66.2 mL, 105.92 mmol, 1.1 eq.) was added dropwise to give a yellow solution.
The reaction mixture was allowed to warm to rt and was stirred for 30 minutes. The resulting
solution was transferred via Teflon cannula into a second 250 mL Schlenk at 0 °C under an
argon atmosphere charged with diethyl chlorophosphate (23.7 mL, 28.30 g, 164.0 mmol, 1.7 eq.)
and diethyl ether (40 mL). After stirring overnight at rt, the reaction mixture was washed with
aqueous HCl 5% and brine, dried over Na2SO4 and the solvent was evaporated. The crude
product was purified by vacuum distillation (123-125 °C at 2.6*10-2 mbar) yielding a colorless oil
(13.3 g, 54.5 mmol, 57%).
1

H NMR (400.13 MHz, CDCl3): δ 1.30 (t, 3JHH = 7.0 Hz, 6H, CH2CH3), 3.87 (s, 3H, OCH3),

4.04-4.18 (m, 4H, CH2CH3), 6.90-6.94 (m, 1H, Ph), 6.96-7.00 (m, 1H, Ph), 7.45-7.49 (m, 1H, Ph),
7.79 (ddd, J = 14.8 Hz, J = 7.5 Hz, J = 1.5 Hz, 1H, Ph);

13

C{1H} NMR (75.47 MHz, CDCl3): δ

16.21 (d, J = 6.5 Hz, OCH2CH3), 55.64 (s, OCH3), 61.94 (d, 2J = 5.6 Hz, OCH2CH3), 111.10 (d,
J = 9.4 Hz, Ph), 116.47 (d, J = 187.5 Hz, Ph), 120.21 (d, J = 14.5 Hz, Ph), 134.15 (d, J = 2.1 Hz,
Ph), 134.84 (d, J = 7.0 Hz, Ph), 161.16 (d, J = 2.7 Hz, Ph); 31P{1H} NMR (161.98 MHz, CDCl3): δ
18.38 (s, PO(OEt)2); HRMS (EI) calcd. (m/z) for C11H17O4P: 244.0864 ([M]+), found: 244.0856
([M]+), 199.0524 ([M-OCH2CH3]+).
Diethyl o-tolylphosphonate 60e[158]
A dried 50 mL Schlenk equipped with a dropping funnel, was charged with
anhydrous

nickel(II)

chloride

(269 mg,

2.08 mmol,

5.0 mol-%)

and

o-bromotoluene (5 mL, 7.11 g, 41.57 mmol, 1.0 eq.). The dropping funnel
was charged with triethylphosphite (8.7 mL, 8.43 g, 50.74 mmol, 1.2 eq.). At 180 °C, the triethyl
phosphite was added dropwise to give a dark red solution. After the addition, the reaction was
kept at 180 °C for 30 minutes. The cold reaction mixture was dissolved in DCM, washed with
aqueous HCl 5% and water, dried over MgSO4 and the solvent was evaporated. The crude
product was purified by vacuum distillation (85 °C at 7*10-2 mbar) to yield a colorless oil (4.7 g,
20.6 mmol, 50%).
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1

H NMR (250.13 MHz, CDCl3): δ 1.24 (t, 3J = 7.1 Hz, 6H, OCH2CH3), 2.49 (s, 3H, ArCH3), 3.91-

4.15 (m, 4H, OCH2CH3), 7.13-7.20 (m, 2H, Ph), 7.30-7.36 (m, 1H, Ph), 7.78-7.88 (m, 1H, Ph);
31

P{1H} NMR (101.25 MHz, CDCl3): δ 19.45 (s, oTolP).

Diethyl (3,5-bis(trifluoromethyl)phenyl)phosphonate 60g[106]
In a dried 250 mL Schlenk with a magnetic stirring bar under an argon
atmosphere

was

dissolved

1,3-bis(trifluoromethyl)-5-bromobenzene

(10 mL, 16.99 g, 57.99 mmol, 1.0 eq.) in THF (90 mL). The clear
colorless solution was cooled to -40 °C and iPrMgCl (2 M in THF, 33 mL,
66.0 mmol, 1.1 eq.) was added by dropping funnel over 30 minutes. After the addition, the
reaction was warmed for ten minutes to rt, before being chilled again to -40 °C. A 500 mL round
bottomed two-necked flask under an argon atmosphere was charged with diethyl
chlorophosphate (17 mL, 20.3 g, 117.6 mmol, 2.5 eq.) and THF (100 mL). The solution of the
chlorophosphate was cooled to -20 °C and the solution of the metallated species was added via
cannula over 10 minutes. The bright red reaction mixture was let to warm to rt after completion
of addition and stirred overnight. The next day, the reaction mixture was washed with aqueous
HCl 5%, water and brine, dried over Na2SO4 and the solvent was evaporated. The brown-red
crude product was purified by vacuum distillation (69-70 °C at 6.7*10-2 mbar) yielding a colorless
oil (15.6 g, 44.5 mmol, 77%).
1

H NMR (200.13 MHz, CDCl3): δ 1.36 (t, 3J = 7.1 Hz, 6H, CH2CH3), 4.08-4.30 (m, 4H, CH2CH3),

8.04 (m, 1H, Ph), 8.25 (d, J = 13.3 Hz, 2H, Ph);
PO(OEt)2);

31

P{1H} NMR (81.01 MHz, CDCl3): δ 13.95 (s,

19

F NMR (188.31 MHz, CDCl3): δ -62.92 (s, CF3); HRMS (ESI) calcd. (m/z) for

C12H13F6NaO3P: 373.0399 ([M+Na]+), found: 373.0398 ([M+Na]+), 199.0524 ([M-OCH2CH3]+); EA
calcd. for C12H13O3F6P (350.20): C 41.16, H 3.74, F 32.55, P 8.84, found: C 41.19, H 3.92, F
32.65, P 8.79.
Bis(3,5-dimethylphenyl)phosphine oxide 74
A dried 250 mL Schlenk with a magnetic stirring bar was charged with
magnesium turnings (2.86 g, 117.65 mmol, 3.3 eq.) and purged with
argon. THF (110 mL) and a tiny crystal iodine were added and stirred
until the reaction mixture became again colorless. The reaction obviously
started after heating the reaction mixture to 50 °C with a first small portion of 1-bromo-3,5dimethylbenzene (16 mL, 21.8 g, 117.76 mmol, 3.3 eq.). The remaining 1-bromo-3,5-dimethylbenzene was added portion wise. After the exothermic reaction resulting from addition had
subsided, the reaction mixture was warmed to reflux for 15 minutes. Then, the greenish solution
was cooled to 0 °C and diethyl phosphite (4.6 mL, 4.93 g, 35.71 mmol, 1.0 eq.) was added
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dropwise. After the addition, the reaction mixture was stirred at rt overnight. The next day, the
reaction mixture was poured onto aqueous HCl 5% and the organic layer separated. The water
phase was extracted twice with ethyl acetate. The combined organic phases were washed with
water and brine, dried over MgSO4 and the solvent was removed. The yellowish oil was filtered
over silica (~50 g, EtOAc) yielding an off-white, waxy solid (8.8 g, 33.9 mmol, 95%).
1

H NMR (700.13 MHz, CDCl3): δ 2.34 (s, 12H, PhCH3), 7.18 (s, 2H, Ph), 7.30 (d, J = 14.1 Hz,

4H, Ph), 7.94 (d, 1JHP = 477.2 Hz, 1H, PH);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 21.37 (s,

PhCH3), 128.31 (d, J = 11.4 Hz, Ph), 131.53 (d, J = 100.5 Hz, Ph), 134.35 (d, J = 2.9 Hz, Ph),
138.80 (d, J = 13.5 Hz, Ph); 31P{1H} NMR (283.42 MHz, CDCl3): δ 22.85 (s, Xyl2P).

6.4

Primary and secondary phosphines

All of the primary phosphines were prepared following a general procedure, described in detail
for phenylphosphine 37a.[107] The quenching step involves the sequential addition of degassed
water (x mL), aqueous NaOH 15% (x mL) and again water (3x mL) to quench the LAH (x g
used).
Phenylphosphine 37a
Into a 250 mL Schlenk with a magnetic stirring bar was placed LAH (3.5 g,
92.22 mmol, 3.3 eq.) and purged with argon. Diethyl ether (80 mL) was added and
the grey suspension cooled to -78 °C. TMSCl (11 mL, 9.42 g, 86.71 mmol, 3.1 eq.)
was added under stirring in 2-3 minutes. The cooling bath was removed and the reaction mixture
stirred for 30 minutes, reaching rt. Subsequently, the grey suspension was cooled back to -78 °C
and a solution of diethyl phenylphosphonate 60a (6.0 g, 28.01 mmol, 1.0 eq.) in diethyl ether
(15 mL) was added over 5 minutes. The cooling bath was removed and the reaction stirred at rt
overnight. The next day, the reaction was chilled to 0 °C, degassed water (3.5 mL), degassed
aqueous NaOH 15% (3.5 mL) and degassed water (10.5 mL) was sequentially added. The clear
product solution was filtered off by Teflon cannula filter into a 250 mL Schlenk under argon
charged with MgSO4. The dried product solution was filtered off into a third 250 mL Schlenk
under an argon atmosphere and the solvent was removed under reduced pressure using an
external cold trap. The yellowish oil was distilled under slightly reduced pressure to yield a
colorless liquid (1.0 g, 9.1 mmol, 32%).
1

H NMR (200.13 MHz, CDCl3): δ 4.06 (d, 1JHP = 202.1 Hz, 2H, PH2), 7.31-7.37 (m, 3H, Ph), 7.50-

7.60 (m, 2H, Ph);

31

P{1H} NMR (81.01 MHz, CDCl3): δ -122.28 (s, PH2);

31

P NMR (81.01 MHz,

1

CDCl3): δ -122.30 (ttd, JPH = 201.8 Hz, J = 7.2 Hz, J = 0.9 Hz, PH2).
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Naphthalen-1-ylphosphine 37b
Diethyl naphthalene-1-ylphosphonate 60b (6.7 g, 25.35 mmol) was reduced
applying the above mentioned general procedure. The crude product was
distilled (82 °C at 4*10-2 mbar) to yield a colorless liquid (3.8 g, 23.7 mmol,
93%).
1

H NMR (700.13 MHz, CDCl3): δ 4.24 (d, 1JHP = 203.3 Hz, 2H, PH2), 7.40-7.42 (m, 1H, Ph), 7.55-

7.57 (m, 1H, Ph), 7.60-7.63 (m, 1H, Ph), 7.80-7.82 (m, 1H, Ph), 7.87 (d, J = 8.2 Hz, 1H, Ph),
7.89 (d, J = 8.1 Hz, 1H, Ph), 8.20 (d, J = 8.4 Hz, 1H, Ph);
δ -133.21 (s, PH2);

31

P{1H} NMR (283.42 MHz, CDCl3):

31

P NMR (283.42 MHz, CDCl3): δ -133.20 (td, 1JPH = 203.3 Hz, J = 8.9 Hz,

PH2).
Mesitylphosphine 37c
Diethyl mesitylphosphonate 60c (5.9 g, 23.02 mmol) was reduced applying the
above mentioned general procedure. The crude product was distilled (50 °C at
4*10-2 mbar) to yield a colorless liquid (2.4 g, 15.8 mmol, 69%).
1

H NMR (250.13 MHz, CDCl3): δ 2.34 (s, 3H, PhCH3), 2.44 (s, 6H, PhCH3), 3.77 (d,

1

JHP = 206.9 Hz, 2H, PH2), 6.95 (s, 2H, Ph);

31

P{1H} NMR (101.25 MHz, CDCl3): δ -154.24 (s,

PH2); 31P NMR (101.25 MHz, CDCl3): δ -154.25 (t, 1JPH = 206.8 Hz, PH2).
(2-Methoxyphenyl)phosphine 37d[157]
Diethyl (2-methoxyphenyl)phosphonate 60d (9.2 g, 37.67 mmol) was reduced
applying the above mentioned general procedure. The crude product was distilled
(55 °C at 5.1*10-2 mbar) to yield a colorless liquid. This was filtered under argon
over silica with DCM to yield the pure product (3.4 g, 24.3 mmol, 65%).
1

H NMR (400.13 MHz, CDCl3): δ 3.92 (s, 3H, OCH3), 3.93 (d, 1JHP = 205.2 Hz, 2H, PH2), 6.90

(dd, J = 8.2 Hz, J = 2.7 Hz, 1H, Ph), 6.95-6.98 (m, 1H, Ph), 7.35-7.39 (m, 1H, Ph), 7.49-7.53 (m,
1H, Ph);

31

P{1H} NMR (161.98 MHz, CDCl3): δ -137.65 (s, PH2);

31

P NMR (101.25 MHz, CDCl3):

1

δ -138.72 (tdd, JPH = 205.4 Hz, J = 6.9 Hz, J = 3.0 Hz, PH2).
o-Tolylphosphine 37e
Diethyl o-tolylphosphonate 60e (6.1 g, 26.60 mmol) was reduced applying the
above mentioned general procedure. The crude product was distilled (100-144 °C
at ambient pressure) to yield a colorless liquid which was used without further
purification (1.7 g, 13.7 mmol, 52%).
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1

H NMR (300.13 MHz, CDCl3): δ 2.47 (s, 3H, PhCH3), 3.94 (d, 1JHP = 202.7 Hz, 2H, PH2), 7.14-

7.31 (m, 3H, Ph), 7.53-7.58 (m, 1H, Ph);

31

P{1H} NMR (121.49 MHz, CDCl3): δ -130.28 (s, PH2);

31

P NMR (121.49 MHz, CDCl3): δ -130.25 (td, 1JPH = 202.8 Hz, J = 7.5 Hz, PH2).

(3,5-Bis(trifluoromethyl)phenyl)phosphine 37g
Diethyl (3,5-bis(trifluoromethyl)phenyl)phosphonate 60g (14.0 g, 39.98 mmol)
was reduced applying the above mentioned general procedure. The crude
product was distilled (100-144 °C at ambient pressure) to yield a colorless
liquid. This was filtered under argon over silica with DCM to yield the pure
product (3.1 g, 12.6 mmol, 31%).
1

H NMR (300.13 MHz, CDCl3): δ 4.13 (d, 1JHP = 203.7 Hz, 2H, PH2), 7.79 (s, 1H, Ph), 7.93 (d,

J = 5.9 Hz, 2H, Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 122.21 (hept, 3JCF = 3.8 Hz, Ph),

123.31 (q, 1JCF = 272.9 Hz, CF3), 131.77 (qd, 2JCF = 33.3 Hz, 3JCP = 5.1 Hz, Ph), 133.09 (d,
JCP = 13.4 Hz, Ph), 134.10-134.47 (m, Ph);
PH2);

31

P{1H} NMR (121.49 MHz, CDCl3): δ -122.01 (s,

31

P NMR (121.49 MHz, CDCl3): δ -122.00 (tt,

1

JPH = 203.6 Hz,

3

JPH = 5.9 Hz, PH2);

19

F NMR (282.40 MHz, CDCl3): δ -63.16 (s, CF3).

Bis(3,5-dimethylphenyl)phosphine 73
Bis(3,5-dimethylphenyl)phosphine oxide 74 (10.8 g, 41.81 mmol) was
reduced applying the above mentioned general procedure. Because of
solubility problems, THF was used instead of diethyl ether. The crude
product was filtered over silica under argon with DCM yielding the
product as a colorless liquid (7.6 g, 31.4 mmol, 75%).
1

H NMR (300.13 MHz, CDCl3): δ 2.45 (s, 12H, PhCH3), 5.31 (d, 1JPH = 218.2 Hz, 1H, PH), 7.10

(s, 2H, Ph), 7.30 (d, J = 7.8 Hz, 4H, Ph); 31P{1H} NMR (121.49 MHz, CDCl3): δ -39.69 (s, PH).

6.5

Bis(trifluoromethyl)phosphines and related compounds

Naphthalen-1-ylbis(trifluoromethyl)phosphine 26b
A dried 100 mL Schlenk with a magnetic stirring bar was charged with
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (4.4 g, 13.92 mmol, 2.2 eq.)
and purged with argon. DCM (22 mL) was added and the colorless
suspension was cooled to -78 °C. Naphthalen-1-ylphosphine 37b (1.0 mL,
~1.0 g, 6.24 mmol, 1.0 eq.) was added in one portion, followed by dropwise addition of DBU 39
(3.7 mL, 3.77 g, 24.76 mmol, 4.0 eq.) over 10 minutes. The yellow-orange suspension was
stirred at rt overnight. The next day, the reaction mixture was concentrated to a thick, red-brown,
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viscous residue. This was extracted several times in the Schlenk with pentane. The combined
pentane extracts were eluted over silica (~50 g, 300 mL pentane) and the filtrate carefully
concentrated under reduced pressure to yield a colorless, residual pentane containing, highly
volatile liquid (650 mg, 2.20 mmol, 35%). The product was used without further purification.
1

H NMR (700.13 MHz, CDCl3): δ 7.60-7.63 (m, 2H, Ph), 7.68 (ddd, J = 8.4 Hz, J = 6.8 Hz,

J = 1.3 Hz, 1H, Ph), 7.94-7.96 (m, 1H, Ph), 8.12 (d, J = 8.2 Hz, 1H, Ph), 8.19-8.21 (m, 1H, Ph),
8.60-8.62 (m, 1H, Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 117.78-117.90 (m, Ph), 124.93 (d,

J = 34.3 Hz, Ph), 125.71 (d, J = 2.5 Hz, Ph), 126.91 (d, J = 2.0 Hz, Ph), 128.07 (d, J = 2.8 Hz,
Ph), 128.66 (qdq, 1JCF = 319.5 Hz, 1JCP = 17.5 Hz, 3JCF = 6.1 Hz, CF3), 129.43 (d, J = 2.3 Hz,
Ph), 133.96 (s, Ph), 134.00 (d, J = 1.2 Hz, Ph), 134.88-134.93 (m, Ph), 137.57 (d, J = 31.4 Hz,
Ph);

31

P{1H} NMR (283.42 MHz, CDCl3): δ -8.97 (hept, 2JPF = 83.6 Hz, P(CF3)2);

19

F NMR

2

(658.78 MHz, CDCl3): δ -52.29 (dd, JFP = 83.5 Hz, J = 0.7 Hz, CF3); HRMS (EI) calcd. (m/z) for
C12H7F6P: 296.0184 ([M]+), found: 296.0188 ([M]+), 227.0240 ([M-CF3]+).
Mesitylbis(trifluoromethyl)phosphine 26c
A dried 100 mL Schlenk with a magnetic stirring bar was charged with
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (4.34 g, 13.73 mmol, 2.2 eq.)
and purged with argon. DCM (25 mL) was added and the suspension cooled
to -78°C. First, mesitylphosphine 37c (0.95 g, 6.24 mmol, 1.0 eq.) was added in one portion,
followed by dropwise addition of DBU 39 (3.7 mL, 3.77 g, 24.76 mmol, 4.0 eq.) over 5 minutes.
After stirring the bright yellow solution for 30 minutes at -78 °C, the cooling bath was removed
and the mixture stirred at rt overnight. The next morning, the reaction mixture was carefully
concentrated to a thick, red-brown, viscous oily residue. This was extracted in the Schlenk with
several portions of pentane. The combined pentane extracts were eluted over silica (~50 g,
500 mL pentane) and the solvent removed under reduced pressure yielding a highly volatile,
colorless liquid (1.0 g, 3.4 mmol, 55%). The product was used without further purification.
1

H NMR (500.23 MHz, CDCl3): δ 2.31 (s, 3H, CH3), 2.59 (s, 6H, CH3), 7.01 (d, 4JHP = 2.5 Hz, 2H,

Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 21.28 (s, CH3), 23.52-23.78 (m, CH3), 116.51-116.75

(m, Ph), 129.33 (qdq, 1JCF = 319.4 Hz, 1JCP = 26.6 Hz, 3JCF = 6.3 Hz, CF3), 129.90 (d, J = 3.9 Hz,
Ph), 131.30 (brs, Ph), 144.18 (d, J = 1.7 Hz, Ph);
(hept, 2JPF = 90.4 Hz, P(CF3)2);

31

P{1H} NMR (283.42 MHz, CDCl3): δ 0.94

19

F NMR (470.69 MHz, CDCl3): δ -49.63 (d, 2JFP = 90.5 Hz, CF3);

HRMS (EI) calcd. (m/z) for C11H11F6P: 288.0497 ([M]+), found: 288.0495 ([M]+), 219.0547 ([MCF3]+).
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(2-Methoxyphenyl)bis(trifluoromethyl)phosphine 26d
A dried 100 mL Schlenk with a magnetic stirring bar was charged with
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (7.2 g, 22.78 mmol, 2.3 eq.) and
purged with argon. DCM (30 mL) was added and the suspension chilled
to -78 °C. (2-Methoxyphenyl)phosphine 37d (1.2 mL, ~1.4 g, 10.00 mmol, 1.0 eq.) was added in
one portion and stirred for 30 minutes before DBU 39 (6.2 mL, 6.32 g, 41.51 mmol, 4.2 eq.) was
added dropwise over 15 minutes. The cooling bath was removed and the yellow solution stirred
at rt overnight. The next day, the reaction mixture was concentrated under reduced pressure to a
sticky, brown-red highly viscous residue. This was extracted in the Schlenk with several portions
pentane and the combined extracts were eluted over silica (~50 g, 400 mL pentane). Careful
evaporation of the solvent yields the product as a colorless, volatile liquid (1.6 g, 5.80 mmol,
58%). The product was used without further purification.
1

H NMR (500.23 MHz, CD2Cl2): δ 3.91 (s, 3H, OCH3), 7.04 (dd, J = 8.2 Hz, J = 6.3 Hz, 1H, Ph),

7.09-7.12 (m, 1H, Ph), 7.59 (ddd, J = 8.5 Hz, J = 7.4 Hz, J = 1.6 Hz, 1H, Ph), 7.70-7.72 (m, 1H,
Ph);

13

C{1H} NMR (125.78 MHz, CD2Cl2): δ 56.68 (s, OCH3), 110.14-110.32 (m, Ph), 112.08 (d,

J = 2.9 Hz, Ph), 122.25 (d, J = 1.9 Hz, Ph), 129.25 (qdq,

1

JCF = 320.8 Hz,

3

1

JCP = 25.8 Hz,

JCF = 6.2 Hz, CF3), 134.93 (brs, Ph), 135.18 (s, Ph), 164.11 (d, J = 19.6 Hz, Ph);

(283.42 MHz, CD2Cl2): δ -8.71 (hept, 2JPF = 78.5 Hz, P(CF3)2);

31

P{1H} NMR

19

F NMR (470.69 MHz, CD2Cl2): δ

-53.34 (d, 2JFP = 78.5 Hz, CF3); HRMS (EI) calcd. (m/z) for C9H7F6OP: 276.0134 ([M]+), found:
276.0133 ([M]+), 207.0177 ([M-CF3]+).
o-Tolylbis(trifluoromethyl)phosphine 26e
A dried 250 mL Schlenk with a magnetic stirring bar was charged with
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 33 (5.99 g, 18.95 mmol, 2.2 eq.)
and purged with argon. DCM (30 mL) was added and the suspension was
cooled to -78 °C. o-Tolylphosphine 37e (1.07 g, 8.62 mmol, 1.0 eq.) was added in one portion,
followed by the dropwise addition of DBU 39 (5.2 mL, 5.3 g, 34.81 mmol, 4.0 eq.). After the
addition, the cooling bath was removed and the orange solution stirred at rt overnight. The next
day, the reaction mixture was concentrated and the sticky residue was suspended in pentane
and filtered over silica (~50 g, 900 mL pentane). The pentane solution was carefully evaporated
yielding the impure product as yellowish, very volatile liquid (yield n.d.). The product was used
without further purification.
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1

H NMR (300.13 MHz, CDCl3): δ 2.65 (d, J = 1.4 Hz, 3H, CH3), 7.31-7.35 (m, 2H, Ph), 7.46-7.51

(m, 1H, Ph), 7.83 (dd, J = 7.3 Hz, J = 3.5 Hz, 1H, Ph);
δ -7.44 (hept,

2

JPF = 82.2 Hz, P(CF3)2);

31

P{1H} NMR (121.49 MHz, CDCl3):

19

F NMR (282.40 MHz, CDCl3): δ -52.52 (d,

2

JFP = 82.2 Hz, PCF3).

Bis(4-cyanophenyl) cyclohexylphosphonite 61f
A dried 100 mL Schlenk with a magnetic stirring bar was charged
with 4-hydroxybenzonitrile (2.58 g, 21.66 mmol, 2.0 eq.) and
purged with argon. THF (35 mL) was added, followed by
triethylamine (3.2 mL, 2.32 g, 22.93 mmol, 2.1 eq.) leading to a
yellowish solution. The reaction mixture was chilled to 0 °C and
dichloro(cyclohexyl)phosphine (2.0 g, 10.81 mmol, 1.0 eq.) was added dropwise. After the
addition, the cooling bath was removed and the colorless suspension was stirred at rt overnight.
The next day, the colorless precipitate was filtered off and washed with dry THF. The solvent
was removed under reduced pressure and the residue dried under high vacuum yielding the
product as highly viscous, yellow oil (3.78 g, 10.79 mmol, 100%).
1

H NMR (700.13 MHz, CD2Cl2): δ 1.26-1.44 (m, 6H, Cy), 1.74-1.76 (m, 1H, Cy), 1.86-1.88 (m,

2H, Cy), 1.94-1.98 (m, 2H, Cy), 7.08 (dd,
3

JHH = 8.8 Hz, 4H, Ph);

3

JHH = 8.8 Hz, J = 1.3 Hz, 4H, Ph), 7.59 (d,

13

C{1H} NMR (176.05 MHz, CD2Cl2): δ 25.08 (d, J = 15.4 Hz, Cy), 26.43

(d, J = 11.7 Hz, Cy), 26.57 (brs, Cy), 43.09 (d, J = 12.5 Hz, Cy), 107.61 (s, Ph), 118.84 (s, CN),
120.55 (d, J = 9.2 Hz, Ph), 134.58 (s, Ph), 159.67 (d, J = 5.7 Hz, Ph);

31

P{1H} NMR (283.42

MHz, CD2Cl2): δ 185.84 (s, CyP); HRMS (MALDI, 3-HPA) calcd. (m/z) for C20H20N2O2P:
351.1257 ([M+H]+), found: 351.1257 ([M+H]+), 373.1078 ([M+Na]+), 389.0816 ([M+K]+), 723.2260
([2M+Na]+).
Cyclohexylbis(trifluoromethyl)phosphine 26f
The highly viscous bis(4-cyanophenyl) cyclohexylphosphonite 61f (3.78 g,
10.79 mmol, 1.0 eq.) was dissolved in diethyl ether (80 mL) under argon and
transferred to a dried 250 mL Schlenk with a magnetic stirring bar under argon.
Acetonitrile (8 mL) was added and the slightly turbid solution cooled to 0 °C. TMSCF3 24
(3.5 mL, 3.37 g, 23.70 mmol, 2.2 eq.) was added, followed by roughly weighed cesium fluoride
(328 mg, 2.16 mmol, 20 mol-%). The reaction was first stirred at 0 °C for one hour before the ice
bath was removed and the reaction kept at rt overnight. The reaction was checked for
conversion the next day by 31P NMR. If the reaction had not started, further portions of CsF were
added. The yellowish suspension was carefully concentrated under reduced pressure and the
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residue was eluted twice over silica with pentane (~50 g, 500 mL). After evaporation of the
solvent, the product was obtained as a colorless, highly volatile liquid (1.77 g, 7.02 mmol, 65%).
1

H NMR (400.13 MHz, CDCl3): δ 1.29-1.49 (m, 5H, Cy), 1.72-1.74 (m, 1H, Cy), 1.83-1.85 (m, 2H,

Cy), 1.93-1.96 (m, 2H, Cy), 2.37-2.46 (m, 1H, Cy);
(hept, 2JPF = 65.3 Hz, CyP);

31

P{1H} NMR (161.98 MHz, CD2Cl2): δ 12.07

19

F NMR (376.50 MHz, CDCl3): δ -51.14 (d, 2JFP = 65.3 Hz, PCF3);

HRMS (EI) calcd. (m/z) for C6H11: 83.0861 ([M-P(CF3)2]+), found: 83.0849 ([M-P(CF3)2]+), no [M]+
or [M-CF3]+ observable, pronounced fragmentation.
(3,5-Bis(trifluoromethyl)phenyl)bis(trifluoromethyl)phosphine 26g
Into a dried 50 mL Schlenk with a magnetic stirring bar was placed
1-trifluoromethyl-1,2-benziodoxol-3(1H)-one

33

(3.53 g,

11.17 mmol,

2.2 eq.) and purged with argon. After the addition of DCM (20 mL), the
suspension was chilled to -78 °C and (3,5-bis(trifluoromethyl)phenyl)phosphine 37g (0.8 mL, ~1.25 g, 5.08 mmol, 1.0 eq.) was added in one
portion. After stirring 20 minutes at -78 °C, DBU 39 (3.0 mL, 3.05 g, 20.03 mmol, 3.9 eq.) was
added dropwise over 10 minutes leading to a red reaction mixture. 20 minutes after addition, the
cooling bath was removed and the reaction stirred at rt overnight. The next day the reaction was
concentrated under reduced pressure to a sticky red oil. This was extracted in the Schlenk
several times with pentane and the combined extracts were eluted over silica (~60 g, 600 mL
pentane). After careful evaporation of the solvent, the impure product was obtained as a slightly
cloudy, colorless oil (yield <5%).
1

H NMR (300.13 MHz, CDCl3): δ 8.15 (brs, 1H, Ph), 8.26 (d, 3JHP = 8.5 Hz, 2H, Ph);

(121.49 MHz, CDCl3): δ -0.67 (heptt,

2

JPF = 82.3 Hz,

3

JPH = 8.5 Hz, P(CF3)2);

31

P NMR

19

F NMR

(282.40 MHz, CDCl3): δ -63.14 (s, PhCF3), -52.57 (d, 2JFP = 81.8 Hz, PCF3).

6.6

CF3-bearing PPFA-type compounds

(RC,SFc)-1-[(1-Naphthyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene 46b
A dried 20 mL Schlenk with a magnetic stirring bar was charged with (R)-[1-(dimethylamino)ethyl]ferrocene 12 (745 mg, 2.89 mmol, 2.0 eq.) and purged with argon. Diethyl ether (10 mL)
was added and the yellow solution cooled to -78 °C before sBuLi (1.3 M in hexane, 2.5 mL,
3.25 mmol, 2.2 eq.) was added dropwise. The reaction was stirred at -78 °C first for 10 minutes,
followed by 50 minutes at rt. At 0 °C, the bright orange solution was dropwise added via Teflon
cannula to a stirred solution of naphthalen-1-ylbis(trifluoromethyl)phosphine 26b (430 mg,
1.45 mmol, 1.0 eq.) in diethyl ether (8 mL). The resulting dark red to black reaction mixture was
stirred at rt overnight. The next day, the dark solution was poured onto water, the phases
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separated and the water phase extracted twice with diethyl ether. The combined organic phases
were washed with water and brine, dried over MgSO4 and the solvent was evaporated. Black,
highly polar side products and remaining starting material was separated by filtration over silica
(~20 g, 100:2:3 hexane:EtOAc:Et3N) collecting the first two colored species. The P-stereoisomers were subsequently separated by flash column chromatography applying the same
conditions.
Isomer (SP)-46b (faster eluting): dark red, highly viscous oil (316 mg,
0.65 mmol, 45%). 1H NMR (700.13 MHz, CDCl3): δ 1.05 (d, 3JHH = 6.8 Hz,
3H, CHCH3), 1.19 (s, 6H, N(CH3)2), 4.19 (qd, 3JHH = 6.7 Hz, J = 1.4 Hz, 1H,
CHCH3), 4.25 (s, 5H, Cp’), 4.39 (m, 1H, Cp), 4.43-4.44 (m, 1H, Cp), 4.73
(brs, 1H, Cp), 7.28-7.30 (m, 1H, Ph), 7.44-7.45 (m, 1H, Ph), 7.47-7.50 (m, 1H, Ph), 7.55 (ddd,
J = 8.3 Hz, J = 6.9 Hz, J = 1.3 Hz, 1H, Ph), 7.76 (d, J = 8.1 Hz, 1H, Ph), 7.82 (d, J = 8.1 Hz, 1H,
Ph), 8.85-8.87 (m, 1H, Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 7.22 (s, CHCH3), 38.11 (s,

N(CH3)2), 58.14 (d, 3JCP = 4.2 Hz, CHCH3), 68.70 (s, Cp), 69.38 (s, Cp), 70.17-70.25 (m, Cp),
70.52 (s, Cp’), 72.10 (dq, J = 7.0 Hz, J = 1.6 Hz, Cp), 97.36 (d, J = 22.3 Hz, Cp), 124.85 (d,
J = 1.6 Hz, Ph), 125.46 (d, J = 1.9 Hz, Ph), 125.75 (d, J = 2.0 Hz, Ph), 125.90 (d, J = 2.5 Hz,
Ph), 126.71 (d, J = 33.5 Hz, Ph), 128.43 (d, J = 2.0 Hz, Ph), 129.56 (d, J = 1.2 Hz, Ph), 132.26
(d, J = 4.0 Hz, Ph), 132.45 (qd, 1JCF = 323.9 Hz, 1JCP = 34.3 Hz, CF3), 133.46 (d, J = 6.1 Hz,
Ph), 136.00 (d, J = 26.9 Hz, Ph); 31P{1H} NMR (283.42 MHz, CDCl3): δ -31.23 (q, 2JPF = 61.0 Hz,
P(CF3));

19

F NMR (658.78 MHz, CDCl3): δ -53.94 (d, 2JFP = 61.0 Hz, CF3); HRMS (MALDI, 3-

HPA) calcd. (m/z) for C25H26F3FeNP: 484.1099 ([M+H]+), found: 484.1100 ([M+H]+), 439.0523
([M-N(CH3)2]+).
Isomer (RP)-46b (slower eluting): dark red, highly viscous oil (197 mg,
0.41 mmol, 28%). 1H NMR (700.13 MHz, CDCl3): δ 1.32 (d, 3JHH = 6.7 Hz,
3H, CHCH3), 2.14 (s, 6H, N(CH3)2), 3.57 (s, 5H, Cp’), 4.10 (qd, 3JHH = 6.6 Hz,
J = 2.7 Hz, 1H, CHCH3), 4.39-4.40 (m, 1H, Cp), 4.41-4.42 (m, 1H, Cp), 4.52
(brs, 1H, Cp), 7.55-7.57 (m, 1H, Ph), 7.62-7.64 (m, 1H, Ph), 7.67-7.69 (m, 1H, Ph), 7.93 (d,
J = 8.1 Hz, 1H, Ph), 8.03 (d, J = 8.1 Hz, 1H, Ph), 8.36 (dd, J = 7.0 Hz, J = 3.8 Hz, 1H, Ph), 9.149.16 (m, 1H, Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 10.32 (s, CHCH3), 39.69 (s, N(CH3)2),

56.78 (d, 3JCP = 7.9 Hz, CHCH3), 68.95 (s, Cp), 69.57 (s, Cp’), 69.87 (d, J = 5.9 Hz, Cp), 70.08
(d, J = 1.6 Hz, Cp), 72.64 (d, J = 4.1 Hz, Cp), 99.53 (d, J = 29.3 Hz, Cp), 125.04 (d, J = 1.8 Hz,
Ph), 126.17 (d, J = 2.4 Hz, Ph), 126.47 (d, J = 38.7 Hz, Ph), 126.80 (d, J = 3.2 Hz, Ph), 128.84
(dq, J = 8.9 Hz, J = 2.8 Hz, Ph), 129.14 (d, J = 2.1 Hz, Ph), 130.72 (qd,

1

JCF = 323.8 Hz,

1

JCP = 32.8 Hz, CF3), 131.30 (d, J = 0.9 Hz, Ph), 133.87 (d, J = 6.5 Hz, Ph), 134.07 (brs, Ph),

137.39 (d, J = 30.4 Hz, Ph);
P(CF3));
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31

P{1H} NMR (283.42 MHz, CDCl3): δ -30.37 (brq, 2JPF = 64.0 Hz,

F NMR (658.78 MHz, CDCl3): δ -54.27 (d, 2JFP = 66.8 Hz, CF3); HRMS (MALDI,

Experimental part
3-HPA) calcd. (m/z) for C25H26F3FeNP: 484.1099 ([M+H]+), found: 484.1100 ([M+H]+), 439.0520
([M-N(CH3)2]+).
(SP,RC,SFc)-1-[(1-Mesityl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46c
sBuLi (1.3 M in hexane, 4.6 mL, 5.98 mmol, 1.8 eq.) was added dropwise to
a

clear

solution

of

(R)-[1-(dimethylamino)ethyl]ferrocene

12

(1.44 g,

5.60 mmol, 1.7 eq.) in diethyl ether (15 mL) under an an argon atmosphere
at -78 °C. The intense orange reaction mixture was stirred at -78 °C for 10
minutes, followed by 50 minutes at rt. A second dried 50 mL Schlenk with a magnetic stirring bar
under an argon atmosphere was charged with mesitylbis(trifluoromethyl)phosphine 26c (950 mg,
3.30 mmol, 1.0 eq.) in diethyl ether (10 mL) and both solutions were chilled to 0 °C. The lithiated
species was added dropwise at 0 °C to the bis(trifluoromethyl)phosphine 26c via Teflon cannula
over 6 minutes and the reaction stirred at rt overnight. The next day, the reaction mixture was
poured onto water and the phases separated. The water phase was extracted twice with ethyl
acetate, the combined organic phases were washed with water and brine, dried over K2CO3 and
the solvent was evaporated. The crude product was eluted over silica (~20 g, 100:2:3
hexane:EtOAc:Et3N) and the first colored species was collected. The crude product was purified
by flash column chromatography (silica, ~50 g, starting with 100:3 hexane:Et3N, ending with
100:2:3 hexane:EtOAc:Et3N) yielding a dark red solid (922 mg, 1.94 mmol, 59%).
1

H NMR (700.13 MHz, CDCl3): δ 1.14 (d, 3JHH = 6.7 Hz, 3H, CHCH3), 1.54 (s, 6H, N(CH3)2), 1.98

(brs, 3H, CH3), 2.20 (s, 3H, CH3), 2.68 (brs, 3H, CH3), 4.15-4.18 (m, 6H, CHCH3, Cp’), 4.26-4.27
(m, 1H, Cp), 4.42-4.43 (m, 1H, Cp), 4.57 (brs, 1H, Cp), 6.63 (brs, 1H, Ph), 6.85 (brs, 1H, Ph);
13

C{1H} NMR (176.05 MHz, CDCl3): δ 7.73 (s, CHCH3), 21.06 (s, CH3), 23.89 (brs, CH3), 23.99

(brs, CH3), 38.48 (s, N(CH3)2), 58.49 (d, 3JCP = 5.1 Hz, CHCH3), 67.56 (s, Cp), 69.23 (d,
J = 4.7 Hz, Cp), 70.73 (s, Cp’), 71.79 (dq, J = 9.2 Hz, J = 3.1 Hz, Cp), 73.04 (d, J = 7.0 Hz, Cp),
98.22 (d, J = 23.3 Hz, Cp), 126.62 (dq, J = 17.9 Hz, J = 2.7 Hz, Ph), 129.16 (brs, Ph), 130.23
(brs, Ph), 132.72 (d, J = 35.7 Hz, Ph), 134.56 (d, J = 35.5 Hz, Ph), 138.78 (d, J = 1.3 Hz, Ph);
31

P{1H} NMR (283.42 MHz, CDCl3): δ -20.64 (q, 2JPF = 61.1 Hz, P(CF3));

19

F NMR (658.78 MHz,

2

CDCl3): δ -52.15 (d, JFP = 61.1 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C24H30F3FeNP:
476.1412 ([M+H]+), found: 476.1412 ([M+H]+), 431.0833 ([M-N(CH3)2]+); EA calcd. for
C24H29F3FeNP (475.31): C 60.65, H 6.15, N 2.95, F 11.99, P 6.52, found: C 60.93, H 6.13, N
2.99, F 11.89, P 6.44.

149

Experimental part
(RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene 46d
A dried 50 mL Schlenk with a magnetic stirring bar was charged with (R)-[1-(dimethylamino)ethyl]ferrocene 12 (1.71 g, 6.65 mmol, 2.0 eq.) and purged with argon. Diethyl ether (20 mL) was
added and the orange solution chilled to -78 °C. sBuLi (1.3 M in hexane, 5.6 mL, 7.28 mmol,
2.2 eq.) was added dropwise and the reaction mixture stirred at -78 °C for 10 minutes and 50
minutes at rt before it was cooled to 0 °C. In a second dried 50 mL Schlenk under an argon
atmosphere (2-methoxyphenyl)bis(trifluoromethyl)phosphine 26d (920 mg, 3.33 mmol, 1.0 eq.)
was dissolved in diethyl ether (10 mL) and chilled to 0 °C. The bright orange solution of the
lithiated species was added dropwise to the phosphine solution via Teflon cannula. The ice bath
was removed and the dark solution stirred at rt overnight. The next day, the reaction mixture was
poured onto water, the phases were separated and the water phase extracted twice with diethyl
ether. The combined organic phases were washed with water and brine, dried over MgSO4 and
the solvent was evaporated. The P-stereoisomers were separated and subsequently purified by
flash column chromatography (silica, ~50 g, 100:2:3 hexane:EtOAc:Et3N).
Isomer (SP)-46d (faster eluting): dark red, waxy solid (496 mg, 1.07 mmol,
32%). 1H NMR (500.23 MHz, CDCl3): δ 1.09 (d, 3JHH = 6.7 Hz, 3H, CHCH3),
1.49 (s, 6H, N(CH3)2), 3.90 (s, 3H, OCH3), 4.17 (qd, 3JHH = 6.7 Hz, J = 1.5 Hz,
1H, CHCH3), 4.20 (brs, 5H, Cp’), 4.36 (brs, 1H, Cp), 4.37-4.38 (m, 1H, Cp),
4.61 (brs, 1H, Cp), 6.75-6.78 (m, 1H, Ph), 6.85 (dd, J = 7.9 Hz, J = 5.8 Hz, 1H, Ph), 7.06-7.09
(m, 1H, Ph), 7.21-7.25 (m, 1H, Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 7.37 (s, CHCH3),

38.15 (s, N(CH3)2), 55.90 (s, OCH3), 57.94 (d, 3JCP = 4.8 Hz, CHCH3), 68.50 (s, Cp), 69.21 (d,
J = 4.7 Hz, Cp), 70.26 (d, J = 9.7 Hz, Cp), 70.39 (s, Cp’), 72.14 (dq, J = 6.6 Hz, J = 1.8 Hz, Cp),
97.51 (d, J = 22.0 Hz, Cp), 110.26 (d, J = 3.1 Hz, Ph), 120.22 (d, J = 1.0 Hz, Ph), 121.20-121.72
(m, Ph), 130.63 (s, Ph), 132.44 (qd, 1JCF = 324.5 Hz, 1JCP = 36.2 Hz, CF3), 134.53 (d, J = 2.5 Hz,
Ph), 161.74 (d, J = 18.7 Hz, Ph); 31P{1H} NMR (202.50 MHz, CDCl3): δ -31.25 (q, 2JPF = 59.3 Hz,
P(CF3));

19

F NMR (470.69 MHz, CDCl3): δ -54.76 (d, 2JFP = 59.5 Hz, CF3); HRMS (MALDI,

DCTB) calcd. (m/z) for C22H25F3FeNOP: 463.0970 ([M]+), found: 463.0970 ([M]+), 419.0470 ([MN(CH3)2]+).
Isomer (RP)-46d (slower eluting): dark red, waxy solid (570 mg, 1.23 mmol,
37%). 1H NMR (500.23 MHz, CDCl3): δ 1.31 (d, 3JHH = 6.7 Hz, 3H, CHCH3),
2.11 (s, 6H, N(CH3)2), 3.85 (s, 5H, Cp’), 3.96 (brs, 3H, OCH3), 4.07 (qd,
3

JHH = 6.7 Hz, J = 2.7 Hz, 1H, CHCH3), 4.33-4.34 (m, 1H, Cp), 4.36 (brs, 1H,

Cp), 4.39 (brs, 1H, Cp), 7.02 (dd, J = 8.0 Hz, J = 5.1 Hz, 1H, Ph), 7.08-7.11 (m, 1H, Ph), 7.477.51 (m, 1H, Ph), 7.95-7.98 (m, 1H, Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 10.23 (s,

CHCH3), 39.63 (s, N(CH3)2), 55.89 (d, J = 1.0 Hz, OCH3), 56.65 (d, 3JCP = 7.9 Hz, CHCH3), 67.88
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(dd, J = 12.4 Hz, J = 4.2 Hz, Cp), 69.74 (s, Cp’), 69.84 (d, J = 5.5 Hz, Cp), 70.07 (s, Cp), 72.89
(d, J = 5.1 Hz, Cp), 99.52 (d, J = 29.1 Hz, Cp), 111.26 (d, J = 2.9 Hz, Ph), 120.08-120.25 (m,
Ph), 120.77 (d, J = 3.7 Hz, Ph), 130.54 (qd, 1JCF = 324.9 Hz, 1JCP = 37.8 Hz, CF3), 122.38 (s,
Ph), 136.68 (d, J = 7.4 Hz, Ph), 162.48 (d, J = 17.6 Hz, Ph);
δ -25.43 (brq,

2

JPF = 63.6 Hz, P(CF3));

31

P{1H} NMR (202.50 MHz, CDCl3):

19

F NMR (470.69 MHz, CDCl3): δ -54.17 (d,

2

JFP = 64.3 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z) for C22H25F3FeNOP: 463.0970 ([M]+),

found: 463.0970 ([M]+), 419.0470 ([M-N(CH3)2]+).
(SP,RC,SFc)-1-[(o-Tolyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46e
A dried 50 mL Schlenk was charged with (R)-[1-(dimethylamino)ethyl]ferrocene 12 (1.11 g, 4.32 mmol, 2.0 eq.) and dissolved in diethyl ether
(10 mL) under an argon atmosphere. At -78 °C, sBuLi (1.3 M in hexane,
3.64 mL, 4.73 mmol, 2.2 eq.) was added dropwise. The yellow mixture was
allowed to warm and was stirred at rt for 1 hour. The intense orange solution was added
dropwise to a solution of o-tolylbis(trifluoromethyl)phosphine 26e (559 mg, 2.15 mmol, 1.0 eq.) in
diethyl ether (10 mL) at 0 °C to give a dark red solution. After the addition, the ice bath was
removed and the reaction stirred overnight. The next morning, the reaction mixture was poured
onto water, the phases separated and the water phase extracted three times with diethyl ether.
The combined organic phases were dried over MgSO4 and the solvent was removed. The crude
product was purified by flash column chromatography (silica, hexane:EtOAc:Et3N 100:2:3)
yielding a dark red oil (476 mg, 1.06 mmol, 49%).
1

H NMR (500.23 MHz, CDCl3): δ 1.09 (d, 3JHH = 6.7 Hz, 3H, CHCH3), 1.47 (s, 6H, N(CH3)2), 2.65

(s, 3H, ArCH3), 4.16 (qd, 3JHH = 6.7 Hz, J = 1.4 Hz, 1H, CHCH3), 4.21 (s, 5H, Cp’), 4.37-4.38 (m,
1H, Cp), 4.39-4.40 (m, 1H, Cp), 4.62 (brs, 1H, Cp), 6.96-7.00 (m, 1H, Ph), 7.12-7.17 (m, 3H,
Ph);

31

P{1H} NMR (202.50 MHz, CDCl3): δ -26.60 (q, 2JPF = 59.7 Hz, P(CF3));

19

F NMR (470.69

MHz, CDCl3): δ -54.57 (d, 2JFP = 59.3 Hz, P(CF3)).
(RC,SFc)-1-[(Cyclohexyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene 46f
A dried 100 mL Schlenk with a magnetic stirring bar was charged with (R)-[1-(dimethylamino)ethyl]ferrocene 12 (2.45 g, 9.53 mmol, 2.0 eq.) and purged with argon. Diethyl ether (30 mL) was
added, followed by sBuLi (1.3 M in hexane, 8.0 mL, 10.40 mmol, 2.2 eq.) at -78 °C. After the
addition, the reaction was stirred at -78 °C for 10 minutes and 50 minutes at rt before it was
chilled to 0 °C. This bright orange solution was added dropwise to a solution of cyclohexylbis(trifluoromethyl)phosphine 26f (1.2 g, 4.76 mmol, 1.0 eq.) in diethyl ether (20 mL) at 0 °C over
10 minutes. After the addition, the reaction was stirred at rt overnight. The next day, the dark
reaction mixture was poured onto water and the phases were separated. The water phase was
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extracted twice with diethyl ether. The combined organic phases were washed with water and
brine, dried over Na2SO4 and the solvent was evaporated. The crude product was filtered over
silica (~20g, 100:2:3 hexane:EtOAc:Et3N) collecting the first two colored species. The
P-stereoisomers were subsequently separated by flash column chromatography (silica, ~50 g,
100:2:3 hexane:EtOAc:Et3N).
Isomer (SP)-46f (faster eluting): Purified by flash column chromatography
(silica, ~20 g, 100:1:1 hexane:Et2O:Et3N) to yield an intense orange oil
(940 mg, 2.13 mmol, 45%). 1H NMR (400.13 MHz, CD2Cl2): δ 1.04-1.20 (m,
4H, Cy), 1.24 (d, 3JHH = 6.7 Hz, 3H, CHCH3), 1.29-1.36 (m, 1H, Cy), 1.591.63 (m, 1H, Cy), 1.66-1.76 (m, 4H, Cy), 1.81-1.89 (m, 1H, Cy), 2.05 (s, 6H, N(CH3)2), 3.98 (qd,
3

JHH = 6.7 Hz, J = 2.2 Hz, 1H, CHCH3), 4.14 (s, 5H, Cp’), 4.30 (m, 1H, Cp), 4.31-4.33 (m, 1H,

Cp), 4.38-4.39 (m, 1H, Cp);

13

C{1H} NMR (100.61 MHz, CD2Cl2): δ 7.59 (s, CHCH3), 26.72 (s,

Cy), 28.30 (d, J = 8.7 Hz, Cy), 28.55 (d, J = 12.1 Hz, Cy), 30.26 (d, J = 8.0 Hz, Cy), 30.66 (d,
J = 12.0 Hz, Cy), 37.20 (dq, J = 14.5 Hz, J = 1.8 Hz, Cy), 39.13 (s, N(CH3)2), 57.46 (d,
3

JCP = 7.5 Hz, CHCH3), 68.93 (s, Cp), 69.38 (d, J = 4.9 Hz, Cp), 70.39 (s, Cp’), 71.98 (dq,

J = 6.8 Hz, J = 1.1 Hz, Cp), 98.12 (d, J = 25.9 Hz, Cp), 134.31 (qd,
1

JCP = 40.9 Hz, CF3);

31

1

JCF = 322.8 Hz,

P{1H} NMR (161.98 MHz, CD2Cl2): δ 0.06 (q, 2JPF = 60.0 Hz, P(CF3));

19

F NMR (376.50 MHz, CD2Cl2): δ -49.43 (d, 2JFP = 60.0 Hz, CF3); HRMS (MALDI, 3-HPA) calcd.

(m/z) for C19H23F3FeP: 395.0833 ([M-N(CH3)2]+), found: 395.0838 ([M-N(CH3)2]+).
Isomer (RP)-46f (slower eluting): Purified by flash column chromatography
(silica, ~20 g, 100:1:1 DCM:acetone:Et3N) to yield an intense orange oil
(715 mg, 1.63 mmol, 34%).

1

H NMR (400.13 MHz, CD2Cl2): δ 1.28 (d,

3

JHH = 6.7 Hz, 3H, CHCH3), 1.31-1.41 (m, 3H, Cy), 1.42-1.58 (m, 2H, Cy),

1.72-1.76 (m, 1H, Cy), 1.86-1.90 (m, 2H, Cy), 2.05 (s, 6H, N(CH3)2), 2.10-2.24 (m, 2H, Cy), 2.252.33 (m, 1H, Cy), 3.86 (qd, 3JHH = 6.8 Hz, J = 2.4 Hz, 1H, CHCH3), 4.15 (s, 5H, Cp’), 4.33-4.34
(m, 1H, Cp), 4.40-4.41 (m, 1H, Cp), 4.44-4.46 (m, 1H, Cp);

13

C{1H} NMR (100.61 MHz, CD2Cl2):

δ 9.62 (s, CHCH3), 26.64 (d, J = 1.1 Hz, Cy), 27.95 (d, J = 6.5 Hz, Cy), 28.24 (d, J = 16.2 Hz,
Cy), 30.86 (dq, J = 4.9 Hz, J = 1.1 Hz, Cy), 32.31 (d, J = 24.4 Hz, Cy), 36.26 (dq, J = 11.8 Hz,
J = 2.4 Hz, Cy), 39.68 (s, N(CH3)2), 56.80 (d, 3JCP = 6.3 Hz, CHCH3), 69.67 (d, J = 2.6 Hz, Cp),
70.11 (d, J = 4.5 Hz, Cp), 70.20 (s, Cp’), 73.44 (d, J = 1.9 Hz, Cp), 98.53 (d, J = 21.4 Hz, Cp),
131.98 (qd, 1JCF = 324.6 Hz, 1JCP = 45.8 Hz, CF3); 31P{1H} NMR (161.98 MHz, CD2Cl2): δ 0.62 (q,
2

JPF = 55.3 Hz, P(CF3));

19

F NMR (376.50 MHz, CD2Cl2): δ -51.90 (d, 2JFP = 55.4 Hz, CF3);

HRMS (MALDI, 3-HPA) calcd. (m/z) for C19H23F3FeP: 395.0833 ([M-N(CH3)2]+), found: 395.0828
([M-N(CH3)2]+).
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6.7

CF3-bearing Josiphos analogs and their complexes

(SP,RC,SFc)-1-[(1-Naphthyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene (SP)-56b
(SP,RC,SFc)-1-[(1-Naphthyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46b (934 mg, 1.93 mmol, 1.0 eq.) was placed in a 50 mL
Schlenk with a magnetic stirring bar and purged with argon. Degassed acetic
acid (10 mL) and dicyclohexylphosphine (0.5 mL, 490 mg, 2.47 mmol,
1.3 eq.) were added and the dark red solution was warmed to 90 °C overnight. The next day, the
acetic acid was evaporated under high vacuum yielding an intense orange, highly viscous
residue. This was dissolved in boiling ethanol (8 mL), filtered and redisolved at reflux. After
crystallization, the mother liquor was removed, the solid washed with ice cold ethanol and dried
under HV yielding the air-sensitive product as orange needles of X-ray quality (550 mg,
0.86 mmol, 45%).
1

H NMR (700.13 MHz, CDCl3): δ 0.43-0.48 (m, 1H, Cy), 0.53-0.58 (m, 1H, Cy), 0.60-0.66 (m, 1H,

Cy), 0.77-0.81 (m, 1H, Cy), 0.85-0.90 (m, 2H, Cy), 0.96-1.00 (m, 2H, Cy), 1.04-1.17 (m, 5H, Cy),
1.27-1.29 (m, 1H, Cy), 1.35-1.48 (m, 8H, CHCH3, Cy), 1.53-1.54 (m, 1H, Cy), 1.57-1.58 (m, 1H,
Cy), 1.73-1.74 (m, 1H, Cy), 3.21 (q, 3JHH = 5.9 Hz, 1H, CHCH3), 4.30 (s, 5H, Cp’), 4.44 (brs, 1H,
Cp), 4.50 (brs, 1H, Cp), 4.77 (brs, 1H, Cp), 7.31-7.33 (m, 1H, Ph), 7.48-7.50 (m, 1H, Ph), 7.587.60 (m, 2H, Ph), 7.80-7.83 (m, 2H, Ph), 8.81-8.83 (m, 1H, Ph);

13

C{1H} NMR (100.61 MHz,

CD2Cl2): δ 15.05 (s, CHCH3), 26.40 (d, J = 11.0 Hz, Cy), 26.40 (s, Cy), 26.66 (s, Cy), 26.92 (d,
J = 7.5 Hz, Cy), 27.30 (d, J = 6.0 Hz, Cy), 27.46 (d, J = 12.6 Hz, Cy), 27.96 (dd, J = 23.1 Hz,
J = 5.9 Hz, CHCH3), 29.65 (d, J = 9.9 Hz, Cy), 29.94 (d, J = 6.2 Hz, Cy), 30.78-31.00 (m, Cy),
32.05 (d, J = 21.3 Hz, Cy), 32.19 (d, J = 20.4 Hz, Cy), 67.52 (brs, Cp), 69.01 (s, Cp), 69.83 (dd,
J = 5.3 Hz, J = 1.9 Hz, Cp), 70.37 (s, Cp’), 71.80 (d, J = 3.7 Hz, Cp), 100.68 (dd, J = 27.2 Hz,
J = 19.0 Hz, Cp), 124.94 (d, J = 1.6 Hz, Ph), 125.60 (d, J = 1.4 Hz, Ph), 126.00 (d, J = 2.4 Hz,
Ph), 126.70 (d, J = 30.4 Hz, Ph), 128.40 (d, J = 1.7 Hz, Ph), 130.10 (s, Ph), 130.74-130.81 (m,
Ph), 132.29 (qdd, 1JCF = 323.9 Hz, 1JCP = 31.1 Hz, J = 16.3 Hz, CF3), 133.46-133.48 (m, Ph),
133.59 (d, J = 6.2 Hz, Ph), 136.29 (d, J = 24.9 Hz, Ph);

31

P{1H} NMR (283.42 MHz, CDCl3):

δ -30.67 (dq, JPP’ = 80.6 Hz, 2JPF = 64.5 Hz, P(CF3)), 16.49 (d, JPP’ = 78.4 Hz, PCy2);

19

F NMR

(658.78 MHz, CDCl3): δ -52.27 (dd, 2JFP = 64.4 Hz, JFP’ = 5.0 Hz, CF3); HRMS (ESI) calcd. (m/z)
for C35H42F3FeP2: 637.2058 ([M+H]+), found: 637.2060 ([M+H]+), 439.0522 ([M-PCy2]+).
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(SP,RC,SFc)-1-[(1-Mesityl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene
(SP)-56c
A 50 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(1-mesityl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene
(SP)-46c (1.16 g, 2.44 mmol, 1.0 eq.) and purged with argon. Degassed
acetic acid (8 mL) was added, followed by dicyclohexylphosphine (0.6 mL,
0.59 g, 2.98 mmol, 1.2 eq.). The dark red, clear solution was heated overnight to 60 °C. The next
day, the acetic acid was evaporated under high vacuum. All attempts to crystallize the ligand
failed. The orange, highly viscous residue was filtered over silica (~50 g, hexane:EtOAc 50:1) to
yield the product as a slightly sticky, impure, air-sensitive, bright yellow foam (1.29 g, 2.05 mmol,
84%).
1

H NMR (700.13 MHz, CDCl3): δ 0.66-0.71 (m, 1H, Cy), 0.76-0.81 (m, 1H, Cy), 0.90-0.95 (m, 1H,

Cy), 1.03-1.22 (m, 7H, Cy), 1.33-1.34 (m, 1H, Cy), 1.38-1.45 (m, 4H, Cy), 1.54 (brs, 4H, CHCH3,
Cy), 1.60-1.69 (m, 6H, Cy), 2.07 (brs, 3H, CH3), 2.21 (s, 3H, CH3), 2.67 (brs, 3H, CH3), 2.80 (brs,
1H, CHCH3), 4.22 (s, 5H, Cp’), 4.31 (brs, 1H, Cp), 4.39 (brs, 1H, Cp), 4.54 (brs, 1H, Cp), 6.75
(brs, 2H, Ph);

31

P{1H} NMR (283.42 MHz, CDCl3): δ -18.06 (qd, 2JPF = 66.4 Hz, JPP’ = 21.9 Hz,

P(CF3)), 15.66 (d, JPP’ = 18.6 Hz, PCy2);

19

F NMR (658.78 MHz, CDCl3): δ -51.05 (d,

2

JFP = 66.1 Hz, CF3); HRMS (ESI) calcd. (m/z) for C34H46F3FeP2: 629.2371 ([M+H]+), found:

629.2365 ([M+H]+).
(SP,RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene
(SP)-56d
A dried 50 mL Schlenk with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(o-anisyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46d (502 mg, 1.08 mmol, 1.0 eq.) and purged with argon.
Degassed acetic acid (10 mL) and dicyclohexylphosphine (0.3 mL, 0.29 g,
1.46 mmol, 1.4 eq.) were added and the dark orange solution was heated to 90 °C overnight.
The next day, the acetic acid was evaporated under HV and the residue was dissolved in boiling
ethanol (5 mL). The dark red solution was allowed to cool to rt and was stored at -18 °C
overnight. The next day, the mother liquor was removed, the orange crystals were washed with
ice cold ethanol and dried under HV to yield the air-sensitive product (424 mg, 0.69 mmol, 64%).
1

H NMR (400.13 MHz, CDCl3): δ 0.57-0.72 (m, 1H, Cy), 0.77-0.91 (m, 1H, Cy), 0.91-1.11 (m, 5H,

Cy), 1.13-1.29 (m, 5H, Cy), 1.39-1.59 (m, 9H, CHCH3, Cy), 1.60-1.72 (m, 3H, Cy), 1.80 (brs, 1H,
Cy), 3.18 (q, 3JHH = 7.0 Hz, 1H, CHCH3), 3.91 (s, 3H, OCH3), 4.24 (s, 5H, Cp’), 4.39 (s, 1H, Cp),
4.43 (s, 1H, Cp), 4.62 (s, 1H, Cp), 6.76-6.86 (m, 2H, Ph), 7.15-7.18 (m, 1H, Ph), 7.27 (m, 1H,
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Ph);

31

P{1H} NMR (161.98 MHz, CDCl3): δ -31.03 (dq, JPP' = 72.3 Hz, 2JPF = 62.3 Hz, P(CF3)),

17.25 (d, JPP’ = 73.9 Hz, PCy2);

19

F NMR (376.50 MHz, CDCl3): δ -52.76 (dd, 2JFP = 63.1 Hz,

JFP' = 3.7 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C32H42F3FeOP2: 617.2007 ([M+H]+),
found: 617.2017 ([M+H]+), 547.1983 ([M-CF3]+), 419.0474 ([M-PCy2]+).
(SP,RC,SFc)-1-[(o-Tolyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene
(SP)-56e
A 50 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(o-tolyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene

(SP)-

46e (595 mg, 1.33 mmol, 1.0 eq.) and purged with argon. Degassed acetic
acid (12 mL) and dicyclohexylphosphine (0.3 mL, 0.29 g, 1.46 mmol, 1.1 eq.)
were added in one portion and the orange solution heated overnight to 90 °C. The next day, the
acetic acid was removed under HV and the residue was dissolved in boiling ethanol (21 mL).
The clear solution was slowly cooled to rt overnight. After crystallization, the mother liquor was
removed, the big orange crystals were washed twice with ice cold ethanol and dried under HV to
yield the air-sensitive product (432 mg, 0.72 mmol, 54%).
1

H NMR (250.13 MHz, CDCl3): δ 0.46-0.61 (m, 1H, Cy), 0.65-1.11 (m, 7H, Cy), 1.19-1.39 (m, 6H,

Cy), 1.43-1.58 (m, 6H, CHCH3, Cy), 1.63-1.88 (m, 5H, Cy), 2.71 (s, 3H, CH3), 3.26-3.27 (m, 1H,
CHCH3), 4.27 (s, 5H, Cp’), 4.39-4.47 (m, 2H, Cp), 4.71 (s, 1H, Cp), 7.00-7.06 (m, 1H, Ph), 7.157.23 (m, 2H, Ph), 7.34-7.36 (m, 1H, Ph);

31

P{1H} NMR (101.25 MHz, CDCl3): δ -29.84 (dq,

JPP' = 93.6 Hz, 2JPF = 63.7 Hz, P(CF3)), 16.24 (dq, JPP’ = 93.6 Hz, JPF = 5.0 Hz, PCy2);

19

F NMR

(188.31 MHz, CDCl3): δ -52.75 (dd, 2JFP = 63.4 Hz, JFP' = 5.5 Hz, CF3); HRMS (ESI) calcd. (m/z)
for C32H42F3FeP2: 601.2058 ([M+H]+), found: 601.2060 ([M+H]+); 403.0531 ([M-PCy2]+).
(SP,RC,SFc)-1-[(Cyclohexyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene
(SP)-56f
A dried 50 mL Schlenk was charged with (SP,RC,SFc)-1-[(cyclohexyl)trifluoromethylphosphino)-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46f
(475 mg, 1.08 mmol, 1.0 eq.) and purged with argon. Degassed acetic acid
(6 mL) and dicyclohexylphosphine (0.3 mL, 0.29 g, 1.46 mmol, 1.4 eq.) were
added and the resulting dark orange mixture was heated to 90 °C overnight. The next morning,
the solvent was evaporated under HV and the orange residue was dissolved in boiling ethanol
(12 mL). After crystallization overnight at -18 °C, the mother liquor was removed, the orange
crystals were washed with ice cold ethanol and dried under HV yielding the air-sensitive title
compound (334 mg 0.56 mmol, 52%).
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1

H NMR (400.13 MHz, CDCl3): δ 0.99-1.24 (m, 7H, Cy), 1.25-1.43 (m, 8H, Cy), 1.46-1.55 (m, 5H,

Cy, CHCH3), 1.56-1.65 (m, 4H, Cy), 1.67-1.90 (m, 11H, Cy), 2.21-2.32 (m, 1H, Cy), 3.07 (q,
3

JHH = 7.0 Hz, 1H, CHCH3), 4.18 (s, 5H, Cp’), 4.32 (brs, 3H, Cp);

31

P{1H} NMR (161.98 MHz,

CDCl3): δ -2.30 (qd, 2JPF = 61.9 Hz, JPP' = 40.7 Hz, P(CF3)), 17.27 (d, JPP’ = 40.9 Hz, PCy2);
19

F NMR (376.50 MHz, CDCl3): δ -48.25 (d, 2JFP = 62.0 Hz, CF3); HRMS (MALDI, 3-HPA) calcd.

(m/z) for C19H23F3FeP: 395.0833 ([M-PCy2]+), found: 395.0834 ([M-PCy2]+).
[Pt((SP,RC,SFc)-(1-Np)(CF3)-Josiphos)Cl2] (SP)-64b
A round bottomed flask with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(1-naphthyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene (SP)-56b (50 mg, 78.6 μmol, 1.1 eq.) and DCM
(1 mL). [Pt(cod)Cl2] (28 mg, 74.8 μmol, 1.0 eq.) was added and the resulting
dark red solution stirred at rt for 10 minutes. The solution was filtered over Celite and the solvent
was evaporated. The product was isolated as a crystalline solid (suitable for X-ray diffraction
experiments) by slow diffusion of hexane into a solution of the intense red crude product in DCM
(51 mg, 56.5 μmol, 76%).
1

H NMR (700.13 MHz, CDCl3): δ 1.23-1.28 (m, 3H, Cy), 1.32-1.41 (m, 2H, Cy), 1.45-1.50 (m, 1H,

Cy), 1.57-1.61 (m, 2H, Cy), 1.67-1.70 (m, 1H, Cy), 1.73 (brs, 1H, Cy), 1.77-1.80 (m, 2H, Cy),
1.82-1.87 (m, 4H, Cy), 1.89-1.93 (m, 4H, Cy, CHCH3), 1.99-2.01 (m, 1H, Cy), 2.07-2.09 (m, 1H,
Cy), 2.39-2.44 (m, 1H, Cy), 2.58-2.60 (m, 1H, Cy), 3.37-3.43 (m, 2H, Cy, CHCH3), 3.48 (s, 1H,
Cp), 4.19 (s, 1H, Cp), 4.24 (s, 5H, Cp’), 4.70 (s, 1H, Cp), 7.17-7.19 (m, 1H, Ph), 7.41-7.43 (m,
1H, Ph), 7.55-7.58 (m, 1H, Ph), 7.84 (d, J = 8.1 Hz, 1H, Ph), 8.02 (d, J = 8.1 Hz, 1H, Ph), 8.09
(d, J = 13.4 Hz, J = 7.1 Hz, 1H, Ph), 8.25 (d, J = 8.5 Hz, 1H, Ph);

13

C{1H} NMR (176.05 MHz,

CDCl3): δ 16.06 (d, J = 5.4 Hz, CHCH3), 26.11 (s, Cy), 26.55 (s, Cy), 27.40 (d, J = 11.9 Hz, Cy),
27.54 (d, J = 12.9 Hz, Cy), 27.55 (d, J = 11.7 Hz, Cy), 27.84 (d, J = 10.8 Hz, Cy), 28.08-28.20
(m, Cy), 29.61 (s, Cy), 29.62 (brs, Cy), 30.92 (d, J = 4.7 Hz, Cy), 31.21 (s, Cy), 34.29 (d,
J = 26.5 Hz, Cy), 36.62 (d, J = 30.7 Hz, CHCH3), 62.64-63.02 (m, Cp), 69.91-69.98 (m, Cp),
71.26 (s, Cp’), 71.36-71.44 (m, Cp), 77.76 (d, J = 8.6 Hz, Cp), 93.51-93.63 (m, Cp), 120.04 (d,
J = 77.3 Hz, Ph), 124.59 (d, J = 12.1 Hz, Ph), 125.99 (s, Ph), 126.32 (s, Ph), 127.75 (d,
J = 12.8 Hz, Ph), 129.33 (s, Ph), 131.65 (brs, Ph), 132.42 (d, J = 11.7 Hz, Ph), 133.27 (d,
J = 3.0 Hz, Ph), 134.03 (d, J = 9.5 Hz, Ph);

31

P{1H} NMR (283.42 MHz, CDCl3): δ 12.88 (qd,

2

JPF = 77.4 Hz, JPP’ = 14.4 Hz, JPPt = 3698.4 Hz, P(CF3)), 54.48 (brs, JPPt = 3410.4 Hz, PCy2);

19

F NMR (658.78 MHz, CDCl3): δ -54.57 (d, 2JFP = 77.3 Hz, CF3); HRMS (ESI) calcd. (m/z) for

C35H41ClF3FeP2Pt: 866.1321 ([M-Cl]+), found: 866.1324 ([M-Cl]+), 831.1633 ([M-2Cl]+).
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[Pt((SP,RC,SFc)-(1-Mes)(CF3)-Josiphos)Cl2] (SP)-64c
A round bottomed flask with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(1-mesityl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56c

(20 mg,

31.8 μmol,

1.1 eq.)

and

dissolved in chloroform (1 mL). [Pt(cod)Cl2] (11 mg, 29.4 μmol, 1.0 eq.) was
added and the resulting dark red solution stirred at rt for one hour. All volatiles were evaporated
and the product was isolated as a crystalline solid (suitable for X-ray diffraction experiments) by
slow diffusion of hexane into a solution of the intense red crude product in chloroform (25 mg,
27.9 μmol, 95%).
1

H NMR (700.13 MHz, CDCl3): δ 1.16 (brs, 3H, Cy), 1.23 (brs, 1H, Cy), 1.28-1.37 (m, 2H, Cy),

1.41 (brs, 1H, Cy), 1.45-1.51 (m, 1H, Cy), 1.56-1.65 (m, 3H, Cy), 1.69-1.73 (m, 1H, Cy), 1.761.79 (m, 2H, Cy), 1.83-1.89 (m, 6H, CHCH3, Cy), 1.93-1.98 (m, 2H, Cy), 2.23-2.34 (m, 7H, Cy,
CH3), 2.65-2.68 (m, 1H, Cy), 2.74 (brs, 3H, CH3), 3.31-3.40 (m, 2H, CHCH3, Cy), 3.88 (brs, 1H,
Cp), 4.23 (s, 5H, Cp’), 4.33 (brs, 1H, Cp), 4.73 (s, 1H, Cp), 6.76 (s, 1H, Ph), 6.94 (s, 1H, Ph);
31

P{1H} NMR (283.42 MHz, CDCl3): δ 11.41 (brq, 2JPF = 79.1 Hz, JPPt = 3665.3 Hz, P(CF3)),

50.22 (brs, JPPt = 3497.9 Hz, PCy2);

19

F NMR (658.78 MHz, CDCl3): δ -51.87 (d, 2JFP = 78.4 Hz,

CF3); HRMS (ESI) calcd. (m/z) for C34H45F3FeP2Pt: 822.1866 ([M-2Cl]+), found: 822.1872 ([M2Cl]+).
[Pt((SP,RC,SFc)-(oAn)(CF3)-Josiphos)Cl2] (SP)-64d
A 10 mL round bottomed flask with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(o-anisyl)-trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56d

(24 mg,

38.9 μmol,

1.1 eq.)

and

[Pt(cod)Cl2] (13 mg, 34.7 μmol, 1.0 eq.). DCM (1 mL) was added and the
resulting deep red solution was stirred for 10 minutes. Subsequently, the
reaction mixture was filtered over Celite and the solvent was evaporated. The product was
isolated as a crystalline solid (suitable for X-ray diffraction experiments) by slow diffusion of
pentane into a solution of the intense red crude product in DCM (23 mg, 26.1 μmol, 75%).
1

H NMR (400.13 MHz, CDCl3): δ 1.11-1.22 (m, 3H, Cy), 1.25-1.38 (m, 3H, Cy), 1.40-1.49 (m, 3H,

Cy), 1.58-1.67 (m, 3H, Cy), 1.69-1.78 (m, 2H, Cy), 1.80-1.97 (m, 7H, Cy, CHCH3), 1.99-2.07 (m,
1H, Cy), 2.27-2.38 (m, 1H, Cy), 2.42-2.49 (m, 1H, Cy), 3.21-3.37 (m, 2H, Cy, CHCH3), 3.63 (s,
3H, OCH3), 3.87 (s, 1H, Cp), 4.24 (s, 5H, Cp’), 4.34 (s, 1H, Cp), 4.66 (s, 1H, Cp), 6.92-6.96 (m,
1H, Ph), 7.10-7.13 (m, 1H, Ph), 7.52-7.56 (m, 1H, Ph), 7.72-7.77 (m, 1H, Ph);

31

P{1H} NMR

(161.98 MHz, CDCl3): δ 10.11 (qd, 2JPF = 75.3 Hz, JPP' = 16.5 Hz, JPPt = 3884.3 Hz, P(CF3)),
56.15 (d, JPP’ = 16.2 Hz, JPPt = 3478.1 Hz, PCy2);

19

F NMR (376.50 MHz, CDCl3): δ -55.37 (d,
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2

JFP = 75.2 Hz,

JFPt = 59.4 Hz,

CF3);

HRMS

(MALDI,

3-HPA)

+

calcd.

(m/z)

+

for

+

C32H41OCl2F3FeNaP2Pt: 904.0851 ([M+Na] ), found: 904.0856 ([M+Na] ), 846.1281 ([M-Cl] ).
[Pt((SP,RC,SFc)-(oTol)(CF3)-Josiphos)Cl2] (SP)-64e
A 20 mL round bottomed flask with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(o-tolyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene (SP)-56e (114 mg, 189.86 μmol, 1.1 eq.) and
[Pt(cod)Cl2] (65 mg, 173.72 μmol, 1.0 eq.). DCM (5 mL) was added to give a
red solution which was stirred for 10 minutes. Afterwards, the solution was filtered over Celite
and the solvent was evaporated. The product was isolated as a crystalline solid (suitable for
X-ray diffraction experiments) by slow diffusion of pentane into a solution of the intense red
crude product in DCM (83 mg, 95.79 μmol, 55%).
1

H NMR (700.13 MHz, CDCl3): δ 1.13-1.20 (m, 3H, Cy), 1.29-1.36 (m, 3H, Cy), 1.37-1.40 (m, 1H,

Cy), 1.43-1.48 (m, 1H, Cy), 1.60-1.63 (m, 2H, Cy), 1.71-1.82 (m, 5H, Cy), 1.85-1.92 (m, 6H,
CHCH3, Cy), 1.95-1.97 (m, 1H, Cy), 2.29-2.34 (m, 1H, Cy), 2.45 (s, 3H, CH3), 2.53-2.56 (m, 1H,
Cy), 3.31-3.36 (m, 2H, CHCH3, Cy), 3.80 (s, 1H, Cp), 4.26 (s, 5H, Cp'), 4.37-4.38 (m, 1H, Cp),
4.71-4.72 (s, 1H, Cp), 7.22-7.24 (m, 1H, Ph), 7.34-7.36 (m, 1H, Ph), 7.44-7.47 (m, 1H, Ph), 7.81
(dd, J = 11.4 Hz, J = 8.4 Hz, 1H, Ph);

13

C NMR (176.05 MHz, CDCl3): δ 15.87 (d, J = 5.5 Hz,

CHCH3), 24.09 (d, J = 9.6 Hz, CH3), 26.00 (d, J = 1.1 Hz, Cy), 26.54 (d, J = 1.2 Hz, Cy), 27.09
(d, J = 12.1 Hz, Cy), 27.38 (d, J = 11.8 Hz, Cy), 27.51 (d, J = 12.8 Hz, Cy), 27.82 (d, J = 10.7 Hz,
Cy), 27.82-27.99 (m, Cy), 29.36 (s, Cy), 29.61 (s, Cy), 30.21 (d, J = 4.8 Hz, Cy), 30.69 (s, Cy),
34.21 (d, J = 26.9 Hz, Cy), 36.51 (d, J = 30.2 Hz, CHCH3), 62.60-62.96 (m, Cp), 70.06 (d,
J = 9.2 Hz, Cp), 71.30 (s, Cp’), 71.65 (d, J = 8.6 Hz, Cp), 76.44 (d, J = 9.1 Hz, Cp), 93.68 (dd,
J = 16.9 Hz, J = 2.6 Hz, Cp), 120.23 (qd, 1JCF = 319.3 Hz, 1JCP = 88.4 Hz, CF3), 122.88 (d,
J = 76.8 Hz, Ph), 125.70 (d, J = 10.4 Hz, Ph), 131.30-131.38 (m, Ph), 132.08 (d, J = 2.7 Hz, Ph),
132.34 (d, J = 11.1 Hz, Ph), 141.66 (d, J = 13.0 Hz, Ph);

31

P{1H} NMR (161.98 MHz, CDCl3): δ

13.35 (qd, 2JPF = 76.4 Hz, JPP’ = 14.4 Hz, JPPt = 3717.7 Hz, P(CF3)), 55.28 (d, JPP’ = 14.5 Hz,
JPPt = 3429.0 Hz, PCy2);
JFPt = 59.1 Hz, CF3);

195

19

F NMR (376.50 MHz, CDCl3): δ -54.43 (d,

2

JFP = 76.3 Hz,

Pt NMR (86.01 MHz, CDCl3): δ -4428.01 (dd, JPtP = 3724 Hz,

JPtP’ = 3435 Hz, PtCl2); HRMS (MALDI, 3-HPA) calcd. (m/z) for C32H41ClF3FeP2Pt: 830.1320 ([MCl]+), found: 830.1320 ([M-Cl]+).
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[Pt((SP,RC,SFc)-(Cy)(CF3)-Josiphos)Cl2] (SP)-64f
A 10 mL round bottomed flask with a magnetic stirring bar was charged with
(SP,RC,SFc)-1-[(cyclohexyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56f

32.07 μmol,

(19 mg,

1.1 eq.)

and

[Pt(cod)Cl2] (11 mg, 29.40 μmol, 1.0 eq.). DCM (1 mL) was added and the
resulting deep red solution stirred for 10 min. The solution was filtered over Celite and the
solvent was removed under reduced pressure. The product was isolated as a crystalline solid
(suitable for X-ray diffraction experiments) by slow diffusion of pentane into a solution of the
intense red crude product in 1,2-dichloroethane (21 mg, 24.46 μmol, 83%).
1

H NMR (400.13 MHz, CDCl3): δ 0.81-1.16 (m, 4H, Cy), 1.24-1.47 (m, 8H, Cy), 1.53-1.61 (m, 4H,

Cy), 1.70-1.76 (m, 2H, Cy), 1.79-1.98 (m, 10H, CHCH3, Cy), 2.03-2.11 (m, 3H, Cy), 2.16-2.37
(m, 3H, Cy), 3.16-3.27 (m, 2H, CHCH3, Cy), 3.60-3.70 (m, 1H, Cy), 4.32 (s, 5H, Cp’), 4.59 (s,
1H, Cp), 4.67 (s, 1H, Cp), 4.74 (s, 1H, Cp);
2

JPF = 66.6 Hz,

JPPt = 3444.9 Hz,

JPP' = 14.5 Hz,
PCy2);

31

P{1H} NMR (161.98 MHz, CDCl3): δ 16.63 (qd,

JPPt = 3796.9 Hz,

19

F NMR

(376.50 MHz,

P(CF3)),
CDCl3):

59.10
δ

-55.97

(d,
(d,

JPP’ = 14.1 Hz,
2

JFP = 66.5 Hz,

JFPt = 58.8 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C31H45ClF3FeP2Pt: 823.1630
([M-Cl]+), found: 823.1624 ([M-Cl]+).
[Rh((SP,RC,SFc)-(1-Np)(CF3)-Josiphos)(nbd)]BF4 (SP)-65b
In a round bottomed 25 mL flask with a magnetic stirring bar
(SP,RC,SFc)-1-[(1-naphthyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56b

(50 mg,

78.56 μmol,

1.1 eq.) was dissolved in DCM (2 mL). [Rh(nbd)2]BF4 (27 mg,
72.19 μmol, 1.0 eq.) was added in one portion and the intense red
solution stirred at rt for one hour. Afterwards, the reaction was filtered over Celite and the solvent
evaporated. The crude product was dissolved in THF (0.7 mL) and the product was precipitated
by dropwise addition of diethyl ether (7 mL) under stirring. The dark red solid was washed with
diethyl ether and dried under HV (48 mg, 52.27 μmol, 72%). Slow decomposition was observed.
1

H NMR (700.13 MHz, CDCl3): δ 1.21-1.44 (m, 8H, Cy), 1.47 (d, J = 8.2 Hz, 1H, CH2), 1.49-1.55

(m, 1H, Cy), 1.57-1.63 (m, 1H, Cy), 1.75 (d, J = 9.4 Hz, 1H, CH2), 1.78 (d, J = 12.2 Hz, 1H, Cy),
1.86 (dd, J = 10.4 Hz, J = 7.2 Hz, 3H, CHCH3), 1.87-1.92 (m, 4H, Cy), 1.97-2.00 (m, 2H, Cy),
2.02-2.08 (m, 2H, Cy), 2.16-2.17 (m, 2H, Cy), 2.23-2.28 (m, 1H, Cy), 3.08-3.12 (m, 1H, CHCH3),
3.43 (brs, 1H, nbd), 3.52 (s, 1H, Cp), 3.66 (brs, 1H, nbd), 4.05 (brs, 1H, nbd), 4.24 (s, 5H, Cp’),
4.30-3.31 (m, 1H, Cp), 4.72-4.74 (m, 1H, nbd), 4.79 (s, 1H, Cp), 5.72 (brs, 1H, nbd), 5.86 (brs,
1H, nbd), 7.36-7.38 (m, 1H, Ph), 7.61-7.66 (m, 3H, Ph), 7.97 (dd, J = 10.3 Hz, J = 7.6 Hz, 1H,
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Experimental part
Ph), 8.00 (d, J = 8.4 Hz, 1H, Ph), 8.13 (d, J = 8.1 Hz, 1H, Ph);

13

C{1H} NMR (176.05 MHz,

CDCl3): δ 15.49 (d, J = 6.1 Hz, CHCH3), 26.12 (s, Cy), 26.26 (s, Cy), 27.12 (d, J = 10.3 Hz, Cy),
27.36 (d, J = 11.1 Hz, Cy), 27.69 (d, J = 10.4 Hz, Cy), 27.85 (d, J = 11.0 Hz, Cy), 28.73-28.81
(m, CHCH3), 28.86 (s, Cy), 29.11 (brs, Cy), 31.34 (s, Cy), 32.63 (s, Cy), 35.26 (d, J = 16.6 Hz,
Cy), 36.19 (d, J = 15.6 Hz, Cy), 54.09 (s, nbd), 54.41 (s, nbd), 63.26-63.56 (m, Cp), 70.30 (d,
J = 8.9 Hz, Cp), 71.35 (s, Cp’),

71.39-71.43 (m, CH2), 71.68 (d, J = 9.8 Hz, Cp), 77.06 (d,

J = 6.3 Hz, Cp), 79.63 (m, nbd), 85.31 (m, nbd), 87.44 (m, nbd), 91.06 (m, nbd), 92.70 (d,
J = 21.6 Hz, J = 5.1 Hz, Cp), 118.85 (d, J = 50.1 Hz, Ph), 125.28 (d, J = 15.3 Hz, Ph), 125.52 (d,
J = 9.0 Hz, Ph), 127.15 (s, Ph), 127.69 (s, Ph), 130.35 (d, J = 1.2 Hz, Ph), 131.13-131.18 (m,
Ph), 132.09 (d, J = 14.6 Hz, Ph), 133.80 (d, J = 2.5 Hz, Ph), 133.93 (d, J = 8.2 Hz, Ph);
31

P{1H} NMR (283.42 MHz, CDCl3): δ 37.02 (dqd, JPRh = 162.8 Hz, 2JPF = 75.5 Hz, JPP’ = 35.6 Hz,

P(CF3)), 57.26 (dd, JPRh = 149.8 Hz, JPP’ = 35.5 Hz, Cy2P);

19

F NMR (376.50 MHz, CDCl3):

2

δ -153.96 (brs, BF4), -153.91 (brs, BF4), -52.74 (d, JFP = 73.5 Hz, P(CF3));

11

B{1H} NMR

(224.63 MHz, CDCl3): δ -0.86 (s, BF4); HRMS (ESI) calcd. (m/z) for C42H49F3FeP2Rh: 831.1661
([M-BF4]+); found: 831.1668 ([M-BF4]+).
[Rh((SP,RC,SFc)-(1-Mes)(CF3)-Josiphos)(nbd)]BF4 (SP)-65c
A 25 mL round bottomed flask with a magnetic stirring bar was
charged with (SP,RC,SFc)-1-[(1-mesityl)trifluoromethylphosphino]-2[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56c

(100 mg,

159.11 μmol, 1.1 eq.) and dissolved in DCM (3 mL). [Rh(nbd)2]BF4
(54 mg, 144.39 μmol, 1.0 eq.) was added and the resulting deep
red solution stirred at rt for one hour. Thereafter, the clear solution was filtered over silica and
the solvent was evaporated. The residue was taken up in THF (1 mL) and the product was
precipitated by the dropwise addition of diethyl ether (3 mL). The red solid was separated,
thoroughly washed with diethyl ether and dried under HV yielding the desired product (70 mg,
76.89 μmol, 53%). The NMR spectra clearly point to dynamic behavior.
1

H NMR (700.13 MHz, CDCl3): δ 1.08-1.14 (m, 1H), 1.16-1.25 (m, 3H), 1.29-1.38 (m, 4H), 1.40-

1.45 (m, 1H), 1.55-1.60 (m, 1H), 1.63 (brs, 1H), 1.67-1.70 (m, 2H), 1.73-1.87 (m, 11H), 1.95-1.99
(m, 2H), 2.04-2.08 (m, 1H), 2.21 (brs, 3H, CH3), 2.32 (s, 3H, CH3), 2.60 (brs, 3H, CH3), 2.96 (brs,
1H), 3.73 (s, 1H), 3.76 (brs, 1H), 3.92 (brs, 1H), 4.03 (brs, 2H), 4.25 (brs, 5H, Cp’), 4.41 (brs,
1H), 4.76 (s, 1H), 4.85 (s, 1H), 5.42 (brs, 1H), 5.50 (brs, 1H), 6.99 (brs, 2H, Ph);

31

P{1H} NMR

(283.42 MHz, CDCl3): δ 31.84-33.32 (m, P(CF3)), 53.69 (brdd, JPRh = 152.5 Hz, 2JPP’ = 30.2 Hz,
Cy2P);
2

19

F NMR (658.78 MHz, CDCl3): δ -154.12 (brs, BF4), -154.07 (brs, BF4), -48.46 (brd,

JFP = 79.0 Hz, P(CF3));

11

B{1H} NMR (224.63 MHz, CDCl3): δ -0.85 (s, BF4); HRMS (ESI) calcd.

(m/z) for C41H53F3FeP2Rh: 823.1974 ([M-BF4]+); found: 823.1967 ([M-BF4]+).
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Experimental part
[Rh((SP,RC,SFc)-(oAn)(CF3)-Josiphos)(nbd)]BF4 (SP)-65d
A 25 mL round bottomed flask with a magnetic stirring bar was
charged with (SP,RC,SFc)-1-[(o-anisyl)trifluoromethylphosphino]-2[1-(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56d

(50 mg,

81.11 μmol, 1.1 eq.) and [Rh(nbd)2]BF4 (28 mg, 74.87 μmol,
1.0 eq.). DCM (6 mL) was added and the resulting red solution was
stirred for four hours. The reaction mixture was filtered over Celite and the solvent was removed
under reduced pressure. The residue was taken up in THF (1 mL) and the product was
precipitated by dropwise addition of diethyl ether (10 mL) under stirring. The mother liquor was
removed, the red solid washed with diethyl ether and dried under HV (29 mg, 29.28 μmol, 39%).
Slow decomposition was observed.
1

H NMR (500.23 MHz, CDCl3): δ 0.82-0.92 (m, 1H, Cy), 1.10-1.19 (m, 2H, Cy), 1.25-1.51 (m, 6H,

Cy, nbd), 1.56-1.66 (m, 4H, Cy), 1.69-1.80 (m, 5H, Cy, CHCH3, nbd), 1.84-1.88 (m, 4H, Cy),
1.91-1.99 (m, 2H, Cy), 2.00-2.08 (m, 1H, Cy), 2.10-2.23 (m, 2H, Cy), 2.99-3.04 (m, 1H, CHCH3),
3.72 (s, 3H, OCH3), 3.85-3.86 (m, 1H, Cp), 4.00 (brs, 1H, nbd), 4.15 (brs, 1H, nbd), 4.20-4.28
(m, 6H, Cp’, nbd), 4.43-4.44 (s, 1H, Cp), 4.61 (brs, 1H, nbd), 4.69-4.70 (m, 1H, Cp), 5.52 (brs,
1H, nbd), 5.73 (brs, 1H, nbd), 7.14-7.18 (m, 2H, Ph), 7.54-7.56 (m, 1H, Ph), 7.63-7.67 (m, 1H,
Ph);

31

P{1H} NMR (202.50 MHz, CDCl3): δ 35.44 (dqd, JPRh = 165.9 Hz,

2

JPF = 72.1 Hz,

JPP’ = 37.4 Hz, P(CF3)), 56.06 (dd, JPRh = 150.7 Hz, JPP’ = 36.8 Hz, PCy2); 19F NMR (470.69 MHz,
CDCl3): δ -53.23 (d,

2

JFP = 72.0 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for

C39H49F3FeOP2Rh: 811.1610 ([M-BF4]+), found: 811.1618 ([M-BF4]+).
[Rh((SP,RC,SFc)-(oTol)(CF3)-Josiphos)(nbd)]BF4 (SP)-65e
A 25 mL round bottomed flask with a magnetic stirring bar was
charged with (SP,RC,SFc)-1-[(o-tolyl)trifluoromethylphosphino]-2-[1(dicyclohexylphosphino)ethyl]ferrocene

(SP)-56e

(50 mg,

83.27 μmol, 1.1 eq.) and dissolved in DCM (2 mL). [Rh(nbd)2]BF4
(28 mg, 74.87 μmol, 1.0 eq.) was added and the slightly turbid
solution stirred for one hour. Thereafter, the solution was filtered over Celite and the solvent
evaporated under reduced pressure. The residue was dissolved in THF and the product
precipitated by dropwise addition of diethyl ether. The solid was separated, washed with diethyl
ether and dried under HV to yield the slowly decomposing product as a red powder (43 mg,
48.74 μmol, 65%).
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Experimental part
1

H NMR (700.13 MHz, CDCl3): δ 1.07-1.12 (m, 1H, Cy), 1.16-1.22 (m, 2H, Cy), 1.25-1.30 (m, 1H,

Cy), 1.32-1.39 (m, 3H, Cy), 1.41-1.47 (m, 1H, Cy), 1.55-1.61 (m, 1H, Cy), 1.63 (d, J = 9.1 Hz,
1H, CH2), 1.67 (brs, 1H, Cy), 1.74 (brd, J = 13.3 Hz, 1H, Cy), 1.78-1.82 (m, 6H, CHCH3, Cy),
1.83-1.89 (m, 5H, CH2, Cy), 1.95-1.99 (m, 2H, Cy), 2.17-2.24 (m, 2H, Cy), 2.31 (s, 3H, CH3),
2.97-3.01 (m, 1H, CHCH3), 3.82 (s, 1H, Cp), 3.91 (brs, 1H, nbd), 4.07 (brs, 2H, nbd), 4.25 (s, 5H,
Cp’), 4.46 (s, 1H, Cp), 4.77 (s, 1H, Cp), 4.88 (brs, 1H, nbd), 5.77 (brs, 1H, nbd), 5.81 (brs, 1H,
nbd), 7.38-7.40 (m, 1H, Ph), 7.41-7.43 (m, 1H, Ph), 7.53-7.55 (m, 1H, Ph), 7.60-7.62 (m, 1H,
Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 15.55 (d, J = 6.5 Hz, CHCH3), 23.64 (d, J = 12.6 Hz,

CH3), 25.85 (s, Cy), 26.28 (s, Cy), 27.23 (d, J = 9.5 Hz, Cy), 27.34 (d, J = 8.3 Hz, Cy), 27.40 (d,
J = 11.8 Hz, Cy), 27.49 (d, J = 11.6 Hz, Cy), 28.62 (dd, J = 13.8 Hz, J = 6.0 Hz, CHCH3), 29.31
(s, Cy), 29.48 (s, Cy), 30.13 (s, Cy), 32.41 (d, J = 2.4 Hz, Cy), 35.47 (d, J = 16.6 Hz, Cy), 35.62
(d, J = 15.7 Hz, Cy), 54.21 (d, J = 0.9 Hz, nbd), 54.52 (d, J = 1.0 Hz, nbd), 62.88-63.18 (m, Cp),
70.41 (d, J = 8.6 Hz, Cp), 71.43 (s, Cp’), 71.57-71.63 (m, CH2), 71.83 (d, J = 9.3 Hz, Cp), 76.06
(d, J = 6.3 Hz, Cp), 80.19 (m, nbd), 85.91-86.00 (m, nbd), 86.49-86.59 (m, nbd), 90.31-90.42 (m,
nbd), 93.09 (d, J = 21.3 Hz, J = 4.9 Hz, Cp), 121.77 (d, J = 48.7 Hz, Ph), 125.22 (qd,
1

JCF = 319.9 Hz, 1JCP = 57.0 Hz, CF3), 126.98 (d, J = 7.7 Hz, Ph), 130.47 (m, Ph), 132.61 (d,

J = 2.1 Hz, Ph), 132.85 (d, J = 9.0 Hz, Ph), 141.17 (d, J = 15.1 Hz, Ph);

31

P{1H} NMR

(283.42 MHz, CDCl3): δ 34.82 (dqd, JPRh = 163.0 Hz, 2JPF = 73.7 Hz, JPP’ = 36.3 Hz, P(CF3)),
56.22 (dd, JPRh = 149.3 Hz, JPP’ = 36.0 Hz, Cy2P); 19F NMR (658.78 MHz, CDCl3): δ -153.91 (brs,
BF4), -153.86 (brs, BF4), -52.73 (d, 2JFP = 73.3 Hz, P(CF3));

11

B{1H} NMR (224.63 MHz, CDCl3):

δ -0.86 (s, BF4); HRMS (ESI) calcd (m/z) for C39H49F3FeP2Rh: 795.1661 ([M-BF4]+); found:
795.1678 ([M-BF4]+).
[Rh((SP,RC,SFc)-(Cy)(CF3)-Josiphos)(nbd)]BF4 (SP)-65f
A 25 mL round bottomed flask was charged with (SP,RC,SFc)-1[(cyclohexyl)trifluoromethylphosphino]-2-[1-(dicyclohexylphosphino)ethyl]ferrocene (SP)-56f (50 mg, 84.39 μmol, 1.1 eq.)
and [Rh(nbd)2]BF4 (29 mg, 77.54 μmol, 1.0 eq.). DCM (4 mL) was
added and the dark red solution stirred for 30 minutes. Thereafter,
the solution was filtered over Celite and the solvent was removed under reduced pressure. The
residue was dissolved in THF (0.5 mL) and the product was precipitated by dropwise addition of
diethyl ether (7 mL) under stirring. The mother liquor was removed by syringe, the residue
washed with distilled diethyl ether and dried under HV overnight (34 mg, 38.89 μmol, 50%). Slow
decomposition was observed.
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Experimental part
1

H NMR (500.23 MHz, CDCl3): δ 0.35-0.42 (m, 1H), 0.90-1.00 (m, 1H), 1.07-1.15 (m, 1H),

1.24-1.39 (m, 9H), 1.44-1.51 (m, 1H), 1.58-1.70 (m, 5H), 1.71-1.75 (m, 4H, Cy, CHCH3),
1.79-1.87 (m, 7H), 1.92 (brs, 6H), 1.99-2.04 (m, 2H), 2.27-2.36 (m, 1H), 2.88-2.94 (m, 1H,
CHCH3), 3.72-3.75 (m, 1H), 4.17 (brs, 1H), 4.28 (s, 5H, Cp’), 4.50 (s, 1H), 4.64 (s, 1H), 4.76 (s,
1H), 5.54 (brs, 2H), 5.65 (brs, 1H), 5.71 (brs, 1H);
(dqd, JPRh = 160.5 Hz,

2

JPP’ = 33.4 Hz, PCy2);

19

31

P{1H} NMR (202.50 MHz, CDCl3): δ 32.70

JPF = 62.5 Hz, JPP’ = 33.7 Hz, P(CF3)), 56.74 (dd, JPRh = 148.7 Hz,
F NMR (376.50 MHz, CDCl3): δ -153.69 (s, BF4), -53.76 (d,

2

JFP = 62.3 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C38H53F3FeP2Rh: 787.1974

([M-BF4]+), found: 787.1989 ([M-BF4]+).

6.8

CF3-bearing Xyliphos-analogs and their complexes

(SP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(SP)-72a
(SP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)-46a (1.03 g, 2.38 mmol, 1.0 eq.) was placed in a 50 mL
Schlenk with a magnetic stirring bar and purged with argon. Degassed acetic
acid (10 mL) was added, followed by bis(3,5-dimethylphenyl)phosphine 73
(0.6 mL, 0.61 g, 2.52 mmol, 1.1 eq.). The intense orange solution was stirred at 90 °C overnight.
The next day all volatiles were removed under reduced pressure and the residue crystallized
twice from boiling ethanol (30/27 mL) yielding the product as clear orange needles (1.07 g,
1.70 mmol, 71%).
1

H NMR (500.23 MHz, CD2Cl2): δ 1.37 (dd, 3JHH = 6.7 Hz, J = 6.0 Hz, 3H, CHCH3), 2.18 (s, 6H,

CH3), 2.25 (s, 6H, CH3), 3.62-3.68 (m, 1H, CHCH3), 3.99 (brs, 1H, Cp), 4.28 (s, 5H, Cp’), 4.424.43 (m, 1H, Cp), 4.62 (brs, 1H, Cp), 6.58 (brd, J = 7.6 Hz, 2H, Ph), 6.82 (brd, J = 5.8 Hz, 2H,
Ph), 6.86 (brs, 1H, Ph), 6.92 (brs, 1H, Ph), 7.30-7.34 (m, 2H, Ph), 7.35-7.39 (m, 1H, Ph), 7.527.56 (s, 2H, Ph);

13

C{1H,31P} NMR (125.79 MHz, CD2Cl2): δ 16.01 (s, CHCH3), 21.33 (s, CH3),

21.53 (s, CH3), 31.10 (s, CHCH3), 66.89 (s, Cp), 69.83 (s, Cp), 70.52 (s, Cp), 70.55 (s, Cp’),
71.66 (s, Cp), 99.48 (s, Cp), 128.40 (s, Ph), 129.53 (s, Ph), 129.68 (s, Ph), 130.16 (s, Ph),
131.07 (s, Ph), 132.24 (q, 1JCF = 321.9 Hz, CF3), 132.68 (q, JCF = 2.8 Hz, Ph), 133.22 (s, Ph),
133.92 (s, Ph), 134.65 (s, Ph), 137.41 (s, Ph), 137.64 (s, Ph), 138.10 (s, Ph);
(202.50 MHz, CD2Cl2): δ -14.17 (qd,
JPP’ = 53.8 Hz, JPF = 2.6 Hz, PXyl2);

31

P{1H} NMR

2

JPF = 67.0 Hz, JPP’ = 54.1 Hz, P(CF3)), 10.49 (dq,

19

F NMR (470.69 MHz, CD2Cl2): δ -54.17 (d, 2JFP = 67.4 Hz,

CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C35H36F3FeP2: 631.1588 ([M+H]+), found: 631.1594
([M+H]+), 389.0366 ([M-PXyl2]+); EA calcd. for C35H35F3FeP2 (630.45): C 66.68, H 5.60, F 9.04, P
9.83, found: C 66.73, H 5.67, F 9.02, P 9.93; [α] = -92.72° (20 °C, 589 nm, c = 0.604, CHCl3).
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Experimental part
(RP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(RP)-72a
(RP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (RP)-46a (330 mg, 0.76 mmol, 1.0 eq.) was placed in a 20 mL
Schlenk with a magnetic stirring bar and purged with argon. Degassed acetic
acid (5 mL) was added, followed by bis(3,5-dimethylphenyl)phosphine 73
(0.25 mL, 0.25 g, 1.03 mmol, 1.4 eq.). The reaction mixture was stirred at 90 °C overnight. The
next day all volatiles were removed under reduced pressure and the yellow solid residue
crystallized twice from boiling ethanol (8/6 mL) yielding the product as very small clear yellow
needles (235 mg, 0.37 mmol, 49%).
1

H NMR (500.23 MHz, CD2Cl2): δ 1.39-1.42 (m, 3H, CHCH3), 2.27 (s, 6H, CH3), 2.29 (s, 6H,

CH3), 3.68 (qd, 3JHH = 6.6 Hz, J = 3.5 Hz, 1H, CHCH3), 3.79 (s, 5H, Cp’), 4.02 (brs, 1H, Cp),
4.37-4.38 (m, 1H, Cp), 4.54 (brs, 1H, Cp), 6.92-6.93 (m, 3H, Ph), 6.97 (brd, J = 6.1 Hz, 2H, Ph),
7.00 (brs, 1H, Ph), 7.54-7.60 (m, 3H, Ph), 8.03-8.06 (m, 2H, Ph); 13C{1H,31P} NMR (125.79 MHz,
CD2Cl2): δ 18.56 (s, CHCH3), 21.40 (s, CH3), 21.49 (s, CH3), 29.34 (s, CHCH3), 65.72 (q,
JCF = 4.4 Hz, Cp), 69.99 (s, Cp’), 70.52 (s, Cp), 70.69 (s, Cp), 72.23 (s, Cp), 101.57 (s, Cp),
128.94 (s, Ph), 129.69 (s, Ph), 129.82 (s, Ph), 130.92 (q, 1JCF = 323.3 Hz, CF3), 131.19 (s, Ph),
131.54 (s, Ph), 131.65 (q, JCF = 2.9 Hz, Ph), 133.33 (s, Ph), 135.47 (s, Ph), 136.24 (s, Ph),
137.65 (s, Ph), 138.09 (s, Ph), 138.12 (s, Ph); 31P{1H} NMR (202.50 MHz, CD2Cl2): δ -15.02 (qd,
2

JPF = 65.9 Hz, JPP’ = 24.2 Hz, P(CF3)), 9.84 (dq, JPP’ = 24.4 Hz, JPF = 19.5 Hz, PXyl2);

19

F NMR

2

(470.69 MHz, CD2Cl2): δ -56.24 (dd, JFP = 66.2 Hz, JFP’ = 19.3 Hz, CF3); HRMS (MALDI, 3-HPA)
calcd. (m/z) for C35H36F3FeP2: 631.1588 ([M+H]+), found: 631.1588 ([M+H]+), 389.0362 ([MPXyl2]+); EA calcd. for C35H35F3FeP2 (630.45): C 66.68, H 5.60, F 9.04, P 9.83, found: C 66.74, H
5.63, F 9.01, P 10.03; [α] = -320.12° (20 °C, 589 nm, c = 0.512, CHCl3).
(SP,RC,SFc)-1-[(1-Mesityl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(SP)-72c
A 50 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(1-mesityl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene
(SP)-46c (624 mg, 1.31 mmol, 1.0 eq.) and purged with argon. Degassed
acetic acid (15 mL) was added, followed by bis(3,5-dimethylphenyl)phosphine 73 (0.5 mL, 0.51 g, 2.11 mmol, 1.6 eq.). The reaction mixture was stirred at 90 °C
overnight. The next day all volatiles were removed under reduced pressure and the red sticky
residue crystallized twice from boiling ethanol (20/16 mL) yielding the product as yellow powder
(563 mg, 0.84 mmol, 64%).
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Experimental part
1

H NMR (700.13 MHz, CDCl3): δ 1.35-1.37 (m, 3H, CHCH3), 2.17 (brs, 3H, CH3), 2.31 (s, 3H,

CH3), 2.23 (s, 6H, CH3), 2.26 (s, 6H, CH3), 2.51 (brs, 3H, CH3), 3.19-3.22 (m, 1H, CHCH3), 4.04
(brs, 1H, Cp), 4.23 (s, 5H, Cp’), 4.30 (brs, 1H, Cp), 4.58 (brs, 1H, Cp), 6.64-6.66 (m, 4H, Ph),
6.73 (brd, J = 7.2 Hz, 2H, Ph), 6.88 (brs, 1H, Ph), 6.92 (brs, 1H, Ph); 13C{1H} NMR (176.05 MHz,
CDCl3): δ 18.08 (s, CHCH3), 21.16 (s, CH3), 21.40 (s, CH3), 21.50 (s, CH3), 23.96 (brs, CH3),
24.07 (brs, CH3), 30.12 (dd, J = 20.8 Hz, J = 11.0 Hz, CHCH3), 68.05 (s, Cp), 68.94-69.05 (m,
Cp), 70.47 (s, Cp’), 70.75 (d, J = 4.2 Hz, Cp), 100.02-100.32 (m, Cp), 123.13 (d, J = 20.0 Hz,
Ph), 129.43 (s, Ph), 129.74 (d, J = 17.9 Hz, Ph), 130.53 (s, Ph), 132.54 (d, J = 20.8 Hz, Ph),
133.10 (qd, 1JCF = 321.4 Hz, 1JCP = 32.1 Hz, CF3), 135.28 (d, J = 22.8 Hz, Ph), 137.09 (d,
J = 7.2 Hz, Ph), 137.28 (d, J = 5.8 Hz, Ph), 140.56 (s, Ph), 145.64 (s, Ph), 145.74 (m, Ph);
31

P{1H} NMR (202.50 MHz, CDCl3): δ -19.08 (qd, 2JPF = 70.2 Hz, JPP’ = 12.2 Hz, P(CF3)), 6.37 (d,

JPP’ = 12.2 Hz, PXyl2);

19

F NMR (470.69 MHz, CDCl3): δ -51.08 (d, 2JFP = 70.2 Hz, CF3); HRMS

(ESI) calcd. (m/z) for C38H42F3FeP2: 673.2058 ([M+H]+), found: 673.2060 ([M+H]+), 431.0837 ([MPXyl2]+); EA calcd. for C38H41F3FeP2 (672.53): C 67.87, H 6.14, F 8.47, P 9.21, found: C 67.69, H
6.05, F 8.53, P 9.21.
(SP,RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(SP)-72d
A 50 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(o-anisyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (SP)46d (600 mg, 1.30 mmol, 1.0 eq.) and purged with argon. Degassed acetic
acid (8 mL) was added, followed by bis(3,5-dimethylphenyl)phosphine 73
(0.4 mL, 0.41 g, 1.69 mmol, 1.3 eq.). The dark red reaction mixture was stirred at 90 °C
overnight. The next day all volatiles were removed under reduced pressure and the residue
crystallized from boiling ethanol (12 mL) yielding the product as intense red solid (416 mg,
0.63 mmol, 48%).
1

H NMR (500.23 MHz, CD2Cl2): δ 1.35-1.37 (m, 3H, CHCH3), 2.18 (brs, 6H, CH3), 2.27 (s, 6H,

CH3), 3.63 (brs, 1H, CHCH3), 3.76 (s, 3H, OCH3), 3.98 (s, 1H, Cp), 4.26 (s, 5H, Cp’), 4.41 (s, 1H,
Cp), 4.62 (s, 1H, Cp), 6.57 (brd, J = 7.1 Hz, 2H, Ph), 6.84-6.91 (m, 6H, Ph), 7.29-7.35 (m, 2H,
Ph);

13

C{1H} NMR (125.78 MHz, CD2Cl2): δ 15.99 (s, CHCH3), 21.31 (s, CH3), 21.53 (s, CH3),

31.16 (dd, J = 20.2 Hz, J = 9.3 Hz, CHCH3), 56.25 (s, OCH3), 67.23-67.41 (m, Cp), 69.60 (s,
Cp), 70.37 (brs, Cp), 70.52 (s, Cp’), 71.92 (brs, Cp), 99.50 (m, Cp), 111.35 (s, Ph), 120.93 (s,
Ph), 129.57 (s, Ph), 129.64 (s, Ph), 129.70 (s, Ph), 130.89 (s, Ph), 132.00 (s, Ph), 132.98 (s,
Ph), 133.14 (s, Ph), 135.77 (s, Ph), 137.34 (d, J = 7.4 Hz, Ph), 137.80 (d, J = 19.9 Hz, Ph),
138.02 (d, J = 4.8 Hz, Ph), 162.76 (d, J = 18.1 Hz, Ph);

31

P{1H} NMR (202.50 MHz, CD2Cl2):

δ -28.12 (qd, 2JPF = 64.9 Hz, JPP’ = 51.6 Hz, P(CF3)), 9.99 (d, JPP’ = 50.4 Hz, PXyl2);

19

F NMR
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(470.69 MHz, CD2Cl2): δ -53.54 (d,

2

JFP = 64.6 Hz, CF3); HRMS (ESI) calcd. (m/z) for

+

C36H38F3FeOP2: 661.1694 ([M+H] ), found: 661.1717 ([M+H]+), 419.0486 ([M-PXyl2]+); EA calcd.
for C36H37F3FeOP2 (660.48): C 65.47, H 5.65, F 8.63, P 9.38, found: C 65.37, H 5.69, F 8.81, P
9.09.
(RP,RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(RP)-72d
A 50 mL Schlenk with a magnetic stirring bar was charged with (RP,RC,SFc)-1[(o-anisyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene (RP)46d (600 mg, 1.30 mmol, 1.0 eq.) and purged with argon. Degassed acetic
acid (8 mL) was added, followed by bis(3,5-dimethylphenyl)phosphine 73
(0.35 mL, 0.36 g, 1.49 mmol, 1.1 eq.). The dark red-brown reaction mixture was stirred at 90 °C
overnight. The next day all volatiles were removed under reduced pressure affording a bright
orange solid residue. The title compound could be isolated by slow diffusion of methanol into a
solution of the crude product in DCM affording a yellow crystalline solid (580 mg, 0.88 mmol,
68%).
1

H NMR (500.23 MHz, CD2Cl2): δ 1.45 (dd, J = 8.6 Hz, J = 7.2 Hz, 3H, CHCH3), 2.26 (brs, 6H,

CH3), 2.28 (s, 6H, CH3), 3.65-3.70 (m, 1H, CHCH3), 3.88 (s, 5H, Cp’), 3.99 (s, 3H, OCH3), 4.10
(s, 1H, Cp), 4.33-4.34 (m, 1H, Cp), 4.43 (brs, 1H, Cp), 6.89 (brs, 1H, Ph), 6.94 (d, J = 6.3 Hz,
2H, Ph), 6.98 (d, J = 7.6 Hz, 2H, Ph), 7.01 (brs, 1H, Ph), 7.08 (dd, J = 7.8 Hz, J = 6.1 Hz, 1H,
13

C{1H} NMR

Ph), 7.12-7.15 (m, 1H, Ph), 7.53-7.56 (m, 1H, Ph), 8.00-8.03 (m, 1H, Ph);

(125.80 MHz, CD2Cl2): δ 19.63 (dd, J = 6.9 Hz, J = 1.8 Hz, CHCH3), 21.41 (s, CH3), 21.44 (s,
CH3), 28.98 (dd, J = 17.8 Hz, J = 10.2 Hz, CHCH3), 56.31 (d, J = 1.1 Hz, OCH3), 69.95 (s, Cp’),
70.26 (brs, Cp), 70.96 (dd, J = 10.2 Hz, J = 6.1 Hz, Cp), 72.31 (d, J = 4.5 Hz, Cp), 101.80 (dd,
J = 33.0 Hz, J = 18.6 Hz, Cp), 111.71 (s, Ph), 121.23 (d, J = 2.7 Hz, Ph), 129.67 (s, Ph),
129.85 (s, Ph), 129.98 (s, Ph), 131.19 (m, Ph), 133.13 (brs, Ph), 133.22 (brs, Ph), 133.39 (brs,
Ph), 136.50-136.54 (m, Ph), 137.69 (d, J = 7.8 Hz, Ph), 137.99 (d, J = 5.2 Hz, Ph), 163.00 (d,
J = 19.2 Hz,

Ph);

31

P{1H} NMR

(202.50 MHz,

JPP’ = 16.5 Hz, P(CF3)), 7.73-8.07 (m, PXyl2);

CD2Cl2):

δ

-30.15

(qd,

2

JPF = 71.9 Hz,

19

F NMR (470.69 MHz, CD2Cl2): δ -54.71 (dd,

2

JFP = 71.2 Hz, JFP’ = 17.4 Hz, CF3); HRMS (ESI) calcd. (m/z) for C36H38F3FeOP2: 661.1694

([M+H]+), found: 661.1684 ([M+H]+), 419.0461 ([M-PXyl2]+); EA calcd. for C36H37F3FeOP2
(660.48): C 65.47, H 5.65, F 8.63, P 9.38, found: C 65.25, H 5.71, F 8.79, P 9.08.
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(SP,RC,SFc)-1-[(Cyclohexyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene
(SP)-72f
A 50 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(cyclohexyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene
(SP)-46f (600 mg, 1.37 mmol, 1.0 eq.) and purged with argon. Degassed
acetic acid (8 mL) and bis(3,5-dimethylphenyl)phosphine 73 (0.35 mL, 0.36 g,
1.49 mmol, 1.1 eq.) were added and the resulting solution was stirred at 90 °C overnight. The
next day, all volatiles were removed under reduced pressure. The title compound could be
isolated by slow diffusion of methanol into a solution of the crude product in DCM affording clear
orange-red needles (757 mg, 1.19 mmol, 87%).
1

H NMR (300.13 MHz, CDCl3): δ 1.10-1.20 (m, 3H, Cy), 1.26-1.42 (m, 5H, Cy, CHCH3), 1.59-

1.75 (m, 4H, Cy), 1.92-2.05 (m, 2H, Cy), 2.26 (brs, 6H, CH3), 2.29 (s, 6H, CH3), 3.50-3.59 (m,
1H, CHCH3), 3.88 (brs, 1H, Cp), 4.21 (s, 5H, Cp’), 4.29-4.30 (m, 1H, Cp), 4.34 (brs, 1H, Cp),
6.86 (brd, J = 7.6 Hz, 2H, Ph), 6.91 (brs, 1H, Ph), 6.96 (d, J = 6.8 Hz, 2H, Ph), 6.99 (brs, 1H,
Ph); 31P{1H} NMR (121.49 MHz, CDCl3): δ -3.81 (qd, 2JPF = 62.0 Hz, JPP’ = 22.9 Hz, P(CF3)), 8.66
(d, J = 22.8 Hz, PXyl2);

19

F NMR (282.40 MHz, CDCl3): δ -49.02 (d, 2JFP = 62.0 Hz, CF3); HRMS

(ESI) calcd. (m/z) for C35H42F3FeP2: 637.2058 ([M+H]+), found: 637.2054 ([M+H]+), 395.0829
([M-PXyl2]+); EA calcd. for C35H41F3FeP2 (636.50): C 66.05, H 6.49, F 8.95, P 9.73, found: C
65.80, H 6.51, F 8.89, P 9.61.
[Pt((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)Cl2] (SP)-22a
(SP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene

23.79 μmol,

(SP)-72a (15 mg,

1.1 eq.)

was

weighed into an NMR-tube and dissolved in chloroform (0.6 mL). [Pt(cod)Cl2]
(8 mg, 21.38 μmol, 1.0 eq.) was added and the intense orange solution was
agitated from time to time by inverting the tube. The product was obtained as
an intense red, crystalline, chloroform solvate (suitable for X-ray diffraction experiments) by slow
diffusion of pentane into the reaction solution (21 mg, quant.).
1

H NMR (700.13 MHz, CDCl3): δ 1.18 (dd, J = 14.4 Hz, 3JHH = 7.1 Hz, 3H, CHCH3), 2.20 (s,

1

JHC = 126.6 Hz, 6H, CH3), 2.40 (s, 6H,

1

JHC = 127.1 Hz, CH3), 3.70 (dq, J = 10.8 Hz,

3

JHH = 7.2 Hz, 1H, CHCH3), 4.08 (brs, 1H, Cp), 4.20 (s, 5H, Cp’), 4.34 (brs, 1H, Cp), 4.37 (brs,

1H, Cp), 7.00 (brs, 1H, Ph), 7.11 (brs, 1H, Ph), 7.24 (brd, J = 12.0 Hz, 2H, Ph), 7.44-7.47 (m,
2H, Ph), 7.51-7.53 (m, 3H, Ph), 7.95 (dd, J = 12.9 Hz, J = 7.6 Hz, 2H, Ph);

13

C{1H,31P} NMR

(125.79 MHz, CD2Cl2): δ 16.12 (s, CHCH3), 21.47 (s, CH3), 21.69 (s, CH3), 33.28 (s, CHCH3),
61.79 (s, Cp), 70.85 (s, Cp), 71.63 (brs, Cp’), 72.15 (s, Cp), 76.17 (brs, Cp), 91.92 (s, Cp),
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121.05 (q, 1JCF = 320.3 Hz, CF3), 124.41 (s, Ph), 125.24 (s, Ph), 127.61 (s, Ph), 128.88 (s, Ph),
131.48 (brs, Ph), 132.58 (s, Ph), 133.08 (brs, Ph), 133.67 (s, Ph), 133.96 (brs, Ph), 134.01 (brs,
Ph), 138.38 (s, Ph), 138.64 (s, Ph);
2

JPF = 75.1 Hz,

JPP’ = 19.1 Hz,

JPPt = 3439.9 Hz, PXyl2);

31

P{1H} NMR (283.42 MHz, CDCl3): δ 14.24 (qd,

JPPt = 3741.6 Hz,

P(CF3)),

35.04

(d,

19

F NMR (658.78 MHz, CDCl3): δ -54.49 (d,

JPP’ = 19.1 Hz,
2

JFP = 75.1 Hz,

JFPt = 40.5 Hz, CF3); HRMS (ESI) calcd. (m/z) for C35H35ClF3FeP2Pt: 860.0851 ([M-Cl]+), found:
860.0856 ([M-Cl]+).
[Pt((RP,RC,SFc)-(Ph)(CF3)-Xyliphos)Cl2] (RP)-22a
(RP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene (RP)-72a (15 mg, 23.79 μmol,

1.1 eq.) was

weighed into an NMR-tube and dissolved in chloroform (0.6 mL). [Pt(cod)Cl2]
(8 mg, 21.38 μmol, 1.0 eq.) was added and the intense orange solution was
agitated from time to time by inverting the tube. The product was obtained as
an intense red crystalline solid (suitable for X-ray diffraction experiments) by slow diffusion of
hexane into the reaction solution (17 mg, 18.96 μmol, 89%).
1

H NMR (700.13 MHz, CDCl3): δ 1.10 (dd, J = 14.7 Hz, 3JHH = 7.2 Hz, 3H, CHCH3), 2.27 (s,

1

JHC = 126.9 Hz, 6H, CH3), 2.46 (s, 6H, 1JHC = 126.9 Hz, CH3), 3.46-3.50 (m, 6H, Cp’, CHCH3),

4.23 (brs, 1H, Cp), 4.47 (brs, 1H, Cp), 4.53 (brs, 1H, Cp), 7.02 (brs, 1H, Ph), 7.22 (brs, 1H, Ph),
7.31 (brd, J = 12.5 Hz, 2H, Ph), 7.60-7.62 (m, 2H, Ph), 7.64-7.66 (m, 1H, Ph), 7.87 (brd,
J = 11.6 Hz, 2H, Ph), 8.37 (dd, J = 13.1 Hz, J = 7.4 Hz, 2H, Ph);

13

C{1H,31P} NMR (125.79 MHz,

CD2Cl2): δ 20.48 (brs, CHCH3), 21.53 (s, CH3), 21.70 (s, CH3), 31.09 (s, CHCH3), 59.42 (s, Cp),
71.31 (s, Cp’), 71.46 (s, Cp), 72.60 (s, Cp), 73.39 (brs, Cp), 94.03 (s, Cp), 121.07 (q,
1

JCF = 322.1 Hz, CF3), 126.06 (s, Ph), 126.91 (s, Ph), 127.02 (s, Ph), 128.87 (s, Ph), 132.74 (brs,

Ph), 132.77 (brs, Ph), 133.39 (s, Ph), 133.56 (s, Ph), 134.34 (s, Ph), 135.48 (brs, Ph), 138.00 (s,
Ph), 139.12 (s, Ph);

31

P{1H} NMR (283.42 MHz, CDCl3): δ 14.04 (qd,

2

JPF = 73.6 Hz,

JPP’ = 21.0 Hz, JPPt = 3739.6 Hz, P(CF3)), 24.94 (d, JPP’ = 20.9 Hz, JPPt = 3416.0 Hz, PXyl2);
19

F NMR (658.78 MHz, CDCl3): δ -54.35 (d, 2JFP = 73.7 Hz, JFPt = 42.5 Hz, CF3); HRMS (ESI)

calcd. (m/z) for C35H35ClF3FeP2Pt: 860.0851 ([M-Cl]+), found: 860.0853 ([M-Cl]+).
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[Pt((SP,RC,SFc)-(1-Mes)(CF3)-Xyliphos)Cl2] (SP)-22c
(SP,RC,SFc)-1-[(1-Mesityl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene (SP)-72c (30 mg, 44.61 μmol, 1.1 eq.) was placed
into a 25 mL round bottomed flask and dissolved in chloroform (1 mL).
[Pt(cod)Cl2] (15 mg, 40.09 μmol, 1.0 eq.) was added in one portion and the
resulting dark red solution was stirred at rt for ten minutes. Thereafter, diethyl
ether (5 mL) was added dropwise under continuous stirring precipitating the product as yellow
solid. This was collected, washed with diethyl ether and dried under HV to yield the desired
product (32 mg, 34.10 μmol, 85%).
1

H NMR (700.13 MHz, CD2Cl2): δ 1.48 (dd, J = 14.3 Hz, 3JHH = 7.1 Hz, 3H, CHCH3), 1.89 (brs,

3H, CH3), 2.27 (s, 6H, CH3), 2.29 (s, 3H, CH3), 2.40 (s, 6H, CH3), 2.76 (brs, 3H, CH3), 3.48-3.52
(m, 1H, CHCH3), 3.94-3.95 (m, 1H, Cp), 4.28 (s, 5H, Cp’), 4.44-4.45 (m, 1H, Cp), 4.87-4.88 (m,
1H, Cp), 6.74 (brs, 1H, Ph), 6.99 (brs, 1H, Ph), 7.11 (s, 1H, Ph), 7.20 (s, 1H, Ph), 7.37 (d,
J = 12.4 Hz, 2H, Ph), 7.46 (d, J = 11.3 Hz, 2H, Ph);
(qd,

31

P{1H} NMR (283.42 MHz, CD2Cl2): δ 11.05

2

JPF = 80.0 Hz, JPP’ = 15.7 Hz, JPPt = 3607.9 Hz, P(CF3)), 36.66 (brs, JPPt = 3549.8 Hz,

PXyl2);

19

F NMR (658.78 MHz, CD2Cl2): δ -52.39 (d, 2JFP = 80.0 Hz, CF3); HRMS (MALDI,

DCTB+Na-PFHA) calcd. (m/z) for C38H41Cl2F3FeP2Pt: 937.1010 ([M]+), found: 937.1015 ([M]+).
[Pt((SP,RC,SFc)-(oAn)(CF3)-Xyliphos)Cl2] (SP)-22d
(SP,RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene (SP)-72d (20 mg, 30.28 μmol, 1.1 eq.) was placed
in a 25 mL round bottomed flask and dissolved in DCM (0.5 mL). [Pt(cod)Cl2]
(10 mg, 26.73 μmol, 1.0 eq.) was added and the intense orange solution
stirred at rt for ten minutes. Afterwards, the solvent was removed, the residue
dissolved in THF and the desired product precipitated by dropwise addition of pentane. The
yellow solid was collected, washed with pentane and dried under HV (23 mg, 24.83 μmol, 93%).
1

H NMR (700.13 MHz, CD2Cl2): δ 1.39 (dd, J = 14.1 Hz, 3JHH = 7.0 Hz, 3H, CHCH3), 2.30 (s, 6H,

CH3), 2.41 (s, 6H, CH3), 3.49 (s, 3H, OCH3), 3.55-3.59 (m, 1H, CHCH3), 3.93 (brs, 1H, Cp), 4.26
(s, 5H, Cp’), 4.32 (brs, 1H, Cp), 4.44 (brs, 1H, Cp), 7.00 (dd, J = 7.6 Hz, J = 6.4 Hz, 1H, Ph),
7.14 (brs, 1H, Ph), 7.17-7.20 (m, 2H, Ph), 7.36 (d, J = 11.8 Hz, 2H, Ph), 7.39 (d, J = 11.8 Hz, 2H,
Ph), 7.61-7.63 (m, 1H, Ph), 7.81 (dd, J = 10.9 Hz, J = 8.4 Hz, 1H, Ph);

31

P{1H} NMR

(283.42 MHz, CD2Cl2): δ 9.03 (qd, 2JPF = 75.4 Hz, JPP’ = 17.9 Hz, JPPt = 3823.4 Hz, P(CF3)),
40.23 (d, JPP’ = 17.9 Hz, JPPt = 3537.0 Hz, PXyl2);

19

F NMR (658.78 MHz, CD2Cl2): δ -55.81 (d,

2

JFP = 75.6 Hz, JFPt = 55.5 Hz, CF3); HRMS (MALDI, DCTB+Na-PFHA) calcd. (m/z) for

C36H37Cl2F3FeOP2Pt: 925.0646 ([M]+), found: 925.0648 ([M]+), 890.0958 ([M-Cl]+).
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[Pt((RP,RC,SFc)-(oAn)(CF3)-Xyliphos)Cl2] (RP)-22d
(RP,RC,SFc)-1-[(o-Anisyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene (RP)-72d (20 mg, 30.28 μmol, 1.1 eq.) was placed
together with [Pt(cod)Cl2] (10 mg, 26.73 μmol, 1.0 eq.) in an NMR tube and
purged with argon. DCM (0.5 mL) was added and the intense orange solution
was agitated from time to time by inverting the tube. The product was
obtained as an orange dendritic, crystalline, diethyl ether solvate by slow diffusion of diethyl
ether into the reaction solution (30 mg, quant.). While 1H-NMR led to a nice, well resolved
spectra,

31

P and

19

F NMR clearly showed dynamic behavior. Upon cooling to 178 K, more than

one species is observed in poorly resolved spectra.
1

H NMR (700.13 MHz, CD2Cl2): δ 1.17 (dd, J = 14.8 Hz, 3JHH = 7.4 Hz, 3H, CHCH3), 2.29 (s, 6H,

CH3), 2.48 (s, 6H, CH3), 3.47 (s, 5H, Cp’), 3.71-3.75 (m, 1H, CHCH3), 4.10 (s, 3H, OCH3), 4.36
(brs, 1H, Cp), 4.43 (brs, 1H, Cp), 4.81 (brs, 1H, Cp), 7.08 (s, 1H, Ph), 7.15 (dd, J = 8.0 Hz,
J = 5.8 Hz, 1H, Ph), 7.24-7.27 (m, 2H, Ph), 7.40 (d, J = 12.2 Hz, 2H, Ph), 7.65-7.68 (m, 1H, Ph),
7.79 (d, J = 11.8 Hz, 2H, Ph), 8.37 (brs, 1H, Ph);

31

P{1H} NMR (283.42 MHz, CD2Cl2): δ 11.72

(brs, P(CF3)), 23.84 (d, JPP’ = 19.3 Hz, JPPt = 3492.8 Hz, PXyl2);

19

F NMR (658.78 MHz, CD2Cl2):

2

δ -52.51 (brd, JFP = 78.2 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z) for C36H37ClF3FeOP2Pt:
890.0957 ([M-Cl]+), found: 890.1093 ([M-Cl]+).
[Pt((SP,RC,SFc)-(Cy)(CF3)-Xyliphos)Cl2] (SP)-22f
(SP,RC,SFc)-1-[(Cyclohexyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)phosphino]ethyl}ferrocene (SP)-72f (25 mg, 39.28 μmol, 1.1 eq.) was placed
together with [Pt(cod)Cl2] (14 mg, 37.42 μmol, 1.0 eq.) in an NMR tube and
dissolved in DCM (0.5 mL). The intense orange solution was agitated from
time to time by inverting the tube. After evaporating the volatiles, the product
was obtained as a yellow powder upon dropwise addition of hexane to a stirred solution of the
crude product in THF (22 mg, 24.38 μmol, 65%). A single crystal, suitable for X-ray diffraction
experiments, was obtained along with oily droplets by slow diffusion of hexane into a solution of
the product in DCM.
1

H NMR (300.13 MHz, CD2Cl2): δ 1.29 (dd, J = 14.1 Hz, 3JHH = 7.0 Hz, 3H, CHCH3), 1.38-1.51

(m, 3H, Cy), 1.75-1.82 (m, 1H, Cy), 1.85-1.94 (m, 3H, Cy), 1.97-2.07 (m, 2H, Cy), 2.24 (s, 6H,
CH3), 2.40 (s, 7H, CH3, Cy), 2.39-3.53 (m, 1H, Cy), 3.55-3.70 (m, 1H, CHCH3), 4.16 (brs, 1H,
Cp), 4.25 (s, 5H, Cp’), 4.41 (brs, 1H, Cp), 4.70 (brs, 1H, Cp), 7.09 (brs, 1H, Ph), 7.16-7.20 (m,
3H, Ph), 7.37 (d, J = 11.7 Hz, 2H, Ph);
2

JPF = 65.8 Hz,

170

JPP’ = 16.8 Hz,

31

P{1H} NMR (121.49 MHz, CD2Cl2): δ 17.55 (qd,

JPPt = 3693.6 Hz,

P(CF3)),

41.21

(d,

JPP’ = 16.6 Hz,

Experimental part
19

F NMR (282.40 MHz, CD2Cl2): δ -55.40 (d,

JPPt = 3520.2 Hz, PXyl2);

2

JFP = 65.9 Hz,

JFPt = 57.0 Hz, CF3).
[Ir((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)(cod)Cl] (SP)-79
A 25 mL round bottomed flask with a magnetic stirring bar was charged
with

(SP,RC,SFc)-1-[(phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)-

phosphino]ethyl}ferrocene (SP)-72a (202 mg, 320.41 μmol, 1.0 eq.) and
dissolved in DCM (5 mL). Upon the addition of [Ir2(cod)2Cl2] (129 mg,
192.05 μmol, 0.6 eq.), the orange solution changed to red. The reaction
mixture was stirred for 30 minutes before it was filtered over silica (~20 g, starting with pure
DCM, changing to pure diethyl ether after first colored species) collecting the product as second
colored fraction. The solvent was removed and the yellow foam dried overnight under HV
(267 mg, 274.02 μmol, 86%). The product slowly decomposes when exposed to air.
1

H NMR (300.13 MHz, CD2Cl2): δ 1.33-1.46 (m, 2H, cod), 1.56 (dd, J = 12.4 Hz, 3JHH = 7.3 Hz,

3H, CHCH3), 1.75-1.87 (m, 2H, cod), 2.31 (s, 6H, CH3), 2.18-2.36 (m, 8H, CH3, cod), 2.41-2.55
(m, 2H, cod), 3.24 (td, J = 8.6 Hz, J = 4.5 Hz, 2H, cod), 3.80-3.85 (m, 2H, cod), 3.99 (brs, 1H,
Cp), 4.10-4.12 (m, 1H, Cp), 4.29 (brs, 1H, Cp), 4.31 (s, 5H, Cp’), 5.25 (dq, J = 11.1 Hz,
3

JHH = 6.9 Hz, 1H, CHCH3), 6.96 (brs, 1H, Ph), 7.03 (brs, 1H, Ph), 7.15 (d, J = 10.2 Hz, 2H, Ph),

7.23 (d, J = 9.3 Hz, 2H, Ph), 7.26-7.28 (m, 2H, Ph), 7.34-7.38 (m, 1H, Ph), 7.42-7.47 (m, 2H,
Ph); 13C{1H,31P} NMR (125.79 MHz, CD2Cl2): δ 15.38 (s, CHCH3), 21.35 (s, CH3), 21.71 (s, CH3),
28.67 (s, cod), 30.33 (s, CHCH3), 36.94 (s, cod), 66.09 (s, Cp), 67.21 (s, Cp), 69.37 (s, Cp),
69.81 (s, Cp), 70.84 (s, cod), 71.59 (s, Cp’), 73.21 (s, cod), 76.43 (s, Cp), 94.39 (s, Cp), 126.56
(q, 1JCF = 327.7 Hz, CF3), 127.82 (s, Ph), 127.95 (s, Ph), 129.86 (s, Ph), 130.04 (s, Ph), 131.93
(s, Ph), 131.98 (s, Ph), 132.55 (s, Ph), 132.76 (s, Ph), 133.31 (s, Ph), 134.03 (s, Ph), 137.13 (s,
Ph), 137.56 (s, Ph);

31

P{1H} NMR (121.49 MHz, CDCl3): δ 6.32 (qd,

JPP’ = 34.6 Hz, P(CF3)), 25.77 (d, JPP’ = 34.5 Hz, PXyl2);

2

JPF = 52.3 Hz,

19

F NMR (282.40 MHz, CDCl3): δ -53.58

(d, 2JFP = 52.5 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z) for C43H47F3FeIrP2: 931.2082 ([MCl]+), found: 931.2079 ([M-Cl]+); EA calcd. for C43H47ClF3FeIrP2 (966.31): C 53.45, H 4.90, Cl
3.67, F 5.90, P 6.41, found: C 53.51, H 5.07, Cl 3.87, F 5.97, P 6.22; [α] = +100.90° (20 °C,
589 nm, c = 0.444, CHCl3).
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[Ir((RP,RC,SFc)-(Ph)(CF3)-Xyliphos)(cod)Cl] (RP)-79
A 25 mL round bottomed flask with a magnetic stirring bar was charged
with

(RP,RC,SFc)-1-[(phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)-

phosphino]ethyl}ferrocene (RP)-72a (160 mg, 250.57 μmol, 1.0 eq.) and
dissolved in DCM (2 mL). Upon the addition of [Ir2(cod)2Cl2] (136 mg,
202.47 μmol, 0.8 eq.), the orange solution turned red. The reaction
mixture was stirred for 30 minutes before it was filtered over silica (~20 g, starting with pure
DCM, changing to pure diethyl ether after first colored species) collecting the product as second
colored fraction. The solvent was removed and the yellow foam dried overnight under HV
(193 mg, 199.73 μmol, 80%). No decomposition was observed when the compound was
exposed to air.
1

H NMR (300.13 MHz, CDCl3): δ 1.37 (dd, J = 13.2 Hz, 3JHH = 7.3 Hz, 3H, CHCH3), 1.43-1.55

(m, 2H, cod), 1.97-2.08 (m, 2H, cod), 2.11 (s, 6H, CH3), 2.22-2.32 (m, 2H, cod), 2.37 (s, 6H,
CH3), 2.57-2.71 (m, 2H, cod), 3.62 (td, J = 8.4 Hz, J = 3.8 Hz, 2H, cod), 3.83 (s, 5H, Cp’), 4.014.06 (m, 2H, cod), 4.41-4.43 (m, 1H, Cp), 4.62 (brs, 1H, Cp), 4.70 (brs, 1H, Cp), 5.43 (dq,
J = 14.2 Hz, 3JHH = 7.1 Hz, 1H, CHCH3), 6.67 (d, J = 9.6 Hz, 2H, Ph), 6.90 (s, 1H, Ph), 7.07 (s,
1H, Ph), 7.48-7.60 (m, 3H, Ph), 7.85 (brs, 2H, Ph), 8.44-8.50 (m, 2H, Ph);

13

C{1H,31P} NMR

(125.79 MHz, CD2Cl2): δ 15.71 (s, CHCH3), 21.37 (s, CH3), 21.67 (s, CH3), 28.46 (s, cod), 29.11
(s, CHCH3), 37.54 (s, cod), 66.42 (s, Cp), 70.58 (s, Cp), 71.25 (s, Cp), 71.53 (s, Cp’), 71.84 (s,
cod), 74.63 (q, JCF = 3.0 Hz, Cp), 75.85 (s, cod), 95.59 (s, Cp), 124.59 (q, 1JPF = 326.3 Hz, CF3),
128.62 (s, Ph), 128.86 (s, Ph), 129.19 (s, Ph), 131.23 (s, Ph), 131.75 (s, Ph), 131.86 (s, Ph),
132.20 (s, Ph), 133.42 (s, Ph), 134.08 (s, Ph), 135.61 (s, Ph), 136.74 (s, Ph), 137.13 (s, Ph);
31

P{1H} NMR (121.49 MHz, CDCl3): δ 0.13 (qd, 2JPF = 64.4 Hz, JPP’ = 31.6 Hz, P(CF3)), 11.28 (d,

JPP’ = 31.5 Hz, PXyl2);

19

F NMR (282.40 MHz, CDCl3): δ -57.18 (d, 2JFP = 64.4 Hz, CF3); HRMS

(MALDI, DCTB) calcd. (m/z) for C43H47F3FeIrP2: 931.2082 ([M-Cl]+), found: 931.2079 ([M-Cl]+);
[α] = +51.05° (20 °C, 589 nm, c = 0.474, CHCl3).
[Ir((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)(cod)I] (SP)-80
A 50 mL round bottomed flask with a magnetic stirring bar was charged
with

(SP,RC,SFc)-1-[(phenyl)trifluoromethylphosphino]-2-{1-[di(3,5-xylyl)-

phosphino]ethyl}ferrocene (SP)-72a (100 mg, 158.62 μmol,

1.0 eq.),

[Ir2(cod)2Cl2] (64 mg, 95.28 μmol, 0.6 eq.) and potassium iodide (79 mg,
475.90 μmol, 3.0 eq.). Acetone (10 mL) was added and the intense
orange suspension stirred at rt for three hours. During the reaction time, the coarse crystalline KI
slowly dissolves forming a finely crystalline KCl precipitate. Thereafter, the solvent was
evaporated and the residue filtered over silica (~15 g, DCM:Et2O 2:1). The violet first fraction
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was discarded, collecting the second colored compound. This was further purified by a second
filtration over silica (~15 g, DCM:Et2O 100:1) yielding the product as a glassy, dark red film in the
flask (168 mg, quant.). NMR-spectra clearly indicate dynamic behavior in solution. Cooling
to -40 °C leads to more than one species still indicating dynamic behavior.
1

H NMR (500.26 MHz, CD2Cl2): δ 1.62 (dd, J = 12.3 Hz, 3JHH = 7.3 Hz, 3H, CHCH3), 1.77 (brs,

2H, cod), 1.99-2.18 (m, 10H, CH3, cod), 2.27 (s, 6H, CH3), 2.44-2.58 (m, 2H, cod), 3.36 (brs, 2H,
cod), 3.87 (brs, 2H, cod), 3.97 (s, 1H, Cp), 4.18 (s, 1H, Cp), 4.37 (s, 5H, Cp’), 4.58 (s, 1H, Cp),
5.69 (brs, 1H, CHCH3), 6.82-7.78 (brm, 11H, Ph);

13

C{1H,31P} NMR (125.79 MHz, CD2Cl2): δ

16.22 (brs, CHCH3), 21.43 (s, CH3), 21.59 (s, CH3), 30.86 (brs, cod), 34.69 (brs, cod), 35.34 (s,
CHCH3), 69.01 (brs), 69.42 (s), 70.29 (brs), 71.89 (s, Cp’), 76.65 (s), 94.75 (s, Cp), 125.95 (q,
1

JCF = 323.0 Hz, CF3), 127.60 (s, Ph), 129.29 (brs, Ph), 130.43 (brs, Ph), 131.84 (brs, Ph),

132.09 (s, Ph), 132.39 (brs, Ph), 132.56 (s, Ph), 134.83 (brs, Ph), 137.11 (s, Ph), 137.69 (brs,
Ph);

31

P{1H} NMR (202.51 MHz, CD2Cl2): δ -2.58 (brs, P(CF3)), 14.04 (brs, PXyl2);

19

F NMR

(470.71 MHz, CD2Cl2): δ -53.26 (brd, 2JFP = 36.5 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z)
for C43H47F3FeIrP2: 931.2082 ([M-I]+), found: 931.2074 ([M-I]+); EA calcd. for C43H47F3FeIIrP2
(1057.76): C 48.83, H 4.48, F 5.39, I 12.00, P 5.86, found: C 48.69, H 4.66, F 5.37, I 12.15, P
5.73.
[Ir((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)(cod)]PF6 (SP)-81
A 25 mL round bottomed flask with a magnetic stirring bar was
charged

with

[Ir((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)(cod)Cl]

(SP)-79

(153 mg, 158.62 μmol, 1.0 eq.) and dissolved in THF (3 mL). The
clear orange solution was added to a solution of TlPF6 (56 mg,
160.30 μmol, 1.0 eq.) in THF (2 mL) under stirring. The color
changed instantaneously to dark red and a precipitate (TlCl) formed. The red reaction mixture
was stirred at rt for one hour before the solvent was evaporated. The residue was taken up in
DCM and filtered over silica (~20 g, starting with DCM, changing stepwise to pure diethyl ether)
collecting the dark red compound. The solvent was removed under reduced pressure yielding a
highly viscous residue. This was sonicated several minutes in hexane (5 mL) and the bright red
solid was filtered off, washed with hexane and dried under HV (149 mg, 138.50 μmol, 87%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.27 (dd, J = 13.6 Hz, 3JHH = 7.1 Hz, 3H, CHCH3), 1.80-2.17

(m, 5H, cod), 2.27 (s, 6H, CH3), 2.31-2.48 (m, 9H, CH3, cod), 3.80-3.89 (m, 1H, CHCH3), 3.954.04 (m, 1H, cod), 4.18 (s, 1H, Cp), 4.33 (brs, 7H, Cp’, Cp, cod), 4.42-4.44 (m, 1H, Cp), 4.664.75 (m, 2H, cod), 7.11 (d, J = 10.4 Hz, 2H, Ph), 7.15 (s, 1H, Ph), 7.21 (s, 2H, Ph), 7.25 (s, 1H,
Ph), 7.55-7.62 (m, 5H, Ph);

13

C{1H,31P} NMR (125.79 MHz, CD2Cl2): δ 16.26 (s, CHCH3), 21.53

(s, CH3), 21.77 (s, CH3), 29.31 (s, cod), 29.87 (s, cod), 32.50 (s, CHCH3, cod), 33.17 (s, cod),
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61.52 (s, Cp), 71.09 (s, Cp), 71.81 (s, Cp’), 72.58 (s, Cp), 75.68 (s, Cp), 86.33 (s, cod), 91.08 (s,
cod), 91.83 (s, cod), 91.97 (s, Cp), 98.06 (s, cod), 124.25 (s, Ph), 124.75 (q, 1JCF = 321.3 Hz,
CF3), 127.16 (s, Ph), 127.75 (s, Ph), 129.53 (s, Ph), 129.79 (s, Ph), 132.89 (s, Ph), 132.97 (s,
Ph), 133.86 (s, Ph), 133.94 (s, Ph), 134.54 (s, Ph), 139.02 (s, Ph), 139.63 (s, Ph);
(121.49 MHz, CD2Cl2): δ -144.50 (sept,

1

JPF = 710.3 Hz, PF6), 27.08 (qd,

JPP’ = 24.1 Hz, P(CF3)), 35.75 (d, JPP’ = 24.2 Hz, PXyl2);

31

P{1H} NMR

2

JPF = 68.0 Hz,

19

F NMR (282.40 MHz, CD2Cl2):

δ -73.58 (d, 1JFP = 710.4 Hz, PF6), -54.93 (d, 2JFP = 68.5 Hz, CF3); HRMS (MALDI, DCTB) calcd.
(m/z) for C43H47F3FeIrP2: 931.2082 ([M-PF6]+), found: 931.2078 ([M-PF6]+); EA calcd. for
C43H47F9FeIrP3 (1075.82): C 48.01, H 4.40, F 15.89, P 8.64, found: C 47.48, H 4.42, F 15.79, P
8.55.

6.9

Other ligands and their complexes

[Ir((RC,SFc)-Xyliphos)(cod)]PF6 78
A dried 20 mL Schlenk with a magnetic stirring bar was charged with
[Ir((RC,SFc)-Xyliphos)(cod)Cl] 76 (146 mg, 149.84 μmol, 1.0 eq.) and
purged with argon. THF (2 mL) was added, followed by TlPF6
(53 mg, 151.71 μmol, 1.0 eq.). The brown-red reaction mixture was
stirred at rt for one hour before the solvent was evaporated. The
residue was taken up in DCM and filtered over silica (~15 g, starting with DCM, changing
stepwise to pure diethyl ether). The solvent was removed under reduced pressure yielding an
intense red, glassy residue. This was scratched from the wall and sonicated in hexane to give a
red-brownish solid (143 mg, 131.93 μmol, 88%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.50 (dd, J = 13.1 Hz, 3JHH = 7.1 Hz, 3H, CHCH3), 1.55-1.73

(m, 3H, cod), 1.85-1.92 (m, 1H, cod), 1.99-2.13 (m, 1H, cod), 2.31-2.37 (m, 9H, cod, CH3), 2.40
(s, 6H, CH3), 3.25-3.35 (m, 1H, cod), 3.60 (qd, 3JHH = 7.1 Hz, J = 4.8 Hz, 1H, CHCH3), 3.63-3.70
(m, 1H, cod), 3.74 (s, 5H, Cp’), 4.03-4.05 (m, 1H, Cp), 4.14-4.17 (m, 1H, Cp), 4.17-4.24 (m, 2H,
cod), 4.33-4.35 (m, 1H, Cp), 7.02 (brs, 1H, Ph), 7.05 (brs, 1H, Ph), 7.20 (brs, 2H, Ph), 7.32-7.40
(m, 4H, Ph), 7.49-7.53 (m, 3H, Ph), 7.74-7.85 (m, 3H, Ph), 8.36 (ddd, J = 11.9 Hz, J = 7.6 Hz,
J = 1.7 Hz, 2H, Ph); 13C{1H,31P} NMR (125.79 MHz, CD2Cl2): δ 14.59 (s, CHCH3), 21.53 (s, CH3),
21.78 (s, CH3), 28.14 (s, cod), 28.57 (s, cod), 33.10 (s, CHCH3), 33.45 (s, cod), 33.75 (s, cod),
68.83 (s, Cp), 69.71 (s, Cp), 71.04 (s, Cp’), 73.34 (s, Cp), 75.02 (s, Cp), 84.81 (s, cod), 86.03 (s,
cod), 89.49 (s, cod), 91.27 (s, cod), 92.34 (s, Cp), 127.23 (s, Ph), 127.45 (s, Ph), 128.96 (s, Ph),
129.10 (s, Ph), 129.56 (s, Ph), 129.62 (s, Ph), 131.51 (s, Ph), 132.92 (s, Ph), 133.08 (s, Ph),
133.46 (s, Ph), 134.36 (s, Ph), 134.44 (s, Ph), 135.86 (s, Ph), 136.90 (s, Ph), 138.84 (s, Ph),
139.53 (s, Ph);
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P{1H} NMR (121.49 MHz, CD2Cl2): δ -144.50 (sept, 1JPF = 710.5 Hz, PF6), 9.36
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(d, JPP’ = 24.0 Hz, PPh2), 41.05 (d, JPP’ = 24.0 Hz, PXyl2);
δ -73.59 (d,

19

F NMR (282.40 MHz, CD2Cl2):

1

JFP = 710.3 Hz, PF6); HRMS (MALDI, DCTB) calcd. (m/z) for C48H52FeIrP2:

939.2522 ([M-PF6]+), found: 939.2520 ([M-PF6]+).
(RC,SFc)-1-(Diphenylphosphino)-2-{1-[(naphthalen-1-yl)(trifluoromethyl)phosphino]ethyl}ferrocene 19 (Tobiphos)
A dried 50 mL Schlenk with a magnetic stirring bar was charged with (R)-N,N-dimethyl-1-[(S)-2(diphenylphosphanyl)ferrocenyl]ethylamine 14 (500 mg, 1.13 mmol, 1.0 eq.) and naphthalen-1yl(trifluoromethyl)phosphine 38b (388 mg, 1.70 mmol, 1.5 eq.) and purged with argon. Degassed
acetic acid (8 mL) was added and the resulting orange-red solution was refluxed at 120 °C for 19
hours. Thereafter, the blue-green reaction mixture was poured onto aqueous sodium carbonate
solution and extracted twice with diethyl ether. The combined organic phases were washed with
brine, dried over Na2SO4, filtered and evaporated together with silica. The product was purified
by flash column chromatography (~20 g, hexane:EtOAc:Et3N 100:2:3) to yield an impure mixture
of both P-stereoisomers (1:1.47 RP:SP, based on

19

F-NMR integrals) as an orange oil (165 mg,

~23%). The P-stereoisomers were separated by preparative chiral HPLC (AI, hexane:2-propanol
99.5:0.5), combining only fractions of pure P-stereoisomers (yields not determined).
Isomer (SP)-19:

1

H NMR (500.23 MHz, CDCl3): δ 1.89 (dd, J = 9.8 Hz,

3

JHH = 7.5 Hz, 3H, CHCH3), 3.83-3.91 (m, 6H, Cp’, CHCH3), 4.00 (brs, 1H,

Cp), 4.29-4.30 (m, 1H, Cp), 4.50 (brs, 1H, Cp), 6.94-6.97 (m, 2H, Ph), 7.057.08 (m, 2H, Ph), 7.12-7.15 (m, 1H, Ph), 7.16-7.19 (m, 1H, Ph), 7.35-7.41
(m, 3H, Ph), 7.47-7.54 (m, 2H, Ph), 7.57-7.61 (m, 2H, Ph), 7.69 (d, J = 8.2 Hz, 1H, Ph), 7.757.78 (m, 2H, Ph), 8.47-8.50 (m, 1H, Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 19.97 (d,

J = 9.0 Hz, CHCH3), 28.67 (ddq, 1JCP = 16.2 Hz, 3JCP = 10.5 Hz, 3JCF = 1.9 Hz, CHCH3), 69.37 (d,
J = 4.3 Hz, Cp), 69.43-69.49 (m, Cp), 69.69 (s, Cp’), 71.08 (d, J = 4.7 Hz, Cp), 75.02 (dd,
J = 10.8 Hz, J = 3.1 Hz, Cp), 98.42 (dd, J = 28.9 Hz, J = 20.6 Hz, Cp), 125.29 (brs, Ph), 125.98126.03 (m, Ph), 126.27 (d, J = 2.8 Hz, Ph), 126.59 (d, J = 2.7 Hz, Ph), 127.39 (brs, Ph), 127.78
(brs, Ph), 127.82 (brs, Ph), 128.17 (brs, Ph), 128.24 (brs, Ph), 128.81 (d, J = 1.8 Hz, Ph), 129.35
(brs, Ph), 131.09 (brs, Ph), 132.32 (brs, Ph), 132.33 (d, J = 17.2 Hz, Ph), 133.58 (d, J = 5.9 Hz,
Ph), 135.46 (brs, Ph), 135.64 (brs, Ph), 136.78 (d, J = 27.3 Hz, Ph), 139.11 (d, J = 8.2 Hz, Ph),
140.09 (d, J = 6.5 Hz, Ph);

31

P{1H} NMR (202.50 MHz, CDCl3): δ -24.85 (d, JPP’ = 14.8 Hz,

PPh2), -1.39 (qd, 2JPF = 65.9 Hz, JPP’ = 14.4 Hz, P(CF3)); 19F NMR (470.69 MHz, CDCl3): δ -51.18
(d, 2JFP = 66.1 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z) for C35H29F3FeP2: 624.1041 ([M]+),
found: 624.1041 ([M]+), 397.0803 ([M-P(Np)(CF3)]+); HPLC (AD-H, hexane:2-propanol 99.5:0.5,
0.5 mL/min, 22 °C): tR = 8.5 min.
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Isomer (RP)-19: 1H NMR (500.23 MHz, CDCl3): δ 1.52 (dd, J = 10.4 Hz,
3

JHH = 7.2 Hz, 3H, CHCH3), 3.87 (brs, 6H, Cp’, CHCH3), 4.15-4.16 (m, 2H,

Cp), 4.27-4.28 (m, 1H, Cp), 7.23-7.31 (m, 3H, Ph), 7.39-7.45 (m, 6H, Ph),
7.47-7.51 (m, 2H, Ph), 7.69-7.73 (m, 2H, Ph), 7.83 (d, J = 8.0 Hz, 1H, Ph),
7.87 (dd, J = 6.7 Hz, J = 3.5 Hz, 1H, Ph), 7.92 (d, J = 8.0 Hz, 1H, Ph), 8.19 (dd, J = 7.7 Hz,
J = 6.2 Hz, 1H, Ph);

13

C{1H} NMR (125.78 MHz, CDCl3): δ 20.25 (d, J = 8.9 Hz, CHCH3), 27.90

(ddq, 1JCP = 16.3 Hz, 3JCP = 12.4 Hz, 3JCF = 2.1 Hz, CHCH3), 69.19 (brs, Cp), 69.79 (s, Cp’),
69.84 (dd, J = 9.0 Hz, J = 4.5 Hz, Cp), 70.30 (brs, Cp), 71.27 (d, J = 4.3 Hz, Cp), 98.23 (dd,
J = 27.7 Hz, J = 22.3 Hz, Cp), 125.38 (d, J = 0.9 Hz, Ph), 126.14 (d, J = 1.8 Hz, Ph), 126.24 (d,
J = 2.7 Hz, Ph), 126.54 (s, Ph), 126.80 (s, Ph), 127.95 (s, Ph), 127.97 (s, Ph), 128.00 (s, Ph),
128.21 (brs, Ph), 128.28 (brs, Ph), 128.67 (d, J = 1.8 Hz, Ph), 129.28 (brs, Ph), 131.20 (brs, Ph),
132.72 (brs, Ph), 132.94 (brs, Ph), 133.09 (brs, Ph), 133.64 (d, J = 5.9 Hz, Ph), 135.35 (brs, Ph),
135.53 (brs, Ph), 137.55 (d, J = 27.6 Hz, Ph), 138.81 (d, J = 8.0 Hz, Ph), 139.71 (d, J = 7.1 Hz,
Ph);

31

P{1H} NMR (202.50 MHz, CDCl3): δ -25.46 (m, PPh2), -3.51 (qd,

JPP’ = 13.4 Hz, P(CF3));

19

F NMR (470.69 MHz, CDCl3): δ -53.25 (dd,

2

JPF = 68.5 Hz,

2

JFP = 68.2 Hz,

JFP’ = 5.5 Hz, CF3); HRMS (MALDI, DCTB) calcd. (m/z) for C35H29F3FeP2: 624.1041 ([M]+),
found: 624.1040 ([M]+), 397.0803 ([M-P(Np)(CF3)]+); HPLC (AD-H, hexane:2-propanol 99.5:0.5,
0.5 mL/min, 22 °C): tR = 9.7 min.
[Pt((SP,RC,SFc)-Tobiphos)Cl2] (SP)-20
A standard NMR-tube was charged with (SP,RC,SFc)-1-(diphenylphosphino)2-{1-[(naphthalen-1-yl)(trifluoromethyl)phosphino]ethyl}ferrocene

(SP)-19

(45 mg, 72.07 μmol, 1.1 eq.) and dissolved in chloroform (0.7 mL).
[Pt(cod)Cl2] (24 mg, 64.14 μmol, 1.0 eq.) was added and the resulting deep
red solution agitated from time to time by inverting the tube. Orange-red
single crystals, suitable for X-ray diffraction experiments, were obtained by slow diffusion of
hexane into the reaction solution. Unusually bad resolved NMR data with broad signals indicate
dynamic behavior or paramagnetic impurities.
1

H NMR (500.23 MHz, CD2Cl2): δ 1.16 (brs, 3H, CHCH3), 3.62 (brs, 5H, Cp’), 3.96 (brs, 1H,

CHCH3), 4.19 (brs, 1H, Cp), 4.40 (brs, 1H, Cp), 4.60 (brs, 1H, Cp), 7.34-7.38 (m, 2H, Ph), 7.417.50 (m, 3H, Ph), 7.57 (brs, 1H, Ph), 7.63-7.76 (m, 5H, Ph), 7.89 (brs, 1H, Ph), 8.00 (d,
J = 7.9 Hz, 1H, Ph), 8.12 (d, J = 7.4 Hz, 1H, Ph), 8.44 (brs, 2H, Ph), 9.40 (brs, 1H, Ph);
31

P{1H} NMR (202.50 MHz, CD2Cl2): δ 1.19 (d, JPP’ = 13.8 Hz, JPPt = 3264 Hz, PPh2), 45.25 (qd,

2

JPF = 63.5 Hz, JPP’ = 14.6 Hz, JPPt = 3753 Hz, P(CF3));

19

F NMR (470.69 MHz, CD2Cl2): δ -49.62

(d, 2JFP = 64.6 Hz, CF3); HRMS (ESI) calcd. (m/z) for C35H29ClF3FeP2Pt: 854.0381 ([M-Cl]+),
found: 854.0374 ([M-Cl]+), 818.0601 ([M-2Cl-H]+).
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[Pt((RP,RC,SFc)-Tobiphos)Cl2] (RP)-20
A standard NMR-tube was charged with (RP,RC,SFc)-1-(diphenylphosphino)2-{1-[(naphthalen-1-yl)(trifluoromethyl)phosphino]ethyl}ferrocene

(RP)-19

(34 mg, 54.45 μmol, 1.1 eq.) which was dissolved in chloroform (0.7 mL).
[Pt(cod)Cl2] (18 mg, 48.11 μmol, 1.0 eq.) was added and the resulting deep
red solution agitated from time to time by inverting the tube. The product was
obtained as an orange-red crystalline solid by slow diffusion of hexane into the reaction solution.
The crystals consisted of extremely thin stacked plates which were easily slidable against each
other, but a suitable single crystal for X-ray diffraction experiments could be selected.

31

P and

19

F spectra point at dynamic behavior or paramagnetic impurities in the sample.

1

H NMR (700.13 MHz, CD2Cl2): δ 0.84 (dd, J = 15.9 Hz, 3JHH = 7.3 Hz, 3H, CHCH3), 3.96 (brs,

1H, Cp), 4.20 (dq, J = 12.7 Hz, 3JHH = 7.3 Hz, 1H, CHCH3), 4.23 (s, 5H, Cp’), 4.52-4.53 (m, 1H,
Cp), 4.54-4.55 (m, 1H, Cp), 7.23-7.30 (m, 2H, Ph), 7.34-7.36 (m, 1H, Ph), 7.38-7.40 (m, 1H, Ph),
7.48-7.52 (m, 2H, Ph), 7.53-7.61 (m, 5H, Ph), 7.84-7.89 (m, 3H, Ph), 8.02 (d, J = 8.5 Hz, 1H,
Ph), 8.19-8.23 (m, 1H, Ph), 8.67 (d, J = 8.6 Hz, 1H, Ph);

31

P{1H} NMR (283.42 MHz, CD2Cl2):

δ -2.54 (d, JPP’ = 21.7 Hz, JPPt = 3319.2 Hz, PPh2), 37.63-38.45 (m, JPPt = 3692 Hz, P(CF3));
19

F NMR (658.78 MHz, CD2Cl2): δ -48.70 (d, 2JFP = 62.9 Hz, CF3); HRMS (ESI) calcd. (m/z) for

C35H28F3FeP2Pt: 818.0614 ([M-2Cl-H]+), found: 818.0615 ([M-2Cl-H]+).
(SP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-[1-(diphenylphosphino)ethyl]ferrocene (SP)-48
(Annoyphos)
A 20 mL Schlenk with a magnetic stirring bar was charged with (SP,RC,SFc)-1[(phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene

(SP)-

46a (368 mg, 849.43 μmol, 1.0 eq.) and purged with argon. Degassed acetic
acid (2 mL) was added, followed by diphenylphosphine (0.16 mL, 171 mg,
918.42 μmol, 1.1 eq.). The intense red solution was warmed to 90 °C overnight. The next day, all
volatile compounds were evaporated and the residue purified by flash column chromatography
(silica, ~15 g, hexane:EtOAc 50:1) yielding after drying under HV a yellow foam (338 mg,
588.51 μmol, 69%).
1

H NMR (700.13 MHz, CDCl3): δ 1.37-1.39 (m, 3H, CHCH3), 3.61-3.65 (m, 1H, CHCH3), 3.98 (s,

1H, Cp), 4.27 (s, 5H, Cp’), 4.39 (m, 1H, Cp), 4.62 (brs, 1H, Cp), 7.00-7.02 (m, 2H, Ph), 7.18-7.20
(m, 4H, Ph), 7.22-7.24 (m, 3H, Ph), 7.27-7.30 (m, 3H, Ph), 7.32-7.34 (m, 1H, Ph), 7.51-7.53 (m,
2H, Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 16.37 (s, CHCH3), 30.65 (dd, 1JCP = 19.6 Hz,

3

JCP’ = 8.8 Hz, CHCH3), 66.86-66.99 (m, Cp), 69.48 (s, Cp), 70.00-70.06 (m, Cp), 70.26 (s, Cp’),

71.19 (d, J = 4.5 Hz, Cp), 98.92 (dd, J = 28.4 Hz, J = 21.0 Hz, Cp), 127.59 (s, Ph), 127.79 (d,
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J = 7.3 Hz, Ph), 128.14 (d, J = 8.1 Hz, Ph), 128.30 (d, J = 4.4 Hz, Ph), 129.14 (s, Ph), 129.95 (s,
Ph), 131.71 (d, J = 15.4 Hz, Ph), 131.92-132.00 (m, Ph), 134.40 (d, J = 20.1 Hz, Ph), 134.43 (d,
31

P{1H} NMR

J = 22.1 Hz, Ph), 135.23 (d, J = 20.5 Hz, Ph), 137.64 (d, J = 19.7 Hz, Ph);
(283.42 MHz, CDCl3): δ -15.05 (qd,
JPP’ = 45.6 Hz, PPh2);

2

JPF = 68.5 Hz, JPP’ = 45.6 Hz, P(CF3)), 8.33 (d,

19

F NMR (658.78 MHz, CDCl3): δ -53.41 (d, 2JFP = 68.5 Hz, CF3); HRMS

(MALDI, 3-HPA) calcd. (m/z) for C31H28F3FeP2: 575.0962 ([M+H]+), found: 575.0959 ([M+H]+),
389.0365 ([M-PPh2]+); EA calcd. for C31H27F3FeP2 (574.34): C 64.83, H 4.74, F 9.92, P 10.79,
found: C 64.85, H 4.93, F 9.85, P 10.67.
(RP,RC,SFc)-1-[(Phenyl)trifluoromethylphosphino]-2-[1-(diphenylphosphino)ethyl]ferrocene
(RP)-48 (Annoyphos)
A 20 mL Schlenk with a magnetic stirring bar was charged with (RP,RC,SFc)-1[(phenyl)trifluoromethylphosphino]-2-[1-(dimethylamino)ethyl]ferrocene

(RP)-

46a (323 mg, 745.56 μmol, 1.0 eq.) and purged with argon. Degassed acetic
acid (2 mL) was added, followed by diphenylphosphine (0.14 mL, 150 mg,
805.63 μmol, 1.1 eq.). The intense red solution was warmed to 90 °C overnight. The next day, all
volatile compounds were evaporated and the residue crystallized twice from boiling ethanol (7
and 3.5 mL). The slightly sticky orange needles were dried under HV to yield the desired product
(192 mg, 334.30 μmol, 45%) along with traces of oxide. The product is very air-sensitive in
solution and slightly air-sensitive as solid.
1

H NMR (700.13 MHz, CDCl3): δ 1.43-1.45 (m, 3H, CHCH3), 3.72-3.76 (m, 1H, CHCH3), 3.78

(brs, 5H, Cp’), 3.97 (brs, 1H, Cp), 4.34 (brs, 1H, Cp), 4.52 (brs, 1H, Cp), 7.25-7.27 (m, 1H, Ph),
7.29-7.32 (m, 4H, Ph), 7.34-7.36 (m, 5H, Ph), 7.51-7.57 (m, 3H, Ph), 8.01-8.04 (m, 2H, Ph);
13

C{1H} NMR (176.05 MHz, CDCl3): δ 18.21 (s, CHCH3), 29.46 (dd,

1

JCP = 18.8 Hz,

3

JCP’ = 9.9 Hz, CHCH3), 65.64-65.76 (m, Cp), 69.67 (s, Cp’), 70.13-70.20 (m, Cp), 70.27 (s, Cp),

72.03 (d, J = 4.4 Hz, Cp), 100.68 (dd, J = 32.7 Hz, J = 19.4 Hz, Cp), 127.60 (s, Ph), 127.99 (d,
J = 7.5 Hz, Ph), 128.32 (d, J = 4.4 Hz, Ph), 128.61 (d, J = 10.0 Hz, Ph), 129.36 (s, Ph), 131.20
(d, J = 1.3 Hz, Ph), 131.29-131.37 (m, Ph), 131.89 (d, J = 15.1 Hz, Ph), 135.10-135.27 (m, Ph),
135.67 (d, J = 20.9 Hz, Ph), 135.92 (d, J = 25.5 Hz, Ph), 137.91-138.10 (m, Ph);
(283.42 MHz, CDCl3): δ -16.46 (qd,

31

P{1H} NMR

2

JPF = 66.9 Hz, JPP’ = 24.5 Hz, P(CF3)), 9.06 (dq,

JPP’ = 24.2 Hz, JPF = 19.9 Hz, PPh2); 19F NMR (658.78 MHz, CDCl3): δ -55.43 (dd, 2JFP = 66.9 Hz,
JFP’ = 19.9 Hz, CF3); HRMS (MALDI, 3-HPA) calcd. (m/z) for C31H28F3FeP2: 575.0962 ([M+H]+),
found: 575.0966 ([M+H]+), 389.0365 ([M-PPh2]+).
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6.10

Substrates and racemic references: Imines

(E)-N-(1-(4-Methoxyphenyl)ethylidene)aniline 66
A 250 mL two-necked round bottomed flask, equipped with a reflux
condenser, was charged with aniline (5.0 mL, 5.11 g, 54.87 mmol,
1.2 eq.), 1-(4-methoxyphenyl)ethanone (7.16 g, 47.68 mmol, 1.0 eq.)
and molecular sieves 4Å (25 g). After refluxing in toluene (100 mL) for
15 h, the reaction mixture was allowed to cool to rt and was filtered over
Celite. The Celite pad was washed with DCM and the solvent was removed under reduced
pressure. The residue was dissolved in hot ethyl acetate (5 mL) and allowed to cool to rt.
At -18 °C, slow diffusion of pentane into the crude product solution afforded the title compound
as a yellowish crystalline solid (6.6 g, 29.30 mmol, 61%). The product can easily be
recrystallized from hot hexane after first crystallization following above mentioned procedure.
1

H NMR (300.1 MHz, CD2Cl2): δ 2.18 (s, 3H, CH3), 3.86 (s, 3H, OCH3), 6.76 (d, J = 7.7 Hz, 2H,

Ph), 6.96 (d, J = 7.5 Hz, 2H, Ph), 7.06 (t, J = 7.4 Hz, 1H, Ph), 7.31-7.36 (m, 2H, Ph), 7.94 (d,
J = 7.5 Hz, 2H, Ph);

13

C NMR (75.5 MHz, CDCl3): δ 17.17 (s, CH3), 55.41 (s, OCH3), 113.66 (s,

Ph), 119.65 (s, Ph), 123.05 (s, Ph), 128.89 (s, Ph), 128.97 (s, Ph), 132.28 (s, Ph), 152.00 (s,
Ph), 161.60 (s, Ph), 164.48 (s, C=N); HRMS (EI): calcd. (m/z) for C15H15NO: 225.1149 ([M]+),
found: 225.1151 ([M]+); EA calcd. for C15H15NO (225.29): C 79.97, H 6.71, N 6.22, O 7.10,
found: C 79.99, H 6.81, N 6.20, O 7.09; HPLC (OD-H, hexane:2-propanol 96:4, 0.5 mL/min,
25 °C): tR = 19.1 min.
N-(1-(4-Methoxyphenyl)ethyl)aniline 67
(E)-N-(1-(4-Methoxyphenyl)ethylidene)aniline 66 (300 mg, 1.33 mmol,
1.0 eq.) was dissolved in methanol (20 mL). While stirring, NaBH4
(201 mg, 5.31 mmol, 4.0 eq.) was added portion wise at rt under violent
formation of H2. The reaction was stirred for two hours before all solvent
was removed under reduced pressure. The colorless residue was
dispersed (hexane:EtOAc:Et3N 100:3:3) and filtered over silica. The crude product was purified
by flash column chromatography (silica, ~30 g, hexane:EtOAc:Et3N 100:3:3). The product was
obtained as a yellowish oil (302 mg, 1.33 mmol, quant.).
1

H NMR (300.13 MHz, CDCl3): δ 1.50 (d, 3JHH = 6.6 Hz, 3H, CHCH3), 3.79 (s, 3H, OCH3), 3.98

(brs, 1H, NH), 4.45 (q, 3JHH = 6.6 Hz, 1H, CHCH3), 6.52 (d, J = 8.0 Hz, 2H, Ph), 6.64 (t,
J = 7.3 Hz, 1H, Ph), 6.86 (d, J = 7.7 Hz, 2H, Ph), 7.07-7.12 (m, 2H, Ph), 7.29 (d, J = 7.8 Hz, 2H,
Ph);

13

C{1H} NMR (75.47 MHz, CDCl3): δ 25.13 (s, CHCH3), 52.97 (s, CHCH3), 55.39 (s, OCH3),
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113.46 (s, Ph), 114.16 (s, Ph), 117.32 (s, Ph), 127.04 (s, Ph), 129.23 (s, Ph), 137.42 (s, Ph),
147.51 (s, Ph), 158.64 (s, Ph); HRMS (ESI) calcd. (m/z) for C15H18NO: 228.1383 ([M+H]+), found:
228.1386 ([M+H]+); EA calcd. for C15H17NO (227.31): C 79.26, H 7.54, N 6.16, O 7.04, found: C
78.97, H 7.49, N 6.19, O 7.28; HPLC (OD-H, hexane:2-propanol 96:4, 0.5 mL/min, 25 °C):
tR = 17.6 min and tR = 18.9 min.
N-(1-(4-Methoxyphenyl)ethyl)-N-phenylacetamide 68
A 25 mL round bottomed flask was charged with N-(1-(4-methoxyphenyl)ethyl)aniline 67

(300 mg, 1.32 mmol, 1.0 eq.) which was

dissolved in pyridine (2 mL, 1.96 g, 24.78 mmol, 28.5 eq.). Acetic
anhydride (2 mL, 2.16 g, 21.16 mmol, 24.3 eq.) was added and the
reaction mixture stirred at rt overnight. The next day, all volatiles were
removed and the residue purified by flash column chromatography (silica, ~20 g, Et2O:pentane
2:1) yielding the slowly solidifying colorless product (279 mg, 1.04 mmol, 79%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.38 (d, 3JHH = 7.2 Hz, 3H, CHCH3), 1.71 (s, 3H, CH3CO), 3.77

(s, 3H, OCH3), 6.19 (q, 3JHH = 7.1 Hz, 1H, CHCH3), 6.74 (brs, 2H, Ph), 6.77 (d, J = 7.7 Hz, 2H,
Ph), 7.09 (d, J = 7.8 Hz, 2H, Ph), 7.23-7.32 (m, 3H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ

17.68 (s, CHCH3), 23.56 (s, CH3CO), 51.71 (s, CHCH3), 55.56 (s, OCH3), 113.67 (s, Ph), 128.32
(s, Ph), 129.18 (s, Ph), 129.54 (s, Ph), 130.92 (s, Ph), 134.01 (s, Ph), 139.72 (s, Ph), 159.30 (s,
Ph), 170.03 (s, CH3CO); HRMS (ESI) calcd. (m/z) for C17H19NNaO2: 292.1308 ([M+Na]+), found:
292.1306 ([M+Na]+); EA calcd. for C17H19NO2 (269.34): C 75.81, H 7.11, N 5.20, O 11.88, found:
C 75.84, H 7.12, N 5.23, O 11.92; HPLC (OD-H, hexane:2-propanol 96:4, 0.5 mL/min, 25 °C):
tR(-) = 22.8 min and tR(+) = 24.4 min.
(E)-N-(1-Phenylethylidene)aniline 69
A round bottomed flask with magentic stirring bar was charged with toluene
(120 mL), acetophenone (10.5 mL, 10.82 g, 90.05 mmol, 1.0 eq.), aniline
(8.2 mL, 8.38 g, 89.98 mmol, 1.0 eq.) and p-toluene-sulfonic acid monohydrate (163 mg, 85.69 μmol, 1 mol-%). The slightly brownish solution was
heated to reflux overnight, while the water formed was removed with a DeanStark apparatus. The next day, the cold reaction mixture was filtered over Celite and all solvent
was removed under reduced pressure. The crude product was dissolved in hexane (8 mL) and
stored two weeks in the freezer. The mother liquor was discarded and the yellow solid distilled
(92°C at 4*10-2 mbar) to yield the bright yellow product as a waxy solid (9.95 g, 50.96 mmol,
57%).
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1

H NMR (700.13 MHz, CDCl3): δ 2.25 (s, 3H, CHCH3), 6.82 (dd, J = 8.3 Hz, J = 1.1 Hz, 2H, Ph),

7.10 (tt, J = 7.6 Hz, J = 1.1 Hz, 1H, Ph), 7.36-7.38 (m, 2H, Ph), 7.45-7.49 (m, 3H, Ph), 8.00 (dd,
J = 8.0 Hz, J = 1.6 Hz, 2H, Ph);

13

C{1H} NMR (176.05 MHz, CDCl3): δ 17.48 (s, CHCH3), 119.50

(s, Ph), 123.33 (s, Ph), 127.31 (s, Ph), 128.49 (s, Ph), 129.08 (s, Ph), 130.58 (s, Ph), 139.65 (s,
Ph), 151.86 (s, Ph), 165.56 (s, C=N); EA calcd. for C14H13N (195.26): C 86.12, H 6.71, N 7.17,
found: C 86.17, H 6.79, N 7.15; HPLC (AD-H, hexane:2-propanol 90:10, 0.7 mL/min, 25 °C):
tR = 6.1 min.
N-(1-Phenylethyl)aniline 70
(E)-N-(1-phenylethylidene)aniline 69 (600 mg, 3.07 mmol, 1.0 eq.) was
dissolved in methanol (40 mL). While stirring, NaBH4 (465 mg, 12.29 mmol,
4.0 eq.) was added portion wise at rt under violent formation of H2. The
solution discolors after a few minutes and was stirred at rt for two hours. After
the reaction time, all solvent was removed under reduced pressure. The waxy
residue was dispersed (hexane:EtOAc:Et3N 100:2:3) and filtered over silica. The crude product
was purified by flash column chromatography (silica, ~30 g, hexane:acetone:Et3N 100:2:2)
collecting only the pure fractions. The product was obtained as a yellowish oil (346 mg,
1.75 mmol, 57%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.50 (d, J = 6.8 Hz, 3H, CHCH3), 4.14 (brs, 1H, NH), 4.45-4.53

(m, 1H, CHCH3), 6.50 (d, J = 7.9 Hz, 2H, Ph), 6.60 (t, J = 7.3 Hz, 1H, Ph), 7.03-7.08 (m, 2H, Ph),
7.22 (t, J = 6.9 Hz, 1H, Ph), 7.29-7.38 (m, 4H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.24

(s, CHCH3), 53.73 (s, CHCH3), 113.61 (s, Ph), 117.46 (s, Ph), 126.26 (s, Ph), 127.22 (s, Ph),
128.97 (s, Ph), 129.38 (s, Ph), 145.97 (s, Ph), 147.82 (s, Ph); HRMS (ESI) calcd. (m/z) for
C14H16N: 198.1277 ([M+H]+), found: 198.1280 ([M+H]+); HPLC (AD-H, hexane:2-propanol 90:10,
0.7 mL/min, 25 °C): tR(A) = 6.6 min and tR(B) = 6.7 min. Neither an absolute configuration nor a
reliable sign in polarimetry could be determined. Therefore, the faster eluting enantiomer is
named A, the second B.
N-Phenyl-N-(1-phenylethyl)acetamide 71
A 25 mL round bottomed flask was charged with N-(phenylethyl)aniline 70
(171 mg, 0.87 mmol, 1.0 eq.) and dissolved in pyridine (2 mL, 1.96 g,
24.78 mmol, 28.5 eq.). Acetic anhydride (2 mL, 2.16 g, 21.16 mmol, 24.3 eq.)
was added and the reaction mixture stirred at rt overnight. The next day, all
volatiles were removed and the residue purified by flash column chromatography (silica, ~30 g,
hexane:Et2O 1:1) yielding the slowly solidifying colorless product (162 mg, 0.68 mmol, 78%).
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1

H NMR (300.13 MHz, CD2Cl2): δ 1.40 (d, 3JHH = 7.2 Hz, 3H, CHCH3), 1.72 (s, 3H, CH3CO), 6.22

(q,

3

JHH = 7.2 Hz, 1H, CHCH3), 6.76 (brs, 2H, Ph), 7.18-7.32 (m, 8H, Ph);

13

C{1H} NMR

(75.47 MHz, CD2Cl2): δ 17.51 (s, CHCH3), 23.56 (s, CH3CO), 52.31 (s, CHCH3), 127.66 (s, Ph),
128.41 (s, Ph), 129.21 (s, Ph), 130.86 (s, Ph), 139.79 (s, Ph), 142.00 (s, Ph), 170.10 (s,
CH3CO); HRMS (ESI) calcd. (m/z) for C16H18NO: 240.1383 ([M+H]+), found: 240.1383 ([M+H]+);
EA calcd. for C16H17NO (239.32): C 80.30, H 7.16, N 5.85, O 6.69, found: C 80.05, H 7.17, N
5.90, O 6.87; HPLC (AD-H, hexane:2-propanol 90:10, 0.7 mL/min, 25 °C): tR(A) = 8.5 min and
tR(B) = 9.3 min. Neither an absolute configuration nor a reliable sign in polarimetry could be
determined. Therefore, the faster eluting enantiomer is named A, the second B.
Dimethyl 2-methylsuccinate
HPLC (OD-H, hexane:2-propanol 98:2, 0.8 mL/min, 22 °C, 20 mg/mL,
20 μL): tR(R) = 10.1 min, tR(S) = 17.8 min, tstm = 15.2 min.

6.11

Substrates and racemic references: 1-Substituted 3,4-DHIQ chlorides

6.11.1

Amides

All amides were synthesized following a general procedure, exemplarily shown in the following
for N-phenethylbenzamide 89a.
N-Phenethylbenzamide 89a
A 1 L round bottomed flask with a magnetic stirring bar was charged
with 2-phenylethanamine (11 mL, 10.58 g, 87.31 mmol, 1.0 eq.) and
dissolved in DCM (300 mL). Triethylamine (24.3 mL, 17.67 g,
174.62 mmol, 2.0 eq.) was added and the solution chilled to 0 °C.
Benzoyl chloride (11 mL, 13.32 g, 94.76 mmol, 1.1 eq.) was added dropwise under stirring and
the ice bath was removed after addition. The reaction was stirred at rt for three hours. After the
reaction, water (150 mL) was poured into the reaction and stirred at rt for 30 minutes before the
phases were separated. The organic phase was washed with water and brine, dried over MgSO4
and the solvent was evaporated. Dropwise addition of diethyl ether (100 mL) to a solution of the
crude product in DCM (50 mL) afforded the product as a crystalline, colorless solid (18.6 g,
82.56 mmol, 95%).
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1

H NMR (300.13 MHz, CDCl3): δ 2.94 (t, J = 6.9 Hz, 2H, PhCH2CH2), 3.70-3.76 (m, 2H,

PhCH2CH2), 6.11 (brs, 1H, NH), 7.22-7.27 (m, 3H, Ph), 7.31-7.39 (m, 4H, Ph), 7.45-7.51 (m, 1H,
Ph), 7.67-7.71 (m, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CDCl3): δ 35.87 (s, CH2), 41.26 (s, CH2),

126.77 (s, Ph), 126.94 (s, Ph), 128.72 (s, Ph), 128.89 (s, Ph), 128.98 (s, Ph), 131.55 (s, Ph),
134.85 (s, Ph), 139.06 (s, Ph), 167.60 (s, C=O); HRMS (ESI) calcd. (m/z) for C15H16NO:
226.1226 ([M+H]+), found: 226.1228 ([M+H]+); EA calcd. for C15H15NO (225.29): C 79.97, H 6.71,
N 6.22, O 7.10, found: C 79.83, H 6.73, N 6.23, O 7.12; MP 220 °C.
N-Phenethylacetamide 89b
2-Phenylethanamine (15.6 mL, 15.01 g, 123.87 mmol) and acetyl chloride
were condensed applying the above mentioned general procedure. The
crude product was purified by flash column chromatography (silica, ~250 g,
DCM:EtOH:Et3N 100:1:1) yielding the desired product as a yellowish solid (18.7 g, 114.57 mmol,
93%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.88 (s, 3H, CH3), 2.79 (t, J = 7.1 Hz, 2H, PhCH2CH2), 3.41-

3.48 (m, 2H, PhCH2CH2), 5.79 (brs, 1H, NH), 7.19-7.25 (m, 3H, Ph), 7.28-7.34 (m, 2H, Ph);
13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 23.36 (s, CH3), 36.08 (s, CH2), 41.06 (s, CH2), 126.72 (s,

Ph), 128.89 (s, Ph), 129.12 (s, Ph), 139.67 (s, Ph), 170.09 (s, C=O); HRMS (ESI) calcd. (m/z) for
C10H14NO: 164.1070 ([M+H]+), found: 164.1069 ([M+H]+); EA calcd. for C10H13NO (163.22): C
73.59, H 8.03, N 8.58, O 9.80, found: C 73.57, H 8.00, N 8.48, O 9.84; MP ~42 °C.
N-Phenethyl-2-phenylacetamide 89c
2-Phenylethanamine (8.0 mL, 7.70 g, 63.54 mmol) and 2-phenylacetyl chloride were condensed applying the above mentioned
general procedure. The crude product was purified by flash column
chromatography (silica, ~200 g, hexane:EtOAc 5:1) yielding the desired product as an off-white
solid (7.95 g, 33.22 mmol, 52%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.73 (t, J = 6.9 Hz, 2H, PhCH2CH2), 3.39-3.46 (m, 2H,

PhCH2CH2), 3.47 (s, 2H, PhCH2CO), 5.48 (brs, 1H, NH), 7.07-7.09 (m, 2H, Ph), 7.17-7.35 (m,
8H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 35.94 (s, CH2), 41.08 (s, CH2), 44.12 (s, CH2),

126.70 (s, Ph), 127.47 (s, Ph), 128.88 (s, Ph), 129.13 (s, Ph), 129.19 (s, Ph), 129.78 (s, Ph),
135.71 (s, Ph), 139.46 (s, Ph), 170.76 (s, C=O); HRMS (ESI) calcd. (m/z) for C16H18NO:
240.1383 ([M+H]+), found: 240.1385 ([M+H]+); EA calcd. for C16H17NO (239.32): C 80.30, H 7.16,
N 5.85, O 6.69, found: C 80.28, H 7.29, N 5.80, O 6.65; MP 94 °C.
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N-Phenethylisobutyramide 89d
2-Phenylethanamine (15.6 mL, 15.01 g, 123.87 mmol) and isobutyryl
chloride were condensed applying the above mentioned general
procedure. The crude product was crystallized from boiling hexane
(500 mL) yielding the desired product as colorless needles (20.77 g, 108.59 mmol, 88%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.07 (d, J = 6.9 Hz, 6H, CH(CH3)2), 2.25 (hept, J = 6.9 Hz, 1H,

CH(CH3)2), 2.79 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.42-3.49 (m, 2H, PhCH2CH2), 5.53 (brs, 1H,
NH), 7.19-7.24 (m, 3H, Ph), 7.28-7.33 (m, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 19.79

(s, CH(CH3)2), 35.94 (s, CH2), 36.16 (s, CH(CH3)2), 40.81 (s, CH2), 126.72 (s, Ph), 128.88 (s,
Ph), 129.21 (s, Ph), 139.73 (s, Ph), 176.86 (s, C=O); HRMS (ESI) calcd. (m/z) for C12H17NNaO:
214.1202 ([M+Na]+), found: 214.1203 ([M+Na]+); EA calcd. for C12H17NO (191.27): C 75.35, H
8.96, N 7.32, O 8.36, found: C 75.23, H 8.97, N 7.30, O 8.39; MP ~80 °C.
4-Methoxy-N-phenethylbenzamide 89e
2-Phenylethanamine

(12.7 mL,

12.22 g,

100.84 mmol)

and

4-methoxybenzoyl chloride were condensed applying the above
mentioned general procedure. The product was precipitated from
a solution in DCM (100 mL) by dropwise addition of pentane
(200 mL) under stirring yielding the amide as colorless needles (22.0 g, 86.17 mmol, 85%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.90 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.62-3.68 (m, 2H,

PhCH2CH2), 3.83 (s, 3H, OCH3), 6.19 (brs, 1H, NH), 6.88-6.93 (m, 2H, Ph), 7.20-7.26 (m, 3H,
Ph), 7.30-7.35 (m, 2H, Ph), 7.63-7.68 (m, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 36.20

(s, CH2), 41.49 (s, CH2), 55.79 (s, OCH3), 114.04 (s, Ph), 126.80 (s, Ph), 127.54 (s, Ph), 128.91
(s, Ph), 128.97 (s, Ph), 129.21 (s, Ph), 139.72 (s, Ph), 162.53 (s, Ph), 166.95 (s, C=O); HRMS
(ESI) calcd. (m/z) for C16H18NO2: 256.1332 ([M+H]+), found: 256.1332 ([M+H]+); EA calcd. for
C16H17NO2 (255.32): C 75.27, H 6.71, N 5.49, O 12.53, found: C 75.89, H 6.78, N 5.57, O 12.42;
MP 121 °C.
2-Methyl-N-phenethylbenzamide 89f
2-Phenylethanamine (7.4 mL, 7.12 g, 58.76 mmol) and 2-methylbenzoyl chloride were condensed applying the above mentioned
general procedure. The product was precipitated from a solution in
DCM (30 mL) by dropwise addition of pentane (100 mL) under stirring yielding the amide as a
colorless solid (12.3 g, 51.40 mmol, 87%).

184

Experimental part
1

H NMR (300.13 MHz, CD2Cl2): δ 2.35 (s, 3H, CH3), 2.92 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.63-

3.70 (m, 2H, PhCH2CH2), 5.83 (brs, 1H, NH), 7.14-7.34 (m, 9H, Ph);

13

C{1H} NMR (75.47 MHz,

CDCl3): δ 19.82 (s, CH3), 35.82 (s, CH2), 40.92 (s, CH2), 125.79 (s, Ph), 126.72 (s, Ph), 128.81
(s, Ph), 128.91 (s, Ph), 129.89 (s, Ph), 131.08 (s, Ph), 136.14 (s, Ph), 136.66 (s, Ph), 138.91 (s,
Ph), 170.17 (s, C=O); HRMS (ESI) calcd. (m/z) for C16H18NO: 240.1383 ([M+H]+), found:
240.1386 ([M+H]+); EA calcd. for C16H17NO (239.32): C 80.30, H 7.16, N 5.85, O 6.69, found: C
80.19, H 7.11, N 5.90, O 6.71; MP 95 °C.
4-Bromo-N-phenethylbenzamide 89g
2-Phenylethanamine (6.1 mL, 5.87 g, 48.44 mmol) and 4-bromobenzoyl chloride were condensed applying the above mentioned
general procedure. The product was precipitated from a solution in
chloroform (25 mL) by dropwise addition of pentane (120 mL)
under stirring yielding the amide as a colorless solid (12.7 g, 41.75 mmol, 86%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.91 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.63-3.69 (m, 2H,

PhCH2CH2), 6.22 (brs, 1H, NH), 7.21-7.26 (m, 2H, Ph), 7.30-7.35 (m, 3H, Ph), 7.56 (s, 4H, Ph);
13

C{1H} NMR (75.47 MHz, CDCl3): δ 35.76 (s, CH2), 41.32 (s, CH2), 126.21 (s, Ph), 126.83 (s,

Ph), 128.57 (s, Ph), 128.91 (s, Ph), 128.94 (s, Ph), 131.94 (s, Ph), 133.62 (s, Ph), 138.89 (s,
Ph), 166.61 (s, C=O); HRMS (ESI) calcd. (m/z) for C15H15BrNO: 304.0332 ([M+H]+), found:
304.0334 ([M+H]+); EA calcd. for C15H14BrNO (304.19): C 59.23, H 4.64, Br 26.27, N 4.60, O
5.26, found: C 59.17, H 4.74, Br 26.06, N 4.62, O 5.19; MP 143 °C.
N-Phenethyl-4-(trifluoromethyl)benzamide 89h
2-Phenylethanamine

(7.2 mL,

6.93 g,

57.19 mmol)

and

4-(trifluoromethyl)benzoyl chloride were condensed applying the
above

mentioned

general

procedure.

The

product

was

precipitated from a hot solution in chloroform (100 mL) by
dropwise addition of hexane (100 mL) under stirring yielding the amide as a colorless solid
(14.9 g, 50.81 mmol, 89%).
1

H NMR (300.13 MHz, CDCl3): δ 3.02 (t, J = 6.9 Hz, 2H, PhCH2CH2), 3.78-3.84 (m, 2H,

PhCH2CH2), 6.26 (brs, 1H, NH), 7.29-7.36 (m, 3H, Ph), 7.38-7.44 (m, 2H, Ph), 7.73 (d,
J = 8.2 Hz, 2H, Ph), 7.85 (d, J = 8.1 Hz, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CDCl3): δ 35.70 (s,

CH2), 41.39 (s, CH2), 123.79 (q, 1JCF = 272.6 Hz, CF3), 125.78 (q, 2JCF = 3.7 Hz, Ph), 126.90 (s,
Ph), 127.43 (s, Ph), 128.93 (s, Ph), 128.94 (s, Ph), 133.09 (s, Ph), 138.08 (s, Ph), 138.77 (s,
Ph), 166.32 (s, C=O); 19F NMR (282.40 MHz, CDCl3): δ -62.92 (s, CF3); HRMS (ESI) calcd. (m/z)

185

Experimental part
for C16H15F3NO: 294.1100 ([M+H]+), found: 294.1101 ([M+H]+); EA calcd. for C16H14F3NO
(293.29): C 65.52, H 4.81, F 19.43, N 4.78, found: C 65.47, H 4.94, F 19.39, N 4.81; MP 162 °C.
Methyl 4-(phenethylcarbamoyl)benzoate 89i
2-Phenylethanamine (7.6 mL, 7.31 g, 60.32 mmol) and
methyl 4-(chlorocarbonyl)benzoate were condensed applying
the above mentioned general procedure. The crude product
was dissolved in hot chloroform (100 mL) and filtered over
Celite. The product was precipitated from the clear solution by dropwise addition of hexane
(150 mL) under stirring yielding the amide as a colorless solid (14.0 g, 49.41 mmol, 82%).
1

H NMR (300.13 MHz, CDCl3): δ 3.01 (t, J = 6.9 Hz, 2H, PhCH2CH2), 3.76-3.83 (m, 2H,

PhCH2CH2), 4.00 (s, 3H, OCH3), 6.32 (brs, 1H, NH), 7.29-7.34 (m, 3H, Ph), 7.38-7.43 (m, 2H,
Ph), 7.80 (d, J = 8.3 Hz, 2H, Ph), 8.13 (d, J = 8.3 Hz, 2H, Ph); 13C{1H} NMR (75.47 MHz, CDCl3):
δ 35.73 (s, CH2), 41.38 (s, CH2), 52.50 (s, OCH3), 126.83 (s, Ph), 127.01 (s, Ph), 128.90 (s, Ph),
128.92 (s, Ph), 129.96 (s, Ph), 132.78 (s, Ph), 138.69 (s, Ph), 138.84 (s, Ph), 166.40 (s, C=O),
166.73 (s, C=O); HRMS (ESI) calcd. (m/z) for C17H18NO3: 284.1281 ([M+H]+), found: 284.1284
([M+H]+); EA calcd. for C17H17NO3 (283.33): C 72.07, H 6.05, N 4.94, O 16.94, found: C 71.90, H
6.04, N 5.03, O 16.85; MP 143 °C.
N-(3,4-Dimethoxyphenethyl)benzamide 89j
2-(3,4-Dimethoxyphenyl)ethanamine

(25.3 mL,

27.17 g,

149.92 mmol) and benzoyl chloride were condensed applying
the above mentioned general procedure. The crude mixture was
dissolved in DCM (200 mL) and the product was precipitated by dropwise addition of hexane
(400 mL) under stirring yielding the amide as an off-white solid (35.6 g, 124.76 mmol, 83%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.86 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.62-3.69 (m, 2H,

PhCH2CH2), 3.79 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 6.22 (brs, 1H, NH), 6.76-6.84 (m, 3H, Ph),
7.38-7.44 (m, 2H, Ph), 7.46-7.52 (m, 1H, Ph), 7.67-7.71 (m, 2H, Ph);

13

C{1H} NMR (75.47 MHz,

CD2Cl2): δ 35.62 (s, CH2), 41.60 (s, CH2), 56.12 (s, OCH3), 56.22 (s, OCH3), 112.15 (s, Ph),
112.73 (s, Ph), 121.08 (s, Ph), 127.12 (s, Ph), 128.90 (s, Ph), 131.66 (s, Ph), 132.04 (s, Ph),
135.34 (s, Ph), 148.35 (s, Ph), 149.70 (s, Ph), 167.40 (s, C=O); HRMS (ESI) calcd. (m/z) for
C17H20NO3: 286.1438 ([M+H]+), found: 286.1443 ([M+H]+); EA calcd. for C17H19NO3 (285.34): C
71.56, H 6.71, N 4.91, O 16.82, found: C 71.40, H 6.71, N 4.93, O 16.85.
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N-(3,4-Dimethoxyphenethyl)-3,4,5-trimethoxybenzamide 89k
2-(3,4-Dimethoxyphenyl)ethanamine

(6.4 mL,

6.87 g,

37.91 mmol) and 3,4,5-trimethoxybenzoyl chloride were
condensed

applying

the

above

mentioned

general

procedure. The crude mixture was dissolved in DCM
(50 mL) and the product was precipitated by dropwise
addition of pentane (100 mL) under stirring yielding the amide as a colorless solid (14.09 g,
37.53 mmol, 99%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.85 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.59-3.66 (m, 2H,

PhCH2CH2), 3.79 (s, 9H, OCH3), 3.84 (s, 6H, OCH3), 6.13 (brs, 1H, NH), 6.76-6.83 (m, 3H, Ph),
6.90 (s, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 35.59 (s, CH2), 41.67 (s, CH2), 56.16 (s,

OCH3), 56.24 (s, OCH3), 56.58 (s, OCH3), 60.89 (s, OCH3), 104.60 (s, Ph), 112.08 (s, Ph),
112.81 (s, Ph), 121.14 (s, Ph), 130.80 (s, Ph), 132.07 (s, Ph), 141.24 (s, Ph), 148.40 (s, Ph),
149.74 (s, Ph), 153.69 (s, Ph), 167.17 (s, C=O); HRMS (ESI) calcd. (m/z) for C20H26NO6:
376.1755 ([M+H]+), found: 376.1755 ([M+H]+); EA calcd. for C20H25NO6 (375.42): C 63.99, H
6.71, N 3.73, O 25.57, found: C 64.28, H 6.70, N 3.77, O 25.48; MP 135 °C.
N-(4-Methoxyphenethyl)benzamide 89l
2-(4-Methoxyphenyl)ethanamine (12 mL, 12.37 g, 81.81 mmol)
and benzoyl chloride were condensed applying the above
mentioned general procedure. The crude mixture was dissolved
in chloroform (60 mL) and the product was precipitated by
dropwise addition of hexane (100 mL) under stirring yielding the amide as a colorless,
voluminous solid (18.6 g, 72.85 mmol, 89%).
1

H NMR (300.13 MHz, CDCl3): δ 2.88 (t, J = 6.9 Hz, 2H, PhCH2CH2), 3.65-3.72 (m, 2H,

PhCH2CH2), 3.80 (s, 3H, OCH3), 6.16 (brs, 1H, NH), 6.84-6.89 (m, 2H, Ph), 7.13-7.18 (m, 2H,
Ph), 7.37-7.43 (m, 2H, Ph), 7.45-7.51 (m, 1H, Ph), 7.67-7.71 (m, 2H, Ph);

13

C{1H} NMR

(75.47 MHz, CDCl3): δ 34.92 (s, CH2), 41.43 (s, CH2), 55.41 (s, OCH3), 114.28 (s, Ph), 126.93
(s, Ph), 128.69 (s, Ph), 129.89 (s, Ph), 131.00 (s, Ph), 131.50 (s, Ph), 134.85 (s, Ph), 158.49 (s,
Ph), 167.56 (s, C=O); HRMS (ESI) calcd. (m/z) for C16H18NO2: 256.1332 ([M+H]+), found:
256.1329 ([M+H]+); EA calcd. for C16H17NO2 (255.32): C 75.27, H 6.71, N 5.49, O 12.53, found:
C 75.26, H 6.73, N 5.53, O 12.57; MP 125 °C.
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Methyl 4-(2-benzamidoethyl)benzoate 89m
2-(4-(Methoxycarbonyl)phenyl)ethanaminium

chloride

93*HCl (8.00 g, 37.09 mmol, see chapter 6.12) and benzoyl
chloride were condensed applying a very similar procedure.
To prevent potential side reactions with the methyl
carboxylate, 3.0 eq. benzoyl chloride were applied together with 4.0 eq. triethylamine. The dark
crude mixture was dissolved in chloroform (50 mL) and the product was precipitated by dropwise
addition of pentane (100 mL) under stirring yielding the amide as an off-white solid (9.03 g,
31.87 mmol, 86%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.99 (t, J = 7.0 Hz, 2H, PhCH2CH2), 3.66-3.73 (m, 2H,

PhCH2CH2), 3.88 (s, 3H, OCH3), 6.29 (brs, 1H, NH), 7.33 (d, J = 8.2 Hz, 2H, Ph), 7.38-7.44 (m,
2H, Ph), 7.47-7.52 (m, 1H, Ph), 7.67-7.71 (m, 2H, Ph), 7.96 (d, J = 8.3 Hz, 2H, Ph);
13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 36.16 (s, CH2), 41.20 (s, CH2), 52.29 (s, OCH3), 127.14 (s,

Ph), 128.93 (s, Ph), 129.03 (s, Ph), 129.32 (s, Ph), 130.15 (s, Ph), 131.75 (s, Ph), 135.17 (s,
Ph), 145.08 (s, Ph), 167.18 (s, C=O), 167.52 (s, C=O); HRMS (ESI) calcd. (m/z) for
C17H17NNaO3: 306.1101 ([M+Na]+), found: 306.1101 ([M+Na]+); EA calcd. for C17H17NO3
(283.33): C 72.07, H 6.05, N 4.94, O 16.94, found: C 71.99, H 5.88, N 5.00, O 16.87; MP
136 °C.
N-(2-(1H-Indol-3-yl)ethyl)benzamide 90a
In a 100 mL round bottomed flask with a magnetic stirring bar
tryptamine (5.00 g, 31.21 mmol, 1.0 eq.) was dissolved in DCM
(30 mL) and triethylamine (4.8 mL, 3.49 g, 34.49 mmol, 1.1 eq.) was
added. The reaction mixture was chilled to 0 °C and benzoyl chloride
(4.0 mL, 4.84 g, 34.43 mmol, 1.0 eq.) was added dropwise. The ice bath was removed after the
addition and the reaction stirred at rt overnight. The next day, the reaction mixture was washed
with 1M HCl (100 mL), water and brine, dried over MgSO4 and the solvent was evaporated. The
product was precipitated from a solution in ethyl acetate by dropwise addition of hexane yielding
an off-white powder (6.3 g, 23.84 mmol, 76%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.08 (t, J = 6.8 Hz, 2H, CH2CH2N), 3.73-3.79 (m, 2H,

CH2CH2N), 6.30 (brs, 1H, PhCONH), 7.07-7.13 (m, 2H, Ph), 7.16-7.21 (m, 1H, Ph), 7.37-7.43
(m, 3H, Ph), 7.45-7.51 (m, 1H, Ph), 7.63-7.70 (m, 3H, Ph), 8.31 (brs, 1H, Ph-NH);

13

C{1H} NMR

(75.47 MHz, CD2Cl2): δ 25.72 (s, CH2), 40.68 (s, CH2), 111.63 (s, Ph), 113.39 (s, Ph), 119.07 (s,
Ph), 119.74 (s, Ph), 122.46 (s, Ph), 122.61 (s, Ph), 127.17 (s, Ph), 127.83 (s, Ph), 128.86 (s,
Ph), 131.61 (s, Ph), 135.38 (s, Ph), 136.93 (s, Ph), 167.48 (s, C=O); HRMS (ESI) calcd. (m/z) for
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C17H17N2O: 265.1335 ([M+H]+), found: 265.1336 ([M+H]+); EA calcd. for C17H16N2O (264.33): C
77.25, H 6.10, N 10.60, O 6.05, found: C 77.11, H 6.13, N 10.51, O 6.15.
N-(2-(1H-Indol-3-yl)ethyl)acetamide 90b
In a 500 mL round bottomed flask with a magnetic stirring bar tryptamine
(5.00 g, 31.21 mmol, 1.0 eq.) was dissolved in DCM (200 mL) and
triethylamine (8.7 mL, 6.32 g, 62.46 mmol, 2.0 eq.) was added. The
reaction mixture was chilled to 0 °C and acetyl chloride (2.4 mL, 2.65 g,
33.76 mmol, 1.1 eq.) was added in one portion. The ice bath was removed after the addition and
the reaction stirred at rt overnight. The next day, water (100 mL) was added and the reaction
stirred for 20 minutes. The phases were separated and the organic phase was washed with
water and brine, dried over MgSO4 and the solvent was evaporated. The crude product was
purified by flash column chromatography (silica, ~200 g, DCM:EtOH 25:1) yielding the title
compound as yellowish, highly viscous residue (5.5 g, 27.19 mmol, 87%).
1

H NMR (300.13 MHz, CDCl3): δ 1.92 (s, 3H, CH3CO), 2.98 (t, J = 6.7 Hz, 2H, CH2CH2N), 3.57-

3.63 (m, 2H, CH2CH2N), 5.57 (brs, 1H, CH3CONH), 7.03 (brd, J = 2.2 Hz, 1H, Ph-NH-CH), 7.107.16 (m, 1H, Ph), 7.19-7.24 (m, 1H, Ph), 7.36-7.40 (m, 1H, Ph), 7.60 (d, J = 7.8 Hz, 1H, Ph),
8.25 (brs, 1H, Ph-NH);

13

C{1H} NMR (75.47 MHz, CDCl3): δ 23.52 (s, CH3CO), 25.41 (s, CH2),

39.97 (s, CH2), 111.43 (s, Ph), 113.11 (s, Ph), 118.82 (s, Ph), 119.63 (s, Ph), 122.17 (s, Ph),
122.34 (s, Ph), 127.50 (s, Ph), 136.58 (s, Ph), 170.24 (s, C=O); HRMS (ESI) calcd. (m/z) for
C12H15N2O: 203.1179 ([M+H]+), found: 203.1178 ([M+H]+).
6.11.2

3,4-Dihydroisoquinolinium and β-4,9-dihydrocarbolinium compounds

All 1-substituted 3,4-dihydroisoquinolinium species 83 and β-4,9-dihydrocarbolinium species 85
were synthesized following one of the two following procedures. Procedure A applies standard
Bischler-Napieralski conditions with P2O5 and POCl3 as dehydrating agent, which is also a
generally applicable method for deactivated amides. 1-Phenyl-3,4-dihydroisoquinolinium chloride
83a*HCl is cited as an example for Procedure A.
Procedure B applies trifluoromethanesulfonic anhydride as dehydrating agent and the synthesis
of 1-benzyl 3,4-dihydroisoquinolinium chloride 83c*HCl is cited as an example.[141]
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1-Phenyl-3,4-dihydroisoquinolin-2-ium chloride 83a*HCl (Procedure A)
A 1 L round bottomed flask with a magnetic stirring bar was charged with
N-phenethylbenzamide 89a (14.8 g, 65.69 mmol, 1.0 eq.), P2O5 (18.6 g,
131.04 mmol, 2.0 eq.), xylene (300 mL) and POCl3 (12.0 mL, 19.74 g,
128.74 mmol, 2.0 eq.), in this order. The heterogeneous reaction mixture
was refluxed for three hours. After the reaction, an ice-water mixture
(150 mL) was added to the cold reaction mixture and stirred overnight. The next day, the
emulsion was cooled to 0 °C and solid NaOH was added until the pH indicated that the emulsion
was basic. The xylene phase was separated, the water phase extracted twice with tBME. The
combined organic phases were washed with water and brine, dried over MgSO4 and the solvent
was evaporated. The residue was dissolved in diethyl ether (150 mL) and HCl (2 M in diethyl
ether, 60 mL, 120 mmol, 1.8 eq.) was added dropwise. All solvent from the sticky suspension
was evaporated and the solid residue dissolved in methanol (15 mL). The product precipitated
upon dropwise addition of tBME under stirring as a colorless, crystalline solid (13.01 g,
53.38 mmol, 81%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.17-3.22 (m, 2H, CH2CH2N), 4.07-4.12 (m, 2H, CH2CH2N),

7.44-7.55 (m, 3H, Ph), 7.63-7.69 (m, 2H, Ph), 7.72-7.81 (m, 2H, Ph), 7.87-7.91 (m, 2H, Ph),
15.55 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.95 (s, CH2), 41.41 (s, CH2), 126.02
(s, Ph), 128.27 (s, Ph), 129.09 (s, Ph), 129.26 (s, Ph), 129.54 (s, Ph), 131.62 (s, Ph), 133.71 (s,
Ph), 134.54 (s, Ph), 136.89 (s, Ph), 139.66 (s, Ph), 173.32 (s, C=N); HRMS (ESI) calcd. (m/z) for
C15H14N: 208.1121 ([M-Cl]+), found: 208.1124 ([M-Cl]+); EA calcd. for C15H14NCl (243.74): C
73.92, H 5.79, N 5.75, Cl 14.55, found: C 73.88, H 5.86, N 5.82, Cl 14.76; pKa in water 6.78;
HPLC (OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR = 11.4 min.
1-Phenyl-3,4-dihydroisoquinolin-2-ium iodide 83a*HI
1-Phenyl-3,4-dihydroisoquinoline 83 (1.0 g, 4.83 mmol, 1.0 eq.) was placed
in a 100 mL round bottomed flask and dissolved in benzene (10 mL). The
clear solution was chilled to 0 °C and HI (56% in water, 0.7 mL, 666.8 mg,
5.21 mmol, 1.1 eq.) was added dropwise. The emulsion was stirred at rt for
ten minutes before all volatiles were removed under HV with an external
cold trap. The crude product was dissolved in boiling 2-propanol (40 mL) and filtered. The filtrate
was heated once more to reflux and slowly cooled to rt overnight. After one hour at -18 °C, the
mother liquour was removed, the crystals washed with cold 2-propanol and dried under HV
yielding the desired product as an intense yellow, crystalline solid (1.32 g, 3.94 mmol, 82%).

190

Experimental part
1

H NMR (300.13 MHz, CD2Cl2): δ 3.22-3.27 (m, 2H, CH2CH2N), 4.16-4.21 (m, 2H, CH2CH2N),

7.47-7.59 (m, 3H, Ph), 7.66-7.71 (m, 2H, Ph), 7.77-7.86 (m, 2H, Ph), 7.93-7.97 (m, 2H, Ph),
13.18 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 26.02 (s, CH2), 41.18 (s, CH2), 125.92
(s, Ph), 128.62 (s, Ph), 129.18 (s, Ph), 129.37 (s, Ph), 129.67 (s, Ph), 131.92 (s, Ph), 134.40 (s,
Ph), 135.37 (s, Ph), 137.72 (s, Ph), 139.75 (s, Ph), 173.97 (s, C=N); HRMS (ESI) calcd. (m/z) for
C15H14N: 208.1121 ([M-I]+), found: 208.1122 ([M-I]+); EA calcd. for C15H14NI (335.19): C 53.75, H
4.21, N 4.18, I 37.86, found: C 53.69, H 4.22, N 4.31, I 37.61; MP 214 °C.
1-Phenyl-3,4-dihydroisoquinolin-2-ium hexafluorophosphate 83a*HPF6
1-Phenyl-3,4-dihydroisoquinoline 83 (1.0 g, 4.83 mmol, 1.0 eq.) was
placed in a 100 mL round bottomed flask and dissolved in benzene
(20 mL). To the clear solution HPF6 (60% in water, 0.8 mL, 792.5 mg,
5.43 mmol, 1.1 eq.) was added dropwise. The emulsion was stirred at rt
for 30 minutes before all volatiles were removed under HV with an
external cold trap. The slimy crude product was purified by flash column chromatography (silica,
24 g, DCM:methanol 20:1) yielding the highly hygroscopic product. To remove water traces, the
product was dissolved in benzene and the solvent evaporated to yield the desired product as an
off-white solid (1.1 g, 3.11 mmol, 64%). The product was further handled in the glovebox.
1

H NMR (300.13 MHz, CD2Cl2): δ 3.29 (t, J = 7.6 Hz, 2H, CH2CH2N), 4.13 (t, J = 7.6 Hz, 2H,

CH2CH2N), 7.51-7.60 (m, 3H, Ph), 7.66-7.75 (m, 4H, Ph), 7.83-7.88 (m, 2H, Ph), 10.06 (brs, 1H,
NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.92 (s, CH2), 42.75 (s, CH2), 125.14 (s, Ph), 128.85
(s, Ph), 129.55 (s, Ph), 129.84 (s, Ph), 130.13 (s, Ph), 130.84 (s, Ph), 134.97 (s, Ph), 135.63 (s,
Ph), 138.64 (s, Ph), 140.11 (s, Ph), 176.68 (s, C=N);
δ -144.27 (hept,

1

JPF = 712.1 Hz, PF6);

31

P{1H} NMR (121.49 MHz, CD2Cl2):

19

F NMR (282.40 MHz, CD2Cl2): δ -72.30 (d,

1

JFP = 712.2 Hz, PF6).

1-Methyl-3,4-dihydroisoquinolin-2-ium chloride 83b*HCl
N-Phenethylacetamide 89b (18.7 g, 114.57 mmol) was cyclized applying
the general procedure A. The hydrochloride formed in diethyl ether was
separated and dried. The strongly colored product was dissolved in DCM
(70 mL) and precipitated by dropwise addition of diethyl ether (100 mL) under stirring, the still
intense brown solid was washed with acetone yielding the title compound as a beige powder
(10.4 g, 57.25 mmol, 50%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.95-2.96 (m, 3H, CH3), 3.11 (t, J = 7.9 Hz, 2H, CH2CH2N),

3.87-3.95 (m, 2H, CH2CH2N), 7.40 (d, J = 7.6 Hz, 1H, Ph), 7.48-7.53 (m, 1H, Ph), 7.68-7.73 (m,
1H, Ph), 7.81 (d, J = 7.8 Hz, 1H, Ph), 15.49-15.81 (m, 1H, NH);

13

C{1H} NMR (75.47 MHz,
191

Experimental part
CD2Cl2): δ 19.44 (s, CH3), 25.44 (s, CH2), 41.24 (s, CH2), 126.32 (s, Ph), 128.76 (s, Ph), 129.08
(s, Ph), 129.85 (s, Ph), 137.06 (s, Ph), 137.61 (s, Ph), 175.59 (s, C=N); HRMS (ESI) calcd. (m/z)
for C10H12N: 146.0964 ([M-Cl]+), found: 146.0966 ([M-Cl]+); EA calcd. for C10H12NCl (181.66): C
66.12, H 6.66, N 7.71, Cl 19.52, found: C 66.06, H 6.68, N 7.71, Cl 19.46; MP 220 °C; GC
(80 °C, 5 min, 10 °C/min, 200 °C, 43 min): tR = 13 min.
1-Benzyl-3,4-dihydroisoquinolin-2-ium chloride 83c*HCl (Procedure B)
A 250 mL round bottomed two-necked flask with a magnetic stirring bar
was charged with N-phenethyl-2-phenylacetamide 89c (4.0 g, 16.72 mmol,
1.0 eq.) and purged with argon. The solid was dissolved in DCM (90 mL)
and 2-chloropyridine (1.9 mL, 2.28 g, 20.08 mmol, 1.2 eq.) was added
under continuous stirring. The clear solution was cooled to -78 °C before
trifluoromethanesulfonic anhydride (3.1 mL, 5.20 g, 18.43 mmol, 1.1 eq.) was added dropwise.
After complete addition, the yellow reaction mixture was kept at -78 °C for 5 minutes, before the
reaction was warmed by an ice bath to 0 °C for another 5 minutes leading to a bright red
solution. This was first warmed to rt, then heated to reflux for two hours. The brown reaction
mixture was quenched by the addition of 2 M NaOH (50 mL). Subsequently, the phases were
separated, the water phase extracted with DCM. The combined organic phases were washed
with water and brine, dried over Na2SO4 and the solvent was evaporated. The dark brown oil
was dissolved in diethyl ether (50 mL) and HCl (2 M in diethyl ether, 16 mL, 32 mmol, 1.9 eq.)
was added dropwise under stirring. The solvent was evaporated, the residue dissolved in
ethanol and the product precipitated by dropwise addition of tBME. The brown precipitate was
washed with acetone affording the desired product as an off-white solid (2.55 g, 9.89 mmol,
59%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.08 (t, J = 7.8 Hz, 2H, CH2CH2N), 3.99 (td, J = 8.0 Hz,

J = 3.4 Hz, 2H, CH2CH2N), 4.72 (s, 2H, CH2Ph), 7.23-7.37 (m, 4H, Ph), 7.40-7.47 (m, 3H, Ph),
7.64 (td, J = 7.6 Hz, J = 1.1 Hz, 1H, Ph), 7.89 (d, J = 7.8 Hz, 1H, Ph), 16.12 (brs, 1H, NH);
13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.58 (s, CH2), 38.11 (s, CH2Ph), 41.35 (s, CH2), 125.39

(s, Ph), 128.22 (s, Ph), 128.65 (s, Ph), 129.32 (s, Ph), 129.43 (s, Ph), 129.65 (s, Ph), 130.53 (s,
Ph), 133.80 (s, Ph), 136.96 (s, Ph), 138.58 (s, Ph), 175.96 (s, C=N); HRMS (ESI) calcd. (m/z) for
C16H16N: 222.1277 ([M-Cl]+), found: 222.1283 ([M-Cl]+); EA calcd. for C16H16NCl (257.76): C
74.56, H 6.26, N 5.43, Cl 13.75, found: C 74.57, H 6.36, N 5.46, Cl 13.57; MP 231 °C; HPLC
(AD-H, hexane:2-propanol 90:10, 0.5 mL/min, 25 °C): tR = 13.8 min.
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Experimental part
1-Isopropyl-3,4-dihydroisoquinolin-2-ium chloride 83d*HCl
N-Phenethylisobutyramide

89d

(20.0 g,

104.56 mmol)

was

cyclized

applying general procedure A. The hydrochloride was precipitated twice
from a solution in DCM (50 mL) by dropwise addition of diethyl ether under
stirring. The highly hygroscopic colorless precipitate was filtered and dried
for 20 hours under HV (15.6 g, 74.39 mmol, 71%) before it was handled further in the glovebox
still containing moisture traces.
1

H NMR (300.13 MHz, CD2Cl2): δ 1.57 (d, J = 7.0 Hz, 6H, CH3), 3.06-3.12 (m, 2H, CH2CH2N),

3.67 (hept, J = 6.9 Hz, 1H, CH(CH3)2), 3.95-4.01 (m, 2H, CH2CH2N), 7.44 (d, J = 7.6 Hz, 1H,
Ph), 7.49-7.54 (m, 1H, Ph), 7.70-7.75 (m, 1H, Ph), 7.92 (d, J = 7.9 Hz, 1H, Ph), 14.25-14.55 (m,
1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 20.88 (s, CH3), 25.84 (s, CH2), 32.94 (s,

CH(CH3)2), 41.62 (s, CH2), 125.34 (s, Ph), 128.80 (s, Ph), 129.45 (s, Ph), 129.63 (s, Ph), 137.09
(s, Ph), 138.62 (s, Ph), 183.15 (s, C=N); HRMS (ESI) calcd. (m/z) for C12H16N: 174.1277 ([MCl]+), found: 174.1275 ([M-Cl]+); HPLC (OD-H, hexane:2-propanol 99.5:0.5, 0.7 mL/min, 30 °C):
tR = 7.5 min.
1-(4-Methoxyphenyl)-3,4-dihydroisoquinolin-2-ium chloride 83e*HCl
4-Methoxy-N-phenethylbenzamide 89e (5.0 g, 19.58 mmol) was cyclized
applying general method B. The product was precipitated from a solution in
chloroform by dropwise addition of tBME under stirring. The solid was
separated, thoroughly washed with acetone yielding the title compound as
a colorless solid (2.08 g, 7.60 mmol, 39%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.13-3.17 (m, 2H, CH2CH2N), 3.94 (s, 3H, OCH3), 3.99-4.05

(m, 2H, CH2CH2N), 7.11-7.16 (m, 2H, Ph), 7.45-7.50 (m, 2H, Ph), 7.56-7.59 (m, 1H, Ph), 7.707.76 (m, 1H, Ph), 7.90-7.95 (m, 2H, Ph), 15.03 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz,

CD2Cl2): δ 26.37 (s, CH2), 41.11 (s, CH2), 56.22 (s, OCH3), 114.93 (s, Ph), 121.69 (s, Ph),
126.28 (s, Ph), 128.20 (s, Ph), 129.10 (s, Ph), 133.76 (s, Ph), 134.33 (s, Ph), 136.45 (s, Ph),
140.01 (s, Ph), 165.31 (s, Ph), 172.09 (s, C=N); HRMS (ESI) calcd. (m/z) for C16H16NO:
238.1126 ([M-Cl]+), found: 238.1225 ([M-Cl]+); EA calcd. for C16H16NOCl (273.76): C 70.20, H
5.89, N 5.12, O 5.84, Cl 12.95, found: C 70.28, H 5.92, N 5.13, O 5.97, Cl 12.93; MP 217 °C;
pKa in water 7.32; HPLC (OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 25 °C): tR = 14.8 min.
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Experimental part
1-(o-Tolyl)-3,4-dihydroisoquinolin-2-ium chloride 83f*HCl
2-Methyl-N-phenethylbenzamide 89f (12.2 g, 50.98 mmol) was cyclized
applying the general procedure A. The slimy crude hydrochloride was
precipitated twice from a solution in DCM (40 mL) by dropwise addition of
pentane (120 mL) under stirring yielding the product as an off-white solid
(8.83 g, 34.26 mmol, 67%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.29 (s, 3H, CH3), 3.25 (t, J = 7.8 Hz, 2H, CH2CH2N), 4.09-

4.17 (m, 2H, CH2CH2N), 7.23 (dd, J = 7.9 Hz, J = 0.7 Hz, 1H, Ph), 7.36-7.44 (m, 4H, Ph), 7.48
(d, J = 7.5 Hz, 1H, Ph), 7.54-7.62 (m, 1H, Ph), 7.69-7.75 (m, 1H, Ph), 15.69 (brs, 1H, NH);
13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 20.57 (s, CH3), 25.68 (s, CH2), 41.75 (s, CH2), 126.47 (s,

Ph), 126.84 (s, Ph), 128.73 (s, Ph), 129.17 (s, Ph), 129.95 (s, Ph), 130.00 (s, Ph), 131.71 (s,
Ph), 132.76 (s, Ph), 133.09 (s, Ph), 137.33 (s, Ph), 137.63 (s, Ph), 138.53 (s, Ph), 174.54 (s,
C=N); HRMS (ESI) calcd. (m/z) for C16H16N: 222.1277 ([M-Cl]+), found: 222.1280 ([M-Cl]+); MP
212 °C; HPLC (OD-H, hexane:2-propanol 98:2, 0.5 mL/min, 25 °C): tR = 18.4 min.
1-(4-Bromophenyl)-3,4-dihydroisoquinolin-2-ium chloride 83g*HCl
4-Bromo-N-phenethylbenzamide 89g (12.7 g, 41.75 mmol) was cyclized
applying general procedure A, but the reaction was refluxed over night as
the cyclization proceeded slowly. The hydrochloride was precipitated from
a solution in chloroform (40 mL) by dropwise addition of pentane (150 mL)
and subsequently from a solution in DCM (30 mL) by dropwise addition of
tBME under stirring yielding the product as an off-white solid (7.45 g,
23.09 mmol, 55%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.17-3.22 (m, 2H, CH2CH2N), 4.04-4.09 (m, 2H, CH2CH2N),

7.45-7.52 (m, 3H, Ph), 7.72-7.82 (m, 5H, Ph), 15.71 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz,

CD2Cl2): δ 26.00 (s, CH2), 41.56 (s, CH2), 125.89 (s, Ph), 128.36 (s, Ph), 128.50 (s, Ph), 129.28
(s, Ph), 130.00 (s, Ph), 132.77 (s, Ph), 133.19 (s, Ph), 133.51 (s, Ph), 137.16 (s, Ph), 139.78 (s,
Ph), 172.53 (s, C=N); HRMS (ESI) calcd. (m/z) for C15H13NBr: 286.0226 ([M-Cl]+), found:
286.0230 ([M-Cl]+); EA calcd. for C15H13NClBr (322.63): C 55.84, H 4.06, N 4.34, Cl 10.99, Br
24.77, found: C 55.65, H 4.19, N 4.31, Cl 10.81, Br 24.68; MP decomp. >240 °C; HPLC (AD-H,
hexane:2-propanol 98:2, 0.7 mL/min, 25 °C): tR = 9.8 min.
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Experimental part
1-(4-(Trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2-ium chloride 83h*HCl
N-Phenethyl-4-(trifluoromethyl)benzamide 89h (5.9 g, 20.12 mmol) was
cyclized applying general procedure B. The reaction was not refluxed, but
stirred at rt overnight. The product was precipitated from a solution in
chloroform (30 mL) by dropwise addition of tBME (50 mL) affording the title
compound as a colorless solid (5.3 g, 17.00 mmol, 84%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.20-3.25 (m, 2H, CH2CH2N), 4.10-4.16 (m, 2H, CH2CH2N),

7.42-7.53 (m, 3H, Ph), 7.75-7.81 (m, 1H, Ph), 7.92 (d, J = 8.4 Hz, 2H, Ph), 8.04 (d, J = 8.2 Hz,
2H, Ph), 16.06 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.89 (s, CH2), 41.81 (s,

CH2), 123.84 (q, 1JCF = 272.9 Hz, CF3), 125.89 (s, Ph), 126.35 (q, J = 3.7 Hz, Ph), 128.64 (s,
Ph), 129.39 (s, Ph), 132.23 (s, Ph), 132.86 (q, J = 1.0 Hz, Ph), 133.48 (s, Ph), 135.54 (q,
J = 33.1 Hz, Ph), 137.48 (s, Ph), 139.70 (s, Ph), 172.48 (s, C=N);

19

F NMR (282.40 MHz,

CD2Cl2): δ -63.60 (s, CF3); HRMS (ESI) calcd. (m/z) for C16H13F3N: 276.0995 ([M-Cl]+), found:
276.0998 ([M-Cl]+); EA calcd. for C16H13NF3Cl (311.73): C 61.65, H 4.20, N 4.49, F 18.28, Cl
11.37, found: C 61.61, H 4.38, N 4.48, F 18.29, Cl 11.51; MP decomp. >225 °C; pKa in water
5.12; HPLC (OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR = 6.9 min.
1-(4-(Methoxycarbonyl)phenyl)-3,4-dihydroisoquinolin-2-ium chloride 83i*HCl
4-(Phenethylcarbamoyl)benzoate 89i (5.7 g, 20.12 mmol) was cyclized
applying the general procedure B. The reaction was not refluxed, but
stirred at rt overnight. The product was precipitated from a solution in
chloroform (30 mL) by dropwise addition of tBME and recrystallized from
hot ethanol (22 mL) affording the title compound as an off-white solid
(4.3 g, 14.25 mmol, 71%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.19-3.25 (m, 2H, CH2CH2N), 3.96 (s, 3H, OCH3), 4.12 (t,

J = 7.6 Hz, 2H, CH2CH2N), 7.45-7.53 (m, 3H, Ph), 7.73-7.80 (m, 1H, Ph), 7.93-7.97 (m, 2H, Ph),
8.24-8.28 (m, 2H, Ph), 15.84 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.94 (s, CH2),
41.73 (s, CH2), 52.95 (s, OCH3), 125.98 (s, Ph), 128.57 (s, Ph), 129.31 (s, Ph), 130.19 (s, Ph),
131.76 (s, Ph), 133.22 (s, Ph), 133.59 (s, Ph), 135.53 (s, Ph), 137.33 (s, Ph), 139.66 (s, Ph),
166.00 (s, C=O), 172.86 (s, C=N); HRMS (ESI) calcd. (m/z) for C17H16NO2: 266.1176 ([M-Cl]+),
found: 266.1173 ([M-Cl]+); EA calcd. for C17H16NO2Cl (301.77): C 67.66, H 5.34, N 4.64, O
10.60, Cl 11.75, found: C 67.36, H 5.54, N 4.49, O 11.05, Cl 11.26; MP decomp. >220 °C; HPLC
(OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR = 11.3 min.
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Experimental part
6,7-Dimethoxy-1-phenyl-3,4-dihydroisoquinolin-2-ium chloride 83j*HCl
N-(3,4-Dimethoxyphenethyl)benzamide 89j (20.0 g, 70.09 mmol) was
cyclized applying the general procedure A. After addition of HCl, the
solid was separated and washed with diethyl ether. The crude
hydrochloride was precipitated from a solution in methanol (30 mL) by
dropwise addition of tBME (100 mL) yielding the product as an offwhite solid (16.0 g, 52.67 mmol, 75%) which yellows when exposed to light.
1

H NMR (300.13 MHz, CD2Cl2): δ 3.09-3.14 (m, 2H, CH2CH2N), 3.71 (s, 3H, OCH3), 3.99-4.05

(m, 5H, CH2CH2N, OCH3), 6.90 (s, 1H, Ph), 6.96 (s, 1H, Ph), 7.61-7.67 (m, 2H, Ph), 7.72-7.78
(m, 1H, Ph), 7.83-7.87 (m, 2H, Ph), 14.84 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ

26.07 (s, CH2), 41.19 (s, CH2), 56.56 (s, OCH3), 56.93 (s, OCH3), 111.59 (s, Ph), 115.70 (s, Ph),
118.11 (s, Ph), 129.33 (s, Ph), 130.15 (s, Ph), 131.48 (s, Ph), 134.28 (s, Ph), 135.55 (s, Ph),
148.83 (s, Ph), 156.86 (s, Ph), 171.97 (s, C=N); HRMS (ESI) calcd. (m/z) for C17H18NO2:
268.1332 ([M-Cl]+), found: 268.1336 ([M-Cl]+); EA calcd. for C17H18NO2Cl (303.79): C 67.21, H
5.97, N 4.61, O 10.53, Cl 11.67, found: C 67.07, H 6.04, N 4.62, O 10.67, Cl 11.49; MP decomp.
>200 °C; HPLC (OD-H, hexane:2-propanol 80:20, 0.6 mL/min, 30 °C): tR = 11.0 min.
6,7-Dimethoxy-1-(3,4,5-trimethoxyphenyl)-3,4-dihydroisoquinolin-2-ium chloride 83k*HCl
N-(3,4-Dimethoxyphenethyl)-3,4,5-trimethoxybenzamide 89k (3.75 g,
9.99 mmol) was cyclized applying general procedure B. The intense
yellow precipitate after formation of the hydrochloride was collected
and washed with diethyl ether and acetone affording a light sensitive
yellowish solid (3.5 g, 8.89 mmol, 89%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.06-3.11 (m, 2H, CH2CH2N), 3.76

(s, 3H, OCH3), 3.93 (s, 3H, OCH3), 3.95 (s, 6H, OCH3), 3.96-4.02 (m, 5H, CH2CH2N, OCH3),
6.94 (s, 1H, Ph), 7.07 (s, 1H, Ph), 7.18 (s, 2H, Ph), 14.66 (brs, 1H, NH);

13

C{1H} NMR

(75.47 MHz, CD2Cl2): δ 26.29 (s, CH2), 41.10 (s, CH2), 56.69 (s, OCH3), 56.94 (s, OCH3), 57.12
(s, OCH3), 61.15 (s, OCH3), 109.69 (s, Ph), 111.57 (s, Ph), 115.73 (s, Ph), 118.09 (s, Ph),
124.69 (s, Ph), 135.69 (s, Ph), 143.65 (s, Ph), 148.79 (s, Ph), 153.84 (s, Ph), 156.64 (s, Ph),
171.20 (s, C=N); HRMS (ESI) calcd. (m/z) for C20H24NO5: 358.1649 ([M-Cl]+), found: 358.1653
([M-Cl]+); MP decomp. >210 °C; HPLC (AD-H, hexane:2-propanol 60:40, 0.5 mL/min, 25 °C):
tR = 9.8 min.
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7-Methoxy-1-phenyl-3,4-dihydroisoquinolin-2-ium chloride 83l*HCl
N-(4-Methoxyphenethyl)benzamide 89l (5.1 g, 19.98 mmol) was
cyclized applying general procedure B. The reaction mixture was not
refluxed, but stirred at rt overnight. The crude product was
recrystallized from hot ethanol (11 mL) affording the product as a
bright yellow solid (4.37 g, 15.98 mmol, 80%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.09-3.14 (m, 2H, CH2CH2N), 3.76 (s, 3H, OCH3), 4.05 (td,

J = 8.1 Hz, J = 3.2 Hz, 2H, CH2CH2N), 6.99 (d, J = 2.6 Hz, 1H, Ph), 7.28 (dd, J = 8.4 Hz,
J = 2.7 Hz, 1H, Ph), 7.42 (d, J = 8.4 Hz, 1H, Ph), 7.63-7.68 (m, 2H, Ph), 7.74-7.80 (m, 1H, Ph),
7.87-7.90 (m, 2H, Ph), 15.47 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.25 (s, CH2),
41.91 (s, CH2), 56.12 (s, OCH3), 118.92 (s, Ph), 122.42 (s, Ph), 126.84 (s, Ph), 129.38 (s, Ph),
129.64 (s, Ph), 130.13 (s, Ph), 131.49 (s, Ph), 131.67 (s, Ph), 134.66 (s, Ph), 159.30 (s, Ph),
173.41 (s, C=N); HRMS (ESI) calcd. (m/z) for C16H16NO: 238.1226 ([M-Cl]+), found: 238.1222
([M-Cl]+); EA calcd. for C16H16NOCl (273.76): C 70.20, H 5.89, N 5.12, O 5.84, Cl 12.95, found:
C 69.93, H 6.12, N 4.95, O 6.23, Cl 12.61; MP decomp. >218 °C; HPLC (OD-H,
hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR = 12.9 min.
1-Phenyl-4,9-dihydro-3H-pyrido[3,4-b]indol-2-ium chloride 85a*HCl
A 100 mL round bottomed flask with a magnetic stirring bar was charged
with

N-(2-(1H-Indol-3-yl)ethyl)benzamide

90a

(6.3 g,

23.84 mmol,

1.0 eq.), toluene (30 mL) and POCl3 (6.5 mL, 10.69 g, 69.72 mmol,
2.9 eq.). The suspension was heated to reflux for three hours.
Thereafter, ice and solid sodium hydroxide were gradually added until the reaction mixture
remained basic. DCM was added and the phases were separated. The water phase was
extracted three times with DCM, the organic phases were collected and washed with water and
brine, dried over MgSO4 and the solvent was evaporated. The free β-4,9-dihydrocarboline was
dissolved in chloroform (100 mL) and HCl (2 M in diethyl ether, 20 mL, 40 mmol, 1.7 eq.) was
added under stirring. The solvent was evaporated and the crude product crystallized from hot
2-propanol yielding the desired product as an ocher solid (3.77 g, 13.33 mmol, 56%).
Independent of the solvent used for crystallization or precipitation, the product incorporates
significant amounts of residual solvent which cannot be removed under HV. As the
hydrogenation screening was run in 2-propanol, residues of the same solvent were considered
to be the least detrimental.
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Experimental part
1

H NMR (300.13 MHz, d6-DMSO): δ 3.24 (t, J = 8.6 Hz, 2H, CH2CH2N), 4.06 (t, J = 8.6 Hz, 2H,

CH2CH2N), 7.21-7.26 (m, 1H, Ph), 7.44-7.49 (m, 1H, Ph), 7.55 (d, J = 8.5 Hz, 1H, Ph), 7.73-7.77
(m, 2H, Ph), 7.83-7.88 (m, 2H, Ph), 7.93-7.96 (m, 2H, Ph), 12.15 (s, 1H, Ph-NH), 12.69 (brs, 1H,
CH2NH);

13

C{1H} NMR (75.47 MHz, d6-DMSO): δ 18.74 (s, CH2), 42.06 (s, CH2), 113.65 (s, Ph),

121.53 (s, Ph), 121.87 (s, Ph), 124.15 (s, Ph), 125.06 (s, Ph), 125.66 (s, Ph), 128.56 (s, Ph),
128.86 (s, Ph), 129.30 (s, Ph), 130.47 (s, Ph), 133.91 (s, Ph), 141.63 (s, Ph), 163.02 (s, C=N);
HRMS (ESI) calcd. (m/z) for C17H15N2: 247.1230 ([M-Cl]+), found: 247.1233 ([M-Cl]+); HPLC
(OD-H, hexane:2-propanol 70:30, 0.5 mL/min, 25 °C): tR = 9.4 min.
1-Methyl-4,9-dihydro-3H-pyrido[3,4-b]indol-2-ium chloride 85b*HCl [159]
A 500 mL round bottomed flask with a magnetic stirring bar was charged
with PPA (135 g), DCM (80 mL), tryptamine (5.0 g, 31.21 mmol, 1.0 eq.)
and acetic acid (2.7 mL, 2.83 g, 47.13 mmol, 1.5 eq.). The sticky viscous
reaction mixture was stirred at reflux for three hours. Thereafter, the
reaction mixture was chilled to 0 °C and ammonia (25% in water, 120 mL) was added under
stirring until the pH showed a basic mixture. The quenched reaction mixture was extracted three
times with DCM and the combined organic phases were dried over Na2SO4 and filtered over a
short plug Al2O3. The free β-4,9-dihydrocarboline (1.77 g, 9.61 mmol, 31%) was dissolved in
chloroform (24 mL) and HCl (2 M in diethyl ether, 9.6 mL, 19.2 mmol, 2.0 eq.) was added under
stirring. After the addition, all volatiles were removed and the residue dissolved in hot acetone
(60 mL) and methanol was added until a clear solution is obtained. Diethyl ether (50 mL) was
added dropwise to the cold solution under stirring precipitating the ocher-yellow product (1.01 g,
4.58 mmol, 14%).
The free 1-methyl-4,9-dihydro-3H-pyrido[3,4-b]indole was also accessible by cyclization of N-(2(1H-Indol-3-yl)ethyl)acetamide 90b applying P2O5 with similar yields.[140]
1

H NMR (300.13 MHz, CDCl3): δ 3.10 (s, 3H, CH3), 3.24 (t, J = 8.7 Hz, 2H, CH2CH2N), 3.98 (brt,

J = 7.6 Hz, 2H, CH2CH2N), 7.15-7.21 (m, 1H, Ph), 7.42 (ddd, J = 8.3 Hz, J = 7.0 Hz, J = 0.9 Hz,
1H, Ph), 7.60 (d, J = 8.3 Hz, 1H, Ph), 7.75 (d, J = 8.5 Hz, 1H, Ph), 12.60 (s, 1H, PhNH), 12.91
(brs, 1H, CH2NH); HRMS (ESI) calcd. (m/z) for C12H13N2: 185.1073 ([M-Cl]+), found: 185.1075
([M-Cl]+); EA calcd. for C12H13N2Cl (220.70): C 65.31, H 5.94, N 12.69, Cl 16.06, found: C 65.03,
H 6.13, N 12.40, Cl 15.84; MP 256 °C; HPLC (OD-H, hexane:2-propanol 70:30, 0.5 mL/min,
25 °C): tR = 7.5 min.

198

Experimental part
6.11.3

1,2,3,4-Tetrahydroisoquinolinium chlorides and related compounds

Most 1,2,3,4-tetrahydroisoquinolinium chlorides 84*HCl were prepared following a general
procedure, exemplarily cited in the following for 1-benzyl-1,2,3,4-tetrahydroisoquinolin-2-ium
chloride 84c*HCl.
1-Phenyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84a*HCl
1-Phenyl-3,4-dihydroisoquinolin-2-ium

chloride

83a*HCl

(500 mg,

2.05 mmol, 1.0 eq.) was dissolved in methanol (6 mL) and Pd/C 10%
(25 mg) was added. The black suspension was stirred at rt under hydrogen
(20 bar) for five hours. Afterwards, the black suspension was filtered
through a syringe filter and the solvent was evaporated. The colorless solid
was dissolved in DCM (30 mL) and the product was precipitated by dropwise addition of hexane
(100 mL) under stirring (452 mg, 1.84 mmol, 90%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.96-3.11 (m, 2H, CH2), 3.16-3.35 (m, 2H, CH2), 5.44 (s, 1H,

PhCHNH2), 6.79 (d, J = 7.8 Hz, 1H, Ph), 7.13-7.19 (m, 1H, Ph), 7.21-7.32 (m, 2H, Ph), 7.36-7.43
(m, 5H, Ph), 10.13 (brs, 1H, NH), 10.71 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ

25.79 (s, CH2), 39.60 (s, CH2), 59.61 (s, CHNH2), 127.30 (s, Ph), 128.59 (s, Ph), 129.23 (s, Ph),
129.37 (s, Ph), 129.87 (s, Ph), 131.02 (s, Ph), 131.88 (s, Ph), 132.99 (s, Ph), 136.89 (s, Ph);
HRMS (ESI) calcd. (m/z) for C15H16N: 210.1277 ([M-Cl]+), found: 210.1279 ([M-Cl]+); EA calcd.
for C15H16NCl (245.75): C 73.31, H 6.56, N 5.70, found: C 73.26, H 6.53, N 5.73; HPLC (OD-H,
hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR(+) = 10.4 min and tR(-) = 15.8 min.
1-Methyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84b*HCl
1-Methyl-3,4-dihydroisoquinolin-2-ium

chloride

83b*HCl

(500 mg,

2.75 mmol, 1.0 eq.) was dissolved in methanol (5 mL) and Pd/C 10%
(30 mg) was added. The black suspension was stirred at rt under hydrogen
(100 bar) overnight. The next morning, the black suspension was filtered through a syringe filter
and the solvent was evaporated. The yellowish solid was dissolved in DCM (10 mL) and the
product was precipitated by dropwise addition of tBME (50 mL) under stirring as a colorless solid
(445 mg, 2.42 mmol, 88%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.80 (d, 3J = 6.9 Hz, 3H, CH3), 3.07-3.38 (m, 3H, CH2), 3.44-

3.56 (m, 1H, CH2), 4.55-4.64 (m, 1H, CH3CHNH2), 7.15-7.22 (m, 2H, Ph), 7.24-7.30 (m, 2H, Ph),
10.03 (brs, 1H, NH), 10.48 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 20.17 (s, CH3),

25.96 (s, CH2), 39.21 (s, CH2), 51.27 (s, CHNH2), 126.50 (s, Ph), 127.51 (s, Ph), 128.16 (s, Ph),
129.44 (s, Ph), 131.89 (s, Ph), 133.98 (s, Ph); HRMS (ESI) calcd. (m/z) for C10H14N: 148.1121
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([M-Cl]+), found: 148.1123 ([M-Cl]+); EA calcd. for C10H14NCl (183.68): C 65.39, H 7.68, N 7.63,
Cl 19.30, found: C 65.26, H 7.51, N 7.59, Cl 19.13; MP 181 °C; GC (80 °C, 5 min, 10 °C/min,
200 °C, 43 min): tR = 14.6 min.
Derivatization for GC analysis: 1-Methyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84b*HCl
(3.0 mg, 16.33 μmol, 1.0 eq.) was dissolved in acetonitrile (1 mL), triethylamine (30 μL,
21.78 mg,

215.24 μmol,

13.2 eq.)

and

(-)-(R)-menthyl

chloroformate

(20 μL,

20.4 mg,

93.27 μmol, 5.7 eq.) were added and the solution shaken for some minutes. This solution was
directly injected into GC.[160]
GC (80 °C, 5 min, 10 °C/min, 200 °C, 43 min): tR(+) = 48.6 min and tR(-) = 50.4 min, the stated
sign for optical rotation corresponds to the underivatized 1-methyl-1,2,3,4-tetrahydroisoquinolin2-ium chloride 84b*HCl.
1-Benzyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84c*HCl (General method)
A 25 mL round bottomed flask with a magnetic stirring bar was charged
with 1-benzyl-3,4-dihydroisoquinolin-2-ium chloride 83c*HCl (229 mg,
888.42 μmol, 1.0 eq.) and dissolved in ethanol (5 mL) under continuous
stirring. NaBH4 (150 mg, 3.97 mmol, 4.5 eq.) was added at rt in three
portions, waiting after each addition for hydrogen formation to cease. The
reaction mixture was stirred at rt for one hour after the addition of the last portion. Afterwards,
the reaction was quenched by addition of NaOH (2 M in water, 10 mL). The cloudy water phase
was extracted twice with diethyl ether, the combined organic phases were washed with water
and brine, dried over Na2SO4 and the solvent was evaporated. The residue was dissolved in
diethyl ether and HCl (2 M in diethyl ether, 2 mL, 4 mmol, 4.5 eq.) was added dropwise under
stirring. The solvent was evaporated, the residue dissolved in DCM and the colorless product
was precipitated by dropwise addition of hexane (167 mg, 643 μmol, 72%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.03 (t, J = 5.2 Hz, 0.31H, CH2), 3.09 (t, J = 5.0 Hz, 0.69H,

CH2), 3.15-3.38 (m, 4H, CH2), 3.59 (d, J = 5.0 Hz, 0.56H, CH2), 3.64 (d, J = 5.0 Hz, 0.44H, CH2),
4.77-4.83 (m, 1H, PhCH2CHNH2), 6.77 (d, J = 7.8 Hz, 1H, Ph), 7.10-7.15 (m, 1H, Ph), 7.16 (brs,
0.34H, Ph), 7.19 (brs, 0.66H, Ph), 7.24-7.34 (m, 6H, Ph), 10.07 (brs, 1H, NH), 10.45 (brs, 1H,
NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 25.77 (s, CH2), 38.99 (s, CH2), 41.05 (s, CH2), 55.97

(s, CHNH2), 126.87 (s, Ph), 127.56 (s, Ph), 127.72 (s, Ph), 128.38 (s, Ph), 129.14 (s, Ph), 129.50
(s, Ph), 130.39 (s, Ph), 131.92 (s, Ph), 132.20 (s, Ph), 136.21 (s, Ph); HRMS (ESI) calcd. (m/z)
for C16H18N: 224.1434 ([M-Cl]+), found: 224.1435 ([M-Cl]+); EA calcd. for C16H18NCl (259.78): C
73.98, H 6.98, N 5.39, Cl 13.65, found: C 73.72, H 7.13, N 5.28, Cl 13.48; MP 168 °C; HPLC
(AD-H, hexane:2-propanol 90:10, 0.5 mL/min, 25 °C): tR(+) = 11.3 min and tR(-) = 16.9 min.
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1-Isopropyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84d*HCl
1-Isopropyl-3,4-dihydroisoquinolin-2-ium

chloride

83d*HCl

(500 mg,

2.38 mmol, 1.0 eq.) was dissolved in methanol (6 mL) and Pd/C 10%
(30 mg) was added. The black suspension was stirred at rt under hydrogen
(100 bar) overnight. Afterwards, the dark reaction mixture was filtered
through a syringe filter and the solvent was evaporated. The colorless solid was dissolved
in DCM (20 mL) and the product was precipitated by dropwise addition of acetone (100 mL)
under stirring (399 mg, 1.88 mmol, 79%).
1

H NMR (300.13 MHz, CD2Cl2): δ 1.00 (d, J = 7.0 Hz, 3H, CH3CH), 1.32 (d, J = 7.0 Hz, 3H,

CH3CH), 2.42-2.58 (m, 1H, CH3CH), 2.92 (t, J = 3.6 Hz, 0.43H, CH2), 2.97 (t, J = 3.7 Hz, 0.57H,
CH2), 3.08-3.19 (m, 1H, CH2), 3.24-3.34 (m, 1H, CH2), 3.73 (t, J = 4.2 Hz, 0.53H, CH2), 3.77 (t,
J = 4.1 Hz, 0.47H, CH2), 4.47 (brs, 1H, CHNH2), 7.18-7.30 (m, 4H, Ph), 9.03 (brs, 1H, NH),
10.63 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 16.56 (s, CH3), 20.05 (s, CH3), 26.37

(s, CH2), 33.21 (s, CHCH3), 41.41 (s, CH2), 60.83 (s, CHNH2), 126.84 (s, Ph), 127.50 (s, Ph),
127.92 (s, Ph), 129.36 (s, Ph), 132.16 (s, Ph), 133.76 (s, Ph); HRMS (ESI) calcd. (m/z) for
C12H18N: 176.1434 ([M-Cl]+), found: 176.1435 ([M-Cl]+); EA calcd. for C12H18NCl (211.73): C
68.07, H 8.57, N 6.62, Cl 16.74, found: C 67.96, H 8.57, N 6.60, Cl 16.62; MP 220 °C; HPLC
(OD-H, hexane:2-propanol 99.5:0.5, 0.7 mL/min, 30 °C): tR(-) = 8.2 min and tR(+) = 8.9 min.
1-(4-Methoxyphenyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84e*HCl
1-(4-Methoxyphenyl)-3,4-dihydroisoquinolin-2-ium

chloride

83e*HCl

(300 mg, 1.10 mmol) was reduced following the general procedure. The
crude hydrochloride was dissolved in chloroform (5 mL) and the product
precipitated by dropwise addition of diethyl ether yielding the product as a
voluminous colorless solid (269 mg, 975.45 μmol, 89%).
1

H NMR (300.13 MHz, d6-DMSO): δ 3.03 (t, J = 5.1 Hz, 0.39H, CH2), 3.09 (t, J = 5.1 Hz, 0.61H,

CH2), 3.24-3.39 (m, 3H, CH2), 3.78 (s, 3H, OCH3), 5.71 (brs, 1H, CHNH2), 6.72 (d, J = 7.7 Hz,
1H, Ph), 6.98-7.03 (m, 2H, Ph), 7.13-7.21 (m, 1H, Ph), 7.25-7.34 (m, 4H, Ph), 9.52 (brs, 1H,
NH), 10.08 (brs, 1H, NH); 1H NMR (500.23 MHz, d4-MeOH): δ 3.17 (t, J = 5.7 Hz, 0.36H, CH2),
3.21 (t, J = 5.9 Hz, 0.64H, CH2), 3.28-3.35 (m, 1H, CH2), 3.46-3.57 (m, 2H, CH2), 3.83 (s, 3H,
OCH3), 5.74 (brs, 1H, CHNH2), 6.87 (d, J = 7.9 Hz, 1H, Ph), 7.01-7.04 (m, 2H, Ph), 7.19-7.24 (m,
1H, Ph), 7.27-7.30 (m, 2H, Ph), 7.32-7.35 (m, 2H, Ph);

13

C{1H} NMR (125.78 MHz, d4-MeOH): δ

26.24 (s, CH2), 40.92 (s, CH2), 55.91 (s, OCH3), 60.83 (s, CHNH2), 115.67 (s, Ph), 128.22 (s,
Ph), 129.29 (s, Ph), 129.49 (s, Ph), 129.54 (s, Ph), 130.13 (s, Ph), 132.39 (s, Ph), 132.95 (s,
Ph), 133.35 (s, Ph), 162.36 (s, Ph); HRMS (ESI) calcd. (m/z) for C16H18NO: 240.1383 ([M-Cl]+),
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found: 240.1379 ([M-Cl]+); EA calcd. for C16H18NOCl (275.78): C 69.69, H 6.58, N 5.08, O 5.80,
Cl 12.86, found: C 69.10, H 6.53, N 5.03, O 5.99, Cl 13.08; MP 272 °C; HPLC (OD-H,
hexane:2-propanol 95:5, 0.7 mL/min, 25 °C): tR(+) = 15.9 min and tR(-) = 21.6 min.
1-(o-Tolyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84f*HCl
1-(o-Tolyl)-3,4-dihydroisoquinolin-2-ium
1.94 mmol)

was

reduced

following

chloride
the

83f*HCl

general

(500 mg,

procedure.

The

hydrochloride was separated after formation and precipitated from a
solution in DCM by dropwise addition of diethyl ether yielding the product
as a colorless solid (415 mg, 1.60 mmol, 82%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.55 (s, 3H, CH3), 2.91-3.00 (m, 2H, CH2), 3.14-3.21 (m, 1H,

CH2), 3.30-3.41 (m, 1H, CH2), 5.70 (brs, 1H, CHNH2), 6.67 (d, J = 7.8 Hz, 1H, Ph), 7.09-7.34 (m,
7H, Ph), 9.67 (brs, 1H, NH), 10.81 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 20.25 (s,
CH3), 25.87 (s, CH2), 40.39 (s, CH2), 56.00 (s, CHNH2), 126.96 (s, Ph), 127.38 (s, Ph), 128.22
(s, Ph), 128.31 (s, Ph), 129.28 (s, Ph), 129.77 (s, Ph), 131.11 (s, Ph), 131.40 (s, Ph), 132.72 (s,
Ph), 132.99 (s, Ph), 135.60 (s, Ph), 138.58 (s, Ph); HRMS (ESI) calcd. (m/z) for C16H18N:
224.1434 ([M-Cl]+), found: 224.1436 ([M-Cl]+); EA calcd. for C16H18NCl (259.78): C 73.98, H
6.98, N 5.39, Cl 13.65, found: C 73.72, H 7.05, N 5.49, Cl 13.49; MP 194 °C; HPLC (OD-H,
hexane:2-propanol 98:2, 0.5 mL/min, 25 °C): tR = 16.8 min and tR = 22.2 min.
1-(1-(o-Tolyl)-3,4-dihydroisoquinolin-2(1H)-yl)ethanone 94
A 25 mL round bottomed flask with a magnetic stirring bar was charged with
1-(o-tolyl)-1,2,3,4-tetrahydroisoquinolin-2-ium

chloride

84f*HCl

(504 mg,

1.94 mmol, 1.0 eq.) and dissolved in DCM (5 mL). Triethylamine (1.5 mL,
1.09 g, 10.77 mmol, 5.6 eq.) and acetic anhydride (1.0 mL, 1.08 g,
10.58 mmol, 5.5 eq.) were added and the clear solution stirred at rt overnight.
The next day, the reaction mixture was poured onto water and the emulsion extracted three
times with DCM. The combined organic phases were washed with HCl (1 M in water), NaOH
(2 M in water) and brine, dried over Na2SO4 and the solvent was removed. The residue was
purified by flash column chromatography (silica, ~60 g, Et2O:hexane 2:1) yielding the product as
a colorless solid (462 mg, 1.74 mmol, 90%).
1

H NMR (300.13 MHz, CD2Cl2): δ 2.13 (s, 3H, CH3CO), 2.52 (s, 3H, CH3), 2.84 (d, J = 2.9 Hz,

0.4H, CH2), 2.90 (d, J = 3.6 Hz, 0.6H, CH2), 3.03 (dd, J = 12.0 Hz, J = 6.2 Hz, 0.56H, CH2), 3.08
(dd, J = 12.1 Hz, J = 6.3 Hz, 0.44H, CH2), 3.44-3.54 (m, 1H, CH2), 3.74 (d, J = 5.7 Hz, 0.58H,
CH2), 3.79 (d, J = 5.7 Hz, 0.42H, CH2), 6.67 (brs, 0.41H, CHN), 6.70 (brs, 0.59H, CHN), 6.93
(brs, 1.28H, Ph), 6.96 (brs, 0.72H, Ph), 6.99-7.04 (m, 1H, Ph), 7.10-7.18 (m, 2H, Ph), 7.20-7.23
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(m, 3H, Ph); 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 20.13 (s, CH3), 21.91 (s, CH3), 29.30 (s, CH2),
40.44 (s, CH2), 53.16 (s, CHN), 125.67 (s, Ph), 126.63 (s, Ph), 127.18 (s, Ph), 127.71 (s, Ph),
128.82 (s, Ph), 129.41 (s, Ph), 130.34 (s, Ph), 130.98 (s, Ph), 134.97 (s, Ph), 137.06 (s, Ph),
138.32 (s, Ph), 141.26 (s, Ph), 169.21 (s, C=O); HRMS (ESI) calcd. (m/z) for C18H20NO:
266.1539 ([M+H]+), found: 266.1539 ([M+H]+); EA calcd. for C18H19NO (265.35): C 81.48, H 7.22,
N 5.28, O 6.03, found: C 81.22, H 7.29, N 5.28, O 5.91; MP 156 °C; HPLC (OD-H,
hexane:2-propanol 98:2, 0.5 mL/min, 25 °C): tR(-) = 39.7 min and tR(+) = 43.2 min, signs were
determined for the acetamide.
1-(4-Bromophenyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84g*HCl
1-(4-Bromophenyl)-3,4-dihydroisoquinolin-2-ium chloride 83g*HCl (500 mg,
1.55 mmol)

was

reduced

following

the

general

procedure.

The

hydrochloride was precipitated from a solution in chloroform (15 mL) by
dropwise addition of diethyl ether yielding the product as a colorless solid
(445 mg, 1.37 mmol, 88%).
1

H NMR (300.13 MHz, d6-DMSO): δ 3.02-3.13 (m, 1H, CH2), 3.25-3.41 (m, 3H, CH2), 5.79 (brs,

1H, CHNH2), 6.70 (d, J = 7.8 Hz, 1H, Ph), 7.13-7.22 (m, 1H, Ph), 7.29-7.31 (m, 2H, Ph), 7.367.40 (m, 2H, Ph), 7.66-7.69 (m, 2H, Ph), 9.82 (brs, 1H, NH), 10.32 (brs, 1H, NH);

13

C{1H} NMR

(75.47 MHz, d6-DMSO): δ 24.72 (s, CH2), 57.71 (s, CHNH2), 122.71 (s, Ph), 126.67 (s, Ph),
127.66 (s, Ph), 127.89 (s, Ph), 128.86 (s, Ph), 131.66 (s, Ph), 131.99 (s, Ph), 132.35 (s, Ph),
132.63 (s, Ph), 136.22 (s, Ph); HRMS (ESI) calcd. (m/z) for C15H15BrN: 288.0382 ([M-Cl]+),
found: 288.0379 ([M-Cl]+); MP 252 °C; HPLC (AD-H, hexane:2-propanol 98:2, 0.7 mL/min,
25 °C): tR(-) = 11.8 min and tR(+) = 13.4 min.
1-(4-(Trifluoromethyl)phenyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84h*HCl
1-(4-(Trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2-ium

chloride

83h*HCl (300 mg, 962.37 μmol) was reduced following the general
procedure. The hydrochloride formed was separated and recrystallized
from hot ethanol (3 mL) yielding the product as a colorless solid (148 mg,
471.71 μmol, 49%).
1

H NMR (300.13 MHz, d6-DMSO): δ 3.06 (t, J = 5.5 Hz, 0.37H, CH2), 3.12 (t, J = 5.2 Hz, 0.63H,

CH2), 3.29-3.48 (m, 3H, CH2), 5.91 (brs, 1H, CHN), 6.71 (d, J = 7.6 Hz, 1H, Ph), 7.14-7.22 (m,
1H, Ph), 7.30-7.34 (m, 2H, Ph), 7.68 (d, J = 8.1 Hz, 2H, Ph), 7.85 (d, J = 8.2 Hz, 2H, Ph), 9.65
(brs, 1H, NH), 10.10 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, d6-DMSO): δ 24.74 (s, CH2),

39.61 (s, CH2), 57.81 (s, CHN), 124.00 (q, 1JCF = 272.3 Hz, CF3), 125.62 (q, JCF = 3.7 Hz, Ph),
126.75 (s, Ph), 127.68 (s, Ph), 127.99 (s, Ph), 128.94 (s, Ph), 129.62 (q, JCF = 31.9 Hz, Ph),
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131.20 (s, Ph), 131.74 (s, Ph), 132.70 (s, Ph), 141.33 (q, JCF = 0.9 Hz, Ph);

19

F NMR

(282.40 MHz, d6-DMSO): δ -61.19 (s, CF3); HRMS (ESI) calcd. (m/z) for C16H15F3N: 278.1151
([M-Cl]+), found: 278.1150 ([M-Cl]+); EA calcd. for C16H15NF3Cl (313.75): C 61.25, H 4.82, N
4.46, found: C 61.10, H 5.00, N 4.48; MP 264 °C; HPLC (OD-H, hexane:2-propanol 95:5,
0.7 mL/min, 30 °C): tR(+) = 11.5 min and tR(-) = 17.6 min.
1-(4-(Methoxycarbonyl)phenyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84i*HCl
1-(4-(Methoxycarbonyl)phenyl)-3,4-dihydroisoquinolin-2-ium

chloride

83i*HCl (300 mg, 994.14 μmol) was reduced following the general
procedure. The hydrochloride formed was separated and recrystallized
from hot 2-propanol (5 mL) yielding the product as a colorless solid
(184 mg, 605.70 μmol, 61%).
1

H NMR (300.13 MHz, d6-DMSO): δ 3.06 (t, J = 4.7 Hz, 0.4H, CH2), 3.11 (t, J = 4.3 Hz, 0.6H,

CH2), 3.26-3.43 (m, 3H, CH2), 3.88 (s, 3H, OCH3), 5.89 (brs, 1H, CHN), 6.68 (d, J = 7.7 Hz, 1H,
Ph), 7.13-7.22 (m, 1H, Ph), 7.30-7.33 (m, 2H, Ph), 7.58 (d, J = 8.3 Hz, 2H, Ph), 8.04 (d,
J = 8.4 Hz, 2H, Ph), 9.74 (brs, 1H, NH), 10.25 (brs, 1H, NH); 13C{1H} NMR (75.47 MHz, CD2Cl2):
δ 25.67 (s, CH2), 39.82 (s, CH2), 52.59 (s, OCH3), 59.21 (s, CHN), 127.47 (s, Ph), 128.49 (s,
Ph), 128.84 (s, Ph), 129.51 (s, Ph), 130.22 (s, Ph), 131.18 (s, Ph), 131.20 (s, Ph), 131.80 (s,
Ph), 132.91 (s, Ph), 141.31 (s, Ph), 166.58 (s, C=O); HRMS (ESI) calcd. (m/z) for C17H18NO2:
268.1332 ([M-Cl]+), found: 268.1332 ([M-Cl]+); EA calcd. for C17H18NO2Cl (303.79): C 67.21, H
5.97, N 4.61, O 10.53, Cl 11.67, found: C 66.96, H 6.05, N 4.64, O 10.48, Cl 11.58; MP 218 °C;
HPLC (OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR(-) = 28.3 min and tR(+) = 37.8 min.
6,7-Dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84j*HCl
6,7-Dimethoxy-1-phenyl-3,4-dihydroisoquinolin-2-ium chloride 83j*HCl
(500 mg, 1.65 mmol) was reduced following the general procedure.
The hydrochloride formed was separated and precipitated from a
warm solution in chloroform (10 mL) by dropwise addition of tBME
(40 mL) yielding the product as a colorless solid (433 mg, 1.42 mmol,
86%).
1

H NMR (300.13 MHz, CDCl3): δ 2.93-3.05 (m, 2H, CH2), 3.16-3.25 (m, 2H, CH2), 3.64 (s, 3H,

OCH3), 3.88 (s, 3H, OCH3), 5.39 (brs, 1H, CHN), 6.20 (s, 1H, Ph), 6.63 (s, 1H, Ph), 7.36-7.41
(m, 5H, Ph), 9.80 (brs, 1H, NH), 10.62 (brs, 1H, NH);

13

C{1H} NMR (75.47 MHz, CDCl3): δ 25.24

(s, CH2), 39.21 (s, CH2), 56.08 (s, OCH3), 59.07 (s, CHN), 110.65 (s, Ph), 111.23 (s, Ph), 122.78
(s, Ph), 124.92 (s, Ph), 129.08 (s, Ph), 129.66 (s, Ph), 130.69 (s, Ph), 136.35 (s, Ph), 148.32 (s,
Ph), 149.28 (s, Ph); HRMS (ESI) calcd. (m/z) for C17H20NO2: 270.1489 ([M-Cl]+), found:
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270.1494 ([M-Cl]+); EA calcd. for C17H20NO2Cl (305.80): C 66.77, H 6.59, N 4.58, O 10.46, Cl
11.59, found: C 66.95, H 6.72, N 4.60, O 10.65, Cl 11.75; MP 275 °C; HPLC (OD-H,
hexane:2-propanol 80:20, 0.6 mL/min, 30 °C): tR(+) = 14.4 min and tR(-) = 18.7 min.
6,7-Dimethoxy-1-(3,4,5-trimethoxyphenyl)-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84k*HCl
6,7-Dimethoxy-1-(3,4,5-trimethoxyphenyl)-3,4-dihydroisoquinolin-2ium chloride 83k*HCl (500 mg, 1.27 mmol) was reduced following the
general procedure. The crude product was dissolved in DCM and the
title compound was precipitated as a colorless solid by dropwise
addition of diethyl ether (256 mg, 646.66 μmol, 51%).
1

H NMR (500.23 MHz, D2O): δ 3.65-3.72 (m, 1H, CH2), 3.75-3.82 (m,

1H, CH2), 4.02-4.14 (m, 2H, CH2), 4.22 (s, 3H, OCH3), 4.38 (s, 9H, OCH3), 4.45 (s, 3H, OCH3),
6.24 (brs, 1H, CHN), 7.06 (s, 1H, Ph), 7.25 (s, 2H, Ph), 7.55 (s, 1H, Ph);

13

C{1H} NMR

(125.78 MHz, D2O): δ 25.22 (s, CH2), 40.64 (s, CH2), 57.25 (s, OCH3), 57.28 (s, OCH3), 57.72 (s,
OCH3), 60.16 (CHN), 62.11 (s, OCH3), 109.27 (s, Ph), 112.73 (s, Ph), 113.34 (s, Ph), 123.97 (s,
Ph), 126.62 (s, Ph), 133.32 (s, Ph), 148.81 (s, Ph), 150.04 (s, Ph), 154.19 (s, Ph), 155.28 (s,
Ph); HRMS (ESI) calcd. (m/z) for C20H26NO5: 360.1805 ([M-Cl]+), found: 360.1806 ([M-Cl]+); EA
calcd. for C20H26NO5Cl (395.88): C 60.68, H 6.62, N 3.54, O 20.21, Cl 8.96, found: C 60.55, H
6.62, N 3.56, O 20.32, Cl 8.77; MP 269 °C; HPLC (AD-H, hexane:2-propanol 60:40, 0.5 mL/min,
25 °C): tR(-) = 14.3 min and tR(+) = 19.5 min.
7-Methoxy-1-phenyl-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 84l*HCl
7-Methoxy-1-phenyl-3,4-dihydroisoquinolin-2-ium

chloride

83l*HCl

(300 mg, 1.10 mmol) was reduced following the general procedure.
The hydrochloride formed was separated and crystallized from hot
methanol (7 mL) yielding the product as a colorless solid (223 mg,
808.65 μmol, 74%).
1

H NMR (300.13 MHz, d6-DMSO): δ 2.97 (t, J = 5.7 Hz, 0.36H, CH2), 3.03 (t, J = 5.5 Hz, 0.64H,

CH2), 3.14-3.24 (m, 1H, CH2), 3.32-3.37 (m, 2H, CH2), 3.60 (s, 3H, OCH3), 5.73 (brs, 1H, CHN),
6.23 (d, J = 2.5 Hz, 1H, Ph), 6.92 (dd, J = 8.5 Hz, J = 2.6 Hz, 1H, Ph), 7.24 (d, J = 8.5 Hz, 1H,
Ph), 7.38-7.41 (m, 2H, Ph), 7.45-7.49 (m, 3H, Ph), 9.51 (brs, 1H, NH), 10.09 (brs, 1H, NH);
13

C{1H} NMR (75.47 MHz, d6-DMSO): δ 24.00 (s, CH2), 39.42 (s, CH2), 55.09 (s, OCH3), 58.38

(s, CHN), 112.73 (s, Ph), 113.99 (s, Ph), 124.47 (s, Ph), 128.79 (s, Ph), 129.31 (s, Ph), 130.03
(s, Ph), 130.05 (s, Ph), 133.17 (s, Ph), 136.71 (s, Ph), 157.64 (s, Ph); HRMS (ESI) calcd. (m/z)
for C16H18NO: 240.1383 ([M-Cl]+), found: 240.1385 ([M-Cl]+); EA calcd. for C16H18NOCl (275.78):
C 69.69, H 6.58, N 5.08, O 5.80, Cl 12.86, found: C 69.60, H 6.59, N 5.13, O 5.91, Cl 12.69; MP
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295 °C; HPLC (OD-H, hexane:2-propanol 95:5, 0.7 mL/min, 30 °C): tR(-) = 14.2 min and
tR(+) = 18.2 min.
6.11.4

2,3,4,9-β-Tetrahydrocarbolinium chlorides

4,9-β-Dihydrocarbolinium chlorides 86*HCl were reduced following the same general procedure
as for 3,4-dihydroisoquinolinium chlorides 84*HCl in the chapter before.
1-Phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-2-ium chloride 86a*HCl
1-Phenyl-4,9-dihydro-3H-pyrido[3,4-b]indol-2-ium

chloride

85a*HCl

(320 mg, 1.13 mmol) was reduced following the general procedure. The
crude tetrahydro-β-carboline was purified by flash column chromategraphy (silica, ~20 g, DCM:MeOH:Et3N 100:1:1). The crude hydrochloride was precipitated from a solution in chloroform by dropwise addition of tBME yielding the
product as a colorless solid (140 mg, 491.61 μmol, 44%).
1

H NMR (300.13 MHz, d6-DMSO): δ 2.98-3.07 (m, 1H, CH2), 3.10-3.20 (m, 2H, CH2), 3.37-3.46

(m, 1H, CH2), 5.93 (brs, 1H, CHN), 7.02-7.07 (m, 1H, Ph), 7.09-7.15 (m, 1H, Ph), 7.28 (brs,
0.58H, Ph), 7.31 (brs, 0.42H, Ph), 7.41-7.45 (m, 2H, Ph), 7.47-7.55 (m, 4H, Ph), 9.52 (brs, 1H,
13

C{1H} NMR (75.47 MHz, CDCl3): δ 22.69 (s,

NH2), 10.42 (brs, 1H, NH2), 10.89 (s, 1H, NH);

CH2), 43.02 (s, CH2), 58.27 (s, CHN), 110.36 (s, Ph), 110.96 (s, Ph), 118.35 (s, Ph), 119.51 (s,
Ph), 121.83 (s, Ph), 127.54 (s, Ph), 128.30 (s, Ph), 128.64 (s, Ph), 128.94 (s, Ph), 134.66 (s,
Ph), 136.01 (s, Ph), 142.00 (s, Ph); HRMS (ESI) calcd. (m/z) for C17H17N2: 249.1386 ([M-Cl]+),
found: 249.1390 ([M-Cl]+); HPLC (OD-H, hexane:2-propanol 70:30, 0.5 mL/min, 25 °C):
tR(-) = 17.7 min and tR(+) = 23.8 min.
1-Methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-2-ium chloride 86b*HCl
1-Methyl-4,9-dihydro-3H-pyrido[3,4-b]indol-2-ium

chloride

85b*HCl

(200 mg, 906.21 μmol) was reduced following the general procedure.
The crude tetrahydro-β-carboline was purified by flash column
chromatography (silica, ~20 g, DCM:MeOH:Et3N 10:1:1). The crude
hydrochloride was precipitated from a solution in chloroform by dropwise addition of diethyl ether
yielding the product as a colorless solid (130 mg, 583.72 μmol, 64%).
1

H NMR (300.13 MHz, d6-DMSO): δ 1.66 (d, J = 6.8 Hz, 3H, CH3), 2.84-3.04 (m, 2H, CH2), 3.23-

3.35 (m, 1H, CH2), 3.50-3.59 (m, 1H, CH2), 4.63-4.72 (m, 1H, CHN), 6.99-7.04 (m, 1H, Ph), 7.097.14 (m, 1H, Ph), 7.36 (d, J = 8.0 Hz, 1H, Ph), 7.45 (d, J = 7.7 Hz, 1H, Ph), 9.38-9.48 (m, 1H,
NH2), 10.10 (brs, 1H, NH2), 11.24 (s, 1H, NH);
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C{1H} NMR (75.47 MHz, d6-DMSO): δ 17.15 (s,
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CH3), 18.15 (s, CH2), 40.26 (s, CH2), 48.26 (s, CHN), 105.24 (s, Ph), 111.31 (s, Ph), 118.01 (s,
Ph), 118.96 (s, Ph), 121.63 (s, Ph), 125.84 (s, Ph), 131.22 (s, Ph), 136.10 (s, Ph); HRMS (ESI)
calcd. (m/z) for C12H15N2: 187.1230 ([M-Cl]+), found: 187.1229 ([M-Cl]+); HPLC (OD-H,
hexane:2-propanol 70:30, 0.5 mL/min, 25 °C): tR = 16.0 min and tR = 22.3 min, sign n.d.

6.12

Other compounds

Ferrocenium hexafluorophosphate 62[161]
A 25 mL Erlenmeyer flask with a magnetic stirring bar was charged with sulfuric
acid (5 mL, 9.15 g, 93.29 mmol, 6.2 eq.) and ferrocene (2.8 g, 15.05 mmol,
1.0 eq.) was added portion wise under stirring. The dark reaction mixture was
stirred at rt for 45 minutes before it was poured onto tert.-butanol (3.2 mL, 2.5 g,
33.73 mmol, 2.2 eq.) in water (85 mL). The dark blue mixture was stirred for another 15 minutes
and was then filtered. The filtrate was chilled to 0 °C and potassium hexafluorophosphate (5.5 g,
29.88 mmol, 2.0 eq.) in water (118 mL) was added dropwise over 15 minutes. The resulting
suspension was stirred at 0 °C for one hour. The intense blue precipitate was filtered off,
thoroughly washed with water (2x20 mL), ethanol (20 mL) and diethyl ether (3x20 mL). The
indigo blue powder was dried under HV to yield the paramagnetic product (4.3 g, 13.00 mmol,
86%).
EA calcd. for C10H10F6PFe (331.00): C 36.29, H 3.05, F 34.44, P 9.36, found: C 36.31, H 3.20, F
34.52, P 9.39.
Tri(p-tolyl)aminium hexafluorophosphate 63[108]
A solution of silver hexafluorophosphate (440 mg, 1.74 mmol, 1.0 eq.) in
DCM (8 mL) was added dropwise to a stirred solution of tri(p-tolyl)amine
(0.5 g, 1.74 mmol, 1.0 eq.) in DCM (13 mL) at rt over four minutes. After
the addition, the deep blue solution with silver precipitate was stirred at rt
for 75 minutes. Thereafter, the suspension was filtered over Celite
(1 cm) and the Celite pad was washed with DCM. All solvent was evaporated under reduced
pressure and the residue taken up in DCM (5 mL). Diethyl ether (30 mL) was added dropwise
under stirring, precipitating the product. The solid was filtered off, thoroughly washed with small
portions of diethyl ether and dried under HV to yield the desired paramagnetic, blue-purple
product (663 mg, 1.53 mmol, 88%).
EA calcd. for C21H21NF6P (432.37): C 58.34, H 4.90, N 3.24, F 26.36, P 7.16, found: C 58.25, H
5.06, N 3.33, F 26.49, P 7.00.
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Methyl 4-(cyanomethyl)benzoate 92[142a]
A 500 mL round bottomed flask with a magnetic stirring bar was
charged with sodium cyanide (8.0 g, 163.23 mmol, 2.9 eq.), THF
(70 mL) and DMF (40 mL). At rt under stirring, a solution of methyl
4-(bromomethyl)benzoate 91 (13 g, 56.75 mmol, 1.0 eq.) in DMF (35 mL) was added dropwise
over 20 minutes and the colorless suspension stirred at rt overnight. The next morning, water
(150 mL) was added and the yellow solution extracted twice with DCM (150 mL). The combined
organic phases were thoroughly washed with water, dried over Na2SO4 and the solvent was
evaporated. The dark red residue was distilled (~110 °C at 10-2 mbar) to yield the desired
product as a yellowish solid (5.4 g, 30.83 mmol, 54%).
1

H NMR (300.13 MHz, CD2Cl2): δ 3.83 (s, 2H, CH2CN), 3.90 (s, 3H, COOCH3), 7.41-7.45 (m, 2H,

Ph), 8.02-8.06 (m, 2H, Ph);

13

C{1H} NMR (75.47 MHz, CD2Cl2): δ 24.03 (s, CH2), 52.49 (s,

OCH3), 117.70 (s, CN), 128.45 (s, Ph), 130.54 (s, Ph), 130.58 (s, Ph), 135.70 (s, Ph), 166.66 (s,
C=O); HRMS (ESI) calcd. (m/z) for C10H9NNaO2: 198.0525 ([M+Na]+), found: 198.0525
([M+Na]+); EA calcd. for C10H9NO2 (175.19): C 68.56, H 5.18, N 8.00, O 18.27, found: C 68.31, H
5.15, N 7.79, O 18.40.
2-(4-(Methoxycarbonyl)phenyl)ethanaminium chloride 93*HCl[142b]
Methyl 4-(cyanomethyl)benzoate 92 (9.0 g, 51.38 mmol, 1.0 eq.),
ethanol (200 mL) and Pd/C 10% (2 g) were placed in a 500 mL
round bottomed flask with a magnetic stirring bar and purged with
argon by means of five vacuum/argon cycles. HCl (2 M in diethyl ether, 26 mL, 52 mmol, 1.0 eq.)
was added, the flask partially evacuated and hydrogen backfilled. After stirring the black
suspension for four hours, an additional portion HCl (2 M in diethyl ether, 26 mL, 52 mmol,
1.0 eq.) was added and further stirred at rt overnight. The next day, ethanol (100 mL) was
added, the suspension heated to reflux and filtered over Celite. The filter cake was thoroughly
washed with hot ethanol (200 mL) and the clear colorless solution evaporated to dryness to yield
the off-white product (9.24 g, 42.84 mmol, 83%).
1

H NMR (300.13 MHz, d6-DMSO): δ 2.95-3.10 (m, 4H, CH2CH2NH3), 3.84 (s, 3H, COOCH3),

7.42 (d, J = 8.2 Hz, 2H, Ph), 7.92 (d, J = 8.3 Hz, 2H, Ph), 8.13 (brs, 3H, CH2CH2NH3);
13

C{1H} NMR (75.47 MHz, d6-DMSO): δ 32.81 (s, CH2), 39.36 (s, CH2), 52.05 (s, OCH3), 128.12

(s, Ph), 129.11 (s, Ph), 129.43 (s, Ph), 143.11 (s, Ph), 166.07 (s, C=O); HRMS (ESI) calcd. (m/z)
for C10H14NO2: 180.1019 ([M-Cl]+), found: 180.1019 ([M-Cl]+); EA calcd. for C10H14ClNO2
(215.68): C 55.69, H 6.54, N 6.49, O 14.84, found: C 55.95, H 6.61, N 6.41, O 14.87.
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1-Phenylisoquinoline 95[145]
A 25 mL round bottomed flask was charged with 1-phenyl-3,4-dihydroisoquinoline
83a (1.7 g, 8.20 mmol, 1.0 eq.) and dissolved in 1,2,4-trimethylbenzene (10 mL).
Pd/C 10% was added (112 mg) and the black suspension refluxed for three hours
at 180 °C. The cold reaction mixture was filtered over silica (~2 g, DCM) and the
crude reaction product purified by flash column chromatography (~50 g silica,
DCM:EtOH 100:1). Subsequent crystallization from hot hexane (~20 mL) yielded the desired
product as a yellowish solid (826 mg, 4.02 mmol, 49%).
1

H NMR (300.13 MHz, CD2Cl2): δ 7.51-7.58 (m, 4H, Ph), 7.66-7.73 (m, 4H, Ph), 7.91 (d,

J = 8.2 Hz, 1H, Ph), 8.10 (ddd, J = 8.5 Hz, J = 1.7 Hz, J = 0.9 Hz, 1H, Ph), 8.59 (d, J = 5.7 Hz,
1H, Ph); HRMS (ESI) calcd. (m/z) for C15H12N: 206.0964 ([M+H]+), found: 206.0968 ([M+H]+).

6.13

Hydrogenation of 1-substituted 3,4-DHIQ and β-4,9-DHC chlorides

6.13.1

Standard screening experiment

A standard screening experiment for the enantioselective hydrogenation of 1-substituted
3,4-dihydroisoquinolinium chlorides 83*HCl and β-4,9-dihydrocarbolinium chlorides 85*HCl was
conducted as follows:
A 3 mL flat bottomed glas tube with a magnetic stirring bar was charged with 500 μmol of the
substrate and 2.5 μmol (0.5 mol-%) of the precatalyst as [Ir(P^P)(cod)X]. The tube was purged
with argon by means of three vacuum/argon cycles. 1 mL crown-capped solvent was added and
the suspension (calculated to result a ~0.5 M solution) stirred for ten minutes under an argon
atmosphere.
For the hydrogenation, the tube was closed by a screw cap with a hole for gas exchange. After
tightly closing the autoclaves, the atmosphere was first inertized by three cycles of five bar
nitrogen and subsequent pressure release. To change the atmosphere to hydrogen, ten bar
hydrogen were applied and pressure released before the autoclaves were set to target reaction
pressure. Then, stirring was switched on and the autoclaves heated to target temperature by
external jacket heater.
After the reaction, heating was switched off and the autoclaves were kept under pressure for at
least 30 minutes to cool below 30 °C. Thereafter, pressure was released and the autoclaves set
under nitrogen again.
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6.13.2

Analysis of the screening samples

To the samples was added 1,3,5-trimethoxybenzene (150 μmol) as internal standard and
methanol until a clear homogeneous solution was obtained. Around 0.2 mL of this solution was
directly evaporated to dryness in NMR tubes for determination of conversion and yield by
integration of well separated signals (one scan, zero dummy scans).
Around 0.1 mL of the same solution was partitioned between NaOH (2 M in water, 1 mL) and
hexane (1 mL). The hexane phase was separated, dried over Na2SO4 and filtered over a syringe
filter. The clear colorless solutions were directly applied in HPLC for determination of ee.
6.13.3

Acetamidation of reaction products

If the enantiomers of the free tetrahydroisoquinoline were not separable or potentially
overlapping with side products, internal standard or starting material, the reaction products were
derivatized to their acetamide.
After determining conversion and yield by NMR spectroscopy, the remaining sample solution
was evaporated to dryness. Acetic anhydride (0.5 mL) and triethylamine (1 mL) were added and
the dark samples stirred overnight. After removing all volatiles under HV, the residue was filtered
over silica before a sample was prepared for HPLC analysis.
6.13.4

Determination of optical rotation sign

To assign the HPLC peaks to the corresponding enantiomers, the hydrogenation sample with
the highest observed ee was purified and dissolved as hydrochloride in chloroform with a
concentration of around 0.5 g/100 mL. The derivatized sample (acetamide) was used for
determination of optical rotation where applicable. The optical rotations of these samples were
recorded at 589 nm, in a 10 cm measuring cell at 20 °C. The assignment of the major peak in
HPLC with the observed sign was possible in all the cases, although some of the observed
optical rotation angles were rather small.
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Appendix A: Compiled structural data

Appendix A contains the compiled data to the analysis of the conformational space that
Josiphos-type ligands and their transition-metal complexes may adopt. The six-digit code allows
fast retrieving the corresponding cif file from the CSD, all unpublished structures of our group are
marked with a UNP prefix. The following table contains all data found on CSD and our internal
database (November 2011) searching for the diphosphine backbone of Josiphos, only Pigiphos
(16) and Stanphos (3) compounds are already excluded. The green highlighted compounds
were already included in the first version of this graph, compiled by Togni. The orange
highlighted compounds are neglected in the graphs (11), a short explanation is given together
with the substituents on P2. In the last row, a literature citation number is given. The
bibliographic data to these numbers is given below the table. The corresponding literature is not
included in the chapter bibliography of this thesis, therefore a publication may be listed here, but
missing in the chapter bibliography. For unpublished structures, the responsible chemist and the
experiments name are given.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-Tobiphos)Cl2] (SP)-20

Experimental identification code

TK22

Moiety formulaa; sum formula weightb

C35H29Cl2F3FeP2Pt, CCl3, CHCl3; 1128.09

Crystal size; crystal color; crystal habitus

0.19x0.16x0.14 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Monoclinic; P 21

Unit cell dimensions

a = 11.4040(6) Å,

α = 90 °

b = 13.7225(7) Å,

β = 97.703(3) °

c = 12.9220(6) Å,

γ = 90 °

3

Unit cell volume

2003.93(17) Å

Z; calculated density

2; 1.870 Mg/m3

F(000)

1098

Scanned angles; exposure time (s/frame)

Omega; 5 s

Detector distance

50 mm

θ range for data collection

1.59 to 29.15 °

Completeness to θ = 29.15 °

99.9 %

Limiting Miller indices

-15<=h<=15, -18<=k<=18, -17<=l<=17

Reflections collected; unique (Rint)

25062; 10566 [R(int) = 0.0370]

Absorption coefficient (μ)

4.504 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.5773; 0.4815

Solution by

Patterson / Heavy atom

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

10566; 1; 498

Goodness of Fit (GooF) on F2

0.896

Final R1 [I>2σ(I)]; [all data]

0.0310; 0.0356

Absolute structure parameter (Flack)

-0.002(4)

Largest difference residual electron density

1.834; -1.068 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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[Pt((RP,RC,SFc)-Tobiphos)Cl2] (RP)-20

Experimental identification code

TK28

Moiety formulaa; sum formula weightb

C35H29Cl2F3FeP2Pt, CH2Cl2; 975.29

Crystal size; crystal color; crystal habitus

0.19x0.11x0.10 mm; yellow; plate

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Monoclinic; P 21

Unit cell dimensions

a = 9.10260(10) Å,

α = 90 °

b = 19.3758(2) Å,

β = 99.4480(10) °

c = 20.7846(2) Å,

γ = 90 °

3

Unit cell volume

3616.06(6) Å

Z; calculated density

4; 1.791 Mg/m3

F(000)

1904

Scanned angles; exposure time (s/frame)

Omega; 20 s

Detector distance

50 mm

θ range for data collection

0.99 to 28.70 °

Completeness to θ = 28.70 °

99.8 %

Limiting Miller indices

-12<=h<=12, -26<=k<=26, -27<=l<=28

Reflections collected; unique (Rint)

43879; 18537 [R(int) = 0.0374]

Absorption coefficient (μ)

4.691 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.6564; 0.4646

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

18537; 1; 849

Goodness of Fit (GooF) on F2

0.767

Final R1 [I>2σ(I)]; [all data]

0.0283; 0.0508

Absolute structure parameter (Flack)

-0.002(2)

Largest difference residual electron density

1.166; -0.647 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((RP,RC,SFc)-Annoyphos)Cl2] (RP)-21

Experimental identification code

RIS194

Moiety formulaa; sum formula weightb

C31H27Cl2F3FeP2Pt; 840.31

Crystal size; crystal color; crystal habitus

0.16x0.15x0.11 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 9.2693(8) Å,

α = 90 °

b = 18.6727(17) Å,

β = 90 °

c = 19.4745(17) Å,

γ = 90 °

3

Unit cell volume

3370.7(5) Å

Z; calculated density

4; 1.656 Mg/m3

F(000)

1632

Scanned angles; exposure time (s/frame)

Omega; 6 s

Detector distance

50 mm

θ range for data collection

1.51 to 26.06 °

Completeness to θ = 26.06 °

99.7 %

Limiting Miller indices

-11<=h<=11, -23<=k<=23, -24<=l<=23

Reflections collected; unique (Rint)

29138; 6650 [R(int) = 0.0771]

Absorption coefficient (μ)

4.865 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.6167; 0.5099

Solution by

Patterson / Heavy atom

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

6650; 30; 362

Goodness of Fit (GooF) on F2

1.057

Final R1 [I>2σ(I)]; [all data]

0.0498; 0.0594

Absolute structure parameter (Flack)

0.029(9)

Largest difference residual electron density

3.042; -1.509 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(Ph)(CF3)-Xyliphos)Cl2] (SP)-22a

Experimental identification code

RIS207

Moiety formulaa; sum formula weightb

C35H35Cl2F3FeP2Pt, CHCl3; 1015.78

Crystal size; crystal color; crystal habitus

0.21x0.21x0.17 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 13.2440(13) Å,

α = 90 °

b = 15.1859(15) Å,

β = 90 °

c = 19.4380(19) Å,

γ = 90 °

3

Unit cell volume

3909.4(7) Å

Z; calculated density

4; 1.726 Mg/m3

F(000)

1992

Scanned angles; exposure time (s/frame)

Omega; 2 s

Detector distance

50 mm

θ range for data collection

1.70 to 27.56 °

Completeness to θ = 27.56 °

99.8 %

Limiting Miller indices

-17<=h<=17, -19<=k<=19, -25<=l<=25

Reflections collected; unique (Rint)

76343; 9011 [R(int) = 0.0792]

Absorption coefficient (μ)

4.409 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.5176; 0.4637

Solution by

Patterson / Heavy atom

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

9011; 0; 438

Goodness of Fit (GooF) on F2

1.041

Final R1 [I>2σ(I)]; [all data]

0.0336; 0.0407

Absolute structure parameter (Flack)

-0.007(5)

Largest difference residual electron density

1.338; -1.564 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.

233

Appendix B: X-Ray data
[Pt((RP,RC,SFc)-(Ph)(CF3)-Xyliphos)Cl2] (RP)-22a

Experimental identification code

RIS206

Moiety formulaa; sum formula weightb

C35H35Cl2F3FeP2Pt; 896.41

Crystal size; crystal color; crystal habitus

0.16x0.15x0.11 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 9.7934(2) Å,

α = 90 °

b = 17.1179(4) Å,

β = 90 °

c = 19.1737(4) Å,

γ = 90 °

3

Unit cell volume

3214.33(12) Å

Z; calculated density

4; 1.852 Mg/m3

F(000)

1760

Scanned angles; exposure time (s/frame)

Omega; 2 s

Detector distance

50 mm

θ range for data collection

1.59 to 28.28 °

Completeness to θ = 28.28 °

100 %

Limiting Miller indices

-13<=h<=13, -22<=k<=22, -25<=l<=25

Reflections collected; unique (Rint)

66315; 7954 [R(int) = 0.0363]

Absorption coefficient (μ)

5.108 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.4358; 0.2680

Solution by

Patterson / Heavy atom

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

7954; 0; 402

Goodness of Fit (GooF) on F2

0.943

Final R1 [I>2σ(I)]; [all data]

0.0148; 0.0156

Absolute structure parameter (Flack)

0.000(2)

Largest difference residual electron density

0.351; -0.483 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(Cy)(CF3)-Xyliphos)Cl2] (SP)-22f

Experimental identification code

RIS251

Moiety formulaa; sum formula weightb

C35H41Cl2F3FeP2Pt; 902.46

Crystal size; crystal color; crystal habitus

0.21x0.21x0.17 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 9.1138(7) Å,

α = 90 °

b = 19.5957(14) Å,

β = 90 °

c = 19.596 Å,

γ = 90 °

3

Unit cell volume

3499.6(4) Å

Z; calculated density

4; 1.713 Mg/m3

F(000)

1784

Scanned angles; exposure time (s/frame)

Omega, Phi; 2 s

Detector distance

50 mm

θ range for data collection

3.69 to 33.72 °

Completeness to θ = 33.72 °

99.8 %

Limiting Miller indices

-14<=h<=14, -30<=k<=30, -30<=l<=30

Reflections collected; unique (Rint)

79270; 13957 [R(int) = 0.0813]

Absorption coefficient (μ)

4.692 mm-1

Absorption correction type

None

Max.; Min. transmission

-

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

13957; 0; 402

Goodness of Fit (GooF) on F2

0.947

Final R1 [I>2σ(I)]; [all data]

0.0269; 0.0313

Absolute structure parameter (Flack)

-0.004(3)

Largest difference residual electron density

1.978; -1.583 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
(SP,RC,SFc)-(1-Np)(CF3)-Josiphos (SP)-56b

Experimental identification code

RIS181

Moiety formulaa; sum formula weightb

C35H38F3FeP2, C35H41F3FeP2; 1269.91

Crystal size; crystal color; crystal habitus

0.20x0.18x0.14 mm; yellow; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Monoclinic; P 21

Unit cell dimensions

a = 9.3890(15) Å,

α = 90 °

b = 28.751(5) Å,

β = 108.195(4) °

c = 12.155(2) Å,

γ = 90 °

3

Unit cell volume

3117.1(9) Å

Z; calculated density

2; 1.353 Mg/m3

F(000)

1330

Scanned angles; exposure time (s/frame)

Omega; 6 s

Detector distance

50 mm

θ range for data collection

1.42 to 27.11 °

Completeness to θ = 27.11 °

99.9 %

Limiting Miller indices

-12<=h<=12, -36<=k<=36, -15<=l<=15

Reflections collected; unique (Rint)

30108; 13698 [R(int) = 0.0598]

Absorption coefficient (μ)

0.628 mm-1

Absorption correction type

None

Max.; Min. transmission

-

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

13698; 1; 778

Goodness of Fit (GooF) on F2

0.891

Final R1 [I>2σ(I)]; [all data]

0.0498; 0.0645

Absolute structure parameter (Flack)

-0.017(13)

Largest difference residual electron density

0.909; -0.577 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(1-Np)(CF3)-Josiphos)Cl2] (SP)-64b

Experimental identification code

RIS153

Moiety formulaa; sum formula weightb

C35H41Cl2F3FeP2Pt, CH2Cl2; 987.38

Crystal size; crystal color; crystal habitus

0.29x0.23x0.08 mm; orange; plate

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Triclinic; P 1

Unit cell dimensions

a = 9.837(2) Å,

α = 80.823(4) °

b = 11.166(2) Å,

β = 80.787(4) °

c = 18.335(4) Å,

γ = 71.992(4) °

3

Unit cell volume

1877.4(7) Å

Z; calculated density

2; 1.747 Mg/m3

F(000)

976

Scanned angles; exposure time (s/frame)

Omega; 3 s

Detector distance

50 mm

θ range for data collection

1.13 to 27.11 °

Completeness to θ = 27.11 °

99.2 %

Limiting Miller indices

-12<=h<=12, -14<=k<=14, -23<=l<=23

Reflections collected; unique (Rint)

17625; 15378 [R(int) = 0.0260]

Absorption coefficient (μ)

4.519 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.7280; 0.3561

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

15378; 39; 849

Goodness of Fit (GooF) on F2

0.982

Final R1 [I>2σ(I)]; [all data]

0.0468; 0.0553

Absolute structure parameter (Flack)

0.008(6)

Largest difference residual electron density

3.365; -1.335 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(1-Mes)(CF3)-Josiphos)Cl2] (SP)-64c

Experimental identification code

RIS161

Moiety formulaa; sum formula weightb

C34H45Cl2F3FeP2Pt, 2CHCl3; 1133.22

Crystal size; crystal color; crystal habitus

0.19x0.15x0.02 mm; orange; plate

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 11.6364(17) Å,

α = 90 °

b = 17.055(3) Å,

β = 90 °

c = 21.772(3) Å,

γ = 90 °

3

Unit cell volume

4321.0(11) Å

Z; calculated density

4; 1.742 Mg/m3

F(000)

2240

Scanned angles; exposure time (s/frame)

Omega; 10 s

Detector distance

50 mm

θ range for data collection

1.52 to 27.90 °

Completeness to θ = 27.90 °

99.9 %

Limiting Miller indices

-15<=h<=15, -22<=k<=22, -28<=l<=28

Reflections collected; unique (Rint)

43324; 10332 [R(int) = 0.0883]

Absorption coefficient (μ)

4.178 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.9100; 0.5120

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

10332; 0; 464

Goodness of Fit (GooF) on F2

0.990

Final R1 [I>2σ(I)]; [all data]

0.0427; 0.0558

Absolute structure parameter (Flack)

-0.005(5)

Largest difference residual electron density

1.798; -0.988 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(oAn)(CF3)-Josiphos)Cl2] (SP)-64d

Experimental identification code
a

Moiety formula ; sum formula weight

JWM31
b

C32H41Cl2F3FeOP2Pt, CH2Cl2; 967.35

Crystal size; crystal color; crystal habitus

0.31x0.16x0.13 mm; orange; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Monoclinic; P 21

Unit cell dimensions

a = 9.298(2) Å,

α = 90 °

b = 18.505(5) Å,

β = 108.009(6) °

c = 10.805(3) Å,

γ = 90 °

3

Unit cell volume

1768.2(8) Å

Z; calculated density

2; 1.817 Mg/m3

F(000)

956

Scanned angles; exposure time (s/frame)

Omega; 1 s

Detector distance

50 mm

θ range for data collection

1.98 to 26.37 °

Completeness to θ = 26.37 °

100 %

Limiting Miller indices

-11<=h<=11, -23<=k<=23, -13<=l<=13

Reflections collected; unique (Rint)

16015 / 7154 [R(int) = 0.0585]

Absorption coefficient (μ)

4.798 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.5809; 0.3196

Solution by

Patterson / Heavy atom

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

7154; 43; 463

Goodness of Fit (GooF) on F2

0.872

Final R1 [I>2σ(I)]; [all data]

0.0393; 0.0459

Absolute structure parameter (Flack)

-0.004(6)

Largest difference residual electron density

1.908; -1.004 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(oTol)(CF3)-Josiphos)Cl2] (SP)-64e

Experimental identification code

JW26

Moiety formulaa; sum formula weightb

C32H41Cl2F3FeP2Pt, CH2Cl2; 951.35

Crystal size; crystal color; crystal habitus

0.416x0.26x0.18 mm; red; prism

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Monoclinic; P 21

Unit cell dimensions

a = 9.0644(15) Å,

α = 90 °

b = 18.286(3) Å,

β = 105.985(3) °

c = 11.0540(19) Å,

γ = 90 °

3

Unit cell volume

1761.4(5) Å

Z; calculated density

2; 1.794 Mg/m3

F(000)

940

Scanned angles; exposure time (s/frame)

Omega; 1 s

Detector distance

50 mm

θ range for data collection

1.92 to 27.12 °

Completeness to θ = 27.12 °

99.9 %

Limiting Miller indices

-11<=h<=11, -23<=k<=23, -14<=l<=14

Reflections collected; unique (Rint)

16665; 7662 [R(int) = 0.0304]

Absorption coefficient (μ)

4.812 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.4864; 0.2454

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

7662; 31; 399

Goodness of Fit (GooF) on F2

0.803

Final R1 [I>2σ(I)]; [all data]

0.0243; 0.0260

Absolute structure parameter (Flack)

-0.001(4)

Largest difference residual electron density

1.082; -0.917 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix B: X-Ray data
[Pt((SP,RC,SFc)-(Cy)(CF3)-Josiphos)Cl2] (SP)-64f

Experimental identification code

JWM35

Moiety formulaa; sum formula weightb

C31H45Cl2F3FeP2Pt; 858.45

Crystal size; crystal color; crystal habitus

0.20x0.16x0.12 mm; orange; rhomboid

Diffractometer; detector

Bruker SMART APEX; CCD

Monochromator; wavelength

Graphite; Mo-Kα 0.71073 Å

Measuring temperature

100(2) K

Crystal system; space group

Orthorhombic; P 212121

Unit cell dimensions

a = 10.9224(11) Å,

α = 90 °

b = 16.0484(15) Å,

β = 90 °

c = 18.3841(18) Å,

γ = 90 °

3

Unit cell volume

3222.5(5) Å

Z; calculated density

4; 1.769 Mg/m3

F(000)

1704

Scanned angles; exposure time (s/frame)

Omega; 2 s

Detector distance

50 mm

θ range for data collection

1.68 to 27.50 °

Completeness to θ = 27.50 °

100 %

Limiting Miller indices

-14<=h<=14, -20<=k<=20, -23<=l<=23

Reflections collected; unique (Rint)

31818; 7382 [R(int) = 0.0919]

Absorption coefficient (μ)

5.090 mm-1

Absorption correction type

Multi Scan

Max.; Min. transmission

0.5733; 0.4292

Solution by

Direct methods

Refinement method

Full matrix least-squares on F2, SHELXTL

Data; restraints; parameters

7382; 0; 362

Goodness of Fit (GooF) on F2

0.920

Final R1 [I>2σ(I)]; [all data]

0.0385; 0.0696

Absolute structure parameter (Flack)

-0.010(6)

Largest difference residual electron density

1.364; -0.937 electron*Å-3

a

For split positions no H-atoms were included. bIncluding solvents.
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Appendix C: Abbreviations
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Appendix C: Abbreviations

Abbreviations that are used throughout the thesis but may be less common or were defined for
the thesis at hand are listed in alphabetical order in Appendix C.
a

Annum, year

nbd

2,5-norbornadiene

BCDMH

Bromochlorodimethylhydantoin

NBS

N-Bromosuccinimide

Bn

Benzyl

NCS

N-Chlorosuccinimide

Cbz

Carbobenzoxy

NOCV

Natural orbitals for chemical valence

cod

1,5-Cyclooctadien

1-Np

1-Naphthyl

coe

Cyclooctene

2-Np

2-Naphthyl

Cp

Cyclopentadienyl

nPr

n-Propyl

Cp*

Pentamethylcyclopentadienyl

oAn

o-Anisyl, 2-Methoxyphenyl

CSOV

Constrained Space Orbital Variation

oTol

o-Tolyl, 2-Methylphenyl

Cy

Cyclohexyl

p.a.

Per analysis

DAD

Diode Array Detector

P^P

Bidentate Phosphine

DBU

Diazabicycloundecen

PGSE

Pulsed Gradient Spin Echo

DCE

1,2-Dichloroethane

Pn

Pnictogen

DCTB

(E)-2-[3-(4-tert-Butylphenyl)-2-methyl-2propenylidene]malononitrile

PPA

Polyphosphoric acid

DFT

Density functional theory

Py

Pyridine

DHC

4,9-Dihydro-β-carboline

S/C

Substrate to catalyst ratio

DHIQ

3,4-Dihydroisoquinoline

S/N

Signal to noise ratio

DIPEA

Diisopropylethylamine

SPO

Secondary phosphine oxide

DMI

Dimethylitaconate

stm

Starting material

dppe

1,2-Bis(diphenylphosphino)ethane

TBAB

Tetrabutylammonium bromide

EI

Electron ionization

TBAI

Tetrabutylammonium iodide

ESI

Electrospray ionization

tBu

Tertiary Butyl

FDA

Food and drug administration

Tf

Triflate

h

Hours

TFA

Trifluoroacetic acid

HOMO

Highest occupied molecular orbital

TFE

Trifluoroethanol

3-HPA

3-Hydroxypicolinic acid

THC

2,3,4,9-tetrahydro-β-carboline

L

Ligand

THIQ

1,2,3,4-Tetrahydroisoquinoline

LAH

Lithium aluminum hydride

TMAF

Tetramethylammonium fluoride

LUMO

Lowest unoccupied molecular orbital

TOF

Turn over frequency

m/z

Mass to charge ratio

TON

Turn over number

MALDI

Matrix-assisted laser desorption ionization

Ts

Tosyl

1-Mes

1-Mesityl

UNP

Unpublished

n.d.

Not determined

Xyl

Xylyl, 3,5-Dimethylphenyl
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Appendix D: Curriculum vitae

Born on April 13th, 1982 in Kriens (CH) as son of Rita and Pius Schwenk (-Hubatka).
1996-1999

High school in Kriens (Sekundarschule).

1999-2002

Apprenticeship

as

laboratory

technician

with

accompanying

technical

baccalaureate, Basel (Lehre als Chemielaborant mit begleitender technischer
Berufsmatura).
2002-2006

BSc in Chemistry at University of Applied Science Northwest Switzerland, Muttenz
(Studium zum Chemiker FH an der Fachhochschule Nordwestschweiz).

2005-2006

Bachelor thesis with Prof. M. Hürzeler at University of Applied Science Northwest
Switzerland in collaboration with Dr. B. Pugin from Solvias AG, Basel, entitled
„Neue Liganden basierend auf Aminoferrocen-Verbindungen“ (Diplom-arbeit zum
Chemiker FH).

2006-2008

Employment as Chemist, Muttenz and Witterswil (Anstellung als Chemiker FH).

2008-2009

MSc in Chemistry at University of Basel, Switzerland.

2009

Master thesis with Prof. A. Pfaltz at University of Basel, Switzerland, entitled
„Stereoselektive Synthese von Moxalon“.

2010-2014

Doctoral student with Prof. A. Togni, Laboratory of Inorganic Chemistry, ETH
Zurich, Switzerland.

2014

Ph.D. in Chemistry, Laboratory of Inorganic Chemistry, ETH Zurich, Switzerland,
thesis entitled „Josiphos-derived P-trifluoromethylated ligands“, ETH Diss. No.
21772. Supervisor and Examiner: Prof. A. Togni, Co-examiner: Prof. H.
Wennemers.

243

