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Abstract
This thesis describes the synthesis of triply halide-bridged dinuclear Rh(III) complexes
bearing Josiphos ligands and their catalytic application in asymmetric hydrogenation of
olefinic substrates and aryl perfluoroalkyl ketones.
The first part of this work is devoted to the synthesis and structural investigation of
dinuclear rhodium(III) monohydride complexes. Therefore, a series of Josiphos ligands
was synthesised and several of the corresponding chloride-, bromide- and iodide-bridged
dinuclear Rh(III) complexes were isolated in a convenient, optimised one-step procedure
using [RhCl(cod)]2, two equivalents of chiral ligands and an excess of the corresponding
hydrogen halide. All complexes were found to be very sensitive to oxygen, especially in
solution, but unreactive in contact with water.

In-depth structural investigations by X-ray crystallographic analyses revealed that they
preferentially exist as five-coordinate mononuclear species in the solid state, whereas
diffusion NMR spectroscopy indicates that most complexes are dinuclear in solution. The
phosphine substituents of the Josiphos ligands unprecedentedly influenced the outcome
of the respective complex syntheses. The target dinuclear structures were only obtained
with four out of a total of 17 tested Josiphos ligands, and all four derivatives contain a
diarylphosphino group directly attached to the ferrocene core with a bulky
dialkylphosphino fragment at the stereogenic centre. In contrast, ligands having
aromatic substituents on both phosphines preferentially form cationic, mononuclear
rhodium(III) complexes containing two ligands, but the lack of available coordination
sites renders them catalytically inactive.
The obtained complexes were subsequently tested in the asymmetric hydrogenation of
trans-α-methylstilbene and substituted, N-protected indoles. Generally, a good
reactivity but low enantioselectivity was observed for complexes bearing Josiphos
vi

ligands. The use of a mononuclear dichloro-monohydride Rh(III) complex bearing the
chiral ligand (S)-DTBM-SEGPHOS afforded excellent yields and enantioselectivities and
a total of seven structurally similar olefinic substrates were hydrogenated.

Triply chloride-bridged dinuclear Rh(III) complexes with Josiphos ligands, however, were
highly reactive and selective as catalyst precursors in the asymmetric hydrogenation of
aryl perfluoroalkyl ketones. Several trifluoroacetophenones and related derivatives were
hydrogenated in quantitative yield and enantioselectivities up to 98%. Additionally, the
asymmetric C=O hydrogenation of 3-(trifluoroacetyl)-2-phenylindole and structurally
related indoles containing a perfluoroalkyl carbonyl group at position 3 was successfully
addressed, providing the first efficient enantioselective synthesis of the corresponding
alcohols.

The catalytic activity of the utilised rhodium(III) catalyst precursor was found to be highly
tuneable through a judicious solvent choice, and this was exploited in the chemoselective
hydrogenation of aryl perfluoroalkyl ketones over non-fluorinated ketones using a
combination of HFIP and EtCN.
In the final part of this work several other rhodium-catalysed reactions were investigated,
including the selective mono-N-alkylation of amines using nitriles as alkylating agents,
the hydrodechlorination of activated aryl chlorides and the hydroboration and
hydrodichloromethylation of styrene derivatives.
vii

Zusammenfassung
Diese Arbeit beschreibt die Synthese von dreifach halogenidverbrückten zweikernigen
Rh(III)-Komplexen mit Josiphos-Liganden und deren katalytische Anwendung bei der
asymmetrischen Hydrierung von olefinischen Substraten und Arylperfluoralkylketonen.
Der erste Teil dieser Arbeit ist der Synthese und Strukturuntersuchung von zweikernigen
Rhodium(III)-Monohydrid-Komplexen gewidmet. Dazu wurde eine Reihe von JosiphosLiganden synthetisiert und mehrere der entsprechenden chlorid-, bromid- und
iodidverbrückten zweikernigen Rh(III)-Komplexe mit einer praktischen, optimierten EinSchritt-Synthese ausgehend von [RhCl(cod)]2, zwei Äquivalenten chiralen Liganden und
einem Überschuss der entsprechenden Halogenwasserstoffe isoliert. Die Komplexe sind
sehr sauerstoffempfindlich, insbesondere in Lösung, jedoch unreaktiv in Kontakt mit
Wasser.

Detaillierte

Strukturuntersuchungen

durch

röntgenkristallographische

Analysen

ergaben, dass sie bevorzugt als mononukleare Spezies im festen Zustand vorliegen,
während Diffusions-NMR-Experimente ergaben, dass die meisten Komplexe in Lösung
dinuklear sind. Die Phosphin-Substituenten der Josiphos-Liganden haben das Ergebnis
der jeweiligen Komplex-Synthesen in ungekannter Weise beeinflusst. Die dinuklearen
Zielstrukturen wurden nur mit vier von insgesamt 17 getesteten Josiphos-Liganden
erhalten, und alle vier Josiphos enthalten eine Diarylphosphin-Gruppe direkt an den
Ferrocen-Kern gebunden und ein sterisch anspruchsvolles Dialkylphosphin-Fragment
am stereogenen Zentrum. Im Gegensatz dazu bilden Liganden mit aromatischen
Substituenten an beiden Phosphinen bevorzugt kationische, einkernige Rhodium(III)Komplexe, die zwei Liganden enthalten, aber das Fehlen von verfügbaren
Koordinationsstellen macht sie katalytisch inaktiv.
Die erhaltenen Komplexe wurden anschließend in der asymmetrischen Hydrierung von
trans-α-Methylstilben und
viii

substituierten, N-geschützten

Indolen getestet.

Im

Allgemeinen wurde bei Verwendung der Komplexe mit Josiphos-Liganden eine gute
Reaktivität, aber eine geringe Enantioselektivität beobachtet. Die Verwendung eines
mononuklearen Dichlor-Monohydrid-Rh(III)-Komplexes, der den chiralen Liganden (S)DTBM-SEGPHOS trägt, führte zu ausgezeichneten Ausbeuten und Enantioselektivitäten,
und insgesamt wurden sieben strukturell ähnliche olefinische Substrate hydriert.

Dreifach chloridverbrückte zweikernige Rh(III)-Komplexe mit Josiphos-Liganden waren
dagegen

als

Katalysatorvorläufer

Arylperfluoralkylketonen

sehr

bei

reaktiv

der

asymmetrischen

und

selektiv.

Hydrierung

Eine

Reihe

von
von

Trifluoracetophenonen und verwandte Derivate wurden in quantitativer Ausbeute und
mit Enantioselektivitäten von bis zu 98% hydriert. Zusätzlich wurde die asymmetrische
C=O-Hydrierung von 3-(Trifluoracetyl)-2-Phenylindol und strukturell verwandten
Indolen, welche eine Perfluoralkylcarbonyl-Gruppe an Position 3 haben, erfolgreich
bewerkstelligt, was die erste effiziente enantioselektive Synthese der entsprechenden
Alkohole ermöglichte.

Die katalytische Aktivität des verwendeten Rhodium(III)-Katalysatorvorläufers erwies
sich durch eine gezielte Wahl des Lösungsmittels als hochgradig justierbar, und dies
wurde bei der chemoselektiven Hydrierung von Arylperfluoralkylketonen gegenüber
nicht-fluorierten Ketonen unter Verwendung einer Kombination aus HFIP und EtCN
ausgenutzt.
ix

Im letzten Teil der Arbeit wurden andere Rhodium-katalysierte Reaktionen untersucht,
darunter die selektive einfache N-Alkylierung von Aminen mit Nitrilen als
Alkylierungsmittel, die Hydrodechlorierung von aktivierten Arylchloriden und die
Hydroborierung und Hydrodichlormethylierung von Styrol Derivaten.

x

Introductory Remarks
A few introductory remarks should give the reader a good understanding of the structure
of this work. The dissertation is divided into seven chapters, of which the first is a general
introduction explaining the most important concepts of this work and putting it into the
right context. The following chapters describe and discuss the obtained experimental
results, followed by a general review of the work in Chapter 6. Finally, the experimental
part of this work comes in Chapter 7, followed by the bibliography and the appendix.
Chapter 2 of this work describes the synthesis of triply halide-bridged dinuclear Rh(III)
complexes bearing Josiphos ligands and their solid and solution state behaviour and
Chapter 3 is about their first applications in catalytic, asymmetric hydrogenations.
Chapter 4 is the core of this work and contains the chemo- and enantioselective
hydrogenation of ketones with a perfluoroalkyl group. Lastly, the 5th Chapter describes
the reactivity beyond hydrogenation reactions.
At this point it should be mentioned that some experimental work was carried out by
students in the course of semester projects and master theses. This is the case for the
synthesis of Walphos ligands and the subsequently attempted Rh(III) complex synthesis
in Chapter 2 carried out by Ana Böke, the asymmetric hydrogenation of
trifluoroacetophenones in Chapter 4 partly carried out by Daniel Käch, the
chemoselective hydrogenation of aryl perfluoroalkyl ketones also in Chapter 4 and the
alkylation of amines in Chapter 5 that were both part of the master thesis of Oliver Stiz.
Furthermore, this thesis describes only one of three projects that were carried out within
the overall doctoral studies, on which the majority of time was spent. The other two
projects are briefly summarised in Appendix A and detailed versions are published in the
respective journal articles.

Fabian Brüning
Zürich, Mai 2020
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Chapter 1
General Introduction

Chapter 1 – General Introduction

1.1

A Brief History of Homogenous Hydrogenation

The use of transition-metals as catalysts in organic synthesis has emerged as a powerful
tool in the past century, allowing chemists to make transformations that were previously
impossible. Nowadays, whole industrial processes rely on the unique capabilities of
transition-metal complexes as catalysts, which are widely employed in the production of
polymers, fine chemicals, pharmaceuticals and commodity chemicals. Beyond the
synthetic utilisation in academia and industry, transition-metal complexes are also used
as pharmaceuticals,[1] in organic light-emitting diodes (OLED)[2] and light-emitting
electrochemical cells (LECs)[3] and show potential as photosensitisers in solar cells[4]
among other prospective applications. Additionally, homogenous transition-metalcatalysis contributes to the increasingly important topic of “Green Chemistry” by
providing selective and efficient synthesis alternatives, thus reducing energy demand and
waste formation.[5] The outstanding importance of transition-metal catalysts in organic
synthesis has led to several Nobel prizes for work in this field, for example in 1973 for
Wilkinson and Fischer for their work on organometallic sandwich complexes, in 2001 for
Knowles, Noyori and Sharpless for their work on catalytic, asymmetric synthesis, and in
2004 for Chauvin, Grubbs and Schrock for transition-metal-catalysed metathesis method
development for organic synthesis. Half of the price for asymmetric synthesis was
awarded for homogenous asymmetric hydrogenation, which provides a convenient and
efficient way for the enantioselective synthesis of chiral alcohols, alkanes and amines
from ketones, alkenes and imines, respectively. The large scale industrial use of catalytic
asymmetric hydrogenation in the production of various pharmaceuticals and other fine
chemicals impressively demonstrates the versatility and usefulness of this method.[6] It is
perhaps not surprising, that homogenous hydrogenation is one of the most well-studied
and widely employed chemical transformations. To understand and underline how this
controlled addition of molecular hydrogen across C=C, C=O and C=N double bonds has
become such a powerful tool, the next sections will provide a brief summary of the
evolution of homogenous hydrogenation during the last century.

1.1.1 Rhodium Complexes – The Discovery of Homogenous Hydrogenation and
Wilkinson’s Catalyst
The first homogenous hydrogenation dates back to 1938, when Calvin reported the
hydrogenation of benzoquinone with molecular hydrogen in a solution containing copper
2
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acetate and quinoline at 100 °C.[7][8] Only a year later, RhCl3 and amine derivatives thereof
such as [Rh(NH3)4Cl2]Cl were used to activate dihydrogen in the homogenous
hydrogenation of various organic and inorganic substrates by Iguchi [9], who shortly
thereafter also described the selective hydrogenation of dienes to monoenes in aqueous
cobalt cyanide solution.[10] These promising first examples of hydrogen activation and
homogenous hydrogenation paved the way for several further investigations on the topic
in the following years, for instance with ruthenium and platinum catalysts.[11,12] A
milestone in the history of homogenous hydrogenations, however, was the discovery of
rhodium phosphine complexes some years later in the 1960s. One of these complexes was
[RhH(CO)(PPh3)3] which was first prepared in 1963 by Vaska along with its iridium
analogue [IrH(CO)(PPh3)3].[13] Wilkinson closely investigated this rhodium complex[14] and
its catalytic activity in the hydrogenation of terminal olefins,[15] isomerisation of linear
olefins[16] and hydroformylation of alkenes.[17]
The discovery of chlorotris-(triphenylphosphine)rhodium(I) between 1964 and 1965
opened up whole new possibilities for the development of homogenous hydrogenation
and transition-metal-catalysis in general. Though [RhCl(PPh3)3] is today known as
Wilkinson’s catalyst, it was originally reported by multiple groups. The complex proved
superior catalytic activity not only in hydrogenation under mild reaction conditions, but
also in transfer hydrogenation, hydrosilylation and olefin isomerisation and found
widespread industrial and academic applications within just a few years.[18]

Figure 1: Structures of [RhH(CO)(PPh3)3], [RhCl(PPh3)3] known as Wilkinson’s catalyst and
[Rh(cod)(PPh3)2]BF4, an example of a Schrock-Osborn type catalyst.

Cationic rhodium phosphine complexes of the type [Rh(diene)(PR3)2]+ constitute another
important type of hydrogenation catalysts. These complexes are often referred to as
Schrock-Osborn catalysts, and were reported independently from several laboratories
between 1968 and 1970.[19–21] Schrock and Osborn then revealed their catalytic potential
for hydrogenation of alkenes, alkynes and ketones in the following years and
demonstrated that the diene ligand is hydrogenated and solvent complexes of the type

3
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[Rh(H)2(PR3)2(solvent)2]+ are formed in solution.[22–24] This cationic species was found
responsible for the observed unprecedented reactivity.
The mechanism of rhodium-catalysed hydrogenations has been extensively studied by
several groups and the most complete study is probably the mechanistic investigation on
the hydrogenation of prochiral enamides by Halpern in 1981. [25] Noteworthy, the
dissociation of a phosphine ligand from [RhH(CO)(PPh3)3] or [RhCl(PPh3)3], is crucial to
create sufficient vacant coordination sites. In contrast, cationic Schrock-Osborn type
complexes reduce the coordinated diene that subsequently dissociates. It is generally
believed that homogenous hydrogenations proceed only via Rh(I) and Rh(III)-species for
both, neutral and cationic catalyst precursors.
The remarkable success of rhodium phosphine complexes in homogenous hydrogenation
among other reactions not only enlightened chemists with valuable insights into catalytic
transformations in general, but also formed the basis for the development of asymmetric
hydrogenation, which is described in Section 1.1.3.

1.1.2 Iridium Complexes – Crabtree’s Catalyst
Although iridium analogues of catalytically active rhodium complexes, such as
[IrH(CO)(PPh3)3] and [IrCl(PPh3)3] were prepared in the early 1960s, their reactivity in
catalytic hydrogenations was very limited. This can be attributed to two interconnected
factors, which are 1) the stronger metal-ligand bonds formed by iridium in comparison
with rhodium and 2) the use of polar, coordinating solvents such as methanol for
homogenous hydrogenations during that time. Exemplary for this is Vaska’s complex
[IrCl(CO)(PPh3)2],

which

reversibly

reacts

with

molecular

hydrogen

to

form

[Ir(H)2Cl(CO)(PPh3)2].[26] However, the complex is only weakly catalytically active because
there is hardly any ligand dissociation that could result in vacant coordination sites for
alkene coordination and subsequent reduction. The circumvention of this problem by the
use of cationic iridium analogues of Schrock-Osborn type iridium complexes was not
successful either and instead resulted in the formation of coordinatively saturated
solvent complexes of the type [Ir(H)2(PPh3)2(solvent)2]+.[21] In comparison to their rhodium
analogues, the solvent-metal bond is more stable and the complexes are therefore much
less catalytically active. Since solvent dissociation was crucial to generate free
coordination sites, the change towards non-coordinating solvents such as CH2Cl2 or
CHCl3 was the decisive step to reveal the full potential of iridium complexes as
4
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hydrogenation catalysts.[27] Crabtree and Morris replaced one phosphine ligand with
pyridine and reported cationic complexes of the type [Ir(cod)(PR 3)(py)]PF6.[28] Several of
these complexes were tested as potential catalysts and [Ir(cod)(PPh 3)(py)]PF6
demonstrated the highest activity, especially for challenging, hindered substrates such
as tetramethyl ethylene. This iridium complex is today known as Crabtree’s catalyst. A
broader audience became interested in Crabtree’s catalyst when Stork demonstrated that
it is capable of hydrogenating cyclohexenols with a high degree of stereocontrol by
exploiting the coordination ability of the hydroxyl group.[29] This directing effect is also
observed for other directing group including ethers, ketones or esters.

Figure 2: Vaska's complex [IrCl(CO)(PPh3)2], a cationic dihydride solvent complex [Ir(H)2(PPh3)2(solvent)2]+
(solvent e.g. MeOH, acetone) and Crabtree`s complex [Ir(cod)(PCy 3)(py)]PF6.

In contrast to rhodium, a theoretical study indicates that iridium-catalysed
hydrogenation proceeds through an Ir(III)/Ir(V) catalytic cycle with an IrH 2(H2)
intermediate species.[30] The high reactivity of such complexes, however, complicates
mechanistic investigation and slow diffusion of hydrogen into the solution can be a ratelimiting factor.
Noteworthy, numerous important reports of transition-metal catalysts other than
rhodium and iridium contributed to the development of homogenous asymmetric
hydrogenation. These include ruthenium,[31] palladium,[32] platinum[12] and nickel
complexes,[33] which are, however, not relevant for this work and are only mentioned for
the sake of completeness. Among these, especially ruthenium catalysts gained attention
during the 1980s and 1990s when academic and industrial research interest shifted
towards asymmetric hydrogenation, the rise of which is described in the next section.

1.1.3 Development of Asymmetric Hydrogenation and Chiral Phosphine Ligands
The development of chiral phosphine and especially diphosphine ligands went parallel
with the advent of homogenous asymmetric hydrogenation. Phosphine ligands arguably
constitute one of the most important ligand classes for enantioselective hydrogenations
5
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and homogenous catalysis in general. Their widespread utilisation in organometallic
chemistry can be attributed to their unique properties as ligands. The metal-phosphine
bond involves a combination of strong σ-donation from the phosphine lone pair into
empty metal-based d-orbitals and π-backdonation from a filled metal d-orbital into the
empty phosphine σ*-orbital (Figure 3, left).[34] A method for quantification of the steric
and electronic parameters of tertiary phosphines was introduced by Tolman and these
parameters are known as “Tolman electronic parameter” and “Tolman cone angle”. [35]
The former is determined by analysis of the A1 carbonyl stretching frequencies of nickel
complexes of the type [Ni(CO)3(PR3)], whereas the latter is defined as the solid angle
formed with the metal at the vertex of the van der Waals radii of the outermost atoms of
the phosphine substituents.

Figure 3: Simplified metal-phosphine orbital interactions (left), [Ni(CO) 3(PR3)] used for the Tolman
electronic parameter of phosphines and schematic display of the Tolman cone angle (right) .

Noteworthy, the outstanding success of phosphines as ligands in homogenous catalysis
is mainly a consequence of two factors. For one, a large variety of phosphine substituents
exists and therefore the steric and electronic properties of phosphine ligands can be
modified easily and predictably. Secondly, tertiary phosphines can stabilise an
exceptionally large range of metal complexes in various oxidation states.
Two other important properties of phosphine ligands are worth mentioning. Firstly, they
are usually only spectator ligands, not directly involved in catalytic transformations.
Secondly, phosphines are configurationally stable and two distinct configurational
isomers exist for tertiary phosphines having three different substituents. The inversion
barrier for this compounds is relatively large in comparison to their nitrogen analogues
so that enantiopure P-stereogenic tertiary phosphines do not epimerise easily.[36]
The idea of using such a chiral monodentate phosphine ligand coordinated to a
Wilkinson-type catalyst to obtain enantioselective induction seems natural. Indeed, the
first homogenous asymmetric hydrogenations by Horner and Knowles were done using
6
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the chiral methylphenylpropylphosphine (MPPP). They reported the hydrogenation of
styrene derivatives both using rhodium catalysts and a chiral, monodentate phosphine,
although enantioselective induction was very low (Scheme 1).[37,38]

Scheme 1: Knowles’ first report on enantioselective, catalytic reduction of 2-phenylacrylic acid (top) and
Horner’s asymmetric hydrogenation of α-ethylstyrene and α-methoxystyrene (bottom).

At this time, Knowles believed that the chirality must be at the phosphorus atom to
obtain high enantioselectivity. Consequently, further P-stereogenic ligands such as
PAMP (phenylanisylmethylphosphine) or CAMP (cyclohexylanisylmethylphosphine)
were developed (Figure 4). Using these ligands, the asymmetric hydrogenation of
dehydroaminoacids was reported with moderate (50% - 60% for PAMP) to excellent (up
to 88% for CAMP) ee values.[39] Morrison, however, demonstrated as early as 1970 that βmethylcinnamic acid can be hydrogenated with an ee of 61% with a non P-stereogenic
phosphine.[40] This was accomplished using the monodentate NMDPP, which contains a
stereogenic neomenthyl substituent that can be obtained from menthol. The study
illustrated that the stereogenic centre does not have to be in close proximity to the metal
and that P-stereogenic phosphines were not necessarily required. Additionally, the
ligand and therefore also the chirality inducing framework can be prepared from
inexpensive and readily available precursors which can be obtained from natural
resources, e.g. plants. This also makes the resolution step, often required for obtaining
enantiomerically pure P-stereogenic phosphines, redundant.

Figure 4: Monodentate phosphine ligands from the early days of asymmetric hydrogenation.
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A similar approach was chosen in 1971 by Kagan, who used ethyl tartrate as chiral
building block to synthesise the diphosphine ligand DIOP. His Rh-DIOP system was
capable of successfully hydrogenating cinnamic acid derivatives to the corresponding
amino acids with up to 72% enantiomeric excess (Scheme 2).[41]

Scheme 2: Asymmetric hydrogenation of α-acetamidocinnamic acid using DIOP by Kagan.

DIOP was not only the first C2-symmetric chiral diphosphine ligand, but it also further
illustrated that the stereogenic centre does not have to be at the phosphorus in order to
obtain good enantioselectivities when using diphosphines. However, in 1977 Knowles
reported the C2-symmetric, P-stereogenic diphosphine ligand DIPAMP, which can be
regarded as a bridged, dimeric version of PAMP. DIPAMP reached unprecedented
enantioselectivities up to 95% for α-acetamidocinnamic and derivatives thereof.[42]
Consequently, the rhodium-DIPAMP system was used in the industrial synthesis of LDOPA (3,4-dihydroxyphenylalanine), a drug is used in the treatment of Parkinson’s
disease (Scheme 3).[43] The difficulty in preparing ligands with chirality at the phosphorus,
however, was nevertheless a major drawback and DIPAMP was no exception. Not
surprisingly, the next generations of useful ligand families were instead based on chiral
carbon backbones.

Scheme 3: Asymmetric hydrogenation step in the L-DOPA synthesis with (R,R)-DIPAMP as ligand.

Particularly remarkable and successful among these were atropoisomeric diphosphines.
In general, atropoisomers are chiral stereoisomers resulting from the hindered rotation
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around a single bond due to a high rotational energy barrier. The first prominent
atropoisomeric diphosphine ligand BINAP made its mark in 1980, when it was reported
in the asymmetric hydrogenation of α-(acetylamino)acrylic acids with unprecedented
high enantiomeric excess.[44] BINAP complexes were subsequently used in different
catalytic systems, and their utilisation in ruthenium complexes is presumably one of the
most important applications. This development was largely driven by the later Nobellaureate Ryōji Noyori, and particularly outstanding from his pioneering work are two
distinct catalyst systems. For one, these are Ru-BINAP dicarboxylate complexes used in
the asymmetric hydrogenation of various functionalised olefins.[45,46] Ru-BINAP diamine
complexes, used in enantioselective hydrogenation of unfunctionalised ketones,
constitute the other highly efficient catalyst class.[47]
The overwhelming success of BINAP sparked the development of numerous other C 2symmetric, atropoisomeric diphosphine ligands such as MeO-BIPHEP, SEGPHOS and
structural variations thereof (Figure 5).[48,49] The development of many ligands in the

Figure 5: Atropoisomeric diphosphine ligands (S)-BINAP, (S)-MeO-BIPHEP and (S)-SEGPHOS.

1980s and 1990s was heavily influenced by the remarkable success of DIOP, BINAP and
DIPAMP. This led to the widespread conception that both C2-symmetry and a
diphosphine scaffold were required to induce high enantioselectivity. The interest in C1symmetric bidentate or monodentate phosphine ligands emerged rather late.
Nevertheless, a large selection of such ligands was developed, and they have proven to be
efficient in various transition-metal-catalysed asymmetric transformations. Only two
important ligand classes of these, relevant to this work shall be introduced here. For one,
the ferrocene-based diphosphine Josiphos ligands will be discussed in detail in Section
1.2. The second class are the phosphinooxazoline (PHOX) P-N ligands, containing one
coordinating phosphorus and one sp2-nitrogen atom. The PHOX ligands were
independently developed by three different research groups and originally used in
enantioselective palladium-catalysed allylic substitutions.[50–52] They are readily
9
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accessible from the corresponding chiral aminoalcohols in a two-step procedure, having
the advantage of a large variability on the phosphine substituents and the side chain. The
application of the PHOX ligands in asymmetric hydrogenation was pioneered by Pfaltz
using iridium complexes of the type [Ir(cod)(PHOX)]PF6 in the catalytic, enantioselective
hydrogenation of imines. Shortly thereafter, these catalysts also proved exceptionally
successful in a transformation that was until then perceived very difficult to achieve:
asymmetric hydrogenation of unfunctionalised carbon-carbon double bonds without a
directing group.[53] Some progress had been made on this topic previously, for example by
Buchwald using a chiral titanocene catalyst,[54] but complicated ligand preparation or
tricky reaction conditions prevented widespread application and further developments.
Enantioselective hydrogenation of alkenes thus required almost invariably a coordinating
functional group, such as a carbonyl or a hydroxy group, in close spacial proximity to the
double bond.

Figure 6: Ferrocene-based diphosphine ligand (S,RP)-Josiphos, generic structure of a phosphinooxazoline
(PHOX) ligand and [Ir(cod)(PHOX)]PF6, a precatalyst for the asymmetric hydrogenation of simple olefins
without directing group.

The Ir-PHOX rendered this redundant by providing a practical and highly active catalytic
system for olefins without such a directing group. Catalyst loadings could be reduced to
0.02

mol%

when

the

bulky

boron-based

anion

BARF

(tetrakis[3,5-

bis(trifluoromethyl)phenyl]-borate) was used instead of PF6. The Pfaltz group, among
others, continued to further develop the Ir-PHOX system, mainly by structural variations
on the PHOX ligand. Thereby, the successful enantioselective hydrogenation of other
substrate classes including allylic alcohols, unsaturated esters, boronic esters and
tetrasubstituted olefins was accomplished.[55]
Considerable progress has been made in the past decades and some of the major
challenges in asymmetric hydrogenation have been successfully tackled, thanks to the
broad variety of ligands and transition-metal complexes that were developed. This first
10
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chapter only contains a general overview of the most significant discoveries and
developments in the field of homogenous hydrogenation, with a focus on some key points
of special importance to this work. Countless other phosphine and non-phosphine
ligands and their transition-metal complexes have successfully contributed to the field;
a description thereof, however, lies outside the scope of this work and the interested
reader is encouraged to consult the relevant literature for a more comprehensive
summary.
As announced earlier in this section, the next part of this introduction will describe the
rise of a particularly interesting and successful diphosphine ligand family: ferrocenebased Josiphos-type ligands.
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1.2

The Josiphos Ligand Family

In the past decades, chemists have developed an impressively large number of chiral
ligands for transition-metal-catalysed asymmetric transformations. Yet, only few of
them were exceptionally successful in both academia and industry. Although the
measurability of a ligand’s success is certainly debatable, some truly outstanding ones
were undeniably identified and are referred to as “privileged structures” or “privileged
ligands”, a term that was first introduced by Jacobsen in 2003.[56] In analogy to the use of
this term in medicinal chemistry for a compound class that shows activity for different
biological targets, it can be used for catalytic systems which demonstrate high activity
and enantioselectivity in different, mechanistically unrelated asymmetric reactions. For
a ligand to successfully become a privileged structure it requires several prerequisites.
For one, such a ligand needs to demonstrate exceptionally good catalyst performance in
terms of enantioselectivity, substrate scope and functional group tolerance, but must also
have a high turnover number (TON) and turnover frequency (TOF) for potential technical
applications. In addition, both ligand enantiomers need to be accessible via a
straightforward synthesis route that allows for structural modifications. Complementary,
some economic factors such as patent protection, commercial availability and marketing
may become an important success factor. The ligands BINAP, PHOX and Josiphos, which
were introduced in the previous chapter fulfil these criteria and can certainly be regarded
as privileged structures. The ferrocene-based diphosphine Josiphos ligands were
developed by Togni in 1993 and are named after the technician Josi Puleo who isolated
the first one.[57] The asymmetric ligand framework of Josiphos ligands contains two
different elements of chirality - central chirality and planar chirality on the ferrocene
moiety. To understand their remarkable success, the next sections will describe
background, discovery and development of this ligand family.

1.2.1 Ugi’s Amine, PPFA and Planar Chirality
The common precursors to all Josiphos-type ligands and many other ferrocene-based
ligands is Ugi’s amine (N,N-dimethyl-1-ferrocenylethylamine, Scheme 4). The amine is
named after Ivar Ugi, who reported its first synthesis along with investigations into its
stereochemical behaviour in directed lithiation and substitution reactions.[58] The amine
is accessible from ferrocene in four consecutive synthesis steps: Friedel-Crafts acylation,
reduction of the ketone, activation of the alcohol by phosgenation or esterification and
12
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eventual nucleophilic displacement of the ester with the amine. [59] The enantiopure
amine can be obtained by resolution with tartaric acid and both enantiomers can be
isolated from the same batch in high yield. Treatment of Ugi’s amine with a strong base
such as n-BuLi results in amine-directed ortho-lithiation of the substituted ferrocenyl
ring. This lithiation proceeds with high diastereoselectivity, providing the two metallated
ferrocenyl amines in a ratio of 96:4 (Scheme 4). The selectivity originates from the
existing stereocentre containing a methyl group, which is preferably pointing away from
the ferrocenyl ring due to an unfavourable steric interaction in the reverse case, where
the methyl group points downwards towards the bulky ferrocenyl fragment. The lithiated
species reacts with electrophiles such as trimethylchlorosilane, formaldehyde or
benzophenone.[58] The product contains not only the pre-existing stereogenic centre
alpha to the dimethyl amine, but also planar chirality on the ferrocenyl framework. The
stereochemical assignment of ferrocenes and metallocenes in general was extensively
debated, because the classical Cahn-Ingold-Prelog (CIP) priority rules[60] are not easily
applicable. The most comprehensive and relevant system is perhaps the one from Schlögl
for doubly and triply substituted metallocenes.[61] This shall be explained briefly on the
example of substituted Ugi’s amine in Scheme 4. One looks from the top of the
substituted Cp ring along the metallocene axis and determines the substituent priorities
using standard CIP rules. If the priority numbering increases clockwise, the metallocene
chirality is R, whereas an anticlockwise order is denoted as S.

Scheme 4: Diastereoselecive ortho-directed lithiation of (S)-Ugi’s amine. The first report by Karl Ivar Ugi
used trimethylchlorosilane, formaldehyde or benzophenone as electrophiles. a
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To distinguish the designation of the planar chirality from the central chirality more
easily, the subscript P is used to denote planar chirality. 1 Accordingly, the main product
after lithiation of (S)-Ugi’s amine and reaction with an electrophile, has an S,RP
configuration, whereas the minor product is designated S,SP (Scheme 4, right). This is
only true if “E” has the highest CIP priority, as in the case of trimethylchlorosilane,
formaldehyde or benzophenone, when the products contain a TMS, -CH2OH or C(OH)(C6H5)2 group.

1.2.1 PPFA, BPPFA and the Discovery of Josiphos
Following the discovery of Ugi’s amine, Hayashi and Kumada reported in 1974 the
reaction of the lithiated amine with chlorophosphines and they obtained the
corresponding phosphine-substituted ferrocenylamines PPFA and MPFA (Scheme 5,
left).[62] A second deprotonation and lithiation on the second Cp ring is possible upon
addition of a second equivalent of base and TMEDA, so that the diphosphine
ferrocenylamine BPPFA can be obtained (Scheme 5, right).

Scheme 5: Hayashi’s synthesis of PPFA, MPFA and BPPFA from (S)-Ugi’s amine.

The ligands MPFA, PPFA and BPPFA were originally used in the enantioselective
rhodium-catalysed hydrosilylation of ketones. Though the enantiomeric excess of the
products was fairly low, this represents the first catalytic, asymmetric reaction using
phosphine ligands with a planar-chiral ferrocenyl scaffold. These initial findings were
fundamental for the subsequent development of chiral chelating phosphines derived
from ferrocene. Particularly important is the replacement of the dimethylamino group
with acetate upon treatment with acetic anhydride (Scheme 6). Such α-acetyl
alkylferrocenes react via nucleophilic displacement of the acetate group under
appropriate reaction conditions, for example with secondary amines, alcoholates or

The subscript P is sometimes used do denote chirality on the phosphorus atoms in the literature. In this
work P-stereogenic compounds are only mentioned in passing and P denotes the planar chirality.
1
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azides.[63] Hayashi and co-workers used this methodology for the synthesis of a
bifunctional BPPFA-derived diphosphine ligand (Scheme 6). Gold(I) complexes of this
ligand demonstrated excellent catalytic activity and enantioselectivity in the asymmetric
aldol reaction of aldehydes with isocyanoacetates.[64] The non-coordinated terminal
dialkylamino group was believed to participate in the formation of the enolate, hence the
bifunctionality of the ligand.

Scheme 6: Synthesis of the bifunctional BPPFA-derived diphosphine ligand, used by Hayashi in goldcatalysed asymmetric aldol reactions.

The aforementioned nucleophilic displacement of the acetate at the pseudo-benzylic
position is exceptionally peculiar and typically proceeds with complete retention of
configuration. The reactivity behaviour is characteristic for this system and can be
explained by a SN1-type mechanism, where the carbocation is stabilised by resonance
conjugation with the Cp ring and additional contribution from the metal centre in its
close spacial proximity.[65] Consequently, the nucleophilic attack is restricted to take
place from the opposite direction, resulting in retention of the absolute configuration.

Scheme 7: Mechanism of the nucleophilic substitution on the pseudo-benzylic position of ferrocenyl
substrates with retention of absolute configuration.

PPFA and BPPFA established themselves as effective ligands for various asymmetric
reactions, and multiple structural variations were investigated after the initial report.
The Josiphos ligands were discovered during one of these investigations, in a study on
the gold(I)-catalysed aldol reaction by Togni at the Ciba-Geigy central research
laboratories. In the process, multiple ferrocene-based ligands derived from PPFA or
BPPFA were prepared. It was discovered, that the stereoretentive displacement of the
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acetate group could be accomplished using thioacetate, so that for the first time a
nucleophile not based on nitrogen or oxygen was successfully reacted.[66] This sparked the
idea of using secondary phosphines, thereby synthesising chelating di- or triphosphine
ligands bearing different phosphine substituents. The successful reaction using
dicyclohexylphosphine (HPCy2) gave the first Josiphos ligand (Scheme 8).[57] The
secondary phosphine could also be reacted directly with PPFA, so that replacement of the
amine moiety of PPFA with an acetyl group was no longer required. Using acetic acid was
crucial for the success of the reactions, due to favourable stabilisation of the transition
state, similar as in classical SN1 reactions.

Scheme 8: First Synthesis of (S,RP)-Josiphos by Togni (top) and structure and top view of both major
Josiphos stereoisomers.

The first catalytic tests involving Josiphos ligands, rhodium-catalysed hydrogenation of
C=C and C=O double bonds, hydroboration of styrene with catecholborane and
palladium-catalysed allylic substitution, were highly successful giving excellent yields
and

enantioselectivities.[57]

Considering

this

promising

initial

reactivity

in

mechanistically unrelated reactions and the relatively simple two-step preparation that
allows for straightforward phosphine substituent modification, it is unsurprising that
Josiphos ligands quickly found widespread interest and applications in both academia
and industry. The detailed and comprehensive story of the early developments of the
Josiphos ligand family and their catalytic applications is to be found in the literature, [67]
and will not be discussed here in detail. Nevertheless, any proper introduction of the
Josiphos ligands should include the most prominent industrial application thereof – the
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asymmetric hydrogenation of the MEA imine in the synthesis of (S)-metolachlor. This is
doubly relevant for this work, because it does not merely illustrate the successful catalytic
implementation of a Josiphos ligand into an industrial process, but also because some of
the surprising peculiarities found at during the process development of the
hydrogenation step reappeared in a somewhat similar fashion in this thesis.

1.2.3 Asymmetric Imine Hydrogenation in the Industrial (S)-Metolachlor Synthesis
with Xyliphos
Metolachlor is a widely used herbicide that is sold under the brand name dual® or dual
magnum®. It is a tertiary amide bearing a chiral alkoxyalkyl group and a 2,6-orthodisubstituted aniline moiety. The atropoisomerism at the aniline C-N bond in
combination with the stereogenic centre in the alkoxyalkyl chain generates four
metolachlor stereoisomers (Figure 7).

Figure 7: The four stereoisomers of metolachlor, the active ingredient of the herbicide Dual magnum®.

The initial herbicide contained a mixture of all four stereoisomers, but it was soon
discovered that the activity of the two stereoisomers with (1’S) configuration by far
exceeds the one of the (1’R) isomers, while the atropoisomerism had only minor effects
on the activity.[68] Considering the large production volume of metolachlor already at that
time, as well as the extension of patent protection, the necessity for the development of
an efficient asymmetric synthesis became evident. Inspired by the L-DOPA process of
Monsanto the first attempts focused on asymmetric enamide hydrogenation, albeit only
with moderate success. The attention was then shifted to the hydrogenation of the
methylethylaniline (MEA) imine precursor. In general, catalytic, asymmetric reduction of
C=N double bonds was a rather unexplored field at that time and the development of an
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efficient process faced several problems. Particularly troublesome were low catalyst
activity, low enantioselectivity, catalyst deactivation or combinations thereof. The
discovery of the Josiphos ligands opened up new possibilities and it was found that the
use of Xyliphos, a Josiphos derivative with two xylyl substituents on the aliphatic
phosphine, prevented catalyst deactivation.[69] The activity of this catalyst system,
consisting of [IrCl(cod)]2 and Xyliphos was dramatically enhanced by the combined
addition of iodide and a Brønsted acid, for example acetic or sulfuric acid (Scheme 9). The
obtained chiral amine can be converted into metolachlor using 2-chloroacetyl chloride.

Scheme 9: Iridium-catalysed asymmetric hydrogenation of the MEA imine in the synthesis of
(S)-metolachlor.

While iodide addition was known to improve similar catalytic systems, the idea of adding
acetic acid originated from heterogenous hydrogenation. Its utilisation as a solvent to
promote enantioselectivities was reported, but it was considered to deactivate
homogeneous hydrogenation catalysts. Interestingly, use of either acid or iodide alone
had minimal impact on the reactivity and only the combined addition of both gave the
unprecedent high reactivity of the iridium catalyst. The synergistic effect of the two
additives on the catalyst could never be fully explained. In an attempt to elucidate the
active species and gain further insight into the reaction mechanism, Togni and coworkers prepared several relevant iridium(I) and iridium(III) with Xyliphos ligands. [70]
Subsequent testing in the catalytic MEA imine hydrogenation revealed a superior
reactivity of Iridium(III) species with the dinuclear triply iodide-bridged complex
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[{IrI(xyliphos)}2(µ-I)3]I having the highest activity, followed by the mononuclear
[IrHI(cod)(xyliphos)]BF4.

Figure 8: Iridium(III) complexes with superior activity in the MEA imine hydrogenation.

Although the enantiomeric excess of 79% seems rather low from an academic
perspective, the excellent reactivity of the Ir-Xyliphos system rendered other catalysts
and ligands with higher enantioselectivities irrelevant from an economic perspective.
Today more than ever, a high enantioselectivity is the key property of a homogenous
catalyst to be acknowledged properly, especially by academic researchers, whereas
turnover numbers and frequencies are given less attention.
It is impressive, that it took just a few years from the discovery of Josiphos ligands in the
late 1980s[71] to its first large-scale technical application. This prominent example
certainly prompted a wider interest in ferrocene-based ligands and helped pushing their
further development.

1.2.3 Structural Aspects of the Josiphos Ligands
The question concerning which structural characteristics render some ligand families
particularly successful has been extensively debated. Some properties, such as a
stereogenic phosphorus or C2-symmetry were once believed to be required, but these
beliefs were abandoned later. From a more distant perspective some necessary features
can be identified and the most important one is perhaps a certain structural rigidity,
which provides a well-defined chiral environment around the metal centre for
enantioselective induction. Regarding the Josiphos ligand, the following question arises:
Can the success of Josiphos ligands in so many catalytic, enantioselective transformations be
rationalised by identification of certain characteristic ligand properties or configurations?
A systematic study of solid-state structures of several Josiphos ligands coordinated to
transition-metals by Togni investigated two distinctive torsion angles and attempted to
correlate them with reactivity patterns.[72,73] Indeed, some characteristic structural
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features and preferential conformations could be identified. The stereogenic side chain
bearing one of the phosphino groups shows a narrow conformational orientation range
in most structures, whereas the phosphine directly attached to the Cp ring was found to
be conformationally flexible. An overall strong conformational rigidity can therefore not
be found for coordinated Josiphos ligands (at least in the solid state), and an
unambiguous correlation of torsion angles with catalytic properties or selectivity, could
not be established.
Two empirically observed characteristics of Josiphos ligands should nevertheless be
mentioned at this point: For one, Josiphos ligands with the same phosphine substituents
are often outperformed in terms of reactivity and selectivity by those bearing different
substituents. This feature was already observed in the very first reported catalytic
transformations using Josiphos,[57] and it was explained by cooperative steric and
electronic effects of the stereoelectronically different phosphines. Perhaps one can draw
an analogy to the highly successful PHOX ligands, where the two coordinating groups
also have clearly different electronic and steric properties. The second observed
structural peculiarity of Josiphos ligands is the superior catalytic performance of (R,SP)
and the enantiomeric (S,RP) stereoisomers in comparison the (S,SP) and (R,RP)
diastereoisomers. Certainly, the exception proves the rule and the Josiphos ligands may
not be an exception in this regard, but this holds true for the vast majority of reported
transformations.

1.2.3 Related Ferrocene-Based Diphosphine Ligands
Since the development and successful catalytic applications of Hayashi’s PPFA, BPPFA
and Togni’s Josiphos ligands, the ferrocene backbone became a popular structural
framework for chiral ligands. Among these are also numerous diphosphines and some of
these well-known ligand families are shown in Figure 9. They can be classified according
to the connection of the phosphine moieties to the remaining framework. [74] They can
either be attached to the same Cp ring, to different Cp rings (as for BPPFA, Scheme 6),
directly to a Cp ring and an adjacent side chain (as for Josiphos, BoPhoz and Taniaphos)
or to two different side chains (as for Walphos).
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Figure 9: Selected ferrocene-based diphosphine ligands.

Each of these ligands individually was individually successful in some catalytic,
asymmetric reaction, possibly outperforming Josiphos-type ligands for a specific
substrate or reaction.[75–78] Yet, their application was somewhat limited by more complex
synthetic routes and the Josiphos ligands still constitute the most successful and widely
used ligand family with a ferrocene backbone. Recently, other metallocene-based
diphosphines e.g. with ruthenium or cobalt have been synthesised and used as ligands,
but for numerous practical reasons they currently remain an academic curiosity. [79,80]

21

Chapter 1 – General Introduction

1.3

Halide-Bridged Dinuclear Ir(III) and Rh(III) Complexes as Catalyst
Precursors for Asymmetric Hydrogenation

Iridium catalysts were applied in the hydrogenation of C=C double bonds since the 1970s.
However, it was not until the large-scale industrial application of the Ir-Xyliphos system for the
MEA imine hydrogenation in the (S)-metolachlor synthesis that they were extensively
investigated as catalysts for enantioselective C=N bond hydrogenations.[81] This transformation
was a relatively unexplored field until then. It was generally believed that the reaction mechanism
of C=C hydrogenations with an iridium catalyst involves Ir(III) and Ir(V) species, in contrast to
their rhodium analogues. Hence, a successful asymmetric hydrogenation with iridium catalysts
often relies on the formation of Ir(III) species. This can be accomplished either by using a suitable
oxidizable Ir(I) precatalyst or, alternatively, by the use of well-defined Ir(III) complexes and both
options are well-established in the hydrogenation of carbon-carbon double bonds. In contrast,
the use of Ir(III) complexes as precatalyst for C=N hydrogenation and especially its asymmetric
variant was virtually unexplored space until 1990. One of the first reports was by Osborn and coworkers, who used anionic complexes with a diphosphine ligand of the type Li[IrI4(dppe)] for the
chemoselective hydrogenation of imines.[82] The same year, doubly iodide-bridged dinuclear
iridium(III) complexes of the type [{IrHI(chiral diphosphine)}2(µ-I)2] with ligands such as DIOP
and BINAP were used in the catalytic, enantioselective hydrogenation of some imines, albeit with
moderate enantioselectivities.[83] Noteworthy, these complexes exist in two distinct
configurations in solution, transoid or cisoid, depending on the hydrides’ relative orientation to
each other.

Figure 10: Iridium(III) complexes for catalytic imine hydrogenation.[82–84]

Progress in asymmetric C=N hydrogenation was also made using an iridium(III) catalyst
bearing a tetradentate P-P-N-C ligand (Figure 10).[84] This tetradentate tertiary amine
ligand is coordinated to the iridium centre via two phosphines, the amine and one carbon
from

the

incorporated

phenyl

ring,

and

the

complex

enantioselectivity in the hydrogenation of 2-methylquinoxalines.
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Subsequently, several other successful catalytic systems were developed for asymmetric
imine reduction. Of particular relevance to this work are triply-halide bridged dinuclear
iridium(III) complexes bearing chiral diphosphine ligands. Their synthesis and catalytic
properties will be described in detail in the next section.

1.3.1 Triply Halide-Bridged Dinuclear Iridium(III) Species
Chloride-bridged dinuclear iridium(I) species bearing chiral diphosphine ligands of the
type [IrCl(P-P)]2 or their in situ synthesis from the corresponding precursor
[IrCl(diolefin)]2 are established systems for several catalytic transformations including
hydrogenation and hydroamination.[81,85] Knowing that the active species in homogenous
hydrogenation is an Ir(III) complex, it appears favourable to synthesise well-defined,
chiral iridium(III) complexes as precatalysts. This approach was pursued by Mashima and
co-workers, who developed a series of triply halide-bridged dinuclear iridium(III)
complexes.
Initially, some mononuclear Ir(III) carboxylate complexes of the type [IrH(X)(O2CR)((S)BINAP)] (X = Cl, Br, I) were synthesised from [IrX(cod)]2, chiral ligand and carboxylic acid,
as shown in Scheme 10.[86] These complexes had previously been reported by Osborn,[87]
but this novel procedure considerably simplified their synthesis by using a commercially
available iridium(I) precursor and a Brønsted acid to oxidise the metal.

Scheme 10: Synthesis of mononuclear iridium(III) complexes with (S)-BINAP and carboxylic acids.[88]

This reactivity was subsequently expanded to the synthesis of triply halide-bridged
dinuclear Ir(III) complexes of type [{IrH(diphosphine)}2(µ-X)3]X, which were prepared
using [IrCl(coe)2]2, two equivalents of chiral ligand and an excess of aqueous HCl, HBr or
HI (Scheme 11). Noteworthy, replacement of all chloride atoms was observed when excess
HBr or HI was used, and other C2-symmetric diphosphine ligands such as Tol-BINAP,
SYNPHOS, SEGPHOS or DIFLUORPHOS worked equally well. The synthetic protocol thus
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provided relatively simple access to a series of air- and moisture-stable iridium(III)
catalyst precursors. Note that the cationic, triply iodide-bridged complex {IrH((S)BINAP)}2(µ-I)3]I has the same chemical formula as the neutral complex [{IrHI((S)BINAP)}2(µ-I)2] shown in Figure 10.

Scheme 11: Synthesis of triply halide-bridged dinuclear iridium(III) complexes bearing chiral
C2-symmetric diphosphine ligands.

The solid state structure of the chloride complex [{IrH((S)-BINAP)}2(µ-Cl)3]+ was later
reported by Dahlenberg and confirmed the presumed triply halide-bridged dinuclear
structure.[89] This representative structure is illustrated in Figure 11. The cationic bifacial
main scaffold consists of two octahedral iridium(III) centres, each of which has one
hydride and one diphosphine ligand coordinated. Three bridging chloride ligands connect
the two iridium atoms whose coordination spheres display a symmetrical orientation in
such a way, that the two hydride ligands point in the same direction, resulting in an
overall C2-symmetry of the complex. The chloride-rhodium bond of the chloride
coordinated trans to the hydrides is significantly elongated, due to the hydrides’ trans
influence.
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Figure 11: Solid-state structure of the cationic part of [{IrH((S)-BINAP)}2(µ-Cl)3]Cl. Hydrogen atoms and
two phenyl substituents are omitted for clarity, thermal ellipsoids are drawn at 50% probability.

The catalytic profile of these iridium complexes is characterised by a high activity and
selectivity in the asymmetric hydrogenation of cyclic imines and N-heteroaromatic
structures. Substrate classes that have been successfully hydrogenated include
substituted pyridines,[90] quinoxalines,[91] quinolines,[92] isoquinolines,[93] quinazolines[94]
(Figure 12).

Figure 12: Imines and N-heterocyclic substrates that were successfully hydrogenated by dinuclear Ir(III)
catalysts.[95] The numbering for all polycyclic substrates corresponds to quinoxaline.

As no single chiral catalyst worked universally well for all these structurally diverse
substrate classes, each one was specifically optimised using different iridium(III)
systems. A comprehensive discussion covering all details would go beyond the scale of
this introduction, and thus only the key aspects with high relevance to this work will be
mentioned.
▪

The different carboxylate ligands of the mononuclear Ir(III) species did not
influence the selectivity or reactivity in the hydrogenation of cyclic imines and
were thus believed to be uninvolved during the hydrogenation.
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▪

Most substrates had to be used as protonated HX salt derivatives (X = Cl, Br, I) to
obtain high yield and selectivity. In contrast, the neutral species could often not
be hydrogenated with a satisfactory degree of enantioselectivity.

▪

A strong halide effect of the bridging ligands was observed in some cases. Iridiumbridged complexes demonstrated a higher reactivity (but not selectivity) for nonaromatic cyclic imines. The hydrogenation of quinoxalines, however, proceeded
with much higher selectivity when a chloride-bridged catalyst precursor was used.
Clear general reactivity trends could not be elucidated and halide effects seemed
to be substrate dependent.

▪

Amine addition facilitated the dissociation of the dinuclear catalyst precursors
into mononuclear, neutral complexes with the amine coordinated. The type of
amine significantly impacted both yield and selectivity during the reaction, and
even match-and-mismatch effects of chiral amines were observed.

▪

The use of dinuclear iridium(III) complexes as catalyst precursors were generally
found to outperform iridium(I) systems for the reported enantioselective C=N
hydrogenations. One exception is the case of quinoxalines, where a dinuclear
iridium(I)

complex

bearing

a

Josiphos

ligand

afforded

the

highest

enantioselectivity.
In summary, the development of the halide-bridged iridium(III) complexes described in
this chapter has opened new possibilities for the enantioselective hydrogenation of
imines and N-heteroaromatic substrates with unprecedented selectivity. Considering
their high reactivity, it seems unlikely that their potential in asymmetric transformations
is fully explored yet.

1.3.2 Chloride-Bridged Dinuclear Rhodium(III) Complexes
Opposed to iridium-catalysed transformations, most rhodium-catalysed hydrogenations
rely on the use of rhodium(I) complexes bearing chiral phosphine ligands as catalyst
precursor. Though pentacoordinate mononuclear Rhodium(III) complexes of the type
[Rh(Cl)2H(PR3)2] are known from the early days of homogenous hydrogenation,[96] and
have been extensively studied and functionalised since,[97] they found only very limited
application as catalysts for hydrogenation. Indeed, the use of chiral rhodium(III)
precatalysts bearing chiral diphosphine ligands for asymmetric hydrogenation is quite
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unusual and limited to very few examples. This seems logical, since most rhodium(III)
complexes are catalytically inactive due to coordinative saturation or because they
cannot activate molecular hydrogen by oxidative addition because this would require the
formation of Rh(V) species. However, the hydrogenation of imines by iridium(III)
monohydride complexes can also proceed via heterolytic hydrogen activation where the
oxidation state of Ir(III) remains unchanged.[83,98]
Given the various successful applications of dinuclear, triply halide bridged iridium(III)
catalysts in the asymmetric hydrogenation of C=N bonds, the preparation of the
corresponding rhodium analogues seems to be an interesting extension thereof.
Structurally similar dinuclear triply-halide bridged rhodium(III) complexes are known,
although only without chiral ligands.[99,100] In 2016, Mashima and co-workers then
prepared a series chiral dinuclear rhodium(III) complexes using [RhCl(cod)]2, chiral
diphosphine ligands and HCl.[101] Several C2-symmetric ligands were used, including
BINAP, DM-SEGPHOS and DTBM-SEGPHOS.

Scheme 12: Synthesis of chloride-bridged dinuclear rhodium(III) complexes.

The cationic part of the solid-state structure of [{RhH((S)-BINAP)}2(µ-Cl)3]Cl is similar to
that of the iridium complex [{IrH((S)-BINAP)}2(µ-Cl)3]Cl shown in Figure 11. The bifacial
framework contains two octahedral rhodium(III) centres, connected by three bridging
chloride ligands and both hydride ligands are aligned in the same direction. Again,
elongated Rh-Cl bonds were observed for the chloride trans to the two hydride ligands.
These rhodium complexes demonstrated high activity in the catalytic, asymmetric
hydrogenation

of

unfunctionalised

alkenes

with

a

methylstilbene

scaffold

(Scheme 13).[101] The catalyst with the highest activity and selectivity contained the
extremely bulky and electron-rich ligand DTBM-SEGPHOS. The unprecedented activity
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in the asymmetric hydrogenation of unfunctionalised olefins was novel and unexpected,
as only alkenes containing a directing group in close proximity could previously be
hydrogenated by with high levels of activity and selectivity when using a rhodium
catalyst. Exceptions to this rule exist, but the substrate scope is extremely narrow in these
cases.[102,103]

Scheme 13: Asymmetric hydrogenation of simple olefin derivatives of trans-α-methylstilbene.

The dinuclear rhodium(III) catalytic system was additionally not limited to
methylstilbene-type substrates, so that cyclic sulfones, allylic alcohols and
alkenylboranes were hydrogenated with similar efficiency. An activity and selectivity
comparison between the Rh(III) complex and in situ catalyst preparation by mixing a
rhodium(I) precursors and the chiral ligand revealed the superior performance of the
former. From a mechanistic perspective it was concluded that a monohydride
rhodium(III) species formed by dissociation of the dinuclear precursor is the active
species and hydrogen activation proceeds via a σ-bond metathesis pathway of a rhodiumalkene complex and molecular hydrogen.
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1.4

Aim of the Thesis

The use of triply halide-bridged dinuclear iridium(III) complexes in asymmetric
hydrogenation since 2006 was a success story and several heteroaromatic substrate
classes were reduced with unprecedented enantioselectivity. On the other hand, the
rhodium analogues have only recently2 been synthesised and their reactivity is
unexplored with the exception of the above-mentioned hydrogenation of simple
olefins.[101] Additionally, only atropoisomeric C2-symmetric diphosphines were used, so
that several structural modifications of this framework appear promising. These certainly
include ligand variations, and ferrocene-based diphosphine ligands and especially
Josiphos constitute a favourable choice, considering their successful history especially in
this research group. The focus of this thesis can thus be divided into following two topics:
Synthesis and structural investigation of halide-bridged dinuclear Rh(III) complexes with
ferrocene-based diphosphine ligands.
For one, the primary objective of this part is the synthesis of several triply halide-bridged
dinuclear rhodium(III) complexes bearing Josiphos and potentially other ferrocene-based
ligands. Further structural variations should subsequently be examined, and these
include different bridging ligands, Brønsted acids or the use of other oxidants.

Figure 13: Target complexes: halide-bridged dinuclear rhodium(III) complexes with Josiphos ligands.

A detailed structural investigation into these complexes with a particular emphasis on
solid-state structures is essential. In theory, one can think of different stereoisomers of
bridged dinuclear structures with respect to the coordination sphere of the rhodium and
the relative orientation of the two Josiphos ligands. Structurally similar chloride-bridged
dinuclear rhodium(I) complexes of the type [RhCl(Josiphos)]2 are known to exist as two
different stereoisomers in solution.[104] Another structurally important question is the

In fact, the first report of the dinuclear Rh(III) complexes from Mashima appeared just a few months
before this work was started.
2

29

Chapter 1 – General Introduction

rigidity of the bridged complexes and fairly little is known about their dissociation into
mononuclear, catalytically active species. Provided that the synthesis of these Rh(III)
species is successful, the second key objective of this thesis can be addressed:
Systematic investigation into the catalytic profile of Rh(III) complexes with Josiphos ligands
in hydrogenations and other asymmetric transformations.
One goal is to establish structure-activity relationships or trends regarding the bridging
ligands and the type of phosphine substituents. A strong, but substrate-depending
influence of the bridging ligands was reported for similar iridium(III) systems.[95]
Considering the recent account from Mashima and co-workers in the Rh(III) catalysed
asymmetric hydrogenation of simple olefins, a reactivity comparison of the Josiphos
analogues in C=C hydrogenation of simple olefins is certainly insightful. Beyond that,
their application in the hydrogenation of other challenging substrates is worth exploring.
Such investigations should eventually open up new frontiers where previous Rh(I)
systems failed to demonstrate activity. This is not only plausible for enantioselective
hydrogenations but also for several other catalytic asymmetric transformations.
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Chapter 2 – Halide-Bridged Dinuclear Rhodium(III) Complexes

2.1

Introduction

The vast majority of rhodium-catalysed reactions relies on neutral, chloride-bridged
dinuclear catalysts of the type [RhCl(diphosphine)]2 or on mononuclear, cationic
complexes of the type [Rh(diphosphine)(diolefin)]+. The wide range of transformations
using these two catalytically competent complex types includes asymmetric
hydrogenation of functionalised olefins and ketones,[105,106] hydroformylation,[107] 1,4addition of organoboronic acids,[108] olefin isomerisation[109] and cycloadditions.[110] Many
of the synthetic protocols therein are based on the in situ catalyst preparation by reacting
a commercially available rhodium precursors with the chiral ligand.
In comparison, catalytic application of rhodium(III) precursors and especially of chiral,
well-defined Rh(III) complexes is rather uncommon. The most frequently used
rhodium(III) precursor is the achiral, dinuclear [Rh(Cl)2Cp*]2, with applications for
example in ring annulation reactions[111,112] or directed aromatic C-H activation.[113]
Among the best known and most successful chiral Rhodium(III) catalysts are Nishiyama’s
complexes of the type [RhCl3(chiral ligand)], originally bearing a neutral C2-symmetric
pyridine-bis(oxazoline) (PyBOX) ligands.[114] In the second generation, the PyBOX ligands
were replaced with anionic tridentate N,C,N-bis(oxazolinyl)phenyl (Phebox) ligands.
Thereby, the central pyridine was replaced by a phenyl ring, resulting in a meridional
coordination to the rhodium (Figure 14). The complexes were used in various catalytic,
asymmetric transformations including hydrosilylation of alkenes, aldol reactions and
hydroborations.[115,116]

Another type of chiral Rh(III) catalysts are “chiral-at-metal”

complexes with a stereogenic metal centre and two bidentate, anionic C,N-ligands.
Although “chiral-at-metal” complexes have been known for decades, interest in these
systems as catalysts for asymmetric reactions has recently increased.[117,118]

Figure 14: Examples of chiral Rh(III) complexes: Nishiyama’s complex with a Phebox ligand (left) and a
“chiral-at-metal” rhodium(III) complex (right).
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In contrast, Rh(III) complexes bearing chiral diphosphine ligands are virtually unknown,
with the exception of the dinuclear systems introduced in Chapter 1.To remedy this lack
of chiral and easily accessible discrete rhodium(III) complexes, one of the primary goals
of this work is the synthesis of triply halide-bridged dinuclear rhodium(III) complexes
with Josiphos ligands and their structural investigations, as already outlined in the aim
of the thesis.

2.2

Josiphos Ligand Synthesis

The common precursor to many ferrocene-based ligands is Ugi’s amine, and therefore it
was necessary to obtain it in sufficient quantity before addressing the Josiphos ligand
synthesis. For this, the classical synthetic route reported by Ugi in 1972 was chosen.[58,65]
Starting from ferrocene, the synthesis involves four chemical transformations:
Acetylation of ferrocene via Friedel-Crafts acylation, reduction of the ketone 1 to the
corresponding alcohol 2, followed by esterification to acetate 3 and subsequent
nucleophilic substitution of the ester with dimethyl amine to give racemic Ugi’s amine
(rac-4a) in 25% yield over four steps (Scheme 14). Enantiomerically pure (S)- Ugi’s amine
was obtained by separation of enantiomers via selective crystallisation using (R,R)tartaric acid.3 The overall protocol deviates slightly from the original version using LiAlH4
instead of Red-Al.

Scheme 14: Synthesis and resolution of (S)-Ugi’s amine.
The choice to selectively aim for the (S)-enantiomer of Ugi’s amine was arbitrary and due to the presence
of a large stock of (R,R)-tartaric acid in our lab.
3
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Alternatives to obtain enantiomerically pure Ugi’s amine have been developed and
usually rely on the catalytic, asymmetric (transfer) hydrogenation of acetyl
ferrocene.[119,120] For the purpose of this work the original process was preferred, because
it involves well-known reactions which are characterised by high efficiency,
reproducibility and above all only require commercially available, inexpensive reagents.
Additionally, the remaining enantiomer (R)-Ugi’s amine was later isolated from the same
batch. With the enantiomerically pure amine at hand, the synthesis of the ferrocenebased ligands could be addressed.
Preparation of the Josiphos ligands was carried out according to the original procedure in
a consecutive two-step synthesis from Ugi’s amine.[57] A relatively large variety of
Josiphos ligands bearing different phosphine substituents was synthesised and with one
exception, the products were isolated in good yields that were comparable to the
literature values (Table 1). The large variety potentially allows to determine the influence
of different phosphine substituents in the synthesis of the complexes and in subsequent
catalytic applications. Except for ligand J5, the substituents were chosen differently for
the two phosphines, and only symmetrical phosphines with two equal substituents were
used.
Table 1: Synthesis of various Josiphos ligands from (S)-Ugi’s amine (4).
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Among the synthesised ligands were not only established ligands such as the original
Josiphos J1 and its tert-butyl variant J2, but also some with new phosphine substituents
or substituent combinations. In general, most of the ligands contained the same
substituent pattern as the classical Josiphos ligands, with aromatic substituents on the
phosphine attached to the ferrocene Cp ring, and alkyl substituents on the phosphine
adjacent to the stereogenic centre. Two exceptions that have only aromatic phosphine
substituents are J5 and J6, which are of the Xyliphos-type that was successfully used in
the industrial Metolachlor synthesis.[81] Ligands J4 and J9 having the extremely bulky 3,5di-tert-butyl-4-methoxyphenyl substituents were synthesised to resemble the DTBMSEGPHOS ligands structurally and electronically. DTBM-SEGPHOS ligands were
successfully used in the Rh(III)-catalysed hydrogenation of unfunctionalised olefins,[101]
and they exhibit pronounced reactivity and selectivity in several asymmetric
hydrogenation reactions where other ligands gave unsatisfactory results.[121] At this point
it should be briefly mentioned that the numbering scheme of the Josiphos ligands may
seem random with respect to their substituents. The reason for the numbering will
become evident in the complex synthesis parts of this chapter vide infra. Noteworthy,
seven further Josiphos ligands were available in our inventory, so that a total of 17
Josiphos ligands were available for the upcoming complexation.

2.3

Chloride-Bridged Dinuclear Rhodium(III) Complexes

The synthesis of three complexes 6a, 6b and 6c bearing the atropoisomeric C2-symmetric
ligands (S)-BINAP, (S)-DM-SEGPHOS and (S)-DTBM-SEGPHOS marked the beginning of
this experimental work (Scheme 15). Availability of these known complexes is important;
on the one hand, their structural features and especially their dissociation into active,
mononuclear species are poorly understood. On the other hand, they are to be compared
both structurally and in their catalytic performance with Rh(III)-Josiphos complexes. The
synthesis was carried out according to the previously reported procedure, albeit with a
reduced reaction time of only 3 h instead of 14 h for the ligand substitution reaction of
[RhCl(cod)]2, before addition of hydrogen chloride in diethyl ether. This ligand
substitution of the cyclooctadiene proceeds stepwise, with the first substitution taking
place immediately, while replacement of the second COD is substantially slower,
presumably due to an extended trans-effect through both square planar rhodium(I)
centres, via the two bridging chloride atoms.[122] Oxidation of the rhodium with HCl then
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gives the triply-chloride bridged dinuclear species (Scheme 15). The reaction time can be
shortened without decreasing the yield, and this is presumably because oxidation of the
rhodium(I) before the second ligand exchange makes the coordinated COD labile in an
octahedral rhodium(III) species, thus facilitating the second ligand exchange and
affording the dinuclear complex.4 The oxidation by HCl is generally very fast, as
evidenced by an immediate colour change of the reaction mixture from deep red to
yellow.

Scheme 15: Synthesis of triply chloride-bridged dinuclear rhodium(III) complexes using a modified
procedure from Mashima and co-workers.[101]

In principle, switching from BINAP and SEGPHOS to the Josiphos-type ligands is only a
minor variation and one could expect their complex synthesis to work equally well.
However, this was not the case and the synthesis turned out to be substantially more
complicated than expected. In brief, three different reactivity patterns were observed.
Firstly, the successful synthesis of dinuclear rhodium(III) with classical Josiphos ligands
is described in Section 2.3.1. Second, the peculiar case of Xyliphos-type ligands is shown
in Section 2.3.3 and lastly, the many unsuccessful attempts are briefly elaborated in
Section 2.3.4.

4

This alternative reaction pathway is not shown in Scheme 15.
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2.3.1 The Classical Josiphos Ligands
As outlined in the previous section, only the successful synthesis of triply chloridebridged dinuclear rhodium(III) complexes with certain Josiphos ligand is described here.
Using the adapted procedure from Mashima, four discrete Rhodium(III) complexes 7a-7d
were obtained in yields between 65% and 86% (Scheme 16).

Scheme 16: Synthesis of triply chloride-bridged dinuclear rhodium(III) complexes 7a-7d bearing Josiphos
ligands2.

Notably, the successful ligands share the structural motif of the classical Josiphos ligand
J1, that is a combination of a diarylphosphino group directly attached to the ferrocene
core with a bulky dialkylphosphino fragment at the stereogenic centre. The 1H NMR
spectra of complexes 7a-7d typically display a strongly downfield-shifted hydride signal
as doublet of doublets of doublets (ddd) between -17 and -19 ppm, resulting from two 2JPH

phosphorus-proton and one 1JRh-H proton-rhodium coupling. The 31P{1H} NMR spectra

shows two signals for the two phosphines, each being a doublet of doublets due to the 2JPP

phosphorus-phosphorus and the 1JRh-P rhodium-phosphorus coupling. For symmetry

considerations, the dinuclear complexes must therefore have the bifacial arrangement
containing an internal C2 axis as shown above, with the two ferrocene moieties and the
two hydrides each oriented in the same direction. The complexes are orange solids which
are generally sensitive towards oxygen, especially in solution, but are unreactive to
moisture and water. The 1H NMR hydride signal disappeared within one hour when a
solution containing the complexes was exposed to air and signals of the free ligands were
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observed. In contrast, the solid complexes are stable under an inert atmosphere for
several months.
To gain a deeper understanding of the complexes and their coordination spheres, single
crystals of complexes 6c and 7d bearing DTBM-SEGPHOS and J4, respectively, were
successfully obtained for XRD studies. However, it was surprising that both compounds
exist as dissociated, five-coordinate mononuclear complexes (Figure 15). Selected bond
distances and angles are displayed in Table 2.

Figure 15: ORTEP representation of the mononuclear forms of 6c (left) and 7d (right). Hydrogen atoms are
omitted for clarity, thermal ellipsoids are set to 50% probability.

Both structures have a distorted geometry around the rhodium centre. Since the exact
hydride position could not be determined, a square pyramidal or a trigonal bipyramidal
geometry can be envisaged. Yet, the measured geometries can be better described as
highly distorted square pyramidal, where the two chloride atoms, one hydrogen and one
phosphorus atom are the four corners of the square and the other phosphine takes the
apical position (the diarylphosphine in the case of 7d). Noteworthy, the two complexes
show a large degree of similarity around the rhodium atom in the solid-state, despite the
structural differences of their ligands DTBM-SEGPHOS and J4. The bonds around the
rhodium centre are generally very similar in both structures. The two rhodiumphosphorus bond lengths are significantly different within the same complex but have
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the shared feature that the apical phosphine forms a stronger and thus shorter bond.
Comparison of the angles around rhodium results in a somewhat more differentiated
picture. While the bite angles for 6c and 7d are almost equal (95.1 ° vs. 96.0 °) and most
other angles are closely similar, the P2-Rh1-Cl2 angles differ substantially by 20 degrees.
Table 2: Selected bond distances and angles of complexes 6c and 7d.
bond lengths [Å]
6c

7d

Rh1-P1

2.247(1)

2.273(3)

Rh1-P2

2.185(1)

2.164(3)

Rh-Cl1

2.387(1)

2.387(3),

Rh-Cl2

2.386(1)

2.406(3);

angles [°]
6c

7d

P1-Rh1-P2

95.07(4)

96.0(1)

P1-Rh1-Cl1

163.23(5)

161.4(1)

P1-Rh1-Cl2

95.55(4)

97.1(1)

P2-Rh1-Cl1

90.62(4)

98.4(1).

P2-Rh1-Cl2

132.43(4)

110.5(1)

Cl1-Rh1-Cl2

92.17(5)

88.7(1)

biphenyl torsion angle

67.37 (5)

-

The mononuclear solid-state structures of 6c and 7d stand in contrast to the previously
isolated bifacial dinuclear solid-state structures of the complexes [{IrH((S)-BINAP)}2(µCl)3]Cl and [{RhH((S)-BINAP)}2(µ-Cl)3]Cl. Based on this contradiction, the following two
questions arise: is the mononuclear form generally preferred for rhodium(III) dichloromonohydride complexes with Josiphos ligands, and which factors influence this
preferential solid-state behaviour? Do the complexes exist as mono- or dinuclear species
in solution? To find answers to these questions, the first attempts focussed on
determining the solid-state structures of complexes 7a, 7b and 7c. Unfortunately, no
single crystals suitable for XRD measurements could be obtained and slow decomposition
of the complexes in solution was observed. However, it was possible to isolate and
crystallise the neutral, dinuclear reaction intermediate Rh(I) complex [RhCl(J4)]2 (8),
whose ORTEP representation is displayed in Figure 16. The structure consists of the two
square planar Rh(I) centres connected by two bridging chloride ligands and each rhodium
is coordinated to one Josiphos ligand. The geometry is somewhat distorted, due to the
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restrictive Josiphos-bite angle and the relatively large phosphine substituents. Two
planes, each defined by the two bridging chlorides and one rhodium atom, form an angle
of 40.2 degrees. Notably, the Josiphos ligands have the same orientation of the ferrocene
units (cis) within the molecule. This orientation is preferred to minimise unfavourable
steric interactions between phosphine substituents. The trans configuration would place
the two large diarylphosphine groups in close special proximity and result in considerable
steric congestion.

Figure 16: ORTEP representation of 8. Hydrogen atoms are omitted for clarity, thermal ellipsoids are set
to 50% probability. Selected bond distances [Å] and angles [°]: Rh-P1 2.239(2), Rh-P2 2.184(2), Rh-Cl1
2.417(2), Rh-Cl2 2.421(2), P1-Rh-P2 95.32(8),

P1-Rh-Cl1 95.32(8), P1-Rh-Cl2 176.34(8), P2-Rh-Cl1

161.64(8), P2-Rh-Cl2 87.44(7), Cl1-Rh-Cl2 78.42(7).

The solid-state structure of 8 demonstrates the general feasibility of a chloride-bridged
dinuclear structure with very bulky ligands such as J4 and prompted further efforts to
grow single crystals of the rhodium(III) complex 7d to examine whether a dinuclear form
can be obtained using a different crystallisation method. Indeed, single crystals
containing 7d as dinuclear species were grown from a saturated solution of tertbutylmethylether and the corresponding ORTEP representation is shown in Figure 17.
The bifacial dinuclear structure contains the two rhodium atoms with a distorted
octahedral coordination sphere, connected by three bridging chloride atoms. The
ferrocene moieties are arranged in the same direction (cis), as before for Rh(I) complex 8.
The Rh-P bonds in complex 7d are longer than for 8, due to decreased π-backdonation of
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Figure 17: ORTEP representation of the cationic part of the dinuclear solid-state structure of 7d. Hydrogen
atoms are omitted for clarity; thermal ellipsoids are set to 50% probability. Selected bond distances [Å] and
angles [°]: Rh1-Cl1 2.563(3), Rh1-Cl2 2.432(3), Rh1-Cl3 2.450(2), Rh1-P1 2.321(2), Rh1-P2 2.242(3), Cl1Rh1-Cl2 79.73(9), Cl1-Rh1-Cl3 79.82(9), Cl1-Rh1-P1 102.43(9), Cl1-Rh1-P2 110.9(1), Cl2-Rh1-Cl3 78.76(9),
Cl2-Rh1-P1 97.5(1), Cl2-Rh1-P2 160.4(1), Cl3-Rh1-P1 175.3(1), P1-Rh1-P2 96.2(1).

Rh(III) in comparison with Rh(I).[123] The Rh-Cl1 bond length in 7d is significantly longer
than those of the Rh-Cl2 and Rh-Cl3 bonds due to the trans effect of the hydride ligands.
Overall, the geometry slightly deviates from an ideal octahedron: for one, the Josiphosrhodium bite angle is 96.2 degrees, very similar to those in the mononuclear form of 7d
(96.0 °) and in the dinuclear rhodium(I) complex 8 (95.3 °). In addition, all chloriderhodium-chloride angles are around 79 degrees and thus deviate from ideal
perpendicularity, presumably as a result from the sterically demanding phosphine
substituents. The overall structure contains an internal C2-axis going right through the
Cl1 chloride and through the midpoint of the Cl2 and Cl3 atoms.
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2.3.2 NMR Diffusion Experiments Part I
The preceding section illustrated how rhodium(III) complexes can exist as dinuclear or
mononuclear species in the solid state. Their previously reported activity as
hydrogenation catalysts also requires dissociation into mononuclear species, because the
dinuclear form is coordinatively saturated and thus catalytically inactive. It is presumed
that there is an equilibrium between both species in solution (Scheme 17).

Scheme 17: Proposed equilibrium between the dinuclear and the mononuclear form of rhodium(III)
complexes.

Standard NMR characterisation techniques such as 1H or 31P NMR spectroscopy revealed
that there exists only one species in solution. To clarify whether this predominant species
is the mono- or dinuclear form it was decided to examine the diffusion behaviour of the
complexes and their respective ligands in solution. 5 Therefore, the diffusion coefficients
of the complexes and the ligands were measured, albeit in separate experiments to avoid
any possible influence of free ligand on the complexes or their equilibria. All diffusion
experiments were carried out as 1H NMR experiments of 20 mM solutions of the ligands
or complexes in CD2Cl2. A double stimulated echo pulse sequence was used according to
Mueller,[124,125] with alternative phase cycling as described by Morris,[126] to minimise
systematic errors caused by solvent convection and gradient non-uniformity. The
obtained diffusion coefficients for all ligands and their respective rhodium(III) complexes
are listed in Table 3. The solvent signal of residual CDHCl2 served as internal standard to
verify whether the obtained diffusion coefficients are directly comparable or require
normalisation. A small systematic error was found upon comparing the diffusion
coefficient of CDHCl2 in all experiments with its literature value. Consequently, while all

Such diffusion experiments NMR experiments are commonly referred to as DOSY (abbreviation for
Diffusion Ordered SpectroscopY). Since the compounds were measured separately to avoid possible
interactions, they were not “ordered” within the same measurement, and the term “diffusion experiments”
is therefore used in this work.
5
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diffusion coefficients within this work are directly comparable, their absolute values
should be normalised and used with care upon comparison with any literature values.
Table 3: Measured diffusion coefficients of several ligands and rhodium complexes.
compound

diffusion coefficient [m2/s]

(S)-BINAP

8.51  10-10

[{RhH((S)-BINAP)}2(-Cl)3]Cl (6a)

5.57  10-10

(S)-DM-SEGPHOS

7.74  10-10

[{RhH((S)-DM-SEGPHOS)}2(-Cl)3]Cl (6b)

5.61  10-10

(S)-DTBM-SEGPHOS

6.57  10-10

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

6.35  10-10

(S,RP)-J1

9.19  10-10

[{RhH((S,RP)-J1)}2(-Cl)3]Cl (7a)

6.38  10-10

(S,RP)-J2

9.92  10-10

[{RhH((S,RP)-J2)}2(-Cl)3]Cl (7b)

8.30  10-10

(S,RP)-J3

8.29  10-10

[{RhH((S,RP)-J3)}2(-Cl)3]Cl (7c)

5.89  10-10

(S,RP)-J4

8.20  10-10

[{RhH((S,RP)-J4)}2(-Cl)3]Cl (7d)

5.87  10-10

The diffusion coefficients of rhodium complexes 6a and 6b are significantly smaller than
those of their corresponding ligands BINAP and DM-SEGPHOS. In contrast, the
coefficient of 6c and that of DTBM-SEGPHOS are almost identical. Since diffusion
coefficients decrease as the size of a molecule increases, it can be concluded that 6a and
6b are significantly larger than their respective ligands, while 6c has an almost identical
diffusion behaviour and hydrodynamic volume as DTBM-SEGPHOS. This indicates that
6a and 6b exist as dinuclear species in solution, whereas 6c prefers the mononuclear
form, consistent with their observed mono- and dinuclear solid state structures. The
determined diffusion coefficients of Josiphos ligands J1–J4 are large in comparison with
those of their respective complexes 7a–7d. Accordingly, their substantially smaller
hydrodynamic volume indicates, that complexes 7a-7d exist as dinuclear species in
solution, similar to 6a and 6b.
It is important to note that the above analysis of the diffusion coefficients is intentionally
only qualitative. Quantitative methods for the determination of the hydrodynamic
volumes or relative molecular weights (RMM) exist but are often somewhat faulty and do
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not correspond to the physical reality. In addition, they would not change the conclusions
drawn above. Yet, they are helpful for the estimation of relative sizes and this shall be
illustrated for one example using the Stokes-Einstein equation describing the diffusion
of spherical particles through a liquid with low Reynolds number, given by
k T

B
D = 6πη𝑟

(1)

where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the absolute
temperature, η is the dynamic viscosity and r is the radius of a spherical particle. The
cubic dependence of the volume of a sphere on its radius is described by the formula
4

V = 3 π𝑟 3

(2)

The volume ratio of two spherical particles as function of their diffusion coefficients is
therefore the inverse, cubic ratio of their diffusion coefficient according to
V1
V2

D 3

= D2 3
1

(3)

Comparing the volume ratio of rhodium complex 7d and its ligand (S,RP)-J4 by inserting
the diffusion coefficients into (3) gives 2,72. This value describes the size difference of
the ligand and the complex assuming a perfect spherical geometry and neglecting all
disruptive phenomena such as ion pairing or solvent shell formation. Although these
assumptions may not exactly describe the physical reality, the resulting volume ratio is
precisely what one would expect for a dinuclear structure, that is somewhere between
two and three.
Notably, other models that account for non-spherical symmetries, solvent or ion-pairing
effects exist but result in very similar values upon comparing the relative volumes. To
avoid ambiguities, absolute numbers for volumes or molecular weights were not
calculated and the focus was instead on the qualitative analysis of the reproducible,
experimentally determined diffusion coefficients.
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2.3.3 Xyliphos-Type Ligands: A Peculiar Case
Among the Josiphos ligands tested in the synthesis of dinuclear rhodium(III) hydride
complexes were also the Xyliphos-type ligands J5 and J6 that have aromatic substituents
on both phosphines. These two ligands revealed a very peculiar, surprising reactivity in
the attempted synthesis of dinuclear rhodium(III) complexes. Using the standard
synthetic approach, it was found that mononuclear, cationic complexes of the type
[RhClH(Xyliphos)2]Cl were formed exclusively (Scheme 18). The good yields of 69% for 9a
and 77% for 9b are thus only obtained when four equivalents of Xyliphos ligand are used.
Using only two equivalents affords the isolated complexes in approximately half the
yield. In such a case, the reactivity of the second rhodium could not be elucidated, but
the formation of species of the type [RhCl(cod)2] was presumed.

Scheme 18: Synthesis of mononuclear rhodium(III) complexes with Xyliphos-type ligands.

The absence of symmetry in complexes 9a and 9b and the presence of six NMR active
nuclei in close proximity results in very specific NMR spectra with high multiplicity
signals. The 31P{1H} NMR spectrum and the hydride signal in the upfield region of the
1

H NMR spectrum of 9b are displayed in Figure 18. The four chemically and magnetically

inequivalent phosphorus atoms couple to each other and additionally to the rhodium,
resulting in four doublets of doublets of doublets of doublets (dddd). The corresponding
chemical shifts and coupling constants are listed in Table 4. The phosphine signals were
assigned with the help of 2D P-H correlation experiments. The coupling constants of
pairs of trans coordinated phosphines are as expected very large, in comparison to the
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rhodium-phosphorus and especially the cis-phosphorus-phosphorus couplings. The
combination of unusually large chemical shift differences between the same Josiphos
phosphine groups and the different coupling constants result in 16 well-resolved signals
for each phosphorus atom. In contrast, the 1H NMR signal of 9b’s hydride gives rise to a
complex multiplet, due to five relatively similar coupling constants and the generally
broader signals in 1H NMR spectroscopy.

Figure 18: 31P{1H} NMR spectrum of mononuclear complex 9b (left) and hydride signal in the upfield part
of the 1H NMR spectrum of 9b (right).

Table 4: 31P NMR chemical shifts and coupling constants of [RhClH((S,RP)-J6)2]Cl
31

P NMR δ [ppm]

JP-Rh [Hz]

1

JP-P, trans [Hz]

2

JP-P, cis [Hz]

2

JP-P, cis [Hz]

2

-PXy2

53.2

98.7

349.5

37.0

25.8

-PXy2

36.3

97.4

370.7

37.0

24.1

-PPh2

22.9

92.8

349.5

35.0

24.1

-PPh2

-9.6

89.9

370.7

35.0

25.8

While attempting to obtain single crystals for XRD analysis of 9b it was found that this
rhodium(III) complex is not stable in solution and eliminates HCl, resulting in the
quantitative formation of the cationic, mononuclear rhodium(I) complex 10. Treatment
of this species with HCl results in the formation of 9b again. Complex 10 is also
synthetically accessible from [RhCl(cod)]2 and four equivalents of the ligand (S,RP)-J6.
Interestingly, 10 is also the major product of the reaction between [RhCl(cod)] 2 and one
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equivalent of ligand. Only small amounts of the mixed-ligated species [{Rh((S,RP)-J6)}(Cl)2{Rh(cod)}] were observed, indicating a strong preference for the formation of the
cationic species 10. The formation of similar cationic rhodium(I) diphosphine complexes
from neutral, dinuclear Rh(I) precursors was reported by Heller and co-workers.[104]
However, it was mainly observed in polar solvents such as MeOH, and completely
different reactivity patterns by minor changes of the phosphine substituents were not
reported.

Scheme 19: Reversible elimination of HCl from Rh(III) complex 9b to Rh(I) complex 10.

Single crystals of 10 suitable for X-ray analysis were grown from a saturated solution of
H2O/MeOH (Figure 19). The cationic part of the solid-state structure has a distorted
square-planar rhodium(I) centre with the two Xyliphos ligands coordinated. The two
ligands are coordinated in such a way that the xylyl-substituted phosphines are cis to
each other and the ferrocene moieties have the opposite orientation (trans). Notably,
there is a nearly perfect parallel arrangement of the two pairs of xylyl groups with
considerable π-stacking. The angle formed by two planes, each defined by the rhodium
and two phosphorus atoms from the same ligand, is 39.4 degrees, indicating the
substantial deviation from square-planar geometry. The bite angles of the two ligands
are 94 and 95 degrees, respectively. The cationic part of complex 90 in the solid state
shares some structural features with that of [Rh((R)-BINAP)2]ClO4, developed by Otsuka
in 1985 for the asymmetric isomerisation of allylamines.[127] These common
characteristics include relatively long rhodium-phosphorous bonds minimizing the steric
congestions of the phosphine substituents, and additionally a distortion from squareplanar towards tetrahedral geometry. The latter is illustrated by the relatively large angle
between the planes P1-Rh-P2 and P3-Rh-P4 of 39.42 degrees for complex 10.
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Figure 19: ORTEP representation of the cationic part of 10. Hydrogen atoms are omitted for clarity,
thermal ellipsoids are set to 50% probability. Selected bond distances [Å] and angles [°]: Rh-P1 2.326(1),
Rh-P2 2.312(2), Rh-P3 2.315(1), Rh-P4 2.308(1), P1-Rh-P2 92.80(5), P1-Rh-P3 93.63(5), P1-Rh-P4
151.64(5), P2-Rh-P3 151.86(5), P2-Rh-P4 94.64(5), P3-Rh-P4 92.58(5). Angle between the planes P1-Rh-P2
and P3-Rh-P4: 39.42 °.

During this work we were not able to fully account for this peculiar behaviour of Xyliphostype ligand and it is unclear, whether this is due to favourable intramolecular
interactions, or adverse stereoelectronic effects.

2.3.4 Unsuccessful Syntheses with Josiphos Ligands
Apart from the ligands J1-J4 and the Xyliphos-type ligands J5 and J6 the synthesis of
dinuclear rhodium(III) species was attempted with another ten different Josiphos
derivatives (Scheme 20). Unfortunately, these reactions did not proceed as expected and
the targeted dinuclear rhodium(III) complexes could not be isolated. The two main
reasons identified for such failure are ligand decomposition and the formation of
multiple, unidentifiable and inseparable complexes. Variation of reaction conditions
such as a change of solvent, reaction time or HCl equivalents did generally not change
the outcome of the reactions significantly.
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Scheme 20: Failed syntheses of dinuclear rhodium(III) complexes with Josiphos ligands J8 – J18.

It is surprising, that minor changes on the aromatic phosphine substituents have a large
influence on the outcome of the complex formation. This is particularly well illustrated
when comparing the three structurally similar ligands J2, J8 and J17, or the two ligands
J4 and J10. Clear correlations between phosphine substituents and the outcome of the
complex synthesis could not be established, except for the preferential formation of
cationic, mononuclear complexes for ligands bearing only aromatic substituents. This
applies not only to J5 and J6, but also to J12 and J13, although the latter two have been
found to form considerable amounts of other complexes as well.
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2.4

Bromide- and Iodide-Bridged Dinuclear Rhodium(III) Complexes

In general, the use of different halide ligands can have an important influence on the
catalytic reactivity profile of transition metal complexes. Triply halide-bridged
iridium(III) complexes used in the asymmetric hydrogenation of C=N bonds
demonstrated strong halide effects for certain substrates. Specifically, an increasing
enantioselectivity in the hydrogenation of quinoxalines was observed in descending
order from iodide to chloride,[128] whereas iodide complexes proved superior catalytic
activity in the hydrogenation of 2-phenylquinoline.[88] In order to investigate possible
halide effects also in the rhodium(III) complexes and their catalytic applications, the next
sections are describing attempts to obtain dinuclear rhodium(III) species with different
bridging ligands.

2.4.1 Bromide-Bridged Dinuclear Rhodium (III) Complexes
The first variation in the complex synthesis was the use of hydrogen bromide in ethanol
instead of ethereal HCl under otherwise identical reaction conditions. In this way, the
four rhodium(III) complexes 11a-11d bearing chiral diphosphine ligands J2, J4, (S)-DMSEGPHOS and (S)-DTBM-SEGPHOS were synthesised in good yields between 76% and
98% (Scheme 21).

Scheme 21: Synthesis of triply bromide-bridged dinuclear rhodium(III) complexes 11a-11d.

Complete exchange of all chloride ligands was usually observed when an excess of
hydrogen bromide was used and no mixed-halide complexes were isolated. However, in
the case of J4 and DTBM-SEGPHOS it was found that after HBr addition several different
complexes formed at first. The structure of these complexes could not be elucidated, but
they showed characteristic rhodium hydride signals in 1H NMR and rhodium-phosphorus
couplings constants in the typical range for Rh(III) species in 31P{1H} NMR. Dissolving and
stirring these mixtures in DCM for 24 h led to isomerisation to a single species,
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presumably the dinuclear target species. One possible side-product are neutral Rh(III)
complexes, in which the two octahedral rhodium atoms are connected by two bridging
ligands only (see Figure 10 in Chapter 1 for example). Such complexes have been reported
for rhodium, iridium and ruthenium.
Single crystals of complexes 11a and 11b were obtained for X-ray analysis and the ORTEP
representations are shown in Figure 20. Both complexes crystallised as dissociated
mononuclear, five-coordinate species similar to complex 7d in Figure 15. All three
mononuclear solid-state structures of 7d, 11a and 11b have a similar strongly distorted
square-pyramidal geometry around the rhodium. The two bromide complexes have very
comparable bond lengths and angles and the two Josiphos ligands including their
phosphine substituents adopt nearly the same conformation. The Josiphos bite angle of
11b is 98.03 ° and thereby larger than for its chloride analogue 7d having only 96.0 °,
despite the larger bromide ligands of the former. Notably, single crystals of the bromide
complexes were generally substantially easier to obtain than for the chloride analogues.

Figure 20: ORTEP representation of the mononuclear forms of 11a (left) and 11b (right). Hydrogen atoms
are omitted for clarity, thermal ellipsoids are set to 50% probability. Selected bond distances [Å] and angles
[°] for 11a: Rh-P1 2.3074(6), Rh-P2 2.1842(7), Rh-Br1 2.5390(5), Rh-Br2 2.5188(3), P1-Rh-P2 96.81(2), P1Rh-Br1 97.10(2), P1-Rh-Br2 161.65(2), P2-Rh-Br1 120.04(2), P2-Rh-Br2 96.42(2), Br1-Rh-Br2 88.10(2).
Selected bond distances [Å] and angles [°] for 11b: Rh1-P1 2.3004(5), Rh1-P2 2.1869(6), Rh-Br1 2.483(2)6,
Rh-Br2 2.5245(3), P1-Rh1-P2 98.03(2), P1-Rh1-Br1 95.64(1), P1-Rh1-Br2 162.72(2), P2-Rh1-Br1 126.45(4),
P2-Rh1-Br2 93.04(2), Br1-Rh1-Br2 88.30(4).
Crystals suitable for X-ray analysis for 11b were grown directly from the reaction mixture; its bromide
Br1 is a partially occupied by a chloride (3:2 ratio), resulting in a meaningless Rh-Br1 bond length.
6
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2.4.2 Iodide-Bridged Dinuclear Rhodium (III) Complexes
The next targets in the series were iodide-bridged rhodium(III) hydride complexes
12a – 12d, which were thought to be accessible by the addition of hydroiodic acid (HI) to
the corresponding neutral precursors (Scheme 22). Their synthesis, however, worked only
for Josiphos ligand J2, in 99% yield. For ligands J4 and DM-SEGPHOS, formation of the
desired product was observed, but paralleled with the generation of multiple sideproducts and some ligand decomposition. In contrast to the bromide complex synthesis,
isomerisation after stirring in DCM or other solvents did not take place. The products
could not be purified by recrystallisation, and isolated yields were thus not determined.
The attempted synthesis with the ligand DTBM-SEGPHOS did not result in the formation
of any identifiable complex by NMR spectroscopy, and only broad NMR signals were
observed. Further attempts to synthesise complexes 12b-12d using different solvents or
hydroiodic acid equivalents were unsuccessful.

Scheme 22: Attempted synthesis of triply iodide-bridged dinuclear rhodium(III) complexes.

Dark-brown crystals of 12a suitable for X-ray diffraction were obtained by gradual
solvent evaporation from a saturated solution in dichloromethane. The corresponding
ORTEP representation is shown in Figure 21. This complex also crystallises in the
dissociated, mononuclear form [RhH(I)2((S,RP)-J2)] like the bromide complexes 11a and
11b. The structure is almost identical to the bromide analogue 11a, with a distorted
square pyramidal geometry, where the square is formed by two iodides, one hydrogen and
the -PtBu2 moiety, whereas the -PPh2 group takes the apical position.

52

Chapter 2 – Halide-Bridged Dinuclear Rhodium(III) Complexes

Figure 21: ORTEP representation of the mononuclear form of 12a. Hydrogen atoms are omitted for clarity,
thermal ellipsoids are set to 50% probability. Selected bond distances [Å] and angles [°]: Rh-P1 2.3242(9),
Rh-P2 2.1854(9), Rh-I1 2.6851(5), Rh-I2 2.6851(3), P1-Rh-P2 97.36(3), P1-Rh-I1 97.46(3), P1-Rh-I2
159.90(3), P2-Rh-I1 119.99(3), P2-Rh-I2 95.478(2), I1-Rh-I2 89.01(1).

2.4.3 Diffusion Experiments Part II
The X-ray analysis of 11a, 11b and 12a displayed their mononuclear solid-state structure
and raised the questions of the predominant solution species of bromide and iodide
rhodium(III) complexes, in general. To clarify this, the diffusion coefficients for all
synthesised bromide and iodide Rh(III) complexes were determined by 1H NMR diffusion
experiments. These were carried out in the same way as for the chloride complexes and
their ligands (see Section 2.3.4 for details), and the diffusion coefficients are listed in
Table 5. To allow for a better comparison, some coefficients from previous diffusion
experiments are shown again.
The coefficient for the bromide complex of DM-SEGPHOS (11c) is smaller than for its
chloride analogue 6b and significantly smaller than that of the ligand DM-SEGPHOS,
such that a dinuclear form in solution can thus be assumed. In the case of complex 11d
bearing DTBM-SEGPHOS it is not entirely clear whether a mono- or dinuclear species
exists in solution. The diffusion coefficient of 11d is 5.25  10-10 m2/s and thus somewhat
smaller than for the corresponding ligand and chloride complex 6c. Application of the
volume ratio formula (equation 3 on page 44) indicates that 11d is almost twice as big in
hydrodynamic volume than DTBM-SEGPHOS alone. The different diffusion behaviour
might be attributed to the larger bromide ligands rather than to the formation of a
dinuclear structure, but the measured coefficients do not allow a definite clarification.
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For Josiphos ligand J2 and its rhodium(III) complexes 7b, 11a and 12a, decreasing
diffusion coefficients and thus increasing hydrodynamic volume were observed as one
would expect for in ascending order from chloride to bromide to iodide. However, the
question whether they exist in the mono- or dinuclear form is difficult to answer with
absolute certainty. Considering the previous analysis of the hydrodynamic volume of the
chloride complexes and their ligands, complex 7b was regarded as dinuclear structure;
hence it seems logical to assume the same for 11a and 12a. The volumetric ratio of these
complexes to ligand J2 is approximately two, when assuming spherical geometries. This
ratio, however, is smaller than the ratio of 11d to (S)-DTBM-SEGPHOS, for which a
preferred mononuclear structure was assumed. Similarly ambiguous is the analysis of the
diffusion behaviour of the bromide complex 11b in comparison to ligand J4 and the
chloride analogue 7d. One would expect a similar or smaller coefficient for 11b, if it had
the same proposed dinuclear structure as 7d, but instead a larger one was experimentally
determined.
Table 5: Experimentally determined diffusion coefficients for bromide and iodide Rh(III) complexes.
Coefficients of the ligands and the analogous chloride complexes are listed for comparison.
compound

diffusion coefficient [m2/s]

(S)-DM-SEGPHOS

7.74  10-10

[{RhH((S)-DM-SEGPHOS )}2(-Cl)3]Cl (6b)

5.61  10-10

[{RhH((S)-DM-SEGPHOS)}2(-Br)3]Br (11c)

5.13  10-10

(S)-DTBM-SEGPHOS

6.57  10-10

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

6.35  10-10

[Rh(Br)2H((S)-DTBM-SEGPHOS)] (11d)

5.25  10-10

(S,RP)-J2

9.92  10-10

[{RhH((S,RP)-J2)}2(-Cl)3]Cl (7b)

8.30  10-10

[{RhH((S,RP)-J2)}2(-Br)3]Br (11a)

8.15  10-10

[{RhH((S,RP)-J2)}2(-I)3]I (12a)

8.03  10-10

(S,RP)-J4

8.20  10-10

[{RhH((S,RP)-J4)}2(-Cl)3]Cl (7d)

5.87  10-10

[{Rh)((S,RP)-J4)}2(-Br)3]Br (11b)

6.83  10-10

It should be mentioned that considerable iron pairing effects can be observed in pulsed
gradient spin echo (PGSE) diffusion experiments,[129] and thus, the type and size of the
anion might influence the diffusion behaviour and coefficient of the cationic species. A
quantitative analysis of such ion pairing effects was not carried out during this work,
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since chloride and bromide anion diffusion cannot be measured easily. Nevertheless, the
conclusion drawn from the investigation into the diffusion behaviour of bromide- and
iodide Rh(III) complexes is that 11a, 11c and 12a most likely exist as dinuclear species in
solution, whereas the obtained diffusion coefficients for complexes 11b and 11d do not
allow an unambiguous conclusion.

2.4.4 Unsuccessful Synthesis of Rhodium(III) Complexes using Different Bridging
Ligands and Oxidants
The approach of synthesizing bridged, dinuclear rhodium(III) complexes from their
neutral, dinuclear precursors by ligand exchange and subsequent oxidation allows for
structural modifications, as already demonstrated in the preceding sections. This
prompted us to test the synthesis using different rhodium precursors with non-halide
bridging ligands, and also to investigate other oxidants than hydrogen halides. These
attempts, however, were largely unsuccessful and can be summarised briefly as follows:
▪

The first strategy was the use of hydroxy- and methoxy-bridged precursors, using
ethereal HCl acid as oxidant. It was found, that the main products were triply
chloride-bridged dinuclear Rh(III) complexes and not the targeted mixed-bridged
variants. Reducing the amount of added HCl with respect to [Rh(X)(cod)]2 (X = OH,
OMe) to two equivalents did not change the outcome and increased the number
of by-products, resulting in inseparable complex mixtures which were not further
investigated or used in catalytic applications.

▪

The second approach focused on testing different oxidants including bromine,
iodine and iodobenzene dichloride, using the standard precursor [RhCl(cod)] 2. The
intended oxidation of Rh(I) to Rh(III) did not take place, and oxidation or
degradation of the ligand was observed instead, for several ligand-oxidant
combinations. Apparently, the coordination to rhodium does not sufficiently
inhibit phosphine oxidation.

55

Chapter 2 – Halide-Bridged Dinuclear Rhodium(III) Complexes

2.5

Rh(III) Complexes with Walphos and Mandyphos

In addition to the synthesis of dinuclear rhodium(III) complexes bearing Josiphos ligands
described in the previous sections, it was envisioned to expand the scope of available
catalyst precursors in parallel by using Walphos and Mandyphos ligands. Walphos ligands
were first synthesised and used in 2003, in the asymmetric Rh- and Ru-catalysed
hydrogenation of olefins and ketones with enantioselectivities up to 95% and 97%,
respectively.[75] Installation of functional groups on the additional aryl ring in Walphostype ligands allows for tuning of their stereoelectronic properties. Noteworthy, a
Walphos-type ligand is applied in the large-scale industrial asymmetric hydrogenation
of an intermediate in the synthesis of renin inhibitor “aliskiren” by Novartis.[76]
Two Walphos-type ligands were synthesised according to the synthetic route shown in
Scheme 23. The first step is the diastereoselective lithiation of (S)-Ugi’s amine, followed
by transmetallation to ZnCl2 and subsequent palladium-catalysed Negishi coupling with
2-bromoiodobenzene in refluxing THF. Treatment of the aryl bromide 13 with sec-Buli
and chlorodiphenylphosphine installs the first phosphine moiety and compound 14 was
obtained in quantitative yield. The phosphine was then converted to the corresponding
phosphine oxide 15 in 73% yield in a convenient procedure using hydrogen peroxide. This
step is necessary to prevent intramolecular ring formation through nucleophilic
displacement of the amine in the next step. The second phosphine moiety is then
introduced by reacting 15 in refluxing acetic acid overnight with the corresponding
secondary phosphines, giving 16a and 16b in 60% and 38% yield, respectively. At last,
the phosphine oxide is reduced with polymethyl-hydrosiloxane (PMHS) and the two
Walphos ligands W1 and W2 were obtained in 16% and 8% yield. Multiple tedious and
lossy product purifications were required after this step, resulting in low overall yields of
only 1% and 2%. Notably, the successful formation of various halide-bridged complexes
with J2 and the peculiar reactivity of J6 inspired the choice of phosphine substituents for
ligands W1 and W2.
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Scheme 23: Synthesis of Walphos ligands W1 and W2 from Ugi’s amine.

With two synthesised and seven further commercially available Walphos ligands at hand,
the synthesis of chloride-bridged dinuclear rhodium(III) complexes was attempted, using
the standard synthetic approach with ten equivalents of hydrogen chloride and toluene
as solvent (Scheme 24). Most of these attempts failed, and only the synthesis using ligand
W8 was successful. The corresponding complex 17h could be isolated, albeit only with
21% yield. When trying to carry out the reaction with other ligands the same problems as
previously encountered for the unsuccessful Josiphos ligands became evident, especially
ligand decomposition and the formation of multiple, inseparable products.
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Scheme 24: Attempted synthesis of chloride-bridged dinuclear rhodium(III) complexes with Walphos
ligands.

No reasonable explanation for this substituent-dependent ligand performance was
found, and the poor results led us to abandon the investigation into the synthesis of
rhodium(III) complexes with Walphos ligands.
At last, it was tried to access a rhodium(III) complex with one further ferrocenyl-based
ligand, Mandyphos. In contrast to Walphos-type ligands, that have both phosphino
groups on different side chains attached to the same Cp ring, Mandyphos-type ligands
have the two phosphines attached directly to the different ferrocene Cp rings and possess
an internal C2-symmetry. The first of these diphosphine ligands was developed by
Knochel in 1998,[130] followed by a second generation in 2002,[131] which contained two
additional amino moieties. Both Mandyphos classes have shown high enantioselectivity,
in the rhodium-catalysed hydrogenation of in the functionalised olefins or rutheniumcatalysed C=O hydrogenation of β-ketoesters.
Unfortunately, the synthesis using Mandyphos ligands failed, possibly due to the ligand’s
amino groups that are potentially susceptible to protonation during the addition of HCl,
thereby preventing successful coordination and subsequent oxidation to Rh(III).
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Figure 22: Mandyphos ligand used in the attempted Rh(III) synthesis.

2.6

Conclusion and Outlook

Several triply halide-bridged dinuclear rhodium(III) monohydride complexes were
successfully synthesised in a convenient, optimised one-step procedure using the
commercially available precursor [RhCl(cod)]2, two equivalents of chiral ligand and an
excess of a hydrogen halide. The complexes were found to be stable towards water, but
degradation took place in the presence of oxygen, especially in solution. X-Ray
crystallographic analyses of the obtained complexes indicate that these preferentially
exist as dissociated-five coordinate mononuclear species in the solid state, particularly
the bromide and iodide variants. In contrast, diffusion NMR spectroscopy indicates that
most complexes are dinuclear species in solution, despite minor ambiguities.
The phosphine substituents of the respective Josiphos ligands unprecedentedly
influenced the outcome of the complex syntheses. It was observed that Xyliphos-type
ligands preferentially form cationic, mononuclear rhodium species coordinated to two
ligands. These structures, however, can be expected to be unsuitable catalyst precursors
due a lack of accessible coordination sites. Two main reasons were identified for
unsuccessfully reacted Josiphos and Walphos ligands, these being 1) ligand
decomposition and 2) the formation of inseparable by-products in addition to the desired
complexes. An exhaustive explanation, why certain phosphine substituents on the
Josiphos ligands are unsuitable while similar ones work well, was not found.
The successful synthesis of several chloride-, bromide- and iodide-bridged dinuclear
rhodium(III) complexes bearing Josiphos-type ligands allows their subsequent
exploration in various catalytic applications. Considering the previously reported high
activity of structurally analogous Rh(III) complexes in the hydrogenation of minimally
functionalised methylstilbene-type substrates, the initial catalytic tests using the new
59

Chapter 2 – Halide-Bridged Dinuclear Rhodium(III) Complexes

complexes should be on similar substrates to allow for a first, insightful comparison.
Subsequently, further hydrogenation reactions of other challenging compounds are to be
tested. The potentially different and higher reactivity compared to Rh(I) catalysts might
also allow for the asymmetric hydrogenation of other functional groups, such as aromatic
C=N bonds or ketones.
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Chapter 3 – Asymmetric C=C Hydrogenation

3.1

Introduction

The enantioselective hydrogenation of olefins with a coordinating functional group such
as an amide or a carboxylic acid is a well-established method for the construction of chiral
building blocks for pharmaceutically active compounds, and Rh(I) and Ru(II) complexes
with chiral diphosphine ligands are usually the best catalyst choice. [132] In contrast,
asymmetric hydrogenation of unfunctionalised or minimally functionalised olefins was
for a long time hardly possible with the exception of a few impractical catalyst systems.[55]
The advent of the Ir-PHOX system in the 1990s and its unprecedented reactivity and
selectivity in the hydrogenation of alkenes without a directing group prompted several
research groups to direct their efforts in the development of similar systems. A
comprehensive summary of the large variety of developed ligands and catalyst systems is
to be found in the literature.[133,134] Some important and particularly successful examples
are introduced here nevertheless. Among those is certainly the original Ir-PHOX system
by Pfaltz,[53] but also modified P,N-ligands in structurally similar Ir(I) complexes by
Andersson,[55,135] and Burgess’ catalysts with chelating C,N-ligands containing an Nheterocyclic carbene (Figure 23). These Ir systems, among others, considerably
contributed in expanding the scope of substrate classes from minimally functionalised
trisubstituted olefins to other substrates including vinyl silanes, fluorinated olefins and
cycloalkenes.

Figure 23: Pfaltz’s Ir-PHOX catalyst (left), a modified version by Andersson (middle) and an example of
Burgess’s containing an N-heterocyclic carbene (right).

The asymmetric hydrogenation of olefins without a coordinating functional group does
not necessarily require an iridium catalyst, and it was recently demonstrated that other
transition-metal

complex

containing

rhodium,[101,102]

iron,[136,137]

cobalt[138]

and

palladium[139] can be used successfully. Thus, this chapter will build on the success of
rhodium(III) complexes as catalyst precursors for the asymmetric hydrogenation of
unfunctionalised methylstilbenes and will in the first part compare the activity and
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selectivity of the Josiphos analogues in that reaction. Additionally, the Rh-Josiphos
complexes will be applied in the asymmetric C=C hydrogenation of another challenging
substrate class – substituted indoles.

3.2

Asymmetric Hydrogenation of trans-α-Methylstilbene

Trans-α-methylstilbene (18) can be regarded as model substrate in the evaluation of
catalyst performance for the asymmetric hydrogenation of olefins without a directing
group. Several dinuclear rhodium(III) complexes with Josiphos ligands were tested in this
reaction. Therefore, the previously reported reaction conditions, 2 mol% catalyst, 30 bar
hydrogen pressure, 1,4-dioxane as solvent at 100 °C , were used and the results are listed
in Table 6. The benchmark results were given by Rh(III) complex 6c bearing (S)-DTBMSEGPHOS as ligand, giving compound 19 with excellent 98% yield and enantioselectivity
(entry 1). Complex 7a bearing the original Josiphos gave a good yield of 74%, but only
10% ee (entry 2). Improved results were obtained when catalysts 7b or 7d were used, with
yields up to 98% and enantioselectivities of 30% (entries 3 & 5), whereas the use of
complex 7c bearing electron withdrawing phosphine substituents on the ligand afforded
19 in 72% yield, albeit with poor enantioselectivity of 6%. The cationic, mononuclear
complex 9b did not show any catalytic activity in this reaction (entry 6), presumably due
Table 6: Asymmetric hydrogenation of trans-α-methylstilbene.

entry a

catalyst

yield [%] b

ee [%] c

1

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

98

98

2

[{RhH((S,RP)-J1)}2(µ-Cl)3]Cl (7a)

74

10

3

[{RhH((S,RP)-J2)}2(µ-Cl)3]Cl (7b)

90

30

4

[{RhH((S,RP)-J3)}2(µ-Cl)3]Cl (7c)

72

6

5

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

98

29

6

[RhClH((S,RP)-J6)2]Cl (9b)

0

n.d.

Reactions were carried out on 0.1 mmol scale in 1 mL of 1,4-dioxane. b Yield
determined by 1H NMR using phenanthrene as internal standard. c Determined by
chiral HPLC analysis.
a
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to considerable steric hinderance of the two Xyliphos ligands and the lack of free
coordination sites.
The above results demonstrate that rhodium(III) complexes 7a-d with Josiphos ligands
are very active in the asymmetric hydrogenation of methylstilbene 18, but unfortunately
afforded the product 19 in low enantioselectivity. Considering that the level of
asymmetric induction is often largely substrate specific, these results are a promising
first catalytic application of the novel complexes.

3.3

Asymmetric Hydrogenation of 2- and 3-Substituted Indoles

Indoles and indolines constitute ubiquitous structural motifs, present as structural
fragments in many biologically active compounds including natural products and
pharmaceuticals.[140] The basic structures of indole and indoline consist of a bicyclic
framework with a phenyl ring fused to a five-membered N-heterocyclic pyrrole or
pyrrolidine, respectively. Numerous complex molecules contain a chiral indoline motif,
for example the natural antioxidant benzastatin E or strychnine, a highly toxic alkaloid
(Figure 24).

Figure 24: Structures of indole, indoline, (+)-benzastatin E and (-)-strychnine.

Enantioselective methods for the synthesis of chiral indolines have consequently been
investigated and include (enzymatic) kinetic resolution, intramolecular amination and
most prominently the catalytic, asymmetric reduction of substituted indoles. [141] The
latter includes transition-metal-catalysed enantioselective hydrogenation of 2substituted indoles, and this was first accomplished by Ito in 2000 using [Rh(acac)(cod)]
and the ferrocene-based diphosphine ligand PhTRAP.[142] Notably, this was only the
second successful asymmetric hydrogenation of heteroaromatic compounds ever,
because the aromatic resonance stabilisation of N-heterocyclic compounds including
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indoles generally renders them more inert towards reduction. Nevertheless, following the
initial report a few catalytic systems containing rhodium,[143] palladium,[144] iridium[145] and
ruthenium[146,147] were successfully applied in the asymmetric hydrogenation of 2- and 3substituted indoles. Some challenges, such as the enantioselective hydrogenation of 2,3doubly substituted indoles remain largely unsolved. Due to the particular importance of
enantioselective indole hydrogenation, one aim of this work was to test the dinuclear
rhodium(III) complexes in this transformation. Hence, the next two sections will describe
the development towards an efficient protocol for the hydrogenation of 2- and 3substituted indoles.

3.3.1 Synthesis of 2- and 3-Substituted N-Acetylindoles
The initial target substrate to be hydrogenated by the dinuclear Rh(III) complexes was Nacetyl-2-phenylindole 23.7 The indole is accessible in a three-step synthesis from
2-iodoaniline (20), which is converted into 21 by a Sonogashira coupling with phenyl
acetylene in 87% yield. Subsequent quantitative acetylation and palladium-catalysed
intramolecular ring closure of 22 affords the desired indole 23 in 53% yield, with an
overall yield of 46% over three steps (Scheme 25).

Scheme 25: Synthesis of N-acetyl-2-phenylindole (23) from 2-iodoaniline. Compound 23 could not be
obtained from 2-phenylindole (24) in several attempts using different reaction conditions.

Additionally, 3-substituted indoles 27a-27c were synthesised from their corresponding
precursors 26a-26c by direct N acylation in good yields between 72% and 90%.

Preliminary results from the Japanese collaboration partner of this project found the acetyl protection of
the indole crucial in order to observe any reactivity.
7
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3-Phenylindole 26a had to be synthesised from indole (25), whereas the methyl and
benzyl analogues 26b and 26c were commercially available.

Scheme 26: Synthesis of 3-substituted N-acetylindoles. 26b and 26c were commercially available.

It should be mentioned, that the direct N acylation works only for 3-substituted indoles,
and compound 23 is not accessible via the same route from 2-phenylindole 24, even using
harsher reaction conditions.

3.3.2 Asymmetric Hydrogenation of 2- and 3-Substituted Indoles
Having synthesised 2- and 3-substituted indoles, the investigation into their asymmetric
hydrogenation with rhodium(III) complexes began using similar reaction conditions as
before for methylstilbene, albeit only at 80 °C. The results for this initial catalyst
screening are shown in Table 7. Very low reactivity was observed using dinuclear Rh(III)
Josiphos complexes 7a, 7c and 7d (entries 1, 3, 4), whereas catalyst 7b afforded the
corresponding indoline 28 in good 82% yield, albeit only in 43% enantiomeric excess
(entry 2). As in the previous hydrogenation of methylstilbene, Rh-Xyliphos complex 9b
did not show any activity (entry 5). In contrast, indoline 28 was obtained with an
excellent 98% yield and 99% ee when the mononuclear complex 6c with DTBM-SEGPHOS
was used. To compare the catalytic profile of complex 6c with Rh(I) precursors, the
reaction was additionally carried out using in situ catalyst preparation by mixing (S)DTBM-SEGPHOS and the commercially available rhodium precursors [RhCl(cod)] 2 and
[Rh(cod)2]BF4 (entries 7 & 8). Both approaches display a good activity, affording the
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product in 79% and 92% yield, respectively. However, the enantioselectivities were
significantly lower with 80% and 46% only. Thus, the superior catalytic activity and
selectivity of Rh(III) complex 6c was illustrated.
Table 7: Asymmetric hydrogenation of N-acetyl-2-phenylindole.

entry a

catalyst

yield [%] b

ee [%] c

1

[{RhH((S,RP)-J1)}2(µ-Cl)3]Cl (7a)

traces

n.d.

2

[{RhH((S,RP)-J2)}2(µ-Cl)3]Cl (7b)

82

43

3

[{RhH((S,RP)-J3)}2(µ-Cl)3]Cl (7c)

traces

n.d.

4

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

5

n.d.

5d

[RhClH((S,RP)-J6)2]Cl (9b)

0

n.d.

6d

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

99

99

7

[RhCl(cod)]2 (2 mol%) +
(S)-DTBM-SEGPHOS(4.4 mol%)

79

80

8

[Rh(cod)2]BF4 (4 mol%) +
(S)-DTBM-SEGPHOS(4.4 mol%)

92

46

Reactions were carried out on 0.1 mmol scale in 1 mL of 1,4-dioxane. b Yield
determined by 1H NMR using phenanthrene as internal standard. c Determined by
chiral HPLC analysis. d 4 mol% catalyst used.
a

Next, the asymmetric hydrogenation of 3-substituted indoles 26a-26c was attempted
(Scheme 27). No reduction was observed using any of the previously tested Rh(III)
catalyst, even under harsher reaction conditions (e.g. 80 bar H 2 pressure, 120 °C). The
fundamentally different reactivity when switching from 2- to 3-substituted indoles could
not be fully explained. Considering the successful hydrogenation of similarly sterically
challenging substrates, it seems likely that the 3-substitution renders the double bond in
the fused pyrrole ring of the indole electronically unreactive towards hydrogenation by
the Rh(III) catalysts.
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Scheme 27: Unsuccessful hydrogenation of 3-substituted indoles.

The reaction conditions used in Table 7 were then applied in the asymmetric
hydrogenation of several indoles and structurally similar olefinic substrates (Table 8).
Methoxy-substituted indolines 28b and 28c were obtained with excellent 96% and 99%
enantiomeric excess and 86% and 96% yield, respectively. Similarly, hydrogenation of 2para-trifluoromethylphenyl substituted indole gave the corresponding indoline 28d in
96% yield and 99% ee. The substrate scope was further expanded to indene, and
dihydroindene 30 was obtained in 97% yield and 95% ee. Likewise, the hydrogenation of
other heterocyclic compounds such as a cyclic sulfone or silane afforded the
corresponding products 31 and 32 in 99% and 93% yield and 77% and 93% enantiomeric
excess. In contrast, ortho-methoxy substitution on the 2-phenyl moiety stifled the
reaction and compound 33 could not be obtained.
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Table 8: Substrate scope in the asymmetric hydrogenation of cyclic olefins. 8

Mechanistic experiments suggest the following preliminary, simplified mechanism of the
asymmetric hydrogenation involving mononuclear complex 6c (Scheme 28).[148] The
olefin coordinates to the vacant coordination site of the pentacoordinate dichloromonohydride complex, followed by insertion into the rhodium-hydride bond. The
resulting Rh-alkyl complex reacts with H2 in a σ-bond metathesis pathway through
heterolytic hydrogen activation, thereby affording the reduced products and restoring the
complex 6c. This mechanism excludes formation of a Rh(I) intermediate and homolytic
hydrogen activation, and the oxidation state of the metal remains constant during the
catalytic cycle.

The experimental work of the asymmetric hydrogenation of substrates 28a-28d and 29-32 in Table 8 were
carried out at Osaka university by the collaborating group of Professor Mashima.
8
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Scheme 28: Proposed reaction mechanism for the asymmetric hydrogenation of olefins with Rh(III)
complexes.

3.3.3 Substituted Trifluoroacetylindoles
During the investigation into enantioselective hydrogenation of indoles it was repeatedly
considered to examine the effect of different nitrogen protecting groups. The
unsuccessful hydrogenation of 3-substituted indoles led to the decision to attempt
increasing the reactivity of these substrates by changing the acetyl protection group to
the more electron withdrawing trifluoroacetyl variant. Subsequently, N-trifluoroacetyl
protected indole 34 was synthesised from 3-phenylindole 26a in 74% yield using
trifluoroacetic anhydride (TFAA), as shown in Scheme 29.

Scheme 29: Synthesis of 3-phenyl-N-trifluoroacetylindole.

70

Chapter 3 – Asymmetric C=C Hydrogenation

Subjecting indole 34 to hydrogenation reaction conditions using several Rh(III) catalysts,
however, did not result in the formation of indoline 35 (Scheme 30).

Scheme 30: Unsuccessful hydrogenation of indole 34.

Therefore, it was intended to first investigate the general influence of a trifluoroacetyl
protecting group on the successful enantioselective hydrogenation of 2-substituted
indoles. Surprisingly, an attempted synthesis of trifluoroacetyl protected indole 37
afforded

3-trifluoroacetyl-2-phenylindole

36a

in

quantitative

yield

and

N-trifluoroacetylation was not observed (Scheme 31).

Scheme 31: Trifluoroacetylation of 2-phenylindole.

Noteworthy, an alternative three-step synthetic procedure similar to that of indole 23 in
Scheme 25 resulted in nitrogen deprotection and loss of the trifluoroacetyl group in the
final ring cyclisation step. An attempted asymmetric C=O hydrogenation of 36a using
triply-chloride bridged Rh(III) complex 7b afforded the corresponding alcohol 38a in a
promising 72% yield and 70% ee in a first preliminary experiment, whereas the
tetrasubstituted indole double bond remained unreacted (Scheme 32). The asymmetric
C=O hydrogenation of these compounds will be further elaborated in the next chapter.
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Scheme 32: Asymmetric C=O hydrogenation of 2-phenyl-3-trifluoroacetylindole 36a.

3.4

Conclusion and Outlook

The first catalytic application of triply chloride-bridged dinuclear rhodium(III) complexes
bearing Josiphos ligands in the asymmetric hydrogenation of methylstilbene and 2- and
3-substituted indoles has been moderately successful. For these substrates, catalyst 6c
afforded the products in excellent yields and enantioselectivities, thereby clearly
outperforming the Josiphos analogues. All of these successfully hydrogenated substrates,
however, have a structural similarity with trans-α-methylstilbene. Taking into account
their previously reported successful hydrogenation, it is hardly surprising that catalyst
6c demonstrates a very comparable activity and selectivity.
Nevertheless, there was certainly a promising C=C hydrogenation activity of some
Rh(III)-Josiphos complexes, even if the enantiomeric excess was fairly low. These first
catalytic test also revealed preliminary reactivity trends: for one, a favourable activity of
complexes bearing Josiphos ligands with electron-rich phosphine substituents was
observed, whereby tert-butyl phosphine substituents appear to be crucial for obtaining
significant enantiomeric excesses. Secondly, the mononuclear Xyliphos complex 9b
shows no activity at all.
The results in the asymmetric C=O hydrogenation for trifluoroacetyl substituted indole
derivatives opens up new possibilities to broaden the activity profile of the Rh(III)
complexes. Hence, the next chapter will focus on the hydrogenation of this new substrate
class.
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4.1

Introduction

The number of fluorine-containing pharmaceuticals and agrochemicals has substantially
increased over the last decades and an estimated quarter of all newly approved active
ingredients of pharmaceuticals contains at least one fluorine atom.[149] The advent of
fluorinated drugs is largely due to their beneficial properties in comparison with
non-fluorinated

analogues,

including

improved

metabolic

stability

and

bioavailability.[150] Consequently, tremendous effort has been devoted to the development
of efficient protocols for the introduction of fluorine-containing functional groups and
several reagents for their installation into organic molecules have been developed.[151]
Chiral secondary alcohols containing a trifluoromethyl or perfluoroalkyl chain are a
structural motif found in several biologically active molecules. At present, this motif is
less frequently found in comparison with other fluorine-containing functional groups
such as aromatic fluorine or trifluoromethyl groups. Several drugs and pharmaceutically
relevant molecules containing this moiety, however, have recently been developed and
examples are shown in Figure 25. These are not limited to compounds in an early
development stage such as tryptophan hydroxylase inhibitor LX-1301[152] and the example
structure of a caspase inhibitor,[153] but also include further advanced molecules already
tested in clinical trials such as Bitopertin, a glycine reuptake inhibitor developed by
Roche[154] and Teloristat ethyl,[155,156] another tryptophan hydroxylase inhibitor that
received FDA approval in 2017. Of particular importance in these drugs or prospective
drug candidates is the chiral 1-aryl-2,2,2-trifluoroethanol scaffold.
The increasing demand to access such compounds in an efficient and enantioselective
manner has led to the development of several strategies for their catalytic, asymmetric
synthesis. Besides kinetic resolution of the alcohol,[157,158] the key disconnections to access
these chiral alcohols can be classified into four approaches, depending on how the
respective bond will be formed according to Scheme 33. These approaches are further
illustrated by the examples in Scheme 34. For one, the enantioselective installation of a
hydroxy group for these substrates is virtually an unexplored area, with one exception
using genetically modified bacteria, albeit with a synthetic detour via an organoborane
intermediate (Scheme 34, top). Similarly underexplored is the catalytic, asymmetric
introduction of an aryl/alkyl moiety to fluoral, although recently two protocols for this
transformation have been developed.[159,160] Both of these involve transition-metal
complexes with chiral ligands, but are generally impractical or inefficient due to the high
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Figure 25: Examples of biologically active molecules containing an ether with an α-perfluoroalkyl group.

catalyst loadings and the necessity for several additives. This is illustrated by the example
of the nickel-catalysed enantioselective Hiyama cross coupling in Scheme 34. The two
other possibilities to access chiral, secondary alcohols with an adjacent trifluoromethyl
group

are

nucleophilic

trifluoromethylation

of

aldehydes

and

reduction

of

trifluoromethyl ketones. In the former case, synthetic methods are usually based on the
nucleophilic trifluoromethyl source TMSCF3. This reagent can be activated by a fluoride
source for example, to release the “CF3-“-anion, which reacts with aldehydes in the
presence of a suitable chiral catalyst, such as an alkaloid or a quaternary ammonium
salt.[161,162]

Scheme 33: Key disconnections to access chiral secondary alcohols with a CF3 group.
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Scheme 34: Strategies for the catalytic, asymmetric synthesis of secondary alcohols containing a
trifluoromethyl group.

Achieving a high level of asymmetric induction in nucleophilic trifluoromethylations,
however, is difficult and no highly enantioselective procedure has been reported up to
date. In contrast, several efficient and selective methods for reduction of trifluoromethyl
ketones have successfully been developed. Contemporary methods include reduction
using chiral magnesium amides,[163] β-hydrogen transfer with diethyl zinc,[164] enzymatic
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biocatalysis[165–167] and chiral oxazoborolidine-catalysed reductions with Corey-BakshiShibata (CBS) catalysts.[168,169] In addition, there are few reports of transition-metal
complexes in the asymmetric (transfer) hydrogenation of perfluoroalkyl ketones, which
should be elaborated at this stage. The first highly enantioselective hydrogenation of
trifluoroacetophenone can be found in an account by Noyori in 1998, using a Ru(II)
complex bearing a BINAP derivative and a chiral diamine ligand (Figure 26).[170] Only four
trifluoroacetophenone derivatives, however, were hydrogenated and potassium tertbutoxide was necessary to activate the catalyst. A report by Iseki and co-workers used the
rhodium-(amidophosphine-phosphinite) complex [Rh((S)-Cy,Cy-oxoProNOP)OCOCF3]2
as precatalyst for the asymmetric hydrogenation of trifluoromethyl ketones. [171] High
asymmetric induction was observed only in the reduction of alkyl trifluoromethyl
ketones, whereas enantioselectivity for aryl trifluoromethyl ketones was substantially
lower. The very same selectivity issues for aryl perfluoroalkyl ketones were encountered
in a transfer hydrogenation protocol with a ruthenium(II) catalyst precursor and a chiral
diphenylethylendiamine (PHEN) ligand by Mohar.[172] Another ruthenium-catalysed
transfer hydrogenation attempt on trifluoroacetophenones using tridentate ferrocenebased ligands also faced low enantioselectivities.[173]

Figure 26: Catalysts and ligands used in the asymmetric (transfer) hydrogenation of perfluoroalkyl
ketones. Noyori’s RuCl(XylBINAP)(diamine) catalyst (left), [170] an oxoProNOP ligand used by Iseki[171] and a
diphenylethylene (DPEN) type ligand used by Mohar. [172]

Apart from the aforementioned accounts, perfluoroalkyl ketones are mostly known as
low-yielding substrates in classical asymmetric hydrogenation reactions. Due to their
vastly different stereoelectronic properties it is not surprising that optimised catalytic
systems for acetophenones do not proceed efficiently for trifluoroacetophenones and
suffer from poor enantioselectivities.[174–177] Consequently, the development of a
practical, efficient and highly enantioselective protocol for the hydrogenation of
trifluoroacetophenone-type substrates is the key objective of this part of the thesis.
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4.2

Asymmetric Hydrogenation of 3-Perhaloacetyl-2-Arylindoles

In addition to the relevance of the indole scaffold in biologically relevant molecules
described in Chapter 3, a particular type of indole needs to be briefly highlighted at this
stage: substituted 2-phenylindoles have been recognised as privileged structures in
medicinal chemistry with a broad biological activity profile for G protein-coupled
receptor

modulation.[178,179]

Synthetic

protocols

for

the

installation

of

the

(trifluoromethyl)hydroxymethyl group at the 3-position of indoles are presently limited
to a radical cross-dehydrogenative coupling[180] and a cinchona-alkaloid-catalysed
asymmetric Friedel-Crafts reaction of indoles with trifluoroacetaldehyde, albeit with a
small substrate scope and poor enantioselectivities.[181] However, no synthesis of alcohol
38a is known at present.

4.2.1 Optimisation of Reaction Conditions
The onset of the investigation into the asymmetric reduction of perfluoroalkyl ketones
was the hydrogenation of 2-phenyl-3-trifluoroacetylindole 36a, as outlined in Chapter 3.
Some results of the initial optimisation of reaction conditions are listed in Table 9. At
first, a catalyst screening was carried out using the previous reaction conditions, 30 bar
hydrogen pressure in dioxane at 80 °C. The catalyst precursor 7a bearing the classical
Josiphos ligand gave the highest yield of 87%, but only 28% ee (entry 1), whereas the tertbutyl analogue 7b achieved an acceptable 72% yield and 70% ee (entry 2). Utilisation of
catalyst precursor 7c bearing a Josiphos ligand with electron-poor phosphine
substituents gave only 8% yield and 35% ee (entry 3), whereas 7d with the sterically
demanding and electron-rich ligand J4 afforded 83% yield and 55% ee (entry 4). The use
of complexes 6b and 6c bearing C2-symmetric DM- and DTBM-SEGPHOS ligands resulted
in moderate enantiomeric excesses of 47% and 60%, respectively (entries 5 & 6).
Lowering the temperature to 60 °C rendered the yield unchanged, but an increased
enantiomeric excess of 70% was obtained using 7d (entry 7). In contrast, using 6c gave
low yields but a satisfactory increase in enantioselectivity (entry 8). At this stage, we
decided to investigate the influence of different solvents on the reactivity and selectivity.
This proved largely unsuccessful using dichloroethane and toluene (entries 9 & 10).
Promising results were obtained using 7d in acetonitrile as solvent at room temperature,
affording alcohol 38a in an excellent yield of 95% and 79% ee (entry 11). The same
reactions conditions using 7b or 6c gave unsatisfactory results (entries 12 & 13).
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Table 9: Catalyst and solvent screening for the asymmetric hydrogenation of 36a.

entry a

solvent

catalyst

T

H2 [bar]

yield [%] b

ee [%] c

1

dioxane

[{RhH((S,RP)-J1)}2(µ-Cl)3]Cl (7a)

[°C]
80

30

87

28

2

dioxane

[{RhH((S,RP)-J2)}2(µ-Cl)3]Cl (7b)

80

30

72

70

3

dioxane

[{RhH((S,RP)-J3)}2(µ-Cl)3]Cl (7c)

80

30

8

35

4

dioxane

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

80

30

83

55

5

dioxane

[{RhH((S)-DM-SEGPHOS)}2(µ-Cl)3]Cl (6b)

80

30

12

47

6d

dioxane

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

80

30

74

60

7

dioxane

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

30

79

70

8d

dioxane

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

60

50

13

90

9

1,2-DCE

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

50

0

n.d.

10

toluene

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

50

6

n.d.

11

MeCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

50

95

79

12

MeCN

[{RhH((S,RP)-J2)}2(µ-Cl)3]Cl (7b)

rt

50

12

68

13 d

MeCN

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

rt

50

0

n.d.

Reaction conditions: 0.1 mmol of indole and 2 mol% catalyst in 1.0 mL solvent. b Determined by 19F NMR spectroscopy
using α,α,α-trifluorotoluene as internal standard. c Determined by chiral HPLC analysis. d 4 mol% catalyst used.
a

Evidently, the asymmetric hydrogenation of 36a is strongly dependent on the catalystsolvent combination and also on the temperature. The encouraging results when using
catalyst 7d in MeCN at room temperature prompted us to shift the focus towards the
investigation of various nitrile solvents in an attempt to maximise the enantiomeric
excess, and the results are shown in Table 10. Surprisingly, the use of benzyl or phenyl
nitrile afforded only the racemic alcohol 38a in low yields of 27% and 31% (entries 2 & 3).
In contrast, using propionitrile or butyronitrile as solvent afforded indole 38a in 74% and
99% yield with 88% and 64% ee, respectively (entries 4 & 5). The use of nitriles containing
sterically more demanding alkyl substituents such as isobutyro- and pivalonitrile
resulted in comparably low yields of 30% and 29% (entries 6 & 7). Attempts to use solvent
combinations involving propionitrile gave inferior results (entries 8 & 9) in comparison
to propionitrile only (entry 10). It was claimed previously that the addition of
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tetrabutylammonium chloride (TBACl) facilitated the hydrogenation of methylstilbene
substrates with a dinuclear rhodium(III) catalyst.[101] Therefore, it this additive was tested
in the hydrogenation of ketone 36a, which led to a drastically lowered yield of only 14%
(entry 12). Finally, a comparison experiment using [RhCl(cod)]2 and (S,RP)-J4 instead of
Rh(III) catalyst precursor 7d was carried out (entry 13). The unsatisfactory results of 14%
yield and 7% ee revealed the necessity of using the dinuclear Rh(III) catalyst to obtain
excellent yield and enantioselectivity.
Table 10: Nitrile solvent screening for the asymmetric hydrogenation of 36a.

entry a

solvent

catalyst

yield [%] b

ee [%] c

1

MeCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

95

79

2

BnCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

27

rac

3

PhCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

31

rac

4

EtCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

74

88

PrCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

>99

64

5

n

6

i

PrCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

30

88

7

t

BuCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

29

80

8

EtCN:dioxane (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

10

50

9

EtCN:MeCN (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

65

86

10 d

EtCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

98

88

12 e

EtCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

14

86

13

EtCN

[RhCl(cod)]2 (2mol%) + (S,RP)-J4 (4 mol%)

14

7

Reaction conditions: 0.1 mmol of indole and 2 mol% catalyst in 1 mL solvent. b Determined by 19F NMR
spectroscopy using α,α,α-trifluorotoluene as internal standard. c Determined by chiral HPLC analysis. d 4 mol%
catalyst used. d Concentration increased to 0.3 mmol indole in 1 mL solvent. e 5 mol% tetrabutylammonium
chloride (TBACl) were added.
a
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4.2.2 3-Trifluoroacetylation of 2-Substituted Indoles
Before further exploring the scope and limitations of this reactions it was necessary to
synthesise several differently substituted indoles with a trifluoroacetyl group on the
3-position. A modified literature procedure[178] provided access to several of these
structures, by reacting 2-substituted indoles with trifluoroacetic anhydride (TFAA) in
DCM at 0 °C (Table 11). Notably, the formation of the N-trifluoroacetyl compound was
observed only for substrates 36b and 36c. The indole reactivity appears to be largely
dependent on the steric properties of the substituent in the 2-position. Additionally, the
method is not limited to TFAA, but works equally well for difluoroacetic anhydride,
pentafluoropropionic anhydride and heptafluorobutyric anhydride, thereby affording the
corresponding indoles 36k – 36m in yields between 78% and 91%.
Table 11: Synthesis of 3-trifluoroacetyl-2-substituted indoles.

Another recently developed synthetic strategy to install a fluoroacetyl group on the 3position of indoles is the Friedel-Crafts fluoroacetylation with fluorinated acetic acids
instead of anhydrides.[182] Indoles 36n and 36o were synthesised in yields of 49% and 46%
respectively, according to this protocol using chlorodifluoroacetic acid and
bromodifluoroacetic acid (Scheme 35).

81

Chapter 4 – Asymmetric Hydrogenation of Aryl Perfluoroalkyl Ketones

Scheme 35: Synthesis of 3-perhaloacetyl-2-phenylindoles 36n and 36o.

4.2.3 Reaction Scope and Limitations
All synthesised indoles were subsequently hydrogenated using the optimised reaction
conditions and the resulting scope is shown in Table 12. At first, the influence of
substitution at position 2 of the indole was examined. Indoles 38b and 38c bearing no
substituent or only a methyl group were obtained in decreased yields and
enantioselectivities of only 62% and 73% ee, respectively. In contrast, for 2-naphtyl and
tert-butyl groups the corresponding products 38d and 38e were both obtained with good
ee values of 87% and 86%, albeit the large tert-butyl moiety somewhat stifled the
reaction, resulting in a low yield of only 22% for 38e. Surprisingly, N-methyl protected
indole 38f could not be obtained under the reaction conditions, indicating that the free
N-H of the indole is required for reactivity. Substitution on the indole framework or on
the 2-phenyl group did not substantially impact the reaction, and hydrogenation of
dimethoxy substituted indole 36g afforded the corresponding product 38g in an excellent
99% yield and 95% ee. Similarly, halogen or methoxy substitution on the phenyl ring was
well tolerated and alcohols 38h, 38i and 38j were obtained in excellent yields. Next, the
influence of different fluoroalkyl groups on yield and selectivity was addressed, starting
with 3-difluoroacetyl-2-phenylindole, which was reduced to alcohol 38k in 36% yield and
56% ee. Increasing the length of the fluoroalkyl group to C2F5 and C3F7 led to excellent
ee values of 98% and 99% for alcohols 38l and 38m. Similarly, compounds 38n and 38o
bearing sterically more demanding CF2Cl and CF2Br groups were both obtained in
quantitative yield and 93% enantiomeric excess. The increase in enantiomeric excess in
this reaction seemingly correlates with the size of the fluoroalkyl group on the ketone.
The origin of this correlation was not fully clarified; however, a favourable interaction of
the fluorine atoms with the catalyst is unlikely, as a similar selectivity for the
difluoroacetyl indole 38k in comparison to the CF3 analogue 38a could be expected.
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Table 12: Asymmetric hydrogenation of 3-(haloacetyl)-2-arylindoles and related
substrates.

In contrast, the observed selectivity trend can presumably be attributed to negative
repulsive interactions of the perfluoroalkyl chain with the chiral ligand, which intensify
as the length or size of the fluorinated moiety increases.
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The absolute configuration of the products was determined to be S when utilising catalyst
7d with (S,RP)-J4 by comparison of the optical rotation of alcohol 4b with literature
values[181] and by X-ray analysis of substrate 38o. Suitable single-crystals were obtained
for indoles 36a, 36o and 38o. The corresponding ORTEP representations are shown in
Figure 27, and relevant bond distances and angles are listed in Table 13. Noteworthy, the
solid-state analysis of 38o reveals the existence of three symmetrically independent
conformers, which are denoted here as 38o-1, 38o-2 and 38o-3.

Figure 27: ORTEP representation of indoles 36a and 36o and the three conformational isomers of 38o and
their relative orientation. Hydrogen atoms are omitted for clarity, thermal ellipsoids are set to 50%
probability.

These compounds display interesting conformational features in the solid state. The
phenyl ring in position 2 in all three molecular structures of 36a, 36o and 38o is
substantially twisted with respect to the indole plane. The corresponding angle Φ1 varies
between 45 ° for 36a and 90 °C for 38o-1, and significantly different values are observed
even for the three conformers of 38o. This deviation from a planar structure can be
rationalised by considering the stereoelectronic repulsion from the perhalogenated
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acetyl group in the 3-position. This effect is also illustrated by the C=O groups of 36a and
36o which deviate from a planar arrangement with the indole and are bent out of the
indole plane by 20 and 16 degrees, respectively (Φ2 in Table 13). The three conformers of
38o display an antiparallel orientation of the indole scaffold, but the hydroxy/CF2Br
moiety are pointing in the same direction.

Their relative orientation allows for

maximisation of favourable intermolecular interactions, illustrated for example by the
short fluorine-fluorine contacts of the adjacent CF2-Br groups between 38o-1 and 38-o2.
Additionally, the arrangement allows for hydrogen bonding, for example by the hydroxyl
groups of 38o-2 and 38-o3.
Table 13: Selected distances and bond-angles 36a, 36o and 38o-1 - 38o-3.
bond lengths [Å]
36a

36o

38o-1

38o-2

38o-3

C10-F1

1.328(2)

1.351(2)

1.368(7)

1.316(9)

1.348(7)

C10-F2

1.339(3)

1.339(2)

1.335(7)

1.337(7)

1.344(7)

C10-X (X = F, Br)

1.319(3)

1.931(1)

1.941(6)

1.952(7)

1.937(6)

C9-O

1.215(3)

1.224(2)

1.422(7)

1.437(7)

1.423(7)

C9-C10

1.540(3)

1.544(2)

1.518(9)

1.540(10)

1.540(9)

C2-C9

1.430(3)

1.447(2)

1.491(8)

1.490(9)

1.484(8)

C1-N

1.345(3)

1.356(2)

1.366(N)

1.383(8)

1.369(8)

C1-C2

1.394(3)

1.406(2)

1.371(8)

1.388(8)

1.378(9)

C1-C11

1.466(3)

1.472(2)

1.488(8)

1.464(8)

1.480(8)

angles [°]
36a

36o

38o-1

38o-2

38o-3

C10-C9-O

115.3(2)

115.4(1)

105.7(5)

104.2(5)

105.2(5)

C2-C9-O

125.8(2)

124.8(1)

114.4(5)

112.7(5)

113.4(5)

C2-C9-C10

118.9(2)

119.8(1)

113.7(5)

111.9(5)

112.8(5)

Φ1

44.93

48.46

89.91

45.30

47.54

Φ2

20.37

15.96

36.45

40.09

47.03

Φ3

20.97

18.07

85.11

77.0

72.53

Φ1 is defined as the plane angle between the indole and the phenyl ring. Φ2 is defined as the angle of CO out of the indole plane. Φ3 is defined as the angle of CF2X (X = F, Br) out of the indole plane.
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4.3

Asymmetric Hydrogenation of Trifluoroacetophenones

The development of an efficient protocol for the asymmetric hydrogenation of
3-(haloacetyl)-2-arylindoles in the last section enabled their previously unavailable
highly enantioselective synthesis. It is evident, however, that this procedure is restricted
to a distinct class of indole compounds, and substrate modifications especially on
position 2 of the indole framework can dramatically influence the outcome of the
reaction. Despite the biological relevance of substituted 2-phenylindole derivatives, the
general expansion of this protocol towards aryl perfluoroalkyl ketones is a highly
attractive objective. Thus, it was decided to continue with the expansion of this
methodology to trifluoroacetophenone-type substrates, due to the utilisation of their
corresponding alcohols as building blocks in the synthesis of pharmaceutically relevant
molecules.[183,184]

4.3.1 Optimisation of Reaction Conditions
The

investigation

began

by

screening

for

suitable

reaction

conditions

on

4-chlorotrifluoroacetophenone (39a) and the most important results are summarised in
Table 14.9 Initially it was attempted to use similar conditions as those used in the
hydrogenation of indoles described in the previous section. Carrying out the reaction in
MeCN or EtCN with catalyst precursor 7d, however, gave unsatisfactory results and the
alcohol 40a was obtained in low yields of 12% and 25% and enantioselectivities of 80%
and 74%, respectively (entries 1 & 2). Inspired by the well-studied hydrogenation step in
the industrial synthesis of Metolachlor,[81] it was anticipated to likewise activate the
catalyst in acetic acid. The reaction indeed proceeded smoothly in 72% yield, but with
only 44% ee (entry 3). Use of polar solvents such as THF, MeOH and DMF at 60 °C
afforded compound 40a in quantitative yield, albeit only with moderate enantiomeric
excess (entries 4-6). Carrying out the reaction at room temperature in these solvents
under otherwise identical reaction conditions did not give any yield. Two further
attempts focussed on the use of catalyst 6c bearing DTBM-SEGPHOS (entries 7 and 8),
but the low yields prompted us to switch back to 7d. To overcome the limitation of having
either a low yield and good enantiomeric excess or vice versa a high yield and poor
selectivity, we attempted to exploit synergistic solvent effects by using combinations
A comprehensive summary of all screened reaction conditions for the asymmetric hydrogenations of 39a
can be found in the supporting information of the original publication of this work. [242]
9
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thereof. Indeed, the key to a successful enantioselective hydrogenation is the use of an
alkyl nitrile and acetic acid (entries 9 & 10), affording 40a in quantitative yields, with an
enantiomeric excess of 85% using MeCN and 88% using EtCN. Under these conditions the
catalyst loading could be reduced to 1 mol%. Other carboxylic acids such as formic acid
(HCOOH) and propionic acid (EtCOOH), but also hexafluoroisopropanol (HFIP) gave very
comparable results (entries 11-13).
Table 14: Optimisation for the asymmetric hydrogenation of 4-chlorotrifluoroacetophenone 39a.

entry a

solvent

catalyst

T [°C]

yield [%] b

ee [%] c

1

MeCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

12

80

2

EtCN

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

25

74

3

AcOH

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

72

44

4

THF

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

>99

56

5

MeOH

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

>99

70

6

DMF

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

60

>99

35

7d

MeOH

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

60

10

42

8d

EtCN

[Rh(Cl)2H((S)-DTBM-SEGPHOS)] (6c)

rt

traces

n.d.

9e

MeCN/AcOH (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

>99

85

10 e

EtCN/AcOH (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

>99

88

11 e

EtCN/HCOOH (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

81

85

12 e

EtCN/EtCOOH (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

>99

88

13 e

EtCN/HFIP (1:1)

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

rt

>99

88

Reaction conditions: 0.1 mmol ketone and 2 mol% catalyst in 1 mL solvent. b Determined by 19F NMR
spectroscopy using α,α,α-trifluorotoluene as internal standard. c Determined by chiral GC analysis.
d
4 mol% catalyst used. e 1 mol% catalyst used.
a

Several other Rh(III) catalyst precursors were tested using these optimised reaction
conditions and the results are listed in Table 15. Utilising complex 7a with the classical
Josiphos J1, a mere 31% yield and 3% enantioselectivity was obtained (entry 1). Similarly,
the use of 7b bearing tert-butyl Josiphos ligand J2 afforded the alcohol 40a in quantitative
yield, but with 5% ee only (entry 2). The reaction did not proceed at all using complex 7c
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(entry 3). In contrast, a quantitative yield was obtained when the triply-bromide bridged
Rh(III) complex 11b was used, albeit with a low enantiomeric excess of 84% (entry 5). A
final attempt was made using in situ Rh(III) catalysts generated by reacting [RhCl(cod)]2,
Josiphos ligand (S,RP)-J4 and an excess of HCl, HBr or HI (entries 6 – 8). This approach
worked only for the HCl variant, giving alcohol 40a in >99% yield and 86% ee, and in the
case of HBr and HI no product formation was observed. An unfavourable interaction of
ethanol and water from the addition of HBr and HI, respectively, cannot be ruled out. This
is illustrated by a comparison with the good results obtained when using bromide
complex 11b. The practical advantage of an in situ catalyst generation is small in this case
and the well-defined Rh(III) catalyst precursor 7d was subsequently used for the rest of
this work.
Table 15: Catalyst screening in the enantioselective hydrogenation of 39a.

entry a

catalyst

yield [%] b

ee [%] c

1

[{RhH((S,RP)-J1)}2(µ-Cl)3]Cl (7a)

31

3

2

[{RhH((S,RP)-J2)}2(µ-Cl)3]Cl (7b)

>99

5

3

[{RhH((S,RP)-J3)}2(µ-Cl)3]Cl (7c)

0

n.d.

4

[{RhH((S,RP)-J4)}2(µ-Cl)3]Cl (7d)

>99

88

5

[{RhH((S,RP)-J4)}2(µ-Br)3]Br (11b)

>99

84

6d

[RhCl(cod)]2 (1 mol%) +
(S,RP)-J4)} (2 mol%) + HCl (10 mol%)

>99

86

7e

[RhCl(cod)]2 (1 mol%) +
(S,RP)-J4)} (2 mol%) + HBr (10 mol%)

traces

n.d.

8f

[RhCl(cod)]2 (1 mol%) +
(S,RP)-J4)} (2 mol%) + HI (10 mol%)

0

n.d.

Reaction conditions: 0.1 mmol ketone and 2 mol% catalyst in 1 mL solvent. b
Determined by 19F NMR spectroscopy using α,α,α-trifluorotoluene as internal
standard. c Determined by chiral GC analysis. d HCl in Et2O was used. e HBr in
EtOH was used. f Aqueous HI was used.
a
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4.3.2 Asymmetric Hydrogenation of Trifluoroacetophenones – Scope and Limitations
Using the optimised reaction conditions with Rh(III) complex 7d, the asymmetric
hydrogenation of several trifluoroacetophenones and structurally similar substrates was
addressed next, and the results are summarised in Table 16.
Simple trifluoroacetophenone as well as methyl-, methoxy- and bromo para-substituted
derivatives were efficiently hydrogenated to the corresponding alcohols 40b – 40e in
92%-99% yield and enantiomeric excess of 86% for all substrates. The reaction conditions
tolerated even a dimethylamino group and product 40f was obtained in quantitative
yield, albeit only with 66% ee. Trifluoromethyl- and methylester substitution in paraposition is well-tolerated with yields of 98% and 99% and enantiomeric excesses of 88%
and 89% obtained for products 40g and 40h, respectively, whereas acetyl-substituted
alcohol 40i was only obtained in a low 20% yield, but likewise in 88% ee. It was observed
that the second ketone moiety was partially reduced too, and the corresponding diol was
obtained as major product.10 In addition to the para-substituted trifluoroacetophenone
derivatives, meta-substituted substrates can also be efficiently hydrogenated with good
enantioselectivities, as demonstrated by compounds 40j and 40k. ortho-Fluorine
substitution, however, slightly reduced the enantiomeric excess to 78% in product 40l.
Next, the hydrogenation of other fluorinated ketones bearing a CF2Cl, C2F5 and a C3F7
moiety was investigated. The increased steric demand of the fluoroalkyl group resulted
in higher enantioselectivities of 93%, 95% and 96% ee for substrates 40m, 40n and 40l,
respectively. As previously observed for the indoles, the increase in enantiomeric excess
correlates with the size of the fluoroalkyl group.
Finally, we attempted the hydrogenation of perfluorophenyl ketones, as their efficient
and enantioselective hydrogenation is as challenging that of trifluoroacetophenones and
remains as poorly explored. Unfortunately, the standard reaction conditions afforded the
alcohols 40o and 40p in only 4% and 27% yield. Unsatisfying results were also obtained
in the reduction of benzyl trifluoromethyl ketone, affording alcohol 40r in 57% and 9%
ee. The developed protocol for the asymmetric hydrogenation of perfluoroalkyl ketones
is thus very efficient and enantioselective for aryl perfluoroalkyl ketones only.

The chemoselective hydrogenation of fluorinated over non-fluorinated ketones is addressed in the next
section of this chapter.
10
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Table 16: Asymmetric hydrogenation of aryl perfluoroalkyl ketones.

The relatively low functional group tolerance for the acetyl moiety in substrate 40i
sparked our interest to investigate the chemoselective differentiation between
fluoroalkyl and regular ketones, and this is covered in the next section.
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4.3.3 Chemo- and Enantioselective Hydrogenation of Diketones
The preferential reduction of perfluoroalkyl ketones over their non-fluorinated
analogues in an enantioselective fashion is a particularly difficult transformation. To the
best of our knowledge this can presently only be done by enzymatic biocatalysis,[185–187]
and no transition-metal-catalysed variants exist. The results in the asymmetric
hydrogenation of 4’-(trifluoroacetyl)acetophenone towards alcohol 40i indicate a small
preference for the reaction of the fluorinated ketone. We anticipated that with proper
optimisation this could perhaps be enhanced into a chemoselective method.
Prior to the development of such a chemoselective protocol it was necessary to obtain
sufficient information about the hydrogenation of non-fluorinated acetophenones using
the Rh(III) catalyst precursors. Therefore, simple acetophenone and two para-substituted
variants were subjected to two different reaction conditions (Scheme 36).

Scheme 36: Asymmetric hydrogenation of substituted acetophenones.

No reactivity for any of the substrates was observed when carrying out the reaction in
propionitrile, whereas the combination of propionitrile and acetic acid afforded the
products 42a, 42b and 42c in 30%, 17% and 89% yield, respectively. The results reveal
that the outcome of the reaction strongly depends on the electronic properties of the aryl
substituents. Electron withdrawing substituents such as a trifluoromethyl group seem to
be favourable, whereas the electron donating methoxy group largely inhibits the reaction.
The results can thus be interpreted as a consequence of the induced electronic effects of
the substituents through the aromatic ring onto the conjugated ketone. A quantitative
approach to describe electronic substituent effects was developed by Hammett and
further improved by Taft.[188,189] The corresponding “Hammett substituent parameters”
include electronic resonance and inductive effects, and some relevant values are listed in
Table 17. Though the original Hammett equation is a free-energy relationship of reaction
rates and equilibrium constants, the parameter values can also be understood as a
measure for the total electronic effect exerted by a given substituent on the reacting
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functional

group.

Negative

Hammett

Table 17: Hammett parameters of relevant

parameter values denote electron-donating
effects, as in the case of the para-methoxy
substituent, while positive values denote
electron-withdrawing effects. Considering the
σp values for the acetyl and the trifluoroacetyl
group in Table 17, and from the observation
that electron withdrawing groups such as CF3
accelerate the reduction of ketones with a
Rh(III) catalyst in general, it becomes evident

aromatic substituents.

substituent

σm

σp

-H

0.00

0.00

-OMe

0.12

-0.27

-CF3

0.43

0.54

-COCH3

0.38

0.50

-COCF3

0.63

0.80

-COCF2CF2CF3

0.63

0.79

that the chemoselective hydrogenation of aryl diketones with conjugated fluorinated and
non-fluorinated ketones is particularly challenging due to the mutual activation of either
one by the other. The previous experiments indicate that the hydrogenation using the
Rh(III) catalyst precursor 7d proceeds considerably slower or not at all for acetophenones
in comparison to trifluoroacetophenones. This can be attributed to the strongly
activating influence of the perfluoroalkyl group on the reactivity of the ketone.
The above analysis encouraged us to search for reaction conditions that allow the chemoand enantioselective hydrogenation of perfluoroalkyl ketones over regular ketones. Aryl
diketone 39i with an acetyl group at the para-position to the trifluoroacetyl group was
chosen as model substrate. The results for the optimisation of reaction conditions in
search for a chemoselective hydrogenation towards 40i are listed in Table 18. The
previously optimised reaction conditions provided full conversion and 88% ee, albeit with
the predominant formation of 40i-OH (entry 1). Bromide-bridged catalyst precursor 11b
afforded the products in an even less favourable ratio of 1:9.5 (entry 2). In contrast, a
shortened reaction time of 14 h improves the ratio to 4:1, but only 59% conversion was
reached (entry 3). This result indicates that the hydrogenation of the acetyl group
predominantly occurs when the trifluoromethyl ketone is already reduced. The reaction
without acetic acid in propionitrile affords product 40i exclusively, but the conversion of
only 2% is insufficient (entry 4). The dramatic influence of acetic acid on the efficacy of
the reaction was thus identified as the decisive element to control the chemoselectivity.
Indeed, using a tenfold excess of propionitrile with respect to acetic acid increased the
selectivity to 1:1.2 (entry 5). We speculated that the reaction acceleration caused by
acetic acid stems from its function as Brønsted acid, and we consequently attempted to
use similar protic solvents, albeit with lower pKa values. The combination of EtCN with

92

Chapter 4 – Asymmetric Hydrogenation of Aryl Perfluoroalkyl Ketones

trifluoroethanol (TFE) or hexafluoroisopropanol (HFIP) afforded the products in ratios of
7:1 and 5:4 and enantioselectivities of 82% and 84%, respectively, with full conversion of
diketone 39i (entries 6 & 7). Additionally, the assumption of the role of acetic acid as
proton source was somewhat confirmed, considering the increasing acidity from TFE to
HFIP to AcOH. A final variation of volumetric ratios revealed that a tenfold excess of
propionitrile to HFIP was the key to achieve perfect chemoselectivity, with compound 40i
obtained exclusively in 86% enantiomeric excess (entry 8).
Table 18: Optimisation of reaction conditions for the chemo- and enantioselective hydrogenation of aryl
diketone 39i.

entry a

solvent b

conversion c

ee d

ratio 40i : 40i-OH c

1

EtCN/AcOH (1:1)

>99

88

1 : 4.3

2

e

EtCN/AcOH (1:1)

>99

86

1 : 9.5

3f

EtCN/AcOH (1:1)

59

82

4:1

4

EtCN

2

88

1:0

5

EtCN/AcOH (10:1)

>99

87

1 : 1.2

6

EtCN/TFE (1:1)

>99

82

7:1

7

EtCN/HFIP (1:1)

>99

84

5:4

8

EtCN/HFIP (10:1)

97

86

1:0

Reaction conditions: 0.1 mmol ketone and 2 mol% catalyst in 1 mL solvent. Volumetric ratios.
Determined by 19F NMR spectroscopy. d ee of 40i; determined by chiral HPLC-analysis. e Bromidebridged catalyst 11b was used. f 14 h reaction time.
a

b

c

We the compared the reactivity of regular acetophenone and trifluoroacetophenone
using a combination of EtCN and HFIP (Scheme 37). No reaction was observed for the
regular acetophenone, whereas the trifluorinated variant cleanly gave the corresponding
alcohol 40b in 98% yield and 90% enantiomeric excess. This result illustrates the
importance of the protic solvent, and additionally the large impact of aromatic
substitution by comparison with the reaction of 39i during which hydrogenation of the
non-fluorinated ketone was partially observed under identical reaction conditions
(Table 18, entry 7).
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Scheme 37: Reactivity of trifluoroacetophenone and acetophenone in EtCN/HFIP (10:1).

The successful development of an efficient procedure

for the chemo- and

enantioselective hydrogenation of 4-(trifluoroacetyl)acetophenone prompted us to
investigate its scope and the limitations. Therefore, several other substrates containing
both an acetyl group and a perfloroalkyl ketone were synthesised (Scheme 38). The
synthesis starts from bromo-substituted acetophenone, which is converted into the
corresponding ketal using ethylene glycol and catalytic toluenesulfonic acid in refluxing
toluene in a Dean-Stark apparatus for continuous water removal. The aryl bromide is then

Scheme 38: Synthesis of various diketone substrates.

reacted with hexyllithium or magnesium turnings, followed by addition of the
perfluoroester and subsequent deprotection using hydrochloric acid. The diketones were
isolated in relatively low yields, with the exception of compound 43d, and furthermore
we observed that most of the diketones are relatively unstable. Surprisingly, one of the
decomposition pathways is the reduction of the perfluoroalkyl ketone to the
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corresponding alcohol, which was commonly observed during purification by column
chromatography, but also in the deprotection step with hydrochloric acid.11 Nevertheless,
all diketones were successfully isolated and tested using the optimised reaction
conditions with EtCN and HFIP. The results for the asymmetric hydrogenation of
diketones containing only one aromatic ring are shown in Table 19. The isolated yield of
40i was 90% and thus slightly lower, as observed by 19F NMR. Compounds 44a and 44b
bearing C2F5 and C3F7 chains were obtained in 86% and 99% yield with 90% and 92% ee,
respectively. For both substrates, a small amount of by-product was obtained, whereby
the acetyl group was also reduced.
Table 19: Chemo- and enantioselective hydrogenation of aryl perfluoroalkyl ketones.

A COCF3 group and a COCF2CF2CF3 analogue induce the same electronic activation effect
on a substituent in the para-position according to the Hammett parameters in Table 17.
Thus, it can be assumed that the reactivity of the larger perfluoroalkyl ketones groups is
lower in comparison to that of the CF3 variant, thereby allowing the unwanted reduction
of the acetyl group to partially take place. Such an effect, however, was not observed for
the CF2Br ketone and compound 44c was obtained in 98% yield and 88% ee. Interestingly,
11

We did not find a literature precedent for this degradation and it was not further investigated.
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hydrogenation of 3-(trifluoroacetyl)-acetophenone 43d afforded the corresponding
product in 77% yield, 84% ee and in a ratio of 6:1. This result cannot be explained solely
by electronic effects induced by aromatic substituents, and a directing effect of the metaketone or hydroxy group may be involved.
Next, the chemo- and enantioselective hydrogenation of the two biphenyl diketones 43e
and 43f was addressed (Scheme 39). The reaction proceeded smoothly for both substrates
and the corresponding products 44e and 44f were obtained in excellent yields of 97% and
94% and in 83% and 90% ee, respectively. Reduction of the acetyl group was not observed
at all.

Scheme 39: Chemo- and enantioselective hydrogenation of 43e and 43f.

Single crystals of 44f suitable for X-ray analysis were obtained from a saturated solution
in n-hexane, and the ORTEP representation is shown in Figure 28. The solid-state
structure contains two symmetrically inequivalent conformational isomers which both
exhibit a non-planar arrangement of the two aromatic rings in the biphenyl scaffold,
suggesting decreased conjugation in the aromatic framework.

Figure 28: ORTEP representation of 44f. Hydrogen atoms are omitted for clarity; ellipsoids are set to 50%
probability. Selected bond distances [Å] and angles [°]: Br1-C1 1.931(2), F1-C1 1.360(3), F2-C1 1.348(3),
O1-C2 1.422(3), C1-C2 1.525(4), 1.517(3); C1-C2-C3 111.0(2), O1-C2-C3 112.1(2), F1-C1-C2 110.3(2), F2C1-C2 110.72(19), Br1-C1-C2 112.89(17), F1-C1-F2 106.5(2), F1-C1-Br1 107.40(15), F2-C1-Br1 108.76(16).
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A final effort was devoted to hydrogenating several substrates containing a ketal group
and a perfluoroalkyl ketone. These substrates can be obtained by omitting the final
deprotection step in the reaction sequence in Scheme 38. Hence, three different aryl
perfluoroalkyl ketones containing a ketal functional group were obtained and
subsequently subjected to the previously optimised reaction conditions using
propionitrile and acetic acid (Table 20).
Despite the general acid lability of ketal protecting groups we did not observe any
hydrolysis and alcohols 46a and 46b were obtained in 72% and 82% yield and 98% and
90% ee, respectively. Similarly, the reaction afforded biphenyl product 46c in 92% yield
and 88% enantiomeric excess.
A comparative analysis of these results with those obtained for the structural analogues
bearing a ketone without ketal protecting group reveals that the latter are obtained in
similar yields, but slightly lower enantioselectivities. This is illustrated by comparing the
selectivity results of 46a (98% ee) with 44a (90% ee), 46b (90% ee) with 44c (88% ee) and
46c (92% ee) with 44f (90% ee). Although this comparison is somewhat limited by the
slightly different reaction conditions used, a beneficial effect of the ketal group on the
enantioselectivity was nevertheless identified, also when comparing these results with
the lower ee-value of 40n in Table 16.
Table 20: Asymmetric hydrogenation of perfluoroalkyl aryl ketones with a ketal group. 19F NMR yields are
reported.
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4.3.4 Mechanistic Considerations
This final section on the hydrogenation of various aryl perfluoroalkyl ketones concludes
with some mechanistic experiments and a proposed reaction mechanism. Initially, we
opted to investigate substituent effects on the kinetics of the hydrogenation of
trifluoroacetophenone substrates. Therefore, the yield in the reaction of para-methoxy, para-chloro and unsubstituted trifluoroacetophenone was determined as a function of
time (Figure 29). Surprisingly, all three substrates show a very similar pattern
characterised by an induction period of approximately 6 h, and full conversion was
observed within 14 h. The unsubstituted trifluoroacetophenone reacted slightly faster
than the chloride- and methoxy substituted analogues. Surprisingly, an experiment in
which the catalyst and the substrate were stirred overnight for 12 h, prior to applying
hydrogen pressure afforded the products in close to full conversion after only 6 h. The
same results were obtained when the substrate was added after stirring for 12 h before
applying hydrogen pressure. Thus, the results

Figure 29: Time-dependent yield for the hydrogenation of different trifluoroacetophenones.
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indicate that the active catalyst is formed slowly through reaction with the solvent. The
formation of nanoparticles in transition-metal-catalysed reactions is often associated
with an induction period. However, this is highly unlikely in this case for two reasons.
Firstly, the high yields after 6 h when stirring overnight in the solvent without hydrogen,
renders the formation of metallic rhodium nanoparticles implausible. Secondly, the high
enantioselectivities of up to 99% would be unprecedented for nanoparticle-catalysed
reactions, even though surface-modified nanoparticles are known to be capable of
asymmetric induction.
To identify the catalytically competent species that forms upon dissolving and stirring
the dinuclear catalyst precursor, a sample of complex 7d was dissolved in deuterated
acetonitrile and stirred for several hours under an argon atmosphere. Indeed, the
formation of a new Rh(III) monohydride species was observed (Scheme 40). The exact
nature of this newly formed species was difficult to determine, since no single crystals
suitable for X-ray analysis could be obtained. Additionally, attempts to isolate the newly
formed species by precipitation or evaporation of the solvent afforded complex 7b.

Scheme 40: Reversible formation of a mononuclear Rh(III) complex in nitrile solvents.
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Sufficient structural information could nevertheless be obtained by NMR analyses; 1H
NMR spectroscopy indicates the same stoichiometry as for the precursor 7d. In addition,
31

P{1H} NMR analyses show an unusually broad, strongly shifted signal for the phosphorus

of the diarylphosphino group potentially due to a trans-coordinated nitrile, whereas this
is not observed for the phosphine moiety with two tert-butyl substituents. The exact
configuration of the complex and specifically the position of the nitrile and the two
chlorides could unfortunately not be determined. It should be mentioned that the
formation of the new species proceeds relatively slowly at room temperature, with first
signals observable after approximately 5 h, while the spectra shown in Scheme 40 were
recorded after two days. A significantly faster reaction takes place upon heating to 40 °C.
To confirm the existence of a mononuclear species in solution, the diffusion coefficients
of the ligand J4, of the dinuclear complex 7d, and of the newly formed species were
measured in deuterated acetonitrile (Table 21), just as for all Rh(III) complexes in Chapter
2. Note that the coefficients of J4 and 7d measured in MeCN differ substantially from
those previously measured in DCM, due to the different solvent properties, particularly
the high self-diffusion of acetonitrile, leading to larger diffusion coefficients. These
measured coefficients, however, are directly comparable and demonstrate that ligand J4
and the newly formed species 47 show the same diffusion behaviour and consequently
have a similar hydrodynamic volume. In contrast, dinuclear complex 7d is significantly
larger as indicated by its smaller diffusion coefficient. Consequently, the complex formed
in acetonitrile is mononuclear and most likely serves as precursor for the formation of
the catalytically active species upon dissociation of the nitrile or a chloride ligand.
Table 21: Diffusion coefficients in MeCN-d3.
compound

diffusion coefficient [m2/s]

(S,RP)-J4

9.84  10-10

[{RhH((S,RP)-J4)}2(-Cl)3]Cl (7d)

7.38  10-10

[{Rh(Cl)2H((S,RP)-J4)(MeCN)] (47)

9.78  10-10

Conventionally, asymmetric hydrogenation of polar C=O double bonds is associated with
Ru catalysts, whereas Rh catalysts play a pivotal role in the enantioselective
hydrogenation of olefins with a directing group.[132] These reactions, however, involve a
rhodium(I) complex and proceed through an in situ generated rhodium(III) dihydride
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complex upon homolytic hydrogen activation. The reactivity of Rh(III) monohydride
complexes differs significantly from that of well-established Rh(I) catalysts.
Related reactions such as asymmetric C=N hydrogenations by structurally similar
dinuclear iridium(III) monohydride complexes[88,190] and alkene insertions into Rh-H
bonds[191] allow for the identification of plausible reaction intermediates. Additionally,
several observations made during the optimisation of the reaction conditions, within the
substrate scopes and during other experiments deliver valuable information. At this point
some important mechanistic considerations regarding these observations shall be
highlighted briefly.
▪

Use of a nitrile solvent is crucial for a high reactivity at room temperature and
facilitates the formation of mononuclear, catalytically competent complexes.
Additionally, the nitrile’s alkyl or aryl residue has a very strong influence on the
enantioselectivity of the reaction. Consequently, it is reasonable to assume that a
nitrile molecule acts as ligand during the reaction.

▪

Complex 7c bearing ligand J3 with electron-withdrawing substituents on one
phosphine demonstrated no reactivity, whereas complex 7d bearing ligand J4
containing strongly electron-donating phosphines displayed high reactivity.
Considering the assumption that the nitrile is coordinated during the reaction, it
is reasonable to assume that a chloride ligand must dissociate to create a free
coordination site and the resulting cationic Rh(III) intermediate is stabilised by
strongly donating ligands. This hypothesis is supported by the fact that a chloride
additive such as tetrabutylammonium chloride substantially reduces the activity
of the catalyst.

▪

The pivotal role of AcOH or HFIP is not fully understood, despite some evidence
for its role as proton source. The C=O hydrogenation of 3-trifluoroacetyl-2arylindole substrates proceeds without these solvents but requires the indole N-H
moiety instead, which is substantially less acidic. Therefore, the role of the acid
probably extends beyond its Brønsted acid functionality.

These notions and the aforementioned investigations in the literature serve as the basis
for a simplified plausible reaction mechanism of the catalytic hydrogenation of
perfluoroalkyl ketones, presented in Scheme 41. Accordingly, the dinuclear rhodium
catalyst precursor 7d dissociates to the mononuclear species 47, presumably stabilised
by the nitrile solvent. Upon chloride dissociation a ketone coordinates to the catalytically
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active mononuclear complex to form intermediate A. The hydride’s large trans effect
would suggest a preferred dissociation of the corresponding chloride and subsequent
ketone coordination. Complex A, which has a cis coplanar arrangement of the ketone and
the hydride required for the subsequent insertion into the Rh-H bond, is accessible by
isomerisation. The resulting intermediate alcoholato complex B reacts with H2 by
heterolytic hydrogen activation to generate the product and Rh(III) monohydride
complex 47. A speculative pathway involving the acetic acid affords acetate complex C
upon protonation of the alcoholate from intermediate B, before heterolytic hydrogen
activation and restoration of 47. Noteworthy, this proposed mechanism considers only
simplified geometries, for example the perfect square pyramidal mononuclear structure
of B.
An alternative catalytic cycle corresponding to the classical Rh(I)/Rh(III) dihydride
mechanism is also shown in Scheme 41. Reductive elimination of HCl from mononuclear
complex 47 affords the Rh(I) species D, and subsequent homolytic hydrogen activation
results in the formation of Rh(III) dihydride species E. Coordination of the ketone and
subsequent insertion into the Rh-H bond of the resulting complex F affords alcoholato
complex G, before reductive elimination generates the product and Rh(I) complex D.
However, the following two observations strongly contradict this reaction mechanism:
firstly, the elimination of HCl from dinuclear complex 7d and mononuclear complex 47
to form a Rh(I) species was neither observed in MeCN solution nor in a combination of
MeCN and AcOH within the first 48 h. Secondly, the hydrogenation of the ketones using
an in situ catalyst generation by reacting a commercially available Rh(I) precursor such
as [RhCl(cod)]2 and ligand J4 did not proceed efficiently or selectively without the
addition of HCl.
It should be mentioned that these reaction mechanisms are a conservative approach that
considers only classical organometallic textbook reaction steps and ignores other
potential mechanism, for example a direct hydride transfer to the ketone.[192] At present,
this mechanistic hypothesis is also still somewhat speculative and in-depth
investigations would be required for further validation.
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Scheme 41: Proposed Rh(III) monohydride catalytic cycle (top) and alternative Rh(I)/Rh(III) dihydride
mechanism (bottom).
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4.4

Hydrogenation of Imines Derived from Trifluoroacetophenone

The development of an efficient chemo- and enantioselective protocol for the
hydrogenation of aryl perfluoroalkyl ketones using chloride-bridged dinuclear Rh(III)
complexes prompted us to examine the extension of this methodology to aryl
trifluoromethyl imines. These substrates contain a polar C=N double bond with an
adjacent trifluoromethyl group and are thus structurally reminiscent of aryl
trifluoromethyl ketones. The corresponding chiral α-trifluoromethyl amines are a
prospective functional group for pharmaceutically relevant molecules with very distinct
characteristics.[193] These include a reduced basicity of the amine due to the electronwithdrawing trifluoromethyl group, without disruption of the hydrogen bonding
functionality. Additionally, the C-CF3 bond in α-trifluoromethyl amines is electronically
isopolar with the carbonyl moiety in an amide, albeit with tetrahedral geometry and other
potentially beneficial properties associated with a trifluoromethyl group. Unsurprisingly,
a number of drugs or drug candidates contain such a chiral α-trifluoromethyl amine
scaffold.[194–196]
The

most

explored

method

for

the

catalytic,

asymmetric

construction

of

α-trifluoromethyl amines is the reduction of the corresponding aryl trifluoromethyl
ketimines. Several methods using different reducing agents have been developed and
include Lewis-base-catalysed reduction with trichlorosilane,[197] a biomimetic basecatalysed proton shift reaction,[198] palladium-catalysed asymmetric hydrogenation,[199]
and asymmetric transfer-hydrogenation catalysed by a chiral phosphoric acid catalyst,[200]
by mesostructured silica nanoparticles containing a chiral ruthenium diamine
complex[201] or by a ruthenium complex with a chiral amino alcohol ligand. [193] Despite
these advances, the catalytic reduction of the imines is still relatively unexplored,
especially in comparison to their non-fluorinated analogues. Hence, we opted to test the
dinuclear rhodium(III) catalyst in the asymmetric hydrogenation of aryl trifluoromethyl
ketimines.

Four

different

substrates

were

prepared

by

the

reaction

of

trifluoroacetophenone and a primary amine, catalysed by toluenesulfonic acid in toluene
using a Dean-Stark apparatus (Scheme 42).

Scheme 42: Synthesis of secondary aryl trifluoromethyl ketimines.
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The reaction proceeded smoothly and afforded imines 48a-48d in 33-96% yield. The
para-methoxyphenyl (PMP) group was chosen due its previous successful application and
due to its relatively simple removal from the corresponding chiral amine with retention
of chirality. Substrate 48a was therefore also used in initial optimisation of reaction
conditions and selected results are shown in Table 22. The optimised reaction conditions
for aryl trifluoromethyl ketones using 50 bar hydrogen pressure, in combination with
catalyst precursor 7d in a mixture of AcOH and EtCN at room temperature were
unsuccessful and no conversion of imine 48a was observed (entry 1). Increasing the
temperature to 50 °C resulted in full conversion, but amine 49a was not obtained and
extensive decomposition was observed instead (entry 2). Carrying out the reaction in
MeOH at 50 °C afforded the product in 15% yield with a promising enantiomeric excess
of 79%, albeit again accompanied by the formation of several side-products (entry 3). In
contrast, the reaction in toluene at 80 °C afforded 49a cleanly in 46% yield but with a low
enantioselectivity of 11% (entry 4). Further attempts using a combination of two solvents
gave low yields or significant by-product formation (entries 7-9).
Table 22: Optimisation of reaction conditions for the asymmetric hydrogenation of ketimine 48a.

entry a

solvent

T [°C]

time [h]

yield [%] b

ee [%] c

1

EtCN/AcOH (1:1)

RT

15

0

n.d.

2

EtCN/AcOH (1:1)

50

18

-d

n.d.

3

MeOH

50

18

15 d

79

4

toluene

80

65

46

11

5

EtCN/MeOH (1:1)

50

65

8d

5

6

AcOH/MeOH (1:1)

50

65

3d

n.d.

7

EtCN/dioxane (1:1)

80

18

5

n.d.

8

EtCN/dioxane (1:1)

80

65

34

40

9

MeCN/dioxane(1:1)

80

65

52

55

Reaction conditions: 0.1 mmol imine and 1 mol% catalyst in 1 mL solvent. Determined by
F NMR spectroscopy using α,α,α-trifluorotoluene as internal standard. c Determined by
chiral HPLC-analysis. d High conversion; formation of several by-products was observed.
a

b

19
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The best results were obtained when a combination of MeCN or EtCN with dioxane was
used (entries 8 & 9), but the long reaction times required and the comparably low yields
and enantiomeric excesses were still largely unsatisfying. Other catalyst than 7d were
generally less reactive, and also led to the unwanted decomposition. Consequently, we
attempted to address these problems by using the different imine substrates 48b-48d.
This approach, however, was entirely unsuccessful and solely the formation of unwanted
by-products was observed. These poor results prompted us to abandon the investigation
into the asymmetric hydrogenation of aryl trifluoromethyl ketimines. Instead, all
products formed in the hydrogenation attempt of imine 48a were examined in detail, and
several compounds were identified (Scheme 43). Notably, 4-methoxyaniline 50 and
phenyl trifluoroethylamine 53 were only observed in traces, whereas the two main
products of the reaction are their N-propylated variants 51 and 54. N-dipropyl-4methoxyaniline 52 was formed in significant amounts too, while the formation of a
doubly alkylated variant of 54 was not observed. In addition, the formation of
dipropylamine and tripropylamine was also noticed. The only reasonable, available
source of the propyl residue is the propionitrile. To confirm this assumption two
experiments were carried out, one using acetonitrile and the second using acetonitriled3. Analysis of the products by NMR spectroscopy and MS unambiguously confirmed this
hypothesis.

Scheme 43: Reactivity of imine 48a and observed decomposition products.

In general, the use of nitriles as alkylating agents is known, but this transformation is
carried out predominantly using heterogenous catalysts. This unexpected reactivity
using a Rh(III) complex will be further explored in Chapter 5.
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4.5

Conclusion and Outlook

In summary, an efficient procedure for the enantioselective hydrogenation of aryl
perfluoroalkyl ketones was developed, using triply chloride-bridged dinuclear
rhodium(III)

complexes

with

Josiphos-type

ligands

as

catalyst

precursors.

Trifluoroacetophenones and similar aryl perfluoroalkyl ketones were hydrogenated in
quantitative yields with excellent enantioselectivities up to 98% under mild reaction
conditions. Additionally, the asymmetric C=O hydrogenation of 3-(trifluoroacetyl)-2phenylindole and structurally analogous indoles with a perfluoroalkyl ketone on position
3, was successfully addressed. Thereby, the first efficient enantioselective synthesis of
the corresponding alcohols was developed.
The activity of rhodium(III) catalyst precursor 7d is highly tuneable, particularly through
judicious solvent choice. This feature has been exploited in the chemoselective
hydrogenation of aryl perfluoroalkyl ketones with up to 99% yield and 92% enantiomeric
excess using compounds containing both a fluorinated and a non-fluorinated ketone by
using a combination of HFIP and EtCN.
The high reactivity of the dinuclear catalyst precursors in nitrile solvents could be partly
attributed to the formation of mononuclear, catalytically capable species in these
solvents. Based on this and several additional observations, a simplified reaction
mechanism involving heterolytic hydrogen activation was proposed, during the course of
which the rhodium remains in the +III oxidation state. This significantly different
behaviour from conventional Rh(I) complexes in asymmetric hydrogenation may account
for the exceptionally high reactivity.
An attempt to expand the substrate scope to secondary aryl trifluoromethyl ketimines
proved unsuccessful. This was presumably a result of the excessively high reactivity of
the catalyst under the reaction conditions, resulting in reduction of the nitrile solvent,
decomposition of the substrate and alkylation of the amine.
The results from this chapter impressively demonstrate the versatility of the dinuclear
rhodium(III) complexes as catalyst precursors in asymmetric hydrogenations. Certainly,
several further areas for their potential catalytic applications beyond hydrogenations are
feasible but yet unexplored. The next chapter will address such potential applications
beyond asymmetric hydrogenation.
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Chapter 5
Reactivity Beyond Asymmetric Hydrogenation:
Alkylation, Hydrodechlorination, Hydroboration and
Dichloromethylation

Chapter 5 – Reactivity Beyond Asymmetric Hydrogenation

5.1

Introduction

The last two chapters have demonstrated the application of halide-bridged dinuclear
rhodium(III) complexes as versatile catalyst for asymmetric hydrogenation reactions.
Notably, the reactivity is different from that of established Rh(I) diphosphine systems,
and especially the high activity and selectivity was at least partly attributed to the
different activation modes, intermediates and reaction mechanism of Rh(III) species.
Consequently, one can assume that catalytic activity can potentially be observed in
transformations where Rh(I) complexes have previously demonstrated only very low or
no activity at all. This work addresses this issue in its own particular way, which is
primarily not the extensive screening for activity in various reactions but instead the
observation and examination of side reactions in the course of the hydrogenation
projects. Consequently, this chapter describes following investigations: 1) the alkylation
of

amines

using

nitriles

as

alkylating

agents

(Section

5.2),

2)

reductive

hydrodechlorination of activated aryl chlorides (Section 5.3) and 3) hydroboration and
dichloromethylation of styrene derivatives (Section 5.4).

5.2

Rhodium-Catalysed Selective Mono-N-alkylation of Amines using Nitriles

as Alkylating Reagents
The selective N-alkylation of amines is a chemical transformation of crucial importance
considering the vast amount of natural products, pharmaceuticals and other biologically
active molecules that contain at least one secondary or tertiary amine.[202] Consequently,
several methods for the selective mono-N-alkylation of primary amines have been
developed and selected, important synthetic strategies are shown in Scheme 44. The
array of conventional methods includes reductive amination of carbonyl groups, imine
hydrogenation and alkylation with alkyl halides.[203] Especially the latter is associated with
several practical problems, for example the use of toxic and corrosive alkylating agents,
generation of by-products, and most decisively selectivity issues. A mixture containing
both secondary and tertiary amines is difficult to purify, and considerable efforts have
been devoted to address this problem and led to the development of more selective direct
monoalkylation protocols with alkyl halides.[204] This problem can also be addressed by
choosing a different synthetic strategy, and these include for example hydroamination of
alkenes and alkynes,[205–207] and catalytic reductive alkylation using alcohols or amines.[203]
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Noteworthy, another established strategy providing selective mono-N-alkylation is the
detour via installation and later removal of a protecting group on the amine.

Scheme 44: Selected methods for the synthesis of secondary amines, adapted from a report by Beller and
co-workers.[208]

The catalytic, reductive alkylation using nitriles was first described almost a century ago
in 1921 as an unwanted side-reaction in the heterogeneously catalysed hydrogenation of
nitriles to primary amines.[209] Subsequently, it was further explored some ten years later
using heterogenous palladium and nickel catalysts.[210,211] A heterogenous rhodium on
alumina catalyst was then reported in 1991 to promote the reaction of two nitriles to the
corresponding secondary amine.[212] Additionally, a homogenous rhodium catalyst based
on a tridentate phosphine ligand showed a somewhat similar reactivity, but only one
substrate was tested and the reaction did not proceed efficiently to the secondary amine,
but halted at the imine intermediate.[213] Furthermore, a tethered ruthenium(II) complex
on a polystyrene support was used in the reduction of benzo- and acetonitrile to form the
corresponding secondary and tertiary amines, albeit showing low selectivity. [214]
Ironically, the same reactivity was reported in 2004 as “an entirely new Pd/C and Rh/Ccatalyzed selective monoalkylation of amines using nitriles as alkylating reagents.” [215] It
was later shown that it is possible to replace the molecular hydrogen with ammonium
formate[216,217] or polymethylhydrosiloxane[218] as reducing agent, and the methodology
was furthermore extended to the reduction-alkylation of nitro compounds.[219] From a
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mechanistic point of view these heterogenous reactions are regarded as a stepwise
reduction with intermediate nucleophilic substitution. During this process the nitrile is
first reduced to the intermediately formed primary aldimine, which is attacked by a free
amine and, after elimination of ammonia, further hydrogenated to the secondary
amine.[219]
Some recent reports demonstrated that the catalytic selective monoalkylation of amines
can be carried out homogenously, and the corresponding complexes are shown in Figure
30. For one, a rhenium complex bearing a Xantphos type ligand allowed the synthesis of
symmetrical secondary amines by nitrile hydrogenation, although the selectivity was
only moderate.[220] Zhou and Liu developed a transfer hydrogenation protocol for nitriles
that was subsequently also used in the synthesis of secondary amines from nitriles and
in the mono-N-alkylation of primary and secondary amines.[221] Ammonia borane was
used as hydrogen source and a cobalt(II) complex bearing a tridentate N,N,P-ligand was
used as catalyst. Another similar procedure using a more “user-friendly” catalyst
generated in situ from CoCl2 and Xantphos was reported soon thereafter.[222] The scope of
available catalysts for this reaction was further expanded by two accounts reporting a
pyridyl-NHC Ru(II) complex and a half sandwich Rh(III) catalyst (Figure 30, right).[223,224]

Figure 30: Recent examples of complexes used in the homogenous mono-N-alkylation of amines using
nitriles as alkylating agents.

Selectivity control is crucial in these transition-metal-catalysed mono-N-alkylations and
many of the above-mentioned protocols struggle to address this problem efficiently.
Consequently, it was decided to test the dinuclear Rh(III) catalyst precursors in the
selective N-monoalkylation using nitriles as alkylating agents. The use of chiral ligands
in this transformation is obviously redundant and this study should therefore be regarded
as a general reactivity exploration of the Rh(III) species. We had previously observed the
formation of both the mono- and the dialkylated amines (Chapter 4.4). To prevent the
formation of the latter and to find selective reaction conditions it was decided to use a
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slight excess of the amine. Preliminary experiments had demonstrated that the use of
acetic acid is crucial to observe any reactivity and that a catalyst loading of 0.25% was
sufficient to obtain full conversion at 50 °C. Indeed, the formation of the corresponding
monoalkylated products proceeded very selectively and the results using various nitriles
are shown in Table 23. 4-Fluoroaniline was chosen as model substrate to allow for
accurate 19F NMR spectroscopic yield determination. Using these conditions, we tested
several different nitriles and the reaction proceeded smoothly with excellent yields using
benzo- and benzylnitrile, affording the secondary amines 55a and 55b in excellent 90%
and 93% yield. No dialkylation was observed, and the deviation from quantitative yield
was attributed to the formation of small amounts of the symmetrical secondary and
tertiary amines by reaction of two or three nitrile molecules. This side-reaction also
accounts for the moderate yields of 75% and 72% of substrates 55c and 55d when reacting
aceto- and propionitrile, respectively. Sterically more demanding isobutyro- and
pivalonitrile provided the corresponding products 55e and 55f in good yields of 72% and
67%.

Table 23: Mono-N-alkylation of 4-fluoroaniiline with various nitriles. 19F NMR yields are reported.

Next, the reaction of different primary and secondary amines was investigated in the
reaction with benzylnitrile, and results are listed in Table 24. The reaction afforded full
conversion of the nitrile in all cases except one, and the formation of one major product
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in >90% selectivity was usually observed. Primary and secondary aliphatic amines
smoothly afforded the corresponding products 56a-56c (entries 1-3). In contrast, the
reaction using tert-butylamine and pyrrole afforded the unsaturated products 56d and
56e instead (entries 4-5). Lastly, no reaction was observed for benzamide (entry 6).
Table 24: Alkylation of various amines with benzyl nitrile. Conversion and product identification were
determined by GC-MS analysis.

Before further reactivity exploration or beginning with a more comprehensive substrate
analysis we opted to test a variety of different rhodium catalyst under the reaction
conditions. The results of this catalyst screening are displayed in Table 25. As expected,
no reaction took place in the absence of any catalyst (entry 1). Rhodium on carbon (Rh/C)
afforded full conversion of the aniline, but only 3% of the monoalkylated product 55a was
obtained (entry 2) and the use of [RhCl(cod)] 2 similarly resulted in 94% conversion, but
only 11% yield of compound 55a (entry 3). Significant amounts of side-products were
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obtained in both cases. The combination with Josiphos ligand J4 afforded 55a in an
excellent 60% yield (entry 4). Finally, the use of [RhCl2Cp*]2 afforded the cleanest reaction
with 85% conversion and 71% yield (entry 5). The selectivity in the latter two cases was
excellent and the only observed by-product was 4-fluoroacetanilide, presumably from
reaction with acetic acid.

Table 25: Catalyst screening in the N-alkylation of 4-fluoroaniline with benzonitrile.

entry a

catalyst

conversion [%] b

yield of 55a [%] b

1

-

0

0

2

Rh/C

99

3

3

[RhCl(cod)]2

94

11

4

[RhCl(cod)]2 + J4 (1 mol%)

73

60

5

[RhCl2Cp*]2

85

a

71

Reactions were carried out on a 0.1 mmol scale using 0.5 mol% Rh. Determined by
b

quantitative 19F NMR analysis.

The results show that a dinuclear Rh(III) catalyst precursor is beneficial, but not
absolutely necessary for obtaining high conversion and yield. The development of an
efficient and selective mono-N-alkylation protocol using a commercially available and
easy-to-handle catalyst such as [RhCl2Cp*]2 can be regarded as highly interesting,
especially for organic chemists in search for a convenient and selective route towards
secondary or tertiary amines. Such an investigation, however, lies outside the scope of
this work and was not further pursued.
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5.3

Catalytic Hydrodechlorination of Activated Aryl Chlorides

During the optimisation of reaction conditions for the catalytic, enantioselective
hydrogenation of 4-chlorotrifluoroacetophenone we observed an unexpected reactivity
using certain reaction conditions. The use of catalyst precursor 6d in propionitrile at 80
°C under 50 bar hydrogen pressure afforded full conversion, but two different products
were obtained: the desired alcohol 40a and also the dechlorinated product 40b in a 1:1
ratio (Scheme 45).

Scheme 45: Hydrogenation and reductive hydrodechlorination of 4-chlorotrifluoroacetophenone 39a.

Catalytic processes for the reductive dechlorination of chlorinated hydrocarbons and
chloroarenes are of particular interest, due to the infamous impact of such compounds
on the environment and due to plant-, animal- and human health issues associated with
them. The array of methods for this transformation includes mainly two different types:
reductive

dechlorination

by

bacteria[225]

and

transition-metal-catalysed

dehalogenation,[226,227] although the former is technically also transition-metal-catalysed
as the relevant enzymes contain corrinoid complexes and iron-sulfur clusters as
cofactors.
Homogenously catalysed reductive hydrodechlorination involves activation of the
aromatic C-Cl bond. A conceptual proof that dinuclear Rh(III) catalyst precursors are
capable of activating this bond potentially allows to exploit this reactivity further, for
example by using different reducing agents or by installing a functional group such as a
boryl- or silyl group on the aromatic scaffold. Consequently, we opted to investigate this
reactivity briefly on two further aryl chloride substrates (Scheme 46). The reaction of 2chloronaphtalene at 100 °C, however, afforded naphthalene only in traces, and the
reaction of 1-chloro-4-fluorobenzene did not proceed at all. Considering the strong
electronic influence of aromatic substituents on the reactivity as observed in the
hydrogenation of ketones in the previous chapter, we speculated that the observed
reactivity in the case of 39a was induced by the strong electron withdrawing effect of the
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Scheme 46: Hydrodechlorination attempts on 1-chloro-4-fluorobenzene and 2-chloronaphtalene.

trifluoroacetyl group in para position. This hypothesis was indeed confirmed by the
observed reactivity of 4-(trifluoromethyl)chlorobenzene, that was dehalogenated in 99%
and 34% yield using complexes 6b and 7d, respectively (Scheme 47).

Scheme 47: Hydrodechlorination of 4-(trifluoromethyl)chlorobenzene. 19F NMR yields are reported.

Unfortunately, these relatively harsh reaction conditions limit potential application of
the reaction. An aromatic nitro group for example is also fully reduced to the
corresponding amine. Further attempts to exploit this reactivity by converting the
aromatic chloride to a different functional group through addition of hexamethyldisilane
(Me3Si-SiMe3), bis(pinacolato)diboron (B2pin2) or bis(catecholato)diboron (B2cat2) proved
unsuccessful. These failed experiments and the general redundancy of a chiral ligand in
such a non-asymmetric transformation prompted us to stop the investigation into
reductive, aromatic hydrodechlorination and related transformations.
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5.4

Hydroboration and Dichloromethylation

The transition metal-catalysed hydroboration of alkenes is an important chemical
transformation that was first described in 1985.[228] Considerable progress has been made
and appropriate choice of catalyst and reaction conditions provided remarkable reaction
control, resulting in the successful development of regio-, stereo-, enantio- and
chemoselective hydroboration methods.[229,230] Among several applied transition metals,
rhodium has emerged as particularly efficient catalyst for this reaction, especially for its
increasingly important asymmetric variant.[231]
This past successes of rhodium in asymmetric hydroboration reactions prompted us to
test the novel dinuclear Rh(III) complexes in this transformation. α-Methylstyrene (57)
was chosen as test substrate and some results of the initial screening are summarised in
Table 26. Pinacolborane (HBpin) was chosen as borane reagent and the reactions were
typically carried out in deuterated solvents, to allow precise NMR yield determination.
Notably, all of the tested reactions afforded product 58 in somewhat mediocre yields, but
the formation of substantial amounts of cumene (59) was observed in all cases. The Rhcatalysed hydrogenation of alkenes using a borane as reducing agent and hydride source
was recently reported.[232] With the exception of complex 7b, all used catalysts afforded
the product 58 without any enantiomeric excess. Attempts using different solvents or
catecholborane (HBcat) proved unsuccessful too.
Table 26: Catalyst screening for the hydroboration of α-methylstyrene.

entry a

solvent

catalyst

yield b [%]

ratio 58:59

ee c [%]

1

C6D6

7a

80

4:1

rac

2

C6D6

7b

22

1:2

11

3

C6D6

7c

11

2:3

rac

4

C6D6

7d

45

1:1

rac

5

C6D6

6b

50

3:1

rac

6

C6D6

6c

72

3:1

rac

a

Reactions were carried out on 0.1 mmol scale in 0.6 mL solvent. b Determined by 1H NMR

using phenanthrene as internal standard and refers to the yield of 58. c Determined by chiral
GC analysis after oxidation to the alcohol.
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During these further investigations, one particular set of reaction conditions and the
formed products were eye-catching: the reaction of methylstyrene 57 with HBpin using
catalyst 6c in CDCl3 afforded traces of 60-d1, presumably stemming from the reaction
with the solvent (Scheme 48). The formation of this product was unambiguously
confirmed by the synthesis of an authentic sample of the geminal dichloride 60 via the
reaction of the corresponding aldehyde with chlorodiphenylphosphine.

Scheme 48: Hydroboration, reduction and gem-dichloromethylation of methylstyrene 57.

The addition of poly- or perhalogenated alkanes across olefins is known as “Kharasch
reaction”, although this term is often associated with the Kharasch allylic oxidation (also
known Kharasch-Sosnovsky reaction)[233] and the Kharasch modified Grignard
reaction.[234] The Kharasch reaction was first discovered in 1945 and described the
addition of chloroform and tetrachloromethane to olefins in the presence of a radical
initiator such as dibenzoyl peroxide.[235] The radical-based mechanism and relatively
harsh reaction conditions, however, limited the scope of polyhalogenated alkanes and
substrates alike. Two strategies for more selective reaction conditions are the use of Lewis
acids to activate the carbon-halogen bond and the use of transition metal complexes
based on ruthenium, rhodium and nickel.[236] The mechanism of the reaction is believed
to be different for each metal, but is still largely unclear even though some progress has
been made for example by the crystallographic characterisation of a Rh-CCl3 adduct that
suggests an oxidative addition step.[237] Noteworthy, one major difference between the
Kharasch reaction and the reaction leading to 60 is the abstraction of one chloride from
chloroform which is subsequently not added across the double bond.
The discovery of this intriguing reactivity using the Rh(III) catalyst precursor was
consequently further explored by testing several different boranes at slightly elevated
temperatures of 50 °C and the results are listed in Table 27. The increasing temperature
under otherwise identical reaction conditions afforded 60 in a moderate 46% yield (entry
1). Using a solvent mixture of toluene and chloroform in a five to one ratio decreases the
yield to 12% (entry 2). Switching from pinacolborane to catecholborane stifles the
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reaction substantially and only 3% of the product was formed (entry 3). Similarly, poor
results or no reactivity at all was obtained when other borane sources such as BH3, B2Pin2
and B2Cat2 were used (entries 4-6). A last attempt used triethylborane (Et3B), which is
known to initiate and promote radical reactions at low temperatures, [238] but did not
succeed in any formation of 60 (entry 7). In summary, these screening results illustrate
that the reaction only proceeds using pinacolborane, whereas only traces of 60 or no
reactivity at all was observed for other boranes.
Table 27: Borane screening for the dichloromethylation of methylstyrene 57.

entry a

solvent

borane

yield b [%]

1

CHCl3

HBpin

46

2

toluene + CHCl3 (5:1)

HBpin

12

3

CHCl3

HBcat

3

4

CHCl3

BH3

0

5

CHCl3

B2Pin2

3

6

CHCl3

B2Cat2

0

7

CHCl3

Et3B

a

0

Reactions were carried out on 0.1 mmol scale in 0.6 mL solvent. Determined by
b

quantitative GC analysis using phenanthrene as internal standard.

Notably, the formation of several by-products was observed in these attempted
dichloromethylation reactions and these include cumene (59), the hydroboration product
58 and the dichloromethylated methylstyrene derivative 61 (Figure 31).

Figure 31: Observed by-products in the hydrodichloromethylation of styrene derivative 57.

To gain more insight into the reaction, several experiments relevant to the
dichloromethylation were carried out (Scheme 49). As expected, the reaction proceeds
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neither in the absence of the rhodium catalyst nor in the absence of pinacolborane. To
exclude an intermediary formation of the hydroborated product 58 en route to the
geminal dichloride 60, we subjected the closely related borane 62 to the same reaction
conditions but did not observe any conversion or reactivity. Interestingly, its unsaturated
analogue 63 partly reacted and formation of the dichloromethylated product 64 was
observed. These results strongly indicate that the hydroboration product in this reaction
is not an intermediate, and hydrodichloromethylation occurs directly across the styrene
double bond.

Scheme 49: Control experiments relevant to the dichloromethylation of methylstyrene.

Further insight into the reaction was gained by testing different alkenes under the same
reaction conditions (Scheme 50). α-Methylstyrene had the highest yield of 46% as
previously observed, whereas styrene afforded the corresponding dichloromethylated
product in only 27% yield. 4-Phenyl-1-butene was comparably unreactive and only traces
of the corresponding product were observed. These results are to some degree indicating
a radical-based mechanism, during which an intermediary tertiary and benzylic radical is
considerably more stable than for a secondary benzylic or a secondary aliphatic. Although
this relative reactivity order is true for a cationic intermediate too, the formation of a
relatively large number of unidentifiable by-products and the chloride abstraction from
chloroform rather suggest the radical version.
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Scheme 50: Reactivity comparison between different alkenes.

The unclear nature of this reaction, the vast number of by-products and the relatively
low yield prompted us to abandon this project as such for the time being.

5.5

Conclusion and Outlook

The results of the projects in this chapter have shown that Rh(III) catalysts have a large
number of potential catalytic applications. The chiral nature of the complexes is in these
cases mostly superfluous. Nevertheless, important insights have been gained and some
of these projects potentially prepare the ground for further development of related
organic synthesis methods. For reasons of time and capacity, however, these were not
pursued further in the context of this work.
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6.1

A Retrospective Evaluation

In the previous chapters, a detailed investigation into the synthesis and structural
features of triply halide-bridged dinuclear Rh(III) complexes bearing Josiphos ligands was
extensively described (Chapter 2), followed by their application in the catalytic,
asymmetric hydrogenation of olefinic substrates (Chapter 3) and aryl perfluoroalkyl
ketones (Chapter 4). Additionally,

catalytic applications in reactions beyond

hydrogenation were examined (Chapter 5). At this point, these results and the entire work
should be briefly and critically reviewed and put into the right context.
With regard to Rh(III) complex syntheses, it seems appropriate to describe the outcome
of these reactions as somewhat random and inexplicable. The encountered problems
illustrate that the extension of a known synthetic protocol to closely related structures
may not be as straightforward as expected. Unfortunately, the organometallic chemist is
faced with an almost unsolvable task when it comes to separating a mixture of sensitive
complexes with similar physicochemical properties. And despite the advance of
computational chemistry to predict the outcome of a reaction, it ultimately comes back
to the experimental trial and error method. This, of course, should not detract from the
insights that can be gained from such an extensive, vastly empirical reaction screening.
One could also ask if it was really necessary to test 18 different Josiphos, 9 Walphos and
one Mandyphos ligand. And yet, the most successful hydrogenation catalyst precursor 7d
bearing Josiphos ligand J4 was one of the final complex synthesis attempts after the
synthesis with many of the ligands J8-J18 had already failed, despite the compound
numbering scheme suggesting the opposite.
The successful asymmetric hydrogenation of olefinic substrates in Chapter 3 illustrates
not only their synthetic utility in such reactions, but more importantly led to the key part
of this work, the enantioselective hydrogenation of aryl perfluoroalkyl ketones in Chapter
4. Successful application in this relatively unexplored transformation demonstrated that
the same class of catalyst precursors can be applied in both C=C and C=O hydrogenations
under appropriately tuned reaction conditions. This especially refers to the use of
different solvents and Brønsted acids that allowed a very sensitive adjustment of the
catalytic activity. The switch from C=C hydrogenation of indoles towards C=O
hydrogenation of perfluoroalkyl ketones originated from the differently fared synthesis
of an indole substrate and subsequent hydrogenation thereof. The decision not to regard
this as a failure but as an opportunity and thus to start an in-depth investigation in this
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area proved to be right, especially in hindsight. In a similar way, the objectives and results
in Chapter 5 were driven by the observation and exploration of unexpected reactivites,
even though the final outcome may not be as successful compared to the ketone
hydrogenation results.

6.2

Outlook

This work has expanded the scope of available distinct dinuclear Rh(III) catalyst
precursors, from those bearing C2-symmetric atropoisomeric ligands such as BINAP and
SEGPHOS used in the asymmetric hydrogenation of olefins, to novel ones bearing
C1-symmetric Josiphos ligands that were successfully applied in the hydrogenation of aryl
perfluoroalkyl ketones. Considering the vast number of available chiral diphosphine
ligands, the synthetic protocol may be regarded as a tool for the synthesis of other chiral
dinuclear Rh(III) catalyst precursors. Application of such complexes in challenging
hydrogenations or other asymmetric transformations can be envisioned. The use of
dinuclear Rh(III) complexes bearing achiral diphosphine ligands for several catalytic
transformations such as the mono-N-alkylation described in Chapter 5 is another area of
potential applications.
Despite some recent trends towards “metal free catalysis”, despite its relatively low
abundance and the resulting high prices one can only agree that “homogeneous
hydrogenation by rhodium complexes represents not only a rich past […] but also a bright
future”,[239] and this is certainly also valid for other rhodium-catalysed chemical
transformations.
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7.1. General Information
Only (S)-N,N-dimethyl-1-ferrocenylethylamine 4 was used as starting material in the
synthesis of all ligands, resulting in the corresponding (S,RP)-Josiphos ligands. The choice
for this enantiomer was initially due to a large stock of the tartaric acid enantiomer that
was required for its enantiomer separation, and it was kept this way for consistency
reasons throughout this thesis.

7.1.1 Techniques
All synthetic manipulations involving sensitive materials were performed under the
exclusion of moisture and oxygen using standard Schlenk techniques under argon or
nitrogen atmosphere. Glassware was either flame-dried with a gas-torch, dried by heating
at 140 °C for a minimum of 24 h in an oven or alternatively dried using a heat gun for
several minutes under dynamic vacuum before purging with argon. Storage of the
rhodium catalysts was done in a drybox under an argon atmosphere.
Dry solvents used for the synthesis of organic substrates were of reagent grade and dried
over molecular sieves for at least 3 days prior to use. Solvents used during the synthesis
and analysis of the complexes and during catalytic reactions were distilled (Et 2O and THF
from Na/benzophenone; toluene from Na; EtOH from Na/ethyl phthalate; DCM, MeCN,
MeOH and i-PrOH from CaH2; hexane from Na/benzophenone/tetraglyme), additionally
dried over molecular sieves for at least 3 days and subsequently degassed using freezepump-thaw cycling (4 cycles). All compound for which no synthesis is described in this
chapter were purchased from commercial suppliers and used without further purification
unless otherwise noted.
Column chromatography was carried out on a CombiFlash Rf200 System from Teledyne
ISCO with built-in UV-detector and fraction collector using Teledyne ISCO RediSep Rf
flash columns with a 0.035–0.070 mm particle size (230–400 mesh) and technical grade
solvents. The used solvent ratios are given as volumetric ratios (v/v or v/v/v).

7.1.2 Analytics
Thin layer chromatography (TLC) for reaction progress monitoring was performed on
silica gel F60 plates and visualised by fluorescence at 252 nm or staining with a KMnO4
solution.
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Nuclear magnetic resonance (NMR) spectra were acquired on Bruker Avance DPX-200,
DPX-300, DPX-400 or DPX-500 spectrometers equipped with standard PABBO
probeheads. Samples were measured in the denoted deuterated solvents in 5-50 mM
concentrations at the given frequency in non-spinning mode. All spectra were recorded
at room temperature, unless otherwise specified. 1H NMR diffusion experiments were
measured on a Bruker AVANCE III HD 500 MHz spectrometer exclusively and detailed
information can be found in the corresponding experimental Section 7.3. 1H and 13C{1H}
NMR spectra were calibrated against the residual solvent signals.[240] 19F{1H} NMR spectra
were

calibrated

according

to

literature

with

the

ternary

reference

α,α,α-

trifluorotoluene,[241] with the exception of 19F NMR spectra of Josiphos ligands containing
fluorine atoms and complexes thereof. 31P NMR spectra were referenced indirectly via the
2

H signal of the lock substance and the IUPAC Ξ(31P) value. Chemical shifts (δ) are

reported in parts per million (ppm). Coupling constants (J) are given in Hertz (Hz) and
multiplets are denoted as follows: s = singlet, d = doublet, t = triplet, q = quartet, dd =
doublet of doublets, qt = quartet of triplets, tt = triplet of triplets, tq = triplet of quartets,
dt = doublet of triplets, qd = quartet of doublets, tqt = triplet of quartet of triplets,
dquintetd = doublet of quintet of doublets, m = multiplet. The NMR spectra of the new
compounds 28a-28d and 30-32,[148] and those of 36a-36o and 38a-38o[242] can be found
in the Supporting Information of the corresponding published articles.
High

performance

liquid

chromatography

(HPLC)

was

performed

on

a

ThermoScientific UltiMate 3000 HPLC with DAD detection (λ = 210, 230, 254, 280 nm),
equipped with Daicel Chiralpak IB-3, IC-3 and ID-3 columns using a flowrate of
1 mL/min. HPLC grade n-hexane and i-PrOH were used as eluents. Compound samples
were dissolved in a mixture of n-hexane/i-PrOH (v/v = 1/1). The HPLC charts of
compounds 28a-28d and 30-32,[148] and those of 38a-38o[242] can be found in the
Supporting Information of the corresponding published article.
Chiral Gas chromatography (GC-chiral) was done with a ThermoScientific Trace 1310
gas chromatograph equipped with a β-DEX column and FID detector using Helium as
carrier gas. Constant oven temperature programs were chosen taking into account
substrate volatility. The GC charts of compounds 40a-40r can be found in the Supporting
Information in the corresponding published article.[242]
Gas chromatography coupled mass spectrometry (GC-MS) for reaction monitoring
was performed on an Agilent 7890AC with a HP-5MS column (30 m x 250 μm x 0.25 μm)
using a column flow of 1.7 mL per minute with helium as carrier gas and temperature
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gradient programs chosen depending on substrate volatility. An Agilent 5975C VL MSD
mass spectrometer operating in EI positive mode was used for mass detection. Sample
injection was done using the Agilent ALS 7693 autosampler in split mode.
Melting points (MP) were determined on a Büchi B-540 instrument and are reported
uncorrected.
Infrared (IR) spectra were measured neat on a Thermo Scientific Nicolet 6700 IR
spectrometer equipped with ATR cell.
High resolution mass spectra (HRMS) were measured by the MS service of the
Laboratory of Organic Chemistry (LOC) at ETH Zurich, Switzerland.
Optical rotations were measured using an Anton Paar MCP200 instrument at the stated
concentration in the denoted solvent at 20 °C. The measuring distance was 10 cm and the
sodium D- lines at 589 nm were used exclusively for measurements.
X-Ray crystal structure analysis were done on a Rigaku Oxford Diffraction XtaLAB
Synergy-S Dualflex kappa diffractometer equipped with a Dectris Pilatus 300 HPAD
detector and using microfocus sealed tube Cu-Kα radiation or alternatively, a Bruker
APEX II, or Venture D8 platform equipped with CCD or CMOS detector were used. All
measurements were carried out at 100 K using a cryostat. Data were integrated using
CrysAlisPro and corrected for absorption effects using a combination of empirical
(ABSPACK) and numerical corrections.[243] The structures were solved using SHELXS[244]
or SHELXT[245] and refined by full-matrix least-squares analysis (SHELXL)[244,246] using the
program package OLEX2.[247] Non-hydrogen atoms were refined anisotropically and
hydrogen atoms were constrained to ideal geometries and refined with fixed isotropic
displacement parameters.
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7.2

Ligand and Complex Synthesis

7.2.1 Ugi’s Amine Synthesis
Acetylferrocene (1)
A dry 2 L two-necked flask equipped with a massive magnetic stirrer was
charged with ferrocene (201 g, 1.09 mole, 1.00 eq.) and evacuated and
backfilled with nitrogen once. Dry DCM (1000 mL) and subsequently acetyl
chloride (84 mL, 1.19 mole, 1.10 eq.) were added. The dark brown mixture
was cooled to 0 °C and under vigorous stirring freshly purchased anhydrous AlCl 3 (160 g,
1.10 mole, 1.01 eq.) was added in small potions in such a way that the temperature of the
solutions did not raise above rt. The mixture was allowed to warm to rt and stirred for 3
h, then cooled to 0 °C and a total of 200 mL of distilled water was added slowly. Another
250 mL were added at once and the mixture was stirred for 10 minutes, before a 10%
Na2S2O4 solution was added dropwise until the top layer was light brown. Subsequently,
the phases were separated, and the aqueous layer was extracted with DCM (2 x 300 mL).
The combined organic phases were washed with 5% NaOH solution. Upon addition, a red
solid precipitated which partly inhibited phase separation. The organic phases were then
washed with brine (300 mL), dried over MgSO4 and concentrated under reduced pressure
at 40 °C. Upon cooling to rt, the obtained brown oil solidified into a red-brownish solid.
This solid was then crumbled into smaller pieces and dried under high vacuum at 50 °C
to remove any remaining solvent. The obtained product was pure and the yield of the
reaction was 173 g (70%). 1H NMR (300 MHz, CDCl3) δ = 4.77 (t, J = 1.9 Hz, 2H), 4.50 (t, J
= 1.9 Hz, 2H), 4.20 (s, 5H), 2.39 (s, 3H) ppm. Spectral data in agreement with literature.[248]

1-Ferrocenylethanol (2)
To a dry 2 L two-necked flask under nitrogen atmosphere was added acetyl
ferrocene 1 (170 g, 0.739 mole, 1.00 eq.) and freshly purchased toluene
(900 mL). The mixture was stirred for 10 minutes, then LiAlH4 (7.40 g,
0.195 mole, 0.263 eq.) was added in small portions over 30 minutes and
the mixture was stirred for 1 h, then heated to 50 °C and more LiAlH4 (1.2 g, 0.032 mol,
0.043 eq.) was added. After stirring for another 5 h at 50 °C the mixture was allowed to
cool to rt and ethyl acetate (40 mL) was added dropwise. Saturated aqueous NH 4Cl
solution (250 mL) was added, slowly at first, then more rapidly. A green precipitate and
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an emulsion formed. More water (250 mL) was added, the phases were separated, and the
aqueous layer was extracted with Et2O (2 x 500 mL). The combined organic layers were
washed with water (2 x 500 mL), after which there still remained part of the green
precipitate in the organic layer. Addition of Na2SO4 for drying allowed better separation
from these. The organic layer was then filtered and concentrated under reduced pressure.
A dark oil was obtained that was dried under vacuum. The obtained product shows
impurities by 1H NMR but was used without further purification in the next step. The yield
of the crude product was 109 g (65%).

1-Ferrocenylethyl acetate (3)
2 (109 g, 0.481 mole, 1.00 eq.) was dissolved in freshly purchased toluene
(1000 mL) in a 2 L two-necked flask equipped with a Dean-Stark apparatus
with a reflux condenser. Glacial acetic acid (47 mL) was added and the
reaction was heated in an oil bath to 140 °C for 3 h before allowing it to
cool to rt. The solvent was removed under reduced pressure and the crude product dried
using high vacuum to yield a brown oil (128 g, 98%) that was used without further
purification in the next step.

rac-N,N-Dimethyl-1-ferrocenylethylamine

rac-(4)

3 (128 g, 0.471 mole, 1.00 eq.) was dissolved in methanol (1000 mL) in
a 2 L flask equipped with a magnetic stirrer. Dimethylamine (40% in
H2O, 350 mL) was added over 2 minutes. The reaction mixture was
allowed to stir overnight. A H3PO4 solution (120 mL conc. H3PO4 in 800
mL water) was added slowly to the solution. Et2O (300 mL) and brine (100 mL) were added,
the phases were separated, and the aqueous layer was washed with Et2O (2 x 400 mL). To
the aqueous layer was then added Na2CO3 until the pH was approximately 7. The aqueous
phase was then extracted with DCM (3 x 300 mL) and the combined organic phases were
dried over MgSO4, filtered and concentrated under reduced pressure to yield pure amine
as a brown oil (70 g, 57%). 1H NMR (300 MHz, CDCl3) δ = 4.18 – 4.04 (m, 9H), 3.60 (q, J =
6.9 Hz, 1H), 2.08 (s, 6H), 1.45 (d, J = 6.9 Hz, 3H) ppm. Spectral data in agreement with
literature.[249]
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(S)-N,N-Dimethyl-1-ferrocenylethylamine

(S)-(4)

Racemic N,N-Dimethyl-1-(ferrocenyl)ethylamine 4 (88 g, 0.34 mole,
1.0 eq.) was dissolved in MeOH (170 mL) and heated to 55 °C. A
solution of L-(+)-tartaric acid (51 g, 0.34 mole, 1.0 eq.) in MeOH (170
mL) was warmed to 55 °C, then added to the stirring solution at once.
The dark brown solution was now allowed to cool to rt with a cooling rate of 3 °C per hour.
The precipitation of the first crystals was observed at 50 °C. The mixture was then allowed
to stir overnight at rt. The orange solid was collected by filtration and dried using high
vacuum. The obtained orange solid was stirred in 20% aqueous NaOH solution (200 mL),
then extracted with DCM (3 x 100 mL). The organic phases were combined, dried over
Na2SO4, filtered and concentrated to yield a total of 46 g of the free amine. The purity of
the amine was checked by optical rotation. The crystallisation step was then repeated
once to give a total of 38 g (43%) of enantiomerically pure (S)-(-)-N,N-dimethyl-1ferrocenylethylamine ((S)-4). The optical rotation of a sample of the free amine was then
determined as []D20 = -14.9 (c = 1.5 in EtOH).

7.2.2 Josiphos Ligand Synthesis
(S,RP)-N,N-Dimethyl-1-(-2-diphenylphosphinoferrocenyl)ethylamine

(S,RP)-5a

The L-(+)-tartrate salt of enantiomerically pure (S)-4 (4.01 g) was added
to a stirred 20% aqueous NaOH solution (20 mL). DCM (20 mL) was
added, the phases were separated, and the aqueous layer was extracted
with more DCM (3 x 20 mL). The combined organic layers were dried
over K2CO3 and concentrated under reduced pressure, to give 2.54 g of a brown oil. A dry
3-necked flask equipped with a magnetic stirrer was charged with the free amine (2.34 g,
8.90 mmol, 1.00 eq.) under an argon atmosphere. Dry Et2O (15 mL) was added and the
solution was cooled to -78 °C using dry ice and isopropanol. Sec-BuLi (1.3 M in
cyclohexane, 8.25 mL, 11.6 mmol, 1.30 eq.) was added slowly using a syringe and the
solution was stirred for 30 minutes at -78 °C, then allowed to warm to rt and stirred for 1
h. The red solution was then cooled to -78 °C again and chlorodiphenylphosphine (2.80
mL, 11.6 mmol, 1.30 eq.) was added dropwise using a syringe and the solution was allowed
to stir overnight while warming to rt. Next day, the solution was quenched by dropwise
addition of saturated aqueous NaHCO3 solution (30 mL). DCM (50 mL) was added, the
phases were separated and the aqueous layer was extracted with DCM (2 x 25 mL). The
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combined organic layers were washed with brine, dried over MgSO4 and concentrated
under reduced pressure. The crude product was a brown oil, which solidified partly
overnight. The crude product was then purified on a large silica column using nhexane/EtOAc/Et3N (v/v/v = 49/49/2). The pure product was obtained as a brown/orange
solid (3.04 g, 77%). 1H NMR (300 MHz, CDCl3) δ = 7.59 – 7.46 (m, 2H), 7.21 – 7.01 (m, 5H),
4.31 (d, J = 9.2 Hz, 1H), 4.18 (p, J = 2.8 Hz, 1H), 4.08 (qd, J = 6.8, 2.8 Hz, 1H), 3.87 (s, 5H),
3.78 (d, J = 2.7 Hz, 1H), 1.69 (s, 6H), 1.19 (t, J = 5.5 Hz, 3H) ppm. 31P{1H} NMR (121 MHz,
CDCl3) δ = -22.83 ppm. Spectral data in agreement with literature.[250]

(S, RP)-1-(-2-(Diphenylphosphino)ferrocenyl)ethyldicyclohexylphosphine (S, RP)-J1
A dry 100 mL 2-necked flask equipped with a stirrer, septum and argon
inlet was charged with (S,RP)-5a (2.02 g, 4.40 mmol, 1.00 eq.) and
evacuated and backfilled with argon three times. Degassed acetic acid
(10 mL) was added through the septum. Then, after the PPFA was fully
dissolved, dicyclohexylphosphine (1.0 mL, 4.8 mmol, 1.1 eq.) was added and the mixture
was heated to 80 °C and stirred for 3 h. After cooling to rt, all volatiles were removed
directly from the solution under high vacuum and a using cooling trap. The remaining
brownish oil was diluted with little DCM, then n-hexane was added and the product
precipitated from the solution as orange crystals. The crystals were filtered off and the
mother liquor was concentrated and the same procedure was applied again to obtain
more product. The combined crude product was recrystallised from degassed EtOH to
give the pure product as an orange solid (2.01 g, 77%). 1H NMR (300 MHz, CDCl3) δ = 7.64
– 7.51 (m, 2H), 7.35 – 7.24 (m, 3H), 7.18 – 7.05 (m, 5H), 4.29 (q, J = 2.1 Hz, 1H), 4.22 (t, J
= 2.6 Hz, 1H), 3.95 (s, 1H), 3.77 (s, 5H), 3.14 (qd, J = 7.3, 3.2 Hz, 1H), 1.81 – 1.30 (m, 14 H),
1.21 – 0.90 (m, 11H) ppm. 31P{1H} NMR (121 MHz, CDCl3) δ = 15.8 (d, J = 30.0 Hz), -25.8
(d, J = 30.0 Hz) ppm. Spectral data in agreement with literature.[57]

(S, RP)-1-(-2-(Diphenylphosphino)ferrocenyl)ethyldi-tert-butylphosphine

(S,RP)-J2

A dry 100 mL 2-necked flask equipped with a stirrer, septum and argon
inlet was charged with (S,RP)-5a (1.13 g, 2.50 mmol, 1.0 eq.) and
degassed acetic acid (10 mL) was added. Di-tert-butylphosphine (0.60
mL, 3.1 mmol, 1.3 eq.) was added and the orange mixture was stirred at
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80 °C for 3.5 h, then cooled to rt. All volatiles were removed under vacuum to yield a
brown oil that was purified by column chromatography on silica using Et2O/n-pentane as
eluents and additionally recrystallised using dry and degassed EtOH (900 mg sample, 15
mL EtOH) to give the pure product as orange crystals (630 mg, 46%). 1H NMR (300 MHz,
CD2Cl2) δ = 7.62 – 7.51 (m, 2H), 7.32 – 7.24 (m, 3H), 7.20 – 7.03 (m, 5H), 4.31 (q, J = 2.1
Hz, 1H), 4.17 (t, J = 2.6 Hz, 1H), 4.00 – 3.95 (m, 1H), 3.72 (s, 5H), 3.41 (qd, J = 7.3, 2.3 Hz,
1H), 1.77 (dd, J = 7.3, 3.1 Hz, 3H), 1.14 (d, J = 10.4 Hz, 9H), 0.91 (d, J = 10.5 Hz, 9H) ppm.
31

P{1H} NMR (121 MHz, CD2Cl2) δ = 50.4 (d, J = 53.7 Hz), -26.1 (d, J = 53.3 Hz) ppm. Spectral

data in agreement with literature.[57]

(S, RP)-1-(-2-(Diphenylphosphino)ferrocenyl)ethyldiphenylphosphine

(S,RP)-J5

A dry 100 mL 2-necked flask equipped with a stirrer, septum and argon
inlet was charged with (S,RP)-5a (1.50 g, 3.33 mmol, 1.00 eq.) and
degassed acetic acid (10 mL) was added. Diphenylphosphine (1.0 mL, 4.3
mmol, 1.3 eq.) was added and the solution was heated to 80 °C overnight,
then cooled to rt and all volatiles were removed directly from the solution under high
vacuum and using a cooling trap. The oil was diluted with n-hexane and EtOAc (5 mL
each) and the mixture was filtered through a short silica column, 2 cm thick. The solvent
was removed under reduced pressure and an oil was obtained, that was allowed to stand
at rt overnight after which some crystal formation was observed. n-Hexane (10 mL) was
added to this suspension and more solid slowly precipitated from the oily suspension.
The orange solid was filtered and dried using high vacuum to give pure product (1.48 g,
76%). 1H NMR (300 MHz, CDCl3) δ = 7.72 – 7.63 (m, 2H), 7.43 – 7.37 (m, 3H), 7.35 – 7.17
(m, 15H), 4.25 (t, J = 2.5 Hz, 1H), 4.06 – 4.05 (m, 1H), 4.02 (s, 1H), 3.86 (s, 5H), 3.79 (qd, J
= 7.1, 3.7 Hz, 1H), 1.47 (dd, J = 7.4 Hz, 3H) ppm. 31P{1H} NMR (121 MHz, CDCl3)) δ = 6.4
(d, J = 20.3 Hz), -25.3 (d, J = 20.3 Hz) ppm. Spectral data in agreement with literature.[57]

(S,RP)-1-(-2-(Diphenylphosphino)ferrocenyl)ethylbis(3,5-dimethylphenyl)phosphine
(S,RP)-J6
A dry 100 mL 2-necked flask equipped with a stirrer, septum and argon
inlet was charged with (S,RP)-5a (1.13 g, 2.50 mmol, 1.00 eq.) and
degassed

acetic

acid

(10

mL)

was

added.

Bis(3,5-
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dimethylphenyl)phosphine (1.35 mL, 3.25 mmol, 1.30 eq.) was added and the orange
mixture was stirred at 80 °C for 3.5 h, then cooled to rt. All volatiles were removed under
vacuum to yield a brown oil/solid mixture. n-Pentane (10 mL) was added, the suspension
was stirred and the orange solid was filtered and dried under high vacuum. The crude
product was then recrystallised in degassed EtOH (100 mL for 1.50 g crude product) and
the pure compound was obtained as long, orange needles. (1.03 g, 65%). 1H NMR (300
MHz, CD2Cl2) δ = f7.65 – 7.54 (m, 2H), 7.35 – 7.29 (m, 3H), 7.10 (d, J = 3.5 Hz, 5H), 6.88 (s,
f1H), 6.83 (s, 1H), 6.81 (s, 2H), 6.78 (s, 1H), 6.74 (s, 1H), 4.19 (t, J = 2.6 Hz, 1H), 4.01 (s,
1H), 3.90 (s, 1H), 3.74 (s, 5H), 3.72 – 3.68 (m, 1fH), 2.17 (s, 6H), 2.12 (s, 6H), 1.34 (dd, J =
7.1 Hz, 3H) ppm. 31P{1H} NMR (121 MHz, CD2Cl2) δ = 7.38 (d, J = 26.0 Hz), -25.64 (d, J =
26.0 Hz) ppm. Spectral data in agreement with literature.[70]

(S,RP)-N,N-Dimethyl-1-(-2-bis(3,5-di(tert-butyl)-4-methoxyphenyl)phosphinoferrocenyl)ethylamine

(S,RP)-5b
The L-(+)-tartrate salt of enantiomerically pure (S)-N,NDimethyl-1-ferrocenylethylamine (3.01 g) was added to a
stirred 20% aqueous NaOH solution (20 mL). DCM (20 mL) was
added, the phases were separated and the aqueous layer was
extracted with further DCM (3 x 20 mL). The combined organic

layers were dried over K2CO3 and concentrated under reduced pressure, to give 1.6 g of a
brown oil. To a dry 100-mL two-necked flask equipped with a stirrer, septum and argon
inlet was added the enantiopure amine (S)-4 (1.19 g, 4.52 mmol, 1.00 eq.). Dry Et2O (20
mL) were added and the solution was cooled to -78 °C using dry ice and isopropanol. SecBuLi (1.3 M in cyclohexane, 4.0 mL, 5.0 mmol, 1.1 eq.) was added slowly and the solution
was stirred for 30 minutes at -78 °C, then allowed to warm to rt, stirred for 1 h and cooled
to -78 °C again. Chlorobis(3,5-di-tert-butyl-4-methoxyphenyl)phosphine (2.55 g, 4.75
mmol, 1.05 eq.) in 15 mL Et2O was added dropwise to the red solution using a syringe and
the solution was allowed to stir overnight while warming to rt. The solution was quenched
by slow addition of an aqueous saturated NaHCO3 solution (25 mL). The phases were
separated and the aqueous layer was extracted with DCM (50 mL). The combined organic
layers were washed with brine, dried over MgSO4 and concentrated under reduced
pressure and the crude product was obtained as an orange solid. The solid was purified
on a large silica column using n-hexane/EtOAc/Et3N (v/v/v = 84/14/2) to afford the desired
products with minor impurities as orange solid (2.78 g, 79%). Note: Upon removal of the
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solvent under reduced pressure the solution first turns into a brown oil which becomes a foamlike orange solid under strong expansion of volume. Careful evaporation was essential to avoid
product loss. 1H NMR (300 MHz, C6D6) δ = 7.84 (d, J = 7.6 Hz, 2H), 7.53 (d, J = 7.9 Hz, 2H),
4.39 (qd, J = 6.7, 2.7 Hz, 1H), 4.23 (d, J = 2.0 Hz, 1H), 4.18 – 4.14 (m, 2H), 3.98 (s, 5H), 3.41
(s, 3H), 3.38 (s, 3H), 1.92 (s, 6H), 1.47 (s, 18H), 1.42 (s, 18H) ppm. 31P{1H} NMR (121 MHz,
C6D6) δ = -25.02 ppm. Spectral data in agreement with literature.[251]

(S,RP)-1-(-2-(Di(3,5-bis(tert-butyl)-4-methoxyphenyl)phosphino)ferrocenyl)ethylditert-butylphosphine

(S,RP)-J4
A dry 50 mL Schlenk flask was charged with (S,RP)-5b (3.04 g,
3.85 mmol, 1.00 eq.) and degassed acetic acid (7 mL). Di-tertbutylphosphine (0.84 mL, 4.4 mmol, 1.2 eq.) was added
dropwise and the solution was heated to 80 °C and stirred for 4
h, then cooled to rt. All volatiles were removed directly from the

solution by applying high vacuum to give the crude product as a foaming, oily orange
solid. The crude product was purified on a large silica column, first using n-hexane/EtOAc
(v/v = 85/15), then n-hexane/EtOAc/Et3N (v/v/v = 80/20/10). The product was isolated as
orange solid (2.30 g, 63%). Note: Upon removal of the solvent under reduced pressure the
solution first turns into a brown oil which becomes a foam-like orange solid under strong
expansion of volume. Careful evaporation was essential to avoid product loss. 1H NMR (300
MHz, CDCl3) δ = 7.48 (d, J = 7.9 Hz, 2H), 7.25 (d, J = 7.6 Hz, 2H), 4.31 (s, 1H), 4.19 (t, J = 2.6
Hz, 1H), 3.89 (s, 6H), 3.69 (s, 3H), 3.58 (s, 3H), 3.39 (qd, J = 7.4, 2.4 Hz, 1H), 1.83 (dd, J =
7.3, 3.1 Hz, 3H), 1.40 (s, 18H), 1.32 (s, 18H), 1.18 (d, J = 10.3 Hz, 9H), 0.93 (d, J = 10.4 Hz,
9H) ppm. 31P{1H} NMR (121 MHz, CDCl3) δ = 48.08 (d, J = 45.5 Hz), -28.11 (d, J = 45.6 Hz)
ppm.

(S,RP)-1-(-2-(Bis(3,5-di(tert-butyl)-4-methoxyphenyl)phosphino)ferrocenyl)ethyldicyclohexylphosphine

(S,RP)-J11

A dry 50 mL two-necked flask was charged with (S,RP)-5b (1.49
g, 1.75 mmol, 1.00 eq.) and degassed acetic acid (10 mL).
Dicyclohexylphosphine (0.47 mL, 2.0 mmol, 1.2 eq.) was added
dropwise and the solution was heated to 80 °C and stirred for 4
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h, then cooled to rt. All volatiles were removed directly from the solution by applying
high vacuum, to give the crude product as a foaming, oily orange solid. The crude product
was purified on an alumina column using n-hexane/EtOAc (v/v = 20/1) to yield the final
product with minor impurities as orange solid (921 mg, 60%). 1H NMR (300 MHz, C6D6) δ
= 7.86 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 7.6 Hz, 2H), 4.32 (s, 1H), 4.25 – 4.20 (m, 2H), 3.95 (s,
5H), 3.64 (qd, J = 7.2, 3.4 Hz, 1H), 3.42 (s, 3H), 3.37 (s, 3H), 1.82 – 1.54 (m, 11H), 1.45 (d, J
= 4.2 Hz, 36H), 1.28 – 1.06 (m, 14H) ppm. 31P{1H} NMR (121 MHz, CD2Cl2) δ = 15.33 (d, J
= 32.9 Hz), -28.41 (d, J = 33.0 Hz) ppm. Spectral data in agreement with literature.[251]

(S,RP)-N,N-Dimethyl-1-(-2-bis(3,5-dimethyl-4-methoxyphenyl)phosphinoferrocenyl)ethylamine

(S,RP)-5c
To a dry 100 mL two-necked flask equipped with a stirrer,
septum and argon inlet was added enantiopure (S)-4 (1.05 g,
4.00 mmol, 1.00 eq.). Dry Et2O (10 mL) was added and the
solution was cooled to -78 °C using dry an ice/isopropanol
cooling bath. Sec-BuLi (1.3 M in cyclohexane, 3.6 mL, 4.6 mmol,

1.2 eq.) was added slowly and the solution was stirred for 30 minutes at -78 °C, then
allowed to warm to rt, stirred for 1 h and cooled to -78 °C again. Chlorobis(3,5-dimethyl4-methoxyphenyl)phosphine (1.8 g, 4.8 mmol, 1.2 eq.) dissolved in dry Et2O (15 mL) was
added and the solution was allowed to stir overnight while warming to rt. The solution
was quenched by slow addition of an aqueous saturated NaHCO3 solution (10 mL). The
phases were separated and the aqueous layer was extracted with DCM (3 x 15 mL). The
combined organic layers were washed with brine, dried over MgSO4 and concentrated
under reduced pressure and the crude product was obtained as a brown oil. The crude
product was purified on a large silica column using n-hexane/EtOAc/Et3N (v/v/v =
74/24/2) to give the product with minor impurities as orange solid (953 mg, 42%). 1H NMR
(300 MHz, C6D6) δ = 7.61 (d, J = 7.6 Hz, 2H), 7.16 (d, J = 7.6 Hz, 2H), 4.34 (qd, J = 6.8, 2.8
Hz, 1H), 4.26 – 4.22 (m, 1H), 4.17 – 4.10 (m, 2H), 3.92 (s, 5H), 3.33 (s, 3H), 3.32 (s, 3H),
2.16 (s, 6H), 2.13 (s, 6H), 1.97 (s, 6H), 1.19 (d, J = 6.7 Hz, 3H). 31P{1H} NMR (121 MHz,
C6D6) δ = -23.93 ppm. Spectral data in agreement with literature.[252]
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(S,RP)-1-(-2-(Bis(3,5-dimethyl-4-methoxyphenyl)phosphino)ferrocenyl)ethyldicyclohexylphosphine

(S,RP)-J9

A dry 50 mL two-necked flask was charged with (S,RP)-5c (0.386
g, 0.630 mmol, 1.00 eq.) and degassed acetic acid (5 mL).
Dicyclohexylphosphine (0.18 mL, 0.72 mmol, 1.2 eq.) was
added dropwise and the solution was heated to 80 °C and
stirred for 3.5 h, then cooled to rt. All volatiles were removed
directly from the solution by applying high vacuum to give the crude product as orange
oil. The crude product was purified on a silica column, using n-hexane/EtOAc/Et3N (v/v/v
= 90/10/2) to yield the final product as orange solid (312 mg, 70%). 1H NMR (300 MHz,
C6H6): δ = 7.66 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 7.1 Hz, 2H), 4.38-4.34 (m, 1H), 4.29-4.26 (m,
1H), 4.21 (t, J = 2.4 Hz, 1H), 3.90 (s, 5H), 3.63 (qd, J = 7.2, 2.7 Hz, 1H), 3.33 (s, 3H),, 3.32 (s,
3H), 2.17 (d, J = 2.4 Hz, 12H), 1.65 (dd, J = 7.3, 4.6 Hz, 3H), 1.65 (m, 11H), 1.37-1.07 (m,
11H).

31

P{1H} NMR (121 MHz, C6H6): δ = 14.75 (d, J = 35.5 Hz), -27.44 (d, J = 35.7 Hz).

Spectral data in agreement with literature.[253]

(S,RP)-1-(-2-(Bis(3,5-dimethyl-4-methoxyphenyl)phosphino)ferrocenyl)ethyldi-tertbutylphosphine

(S,RP)-J10
A dry 50 mL two-necked flask was charged with (S,RP)-5c (0.578
g, 0.930 mmol, 1.00 eq.) and degassed acetic acid (8 mL). Ditert-butylphosphine (0.21 mL, 1.1 mmol, 1.2 eq.) was added
dropwise and the solution was heated to 80 °C and stirred for
3.5 h, then cooled to rt. All volatiles were removed directly from

the solution by applying high vacuum to give the crude product as orange oil. The crude
product was purified on a silica column, using n-hexane/EtOAc/Et3N (v/v/v = 85/15/2) to
yield the final product as orange solid (270 mg, 44%). 1H NMR (300 MHz, C6H6): δ 7.66
(d, J = 7.8 Hz, 2H), 7.27 (d, J = 6.8 Hz, 2H), 4.35 (m, 1H), 4.28-4.26 (m, 1H), 4.16 (t, J = 2.5
Hz, 1H), 3.88 (s, 5H), 3.72 (qd, J = 7.4, 2.2 Hz, 1H), 3.33 (s, 3H), 3.32 (s, 3H), 2.17 (d, J = 1.8
Hz, 12H), 1.32 (d, J = 10.3 Hz, 9H), 1.15 (d, J = 10.4 Hz, 9H). 31P{1H} NMR (121 MHz, C6H6):
δ = 49.26 (d, J = 48.3 Hz), -27.10 (d, J = 48.1 Hz). Spectral data in agreement with
literature.[253]
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(S,RP)-N,N-Dimethyl-1-(-2-bis(3,5-dimethylphenyl)phosphinoferrocenyl)ethylamine
(S,RP)-5d
To a dry 100 mL two-necked flask equipped with a stirrer, septum and
argon inlet was added enantiopure (S)-4 (0.660 g, 2.50 mmol, 1.00 eq.).
Dry Et2O (10 mL) was added and the solution was cooled to -78 °C using
dry an ice/isopropanol cooling bath. Sec-BuLi (1.3 M in cyclohexane, 2.1
mL, 2.8 mmol, 1.1 eq.) was added slowly and the solution was stirred for 30 minutes at 78 °C, then allowed to warm to rt, stirred for 1 h and cooled to -78 °C again. Chlorobis(3,5dimethylphenyl)phosphine (0.772 g, 2.63 mmol, 1.05 eq.) dissolved in dry Et2O (5 mL) was
added and the solution was allowed to stir overnight while warming to rt. The solution
was quenched by the slow addition of an aqueous saturated NaHCO3 solution (15 mL).
The phases were separated and the aqueous layer was extracted with DCM (3 x 20 mL).
The combined organic layers were washed with brine, dried over MgSO4 and concentrated
under reduced pressure and the crude product was obtained as a brown oil. The crude
product was purified on a large silica column using n-hexane/EtOAc/Et3N (v/v/v =
70/30/1) to give the product with minor impurities as orange solid (967 mg, 78%). 1H NMR
(300 MHz, C6H6): δ = 7.56 (d, J = 7.8 Hz, 2H), 7.13 (d, J = 7.3 Hz, 2H), 6.81-6.70 (m, 2H),
4.36 (qd, J = 6.8, 2.7 Hz, 1H), 4.24 (q, J = 1.8 Hz, 1H), 4.12 (m, 2H), 3.94 (s, 5H), 2.11 (s, 6H),
2.07 (s, 6H), 1.97 (s, 6H), 1.19 (d, J = 6.8 Hz, 3H). 31P{1H} NMR (121 MHz, C6H6): δ = -22.29.
Spectral data in agreement with literature.[254]

(S,RP)-1-(-2-(Bis(3,5-dimethylphenyl)phosphino)ferrocenyl)ethyldicyclohexylphosphine

(S,RP)-J7
A dry 50 mL two-necked flask was charged with (S,RP)-5d (0.608 g, 1.10
mmol, 1.00 eq.) and degassed acetic acid (5 mL). Dicyclohexylphosphine
(0.27 mL, 1.3 mmol, 1.2 eq.) was added dropwise and the solution was
heated to 80 °C and stirred for 3.5 h, then cooled to rt. All volatiles were

removed directly from the solution by applying high vacuum to give the crude product as
a brown oil (720 mg, 95%, >90% purity). It was attempted to purify the crude product
using a silica column under various conditions. The purified product was always more
impure than before purification. Passivated silica or alumina columns lead to the same
result. Product was characterised from the crude product mixture. 1H NMR (300 MHz,
C6H6): δ = 7.59 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 7.5 Hz, 2H), 6.74 (d, J = 30.2 Hz, 2H), 4.34 (s,
140

Chapter 7 – Experimental

1H), 4.28 (s, 1H), 4.20 (t, J = 2.3 Hz, 1H), 3.88 (s, 5H), 3.63 (qd, J = 7.3, 2.8 Hz, 1H), 2.10 (s,
6H), 2.06 (s, 6H), 1.64 (dd, J = 7.2, 4.7 Hz, 3H), 1.85-1.50 (m, 11H), 1.28-1.16 (m, 11H).
31

P{1H} NMR (121 MHz, C6H6): δ = 14.83 (d, J = 36.8 Hz), -25.86 (d, J = 37.1 Hz).[255]

(S,RP)-1-(-2-(Bis(3,5-dimethylphenyl)phosphino)ferrocenyl)ethyldi-tert-butylphosphine
(S,RP)-J8
A dry 50 mL two-necked flask was charged with (S,RP)-5d (0.360 g,
0.650 mmol, 1.00 eq.) and degassed acetic acid (8 mL). Di-tertbutylphosphine (0.16 mL, 0.75 mmol, 1.2 eq.) was added dropwise
and the solution was heated to 80 °C and stirred for 3.5 h, then cooled
to rt. All volatiles were removed directly from the solution by applying high vacuum to
give the crude product as orange oil. The oil was dissolved in DCM (15 mL), which was
washed with water (10 mL) and saturated NaHCO3 solution (10 mL). The organic layer
was dried over MgSO4 and the solvent was removed under reduced pressure, to give the
pure product as orange solid (299 mg, 77%). 1H NMR (300 MHz, CD2Cl2): δ = 7.29 (d, J =
7.9 Hz, 2H), 7.03 (s, 1H), 6.82-6.75 (m, 3H), 4.38 (q, J = 1.9 Hz, 1H), 4.23 (t, J = 2.5 Hz, 1H),
4.06 (s, 1H), 3.79 (s, 5H), 3.46 (qd, J = 7.3, 2.1 Hz, 1H), 2.34 (s, 6H), 2.18 (s, 6H), 1.85 (dd,
J = 7.3, 3.1 Hz, 3H), 1.22 (d, J = 10.3 Hz, 9H), 1.02 (d, J = 10.5 Hz, 9H). 31P{1H} NMR (121
MHz, CD2Cl2): δ = 49.90 (d, J = 50.0 Hz), -25.63 (d, J = 49.5 Hz).

(S,RP)-N,N-Dimethyl-1-(-2-bis(3,5-bis(trifluoromethyl)phenyl)phosphinoferrocenyl)ethylamine

(S,RP)-5e
To a dry 100 mL two-necked flask equipped with a stirrer, septum
and argon inlet was added enantiopure (S)-4 (0.660 g, 2.50 mmol,
1.00 eq.). Dry Et2O (10 mL) was added and the solution was cooled
to -78 °C using dry an ice/isopropanol cooling bath. Sec-BuLi (1.3
M in cyclohexane, 2.2 mL, 2.9 mmol, 1.2 eq.) was added slowly and
the solution was stirred for 30 minutes at -78 °C, then allowed to

warm to rt, stirred for 1 h and cooled to -78 °C again. Chlorobis(3,5bis(trifluoromethyl)phenyl)phosphine (1.29 g, 2.63 mmol, 1.05 eq.) dissolved in dry Et 2O
(15 mL) was added and the solution was allowed to stir overnight while warming to rt.
The solution was quenched by slow addition of an aqueous saturated NaHCO3 solution
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(15 mL). The phases were separated and the aqueous layer was extracted with DCM (3 x
20 mL). The combined organic layers were washed with brine, dried over MgSO 4 and
concentrated under reduced pressure and the crude product was obtained as a brown oil.
The crude product was purified on a large silica column using n-hexane/EtOAc/Et3N
(v/v/v = 85/15/1) to give the product with minor impurities as orange solid (1.54 g, 86%).
1

H NMR (300 MHz, CDCl3): δ = 8.00 (d, J = 5.6 Hz, 2H), 7.83 (s, 1H), 7.26-7.20 (m, 3H), 4.43

(s, 1H), 4.30 (s, 1H), 4.18 (q, J = 6.7 Hz, 1H), 4.04 (s, 5H), 3.66 (s, 1H), 1.68 (s, 6H), 1.22 (d,
J = 6.7 Hz, 3H). 19F{1H} NMR (282 MHz, CDCl3): δ = -62.63. 31P{1H} NMR (121 MHz, CDCl3):
δ = -21.38. Spectral data in agreement with literature.[255]

(S,RP)-1-(-2-(Bis(3,5-bis(trifluoromethyl)phenyl)phosphino)ferrocenyl)ethyldicyclohexylphosphine

(S,RP)-J3

A dry 50 mL two-necked flask was charged with (S,RP)-5e (0.446 g,
0.625 mmol, 1.00 eq.) and degassed acetic acid (10 mL).
Dicyclohexylphosphine (0.21 mL, 0.75 mmol, 1.2 eq.) was added
dropwise and the solution was heated to 80 °C and stirred for 3.5 h,
then cooled to rt. All volatiles were removed directly from the solution
by applying high vacuum, to give the crude product as an orange oil. The oil was dissolved
in DCM (15 mL), which was washed with water (10 mL) and saturated NaHCO3 solution
(10 mL). The organic layer was dried over MgSO4 and the solvent was removed under
reduced pressure. The crude product was purified on a large silica column using nhexane/EtOAc/Et3N (v/v/v = 80/20/1) to give the product with minor impurities as orange
solid (455 mg, 84%). 1H NMR (300 MHz, CDCl3): δ = 8.04 (d, J = 6.7 Hz, 2H), 7.95 (s, 1H),
7.74 (s, 1H), 7.64 (d, J = 5.6 Hz, 2H), 4.44 (s, 1H), 4.41 (s, 1H), 3.85 (s, 5H), 3.83 (s, 1H),
3.23 (q, J = 7.2 Hz, 1H), 1.82-1.09 (m, 25H). 19F{1H} NMR (282 MHz, CDCl3): δ = -62.75, 62.82. 31P{1H} NMR (121 MHz, CDCl3): δ = 17.40 (d, J = 53.9 Hz), -23.27 (d, J = 54.0 Hz).
Spectral data in agreement with literature.[255]
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7.2.3 Walphos Ligand Synthesis
Synthesis of 13
To a dry 100 mL two-necked flask equipped with a stirrer, septum and
argon inlet was added enantiopure (S)-4 (10.6 g, 41.2 mmol, 1.00 eq.)
and THF (33 mL) under an argon atmosphere. The solution was cooled
to 0 °C and sec-BuLi (1.4 M in cyclohexane, 32.4 mL, 46.6 mmol, 1.13
eq.) was added dropwise. The red solution was stirred for 30 minutes,
then a solution of ZnCl2 (1 M in Et2O, 46.6 mL, 46.6 mmol, 1.13 eq.) was added and the
mixture was stirred for 1 h at rt. To this solution were added PdCl2(PPh3)2 (1.46 g, 2.06
mmol, 0.0500 eq.) and a solution of 1-bromo-2-iodobenzene (12.5 g, 44.1 mmol, 1.07 eq.)
in THF (10 mL). The reaction mixture was stirred at reflux for 72 h, after which all solvent
was removed under reduced pressure. The residue was dissolved in DCM (45 mL), washed
with water (75 mL) and aqueous NaOH solution (5 M, 20 mL). The organic layer was
washed with more water (2 x 20 mL), dried over MgSO 4, filtered and the solvent was
removed under reduced pressure. The crude product was purified by column
chromatography on alumina (activity grad I) using n-hexane/Et2O/Et3N (v/v/v = 60/10/3).
The product was isolated as orange solid (4.68 g, 28%) 1H NMR (300 MHz, CDCl3): δ = 7.94
(dd, J = 7.7, 1.8 Hz, 1H), 7.61 (dd, J = 8.0, 1.3 Hz, 1H), 7.42 (td, J = 7.5, 1.3 Hz, 1H), 7.19 (td,
J = 7.7, 1.8 Hz, 1H), 4.70 (dd, J = 2.5, 1.4 Hz, 1H), 4.43 (t, J = 2.6 Hz, 1H), 4.34 (dd, J = 2.6,
1.4 Hz, 1H), 4.19 (s, 5H), 3.74-3.58 (m, 1H), 1.77 (s, 6H), 1.63 (d, J = 6.9 Hz, 3H). Spectral
data in agreement with literature.[76]

Synthesis of 14
(S,Sp)-13 (2.71 g, 8.27 mmol, 1.00 eq.) was dissolved in THF (32 mL)
in a dry, 2-necked flask equipped with argon inlet, septum and stirrer
and cooled to -78°C. To this solution was added sec-BuLi (1.4 M in
cyclohexane, 7.65 mL, 10.7 mmol, 1.2 eq.) dropwise and the resulting
red mixture was stirred for 40 minutes and chlorodiphenylphosphine (2.06 mL, 11.2
mmol, 1.30 eq.) was added by syringe and the mixture was allowed to warm to rt while
stirring overnight. The reaction was quenched by addition of saturated aqueous NaHCO 3
solution (30 mL). The phases were separated and the aqueous layer was extracted with
DCM (2 x 20 mL). The combined organic layers were washed with water (2 x 20 mL), dried
over MgSO4 and the solvent was removed under reduced pressure. The obtained crude
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product was purified by flash column chromatography on silica using n-hexane/Et2O (v/v
=95/5). The product was obtained as orange solid (4.26 g, 99%). 1H NMR (300 MHz,
CDCl3): δ = 7.91 (ddd, J = 7.7, 4.5, 1.4 Hz, 1H), 7.39-7.21 (m, 6H), 7.21-7.06 (m, 4H), 7.006.84 (m, 3H), 4.28 (s, 1H) 4.24-4.13 (m, 2H), 4.03 (s, 5H), 3.66 (q, J = 6.9 Hz, 1H), 1.81 (s,
6H), 1.58 (d, J = 6.9 Hz, 3H). 31P{1H} NMR (121 MHz, C6H6): δ = -15.32. Spectral data in
agreement with literature.[76]

Synthesis of 15
To a 100 mL flask equipped with a stirrer was added 14 (1.14 g,
2.20 mmol, 1.00 eq.), acetone (15 mL) and H2O2 (30% in water, 0.90
mL, 29 mmol, 13 eq.) at rt. The solution was stirred for 40 minutes
and was then quenched by addition of 10% aqueous sodium
thiosulfate solution (10 mL). The mixture was extracted with DCM
(3 x 10 mL) and the combined organic layers were washed with water (2 x 10 mL), dried
over MgSO4, filtered and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography using alumina (activity grade I) and nhexane/EtOAc/MeOH (v/v/v = 8/2/0) with subsequent increase of MeOH content. The
product was isolated as brittle, foamy orange solid (840 mg, 73%). 1H NMR (300 MHz,
CDCl3): δ = 8.05 (ddd, J = 7.6, 4.1, 0.8 Hz, 1H), 7.70-7.49 (m, 7H), 7.41 (td, J = 7.5, 3.0 Hz,
2H), 7.33-7.24 (m, 3H), 7.02 (ddd, J = 14.2, 7.8, 1.1 Hz, 1H), 4.42-4.34 (m, 2H), 4.28 (t, J =
2.7 Hz, 1H), 4.15 (s, 5H), 3.69 (dd, J = 2.6, 1.3 Hz, 1H), 2.51 (s, 6H), 2.04 (d, J = 6.9 Hz, 4H).
31

P{1H} NMR (121 MHz, CDCl3): δ = 32.14. Spectral data in agreement with literature.[76]

Synthesis of 16a
To a dry flask under argon was added 15 (400 mg, 0.740 mmol,
1.00 eq.), acetic acid (8 mL) and di-tert-butylphosphine (0.34 mL,
1.11 mmol, 1.5 eq.). The solution was stirred at 100 °C for 18 h.
The solvent was then removed under reduced pressure. The
residue was dissolved in DCM (20 mL), washed with saturated
aqueous NaHCO3 solution (15 mL), brine (3 x 5 mL) and dried over MgSO4 and the solvent
was removed under reduced pressure. The product was obtained as orange solid (283 mg,
60%, ca. 70% purity). 1H NMR (300 MHz, CDCl3): δ = 8.93-8.87 (m, 1H), 7.70-7.39 (m,
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12H), 7.05 (dd, J = 14.6, 8.3 Hz, 1H), 4.49 (s, 5H), 4.38-4.35 (m, 1H), 4.32-4.30 (m, 1H),
4.22-4.21 (m, 1H), 4.08-4.05 (m, 1H), 2.21 (dd, J = 15.9, 6.8 Hz, 3H), 1.63 (d, J = 15.4 Hz,
9H), 1.33 (d, J = 15.4 Hz, 9H). 31P{1H} NMR (121 MHz, CDCl3): δ = 41.73, 31.41. Data in
agreement with literature values.[76]

Synthesis of 16b
To a dry Schlenk flask under argon was added 15 (154 mg, 0.290
mmol,

1.00

eq.),

acetic

acid

(2

mL)

and

di(3,5-

dimethylphenyl)phosphine (0.050 mL, 0.19 mmol, 1.5 eq.). The
solution was stirred at 100 °C for 19 h. The mixture was cooled to
0 °C and saturated aqueous NaHCO3 solution (15 mL) was added.
DCM (20 mL) was added, the phases were separated, and the aqueous layer was extracted
with further DCM (2 x 20 mL). The combined organic layers were washed with brine (3 x
5 mL), dried over MgSO4 and concentrated under reduced pressure. The crude product
was purified by column chromatography using silica and n-hexane/EtOAc/MeOH (v/v/v =
8/4/1) to give the final product as orange solid (80 mg, 38%). 1H NMR (300 MHz, CDCl3):
δ = 8.27 (dd, J = 8.0, 4.9 Hz, 1H), 7.68-7.43 (m, 7H), 7.43-7.29 (m, 10H), 7.16 (dd, J = 15.4,
8.0 Hz, 1H), 7.05 (d, J = 10.9 Hz, 2H), 4.33 (dd, J = 9.2, 7.8 Hz, 1H), 4.16 (s, 5H), 4.06-4.02
(m, 1H), 3.96-3.92 (m, 1H), 3.51-3.47 (m, 1H), 2.28 (s, 6H), 2.26 (s, 6H), 1.49 (dd, J = 16.2,
7.0 Hz, 3H). 31P{1H} NMR (121 MHz, CDCl3): δ = 35.23, 28.66. Spectral data in agreement
with literature data for similar compounds.[76]

Synthesis of (S,Sp)-W1
To a stirred solution of 16a (283 mg, 0.440 mmol, 1.00 eq.) in THF (8
mL) was added polymethylhydrosiloxane (1.5 mL, >10 eq.) The
reaction mixture was refluxed for 23 h, after which it was allowed to
cool to rt. The mixture was filtered through a small column with
alumina (activity grade I) using DCM as eluent. The solvent was
removed under reduced pressure, and the obtained solid was purified again on using an
alumina column (activity grad IV) and a mixture of n-hexane/DCM (v/v = 4/1). The
product was obtained as orange solid (41.7 mg, 16%). 1H NMR (300 MHz, CDCl3): δ = 8.02
(dd, J = 7.1, 4.6 Hz, 1H), 7.38-7.30 (m, 8H), 7.20-7.12 (m, 4H), 7.04 (dd, J = 7.4, 3.1 Hz, 1H),
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4.30-4.20 (m, 2H), 4.15 (s, 5H), 4.10-4.07 (m, 1H), 3.86-3.84 (m, 1H), 1.88 (dd, J = 7.4, 3.1
Hz, 3H), 1.15 (d, J = 10.6 Hz, 9H), 0.84 (d, J = 10.3 Hz, 9H). 31P{1H} NMR (121 MHz, CDCl3):
δ = 41.58 (d, J = 29.0 Hz), -15.75 (d, J = 29.1 Hz). Spectral data in agreement with
literature.[76]

Synthesis of (S,Sp)-W2
To a stirred solution of 16b (80 mg, 0.11 mmol, 1.0 eq.) in THF (2 mL)
was added polymethylhydrosiloxane (0.47 mL, >10 eq.) The reaction
mixture was refluxed for 42 h, after which it was allowed to cool to rt.
The mixture was purified by column chromatography on silica using
n-hexane/EtOAc/Et3N (v/v/v = 20/10/1) and by a second silica column
using n-hexane/EtOAc (v/v = 100/0 to 60/40 over 30 minutes). The product was isolated
as orange solid (6.6 mg, 8%, 80% purity). 1H NMR (300 MHz, C6H6): δ = 8.34 (ddd, J = 8.0,
4.3, 1.3 Hz, 1H), 7.67-7.50 (m, 5H), 7.41-7.29 (m, 5H), 7.23-7.01 (m, 7H), 6.95-6.92 (m,
1H), 6.81-6.78 (m, 1H), 4.20 (q, J = 1.8 Hz, 1H), 4.10 (s, 1H), 4.09 (s, 5H), 3.94 (t, J = 2.5 Hz,
1H), 3.80-3.79 (m, 1H), 2.24 (s, 6H), 2.19 (s, 6H), 1.71-1.66 (m, 3H).

31

P{1H} NMR (121

MHz, C6H6): δ = 2.72 (d, J = 17.9 Hz), -14.82 (d, J = 17.8 Hz). Spectral data in agreement
with literature data for similar compounds.[76]

7.2.4 Synthesis of Rhodium(III) Complexes
[{RhH((S,RP)-J1)}2(-Cl)3]Cl

(7a)
To an oven-dried 50 mL Schlenk flask under
argon was added [RhCl(cod)]2 2 (202 mg, 0.400
mmol, 1.00 eq.). The flask was evacuated and
backfilled with argon 3 times. Toluene (15 mL)
was added and a yellow solution resulted. To
this solution was added (S,RP)-J1 (514 mg, 0.820

mmol, 2.05 eq.) under an argon counter flow. The red solution was allowed to stir for 3 h,
then HCl (2 M in Et2O, 4.0 mL, 8.0 mmol, 20 eq.) was added dropwise. The colour of the
solution changed to orange and a dark, red oil accumulated at the bottom of the flask.
The solution was stirred for 1 h, then n-pentane (20 mL) was added and after 15 minutes
the yellowish solution above the solid/oil was decanted and discarded. The remains were
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dried under high vacuum to give a red solid. To remove remaining n-pentane, DCM was
added and evaporated (2 x 1 mL) to give the product complex as red/orange solid (455 mg,
74%). 1H NMR (300 MHz, CD2Cl2) δ = 8.09 – 7.95 (m, 4H), 7.62 – 7.50 (m, 6H), 7.49 – 7.26
(m, 10H), 4.57 (s, 2H), 4.48 (s, 2H), 4.40 (s, 2H), 3.47 (s, 10H), 3.20 – 3.04 (m, 2H), 2.00 –
0.56 (m, 44H), 1.66 (dd, J = 12.8, 7.0 Hz, 6H), -17.53 (s, br, 2H) ppm. 31P{1H} NMR (121
MHz, CD2Cl2): δ = 78.96 (d, br, J = 127.2 Hz), 42.72 (dd, J = 130.1, 21.0 Hz).

[{RhH((S,RP)-J2)}2(-Cl)3]Cl

(7b)
To an oven-dried 50 mL Schlenk flask under
argon was added [RhCl(cod)]2 (51 mg, 0.10
mmol, 1.00 eq.). The flask was evacuated and
backfilled with argon 3 times. Toluene (10 mL)
was added. To this yellow solution was added
(S,RP)-J2 (113 mg, 0.205 mmol, 2.05 eq.) under

an argon counter flow. The red solution was allowed to stir for 3 h, then HCl (2 M in Et2O,
1.0 mL, 2.0 mmol, 20 eq.) was added dropwise to the solution. The colour of the solution
changed to light red and a dark red oil was formed at the bottom of the flask. The solution
was stirred for 1 h, then n-hexane (10 mL) was added to precipitate the complex. A
suspension formed and after 20 minutes the yellowish solution above the solid was
decanted and discarded. The remaining solid was dried under high vacuum, then was
dissolved in DCM (1 mL) and precipitated again with n-hexane (5 mL). The precipitate
was washed with further hexane (2 x 1 mL) and to remove remaining hexane, DCM (2 x 1
mL) was added and evaporated by vacuum to give the product complex as dark red solid
(96 mg, 67%).1H NMR (300 MHz, CD2Cl2): δ 8.15-8.07 (m, 2H), 7.70 (dd, J = 12.8, 7.5 Hz,
2H), 7.58 (dd, J = 5.9, 3.0 Hz, 3H), 7.52-7.47 (m, 2H), 7.34 (td, J = 7.6, 3.0 Hz, 2H), 4.66 (s,
1H), 4.60 (s, 1H), 4.53 (s, 1H), 3.56 (s, 5H), 3.50 (dd, J = 9.7, 7.3 Hz, 1H), 1.96 (dd, J = 10.9,
7.2 Hz, 4H), 1.70 (d, J = 13.0 Hz, 9H), 1.39 (d, J = 14.0 Hz, 10H), -17.43 --17.59 (ddd, J =
16.3, 16.3, 13.4 Hz, 1H). 31P{1H} NMR (121 MHz, CD2Cl2) δ = 95.04 (dd, J = 131.1, 20.5 Hz),
68.03 (dd, J = 136.6, 20.5 Hz).
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[{RhH((S,RP)-J3)}2(-Cl)3]Cl

(7c)
To an oven-dried 50 mL Schlenk flask under
argon was added [RhCl(cod)]2 (51.1 mg, 0.100
mmol, 1.00 eq.). The flask was evacuated and
backfilled with argon 3 times. Toluene (10 mL)
was added. To this yellow solution was added
(S,RP)-J3 (184 mg, 0.205 mmol, 2.05 eq.) under
an argon counter flow. The red solution was

allowed to stir for 3 h, then HCl (2 M in Et2O, 1.0 mL, 2.0 mmol, 20 eq.) was added dropwise
to the solution. The colour of the solution changed to orange and a red solid precipitated.
The solution was stirred for 1 h, then n-pentane (10 mL) was added to precipitate the
complex. After five minutes the yellowish solution above the solid was decanted and
discarded. The remaining solid was dried using high vacuum, then the complex was
dissolved in DCM (1 mL) and precipitated with n-hexane (5 mL). The precipitate was
washed with further hexane (2 x 1 mL). To remove the remaining hexane, DCM (2 x 1 mL)
was added and removed under vacuum to give the product complex as orange solid (179
mg, 86%).1H NMR (300 MHz, CD2Cl2): δ = 8.28 (d, J = 9.6 Hz, 4H), 8.16 (s, 2H), 8.08 (s, 2H),
7.81 (s, 4H), 4.93 (s, 2H), 4.70 (s, 2H), 4.45 (s, 2H), 3.65 (s, 10H), 3.27 (s, 2H), 2.70 (q, J =
9.6 Hz, 2H), 1.83-1.04 (m, 50H), -17.50 (ddd, J = 22.2, 22.2, 19.0 Hz, 2H). 19F{1H} NMR
(282 MHz, CD2Cl2) δ = -63.66 (d, J = 20.6 Hz). 31P{1H} NMR (121 MHz, CD2Cl2) δ = 80.09
(dd, J = 126.6, 26.1 Hz), 46.50 (dd, J = 132.8, 26.3 Hz).

[{RhH((S,RP)-J4)}2(-Cl)3]Cl

(7d)
To an oven-dried 50 mL Schlenk flask under
argon was added [RhCl(cod)]2 (98.1 mg, 0.195
mmol, 1.00 eq.) and (S,RP)-J4 (348 mg, 0.399
mmol, 2.05 eq.) The flask was evacuated and
backfilled with argon 3 times. Toluene (10 mL)
was added. The red solution was allowed to stir
for 3 h, then HCl (2 M in Et2O, 1.2 mL, 2.3

mmol, 12 eq.) was added dropwise to the solution, which turned into a light red
suspension. The solution was stirred for 3 h, then n-pentane (15 mL) was added. The
yellowish solution above the solid was decanted and discarded and the solid was washed
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with further pentane (3 mL). The solid was redissolved in DCM (1 mL) and precipitated
with n-pentane (12 mL) and the solution above the solid was decanted. The precipitate
was washed with further n-pentane (2 mL), then dried under high vacuum to give the
product complex as orange solid (265 mg, 65%). 1H NMR (500 MHz, CD2Cl2): δ = 7.52 (dd,
J = 10.5, 2.0 Hz, 2H), 7.25 (dd, J = 13.7, 1.9 Hz, 2H), 4.52 (s, 2H), 4.33 (s, 2H), 4.28 (s, 2H),
3.87 (s, 6H), 3.74 (s, 6H), 3.52 (dd, J = 9.1, 6.8 Hz, 2H), 3.42 (s, 10H), 2.10 (dd, J = 10.5, 7.1
Hz, 6H), 1.92 (d, J = 11.1 Hz, 6H), 1.57 (s, 42H), 1.35 (s, 18H), 1.31 (s, 18H), 1.23-1.17 (m,
6H), 1.10 (d, J = 13.8 Hz, 18H), -18.05 (ddd, J = 27.8, 15.9, 10.4 Hz, 2H). 31P{1H} NMR (121
MHz, CD2Cl2, 298 K) δ = 102.93 (dd, J = 142.5, 21.6 Hz), 29.05 (dd, J = 130.1, 22.9 Hz) ppm.
Note: Four Aromatic proton signals are not reported, as they only start appearing upon
cooling the solution below -20 °C.

[{RhH((S)-Binap)}2(-Cl)3]Cl

(6a)
To an oven-dried 10 mL Schlenk
flask under argon was added
[RhCl(cod)]2 (10.1 mg, 0.0200
mmol, 1.00 eq.) and (S)-BINAP
(25.4 mg, 0.0400 mmol, 2.05 eq.).

The Flask was evacuated and backfilled with argon three times, then dry and degassed
toluene (1 mL) was added and the red reaction mixture was allowed to for 3 h. HCl (2 M
in Et2O, 0.10 mL, 0.20 mmol, 10 eq.) was added dropwise and the dark red solution turned
to a yellow suspension that was stirred for 2 h. The remaining solid was dried under high
vacuum for 20 minutes, giving the product as yellow solid (30.4 mg, 95%). 1H NMR (500
MHz, CD2Cl2): δ = 8.12 (t, J = 9.3 Hz, 2H), 8.04 (d, J = 8.6 Hz, 2H), 7.80 (t, J = 10.4 Hz, 6H),
7.61 (t, J = 8.9 Hz, 5H), 7.53 (d, J = 8.6 Hz, 3H), 7.43 (q, J = 7.6 Hz, 10H), 7.39-7.36 (m, 2H),
7.33 (s, 2H), 7.29 (d, J = 7.8 Hz, 4H), 7.12 (t, J = 7.8 Hz, 2H), 7.07 (t, J = 7.3 Hz, 2H), 7.01 (s,
4H), 6.95 (t, J = 7.6 Hz, 2H), 6.86 (t, J = 7.0 Hz, 2H), 6.69 (t, J = 6.8 Hz, 4H), 6.65-6.56 (m,
6H), 6.35 (d, J = 8.6 Hz, 2H), -15.83 (dt, J = 22.5, 15.5 Hz, 2H). 31P{1H} NMR (202 MHz,
CD2Cl2): δ = 48.61 (dd, J = 137.0, 26.4 Hz), 36.08 (dd, J = 133.2, 25.2 Hz).
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[{RhH((S)-DM-SEGPHOS)}2(-Cl)3]Cl

(6b)
To an oven-dried 50 mL Schlenk flask
under argon was added [RhCl(cod)]2
(176 mg, 0.350 mmol, 1.00 eq.) and
(S)-DM-SEGPHOS (529 mg, 0.718
mmol, 2.05 eq.). The Flask was
evacuated and backfilled with argon

three times, then dry and degassed toluene (10 mL) was added and the red reaction
mixture was allowed to stir for 3 h. HCl (2 M in Et2O, 2.62 mL, 5.25 mmol, 15.0 eq.) was
added dropwise and the mixture turned to a yellow suspension, that was stirred for 2 h.
Then, n-pentane (10 mL) was added and the colourless/yellowish solution above the
yellow solid was decanted and discarded. The solid was dried under high vacuum, then
dissolved in dry and degassed DCM (2.5 mL) and precipitated with pentane (10 mL) again.
The solution above the solid was decanted again and the solid dried under vacuum to give
the final product as yellow solid (560 mg, 91% yield). 1H NMR (200 MHz, CD2Cl2): δ = 7.40
(s, 2H), 7.34 (s, 2H), 7.25 (s, 2H), 7.14-7.00 (m, 8H), 6.60 (dd, J = 8.1, 1.3 Hz, 2H), 6.40-6.33
(m, 4H), 5.89-5.86 (m, 6H), 5.53 (s, 2H), 2.40 (s, 24H), 2.30 (s, 12H), 1.97 (s, 12H), -16.03
(dt, J = 22.3, 16.2 Hz, 2H). 31P{1H} NMR (81 MHz, CD2Cl2): δ = 47.61 (dd, J = 135.6, 24.9
Hz), 40.34 (dd, J = 136.2, 24.7 Hz).

[Rh(Cl)2H((S)-DTBM-SEGPHOS)]

(6c)
To an oven-dried 100 mL Schlenk flask under
argon was added [RhCl(cod)]2 (101 mg, 0.200
mmol, 1.00 eq.) and (S)-DTBM-SEGPHOS (493
mg, 0.410 mmol, 2.05 eq.). The Flask was
evacuated and backfilled with argon three
times, then dry and degassed toluene (12 mL)

was added and the red reaction mixture was allowed to stir for 3 h. HCl (2 M in Et2O, 2.00
mL, 4.00 mmol, 20.0 eq.) was added dropwise and the mixture turned to an orange
solution, that was stirred for 2 h. All solvent was removed directly from the flask under
exclusion of oxygen and moisture. The remaining red/orange solid was dissolved in dry
and degassed DCM (1 mL) and the complex was precipitated by the addition of n-pentane
(25 mL). The solution above the solid was decanted and discarded, the remaining solid
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washed with n-pentane (2 x 5 mL) and dried under high vacuum, to give the product as
yellow solid (480 mg, 89%). 1H NMR (500 MHz, CD2Cl2): δ = 7.82 (d, J = 13.2 Hz, 2H), 7.73
(d, J = 12.3 Hz, 2H), 6.56 (d, J = 8.0 Hz, 1H), 6.44-6.41 (m, 3H), 5.82 (s, 1H), 5.73 (s, 1H),
5.67 (d, J = 5.0 Hz, 2H), 3.77 (s, 3H), 3.75 (s, 3H), 3.70 (s, 3H), 3.67 (s, 3H), 1.43 (s, 36H),
1.37 (s, 36H), -16.46 (ddd, J = 20.4, 11.6, 6.6 Hz, 1H). 31P{1H} NMR (202 MHz, CD2Cl2): δ =
61.90 (dd, J = 139.0, 25.3 Hz), 32.21 (dd, J = 130.0, 25.6 Hz).

[{RhH((S,SP)-W8)}2(-Cl)3]Cl

(17h)
To an oven-dried 20 mL Schlenk
flask under argon was added
[RhCl(cod)]2 (15.1 mg, 0.0300
mmol, 1.00 eq.). The flask was
evacuated and backfilled with
argon 3 times. Toluene (1.5 mL)
was added. To this solution was

added (S,SP)-W8 (65.9 mg, 0.063 mmol, 2.05 eq.) under an argon counter flow. The red
solution was allowed to stir for 3.5 h, then HCl (2 M in Et2O, 0.10 mL, 0.21 mmol, 3.5 eq.)
was added dropwise to the solution. The solution was stirred for 2 h, then n-pentane (5
mL) was added to precipitate the complex. A dark red precipitate formed. The liquid
above the precipitate was decanted and discarded and the precipitate was dried under
high vacuum to give the product as dark-red solid (14 mg, 21%). 1H NMR (500 MHz,
CD2Cl2): δ = 8.20 (s, 2H), 8.12 (s, 2H), 8.05 (d, J = 8.6 Hz, 6H), 8.00-7.96 (m, 2H), 7.67 (t, J
= 7.2 Hz, 2H), 7.34 (t, J = 6.1 Hz, 2H), 7.24 (q, J = 6.8 Hz, 4H), 7.18-7.11 (m, 6H), 6.94 (t, J
= 9.5 Hz, 2H), 4.30 (s, 2H), 4.26 (s, 10H), 4.01 (s, 2H), 3.81 (s, 6H), 3.72 (dd, J = 12.3, 3.7
Hz, 2H), 3.68 (s, 6H), 2.34 (s, 6H), 2.27 (s, 12H), 2.01-1.78 (m, H), 1.04 (dd, J = 13.0, 7.1 Hz,
6H), -22.44--22.57 (m, 2H). 31P{1H} NMR (121 MHz, CD2Cl2): δ = 68.05 (dd, J = 131.3, 20.5
Hz), 38.77 (dd, J = 110.7, 20.7 Hz).
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[RhClH((S,RP)-J5)2]Cl

(9a)
A dry 10 mL Schlenk flask under Argon was
charged with [RhCl(cod)]2 (10 mg, 0.020
mmol, 1.0 eq.) and (S,RP)-J5 (48 mg, 81
mmol, 4.1 eq.). The flask was evacuated
and backfilled with argon three times and
toluene (1 mL) was added to the flask and
the colour changes to bright red. After five
minutes of stirring a light red suspension

with a sluggish oil at the bottom of the flask formed and the mixture was stirred for
another 2 h. Then, HCl (2 M in Et2O, 0.070 mL, 0.14 mmol, 7.0 eq.) was added dropwise to
the mixture. The precipitate dissolved and a dark red oil formed. The solution was stirred
for 1 h, then n-pentane (5 mL) was added and more oil and some solid precipitated from
the solution. The yellow solution above the precipitate was decanted and the oil was dried
under vacuum. The product was dissolved in DCM (0.3 mL) and precipitated by the
addition of n-pentane (4 mL). The solution was decanted, and the remains were dried
under high vacuum to give the product as red solid (36.9 mg, 69%). 1H NMR (300 MHz,
CD2Cl2): δ = 8.59 (t, J = 8.0 Hz, 1H), 8.21 (dd, J = 10.8, 7.9 Hz, 2H), 8.13-8.02 (m, 2H), 7.927.85 (m, 2H), 7.39-7.03 (m, 43H), 4.55 (s, 1H), 4.21 (s, 1H), 3.94 (s, 1H), 3.85 (s, 5H), 3.703.66 (m, 1H), 3.59 (s, 1H), 3.41 (s, 1H), 3.28 (s, 5H), 3.17 (s, 1H), 2.85-2.77 (m, 1H), 1.34
(dd, J = 12.5, 5.4 Hz, 3H), 0.57 (dd, J = 12.6, 6.0 Hz, 3H), -16.35--16.53 (m, 1H). 31P{1H}
NMR (121 MHz, CD2Cl2): δ = 51.77 (dddd, J = 349.8, 98.3, 35.9, 28.2 Hz), 35.74 (dddd, J =
372.3, 97.1, 36.0, 25.4 Hz), 22.37 (dddd, J = 349.9, 92.5, 34.4, 25.3 Hz), -8.26 (dddd, J =
372.0, 90.7, 34.2, 28.2 Hz).

[RhClH((S,RP)-J6)2]Cl

(9b)
A dry 10 mL Schlenk flask under Argon was
charged with [RhCl(cod)]2 (10 mg, 0.020
mmol, 1.0 eq.) and

(S,RP)-J6 (52 mg, 81

mmol, 4.1 eq.). The flask was evacuated and
backfilled with argon three times and
toluene (1 mL) was added to the flask and the
colour changes to dark red. After five
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minutes of stirring a light red suspension formed and the mixture was stirred for another
3 h. Then, HCl (2 M in Et2O, 0.070 mL, 0.14 mmol, 7.0 eq.) was added dropwise to the
mixture. The precipitate dissolved and a dark red oil was formed. The solution was stirred
for 1 h, then n-pentane (5 mL) was added and more oil and some solid precipitated from
the solution. The yellow solution above the precipitate was decanted and the oil was dried
under vacuum. The product was dissolved in DCM (0.3 mL) and precipitated by the
addition of n-pentane (4 mL). The solution was decanted and the remains were dried
under high vacuum to give the product as red solid (44.7 mg, 77%). 1H NMR (300 MHz,
CD2Cl2) δ = 8.24 – 8.05 (m, 3H), 7.96 (s, 2H), 7.80 (s, 2H), 7.56 – 7.38 (m, 3H), 7.36 – 6.82
(m, 21H), 6.74 (dd, J = 18.4, 8.5 Hz, 4H), 6.50 (d, J = 7.8 Hz, 1H), 4.61 (s, 1H), 4.20 (s, 1H),
4.01 (dd, J = 7.1, 5.0 Hz, 1H), 3.92 (s, 1H), 3.83 (s, 5H), 3.61 (s, 1H), 3.24 (s, 1H), 3.18 (s,
5H), 3.12 (s, 1H), 2.70 – 2.61 (m, 1H), 2.42 (s, 3H), 2.26-2.22 (m, 3H), 2.13 (s, 3H), 2.10 –
1.95 (m, 9H), 1.98 (s, 3H), 1.93 (s, 3H), 1.32 (dd, J = 13.3, 7.0 Hz, 3H), 0.48 (dd, J = 12.9, 6.6
Hz, 3H), -16.41 - -16.52 (m, 1H). 31P{1H} NMR (121 MHz, CD2Cl2) δ = 53.20 (dddd, J = 349.5,
98.7, 37.0, 25.8 Hz), 36.31 (dddd, J = 370.7, 97.4, 37.0, 24.0 Hz), 22.92 (dddd, J = 349.7,
92.8, 35.0, 24.2 Hz), -9.59 (dddd, J = 370.9, 89.9, 35.0, 25.7 Hz) ppm.

[Rh((S,RP)-J6)2]Cl

(10)
A dry 10 mL Schlenk flask under Argon was
charged with [RhCl(cod)]2 (10 mg, 0.020 mmol,
1.0 eq.) and (S,RP)-J6 (52 mg, 81 mmol, 4.1
eq.). The flask was evacuated and backfilled
with argon three times and toluene (1 mL) was
added to the flask and the colour changed to
dark red and after a few minutes an orange
precipitate appeared and a thick suspension

was formed. After 3 h of stirring, n-pentane (5 mL) was added and the suspension above
the product was decanted and discarded. The remaining solid was dried under high
vacuum to give the product as red solid (45.8 mg, 83%). Note: Complex 10 was also
obtained from complex 9b as follows: 30 mg of complex 9b were dissolved in DCM (1 mL) and
added to toluene (1 mL) in a dry Schlenk flask under argon. A very slow flow of nitrogen was
applied in and out of the septum closing the flask overnight for 15 h. After that time, the
volume was half the size as the DCM had mostly evaporated. The remaining toluene was
removed under high vacuum, to give the product in quantitative yield. 1H NMR (300 MHz,
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CD2Cl2): δ = 7.63-7.54 (m, 6H), 7.44-7.34 (m, 10H), 7.17 (t, J = 7.1 Hz, 4H), 6.95 (d, J = 8.9
Hz, 4H), 6.81 (s, 2H), 6.72 (s, 2H), 6.16 (d, J = 9.7 Hz, 4H), 3.68 (t, J = 2.3 Hz, 2H), 3.64 (s,
2H), 3.51 (s, 10H), 3.21-3.15 (m, 4H), 2.16 (s, 12H), 1.92 (s, 12H), 1.02 (dd, J = 11.7, 6.7 Hz,
6H).

[{RhH((S,RP)-J2)}2(-Br)3]Br

(11a)
To a dry 50 mL Schlenk flask under argon was
added [RhCl(cod)]2 (150 mg, 0.300 mmol, 1.00
eq.). The flask was evacuated and backfilled
with argon 3 times. Toluene (5 mL) was added
and the solution turns yellow. To this solution
was added (S,RP)-J2 (340 mg, 0.615 mmol, 2.05

eq.) under an argon counter flow. The dark red solution was allowed to stir for 3 h, then
HBr (10-20% in EtOH, 4.0 mL, >10 eq.) was added dropwise to the solution. The colour of
the solution remained dark red and after 2 h of stirring dry and degassed n-pentane (20
mL) was added, resulting in the formation of a dark red-brownish oil at the bottom of the
flask and a red phase above. The top phase was decanted, discarded and the remaining
oil was dried under high vacuum. To this oily material was added dry and degassed DCM
(1.5 mL) to dissolve everything and the complex was then precipitated as an oil using npentane (8 mL). The solution above the oil was decanted once more and the residue was
dried under high vacuum. This process was repeated once more to give the final product
as dark red/brownish solid (406 mg, 84%). 1H NMR (500 MHz, CD2Cl2): δ = 8.17 (d, J = 11.8
Hz, 4H), 7.72 (dd, J = 12.2, 7.5 Hz, 4H), 7.59 (s, 6H), 7.50 (t, J = 6.0 Hz, 2H), 7.33 (s, 4H),
4.66 (s, 2H), 4.61 (s, 2H), 4.54 (s, 2H), 3.60-3.53 (m, 12H), 2.01-1.97 (m, 6H), 1.69 (d, J =
13.0 Hz, 18H), 1.45 (d, J = 14.0 Hz, 18H), -16.21 (dd, J = 13.6, 0.2 Hz, 2H). 31P{1H} NMR
(202 MHz, CD2Cl2): δ = 97.43 (dd, J = 130.4, 17.9 Hz), 68.69 (dd, J = 139.0, 12.8 Hz).
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[{RhH((S,RP)-J4)}2(-Br)3]Br

(11b)
To a dry 50 mL Schlenk flask under argon was
added [RhCl(cod)]2 (48.0 mg, 0.0950 mmol, 1.00
eq.) and ligand (S,RP)-J4 (164 mg, 0.195 mmol,
2.05 eq.). The flask was evacuated and
backfilled with argon 3 times and dry and
degassed toluene (3.5 mL) was added. The
reaction mixture was now a bright red

suspension that was stirred for 3 h. Then, HBr (10-20% in EtOH, 1.3 mL, >10 eq.) was
added dropwise and the mixture was stirred for another 2 h. The solvent was removed
directly from the mixture under exclusion of oxygen and moisture. The remaining redbrown solid was dried under high vacuum, dissolved in dry and degassed DCM (0.8 mL)
and precipitated with n-pentane (10 mL). The brownish solution above the red precipitate
was decanted and discarded, the precipitate was dissolved in DCM and stirred for 24 h
under an argon atmosphere, before removal of the solvent and drying again under high
vacuum. The final product was obtained as red-brown solid (203 mg, 98%). Note: Stirring
in DCM was crucial to obtain the final product as dinuclear species. Otherwise, a number of
structural isomeric products existed in solution. These slowly formed the dinuclear, target
species over time. 1H NMR (500 MHz, CD2Cl2): δ = 7.68-7.64 (m, 4H), 4.67 (s, 2H), 4.60 (s,
2H), 4.53 (s, 2H), 3.76 (s, 6H), 3.74 (s, 6H), 3.67-3.64 (m, 2H), 3.60 (s, 10H), 2.02 (dd, J =
10.4, 7.5 Hz, 6H), 1.75-1.13 (m, 108H), -16.19 (q, J = 13.9 Hz, 2H). 31P{1H} NMR (202 MHz,
CD2Cl2): δ = 95.81 (dd, J = 132.0, 18.5 Hz), 68.87 (dd, J = 138.2, 18.2 Hz). Note: Four
Aromatic proton signals are not reported, as they only start appearing upon cooling the
solution below -20 °C.

[{RhH((S)-DM-SEGPHOS)]2(-Br)3]Br

(11c)
To an oven-dried 50 mL Schlenk flask
under argon was added [RhCl(cod)]2
(20 mg, 0.040 mmol, 1.0 eq.) and (S)DM-SEGPHOS (61 mg, 0.082 mmol,
2.05 eq.). The Flask was evacuated
and backfilled with argon three

times, then dry and degassed toluene (2 mL) was added and the red reaction mixture was
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allowed to stir for 3 h. HBr in EtOH (10-20%, 0.50 mL, >10 eq.) was added dropwise and
the solution turned clear yellow and was stirred for 2 h. Dry and degassed n-pentane (8
mL) was added and an orange oil formed at the bottom of the flask. The above yellowish
solution was decanted and discarded. The remaining oil was dried under high vacuum,
dissolved in DCM (0.3 mL) and the complex was precipitated by addition of n-pentane (3
mL). The solution above the yellow solid was decanted and the remaining solid dried
under high vacuum to give the product as finely powdered yellow solid (60.0 mg, 76%).
1

H NMR (500 MHz, CD2Cl2): δ = 7.40 (d, J = 11.5 Hz, 4H), 7.24-7.21 (m, 4H), 7.08 (s, 4H),

7.05 (s, 2H), 6.63 (d, J = 8.3 Hz, 2H), 6.43-6.36 (m, 4H), 5.90 (s, 2H), 5.85 (s, 4H), 5.53 (s,
2H), 2.36 (s, 13H), 2.31 (s, 12H), -14.74 (q, J = 16.8 Hz, 2H).

31

P{1H} NMR (202 MHz,

CD2Cl2): δ = 48.21 (dd, J = 134.3, 20.4 Hz), 39.59 (dd, J = 135.2, 20.6 Hz).

[Rh(Br)2H((S)-DTBM-SEGPHOS)]

(11d)
To a dry 20 mL Schlenk flask under argon was
added [RhCl(cod)]2 (15 mg, 0.0300 mmol, 1.00
eq.) and (S)-DTBM-SEGPHOS(74.0 mg, 0.0615
mmol, 2.05 eq.). The flask was evacuated and
backfilled with argon 3 times and dry and
degassed toluene (1 mL) was added. The red

solution was allowed to stir for 3 h, then HBr (10-20% in EtOH, 0.5 mL, >10 eq.) was added
dropwise to the solution and the reaction immediately turned yellow. The mixture was
stirred for 2 h, then n-pentane (5 mL) was added, and the colourless/yellowish solution
above solid was decanted and discarded. The remaining solid was dissolved in DCM (0.3
mL) and precipitated again by addition of further n-pentane (3 mL). The solution above
the solid was removed by decantation and the solid was dried under high vacuum to give
a finely powdered yellow solid. The solid was dissolved in DCM (2 mL), stirred for 24 h
under argon atmosphere, before removal of the solvent and drying again under high
vacuum. The product was obtained as yellow solid (66 mg, 82%). Note: Stirring in DCM
was crucial to obtain the final product. Otherwise, a number of unidentifiable, structural
similar products exited in solution. These slowly formed the target species over time. 1H NMR
(300 MHz, CD2Cl2): δ 7.74 (d, J = 13.3 Hz, 2H), 7.68 (d, J = 12.3 Hz, 2H), 6.59-6.44 (m, 4H),
5.78 (s, 1H), 5.71 (s, 1H), 5.67 (s, 1H), 5.62 (s, 1H), 3.75 (s, 3H), 3.73 (s, 3H), 3.72 (s, 3H),
3.69 (s, 3H), 1.41 (d, J = 1.8 Hz, 36H), 1.38 (s, 36H), -16.21 (ddd, J = 18.0, 12.6, 4.7 Hz, 1H).
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P{1H} NMR (121 MHz, CD2Cl2): δ = 59.59 (dd, J = 135.8, 21.3 Hz), 31.54 (dd, J = 130.1,

22.6 Hz).

[{RhH((S,RP)-J2)}2(-I)3]I

(12a)
To a dry 20 mL Schlenk flask under argon was
added [RhCl(cod)]2 (150 mg, 0.300 mmol, 1.00
eq.) and ligand (S,RP)-J2 (340 mg, 0.615 mmol,
2.05 eq.). The flask was evacuated and
backfilled with argon 3 times and dry and
degassed toluene (9 mL) was added. The dark

red solution was allowed to stir for 2 h, then HI (57% in water, 0.5 mL, >10 eq.) was added
dropwise to the solution and the reaction mixture was stirred for 2 h, after which it
formed a red-brown suspension. Dry and degassed n-pentane (20 mL) was added,
resulting in the formation of a dark red-brownish oil at the bottom of the flask and a
brownish phase above. The top phase was decanted and discarded, and the remaining oil
was dried under high vacuum. To the residue was added dry and degassed DCM (1.5 mL)
to dissolve everything and the complex was then precipitated using n-pentane (15 mL).
The solution above the dark brown precipitate was decanted once more and the remains
dried under high vacuum. The product was obtained as brown solid with minor
impurities. (560 mg, >99% yield). 1H NMR (500 MHz, CD2Cl2): δ = 8.28 (dd, J = 13.6, 3.8
Hz, 4H), 7.76 (dd, J = 13.1, 7.4 Hz, 4H), 7.62 (dd, J = 5.6, 3.1 Hz, 4H), 7.58-7.54 (m, 2H),
7.51-7.46 (m, 2H), 7.31 (td, J = 7.9, 2.6 Hz, 4H), 4.69 (s, 2H), 4.62 (s, 2H), 4.55 (s, 2H), 3.71
(quintet, J = 7.8 Hz, 2H), 3.57 (s, 10H), 2.06 (dd, J = 10.9, 7.2 Hz, 6H), 1.68 (d, J = 13.1 Hz,
18H), 1.54 (d, J = 9.3 Hz, 18H), -14.19 (q, J = 11.6 Hz, 2H). 31P{1H} NMR (202 MHz, CD2Cl2):
δ = 96.66 (dd, J = 128.9, 14.5 Hz), 67.39 (dd, J = 138.9, 14.5 Hz).
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7.3

NMR Diffusion Experiments (DOSY)

All diffusion experiments were acquired on a Bruker AVANCE III HD 500 MHz
spectrometer using a double stimulated echo pulse sequence according to Mueller et
al,[124,125] with alternative phase cycling as described by G. Morris.[126] All experiments were
1

H NMR measurements and performed at 298 K with samples of 20 mM concentration in

CD2Cl2 in regular NMR tubes, except for three measurements in CD 3CN, which were
performed in special thick-walled NMR tubes to reduce self-diffusion of the solvent. A
maximum gradient strength of g = 50 G/cm was used, and each experiment was acquired
with 32 gradient steps with varying gradient strength from 2% to 98%.
To gain insight systematic errors caused by convection of the CD 2Cl2, all diffusion
experiments were performed twice using two different diffusion delays ∆ = 1.00 s and ∆ =
0.50 s. The diffusion coefficients for the remaining solvent signal in CD 2Cl2 were then
determined for each experiment separately and the mean values from all experiments of
29.49(64) ∙ 10-10 m2s-1 (for ∆ = 1.00 s) and 29.84(70) ∙ 10-10 m2s-1 (∆ = 0.50 s) reveal a small,
but systematic error in comparison to the literature[256] value of 31.7 ∙ 10-10 m2s-1.
Consequently, the obtained diffusion coefficients for the solute for each value of ∆ (0.50
or 1.00 s) are very well directly comparable, whereas the absolute values for the
coefficients should be used with care.
Data analysis and determination of the diffusion coefficients by curve fitting according
to 𝐼 = 𝐼0 𝑒 − 𝑫𝛾

2 𝑔2 𝛿 2 (∆−𝛿)
3

was done using the Topspin Bruker T1/T2 software using integral

areas. For each compound, three separate integral regions were defined, diffusion
coefficients were determined three times within each experiment and the corresponding
mean values were reported in this work.
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7.4

Indole Synthesis and Asymmetric Hydrogenation

7.4.1 Synthesis of compounds 21-23, 26, 27a-27c and 34
2-(Phenylethynyl)aniline (21)
An oven-dried 100 mL three-necked flask equipped with a stirrer and
septa was charged with 2-iodoaniline (3.35 g, 15.0 mmol, 1.00 eq.),
copper iodide (113 mg, 0.600 mmol, 0.0400 eq.) and PdCl2(PPh3)2
(0.207 g, 0.300 mmol, 0.0200 eq.). The flask was evacuated, then
backfilled with argon three times. Dry and degassed THF (20 mL) was
added with a syringe. To the brown suspension was added degassed triethylamine (3.1
mL, 22.5 mmol, 1.50 eq.). The suspension turned darker and clear and was cooled to 0 °C
after 5 minutes. Phenylacetylene (2.52 mL, 22.5 mmol, 1.50 eq.) was added neat, dropwise
using a syringe and the solution turned very dark. After stirring for 2 h while gradually
warming to rt, the mixture was poured through a celite pad, which was subsequently
washed with EtOAc (2 x 25 mL). The combined organic layers were washed with water (2
x 20 mL), brine (25 mL) and dried over Na2SO4. The solvent was then removed under
reduced pressure to give a black solid as crude product. The solid was purified by column
chromatography using n-hexane/EtOAc as solvents (v/v = 90/10 to 80/20 over 30 minutes.
The product was obtained as orange solid (2.55 g, 87%). 1H NMR (300 MHz, CDCl3): δ =
7.55-7.52 (m, 2H), 7.39-7.33 (m, 4H), 7.15 (td, J = 7.7, 1.7 Hz, 1H), 6.75-6.70 (m, 2H), 4.28
(s, 2H). 13C{1H} NMR (75 MHz, CD2Cl2): δ = 148.5, 132.4, 131.8, 130.2, 128.8, 128.7, 123.7,
118.1, 114.6, 108.0, 94.9, 86.3. Spectral data in agreement with literature.[257]

N-(2-(Phenylethynyl)phenyl)acetamide (22)
2-(Phenylethynyl)aniline (2.46 g, 12.5 mmol, 1.00 eq.) was filled
into a dry 100 mL two-necked flask equipped with stirrer and
septum under argon. Dry DCM (30 mL) and triethylamine (3.5 mL,
25.0 mmol, 2.00 eq.) were added and the flask was cooled to 0 °C.
Acetic anhydride (1.5 mL, 1.5 mmol, 1.2 eq.) were added dropwise
using a syringe. The reaction mixture was stirred for 16 h and was
then allowed to warm to rt. It was then quenched by the dropwise addition of saturated
NaHCO3 solution (10 mL). Brine (15 mL) was added, the phases were separated, and the
aqueous layer was extracted with DCM (2 x 20 mL). The combined organic layers were
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dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The
product was obtained as a white solid in large chunks, which were subsequently crushed
into smaller pieces using a mortar. The product was then dried under vacuum for 4 h. No
purification was necessary, and the product was obtained (2.95 g, >99%). 1H NMR (300
MHz, CDCl3): δ = 8.49 (d, J = 7.7 Hz, 1H), 8.04 (s, 1H), 7.63-7.55 (m, 3H), 7.49-7.46 (m, 4H),
7.33 (t, J = 1.3 Hz, 1H), 7.15 (t, J = 6.9 Hz, 1H), 2.32 (s, 3H). 13C{1H} NMR (75 MHz, CD2Cl2):
δ = 168.6, 139.7, 132.3, 132.0, 130.2, 129.5, 129.2, 129.1, 123.9, 123.0, 119.9, 96.9, 84.8,
25.3. Spectral data in agreement with literature.[257]

N-Acetyl-2-phenylindole (23)
To

a

dry

50

mL

flask

was

added

N-(2-(Phenylethynyl)-

phenyl)acetamide (2.85 g, 12.0 mmol, 1.00 eq.) and PdCl2 (125 mg,
1.20 mmol, 0.100 eq.) under argon. Dry and degassed MeCN (25 mL)
was added and the reaction was heated to reflux and stirred for 4 h.
The mixture was allowed to cool to rt, then the solvent was removed under reduced
pressure and the remaining solid was purified by column chromatography using nhexane/EtOAc (v/v = 90/10) to give the final product as colourless oil (1.51 g, 53%). 1H
NMR (300 MHz, CDCl3): δ = 8.45 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 7.3 Hz, 1H), 7.57-7.50 (m,
5H), 7.47-7.33 (m, 2H), 6.71 (s, 1H), 2.16 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 171.5,
139.8, 137.8, 134.3, 129.2, 129.1, 128.9, 128.7, 125.2, 123.8, 120.5, 116.1, 111.7, 28.0. Data
in agreement with literature values.[257]

3-Phenyl-1H-indole (26a)
To an oven-dried 100 mL 2-necked flask equipped with a reflux
condenser, argon inlet and magnetic stirrer was added indole (1.20 g,
10.0 mmol, 1.00 eq.), Pd(OAc)2 (164 mg, 0.700 mmol, 0.0700 eq.), K2CO3
(4.28 g, 30.0 mmol, 3.00 eq.), triethylbenzylammonium chloride (465
mg, 2.00 mmol, 0.200 eq.). The flask was evacuated and backfilled with
argon three times before dry toluene (40 mL) and phenyl bromide (1.90
g, 12.0 mmol, 1.20 eq.) were added. The brown suspension was heated to reflux for 28 h,
then allowed to cool to rt. The mixture was diluted with EtOAc (50 mL), filtered through
a celite pad and concentrated under reduced pressure. The crude product was purified by
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flash column chromatography using n-hexane and EtOAc as eluents (v/v = 95/5 to 85/15
over 30 minutes). The product was isolated as white solid (677 mg, 35%). 1H NMR (300
MHz, CDCl3): δ = 8.21 (s, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.71-7.68 (m, 2H), 7.49-7.43 (m, 3H),
7.38 (d, J = 2.5 Hz, 1H), 7.33-7.18 (m, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 136.8, 135.7,
128.9, 127.7, 126.1, 125.9, 122.6, 121.9, 120.5, 120.0, 118.6, 111.5. Spectral data in
agreement with literature.[258]

N-Acetyl-3-phenylindole (27a)
To a dry 100 mL 2-necked flask equipped with a magnetic stirrer under
argon was added 3-phenyl-1H-indole (355 mg, 1.80 mmol, 1.00 eq.), dry
DCM (10 mL), TBHSO4 (70.0 mg, 0.180 mmol, 0.100 eq.) and freshly
crushed NaOH (368 mg, 9.00 mmol, 5.00 eq.). The resulting yellow
solution was stirred for 15 minutes. Acetyl chloride (0.40 mL, 5.4 mmol,
3.0 eq.) was added dropwise and the mixture was stirred for 3 h. The
solution was cooled to 0 °C and water (15 mL) was added to quench the
reaction. The mixture was vigorously stirred for 10 minutes, the phases were separated
and the aqueous layer was extracted with DCM (2 x 20 mL). The combined organic layers
were washed with brine, dried over Na2SO4, filtered, and the solvent was removed under
reduced pressure. The crude product was purified by flash column chromatography on
silica gel using n-hexane and EtOAc as eluents (v/v = 95/5). The final product was
obtained as white solid (360 mg, 85%). 1H NMR (200 MHz, CDCl3): δ = 8.55 (d, J = 7.7 Hz,
1H), 7.85 (d, J = 7.4 Hz, 1H), 7.70-7.65 (m, 2H), 7.56-7.28 (m, 6H), 2.72 (s, 3H).

13

C{1H}

NMR (50 MHz, CDCl3): δ = 168.7, 136.4, 133.5, 129.2, 129.1, 128.1, 127.7, 125.7, 124.2,
124.1, 122.2, 120.0, 117.0, 24.3. Spectral data in agreement with literature values. [259]

N-Acetyl-3-methylindole (27b)
To a dry 100 mL 2-necked flask equipped with a magnetic stirrer under
argon was added 3-methyl-1H-indole (530 mg, 4.00 mmol, 1.00 eq.), dry
DCM (30 mL), TBHSO4 (150 mg, 0.400 mmol, 0.100 eq.) and freshly crushed
NaOH (817 mg, 20.0 mmol, 5.00 eq.). The resulting yellow solution was
stirred for 15 minutes. Acetyl chloride (0.90 mL, 12 mmol, 3.0 eq.) was added dropwise
and the mixture was stirred for 3 h. The solution was cooled to 0 °C and water (20 mL)
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was added to quench the reaction. The mixture was vigorously stirred for 10 minutes, the
phases were separated and the aqueous layer was extracted with DCM (2 x 20 mL). The
combined organic layers were washed with brine, dried over sodium sulfate, filtered, and
the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography on silica gel using n-hexane and EtOAc as eluents (v/v = 95/5).
The final product was obtained as white-yellowish solid (637 mg, 90%). 1H NMR (300
MHz, CDCl3): δ = 8.49 (d, J = 7.4 Hz, 1H), 7.57 (d, J = 7.3 Hz, 1H), 7.46-7.33 (m, 2H), 7.25
(s, 1H), 2.66 (s, 3H), 2.36 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 168.4, 125.3, 123.5,
122.3, 118.9, 118.5, 116.7, 24.1, 9.8. Spectral data in agreement with literature.[260]

N-Acetyl-3-benzylindole (27c)
To a dry 50 mL 2-necked flask equipped with a magnetic stirrer under argon
was added 3-benzyl-1H-indole (314 mg, 1.50 mmol, 1.00 eq.), dry DCM (10
mL), TBHSO4 (53.0 mg, 0.150 mmol, 0.100 eq.) and freshly crushed NaOH
(306 mg, 7.50 mmol, 5.00 eq.). The resulting yellow solution was stirred for
15 minutes. Acetyl chloride (0.35 mL, 4.5 mmol, 3.0 eq.) was added
dropwise and the mixture was stirred for 3 h. The solution was cooled to 0 °C and water
(10 mL) was added to quench the reaction. The mixture was vigorously stirred for 10
minutes, the phases were separated and the aqueous layer was extracted with DCM (2 x
20 mL). The combined organic layers were washed with brine, dried over sodium sulfate,
filtered, and the solvent was removed under reduced pressure. The crude product was
purified by flash column chromatography on silica gel using n-hexane and EtOAc as
eluents (v/v = 95/5). The final product was obtained as white solid (269 mg, 72%). 1H NMR
(300 MHz, CDCl3): δ = 8.51 (d, J = 8.0 Hz, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.46-7.30 (m, 7H),
7.18 (s, 1H), 4.13 (d, J = 6.3 Hz, 2H), 2.64 (d, J = 15.8 Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3):
δ = 168.5, 139.4, 136.3, 130.6, 128.8, 128.7, 126.6, 125.4, 123.6, 123.0, 122.4, 119.3, 116.78,
31.6, 24.1. In agreement with literature values.[261]

162

Chapter 7 – Experimental

2,2,2-Trifluoro-1-(3-phenyl-1H-indol-1-yl)ethan-1-one (34)
To an oven-dried 50 mL 2-necked flask was added 3-phenyl-1H-indole (395
mg, 2.00 mmol, 1.00 eq.), dry DCM (15 mL) and Et3N (0.64 mL, 4.4 mmol,
2.2 eq.). The mixture was cooled to 0 °C and trifluoroacetic anhydride (0.57
mL, 2.0 mmol, 4.0 eq.) was added dropwise using a syringe. The reaction
was stirred for 2 h while warming to rt, then cooled again to 0 °C and water
(25 mL) was added at once. The phases were separated and the aqueous layer was
extracted with DCM (25 mL). The combined organic layers were washed with water (20
mL), dried over Na2SO4 and concentrated. The crude product was purified by flash column
chromatography using n-hexane/EtOAc (v/v = 100/0 to 90/10 over 25 minutes). The
product was obtained as white-yellowish solid in (428 mg, 74%). 1H NMR (300 MHz,
CDCl3): δ = 8.55 (d, J = 7.3 Hz, 1H), 7.83 (d, J = 7.2 Hz, 1H), 7.68-7.63 (m, 2H), 7.58-7.41
(m, 6H). 13C{1H} NMR (75 MHz, CDCl3): δ = 154.2 (q, JC-F = 39.4 Hz), 136.8, 132.3, 129.6,
129.2, 128.5, 128.2, 127.5, 126.7, 126.0, 120.6, 120.3 (q, JC-F = 4.5 Hz), 117.3, 115.8 (q, JC-F
= 288.2 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -69.20 (s, 3F).

7.4.2 Non-enantioselective Reduction and Asymmetric Hydrogenation of 18 and 28a
rac-1,2-Diphenylpropane (19)
Iodine (1.01 g, 4.00 mmol, 0.800 eq.) and trans-α-methylstilbene
(1.10 g, 5.56 mmol, 1.10 eq.) were added to a 100 mL flask filled
with

acetic

acid

(25

mL)

under

nitrogen

atmosphere.

Hypophosphorous acid (50% in water, 2.00 mL, 19.3 mmol, 3.1 eq.)
was added and the solution was heated to reflux for 24 h, then cooled to rt and water (50
mL) was added slowly. The aqueous layer was extracted with benzene (2 x 80 mL) and the
combined organic layers were washed with saturated NaHCO3 solution (2 x 25 mL). Gas
formation was observed and thus precaution is needed in the separatory funnel. The
organic layer was then washed with NaHSO4 solution (20 mL), dried over MgSO4 and
concentrated under reduced pressure. The product was obtained as colourless liquid in
(880 mg, 87%). No purification was necessary. 1H NMR (300 MHz, CD2Cl2): δ = 7.33-7.10
(m, 10H), 3.11-2.93 (m, 2H), 2.86-2.79 (m, 1H), 1.27 (d, J = 6.8 Hz, 3H). Spectral data in
agreement with literature.[101]
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rac-N-Acetyl-2-phenylindoline (28a)
Into an oven-dried 10 mL crimp-cap vial was added N-acetyl-2phenylindole (23) (72.0 mg, 0.300 mmol, 1.00 eq.) and Palladium on
carbon (Pd/C, 10 wt%, 5.03 mg) and dry and degassed 1,4-dioxane (3
mL). The vial was closed with a crimper and a thick steel needle was placed in the septum
to allow hydrogen uptake, and the vial was placed in a stainless-steel reactor. After
purging the reactor with nitrogen (8 bar, 3x) and hydrogen (8 bar, 3x), hydrogen pressure
of 30 bar was applied and the reaction was stirred at 60 °C for 6 h. Then, the reaction was
allowed to cool to rt, the hydrogen pressure was released, and the reactor was purged with
nitrogen (8 bar, 3x). The crude reaction mixture was filtered through a thin celite pad
which was washed with EtOAc and the solvents were removed under reduced pressure.
The product was isolated in good purity as colourless oil (75 mg, >99%). 1H NMR (300
MHz, CDCl3): δ = 8.39 (d, J = 8.0 Hz, 1H), 7.42-7.29 (m, 5H), 7.27-7.16 (m, 3H), 7.12 (td, J
= 7.4, 0.9 Hz, 1H), 5.45 (d, J = 9.8 Hz, 1H), 3.86 (dd, J = 16.0, 10.2 Hz, 1H), 3.05 (d, J = 16.1
Hz, 1H), 2.10 (s, 3H). Spectral data in agreement with literature.[145]

Procedure for the hydrogenation of trans-α-methylstilbene 17 and indole 23
Into an oven-dried 5 mL crimp-cap vial was added the substrate (0.15 mmol, 1.0 eq.).
Inside the glovebox was added the catalyst (0.0045 mmol, 0.030 eq.). The vial was closed
with a crimper and the transferred out of the glovebox. The dry and degassed solvent (1.0
ml) was then added. A thick steel needle was then placed in the septum to allow hydrogen
uptake, and the vial was placed in a stainless-steel reactor. After purging the reactor with
nitrogen (8 bar, 3x) and hydrogen (8 bar, 3x), the hydrogen pressure was applied and the
reaction was stirred. After the reaction time, the hydrogen pressure was released and the
reactor was purged with nitrogen again (8 bar, 3x). The vial was taken from the reactor
and to the mixture was added phenanthrene (27.3 mg, 0.15 mmol, 1.00 eq.) and the
solvent was removed under reduced pressure. The residue was dissolved in CDCl3 and the
yield of the reaction was determined by quantitative 1H NMR analysis. The mixture was
passed through a small silica column that was flushed with EtOAc and the solvent was
removed under reduced pressure. A sample was dissolved in HPLC grade n-hexane/iPrOH (v/v = 1/1) and the enantiomeric excess was determined by HPLC analysis.
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7.5

Synthesis and Asymmetric Hydrogenation of 3-Trifluoroacetyl-2-

arylindoles
7.5.1 Synthesis of Indoles 36a-36o
Indoles 36a-36m were synthesied according to a modified, previously reported procedure
using the corresponding perfluoro anhydrides.[178] The general procedure used is
described below. Indoles 3n and 3o were obtained via a different synthetic route using
the corresponding perhaloacetic acids.[182]

General procedure for the synthesis of indoles 36a-36m
To an oven-dried 50 mL flask under argon, equipped with a magnetic stirrer, septum and
argon inlet was added the indole (5.00 mmol, 1.00 eq.). Dry DCM (20 mL) were added and
under stirring the mixture was cooled to 0 °C. The perfluoro anhydride (20.0 mmol, 4.00
eq.) was then added dropwise using a syringe. A colour change of the solution was usually
observed, and the mixture was stirred until full consumption of starting material, as
observed by TLC or GC-MS reaction control. The reaction mixture was then dropwise
added to a stirred, ice-cold saturated NaHCO3 solution (30 mL). Further DCM (30 mL) was
added, the phases were separated, and the aqueous layer was extracted with DCM (2 x 50
mL). The combined organic phases were washed with H2O (50 mL), dried over Na2SO4 and
concentrated under reduced pressure. The crude products were then if necessary purified
by flash column chromatography.

2,2,2-Trifluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36a)
Indole 36a was synthesised according to the general procedure using
trifluoroacetic anhydride. The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 70/30
over 35 minutes). The product was obtained as yellow solid in 96%
yield. 1H NMR (300 MHz, CDCl3): δ = 8.81 (s, 1H), 8.23-8.20 (m, 1H), 7.56-7.35 (m, 8H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 177.2 (q, JC-F = 36.4 Hz), 148.3, 135.2, 131.4, 130.3,

129.6, 128.5, 127.0, 124.6, 123.78, 121.9 (q, JC-F = 2.5 Hz), 116.7, (q, JC-F = 290.1 Hz), 111.53,
108.62. 19F{1H} NMR (282 MHz, CDCl3): δ = -72.67 (s, 3F). Spectral data in agreement with
literature values.[178]
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2,2,2-Trifluoro-1-(1H-indol-3-yl)ethan-1-one (36b)
Indole 36b was synthesised according to the general procedure using
trifluoroacetic anhydride and additional triethylamine (3.00 eq.). The
crude product was purified by flash column chromatography using nhexane/EtOAc (v/v = 95/5 to 65/35 over 45 minutes). The product was
obtained as yellow solid in 31% yield. The product was barely soluble in DCM and
chloroform. 1H NMR (300 MHz, aceton-d6): δ = 11.64 (s, br, 1H), 8.41 (d, J = 1.5 Hz, 1H),
8.36-8.27 (m, J = 6.9, 3.2 Hz, 1H), 7.66-7.62 (m, 1H), 7.42-7.27 (m, J = 7.5, 3.0 Hz, 2H).
13

C{1H} NMR (75 MHz, aceton-d6): δ = 175.5 (q, JC-F = 34.3 Hz), 137.8, 137.4 (q, JC-F = 5.0

Hz), 127.2, 125.4, 124.3, 122.5, 118.2 (q, JC-F = 290.9 Hz) 113.6, 110.8. 19F{1H} NMR (282
MHz, CDCl3): δ = -73.08 (s, 3F). Spectral data in agreement with literature values.[262]

2,2,2-Trifluoro-1-(2-methyl-1H-indol-3-yl)ethan-1-one (36c)
Indole 36c was synthesised according to the general procedure using
trifluoroacetic anhydride (4 eq.). The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 70/30 over
35 minutes). The product was obtained as brownish solid in 71% yield. 1H
NMR (300 MHz, CDCl3): δ = 8.84 (s, 1H), 8.12-8.09 (m, 1H), 7.37-7.26 (m, 3H), 2.80 (s, 3H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 175.7 (q, JC-F = 36.3 Hz), 148.9, 134.7, 126.2, 123.8,

123.5, 121.2 (q, JC-F = 3.7 Hz), 117.1 (q, JC-F = 289.5 Hz), 108.5, 100.1, 16.0. 19F{1H} NMR
(282 MHz, CDCl3): δ = -74.65 (s, 3F). Spectral data in agreement with literature values.[262]

2,2,2-Trifluoro-1-(2-(naphthalen-2-yl)-1H-indol-3-yl)ethan-1-one (36d)
Indole 36d was synthesised according to the general procedure
using trifluoroacetic anhydride. The crude product was purified
by flash column chromatography using n-hexane/EtOAc (v/v =
95/5 to 65/35 over 45 minutes). The product was obtained as
yellow solid in 99% yield. 1H NMR (300 MHz, CDCl3): δ = 8.93 (s, 1H), 8.22-8.19 (m, 1H),
8.00 (s, 1H), 8.93-7.83 (m, 3H), 7.61-7.52 (m, 3H), 7.45-7.34 (m, 3H).

13

C{1H} NMR (75

MHz, CDCl3): δ = 177.2 (q, JC-F = 36.4 Hz), 148.4, 135.4, 133.9, 132.8, 129.4, 128.8, 128.5,
128.3, 128.0, 127.6, 127.1, 126.9, 126.5, 124.6, 123.8, 121.9 (q, JC-F = 2.8 Hz, 4C), 116.7 (q,
JC-F = 290.2 Hz), 111.6, 108.7. 19F{1H} NMR (282 MHz, CDCl3): δ = -72.74 (s, 3F). IR (neat,
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in cm–1): 3257, 3055, 1728, 1641, 1600, 1466, 1486, 1440, 1422, 1364, 1334, 1284, 1256,
1239, 1211, 1174, 1136, 1115, 1066, 933, 910, 896, 820, 782, 746, 737, 660, 652, 630. HRMS
m/z calcd. for C20H13F3NO [M+H]+ 340.0944, found: 340.0945.

1-(2-(tert-Butyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-one (36e)
Indole 36e was synthesised according to the general procedure using
trifluoroacetic anhydride. The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 80/20 over
30 minutes). The product was obtained as yellowish solid in 89% yield.
1

H NMR (300 MHz, CDCl3): δ = 8.97 (s, 1H), 7.93-7.91 (m, 1H), 7.43-7.40 (m, 1H), 7.31-

7.26 (m, 2H), 1.56 (s, 9H). 13C{1H} NMR (75 MHz, CDCl3): δ = 176.9 (q, JC-F = 35.7 Hz), 159.5,
133.3, 126.4, 123.4, 123.1, 120.9 (q, JC-F = 6.0 Hz), 117.5 (q, JC-F = 290.7 Hz), 111.5, 107.5,
34.7, 28.1. 19F{1H} NMR (282 MHz, CDCl3): δ = -73.87 (s, 3F). IR (neat, in cm–1): 3360,
2966, 1635, 1474, 1462, 1430, 1283, 1251, 1210, 1184, 1151, 1141, 1107, 1023, 930, 909,
783, 798, 749, 736, 719, 684, 660, 629. HRMS m/z calcd. for C14H15F3NO [M+H]+ 270.1100,
found: 270.1097.

2,2,2-Trifluoro-1-(1-methyl-2-phenyl-1H-indol-3-yl)ethan-1-one (36f)
Indole 36f was synthesised according to the general procedure using
pentafluoropropionic anhydride. The crude product was purified by
flash column chromatography using n-hexane/EtOAc (v/v = 95/5 to
70/30 over 30 minutes). The product was obtained as yellow oil, that
slowly turned into a yellow solid overnight, in 95% yield. 1H NMR (300 MHz, CDCl3): δ =
8.35-8.32 (m, 1H), 7.59-7.50 (m, 3H), 7.43-7.37 (m, 5H), 3.54 (s, 3H).

13

C{1H} NMR (75

MHz, CDCl3): δ = 176.08 (q, JC-F = 36.4 Hz), 149.70, 137.06, 130.57, 30.37, 129.95, 128.43,
126.58, 124.28, 123.98, 122.14 (q, JC-F = 2.1 Hz), 116.65 (q, JC-F = 289.9 Hz) 110.36, 109.12,
31.36. 19F{1H} NMR (282 MHz, CDCl3): δ = -72.57 (s, 3F). Spectral data in agreement with
literature values.[182]
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1-(5,6-Dimethoxy-2-phenyl-1H-indol-3-yl)-2,2,2-trifluoroethan-1-one (36g)
Indole 36g was synthesised according to the general procedure
using trifluoroacetic anhydride. The crude product was purified
by flash column chromatography using n-hexane/EtOAc (v/v =
90/10 to 60/40 over 30 minutes). The product was obtained as
yellow solid in 71% yield. 1H NMR (300 MHz, CDCl3): δ = 8.85 (s, 1H), 7.74 (s, 1H), 7.517.41 (m, 5H), 6.88 (s, 1H), 3.95 (s, 3H), 3.87 (s, 3H).

13

C{1H} NMR (75 MHz, CDCl3): δ =

177.23 (q, JC-F = 36.2 Hz), 148.4, 147.7, 146.3, 131.7, 130.0, 129.6, 129.6, 128.4, 120.6,
116.63 (q, JC-F = 290.1 Hz), 108.7, 103.54 (q, JC-F = 1.9 Hz), 94.4, 56.4, 56.3.

19

F{1H} NMR

(282 MHz, CDCl3): δ = -71.98 (s, 3F). IR (neat, in cm–1): 3323, 1623, 1485, 1476, 1456, 1440,
1348, 1332, 1288, 1270, 1240, 1199, 1184, 1146, 1078, 1034, 1003, 918, 855, 833, 792, 771,
756, 729, 699, 665, 634, 606. HRMS m/z calcd. for C28H15F3NO3 [M+H]+ 350.0999, found:
350.1003.

1-(2-(4-Chlorophenyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-one (36h)
Indole 36h was synthesised according to the general procedure
using trifluoroacetic anhydride. The obtained product was pure
and did not require additional purification. The product was
obtained as yellowish solid in 97% yield. 1H NMR (300 MHz,
CDCl3): δ = 8.90 (s, 1H), 8.19-8.16 (m, 1H), 7.50-7.35 (m, 7H).

13

C{1H} NMR (75 MHz,

CDCl3): δ = 177.0 (q, JC-F = 36.6 Hz), 146.9, 136.6, 135.3, 131.0, 129.8, 128.9, 126.7, 124.8,
124.0, 121.9 (q, JC-F = 2.8 Hz), 116.7 (q, JC-F = 290.0 Hz), 111.6, 108.8. 19F{1H} NMR (282
MHz, CDCl3): δ = -72.90 (s, 3F). IR (neat, in cm–1): 3297, 3246, 1661, 1642, 1426, 1364,
1343, 1284, 1255, 1239, 1196, 1138, 1117, 1093, 1065, 1027, 929, 905, 834, 754, 724, 657,
630, 618. HRMS m/z calcd. for C16H10ClF3NO [M+H]+ 324.0398, found: 324.0401.

1-(2-(3-Bromophenyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-one (36i)
Indole 36i was synthesised according to the general procedure using
trifluoroacetic anhydride. The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 70/30
over 30 minutes). The product was obtained as yellow solid in 87%
yield. 1H NMR (300 MHz, CDCl3): δ = 8.74 (s, 1H), 8.22-8.19 (m, 1H), 7.72 (s, 1H), 7.65 (d,
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J = 8.0 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.47-7.34 (m, 4H). 13C{1H} NMR (75 MHz, CDCl3):
δ = 176.9 (q, JC-F = 37.9 Hz), 146.1, 135.2, 133.4, 133.3, 132.4, 130.1, 128.6, 126.7, 124.9,
124.0, 122.5, 122.0 (q, JC-F = 2.7 Hz), 116.6 (q, JC-F = 290.4 Hz) 111.6, 109.0. 19F{1H} NMR
(282 MHz, CDCl3): δ = -72.89 (s, 3F). IR (neat, in cm–1): 3281, 1643, 1437, 1365, 1349, 1311,
1274, 1261, 1237, 1201, 1178, 1150, 1081, 1072, 1011, 998, 941, 910, 889, 838, 784, 753,
730, 699, 663, 646, 625. HRMS m/z calcd. for C16H10BrF3NO [M+H]+ 367.9892, found:
367.9894.

2,2,2-Trifluoro-1-(2-(4-methoxyphenyl)-1H-indol-3-yl)ethan-1-one (36j)
Indole 36j was synthesised according to the general procedure
using trifluoroacetic anhydride. The crude product was purified
by flash column chromatography using n-hexane/EtOAc (v/v =
95/5 to 70/30 over 35 minutes). The product was obtained as
yellow solid in 94% yield. 1H NMR (300 MHz, CDCl3): δ = 8.64 (s, 1H), 8.21-8.18 (m, 1H),
7.52 (d, J = 8.6 Hz, 2H), 7.44-7.33 (m, 3H), 7.00 (d, J = 8.7 Hz, 2H), 3.88 (s, 3H). 13C{1H}
NMR (75 MHz, CDCl3): δ = 176.9 (q, JC-F = 34.9 Hz), 161.3, 148.4, 135.1, 131.1, 127.1, 124.4,
123.6, 121.7 (q, JC-F = 2.6 Hz), 116.6 (q, JC-F = 293.6 Hz), 114.0, 111.4, 108.4, 95.0, 55.6.
19

F{1H} NMR (471 MHz, CD2Cl2): δ = -72.70 (s, 3F). IR (neat, in cm–1): 3286, 1637, 1613,

1583, 1497, 1437, 1366, 1347, 1291, 1272, 1253, 1203, 1176, 1149, 1110, 1084, 1030, 1013,
928, 885, 836, 816, 786, 757, 740, 731, 663, 630, 615. HRMS m/z calcd. for C17H13F3NO2
[M+H]+ 320.0893, found: 320.0898.

2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36k)
Indole 36k was synthesised according to the general procedure using
diifluoroacetic anhydride. The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 70/30
over 35 minutes). The product was obtained as yellow solid in 84%
yield. 1H NMR (300 MHz, aceton-d6): δ = 11.43 (s, 1H), 8.34-8.27 (m, 1H), 7.79-7.68 (m,
2H), 7.66-7.52 (m, 4H), 7.39-7.29 (m, 2H), 6.07 (t, J = 53.9 Hz, 1H). 13C{1H} NMR (75 MHz,
aceton-d6): δ = 183.7 (t, JC-F = 23.6 Hz), 147.9, 137.0, 132.9, 131.0, 130.8, 129.6, 128.4,
124.9, 123.8, 122.6, 112.8, 111.9, 108.52 (t, JC-F = 245.3 Hz).

19

F{1H} NMR (282 MHz,

aceton-d6): δ = -126.14 (s, 2F). IR (neat, in cm-1): 3219, 1623, 1587, 1454, 1379, 1364, 1323,
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1245, 1140, 1090, 1043, 1013, 1002, 932, 847, 771, 750, 702, 647. HRMS m/z calcd. For
C16H11F2NO [M+H]+ 272.0881, found: 272.0881.

2,2,3,3,3-Pentafluoro-1-(2-phenyl-1H-indol-3-yl)propan-1-one (36l)
Indole 36l was synthesised according to the general procedure using
pentafluoropropionic anhydride. The crude product was purified by
flash column chromatography using n-hexane/EtOAc (v/v = 95/5 to
70/30 over 35 minutes). The product was obtained as yellow oil, that
slowly turned into a yellow solid overnight, in 91% yield. 1H NMR (300 MHz, CDCl3): δ =
8.70 (s, 1H), 8.19-8.15 (m, 1H), 7.56-7.42 (m, 6H), 7.36 (m, 2H). 13C{1H} NMR (75 MHz,
CDCl3): δ = 180.7, 155.0, 147.9, 135.2, 131.8, 130.2, 129.4, 128.7, 127.1, 124.6, 123.7, 122.0
(dd, JC-F = 3.6 Hz, 3.6 Hz), 111.5. Note: The two carbon atoms from the -CF2-CF3 group are
not reported, due to low signal intensity and overlap with other signals. 19F{1H} NMR (282
MHz, CDCl3): δ = -81.05 (s, 3F), -116.74 (s, 2F). IR (neat, in cm–1): 3311, 1624, 1588, 1453,
1430, 1370, 1328, 1212, 1177, 1144, 1117, 1102, 1034, 1023, 914, 858, 808, 769, 751, 745,
698, 681, 668, 615. HRMS m/z calcd. for C17H11F5NO [M+H]+ 340.0755, found: 342.0754.

2,2,3,3,4,4,4-Heptafluoro-1-(2-phenyl-1H-indol-3-yl)butan-1-one (36m)
Indole 36m was synthesised according to the general procedure using
heptafluorobutyric anhydride. The crude product was purified by
flash column chromatography using n-hexane/EtOAc (v/v = 95/5 to
70/30 over 30 minutes). The product was obtained as yellow solid in
78% yield. 1H NMR (300 MHz, CDCl3): δ = 8.75 (s, 1H), 8.12-8.08 (m, 1H), 7.53-7.40 (m,
6H), 7.37-7.32 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3): δ = 181.2 (q, JC-F = 33.5 Hz), 147.5,
135.3, 130.2, 131.8 (t, JC-F = 1.6 Hz), 121.8, 130.2, 129.3, 128.8, 127.2, 124.6, 123.7 (t, JC-F =
3.4 Hz) 111.5, 110.20 (t, JC-F = 2.3 Hz. Note: Two carbon atoms from the CF2-CF2-CF3 group
are not reported, due to low signal intensity and overlap with other signals. 19F{1H} NMR (282
MHz, CDCl3): δ = -80.01 (t, J = 9.3 Hz, 3F), -114.19 (sextet, J = 8.7 Hz, 2F), -124.94 (t, J =
6.4 Hz, 2F). IR (neat, in cm–1): 3308, 3247, 1620, 1452, 1429, 1351, 1336, 1262, 1248, 1217,
1182, 1151, 1115, 1088, 1062, 1030, 1015, 977, 965, 909, 855, 849, 768, 745, 725, 698, 680,
666, 627, 613. HRMS m/z calcd. for C18H11F7NO [M+H]+ 390.0723, found: 390.0726.
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2-Chloro-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36n)
To a 100 mL 2-necked flask equipped with a magnetic stirrer and a
reflux condenser was added 2-phenylindole (777 mg, 1.00 eq.), 1,2dichloroethane (30 mL) and chlorodifluoroacetic acid (1.7 mL, 3.0
eq.). The solution was refluxed at 100 °C for 15 h. The solution was
allowed to cool to rt, then slowly added to a saturated NaHCO3 solution (40 mL). Further
DCM (20 mL) was added, the phases were separated, and the aqueous layer was extracted
with further DCM (2 x 20 mL). The combined organic layers were washed with water (20
mL), dried over MgSO4 and concentrated under reduced pressure. The crude product was
purified by flash column chromatography using n-hexane/EtOAc (v/v = 90/10 to 40/60
over 30 minutes). The pure product was isolated as a white/yellow solid (0.593 g, 49%).
1

H NMR (300 MHz, aceton-d6): δ = 11.60 (s, 1H), 8.13-8.10 (m, 1H), 7.69-7.50 (m, 6H),

7.37-7.31 (m, 2H). 13C{1H} NMR (75 MHz, aceton-d6): δ = 178.8 (t, JC-F = 30.2 Hz), 149.5,
137.0, 133.4, 130.6, 130.5, 129.1, 127.7, 124.7, 123.8, 122.3 (t, JC-F = 3.3 Hz), 122.0 (t, JC-F =
304.6 Hz), 113.1, 107.5. 19F{1H} NMR (282 MHz, aceton-d6): δ = -61.35 (s, 2F). IR (neat, in
cm-1): 3302, 1648, 1449, 1409, 1363, 1274, 1175, 1156, 1124, 1115, 1068, 978, 913, 880,
777, 752, 724, 696, 645. HRMS m/z calcd. For C16H10ClF2NO [M+H]+ 306.0492, found:
306.0494.

2-Bromo-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36o)
To a 100 mL 2-necked flask equipped with a magnetic stirrer and a
reflux condenser was added 2-phenylindole (778 mg, 1.00 eq.), 1,2dichloroethane (30 mL) and bromodifluoroacetic acid (1.7 mL, 3.0
eq.). The solution was refluxed at 100 °C for 15 h. The solution was
allowed to cool to rt, then slowly added to a saturated NaHCO3 solution (40 mL). Further
DCM (20 mL) was added, the phases were separated, and the aqueous layer was extracted
with further DCM (2 x 20 mL). The combined organic layers were washed with water (20
mL), dried over MgSO4 and concentrated under reduced pressure. The crude product was
purified by flash column chromatography using n-hexane/EtOAc (v/v = 90/10 to 40/60
over 30 minutes). The pure product was isolated as a white/yellow solid (0.641g, 46%). 1H
NMR (300 MHz, aceton-d6): δ = 11.58 (s, 1H), 8.14-8.08 (m, 1H), 7.70-7.48 (m, 6H), 7.377.31 (m, 2H). 13C{1H} NMR (75 MHz, aceton-d6): δ = 179.7 (t, JC-F = 27.3 Hz), 149.4, 137.0,
133.1, 130.5, 129.1, 127.7, 124.7, 123.7, 122.5 (t, JC-F = 3.5 Hz), 116.2 (t, JC-F = 318.1 Hz),
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113.1, 113.0, 107.1. 19F{1H} NMR (282 MHz, aceton-d6): δ = -57.84 (s, 2F). IR (neat, in cm1

): 3297, 1643, 1448, 1403, 1362, 1274, 1174, 1155, 1124, 1114, 1067, 961, 861, 774, 751,

722, 697, 640. HRMS m/z calcd. For C16H10BrF2NO [M+H]+ 349.9987, found: 349.9983.

7.5.2 Asymmetric C=O Hydrogenation of 3-(Haloacetyl)-2-Arylindoles
General procedure
Catalyst precursor 7d was used for all hydrogenations described below according to the
following procedure:
Into an oven-dried 5 mL crimp-cap vial was added the indole substrate (0.20 mmol) and
7d (8.0 mg, 2 mol%) inside the glovebox. The crimp cap was closed, the vial then removed
from the glovebox and dry and degassed EtCN (0.65 mL) was added to the vial through
the septum of the cap. A thick needle was placed in the septum to allow hydrogen uptake,
and the vial was placed in a stainless-steel reactor. After purging the reactor with
nitrogen (8 bar, 3x) and hydrogen (8 bar, 3x), the hydrogen pressure of 50 bar was applied
and the reaction was stirred for 18 h. The hydrogen pressure was released, and the reactor
was purged with nitrogen again (8 bar, 3x). The vial was taken from the reactor and the
crude reaction mixture was purified directly by flash column chromatography using npentane/EtOAc (usually v/v = 95/5 to 60:40 over 40 minutes).
Note: Indole products 38a – 38o were usually isolated as colourless oils, which slowly
solidified over a few days.

(S)-2,2,2-Trifluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-ol (38a)
Indole 38a was synthesised according to the general procedure and
was isolated as colourless solid in 98% yield. 1H NMR (300 MHz,
CDCl3): δ = 8.27 (s, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.54-7.50 (m, 5H),
7.43-7.40 (m, 1H), 7.31-7.22 (m, 2H), 5.33 (qd, J = 7.4, 4.3 Hz, 1H), 2.45
(d, J = 4.3 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.0, 136.0, 131.5, 129.2, 129.1,
126.2, 125.6 (q, JC-F = 282.6 Hz), 123.2, 121.3 (q, JC-F = 2.9 Hz), 121.1, 111.2, 106.2, 100.1,
68.2 (q, JC-F = 33.6 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -75.62 (s, 3F). Spectral data in
agreement with literature.[180] []D20 = +61.6 (c 0.82 in DCM), S, 89% ee. HPLC (ID-3, nhexane/i-PrOH = 96.5/3.5): tR(R) = 12.5 min, tR(S) = 14.3 min.
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(S)-2,2,2-Trifluoro-1-(1H-indol-3-yl)ethan-1-ol (38b)
Indole 38b was synthesised according to the general procedure and was
isolated as grey solid in 28% yield. 1H NMR (300 MHz, CDCl3): δ = 8.28 (s,
1H), 7.75 (d, J = 7.7 Hz, 1H), 7.43-7.35 (m, 2H), 7.29-7.24 (m, 1H), 7.20 (t,
J = 7.5 Hz, 1H), 5.37 (quintet, J = 6.2 Hz, 1H), 2.44 (d, J = 5.1 Hz, 1H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 136.22, 125.9, 125.0 (q, JC-F = 281.8 Hz), 123.9, 123.1,

120.8, 119.5, 111.6, 110.0, 67.8 (q, JC-F = 33.6 Hz).

19

F{1H} NMR (282 MHz, CDCl3): δ = -

77.74 (s, 3F). Spectral data in agreement with literature values.[181] []D20 = +14.4 (c 0.16 in
EtOH), S, 62% ee (Lit:[181] []D20 = +8.2 (c 1.04 in CHCl3), S, 58% ee). HPLC (IC-3, nhexane/i-PrOH = 95/5): tR(R) = 7.1 min, tR(S) = 10.0 min.

(S)-2,2,2-Trifluoro-1-(2-methyl-1H-indol-3-yl)ethan-1-ol (38c)
Indole 38c was synthesised according to the general procedure and was
isolated as colourless solid in 80% yield. 1H NMR (300 MHz, CDCl3): δ =
7.98 (s, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.32-7.26 (m, 1H), 7.20-7.11 (m, 2H),
5.30 (qd, J = 7.4, 3.7 Hz, 1H), 2.47 (s, 3H), 2.45 (d, J = 3.8 Hz, 1H). 13C{1H}
NMR (75 MHz, CDCl3): δ = 135.3, 134.9, 126.7, 125.4 (q, JC-F = 282.2 Hz), 122.0, 120.5,
119.5 (q, JC-F = 1.6 Hz), 110.6, 105.2, 68.1 (q, JC-F = 34.0 Hz), 12.3. 19F{1H} NMR (282 MHz,
CDCl3): δ = -77.56 (s, 3F). Spectral data in agreement with literature values.[262] []D20 =
+28.5 (c 0.46 in EtOH), S, 73% ee. HPLC (ID-3, n-hexane/i-PrOH = 95/5): tR(R) = 6.2 min,
tR(S) = 7.5 min.

(S)-2,2,2-Trifluoro-1-(2-(naphthalen-2-yl)-1H-indol-3-yl)ethan-1-ol (38d)
Indole 38d was synthesised according to the general procedure
and was isolated as colourless solid in 95% yield. 1H NMR (300
MHz, CDCl3): δ = 8.41 (s, 1H), 8.09-7.95 (m, 5H), 7.72-7.62 (m, 3H),
7.49 (d, J = 8.0 Hz, 1H), 7.38-7.27 (m, 2H), 5.47 (qd, J = 7.3, 3.9 Hz,
1H), 2.55 (d, J = 4.1 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.0, 136.2, 133.3, 129.1,
128.8, 128.6, 128.4, 128.0, 127.2, 127.2, 126.3, 126.3, 125.6 (q, JC-F = 282.7 Hz), 123.3, 121.4
(q, JC-F = 2.8 Hz) 121.1, 111.3, 106.6, 68.3 (q, JC-F = 33.6 Hz). 19F{1H} NMR (282 MHz, CDCl3):
δ = -75.56 (s, 3F). IR (neat, in cm–1): 3397, 3056, 2926, 1707, 1454, 1375, 1345, 1163, 1124,
1110, 1064, 1039, 1014, 956, 899, 858, 821, 802, 745, 700, 636, 618. HRMS m/z calcd. for
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C20H15F3NO [M+H]+ 342.1100, found: 342.1106. []D20 = +37.4 (c 0.50 in EtOH), S, 87% ee.
HPLC (IC-3, n-hexane/i-PrOH = 98.5/1.5): tR(R) = 29.9 min, tR(S) = 32.7 min.

(S)-1-(2-(tert-Butyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-ol (38e)
Indole 38e was synthesised according to the general procedure and was
isolated as colourless solid in 22% yield. 1H NMR (300 MHz, CDCl3): δ =
8.15 (dt, J = 0.6, 0.3 Hz, 1H), 7.89-7.86 (m, 1H), 7.35 (d, J = 7.9 Hz, 1H),
7.22-7.15 (m, 2H), 5.71 (qd, J = 7.3, 3.9 Hz, 1H), 2.49 (d, J = 3.9 Hz, 1H),
1.51 (s, 9H). 13C{1H} NMR (75 MHz, CDCl3): δ = 146.1, 134.3, 126.8, 125.6 (q, JC-F = 283.3
Hz), 122.2, 121.1 (q, JC-F = 3.3 Hz), 120.5, 110.8, 104.2 (q, JC-F = 1.5 Hz), 68.3 (q, JC-F = 33.3
Hz), 33.2, 31.1. 19F{1H} NMR (282 MHz, CDCl3): δ = -75.09 (s, 3F). IR (neat, in cm–1): 3476,
3345, 2956, 1462, 1440, 1310, 1284, 1256, 1239, 1208, 1163, 1119, 1040, 1015, 939, 848,
806, 767, 750, 723, 703, 665, 606. HRMS m/z calcd. for C14H17F3NO [M+H]+ 272.1257,
found: 272.1260. []D20 = +33.6 (c 0.36 in EtOH), S, 86% ee. HPLC (IC-3, n-hexane/i-PrOH
= 97/3): tR(R) = 6.5 min, tR(S) = 10.5 min.

(S)-2,2,2-Trifluoro-1-(1-methyl-2-phenyl-1H-indol-3-yl)ethan-1-ol (38f)
Indole 38f was synthesised according to the general procedure of the
simple substrates in Section 7.5 and was isolated as yellowish solid in
60% yield. 1H NMR (300 MHz, CDCl3): δ = 7.96 (d, J = 7.8 Hz, 1H), 7.617.52 (m, 3H), 7.44-7.41 (m, 3H), 7.38-7.33 (m, 1H), 7.26 (t, J = 7.5 Hz,
1H), 5.06 (qd, J = 7.5, 4.4 Hz, 1H), 3.61 (s, 3H), 2.47 (d, J = 4.3 Hz, 1H). 13C{1H} NMR (75
MHz, CDCl3): δ = 141.6, 137.5, 130.8(br), 130.4, 129.3, 128.8, 125.5 (q, J = 282.6 Hz), 125.1,
122.6, 121.0 (q, J = 2.7 Hz), 109.9, 106.3, 68.6 (q, J = 33.6 Hz), 30.9. 19F{1H} NMR (282 MHz,
CDCl3): δ = -76.09 (s, 3F). IR (neat, in cm–1): 3435 (br), 3053, 2921, 1467, 1443, 1433, 1364,
1264, 1217, 1156, 1121, 1060, 1028, 1015, 925, 908, 866, 839, 806, 740, 701, 689, 664, 610.
HRMS m/z calcd. for C17H15F3NO [M+H]+ 306.1100, found: 306.1104. []D20 = +23.6 (c 1.10
in DCM), S, 77% ee. HPLC (IC-3, n-hexane/i-PrOH = 97/3): tR(R) = 6.9 min, tR(S) = 11.7
min.

174

Chapter 7 – Experimental

(S)-1-(5,6-Dimethoxy-2-phenyl-1H-indol-3-yl)-2,2,2-trifluoroethan-1-ol (38g)
Indole 38g was synthesised according to the general procedure
and was isolated as colourless solid in 99% yield. 1H NMR (300
MHz, CDCl3): δ = 8.21 (s, 1H), 7.49-7.42 (m, 5H), 7.36 (s, 1H),
6.87 (s, 1H), 5.30 (q, J = 7.4 Hz, 1H), 3.92 (s, 3H), 3.88 (s, 3H), 2.53
(s, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 147.9, 145.75, 137.5, 131.9, 130.6, 129.2, 128.8,
128.7, 125.7 (q, JC-F = 282.5 Hz), 119.2, 106.1, 102.9 (q, JC-F = 3.2 Hz), 94.4, 68.1 (q, JC-F =
33.4 Hz), 56.4, 56.3. 19F{1H} NMR (282 MHz, CDCl3): δ = -75.55 (s, 3F). IR (neat, in cm–1):
3444, 3416, 1481, 1462, 1453, 1339, 1271, 1212, 1199, 1165, 1148, 1106, 1065, 1037, 994,
922, 896, 859, 846, 831, 817, 770, 747, 733, 701, 672, 636.

HRMS m/z calcd. for

C18H16F3NNaO3 [M+Na]+ 374.0974, found: 374.0976. []D20 = +44.3 (c 0.58 in EtOH), S, 95%
ee. HPLC (IC-3, n-hexane/i-PrOH = 92/8): tR(S) = 61.2 min, tR(R) = 68.1 min.

(S)-1-(2-(4-Chlorophenyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-ol (38h)
Indole 38h was synthesised according to the general procedure
and was isolated as colourless solid in 99% yield. 1H NMR (300
MHz, CDCl3): δ = 8.27 (s, 1H), 7.93 (d, J = 7.9 Hz, 1H), 7.50-7.39 (m,
5H), 7.31-7.19 (m, 2H), 5.26 (qd, J = 6.9, 1.9 Hz, 1H), 2.51 (d, J = 2.1
Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 137.6, 136.1, 135.5, 130.3, 130.0, 129.5, 126.2,
125.46 (q, JC-F = 282.6 Hz), 123.5, 121.4 (q, JC-F = 2.7 Hz), 121.2, 111.3, 106.7, 68.16 (q, JC-F
= 33.6 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -75.71 (s, 3F). IR (neat, in cm–1): 3487,
3316, 1489, 1457, 1148, 1406, 1316, 1281, 1234, 1174, 1155, 1126, 1112, 1093, 1070, 1049,
1014, 851, 843, 829, 768, 751, 726, 709, 701, 669, 616. HRMS m/z calcd. for C16H12ClF3NO
[M+H]+ 326.0554, found: 326.0553. []D20 = +40.7 (c 1.16 in EtOH), S, 90% ee. HPLC (IC-3,
n-hexane/i-PrOH = 97/3): tR(R) = 8.3 min, tR(S) = 10.5 min.

(S)-1-(2-(3-Bromophenyl)-1H-indol-3-yl)-2,2,2-trifluoroethan-1-ol (38i)
Indole 38i was synthesised according to the general procedure and
was isolated as colourless solid in 94% yield. 1H NMR (300 MHz,
CDCl3): δ = 8.29 (s, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.69 (s, 1H), 7.64-7.61
(m, 1H), 7.48-7.36 (m, 3H), 7.33-7.21 (m, 2H), 5.29 (qd, J = 7.3, 4.3
Hz, 1H), 2.57 (d, J = 4.2 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 137.1, 136.1, 133.5,
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132.2, 131.9, 130.7, 127.7, 126.1, 125.4 (q, JC-F = 282.7 Hz), 123.6, 123.2, 121.5 (q, JC-F = 2.8
Hz), 121.2, 111.3, 106.8 (q, JC-F = 1.6 Hz), 68.1 (q, JC-F = 33.7 Hz). 19F{1H} NMR (282 MHz,
CDCl3): δ = -75.73 (s, 3F). IR (neat, in cm–1): 3394 (br), 3058, 1706, 1599, 1562, 1552, 1476,
1453, 1413, 1361, 1346, 1313, 1260, 1160, 1126, 1115, 1093, 1066, 1041, 1014, 996, 922,
888, 908, 854, 789, 769, 745, 723, 707, 689, 650, 623, 607. HRMS m/z calcd. for
C16H12BrF3NO [M+H]+ 370.0049, found: 370.0051. []D20 = +41.2 (c 0.36 in EtOH), S, 83%
ee. HPLC (IC-3, n-hexane/i-PrOH = 97/3): tR(R) = 8.2 min, tR(S) = 9.7 min.

(S)-2,2,2-Trifluoro-1-(2-(4-methoxyphenyl)-1H-indol-3-yl)ethan-1-ol (38j)
Indole 38j was synthesised according to the general procedure
and was isolated as colourless solid in 99% yield. 1H NMR (300
MHz, CDCl3): δ = 8.21 (s, 1H), 7.91 (d, J = 7.5 Hz, 1H), 7.46-7.38
(m, 3H), 7.28-7.18 (m, 2H), 7.03 (d, J = 8.7 Hz, 2H), 5.28 (qd, J =
7.4, 4.2 Hz, 1H), 3.88 (s, 3H), 2.44 (d, J = 4.2 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ =
160.4, 139.1, 135.9, 130.4, 126.2, 125.6 (q, JC-F = 282.6 Hz), 123.8, 123.0, 121.1 (q, JC-F = 2.8
Hz), 121.0, 114.7, 111.1, 105.8 (q, JC-F = 1.6 Hz), 68.3 (q, JC-F = 33.5 Hz), 55.6. 19F{1H} NMR
(282 MHz, CDCl3): δ = -75.62 (s, 3F). IR (neat, in cm–1): 3387, 3336, 1612, 1505, 1493, 1456,
1441, 1284, 1240, 1179, 1164, 1130, 1110, 1070, 1044, 1022, 850, 831, 811, 806, 788, 768,
760, 747, 731, 718, 703, 651, 626, 613. HRMS m/z calcd. for C17H15F3NO2 [M+H]+ 322.1049,
found: 322.1051. []D20 = +43.4 (c 1.20 in EtOH), S, 90% ee. HPLC (IC-3, n-hexane/i-PrOH
= 97/3): tR(R) = 20.9 min, tR(S) = 24.6 min.

(S)-2,2-Difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-ol (38k)
Indole 38k was synthesised according to the general procedure and
was isolated as colourless solid in 36% yield. 1H NMR (300 MHz,
CDCl3): δ = 8.31 (s, 1H), 7.95-7.93 (m, 1H), 7.66-7.47 (m, 6H), 7.337.27 (m, 2H), 6.34 (td, J = 56.5, 5.6 Hz, 1H), 5.27-5.18 (m, 1H), 2.36 (d,
J = 3.2 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 138.5, 136.1, 131.8, 129.2, 129.1, 129.0,
126.8, 123.1, 120.9, 120.6,115.7 (dd, JC-F = 245.3, 243.9 Hz), 111.4, 107.9, 68.8 (dd, JC-F =
27.4, 25.5 Hz0). 19F{1H} NMR (282 MHz, CDCl3): δ = -123.74 (d, J = 283.0 Hz, 1F), -124.92
(d, J = 283.0 Hz, 1F). IR (neat, in cm-1): 3503, 3301, 1488, 1451, 1435, 1311, 1234, 1133,
1122, 111, 1073, 1052, 1032, 1024, 1010, 1001, 951, 928, 906, 842, 771, 717, 701, 669, 631.
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HRMS m/z calcd. For C16H13F2NO [M+H]+ 274.1038, found: 274.1040. []D20 = +26.4 (c 0.33
in DCM), S, 56% ee. HPLC (IC-3, n-hexane/i-PrOH = 97/3): tR(R) = 17.4 min, tR(S) = 19.0
min.

(S)-2,2,3,3,3-Pentafluoro-1-(2-phenyl-1H-indol-3-yl)propan-1-ol (38l)
Indole 38l was synthesised according to the general procedure and
was isolated as colourless oil in 75% yield. 1H NMR (300 MHz, CDCl3):
δ = 8.31 (s, 1H), 7.99 (dd, J = 7.8, 2.6 Hz, 1H), 7.57-7.51 (m, 5H), 7.41
(d, J = 7.6 Hz, 1H), 7.32 (td, J = 7.5, 1.3 Hz, 1H), 7.26 (td, J = 7.4, 1.2 Hz,
1H), 5.49 (dt, J = 21.6, 4.6 Hz, 1H), 2.50 (d, J = 4.0 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3):
δ = 139.2, 136.1, 131.4, 129.2(d, JC-F = 1.78 Hz), 129.0, 128.9, 126.4, 123.2, 121.30 (dd, JC-F
= 7.0, 2.0), 121.0, 111.3, 106.1, 66.92 (dd, JC-F = 29.8, 22.4 Hz). Note: The two carbon atoms
from the -CF2-CF3 group are not, due to extremely low intensity and overlap with other signals.
19

F{1H} NMR (282 MHz, CDCl3): δ = -81.79 (s, 3F), -117.82 (d, J = 273.8 Hz, 1F), -127.26 (d,

J = 273.8 Hz, 1F). IR (neat, in cm–1): 3539, 3398, 3059, 1489, 1456, 1450, 1430, 1310, 1250,
1207, 1184, 1166, 1152, 1125, 1076, 1032, 1012, 999, 908, 844, 810, 763, 744, 724, 698.
HRMS m/z calcd. for C17H13F5NO [M+H]+ 342.0912, found: 342.0911. []D20 = +53.2 (c 0.24
in EtOH), S, 98% ee. HPLC (ID-3, n-hexane/i-PrOH = 98/2): tR(S) = 12.5 min, tR(R) = 14.0
min.

(S)-2,2,3,3,4,4,4-Heptafluoro-1-(2-phenyl-1H-indol-3-yl)butan-1-ol (38m)
Indole 38m was synthesised according to the general procedure and
was isolated as colourless oil in 83% yield.1H NMR (300 MHz, CDCl3):
δ = 8.29 (s, 1H), 7.95 (dd, J = 7.7, 3.1 Hz, 1H), 7.55-7.46 (m, 5H), 7.41
(d, J = 7.9 Hz, 1H), 7.31-7.20 (m, 2H), 5.52 (dt, J = 22.7, 4.4 Hz, 1H), 2.42
(d, J = 4.8 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.2, 136.1, 131.5, 129.3, 129.2,
129.00, 128.97, 126.4, 123.3, 121.1, 121.3 (dd, JC-F = 7.6, 1.6 Hz), 111.3, 106.3, 67.1 (dd, JCF

= 30.3, 22.4 Hz). Note: Two carbon atoms from the CF2-CF2-CF3 group are not reported, due

to low signal intensity. 19F{1H} NMR (282 MHz, CDCl3): δ = -80.62 (dd, J = 10.7, 9.2 Hz, 3F),
-113.94 - -115.08 (m, 1F), -124.08 (dquintetd, J = 280.6, 8.8, 2.6 Hz, 1F), -124.77 - -127.10
(m, 2F). IR (neat, in cm–1): 3499, 3366, 1453, 1436, 1345, 1316, 1217, 1203, 1173, 1129,
1108, 1074, 1058, 937, 907, 803, 746, 768, 725, 699, 666, 631, 617. HRMS m/z calcd. for
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C18H13F7NO [M+H]+ 392.0880, found: 392.0875. []D20 = +36.8 (c 1.20 in EtOH), S, 99% ee.
HPLC (ID-3, n-hexane/i-PrOH = 99/1): tR(S) = 26.8 min, tR(R) = 31.2 min.

(S)-2-Chloro-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-ol (38n)
Indole 38n was synthesised according to the general procedure and
was isolated as colourless solid in 99% yield. 1H NMR (300 MHz,
CDCl3): δ = 8.34 (s, 1H), 8.01 (d, J = 7.7 Hz, 1H), 7.61-7.56 (m, 5H),
7.51-7.43 (m, 1H), 7.36-7.26 (m, 2H), 5.43 (ddd, J = 13.5, 7.6, 4.4 Hz,
1H), 2.76 (d, J = 4.4 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.2, 136.0, 131.8, 129.9
(dd, JC-F = 301.0, 296.6 Hz), 129.2, 129.2, 129.1 (d, JC-F = 1.1 Hz), 123.2, 121.7 (dd, JC-F = 4.3,
3.5 Hz), 121.0, 111.2, 106.5, 100.1, 73.5 (dd, JC-F = 29.7, 26.5 Hz). 19F{1H} NMR (282 MHz,
CDCl3): δ = -60.46 (d, J = 161.8 Hz, 1F), -62.61 (d, J = 162.1 Hz, 1F). IR (neat, in cm-1): 3501,
3324, 1491, 1452, 1436, 1314, 1259, 1244, 1190, 1151, 1106, 1075, 1047, 1030, 1006, 958,
907, 846, 799, 760, 664. HRMS m/z calcd. For C16H12ClF2NO [M+H]+ 308.0648, found:
306.0647. [α]D20 = +49.4 (c = 0.67 in DCM), S, 93% ee. HPLC (IC-3, n-hexane/i-PrOH =
97/3): tR(R) = 10.3 min, tR(S) = 11.9 min.

(S)-2-Bromo-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-ol (38o)
Indole 38o was synthesised according to the general procedure and
was isolated as grey solid in 99% yield. 1H NMR (300 MHz, CDCl3): δ
= 8.27 (s, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.56-7.47 (m, 5H), 7.41-7.37 (m,
1H), 7.29-7.18 (m, 2H), 5.39 (ddd, J = 16.3, 6.6, 4.0 Hz, 1H), 2.75 (d, J =
4.1 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.2, 136.0, 131.8, 129.2, 129.2, 129.1 (d,
JC-F = 1.2 Hz), 126.2, 124.7 (dd, J = 316.9, 309.7 Hz), 123.2, 121.7 (dd, JC-F = 5.2, 3.0 Hz),
121.0, 111.2, 106.4, 75.1 (dd, JC-F = 27.7, 23.4 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = 53.81 (d, J = 157.7 Hz, 1F), -56.32 (d, J = 157.7 Hz, 1F). IR (neat, in cm-1): 3530, 3393, 3056,
1488, 145, 1449, 1430, 1382, 1346, 1312, 1247, 1187, 1164, 1151, 1101, 1066, 1028, 1014,
1000, 937, 905, 843.45, 793, 766, 727, 697, 673. HRMS m/z calcd. For C16H12BrF2NO [M+H]+
352.0143, found: 352.0139. [α]D20 = +43.4 (c = 0.47 in DCM), S, 93% ee. HPLC (IC-3, nhexane/i-PrOH = 97/3): tR(R) = 10.5 min, tR(S) = 12.0 min.
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7.6

Asymmetric Hydrogenation of Ketones 39a–39r

General procedure
Catalyst precursor 7d was used for all hydrogenations described below according to the
following procedure:
To an oven-dried 5 mL crimp-cap vial was added the ketone substrate (0.3 mmol). To this
vial was added 7d (6 mg, 1 mol%) inside the glovebox . The crimp cap was closed, the vial
then removed from the glovebox and dry and degassed EtCN (0.3 mL) and AcOH (0.3 mL)
were added to the vial through the septum of the cap. A thick needle was placed in the
septum to allow hydrogen uptake, and the vial was placed in a stainless-steel reactor.
After purging the reactor with nitrogen (8 bar, 3x) and hydrogen (8 bar, 3x), a hydrogen
pressure of 50 bar was applied and the reaction was stirred for 18 h. The hydrogen
pressure was released, and the reactor was purged with nitrogen again (8 bar, 3x). The
vial was taken from the reactor and the crude reaction mixture was purified directly by
flash column chromatography using n-pentane/EtOAc (usually v/v = 95/5 to 75:25 over
30 minutes). Careful evaporation of the column solvent was necessary, since some of the
products are volatile.

(S)-1-(4-Chlorophenyl)-2,2,2-trifluoroethan-1-ol (40a)[166]
The product was synthesised according to the general procedure and
was isolated as colourless oil in >99% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.51-7.44 (m, 4H), 5.09 (qd, J = 6.5, 4.4 Hz, 1H), 2.68 (d, J = 4.4 Hz,
1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 135.8, 132.4, 129.0, 128.9, 124.2 (q, JC-F = 282.2
Hz), 72.4 (q, JC-F = 32.2 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -78.42 (s, 3F). []D20 = +21.8
(c 0.44 in CH2Cl2), S, 88% ee (Lit:[166] []D20 = +26.1 (c 1.0 in CHCl3), S, 98.7% ee). GC (βDEX, 128 °C isothermal): tR(S) = 27.3 min, tR(R) = 29.7 min.

(S)-2,2,2-Trifluoro-1-phenylethan-1-ol (40b)[263]
The product was synthesised according to the general procedure and was
isolated as colourless oil in 99% yield. 1H NMR (300 MHz, CDCl3): δ = 7.487.41 (m, 5H), 5.02 (q, J = 6.7 Hz, 1H), 2.60 (s, 1H). 13C{1H} NMR (75 MHz,
CDCl3): δ = 134.1, 129.7, 128.8, 127.6, 124.4 (q, JC-F = 282.1 Hz), 73.0 (q, JC-F = 32.0 Hz).
179

Chapter 7 – Experimental
19

F{1H} NMR (282 MHz, CDCl3): δ = -78.24 (s, 3F). []D20 = +24.7 (c 0.6 in CH2Cl2), S, 86%

ee (Lit:[263] []D32 = +8.33 (c 0.5 in CHCl3), S, 51% ee). GC (β-DEX, 110 °C isothermal): tR(S)
= 21.1 min, tR(R) = 22.9 min.

(S)-2,2,2-Trifluoro-1-(p-tolyl)ethan-1-ol (40c)[168]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 99% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.36 (d, J = 7.9 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 4.98 (q, J = 6.7 Hz,
1H), 2.58 (s, 1H), 2.38 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.7, 131.2, 129.5, 127.5,
124.5 (q, JC-F = 282.0 Hz), 72.9 (q, JC-F = 31.9 Hz), 21.4. 19F{1H} NMR (282 MHz, CDCl3): δ =
-78.30 (s, 3F). []D20 = +29.7 (c 0.28 in EtOH), S, 86% ee (Lit:[168] []D25 = +28.0 (c 1.6 in
EtOH), S, 86% ee). GC (β-DEX, 120 °C isothermal): tR(S) = 18.0 min, tR(R) = 19.5 min.

(S)-2,2,2-Trifluoro-1-(4-methoxyphenyl)ethan-1-ol (40d)[177]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 98% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.39 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 4.95 (q, J = 6.7 Hz,
1H), 3.82 (s, 3H), 2.70 (s, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 160.6, 128.9, 126.3, 124.5
(q, JC-F = 282.0 Hz), 114.2, 72.6 (q, JC-F = 32.0 Hz), 55.5. 19F{1H} NMR (282 MHz, CDCl3): δ =
-78.42. []D20 = +30.6 (c 1.00 in EtOH), S, 86% ee (Lit:[177] []D25 = +13.5 (c 1.0 in CH2Cl2), S,
42% ee). GC (β-DEX, 133 °C isothermal): tR(S) = 24.5 min, tR(R) = 25.9 min.

(S)-1-(4-Bromophenyl)-2,2,2-trifluoroethan-1-ol (40e)[183]
The product was synthesised according to the general procedure and
was isolated as colourless oil in >99% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.55 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 5.01 (q, J = 6.5 Hz,
1H), 2.58-2.52 (m, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 132.9, 132.0, 129.2, 124.1 (q, JCF

= 286.9 Hz), 124.0, 72.4 (q, JC-F = 32.3 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -78.42 (s,

3F). []D20 = +25.7 (c 0.54 in EtOH), S, 86% ee (Lit:[183] []D25 = -27.5 (c 1.06 in EtOH), R, 92%
ee). GC (β-DEX, 140 °C isothermal): tR(S) = 25.5 min, tR(R) = 27.1 min.
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(S)-1-(4-(Dimethylamino)phenyl)-2,2,2-trifluoroethan-1-ol (40f)[264]
The product was synthesised according to the general procedure and
was isolated as colourless solid in >99% yield. 1H NMR (300 MHz,
CDCl3): δ = 7.32 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 8.8 Hz, 2H), 4.89 (qd, J
= 6.6, 2.2 Hz, 1H), 2.98 (s, 6H), 2.50 (d, J = 2.3 Hz, 1H). 13C{1H} NMR
(75 MHz, CDCl3): δ = 151.4, 128.5, 124.7 (q, JC-F = 281.9 Hz), 121.6, 112.3, 72.9 (q, JC-F = 31.9
Hz), 40.5. 19F{1H} NMR (282 MHz, CDCl3): δ = -78.28 (s, 3F). []D20 = +29.5 (c 1.00 in EtOH),
S, 66% ee (no literature data available for optical rotation). GC (β-DEX, 125 °C
isothermal): tR(S) = 91.2 min, tR(R) = 99.1 min.

(S)-2,2,2-Trifluoro-1-(4-(trifluoromethyl)phenyl)ethan-1-ol (40g)[177]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 98% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.69 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 5.11 (q, J = 6.5 Hz,
1H), 2.76-2.71 (m, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 137.7, 131.9 (q, JC-F = 32.6 Hz),
128.0 (q, JC-F = 1.1 Hz), 125.7 (q, J = 3.7 Hz), 124.1, (q, JC-F = 274.8 Hz), 123.9 (q, JC-F = 258.7
Hz), 72.38 (q, JC-F = 32.3 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -62.74 (s, 3F), -78.24 (s,
3F). []D20 = +31.0 (c 0.64 in EtOH), S, 88% ee (Lit:[177] []D20 = +4.6 (c = 1.06 in CH2Cl2), S,
13% ee). GC (β-DEX, 120 °C isothermal): tR(S) = 15.2 min, tR(R) = 16.6 min.

Methyl (S)-4-(2,2,2-trifluoro-1-hydroxyethyl)benzoate (40h)[166]
The product was synthesised according to the general procedure
and was isolated as colourless solid in >99% yield. 1H NMR (300
MHz, CDCl3): δ = 8.05 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H),
5.10 (q, J = 6.6 Hz, 1H), 3.92 (s, 3H), 3.17 (s, 1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 166.9,
138.9, 131.2, 129.9, 127.6, 124.2 (q, JC-F = 282.3 Hz), 72.5 (q, JC-F = 32.1 Hz), 52.5. 19F{1H}
NMR (282 MHz, CDCl3): δ = -78.06 (s, 3F). []D20 = +23.5 (c 0.98 in EtOH), S, 89% ee (Lit:[166]
[]D20 = +24.5 (c 1.0 in MeOH), S, 93.4% ee). GC (β-DEX, 145 °C isothermal): tR(S) = 41.6
min, tR(R) = 44.1 min.
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(S)-1-(4-(2,2,2-Trifluoro-1-hydroxyethyl)phenyl)ethan-1-one (40i)[164]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 20% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.99 (d, J = 8.3 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 5.12 (q, J = 6.1 Hz,
1H), 2.84 (s, 1H), 2.62 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 197.8,
138.9, 138.1, 128.6, 127.9, 124.1 (q, JC-F = 296.7 Hz), 72.5 (q, JC-F = 32.1 Hz), 26.8. 19F{1H}
NMR (282 MHz, CDCl3): δ = -78.10 (s, 3F). []D20 = +15.8 (c 0.038 in EtOH), S, 88% ee
(Lit:[164] []D30 = -13.1 (c = 1.00 in EtOH), R, 70% ee). HPLC (ID-3, n-hexane/i-PrOH = 97/3):
tR(S) = 9.6 min, tR(R) = 11.3 min.

(S)-1-(3-Chlorophenyl)-2,2,2-trifluoroethan-1-ol (40j)[166]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 99% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.50 (s, 1H), 7.43-7.32 (m, 3H), 5.02 (q, J = 6.6 Hz, 1H), 2.58 (s, 1H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 135.9, 134.8, 130.0, 129.9, 127.8, 127.8 (q, JC-F = 285.0

Hz), 125.8, 72.36 (q, JC-F = 32.3 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -78.25(s, 3F). []D20
= +25.0 (c 0.40 in EtOH), S, 89% ee (Lit:[166] []D20 = +23.1 (c 1.0 in CHCl3), S, 99.6% ee). GC
(β-DEX, 128 °C isothermal): tR(S) = 28.1 min, tR(R) = 30.4 min.

(S)-2,2,2-Trifluoro-1-(m-tolyl)ethan-1-ol (40k)[162]
The product was synthesised according to the general procedure and
was isolated as colourless oil in 99% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.33-7.21 (m, 4H), 4.99 (qd, J = 6.6, 4.7 Hz, 1H), 2.48 (d, J = 4.6 Hz,
1H), 2.39 (s, 3H).

13

C{1H} NMR (75 MHz, CDCl3): δ = 138.6, 134.0, 130.5, 128.7, 128.2,

124.7, 124.5 (q, JC-F = 277.0 Hz), 73.1 (q, JC-F = 31.9 Hz), 21.5.

19

F{1H} NMR (282 MHz,

CDCl3): δ = -78.15 (s, 3F). []D20 = +24.2 (c 0.62 in EtOH), S, 86% ee (Lit:[162] []D20 = -13.3 (c
= 0.15 in CH2Cl2), R, 58% ee). GC (β-DEX, 120 °C isothermal): tR(S) = 18.9 min, tR(R) = 20.4
min.
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(S)-2,2,2-Trifluoro-1-(2-fluorophenyl)ethan-1-ol (40l)[158]
The product was synthesised according to the general procedure and was
isolated as colourless oil in 95% yield. 1H NMR (300 MHz, CDCl3): δ = 7.61
(t, J = 7.4 Hz, 1H), 7.43-7.36 (m, 1H), 7.23 (td, J = 7.6, 1.1 Hz, 1H), 7.14-7.07
(m, 1H), 5.42 (quintet, J = 6.2 Hz, 1H), 2.90 (d, J = 5.2 Hz, 1H). 19F{1H} NMR (282 MHz,
CDCl3): δ = -78.51 (d, JF-F = 6.1 Hz, 3F), -117.83 (q, JF-F = 6.1 Hz, 1F). []D20 = +23.5 (c 0.40
in EtOH), S, 78% ee (Lit:[158] []D23.2 = +19.1 (c 1.03 in acetone), S, 61.3% ee). GC (β-DEX,
110 °C isothermal): tR(S) = 22.4 min, tR(R) = 24.4 min.

(S)-2-Chloro-2,2-difluoro-1-phenylethan-1-ol (40m)[167]
The product was synthesised according to the general procedure and was
isolated as colourless oil in >99% yield. 1H NMR (300 MHz, CDCl3): δ =
7.51-7.40 (m, 5H), 5.07 (td, J = 8.0, 4.0 Hz, 1H), 2.72 (d, J = 4.4 Hz, 1H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 134.3, 129.7, 129.1 (t, JC-F = 297.1 Hz), 128.6, 127.9, 77.6

(t, JC-F = 20.7 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -62.77 (d, J = 165.1 Hz, 1F), -64.81
(d, J = 165.4 Hz, 1F). []D20 = +23.1 (c 0.46 in EtOH), S, 93% ee (Lit:[167] []D20 = +22.2 (c =
1.90 in CHCl3), S, 94% ee). GC (β-DEX, 110 °C isothermal): tR(S) = 56.2 min, tR(R) = 59.8
min.

(S)-2,2,3,3,3-Pentafluoro-1-phenylpropan-1-ol (40n)[169]
The product was synthesised according to the general procedure and was
isolated as colourless oil in 98% yield. 1H NMR (300 MHz, CDCl3): δ = 7.497.41 (m, 5H), 5.11 (dd, J = 16.6, 7.4 Hz, 1H), 2.82 (s, 1H). 13C{1H} NMR (75
MHz, CDCl3): δ = 134.1, 129.8, 128.8, 128.0, 72.17 (dd, JC-F = 28.0, 22.5 Hz). 19F{1H} NMR
(282 MHz, CDCl3): δ = -81.13(s, 3F), -121.91 (d, JF-F = 276.5 Hz, 1F), -129.06 (d, JF-F = 273.8
Hz, 1F). Two carbon atoms from the CF2-CF3 group are not reported, due to low signal
intensity and overlap with other signals. []D20 = +28.9 (c 0.82 in EtOH), S, 95% ee (Lit:[169]
[]D22 = +28.95 (c = 2.69 in EtOH), S, 92% ee). GC (β-DEX, 110 °C isothermal): tR(S) = 22.5
min, tR(R) = 24.1 min.
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(S)-2,2,3,3,4,4,4-Heptafluoro-1-phenylbutan-1-ol (40o)[169]
The product was synthesised according to the general procedure and was
isolated as colourless oil in 99% yield. 1H NMR (300 MHz, CDCl3): δ = 7.497.41 (m, 5H), 5.18 (dd, J = 17.6, 6.4 Hz, 1H), 2.53 (s, 1H). 13C{1H} NMR (75
MHz, CDCl3): δ = 134.1, 129.9, 128.8, 128.1, 72.3 (dd, JC-F = 28.6, 22.2 Hz). 19F{1H} NMR
(282 MHz, CDCl3): δ = -80.71 (dd, J = 11.1, 9.0 Hz, 3F), -117.84 - -119.01 (m, 1F), -124.12
- -127.13 (m, 3F). Note: Two carbon atoms from the CF2-CF2-CF3 group are not reported, due
to low signal intensity and partial overlap with other signals. []D20 = +28.3 (c 0.70 in EtOH),
S, 96% ee (Lit:[169] []D22 = +23.02 (c = 2.32 in EtOH), S, 87% ee). GC (β-DEX, 115 °C
isothermal): tR(S) = 18.9 min, tR(R) = 20.2 min.

(R)-(Perfluorophenyl)(phenyl)methanol (40p)[265]
No product could be isolated from the asymmetric hydrogenation
reaction (19F NMR yield was only 4%). Spectral data is that of the
racemic product obtained by the reduction with NaBH4. 1H NMR (300
MHz, CDCl3): δ = 7.39-7.28 (m, 5H), 6.24 (s, 1H), 2.84 (s, 1H). 13C{1H}
NMR (75 MHz, CDCl3): δ = 146.7-146.2 (m), 143.5-143.0 (m), 140.7, 139.8-139.0 (m)
136.4-135.8 (m), 128.9, 128.4, 125.5, 117.4-116.7 (m), 67.7.

19

F{1H} NMR (282 MHz,

CDCl3): δ = -142.87 (dd, JF-F = 21.9, 7.4 Hz, 2F), -154.51 (t, JF-F = 20.8 Hz, 1F), -161.36 (m,
2F).

(R)-1-(Perfluorophenyl)ethan-1—ol (40q)[266]
The product was synthesised according to the general procedure and was
isolated as colourless oil in 27% yield. 1H NMR (300 MHz, CDCl3): δ =
5.32 (quintet, J = 6.3 Hz, 1H), 2.42 (d, J = 4.9 Hz, 1H), 1.71 (d, J = 6.8 Hz,
3H). 19F{1H} NMR (282 MHz, CDCl3): δ = -144.52 (dd, J = 22.2, 7.8 Hz, 2F),
-155.42 (t, J = 20.9 Hz, 1F), -161.78 (td, J = 21.5, 7.7 Hz, 2F). []D20 = +2.67 (c 0.09 in EtOH),
R, 13% ee (Lit:[266][]D28 = -6.1 (c 0.53 in CHCl3), S, 96% ee). GC (β-DEX, 110 °C isothermal):
tR(R) = 7.8 min, tR(S) = 8.5 min.
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(S)-1,1,1-Trifluoro-3-phenylpropan-2-ol (40r)[172]
The product was synthesised according to the general procedure and was
isolated as colourless oil in >99% yield. 1H NMR (300 MHz, CDCl3): δ =
7.55-7.33 (m, 5H), 4.28-4.15 (m, 1H), 3.14 (dd, J = 14.2, 2.8 Hz, 1H), 2.92
(dd, J = 14.2, 10.1 Hz, 1H), 2.24 (d, J = 5.0 Hz, 1H).,13C{1H} NMR (75 MHz, CDCl3): δ = 135.8,
129.6, 128.9, 127.4, 125.0 (q, J = 281.9 Hz), 71.6 (q, J = 30.9 Hz), 36.3. 19F{1H} NMR (282
MHz, CDCl3): δ = -79.54 (S, 3F). []D20 = +18.8 (c 0.138 in CH2Cl2), R, 50% ee (Lit:[172] []D20
= -44.8 (c = 1.0 in CHCl3), S, 98% ee). GC (β-DEX, 128 °C isothermal): tR(S) = 10.3 min,
tR(R) = 11.1 min.
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7.7

Chemo- and Enantioselective Hydrogenation of Aryl Diketones

7.7.1 Synthesis of Aryl Diketones
Ketones 43a-43f were synthesised according to the following scheme. The yields
reported are over two steps.

2-(4-Bromophenyl)-2-methyl-1,3-dioxolane
To a 100 mL 2-necked flask equipped with a 10 mL Dean-Stark apparatus
and reflux condenser was added 4-bromoacetophenone (12.0 g, 59.1
mmol, 1.00 eq.), toluene (60 mL), ethylene glycol (6.60 mL, 118 mmol,
2.00 eq.) and p-toluenesulfonic acid monohydrate (109 mg, 0.591 mmol,
0.0100 eq.). The reaction was heated to reflux overnight for 16 h, before allowing to cool
to rt again. To the mixture was added saturated NaHCO3 solution (30 mL) and brine (30
mL). The phases were separated and the aqueous layer was extracted with toluene (50
mL). The combined organic layers were dried over MgSO4, concentrated to give the crude
product as colourless oil. To remove remaining solvent, the oil was placed in the freezer
and the obtained white solid was crumbled and dried under high vacuum while warming
to rt. The product was then obtained as white solid in >95% purity (12.1 g, 99% yield). 1H
NMR (300 MHz, CDCl3): δ = 7.46 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 7.6 Hz, 2H), 4.09-3.97 (m,
2H), 3.81-3.69 (m, 2H), 1.62 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 142.6, 131.5, 127.3,
122.0, 108.6, 64.6, 27.7. Spectral data in agreement with literature.[267]
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2-(3-Bromophenyl)-2-methyl-1,3-dioxolane
3-Bromoacetophenone (5.01 g, 25.1 mmol, 1.00 eq.) was added to a twoneck round bottom flask equipped with a 10 mL Dean-Stark trap and a
reflux condenser. Toluene (38 mL), ethylene glycol (2.8 mL, 50 mmol,
2.0 eq.) and p-toluenesulfonic acid monohydrate (21.7 mg, 0.126 mmol, 0.005 eq.) were
added to the mixture. The Dean-Stark trap was filled with toluene (10 mL) and the
mixture heated to reflux overnight. After 18 h, more ethylene glycol (2.1 mL, 38 mmol,
0.75 eq.) was added and the mixture was refluxed for 1 h, before allowing the mixture to
cool to rt. The mixture was washed with brine (40 mL), the phases were separated and the
organic layer dried over MgSO4 and filtered. After the solvent was removed under reduced
pressure, the product was obtained as yellowish oil (5.85 g, 96% yield, >95% purity). 1H
NMR (300 MHz, CDCl3) δ = 7.71 (s, 1H), 7.48 (d, J = 7.9 Hz, 2H), 7.34 – 7.27 (m, 1H), 4.15
– 4.08 (m, 2H), 3.88 – 3.81 (m, 2H), 1.70 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3) δ = 146.0,
131.1, 130.0, 128.7, 124.1, 122.6, 108.3, 64.7, 27.7. Spectra data in agreement with
literature.[268]

2-(4'-Bromo-[1,1'-biphenyl]-4-yl)-2-methyl-1,3-dioxolane
To a 100 mL 2-necked flask equipped with a 10 mL Dean-Stark
apparatus and reflux condenser was added 1-(4'-bromo-[1,1'biphenyl]-4-yl)ethan-1-one (12.0 g, 37.8 mmol, 1.00 eq.), toluene
(50 mL), ethylene glycol (4.20 mL, 75.5 mmol, 2.00 eq.) and ptoluenesulfonic acid monohydrate (72 mg, 0.378 mmol, 0.0100
eq.). The reaction was heated to reflux overnight for 16 h, before allowing to cool to rt
again. To the mixture was added saturated NaHCO3 solution (25 mL) and brine (25 mL).
The phases were separated and the aqueous layer was extracted with toluene (40 mL).
The combined organic layers were dried over MgSO4, concentrated to give the crude
product as colourless solid in quantitative yield. 1H NMR (300 MHz, CDCl3): δ = 7.61-7.50
(m, 6H), 7.45 (d, J = 8.5 Hz, 2H), 4.13-4.01 (m, 2H), 3.84-3.76 (m, 2H), 1.70 (s, 3H). 13C{1H}
NMR (75 MHz, CDCl3): δ = 143.0, 139.9, 139.7, 132.0, 128.8, 126.9, 126.0, 121.7, 108.9,
64.7, 27.7.
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2,2,3,3,3-Pentafluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)propan-1-one (45a)
To a stirred solution of 2-(4-bromophenyl)-2-methyl-1,3-dioxolane
(1.60 g, 6.58 mmol, 1.00 eq.) in THF (15 mL) in a 100 mL Schlenk
flask at – 78°C under argon atmosphere was slowly added nhexyllithium (2.25 M in hexane, 3.30 mL, 7.37 mmol, 1.12 eq.) using
a syringe. The solution was stirred for 90 minutes at -78 °C, then ethyl
pentafluoropropionate (1.10 mL, 7.57 mmol, 1.15 eq.) was added dropwise. The reaction
was allowed to stir for 1 h at -78 °C, then allowed to warm to rt. Saturated NaHCO3
solution (25 mL), brine (10 mL) and EtOAc (40 mL) were added, the phases were separated
and the aqueous layer was extracted with further EtOAc (50 mL). The combined organic
layers were dried over MgSO4, concentrated and the crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 90/10 to 70(30 over 30 minutes).
The product was isolated as colourless oil (450 mg, 26%). 1H NMR (300 MHz, CDCl3): δ =
8.07 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 4.10-4.02 (m, 2H), 3.83-3.74 (m, 2H), 1.66
(s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 183.0 (t, JC-F = 26.8 Hz), 151.5, 130.7, 130.4 (t, J
= 3.2 Hz), 126.2, 118.2 (qt, JC-F = 286.8 Hz, JC-F = 120.1 Hz), 108.8 (td, JC-F = 268.9, JC-F = 37.31
Hz), 108.4, 64.9, 27.5. 19F{1H} NMR (282 MHz, CDCl3): δ = -81.52 (s, 3F), -115.55 (s, 2F).
IR (neat, in cm–1): 2993, 2892, 1705, 1607, 1409, 1355, 1280, 1207, 1159, 1131, 1103, 1067,
1035, 1017, 948, 906, 864, 769, 741, 714. HRMS m/z calcd. For C13H12F5O3 [M+H]+
311.0701, found: 311.0702.

2-Bromo-2,2-difluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)ethan-1-one (45b)
A dry 100 mL two-necked flask equipped with reflux condenser,
argon inlet and magnetic stiring bar was charged with magnesium
turnings (176 mg, 7.24 mmol, 1.10 eq.). The turnings were heated
to >200 °C whilst stirring and applying vacuum to the whole
apparatus for ten minutes. After having cooled to rt, dry THF (15 mL) was added. To this
solution was slowly added 2-(4-bromophenyl)-2-methyl-1,3-dioxolane (1.60 g, 6.58
mmol, 1.00 eq.) in THF (20 mL). After addition of 5 mL, a small piece of solid iodine was
added and the mixture was heated to 60 °C. Then, the remaining solution was added
slowly. The reaction was stirred for another 2 h at 60 °C, before cooling to -78°C. Ethyl
trifluoroacetate (1.54 g, 9.70 mL, 7.57 mmol, 1.15 eq.) was added dropwise and the
reaction was allowed to warm to rt during 5 h whilst stirring. The reaction was then
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quenched by slow addition of saturated NaHCO3 solution (30 mL). EtOAc (15 mL) and
brine (10 mL) were added, the phases were separated and the aqueous layer was extracted
with further EtOAc (50 mL). The combined organic layers were dried over MgSO4,
concentrated and the crude product was purified by flash column chromatography using
n-hexane/EtOAc (v/v = 95/5 to 70/30 over 30 minutes). The product was isolated as
colourless solid (680 mg, 32%). 1H NMR (300 MHz, CDCl3): δ = 8.19 (d, J = 8.1 Hz, 2H),
7.72 (d, J = 8.3 Hz, 2H), 4.20-4.08 (m, 2H), 3.90-3.78 (m, 2H), 1.72 (s, 3H). 13C{1H} NMR
(75 MHz, CDCl3): δ = 181.2 (t, JC-F = 26.0 Hz), 151.1, 131.0 (t, JC-F = 2.7 Hz), 128.7, 126.1,
113.7 (t, JC-F = 318.6 Hz), 108.4, 64.8, 27.5. 19F{1H} NMR (282 MHz, CDCl3): δ = -57.78 (s,
2F). IR (neat, in cm–1): 2990, 2890, 1708, 1607, 1407, 1374, 1276, 1196, 1153, 1100, 1078,
1034, 1017, 978, 869, 827, 769, 750, 734, 711. HRMS was attempted twice but the product
mass was not found.

2-Bromo-2,2-difluoro-1-(4'-(2-methyl-1,3-dioxolan-2-yl)-[1,1'-biphenyl]-4-yl)ethan-1one (45c)
A dry 100 mL two-necked flask equipped with reflux
condenser, argon inlet and magnetic stir bar was charged
with magnesium turnings (209 mg, 8.62 mmol, 1.10 eq.).
The turnings were heated to >200 °C whilst stirring and
applying vacuum for ten minutes. After cooling to rt, dry
THF (15 mL) was added. To this solution was slowly added
2-(4'-bromo-[1,1'-biphenyl]-4-yl)-2-methyl-1,3-dioxolane (2.50 g, 7.83 mmol, 1.00 eq.)
in THF (20 mL). After addition of 5 mL, a small piece of solid iodine was added and the
mixture was heated to 60 °C. Then, the remaining solution was added slowly. The reaction
was stirred for another 2 h at 60 °C, before cooling to -78°C. Ethyl trifluoroacetate (1.83
g, 1.15 mL, 9.01 mmol, 1.15 eq.) was added dropwise and the reaction was allowed to
warm to rt during 5 h whilst stirring. The reaction was then quenched by slow addition of
saturated NaHCO3 solution (40 mL). EtOAc (30 mL) and brine (10 mL) were added, the
phases were separated and the aqueous layer was extracted with further EtOAc (50 mL).
The combined organic layers were dried over MgSO4, concentrated and the crude product
was purified by flash column chromatography using n-hexane/EtOAc (v/v = 95/5 to 70/30
over 30 minutes). The product was isolated as colourless solid (780 mg, 25%). 1H NMR
(300 MHz, CDCl3): δ = 8.22 (d, J = 8.1 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 7.65-7.59 (m, 4H),
4.14-4.02 (m, 2H), 3.89-3.77 (m, 2H), 1.70 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 181.1
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(t, JC-F = 25.9 Hz), 147.6, 144.3, 138.8, 131.4 (t, JC-F = 2.7 Hz), 127.9, 127.5, 127.4, 126.2,
113.8 (t, JC-F = 318.7 Hz), 108.8, 64.7, 27.7. 19F{1H} NMR (282 MHz, CDCl3): δ = -57.57 (s,
2F). IR (neat, in cm–1): 2989, 2880, 1698, 1600, 1421, 1399, 1371, 1279, 1251, 1196, 1158,
1148, 1099, 1081, 1038, 1004, 1028, 1017, 992, 973, 962, 953, 879, 852, 824, 781, 755, 723,
727. HRMS m/z calcd. For C18H16BrF2O3 [M+H]+ 397.0245, found: 397.0245.

1-(4-Acetylphenyl)-2,2,3,3,3-pentafluoropropan-1-one (43a)
To a stirred solution of 2-(4-bromophenyl)-2-methyl-1,3-dioxolane
(1.60 g, 6.58 mmol, 1.00 eq.) in dry THF (15 mL) in a 100 mL Schlenk
flask under argon at -78 °C was added n-hexyllithium (2.3 M in
hexane, 3.25 mL, 7.37 mmol, 1.15 eq.) dropwise. The reaction allowed
to stir at -78 °C for 2 h. Ethyl pentafluoropropionate (1.12 mL, 7.57 mmol, 1.15 eq.) was
added dropwise at -78 °C and the reaction mixture was allowed to stir for 1 h at -78 °C,
then allowed to warm to rt and stirred overnight for 15 h. Aqueous 2 M HCl solution (20
mL) was added and the reaction mixture was stirred for another 15 h. Brine (15 mL) and
Et2O (20 mL) were added, the phases were separated and the aqueous layer was extracted
with further Et2O (35 mL). The combined organic layers were dried over MgSO4,
concentrated and the crude product was purified by flash column chromatography using
n-hexane/EtOAc (v/v = 90/10 to 70/30 over 30 minutes). The product was isolated as
colourless oil (419 mg, 23%). 1H NMR (300 MHz, CDCl3): δ = 8.15 (d, J = 8.3 Hz, 2H), 8.08
(d, J = 8.1 Hz, 2H), 2.66 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 197.1, 183.0 (t, JC-F =
27.6 Hz), 141.9, 134.1, 130.5 (t, JC-F = 3.3 Hz), 128.8, 118.0 (qt, JC-F = 286.8, 33.5 Hz), 108.6
(tq, JC-F = 268.8, 37.5 Hz), 27.0. 19F{1H} NMR (282 MHz, CDCl3): δ = -81.55 (s, 3F), -115.91
(s, 2F). IR (neat, in cm–1): IR (neat, in cm–1): 1712, 1692, 1408, 1357, 1262, 1210, 1158,
1134, 1082, 1067, 1040, 1016, 960, 904, 866, 764, 701. HRMS m/z calcd. For C11H8F5O2
[M+H]+ 267.0439, found: 267.0436.

2,2,3,3,4,4,4-Heptafluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)butan-1-one
To

a

stirring

solution

of

2-(4-bromophenyl)-2-methyl-1,3-

dioxolane (1.60 g, 6.58 mmol, 1.00 eq.) in THF (15 mL) in a 100 mL
Schlenk flask at – 78°C under argon atmosphere was slowly added
n-hexyllithium (2.25 M in hexane, 3.30 mL, 7.37 mmol, 1.12 eq.)
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using a syringe. The solution was stirred for 90 minutes at -78 °C, then ethyl
heptafluorobutyrate (1.30 mL, 7.57 mmol, 1.15 eq.) was added dropwise. The reaction was
allowed to stir for 1 h at -78 °C, then allowed to warm to rt. Saturated NaHCO3 solution
(25 mL), brine (10 mL) and EtOAc (40 mL) were added, the phases were separated and the
aqueous layer was extracted with further EtOAC (50 mL). The combined organic layers
were dried over MgSO4, concentrated and the crude product was purified by flash column
chromatography using n-hexane/EtOAc (v/v = 90/10 to 70/30 over 30 minutes). The
product was isolated as colourless oil (570 mg, 27%). 1H NMR (300 MHz, CDCl3): δ = 8.06
(d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.3 Hz, 2H), 4.10-4.05 (m, 2H), 3.80-3.75 (m, 2H), 1.66 (s,
3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 182.9 (t, J = 25.9 Hz), 131.0 (t, J = 2.0 Hz), 151.3,
130.4 (t, J = 3.5 Hz), 126.1, 108.3, 64.7, 27.3. 19F{1H} NMR (282 MHz, CDCl3): δ = -80.10, 113.50, -125.34--125.38. Note: Two carbon atoms from the -CF2-CF3 group are not reported,
due to low signal intensity and overlap with other signals. HRMS m/z calcd. For C14H12F7O3
[M+H]+ 361.0669, found: 361.0666.

1-(4-Acetylphenyl)-2,2,3,3,4,4,4-heptafluorobutan-1-one (43b)
2,2,3,3,4,4,4-heptafluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)butan-1-one (90.0 mg, 0.250 mmol, 1.00 eq.) was added to a
20 mL beaker with a magnetic stir bar, followed by the addition of
THF (3 mL) and water (1 mL). HCl (2 M in water, 3 drops) were added
and the reaction was stirred for 15 h overnight. Then, saturated aqueous NaHCO3 (5 mL)
and EtOAc (5 mL) was added, the phases were separated and the aqueous layer was
extracted with further EtOAc (10 mL). The combined organic layers were washed with
brine, dried over MgSO4 and concentrated. The crude product was purified by flash
column chromatography using n-hexane/EtOAc (v/v = 95/5 to 80/20 over 30 minutes).
The final product was obtained as yellowish oil (61.9 mg, 78%). 1H NMR (400 MHz,
aceton-d6): δ = 8.22 (s, 4H), 2.69 (s, 3H). 13C{1H} NMR (101 MHz, aceton-d6): δ = 197.5,
183.82 (t, JC-F = 26.1 Hz), 143.0, 135.1, 131.2 (t, JC-F = 3.3 Hz,), 129.7, 118.5 (qt, JC-F = 287.3,
33.6 Hz), 111.2 (tt, JC-F = 268.9, 31.6 Hz), 109.6 (tqt, JC-F = 267.0, 38.7, 33.3 Hz), 27.1. 19F{1H}
NMR (376 MHz, aceton-d6): δ = -81.13 (t, J = 9.4 Hz, 3F), -114.58 (q, J = 9.2 Hz, 2F), 126.25--126.30 (m, 2F). IR (neat, in cm–1): 1713, 1693, 1408, 1359, 1261, 1208, 1188, 166,
1118, 1075, 1017, 996, 959, 895, 875, 849, 832, 817, 758, 733, 713, 704. HRMS m/z calcd.
For C11H4rF7O2 [M-CH3]+ 301.0094, found: 301.0094.
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1-(4-Acetylphenyl)-2-bromo-2,2-difluoroethan-1-one (43c)
45b (160.6 mg, 0.500 mmol, 1.00 eq.) was added to a 20 mL beaker
with a magnetic stirring bar, followed by the addition of THF (4 mL)
and water (2 mL). HCl (2 M in water, 5 drops) was added and the
reaction was stirred for 15 h overnight. Then, saturated aqueous
NaHCO3 (5 mL) and EtOAc (10 mL) were added, the phases were separated and the
aqueous layer was extracted with further EtOAc (15 mL). The combined organic layers
were washed with brine, dried over MgSO4 and concentrated. The crude product was
purified by flash column chromatography using n-hexane/EtOAc (v/v = 95/5 to 80/20 over
30 minutes). To remove water from the hydrate form of the ketone, the product was
dissolved in dry EtOAc and molecular sieves were added and the solution stirred for 2 h,
filtered and the solvent was removed. The product was obtained as yellowish oil (110 m,
78%). 1H NMR (400 MHz, aceton-d6): δ = 8.27 (d, J = 8.9 Hz, 2H), 8.20 (d, J = 8.8 Hz, 2H),
2.69 (s, 3H). 13C{1H} NMR (101 MHz, aceton-d6): δ = 197.5, 181.9 (t, JC-F = 26.2 Hz,), 142.7,
132.9, 131.5, 129.5, 114 (t, JC-F = 316.9 Hz), 27.1. 19F{1H} NMR (376 MHz, aceton-d6): δ = 59.87 (s, 2F). IR (neat, in cm–1): 1715, 1688, 1501, 1407, 1359, 1308, 1261, 1190, 1151,
1076, 1017, 976, 957, 873, 819, 759, 731. HRMS m/z calcd. For C9H4BrF2O2 [M-CH3]+
260.9357, found: 260.9356.

1-(3-Acetylphenyl)-2,2,2-trifluoroethan-1-one (43d)
To an oven-dried two-neck round-bottom flask was added 2-(3bromophenyl)-2-methyl-1,3-dioxolane (2.03 g, 8.35 mmol, 1.00 eq.)
and subjected to an argon atmosphere, before adding dry THF (20 mL)
through a septum. The mixture was cooled to −70 °C using acetone and dry ice. nHexyllithium in hexane (2.3 m, 4.0 mL, 9.2 mmol, 1.1 eq.) was added slowly. After 3 h,
ethylfluoroacetate (1.2 mL, 10 mmol, 1.2 eq.) was added through a septum and stirred for
2.5 h. After the mixture reached rt again, aqueous HCl (2 m, 10 mL) was added and the
mixture refluxed overnight. After cooling to rt, the phases were separated, the aqueous
layer extracted with MTBE (2x, 30 mL), the organic phases The combined and washed
with brine (80 mL) before drying over MgSO4 . Following solvent removal under reduced
pressure, the yellow oil was purified by flash column chromatography (n-hexane/EtOAc,
v/v = 95/5 to 70/30 over 35 min). The oil was then dried over molecular sieves (4 Å) in dry
ethyl acetate for 2 h under argon atmosphere. The solvent was subsequently removed at
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reduced pressure. The product was obtained as a yellow oil (1.81 g, >99%). 1H NMR (300
MHz, CDCl3) δ = 8.63 (s, 1H), 8.35 – 8.22 (m, 2H), 7.69 (t, J = 8.0 Hz, 1H), 2.68 (s, 3H).
13

C{1H} NMR (75 MHz, acetone-d6): δ = 196.8, 180.7 (q, JC-F = 35.1 Hz), 139.0, 136.0, 134.4,

131.1, 130.9, 129.9 (q, JC-F = 2.0 Hz), 117.5 (q, JC-F = 290.8 Hz), 26.8. 19F{1H} NMR (376 MHz,
CDCl3): δ = -72.48. Spectral data in agreement with literature.[185]

1-(4'-Acetyl-[1,1'-biphenyl]-4-yl)-2,2,2-trifluoroethan-1-one (43e)
Into a oven-dried two-neck round-bottom flask was added 2(4'-Bromo-[1,1'-biphenyl]-4-yl)-2-methyl-1,3-dioxolane (2.0
g, 6.3 mmol, 1.0 eq.) and the flask subjected to an argon
atmosphere. Dry THF (15 mL) was added through a septum and
the mixture was cooled to −70 ◦C with an acetone and dry ice
bath. n-Hexyllithium in hexane (2.3 m, 3.3 mL, 7.5 mmol, 1.2 eq.) was added slowly. After
3 h, ethyltrifluoroacetate (1.0 mL, 8.4 mmol, 1.3 eq.) was added through a septum and the
mixture stirred for 2 h. After reaching rt again, aqueous HCl (2 m, 8 mL) was added and
the mixture stirred overnight. Then next morning more HCl (2 m, 1 mL) was added and
stirred for 1 h. The phases were separated, the organic layer washed with brine (10 mL),
dried over MgSO4. Following solvent removal at reduced pressure, the oil was purified by
flash column chromatography (n-hexane/EtOAc, 90/10 to 75/25 over 17 min). The
product was obtained as white crystalline solid (0.73 g, 40% yield). 1H NMR (300 MHz,
CDCl3): δ = 8.17 (d, J = 8.2 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.75 (d,
J = 8.0 Hz, 1H), 2.66 (s, 3H) ppm. 13C{1H} NMR (75 MHz, acetone-d6): δ =197.6, 180.2 (d, J
= 35.3 Hz), 146.9, 143.7, 137.2, 131.0 (d, J = 2.0 Hz), 129.5, 129.3, 128.0, 127.7, 118.8,
114.9, 26.9.

19

F{1H} NMR (376 MHz, CDCl3): δ = -71.36. IR (neat, in cm–1): 3402, 1707,

1683, 1668, 1600, 1552, 1421, 1400, 1357, 1213, 1193, 1173, 1139, 1055, 941, 846, 829,
783, 768, 728. HRMS m/z calcd. For C16H11F3O2Na [M+Na]+ 315.0603, found: 315.0599.
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1-(4'-Acetyl-[1,1'-biphenyl]-4-yl)-2-bromo-2,2-difluoroethan-1-one (44f)
To a stirring solution of 45c (199 mg, 0.500 mmol, 1.00 eq.)
in THF (2 mL), was added 2 M aqueous HCl solution (2 mL)
and the reaction mixture was stirred vigorously for 15 h.
Then, saturated aqueous NaHCO3 solution (10 mL) and
EtOAc (15 mL) was added, the phases were separated and the
aqueous layer was extracted with further EtOAc (10 mL). The combined organic layers
were washed with brine, dried over MgSO4 and concentrated to give the pure product (176
mg, 99%). 1H NMR (400 MHz, aceton-d6): δ = 8.23 (d, J = 8.8 Hz, 2H), 8.09 (d, J = 8.7 Hz,
2H), 7.95 (d, J = 8.8 Hz, 2H), 7.87 (d, J = 8.7 Hz, 2H), 2.62 (s, 3H). 13C{1H} NMR (101 MHz,
aceton-d6): δ = 197.4, 181.7 (t, JC-F = 25.7 Hz), 147.0, 143.7, 138.0, 132.0 (t, JC-F = 2.8 Hz),
129.8, 129.1, 128.6, 128.3, 114.4 (t, JC-F = 317.0 Hz), 26.8. 19F{1H} NMR (376 MHz, acetond6): δ = -59.09 (s, 2F). IR (neat, in cm–1): 3396, 3002, 1705, 1680, 1602, 1398, 1358, 1264,
1151, 972, 958, 876, 851, 818, 801, 778, 751, 728, 709. HRMS m/z calcd. For C16H12BrF2O2
[M+H]+ 352.9983, found: 352.9987.

7.7.2 Asymmetric Hydrogenation of Ketones 43a-43c and 39i, 43a-43f
Ketal substrates 44a-44c were hydrogenated according to the general procedure of
simple trifluoroacetophenones in Section 7.6 using complex 7d.

(S)-2,2,3,3,3-Pentafluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)propan-1-ol (46a)
The product was synthesised according to the general procedure
and was isolated as colourless oil in 72% yield. 1H NMR (300 MHz,
CDCl3): δ = 7.50 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 5.09 (dd,
J = 16.9, 6.8 Hz, 1H), 4.07-3.95 (m, 2H), 3.81-3.69 (m, 2H), 3.18 (s,
1H), 1.62 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 144.8, 133.9, 128.0, 125.6, 119.2 (qdd,
JC-F = 287.0, 36.4, 35.1 Hz), 113.2 (ddq, JC-F = 262.0, 257.0, 36.5 Hz), 108.8, 71.8 (dd, JC-F =
28.1, 22.5 Hz), 64.6, 27.5. 19F{1H} NMR (282 MHz, CDCl3): δ = -81.26 (s, 3F), -121.47 (d, J
= 275.8 Hz, 1F), -129.50 (d, J = 275.8 Hz, 1F). HRMS m/z calcd. For C13H14F5O3 [M+H]+
313.0858, found: 313.0865. []D20 = +25.00 (c 1.24 in EtOH), S, 98% ee. HPLC (IB-3, nhexane/i-PrOH = 99/1): tR(R) = 21.0 min, tR(S) = 23.8 min.
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2-Bromo-2,2-difluoro-1-(4-(2-methyl-1,3-dioxolan-2-yl)phenyl)ethan-1-ol (46b)
The product was synthesised according to the general procedure
and was isolated as colourless oil in 82% yield. 1H NMR (400 MHz,
CDCl3): δ = 7.52 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 5.02 (ddd,
J = 10.7, 6.7, 4.4 Hz, 1H), 4.06-4.03 (m, 2H), 3.79-3.76 (m, 2H), 2.87
(d, J = 4.5 Hz, 1H), 1.65 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ =
144.9, 133.9, 128.0, 125.5, 124.2 (t, JC-F = 311.3 Hz), 108.8, 78.6 (t, JC-F = 25.2 Hz), 64.7, 27.7.
19

F{1H} NMR (376 MHz, CDCl3): δ = -55.72 (d, J = 162.3 Hz, 1F), -59.33 (d, J = 162.5 Hz,

1F). IR (neat, in cm–1): 3444, 3321, 2990, 2901, 1414, 1374, 1299, 1224, 1196, 1180, 1142,
1101, 1079, 1029, 1017, 949, 892, 858, 822, 785, 850, 726. HRMS m/z calcd. For
C12H14BrF2O3 [M+H]+ 323.0089, found: 323.0079. []D20 = +14.94 (c 1.54 in EtOH), S, 90%
ee. HPLC (IC-3, n-hexane/i-PrOH = 98/2): tR(R) = 8.2 min, tR(S) = 9.5 min.

(S)-2-Bromo-2,2-difluoro-1-(4'-(2-methyl-1,3-dioxolan-2-yl)-[1,1'-biphenyl]-4yl)ethan-1-ol (46c)
The product was synthesised according to the general
procedure and was isolated as white solid in 92% yield. 1H
NMR (300 MHz, CDCl3): δ = 7.67-7.52 (m, 8H), 5.10-5.03 (m,
1H), 4.13-4.01 (m, 2H), 3.89-3.81 (m, 2H), 3.10 (d, J = 4.2 Hz,
1H), 1.70 (s, 3H). 13C{1H} NMR (50 MHz, CDCl3): δ = 142.8,
142.1, 140.1, 133.4, 128.4, 127.2, 127.2, 126.0, 124.3 (t, JC-F = 311.1 Hz), 108.9, 78.5 (t, JC-F =
25.1 Hz), 64.7, 27.7.

19

F{1H} NMR (282 MHz, CDCl3): δ = -55.70 (d, J = 162.4 Hz, 1F), -59.05

(d, J = 162.4 Hz, 1F). IR (neat, in cm–1): 3438, 3288, 2993, 2892, 1717, 1497, 1484, 1396,
1377, 1244, 1196, 1177, 1142, 1100, 1032, 1026, 959, 948, 861, 816, 787, 769, 743, 710.
HRMS m/z calcd. For C18H18BrF2O3 [M+H]+ 399.0402, found: 399.0403. []D20 = +20.92 (c
3.06 in EtOH), S, 88% ee. HPLC (ID-3, n-hexane/i-PrOH = 98/2): tR(R) = 13.5 min, tR(S) =
17.4 min.
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General procedure for the hydrogenation of aryl diketones 39i, 43a-43f
Catalyst precursor 7d was used for all hydrogenations described below according to the
following procedure:
Into an oven-dried 5 mL crimp-cap vial was added the ketone substrate (0.3 mmol). To
this vial was added 7d (6 mg, 1 mol%) inside the glovebox. The crimp cap was closed, the
vial then removed from the glovebox and dry and degassed EtCN and HFIP in a ratio of
10:1 were added to the vial through the septum of the cap. A thick needle was placed in
the septum to allow hydrogen uptake, and the vial was placed in a stainless-steel reactor.
After purging the reactor with nitrogen (8 bar, 3x) and hydrogen (8 bar, 3x), the hydrogen
pressure of 50 bar was applied and the reaction was stirred for 18 h. The hydrogen
pressure was released and the reactor was purged with nitrogen again (8 bar, 3x). α,α,αTrifluorotoluene (10 µL) was added and the yields and the product ratio were determined
by quantitative 19F{1H} NMR. The crude product was then purified directly by flash column
chromatography using n-pentane/EtOAc.

(S)-1-(4-(2,2,3,3,3-Pentafluoro-1-hydroxypropyl)phenyl)ethan-1-one (44a)
The product was synthesised according to the general procedure and
was isolated as white solid in 86% yield. 1H NMR (300 MHz, CDCl3):
δ = 7.94 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.1 Hz, 2H), 5.22 (dt, J = 16.3,
5.5 Hz, 1H), 3.57 (d, J = 4.7 Hz, 1H), 2.59 (s, 3H).

13

C{1H} NMR (75

MHz, CDCl3): δ = 198.6, 139.3, 137.9, 128.6, 128.3, 119.1 (qdd, J = 287.0, 36.1, 35.0 Hz),
113.1 (ddq, J = 261.3, 255.4, 35.9 Hz), 71.6 (dd, J = 27.9, 22.9 Hz), 26.8. 19F{1H} NMR (282
MHz, CDCl3): δ = -81.08 (s, 3F), -121.07 (d, J = 276.7 Hz, 1F), -128.90 (d, J = 276.7 Hz, 1F).
IR (neat, in cm–1): 3465, 2921, 1673, 1610, 1414, 1360, 1269, 1206, 1173, 1124, 1088, 1030,
1016, 963, 840, 794, 749, 723. HRMS m/z calcd. For C11H9F5NaO2 [M+Na]+ 291.0415,
found: 291.0415. []D20 = +22.00 (c 2.00 in EtOH), S, 90% ee. HPLC (IC-3, n-hexane/i-PrOH
= 98/2): tR(S) = 9.7 min, tR(R) = 10.4 min.

196

Chapter 7 – Experimental

(S)-1-(4-(2,2,3,3,4,4,4-Heptafluoro-1-hydroxybutyl)phenyl)ethan-1-one (44b)
The product was synthesised according to the general procedure and
was isolated as white/yellowish solid in >99% yield. 1H NMR (300
MHz, CDCl3): δ = 7.90 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 5.29
(dd, J = 17.9, 5.7 Hz, 1H), 4.13 (s, 1H), 2.56 (s, 3H). 13C{1H} NMR (75
MHz, CDCl3): δ = 199.1, 139.7, 137.7, 128.5, 128.5, 71.7 (dd, JC-F = 28.6, 22.6 Hz) 26.7. Note:
Two carbon atoms from the -CF2-CF3 group are not reported, due to low signal intensity and
overlap with other signals. 19F{1H} NMR (282 MHz, CDCl3): δ = -80.91 (dd, J = 10.5, 9.2 Hz,
3F), -117.29--118.49 (m, 1F), -124.03--126.82 (m, 3F). IR (neat, in cm–1): 3373, 1668,
1607, 1413, 1340, 1275, 1125, 1178, 130, 1113, 1090, 1013, 940, 846, 827, 786, 749, 688,
675. HRMS m/z calcd. For C12H9F7NaO2 [M+Na]+ 341.0383, found: 341.0379. []D20 = +18.75
(c 1.44 in EtOH), S, 92% ee. HPLC (IC-3, n-hexane/i-PrOH = 99/1): tR(S) = 16.7 min, tR(R)
= 18.3 min.

(S)-1-(4-(2-bromo-2,2-Difluoro-1-hydroxyethyl)phenyl)ethan-1-one (44c)
The product was synthesised according to the general procedure
and was isolated as white/yellowish solid in 98% yield. 1H NMR (400
MHz, CDCl3): δ = 7.97 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 5.10
(ddd, J = 9.9, 6.6, 4.4 Hz, 1H), 3.43 (d, J = 4.6 Hz, 1H), 2.61 (s, 3H).
13

C{1H} NMR (101 MHz, CDCl3): δ = 198.2, 139.4, 137.9, 128.4, 128.3, 123.9 (t, JC-F = 311.1

Hz), 78.1 (t, JC-F = 25.3 Hz), 26.9. 19F{1H} NMR (376 MHz, CDCl3): δ = -55.79 (d, J = 163.9
Hz, 1F), -59.11 (d, J = 164.4 Hz, 1F). IR (neat, in cm–1): 3278, 1658, 1607, 1427, 1410, 1360,
1324, 1300, 1279, 1245, 1202, 1190, 1152, 1125, 1113, 1098, 1018, 1000, 957, 870, 854,
824, 745, 722. HRMS m/z calcd. For C10H10BrF2O2 [M+H]+ 278.9827, found: 278.9821. []D20
= +13.68 (c 1.20 in EtOH), S, 88% ee. HPLC (ID-3, n-hexane/i-PrOH = 95/5): tR(S) = 8.0
min, tR(S) = 9.2 min.

(S)-1-(3-(2,2,2-Trifluoro-1-hydroxyethyl)phenyl)ethan-1-one (44d)
The product was synthesised according to the general procedure and
was isolated as white solid in 77% yield. 1H NMR (300 MHz, CDCl3): δ
= 8.07 (s, 1H), 7.99 (d, J = 7.8 Hz,1H), 7.71 (d,J = 6.3 Hz, 2H), 7.52 (s,
1H), 5.12 (q, J = 6.6 Hz, 1H), 2.98 (s, 1H) 2.63 (s, 3H). 19F{1H} NMR (376 MHz, CDCl3): δ =
197
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-78.35 (s, 3F). []D20 = +8.33 (c 1.68 in EtOH), S, 84% ee. Spectral data in agreement with
literature values.[185] HPLC (IC-3, n-hexane/i-PrOH = 98/2): tR(R) = 17.1 min, tR(S) = 19.0
min.

(S)-1-(4'-(2,2,2-Trifluoro-1-hydroxyethyl)-[1,1'-biphenyl]-4-yl)ethan-1-one (44e)
The product was synthesised according to the general
procedure and was isolated as white solid in 97% yield. 1H NMR
(300 MHz, CDCl3 ): δ = 8.03 (d, J = 8.5 Hz, 2H), 7.70 - 7.61 (m,
4H), 7.59 (d,J = 8.2 Hz, 2H), 5.11 (d, J = 6.7 Hz, 1H), 2.88 (s, 1H),
2.64 (s, 2H). 19F{1H} NMR (376 MHz, CDCl3): δ = -78.22 ppm. [α]
20 D = +26.74◦ (in EtOH). 13C{1H} NMR (101 MHz, CDCl3): δ = 198.1, 145.1, 141.2, 136.3,
134.1, 129.1, 128.2, 127.6, 127.4, 124.4 (q, JC-F = 282.1 Hz), 72.7 (q, JC-F = 32.0 Hz), 26.8.
[]D20 = +26.74 (c 1.72 in EtOH), S, 83% ee. IR (neat, in cm–1): 3386 (br), 2962, 1685, 1666,
1602, 1398, 1359, 1258, 1217, 1165, 1119, 1077, 1004, 959, 861, 842, 805, 772, 726. HRMS
m/z calcd. For C16H13F3NaO2 [M+Na]+ 317.0760, found: 317.0764. HPLC (IC-3, n-hexane/iPrOH = 97/3): tR(R) = 10.6 min, tR(S) = 11.6 min.

(S)-1-(4'-(2-Bromo-2,2-difluoro-1-hydroxyethyl)-[1,1'-biphenyl]-4-yl)ethan-1-one
(44f)
The product was synthesised according to the general
procedure and was isolated as white solid 94% yield. 1H NMR
(300 MHz, CDCl3): δ = 8.09 (d, J = 8.0 Hz, 2H), 7.79-7.66 (m,
6H), 5.21-5.13 (m, 1H), 3.51 (d, J = 3.6 Hz, 1H), 2.71 (s, 3H).
13

C{1H} NMR (50 MHz, CDCl3): δ = 198.2, 145.1, 141.0, 136.2,

134.6, 129.1, 128.7, 127.4, 127.3, 124.3 (t, JC-F = 311.1 Hz), 100.1, 78.3 (t, JC-F = 25.2 Hz),
26.8. 19F{1H} NMR (188 MHz, CDCl3): δ = -55.73 (d, J = 162.8 Hz, 1F), -59.06 (d, J = 162.7
Hz, 1F). IR (neat, in cm–1): 3278, 1664, 1604, 1516, 1396, 1363, 1307, 1269, 1235, 1201,
1184, 1155, 1121, 1093, 1006, 1001, 962, 947, 931, 906, 864, 850, 818, 796, 729. HRMS
m/z calcd. For C16H14BrF2O2 [M+H]+ 355.014, found: 355.014. []D20 = +19.09 (c 2.20 in
EtOH), S, 90% ee. HPLC (ID-3, n-hexane/i-PrOH = 95/5): tR(R) = 17.0 min, tR(S) = 19.8 min.
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7.8

Synthesis and Asymmetric Hydrogenation of Imines 48a-48d

Asymmetric hydrogenation attempts of imines 48a-d were done according to the same
procedure as for the screening of the simple trifluoroacetophenone substrates. The nonenantioselective synthesis and characterisation of the amines is described below.

(E/Z)-2,2,2-Trifluoro-N-(4-methoxyphenyl)-1-phenylethan-1-imine (48a)
4-Methoxyaniline (2.55 g, 20.7 mmol, 1.20 eq.) was added to a threeneck round-bottom flask equipped with a 10mL Dean-Stark trap and
a reflux condenser. THF (50 mL) was added to the flask and the trap
was filled. After the addition of 2,2,2-trifluoroacetophenone (2.4 mL,
17 mmol, 1.0 eq.) and p-toluenesulfonic acid monohydrate (90 mg,
0.52 mmol, 0.03 eq.) the mixture was refluxed overnight at 79 °C. The trap was removed,
molecular sieves (4 Å) and more 4-methoxyaniline (1.06 g) were added, and the mixture
was again refluxed overnight. The molecular sieves were removed, and brine (40 mL) and
EtOAc (40 mL) were added. The red organic layer was separated and dried with MgSO 4
and the solvents were removed at reduced pressure. The oil was purified by flash column
chromatography (n-hexane/EtOAc, v/v = 95/5 to 75/25 over 25 min) yielding the product
as an orange-yellow oil (1.59 g, 33% yield). It is unknown whether the (E) or (Z) isomer
was obtained. 1H NMR (300 MHz, CDCl3): δ = 7.50 – 7.32 (m, 5H), 6.89 – 6.69 (m, 4H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 157.9, 155.6 (q, JC-F = 33.6 Hz), 139.9, 130.9, 130.2,

128.9, 128.7, 123.5, 120.2 (q, JC-F = 278.9 Hz), 114.1, 55.4 ppm.

19

F{1H} NMR (376 MHz,

CDCl3): δ = -69.87 (s, 3F). Spectral data in agreement with literature values.[269]

(E/Z)-2,2,2-Trifluoro-N-1-diphenylethan-1-imine (48b)
In a 50 mL two-neck round-bottom flask equipped with a Dean-Stark trap
and a reflux condenser, a solution of trifluoroacetophenone (2.0 mL, 14.2
mmol, 1.0 eq.) in toluene (15 mL) was prepared. Aniline (1.82 mL, 19.9
mmol, 1.40 eq.) and p-toluenesulfonic acid monohydrate (74 mg, 0.42
mmol, 0.03 eq.) were added to the flask, the trap was filled with solvent and the mixture
refluxed at 130 °C for 40 h. After cooling to rt, brine (40 mL) and EtOAc (30 mL) were
added, the phases were separated and the organic layer dried with MgSO 4. The solvent
was removed under reduced pressure and the product purified by flash column
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chromatography (n-hexane/EtOAc, v/v = 90/10 to 60/40 over 32 min), yielding a yellow
oil (2.65 g, 75% yield). It is unknown whether the (E) or (Z) isomer was obtained. 1H NMR
(300 MHz, CDCl3): δ = 7.52 – 7.19 (m, 7H), 7.16 –7.05 (m, 1H), 6.83 (s, 1H), 6.81 (s, 1H).
13

C{1H} NMR (75 MHz, CDCl3): δ = 157.2 (q, JC-F = 33.6 Hz), 147.3, 130.4, 130.2, 128.9,

128.8, 128.7, 125.5, 120.7, 120.0 (q, JC-F = 279.2 Hz). 19F{1H} NMR (376 MHz, CDCl3): δ = 69.94 (s, 3F). Spectral data in agreement with literature values.[269]

(E/Z)-N-Cyclohexyl-2,2,2-trifluoro-1-phenylethan-1-imine (48c)
In a 50 mL two-neck round-bottom flask equipped with a Dean-Stark trap
and a reflux condenser a solution of trifluoroacetophenone (2.00 mL, 14.2
mmol, 1. eq.) in toluene (15 mL) was prepared. Cyclohexylamine (2.0 mL,
17.5 mmol, 1.2 eq.) and p-toluenesulfonic acid monohydrate (75 mg, 0.44
mmol, 0.03 eq.) were added to the flask. The Dean-Stark trap was filled with toluene and
the mixture was heated to 130 °C for 66 h. After cooling to rt, EtOAc (20 mL) and brine
(30 mL) were added, the phases separated, and the organic layer dried with MgSO 4. After
filtration the solvent was removed under reduced pressure and the crude product was
purified by flash column chromatography (n-hexane/EtOAc, v/v = 90/10 to 70/30 over 30
min) yielding a colourless oil (2.25 g, 62%). Unknown whether (E) or (Z) isomer was
obtained.1H NMR (300 MHz, CDCl3): δ = 7.46 (dd, J = 5.0, 2.0 Hz, 3H), 7.25 – 7.17 (m, 2H),
3.23 (hept, J = 9.5, 5.1 Hz, 1H), 1.73 (dd, J = 12.6, 3.6 Hz, 2H), 1.64 – 1.49 (m, 5H), 1.29 –
1.03 (m, 3H).

13

C{1H} NMR (75 MHz, CDCl3): δ = 156.2 (q, JC-F = 33.4 Hz), 131.0, 129.9,

128.9, 127.7, 120.0 (q, JC-F = 278.7 Hz), 61.3, 33.2, 25.5, 24.1.

19

F{1H} NMR (376 MHz,

CDCl3): δ = -71.12 (s, 3F).

(E/Z)-N-benzyl-2,2,2-trifluoro-1-phenylethan-1-imine (48d)
In a 50 mL two-neck round-bottom flask equipped with a Dean-Stark trap
and a reflux condenser, a solution of benzylamine (1.9 mL, 17 mmol, 1.2
eq.) and glacial acetic acid (0.98mL, 17 mmol, 1.2 eq.) in chloroform (15mL)
was prepared. Trifluoroacetophenone (2.0 mL, 14 mmol, 1.0 eq.) was then
added dropwise, the trap was filled with solvent and the mixture was then
refluxed at 80 °C for 23 h. The solvent was removed under reduced pressure and the
product was purified by flash column chromatography (n-hexane/EtOAc, v/v = 80/10 to
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50/50 over 23 min), yielding a colourless oil (4.41 g, 96% yield). 1H NMR (300 MHz,
CDCl3): δ = 7.73 – 7.50 (m, 3H), 7.50 – 7.19 (m, 7H), 4.70 (s, 2H). 13C{1H} NMR (75 MHz,
CDCl3): δ = 159.2 (q, JC-F = 33.8 Hz), 138.2, 130.4, 130.4, 129.1, 128.7, 127.8 127.7, 127.3,
119.9 (q, JC-F = 278.6 Hz), 57.0. 19F{1H} NMR (376 MHz, CDCl3): δ = -70.81 (s, 3F). Spectral
data in agreement with literature values.[270]

General procedure for the non-enantioselective synthesis of amines 49a-49d
To an oven dried Schlenk flask under a nitrogen atmosphere was added the imine (0.2
mmol) and dry THF (0.5 mL). NaBH4 (0.1 mmol) and dry MeOH (0.5 mL) were added and
the reaction mixture was stirred at rt. If full conversion was not observed within 5 h, the
mixture was heated to 50 °C and further NaBH4 (0.1 mmol) was added until full conversion
was reached. The reaction mixture was cooled to rt, added to an aqueous, saturated
NaHCO3 solution and EtOAc (10 mL) was added. The phases were separated and the
organic layer was dried over MgSO4, filtered and the solvent was removed under reduced
pressure. All amines were generally obtained as colourless oils in quantitative yield.

4-Methoxy-N-(2,2,2-trifluoro-1-phenylethyl)aniline (49a)
1

H NMR (300 MHz, CDCl3): δ = 7.45-7.32 (m, 5H), 6.74 (d, J = 8.7 Hz,

2H), 6.61 (d, J = 8.9 Hz, 2H), 4.86-4.76 (m, 1H), 4.15-4.01 (s, br, 1H),
3.72 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ = 153.4, 139.5, 134.3,
129.1, 128.9, 128.0, 125.2 (q, JC-F = 278.3 Hz 115.7, 114.9, 61.8 (q, JC-F
= 29.5 Hz), 55.7.

19

F{1H} NMR (282 MHz, CDCl3): δ = -73.99 (s, 3F). Spectral data in

agreement with literature values.[201]
N-(2,2,2-Trifluoro-1-phenylethyl)aniline (49b)
1

H NMR (300 MHz, CDCl3): δ = 7.54-7.37 (m, 5H), 7.19 (dd, J = 8.4, 7.5 Hz,

2H), 6.81 (t, J = 7.4 Hz, 1H), 6.68 (d, J = 7.8 Hz, 2H), 4.95 (quintet, J = 7.3 Hz,
1H), 4.36 (d, J = 6.9 Hz, 1H).

13

C1{1H} NMR (75 MHz, CDCl3): δ = 145.7,

134.2, 134.2, 129.5, 129.3, 129.1, 128.0, 125.2 (q, JC-F = 282.0 Hz), 119.4,
114.1, 60.7 (q, JC-F = 29.8 Hz). 19F{1H} NMR (282 MHz, CDCl3): δ = -73.92 (s, 3F). Spectral
data in agreement with literature values.[201]
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N-(2,2,2-Trifluoro-1-phenylethyl)cyclohexanamine (49c)
1

H NMR (300 MHz, CDCl3): δ = 7.41-7.36 (m, 5H), 4.27 (q, J = 7.7 Hz, 1H),

2.40 (td, J = 9.6, 3.6 Hz, 1H), 1.93 (d, J = 10.3 Hz, 1H), 1.77-1.51 (m, 5H),
1.22-1.05 (m, 5H). 13C{1H} NMR (75 MHz, CDCl3): δ = 135.5, 128.9, 128.8,
128.5, 125.8 (q, JC-F = 281.2 Hz), 61.6 (q, JC-F = 28.4 Hz) 53.9, 34.3, 32.8, 26.1,
25.1, 24.7. 19F{1H} NMR (282 MHz, CDCl3): δ = -74.19 (s, 3F). Spectral data in agreement
with literature.[271]

N-Benzyl-2,2,2-trifluoro-1-phenylethan-1-amine (49d)
1

H NMR (300 MHz, CDCl3): δ = 7.45-7.40 (m, 5H), 7.38-7.29 (m, 5H), 4.16

(q, J = 7.5 Hz, 1H), 3.85 (d, J = 13.4 Hz, 1H), 3.69 (d, J = 13.4 Hz, 1H), 2.05 (s,
1H). 13C{1H} NMR (75 MHz, CDCl3): δ = 139.1, 134.4, 129.2, 128.9, 128.8,
128.7, 128.3, 127.5, 125.6 (q, JC-F = 281.3 Hz), 63.5 (q, JC-F = 28.7 Hz), 51.1.
19

F{1H} NMR (282 MHz, CDCl3): δ = -73.85 (s, 3F). Spectral data in

agreement with literature.[271]
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7.9

N-Alkylation of Amines and Hydroboration and Dichloromethylation of

Styrene Derivatives
General procedure for the synthesis of amines 55a-55f
Into an oven-dried 5 mL crimp-cap vial was added [{RhH((S,RP)-J4)}2(-Cl)3]Cl (7d) (5 mg,
0.25 mol%) inside the glovebox. The crimp cap was closed, the vial then removed from
the glovebox and 4-fluoroaniline (125 mg, 1.10 eq.), the nitrile (1.00 eq.) and dry and
degassed AcOH (1.0 mL) were added to the vial through the septum of the cap. A thick
needle was placed in the septum to allow hydrogen uptake, and the vial was placed in a
stainless-steel reactor. After purging the reactor with nitrogen (8 bar, 3x) and hydrogen
(8 bar, 3x), the hydrogen pressure of 50 bar was applied and the reaction mixture was
stirred for 18 h. The hydrogen pressure was released and the reactor was purged with
nitrogen again (8 bar, 3x). α,α,α-Trifluorotoluene (10 µL) was added and the yields and
the product ratio were determined by quantitative 19F NMR. The crude product was then
purified directly by flash column chromatography using a mixture of n-pentane/EtOAc.
All products were isolated as colourless oils; only

19

F NMR yields were determined.

N-Benzyl-4-fluoroaniline (55a)
1

H NMR (300 MHz, CDCl3): δ = 7.47-7.33 (m, 5H), 7.01-6.93 (m, 2H),

6.68-6.61 (m, 2H), 4.38 (s, 2H) 3.45 (s, br, 1H).

19

F{1H} NMR (282

MHz, CDCl3): δ = -127.84 (s, 1F). Spectral data in agreement with
literature.[272]

4-Fluoro-N-phenethylaniline (55b)
1

H NMR (300 MHz, CDCl3): δ = 7.44-7.29 (m, 5H), 7.01-6.95 (m,

2H), 6.65-6.60 (m, 2H), 3.65 (s, br, 1H), 3.45 (t, J = 7.0 Hz, 2H),
3.00 (t, J = 7.0 Hz, 2H). 19F{1H} NMR (282 MHz, CDCl3): δ -127.92
(s, 1F). Spectral data in agreement with literature.[273]
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N-Ethyl-4-fluoroaniline (55c)
1

H NMR (300 MHz, DMSO-d6): δ = 7.43-7.26 (m, 4H), 3.57 (s, br, 1H),

3.25 (q, J = 7.3 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H). 19F{1H} NMR (282 MHz,
CDCl3): δ = -128.59. Spectral data in agreement with literature.[274]

4-Fluoro-N-propylaniline (55d)
1

H NMR (300 MHz, CDCl3): δ = 7.00-6.92 (m, 2H), 6.65-6.58 (m, 2H),

3.45 (s, br, 1H), 3.12 (t, J = 7.1 Hz, 2H), 1.71 (sextet, J = 7.2 Hz, 2H),
1.08 (t, J = 7.4 Hz, 3H). 19F{1H} NMR (282 MHz, CDCl3): δ = -128.53 (s,
1F). Spectral data in agreement with literature.[275]

4-Fluoro-N-isobutylaniline (55e)
1

H NMR (300 MHz, CDCl3): δ = 6.99-6.91 (m, 2H), 6.64-6.57 (m, 2H),

3.50 (s, br, 1H), 2.96 (d, J = 6.8 Hz, 2H), 2.04-1.86 (m, 1H), 1.06 (d, J =
6.7 Hz, 6H).

19

F{1H} NMR (282 MHz, CDCl3): δ = -128.66 (s, 1F).

Spectral data in agreement with literature.[276]

4-Fluoro-N-neopentylaniline (55f)
1

H NMR (300 MHz, CDCl3): δ = 6.99-6.90 (m, 2H), 6.66-6.59 (m, 2H),

3.45 (s, br, 1H), 2.92 (s, 2H), 1.07 (s, 9H).

19

F{1H} NMR (282 MHz,

CDCl3): δ = -128.74 (s, 1F). Spectral data in agreement with literature
values of the non-fluorinated analogue N-neopentylaniline.[277]
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General procedure for hydroboration and dichloromethylation of styrene 57
To an oven-dried 5 mL crimp-cap vial inside the glovebox was added the catalyst (2 mol%)
and solid reactants or additives. The crimp cap was closed, the vial then removed from
the glovebox and styrene 57, the solvent(s) and liquid additives were added to the vial
through the septum of the cap. The mixture was set to the desired temperature and stirred
for x h. The internal standard was added, and the quantitative yields and products ratios
were determined either by GC-MS or by 1H NMR spectroscopic analysis. Commercially
available compounds 58 and 59 were used for establishing the quantification method.
Compound 60 was synthesised according to the procedure below:

(4,4-Dichlorobutan-2-yl)bensene (60)
To a solution of N-chlorosuccinimide (3.21 g, 15.0 mmol, 1.50 eq.) in
dry DCM (20 mL) was added chlorodiphenylphosphine (1.31 mL, 15.0
mmol, 1.50 eq.) and the mixture was heated to reflux. 3-Phenylbutanal
(1.55 mL, 10.0 mmol, 1.00 eq.) was added dropwise to the mixture, which was stirred then
for 5 h at rt. The reaction mixture was adsorbed directly onto celite and purified by flash
column chromatography using n-hexane/EtOAc (v/v = 20/1) to give the product as
colourless oil (1.90 g, 62%). 1H NMR (300 MHz, CDCl3): δ = 7.43-7.27 (m, 5H), 5.42 (t, J =
6.8 Hz, 1H), 3.20-3.05 (m, 1H), 2.54 (dd, J = 7.7, 6.6 Hz, 2H), 1.39 (d, J = 7.0 Hz, 3H).
Spectral data in agreement with similar compounds.[278]
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Appendix

Appendix A: Additional Projects
1) Facile and Efficient Synthesis of 3‐Pyrimidinyl Oxindoles by Phase‐Transfer‐
Catalyzed Regioselective Nucleophilic Aromatic Substitution
F. Brüning, D. Katayev, A. Togni, Eur. J. Org. Chem. 2018, 31, 4256-4264.

Content
A highly regioselective method for the nucleophilic aromatic substitution of
2,4-dichloropyrimidine with N‐Boc‐protected 3‐substituted oxindoles was developed.
The reaction allows the formation of unsymmetrical all‐carbon quaternary centres at the
benzylic position of heteroaromatic scaffolds. This is especially relevant for potential
pharmaceutical applications considering that the pyrimidine motif has been recognised
as an important pharmacophore and is currently the second most commonly used
heteroaromatic ring in medicinal chemistry. The synthetic protocol is scalable,
operationally simple and requires only potassium carbonate and a phase-transfer catalyst
using THF as solvent. The reaction proceeds with perfect selectivity for the chloride at
the 4-position of the pyrimidine and various other heteroaryl chlorides, including
dichloropyridazine and activated chloropyridines. Furthermore, these reactions feature
high chemical yields and excellent functional group tolerance. The synthetic utility of the
pyrimidinyl oxindoles was shown by converting them into valuable heterocyclic building
blocks exploiting known reaction conditions. Finally, it was demonstrated that an
asymmetric variant is possible when using a chiral quaternary ammonium salt such as
N-benzylquinidinium chloride as phase-transfer catalyst, although the enantiomeric
excess was only 60%.
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2)

Difluoro(aryl)(perfluoroalkyl)‐λ4‐sulfanes

and

Selanes:

Missing

Links

of

Trichloroisocyanuric Acid/Potassium Fluoride Chemistry"
F. Brüning, C. Pitts, J. Kalim, D. Bornemann, C. Ghiazza, J. de Montmollin, N. Trapp, T.
Billard, A. Togni, Angew. Chem. Int. Ed. 2019, 58, 18937-18941.

Content
The TCICA/KF approach for the oxidative fluorination of heteroatoms has previously
been developed as simple, safe, and versatile method for the polyfluorination (or
chlorofluorination) of diaryl disulfides, diaryl diselenides, diaryl ditellurides and aryl
iodides. This work has addressed the reactivity of aryl(perfluoroalkyl)sulfanes and
selanes in the developing series of chalcogen-based substrates. Accordingly, the
synthesis of metastable difluoro(aryl)(perfluoroalkyl)‐λ4‐sulfanes and selanes was carried
out using TCICA, KF and catalytic amounts of TFA. The effect of the perfluoroalkyl chain
on

the

reactivity

was

investigated

and

the

first

difluoro(aryl)(perfluoroalkyl)‐λ4‐sulfanes

and

selanes

solid-state

were

structures

reported.

Thus,

of
the

compounds were characterised in detail in both solution via 19F, 1H, and 77Se NMR
spectroscopy and in the solid state via SC‐XRD. Additionally, we have been able to
estimate Hammett parameters for the SF2CF3 and SeF2CF3 groups by adapting an 19F NMR
approach. Finally, we provide preliminary evidence that difluoro(aryl)-(trifluoromethyl)‐
λ4‐sulfanes may act as fluorinating reagents for benzyl alcohol.
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Appendix B: Abbreviations and Acronyms
AcOH

Acetic acid

aq.

Aqueous

Ar
BAr

Aryl
F −
4

Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

Bn

Benzyl

Bu

Butyl

calcd.

Calculated

Bz

Benzoyl

CIP rules

Cahn-Ingold-Prelog rules

COD

Cycloocta-1,5-diene

Cy

Cyclohexyl

DCE

1,2-Dichloroethane

DCM

Dichloromethane

dioxane

1,4-Dioxane

DMF

Dimethylformamide

DMSO

Dimethylsulfoxide

EA

Elemental analysis

ee

Enantiomeric excess

e.g.

Example given / for example

equiv./eq.

Equivalents

Et

Ethyl

Et3N

Triethylamine

EtCN

Propionitrile

EtOAc

Ethyl acetate

EtOH

Ethanol

FCC

Flash Column Chromatography

GC

Gas chromatography

GC-MS

Gas chromatography – mass spectroscopy

h

Hour(s)

HFIP

1,1,1,3,3,3-Hexafluoro-propan-2-ol

HPLC

High performance liquid chromatography

HRMS

High resolution mass spectroscopy

Hz

Hertz

i

Pr

Isopropyl

IR

Infrared

IUPAC

International Union of Pure and Applied Chemistry

KF

Potassium Fluoride

Me

Methyl

MeCN

Acetonitrile
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MeOH

Methanol

NMR

Nuclear magnetic resonance

n

Bu

n-Butyl

ORTEP

Oak Ridge Thermal Ellipsoid Plot

p-TsOH

para-Toluenesulfonic acid

Ph

Phenyl

Pr

Propyl

R

Rest

rt

Room temperature

sat.

saturated

SC-XRD

Single crystal X-ray diffraction

t

Bu

Tertiary butyl

t

BuCN

Pivalonitrile

TCICA

Trichloroisocyanuric acid

TFA

Trifluoroacetic acid

TFAA

Trifluoroacetic anhydride

TFE

2,2,2-Trifluoroethanol

THF

Tetrahydrofuran

TLC

Thin layer chromatography

TMS

Tetramethylsilane

XRD

X-ray diffraction

Xy

3,5-Xylil
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Appendix C: Compound Numbering
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Appendix D: Crystallographic Data
[{RhH((S,RP)-J4)}2(-Cl)3]Cl

(7d)

CCDC

1992201

Crystal shape

block

Empirical formula

C100H155Cl5Fe2O4P4Rh2

Radiation

MoKα (λ=0.71073)

Formula weight

2039.88

2ϴ range/°

3.42 to 46.51

Temperature/K

100.0(2)

Index ranges

-15 ≤ h ≤ 15

Crystal system

triclinic

-15 ≤ k ≤ 15

Space group

P1 (1)

-21 ≤ l ≤ 21

a/Å

13.9041(4)

Reflections collected

48265

b/Å

13.9178(5)

Independent reflections

16193

c/Å

18.9410(7)

Rint = 0.0351

α/°

102.190(3)

Rsigma = 0.0380

β/°

96.263(3)

Data

γ/°

118.174(3)

Param.

Volume/Å3

3064.1(2)

Goodness-of-fit on F

Z

1

Final R indexes

wR2 = 0.1391

ρcalc g/cm3

1.105

[I≥2σ(I)]

R1 = 0.0578

μ/mm-1

0.697

Final R indexes

wR2 = 0.1423

F(000)

1074

[all data]

2.98/-0.44

Crystal size/mm3

0.37×0.35×0.18

Largest peak/hole /eÅ3

-0.001(11)

Crystal colour

clear orange

Flack parameter

/

Restraints

/ 16193/1642/1154
1.063

2

R1 = 0.0533
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[Rh(Cl)2H((S,RP)-J4)]

mononuclear form of 7d

CCDC

1910848

Crystal shape

Empirical formula

C50H77Cl2FeO2P2Rh Radiation

MoKα (λ=0.71073)

Formula weight

1001.76

2ϴ range/°

2.25 to 50.00

Temperature/K

100.15

Index ranges

-21 ≤ h ≤ 21

Crystal system

orthorhombic

-27 ≤ k ≤ 27

Space group

P212121 (19)

-33 ≤ l ≤ 33

a/Å

18.2439(14)

Reflections collected

100413

b/Å

23.4739(18)

Independent

21502

c/Å

28.521(2)

reflections

Rint = 0.1381

α/°

90

Rsigma = 0.1113

β/°

90

21502/262/1363

γ/°

90

Data

Volume/Å3

12214.3(16)

Param.

R1 = 0.0642

Z

4

Goodness-of-fit on F2

wR2 = 0.1388

ρcalc g/cm3

1.286

Final R indexes

R1 = 0.1021

μ/mm-1

0.691

[I≥2σ(I)]

wR2 = 0.1605

F(000)

5024

Final R indexes

1.43/-0.92

Crystal size/mm3

0.17×0.16×0.1

[all data]

0.004(16)

Crystal colour

orange

Largest peak/hole /eÅ3

/

Restraints

Flack parameter
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[RhCl((S,RP)-J4)}] 2

CCDC

(8)

1992205

Crystal shape

block

Empirical formula C100H152Cl2Fe2O4P4Rh2 Radiation

CuKα (λ=1.54184)

Formula weight

1930.61

2ϴ range/°

5.91 to 158.29

Temperature/K

100.0(1)

Index ranges

-17 ≤ h ≤ 17

Crystal system

hexagonal

-17 ≤ k ≤ 17

Space group

P6522 (179)

-90 ≤ l ≤ 114

a/Å

14.09850(10)

Reflections collected

200618

b/Å

14.09850(10)

Independent

11090

c/Å

89.7866(7)

reflections

Rint = 0.0974

α/°

90

Rsigma = 0.0317

β/°

90

11090/253/619

γ/°

120

Data

Volume/Å3

15455.7(3)

Param.

R1 = 0.0630

Z

6

Goodness-of-fit on F2

wR2 = 0.1771

ρcalc g/cm3

1.295

Final R indexes

R1 = 0.0656

μ/mm-1

6.190

[I≥2σ(I)]

wR2 = 0.1785

F(000)

6372

Final R indexes

2.11/-1.97

Crystal size/mm3

0.117×0.064×0.041

[all data]

0.004(2)

Crystal colour

clear
orange

/

Restraints

/ 1.560

brownish Largest peak/hole /eÅ3
Flack parameter
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[Rh((S,RP)-J6)2]Cl

(10)

CCDC

1992198

Crystal shape

plate

Empirical formula

C80H80ClFe2P4Rh

Radiation

MoKα (λ=0.71073)

Formula weight

1415.46

2ϴ range/°

3.33 to 54.00

Temperature/K

100.15

Index ranges

-25 ≤ h ≤ 26

Crystal system

orthorhombic

-19 ≤ k ≤ 19

Space group

P212121 (19)

-29 ≤ l ≤ 29

a/Å

18.2439(14)

Reflections collected

b/Å

23.4739(18)

Independent reflections 15752

c/Å

28.521(2)

Rint = 0.0334

α/°

90

Rsigma = 0.0404

β/°

90

Data

γ/°

90

Param.

1.061

Volume/Å3

12214.3(16)

Goodness-of-fit on F2

R1 = 0.0401

Z

4

Final R indexes

wR2 = 0.0997

ρcalc g/cm3

1.286

[I≥2σ(I)]

R1 = 0.0440

μ/mm-1

0.691

Final R indexes

wR2 = 0.1020

F(000)

5024

[all data]

1.20/-1.01

Crystal size/mm3

0.17×0.16×0.1

Largest peak/hole /eÅ3

-0.007(5)

Crystal colour

orange

Flack parameter
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[Rh(Br)2H((S,RP)-J2)]

mononuclear form of 11a

CCDC

1992202

Crystal shape

block

Empirical formula

C32H41Br2FeP2Rh

Radiation

MoKα (λ=0.71073)

Formula weight

975.01

2ϴ range/°

5.41 to 69.52

Temperature/K

100.0(1)

Index ranges

-14 ≤ h ≤ 16

Crystal system

monoclinic

-30 ≤ k ≤ 30

Space group

P21 (4)

-30 ≤ l ≤ 31

a/Å

10.56880(10)

Reflections collected

198534

b/Å

18.8675(2)

Independent

29723

c/Å

19.3927(2)

reflections

Rint = 0.0387

α/°

90

Rsigma = 0.0281

β/°

103.8750(10)

29723/36/829

γ/°

90

Data

Volume/Å3

3754.20(7)

Param.

R1 = 0.0247

Z

4

Goodness-of-fit on F2

wR2 = 0.0537

ρcalc g/cm3

1.725

Final R indexes

R1 = 0.0297

μ/mm-1

3.349

[I≥2σ(I)]

wR2 = 0.0547

F(000)

1948

Final R indexes

1.71/-0.52

Crystal size/mm3

0.199×0.122×0.059 [all data]

Crystal colour

clear amber

/

Restraints

/ 1.040

-0.0026(11)

Largest peak/hole /eÅ3
Flack parameter
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[Rh(Br)2H((S,RP)-J4)]

mononuclear form of 11b

CCDC

1992203

Crystal shape

block

Empirical formula

C50H77Br2FeO2P2Rh

Radiation

MoKα (λ=0.71073)

Formula weight

1090.67

2ϴ range/°

4.90 to 61.01

Temperature/K

100.0(1)

Index ranges

-15 ≤ h ≤ 15

Crystal system

orthorhombic

-26 ≤ k ≤ 26

Space group

P212121 (19)

-37 ≤ l ≤ 37

a/Å

10.72370(10)

Reflections collected

245347

b/Å

18.5288(2)

Independent

15955

c/Å

26.2829(3)

reflections

Rint = 0.0549

α/°

90

Rsigma = 0.0206

β/°

90

15955/12/586

γ/°

90

Data

Volume/Å3

5222.34(10)

Param.

R1 = 0.0178

Z

4

Goodness-of-fit on F2

wR2 = 0.0402

ρcalc g/cm3

1.416

Final R indexes

R1 = 0.0194

μ/mm-1

1.935

[I≥2σ(I)]

wR2 = 0.0406

F(000)

2315

Final R indexes

0.47/-0.39

Crystal size/mm3

0.186×0.124×0.065 [all data]

Crystal colour

clear dark red

/

Restraints

Largest peak/hole /eÅ3
Flack parameter
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[Rh(I)2H((S,RP)-J2)] mononuclear form of 12a

CCDC

1992204

Crystal shape

block

Empirical formula

C32H41FeI2P2Rh

Radiation

MoKα (λ=0.71073)

Formula weight

1068.99

2ϴ range/°

4.81 to 69.81

Temperature/K

100.0(1)

Index ranges

-15 ≤ h ≤ 17

Crystal system

monoclinic

-30 ≤ k ≤ 29

Space group

P21 (4)

-30 ≤ l ≤ 31

a/Å

10.70150(10)

Reflections collected

202216

b/Å

19.2159(2)

Independent

30833

c/Å

19.4709(2)

reflections

Rint = 0.0384

α/°

90

Rsigma = 0.0261

β/°

104.5060(10)

30833/37/832

γ/°

90

Data

Volume/Å3

3876.33(7)

Param.

R1 = 0.0255

Z

4

Goodness-of-fit on F2

wR2 = 0.0643

ρcalc g/cm3

1.832

Final R indexes

R1 = 0.0276

μ/mm-1

2.775

[I≥2σ(I)]

wR2 = 0.0651

F(000)

2092

Final R indexes

1.77/-2.35

Crystal size/mm3

0.189×0.091×0.068 [all data]

Crystal colour

black

/

Restraints

/ 1.048

-0.016(3)

Largest peak/hole /eÅ3
Flack parameter

235

Appendix

2,2,2-Trifluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36a)

CCDC

1992197

Crystal shape

block

Empirical formula

C16H10F3NO

Radiation

MoKα (λ=0.71073)

Formula weight

289.25

2ϴ range/°

4.46 to 52.91

Temperature/K

100.0

Index ranges

-11 ≤ h ≤ 11

Crystal system

monoclinic

Space group
a/Å
b/Å
c/Å

-13 ≤ k ≤ 13

P21/c (14)
9.430(2)
10.524(3)
13.340(3)
90

-16 ≤ l ≤ 16
Reflections collected

16826

Independent

2629

reflections

Rint = 0.0465

104.601(4)

Rsigma = 0.0313

β/°

90

2629/0/190

γ/°

1281.1(6)

Data

Volume/Å3

4

Param.

R1 = 0.0437

Z

1.500

Goodness-of-fit on F2

wR2 = 0.1029

ρcalc g/cm3

0.124

Final R indexes

R1 = 0.0689

[I≥2σ(I)]

wR2 = 0.1207

Final R indexes

0.25/-0.26

α/°

μ/mm-1
F(000)
Crystal size/mm3
Crystal colour
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0.23×0.22×0.21
pale yellow

/

Restraints

[all data]
Largest peak/hole /eÅ3

/ 1.068
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2-Bromo-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-one (36o)

CCDC

1992189

Crystal shape

needle

Empirical formula

C16H10BrF2NO

Radiation

MoKα (λ=0.71073)

Formula weight

350.16

2ϴ range/°

4.42 to 60.01

Temperature/K

100.0

Index ranges

-13 ≤ h ≤ 13

Crystal system

monoclinic

-15 ≤ k ≤ 15

Space group

P21/c (14)

-18 ≤ l ≤ 18

a/Å

9.458(2)

Reflections collected

26867

b/Å

10.858(2)

Independent

3887

c/Å

13.311(3)

reflections

Rint = 0.0288

α/°

90

Rsigma = 0.0180

β/°

103.152(3)

3887/0/190

γ/°

90

Data

Volume/Å3

1331.2(5)

Param.

R1 = 0.0255

Z

4

Goodness-of-fit on F2

wR2 = 0.0636

ρcalc g/cm3

1.747

Final R indexes

R1 = 0.0310

μ/mm-1

3.109

[I≥2σ(I)]

wR2 = 0.0663

F(000)

696

Final R indexes

0.55/-0.80

Crystal size/mm3

0.282×0.18×0.033

[all data]

Crystal colour

clear light yellow

Largest peak/hole /eÅ3

/

Restraints

/ 1.046
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(S)-2-Bromo-2,2-difluoro-1-(2-phenyl-1H-indol-3-yl)ethan-1-ol (38o)

CCDC

1910847

Crystal shape

needle

Empirical formula

C16H12BrF2NO

Radiation

CuKα (λ=1.54178)

Formula weight

352.18

2ϴ range/°

5.04 to 140.40

Temperature/K

100.0

Index ranges

-19 ≤ h ≤ 19

Crystal system

monoclinic

-9 ≤ k ≤ 9

Space group

P21 (4)

-21 ≤ l ≤ 21

a/Å

16.3368(7)

Reflections collected

59661

b/Å

7.4456(3)

Independent

8094

c/Å

17.8147(8)

reflections

Rint = 0.1090

α/°

90

Rsigma = 0.0588

β/°

100.154(3)

8094/1/565

γ/°

90

Data

Volume/Å3

2132.99(16)

Param.

R1 = 0.0391

Z

6

Goodness-of-fit on F2

wR2 = 0.0845

ρcalc g/cm3

1.645

Final R indexes

R1 = 0.0481

μ/mm-1

4.140

[I≥2σ(I)]

wR2 = 0.0884

F(000)

1056

Final R indexes

0.93/-0.56

Crystal size/mm3

0.213×0.027×0.022 [all data]

Crystal colour

clear colourless

/

Restraints

Largest peak/hole /eÅ3
Flack parameter
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(S)-1-(4'-(2-Bromo-2,2-difluoro-1-hydroxyethyl)-[1,1'-biphenyl]-4-yl)ethan-1-one
(44f)

CCDC

1992190

Crystal shape

plate

Empirical formula

C16H13BrF2O2

Radiation

MoKα (λ=0.71073)

Formula weight

355.17

2ϴ range/°

4.80 to 56.64

Temperature/K

100.0

Index ranges

-12 ≤ h ≤ 12

Crystal system

monoclinic

-11 ≤ k ≤ 11

Space group

P21 (4)

-21 ≤ l ≤ 21

a/Å

9.5841(4)

Reflections collected

44196

b/Å

8.7892(4)

Independent

6828

c/Å

16.4207(6)

reflections

Rint = 0.0388

α/°

90

Rsigma = 0.0357

β/°

93.366(2)

6828/1/384

γ/°

90

Data

Volume/Å3

1380.84(10)

Param.

R1 = 0.0188

Z

4

Goodness-of-fit on F2

wR2 = 0.0406

ρcalc g/cm3

1.708

Final R indexes

R1 = 0.0210

μ/mm-1

3.001

[I≥2σ(I)]

wR2 = 0.0418

F(000)

712

Final R indexes

0.38/-0.32

Crystal size/mm3

0.263×0.121×0.048

[all data]

0.019(5)

Crystal colour

clear
colourless

/

Restraints

/ 1.052

light Largest peak/hole /eÅ3
Flack parameter
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