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Abstract 
The topic of this thesis is the design and synthesis of biaryl-based self-

adaptable ligands for asymmetric metal catalysis. The results discussed in 
papers I-III are covered, together with some unpublished results concerning 
substrate-adaptable catalysts. A general survey of self-adaptable catalysts is 
presented first. 

The second chapter of this thesis starts with a survey of inversion barriers in 
biphenyl-based ligands and catalysts. Thereafter, the determination of barriers 
to conformational adaptation in dibenzoazepines and dibenzophosphepines is 
described. Palladium complexes with a diphosphine ligand or a diamine ligand, 
as well as the free diamine ligand, were studied. Entropies and enthalpies of 
activation were determined with variable temperature NMR spectroscopy. The 
mechanism of conformational change in the metal complexes was elucidated. 

The third chapter describes the synthesis of semiflexible and rigid 
phosphinite ligands, as well as their application in rhodium-catalysed 
asymmetric hydrogenation. Modest enantioselectivities (up to 63% ee) were 
obtained. The semiflexible ligand was found to behave like the most active 
rigid diastereomer. 

The fourth chapter describes the behaviour of amine and phosphoramidite 
ligands in model complexes relevant to the palladium-catalysed asymmetric 
allylic alkylation of benchmark substrates. Diphosphoramidite and amine-
phosphoramidite ligands were designed and synthesised. Pd(olefin) complexes 
of diamine and diphosphoramidite ligands were studied, and their symmetry 
determined. It was found that both types of ligands are able to adapt their 
conformation to the substrate. 
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Sammanfattning 
Ämnet för denna avhandling är design och syntes av biarylbaserade 

egenadaptiva ligander för asymmetrisk metallkatalys. Resultaten från 
publikationerna I-III behandlas, liksom opublicerade resultat rörande substrat-
adaptiva katalysatorer. Först presenteras en översikt över egenadaptiva 
katalysatorer. 

Andra kapitlet i avhandlingen börjar med en översikt över inversions-
barriärer hos bifenylbaserade ligander och katalysatorer. Därefter beskrivs 
bestämningen av barriärerna för en ändring av konformationen hos dibenso-
azepiner och dibensofosfepiner. Palladiumkomplex innehållande en 
difosfinligand eller en diaminligand, liksom den fria diaminliganden, 
studerades. Aktiveringsentalpier och -entropier mättes med VT-NMR-
spektroskopi. Mekanismen för konformationsändring hos metallkomplexen 
klargjordes. 

Tredje kapitlet beskriver syntesen av halvflexibla och rigida fosfinitligander, 
liksom deras tillämpning i rodium-katalyserad asymmetrisk hydrogenering. 
Måttlig enantioselektivitet (maximalt 63% ee) uppnåddes. Den halvflexibla 
liganden visade sig reagera på samma sätt som den mest aktiva rigida 
diastereomeren.  

Fjärde kapitlet beskriver beteendet hos aminligander och fosforamidit-
ligander i modellkomplex, som är relevanta för palladium-katalyserad 
asymmetrisk allylisk alkylering av olika standardsubstrat. Difosforamidit-
ligander och amin-fosforamiditligander designades och syntetiserades. 
Symmetrin hos Pd(olefin)komplex av diaminligander och difosforamidit-
ligander bestämdes. Det visade sig att båda ligandtyperna kan anpassa sin 
konformation efter substratet. 
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EXSY exchange spectroscopy 
hex hexanes, isomer mixture 
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1. Introduction 

1.1. The quest for the perfect catalyst 
A world without catalysis is difficult to imagine. Our modern lifestyle would 

of course be infeasible, founded as it is on the availability of advanced 
pharmaceuticals and food processing, cheap synthetic fertilisers and readily 
obtainable polymers. But catalysis is not exclusive to the industrialised world. 
Many traditional techniques, such as brewing beer or tanning leather, rely on 
enzyme catalysis. Ultimately one is forced to realize that the very processes of 
life are catalytic, meaning that a world without catalysis is a world without 
organic life.  

Catalysis not only makes life possible, but it also makes chemistry a fertile 
field of study, where daring imagination becomes reality through hard work. 
Every decade, new catalytic reactions are discovered. Every year, previously 
known reactions are improved: broader substrate scope, milder conditions, 
shorter reaction times, lower catalyst loadings, better functional group 
tolerance, fewer byproducts, better enantioselectivity, cheaper catalysts, and so 
on. Almost two hundred years of scientific progress have given us a synthetic 
toolbox that the early chemists could only dream about. However, the quest for 
the perfect catalyst is far from over. 

The perfect catalyst, if we briefly allow ourselves to imagine such a thing, 
would be to chemistry what a Turing machine is to mathematics: it is a 
hypothetical construct that faithfully and without flaws carries out a series of 
steps towards the solution of a problem. Our imaginary perfect catalyst would 
be able to recognize the reacting functional groups, no matter which 
environment they are situated in. It would bring the reacting molecules 
together, break and reform bonds with total control over selectivity, then 
release the product in order to be ready for another cycle. The ultimate dream, 
the holy grail of catalysis, would be a catalyst analogous to a universal Turing 
machine: a catalyst that can do the work of any perfect catalyst imaginable, a 
truly universal catalyst whose particular function is controlled by outer stimuli 
for any given situation. 

While these dreams are certainly far-fetched, they are not as purely hypo-
thetical as they may sound. For instance, all catalysts are able to catalyse at 
least two reactions: the desired reaction and the corresponding backward reac-
tion. Driving equilibriums by application of Le Chatelier’s principle is an old 
way of making the same catalyst do different things. Some catalysts have been 
found that can catalyse several steps in a sequential transformation, an ability 
which is currently being explored in multi-step one-pot reactions.1 Some 
catalysts, while not multi-functional, will reliably perform a specific reaction 
on almost any substrate, with good selectivity and functional group tolerance. 

However, for most well-studied reactions there are scores of catalyst systems 
available, none of them generally applicable; the art of synthetic chemistry 
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often lies in choosing the catalyst that will work best for the particular 
substrate at hand. A perfect catalyst, even with regard to a single reaction, is 
not an easy thing to achieve. The main difficulty is to reconcile the 
requirements of perfect selectivity for the products and perfect generality for 
the substrates. A measure of rigidity is necessary for regio- and 
stereoselectivity, while the infinite substrate scope of a perfect catalyst 
demands that the catalyst be flexible and adapt to both bulky and unhindered 
molecules. Some processes may have different steric or electronic demands for 
different steps of the catalytic cycle, again making it necessary for the catalyst 
to adapt itself. A perfect catalyst will in most cases have to be an adaptable 
catalyst. 

Catalyst adaptation is a useful tool not only for pursuing the dream of a 
perfect catalyst, but also for simplifying the synthesis of new and existing 
catalysts. This is the application most commonly seen in the literature. As this 
introduction winds down from lofty philosophical aims to actual laboratory 
achievements, it is here that I will start my survey of published self-adaptable 
catalysts. 

1.2. Semiflexible catalysts 
To simplify discussions in this thesis, a catalyst that contains at least one 

rigid and one flexible stereogenic element will be referred to as a semiflexible 
catalyst. It is possible to simply combine a rigidly chiral ligand with a flexible 
ligand at the same metal centre, which makes the complex as a whole 
semiflexible (Figure 1, type I). The rigid and the flexible stereoelements can 
also be incorporated in the same molecule – a semiflexible organocatalyst or a 
semiflexible ligand for metal catalysis (Figure 1, type II). Both of these 
concepts started to emerge in the 1990s. Some early examples of semiflexible 
ligands (type II) are the phosphite ligands by van Leeuwen2 and Reetz.3 
Vallée’s BINOL/biphenol hybrid glyoxylation catalyst4 and Mikami’s 
BIPHEP-based catalysts5 were among the first semiflexible catalysts of type I.  
The early development of semiflexible catalysts, particularly those of type I, 
has been extensively reviewed,6 so I will focus on the examples published after 
2003. I will start with some borderline cases, where the inversion of the 
flexible stereoelement is relatively slow and easily halted. 

 
Figure 1. Different types of semiflexible catalysts, where the wavy circle symbolizes 

flexibility while the chequered squares stand for rigidity. a) A metal catalyst with a flexible 
and a rigid ligand (Type I). b) A semiflexible organocatalyst (Type II). c) A metal catalyst 
with a semiflexible ligand (Type II). 
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1.2.1. Ligands whose flexibility is easily frozen out 
BIPHEP (1) is the biphenyl analogue of the hugely successful ligand BINAP 

(2). The properties of BIPHEP and its application in catalysis have been 
thoroughly explored by Mikami and coworkers, with some contributions from 
other groups. Unlike BINAP, rotation around the aryl-aryl bond in BIPHEP is 
not hindered enough to allow isolation of the pure enantiomers, meaning that a 
chiral coligand is needed. Most metal complexes of BIPHEP are however 
atropisomeric,* which on one hand necessitates equilibration to the most stable 
diastereomeric complex at high temperature, but on the other hand allows to 
remove the coligand at low temperature before the reaction. This essentially 
amounts to a dynamic reso-
lution of the BIPHEP complex, 
with the chiral coligand as 
auxiliary. The chiral complexes 
so formed do not formally fit 
my definition of semiflexible 
catalysts, but the practical 
similarities are so many that 
they deserve to be mentioned 
here. 

 BIPHEP complexes have proven successful as catalysts for a number of 
asymmetric reactions, for example the Pt-catalysed hetero-Diels-Alder 
reaction7 and the Au-catalysed intermolecular hydroamination of allenes.8 
Among the coligands utilised for resolution are amines,9 amides,10 dienes11 and 
phosphates.9 Doherty et al.  have synthesized BIPHEP analogues bearing fused 
ring substituents in the 4,5- and 4’,5’-positions (NU-BIPHEP, 3), and a Pt(NU-
BIPHEP) complex catalysed both the carbonyl-ene reaction and the Diels-
Alder reaction with excellent enantiocontrol.12 

The principle for generating an isomerically pure catalyst used above with 
BIPHEP and NU-BIPHEP – take a ligand where the different conformers are 
rapidly interconverting, form its metal complex, enrich one isomer under 
equilibrium conditions, then change the conditions so that equilibration 
becomes slow, and remove any auxiliaries – has also been applied with flexible 
ligands unrelated to BIPHEP. Gagné and coworkers have synthesized the 
Pd(II) complexes of prochiral diamines. The pyramidal inversion of nitrogen 
was halted by metal coordination, making the nitrogen atoms stereogenic. 
After  a dynamic resolution with BINOL, and subsequent removal of the diol 
auxiliary, the N-chiral complexes were applied in the Diels-Alder reaction, 
although only low ee (<25%) was obtained.13 

                                                           
* Atropisomeric is derived from the Greek words a (not) tropos (turn). An atropisomeric (atropos) 
compound possesses a formal single bond, around which rotation is hindered enough to allow 
chemical separation of the rotamers. Such separable rotamers are called atropisomers. A compound 
where the rotation barrier is too low for separation is  sometimes called tropos, particularly when 
comparing it to atropos analogues. See ref. 59b. 
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Scheme 1. The two diastereomers of a flexible  polymerisation catalyst. 

An achiral, but diastereoselective, example was recently reported by 
Cámpora et al.14 They have studied the Fe(II)-catalysed polymerisation of 
propene, using aryl-substituted diiminopyridine ligands. With suitable ortho 
substituents on the aryl group, the iron complex exists in two diastereomeric 
forms: one with CS symmetry and one with C2 symmetry (Scheme 1). The 
isomers slowly interconvert at room temperature, but are in most cases stable 
enough to be separable. The symmetry of the catalyst had previously been 
shown to be important when polymerisation of propene is catalysed by titano-
cene catalysts: a CS-symmetric catalyst gives syndiotactic polymer,15 while C2-
symmetric catalysts give rise to isotactic polypropene.16 These reactions take 
place with enantiomorphic site control, meaning that the catalyst completely 
controls the stereochemistry of monomer insertion. The iron-catalysed 
polymerisation of propene is mostly governed by chain-end control, that is, the 
stereochemistry of monomer insertion is mostly determined by the existing 
stereocenters in the growing polymer chain. Despite this, Cámpora was able to 
show that the C2 form of the complex 4 gives some extra preference for 
isotactic polymer, and that the CS form increases the amount of syndiotactic 
polymer.17 As the C2 and CS forms have different solubility, the desired 
diastereomer can be obtained by selecting the solvent for recrystallisation.  

1.2.2. Truly semiflexible catalysts of type I 
While the easily resolved catalysts from the previous subsection are both 

useful and interesting, there are also many instances of truly semiflexible 
catalysts reported in the literature. To begin with, BIPHEP-Rh-complexes 
retaining the chiral coligand have been applied in asymmetric hydrogenation18 
and cyclisation of 1,6-enynes.19 Mikami 
has also designed and synthesized an 
extended, tetradentate variant of BIPHEP 
(5). The Pd(DABN)-complex of this 
ligand was a selective catalyst for the 
carbonyl-ene-reaction,20 and the Rh-
(DABN)-complex outperformed BIPHEP 
in ene-type cyclisations.21  

Another modification of BIPHEP is the benzophenone-derived ligand 6, 
introduced independently by Mikami and by Ding. Like o,o’-disubstituted 

PPh2
PPh2

PPh2
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biphenyls, o,o’-disubstituted benzophenones adopt skewed, chiral confor-
mations in solution, but the barriers involved in conformational change are 
much lower  than for the corresponding biphenyls.22 So unlike BIPHEP, the 
ligand 6 gives rise to rapidly interconverting metal complexes. The 
Ru(6)(DPEN)(Cl2) complex was shown to give excellent selectivities in ketone 
hydrogenation, better than the corresponding BIPHEP or BINAP complexes.23 

For a rare example of a type I semiflexible catalyst that contains mono-
dentate ligands,  Reetz has combined  phosphites derived from biphenol (like 
8, see below, but with an achiral R-group) with phosphites derived from 
BINOL in Rh-catalysed asymmetric hydrogenation.24 

As a final example, Sibi’s pyrazolidinone additives 
containing a prochiral nitrogen atom (7) deserve mention. 
When these molecules were applied in the enantioselective 
Diels-Alder reaction, together with a chiral bisoxazoline and 
with metals that allow a coordination number of six, 
moderate to high selectivities were obtained. When metals 

that only allow four coordination sites were employed, enantioselectivities 
remained low, demonstrating that both ligands need to coordinate for the 
catalyst to be effective.25 

1.2.3. Semiflexible ligands and catalysts (type II) 
The most commonly used semi-

flexible ligands are based on the 
phosphite skeleton 8, with phosphor-
amidites 9 not being far behind. The 
phosphites are often derived from 
natural alcohols from the chiral pool, 
while the phosphoramidite syntheses 

generally rely on synthetic chiral amines. However, amines derived from 
amino acids have also been employed.26 These monodentate ligands have 
given excellent results in a wide range of enantioselective reactions. Alexakis 
and coworkers have explored the application of phosphoramidites in Cu-
catalysed conjugate additions,27 and the Iuliano group recently showed that 
phosphites give good selectivities in a Rh-catalysed version.28 Hartwig has 
reported an Ir-catalysed allylic amination.29 Other examples include 
hydrogenation of olefins,26,30 alkyl addition to aldehydes31 and hydrovinylation 
of dienes.32 In many cases, results using the semiflexible ligands were shown 
to be as good or better than the results obtained with the corresponding 
BINOL-derived ligands.  

Gennari and Piarulli have explored a library of phosphites 8 and phosphor-
amidites 9 for “combinatorial catalysis”, where two different semiflexible 
ligands were added to the reaction. This approach led to the discovery of 
several situations where the combined ligand system was more selective than 
any of the participating ligands alone.33 
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Mikami has reported a diphenylmethane-derived phosphoramidite 10, which 
outperformed BINOL- and biphenol-based analogues in asymmetric conjugate 
addition.34 Rosini and coworkers have synthesized the phosphoramidite 11, 
where the flexible stereogenic axis is located in the amine part rather than in 
the diol part. This ligand, while giving modest ee for benchmark substrates, 
proved to be rather selective in Michael addition to cyclopentadecenone, 
leading to a synthesis of (-)-muscone.35 Some unusual semiflexible phosphites 
also deserve mention: one by Hoppe, containing two oxazolines and a pendant 
sulphonamide,36 and one by Gennari and Piarulli, where the phosphite is 
attached to a Co-salen complex.37  

As these two latter examples show, there is no need to keep the phosphites or 
phosphoramidites monodentate; indeed, the earliest examples known are 
bidentate diphosphites, attaching two moieties like 8 to a chiral diol backbone. 
Such diphosphites, as well as phosphite-oxazolines and phosphite-
phosphoramidites, have proven useful as ligands in the Pd-catalysed 
asymmetric allylic alkylation. The topic was recently reviewed by Diéguez and 
Pàmies,38 who are responsible for most of the development work. Zhang et al. 
have reported a semiflexible phosphine-oxazoline for application in the same 
reaction.39 The phosphite-oxazolines by Diéguez and Pàmies have also been 
assessed in asymmetric Heck reactions40 and hydrogenations,41 with good 
results.  

1.2.4. Substrate-adaptable catalysts 
Up until now, we have quietly assumed that the flexible chiral element in a 

semiflexible catalyst adapts its conformation to that of the rigid part. While this 
is certainly true, there are other influences that may be important. For instance, 
the flexible ligand BIPHEP has been employed for asymmetric catalysis in a 
chiral solvent, though the selectivities were modest.42 Another possibly 
influencing group, much more closely attached to the working catalyst, is the 
substrate. A semiflexible catalyst may adapt its conformation to the substrate, 
resulting in a tighter fit between substrate and catalyst, and hopefully increased 
selectivities. This mechanism probably operates in many of the examples 
quoted above, although this is not discussed in the original literature.  

Ultimately, adaptation to the substrate results in a widening of the scope of 
the catalyst. The extraordinarily wide substrate scope achieved by Diéguez and 
Pàmies in the Pd-catalysed asymmetric allylic alkylation38a implies that their 
semiflexible ligands can adapt, forming a small chiral pocket for unhindered 
substrates, but giving more room to bulky substrates. Our group has studied 
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P
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semiflexible ligands 12 and 13 in the same reaction. While the catalysts formed 
were less selective than those used by Diéguez and Pàmies, careful mecha-
nistic studies revealed that our ligands are in fact capable of adapting their 
conformation to the substrate.43 

A particularly clear-cut example of substrate adaptation was reported by 
Mikami and coworkers. In the Ru-catalysed hydrogenation of 1-aceto-
naphtone, using S,S-DPEN as a chiral coligand, S-BINAP gave the matched 
diastereomer of the catalyst. For the more bulky 9-acetyl-anthracene, R-BINAP 
gave the matched catalyst. Both substrates were hydrogenated with good 
selectivity when the flexible benzophenone-derived diphosphine 6 was 
employed, rather than the rigid BINAP. 44 

Another example, though not catalytic, is Soloshonok’s semiflexible 
resolving agent for α-amino acids. This resolving agent contained a chiral 
carbon atom and a prochiral tertiary amine. In the diastereomeric complexes 
for resolution, the chirality of the amine was governed by the chirality of the 
amino acid. This means that two out of three stereocenters differed between the 
isomers, facilitating separation.45 

1.3. Catalysts adapting inside the catalytic cycle 
If the different steps in the catalytic cycle have sufficiently different steric or 

electronic requirements, an adaptable ligand may be necessary to perform the 
reaction. The most well-known class of ligands adapting to the steps of the 
catalytic cycle are the hemilabile ligands, containing both strong and weak 
donor atoms.46 While the strong donor remains firmly anchored to the metal, 
the weak donor can reversibly coordinate and decoordinate, which can be 
valuable in stabilising a low-valent intermediate in a reaction. For a recent 
example, reported by Willis, a Ru complex of the 
diphosphine-ether 14a was shown to catalyse the hydro-
acylation of methyl acrylate in good yield. Exchanging 
the oxygen atom for either sulphur (14b) or methylene 
(14c) resulted in inactive catalysts. Thorough mecha-
nistic evaluation of the reaction elucidated the precise 
role of the weak oxygen donor.47 The complete catalytic 
cycle is reproduced in Scheme 2. 
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Scheme 2. An example of the active role played by a hemilabile ligand during catalysis. 

A flexible bite angle was shown to lie behind the success of diphosphinite 15 
in the Pd-catalysed cycloisomerisation of 1,6-dienes. As reported by Fairlamb 
et. al., while many common bidentate phosphorus ligands gave poor activities 
and regioselectivities, the ligand 15 proved to be both active and selective. The 
proposed mechanism involves the cationic complex [Pd(15)H]+ as a resting 
state. This complex requires a large bite angle of the bidentate ligand for 
stabilisation. When the substrate is coordinated, a small bite angle would be 
preferable. The diphosphinite 15, due to its unique backbone, can 
accommodate both these demands (Scheme 3).48 

O
O

Ph2P
PPh2

O
PPh2

O
Ph2P

15-endo 15-exo
 

Scheme 3. The two backbone conformations of the diphosphinite 15. 

Glorius and coworkers pioneered the concept of flexible steric bulk in NHC-
ligands.49 In their ligand design they included saturated spirocycles, which can 
flip up and down to change the steric environment of the complexed metal 
(Scheme 4). Ligands of this type proved to be very effective in the Pd-
catalysed cross-coupling of sterically hindered substrates.50 Bertrand and 
coworkers later designed a cyclic (alkyl)(amino)carbene based on the same 
idea, bringing the flexible bulk of the cyclohexane ring even closer to the 
metal.51 Organ et al. reported that an isopentyl-substituted NHC gives better 
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N N

OO

N N

OO

N N

OO

   Scheme 4. Different conformations of a flexible NHC ligand. 

results in the cross-coupling of hindered substrates than the corresponding 
cyclopentyl-substituted NHC, a phenomenon which was attributed to the 
comparatively larger conformational freedom of the isopentyl group.52 Cavallo 
and coworkers recently presented a computational study on NHC-based 
metathesis catalysts, where they showed that flexibility and adaptation are key 
features of the standard NHC ligands studied.53 

Some further examples of catalysts that change their conformation during the 
catalytic cycle can be found in the concept article on “machine-like” catalysts 
by Swiegers et al. “Machine-like” catalysis is defined as catalysis where the 
rate of reaction is determined by the rate at which the catalyst mediates 
collision between the reactants. It turns out that in most machine-like catalysts, 
the collision of the reactants is accompanied or caused by a conformational 
change in the catalyst.54 

 

1.4. Aim of this thesis 
The aim of this thesis was to extend our understanding of biphenyl-based 

adaptable catalysts. The goal was to determine the rate of adaptation, to 
explore the factors that lead the catalyst to adopt a certain comformation, and 
to apply adaptable catalysts in asymmetric synthesis. 
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2. The rate of adaptation 
(Paper I) 

2.1. Background  
In order to properly design an adaptable catalyst, the rate of adaptation is an 

important parameter. If conformational change is required to take place as a 
pre-equilibrium to the rate-determining step of the catalytic cycle, the ligand 
needs to adapt rapidly. On the other hand, if the catalytic cycle is designed so 
that a certain step is to happen before the adaptable ligand changes confor-
mation, a slower adaptation would be desirable. 

X'
X

16

O
P

O
X X

17 18

X'
X'

X'
X'

 
2,2’-Disubstituted biphenyl moieties are among the most common structural 

elements in adaptable ligands,55 appearing both as a backbone for bidentate 
ligands (16) and as building blocks (17,18) in mono- or multidentate ligands. 
Given the prevalence of these ligands, it is not surprising that several studies 
regarding the rate of tropoinversion have been performed, both for the free 
ligands and for their metal complexes. In this section, I will attempt to give an 
overview of the available literature data. 

2.1.1. Biphenyl as a backbone 
The free energy barrier to tropoinversion for BIPHEP (16a, X=X’=PPh2) 

was determined to be 22 kcal mol-1, meaning that the ligand rapidly racemises 
at room temperature.56 A Pd(II)-BIPHEP complex containing R-DABN showed 
a markedly increased energy barrier, with tropoinversion observed only by 
heating to 353 K for 12 hours.57 The complex of BIPHEP with RuCl2((S,S)-
DPEN) shows slow tropoinversion at room temperature (diastereomer ratio 
goes from 1:1 to 3:1 in 3 h).5 DFT calculations revealed that tropoinversion in 
this complex proceeds through a dissociative mechanism, where one phosphine 
decoordinates prior to rotation around the aryl-aryl bond.58 Finally, the 
BIPHEP-Pt(II)-BINOLate complex has a free enthalpy barrier of 27 kcal 
mol-1.59 

Phosphine-amine ligands 16b (X=PPh2, X’=NMe2) and 16c (X=PCy2, 
X’=NMe2) invert their axial chirality with a barrier of 17.5 and 18.8 kcal mol-1, 
respectively. Again, a substantial increase in energy barrier was observed upon 
coordination to Pd(II): the palladium allyl complex with 16c has a barrier of 
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22.5 kcal mol-1.60 The diamine ligand 16d (X=X’=NH2), when 
complexed to the fragment Ru(benzene)Cl, was reported to 
undergo conformational inversion with a free energy barrier of 
16.0 kcal mol-1, and the corresponding Os complex with 15.6 kcal 
mol-1.61 The barriers to inversion in some tetradentate 
aminooxazolines (16e-g, see Table 1) have been determined to lie 
between 15.3 and 16.1 kcal mol-1.62 Bisoxazoline 16h (X=X’=4-

tert-butyloxazolin-2-yl) was reported to have an inversion barrier of 15.5 kcal 
mol-1.63 Biphenyl has even been used as the bridge in ansa-metallocenes (16i, 
X=X’=3,4-dimethylcyclopentadiene); the Ti(BINOL) complex of this ligand 
epimerizes completely after 48 h at 373 K.64 The diester 16j (X=X’=CH2OAc) 
was shown to have a barrier of 13 kcal mol-1.65 Also, a comprehensive study on 
how the steric bulk of the two ortho substituents influences the barrier to 
rotation of 6-phenyl-1,1-dimethylindans has been published,66 though few of 
the molecules included have any relevance as potential ligands or ligand 
analogues in asymmetric metal catalysis. 

A summary of the cited rate data can be found in Table 1. 
Table 1: Rate data for ligands with a biphenyl backbone. 
Ligand X X’ Coordinated 

to 
ΔG*(kcal 
mol-1) 

T (K) Ref 

16a PPh2  PPh2  22 398 56 
16a PPh2  PPh2 Pt(BINOL) 27a  59 
16b PPh2  NMe2  17.5 323 60 
16c PCy2  NMe2  18.8 323 60 
16c PCy2  NMe2 Pd(allyl) 22.5 293 60 
16d NH2 NH2 Ru(benzene)Cl 16.0 283 61 
16d NH2 NH2 Os(benzene)Cl 15.6 283 61 
16e R=tBub R=tBub  15.5 283 62 
16f R=Phb R=Phb  16.1 283 62 
16g R=tBub R=iPrb  15.3 283 62 
16h 4-tbutyloxazolin-2-yl  15.5 283 63 
16j CH2OAc CH2OAc  13 367 65 

a Free enthalpy value.  
 

b 
  

X'
X

16
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2.1.2. Phosphites and phosphoramidites 
Biphenol-derived ligands 17 display much lower 

tropoisomerisation barriers than ligands of type 16, as 
expected due to lower steric hindrance.  At low tempera-
tures, bulky phosphite 17a (see Table 2) exists as two dia-
stereomers with unequal energy. The free energy barriers 
for the two diastereomers were found to be 10.2 and 10.8 
kcal mol-1.67 Diphosphite 17b (X=2,2-dimethyl-propane-
1,3-diol, X’=tert-butyl (ortho) or MeO (para)) was 

reported to have a barrier of 10 kcal mol-1.68 Monophosphites derived from 
deoxycholic acid (17c, see Table 2) or cholic acid (17d, see Table 2) invert 
their axial chirality with a barrier of 15 kcal mol-1 and 18 kcal mol-1, 
respectively.69  The barrier to inversion in phosphites 17e (X=trans-2-phenyl-
cyclohexanol, X’=H) and 17f (X=9-phenylmenthol, X’=H) was shown to be 
8.5 kcal mol-1 in both cases.33a For phosphoramidite 17g (X=2,5-trans-
diphenylpyrrolidine, X’=H), when complexed to Rh(acac), the free energy 
barrier in toluene-d8 was determined to be 14.4 kcal mol (for the complex 
Rh(acac)17g2) or 14.5 kcal mol-1 (for the complex Rh(acac)17f17g). In DCM-
d2, the barrier for Rh(acac)17g2 was 13.0 kcal mol-1.70 

The cited data are summarized in Table 2. 
Table 2: Rate data for phosphites and phosphoramidites. 
Ligand X X’ Coord. to ΔG*(kcal 

mol-1) 
T 
(K) 

Ref. 

17a ORa tBu  10.2-10.8 231 67 
17b 2,2-dimethyl-

propane-1,3-diol 
tBu/ 
MeO

 10 203 68 

17c ORb H  15 – c 69 
17d ORd H  18 – c 69 
17e trans-2-phenyl-

cyclohexanol 
H  8.5 190 33a 

17f 9-phenylmenthol H  8.5 197 33a 
17g 2,5-trans-diphenyl- 

pyrrolidine 
H Rh(acac)17g 14.4e 320 70 

17g 2,5-trans-diphenyl- 
pyrrolidine 

H Rh(acac)17g 13.0f 290 70 

17g 2,5-trans-diphenyl- 
pyrrolidine 

H Rh(acac)17f 14.5e 310 70 

a  b  d 

   

 

 

 

 

c not given  e in toluene-d8  f in DCM-d2  

O
P

O
X

17

X'
X'

X'
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2.1.3. o,o’-Dimethylene-bridged biphenyls 
Rate data for tropoinversion in seven-membered heterocycles 

18 are available for several heteroatoms. Oxepine 18a (X=O) 
has a free energy barrier of only 9.2 kcal mol-1, while the barrier 
in thiepine 18b (X=S) is 16.1 kcal mol-1.71 The oxidized thiepine 
18c (X=SO2) shows a tropoinversion barrier of 18.2 kcal 
mol-1.72  

Regarding azepines, the barrier to inversion in ammonium salt 
18d (X=NMe2Br) was determined to be 13.4 kcal mol-1.72 The 

less sterically hindered amides 18e (X=NC(O)CHMeBr) and 18f 
(X=NC(O)CHMePh) have free energy barriers of 10.2 kcal mol-1 and 11.2 kcal 
mol-1, respectively.73 The inversion barrier in benzyl amine 18g (X=NCH2Ph) 
is mentioned in a review; it is reported to be 10.1 kcal mol-1.74 Some values for 
inversion barriers in dibenzodihydroazepine amines bearing methyl75 or 
cyano76 substituents on the benzylic carbon atoms are also available; they 
range from 12.8 to 13.9 kcal mol-1. Phosphepines are less studied, but 
phosphinites 18h (X=POMe) and 18i (X=POmenthyl) have tropoinversion 
barriers of 19.3 and 18.8 kcal mol-1, respectively, as reported by us. 77 

A summary of the cited data can be found in Table 3. 
Table 3: Rate data for dimethylene-bridged biphenyl ligands. 
Ligand X ΔG*(kcal mol-1) T (K) Ref. 
18a O 9.2 189 71 
18b S 16.1 315 71 
18c SO2 18.2 360 72 
18d NMe2Br 13.4 298 72 
18e NC(O)CHMeBr 10.2 213 73 
18f NC(O)CHMePh 11.2 222 73 
18g NCH2Ph 10.1 210 74 
18h POMe 19.3 298 77 
18i POmenthyl 18.8 298 77 

 
Two general trends can be seen in the data. First, more or bulkier substituents 

on the heterocycle generally gives higher tropoinversion barriers. The barrier 
in sulphone 18c is 2 kcal mol-1 higher than the one for sulphide 18b, and the 
presence of extra methyl or cyano substituents on either the nitrogen atom 
(18d) or the benzylic carbons raises the inversion barrier by 3-4 kcal mol-1, 
compared to amine 18g. Amide 18f, with its more bulky acyl group, has 1 kcal 
mol-1 higher barrier than 18e. This rule is further confirmed by the barriers to 
conformational inversion in the corresponding dibenzocycloheptadienes.72,78 
The phosphinites 18h and 18i are an exception, with the more bulky menthyl 
phosphinite 18i showing the lower barrier to tropoinversion.  

X

18



15 
 

 

Second, a heteroatom from the third row of the periodic table results in a 
higher inversion barrier for the heterocycle, compared to a heteroatom from the 
second row (18b vs. 18a in the chalcogen group, 18h and 18i vs. 18e, 18f and 
18g in the pnictogen group.) This observation can be explained as a special 
case of steric hindrance, as a larger atomic radius for the heteroatom forces the 
phenyl-phenyl bond to bend slightly more, resulting in a closer contact 
between the hydrogens at 6 and 6’ during the transition state of tropoinversion. 

At the beginning of this study, to the best of our knowledge, no study of 
inversion barriers had been performed on ligands of type 18 coordinated to 
transition metals. Because of our interest in self-adaptable ligands, we decided 
to study the dynamic behaviour of amines and phosphines of the general 
skeleton 18, both as free ligands and as Pd(II) complexes. 

2.2. Synthesis of model palladium complexes 
For this study, we initially designed model PdCl2 complexes 19 and 20. The 

PdCl2 fragment was chosen because the resulting complexes are normally 
stable, and because the chlorides were expected to be small enough to allow 
the formation of all possible diastereomers. The fragment also has high enough 
internal symmetry, so that the symmetry of the ligand will be the symmetry of 
the entire complex. 

P P

Pd

Cl Cl

N N

Pd

Cl Cl

19 20
 

The phosphorus (nitrogen) atoms are not stereogenic, so each complex has 
the potential for two diastereomers only, as shown in Scheme 5. One 
diastereomer has like chirality of the biphenyl axes, leading to overall C2 
symmetry for the complex. The other has unlike axial chirality for the two 
biphenyls, which gives overall CS symmetry.  

 

P P

Pd

Cl Cl

P P

Pd

Cl Cl

Scheme 5. The two possible diastereomers of complex 19. 

The synthesis of complex 19 is outlined in Scheme 6. Diphenic acid was 
reduced with LAH to dialcohol 21, which was brominated in boiling 
concentrated HBr. Dibromide 22 was reduced to hydrocarbon 23 with LAH. 
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The hydrocarbon was then lithiated with nBuLi in the presence of TMEDA, 
causing the dilithium salt 24 to precipitate. The salt was isolated under inert 
atmosphere, and reacted with bis(dichlorophosphino)ethane to give 
diphosphine ligand 25. Unfortunately, the diphosphine was obtained only in 
very low yield, as a minor component in a mixture of several different 
byproducts. Since the diphosphine 25 was expected to be sensitive to both 
moisture, oxygen and most common chromatography supports, no purification 
was attempted. The mixture was instead reacted immediately with a small 
amount of PdCl2(MeCN)2 in dry benzene. This caused the desired complex 19 
to precipitate as a white solid, in good yield based on PdCl2(MeCN)2.  

 

LAH
Et2O, reflux 1 hnBuLi, TMEDA

Et2O, RT, 20 h
Li

Li

23

22

Cl2P PCl2
hex, -78 °C to RT, 18 h

P P

25

P P

Pd

Cl Cl

19

benzene, RT, 22 h

PdCl2(MeCN)2

Br

Br

N

N

N

N

24

CO2H
CO2H

LAH

THF, reflux 24 h

21

OH

OH

HBr

ref lux 20 min

 
Scheme 6. Synthesis of complex 19. 

To obtain diamine complex 20, dibromide 22 was reacted with ethylene 
diamine in acetonitrile, using NEt3 as a base. This furnished diamine ligand 26 
in moderate yield. The ligand was then complexed to PdCl2 by reaction with 
PdCl2(MeCN)2 in dry benzene, which gave complex 20 as an orange 
precipitate. The synthesis is shown in Scheme 7. 
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Br

Br

22

H2N NH2
, NEt3

MeCN, 60 °C, 4 h
N N

26

N N

Pd

Cl Cl

20

benzene, RT, 22 h
PdCl2(MeCN)2

 
Scheme 7. Synthesis of ligand 26 and complex 20. 

Since we had already learned from the literature that an extra substituent 
might cause a substantial increase in barrier height, we wished to investigate 
whether our flexible ligands were actually coordinated to palladium during the 
process of conformational change, or if the inversion of axial chirality was 
preceded by a decoordination. This is particularly an issue with diamine ligand 
26, because amine ligands are known to coordinate only weakly to Pd(II). Our 
first attempt at resolving this question led us to design monodentate ligands 27 
and 27-d4. We envisioned that if ligand exchange takes place, it should be 
clearly visible on the 1H NMR spectrum of a sample of the complex PdCl2272, 
dissolved together with one equivalent of 27-d4. 

N N

D
D

D
D

27 27-d4  
Ligand 27 was obtained in good yield by refluxing dibromide 22 in a 

solution containing 40% MeNH2 in H2O, in the presence of NEt3. The 
deuterated dibromide 22-d4 was synthesised analogously with 22 (see Scheme 
6), but using LAD instead of LAH for the initial reduction. 27-d4 could then be 
obtained from 22-d4 as above, with excellent deuterium incorporation as 
observed in the 1H NMR spectrum. However, when reacting ligand 27 with 
PdCl2(MeCN)2 in either dry benzene or dry Et2O, no precipitate was formed. 
The residue formed by evaporating the solvent after the reaction was found not 
to be the desired complex, and mixing 27 with PdCl2(MeCN)2 in CDCl3 
directly in an NMR tube also gave no result. We suspect that the complex 
PdCl2272 is unstable, as it lacks the stabilizing effect from the chelate in 
complex 20. 
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We next turned our attention to the complex 28, 
with a pendant amine. This complex contains a 
six-membered chelate ring, while the chelate ring 
of complex 20 is five-membered. In the case 
where inversion takes place without previous 
decoordination, the size of the chelate ring should 
be irrelevant, since tropoisomerisation only 
affects this ring to a small extent. If tropo-
inversion is preceded by decoordination, the 
chelate ring becomes important to the process. 
However, for Pd(II), five- and six-membered 

chelate rings are expected to have similar stability,79 meaning that the 
probability of decoordination should be similar. Thus, complex 28 was deemed 
a suitable probe for the mechanism of tropoinversion. The details will be 
discussed in Section 2.4. 

 

N N

N

Pd
ClCl

28

N N

N

30

H2N NH2

NH2

29

PdCl2(MeCN)2

22, NEt3

MeCN, 60 °C, 24h

CDCl3, RT

 
Scheme 8. Synthesis of complex 28. 

The synthesis of 28 can be found in Scheme 8. Triamine 29 was obtained 
using a modified literature procedure.80 Reaction with dibromide 22 gave 
ligand 30 in low yield (with the major byproduct being a triamine where one 
amine has remained primary). Mixing 30 with PdCl2(MeCN)2 in CDCl3 gave, 
after 30 seconds of vigorous stirring, the desired complex 28. The complex was 
only moderately stable in solution, and Pd-black and/or a Pd mirror could 
always be observed after ca 10 hours. 

N N

N

Pd
ClCl

28
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2.3. NMR investigation of the phosphepine complex 
The 1H and 31P NMR spectra of diphosphine 

complex 19, recorded at room temperature, showed 
distinct signals for the two diastereomers. In other 
words, based on the chemical shift difference for 
the 1H and 31P NMR signals, the complex was in 
slow exchange on the NMR time scale.81 The 
aromatic region of the 1H NMR spectrum was not 

interpreted due to excessive signal overlap. The non-aromatic part of the 
spectrum is reproduced in Figure 2. Because the diastereomeric ratio was 4:1, 
signals could easily be assigned to the major or minor complex based on 
integrals. The integrals also indicated that the doublet at 2.07 ppm partly hides 
a doublet from the minor conformer, and that the doublet at 2.42 ppm 
completely hides another minor doublet. This interpretation was confirmed by 
the COSY spectrum: the signal at 2.42 ppm showed coupling both to the major 
doublet at 4.15 ppm and the minor doublet at 5.01 ppm. Also, the major 
doublet at 2.07 ppm coupled to the signal at 3.65 ppm, while the minor doublet 
at 2.04 ppm, that appears like a shoulder to the major signal, coupled to the one 
at 3.52 ppm. These eight doublets originate from the benzylic protons of the 
diphosphine ligand. To our surprise, no couplings to phosphorus were 
observed. 

1.01.52.02.53.03.54.04.55.0 ppm

1.
04

0.
19
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21

1.
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00
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24  

Figure 2: The nonaromatic region of the 1H NMR spectrum for complex 19 in CDCl3. 

 The protons of the ethylene bridge between the phosphorus atoms in the 
minor complex gave rise to two multiplets. This is what could be expected, 
because the four bridge protons are all magnetically inequivalent, though 

P P

Pd

Cl Cl
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chemically equivalent two-by-two. The corresponding signals from the major 
complex appear as broad singlets, probably due to dynamic movement in the 
five-membered chelate ring. COSY showed the expected couplings between 
the pairs of signals (2.52 and 1.33 ppm for the major complex; 1.80 and 1.62 
ppm for the minor complex).  

Next, NOESY/EXSY* measurements were performed on the complex 19. 
The spectrum shown in Figure 3 has mixing time 0.5 s. Again, only the 
nonaromatic part of the spectrum is shown. Red peaks are negative (NOE 
peaks) and black peaks are positive (exchange peaks).  

ppm
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Figure 3: The nonaromatic region of the NOESY/EXSY spectrum of complex 19. 

The NOE peaks of this region were found to be mostly identical with the 
COSY crosspeaks. In addition, an NOE effect between the benzylic proton 
resonating at 2.42 ppm and the bridge proton at 1.33 ppm was observed. Of 
particular interest, however, was the second NOE peak without a COSY 

                                                           
* The same pulse sequence is used in these two experiments. A compound with both exchange and 
NOE effects will thus show both in the same spectrum. 
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counterpart, the one between the 2.42 ppm and 2.07 ppm signals. This NOE is 
between benzylic protons situated on different carbon atoms, which is only 
possible in the C2-symmetric conformation. Based upon this observation, we 
assigned C2 symmetry to the major complex, and CS symmetry to the minor 
complex.  

The exchange crosspeaks tell a complicated tale, where each proton signal in 
one isomer is connected by exchange to two different proton signals in the 
other isomer. The reason for this lies in the fact that the two diastereomers have 
different symmetry. Both conformers possess one symmetry element, making 
the protons pairwise equivalent. When one of the biphenyl units inverts, the 
symmetry element changes from a C2 axis to a mirror plane (or vice versa). 
This causes two previously symmetry-equivalent protons to be exchanged with 
a pair of non-equivalent protons in the new isomer. For example, symmetry-
equivalent H1 and H1' exchange with non-equivalent H1 and H3', and 
symmetry-equivalent bridge protons H5 and H5' exchange with H5 and H6' in 
the new isomer. In this manner, all four different bridge proton signals (two 
signals for the CS complex and two for the C2 complex) are in chemical 
exchange with each other. The eight different benzylic signals (four from each 
isomer) become divided into two groups of four signals each (two from each 
isomer), where all signals within a group are connected by exchange. 

 

Figure 4. C2- (A) and Cs-symmetric (B) PdCl2 complexes.  

A limited VT NMR study was performed on the complex, raising the 
temperature from 298 K to 328 K. As only a very slight line broadening could 
be seen (less than 5 Hz for most peaks), we decided not to try to heat until 
coalescence, but rather to determine the barrier by inversion transfer.* 
Measurements were carried out every 5 degrees from 293 K to 313 K, and the 
barrier to conformational inversion was found to be: ΔH‡ = 19.8 ± 1.6 kcal 
mol-1, ΔS‡ = 5.1 ± 5.3 cal mol-1 K-1.  

As mentioned in Section 2.2, the free diphosphine ligand 25 was never 
obtained pure, preventing us from studying its dynamics. However, the 
activation enthalpy and entropy for the diphosphine complex 19 are close to 
those previously determined by us for two phosphinite ligands with the same 
biphenyl unit.77 It thus seems that coordination of the phosphorus lone pair to a 
palladium atom does not significantly impair the flipping process of the 
biphenyl . 

                                                           
* Performed by Dr. Zoltán Szabó 
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2.4. NMR investigation of the azepine ligands and complexes 
In contrast to the diphosphine complex 19, the 

diamine complex 20 is in fast exchange in room 
temperature, based on the 1H NMR shift difference. 
Only three nonaromatic proton resonances were 
observed in DCM-d2: two doublets for the benzylic 
protons at 4.92 and 3.44 ppm, and a singlet for the 
bridge protons at 2.97 ppm. These three signals 

correspond to the three groups of exchange-connected signals found for the 
diphosphine complex (see Section 2.3).  

A 1H NMR spectrum recorded at 180 K showed the complex in slow 
exchange, with separate signals from the C2 and CS isomers. The ratio of the 
two diastereomers was approximately 3:1. With the help of a COSY spectrum, 
all nonaromatic signals from the major complex and the benzylic signals from 
the minor complex could be assigned.  

To determine the barrier to conformational inversion, 1H NMR spectra 
covering the intermediate-exchange temperature range were recorded. 
Coalescence of the benzylic signals was observed at 250-252 K. Next, the 
lineshape of the benzylic signals was simulated82 every ten degrees in the 
temperature range from 238 to 298 K. Below coalescence, the signals from the 
major complex were used. A selection of observed and simulated lineshapes 
can be found in Figure 5. 

 
 
238 K  

 
 
258 K 

 
 
 
278 K 

 
 
 
298 K            

 
Figure 5. Benzylic signals from complex 20. Lower line: observed spectrum, upper line: 

simulated spectrum. The lowfield signal is shown on the left side,  and the right column 
shows the highfield signal (which partially overlaps with the signal from the bridge protons 
at low temperature) 

The rate constants obtained from the simulations of the two benzylic signals 
were separately used to determine the inversion barrier. Linear regression using 
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the Eyring equation gave, for the lowfield signal, ΔH≠ = 14.7 ± 0.8 kcal mol-1 
and ΔS≠ = 15.9 ± 3.0 cal mol-1 K-1. The high field signal yielded ΔH≠ = 14.7 ± 
1.0 kcal mol-1 and ΔS≠ = 15.7 ± 3.6 cal mol-1 K-1. Errors are from the least-
squares fit in both cases. These two sets of values are identical within 
experimental error. 

Free diamine ligand 26 has only two nonaromatic 
1H NMR signals at room temperature: one for the 
benzylic protons at 3.74 ppm, and one for the bridge 
protons at 3.21 ppm. Separate benzylic signals for the 
two isomers were observed already at 238 K. At this 
temperature, the two diastereomers were present in a 
1:1 ratio, and each isomer gave one benzylic signal. The lineshape of this 
signal was simulated every 20 degrees from 238 to 298 K (Figure 6). Linear 
regression of the rate data in an Eyring plot gave us the barrier to 
conformational inversion: ΔH≠ = 11.3 ± 1.6 kcal mol-1 and ΔS≠ = 0.8 ± 6.2 cal 
mol-1 K-1 (errors are from the least-squares fit).  

 238 K      278 K 

  258 K      298 K 
 

Figure 6. Benzylic signal from ligand 26. Lower line: observed spectrum, upper line: 
simulated spectrum. 

The lower barrier observed for free ligand 26, compared to complex 20, 
suggested that tropoinversion in complex 20 occurs while the ligand remains 
coordinated. The low activation entropy found for complex 20 also indicated 
that no bonds are broken to reach the transition state. These indications, on 
their own, are not enough to distinguish between the two mechanisms. To 
clarify whether tropoinversion in this type of complexes is preceded by 

decoordination or not, we studied the 1H NMR 
spectrum of complex 28.  

For this complex, several dynamic processes are 
possible. Inversion at the non-coordinated 
nitrogen atoms and conformational changes in the 
six-membered chelate ring are assumed to be 
rapid on the NMR time scale at room temperature. 
This leaves two basic processes to consider: the 
decoordination-recoordination of nitrogen to 
palladium, and the inversion of axial chirality of 

N N

26

N N

N

Pd
ClCl
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the biphenyl systems. Rapid metal-ligand exchange results in three equivalent 
ligand arms, but in case of slow exchange the rate of tropoisomerisation might 
be different for coordinated and free ligand arms. Moreover, recoordination to 
the same nitrogen atom might be more facile than coordination to the 
previously free arm, allowing inversion of nitrogen in the "coordinated" arm. 
This means we have to consider eight different situations (A-H, Table 4, page 
27), where each situation is expected to give rise to characteristic 1H NMR 
patterns.  

In the drawings of the different conformers of 
complex 28, hollow wedges denote a time-averaged 
binding to all three nitrogen atoms. Flatness denotes 
an average of the two low-energy skewed 
conformations of a biphenyl. In situation B, C and E-
H, the biphenyls of the coordinated arms are seen 
from the top, and those from the free arm are seen 
from the side. All chlorides have been omitted for 
clarity. 

The simplest 1H NMR spectrum possible for this complex occurs if all 
dynamic processes are rapid (A). The result is a complex with averaged C3v 
symmetry. The benzylic protons would give rise to a single 1H NMR resonance 
in this type of complex, like in the free ligand.  
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Slow metal-ligand exchange, combined with rapid inversion of configuration 

in all three biaryl units, results in a complex with averaged Cs symmetry. The 
benzylic protons in the free arm are all equivalent. If inversion of  the 
coordinated nitrogen atoms is slow (B), then in each of the coordinated arms 
the four benzylic protons are diastereotopic, though each is symmetry 
equivalent (enantiotopic) with a proton in the other coordinated arm. This gives 
a total of five different benzylic signals: four two-proton doublets and one 
four-proton singlet. On the other hand, if inversion at nitrogen is fast, even for 
the coordinated arms (that is, rapid decoordination – nitrogen inversion – 
recoordination of the same arm, but slow exchange with the free arm),  the 
benzylic protons are equivalent two-by-two in each of the symmetry 
equivalent, coordinated arms. Such a complex would give rise to three benzylic 
signals of equal intensity: two doublets and one singlet (C). 
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If instead slow tropoinversion is assumed, we will have to deal with multiple 

diastereomeric complexes in each situation, due to different combinations of 
axial chirality. For the case where metal-ligand exchange is rapid, there are two 
diastereomers (D). The homochiral isomer has C3 symmetry. Within each arm 
the benzylic protons are equivalent two-by-two, and the three arms are 
homotopic, resulting in a total of two doublets of equal intensity. The 
heterochiral isomer has C1 symmetry. The benzylic protons are equivalent two-
by-two for each arm, but the three arms are heterotopic, resulting in six 
doublets of equal intensity.  
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If configurational change, ligand exchange and 

inversion of coordinated nitrogen atoms all are slow, 
a total of four diastereomeric complexes with C1 
symmetry result (E). Two of these have homochiral 
coordinated arms, the difference being if the 
uncomplexed arm is homo- or heterochiral 
compared to the coordinated arms. In a situation 
with heterochiral coordinated arms, the central 

carbon atom is stereogenic, giving rise to two pairs of enantiomeric complexes. 
The benzylic protons in the coordinated arms are all inequivalent, but the 
protons of the free arm are pairwise homotopic. Each of the four complexes 
therefore gives a grand total of ten doublets,  where two doublets from each 
complex have twice the intensity of the other eight.  

If the free arm is allowed to invert its axial chirality rapidly, keeping the 
tropoinversion and the nitrogen inversion slow at coordinated arms, there will 
only be three diastereomeric complexes (F). In the complex with homochiral 
coordinated arms the central carbon atom is chirotopic but nonstereogenic, 
resulting in a single pair of enantiomers with C1 symmetry. The benzylic 
protons in the coordinated arms are still all inequivalent, but all four protons of 
the free arm are homotopic. The expected benzylic signals for such a complex 
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consist of eight doublets and one singlet, the singlet having four times the 
intensity of any one doublet. In the situation with heterochiral coordinated 
arms, the central carbon atom is achirotopic but stereogenic (pseudochiral83), 
thereby giving rise to two complexes, both with average Cs symmetry. This 
leads to the benzylic protons in the complexed arms becoming pairwise 
symmetry equivalent. As all benzylic protons in the free arm are equivalent, 
these two complexes each should give a total of four doublets and one singlet, 
with the singlet having twice the intensity of any one doublet. 
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Decoordination followed by rapid recoordination to 

the same nitrogen combined with slow metal-ligand 
exchange and slow tropoinversion of coordinated 
arms gives rise to two further situations, with slow 
(G) and rapid (H) inversion of the uncoordinated 
arm, respectively. In the former case four C1-
symmetric pairs of enantiomers are possible, each 
giving rise to six two-proton doublets, and in the 

latter case a pair of C1-symmetric enantiomers and two diastereomeric meso 
complexes, the former resulting in four doublets and one singlet and the latter 
in two doublets and one singlet. 
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Table 4. Dynamic processes in complex 28 and expected 1H NMR signals from benzylic 
protons.  

 
 
 

Metal-
ligand 
exchange 

Flip 
of 
coord. 
arms 

Flip 
of 
free 
arm 

Nitrogen 
inversion 
at coord. 
arms 

Complexes 
formed (coord. 
arms under-
lined when 
relevant) 

Point 
group 

Benzylic 
1H NMR 
signals 
expected 

A Rapid - Rapid - One C3v s (12 H) 
B Slow Rapid Rapid Slow One CS 

4 d (2 H), 
1 s (4 H) 

C Slow Rapid Rapid Rapid One CS 2 d (4 H), 
1 s (4 H) 

D 
Rapid  - Slow - aR*,aR*,aR*  C3 2 d (6 H) 

 aR*,aR*,aS*  C1 6 d (2 H) 
E 

Slow Slow Slow Slow 

aR*,aR*,aR*  C1 
8 d (1 H), 
2 d (2 H) 

 aR*,aR*,aS*  C1 
8 d (1 H), 
2 d (2 H) 

 aR,aS,R*,aR* C1 
8 d (1 H), 
2 d (2 H) 

 aR,aS, R*,aS*  C1 
8 d (1 H), 
2 d (2 H) 

F 

Slow Slow Rapid Slow 

aR*,aR*  C1 
8 d (1 H), 
1 s (4 H) 

 aR,aS,s  CS 4 d (2 H), 
1 s (4 H) 

 aR,aS,r CS 4 d (2 H), 
1 s (4 H) 

G 

Slow  Slow Slow Rapid 

aR*,aR*,aR*  C1 6 d (2 H) 
 aR*,aR*,aS*  C1 6 d (2 H)  
 aR,aS,R*,aR*  C1 6 d (2 H) 
 aR,aS, R*,aS* C1 6 d (2 H)  
H 

Slow Slow Rapid Rapid 

aR*,aR*  C1 
4 d (2 H), 
1 s (4 H) 

 aR,aS,s  CS 2 d (4 H), 
1 s (4 H) 

 aR,aS,r  CS 2 d (4 H), 
1 s (4 H) 

The spectrum observed for complex 28 at room temperature matched that of 
case B: There was only one diastereomeric complex. Five signals were 
observed from the benzylic protons: four doublets of equal intensity, and one 
singlet with twice the intensity of any one doublet. We concluded that metal-
ligand exchange is slow on the NMR time scale, but tropoinversion of the 
coordinated ligand arms is rapid. This unambiguously proves that inversion of 
axial chirality in complex 28 occurs while the amine is coordinated to 
palladium. The same mechanism can be assumed to operate in 20 and other, 
similar, complexes. 
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3. Semiflexible phosphinite catalysts  
(Paper II) 

3.1. Background 
Binaphthyl-based chiral phosphorus ligands have been extensively studied, 

with most of the efforts concentrated on derivatives of BINAP (2) and on  
BINOL-derived phosphites and phosphoramidites (31). Dinaphtho-
phosphepines (32), while less well-known, have also received a fair share of 
attention and exploration.  

PPh2

PPh2 P R
O

P
O

X

32a, X=R
32b, X=NR2

2 31, X=OR or NR2

 
Phosphepine ligands were first synthesized in 1994 by Gladiali, and applied 

in the rhodium-catalysed hydroformylation of styrene.84 Around the turn of the 
century, exploration began in earnest.85 The early ligands were mostly 
bidentate, including C2-symmetric diphosphine ligands designed by Zhang and 
applied in enantioselective hydrogenation,86 as well as the phosphepine-
azepine ligands for asymmetric allylic alkylation developed in our laboratory.87 

 The application of monodentate phosphine dinaphthophosphepines in 
asymmetric hydrogenation was explored by Beller and Gladiali.88 Such ligands 
have also been successfully used in transfer hydrogenation,89 allylation of 
carbonyl groups90 and cyclization of enynes.91 The ligands have been 
employed as organocatalysts in a pericyclic synthesis of piperidines,92 and 
furthermore as chiral auxiliaries in the synthesis of tertiary arsines.93 In 
addition to the phosphine ligands, aminophosphinites (32b) have been assessed 
in hydrogenation,94 and monodentate phosphines substituted at the benzylic 
carbons have been applied in hydrogenation, hydroboration and Suzuki-
Miyaura coupling.95 Reetz has incorporated some dinaphthophosphepines in a 
ligand library mostly consisting of BINOL-derived phosphites and 
phosphoramidites,96 and Börner has synthesized self-assembling ligands 
containing the dinaphthophosphepine moiety.97 A bidentate phosphine-olefin 
ligand for asymmetric conjugate addition has also been reported,98 as well as a 
set of C1-symmetric diphosphine ligands for hydrogenation.99 Both of the last 
quoted studies explored ligands containing one dinaphthophosphepine element, 
with the second donor attached to one of the benzylic carbon atoms. 
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We wished to explore semiflexible analogues of these 
ligands, based on the dibenzophosphepine skeleton 33. If 
the chirality of the substituent X can be reliably transferred 
to the biphenyl axis, the flexible skeleton 33 can replace 
the chiral, resolved binaphthyl moiety in 32, leading to 
simpler and cheaper catalysts. Thus, we designed and 
synthesised a variety of dibenzophosphepine ligands. Some 
of these ligands contained a second donor atom for metal chelation, while 
others were monodentate. The ligands were then applied in asymmetric 
transition-metal catalysis. 

A menthol-derived phosphinite and a chiral aminophosphinite were tested in 
the Ni-catalysed silaboration of cyclohexadiene, but unfortunately only 
racemic product was obtained.100 In cooperation with Pfaltz, a bidentate 
pyridyl-phosphinite was assessed in the Ir-catalysed hydrogenation of olefins, 
giving the product alkanes in good yields and poor to good enantio-
selectivity.101 Semiflexible analogues of our allylation catalysts were designed 
and investigated (Subsection 4.1.1).87b The stereochemical properties of  
semiflexible and rigid phosphinite ligands were also investigated, as well as 
their application in rhodium-catalysed asymmetric hydrogenation. This will be 
the main topic of this chapter.  

3.2. Synthesis of the phosphinite ligands 
The key intermediate in our ligand synthesis was chlorophosphine 34, which 

was synthesised according to the procedure published by Beller (Scheme 9).94 
Enantiopure (R)-BINOL was allowed to 
react with trifluoromethylsulfonic an-
hydride in pyridine. The resulting triflate 
was subjected to a nickel-catalysed Kumada 
coupling with MeMgBr, which gave the 
hydrocarbon 37. The hydrocarbon was 
lithiated with nBuLi/TMEDA, and the 

precipitated lithium salt (38) was reacted with (diethylamino)phosphorus 
dichloride, which yielded the aminophosphinite 39. This compound was 
transformed into chlorophosphine 34 by bubbling dry HCl gas through the 
reaction mixture. The tropos analogue of 34, the chlorophosphine 35, was 
obtained in the same way, starting from biphenol.* 

                                                           
* All reactions and most NMR studies involving tropos ligands were performed by Raivis 
Zalubovskis. 

P X

33

P Cl P Cl

34 35
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Scheme 9. The synthesis of our key intermediates. 

The chlorophosphines were very reactive towards nucleophiles, and 
therefore also extremely moisture-sensitive. While they readily reacted with a 
variety of alcohols to form a range of phosphinites (Figure 7), reaction with 
water proved to be even more facile. All reagents and apparatus had to be 
rigorously dried, and most of the manipulations of the chlorophosphines, as 
well as of the phosphinite ligands, were performed in a nitrogen-filled 
glovebox. Additionally, the condensation reaction between chlorophosphine 
and alcohol had to be performed in the presence of a base, because the released 
HCl would otherwise have degraded the product phosphinite. nBuLi was found 
to give a clean reaction. 

 

P OR OR = OMe
O O O

Ph O

40 40a 40b 40c 40d 40e  
Figure 7. The five different tropos phosphinites included in the study. 

To help elucidating the dynamic behaviour of menthyl phosphinite 40b, two 
atropos phosphinites were synthesized (Scheme 10). Chlorophosphine 34 was 
added to either D- or L-menthol in the presence of nBuLi, which furnished the 
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diastereomeric ligands aR-D-41 and aR-L-41, respectively, in moderate yields. 
aR-L-41 is the rigid equivalent of the aR-form of 40b, while aR-D-41 is the 
rigid pseudo-enantiomer of the aS-form of 40b. 

P Cl

P O

P O

nBuLi, L- or D-menthol

THF, 0 °C, 90 min

34

aR-L-41

aR-D-41

 
Scheme 10. Synthesis of the two diastereomeric atropos ligands. 

3.3. Comparison of atropos and tropos phosphinite ligands 

3.3.1. NMR investigation of the free ligands 
For the rigid ligands 41, only one diastereomer is expected to form in each 

reaction, as the phosphorus atom is not a stereogenic center. This was 
confirmed by 1H and 31P NMR. The flexible ligands 40b-e were obtained as 
mixtures of two diastereomers according to 1H and 31P NMR, in ratios not 
exceeding 3:2. This demonstrated that tropoinversion was slow on the NMR 
time scale. Methanol-derived phosphinite 40a gave only one 31P NMR signal, 
as the tropoisomers are enantiomers rather than diastereomers. The observation 
of four 1H NMR signals from the four benzylic protons proved that 
tropoinversion, as well as pyramidal inversion at phosphorus, were slow on the 
NMR time scale. 

Comparison of the NMR signal patterns for aR-D-41 and aR-L-41 with those 
of the two tropoisomers from 40b allowed assignment of the latter (see Table 
5). Of particular interest is the methine proton from the isopropyl group, H8. 
According to molecular models, in the aR-L (or aS-D) diastereomer, this proton 
is situated directly above an aromatic ring. This means that the signal from this 
proton ought to be shifted more upfield, compared to the same proton in the 
aR-D (aS-L) diastereomer. This can indeed be observed, comparing the 
chemical shift of H8 in aR-L-41 and aR-D-41. On the basis on this observation, 
we assigned aR-L conformation to 40bI, and aS-L to 40bII. The other selected 
proton signals shown in Table 5 (H1 is the proton on the carbon directly bonded 
to the oxygen, and HA to HD are the benzylic signals from lowfield to 
highfield) all confirmed this assignment, with each signal being shifted up- or 
downfield according to the pattern established in the rigid diastereomers. It is 
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worthy of note that the shift difference for a proton in 41 is always larger than 
the corresponding shift difference for 40b, probably  a consequence of the 
extended aromatic system in 41. 
Table 5: Selected 1H NMR shifts in ppm. 
compound H8 H1 HA HB HC HD

40bI 1.90 (dsept) 3.42 (dq) 2.87 (dd) 2.71 (d) 2.54 (d) 2.36 (dd) 
40bII 2.24 (dsept) 3.44 (dq) 2.90 (dd) 2.74 (d) 2.58 (d) 2.37 (dd) 
aR-L-41 1.81 (sept) 3.40 (dq) 3.02 (dd) 2.80 (d) 2.48 (d) 2.34 (dd) 
aR-D-41 2.33 (dsept) 3.46 (dq) 3.08 (dd) 2.90 (d) 2.61 (d) 2.44 (dd) 

Comparison of the 31P signals from aR-D-41 and aR-L-41 with those from the 
diastereomers of 40b allowed assignment of these signals. Integrals could not 
be used, because the diastereomeric ratio for 40b was only 1:1.02 according to 
31P NMR. 

3.3.2. Rhodium-catalysed asymmetric hydrogenation 
The phosphinite ligands, both semiflexible ligands 40b-e and rigid ligands 

41, were evaluated in the Rh-catalysed asymmetric hydrogenation of α-
acetamidocinnamate, as shown in Scheme 11. A ligand:metal ratio of 2:1 was 
used in all cases. It was established that aR-D-41, while being the most active 
diastereomer, was less selective. Full conversion to product was reached after 
30 minutes, but with a modest enantioselectivity (48%). The diastereomer aR-
L-41 afforded the product in 63% ee, but a full hour was required to reach 
complete conversion. Both rigid ligands gave products with the same absolute 
configuration (S), demonstrating that the chirality of the product is governed 
by the biaryl part of the ligand. 

NHAc

CO2Me Rh(COD)2BF4, L, H2

MeOH, RT NHAc

CO2Me

 
Scheme 11. Rhodium-catalysed hydrogenations. 

The semiflexible ligands 40 were necessarily used as mixtures of 
diastereomers. Because each Rh ion coordinates two phosphinite ligands, 
theorerically three complexes can be formed: two homocomplexes, where the 
two flexible ligands have the same axial chirality, and one heterocomplex, 
where they have different axial chirality. No heterocomplexes could be 
observed in the 31P NMR of the precatalysts, only the two homocomplexes. 
Adding more than two equivalents of ligand resulted in appearance of the 
signals from free ligand, which showed that ligand exchange was slow on the 
NMR time scale. This precluded the explanation that the simple spectrum 
observed was a result of rapid ligand exchange. Also, the 1:1:1 mixture of 
Rh(COD)2BF4, 40b and 40c gave rise only to the previously observed 
complexes. No new signals from any mixed Rh(40b)(40c) complex appeared. 

This unexpectedly selective complexation behaviour of our ligands enabled 
us to calculate the expected ee of the product from the reaction employing 40b.  
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We assumed that the diastereomers of 40b give rise to the same selectivities as 
the corresponding diastereomers of 41, meaning that aR-L-40b should give the 
product in 63% ee (S), and aS-L-40b should give 48% ee (R). We also assumed 
that the catalyst derived from aS-L-40b would be twice as active as its 
diastereomer, as had been observed for the diastereomers of 41. Taking into 
account the ratio between the diastereomers (aR:aS 1:1.45 in the precatalyst, 
according to 31P NMR), we would expect to obtain the product in 27% ee (R). 
The ee observed in this reaction was 41% (R), which is close to what would 
result from using pure aS-L-41. The ligand 40 also turned out to be somewhat 
less active as a catalyst than either isomer of 41, requiring 2 hours to reach full 
conversion. 

We conclude that no benefits are obtained from incorporating a flexible 
stereoelement, because in this particular catalyst system the most active 
diastereomer is the least selective. 
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4. Substrate-adaptable catalysts  
(Paper III) 

4.1. Background 

4.1.1. Palladium-catalysed asymmetric allylic alkylation using amine-
phosphine ligands 

Our interest in substrate-adaptable catalysts traces back to a project about 
differentiating between the steric and electronic influences of the catalyst on 
enantioselectivity. The reaction studied was the Pd-catalysed asymmetric 
allylic alkylation (Scheme 12).  

O

O
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MeO OMe

O O+ Pd, ligand *
OMe

O

MeO

O

O

O

MeO OMe

O O+ Pd, ligand *
OMe

OO

MeO

43

    Scheme 12. Pd-catalysed allylic alkylation of the substrates 42 and 43. 

The ligands 44 and 45 were chosen as suitable probes. They are sterically 
symmetric (44 pseudo-C2, 45 pseudo-CS), but the symmetry is broken by the 
presence of two different donor atoms. This allows the study of to what extent 
the enantioselectivities can be governed by electronic factors, in a situation 
where both allylic termini experience essentially the same steric hindrance. It 
also allows a comparison between the two different steric symmetries. 

In the alkylation of 1,3-diphenyl-2-propenyl acetate (42), ligand 44 was 
found to be both active and selective, affording the product quantitatively with 
98% ee (S) after 6 hours. Ligand 45, on the other hand, required 72 hours to 
reach 95% yield, and the product was only obtained with 37% ee (R). When 3-
cyclohexenyl acetate (43) was employed as a substrate, ligand 45 proved to 

N P

44

N P

45
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give the best catalyst. After 24 hours, 70% conversion was reached, and the 
product was formed with 26% ee (R). While these values are certainly modest, 
ligand 44 performed even worse: only 40% conversion and 12% ee (R) after 24 
hours.87a The conclusion was that the linear substrate 42 requires a pseudo-C2-
symmetric catalyst, while the cyclic substrate 43 is the substrate best suited to 
a pseudo-CS-symmetric environment. 

To widen the substrate scope of our ligands, semiflexible ligands 12 and 13 
were designed and synthesised. Ligand 12 can switch the chirality of its 
phosphorus side, forming analouges of both 44 and 45. Ligand 13 has a 
flexible nitrogen side, enabling it to switch between analogues of 44 and the 
enantiomer of 45. It was hoped that these ligands would adapt their steric 
symmetry to the substrate, resulting in a catalyst that would be selective in the 
alkylation of both linear and cyclic substrates. For the linear substrate 42, no 
benefits from substrate adaptation could be observed in the catalytic results. 
Ligand 12 gave the same ee as that obtained using a 1:1 mixture of 44 and 45, 
and the ee resulting from employing ligand 13 was not higher than that 
expected from a 1:1 mixture of 44 and ent-45.87b In the allylic alkylation of 
cyclic substrate 43, semiflexible ligand 13 afforded almost the same ee (20% 
S) as ent-45, as could be expected from the observation that for this substrate, 
45 gives a more active catalyst.43  

After these disappointing results, we wanted to find out if our ligand design 
was fundamentally flawed, or if it could be modified to afford effective 
adaptable catalysts. To elucidate if the ligands 12 and 13 are able to adapt their 
conformation to a coligand such as the substrate, we studied both Pd(II) allyl 
complexes and Pd(0) olefin complexes of model ligands. In the Pd-catalysed 
asymmetric alkylation of symmetrically substituted allyls, such as substrates 
42 and 43, the stereodetermining step is the nucleophilic attack.102 This step 
transforms a Pd(II) complex of the starting allyl into a Pd(0) complex of the 
product olefin (Scheme 13). Thus, both Pd(allyl) and Pd(olefin) complexes can 
be expected to yield valuable information on the reaction mechanism. 

Scheme 13.The stereodetermining step in alkylation of symmetrically substituted allyls. 
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4.1.2. Pd(allyl) complexes with diamine ligands 
For the mechanistic studies, it was 

decided to employ diamine ligands 46, 47 
and 26. They are more stable than the 
corresponding phosphine-amine ligands, 
and their NMR spectra are easier to 
interpret due to symmetry. 

As observed by 1H NMR, a single com-
plex was formed from the reaction of C2-
symmetric ligand 46 and bis[(η3-cyclo-
hexenyl)PdCl]. This complex was devoid 
of symmetry, as expected, and gave three 
different signals for the three allylic 
protons. CS-symmetric 47, reacting with 
the same Pd(allyl) precursor, also resulted 
in a single complex. The 1H NMR 
spectrum for this complex indicated that it 
is CS-symmetric. Only one signal was 
observed for the terminal allyl protons, 

and the methylene protons of the diamine ligand were seen to be pairwise 
equivalent. 

When bis[(η3-1,3-diphenylpropenyl)PdCl] was used as a precursor, ligand 47 
again yielded a single, symmetrical species. The coupling constant between the 
central allylic and terminal allylic 1H NMR signals indicated that the allyl 
fragment had a syn,syn configuration. The same Pd(allyl) precursor together 
with ligand 46 gave rise to two complexes, both of them C1-symmetric. 
Coupling constants indicated that the major complex had a syn,syn allyl 
system, while in the minor complex the allyl configuration was syn,anti. 

The flexible ligand 26 gave allyl complexes similar to those obtained with 
CS-symmetric ligand 47. Exchanging the counterion for the chiral counterions 
TRISPHAT103 or BINPHAT104 confirmed that the flexible ligand had indeed 
adopted CS symmetry.* A minor complex with a syn,anti allyl configuration 
was also obtained when using the 1,3-diphenylpropenyl precursor. It was not 
possible to determine the conformation of the diamine ligand in this complex. 

4.2. Pd(olefin) complexes with diamine ligands 
For the study† of ligand conformation in Pd(0) olefin complexes, dimethyl 

fumarate and maleic anhydride were chosen as model olefins. They are 
sterically similar to the product olefins from the catalytic reaction (see Scheme 
12), but they are electron-poor, and thus expected to give rise to more stable 

                                                           
* Performed in collaboration with Prof. Jérôme Lacour, University of Geneva. 
† Performed together with Dr. Alexis Bouet. 

N N

46

N N

47

N N

26



38 
 
 

complexes. Additionally, their symmetry was expected to facilitate the 
interpretation of NMR spectra. 

Eventually, it was found that the desired complexes could be obtained by 
simply stirring the required diamine and olefin with Pd2(dba)3·CHCl3 in CDCl3 
under inert atmosphere. The reaction with dimethyl fumarate was complete 
after 8 hours, while the reaction with maleic anhydride only took 30 minutes. 
CHCl3 and dba remained in the solution, but only interfered with the aromatic 
part of the spectrum. 

The C2-symmetric ligand 46, together 
with dimethyl fumarate, formed one C2-
symmetric Pd(0) complex (48). Only one 
methyl and one olefin signal were 
observed in the 1H NMR spectrum. The 
benzylic and bridge protons of the 
diamine were equivalent two by two, as 
well. The complex obtained from 46 and 
maleic anhydride was lacking symmetry, 
and thus resulted in a more complicated 1H NMR spectrum. Separate signals 
were observed for all non-aromatic protons, except for a case of accidental 
overlap among the benzylic protons. Two doublets were observed for the two 
olefinic protons, which demonstrated that olefin rotation and exchange are 
slow on the NMR time scale in the case of maleic anhydride. 

The complex 49, formed from 
maleic anhydride together with CS-
symmetric ligand 47, gave rise to a 1H 
NMR spectrum simplified by pairwise 
symmetry equivalence. Ligand 47 and 
dimethyl fumarate formed a complex 
devoid of symmetry, with separate 1H 
NMR signals for most protons. Olefin 

rotation and exchange were shown to be slow for dimethyl fumarate as well, 
because the olefinic protons gave rise to two doublets. 

N N

Pd

CO2Me

MeO2C
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N N

Pd
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51  
Flexible ligand 26 gave symmetric palladium complexes with both olefins. 

Complex 50, formed from 26 and dimethyl fumarate, had a 1H NMR spectrum 
similar to that of 48. Complex 51, from 26 and maleic anhydride, was likewise 
found to possess a spectrum similar to that of 49. It was concluded that the 
flexible ligand 26 adopts C2 symmetry in complex 50, but CS symmetry in 
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complex 51. This assignment of the structures in solution was corroborated by 
X-ray structure determination in the solid state.* 

This study of model olefin complexes demonstrates that our flexible ligands 
are capable of adapting their symmetry to other coligands, for example the 
substrate. As has already been mentioned, when semiflexible ligands were 
employed in Pd-catalysed asymmetric allylic alkylation, no effects of this 
substrate adaptation on the stereochemical outcome could be seen. It is likely 
that conformational adaptation is too slow, compared to the addition of the 
nucleophile (the stereodetermining step). 

4.3. Synthesis of bidentate phosphoramidite ligands 
In an effort to create a ligand with a higher 

rate of adaptation, we designed the amine-
phosphoramidite ligand 52. The flexible 
biphenyl unit in this ligand is bridged by 
oxygen atoms, rather than methylene groups as 
in ligand 12. The lower steric hindrance from 

the biphenyl bridge was expected to enable the ligand to adapt its axial 
chirality faster. Phosphoramidites formed from primary amines are generally 
unstable,105 so a second substituent was required on the amidite nitrogen atom. 
The isopropyl group was chosen, because its distinctive 1H NMR signal pattern 
makes it an excellent probe for NMR investigations.  

 The synthesis of ligand 52 is outlined in Scheme 14. Dibromide 53 was 
reacted with a large excess of ethylene diamine, giving diamine 54 in good 
yield. Reductive amination of acetone with 54 yielded diamine 55, which was 
added to a preformed chlorophosphite (56).  

Br

Br

en, NEt3

tol, 60 °C, 24 h
N

O
NaBH4

MeOH, RT, 24 h

,

N
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O
P

O
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NH2

NH

O
P

O
N N

52

, NEt3

56

53

    Scheme 14. Synthesis of the amine-phosphoramidite ligand 52. 

                                                           
* X-ray crystallography performed by Dr. Andreas Fischer. 
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The flexible chlorophosphite 56 was prepared by adding PCl3 and NEt3 to a 
solution of 2,2’-biphenol in toluene. After stirring at room temperature for 24 
hours, the solution was filtered and the solvent evaporated. The crude 
chlorophosphite was purified by distillation and stored at -20 °C in a benzene 
matrix. All reactions involving chlorophosphites or phosphoramidites were 
performed under inert atmosphere, with strict exclusion of 
moisture.

O
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58
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O
N N

57  
To find out if the flexibility of ligand 52 would have an impact on the 

stereochemical outcome of the allylic alkylation, rigid analogues 57 and 58 
would be needed for comparison. The rigid ligand 57 was obtained by 
refluxing S-BINOL in neat PCl3 for 8 hours. The excess PCl3 was evaporated 
under reduced pressure, and the remaining chlorophosphite was immediately 
reacted with the amine 55 without further purification (Scheme 15).*  
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, NEt3

    Scheme 15. The synthesis of the rigid ligands 57 and 58. 

Reactions in several different solvents and at different temperatures were 
attempted. Unfortunately, the ligand 57 was never obtained pure, and we have 
so far been unable to purify it. When efficient reaction conditions and a 
suitable purification method for ligand 57 is found, ligand 58 will be 
synthesised in the same way. 

For structural studies, we also designed and 
synthesised the flexible ligand 59. Reductive 
amination of acetone with ethylene diamine 
gave the diamine 60, which upon reaction with 
flexible chlorophosphite 56 gave the 
di(phosphoramidite) 59 in moderate yield 
(Scheme 16). 

 

                                                           
* Synthesis of ligand 57 performed by Dr. Sailendra Kumar Nadakudity. 
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Scheme 16. The synthesis of di(phosphoramidite) 59. 

4.4. Pd(olefin) complexes with di(phosphoramidite) ligands 
The di(phosphoramidite) 59, when dissolved in CDCl3 together with 

Pd2(dba)3·CHCl3 and an electron-deficient olefin, rapidly formed Pd(olefin) 
complexes. The complex containing maleic anhydride (61) was formed 
quantitatively within 10 minutes at room temperature, while the complexes 
with dimethyl fumarate (62) or fumaronitrile (63) both required 30 minutes 
reaction time. All three olefin complexes were unstable in solution, and 
decomposed in a matter of hours. 
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The olefin complexes 61, 62 and 63 were analysed by NMR spectroscopy. 

The 1H NMR spectrum of complex 61 was indicative of a symmetric complex. 
The four bridge protons gave rise to two signals, rather than four as would be 
expected for a complex devoid of symmetry. Likewise, two doublets were 
observed for the methyl protons of the isopropyl group, rather than four. The 
olefinic protons overlapped with the isopropyl methine protons in a quite 
narrow multiplet. The 31P NMR spectrum consisted of one singlet, further 
confirming the CS symmetry of complex 61. 

For complex 62, only one singlet from the methyl ester could be observed. 
We assigned C2 symmetry to this complex, based on this and on the fact that 
only one 31P signal was obtained. However, the four bridge protons, the 
olefinic protons and the isopropyl methine protons all overlapped with each 
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other in one extended multiplet. The isopropyl methyl signal appeared as one 
doublet, which must be due to accidental overlap of the two doublets expected. 
Hoping for a simpler spectrum with less overlap, complex 63 was synthesised. 
Gratifyingly, for this complex the olefinic protons appeared as a broad singlet, 
more than one ppm removed from the non-aromatic signals of the 
di(phosphoramidite). The bridge protons again appeared as a broad multiplet, 
but the methine protons of the isopropyl groups now gave a separate signal. 
Two isopropyl methyl doublets were also observed. The assignment of C2 
symmetry to complex 63 was confirmed by the 31P NMR spectrum: only one 
signal was observed. 

The 1H NMR spectra of the complexes 61, 62 and 63 were generally more 
difficult to interpret than the olefin complexes with a diamine coligand (50 and 
51). There are no easily interpreted benzylic proton signals in the complexes 
61-63, as was the case in 50 and 51. The signals from the bridge protons are 
always multiplets, which is reasonable because these protons are magnetically 
inequivalent. The olefin protons in 61-63 are seen as either doublets or broad 
singlets, which we tentatively assume is because of long-range couplings to 
phosphorus.  

It must also be noted that the complexes 61, 62 and 63 have only been 
studied at room temperature. The possibility remains that the appearent 
symmetry of the NMR spectra is really a fast equilibration of the two ligand 
conformations. We deem this unlikely, because the diamine ligand 26 has been 
shown to equilibrate fast on the NMR time scale, even in Pd complexes (see 
Section 2.3), and yet both maleic anhydride and dimethyl fumarate were bulky 
enough to force the ligand into a single conformation (see Section 4.2).  

4.5. Outlook 
The preliminary studies of olefin complexes, reported above, indicate that 

our phosphoramidite-based ligands are capable of adapting to a reacting 
substrate. As soon as a practical synthesis of the amine-phosphoramidite 
ligands 52, 57 and 58 has been established, it would be interesting to test them 
in the palladium-catalysed asymmetric allylic alkylation. The goal is, of 
course, to see whether the capability for adaptation in the catalyst translates to 
a positive effect on yield and/or enantiomeric excess of the product. 
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5. Concluding remarks 
This thesis deals with the design and synthesis of biaryl-based self-adaptable 

ligands for asymmetric metal catalysis.  
The barriers to conformational adaptation in dibenzoazepines and 

dibenzophosphepines were determined with variable temperature NMR 
spectroscopy. Palladium complexes with a diphosphine ligand or a diamine 
ligand, as well as the free diamine ligand, were studied. It was shown that 
conformational inversion takes place while the ligand is coordinated to the 
metal. 

Semiflexible and rigid phosphinite ligands were synthesised and applied in 
rhodium-catalysed asymmetric hydrogenation. Modest enantioselectivities (up 
to 63% ee) were obtained. The semiflexible ligand was found to behave like 
the most active rigid diastereomer. While we succeeded in designing an 
adaptable, semiflexible ligand, it offered no practical benefits. For this 
particular catalyst system, the most active diastereomer happened to be the 
least selective one. 

Diphosphoramidite and amine-phosphoramidite ligands were designed and 
synthesised. The symmetry was determined for Pd(olefin) model complexes of 
diamine and diphosphoramidite ligands, relevant to the palladium-catalysed 
asymmetric allylic alkylation of benchmark substrates. It was found that both 
types of ligands are able to adapt their conformation to the substrate. It could 
be interesting to continue the study of these ligands, and find out if the 
capability for adaptation in model complexes translates to the anticipated 
benefits of using an adaptable catalyst: higher yield and better selectivity of the 
catalytic reaction, for several different kinds of substrates. 
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Supplementary material 
General methods: All manipulations of air sensitive compounds were 

performed in oven- or flame-dried glassware, either under argon using Schlenk 
techniques or in a nitrogen-filled glovebox. Silica was dried under vacuum at 
200 °C for 24 h. Benzene was distilled from Na/benzophenone. NEt3 was 
distilled from CaH2. Toluene and THF were taken from a Glass contour solvent 
dispenser system. 1H NMR spectra were recorded at 400 or 500 MHz, 13C 
NMR at 125 MHz, and 31P NMR at 200 MHz. Chemical shifts are reported 
relative to internal CHCl3 (1H), internal CDCl3 (13C) or external H2PO4 (31P).  

 

N

 
6-Methyl-6,7-dihydro-5H-dibenzo[c,e]azepine (27) 
2,2’-Bis(bromomethyl)biphenyl106 (250 mg, 0.74 mmol) and NEt3 (3.2 ml, 

23 mmol) were mixed with methylamine (40% in H2O, 6.3 ml, 73 mmol), and 
the mixture was refluxed (bp = 48 °C) for 18 hours. The reaction mixture was 
then extracted 3 times with Et2O. The combined organic extracts were washed 
with brine, dried over Na2SO4 and evaporated to give 169 mg of a yellow oil. 
Flash chromatography (silica, EtOAc followed by EtOAc:EtOH:Et3N 20:1:1) 
gave the pure product as a yellowish oil (120 mg, 0.57 mmol, 78% yield). 1H 
NMR δ 7.55-7.23 (m, 8H), 3.36 (s, 4H, benzylic), 2.45 (s, 3H, methyl). 

 

D

D

OH

D

OH

D  
2,2’-Bis(hydroxydideuteridomethyl)biphenyl (21-d4) 
LAD (335 mg, 8.0 mmol) was slurried in THF (3 ml). A solution of diphenic 

acid (242 mg, 1.0 mmol) in 1 ml of THF was added dropwise, and the mixture 
was refluxed for 24 hours. The reaction was quenched by the careful addition 
of H2O (2 ml) at 0 °C. Concentrated HCl (2 ml) was added, followed by an 
additional 4 ml of H2O. After stirring at RT overnight, the mixture was 
extracted 3 times with Et2O. The combined organic extracts were dried over 
Na2SO4 and evaporated to give the product as a yellow solid (193 mg, 0.88 
mmol, 88% yield). 1H NMR δ 7.50 (app. dd, J = 7.6, 1.3 Hz, 2H), 7.41 (app. 
td, J = 7.5, 1.4 Hz, 2H), 7.35 (app. td, J = 7.4, 1.5 Hz, 2H), 7.16 (app. dd, J = 
7.5, 1.3 Hz, 2H), 2.60 (br s, 2H, alcohol). 

 



48 
 
 

D

D

Br
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Br
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2,2’-Bis(bromodideuteridomethyl)biphenyl (22-d4) 
2,2’-Bis(hydroxydideuteridomethyl)biphenyl (21-d4) (188 mg, 0.86 mmol) 

was refluxed in 20 ml concentrated HBr for 10 minutes. The mixture was 
cooled to RT, and extracted 2 times with DCM. The combined organic extracts 
were washed 2 times with a saturated NaHCO3 solution, dried over MgSO4 and 
evaporated to give the product as a brown solid (182 mg, 0.53 mmol, 61% 
yield). 1H NMR δ 7.55 (app. dd, J = 7.5, 1.5 Hz, 2H), 7.42 (app. td, J = 7.5, 1.6 
Hz, 2H), 7.38 (app. td, J = 7.5, 1.5 Hz, 2H), 7.27 (app. dd, J = 7.4, 1.6 Hz, 2H). 

 

N

D
D

D
D  

5,5,7,7-Tetradeuterido-6-methyl-dibenzo[c,e]azepine (27-d4) 
2,2’-Bis(bromodideuteridomethyl)biphenyl (22-d4) (180 mg, 0.52 mmol) and 

NEt3 (2.3 ml, 16.5 mmol) were mixed with methylamine (40% in H2O, 4.5 ml, 
52 mmol), and the mixture was refluxed (bp = 48 °C) for 28 hours. The 
reaction mixture was then extracted 3 times with Et2O. The combined organic 
extracts were washed with brine, dried over Na2SO4 and evaporated to give 
102 mg of a yellow oil. Flash chromatography (silica, EtOAc followed by 
EtOAc:EtOH:Et3N 20:1:1) gave the pure product as a yellowish oil (67 mg, 
0.31 mmol, 60% yield). 1H NMR δ 7.55-7.23 (m, 8H), 2.45 (s, 3H, methyl). 

 

N
NH

 
(2-[(S)-4,5-Dihydro-3H-dinaphtho[1,2-c:2’,1’-e]azepino]ethyl)-

isopropylamine (55) 
2-[(S)-4,5-Dihydro-3H-dinaphtho[1,2-c:2’,1’-e]azepino]ethylamine87b (530 

mg, 1.57 mmol) and acetone (115 µl, 1.57 mmol) were dissolved in MeOH (5 
ml), and the solution was stirred at RT for 2 hours. NaBH4 (148 mg, 3.91 
mmol) was added, and the solution was stirred for 26 hours. The reaction was 
quenched with 25 ml H2O, and the resulting mixture was extracted 3 times 
with DCM. The combined organic extracts were evaporated to give 403 mg of 
a clear, viscous oil. Flash chromatography (silica, EtOAc:EtOH:NEt3 99:1:1) 
gave the pure product as a yellowish oil (306 mg, 0.80 mmol, 51% yield). 1H 
NMR δ 7.95 (AB-doublet, J = 8.5 Hz, 4H), 7.55 (AB-doublet, J = 8.2 Hz, 2H), 
7.49-7.43 (m, 4H), 7.29-7.23 (m, 2H), 3.66 (d, J = 12.6 Hz, 2H, benzylic), 3.20 
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(d, J = 12.6 Hz, 2H, benzylic), 2.87-2.75 (m, 4H, bridge + isopropyl methine), 
2.57-2.48 (m, 1H, bridge), 1.54 (br, 1H, amine), 1.11 (d, J = 6.5 Hz, 3H, 
isopropyl methyl), 1.09 (d, J = 6.5 Hz, 3H, isopropyl methyl). 13C NMR δ 135, 
134, 133, 132 (quarternary aromatic), 128, 128, 127, 126, 125 (tertiary 
aromatic), 56 (benzylic), 55, 49, 45 (bridge + isopropyl tertiary), 23, 23 
(isopropyl primary). 
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(2-[(S)-4,5-Dihydro-3H-dinaphtho[1,2-c:2’,1’-e]azepino]ethyl) 

(dibenzo[c,e][5,7,6]dioxaphosphepin-6-yl)isopropylamine (52) 
(2-[(S)-4,5-Dihydro-3H-dinaphtho[1,2-c:2’,1’-e]azepino]ethyl)isopropyl-

amine (55) (63 mg, 166 µmol) was dissolved in toluene (0.5 ml). NEt3 (25 µl, 
179 µmol) was added, followed by a solution of 6-chlorodibenzo[c,e]-
[5,7,6]dioxaphosphepine107 (42 mg, 166 µmol) in benzene (192 µl). The 
mixture was stirred at RT for 19 hours. The ammonium salts were filtered off, 
and the filtrate evaporated to give 44 mg sticky oil. Flash chromatography (dry 
silica, hexane:DCM 1:2) gave the pure product as white chrystals (21 mg, 35 
µmol, 21% yield). 1H NMR δ 7.82 (d, J = 8.2 Hz, 2H), 7.69 (d, J = 8.2 Hz, 
2H), 7.43-7.30 (m, 8H), 7.29-7.10 (m, 8H), 7.07-7.02 (m, 2H), 3.66 (dsept, JPH 
= 11.4 Hz, JHH = 6.7 Hz, 1H, isopropyl methine), 3.32 (d, J = 12.4 Hz, 2H, 
benzylic), 3.21-3.10 (m, 1H, bridge), 2.93 (d, J = 12.4 Hz, 2H, benzylic), 2.97-
2.86 (multiplet hidden under benzylic doublet, 1H, bridge), 2.61-2.53 (m, 1H, 
bridge), 2.34-2.26 (m, 1H, bridge), 1.25 (d, J = 6.7 Hz, 3H, isopropyl methyl), 
1.19 (d, J = 6.7 Hz, 3H, isopropyl methyl). 13C NMR δ 152 (d, JPC = 5.8 Hz), 
151 (d, JPC = 3.2 Hz), 135, 133, 134, 133, 132 (d, JPC = 3.7 Hz), 131, 131 (d, 
JPC = 2.2 Hz), 130, 130, 129 (d, JPC = 2.8 Hz), 128, 128, 128, 127, 126, 125, 
125, 124, 122, 122 (aromatic), 56 (bridge), 55 (benzylic), 48 (d, JPC = 31.6 Hz, 
isopropyl tertiary), 41 (d, JPC = 5.6 Hz, bridge), 24 (d, JPC = 7.8 Hz, isopropyl 
primary), 23 (d, JPC = 7.1 Hz, isopropyl primary). 31P NMR δ 152. 
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N,N’-Diisopropyl-N,N’-bis(dibenzo[c,e][5,7,6]dioxaphosphepin-6-yl)- 

ethane-1,2-diamine (59) 
N,N’-Diisopropyl-ethane-1,2-diamine (118 µl, 0.65 mmol) and NEt3 (180 µl, 

1.30 mmol) were added to a solution of 6-chlorodibenzo[c,e][5,7,6]dioxaphos-
phepine107 (325 mg, 1.30 mmol)  in benzene (1.5 ml). The mixture was stirred 
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at RT for 16 hours. The ammonium salts were filtered off, and the vial washed 
with 1 ml of toluene. The combined filtrate was evaporated to give 237 mg of a 
white solid. Flash chromatography (dry silica, hexane:DCM 1:1) gave the pure 
product as white crystals (56 mg, 98 µmol, 15 % yield). 1H NMR δ 7.40 (app. 
dd, J = 7.6, 1.6 Hz, 4H), 7.34 (app. td, J =  7.8, 1.6 Hz, 4H), 7.21 (app. t, J = 
7.6 Hz, 4H), 7.11 (app. d, J = 8.0 Hz, 4H), 3.51-3.39 (dsept, JPH = 11.4 Hz, JHH 
= 6.7 Hz, 2H, isopropyl methine), 2.79-2.75 (m, 4H, bridge), 0.89 (d, J = 6.7 
Hz, 12 H, isopropyl methyl). 13C NMR δ 152 (d, JPC = 4.8 Hz), 131 (d, JPC = 
3.1 Hz), 130, 129, 124, 122 (aromatic), 48 (d, JPC = 4.8 Hz, isopropyl tertiary), 
44 (m, bridge), 23 (d, JPC =  7.1 Hz, isopropyl primary). 31P NMR δ 152. 
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(N,N’-Diisopropyl-N,N’-bis(dibenzo[c,e][5,7,6]dioxaphosphepin-6-yl)- 

ethane-1,2-diamine)(maleic anhydride)Pd0 complex (61) 
Diphosphoramidite 59 (1.65 mg, 2.88 µmol) and Pd2(dba)3·CHCl3 (1.5 mg, 

1.45 µmol) were added to a solution of maleic anhydride (0.28 mg, 2.88 µmol) 
in CDCl3 (0.5 ml). Complex formation was complete after 10 minutes. 1H 
NMR δ 7.7-6.9 (m, 16H, aromatic), 3.89-3.79 (m, 2H, bridge), 3.78-3.67 (m, 
4H, isopropyl methine + olefin), 3.39-3.21 (m, 2H, bridge), 1.04 (d, J = 6.6 Hz, 
isopropyl methyl), 1.00 (d, J = 6.5 Hz, isopropyl methyl). 31P NMR δ 156. The 
complex decomposed within an hour in CDCl3 solution, preventing us from 
recording a 13C NMR spectrum. 
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MeO2C  
(N,N’-Diisopropyl-N,N’-bis(dibenzo[c,e][5,7,6]dioxaphosphepin-6-yl)- 

ethane-1,2-diamine)(dimethyl fumarate)Pd0 complex (62) 
Diphosphoramidite 59 (1.65 mg, 2.88 µmol) and Pd2(dba)3·CHCl3 (1.5 mg, 

1.45 µmol) were added to a solution of dimethyl fumarate (0.42 mg, 2.88 
µmol) in CDCl3 (0.5 ml). Complex formation was complete after 30 minutes. 
1H NMR δ 8.0-6.9 (m, 16H, aromatic), 3.57 (sept, J = 6.4 Hz, 2H, isopropyl 
methine), 3.55-3.34 (m, 6H, bridge + olefin), 2.92 (s, 6H, ester methyl), 0.91 
(d, J = 6.5 Hz, 12H, isopropyl methyl). 31P NMR δ 155. The complex 
decomposed within an hour in CDCl3 solution, preventing us from recording a 
13C NMR spectrum. 
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(N,N’-Diisopropyl-N,N’-bis(dibenzo[c,e][5,7,6]dioxaphosphepin-6-yl)- 

ethane-1,2-diamine)(fumaronitrile)Pd0 complex (63) 
Diphosphoramidite 59 (1.65 mg, 2.88 µmol) and Pd2(dba)3·CHCl3 (1.5 mg, 

1.45 µmol) were added to a solution of fumaronitrile (0.22 mg, 2.88 µmol) in 
CDCl3 (0.5 ml). Complex formation was complete after 30 minutes. 1H NMR δ 
7.7-6.9 (m, 16H, aromatic),3.77-3.68 (m, 2H, isopropyl methine), 3.67-3.48 
(m, 4H, bridge), 2.44 (br, 2H, olefin), 1.02 (d, J = 6.5 Hz, 6H, isopropyl 
methyl), 1.01 (d, J = 6.3 Hz, 6H, isopropyl methyl). 31P NMR δ 156. The 
complex decomposed within an hour in CDCl3 solution, preventing us from 
recording a 13C NMR spectrum. 
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Appendix 
The following is a description of my contribution to Publications I to III, as 
requested by KTH. 
 
Paper I: I contributed to the formulation of the research problem and 
synthesised all compounds. I performed the NMR simulations and most of the 
NMR experiments, and wrote part of the manuscript. 
 
Paper II: I performed part of the experimental work and wrote part of the 
manuscript. 
 
Paper III: I contributed to the formulation of the research, performed part of 
the experimental work and wrote part of the manuscript. 
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