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1. General introduction and objectives

One of the most important areas in Organometallic Chemistry is the synthesis,
characterisation and study of the reactivity of compounds with potential application as
catalytic precursors for homogenous catalysis." Organic reactions catalysed by
transition metal complexes have experienced an intense growth during the last
decades. The main goals that spur this research are the optimisation, in terms of
conversion and selectivity, of already known processes; the expansion of the scope of
the reactions towards more challenging substrates and the discovery of new useful
transformations for the preparation of highly valued products.?

The control of the enantioselectivity in those processes in which chiral
compounds are formed demands the design of suitable chiral catalysts bearing
stereogenic elements adjustable to the requirements of substrates.?

The need of optically pure substances is mainly driven because of the different
behaviour of the two enantiomers of a compound when interacting with biological
structures present in living beings. For instance, an optically pure enantiomer of a drug
can be active while the other might be inactive or even cause severe side effects.’

As a consequence pharmaceutics, agrochemicals and cosmetic industry demand
more efficient enantioselective processes. At present, for industry it is not enough to
look for efficiency from an economical point of view, since the environmental impact
must also be minimised to comply with the ever-increasing legal constraints regarding
waste generation and management. All these requirements are among the so called
Green Chemistry principles,® which constitute an approach to chemistry that aims to
maximise efficiency and minimise hazardous effects on human health and the
environment. While no reaction can be perfectly “green”, the overall negative impact of
the chemical industry can be reduced by means of waste prevention, atom economy
and use of renewable feedstock, among others.

Asymmetric homogeneous catalysis is a powerful tool to deal with this challenge
by means of design and preparation of suitable catalytic precursors for organic
reactions in order to make them chemo- regio- and enantioespecific, allowing a
targeted synthesis towards the desired product under mild conditions and with a high
atom economy.®

Since the origins of asymmetric homogeneous catalysis with transition metals,
chiral phosphines and derivatives have been the preferred type of ligands.%®"’

Nowadays, the synthesis of new phosphorus ligands is still an extremely active area,
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fostered by a continuous need of new ligands that lead to faster and more selective
processes, operating under milder conditions. This research is leading to new families
of chiral phosphines exploiting all possible sources of diversity including stereogenic
centres, axes and planes.® A particularly appealing family is that of P-stereogenic
phosphines (i.e. those that contain phosphorus atoms bound to three different
substituents), a ligand type that, despite being linked to the origins of asymmetric
catalysis, was neglected for a long time® and now is experiencing an intense
renaissance. '’

There are many examples of organic reactions catalysed by transition metal
systems containing P-stereogenic ligands such as hydrogenation, transfer
hydrogenation, allylic substitution, hydrovinylation, hydroformylation and cycloaddition
reactions. By far, the more studied is the Rh-catalysed asymmetric hydrogenation of
olefins,'® which can be considered as the responsible of the research that was carried
out in the development of libraries of P-stereogenic ligands.

Although it is not generally true, it seems reasonable that this kind of ligands
provide very enantioselective catalysts because the stereogenic element (the
phosphorus atom) is directly bounded to the metal centre.®'"

What is more, an exciting possibility is to have catalytic precursors in which the
metallic atom itself is a stereogenic centre, the so-called chiral-at-metal complexes.' In
fact, nowadays, the combination of chiral ligands with M-stereogenic metallic centres
represents an area of intense activity.'

At the Unitat de Recerca en Sintesi Asimétrica (URSA) research group at the
University of Barcelona and the Institute for Research in Biomedicine (IRB Barcelona),
we have been working during the last decade on the development of new
methodologies for the synthesis of P-stereogenic ligands. Two of the most relevant
advances have been the preparation with high yields of optically pure aminophosphine-
boranes and phosphinous acid-boranes by means of asymmetric synthesis, using the

cis-1-amino-2-indanol as chiral auxiliary (Scheme 1)."*
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Scheme 1. Preparation of some relevant ligands by stereoselective synthesis using cis-1-amino-
2-indanol as chiral auxiliary.

These P-stereogenic synthons have been found to be very adequate for the
preparation of many relevant ligands such as MaxPhos,'® which have proved to be an
excellent ligand for Rh-catalysed enantioselective hydrogenations and Pauson-Khand
reactions; the P-stereogenic iminophosphoranes (SIPs) family, useful in [2+2+2] Rh-
catalysed cycloaddition of endyines’** and more recently, the small library of oxazoline-
based P,N-ligands MaxPHOX,'® allowing high enantioselectivities in the Ir-catalysed
hydrogenation of aryl imines.

In the present THESIS these studies on the design and study of new P-stereogenic
ligands, their complexes and performance in asymmetric catalysis have been

continued.
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The first general objective (Chapter 3) was the exploration of the
coordination chemistry of a particular Secondary Phosphine Oxide (SPO), which
presents a tautomeric equilibrium between the air-stable pentavalent form (the oxide)
and the trivalent form (phosphinous acid), ready to coordinate a metallic centre
(Scheme 2)."”

R? R? o’® 0

RGN RY, | | R

.,

Vv
— () :
1) J 7 W e
@ Pseudobidentate

coordination
P-H form O-H form

Scheme 2. Tautomeric equilibrium of Secondary Phosphine Oxides (SPOs) and assembly of
two SPO units.

Although SPOs were described more than fifty years ago, their appealing air-
stability in contrast to many phosphines and derivatives are placing them, nowadays, in
the spotlight. Their unique properties have spurred the study of the applications of
SPOs in catalysis, specially due to their ability to form pseudobidentate architectures
having an intramolecular hydrogen bond.'®

Interestingly, P-stereogenic SPOs are configurationally stable but, despite that,
very few catalytic applications in asymmetric catalysis have been reported in the
literature,® probably due to the lack of convenient preparative methods.

Our goal was the synthesis of enantiopure +~BuMe(O)PH (L1),"*%

which despite
being very simple had not been prepared in an optically pure form. Indeed, L1 was
detected in previous studies in the group as a byproduct of the acidic hydrolysis of
14d

aminophosphines, such as (R)-L1-NH, ™ and using this methodology it was possible
to obtain enantioenriched (S)-L1, albeit with low ee (Scheme 3).
In this THESIS, we planned to develop a reliable synthesis of optically pure (S)-L1

by deprotection of tert-butyl(methyl)phosphinous acid-borane (S)-L1:OH since its

synthesis in enantiomerically pure form had been described. (Scheme 3)'**®%°
BH, BHj
Hydrolysis
H,N” \'Me Lowee HO” \''Bu
Bu Me
(R)-L1-NH, (S)-L1 (S)-L1-OH

Scheme 3. Synthetic strategy for the preparation of optically pure (R)-L1.
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This SPO is particularly interesting since contains the sterically dissymmetric
Bu/Me combination, which has yielded extremely important phosphine ligands for
asymmetric reactions.”’ Its coordination chemistry with several noble metals is
discussed in Chapter 3, showing their rich variety of coordination modes and their
catalytic applications.

The election of the location and absolute configurations of chiral elements in the
catalysts play a crucial role in the stereoselective discrimination of the substrates.

A few years ago, our group reported the MaxPhos ligand (Scheme 4), which is a
rare example of P-stereogenic, Ci-symmetric ligand with a short bridge between the

phosphorus atoms.'®

O
H H BF,
| \@/ | Deprotonation . —
Me“‘) SN \\‘Bu _— M?“/ N7 \ Bu
By = Bu H By
L2-BF, L2
Coordination to d® metals
Me Me BF, Me BF,
Bual: _ |eF, Bul: PRI 80 G l
/N < /°\\ 7/ \\
HN < HN —) HN —)
N/ Z \ / \ /
tBU// tBU// Ph tBU// Ph
'Bu @ Bu ﬂ Bu
Asymmetric hydrogenation of functionalised olefins Asymmetric allylic substitution reactions
ee up to 99% ee up to 47%

Asymmetric Pauson-Khand reactions
ee up to 86%

Scheme 4. Coordination chemistry of the MaxPhos ligand with several d® metals and its catalytic
applications.

In addition, thanks to a tautomeric equilibrium involving the P atoms and the NH
bridge, it was obtained as its bench-stable crystalline tetrafluoroborate salt, in contrast
to many of the new generation highly basic and air-sensitive P-stereogenic ligands with
alkyl substituents.'®

The coordination chemistry of this ligand was initially explored with Rh(l)-diene

15b,c

complexes, which were found to be excellent precursors for the asymmetric

18b¢ and later for intramolecular Pauson-Khand

hydrogenation of functionalised olefins
reactions.'®® These studies were followed by the synthesis of several Ni(ll) and Pd(ll)

complexes some of which were used in asymmetric allylic substitutions.'*®
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In all the reported cases, the MaxPhos ligand L2 was coordinated to ¢® metals
with square-planar geometry. With the aim of expanding the range of metals
coordinated to MaxPhos, the second general objective (Chapter 4) was the
preparation of some M-stereogenic Rh, Ir and Ru complexes with this C;-symmetric
ligand (Scheme 5). This research, presented in Chapter 4, was carried out in
collaboration with Dr. Daniel Carmona from the Consejo Superior de Investigaciones

Cientificas (CSIC) institute in Zaragoza.

Chiral-at-metal complexes

TBFs
Me
Bu |

\ Bu H | Me
= § & H s
tB/ NH Me 2 4
u — u
T

L2

Me™, SN~ \\tBu
{tBul H Bu

/ Cl Suwhe
N

Cl  syRe Me 18

u

Scheme 5. Synthetic strategies for the preparation of chiral-at-metal MaxPhos complexes.

The MaxPhos ligand L2 possesses a stereogenic phosphorus atom due to the
presence of one Me and one #Bu groups and the different electronic and steric
requirements of the Me/tBu couple determine the stereochemistry of its coordination
chemistry. We chose this type of complexes because the Ci-symmetric nature of
MaxPhos results in a stereogenic metal atom upon coordination in pseudotetrahedral
(n"-ring)M complexes. The C—-H activation of the tert-butyl group of these complexes
was studied and also some catalytic applications.

Finally, in our efforts to develop useful P-stereogenic ligands for asymmetric
catalysis,'® our group recently reported a series of highly modular phosphinooxazoline
ligands, named MaxPHOX. [Ir(MaxPHOX)COD]BArF complexes gave the highest

stereoselectivity ever reported in the hydrogenation of cyclic enamides (Scheme 6).'%
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Scheme 6. Precedents on the Ir-catalysed hydrogenation of 5,a-enamides.

Very recently, these studies have been extended to the hydrogenation of N-aryl
imines affording excellent yields and enantioselectivities (Scheme 7).'® It was found
that the actual catalysts were cyclometallated Ir(lll) monohydrido complexes,

analogous to those reported by Pfaltz and co-workers a few years ago.*
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Scheme 7. Preparation of I-MaxPHOX complexes and its application in asymmetric
hydrogenation of N-aryl imines.

The third general objective (Chapter 5) was to advance the
characterisation studies of such cyclometallated Ir-MaxPHOX complexes in order to
find a stable iridacycle that could be used as catalyst for asymmetric transformations.
Upon the addition of monodentate ligands, several very stable iridium complexes have
been isolated and fully characterised, two of them by X-ray diffraction studies.
Interestingly, despite the many possible isomers, only one or two isomers were formed,
depending on the incoming ligand and the absolute configuration of the substituents of
the oxazoline. Some of the new complexes have proven to be excellent catalysts for
the hydrogenation both N-aryl imines but also the more challenging N-alkyl imines,
affording excellent levels of activity and enantioselectivity, never reported before for
these systems, under mild conditions. Besides, these catalytic studies have been
complemented with theoretical calculations, carried out in collaboration with prof.
Agusti Lledds from the Universitat Autonoma de Barcelona (UAB) in order to highlight
some mechanistic features of the asymmetric hydrogenation process: one of the least

known hydrogenation mechanisms.
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The specific objectives of this THESIS can be summarised as follows:

* Synthesis of the optically pure, P-stereogenic SPO +BuMeP(O)H and the
exploration of its coordination chemistry towards Ni(ll), Ir(l), Rh(l), Au(l), Ru(ll)
and Pd(Il).

* Study of the combination of a phosphinous acid and a phosphinite unit to form a
Co-symmetric pseudobidentate ligand with an intramolecular H-bridge.

* Exploration of the catalytic activity of the preformed phosphinous acid
complexes bearing the SPO unit in several asymmetric transition metal
catalysed reactions.

e Study of the coordination chemistry of the Ci-symmetric, P-stereogenic
MaxPhos ligand with Ir(lll)-, Rh(lll)- and Ru(ll)-n"-ring moieties in order to
prepare chiral-at-metal complexes with a definite stereochemistry.

* Study of the intramolecular aliphatic activation of one of the +Bu groups of the
MaxPhos ligand in the Ir(lll), Rh(lll) and Ru(ll) M-stereogenic complexes.

» Evaluation of the catalytic activity of the M-stereogenic complexes in
asymmetric hydrogen-transfer reactions.

* Preparation of a family of cyclometallated Ir-MaxPHOX complexes with different
ancillary ligands and study of their catalytic activity in the asymmetric
hydrogenation of N-alkyl imines.

* Study by means of both experimental and theoretical methods the mechanism

of Ir-catalysed hydrogenation of N-alkyl imines with MaxPHOX ligands.
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2. Precedents on the preparation of P-
stereogenic ligands

This chapter offers a summary of the different synthetic strategies towards
enantioenriched P-stereogenic phosphines reported up to now. As one of the aims of
the present THESIS was the preparation of several P-stereogenic ligands with the
sterically dissymmetric 'Bu/Me combination at phosphorus, this Chapter is especially

focused on this kind of ligands.
2.1. Historical overview

More than a century has passed since the discovery that compounds with tetrahedral
sp® phosphorus atoms linked to different substituents, generally known as P-
stereogenic compounds, are configurationally stable and can be separated into a pair
of enantiomeric forms.

Unlike amines, which have an energy barrier for pyramidal inversion® around 25
kJ-mol™", P(lll) compounds, such as phosphines, do not racemise as easily at room

233 of more than 150 kJ-mol™.

temperature due to their higher energy inversion barriers
Therefore, heating above 100 °C is usually needed in order to racemise P-stereogenic

phosphines through the well-known pyramidal, “umbrella”, inversion (Scheme 1).

R3
@ RZ: _R!

[E— \:' 7
R/ R )
Scheme 1. Pyramidal inversion of a general P(lll) compound.

The history of this class of compounds starts, indeed, in 1911 when
Meisenheimer and Lichtenstadt' synthesised ethylmethylphenylphosphine oxide 1 as a

racemic mixture and were able to separate each enantiomer (Figure 1).
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Figure 1. Early examples P-stereogenic compounds resolved between 1911 and 1961.

It took fifteen years for the same laboratory to repeat that feat and apply the
same method to resolve benzylmethylphenylphosphine oxide 2.* Soon afterwards, in
1944, McEwen and co-workers® were able to resolve the first acyclic phosphonium salt,
3. However, it was not until 1961 when Horner and co-workers® isolated, for the first
time, optically pure ftrivalent phosphines, proving that, unlike amines, they do not
racemise at room temperature.®” At that time there was no interest on applying these
compounds in catalysis but to perform stereochemical studies.?

During the 1967-1968 period, two key breakthroughs had a huge impact in the
field of homogeneous catalysis. The first one was the hydrogenation of certain olefins
and acetylenes by a soluble rhodium complex [RhCI(PPh3)s], reported by Wilkinson and
co-workers.? The second was the first asymmetric catalytic reaction ever performed,
which took place in Noyori’s laboratories.” Two years later, the research groups led by
Knowles'" and Horner'? independently, replaced the achiral triphenylphosphine ligands
in the Wilkinson catalyst by optically enriched P-stereogenic phosphines. The chiral
precatalysts were tested in the hydrogenation of prochiral alkenes, and, even though
the enantioselectivities achieved were low (Scheme 2), they proved for the first time,

that enantioselective catalytic homogeneous hydrogenations were feasible.' '

. R' = Ph, R2= COOH, 15% ee
L*= Ph" / N R'= CH,COOH, R2= COOH, 3% ee

Me R'=Ph, R2 =Et, 8% ee
4 R' = Ph, R2= OMe, <5% ee

Scheme 2. First results in enantioselective hydrogenation.

Those findings awakened the interest to carry out research on the behaviour of P-

stereogenic compounds in catalysis, and since then, the development of new synthetic

14
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strategies for their preparation has run in parallel to their application in enantioselective
transformations.

Also at the late 1960s, it was discovered that (S)-amino-3-(3,4-
dihydroxyphenyl)propanoic acid (L-DOPA) was very efficient for the treatment of
Parkinson’s disease, thereby creating a sudden demand for this rare aminoacid.
Knowles and co-workers,' at Montsanto, used vanillin as precursor for the preparation
in large scale of L-DOPA. By that time, they decided to use the early-developed
enantioselective hydrogenation for the efficient synthesis of that compound (Scheme
3).

CHO
. COOH
MeO - COOH 1) RN, Hy HO
—— NHAc g NH
—_—
MeO AcO 2)H* HO 2
OH 5 L-DOPA
Vanillin
OMe OMe
. Ph™Y cy™"/
(R)-PAMP (R)-CAMP
58% ee 85% ee

Scheme 3. Montsanto’s L-DOPA synthesis.

After several experiments, it was found that PAMP and CAMP, bearing the o-
anisyl group, were competent systems for the hydrogenation of 5 in useful levels of ee.
Actually, that was the first time that enzyme-like selectivity was achieved with an
artificial “man-made” catalyst.

Almost at the same time, Dang and Kagan' reported the chelating C.-
diphosphine DIOP, which displayed similar results in the hydrogenation of a derivative

of precursor 5, in spite of not having the chirality on the phosphorus atom (Figure 2).

T O e bl : @(

(R,R)-DIOP, 1971 (S,S)-DiPAMP, 1975 (R,R)-ChiraPhos, 1977 (S)-BINAP, 1980 DuPhos 1993
83% ee 96% ee 89% ee 84% ee 99% ee

Figure 2. Chelating C,-diphosphines, their ee values in Rh-catalysed hydrogenation of 5 are
given below.
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Soon afterwards, Knowles and co-workers' prepared the DiPAMP ligand
obtaining an outstanding, at that time, 96% ee (Figure 2). Those results entailed the
asymmetric hydrogenation of many other substrates such as enol esters, enamides,
and related systems with similar levels of enantioselectivity."® That work was
considered a milestone in the field of enantioselective homogeneous catalysis and
allowed William S. Knowles to be awarded with the Nobel Prize in Chemistry in 2001,
along with Ryoji Noyori and Barry Sharpless.'®

In spite of the success of DiIiPAMP, the good results with phosphorus ligands
having the chirality on the backbone such as DIOP', as well as those of Bosnich'” with
ChiraPhos; Noyori'® with BINAP; Burk'® with DuPhos and many others (Figure 2) along
with the intrinsic difficulties in the preparation of P-stereogenic phosphines, left them in
the shadow for a long period. Indeed, a literature search reveals that, in spite of its
versatility, applications of P-stereogenic compounds in catalysis are less abundant than
those of phosphorus compounds with axial chirality, such as the BINAP, or bearing
stereogenic carbon atoms on the backbone as DIOP.

However, with the use of boranes as protecting groups® instead of phosphine
oxides there is a strong renewed interest in the development of new synthetic methods
of optically pure P-stereogenic compounds.

In fact, both the methods of synthesis of P-stereogenic compounds and their
application in asymmetric synthesis have been thoroughly reviewed. Pietrusiewicz and
Zablocka®' reported in 1994 a detailed review including resolution of racemic mixtures
and stereoselective synthesis. In 2007 that report was completed with other excellent
works such as the reported in the groups of Muller and co-workers® and Glueck.?® A.
Grabulosa® published in 2011 a fully comprehensive book covering the synthesis of P-
stereogenic compounds and their application in homogeneous catalysis.?* Bérner® and

Kolodiazhnyi®® have also reviewed the more recent progress in this field.
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2.2. Preparation by resolution of racemic mixtures

2.2.1. Separation by resolution agents

The first methods for the preparation of optically pure P-stereogenic compounds
consisted of the separation of diastereomeric adducts of phosphine oxides and
phosphonium salts with chiral auxiliaries.?"** The reaction of the chiral auxiliary with a
racemate gives a diastereomeric mixture, which can be separated by physical
methods, such as recrystallisation, due to the different physical properties of
diastereomers.

Although the first resolving agents were non-metallic auxiliaries® in 1968 the use
of a chiral platinum complex was reported.”” After that, chiral palladacycles and other
chiral complexes?' were also proved useful to this purpose.?*?® At present, resolution of
racemic mixtures is becoming less used as more efficient synthetic procedures are
appearing. However, it is still a useful procedure when there are no other ways to
obtain a particular ligand.?® In fact, at present, some optically pure Secondary
Phosphine Oxides (SPOs), are still being prepared by diastereomeric resolution,” like
'BuPhP(O)H,*® the most prominent one, as it will be explained in Chapter 3.

An example of the application of this methodology can be found in the
preparation of the optically pure tert-butylphenylphosphinous acid borane 6 reported by

Stankevic and Pietrusiewicz®' (Scheme 4).

HO__ «Ph
j Mother liquors
MeHN""“Me Crystals renriched with the (R)-enantiomer: \\, (#)-cinchonin
: BH :
e (-)>-ephedrine BHs HO._ «Ph : B,
Ty NS L R PN i
B“Ph/ OH  CH,Cly/hexanes BUPh/ O MeHN~“Me ; BuPh/ oH rTr——
race >99% de

HCI (aq) 92%\

Crystals =
BH
7o e b HO, NS
HCI (aq) 94% N ‘o H
tBu\“"/ \OH ph \OH -~ P/ g
Ph 'Bu/ 'Bu
7
()7 (R)-7 N
31% yield 34% yield >99% de

Scheme 4. Stankevic’s and Pietrusiewicz’s preparation of (S)- and (R)-7.
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Two consecutive crystallisations using ephedrine and cinchonine as resolving

agents allow the preparation of both enantiomers of 7.%'
2.2.2. Separation by chromatographic methods

HPLC with chiral stationary phases represent the most useful method for the analysis
of the optical purity of P-stereogenic compounds. Nevertheless, it can be also used on
a preparative scale to resolve racemic mixtures of conveniently protected phosphorus
ligands. Hence, HPLC resolutions have been mostly performed over phosphine-
boranes® and phosphine oxides.®® Although this seems to be a very attractive
methodology to obtain enantiomerically enriched P-stereogenic compounds, in
practice, it requires special equipment, preparative columns and large volumes of high
quality solvents, which are beyond the economic possibilities of many research
laboratories. In spite of that, when there are no enantioselective synthetic routes to a
particular phosphine and the chemical resolution methods fail, a chromatographic
separation of the racemic mixture is worth considering, as may be the only way to
obtain the enantiopure compound. Notwithstanding, in spite of the economic costs
mentioned, there are examples of successful separations of alkyl-phosphine-boranes
with the '‘Bu/Me combination, such as the TrichickenfootPhos borane reported by Hoge
and co-workers.*° Indeed, in this paper they stated that “despite the stigma associated
with chiral preparatory HPLC separations, this type of separations is becoming
increasingly important to the pharmaceutical industry.”

Resolution of racemic mixtures has been partially displaced by more versatile
methods based on stereoselective synthesis, since the overall yields in racemic
resolutions can never top, by definition, 50%. These methods are described in the next

Section.

2.3. Preparation by asymmetric synthesis

Stereoselective methodologies rely on the induction of chirality into phosphorus
compounds through stereoselective reactions by means of the use of chiral auxiliaries,
such as alcohols or amines, favouring the formation of one single enantiomer. P-
stereogenic compounds can be isolated and stored in an optically pure form, and
undergo substitution reactions that sometimes fully preserve or invert the P
configuration, although the reaction must be performed carefully in order to avoid

racemisation. In particular, it has been found that, in the presence of a nucleophile,
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when the P-stereogenic reagent contains a substituent that can act as a leaving group,

it undergoes a S\2@P reaction (Scheme 5).%*

t
X - X 5 X
I NS e |
\\“‘ u----' ST / """[
R? /1\LG A\ 1 \L'G Nu \R1 R?
R RZ R

Scheme 5. Mechanism of the Sy\2@P reaction. Nu = nucleophile, LG = leaving group, X = lone
pair, BH3, etc.

In contrast to carbon, the phosphorus has vacant d-orbitals and consequently the
can form stable compounds with trigonal bipyramidal and even octahedral
geometries.>®> When long-lived five-coordinated intermediates are formed, Berry
pseudorotations can take place, influencing the stereochemistry, and racemisation or
even full retention can occur.®

In a trigonal-bypiramidal species the five substituents are not equivalent: three of
them are equatorial while nucleophile and the leaving group are apical.®® This fact
leads to a differentiation of the stereochemistry of the reaction products depending on
the direction in which the nucleophile attacks the phosphorus centre. More precisely,
SN2@P proceeding via a backside attack usually results in inversion of the phosphorus
configuration while S\2@P frontside reactions lead to products with retention (Scheme
6).

X
Retention
X Front-side > R/ \Nu
1
[ R
R e\ y
R? I
S Inversion .,
: Nu > Nu/ \ IRZ
Back-side R?

Scheme 6. Frontside and backside Sy2 @P transformations.

In spite of the very different mechanisms, substitution reactions on phosphorus
compounds are usually found to occur with inversion of configuration® as in the classic
Sn2 process of organic chemistry. A notable exception is the substitutions in certain P-
heterocycles, such as N-methyl-oxazaphospholidines,®” which are important synthons

in the preparation of P-stereogenic ligands.
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2.3.1. Resolution of diastereomeric mixtures

2.3.1.1.Alcohols as chiral auxiliaries

Chiral alcohols (menthol, endo-borneol, glucofuranose derivatives, and others) serve
as cheap and accessible chiral auxiliaries for the preparation of enantiopure P-

stereogenic compounds.®® In 1967, Cram,*® Mislow and co-workers®®

reported the
synthesis of P-stereogenic phosphine oxides via resolution of diastereomeric
menthylphosphinates and subsequent addition of Grignard reagents. The reduction of

the phosphine oxide with trichlorosilane yielded the chiral phosphine (Scheme 7).

(0] (0]
” R3MgX H [Red] .
> ., —_— —_— ey,
O/ \""’RZ Inversion RS/ "R R® \R2 R
H R1 R2
1) ~~ “OH N
o N\ NEty
[l L-menthol
o \Nre
R'  2) Separation
(0]
o ROMgX I [Red] .
Il . R,
S ,. T T e
O/ oy Inversion R R R
é R2R R1
P

Scheme 7. Synthesis of P-stereogenic phosphines employing L-menthol.

After the works of Cram and Mislow, Horner®® and other groups'®®*

prepared
unsymmetrically substituted menthylphosphinates and separated them into their
diastereomers by crystallisation.

Since the reduction step for the obtention of the free P-stereogenic ligands is
usually performed with silanes® or hydrides,” the harsh conditions required often

2 or even racemisation.*3?

produce a significant loss of optical purity

Phosphine-boranes, like oxides, are also stable and easily-to-handle, with the
important advantage that can be deboronated with retention of configuration preserving
the optical purity of the phosphorus atom. In 1990, Imamoto and co-workers®®® took
benefit of this feature and overcame the drawback of racemisation associated with
deprotection of oxides by adapting the use of L-menthol as chiral auxiliary to

phosphine-boranes. They found that the stereospecific reductive cleavage of the P-O
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bond of the menthylphosphinate forms the corresponding highly nucleophilic phosphide

anion, which can undergo reactions with different electrophiles (Scheme 8).

BH, Li-NHg BH, ® BH,
4 Li-naphtanelide *@ L_@ E A Et,N
‘e, > . | E— e, —— .."’I
_ o \ “R Retention & \"R e\ "R 7 \ "R
: Ph Ph Ph Ph

PN

Scheme 8. Formation of the phosphide anion and reactivity towards electrophiles (E).

Both, Knowles and co-workers' and Imamoto and co-workers®® used these
methods to prepare the DiIiPAMP ligand. Knowles based the synthesis on the Sy2@P
reaction of the menthylphosphinate with the Grignard reagent. Then, after dimerization
by means of oxidative Cu-promoted coupling, the resulting diphosphine oxide was

reduced with trichlorosilane (Scheme 9).

0 OMe ﬁ o o
I o-AnMgBr LDA 1l
A) N\ i (""'Ph CuCl P\ /\" 10-An
- 0" \"“Me Inversion Ve uCl, 7 \__/ AN
: Ph o-An Ph
/\
8 9 10
HSiCIsj
2N ANG '0-An
[O_ e /N2 ]
(S,5)-DiPAMP
Et,NH T
BH
BH3 + 3 BH3 BHS
B) A MeLi R sec-BuLi 4 A
. _— o, A wP Po, ,
_ o \""Ph Inversion Me 0-An CuCl, Phez N\ / \"0-An
H b-An Ph o0-An Ph
/\
11 12 13

Scheme 9. Knowles’ (a) and Imamoto’s (b) procedures towards the DiIPAMP ligand.

In contrast, Imamoto and coworkers®® applied its own methodology, cleaving the
P-O bond of the boronated menthylphosphinate, which later undergoes a similar
coupling, promoted by the CuCl, and sec-butyl lithium. Final deprotection of the

diphosphine with diethylamine affords the desired DiPAMP ligand (Scheme 9).
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More recently, Buono and co-workers** and Han and co-workers* have also
used L-menthol in the preparation of optically pure Secondary Phosphine Oxides
(SPOs) as it is detailed in Chapter 3.

Many phosphine oxides, phosphine-boranes and free phosphines have been
obtained using these procedures.?’?*?* One of the reasons that explain the success of
the method is that the auxiliary is easily available and inexpensive. Also, it allows the
possibility to modify the compound after performing the resolution step. However, this
synthetic flexibility is limited by the steric hindrance of the substituents at phosphorus
and by the Grignard reagent used.*® Other more basic and nucleophilic organolithium
reagents can be also used,* but when it comes to work with oxides, the optical purities

are usually much lower.*’
2.3.1.2.Amines as chiral auxiliaries

With the same idea of the previous section, it has been reported the preparation and
separation of diastereomeric mixtures using chiral amines as auxiliaries. The reaction
between a racemic chlorophosphine and an optically pure amine yields a
diastereomeric mixture of aminophosphines that in certain cases can be separated.

Kolodiazhnyi and co-workers*® described for the first time the reaction N-(1-
methylbenzyl)amine and fert-butylclorophenylphosphine in the presence of
triethylamine allowing the formation of a mixture aminophosphines with some

diastereoselectivity (Scheme 10).

BH
1) NEt; benzene y o Eh
PN :
BuT/ o o+ -
Ph

2) BHyTHF, crystallization . Ph™f N7 N
HN— ) BH3 y tBu/ H Me
Me
15 14 dr>9:1 16

Scheme 10. Preparation of diastereomerically enriched aminophosphines.

They found that the diastereomeric ratio was strongly dependent on the reaction
conditions, the base employed (generally a tertiary amine), the solvent and the
temperature. They observed the best discrimination using benzene as solvent and an
equimolar ratio of reagents. Protection with the borane group followed by crystallisation
allowed the obtention of a single diastereomer.

Based on this method, Riera, Verdaguer and co-workers*® developed their own

methodology, reporting the preparation of a new family of P-stereogenic
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aminophosphines. They studied the reaction of chiral amines with rac-'BuMePCl and

(R)-2-amino-2-phenylacetamide in the presence of an external base (Scheme 11).

1 BH BH
- Ph 3 Ph 3
_ \\ 1) NEt3 toluene . 4 ! .
+ Bu > EHZN N\ + HoN P :
NH; C7 Me 2) BHy SMe, ; N \M;B“ N \tBuMe'
et 1 18 | © ©
o 17 ! 1.5:1
' Rt IO (RA-19
\

Separation of the diastereomers
by crystallization

Scheme 11. Riera and Verdaguer methodology for the synthesis of stereogenic phosphines with
chiral auxiliaries.

Although the diastereomeric ratio obtained was not particularly high, it provided a
mixture of diastereomers that could be easily separated by crystallisation even at
multigram scale. These optically pure aminophosphines were found to suffer a
reductive cleavage of the C—N bond with lithium in liquid ammonia yielding optically

pure aminophosphine-borane L1-NH, (Scheme 12).*°

H H BFO
! @, |
tBu// \N/ ("tBU
M

I 3 .
HoN e, s, - e MaxPhos, L2:BF,
N \ Bu ‘BuOH H N/\ 'Bu -
H Me 2 Me o\\S//o
(R,S)-19 (S)-L1:NH, R”SNT\Bu
99% ee H  Me
SIP, 20

Scheme 12. Benzylic bond cleavage with Li/NH5(I) to yield optically pure aminophopshine
borane (S)-L1-NHy, precursor of the ligands MaxPhos and SiP.

The chiral aminophosphine synthon L1-NH, has been found to be essential for
the preparation of many bidentate N-bridged, P-stereogenic ligands such as MaxPhos®
that have displayed excellent results in Rh-catalysed asymmetric hydrogenations, or
the phosphinosulphinamides (SIPs)*', very useful on the intramolecular cycloaddition of

terminal enediynes.
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2.3.2. Methods based on bifunctional auxiliaries

In the 1990s several authors designed methods to prepare optically pure
phosphines,®®%? based on an enantiopure P-stereogenic cyclic compound which
suffered sequential substitution reactions at the phosphorus atom with a well-

determined stereochemical course (Scheme 13).

Sequential substitutions / R!
3
i) R*M R
ii) R3M

Scheme 13. Preparation of P-stereogenic compounds using bifunctional chiral auxiliaries.

It was found that the best manner to synthesise P-stereogenic ligands with high
optical purity consisted on resolving the phosphorus atom with a diastereomerically
pure bifunctional auxiliary, forming a P-stereogenic heterocycle. This heterocycle
should have two leaving groups with different reactivity, in order to allow the later
displacement of the auxiliary via stepwise substitutions.

The presence of a protecting group, such as a borane, apart from protecting the
species from oxidation, it also keeps the stereochemical identity of all the intermediates
generated during the process. Hence, this procedure implies working with precursors
such as oxides,* sulfides,>® or phosphine-boranes.?®

Regarding the auxiliary, a variety of species can form an enantiopure P-

stereogenic heterocycle bearing two leaving groups with different reactivity (Figure 3).

Me
e, Me SH ©:?—OH cl _Ts
. )
HO NHMe OH H

NH, OH
(1R,2S)-(-)-ephedrine Camphor derivative cis-1-amino-2-indanol p-chlorophenol derivative
Jugé 1990 Corey 1993 Riera, Verdaguer 2011 Senanayake 2013

Figure 3. Selected optically pure bifunctional heterocycles.

Three of the auxiliaries depicted in Figure 3 have led to the development of

independent and complementary methodologies that have allowed the obtention of
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many P-stereogenic compounds with different steric and electronic properties. In the

following sections the most important of these methodologies are presented.
2.3.2.1. The Jugé-Stephan method

Although different auxiliaries have been employed, the most widespread method, due
to its versatility and relative simplicity, was developed in 1990 by Jugé and Stephan.?®
It uses phosphine-boranes as precursors and the aminoalcohol ephedrine as chiral

auxiliary, as it is depicted in Scheme 14.

Ph BH, HO._ Ph
Ph. _OH .
~\~pp _Toluene, 105°C e [ O 7 RILi, 78 °C HyB j
+ EtN ~ . % -,
>" NEt BHy-SMe, N7 Ph T Retention Ny “Me
Me NHMe \ Ph“‘[ \
Me R1 Me
21 20 03
HO__ .Ph
' MeOH, 2
®_J, Inversion
MeHoN" “Me
BH, BHj
P RR’NH 4 R2Li, -78 °C 4
Ph* > -— = - -
R{ R Retention Ph™/ R2 Inversion R™7 NoMe
R! Ph
26 25 0

Scheme 14. Synthesis of P-stereogenic phosphines using the Jugé-Stephan method.

The Jugé-Stephan method consists on 5 steps that allow the obtention of tertiary
phosphines with high optical purity. In general PhP(NEt,), (as it is depicted in Scheme
14) contains a phenyl group, even though there are reported examples with other aryl

substituents attached in this position.>*

1) Stereoselective cyclisation of the ephedrine

The first step is the formation of the diastereomerically pure oxazaphospholidine-
borane 22 by condensation of bis(diethylamino)phenylphosphine (21) with (-)-
ephedrine at 105 °C in toluene, followed by protection with the borane group. It is
important to remark that this cyclisation occurs in a highly stereoselective manner (dr >
90%) forming preferentially the R diastereomer. This behaviour has been attributed to
steric effects, since the substituents on the carbon atoms of the ephedrine are trans to
the phenyl group attached to the phosphorus atom.** More recent studies suggest that
indeed the stereocontrol is mainly done by the carbon atom containing the phenyl

substituent coming from the ephedrine.*
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2) Selective ring-opening of the oxazaphospholidine borane

Reaction of 22 with organolithium reagents at —78 °C in THF or Et,O affords
aminophosphine-boranes by selective cleavage of the P-O bond (Scheme 14).>° This
nucleophilic ring-opening occurs with retention of configuration at phosphorus atom
with high diastereomeric excesses. Although Grignard reagents can be also used in
this process, they require harsher conditions, which produces significant erosion on the
stereoselectivity.*®

In 2011, Riera, Verdaguer and co-workers® found that the stereochemical course
of the aperture of oxazaphospholidine-boranes depends directly on the substituents
attached to the nitrogen adjacent to the phosphorus atom. In contrast, the other
substituents of the auxiliary or the groups attached to the phosphorus do not play any
relevant role in the stereoselectivity of the reaction. Hence, they demonstrated both
experimentally and computationally that if the nitrogen does not have any substituents,
the reaction occurs with inversion of configuration at phosphorus atom whereas when
the nitrogen is substituted, such as in ephedrine, the reaction takes place with retention

of configuration at the P atom (Scheme 15).

M  BH 7] —
& 4 M BHg M—0
O':., @ / /
/ PEN O, ) Inversion HsB
N Ph  —— RS — > X
[ORY N l2 Ph o —N\
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R2 i Ph
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2 b M—0O
M’R BH ol 1 fBHs
/ 3 o, \ A Retention H3B
0., / 5o —_— > A
PIEN N “Ph o TN
N Ph Me Ph l M
Me i R?

S\? frontside

Scheme 15. Proposed mechanisms by Riera, Verdaguer and co-workers® for the ring-opening
of oxazaphospholidine boranes.

As it is depicted in Scheme 15, when the oxazaphospholidine-borane does not
contain a substituted nitrogen atom, a backside SN2@P reaction occurs. In this case,
two equivalents of the organolithium compound are required since one is used to
deprotonate the secondary amine while the other undergoes the nucleophilic
substitution, forming a P(V) intermediate, which evolves in the desired product with

stereochemical inversion. On the other hand, in the case of N-substituted derivatives, a
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frontside S\2@P type reaction takes place, where the organolithium coordinates the
borane group (the nitrogen is now sterically hindered) furnishing the P(V) intermediate

and leading to the aminophosphine-borane with retention of configuration.

3) Stereoselective acidic methanolysis of aminophosphine-boranes

In this step, the P-N bond is broken by acidic methanolysis in the presence of sulfuric
acid, with the formation of the corresponding phosphinite-borane. The methanolysis
reaction takes place with inversion at phosphorus following a “classic” SN2@P process
(Scheme 16).

HO_ .Ph HO_ .Ph7#
. : BHs HO_ .Ph
HB j MeOH, H,SO, SHs j A o
‘., — ‘ —_— cery +
\ —N~ 'Me Inversion MeO—pP—N" Me Meo” \ 'Ph ® ., S04
Ph™ l | 5‘ | R1 MeHzN Me 2
R1 Me Ph R1 Me
24
23

Scheme 16. Acidic methanolysis of aminophosphine-boranes.

In general, increasing the size and the basicity of the phosphorus substituents

implies a clear decrease of the reaction yields.>***’ It is found that aminophosphine-

|56 |54a

boranes having fert-butyl™ or adamanty substituents are completely unreactive,

which is an important limitation of the Jugé-Stephan method.

4) Formation of the phosphine-boranes by nucleophilic substitution

Another organolthium reagent can be used to substitute the methoxy group on 24,

furnishing optically pure tertiary P-stereogenic phosphines 25 (Scheme 17).

BH BH;
r e R2Li, ~78 °C A
Meo” \“Ph Inversion Ph“? g2
R? R
24 25

Scheme 17. Nucleophilic substitution of the OMe group.

The mechanism can be understood as a typical S\2@P giving therefore
substituted products with stereochemical inversion of configuration.
In general, the reaction proceeds without problems with high yields and

stereochemical control, both with aryl and alkyllithium reagents with the exception of
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very bulky groups or o,0-disubstituted arenes as it was demonstrated by Mezzeti and
co-workers.>* Muller, Grabulosa and co-workers® studied this reaction step increasing
the steric hindrance of the alkyllithium (where alkyl = Me, -Pr, #Bu) with phosphinite
boranes bearing a bulky aryl substituent (2-biphenylyl, 1-naphthyl or 9-phenanthyrl)
and they found that while the Me group worked smoothly, the isopropyl reacted with

difficulties and the tert-butyl did not react at all.

5) Deprotection of the phosphine-boranes

Since nearly all the compounds obtained with this method are P-stereogenic boranes
with one or more aryl substituents, they can be deprotected by reaction with amines,
forming the corresponding amine-borane adducts and releasing the free phosphine.

Several amines such as diethylamine,2%55759

1,4-diazabicyclo[2.2.2]octane
(DABCO),% or morpholine®****8%! have been used with good results.

Smoother deprotections with ethanol®® or cyclooctadiene® have also been
reported for specially electron-poor phosphine-boranes, but they are not generally
applicable.

Once the final deprotected phosphine is obtained, it is usually reacted
immediately in order to prevent oxidation to P(V).

One of the strengths of the Jugé-Stephan methodology is the possibility of further
functionalization of the P-stereogenic phosphine-borane.?'** For example, if the
phosphine-borane 25 (see Scheme 17) bears a methyl group, it can be deprotonated
by sec-BuLi and the resulting carbanion can be subjected to many reactions allowing
the preparation of a variety of mono and bidentate P-stereogenic ligands.?"** For
instance, C.-diphosphine-boranes can be obtained by oxidative coupling in the

(”)20,540,57,62-63

presence of Cu and by double nucleophilic substitutions over

61-63 59a,b

dichlorosilanes or (bis)benzylic electrophiles.

58,63a,66

Formylations,®* carboxylations®® and silylations of the carbanion were also

described. Some aminophosphine-boranes have been employed as starting materials

for the synthesis of aminophosphine-phosphinites®®®¢%¢”

including polymer supported
compounds.®® Furthermore, Rossell, Muller and co-workers®®® made possible the
synthesis of carbosilane dendrimers functionalised with P-stereogenic phosphine-
boranes using an a-carbanion. The same procedure was later applied by the same

group to the synthesis of P-stereogenic silylated dendrons.®®
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As it can be seen, a large number of P-stereogenic ligands, often arylphosphines,
have been synthesised using ephedrine as chiral auxiliary.?*** In spite of this, the
method has limitations when trying to obtain crowded or basic phosphines.?24%459 |n
particular, problems have been found when introducing voluminous substituents such
as 0,0-disubstituted arenes>***®%% pecause they usually undergo elimination reaction

at the ephedrine substituent.>*

2.3.2.2. The Riera-Verdaguer method

Sterically hindered phosphines are very interesting as they have provided excellent
results in asymmetric transformations such as metal-catalysed hydrogenations®®®
hydroborations,”® aldol reactions®* and hydroacylations’' among others.

This exceptional behaviour of the bulky phosphines, especially bearing the
'‘Bu/Me or 'Bu/Ph combinations spurred the interest of the development of new
methodologies to efficiently prepare these types of P-stereogenic ligands. In this line,

Riera, Verdaguer and co-workers®/ %172

used cis-1-amino-2-indanol in the synthesis
of hindered and basic ligands. The synthetic methodology relies on the formation of the

oxazaphospholidine-borane compound shown in Scheme 18.
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Scheme 18. Synthesis of chiral synthons aminophosphine-borane (S)-L1-NH;, and
phopshinous acid-borane (R)-L1-OH.

Reaction between cis-1-amino-2-indanol and fert-butyldichlorophosphine in the
presence of diethyl amine as base affords the heterocycle O1, after protection of the
free phosphine with the borane group. At this point, O1 can be reacted with different
Grignard reagents such as MeMgBr or PhMgBr. It is interesting to note that the ring-

opening reaction of the oxazaphospholidine-borane with nucleophiles takes place
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always with inversion of configuration at phosphorus whereas in the well-known Jugé-
Stephan method, the aperture step with an organolithium reagent occurs with retention
of configuration.”*

Compound 02 gives access to the aminophosphine (S)-L1-NH, and
phosphinous acid-borane (R)-L1-OH in both enantiomeric forms, respectively, which
are key chiral synthons for the preparation of different P-stereogenic ligands as it is
described in more detail in Chapter 3.

Aminophosphine-borane (S)-L1-NH; can be prepared by reductive cleavage of
the C—N benzylic bond with Li/NHs(l), which yields the desired product without ee
erosion preserving the stereochemistry at phosphorus. In contrast, acidic methanolysis
of O2 furnishes the optically pure phosphinous acid-borane (R)-L1-OH with inversion
of configuration. Both synthons have a complementary reactivity because while
aminophosphine (S)-L1-NH2 acts as a nucleophile, phosphinous acid-borane (R)-
L1-OH can be used as an electrophile.

The reactivity of (R)-L1-OH as an electrophile can be understood when the —OH
group is converted to a good leaving group and hence activated in front of
nucleophiles. This strategy, initially reported by Pietrusiewicz®' and later expanded by
Buono and co-workers” is based on the activation of optically pure phosphinous acid
boranes with MsCI, followed by their reduction with sodium tetrahydroborate (see
Scheme 19) to furnish the phosphine-boranes in a Sy2@P reaction without optical
purity loss. Buono and co-workers” expanded the scope of this reaction using other
aryl groups as substituents and reducing the temperature of the first step (Scheme 19)

achieving the reduced phosphine-boranes with high enantioselectivities.

BH, BHg BHg
4 Ms,0, NEt, 4 NaBH,
> —_— .
Bu/ “OH CH,Cl, B/ OMs EtOH R/ N
R -15°C to RT R 1B
28 29 30

R' = Ph, Naph, o-Tol
Scheme 19. Buono’s methodology for the reduction of phosphinous acid-boranes.

However, none of these authors were able to prepare the key synthon L1-OH

developed by Riera, Verdaguer and co-workers®9°"72

and consequently they could
not study its further activation or reduction. Although activation with MsCl of synthon
L1-OH proved to be more difficult compared to its analogous compounds bearing the

'‘Bu/Ph combination, after some experimentation they found a set of conditions and
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managed to successfully stabilize the phosphinyl-mesyl anhydride without
racemisation. Its subsequent reactivity in front of different nucleophiles was later
studied showing its versatility in the formation of a large family of aminophosphine-

boranes (Scheme 20).

BH,
4
BH, Me™’/ “OH BH,
} 'Bu A
N
By /\NH2 (S)-L1-OH But/ N
Me , Me
39 96% ee E 1 98%
Ms,O, NEt; | 1 r(];|.|_22((;)|2OC 31 98% ee
BH4 ' ,
+ E BH3
to \N N\ * * N
o N / Buf N X
P Me H | _
38 99% ee ?HS 32 98% ee
BH, = mef Doms /—— BH
) Bu A 8
P S (S)-L1-OMs . :
Bu" / H \ ‘Bu“‘/\N
37 96% ee
33 98% de
BHj
! '?H3 Ph

AN
Bu" N NV .
Mel H/\\ BH3 tBu“"/\N/\n/NHZ
H
36 95% ee ! /k( Me o)
~n o)
H |

35 98% de Ph

Scheme 20. Reactivity of (S)-L1-OH and Sy2@P with different nucleophiles.

As it is shown in Scheme 20 functionalisation of synthon (S)-L1-OH has
assessed the preparation of a many aminophosphine-boranes with excellent
enantioselectivities. Particularly remarkable is the synthesis of compound 35, which is
crucial for the obtention of MaxPHOX-type ligands, as it will be discussed in detail in
Chapter 5.

The strategy developed by Riera and Verdaguer can be considered as a
complementary route to the Jugé-Stephan method and it represents the only
methodology that allows the access to sterically hindered alkyl phosphines with useful

levels of ee.
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2.3.2.3. The Senanayake method

Another strategy was developed in 2013 by Senanayake and co-workers,®®® for the
preparation of optically pure tertiary phosphine oxides. They designed a chiral auxiliary
with an activated P-N bond that reacts with hindered Grignard reagents.

Firstly, in a similar way to the Jugé-Stephan method, their synthesis starts with the
diastereoselective formation of an oxazaphosphinane 41 (Scheme 21) that undergoes

a ring-opening reaction with organomagnesium reagents.

Q " Me
Me - © cl Ts
7\ "R e
Cl Cl Ts N
Cl Ts e 2
N Cl ,}| R=M H
" 07 © g
OH R S\
40 M R2 R!
42
4 Recycling of the chiral auxiliary
............... VA
Cl _Ts I
_______________ N tORYIOR <
OH : Re ROM

Scheme 21. Senanayake’s method for the synthesis of chiral phosphine oxides.

Interestingly, the nucleophilic attack of the organometallic reagent regioselectively
cleaves the P—N bond. The addition of the second organometallic compound releases
the N-tosyl-2-(1-aminoethyl)-4-chlorophenol auxiliary and furnishes the corresponding
phosphine oxide 43.

One advantage of Senanayake’s strategy is that it allows the introduction of bulky
substituents on the phosphorus atom, allowing the formation of sterically hindered

systems, most of them combining the P-stereogeneicity with axial chirality (Figure 4).

0 o —
O N o oH Ho O >—<j/>
\ " @ X I; -
k E MeO
OMe

3 By
MeO l OMe OMe Bu OMe "Bu‘Bul O OMe

(R)-BI-DIME (Rp,S)-MeO-POP MeO-BiPOP (R)-BoQPHOS

Figure 4. Selected P-stereogenic ligands prepared following Senanayake’s methodology.
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With such methodology, many relevant ligands have been developed (Figure 4)
such as the Bi-DIME,”* MeO-POP,”” MeO-BiPOP,” or the BoQPHOS”’ that have
proven to be suitable for many important asymmetric transformations.

It has to be noted, however, that the method yields a phosphine oxide that has to
be reduced with silanes or hydrides to the free phosphine, a step that often results in

some erosion of the enantiopurity of the final ligands.
2.3.3. Methods based on enantioselective deprotonation

A methyl group directly attached to a phosphorus atom can be deprotonated by strong
bases. Under the appropriate conditions, in the presence of a chiral diamine, the
asymmetric deprotonation of a prochiral compound provides the corresponding chiral
a-carbanion, which can be used to access a rich variety of P-stereogenic compounds.

White and co-workers’® were the first to develop this idea in 1989, studying the
metallation of dimethylphenylphosphine oxide (44) with n-BulLi in the presence of (-)-

sparteine (Scheme 22).

0 0 0
I n-BuLi I Lisp ) I
—_— . B
Ph—7 N (-)-sp PR cH PRy P
Me/ Me Me-l 2 Mel
44 45 46 14% ee
H
N
N :
H

(—)-sparteine or (-)-sp
Scheme 22. Formation of carbanion 45 and reaction with iodoethane.

After quenching carbanion 45 with iodoethane, they obtained oxide 46 but with a
disappointingly low ee. This discouraging result made the procedure to remain ignored
untii 1995, when Evans and later Imamoto® described a method for the
enantioselective synthesis of a-carbanions using prochiral dimethylphosphine-boranes
by means of a deprotonation with organolithium reagents and sparteine as chiral
auxiliary.

After that first breakthrough, the procedure has been successfully applied to the
synthesis of many families of mono- and diphosphines with alkyl substituents,

especially those bearing the 'Bu/Me combination.?%24338!
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All these synthesis are based on the use of (—)-sparteine (Scheme 22), also
known as (—)-lupinidine, which is an optically pure tertiary diamine naturally occurring
that can be isolated from certain papilonaceous plants such as Scotch Brooms.?

The reaction can be divided in two steps. Firstly, the enantioselective
deprotonation of one of the enantiotopic Me groups of the dimethylphosphine-borane
with sec-butyllithium at low temperature in the presence of (—)-sparteine (Scheme 23).

BH3 BH;
) sec-Buli, -78 °C A

/L|-sp

R'™, N - T RMyN
Me (-)-sp CH
Me/ Me/ 2

Scheme 23. Deprotonation step in the Evans-Imamoto method.

In this step, the chiral environment created by the chiral diamine allows the
differentiation of the enantiotopic methyl substituents, where only one group is
deprotonated, affording in a very stereoselective way a P-stereogenic a-carbanion. In
the second step, the carbanion is reacted with a large variety of electrophiles as it is

depicted in Scheme 24.

; \ BH; BH
BH; | BH 3 BHs
¥ on 'S K2S20g, KOH r e mBuli R b Me
N~
R™ Ph RN\ -OH Cla R™ Sy me” g
Me Ph e Mé
o}
Ph)J\Ph 0,
BH3
BHs CuCl / \
A sec-BuLi, (-)-sp 2 e \ / !
> :
Rl\1lle/ SMe  Et,0,-78°C / BH3 5
2 BH3 !
\/R : ; I?Hg, BH,
H R, \Me
i) R2 \/\ _________ R o
!?R Cly / OTs e? \RZ
i) MeMgBr 5 7/
iii) BHg THF
0 Bt i) BHg THF
ii) TsCl, NEtg R2
BH; BH
RLE DT AMe ,\;/g
Me/ ~ \R2 / \/COOH - R“') \/l\o
Me > Me

Scheme 24. Overview of procedures for the obtention of P-stereogenic compounds by
enantioselective deprotonation of dimethylphosphine derivatives.

Dimethyl phosphine-boranes can be synthesised, in an efficient and inexpensive
way, by successive treatments of PCl; with an alkyl Grignard reagent,

methylmagnesium bromide and final boronation with BHz: THF complex (Scheme 25).%°
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BH3
MeMgBr BHy THF 4
Cly + RMgX ————» RCl, — > RMeg —— —> |
THF, -78 °C THF, 0°C THF, 0°C R™/ SMe
Me
R = 1-Ad, 'Bu, Cp, Cy, CEty
BHj
R2X A
> R1“) \/R2
Me
BH BH; BH,
' CuCly R, 4 A wMe BisP*BH
_ — s isP* 3
R~ me / \__/ \
Me i) R2PCl,
sec-BulLi, (-)-sp ii
B0, ~78°C ::?)“QEM%BHFF RLEC T Ve
3 e, ot C,-symmetric MiniPhos
> / N \
i) (R?),PCl
i) BH3 THF BH; BH,
;
L > R /R C,-symmetric MiniPhos

Scheme 25. Synthesis of alkyldimethylphosphine-boranes and derived compounds.

Although the synthetic methodology was originally developed for the preparation
of boronated 1,2-bis(alkylmethylphosphino)ethanes (BisP*-BH3)**®® and MiniPhos,?**%*
the obtention of P-stereogenic monophosphines has also been explored in other
laboratories.

Recently, Muller, Grabulosa and co-workers®® expanded the scope of this
reaction preparing a family of phosphine-boranes bearing the tert-butyl, methyl and
phenylethyl substituted groups, treating the “in sifu” formed carbanion with benzyl

halides as electrophiles (Scheme 26).

BH3 . ) BH3
) i) sec-BulLi, (—)-sp )
tBu// “Me Et,0, 78 °C - tBu‘w) Y
Me A~ Me
i) Ar Br
Me |
Ar /\ 47b 48 Me Br
OMe 494 Fs 49b

Scheme 26. Preparation of phenylphosphine-boranes.
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In 2000, Imamoto and co-workers® prepared enantioenriched

hydroxymethylphosphine-boranes (50, Scheme 27) by oxidation of carbanion.

BHy
KOH, A A
———
BH, ~HeHo — Flg H
1) R™/ “Me T =80°C, R =1-Ad, 11% yield, 93% ee
Me T =105°C, R =1-Ad, 80% yield, 38% ee
sec-Buli, (-)-sp >
Et,0, 78 °C
BHj
2) O; 50 K2S,0g, KOH, 4
RUC|3 R~
R=1-Ad,'Bu,Cy,Ph ————> 4 H
—C02 51

R =1-Ad, 91% yield, >99% ee
Scheme 27. Synthesis of hydroxymethylphosphine-boranes and secondary phosphine-boranes.

Interestingly, 50 can be further functionalised maintaining its optical purity.®
Dehydroformilation of 50 yields secondary phosphine-boranes 51, but proceeds with
either low yields or low enantioselectivities. In contrast, oxidative degradation with
potassium peroxodisulfate and ruthenium trichloride allows the synthesis of 51 with
higher yields and optical purity.®

Furthermore, secondary phosphine-boranes can be easily deprotonated and
transformed into extremely nucleophilic phosphide-borane anions, which are prone to
react with electrophiles.?* For instance, Imamoto and co-workers®” made them react
with aryl halides such as fluoroarene tricarbonylchromium complexes in order to obtain,

after some transformations, diarylphosphine-boranes (Scheme 28).

BH i) sec-BuLi BH BH
' ~78°C,Et0 y o X hy y o R
R™7 “H poox RYY Y | > R™)
Me E Me | . Me
51 N Xco
| 5 (CO)3
- 2
R! = 1-Ad, 'Bu, Cy, Ph /\ (CO)q R® = Me, n-Bu, Cy, Ph
X=FH

Scheme 28. Synthesis of o-substituted arylphosphine-boranes.

Imamoto and co-workers® also used P-stereogenic secondary phosphine-
boranes as synthons for the preparation of Ci-symmetric BisP*-BHj3, (Scheme 29),
which resulted effective ligands for Rh-catalysed asymmetric hydrogenations of

functionalised olefins.
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.
D=, FROTC ey P
vl Me y o9 BHy THF A
sec-BuLi, (—)-Sp - R1\\/ OH R1“7 \/\OH
ii) CO, Me Me
53 54
XCl, base
BH3
A
BH; BH, ~A—H BH,
R, 4 b_re R? \R2 ©_n-Buli
“\ /N - R™™ N
" 5 OX
e R R? = 1-Ad, 'Bu, Cy v -
C;-symmetric BisP*-BH; R' = 1-Ad. 'Bu. Cv. P
=1- , bu, Ly, r
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Scheme 29. Transformation of secondary phosphine-boranes into unsymmetrical BisP*-BH3.

The P-stereogenic phosphide was reacted with a previously prepared tosylated
or mesylated precursors 55 furnishing the desired products. In general, unsymmetrical
BisP*-BH;3® were obtained in high optical purity, even though the yields are strongly
dependent on the substituents. For instance, couplings with the fert-butyl phosphide
usually take place with yields lower than 20%.

The same group also reported the conversion of secondary phosphine-boranes
into derivatives with an halogen substituent on the phosphorus atom (56, Scheme
30).%°

BH; BHg BHg
1) n-BuLi A R'M
. —_— .
Buy N X BU"/ S Inversion Me s g
Me/ : 2) TNy Me/ ef
Bu
56 X = Cl, Br 57 58
BH3
1) 'BU"/ Me. 'BuLi
R2
2) CuCl,
BH; BHj
Buu,,, A 4 wBu
RZ/ \ / \R1
59

Scheme 30. Transformation of secondary phosphine-boranes into halophosphine-boranes and
further reactivity.
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The halogenated compounds were not isolated due to their easy racemisation.
They were used “in situ’ instead as starting materials to obtain a variety of tertiary
phosphine-boranes. Such transformation into tertiary P-stereogenic compounds (58)
always proceeds in a stereoselective manner, even though the stereochemical course
of the reaction was found to be dependent on the nature of the nucleophile. Moreover,
deprotonation of 58 with sec-BuLi or fertBuLi and subsequent oxidative coupling
produced unsymmetrical P-stereogenic diphosphines 59.

Livinghouse and co-workers® developed an efficient route to prepare optically
pure secondary phosphine-boranes by an asymmetric lithiation/trapping-reductive
elimination procedure that can be seen as an overall “asymmetric demethylation”

(Scheme 31).

BHg BHg
! }
Ar// \Me . Ar“‘] \Ar‘
Me 60 Ar = Ph, 0-(Pr)C¢Hy, 0-An, o-Tol Me

63
BH.
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_ [
78 °C, Et,0 Ph” ~Ph i Cul, EGN p - g
iii) tBuCOCI i) Pd(OAc),, Ar'l —_— > W 64

0 N BHy HyB
Jy i) Li-naphthalenide BA, o C'/\Ej/\ol Mo, 4 X A
BHs 5" Ngy if) MeOH ) i) n-BuLi = i g

- Al
..f\)v Ay SH ~78°C r NS e
Ar“/ Ph Me |
Mé Ph o Z 65

62 /\Q/\m
61 oo\ BH, HyB

Scheme 31. Livinghouse’s methodology for the obtention of secondary phosphine-boranes and
their transformations.

Secondary phosphine-boranes 60 were deprotonated and further alkylated with
2-(chloromethyl)benzotiophene, furnishing 61 in good yields and keeping its optical
purity.®® Reaction of deprotonated 62 with dihalides provided the corresponding
enantiopure diphosphine-boranes (64, 65 and 66) also with good yields and
enantioselectivities.®® Additionally, the already known Cu(l)-Pd(0) co-catalysed cross
coupling of 62 with aryl iodides® gives access to a large family of diarylphosphine-
boranes 63 with excellent levels of stereocontrol.

It is important to note that, while the methodologies for the deprotection of aryl
phosphine-boranes rely on the use of secondary amines such reagents do not work
with trialkylphosphine-boranes due to its higher basicity. In this case, fluorinated acids,

such as the tetrafluoroboric acid, are used. It seems that sequential substitutions on the
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H atoms of the borane by F allows the easy deboronation of the phosphine-BF;
adduct.*

Although the success of the Evans-Imamoto method is undisputed, during the
last years there have been severe sparteine shortages, making the method often
unusable. For this reason many research groups are looking for alternative surrogates
of sparteine, but at present none of them has the adequate properties to substitute

natural sparteine.*

2.4. Preparation by asymmetric catalysis

The synthetic procedures based on resolution of racemic mixtures or asymmetric
catalysis, described in the preceding sections, constitute the main methods of
preparation of enantiomerically pure P-stereogenic compounds and require
stoichiometric amounts of chiral reagents or expensive HPLC equipment.

A much more desirable way would be the use of enantioselective catalysis
starting from achiral or racemic reagents.** These procedures would ideally reduce the
high cost usually associated with the preparation of P-stereogenic compounds.

Such an approach has scarcely been used in the preparation of P-stereogenic
compounds until the last fifteen years,* when transition metal complexes were found to
catalyse a variety of reactions leading to optically enriched phosphines and
derivatives.?*

The obtained phosphines are good ligands themselves and hence compete with
the other phosphorus ligands present in the structure of the catalysts. Such competition
does not necessarily mean a drawback because coordination of the obtained ligand to
the metal can have the positive effect of “chirality breeding”, for instance, when the
obtained phosphine catalyses its own formation.?*

In the following sections, the most remarkable metal-catalysed synthesis of P-

952.% are described.

stereogenic phosphines

Primary and secondary phosphines can oxidatively add to low-valent transition
metal complexes to form phosphide complexes.”” In contrast to phosphines, metal
phosphide complexes are known to undergo fast pyramidal inversion, which can be
measured by NMR. As a representative example, typical energy values for the
inversion of tertiary phosphines, PRs, are around 155 kJ-mol™, whereas inversion
barriers for some phosphide platinum complexes range from 42 to 67 kJ mol™

according to NMR analyses.””
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As a consequence, phosphide complexes containing other chiral ligands usually
generate mixtures of diastereoisomers, which in turn preferentially triggers the
formation of one of the two phosphide-coordinated enantiomers.?”

These facts set the basis of the general method for the metal-catalysed
asymmetric synthesis of P-stereogenic phosphines, which are formed by reaction of

these complexes with electrophiles (Scheme 32).

WP R3X

1 . v’
— R/ Swe), ————— R"/Ogs
R2 Kp R2
) (R)-68 (R)-69
R/ >H — Inversion Keq P-C bond formation
R2 k1 k_1
rac-67 R3X
2v N « [— I
. R / (L0 ” R / \RS
s
R1 R1
(S)-68 (S)-69

Scheme 32. Basis of metal-catalysed preparation of P-stereogenic phosphines.

The interplay between the rates of phosphorus inversion (which interconverts
(R)-68 and (S)-68) and the rates of electrophilic attack to each diastereomer of 68
will dictate the enantiomeric excess of 69.

Different synthetic methods have been developed according to the above-
mentioned principles for the preparation of P-stereogenic complexes by asymmetric

catalysis (Scheme 33).

S
> R“"/' ">y Hydrophosphination
[P, [P, [Ln] i
R1= N ArX ' Phosphination of aryl halich
/ H > RN phination of aryl halides or
R2 [Pd]* { A arylation of secondary phosphines
R2
rac-67
ArCHo—X > R ~_A"  Phosphination of benzylhalides or
[P, [RuJ* / alkylation of secondary phosphines

R2

Scheme 33. General strategies for the metal-catalysed asymmetric synthesis of P-stereogenic
phosphines.
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All the reactions depicted in Scheme 33 are likely to proceed through phosphide
complexes as intermediates. The first processes are the Pt-,*® Pd-* and Ln-
%catalysed hydrophosphination of activated alkenes, whereas the second represents
a cross-coupling reaction between secondary phosphines and aryl halides catalysed by
Pd complexes.”"'®" More recently, it has also been described the Pt'® and Ru'®-
catalysed alkylation of secondary phosphines or phosphination of benzyl halides. It is
interesting to mention that even though the most studied systems are based on metal-
phosphide complexes, there are examples in the literature that occurs through other
intermediates such as the Rh-catalysed desymmetrisation of prochiral

dialkynylphosphine oxides'® and Ru'® or Mo-catalysed metathesis.'®
2.4.1. Hydrophosphination of alkenes and alkynes

Transition metal-catalysed hydrophosphinations'®” are reactions based on the addition
of a P-C bond across a multiple bond. For a given prochiral substrate (usually an
activated alkene, see Scheme 34), a new stereogenic carbon and/or phosphorus atoms
can be formed, whose absolute configurations are susceptible to enantiocontrol by the

chiral catalyst.

RZ2 v
Y
! RS RS [Cat*] D H
— é R * *
R? / \H *
R2 R4 R6 R3 R
R4 RG

Scheme 34. Catalytic hydrophosphination of alkenes, where Y = BH3, O or a lone pair.

Although some hydrophosphinations can proceed uncatalysed,'® the process
itself is challenging because it requires a tightly binding chiral ligand, which ideally
should not be displaced by the substrates or products of the reaction.

The mechanism can be understood as an oxidative addition of the P-H bond to
the low-valent metal centre, usually a Pd(0) complex, followed by olefin insertion and
reductive elimination to yield the product. Since the alkene can insert into the M-P

bond or into the M—H bond, two different pathways are proposed®®'®” (Scheme 35).
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Scheme 35. Proposed pathways for the metal-catalysed hydrophosphination.

The first route A involves alkene insertion into the M—P bond to form complexes
70 followed by C—H reductive elimination. Alternatively, in route B the alkene inserts
into the M—H bond to form complexes 71 followed by P—C reductive elimination.*®

The first example of this type of reactions was reported by Pringle and co-

workers'®

more than twenty years ago. They showed that hydrophosphination is a
suitable reaction to prepare phosphine ligands for its application in homogeneous
catalysis by using Pt(0) metal complexes.

More recently Glueck and co-workers''® applied this reaction for the preparation
of P-stereogenic phosphines and derivatives catalysed by Pt(Me-Duphos) complexes

(Scheme 36).

[ ] 1o _ N
R1// \H + /\Y _ R i \/\Y [P = ©: , \\\
Y = CN, COO(Bu) up to 27% ee

R', R?2 = Me, Cy, Ph, o-An, 'Bu, 2,4,6-tris-(Pr)phenyl

Scheme 36. Enantioselective Pt(0)-catalysed hydrophosphination.

Although the results obtained are still far away from the desired useful levels of
enantioselectivity it represents the first example of preparation of P-stereogenic

phosphines by asymmetric catalysis.''%""",
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Tanaka®?, Gaumont®®¢ and co-workers described examples of Pd(ll)-catalysed
hydrophosphinations of acetylenes with racemic secondary phosphine-boranes
(Scheme 37).

BH,4 [Pd(OAC),PP*] 0
Ph,P(O)OH i
_Rw, * =R —> e, AR
Me \"~H Toluene, 35 °C Ph \ ”/
Ph Me

up to 42% ee
Scheme 37. Pd(ll)-catalysed hydrophosphination of terminal alkynes.

The reaction was performed with several chiral bidentate ligands displaying some
selectivity towards the Markovnikov addition product with up to 70% conversion and

low stereoselectivity.
2.4.2. Phosphination of aryl halides

Phosphination consists in the cross-coupling reaction of a secondary phosphine -or
derivatives- with an aryl halide or triflate. Actually, asymmetric Pd-catalysed
phosphinations of aryl halides with secondary phosphines are among the most studied

metal-catalysed reactions producing P-stereogenic phosphines (Scheme 38).

f i
1/'\ AT P X=lone pair, |, BHg
R'™/ >H [Pd]* R™/ SAr Y =nhalide or triflate
R2 R2

Scheme 38. Cross-coupling of an aryl halide or triflate with a secondary phosphine or derivative.

The first studies of this reaction were carried out using optically pure phosphines
or derivatives and non-chiral palladium catalysts such as [Pd(PPhs)s]. Under these
conditions, it was found that the stereochemistry of the P-C bond were strongly
dependent on the protective group X and the reaction conditions. Xu and co-workers' '
reported the cross coupling of isopropylmethylphosphinates with aryl and vinyl halides
with clean retention of configuration at phosphorus, whereas Imamoto and co-

workers*!113

discovered that employing secondary phosphine-boranes the
stereochemistry of the P-C bond formation ranged from almost complete retention or
inversion, depending on the solvent and base used. Later reports of Livinghouse and

4

co-workers''* stated that the presence of Cu(l) on the Pd-catalysed arylations of

secondary phosphine-boranes was able to generate configurationally stable
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metallophosphides yielding tertiary phosphine-boranes with inversion of configuration
at phosphorus with excellent levels of stereocontrol.
More recently the studies have shifted towards the use racemic phosphines and

chiral enantiopure metal catalysts. In this line Glueck and co-workers'®'®''

reported
the first Pd-catalysed asymmetric phosphination by reaction of rac-72 with different

substituted benzene-derivatives (Scheme 39).

Pr iPr \Q
N\ Me
Me— _ e Me [Pd] = Z
H NaOSiMe; PH 7 JPh
rac-72
up to 78% ee

Scheme 39. Pd-catalysed cross-coupling of rac-72 with phenyl iodide.

After screening different solvents and a set of aryl compounds, they found the
best results using a Pd-Me-Duphos catalyst with phenyl iodide in toluene, displaying
good conversions and interesting enantioselectivities.

Several other enantiopure Pd-diphosphine complexes were also employed as
catalytic precursors, were yields and enantioselectivities of the products were strongly
influenced by the structure of the diphosphine. In fact, it was found that series of
DuPhos ligands such as Me/Et/i-Pr-DuPhos did not yield to major improvements.
Furthermore, the same group developed an intramolecular version of Pd-catalysed
phosphination to prepare P-stereogenic benzophospholanes.''® Again the rate and
selectivity appeared dependent on the precursor and the diphosphine used in the
catalyst.

Different variations of the reaction have also been explored. Helmchen and co-
workers'"” developed series of phosphine oxazoline ligands (PHOX) with a stereogenic
phosphorus atom by either nucleophilic and electrophilic substitutions at the
appropriate phosphorus precursors. Since their synthesis was limited by achiral
substrates, they overcame those difficulties by developing the Pd-catalysed

phosphination of o-substituted aryl iodides (Scheme 40).
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Y
Ph—,
N N O
I/> rac-73
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?
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= (R,R)-Et-FerroTANE
Scheme 40. Pd-catalysed phopshination of o-substituted aryl iodides.

They developed a system in which the catalyst is generated “in sitv” from Pd(0)
and a chiral diphosphine. After some experimentation screening different diphosphines
they found that the best results were displayed by the (R, R)-Et-FerroTANE ligand
achieving enantioselectivities of up to 93% ee.

In parallel, Glueck and co-workers''® introduced the phosphination reaction of
phosphine-boranes. Compared to free secondary phosphines, phosphine-boranes
have the advantage that they cannot inhibit the catalyst by displacement of its
phosphine ligands. Their air-stability is also an advantage when carrying out their
catalytic syntheses and facilitating the purification of the products. In this line the group
investigated the preparation of PAMP-BHj3 by this method, consisting on the coupling

of methylphenylphosphine-borane with o-iodoanisole (Scheme 41).

BH, . . BH,
4 An [Pd-diphosphine*] )
+ o0-An > .
Ph// ~H Base Ph' / o-An
Me Me
PAMP-BH,

Scheme 41. Enantioselective arylation for the preparation of PAMP-BHs.

A range of different chiral diphosphines such as Chiraphos, Me-DuPhos, Tol-
BINAP, among others was tested in this reaction but only moderate
enantioselectivities were found. Nevertheless, it represents the only attempt, at
present, to prepare a well-known ligand like PAMP-BH3; by means of asymmetric

catalysis.
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2.4.3. Alkylation of secondary phosphines

In 2006 and 2009, two independent research groups reported the first examples of Pt-
192 and Ru'®-catalysed alkylation of secondary phosphines. This reaction is particularly
challenging since the achiral base-mediated alkylation competes with the catalytic
transformation. In order to overcome this process, the metal catalyst should be the
most nucleophilic species present in the media making the metal-catalysed reaction
faster than its undesired achiral base-mediated alkylation.

102,119

Glueck and co-workers studied the alkylation of substrate rac-74 catalysed

by Pt-Me-DuPhos-based catalysts obtaining low conversions but promising ee values
up to 77% (Scheme 42).

— [P1] .- N /Me
Me—, - > Me / [P1] = ;I
H NaOSiMeg Bn A
iPr iPr Br iPr iPr ﬁ
rac-74

Scheme 42. Pt-catalysed asymmetric alkylation of secondary phosphines.

The reaction can be applied to a variety of secondary mono- and diphosphines
and benzyl bromides. However, the substituents attached to the phosphorus have a
strong influence on the stereochemical outcome.'?°

When the substrate is a secondary diphosphine (Scheme 43) the selectivity of
the first alkylation can affect the outcome of the second one due to substrate control.
This influence depends on the length of the link, (CH,),, between the two P—H reactive

sites.
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n=1,2
Ar'y CH2 ""Ar
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Ar / - \\\Ar >
(CHa)n ™y NaOSiMes

+

) Br
ipr n=4,5
ArvsPs K Bn ......

0 (CHy V"B” +

Ar =
) ) rac-76
'Pr 'P

Scheme 43. Pt-catalysed asymmetric alkylation of secondary diphosphines.

In general, the use of substrates with short links (n = 1, 2) results in
predominantly meso-compounds due to substrate control. In contrast, four or five
methylene groups (n = 4, 5) provide a long enough linker to isolate the reactive sites,
which results in prevalent rac-selective alkylation. Nevertheless, for n = 3 an
intermediate behaviour is observed, where the catalyst control is only slightly affected
by the substrate.

As a final example, Bergman and co-workers'® developed the Ru-catalyst

depicted in Scheme 44 for the alkylation of rac-77 with benzyl chloride.

BH3

cl i) [Ru]/L*, THF, =30 °C }
Ph// SHO 4+ ></ + - NG
Me NaO ii) BHz THF Ph' /
Bn

77
rac- Ph,
L* = /N .
>"Pr
(0]

Scheme 44. Ru-catalysed enantioselective alkylation.

The high nucleophilicity of this type of ruthenium catalysts allows the preparation
of several P-stereogenic derivatives even using benzylbromides and bis(benzylic)
compounds as substrates with moderate yields but low enantioselectivities.

Despite all the efforts devoted to the catalytic, enantioselective preparation of P-
stereogenic phosphines, the current methods are still very limited in scope and usually
yield ligands with low enantioselectivity, making them, at present, unusable to prepare

ligands for asymmetric catalysis.
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2.5. Conclusions

This chapter has summarized the main available methods for the synthesis of P-
stereogenic phosphines and some of their derivatives. The development of the different
synthetic strategies, ranging from classical resolutions to asymmetric catalysis, is still
an intensive area of research and much further progress can be expected in the near
future.

Up to now, quite a large number of P-stereogenic ligands, with different structural
types and different functionalities have been obtained and constitute a promising poo/
to be tested in asymmetric catalysis. Enantioselective transformations in which the
chirality is transferred from phosphine ligands to the desired organic substrates have
been developed with almost perfect stereoselectivity. Following these successful
insights, it is reasonable to think that the P-stereogenic factor, alone or in conjunction
with other chiral elements can still lead useful and even “privileged” ligands for

asymmetric catalysis.
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3. Coordination chemistry and catalysis with
Secondary Phosphine Oxides (SPOs)

3.1. Precedents on the synthesis of SPOs

Tertiary phosphines have been used in the preparation of countless coordination and
organometallic complexes since they efficiently bind a large number of metallic centres.
However, it is well known that some of these organophosphorus compounds are
especially prone to oxidation, due to the non-bonding pair on the phosphorus atom,
which reacts with the oxygen of air leading the formation of the corresponding
unreactive oxide. The design of the phosphine ligands becomes crucial for the catalytic
applications of the metallic precursors.

Often, however, these phosphines or even their transition-metal complexes are
difficult to handle, due to its air and moisture-sensitivity, and their preparation requires
laborious methods. For these reasons the use of phosphines at industrial scale is still
limited. Fortunately, a number of protection strategies for phosphines have been
developed. Among these, the use of BH; adducts’ or the corresponding protonated
species (phosphonium salts)® proved valuable. Particularly, coordination with BHj
groups is still one of the most widely used protecting methods, but the release of the
free phosphine needs the presence of an amine; a process that has always to take
place before any coordination to transition metals.” Other options rely on the controlled
oxidation of the trivalent phosphorus atom. The phosphine oxide can be subsequently
deprotected through reduction, normally using silanes. That was the classical approach
before the use of boranes as protecting groups and it inherently has several drawbacks
such as the harsh reaction conditions, which sometimes lead to racemisation of the P-
stereogenic compounds.

The protection methodology, however, postpones the problem of handling air-
sensitive phosphines, rather than solving it. An alternative makes use of Secondary
Phosphine Oxides (SPOs), which despite being known for more than 50 years, they

currently represent a new class ligands with a remarkable stability and potential.
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3.1.1. The tautomeric equilibrium of SPOs

Tautomerisation can be defined as the interconversion between constitutional isomers,
also called tautomers.® Any reaction that simply involves the intramolecular transfer of
a proton, and nothing else, is considered as a tautomerism. Well-known examples of
tautomerism can be found in the protonation/deprotonation of carboxylic acids and in
the proton exchange between the two nitrogen atoms in the imidazole ring. In these
cases the products and the reagents are exactly the same. However, this situation
cannot be extended to other cases whose best-known example is the keto-enol
tautomerism.

A tautomeric equilibrium can also found for some organophosphorus compounds.
In this respect, Secondary Phosphine Oxides (SPOs) and Heteroatom-Substituted
Secondary Phosphine Oxides (HASPOs), are of particular interest because even
though they contain a pentavalent phosphorus atom, they can be considered as
potential ligands in homogeneous catalysis due to a tautomeric equilibrium with the
trivalent phosphorus species. (HA)SPOs are weak acids and therefore, they can

tautomerise in solution to phosphinous acids, as it is depicted in Scheme 1.
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Scheme 1. Tautomerism of (HA)SPOs.

The trivalent tautomeric form, a phosphinous acid, is able to bind Lewis acids,
and as a result, it has been recently suggested the term “preligands” for these
compounds, which have been successfully used, in some cases, as ancillary ligands in
homogenous catalysis.* However, little is still known about the chemical and physical
properties of most of them, even though this information is crucial for an assessment of

their coordination behaviour and lately their catalytic properties. In general, SPOs are
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reputed to be stable towards oxygen, which has been explained by the dominance of
the pentavalent tautomer in solution. It is assumed that this equilibrium is completely
displaced towards the oxide form but the presence of transition metal cations or

silylating agents® can shift the equilibrium to the trivalent form.
3.1.2. Mechanistic insights

As early as the 1960s, SPOs were studied by deuterium exchange experiments.® The
results of these evidenced the clear predominance of the pentavalent tautomer in most
instances, a fact that was supported by IR spectroscopic measurements confirming the
formal P=0O nature of alkyl- and aryl-substituted SPOs. In 2004, Pietrusiewicz, Duddeck
and co-workers suggested,” from NMR studies, that the fast kinetics of the tautomeric
equilibrium was due to the migration of an acidic proton. In this line, Hong and co-
workers® proposed two reaction pathways (Scheme 2) for the transformation of

secondary phosphine oxides to the corresponding phosphinous acids, based on DFT

calculations.
Iy r, ] I
l, PALMAAER N
1) RS G e —> R/ "OH
R' © R
R', R2 = Alkyl, Aryl
R2 5 ¥ R?
H o\\ ,\\\R1 /R HO\ , \R1
RV} + |“ H'---O~> "R m 4+ B
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Scheme 2. Proposed routes for the conversion of secondary phosphine oxides to phosphinous
acids. 1) Unimolecular pathway and 2) the bimolecular one.

In the first route, the unimolecular pathway, the tautomerism takes place due to
the intramolecular migration of the hydroxyl proton, whereas in the bimolecular route
the conversion can be rationalised by an intermolecular transfer of two hydrogen atoms

in a synchronous exchange.
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More recently Montchamp and Janesko® have shown that the reaction
mechanism involves a simultaneous dissociation of a P-H bond and formation of an
O-H bond and that the proton exchange which leads to the formal reduction of the P(V)
species, can not take place in an intramolecular proton transfer. According to their DFT
studies, the unimolecular pathway does not work for those SPO molecules containing
very bulky substituents, since the distorted geometry of the tetrahedral species have

very high-energy barriers.
3.1.3. Factors that affect the tautomeric equilibrium

Depending on the electronic character of the substituents at the P atom, the tautomeric
equilibrium of SPOs shows some experimental tendencies. In 2010 Bérner and co-
workers® studied the tautomeric behaviour of five secondary phosphine oxides with

different electronic properties (Figure 1).

Me
QL. 0x
| o]
gy \ \ \ ~
79 |
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Me 80 81 XN
82

Figure 1. SPOs studied by Bérner and co-workers.’

They concluded, according to NMR and IR spectroscopy, DFT calculations and
X-ray structural analysis that only with strongly electron-withdrawing groups the
phosphinous acid form can be observed in the equilibrium, whereas for all the other
cases the phosphine oxide form completely dominates. This tendency has been clearly
seen by *'P NMR spectroscopy, whose chemical shifts and *'P-'"H couplings revealed
that with the exception of the perfluorinated phosphine in Figure 1, all other SPOs exist
exclusively in the pentavalent tautomeric form. The unusual form of the free
phosphinous acid can be found in the literature only in specific cases with, as it has
been mentioned, extremely electron-withdrawing substituents.”® Hence, since
(CF3).P(OH) and (C.Fs5).P(OH) and their analogues exist only in the trivalent form, less
electron-withdrawing groups such as 2,4-CF3-C¢H; or CsF4,N displays a solvent-
dependent equilibrium where a representative fraction of the oxide tautomer can be

also found.
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Montchamp and Janesko® have suggested an explanation of this behaviour
taking into account an additional resonance form in the prototropic tautomerism of
SPOs (Scheme 3).

H H O
| v | v 1l
® -
RQ\\\‘/‘ \\O RZ\\‘-' \(8 B Rg\\) \O/H
R1 R1 R1

R1, R2 = Alkyl, Aryl
Scheme 3. Tautomerism and resonance forms of SPOs.

The phosphonium form depicted in Scheme 3 is destabilized by strong electron-
withdrawing substituents such as the —CF; or the perfluorinated pyridines already
mentioned. But this simple description allows the rationalization of other minor
tendencies such as the influence of the solvent in the tautomerism. Interestingly, in
more polar solvents like THF or CH;0H, SPOs containing EWG groups have a large
percentage of phosphinous acid in solution, being in some specific cases, such as the
(CoF5).P(OH), the only species detected. This remarkable solvent dependency is not
observed for alkyl SPOs, which are always found as pentavalent oxides. Nevertheless,
Bérner and co-workers® have proved that the parameter that rules this effect is the
hydrogen-bonding tendency of the solvent rather than the polarity.” To this end, they
pursued NMR experiments in order to quantify the fraction of the trivalent tautomer in
trifluoroethanol (more polar than methanol) and they observed a significant
enhancement of the oxide form. Therefore, more than the polarity of the solvents, their
hydrogen-bonding acceptor properties are the keystones that affect the state of the
tautomeric equilibrium, because they are able to stabilize more effectively the
zwitterionic resonance form depicted in Scheme 3.

Finally, it has to be mentioned that in the case of P-stereogenic secondary
phosphine oxides, the tautomeric equilibrium does not affect the stereochemical
integrity of the phosphorus atom”'' but, despite that, very few optically pure P-

stereogenic SPOs have been prepared.
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3.1.4. Synthesis of achiral or racemic SPOs

Traditionally, Secondary Phosphine Oxides have been easily prepared through
hydrolysis of the corresponding phosphine halides.'® Other widely used methodologies
are based on the displacement of an alkoxide from a monosubstituted phosphinic ester
by a Grignard reagent or by the reduction of a disubstituted phosphinic ester by

treatment of lithium aluminium hydride (Scheme 4).%'®
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Scheme 4. Main synthetic strategies to prepare SPOs.

Condensation of aldehydes with primary phosphines also leads to the
corresponding SPO in refluxing trifluoroacetic acid.'® In addition, the obvious way to
prepare SPOs through oxidation of secondary phosphines can be simply accomplished
in the presence of hydrogen peroxide or molecular oxygen at 50-70 °C." This method,
however, requires further work-up of the obtained products since it usually produces

undesired oxidised species and for this reason is rarely employed.
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All these strategies allow the preparation of a variety of SPOs, especially
containing aryl substituents.’® In contrast, dialkyl-substituted secondary phosphine
oxides are more difficult to prepare because due to their basicity they undergo non-
desired secondary reactions involving the formation of P-O-P bonds. Li and co-
workers'” have reported a useful polymer-supported synthesis of dialkyl substituted
SPOs,'” depicted in Scheme 5.

Q).

i) NH,'Bu
i) PClg
—_— ——
N—1Bu N—1Bu 7\
/ / R H
Cl— \ R— \
Cl R R = alkyl

Scheme 5. Polymer-supported synthesis of dialkyl-substituted secondary phosphine oxides.

The polymer-supported aminophosphines can be straightforwardly prepared by
treating Merrifield’s resin with excess of fert-butylamine to form the polymer-supported
secondary amine. This resin reacts with PCl; in the presence of triethylamine to give
the polymer-supported clorophosphine precursor. Reaction of this precursor with a
variety of organolithium and Grignard reagents in THF at room temperature leads to
complete substitution of P-Cl bonds. Finally, the desired SPO can be easily obtained
by direct cleavage with H,0.™®

This methodology has also allowed the preparation of bidentate systems by
introducing 1,2-bis(dichlorophosphanyl)ethane instead of phosphorus trichloride. Once
the diphosphine is attached to the resin, the chloride groups can be replaced by alkyl
substituents or even alkoxides."”

In contrast, (HA)SPOs, H-phosphonates or their derivatives, can be directly
obtained from the corresponding diamines, diols or aminoalcohols and PCls in a one-

pot or two-step procedure (Scheme 6)."°
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Scheme 6. General methodology for the preparation of (HA)SPOs.

Furthermore, other strategies have been developed in order to prepare HASPOs
containing P-N bonds. A very recent methodology has been reported by Hong and co-
workers® and it is based on the reaction of imines with organolithium and
organomagnesium reagents followed by the condensation with a chlorophosphine

(Scheme 7).

n2 1) R*M C|3| ?I
N/ 2) R4 C|2 _P_ /RZ HZO RN /RZ
4 N —_— /N
A i R
a : R’ RS R! RS
R', R? R* = aryl
RS ='Bu, 'Pr, Ph

Scheme 7. Preparation of amino-substituted secondary phosphine oxides.

The subsequent aqueous work-up of the chloroaminophosphines leads to the
corresponding amino-substituted secondary phosphine oxides.

Both procedures provide an attractive platform for the synthesis of
enantiomerically enriched secondary phosphine oxides, since the backbone of the
diamine or diol, along with the substituents of the imine, may contain stereogenic

elements, as it is discussed in the next section.
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3.1.5. Synthesis of chiral SPOs

Chiral SPOs can be classified into two broad categories: secondary phosphine oxides
where the chirality of the molecule is due to stereogenic elements present in the
scaffold and P-stereogenic SPOs where the phosphorus atom is responsible of the

chirality of the molecule.
3.1.5.1.SPOs bearing chiral backbones

The first example of a secondary phosphine oxide with stereogenic centres in the
scaffold was described in 1999 by Fiaud and co-workers®' (Scheme 8). It must be
noted, however, that the chirality of synthon 84 was introduced by diastereomeric

resolution using quinine as resolving agent.

Ph Ph
Quinine : /OH (COC|)2 X /C|
—_— _—
Ph / \ Ph — \\O THF \\O
83
Ph Ph
84 85

DIBAL-H | 63%

Scheme 8. Synthesis of the optically pure diphenylphospholane SPO.

A convenient method for the preparation of (HA)SPOs, described in the previous
section, starts from, e.g. diamines or diols and inexpensive PXs; precursors. An
interesting system bearing chirality on the scaffold was reported in 2000 by Enders and

? making use of the enantiomerically enriched TADDOLs* (Scheme 9).

co-workers,?
Several (HA)SPOs have been prepared according to this general synthetic strategy

and most of them have proved to be valuable ligands to nucleophilic catalysts.*®
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Scheme 9. Synthesis of the (R,R)-TADDOL-SPO derivative.

Some examples of enantiomerically enriched (HA)SPOs** have been obtained

from the corresponding optically pure 1,2-diamines, as it is shown in Figure 2.

Bu Ph

z =z
N
/\\
I O
-
:-\_(
=
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.,IN

(RsR)'ss (R!R)'sg
Figure 2. Selected chiral secondary diaminophosphine oxides.

As it can be seen, all the examples presented contain at least one stereogenic
element in the backbone. An elegant synthesis of (HA)SPOs with an stereogenic
phosphorus atom was reported by Hamada and co-workers.” In that synthesis, L-
aspartic acid was converted in a few reaction steps into a chiral triamine. A
diastereoselective formation of the corresponding triaminophosphine using PCls,
followed by the subsequent hydrolysis yielded the desired diaminophosphine oxide
(DIAPHOX).
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Scheme 10. Synthesis of the (S, Rp)-DIAPHOX ligand.

The last step can be considered a Sy2 reaction, which can be easily achieved
through column chromatography with wet silica. It is important to note that these
special types of ligands have displayed excellent results in many palladium- and
iridium-catalyzed asymmetric processes providing high enantiomeric excesses,

especially in asymmetric allylic substitution reactions.**%°

3.1.5.2. P-stereogenic SPOs

As it has been described, the preparation of secondary phosphine oxides with a chiral
backbone constitutes a well-established process.** However, the synthesis of
enantiomerically enriched, P-stereogenic SPOs have proved to be more difficult and
only a few examples of optically pure SPOs have been reported so far.”’ Among the
different methods for the preparation of P-stereogenic SPOs, the use of covalently
attached chiral auxiliaries constitutes a well-established approach.

The use of menthol phosphinates as chiral auxiliaries in the preparation of P-
stereogenic secondary phosphine oxides has broad scope. The first synthesis of a
chiral, P-stereogenic SPO was reported in 1968,° when benzylphenylphosphine oxide
was prepared by reduction of the corresponding menthol-precursor with lithium

aluminium hydride (Scheme 11).
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Scheme 11. Preparation of the first P-stereogenic SPO.

This method, however, as it was demonstrated by Mislow and co-workers' does
not constitute a suitable strategy for the preparation of these secondary phosphine
oxides, since it causes racemization, likely due to the presence of LiAlH.'® The
epimerization of the phosphorus can be rationalised by means of a hydride-addition-

elimination mechanism involving a pentacoordinated dihydrido species (Scheme 12)

Ph
0] \ H ~ ?I
Il +H” o, | © -H Ph
B L
Ph -H" Ph H +H™ Ph

Scheme 12. Epimerization induced by LiAlH,.

In order to overcome these difficulties Buono and co-workers?® developed
another synthetic route, which relies on the reaction of diastereomerically pure menthyl
or adamantyl phosphinate precursors with different organolithium and Grignard
reagents (Scheme 13). Replacement of the phosphinate moiety occurs with the

expected inversion at the phosphorus atom.*
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Scheme 13. Asymmetric synthesis of secondary phosphine oxides from organometallic
precursors.

Although this reaction works with many organometallic reagents with useful levels
of ee, the main drawbacks are the separation of the diastereomeric menthyl
phosphinates used as starting materials, since its crystallization does not yield the
optically pure products when the substituents attached to the phosphorus are different
from the usual phenyl group. This problem can be overcome by means of semi-
preparative HPLC,* even though it is an expensive technique. In addition, the steric
hindrance of the organolithium and organomagnesium reagents and its excess in the
reaction media, affect dramatically both the yield and the stereochemical purity of the
obtained SPOs.

More recently, similar results have been obtained using a-D-glucosamine as a
chiral precursor’’ with ee values comparable to those reported by Buono and co-
workers.*

Optically pure tert-butylphenylphosphine oxide can be obtained using 1-

t,2 which starts from the conversion of the racemic

phenylethylamine as resolving agen
SPO into the corresponding phosphanylthioic acid. Resolution of the phosphanylthioic
acid with an enantiomerically enriched amine and subsequent desulfurization in the

presence of Raney nickel®* provides the desired SPO (Scheme 14).
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Scheme 14. Preparation of the optically pure tert-butylphenylphosphine oxide by means of
diastereomeric resolution.

There are many examples of classical diastereomeric resolutions of racemic
SPOs. Other efficient methods to separate rac-96 have been described using (S)-
mandelic acid or ephedrine as resolving agents.*®

In parallel, Minnaard and co-workers®* described an elegant dynamic resolution
of 'BuPhP(O)H by crystallisation with (-)-dibenzoyltartaric acid, achieving excellent
ees.

Complementary to the above-mentioned methodologies, Feringa, de Vries and
co-workers have successfully resolved various SPOs through preparative chiral
HPLC.?"® This technique has mediated the isolation of general enantiomerically
enriched SPOs (Figure 3).

tBu“ " 4P
Pf" TH YT e, é/
(R)-100 (R)-101 (R)-102 (R,R)-103

Figure 3. Enantiomerically enriched SPOs through preparative chiral HPLC.

Other strategies for the preparation of optically pure tert-butylphenylphosphine
oxide via asymmetric synthesis were carried out in 2005 by Buono and co-workers.? In
that work, they prepared, for the first time, the two enantiomers of the parent SPO
using an oxazaphospholidine precursor derived from (S)-prolinol. The highly
diastereoselective ring-opening of the oxazaphospholidine with tert-butyllitium in THF at

low temperature (Scheme 15) constitutes the key step of the methodology.
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Scheme 15. Synthesis of both enantiomers of '‘BuPhP(O)H p-toluensulphonic or p-nitrobenzoic
acids.

While this ring-opening reaction was shown to proceed with retention of the
phosphorus configuration, the obtention of the two enantiomers of the SPO can be
achieved by changing the Bronsted acid during work-up. Therefore strong Bronsted
acids (pKa = 1) lead to retention of configuration at phosphorus whereas weaker acids
(pKa = 3-5) produce products with inversion. This strategy, however, cannot be
extended to a wide variety of alkyl and aryl substituents on the phosphorus atom since
less hindered nucleophiles lead to significant erosion on the ee.

Different approaches have been examined in order to introduce more than one
stereogenic element in the structure of SPOs. To this end, Dubrovina, Brner and co-
workers®® prepared a mixture of diastereomeric dodecahydrodibenzophophole 5-

oxides® employing as starting reagent one enantiomer of 105 (Scheme 16).

i) SOCI,, CHCl, '
. > oy + .
: ii) LiAIH,, THF ' el
7 “on i) Air, PrOH A" 07 "M
92%
(+) or (-) 105 106 106-ent

Scheme 16. Synthesis of chiral phospholanes.

Such reagent can be prepared in a few reaction steps from either 1,2-
dibromobenzene or cyclohexanone.”®> However, formation of the corresponding
chlorophospholane oxide and its subsequent reduction with LiAlH,, leads to a mixture
of diastereomeric secondary phosphine oxides after its final oxidation in the air.

In the search of a general method to prepare chiral SPOs from cheap precursors
Han and co-workers®” have described the use of aminoalcohols as chiral auxiliaries for

these transformations, in particular for those SPOs containing naphthyl-derived
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substituents in combination with bulky groups: fert-butyl, cyclohexyl, among others

(Scheme 17).
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Scheme 17. Enantioselective synthesis of chiral SPOs employing aminoalcohols.

This last example emphasizes the potential use of aminoalcohols as chiral
auxiliaries for the preparation of P-stereogenic SPOs, even though this methodology is,
in fact, more general and can be extended to the synthesis of many P-stereogenic

ligands so far.

3.2. Synthesis of enantiopure t-BuMeP(O)H

3.2.1. Previous work

In the previous section, some of the most important synthetic methods to prepare chiral
SPOs have been discussed. Among them, enantioselective synthesis has proved to be
the most challenging and less explored, especially in the use of optically pure
aminoalcohols as chiral auxiliaries.

In this line, our group used cis-1-amino-2-indanol for the preparation of highly
hindered P-stereogenic phosphines and derivatives, which had been also used as a

chiral auxiliary for the preparation of optically pure sulfoxides.*®
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This methodology allows the preparation of oxazaphospholidines, which in turn
are amenable for the synthesis of bulky P-stereogenic aminophoshines.** What is
more, the strategy provides an alternative for the so called “Evans-Imamoto method”
consisting on the deprotonation of dimethylphosphine boranes using (-)-sparteine as
chiral auxiliary*® and permits by using a single amino alcohol auxiliary, the synthesis of
both enantiomers of key P-stereogenic intermediates.*'

Our synthetic route, as it was explained in Chapter 2, starts with the
condensation of cis-1-amino-2-indanol with fert-butyldichlorophosphine in the presence
of diethyl amine affording the oxazaphospholidine ring O1 after protection of the free

phosphine with the borane group (Scheme 18).

1) HNEt,,
OH _ THF, 68 °C, 2 h o
+ O u > |
Cl 2) BHz-SMe,, 0 °C, 30 min NEL
() NH, 27 o1 H %, °
By
BH,4 Tol 100 °C | MeMgCl
A Li/NHj(1) ouene, 9
.. -
Met;?’u/ \NH2 Retention
99% ee OH
(S)-L1-NH, L BHa
MeOH/H,0 8% N\ "By
BHj 2 dr18:1 Me
A H,SO, 02
B S
‘Bu““] AN Reflux, 16 h
Me OH Inversion
(R)-L1-OH 99% ee

Scheme 18. Synthesis of the chiral synthons aminophopshine (S)-L1-NH; and phosphinous
acid borane (R)-L1-OH.

Then, the stereoselective ring-opening with Grignard reagents leads to the
corresponding optically pure aminophosphines, a process that has also been studied
with other organomagnesium reagents such as MeMgBr or PhMgBr. The O2 synthon
is a key intermediate, since it can access the preparation of aminophosphine (S)-
L1-NH2> by means of a reductive cleavage of the benzylic C—N bond with lithium in
liquid ammonia or phosphinous acid (R)-L1-OH via an acidic methanolysis using
sulphuric acid. Interestingly, both reactions take place in a stereospecific manner, with
stereochemical retention forming the aminophosphine, or inversion in the case of the
phosphinous acid.

(S)-L1-NH2 and (R)-L1-OH are extremely useful synthons, since they have an

opposite reactivity: while the aminophosphine (S)-L1-NH, behaves as a nucleophile,
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(R)-L1-OH phosphinous acid can be used as an electrophile. Indeed, previous
studies* in the group showed that the conversion between the two species is possible
without any optical purity loss, evidencing this complementary chemical nature, as it is

depicted in Scheme 19.

Inversion
1) MSQO, NEtS
CH,CI, 1 h, =20 °C
BHj 2) NH3 (9) BHj
A
Me™'7 \ Bu™/ \
tBul NH2 Mel OH
(S)-L1-NH, (R)-L1-OH
99% ee 99% ee
MeOH/H,0 (20:1)
50°C, 2h
Inversion

Scheme 19. Transformations between (S)-L1-NH; and (R)-L1-OH without ee erosion.

Although synthon (R)-L1-OH is an invaluable intermediate for the preparation of
the desired L1 secondary phosphine oxide it is a difficult-to-handle gummy solid with a
low melting point (54-56 °C). On account of the nature of the compound, it contains an
OH group which makes them more soluble in polar solvents, even in water, and as a
result, the synthesis and the work-up steps are somewhat intricate, implying a sever
decrease of the yield. Nevertheless, its main drawback is perhaps the limited stability of
the compound, due to its decomposition to racemic secondary phosphine oxide and
borane byproducts. In order to circumvent these problems, our group studied the
transformation of this phosphinous acid borane in the corresponding dialkylammonium
phosphonite salts.**

Since (R)-L1-0OH behaves as a weak Bronsted acid, having a measured pK, of
4.76, it can be deprotonated by some amines, such as diisopropylamine, leading the

formation of the dilakylammonium salt as a crystalline solid (Scheme 20).
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Scheme 20. Divergent synthesis for the phosphonite salt.

(R)-L1-OH, L1-:O and (S)-L1-NH; allowed the preparation of the desired
Secondary Phosphine Oxide +BuMe(O)PH L1 which despite its simplicity, has only
been mentioned in a few references in the literature. It was originally described in a
racemic form a long time ago* and much more recently has been prepared by other
groups, also as a racemate.'***

In our previous studies, L1 was detected as a subproduct of the acidic hydrolysis
of aminophosphines® and using this methodology we were able to obtain
enantioenriched (R)-L1, albeit with low ee. Having access to optically pure L1 is
particularly interesting since it contains the sterically dissymmetric #Bu/Me
combination, which has yielded extremely important phosphine ligands for asymmetric
reactions*2244046

The desired oxide (R)-L1 had been obtained in good yield by acidic hydrolysis of
aminophosphine (S)-L1-NH2> using H.SO, in a mixture of methanol/water at 40 °C

(Scheme 21).%

BH; H>SO4 (4 eq) H
} MeOH/H,0 |
H,N” \“Bu 40°c,16h 07 \"Me
Me Bu
(S)-L1-NH, (RI-L1 (53% ee)

Scheme 21. Acidic hydrolysis of aminophosphine (S)-L1-NH..

However, this procedure afforded (R)-L1 with a disappointingly low enantiomeric

excess of 53%. Therefore, a more selective route was required.
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3.2.2. Optimisation of the synthesis

In this THESIS, we envisaged the deprotection of fert-butyl(methyl)phosphinous acid
borane (S)-L1-OH or its corresponding phosphinite salt, since its synthesis in

enantiomerically pure form had been developed in our group (Scheme 22),3%4142.c43
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Scheme 22. Synthesis of (S)-L1. Its enantiomer has been prepared analogously.

Enantiopure (S)-L1-OH was prepared, as it has been mentioned, by direct

3945 Gince the

hydrolysis of the corresponding cis-hydroxyindan-1-yl derivative.
synthesis starts from cis-aminoindanol, both enantiomers are equally accessible.
Treatment of (S)-L1-O salt with HBF4 in CH,Cl, at 0 °C*** followed by an
extractive work-up and addition of diethyl ether afforded a white solid in 29% yield that
was identified as the boron trifluoride adduct of the desired compound. This species
displays a quartet in the *'P{'"H} NMR spectrum at 63 ppm with a coupling constant Jpr
of 9.0 Hz. Fortunately, it was possible to obtain crystals suitable for X-ray diffraction

studies of this compound whose molecular structure is depicted in Figure 4.
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F3

Figure 4 Molecular structure of (S)-L1-BF3. Thermal ellipsoids are drawn at 50% probability
level. Most of the H atoms have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) of (S)-L1-BFs.

Bond Length (A)
P1-01 1.5489(16)
P1-C1 1.778(2)
P1-C2 1.815(2)
01-B1 1.501(3)
B1-F1 1.379(3)
B1-F3 1.381(3)
B1-F2 1.398(3)
C2-C3 1.538(3)
C2-C4 1.540(3)
C2-C5 1.545(3)
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Angle (®)
O1-P1-Ci1 111.91(11)
O1-P1-C2 108.31(9)
C1-P1-C2 113.02(11)
B1-O1-P1 125.99(13)
F1-B1-F3 111.03(19)
F1-B1-F2 109.77(18)
F3-B1-F2 110.66(17)
F1-B1-O1 108.82(17)
F3-B1-O1 107.64(17)
F2-B1-O1 108.86(17)
C3-C2-C4 111.20(17)
C3-C2-C5 111.03(17)
C4-C2-C5 109.83(18)
C3-C2-P1 109.84(15)
C4-C2-P1 108.16(13)
C5-C2-P1 106.64(14)

(S)-L1-BF3 constitutes the second reported crystal structure of a SPO-BF;
adduct after a secondary phospholane oxide—-BF; adduct reported by Toffano and co-
workers®® and crystallises in the monoclinic crystal system, an arrangement also found
in related compounds of the literature.* The absolute configuration of the phosphorus
atom, S, is the same as the employed phosphinous acid-borane (S)-L1-OH employed
in this particular synthesis, proving that the reaction occurs with retention of
configuration, as expected. The crystal structure supports that the mechanism of
deboronation® takes place by substitution of the hydrogen atoms of the borane group
by fluorine, as suggested by McKinstry and co-workers.*

When adduct (S)-L1-BF3; was dissolved in CH.Cl, and treated with NaHCO;
saturated aqueous solution, the desired oxide (S)-L1 was obtained as a highly
hygroscopic oil. The procedure could be performed with crude (S)-L1-BF3 solution
affording, after several extractions with small volumes of CH.Cl, to maximise yield,52
(S)-L1 in 80% yield. Gratifyingly, it was found that the compound had been obtained in
optically pure form (>99% ee) after derivatisation for chromatographic analysis.*®

It is important to note that the hydrolysis of adduct L1-BF3 and therefore, of the

whole process from (S)-L1-OH, takes place with retention of configuration at
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phosphorus. The NMR data was consistent with the proposed structure of (S)-L1
since a singlet is observed at 6 = 45.5 ppm in the *'P{"H} NMR spectrum while in the 'H
spectrum the proton directly attached to the P appeared at 6 = 6.60 ppm with a large
"Jpn = 445 Hz.

Furthermore, we explored the chemistry of L1 with  sodium
bis(trimethylsilyllJamide (NaHMDS) in order to detect the phosphinite anion as it was
described by Tyler and co-workers.* In their work, they explain that deprotonation of
(Pr).P(O)H 113 takes place only in the presence of NaHMDS or KHMDS, observing an
important displacement of the signals in the *'P{"H} NMR spectrum from a chemical
shift of 6 = 55.8 ppm, belonging to the free oxide, to 121.6 ppm attributed to the
phosphinite (Scheme 23).

H @ R
| i Na |
NaHMDS o .
AN e &N ———= U
ipr iPr R—Br 'Pr
113 \114
03P =56 ppm Hard nucleophile
31p _
"pyy = 434 Hz 091 =122 ppm

Scheme 23. Intermediate phosphinite anion studied by Tyler and co-workers.*

The parent reaction is particularly interesting since it offers an open door for a
new reactivity of the 114 synthon as a nucleophile, preferring the P—C bond formation
over O—C. Unfortunately, we found that our system was not compatible with such
bases, since many subproducts were obtained instead, none of them in the region of
120 ppm in the *'P{'"H} NMR spectrum.

In order to isolate the desired intermediate, we envisaged its coordination through
the oxygen with bis(trimethylsilyl)acetamide or BSA.**The reaction was carried out in a
solution of (S)-L1 in dichloromethane adding 2 eq. of BSA under inert atmosphere.
Surprisingly, the reaction did not work and the *'P{'H} NMR spectrum remained
unchanged after the addition of BSA. In the light of these observations, it is possible
that the BSA is not oxophilic enough to shift the tautomeric equilibrium towards the
phosphinite, or if it does so, the hard oxygen nucleophile is cation passivated and only

attacks strongly oxophilic substrates such as chlorosilanes.
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On the other hand, it has to be mentioned that as both enantiomers of L1-OH
are available, both enantiomers of L1 are equally accessible and have been used in

the complexation studies presented in this THESIS.
3.3. Complexation of enantiopure t-BuMeP(O)H

3.3.1. Precedents on the complexation of SPOs

In the field of organometallic chemistry and homogeneous catalysis, it is well known
that P(lll)-based ligands are the most important type of ligands due to their ability to
stabilize transition metal centres.**

As it has been described in the previous sections, SPOs have proven to be
appealing ligands, due to its air-stability, in contrast to many phosphines and
derivatives. But what make them in the spotlight is their ability to coexist between two
isomeric forms, with different oxidation states; therefore having distinct chemical
properties. The tautomeric equilibrium between the pentavalent oxide form and the
trivalent phosphinous acid form SPOs present a tautomeric equilibrium is completely
shifted towards the oxide form except for phosphines with extremely electron-
withdrawing groups® but the presence of a transition metal cation can shift the
equilibrium to the trivalent form, forming a metallic complex with the phosphinous acid
(Scheme 24).%°

Pseudobidentate Monodentate
M
R2, M M al M b
e I g2 Base R2"y ~No-H R2") No~
O\H.—O R1 R1
Phosphinous acid (PA) P-coordinated
i |
| v [M]
RQ\\‘) %O ----- > RZ“‘/‘ QO/
R R’
SPO O-coordinated

Scheme 24. Tautomeric equilibrium and coordination modes of secondary phosphine oxides.
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As shown in Scheme 24, SPOs can act as ambidentate ligands by using the soft
phosphorus atom in the phosphinous acid tautomer or the hard oxygen atom in the
phosphine oxide tautomer. The coordinative behaviour depends on the affinity of the
metal for one site or the other. Examples of P-coordinated complexes can be found for
Fe, Pd, Ir, Au, Pt, Rh and Ru whereas the O-coordination has been described for
example with Cr, Mo, W, Ru and Rh.>®*’

Interestingly, two SPO units attached to a metal centre can form an
intramolecular hydrogen bond, acting as a pseudobidentate ligand (Scheme 24) with a
negative formal charge. This moiety can be formally considered as formed by
combination of a neutral phosphinous acid and an anionic phosphinito unit. This
process often requires an external base and leads to a stable six-membered ring.
Although the formation of such species is both thermodynamically and kinetically
favoured, the required cis geometry can not always be achieved and sometimes the
trans isomers with two monodentate SPOs are obtained instead.*®

Nevertheless, this pseudobidentate coordination mode has spurred interest into

116570 and it has been found, for

the study of the applications of SPOs in catalysis
example, that dialkyl SPOs are excellent ligands for cross-coupling reactions.>®
Interestingly, in the case of enantiopure P-stereogenic SPOs, the tautomeric
equilibrium does not affect the stereochemical stability of the phosphorus atom'™ but,
despite that, very few catalytic applications of P-stereogenic SPOs in asymmetric

350.362%0 hrobably due to the lack of

catalysis have been reported in the literature,
methods for their preparation. It is interesting to note that sometimes the phosphinous
acid ligand can be modified during the catalysis, such as in the allylic alkylation,®®® in
which the OH group is silylated by the BSA and therefore it is no longer a “true”

phosphinous acid.

3.3.2. Complexation of enantiopure t-BuMeP(O)H with several

noble metals

In the present THESIS it has been described the preparation of both enantiomers of the
optically pure +BuMeP(O)H L1. With this in hand, we studied its complexation to
several metals, which revealed a rich variety in the coordination modes of this

phosphine oxide.
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3.3.2.1.Ni complexes

When considering catalyst design and access to well-defined species, the most used ¢-
block metals tend to be noble metals such as iridium, rhodium, or palladium, among
others. In contrast, examples with first-row and low-cost transition metals, such as
nickel, remain more than sporadic, especially bearing SPOs as stabilizing ligands.
In fact, the first Ni(ll) complex with a pseudobidentate bridge was described in 1977%'
with a few reports on related structures a few years later.®

In 2005, Han and co-workers® disclosed the nickel-catalysed
hydrophosphinylation of terminal alkynes with a mixture of [Ni(PPh.Me),] and
Ph,P(O)H.®® They were able to generate in situ a five-coordinated hydrido phosphinito
nickel complex, by means of an oxidative addition of diphenylphosphine oxide and
[Ni(PEts)4], which was characterised by 'H NMR spectroscopy but not isolated (Figure
5).

Furthermore, some years later, Fang and co-workers® reported another catalytic
application for “in situ” Ni-SPO complexes, in this case, having diaminophosphine
oxides as ligands which were reacted with Ni(ll) sources for the Kumada coupling of

deactivated aryl chlorides.®*

Werner 1977 Han 2005 Fang 2012

MeO OMe | w —O~ ( __>
N2l Lo H—Ni< H /|
\

MeO~| | ~OMe | |\_O
OO Et, PhPh
115 116 117

Figure 5. Reported Ni(ll) complexes with SPOs.®%

Although prone to promote hydrophosphinylation reactions, those structures
having cationic Ni(ll) species with metal-hydride or metal-carbon bonds could be of
interest for migratory insertion of olefins to produce polymers.®**® However, due to
their high reactivity and their instability, these organonickel compounds are usually
generated “in situ” from a nickel(ll) halide precursor.?®

More recently, Breuil and co-workers®” reported that bis(cyclooctadiene)nickel(0),
[Ni(COD),] reacts with sulfonamido-phosphines in the presence of a second phosphine
ligand, leading to a self-assembled supramolecular organometallic species.

Interestingly, very recently the same research group disclosed, for the first time, the
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preparation of several diamagnetic s-allylic nickel complexes bearing a phosphinito-

phosphinous acid system as stable solids (Figure 6).%®

PN CFy OMe Me

/ E , ’ ’
118 119 120 121

122

Figure 6. Ni-SPO allylic complexes prepared by Breuil and co-workers.®®

In this study, Breuil and co-workers®” pointed out that when [Ni(COD),] reacts
with the SPO ligand in toluene and an excess of COD, to prevent the formation of
metallic nickel, the process yields the corresponding pseudobidentate s-allylic nickel(ll)
complexes.

We envisaged the reaction of L1 with [Ni(COD),] under the same conditions
reported by Breuil and co-workers.®® To do so, freshly prepared [Ni(COD);] was

immediately dissolved with 2 eq. of (R)-L1 in a 5:1 toluene/COD solution (Scheme 25).

/H‘
o °
ﬁ Toluene/COD Me,,, | I .wBu
z ;
- . (5:1), RT . tBU/ N\, ./ \Me
7 T2 Me‘/ Ny 1/ /
'Bu
(R)-L1
L1Ni1

Scheme 25. Reaction of (R)-L1 with [Ni(COD),].

The solution became darker and a brown solid was obtained. Unfortunately,
when that solid was analysed by '"H NMR (Figure 7) we obtained very broad signals
and the characterisation of the complex still remains elusive. Nevertheless, the signals
are consistent with the presence of two set of different protons, belonging to the Me

and 'Bu groups of the SPO ligand.
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12 11 10 9 8 7 6 5 4 3 2
8 (ppm)

Figure 7. H NMR(400 MHz, benzene-ds, 25 °C) for the reaction crude L1Ni1.

In the view of this result we concluded that the paramagnetic species formed
must have a tetrahedral coordination geometry (instead of the expected square-planar
arrangement).

These unsuccessful attempts are in agreement with some results obtained by
Breuil and co-workers®” who noticed that basic and bulky aliphatic SPOs appeared to
be less reactive with [Ni(COD),]. Indeed, when they used the bulkier mesityl or iso-

propyl SPO analogues only degradation to metallic nickel was observed.®®
3.3.2.2.Ir complexes

Complexation studies with Ir and SPO ligands are rare in the literature, despite it has
been found that /in situ prepared Ir precursors with SPO ligands are competent systems
for asymmetric hydrogenation of ketimines®® and functionalized olefins.*® Indeed, the
only preformed Ir complexes described were reported in 2011 by Buono and co-

workers®® using the non chiral (‘Bu),POH (Figure 8).

OH
B —/ Cl oH
. N 7 Bu— / cl
Bu N N\ s
Ny s
oC CcO
118 19

Figure 8. Reported Ir-SPO complexes with (‘Bu),POH.

Our first objective was the synthesis of the monocoordinated complex
[IrCI(COD)(kP-(R)-L1)] (L11r1) by reaction of [Ir(COD)CI], with (R)-L1, following the

conditions reported by Buono and co-workers (Scheme 26).°%
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Scheme 26. Attempts to obtain Ir-SPO complexes.

The reaction was not successful in either THF of CH,Cl, because multiple
products were obtained according to *'P{'"H} NMR spectroscopy.

In contrast, in benzene a singlet was detected at 6 = 105 ppm that can probably
be assigned to (R)-L11r1,°%® a fact also supported by mass spectrometry. This
complex, however, could not be isolated since it rapidly decomposed during
precipitation.

In spite of the instability of (R)-L11r1, characterisation in solution was performed
by 'H and *'P{'"H} NMR under inert atmosphere. The most representative spectroscopic

data are depicted in Table 2.

Table 2. Selected NMR data for (R)-L11r1, dis expressed in ppm, multiplicities and J (in Hz)
are given in brackets.

'"H NMR (CgDe) $1P{"H} NMR (C¢Ds¢)
5.38 (m, 1H COD)
5.31 (m, 1H COD)
3.11 (m, 1H COD)
2.88 (m, 1H COD)

2.22-1.82 (m, 4H COD)
1.64-1.29 (m, 4H COD)

1.08 (d, *Jup = 14.4, 9H 'Bu)

1.01 (d, Jkp = 7.6, 3H Me)

[IrCI(COD)(xP-(R)-L1)],
(R)-L11r1
OH
/
MemF_ Cl

tBu/t/ ]jj

+105.7 (s)

85



CHAPTER lII. Coordination Chemistry and Catalysis with Secondary Phosphine Oxides

In addition, the molecular formula of (R)-L1lr1 was determined by mass
spectrometry where the adduct ([M] + NH,)" was detected as molecular peak.
Several attempts were carried out in order to isolate the monocoordinated Ir

complexes. A summary of the experiments is depicted in Table 3.

Table 3. Unsuccessful attempts to obtain (R)-L11r1 and (R)-L11r1’.

Me, Bu
;)H |
0 HTX
7L K I Conditions A A o M
1/2 = ,r \Cl, \/ + Me\\"/ \H ‘BU / \\ + VA
Bu Solvent % %
(R)-L1
03P =107 ppm 03P =60 ppm
(R)-L1Ir (R)-L1Ir1’
Conditions Outcome
CH.Cl,, RT, 1 h Mixture of P- and O- coordinated species
(R)-L1Ir1 and (R)-L1Ir1’are detected in solution but
THF, RT, 1 h o .
decomposed upon precipitation with n-hexane
THF, 75 °C reflux, 1 h Mixture of P- and O- coordinated species
Hexane, 75 °C reflux, 1 h Mixture of P- and O- coordinated species

Interestingly, whereas the *'P{'H} NMR of the crude of the reaction showed
remarkable differences when the reaction takes place at room temperature in benzene
or in other solvents, the same NMR pattern was observed when the reaction mixture
was heated to reflux. As it can be seen in Figure 9 multiple species appear both at
down fields (P-coordinated region) and higher fields (O-coordinated region). The shape
and the broadness of the signals might be indicative of a dynamic exchange between

P- and O-coordination species.
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Figure 9. ¥'P{'H} NMR (162 MHz, benzene-ds, 25 °C) spectrum of the reaction of (R)-L11r1
and (R)-L11r1’ at 75 °C in THF.

In order to stabilise the Ir centre, CO was bubbled through the solution to
substitute the COD ligand®®® but the formation of black iridium was immediately
observed in all of the cases.

Finally, a few attempts to obtain the complex [Ir(COD)(xP-(R)-L1),] (L11r3) were
carried out by the reaction of 0.5 eq. [Ir(COD)CI], with 2 eq. of (R)-L1 in presence of a
base (NEt;, DBU) sometimes in the presence of halide abstractor (AgPFe or TIPF¢) but
none of the experiments yielded any definite product.

These unsuccessful results are in agreement with the experiments reported by
Buono and co-workers®® since the deprotonation with NEt; of the analogous complex
containing (‘Bu):POH 120 (Scheme 27) vyield a solid that did not displayed any
phosphorus signal in the NMR. This solid was identified as the triethylammonium salt

and the supernatant solution showed numerous peaks.

OH CO O

Bu—/ NEts %
N o s tBu / \ +  (HNEt)ClY
t
oc/ “co o o tBu
120 121

Scheme 27. Deprotonation of phopshinous acid complex 120 reported by Buono and co-
workers.*®

They were able to grow some suitable crystals for X-ray analysis revealing the
structure of a tetrameric Ir cluster 121. Although this procedure is clearly not a
preparative synthesis, it strongly suggests that the presence of a base triggers the

formation of polymetallic species, containing Ir—Ir bonds.

87



CHAPTER lII. Coordination Chemistry and Catalysis with Secondary Phosphine Oxides

Further experiments were performed in order to obtain Ir-monocoordinated
complexes with L1, using another dimeric precursor, in this case, having coordinated

cyclooctene ligands (Scheme 28).

OH

Benzene - Me'y NIy, ‘Bu/ s
Tl B oc” co
o 1h,RT
I (R)-L1Ir2

Me““] H L _
Bu 03P =108 ppm
(R)-L1 (R)-L1Ir4
Q C| P, 1
\ Me"/ "H O,H..O
O O Bu Me,,, | JBu
NEt; Benzene // / N \
w00
L1Ir5
Benzene
O/H“~
Me.,,, | I JBu
- i \Me
/\
OoC co
L1Ir6

Scheme 28. Attempts to obtain mono and dicoordinated Ir complexes L11r2, L11r4, L11r5 and
L1Ir6.

A similar behaviour was observed in comparison to the analogous reactions with
COD. Once more, it was only possible to detect the monocoordinated complex L11r4
in benzene, showing a very close chemical shift 6 = 108 ppm compared to L1lr1.
Substitution of the olefins by CO did not yield any definite product, even though no
precipitation of Ir(0) was observed in this case (Scheme 28).

Attempts to isolate the pseudobidentate complex L11r5 were unsuccessful even
in the presence of bases such as NEt; or DBU with and without halide extractors:
AgBF, and TIPFs. Interestingly, a pair of multiplets at 6= 65 ppm can be seen as a
major product in the 3'P{"H} NMR when the dimeric precursor is treated with a solution
of 2 eq. of L1 and then is bubbled with CO, for a couple of minutes, before the
precipitation of black iridium (Scheme 28).

Unexpectedly, a very similar *'P{'"H} NMR pattern is observed when the reaction
is carried out using [Ir(COD)(CHsCN),]BF,; with 2 eq. of L1 in THF at room

88



CHAPTER lII. Coordination Chemistry and Catalysis with Secondary Phosphine Oxides

temperature. We have not been able to elucidate the structure of these species due to
their instability in solution, but the chemical shifts could suggest a dicoordinated
complex linked through the oxygen atoms, a fact supported by mass spectrometry,
where the molecular peak contains two units of L1.

Finally, in order to conclude all these experiments, we studied the reaction of IrCl;

with 3 eq. of (R)-L1 in different alcohols as solvents (Table 4).

Table 4. Experiments with IrCl3-xHo,O as metallic source.

P| Solvent
C|3'XH2O + RN _——
Me"/ H 80°C, 1h
Bu
(R)-L1
Solvent Comments
'PrOH Decomposition
EtOH Decomposition
MeOH Unknown pure product

In all these reactions, Ir(lll) was used instead of Ir(l) as a metallic precursor in the
presence of reducing solvents, unfortunately the reaction did not lead any stable
product when isopropanol or ethanol were employed as solvents. Unexpectedly, when
the reaction was carried out in methanol a white solid was obtained after evaporation to
dryness. NMR data (Figure 10) suggested that the structure of this product did not
contain coordinated neither P—Ir nor P-O-Ir bonds since the chemical shifts in the

¥P{'H} NMR were closer to those of the free ligand.

T T T T T T T T T T
70 6.8 6.6 6.4 6.2 6.0 ‘
AR A AN R Aottt | L

T L T T T T T T T T T T T T T T T T T T T T
28 26 24 22 20 18 16 14 12 65 60 55 50
6 (ppm) & (ppm)

Figure 10. *'P{'"H} NMR (162 MHz, methanol-d,, 25 °C) (right) and 'H NMR (400 MHz,
methanol-dj, 25 °C)(left) spectra of the unknown product obtained.
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Additionally, the '"H NMR displayed a very simple spectrum where we could only
find the peaks belonging to the 'Bu and Me groups. Taking into account all this
information and according to mass spectrometry results, we suggest that the obtained
structure might be a highly symmetric oligomer of the ligand containing, at least, 4 units
of L1.

3.3.2.3. Rh complexes

Although the first application of Rh complexes with SPOs was disclosed in the early

1980s for the hydroformylation of linear olefins,”

a more intense catalytic interest
appeared when SPOs were successfully applied to asymmetric hydrogenation
reactions of imines® and more recently of functionalised olefins.®® Despite these
excellent catalytic results, little research about the nature of the Rh species involved in
the catalysis has been performed so far.®®""

In particular, there are only a few examples of isolated pseudobidentate Rh
complexes in the literature and all of them contain SPOs with EWG substituents (Figure
11).”772 |t is interesting to recall that aryl SPOs tend to react faster with metallic

centres, affording more stable complexes.

H. Me F

Eﬁ:fj F s F
122 125

123 124

Figure 11. Pseudobidentate Rh complexes reported in the literature.

A clear example of this behaviour was discussed by Bérner and co-workers.”
They observed that while the SPO containing the perfluorinated ligand 125 reacted at
—78 °C immediately to Rh, electron-richer di-tert-buthylphosphine oxide had given only
traces of the expected complex, even at elevated temperatures.

The studies of the coordination of L1 to Rh moieties were started by reaction of
dimer [Rh(COD)(u-Cl)]> and two equivalents of (R)-L1 in THF or dichloromethane but
the expected complex [RhCI(COD)(xP-(R)-L1)] (L1Rh2) did not form, although it
could be characterised by *'P{"H} NMR and '"H NMR when the reaction was carried out

in benzene-d; (Scheme 29).
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Scheme 29. Complexation studies with Rh.

This is in agreement with previous studies of Bérner and co-workers,”® who
showed that dialkyl SPOs do not afford stable Rh complexes of this type. In contrast,
the formation of (R)-L1Rh2 could be detected when the reaction was carried out in
benzene-ds; under the same conditions described above for the analogous Ir complex.
As expected, a doublet was observed in the *'P{'H} NMR spectrum at the P-
coordinated region (6 = 125.5 ppm, 'Jern = 158.5 Hz) that can be assigned to the
desired complex. The minor O-coordinated complex can also be seen in the *'P{'H}
NMR spectrum, displaying a singlet at 64 ppm. The most relevant spectroscopic data is

depicted in Table 5.

Table 5. Selected NMR data of complex (R)-L1Rh2 Jis expressed in ppm, multiplicities and J
(in Hz) are given in brackets.

TH NMR (CsDs) *'P{"H} NMR (C¢Ds)

5.70 (m, 1H COD

[RhCI(COD)(xP-(R)-L1)], { )
5.57 (m, 1H COD)
( )

(R)-L1Rh2
3.56 (m, 1H COD

OH
/ 3.32 (m, 1H COD)

MewF.  Cl +125.5 (d, "Jrnp = 158.5)
t 2.20-1.93 (m, 4H COD)

7
Bu L\/@

1.71 (m, 4H COD)
1.14 (d, °Jup = 14.0, 9H 'Bu)
1.33 (d, “Jup = 7.4, 3H Me)

Complex (R)-L1Rh2 was also characterised by mass spectrometry with [M —

Cl]" being the most abundant adduct found in solution.
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Further experiments were designed in order to bind two L1 ligands in
pseudobidentate coordination fashion. To this end the precursors [Rh(acac)(COD)],
[Rh(acac)(NBD)] and [Rh(acac)(C.H,)2] were initially used because it was reasoned
that the acac ligand could be replaced by two bridging L1 assisted by the basic
character of acetylacetonate (Scheme 30).”%"

7
P
— 3 \CI/ \/
0
5
NEt; or DBU w7 NH
AgPFg or TIPFg |Me' /
Bu
Me BF,
N \_|
L &
o) O _H O
n o~ o o I
Me 2 Me.,, | | JBu Pu
Me\\‘ \H . X P Me\/ H —~ z _|BF4
Me BF, ‘Bu BuT M Bu ~RhZ
O\ p 7 ﬁ» NGAN 4&5 ~ ~z
V. X MeOH or THF NEt; or DBU
Me L1Rh4
Me BF,
N /” co
o
o
Me
H.
o~ o
Me,, 1 I JBu
Bu 7'\ Me
oC ©O
L1Rh5

Scheme 30. Unsuccessful attempts to prepare the pseudobidentate complexes L1Rh4 and
L1Rh5.

The reactions were monitored by *'P{'"H} NMR spectroscopy, which showed the
appearance of pair of doublets ('Jrwp = 163.0 Hz) at the P-coordination region but the
species resulted to be too unstable to allow its isolation. Finally, a few attempts to
obtain the neutral complex [Rh(COD)(xP-(R)-L1),] (L1Rh4) were carried out following
the report of Buono and co-workers,’® by using [Rh(COD);]BF4 and [Rh(COD)(u-Cl)]2
metallic precursors. However, none of our efforts to isolate the desired complex was
successful, and the same happened when CO was bubbled in the presence of an
excess of ligand L1 to substitute the COD ligand and stabilise the system®® or when a
base was added in the presence of an halide extractor (see Scheme 30).

After these unsuccessful experiments, the use of [Rh(CO).(u-Cl)]o, a precursor

already containing the CO ligand, was finally explored. The reaction of this precursor
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with 2 equivalents of (S)-L1 in dichloromethane produced a stable solid that resulted
to be trans-[RhCICO((S)-L1),] (L1Rh1) (Scheme 31).

OH
/
oC Cl co Il Bu.. cl
1/2 ANV AIRN / + 2 AN CH20|2 Me N
oc” N Sco B LH T A
Cl Me 1h, RT oC / Y"N:BU
HO e
(S)-L1 82% yield L1Rh1

Scheme 31. Preparation of complex L1Rh1.

The trans arrangement of the phosphinous acid ligands was evidenced by the
appearance of a single doublet in the *'P{'"H} NMR spectrum at 129.9 ppm ('Jrp = 117
Hz), while the cis complex should feature two different doublets. The expected
multiplicity can be also found in the '"H NMR spectrum; displaying only one set of 'Bu

and Me signals (Figure 12).

5. )
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Figure 12. *'P{'"H} NMR (162 MHz, CDCls, 25 °C) (right) and '"H NMR (400 MHz, CDCls, 25 °C)
(left) spectra of complex L1Rh1.

The synthesis was repeated adding different bases (NEt;, DBU, Na,COs...) in
order to obtain the cis complex but the trans complex was formed for all cases. Indeed,
there is a literature precedent’® that Rh(l) precursors with bulky electron-rich SPOs
react to form exclusively frans-complexes as happened in the present case.

Although for Rh-carbonyl complexes of this type no catalytic application has been
found to date, they might be useful for the evaluation of the electronic properties of
SPOs. In this sense, these electronic properties have only been investigated by Martin
and co-workers’® by the measurement and calculation of the IR frequencies of CO in
different Rh carbonyl SPO complexes. It appears that generally the phosphinous acid
form is less donating than most trisubstituted phosphine ligands. However, abstraction

of the hydrogen makes the generated phosphinito an extremely strong donating ligand
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(Tolman’s electronic parameter ranging from 2006 to 2018 cm™'). According to this,
pseudobidentate anionic ligands display the strongest net-donation, close to
phosphonium ylides, outclassing the N-heterocyclic carbenes. This kind of
measurements are mainly recorded for aryl SPOs, and we think that it could be
interesting to extend these studies with more electron-rich systems such as the one

presented in this THESIS.
3.3.2.4. Au complexes

The coordination chemistry of gold(l) with SPO ligands has been scarcely explored.
The first examples were reported by Schmidbaur and co-workers™ with
arylphosphinous acid ligands. More recently, van Leeuwen and co-workers’® used the
complex ['Bu(1-naphthyl)P(OH)AuCI], as a precursor for gold nanoparticles that proved
to be active for the hydrogenation of substituted aldehydes. At the same time Schrdder
and co-workers™ described the first use of molecular systems in enyne
cycloisomerization and hydroxy- and methoxycyclisation reactions. It has to be noted
that, to the best of our knowledge, there were no described Au complexes with optically
pure P-stereogenic SPOs.

In our hands, phosphine oxide (S)-L1 easily substituted the tht ligand when
reacted with [Au(tht)Cl]”” in CH,CI, providing complex L1Au1 as a pale grey solid in
good yield (Scheme 32).

o) OH
—Au—Cl + e — —Au—F.,,
Bu™/ SH 1h, RT L "Me
Me Bu 87% yield

(S)-L1 L1Au1
Scheme 32. Synthesis of complex L1Au1.

Although the prepared complex is air stable, the reduction to Au(0) occurred
rapidly when the solution of L1Au1 was exposed to light. The spectroscopic data was
consistent with the proposed structure of L1Au1. The *'P{"H} NMR spectrum showed
a singlet at 6 = 113.6 ppm, a chemical shift comparable with that of similar compounds
with other SPOs containing aryl substituents while the '"H NMR spectrum showed the
expected doublets for the Me and 'Bu substituents.

It was possible to grow crystals suitable for the determination of the crystal

structure of L1Au1 by X-ray analysis. The structure found is shown in Figure 13.
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Figure 13. Molecular structure of L1Au1 (thermal ellipsoids drawn at 50% probability level).
The H atoms have been omitted for clarity.

Table 6. Selected bond lengths (A) and angles (°) of L1Au1.

Bond Length (A) Angle ©)
Au1-Cl2 2.320(4) C6-P3-04 103.12(08)
Aul-P3 2.236(1) C10-P3-C6 107.31(56)

P3-C6 1.789(9) C10-P3-04 103.71(91)
P3-C10 1.834(5) Cl2-Au1-P3 178.98(03)

P3-04 1.608(0)

Crystals of L1Au1 contained three molecules in the asymmetric unit with very
similar distances and angles. The absolute configuration of the phosphorus atom was
S, as expected.

In the literature Au-SPO complexes present symmetric dimeric structures with the
gold centres stabilised by aurophilic interactions and interconnected by two terminal O-
H--Cl hydrogen bonds.”® In contrast in the crystal structure of L1Au1 the O-H---Cl
length and the P-Au-Cl angle are different for each of the three molecules. The Au-CI
(2.326 A), Au-P (2.235 A) and Au-O (3.234 A) distances are in the typical range of
bond lengths for this kind of gold complexes.”**¢ Interestingly, the P-Au-Cl angle has a
value of 178°, slightly deviated from the expected linearity of a Au(l) system. Similar
values have been previously found in related complexes with very bulky

74b-d,76

biarylphosphines.
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The packing of the molecules generates an interesting 3D structure in which the
intermolecular aurophilic interactions between the gold centres occur only between the

crystallographically identical molecules (Figure 14).

Figure 14. View of the molecular packing of compound L1Au1 along the cry§tallographic c*
axis. Most of the H atoms have been omitted for clarity. Selected bond length (A) and angles (°):
Au1-Au1 3.431(8); Aul-Aul1-Aul 145.37(07).

The Au—Au distance is 3.43 A and therefore these interactions can be considered
rather weak because they range between 2.75 and 3.60 A for a gold van der Waals
radius of 3.60 A.”® Due to these aurophilic interactions, the three different molecules in

the asymmetric unit generate non parallel chains.
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3.3.2.5. Ru complexes

Although the first examples of Ru systems bearing PO-H---PO bridges were initially
published during the 1980’s,” it was not until 1999 when these studies were extended
to SP0s.?° Almost at the same time ruthenium complexes with atropoisomeric biaryl-
SPOs were also described.®

In spite of this, the first reported Ru-SPO structure bearing a pseudobidentate
ligation was described with P(OMe) substituents® and no catalytic applications were
found for these complexes until the work of Ackermann®® in 2005. They used electron-
rich SPOs in ruthenium-catalyzed arylation reactions between pyridines or imines and
aryl chlorides through a C-H bond activation mechanism.

The importance of this type of catalysts has been revisited more recently when
applied to other reactions such as nitrile hydration by Tyler and co-workers® and

Cadierno and co-workers (Figure 15).%°

Tyler 2013 Cadierno 2014 O Buono, Clavier 2015
Ph
> HOL <t
i N ='Bu
|v|e—<:| >—iPr | oH > O 0| .l
N e \"“Me cw"‘l - oc="\"~cI
Cl :: Me / I\Ph tphy \OH
HO WMe Ph—\ Ph B
Ph OH
126 127 128 129

Figure 15. Selected phosphinous acid-Ru complexes.

In these studies, the intramolecular hydrogen bonds of SPOs moieties increased
the reaction rate by activating water molecules. Other applications include the
hydrogenation of aromatic compounds using Ru nanopatrticles stabilised by a network
of hydrogen bonds mediated by the SPOs at the surface.®

Ru complexes are competent catalysts for many challenging organic
transformations®” but there is still a lot of work to do in order to find efficient
enantioselective processes, which have been studying intensively over the last decade
in many applications such as transfer hydrogenation, cyclopropanation, olefin
metathesis among others.®

One of the most important families of these compounds are the [RuCly(#°-
arene)P] complexes where P is a monophosphorus ligand. From a structural point of
view, they can be considered as o® octahedral complexes or pseudotetrahedral if we

consider that the arene ligand is coordinated through the centre. The n°-arene occupies

97



CHAPTER lII. Coordination Chemistry and Catalysis with Secondary Phosphine Oxides

three coordination positions, while the others are filled with ancillary Lewis bases. Due
to this particular disposition of the ligands around the metal, these complexes have
been commonly named “three-ledged piano stool” complexes. The metal-ligand bond is
strongly influenced by the arene, which has a predominantly s-acceptor behaviour,
therefore, arene-type ligands provide an extra stability to the complexes when the
metal is electron-rich, or in other words, when it has a low oxidation state.

Mononuclear Ru-arene complexes are typically obtained by means of their
dinuclear precursors. Due to the large number of interesting Ru(ll)-based catalytic
systems prepared using the dimer [RuClx(p-cymene)],, which is more soluble in organic
solvents than other dimers such as [RuCly(benzene)],, we started the study of the
coordination chemistry of L1 with this precursor following the procedures described by
Ackermann and co-workers® and by Buono and co-workers® as it is depicted in
Scheme 33.

iPr 03P = 48 ppm 0%'P =132 ppm
12 ﬂ/@\ /CI ﬁ Me—<: :. >—iPr
Me Me + . Hexane cl—
SN X Me™  SH ————— 7/ Ny
Cl Cl 1 7 By 75°C, 16 h Ch &\
. . HO tBu
'Pr 90% vyield
(R)-L1 (R)-L1Ru1
CH,Cly/hexane T
03P = 65 ppm
THF Me—__)—Pr
T I
25°C, 16 h CI// \O
Cl N __H
B Mé Bu |
(R)-L1Rut’

Scheme 33. Preparation of complexes (R)-L1Ru1’ and (R)-L1Ru1.

The Ru dimer was reacted with a solution of (R)-L1 in THF at 25 °C and after 3 h
appeared a singlet in the *'P{'"H} spectrum at 6 = 65 ppm that was assigned to the O-
coordinated complex (R)-L1Ru1’.%° Interestingly, when we tried to isolate this species
by precipitation with hexane, only the P-coordinated complex (R)-L1Rui1 was
obtained in 60% yield, which displayed a resonance at 6 = 132 ppm, typical of this kind
of compounds.?**#¥° Additionally, the P-coordination of the ligand was also confirmed

by the absence of 'Uip coupling constant in the '"H NMR spectrum (Figure 16).
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Figure 16. 'H NMR (400 MHz, CDCls, 25 °C) spectrum of complex (R)-L1Ru1.

In order to improve the yield, another synthetic procedure, consisting in running
the reaction in refluxing hexane,®® was carried out. It turned out that with this procedure
(R)-L1Ru1 was obtained quantitatively despite the fact that the starting Ru dimer is
scarcely soluble in hexane.

Complex (R)-L1Ru1 has been fully characterised by NMR spectroscopy, IR,
elemental analysis and mass spectrometry. The structure of (R)-L1Rul was

unambiguously established by single-crystal X-ray diffraction studies (Figure 17).
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y.

Cl176

Figure 17. Molecular structure of one of the molecules of (R)-L1Ru1 (thermal ellipsoids drawn
at 50% probability level) in the unit cell. The other three molecules show some disorder, due to
the rotation of the p-cymene ring. The H atoms have been omitted for clarity.

Table 7. Selected bond length (A) and angles (°) of (R)-L1Ru1.

Bond Length (A) Angle (°)

P178-0179 1.620(4) C217-P178-C204 | 105.14(17)

P178-C217 1.819(9) C217-P178-0179 | 103.60(07)

P178-C204 1.845(1) C204-P178-0179 | 100.09(35)

P178-Ru175 2.321(6) P178-Ru175-Cl176 | 81.01(11)

Ru175-CI176 | 2.423(0) | P178-Ru175-Cl177 | 87.94(70)

Ru175-Cl177 | 2.405(1) | Cl176-Ru175-Cl177 | 87.63(92)

Carene™~RU175 2.212(1)

*Averaged value of the six °~Ph Ru-C distances.
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The complex adopts a distorted octahedral structure with the expected three-
legged “piano-stool” geometry around the Ru atom and the n°-coordination of the p-
cymene ring. Two chloride ligands and the phosphinous acid occupy the other three
positions. Bond lengths and angles are similar to those reported in literature for
analogous complexes.?**®* The structure contains an intramolecular hydrogen bond
between the OH and one of the Cl atoms.

At this point, we decided to change the relatively electron-rich n°-coordinated p-
cymene fragment for an electron-poor arene. Complexes of this type are very
interesting, since the aromatic ring can be displaced by a more electron-donor arene,
for instance, coming from the ligand, affording what is commonly named a tethered
complex, a strategy that has indeed widely explored by Muller, Grabulosa and co-
workers.”!

To this end, [RuCly(methyl benzoate)], was heated with (R)-L1 in hexane, under
the same conditions described for the analogous p-cymene Ru complex (R)-L1Ru1
(Scheme 34).

COOMe 03P =48 ppm 03P = 132.7 ppm

112 & s 0 @—COOMe
. H —
CI/ S /ﬁ? + Me"'l\H exane cl 7\ \—Me
, \y .

Ci I 75°C, 16 h o
HO By

(R)-L1 (R)-L1Ru4

Evaporation %

63'P =65.0 ppm

THF T>——coome

MeOOC

> ! THF .
> o ;(, Polymetallic
25°C, 16 h !/ o . species
of N, _, 78°C16h
Mé 'Bu
(R)-L1Ru#’

Scheme 34. Reactions of (R)-L1 with [RuCly(methyl benzoate)], dimer.

Unfortunately, the reaction did not work, probably due to the extreme insolubility
of the [RuCly(methyl benzoate)].. However, when the reaction was run in THF instead
of n-hexane, the formation of the O-coordinated complex (R)-L1Ru4’ could be

followed monitoring the reaction by *'P{"H} NMR (Figure 18).
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Figure 18. 'P{'"H} NMR (162 MHz, P(OMe)3)-INSERT of the reaction of (R)-L1 with
[RuCly(methyl benzoate)], in THF.

While the major product was the O-coordinated complex (R)-L1Ru4’ appearing
at 8 = 65 ppm in the *'P{'"H} NMR, traces of the desired P-coordinated compound (R)-
L1Ru4 were also present (6 = 133 ppm), a fact also supported by mass spectrometry.
The presence of an important amount of the remaining free ligand suggests that an
equilibrium between the different species in solution is present.

Furthermore, when the reaction was heated to reflux in THF, a complex mixture
was formed according to the myriad of peaks was found in the *'P{"H} NMR, probably
due to the decoordination of the arene which was easily released thermally.

Attempts to substitute a chloride ligand by another (AR)-L1 moiety were
unsuccessful (Scheme 35) even in the presence of halide extractors such as AgPF¢ or

TIPFs with and without the presence of base.
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Scheme 35. Attempts to prepare the pseudobidentate complexes L1Rub and L1Ru6 and
L1Ru7.

In all cases multiple signals appeared in the *'P{"H} NMR and we attribute this
lack of reactivity due to the steric hindrance of the '‘Bu groups, since no examples of
piano-stool Ru(ll) complexes with two coordinated SPOs have been reported so far.

Anionic 1°-Cp-Ru complexes are known to be less reactive than their analogous
nP-arene counterparts, since they do not release the anionic arene so easily. We
studied, in parallel, the complexation of (R)-L1 in CH.Cl, or THF to
tris(acetonitrile)cyclopentadienylruthenium(ll) hexafluorophosphate (Scheme 35) but no
trace of dicoordinated product was observed, even heating the solution at 50 °C, where
only free ligand could be detected. The lack of substitution of L1 with the more labile
acetonitrile ligands is in agreement with the behaviour of the related p-cymene/methyl
benzoate systems and supports the hypothesis that sterically hindered SPOs cannot
be linked in a pseudobidentate fashion in pseudotetrahedral Ru (lI) compounds.

Reaction of RuCl; with 6 eq. of L1 was also tested in different alcohols as
solvents (MeOH, EtOH and 'PrOH) but once again no reaction or decomposition was
found depending on the conditions used.

As it was described for Rh, the coordination of bulky and basic phosphinous
acids has been found to be difficult because of the lack of stability of the complexes
formed. It is known, however, that electron-withdrawing ligands such as arylphosphines
or carbonyl groups tend to facilitate the introduction of more than one SPO in the

coordination sphere. This behaviour has been also observed for Ru by Buono and co-
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workers,*®

who reported recently the synthesis of ruthenium carbonyl complexes
bearing SPOs which have been successfully applied in the cycloisomerisation of
arenynes.

The treatment of [RuCl»(CO)s), with (S)-L1 in THF at room temperature allowed
the obtention of the O-coordinated product (L1Ru2), isolated by precipitation with

pentane in good yield (Scheme 36).

531P = 60.3 ppm o 6%P = 124.9 ppm
CcO .
-"\'""Me Me
. H s
OC,,'. I <C| \tBu HO\ :’tBu
-
8 [RuClx(CO)3ln oc 6 cl Toluene, 110 °C OCu... ! uCl
4\ Me - N <Me » OC™ | ~~cCl
THF, 25°C, 2 h 48h
5L | “Bu 't\gsi/ OH
(S)-L1 43% yield L1Ru2 L1Ru3
76% yield
Toluene, 110 °C

6 h, MW
Scheme 36. Synthesis of complexes L1Ru2 and L1Ru3.

Compound L1Ru2 displays a singlet in the *'P{"H} NMR spectrum at the O-
coordinated region (8 = 65 ppm) whereas the '"H NMR spectrum further supports the
identity of the compound with the observation of a doublet of quadruplets at 6 = 7.01
ppm with a Jyp of 495 Hz, similar to other complexes with O-coordinated SPO
ligands.>®

When we treated L1Ru2 with another equivalent of (S)-L1 in toluene at 110 °C
for two days, a new chemical shift in the *'P{'"H} NMR spectrum was observed at § =
126 ppm, which could be assigned to the frans complex containing two phosphinous
acid ligands L1Ru3 (see Scheme 36). In order to find a more convenient method, the
reaction was carried out under microwave conditions, which led to a higher yield in
much shorter time. L1Ru3 has been fully characterised by spectroscopic means, and
the trans geometry was confirmed by 'H NMR and "*C{'H} NMR spectroscopy, both

showing virtual coupling (Figure 19).
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Figure 19. Expansions of the H (top) and 13C{1H} (bottom) NMR spectra of L1Ru3.

Two IR vco stretching bands were observed at 2048 cm™ and 2000 cm™ a fact
that agrees with the cis arrangement of the carbonyl ligands, as previously described
by Buono and co-workers.*®

The reaction was repeated in the presence of different bases, but in all of the
cases the same L1Ru3 product was formed, without any trace of the cis isomer.

Taking into account that Ru-carbonyl complexes of this type are known to be

competent systems for the cycloisomerisation of arenynes,®®

it might be interesting to
develop an asymmetric version of such reactions in order to evaluate the potential

catalytic activity of Ru complexes with coordinated P-stereogenic SPOs.
3.3.2.6. Pd complexes

The application of Pd-SPO complexes received a boost in 2001 when Li and co-

workers'®

used dialkylphosphinous acids in catalytic cross-coupling reactions.”? In
addition, the same type of compounds were successfully applied in the Suzuki-Miyaura
couplings of aryl chlorides® and in Heck reactions of 4-chloroquinolines.®*

Particularly interesting are the Pd systems containing imidazole-based secondary
phosphine oxides, which has promoted excellent results in Heck reactions, as it has
been described by Hong, Shaikh and co-workers.’®®® Hong and co-workers also
reported the preparation of quinolyl-substituted secondary phosphine oxides in which

the N of the heterocycle acts as an hemilabile ligand (Figure 20).%
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Figure 20. Selected phosphinous acid-coordinated palladium complexes from the literature.
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Furthermore, Buono and co-workers® described in 2008 an unprecedented

application for dimeric acetate-Pd complexes, having the 'Bu/Cy combination in the
SPO ligands, in the [2+1] cycloaddition reaction/ring expansion of alkynes with
norbornadiene derivatives. The reaction afforded only the vinylidene cyclopropanes
rather than the expected alkynyl products. An account by Clavier and Buono on the Pd-

and Pt-phosphinous acids and their applications in this type of reactions has recently

appeared.®®

In spite of the extensive research carried out in this field, only few studies have

been reported on the use of optically pure SPOs in the asymmetric version of these

reactions, as it will be discussed in the last section of this chapter.

Having the literature precedents in mind, we started our studies with the

complexation of L1 with some Pd precursors, following the methods developed by Li
and co-workers'® and by Buono and co-workers®® for related Pt compounds.

Therefore, (S)-L1 was treated with [PdCI>(COD)] to afford a mixture of cis and trans

isomers, cis-L1Pd1 and trans-L1Pd1 (Scheme 37).
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Scheme 37. Preparation of Pd complexes c¢is- and frans-L1Pd1 and L1Pd2.

In the *'P{"H} NMR this mixture appeared as two singlets at = 130.0 and 6 =
117.0 ppm for the cis and trans isomers respectively, in an approximate 1:2 ratio.
Interestingly, when the mixture was concentrated in vacuo only the frans isomer was
obtained. The proposed structure is supported by the '"H NMR spectrum, in which the
Me and #Bu groups appear as pseudotriplets due to virtual coupling. However, when
the isolated complex trans-L1Pd1 was dissolved again, some c¢is-L1Pd1 could be
observed by NMR after a few hours.

Following the report of Li* the mixture of cis- and trans-L1Pd1 was treated
with NEt; to afford a single species at 6 = 108.9 ppm in the *'P{"H} NMR spectrum,
suggesting the formation of a dimeric phosphinito-phosphinous acid palladium complex
(Scheme 37)."8°%% Complex L1Pd2 appears to be extremely stable since after some
experimentation it was found that it can be prepared by simply refluxing PdCl, in THF in
air, in the absence of base. The product was fully characterised and the
pseudobidentate coordination mode was unambiguously confirmed with X-ray

diffraction (Figure 21).
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Figure 21. Molecular structure of complex L1Pd2 (thermal ellipsoids drawn at 50% probability
level). Most of the H atoms have been omitted for clarity.
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Table 8. Selected bond length (A) and angles (°) of L1Pd2.

Bond Length (A) Angle (°)
Pd1-Cl1 2.433(3) Pd1-CH-Pd2 85.63(37)
Pd1-CI2 2.440(5) Pd1-Cl2-Pd2 85.72(21)
Pd2-Cl1 2.449(6) Cl1-Pd1-CI2 83.16(03)
Pd2-CI2 2.438(4) Cl1-Pd2-CI2 82.86(54)
Pd1-P1 2.251(9) P1-Pd1-P2 90.45(62)
Pd1-P2 2.251(9) P3-Pd2-P4 90.78(18)
Pd2-P3 2.244(0) C1-P1-01 105.14(44)
Pd2-P4 2.256(6) C2-P1-Cf1 106.91(24)

P1-C1 1.806(4) C2-P1-01 107.20(08)
P1-C2 1.853(3) C6-P2-02 104.83(53)
P1-01 1.528(2) C7-P2-C6 107.26(69)
P2-C6 1.795(4) C7-P2-02 105.35(15)
P2-C7 1.848(0) C11-P3-03 104.79(49)
P2-02 1.555(3) C12-P3-C11 107.29(95)
P3-C11 1.815(6) C12-P3-03 105.61(86)
P3-C12 1.824(9) C16-P4-04 105.00(35)
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P3-03 1.539(0) C17-P4-C16 107.46(58)
P4-C16 1.788(6) C17-P4-04 106.20(30)
P4-C17 1.844(4)

P4-0O4 1.549(7)

This complex shows a square-planar geometry with two palladium(ll) centres
coordinated with two phosphinous acid moieties and two bridging chlorides, with three
C, axes passing through the centre of the molecule, as found for similar complexes.®
The structure reveals that the core of the molecule has a diamond-shaped moiety
consisting of four atoms (Pd(1), Pd(2), CI(1) and CI(2)) that are almost coplanar. A
hydrogen bond links O(1) with O(2), and O(3) with O(4), forming a dimeric complex
with a bis(pseudobidentate) ligand.

In parallel, some experimentation was carried out in order to exchange the
bridging ClI ligand by Br and F. To this end, [PdCI,(COD)] was reacted with 2 eq. of
(S)-L1 in the presence of LiBr or KF respectively (Scheme 38).

Men... ./
Bu Me Me t .
. \f (i B Y
oy , i LiBr, CH.Cl, HO” \. _Br . B . “OH . N v
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Scheme 38. Unsuccessful attempts to prepare bromide and fluoride Pd-SPO complexes.

Unfortunately, none of the experiments yielded any definite product since
mixtures of P- and O-coordinated species were obtained when the reaction was
performed with LiBr (Figure 22), while in the case of KF no reaction was observed in

any of the cases.
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Figure 22. *'P{"H} NMR (162 MHz, CDCls, 25 °C) of the reaction between (S)-L1 and
[PdCI(COD)] in the presence of LiBr.

Arguably, it could be thought that the coordination of a bromide anion should be
more favourable, due to its softer character. However, *'P{'H} NMR analyses of the
reaction’s crude showed a mixture of three different species: the cis-/trans- isomers
and the O-coordinated bisphosphine derivative (Figure 22). Mass spectrometry results
indicated no loss of Cl in any of the formed adducts, proving that the CI/Br exchange
was complete. In spite of that, only monomeric complexes having two bromide ligands
were detected and no isotopic distribution of two palladium centres was found,
indicating that no dimeric species were formed.

On the other hand, in principle, the harder character of the fluoride anion should

t.% However, we unexpectedly detected

stabilise the dimer due to antisymbiotic effec
the formation of L1Pd2 instead, a fact that can be explained by the more favourable
kinetics formation of this complex.

The lability of the ligands has important effects on catalytic activity. In this sense,
as it has mentioned before, Pd acetate complexes with chiral SPOs have been
successfully applied in [2+1] cycloadditions between norbornene derivatives and
terminal alkynes, a reaction that is likely to proceed via palladium vinylidene species.'®
Therefore, (S)-L1 was treated with Pd(OAc); in refluxing toluene according to previous
methodologies.? %1% 3'p1H}y NMR spectrum displayed two singlets at 6 = 110.6 ppm
and 6 = 106.9 ppm, which belong to the monomeric (L1Pd3) and dimeric (L1Pd4)

species (Scheme 39) that coexist in equilibrium in 1:1 ratio.
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Scheme 39. Synthesis of L1Pd3 and L1Pd4 and their equilibrium in solution.

This equilibrium was also observed in the 'H NMR spectrum, which shows
duplication of signals for the methyl groups of the acetates and the ligands and for the
-Bu of the ligands (Figure 23).
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Figure 23. 'H NMR (400 MHz, CDCl3) spectrum of complexes L1Pd3 and L1Pd4.

The unambiguous assignation was carried out by 'H-'>C-HSQC experiments
which showed correlation between the signals of the monomer and the dimer

respectively.
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Among all the Pd systems, z-allyl complexes are one of the most used families of
catalytic precursors, since they are very useful in many organic reactions involving the
formation of C—C and C—heteroatom bonds.'*

Apart from that, these complexes have some advantages in comparison to other
Pd compounds since most of them are stable in the air, they are soluble in almost all
organic solvents and their preparation and characterisation can be carried out by the
usual techniques. Pd(ll) systems are mostly &® complexes with a square-planar
geometry, in which two coordination positions are occupied by the #*-allyl ligand,
whereas the other two are filled typically by a chloride ligand and a monophosphine or
by two phosphine units.

It is interesting to note that X-ray diffraction studies have proven that the n*-allyl
fragment is not, in fact, completely perpendicular to the plane formed by the Pd centre
and the other two coordinative atoms. There is a distortion around 5 and 10°, which
means that the plane of the allyl is canted with respect to the xy plane.'®

In terms of catalytic applications, Pd-catalyzed asymmetric allylic substitution
reactions with SPOs have been scarcely explored. Only Dai, and co-workers®® studied
the asymmetric allylic alkylation of rac-acetoxy-1,3-diphenylpropene with
dimethylmalonate under in sifu conditions using the enantiomerically enriched #
BuPhP(O)H, with up to 80% ee. We envisaged the synthesis of allyl Pd complexes with

L1, which are, to the best of our knowledge, the first monometallic®®

allylpalladium
SPO complexes ever reported.
At this point, it is convenient to define a proper nomenclature for the allylic

hydrogen atoms, depicted in Figure 24.

Hts Hes Hta )H:a
~
Hta \Hca H‘S)\‘-‘ Hes
~ i Y
ci’ Cl
Spq Rpqg

Figure 24. Nomenclature for the two diastereoisomers of complexes [PdCI(nS-Z-Me-aIIyI)P*].

For those complexes having a coordinated Cl and a monophosphorus ligand, the
terminal carbons of the allyl group can be named as cis (c) or trans (t) with respect to

the phosphorous atom, but at the same time they are anti (a) or syn (s) with respect to
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the substituents of the central carbon of the allyl fragment. Therefore the four terminal
hydrogen atoms can be defined as: H®, H®, H* and H".

Furthermore, allyl complexes with a modentate chiral ligand have two
distinguishable isomeric forms (Figure 24) due to the different spatial orientation of the
allylic fragment with respect to the substituents of the P-stereogenic phosphorus. One
of the most widely used nomenclatures to distinguish both diastereomers is based on
the stereochemical descriptors Spq and Reg, Which are assigned considering the allyl
group as a single atom and the non-coplanar CI-Pd—-P fragment; having the priority
according to the Cahn—Ingold—Prelog rules.'®*

Interestingly, these isomers present dynamic exchange in solution, whose
mechanism have been extensively studied by several authors.'®

There are, basically, two accepted mechanisms for the dynamic exchange
between the two isomers, namely the pseudorotacion and &—o—x mechanisms.

Pseudorotation of the allyl group can be understood as a simple twist of the allyl

itself with respect of the axis along the bisector of the CI-Pd—P angle (Scheme 40).

Hts Hcs ts cs Hcs Hts
7N _C|- H =\ H _C|’ /N
ta Hca ta \ ca Hca\ ta
H \ +CI H H +CI H
(Y ~
cl \ 4 Cl
Spd RPd
Dissociative pathway
—L || +L —L || +L

HQ/.\”I \‘H ) HQ/;\"'\‘H :s‘L H%’/\‘H Cl:l

H H ||_\C| H H / \C| H H \.”L

\2\ SH e

H H |~
L

.

Associative pathway

Scheme 40. Dissociative and associative pathways for the pseudorotation mechanism of the
allyl fragment.

This twist cannot take place directly, since the geometrical distortions required
are energetically forbidden. Hence, in order to explain the apparent rotation of the allyl
fragment, two mechanisms are proposed. First, the so called, dissociative'® where
dissociation of the chloride ligand leads to a 14-electron tricoordinated intermediate.

Then, recoordination of the ligand can trigger the formation of any of both isomers.
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Secondly, the associative mechanism'®

in which is postulated a pentacoordinated 18-
electron intermediate. The dissociative mechanism is supported by NMR studies based
on the NOE effect, while the other was initially proposed due to the experimental fact
that traces of halides in solution or coordinative solvent molecules, accelerates the
pseudorotation process.'” In addition, pentacoordinated species have low energy
barriers than the tricoordinated ones according to theoretical models.'®®

It is important to remark that pseudorotation implies the interconversion of the
terminal carbons implying syn-syn and anti-anti exchanges of the allylic hydrogen
atoms.

On the other hand, the 7—co—x mechanism relies on the hapticity change of the

1051109 1t consists on the formation of an n'-allyl intermediate containing a

allyl group.
o(Pd—C) bond. The new single C—C bond of the allyl can rotate freely and form a new

n°-allyl complex by re-coordination of the double bond (Scheme 41).

H H
—~— Ha H —~— HS —~— HS 'H \
/" /™ Cl

Hy H \

|
Spa © Ci ci

Scheme 41. 7—o—x dynamic exchange of the allyl fragment.

According to this, the n°~n'-n® exchange allows the interconversion of the syn
and anti allylic hydrogen atoms of the terminal carbon that does not decoordinate. In
general, the carbon atom frans to P usually decoordinates faster due to the trans
labilising effect in comparison to CI.

In this THESIS we studied the coordination chemistry of (S)-L1 with the allyl Pd
dimers [Pd(n*-2-Me-ally)Cll,, [Pd(n*-1-Ph-allyl)Cll. and [Pd(n*-1,2-Ph,-allyl)Cl],
(Scheme 42).
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Scheme 42. Complexation of (S)-L1 with several allyl-Pd dimeric precursors.

Treatment of (S)-L1 with 0.5 equivalents of [Pd(n*-2-Me-allyl)Cl], led to a

mixture of P- and O- coordinated species of L1Pd11 according to *'P{'"H} NMR (Figure

25).

Bur P
Mel H A
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Figure 25. *'P{'"H} NMR (162 MHz, CD,Cly, 25 °C) of the crude showing L1Pd11 and

L1Pd11’.

The presence of one signal at 6 = 105.5 ppm suggests the formation of only one

diastereomer of the methyl-allyl complex, discussed at the beginning of the section.

However, there were also present O-coordinated species at § = 60 ppm, showing a

broad peak due to dynamic exchange processes. These observations are in agreement

with 'H NMR data, which shows a duplication of the syn, anti protons and the methyl

groups of the allyl fragment. Unfortunately, these complexes appeared to be extremely
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unstable, even as solids, forming Pd(0) upon exposure to air. Although these
difficulties, we were able to characterise them in solution running the reaction in CD,Cl,
(Table 9).

Table 9. Selected 'H NMR(400 MHz, CD.Cl,, 25 °C) data of complex L1Pd11 Jis expressed in
ppm, multiplicities and J (in Hz) are given in brackets.

)\ '"H NMR
N

N Me Hst Hat Hse Ha¢ P—Me P—t-Bu
By I
‘Me 1.89 4.34 3.30 3.19 | 2.40 1.31 1.15
L1Pd11 (s) | (d,J=2) | d,J=11) | (brs) | (s) | (d,J=9) | (d, J=15)

As it has been discussed, 1°-2-Me-allyl complexes often give in solution mixtures
of two diastereomers. However, when we have the #°-1-Ph-allyl group, the situation
becomes more complex, since the asymmetry of the allylic fragment allows the
formation of more isomers. This complexity is mainly made by three factors: firstly, the
Ph group substituted in one terminal carbon of the allyl group can be placed in syn or
anti with respect of the central allylic proton. Secondly, the same Ph group can be
located in cis (2) or trans (E) with respect of the phosphorus atom coordinated to Pd.
Finally, as it happened for the n°-2-Me-allyl complexes, due to the chirality of the
ligand, it is not the same when the Pd centre is coordinated to one face or another of
the allyl which generates the pair of diastereomers, namely: Spq and Rpy. That would

mean, that there are 8 possible isomers for this system (Figure 26).
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Figure 26. Eight possible isomers for the [PdCI(n3—1 -Ph-allyl)P*] system.

We can expect Spy-E-syn and Rpg- E-syn to be the most abundant isomers
because both contain the Ph in a syn position, which in turn is also trans to the
phosphine.

While the use of [Pd(n*-2-Me-allyl)Cl],, afforded mixtures of P- and O-coordinated
species, [Pd(n*-1-Ph-allyl)Cl], lead only P-coordinated species, as confirmed by NMR
studies.

¥P{'H} NMR displayed a multiplet centred at 8 = 106 ppm, (Figure 27) which can
be assigned to the mixture of isomers of L1Pd12. The bad resolution of the spectrum
would require low temperature NMR experiments for the complete elucidation of the
spectra. Unfortunately, at present it was not possible to carry out these experiments at

the University of Barcelona.
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Figure 27. *'P{'"H} NMR (162 MHz, CD.Cl,, 25 °C) of L1Pd12.

Once again, the stability of L1Pd12 is also quite limited and signals of
decomposition products could be seen in the *'P{'H} NMR after several hours in
solution.

Finally, (S)-L1 was reacted with 0.5 equivalents of the bulkier [Pd(1>-1,2-Ph,-
allyl)Cl], (see Scheme 42).

Gratifyingly, the introduction of another phenyl group in the allyl framework
allowed the isolation of L1Pd8 as a mixture of two diastereomeric species, which were
present in unequal amounts in solution, as commonly found for allylpalladium
complexes with chiral monophosphine ligands.''® Therefore, in the 'H NMR spectrum

two sets of three allylic peaks were found, as expected (Figure 28).

Figure 28. 'H NMR(400 MHz, CDCls, 25 °C) Selected allylic region of L1Pd8. Circled minor
peaks belong to the other diastereomer of L1Pd8.

The *'P{'"H} NMR data is consistent with the presence of two diastereomers,
where two singlets at +131.2 ppm and +125.1 ppm, respectively, can be clearly seen.

All this results were also supported by mass spectrometry, showing the
monoisotopic [M—CI]* adduct as major fragmentation.

Discussion of the possible diastereoisomers for L1Pd8 is identical to the one

exposed for the n°-2-Me-allyl complexes if we assume that the phenyl groups are
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always located in syn, due to steric hindrance, as it is found for related complexes of
this type.'™

Allyl-Pd(Il) systems bearing two phosphine ligands are mainly cationic’'' and can
be prepared by reaction of the corresponding dimer with 4 eq. of the ligand and an
inorganic salt with halide-abstractor properties, typically NH4PF¢ or NH,BF,."""™ In our
case, however, the formation of the anionic pseudobidentate bridge triggered neutral
complexes, the driving force being of the reaction the formation of the intramolecular
six-membered ring.

We studied the reaction of (S)-L1 with [Pd(1%-2-Me-allyl)Cl], [Pd(n*-1-Ph-allyl)Cl],
and [Pd(n°-1,2-Phy-allyl)Cl] dimers in the presence of NEt; as base (Scheme 43).

., 2 1l CD20|2 Me, tBu
1/2 Cl ﬁ%’ SPT NP
N Cl + tBuMel\H 2h, RT B8 | I\Me
\'\( O\H,,O tB”‘ Me Me‘ JBu
(SHL1 0—F, o
L1Pd13 PO e
—) H - H
o—p” o’ Npd
Ph AN I ed e
/I\\/ o NEts N Me tBy Bu
P, 2 1 CD,Cl, Me,, _Pd_ Bu L1Pd2
V2.0 CF o+ But Sy 2h RT 7 ‘71 1 Me
Me ’ o. ..0
ph "
L1Pd14
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PPN o P 5 "_.”\ P
u
Pd Tl THF HO\ PN Mel H Me,,. P N .‘\tBU
- —_— _—
V2 0L+ Buy Sy T o Rr 'l O NEw, 80min RT B | “Me
md ) 3 ) o. .0
A~ e "
73% yield 98% yield
Ph Ph yie L1Pds Y L1Pd9
0
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Buv Ny THR 160, RT
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Scheme 43. Unsuccessful attempts to synthesise psudobidentate complexes L1Pd13,
L1Pd14 and preparation of L1Pd9.

In the cases of [Pd(n*-2-Me-allyl)Cl], and [Pd(#°-1-Ph-allyl)Cl], we were not able
to obtain any of the corresponding dicoordinated allyl Pd complexes. However, even
though the isolation of L1Pd13 and L1Pd14 complexes was not possible, we found
that, interestingly, the addition of NEts, did not allow the obtention of the desired allylic

compounds, but surprisingly L1Pd2 was obtained instead.
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The formation of the pseudobidentate bridge in solution could be achieved with
the synthesis of L1Pd9, obtained by treatment of L1Pd8 with one equivalent of (S)-
L1 in the presence of NEt; or directly reacting [Pd(1%-1,2-Ph,-allyl)Cl]. with 4 eq. of
(S)-L1. The spectroscopic characterisation of the product showed two pairs of
doublets in the *'P{'"H} spectrum at 5 = 109.4 and 106.6 ppm attributed to two isomers,

due to the different spatial orientation of the allyl group (Figure 29).
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Figure 29. *'P{'"H} NMR(162 MHz, CD.Cl,, 25 °C) spectrum of L1Pd9.

The experiment was repeated without triethylamine but in the presence of excess
of NH4PFg in order to form the cationic bis(phosphinous acid) complex''? but after
aqueous work-up only L1Pd9 could be isolated, highlighting the stability of the anionic
bridge.

Although all the considerations about the geometry and the fluxional processes
already described for the monocoordinated complexes are also present for allyl Pd
systems with two ligands, very sharp and well-defined signals were obtained in all the
NMR measurements. A clear example is depicted in the '"H NMR, which also agrees
with the proposed structure of L1Pd9 where the three peaks, central, and terminal of

the allyl fragment are present (Figure 30).

6.0 5.5 5.0 4.5 4.0 3.5

Figure 30. 'H NMR( 400 MHz, CDCls) Selected allylic region of L1Pd9. Circled peaks belong to
the minor diastereomer of L1Pd9.
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The duplication of the signals is due to the formation of the other diastereomer in
an unequal amount.

Finally, for those complexes bearing the pseudobidentate architecture, a
treatment with HBF,-OEt, was carried out in order to form a BF, bridge, leading to the

corresponding bidentate ligands (Scheme 44).

‘Bu‘ Me Me\ 1Bu tBu‘ Me Me\ 1Bu
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Scheme 44. Substitution of the OH bridge by the BF, unitin L1Pd2 and L1Pd9.

The reaction worked smoothly for L1Pd2, giving dinuclear complex L1Pd5,
which showed a triplet at 6 = 138.9 ppm with a *Jre = 6.6 Hz in the '°F NMR due to the
coupling of the fluorine atoms with the two equivalent phosphorus atoms. The presence
of another adjacent triplet is due to the minor isotopologue of boron (°B), as expected
(Figure 31).

'Bu Me Me‘ !Bu

0—F F—0,
N %
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Figure 31. "°F NMR (376 MHz, CDCls, 25 °C) of complex L1Pd5.

The same procedure was followed with L1Pd4 and the same pattern was
observed in the '°F NMR but the presence of acetates could no be inferred from the 'H

NMR spectrum when the reaction was carried out with HBF,-OEt,.
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Scheme 45. Preparation of dinuclear complex L1Pd7.

However, we were able to obtain L1Pd7 in moderate yield by treatment of the
preformed complex L1Pd2 with AgOAc. In this case, the signals of the methyl group of
the acetato bridging ligand can be seen in the '"H NMR (Figure 32). As it is shown in the
spectrum, all the signals (Me, Me—P and 'Bu—P) appeared duplicated in an unequal
amount. These peaks are assigned to the minor mononuclear BF,-bridged complex.
Since we found, as it has been discussed, that without the addition of the silver salt,

both species (monomer and dimer) coexist in equilibrium.

Me 'Bu Me gy
a4 \:
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Figure 32. 'H NMR( 400 MHz, CDCls) Alkyl region of L1Pd7.
Furthermore, the vco bands at 1610 cm™ in the infrared spectrum also confirm
the presence of the coordinated acetates of L1Pd7.

In the case of the allylpalladium complex L1Pd9, the BF.-bridged complex

L1Pd10 could be straightforwardly obtained and was found to be very stable even in
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the presence of water. In this case, a multiplet is observed in the '°F NMR centred at ¢
= 138.9 ppm due to the non-equivalence of the P atoms, as a consequence of the allyl
moiety. This can be clearly seen in the 31P{"H} NMR spectrum, which shows a pair of
doublets at +125.9 and 118.3 ppm with a °Jpp of 81.0 Hz.

The X-ray crystal structure of ent-L1Pd10, could be obtained and a molecular

representation of the complex is depicted in Figure 33.

C208

Figure 33. Molecular structure of complex ent-L1Pd10 (thermal ellipsoids drawn at 50%
probability level). Most of the H atoms have been omitted for clarity.
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Table 10. Selected bond length (A) and angles (°) of ent-L1Pd10.

Bond Length (A) Angle °)

Pd172-P173 2.291(7) P173-Pd172-P174 91.68(12)
Pd172-P174 2.300(9) C195-C193-C191 120.15(02)
Pd172-C191 2.246(7) C208-P173-0175 100.31(43)
Pd172-C193 2.222(3) C212-P173-0208 105.41(57)
Pd172-C195 2.271(2) C212-P173-0175 104.63(15)
C191-C193 1.410(9) C225-P174-0176 100.97(63)
C193-C195 1.398(2) C229-P174-C225 104.27(32)
P173-C208 1.826(9) C229-P174-0176 104.47(96)
P173-C212 1.854(2) F178-B177-F179 109.54(06)
P174-C225 1.794(5) 0175-B177-0176 111.38(58)
P174-C229 1.847(4) F178-B177-0176 105.81(55)
P174-0176 1.593(4) F179-B177-0175 109.89(79)
B177-0175 1.462(8) F178-B177-0175 109.75(02)
B177-0176 1.511(3) F179-B177-0176 110.36(54)
B177-F178 1.360(5)

B177-F179 1.375(5)

Compound ent-L1Pd10 represents the first described example of an
allylpalladium complex with an optically pure SPO ligand. The Pd centre has a square-
planar geometry and the absence of a counterion proves the anionic nature of the BF,
bridge. The average Pd-Callyl distance is around 2.24 A, the bridge O-B-O has an
angle of 112.4° and the local geometry of boron atom is approximately tetrahedral. This
bridge however is not symmetrically disposed a fact that makes that only one of the
oxygen atoms, O(176), is in P-Pd—P plane. This is in line with the observation of the

non-equivalence of the F atoms in solution observed by NMR.
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3.4. Catalysis with enantiopure t-BuMeP(O)H

The potential application of P-stereogenic phosphines and derivatives in asymmetric
catalysis has been widely explored in many organic transformations.' In terms of
chiral induction, the use of bidentate phosphines over monodentate systems have
derived in superior enantioselectivities, especially in asymmetric hydrogenation
reactions.”'*

In this line, it is noteworthy to mention the family of P-stereogenic diphosphines
reported by Imamoto and co-workers*®®'"® bearing the sterically dissymmetric '‘Bu/Me
combination. Ligands such as BisP*,'"®""'® MiniPhos,""*"""®'"” TrichickenfootPhos,"'®

46b,121

QuinoxP*,'" BenzP*,'® MaxPhos, developed in our group, or PCP pincer

115n,122

diphosphines (Figure 34) have yielded outstanding enantioselectivities in the

asymmetric hydrogenation of functionalised prochiral alkenes.
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2005 2006 PCP-pincer diphosphines

2013

Figure 34. Selected diphosphine ligands with the ‘Bu/Me groups at P.

Unfortunately, this kind of diphosphines is not exempt of drawbacks. The most
serious is their air-sensitivity caused by the highly basic nature, which complicates their
preparation and use, especially at large scale.

To overcome these difficulties, we designed our enantiopure secondary
phosphine oxide L1, whose coordination chemistry towards several noble metals has
been described in the previous sections. '‘BuMeP(O)H contains the dissymmetric

'‘Bu/Me combination,**>'"® but also has the advantage of being completely air-stable. In
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addition, is able to form, in some cases, a pseudobidentate bridge upon coordination to
several metals (see Section 3.3.2).

The idea of forming supramolecular assemblies for its potential use in catalysis is
an area of intensive research that have met success in some important catalytic
transformations.®”'#®

Whereas the traditional ligand concept is based on the covalent attachment of
donor atoms to a general backbone, such as in the “classic” diphosphines prepared by
Imamoto’s group, other strategies make use of dynamic self-assembly processes for
the formation of pseudobidentate ligands, as it is the case in the SPO system

presented in this thesis (Figure 35).

Bidentate ligand Pseudobidentate ligand
H.
| | | i i M e, 9 ssu
tBU":. “‘\Me H/ ‘utBu + H/ "ltBu e ; \M/ :
B Me
Me” \M/ \tBu Me Me u

Figure 35. Bidentate ligand through a covalent attachment (left) and a self-assembly process of
two monodentate ligands (right).

This approach represents a breakthrough in the design of new ligands, since it is
par essence a modular route to envisage new and useful bidentate ligands. Among all
the non-covalent interactions, hydrogen bonds play a prominent role in self-assembly
processes for the generation of such bidentate architectures.

Since 1986 when Van Leeuween and co-workers reported the first application of

SPOs on the Pt-catalysed hydroformylation of olefins,'**

the use of these systems have
gained great interest. However, at present, there is still little research about the
potential use of such catalysts in asymmetric catalytic reactions.

Hence, with all this in mind, the use of L1 as a potential catalytic system for some

model asymmetric reactions is presented through the following sections.
3.4.1. Ir-catalysed enantioselective hydrogenation of N-aryl imines

Although the field of enantioselective homogeneous hydrogenation is clearly dominated
by Rh(l) and Ru(ll) systems, it is closely followed by Ir(l) complexes, whose potential is
being intensively explored at present. In particular, excellent results have been

achieved for unfunctionalised alkenes and imines using Ir-based systems.
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Imines are privileged substrates for the preparation of chiral amines, which are
useful building blocks for final chemical, agrochemical and pharmaceutical industries.
Among the variety of methods to prepare these substrates hydrogenation have proven
to be one of the most efficient and clean methodologies.

The hydrogenation of imines is challenging because is difficult to find catalysts
providing high enantioselectivity, broad applicability and acceptable rates at moderate
hydrogen pressures.'®, Additional complications are the exchange between E and Z
isomers in the case of acyclic substrates, the tendency to racemisation of the
secondary amines obtained after the reaction and the inhibition of the catalyst by amine
coordination. Iridium complexes are finding increased application in this reaction, where
the most common substrates are (E)-N-aryl imines derived from acetophenone
(Scheme 46).

With these substrates, very good results have been obtained with several P-

stereogenic ligands.'"** Some of them are listed in Table 11.

R _R
N HN
| H,
—>
Me [Ir]/L* Me
X X

Scheme 46. Ir-catalysed hydrogenation of (E) imines derived from acetophenone.

Table 11. Results in the enantioselective hydrogenation of some (E) imines derived from

acetophenone.
Entry X R Ligand ee (%) References
1 H Bn 0 82 (S)
n 3sb
2 OMe Bn tBU“) \H 83
3 H Ph Fh 0
M
Ph ; © Ve
Ph HO, ¢ 126
4 H Ph Ph 57 (R)
ARl OH
Me Ph
Me C,-BIPNOR
OO
H: - 127
5 H Ph | : 73 (R)
Bu Bu
TangPhos
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Bu ] Me
0 Me

6 H Ph O— / 84 (R) 128
. AN
Bu Me
H Ph e Sy
7 ‘BMue v \tBMe 86 (A) 126
u
8 H p-CF3CgH4 tBu-BisP* 99

93 (R) 127

I

Bu By

DuanPhos

Although the best results have been achieved with bidentate systems (entries 4
to 9) it is interesting to note that the secondary phosphine oxide fert
butylphenylphosphine oxide (entries 1 and 2) has lead to moderate ee for the
hydrogenation of these substrates. Interestingly, the parent case represents the only
reported example of a P-stereogenic SPO that has been successfully employed in this
kind of transformations. Other secondary phosphine oxides did not lead to any
improvement, and the scope of the reaction was very limited. Proof of this can be found
in entry 3 where N-phenyl imine gave a racemic with this SPO and other secondary
phosphine oxides.

With all this in mind, we prepared some N-aryl imines in order to study the

potential catalytic application of our optically pure L1 SPO.
3.4.1.1. Synthesis of N-aryl imines

Among the different methods to prepare imines, the most straightforward method is by
condensation between a primary amine and a ketone or and aldehyde.'®

We successfully prepared five N-aryl imines via condensation with the corresponding
acetophenone derivative in a diethyl ether solution at 0 °C using TiCl, as desiccant
(Scheme 47)."%%
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1) 1/2 TiCl, N
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Me +3R—NH, —— » Me + 12TiO; + 2R—NH;Cl
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H, R = Ph 11 (70%)

OMe, R = Ph 12 (60%)

H, R = 4-OMe-CgH, 13 (65%)
H, R = Bn 14 (80%)

H, R = CH(Ph), I5 (75%)

XX XXX X

Scheme 47. Preparation of N-aryl imines 11, 12, 13, 14, and 15.

In those cases where a later purification was required, crystallization or vacuum
distillation were the methods of choice, since SiO, often decomposes this kind of

substrates.

3.4.1.2. Ir-catalysed asymmetric hydrogenations with (R)-L 1

Due to the extremely instability of the Ir species formed with our optically pure (R)-L1
(Section 3.3.2.2) we performed the catalytic essays “in situ” using 2 eq. of the ligand in
order to ensure the enough amount of L1 in solution as it was described for the

'BuPhP(O)H by Feringa, de Vries and co-workers (Scheme 48).%%

1/2 [IrCICOD], (1%)

0
R 2.2 R
Nlg 4~ \'Bu (R)-L1 HN”
| Me o
Me H, 25 bar Me
X Toluene, 16 h, RT X Conv. >99%
X=H,R=Ph 1
X =0Me, R=Ph 12
X = H, R = 4-OMe-C¢H, 13
X=H,R=Bnl4
X = H, R = CH(Ph), I5

Scheme 48. “In situ’ Ir-catalysed hydrogenations with (R)-L1. Conversions were expressed as
consumption of the corresponding substrates determined by 'H NMR and HPLC.
Enantioselectivities were determined by HPLC.

All the substrates tested led to a 100% conversion under 25 bar of hydrogen,
after 16 h at room temperature, employing [IrCI(COD)], dimer as metallic precursor.
The hydrogenated products were easily characterised by 'H NMR due to the
appearance of a quadruplet around 4-5 ppm (J = 7 Hz) indicated the presence of a
new proton in the iminium carbon. These high activities found for the present Ir system

agree with the fast reactivity and instability observed for the Ir complexes studied.
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Unfortunately, HPLC analysis showed that the amines were racemic, which
indicates that the ligand, even in the case of forming a pseudobidentate architecture,
does not create an efficient chiral environment around the Ir centre.

Finally, in spite of the very low ee obtained, it is noteworthy to mention that even
though P-P “real” bidentate ligands have led to good results in the Ir-catalysed
hydrogenation of N-aryl imines as it has been shown in Table 11, the best
enantioselectivities are found in P-N systems, which perform better this kind of
transformations.'®' Examples of useful P-N ligands and our contribution to the field will

be developed in detail in Chapter 5.

3.4.2. Rh-catalysed enantioselective hydrogenation of

functionalised olefins

Asymmetric hydrogenation constitutes the most important reaction in enantioselective
homogeneous catalysis and it is the responsible of the development of the whole
field.'" Since the discovery of the Wilkinson catalyst, [RhCI(PPhs)s], most of the work
on hydrogenation has been carried out with functionalised alkenes as substrates and
Rh(l) complexes as catalytic precursors.

Among the typical substrates to test the efficiency of new Rh(l) catalysts in these
reactions, a-dehydroamino acids are the most routinely used, since it is one of the

principal routes to obtain optically pure a-amino acids (Figure 36).

o-Dehydroamino acid derivatives

COOH COOMe
Ph NHAc Ph NHAc
(2)-a-acetamidocinnamic acid (ACA) Methyl (2)-a-acetamidocinnamate (MAC)
COOCH COOMe

NHAc NHAc

a-acetamidoacrylic acid (AAA) Methyl a-acetamidoacrylate (MAA)
Figure 36. Typical substrates for Rh-catalysed asymmetric hydrogenation.

The most commonly employed substrates are (2)-a-acetamidocinnamic acid
(ACA), its methyl ester (MAC), acetamidoacrylic acid (AAA) and its methyl ester (MAA).

Quantitative yields at mild hydrogen pressure (1-3 bar) are usually employed for this
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kind of substrates, displaying ee equal or higher than 99% with many ligands'?®

especially with P-stereogenic phosphines.
Basic diphosphines, having the dissymmetric 'Bu/Me are among the best ligands
for Rh-catalysed hydrogenation reaction of a-dehydroamino acids. Examples of such

ligands for the enantioselective hydrogenation of MAA are depicted in Table 12.

R3 COOR?2 H, R3 COOR?
_ - <
/L*
R* NHCOR!? [Fh] R4 NHCOR!?

Scheme 49. Rh-catalysed asymmetric hydrogenation of a-dehydroamino acid derivatives.

Table 12. Selected ligands for the Rh-catalysed hydrogenation reaction of MAA.

Entry | R’ R® R® R* Ligand ee (%) References
R = 'Bu
1 Me H H H 132
>99.9 (R)
R ~\~\""Me R=C
= Cy
2 Me H H H Me/ R 192
99.1 (R)
R-MiniPhos
R="Pr
3 Me H H H 1ish
98 (R)
tBU/,, /tBU
4 Me | H H H ve” 7 iy >99 (R) 118,133

TrichickenfootPhos

R = 'Bu
5 Me | H H Ho| g Mo 11
Me/ \ , \R 98.1 (R)
6 Me | H | H H R-BisP* R=Ad 115k
>99.9 (R)
‘Bu“') \N/ \\‘Bu
Me H t 46b
7 Me H H H Bu >99.9 (S)

MaxPhos

These functionalised alkenes are the most suitable and successful substrates for
this kind of transformations due to the mechanism of the reaction, since they are able
to chelate the rhodium atom during the catalytic cycle through the alkene and an
additional donor atom, usually the carbonylic oxygen of an amide or an ester.

The mechanism of asymmetric olefin hydrogenation is the most extensively

studied mechanism in homogeneous catalysis, therefore the associate literature is so
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vast'®

that it would be impossible to give a detailed account in a few paragraphs.

Especially, because new details and subtleties are continuously being reported.'®.

Despite all this activity, we are still far from a complete mechanistic understanding.'®
Broadly speaking, there are two general mechanisms commonly known as

unsaturated and dihydride (Scheme 50).

( v \”)

137

(“Unsaturated” mechanism) H, (“Dihydride” mechanism)

Olefin coordination / ( ‘\ Oxidative addition

f

=/_\X

) lefin rdination
Reductive Olefin coo

elimination H

Me—/_\X

Oxidative addition | H,

Migratory insertion

Migratory insertion

Scheme 50. The two accepted mechanisms of hydrogenation of functionalised olefins with Rh(l)
systems.

As it is shown, both mechanisms take place through the same elementary steps
involving similar Rh(l)/Rh(lll) species, where the main difference is the order of
substrate coordination/oxidative addition of dihydrogen at catalyst 138. The usual
precursors for 138 are cationic Rh(l)/diphosphine complexes 137 with dialkenes, such
as COD, with weakly coordinating anions such as PFs, BF4, or BAre. Under hydrogen
atmosphere, the coordinated alkene is easily hydrogenated and released to form the
bis(solvato) complexes 138."" These species show high affinity for dehydroamino
acids, due to the bidentate complexation of the substrate to form a bis(chelated)

complex.'® Oxidative addition of hydrogen is thought to render Rh(lll) dihydride
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complexes, which suffer migratory insertion of the alkene into the Rh—H bond to afford
alkyl-hydride complexes''® that collapse by reductive elimination to afford the
hydrogenated substrate and regenerate the catalyst.

When it comes to the use of SPOs as ligands for Rh(l)-catalysed hydrogenation
reactions only a very few studies have been carried out. Feringa, de Vries and co-
workers®® used the optically pure 'BuPhP(O)H, which was successfully applied in the
hydrogenation of imines, for the “in sift” asymmetric hydrogenation of N-acyl
dehydroamino acids and esters. However, the reaction gave low enantiomeric
excesses employing the cationic [Rh(COD),]BF, precursor, even though they found
that switching the solvent in some dehydroamino acids from EtOAc to CHClI. led to the
opposite enantiomer.

' who described

Better results were published in 2014 by Han and co-workers,’
the “in situ” Rh-catalysed hydrogenation of a-acetamidocinnamates using optically pure
menthylphenylphosphinates, achieving enantioselectivities up to 99.6%. They were
able to grow suitable crystals for X-ray determination of a solution with [Rh(COD),]JOTf
and the ligand '‘BuPhP(O)H and they found that the complexes formed did not contain

the expected pseudobidenate bridge, but a OTf moiety instead (Figure 37).”
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COOMe

Ph NHAc

Methyl (2)- a-acetamidocinnamate (MAC)

Feringa, de Vries Han
“In situ” HPh: /O-(—)-Ment
PI — y _|BF4 (IJI"--O\‘\@/ z
tBu“) \H + ‘ S/\’ @ Fsc—ﬁ—?%/ - \?
Ph O H

100% Conv., 31% ee (S)
100% Conv. 99.4% ee

Pfaltz

SPO-P ligands with chiral backbone SPO-P ligands with chiral substituents

BF, R’ Q
21N \_l = Ro R,
W7 N\
/ O . H (0]

Fe
O

JoSPOphos TerSPOphos
R =Ph, R’ ='Bu, 97% ee R = Ph, --- ee
R ='Bu, R’ = Ph, 90% ee R = 4-Tol, 96% ee
R = Ph, R’=Ph, 85% ee R =Cy, 94% ee

R ='Bu, R’='Bu, 99% ee
Figure 37. Rh(l)-catalysed asymmetric hydrogenation of MAC with chiral SPOs.

The best results in the field, however, were reported by Pfaltz and co-workers®°
who thought that the scarce research done were due to the insufficient affinity of the
SPO for Rh. With this in mind, they successfully combined an SPO with PR, moiety,
which should not only lead to a stronger coordination to the metal but also should give
better-defined complexes. Indeed they successfully prepared two SPO-P ligands with
the chirality on the backbone but also with a chiral SPO (Figure 37).

The first SPO-P family was based on a chiral ferrocenyl backbone, which leads

to ligands similar to the well-known Josiphos'*

while the second gives menthyl
derivatives. Both families were tested in the hydrogenation of a-acetocinnamates
achieving the best results reported for these SPO systems, displaying
enantioselectivities up to 99% ee.

With this background in hand, we envisaged the asymmetric hydrogenation of
several a-dehydroamino acids (MAA and MAC), the «,f-unsaturated carboxylic ester

dimethyl itaconate (DMI), and the allylic alcohol tfrans-3,7-dimethyl-2,6-octadien-1-ol or
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geraniol with our optically pure ligand (R)-L1 (2 eq.) with [Rh(COD),]BF, as metallic
precursor at 3 bar of H, for 16 h (Scheme 51).

1% [Rh(COD),]BF,

0
22 1l
RS  COOR? H” \Icliu (R-L1 R3  COOR?
R4 R! Ho 3 bar R? R!
CH,Cl, 3 h, RT

R3 = R*=H, R' = CH,COOMe, (DMI), 90% conv.
R3 = R* = H, R' = NHAc, (MAA), 100% conv. <5% ee
R3 = H, R* = Ph, R' = NHAc, (MAC), 100% conv.

1% [Rh(COD),]BF,4

0
22 1l
7

H” \'Bu
Me

H, 25 bar OH
CHJCl,, 3 h, RT

OH

No conversion

Scheme 51. Catalytic results for the hydrogenation of different substrates with (R)-L1.
Conversions are expressed as consumption of the corresponding substrates and were
determined by GC.

Interestingly, MAC, MAA were fully hydrogenated after 3 h of reaction, whereas a
90% of conversion was achieved for DMI as it was determined by GC but with a
disappointingly low ee of around 5%. Reaction with geraniol as substrate was
completely unsuccessful even increasing the pressure of hydrogen until 25 bar.

In spite of the low ee obtained, the systems studied are very active in the
hydrogenation of this kind of substrates. Particularly interesting to note is that, in the
literature, the only Rh-based systems with SPOs that have achieved very high
enantioselectivities are those bearing a “true” bidentate ligand, due to coordination of
an anion’" in the bridge, or simply having a backbone between the two phosphine

60c

units.”" It seems, therefore, that pseudobidentate ligands formed by association of two

SPOs are not appropriate in Rh-catalysed olefin hydrogenation.
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3.4.3. Ru-catalysed enantioselective hydrogen transfer of

acetophenone

Hydrogen transfer reactions consist of a formal transfer of two hydrogen atoms from a
hydrogen donor to a prochiral substrate, typically ketones, catalysed by ruthenium(ll)
complexes under basic conditions.'!

The model substrate, used to test the efficiency of Ru(ll) complexes, for hydrogen
transfer of ketones is acetophenone with isopropanol as hydrogen source and

potassium fert-butoxide or KOH as base (Scheme 52).

@) OH
OH [RuJL* 0
* — - L
BuOK
S1 P1

Scheme 52. Ru(ll)-catalysed enantioselective hydrogen transfer of acetophenone.

The reaction has the important advantage of not involving hydrogen gas but on
the downside, in some cases, the reaction is reversible and does not lead to complete
conversions. It has been observed that sometimes produces racemisation of the final
chiral alcohol. These problems can be minimised by performing the reaction in
isopropanol as solvent.

Some results of the parent reaction with P-stereogenic ligands are depicted in
Figure 38.

Ph tBu ‘Bu Ph

h“ \/Q
o- An

139 45% ee 140 12% ee (R) 141 18% ee (
Me @] Me
A : B GRS PN
P TSN By NN e Bty N/ﬁ
Me H Ph H
142 57% ee (S) 143 50% ee (R) 144 93% ee (Ff)

Figure 38. Results of enantioselective hydrogen transfer of acetophenone for some P-
stereogenic ligands.
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As it can be seen, moderate enantioselectivities are obtained with the
monophosphine with the 2-biphenylyl group'* low with the P,N ligand'*® or with a
pincer ligand."* The best results are displayed by the -aminophosphines and their
oxides.'® Although it has been found that phosphine oxides provide better activities
and similar enantioselectivities than trivalent phosphines.'*, no experiments have been
reported for this reaction with SPO ligands so far.

In terms of the mechanism of this reaction, there are numerous studies both
theoretical'*'®'* and experimental’ and even though the “true” mechanism remains
unclear there are mainly two proposed pathways when a d-block metal is involved: the
inner sphere hydridic route'*'® and the outer sphere hydridic route.'*'®

The inner sphere mechanism (Scheme 53) consists on several elementary steps
being the first one the formation of the active catalytic species, in this case, the metallic
hydride, formed by a Ru(ll) precursor, the hydride source (in the present case
isopropanol) and a strong base. This first step implies a S-elimination affording the Ru-
H species and acetone. Then, the substrate is coordinated through the oxygen of the
carbonyl group, which suffers a hydride insertion yielding the alkoxyde derivative. This
complexation of the prochiral substrate is the key step to obtain good selectivities in the

process.
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OH

L, 1 —
R1 R2 R1 R2
Decoordination and protonation f-elimination
of the substrate e)

R2
\ 0
Hydride insertion R1J\R2

11, wh

R‘] / . .
PARN Q
r2 M )J\

Coordination of the substrate

Scheme 53. Inner sphere hydridic route for the Ru(ll)-catalysed asymmetric transfer
hydrogenation of acetophenone.

The vacant coordination site is filled with an isopropoxide ligand coming from the
reaction media. The presence of the coordinated isopropoxide promotes the release of
the alkoxyde of the substrate, which, once protonated, affords the reaction product.

On the other hand, Noyori and co-workers'*® proposed in 1997 another
mechanism based in an outer sphere approach where the substrate does not
coordinate with the metallic centre. The formation of a transition state (Figure 39)
allows the concerted hydrogen-transfer of two hydrogen atoms to the substrate, one

coming from the metal while the other comes from the ligand.

Figure 39. Transition state proposed by Noyori148 for the hydrogen-transfer reaction of ketones.
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This H-transfer can only take place if there is a M—NH fragment where NH is
enough acidic to activate the ketone.

As it has been discussed there are no precedents in the literature of SPOs as
potential ligands for the enantioselective hydrogen-transfer of ketones. In our case we
were able to prepare and isolate three new Ru(ll) complexes, L1Ru1, L1Ru2 and
L1Ru3 with the secondary phosphine oxide unit, L1. All of them were tested in the
asymmetric reduction of acetophenone, in the presence of 'BuOK as base, in refluxing
iPrOH. Aliquots were extracted each hour in all the three experiments respectively and
the conversion was analysed by GC. The dependence of the concentration vs time is

depicted in Figure 40.

0 OH M
S mok Hox, ey
iPrOH OCu.. .Cl
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Figure 40. Conversion (%) vs time (h) for the Ru(ll)-catalysed asymmetric hydrogen transfer of
acetophenone with L1Ru1, L1Ru2 and L1Ru3, expressed as consumption of acetophenone
and determined by GC.

As it can be seen, all the complexes tested are active for the hydrogen transfer
reduction of acetophenone, with bisphosphine complex L1Ru3 being the most active
one. Although all the compounds led to almost complete conversions before 5 hours,
all of them did not produce any noticeable enantioselectivity. It seems that in all cases
the P-stereogenic ligand dos not create an efficient chiral environment around the Ru
atom. However, the formation of a pseudobidentate bridge appears difficult to occur,
since the protonic solvent 'PrOH, would probably inhibit the formation of such

supramolecular architectures.
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3.4.4. Pd-catalysed enantioselective Mizoroki-Heck reactions

The Mizoroki-Heck (M—H) reaction can be defined as a Pd-catalysed coupling between
aryl halides, tosylates or triflates with alkenes in the presence of a base, and is one of

the most important C—C bond-forming reactions (Scheme 54).

X 2

+ ” —>[ ] + HX-Base

X =1, OTH, etc

Scheme 54. General scheme of the Pd-catalysed M—H reaction.

k,'* many studies have

Since its discovery in the 1970s by Mizoroki and Hec
been carried out in order to improve the reaction conditions and the efficiency of the
catalysts, most of them containing Pd centres.'

The mechanism of the reaction involves Pd(0) and Pd(ll) species (Scheme 55)
and its similar to other cross-coupling reactions such as the Suzuki-Miyaura, Stille or

Sonogashira transformations, even though, strictly speaking, it cannot be included in

this group.
R
Fﬂ& branched
or
R—R! R1/\/R linear R
Reductive /&
elimination Base R1//\\\/R R? /\
-HX H—L,Pd(ll) or  H—L,Pd(l)
(0) n)|( n)|<
Heck-Mizoroki ) L
/R Oxidative R—_X f-Hydride elimination
Ln (“) addition LnX H LnX R1
\R1 N >—< or > < H
L, QI) R! R H R
xv
R(\ Migratory insertion
M—X
Negishi (M = Zn) M—R'
Suzuki-Miyaura (M = B) Transmetallation
Kumada-Corriu (M = Mg)
Stille (M = Sn)

Sonogashira (M = Cu)

Scheme 55. General mechanism for the M—H and other cross-coupling reactions.
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Nevertheless, the “true” catalyst is thought to be a Pd(0) species, which suffers
oxidative addition of the aryl halide, insertion of the olefin, g-hydride elimination and a
final reductive elimination to release the coupling product and regenerate the catalyst.

In principle, it would seem that the M—H reaction cannot be performed in an
enantioselective fashion because it involves a Csp°>~Csp? coupling. However, as it has
already mentioned, the mechanism of the reaction proceeds through a pg-hydride
elimination step. This makes that for certain substrates, the elimination creates a Csp3
centre more easily than the usual Csp® centre. This behaviour has been observed for
small cyclic substrates, such as dihydrofuran or cyclopentene, whose a-$-C—C bonds
cannot rotate freely before the proton elimination step.

Although in the original version no stereocentres were formed, the
enantioselective variant was developed and has received much attention for the last
two decades.’' Actually, in the literature, the asymmetric M—H reaction has been

described intra- and intermolecularly for cyclic substrates (Scheme 56).

Pd(0) cat
RX -HX R

Scheme 56. General schemes of the intramolecular (A) and intermolecular (B) M—H reactions.

Nowadays, the asymmetric intramolecular Heck reaction constitutes a reliable
method to build tertiary and quaternary stereocentres in complex molecules and is an
important tool in natural product synthesis.'*'®

In contrast, the intermolecular version is much less developed, since it is more
difficult to achieve good regio- and enantioselectivities.'®"® The model reactions consist
of the coupling between aryl halides and triflates with 2,3-dihydrofuran or cyclopentene,

the two most typical substrates in this reaction (Scheme 57).
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Scheme 57. Pd-catalysed asymmetric intermolecular M—H reaction of cyclopentene (a) and 2,3-
dihydrofuran (b).

Some reports with chiral diphosphines and phosphinooxazoline ligands are
summarized in Figure 41 just to show that the good yields and enantioselectivites
obtained, may indicate that P-stereogenic ligands are good candidates as potential

catalysts for these transformations.
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Figure 41. Examples of Pd-catalysed enantioselective M—H reactions with aryl triflates.
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%2 tend to

Interestingly, it has been found that in general P,N-based ligands
produce the substituted 2,5-dihydrofuran whereas P,P systems'®®'*® lead to the 2,3-
dihydrofurans instead. This behaviour, however, cannot be extended to all cases
because it is strongly dependent on the structure of the ligand. Besides, the reaction
still requires heating up to at least 60 °C, a fact that decreases enantioselectivity. It
would desirable to develop chiral and highly active catalysts capable of performing
these transformations at room temperature to hopefully improve the stereoselection.

Surprisingly, although the M—H reaction has been widely explored with SPO

93-94,101b,154 no examples

ligands, especially in the C—C bond forming of aryl chlorides
have been reported in the enantioselective version of this process.

Therefore, our idea was to develop new pseudobidentate Pd complexes having
the P-stereogenic L1 moiety with the aim of studying the enantioselective M—H reaction

at low temperature (Figure 42).

Me 'Bu Me 'Bu Me 'Bu Me tgy
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A\ \r EAN \r
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Figure 42. Pd complexes used as preformed catalysts for the asymmetric M—H reactions.

We studied both the pseudobidentate and the BF,-bridged compounds, as
catalysts for the enantioselective M—H reaction of cyclopentene and 2,3-dihydrofuran

(Scheme 58).
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Scheme 58. Studied intermolecular asymmetric M—H reactions using cyclopentene (a) or 2,3-
dihydrofuran (b) as substrates.

Thus, 4-iodoacetophenone and cyclopentene or 2,3-dihydrofuran were reacted
using 5% of L1Pd2, L1Pd4, L1Pd5 or L1Pd7, respectively, in the presence of
diisopropylethylamine at 100 °C for 6 hours in a microwave oven. In these preliminary
studies 4-iodoacetophenone was chosen because it is known that aryl iodides are
known to be good substrates in the M—H transformations compared to other aryl
halides.'®

Since it was the first time that the asymmetric M—H reaction was studied using
2,3-dihydrofuran as substrate in the group, it was necessary to develop the analytical
method to determine conversion, product distribution and enantioselectivity. Due to the
volatility of the reaction products, these parameters were conveniently evaluated using
gas chromatography (GC) with both achiral and chiral columns coupled to a mass
spectrometry detector.

Consequently all four complexes were tested under the above shown conditions

and the obtained results are given in Table 13 and Table 14.
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Table 13. M—H reaction of cyclopentene catalysed by Pd(SPO) complexes.

Precursor® Conversion® (%)  Selectivity® (%)
PACly/4 eq. (R)-L1 (“in situ) 99 40
Pd(OAC)/4 eq. (R)-L1 (“in sitv”) >99 70
L1Pd2 90 86
L1Pd4 94 75
L1Pd5 >99 90
L1Pd7 >99 74

a) Catalytic conditions: Pd complex (0.02 mmol), cyclopentene (1.2 mmol), 4-iodoacetophenone
(0.4 mmol), 'ProEtN (1.2 mmol) and dodecane (0.4 mmol) dissolved in 6 mL of DMF. b)
Conversion values are expressed as consumption of starting 4-iodoacetophenone, determined
by GC. c) Selectivity values are expressed as the ratio of M—H products P2, 147 and 148

relative to the total conversion, determined by GC.

Table 14. M—H reaction of 2,3-dihydrofuran catalysed by Pd(SPO) complexes.

Precursor® Conversion® (%) Rel.isomers®(P3:P3?)
PdCly/ 4 eq. (R)-L1 (“in situ”) >99 1:2
Pd(OAc)./ 4 eq. (R)-L1 (“in situ”) >99 1:3
L1Pd2 >99 1:8
L1Pd4 >99 17
L1Pd5 95 1:8
L1Pd7 98 1:9

a) Catalytic conditions: Pd complex (0.02 mmol), 2,3-dihydrofuran (1.2 mmol), 4-
iodoacetophenone (0.4 mmol), 'ProEN (1.2 mmol) and dodecane (0.4 mmol) dissolved in 6 mL
of DMF. b) Conversion values are expressed as consumption of starting 4-iodoacetophenone,

determined by GC. ¢) Ratio of isomers determined by 'H NMR and GC.
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As it can be seen, all the complexes were very active for the M—H reaction of
cyclopentene and 2,3-dihydrofuran as substrates, leading to complete conversions
after 6 h. Homocoupling 149 or 151 and dehalogenated product 150 were not
observed in any of the reactions. “In situ” experiments were carried out in order to
compare the catalytic activity of the system with the preformed complexes. As it is
shown, in all cases the “in sitv” complexes led to superior conversions compared to the
corresponding preformed complexes. Interestingly, in the coupling reaction of
cyclopentene, better selectivities were found with the preformed complexes compared
to the “in situ” experiments. This enhancement of the regioselectivity can be also seen
in the reaction of 2,3-dihydrofuran, where modest differences in the isomeric ratio
appeared again with the preformed complexes. However, there are not huge
differences in terms of activity and selectivity between the pseudobidentate complexes
and the BF,-bridged analogues, being the latest slightly more active in both reactions.
Interestingly, all these systems appeared to be very active even when the experiments
were run at 3 h, displaying conversions around 85 to 90% in all cases for both “in situ”
systems.

Unfortunately, in spite of the high activity and moderate selectivity of these

reactions, no enantiomeric excess was found in any of the catalytic runs.
3.4.5. Pd-catalysed allylic substitution reactions

The substitution of a leaving group, located at an allylic position by a nucleophile and
catalysed by a transition metal complex, is known as allylic substitution. Unlike most of
the transition metal-catalysed reactions, allylic substitution involves reaction at sp°

rather than sp? centres (Scheme 59).
LG [ ]/L* Nu

Scheme 59. General scheme for the Pd-catalysed asymmetric allylic substitution reaction. LG =
leaving group; Nu = nucleophile.

Although, many transition metals catalysed the reaction,’® palladium systems are
the most widely used."’

Allylic substitution implies the formation of C-C as well as C-X (X = heteroatom)
bonds under very mild conditions, which are compatible with many functional

groups.'®'%® 'When the reaction is performed with carbon nucleophiles, such as
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malonates,’ is named allylic alkylation, whereas in presence of nitrogen nucleophiles,
usually primary and secondary amines, is known as allylic amination.

1575 since then a

Although the reaction was discovered more than 40 years ago,
huge number of publications on allylic substitution have appeared, some of them
dealing with P-stereogenic ligands.

The catalytic cycle for stabilised ‘soff nucleophiles i.e., the conjugate bases of
acids whose pKa value is lower than 25,"*"" involves the direct attack of the nucleophile

on the coordinated allyl fragment (Scheme 60)."5"°
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Scheme 60. Reaction mechanism for the Pd-catalysed allylic substitution reaction with “soff’
nucleophiles. Where LG = leaving group, L*—L* = bidentate ligand or two monodentate ligands,
Nu = nucleophile and S = solvent.

The catalytically active species are Pd(0) complexes in which two coordination
vacant positions are occupied by solvent molecules. This very reactive species can be
formed either by a allyl-Pd(ll) precatalysts where nucleophilic attack on the allyl

fragment leads to reduction of Pd(ll) to Pd(0) or directly by a Pd(0) source such as
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[Pdo(dba)s]. The initial step of the mechanism is the coordination of the substrate by
one of the enantiotopic faces of the alkene. Oxidative addition generates the Pd(ll) -
allylic intermediate with subsequent release of the leaving group. This complex, which
suffers different dynamic exchanges due to the allyl group, undergoes nucleophilic
attack at either terminal carbon, electrophilically activated by coordination to Pd(ll). In
special cases, the nucleophile can attack the central allylic position, leading to

substituted cyclopropanes.'®

Decoordination of the substituted final product
regenerates the catalytically active species again.

As it can be seen, the determining step for the regioselectivity of the process is
the nucleophilic attack on the terminal carbons. If the R groups were different, the final
product would be a mixture of two regioisomers, each of which could present a mixture
of enantiomers. However, the correct chose of the most suitable ligands can drive the
reaction towards one of the products.

Allylic substitutions with stabilised carbon nucleophiles, known as allylic
alkylations, are the most important type of allylic substitutions. The benchmark reaction
of enantioselective allylic substitution is the reaction of rac-3-acetoxy-1,3-diphenyl-1-
propene with the stabilised carbanion derived from dimethylmalonate (DMM) in the
presence of N,O-bis (trimethylsilyl)acetamide (BSA) and a palladium catalyst, what it

has been called Trost conditions (Scheme 61)."°

(0] (@)
OAc [Pd], DMM
}\/\ > MeO OMe
Ar Ar BSA, CH,Cl, P
KOAc Ar Ar

Scheme 61. Pd-catalysed allylic alkylation reaction under Trost conditions, where Ar is typically
a phenyl group.

One of the reasons for the popularity of rac-3-acetoxy-1,3-diphenyl-1-propene as
a model substrate for allylic alkylations is that many ligands give particularly good
enantioselectivity with this substrate.'® Changing the phenyl groups for smaller alkyl
groups leads to much poorer results and constitute a challenge in this kind of
transformations.

This reaction has been screened with a tremendous quantity of chiral catalysts
and indeed is routinely used to test the performance of new ligands. In spite of its
limited synthetic usefulness and the better or worse results obtained with this system,

which are not necessarily extensible to other substrates.'*®
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Earlier reports with BINAP'®, DIOP™, CHIRAPHOS'® and the P-stereogenic
DIPAMP'® yielded a racemic alkylated product but since then many mono- and
bidentate P-stereogenic ligands have been used in the benchmark reaction for allylic
substitution with very good results in some cases. Figure 43 lists some the systems
giving rise to good conversions and enantioselectivities and illustrates the diversity of

scaffolds of the ligands applied to enantioselective allylic substitution.®®

Bidentate ligands
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Figure 43. Examples of bidentate, P,N and monodentate ligands, some of them P-stereogenic,
successfully applied in the Pd-catalysed allylic substitution reaction of rac-3-acetoxy-1,3-
diphenyl-1-propene as model substrate.

As it can be seen, the best results have been achieved with phosphinooxazoline-
based systems'®or with monodentate phosphines'® rather than bidentate ones. This
experimental fact, might suggest that a longer distance between the chiral element and
the n°-allylic fragment can cause the ee erosion. Actually, when rac-3-acetoxy-1,3-
diphenyl-1-propene is used as substrate the chiral discrimination produced by C,-
symmetric ligands is manly due to steric factors, because the two phosphorus atoms
have the same electronic properties and hence, its contribution is by all means identical
in both terminal carbons of the allyl fragment.

However, the best results in the field were obtained by Hamada and co-

26a,53a,169

workers with the development of a special type of HASPO ligands, the

DIAPHOX family (Scheme 62) (see also Section 3.1.5.1).
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Scheme 62. DIAPHOX-HASPO ligands and their tautomerization induced by BSA.

In a similar manner to SPOs, DIAPHOX ligands are formally P(V) oxides that in
the presence of BSA, tautomerize in P(lll) species, that efficiently coordinate the Pd(0)
centre. These excellent ligands have been tested in many allylic substitution reactions
with more challenging substrates and nucleophiles with outstanding results.?***%*%° For
instance, alkylation and amination of rac-3-acetoxy-1,3-diphenyl-1-propene have
yielded enantiomeric excesses up to 99% which have been extended also to other

53b,170

substrates It is interesting to note that the authors found that the addition of Zn(Il)

salts such as Zn(OAc), in catalytic amount improved the ee.'®*

probably due to the
coordination of the nucleophile to Zn(ll) and hence creating a more efficient chiral
discrimination.

In spite of these impressive results, allylic substitution reactions have been
scarcely explored with SPO ligands. To the best of our knowledge, with the exception
of the studies carried out by Hamada and co-workers with the HASPO-DIAPHOX
ligand, which cannot be strictly considered as a Secondary Phosphine Oxide. Only Dai,
Haynes and co-workers®® explored the catalytic activity of the enantiomerically
enriched (R)-96 preligand in the asymmetric allylic alkylation of dimethylmalonate with

rac-3-acetoxy-1,3-diphenyl-1-propene (Scheme 63).

O O
OAc
_ [PACI(C4Hs)], (1.0 mol%), DMM MeO OMe
BSA, THF B %
NaOAc

tBu: //O

s10 5.0 mol% P P10
Ph” \
H 85% conv.
(R)-96 80% ee

Scheme 63. Palladium-catalysed asymmetric allylic alkylation with (R)-96.

150



CHAPTER lII. Coordination Chemistry and Catalysis with Secondary Phosphine Oxides

Interestingly, the highest enantioselectivities of up to 80% ee were accomplished
using an “in situ” generated palladium complex with a metal to ligand ratio of 2.5.

With all this in hand, we carried out the catalytic studies of our preformed allyl-Pd
complexes L1Pd9 and L1Pd10 in the allylic alkylation reaction of dimethylmalonate
with cinnamyl acetate (Scheme 64) and with rac-3-acetoxy-1,3-diphenyl-1-propene
(Scheme 65) as model substrates under the Trost conditions.'”! Furthermore, the same
catalysts were tested in the allylic amination reaction of benzylamine with S10
following the conditions previously described by our research group (Scheme 65).''%'72

Depending on the nucleophile used, as it has been mentioned, we can
distinguish between allylic alkylation when we form the dimethyl malonate “in situ” or
allylic amination when benzylamine is employed instead. All the experiments were
conducted at 24 h at room temperature in the presence of dichloromethane as solvent.

First, in order to evaluate the potential catalytic activity of L1Pd9 and L1Pd10,
they were previously tested employing cinnamyl actetate as substrate; the results are

summarized in Table 15.

Linear Branched
(@) O
OMe
X MeO oM
OAc [Pd), DMM A - e e
BSA, CH,Cl, =
sa KOAc MeO o
P4 P4

Scheme 64. Pd-catalysed allylic alkylation of cinnamyl acetate, S4.

Table 15. Results of the Pd-catalysed allylic substitution reaction of S4 with precursors L1Pd9
and L1Pd10.

Entry* Precursor ConV®.(%) branched/linear ratio®

1 L1Pd9 >99 1:45

2 L1Pd10 >99 All linear
a) Catalytic conditions for the allylic alkylations: [Pd] 0.01 mmol, S4 1 mmol, DMM 3 mmol, BSA

3 mmol, KOAc 1 mg and 5 mL of CH,Cl,. b) Conversion relative to the consumed substrate S4,
determined by 'H NMR and GC. ¢) Branched/linear ratio determined by GC.

Both catalysts were very active after 16 h of reaction at room temperature, giving
full conversions. The branched/linear ratio was similar for both complexes being the

linear product the predominant in all cases, even though the reaction appears to be
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slightly more selective towards the linear product in the presence of the BF,-bridged
complex.

Once the potential activity of these complexes was evaluated, they were tested
employing rac-3-acetoxy-1,3-diphenyl-1-propene as model substrate; the results are
depicted in Table 16.

[Pd,DMM  MeO OMe

BSA, CH,Cl, _—
OAc KOAG O O
P10

[Pd], BANH, N P
=" I
P11

Scheme 65. Pd-catalysed allylic alkylation and amination reactions of rac-3-acetoxy-1,3-
diphenyl-1-propene, S10.

Table 16. Results of the Pd-catalysed allylic substitution reaction of S10 with precursors
L1Pd9 and L1Pd10.

Entrya'b Precursor Nucleophile Conv®.(%) e’ (%)
1 DMM >99 22 (R)
L1Pd9
2 BnNH, >99 13.3 (S)
3 DMM >99 63 (R)
L1Pd10
4 BnNH, >99 32.5(9)

a) Catalytic conditions for the allylic alkylations: [Pd] 0.01 mmol, S10 1 mmol, DMM 3 mmol,
BSA 3 mmol, KOAc 1 mg and 5 mL of CH,Cl,. b) Catalytic conditions for the allylic aminations:
[Pd] 0.01 mmol, S10 1 mmol, BnNH, 3 mmol and 5 mL of CH,Cl,. ¢c) Conversion relative to the
consumed substrate S10, determined by 'H NMR and HPLC. d) Enantiomeric excess
determined by HPLC.

Gratifyingly, all complexes displayed full conversions both using DMM or
benzylamine as nucleophiles. However, a modest ee value was observed for the
pseudobidentate complexes, proving that the supramolecular assembly can induce
some discrimination on the substrate. Experiments with the BF.-bridged complexes

showed that increasing the rigidity of the bridge and hence, creating a “true” bidentate
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ligand, has an important effect on the enantioselection of the reaction, affording ee up
to 63% in the allylic alkylation reaction. Interestingly, this effect appears to be less
important in the amination process, probably because the harder nucleophile not only
attacks the allyl fragment, but also coordinates the metallic centre, decreasing the ee.
These preliminary results, even though modest, show that supramolecular
catalysis by means of hydrogen-bridged assemblies of monodentate ligands can
induce chirality in those systems, where no coordinative solvents or thermal effects are
present. Hopefully, this would be the first step for further studies in the field, and open a
door to more catalytically powerful architectures, perhaps increasing the number of
hydrogen interactions within the pseudobidentate moieties and therefore making more

robust systems with a broader field of application.
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3.5. Conclusions

This Chapter has described the first asymmetric synthesis of optically pure, P-
stereogenic SPO +BuMeP(O)H (L1) and the exploration of its coordination chemistry
towards Ir(l), Rh(l), Au(l), Ru(ll), Pd(ll) and Ni(ll).

A rich variety of coordination modes, including the O-coordination of the
pentavalent phosphine oxide and the P-coordination of the trivalent phosphinous acid
tautomer has been found.

A new chiral Au(l) complex has been synthesised and crystallographically
characterised, displaying aurophilic interactions between gold centres.

For Pd(ll), the combination of a phosphinous acid and a phosphinite unit
produced a C.-pseudobidentate P-coordination mode bearing an intramolecular H-
bridge. This bridge has been successfully substituted by a BF, moiety by treatment with
tetrafluoroboric acid, increasing the rigidity of the system by forming a real bidentate
ligand. This includes L1Pd2, an allyl complex with the anionic PO-H---OP bridge,
whose BF; derivative (L1Pd5) has been successfully crystallised.

The catalytic results for all this systems have shown that, even though all of them
are very active in different catalytic reactions, the poor rigidity and the lability of the
pseudobidentate bridge does not create an efficient enough chiral environment for the
chiral discrimination of the substrates tested.

BF.-bridged complexes have proven to be more stereoselective catalysts in the
allylic substitution reactions of S10, probably due to the presence of a well-defined
bidentate, displaying ee values up to 63%.

The excellent enantioselectivies reported in Rh-catalysed asymmetric
hydrogenations of functionalised olefins with diphosphines having the 'Bu/Me
combination at P could not be found for the systems described in this Chapter. The
absence of a “truly bidentate” character of the catalytically active species and the type
of reactions explored are probably to blame for the low enantioselection observed.

The results obtained in the present chapter have been recently published as a full
paper: Gallen, A.; Orgue, S.; Muller, G.; Escudero, E. C.; Riera, A.; Verdaguer, X.;
Grabulosa, A. Dalton Trans. 2018, 47, 5366-5379.
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4. Half-sandwich complexes of Ir(lll),
Rh(lll) and Ru(ll) with the MaxPhos
ligand

4.1. Introduction. Chiral-at-metal complexes

The study of chiral metal complexes is one of the most intense research areas of
current organometallic chemistry.” This research is mainly driven by the potential
application of chiral metal complexes for the catalytic synthesis of non-racemic chiral
compounds.?

Typically, a chiral environment is generated around the metal by coordination of
enantiopure organic ligands having atom-centred, axial or planar chirality.®> Taking into
account that metal coordination is the most common way to activate the substrates for
chemical transformations, it seems reasonable to think that catalysts based on
stereogenic metal centres would offer the most promising approach for achieving
efficient transfer of chirality during an asymmetric process.*

Reactions mediated by Lewis acid metal complexes involve the formation and
cleavage of chemical bonds in which the metal is implicated, with the potential loss of
metal enantiopurity. Moreover, a major requirement for metallic catalyst precursors is
the existence of coordination positions available for the substrates, which are usually
occupied by solvent molecules. Therefore, a good candidate for a catalyst containing a
metal centre as a source of chirality has to be susceptible to substitution but
stereochemically stable.® Building up metallic complexes fulfilling both requirements at
once is not an easy task.

Al literature survey shows that there are many organic transformations that are
still underdeveloped, for which no metal complex with chiral ligands has been found to
yield products with useful levels of ee."® Consequently, research efforts have been
directed towards the exploration of other organometallic architectures, where the chiral
information is not located at the ligand, but at the metal centre.’®’

Chiral-at-metal or M-stereogenic complexes are defined as compounds bearing a
stereogenic metal centre. Their chirality parallels, to a certain extend, the classic
stereogenic carbon atoms of organic chemistry. In the same way that organic
molecules featuring tetrahedral carbon atoms with four different substituents are chiral,

tetrahedral metal complexes with four different ligands are chiral as well (Figure 1).
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Figure 1. Coordination geometries of some typical M-stereogenic complexes.

Many M-stereogenic complexes are either tetrahedral or octahedral. Tetrahedral
complexes, have the same origin of chirality as its tetrahedral carbon analogues, even
though sometimes they are not configurationally stable, such as [NiBrCIFI]*.°
Octahedral complexes are usually somewhat more stable but have the complication
that a large number of isomers are in theory possible.® For instance, octahedral
complexes with 6 different monodentate ligands can form 15 pairs of enantiomers. In
the case of octahedral complexes with four different monodentate ligands, as in
octahedral [MABCL;], the complexes are chiral if they take a fac arrangement whereas
the mer geometry is achiral (Figure 1).

There are two main types of chiral-at-metal complexes: those having different

monodentate ligands and those with one or more bidentate ligands ( Figure 2).'
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Figure 2. Selected examples of chiral-at-metal complexes.

As it is depicted in Figure 2, among the chiral-at-metal half-sandwich complexes,
usually three- or four-legged, there are those with monodentate ligands and others with
bidentate ligands displaying a Ci-symmetry. Besides, bis- or fris-chelate octahedral
complexes with achiral ligands, such as phenanthrolines also lead to chiral-at-metal
complexes.®

Regarding the complexes depicted in Figure 2 it is sometimes not evident to see
if a coordination compound would exhibit optical activity. By definition, a molecule is
chiral if it is non-superimposable on its mirror image and in terms of symmetry a chiral
molecule lacks an improper (S,) axis of symmetry.

Hence, molecules belonging to point group Ci, such as complexes 158-162 are
chiral. The same property is observed for dissymmetric molecules, as it is the case for
well-known fris-chelate complexes, such as [Co(en)]Cl; or the cis-(bis)-chelate
complexes 163 (only the cis-isomer can possess a pair of enantiomers; the trans-
isomer is achiral), depicted in Figure 2 where enantiomers are distinguished by using

the labels A and A.
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4.1.1. R/S Nomenclature

The absolute configuration of a stereogenic metal centre is specified in a similar way to
chiral organic compounds having a stereogenic carbon atom, following the well-known
Cahn-Ingold-Prelog (CIP) priority rules.’® The problem of assigning priorities to
polyhapto ligands or, in other words, organic groups where more than one carbon atom
is interacting with the metal centre, such as the 1°- cyclopentadienyl ligand, was first
addressed by Tirouflet and co-workers."" They suggested that the sum of the atomic
number of all atoms of a polyhapto ligand connected to the metal should be
considered. Stanley and Baird'? later suggested a similar modification of the CIP
priority rules to determine the absolute configuration of a stereogenic metal complex
based on the sum of the atomic weights of the atoms in polyhapto ligands coordinated
to a metal centre.

For example, the n°-cyclopentadienyl ligand would be considered a pseudo-atom
of molecular weight 60 (five carbon atoms linked to the metal), and the n°-benzene
ligand of molecular weight 72 (six carbon atoms bonded to the metal centre).
Therefore, the priority sequence can be drawn as follows:

I > Br >n°-CsHgs > n°-CsHs > n°-CsHs > CI > PR; (e.g. phosphines) > OR;R: (e.g.
alkoxydes) > NR:R: (e.g. amines or oxazolines) > n'-C (such as in —CHj)

The determination of R or S descriptor for the absolute configuration can then be
performed in the same way as for stereogenic carbon atoms applying the CIP priority

rules as it can be seen in the examples depicted in Figure 2.
4.1.2. Configurational stability of chiral-at-metal complexes

Coordination compounds that are chiral only due the presence of a stereogenic centre
at the metal form a pair of enantiomers with identical physical properties. As with
organic compounds, different enantiomers can be identified by polarimetry, and a pair
of enantiomers will give opposite optical rotation.®' Circular dichroism (CD)
spectroscopy is also commonly applied, and the spectra of two enantiomers are mirror
images of each other with opposite sign."

Often, the same absolute configuration is assigned to structurally related
compounds with similar CD spectra, and similar compounds with mirror image of CD
spectra can exhibit opposite absolute configuration.'® Chiral-at-metal complexes are
often intensely coloured, and in such cases the optical rotation cannot be easily

determined. Nevertheless, in the solid state the absolute configuration of an

168



CHAPTER IV. HALF-SANDWICH COMPLEXES OF Ir(l11), Rh(lll) AND Ru(Il) WITH THE MAXPHOS LIGAND

enantiopure metal complex can be univocally assigned by X-ray diffraction, when it is
possible to grow suitable crystals for its determination.’® Needless to say, the presence
of a metal is very useful to determine the absolute configuration.

Diastereomeric complexes with a stereogenic metal centre do have different
physical properties and can be analysed by NMR spectroscopy. When an optically pure
ligand is employed in synthesis, two diastereomers form that differ only in the
configuration at the metal centre. The diastereomeric ratio can be calculated from the
intensities of corresponding diastereomeric signals in 'H or *'P{"H} NMR spectra, albeit
some care has sometimes to be taken when analysing spectra at low temperatures,
particularly in those complexes which display dynamic exchange processes.'*?

In the solid state, chiral-at-metal complexes are configurationally stable.
However, the more labile nature of the metal-ligand bonds, along with the fluxional
processes present in some coordination geometries, sometimes derives in optical

erosion.®'® Examples of this behaviour are depicted in Figure 3.

Configurationally stable Racemisation
< | < <& <
o w - CI w

Phs™"f Nco PR.P™f No o PPy \Q —_ 7/ \

ON L( Phs Phs = Ph \)312
(S)-165
(RRy>S:)-166 Pyramidal Planar
167

e . @

Cl/\"’ Ph2 —k /\ " Ph2

Ph, \j Phy \j

(SRu,Sc)-166 Pyramidal

Figure 3. Configurationally stable 165 and proposed mechanism of epimerisation of complex
166. The square denotes a vacant coordination position.

While complex 165 is configurationally stable in solution, probably due to the
stabilising effect of the carbonyl and nitrosyl z#-acidic ligands, 166 epimerises leading
to the formation of a 77:23 ratio mixture of diastereomers where the kinetics of the
reaction can be easily studied by *'P{'"H} NMR."®

These dynamic exchanges have been detected in other systems with C;-

symmetric P,N ligands, being intermediates with a coordination number of 5 the most
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prone to suffer such processes, where trigonal bipyramidal geometries quickly

isomerise in square-planar pyramids (Berry’s pseudorotation).

Ph_\ s __IPn
) /o oD A
’Fe ~N [T Nx Fe\
% of &,o &
(Sp,Su»Sc )-168 (Sp,Rw,Sc )-168

Figure 4. Epimerization at Rh and Ir in half sandwich complexes.

As it is showed in Figure 4, Carmona and co-workers'’ reported the synthesis of
168, where fractional crystallization allowed the obtention of distereomerically pure
complexes (Sp,Sm,Sc)-168 and (Sp,Rm,Sc)-168 (98%). Unexpectedly, after 20
days at room temperature in CDCI; the diastereomeric excess decreased for the Rh
complex to 42%.

Racemisation is usually unwanted and constitutes, indeed, an important problem,
as a partial or fully racemised metal complex will give lower or no enantiomeric excess

when employed as a catalyst in enantioselective reactions."”

4.2. Precedents on the synthesis of optically pure

M-stereogenic half-sandwich complexes

In octahedral half-sandwich complexes, one of the ligands is an arene ring system,

mainly benzene or cyclopentadienyl (1°-CsHs, Cp) and their derivatives (Figure 5).

Three-legged Four-legged
1 1 I 1
N W\ \\“"/ (”ID \\“"/ ("’ID
d L/B/ © B C (B ¢

Figure 5. Common coordination geometries in M-stereogenic half-sandwich complexes. A—B
represents a chiral bidentate ligand.

These arene ligands occupy three of six possible coordination positions of an
octahedral metal complex, or in other words, a face of the geometrical octahedron,

whereas the other three sites can be occupied by other ancillary ligands. These
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complexes have also been named “pseudotetrahedral” or “piano stool complexes”

since its shape reminds more a tetrahedron rather than its formal octahedral geometry.
Interestingly, when these three ancillary ligands are all different or if a

coordinated C;-symmetric bidentate ligand is present, the resulting complexes become

chiral and stereogenic at the metal (Figure 5).'2°

In this section a summary of the main synthetic procedures to prepare chiral-at-

metal half-sandwich complexes is presented.
4.2.1. Resolution of racemic mixtures

Enantiopure chiral-at-metal complexes can be accessed by resolution of racemic
mixtures using chiral auxiliaries."™® In this approach, the racemic mixture of the metal
complex is treated with a chiral, optically pure agent that is capable of forming a
covalent bond to one of the ligands. Hence, a mixture of two diastereomers, which
differ only in the configuration at the metal, is formed and sometimes they can be
separated by fractional crystallization or by column chromatography. The chiral
auxiliary can be subsequently removed, affording the chiral-at-metal complex in
enantiopure form.

8

In the late sixties, Brunner and co-workers,®’ reported for the first time, a

textbook example of application of such methodology (Scheme 1).

NaO

PFg PFe
" <l - @ e
170 Y% \"No *oonvy &
2N + W -
oc” \'NO ON"/ >co Ph Ph
Phs Phy —/ o/ 3 ®
rac-169 (R-171 (8171
lResolution
HCl
NaPFg

A

" oI

N N
oc” \'NO ON" /4 >Sco
Ph, Phg

(R)-169 (5)-169

Scheme 1. Resolution of rac-169.
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The racemic mixture of cationic complex rac-169 was treated with enantiopure
sodium menthoxide giving the diastereomeric acyl complexes 171 that could be
separated by fractional crystallisation. After cleaving off the menthoxide by treatment
with gaseous HCI, the pure enantiomers of 169 were obtained and its optical purity
was confirmed by CD measurements. Interestingly, the configurational stability was
high and no ee erosion was observed for solutions in dichloromethane over a period of
several days. Other authors have also make use of resolution of racemic mixtures with
chiral agents for the preparation of enantiomerically enriched M-stereogenic complexes

achieving excellent results.™

4.2.2. Preparation of diastereopure M-stereogenic half sandwich

complexes with chiral monodentate ligands

The complexes described in the previous section contained achiral ligands, but are
chiral because of the presence of a stereogenic metal centre. If such complexes bear a
chiral ligand, they exhibit stereogenic centres both at the metal and at the ligand, giving
rise to the formation of a mixture of two diastereomers. These can be separated to
afford single diastereomers, and as opposed to enantiomers they typically do not form
in a 1:1 ratio and their stereochemical purity can be quickly assessed by NMR
spectroscopy, because diastereomers typically give distinguishable signals in their
spectra. For instance, if they contain phosphorus ligands, *'P{'"H} NMR spectroscopy
have proven to be especially useful.?°

Bauer and co-workers'®2%°

reported the isolation of a diastereopure ruthenium
complex with a coordinated chiral phosphoramidite by substitution of a

triphenylphosphine in the starting complex (Scheme 2).
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Scheme 2. Synthesis of diastereomeric ruthenium complexes with monodentate chiral ligands.

Interestingly, the phosphoramidite ligand 173 with NMe, substituents afforded
complex 176 as a 5:3 mixture of inseparable diastereomers, while ligand 174 yielded
a 1:8 diastereomeric ratio, which was successfully separated by fractional
crystallization. Apparently the bulkier ligand 174, triggers the formation of mainly one
diastereoisomer.

Brunner and co-workers?°®?

also studied a related ligand exchange reaction,
releasing one carbonyl ligand in 177 and coordinating the chiral aminophosphine 178
generating a 1:1 mixture of diastereoisomers. Although the reaction is not
regioselective, the products appeared to be configurationally stable which allowed their

purification and separation by means of column chromatography.

4.2.3. Preparation of diastereopure M-stereogenic half sandwich

complexes with chiral C;-bidentate ligands

The preparation of M-stereogenic complexes with monodentate ligands often leads to
mixtures of diastereomeric products. In contrast, the use of bidentate ligands,
especially those having a Cy-symmetry, can increase the rigidity of a metal complex,
and therefore difficult or supress the epimerisation processes. This fact represents a
massive advantage since the reactions appeared to be much more stereoselective

allowing the formation of mainly one optically pure species (Scheme 3).
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Scheme 3. Synthesis of M-stereogenic complexes using C;-symmetric bidentate ligands.

When 181 was reacted in the presence of UV-light with the chiral diphosphine
(R)-180, the reaction gave only one product (Sge,Sc)—182 as pure diastereomer.
Unfortunately, 182 isomerises in solution at room temperature to a 95:5 equilibrium of
diastereomers as it was confirmed by NMR.*’

Coordination of (R)-183 to [Ru(u-Cl)(p-cymene)], also affords the formation of
one diastereomer, being in this case a stable orange solid that does not isomerise in
solution.?? The bulkiness of the aminophosphine ligand probably accounts for the
higher configurational stability of the metal.

Cy-symmetric ligands are often applied to avoid the erosion of the stereochemical
information of a metal complex through racemization or epimerization. Therefore,
modulating the steric and electronic properties of such ligands would be an efficient
way to build up new optically pure M-stereogenic complexes for its future application to

asymmetric transformations.

4.3. Precedents on C;-symmetric ligands and

metal centred chirality

Chapter 3 described the formation of P-stereogenic hydrogen-bridged-supramolecular
assemblies with the optically pure Secondary Phosphine Oxide 'BuMeP(O)H. If we
consider the pseudobidentate unit itself, it possesses a C,-symmetry in which the
electronic environment of both phosphorus atoms is the same. In the literature, there
are many examples of C,-symmetric diphosphorus ligands with diphosphines being the

most studied systems.?
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One of the reasons that spurred the use of such ligands with a C.-symmetry was
the reduced number of intermediates and transition states during the catalytic cycles,
what simplifies their study. In fact, the excellent catalytic results in asymmetric
hydrogenation obtained with C,-diphosphines, created the general impression that
these ligands were able to promote much more high enantioselectivities than other less
symmetric analogues.?**** More recently, it has been demonstrated that this idea is not
always true.?® What is more, the use of diphosphorus ligands with C;-symmetry offers a
wider range of possibilities, since each phosphorus atom can be modified
independently in a sequential manner, allowing the preparation of modular ligands, that
can be used, as it has been explained in the previous section, to synthesise M-
stereogenic complexes.

Nevertheless, the number of Ci-diphosphorate ligands, containing a single

stereogenic phosphorus atom is surprisingly scarce (Figure 6).
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Figure 6. Cy-symmetric ligands containing, at least, one stereogenic phosphorus atom.

In 1994 Ramsden and co-workers® described the synthesis of a diphosphine in
which the stereogenic phosphorus came from a precursor prepared using the Jugé-
Stephan method. Some years later, van Leeuwen and co-workers®’ reported a family of
phosphine-phosphite  compounds that were applied in the Rh-catalysed

hydroformylation of styrene with enantioselectivities up to 63%. It is interesting to
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remark the papers of Pizzano and co-workers,?® who also prepared, a year later, a
family of phosphine-phosphite ligands by condensation of P-stereogenic o-
phosphinophenols, generally obtained by the Jugé-Stephan method, and a
chlorophosphine derivative in the presence of a base. Recently, Grabulosa, Muller and
co-workers®® have successfully applied the same methodology in the synthesis of
phosphine-phosphoramidite derivatives with a C;-symmetry, leading to a family of Pd
catalysts for allylic substitution reactions.

Other interesting ligands are the aminodiphosphines described by Hii and co-
workers®® by reaction of diarylphosphinocarboxylic acids  with  (-)-2-
(diphenylphosphino)methylpyrrolidines furnishing amidodiphosphines which can be in
turn easily reduced to afford the corresponding P,N ligands. Finally, the ferrocenyl-
diphosphines of Chen and co-workers®' are also noticeable to mention, which have
displayed 99% ee in Rh-catalysed asymmetric hydrogenations.

All the systems shown in Figure 6 are ligands containing mainly aryl substituents
on the phosphorus atom. In contrast, when it comes to design alkyl- C;-symmetric
diphosphines, one of the synthetic approaches is the Evans-lmamoto method®
consisting on the asymmetric deprotonation of a prochiral substrate mediated by the
adduct sec-BulLi/(-)-sparteine, as it was explained in Chapter 2.

This method has allowed the obtention of many diphosphines with a very small
bite angle, especially with C,-symmetry, such as MiniPhos®® or the BisP* family.***%*
An important exception is the C;-symmetric trichickenfootphos (TCFP) described

by Hoge and co-workers®® prepared by means of preparative HPLC instead.

'Bu., /‘Bu @ @
\/ \
Me/ | @

IO
Hoge 2004

TrichickenfootPhos

Figure 7. Trichickenfootphos ligand and quadrant model for its steric biasing, where “S” denotes
small and “L” large.

However, limitations on the availability of (-)-sparteine as chiral auxiliary has led
to several authors to find other strategies to prepare P-stereogenic diphosphines
containing alkyl groups. In this line, Danjo, Imamoto and co-workers® persisted, after
some unsuccessful attempts, in the preparation of 1,2-diphosphinobenzenes, meeting

success with a clever use of bis(phosphine)boronium salts. In these compounds, two
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secondary phosphines are connected through a BH, bridge displaying a bite angle

similar to that reported for the TCFP* (Scheme 4).
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Scheme 4. Preparation of P-stereogenic bis(phosphine)boronium iodide and 1,2-
diphosphinobenzene.

Monoiodination of 193 with 0.5 equivalents of iodine furnished 194, which was
reacted with di-fert-butyl phosphine to afford enantiomerically pure (S)-195 in 62%
yield. (Scheme 4) Furthermore, deprotonation of (S)-195 with two equivalents of n-
BuLi and double SyAr on the activated difluorobenzene afforded the optically pure
diphosphinobenzeneboronium salt 196 after photochemical dechromination in 78%
yield. The BH, bridge can be cleaved using TBAF at relatively high temperature, to
release the free diphopshine without loss of optical purity.

This synthesis have two important implications, one of them is the preparation of
Cy-symmetric phosphines using air stable boronium salts achieving ligands with high
grades of optical purity. On the other hand, we can see a new role of the borane group,
since it typically acts but “only” as a protecting group that has to be removed when the
free phosphorus compound is required. However, in the presented synthesis, the BH,
plays a more active role in the chemistry involved, enabling the preparation of crowded

diphosphines difficult to obtain by other ways.
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4.3.1. Synthesis and coordination chemistry of the MaxPhos ligand

Inspired in TrichickenfootPhos ligand,®® our research group envisaged in 2010 the
preparation of a nitrogenated analogue that was named MaxPhos (Scheme 5), which is
a rare example of P-stereogenic, Ci-symmetric ligand with a short bridge between the

phosphorus atoms.*’

BH BH; H
y o 1) NaH, THF b
N > Me™, SyF\"Bu
M?B/ NH, 2) (Bu),~Cl, 60 °C wd " \tBu
L1-NH, L2:BH;

HBF,-OEt, | MeOH, 65 °C

H H H H
®! | | ®
Me“; SN NTBU T Me“) Sn7 '\ Bu
'Bu Bu Bu Bu

©
T T | BF,
— @
- Meu'y \\N// \\tBu

Bu Bu

MaxPhos salt

L2'BF,
Scheme 5. Synthesis of L2-BF,.

As it has been explained, reductive cleavage of a chiral aminophosphine,
prepared after condensation of cis-1-amino-2-indanol with 'BuPCl, and subsequent
nucleophilic ring-opening with the Grignard reagent, affords synthon L1-NHj,
amenable to further transformations. It has to be recalled that since both enantiomers
cis-1-amino-2-indanol are commercially available, multigram quantities of any
enantiomer of L1-NH, can be prepared.

L1-NH, can be deprotonated by sodium hydride and reacted with (‘Bu).PClI
yielding the intermediate iminophosphorane L2-BHs which was found to exist
exclusively as its P—H tautomer.

It is important to remark at this point that, in a similar manner as SPOs does, P-
stereogenic secondary iminophopshoranes (SIPs) have also a tautomeric equilibrium
between the pentavalent iminophosphorane and the corresponding aminophosphorane
(Scheme 6).
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Scheme 6. Phosphinous acid/SPO tautomerism (/eff) and aminophosphine/SIP tautomerism
(right).

The tautomerism of SIPs has exactly the same features as the SPOs equilibrium:
P(V) air-stable species are normally the predominant tautomers, but in the presence of
a metal source, coordination to the metal efficiently shifts the equilibrium towards the
P(lll) form. Furthermore, SIPs are configurationally stable, since the PH/NH
tautomerism does not affect its optical purity.

In addition, thanks to this tautomeric equilibrium involving the P atoms and the
NH bridge, after treatment of L2-BH3 with tetrafluoroboric acid, it was obtained as its
bench-stable crystalline tetrafluoroborate salt, in contrast to many of the new
generation highly basic and air-sensitive P-stereogenic ligands with alkyl substituents.*

The MaxPhos ligand can be seen as a nitrogen-containing analogue of the
trichickenfootphos (TCFP) reported by Hoge and co-workers having a wider P-N-P
angle of 103.04° than the P-C-P angle in TCFP according to X-ray measurements. This
is translated, due to the shorter P-N bonds compared to P-C bonds in a slightly shorter
bite angle of 70.0° than that of TCFP (72.6°).>%% Both P-N bonds have almost identical
distances suggesting that the resonance-hybrid L2-BHj3 depicted in Scheme 5 is the
most accurate descriptor for the [MaxPhos-H]" cation and that the positive charge is
evenly distributed between the two P atoms.

It has to be noted that, in contrast with TCFP, MaxPhos is extremely stable and
can be prepared in large scale without the use of chromatographic methods for its
purification.

In solution, NMR of MaxPhos-HBF, is consistent with the presence of a single
compound. In the *'P{'H}, two distinct resonances for the non-equivalent PH groups
were visible at 6.57 and 6.83 ppm with Jyp values of 458 and 477 Hz, respectively,
proving that the tautomeric equilibrium is fully displaced towards the PH form.*

The free MaxPhos ligand can be obtained by deprotonation of L2-BF, with n-
BuLi at —78 °C and treatment of the resulting mixture with deoxygenated 'PrOH to

ensure the neutrality of the resulting aminophosphine product (Scheme 7).3%%
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Scheme 7. Preparation of the free neutral MaxPhos ligand and its three tautomeric forms.

This method allowed the isolation of the air-sensitive oil with *'P{"H} NMR (C¢Ds)

resonances at 79.5 and 52.8 ppm and a 'H NMR (C¢Dg) spectrum that did not show

evidences of H-P resonances, indicating that the only species in solution for the neutral

ligand is the NH tautomer.

The coordination chemistry of this ligand was initially explored with Rh(l) diene

complexes,®’®

hydrogenation of functionalised olefins®

reactions.*'

which were found to be excellent precursors for the asymmetric
and later for intramolecular Pauson-Khand

These studies were followed by the synthesis of several Ni(ll) and Pd(ll)

complexes some of which were used in asymmetric allylic substitutions (Figure 8).*
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Figure 8. Several d’-MaxPhos complexes with Rh(l), Pd(ll) and Ni(ll) centres.
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The synthesis of many of these complexes was carried out using directly the
phosphonium salt L2-BF,4 in the presence of the metallic source. This process often
requires a base, which can be present in the precursor (as it happens with the
acetylacetonate complexes*®) or external, for instance, sodium carbonate.®”?

In all the reported cases, the MaxPhos ligand was coordinated to ® metals with
square-planar geometry. With the aim of expanding the range of metals coordinated to
MaxPhos, in this THESIS we present the studies concerning the preparation of
pseudotetrahedral half-sandwich complexes of Rh(lll), Ir(lll) and Ru(ll) containing the
[(n"-ring)M(MaxPhos)L] cations. We chose this type of complexes because the C;-
symmetric nature of MaxPhos results in a stereogenic metal atom upon
coordination.'* Although the preparation of optically pure, metal-stereogenic
complexes is a classic topic of coordination chemistry,® it is receiving renewed
interest®>*? due to the expectations of the application of chiral-at-metal complexes in
asymmetric catalysis.'®’®*? Having a complex with a resolved metallic atom reacting
with the substrates during the catalytic cycle may lead to very enantioselective
systems, as it has been demonstrated recently in a few reactions by Meggers and
coworkers.”#9¢:243

This field, however, is severely underdeveloped due to the scarcity of methods to
prepare optically pure, chiral-at-metal systems. In this THESIS, we show that the
MaxPhos ligand leads to the exclusive formation of a single isomer of the complexes.
In addition, we found that in the case of Ir(lll), a cyclometallated compound is obtained

with high diastereoselectivity.

181



CHAPTER IV. HALF-SANDWICH COMPLEXES OF Ir(l11), Rh(lll) AND Ru(Il) WITH THE MAXPHOS LIGAND

4.4. Half-sandwich complexes of Ir(lll), Rh(lll)
and Ru(ll) with the MaxPhos ligand

4.4 1. Rhodium and Iridium M-stereogenic complexes with the

MaxPhos ligand

Reaction of the acetylacetonate complexes [(1°-CsMes)M(acac)Cl] (M = Rh, Ir)** with
(Sp)-L2-BF4*"* in refluxing dichloromethane gave cationic complexes with the formula
[(n°>-CsMes)MCI(MaxPhos)][BFs] (M = Rh (L2Rh1), Ir (L2Ir1)). Formally, the
acetylacetonate is protonated by the cationic diphosphane and the generated
acetylacetone is displaced from the coordination sphere of the metal by the phosphorus

atoms of the resulting neutral diphosphane (Scheme 8).

Mg F gy N i
o\ N e / NTNCBY o refixash O\ ) T
O\“', tBu——— —NH

L2'BF4 tBU/
Meé
L2Rh1, L2Ir1

Scheme 8. Reaction of L2-BF 4 with Rh- and Ir-acac precursors.

Complexes L2Rh1 and L2Ir1 were characterised by analytical and
spectroscopic means and by the determination of their crystal structure by X-ray
diffraction. The assignment of the NMR signals was verified by performing selective
decoupling experiments and by two-dimensional homonuclear and heteronuclear
(COSY, NOESY, HSQC, HMQC and HMBC) correlations as it is detailed in the
Experimental Section (Chapter 6).

The IR spectra showed a broad and weak N-H absorption in the 3260-3270 cm™
range as well as a strong band centred at around 1040 cm™ attributed to the BF,
anion.

NMR data are consistent with the presence of the CsMes and MaxPhos ligands in

1:1 molar ratio, in both cases (Figure 9).

182



CHAPTER IV. HALF-SANDWICH COMPLEXES OF Ir(l11), Rh(lll) AND Ru(Il) WITH THE MAXPHOS LIGAND

|
I ~
S -
300 /
] . é\' . ‘L ,// ,// J/’r
H |
lln,‘ |
J .
ﬁ a L
¥l )\ N YU
N
100 ‘}“‘ J(/ vf /"/
/L\ 0 ““ // // //
—LE -/ _/ J _J
|
" ‘»\ }nl»“. '1 .P ‘IR
M _J L J U J\-/LJUK

3 z ! g

T T T T T T T T T T T T T T T T T T T
2,05 200 195 1.0 185 180 175 170 1.65 160 155 1.50 145 140 135 130 125 120 1.15

S ppm

Figure 9. 'H NMR spectra (400 MHz, CDCls, 25 °C) of complexes L2Rh1 (top) and L21r1
(bottom).

The *'P{"H} NMR spectrum of the rhodium complex L2Rh1 consists of two
doublets of doublets centred at 51.1 (P') and 88.3 (P?) ppm, with "Jre and 2dpp

coupling constants of around 116 and 89 Hz, respectively (Figure 10).
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Figure 10. *'P{"H} NMR spectrum (400 MHz, CDCls, 25 °C) of the Rh complex L2Rh1.

The iridium complex L2Ir1 shows two doublets at 19.2 (P') and 55.3 (P?) ppm,
with a 2Jpp coupling constant of 56.2 Hz.

It is important to note that, in some preparations of the iridium complex L2Ir1,
two additional doublets (less than 1% abundance) centred at 29.70 and 53.96 ppm with
a coupling constant of 52.5 Hz were also detected. These signals can be tentatively
assigned to the Ry, Rr epimer.

The phosphorus nuclei and 'Bu substituents have been assigned by two-

dimensional *'P-"H and "*C-"H correlation spectra, respectively (Figure 11).
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Figure 11. "H-"2C HSQC (CDCl,, 25 °C) of complex L2Rh1.
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The diastereotopic 'Bu groups linked to the P? phosphorus atom create
asynchronous resonances for each pair of related nuclei. Interestingly, in complex
L2Rh1 one of the tertbutyl groups of P? appeared very broad in the *C{'"H} NMR
spectrum, but its chemical shift could be unequivocally ascertained, thanks to the *C—
'H correlation spectrum (Figure 11).

In the case of Ir complex L2Ir1, 'H-*'P HMBC experiments verified the
connectivity of the coordinated MaxPhos ligand, where the "H-°'P couplings at 2 and 3

bonds of distance permits univocally confirm its structure (Figure 12).
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Figure 12. "H-*'"P HMBC (CDCls, 25 °C) of L21r1.

During the formation of the new complexes, the metal becomes a stereogenic
centre and therefore two stereoisomers with different configuration at the metal can be
obtained. Since from 213 to 298 K only one set of signals was observed in the NMR
spectra of both complexes, the preparative route employed is completely
diastereoselective. It may be anticipated that, within the four-membered metallacycle
M—-P—N-P, the epimer at the metal in which the bulkiest CsMes group is anti to two '‘Bu
substituents would be preferred on steric grounds to the isomer in which this group is

syn to both 'Bu groups (Figure 13).
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Figure 13. Epimers of complex L2Ir1, being (Si;, Rp)-L2Ir1 the major diastereomer observed
in solution.

A NOE contact between the methyl bonded to P' and the CsMes protons
confirmed this hypothesis (Figure 13).

Therefore, the configuration at the metal in compounds L2Rh1 and L2Ir1 is 8.
11,45

X-ray diffraction analyses were carried out to establish the molecular structure of
complexes L2Rh1 and L2Ir1 and confirm the absolute configuration of the metallic
atom.

It should be noted that, due to the nomenclature rules,'®'"*® the descriptor of the
configuration at phosphorus changes from S (free ligand) to R, when the MaxPhos
ligand coordinates to the metal.

Molecular representations of the cations are displayed in Figure 14 and Table 1
collects the main geometrical parameters of the metal coordination sphere. From a
crystallographic point of view, both crystal structures are isostructural as similar
asymmetric units are packed in the same space group, with comparable unit cell
parameters. At a molecular level, both structures exhibit also similar characteristics.
Both cations are formally pseudo-tetrahedral, with the metal coordinated to a
pentamethylcyclopentadienyl fragment, to the two phosphorus atoms of the MaxPhos

ligand and to a chlorine atom.
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Figure 14. Molecular structure of the cation of complexes L2Rh1 and L2Ir1 (thermal ellipsoids
drawn at a 50% probability level). Hydrogen atoms (except those of N-H fragments) have been
omitted for clarity
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Table 1. Selected bond lengths (A) and angles (°) for complexes L2Rh1 (M = Rh) and L2Ir1
(|V| = |I’).

Bond L2Rh1 L21r1 Angle L2Rh1 L21r1
M-CI 2.3908(8) 2.3961(10) CI-M-P(2) 95.46(3) 94.96(4)
M-P(1) 2.3119(8) 2.3054(10) CI-M-Ct? 113.14(5) | 112.81(7)
M-P(2) 2.3905(8) 2.3683(11) | P(1)-M-P(2) | 68.85(3) 68.85(4)
M-Ct? 1.8845(15) 1.8900(19) P(1)-M-Ct® | 135.45(5) | 135.92(7)
CI-M-P(1) 91.20(3) 91.12(4) P(2)-M-Ct* | 138.70(5) | 139.02(7)

3Ct is the centroid of the ring of the 1°-CsMes fragment.

The structural parameters describing the coordination of P(1) and P(2) atoms to
the metal centre differ significantly. Longer M—P bond lengths and larger (CsMes)-M-P
bond angle values are associated to P(2), carrying two 'Bu substituents, to minimize
the steric repulsion between the bulkiest fragments, the 'Bu substituent and the CsMes
ligand. In contrast, related chelate complexes with C,-symmetric diphosphorus ligands
exhibit similar Rh-P bond lengths, as for example in [(1n°-CsMes)RhCKKP,P-
(PPh,),NMe}] (2.297(2) and 2.303(2) A).*® The absolute configuration of the metal is S,
in accordance with the atom priority sequence 1°-CsMes> Cl > P(2) > P(1).'%1"%

The chelating coordination of the MaxPhos ligand in complexes L2Rh1 and
L2Ir1 leads to the formation of a four-membered M-P(1)-N-P(2) ring, with a small P-M-
P bite-angle (L2Rh1: 68.85(3) and L2Ir1: 68.85(4)°). These values are smaller than
those in previously reported complexes with the MaxPhos ligand with ¢® metals having
a square-planar geometry.®’#***! Indeed, they lie on the inferior limit of those reported
in M—P-N-P four membered metallacycles.®’#***'4¢%" Both P-N bond lengths are
statistically identical (P(1)-N: 1.688(3) and 1.688(4) A; P(2)-N: 1.691(3) and 1.694(4) A
in L2ZRh1 and L2Ir1, respectively). These values are similar than previously reported
complexes with the MaxPhos ligand.*’#%%*'The M-CI and M—CsMes bond lengths are
consistent with those reported for related (1°-CsMes)MCl(diphosphane) rhodium or

iridium complexes.*®
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4.4.2. Ruthenium M-stereogenic complexes with the MaxPhos

ligand

The salt (Sp)-[HMaxPhos][BF,] was mixed with the Ru precursor [(1n°-p-
MeC¢H,Pr)Ru(acac)CI]*® under the conditions described above to prepare the Rh and
Ir complexes L2Rh1 and L2Ir1 but only traces of the desired complex L2Ru1
(Scheme 9) were obtained according to *'P{'H} NMR. The modification of reaction
conditions (temperature, time, solvent, addition of bases) led to the recovery of the
unreacted starting materials. Only the use of microwave heating resulted into some
conversion but as it remained below 10%, the strategy of using the MaxPhos salt was
abandoned. However, when a solution of the free MaxPhos ligand obtained by the
deprotonation of the salt with n-BuLi, as previously reported,® was reacted with the
well-known Ru dimer [RuCl(u-Cl)(n°-p-MeC¢H,Pr)], in the presence of NH,BF,, the
cationic complex [(n°-p-MeCsH4Pr)RuCl(MaxPhos)][BF4s] (L2Ru1) was obtained in
85% of isolated yield (Scheme 9).

Scheme 9. Preparation of the ruthenium complex L2Ru1.

The complex was characterized by analytical and spectroscopic techniques, as
detailed in the Experimental Section in Chapter 6. The IR spectrum, as expected,
showed a broad N-H absorption band centred at 3287 cm™ and an intense band of the
BF, anion at 1065 cm™".

In the ®'P{"H} NMR spectrum two doublets were found at 63.1 and 90.3 ppm, with
a 2Jpp coupling constant of 89.3 Hz (Figure 15).
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Figure 15. *'P{"H} NMR (162 MHz, CDCls, 25 °C) of L2Ru1.

The monodimensional 'H and "*C{'H} NMR spectra as well as the *C-'H
correlation spectrum demonstrated the presence of the p-cymene and the MaxPhos
ligands. Thus, four 'H and six C resonance signals appeared in the region of
coordinated arene rings along with a triplet centred at 5.28 ppm in the 'H NMR

spectrum that can be assigned to the NH group of the MaxPhos ligand (Figure 16).
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Figure 16. "H-">C HSQC (CDCl,, 25 °C) of L2Ruf.

In the aliphatic region, the expected doublets for the methyl and tert-butyl groups
of the ligand were present but, interestingly, one of the fert-butyl groups of the ligand
did not appear in the '"H NMR spectrum at room temperature while it was also missing
in the "*C{'"H} NMR spectrum. The missing doublet of the tert-butyl group emerged in
the "H NMR spectrum upon heating at 50 °C (Figure 17).
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Figure 17. "H NMR Variable temperature measurements (400 MHz, CDCls).

Complex L2Ru1 also contains a stereogenic Ru atom. Since a single set of
signals was observed by NMR, it can be deduced that the reaction was again
completely diastereoselective.

Despite many attempts, single crystals of L2Ru1 could not be obtained.
However, single crystals, suitable for X-ray studies, of the related hexafluorophosphate
salt L2ZRu1-PFg were obtained instead.

Complex L2Ru1-PF¢ was prepared following the same reaction conditions
described for its analogous compound L2Ru1 (Scheme 9) but using NH,PF;, once the
free MaxPhos ligand was formed “in situ”, in order to drive the reaction to the formation
of the monocationic complex L2Ru1-PFe.

L2Ru1-PF¢ was characterised by NMR means and the presence of the
hexafluorophosphate counterion was easily assessed by IR measurements were a

broad band at 839 cm™ confirms the expected v(PFs) (see Figure 18).
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Figure 18. IR spectrum (KBr dispersion) of complex L2Ru1-PFe.

A view of the cation L2Ru1-PFs is displayed in Figure 19 whereas Table 2

collects the main geometrical parameters of the coordination sphere of the Ru atom.

C9 C10

4

Figure 19. Molecular structure of the cation of complex L2Ru1-PFg (thermal ellipsoids drawn at
a 50% probability level). Hydrogen atoms (except that of the N-H fragment) have been omitted
for clarity.
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Table 2. Selected bond lengths (A) and angles (°) for complex L2ZRu1-PFe.

Bond Length (A) Angle (°)
Ru-Cl 2.3918(3) CI-Ru-P(2) 92.280(12)
Ru-P(1) 2.3292(3) Cl-Ru-Ct® 117.29(3)
Ru-P(2) 2.3930(3) P(1)-Ru-P(2) 68.356(13)
Ru-Ct? 1.7755(6) P(1)-Ru-Ct? 135.71(3)
Cl-Ru-P(1) 89.717(12) P(2)-Ru-Ct® 137.47(3)

3Ct is the centroid of the ring of the 1°-p-MeCgH, Pr fragment.

The structure of L2ZRu1-PFs is similar to those of L2ZRh1 and L2Ir1, showing a
pseudotetrahedral Ru atom coordinated to the p-cymene phenyl ring, the two
phosphorus atoms of the MaxPhos ligand and a chloride atom. The absolute
configuration of the Ru atom is again S. The same comments on the distances and
angles made in the description of the structures of L2ZRh1 and L2Ir1 hold here, with
L2Ru1-PFs having an even smaller P-Ru-P bite-angle of 68.356(13)°.

4.4.3. C-H activation on (S, Rp)-[(n°-CsMes)IrCl(MaxPhos)][BF.,]

The reaction of the iridium complex L2Ir1 with AgBF, in CH.Cl, provided a mixture of
complexes [(17°-CsMes)Ir(MaxPhos)][BF4] (L2Ir2) in which the cyclometallation of the
diphosphane ligand occurs through one of the methyl groups of one of the fert-butyl

substituents. Intramolecular C(sp®)-H activation on (n°>-CsMes)Ir"

complexes is not
unprecedented.®® Attempts to detect the plausible 16 electron intermediate (1°-
CsMes)Ir(MaxPhos)?* were unsuccessful. The cyclometallated complexes L2Ir2 and
L2Ir2’ (Scheme 10) were the only observed products even when the reaction was

carried out at 253 K indicating that the metallation is a highly favoured process.

- BF, \@T BF, @—l BF,
| Me H ‘ ’ H

AgBF,, NCMe Me t

_Aren " //tBu L» H / ~ 1/ BU\ 1/ H

cl —AgCl \ Me
\ Me VA SN Mo

tgy—P2—NH N 'Bu Me N— '\

Bu {

8 Me g H H tgy Me

u

(SirsRp1,Spa)-L2Ir2 (R, Rp1,Rpo)-L2Ir2’

Scheme 10. Synthesis of the two isolated diastereoisomers of complex L21r2.
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According to NMR spectroscopic data, complex L2Ir2 was obtained as a mixture
of two isomers in an 82/18 molar ratio. The non-equivalent geminal protons of the
metallated CH, group resonate as a doublet of pseudotriplets at 2.13 and 1.39 ppm for
the major isomer.

Similarly, two distinct carbon and proton resonances were recorded for the methyl
groups of the P°CMe, moiety. The metallated methylene carbon is strongly shielded by
the neighbour metal and appears at —7.43 (major isomer) and —2.61 (minor) ppm,
shifted by about 30 ppm toward higher field frequencies with respect to non-metallated
phosphane methyl groups. The 3'P-'H-correlation spectrum reveals that, for the two
isomers, the metallated methylene belongs to '‘Bu groups bonded to the P? phosphorus

(Figure 20).
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Figure 20. "H-*'P HSQC (CD,Cl,, 25 °C) of complexes L21r2.

Consistently, the chemical shift of the P? nucleus is shifted by about 60 ppm
upfield for both isomers of L2Ir2. The irradiation of the pro-S proton of the metallated
methylene of the major isomer enhances the resonance of the 'Bu, but not that of the
Me, bonded to the P' atom. These data strongly suggests that the absolute
configuration of the major (L21r2) and minor (L2Ir2’) isomers is Sy, ARp1,Sp2 and
R, Re1, Rpo, respectively.

A plausible pathway for the cyclometallation reaction (Scheme 11) starts with the

abstraction of the chloride ligand on complex L21r2 by the silver salt.
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Scheme 11. Plausible pathway for the metallation reaction of L2Ir2.

The two epimers at iridium of the resulting 16 electron species would be in

equilibrium. Most probably, due to both steric (two bulky ‘Bu groups) and electronic (‘Bu

being a better electron donor than Me) factors, the 'Bu groups of the P? atom, but not

that of the P' phosphorus, undergo metallation.

Furthermore, only the methyl groups of the pro-S 'Bu group could take part in the

process in one epimer and only the methyl groups of the pro-R 'Bu group in the other

epimer (Scheme 11). Taking into account that metallaton makes the P? atom

stereogenic, this stereochemical feature forces the P? and the iridium centres to adopt

the same configuration affording access to only the S,Rp,See and Ry, Rp1,Rp2

diastereomers. The former isomer, according to NMR data, is more abundant than the

latter. In this isomer, within the Ir-P—N-P four-membered metallacycle, the bulkiest

CsMes ligand is syn to a methyl and to a '‘Bu group, on the P' and P? atoms,

respectively. However, in the minor isomer, the bulky ring group is syn to two 'Bu

groups, one on each of the two phosphorus atoms.
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4.4.4. Reaction of (Srn,Rp)-[(n°-CsMes)RhCl(MaxPhos)][BF,] and
(Sru, Re)-[(n°-p-MeCsH, Pr)RuCl(MaxPhos)][BF,] with AgBF,

A similar metallation product was not observed when slight excess of AgBF, was
added to complex L2Rh1 in CH.Cl, at room temperature or in acetone at reflux. The
reaction resulted in decomposition to a number of unidentified compounds. However,
when acetonitrile was used as the solvent, the dicationic complex [(n°-
CsMes)Rh(MaxPhos)(NCMe)][BF 4] (L2Rh2) was isolated from the reaction medium in
72% yield (Scheme 12).

~=z e
| Me | Me
S /
CI/\”” = epl

AgBF,, NCMe
_
Bu —AgCl MeCN ™~ \ L Bu
tBu——/— —NH tBu——— —NH
Bu Bu
L2Rh1 L2Rh2

Scheme 12. Formation of dicationic complex L2Rh2.

The NMR spectra of L2Rh2 indicated that only one of the two possible epimers
at the metal was present. In the *'P{"H} NMR spectrum it gave a pair of doublets of
doublets centred at 56.0 (P') and 90.7 (P?), with a Jpp coupling of 77.4 Hz and an
average 'Jprn coupling of 110 Hz (Figure 21).
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Figure 21. '"H-*'"P HSQC (CD,Cl,, 25 °C) of L2Rh2.
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NOE contacts between the P' methyl protons and those of the pro-R '‘Bu group
bonded to the P? atom and between the latter and the CsMes protons indicated that the
absolute configuration of L2Rh2 is Sgh, Re1. Again, in the preferred isomer, the methyl
substituent on the P' phosphorus is located syn to the bulkiest 1°-CsMes ligand within
the Rh-P-N-P four-membered metallacycle.

As happened with Rh complex L2Rh1, no metallation was observed when the
Ru complex L2Ru1 was treated with slight excess of AgBF, in CH.Cl, at room
temperature. Unlike L2Rh1, however, no decomposition took place and only a
broadening of the *'P{'"H} and '"H NMR peaks of L2Ru1 could be observed. This
behaviour suggests the formation of a poorly stabilised unsaturated Ru species upon ClI
abstraction. The addition of acetonitrile allowed for the isolation of the dicationic
complex L2Ru2 (Scheme 13).

Me MeCN;, l“_‘.\NCMe

| Me | ....

_Ru. / AgBF,4, NCMe . / . e l ~ JBu
“AgCl " '
S W - 9 MeCN™ \ |} gy MeCtN o Me
tgy—P°—NH tgu—FP°—NH Bu ~NH
Bu Bu 'Bu
L2Ru1 L2Ru2 L2Ru3

Scheme 13. Preparation of ruthenium complex L2Ru2 and formation of complex L2Ru3.

NMR data indicated that L2ZRu2 was also formed as a single isomer. In the
¥IP{"H} NMR spectrum, it gave a pair of doublets centred at 67.7 (P') and 94.8 (P?),
with a 2Jpp coupling of 73.9 Hz (Figure 22).
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Figure 22. *'P{"H} NMR (162 MHz, CH5CN, 25 °C) (up) and 'H NMR (400 MHz, CH5CN, 25 °C)
(down) of complexes L2Ru2 and L2Ru3.

In the 'H and "*C{’"H} NMR spectra a single set of resonances was found, with the

peaks of the aromatic CH groups of the coordinated p-cymene ring shifted downfield

compared to L2Ru1, due to the more electron-poor nature of L2Ru2. At longer
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reaction times or when the reaction was carried out in acetonitrile as solvent, complex

L2Ru2 was found to be contaminated with free p-cymene and another species that

could be identified as L2Ru3 by mass spectrometry (Figure 23).
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Figure 23. ESI-(+) mass spectrum of complex L2Ru3 in acetone.

This coordination compound, which was not isolated, displays two doublets at
73.6 (P") and 89.6 ppm (P?), with a Jpp of 52.8 Hz in the *'P{'"H} NMR spectrum
(Figure 22).

The octahedral complex L2Ru3 arises from the substitution of the p-cymene ring

in L2Ru2 by three acetonitrile molecules.
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4.5. Ru- and Ir-catalysed transfer hydrogenation

Except for the metallation, the reactions in this Chapter proceeded in a very
stereoselective manner, allowing the preparation of diastereomerically pure M-
stereogenic MaxPhos complexes. As it has been described, the major diastereomers
posses an S configuration on the metal centre, since this conformation minimises the
steric hindrance; the Cp* or the arene are cis to the methyl, which have been confirmed
by NOESY experiments (Figure 24).

Me Me
‘Bu\l ‘Bu\l
Bu 'Bu
S 4 § H ~ 4 §NH
Bu | Bu
C|:| Sm,Rp CI SMyRP

Figure 24. Stereochemistry of the [(n"-arene)MCI(MaxPhos)][BF,] complexes.

With this in mind we studied the catalytic activity of these complexes in
asymmetric transfer hydrogenation of the model substrate acetophenone.

As it has been mentioned in Chapter 3, the model substrate, used to test the
efficiency of the catalysts, for hydrogen transfer of ketones is acetophenone with
isopropanol as hydrogen source and potassium fert-butoxide or KOH as base (Scheme
14).

As it is detailed in the Experimental Section (Chapter 6) all the reactions were
carried out activating the catalytic precursor, in order to form the hydride active species,
over 15 min in the presence of 'BuOK as base. Then, aliquots of the reaction mixture
were taken off and analysed by chiral GC.

The results obtained for the transfer hydrogenation reaction at 82 °C with [(1°-p-
MeCgsH,'Pr)RuCl(MaxPhos)][BF4] (L2Ru1) and [(1°-CsMes)IrCI(MaxPhos)][BF,] (L21r1)

as catalytic precursors are given in Table 3.
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OH
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Scheme 14. Asymmetric hydrogen transfer of acetophenone as model substrate.

~ Table 3. Results for the hydrogen transfer of acetophenone with [(176-p-
MeCsH.,'Pr)RuCl(MaxPhos)][BF,] (L2Ru1) and [(1>-CsMes)IrCI(MaxPhos)][BF4] (L21r1) as
catalytic precursors (0.5%).

L2Ru1 'BuOH L
Reaction time
Entry i GC Conv. [%]
(mmol) (mmol) (min)
1 0.02 0.1 60 60
2 0.02 0.1 120 75
3 0.02 0.1 190 82
t
L21r1 BuOH Reaction time
i GC Conv. [%]
(mmol) (mmol) (min)
4 0.02 0.1 60 100

As it can be seen, full conversion was achieved after 3 h using a 0.5% of
precursor L2Ru1, but no enantioselectivity was observed. In order to induce some
chiral discrimination, the reaction was also carried out, under the same conditions, but
in a lower temperature (40 °C). Unfortunately, only a 6% of conversion was detected
after 24 h of reaction.

In the case of Ir complex L2Ir1, full conversion was achieved in a much less
time, proving that the metal has a clear influence on the activity of the reaction.
Moreover a 16% of ee was detected displaying some chiral induction, compared to its

analogous complex with Ru.
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4.6. Conclusions

The cationic diphosphane (Sp)-[HMaxPhos][BF,] is able to protonate the half-sandwich
rhodium and iridium acetylacetonates [(°-CsMes)M(acac)Cl] rendering chiral-at-metal
complexes of the formula [(1°-CsMes)MCI(MaxPhos)][BF.4] (L2Rh1, L21r1).

In contrast, the preparation of the related Ru complexes [(n°-p-
MeC¢H,Pr)RuCl(MaxPhos)][X] (L2Ru1, L2Ru1-PFs) required the use of free
MaxPhos.

The bulkiness of the MaxPhos ligand when coordinated to an octahedral metal is
revealed by NOE contacts between the methyl group of P' and one of the tert-butyl
groups of P? with the n"-ring. This suggests steric clashing between the MaxPhos
ligand and the n"-ring, resulting in a broadening in 'H and "*C{'H} NMR shifts of one of
the tert-butyl groups of P2.

The iridium complex L2Ir1 undergoes the facile intramolecular aliphatic
activation of one of the 'Bu groups affording the cyclometallated complex [(1°-
CsMes)Ir(MaxPhos)][BF,] (L21r2).

The distinct steric and electronic features of the Me and 'Bu substituents on the
stereogenic phosphorus atom of the MaxPhos ligand determine the reactivity of its
metallic derivatives that ultimately results in high regio- and diastereoselectivities.

Thus, the Su,Rp1 diastereomers of the complexes L2Rh1-L2Ru1, L2Rh2 and
L2Ru2 were selectively obtained in high yield and the metallation of complex L2Ir1
takes place with perfect regioselectivity and high diastereoselectivity affording
exclusively the diastereomers (S;, Rp1,Sp2)- L21r2 and (R, Rp1,Rp2)- L21r2°.

Square planar, Rh(l)-MaxPhos complexes (d® configuration) have displayed good
to excellent enantioselectivities in asymmetric hydrogenation of alkenes and Pauson-
Khand reactions. Unfortunately, this is not the case in the transfer hydrogenation of
acetophenone presented in this Chapter, in which no enantioselectivity has been
observed so far. It seems that the MaxPhos ligand is not a good choice to prepare
useful octahedral precatalysts for this reaction. Furthermore the higher temperatures
used in this process may also play a detrimental role in the enantioselection.

The results obtained in the present chapter have been recently published as a full
paper: Tellez, J.; Gallen, A.; Ferrer, J.; Lahoz, F. J.; Garcia-Orduna, P.; Riera, A.;
Verdaguer, X.; Carmona, D.; Grabulosa, A. Dalton Trans. 2017, 46, 15865-15874.
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5. MaxPHOX iridacycles for the
asymmetric hydrogenation of N-alkyl
imines

5.1. Introduction. Ir-catalysed asymmetric

hydrogenation

Asymmetric hydrogenation has proved to be a powerful tool for the transformation of
prochiral substrates into optically pure compounds and has been extensively studied
since the pioneering studies of Knowles and Noyori during 1970’s.

The design of the phosphorus ligands has always been entwined to asymmetric
hydrogenation. The starting point was the Wilkinson’s catalyst,® [RhCI(PPhs),], which
was transformed into a chiral catalyst by replacing triphenylphosphine by a
monodentate P-stereogenic phosphine. Although the enantioselectivities in the
asymmetric hydrogenation with such complexes were low, these initial studies
constituted an important proof of principle that opened the area of asymmetric
catalysis.'®

A few years later Kagan’s seminal work® shifted the focus to bidentate chelating
diphosphines, which in most cases proved to be superior to monophosphines. With
DIOP he also introduced some ligand design principles that strongly influenced the
development of asymmetric catalysis.®

He noted that bidentate ligands offer some advantages over monodentate
ligands: their conformationally more rigid ligand backbones allowed a better control of
the metal-substrate binding modes resulting in a more efficient discrimination of
enantiotopic faces of the prochiral substrate. DIOP was also an example of C.-
symmetric diphosphine, simplifying the latter mechanistic studies of Rh-DIOP
complexes in asymmetric hydrogenation reactions. An apparent advantage of C,-
symmetric ligands (Figure 1) is that the number of putative transition states is halved

compared to ligands devoid of any symmetry element.
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Figure 1. Evolution from monodentate over C,-symmetric bidentate diphosphorus ligands to
unsymmetrical P,N ligands.

Moreover from a synthetic point of view, this symmetry often makes the
characterisation of the different reaction intermediates easier. Although C,-symmetric
diphosphines dominated the asymmetric catalysis field for a long time, there is no
fundamental reason that makes such ligands especially good. Indeed, many C;-
symmetric ligands have been found that induce higher enantioselectivities in
asymmetric hydrogenations. This has been rationalised by Achiwa and co-workers®
since the intermediates in the catalytic cycle are non-symmetric, the metal-substrate
complex interacts differently with the two phosphorus atoms, hence the electronic
properties of both phosphorus atoms should be optimised independently. Obviously
other types of bidentate, Ci-symmetric ligands are those with different donor atoms. In
this regard, nitrogen donors seem especially promising as they display electronic
properties as rather hard o donors that differ significantly from the behaviour as soft =

acceptors attributed to phosphorus (Figure 2).°
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Figure 2. General features of a P,N ligand.

Following this rationale, phosphinooxazoline ligands (PHOX) were developed
independently by Pfaltz® and Helmchen.” The earliest applications of such ligands were
in Pd-catalysed allylic substitution reactions,® proving that, due to the well-known trans-
labilising effect, the incoming nucleophile attacks preferentially the carbon atom located
trans to the phosphorus atom, allowing the rationalisation of the stereochemical course
of the reaction.’

The area of enantioselective homogeneous hydrogenation has been clearly
dominated by Rh(l) and Ru(ll) complexes with P,P diphosphine ligands as chiral
inductors and more recently with P,N ligands, followed at a certain distance by Ir(l)
systems, whose potential is being intensively explored at present.’ Ir complexes with
chiral phosphines have been found to be particularly good ligands for hydrogenation of
unfunctionalised alkenes and imines."°

In fact, a wide variety of rhodium and ruthenium complexes are able to selectively
hydrogenate a huge number of olefins.!” However, most of these substrates require of
a coordinating functional group adjacent to the double bond, such as amides,
carboxylic acids or esters. The success of functionalised olefins as model substrates to
test the effectiveness of the transition-metal complexes, can be traced back to the
reaction mechanism: the coordinating functional group of the olefin coordinates the
metal centre during the catalytic cycle forming chelates that are effectively

hydrogenated.'®
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5.2. Precedents on the synthesis of P,N-based

iridium catalysts

5.2.1. Crabtree’s and Pfaltz’s catalysts

In contrast to the reactions with functionalised olefins rhodium and ruthenium catalysts
display a poor reactivity with non-functionalised olefins, lacking a second coordinating
group. In 1977 Crabtree and co-workers' described for the first time the use of Ir-
based catalysts for the hydrogenation of double bonds.’®'* Until that time, little
attention had been paid to such complexes as catalytic precursors. Crabtree reported
that non-chiral Ir complexes of type [Ir(COD)(PRs).]PFs and [Ir(COD)(PRs)(py)]PFs
were able to fully hydrogenate non-functionalised alkenes in non-coordinating solvents

such as chloroform or dichloromethane (Figure 3).

= —|F>|=6

N\
N\ , Cy3
/7 \
Crabtree’s catalyst 1977

Figure 3. The Crabtree’s catalyst, [Ir(COD)(PCys)(py)]PFs.

Even more importantly, the authors reported for the first time the hydrogenation of
tetrasubstituted olefins, although with these substrates incomplete conversions were
regularly found.”®' The best results were achieved with the so-called Crabtree’s
catalyst. The higher activity of this particular system was attributed to the cis
conformation of the pyridine and the PCy; moiety. Despite its activity, the formation of
inactive polymetallic Ir species was detected when the substrates were to weakly
coordinated and that is serious limitation of the system, which required higher loadings
to achieve full conversions.'®

Inspired by these promising results, two decades later Pfaltz and co-workers'’
disclosed a family of iridium complexes giving a higher activity in the asymmetric
hydrogenation of both functionalised and non-functionalised olefins'® but also of N-aryl
imines.'”® These complexes contained a PN chiral ligand known as

phosphinooxazoline (PHOX), as shown in Figure 4.
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Figure 4. The Pfaltz-type Ir(PHOX) catalysts with BArg as counterion.

Apart from the PHOX ligands, Pfaltz and co-workers also introduced the use of
counterions with extremely low coordinating ability. Initially, they employed the PFs but
they soon realised that, as it was firstly noted by Crabtree and co-workers,'®' there
was an important problem of catalyst deactivation.'”® In their studies of the counterions’
effect, the group of Pfaltz found that the use of poorly coordinating anions prevented
the deactivation, being the tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (BArg) the
most efficient. The BArg anion is bulky and non-polar and also serves as halide
extractor.'® Besides, the Ir complexes prepared with BArg~ as counterion proved to be
particularly air- and moisture-stable. Interestingly, even though the complexes are
cationic, its purification could be carried out by means of column chromatography

instead of the usual recrystallizations normally used in these cases.
5.2.2. Oxazoline-based P,N-catalysts

After the works published by Pfaltz® and Helmchen’, many systems based on
oxazolines as N-donor groups have been thoroughly studied, especially
phosphinooxazolines. Apart from their relatively easy synthesis, their main advantage
is modularity since both the phosphine or the oxazolines groups can be installed at the
last step and therefore series of ligands can be easily obtained.?

For example, a typical synthetic approach for the preparation of PHOX ligands
215 involves the conversion of 2-bromobenzonitrile (209) into phosphine (210) by
halogen-metal exchange and subsequent nucleophilic substitution reaction upon

treatment with chlorodiphenylphosphine (Scheme 1).%°
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Scheme 1. Synthetic approaches to PHOX ligands bearing an aryl backbone.

Oxazoline formation with amino alcohols in the presence of the metallic salt, such
as zinc chloride, followed by decoordination of the resulting Zn-PHOX complex 211
affords the desired ligands 215 differing on the substitution pattern of the oxazoline.?'

Another approach that facilitates variation of the phosphine moiety involves the
amide coupling of an acid chloride 212 followed by intramolecular condensation of the
resulting g-hydroxy amide upon activation with mesyl chloride. Unfunctionalised arenes
213 can be converted into the corresponding PHOX ligands (214) by a sequence of
ortho-lithiation and subsequent nucleophilic quenching with a chlorodiarylphosphine.
Other arene substitution patterns allow milder conditions of functionalization:
fluoroarenes can be transformed into the desired phosphines by means of nucleophilic
aromatic substitutions.?® Alternatively, the C—P bond can be formed by an Ullman-type
coupling of a secondary phosphine with bromoarenes.®

Using this already mentioned synthetic strategies a large family of PHOX
derivatives containing an aromatic backbone have been prepared and tested for their

performance in transition metal catalysis (Figure 5).
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Figure 5. Representative family of PHOX ligands with (hetero)aryl backbone.

Their preparation includes variation of the amino alcohol part derived from
commercially available bulky a-amino acids such as valine, phenylalanine or
phenylglycine.?®® Most of the phosphinooxazolines contain aromatic phosphines, but
occasionally alkyl phosphines were also employed when very electron-rich phosphines
were required. The introduction of ligands 216, bearing electronically modified in the
aromatic ligand backbone was realised by Stoltz and co-workers,® Saigo® and

Helmchen'7"28

reported on ligands 217 bearing tricyclic oxazolines that were derived
from indan-1,2-diol and tetralin-1,2-diol, respectively. Additionally, the synthesis of 218
from (2S,3R)-3-hydroxy-bornylamine was described by Helmchen.?®® The use of
glucosamine-derived ligands 219 was described by Kunz and co-workers,?” and
Pfaltz®® proved the utility of ligands 220 introducing two additional geminal alkyl or aryl
groups. Moberg®showed that ligands 221 and 222 carrying an additional free hydroxyl
or methyl ether group in the oxazoline part could be accessed by reduction and
5,31

subsequent derivatisation of serine. The groups of Tietze®® and Guiry

synthesis of heteroaryl ligands 224-225, which were named HETPHOX.

reported the

Zhou®* reported the four-step synthesis of SIPHOX ligands 230 using 1,1’-
spirobiindan-7,7’-diol (SPINOL) as starting material. The Morken group® contributed a
family of ketal-containing ligands (226), named StePHOX, accessed by ring opening of

coumarin followed by Sharpless asymmetric dihydroxylation, ketalization, and
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oxazoline formation. In parallel, paracyclophane-based ligands 227 displaying a
“pseudo-ortho” substitution were described by Bolm and co-workers.**

Oxazoline-based P,N ligands with planar chirality have also been described in the
literature. Among these ligands there are a number of phosphinooxazolines that carry a
ferrocene unit. Patti and co-workers® reported the preparation of PHOX ligands 228
with a ferrocenyl side chain on the oxazoline. Later on, Uemura® and Richards®
independently described the synthesis of ortho-substituted ferrocene-PHOX ligands
229 prepared by directed ortho-lithiathion of ferrocenyloxazoline and subsequent
treatment with clorophosphines.

Among all the presented ligands it is particularly interesting to mention Zhou’s
SIPHOX ligand.*® This phosphinooxazoline ligand contains a rigid and bulky
spirobiindane backbone. Once coordinated to iridium, with BArg as counterion, the

complex (Figure 6) is very efficient for the asymmetric hydrogenation of N-aryl imines.

231

Figure 6. The Zhou’s catalyst.

Apart from the mentioned aromatic backbones, many oxazoline-based ligands

that carry alkyl backbones have been also described in the literature (Figure 7).

s

N Ph2 N (R2)2
Pr o3 R 233
j><]4 o%
|
S/ (R?), S/N (R?),
R 236 R 237

Figure 7. Selected examples of oxazoline-based P,N-ligands with alkyl backbones.
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In 1993, Sprinz and Helmchen’ described the synthesis of 232, the first
phosphinooxazoline with an alkyl group tethering the two donor atoms. Later the
Gilbertson group® introduced vinyl phosphinooxazoline ligands 234 and 235, in which
the norbornyl derivatives could be accessed in four steps from ketopinic acid. In 2009,
Schrems and Pfaltz*® described the synthesis of structurally related ligands called
NeoPHOX 236. More recently the Zhang group®*’ has described the use of P-
stereogenic phospholane-oxazoline ligands bearing the fert-butyl moiety (237).

As it can be seen, many PHOX-like ligands have been studied since the first
examples reported by Pfaltz in 1997. However, in pursue of exploring new catalytic
applications, especially asymmetric hydrogenations and allylic substitutions®®'7**"), the
development of oxazoline-based ligands consisting of trivalent P-donor moieties

different than phosphines have been also reported.
5.2.3. Oxazoline-phosphinite and -phosphite-based catalysts

With all the described methodologies in hand, Pfaltz and co-workers'”® studied in 2001
the preparation of a new class of iridium complexes with phosphinite-oxazoline ligands:
the SerPHOX and the ThrePHOX.""%#?

In comparison to the “classic” Ir-PHOX complexes, the phosphorus unit is linked
to an oxygen atom and it is also attached closer to the stereogenic centre of the

oxazoline ring (Scheme 2).
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Scheme 2. Synthesis of the SerPHOX and ThrePHOX iridium complexes.

In these syntheses, both enantiomers of the phosphinite-oxazoline ligands 245
are readily prepared in three or four steps, starting from imidates (242) or carboxylic
acids (238) and L-serine (Ser) or threonine (Thre) methyl ester hydrochloride (239) or
the corresponding D isomers.*?

Another interesting ligand, developed in 2004, is SimplePHOX, whose synthesis
is based on the reaction between a chiral amino alcohol (obtained from an amino acid)
and 2-hydroxy-2-methylpropionic acid, which affords the corresponding oxazonyl
alcohol. Later deprotonation and treatment with clorophosphine derivatives yields the

desired ligands, as it is detailed in Scheme 3.
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Scheme 3. Preparation of Ir-SimplePHOX catalysts.

Excellent results have been obtained in the Ir-catalysed asymmetric
hydrogenation of unfunctionalised alkenes, both with the PHOX and the phosphinite-

oxazoline ligands (Figure 8).
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Figure 8. Catalytic results in the asymmetric hydrogenation of alkenes using PHOX, SerPHOX,
ThrePHOX and SimplePHOX iridium complexes.

Figure 8, shows some selected examples of the application of Ir-based catalysts
of this type to the asymmetric hydrogenation of (E)-1,2-diphenyl-1-propene and (E)-2-
(4-methoxyphenyl)-2-butene achieving full conversions and enantioselectivities up to
99%.'7e%

In 2009, Diéguez, Andersson, Bérner and co-workers*® developed a library of up
to 96 biaryl phosphite-oxazoline ligands. These ligands are formed out of a SerPHOX
or ThrePHOX derived backbone and chiral biarylphosphinites. The corresponding
iridium complexes, having BArg as counterion (Figure 9) have displayed excellent

results in the asymmetric hydrogenation of substituted terminal aryl and alkyl olefins.

R4 RS R' R! RS_IBAr,: R —|BArF
LT QO >t
O> N /NY / N /N\(

RS OO RG
w0 NT LT

257 258
Figure 9. Diéguez-Andersson-Bérner phosphite-oxazoline catalysts.45

It is interesting to mention that these phosphite-oxazoline catalysts, unlike others
presented, contain more than one stereogenic element on the backbone. The
confluence of axial chirality with the stereogenic carbon centres does not create a

strong match/mismatch effect on the catalytic hydrogenation of olefins.*® Apparently,
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the induction of chirality is mainly driven by the biaryl moieties rather than the other

stereogenic elements.
5.2.4. Pyridine-based P,N-catalysts

A large number of bidentate P,N-ligands contain pyridine as the N-donor fragment®’.
Since complexes of the formula [Ir(py)(COD)PRs], which were firstly studied by
Crabtree and co-workers'®'***® had shown high catalytic activity in the hydrogenation
of tri- and tetrasubstituted olefins,'® the interest of chiral analogues of Cratree’s
precatalyst has prompted many research groups to investigate metal complexes that
bear pyridine-based chiral bidentate P,N-ligands.'*

With the idea of reproducing the coordination sphere to the Crabtree’s catalyst,
Pfaltz and co-workers* and Knochel and co-workers® developed another remarkable
family of catalysts derived from pyridine and quinoline (Figure 10). These complexes
have been very active in the asymmetric hydrogenation of alkyl-substituted olefins and

furanes.

OR' BAre R’ BAre BAr:
1 ) 1 ) 1

7 3 7
| 1
XNy , (R?), SN , (R?); AN ’ (R%),
N 7\ R / \
[O\T [O\T Vi, - 4
259 260 261
_|BArF
5%
N PP
7\
Vi, ' 4
262

Figure 10. Ir complexes reported by Pfaltz* (top) and Knochel® (bottom).

It is noteworthy to mention the catalyst developed, in 2003, by Knochel and co-
workers®®  containing  terpene-pyridine  derived ligands, which displayed
enantioselectivities up to 97% in the asymmetric hydrogenation of o-

acetamidocinnamates.
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5.2.5. Oxazole-, thiazole-, and imidazole-based P,N-catalysts

In 2004, Andersson and co-workers®' reported on a first generation of bicyclic oxazole-

based ligands describing the phosphinites 263-265 (Figure 11).

—|BArF —|BArF R BAre
0" N0 o™ - X
Phy" . /N~< N / N /
'\ Z \_
V. - 4

263 X=0,S 264 X=0,S 265

Figure 11. Andersson and Diéguez’s51 oxazole-based phosphinite and phosphite iridium
complexes.

More recently, the Andersson group, in collaboration with Diéguez and co-
workers®®, described the construction of a biarylphosphite ligand library (266-268)
where the N-donor moiety consists on an oxazole or thiazole group.

¢ also  reported on  phosphinotiazoles,

Andersson and co-workers
phosphinoimidazoles and aminophosphinooxazolines as highly efficient ligands for

asymmetric Ir-catalysed hydrogenations (Figure 12).

n _‘ BArg _| BArg _| BArg
I\\“ I\“‘[ /:L \ ENj\\ :O_Z
/N )

PhoP /N~< PhaP /N# (0-Tol)oP .
'\ '\ 7\ Pr
Vi, - 4 Vi - 4 Vi, - 4
266 267 268

Figure 12. Bidentate thiazole-, imidazole- and aminophosphino-oxazoline-based P,N-Ir
catalysts.

It is noteworthy to mention that these ligands containing a bicyclic backbone and
an oxazole or thiazole moiety, once coordinated to Ir centres, have displayed
enantioselectivities in asymmetric hydrogenation of unfunctionalised alkenes

comparable or even superior in some cases™ to the best phosphinooxazoline ligands

reported.
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5.2.6. Synthesis and coordination chemistry of the MaxPHOX
ligands

Chapter 2 described that the reaction between optically pure, mesylated ftert-
butylmethyl phosphinous acid-borane synthon and chiral amino oxazoline allows for the
selective synthesis of a new type of phosphinooxazoline ligands, known as
MaxPHOX.>* These MaxPHOX ligands are built from three independent chiral
fragments: an aminoalcohol, an aminoacid and a P-stereogenic phosphinous acid
(Figure 13).

iPr

BH, .
HN )\ro A Pr R
N — wP< )”“\/OH
tgy:P N\g Bu™/ ~OH HzN)\COOH HoN
Me/ = Me
MaxPHOX Phosphinous acid Amino acid Amino alcohol

Figure 13. General structure of the MaxPHOX ligands.

One of the key advantages of this MaxPHOX system is the structural diversity
arising from its possible configurations and substitution patterns, which can be adapted
to a specific reaction. In this line, our group envisaged the preparation of a small library
of PHOX-type ligands that could adapt to the requirements of each specific substrate in

some transition-metal catalysed enantioselective reactions.

5.2.6.1. Synthesis of the MaxPHOX ligands

The first MaxPHOX ligand (273, Scheme 4) was synthesised in our group using the
methodology depicted in Scheme 4 by means of a SN\2@P reaction between the amino

oxazoline 272 and the optically pure phosphinous acid-borane (R)-L1-OH.
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Scheme 4. Synthesis of the amino oxazoline 272 and reaction with (R)-L1-OH to afford the
MaxPHOX ligand 273.

As it can be seen, the synthetic route for the preparation of the amino oxazoline
272 starts with the coupling of the N-Boc amino acid and L-valinol derivative. Then,
after cleavage under acidic conditions of the Boc protecting group, the aminoalcohol is
reacted with thionyl chloride to afford the chloro derivative. Finally, compound 271
undergoes a cyclization, in the presence of base, to yield the oxazoline ring. Once
obtained, 272 is reacted as a nucleophile in a SN\2@P reaction with chiral synthon (R)-
L1-OH.

However, our group soon realised that this methodology did not work when bulky
substituents were introduced in the oxazoline moiety, due to the instability of the amino
oxazoline units. Therefore, a new route was designed consisting on the reaction of a
chiral amino alcohol (Scheme 5) with the mesylated phosphinous acid-borane (R)-
L1-OH.

222



CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

or OYO\* ipy
HO A K. N -
: !
\n/\NHBoc > HOT N \n/\NHz
R 0

NH
0 2 Ho TN P
R = Ph. iPr. 'Bu 3) HCI ﬁ 274
70-93%
BH,
20 °C, CH,Cl, }
7 \''Me
32-82% | MSO \tBu
iP BHS
Configuration 1; ﬁogg,oCHzcb H STy
A: RoRS 2) NaHCOq N
B: LSS - - HO/\;/ \H/\H/ \"Bu
C: RoRR 83-99% i -
D: R-SR
275
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Scheme 5. Synthetic route for the MaxPHOX ligands.

The already formed aminophosphine-borane could then be activated with SOCI,
to suffer a cyclisation under basic conditions to yield the desired aminophosphine-
oxazoline-borane.>

This new synthetic route has accessed a family of MaxPHOX ligands with
different functionalisations in excellent yields. Moreover, in those cases where further
purification was required; the aminophosphine-oxazoline ligands could be easily

purified by column chromatography.
5.2.6.2. Synthesis of iridium MaxPHOX complexes

Our group has also developed a method to deprotect and successfully coordinate the
MaxPHOX ligands to Ir(l). The synthesis of the Ir(l)-MaxPHOX complexes can be done
in three steps, (Scheme 6) starting from the deprotection of the boronated MaxPHOX

ligand with pyrrolidine.
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Scheme 6. Preparation of the Ir(l)-MaxPHOX complexes.

Interestingly, this secondary amine proved to be a better deboronation reagent
than the more commonly used DABCO, because the pyrrolidine-borane adduct formed
does not interfere in the subsequent reaction steps. Once the phosphine moiety is
deprotected, the remaining pyrrolidine can be removed by heating the solution under
high vacuum, a process that do not cause erosion on the optical purity of the ligand. At
this point, the ligand is reacted in dichloromethane with [IrCI(COD)]. in the presence of
NaBArg, which acts as a halogen abstractor and allows the formation of the cationic
complex. Finally the crude is purified with flash column chromatography in order to
remove the pyrrolidine-borane adduct.

After the optimisation of all these strategies, our group managed to synthesise a
library of Ir-MaxPHOX catalysts®*>® (Figure 14).
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The 4 Ir-MaxPHOX diastereoisomers
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Figure 14. Library of the 12 Ir-MaxPHOX catalysts. Each column contains catalysts with the
same configuration while each row those with the same substituents in the oxazoline ring. For
the sake of simplicity, since only catalysts 1iPr and 3iPr have been used in the present THESIS,
they are referred as L31rS and L3IrR, where R/S indicates the stereochemistry of the
oxazoline’s chiral centre.

As it can be seen, they all have three independent chiral centres that can be

substituted and functionalised with specific bulky groups. This means that for a given

catalyst, 8 stereoisomers could be synthesised as 4 pairs of enantiomers.

The three chiral units present in the catalyst structure can be named as P unit,

and located in the backbone the “tail” and the “arm”

stereocentre on the bridge and on the oxazoline, respectively.

(Figure 14), belonging to the

It has been found that the more significant chiral discrimination during the

catalytic cycles, more precisely, in the Ir-catalysed asymmetric hydrogenation of N-aryl

imines and cyclic enamides,

54-55

is mainly performed by the P unit and the arm. Despite

this fact, a non-negligible influence is also played by the tail unit, which allows a better

adjust of the enantioselectivity in some catalytic systems.
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5.2.7. Synthesis of phosphinooxazoline iridacycles

While the mechanism for Rh-catalysed asymmetric hydrogenation of olefins is very
well-established, with a cycle that takes place through Rh(l)/Rh(lll) species,*® the
mechanism for Ir-catalysed reactions is much more speculative.

Crabtree demonstrated that the reactivity of iridium complexes is strikingly
different from that of analogous rhodium complexes.'®'®*” Therefore it is not possible to
draw conclusions on the mechanism of iridium-catalysed asymmetric based on
rhodium-catalysed reactions.”®**® The electrophilic nature of the cationic iridium
species seems to be essential for the observed high reactivity toward tri- and
tetrasubstituted alkenes. Thus, for high catalytic activity, coordinating solvents or
anions must be avoided. That led to Pfaltz and co-workers in 2004'" to study the
reaction’s mechanism in a non-coordinating media: dichloromethane and BArr as a
bulky, very weakly coordinating anion.

Cyclooctadiene Ir-complexes, which are used as precatalysts, are air- and
moisture-stable compounds, whose structures are known in detail from X-ray and NMR
data. However, the catalytically active complexes, formed after dissociation of COD
upon treatment with hydrogen, are highly reactive, short-lived species that have not
been able to be characterised so far. Only in rare cases, stable hydrido complexes with
additional strong ligands such as [(PHOX)Ir(H)>(PPh3)Cl] or [(PHOX)Ir(H)o(TMEDA)]
have been detected.*

Crabtree'*® was able to identify iridium dihydride complexes by 'H and *'P{'H}
NMR spectroscopy, after treating [(PRs)(pyridine)lr(COD)]JPFs with H,.'** He also
presented evidence that these dihydrides are intermediates in the catalytic
hydrogenation of cyclooctadiene. However, no experimental information about the
catalytic cycle in the hydrogenation of simple alkenes is available. Therefore, the
mechanism of Ir-catalysed asymmetric hydrogenation and the nature of the
enantioselective step remain elusive. In spite of that, there are two proposed
mechanisms mainly based on computational studies.?® Although there is still some
controversy, Dietiker and Chen®' suggested an Ir(l)/Ir(lll) cycle on the basis of mass

spectrometry studies on the Ir-PHOX-mediated hydrogenation of styrene (Scheme 7).
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Scheme 7. Ir(1)/Ir(lll) proposed mechanism for the catalytic hydrogenation of olefins.

The catalytic species is a dihydride-Ir(lll) complex formed after oxidative addition
of H,. Migratory insertion of the substrate into a metal-hydride bond is followed by
reductive elimination of the product and regeneration of Ir(1).%"

In contrast, DFT studies carried out by Brand and co-workers®® indicated that an

Ir()/Ir(1ll) is energetically unlikely, and instead, an Ir(lll)/Ir(V) cycle was proposed.
(Scheme 8)
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Scheme 8. Ir(lII)/Ir(V) proposed mechanism for the catalytic hydrogenation of olefins.

Migratory insertion of the substrate occurs simultaneously with oxidative addition
of a second H, molecule, resulting in an Ir(V) intermediate. Proton transfer to the
substrate is accompanied with regeneration of Ir(lll).

Several DFT studies carried out by Andersson and co-workers®® based on a full
model of a thiazole derivative of Ir-PHOX, supports that the mechanism involving
Ir(I/Ir(V) intermediates is the preferred pathway for alkene hydrogenation.®® They
extended those calculations for the Ir-catalysed asymmetric hydrogenation of prochiral
olefins, considering all the possible diastereomeric pathways, where four plausible
mechanisms were found: two involving Ir(l)/Ir(lll) species and two with Ir(lll)/Ir(V),
respectively. Among all of them, the preferred route was found for the Ir(lll)/Ir(V)

catalytic cycles (Scheme 9).
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Scheme 9. Two reaction pathways for the Ir-catalysed asymmetric hydrogenation of prochiral
alkenes. Ir(111)/Ir(V)—MI proceeds in a migratory insertion/reductive elimination sequence,
whereas Ir(lll)/Ir(V)-Meta proceeds through a metathesis/reductive elimination route.

As it is depicted in Scheme 9, the first mechanism (MI) involves migratory
insertion and reductive elimination while the second pathway (Meta) takes place
through a o-metathesis followed by reductive elimination. TS and TS’ are thought to
be the transition states that determine the enantioselectivity of the reaction.

Diéguez, Andersson and co-workers'*****? have also studied by computational
tools the Ir-catalysed hydrogenation mechanism of trisubstituted and disubstituted
alkenes with PHOX-derived ligands, concluding that the most plausible cycle involves
Ir(11)/Ir(V) intermediates with an hydride migratory insertion step (Ml).

Unfortunately, in spite of many efforts, no experimental evidences of Ir(V)
intermediates have been found so far. Pfaltz and co-workers'® have devoted many
efforts in the characterisation of some of the species involved in the catalytic cycle.
Nonetheless, NMR studies at low temperatures allowed the identification of Ir(lll)
dihydrides of the type [Ir(PHOX)(H)(THF).]BAre. On the other hand, the effect of the

counterion on the enantioselectivity is dramatic: the less coordinating the counterion
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the higher the ee. Unfortunately, experiments in non-coordinating solvents led to highly
reactive intermediatesdue to the lack of a stabilizing effect of a coordinating ligand.
Several experiments have shown that in the absence of such stabilizing solvents,
bimetallic species were detected instead.®

Pfaltz and co-workers® were able to isolate two diastereomeric Ir(lll) complexes
276a and 276b in which the alkene is coordinated to the Ir centre via opposite

enantiotopic faces (Figure 15).

X \
& o

276a 276b
Figure 15. Ir(ll)-olefin coordinated complexes characterised by Pfaltz and co-workers.®

Those species were unreactive in the absence of molecular hydrogen, but once
they were treated with H,, the corresponding (R) and (S) alkane was formed, in
agreement with the theoretical calculations for an Ir(lll)/Ir(V) mechanism.

On the other hand, a completely different portrait is drawn for the mechanistic
insights of the Ir-catalysed asymmetric hydrogenation of imines.

Since no experimental mechanistic studies of imine hydrogenation with Ir-PHOX
type complexes had been reported, Hopmann and Bayer®® carried out DFT
calculations with catalyst 277 (Scheme 10) on nine different catalytic cycles based on

proposed mechanisms for imine hydrogenations with other types of iridium complexes.
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Scheme 10. Formation of cyclometallated imines complexes reported by Pfaltz and co-
workers.®

The computed energies of the turnover-limiting transition states indicated a
pathway involving proton transfer from an Ir-hydride complex to a free, uncoordinated
imine, followed by hydride transfer to the resulting iminium ion. As all proposed
mechanisms included Ir-dihydride complexes as intermediates, Pfaltz and co-workers®
decided to prepare a dihydride complex from the Ir(PHOX) precursor 277 following the

procedure developed by Mazet and co-workers'®

and to study its reactivity with
acetophenone N-phenyl imine as typical substrate (Scheme 10).

They observed that the dihydride complex, generated by reaction of 277 with H,
in THF at low temperature, once treated with I1, yields the cyclometallated Ir(lll)
complex 279. The reaction can be understood in two steps: first the hydrogenation and
release of COD followed by the oxidative addition of the imine, which undergoes the C—
H activation that leads to the iridacycle.

This iridacycle proved to very sensitive and rapidly decomposed upon exposure
to air.®* The authors were unable to obtain suitable crystals for X-ray determination of
279 with BArg as counterion, which often precludes crystallisation, but they succeeded
with hexafluorophosphate. Finally, the neutral chloride complex 280 was readily
obtained by treatment with LiCl and silica (Scheme 10).

An analogous cyclometallation reaction of [Ir(H)2(PPhs).(acetone),;]PFs with

benzaldehyde N-benzylimine has been reported by James® and by Oro and co-
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workers®®, but the resulting iridacycles showed no catalytic activity in the hydrogenation
of N-aryl imines.

Interestingly, Pfaltz® found that iridacycle 280 having the chloride ligand, did not
display any catalytic activity in the hydrogenation of N-aryl imines either. However,
when the chloride was replaced with the non-coordinating anion BArg by addition of an
equimolar amount of NaBArg, an active catalyst was generated that furnished the same
enantiomer of amine A1 with identical enantioselectivity as the reduction catalysed by

the non-cyclometallated complex 277 (Scheme 11).

N H, (1 bar), RT, 2 h HN
(12mol% ;

(0]
BArg H |
(@) PhyF, | N
Ph2 \Ir/N 4 I|r\C| Pr

£ \_ pr AN

. & 4 Ph
277 280

>99% conv. 80% conv.

87% ee (R) 87% ee (R)

NaBArg 2 mol%

Scheme 11. Comparison of complexes 277 and 280 as precatalysts for the hydrogenation of
1.

In the view of these results, Pfaltz wondered whether this iridacycle could actually
act as a key intermediate of the hydrogenation mechanism or just an off-cycle inactive
species in equilibrium with those really involved in the process. Hence, they
hypothesised that the imine would be part of the catalyst, remaining attached to it
during the whole catalytic cycle. In order to prove it, as it has been mentioned, they

were able to isolate the chloride-substituted iridacycle 280.
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Scheme 12. Hydrogenation of imine 12 with iridacycle 280 in the presence of NaBAre.

Furthermore, no trace of imine I1 used as cyclometallating agent, or the
corresponding reduced amine A1 were detected by chiral GC, proving that the metal-
chelated imine is not labile and does not dissociate from the metal centre during the
catalytic cycle.

Pfaltz and co-workers® also pointed out that the difficulties to hydrogenate N-aryl
imines of dialkyl ketones with Crabtree-type catalysts is due to the less tendency of
such species to undergo a C—H activation and form the corresponding cyclometallated
species, since the hybridization of the carbon atom is sp® instead of sp?. Surprisingly,
cyclometallating with 11, a significant increase of both conversions and
enantioselectivities were observed.**

The Ir-MaxPHOX complexes presented in the previous section, have shown an
outstanding selectivity in the hydrogenation of cyclic enamides® and more recently in
the hydrogenation of N-aryl imines.>*

In our group, two new cyclometallated Ir(lll) hydrido complexes have been
recently prepared™ by reaction of Ir(I) MaxPHOX complexes L3RIr and L3SIr with |1

under the same reaction conditions reported by Pfaltz and co-workers® (Scheme 13).
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Scheme 13. Synthesis of iridacicles L3RIr-Cl and L3SIr-Cl.

These complexes were isolated as air-stable pale yellow solids by filtration on
silica gel. '"H and *P{'H} NMR confirmed that L3RIr-Cl and L3SIr-Cl were
diatereomerically pure compounds, since a single resonance for the Ir-H was observed
at —19.76 ppm (d, Jo = 26 Hz) and —-19.62 ppm (d, J» = 23 Hz) for L3RIr-Cl and
L3SIr-ClI, respectively. It should be noted, as it was described in Chapter 4, that
heteroleptic octahedral complexes such as these iridacycles can provide various
diastereomers. It is therefore remarkable that in this case only one of them was
generated.

Both complexes were successfully crystallised, and the resulting X-ray structures
confirmed the octahedral Ir(lll)-&® coordination. The phosphinooxazoline ligand and the
cyclometallated imine ligands are perpendicular to each other, with the oxazoline
nitrogen atom in frans to the phenyl ring. In both complexes, the C=N-Ph group is
located away from the isopropyl substituent of the oxazoline ring. Finally, the hydride
and chloride ligands are cis to each other and frans to the imine nitrogen and
phosphine ligands respectively.

In order to verify whether the isolated imine iridacycles can be used as
precatalysts, compound L3RIr-Cl was tested in the hydrogenation of imines. Thus, 1
mol% of L3RIr-Cl was treated with 2 equivalents of NaBArg in order to produce the

active catalyst by counter ion exchange (Scheme 14).
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Scheme 14. The use of iridacycles as precatalysts in the hydrogenation of imines.

The use of this mixture as catalyst afforded the reduced product with 60%
conversion and 91% ee. Despite the lower conversion observed, in comparison to the
results obtained by Pfaltz and co-workers,®® this can be justified by an inefficient
chloride abstraction reaction. Nevertheless, these results strongly suggest that the
cationic cyclometallated complex arising from chloride abstraction of L3RIr-Cl is an

active species in the catalytic cycle.
5.2.7.1. Mechanistic studies on Ir(lll)-cyclometallated complexes

For quite a long time, the mechanism of imine reduction by iridium catalysts has been
the subject of debate.®%%%

Andersson and co-workers®® published in 2003 a computational study in which
they proposed a catalytic cycle via Ir(lll) and Ir(V) intermediates generated by addition
of two molecules of H, to the Ir(l) centre. Their conclusion was based on density
functional theory (DFT) calculations of various potential reaction pathways, using
Me,PCH=CHCH=NMe as a truncated achiral model for the PHOX ligand and ethylene
as substrate.®®® However, it appeared that the lowest energetic pathway was the one
involving the Ir(V) species, a hypothesis that was not confirmed by experimental
results. Further experimental as well as computational work was necessary to establish
a reasonable mechanism that explained the observed enantioselectivities.

As it has been explained, in 2004, Pfaltz and co-workers used NMR and DFT

studies of Ir(phosphine-oxazoline)dihydride complexes to show that these species
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preferred a configuration with the hydrides cis to each other and one of them frans to
the coordinating nitrogen in the oxazoline ring.'®™ These studies also emphasised the
importance of calculating the complete chiral ligand, rather than smaller model
complexes, as the structure of the ligand controls the outcome of the enantiomeric
product by both steric and electronic factors. They actually found that there are many

72 While no clear trends in

factors that control the enantioselectivity of the reaction.
enantioselectivity have been elucidated for the substituents on the phosphine,
substitution on the oxazoline has been shown to control both enantioselectivity and
reactivity. A PHOX ligand bearing an isopropyl group was found to be more selective
than isobutyl or phenyl substituents, giving both Ilower conversions and
enantioselectivities. Besides, the selectivity is also dependent on the imine substrate:
those bearing bulky and flexible substituents often lead to lower chiral induction.

Furthermore, it is interesting to note that, for a given ligand, similarly substituted
olefins and imines can form products of opposite absolute configurations.®® This
indicates that even if there could be similarities between the mechanisms, the
stereodetermining step for the two substrates must differ.

The influence of the solvent and the presence of additives have also been found
to affect the enantioselectivity, with non-coordinating solvents such as dichloromethane
and benzene being the best choice for acyclic imines.?®® Strongly coordinating
solvents or additives can reduce significantly the ee values, probably because they
block a contact point between substrate and metal centre.”

In contrast, the potential E/Z isomerization of the substrate does not have an
important effect on the enantioselection process. Even though E- and Z- isomers
should interact differently with the catalyst, and hence have an influence on the ee,
high enantioselectivities have still been achieved when isomer mixtures of imines were
used.”””" Due to these different observations, several authors have concluded that the
mechanism for the iridium catalysed imine hydrogenation must be different from the
Ir(1)/Ir(V) cycle, which is widely accepted for the alkene hydrogenation with P,N-
ligands.®%

In order to shed light on this topic, very recently Norrby, Wiest, Andersson and
co-workers’® have revisited the mechanism of the iridium-catalysed asymmetric

hydrogenation of prochiral imines for an Ir(l)-PHOX complex 281 (Figure 16).
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Figure 16. Ir precatalyst and iridacycle with phosphine-oxazoline ligand studied by Norrby, Wiest
and Andersson in the asymmetric reduction of diphenylimine 11.

Since the discovery in 2013 by Pfaltz and co-workers® that the Ir(lll)
cyclometallated complex was active in the hydrogenation of acetophenone-derived
imines, computational studies have settled this iridacycle as a key species for the
correct elucidation of the reaction mechanism.

With all this in hand, Norrby, Wiest and Andersson’® considered four potential
mechanisms involving an iridacycle as the active catalyst (Figure 16). These
mechanisms were (/) an outer sphere Ir(lll) pathway, (/) an inner pathway through an
heptacoordinated Ir complex, (/i) an inner sphere C-migration pathway and (iv) an inner
sphere N-migration pathway. All of them involve iridacycle 282 as the active catalyst

(Scheme 15).
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enantioselective hydrogenation of 11 as substrate.

They concluded that the mechanism that fits the best with the experimental

enantioselectivities and has the lower energy barriers was surprisingly the outer-sphere

mechanism; predicting a 90% ee of R amine A1

in excellent agreement with

experiment for catalyst 282. The proposed outer sphere mechanism is depicted in

Scheme 16.
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Scheme 16. Norrby-Wiest-Andersson’s proposed outer sphere mechanism for the iridium-
catalysed hydrogenation of N-aryl imines.

As it can bee seen, the outer sphere mechanism begins with the binding of H, to
an open coordination site of the catalyst. Proton transfer to the unbound imine
substrate occurs, followed by hydride transfer and release of the product, completing
the catalytic cycle. According to this proposal, the active species in the catalytic cycle
would be the cationic hydride-dihydrogen complex 283, which, upon proton transfer,
activates the imine to form the neutral dihydride complex 284. The stereodetermining
step is the hydride transfer frans to phosphorus to the activated imine to yield complex
285.

In the case of the MaxPHOX iridacyles, presented in the previous section and
described in our research group, this model is in agreement with the experimental
catalytic results observed. In the Ir(lll)-MaxPHOX system, the imine ligand and the
oxazoline isopropyl substituent are the fragments that surround the hydride transferred
to the protonated imine in the stereodetermining step.>* Analysing the selectivity
observed with the four stereoisomers of the MaxPHOX ligands, they concluded that the
configuration of the phosphorus atom and the carbon at the tail are highly relevant.

Two effects could explain this behaviour. First, small conformational differences

on the reacting site may provide a selectivity bias (Figure 17).
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eo—&

>

Figure 17. X-ray structures of L3RIr-Cl and L3SIr-Cl. Ortep diagram showing 50% probability
ellipsoids. Counter ion and hydrogen atoms have been omitted for clarity.>*

More precisely they found by examining the pseudo-enantiomeric reacting sites
that while the N-phenyl of the cyclometallated imine is titled upwards, the other

diastereomer of the P,N ligand forces the N-phenyl ring to be almost perpendicular to
the Ir-imine metallacycle.
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These conformational differences of the N-phenyl group are strongly influenced
by the configuration of the phosphine and tail positions and should lead to differences
in selectivity between L3RIr-Cl and L3SIr-CI."

A second effect would be the relative stability of complexes 286a/286b with a

vacant coordination site (Scheme 17).

e, || »“‘\N Nl"“ || o
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Scheme 17. Equillibrium between complexes 286a and 286b with a vacant coordination site.

It can be concluded that the coordination of H, to either complex 286a or 286b
would provide a different selectivity outcome. Therefore, the stereochemical stability of
the iridium complexes appears to be essential to guarantee high selectivity during
hydrogenation. This notion is in agreement with the fact that in the present case L3RIr
and L3SIr-Cl have the stereochemistry of 286a, whereas Pfaltz and co-workers,®*
reported the X-ray structure of an [IrH(THF)(PHOX)(imine)]* complex, in which the
cyclometallated phenyl group is frans to phosphine and that upon removal of the
solvent molecule provides a complex with the same stereochemistry as 286b. In the
parent system, it seems that the chirality on phosphorus and the tail positions in the
MaxPHOX ligand are important for stabilising the arrangement of the ligands around

the metal centre in the true catalytic species.>
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5.3. Synthesis and coordination chemistry of

Ir(1l1l]) MaxPHOX cyclometallated complexes

5.3.1. Synthesis of the Ir(lll) MaxPHOX iridacycles

Following the previous coordination studies reported by our group, we decided to study
the cyclometallation process of 11 with the [IrCODMaxPHOX]BAre diastereomers
L3RIr and L3SIr (Scheme 18).
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1) Hp, Ph , THF “ | S
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Scheme 18. Cyclometallation reaction of Ir(l) MaxPHOX precursors with imine 11 and a
monodentate ligand.

As it is depicted in Scheme 18, reaction of square-planar Ir(l) &®-precursors with
imine 11 in the presence of H, yields, by means of an oxidative addition, the
corresponding octahedral Ir(lll) dP-iridacycle. Interestingly, the Csp?>~H activation does
not take place by simply stirring the square-planar Ir(l) complex with the
cyclometallating agent but has to be carried out under hydrogen atmosphere. Hence,
the molecular H, hydrogenates the COD in a first step and, once released, allows the
coordination of the iminic nitrogen and the subsequent cyclometallation. As it can be
seen, this process leads to a vacant coordination site, which can be later filled by a
stabilising ligand, L.

Using this methodology we have been able to prepare and fully characterise two
families of iridacycles with the L3SIr and L3RIr diastereomers of the P,N ligand,
respectively and several stabilising ligands: CO, PPhs, PMes;, PMe'Bu(O)H, CHsCN and
THF (Figure 18).

242



CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

BAr: /'\f BAr: /'\f BAr:
Bu', ']' N\e —| ‘Bu‘ “, \8 —I ‘BU‘ T N —|
I\ i 'Pr Ilr\o e
N
7/

Me
I
N N S Me Pr
N V2N Y, \1 (0]
Ph Ph “PhoH Bu H'T‘ |
L3RIr1 L3RIr2 L3RIr3 s N\>
‘Bu‘ /, 1BU‘ /, tBul /,'4

ip iPr iPr
\CO ' e Q
N
/ 7/
“Ph “Ph
L3RIr4 L3RIr5 L3RIr6

o]
)YJ e )\[) e
IBU e ,/" TS\N /.

Me “Ir B ’ BAr,
'P ! i F
l\ Phar l\ MePar Pr
/ \ /N\ HN O
Ph Ph | I
L3SIr1 L3SIr2 !Bu ,,,,, N

)\i) BAre /'\(\> BAre L3sIr
tBu‘ T —| ‘Bu‘ “, / —|

||r\co"Pr el I\Ncn)lzr
N /
“Ph Lasis Ph L3S
Figure 18. Ir(lll) cyclometallated complexes with the L3SIr and L3RIr diastereomers of the
MaxPHOX ligand.

As it can be seen, among the different stabilising ligands we can find some that
are s-acidic like the CO and phosphines (PPhs, PMes, PMe'Bu(O)H) and others which
are basically o-donors such as THF. Interestingly, the electronic and steric nature of
these ligands has a strong effect on the diastereoselectivity of the cyclometallation

process, as described in the next section.
5.3.2. Influence of the stabilising ligand on the cyclometallation

As it has mentioned, the nature of the incoming ligand has a significant effect on the
diastereoselectivity of the reaction, which can be easily determined by 'H and *'P{'H}
NMR. Furthermore, all this type of complexes has one common feature: the presence
of the hydride ligand. Hydrides are extremely shielded and appear at negative chemical
shifts in the '"H NMR spectrum, which make them easy to identify.

In this section the spectroscopic characterisation of the different prepared

iridacycles is discussed.
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5.8.2.1./ridacycles with the CO ligand

Reaction of Ir L3SIr diastereomer and Ir L3RIr with one equivalent of 11 in a hydrogen
atmosphere followed by pressurization with carbon monoxide affords a mixture of two

diastereomeric iridacycles (Scheme 19).
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Scheme 19. Preparation of iridacycles L3SIr3 and L3RIr4 containing the CO ligand.

According to "H NMR, two doublets in the hydride region of the spectrum appear
with a Jyp of 17.8 Hz for the L3SIr3 diastereomer and 22 Hz for the L3RIr4

diastereomer, respectively (Table 1).

Table 1. Selected NMR data of complexes L3RIr4 and L3RIr3

'"H NMR (400 1 1
_ P{'"H} NMR (162 MHz,
Iridacycle MHz, CgDsg, 25 °C) | Jup (H2)
CesDs, 25 °C) 6(ppm)
é(ppm)

0]
H“l')hl/\) A ~6.8 (d, 1H) +44.7 ()

17.8
co -16.7 (d, 1H) +51.1 (s)
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The large differences regarding the chemical shifts of the two hydride species of
complex L3RIr3 may suggest the formation of two stereoisomers, in which the
connectivity of the ligands in the coordination sphere is not the same. Arguably, in one
of the species the N of the imine could be located trans to the hydride, while in the
other, displaying a hydride resonance near to —6.8 ppm, the less electron-rich
environment might indicate the formation of a different complex. However, the
presence of a very similar H-P coupling constant indicates a cis disposition of the P
unit and the hydride ligand.

On the other hand, for complex L3RIr4, two very close doublets were observed,
suggesting in this case, the presence of two diastereomeric hydrides.

These observations are in agreement with the chemical shifts assigned to the
phosphorus atoms of the phosphinooxazoline ligand, in which in the first case the
differences of chemical shifts are much higher (Ad = 6.40 ppm) than those of the
L3RIr4 system (A5 = 0.20 ppm).

When a freshly prepared solutions of L3RIr3 and L3RIr4 were left to stir for 48
h under inert atmosphere, no significant changes were observed in the '"H NMR spectra
proving that no isomerisation between the complexes occur.

Mass spectrometry data gives the same intense monocationic peak for both
complexes supporting that they are isomers. In addition, a peak corresponding to the
loss of CO is also observed. There was no clue of dimeric species, since isotopic
distributions corresponding to two Ir atoms could not be detected.

In agreement with the presence of a coordinated CO molecule, a sharp band at

2052 cm™' could be clearly seen at IR.
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5.3.2.2. Iridacycles with phosphine ligands

Precursors L3RIr and L3SIr were reacted, after treatment with 11 in the presence of

H,, with triphenylphosphine and trimethylphosphine as stabilising ligands (Scheme 20).
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Scheme 20. Reaction of Ir(l) complexes L3RIr and L3SIr, after cyclometallation with 11, with
PPhs and PMes.

After precipitation with hexanes, all four complexes were isolated in moderate to
good yields as air-stable pale yellow solids.
In the case of triphenylphosphine complex L3SIr1 two isomers were obtained as

it can be clearly seen in the '"H NMR spectrum (Figure 19).
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Figure 19. 'H NMR (400 MHz, CgDs, 25 °C) of the hydride region of complex L3SIr1.

The marked differences in chemical shifts (A6 = 10.8 ppm) and the integration
suggests the formation of two different complexes in equimolar amounts. In addition,
the doublet of multiplets belonging to the first signal at —11.5 ppm with a Jyp of 119.4
Hz would indicate that the hydrido ligand is located frans to the phosphorus atom of the
MaxPHOX moiety. The multiplicity of the multiplets resembles a quadruplet and can be
attributed to the coupling of the hydride with the protons of the methyl group of the
phosphine. In contrast, the quadruplet of doublets at —22.3 ppm could be assigned to a

species in which the arrangement of the hydride is c¢is to both phosphorus atoms of the
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ligands. All this data was in agreement with the *'P{'H} NMR spectrum in which two
distinct resonances appeared as singlets at 60.0 and 58.1 ppm, respectively.

Interestingly, the other isomer of the P,N ligand, L3RIr1, yielded only one single
diastereomer as it was confirmed by 'H NMR, displaying a triplet at —19.77 with a Jup =
16.4 Hz. The multiplicity of the signal can be attributed to the coupling of the hydride
with the two phosphorus atoms located in cis. Hence, instead of being a doublet of
doublets it collapses in a perfect triplet located at —19.8 ppm displaying a coupling
constant Jyp of 16.4 Hz (Figure 20).

N, P -19 20 21

T T T T T T T T T T T T T T T
i 0 -1 -2 -17 -18 -19 -20 -21
8 (ppm)

Figure 20. '"H NMR (400 MHz, CDCl5, 25 °C) spectrum of L3RIr1.

Besides, the pattern in the *'P{"H} NMR spectrum of L3RIr1 was also rather
different than L3SIr1. Instead of having singlets, two sets of doublets at +38.5 and
+8.5 ppm, showing the very same Jgp 0f 346.7 Hz, were found instead.

In both L3RIr1 and L3SIr1, the same molecular peak was found in mass
spectrometry analysis, indicating the same constitution, even though the distribution of
the ligands around the octahedral Ir(lll) centre is clearly different.

Another behaviour was observed when using PMe; as stabilising ligand. After
treatment with a slight excess of trimethylphosphine of the already activated Ir(l)-
MaxPHOX (L3SIr) with 11, only one sterecisomer of the iridacycle was isolated. As it
was observed for the PPh; systems, the '"H NMR displayed only one triplet in the
hydride region as it is depicted in Table 2.

Table 2. NMR selected data for complexes L3SIr2 and L3RIr2.
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iPr
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Interestingly, reaction of the other Ir(l)-MaxPHOX complex L3RIr with PMes

yielded in a very stereoselective manner the analogous complex L3RIr2, which

displayed a very similar spectroscopic data compared to L3SIr2. Indeed, the hydrido

ligand resonates in the '"H NMR at the very same chemical shift and with the same

coupling constant as L3S1r2, being this behaviour also present in the *'P{'"H} NMR as

it is depicted in Table 2.

Furthermore, we were able to grow suitable crystals for X-ray determination of

complex L3RIr2 by slow diffusion in pentane (Figure 21 and Table 3).
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(<

C4A

Figure 21. X-ray structure of L3RIr2. Ortep diagram showing 50% probability ellipsoids.
Counter ion and hydrogen atoms have been omitted for clarity.

o

Table 3. Selected bond distances (A) and angles (°) of L3RIr2.

Bond Length (A) Angle Q)
P1A-IrA 2.322 C1A-P1A-N1A 101.539
P2A-Ir1A 2.332 C1A-P1A-C5A 102.626
N2A-Ir1A 2.177 P1A-Ir1A-N2A 87.342
N3A-Ir1A 2.187 C16A-Ir1A-N3A 78.274

C16A-Ir1A 2.026 IMA-C16A-C21A 115.154
H1A-Ir1A 1.456 Ir1A-N3A-C22A 113.953

As expected, the Ir(lll) hydride displays an octahedral coordination with the PMe;
ligand trans with respect to the '‘BuMeP moiety, and the cyclometallated imine N trans
with respect to the metal hydride. Interestingly, the two phosphorus units, the PN

ligand and the PMej, are coordinated to the Ir centre with almost the same bond
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distance of 2.3 A. This suggests similar electronic properties for both phosphine
ligands. A similar statement can be made regarding the coordinated iminium and N-
oxazoline donor atoms with Ir.

On the other hand, the cyclometallated imine forms a plane five-membered ring
in which the angles range between 113 to 115° as it is found for this type of
complexes.®

Besides, as it can be seen in the molecular structure (Figure 21) coordination of
the phosphinooxazoline ligand preserves the absolute configuration of the phosphorus
atom.

Inspired by the work of Pfaltz and co-workers’*, who merged the coordination
chemistry of phosphinooxazoline ligands to Ir with a secondary phosphine oxide unit in
a bidentate fashion, we decided to study the coordination chemistry of our optically
pure (S)-L1 SPO, described in Chapter 3 with irydacycle L3RIr (Scheme 21).
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Bu
L3RIr (S)-L1 L3RIr3
80-97%

Scheme 21. Synthesis of iridacycle L3RIr3.

Interestingly, the reaction proceeds in a complete stereoselective pathway,
affording one single diastereomer as it can be seen in the '"H NMR, where only one
doublet centred at —19.7 ppm (J = 26.9 Hz) is observed (Figure 22).
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Figure 22. 'H NMR(400 MHz, CDCl,, 25 °C) spectrum of L3RIr3.

A more detailed analysis of the '"H NMR indicates the presence of a P-H bond,
by means of a doublet of quadruplets at 7.14—6.03 ppm with a Jyp of 442 Hz and Juy =
3.8 Hz. The smaller coupling is due to the H-H coupling of the hydrogen attached to
phosphorus with the Me group. This fact proves that (S)-L1 is bounded to the metal
through the oxygen, a fact also supported by *'P{'H} NMR, since the presence of a
broad singlet at +60.9 ppm is typically found for complexes having this O-coordinated
mode.

When the isolated complex was re-dissolved in THF and its *'P{'"H} NMR
spectrum was collected again after 48 h, a significant amount of uncoordinated (S)-L1
ligand was found, showing a singlet around 45.5 ppm. This behaviour suggests that the
sterically hindered O-coordinated alkyl (S)-L1 is not strongly bounded to the Ir centre,

being easily exchanged by polar solvent molecules such as THF.
5.3.2.3. Iridacycles with a solvent molecule

At this point, in the view of the high stability showed by these Ir(lll) systems and that we
envisaged to develop an iridacycle that could be conveniently used in imine
hydrogenation. To be catalytically active, the ligand should be able to stabilise the
resulting complex, but at the same time, be labile enough to be easily replaced by the
substrate.

Hence we performed the cyclometallation reaction of both diastereomers of the
P,N ligand with 11 and H,, followed by later addition of one drop of acetonitrile (Scheme
22).
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Scheme 22. Preparation of complexes L3SIr4 and L3SIr5.

In both cases, the reaction was completely diastereoselective affording only one
isomer of the octahedral iridacycle as easily seen by '"H NMR (Figure 23).
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Figure 23. '"H NMR (400 MHz, CD3CN, 25 °C) spectra of L3SIr4 (bottom) and L3RIr5 (top).
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There is only one hydride peak around —19.5 ppm with a Jyp of 22.7 Hz for
L3SIr4 and 26 Hz for L3RIr5, indicating the presence of only one isomer. As
expected due to their diastereomeric nature, the complexes present similar spectra,

even though there are small differences especially in the oxazoline system and the 'Pr
and 'Bu groups of the phosphine unit.

We then decided to perform the same reaction with L3RIr, with THF-d; as
solvent to see if THF was capable of stabilising the complex (Scheme 23).
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Scheme 23. Cyclometallation of L3RIr with 11 without any ligand.

When the reaction crude in THF was concentrated and analysed by 'H NMR
spectroscopy (Figure 24).
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Figure 24. 'H NMR (400 MHz, THF-ds, 25 °C) of the L3RIr6 reaction crude.

As it is shown, in the absence of a stabilising ligand before the isolation of the
complex, more than one hydride is formed, possibly because the formation of the

iridacycle occurs via pentacoordinated species, which are known to be fluxional.'>53
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Typically, pentacoordinated transition metal complexes can isomerise by exchanging
the axial and equatorial positions through the well-known Berry pseudorotation.'#*%

As it has been described, the use of CH3CN, PhsP and MesP as ligands provided
a single stereoisomer of the corresponding cationic octahedral Ir(lll) complexes, as
shown by 'H and ®'P{"H} NMR spectra. We finally envisaged the coordination of an
olefin. Since coordinated alkenes are easily hydrogenated and released under the
presence of H,, ethylene would represent a highly desirable ligand.

Hence, a solution containing the freshly prepared iridacycle in THF-d; was
pressurised with ethylene (3 bar) and 'H NMR of the isolated crude was recoded

(Figure 25).

—TT— 77— 7T

-18.5 -19.0 -19.5 -20.0 -20.5 -21.0
| J\MULJ L o
\I\J Ak \J\.A‘AA/J L b M.

L

Figure 25. 'H NMR (400 MHz, THF-dg, 25 °C) of the reaction crude obtained after pressurization
with ethylene (top) and 'H NMR (400 MHz, CDCly, 25 °C) of the recrystallized isolated THF
complex (bottom) L3RIr6.

It can be clearly seen that the resonance of the hydride ligand appears at the
same shift than in the THF isolated complex L3RIr6 and, indeed, both spectra looked
almost identical proving that the formed complex did not contain coordinated ethylene

but a THF molecule instead.

254



CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

Not satisfied with these results, we decided to study the formation of the olefin-
coordinated complex by pressurization with ethylene at 3 bar of a solution containing
the already activated Ir(l) MaxPHOX precursor L3RIr with 11 but using CD,Cl, as
solvent instead of THF-d; (Scheme 24).
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Scheme 24. Reactivity of the ethylene iridacycle L3RIr6-Et.

Under ethylene-saturated solution, we were able to detect the iridacycle
L3RIr6-Et containing the coordinated olefin, whose '"H NMR spectrum is depicted in
Figure 26.
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Figure 26. 'H NMR (400 MHz, THF-dg, 25 °C) of L3RIr6-Et containing the coordinated olefin.

It can be seen that under these conditions complex L3RIr6-Et is formed as
mixture of two diastereomers in an almost equimolar amounts both displaying doublets
with the same coupling constant of 23.4 Hz.

The formation of the iridacycle was also confirmed by mass spectrometry, even
though the molecular peak belonging to the whole cationic fragment appears as a very
minor product. This fact can be explained due to the coordination of the acetonitrile
molecules present in the source, which can quickly substitute the ethylene ligand.

It is interesting to note that when ethylene-saturated solution was slowly
degassed under a nitrogen stream after addition of one drop of THF, we isolated the
corresponding THF-Ir(lll) complex (L3RIr6) with higher purity than just running the
reaction in THF. The ethylene/THF exchange was monitored by '"H NMR (Figure 27),

which showed that after 16 h, the substitution had completely taken place.
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Figure 27. 'H NMR (400 MHz, CD.Cl,, 25 °C) spectra of the substitution of ethylene by THF
(only the hydride region is shown).

Unfortunately, all attempts to isolate the olefin-coordinated complex L3RIr6-Et,
before the addition of THF did not yield any definite product. Apparently, formation of
these iridacycles in non-coordinating solvents triggers the formation of polymetallic
species, since multiple hydride peaks were detected. Besides, mass spectrometry
analyses indicate the presence of compounds containing more than one iridium atom in
the structure.

When the above-mentioned reaction is carried out pressurizing with ethylene in
THF as solvent, after precipitation with pentane, the THF complex L3RIr6 is obtained
in excellent yield and purity. Actually this synthetic route represents, at present, the
best way to prepare L3RIr6, which has been fully characterised as detailed in the
Experimental Section (Chapter 6).

It is still unclear which is the actual role of ethylene that allows obtaining complex
L3RIr6 in better purity and yield, a plausible hypothesis is that the alkene assists in
the isomerization of intermediate unsaturated species to yield the final compound.

Complex L3RIr6 is a perfectly air-stable compound but despite many attempts it
was not possible to obtain suitable crystals for X-ray diffraction. Sometimes the BArg

counterion prevents crystallisation and therefore analogous cationic complexes with
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BF, and PFs as counterions were prepared. The synthetic procedure for these

analogues is shown in Scheme 25.

iPr
ipr Ph
X 7
0 \ HIN ° X
e I N
tBu'll-. I\ \8 H21 Ph 1 ’ THF tBul; ,",‘ »\N *
" > Me Ir i
Me PN ipy l\o Pr
N Q
X = BF,~, PFg i
=BF,", PFg
L3RIr-BF,4, L3RIr-PFg L3RIr6-BF,, L3RIr6-PFg

Scheme 25. Preparation of L3RIr6-BF, and L3RIr6-PFg.

As it can be seen, cyclometallation takes place following the same procedure as
before, but employing the Ir(l)-MaxPHOX cationic precursor with the desired counterion
as it is detailed in the Experimental Section (Chapter 6).

The presence of the proper anion can be easily seen by IR, displaying a sharp
band at 1051 cm™ for the v(BF,) and 846 cm™ for the v(PF¢) as well as by NMR means
(see Experimental Section).

While, the BF, complex has not yielded suitable crystals yet, the PFg analogue
crystallised in such a way that the vacant coordination site, normally filled by the so-
called stabilising ligand, contained a coordinated PO,F," unit, from the hydrolysis of the
PFes anion.

Complex L3RIr6 has proven to be an excellent catalyst for the hydrogenation of

N-methyl and N-alkyl imines as it will be described in Section 5.4.3.

5.3.3. Influence of the cyclometallating agent in the

diastereoselectivity

As it has been discussed, there is a significant effect on the diastereoselectivity of the
reaction depending on the diastereomer of the P,N ligand used. In general, the Ir(l)-
MaxPHOX L3RIr proved to be more selective than L3SIr in combination with the
size/electronic properties of the stabilising ligand.

However, the role of the cyclometallating species in the stereoselectivity could
also be important. In order to evaluate such contribution, we carried out the C-H
activation of three aromatic compounds bearing one nitrogen atom, strategically

located, in order to be able to form a five-membered Ir-cyclometallated ring. Hence, we
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selected complex Ir(l)-MaxPHOX L3RIr, since it has displayed the best
diastereoselectivities along with acetonitrile as a ligand. The three reactions have been
conducted cyclometallating the Ir(I) complex under the presence of 2-phenylpyridine,
7,8-benzoquinoline and 2-phenylbenzothiazole, respectively, and pressurizing with 3
bar of hydrogen. Then, one drop of acetonitriie was added and the complexes were

isolated by precipitation with pentane as yellow solids (Scheme 26).
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Scheme 26. Synthesis of complexes L3RIr8, L3RIr9 and L3RIr10.

The complexes were characterised by the habitual spectroscopic techniques.
Interestingly the 'H NMR of the three complexes showed the presence of two

diastereomers in all of the cases as it is depicted in Table 4.
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Table 4. Selected 'H NMR data of complexes L3RIr8, L3RIr9 and L3RIr10.

_ '"H NMR (400 MHz, CD4CN, 25 °C)
Iridacycle Jup (HZ)
6(ppm)
iPr
o)
thl)H\f —|BArF
Bu D, | N -18.5 (d, 1H) 20.9
Me r
AN 'Pr
’L NCMe -18.9 (d, 1H) 25.6
7\
L3RIr8
iPr
0
S T
5: -18.8 (d, 1H) 21.0
Ir\ ‘Pr
| NCMe
O N -19.2 (d, 1H) 25.0
g0
L3RIr9
iPr
HN
) | BArg
B, LN B ~20.1 (d, 1H) 205
Me I, ipr
| ncMe
N —21.0 (d, 1H) 25.2
4
ap
L3RIr10

As it is depicted in Table 4, the presence of two distinct resonances in the hydride
region for the three cyclometallated complexes indicates the formation of two
stereoisomers for each one. Both the chemical shifts and the coupling constants are
almost identical between isomers having the same cyclometallating agent.

Furthermore the neutral complex L3RIr7 bearing a chloride was also prepared

using the conditions reported by Pfaltz and co-workers® (Scheme 27).
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Scheme 27. Preparation of complex L3RIr7.

The cyclometallation occurs under the usual conditions of 3 bar of hydrogen in
the presence of 2-phenylpyridine as cyclometallating ligand. Treatment with LiCl in a
SiO, suspension affords the chloride complex L3RIr7, which can be purified by flash
column chromatography eluting with pentane/TBME (1:1).

This complex showed clear differences with its acetonitrile analogue according to
'H NMR spectroscopy. While the acetonitrile complex L3RIr8 displayed two doublets,
belonging to the hydride ligands, with similar coupling constants; complex L3RIr7
presented mainly one at —18.5 ppm with a much larger Jyp of 43 Hz.

It is clear that the stabilising ligand has a strong effect on the diastereoselectivity
of the cyclometallation process but the influence of the cyclometallating ligand proves
to be even more important. Hence, in this last experiment, the use of a chloride as the
sixth ligand forms a 1:7 diastereomeric mixture, whereas the same reaction with |1
proceeds in a complete stereoselective manner.>*

The basicity of the cyclometallating imine also plays a key role in the formation of
the Ir(lll) complex. To this end, the reaction of L3RIr and acetophenone N-methyl

imine (18) as cyclometallating ligand was studied (Scheme 28).
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Scheme 28. Attempts to cyclometallate 18.

Surprisingly, analysis of the reaction crude by 'H NMR means showed a mixture

of hydrido complexes (Figure 28).
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Figure 28. 'H NMR (400 MHz, CD,Cl,, 25 °C) spectrum of L3RIr treated with 18 under 3 bar of
Ho.

The enhanced basicity of the 18 compared to the N-aryl imines can undergo
secondary reactions that compete with the expected cyclometallation process, leading
to the formation of a number of uncharacterised species.

Nevertheless, with all these coordination studies in hand, we decided to test our
Ir(1l1)-cyclometallated systems, both “in situy” and as preformed complexes, as potential

catalysts for the enantioselective hydrogenation of N-methyl and N-alkyl imines.
5.4. Asymmetric hydrogenation of N-Alkyl Imines

Chiral amines play an important role as building blocks for the synthesis of
pharmaceuticals and agrochemicals.”” They are also of considerable importance as
chiral auxiliaries, catalysts and resolving agents.*?*%%7

Therefore, asymmetric hydrogenation of ketimines has received much attention
as an attractive, very direct route to enantiomerically enriched amines.”” High vyields,
perfect atom economy and mild conditions make this approach ideal for industrial
applications. This is impressively demonstrated by the multi-ton scale production of the
herbicide metolachlor, based on an extremely active and productive Ir-diphosphine
catalyst.78 During the last two decades a wide range of chiral Ti, Rh, Ir, Pd, Ru” and

579 complexes have been developed that catalyse the hydrogenation

most recently Fe
of various imines with high enantioselectivity. However, the scope of most catalysts is
rather narrow and there are still important classes of imines that give unsatisfactory
results with the available catalysts. Especially the hydrogenation of imines derived from
dialkyl ketones remains a stubbornly challenging problem. With the exception of the

dual catalyst system reported by Xiao and co-workers,* consisting of a chiral Ir(Cp*)—

262



CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

diamine complex and an elaborate chiral binaphthol-derived phosphoric acid (TRIP),
most catalysts give very low enantioselectivities with these substrates.

Although imines derived from dialkyl ketones are challenging substrates, its
range of application is quite limited. In contrast, optically pure N-alkyl amines,
especially N-methyl amines, are particularly interesting, since they are known to be

frequent pharmacophores in biologically active compounds (Figure 29).

Privileged pharmacophore
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CF
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Figure 29. Selected chiral N-alkyl amine pharmaceuticals.

Examples include sertraline (to treat depression),®’ dextro-methamphetamine (to

treat ADHD and narcolepsy),®

rivastigmine (to treat Alzheimer’s and Parkinson’s
diseases)® and cinacalcet (to treat hyperparathyroidism).?*

Due to the importance of this moiety, much effort has been devoted to the
asymmetric synthesis of optically pure N-methyl amines.®

An ideal methodology to obtain this class of compounds is the catalytic reduction
of the corresponding imines. However, the high basicity and nucleophilicity of N-methyl
amines often results in catalyst deactivation. The most successful approaches for the
asymmetric reduction of N-methyl imines up to date are Ti-catalysed hydrosilylation,
reported by Buchwald, and Bronsted acid-catalysed reduction using Hantzsch ester in
the presence of Boc,0, reported by List.®

In the first case, in 1996, Buchwald and co-workers®®? reported a very efficient

enantioselective imine hydrosilylation using a Ti-difluoride catalyst (Scheme 29).
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Scheme 29. Buchwald’s asymmetric reduction of 18 by Ti-catalysed hydrosilylation.

As it is depicted in Scheme 29, for the model substrate 18, the enantioselectivities
reached 99% ee, being the only methodology to date that is able to have a complete
control over the chiral discrimination of the prochiral imine. Unfortunately, this system
has severe drawbacks of poor atom economy and the difficulties to handle the unstable
Ti-hydrides. Furthermore, the parent approach did not perform well with sterically
hindered imines, even though Buchwald and co-workers®” were able to overcome this
difficulty by using different amines as additives.

A second approach to prepare chiral N-methyl and N-alkyl imines has been
recently developed by List and co-workers®® and it is based on the use of binaphthyl-
derived sulphonamides as organic catalysts. The hydrogenation of 18 as model
substrate in the presence of the Hantzsch ester (acting as an hydride donor) and

posterior addition of Boc,O is depicted in Scheme 30 and affords really good results.
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Scheme 30. List’s organocatalytic enantioselective reduction of 18.

By means of this organocatalytic approach the group was able to hydrogenate 18

with enantioselectivities up to 91%. As it has been mention, the reaction must be

conducted in the presence of Boc,O, otherwise the freshly formed amine deactivates

the catalytic system.

A final example was reported by Abdur-Rashid and co-workers® and consists of

the Ru-catalysed asymmetric hydrogenation of 18 using a Ru-BINAP-DPEN catalyst in

the presence of potassium tert-butoxide (Scheme 31).

N/Me HN/Me
| 30 bar H,, KO'Bu X

Me % Me
I8 [Ru] 0.17 mol% A8

Conv. 97%
71% ee
Ph ph H
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—_ Il,,,'. _‘,\\\\ I,
Ry = SRy J:Ph

\ I H
seny

RuH(R-BINAP)(R,R-DPEN)
293

Scheme 31. Ru-catalysed asymmetric hydrogenation of 18.

In spite of the high enantioselectivities obtained with this Ru-based system,

“direct” metal-catalysed asymmetric hydrogenations of this kind of substrates are rare

in the literature due to problems of catalyst deactivation. As it has been presented, in

the last examples, the final amine product is protected with either a SiR; or Boc group,

thus circumventing the basicity issue associated with the free amine.
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On the other hand, organocatalytic asymmetric imine reduction and reductive
amination has also been developed to afford chiral aliphatic amines with high
enantioselectivities.®* However, these reactions generally suffer from lower yields and
very long reaction times compared to transition metal catalysed hydrogenations.
Furthermore, they require hydride donors such as dihydropyridines that generate
stoichiometric amounts of waste products. To sum up, it can be said that a readily
accessible catalyst for the asymmetric direct hydrogenation of N-alkyl and N-methyl
imines remains elusive.

85b

From an industrial perspective,” the direct hydrogenation of imines is a much

more desirable process; however, in contrast to the good results obtained with N-aryl

69,75,90

ketimines, the hydrogenation of N-methyl ketimines has not yet been achieved

with useful levels of enantioselectivity.
Pfaltz and co-workers'’® reported the hydrogenation 18 with Ir-PHOX catalysts,

achieving only 58% ee (Scheme 32).

Me Me
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N HN
| 100 bar Hy, RT, CH,Cl,

L

Me [Ir] 4 mol% Me
18 A8

Me
Conv. 99%
58% ee
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. pr” N
~
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Scheme 32. Pfaltz’s attempts for the Ir-catalysed asymmetric hydrogenation of 18.

z
-

The conversion was complete, but harsh pressures of hydrogen (100 bar) and
high catalyst loadings (4 mol%) were required. It is likely that this difference between N-
aryl and N-alkyl ketimines is due to the aforementioned basicity of this class of
compounds.

With all this background in hand we envisaged that the Ir-MaxPHOX systems
presented in the previous section would be good candidates as catalysts for the
asymmetric hydrogenation of alkyl imines. Hence, our work started with the preparation

of the substrates, as it will be presented in the following section.
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5.4.1. Synthesis of the N-alkyl imines

There are several methods to prepare N-alkyl imines, mostly based on the reaction
between a ketone and a primary amine under the presence of a desiccant agent
(Scheme 33).

R1
N/
R1-NH, |
TiCl,
0 Et,0,0°C
R2
— N/
|
RZ_NHZ

Molecular Sieves
Reflux

Scheme 33. Synthetic routes used to prepare N-alkyl imines.

In the case of small and highly nucleophilic amines, such as methyl or
ethylamine, the reaction affords the desired products by just employing molecular
sieves as dehydrating agent. In contrast, for more hindered amines the presence of a
stronger desiccant is required, with TiCl, being the most used in these cases.®®® Imines
obtained using molecular sieves do not usually need of further purification, but in
contrast, the TiCl, method often requires distillation or recrystallization of the imines
obtained.

Although N-alkyl imines are easier to prepare than N-aryl imines, they are more
prone to decompose in the presence of water, making them less easy-to-handle and
store. The imines prepared in the present THESIS using these methods are described in

the Experimental Section (Chapter 6).
5.4.2. Hydrogenation of N-alkyl imines with Ir(l)-MaxPHOX

Our group has very recently reported that cationic Ir(l)-MaxPHOX complexes are highly
active and selective in the hydrogenation of N-aryl imines.** Thereafter, we decided to
assess whether these catalysts were also effective for the asymmetric reduction of N-
alkyl imines. These studies were carried out in collaboration with Dr. E. Salom6, who
provided the methodology for the hydrogenation reactions.

Among the different available imines, we selected acetophenone N-methyl imine

(18) as a model substrate to test the efficiency of the Ir(l)-MaxPHOX catalysts. In spite
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of its simplicity, this imine has proven to be a very tricky substrate, since the
corresponding amine is very basic and nucleophilic. Besides, this imine can be easily
prepared by condensation of methylamine and acetophenone by stirring the mixture at
room temperature under molecular sieves, which makes it a cheap and good option to
start with.

Four Ir-MaxPHOX catalysts bearing an iso-propyl group on the “arm” and on the
“tail” were tested in the Ir-catalysed asymmetric hydrogenation of N-methyl imine, 18
since this combination of substituents displayed the best results in the hydrogenation of
N-aryl imines®* (Scheme 34).

HN
I 1 mol% [Ir]

18 H2 (8 bar), CH20|2

b
>

A8

iPr i

I
= BArg /'\‘/ BArg H BArg /'\‘/ BArg
"D N HN/\r "
tBu" ~ , ‘Bu" N ,

tBU" tBun
< N7
Me / \ “ipr Me / “ipr Me ipr
6% conv. 41% conv. 100% conv. 100% conv.
11% ee (S) 71% ee (S) 9% ee (S) 13% ee (S)
L3SIr L3SIr-diast L3RIr-diast L3RIr

Scheme 34. Asymmetric hydrogenation of 18 with the selected Ir-MaxPHOX catalysts.
Conversions were determined by 'H NMR analysis of the crude reaction mixture, while the ee
value was determined by HPLC (in collaboration with Dr. E. Salomd).

The experiments were carried out using 1% of the Ir-MaxPHOX catalyst in
dichloromethane at 3 bar of H, at room temperature. As it can be seen, conversions
ranged from full to very low values and did not follow any clear trend. The
enantioselectivities were also rather low, even reducing the hydrogen pressure from 3
bar to 1 bar.

As it was discussed in Section 5.2.7, Pfaltz and co-workers® found in 2013 that
the actual active species in the Ir-catalysed asymmetric hydrogenation of N-aryl imines
was an octahedral Ir(lll) iridacycle, formed by cyclometallation of a N-phenyl imine.®*
Therefore we decided to investigate if such cyclometallation process would take place
in our systems during the activation in hope of improving the obtained catalytic results.

The following section describes the preliminary screening carried out in order to
find the most suitable cyclometallating additive that would improve the

enantioselectivity of the hydrogenation 18.
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5.4.2.1. Influence of the cyclometallating agent

Taking into account that the N-phenyl imine with Ir(1)-PHOX complexes in the presence
of hydrogen tend to react by activation of the Csp~H bond to produce the
corresponding cyclometallated iridacycles® we studied the asymmetric reduction of N-

methyl imine as model substrate with each four Ir(I)-MaxPHOX catalysts of Scheme 35.

Ph

“In situ” N~

|
N 1 mol% [Ir], 2 mol% Ph)\ H
| n

18 H2 (3 bar), CHQC|2 A8

ip i iP i
r BAre Pr BAre £ BAre Pr BAre
i \> ) /'\I/O AN HAY
Bun ~ / BurPo r/N / Bur P r/N tBu" \2
Me / \ ’iPr Me / \ /iPr Me / \ iPr Me / \
35% conv. 100% conv. 100% conv. 100% conv.
86% ee (S) 61% ee (S) 78% ee (S) 90% ee (R)
L3SIr L3SIr-diast L3RIr-diast L3RIr

Scheme 35. Hydrogenation of 18 with Ir-MaxPHOX catalysts using 11 as additive (in
collaboration with Dr. E. Salomd).

All these experiments were carried out activating the catalysts before the addition
of the substrate, in order to form the catalytically active species, namely the iridacycle.
Ir(1)-MaxPHOX precursor was reacted with the additive 11 under 3 bar of H, at room
temperature over thirty minutes. Then, the substrate 18 was added into the reactor as it
is detailed in the Experimental Section (Chapter 6).

Under these conditions, as it can be seen in Scheme 35, a significant
enhancement of both conversion and enantioselectivity was observed. Particularly
active and selective was complex L3RIr, hence after this preliminary screening; all the
later experiments would have been conducted employing this Ir-MaxPHOX
diastereomer. This is in agreement with the coordination studies carried out for this
system, since it has yielded only one diastereomerically pure iridacycle (see Section
5.3).

Interestingly, when the catalytic reaction was performed by directly mixing all the
reagents (substrate, additive and precursor without any prior activation) the results
dramatically changed, with an important erosion of the ee (Scheme 36), resembling the

results observed when no additive was employed in the catalytic essays.
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iPr

BArF
HN
‘BU" \2
Me / \
N,Ph N/ 1 mol% HN/

I . | L3er N :

- (R)

2 mol% I 18 Hy (3 bar), CHyCly 16 h

A8

Full conversion
20% ee

Scheme 36. Asymmetric hydrogenation of 18 without activation of the catalyst (in collaboration
with Dr. E. Salomd).

As it can be seen, the enantioselectivities for Ir-MaxPHOX complex L3RIr
decreased from 90% to 20%, proving that the already hydrogenated amine or the N-
alkyl imine have an interaction with the Ir(I) precursor that hinders the chiral
discrimination of the substrate. In contrast when there was a delay time of activation,
the high ee values obtained proved that the Ir(lll) catalyst, once formed, is robust
enough to prevent deactivation.

It can be concluded that the presence of the additive is crucial in order to prevent
catalytic deactivation decrease of the enantioselectivity. Therefore, other
cyclometallating additives were employed in order to study the effect on the ee values.
In principle, another cyclometallated species, would lead to a different catalyst and
modify the outcome of the reaction. Scheme 37 and Table 5 summarise these

experiments.
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Scheme 37. Reaction screening for some additives in the asymmetric hydrogenation of 18 (in
collaboration with Dr. E. Salomd).
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Table 5. Influence of the different additives on the asymmetric Ir-catalysed reduction of 18. a)
Conversions were determined by 'H NMR of the crude reaction mixture. b) ee value was
determined by HPLC.

Entry Additive Conversion (%)? ee (%)°
1 11 100 90
2 12 100 88
3 13 100 87
4 293 100 83
5 294 49 60
6 295 100 82
7 296 36 40
8 297 100 87
9 298 100 62
10 299 16 -
11 300 100 85
12 15 50 49
13 16 100 72
14 17 100 69
15 (R)-A1 100 75
16 (S)-A1 100 5
17 301 100 22
18 302 33 24
19 303 52 57
20 304 43 46

Taking N-phenyl imine 11 as a starting point, additives 11 to 294 contain electro-
donating and electro-withdrawing substituents on the aromatic moieties. As it is shown,
whereas 11 led to full conversion and 90% ee, electro-donating methoxy substituents
slightly decreased the enantioselectivity (11-293). Interestingly, when a more electro-
withdrawing group such as Cl, is attached on the arene, a significant decrease in both
conversion and ee is obtained. In the same line, two fluorine substituents located on
meta positions (17) give better enantioselectivities but still lower than the observed for
1.
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Imines 295 to 298, which contain methyl substituents on the aromatic positions,
did not improve the enantioselectivity either, with the ee ranging from 40 to 87%.
Apparently, the enhancement of the steric hindrance in the phenyl rings does not play a
favourable role on the chiral discrimination process. Additives, 299 and 300, having
different substituents at the iminic carbon atom, but preserving the unfunctionalised
aromatic rings, did not lead to any improvement on the enantioselectivity. A similar
behaviour was observed when we tried to expand the aromatic system, both in the
ketone part (16) or attaching two phenyl groups on the part coming from the amine (15).

Furthermore, some secondary amines were also studied as cyclometallating
ligands. Particularly interesting is the pair of optically pure amines (R)-A1 and (S)-A1,
displaying a clear match-mismatch effect on the enantioselectivities, where (R)-A1 in
combination with the iridium precursor L3RIr afforded the best ee values.

Finally, additives 302 to 304 in spite of having a structure prone to
cyclometallate, they did not furnish better results than that with 11, probably because
their cyclometallation reactions with L3RIr did not afford one single diastereomer.
Hence, in the view of these results, the originally tested additive 11 was chosen as the

selected additive to perform a small reaction scope.
5.4.2.2. Reaction scope

With the catalyst and the additive selected, we proceeded to explore the scope of the

hydrogenation with various N-alkyl imines (Scheme 38).
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Scheme 38. Scope for the hydrogenation of N-alkyl imines with MaxPHOX L3RIr using additive
I1. Catalyst L3RIr with additive 11 afforded the amines as the (R) enantiomer as it was
determined by optical rotation and HPLC (in collaboration with Dr. E. Salom{).
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As expected, an improvement of the chiral discrimination was often observed
when the reactions were performed at lower temperatures. Consequently, the suitable
temperature was optimised for each substrate. Imine 18 was reduced with a 92% ee,
whereas imines 111 and 112 bearing electro-donating groups appeared to be less
reactive. The reaction for these had to be conducted at room temperature and the ee’s
for the corresponding amines were 89 and 91%, respectively. Substrates 19, 110 and
113 contain electron-withdrawing groups and in these cases, the temperature could be
decreased to —10 °C to afford 95, 94 and 93% of ee for the reduction of each imine,
respectively. Hence, the presence of such electron-withdrawing groups facilitates the
reaction by further activation of the substrate, as it was also observed in the
hydrogenation of N-aryl imines.>*

Cyclic imine 114 was also successfully hydrogenated with an ee of 89% at —10
°C. The good results obtained with imines 115, 116 and 117 indicate that substrates
with different N-alkyl groups from methyl can also be reduced with excellent ee values,
proving the robustness and versatility of the catalytic system.

Although substrate 119 displayed enantioselectivities lower than expected at
room temperature, the enantioselectivities are not that different compared the model
A0 substrate.

A more challenging substrate was 118 since it does not contain any aromatic sp®
carbon atom prone to cyclometallate. Actually, the reaction proceeds to a 50% of
conversion but without any enantioselection, a behaviour that is attributed to the
unfavoured formation of the iridacycle.

Nevertheless, the enantioselectivities obtained are clearly better than those
without using imine 11 as additive, showing that the iridacycle intermediate is key for
the hydrogenation of imines. The lack of reactivity observed in this case can be
attributed to the fact that 118 cannot form an iridacycle as the cyclohexane ring does
not contain any Csp® atoms. The low enantioselectivity fits with the proposed
mechanism, as it will be explained in Section 5.5.

Substrates 120 and 121 were even more difficult to hydrogenate and we only
achieved a 38% ee for 120, while after struggling with 121 varying the reaction
conditions we were only able to get conversions up to 5%. On the other hand, the low
conversion of imine 122, was attributed to solubility issues.

The hydrogenation of 123 employing the MaxPHOX system at 55 bar of H, did
not afford any conversion. Alternatively, when imine 11 was used as additive, the

conversion increased to 10% with only 3 bars of H..
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Further studies will be carried on with this class of substrates since they are
especially difficult to hydrogenate at low pressures.

For 124 we could not find a method to evaluate the enantioselectivity of the
process so the ee remains unknown.

Hydrogenation of 14, without adding any additive, leads to a 77% ee of the S
enantiomer, whereas in the presence of 11 the R enantiomer is preferentially obtained
in 86% ee. Although the use of the additive improves only slightly the enantioselectivity,
it furnishes the opposite enantiomer, suggesting a different reaction pathway when the

iridacycle acts as a catalyst.
5.4.2.3. Influence of amines in the reaction media

The results obtained with 121 presented in the previous section, suggested that the
nucleophilicity or basicity of the substrates/products could interfere with the catalytic
system. In this line, hydrogenation of 18 was carried out in the presence of a 20% mol

of different amines. The results obtained are given in Table 6.

Table 6. Study of the effect of different amines on the catalytic system. a) Conversions were
determined by '"H NMR analysis of the crude reaction mixture. b) ee value was determined by
HPLC analyses (in collaboration with Dr. E. Salom0).

iPr —| BArg
Ph HN © HN
N | |\8 1) Hy (3 bar), CH,Cl,, 30 min, RT :

/k +  Buy ~ N A
Ph Me” / \

\

2 mol% of 1 ~ | + 20 mol% Base
:':::Ir% '8 H, (3 bar), CH,Cl,, 16 h, RT

Base

( 2 NG NH, Nx

SN H
B1 B2 B3 B4 121
Entry Base Conv. (%) ee (%)

1 B1 100 89
2 B2 100 90
3 B3 0 -
4 B4 0 N
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In these experiments, the amines (B1 to B4) were added along with the
substrate after performing “in situ” the iridacycle. Interestingly, the addition of a tertiary
amine (B1) or secondary (B2) does not affect the enantioselectivity of the reaction. In
contrast, more nucleophilic amines such as propylamine (B3) or benzylamine (B4)
decrease dramatically the conversion of the process. Apparently, iridacycles can
tolerate the presence of bases to some extend, with the exception of primary amines,
which probably, due to its high nucleophilic character, coordinate and deactivate the
catalytic system.

Further experiments had been carried out also with 121, which is more
nucleophilic than any of the N-aryl and N-methyl imines studied. In this sense, when a
small amount (20 mol%) of 121 was added to a solution of N-phenyl imine as substrate,

no trace of hydrogenated product was detected (Scheme 39).

ipr BArg
0 121 _Ph
N/Ph Hl}l |\8 1) (1 eq) HN

A) )l\ + tBu“'/" \Ir/N - Ph
Ph me” N 2)  H, (3 bar), CH,Cl, 16 h A1

I f \C 7 No conversion

L3RIr
1 mol%

ipr BArg
NI
O 121 Ph
N/Ph Hl}l I\e 1) (20 mol%) HN”

B) )l\ + tBu“} \|r’N
Ph Me  / \ P 2)  H, (3 bar), CHxCl,, 16 h

I f \C —7 40 % conv.

L3RIr
1 mol%

Scheme 39. Study of the effect of 121 on the catalytic system (in collaboration with Dr. E.
Salomo).

What is more, the addition of the same amount of imine after formation of the
iridacycle, allows the detection of a 40% conversion of the N-aryl hydrogenated amine.
The addition of 121 did not stop completely the catalytic cycle, once the iridacycle had
been already formed, a data that is in agreement with the results obtained for the

previously presented screening of amines.
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5.4.3. Catalysis with preformed Ir(lll)-MaxPHOX cyclometallated

complexes

The “in situ” formation of the iridacycle by means of the Ir(l) MaxPHOX precursor and
11 as additive, followed by posterior addition of the desired N-alkyl imine as substrate,
has proven to be an effective methodology.

Nevertheless, with the idea to find a better understanding of the nature of the
catalytic species involved in the cycle and to look for a more reliable and robust
procedure that could be applied at a larger scale, we envisaged the preparation of a

family of Ir(lll) cyclometallated complexes with 11 as cyclometallating agent (Figure 30).
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Figure 30. Preformed iridacycles with 11 as cyclometallating agent and several ligands.

As it has shown it Section 5.3, Ir(I)-MaxPHOX precursor L3RIr afforded one
single diastereoisomer of the corresponding iridacycle with several ligands, albeit not
all of them were catalytically active. In Figure 30 are depicted those iridacycles with
potential application as catalysts for the asymmetric hydrogenation of N-alkyl imines.
The presented iridacycles are air-stable and can be directly used in the catalytic runs.

On the other hand, as it was explained in Section 5.2.7, our group recently
reported the use of neutral iridacycles, containing a chloride ligand, as catalysts for the
asymmetric hydrogenation of N-aryl imines.>* These iridacycles proved to be stable
solids, but when they were directly applied as catalysts, very low conversions were
obtained. In fact, these compounds had to be treated with NaBArg in order to abstract

the coordinated chloride and generate a vacant coordination site.

278



CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

Consequently, we aimed for a family of cationic catalysts containing BArg as
counteranion, and having a stabilising ligand (L) that occupies the sixth coordination
position of the iridacycle. The nature of this ligand must be labile enough to be released

in solution and allow the approximation of the substrate (Scheme 40).

Non-catalytically active Catalytically active
iPr iPr Pr
HN
HN/'HT Hi | BAr, | J\W BAre
| | H F H N
Buy 7 | NG NaBAr CHCl,  Buty ™ | N +L ti‘ﬂu“/ S
Me I, - - Me I . e r ipr
l\C| Pr = : l\ Pr L |\L
LICl/ Si0,, EtOAC & |
AN 2 Lewis base dissociati 2
Ph Ph ewis base dissociation Ph
L = PPhg, L3RIr1
L3Rir-Cl Pentacoordinated species NF; e’\éelﬁ‘ ::gg::i
THF, L3RIré

Scheme 40. Catalytically and non-catalytically active Ir(lll) cyclometallated complexes.

Complexes L3RIr1 to L3RIr6 were tested as catalysts for the enantioselective
hydrogenation of the model substrate 18 at 3 bar of H, using dichloromethane as

solvent. The obtained results are given in Table 7.

Table 7. Catalytic results for the asymmetric hydrogenation of 18 with the four isolated
iridacycles L3RIr1 to L3RIr6. a) Conversions were determined by 'H NMR of the reaction
crude. b) ee values were determined by HPLC.

N HN

| 1 mol% [Ir] L3RIr1 to L3RIr6

p
Y o

H, (3 bar), CH,Cl,, 16 h

18 A8
Entry Catalyst Temp. (°C) Conv. (%)? ee (%)°
1 “In situ” RT 100 90
2 L3RIr4 RT 100 85
3 L3RIr1 RT 0 -
4 L3RIr2 RT 100 90
5 L3RIr6 RT 100 91
6 L3RIr2 0°C 0 --
7 L3RIr6 0°C 100 91
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Iridacycle L3RIr4 gave full conversion but the ee was slightly lower compared
with the “in sitv” analogous experiment. It seems that even traces of strong
coordinating solvents such as acetonitrile can have some influence on the catalytic
results, hindering the reproducibility of the system. In contrast, complex L3RIr1 gave
no conversion at all even at room temperature. This can be rationalised by the fact that
the ligand is too strongly bound to the metal and did not allow for the catalysis to
happen.

On the other hand, catalysts L3RIr2 and L3RIr6 afforded full conversions and
the enantioselectivities were comparable to that of the “in sifu” experiments. In
particular, as L3RIr2 and L3RIr6 offered the best results at room temperature, we
attempted to run the catalysis at lower temperatures, in order to increase the
enantioselectivities. We observed that L3RIr6 was much more active than L3RIr2,
since hydrogenation at 0 °C with L3RIr2 did not afford any reduced product whereas
L3RIr6 achieved full conversion (entries 6 and 7).

In order to test the activity at low temperatures of the trimethylphosphine complex
L3RIr2, we ran the catalytic hydrogenation of a more easy-to-reduce N-methyl imine,

containing the CF; group on the aromatic ring (Scheme 41).
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Scheme 41. Assessment of the activity of complex L3RIr2 towards substrate 113.

Unfortunately, we did not observed any conversion when the reaction of imine
113 was carried out at 0 °C with complex L3RIr2. This fact can be attributed to the
less labile nature of the phosphine compared to other ligands.

It seems reasonable to think that the THF ligand, since it is not strongly bonded,
confers to iridacycle L3RIr6 the nature of more a pentacoordinated compound rather
than a true octahedral (saturated) system. Consequently, it allows the catalytic cycle to

occur even at low temperatures due to the free vacant coordination position in solution.
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5.4.3.1. Reaction scope

In order to be useful from a practical point of view, the new isolated catalyst L3RIr6
had to offer at least the same results obtained with the “in sitt” hydrogenation
experiments. Fortunately, we were able to reproduce the asymmetric reduction of some
of the best results obtained in the hydrogenation of N-alkyl imines with our Ir-MaxPHOX
preformed catalyst L3RIr6.

The results obtained running the catalytic essays with the isolated iridacycle
L3RIr6 are depicted in Table 8 and compared with all those obtained using the “in situ”
methodology. All experiments were conducted at 3 bar of H, using 1 mol% of catalyst in

dichloromethane, under the usual conditions.
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Table 8. Reaction scope of iridacycle L3RIr6 compared to the “in situ” experiments. ee values
were determined by HPLC.

— “In situ” Preformed ipr

ipr BArg
O_| H’}J/'\“/O BAr,:
H,?l | t el H N _|
N . N Bu'lg % 1
| + tBU“} \|r/ \ Me Ir\ ipr
Me N\ |

AN\ ey 0
" /X N

Ph
B L3RIr i L3RIr6
s e -
N NI N/ N|
<h o '
Cl F/©)\
18 19 110 OMe M1
-
N N N NN
oL O
MeO CF3
112 13 Ha 115
N Nj/ N N7
o, o, O '
cl 116 17 118 19
Cat. L3RIr1
Entry Imine Temp. (°C) “In situ” ee(%)
ee(%)
1 18 0 92 91
2 112 RT 91 91
3 111 RT 89 89
4 19 0 95 94
5 110 -10 94 93
6 113 -10 93 93
7 114 -10 90 89
8 115 0 93 92
9 116 -10 94 93
10 117 -10 93 94
11 119 -10 85 85
12 118 RT 5 5

282




CHAPTER V. MAXPHOX IRIDACYCLES ON THE ASYMMETRIC HYDROGENATION OF N-ALKYL IMINES

As shown in Table 8 the results are practically the same. This proves that
L3RIr6 is a viable and reproducible option as an iridacycle-catalyst for the
hydrogenation of N-alkyl imines. Unfortunately, as it is shown in Table 8, no
enantioselection was observed when using 118 as substrate so far, even employing the
preformed catalyst, proving that the presence of an sp® carbon atom is required for the
reaction to take place.

Besides, these results also highlight the fact that the Ir(lll) cyclometallated
species are the “true” catalysts for these reactions. Therefore, a better-understanding
of the reaction mechanism and the stereodetermining step would allow the design of
more versatile P,N optically pure ligands, which might lead to improve the catalytic
results and open the door for the hydrogenation of even more challenging substrates
such as aliphatic imines.

Notably, it is important to mention that catalyst L3RIré has been recently tested

in the hydrogenation of styrene (Scheme 42).
iPr
HN)\ro
| | BArF
'BU"" /,"'T.‘\\N\g _|

Me 'Ir'\ ipr

| ~o
Vs’ N\ Q
Ph
X 1mol% L3RIr6
H, (3 bar), 16 h, RT
CH,Cl,

Scheme 42. Hydrogenation of styrene using complex L3RIr6.

The reaction was conducted pressurizing at 3 bar of H, a solution of styrene with
1 mol% of the catalyst L3RIr6. We were pleased to see that our system displayed full
conversions at 16 h, as it was determined by GC analyses. This promising result could
set our complex as a potential catalyst for the hydrogenation of unfunctionalised

alkenes, whose asymmetric version is currently being studied.
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5.4.8.2. Mechanistic insights of the Ir-catalysed asymmetric hydrogenation of

acetophenone N-methyl imine

In the view of the catalytic results, we decided to investigate if the cyclometallated N-
phenyl imine was decoordinated and reduced during the catalysis in order to shed
some light on the mechanistic insights of the reaction.

Therefore, a mixture of the cyclometallating N-phenyl imine, its corresponding
amine and the acetophenone N-methyl imine used as substrate first analysed by GC

(Figure 31).

FID2 B, (GM\14122017000013.D)
pA |

1000

1 o

4 N
NT S HN = N
600 : J\l : J\ﬁ : ll

400

10.458

Figure 31. GC trace of a mixture of acetophenone N-phenyl imine (18) (10 mol%),
acetophenone N-phenyl amine (A1) (10 mol%) and acetophenone N-methyl imine (11) (100
mol%) in dichloromethane.

As it can be seen, they have different enough retention times to allow the
unambiguous identification of the three compounds.

Furthermore we performed the catalytic reaction of 18 under the usual conditions
(3 bar of H, at room temperature over 16 h) but using a 10% mol of catalyst L3RIr6,

hence resembling the conditions of the aforementioned chromatogram (Scheme 43).
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Scheme 43. Reaction of 18 using 10 mol% catalyst L3RIr6 and isolation of complex L3RIr2.

After 16 h a 20 % mol of PMe; was added to the reaction crude, which was
concentrated and precipitated with pentane, to afford complex L3RIr2 in a 45% yield.
The recovered complex was analysed by NMR and by mass spectrometry, proving that
the complex obtained is the same as prepared by cyclometallation of N-phenyl imine

with hydrogen and later addition of PMe; (Figure 32).
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Figure 32."H NMR (400 MHz, CD.Cl,, 25 °C) spectra of the isolated complex after the catalytic
run (top) and spectrum of the preformed complex L3RIr2 (bottom).

As it shown in Figure 32 both spectra are identical proving that the structure of
the catalyst does not change during the catalytic cycles. In parallel, the mother liquors
of the filtrate were analysed by GC, showing only one signal, belonging to the

hydrogenated N-methyl amine (A8) (Figure 33).
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Figure 33. GC trace of the filtered reaction crude after precipitation of the catalyst.
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As it can be seen in Figure 33 there is no trace of N-phenyl imine or its
corresponding amine on the chromatogram, which indicates that no release of the
cyclometallating ligand occurs so far and that the structure of the catalyst is preserved
during the catalytic cycles. This is also in agreement with the fact that when a strong-
bond ligand occupies the reactive position of the iridacycle, the reaction is blocked and

lower or even no conversions were obtained.

5.5. Model for the hydride transfer

The hydrogenation of N—phenyl imines has been proposed to proceed through an outer
sphere mechanism.” As it was commented in Section 5.2.7, recently Norrby, Wiest,
Andersson and co—workers’® reported theoretical calculations for the transition state in
which the hydride is transferred to the iminium cation, determining the stereochemistry
of the reduced amine. The authors highlighted some interactions between the iminium
cation and the iridacycle that allow the rationalisation of the experimental results.”
Taking into account the similarities between the catalytic systems described by

Norrby et al’®

and the Ir-MaxPHOX catalysts, we decided to apply the same model to
our Ir catalysts in order to predict the stereochemical outcome for the reduction of N—
alkyl imines.

To this end, a DFT mechanistic study, carried out in collaboration with Prof.
Agusti Lled6s from the Universitat Autdonoma de Barcelona, (BsLYP-Dj; functional,
including solvent effects) has been performed in dichloromethane using the computed
structure of complex L3RIr6 and 18 as substrate. The iridium complex L3RIr6 is
activated by the substitution of the labile THF ligand by a dihydrogen molecule, leading
to the catalytically active species L3RIr6—H, with a AG of 4.8 kcal mol™". The catalytic
cycle, depicted in Figure 34 and Scheme 44, starts with the approximation of the imine

to the 1°~H, complex L3RIr6—H; generating intermediate | (0.6 kcal mol™).
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Figure 34. DFT computed reaction profile (B3LYP-D3/BS2 in CH,Cl,). Relative Gibbs energies
in kcal mol™ taking the separated catalyst L3RIr6—H; and I8 as reference. The dioscussed
structures and TSs are shown highlighting the most important distances in A.
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Scheme 44. DFT computed mechanism (BSLYP-D3/BS2 in CH,Cl,) for the asymmetric

hydrogenation of NA—-methyl imines to amines; the numbers are relative Gibbs energies in kcal
mol™’ (in green for the S formation and red for the R formation), taking as zero—energy the
separated catalytically active species L3RIr6—H, and 18. Relative energies of transition states
are indicated in parenthesis.
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In 1, in addition to the m—stacking between the aromatic portions of the
cyclometallated ligand and the substrate, a dihydrogen bond, involving the iminic
nitrogen and the coordinated dihydrogen molecule (H-H--N = 2.09 A), stabilises the
structure.

From I, a subsequent proton transfer entailing heterolytic splitting of the
dihydrogen ligand leads to the protonated imine and the dihydridoiridium(lll) catalyst
(intermediate 11), falling at —7.9 kcal mol™". Transition state of this step (TS_y;) requires
an energy barrier of 2.0 kcal mol™'. Intermediate Il is characterised by a high flexibility
and a low AG for the dissociation of the iminium cation (1.0, 3.5 and —1.0 kcal mol™ for
intermediates Il, II’ and II’’, respectively), implying an easy rearrangement of the
relative orientation of the substrate. For this reason only the lower conformation was
reported on the energy profile and taken as a reference for the subsequent energy
barrier.

Transition state TS, corresponding to the hydride transfer to the protonated
imine has the higher energy barrier of the catalytic cycle and governs the rate and the
enantioselectivity of the reaction. The prochiral protonated imine can, in principle,
approach the catalyst offering the two sides of the plane defined by the C—N double
bond, leading to the amine with R or S configuration.

This represents a lose transition state in which multiple orientations of the
substrate are possible. A quadrant model that accounts for the possible orientations of

the iminium ion is depicted in Figure 35a.
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a) (S)-NW 3.9
(RYNwW 1.8 (R)-NE 4.1

(S)}-E3.7
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Figure 35. a) DFT computed quadrant model for the hydride transfer stereodetermining step.
Transition state relative AAG* values for different orientations of the substrate phenyl group (in
green: TSs leading to Sisomer; in red: TSs leading to Risomer). The hydride transferred to the
substrate is highlighted in magenta. b) Most favourable TS leading to Sisomer, AAG* = 0.0 kcal

mol™ (AG*= 6.3 kecal mol™" with respect to the iminium intermediate). ¢) Most favourable TS
leading to Risomer, AAG" = 1.8 kcal mol™". Color code for NCI analysis: red: repulsive, blue:
attractive.

The most favourable TS is that in which the phenyl ring of the substrate is placed
in the SW quadrant (Figure 35b) and leads to the S enantiomer, as observed
experimentally. The most favourable TS leading to the Risomer is 1.8 kcal mol™" above
with the phenyl group in the NW quadrant (Figure 35c). From these values the
calculated enantiomeric excess is 90%, which is in close agreement with the
experimental findings. Non—covalent interaction analysis (NCI) shows that in the (S)—
SW TS the phenyl group of the iminium ion generates a larger z-7 interaction surface
than the (R—NW TS (Figure 35b, c), thus leading to a more favourable transition sate.

ISR can evolve to intermediate 1IVS'R in which the amine

Later on, intermediate I
is N—coordinated to the Ir. Finally, the replacement of the amine product in intermediate

IVS’R (-14.6 and -12.6 kcal mol-1) by a dihydrogen molecule restore catalyst
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L3RIr6—H, and closes the cycle (AG = 3.1 and 5.1 kcal mol™ for the R and S
products, respectively).

In support of this notion is the fact that the reduction of an aliphatic substrate like
cyclohexylmethylketone N—methyl imine provided a racemate. Actually, as it has been
explained in Section 5.4.3, hydrogenation of cyclohexylmethylketone AN-methylimine
with 1 mol% of L3RIr6 provided a racemate with 50% conversion. Similar calculations
to those reported in Figure 35(quadrant model) for this substrate give a AAG* difference
of only 0.1 kcal mol™ between the most favourable TSs leading to opposite
enantiomers. This behaviour can be also highlighted by a non-covalent interactions plot
(Figure 36).

Figure 36. Comparison of the NCI plots the two lowest transition states of the hydride transfer
step for the hydrogenation of cyclohexylmethylketone N-methyl imine leading to the formation of
the S- and R-products. Non-covalent interactions are represented as blue (strong), green (weak)

and red (repulsive) blobs.

Representation of the two Ilowest TSs for the hydrogenation of
cyclohexylmethylketone N-methylamine displays that the free rotation of the Cy ring
achieves the same stabilisation interactions for both prochiral approachings confirming

the experimental data reporting a 4.4% ee for the R configuration.
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5.6. Conclusions

Cyclometallation of Ir(l) MaxPHOX complexes with acetophenone N-phenyl imine in the
presence of molecular hydrogen has led to the formation of a family of optically pure
iridacycles.

It has been found that the stereoselectivity of the formation of these iridacycles is
highly dependent on the nature of the cyclometallating ligand, the stereochemistry of
the P,N moiety (especially the oxazoline group) and the ligand, later introduced in order
to fill the sixth coordination position of the octahedron and stabilise the resulting
complex.

We have successfully hydrogenated with full conversions and excellent
enantioselectivities different challenging N-alkyl imines. To do so, it was crucial to take
into consideration the importance of the imine-iridacycles as key intermediates for the
asymmetric hydrogenation of imines. By using |11 as an additive, we were able to form
a proper iridacycle “in situ’ that could catalyse the reduction of N-alkyl imines and
overcome the catalyst deactivation issue.

In parallel, in order to obtain a more robust and practical methodology, we
assessed the catalytic hydrogenation of these N-alkyl imines with our preformed
catalysts. We found that the presence of strongly coordinating solvents such as
acetonitrile, or stabilising groups like phosphines as ligands did not reproduce the
conversions and enantioselectivities obtained by using “in sitv” methodologies.

We managed to isolate an air-stable iridacycle containing a coordinated THF
molecule and studied its scope in the hydrogenation of different N-alkyl ketimines,
which gave catalytic results comparable or even better to those obtained generating the
iridacycle “in situ’.

To the best of our knowledge, the results obtained in terms of conversion and ee
are, up to date, the best in the asymmetric catalytic hydrogenation of N-alkyl imines so
far. We believe this new kind of iridacycle-catalyst holds a great potential and expect
them to be useful in the hydrogenation of many others challenging imines and possibly
ketones and even unfunctionalised alkenes.

Mechanistic studies of the catalytic hydrogenation reaction catalysed by our THF-
iridacycle have demonstrated that there is no decoordination or exchange of the
cyclometallated imine during the catalytic cycles. DFT theoretical studies supports
these observations suggesting an outer-sphere reaction mechanism in agreement with

the models recently described in the literature for these systems.
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The results obtained in the present chapter have been recently published as a
communication: Salomo, E.; Gallen, A.; Sciortino, G.; Ujaque, G.; Grabulosa, A.;
Lledos, A.; Riera, A. and Verdaguer, X. J. Am. Chem. Soc.; doi 10.1021/jacs.8b11547.
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6. Experimental Section

6.1. General remarks

All air- and moisture-sensitive compounds such as Grignard reagents, organolithiums,
free phosphines and their precursors were prepared under a purified nitrogen
atmosphere using standard Schlenk and vacuum-line techniques. All solvents were
obtained from a solvent purification system (PURESOLV™) or purified by standard
procedures and distilled under nitrogen atmosphere.! All reagents were used as
received from commercial suppliers: Aldrich, TCIl, Strem and Across without further
purification, unless otherwise stated. EtzN was distilled from CaH, and collected over 4
A molecular sieves before use. Some reactions were monitored by Thin Layer
Chromatography (TLC) using aluminium sheets of Merck silica gel 60 F.s4, being UV
light (A = 254 nm) the most used revelator. Silica gel chromatography was performed
by using 35-70 mm of SiO,. Molecular sieves were activated in an oven heating at 350
°C during 7-10 hours. The, the activated molecular sieves were stored at 110 °C.

For low temperature baths, cryogenic mixtures of COy(s)/acetone have been
used for —78 °C and ice-water for 0 °C. For long reactions (more than 5 hours) Cryocool

CC-100 system and 2-propanol as solvent were employed instead.
6.2. Instrumentation

All the compounds were characterized by means of habitual spectroscopic techniques:
Nuclear Magnetic Resonance (NMR), and infrared spectroscopy (IR). Non-
spectroscopic techniques were also used: Elemental Analysis (EA), Gas
Chromatography (GC), High Performance Liquid Chromatography (HPLC), Mass
Spectrometry (MS), polarimetry, Circular Dichroism (CD), and Melting Point (MP). X-

Ray Diffraction (XRD) was performed in order to determine solid-state structures.
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6.2.1. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectra were recorded at the Unitat d’RMN of the
Universitat de Barcelona.

'H, Bc{'H}, *P{'H}, "F and HSQC 'H-'*C NMR spectra were recorded on
Bruker 400 and Varian Mercury 400 spectrometers at room temperature using CDCl;
as solvent unless otherwise specified. The fields are 400 MHz ('H), 101 MHz (*C{'H}),
162 MHz (*'P{'H}) and 376 MHz ('°F). Deuterated solvents (CDCls, CD,Cls, CgDs,
CD3;0D, CD3;COCD;, D,O, DMSO-ds;, toluene-ds, THF-ds) have a deuteration
percentage of at least 99%.

Chemical shifts are reported downfield in units of § (ppm) from the following
standards: tetramethylsilane (TMS) for 'H NMR and '*C{'H} NMR spectra;
orthophosphoric acid (85% HsPO,) for *'P{"H} NMR and trichlorofluoromethane (CFCls)
for 'F NMR spectra. A 1% solution of trimethylphosphite (TMP) in deuterated benzene
was also used as external reference (140.1 ppm) for *'P{'"H} NMR.

Coupling constants (J) are expressed in Hertz (Hz). The following abbreviations
are used for multiplicities: s, singlet; d, doublet; i, triplet; g, quadruplet; dd, doublet of
doublets; dt, doublet of triplets; td, triplet of doublets; #, triplet of triplets gd, quadruplet
of doublets; ddd, doublet of doublets of doublets; m, multiplet; bs, broad signal; bg,
broad quadruplet; and p, pseudo.

In the case of 'H NMR, and *'P{"H} NMR spectra of phosphine-boranes the
quadrupolar moment of boron produces broadening of the signals coupled with boron.
Estimation of Jgp and Jsy has been made selecting the two central signals that are

usually better resolved.

6.2.2. Infrared spectroscopy (IR)

Infrared spectra were carried out in a solid suspension of KBr using a FTIR Nicolet
Nexus 5700 and Nicolet Avatar 300 FT-IR spectrophotometers at the Departament de
Quimica Inorganica i Organica, Seccio de Quimica Inorganica, of the Universitat de
Barcelona. Regarding the spectra description, only the bands corresponding to C—H,
B-H, P—F and B—F are assigned, because they are characteristic and easy to identify.
Other bands are not assigned even though the most intense absorption bands are
registered by their wave number, v, and expressed in cm™' among the spectral range of
4000-400 cm™.
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6.2.3. Elemental Analysis (EA)

Elemental analyses (C, H, N) were performed in an EA-1108 CE Instruments (Thermo
Fisher) apparatus at the Servei d’Analisi Elemental dels Centres Cientifics i
Tecnologics of the Universitat de Barcelona. Organometallic compounds were

analysed using WO; or SeO as combustion catalysts.

6.2.4. Mass spectrometry (MS)

Electrospray ionisation (ESI) mass spectra were performed at the Servei
d’Espectrometria de Masses of the Universitat de Barcelona. They were acquired on a
ZQ mass spectrometer (Micromass, UK) by direct introduction of the sample with a
Rheodyne injector and using as eluent a H,O:CH3CN (1:1) mixture under a flow of 100
uL/min. High-resolution mass analyses (HRMS) were carried out in a LC/MSD-TOF
mass spectrometer using electrospray ionisation. The sample was introduced through
an HPLC Agilent 1100 pumping system and using as eluent a H,O:CH3;CN (1:1)
mixture under a flow of 200 wulL/min, and purine (121.0509 g/mol) and HP-0921
(922.0098 g/mol) as internal reference masses. Unstable samples were dissolved in
acetone (0.1 mM) and introduced via a syringe pump with a flow rate of 200 mL/h.
Nitrogen was used as nebulizing and drying gas. Drying gas temperature was held at
RT. Nebulizing and drying gas flows, capillary exit, and skimmer voltages and hexapol
accumulation times were readjusted for each sample to obtain very soft ionization
conditions and minimize fragmentation during the ESI process. For each measurement,

16-500 scans were averaged to improve the signal-to-noise ratio.

6.2.5. Polarimetry

Optical rotations were measured with a Perkin-Elmer 241MC polarimeter at 23 °C
using a sodium lamp at the sodium D-line wavelength (589.592 nm). The solvent and

the concentration (g/100 mL) for each compound are indicated in parentheses.
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6.2.6. Circular dichroism (CD)

CD spectra of some compounds were determined in acetone (~5 x 10~ mol/L
solutions) in a 1 cm path length cell by using a JASCO J-810 spectropolarimeter. All
measurements have been carried out in collaboration with Dr. Daniel Carmona in the

Instituto de Sintesis Quimica y Catalisis Homogénea (ISQCH), CSIC - Universidad de

Zaragoza.
6.2.7. X-ray diffraction analyses (XRD)

All the X-ray analyses have been carried out in the X-ray diffraction unit of the ICIQ
(Institut Catala d’Investigacio Quimica) in Tarragona by Dr. Eduardo C. Escudero-

Adan, using a Bruker D8 venture diffractometer.

6.2.8. Gas Chromatography (GC)

In this section a detailed description of the conditions of the gas chromatography
analyses for those substrates and products studied in the different catalytic processes

is presented.

6.2.8.1.Asymmetric transfer hydrogenation of acetophenone

O OH
[Ru], 'BBUOK
_—
iPrOH
S1 P1
Chromatograph HP 5890 detector FID
Capillary chiral column Chiraldex DM
Column head pressure 100 kPa (He)
Length 30 m x 0.25 mm
Temperature programme 120 °C isothermal, 30 min
tr, S1 7.4 min
ts, (R)-P1 12.3 min
tr, (S)-P2 12.8 min
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6.2.8.2. Asymmetric Mizoroki-Heck reaction of cyclopentene

(0] Me
(0] Me
O - O
+ -
iPr,EtN, DMF
6 h, 100 °C
| @,
S2’ S2
P2
Chromatograph HP 5890 detector FID
Capillary chiral column Chiraldex DM
Column head pressure 100 kPa (He)
Length 30 m x 0.25 mm
Temperature programme 150 °C isothermal, 70 min
tr, 82’ 40.2 min
ts, (R)-P2 37.6 min
tr, (S)-P2 38.3 min

6.2.8.3. Asymmetric Mizoroki-Heck reaction of dihydrofuran

(@) Me
(0) Me
[Pd]
-0 -
— iPr,EtN, DMF
6 h, 100 °C
I o] /
S2’ S3
P3
Chromatograph HP 5890 detector FID
Capillary chiral column Chiraldex DM
Column head pressure 100 kPa (He)
Length 30 m x 0.25 mm
Temperature programme 150 °C isothermal, 70 min
tn, $2’ 44.5 min
tr, (R)-P3 38.6 min
tr, (S)-P3 40.1 min
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6.2.8.4. Allylic alkylation of cinnamyl acetate

(0]
OMe
X OAc [Pd], DMM A MeO
O +
BSA, CH,Cl,
KOAe MeO” 0
s4
P4 P&

OMe

Chromatograph

Agilent 6890N detector FID

Capillary chiral column

HP-5% PhMeSiloxane

Column head pressure

100 kPa (He)

Length

30 m x 0.32 mm

Temperature programme

80 °C, 2 min - 280 °C, 40 min

tr, S4 7.4 min
tr, P4’ 8.7 min
tr, P4 9.9 min

6.2.8.5. Asymmetric hydrogenation of dimethyl itaconate (DMI)

MeO

OMe

S5

[Rh]
H2’ CHQCIQ

MeO
OMe

P5

Chromatograph

HP 5890 detector FID

Capillary chiral column

Chiraldex DM

Column head pressure

100 kPa (He)

Length

30 m x 0.25 mm

Temperature programme

80 °C isothermal, 30 min

tr, S5 29.7 min
ts, (R)-P5 21.7 min
tr, (S)-P5 22.2 min
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6.2.8.6. Asymmetric hydrogenation of methyl a-acetamidoacrylate (MAA)

O (0]

H H

Me_ _N Rl Me_ N
\n/ OMe H2y CH,Cl, \n/ OMe

(0] (0]
S6 P6
Chromatograph HP 5890 detector FID
Capillary chiral column Chirasil-L-Val
Column head pressure 100 kPa (He)
25 m x 0.25 mm

Length

Temperature programme 180 °C isothermal, 30 min

tr, S6 1.99 min
ts, (R)-P6 2.15 min
tr, (S)-P6 2.18 min

6.2.8.7. Asymmetric hydrogenation of methyl (Z2)-a-acetamidocinnamate (MAC)

O (0]
N OMe [Rh] OMe
—_—
HN Me Hy CH,CI, HN Me
O (0]
S7 P7
Chromatograph HP 5890 detector FID

Capillary chiral column Chirasil-L-Val

Column head pressure 150 kPa (He)

Length 25 m x 0.25 mm

Temperature programme 180 °C isothermal, 30 min

tr, 87 10.9 min
ts, (R)-P7 4.82 min
tr, (S)-P7 5.12 min
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6.2.8.8. Asymmetric hydrogenation reaction of geraniol

Me Me
N [Rh]
H2‘ CH2C|2 OH
Me Me Me Me
S8 P8
Chromatograph HP 5890 detector FID

Capillary chiral column

B-Dex 225

Column head pressure

100 kPa (He)

Length

25 m x 0.25 mm

Temperature programme

95 °C isothermal, 70 min

tr, S8 60 min
ta, (R)-P8 53.0 min
ts, (S)-P8 52.0 min

6.2.8.9. Hydrogenation of styrene

(Ir]
—_—
= H,, CH,Cl,

S9

P9

Chromatograph

Agilent 6890N detector FID

Capillary chiral column

HP-5% PhMeSiloxane

Column head pressure

100 kPa (He)

Length

30 m x 0.32 mm

Temperature programme

40 °C, 2 min = 250 °C, 20 min

tr, S9

5.1 min

tg, P9

5.9 min
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6.2.9. High Performance Liquid Chromatography (HPLC)

6.2.9.1. Asymmetric allylic substitution reactions

HPLC analyses of the allylic substitution products were carried out in a Waters 717
Plus autosampler chromatograph with a Waters 996 multidiode array detector, fitted
with a Chiracel OD-H chiral column. The eluent was a mixture of n-hexane and 'PrOH
(95:5) in all the determinations. In all cases, 10 mg of product were dissolved in 20 mL
of the eluent and subsequently filtered before the injection of the sample. The specific

conditions are depicted below.

6.2.9.2. Asymmetric allylic alkylation of rac-(E)-3-acetoxy-1,3-diphenyl-1-

propene
O (0]
OAc
_— [Pd], DMM MeO OMe
BSA, CH,Cl, =
S$10 P10
Eluent 95:5 n-hexane/PrOH
Flux 0.5 mL/min
Column head pressure 300-350 psi
Temperature programme 25 °C, 30 min
tr, (S)-S10 11.8 min
tr, (R)-S10 12.7 min
ts, (R)-P10 13.8 min
tr, (S)-P10 14.5 min
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6.2.9.3. Asymmetric allylic amination of rac-(E)-3-acetoxy-1,3-diphenyl-1-

propene
OAc HN” > Ph
— [Pd], BnNH, P
_—
OO =TT
S10 P11
Eluent 99:1 n-hexane/PrOH
Flux 0.3 mL/min
Column head pressure 210-240 psi
Temperature programme 25 °C, 50 min
tr, (S)-S10 25.1 min
tr, (R)-S10 27.4 min
tr, (A)-P11 28.8 min
tr, (S)-P11 29.9 min
6.2.9.4. Asymmetric hydrogenation of imines
Alkyl Alkyl
N’ Y [ir AN
_—
H, CH,CI
I AN 2, 2vi2 : AN
R—3 R—,
= =
Aryl Aryl
N Y [ir N
H, CH,CI
I AN 2, 212 : AN
R— R—,
= =

HPLC analyses of the chiral amines have been done using a Hewlett-Packard
1050 equipment by Enantia S.L. Conditions of each analysis are specified in section

6.4.3 of this chapter.
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6.3. Catalytic procedures

6.3.1. Transfer hydrogenation reactions

A 50 mL Schlenk flask was charged with the ruthenium precursor (0.02 mmol) and
potassium fert-butoxide (11.2 mg, 0.1 mmol) and was purged with three vacuum/argon
cycles. Under a gentle flow of argon, 25 mL of 2-propanol were added and the flask
was heated to reflux (85 °C) for 15 min. After this time, acetophenone, (S1, 0.468 mL,
4.0 mmol) was rapidly added to start the catalytic run. The reaction was monitored at

the allotted times by taking aliquots of around 0.1 mL and analysing them by GC.?
6.3.2. Mizoroki-Heck reactions

A 10 mL microwave vial containing a non-oriented edge spinner was charged with the
Pd precursor (0.02 mmol), the substrate olefin (S2, S3) (1.2 mmol), 4-
iodoacetophenone (0.4 mmol), diisopropylethylamine (1.2 mmol) and dodecane (0.4
mmol) in 6 mL of DMF. The vial was then introduced into an Anton Paar Monowave
300 microwave synthesis reactor. The vial was heated up to 100 °C in two minutes and
then maintained during 6 hours with continuous stirring (600 rpm) at this temperature.
After this time the vial was cooled to 50 °C and the reaction crude was filtered through
a small plug of silica eluting with DMF. Conversion and enantioselectivity was
determined by GC.

For the in situ experiments, the 10 mL microwave vial was charged with a
solution of Pd(OAc). or PdClI, (0.02 mmol) and ligand L1 (0.08 mmol) in 3 mL of DMF.
After stirring 15 min, a solution of the substrate olefin (82 or S3) (1.2 mmol), 4-
iodoacetophenone (0.4 mmol), diisopropylethylamine (1.2 mmol) and dodecane (0.4
mmol) in 4 mL of DMF was added. Then, the vial was introduced in the microwave
synthesis reactor, and heated up to in two minutes and then maintained during 6 hours
with continuous stirring (600 rpm) at this temperature. After this time the vial was
cooled to 50 °C and the reaction crude was filtered through a small plug of silica eluting

with DMF. Conversion and enantioselectivity was determined by GC.

309



CHAPTER VI. EXPERIMENTAL SECTION

6.3.3. Allylic alkylation reactions of cinnamyl acetate

A 25 mL Schlenk tube under nitrogen at room temperature was charged with the Pd
precursor (0.01 mmol) and then 1 mL of CH,Cl, was added. Once the Pd complex was
dissolved, cinnamyl acetate, (S4, 1 mmol) was added. After 5 min stirring dimethyl
malonate (3 mmol), BSA (3 mmol) and KOAc (1 mg) were dissolved, in this precise
order, in 5 mL of CH.Cl, and added to the previous solution. The reaction mixture was
allowed to stir at room temperature for the desired time. Then, the solution was diluted
with diethyl ether (20 mL) and washed with a saturated ammonium chloride solution (3
x 10 mL) and water (3 x 10 mL). The organic phase was dried over anhydrous Na,SO,
and filtered off, and the solvent was removed under reduced pressure. Conversion was
determined by 'H NMR spectroscopy. Purification of the product was performed by
column chromatography using SiO, and ethyl acetate as eluent. Conversion and the

regioisomeric ratio (linear/branched) were determined by GC.?
6.3.4. Allylic alkylation reactions with dimethyl malonate

Under a nitrogen atmosphere, the appropriate Pd complex (0.01 mmol), precursor rac-
(E)-3-acetoxy-1,3-diphenyl-1-propene, S10, (1 mmol), dimethyl malonate (3 mmol),
BSA (83 mmol) and KOAc (1 mg) were dissolved in dichloromethane (5 mL) in this
precise order. The flask was covered with aluminium foil, and the mixture was stirred
for the allotted time. To quench the reaction, diethyl ether (20 mL) and aqueous 10%
ammonium chloride solution (20 mL) were added. After extraction, the organic phase
was dried with anhydrous sodium sulfate, filtered and the solvent was removed in
vacuo. The crude product was analysed by 'H NMR spectroscopy to estimate the
conversion. The crude product was dissolved in ethyl acetate, and the solution was
purified through a column of silica to remove the metallic impurities. The eluent was
then removed in vacuo and the residue was analysed by NMR spectroscopy and
HPLC.
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6.3.5. Allylic amination reactions with benzylamine

Under a nitrogen atmosphere, the Pd precursor (0.01 mmol), substrate rac-(E)-3-
acetoxy-1,3-diphenyl-1-propene, S10, (1 mmol) and benzylamine (3 mmol) were
dissolved, in this precise order, in 5 mL of dichloromethane. The flask was covered with
aluminium foil, and left stirring for the allotted time. In order to quench the reaction,
diethyl ether (20 mL) and aqueous 10% ammonium chloride solution (20 mL) were
added. After extraction, the organic phase was dried with anhydrous sodium sulphate,
filtered and the solvent was removed in vacuo. The crude product was analysed by 'H
NMR spectroscopy to estimate the conversion. The crude product was dissolved in
ethyl acetate and the solution was purified through a column of silica to remove the
metallic impurities. The eluent was then removed in vacuo, and the residue was

analysed by NMR spectroscopy and HPLC.*
6.3.6. Asymmetric olefin hydrogenation reactions

Hydrogenation reactions at 50 bar of hydrogen pressure were carried out in a 50 mL
stainless steel autoclave, while experiments until 3 bar of hydrogen pressure were
carried out in a Fischer—Porter glass tube. In both cases the reactor was carefully dried
in the oven and purged with H, prior to use.

When the reaction was carried out with the preformed precursor, a mixture of
0.01 mmol of [Rh] and 1.0 mmol of substrate S5, S6, S7 or S8 were dissolved in 20
mL of CH.CI, in a Schlenk tube under nitrogen. The solution was stirred at room
temperature for 10 min and was then transferred into the reactor. For the in situ
experiments a solution of the ligand L1 (0.022 mmol) and [Rh(COD),]BF,4 (0.01 mmol)
in CH,CI, (5 mL) was stirred under nitrogen for 15 min at room temperature. Then, a
solution of substrate S5, S6, S7 or S8 (1.0 mmol) in 15 mL of CH,Cl, was added and
the resulting mixture was transferred into the reactor. For both cases the reactor was
pressurized with 3 bar of H, and stirred at 800 rpm. After the desired time, the
hydrogen pressure was carefully released. The reaction mixture was filtered through a
short pad of silica, eluted with dichloromethane, and subjected to conversion and ee

determination by chiral GC or HPLC analyses.’
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6.3.7. Styrene hydrogenation reactions

A 10 mL Schlenk flask was charged with the Ir precursor L3RIr6 (0.001 mmol) and a
solution of styrene, S9, (0.1 mmol) in 5 mL of CH.Cl,. After stirring the resulting
solution for 10 min, it was transferred into the reactor. Then, the reactor was filled with
3 bar of H, and stirred at 800 rpm. After the desired time, the hydrogen pressure was
carefully released. The reaction mixture was filtered through a short pad of silica, eluted

with dichloromethane, and subjected to conversion and ee determination by GC.
6.3.8. Asymmetric hydrogenation of imines

6.3.8.1. General procedure for the asymmetric hydrogenation of N-aryl imines

In a 10 mL glass vial containing a magnetic stirrer, a mixture of [Ir(COD)CI]. (0.005
mmol), the SPO ligand L1 (0.02 mmol) and the substrate (0.5 mmol) were dissolved in
toluene (3 mL). The vial was placed in an autoclave and purged 3 times with N, and 3
times with H,. The autoclave was pressurized with hydrogen to 20-25 bar and the
reaction was stirred at room temperature unless otherwise stated. After the allotted
time, the autoclave was carefully opened and the hydrogen pressure slowly released.
The solution of the vial was transferred to a 10 mL round bottle flask and the solvent
was evaporated to dryness under reduced pressure. Both conversion and selectivity
were determined by 'H NMR. For the ee determination, the amines were derivatised to
the corresponding N-acetylated amines with trifluoroacetic anhydride (3 eq) and
pyridine (6 eq). After filtration through a short silica pad and eluting with

dichloromethane, the filtrate was analysed by HPLC.®
6.3.8.2. General procedure for the asymmetric hydrogenation of N-alkyl imines

The appropriate Ir(lll) complex (3.13:10° mmol, 0.01 eq) was placed in a glass
pressure tube, purged with vacuum-nitrogen cycles and 2 mL of CH.Cl, were added.
The tube was then purged with vacuum-hydrogen cycles and charged with 3 bar of H..
When required, the tube was cooled down to the desired temperature. The
corresponding N-alkyl imine (0.313 mmol, 1.00 eq) was dissolved in 1 mL of CH.Cl,
and added using a pressure syringe. The mixture was left stirring overnight at the
desired temperature. The tube was depressurized and the solvent removed under

vacuum to afford the corresponding hydrogenated compound as a dark yellow oil or
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solid. The ee value was determined by HPLC/GC analysis of the corresponding
trifluoroacetamide derivative on a chiral stationary phase.

For the in situ experiments, 5 mg of catalyst L3RIr (3.45-10"° mmol, 0.01 eq) and
the corresponding additive 11 (0.345 mmol, 0.02 eq) were placed in glass pressure
tube. The tube was purged with vacuum-nitrogen cycles and then 2 mL of CH,Cl, were
added. The tube was the purged with vacuum-hydrogen cycles and charged with 3 bar
of Ho. The mixture was left to stir for 30 min at room temperature to form the iridacycle.
N-methyl-1-phenylethanimine (1 eq) was dissolved in 1 mL of CH,Cl, and added using
a pressure syringe. The mixture was left stirring overnight. The tube was depressurized
and the solvent removed under vacuum to afford the hydrogenated compounds as dark

yellow oils.

6.4. Preparation of the ligands

6.4.1. Synthesis of the enantiomerically enriched precursors

(2R,3aS,8aR)-2-tert-butyl-3,3a,8,8a-tetrahydro-2H-
indeno[1,2-d][1,3,2]oxazaphosphole-borane, O1’

To a solution of (15,2R)-(-)-cis-1-amino-2-indanol (5.00 g, 33.6
mmol) in THF (50 mL) was added 'BuPCl, (35.3 mmol).

7
P~BHg

-

Bu
After 30 min at room temperature, the mixture was refluxed for 8 hours. Then, the

N/
H

crude was cooled to 0 °C, borane-dimethylsulfide adduct (4.80 mL, 50.40 mmol) was
added and the reaction was let to stir for 30 min. The reaction was quenched with
saturated NH,CIl at room temperature and extracted with EtOAc (4 x 20 mL) and the
combined organic layer was dried with anhydrous magnesium sulfate, filtered, and
concentrated under vacuum. The resulting crude was crystallized with n-hexane
yielding 4.51 g of diastereomerically pure white crystals. From the mother liquors, a
second crop was obtained after purification by column chromatography (SiO,, n-
hexane:EtOAc gradient), giving an overall yield of 6.51 g (78%).

'H NMR: 7.37-7.33 (m, 1H), 7.25-7.32 (m, 2H), 7.19-7.24 (m, 1H), 5.38 (ddd, J =
10.0, J=7.0, J = 4.0, 1H), 4.85 (m, 1H), 3.39 (dd, J = 18.0, J = 7.0, 1H), 3.27 (dd, J =
18.0, J = 4.0, 1H), 2.61 (m, NH), 1.17 (d, J = 15.0, 3xCHs), 0.90-0.03 (m, BH3).
31P{'H} NMR: +167.9 (m).
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(1S,2R)-1-(tert-butyl(methyl)phosphinoamino)-2,3-
dihydro-1H-inden-2-ol-borane, 02’ OH

To a solution of O1 (1.00 g, 4.01 mmol) in toluene at 100 °C, N/p:BH3
=" Me
methylmagnesium chloride in Et;O 3 M (3.00 mL, 8.82 mmol) H gy

was added in three portions of 1 equivalent each. Each portion was added every 30
minutes.

The reaction flask was cooled to 0 °C, a saturated solution of NH,Cl was then

added, and after stirring a few minutes; the solution was extracted with EtOAc. The
combined organic layers were dried with anhydrous magnesium sulfate, filtered, and
concentrated under vacuum. Column chromatography on silica gel (n-hexane:EtOAc
gradient) yielded 964 mg (91%) of the product as a white solid.
'H NMR: 7.41-7.35 (m, 1H), 7.32-7.24 (m, 3H), 4.78 (td, J = 10.0, J = 5.0, 1H), 4.51
(td, J=5.0, J=1.0, 1H), 8.11 (dd, J=17.0, J= 5.0, 1H), 2.91 (dd, J=17.0, J= 1, 1H),
2.30-2.11 (m, 2H), 1.47 (d, J = 9.0, 3H), 1.29 (d, J = 14.0, 3xCHa), 1.08-0.20 (m, BH3).
81P{"H} NMR: +71.1 (m). HPLC analysis: CHIRALPAK IA, 10% EtOH, 90% heptane,
0.5 mL/min, A = 254 nm, tg(S) = 16.7 min, tg(R) = 20.3 min.

(S)-tert-butyl(methyl)phosphanamine-borane, (S)-L1-NH® BHs
Ammonia (180 mL) was condensed in a two-neck flask at —78 °C. Small *
portions of Li (183 mg, 28.26 mmol) were then added. The mixture was HzN/P(”tB”
stirred for 10 min and the solution turned blue. Me

A solution of 02 (1.88 g, 7.06 mmol) in THF (20 mL) and 'BuOH (1.3 mL) was
then added dropwise. After 10 min solid NH,Cl was added and the flask was left open
in the hood to evacuate the ammonia. At this point, 10 mL of water were added and the
aqueous layer was washed twice with 10 mL of EtOAc. The combined organic extracts
were dried with anhydrous MgSOQ,, filtered, and concentrated under reduced pressure.
Column chromatography on silica gel (n-hexane:EtOAc gradient) yielded 730 mg (78%)
of the product as a white solid.
'"H NMR: 1.76 (s, 2H), 1.35 (d, Jp = 9.0, 3H), 1.14 (d, Jp = 14.0, 9H), 0.86-0.08 (m,
3H, BH3) "*C{'H} NMR: 29.9 (d, Jr = 40.0, C), 24.3 (d, Jr = 3.0, 3XxCH3), 11.0 (d, Jp =
38.0, CHs). *'P{'H} NMR: +64.3 (q, J» = 69.0, P-BH;). HRMS: calcd. for CsHsBNP
[M—=H]*; 132.1113, found 132.1108.
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(R)-tert-butyl(methyl) phosphinous acid-borane, (R)-L1-OH® BH;

A

P..,
A) From (18,2R)-1-(tert-butyl(methyl)phosphinoamino)-2,3- HO~ \t
dihydro-1H-inden-2-ol-borane, 02’

Me
Bu

Aminophosphine-borane O2 (1.00 g, 7.5 mmol) was dissolved in a mixture of methanol
(40 mL) and water (2 mL). Sulfuric acid (96 wt. % in H,O) (4 eq, 1.7 mL, 30.0 mmol)
was slowly added dropwise and the solution was warmed up to 50 °C and stirred for 2
h. Most of the methanol was removed in vacuo and the aqueous crude was extracted
with Et,O (5 x 5 mL). The combined organic phases were washed with brine and dried
over anhydrous MgSQO,. The solution was then evaporated to dryness under a nitrogen

stream, yielding 0.98 g (98%) of (R)-L1-OH as a colourless oil.

B) From (S)-tert-butyl(methyl)phosphanamine-borane, (S)-L1-NH®
Aminophosphine-borane (S)-L1-NH; (2.00 g, 7.5 mmol), was dissolved in a mixture of
methanol (40 mL) and water (2 mL). Sulfuric acid (96 wt. % in H,O) (4 eq, 1.7 mL, 30.0
mmol) was slowly added dropwise and the solution was warmed up to 80 °C and stirred
for 16 h. Most of the methanol was removed in vacuo and the aqueous crude was
extracted with Et,O (5 x 5 mL). The combined organic phases were washed with brine
and dried over anhydrous MgSQO,. The solution was then evaporated to dryness under
a nitrogen stream, yielding 0.97 g (97%) of (R)-L1-OH as a colourless oil.

'"H NMR: 1.45 (d, Jp = 9.0, 3H), 1.17 (d, Jp = 14.0, 9H), 0.60 (qd, Jr = 94.0, Jp = 15.0,
3H, BHs). "*C{'"H} NMR: 30.9 (d, J» = 41.0, C), 24.1 (d, Jr = 4.0, 3xCH3), 11.0 (d, Jp =
38, CHs). 3'P{'"H} NMR: +121.1 (q, J» = 69.0, P-BH3). HRMS: calcd. for CsH;sBOP
[M—H-BHs]*, 121.0777; found 121.0777.
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Diisopropylammonium (R)-tert-
butyl(methyl)phosphinite-borane, (R)-L1-0" Pro ?Hs
Phosphinous acid-borane, (R)-L1-OH (50 mg, 0.37 mmol) NH. ©_F.,

|Pr/ O/ \'Me
was placed in a vial and dissolved in 0.5 mL of pentane at 0 °C. 'Bu

Then, diisopropylamine (1 eq, 0.37 mmol) was added dropwise via a syringe, and the
resulting white suspension was kept in the fridge overnight. The resulting crystalline
precipitate was filtered and dried under a stream of nitrogen (83 mg, 96%).

'"H NMR: 7.43 (s, 1H), 3.27-3.16 (m, 2H), 1.29 (d, J = 6.0, 12H), 1.22 (d, Jr = 9.0, 3H),
1.09 (d, Jp = 13.0, 9H), 0.79-0.01 (m, 3H, BHz). "*C{'H} NMR: 46.6 (s, 2xCH), 30.9
(d, Jo = 43.0, C), 24.6 (s, 3xCHj3), 21.0 (d, Jp = 11.0, 4xCHj3), 13.3 (d, Jr = 35.0, CHg).
31P{"H} NMR: +92.3 (m). HRMS: calcd. For CsH;sOBP, [M]*, 133.0959; found
133.0959. IR: 3439, 2923, 2860, 2388 and 2342. [a]p = —6.1° (c 1.0, CHCly).

6.4.2. Synthesis of the optically pure ligands

(R)-tert-butyl(methyl)phosphine oxide tetrafluoroborate, T
(R)-L1-BF, FsB\O// P"Me
(R)-tert-butyl(methyl)phosphinous acid-borane (R)-L1-OH (123 Bu

mg, 0.92 mmol) was dissolved in CH.Cl, (4 mL) and HBF4-OEt, (0.14 mL, 1.01 mmol)
was added dropwise at 0 °C. The solution was stirred at this temperature for 40 min.
Aqueous solution of HBF, (10%) (2 mL) was added and the two phases were
separated, the aqueous phase was extracted with CH,Cl, (2 x 5 mL) and the combined
organic layers were dried with Na,SO, and concentrated in vacuo. Et,O was added and
the formation of a white solid was observed. Filtration yielded 50 mg (29%) of the
product as a white solid. (R)-L1:BF3 was prepared analogously starting from (R)-L1.

'"H NMR: 6.72 (dq, Jup = 497.0, Jyp = 4.0, 1H), 1.86 (dd, Jip = 13.0, Jiy = 4.0, 3H),
1.31 (d, Jup = 19.0, 9H). *C{'H} NMR: 29.9 (d, Jcp = 70.0, C), 23.0 (d, Jop = 3.0,
3CHa), 6.1 (d, Jep = 60.0, CHg). *'P{'H} NMR: +62.9 (d, br, Jer = 9.0). '°F NMR: —
147.80 (d, Jrp = 9.0). HRMS: calcd. for CyioH270-P, 2(IM] — BF3)*, 241.1481; found,
241.1478. EA: Anal. calcd. for CsH3BF3;OP, %: C, 31.95; H, 6.97. Found, %: C, 32.39;
H, 7.33. IR: 2969, 2932, 1476, 1308, 1086, 901, 826. [a]p = +12.3° (c 1.0, CHCI,).
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(R)-tert-butyl(methyl)phosphine oxide, (R)-L1 T
O//P"Me
Method 1: (R)-tert-butyl(methyl)phosphinous acid-borane (R)-L1-OH Bu

(700 mg, 5.22 mmol) was dissolved in CH.Cl, (15 mL) and HBF4-OEt, (0.78 mL, 5.74
mmol) was added dropwise at 0 °C. The solution was stirred at this temperature for 30
min, saturated aqueous solution of NaHCO; (7 mL) was added dropwise and the
solution was stirred a further 10 min at room temperature. The two phases were
separated, the aqueous phase was extracted with CH,Cl, (10 x 3 mL) and the
combined organic layers were washed with brine (10 mL). The organic layer was dried
over Na,SO,, filtered and concentrated in vacuo to yield 500 mg (80%) of the desired

product as oil.

Method 2: Diisopropylammonium (R)-tert-butyl(methyl)phosphinite-borane (R)-L1-O
(500 mg, 2.13 mmol) was dissolved in CH,Cl, (15 mL), cooled to 0 °C and HBF,-OEt,
(0.32 mL, 2.34 mmol) was added dropwise. After 30 min, saturated aqueous solution of
NaHCO; (10 mL) was carefully added and the solution was stirred a further 10 min at
room temperature. After this time, the solution was neutralised with diluted HCI (2%)
until a slightly acidic pH. The two phases were separated, the aqueous phase was
extracted with CH,Cl, (10 x 3 mL) and the combined organic phases were washed with
brine (10 mL). The final organic fraction was dried with Na,SO,, filtered and
concentrated in vacuo to yield 200 mg (78%) of the desired product as oil.

To determine the enantiomeric purity of the product a small sample was treated

with BH3-SMe, (1 eq) in THF. After 1 h at 0 °C, (R)-L1-OH was isolated (ee of the
methylated product = 99.5% (GC)).
'"H NMR: 6.59 (dq, Jip = 446.0, Juy = 4.0, 1H), 1.48 (dd, Jp = 12.8, iy = 4.0, 3H),
1.17 (d, Jp = 16.4, 9H). *C{'H} NMR: 30.8 (d, Jcp = 70.0, C), 23.4 (d, Jop = 2.0,
3CHg), 9.7 (d, Jep = 62.0, CH3). *'P{'"H} NMR: +45.5 (s). HRMS: calcd. for CsH;30P
(IM] + H)*, 121.0777; found, 121.0778. IR: 2951, 2296, 1477, 1298, 1174, 968. [alp =
+12.5° (c 1.5, CHCly).
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(S)-(tert-butylmethylphosphino)(di-tert- H H
| |
butylphosphino)amine tetrafluoroborate, (S)- ‘Bu’P\@//P\"'tBu BF,
/ N
[HMaxPhos]BF,, L28," 'Bu Me

'H NMR: 6.83 (dd, J = 477.0, J = 4.0, 1H), 6.57 (dd, J = 458.0, J = 6.0, 1H), 1.77 (dd,
J=13.0, J=4.0, 3H), 1.33 (d, J = 17.0, 9H), 1.30 (d, J = 17.0, 9H), 1.24 (d, J = 18.0,
9H). *'P{'H} NMR: +47.6 (d, Jp = 32.0), +34.6 (d, Jp = 32.0).

(R)-1-tert-butyl-N-((S)-1-((S)-4-(iso-propyl)-4,5- ;Pr

dihydrooxazol-2-yl)-2-methylpropyl)-1- <O/W/(S)\NH
I

methylphosphanamine-borane, L3R" N (RPours

'"H NMR: 4.27 (dd, J = 10.0, J= 8.0, 1H), 3.99 (t, J = 8.0, 1H), ips® H8~ A\
3.91 (td, J=10.0, J=5.0, 1H), 3.83 (dt, J=10.0, J=8.0, 1H), 2.31 (br d, J=10.0, 1H),
2.04-1.87 (m, 1H), 1.74-1.58 (m, 1H), 1.33 (d, J» = 9.0, 3H), 1.13 (d, Jr = 14.0, 9H),
0.99 (d, J = 7.0, 3H), 0.94 (d, J = 8.0, 3H), 0.90 (d, J = 7.0, 3H), 0.89 (d, J = 7.0, 3H),

0.81-0.06 (m, 3H, BH3). *'P{'H} NMR: +73.7-71.5 (m, P-BH3).

(R)-1-tert-butyl-N-((S)-1-((R)-4-(iso-propyl)-4,5- ;Pr
dihydrooxazol-2-yl)-2-methylpropyl)-1- (é) NH
methylphosphanamine-borane, L3S .

'H NMR: 4.28 (dd, J = 9.0, J = 8.0, 1H), 3.96-3.91 (m, 1H), /(s #\'Bu
ipy HsB  Me

3.90-3.82 (m, 2H), 2.25 (br d, J = 11.0, 1H), 2.00-1.85 (m, 1H),

1.79-1.64 (m, 1H), 1.33 (d, Jr = 9.0, 3H), 1.11 (d, Jr = 9.0, 9H), 0.97 (d, J = 7.0, 3H),

0.95-0.91 (m, 6H), 0.88 (d, J = 7.0, 3H), 0.81-0.06 (m, 3H, BHs). *'P{'H} NMR:

+74.6-71.4 (m, P-BHy).

(R)-1-tert-butyl-N-((S)-1-((R)-4-(tert-butyl)-4,5- Pr

dihydrooxazol-2-yl)-2-methylpropyl)-1- {W/(S)\TH

methylphosphanamine-borane, L4R" N (R)Por,

R B
"H NMR: 4.23 (dd, J=10.0, J= 9, 1H), 3.98 (dd, J= 10.0, J= 55(R H8” A
9.0, 1H), 3.92-3.77 (m, 2H), 2.41-2.22 (m, 1H), 2.00-1.86 (m, 1H), 1.32 (d, J» = 9.0,
3H), 1.10 (d, Jp = 14.0, 9H), 0.94 (d, J = 7.0, 6H), 0.91-0.86 (m, 9H), 0.84—0.06 (m, 3H,

BHs). *'P{'H} NMR: +75.0-71.3 (m, P-BH,).
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6.4.3. Synthesis of the substrates and additives for the asymmetric

hydrogenations

6.4.3.1. Preparation of N-aryl imines

Method A: In a dry round bottom flask, the corresponding ketone (1 eq) and the
amine (3 eq) were dissolved in Et,O. The mixture was cooled to 0 °C and TiCl, (0.5 eq)
was carefully added dropwise. Once the addition was completed, the white suspension
was left stirring overnight at room temperature. The white residues were filtered-off
through celite and the solution was concentrated under reduced pressure. The oil
obtained can be purified (if needed) by crystallization or by vacuum distillation.

Method B: In a dry round bottom flask, the corresponding ketone (1 eq) and the
amine (3 eq) were dissolved with freshly distilled Et,O. Activated molecular sieves (4 A,
1 g per mmol of ketone) were added and the mixture was left stirring for 48 h at room
temperature. The suspension was filtered through celite and the filtrate solution was
concentrated under reduced pressure. The resulting oil can be purified, if needed, by
crystallization or by vacuum distillation.

Acetophenone N-phenyl imine, 11" N@
Compound I1 was prepared following methodology A. |

'H NMR: 8.02-7.91 (m, 2H), 7.55-7.40 (m, 3H), 7.41-7.30 (m,
2H), 7.13-7.04 (m, 1H), 6.84—6.76 (m, 2H), 2.23 (s, 3H).

4-methoxyacetophenone N-phenyl imine, 12" @
Compound |2 was prepared following methodology A. N
'H NMR: 8.04-7.91 (m, 2H), 7.40-7.30 (m, 2H), 7.10-7.04 |

(m, 1H), 6.98-6.94 (m, 2H), 6.84-6.76 (m, 3H), 3.87 (s, 3H),
2.21 (s, 3H). MeO
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Acetophenone N-(4-methoxyphenyl) imine, 13" OMe
Compound I3 was prepared following methodology A. N/©/

'H NMR: 8.03-7.88 (m, 2H), 7.48-7.38 (m, 3H), 6.93-6.87 |

(m, 2H), 6.80—6.70 (m, 2H), 3.82 (s, 3H), 2.25 (s, 3H).

N-benzyl-1-phenylimine, 14
Compound |4 was prepared following methodology B.
'H NMR: 7.92-7.90 (m, 2H), 7.49-7.46 (m, 3H), 7.43-7.27

(m, 5H), 4.76 (s, 2H), 2.35 (s, 3H).

N-benzhydryl-1-phenylimine, 15"

Compound |5 was prepared following methodology B.

'H NMR: 7.91-7.89 (m, 2H), 7.44-7.41 (m, 3H), 7.36-7.14 (m,
10H), 5.82 (s, 1H), 2.27 (s, 3H).

N,1,1-triphenylmethanimine, 16
Compound 16 was prepared following methodology B.

'"H NMR: 7.76-7.73 (m, 2H), 7.48-7.38 (m, 5H), 7.26-7.10 (m, N|/©
5H), 6.93-6.89 (m, 1H), 6.73-6.71 (m, 2H). HRMS: calcd. for

C9H16N [M+H]*; 258.1277, found 258.1284. O O
3,5-difluorophenyl-N-phenylimine, 17

Compound 17 can be prepared using both methodologies A and /@
B. Nl

'H NMR: 7.50-7.49 (dd, J = 6.4, J = 2.3, 2H), 7.37 (t, J= 7.5,

2H), 7.12 (brt, J= 2.4, 2H), 6.79-6.77 (dd, J=8.5, J=1.2, 1H),

2.21 (s, 3H). 'F NMR: —-109.5 (t, J = 8.7). HRMS: calcd. for F

Ci4H12F2N [M+H]"; 232.0932, found 232.0931. EA: Anal. calcd. for Ci4H¢{F2N, %: C,

72.72; H, 4.79; N, 6.06. Found, %: C, 72.49; H, 4.80; N, 6.16. IR: 3439, 3078, 1626,
1600, 1430, 1326, 1230, 1117, 1078, 978, 865, 757, 513.
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6.4.3.2. Preparation of enantiomerically enriched aryl amines via asymmetric

hydrogenation reactions

The procedure for the preparation of optically enriched aryl amines is a general

catalytic method, which has been described in section 6.2.9.4.

(=)-(R)-N-(1-phenylethyl)aniline, A1 @
'H NMR: 7.41-7.25 (m, 4H), 7.28-7.18 (m, 1H), 7.18-7.03 (m, \H

2H), 6.68—6.59 (m, 1H), 6.55-6.46 (m, 2H), 4.48 (g, J = 7.0, 1H),

4.02 (br s, 1H), 1.51 (dd, J = 7.0, J = 1, 3H). HPLC: CHIRALCEL ©/(R)\
OD-H. Heptane/iPrOH 90:10, 1 mL/min, A = 220 nm, tg(+) = 15.4

min,

tr(=) = 17 min.

(=)-(R)-N-(1-(4-methoxyphenyl)ethyl)aniline, A2 @
'H NMR: 7.30-7.26 (m, 2H), 7.11-7.06 (m, 2H), 6.87-6.84
(m, 2H), 6.53-6.47 (m, 2H), 4.44 (q, J = 6.7, 1H), 3.78 (

3H), 149 (d, J = 6.6, 3H). HPLC: CHIRALPAK IA. /©/\
i i MeO

Heptane/PrOH 96:4, 0.5 mL/min, A = 210 nm, tg(+) = 16.1

min, tr(=) = 17.6 min.

(=)-(R)-4-methoxy-N-(1-phenylethyl)aniline, A3 ©/OMe
'H NMR: 7.39-7.28 (m, 4H), 7.24-7.19 (m, 1H), 6.74—6.61

(m, 2H), 6.47 (d, J =9, 2H), 4.41 (q, J =7, 1H), 3.69 (s, 3H),

1.50 (d, J=7.2, 3H). HPLC: CHIRALPAK IA. Heptane/‘PrOH ©/\

96:4, 0.5 mL/min, A = 210 nm, tg(+) = 17.3 min, tg(-) = 18.4

min.

(+)-(R)-N-benzyl-1-phenylethylamine, A4

'H NMR: 7.23-7.35 (m, 10H), 3.80 (q, J = 6.7, 1H), 3.66 ( /\©
= 13, 1H), 3.59 (d, J = 13, 1H), 1.36 (d, J = 6.6, 3H). HPLC: ©/\
CHIRALCEL OJ. Heptane/PrOH 9:1, 0.5 mL/min, A = 210 nm,

tr(+) = 14.4 min, tg(—) = 15.3 min.
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(+)-(R)-N-benzhydryl-1-phenylethylamine, A5

'H NMR: 7.35-7.16 (m, 15H), 4.63 (s, 1H), 3.67 (q, J = 6.7, 1H),
1.90 (s, 1H), 1.36 (d, J = 6.7, 3H). HPLC: CHIRALCEL OJ.
Heptane/PrOH 96:4, 0.5 mL/min, A = 210 nm, tg(+) = 17.3 min,
tr(—) = 18.4 min.

N-benzhydrylaniline, A6 @
HN

'"H NMR: 7.40-7.30 (m, 10H), 7.20-7.10 (m, 2H), 6.83-6.82 (m,

2H), 6.70-6.67 (m, 1H), 5.20 (s, 1H).

(=)-(S)-N-(1-(3,5-difluorophenyl)ethyl)aniline, A7 /@
'"H NMR: 7.11 (t, J = 7.3, 2H), 6.90 (d, J = 6.4, 2H), 6.70-6.63

(m, 2H), 6.47 (d, J = 5.6, 2H) 4.43 (9, J= 6.7, 1H), 1.5 (d, J= ¢
6.7, 3H). "F NMR: -109.5 (t, J = 8.1). HPLC: CHIRALCEL OJ.

Heptane/iPrOH 9:1, 0.5 mL/min, A = 210 nm, tg(+) = 15.8 min,
tr(—=) = 19.9 min.

6.4.3.3. Preparation of N-methyl and N-alkyl imines

In a dry round bottom Schlenk flask, the corresponding ketone (1 eq) was purged with
N, over activated molecular sieves (4 A, 1 g per mmol of ketone) and then a solution of
methylamine in EtOH (33 wt.%, 6 eq) was added. The mixture was stirred for 48 h at
room temperature. The suspension was filtered through celite and the filtrate solution
was concentrated under reduced pressure. The resulting oil can be purified by

crystallization or by vacuum distillation if required.

(E)-N-methyl-1-phenylethylimine, 18" N
'H NMR: 7.84-7.60 (m, 2H), 7.48-7.30 (m, 3H), 3.35 (q, J = 1.2, 3H), |
224 (q, J= 1.2, 3H).
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(E)-1-(4-chlorophenyl)-N-methylethan-1-imine, 19"
'H NMR: 7.74-7.65 (m, 2H), 7.42-7.29 (m, 2H), 3.34 (q, J = 1.0,
3H), 2.21 (q, J = 1.0, 3H).

\

.

\

(E)-1-(4-fluorophenyl)-N-methylethan-1-imine, 110"
'H NMR: 7.78-7.71 (m, 2H), 7.07—7.00 (m, 2H), 3.34-3.32 (m, 3H),

2.22 (q, J= 1.0, 3H).

2

3

(E)-1-(3-methoxyphenyl)-N-phenylethan-1-imine, 111"
'H NMR: 7.36-7.33 (m, 1H), 7.33-7.26 (m, 2H), 6.93 (ddd, J = 7.0, J
=3, J=2.0, 1H), 3.84 (s, 3H), 3.35 (q, J = 1.0, 3H), 2.23 (q, J = 1.0,

3H).

-

OMe

pa
\

(E)-1-(4-methoxyphenyl)-N-methylethan-1-imine, 112"
'H NMR: 7.76-7.64 (m, 2H), 6.90-6.82 (m, 2H), 3.81 (s, 3H),
3.30 (q, J=1, 3H), 2.19 (q, J= 1, 3H).

g

MeO

(E)-N-methyl-1-(4-(trifluoromethyl)phenyl)ethan-1-imine,
113"
'"H NMR: 7.88-7.83 (m, 2H), 7.65-7.60 (m, 2H), 3.41-3.31 (m, CFs

3H), 2.26 (q, J = 1.0, 3H).

3.

(E)-N-methyl-3,4-dihydronaphthalen-1-imine, 114"

'H NMR: 8.03 (dd, J = 8.0, J = 2.0, 1H), 7.26-7.13 (m, 2H), 7.09—
7.04 (m, 1H), 3.28-3.18 (m, 3H), 2.83-2.68 (m, 2H), 2.57-2.42 (m,
2H), 1.95-1.83 (m, 2H).

o
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(E)-1-phenyl-N-propylethan-1-imine, 115"
'H NMR: 7.81-7.71 (m, 2H), 7.44-7.31 (m, 3H), 3.49-3.40 (m
2H), 1.77 (t, J= 7.0, 2H), 1.02 (t, J = 7.0, 3H).

(E)-1-(4-chlorophenyl)-N-phenylethan-1-imine, 116 N
'H NMR: 7.74-7.68 (m, 2H), 7.35-7.30 (m, 2H), 3.50-3.35 /©)|\
Cl

(m, 2H), 2.21 (t, J = 1.0, 3H), 1.83-1.70 (m, 2H), 1.01 (t, J =

7.0, 3H).

(E)-N-isobutyl-1-phenylethan-1-imine, 117" Nj/
'H NMR: 7.82-7.70 (m, 2H), 7.41-7.31 (m, 3H), 3.27 (dt, J= 7.0, J |
=1, 2H), 2.22 (, J = 1.0, 3H), 2.07 (dp, J = 13.0, J = 7.0, 1H), 1.01

(d, J=7.0, 6H).

(E)-1-cyclohexyl-N-methylethan-1-imine, 118"
13/1 mixture of E/Zisomers.
'H NMR: (major isomer) 3.07 (s, 3H), 2.16-2.10 (m, 1H), 1.87—1.66

(m, 8H), 1.33-1.18 (m, 5H).
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6.4.3.4. Preparation of enantiomerically enriched N-alkyl amines via

asymmetric hydrogenation reactions

Catalyst L3RIr6 (3.13-10° mmol, 0.01 eq) was placed in a glass pressure tube,
purged with vacuum-nitrogen cycles and 2 mL of CH,Cl, were added. The tube was the
purged with vacuum-hydrogen cycles and charged with 3 bar of H,. When required, the
tube was cooled down to the desired temperature. The corresponding N-alkyl imine
(0.313 mmol, 1.00 eq) was dissolved in 1 mL of CH.Cl, and added using a pressure
syringe. The mixture was left stirring overnight at the desired temperature. The tube
was depressurized and the solvent removed under vacuum to afford the corresponding
hydrogenated compound as a dark yellow oil or solid. The ee value was determined by
HPLC/GC analysis of the corresponding trifluoroacetamide derivative on a chiral

stationary phase.

(S)-N-methyl-1-phenylethan-1-amine, A8%°

'"H NMR: 7.36-7.26 (m, 4H), 3.65 (q, J = 7.0, 1H), 2.31 (s, 3H), 1.37 (d,
J = 7.0, 3H). HPLC: CHIRALCEL OD-H. Heptane/iPrOH 98:02, 0.5 (S)
mL/min, A =210 nm. f5(—)= 13.4 min, iz(+)= 14.7 min. (ee = 91%).

\

HN

\

(S)-1-(4-chlorophenyl)-N-methylethan-1-amine, A9

'"H NMR: 7.40-7.19 (m, 4H), 3.62 (q, J = 7.0, 1H), 2.29 (s, 3H), 1.32
(d, J= 7.0, 3H). GC: S-DEX (30 m). 140 °C (50 min). Tue = 300 °C. (S)
Tinj = 220 °C. Split 50:1, Flux: 1 mL/ min; He. fs(—) = 38.7 min, r(+) = cl

39.1 min. (ee = 94%).

\

(S)-1-(4-fluorophenyl)-N-methylethan-1-amine, A10

'"H NMR: 7.29-7.22 (m, 2H), 7.04—-6.95 (m, 2H), 3.63 (q, J = 7.0,
1H), 2.29 (s, 3H), 1.33 (d, J= 7.0, 3H). GC: -DEX (30 m). 120 °C--- (S)
5 °C/min---130 °C (40 min)---30 °C/min---210 °C (5 min). Tge = 300

°C. Tinj = 220 °C. Split 50:1, Flux: 1 mL/ min; He. fs(-) = 22.4 min,

R(+) = 22.7 min. (ee = 93%).

NH

F
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(S)-1-(3-methoxyphenyl)-N-methylethan-1-amine, A11

'"H NMR:7.27-7.22 (m, 1H), 6.90-6.86 (m, 2H), 6.78 (ddd, J= 8.0, J =
3, J=1.0, 1H), 3.81 (s, 3H), 3.62 (g, J= 7.0, 1H), 2.31 (s, 3H), 1.35 (d, (S)
J=7.0, 3H) ppm. GC: g-DEX (30 m). 120 °C (10 min)---2 °C/min---140

°C (60 min)---20 °C/min---210 °C (5 min). Tge = 300 °C. Tinj = 220 °C. OMe
Split 50:1, Flux: 1 mL/ min; He. f5(—) = 51.8 min, {(+) = 52.2 min. (ee = 89%).

\

(S)-1-(4-methoxyphenyl)-N-methylethan-1-amine,

A12*% NH
'H NMR: 7.24-7.17 (m, 2H), 6.92-6.81 (m, 2H), 3.80 (s, 3H),
3.60 (g, J = 7.0, 1H), 2.30 (s, 3H), 1.34 (d, J = 7.0, 3H) ppm.
HPLC: CHIRALCEL OJ. Heptane/EtOH 95:05, 0.5 mL/min, A =
210 nm. fx(+) = 15.1 min, f5(-) = 16.7 min. (ee = 91%).

\

(S)

MeO

(S)-N-methyl-1-(4-(trifluoromethyl)phenyl)ethan-1-amine,

A13

'H NMR:7.58 (did, J = 9.0, J = 2.0, J = 1.0, 2H), 7.47-7.37 (m, (S)
2H), 3.71 (g9, J= 7.0, 1H), 2.30 (s, 3H), 1.35 (d, /= 7.0, 3H). HPLC:
CHIRALPAK AS. Heptane/iPrOH 98:02, 0.5 mL/min, A = 210 nm.
ir(+) = 10.2 min, f5(-) = 11.9 min. (ee = 93%).

\

NH

CF3

(S)-N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine, A14%
'H NMR: 7.37-7.29 (m, 1H), 7.19-7.11 (m, 2H), 7.11-6.99 (m, 1H),

3.66 (t, J=5, 1H), 2.89-2.62 (m, 2H), 2.50 (s, 3H), 2.04—-1.81 (m, 3H),
1.81-1.67 (m, 1H). GC: -DEX (30 m). 160 °C (30 min). T = 300 °C.
Tinj = 220 °C. Split 50:1, Flux: 1 mL/ min; He. s (+) = 25.7 min, fz (=) = 26.3 min. (ee =
89%).

\

NH

5
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(S)-N-(1-phenylethyl)propan-1-amine, A15%

'H NMR: 7.28-7.21 (m, 4H), 7.19-7.14 (m, 1H), 3.68 (q, J =
7.0, 1H), 2.40 (ddd, J = 11.0, J = 8.0, J = 6.0, 1H), 2.31 (ddd, J
=11.0, J=8.0, J=7.0, 1H), 1.44-1.33 (m, 2H), 1.28 (d, J = 7.0,

3H), 0.80 (t, J = 7.0, 3H). HPLC: CHIRALPAK ADH. Heptane/iPrOH 98:02, 0.5
mL/min, A =210 nm. fx(+) = 8.9 min, f5(-) = 9.9 min. (ee = 92%).

(S)-N-(1-(4-chlorophenyl)ethyl)propan-1-amine,

A16"
'H NMR: 7.32-7.23 (m, 4H), 3.74 (q, J = 6.0, 1H), 2.45
(ddd, J=11.0, J=8.0, J=6.0 Hz, 1H), 2.35 (ddd, J=11.0, J

=8.0, J=7.0, 1H), 1.51-1.41 (m, 2H), 1.32 (d, J = 6.0, 3H), 0.87 (t, J = 7.0, 3H).
HPLC: CHIRALCEL OJ. Heptane/iPrOH 98:02, 0.4 mL/min, A = 210 nm. f5(—)= 17.1
min, fr(+)= 19.2 min. (ee = 94%).

(S)-2-methyl-N-(1-phenylethyl)propan-1-amine, A17'®

'H NMR: 7.34-7.29 (m, 4H), 7.25-7.21 (m, 1H), 3.74 (q, J = 7.0, j/
1H), 2.34 (dd, J=11.0, J= 6.0, 1H), 2.21 (dd, J = 11.0, J = 7.0, 1H), NH
1.71 (dt, J = 13.0, J = 7.0, 1H), 1.35 (d, J = 7.0, 3H), 0.87 (dd, J =

7.0, J=2.0, 6H). HPLC: CHIRALCEL OD-H. Heptane/iPrOH 98:02, ©/'\
0.5 mL/min, A = 210 nm. k(+)= 10.4 min, f5(-)= 12.1 min. (ee =

93%).

rac-1-cyclohexyl-N-methylethan-1-amine, A18 HN
'H NMR: 3.27 (s, 3H), 2.54-2.47 (m, 1H), 1.78-1.66 (m, 11H), 1.03 (d,

3H). GC: -DEX (30 m). 90 °C (10 min)---20 °C/min---140°C (20 min)-- OA
-20 °C/min---210 °C (5 min). Taet = 300 °C. Tiy = 220 °C. Split 50:1,

Flux: 1 mL/ min; He.
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6.4.3.5. Trifluoroacylation of amines

The corresponding amine (0.35 mmol, 1 eq) was placed in a round bottom flask and
dissolved in 2 mL of CH.Cl,. At this point, 213 uL of pyridine (2.1 mmol, 6 eq) and 143
uL of trifluoroacetic anhydride (1.0 mmol, 3 eq) were added and the mixture was left
stirring for 2 h. The reaction was concentrated under reduced pressure and the crude

was purified with a short silica column to afford the products as colourless oils.

6.5. Preparation of the catalytic precursors

6.5.1. Metallic precursors

Taking into account the variety of metals used in this thesis, a summary of all the
metallic precursors is presented here. Among all of them, some have been prepared
according to the methods described in the literature. Those that do not contain any

specifications have been achieved from commercial suppliers.
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6.5.1.1. Monomeric precursors

BF,
/\Ir/NCCH3
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24
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6.5.1.2. Dimeric precursors
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6.5.2. Synthesis of the complexes

6.5.2.1. Complexes with the SPO ligand

trans-[RhCI(CO)(xP-(S)-L1)2], L1Rh1 ‘Bu::..PPH

To a solution of (S)-L1 (70 mg, 0.58 mmol) in CH,Cl> (5 mL)  pe” N _Cl
[Rh(CO).Cll; (57 mg, 0.15 mmol) was added. The orange oc” \/P'\"”Bu
reaction mixture was stirred at rt for 1 h, concentrated to dryness HO Me

under vacuum and the residue was recrystallized in CH.Clo/hexane. The title complex
was obtained as a yellow solid (100 mg, 82%).

'H NMR (CeDg): 5.98 (s, br, 2H), 1.32 (m, 6H), 1.08 (t, Jinwa = 7.6, 18H). "*C{'H}
NMR: 188.1 (dt, Jern = 77.2, Jop = 17.3, C), 35.4 (t, diwa = 17.1, C), 25.1 (t, Jirtvar =
3.5, CHs), 14.9 (td, Jinual = 14.4, Jorn = 3.4, CHs). *'P{'"H} NMR (C¢Ds): +129.6 (d,
Jrnp = 117.5). HRMS: calcd. for CioH260.P.Rh [M — ClI — COJ*, 343.0458; found,
343.0465; C11Hz603P,Rh [M — CI]*, 371.0411; found, 371.0407. EA: Anal. calcd for
C11H26CIOsP2Rh, %: C, 32.49; H, 6.45. Found, %: C, 31.65; H, 5.93. IR: 3400, 2961,
2057, 1983, 1635, 1465, 1104, 1017, 874, 809, 722. [a]p = —369.0° (c 1, CH.CL,).

[AuCl(xP-(S)-L1)], L1Au1 /OH

To a solution of (S)-L1 (98 mg, 0.82 mmol) in CH.Cl, (5 mL) CI—Au—F;.,,I'vI
e

[Au(tht)CI] (190 mg, 0.59 mmol) was added and it was stirred at rt Bu

for 1 h. The solution was concentrated to dryness under vacuum and the residue was
recrystallized in CH,CI,/Et,O. The desired complex was obtained as a pale grey solid
(180 mg, 87%). '"H NMR: 1.71 (d, Jip = 9.9, 3H), 1.22 (d, Jp = 16.5, 9H). "*C{'H}
NMR: 34.7 (d, Jep = 47.3, C), 24.5 (d, Jcp = 6.7, 3CH3), 15.3 (d, Jcp = 40.1, CH,).
31P{"H} NMR: +113.6 (s). HRMS: calcd. for CsHsAuOP ([M] — CI)*, 317.0364; found,
317.0360. IR: 3148, 2965, 2865, 1635, 1470, 1313, 1291, 1113, 913, 883, 857, 809,
613, 465. [a]p = —20.8° (c 1, CH.Cl,).

[RuCly(n®-p-cymene)(xP-(S)-L1)], L1Ru1 >_©_

A suspension of [RuCly(p-cymene)]> (60 mg, 98 mmol) and (S)-

R
L1 (29 mg, 245 mmol, 2.5 eq) in n-hexane (20 mL) was heated at Cl— U\P—Me
75 °C for 16 h. After this time, the orange precipitate was filtered Cl HO‘:. 5
u

off and washed with pentane. The title product was obtained as

an orange solid that did not require any further purification (75 mg, 90%).
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'"H NMR: 5.71 (d, Jun = 6.0, 1H), 5.63 (d, Juy = 6.0, 1H), 5.57 (d, Jun = 6.4, 2H), 5.16
(br s, 1H), 2.83 (sept, i = 6.8, 1H), 2.09 (s, 3H), 1.81 (d, Jup = 8.0, 3H), 1.30 (d, Jip =
14.8, 9H), 1.26 (d, Jun = 7.2, 3H), 1.24 (d, Jun = 6.8, 3H). *C{'H} NMR: 107.1 (s, C"),
93.8 (s, C), 89.5 (d, Jcp = 4.7, 2CH™), 85.7 (d, Jop = 5.2, CH"), 83.2 (d, Jcp = 6.5,
CH™), 88.0 (d, Jop = 32.1, P-C(CHa)s), 30.7 (s, CH(CHa)y), 25.8 (s, CH(CHa),), 25.7 (s,
CH(CHa)2), 22.1 (d, Jop = 13.4, P-C(CHa)s), 18.2 (s, C*-CHs), 15.1 (d, Jep = 31.6, CHg).
31P{"H} NMR: +131.9 (s). HRMS: calcd for CisH»CIOPRu ([M] — CI)*, 391.0525;
found 391.0527. EA: Anal. calcd for C45H»7Cl,OPRu, %: C, 42.26; H, 6.38. Found, %:
C, 39.81; H, 6.43. IR: 3408, 3074, 2961, 2874, 1648, 1465, 1126, 887, 839, 743, 604.
[a]p = +40.1° (¢ 1, CHZCly).

[RUClz(CO)s(KO'(S)'L1)], L1Ru2 oc CI;O Cl
Complex [RuCl>(CO)s]. (40 mg, 78 mmol) was added to a solution of ~Ru’,

Ru
oC” ) Ycl
(S)-L1 (20 mg, 166 mmol, 2.1 eq) in THF (3 mL). The reaction O

Sp.aMe
mixture was stirred for 2 h at room temperature protected from light. T\tBu
After that time, the solvent was removed under vacuum. The oil :
obtained was washed with n-hexane and dried under vacuum to give the desired
product (25 mg, 43%).

'"H NMR: 7.01 (dq, Jip = 495.2, Juy = 4.0, 1H), 1.69 (dd, Jp = 13.2, Juy = 4.0, 3H),
1.19 (d, Jyp = 17.2, 9H). "*C{'H} NMR: 187.0 (s, CO), 183.71 (s, CO), 29.9 (d, Jep =
73.6, C), 23.6 (s, (CHs)s), 9.7 (S, Jop = 62.1, CHs). 3'P{'"H} NMR: +60.3 (s). HRMS:
caled for CgHy7NO4PCI,Ru: 393.9310 ([M] + NH,)*; found 393.9319. IR: 2968, 2131,

2042, 1468, 1294, 1094, 961, 805, 622. [a]p = —9.4° (¢ 1, CH,Cly).

trans-[RuCl,(CO)o(xP-(S)-L1),], L1Ru3 Me
Complex [RuCly(CO)s]> (72 mg, 0.14 mmol) was dissolved into a Ho\p':/tBU

1, I 1\
solution of ligand (S)-L1 (75 mg, 0.63 mmol) in toluene (3 mL). The g%rRu\(C;:
|

reaction mixture was heated for 8 h at 110 °C using a microwave MeyP\OH
oven. After that time, the solvent was removed under vacuum. The oll ‘Bu
obtained was washed with n-pentane and dried under vacuum to give the desired

product (100 mg, 76%).
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'H NMR (CgD¢): 1.69 (pseudotriplet, Jimua = 2.8, 6H), 0.96 (t, Jimua = 8.0, 18H).
BC{'"H} NMR: 195.4 (t, Jop = 11.1, 2C0), 35.5 (t, Juirwar = 17.4, C), 24.3 (t, Jirwas = 2.8,
CHs), 13.0 (t, Jia = 16.9, CHg). *'P{'H} NMR: +124.9 (s). HRMS: calcd for
C12HsoNO4P2ClL.RU ([M] + NH,)*, 486.0063; found 486.0071. EA: Anal. calcd for
C12H26C1:04P2Ru, %: C, 30.78; H, 5.60. Found, %: C, 31.51; H, 5.72. IR: 3439, 2961,
2870, 2126, 2048, 2000, 1643, 1469, 1300, 1152, 883, 583. [alp = —35.4° (c 1,
CH:Cly).

trans-[PdClx(xP-(S)-L1)], trans-L1Pd1 Me\ By
[Pd(COD)CI,] (89 mg, 0.31 mmol) was dissolved into a solution Cl /P:\OH
AN
of ligand (S)-L1 (76 mg, 0.63 mmol) in CH.Cl, (3 mL). The Pd
reaction mixture was allowed to stir at room temperature over 1 :P\
'BU  Me

h. After that time, the solution was concentrated in vacuo and the
product was recrystallized with CH.Cl,/hexane yielding the title product as a pale yellow
solid (124 mg, 96%).

'H NMR: 1.63 (br d, J = 2.8, 6H), 1.23 (pseudotriplet, Jina = 8.0, 18H). "*C{'H}
NMR:36.2 (br s, C), 25.5 (br s, CHg), 10.7 (br s, CHs). 3'P{"H} NMR: +117.3 (s).
HRMS: calcd for C1gHz502P-Pd ([M] — 2CI — H)*, 345.0364; found 345.0364. EA: Anal.
calcd for C19H26Cl1.02P2Pd, %: C, 28.76; H, 6.28. Found, %: C, 31.02; H, 6.09. IR:
3439, 2957, 2870, 1630, 1457, 1291, 1104, 1043, 900, 835, 739, 600, 500. [«¢]p =
+60.0° (c 1, CH.Cl).

[PA(u-Cl)(xP-(S)-L1)2]2, L1Pd2 tBU‘ :Me Me‘:tBu
PdCl, (143 mg, 0.81 mmol) was dissolved into a  O—P. P—0
2 { J S ) H/ \Pd/Cl\Pd/ \H
solution of ligand -L1 (200 mg, 1.66 mmol) in THF R
gand (8)-L1 (200 mg ) NN
(20 mL) and the reaction mixture was refluxed for 16 h O_IP-__ IP;O
in air. Solvent was eliminated under reduced pressure Me By Bu Me

and the crude was purified by flash chromatography (SiO,, CH.CI,:Et,0, 8:2) to yield
210 mg (68%) of L1Pd2 as a pale yellow solid.

'H NMR: 1.66 (d, Jip = 10.4, 12H), 1.25 (d, Jp = 16.0, 36H). *C{"H} NMR: 39.0—
38.5 (m, 4C), 26.5 (m, 12CH3), 14.8-14.3 (m, 4CHj). *'P{'"H} NMR: +109.0 (s).
HRMS: calcd for CaHsoCl204P4Pd: ([M] + H)*, 763.0182; found 763.0202. IR: 2945,
1462, 1280, 1033, 868, 812, 734. [a]p = +272° (¢ 0.5, CHCls).
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[Pd(u-Cl)(xP-(S)-L1),]o, L1Pd5
A solution of L1Pd2 (260 mg, 0.34 mmol) in O—P.
CHxCl> (5 mL) was treated with HBF,-OEt, (0.9
mL, 6.6 mmol) and the reaction mixture was Oo—P
stirred over 1 h. The solution was extracted with Me 1Bu Bu —T\/Ie
water (3 x 20 mL) and the organic layer was dried with Na,SO,, filtered and
concentrated in vacuo to yield 270 mg (93%) of product as a pale yellow solid.

'"H NMR: 1.79 (d, Jip = 10.0, 12H), 1.35 (d, Jwp = 17.2, 36H). "*C{'H} NMR: 39.7 (d,
Jop = 40.6, 4C), 26.1 (s, 12CH3), 15.1 (d, Jop = 45.8, 4CH3). *'P{'"H} NMR: +124.1 (s).
F NMR: —138.85 (t, Jrp = 6.8, '°BF,), —138.90 (t, Jrp = 6.8, ''BF»). HRMS: calcd for
C20H47B2Cl:F304P4Pd, ([M] — HF)*, 838.0026; found 838.0087. EA: Anal. calcd for
C2oH4sB2CloF4,0O4P4Pd,s, %: C, 28.00; H, 5.64. Found, %: C, 29.06; H, 5.78. IR: 2970,
1465, 1083, 1026, 930, 896, 861, 752, 739. [a]p = +280° (c 0.5, CH.CL,).

[Pd(u-OAc)(xP-(S)- J\
By M Me t
L1)2]z, L1Pd3, L1Pd4 070 L By Y
Pd(OAc); (112 mg, 0.5 mmol) Me,,.P/Pd\P.\JBu ,O'P\Pd/OAO\Pd/P_O\
. Bu” | | " Me Ho O N H
was added to a solution of O .. O-P OO0 P-G
(S)-L1 (120 mg, 1.0 mmol) Ml ’un tBul Me

in toluene (10 mL) and the reaction mixture was refluxed for 16 h. The solution was
cooled at room temperature and the solvent was evaporated under reduced pressure.
The remaining oil was purified by flash chromatography (SiO,, CH.Cl,:Et,O, 8:2) to
afford 250 mg (62%) of the acetate complex as a pale yellow solid.

'"H NMR (CsDe): 2.25 (s, 3H, mono), 1.87 (s, 6H, dim), 1.62 (d, Jyp = 8.8, 6H, mono),
1.40 (d, Jup = 11.2, 18H, dim), 1.11 (d, Jup = 11.6, 36H, mono + dim), 1.07 (d, Jp =
11.6, 36H, mono + dim). "*C{'H} NMR (C¢Ds¢): 183.1 (s, 2CO, dim), 181.6 (s, CO,
mono), 38.3 (d, Jcp = 13.8, C, mono), 37.7 (d, Jop = 13.1, C, dim), 26.2 (d, Jcp = 33.7,
CHs), 17.2 (dd, Jep = 28.3, 4.0, PCH3), 12.6 (d, J = 32.3, CHs), 12.2 (s, CH3), 11.9 (s,
CHs). ®'P{"H} NMR (C¢D¢): +110.6 (s), +106.9 (s). HRMS: calcd for C;oH250:P2Pd
(IM] — AcO)*, 345.0365; found 345.0364. IR: 3426, 2939, 2896, 2865, 1591, 1409,
1361, 1278, 1187, 1009, 874, 813, 730, 683, 604. [a]p = +201° (c 0.5, CH,Cl,).
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[Pd(u-OAc)(xP-(S)- J\
‘Bu Me Me tgy

L1)]o, L1Pd6, L1Pd7 070 v

, t 0-P o~o_ ,P-0
A solution of L1Pd3, Me "p’Pd\p;Bu F/,.B/ \Pd/ \Pd \B'F

Bu¥ | | "Me N 7 oo’ N\ s

L1Pd4 (765 mg, 1 mmol) O\B/O F O_IR" \\r lP"_O F
in CH.Cl, (5 mL) was F/ ""F Me 'Bu 'BU Me

treated with Ag(OAc) (334 mg, 2 mmol) and the reaction mixture was stirred over 1 h
protected from light. The grey suspension was filtered-off and the solution was
concentrated in vacuo to yield 700 mg (77%) of product as a pale yellow solid.

'H NMR (CgDs): 2.01 (s, 3H, mono), 1.93 (s, 6H, dim), 1.77 (d, Jup = 8.5, 6H, mono),
1.62 (d, Jup = 13, 18H, dim), 1.30 (d, Jp = 12, 36H, mono + dim), 1.27 (d, Jip = 11.9,
36H, mono + dim). "*C{'H} NMR (C¢Ds): 188.1 (s, 2CO, dim), 182.3 (s, CO, mono),
38.0 (d, Jep = 15, C, mono), 37.6 (d, Jcp = 14, C, dim), 29.7 (m, CHj3), 26.5 (m, PCH3),
25.3 (m, CHs), 14.5 (m, CHg), 14.1 (m, CHa). *'P{"H} NMR: +121.3 (s). "°F NMR: —
138.2 (t, Jrp = 7, "°BF>), —138.3 (1, Jrp = 7, ''BF»). HRMS: calcd for CoH24BF,0,P,Pd
(1/2[M] — 2AcO)*, 393.0347; found 393.0349; calcd for CioHpyNBF,0,P,Pd (1/2[M] —
2AcO + CH3;CN)*, 434.0615; found 434.0611. IR: 3417, 2948, 2352, 1621, 1457,
1387, 1087, 1013, 882, 743. [a]p = +220° (c 0.5, CH.CL,).

[Pd(n°-Ph,CsHs)Cl(xP-(S)-L1)], L1Pd8 BTN
Dimer [Pd(1°-CsHsPhs)Cl]» (201 mg, 0.30 mmol) was dissolved into HO\_P/Pd\CI
a solution of (S)-L1 (75 mg, 0.63 mmol) in CH,Cl, (10 mL). The tBU‘lg/lé
suspension was stirred for 3 h at room temperature producing a

clear yellowish solution. The solvent was evaporated in vacuo and the product was
recrystallized with CH.Cl,/hexane yielding a yellow solid (200 mg, 73%).

'"H NMR: 7.54-7.24 (m, 2Ph, M + m), 6.61 (dd, Ji = 16.0, Jun = 8.4, THeentra, M), 6.32
(dd, Jun = 13.6, Jun = 10.8, 1Hcentra, M), 5.51 (d, J = 7.2, m), 5.35 (dd, J = 13.6, J =
10.0, M), 4.53 (d, J = 11.6, m), 4.42 (d, J = 10.8, M), 1.59 (d, Jup = 10.0, 3H, m), 1.03
(d, Jup = 15.6, 9H, M), 0.73 (d, Jp = 15.6, 9H, m), 0.44 (d, Jp = 8.0, 3H, M). "*C{'H}
NMR: 129.1-126.1 (m, C, CH Ar), 38.7 (d, Jcp = 43.4, C), 26.4 (s, CHs), 14.6 (d, Jcp =
38.4, CH3). ®'P{"H} NMR: +131.2 (s, M), +125.1 (s, m). HRMS: calcd for C»oH»OPPd
(IM] = CI)*, 419.0750; found 419.0764. IR: 3443, 2952, 2861, 1648, 1604, 1470, 1287,

1026, 865, 735, 696. [a]p = +50° (¢ 1, CH,Cly).
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[Pd(n°-Ph,CsHs) (xP-(S)-L1)5], L1Pd9 LN

Dimer [Pd(nS-C3H3Ph2)CI]2 (100 mg, 0.15 mmol) was dissolved into Me/,,P,Pd\ WBu
~

a solution of (S)-L1 (75 mg, 0.63 mmol) in THF (10 mL). The 71 |

- .-
suspension was stirred for 1 h at room temperature, NEt; (0.1 mL, H

0.72 mmol) was added and the deep yellow solution was allowed to stir for further 30
min at room temperature. The solvent was evaporated in vacuo and the product was
recrystallized with CH,Cl./hexane yielding a yellow solid (159 mg, 98%).

'"H NMR: 7.17-6.95 (m, 2Ph), 6.06 (ddd, J = 14.0, J=10.8, J= 1.2, 1H, M), 5.52 (dd,
J=14.0, J=5.6, 1H, m), 5.29 (dd, J = 13.6, J=9.2, 1H, m), 4.98 (dd, J = 13.6, J =
10.4, 1H, m), 4.46 (ddd, J=14.4, J=8.4, J= 2.0, 1H, M), 3.97 (id, J=10.8, J=1.2,
1H, M), 1.31 (d, Jup = 8.4, 3H, M), 1.14 (d, Jup = 15.2, 9H, M), 0.82 (d, Jup = 15.2, 9H,
M), 0.76 (d, Jp = 8.8, 3H, M). *C{'H} NMR: 128.9-127.1 (m, 2Ph), 113.4 (S, Ceentra,
M), 113.4 (s, Coentrat, M), 91.2 (dd, Jop = 27.3, J = 5.1, Cayy, M), 78.6 (M, Cayy, M), 77.6
(m, Caiy, m), 69.4 (d, Jep = 33.3, Caiyi, M), 39.1 (d, Jep = 20.2, 2C), 25.8 (d, Jep = 5.1,
3CHg), 25.4 (d, Jop = 6.1, 3CH3), 8.9 (s, 2CHs). *'P{'H} NMR: +109.2 (d, Jpp = 68.0,
M), +108.9 (d, Jep = 61.6, m), +106.4 (d, Jep = 61.6, m), +105.6 (d, Jep = 68.0, M).
HRMS: calcd for Co5H390-P,Pd ([M] + H)*, 539.1454; found 539.1459. EA: Anal. calcd
for CosH350,P2Pd, %: C, 55.72; H, 7.11. Found, %: C, 53.59; H, 8.10. IR: 3417, 2935,
2739, 2670, 2487, 1648, 1483, 1400, 1183, 1017, 874, 687. [a]p = +893° (¢ 1, CH.Cly).

[Pd(n°-PhyCgsHs)(xP-(S)-L1),], L1Pd10 Ph\/,I\\/Ph
A solution of L1Pd9 (200 mg, 0.37 mmol) in CHxCl, (5 mL) was Me,, _Pd__ (Bu
treated with HBF,-OEt, (0.9 mL, 6.6 mmol). The reaction mixture ‘Bu
was stirred for 30 min at room temperature and then it was ; ",,F
extracted with water (3 x 10 mL). The organic layer was dried over

Na,SO,, filtered and the solvent was evaporated in vacuo. The product was obtained
as a pale yellow solid (199 mg, 92%).

'"H NMR: 7.51-7.19 (m, 2Ph), 6.34 (ddd, J = 14.4, J=10.8, J= 1.2, 1H, M), 6.08 (dt, J
=9.2,J=28,1H, m), 5.61 (dd, J=13.6, J=9.2, 1H, m), 5.19-5.12 (m, 1H, m), 4.92
(ddd, J=14.0, J=9.2, J=1.6, 1H, M), 4.35 (t, J= 12.0, 1H, M), 1.38 (d, Jur = 8.0, 3H,
M), 1.16 (d, Jup = 16.0, 9H, M), 0.81 (d, Jup = 16.0, 9H, M), 0.75 (d, Jup = 8.8, 3H, M).
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8C{'H} NMR: 140.1-126.6 (m, 2Ph), 113.4 (t, Jop = 7.1, Caiy, M), 109.1 (t, Jep = 6.1,
Cany, M), 93.9 (dd, Jop = 27.3, J = 6.1, Cary, M), 80.3 (t, Jop = 15.2, Cary, M), 79.5 (t, Jop
=18.2, Cayy, M), 71.1 (dd, Jop = 33.3, J = 5.1, Caiy, M), 39.3 (ddd, J=28.3, J=14.1, J
=2, 2C, M), 37.4 (dd, J = 33.3, J = 16.2, 2C, m), 25.7 (d, Jcp = 4.0, 3CHj), 25.3 (d, Jop
= 6.1, 3CHjg), 13.1 (d, Jop = 27.2, CH3), 12.2 (d, Jop = 30.3, CHs). *'P{'H} NMR:
+125.9 (d, Jpp = 81.0), +118.3 (d, Jep = 81.0). '°F NMR: —136.1 - —136.4 (m, "'BFy), —
137.3 - —138.0 (m, '°BF,). HRMS: calcd for CusHs;BOsF:NaP,Pd ([M] + Na)*,
609.1256; found 609.1263. IR: 2941, 2860, 1462, 1365, 1288, 1199, 1063, 1020, 995,
940, 889, 757, 736, 698, 591. [a]p = +851° (c 1, CHxCly).

6.5.2.2. Complexes with the MaxPhos ligand

[(n®-CsMes)MCIl(MaxPhos)][BF,] (M = Rh (L2Rh1), Ir (L2Ir1))

At room temperature, to a solution of the corresponding complex [(1°-CsMes)M(acac)Cl]
(1.2 mmol) in 5 mL of CH.Cl,, (Sp)-[HMaxPhos][BF,] (636.3 mg, 1.2 mmol) was added.
The resulting orange (Rh) or yellow (Ir) solution was heated at reflux for 48 h and then
was filtered to remove any insoluble material. The solution was concentrated under
reduced pressure to ~1 mL. The slow addition of n-hexane led to the precipitation of a
red-brown (Rh) or yellow (Ir) solid, which was washed with n-hexane (3 x 5 mL) and

vacuum-dried.

[(n®-CsMes)RhCI(MaxPhos)][BF4] (L2Rh1). Yield: 93%. —|BF.]
'H NMR (300.13 MHz): 5.56 (brs, NH), 1.91 (d, J = 8.9, 3H, \?ﬁ,
P'Me), 1.74 (pt, J = 3.1, 15H, CsMes), 1.46 (d, J = 16.2, 9H, P? 'Bu), Cl/th.,,P1:Me
1.42 (d, J = 15.3, 9H, P? 'Bu) and 1.33 (d, J = 17.6, 9H, P' 'Bu). tEsu—/p2\NlH ‘Bu
3C{'"H} NMR (75.48 MHz): 103.7 (dt, J = 5.0, J = 2.7, CsMes),  BM

43.7 (dd, J= 5.4, J= 2.9, 15H, P’°CMes), 40.7 (dd, J = 16.9, J = 4.1, P'CMej), 40.1 (dd,
J=11.8, J = 1.6, P°CMe;), 30.8 (d, J = 4.7, P°CMe3), 28.6 (br, P°CMe;), 27.0 d, J =
3.7, P'CMes), 15.8 (d, J = 19.6, P'"Me) and 10.8 (brs, CsMes). *'P{'"H} NMR (121.42
MHz): +88.3 (dd, Jrwp = 115.6, Jpip2 = 89.0, P?) and +55.1 (dd, Jmne = 117.0, PY).

EA: Anal. calcd for CsHasBCIFsNNP,Rh, %: C, 44.28; H, 7.38; N, 2.24. Found, %: C,
44.11; H, 7.90; N, 2.05. IR: ¥(NH) 3262, v(BF4) 1040. CD (acetone, 5.1 x 10™* M,

RT): A, nm, (Ag): 427 (+3.55); 341 (—11.99); 305 (+5.20).
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[(7°-CsMes)IrCl(MaxPhos)][BF4] (L21r1). Yield: 89%.

'H NMR (500.13 MHz): 6.89 (brs, NH), 1.94 (d, J = 8.8, 3H, \@—IIBH]
P'Me), 1.72 (pt, J = 2.2, 15H, CsMes), 1.43 (d, J = 16.1, 9H, proR- | Me
/7
P1

2 /Ir ,,,,,
'Bu P?), 1.38 (d, J = 15.4, 9H, proS-Bu P?) and 1.28 (d, J= 175, Cl7§ T
tB _p2\ u
9H, P' 'Bu). *C{'"H} NMR (125.77 MHz): 98.3 (dt, J = 1.3, I:Bu’ NH

CsMes), 42.5 (dd, J = 12.2, J = 4.9, 15H, P?*CMes), 39.5 (dd, J =

32.9, J=5.3, P°CMe3), 39.2 (d, J = 20.2, P'CMe3), 30.9 (d, J = 4.3, P°CMes), 28.4 (br),
27.1 (d, J= 3.4, P'CMej3), 16.0 (d, J=29.1, P'"Me) and 10.2, (s, CsMes). *'P{'"H} NMR
(202.46 MHz): +55.2 (d, Jpipz = 56.2, P?) and +19.2 (d, P'). EA: Anal. calcd for
CasH4sBCIF,IrNP,, %: C, 38.74; H, 6.50; N, 1.96. Found, %: C, 38.25; H, 6.12; N, 2.14.
IR: v(NH) 3268, v(BF4) 1040. CD (acetone, 5.2 x 10™ M, RT): A, nm, (A¢): 368
(+2.54); 297 (-9.15).

[(n®-p-MeC¢H,'Pr)RuCl(MaxPhos)][X] (X = BF, (L2Ru1), PFs (L2Ru1’))

A solution of (S)-[HMaxPhos][BF4] (200 mg, 0.56 mmol) in 10 mL of THF was cooled to
—78 °C and n-BuLi (0.5 mL of a 1.6 M solution in hexanes, 0.8 mmol) was added
slowly. The reaction mixture was stirred for 30 min and then it was warmed to room
temperature. At this point methanol (1 mL), ammonium tetrafluoroborate or
hexafluorophosphate (1.9 mmol) and the Ru dimer [RuCI(M-CI)(nG-p-MeCGH4iPr)]2 (171
mg, 0.28 mmol) were added. The resulting mixture was stirred at room temperature for
48 h protected from light and after this time was evaporated to dryness. The crude was
extracted with water (10 mL) and dichloromethane (3 x 20 mL) and the organic layers
were combined and dried with anhydrous sodium sulphate. The resulting solution was
brought to dryness under vacuum. The crude was further recrystallized from

CH.CI,/Et,0 to yield the title product as a pale brown solid.

[(n%-p-MeCeH4Pr)RuCl(MaxPhos)][BF4] (L2Ru1). Yield:

[BF4]
85%. >—@>——| )

| Me

'H NMR (400.13 MHz): 5.83 (dt, J = 6.0, J = 1.6, 1H, p- CI/FU,,P;
Me'PrCgH.), 5.71 (dd, J = 6.4, J = 1.6, 1H, p-MeCgH,Pr), 5.66 tBu—/pz\,letBu
(d, J = 6.4, 1H, p-Me'PrC¢H.), 5.28 (pt, 1H, NH), 5.11 (d, J = 'Bu

6.0, 1H, p-Me'PrCgH.), 3.11 (sept, J = 6.4, 1H, p-Me'PrCqH,), 2.50 (brs, t, J = 1.6, 3H,
p-Me'PrCgH.), 2.01 (d, J = 8.4, 3H, P'Me), 1.46 (d, J = 16.0, 9H, P? 'Bu), 1.36 (d, J =
17.2, 9H, P? 'Bu), 1.33 (d, J = 6.3, 3H, p-Me'PrCeHs), 1.28 (d, J = 6.8, 3H, p-
Me'PrCsH.).
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3C{'"H} NMR (101.01 MHz): 118.9 (dd, J= 8.6, J = 2.0, p-Me'PrCgH,), 112.2 (dd, J
= 4.7, J = 3.3, p-Me'PrCgsH.), 102.7 (s, p-Me'PrCeH,), 90.6 (d, J = 7.6, p-Me'PrCgH.),
86.1 (s, 2C, p-Me'PrC¢H,), 43.3 (dd, J = 8.0, J = 2.9, P°CMes), 40.8 (d, J = 16.6,
P'CMejs), 40.0 (dd, J = 28.8, J = 3.6, P2CMe;), 31.6 (s, p-Me'PrCgH,), 31.4 (d, J = 4.7,
P2CMes), 27.4 (d, J = 3.7, P’CMe;), 24.4 (d, J = 2.2, p-Me'PrCgH4), 20.9 (s, p-
Me'PrCeH.,), 19.9 (s, p-Me'PrCeH.), 19.1 (d, J = 23.3, P'"Me). *'P{'H} NMR (162.01
MHz): +90.8 (d, Jpipz = 89.3, P?, +63.1 (d, P'). EA: Anal. calcd. for
CasHsBCIF,NP,Ru, %: C, 44.49; H, 7.31; N, 2.26. Found, %: C, 44.52; H, 7.43; N,
2.50. IR: v(NH) 3287, v(BF,) 1065.

. | IPFd)
[(1°-p-MeCeH.Pr)RuCI(MaxPhos)][PFe] (L2Ru1-PFe).
Yield: 68%. by, Me

/
1

CI/Ru,,

pl

'H NMR (400.13 MHz): 5.83 (dt, J = 6.0, J = 20, 1H, o tgy—p2_ I 'Bu
- . ~NH

Me'PrCeHa), 5.72 (dd, J = 6.4, J = 1.2, 1H, p-Me'PrCgH.), 5.68 .

(d, J = 6.4, 1H, p-Me'PrCgH.), 5.09 (d, J = 6.0, 1H, p-Me'PrCgsHa), 4.62 (pt, 1H, NH),
3.10 (sept, J = 6.4, 1H, p-Me'PrCgH.), 2.49 (brs, t, J = 1.2, 3H, p-Me'PrCgH.), 1.97 (d, J
= 8.4, 3H, P'Me), 1.44 (d, J = 16.0, 9H, P?Bu), 1.37 (brs, 9H, P*'Bu), 1.35 (d, J= 17.6,
9H, P? 'Bu), 1.33 (d, J = 5.6, 3H, p-Me'PrCsH.), 1.29 (d, J = 6.8, 3H, p-Me'PrCgH.).
8C{"H} NMR (101.01 MHz): 119.2 (dd, J=8.7, J = 2.1, p-Me'PrCgH,), 112.4 (dd, J
= 4.5, J = 3.4, p-Me'PrCgHy), 102.8 (d, J = 3.4, p-Me'PrCgH,), 90.6 (d, J = 7.6, p-
Me'PrCsH.), 86.3 (s, p-Me'PrCqHs), 86.2 (s, p-Me'PrCgH.), 43.4 (dd, J = 7.5, J = 2.9,
P2CMes), 40.8 (d, J = 16.3, P'CMej3), 40.0 (dd, J = 28.4, J = 3.5, P’CMe3), 31.7 (s, p-
Me'PrCgH.), 31.5 (d, J = 4.7, P?CMe3), 27.4 (d, J = 3.7, P’)CMe;), 24.5 (d, J = 2.6, p-
Me'PrCsH.), 20.9 (s, p-Me'PrCgH4), 19.9 (s, p-Me'PrCgHs4), 19.2 (d, J = 23.2, P'Me).
31P{'H} NMR (121.01 MHz): +92.3 (d, Jrp2 = 88.0, P?), +64.8 (d, P'). EA: Anal.
calcd. for CsHasCIFsNPsRu, %: C, 40.68; H, 6.68; N, 2.06. Found, %: C, 40.42; H, 6.84;
N, 2.20. IR: (NH) 3343, v(PFe) 845.

[(n°-CsMes)Ir(MaxPhos)][BF.] (L21r2)

At 253 K, to a solution of the complex [(17°-CsMes)IrCl(MaxPhos)][BF,] (150.0 mg, 0.21
mmol) in 5 mL of CH,Cl, AgBF, (45.0 mg, 0.23 mmol) was added. The resulting
solution was stirred for 4 h and then was filtered to remove the AgCI formed. The pale
yellow solution was concentrated under reduced pressure to ~1 mL. The slow addition
of Et,O led to the formation of an oily residue that was broken up by stirring the

suspension in Et,0.
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Yield: 120.0 mg, 84%. Diastereomeric ratio: 82/18. EA: Anal. calcd for
CasHasBF4IrNP2, %: C, 40.83; H, 6.70; N, 2.07. Found, %: C, 40.35; H, 6.39; N, 2.04.
IR: v(NH) 3298, v(BF,4) 1051.

S.,,Rp1,8p2-L2Ir2.YieId: 82%. —l[BF4]
'H NMR (500.13 MHz, CD.Cls): 5.85 (brs, NH), 2.13 (dpt, \@
Ir\

Joon = Jum = 8.9, Jpiy = 5.0, 1H, proS-Ir-CHH), 2.03 (pt, J =

2.2, 15H, CsMes), 2.02 (P'Me overlapped), 1.39 (dpt, Jpon = Meld plZ\ NIH\tBu
Jun = 9.5, Jpip = 3.5, 1H, proR-Ir-CHH), 1.27 (d, J= 16.5, 9H, Me tBu/

P''Bu), 1.26 (3H, P°CMe, overlapped), 1.24 (d, J = 16.0, 3H, P’CMe) and 1.23 (d, J =
16.1, 9H, P2 'Bu). "*C{'H} NMR (125.77 MHz, CDyCl,): 95.3 (pt, J = 2.7 Hz,
CsMes), 59.5 (dd, J = 30.1, J = 4.2, P’CMe,), 38.1 (dd, J=29.6, J = 8.8, P'CMe;), 36.7
(pt, J = 2.5, P°CMe3), 28.6 (d, J = 4.0, P°CMe), 26.3 (d, J = 4.3, P'CMes), 25.9 (d, J =
4.3, P’CMe;), 23.8 (d, J= 7.0, P’CMe), 18.4 (d, J = 30.7, P'Mes), 10.4 (s, CsMes) and —
7.4 (dd, J = 40.3, J = 15.0, Ir-C). *'P{'H} NMR (202.46 MHz, CD,Cl,): +21.5 (d,
Jpip2 = 60.2, P') and —1.9 (d, P?).

R\, Rp1,Rp2-L21r2. Yield: 18%. —|[BF4]
'H NMR (500.13 MHz, CD5Cly): 5.74 (brs, NH), 2.02 (pt, J \@/

= 2.2, 15H, CsMes), 1.82, (dpt, Jran = Jht = 9.2, Jpryy = 4.7, 1H, 'BU 1/lr
I-CHH), 1.79 (d, J = 8.4, P'Me), 1.33 (3H, P2CMe, overlapped) 'V'eH\N/\P\X(Me
and 1.19 (d, J = 16.2, 9H, P? 'Bu). "*C{'H} NMR (125.77 Bu Me
MHz, CD,Cl,): 95.4 (pt, J = 2.9, CsMes), 58.9 (dd, J = 31.4, J = 1.9, P2CMe,), 37.1
(pt, J = 4.5, PCMes), 29.6 (d, J = 3.9, P’CMe), 25.1 (d, J = 5.4, P°CMes), 24.8 (d, J =
5.8, P’CMe;), 10.6 (s, CsMes), 8.6 (dd, J = 27.4, J=5.1, P'"Me3) and —2.6 (dd, J = 64.0,
J=5.5, Ir-C). *'P{'"H} NMR (202.46 MHz, CD,Cly): +37.5 (d, Jp1p> = 51.9, P') and
-8.7 (d, P).

5 " |[BF4lz
[(n>-CsMes)Rh(MaxPhos)(NCMe)][BF4]. (L2Rh2) \@/
To a solution of complex L2Rh1 (75.0 mg, 0.12 mmol) in 10 mL |

—Rh ’
of MeCN, AgBF, (26.0 mg, 0.13 mmol) was added. The resulting MeCN | Pl
Bu

Me

solution was stirred for 6 h at RT and then was filtered to remove ~ 'Bu—P?*—nNH

the AgCl formed. The yellow solution was concentrated under ‘Bu

reduced pressure to ~1 mL. The slow addition of Et,O led to the formation of a yellow
solid, which was washed with Et,O (3 x 5 mL) and vacuum-dried. Yield: 62.0 mg,
72%.
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'H NMR (500.13 MHz, CD,Cly): 5.97 (brs, NH), 1.99 (d, J = 9.2, 3H, P'"Me), 1.90
(pt, J = 8.7, 15H, CsMes), 1.46 (d, J = 16.5, 9H, P? 'Bu), 1.44 (d, J = 16.4, 9H, P? 'Bu),
1.35 (d, J = 18.1, 9H, P' 'Bu) and 1.31 (brs, CNMe). *'P{'"H} NMR (202.46 MHz,
CD,Cly): +90.7 (dd, Jrnp = 108.5, Jpipz = 77.4, P?) and +56.0 (dd, Jae = 112.2, PY).
HRMS: calcd for Cy3HisNP2Rh [M—NCMe-H]*, 500.2077; found 500.2129; calcd for
CasH4sNP,Rh [M=NCMe]?*, 250.6078; found 250.6028. IR: v(NH) 3261, v(BF,) 1040.
CD (acetone, 4.9 x 10~ M, RT): A, nm, (A¢): 394 (+3.30); 327 (-7.31); 299 (-
6.99).

[(n®-p-MeCgH,4'Pr)Ru(MaxPhos)(NCMe)][BF 4] (L2Ru?2) > = —BFb

To a solution of complex L2Ru1 (60.0 mg, 0.097 mmol) in 10 ]

Me
mL of CH.Cl, AgBF. (20 mg, 0.13 mmol) was added. After 1 h, MeCN/lRu"'thBu
4
acetonitrile (1 mL) was added and the resulting solution was tBli'_IPZ\NH
Bu

stirred for 1 h at RT shielded from light and then it was filtered

to remove the AgCl formed. The clear solution was brought to dryness yielding the title
product as a yellowish oil. Yield: 60.0 mg, 88%.

'H NMR (400.13 MHz, CDsCN): 6.43 (dt, J= 6.4, J = 1.6, 1H, p-Me'PrC¢H,), 6.32
(d, J = 6.4, 1H, p-Me'PrC¢H,), 6.21 (dd, J = 6.8, J = 1.6, 1H, p-Me'PrC¢H,), 5.60 (d, J =
6.4, 1H, p-Me'PrCsH.), 5.20 (brs, 1H, NH), 3.07 (sept, J = 6.8, 1H, p-Me'PrCqH,), 2.49
(brs, t, J = 2.0, 3H, p-Me'PrCqH,), 2.04 (d, J = 8.8, 3H, P'Me), 1.35 (d, J = 16.0, 9H, P2
'‘Bu), 1.34 (d, J = 16.0, 9H, P? 'Bu), 1.26 (d, J = 16.0, 9H, P' 'Bu), 1.30 (d, J = 6.0, 3H,
p-Me'PrCeH,). *C{'"H} NMR (101.01 MHz, CD3CN): 124.1 (dd, J=6.7, J= 1.7, p-
Me'PrCsH.), 117.6 (pt, J = 3.6, p-Me'PrCgH,), 100.9 (s, p-Me'PrCgH.), 93.0 (d, J = 5.4,
p-Me'PrCsHa), 91.7 (s, p-Me'PrCqHs), 91.0 (s, p-Me'PrCsH.), 43.4 (dd, J= 9.8, J = 2.8,
P2CMes), 42.1 (d, J = 17.0, P'CMe3), 41.2 (dd, J = 28.9, J = 3.5, P’CMe3), 32.5 (s, p-
Me'PrCsH.), 29.6 (d, J = 4.5, P’°CMey), 26.7 (d, J = 4.0, P’CMe;), 26.3 (d, J = 3.5,
P'CMe;), 24.0 (d, J = 2.2, p-Me'PrCgHs), 21.8 (s, p-Me'PrC¢H.), 20.2 (s, p-MePrCgH,),
19.5 (d, J = 26.0, P'"Me). ®'P{"H} NMR (162.01 MHz, CD3sCN): +94.8 (d, Jbipz =
73.9, P?), +67.7 (d, P'). HRMS: calcd for CusHssNoPoRu [M]**, 270.1162; found
270.1158. IR: v(NH) 3469, v(BF,) 1022.
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6.5.2.3. Complexes with MaxPHOX ligands

General procedure for the preparation of [Ir(P,N)(COD)]BArr complexes (L3S, L3R,
L4R)."”

The corresponding borane protected ligand L3S, L3R, L4R (1 eq) was dissolved in
pyrrolidine (0.06 M) and stirred for 16 h at 90 °C. Afterwards, pyrrolidine was removed
in vacuo at room temperature over 1 h. When no pyrrolidine remained, the crude was
further dried under vacuum for 30 min at 50 °C. A solution of [Ir(COD)(Cl)]> (0.5 eq) in
CH.CI, (0.06 M) was then added to the free ligand via cannula and the resulting
solution was stirred for 40 min at room temperature. NaBArr (1 eq) was added to the
previous deep orange solution and the mixture was stirred 1 h more at room
temperature. The crude was evaporated in vacuo until 1 mL and then was filtered
through a small plug of silica gel, washing first with n-hexane and then eluting with n-
hexane:CH,Cl, (1:1). The reddish fraction was collected and concentrated to yield the

corresponding iridium complexes as deep orange solids.

[1Ir(L3S)(COD)]BATrg, L3SIr

'H NMR: 7.75-7.67 (m, 8H), 7.53 (br s, 4H), 4.96-4.86 (m NH
1H), 4.67—-4.58 (m, 1H), 4.50 (dd, J = 10.0, J = 4.0, 1H), 4.28 3/ Pernlle
(t, J=10.0, 1H), 4.22 (br s, 1H), 3.98 (dt, J=10.0, J= 4, 1H), Pr _- _\
3.86-3.73 (m, 1H), 3.42 (ddd, J = 18.0, J = 10.0, J = 7, 1H),

2.37-2.24 (m, 1H), 2.23-2.00 (m, 6H), 1.97-1.92 (m, 1H), 1.91-1.84 (m, 1H), 1.77—
1.66 (m, 2H), 1.41 (d, Jp = 7, 3H), 1.10 (d, Jp = 15.0, 9H), 1.08 (d, J = 7.0, 3H), 0.98 (d,
J=7.0, 3H), 0.91 (d, J= 7.0, 3H), 0.80 (d, J = 7.0, 3H). ®'P{"H} NMR: +59.7 (s). '°F
NMR: -62.4 (s).

iPr
: BArE:

[Ir(L3R)(COD)]BAre, L3RIr ipr -
'"H NMR: 7.72-7.68 (m, 8H), 7.53 (br s, 4H), 4.92—-4.84 (m, )\I/

1H), 4.68-4.60 (m, 1H), 4.57 (dd, J = 10.0, J = 4.0, 1H), tBu“- Q

4.35 (t, J=10.0, 1H), 3.97-3.85 (m, 2H), 3.65-3.52 (m, 2H), ipy
2.49-2.38 (m, 1H), 2.38-2.28 (m, 1H), 2.26-2.02 (m, 5H),

1.84-1.69 (m, 3H), 1.47-1.44 (m, 1H), 1.32 (d, J» = 7.0, 3H), 1.18 (d, Jp = 15.0, 9H),
1.01 (d, J= 7.0, 3H), 0.95 (d, J = 7.0, 3H), 0.93 (d, J = 7.0, 3H), 0.75 (d, J = 7.0, 3H).
31P{"H} NMR: +62.1 (s). "°F NMR: —-62.4 (s).
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[Ir(L4R)(COD)]BArg, L4RIr ipy oA
"H NMR: 7.70 (br m, 8H), 7.53 (br s, 4H), 4.88-4.71 (m, HN/'\”/O

2H), 4.67 (dd, J = 10.0, J= 3.0, 1H), 4.34 (t, J= 10.0, 1H), Bum-p_ N
3.98 (dt, J=12.0, J = 3, 1H), 3.97-3.87 (m, 1H), 3.76 (dd, J IV'e// N\ By

= 9.0, J = 3.0, 1H), 3.48-3.33 (m, 1H), 2.56-2.44 (m, 1H),

2.43-2.35 (m, 2H), 2.31-2.18 (m, 1H), 2.18-2.08 (m, 1H), 2.08—-1.91 (m, 2H), 1.66—
1.47 (m, 2H), 1.38 (d, Jr = 8.0, 3H), 1.20 (d, Jp = 15.0, 9H), 1.01 (d, J = 7.0, 3H), 0.94
(s, 9H), 0.89 (d, J= 7.0, 3H). ®'P{"H} NMR: +62.9 (s). "°F NMR: —62.4 (s).

[Ir(L3R)(COD)]BF4, L3RIr-BF, ipr oF,
The corresponding borane protected ligand L3R (1 eq) was HN/'\”/O
dissolved in freshly distilled pyrrolidine (0.06 M) and stirred tBu""'IID\Ir,N

Me™ "\\ ipr

for 16 h at 90 °C. Afterwards, pyrrolidine was removed in
vacuo at room temperature over 1 h. When no pyrrolidine
remained, the crude was further dried under vacuum for 30 min at 50 °C. A solution of
[Ir(COD)(Ch]» (0.5 eq) in CH,CI, (0.06 M) was then added to the free ligand via cannula
and the resulting solution was stirred for 40 min at room temperature. NaBF, (1 eq)
was added and the mixture was stirred 1 h more at room temperature. The crude was
evaporated /in vacuo until 1 mL and then was filtered through a small plug of silica gel,
washing first with n-hexane and then eluting with n-hexane:MeOH (1:0.5). The reddish
fraction was collected and evaporated to dryness. The crude was washed twice with
pentane and concentrated in vacuo to yield the product as an orange solid.

'H NMR: 5.01-4.92 (m, 1H), 4.75-4.70 (m, 1H), 4.45 (dd, J = 9.5, J = 3.9, 1H), 4.06—
4.02 (m, 1H), 3.86 (d, J= 7.4, 1H), 3.67 (m, 1H), 2.27-2.11 (m, 5H), 2.03—1.96 (m, 3H),
1.81 (m, 1H), 1.79-1.71 (m, 4H), 1.38 (d, J = 8.0, 3H), 1.12 (d, J = 15.0, 9H), 1.05 (d, J
= 6.6, 3H), 0.95 (d, J = 6.9, 3H), 0.91 (d, J = 6.9, 3H), 0.86 (d, J = 6.6, 3H). *'P{'H}
NMR: +60.0 (s). '°F NMR: -152.1 (s).
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L3SIr1

A Schlenk flask was charged with 50 mg of complex /'\/

L3SIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 ‘Bu" P,, | W \) _I BArg
eq) of acetophenone N-phenyl imine, 11. The flask was Me r\ 'Pr

purged with three vacuum/N; cycles and the solids were / ,L\ PPhg
dissolved in 3 mL of THF. The solution was transferred Ph

into a Fisher-Porter tube and stirred for 2 h under 2 bar

of H,. During this period, the initially orange solution turned yellow. At the due time, the
hydrogen was vented and 9.2 mg of PPh; (0.035 mmol, 1 eq) were added and the
resulting solution was stirred at room temperature for 30 min. The solvent was
evacuated and the crude was recrystallized in CH,Cl./pentane.

Yellow solid. Yield: 93% (57 mg). '"H NMR (400 MHz, CgD¢): 8.42 (br s, 8H), 7.98—
7.96 (m, 2H), 7.69 (br s, 4H), 7.41-7.37 (m, 10H), 7.06—7.04 (m, 20H), 6.95-6.91 (m
14H), 6.79-6.77 (d, J = 8.4, 2H), 4.21 (q, J = 6.4, 1H), 3.81-3.78 (m, 1H), 3.69 (t, J =
9.3, 1H), 3.61-3.58 (m, 1H), 3.24-3.22 (m, 1H), 1.99-1.93 (m, 1H), 1.11 (d, J = 6.7,
3H), 0.94 (d, J= 6.4, 3H), 0.88 (d, J = 6.3, 3H), 0.54 (d, J= 15, 9H), 0.02 (d, J = 6.4,
3H), -0.1 (d, J = 6.3, 3H), —11.5 (dm, J = 119.4, 1H), —-22.3 (qd, J = 19, J = 5, 1H).
P{'"H} NMR (162 MHz, CgDs): +60.0 (s), +58.1 (s). HRMS: calcd for
C47HgoN3OPalr [M + H]2+, 468.6915; found 468.6915; calcd for CogH4sN3OPIr [M —
PPhs]*, 674.2845; found 674.2848; calcd for CsHsgN3OP2lr [M]*, 936.3757; found
936.3753; calcd. for C3,H12BF24 [M]7, 863.0654; found 863.0662.

L3SIr2

A Schlenk flask was charged with 50 mg of complex /'\r

L3SIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 - P/' " K \) | A
eq) of acetophenone N-phenyl imine, I11. The flask was Me r\ 'Pr

purged with three vacuum/N, cycles and the solids were ,L PMes
dissolved in 3 mL of THF. 7 “ph

The solution was transferred into a Fisher-Porter tube

and stirred for 2 h under 2 bar of H,. During this period, the initially orange solution
turned yellow. At the due time, the flask was vented and 35 mL of a 1 M THF solution
of PMe; (0.035 mmol, 1 eq) were added and the resulting solution was stirred at room
temperature for 30 min. The solvent was evacuated and the crude was recrystallized in

CH.Clo/pentane.
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Pale-yellow solid. Yield: 97% (54 mg). '"H NMR: 7.75 (br s, 8H), 7.67 (d, J = 7.6, 1H),
7.64 (dd, J=8.0, J= 1.2, 1H), 7.52 (br s, 4H), 7.42-7.38 (m, 2H), 7.28-7.22 (m, 2H),
715 (t, J=7.6, 1H), 7.01 (td, J= 7.2, J= 1.2, 1H), 6.9 (s, 1H), 4.30 (dd, J = 14.4, J =
5.2, 1H), 4.09-4.00 (m, 2H), 2.82—2.77 (m, 1H), 2.50 (d, J = 1.2, 3H), 2.30-2.18 (m,
1H), 1.87 (d, J=9.2, 3H), 1.54-1.45 (m, 1H), 1.17 (dd, J= 8.8, J= 2.0, 9H), 0.90 (d, J
=7.2,3H),0.77 (d, J= 6.8, 3H), 0.69 (d, J= 6.8, 3H), 0.61 (d, J=6.8, 3H), 0.51 (d, J=
14.0, 9H), —19.95 (t, J= 19.6, 1H). *'P{'H} NMR: +38.9 (d, J = 349.3, PN), —45.1 (d, J
= 349.3, PMe3). HRMS: calcd for C3:Hs3sNsOP,Ir [M]*, 750.3287; found 750.3284; calcd
for CaoHi4N3OPIr [M — PMes]", 674.2845; found 674.2833; calcd. for CaH{2BF24 [M],
863.0654; found 863.0663.

L3SIr3 ipr

A Schlenk flask was charged with 50 mg of complex HN 0
| | _| BAI’F
H

L3SIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1

tBU“..P",‘ | ~\N /
eq) of acetophenone N-phenyl imine, 11. The flask was Me 'Ir"\ —:iP
| | | ~co P
purged with three vacuum/N, cycles and the solids were N
N\
dissolved in 3 mL of THF. The solution was transferred Ph

into a Fisher-Porter tube and stirred for 2 h under 2 bar

of H,. During this period, the initially orange solution turned yellow. At the due time, the
flask was vented and repressurised with 2 bar of CO and the resulting solution was
stirred at room temperature for 40 min. The solvent was evacuated and the crude was
recrystallized in CH,Cl,/pentane.

Pale-yellow solid. Yield: 97% (53 mg). '"H NMR (400 MHz, CD,Cly): 7.97 (dd, J =
7.6, J=1.6, 1H), 7.72 (br s, 8H), 7.57 (br s, 6H), 7.44-7.43 (m, 3H), 7.37-7.34 (br t, J
= 6.7, 2H), 7.08 (t, J= 7.4, 1H), 6.78 (dd, J = 8.4, J= 1.2, 2H), 4.49 (q, J = 6.8, 1H),
4.23 (dd, J=9.1, J= 8.0, 1H), 4.15 (dd, J= 9.3, J= 2.8, 1H), 4.08 (d, J = 10.0, 1H),
3.88-3.85 (m, 1H), 3.47 (dd, J=9.0, J= 3.1, 1H), 2.43 (brd, J=11.0, 1H), 1.51 (d, J=
6.7, 3H), 1.16 (d, J=10.0, 9H), 0.73 (d, J= 3.1, 3H), 0.64 (d, J= 3.0, 3H), 0.59 (d, J =
3.1, 3H), 0.52 (d, J= 3.0, 3H), -6.8 (d, J = 17.8, 1H), —16.7 (d, J = 17.8, 1H). *'P{'H}
NMR (162 MHz, CD,Cly): +51.1 (s), +44.7 (s).

HRMS: calcd for CuHusNsOPIr [M — COJ*, 674.2845; found 674.2834; calcd for
C30H4sN3O2PIr [M]*, 702.2795; found 702.2793; calcd. for CaH12:BF24 [M]7, 863.0654;
found 863.0662. IR: 3443, 2965, 2926, 2052, 1609, 1383, 1361, 1274, 1126, 1026 and
809.
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L3SIr4
A Schlenk flask was charged with 50 mg of complex )\r

L3SIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 ‘Bu" P/' | & \) _| BArg
eq) of acetophenone N-phenyl imine, 11. The flask was Me

'Pr
|\NCMe
N

dissolved in 3 mL of THF. The solution was transferred “Ph

purged with three vacuum/N, cycles and the solids were

into a Fisher-Porter tube and stirred for 2 h under 2 bar

of H,. During this period, the initially orange solution turned yellow. At the due time, the
flask was vented and one drop of acetonitrile was added and the resulting solution was
stirred at room temperature for 30 min. The solvent was evacuated and the crude was
recrystallized in CH,Cl,/pentane.

Pale-yellow solid. Yield: 89% (49 mg). '"H NMR (400 MHz, CD5CN): 7.99 (dd, J =
7.2, J=1.6, 1H), 7.67 (br s, 12H), 7.48-7.42 (m, 3H), 7.31 (dt, J = 45.0, J = 7.5, 2H),
7.09 (brd, J=7.4,2H),7.04 (t, J=6.8, 1H), 4.33 (dd, J=9.1, J=2.7, 1H), 4.13 (br d, J
= 9.2, 1H), 3.84-3.81 (m, 1H), 3.64-3.61 (m, 1H), 2.47-2.43 (m, 1H), 2.40 (s, 3H),
2.05-2.01 (m, 1H), 1.05 (d, J = 14.9, 9H), 0.94 (d, J = 9.4, 3H), 0.89 (d, J = 7.2, 3H),
0.82 (d, J=7.1, 3H), 0.66 (d, J=7.2, 3H), 0.54 (d, J = 7.1, 3H), —-19.57 (d, J = 22.7).
P{'TH} NMR (162 MHz, CD3CN): +429 (d, J = 20.3). HRMS: calcd for
C29HasN3OPIr [M — CH3CN]*, 674.2845; found 674.2843; calcd. for CzoH12BF24 [M],
863.0654; found 863.0661. IR: 3461, 2965, 1652, 1352, 1283, 1270, 1091, 1022, 800
and 683.

L3RIr1
Pr

A Schlenk flask was charged with 50 mg of complex

L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 _l BArg
tBu\\ P/, | \\

eq) of acetophenone N-phenyl imine, 11. The flask was
iPr

purged with three vacuum/N, cycles and the solids were F’Ph3

dissolved in 3 mL of THF. The solution was transferred 7 N\ph

into a Fisher-Porter tube and stirred for 2 h under 2 bar

of H,. During this period, the initially orange solution turned yellow. At the due time, the
hydrogen was vented and 9.2 mg of PPh; (0.035 mmol, 1 eq) were added and the
resulting solution was stirred at room temperature for 30 min. The solvent was

evacuated and the crude was recrystallized in CH,Cl./pentane.
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Yellow solid. Yield: 94% (59 mg). '"H NMR (400 MHz, CD,Cl,): 7.72 (br s, 8H),
7.56 (br s, 6H), 7.46—7.39 (m, 6H), 7.35-7.26 (m, 11H), 7.16 (d, J = 7.6, 2H), 7.04 (d, J
=7.6, 1H), 6.82 (t, J= 7.6, 1H), 6.73 (td, J= 7.6, J= 1.6 Hz, 1H), 4.15 (dd, J= 9.6, J =
2.4, 1H), 3.73 (t, J = 8.8, 1H), 3.12 (dd, J = 14.4, J = 8.8, 1H), 2.96 (d, J = 8.8, 1H),
2.05 (s, 3H), 2.01 (d, J = 8.4, 3H), 1.97 (m, 1H), 1.81-1.77 (m, 1H), 0.85 (d, J = 6.4,
3H), 0.73 (d, J= 6.8, 3H), 0.57 (d, J = 6.8, 3H), 0.51 (d, J = 14.4, 9H), 0.27 (d, J = 6.8,
3H), —19.77 (t, J = 16.4, 1H) ppm. "*C{'"H} NMR (101 MHz, CDCl,): 183.7 (C),
174.1 (C), 163.0-161.4 (m, C), 149.4 (C), 148.7 (C), 142.8 (CH), 135.2 (CH), 134.6 (m,
CH), 132.1-128.7 (m, CH), 127.5 (CH), 126.4 (CH), 124.9 (CH), 123.7 (CH), 122.1
CH), 117.9 (CH), 71.9 (CH), 68.7 (CH,), 58.6 (CH), 38.8 (dd, J = 30.3, J= 6.1, C), 28.9
d, J = 8.1, CH), 28.7 (CH), 25.9 (3xCHs), 20.8 (d, J = 42.2, CHjg), 20.2 (CHs), 19.2
CHs), 18.1 (CHg), 18.0 (CHs), 14.8 (CH3). *'P{'H} NMR (162 MHz, CD,Cl,): +38.5
d, J = 346.7, PN), +8.5 (d, J = 346.7, PPhg). HRMS: calcd for C47HgoNsOP.Ir [M +
H]?*, 468.6915; found 468.6915; calcd for CagHasNsOPIr [M — PPh]*, 674.2845; found
674.2848; calcd for C47HsoN3OPoIr [M]*, 936.3757; found 936.3753; calcd. for
Ca2H12BF24 [M]7, 863.0654; found 863.0662. IR: 3452, 1617, 1352, 1287, 1130, 887
and 691.

(
(
(
(

L3RIr2 ipr

A Schlenk flask was charged with 50 mg of complex HN 0

L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 ‘Bu“"FI’o,' 'I' \\\NI _| BArg
eq) of acetophenone N-phenyl imine, 11. The flask was e "|r"\ -

purged with three vacuum/N, cycles and the solids were ) IL\ PMe;
dissolved in 3 mL of THF. Ph

The solution was transferred into a Fisher-Porter tube

and stirred for 2 h under 2 bar of H,. During this period, the initially orange solution
turned yellow. At the due time, the flask was vented and 35 mL of a 1 M THF solution
of PMe; (0.035 mmol, 1 eq) were added and the resulting solution was stirred at room
temperature for 30 min. The solvent was evacuated and the crude was recrystallized in

CH.Clo/pentane.
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Pale-yellow solid. Yield: 96% (54 mg). '"H NMR: 7.70 (br s, 8H), 7.66 (d, J = 7.6, 1H),
7.60 (dd, J = 8.0, J = 1.2, 1H), 7.53 (br s, 4H), 7.41-7.38 (m, 2H), 7.28-7.22 (m, 2H),
7.13 (t, J=7.6, 1H), 7.05 (td, J= 7.2, J= 1.2, 1H), 6.9 (s, 1H), 4.32 (dd, J = 14.4, J =
5.2, 1H), 4.07-4.01 (m, 2H), 2.81-2.75 (m, 1H), 2.56 (d, J = 1.2, 3H), 2.30-2.18 (m,
1H), 1.84 (d, J = 9.2, 3H), 1.56-1.47 (m, 1H), 1.14 (dd, J = 8.8, J = 2.0, 9H), 0.88 (d, J
= 7.2, 3H), 0.76 (d, J= 6.8, 3H), 0.68 (d, J= 6.8, 3H), 0.59 (d, J= 6.8, 3H), 0.51 (d, J =
14.0, 9H), —19.95 (t, J = 19.6, 1H). "*C{'H} NMR (101 MHz, CD.Cl,): 182.3 (C),
172.5 (C), 162.9—161.4 (m, C), 148.9-147 (C), 143.7 (CH), 135.2 (CH), 132.9 (CH),
130.8 (CH), 129.4-128.9 (m, CH), 127.6 (CH), 126.4 (CH), 123.8-122.6 (CH), 117.9
(CH), 73.1 (CH), 68.4 (CHy), 58.5 (d, J = 2.2, CH), 39.1 (d, J = 6.6, C), 29.3 (CH), 28.8
(d, J = 7.7, CH), 25.5 (3xCH3), 20.5 (d, J = 43.2, CHs), 20.4 (CHj3), 18.6 (CHs), 18.3
(CHs), 17.7 (CHs), 16.6 (d, J = 34.1, 3xCHs), 13.8 (CHs). *'P{'H} NMR: +38.9 (d, J =
349.3, PN), —45.1 (d, J = 349.3, PMe;). HRMS: calcd for CsHssNsOPolr [M]*,
750.3287; found 750.3284; calcd for CpHusNsOPIr [M — PMej]*, 674.2845; found
674.2833; calcd. for CaH12BF,4 [M], 863.0654; found 863.0663. IR: 3457, 2965, 1635,
1352, 1278, 1165, 1130, 891, 717 and 683.

L3RIr3
A Schlenk flask was charged with 50 mg of complex HN/'\TO

L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 ‘Bu‘;P'o,‘T’yN

eq) of acetophenone N-phenyl imine, I1. The flask was Me I|r\o Pr
\\ il
purged with three vacuum/N, cycles and the solids were N P t'\:;
Ph H u

dissolved in 3 mL of THF. The solution was transferred

into a Fisher-Porter tube and stirred for 2 h under 2 bar of H.. Then, the initially orange
solution turned yellow. The hydrogen was vented and 5 mg of (S)-L1 (0.042 mmol, 1.2
eq) were added and the resulting solution was stirred at room temperature for 30 min.
The solvent was evacuated and the crude was recrystallized in CH.Cl./pentane.

Yellow solid. Yield: 97% (57 mg). '"H NMR: 7.79-7.77 (m, 1H), 7.70 (br s, 8H), 7.59—
7.57 (m, 1H), 7.52 (br s, 4H), 7.37-7.31 (m, 2H), 7.14 (q, Jr = 442, J = 3.8, 0.5H),
7.08-7.05 (m, 3H), 6.63 (brt, J=7.3, 1H), 6.51 (d, J= 9.8, 2H), 6.03 (q, Jp = 442, J =
3.8, 0.5H), 4.49 (q, J= 1.1, 1H), 4.36—4.31 (m, 2H), 4.19-4.15 (m, 1H), 4.03-3.98 (t, J
= 9.3, 1H), 2.96-2.92 (m, 1H), 2.35 (s, 3H), 1.86 (d, J = 9.7, 3H), 1.52 (br d, J = 11.2,
1H), 1.42 (d, J=9.7,9H), 1.19 (d, J=11.4, 9H), 1.17 (d, J= 16, 3H), 0.82 (d, J=10.7,
3H), 0.79 (d, J=10.7, 3H), 0.75 (d, J=10.7, 3H), 0.66 (d, J= 10.7, 3H), —19.7 (d, J =
26.9, 1H).
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81P{'"H} NMR: +60.9 (br s, Pspo), +35.5 (d, J = 15.6, PN). HRMS: calcd for
ngH44N3OP|r [M - SPO]+, 6742845, found 6742848, calcd for Cg4H57N302P2|r [M]+,
794.3549; found 794.3526; calcd. for CzoH12BF24 [M]7, 863.0654; found 863.0661.

L3RIr4
A Schlenk flask was charged with 50 mg of complex /H/
L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 5 P _l BAre
u“ %, \

eq) of acetophenone N-phenyl imine, 11. The flask was Me ‘

. . |\CO
purged with three vacuum/N, cycles and the solids were N

/

dissolved in 3 mL of THF. The solution was transferred “Ph

into a Fisher-Porter tube and stirred for 2 h under 2 bar

of H,. During this period, the initially orange solution turned yellow. At the due time, the
flask was vented and repressurised with 2 bar of CO and the resulting solution was
stirred at room temperature for 40 min. The solvent was evacuated and the crude was
recrystallized in CH,Cl,/pentane.

Pale-yellow solid. Yield: 98% (55 mg). '"H NMR (400 MHz, C¢Dg): 8.38 (br s, 4H),
8.15 (br s, 1H), 7.70 (br s, 2H), 7.54 (br s, 2H), 7.75 (d, J= 7.0, 1H), 7.13-7.11 (m, 3H),
7.09-7.05 (m, 2H), 6.67 (t, J= 7.3, 1H), 6.42 (dd, J= 7.6, J = 1.1, 2H), 3.27-3.24 (m
2H), 3.21-3.11 (m, 2H), 2.73 (d, J= 11.0, 1H), 2.66-2.55 (m, 2H), 2.08 (s, 3H), 1.26 (d,
J=8.8,3H),1.11 (d, J=7,9H),0.53 (d, J=6.7,3H), 0.48 (d, J=6.7,3H), 0.47 (d, J =
6.7, 3H), 0.44 (d, J= 6.7, 3H), =17.4 (d, J=22.0, 1H), —=17.5 (d, J = 22.0, 1H). *'P{'H}
NMR (162 MHz, C¢D¢): +36.7 (s), +36.5 (s). HRMS: calcd for CagH44N;OPIr [M —
CQJ", 674.2845; found 674.2834; calcd for CsoHauNzO-PIr [M]", 702.2795; found
702.2793; calcd. for C3oH12BF24 [M]7, 863.0654; found 863.0662. IR: 3443, 2965, 2926,
2052, 1609, 1383, 1361, 1274, 1126, 1026 and 809.
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L3RIr5 ipr

A Schlenk flask was charged with 50 mg of complex o

L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 HE o | BA
eq) of acetophenone N-phenyl imine, I1. The flask was i,l:e/ ""~||r-‘; Py

purged with three vacuum/N, cycles and the solids were ,L NCMe
dissolved in 3 mL of THF. The solution was transferred / “Ph

into a Fisher-Porter tube and stirred for 2 h under 2 bar of

H,. During this period, the initially orange solution turned yellow. At the due time, the
flask was vented and one drop of acetonitrile was added and the resulting solution was
stirred at room temperature for 30 min. The solvent was evacuated and the crude was
recrystallized in CH,Cl,/pentane.

Pale-yellow solid. Yield: 92% (51 mg). '"H NMR (400 MHz, CD3CN): 7.74 (dd, J =
6.8, J= 2.0, 1H), 7.70 (br s, 8H), 7.66 (br s, 4H), 7.50-7.41 (m, 2H), 7.38-7.36 (m, 1H),
7.32-7.25 (m, 1H), 7.10-7.06 (br s, 1H), 7.06-7.03 (m, 2H), 6.51-6.48 (m, 1H), 4.42
(dd, J=9.2, J= 4.8, 1H), 4.29-4.25 (m, 1H), 4.05 (t, J = 10.0, 1H), 2.96-2.91 (m, 1H),
2.45 (s, 3H), 2.04 (d, J=9.2, 1H), 1.87 (dd, J=9.6, J= 1.2, 3H), 1.53 (s, 3H), 1.44 (d,
J=6.8, 1H), 0.90 (d, J=7.2, 3H), 0.80 (d, /= 6.8, 3H), 0.78 (d, J= 7.2, 3H), 0.69 (d, J
= 6.8, 3H), 0.56 (d, J = 14.8, 9H), —19.81 (d, J=26.0, 1H). **C{"H} NMR (101 MHz,
CD,Cl,): 183.9 (C), 170.8 (C), 163.0-161.6 (m, C), 148.8-148.3 (m, C), 143.4 (CH),
135.3 (CH), 132.9 (CH), 130.7 (CH), 129.9-128.9 (m, CH), 127.4 (CH), 126.5 (CH),
123.8 (CH), 122.6 (CH), 121.1 (CH), 118.0 (m, CH,), 71.4 (CH), 69.5 (CH,), 58.2 (m,
CH), 37.6 (d, J=38.4, C), 28.8 (d, J=7.1, CH), 26.2 (d, J = 3.0, 3xCH3), 21.5 (d, J =
52.5, CHj3), 20.6 (CHj3), 18.9 (CHj3), 18.4 (CHj3), 17.2 (CHs3), 13.7 (CH3) ppm. *'P{'H}
NMR (162 MHz, CD3;CN): +33.8 (s).

HRMS: calcd for Co9H4sN3OPIr [M — CH3CN]Y, 674.2845; found 674.2843; calcd. for
Ca2H12BF24 [M]7, 863.0654; found 863.0661. IR: 3461, 2965, 1652, 1352, 1283, 1270,
1091, 1022, 800 and 683.

L3RIr6 Pr
A Schlenk flask was charged with 50 mg of complex HN o)
| | _| BArF

L3RIr (0.035 mmol, 1 eq) and 13.5 mg (0.035 mmol, 1 gy P H N

u' "'/. | »\\
eq) of acetophenone N-phenyl imine, I11. The flask was Me ’Ir'\ ipr
purged with three vacuum/N. cycles and the solids N OQ

N

were dissolved in 3 mL of THF. Ph
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The solution was transferred into a Fisher-Porter tube and stirred for 2 h under 2 bar of
H.. During this period, the initially orange solution turned yellow. At the due time, the
flask was vented, repressurized with 3 bar of ethylene and the resulting solution was
stirred at room temperature for 30 min. The solvent was evacuated and the crude was
recrystallized in CH,Cl,/pentane.

Olive-green solid. Yield: 98% (54 mg). '"H NMR (400 MHz, CD,Cl,): 7.72 (br s,
8H), 7.56 (br s, 4H), 7.49-7.45 (m, 2H), 7.35-7.31 (m, 2H), 7.17-6.99 (m, 2H), 7.14 (t,
J = 3.6, 1H), 6.88-6.72 (m, 2H), 4.41 (s, 1H), 4.02 (s, 1H), 4.04 (br s, 1H), 3.67 (m,
4H), 2.45 (s, 3H), 2.34 (br s, 1H), 1.94 (d, J = 10.0, 2H), 1.80 (br s, 4H), 0.91 (d, J =
6.0, 3H), 0.85 (d, J= 6.4, 3H), 0.80 (d, J= 6.8, 3H), 0.72 (d, J = 6.8, 3H), 0.65 (d, J =
15.6, 9H), —19.49 (d, J = 28.0, 1H). "*C{"H} NMR (101 MHz, CD,Cly): 184.2 (C),
182.2 (C), 164.9-163.4 (m, C), 152.2 (C), 151.3 (C), 150.8 (C), 145.8 (CH), 137.2 (CH),
132.6-130.5 (CH), 128.4 (CH), 125.6 (CH), 119.6 (CH), 71.7 (s, CH.), 69.6 (CH.), 59.9
(d, J = 31.1, CH), 30.9 (CHjs), 30.3 (CH3), 28.3 (3xCH3), 21.7 (CH,), 22.3 (CHg3), 20.2
(CHs), 20.1 (CHg), 19.1 (CHs), 16.3 (CHa). *'P{'H} NMR (162 MHz, CD,Cl,): +37.6
(s). HRMS: calcd for CogH44NsOPIr [M — THF]*, 674.2845; found 674.2850; calcd for
C31H47N4,OPIr [M — THF + CHsCNJ", 715.3111; found 715.3114; calcd. for CsH{2BF24
[M]", 863.0654; found 863.0682. IR: 3417, 2970, 1643, 1348, 1287, 1130, 891, 713
and 678.

L3RIr6-BF, ipr
A Schlenk flask was charged with 50 mg of complex

HIN © BF
L3RIrBF, (0035 mmol, 1 eq) and 135 mg (0035 |y ] BF
u' % |

mmol, 1 eq) of acetophenone N-phenyl imine, I11. The ¢ ’|r’\ ipr
flask was purged with three vacuum/N, cycles and the /,l\l\ OQ

solids were dissolved in 3 mL of THF. The solution was Ph

transferred into a Fisher-Porter tube and stirred for 2 h

under 2 bar of H,. During this period, the initially orange solution turned yellow. At the
due time, the flask was vented, repressurised with 3 bar of ethylene and the resulting
solution was stirred at room temperature for 30 min. The solvent was evacuated and

the crude was recrystallized in CH.Clo/pentane.
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Olive-green solid. Yield: 86% (26.3 mg). '"H NMR (400 MHz, CD,Cly): 7.48-7.47
(m, 2H), 7.38-7.34 (m, 2H), 7.20-6.99 (m, 2H), 7.23 (t, J = 3.6, 1H), 6.85-6.73 (m, 2H),
4.43 (s, 1H), 4.02 (s, 1H), 4.04 (br s, 1H), 3.70 (m, 4H), 2.49 (s, 3H), 2.38 (br s, 1H),
1.98 (d, J= 10, 2H), 1.87 (br s, 4H), 0.91 (d, J = 6.0, 3H), 0.87 (d, J = 6.4, 3H), 0.80 (d,
J=6.8, 3H), 0.75 (d, J = 6.8, 3H), 0.63 (d, J = 15.6, 9H), —19.49 (d, J = 28.0, 1H).
31P{"H} NMR (162 MHz, CD,Cl,): +37.3 (s). HRMS: calcd for CagHsNzOPIr [M —
THF]*, 674.2845; found 674.2850; calcd for CaHsN4OPIr [M — THF + CHsCNJ*,
715.3111; found 715.3114; calcd. for CsoHi2BF24 [M]7, 87.0029; found 87.0030. IR:
3413, 2957, 2926, 2873, 1626, 1470, 1387, v(BF4) 1126, 878 and 748.

L3RIr7

A Schlenk flask was charged with 50 mg of complex
L3RIr (0.035 mmol, 1 eq) and 5.4 mg (0.0835 mmol, 1
eq) of 2-phenylpyridine. The flask was purged with three
vacuum/N, cycles and the solids were dissolved in 3 mL

of THF. The solution was transferred into a Fisher-Porter

tube and stirred for 2 h under 2 bar of H,. During this

period, the initially orange solution turned yellow. At the due time, the flask was vented
and the reaction mixture was stirred at room temperature for 4 h. The solvent was
removed with a N2 flow, and LiCl (50 mg), SiO2 (50 mg), and EtOAc (2 mL) were added.
The reaction was left to stir overnight. The solvent was again removed with a Nz flow.
The crude was suspended in pentane/TBME (1:1) and eluted through SiO2. Only the
yellow-coloured band was collected, affording the desired product.

Yellow-green solid. Yield: 79% (18.5 mg). 'H NMR: 8.45 (d, J=5.5, 1H), 8.27 (d, J =
4.8, 1H), 7.95 (d, J= 8.2, 1H), 7.52-7.38 (m, 3H), 6.54 (brt, J=7.5, 1H), 6.42 (brt, J=
7.3, 1H), 4.84—4.83 (m, 1H), 4.50 (dd, J = 9.4, J = 4.1, 2H), 3.92-3.86 (m, 1H), 3.78—
3.74 (m, 1H), 3.70-3.69 (m, 1H), 3.45-3.42 (m, 1H), 1.84 (br d, J= 11.0, 1H), 1.39 (d,
J=7.3,3H),1.04 (d, J=7.0, 3H), 0.94 (d, J=5.0, 3H), 0.86 (d, J=4.0, 3H), 0.78 (d, J
= 4.0, 3H), 0.73 (d, J = 5.0, 3H), -18.5 (d, J = 42.3, 1H), -18.8 (d, J = 26.1, 1H).
1P{"H} NMR: +47.4 (s), +36.1 (s). HRMS: calcd for CxHsNsOPIr [M — CIT,
634.2532; found 634.2532.
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L3RIr8

A Schlenk flask was charged with 50 mg of complex
L3RIr (0.0835 mmol, 1 eq) and 5.4 mg (0.035 mmol, 1
eq) of 2-phenylpyridine. The flask was purged with three
vacuum/N, cycles and the solids were dissolved in 3 mL

of THF. The solution was transferred into a Fisher-Porter

tube and stirred for 2 h under 2 bar of H,. During this
period, the initially orange solution turned yellow. At the due time, the flask was vented
and one drop of acetonitrile was added and the resulting solution was stirred at room
temperature for 30 min. The solvent was evacuated and the crude was recrystallized in
CH.Cl./pentane.

Pale-yellow solid. Yield: 88% (20.6 mg). '"H NMR (400 MHz, CD3CN): 8.69 (d, J =
4.7, 1H), 8.36 (d, J = 5.4, 1H), 8.19 (d, J = 6.0, 1H), 7.99-7.92 (m, 3H), 7.6 (d, J = 5.3,
1H), 7.2 (m, 1H), 4.52—4.46 (m, 1H), 4.18-4.15 (m, 1H), 4.10-4.01 (m, 1H), 3.83-3.79
(m, 1H), 2.59-2.42 (m, 2H), 2.26 (d, J= 11, 1H), 1.09 (d, J = 7.1, 3H), 1.04 (d, J = 14.0,
3H), 0.85 (d, J=7.3, 3H), 0.77 (d, J= 7.0, 3H), 0.38 (d, J=7.3, 3H), 0.33 (d, J= 7.2,
3H), —18.5 (d, J = 20.9, 1H), —18.9 (d, J = 25.6, 1H). *'P{'H} NMR (162 MHz,
CD3sCN): +47.7 (br s), +33.9 (br s). HRMS: calcd for CaHsoN3OPIr [M — CH3CNJY,
634.2532; found 634.2532; calcd for CygHisN4OPIr [M]*, 675.2798; found 675.2799;
calcd. for CsH12BF24 [M]7, 863.0654; found 863.0667.

L3RIr9 ipr

A Schlenk flask was charged with 50 mg of complex HN)\rO _| BAr
T NI

L3RIr (0.035 mmol, 1 eq) and 6.3 mg (0.035 mmol, 1 BurP, .
eq) of 7,8-benzoquinoline. The flask was purged with Me/ Il\ iPr
three vacuum/N; cycles and the solids were dissolved in O ,L NCMe
3 mL of THF. The solution was transferred into a Fisher- O N

V.

Porter tube and stirred for 2 h under 2 bar of H,. During
this period, the initially orange solution turned yellow. At the due time, the flask was
vented and one drop of acetonitrile was added and the resulting solution was stirred at
room temperature for 30 min. The solvent was evacuated and the crude was

recrystallized in CH,Cl,/pentane.
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Pale-yellow solid. Yield: 88% (48 mg). '"H NMR (400 MHz, CD3sCN): 9.3 (d, J=
7.6, 1H), 9.01 (d, J= 7.6, 1H), 8.65 (d, J = 4.1, 1H), 8.50 (d, J = 4.1, 1H), 8.26-8.18 (m
3H), 7.88-7.81 (m, 3H), 7.63-7.57 (m, 3H), 7.43-7.38 (m, 3H), 4.57—-4.51 (m, 2H),
4.39-4.38 (m, 2H), 4.16 (m, 2H), 3.90-3.88 (m, 2H), 2.61-2.51 (m, 4H), 2.01 (d, J =
12, 1H), 1.95 (d, J= 7.0, 6H), 1.85 (d, J = 14.0, 18H), 1.08-0.81 (m, 24H), —18.8 (d, J =
21.0, 1H), —19.2 (d, J = 25.0, 1H). *'P{'"H} NMR (162 MHz, CD3CN): +47.1 (br s),
+33.7 (br s). HRMS: calcd for CosHioN3OPIr [M — CH3CN]Y, 658.2532; found 658.2528;
calcd for CsoH4sN4OPIr [M]*, 699.2798; found 699.2796; calcd. for CsHi2BF2s [M],
863.0654; found 863.0656.

L3RIr10 Pr

A Schlenk flask was charged with 50 mg of complex H _| BAre

L3RIr (0.035 mmol, 1 eq) and 7.4 mg (0.085 mmol, 1 tBU"

eq) of 2-phenylbenzothiazole. The flask was purged Pr
NCMe

with three vacuum/N, cycles and the solids were

dissolved in 3 mL of THF. The solution was transferred

into a Fisher-Porter tube and stirred for 2 h under 2 bar of H.. Durlng this period, the
initially orange solution turned yellow. At the due time, the flask was vented and one
drop of acetonitrile was added and the resulting solution was stirred at room
temperature for 30 min. The solvent was evacuated and the crude was recrystallized in
CH.Clo/pentane.

Pale-yellow solid. Yield: 86% (48.5 mg). '"H NMR (400 MHz, CDsCN): 7.93 (dd,
J=8.0,J=2.5, 2H), 7.84 (br d, J = 7.5, 2H), 7.64 (br d, J = 7.5, 2H), 7.43-7.37 (m
6H), 7.11-7.03 (m, 4H), 4.54 (br d, J = 5.1, 2H), 4.12-4.09 (m, 2H), 4.05-4.00 (m, 4H),
2.63-2.55 (m, 4H), 1.91 (d, J = 12.0, 2H), 1.09—0.78 (m, 48H), —20.1 (d, J = 20.5, 1H),
—21.0 (d, J = 25.2, 1H). *'P{'"H} NMR (162 MHz, CD3sCN): +48.9 (br s), +35.7 (br
s). HRMS: calcd for CogH4oN3OPSIr [M — CH3CN]*, 690.2250; found 690.2249; calcd
for CgzoH4sN,OPSIr [M]*, 731.2519; found 731.2518; calcd. for CasHi2BFos [M],
863.0654; found 863.0659.
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Abbreviations

acac acetylacetonate

AcO acetate group

Ac.O acetic anhydride

ACN acetonitrile

AcOEt ethyl acetate

Ad adamantyl group

Alk alkyl group

o-An o-anisyl group (2-methoxyphenyl)

Ar aryl group

Anal. analysis

BAre 3,5-bis(trifluoromethyl)phenyl borate anion
BINAP 2,2-bis(diphenylphosphino)1,1’-binaphthyl

Bn benzyl group

BOC tert-butoxycarbonyl

BSA N, O-bis(trimethylsilyl)acetamide

sec-Bu sec-butyl (2-butyl) group

tert-Bu tert-butyl (1,1-dimethylethyl) group

CAMP cyclohexylmethyl(2-methoxyphenyl)phosphine
Cat. catalyst

CHIRAPHOS 2,3-bis(diphenylphosphino)butane

COD 1,4-cyclooctadiene

Conv. conversion

Cosy Correlation Spectroscopy

DABCO 1,4-diazabicyclo[2.2.2]octane

cy cyclohexyl

dba dibenzylideneacetone

DEPT Distortionless Enhancement by Polarization Transfer
DFT Density Functional Theory

DIOP O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
DIPAMP bis[(2-methoxyphenyl)phenylphosphino]ethane
DMM dimethyl malonate

L-DOPA (2S)-2-amino-3-(3,4-dihydroxyphenyl)propanoic acid
DRX X-ray diffraction
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DuPHOS
EA
EDC

Et-FerroTANE

ee

eq.

GC
HSQC
HMDS
HOBT
IPA

IR
JOSIPHOS
Mes
NOE
NOESY
Nu
NMR
OMen
PAMP
Py

Ph

RT
TOF
TON
THF
SPINOL

2,5-diethylphospholan-1-yl-phenyl-2,5-diethylphospholane
Elemental Analysis
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
1,1’-bis(2,4-diethylphosphotane)ferrocene

enantiomeric excess

equivalents

Gas Chromatography

Heteronuclear Single Quantum Correlation
hexamethyldisilazane

1-hydroxybenzotriazole

isopropyl alcohol

Infrared Spectroscopy
1-dicyclohexylphosphino-1-[2-diphenylphosphinoferrocenylletane
mesityl group (2,4,6-trimethylphenyl)

Nuclear Overhauser Effect

Nuclear Overhauser Effect Spectroscopy

nucleophile

Nuclear Magnetic Resonance

menthoxyde group

phenyl(2-methoxyphenyl)phosphine

pyridine

phenyl

room temperature

Turnover Frequency

Turnover Number

tetrahydrofurane

1,1’-spirobiindan-7,7’-diol
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Appendix Il. Crystallographic Data

X-ray structure of compound (S)-L1-BF3
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

Crystal preparation
Approximately 10 mg of compound (S)-L1-BFz were dissolved in 1 mL of
dichloromethane in a vial and placed in a fridge at 4 °C. Slow evaporation of the solvent

produced a few monocrystals of the compound.
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Crystal data and structure refinement for (S)-L1:-BF3;

Empirical formula CsH13BF30P
Formula weight 187.93
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)
a=5.93012) A a=90°
Unit cell dimensions b=11.012(5) A B=108.874(15)°
c=7.395(4) A y=90°
Volume 457.0(3) A®
z 2
Density (calculated) 1.366 Mg/m®
Absorption coefficient 0.293 mm’”
F(000) 196

Crystal size 0.30 x 0.30 x 0.10 mm°®

Theta range for data collection 2.911 to 30.554°

Index ranges —-8=<h=<5,-15<sk=<15,-7=<l<10

Reflections collected 4041

Independent reflections 2322 [R(int) = 0.0238]

Completeness to theta = 30.554° 93.4%

Absorption correction Empirical

Max. and min. transmission 0.971 and 0.917

Refinement method Full-matrix least-squares on F*

Data/restraints/parameters 2322/1/108

Goodness-of-fit on F? 1.070

Final R indices [I>2sigma(l)] R1 =0.0296, wR2 = 0.0736

R indices (all data) R1=0.0318, wR2 = 0.0750

Flack parameter x =-0.06(8)

Largest diff. peak and hole 0.266 and —0.293 ¢ A™®
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X-ray structure of complex (S)-L1Au1
Ortep plot with the ellipsoids at 50% probability level. H atoms have been omitted for

clarity.

Au1

ciz -

C10

Crystal preparation
Approximately 10 mg of complex (S)-L1Aul were dissolved in 1 mL of
dichloromethane in a vial and frozen in liquid nitrogen. Layering with n-hexane yielded

monocrystals of the complex.
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Crystal data and structure refinement for (S)-L1Au1

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 33.0870°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
R indices (all data)
Flack parameter

Largest diff. peak and hole

CsH1sAuCIOP
352.54
100(2) K
0.71073 A
Trigonal
P3(1)
a=15.7761(2) A «=90°
b=157761(2) A p=90°
c=9.66840(10) A y=120°
2083.94(6) A®
9
2.528 Mg/m®
16.276 mm’
1458
0.30 x 0.05 x 0.05 mm®

2.0790 to 33.0870°

—23<h=<24,-283<k=<24,-14<l<14

31856
9762 [R(int) = 0.0269]
96.1%
Multi-scan
0.497 and 0.382
Full-matrix least-squares on F?
9762/1/259
1.106
R1 =0.0508, wR2 = 0.1279
R1 =0.0513, wR2 = 0.1282
X = 0.027(14)

2.554 and -3.519 e A™®
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X-ray structure of complex (R)-L1Ru1
Ortep plot with the ellipsoids at 50% probability level. H atoms have been omitted for

clarity.

y.

Cl176

Crystal preparation
Approximately 10 mg of complex (R)-L1Rul were dissolved in 1 mL of
dichloromethane in a vial and frozen in liquid nitrogen. Layering with n-hexane yielded

monocrystals of the complex.
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Crystal data and structure refinement for (R)-L1Ru1

Empirical formula C15H26Cl1,0PRu

Formula weight 425.30
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
a=10.3177(4) A o =85.9475(12)°
Unit cell dimensions b=12.7035(4) A g=81.7449(12)°
c=15.0982(6) A y=71.2831(10)°
Volume 1854.22(12) A®
z 4
Density (calculated) 1.523 Mg/m®
Absorption coefficient 1.214 mm’
F(000) 868

Crystal size 0.20 x 0.20 x 0.08 mm®

Theta range for data collection 2.2510 31.08°

Index ranges —-11=<h=<15,-15<k=<19,-20 <1 <22

Reflections collected 35696

Independent reflections 16631 [R(int) = 0.0304]

Completeness to theta = 31.08° 91.6%

Absorption correction Multi-scan

Max. and min. transmission 0.909 and 0.793

Refinement method Full-matrix least-squares on F*

Data/restraints/parameters 16631/1647/1298

Goodness-of-fit on F? 1.042

Final R indices [I>2sigma(l)] R1 =0.0375, wR2 = 0.0891

R indices (all data) R1 =0.0492, wR2 = 0.0984

Flack parameter x =0.00(2)

Largest diff. peak and hole 1.062 and —-0.795 e A”®
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X-ray structure of complex (S)-L1Pd2
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

CI2

CI1
7

Crystal preparation
Approximately 10 mg of complex (S)-L1Pd2 were dissolved in 1 mL of
dichloromethane in a vial and placed in a fridge at 4 °C. Slow evaporation of the solvent

produced a few monocrystals of the complex.
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Crystal data and structure refinement for (S)-L1Pd2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 31.08°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
R indices (all data)
Flack parameter

Largest diff. peak and hole

C20Hs0Cl,04P4Pd>
762.18
100(2) K
0.71073 A
Monoclinic
P2(1)

a=7.4353(5) A «=90°

b=17.0871(10) A f=90.4112(19)°

c=12.4919(8) A y=90°
1582.38(17) A®
2
1.600 Mg/m®
1.530 mm”
776
0.30 x 0.20 x 0.05 mm®

1.630 to 30.575°

-10=h<8,-24<k=<18,-16<1<17

22738
8728 [R(int) = 0.0286]
99.3%
Empirical
0.927 and 0.762
Full-matrix least-squares on F?
8728/4/308
1.169
R1 =0.0457, wR2 = 0.1060
R1 =0.0470, wR2 = 0.1066
x =0.02(5)

1.854 and —1.981 e A™®
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X-ray structure of complex (S)-L1Pd10
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

Crystal preparation
Approximately 10 mg of complex (S)-L1Pd10 were dissolved in 1 mL of
dichloromethane in a vial and placed in a fridge at 4 °C. Slow evaporation of the solvent

produced a few monocrystals of the complex.
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Crystal data and structure refinement for (S)-L1Pd10

Empirical formula CasH37BF.0,P-Pd
Formula weight 600.85
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group c2
a=25.6108(12) A a=90°
Unit cell dimensions b =13.8705(6) A B=101.3847(13)°
c=23.6977(10) A y=90°
Volume 8252.6(6) A®
z 12
Density (calculated) 1.451 Mg/m®
Absorption coefficient 0.857 mm”
F(000) 3708

Crystal size 0.30 X 0.25 x 0.10 mm°®

Theta range for data collection 2.3110 31.98°

Index ranges -38=<h=<38,-20<k=<19,-17<1<35

Reflections collected 52238

Independent reflections 25775 [R(int) = 0.0339]

Completeness to theta = 31.98° 90.7%

Absorption correction Multi-scan

Max. and min. transmission 0.919 and 0.783

Refinement method Full-matrix least-squares on F*

Data/restraints/parameters 25775/615/1081

Goodness-of-fit on F? 1.099

Final R indices [I>2sigma(l)] R1 =0.0487, wR2 = 0.1043

R indices (all data) R1 =0.0545, wR2 = 0.1071

Flack parameter x = 0.000(8)

Largest diff. peak and hole 0.858 and —1.076 e A™®
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X-ray structure of complex L2Rh1
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

Crystal preparation
Approximately 10 mg of complex L2ZRh1 were dissolved in 1 mL of dichloromethane in
a vial and frozen in liquid nitrogen. Layering with diethyl ether yielded monocrystals of

the complex.
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Crystal data and structure refinement for L2Rh1

Empirical formula

Ca3H46BCIF,NP2Rh
Formula weight 623.74
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group P21

a=9.7378(4) A «=90°
Unit cell dimensions b =16.4348(7) A p=90°

c=18.1370(8) A y=90°

Volume 2902.6(2) A®
z 4
Density (calculated) 1.427 Mg/m®
Absorption coefficient 0.829 mm’”
F(000) 1296
Crystal size

0.198 x 0.174 x 0.116 mm°
Theta range for data collection 2.246 t0 29.301°
Index ranges -13=<h=<13,-22<k=<21,-24<|<24
Reflections collected 46914
Independent reflections 7739 [R(int) = 0.0341]
Completeness to theta = 29.301°

96.4%
Absorption correction Multi-scan
Max. and min. transmission 0.9045 and 0.8078

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 7739/0/314
Goodness-of-fit on F? 1.053
Final R indices [I>2sigma(l)] R1 =0.0267, wR2 = 0.0658
R indices (all data) R1 =0.0285, wR2 = 0.0672
Flack parameter x =-0.037(9)
Largest diff. peak and hole 1.041 and —0.581 e A
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X-ray structure of complex L2Ir1
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.
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Crystal preparation
Approximately 10 mg of complex L2Ir1 were dissolved in 1 mL of dichloromethane in a
vial and frozen in liquid nitrogen. Layering with diethyl ether yielded monocrystals of the

complex.

386



APPENDIX

Crystal data and structure refinement for L2Ir1

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.351°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
R indices (all data)
Flack parameter

Largest diff. peak and hole

C2sH4sBCIFANP,Ir
713.01
100(2) K
0.71073 A
Orthorhombic
P21
a=9.7215(4) A «=90°
b=16.4551(7) A B =90°
c=18.1397(8) A y=90°
2901.8(2) A®
4
1.632 Mg/m®
4.842 mm’
1424
0.366 x 0.103 x 0.091 mm°

2.377 t0 29.351°

-12=<h=<13,-21=<k=<22,-24<1<24

24563
7497 [R(int) = 0.0265]
93.4%
Multi-scan
0.5257 and 0.3260
Full-matrix least-squares on F?
7497/0/317
1.034
R1=0.0218, wR2 = 0.0512
R1 =0.0232, wR2 = 0.0517
X = —0.014(4)

0.096 and —0.485 ¢ A™®
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X-ray structure of complex L2Ru1-PFs
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

Crystal preparation
Approximately 10 mg of complex L2Rui1:-PFes were dissolved in 1 mL of
dichloromethane in a vial and frozen in liquid nitrogen. Layering with diethyl ether

yielded monocrystals of the complex.
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Crystal data and structure refinement for L2Ru1-PF¢

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 39.44°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]
R indices (all data)
Flack parameter

Largest diff. peak and hole

CasHasCIFgNP3Ru
679.03
100(2) K
0.71073 A
Orthorhombic
P21
a=10.8826(6) A «=90°
b=16.1242(8) A B =90°
c=17.1538(8) A y=90°
3010.0(3) A®
4
1.498 Mg/m®
0.820 mm™
1400
0.40 x 0.40 x 0.20 mm°®

3.28 to 39.44°

-12<h=<17,-28<k=<21,-14<1<30

31150
14925 [R(int) = 0.0183]
93.3%
Multi-scan
0.853 and 0.735
Full-matrix least-squares on F?
14925/0/333
1.034
R1 =0.0213, wR2 = 0.0508
R1 =0.0231, wR2 = 0.0518
X = —0.029(7)

0.065 and —0.440 e A™®
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X-ray structure of compound L3RIr2
Ortep plot with the ellipsoids at 50% probability level. Some H atoms have been

omitted for clarity.

Crystal preparation
Approximately 10 mg of complex L3RIr2 were dissolved in 1 mL of dichloromethane in
a vial and placed in a fridge at 4 °C. Slow evaporation of the solvent produced a few

monocrystals of the complex.
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Crystal data and structure refinement for L3RIr2

Empirical formula CesHesBF24IrNsOP,

Formula weight 1613.14
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
a=13.14495(15)A «=76.3410(8)°
Unit cell dimensions b =13.47863(12) A B=78.4708(9)°
c=22.0101(2) A y=62.6282(10)°
Volume 3346.24(7) A®°
z 2
Density (calculated) 1.601 Mg/m®
Absorption coefficient 2.153 mm”
F(000) 1612

Crystal size 0.15x 0.15 x 0.20 mm°®

Theta range for data collection 1.725 to 34.747°

Index ranges —-20=<h=<20,-21<k=<21,-35<1<34

Reflections collected 83414

Independent reflections 83414 [R(int) = 7]

Completeness to theta = 34.747° 96.9%

Absorption correction Multi-scan

Max. and min. transmission 0.738 and 0.568

Refinement method Full-matrix least-squares on F*

Data/restraints/parameters 83414/260/1838

Goodness-of-fit on F? 1.092

Final R indices [I>2sigma(l)] R1 =0.0540, wR2 = 0.1650

R indices (all data) R1=0.0741, wR2 = 0.1878

Flack parameter x =0.0215(16)

Largest diff. peak and hole 4.850 and -5.292 ¢ A™®
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Appendix Ill. Index of selected structures
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MaxPHOX ligands
iPr iPr
</ (S) NH (3) NH
(R) N (R) v
. ~ﬂ@ H3B B Bu
L3R L3S
MaxPHOX iridacycles
Pr Pr
(0] O
)\f kG HIN kG H’}‘)\f G
v, t v H v, H N
Bu “, Bu‘/ “, | S Bu/ %, | S
y L
Pr;Pr € l\ M'Pr l\o Pr
3 €3 \\ aMe
/ N\ / N / N
N N [
Ph Ph H 'Bu
L3RIr1 L3RIr2 L3RIr3
iPr
/'\( A /'\( B H'}l/kfo G
‘Bu“ /, ‘Bu“ /, Bu, 2, T&\N
Pr Mea I Pr
I\CO Pr “SNCMe | >N
Y/ N\ V’ N\ Y/ N\ Q
Ph Ph Ph
L3RIr4 L3RIr5 L3RIr6é

o

‘Bu“ /,
'Pr
| Phy
/N\
Ph
L3SIr1
iPr
(@)
HN/'ﬁ/
| |\> —|BArF
Wb, BN
Buty, | N~
Ml
l co Pr
/N\
Ph
L3SIr3

394

)\r

‘Bu“ ’o

|\ Mes
N

N\

Ph

| BAI'F

'Pr
/
L3SIr2

/'ﬁ/\) —| BAre
~

'Pr
NCMe

tBU e

N

7N
Ph

L3SIr4



APPENDIX

Alkyl imine substrates
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