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Abstract

In this thesis we report our synthesis of user-friendly, chiral phosphonite ligands, based upon Hayashi’s
MOP backbone, and their application in asymmetric catalytic transformations. Chapter 1 gives an
introduction to organophosphorus ligands in catalysis and the use of air-stable primary phosphines as

precursors in the synthesis of functionalised phosphorus compounds.

Chapter 2 details our synthesis and characterisation of the enantiopure MOP-phosphonite ligands
(5)-28a and (R)-28b containing two phenoxy substituents, (5)-29a and (R)-29b with a biphenoxy moiety
and (S)-30a and (R)-30b with a 3,3'-dimethylbiphenoxy group. These ligands are proven to be very
successful in high-yielding, regio- and enantioselective palladium-catalysed hydrosilylation reactions
of substituted styrenes, affording important chiral secondary alcohols, with (S)-30a achieving ees of up
to 95%. In-depth NMR studies reveal the hemilabile nature of the bonding of (R)-30a in a palladium

2-methylallyl complex, where the phosphonite ligand acts as a chelating P,C-rt-donor.

oo U el

(S)-28a: R=H (S)-29a:R=H (S)-30a:R=H
(R)-28b: R = OMe (R)-29b: R = OMe (R)-30b: R = OMe
In Chapter 3 we compare our series of novel ligands via experimental and computational methods in
an effort to quantify their differing structural and electronic profiles. Four [Rh(L")(n?:n?-cod)Cl] and two
[Rh(LP),]BF4 complexes were synthesised and characterised by NMR spectroscopy, HRMS and, in all but
one case, by X-ray crystallography. Rh(I) complexes were used as catalysts in industrially relevant
asymmetric hydrogenation and hydroformylation reactions. Pd(II) complexes were successfully
employed in asymmetric Suzuki-Miyaura cross-coupling reactions yielding binaphthyl products and

two of the [Pd(L"),Cl,] catalysts were isolated and characterised by X-ray crystallography.

The final chapter details the preparation of copper, silver and gold complexes of our
MOP-phosphonites. Six [Au(LP)Cl] complexes were prepared as was the complex [Au((S)-30a),]SbFe. Six
[Ag(L")OTf] complexes were synthesised, as were six [Cu(L?)(MeCN),]PFs complexes. Extensive NMR
and X-ray crystallographic analyses undertaken on these compounds reveals that any M- interactions

appear weak, if present at all.
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1. Background and Introduction

1.1 Organophosphorus Ligands in Catalysis

A catalyst is a substance that increases the rate of a reaction but is both a reactant and product of the
reaction.! Homogeneous catalysis is when only one phase is involved, usually the reactants and catalyst
are contained in a single liquid phase or are in a gaseous state. Many soluble organometallic
compounds have been used as homogeneous catalysts, both in academia and industry.? This differs
from heterogeneous catalysis where the phase of the catalyst and reactants are not the same: typical

examples use a solid catalyst with liquid or gaseous reactants.

Trivalent phosphorus compounds are commonly used in coordination chemistry as ligands in the
formation of organometallic compounds. In 1965, Wilkinson (Nobel Prize for Chemistry 1973)
discovered that the complex [Rh(PPhs3);Cl] (Wilkinson’s catalyst) catalysed the hydrogenation of
unhindered alkenes (Scheme 1.1) with comparable rates to those found in the more developed field
of heterogeneous catalysis.> Soon after, Vaska showed that complexes of the type
trans-[M(PPhs)2(CO)X] (M = Ir, Rh and X = halogen) were able to catalyse the hydrogenation of alkenes.*
Wilkinson developed rhodium phosphine chemistry further with a report on catalysed alkene
hydroformylation reactions.® This work was expanded by Pruett (Union Carbide Corporation) only a
few months later, who showed that the rate and selectivity of hydroformylation reactions could be
tuned by using triaryl-phosphite ligands.® Since these early breakthroughs, organophosphorus ligands
have frequently been bound to transition metals in low oxidation states to form stable complexes
which exhibit reactivity in homogeneous catalysis.? Popular metals from rows 2 and 3 of the transition

series include ruthenium, rhodium, palladium and iridium.

H H [Rh(PPh3);Cl] H H H
— + H —_—— 7_‘1 a
2 ,/H
H H H H

Scheme 1.1 The homogeneous hydrogenation of ethene, catalysed by Wilkinson’s catalyst.

1.1.1 Electronic and steric parameters

Organophosphorus ligands (P-ligands) typically behave as Lewis bases and bind to transition metals
through the phosphorus lone pair (o-donor). In addition to this, they can accept electron density from
filled metal orbitals into empty P-R antibonding o*-orbitals (m-acceptor) (Fig. 1.1). The LUMO of the
phosphorus ligand contains P-R antibonding orbitals, not empty phosphorus 3d-orbitals as was
originally thought, as they are too high in energy.” Crystallographic studies by Orpen and co-workers

have proven the application of this theory in transition metal complexes.® By varying the electronic

1



and steric properties of the substituents on the phosphorus atom, changes in the behaviour of the free
ligands and their transition metal compounds have been observed.® The relative ease with which
electronic and steric modification can be made to phosphorus compounds, in comparison to other
common ligand classes such as alcohols and amines, makes them an attractive area of research for

organometallic chemists.

c-bonding n-bonding

RsP ™ R;P ™

Fig. 1.1 A schematic diagram showing o-bonding (left) and m-bonding (right) in transition metal P-ligand
complexes.

A useful attribute of phosphorus compounds is the ability to study them by NMR spectroscopy. The
31p nucleus is found in 100% abundance, has a high magnetogyric ratio (this property is directly
proportional to the NMR signal strength) and has a nuclear spin quantum number of %. These physical
characteristics mean that 3P NMR spectra often yield sharp lines with well resolved scalar coupling,
allowing relatively easy interpretation of spectra. Therefore, this technique provides a fast and facile
route to characterisation of ligands and their complexes, due to a noticeable coordination shift
between the free ligand and complex. It can also be used to monitor reaction conversions and to

observe synthetic intermediates.

In P-ligands, as the electronegativity of the substituents increases, the o-donor character of the
phosphorus atom decreases. On the other hand this may result in enhanced n back-donation in
complexes of the type RsP-TM (Fig. 1.1), especially from late transition metals in low oxidation states,
with regards to partially filled d-orbitals. The amount of back-bonding has important consequences for
stabilising the oxidation state of the metal. This can be seen in the length of P-TM and P-R bonds
obtained from crystal structures, as oxidation of the metal results in lengthening of the P-TM bonds
and shortening of the P-R bonds due to decreased ni-back-bonding.2® For example, an elegant study
by McKinney and co-workers illustrated this principle in the complexes [CpCo(PEts),] (18 electron,
+1 oxidation state) and [CpCo(PEts),]BF4 (17 electron, +2 oxidation state), where the oxidation is largely
metal based (Fig. 1.2).1° The Co—P bond lengths increase on oxidation of the metal, from 2.218(1) A to
2.230(1) A (averages), whereas there is a decrease in the length of the P-C bonds in the two homoleptic

phosphine ligands, from 1.846(3) A to 1.829(3) A (averages).®
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Fig. 1.2 View of the molecular structure of [CpCo(PEts)2] (top) and the cation of [CpCo(PEts)2]BF4 (bottom).
Hydrogen atoms bound to carbon atoms have been omitted for clarity. (CCDC: 1125281 and 1125282
respectively). Crystal structure data was obtained from the Cambridge Structural Database (CSD).**

The Tolman steric and electronic parameters are a historically important means of evaluating the
properties of a phosphorus(Ill) donor ligand.® Electronic effects result from transmission along
chemical bonds. A popular method for assessing this is the Tolman electronic parameter (v), the
wavenumber of the A; carbonyl stretching mode in the IR spectra of [(PR3)Ni(CO)s] complexes,
recorded as a solution in DCM.® Reaction of [Ni(CO)s] with one equivalent of ligand at room
temperature results in rapid formation of the complex and the sharp A; band is readily measurable,
making this a convenient technique for synthetic chemists. The value of v correlates well with the net
donor properties of the ligand, for example, the electron rich ligand tri-tert-butylphosphine gives a
value of 2056.1 cm™ whereas the electron poor ligand phosphorus trifluoride has a value of
2110.8 cm™. The electron poor ligand competes more effectively with CO for n-backbonding, resulting
in a stronger CO bond. Transition metal complexes of CO continue to play an important role in ranking

the net donor properties of P-ligands.?

Tolman also noted that steric effects play an important role and that features of ligand binding in Ni(0)
complexes could not solely be explained in terms of their electronic character. To quantify this, the
maghitude of the steric bulk can be measured in terms of its ligand cone angle (8) (Table 1.1).° For
symmetrical ligands, the cone angle is calculated by modelling the van der Waals radii of the atoms
and measuring angles to the outermost atoms of the model, where the apex angle of the cylindrical

cone is 2.28 A from the phosphorus atom (n.b. the calculation differs for unsymmetrical ligands).
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Increasing the steric bulk of the substituents of the phosphorus results in a larger value for 0
(Table 1.1). Following on from the work of Tolman, variations to the method of calculating cone angles
and estimating the steric requirement of ligands have been proposed, which may better account for
the properties of real ligands and their complexes, particularly where the substituent groups of the

phosphorus atom differ greatly.?3

Table 1.1 Calculated ligand cone angles () for a selection of symmetrical phosphorus ligands.®

Ligand 0 Ligand 0
PHs 87 P(CFs)3 137
PF3 104 PPhs 145

PMes 118 PCys 170
PCl3 124 P(CsFs)s 184
PBrs 131 P(Mes)3 212

Large cone angles can favour lower coordination numbers, which is important in transition metal
catalysis providing the substrate is of the appropriate size to bind to the vacant metal coordination
site. A significant realisation is that electronic and steric effects are not mutually exclusive, they are in
fact intimately related, and hence are difficult to isolate completely. For example, changes in the angles
between substituents can affect the s-character of the phosphorus lone pair; similarly, bond lengths

and angles can be tuned by varying the electronegativity of the substituents.®

An alternative means of evaluating the steric bulk of phosphorus ligands is the symmetric deformation
coordinate (54'), introduced by Orpen and co-workers using data obtained from crystal structures,®
which seeks to evaluate P-ligands based on a geometric calculation using phosphine angles from
species with the general formula Z-PRs (Z = transition-, main group- or non-metal) (Fig. 1.3). S4' is a
measure of the flattening or pyramidality around the phosphorus atom, and the value is calculated by
subtracting the sum of the R—P—R angles (B) from the sum of the Z—P-R angles (a). Small values for S4

can suggest substituents with increasing steric bulk.
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%&2 /[3 By
Z—5P. Z—R. )% S4'=Xa; - ZP;
/R /

Fig. 1.3 Angles used in the calculation of Orpen’s symmetric deformation coordinate (54').



1.1.2 Ligand knowledge base

The Ligand Knowledge Base (LKB), developed by Fey and co-workers,'* is a DFT-computational method
designed to aid the discovery of novel ligands and to predict ligand effects before experimentation.
Monodentate P-donor (LKB-P)*® and C-donor (LKB-C)® ligands and chelating P,P- and P,N-donor

(LKB-PP)Y ligands have been described to create a database containing more than 1000 ligands.

Computational ligand parameters/descriptors have been developed using the optimised structures of
the ligand in a number of different coordination environments: the free ligand (L), the protonated
ligand ([LH]"), the borane adduct ([LBHs]*), three transition metal complexes ([LAuCl], [LPdCI5] and
[LPt(PHs)s3]) and the interaction between the ligand and a ring of 8 helium atoms (L-Heg). Parameters
such as calculated versions of the Tolman parameters, adduct binding energies and electronic frontier

molecular orbital energies are extracted, 28 in total.

The LKB uses Principal Component Analysis (PCA) to reduce the dimensionality of datasets where
descriptors are correlated, giving fewer variables. This technique is designed to capture as much of the
variation in the dataset in as few dimensions as possible, hence the data can be expressed into 3D
scattering plots. Clustering of ligands with similar properties can help establish patterns and a chemical
context (i.e. ligands which are close in space are more likely to have similar properties than those
further away). The LKB is a highly useful tool with potential industrial applications, the results from

calculations can be analysed and used to reduce the scale of an experimental catalyst screening.

The LKB-P has recently been updated to include a selection of unusual MOP ligands which Higham et
al. have reported, including phosphiranes and phosphonites (vide infra) (Chart 1.1). The LKB-P has been
used, alongside experimental results, to direct the catalytic application of novel ligands presented in

this thesis in asymmetric catalytic transformations.®

av
OO EQ OO E/\OO OO

R =H or OMe R =H or OMe
Phosphiranes Phosphonites

Chart 1.1 A selection of MOP ligands synthesised by the Higham research group which are in the LKB-P.



1.2 Organophosphorus Ligands in Asymmetric Catalysis

1.2.1 Asymmetric catalysis

Organophosphorus molecules are a popular choice of ligand in homogeneous catalysis because, by
altering the choice of P-substituent, the electronic and steric properties of the ligand —and any derived
organometallic complex — can be finely tuned.'® By choosing a chiral substituent, or alternatively
making the P atom itself a chiral centre (P-chiral), it is possible to synthesise complexes which can
catalyse reactions asymmetrically. Chirality is a feature found in many pharmaceuticals and
agrochemicals — hence catalysts that can selectively synthesise one enantiomer over another are in

high demand.

The synthesis of chiral, enantiopure compounds can begin with commercially available starting
materials. If these compounds are sourced from nature, then it is commonly referred to as a
chiral-pool source. Otherwise, optical purity can be achieved by chiral resolution techniques or by
asymmetric synthesis using chiral auxiliaries or catalysts. The development of enantioselective
catalytic reactions has been driven by the industrial need for enantiopure compounds, without time
consuming and inherently expensive chiral resolution techniques, based on crystallisations or
chromatography.?® Advances in the field of homogeneous asymmetric catalysis were recognised in
2001 with the awarding of the Nobel Prize for Chemistry to Knowles, Noyori and Sharpless for their

work on asymmetric hydrogenation and oxidation reactions.?*

TSB[R.C]
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Fig. 1.4 An energy level diagram illustrating the origin of selectivity in asymmetric catalysis.



An asymmetric catalyst lowers the transition state (TS) energy for the formation of one enantiomer,
more than it lowers the TS energy for the formation of the other enantiomer, making the lower energy
route kinetically favourable (Fig. 1.4). The catalyst must itself be a non-racemic chiral species; this
results in the TS complexes becoming a pair of diastereomers as opposed to enantiomers.
Diastereomers have different physical and chemical properties and this is the cause of the difference

in energy of the two transition states.

1.2.2  P-chiral, monodentate phosphorus ligands

A chiral compound has the property of being non-superimposable on its mirror image, its enantiomer.
The most commonly encountered form of asymmetry found in organic molecules is a centre of
chirality, a tetrahedral atom with four non-identical substituents. This type of chirality is seen in
trivalent phosphorus compounds when three different groups are bound to the phosphorus atom
(P-chirality) — the P lone pair is the fourth non-identical group. In P-chiral ligands, the pyramidal
inversion barrier of the molecule must be sufficiently high to prevent racemisation: typically the energy

barrier is 35-40 kcal/mol,?? which is usually adequate to prevent inversion at room temperatures.

Early work using organophosphorus complexes as asymmetric catalysts was based on Wilkinson’s
catalyst, replacing triphenylphosphine with chiral phosphorus ligands where the phosphorus atom is
the centre of chirality. Horner first noted the possibility of stereospecific hydrogenation reactions with
optically active tertiary phosphines and later carried out reactions to prove this theory.?* However,
Knowles (Nobel Prize for Chemistry 2001) and Sabacky at the Monsanto Company were the first to
report the use of P-chiral phosphines in asymmetric catalysis: the asymmetric hydrogenation of
a-phenylacrylic acid, using an optically enriched isopropyl(methyl)(phenyl)phosphine rhodium(III)
complex, yielded the product in a 15% ee.?* Knowles pioneered further research in this field with the
synthesis of the PAMP and CAMP ligands (Chart 1.2), which proved increasingly successful in
asymmetric hydrogenation reactions, with enantiomeric excesses of up to 90% reported using
(R)-CAMP.% However, P-chiral alkyl phosphine ligands have their drawbacks, their synthesis and
purification can be laborious and as commonly encountered with alkyl phosphines, a rigorous air-free

procedure may be necessary to prevent phosphorus oxidation.?

1 1 OMe 1 OMe
Ph” P\( Ph” P\© cy” P\©
(R )

(S)-PMePh(’Pr) )-PAMP (R)-CAMP

Chart 1.2 A selection of ligands used by Knowles in homogeneous asymmetric hydrogenation reactions.



1.2.3 Chiral, bidentate phosphorus ligands

Later work more often concentrated on using bidentate P-ligands. Bidentate binding reduces the
number of conformations available to the chiral ligand, and it is often the case that the more defined
the steric environment of the complex, the more selective it is in asymmetric catalysis. The first major
successes of bidentate phosphine ligands in asymmetric hydrogenation reactions were achieved by
Kagan and Dang with (R,R)-DIOP, which is prepared from the naturally occurring form of tartaric acid
(Chart 1.3).% In their study it was shown that (R,R)-DIOP was able to efficiently catalyse the
hydrogenation of a-acetamidocinnamic acid (a precursor of the amino acid phenylalanine) with a yield
of 95% and a 72% ee,?’® and subsequent work revealed that a range of a-acetamidoacrylic acid
precursors of amino acids were reduced with high enantioselectivities by the Rh/(R,R)-DIOP catalyst.?”?
Kagan was somewhat controversially not given a share of the 2001 Nobel Prize for Chemistry awarded
for catalytic asymmetric synthesis.?® Development in this field led to the synthesis of (R,R)-DiPAMP by
Knowles, where the methyl group in (R)-PAMP was replaced by an ethyl bridge to form a chelating
bisphosphine, C; symmetric ligand.”® The Monsanto Company quickly adapted their commercial
process to synthesise L-DOPA, a drug used for treating Parkinson’s disease, to include a rhodium

complex of (R,R)-DiPAMP, which could hydrogenate a key prochiral precursor with an ee of 95%.%°

HOJ/COZH ><Oj/\PPh2
0~ ", -PPh,

HO "’COZH -

(R,R)-tartaric acid (R,R)-DIOP
Chart 1.3 (R,R)-Tartaric acid and (R,R)-DIOP.

1.2.4  Atropisomeric phosphorus ligands

Atropisomerism results from the non-planar arrangement of four groups in pairs about an axis of
chirality.3! It is observed for ortho-substituted biphenyls (Fig. 1.5, where a # b and ¢ # d), where the
energy barrier for free rotation is large enough to prevent rotation, except at high temperatures.3 The

stereochemistry of the molecule is assigned by the Cahn-Ingold-Prelog priority rules.??

a a a
(o]
Al Vs
d
b b b

Fig. 1.5 The view along an ortho-substituted biphenyl along its axis of chirality (broken arrow) and assigning its
configuration by the Cahn-Ingold-Prelog priority rules.



Priority is designated for each substituent with respect to its atomic number, and the molecule is
viewed along its axis of chirality with the highest priority group given the position of a. The absolute
configuration of (R)- for clockwise and (S)- for anti-clockwise can thus be assigned by analysing the
direction of transition from the second highest priority substituent on the proximal ring to the highest
priority substituent on the distal ring (Fig. 1.5: b to c (left hand view) and d to a (right hand view)). This

is the source of chirality found in binaphthyl and will be used to assign the absolute stereochemistry.

At room temperature, the minimum free energy barrier to rotation (i.e. racemisation) is approximately
23 kcal/mol for biphenyl derivatives.3* The rotational barrier for 1,1'-binaphthyl is also approximately
23 kcal/mol and hence it will racemise under standard conditions (Fig. 1.6),* the values for

2/2'-substituted binaphthyls are higher and hence they may exist as single enantiomers.3!

Fig. 1.6 Anti-transition (H2—C1-C1'-H8' = 0°) (left) and syn-transition (H2—C1—C1'-H8' = 180°) (right) in the
racemisation pathway of 1,1'-binaphthyl.

A milestone in chiral bidentate ligand synthesis was the discovery of the C;-symmetric ligand BINAP in
1980 by Noyori (Nobel Prize for Chemistry 2001) (Chart 1.4).3¢ BINAP is one of the most widely used
and useful ligands found in the field of homogeneous asymmetric catalysis, and has become one of the
few chiral ligands produced on an industrial scale.3” There have also been many BINAP-analogues
reported in the literature, for example the BIPHEMP and MeO-BIPHEP series developed by the
pharmaceutical company Roche (Chart 1.4),*® and the SEGPHOS ligand class developed by the research
team at Takasago International Corporation (Chart 1.4).3° Consequently, axially chiral bidentate ligands

have become an important ligand class in homogeneous asymmetric catalysis.*

Y () .
PPh, PPh, O PPh,
PPh, PPh, o PPh,
Pé
99 (] ¢
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(R)-BINAP (R)-BIPHEMP: R = Me (R)-SEGPHOS
(R)-MeO-BIPHEP: R = OMe

R
R

Chart 1.4 A selection of axially chiral, biaryl-diphosphine ligands.



One of the major advances in BINAP catalysis was the discovery that transition metal-bound BINAP can
hydrogenate many substrates with a high ee and turnover. BINAP-based ruthenium(II) and rhodium(I)
complexes have shown high chiral selectivity in a variety of catalytic reactions.*! Early examples
included the demonstration that BINAP is an effective ligand for the asymmetric hydrogenation of
prochiral alkenes under mild conditions: Ru(II) complexes achieved up to 95% ee*? and Rh(I) complexes

could achieve complete enantioselectivity with a-acetamidoacrylic acid substrates (Scheme 1.2).3643

COOH H, « COOH
R e o R
NHCOR' NHCOR'
a.R=H, R'=Me
b. R=Ph, R'= Me
c. R=Ph,R'=Ph

Scheme 1.2 The asymmetric hydrogenation of a-acetamidoacrylic acids.

Although bidentate P-ligands have dominated the research, there have been noteworthy examples of
asymmetric catalysis using monodentate phosphines.* Hayashi has featured prominently in this field.
His early work featured chiral ferrocenylphosphines,* and later he synthesised the MOP ligand class
(Chart 1.5). MOP ligands have been proven to be effective in the asymmetric hydrosilylation of

alkenes,? as well as other catalytic transformations.*’

PPh, PPh,
OMe

)-MeO-MOP )-H-MOP (R)-MOP-phen

Chart 1.5 Examples of ligands from the MOP-family.

1.3 Primary Phosphines

Primary phosphines® are highly versatile precursors in the synthesis of functionalised phosphorus
compounds due to the high reactivity of the P—H bonds, and allow access to a range of molecules that
are otherwise inaccessible or difficult to reach by other methods. Scheme 1.3 provides a
representation of reaction types which can be used to modify the phosphorus atom.** Primary
phosphines have been used as starting materials in the fields of asymmetric catalysis,**° carbohydrate
research,>® macrocyclic synthesis,*! medicinal chemistry®? and polymer science.> Despite these diverse

applications, there are still only a limited number of reports on this functionality, in part due to certain
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preconceived ideas about their supposed high sensitivity to oxidation and noxious character, which

lends them a reputation as being difficult to handle.

R—PX,
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Scheme 1.3 Reactions to functionalise the P—H bonds in a primary phosphine (n = number, R/R'/R" = organic
substituent, X = halogen and Z = R:N, RzP).

The reputation of primary phosphines as air-sensitive compounds, many of which are highly
pyrophoric, is well deserved, especially those which are of a low molecular weight and lack steric
encumbrance.>* Decomposition occurs through an exothermic oxidation reaction which can be very
rapid, even at room temperature (Scheme 1.4).>°> This factor, in addition to other common
characteristics of volatility, toxicity and unpleasant odour, appear to be the reasons why primary

phosphines are not employed more routinely in the synthesis of organophosphorus compounds.>®

X (0] i (0] 2 0] 2
R-PH, ———>  _pP_ —> P ——> P
|l| H R |l| OH R (l)HOH

Scheme 1.4 A simplified reaction showing the stepwise oxidation of primary phosphines.
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In 2005 Brynda published a review covering those primary pnictanes which are found to be
‘user-friendly’ and they focus on the strategy of using bulky substituents in close proximity to the
phosphino group to afford steric protection to air-oxidation — the review details the first examples of
this approach dating back to the late 1960s. Some recently discovered examples of surprisingly air-
stable primary phosphines containing heteroatoms or a ferrocenyl backbone were also introduced.*®
Since the publication of Brynda’s fascinating review, the number of ‘user-friendly’ primary phosphines
has steadily increased. While the air-stability of certain primary phosphines can be attributed to the
well-known phenomenon of steric encumbrance, there have been a growing number of examples
where the authors were unable to rationalise this unexpected stability. In order to account for their
resistance to air oxidation, Higham et al. have developed a theoretical model of phosphine oxidation,
and these DFT calculations have also proven to be a useful tool to rationalise the air-stability/sensitivity
of other primary phosphines with previously unexplained air-stability. The model has also proven

successful in predicting how novel primary phosphines behave towards air-oxidation.>*>’

1.4 Air-stable Primary Phosphines

It is prudent at the outset to explain how we interpret ‘air-stability’, in this instance we mean the
resistance of a primary phosphine to undergo oxidation by aerobic (or occasionally elemental) oxygen,
in the absence of other oxidising agents. It is also worth noting that it is not always straightforward to
compare literature examples of air-stability, as different authors judge this somewhat subjectively, in
the absence of an accepted definition. Here, we regard air-stable primary phosphines as those that
display inertness to oxidation over several weeks. As will be shown, certain primary phosphines are
not air-stable but oxidise slowly, and this still confers a number of advantages in terms of their
ease-of-handling over their more reactive counterparts. It is also important to clarify that an
environment containing certain transition metals, or one which allows for the production of peroxides,
such as aged ether solvents or prolonged exposure to sunlight, can result in an air-stable phosphine
undergoing oxidation — these conditions must, therefore, be avoided. It is useful for the purposes of
classification to separate out the air-stable primary phosphines into those that are stabilised by steric

encumbrance, and those compounds whose behaviour cannot be explained in this way.

1.4.1 Steric protection

There are a small number of ‘user-friendly’ primary phosphines reported in the literature, whose
enhanced stability results from kinetic stabilisation by bulky substituents, which inhibits the reaction
with dioxygen (Chart 1.6).%% For example, phenylphosphine 1 is a pyrophoric, highly air-sensitive liquid
which rapidly oxidises; however, mesitylphosphine 2 is only mildly sensitive to air-oxidation and was

the first primary phosphine characterised by X-ray crystallography.>® With a further increase in the
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steric bulk of the substituents on the phosphorus, as in supermesitylphosphine 3, described as
air-stable and odourless,”® and again in 2,6-Trip.HsCsPH, 4 which possesses remarkable thermal
stability,®® it becomes possible to isolate primary phosphines that have long-term stability and which
can be handled freely in air. These tactics allow such compounds to be used in the synthesis and
characterisation of what would otherwise be highly reactive molecules. Of course, this confined space

around the phosphorus atom renders further functionalisation more difficult.

5o ¢ e

4

Chart 1.6 Primary phosphines: increasing steric encumbrance results in a greater resistance to air-oxidation.

1.4.2 Unexplained stability

There are sporadic reports in the literature of primary phosphines that are resistant to air-oxidation
but where steric hindrance does not appear to be the protecting factor — examples of compounds of
this nature include 5, 6, 8a and 8b (Chart 1.7). Analysis of the solid-state structure of the primary
diphosphine 5 (Fig. 1.7),%! revealed intermolecular hydrogen-bonding interactions between the amide
and carbonyl groups, but no direct hydrogen-bonds to the primary phosphine-bound hydrogen atoms.
Thus, hydrogen-bonding does not appear to be responsible for the surprising resistance to
air-oxidation of a molecule which bears two phosphino groups. The authors postulated that negative
hyperconjugation arising from the electronegative heteroatoms to the phosphorus centres may be the
causative factor in this regard;®! similarly, the thioether-functionalised diprimary phosphine 6 also
demonstrated an unexpected degree of air-stability.> From unpublished AM1 calculations, Katti et al.
suggested that the heteroatom atomic orbitals in 5, 6 and related molecules could contribute to the

frontier molecular orbitals, providing some support to the negative hyperconjugation theory.*®

s
O«_NHPh i P
s s Spy, -y
Fe Fe
P, P, < <
PH, PH,
5 6 7 8a,n =1
8b, n =2

Chart 1.7 Primary phosphines 5, 6, 8a and 8b resist air-oxidation but possess little steric encumbrance — the

ferrocenyl derivative 7 is air-sensitive.
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Os_NHPh

PH, PH,

Fig. 1.7 View of the molecular structure of 5 with intermolecular hydrogen bonding between the amide and
carbonyl groups indicated (red broken line). Hydrogen atoms bound to carbon atoms have been omitted for
clarity. (CCDC: 138440). Crystal structure data was obtained from the Cambridge Structural Database (CSD). %

A second example of note is the exceptional long-term stability of the methylene-bridged
ferrocenyl-phosphine 8a which was synthesised by Henderson and co-workers.®> This primary
phosphine has only a very slight odour and is completely air-stable.®® Furthermore, the ethylene-
bridged ferrocenyl-phosphine 8b was found to show a similar resistance to aerobic oxidation. Neither
steric encumbrance nor the presence of the iron centre were thought to be responsible for this
behaviour, which was instead attributed to the alkane spacer group separating the phosphorus from
the cyclopentadienyl ring.®* The corresponding derivative without such a spacer 7 is sensitive to

oxidation in air;®® however, the underlying reason for this observation has yet to be determined.

1.4.3 Electronic protection
More recently, Higham et al. have synthesised air-stable primary phosphines which possess neither
steric encumbrance nor heteroatoms other than the phosphorus (12a for instance, Chart 1.8).
O >
PH,
o
Ha

1

10 P

PH, O

PH, R =H, (S)-12a
R = OMe, (R)-12b

8.8

Chart 1.8 Phenyl-, naphthyl- and binaphthyl-derived primary phosphines. The three classes exhibit differing
degrees of air-stability — the more m-conjugation present in the molecule, the greater the resistance to
air-oxidation.
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It has been found that those phosphines which contain a relatively high degree of m-conjugation in
their backbone demonstrate resistance to air-oxidation — as the extent of m-conjugation decreases, the
air-stability falls too (Chart 1.8).>* Phenylphosphine 1 is a highly air-sensitive liquid — a neat sample
completely oxidised within one week, whilst a chloroform solution showed only 42% of 1 remained
after the same length of time. The monoarene oil 9 is also air-sensitive but oxidises less readily — 59%
remained in solution after the same time frame. In comparison, 2-naphthylphosphine 11 is a relatively
air-stable white solid and its regioisomer, 1-naphthylphosphine 10, shares a similar degree of solution
air-stability (72% and 74% remaining after seven days, respectively). It should be noted, however, that
neat samples of the oil 10 do oxidise more rapidly in air than the solid 11. Increasing the degree of
n-conjugation still further, it is observed that the crystalline compounds (S)-12a and (R)-12b, based on
a binaphthyl backbone, possess long-term air-stability. No oxidation was observed in solution after
seven days, and solid samples were found to be stable to air indefinitely.>* The solid-state structure of
(R)-12b, obtained by X-ray crystallography (Fig. 1.8), reveals that the phosphino group is not interacting

with the methoxy substituent, thereby ruling this out as a source of stabilisation in the solid state.®®

= e

Fig. 1.8 View of the molecular structure of (R)-12b. Hydrogen atoms bound to carbon atoms have been omitted
for clarity. (CCDC: 281451). Crystal structure data was obtained from the Cambridge Structural Database (CSD).**

The sensitivity of phosphines to molecular oxygen has been explained by the thermodynamically
favourable formation of phosphine oxides and acids (Scheme 1.4), the driving-force being the strength
of the phosphorus-oxygen bond.>® However, the mechanism for the aerobic oxidation of primary
phosphines has yet to be established. Even for tertiary phosphines there are relatively few reports
concerned with their oxidation by air or oxygen.®” Those studies that have tackled the matter generally
point to the implication of a phosphorus radical cation in the oxidative process. Recent reports by Yasui
and Majima provided spectroscopic evidence, through laser flash photolysis experiments, that the
formation of the triarylphosphine radical cation [R3P]**, led to the generation of the peroxy radical
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cation [RsPOO]** in the presence of molecular oxygen. This transient intermediate subsequently
undergoes a radical reaction with a second equivalent of phosphine, to form the dimeric radical cation
[RsPOOPRs]** (Scheme 1.5), which eventually breaks down into the corresponding phosphine
oxide.?”""'™ A related reaction pathway was noted when the radical cation was generated by radiolysis
rather than photolysis.®’®" Two recent reports have revealed the first examples of single crystal X-ray
structures of triarylphosphine radical cations.®® It has been suggested that sterically bulky or rigid
substituents can result in higher stability in the [RsP]** radical cations.57":"682

+ RyP:

. 0=0 -
ReP: — [ReP|" —— [R3P\O/O =25 [ReP-0-0-PRs| —=» 2RyP=0

Scheme 1.5 Postulated steps in the photolytic oxidation of a tertiary phosphine; a radical cation forms and reacts
with dioxygen to give a peroxy radical which leads to two molecules of phosphine oxide via its reaction with a
second tertiary phosphine.

Higham et al. have recently developed a quantum mechanical model based upon density functional
theory (DFT), in an attempt to provide an explanation for both the air-stability observed for the series

of n-conjugated primary phosphines and the unexplained stability of those introduced in Chart 1.7.5
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Chart 1.9 HOMO distributions for the primary phosphines 1, 9, 10, 11, (S)-12a and (R)-12b.

The model uses the B3LYP/6-31G* level of theory to ascertain the electronic properties of a primary

phosphine, and it considers specifically the nature of the HOMO of the neutral phosphine (Chart 1.9),
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and that of the SOMO of their radical cation counterparts. The model was used to try and explain how
varying the degree of conjugation in the molecule has a significant impact on the orbital distributions
and energies, and the consequences of this for the degree of air-stability of the phosphino group with

regard to a radical cation mechanism.>*

Results from the DFT calculations show a qualitative trend in the HOMO distribution for the aryl
primary phosphines studied (Chart 1.9). Those with extended m-conjugation have a low (or no)
phosphorus contribution to the HOMO, and those with less conjugation show more significant
phosphorus character in this orbital. Experimentally, the phosphines found to be air-sensitive are those
that have phosphorus participation in the HOMO (1, 9, 10 and 11), and those which resist reaction with
molecular oxygen have a HOMO delocalised away from the phosphorus (12a and 12b). Despite this
resistance to oxidation, increasing the degree of conjugation in the molecule generally raises the
energy of the orbital as expected (Table 1.2), although note that the HOMO of the air-stable binaphthyl
12a (-5.82 eV) is comparable to that of the air-sensitive naphthylphosphine 10 (-5.80 eV).

Table 1.2 HOMO and SOMO energy values (in eV) for 1,5, 6, 7, 8b, 9, 10, 11, 12a and 12b.

1 5 6 7 8b 9 10 11 12a 12b

HOMO | -6.87 -5.90 -5.99 -5.34 -5.17 -6.41 -5.80 -5.88 -5.82 -5.50

SOMO | -11.73 | -9.94 -9.51 | -10.67 | -9.58 | -10.96 | -10.63 | -10.64 | -9.29 -9.02

The corresponding radical cations were then modelled and it was found that the phosphorus atom is
incorporated into the SOMO surface in each case. It also noted that there appeared to be a threshold
value for resistance to air-oxidation; those primary phosphines with a SOMO energy above —10 eV are
found to be experimentally air-stable and those below this value are air-sensitive (Table 1.2 and
Fig. 1.9). To explain these observations it was proposed that a radical cation with a lower energy SOMO,
has a higher reactivity towards oxidation than one originating from a SOMO of higher energy. This

would also be consistent with the aforementioned mechanistic insights of other researchers.

The model is not limited to aryl primary phosphines — those phosphines from Chart 1.7 with
unexplained resistance to air-oxidation, 5, 6 and 8b, were also found to have a radical cation SOMO
energy above the proposed threshold (Fig. 1.9). Conversely, the air-sensitive ferrocenyl-phosphine 7
has a value below the threshold, implying that the presence of the alkylidene spacer groups in 8a and

8b provide the requisite ‘electronic insulation’ for the phosphino functionality to become air-stable.

17



[/h j 7 \"/L 2 Q
OI\-’Ie

S -
r 1§ PHz ‘I”
~
[ 6 7 s J*\x
RN ies
S 12b
10
-8
-85
=9 *
0= NHPh .
-85 + Pe
~ —
| -10 -
PHa PH,
-10.5
5 * * +
-11 -
-11.5
.
-12 f
@\/.EPHQ f\j B
Fe
P, <= s8b
[,&:_ (I ] 12a
~ @\PH? [55\:['*\
1 Fe = \-/, PH
— 11 )
7

Fig. 1.9 Plot showing the SOMO energies of the primary phosphines and the ‘threshold air-stability’ line at
—10 eV. Phosphines above the red line are found to be experimentally air-stable, whereas those below it oxidise
in air.

From the molecules modelled, it was deduced that small primary phosphines lacking (i) steric
hindrance, or (ii) appropriate conjugation and/or sufficient heteroatom presence to raise the energy
of the SOMO, are likely to oxidise rapidly. This conclusion matches further experimental findings; the
primary phosphines 13-15 are all stabilised beyond the —10 eV limit (Chart 1.10), and are highly oxygen
sensitive. Hence, it is predicted that a wide variety of primary phosphines are likely to be air-stable, if

they incorporate a backbone containing the appropriate aforementioned features.>*

H,P  PH, \_/ \_/
13 14 15
-11.83 -11.71 -11.94

Chart 1.10 Three highly air-sensitive primary phosphines (13-15) and their SOMO energies (in eV).

Protasiewicz and co-workers have synthesised a series of primary phosphines for use as synthons to
benzoxaphospholes with interesting luminescent properties (Chart 1.11).%° 3-Phosphino-2-naphthol
(16) was prepared as an air-stable, white solid, in a high yielding synthesis. It was found that
d-chloroform solutions of 16 could be stored for over a month without signs of oxidation, and that this
air-stability could be extended into several months in the solid state.®® This finding is in contrast to

experimental results for 2-naphthylphosphine (11) which shows mild air-sensitivity.>* This is in accord
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with the hypothesis that incorporating nt-conjugation, or as in this case an additional heteroatom, will
increase a primary phosphine’s resistance to air-oxidation. However, DFT calculations on the SOMO
energy level of the radical cation of 16 gave an energy value of —10.72 eV, below the assigned threshold
for air-stability. Inspection of the SOMO energy distribution shows that there is no significant
phosphorus contribution to the orbital, unlike the previous phosphines studied, and hence this is a
potential explanation for the lack of reactivity with molecular oxygen. An alternative explanation could

be that the hydroxy substituent plays an inhibitory role in the oxidation process.®®

OH OH Bu OH OH
SIS GO O Td
PH, PH, PH, Q PH>
By HO
16 17 18 19

Chart 1.11 Primary phosphines (16-19) prepared by Protasiewicz and co-workers.

More curious still is 2-phosphinophenol (17); this and the related 3,5-di-tert-butyl-2-phosphinophenol
(18) were synthesised and their air-stability investigated.5®® DFT calculations on compounds 17 and 18
showed little phosphorus character in the HOMO of the neutral molecule, a possible indication of
air-stability. The SOMO energy levels of the radical cations on the other hand, —11.3 eV and —10.5 eV
respectively, do not predict that the molecules will be stable to air oxidation. Furthermore, the SOMO
orbital distribution appears to have a phosphorus contribution. Surprisingly, 17 was found to be
completely stable in a d-chloroform solution left open to air over a period of 6 days. However, 18
showed complete decomposition in an equivalent experiment. A key observation was that the major
product in the decomposition of 18 was not the corresponding phosphine oxide, but
3,5-di-tert-butyl-2-phenol and PHs. It was proven experimentally that the decomposition of 18 was
highly dependent on an acid-catalysed mechanism; repeating the aforementioned stability study with
the addition of acid rapidly increased the rate of decomposition.®®® It is noteworthy that repeating the
experiment with acid- and moisture-free d-chloroform in an environment of dry air resulted in little or
no decomposition of 18, implying that the compound is stable with respect to oxidation to the
phosphine oxide. Corresponding experiments with 17 revealed no sensitivity to acids, and
interestingly, the methoxy analogue of 18 was observed to retain its phosphorus centre and form a
phosphine oxide.” The precise reasoning for the decomposition of 18 is still unclear, as is the apparent
stability of 17 and 18 towards oxidation. In collaboration with the Protasiewicz research group, Higham
et al. are investigating further the intriguing properties of 17. Finally, the diprimary phosphine 19 was
described as an air-stable, white solid with similar characteristics to 16; however, DFT calculations have

not yet been completed for this molecule.®
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The research group of Goicoechea have recently synthesised the primary phosphine containing
phosphinecarboxamide 20 (Scheme 1.6), an analogue of urea, from the 2-phosphaethynolate ion.”*
The novel compound was characterised by multinuclear NMR, IR spectroscopy and X-ray
crystallography. The 3P NMR spectrum was assigned as a triplet of doublets due to the inequivalence
of the amide protons (& = —134.4 ppm, Ypy = 209 Hz and 3/py = 12 Hz) and the 3!P{*H} NMR spectrum
as a singlet (6 = —134.4 ppm). Crystallographic characterisation was made possible by synthesising
compound 20-0.5(18-crown-6). From the NMR and crystallographic data it was deduced that
n-delocalisation between the carbonyl and phosphine group was insignificant, whereas there was a
strong interaction between the carbonyl and amide groups — Scheme 4 depicts the possible resonance
forms of 20. This small molecule demonstrates a reasonable level of air-stability; it was reported that
a pyridine-ds solution that had been exposed to air had a half-life of 9 days.”® DFT calculations on 20
revealed that the phosphorus lone pair has a significant HOMO contribution (44.38%). It was suggested
by the authors that a large HOMO-LUMO energy gap (6.62 eV) and mixing of m-orbitals could explain
the surprising stability of 20, although in accordance with the model, the presence of an unsaturated
bond and two additional heteroatoms would be expected to raise the SOMO energy level and

resistance to oxidation.
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Scheme 1.6 Phosphinecarboxamide 20 and its possible resonance forms.

1.4.4 Metallocenes

The excellent air-stability of compounds 8a and 8b,52%* and how the model can be used to rationalise
their behaviour has been previously mentioned. Henderson and co-workers, in collaboration with
Hey-Hawkins, have recently expanded on this earlier work and increased the number of known
alkylidene-tethered ferrocenyl primary phosphines (21a-c), as well as presenting the first example of

a ruthenocenyl! primary phosphine (21d) (Chart 1.12).72

@\MPHZ @\/PH2
n |
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21c,n=11

Chart 1.12 Ferrocenyl and ruthenocenyl alkyl-tethered primary phosphines.
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The ferrocenyl primary phosphines 21a-c (Chart 1.12), with longer alkylidene spacer groups than 8a
and 8b, were prepared and characterised by various spectroscopic means, although 21b and 21c could
not be isolated pure. The 3P NMR chemical shift (~6 = —136 ppm) and the Y (~194 Hz) and
3Jun (~7 Hz) coupling constants were found to be comparable in all of the compounds.” Crystal
structures of the primary phosphines were not obtained; however, the borane adduct of 21b-BH; was
synthesised and the molecular structure elucidated. The primary phosphines were found to be
considerably stabilised toward air-oxidation, with 21a lasting several weeks. In addition to the
ferrocenyl compounds reported, the ruthenocene derived primary phosphine 21d (Chart 1.12), an
analogue of 8a, was synthesised in an investigation which would show if the stabilising effects
observed are transferrable to other metallocene systems.”? Compound 21d was isolated as a
pale-yellow oil, characterised by various spectroscopic means and was noted to have a distinctive
odour. The 3P NMR spectrum showed a distinctive triplet at § = —132.5 ppm with a Yup coupling
constant of 193 Hz. The resistance to air-oxidation of the compound was found to be lower than that
of the related ferrocenyl compounds; a d-chloroform solution in a capped NMR tube showed that

approximately half of 21d had oxidised after one month.

Hey-Hawkins  and  co-workers have reported the first two chiral, primary
aminoalkyl(phosphanyl)ferrocene complexes 22 and 23, and in subsequent publications presented
the molecules 24, 25a and 25b (Chart 1.13).”* Compound 22 is a high boiling point liquid that was
obtained as a racemate. The related ferrocenyl phosphine (S,R)-23 was prepared as a S,R/S,S
diastereomeric mixture in 92% de and similarly, (R,S)-23 can be prepared with (R,R)-23 as the minor
isomer.”® The racemic crystalline solid 24 has also been synthesised and characterised by X-ray
crystallography — it is air-stable in the solid state and shows an inertness to solution oxidation over a
period greater than two weeks.”* Two further crystalline primary phosphines (25a and 25b) were
reported to be air-stable in solution over a minimum period of 5 days.”® The 3P NMR spectral signals
corresponding to the phosphanyl groups in 25a and 25b appear as characteristic triplets
(~6 =—150 ppm and ~Ypy = 200 Hz). The 1,1'-bis(diphenylphosphino)ferrocene derivative 25b was also
structurally characterised by X-ray crystallography. Marinetti and co-workers have reported the
synthesis and X-ray crystal structure of [2-(phosphinomethyl)ferrocenyl]diphenylphosphine, an air-

stable primary phosphine precursor for synthesising ferrocenyl-based diphosphines.”™
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Chart 1.13 Primary aminoalkyl(phosphanyl)ferrocene complexes developed by the Hey-Hawkins research group.

1.5 Reactivity of Primary Phosphines

The coordination chemistry of tertiary and secondary phosphines is extensive and well reported in the
literature, whereas the equivalent research involving primary phosphines is far less developed.* As
well as often being difficult to handle, primary phosphines have different steric and electronic
properties. The P—H bonds are relatively weak and hybridisation effects mean the lone-pair orbital has
a higher s-character and is, therefore, a weaker donor to a transition metal.”® Consequently, P—H bonds
often cleave in the presence of transition metals to form phosphido or phosphinidine ligands, unless
the co-ligands are carefully considered.”” We have detailed their emerging coordination chemistry in

a published review.*®

Manners and co-workers reported the catalytic dehydrocoupling reaction of primary- and secondary-
phosphine—borane adducts to prepare poly(phosphinoborane) compounds.®*’® In a rhodium(I)-
catalysed reaction, dehydrocoupling of PhPH,-BHs resulted in the formation of the high molecular

weight polymer, poly(phenylphosphinoborane), an air- and moisture-stable solid (Scheme 1.7).%3

Rh(l), A Ph i
PhPHy,BH; ————» +1P—B
“H, hod,

Scheme 1.7 Rhodium-catalysed synthesis of the polymer poly(phenylphosphinoborane).

A new class of functional polymer networks has been synthesised from air-stable primary phosphines,
using phosphine-ene chemistry, analogous to the thiol-ene reaction.”” A major benefit of these
systems, compared to the sulfur-based derivatives, is the ability to use 3!P solid-state NMR
spectroscopy to investigate the chemical structures of the networks. Further functionalisation of the
phosphorus moieties incorporated into the networks was proven to be possible, and the polymers
show potential as oxygen-scavenging materials. Incorporating 8b resulted in the formation of a

redox-active polymer network.

22



Alkyl and aryl primary phosphines have been shown to react with aldehydes in the presence of
trifluoroacetic acid to form secondary phosphine oxides.®° A broad range of aldehydes were reacted,
including formaldehyde, and it was shown that using 1,5-dialdehydes provides a convenient route to

bis(phosphine oxides).

The synthesis of polydentate 1,5-diaza-3,7-diphosphacyclooctane ligands incorporating nitrogen
atoms was reported via the condensation of primary phosphines with formaldehyde and primary

amines.®

Secondary and tertiary functionalised vinylphosphines were synthesised from the stereoselective
hydrophosphination of dichloroacetylene by primary phosphines and their complexes.®? The use of a
sterically hindered primary phosphine in the hydrophosphination of 1-hexene has also been reported,

the reaction proceeding via an intermediate nickel phosphanido hydride complex.®

Fermin and Stephan reported the catalytic dehydrocyclooligomerisation of primary phosphines using
a zirconium(lV) hydride complex.®* Waterman has since used a triamidoamine zirconium catalyst to
selectively dehydrocouple primary and secondary phosphines, via an intermediate phosphido complex
[(NsN)ZrPHR], with high selectivity for the diphosphine product (Scheme 1.8).8°
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Scheme 1.8 Selective dehydrocoupling of a primary phosphine, catalysed by a triamidoamine zirconium complex
(R =Ph, Mes, p-Tol, 2-EtCsH4, Cy, t-Bu).

This work was followed up with a report on the intermolecular hydrophosphination of primary
phosphines with a variety of alkenes and dienes using the triamidoamine zirconium catalyst. It was
shown that adjustment of the reaction conditions can change the selectivity between the formation
of secondary or tertiary phosphine products, and the reactions are unusually successful with
unactivated alkenes.® Finally, a collaboration between the groups of Waterman and Higham has
yielded chiral, air-stable secondary and tertiary phosphines from the catalytic hydrophosphination of
alkenes using (R)-MeO-MOPH, ((R)-12b).®” The reaction proceeds selectively to afford anti-
Markovnikov secondary phosphines as a mixture of diastereomers. A single-crystal of the phosphido
reaction intermediate was also prepared, the compound crystallised with two diastereomeric,

independent molecules in the unit cell (Fig. 1.10).
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Fig. 1.10 View of the molecular structure of one of the diastereomers of [(NsN)Zr((R)-MeO-MOPH)]. Hydrogen
atoms bound to carbon atoms have been omitted for clarity. (CCDC: 1421827). Crystal structure data was
obtained from the Cambridge Structural Database (CSD).%*

Lammertsma and Slootweg have reported a method to synthesise phosphaamidines through the
reaction of primary phosphines with readily available nitrilium triflates, and treatment of the
phosphaamidines with n-butyllithium allowed for the synthesis of the corresponding
phosphaamidinates (Scheme 1.9).%8 Simply changing the substituents on either substrate may allow

access to a diverse range of P,N ligands with potential applications in catalysis.
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Scheme 1.9 Synthesis of phosphaamidinates from the reaction of nitrilium triflates with primary phosphines via
phosphaamidines: (i) PhPH>, (ii) NEts, (iii) 1. Mes*PH2 2. NEts, (iv) n-BulLi, THF.

1.6 Chiral Primary Phosphines and their Applications

The first enantiomerically pure primary phenylphosphine derivatives were reported by Brauer and
co-workers in 2003 (Chart 1.14),% the chirality in the primary phosphinoamines originating from a
carbon stereocentre on the ortho-CMeNMe; substituent. Novel P,N chelating ligands were prepared
from these precursors and used in rhodium-catalysed asymmetric hydrogenation reactions.®

24



e U T e
T N P& s
R

R =H, (S)-26a R =H, (S,R,)-27a, (S,S,)-27a
R = OMe, (R)-26b R = OMe, (R,R,)-27b, (R,S.)-27b

Chart 1.14 Chiral phosphorus compounds: (a) primary phosphinoamines, (b) phosphiranes and (c) phosphonites.

Higham et al. previously reported the synthesis of the remarkably air-stable primary phosphines
(S)-12a and (R)-12b,%¢ which are atropisomeric by nature of their binaphthyl backbone; these
phosphines can be readily synthesised on a multigram scale.®® These chiral precursors have been

49c

exploited to prepare new, enantiopure MOP ligands with interesting functionality,”* including

phosphiranes,®® alkylphosphines,®> aminophosphines®® and phosphonites.®?%3

The previously
inaccessible phosphiranes (S)-26a and (R)-26b have demonstrated unusual chemical properties
(Chart 1.14). Phenylphosphirane readily undergoes decomposition above 0 °C, whereas (S)-26a and
(R)-26b are thermally stable when heated overnight in refluxing toluene and can be stored in air
indefinitely. In the non-optimised asymmetric hydrosilylation of styrene, (S)-26a achieved an
enantioselectivity of 80% with full conversion.®® The synthesis and characterisation of the
diastereomeric, optically pure MOP-phosphonite ligands 27a and 27b (Chart 1.14) was also described,
as was their application in the same catalytic reaction, achieving enantioselectivities of 79% with
(R,Sp)-27b and 80% with (S5,5,)-27a (b is the absolute configuration of the BINOL moiety).%%
Higham et al. recently detailed the synthesis of previously inaccessible or difficult to access
functionalities from (S)-12a and (R)-12b, covering a range of tuneable structural and electronic donor
properties.®? This complements work by Fey and co-workers who have developed an extensive ligand

knowledge base for monodentate P-donors (LKB-P), which may be useful for identifying applications

for ligands and for reaction optimisation (vide supra).

Pringle and co-workers reported the synthesis of diastereomeric diphosphine ligands with mixed
dimethylphospholane and 6-phospa-2,4,8-trioxa-adamantane donors, prepared from a primary
phosphine (Scheme 1.10). The ligands were successful in rhodium-catalysed asymmetric

hydrogenation reactions, and exhibited substrate-matching with the diastereomeric catalysts.*
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Scheme 1.10 Pringle’s synthesis of the chiral mixed cage-phospholane diphosphine.

A series of P-stereogenic 1-phosphaacenaphthenes have been synthesised by Glueck and co-workers,
using a platinum catalyst for the enantioselective tandem alkylation/arylation of primary phosphines.®
In a one-pot synthesis the benzyl chloride was reacted with mono- and diprimary phosphines to yield

new phosphacycles, including C,-symmetric P-stereogenic diphosphines (Scheme 1.11).
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FcCH,PH, 1,2'-CgH4(PH,),

Scheme 1.11 Glueck’s synthesis of P-stereogenic 1-phosphaacenaphthenes from mono- and diprimary
phosphines.

Novel, hydrophilic aryl MeO-BIPHEP (Chart 1.4) analogues have been synthesised from the parent
bis-primary phosphine (MeO-BIPHEPH,;, Scheme 1.12) via palladium-catalysed P-C coupling
reactions.®® The resulting atropisomeric ligands were successfully applied in the C—C bond forming,
asymmetric rhodium-catalysed 1,4-addition of boronic acids to enones in water, with high isolated

yields (up to 99%) and enantioselectivities (up to 96%) obtained (Scheme 1.12).%

[Rh(acac)(C,H,)o] (3 mol%)

MeO PH, o Ligand (4.5 mol%)
LS PH, +  PhB(OH), -~
O NayCO3, Hy0
" 100 °C, 1-3 h n Ph

(R)-MeO-BIPHEPH,

Scheme 1.12 Rhodium-catalysed addition of phenylboronic acid to 5- and 7-membered ring enones, employing
water soluble MeO-BIPHEP-type ligands, synthesised from MeO-BIPHEPH; (left).
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1.7 Phosphonites

Phosphines are characterised by having three P—C bonds, and by altering the C-substituents, changes
can be made to the o-donor properties of the ligand. The electronic properties are more dramatically
adjusted by introducing P-O or P-N bonds and primary phosphines provide a convenient way to
construct molecules with this functionality, via conversion to their dichlorophosphine analogues.
Phosphonites (arylphosphonous esters) are P-ligands with one P—C bond and two P-O bonds
(Fig. 1.11), which results in enhanced m-acceptor abilities and decreased basicity of the phosphorus

lone pair when compared to phosphines.

X =C, Phosphonite
X =N, Phosphoramidite
X =0, Phosphite

Fig. 1.11 Nomenclature for phosphorous(III) ligands containing two P-O bonds.

Phosphonites are valuable phosphorus ligands used in homogeneous catalysis, with characteristic
properties of being a poor o-donor but strong m-acceptor.”’ The energy of the o* orbitals is lowered
compared to arylphosphines due to the electronegative substituents, allowing the ligand to better
stabilise transition metals in low oxidation states. A typical method to prepare phosphonites is by
direct alcoholysis of a dichlorophosphine in the presence of an organic base,® or via a
diaminophosphine (Scheme 1.13).% An alternative method is the reaction of phosphorus trichloride
with a diol followed by treatment of the resulting phosphorochloridite intermediate with a carbon
nucleophile in the presence of an organic base. Oestreich and co-workers suggest that this method is

particularly suitable for the synthesis of sterically congested ligands.®
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Scheme 1.13 Typical procedure for the synthesis of phosphonites from dichlorophosphines, diaminophosphines
and chlorophosphites.

There are a range of examples where transition metal complexes of chiral mono- and bidentate

phosphonite ligands have proven to be efficient catalysts in enantioselective homogeneous catalytic
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reactions: the copper-catalysed conjugate addition of diethylzinc to cyclic and acyclic enones,®! the

nickel-catalysed hydrocyanation of alkenes,'%? the palladium-catalysed hydrovinylation of styrene,%

104

the Suzuki-Miyaura cross-coupling of aryl chlorides,'* the rhodium-catalysed conjugate addition of

arylboronic acids,'® the hydroformylation of alkenes,'® the hydrogenation of alkenes'®” and the

hydrosilylation of aromatic ketones.'%®

Common examples of chiral phosphonite ligands use the BINOL'® and TADDOL'® architectures
(Chart 1.15). BINOL contains an atropisomeric 1,1'-binaphthyl backbone which is synthesised by the
oxidative coupling of 2-naphthol, and is a commercially available in its enantiopure form.}® The
auxiliary TADDOL was developed by Seebach and is derived from (R,R)-tartaric acid (Chart 1.3), which

is sourced from the chiral pool.!*!

O .
I '
Chart 1.15 Chiral phosphonites based on BINOL (left) and TADDOL (right).

Higham et al. have recently reported a convenient synthetic route to enantiopure MOP-phosphonite
ligands containing a BINOL moiety, via their dichlorophosphine analogues, starting with the air-stable,
chiral primary phosphine precursors (S)-H-MOPH; ((S)-12a) and (R)-MeO-MOPH; ((R)-12b) (Scheme
1.14). Reaction of the primary phosphines (S)-12a and (R)-12b with phosphorus pentachloride to make
the corresponding dichlorophosphines, followed by the addition of enantiopure BINOL in the presence
of triethylamine gave the desired products (S,Rs)-27a, (S,Ss)-27a, (R,Rb)-27b and (R,Sp)-27b (Chart 1.14)
— in a high yielding, one-pot synthesis.®*® Similarly, dimethoxy MOP-phosphonites were made by
adding two equivalents of methanol under the same conditions; however, the ligand is very susceptible
to hydrolysis, lowering the isolated yield.?> These ligands proved to be particularly useful in the

palladium-catalysed asymmetric hydrosilylation of styrene.*%3

CC T onegon (U0 on
PH, PCls PCl, excess NEt; - P/\OR’\‘
o9 94 o
(S)-12a: R=H
(R)-12b: R = OMe

Dichlorophosphine Phosphonite

Scheme 1.14 Synthetic procedure for MOP-phosphonite ligands.
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1.8 Objectives

Chiral monophosphorus ligands have found applications in a variety of organometallic catalysis.
However, they are often neglected in favour of the more established diphosphorus ligand class.*
Therefore, we were keen to explore the potential of monophosphorus ligands, with unusual
functionality on the phosphorus,® to fill voids left by their diphosphorus ligand counterparts in the

field of asymmetric catalysis.

The aim of this project was to synthesise user-friendly, chiral phosphonite ligands, based upon
Hayashi’s MOP backbone, and to apply the enantiopure ligands in asymmetric catalytic
transformations. Promising results have been reported in the palladium-catalysed asymmetric
hydrosilylation of styrene with first generation MOP-phosphonites based on the BINOL architecture
(27aand 27b, Chart 1.14), and detailed the hemilabile nature of the bonding of the ligands in transition
metal complexes.® It was unknown if the reduction from two stereocentres in those ligands — at the
binaphthyl backbone and the BINOL auxiliary — to just one with an achiral auxiliary, would have any
detrimental effects on the stability, reactivity and asymmetric induction of the phosphonites.
Therefore, we sought to remove this second axis of chirality by replacing the BINOL moiety with non-
chelating phenoxy groups and also with an achiral 2,2'-biphenoxy moiety. Removing the need to have
the second axis of chirality within the ligand is beneficial as it would greatly reduce the synthetic costs
of making the phosphonite and also enable more flexibility in the tuning of the ligand architecture by

making a more diverse set of aryl diols available to the synthetic methodology.’

We sought to detail the individual steric and electronic parameters of the phosphonite molecules via
computational, spectroscopic and crystallographic techniques to help establish a chemical context and
allow the directed application of the ligands in catalysis. Higham et al. reported on the coordination
chemistry of 27a and 27b with a selection of group 9 and 10 transition metals.>® Replicating the
coordination chemistry and catalytic reactions reported for these ligands is important if one is to
comprehend the effect of removing the second axis of chirality. We, therefore, sought to optimise the
group of ligands to improve upon the fledgling, but promising, results achieved for the palladium-
catalysed asymmetric hydrosilylation of styrene, and also to apply the novel organometallic
compounds as catalysts in untested asymmetric syntheses. We also had yet to explore the chemistry
of the group 11 metals with the MOP ligand class; therefore, another aim of the project was to examine

the coordination chemistry of the chiral MOP-phosphonites in copper, silver and gold complexes.

*(R)- and (5)-BINOL retail at £33.70 and £34.60 (respectively) for 1 g, whereas phenol and 2,2'-biphenol retail at
£11.70 and £21.10 (respectively) for 100 g: www.sigmaaldrich.com, 99% purity or greater. (12/01/2016)
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2. The design of second generation MOP-phosphonites: efficient
chiral hydrosilylation of functionalised styrenes

Abstract: A series of enantiopure MOP-phosphonite ligands, with tailored steric profiles, have been
synthesised and are proven to be very successful in high-yielding, regio- and enantioselective catalytic

hydrosilylation reactions of substituted styrenes, affording important chiral secondary alcohols.

>99% conv.

OO /O X=H 95% ee
P X =0OMe 85% ee
Cl3SiH Clg OH

o T *

X X X

2.1 Introduction

Chiral phosphorus ligands have achieved considerable acclaim in a variety of transition metal-catalysed
transformations.'® Atropisomeric monophosphines with a binaphthyl backbone (Chart 2.1)*474%¢ have

proven to be particularly successful in the palladium-catalysed asymmetric hydrosilylation (AHS) of

alkenes to produce organosilanes (Scheme 2.1).1?

% % SE

)-MeO-MOP )-H-MOP (R)-H-MOP(m,m-2CF3)

Chart 2.1 Examples of ligands from the MOP-family which have proven to be highly enantioselective in palladium-
catalysed asymmetric hydrosilylation reactions.

Hydrosilylation is the addition of hydrosilanes to unsaturated substrates, in the case of alkenes this is
the addition of a Si—H bond across a C—C double bond (Scheme 2.2).1*? For example, (S)-MeO-MOP was
able to catalyse the AHS of alkyl-substituted terminal alkenes regioselectivity, to give
2-(trichlorosilyl)alkanes with enantiomeric excesses of up to 97% (Chart 2.1).1* (R)-H-MOP and its
electron deficient derivative (R)-H-MOP(m,m-2CF;) have been employed in the completely

regioselective AHS of styrenes with enantiomeric excesses of up to 98% reported (Chart 2.1).1*4
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[Catalyst] SiCls

N + SiCl
R HSiCl, R * R 78

Scheme 2.1 Palladium-catalysed asymmetric hydrosilylation of terminal alkenes.

Two proposed catalytic cycles for transition metal-catalysed hydrosilylation reactions are depicted in
Scheme 2.2. Both cycles begin with a reversible oxidative addition of the hydrosilane to the metal to
give a metal alkene silyl hydride complex. The Chalk-Harrod mechanism (Scheme 2.2, right hand
side),!® follows with a hydrometallation step, the reversible migratory insertion of the alkene into the
M-H bond. The alkyl-silyl complex formed then undergoes irreversible Si—C reductive elimination to
form the organosilane product. An alternative mechanism proposes a reversible silylmetallation step
to give a B-silylalkyl-hydrido complex (Scheme 2.2, left hand side),'® via alkene insertion into the M-Si

bond, followed by an irreversible, C—H reductive elimination to release the product.

RN

ST e

5

Scheme 2.2 Proposed catalytic cycles for the transition metal-catalysed hydrosilylation of alkenes.

In AHS reactions, the transformation is generally catalysed by a transition metal complex incorporating
a chiral ligand. In many AHS reactions the catalyst must not only be enantioselective, but also
regioselective (Scheme 2.1). The palladium-catalysed AHS reaction of styrene derivatives, using a
monophosphine ligand, with trichlorosilane has been the focus of mechanistic studies by
Hayashi;**117 the catalytic cycle was shown to proceed via the classical Chalk-Harrod mechanism, with
hydropalladation onto the vinyl group (Scheme 2.3). The hydropalladation step is reversible, with
B-hydride elimination reverting the intermediate (C) back to the palladium alkene silyl hydride
complex (B). The reaction generally is regioselective for the branched 1-aryl-1-silylethane product over
the linear 2-aryl-1-silylethane isomer, which is often explained by the formation of stable
ni-benzylpalladium intermediates (Scheme 2.3).11%% Pedersen and Johannsen have suggested that the
mechanism shown in Scheme 2.3 differs depending on the P:Pd ratio used to prepare the catalyst, and

that there are two competing catalytic cycles (see Results and Discussion and Scheme 2.9).1'8 They
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concluded that the conversion time is also highly dependent on the ratio, and that the reaction rate

changed significantly when comparing different ligands, implying that the steric and electronic

properties of the ligand play an important role.!®

P Ar
] Ar Pd—L L
SiCls A Si—H
Ar
Ar —/
H |
Pd—L" > H-Pd-LP
SiCls SiCls
c B

Scheme 2.3 Proposed reaction mechanism for the palladium-catalysed AHS of styrenes with a monophosphine
ligand and a representation of a stabilised (n3-benzyl)(silyl)palladium intermediate.

The high enantioselectivities observed in palladium-catalysed AHS of styrenes with H-MOP ligands has
been investigated mechanistically by Hayashi and co-workers by comparing (R)-H-MOP and
(R)-H-MOP(m,m-2CFs) (Chart 2.1), chosen due to the very high enantioselectivities obtained (up to
98%) with the trifluoromethane substituted ligand (Scheme 2.4).1'% The study concluded that
B—hydride elimination from the alkyl palladium intermediates C is fast compared to reductive
elimination in the complexes of (R)-H-MOP(m,m-2CF3), and also that the f—hydride elimination is much
more rapid for (R)-H-MOP(m,m-2CF3) complexes when compared to the (R)-H-MOP analogues. A highly
selective reductive elimination from the diastereomeric intermediate (S)-C over (R)-C, in addition to
reversible B—hydride elimination and hydropalladation processes putting (S)-C and (R)-C in a fast
equilibrium, accounts for the high optical purity obtained in the chiral product when employing

(R)-H-MOP(m,m-2CFs) as the ligand (up to a 98% enantiomeric excess of the (S)-organosilane).

SiCly
/_\// H\/\Ar

?iCI3 SiCls HSICl, SiCls SiCl,

Pd—LP H—Pd—LP Pd—LP H—P'd—LP Pd—LP
H -~ : H
\/\Ar :\ /\Ar :\ \/'\Ar
Ar Ar
(S)-C si-B re-B (R)-C

Scheme 2.4 Proposed reaction mechanism to explain the high enantioselectivity for (S)-organosilane products
observed in the palladium-catalysed AHS of styrenes with the ligand (R)-H-MOP(m,m-2CFs).
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The chiral alkyl silanes produced in AHS reactions with alkenes are useful and versatile intermediates

119

in organic synthesis,*” especially as precursors in the synthesis of enantioenriched alcohols. Using

Fleming—Tamao oxidation procedures, the Si—C bond is cleaved to form a C—O bond with complete

retention of configuration and in high yields.!?

Higham et al. recently reported a new class of MOP-phosphonite ligands (27a and 27b, Chapter 1),
based on a MOP/XuPhos-type hybrid (Chart 2.2).°% Chiral phosphonites are ligands with good

n-acceptor properties and are effective in a range of asymmetric hydrocyanations,0%

16¢ 3nd hydrogenations.’*< Ligands 27a and 27b possess a phosphorus donor

hydroformylations
bound directly to a binaphthyl backbone — the a series has a hydrogen in the 2' position of the lower
naphthyl ring whilst a methoxy group occupies the site in the b series (Chart 2.2). This difference has
profound implications for the catalytic performance of the parent (S)-H-MOP and (R)-MeO-MOP
ligands. Importantly, the authors sought to examine the effect of incorporating a second chiral moiety,
which was achieved by appending either (R)- or (S)-BINOL to isolate the diastereomeric pairs
(S,Rv)-27a/(S5,50)-27a and (R,Ru)-27b/(R,Sv)-27b. By investigating the coordination chemistry and
catalytic performance of the four ligand pairs, it was demonstrated that subtle differences in the
position of the palladium atom relative to the lower naphthyl ring in these complexes appears to have
important consequences for chiral induction in the catalytic hydrosilylation of styrene.®* The authors

did not determine whether the large chiral BINOL group was necessary for effective asymmetric

catalysis with MOP-phosphonites.

()
OO PP O:PPh E/\O
YNNG AN G

(S)-H-MOP: R=H XuPhos R =H, (S,Rp)-27a, (S,S;)-27a
(R)-MeO-MOP: R = OMe R = OMe, (R,R,)-27b, (R,S,)-27b

Chart 2.2 A selection of binaphthyl-containing monophosphorus-donor ligands.

In this study, the effect of replacing the BINOL moiety of 27a and 27b with achiral ancillary aryloxides
was investigated, in order to establish if the enantioselectivities remain high by virtue of the
phosphorus-bonded binaphthyl backbone, and thus eliminate the requirement for a second chiral
centre. To the best of our knowledge this has not been demonstrated for MOP-phosphonites, which

are likely to catalyse alternative substrates to their phosphine analogues, owing to their differing
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electronic properties. Herein we present the synthesis of the phenoxy derivatives (5)-28a and (R)-28b,
which allowed us to probe the effect of removing the chelating element of the added aryloxide. We
then describe how the sensitivity of these ligands to hydrolysis, demanded the design of next
generation 2,2'-biphenoxy-based MOP-phosphonites (S)-29a and (R)-29b. These were further
improved upon to yield the user-friendly, chiral phosphonites (5)-30a and (R)-30b, which perform

better than the corresponding phosphines in the hydrosilylation of functionalised styrenes (Chart 2.3).

o B &

(S)-28a: R = H (S)-29a: R = H (S)-30a: R = H
(R)-28b: R = OMe (R)-29b: R = OMe (R)-30b: R = OMe

Chart 2.3 Phosphonite ligands (S)-28a, (R)-28b, (S)-29a, (R)-29b, (S)-30a and (R)-30b prepared in this study.

2.2 Results and Discussion

The six new MOP-phosphonite ligands depicted in Chart 2.3 were synthesised following a procedure
developed by Higham et al., starting with the air-stable, chiral primary phosphine precursors (S)-12a
and (R)-12b.%%%° |t was previously demonstrated that this synthesis can be carried out on a multigram
scale, and with high yields at each stage, starting from enantiopure BINOL (Scheme 2.5).%° It is more
convenient to store the stable primary phosphine than the target phosphonite ligands due to the

susceptibility of phosphonites to undergo hydrolysis during storage.

In a two-step, one-pot reaction, the primary phosphine was treated with phosphorus pentachloride,
quantitatively yielding their dichlorophosphine analogues (Scheme 2.6).%3 Our initial targets (S)-28a
and (R)-28b were synthesised by employing two equivalents of phenol (Chart 2.3). However, both
syntheses proved to be unreliable as a result of product sensitivity to hydrolysis, with
(5)-28a particularly low-yielding ((S)-28a = 74% compared to (R)-28b = 97%). Therefore, we sought to
replace the two phenol groups with the achiral, chelating 2,2'-biphenol, in order to ascertain whether
we could inhibit this decomposition. This approach led to the successful preparation of the
enantiopure compounds (S)-29a and (R)-29b (Chart 2.3). The isolated yields are lower than for (S)-28a
and (R)-28b ((S)-29a = 70% and (R)-29b = 68%), beneficially though, the ligands can be stored under
nitrogen for a period of weeks with only minimal decomposition. However, during our initial
investigations into the coordination chemistry of these ligands, we noticed slow decomposition in
solution and their performance in catalytic hydrosilylation required improvement (vide infra).
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Scheme 2.5 Procedure followed to synthesise (S)-12a and (R)-12b.

2 eq. alcohol or
1 eq. diol OO
PH, PC|5 PCl Excess NEt; p/\oo\\.
Toluene THF or Et,0 OO R

)-12a: R = H
(R)12b.R OMe

Phosphonite

Scheme 2.6 The synthesis of phosphonite ligands (S)-28a, (R)-28b, (S)-29a, (R)-29b, (S)-30a and (R)-30b from
primary phosphines (S)-12a and (R)-12b.
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Thus, in order to push the design concept still further and optimise both ligand stability and catalytic
capability, we synthesised the bulky ortho-methyl substituted precursor
2,2'-dihydroxy-3,3'-dimethyl-1,1'-biphenyl from 2,2'-dihydroxy-1,1'-biphenyl (Scheme 2.7), and used it
to prepare the ligands (S)-30a and (R)-30b which possess a more imposing steric profile (Chart 2.3).
Both phosphonites were isolated in high yield ((S)-30a = 91% and (R)-30b = 88%), and are purified by
passing through a plug of alumina in air. They can be stored under nitrogen without decomposition
over several months, and their coordination complexes also exhibit better stability. All the
phosphonites were fully characterised by multinuclear NMR spectroscopy and HRMS. Their 3'P{*H}
spectra show characteristic singlet peaks: é (ppm) = (S)-28a (154.8), (R)-28b (155.6), (S)-29a (177.7),
(R)-29b (180.0), (S)-30a (172.4) and (R)-30b (174.2). The resonances for the phenoxy-derived

phosphonites have a notable upfield shift compared to the biphenoxy analogues.

O OH (i) O o (il O o (i O OH
. <h .q .y

Scheme 2.7 Procedure followed to synthesise 2,2'-dihydroxy-3,3'-dimethyl-1,1'-biphenyl. Reagents:
(i) Mel, KOH and acetone. (ii) "BuLi, TMEDA, Mel and EtO0. (iii) BBrz3 and DCM.

Single crystals of (R)-28b and (R)-29b suitable for X-ray crystallographic analysis were obtained
(Fig. 2.1, and Fig. 2.2); there are two crystallographically independent molecules in the asymmetric
unit of (R)-28b. The phosphorus atoms have a trigonal pyramidal structure, the P-C bonds
(1.812(7)-1.830(2) A) are considerably longer than the P-0 bonds (1.6461(17)-1.6675(17) A).

Fig. 2.1 Molecular structure of (R)-28b (the asymmetric unit comprises two molecules in different
conformations). Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles
(°): (left) P1—C2 1.818(3), P1-01 1.6489(18), P1-02 1.6675(17), 01-C12A 1.400(10), 02—C12' 1.390(3), C1—C1'
1.495(3); 01-P1-02 98.80(9), 01-P1-C2 96.62(10), 02—P1-C2 97.37(10), C2—C1-C1'-C2' —102.2(3); (right)
P2-C19 1.830(2), P2-04 1.6461(17), P2—05 1.6619(18), 04—C29 1.402(3), 05—C29' 1.391(3); 0O4-P2-05
99.13(9), 04—-P2-C19 93.63(9), O5—-P2—C19 97.85(10), C19-C18-C18'-C19' —86.5(3).
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Fig. 2.2 Molecular structure of (R)-29b. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (&) and angles (°): P1-C2 1.812(7), P1-01 1.658(4), P1-02 1.657(4), 01-C12 1.411(7), 02—C12'
1.396(7), C11-C11' 1.482(9); 01-P1-02 99.5(2), 01-P1-C2 96.6(2), 02—-P1-C2 100.3(3), C2—-C1-C1'-C2'
—86.5(7), C12-C11-C11'-C12' —48.6(8).

Density Functional Theory calculations at the B3LYP/6-31G* level of theory, performed on the
optimised structures of the MOP-phosphonite ligands and the parent compounds (S)-H-MOP and
(R)-MeO-MOP, revealed that the phosphonites have lower HOMO and LUMO energies than their aryl
counterparts (Section 2.6, Fig. 2.8, Fig. 2.9, Fig. 2.10 and Fig. 2.11). They also have a lower phosphorus
contribution to the HOMO, implying that the phosphonites are weaker P-ligand o-donors. To study the
coordination chemistry of our ligands with Pd(II), we reacted them with [Pd(n3-C4H;)Cl]> in a 1:1, P:Pd
ratio, to quantitatively synthesise complexes with the molecular formula [Pd(L?)(n3-C4H)Cl]. Single
crystals of [Pd((S)-29a)(n3-C4H7)CI] ((S)-31a) and [Pd((S)-30a)(n3-CsH,)CI] ((S)-32a) suitable for X-ray
analysis were grown (Fig. 2.3 and Fig. 2.4). The asymmetric unit of (S)-32a comprises two molecules in
different conformations and there is twofold disorder of the 2-methylallyl ligand and the palladium
atom in one of these independents. The phosphonites show monodentate coordination through the
phosphorus donor atom, and there is a pseudo-square-planar geometry around the palladium centre.
The allyl carbons trans to phosphorus exhibit a longer Pd—C bond length (2.119(8)-2.206(4) A) than the
allyl carbons cis to the phosphorus (2.091(9)-2.096(4) A), which is consistent with the stronger trans
influence of the phosphonite compared to the chloride ligand. In the solid state, the lower naphthyl
fragment of the binaphthyl backbone in (S)-31a is face-to-face with the palladium centre (Fig. 2.3).
Neither of the two independent structures of (S)-32a display this feature, with the lower naphthyl
group being orientated away from the palladium centre and facing the biphenyl moiety (Fig. 2.4). In
the two independent structures of (S5)-32a, the torsion angle of the dimethyl substituted biphenyl
moiety is of opposite sign (Fig. 2.5), and also when comparing the biphenyl moiety in the structures of

(R)-29b and (S)-31a, implying no restriction to rotation about the C11-C11' bond.

37



Fig. 2.3 Molecular structure of (S)-31a. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Pd1-P1 2.2478(10), Pd1-Cl1 2.3583(9), Pd1-C17 2.162(4), Pd1-C18 2.195(4),
Pd1-C19 2.096(4), P1-C2 1.815(4), P1-01 1.619(3), P1-02 1.610(3), C11-C11' 1.477(5); P1-Pd1—Cl1 91.55(4),
P1-Pd1-C18 165.51(11), P1-Pd1-C19 98.27(13), C18-Pd1-C19 67.46(16), C18-C17-C19 114.6(4),
C2-C1-C1'-C2' —80.8(5), C12—C11-C11'-C12' 42.3(6).

Fig. 2.4 Molecular structure of (5)-32a (the asymmetric unit comprises two molecules in different conformations).
Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles (°): (left) Pd1-P1
2.2368(11), Pd1-Cl1 2.3739(11), Pd1—C18 2.152(4), Pd1-C19 2.095(4), Pd1-C20 2.206(4), P1-C2 1.804(4), P1-01
1.610(3), P1-02 1.622(3), C11-C11' 1.485(6); P1-Pd1—Cl1 94.59(4), P1-Pd1-C19 96.50(15), P1—Pd1-C20
162.95(15), C19-Pd1-C20 66.8(2), C19-C18-C20 117.4(5), C2-C1-C1'-C2' -81.9(6), C12-C11-C11'-C12'
—46.0(7); (right) Pd2A—P2 2.250(3), Pd2A—CI2 2.363(3), Pd2A—C39 2.166(5), Pd2A—C40A 2.119(8), Pd2A—C41A
2.091(9), P2—C23 1.814(4), P2—-03 1.625(3), P2-04 1.606(3), C32—C32' 1.475(6); P2—Pd2A—CI2 93.59(11),
P2—Pd2A—C40A 165.9(3), P2-Pd2A—C41A 98.50(3), C40A—-Pd2A-C41A 67.5(3), C4A0A—C39—C41A 118.5(6),
C23-C22-C22'-C23' —96.7(5), C33-C32-C32'-C33' 48.6(6).

Fig. 2.5 Two views of an overlay image of the biphenyl moiety in the two independent molecules of (5)-32a.
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The 3'P{*H} NMR peaks of (5)-31a and (S)-32a experience slight shifts compared to the free ligands, and
show the presence of two independent resonances due to the two isomers formed: 6 (ppm) = (5)-31a
(172.0 and 173.6) and (S)-32a (172.9 and 177.6). The isomers are a result of the rotation of the allyl
moiety, via a selective syn/anti exchange of the allyl protons cis to the phosphorus, by an n3n'-n?

mechanism (Scheme 2.8), due to the stronger trans effect of the phosphonite donor ligand.®312

Cl LP of LP Cl LP
N/ A4 ANV
Pd 3 4 Pd . 3 Pd
/ =0 n'-=n /
. H A
H H HTXYC TH N
H
syn/syn syn/anti

Scheme 2.8 Syn/anti exchange mechanism in 2-methylallyl palladium chloride complexes.

The rapid exchange process resulted in broadened peaks in the NMR spectra at room temperature.
Cooling of CDCl; solutions of the complexes to —20 °C sharpened the resonances and allowed for full
characterisation of the 2-methylallyl ligands in both isomers. Reaction of (S)-32a with NaBAr® resulted
in loss of NaCl and the formation of [Pd((S)-30a)(n®-C4H;)]BAr ((S)-33a), where the phosphonite ligand
acts as a chelating P,C-rt-donor. The upfield 3C{*H} NMR coordination chemical shifts for both C1' and
C2' suggest an n*binding mode (Fig. 2.6), which is in agreement with the results of a NMR study

reported by Pregosin and co-workers.?

Fig. 2.6 Proposed structure of (5)-33a (left) and a fragment showing the 3C{*H} NMR coordination chemical shift
(ppm) between the major isomers of (5)-32a and (S)-33a (right).

As discussed, MOP-phosphine ligands are known to give high enantioselectivity in the palladium-
catalysed AHS of C—C double bonds in 1-alkenes, styrenes, and 1,3-dienes to give chiral secondary
alcohols.’**® To gain an insight into how the different stereoelectronic profiles of our phosphonites
impacts upon their catalytic activity in the same transformation, we prepared catalysts by reacting
each phosphonite with [Pd(n3-C3Hs)Cl]; (Table 2.1). We chose to test the phosphonites in the AHS of
styrene and against the well-known phosphines H-MOP and MeO-MOP (the latter is a commercial

compound), employing P:Pd ratios of 1:1 and 2:1 at room temperature.
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Table 2.1 The asymmetric synthesis of 1-phenylethanol via the palladium-catalysed asymmetric hydrosilylation
of styrene and subsequent stereoseospecific oxidation of the hydrosilylation product.?

N [Catflzllyst] _ )Sfls [0] _ )Oi
HSICl5 Ph” Ph”*
Ligand P:Pd Temperature Time® Conversion® ee®
1 (S)-H-mOP 1:1 rt 1 min >99% 74 (R)
2 (S)}-H-MOP 11 0°C 4h >99% 93 (R)
3 (S)-H-MmOP 2:1 rt 1h >99% 75 (R)
4  (S)}-H-MOP 2:1 0°C 12h >99% 94 (R)
5  (R)-MeO-MOP 11 rt 10 min >99% 22 (R)
6 (R)-MeO-MOP 2:1 rt 1h >99% 20 (R)
7 (5)-28a 11 rt 24 h >99% 63 (R)
8 (5)-28a 2:1 rt 24 h >99% 73 (R)
9 (R)-28b 1:1 rt 24 h >99% 7(S)
10 (R)-28b 2:1 rt 24 h >99% 1(5)
11 (5)-29a 1:1 rt 6 min >99% 73 (R)
12 (5)-29a 2:1 rt 1h >99% 79 (R)
13 (R)-29b 11 rt 10 min >99% 23 (R)
14 (R)-29b 2:1 rt 1h >99% 27 (R)
15 (5)-30a 11 rt 2 min >99% 79 (R)
16 (5)-30a 1:1 0°C 5h >99% 92 (R)
17 (5)-30a 2:1 rt 2h >99% 80 (R)
18 (5)-30a 2:1 0°C 72 h >99% 95 (R)
19 (R)-30b 1:1 rt 1h >99% 45 (R)
20 (R)-30b 2:1 rt 70 min >99% 51 (R)
21 (S,Rv)-27a 11 0°C 168 h 88%¢ 4(S)
22 (S,Rb)-27a 2:1 0°C 168 h >99% 60 (R)
23 (5,5)-27a 11 0°C 72 h >99% 59 (R)
24 (5,Sb)-27a 2:1 0°C 168 h 22%° 77 (R)

3 The catalyst was generated in situ from the ligand (0.25 or 0.50 mol%) and [Pd(n3-CsHs)Cl]2 (0.125 mol%), and
reacted with styrene (10 mmol) and trichlorosilane (12 mmol). Fleming—Tamao procedures were used for the
oxidation reaction: K2COs, KF and H202 in MeOH/THF. ® Time taken for reaction to reach completion.
¢ Determined by *H NMR spectroscopy. ¢ % ee determined by chiral GC; absolute configuration assigned by
comparison of the sign of optical rotation to literature data. € Reaction stopped.
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The reaction was performed without solvent and was monitored by H NMR spectroscopy — full
conversion and regioselectivity for the branched isomer were obtained in all cases. The
1-phenyl(trichlorosilyl)ethane product was stereospecifically oxidised to 1-phenylethanol using
Fleming—Tamao procedures to obtain the ee. We noted a general increase in enantioselectivity and
reaction rate in the order (S)-30a/(R)-30b>(S)-29a/(R)-29b>(S)-28a/(R)-28b, with the introduction of
the biphenyl moiety, and subsequently the methyl groups, markedly improving the ligand
performance. At a reduced temperature of 0 °C, phosphonite (5)-30a gave excellent enantioselectivity
for (R)-1-phenylethanol (95%, Table 2.1, entry 18), which is slightly higher than that for the phosphine
(S)-H-MOP (94%, Table 2.1, entry 4), although the latter reaction reached conversion more quickly. We
also tested the H-MOP BINOL-appended phosphonite ligands (S,Rs)-27a and (S,Sp)-27a at 0 °C
(Table 2.1, entries 21-24) and these ligands proved to be far less selective than (5)-30a.%% Interestingly,
although the methoxy-substituted ligands (R)-MeO-MOP and (R)-30b performed poorly compared to

their H-substituted counterparts — an established trend for this ligand family'*

— the phosphonite
ligand gave much higher ees than the corresponding phosphine (51% versus 20%, Table 2.1, entries 20

and 6), demonstrating further the potential these derivatives have to improve existing toolkits.

It is notable that at room temperature, the hydrosilylation occurs as a highly exothermic, quite violent
reaction upon addition of trichlorosilane to the yellow homogeneous solution of catalyst and styrene,
which is accompanied by a spontaneous colour change to black; similar observations with
arylmonophosphinoferrocenes have also been made.*® When a 2:1, P:Pd ratio was used there was
often a significant delay in the time taken to observe this phenomenon (from 1-8 h, Table 2.1).
Pedersen and Johannsen attributed the ‘ultrafast’ reaction to two competing catalytic cycles following
the Chalk-Harrod mechanism (Scheme 2.9). The slower cycle I dominates with a twofold excess of
ligand due to the superior donating abilities of phosphorus ligands over alkenes, whereas the faster
cycle Il is preferred with an equimolar quantity of P-ligand and palladium(0). The exothermic reactions
accompanied by colour changes were not observed when the external temperature of the flask was
kept at 0 °C. Consequently, the catalysis performed at 0 °C using both (S)-H-MOP and the sterically
bulky (S)-30a resulted in longer reaction times; however, this was offset by an increased ee of the

product — phosphonite (5)-30a gave the best ee with a value of 95%.
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Scheme 2.9 Proposed catalytic cycles for the palladium-catalysed AHS of styrenes with a monophosphine ligand.

The final objective in this study was to extend our styrene screening regimen to substrates that
MOP-phosphine palladium-complexes struggle to catalyse, or confer only low or moderate
enantioselectivity in the product, with the aim that the unique stereoelectronic properties of the
phosphonites would allow for improvements to be made. Thus, we extended our screening with
(5)-30a to include the para-substituted styrenes listed in Table 2.2. Introducing an electron
withdrawing chloride group resulted in much longer reaction times; however, full conversion and a
high ee, better than (5)-H-MOP, were again obtained (Table 2.2, entries 1 and 3; note entry 2 for
improving the ee generated by the latter). The chloro-substituted chiral secondary alcohol product was
used to synthesise the antihistamine Clemastine enantioselectively by Clayden and co-workers.'?
More significantly, when an electron donating 4-methoxy substituent was incorporated onto the
styrene precursor, (S)-30a was found to be a remarkably superior ligand, generating a much higher ee
than (S)-H-MOP, albeit more slowly (85% versus 58%, Table 2.2, entries 8 and 6). It is of note that the
product alcohol from this reaction was used to prepare antagonists of lysophosphatidic receptors,
which may have implications in the treatment of lung fibrosis, liver disease and cancer.'?* A preliminary
result with 4-dimethylamino styrene at room temperature suggested only a moderate
enantioselectivity when employing (S)-30a (Table 2.2, entry 9). Due to the high cost of the substituted

styrene, optimised reaction conditions were not sought for this reaction.?
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Table 2.2 The synthesis of chiral secondary alcohols via the palladium-catalysed asymmetric hydrosilylation and
subsequent stereoseospecific oxidation of styrene derivatives.?

N [Catélyst] _ )Sfls [O] _ )Oi
HSICl3 Ar” = Ar” *

Ligand Ar Temperature Time® Conversion® eet
1 (S)-H-moP 4-CICeH4® rt 1h >99% 78 (R)"
2 (5)-H-MOP 4-CICsHa° 0°C 24 h >99% 94 (R)"
3 (5)-30a 4-CICeH4® rt 18 h >99% 86 (R)"
4 (5)-30a 4-CICeH4® 0°C 336 h <5%f -
5 (5)-H-MOP 4-MeOCeH4® rt 10 min >99% 35 (R)"
6 (5)-H-MmOP 4-MeOCsH4° 0°C 12 h >99% 58 (R)"
7 (5)-30a 4-MeOCsH4° rt 70 min >99% 78 (R)"
8 (5)-30a 4-MeOCeH4° 0°C 240h >99% 85 (R)"
9 (5)-30a 4-MeaNCeH4 © rt 2.5 min >99% 45 (R)’

2 The catalyst was generated in situ from the ligand (0.50 mol%) and [Pd(n3-CsHs)Cl]z (0.125 mol%). Fleming—
Tamao procedures were used for the oxidation reaction: K2COs, KF and H.0; in MeOH/THF. ® Styrene
(10 mmol) and trichlorosilane (12 mmol). ¢ Styrene (3.4 mmol) and trichlorosilane (4.1 mmol). ¢ Time taken for
reaction to reach completion. ¢ Determined by 'H NMR spectroscopy. f Reaction stopped. & Absolute
configuration assigned by comparison of the sign of optical rotation to literature data. " % ee determined by
chiral GC (Supelco B-dex). ' % ee determined by chiral HPLC (Lux Cellulose) with hexane/2-propanol (98:2).

2.3 Summary

We have synthesised a series of novel MOP-phosphonite ligands from air-stable, chiral primary
phosphine precursors, and have demonstrated the ease with which both the sterics and the hydrolytic
stability of the ligands can be tuned, by modifying the aryl groups of the aryloxy moiety. In comparison
to the previously reported 27a and 27b,* a major finding here is that a second chiral element is not
necessary for the chiral induction, crucially both the ee and reaction rates can be increased without it.
In the palladium-catalysed asymmetric hydrosilylation of functionalised styrenes, our new ligands
proved to be high yielding, and both regio- and enantioselective: phosphonite (S)-30a achieved ees of
up to 95%. With the substrate 4-methoxystyrene, (S)-30a was significantly more enantioselective than
Hayashi’s benchmark phosphine (S)-H-MOP, demonstrating how MOP-phosphonite ligands have the
potential to fill voids left by their phosphine counterparts in the field of asymmetric catalysis. Our
future work will seek to extend the substrate scope to styrenes bearing other important functional
groups. Having already proven that para-substituted styrenes are excellent AHS substrates for (5)-30a,

we aim to apply the ligand to ortho- and meta-substituted styrenes, the regioisomers were shown to
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react with large differences in reaction rates with arylphosphines.’'* However, the stereoelectronic

properties of the phosphonite may allow improvements to me made with these challenging groups.

2.4 Experimental Procedures

All air- and/or water-sensitive reactions were performed under a nitrogen atmosphere using standard
Schlenk line techniques in oven dried glassware. Solvents were freshly distilled prior to use; toluene
was dried over sodium, tetrahydrofuran and diethyl ether were dried over sodium/benzophenone,
dichloromethane was dried over calcium hydride and d-chloroform was dried over phosphorus
pentoxide, distilled and stored over molecular sieves. (S)-H-MOP,**® (R)-MeO-MOP,*?’
(S,Ru)-[1,1'-binaphthalene]-2,2'-diyl  [1,1'-binaphthalen]-2-yl  phosphonite  ((S,Rv)-27a)*** and
(S,S0)-[1,1'-binaphthalene]-2,2'-diyl [1,1'-binaphthalen]-2-yl phosphonite ((S,S)-27a)%** were prepared
according to literature procedures. All other chemicals were used as received without further
purification. Flash chromatography was performed on silica gel (Fluorochem, 60A, 40-63 um) or
neutral aluminum oxide (Acros Organics, 60A, 50-200 um). Thin-layer chromatography was performed
on Merck silica gel coated aluminium sheets with fluorescent indicator (UV3ss) or Machery-Nagel
aluminum oxide coated polyester sheets with fluorescent indicator (UVas4), UV light was used for
indicating. Melting points were determined in open glass capillary tubes on a Stuart SMP3 melting
point apparatus. Optical rotation values were determined on an Optical Activity Polaar 2001 device.
Infrared spectra were measured on a Varian 800 FT-IR Scimitar Series spectrometer. H, 1B, 3C{H},
F and 3'P{*H} NMR spectra were recorded on a Bruker 500 (*H 500.15 MHz), JEOL 400
(*H 399.78 MHz) or Bruker 300 (*H 300.13 MHz) spectrometer at room temperature (21-25°C) if not
otherwise stated, using the indicated solvent as internal reference. 2D NMR experiments (*H-'H COSY,
'H-'H NOESY, HSQC and HMBC) were used for the assighment of proton and carbon resonances, the
numbering schemes are given in Fig. 2.7. High-resolution mass spectrometry was carried out by the
EPSRC National Mass Spectrometry Facility, Swansea. Analytical gas chromatography was performed
on a Shimadzu GC2014 instrument with a flame ionisation detector, using a Supelco B-dex™ 225
capillary column (L = 30 m, I.D. = 0.25 mm, df = 0.25 pum) and helium (purge flow 3 ml/min) as the
carrier gas. High-performance liquid chromatography was performed on a Shimadzu Prominence UFLC

instrument with a UV-Vis absorbance detector, using a Lux® 5u Cellulose-1 column (250 X 4.6 mm).
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Fig. 2.7 Numbering schemes used to assign proton and carbon resonances in the NMR spectra: phenoxy-derived
ligands (left), 2,2'-biphenoxy-derived ligands (middle) and 2-methylallyl ligands (right).

2.4.1 (R)-2'-Hydroxy-[1,1'-binaphthalen]-2-yl trifluoromethanesulfonate
I _ I oTf
C g8

O OH Tf,0, (Pr),NEt O
Yy o C

(R)-BINOL (8.00 g, 27.9 mmol, 1.0 eq.) was dissolved in DCM (500 mL). The solution was cooled to 0 °C
and DIPEA (4.9 mL, 3.6 g, 28 mmol, 1.0 eq.) was added, the reaction mixture was stirred for 5 min, after
which triflic anhydride (4.7 mL, 7.9 g, 28 mmol, 1.0 eq.) was added dropwise over 15 min. The reaction
mixture was allowed to warm to room temperature and stirred for 18 h. TLC analysis showed complete
consumption of the starting material. After concentration to approximately half volume, the organic
phase was washed with water (100 mL), 1.0 M aq. HCI (100 mL) and brine (100 mL), dried over MgS0O4
and the volatiles were removed in vacuo. The title compound was obtained as a pale yellow oil
(11.50 g, 27.5 mmol, 99%) which was reacted without further purification. R = 0.30 (silica gel; toluene).

The H and °F NMR spectroscopic data matched that of data reported in the literature.®

IH NMR (400 MHz, CDCls): & (ppm) = 8.12 (d, ¥ = 8.2 Hz, 1H), 8.02 (d, ¥us = 8.2 Hz, 1H), 7.97
(d, 3w = 8.2 Hz, 1H), 7.88 (d, ¥ = 8.2 Hz, 1H), 7.60 (m, 2H), 7.44 (m, 2H), 7.37-7.24 (m, 3H), 7.01
(d, 3Jun = 8.2 Hz, 1H), 4.90 (br s, 1H). %F NMR (376 MHz, CDCl3): & (ppm) = —74.3 (s).

2.4.2 (S)-[1,1'-Binaphthalen]-2-ol

OO 10% Pd/C, NEt, OO
OTf 7 bar H2 OH
OO ¢

(R)-2'-Hydroxy-[1,1'-binaphthalen]-2-yl trifluoromethanesulfonate (5.76 g, 13.8 mmol, 1.0 eq.) was

Y

dissolved in ethanol (50 mL) in a miniclave vessel. Triethylamine (5.8 mL, 4.2 g, 42 mmol, 3.0 eq.) and

palladium on carbon (10% wt. loading, 147 mg, 0.138 mmol Pd, 0.01 eq. Pd) were added, and the vessel
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was pressurised to 7 bar with hydrogen gas. The suspension was stirred for 48 h, after which TLC
analysis showed complete consumption of the starting material. The reaction mixture was filtered and
the volatiles were removed in vacuo. The resulting yellow oil was dissolved in DCM (40 mL) and washed
with water (2 x 20 mL), 1.0 M aq. HCI (2 x 20 mL), 0.1 M ag. NaHCOs (2 x 20 mL) and brine (2 x 20 mL),
dried over MgS0O,4 and the volatiles were removed in vacuo. The title compound was obtained as a
white solid (3.08 g, 11.4 mmol, 83%) which was reacted without further purification. R = 0.50

(silica gel; toluene). The 'H NMR spectroscopic data matched that of data reported in the literature.®®

'H NMR (400 MHz, CDCl3): 6 (ppm) = 8.03 (d, *us = 8.2 Hz, 1H), 7.98 (d, 3Jun = 8.2 Hz, 1H), 7.91
(d, *Jun = 8.7 Hz, 1H), 7.86 (d, /i = 7.8 Hz, 1H), 7.65 (apparent-t (dd), *Jun = 8.2 Hz, 1H), 7.53 (m, 2H),
7.41-7.21 (m, 5H), 7.01 (d, *Jux = 8.2 Hz, 1H), 4.91 (br s, 1H).

2.4.3 (S)-[1,1'-Binaphthalen]-2-yl trifluoromethanesulfonate

OO Tf,0, pyridine OO
OH OTf
99 o

(S)-[1,1'-Binaphthalen]-2-ol (7.05 g, 26.1 mmol, 1.0 eq.) was dissolved in DCM (95 mL) and pyridine

\i

(3.1 mL, 3.0g, 38 mmol, 1.5 eq.) was added. The solution was cooled to 0 °C and triflic anhydride
(6.6 mL, 11 g, 39 mmol, 1.5 eq.) was added dropwise over 10 min. The reaction mixture was allowed
to warm to room temperature and stirred for 18 h. TLC analysis showed complete consumption of the
starting material. The organic phase was washed with water (2 x 30 mL), 1.0 M aq. HCI (2 x 30 mL),
0.1 M ag. NaHCOs3 (2 x 30 mL) and brine (2 x 20 mL), dried over MgS0O, and the volatiles were removed
in vacuo. The title compound was obtained as a pale orange solid (9.38 g, 23.3 mmol, 89%) which was
reacted without further purification. Rf = 0.90 (silica gel; toluene). The *H and °F NMR spectroscopic

data matched that of data reported in the literature.*®

1H NMR (400 MHz, CDCl3): & (ppm) = 8.06-7.95 (m, 4H), 7.64 (m, 1H), 7.58-7.47 (m, 4H), 7.42-7.29
(m, 3H), 7.21 (d, 3Jnn = 7.8 Hz, 1H). *®*F NMR (376 MHz, CDCls): 6 (ppm) = —74.4 (s).

46



2.4.4 (S)-Diethyl [1,1'-binaphthalen]-2-yl phosphonate

OO Pd(OAc),, DPPP, OO

NEt,, HP(O)(OEt
OTf 3 HP(O)(OEL), P(O)(OEt),
99 e

(5)-[1,1'-Binaphthalen]-2-yl trifluoromethanesulfonate (9.38 g, 23.3 mmol, 1.0 eq.) was dissolved in

DMSO (80 mL) and water (0.2 mL). Palladium acetate (263 mg, 1.17 mmol, 0.05 eq.) and DPPP (722 mg,
1.75 mmol, 0.075 eq.) were added, and the solution purged with nitrogen for 15 min. Triethylamine
(4.9 mL, 3.6 g, 36 mmol, 1.5 eq.) and diethyl phosphite (3.6 mL, 3.9 g, 28 mmol, 1.2 eq.) were added,
and the reaction mixture heated to 90 °C and stirred for 18 h. The reaction mixture was diluted with
water (50 mL) and extracted with DCM (3 x 50 mL). The combined organic extracts were washed with
brine (3 x 50 mL), dried over MgSQO, and the solvent removed in vacuo. Silica gel flash chromatography
(ethyl acetate/hexane, 2:1) yielded the pure title compound as a white solid (6.47 g, 16.6 mmol, 71%).
Rt = 0.30 (silica gel; ethyl acetate/hexane, 2:1). The 'H and 3'P{*H} NMR spectroscopic data matched

that of data reported in the literature.*®

'HNMR (400 MHz, CDCls): & (ppm) = 8.20 (dd,3we = 12.4Hz, % = 8.7Hz, 1H), 8.01
(dd, *Jun = 8.7 Hz, “Jup = 3.7 Hz, 1H), 7.97-7.90 (m, 3H), 7.59 (d, *Jun = 7.8 Hz, 1H), 7.54-7.47 (m, 2H), 7.42
(apparent-t (dd), 3Jun = 7.8 Hz, 1H), 7.27-7.15 (m, 3H), 7.07 (d, 3Jun = 8.2 Hz, 1H), 3.81-3.50 (m, 4H), 0.96
(t, *Jun = 6.9 Hz, 3H), 0.69 (t, *Jun = 6.9 Hz, 3H).3'P{*H} NMR (162 MHz, CDCls): 6 (ppm) = 18.6 (s).

2.4.5 (R)-Diethyl (2'-hydroxy-[1,1'-binaphthalen]-2-yl) phosphonate

OO Pd(OAc),, DPPP, OO
NEts, HP(O)(OEt
ot e HPOXOEL, P(O)(OE),

JORGEN OGN

(R)-2'-Hydroxy-[1,1'-binaphthalen]-2-yl trifluoromethanesulfonate (11.20 g, 26.8 mmol, 1.0 eq.) was

dissolved in DMSO (90 mL) and water (0.2 mL). Palladium acetate (300 mg, 1.34 mmol, 0.05 eq.) and
DPPP (829 mg, 2.01 mmol, 0.075 eq.) were added, and the solution purged with nitrogen for 15 min.
Triethylamine (5.6 mL, 4.1 g, 41 mmol, 1.5 eq.) and diethyl phosphite (4.2 mL, 4.5 g, 33 mmol, 1.2 eq.)
were added, and the reaction mixture heated to 90 °C and stirred for 18 h. The reaction mixture was
diluted with water (50 mL) and extracted with DCM (3 x 50 mL). The combined organic extracts were
washed with brine (3 x 50 mL), dried over MgSQO, and the volatiles were removed in vacuo. The title

compound was obtained as a pale orange solid (7.62 g, 18.7 mmol, 70%) which was reacted without
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further purification. R = 0.35 (silica gel; DCM/methanol, 50:1). The *H and 3P{*H} NMR spectroscopic

data matched that of data reported in the literature.®®

H NMR (400 MHz, CDCl3): & (ppm) = 8.08 (dd, 3Jup = 11.8 Hz, *Juu = 8.5 Hz, 1H), 8.01 (dd, *Jun = 8.5 Hz,
“Jun = 4.3 Hz, 1H), 7.92 (d, 3Jun = 8.2 Hz, 1H), 7.87 (d, *Jun = 8.9 Hz, 1H), 7.83 (d, *Jun = 8.9 Hz, 1H), 7.53
(m, 1H), 7.35 (dd, 3Jun = 8.7 Hz, “um = 1.2 Hz, 1H), 7.29-7.23 (m, 2H), 7.19 (d, 3/us = 8.5 Hz, 1H), 7.14
(m, 1H), 6.77 (d, 3Jun = 8.5 Hz, 1H), 6.52 (br s, 1H) 3.99-3.85 (m, 2H), 3.58 (m, 1H), 3.22 (m, 1H), 1.05
(t, 3Jun = 6.9 Hz, 3H), 0.69 (t, *Jun = 6.9 Hz, 3H). 32P{*H} NMR (162 MHz, CDCls): & (ppm) = 18.6 (s).

2.4.6 (R)-Diethyl (2'-methoxy-[1,1'-binaphthalen]-2-yl) phosphonate

L wron (12
P(O)(OE), P(0)(OEt),

OH OMe
ool ¢ ¢

(R)-Diethyl (2'-hydroxy-[1,1'-binaphthalen]-2-yl) phosphonate (7.62 g, 18.7 mmol, 1.0 eq.) was

dissolved in acetone (300 mL). Potassium hydroxide (4.20 g, 74.8 mmol, 4.0 eq.) and methyl iodide
(4.8 mL, 11 g, 77 mmol, 4.0 eq.) were added, and the reaction mixture was stirred for 18 h. TLC analysis
showed complete consumption of the starting material. The volatiles were removed in vacuo and the
residue dissolved in DCM (100 mL). The organic phase was washed with water (50 mL), 1.0 M aq. HCI
(50 mL), 0.1 M aqg. NaHCOs3 (50 mL) and brine (50 mL), dried over MgS0O, and the solvent removed
in vacuo. Silica gel flash chromatography (ethyl acetate/hexane, 3:1) yielded the pure title compound
as a white solid (5.89 g, 14.0 mmol, 75%). R¢ = 0.25 (silica gel; ethyl acetate/hexane, 3:1). The 'H and

31p{1H} NMR spectroscopic data matched that of data reported in the literature.®

1H NMR (400 MHz, CDCls): & (ppm) = 8.20 (dd, *Jup = 11.9 Hz, 3 = 8.2 Hz, 1H), 8.00 (m, 2H), 7.93
(d, ¥ = 8.2 Hz, 1H), 7.83 (d, *Juy = 8.2 Hz, 1H), 7.52 (m, 1H), 7.41 (d, ¥ = 9.2 Hz, 1H), 7.25 (m, 3H),
7.15 (m, 1H), 6.86 (d, 3Jun = 8.7 Hz, 1H), 3.80-3.48 (m, 4H), 3.76 (s, 3H), 0.96 (t, 3Jun = 7.3 Hz, 3H), 0.76
(t, ¥ = 7.3 Hz, 3H). 3*P{*H} NMR (162 MHz, CDCl3): & (ppm) = 18.6 (s).

48



2.4.7 (S)-[1,1'-Binaphthalen]-2-yl phosphine (S)-12a

OO LiAlH,, TMSCI OO
P(O)(OEt), PH,

99 " QO

A suspension of lithium aluminium hydride (1.89 g, 49.8 mmol, 3.0 eq.) in THF (50 mL) was cooled to

—78 °C and TMSCI (6.3 mL, 5.4 g, 50 mmol, 3.0 eq.) was added dropwise. The reaction mixture was
allowed to warm to room temperature over 30 min, cooled to —78 °C and a solution of
(S)-diethyl [1,1'-binaphthalen]-2-yl phosphonate (6.47 g, 16.6 mmol, 1.0 eq.) in THF (50 mL) was added
dropwise. The reaction mixture was allowed to warm to room temperature and stirred for 18 h. The
reaction was quenched by the dropwise addition of water (15 mL) and extracted with diethyl ether
(2 x 40 mL). The combined organic extracts were washed with water (20 mL), dried over MgSQO, and
the solvent removed in vacuo. Silica gel flash chromatography (DCM/hexane, 1:1) yielded the pure title
compound as a white solid (3.98 g, 13.9 mmol, 84%). Rs = 0.70 (silica gel; DCM/hexane, 1:1). The H

and 3'P{*H} NMR spectroscopic data matched that of data reported in the literature.®®

H NMR (400 MHz, CDCl3): & (ppm) = 7.98 (m, 2H), 7.90 (d, *Jun = 8.2 Hz, 1H), 7.86 (d, ¥ = 8.2 Hz, 1H),
7.72 (dd, *Jun = 8.7 Hz, *Juw = 5.5 Hz, 1H), 7.72 (dd, *Jun = 8.2 Hz, ¥ = 6.9 Hz, 1H), 7.51-7.40 (m, 3H),
7.32-7.15 (m, 4H), 3.67 (AB quartet, Ypra = 204.7 Hz, Ypn = 206.5 Hz, Hun = 11.9 Hz, 2H). 3'P{*H} NMR
(162 MHz, CDCl3): & (ppm) = —124.8 (s).

2.4.8 (R)-(2'-Methoxy-[1,1'-binaphthalen]-2-yl) phosphine (R)-12b

OO LiAIH,, TMSCI OO
P(O)(OEY), PH,

OMe OMe
99 o

A suspension of lithium aluminium hydride (1.41 g, 37.2 mmol, 3.0 eq.) in THF (40 mL) was cooled to

—78 °C and TMSCI (4.7 mL, 4.0 g, 37 mmol, 3.0 eq.) was added dropwise. The reaction mixture was
allowed to warm to room temperature over 30 min, cooled to —78 °C and a solution of
(R)-diethyl (2'-methoxy-[1,1'-binaphthalen]-2-yl) phosphonate (5.21 g, 12.4 mmol, 1.0 eq.) in THF
(40 mL) was added dropwise. The reaction mixture was allowed to warm to room temperature and
left to stir for 18 h. The reaction was quenched by the dropwise addition of water (15 mL) and extracted
with diethyl ether (2 x 40 mL). The combined organic extracts were washed with water (20 mL), dried
over MgSQ, and the solvent removed in vacuo. Silica gel flash chromatography (DCM/hexane, 1:1)
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yielded the pure title compound as a white solid (3.03 g, 9.58 mmol, 77%). Rs = 0.40 (silica gel;
DCM/hexane, 1:1). The *H and 3!P{*H} NMR spectroscopic data matched that of data reported in the

literature.®®

H NMR (400 MHz, CDCls): & (ppm) = 8.03 (d, 3Juu = 9.2 Hz, 1H), 7.89 (m, 2H), 7.86 (d, /i = 8.7 Hz, 1H),
7.75 (dd, 3Jun = 8.3 Hz, 3w = 5.5 Hz, 1H), 7.44 (m, 2H), 7.34 (apparent-t (dd), *Jus = 6.9 Hz, 1H), 7.24 (m,
2H), 7.16 (d, *Jun = 8.3 Hz, 1H), 6.97 (d, *Jun = 8.3 Hz, 1H), 3.80 (s, 3H), 3.64 (AB quartet, YUpn, = 203.9 Hz,
Ypro = 204.8 Hz, 2y = 12.4 Hz, 2H). 31P{*H} NMR (162 MHz, CDCl3): & (ppm) = —125.7 (s).

2.4.9 (S)-Diphenyl [1,1'-binaphthalen]-2-yl phosphonite (S)-28a

OO 1) PCls, toluene OO
PH, P(OPh),
OO 2) Phenol, NEt;, THF OO

(S)-[1,1'-Binaphthalen]-2-yl) phosphine ((S)-12a, 286 mg, 1.00 mmol, 1.0 eq.) was dissolved in toluene

(10 mL) and phosphorus pentachloride (458 mg, 2.20 mmol, 2.2 eq.) was added. The reaction mixture
was stirred for 45 min, after which the volatiles were removed in vacuo. The residue was dissolved in
THF (8 mL) and triethylamine (0.61 mL, 450 mg, 4.4 mmol, 4.4 eq.) was added. The reaction mixture
was then left to stir for 10 min, before phenol (188 mg, 2.00 mmol, 2.0 eq.) was added and stirring
continued overnight. The volatiles were removed in vacuo and the crude compound was filtered
through a plug of alumina (diethyl ether) to yield the pure title compound as a white sticky solid

(350 mg, 0.74 mmol, 74%). R = 0.95 (alumina; diethyl ether).

[a]2® = +56° (CHCl3, ¢ = 0.1). IR (neat): v = 3055.1 (w), 1589.8 (m), 1483.3 (m), 1217.2 (m), 1193.4 (s),
1162.4 (m), 1120.2 (w), 1070.8 (w), 1023.4 (w), 852.9 (s), 758.7 (s), 716.5 (m), 687.3 (s), 632.4 (m) cm™.
'H NMR (400 MHz, CDCls): & (ppm) = 8.30 (dd, *Jun = 8.6 Hz, *Jup = 2.8 Hz, 1H, H3), 8.08 (d, */ux = 8.6 Hz,
1H, H4), 7.98-7.94 (m, 2H, H4'/H5'), 7.91 (d, *Jus = 8.3 Hz, 1H, H5), 7.56-7.51 (m, 3H, H2'/H3'/H6'), 7.56
(ddd, 3Jun = 8.2 Hz, 3w = 8.2 Hz, “Juw = 1.9 Hz, 1H, H6), 7.32-7.21 (m, 4H, H7/H7'/H8/H8'), 7.19-7.13 (m,
2H, H13'), 7.04-6.96 (m, 3H, H13/H14'"), 6.90-6.83 (m, 3H, H12'/H14), 6.53-6.49 (m, 2H, H12). 3C{*H}
NMR (101 MHz, CDCl3): & (ppm) = 155.3 (overlapping-d, C11/C11'), 143.2 (d, e = 36.5 Hz, C1), 137.7
(d, Yer = 14.0 Hz, C2), 135.4 (d, ¥Jer = 9.2 Hz, C1'), 134.6 (C10"), 133.6 (C10), 133.5 (C9'), 132.9
(d, 3Jcp = 5.8 Hz, €9), 129.6 (d, “Jer = 3.9 Hz, €2'), 129.5 (C13'), 129.3 (C13), 128.8 (C4), 128.3, 128.2,
128.2, 127.4 (C6'), 127.1 (d, “Yer = 2.8 Hz, C8), 126.8 (C6), 126.6, 126.5, 126.1, 125.1 (€3'), 125.0
(d, Yer = 3.3 Hz, €3), 123.3 (C14'), 123.1 (C14), 119.9 (d, 3Jcr = 8.6 Hz, C12'), 119.6 (d, *Jcr = 8.9 Hz, C12).
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31p{'H} NMR (162 MHz, CDCl3): & (ppm) = 154.8 (s). HRMS (ASAP*, solid): Found: m/z = 471.1499.
Calculated for [M + H]*: m/z = 471.1508.

2.4,10 (R)-Diphenyl (2'-methoxy-[1,1'-binaphthalen]-2-yl) phosphonite (R)-28b

OO 1) PCls, toluene OO
PH, P(OPh),
OO OMe  2) Phenol, NEt, THF OO OMe

(R)-(2'-Methoxy-[1,1'-binaphthalen]-2-yl) phosphine ((R)-12b, 316 mg, 1.00 mmol, 1.0 eq.) was

dissolved in toluene (10 mL) and phosphorus pentachloride (458 mg, 2.20 mmol, 2.2 eq.) was added.
The reaction mixture was stirred for 45 min, after which the volatiles were removed in vacuo. The
residue was dissolved in THF (8 mL) and triethylamine (0.61 mL, 450 mg, 4.4 mmol, 4.4 eq.) was added.
The reaction mixture was then left to stir for 10 min, before phenol (188 mg, 2.00 mmol, 1.0 eq.) was
added and stirring continued overnight. The volatiles were removed in vacuo and the crude compound
was filtered through a plug of alumina (toluene) to yield the pure title compound as a white solid

488 mg, 0.97 mmol, 97%). R: = 0.95 (alumina; toluene).
( g

MP: 142-144 °C. [a]20 = +24° (CHCls, ¢ = 0.1). IR (neat): v = 3233.1 (w), 3054.6 (w), 2935.7 (w), 2840.8
(w), 1592.2 (m), 1486.3 (m), 1334.5 (w), 1191.8 (s), 1162.9 (m), 1079.3 (m), 1052.5 (m), 1022.0 (m),
967.6 (m), 922.2 (s), 868.4 (m), 809.7 (s), 747.2 (s), 689.4 (s), 633.3 (m) cm™. *H NMR (400 MHz, CDCl3):
& (ppm) = 8.32 (dd, ¥ = 8.5 Hz, ¥y = 2.8 Hz, 1H, H3), 8.11 (d, Jus = 8.5 Hz, 1H, H4), 8.03 (d, ¥y = 9.1
Hz, 1H, H4'), 8.00 (d, 3Jun = 8.3 Hz, 1H, H5), 7.89 (d, 3Jun = 8.2 Hz, 1H, H5'), 7.56 (apparent-t (dd),
3Jun = 7.3 Hz, 1H, H6), 7.41 (d, 3wy = 9.1 Hz, 1H, H3'), 7.37-7.30 (m, 3H, H6'/H7/H8), 7.25-7.17 (m, 3H,
H7'/H13'), 7.11 (d, ¥4y = 8.5 Hz, 1H, H8'), 7.06-7.00 (m, 3H, H13/H14), 6.94-6.88 (m, 3H, H12'/H14"),
6.52 (d, 3Jun = 8.3 Hz, 2H, H12), 3.72 (s, 3H, OCHs). 3C{*H} NMR (101 MHz, CDCl3): 6 (ppm) = 155.5
(overlapping-d, C11/C11'), 155.3 (d, *Jcp = 2.4 Hz, C2'), 139.9 (d, 2Jcp = 38.3 Hz, C1), 138.0 (d, Yep = 13.4
Hz, C2), 135.1 (C10), 134.8 (d, “Jep = 2.1 Hz, €9'), 132.9 (d, 3Jcp = 6.4 Hz, €9), 130.7 (C4'), 129.5 (C13'),
129.3 (C13), 128.9 (C10'), 128.4 (C5), 128.3 (d, 3Jcp = 1.0 Hz, C4), 128.0 (C5'), 127.5 (C6), 127.1 (C7"),
126.6 (C7), 126.5 (d, *Jcp = 2.8 Hz, C8), 125.6 (C8'), 125.3 (d, 2Jep = 3.2 Hz, C3), 123.8 (C6'), 123.2 (C14"),
123.2 (C14),120.9 (d, 3Jcp = 7.1 Hz, C1'), 120.0 (d, 3Jep = 9.1 Hz, C12'), 119.8 (d, 3Jcp = 8.8 Hz, C12), 113.1
(€3'), 56.3 (OCHs). 3'P{*H} NMR (162 MHz, CDCls): & (ppm) = 155.6 (s). HRMS (ASAP*, solid): Found:
m/z = 501.1602. Calculated for [M + H]*: m/z = 501.1614.

51



2.4.11 (S)-[1,1'-Biphenyl]-2,2'-diyl [1,1'-binaphthalen]-2-yl phosphonite (5)-29a

OO 1) PCls, toluene OO o
PH, ° Z
2) 2,2'-Biphenol,
NEts, THF

(S)-[1,1'-Binaphthalen]-2-yl) phosphine ((S)-12a, 429 mg, 1.50 mmol, 1.0 eq.) was dissolved in toluene

(12 mL) and phosphorus pentachloride (687 mg, 3.30 mmol, 2.2 eq.) was added. The reaction mixture
was stirred for 45 min, after which the volatiles were removed in vacuo. The residue was dissolved in
THF (12 mL) and triethylamine (0.92 mL, 670 mg, 6.6 mmol, 4.4 eq.) was added. The reaction mixture
was then left to stir for 10 min before 2,2'-biphenol (279 mg, 1.50 mmol, 1.0 eq.) was added and stirring
continued overnight. The volatiles were removed in vacuo and the crude compound was filtered
through a plug of silica gel (toluene) to yield the pure title compound as a white solid (492 mg,

1.05 mmol, 70%). R¢ = 0.90 (silica gel; toluene).

MP: 137-139 °C. [@]2 = +116° (CHCls, c = 0.1). IR (neat): v = 3048.0 (w), 1497.0 (m), 1473.1 (w), 1432.8
(m), 1244.5 (m), 1205.7 (m), 1180.0 (m), 1095.0 (w), 1022.0 (w), 946.1 (w), 893.2 (s), 851.6 (s), 821.3
(m), 800.7 (m), 761.8 (s), 700.2 (m), 630.5 (w), 603.2 (w) cm~*. *H NMR (400 MHz, CDCl3): & (ppm) =
8.04 (d, 3Jun = 8.1 Hz, 1H, H4'"), 7.98 (d, *Juu = 8.2 Hz, 1H, H5'), 7.90 (d, *Juu = 8.2 Hz, 1H, H5), 7.77-7.70
(m, 2H, H2'/H4), 7.69-7.64 (m, 1H, H3'), 7.57-7.49 (m, 3H, H3/H6/H6'), 7.48-7.43 (m, 2H, H16/H16'),
7.40-7.31 (m, 4H, H7/H7'/H8/HS'), 7.28-7.16 (m, 4H, H14/H14'/H15/H15'), 6.98-6.94 (m, 1H, H13"),
6.83 (d, Y = 7.8 Hz, 1H, H13). 3C{*H} NMR (101 MHz, CDCl3): & (ppm) = 151.5 (d, 2Jcp = 4.4 Hz, C12),
151.3 (d, Yo = 6.7 Hz, C12'), 145.0 (d, Uep = 37.1 Hz, C1), 136.8 (d, Yer = 39.1 Hz, C2), 135.0 (d,
3Jcp=9.8 Hz, C1'), 134.9 (C10), 133.7 (d, “Jep = 2.6 Hz, C9'), 133.4 (C10'), 133.1 (d, *Jcp = 4.6 Hz, €9), 132.3
(d, Jep = 4.0 Hz, C11"), 131.9 (d, Jep = 3.2 Hz, C11), 130.3 (d, %Jcp = 5.4 Hz, €2'), 130.0 (C16 or C16'), 129.9
(C16 or C16'), 129.3 (C14 or C14'), 129.1 (C14 or C14'), 129.0 (C4'), 128.4 (C5'), 128.2 (C5), 127.7
(C6 or C6'), 127.3 (d, *Jep = 2.7 Hz, C8), 127.1 (C4), 126.9 (C8'), 126.6 (C7 or C7'), 126.5 (C7 or C7'), 126.2
(C6 or C6'), 125.1 (C3'), 125.0 (C15 or C15'), 124.9 (C15 or C15'), 124.4 (d, %Jep = 2.6 Hz, C3), 122.2
(overlapping-d, C13/C13'). 3'P{*H} NMR (162 MHz, CDCls): 6 (ppm) = 177.7 (s). HRMS (ASAP", solid):
Found: m/z = 469.1344. Calculated for [M + H]*: m/z = 469.1352.
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2.4.12 (R)-[1,1'-Biphenyl]-2,2'-diyl (2'-methoxy-[1,1'-binaphthalen]-2-yl) phosphonite (R)-29b

OO 1) PCls, toluene OO 0
PH, P—o Q
OMe 2) 2,2'-Biphenol, OMe
NEts, THF

(R)-(2'-Methoxy-[1,1'-binaphthalen]-2-yl) phosphine ((R)-12b, 474 mg, 1.50 mmol, 1.0 eq.) was

dissolved in toluene (12 mL) and phosphorus pentachloride (687 mg, 3.30 mmol, 2.2 eq.) was added.
The reaction mixture was stirred for 45 min, after which the volatiles were removed in vacuo. The
residue was dissolved in THF (12 mL) and triethylamine (0.92 mL, 670 mg, 6.6 mmol, 4.4 eq.) was
added. The reaction mixture was then left to stir for 10 min before 2,2'-biphenol (279 mg, 1.50 mmol,
1.0 eq.) was added and stirring continued overnight. The volatiles were removed in vacuo and the
crude compound was filtered through a plug of silica gel (toluene) to yield the pure title compound as

a white solid (510 mg, 1.02 mmol, 68%). R: = 0.80 (silica gel; toluene).

MP: 225-227 °C. [a]3® = +162° (CHCIs, ¢ = 0.1). IR (neat): v = 3062.8 (w), 2969.0 (w), 1619.9 (w), 1592.5
(w), 1496.0 (m), 1471.6 (w), 1435.6 (m), 1269.1 (m), 1248.4 (s), 1197.6 (s), 1181.9 (m), 1124.4 (w),
1077.5 (m), 1049.8 (w), 1020.3 (w), 867.9 (m), 839.6 (m), 811.5 (m), 769.3 (s), 745.0 (s), 693.4 (m),
631.9 (m) cm™ 'H NMR (400 MHz, CDCls): & (ppm) = 8.05 (d, 3 = 9.1 Hz, 1H, H4'), 7.94
(apparent-t (dd), 3Jun = 8.3 Hz, 2H, H5/H5'), 7.71 (d, 3w = 8.6 Hz, 1H, H4), 7.55-7.22 (m, 5H,
H3/H3'/H6/H16/H16'), 7.38-7.26 (m, 4H, H6'/H7/H7'/H8), 7.25-7.20 (m, 3H, H14 or H14'/H15/H15'),
7.17 (apparent-t (dd), *Jun = 7.8 Hz, 1H, H14 or H14'), 7.08 (d, 3Jun = 8.5 Hz, 1H, H8'), 6.95-6.92 (m, 1H,
H13'), 6.82 (d, ¥ = 8.0 Hz, 1H, H13), 3.89 (s, 3H, OCHs). 3C{*H} NMR (101 MHz, CDCls): § (ppm) =
155.9 (d, #cp = 3.3 Hz, C2'), 151.5 (overlapping-d, C12/C12"), 141.6 (d, ¥ = 38.0 Hz, C1), 136.7 (d,
YJep = 37.3 Hz, C2), 135.3 (C10), 135.0 (d, “Jep = 2.4 Hz, C9'), 132.9 (d, 3Jcp = 5.0 Hz, C9), 132.4 (d,
3Jcp = 4.0 Hz, C11'), 132.1 (d, 3Jcp = 2.9 Hz, C11), 130.8 (C4'), 129.9 (C16 or C16'), 129.7 (C16 or C16'),
129.2 (C14 or C14'), 129.0 (C14 or C14"), 128.7 (C10'"), 128.3 (C5 or C5'), 128.1 (C5 or C5'), 127.6 (C6),
127.0 (C4), 126.9 (C7 or C7'), 126.6 (d, *Jep = 2.3 Hz, C8), 126.4 (C7 or C7'), 125.7 (C8'), 125.0 (C15'),
124.8 (C15), 124.6 (d, 2Jep = 1.9 Hz, C3), 123.8 (C6'), 122.6 (C13), 122.3 (C13'), 119.3 (d, 3Jcp = 10.1 Hz,
C1'), 112.9 (€3'), 56.3 (OCHs). 3'P{*H} NMR (162 MHz, CDCl3): & (ppm) = 180.0 (s). HRMS (ASAP*, solid):
Found: m/z = 499.1449. Calculated for [M + H]*: m/z = 499.1458.
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2.4.13 (S)-3,3'-Dimethyl-[1,1'-biphenyl]-2,2'-diyl [1,1'-binaphthalen]-2-yl phosphonite (S)-30a

OO 1) PCls, toluene OO O
PH, ° 4
2) 3,3"-Dimethyl-[1,1'-biphenyl]-
2,2'diol, NEts, Et,0

(S)-[1,1'-Binaphthalen]-2-yl) phosphine ((S)-12a, 429 mg, 1.50 mmol, 1.0 eq.) was dissolved in toluene

(10 mL) and phosphorus pentachloride (687 mg, 3.30 mmol, 2.2 eq.) was added. The reaction mixture
was stirred for 45 min, after which the volatiles were removed in vacuo. The residue was dissolved in
diethyl ether (14 mL) and triethylamine (0.92 mL, 668 mg, 6.60 mmol, 4.4 eq.) was added. The reaction
mixture was then left to stir for 10 min before 3,3'-dimethyl-[1,1'-biphenyl]-2,2'-diol (321 mg,
1.50 mmol, 1.0 eq.) was added and stirring continued overnight. The volatiles were removed in vacuo
and the crude compound was filtered through a plug of alumina (diethyl ether) to yield the pure title

compound as a white solid (678 mg, 1.37 mmol, 91%). R¢ = 0.95 (alumina; diethyl ether).

MP: 202-203 °C. [a]3? = +58° (CHCls, ¢ = 0.1). IR (neat): v = 3054.7 (w), 1455.4 (s), 1417.0 (m), 1364.0
(w), 1318.2 (w), 1250.4 (w), 1195.6 (m), 1165.0 (m), 1120.5 (w), 1082.0 (m), 1025.4 (w), 922.0 (w),
878.1 (s), 798.4 (m), 769.2 (s), 736.0 (s), 696.0 (s), 630.7 (m) cm~_. *H NMR (400 MHz, CDCls): & (ppm)
=8.02 (dd, 3Jun = 7.8 Hz, *Jun = 1.5 Hz, 1H, H4'), 7.97 (d, *Jun = 8.3 Hz, 1H, H5'), 7.90 (d, 3Jun = 8.2 Hz, 1H,
H5), 7.74 (d, *Jus = 8.5 Hz, 1H, H4), 7.69-7.62 (m, 2H, H2'/H3'), 7.56-7.47 (m, 3H, H3/H6/H6'), 7.39-7.23
(m, 6H, H7/H7'/H8/H8'/H16/H16'), 7.16-7.07 (m, 4H, H14/H14'/H15/H15'), 2.00 (s, 3H, CHs), 1.84 (s,
3H, CHs'). BC{*H} NMR (101 MHz, CDCl5): & (ppm) = 149.6 (overlapping-d, C12/C12'), 144.6 (d,
%Jep = 38.2 Hz, C1), 138.3 (d, Yep = 39.0 Hz, C2), 135.5 (d, *Jcp = 10.4 Hz, C1'), 135.0 (C10), 134.0 (d,
*Jep = 3.7 Hz, C9'), 133.4 (C10'), 133.0 (d, 3Jcp = 4.9 Hz, €9), 132.4 (d, *Jcp = 4.6 Hz, C11 or C11'), 131.9 (d,
3Jep = 2.7 Hz, C11 or C11'), 130.9, 130.7, 130.6 (C14'), 130.4 (C14), 129.7 (d, “Jp = 5.5 Hz, C2'), 128.8
(c4"),128.5 (C5'), 128.2 (C5), 128.0, 127.8, 127.7, 127.4, 127.4 (C4), 126.7, 126.6, 126.5, 126.1, 125.0
(C3'), 124.6 (C15 or C15'), 124.4 (C15 or C15'), 123.9 (C3), 16.7 (CH3'), 16.4 (CHs). 3'P{*H} NMR (162
MHz, CDCl3): 6 (ppm) = 172.4 (s). HRMS (ASAP", solid): Found: m/z = 497.1657. Calculated for [M + H]*:
m/z = 497.1665.
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2.4.14 (R)-3,3'-Dimethyl-[1,1'-biphenyl]-2,2'-diyl (2'-methoxy-[1,1'-binaphthalen]-2-yl) phosphonite
(R)-30b

OO 1) PCls, toluene OO 0
PH, . PLo Q
OMe " 5) 3.3"-Dimethyl-[1,1"-biphenyl]- OMe
2,2'-diol, NEts, THF

(R)-(2'-Methoxy-[1,1'-binaphthalen]-2-yl) phosphine ((R)-12b, 474 mg, 1.50 mmol, 1.0 eq.) was

dissolved in toluene (10 mL) and phosphorus pentachloride (687 mg, 3.30 mmol, 2.2 eq.) was added.
The reaction mixture was stirred for 45 min, after which the volatiles were removed in vacuo. The
residue was dissolved in THF (14 mL) and triethylamine (0.92 mL, 668 mg, 6.60 mmol, 4.4 eq.) was
added. The reaction mixture was then left to stir for 10 min, before
3,3'-dimethyl-[1,1'-biphenyl]-2,2'-diol (321 mg, 1.50 mmol, 1.0 eq.) was added and stirring continued
overnight. The volatiles were removed in vacuo and the crude compound was filtered through a plug
of alumina (diethyl ether) to yield the pure title compound as a white solid (695 mg, 1.32 mmol, 88%).
Rf = 0.90 (alumina; diethyl ether).

MP: 203-205 °C. [a]20 = +48° (CHCls, ¢ = 0.1). IR (neat): v = 3054.3 (w), 2924.8 (w), 1602.1 (w), 1593.6
(w), 1510.1 (w), 1458.7 (m), 1414.9 (m), 1333.9 (w), 1250.2 (m), 1203.6 (m), 1077.0 (m), 1021.5 (m),
918.0 (w), 885.0 (m), 869.0 (m), 809.8 (m), 769.6 (m), 746.5 (m), 696.6 (M), 632.1 (m) cm~L. 'H NMR
(400 MHz, CDCls): & (ppm) = 8.05 (d, ¥Juu = 9.1 Hz, 1H, H4'), 7.94 (d, *Jun = 8.2 Hz, 2H, H5/H5'), 7.74 (d,
3Jun = 8.5 Hz, 1H, H4), 7.53 (apparent-t (dd), 3Jun = 7.4 Hz, 1H, H6), 7.49-7.44 (m, 2H, H3/H3'), 7.38-7.24
(m, 6H, H6'/H7/H7'/H8/H16/H16'), 7.17-7.15 (m, 2H, H14/H14'), 7.13-7.10 (m, 3H, H8'/H15/H15'), 3.86
(s, 3H, OCHs), 1.99 (s, 3H, CH3"), 1.87 (s, 3H, CHs). 3C{*H} NMR (101 MHz, CDCl3): & (ppm) = 155.4 (d,
4Jep = 3.3 Hz, C2"), 149.8 (overlapping-d, C12/C12'), 141.4 (d, %Jcp = 40.6 Hz, C1), 138.4 (d, Yep = 37.8 Hz,
€2), 135.4 (C10), 135.0 (d, Yer = 3.2 Hz, €9'), 132.8 (d, ¥Jep = 5.9 Hz, €9), 132.3 (d, ¥Jcr = 3.8 Hz, C11 or
C11'), 132.1 (d, ®Jcp = 3.4 Hz, C11 or C11'), 131.0 (C16 or C16'), 130.7 (C16 or C16'), 130.6 (C4'), 130.5
(C14"),130.5(C14), 128.8 (C10'), 128.3 (€5), 128.2 (C5'), 127.9 (C13 or C13'), 127.8 (C13 or C13'), 127.6
(Ce), 127.3 (C4), 127.0 (d, *Jep = 2.4 Hz, C8), 126.9 (C7'), 126.5 (C7), 125.5 (C8'), 124.5 (C15 or C15'),
124.4 (C15 or C15'), 124.2 (d, Yep = 1.2 Hz, C3), 123.7 (C6'), 119.9 (d, 3Jcp = 10.6 Hz, C1'), 112.8 (C3'),
56.3 (OCHs), 16.4 (CH3'), 16.2 (CHs). 3'P{*H} NMR (162 MHz, CDCls): & (ppm) = 174.2 (s). HRMS (NSI*,
DCM/MeOH): Found: m/z=527.1761. Calculated for [M + H]*: m/z =527.1771.
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2.4,15 2,2'-Dihydroxy-3,3'-dimethyl-1,1'-biphenyl
2,2'-Dimethoxy-1,1'-biphenyl

O Mel, KOH O
OH o~
O OH Acetone O SN

2,2'-Dihydroxy-1,1'-biphenyl (5.00 g, 26.9 mmol, 1.0 eq.) was dissolved in acetone (100 mL). Potassium

hydroxide (6.04 g, 108 mmol, 4.0 eq.) was added to the solution and the reaction mixture was stirred
for 15 min, after which methyl iodide (6.70 mL, 15.3 g, 108 mmol, 4.0 eq.) was added. The reaction
mixture was stirred for 16 h, the volatiles were removed in vacuo and the residue dissolved in diethyl
ether (100 mL). The organic phase was washed with water (100 mL), 1.0 M aq. HCI (50 mL) and 0.2 M
aq. NaHCOs (50 mL), dried over MgSO, and the volatiles were removed in vacuo. Silica gel flash
chromatography (petrol/ethyl acetate, 9:1) yielded the pure title compound as a white solid (4.63 g,
21.6 mmol, 80%). R = 0.50 (silica gel; petrol/ethyl acetate, 9:1). The physical and spectroscopic

properties matched those reported in the literature.!?®

MP: 156-158 °C (Lit.12® 155-156 °C). 'H NMR (400 MHz, CDCl3): & = 7.33 (ddd, *Jun = 7.8 Hz, *Juw = 7.8
Hz, “um = 1.8 Hz, 2H), 7.25 (dd, s = 7.4 Hz, “un = 1.8 Hz, 2H), 7.03-6.96 (m, 4H), 3.77 (s, 6H) ppm.
13C{'H} NMR (101 MHz, CDCls): 6 = 157.1, 131.6, 128.7, 127.9, 120.4, 111.2, 55.8 ppm.

2,2'-Dimethoxy-3,3'-dimethyl-1,1'-biphenyl

O 1) "BuLi, TMEDA, Et,0 O
o~ o~
Cy T e 9@

2,2'-Dimethoxy-1,1'-biphenyl (2.00 g, 9.33 mmol, 1.0 eq.) was dissolved in diethyl ether (120 mL).

TMEDA (6.8 mL, 5.3 g, 45 mmol, 4.8 eq.) was added and the reaction mixture was cooled to 0 °C.
n-Butyllithium (2.2 M solution in hexanes, 19 mL, 2.7 g, 42 mmol, 4.5 eq.) was added and the reaction
mixture was left to stir at 0 °C for 1 h, after which it was heated to 40 °C and refluxed for 18 h. After
cooling to 0 °C, methyl iodide (3.0 mL, 6.8 g, 48 mmol, 5.1 eq.) was added and the reaction mixture
was left to stir for 1.5 h, before the reaction was quenched with 1.0 M aq. HCI (20 mL). The organic
layer was separated, washed with 2.0 M ag. NaHCOs (2 x 50 mL) and brine (2 x 50 mL), dried over

MgSO0. and the volatiles were removed in vacuo. The title compound was obtained as a yellow oil
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(2.12 g, 8.75 mmol, 94%) and reacted without purification. The *H NMR spectroscopic data matched

that of data reported in the literature.'®

H NMR (400 MHz, CDCl3): & = 7.20-7.14 (m, 4H), 7.25 (apparent-t (dd), 3Ju = 7.5 Hz, 2H), 3.40 (s, 6H),
2.34 (s, 6H) ppm.

2,2'-Dihydroxy-3,3'-dimethyl-1,1'-biphenyl

C (]
o~ 3 OH
9@ ¢

Boron tribromide (1.0 M solution in DCM, 12 mL, 3.0 g, 12 mmol, 4.0 eq.) was diluted with DCM (10

mL) and cooled to 0 °C. 2,2'-Dimethoxy-3,3'-dimethyl-1,1'-biphenyl (730 mg, 3.01 mmol, 1.0 eq.) was
dissolved in DCM (20 mL) and added to the solution. The reaction mixture was allowed to warm to
room temperature and stirred for 18 h. The reaction mixture was cooled to 0 °C and quenched with
water (20 mL). The organic phase was separated and the aqueous phase extracted with DCM (20 mL).
The combined organic extracts were washed with brine (3 x 20 mL), dried over MgSQO, and the volatiles
were removed in vacuo. Silica gel flash chromatography (petrol/ethyl acetate, 20:1) yielded the pure
title compound as a dark pink solid (540 mg, 2.52 mmol, 84%). Rs = 0.20 (silica gel; petrol/ethyl acetate,
20:1).

MP: 90-92 °C (Lit.?3° 85-86 °C). IR (neat): v =3029.6 (s), 1587.5 (w), 1451.4 (m), 1324.0 (m), 1240.1 (m),
1198.9 (s), 1165.9 (m), 1124.9 (m), 1088.9 (m), 839.6 (m), 759.5 (s) cm~L. 'H NMR (400 MHz, CDCl): &
=7.19 (d, 3Jun = 7.5 Hz, 2H, H4), 7.06 (d, 3w = 7.5 Hz, 2H, H6), 6.93 (dd, 3 = 7.5 Hz, *Jus = 7.5 Hz, 2H,
H5), 5.17 (br s, 2H, OH), 2.31 (s, 6H, CHs) ppm. C{*H} NMR (101 MHz, CDCl3): & = 151.6 (C2), 131.6
(C4), 128.4 (C6), 125.6 (C3), 122.1 (C1), 121.0 (C5), 16.3 (CHs) ppm. HRMS (ASAP*, solid): Found:
m/z = 215.1067. Calculated for [M + H]*: m/z = 215.1067.
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2.4.16 [Pd((S)-29a)(n3-CsH)Cl] (S)-31a

OO - [Pd(7*-CaHClL; :P&

o)
99 o
Pd
cl” \)\

(5)-29a (18.7 mg, 39.9 umol, 1.0 eq.) and chloro(2-methylallyl)palladium(II) dimer (7.9 mg, 20 umol,

0.5 eq.) were dissolved in DCM (0.5 mL) and stirred for 10 min; the title complex formed quantitatively
as two isomers (isomer A 58%; isomer B 42%). Single crystals were grown by slow diffusion of diethyl

ether into a DCM solution.

MP: 142-144 °C (decomp.). IR (neat): v = 3059.6 (w), 1497.7 (m), 1475.9 (m), 1433.1 (m), 1367.6 (w),
1247.4 (m), 1202.6 (m), 1120.4 (w), 1095.7 (m), 1044.3 (w), 946.6 (w), 905.8 (s), 884.8 (m), 834.6 (w),
783.6 (s), 771.5 (s), 713.3 (m), 688.9 (m), 636.6 (m), 605.6 (m) cm~L. *H NMR (500 MHz, CDCl,, —20 °C):
5 (ppm) = 8.16 (dd, Yy = 7.0 Hz, ¥ = 0.9 Hz, 1H, H4™), 8.04-7.96 (m, 6H), 7.95-7.89 (m, 3H,
H38/HAR/HA®B), 7.83 (dd, 3/un = 7.0 Hz, 3Juy = 0.9 Hz, 1H, HA'®), 7.76 (dd, 3/ = 8.7 Hz, 3Jup = 5.1 Hz, 1H,
H3"),7.75-7.70 (m, 2H, H3'4/H3'®), 7.65-7.61 (m, 2H), 7.60-7.46 (m, 10H), 7.44-7.30 (m, 10H), 7.29-7.24
(m, 2H), 7.22 (d, 3Jun = 8.6 Hz, 1H, H*), 7.18 (d, 3/uu = 8.6 Hz, 1H, HB), 6.97 (d, *Jun = 8.1 Hz, 1H, H138),
6.78 (d, 3y = 8.1 Hz, 1H, H13%), 4.20 (dd, ¥ = 10.1 Hz, “uu = 2.9 Hz, 1H, allyl-Hty,?), 3.77 (dd,
3Jwp = 9.8 Hz, “Jun = 2.9 Hz, 1H, allyl-Htyn?), 2.67-2.62 (m, 2H, allyl-Hcsyn®/allyl-Htani?), 2.44 (br's, 1H,
allyl-Hcen?), 1.58 (d, 3up = 14.1 Hz, 1H, allyl-Htani®), 1.17 (s, 3H, allyl-CH5*), 1.16 (s, 3H, allyl-CH;?), 0.82
(br's, 1H, allyl-Hcani®), 0.61 (br s, 1H, allyl-Hcani?). BC{*H} NMR (126 MHz, CD,Cl,, —20 °C): & (ppm) =
150.1 (m, C12%/ C128/C12'A/C12'®), 144.7 (overlapping-d, C1*/ C1?), 135.3 , 135.1, 134.4 (d, ¥Jer = 10.1
Hz, C1'4),134.2 (d, *Jcp=9.4 Hz, C1'®), 133.9 (C9'4), 133.6, 133.5, 133.5, 133.4, 133.3,133.2,133.1, 132.8
(C9'®), 131.2 (C4'), 131.1 (C4"®), 130.8, 130.8, 130.7, 130.5, 130.4, 130.3, 129.9, 129.4, 129.2, 129.1,
128.9, 128.6, 128.4,128.3,128.2,127.9,127.7,127.5, 127.2, 127.1, 127.0, 126.9, 126.9, 126.8, 126.5,
126.3,126.2, 126.1, 125.9, 125.8, 125.6, 125.4, 124.7, 124.3, 123.2, 123.0, 121.6 (C13%), 120.9 (C138),
77.4 (d, YJep = 46.3 Hz, allyl-Ct?), 76.5 (d, %Jcp = 44.8 Hz, allyl-Ct®), 57.4 (allyl-Cc*), 56.3 (allyl-Cc®), 22.8
(allyl-CHs*/allyl-CH3B). 3'P{*H} NMR (202 MHz, CD,Cl,, —20 °C): & (ppm) = 173.6 (s, P?), 172.0 (s, P).
HRMS (ASAP*, solid): Found: m/z = 625.0888. Calculated for [M — Cl]*: m/z = 625.0878.
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2.4.17 [Pd((S)-30a)(n*-C4H7)Cl] (S)-32a

O
OO . O [Pd(7*-CaH)Cll, OO H-0 O
¢ = L)

CI/Pd\)\

(5)-30a (19.9 mg, 40.0 umol, 1.0 eq.) and chloro(2-methylallyl)palladium(II) dimer (7.9 mg, 20 umol,

0.5 eq.) were dissolved in DCM (0.5 mL) and stirred for 10 min; the title complex formed quantitatively
as two isomers (isomer A 58%; isomer B 42%). Single crystals were grown by hexane layering of a DCM

solution.

MP: 147-149 °C (decomp.). IR (neat): v = 3048.8 (w), 1558.2 (w), 1454.9 (m), 1418.3 (m), 1187.0 (m),
1126.3 (w), 1087.3 (m), 1025.8 (w), 947.3 (w), 888.3 (s), 802.3 (m), 770.3 (s), 710.2 (m), 635.1 (s), 610.1
(m) cm~L. 'H NMR (500 MHz, CD;Cl,, —20 °C): & (ppm) = 8.33 (dd, ¥up = 14.0 Hz, 3wy = 8.7 Hz, 1H, H38),
8.17 (d, 3Juu = 8.7 Hz, 1H, H4®), 8.04-7.95 (m, 4H, H3"), 7.91-7.87 (m, 2H, H4'*/H5'), 7.79 (d, /un = 8.3
Hz, 1H, HB), 7.70 (d, 3Juu = 8.2 Hz, 1H, H?), 7.63-7.58 (m, 2H), 7.52 (d, Jus = 6.9 Hz, 1H, H2'%), 7.48-7.38
(m, 3H), 7.35-7.09 (m, 20H, H8"/H8®/H14'A/H14'®/H15*/H158/H15'"/H15"}/H16"/H16®/H16""/H16'"),
7.05-7.01 (m, 2H, H14*/H14®), 4.34 (dd, 3Jup = 9.9 Hz, Y = 2.8 Hz, 1H, allyl-Htyn®), 4.06 (dd, 3 = 10.2
Hz, Yy = 2.8 Hz, 1H, allyl-Htyn?), 3.25 (br s, 1H, allyl-Hcen?), 3.16 (d, 3up = 13.8 Hz, 1H, allyl-Htan?), 3.00
(brs, 1H, allyl-Hcgn®), 2.57 (d, 3Jup = 14.3 Hz, 1H, allyl-Htani?), 2.27 (br s, 1H, allyl-Hcan?), 2.24 (s, 3H,
CHs'), 2.13 (br s, 1H, allyl-Hcani®), 1.81 (s, 3H, CHs'®), 1.63 (s, 6H, CH3*/CHs®), 1.52 (s, 3H, allyl-CHsB),
1.47 (s, 3H, allyl-CH3*). 3C{*H} NMR (126 MHz, CD,Cl,, —20 °C): & (ppm) = 148.8 (d, 2Jcp = 13.4 Hz, C12'8),
148.4 (d, 2Jep = 12.8 Hz, C12%), 148.0 (d, Ucp = 7.4 Hz, C12'4), 147.3 (d, 2 = 7.6 Hz, C128), 143.3 (d,
%Jep=18.2 Hz, C1*), 142.6 (d, %Jep = 6.7 Hz, C1®), 135.5 (d, 3Jep = 2.5 Hz, C1'®), 135.2 (d, *Jep = 7.1 Hz, C1'),
134.9, 134.8, 134.7 (d, Xcp = 8.8 Hz, allyl-C?), 134.0 (d, %Jep = 9.0 Hz, allyl-C*), 133.9 (€9'4), 133.5, 133.2,
133.1, 133.0, 132.5, 131.5, 131.5, 131.3, 131.2 (d, Jer = 2.8 Hz), 131.0 (d, Jer = 2.2 Hz), 130.9, 130.8,
130.7 (d, Jer = 2.2 Hz), 130.7, 130.5 (d, Jcp = 2.8 Hz), 130.4 (d, Jcp = 2.8 Hz), 130.2 (d, Jep = 2.2 Hz), 130.2
(d, Jor = 1.9 Hz), 128.8 (C2'"), 128.6, 128.4, 128.3 (C4'), 128.3, 128.3, 128.1, 128.0, 127.9, 127.8, 127.6,
127.6, 127.5, 127.0, 126.9, 126.8, 126.8, 126.0, 125.9, 125.8, 125.8, 125.6, 125.5, 125.4, 125.4, 125.1,
124.3 (C3'A/C3'®), 78.3 (d, Ucp = 44.7 Hz, allyl-Ct®), 77.8 (d, 2Jep = 45.7 Hz, allyl-Ct?), 59.3 (d, Uep = 5.1 Hz,
allyl-Cc?), 57.4 (d, %Jcp = 3.5 Hz, allyl-Cc®), 22.9 (allyl-CH3*), 22.8 (allyl-CHs®), 17.6 (CHs"), 17.2 (CHs"),
16.8 (CH3'®), 16.5 (CHs®). 3'P{*H} NMR (202 MHz, CD,Cl,, —20 °C): & (ppm) = 177.6 (s, P®), 172.9 (s, P").
HRMS (NSI*, DCM/MeOH + NH4OAc): Found: m/z =653.1190. Calculated for [M — Cl]*: m/z = 653.1191.
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2.4.18 [Pd((S)-30a)(n3-C4H;)IBAr (S)-33a

) [Pd(73-C4H5)Cl],, DCM
P~ o

(5)-30a (19.9 mg, 40.0 umol, 1.0 eq.) and chloro(2-methylallyl)palladium(II) dimer (7.9 mg, 20 umol,

0.5 eq.) were dissolved in DCM (2.0 mL) and stirred for 10 min, before sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (35.4 mg, 40 umol, 1.0 eq.) was added and stirred for 30 min. The
reaction mixture was filtered through Celite® to yield the title complex quantitatively as two isomers

(isomer A 48%; isomer B 52%).

MP: 128-130 °C. IR (neat): v = 3068.1 (w), 1610.9 (w), 1504.7 (w), 1462.7 (w), 1421.6 (w), 1353.9 (s),
1273.8 (s), 1160.6 (m), 1117.5 (s), 948.6 (w), 909.9 (m), 887.1 (m), 839.0 (m), 803.0 (m), 765.5 (m),
745.1 (m), 712.4 (s), 681.5 (s), 669.7 (s), 637.1 (m) cm™. *H NMR (500 MHz, CD,Cl,, 0 °C): 6 (ppm) =
8.34 (dd, ¥ = 8.4 Hz, Y = 6.4 Hz, 1H, H3"), 8.27 (dd, ¥ = 8.5 Hz, ¥ = 6.4 Hz, 1H, H3'®), 8.16 (d,
3Jun = 8.2 Hz, 1H, H5'®), 8.13 (d, 3/un = 8.2 Hz, 1H, H5'%), 8.11-8.00 (m, 6H, H4*/HA®/HA4'"/HA'®/H5*/H58),
7.81-7.75 (m, 18H, H6'"/H6'8/ortho-BArF), 7.68-7.33 (m, 23H, H2'A/HE*/HE/HT'A | HT'8/HS'|H8'® /H14%/
H14%/H14'A/H14"8/H16*/H168/H16"*/H16"®/para-BArF), 7.30-7.25 (m, 2H, H7*/H7®), 7.21-6.91 (m, 7H,
H2'®/H3*/H38/H15"/H158 /H15""/H15'®), 6.05 (d, 3Jux = 8.6 Hz, 1H, H8"), 5.99 (d, /i = 8.6 Hz, 1H, H8?),
4.13 (d, Ye = 13.8 Hz, 1H, allyl-Htan?), 3.43 (dd, Yup = 9.7 Hz, Yt = 2.4 Hz, 1H, allyl-Htyn?), 3.09 (br s,
1H, allyl-Hcsyn®), 3.00 (br s, 1H, allyl-Heg,s?), 2.59 (br d, Y = 9.0 Hz, 1H, allyl-Hty"), 2.48 (d, Jue = 13.6
Hz, 1H, allyl-Htan®), 2.35 (br s, 4H, allyl-Hcani/aryl-CHs), 2.31 (br s, 4H, allyl-Hcani®/aryl-CHs), 2.11 (s,
3H, aryl-CHs), 2.02 (s, 3H, aryl-CHs), 1.88 (s, 3H, allyl-CHsB), 0.96 (s, 3H, allyl-CHs"). 1B NMR (160 MHz,
CD;Cly, 0 °C): & (ppm) = —6.6 (s). 3C{*H} NMR (126 MHz, CDClz, 0 °C): & (ppm) = 161.8 (q, Ycs = 49.7
Hz, ipso-BArf), 147.8 (m, C122/C128/C12'4/C12'®), 144.1 (overlapping-d, C1*/C1®), 140.8 (d, 2Jep = 10.7
Hz, allyl-C®), 138.3 (d, 2 = 10.4 Hz, allyl-C"), 137.5 (d, Ycp = 45.4 Hz, C28), 137.2 (d, Yep = 44.7 Hz, C21),
136.5 (d, *Jep = 1.0 Hz, C10®), 136.5 (d, “Jep = 1.0 Hz, C10%), 134.8 (ortho-BArF), 133.7 (C9'®), 133.4 (C9'"),
133.0 (d, Jep = 4.6 Hz), 132.5 (d, Jep = 3.2 Hz), 132.3 (d, 3Jep = 5.4 Hz, C9®), 132.2 (d, 3Jcp = 4.9 Hz, C9"),
131.8, 131.7,131.7,131.2 (d, Jer = 3.4 Hz), 131.0 (C3'®), 130.8 (C3'), 130.7, 130.7, 130.5, 130.0, 129.8
(m), 129.7 (d, Jp = 2.8 Hz), 129.6 (d, Jer = 3.2 Hz), 129.5 (C5'®), 129.4, 129.3 (C5'), 129.2, 129.1, 129.0,
128.9 (m), 128.8, 128.7 (m), 128.5, 128.4 (m), 128.3, 128.2 (d, Je» = 10.0 Hz), 128.1 (m), 128.0, 128.0,
127.7 (d, 3Jep = 8.3 Hz, C1'®), 127.5 (d, 3Jep = 7.7 Hz, C1'%), 127.2, 127.1, 127.0, 126.8, 126.4, 126.1 (m),

126.0, 125.9, 125.8 (C8*/C88), 125.1 (d, Yep = 10.7 Hz, C3?), 124.7 (d, Y = 7.3 Hz, C3~), 124.6 (q,
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Yer = 273 Hz, CFs), 122.6, 122.5, 117.5 (septet, ¥Jc = 3.8 Hz, para-BArF), 109.0 (C2'4), 107.5 (C2'®), 101.9
(d, Ucp = 40.3 Hz, allyl-Ct"), 98.4 (d, 2 = 40.5 Hz, allyl-Ct?), 57.3 (d, Ye = 6.1 Hz, allyl-Cc?), 54.8 (d,
2Jep = 6.6 Hz, allyl-Cc?), 22.7 (allyl-CH3®), 21.4 (allyl-CHs"), 17.1 (aryl-CHs), 16.8 (aryl-CHs), 16.7 (aryl-CHs),
16.6 (aryl-CHs). **F NMR (471 MHz, CD,Cl,, 0 °C): 6 (ppm) = —62.7 (s). 3'P{*H} NMR (202 MHz, CD,Cl,,
0°C): 6 (ppm) = 170.1 (s, P?), 169.5 (s, P*). HRMS (NSI*, DCM/MeOH + NH.OAc): Found: m/z = 653.1194.
Calculated for [M — BArf]*: m/z = 653.1191.

2.4.19 General procedure for the asymmetric hydrosilylation of styrene derivatives

[Pd], HSICl, SiCl3 [0] OH

chiral ligand ] Ar)*\ Ar)‘\

Phosphonite ligand (0.25 mol% or 0.50 mol%) and chloro(allyl)palladium(II) dimer (0.125 mol%) were

Ar/\

dissolved in the styrene (1.0 eq.) and stirred at room temperature for 20 min; for reactions at an
external temperature of 0 °C, the reaction mixture was subsequently stirred for 20 min at this
temperature. Trichlorosilane (1.2 eq.) was added and the conversion of the reaction was followed
by M NMR spectroscopy. The product was purified by Kugelrohr distillation
(reduced pressure; 150-180 °C).

The product (400 mg) was dissolved in methanol (30 mL) and THF (30 mL); potassium carbonate
(1.40 g, 10.1 mmol), potassium fluoride (600 mg, 10.3 mmol) and hydrogen peroxide solution
(35 wt. % in water, 1.8 mL) were added and the reaction mixture left to stir overnight. The suspension
was filtered and the volatiles were removed in vacuo. The residue was dissolved in diethyl ether
(50 mL) and washed with water (3 x 50 mL), dried over MgS0, and the volatiles were removed in vacuo.
Silica gel flash chromatography (petrol/ethyl acetate, 3:1) yielded the pure alcohol products, which

were all obtained as colourless oils.

The H and 3C NMR spectroscopic data matched that of commercially acquired samples or data

131

reported in the literature,* and the HRMS data was in accordance with the calculated values. The

enantiomeric excess was determined by chiral GC or HPLC analysis; the absolute configuration was

assigned by comparison of the measured sign of the optical rotation to literature data.2>132

1-Phenylethanol

R: = 0.60 (silica gel; petrol/ethyl acetate, 3:1). *H NMR (300 MHz, CDCls): 6 (ppm) = 7.44-7.26 (m, 5H),
4.91 (q, 3Jun = 6.5 Hz, 1H), 2.08 (br's, 1H), 1.52 (d, 3w = 6.5 Hz, 3H). 3C{*H} NMR (75 MHz, CDCls):
6 (ppm) = 145.9, 128.5, 127.5, 125.4, 70.4, 25.2. HRMS (ASAP*, solid): Found: m/z = 121.0646.
Calculated for [M — H]*: m/z = 121.0648.
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GC conditions (Supelco B-dex 225) — injection temperature: 200 °C, detection temperature: 200 °C,
oven temperature: 80 °C for 45 min, then ramp to 130 °C at 10 °C/min, retention times: 51.8 min (R)

and 52.8 min (S).

1-[4-(Chloro)phenyllethanol

R: = 0.50 (silica gel; petrol/ethyl acetate, 3:1). *H NMR (300 MHz, CDCls): 6 (ppm) = 7.25-7.17 (m, 4H),
4.77 (9, *Jun = 6.4 Hz, 1H), 2.09 (br s, 1H), 1.37 (d, *Jun = 6.4 Hz, 3H). *C{*H} NMR (75 MHz, CDCl;):
5 (ppm) = 144.3, 133.1, 128.6, 126.8, 69.7, 25.3. HRMS (ASAP*, solid): Found: m/z = 155.0256.
Calculated for [M — H]*: m/z = 155.0258.

GC conditions (Supelco B-dex 225) — injection temperature: 200 °C, detection temperature: 200 °C,
oven temperature: 100 °C for 45 min, then ramp to 180 °C at 10 °C/min, retention times: 53.9 min (R)

and 54.2 min (S).

1-[4-(Methoxy)phenyl]ethanol

R: = 0.30 (silica gel; petrol/ethyl acetate, 3:1). *H NMR (300 MHz, CDCl3): § (ppm) = 7.23 (d, 3Jun = 8.7
Hz, 2H), 6.81 (d, *Jun = 8.7 Hz, 2H), 4.78 (q, *Jun = 6.4 Hz, 1H), 3.73 (s, 3H), 1.71 (br s, 1H), 1.51 (d,
*Jun = 6.4 Hz, 3H). *C{*H} NMR (75 MHz, CDCl3): 6 (ppm) = 159.0, 138.0, 126.7, 113.9, 70.0, 55.3, 25.0.
HRMS (ASAP*, solid): Found: m/z = 151.0750. Calculated for [M — H]*: m/z = 151.0754.

GC conditions (Supelco B-dex 225) — injection temperature: 200 °C, detection temperature: 200 °C,
oven temperature: 100 °C for 60 min, then ramp to 180 °C at 10 °C/min, retention times: 68.7 min (R)

and 69.2 min (S).

1-[4-(Dimethylamino)phenyl]ethanol

R: = 0.25 (silica gel; petrol/ethyl acetate, 3:1). *H NMR (300 MHz, CDCls): 6 (ppm) = 7.18 (d, 3Jun = 8.8
Hz, 2H), 6.65 (d, 3Juy = 8.8 Hz, 2H), 4.74 (q, 3Jun = 6.4 Hz, 1H), 2.87 (s, 6H), 1.69 (br s, 1H), 1.40 (d,
3Jun = 6.4 Hz, 3H). 3C{*H} NMR (75 MHz, CDCls): 6 (ppm) = 150.2, 133.8, 126.5, 112.6, 70.2, 40.7, 24.7.
HRMS (ASAPY, solid): Found: m/z = 166.1222. Calculated for [M — H]*: m/z = 166.1226.

HPLC conditions (Lux Cellulose-1) — oven temperature: 40 °C, mobile phase: hexane/2-propanol (98:2),
flow rate: 0.7 mL/min, detection: 255 nm, retention times: 39.0 min (R) and 45.3 min (S). [NB Due to

the highly acid-sensitive nature of the product,*® HPLC should be ran immediately after purification].
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2.5 X-ray Crystallography

Measurements were made at 150 K on an Oxford Diffraction (Agilent Technologies) Gemini A Ultra
diffractometer, using CuKa radiation (1.54184 A) for (R)-28b and MoKa radiation (A = 0.71073 A) for
(R)-29b, (S)-31a and (S)-32a. Cell parameters were refined from the observed positions of all strong
reflections. Intensities were corrected for absorption, using a semi-empirical method based on
symmetry-equivalent and repeated reflections for (R)-29b and (S)-31a and analytically using a
multi-faceted crystal model for (R)-28b and (S)-32a.133 The structures were solved by direct methods
and refined on F? values for all unique data. All non-hydrogen atoms were refined anisotropically, and
H atoms were positioned with idealised geometry and the thermal parameters constrained using the
riding model; Uy was set at 1.2 times Ueq for the parent C atom. One phenyl group of one of the
crystallographically independent molecules of (R)-28b and the palladium atom and 2-methylallyl ligand
of one crystallographically independent molecule of (5)-32a were modeled as disordered over two
positions with the use of restraints. Continuous solvent-accessible channels were observed along the
crystallographic [010] direction in the structure of (S)-31a. The disordered diethyl ether molecules
therein could not be modeled in a sensible way and were resolved using the Olex2 solvent mask
routine, details of which can be found in the CIF. Oxford Diffraction CrysAlisPro was used for data
collection and processing,’** and Olex23> using SHELX'3® for structure solution, refinement, and to
generate the molecular overlap figures. Crystal Impact Diamond was used to generate all other

molecular graphics with displacement ellipsoids drawn at the 50% probability level.*3”
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(R)-28b (R)-29b (5)-31a (S)-32a
Empirical formula Ca3H2s03P Ca3H2303P CasH2802PCIPd CagH3,02PCIPd
Formula weight 500.50 498.48 665.40 693.45
Temperature/K 150.0(2) 150.0(2) 150.0(2) 150.01(10)
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P2, P2 P21212, P2;
a/A 10.57860(7) 9.5367(15) 10.0618(3) 11.4401(2)
b/A 16.52575(9) 14.1786(15) 14.4757(4) 16.7063(3)
c/A 14.80544(8) 9.6102(11) 25.0065(10) 16.3663(3)
a/° 90 90 90 90
B/° 95.7963(6) 107.242(14) 90 90.6112(16)
v/° 90 90 90 90
Volume/A3 2575.04(3) 1241.1(3) 3642.2(2) 3127.78(10)
z 4 2 4 4
Peaicg/cm? 1.291 1.334 1.213 1.473
pu/mm-t 1.208 0.145 0.653 0.763
F(000) 1048.0 520.0 1352.0 1416.0
Crystal size/mm3 0.27x0.2x0.13 0.12x0.1x0.1 0.4 x0.12 x0.02 0.24x0.18 x0.1

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

CuKa (A = 1.54184)

6 to 133.998
-12<h<12,-19<k<19,-17<1<17
71384

9138 [Rin = 0.0479, Ryigms = 0.0227)
9138/14/687

1.049

Ri=0.0273, wR; = 0.0645

Ri = 0.0303, wR; = 0.0663
0.13/-0.19

0.001(5)

MoKa (A = 0.71073)

5.746 to 50
-11<h<11,-14<k<16,-11<1<10
5355

3452 [Rint = 0.0526, Reigms = 0.1082]
3452/1/335

1.034

Ri=0.0588, WR; = 0.0970

Ri = 0.0903, wR; = 0.1099
0.40/-0.26

0.07(17)

MoKa (A = 0.71073)

5.86 to 57.234
-13<h<12,-17<k<17,-29<1<30
7676

7674 [Rin = 0.0000, Ryigms = 0.0471]
7674/0/371

1.010

R1=0.0318, wR; = 0.0709
Ri1=0.0388, wR; = 0.0737
0.37/-0.49

-0.034(13)

MoKa (A = 0.71073)

5.544 to 58.916
-15<h<15,-22<k<21,-22<1<22
96971

15384 [Rint = 0.0547, Reigms = 0.0442]
15384/826/795

1.051

Ri=0.0355, wR; = 0.0629

Ri = 0.0560, wR; = 0.0708
0.79/-0.55

-0.056(8)




2.6 Density Functional Theory Calculations
Performed with the B3LYP functional and 6-31G* basis set, using the Spartan program. In each case
the calculations were considered to be complete and converged to a minimum on the potential energy

surface after vibrational frequency analysis did not report any negative frequencies.

-1.15eV LUMO —1.06 eV

PPh,

l OMe

—5.51eV HOMO —5.27 eV

Fig. 2.8 (5)-H-MOP (left) and (R)-MeO-MOP (right).
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-1.29 eV LUMO -1.21eV

—5.80 eV HOMO —5.51eV

Fig. 2.9 (5)-28a (left) and (R)-28b (right).
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—5.76 eV HOMO —5.47 eV

Fig. 2.10 (S)-29a (left) and (R)-29b (right).
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—1.34 eV LUMO -1.22 eV

—5.76 eV HOMO —5.48 eV

Fig. 2.11 (S)-30a (left) and (R)-30b (right).
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3. A comparison of MOP-phosphonite ligands and their applications
in Rh(I)- and Pd(II)-catalysed asymmetric transformations

Abstract: Six novel chiral MOP-phosphonites have been synthesised and compared via experimental
and computational methods in an effort to quantify their differing structural and electronic profiles.
They were found to be electron-poor ligands in comparison to their arylphosphine analogues and have
a larger trans influence in square planar Pt(II) complexes. Four [Rh(L?)(n?:n?-cod)Cl] complexes were
synthesised and characterised by NMR spectroscopy, HRMS and X-ray crystallography. Two
[Rh(LP),]BF4 complexes were prepared where one ligand acts as a chelating P,C-rt-donor; detailed NMR
studies demonstrated a hemilabile n®-coordination mode, which in one case was confirmed by X-ray
crystallography. Rh(I) complexes were used as catalysts in asymmetric hydrogenation and
hydroformylation reactions, and in the addition of a boronic acid to an isatin. Pd(II) complexes were
successfully employed in asymmetric Suzuki-Miyaura cross-coupling reactions yielding binaphthyl
products. Two [Pd(L?),Cl,] complexes were synthesised and characterised by X-ray crystallography,

both adopting cis orientations, with one of the complexes crystallising as two pseudo-polymorphs.

3.1 Introduction

Organophosphorus molecules are a popular choice of ligand in asymmetric homogeneous catalysis —
by choosing a P-chiral ligand or one with a chiral substituent, it is possible to synthesise complexes
which can catalyse reactions enantioselectively.’ Chiral monophosphorus ligands have found
applications in a variety of organometallic catalytic transformations. An important class of these
ligands are Hayashi’s MOP-phosphines, which have been applied in a wide range of asymmetric
catalytic reactions.”’” This project aimed to employ transition metal complexes of MOP ligands,

especially those with unusual functionality on the phosphorus,®? as asymmetric catalysts.
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Phosphonites are valuable phosphorus ligands used in homogeneous catalysis, with characteristic
properties of being poor o-donors but strong m-acceptors. Higham et al. reported a convenient
synthetic route to enantiopure MOP-phosphonite ligands ((S,R»)-27a, (S,S5)-27a, (R,R»)-27b and
(R,Sp)-27b; Scheme 3.1), which can act in a monodentate or hemilabile fashion. Studies into the
solution and solid state transition metal complexes of these ligands, and their action as
P,arene-chelates to stabilise coordinatively unsaturated electron deficient metal centres were
reported.”®> The MOP-phosphonite ligands were also incorporated®® into the ligand knowledge base
for monodentate P-donors (LKB-P), developed by Fey et al.}***> These ligands occupy a position in the
database which implies that their transition metal complexes may be suitable catalysts for
hydroformylation, hydrocyanation, hydrosilylation and hydrogenation reactions.**® Chiral phosphonite
complexes are proven catalysts for a range of enantioselective reactions, including nickel-catalysed

102¢ palladium-catalysed hydrovinylations®3 and rhodium-catalysed

hydrocyanations,
hydroformylations'°® and hydrogenations.®’®>%¢ Furthermore, our MOP-phosphonites were shown to

be effective in the palladium-catalysed asymmetric hydrosilylation of styrenes (see Chapter 2).92:93138

OO BINOL
PH, PCI5 PCl, Excess NEt3
OO R Tquene

R = H or OMe R = H or OMe R =H, (SRp)-27a, (S,Sp)-27a
R = OMe, (R,Rp)-27b, (R,S;)-27b

Scheme 3.1 The synthesis of MOP-phosphonite ligands with two chiral centres.

In this chapter, we investigate the synthesis of a family of novel MOP-phosphonites which contain only
one chiral element — the binaphthyl backbone — and investigate the ramifications of this structural
modification on the coordination chemistry and catalytic properties of the resultant transition metal
complexes. Specifically, the ligands (S)-28a, (R)-28b, (S)-29a, (R)-29b, (S)-30a and (R)-30b (Chart 3.1)
were prepared, as well as their corresponding selenides, and subsequent investigations allowed us to
make quantitative comparisons of these donors, capturing their steric and electronic properties. We
used DFT calculations to probe the frontier molecular orbitals of the ligands and also present
calculations which support our experimental observations that rotation about the C—C bond in the
biphenyl moiety of 29a/b and 30a/b is unrestricted under typical conditions.'* The rhodium(I) and
palladium(Il) coordination chemistry of the ligands was then investigated in some detail by

multinuclear NMR spectroscopy and X-ray crystallography. Finally, the performance of the ligands in
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asymmetric hydrogenation, hydroformylation and Suzuki-Miyaura cross-coupling reactions was

assessed and compared to that of the diphenylphosphine analogues MeO-MOP and H-MOP.

o B &

(S)-28a: R = H (S)-29a: R = H (S)-30a: R = H
(R)-28b: R = OMe (R)-29b: R = OMe (R)-30b: R = OMe

Chart 3.1 Phosphonite ligands (5)-28a, (R)-28b, (5)-29a, (R)-29b, (S)-30a and (R)-30b prepared in this study.
3.2 Results and Discussion

3.2.1 Ligand properties

Organophosphorus selenides

Compounds of the type LP(Se) were synthesised by reacting the corresponding phosphorus ligand (L?)
with an excess of potassium selenocyanate in THF at 50 °C.%? The 3!P{*H} NMR of the reaction product
consists of a singlet with 7’Se (/ = %, natural abundance 7.6%) satellites (Table 3.1). The difference in
chemical shift between LP(Se) and L” is ca. 50 ppm and downfield for the arylphosphines, whereas it is

larger (ca. 65-75 ppm) and upfield for the phosphonites.

Table 3.1 Selected 3'P{*H} NMR spectroscopic data for L’(Se) compounds.

Ligand 5 (LP(Se))e Upse (LP(Se))* AS®

(S)-H-MOP? 36.6 723 +50.2
(R)-MeO-MOP® 38.3 720 +52.0
(5)-28a? 89.4 908 - 65.4
(R)-28b? 91.7 906 -63.9
(5)-29a2 104.1 926 —~ 745
(R)-29b? 104.4 930 ~75.6
(5)-30a? 105.4 918 -67.0
(R)-30b? 103.9 915 -70.3

2 NMR measurements were taken at 162 MHz in CDCls. ® NMR measurement was taken at 202 MHz in
CDCls. € Chemical shift in ppm. ¢ Coupling constant in Hz.¢ A6 = § (L°(Se)) — 6 (L) in ppm.

The magnitude of the Y (3'P-""Se) coupling can provide an indication of the o-donor strength of the

parent phosphorus lone pair, which is inversely correlated to the coupling constant.?*® The data implies
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that our MOP-phosphonites (906-930 Hz) are relatively weak o-donors compared to their electron-rich
arylphosphine analogues (720-723 Hz) due to the increased electron-withdrawing effects of the
oxygen-containing substituents, which results in the phosphorus lone pair having a larger s- and lower
p-character, and a decreased o-basicity (i.e. the magnitude of the coupling-constant increases as the
electron-withdrawing ability of the phosphorus substituents increases) (Table 3.1). The s values for
the phosphonites 28-30 are also larger than those reported for analogous
MOP-phosphonites with two methoxy substituents bound to the phosphorus (858 Hz and 860 Hz),%
indicating that replacing two alkyoxy functionalities with aryloxy groups results in ligands that are
weaker o-donors in this selenide series. It has been demonstrated that the presence of bulky
substituents on the phosphorus can result in a lower value for the coupling constant (i.e. a decrease in
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the s-character of the lone pair),*® which may explain why the bulky dimethylbiphenoxy phosphonites

(S)-30a and (R)-30b have lower Ypse values than the biphenoxy phosphonites (5)-29a and (R)-29b.

Rhodium(I) Vaska-type complexes

Another indication of net-donation properties in PRs ligands is the carbonyl stretching frequency
(v(CO)) in the IR spectrum of trans-[Rh(L"),(CO)CI] complexes (Table 3.2).}*' The complexes are
conveniently prepared by reaction of four equivalents of the corresponding phosphorus ligand with
[Rh(CO),Cl1,.2*2 The data correlates well with the Tolman data for the related [Ni(L")(CO)s] complexes
historically used to assess the stereoelectronic profile of phosphines; however, the precursor [Ni(CO)4]
is highly volatile and toxic and a convenient alternative metric is preferable.®**! A low value for v(CO)
indicates that the phosphorus ligand is a strong electron donor, conversely, a high value indicates low

net donor properties.

Table 3.2 Selected IR spectroscopic data for trans-[Rh(L?)2(CO)Cl] complexes.?

Ligand (S)-H-MOP  (R)-MeO-MOP  (S)-28a (R)-28b (S)-29a (R)-29b (S)-30a (R)-30b

v(CO)® 1968 1974 2006 2002 2005 1997 2006 2005

2 |R measurements were taken as solutions in DCM. ® Symmetric carbonyl stretching frequency in cm™.

The values for our phosphonites (1997-2006 cm™) indicate overall low net-donor properties compared
to the MOP-phosphine ligands (1968-1974 cm™) (Table 3.2), as would be expected for this ligand class.
The reduced electron density on the rhodium atom results in less rt-back-bonding with the carbonyl
group, resulting in a stronger CO bond and hence an increase in v(CO) relative to the more donating
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phosphines. The wavenumbers reported for analogous bimethoxy MOP-phosphonites

(1996 Hz and 1999 Hz) are slightly lower than the average for the phosphonites in this series,*
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indicating that they are generally stronger net donors. This is in agreement with the conclusion we

made from the Ypse values in the organophosphorus selenide compounds (vide supra).

3.2.2  Platinum(II) complexes

(5)-H-MOP, (R)-MeO-MOP and each phosphonite was reacted with the platinum precursor
[Pt(PEt5)Cl2)2 in CD.Cl, to generate the unsymmetrical platinum(ll) complexes trans-
[Pt((S)-H-MOP)(PEts)Cl,] (S)-34a, trans-[Pt((R)-MeO-MOP)(PEts)Cl,] (R)-34b, trans-[Pt((S)-28a)(PEts)Cl,]
(5)-35a, trans-[Pt((R)-28b)(PEts)Cl]  (R)-35b,  trans-[Pt((S)-29a)(PEts)Cl;]  (S)-36a,  trans-
[Pt((R)-29b)(PEts)Clo] (R)-36b, trans-[Pt((S)-30a)(PEts)Cl.] (S)-37a and trans-[Pt((R)-30b)(PEts)Cl;]
(R)-37b via bridge cleavage reactions.'*® We observed exclusively the formation of the trans isomers
in the 3'P{*H} NMR spectra of the compounds (Table 3.3).2# The value of & (L") for the complexes with
the phosphonite ligands was shifted ca. 30-50 ppm upfield compared to the resonance of the free
ligand, the phenoxy derived ligands having the largest shift and the ortho-methyl substituted
biphenoxy ligands the lowest; the phosphine ligands were shifted ca. 35-40 ppm downfield (Table 3.3).
The values of the % coupling between the ligands are relatively high and characteristic of a trans
geometry.® The phosphonite complexes show little variance (2Jpr = 620 Hz) and the values are

noticeably larger than those for the phosphine ligands (2Jpp = 470 Hz).

Next we sought to determine the relative trans influence of our series of MOP ligands by measuring
the J(3*P-%°Pt) coupling for Pt—PEts in these square-planar platinum(II) complexes (***Pt, I = %, natural
abundance 33.8%) (Table 3.3).1%*!® The trans influence is defined as ‘the extent to which that ligand
weakens the bond trans to itself in the equilibrium state of a substrate’.!**® The magnitude of the
J-coupling corresponds well to the Pt—PEt; bond length. It was found that the trans influence of our
phosphonites (2382-2519 Hz, Table 3.3, entries 3-8) is larger than that found for the arylphosphine
analogues (2554-2574 Hz, Table 3.3, entries 1 and 2) — a smaller Jpp: coupling for PEt; denotes a larger
trans influence from LP. The coupling constant for the ortho-methyl substituted biphenoxy
phosphonites (Table 3.3, entries 7 and 8) was noticeably lower than that for the phenoxy and
biphenoxy phosphonites (Table 3.3, entries 3-6), implying that ligands (S)-30a and (R)-30b have the

largest trans influence in the series.
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Table 3.3 Selected 3'P{*H} NMR spectroscopic data for trans-[Pt(L")(PEts)Cl2] complexes.

Complex 6 (LP)e Yppe (LP)E 6 (PEts)° Yppt (PEt3)¢ 2Jppd
1 (5)-34a* 21.5 2437 13.8 2574 473
2 (R)-34b® 25.3 2440 13.7 2554 468
3 (5)-35a° 111.8 3481 11.2 2495 621
4 (R)-35b? 108.8 3467 9.0 2519 618
5 (5)-36a® 140.6 3520 10.0 2490 624
6 (R)-36b? 140.5 3517 9.0 2503 620
7 (5)-37a° 140.5 3521 8.6 2398 620
8 (R)-37b? 142.6 3541 12.1 2382 620

a2 NMR measurements were taken at 162 MHz in CD2Cl>. ® NMR measurements were taken at 202 MHz in
CD>Cly. ¢ Chemical shift in ppm. ¢ Coupling constant in Hz.

We were able to obtain single crystals suitable for X-ray crystallography for one of the platinum(II)
complexes, (R)-36b (Fig. 3.1), by slow diffusion of diethyl ether into a CD,Cl, solution. There is a
pseudo-square-planar geometry around the platinum centre, both (R)-29b and PEt; show
monodentate coordination through the phosphorus atom and are trans to each other with a P—Pt—P
bond angle of 170.36(4)°. The Pt—PEt; bond length (2.3148(11) A) is similar to that reported for an
analogous phosphonite complex, containing a fluorine substituted derivative of diphenyl
phenylphosphonite, which has two independent molecules in the unit cell (2.321(4) A and
2.319(4) A)." The Pt—PEts bond length in (R)-36b is longer than that in the related
MOP-bis(dimethylamino)phosphine and MOP-phosphirane complexes that Higham et al. recently
reported as part of a study into the stereoelectronic profiles of a series of MOP-type ligands, which
have analogous bond lengths of 2.3050(15) A and 2.284(3) A respectively, indicating that the

phosphonite ligand has the largest trans influence of the three.??

It is cautionary to note, however, that the e coupling for PEts in (R)-36b (2503 Hz) is significantly
larger than reported for the MOP-bis(dimethylamino)phosphine complex (2365 Hz),°2 which as
discussed would imply that the phosphonite ligand exhibits a weaker trans influence — this
contradiction may be due to steric effects in the solid state. We are not aware of any analogous

bis(dimethylamino)phosphine complexes for comparison.
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Fig. 3.1 Molecular structure of (R)-36b. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Pt1-P1 2.2703(10), Pt1-P2 2.3148(11), Pt1-Cl1 2.3203(10), Pt1-CI2 2.2873(10),
P1-C2 1.813(4), P1-01 1.612(3), P1-02 1.607(3); P1-Pt1-Cl1 85.72(4), P1-Pt1-P2 170.36(4), P1-Pt1-CI2
94.02(4), C2-C1-C1'-C2' —87.6(5), C12—C11-C11'-C12' —43.2(6).

3.2.3 DFT calculations

Density Functional Theory (DFT) calculations have been performed on the optimised structures of the
MOP ligands using the B3LYP functional with a 6-31G* basis set to calculate the frontier molecular
orbital energies (see Chapter 2), the Highest Occupied Molecular Orbital (Ewomo) and Lowest
Unoccupied Molecular Orbital (E.umo) (Table 3.4).148 These electronic descriptors can provide a useful
indication of the properties of the free ligand, via a simple and direct method, rather than indirect
experimental approaches such as the synthesis of organophosphorus selenides and metal complexes
(vide supra). Enomo typically contains the phosphorus lone pair in tertiary phosphines and can be used
as an indication of the ligand o-donor strength.’®* The values for Exomo are invariably lower for the
H-MOP molecules compared to their MeO-MOP analogues (Table 3.4), implying that the latter have
stronger o-donor properties, in agreement with calculations for related ligands previously reported.*?
The HOMO energies for the H-MOP-phosphonites are lower than their arylphosphine counterpart, and
this trend also holds true for the MeO-MOP ligand family, implying the phosphonites are weaker
P-ligand o-donors in each series. However, note that the MeO-MOP-phosphonites (R)-29b and (R)-30b
have a higher calculated HOMO energy (-5.48 eV) than the phosphine H-MOP (-5.51 eV). E.umo may
be invoked in back-bonding,'*® and the lower values for the phosphonites compared to the phosphines
suggests they will likely have better m-acceptor properties (Table 3.4). The H-MOP-phosphonites have

lower LUMO energies than their 2’-methoxy-substituted analogues.
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Table 3.4 Calculated HOMO and LUMO energies and S4 values for the MOP ligands discussed in this study.

Ligand (S)-H-mOP (R)-MeO-MOP  (S)-28a (R)-28b (5)-29a (R)-29b (5)-30a (R)-30b

ELumo®? -1.15 -1.06 -1.29 -1.21 -1.33 -1.21 -1.34 -1.22
Enomo™” -5.51 -5.27 -5.80 -5.51 -5.76 -5.47 -5.76 -5.48
543¢ 41 42 54 54 58 58 58 58
§4¢d - - - 66/70° - 60 - -

2 Calculated at the DFT level of theory using the B3LYP functional with a 6-31G* basis set. ® Energies in eV.
¢ Symmetric deformation coordinate in degrees. ¢ Calculated from X-ray data. © The asymmetric unit comprises
two molecules in different conformations.

One of the earliest methods for quantifying the steric effects of phosphorus ligands is the Tolman cone
angle (B), which is derived from space-filling models.® However, for MOP-type ligands where the
substituent groups differ greatly, the values obtained may not best reflect the properties of the
ligand.’® An alternative means of evaluating the steric bulk of phosphorus ligands is the symmetric
deformation coordinate (S4'), introduced by Orpen and co-workers using data obtained from crystal
structures.®c S4' seeks to evaluate the ligands based on a geometric calculation using bond angles from
species with the general formula Z—PR3 (Z = transition-, main group- or non-metal) (see Fig. 1.3 and
corresponding text). It has also been shown that S4' can be calculated with sufficient accuracy to the
data obtained from X-ray crystallographic analysis of phosphine complexes.’® We, therefore, used the
DFT optimised structures for the series of MOP ligands in Table 3.4 to calculate a modified descriptor
of S4' (54), calculating Z to be a vector perpendicular to the plane containing the 3 substituents on the
phosphorus.’>! For phosphines, small values for S4 can suggest substituents with increasing steric bulk.
The values calculated for (S)-H-MOP and (R)-MeO-MOP (Table 3.4) are close to that calculated for PPh;
(39.6°) by Suresh and co-workers,*>* implying that they have a similar steric profile. The $4 values for
the MOP-phosphonite ligands are approximately 12-17° larger than their phosphine analogues and
show little variation between themselves. However, it is more difficult to accurately model compounds
with P—O bonds compared to P—C bonds, since the R groups in P(OR); compounds are much further
from the phosphorus than in PR3 ligands. Therefore, the accuracy of this method may not be suitable

to our MOP-phosphonites due to their conformational flexibility.'*°

We recently reported the molecular structures of (R)-28b and (R)-29b (see Chapter 2),'*® and
consequently were able to calculate S4 from the X-ray crystallographic data and compare it to the
computed structures (Table 3.4). The S4 value for (R)-28b is considerably larger in the X-ray structure
compared to the calculated one, whereas both are similar for (R)-29b; the smaller S4 value for (R)-29b
compared to (R)-28b is more consistent with what might be expected due to the biphenoxy group
having less conformational flexibility. In order to investigate further the nature of rotation about the
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biphenoxy group, we decided to calculate the approximate barrier to rotation for the ligands (S)-30a
and (R)-30b (Fig. 3.2). Restricted rotations that can be frozen out on the NMR timescale, including in
organophosphorus transition metal complexes, have been discussed by Orrell.’>? Substituted biphenyls
display conformational enantiomorphism — the ease with which isomerisation occurs depends on the
size of the ortho-substituents.3**>3 The peaks in the energy profile for rotation in biphenyl compounds
generally occur at 0°, £90° and 180°, when the two phenyl rings are either coplanar or orthogonal; the
local minima occur near 45° either side of the secondary maxima at £90° due to a compromise between
the steric demands of the ortho-substituents and m-electron overlap.’® The rotational barrier in
1,1'-biphenyl, and non-ortho-substituted biphenyls, are comparable at 0° and 90° (1.4-2.0 kcal/mol).*>*
An activation energy barrier of approximately 23 kcal/mol is required to prevent spontaneous room
temperature torsional-isomerisation of biphenyl derivatives.3* It is important to note that, when

calculating barriers to rotation, the method and basis set employed have a large impact on the

34,153c

optimised torsion angles.
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(S)-30a: R = H
(R)-30b: R = OMe
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C12—C11-C11'-C12' dihedral angle (°)

Fig. 3.2 Calculated conformational energy differences (in kcal/mol) versus dihedral angle for the ligands (S)-30a
and (R)-30b (in °), relative to the energy at the optimised dihedral angle; (S)-30a (red) and (R)-30b (blue). The
geometry optimisations were performed at the DFT level of theory using the B3LYP functional with a 6-31G*
basis set.

In our study, the torsion angle between the planes of the two phenyl rings (C12—-C11-C11'-C12') was
constrained at selected values and the optimised geometry calculated. A plot of the relative energies

versus the dihedral angle is shown in Fig. 3.2 (the values are provided in tabular format in Section 3.6,
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Table 3.10); the curves in the graph are not mirror images of each other, as the two minima are
diastereomers and hence of unequal energy. We also calculated the idealised angle for the
unconstrained molecule at the two minima: —46.11° and +45.56° for (5)-30a, and —46.00° and +45.60°
for (R)-30b (Table 3.10). The calculated energy profiles for both (5)-30a and (R)-30b are very similar
with an energy barrier of approximately 7-8 kcal/mol when the biphenyl rings are coplanar, far below
the approximate minimum free energy barrier to rotation reported for biphenyl derivatives
(23 kcal/mol) (Section 1.2.4).34 This result concurs with our experimental findings that rotation about

the aryl-aryl junction is unrestricted under standard conditions (See Chapters 2 and 4).

3.2.4 Rhodium(I) complexes and catalysis
Successful examples of rhodium(I)-catalysed asymmetric transformations employing MOP-type
ligands can be found in the literature. Recently Shintani, Nozaki and co-workers reported the high
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yielding and enantioselective synthesis of silicon-stereogenic dibenzosiloles™> and the intramolecular

alkynylsilylation of alkynes.’®® MeO-MOP and P-stereogenic phosphine derivatives have shown
promise in the rhodium-catalysed asymmetric addition of phenylboronic acid to napthaldehyde.’
Asymmetric intramolecular hydroamination of unactivated alkenes using a rhodium(I) catalyst has
been described by Shen and Buchwald, who used a series of binapthyl-based monophosphine ligands

to give high yields and up to 91% ee with the substrates tested.!*®

[Rh(L?)(n%:n*-cod)Cl] complexes

To study the coordination chemistry of our ligands with rhodium(I), (5)-29a, (R)-29b, (S)-30a and
(R)-30b were reacted with [Rh(n?:n?-cod)Cl]; in a 1:1, P:Rh ratio, to quantitatively synthesise the
monophosphonite chloro(1,5-cyclooctadiene)rhodium(I) complexes [Rh((S)-29a)(n?:n*-cod)Cl] (S)-38a,
[Rh((R)-29b)(n*:n-cod)Cl] (R)-38b, [Rh((S)-30a)(n?:n>-cod)Cl] (S)-39a and [Rh((R)-30b)(n*:n>-cod)Cl]
(R)-39b. The analogous reactions with (5)-28a and (R)-28b were attempted; however, the resultant
complexes were very sensitive to decomposition and we were unable to isolate the complexes with
sufficient purity to investigate their properties further. Three of the four rhodium complexes gave
broadened 3'P{*H} NMR spectral signals at room temperature. Consequently they were analysed by VT

NMR spectroscopy (Figs. 3.3-3.6).

Both phosphorus and rhodium have only one naturally occurring stable isotope, 3!P and %Rh (I = %,
natural abundance 100%); therefore, the expected 3'P{"H} NMR spectra for the complexes should
consist of a doublet arising from 3!P-1%Rh spin-spin coupling. For (S)-38a a broad doublet was observed
at 25 °C which became clearer upon heating to 50 °C (6 = 162.9 ppm and Yprn = 224 Hz); cooling the

sample down to —55 °C resulted in the observation of two distinct species with relative intensities of
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~65% (6 = 164.6 ppm and ey = 223 Hz) and ~35% (6 = 161.4 ppm and s = 221 Hz) (Fig. 3.3). For
(R)-38b a doublet was observed at 25 °C (6§ = 163.3 ppm and Yprn = 221 Hz), and cooling down to
—55 °C resulted in the appearance of an additional low intensity doublet resonance (Fig. 3.4). The two
species which appear in the spectra of (S)-38a and (R)-38b at —55 °C most likely correspond to
conformational isomers with the ligands exhibiting restricted rotation about the biphenyl C—C bridge.
Both (S)-38a and(R)-38b were poorly soluble in CDCl; and CD,Cl,, which proved to be problematic when
performing NMR experiments due to the high number of scans required. Presumably at low
temperatures the complexes precipitate out of the solution reducing the concentration further.
However, we were able to characterise the binaphthyl moiety in (S)-38a at 50 °C and (R)-38b at 25 °C,

but the broadened *H and 3C resonances attributed to the biphenyl moieties could not be assigned.

For the dimethylbiphenoxy phosphonite complex (5)-39a, phosphonite coordination resulted in one
broad 3'P{*H} NMR signal at 25 °C which split into a poorly resolved doublet when heated to 50 °C
(Fig. 3.5). Cooling to =55 °C allowed for the resolution of three species with approximate ratios of 76%
(6 =170.2 ppm and Yern = 225 Hz), 14% (6 = 169.4 ppm and “Jprn = 224 Hz) and 10% (6 = 162.0 ppm and
Yern = 223 Hz). The methoxy analogue (R)-39b shows a broad doublet coupling at 25 °C whose
resolution improved upon heating to 50 °C (Fig. 3.6). Cooling to —55 °C resulted in the formation of five
distinct species ~13% (6 = 168.1 ppm and Ypgn = 227 Hz), ~80% (6 = 167.5 ppm and Yprn = 226 Hz), ~1%
(6 = 165.1 ppm and Yprn = 227 Hz), ~3% (6 = 163.4 ppm and Yprn = 224 Hz) and ~3% (6 = 162.8 ppm
and Yprn = 223 Hz). The multiple species observed in the 3!P{*H} NMR of (5)-39a and(R)-39b at —55 °C
most likely corresponds to rotamers — restriction of rotation around the Rh—P bond or biphenyl C—C

bridge torsion angle.
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Fig. 3.3 3'P{*H} VT NMR of (5)-38a in CDCls.
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Fig. 3.4 31P{'H} VT NMR of (R)-38b in CDCls.
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Fig. 3.5 3'P{*H} VT NMR of (5)-39a in CDCls.
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Fig. 3.6 3'P{"H} VT NMR of (R)-39b in CDCl.
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Using 2D NMR spectroscopy, it is possible to investigate chemical and conformational exchange
processes in addition to NOE effects.® 2D exchange spectroscopy (EXSY) has proven to be an effective
method to study multisite exchange pathways under equilibrium conditions with a variety of NMR

active nuclei.’® For example, 2D phase-sensitive 3!P{*H} EXSY NMR experiments have been used to

161 162 163

study the mechanism for dynamic ligand exchange in chiral mercury,*®* palladium™* and rhodium
phosphine complexes, as well as quantitative kinetic analysis of terminal ligand redistribution in a
nickel phosphine complex.!®* We, therefore, sought to combine the low temperature 3P{*H} NMR
study with a 2D phase-sensitive 3'P{*H} EXSY NMR experiment to see if we could detect dynamic ligand
exchange in (5)-39a and (R)-39b: measurements were recorded at —55 °C with a mixing time of 100 ms
(Fig. 3.7). The absence of cross-peaks in the spectra indicates that the three distinct chemical species
observed in (S)-39a and the five distinct chemical species observed in (R)-39b do not participate in
dynamic exchange at this temperature. The broadening and coalescing of peaks above —55 °C

(Figs. 3.5 and 3.6), suggests that this observation does not hold true at elevated temperatures.

We were able to obtain crystals suitable for X-ray crystallography for the complexes (5)-38a, (R)-38b,
(5)-39a and (R)-39b, by slow diffusion of diethyl ether into a DCM solution of the respective complex
(Figs. 3.8-3.11). In the asymmetric unit of both (S)-39a and (R)-39b there are two molecules in different
conformations — an overlay of the crystallographically independent molecules in (R)-39b is provided to
highlight that the torsion angle of the dimethyl substituted biphenyl moiety is of opposite sign in the
two molecules (Fig. 3.12). The phosphonites show monodentate coordination through the
phosphorus, and there is a pseudo-square-planar geometry around the rhodium centre. The Rh—P
bond lengths range from 2.2104(13) A in (R)-38b to 2.2428(13) A in (R)-39b, consistent with literature
values of 2.2112(7) A for an analogous MOP-phosphonite complex reported by Higham et a/.%*® and
2.233(2) A for a related complex employing a hydroxy phosphonite ligand.'*® The Rh—Cl bond lengths
are longer than the Rh—P bond lengths and range from 2.3470(13) A in (R)-39b to 2.3757(12) A in
(R)-39b (the asymmetric unit of (R)-39b contains two different molecules) — the corresponding
literature values (vide supra) of 2.3661(8) A% and 2.371(2) A% |ie within this range. The phosphorus
donor shows a stronger trans influence compared to the chloride in each case, hence for the alkene
trans to the phosphorus, the C—C bond is shorter and the Rh—C bonds are longer than the alkene bound
cis to the phosphorus atom. In (S)-38a and (R)-38b the lower naphthyl fragment of the binaphthyl
backbone is face-to-face with the rhodium centre, whereas in both independent structures of (5)-39a
and (R)-39b it is orientated away from the rhodium centre and faces the biphenyl moiety. As far as we
are aware, (S)-38a and (S)-39a are the first crystallographically characterised examples of H-MOP type

ligands coordinated to rhodium in the literature.
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Fig. 3.7 2D phase-sensitive 3'P{*H} EXSY NMR spectra of (5)-39a (top) and (R)-39b (bottom) in CDCl3 at —55 °C,
with a mixing time of 100 ms. The diagonal and exchange cross-peaks are phased positive (red).

Fig. 3.8 Molecular structure of (S)-38a. Selected average bond distances (A) and angles (°): Rh1—-P1 2.211(2),
Rh1-CI1 2.364(2), Rh1-C17 2.123(8), Rh1-C18 2.116(8), Rh1-C21 2.233(8), Rh1-C22 2.265(8), P1-C2 1.812(8),
P1-01 1.621(6), P1-02 1.619(5), C17-C18 1.426(13), C21-C22 1.358(13); P1-Rh1-CI1 86.00(8), P1-Rh1-C17
93.0(3), P1-Rh1-C18 97.0(3), P1-Rh1-C21 162.7(2), P1-Rh1-C22 162.0(3), C2-C1-C1'-C2' -82.6(10),
C12-C11-C11'-C12' -46.6(11).
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Fig. 3.9 Molecular structure of (R)-38b. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Rh1-P1 2.2104(13), Rh1-Cl1 2.3757(12), Rh1-C18 2.106(4), Rh1-C19 2.129(4),
Rh1-C22 2.243(5), Rh1-C23 2.273(5), P1-C2 1.810(5), P1-01 1.628(3), P1-02 1.628(3), C18—C19 1.404(8),
C22—C23 1.353(7); P1-Rh1-Cl1 86.00(4), P1-Rh1-C18 93.15(14), P1-Rh1-C19 96.99(14), P1-Rh1-C22
162.30(15), P1-Rh1-C23 162.61(14), C2—C1-C1'-C2' —90.9(6), C12—C11-C11'-C12' —43.3(6).

Fig. 3.10 Molecular structure of (S5)-39a (the asymmetric unit comprises two molecules in different
conformations). Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles
(°): (left) Rh1-P1 2.2139(12), Rh1-Cl1 2.3686(17), Rh1-C18 2.110(5), Rh1-C19 2.131(6), Rh1-C22 2.240(5),
Rh1-C23 2.287(5), P1-C2 1.804(5), P1-01 1.621(14), P1-02 1.612(3), C18-C19 1.408(8), C22-C23 1.366(7);
P1-Rh1-Cl1 87.72(6), P1-Rh1-C18 94.71(16), P1-Rh1-C19 93.08(15), P1-Rh1-C22 153.63(13), P1-Rh1-C23
171.16(13), C2-C1-C1'-C2' —89.0(6), C12—C11-C11'-C12' 35(2); (right) Rh2—P2 2.2173(13), Rh2—CI2 2.353(2),
Rh2-C43 2.141(7), Rh2-C44 2.122(6), Rh2—-C47 2.291(6), Rh2—C48 2.248(6), P2—C27 1.816(5), P2—03 1.611(3),
P2-04 1.550(10), C43-C44 1.408(8), C47-C48 1.322(9); P2—Rh2-Cl2 87.72(6), P2—Rh2—-C43 92.83(16),
P2—Rh2—C44 96.29(17), P2—Rh2—C47 173.18(18), P2—Rh2-C48 152.96(17), C27—C26—C26'-C27' —87.0(7),
C37—C36-C36'-C37' —43(3).
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Fig. 3.11 Molecular structure of (R)-39b (the asymmetric unit comprises two molecules in different
conformations). Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles
(°): (left) Rh2—P2 2.2428(13), Rh2—CI2 2.3470(13), Rh2—C45 2.131(5), Rh2—C46 2.134(5), Rh2—C49 2.272(6),
Rh2—-C50 2.237(5), P2—-C28 1.823(5), P2—-04 1.609(3), P2—05 1.615(4), C45—-C46 1.399(8), C49—-C50 1.330(8);
P2—Rh2-CI2 89.62(5), P2—Rh2—C49 173.59(16), P2—Rh2—C50 152.03(16), P2—Rh2—-C45 92.60(15), P2—Rh2—-C46
95.98(15), C28-C27—C27'-C28' —104.6(6), C38—C37—C37'-C38' —43.3(8); (right) Rh1-P1 2.2365(11), Rh1-CI1
2.3529(12), Rh1-C19 2.124(5), Rh1-C20 2.139(5), Rh1-C23 2.249(5), Rh1-C24 2.287(5), P1-C2 1.812(4), P1-01
1.619(3), P1-02 1.611(3), C19-C20 1.414(7), C23—C24 1.358(7); P1-Rh1-ClI1 91.14(4), P1-Rh1-C19 95.88(14),
P1-Rh1-C20 92.01(13), P1-Rh1-C23 150.26(14), P1-Rh1-C24 174.67(14), C2—C1-C1'-C2' -82.8(6),
C12-C11-C11'-C12' 44.4(7).

Fig. 3.12 Two views of an overlay image of the biphenyl moiety in the two independent molecules of (R)-39b.

[Rh(LP),]BF4 complexes

As part of our investigation into the hemilabile aryl coordination of MOP-type ligands,®*°*138 we sought
to synthesise rhodium(I) complexes of the type [Rh(L?);]* using the bulky dimethylbiphenoxy ligands
(5)-30a and (R)-30b. This was achieved by reacting two equivalents of the phosphonite with
[Rh(n%:n%-cod]BF, in DCM; precipitation after addition of diethyl ether led to the isolation of the pure
compounds [Rh((S5)-30a);]BFs (S)-40a and [Rh((R)-30b);]BFs (R)-40b. (S)-40a and (R)-40b were
characterised by multinuclear NMR spectroscopy, HRMS and, for (R)-40b, by X-ray crystallography.
Solution state 3P{*H} VT NMR studies on (5)-40a (Fig. 3.13) and (R)-40b (Fig. 3.14) revealed that the
two phosphorus nuclei are inequivalent, due to the appearance of two resonances with equal intensity,
which are shifted slightly downfield compared to (5)-39a (Fig. 3.5) and (R)-39b (Fig. 3.6). We were able

to measure P—P and P—Rh coupling upon cooling, which gave a doublet of doublets splitting pattern

84



for (S)-40a (YJern = 288 Hz and 294 Hz and %Jpp = 27 Hz) and (R)-40b (YJprn = 283 Hz and 310 Hz and

2Jpp = 32 Hz) — additional low intensity resonances were also observed.
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Fig. 3.13 3'P{*H} VT NMR of (5)-40a in CDCls.
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Fig. 3.14 3'P{*H} VT NMR of (R)-40b in CDCls.

The *H NMR resonances in the spectra of (S)-40a and (R)-40b were slightly broadened and unresolved
at room temperature. However, upon cooling to 5 °C and —20 °C respectively, we were able to observe

the expected number of independent aromatic resonances (38 for (5)-40a and 36 for (R)-40b) and the
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4 independent methyl resonances from the biphenoxy moieties. Using 2D NMR experiments (*H-COSY,
'H-ROESY, HSQC and HMBC) performed at these reduced temperatures, in addition to H, *H{3'P} and
1BC{*H} NMR data, it was possible to unambiguously assign the proton and carbon resonances. The
13C NMR chemical shift data for (S)-40a and (R)-40b reveal that in the solution state, one of the
hemilabile MOP ligands is coordinating to the rhodium atom via an n®-binding mode using the lower
naphthyl ring, in addition to bonding through the P-atom (Fig. 3.15). The carbon atoms in the n®-bound
Ce ring from the P,C-m-donor ligand (B) are shifted upfield compared to those in the solely P-donor
ligand (A), by a magnitude of 8.9 to 26.5 ppm in (S)-40a and 6.5 to 35.7 in (R)-40b (Fig. 3.15). The
resonances attributed to C1' and C4' in ligand B are the most significantly shifted and appear as

doublets with Jvalues of 11.3 Hzand 12.8 Hz in (S5)-40a, and 15.2 Hz and 10.4 Hz in (R)-40b respectively.

<8.9 207
~23.8

-16.7
-13.8™-26.5

Fig. 3.15 Proposed molecular structure and a fragment showing the difference in the **C{*H} NMR coordination
chemical shift (ppm) of ligand B (P,C-mt-donor) relative to that of ligand A (P-donor) for (S)-40a (top) and (R)-40b
(bottom). NMR measurements were taken at 176 MHz in CDClsz at 5 °C for (S)-40a and at 126 MHz in CDCls at
—20 °C for (R)-40b.

The result of having a chelating P,C-mt-donor is saturation of the rhodium coordination sphere (electron
count of 18, counting the arene as a 6 electron donor), this may explain the increased stability we
observed for the [Rh(L?),]BF4 complexes compared to the 16 electron [Rh(L?)(n%:n?-cod)Cl] complexes,

which are prone to oxidation if not handled with care, as witnessed by the presence of a phosphorus(V)
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peak in the 3'P{*H} NMR spectra of (5)-29a, (R)-29b, (5)-30a and (R)-30b. To investigate the presence
of dynamic behaviour on the NMR time scale, Rotating frame Overhauser Effect Spectroscopy (ROESY)
experiments were carried out on a solution of (5)-40a. The 2D phase-sensitive tH-ROESY NMR spectrum
CDCl; at 0 °Cand —50 °C are shown in Fig. 3.16. The ROE signals are negative (blue) and the other cross-
peaks (red) are due to chemical exchange (opposite phase of a true NOE peak). It is clear that at 0 °C
there is dynamic chemical exchange, this behaviour is a result of the hemilabile binding of the
n®-coordinated arene, which dissociates and is replaced by the equivalent face of the second ligand

(Fig. 3.15). Upon cooling to —50 °C this dynamic behaviour ceases and cross-peaks related to chemical

exchange are no longer observed.

|
%

-50°C

Fig. 3.16 2D phase-sensitive *H-ROESY NMR spectrum of (S)-40a in CDCls at 0 °C (top) and —50 °C (bottom), with
a mixing time of 200 ms. The diagonal and exchange cross-peaks are phased positive (red) and the ROE signals
are negative (blue).
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The molecular structure of (R)-40b was elucidated after growing single crystals from the slow diffusion
of hexane into a CDCls solution. There are two crystallographically independent molecules in the
asymmetric unit, which comprises two cations and two BF, anions (Figs. 3.17 and 3.18). In the solid
state, the cations of (R)-40b contain a rhodium atom with two coordinated phosphonites, both ligands
coordinate via the phosphorus atom and, in each case, one ligand acts as a chelating P,C-t-donor via
a second binding mode using the lower naphthyl ring (Figs. 3.17 and 3.18). The Rh—C distances suggest
an n%binding mode, which is consistent with the conclusions drawn from the solution state NMR
experiments performed on this complex, where we propose that the C¢ ring containing the ipso-C
(which happens to be the closest contact) coordinates to the rhodium atom side-on via its m-system
(vide supra). The solid state recognition of this bonding motif for a MOP-type ligand is rare, the only
other known example we are aware of is a related MOP-phosphonite complex that Higham et al.
previously reported with a BINOL moiety on the phosphorus atom;**® the Rh—C distances in both
complexes are comparable. Goldberg reported né-bonding modes in rhodium complexes with 2-

(dicyclohexylphosphino)biphenyl ligands.®®

Fig. 3.17 Molecular structure of one of the cations of (R)-40b (the asymmetric unit comprises two cations and
two anions in different conformations). Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Rh1-P1 2.2117(16), Rh1-P2 2.2008(18), Rh1-C19' 2.200(6), Rh1-C20' 2.311(6),
Rh1-C21'2.312(6), Rh1-C22' 2.278(7), Rh1-C27' 2.445(7), Rh1-C28' 2.492(6), P1-C2 1.816(6), P2—C20 1.817(7);
P1-Rh1-P2 98.62(6), Rh1—P1—C2 111.1(2), Rh1—-P2—C20 105.9(2), C2—C1-C1'-C2' -84.3(8), C12-C11-C11'-C12'
—37.7(11), C20—C19-C19'-C20' —92.6(8), C30—C29—C29'-C30' 40.2(10).
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Fig. 3.18 Molecular structure of one of the cations of (R)-40b (the asymmetric unit comprises two cations and
two anions in different conformations). Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Rh2—P3 2.2148(18), Rh2—P4 2.1743(18), Rh2—C55' 2.174(7), Rh2—C56' 2.314(6),
Rh2-C57'2.321(6), Rh2—-C58' 2.305(7), Rh2—C63' 2.474(7), Rh2—C64' 2.500(6), P3—C38 1.823(7), P4—-C56 1.822(7);
P3-Rh2—-P4 98.97(7), Rh2-P3-C38 111.7(2), Rh2-P4-C56 105.7(2), C38-C37-C37'-C38' —84.4(8),
C48-C47-C47'-C48' —34.7(12), C56—C55—C55'-C56' —92.5(8), C66—C65—C65'-C66' 38(3).

Asymmetric hydrogenation of alkenes

The rhodium-catalysed asymmetric hydrogenation (AH) of prochiral alkenes is a highly useful tool in
organic chemistry, and the reaction has often played a pioneering role in the field of single-enantiomer
synthesis and chiral ligand design.'®® For example, the AH of enamides is a highly useful synthetic
methodology for synthesising chiral amines and amides, compounds which have important
pharmaceutical applications.’®” Chiral monodentate phosphites,'® phosphoramidites!®® and
phosphonites?”®“¢ have proven to be effective ligands in the rhodium-catalysed AH of prochiral
alkenes, proving that the use of chelating ligands is not essential in order to achieve highly
enantioselective catalysis. We decided to test the [Rh(L"),]BFs complexes (S)-40a and
(R)-40b, prepared in situ, in the hydrogenation of a selection of benchmark substrates, dimethyl
itaconate (DMI) and the a-acetamidoacrylates methyl 2-acetamidoacrylate (MAA) and methyl
(2)-2-acetamidocinnamate (MAC) (Table 3.5). DCM was chosen as the solvent based on a report which
found that both the rate and enantioselectivity were improved in the hydrogenation of MAC by a
phosphoramidite complex when using nonprotic solvents.’®¥ |t was also considered that using
anhydrous DCM would limit the risk of catalyst decomposition. In the AH of DMI we were able to obtain
reasonable conversion after 48 h; however, the reaction did not proceed enantioselectively (Table 3.5,
entries 1 and 2). With the substrate MAA the conversion was low (Table 3.5, entries 3 and 4) and with

MAC it was negligible (Table 3.5, entries 5 and 6). Although, we did obtain a moderate ee for MAC

89



when employing (R)-30b as ligand (Table 3.5, entry 6). The low ees may be due to hydrogenation of
the coordinated lower naphthyl ring as suggested by Chauvin for a Rh-H-MOP catalyst,’° who
proposed that the energy barrier to binaphthyl rotation in this ligand would be lowered significantly

compared to the parent H-MOP ligand, reducing the enantiocontrol of the catalyst.

Table 3.5 Rhodium-catalysed asymmetric hydrogenation of prochiral alkenes.?

L " J\/
CO,Me —_— CO,Me
MeO,C 2 MeO,C”* 2
DMI
i A
e L
MeO,C NHAc MeO,C NHAc
MAA
Ph Ph
. x
| — < >
MeO,C~ "NHAc MeO,C” * "NHAc
MAC
Ligand Substrate Conversion® ee
1 (5)-30a DMI 47 o¢
2 (R)-30b DMI 70 o¢
3 (5)-30a MAA 26 1 (R)?
4 (R)-30b MAA 8 3 (s)
5 (5)-30a MAC <1 -
6 (R)-30b MAC 3 34 (S)®

30.1 mol% [Rh(LP)2]BF4 catalyst, generated in situ, in DCM at room temperature and 2 bar pressure for
48 h. ® % Conversion determined by *H NMR spectroscopy. ¢ Absolute configuration was assigned by
comparison to authentic samples. ¢ % ee determined by chiral GC (Supelco B-dex). ¢ % ee determined
by chiral HPLC (Lux Cellulose) with hexane/2-propanol (90:10).

Asymmetric hydroformylation of styrene

Asymmetric hydroformylation (AHF) is a very atom-economic, efficient synthetic route towards chiral
aldehydes, one of the most versatile organic functional groups. The reaction proceeds via the transition
metal-catalysed reaction of alkenes with syngas,’”* and has many potential applications in the fine
chemical and pharmaceutical industries.?’? It has long been known that rhodium complexes are able
to catalyse hydroformylation reactions,® and that diphosphine and phosphite ligands can act as highly
regio- and enantioselective ligands in AHF reactions.'”® The AHF of styrene analogues is an industrially
relevant reaction due to the pharmacological importance of a number of the 2-aryl propionic acid

derivatives accessible from the products of this reaction. For example, (S)-naproxen,
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(S)-ibuprofen, (R)-flurbiprofen and (S)-ketoprofen are important non-steroidal anti-inflammatory
drugs (NSAIDs).'”* However, the use of monodentate ligands in these transformations is
underdeveloped. To the best of our knowledge, Beller and co-workers reported the best literature
result for the AHF of styrene with a monodentate ligand in a rhodium-phosphepine complex
(48% ee).r”* The poor yield for this reaction (17%) demonstrates the scope for progression in this area
of research. Substitution of P-C bonds with P—O bonds in the ligand in hydroformylation catalysts often
results in increased rates of reaction, as this facilitates the dissociation of CO from the metal.!”?
Therefore, we speculated that our series of MOP-phosphonite ligands could be promising candidates
for this transformation due to their weak o-donor but strong m-acceptor properties. The six MOP-
phosphonites and two MOP-phosphines were screened in the AHF of styrene using 0.1 mol% of a
catalyst prepared in situ from the reaction of [Rh(acac)(CO);] with the ligand in a Rh:P ratio of 1:2. The
reactions were performed at a pressure of 40 bar syngas over 16h and at a moderate temperature of

36 °C (Table 3.6).

Table 3.6 Rhodium-catalysed asymmetric hydroformylation of styrene.

0.1 mol% [Rh(acac)(CO),]

0.2 mol% Ligand J\
PR X 40 bar syngas g Ph/\/CHO T Ph7TCHO
CeDg, 36 °C, 16 h
Ligand Conversion® Iso/n® ee°
1 (S)-H-moOP 47 19 6 (S)
2 (R)-MeO-MOP 53 24 6 (S)
3 (S)-28a 99 18 3(R)
4 (R)-28b >99 15 4(S)
5 (S)-29a 96 16 6 (R)
6 (R)-29b 97 15 1(R)
7 (S)-30a 98 12 1(S)
8 (R)-30b >99 16 12 (S)

2 9% Conversion determined by 'H NMR spectroscopy. ? Ratio determined by *H NMR spectroscopy. ¢ % ee
determined by chiral GC (Supelco B-dex); absolute configuration was assigned according to literature data.

It is clear that the phosphonite ligands (Table 3.6, entries 3-8) far outperformed their phosphine
counterparts (Table 3.6, entries 1 and 2) with respect to conversion. Very high conversions were
obtained in each case, and complete conversion was achieved when the MeO-MOP-phosphonites
(R)-28b and (R)-30b were employed as the ligand. The product was a mixture of the linear (n) and

branched (iso) isomers. The desired iso-aldehyde was formed in a large excess: iso/n ranged from
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12-18 for the phosphonite catalysts (Table 3.6, entries 3-8) and was slightly higher (19-24) for the
phosphine analogues (Table 3.6, entries 1 and 2). Unfortunately, the enantioselectivity in these
reactions was found to be low, the best result being a 12% ee when employing the ligand (R)-30b
(Table 3.6, entry 8). However, the high conversions and regioselectivity observed in these
non-optimised conditions with a low catalyst loading, does indicate that modified reaction

conditions'’* and further ligand development could lead to promising AHF catalysts.

Asymmetric addition of phenylboronic acid to an isatin

Hayashi and co-workers reported the rhodium-catalysed asymmetric addition of arylboronic acids to
isatins, in an attempt to develop an asymmetric strategy towards the synthesis of natural products and
biologically active compounds containing the 3-aryl-3-hydroxy-2-oxindole structural motif.}’”> They
were able to catalyse the reaction using a Rh(I)/(R)-MeO-MOP complex, achieving enantioselectivities
of up to 91%. We, therefore, tested our series of MOP-phosphonite ligands in the addition of
phenylboronic acid to 1-(p-methoxybenzyl)-5-chloroisatin (Table 3.7, entries 3-8). We also used the
ligand (R)-MeO-MOP to allow us to compare our procedure to the literature data (Table 3.7, entry 2);

both the conversion and the ee are in agreement with the literature values.'”

Table 3.7 Rhodium-catalysed asymmetric addition of phenylboronic acid to 1-(p-methoxybenzyl)-5-chloroisatin.

0 2.5 mol% [Rh(C5Hy4),Cll HO
Cl 10 mol% Ligand cl Ph
O + PhB(OH), .~ N0
N KOH (15 mol%) N
\
PMB THF/H,0 (20:1) PMB
50 °C, 24 h
Ligand Conversion? ee®
1 (S)-H-MOP >99 70 ()
2 (R)-MeO-MOP 83 (92)° 88 (S) (90)°
3 (5)-28a 0 _
4 (R)-28b 0 _
5 (5)-29a 20 32(8)
6 (R)-29b 43 39(S)
7 (S)-30a 41 32(S)
8 (R)-30b 40 11(S)

2 9% Conversion determined by *H NMR spectroscopy. ® % ee determined by chiral HPLC (Lux Cellulose)
with hexane/2-propanol (80:20); absolute configuration was assigned according to literature data.
¢lsolated yield and ee reported by Hayashi et al. in parenthesis.
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The ligands (S)-28a and (R)-28b failed to provide any conversion, which we suspect is due to the
reaction conditions that include water — both ligands have proven to be sensitive to hydrolysis during
our previous studies.® The biphenoxy derived ligands (R)-29b, (S)-30a and (R)-30b fared better,
generating conversions of between 40-43%. Ligand (S)-29a gave approximately half the conversion of
(R)-29b. However, we have found that this ligand is the most sensitive to decomposition out of the
biphenoxy series, and this is possibly the reason for the reduced activity. The H-MOP-phosphonites
(5)-29a and (R)-30a gave matching ees (Table 3.7, entries 5 and 7), whereas the MeO-MOP analogues
gave very different ees (Table 3.7, entries 6 and 8). Ligand (R)-30b produced a notably low value of
11%, with (R)-29b giving the highest value of 39% ee in this biphenoxy series. We can also report, to
the best of our knowledge, the first application of a Rh(I)/(S)-H-MOP complex to catalyse the
asymmetric addition of phenylboronic acid to 1-(p-methoxybenzyl)-5-chloroisatin. The reaction

proceeded with complete conversion and achieved a good ee of 70% (Table 3.7, entry 1).

3.2.5 Palladium(II) complexes and catalysis

Palladium-mediated cross-coupling reactions are a widely used route to form C-C, C—N, C-O and C-S
bonds in organic synthesis.’’® One of the most frequently applied synthetic methodologies used to
form carbon—carbon bonds is the palladium-catalysed Suzuki-Miyaura cross-coupling reaction of a
boronic acid with an organic halide.!”” The importance of this transformation in modern organic
synthesis resulted in Suzuki being awarded a share of the 2010 Nobel Prize in Chemistry.'’® In these
reactions, electron rich and bulky phosphine ligands are most often preferred.’’® However, a DFT
computational study by Harvey and co-workers into phosphine donor/acceptor and steric features
found that the transmetallation process in the catalytic cycle has a lower energy barrier for weak
o-donor and strong m-acceptor ligands.’®® Iwasawa and co-workers reported high vyields and
enantioselectivities (up to 91% and 78% respectively) in Suzuki-Miyaura cross-coupling reactions of
aryl chlorides employing bulky, chiral phosphonite ligands with low catalyst loadings possible
(0.1 mol%).1%* We, therefore, decided to synthesise palladium(II) dichloride complexes of our
MOP-phosphonite ligands and tested their ability to catalyse the preparation of axially chiral biaryl
compounds from aryl bromides and arylboronic acids, a field where a number of monophosphines

have shown high activity and enantioselectivities (Tables 3.8 and 3.9).28!

Buchwald and co-workers have shown that palladium complexes of the electron-rich binaphthyl
P,N-ligand KenPhos can be applied in these reactions, with the resultant axially chiral biaryl products
having high enantiomeric enrichment.'®? The enantioselective synthesis of molecules with a binaphthyl
backbone from naphthalene derivatives is interesting as this can facilitate a route to chiral

monophosphine ligands such as those reported in this thesis. This was demonstrated by Ma and Yang
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who used a Suzuki-Miyaura cross-coupling reaction as part of their strategy to obtain optically pure
H-MOP.'® Palladium complexes using axially chiral biphenyl P,N- and P,O-ligands with a
2,4-pentanediol-tethered ether bridge have been successfully employed in the asymmetric synthesis
of multifunctionalised, axially chiral biaryl phosphonates.'® The same group subsequently reported
enantiomeric excesses of up to 97% using the dicyclohexylphosphine analogue of MeO-MOP.%8 |t has
also been reported that MeO-MOP stabilised palladium nanoparticles can catalyse the coupling of
1-bromo-2-methoxynaphthalene and naphthalene-1-boronic acid, albeit the unoptimised reaction
gave only moderate conversion (50%) and low enantioselectivity (12%).18 However, to the best of our

knowledge there are no reports of MOP-phosphonite ligands being employed in this type of reaction.

Asymmetric Suzuki-Miyaura cross-coupling reactions
We chose to test our series of MOP ligands in the palladium-catalysed reaction between
1-bromo-2-methoxynaphthalene and naphthalene-1-boronic acid in order to synthesise the axially

chiral molecule 2-methoxy-1,1'-binaphthyl (Table 3.8).

Table 3.8 Asymmetric Suzuki-Miyaura coupling of naphthalene-1-boronic acid with

1-bromo-2-methoxynaphthalene.
2 mol% [Pd(MeCN),Cl,] OO
4 mol% Ligand
SOWROS .
OMe Cs,CO0O3, Toluene
Br B(OH), 80 °C

Ligand Conversion? ee®
30 min 1h 16 h
1 (S)-H-MOP 86 94 95 4 (R)
2 (R)-MeO-MOP 98 >99 - 8 (R)
3 (5)-28a 66 83 94 21 (R)
4 (R)-28b >99 - - 1(8)
5 (5)-29a 42 51 75 12 (R)
6 (R)-29b 84 91 95 27 (R)
7 (S)-30a 54 65 85 11(5)
8 (R)-30b 89 90 98 42 (R)

2 % Conversion determined by 'H NMR spectroscopy. ® % ee determined by chiral HPLC (Lux Cellulose) with
hexane/2-propanol (99:1); absolute configuration was assigned according to literature data.

The catalyst was generated by stirring two equivalents of the corresponding ligand with

[Pd(MeCN),Cl,] in DCM for 2 hours at room temperature, before removing the volatiles under vacuum.
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The reactions were all performed with caesium carbonate as the base, toluene as the solvent and at a
temperature of 80 °C. The results of the coupling reaction with 1-bromo-2-methoxynaphthalene are
given in Table 3.8. All of the MeO-MOP type ligands proceeded with almost complete conversion. The
reaction was complete within 30 minutes when (R)-28b was employed as the ligand and within 1 hour
with (R)-MeO-MOP. Longer reaction times were required to reach 295% conversions with (R)-29b and
(R)-30b (Table 3.8, entries 2, 4, 6 and 8). The H-MOP type ligands generally had lower conversions and
the reaction times were longer compared to their methoxy analogues. Although (S)-H-MOP had a high
conversion after 1 hour, it took (5)-28a 16 hours to reach the same level; (5)-29a and (S)-30a both had
lower conversions and required longer reaction times (Table 3.8, entries 1, 3, 5 and 7). There was no
additional conversion observed between 16 and 24 hours reaction time. The reactions with
(R)-MeO-MOP and (R)-28b were the quickest in the series (Table 3.8, entries 2 and 4); however, the
enantioselectivity was negligible. It was markedly improved when using the biphenoxy based
phosphonites (R)-29b and (R)-30b (Table 3.8, entries 6 and 8), which were the highest
enantioselectivities obtained (27% and 42% respectively). The H-MOP biphenoxy phosphonite ligands
(Table 3.8, entries 5 and 7) had lower values for the ee than their methoxy counterparts. It is
noteworthy that the phenoxy derived phosphonite (5)-28a achieved the highest ee in the H-MOP
ligands, whereas (R)-30b was the best MeO-MOP ligand.

After screening the electron donating methoxy substituted naphthalene, we were also interested in
investigating the effects of replacing the functional group with a weakly donating methyl moiety. The
results of the coupling reactions of 1-bromo-2-methylnaphthalene with naphthalene-1-boronic acid to
synthesise 2-methyl-1,1'-binaphthyl are given in Table 3.9. In comparison to the results obtained with
the methoxy substituted substrate, the conversions obtained are significantly lower in all cases and,
with the exception of (5)-28a and (5)-30a (Table 3.9, entries 3 and 7), only a minor improvement to the
conversion is made by leaving the reactions longer than 30 minutes. As with the methoxy substituted
substrate, there was no additional conversion between 16 and 24 hours reaction times. The ees
improved using 1-bromo-2-methylnaphthalene compared to 1-bromo-2-methoxynaphthalene — the
value of the ee increased for every ligand used in the screening (Tables 3.8 and 3.9). There is no
significant variation in the conversion observed between analogous ligands in the H-MOP and
MeO-MOP series (Table 3.9). However, there is a consistent pattern of the ee being higher for the
MeO-MOP ligands in each case. The enantioselectivity for the diphenoxy ((S)-28a) and
dimethylbiphenoxy ((S)-30a) phosphonites was similar (Table 3.9, entries 3 and 7), whereas it was
noticeably lower for the biphenoxy ligand (S)-29a, which had an ee close to that obtained with the
parent phosphine (S)-H-MOP (Table 3.9, entries 1 and 5). For the MeO-MOP series, the ee doubled

upon changing the ligand from (R)-MeO-MOP to (R)-28b. However, this was accompanied by a ~50%
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reduction in the conversion (Table 3.9, entries 2 and 4). The ligands (R)-29b and (R)-30b achieved
higher conversions than (R)-28b (Table 3.9, entries 4, 6 and 8), with (R)-29b affording an ee similar to
that of (R)-28b. Out of all the ligands tested, (R)-30b achieved the highest ee of all (49%).

Table 3.9 Asymmetric Suzuki-Miyaura coupling of naphthalene-1-boronic acid with

1-bromo-2-methylnaphthalene.
2 mol% [Pd(MeCN),Cl5]
OO 4 mol% Ligand
Cs,CO3, Toluene
Br B(OH), 80 °C

+
Y

Ligand Conversion? ee®
30 min 1lh 16 h
1 (S)-H-MOP 50 52 55 19(5)
2 (R)-MeO-MOP 47 48 53 21 (S)
3 (S)-28a 26 31 38 30 (5)
4 (R)-28b 24 25 26 42 (S)
5 (5)-29a 32 33 40 17 (S)
6 (R)-29b 32 34 38 43 (S)
7 (5)-30a 27 38 46 32(S)
8 (R)-30b 41 42 47 49 (S)

2 % Conversion determined by 'H NMR spectroscopy. ® % ee determined by chiral HPLC (Lux Cellulose) with
hexane/2-propanol (99:1); absolute configuration was assigned according to literature data.

[Pd(LP),Cl;] complexes

In an effort to investigate the solution and solid state properties of our Suzuki-Miyaura catalysts, the
complexes [Pd((S)-30a),Cl,] (S)-41a and [Pd((R)-30b).Cl;] (R)-41b were synthesised by reacting
[Pd(MeCN),Cl;] with two equivalents of the corresponding phosphonite ligand in DCM. We were able
to able to obtain single crystals of (S)-41a and (R)-41b suitable for X-ray crystallographic analysis, from
CDCls/hexane and DCM/diethyl ether respectively. (S)-41a crystallised as two pseudo-polymorphs. One
is in a monoclinic space group as a solvate with three chloroform molecules (Fig. 3.19), whereas the
second pseudo-polymorph is the same main molecule but in an orthorhombic space group with one
chloroform molecule (Fig. 3.20); an overlay image of the two pseudo-polymorphs has been provided
(Fig. 3.21). (R)-41b crystallised in a monoclinic space group and the asymmetric unit contains two
disordered molecules of DCM in multiple orientations (Fig. 3.22). Both pseudo-polymorphs of

(S)-41a and (R)-41b have a square-planar geometry about the palladium centre and the phosphonite
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ligands are in a cis orientation. The P-Pd—P bond angles are 99.79(5)° and 101.16(3)° for (S)-41a and
100.73(4)° for (R)-41b. The Pd—P bond lengths range from 2.2234(9) to 2.2331(15) A in (S)-41a and are
2.2329(11) A and 2.2354(11) A in (R)-41b, and the Pd—Cl bond lengths range from 2.3302(9) to
2.3485(15) Ain (S)-41a and are 2.3359(11) A and 2.3379(11) A in (R)-41b.

Fig. 3.19 Molecular structure of (S)-41a, pseudo-polymorph 1. Hydrogen atoms have been omitted for clarity.
Selected average bond distances (A) and angles (°): Pd1-P1 2.2246(14), Pd1-P2 2.2331(15), Pd1-Cl1 2.3372(15),
Pd1-ClI2 2.3485(15), P1-C2 1.811(6), P1—-01 1.596(4), P1-02 1.597(4), P2—C19 1.807(6), P2—03 1.594(4), P2—04
1.598(4); P1-Pd1-P2 99.79(5), P1-Pd1-Cl1 175.23(6), P1-Pd1-Cl2 84.30(5), C2-C1-C1'-C2' -94.3(7),
C12—C11-C11'-C12' 45.6(9), C19—C18-C18'-C19' —87.6(7), C29—C28—C28'-C29' 44.1(8).

Fig. 3.20 Molecular structure of (S)-41a, pseudo-polymorph 2. Hydrogen atoms have been omitted for clarity.
Selected average bond distances (A) and angles (°): Pd1-P1 2.2234(9), Pd1-P2 2.2302(10), Pd1-CI1 2.3411(9),
Pd1-ClI2 2.3302(9), P1-C2 1.807(4), P1-01 1.598(3), P1-02 1.596(3), P2—C19 1.803(4), P2—03 1.599(3), P2—04
1.597(3); P1-Pd1-P2 101.16(3), P1-Pd1-Cl1 170.96(4), P1-Pd1-Cl2 84.57(4), C2—C1-C1'-C2' —89.9(5),
C12-C11-C11'-C12' 47.1(7), C19—C18-C18'-C19' —93.0(5), C29—C28-C28'-C29' 45.4(6).
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Fig. 3.22 Molecular structure of (R)-41b. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): Pd1—-P1 2.2354(11), Pd1-P2 2.2329(11), Pd1-Cl1 2.3359(11), Pd1-CI2 2.3379(11),
P1-C2 1.793(4), P1-01 1.605(3), P1-02 1.593(3), P2—-C20 1.806(4), P2—04 1.586(3), P2—05 1.595(3); P1-Pd1-P2
100.73(4), P1-Pd1-Cl1 169.34(4), P1-Pd1-CI2 84.88(4), C2—C1-C1'-C2' —89.5(6), C12—C11-C11'-C12' 44.0(7),
C20—C19-C19'-C20' —96.0(5), C30—C29-C29'-C30' 45.0(7).

The X-ray structure of the complex [Pd((R)-MeO-MOP),Cl,] was reported by Hayashi et al. and reveals
that the MOP-phosphine ligands are in a trans orientation, unlike that seen for our MOP-phosphonite
ligands: the Pd—P bond lengths in trans-[Pd((R)-MeO-MOP),Cl,] are 2.339(2) A and 2.344(15) A and the
P—Pd-P bond angle is 174.95(8)°.1*® The X-ray structure of a related complex with the chloride atoms
replaced by fumaronitrile (trans-1,2-dicyanoethylene) and where the palladium is in a zero oxidation
state, [Pd((S)-MeO-MOP),(fumaronitrile)], was reported by Pregosin. The molecule lies on a C2 axis
and the MOP-phosphine ligands are in a cis orientation, the P-Pd—P bond angle is 114.11(3)° and the
Pd—P bond length is 2.3588(8) A.2¥” The Pd—P bond lengths in these MeO-MOP-phosphine complexes
are significantly longer than those found in our MOP-phosphonite complexes. A phosphonite complex

analogous to (S)-41a and (R)-41b, cis-[Pd(P(OMe),Ph),Cl;], which has a crystallographic twofold
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rotation axis, has a Pd—P bond length of 2.2300(16) A and a P-Pd—P bond angle of 100.88(2)°, values

which are very similar to those found in (S)-41a and (R)-41b.%®

(5)-41a and (R)-41b were analysed in the solution state through multinuclear NMR spectroscopy
(Figs. 3.23 and 3.24). For (S)-41a two broad peaks in the 3!P{*H} NMR spectrum were observed at 25
°C, a large peak at 144.3 ppm and a smaller peak at 142.8 ppm, which correspond to the cis and trans
isomers (Fig. 3.23). We also observed a broad multiplet of low intensity over the range 146-147 ppm;
upon cooling the solution we began to observe a sharpening of these peaks, and at —40 °C two doublets
centred at 145.9 ppm and 147.0 ppm with a % value of 73.0 Hz were resolved (see expansion,
Fig. 3.23). The inequivalence of these two phosphorus nuclei may be a result of rotamers, presumably
due to restricted rotation about the biphenyl C—C bridge or rotation about the Pd—P bonds. For
(R)-41b one broad peak was observed in the 3'P{*H} NMR spectrum at room temperature. As the
temperature was lowered, the peak width decreased and a new small peak was observed, shifted
~0.1 ppm upfield from the main peak — again this could indicate the presence of cis and trans isomers
(Fig. 3.24). Two very low intensity doublets shifted ~7 ppm downfield from the main peak were
observed with a J value of ~72 Hz (see expansion, Fig. 3.24), similar to that seen in (S)-41a and again

indicative of rotamers.
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Fig. 3.23 3P{*H} VT NMR of (5)-41a in CDCls. An expansion of the region 145-148 ppm is provided for the NMR
spectrum obtained at —40 °C.

99



25°C

Nl
l
J\

L

-20°C

-40°C

T T T T T T T T T T T T
147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 132

Fig. 3.24 3P{*H} VT NMR of (R)-41b in CDCls. An expansion of the region 144-148 ppm is provided for the NMR
spectrum obtained at —40 °C.

3.3 Summary

We have presented a series of reactions that were performed in order to further our research into
finding applications for enantiopure MOP-phosphonite ligands in asymmetric catalysis. The
experimental and computational data has been used to quantify the steric and electronic donor
properties within a ligand series we have designed, and used DFT calculations to explain previously
reported findings that rotation about the aryl-aryl junction in the biphenyl moiety of (5)-29a, (R)-29b,
(S)-30a and (R)-30b is unrestricted under standard conditions. Rhodium(I) complexes of chiral MOP-
phosphonites were prepared and detailed NMR and X-ray crystallographic analyses of these
compounds were presented, both of which have supported the existence of M-t interactions in
complexes of the type [Rh(L?),]* with one ligand acting as a chelating P,C-rt-donor. In the rhodium-
catalysed asymmetric hydroformylation reaction of styrene, the MOP-phosphonite ligands proved to
be high yielding and regioselective for the branched isomer with low catalyst loadings. The synthesis
of palladium dichloride complexes of MOP ligands and their application as catalysts in asymmetric
Suzuki-Miyaura cross-coupling reactions has been reported, with enantioselectivities of up to 49%
achieved using unoptimised reaction conditions. It was demonstrated that is possible to tune the
electron donor and steric properties of our MOP-phosphonite ligands. In future work we aim to tailor
the biphenyl moiety, to investigate the consequences of increased steric bulk and hindrance to rotation
about the aryl-aryl junction on the selectivity of the next generation ligands in asymmetric catalytic

transformations.
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3.4 Experimental Procedures

All air- and/or water-sensitive reactions were performed under a nitrogen atmosphere using standard
Schlenk line techniques in oven dried glassware. Solvents were freshly distilled prior to use; toluene
was dried over sodium, tetrahydrofuran and diethyl ether were dried over sodium/benzophenone and
dichloromethane was dried over calcium hydride. Hexane was dried over sodium/benzophenone and
d-chloroform was dried over phosphorus pentoxide, prior to distillation and storage over molecular
sieves.  (§)-H-MOP,%®  (R)-MeO-MOP,*?”  platinum(Il)  dichloride triethylphosphine,*
chloro(1,5-cyclooctadiene)rhodium(I),*®  bis(1,5-cyclooctadiene)rhodium(l) tetrafluoroborate,**®®
MAC,*** chlorobis(ethylene)rhodium(I),%? 1-(p-methoxybenzyl)-5-chloroisatin,”®
bis(acetonitrile) dichloropalladium(II)**® and 1-bromo-2-methoxynaphthalene!®® were prepared
according to literature procedures. All other chemicals were used as received without further
purification. Flash chromatography was performed on silica gel (Fluorochem, 60A, 40-63 um).
Thin-layer chromatography was performed on Merck silica gel coated aluminium sheets with
fluorescent indicator (UV2s4), UV light was used for indicating. Melting points were determined in open
glass capillary tubes on a Stuart SMP3 melting point apparatus. Optical rotation values were
determined on an Optical Activity Polaar 2001 device. Infrared spectra were measured on a Varian 800
FT-IR Scimitar Series spectrometer. *H, 3C{*H} and 3!P{*H} NMR spectra were recorded on a Bruker 700
(*H 700.13 MHz), Bruker 500 (*H 500.15 MHz), JEOL 400 (*H 399.78 MHz) or Bruker 300
(*H 300.13 MHz) spectrometer at room temperature (21-25 °C) if not otherwise stated, using the
indicated solvent as internal reference. 2D NMR experiments (*H-'H COSY, 'H-'H ROESY, HSQC and
HMBC) were used for the assignment of proton and carbon resonances, the numbering scheme is given
in Fig. 3.25. High-resolution mass spectrometry was carried out by the EPSRC National Mass
Spectrometry Facility, Swansea. Analytical gas chromatography was performed on a Shimadzu GC2014
instrument with a flame ionisation detector, using a Supelco B-dex™ 225 capillary column (L = 30 m,
I.D. =0.25 mm, d¢ = 0.25 um) and helium (purge flow 3 ml/min) as the carrier gas. High-performance
liqguid chromatography was performed on a Shimadzu Prominence UFLC instrument with a UV-Vis

absorbance detector, using a Lux® 5u Cellulose-1 or Lux® 5u Cellulose-3 column (250 X 4.6 mm).

Fig. 3.25 Numbering scheme used to assign proton and carbon resonances in the NMR spectra.
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3.4.1 Ligand properties

General procedure for the synthesis of L"(Se).

The ligand (50.0 umol, 1.0 eq.) and potassium selenocyanate (14.4 mg, 100 umol, 2.0 eq.) were
dissolved in THF (1.0 mL) and stirred at 50 °C for 2 h, after which the volatiles were removed in vacuo.
The residue was dissolved in CDCls, filtered through Celite® and the solution was analysed by

31p{I1H} NMR spectroscopy.

General procedure for the synthesis of trans-[Rh(L?)2(CO)CI] complexes.
The ligand (12.4 pumol, 1.0 eq.) and rhodium(I) dicarbonyl chloride dimer (1.2 mg, 3.1 umol, 0.25 eq.)
were dissolved in DCM (0.5 mL) and stirred at room temperature for 15 min, after which the solution

was concentrated and analysed by IR spectroscopy.

General procedure for the synthesis of [Pt(L")(PEts)Cl;] complexes.
The ligand (50.0 umol, 1.0 eq.) and platinum(II) dichloride triethylphosphine dimer (19.2 mg,
25.0 umol, 0.5 eq.) were dissolved in CD,Cl; (0.6 mL) and stirred at room temperature for 30 min, after

which the solution was analysed by 3!P{*H} NMR spectroscopy.

3.4.2 General procedure for the synthesis of [Rh(L")(n?:n*cod)Cl] complexes.

The phosphonite ligand (40.0 umol, 1.0 eq.) and chloro(1,5-cyclooctadiene)rhodium(I) dimer (9.9 mg,
20 umol, 1.0 eq.) were dissolved in DCM (0.5 mL) and stirred at room temperature for 10 min, after
which the 3P{*H} NMR spectrum showed no free ligand resonance. To remove small quantities of a
phosphorus(V) impurity, the solution was diluted with diethyl ether/hexane and cooled in a salt/ice

bath until the pure title compound precipitated as a yellow solid.
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3.4.3  [Rh((S)-29a)(n%:n*-cod)Cl] (S)-38a

OO F’/\Oo : [Rh (7% 8H12)CI]2‘ OO P
DCM \

99 - L) e

Cl \

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 206-208 °C (decomp.). IR (neat): v = 3064.4 (w), 2918.2 (m), 1495.1 (m), 1472.2 (m), 1434.7 (s),
1368.4 (w), 1244.9 (m), 1197.8 (s), 1094.6 (s), 1015.9 (m), 953.0 (w), 895.2 (s), 869.4 (s), 820.2 (w),
781.8 (s), 748.0 (s), 674.4 (m), 633.8 (m) cm™. 'H NMR (500 MHz, CDCls, 50 °C): 6 (ppm) = 8.14 (d,
3Jun = 8.3 Hz, 1H, H4), 8.05 (d, *Jus = 8.2 Hz, 1H, H5), 8.02-7.98 (m, 2H, H6'), 7.88 (d, 3/un = 8.2 Hz, 1H),
7.83 (d, 3w = 8.7 Hz, 1H, H5'), 7.79 (apparent-t (dd), J = 7.6 Hz, 1H, H3), 7.56 (ddd, 3/ = 8.2 Hz,
3Jun = 6.8 Hz, Yy = 1.2 Hz, 1H, H6), 7.54-7.48 (m, 4H, H4'), 7.41 (ddd, 3/un = 8.4 Hz, 3Jun = 6.8 Hz,
*Jun = 1.3 Hz, 1H, H7), 7.39-7.29 (m, 6H, H7/H8), 6.76 (ddd, 3/uu = 8.6 Hz, 3Juy = 6.8 Hz, J = 1.2 Hz, 1H,
H3'), 7.00 (d, 3Juy = 8.6 Hz, 1H, H2'"), 5.35 (br s, 1H, cod-CH), 5.01 (br s, 1H, cod-CH), 2.61 (br s, 2H,
cod-CH), 2.09-1.99 (m, 1H, cod-CH-), 1.73-1.56 (m, 5H, cod-CH,), 1.43-1.37 (m, 2H, cod-CH.). B3C{*H}
NMR (126 MHz, CDCls, 50 °C): & (ppm) = 151.1 (overlapping-d, C12/C12'), 143.1 (d, 2Jep = 24.6 Hz, C1),
135.5 (d, YU = 8.0 Hz, €2), 133.4 (d, “Jep = 1.5 Hz, €9'), 133.9 (€9), 133.6 (€10), 133.6 (d, ¥ep = 11.0 Hz,
C1'), 131.2 (C6'), 130.9, 129.8, 129.5, 129.2 (m, C8), 129.0 (C4), 128.0 (C10'), 127.7 (C5), 127.5 (C4"),
127.2 (m, C2'/C5'), 126.4 (C3'), 126.2 (C6), 126.0 (C7), 125.6 (d, Jep = 3.1 Hz), 125.4, 125.1 (C3), 123.4,
122.5, 111.4 (dd, J = 14.3 Hz, J = 5.8 Hz, cod-CH), 109.8 (m, cod-CH), 70.8 (m, cod-CH), 70.1 (m,
cod-CH), 32.9 (cod-CH,), 31.7 (cod-CH,), 27.6 (cod-CH,), 27.1 (cod-CH,). 3'P{*H} NMR (202 MHz, CDCls,
50 °C): & (ppm) = 162.9 (d, Yprn = 224 Hz). HRMS (NSI*, DCM/MeOH + NH4OAc): Found: m/z = 571.0319.
Calculated for [M — (Cl + cod)]*: m/z = 571.0329.
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3.4.4 [Rh((R)-29b)(n*n*cod)Cl] (R)-38b

. o}
OO P/\OO : [Rh (1% 1 oHiOll OO P
OMe Q o\
O DCM \
O OO /Rh/
Cl \

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 236-238 °C (decomp.). IR (neat): v = 3054.8 (w), 1593.1 (w), 1495.7 (m), 1471.0 (m), 1434.5 (s),
1195.5 (s), 1124.6 (w), 1092.5 (m), 1050.3 (m), 961.9 (w), 894.0 (s), 873.9 (s), 817.9 (m), 779.2 (s), 747.5
(m), 743.2 (s), 673.8 (s), 637.0 (s) cm™. H NMR (500 MHz, CDCls, 25 °C): 6 (ppm) = 8.21 (d, 3wy =9.1
Hz, 1H, H4'), 7.98 (d, 3Jus = 8.2 Hz, 1H, H5'), 7.95 (dd, 3/un = 8.7 Hz, 3Jup = 6.2 Hz, 1H, H3), 7.89 (d,
3Ju = 8.2 Hz, 1H, H5), 7.86-7.77 (br's, 1H), 7.80 (d, 3w = 8.7 Hz, 1H, H4), 7.56 (d, 3/un = 9.1 Hz, 1H, H3'),
7.55-7.45 (m, 4H, H6), 7.42 (ddd, 3Juy = 8.2 Hz, 3Juu = 6.2 Hz, *Jun = 1.8 Hz, 1H, H6'), 7.39-7.32 (m, 3H,
H7'/H8'), 7.27-7.21 (m, 2H, H7), 7.20-7.08 (m, 2H), 7.01 (d, 3w = 8.6 Hz, 1H, H8), 5.30 (br s, 1H,
cod-CH), 4.59 (br s, 1H, cod-CH), 3.88 (s, 3H, OCHs), 2.85 (br s, 1H, cod-CH), 2.55 (br s, 1H, cod-CH),
1.95-1.86 (m, 1H, cod-CHa), 1.63-1.57 (m, 3H, cod-CHa), 1.51-1.45 (m, 3H, cod-CHa), 1.45-1.38 (m, 1H,
cod-CH,). 3C{*H} NMR (126 MHz, CDCls, 25 °C): & (ppm) = 155.7 (C2'), 151.3 (overlapping-d, C12/C12"),
140.1 (d, Yep = 24.9 Hz, C1), 135.1 (C10), 134.7 (C9'), 133.2 (d, Yer = 11.1 Hz, C2), 131.4, 131.1 (C4"),
130.8, 129.8, 129.2, 129.0 (m, C6/C10'), 128.1 (C5), 127.6, 127.2 (C5'), 127.0 (d, ¥Jcp = 5.9 Hz, C4), 126.7
(C7'), 126.6 (C8), 126.4 (C7), 125.7 (d, Yep = 2.1 Hz, C3), 125.6 (C8'), 125.1, 124.4, 124.2 (C6'), 122.7,
120.1 (d, 3 = 7.9 Hz, C1'), 112.8 (C3'), 110.9 (m, cod-CH), 110.0 (m, cod-CH), 56.1 (OCHs), 33.1
(cod-CH,), 31.8 (cod-CH,), 27.2 (cod-CH,), 27.2 (cod-CH,); resonances for C9 and two cod-CH were
obscured. 3'P{*H} NMR (202 MHz, CDCls, 25 °C): & (ppm) = 163.3 (d, Yprn = 221 Hz). HRMS (NSI*,
DCM/MeOH + NH4OAc): Found: m/z = 601.0427. Calculated for [M — (Cl + cod)]*: m/z = 601.0434.
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3.4.5 [Rh{(S)-30a)(n?:n*-cod)Cl] (5)-39a

% 2 ; RAP -G Ol e Lol Y
DCM \
99 - 99 /5
Cl \

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution. Three isomers were

observed in the solution NMR spectra at —55 °C (approximate ratios: isomer A 76%; isomer B 14%;

isomer C 10%), the *H and 3C assignments correspond to the major isomer.

MP: 218-220 °C (decomp.). IR (neat): v = 3048.6 (w), 2922.6 (m), 2875.2 (w), 1557.7 (w), 1453.3 (m),
1418.4 (m), 1367.6 (w), 1308.3 (w), 1260.1 (m), 1188.6 (s), 1085.4 (s), 1018.1 (m), 886.5 (s), 800.3 (s),
769.7 (s), 690.3 (s), 634.9 (s), 614.5 (s) cm™. *H NMR (500 MHz, CDCls;, —55 °C): 6 (ppm) = 8.77 (dd,
3Jwp = 17.1 Hz, 3Juy = 8.6 Hz, 1H, H3), 8.21 (d, *Jun = 8.6 Hz, 1H, H4), 7.98 (d, *Juy = 8.4 Hz, 1H, H5),
7.70-7.66 (m, 2H, H5'/H6'), 7.55 (apparent-t (dd), 3Juy = 7.5 Hz, 1H, H6), 7.48 (d, 3Jun = 8.2 Hz, 1H, H4'),
7.40-7.33 (m, 2H, H7'/H8"), 7.25-7.21 (m, 2H, H7/H16), 7.11-7.03 (m, 6H,
H8/H14/H14'/H15/H15'/H16"), 6.76 (dd, /uu = 8.2 Hz, 3Juu = 7.0 Hz, 1H, H3'), 5.68 (br s, 1H, cod-CH),
5.64 (brs, 1H, cod-CH), 5.58 (d, 3Jun = 7.0 Hz, 1H, H2'), 4.15 (br s, 1H, cod-CH), 2.89 (br s, 1H, cod-CH),
2.59-2.55 (m, 1H, cod-CHa), 2.51-2.44 (m, 1H, cod-CHa), 2.18-1.98 (m, 4H, cod-CH.), 1.88 (s, 3H, CH3),
1.84-1.78 (m, 1H, cod-CH.), 1.69-1.64 (m, 1H, cod-CH.), 1.63 (s, 3H, CHs). BC{*H} NMR (126 MHz, CDCl;,
—55°C): & (ppm) = 148.9 (d, 2 = 13.8 Hz, C12), 147.2 (d, 2 = 6.8 Hz, C12'), 141.3 (C1), 136.6 (C1)),
134.5 (C10), 133.4 (€9'), 133.0 (d, 3Jcp = 6.7 Hz, €9), 132.0 (€10'), 131.3 (C13'), 131.1 (C11 or C11'), 130.7
(C14), 130.5 (obscured-d, C2), 130.4 (m, C3/C14'), 130.4 (C13), 129.6 (C11 or C11'), 128.8 (C16'), 128.3
(C8), 128.2 (C5/C6'), 128.1 (C6), 127.5 (d, 3 = 19.0 Hz, C4), 127.4 (C15 or C15'), 127.2 (C5'), 126.9 (C7),
126.8 (C4'), 126.0 (C2'), 125.9 (C7' or C8'), 125.6 (C7' or C8'), 125.2 (C15 or C15'), 125.2 (C16), 124.4
(€3'), 113.0 (br d, J = 13.5 Hz, cod-CH), 112.3 (br d, J = 14.3 Hz, cod-CH), 71.3 (d, J = 12.6 Hz, cod-CH),
70.4 (d,J=11.8 Hz, cod-CH), 33.4 (cod-CH,), 32.9 (cod-CH,), 28.5 (cod-CH,), 28.2 (cod-CH,), 17.9 (CHs'),
17.0 (CHs). 3*P{*H} NMR (202 MHz, CDCls, —55 °C): & (ppm) = 170.2 (d, Yern = 225 Hz, P*), 169.4 (d,
Yern = 224 Hz, PB), 162.0 (d, Yprn = 223 Hz, P). HRMS (ASAP*, solid): Found: m/z = 707.1570. Calculated
for [M —Cl]*: m/z =707.1581.
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3.4.6 [Rh((R)-30b)(n*n*cod)Cl] (R)-39b

[Rh(7 2, 772 -CgHy42) C']z /&
P/
OMe DCM

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution. Five isomers were

observed in the solution NMR spectra at —55 °C (approximate ratios: isomer A 13%; isomer B 80%;

isomer C 1%; isomer D 3%; isomer E 3%), the H and 3C assignments correspond to the major isomer.

MP: 230-232 °C (decomp.). IR (neat): v = 2925.4 (w), 2832.5 (w), 1622.4 (w), 1593.6 (w), 1557.8 (w),
1510.6 (m), 1453.6 (m), 1418.0 (m), 1334.8 (w), 1251.2 (s), 1189.5 (s), 1081.6 (s), 1021.0 (m), 965.5
(w), 896.7 (s), 806.6 (s), 771.3 (s), 744.6 (s), 687.7 (s), 637.4 (s) cm™™. *H NMR (500 MHz, CDCls, —55 °C):
5 (ppm) = 8.68 (dd, Y = 16.9 Hz, Yy = 8.6 Hz, 1H, H3), 8.21 (d, ¥Juy = 8.6 Hz, 1H, H4), 7.98 (d,
3uw = 8.3 Hz, 1H, H5), 7.76 (d, Yy = 8.4 Hz, 1H, H8'), 7.70 (d, Yy = 8.0 Hz, 1H, H5'), 7.66 (d,
3Jun = 9.1 Hz, 1H, H4"), 7.55 (apparent-t (dd), 3Jun = 7.5 Hz, 1H, H6), 7.35-7.31 (m, 1H, H7'), 7.30-7.26
(m, 1H, H6'), 7.25-7.20 (m, 1H, H7), 7.15 (d, ¥w = 8.6 Hz, 1H, H8), 7.13-7.05 (m, 6H,
H14/H14'/H15/H15'/H16/H16'), 6.79 (d, *Jun = 9.1 Hz, 1H, H3'), 5.69 (br s, 1H, cod-CH), 5.50 (br s, 1H,
cod-CH), 4.19 (brs, 1H, cod-CH), 2.92 (s, 3H, OCHs), 2.64-2.54 (m, 2H, cod-CH/cod-CH), 2.38-2.29 (m,
1H, cod-CH,), 2.13-1.96 (m, 4H, cod-CH,), 1.81 (s, 3H, CHs'), 1.72 (s, 3H, CHs), 1.70-1.65 (m, 1H,
cod-CH,), 1.50-1.40 (m, 1H, cod-CH,). 3*C{*H} NMR (126 MHz, CDCls, —55 °C): 6 (ppm) = 153.3 (C2'),
149.4 (d, Jcp = 14.8 Hz, C12'), 148.0 (d, 2cp = 6.3 Hz, C12), 137.8 (C1), 134.5 (C10), 134.3 (€9'), 132.4 (d,
3Jcp = 7.3 Hz, €9), 132.1 (d, Yep = 41.7 Hz, C2), 132.0 (C13 or C13'), 131.0 (C13 or C13'), 130.7
(C14 or C14'), 130.5 (C14 or C14'), 130.1 (obscured-d, C3), 130.0 (C11 or C11'), 129.4 (C11 or C11"),
129.3 (C4'), 128.2 (C5), 128.0 (C6), 127.9 (C8'), 127.8 (C16 or C16'), 127.7 (C16 or C16'), 127.6 (C10),
127.5 (€8), 127.3 (d, Jep = 18.1 Hz, C4), 126.9 (C7), 126.8 (C5'), 126.3 (C7'), 125.4 (C15 or C15'), 124.7
(C15 or C15"), 123.3 (C6'), 120.2 (€1'), 113.0 (br d, J = 14.0 Hz, cod-CH), 111.5 (br d, J = 15.0 Hz,
cod-CH), 110.9 (€3'), 72.8 (d, J = 11.7 Hz, cod-CH), 70.0 (d, J = 11.5 Hz, cod-CH), 56.1 (OCHs), 34.0
(cod-CH,), 32.2 (cod-CH,), 29.0 (cod-CH,), 27.5 (cod-CH3), 17.6 (CHs'), 17.5 (CHs). 3'P{*H} NMR (202
MHz, CDCls, =55 °C): & (ppm) = 168.1 (d, Yprn = 227 Hz, PY), 167.5 (d, Yprn = 226 Hz, P?), 165.1 (d,
Yprn = 227 Hz, P%), 163.4 (d, Yprn = 224 Hz, PP), 162.8 (d, Yprn = 223 Hz, PE). HRMS (ASAP*, solid): Found:
m/z = 737.1686. Calculated for [M — Cl]*: m/z = 737.1686.
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3.4,7 General procedure for the synthesis of [Rh(L"),]BFs complexes.

The phosphonite ligand (40.0 umol, 1.0 eq.) and bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate
(8.1 mg, 20 umol, 1.0 eq.) were dissolved in DCM (1.0 mL) and stirred at room temperature for 10 min,
after which the 3'P{*H} NMR spectrum showed no free ligand resonance. To remove small quantities
of a phosphorus(V) impurity, the solution was diluted with diethyl ether and cooled in a salt/ice bath

until the pure title compound precipitated as an orange solid.

3.4.8 [Rh((S5)-30a).]BF4 (S)-40a
® O
O —l BF,4
L0
() P
OO 0 [Rh(77%:77-CgH12)21BF 4
o)
DCM

MP: 260-262 °C (decomp.). IR (neat): v = 1485.1 (w), 1436.2 (m), 1418.7 (m), 1365.0 (w), 1249.9 (m),
1188.7 (s), 1052.4 (s), 910.3 (s), 761.7 (s), 726.8 (m), 688.8 (s), 632.5 (s) cm™L. H NMR (700 MHz, CDCls,
5°C): & (ppm) = 8.78 (dd, U = 16.6 Hz, 3wy = 8.6 Hz, 1H, H3), 8.67 (d, ¥ = 8.6 Hz, 1H, H4*), 8.24
(apparent-t (dd), Y = 6.3 Hz, 1H, H3'®), 8.16 (d, Jus = 8.4 Hz, 1H, H5%), 7.99 (d, 3Juu = 8.3 Hz, 1H, H5?),
7.82 (d, 3y = 8.6 Hz, 1H, H8®), 7.70-7.76 (m, 3H, HA8/H5'"®/HE®), 7.67 (d, Ju = 8.2 Hz, 1H, H5'), 7.63
(apparent-t (dd), 3Jun = 7.6 Hz, 1H, H6%), 7.59 (apparent-t (dd), *Jun = 7.8 Hz, 1H, H78), 7.57-7.52 (m, 3H,
H2'®/H6'®/H7'"), 7.48 (apparent-t (dd), 3Juu = 7.6 Hz, 1H, H7'®), 7.45 (apparent-t (dd), 3Juu = 7.5 Hz, 1H,
H6™), 7.30-7.26 (m, 3H, HA"/H7"/H8"), 7.11-7.01 (m, 5H, H8"/H8'®/H15"/H158/H16%), 6.98 (d,
3Jun = 7.4 Hz, 1H, H14®), 6.88 (d, ®/uu = 7.4 Hz, 1H, H14"), 6.80-6.77 (m, 2H, H14'®/H16%), 6.75 (d,
3Jun = 7.6 Hz, 1H, H16'"®), 6.72 (apparent-t (dd), J = 7.8 Hz, 1H, H3®), 6.58 (apparent-t (dd), 3Jun = 7.6 Hz,
1H, H3'4), 6.46 (d, 3Juu = 7.5 Hz, 1H, H16'%), 6.37 (apparent-t (dd), 3Juu = 7.5 Hz, 1H, H15'®), 6.27-6.24
(m, 2H, H4'®/H14'), 6.09 (apparent-t (dd), ¥ = 7.5 Hz, 1H, H15'%), 5.27 (d, 3Jun = 6.9 Hz, 1H, H2'4), 2.57
(s, 3H, CH3'®), 1.66 (s, 3H, CH5"), 1.37 (s, 3H, CHs®), 0.09 (s, 3H, CH5'A). 3C{*H} NMR (176 MHz, CDCls,
5°C): & (ppm) = 149.5 (d, Yep = 58.9 Hz, C28), 148.7 (d, Uep = 15.5 Hz, C128), 148.2 (d, Y = 14.5 Hz,
C12%), 147.7 (d, Uep = 7.9 Hz, C12'®), 146.6 (d, 2Jep = 7.5 Hz, C12'%), 140.1 (C1%), 140.0 (d, Zep = 32.1 Hz,
C1®), 136.2 (C1'), 135.1 (C108), 134.9 (C10%), 133.5 (d, Ye = 45.8 Hz, C2%), 132.9 (C9"), 132.4
(C9"/C10'), 131.4 (C11'®), 131.2 (C11%), 131.1 (C7"®), 130.9 (C6'), 130.9 (d, Yer = 36.6 Hz, C3*), 130.5
(obscured-d, C9%), 130.4 (C14*/C14%/C14"®), 130.3 (C4%), 130.1 (C13%), 129.7 (C6%), 129.2 (d,

*Jep = 17.1 Hz, C4%), 129.0 (C11'4/C138/C14'), 128.9 (C78/C16"/C16®), 128.8 (C11®), 128.7 (C5%), 128.7
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(C6"), 128.6 (C58), 128.3 (C8%), 128.2 (C5'), 127.7 (C13'), 127.6 (C13'8), 127.4 (C74), 127.0 (C2'"), 126.8
(C4'"/C5'®/C16'8), 126.5 (C16"), 126.4 (C88), 125.8 (C7'), 125.8 (C8'), 125.5 (C158), 125.2 (C6'), 125.0
(C15%), 124.6 (C3'Y), 124.5 (C15'®), 124.0 (C9'®), 123.9 (C15'%), 123.6 (C38), 123.4 (C8'"), 118.6 (C10"®),
110.5 (d,J=11.3 Hz, C1'®), 107.9 (C3'®), 103.2 (C2'®), 100.3 (d, J = 12.8 Hz, C4'®), 18.4 (CH3'®), 16.7 (CH5"),
15.9 (CHsB), 14.1 (CHs"™). 3'P{"H} NMR (202 MHz, CDCls, 5 °C): & (ppm) = 176.8 (dd, Yprn = 288 Hz,
2Jpp = 27 Hz, P*), 171.7 (dd, Yern = 294 Hz, %pp = 27 Hz, P®). HRMS (NSI*, DCM/MeOH): Found:
m/z =1095.2221. Calculated for [M — BF;]*: m/z = 1095.2234.

3.4.9 [Rh((R)-30b).]BF4 (R)-40b

OO [Rh(77:7*-CgH12)21BF 4
l l OMe DCM

MP: 280-282 °C (decomp.). IR (neat): v = 1623.3 (w), 1595.9 (w), 1452.7 (m), 1416.5 (m), 1278.8 (w),

1249.1 (s), 1193.3 (s), 1047.9 (s), 925.3 (s), 869.1 (m), 804.1 (m), 759.8 (s), 709.7 (m), 682.8 (m), 633.0
(s) cm™. H NMR (500 MHz, CDCls, —20 °C): & (ppm) = 8.06 (d, 3w = 8.3 Hz, 1H, H58), 7.91 (d,
3Jun = 8.4 Hz, 1H, H8®), 7.84 (d, 3Jun = 8.7 Hz, 1H, HA48), 7.83 (d, 3Jun = 8.0 Hz, 1H, H5%), 7.80-7.75 (m, 2H,
H3'8/H6®), 7.71 (d, 3Juw = 9.0 Hz, 1H, H4'), 7.66 (apparent-t (dd), 3Juy = 7.7 Hz, 1H, H7®), 7.60 (dd,
3Jup = 16.5 Hz, 3w = 8.8 Hz, 1H, H3%), 7.57-7.49 (m, 4H, H3"*/H4*/HE"/HT'®), 7.44 (d, 3Juy = 8.1 Hz, 1H,
H5'), 7.32-7.28 (m, 4H, HA'®/H148/H15%/H16®), 7.24 (apparent-t (dd), 3w = 7.7 Hz, 1H, H7%), 7.21 (d,
3w = 7.5 Hz, 1H, H14*), 7.11 (apparent-t (dd), 3Juy = 7.7 Hz, 1H, H15%), 7.07 (overlapping-d,
3Jun = 8.5 Hz, 2H, H8*/H8'®), 6.94 (d, 3Jun = 7.8 Hz, 1H, H16%), 6.91 (apparent-t (dd), J = 8.0 Hz, 1H, H38),
6.87 (apparent-t (dd), 3wy = 7.5 Hz, 1H, H6'A), 7.83-7.76 (m, 4H, H5'®/H6'8/H15'8/H16'), 6.60 (d,
3un = 7.2 Hz, 1H, H14"®), 6.46 (d, ¥ = 7.2 Hz, 1H, H14"), 6.31 (d, ¥ = 7.8 Hz, 1H, H16"), 6.26
(apparent-t (dd), 3Jun = 7.6 Hz, 1H, H15"), 6.21 (apparent-t (dd), 3wy = 7.7 Hz, 1H, H7'*), 5.53 (d,
3Jun = 8.6 Hz, 1H, H8"), 4.28 (s, 3H, OCH3"), 3.84 (s, 3H, OCH:?), 2.46 (s, 3H, CH:"), 1.93 (s, 3H, CH®),
1.37 (s, 3H, CH5'®), 1.25 (s, 3H, CH5'%). 3C{*H} NMR (126 MHz, CDCl3, —20 °C): 6 (ppm) = 153.3 (C2'%),
149.5 (d, Yep = 57.0 Hz, C28), 148.4 (overlapping-d, C128/C12'®), 147.7 (d, e = 8.3 Hz, C12'*), 146.8
(C2'®), 146.2 (d, 2Jep = 8.2 Hz, C12%), 138.0 (d, %Jep = 32.4 Hz, C1B), 135.9 (d, Yep = 47.2 Hz, C2%), 135.3
(C10%), 134.9 (C10%), 133.9 (C9"), 133.6 (C14), 131.9 (d, Y = 8.4 Hz, C9%), 131.2 (C14"), 131.1

(obscured-d, C98), 131.0 (C14%), 130.8 (C14%), 130.7 (C7'®), 130.5 (C6'®), 130.2 (C48/C13®), 130.1 (C13Y),
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130.1 (C13'%), 129.9 (C14'8), 129.7 (C6%/C11"8), 129.4 (C4'Y), 129.2 (C11%/C118), 129.2 (C168), 129.0
(C13'®), 128.8 (C78), 128.7 (C5®), 128.5 (C6~/C16%), 128.0 (C11'Y), 127.8 (C16'®), 127.8 (obscured-d, C3%),
127.8 (C8%), 127.6 (C10), 127.5 (C5%), 127.3 (C74), 127.2 (C5'), 127.0 (C16'), 126.6 (obscured-d, C4*),
126.6 (C88), 126.3 (C7"), 126.2 (C158), 125.4 (C15'®), 125.0 (C15%), 124.9 (C5'®), 124.3 (C3?), 124.1
(C15'), 122.6 (C8'), 122.5 (C9'8), 122.3 (C8'®), 122.1 (C6"), 120.8 (C1'4), 113.4 (C10'®), 112.7 (C3"),
101.3 (d, J = 15.2 Hz, C1'®), 93.7 (d, J = 10.4 Hz, C4'®), 93.4 (C3'®), 57.9 (OCH:?), 57.1 (OCH3"), 16.9 (CH:8),
16.6 (CHs*/ CH3'®), 14.9 (CHs"). 3'P{"H} NMR (202 MHz, CDCl;, =20 °C): & (ppm) = 182.0 (dd,
Yprn = 283 Hz, 2Jpp = 32 Hz, P*), 173.2 (dd, Yprn = 310 Hz, %pp = 32 Hz, P®). HRMS (NSI*, DCM/MeOH):
Found: m/z = 1155.2423. Calculated for [M — BF4]*: m/z = 1155.2445.

3.4.10 General procedure for the asymmetric hydrogenation of alkenes

The alkene substrate (3.70 mmol, 1.0 eq.) was dissolved in DCM (6 mL) in an autoclave vessel at room
temperature. MOP ligand (15 pmol, 0.004 eq.) and bis(1,5-cyclooctadiene)rhodium(I)
tetrafluoroborate (3.0 mg, 7.4 umol, 0.002 eq.) were dissolved in DCM (2 mL) and stirred at room
temperature for 30 min, after which the solution was transferred to the autoclave vessel and
pressurised to 2 bar with hydrogen gas. The reaction mixture was stirred for 48h, after which the
conversion was obtained by H NMR spectroscopy. The reaction mixture was filtered through silica

with rinsing by DCM, the volatiles were removed in vacuo and the enantiomeric excess determined.

Dimethyl methylsuccinate
The H spectroscopic data matched that of a commercially acquired sample. The enantiomeric excess
was determined by chiral GC analysis; the absolute configuration was assigned by comparison to an

enantiopure, commercially acquired sample.

GC conditions (Supelco B-dex 225) — injection temperature: 220 °C, detection temperature: 200 °C,
oven temperature: 70 °C for 40 min, then ramp to 180 °C at 10 °C/min, retention times: 45.2 min (S)

and 45.7 min (R).

Methyl N-acetylalaninate
The H spectroscopic data matched that of an authentic sample, which was prepared via a literature
procedure from N-acetyl-L-alanine.’®® The H and 3C NMR spectroscopic data matched that of data

1% and the HRMS data was in accordance with the calculated values. The

reported in the literature,
enantiomeric excess was determined by chiral GC analysis; the absolute configuration was assigned by

comparison to the enantiopure, authentically prepared sample.
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'H NMR (300 MHz, CDCl3): 6 (ppm) = 6.12 (brs, 1H), 4.53 (apparent quintet (dq), 3w = 7.2 Hz, 1H), 3.69
(s, 3H), 1.95 (s, 3H), 1.34 (d, 3Juy = 7.2 Hz, 3H). 3C{*H} NMR (75 MHz, CDCls): & (ppm) = 173.7, 169.7,
52.5, 48.0, 23.1, 18.5. HRMS (NSI*, DCM/MeOH + NH40Ac): Found: m/z = 146.0808. Calculated for
[M + H]*: m/z =146.0812.

GC conditions (Supelco B-dex 225) — injection temperature: 220 °C, detection temperature: 200 °C,
oven temperature: 100 °C for 5 min, then ramp to 180 °C at 10 °C/min, retention times: 12.6 min (R)

and 13.0 min (S).

Methyl N-acetylphenylalaninate

The H spectroscopic data matched that of an authentic sample, which was prepared via a literature
procedure from N-acetyl-L-phenylalanine.’®® The *H and 3C NMR spectroscopic data matched that of
data reported in the literature,’®® and the HRMS data was in accordance with the calculated values.
The enantiomeric excess was determined by chiral HPLC analysis; the absolute configuration was

assigned by comparison to the enantiopure, authentically prepared sample.

1H NMR (300 MHz, CDCls): & (ppm) = 7.25-7.16 (m, 3H), 7.04-7.00 (m, 2H), 5.94 (br d, 1H), 4.81 (dt, 3/uq
= 7.9 Hz, 3Juy = 5.8 Hz, 1H), 3.65 (s, 3H), 3.12-2.97 (m, 2H), 1.91 (s, 3H). 3C{*H} NMR (75 MHz, CDCls):
6 (ppm) = 172.1, 169.7, 135.9, 129.2, 128.6, 127.1, 53.1, 52.3, 37.9, 23.1. HRMS (NSI*,
DCM/MeOH + NH40Ac): Found: m/z =222.1122. Calculated for [M + H]*: m/z = 222.1125.

HPLC conditions (Lux Cellulose-1) — oven temperature: 40 °C, mobile phase: hexane/2-propanol

(90:10), flow rate: 0.5 mL/min, detection: 216 nm, retention times: 24.9 min (R) and 32.9 min (S).

3.4.11 General procedure for the asymmetric hydroformylation of styrene

The MOP ligand (38 umol, 0.004 eq.) and (acetylacetonato)dicarbonylrhodium(I) (5.0 mg, 19 umol,
0.002 eq.) were dissolved in CsDs (1 mL) and stirred at room temperature for 10 min, after which the
solution was transferred to an autoclave vessel at 36 °C and pressurised to 40 bar with syngas and
stirred for 1h. The vessel was depressurised before styrene (1.1 mL, 1.0 g, 9.6 mmol, 1.0 eq.) was
added, the vessel was subsequently re-pressurised to 40 bar with syngas and left to stir for 16 h, after
which the conversion was obtained by H NMR spectroscopy; the 'H spectroscopic data matched that
of commercially acquired samples of 2-phenylpropionaldehyde and 3-phenylpropionaldehyde. The
reaction mixture was filtered through silica with rinsing by DCM, the volatiles were removed in vacuo
and the enantiomeric excess of 2-phenylpropionaldehyde determined immediately by chiral GC

analysis; the absolute configuration was assigned by comparison to literature data.'®’
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GC conditions (Supelco B-dex 225) — injection temperature: 200 °C, detection temperature: 200 °C,

oven temperature: 100 °C, retention times: 20.0 min (S) and 21.0 min (R).

3.4.12 General procedure for the asymmetric addition of phenylboronic acid to
1-(p-methoxybenzyl)-5-chloroisatin

The MOP ligand (20.0 umol, 0.1 eq.) and chlorobis(ethylene)rhodium(I) dimer (1.9 mg, 5.0 umol, 0.025
eq.) were dissolved in THF (1.0 mL) and stirred at room temperature for 10 min, after which
1-(p-methoxybenzyl)-5-chloroisatin (60.3 mg, 200 umol, 1.0 eq.), phenylboronic acid (48.8 mg,
400 umol, 2.0 eq.), THF (1.0 mL) and potassium hydroxide (0.1 mL, 0.3 M (aq.), 0.3 mmol) were added
sequentially. The reaction mixture was heated to 50 °C and left to stir for 24 h, after which the
conversion was obtained by *H NMR spectroscopy. Filtration through silica with rinsing by ethyl
acetate, removal of the volatiles in vacuo and silica gel column chromatography (ethyl
acetate/chloroform, 95:5) yielded the pure product as a white solid. The *H and 3C NMR spectroscopic

175 and the HRMS data was in accordance with the

data matched that of data reported in the literature,
calculated values. The enantiomeric excess of 5-chloro-3-hydroxy-1-(4-methoxybenzyl)-3-
phenylindolin-2-one was determined by chiral HPLC analysis; the absolute configuration was assigned

by comparison to literature data.'”

R: = 0.21 (silica gel; ethyl acetate/chloroform, 95:5). *H NMR (300 MHz, CDCls): 6 (ppm) = 7.30-7.22
(m, 5H), 7.16-7.07 (m, 4H), 6.79-6.73 (m, 2H), 6.62 (d, 3/ = 8.3 Hz, 1H), 4.85 (d, 2 = 15.4 Hz, 1H),
4.65 (d, Yun = 15.4 Hz, 1H), 4.04 (br s, 1H), 3.69 (s, 3H). 3C{*H} NMR (75 MHz, CDCls): & (ppm) = 177.4,
159.3, 141.1, 139.7, 133.5, 129.6, 129.0, 128.8, 128.7, 128.6, 127.0, 125.5, 125.2, 114.4, 110.8, 78.0,
55.3, 43.7. HRMS (NSI*, DCM/MeOH + NH4OAc): Found: m/z = 380.1047. Calculated for [M + H]*:
m/z =380.1048.

HPLC conditions (Lux Cellulose-1) — oven temperature: 40 °C, mobile phase: hexane/2-propanol

(80:20), flow rate: 0.5 mL/min, detection: 264 nm, retention times: 23.1 min (S) and 27.2 min (R).

3.4.13 General procedure for the asymmetric Suzuki-Miyaura cross-coupling reactions

The MOP ligand (20.0 umol, 0.04 eq.) and bis(acetonitrile)dichloropalladium(II) (2.6 mg, 10 umol,
0.02 eq.) were dissolved in DCM (2.0 mL) and stirred at room temperature for 2 h, after which the
volatiles were removed in vacuo. Subsequently, the 1-bromo-naphthalene derivative (500 umol,
1.0 eq.), naphthalene-1-boronic acid (112 mg, 650 umol, 1.3 eq.), caesium carbonate (277 mg,
850 umol, 1.7 eq.) and toluene (2.0 mL) were added. The reaction mixture was heated to 80 °C with

stirring, and the conversion was monitored by 'H NMR spectroscopy.
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2-Methoxy-1,1'-binaphthyl

Silica gel column chromatography (petrol) yielded the pure product as a white solid. The H and 3C
NMR spectroscopic data matched that of data reported in the literature,®® and the HRMS data was in
accordance with the calculated values. The enantiomeric excess was determined by chiral HPLC

analysis; the absolute configuration was assigned by comparison to literature data.’®®

Re = 0.07 (silica gel; petrol). 'H NMR (300 MHz, CDCls): 6 (ppm) = 7.93-7.84 (m, 3H), 7.80 (d,
3Jun = 8.2 Hz, 1H), 7.54 (dd, 3Juy = 8.2 Hz, 3y = 7.0 Hz, 1H), 7.42-7.34 (m, 3H), 7.28-7.05 (m, 5H), 3.69
(s, 3H). 3C{*H} NMR (75 MHz, CDCls): 6 (ppm) = 154.6, 134.6, 134.3, 133.7, 133.0, 129.5, 129.0, 128.4,
128.2,127.8,127.7,126.4, 126.2, 125.9, 125.7, 125.6, 125.5, 123.6, 123.3, 113.9, 56.8. HRMS (ASAP",
solid): Found: m/z = 285.1276. Calculated for [M + H]*: m/z = 285.1274.

HPLC conditions (Lux Cellulose-3) — oven temperature: 40 °C, mobile phase: hexane/2-propanol (99:1),

flow rate: 0.5 mL/min, detection: 221 nm, retention times: 17.3 min (S) and 21.6 min (R).

2-Methyl-1,1'-binaphthyl

Silica gel column chromatography (petrol) yielded the product as a white solid, which contained a small
amount of the inseparable homocoupling side product 1,1'-binaphthyl.?®® The H and *C NMR
spectroscopic data matched that of data reported in the literature,® and the HRMS data was in
accordance with the calculated values. The enantiomeric excess was determined by chiral HPLC

analysis; the absolute configuration was assigned by comparison to literature data.'®®

R:=0.28 (silica gel; petrol). 'H NMR (300 MHz, CDCl3): 6 (ppm) = 7.88 (overlapping-d, 3Juy = 8.3 Hz, 2H),
7.83-7.78 (m, 2H), 7.54 (dd, 3Juu = 8.3 Hz, 3y = 7.0 Hz, 1H), 7.44-7.36 (m, 2H), 7.34-7.28 (m, 2H),
7.23-7.04 (m, 4H), 2.04 (s, 3H). 3C{*H} NMR (75 MHz, CDCl3): § (ppm) = 137.5, 136.1, 134.4, 133.8,
133.5, 132.6, 132.0, 128.6, 128.3,127.8,127.8,127.6, 127.6, 126.3, 126.1, 126.0, 125.9, 125.9, 125.7,
124.8, 20.5. HRMS (ASAP*, solid): Found: m/z = 269.1326. Calculated for [M + H]*: m/z = 269.1325.

HPLC conditions (Lux Cellulose-3) — oven temperature: 40 °C, mobile phase: hexane/2-propanol (99:1),

flow rate: 0.1 mL/min, detection: 217 nm, retention times: 59.6 min (R) and 71.0 min (S).

3.4.14 General procedure for the synthesis of [Pd(L?),Cl,] complexes.

The phosphonite ligand (40.0 umol, 1.0 eq.) and bis(acetonitrile)dichloropalladium(Il) (5.2 mg,
20 umol, 1.0 eq.) were dissolved in DCM (2.0 mL) and stirred at room temperature for 2 h, after which
the volatiles were removed in vacuo. The residue was washed with diethyl ether and dried in vacuo,

to yield the pure title compound quantitatively as an off-white solid.
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3.4.15 [Pd((S)-30a),Cl,] (S)-41a
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Single crystals were grown by slow diffusion of hexane into a CDCl; solution.

MP: 255-257 °C (decomp.). IR (neat): v = 3046.2 (w), 2360.3 (m), 1557.7 (w), 1452.7 (m), 1416.3 (m),
1249.8 (m), 1185.6 (s), 1087.4 (m), 912.0 (s), 873.0 (w), 800.6 (m), 771.3 (s), 745.1 (m), 690.1 (s), 634.8
(s), 613.0 (m) cm™. 'H NMR (500 MHz, CDCls, —40 °C): & (ppm) = 7.96 (d, 3Jun = 8.7 Hz, 1H, H4), 7.89 (d,
3Jun = 8.3 Hz, 1H, H5), 7.85 (d, 3Jun = 8.2 Hz, 1H, H5'), 7.70-7.66 (m, 2H, H3/HS'), 7.53 (apparent-t (dd),
3Jun = 7.6 Hz, 1H, H6), 7.46 (d, 3Jun = 8.3 Hz, 1H, H4'), 7.40 (apparent-t (dd), 3Juy = 7.4 Hz, 1H, H6'),
7.38-7.32 (m, 2H, H7'/H14'), 7.22-7.16 (m, 2H, H7/H15'), 7.15 (apparent-t (dd), 3Ju = 7.5 Hz, 1H, H15),
7.04-6.98 (m, 3H, H8/H16/H16'), 6.88 (d, 3y = 7.2 Hz, 1H, H14), 6.66 (apparent-t (dd), 3wy = 7.5 Hz,
1H, H3'"), 5.34 (d, 3 = 6.9 Hz, 1H, H2'), 2.09 (s, 3H, CHs'"), 0.84 (s, 3H, CHs). 3C{*H} NMR (126 MHz,
CDCls, —40 °C): 6 (ppm) = 148.4 (apparent-t, Jcp = 6.6 Hz, C12), 146.5 (apparent-t, Jop = 3.6 Hz, C12'),
141.5 (C1), 135.7 (C1'), 134.4 (C10), 133.1 (C9'), 132.7 (apparent-t, Jo» = 4.8 Hz, €9), 132.0 (C10'), 131.0
(C11'/c14/C14"), 130.3 (C13), 130.2 (obscured-m, C2), 130.2 (C11), 130.0 (C13'), 129.1 (C16), 128.9
(C5'), 128.5 (C6), 128.3 (C8), 128.0 (m, C3/C5), 127.7 (C4/C16'), 127.2 (C7), 127.1 (C4"), 127.0 (C8'),
126.4 (C15'), 126.1 (C7'), 126.0 (C2'), 125.8 (C6'"), 125.4 (C15), 124.1 (C3'), 17.8 (CHs'), 16.0 (CHs).
31p{1H} NMR (202 MHz, CDCls, —40 °C): & (ppm) = 144.3 (s). LRMS (MALDI*): Found: m/z = 1131.1.
Calculated for [M - Cl]*: m/z = 1131.2.

3.4.16 [Pd((R)-30b),Cl,] (R)-41b

[Pd(MeCN),Cl,] OO
DCM
99 o

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

\i

2 (S)-30b

o
/
o/\
\
O T

MP: 247-249 °C (decomp.). IR (neat): v = 2968.9 (w), 2361.2 (m), 1591.3 (w), 1486.3 (m), 1456.0 (m),

1250.7 (m), 1184.6 (m), 1081.1 (m), 963.3 (m), 915.5 (s), 806.1 (s), 773.2 (s), 745.9 (s), 685.4 (m), 638.2
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(s), 617.4 (m) cm™. *H NMR (500 MHz, CDCls, —40 °C): § (ppm) = 7.88 (d, *Jun = 8.4 Hz, 1H, H5), 7.75
(d, 3Jun = 8.7 Hz, 1H, H4), 7.70-7.65 (m, 2H, H4'/H5'), 7.57 (d, *Jun = 8.2 Hz, 1H, H8'), 7.53-7.46 (m, 2H,
H6/H15'), 7.42 (d, 3Jun = 7.3 Hz, 1H, H14'"), 7.31-7.25 (m, 3H, H6'/H7'/H16'), 7.21-7.17 (m, 1H, H7), 7.10
(d, *Jun = 8.5 Hz, 1H, H8), 7.05 (d, *Jun = 7.8 Hz, 1H, H16), 6.92 (apparent-t (dd), *Jus = 7.5 Hz, 1H, H15),
6.75 (d, *Jun = 7.2 Hz, 1H, H14), 6.68 (d, 3Jun = 9.1 Hz, 1H, H3'), 6.60-6.52 (m, 1H, H3), 2.73 (s, 3H, OCHs),
1.69 (s, 3H, CH3'), 1.13 (s, 3H, CHs). 3C{*H} NMR (126 MHz, CDCls, —40 °C): & (ppm) = 153.4 (€2'), 149.1
(apparent-t, Jep = 7.2 Hz, C12), 148.3 (apparent-t, Jer = 3.0 Hz, C12'), 136.8 (C1), 134.4 (C10), 134.0 (C9'),
132.8 (C13'), 132.4 (apparent-t, Jep = 4.8 Hz, (9), 132.2 (apparent-t, Jcp = 34.8 Hz, C2), 131.5 (C14'),
130.8 (C11'), 130.4 (C13/C14), 129.7 (C4'), 128.6 (C16'), 128.4 (C16), 128.2 (C6), 128.0 (m, C4/C5/C8'),
127.7 (C10'), 127.5 (€8), 127.0 (m, C3/C7), 126.9 (C11), 126.7 (C5'), 126.5 (C7'), 126.4 (C15'), 124.1
(C15), 123.6 (C6'), 119.3 (C1'), 110.8 (C3'), 55.2 (OCHs), 17.4 (CH3'"), 16.3 (CHs). 3'P{*H} NMR (202 MHz,
CDCl3, —40 °C): 6 (ppm) = 139.4 (s). LRMS (MALDI*): Found: m/z = 1191.3. Calculated for [M — Cl]*:
m/z =1191.2.

3.5 X-ray Crystallography

Measurements were made at 150 K on an Oxford Diffraction (Agilent Technologies) Gemini A Ultra
diffractometer, using CuKa radiation (A =1.54184 A) for (R)-40b, (S)-41a (pseudo-polymorph 2) and
(R)-41b and MoKa radiation (A = 0.71073 A) for (R)-36b, (S)-38a, (R)-38b, (S)-39a, (R)-39b and (S)-41a
(pseudo-polymorph 1). Cell parameters were refined from the observed positions of all strong
reflections. Intensities were corrected for absorption, using a semi-empirical method based on
symmetry-equivalent and repeated reflections for (S)-38a and (R)-38b and analytically using a
multi-faceted crystal model for (R)-36b, (5)-39a, (R)-39b, (R)-40b, (S)-41a (pseudo-polymorphs 1 and
2) and (R)-41b.!* The structures were solved by direct methods and refined on F? values for all unique
data. All non-hydrogen atoms were refined anisotropically, and H atoms were positioned with
idealised geometry and their thermal parameters constrained using the riding model; Uy was set at
1.2 times Ueq for the parent C atom. Oxford Diffraction CrysAlisPro was used for data collection and
processing,’3* and Olex2'* using SHELX'® for structure solution, refinement, and to generate the
molecular overlap figures. Crystal Impact Diamond was used to generate all other molecular graphics

with displacement ellipsoids drawn at the 50% probability level.**’
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(R)-36b (S)-38a (S)-38b
Empirical formula CagH3303P2Cl2Pt CaoH3302PCIRh Ca1H3503PCIRh
Formula weight 882.62 714.99 745.02
Temperature/K 150.00(10) 150.0(2) 150.0(2)
Crystal system trigonal hexagonal trigonal
Space group P32 P6s P3.
a/A 11.52064(15) 10.4774(2) 10.6324(3)
b/A 11.52064(15) 10.4774(2) 10.6324(3)
c/A 22.9152(3) 49.1495(16) 24.9502(8)
a/° 90 90 90
B/ 90 20 90
v/° 120 120 120
Volume/A3 2633.95(8) 4672.6(2) 2442.68(16)
z 3 6 3
Peaicg/cm? 1.669 1.525 1.519
p/mm 4.276 0.722 0.696
F(000) 1314.0 2196.0 1146.0
Crystal size/mm3 0.21x0.17 x0.11 0.3x0.3x0.2 0.24x0.2x0.1

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

MoKa (A = 0.71073)

5.414 0 56.796
-15<h<15,-15<k<15,-30<1<30
83576

8250 [Rine = 0.0495, Rejgma = 0.0282]
8250/400/428

1.048

R: = 0.0200, wR; = 0.0353
Ri=0.0227, wR; = 0.0363
0.99/-0.44

-0.0247(18)

MoKa (A = 0.71073)

5.582 to 56.418
-13<h<13,-13<k<12,-64<1<59
31490

6807 [Rint = 0.0613, Ryigma = 0.0456]
6807/1/406

1.220

Ri=0.0574, wR; = 0.1080
Ri=0.0591, wR; = 0.1090
0.66/-1.67

0.065(15)

MoKa (A = 0.71073)

6.602 to 56.85
-14<h<10,-11<k<12,-31<1<32
15538

6762 [Rin = 0.0369, Ryigms = 0.0556]
6762/1/425

1.068

Ri=0.0351, wR; = 0.0638
R1=0.0413, wR; = 0.0680
0.55/-0.45

-0.059(15)
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(R)-39a

(5)-39b

(S)-40b

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

B/

v/°

Volume/A3

z

peaicg/cm?
u/mm-

F(000)

Crystal size/mm3

Radiation

20 range for data collection/®

Index ranges

Reflections collected

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

Ca2H3702PCIRh

743.04

150.0(2)

monoclinic

P2;

10.46454(10)
18.62602(18)

18.5228(2)

90

92.0930(9)

90

3607.92(6)

4

1.368

0.626

1528.0

0.22x0.19x0.13

MoKa (A =0.71073)
6.604 to 56.462
-13<h<13,-24<k<24,-24<1<24
115490

16266 [Rint = 0.0501, Rsigma = 0.0350]
16266/1097/889

1.060

R1=0.0340, wR; = 0.0763
R1=0.0439, wR; = 0.0802
0.44/-0.89

-0.013(12)

Ca3H3903PCIRh

773.07

150.0(2)

monoclinic

P2:

9.69170(6)

17.44304(12)
20.04701(13)

90

90.6504(6)

90

3388.78(4)

4

1.515

0.672

1592.0

0.32x0.17x0.11

MoKa (A = 0.71073)

6.59 to 55.754
“12<h<12,-22<k<22,-26<1<26
107785

15240 [Rint = 0.0451, Rsigma = 0.0327]
15240/1/889

1.059

R1=0.0344, wR; = 0.0845
R1=0.0401, wR, = 0.0877
0.62/-1.14

-0.028(6)

C70Hs406P2Rh*-BF4~
1242.79

150.0(2)

triclinic

P1

11.7059(2)

16.9283(3)

17.9950(4)

73.4211(18)

73.7906(17)

89.1816(15)

3273.51(11)

2

1.261

3.070

1276.0

0.19 x 0.11 x 0.08

CuKa (A = 1.54184)
5.35to0 133.952
-13<h<13,-20<k<20,-20<1<21
89533

22461 [Rint = 0.0631, Rsigma = 0.0517]
22461/292/1574

1.053

Ri=0.0455, wR, = 0.1105
R1=0.0539, wRz =0.1155
1.81/-0.84

-0.026(3)




L)

(R)-41a, pseudo-polymorph 1

(S)-41a, pseudo-polymorph 2

(S)-41b

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/

v/°

Volume/A3

z

Pealcg/cm?

u/mm-?

F(000)

Crystal size/mm3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Flack parameter

CesHs004P2Cl2Pd-3CHCl3
1528.42

150.00(10)

monoclinic

P2;

11.5925(9)

21.8177(11)

14.4054(11)

90

111.477(8)

90

3390.4(4)

2

1.497

0.803

1548.0

0.27 x0.17 x0.11

MoKa (A =0.71073)
5.864 t0 57.792
-14<h<14,-28<k<29,-19<1<19
22655

13225 [Rint = 0.0402, Rsigma = 0.0727]
13225/787/831

1.033

R1=0.0455, wR; = 0.0810
R1=0.0608, wRz = 0.0892
0.66/-0.64

-0.052(15)

CesHs5004P2Cl2Pd-CHCl3
1289.69

150.01(10)

orthorhombic

P21212;

11.54920(12)
17.81230(17)

29.1165(3)

90

90

90

5989.78(11)

4

1.430

5.450

2632.0

0.13x0.12x0.11

CuKa (A = 1.54184)

5.816 to 132.694
-13<h<13,-16 <k<21,-34<1<33
52298

10465 [Rint = 0.0385, Rsigma = 0.0294]
10465/702/734

1.048

R1=0.0266, wR, = 0.0627
R1=0.0289, wR, = 0.0643
0.59/-0.47

-0.024(2)

C70Hs406P2Cl2Pd

1230.37

150.0(2)

monoclinic

P2:

11.28960(10)
20.94262(17)
14.09792(13)

90

101.7126(8)

90

3263.82(5)

2

1.252

3.897

1264.0

0.19x0.16 x 0.11

CuKa (A = 1.54184)

6.402 to 133.838
-13<h<13,-25<k<24,-16<1<16
43167

11588 [Rint = 0.0448, Rsigma = 0.0382]
11588/1/736

1.035

R1=0.0293, wR; = 0.0690
R1=0.0329, wR, = 0.0710
0.26/-0.27

-0.016(4)




3.6 Density Functional Theory Calculations
Performed with the B3LYP functional and 6-31G* basis set, using the Spartan program. In each case
the calculations were considered to be complete and converged to a minimum on the potential energy

surface after vibrational frequency analysis did not report any negative frequencies.

Table 3.10 Calculated conformational energy differences versus dihedral angle for the ligands (S)-30a and
(R)-30b, relative to the energy at the optimised dihedral angle.

Dihedral angle® Relative energy®
(5)-30a (R)-30b
-90.00 14.26 14.34
—75.00 5.93 5.87
—60.00 1.31 1.29
-46.11 0.00 -
—46.00 - 0.00
—45.00 0.01 0.02
—30.00 1.46 1.15
—-15.00 5.44 5.71
0.00 7.34 7.39
15.00 5.70 5.91
30.00 2.07 2.28
45.00 0.71 0.76
45.56 0.71 -
45.60 - 0.75
60.00 2.11 2.19
75.00 6.73 6.93
90.00 15.11 15.45

2C12-C11-C11'-C12' (°). ® Optimised ligand geometry (kcal/mol).
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4. Coinage Metal Complexes of MOP-Phosphonites

Abstract: Chiral MOP-phosphonites containing two phenoxy substituents (S)-28a and (R)-28b, a
biphenoxy group (S)-29a and (R)-29b or the 3,3'-dimethylbiphenoxy group (5)-30a and (R)-30b, have
been coordinated to the coinage metals. Six [Au(L?)Cl] complexes have been prepared and five
characterised by X-ray crystallography, as has the related complex [Au((S)-30a),]SbFe. Six [Ag(L?)OTf)
complexes were synthesised, studied by VT NMR and, in one case, by X-ray crystallography. Six
[Cu(L®)(MeCN),]PFs complexes were also prepared, one example was characterised

crystallographically, as was the decomposition product [Cu((S)-28a)(02PF2)].

0D 20 g g
0O N \ 1 o R 4
@]

/
o ©
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4.1 Introduction

Chiral phosphonites are ligands with good m-acceptor properties which have proven to be effective in

102c 106c

nickel-catalysed  hydrocyanations, and rhodium-catalysed  hydroformylations and
hydrogenations.'?’®¢We have demonstrated that atropisomeric monophosphonites with a binaphthyl
backbone are particularly successful in the palladium-catalysed asymmetric hydrosilylation of alkenes,
capable of transforming methoxy-substituted styrenes with greater enantioselectivity than the parent
phosphine (S)-H-MOP (see Chapter 2).1*¥ They possess a phosphorus donor bound directly to a
binaphthyl backbone —the a series has a hydrogen in the 2' position of the lower naphthyl ring, whilst

a methoxy group occupies that site in the b series (ligands 28-30, Chart 4.1).

D O o ::&
(S)-28a:R = H (S)-29a: R = H (S)-30a: R = H
b:

(R)-28b: R = OMe (R)-29b: R = OMe (R)-30b: R = OMe

Chart 4.1 Phosphonite ligands (S)-28a, (R)-28b, (S)-29a, (R)-29b, (S)-30a and (R)-30b prepared in this study.
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This difference has profound implications for the catalytic performance of the parent (S)-H-MOP and
(R)-MeO-MOP ligands.'?> However, despite the fact that gold catalysis is a very active research area,?*?
reports of coinage metal (group 11) MOP complexes are rare. A gold catalyst prepared from
[Au((R)-MeO-MOP)CI] was used in the alkoxycyclisation of an enyne, albeit affording negligible
enantioselectivity,?®? whilst analogous complexes containing a MOP-phosphine bearing a phenyl
((S)-Ph-MOP) or hydroxy group ((S)-HO-MOP) in the 2' position were used in the intramolecular
hydroamination of an alkene, achieving a maximum ee of 29% (Scheme 4.1).2% |n the latter article, the
authors describe a weak Au—Tt interaction with the ligand backbone. [Au((R)-MeO-MOP)CI] was also
used to effect the enantioselective gold(I)-catalysed [4+2] cyclisation of a 1,6-enyne in good yields, but
with ees capped at 25% (Scheme 4.2).2%% Air-stable vinyl gold complexes were prepared from a MOP
ligand bearing two phosphorus-bound tert-butyl substituents and a hydrogen in the 2' position.?%
These complexes reacted further in palladium-catalysed aryl cross-coupling reactions and C(sp3)—C(sp?)
bond formations using electrophilic reagents, to give polycyclic natural product derivatives.?’> The
same ligand was used in the synthesis of dihydroisocoumarins; the authors assert that the highly
effective nature of the catalyst may result from stabilisation of the Au(I) centre in the transition state
by a side-on m—arene interaction with the ligand.?°® The subject of Au—arene nt-bonding to biphenyl
phosphines has also been investigated theoretically.?’’” Echavarren and co-workers published their

study on M-t interactions for group 11 metal complexes containing ligated biphenylphosphine

ligands, noting a stronger bonding for the Cu and Ag analogues compared to Au.?%®

NHTs 5 mol% [Au(L)CI]

Ts
4/\/\ Smol% [AgX] Ph N~ Yield = 11-72%
PRI Solvent, 85°C  Ph ee = 0-29%

Scheme 4.1 Au(I)-catalysed asymmetric intramolecular hydroamination of an alkene. L = (S)-Ph-MOP or
(S)-HO-MOP; X = OTf, OTs, CF3CO>, BF4 or NTf2; solvent = acetonitrile, DCE or toluene.?3

MeO,C —Ph 2.5 mol% [Au(L)Cl]

MeO,C 25mol% [AgX] MeO,C . Yield = 78-84%
\ DCM., 80 °C MeO,C ee = 20-25%

Scheme 4.2 Au(l)-catalysed asymmetric [4+2] cyclisation of a 1,6-enyne. L = (R)-MeO-MOP; X = PFs or SbFs.2%

MOP ligands with benzyl substituents in the 2' position are effective in silver-catalysed chiral
vinylogous Mannich reactions,?® where weak Ag—rt/ni—t stacking was invoked as a possible explanation
for the diastereoselective nucleophilic addition of siloxyfuran to the imine. Ag—MOP catalysts have

shown high reactivity and encouraging enantioselectivity in the allylation of aldimines.?*® A silver
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acetate complex bound to (S)-HO-MOP was found to be effective in the asymmetric formal [3+2]

cycloaddition of isocyanoesters to 2-oxobutenoate esters in high yields and ees (Scheme 4.3).%!

10 mol% [AgO MeO-G
CN™ ~CO,Me mol% [AgOAC] Ph .
12 mol% Ligand o leld =052§§)%
+ » MeO,C, e = 0-
Solvent, —10 °C e02C., [ o6 = 46.92%

o) Ph

N
|
H
|v|e02(:J\/A Ph

Scheme 4.3 Ag(I)-catalysed asymmetric [3+2] cycloaddition of methyl 2-cyano-2-phenylacetate to methyl 2-oxo-
4-phenylbut-3-enoate. Solvent = acetonitrile, carbon tetrachloride, chloroform, DCE, DCM, toluene or THF.?!

(R)-MeO-MOP was effective in the copper-catalysed propargylic amination of propargyl acetate with
N-methylaniline,?'? although the ee was found to be low. H-MOP and MeO-MOP backbones with two
methyl groups on the phosphorus have been prepared, but their copper(I) hydride complexes did not
perform as ketone hydrogenation catalysts.?’®> (R)-MeO-MOP gave a low yield but moderate
enantioselectivity in the copper(I)-catalysed hydroboration of a cyclopropane (Scheme 4.4).2* The
S enantiomer of the same ligand gave low vyields and ees in copper-catalysed azide-alkyne

cycloadditions.?*> However, no coordination chemistry of the MOP-copper complexes was reported.

Cl 10 mol% [CuCl]
@ 11 mol% NaO'Bu cl
’ACOZMe 12 mol% Ligand @ Yield = 30%
MeOH (2 eq.) g /KCOZMG ee = 51%
+ Toluene, rt "
’'BPin
BzPinz

Scheme 4.4 Cu(I)-catalysed hydroboration of a cyclopropane. BzPinz = bis(pinacolato)diboron.

We have noted the ramifications of n-interactions between palladium and the lower naphthyl ring of
our MOP ligands in affecting the outcome of asymmetric hydrosilylations (see Chapter 2).932138 |n this
chapter, we report for the first time the coordination chemistry of all the group 11 metals with one

uniform set of chiral phosphonite ligands.

4.2 Results and Discussion

4.2.1 Gold coordination chemistry

Each phosphonite (Chart 4.1) was reacted with the gold precursor [Au(tht)Cl], to generate the

corresponding phosphonite gold chloride complexes [Au((S)-28a)Cl] (S)-42a, [Au((R)-28b)CI] (R)-42b,

[Au((S)-29a)Cl] (S)-43a, [Au((R)-29b)Cl] (R)-43b, [Au((S)-30a)Cl] (S)-44a and [Au((R)-30b)Cl] (R)-44b,
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which were fully characterised by multinuclear NMR spectroscopy, HRMS, and in each case, with the
exception of (R)-44b, by X-ray crystallography (Figs. 4.1-4.5). The complexes all share a slightly
distorted linear geometry, with P-Au—Cl bond angles ranging from 174.27(5)° in (S)-44a to 178.67(10)°
in (S)-43a. The Au—P bond lengths vary from 2.1932(11) A in (R)-43b to 2.209(2) A in (R)-42b, whilst the
Au—Cl bond lengths lie in the range 2.270(2) A in (R)-42b to 2.287(3) A in (5)-43a. Hashmi et al. reported
bond distance ranges of 2.22 to 2.25 A for Au-P and 2.28 to 2.30 A for Au—Cl in their study into
Au-biarylphosphine complexes.?’® When the torsion angles for the 2,2'-biphenoxy groups in (S)-43a
and (R)-43b are compared, it can be deduced that there is free rotation about the C11-C11' bond. In
the asymmetric unit of (S)-43a there are two molecules with different conformations which have

angles of 43.6(15)° and -42.0(14)°, and in (R)-43b the angle is -44.0(6)°.

Fig. 4.1 Molecular structure of (S)-42a (the asymmetric unit comprises two molecules in different conformations).
Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles (°): (left) P1-Aul
2.2026(18), P1-C2 1.790(6), P1-01 1.617(4), P1-02 1.601(4), Aul—Cl1 2.2791(17); P1-Aul-Cl1 177.72(8),
Aul-P1-C2 119.6(2), Aul-P1-01 112.14(15), Aul—P1-02 119.29(16), C2—C1-C1'—C2' —76.6(6); (right) P2—Au2
2.2057(18), P2—C18 1.787(5), P2—03 1.611(4), P2—04 1.603(4), Au2—CI2 2.2776(16); P2—Au2—CI2 176.71(8),
Au2-P2-C18 124.5(2), Au2—P2—03 114.74(17), Au2—P2—04 112.96(15), C18—C17—C17'-C18' —108.7(6).

Fig. 4.2 Molecular structure of (R)-42b (the asymmetric unit comprises two molecules in different
conformations). Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles
(°): (left) P1-Aul 2.195(2), P1-C2 1.794(7), P1-0O1 1.603(5), P1-02 1.622(6), Aul-ClI1 2.285(2); P1-Aul-Cl1
177.43(10), Aul—P1-C2 124.0(3), Aul-P1-01 113.9(2), Aul-P1-02 114.7(2), C2—C1-C1'-C2' —106.4(8); (right)
P2—-Au2 2.209(2), P2—C22 1.793(7), P2—-04 1.622(5), P2—05 1.588(5), Au2—-Cl2 2.270(2); P2—Au2-CI2 177.64(10),
Au2—-P2-C22 120.0(2), Au2—P2—-04 112.6(2), Au2—P2—-05 117.6(2), C22—-C21—-C21'-C22' —74.5(10).
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Fig. 4.3 Molecular structure of (S)-43a (the asymmetric unit comprises two molecules in different conformations).
Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles (°): (left) P1-Aul
2.200(3), P1-C2 1.789(10), P1-01 1.602(7), P1-02 1.603(7), Aul-Cl1 2.287(3); P1-Aul—CI1 177.46(11),
Aul-P1-C2 121.4(3), Aul-P1-01 106.1(3), Aul-P1-02 119.0(3), C2-Ci1-C1'-C2' -106.5(11),
C12—-C11-C11'-C12' 43.6(15); (right) P2—Au2 2.200(3), P2—C18 1.789(11), P2—03 1.598(7), P2—04 1.603(7),
Au2—ClI2 2.277(3); P2—Au2—-CI2 178.67(10), Au2—P2—C18 119.6(3), Au2—P2—03 117.2(3), Au2—P2-04 108.2(3),
C18—C17-C17'-C18' —-76.1(12), C28—-C27—C27'-C28' —42.0(14).

C12,/ 08 C11
o "%
»,

3 C2 @ c12

> <

Fig. 4.4 Molecular structure of (R)-43b. Hydrogen atoms have been omitted for clarity. Selected bond distances
(A) and angles (°): P1-Aul 2.1932(11), P1-C2 1.798(4), P1-01 1.608(3), P1-02 1.616(3), Aul-Cl1 2.2737(11);
P1-Aul-CI1177.18(5), Aul-P1-C2 121.50(14), Aul-P1-01 115.11(13), Au1-P1-02 110.10(11), C2—C1-C1'-C2'
—85.4(6), C12-C11-C11'-C12' —44.0(6).

Of particular interest to us was the distance separating the gold centre from the nearest carbon and
corresponding aryl group (Table 4.1). Hashmi’s aforementioned biarylphosphine complexes have
Au—Cs, distances of 2.96 to 3.26 A; for the H-MOP ligand bearing two phosphorus-bound tert-butyl
substituents, Au—Cips, is 3.052A. The authors state that the sum of the van der Waals radii is 3.36 A,
and suggest a gold—arene interaction in these complexes.?’®216 By this metric, our gold phosphonite
complexes have a degree of arene interaction (Table 4.1). For the complex [Au((S)-HO-MOP)CI], the
Au—centroid® separation was reported to be 3.3 A2 Echavarren et al. reported
Au-biphenylphosphine distances of 3.0-3.3 A in their series of complexes; however, in this publication
the authors argue that 2.95 A is the limit for significant gold—arene bonding.2%® An inspection of the

Au—arene separations in our series of gold phosphonites shows that, by this metric, there appears to
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be little interaction, with Au—Cjs, distances ranging from 3.131(10) A in (5)-43a to 3.296(5) A for

(5)-44a; the distances to the centroid of the Cs ring containing Cisso are all above 3.26 A (Table 4.1).

Fig. 4.5 Molecular structure of (S)-44a (the asymmetric unit comprises two molecules in different conformations).
Hydrogen atoms have been omitted for clarity. Selected average bond distances (A) and angles (°): (left) P1-Aul
2.1985(11), P1-C2 1.796(5), P1-0O1 1.607(3), P1-02 1.615(3), Aul—-Cl1 2.2724(11); P1-Aul—Cl1 177.90(5),
Aul-P1-C2 122.20(15), Aul-P1-01 115.23(13), Aul-P1-02 108.85(12), C2-Ci1-C1'-C2' -72.9(6),
C12—C11-C11'-C12' —45.0(6); (right) P2—Au2 2.1998(13), P2—-C19 1.798(5), P2—03 1.614(3), P2—04 1.602(3),
Au2-Cl2 2.2705(14); P2—Au2—Cl2 174.27(5), Au2—P2—-C19 121.78(15), Au2—-P2-03 111.59(14), Au2-P2-04
110.97(13), C19-C18-C18'-C19' —76.3(6), C29—C28—-C28'-C29' —48.4(7).

Table 4.1 Selected distances for [Au(L?)Cl] complexes.?

Complex® Au—CA (A) Au—centroid®" (A)d
3.218(4) 3.389(2)
(5)-42a
3.289(5) 3.432(2)
3.245(9) 3.346(3)
(R)-42b
3.168(6) 3.261(3)
3.165(10) 3.305(4)
(5)-43a
3.131(10) 3.279(4)
(R)-43b 3.261(5) 3.381(2)
3.215(3) 3.267(2)
(5)-44a
3.296(5) 3.387(2)

2 Experimental values (X-ray data). ? (S)-42a, (R)-42b, (S)-43a and (S)-44a contain two independent molecules
in the asymmetric unit. ¢ ipso-C of the lower naphthyl ring. ¢ Centroid of the Cs ring containing the ipso-C.

We then synthesised the complex [Au((S)-30a),]SbFs (S)-45a by treating (S)-44a (prepared in situ) with
silver(I) hexafluoroantimonate and an additional equivalent of (5)-30a. Single crystals of (S)-45a,
suitable for X-ray crystallographic analysis, were obtained by layering a DCM solution of the complex

with hexane (Fig. 4.6 and Fig. 4.7).
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Fig. 4.6 Molecular structure of one of the two independent cations of (5)-45a (the asymmetric unit comprises
two cations in different conformations and two anions). Hydrogen atoms have been omitted for clarity. Selected
average bond distances (A) and angles (°): P1-Aul 2.284(3), P2-Aul 2.290(3), P1-C2 1.791(11), P2-C19
1.770(14); P1-Aul-P2 164.78(11), Aul-P1-C2 111.7(4), Aul-P1-01 112.2(3), Aul-P1-02 112.7(3),
Aul-P2-C19 124.7(4), Aul-P2-03 105.2(3), Aul-P2-04 112.8(4), C2-C1-C1'-C2' —99.5(14),
C12-C11-C11'-C12'45.2(19), C19-C18-C18'-C19' —90.3(14), C29-C28—-C28'-C29' —42.7(19).

Fig. 4.7 Molecular structure of one of the two independent cations of (S)-45a (the asymmetric unit comprises
two cations in different conformations and two anions). Hydrogen atoms have been omitted for clarity. Selected
average bond distances (A) and angles (°): P3-Au2 2.291(3), P4-Au2 2.279(3), P3—C36 1.803(11), P4—C53
1.813(9); P3—-Au2-P4 166.91(10), Au2-P3-C36 122.1(4), Au2-P3-05 106.7(3), Au2-P3-06 111.9(3),
Au2-P4—-C53 116.1(3), Au2-P4-07 113.0(3), Au2-P4-08 108.0(3), C36—C35-C35'-C36' -91.3(13),
C46—C45—-C45'-C46' —45(2), C53—C52—C52'-C53' —107.0(13), C63—C62—C62'-C63' 48(2).

As seen previously for the [Au(L?)Cl] complexes, (S)-45a has two crystallographically independent
molecules in the asymmetric unit, which comprises two cations and two anions. The Au—P bond lengths
range from 2.279(3) to 2.291(3) A and the P-Au—P bond angles were determined to be 164.78(11)°
and 166.91(10)°. Thus, they are contracted from the ideal linear geometry. The related phosphine
complex [Au(PPhs),]PFs has Au—P bond lengths of 2.314(2) A and 2.309(2) A and a P-Au—P bond angle

of 177.4(1)°; for [Au(PPhs):]NO; the corresponding values are 2.312(4) A and 2.311(2) A, and
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171.1(2)°.2Y Thus, the gold-phosphonite bond lengths are shorter than in the related arylphosphine
complexes, and the smaller P-Au—P bond angle is perhaps a consequence of the bulky
3,3'-dimethylbiphenoxy moiety of the ligand, although for [Au(PPhs),]BF4 the value is 167.3(1)°,%%8so
care must be taken when drawing conclusions. Again, there appears to be no significant metal-arene
interaction, as the distances are above Echavarren’s limiting value of 2.95 A.2% The closest contact is
the ipso-C of the lower naphthyl: Au1-C18' 3.267(11) A, Aul—centroid 3.267(2) A (Fig. 4.6), Au2—C35'
3.174(10) A and Au2—centroid 3.376(5) A (Fig. 4.7).

4.2.2 Silver coordination chemistry

In this section, the fluxionality of silver phosphonite complexes is studied by 3P{*H} NMR spectroscopy,
and the results are compared to the phosphine analogues. Metal-arene distances in the solid state are
also investigated by X-ray crystallography. Thus, the silver complexes [Ag(L?)OTf] were synthesised by
the reaction of one equivalent of the pertinent phosphonite with silver(I) trifluoromethanesulfonate,
to generate [Ag((S)-28a)0OTf] (S)-46a, [Ag((R)-28b)OTf] (R)-46b, [Ag((5)-29a)0Tf] (S)-47a,
[Ag((R)-29b)OTf] (R)-47b, [Ag((S)-30a)OTf] (S)-48a and [Ag((R)-30b)OTf] (R)-48b. For comparison, the
phosphine complexes [Ag((S)-H-MOP)OTf] and [Ag((R)-MeO-MOP)OTf] were also prepared. We were
able to obtain single crystals of (R)-47b suitable for X-ray analysis, by slow diffusion of diethyl ether
into a solution of the complex in DCM (Fig. 4.8). In the solid state the compound exists as a dimer,
[Ag((R)-29b)OTf],. The silver atoms are three-coordinate and in a trigonal planar geometry, the
phosphonite ligand is bound as a monodentate P-donor, and there are two bridging triflate groups, as
reported for related ligands;?°it is also worth noting that [Ag(PPh3)OTf] crystallises as a trimer.?2° For
(R)-47b, there appears to be no significant metal—arene interaction as the interatomic distances are
above the limiting value of 3.03 A, as determined by Echavarren for Ag—arene bonding.?®® The ligand
bound to Agl shows a closest contact of 3.187(6) A to one of the internal quaternary carbons of the
lower naphthyl ring (C9'), whereas the closest contact for the ligand bound to Ag2 is 3.251(7) A to the
carbon of the lower naphthyl ring bearing the methoxy substituent (C22'). Interestingly, the ligand
bound to Agl shows a shorter distance to a Cs ring centroid for the ring containing C8' rather than the
ipso-C (C1'"), in contrast to that seen for the ligand bound to Ag2 and all of the Au complexes discussed
earlier: Agl—centroid (containing C1') 3.550(3) A, Agl—centroid (containing C8') 3.518(3) A and Ag2—
centroid 3.327(3) A (containing C21'). The Ag—P bond lengths are 2.3769(17) A and 2.3678(17) A,
consistent with those of other silver phosphonite complexes, although X-ray crystal structure
determinations appear rare (Fig. 4.8).%® For Agl, the 2,2'-biphenoxy moiety features a torsion angle
C12—C11-C11'-C12' of 43.5(10)°, whereas for Ag2 the angle C32—-C31-C31'-C32' is -44.7(9)°,

indicating again that rotation about those aryl-aryl junctions is unrestricted.
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Fig. 4.8 Molecular structure of (R)-47b. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): P1-Agl 2.3769(17), P2—Ag2 2.3678(17), P1-C2 1.820(7), P2—C22 1.820(7), Ag1-03T
2.318(6), Agl—-OAT 2.356(6), Ag2-O1T 2.308(5), Ag2—-O6T 2.340(6); P1-Agl-03T 134.62(15), P1-Agl-04T
142.65(17), O3T-Ag1-04T 82.7(2), P2—Ag2—01T 147.43(17), P2—Ag2—06T 127.89(14), O1T-Ag2—06T 84.6(2),
Agl-P1-C2 122.3(2), Ag2—P2—-C22 123.5(2), O1T-S1T-03T 115.1(4), O4T-S2T-06T 119.1(4), C2-C1-C1'-C2'
—88.1(8), C12-C11-C11'-C12' 43.5(10), C22—-C21-C21'-C22' —101.3(7), C32—C31-C31'-C32' —44.7(9).

The silver phosphonite complexes were characterised by NMR spectroscopy (Figs. 4.9-4.16). Silver has
two NMR-active isotopes, ’Ag (I = %, natural abundance 51.8%) and ®Ag (/ = %, natural abundance
48.2%); therefore, the expected 3!P{*H} NMR spectra for the complexes should consist of two doublets
arising from ’Ag—P and 1®Ag—P spin-spin coupling. For the phosphine complexes [Ag((S)-H-MOP)OTf]
and [Ag((R)-MeO-MOP)OTf], phosphine coordination resulted in one broad 3!P{*H} NMR signal at
6 5.1 ppm for the (S)-H-MOP complex (Fig. 4.9) at 25 °C and two broad peaks at § 3.8 ppm and 7.8 ppm
for the (R)-MeO-MOP analogue, at 23 °C (Fig. 4.10). This broadening is likely due to rapid phosphine
exchange.??! Cooling to 40 °C was necessary to observe the formation of the expected doublets, with
the ”Ag—P and ®Ag—P coupling constants measured at —60 °C (Table 4.2). The magnitude of these
couplings are J*Ag—P = 755 Hz and J***Ag—P = 858 Hz for [Ag((S)-H-MOP)OTf] and J*’Ag—P = 743 Hz
and J'°Ag—P = 857 Hz for [Ag((R)-MeO-MOP)OTf], and are consistent with complexes containing one
bound phosphine ligand.??? [Ag(PPhs)OTf] gave a doublet of 746 Hz and 860 Hz for J*’Ag—P and
J1%Ag—P coupling respectively.?2°° Much smaller couplings are consistent with species containing more
than one bound phosphine, silver phosphine complexes are known to form a series of complexes of
the type [Ag(L").X] (n = 1-4) in which the ligands can be labile.?2°%221222 \When the solution of
[Ag((S)-H-MOP)OTf] was cooled to -40 °C, two additional doublets of very low intensity were observed
in the NMR, at 3.5 ppm and 7.4 ppm, which by virtue of the magnitude of the couplings (J1’Ag—P =
741 Hz and JAg—P = 856 Hz) indicates the presence of species with the same nuclearity. The
phosphonite ligands appear downfield from their phosphine analogues: (S)-28a, 154.8 ppm; (R)-28b,
155.6 ppm; (5)-29a, 177.7 ppm; (R)-29b, 180.0 ppm; (S)-30a, 172.4 ppm and (R)-30b, 174.2 ppm.138
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Fig. 4.10 31P{'H} VT NMR of [Ag((R)-MeO-MOP)OTf] in CD:Cl>.
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Fig. 4.11 *'P{*H} VT NMR of (5)-46a in CDCl..
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Fig. 4.12 31P{'H} VT NMR of (R)-46b in CD,Cl..
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Fig. 4.13 31P{1H} VT NMR of (S)-47a in CD:Cl,.
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Fig. 4.14 31P{'H} VT NMR of (R)-47b in CD:Cl>.
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Fig. 4.15 31P{'H} VT NMR of (S)-48a in CD:Cla.
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Fig. 4.16 3'P{*H} VT NMR of (R)-48b in CD2Cl>.

The 3P{*H} NMR spectra of their silver complexes echo the general behaviour of the aforementioned
phosphine analogues (Figs. 4.11-4.16), albeit with some notable differences. As expected, the chemical
shifts of the phosphonite complexes are shifted upfield relative to the free ligands, and appear over
the range 6 140 to 160 ppm. With the exception of (S)-46a (Fig. 4.11) and (S)-48a (Fig. 4.15), cooling
was again required to resolve the 1%’Ag—P and ®Ag—P couplings. The observation of coupling at room
temperature is unusual, and is normally associated with bulky or chelating phosphines,?2°?% put there
does not appear to be a particular trend for our phosphonites, although the b series of ligands form
complexes that always give broad signals at room temperature. For the bulky dimethylbiphenoxy
complexes, (S)-48a and (R)-48b, several additional resonances appeared as the samples were cooled
to -90 °C which, given their absence for the other ligands, probably correspond to rotamers (Figs. 4.15
and 4.16). From Table 4.2 it is apparent that Ag—P couplings are significantly increased for the
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phosphonite complexes, compared to the phosphine analogues: J**? Ag—P increases by approximately

200 Hz and J*°Ag—P by 200 to 300 Hz.

Table 4.2 3'P{*H} NMR coupling constants (*Jrag) of [AgL?(OTf)] at selected temperatures.

Complex® T JY7Ag—P (Hz) JH99Ag—P (Hz)

[Ag((5)-H-MOP)OTH] -60 °C 755 858
[Ag((R)-MeO-MOP)OTf] -60 °C 743 857
(5)-46a -40 °C 922 1065

(R)-46b -40 °C 930 1072

(5)-47a -60 °C 988 1140

(R)-47b -80°C 996 1149

(5)-48a -20°C 982 1133

(R)-48b -20°C 984 1135

31p{IH} NMR measurements were taken at 202 MHz in CD2Cls.

4.2.3 Copper coordination Chemistry

Complexes of the type [Cu(L?)(MeCN),]PFs were synthesised by reaction of one equivalent of the
phosphonite ligand with [Cu(MeCN)4]PFs in DCM. In this fashion, we were able to synthesise the
following complexes: [Cu((S)-28a)(MeCN),]PFs (S)-49a, [Cu((R)-28b)(MeCN),]PFs  (R)-49b,
[Cu((S)-29a)(MeCN).]PF¢ (S)-50a, [Cu((R)-29b)(MeCN).]PFs (R)-50b, [Cu((S)-30a)(MeCN),]PFs (S)-51a
and [Cu((R)-30b)(MeCN);]PFs (R)-51b. The cations were characterised by 3'P{*H} NMR spectroscopy,
which featured broad upfield resonances. We were also able to obtain single crystals of (R)-51b,
suitable for analysis by X-ray diffraction, by slow diffusion of diethyl ether into a DCM solution. There
are two crystallographically independent molecules in the asymmetric unit (Fig. 4.17), and the
copper(I) is in a trigonal planar coordination environment in both independents.??* The metal-arene
distances are beyond the limiting value of 2.83 A for a significant interaction, according to Echavarren
et al.*® The ligand bound to Cul shows a closest contact of 2.898(9) A for the ipso-C (C1') of the lower
naphthyl ring (Fig. 4.17), whereas the closest contact for the ligand bound to Cu2 is 2.959(10) A, to one
of the internal quaternary carbons of the lower naphthyl ring (Fig. 4.17, C31'). For both cations the
closest metal contact to a centroid of a C ring is for the ring containing the ipso-C, as reported for all

of the gold complexes discussed: Cul—centroid 3.070(5) A and Cu2—centroid 3.048(6) A (Fig. 4.17).
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Fig. 4.17 Molecular structure of (R)-51b (the asymmetric unit comprises two cations in different conformations
and two anions). Hydrogen atoms have been omitted for clarity. Selected average bond distances (&) and angles
(°): (left) P1—Cul 2.1603(19), P1-C2 1.791(7), P1-01 1.609(5), P1-02 1.625(5), Cul-N1 1.961(7), Cul-N2
1.941(7); P1-Cul-N1 122.3(2), P1-Cul—N2 128.6(2), N1-Cul—N2 107.3(3), Cul-P1-C2 119.8(2), Cul-P1-01
105.90(19), Cul—-P1-02 122.33(19), C2—-C1-C1'-C2' —94.6(9), C12—C11-C11'-C12' 43.0(10); (right) P2—Cu2
2.1726(19), P1-C24 1.804(7), P2—04 1.624(5), P2—05 1.619(5), Cu2—N3 1.961(7), Cu2—N4 1.960(7); P2—Cu2—N3
127.8(2), P2—Cu2-N4 124.6(2), N3-Cu2-N4 105.3(3), Cu2-P2-C24 122.1(2), Cu2-P2—-04 120.54(19),
Cu2—-P2-05 105.49(19), C24—-C23—-C23'-C24' —97.8(9), C34—-C33—-C33'-C34' —41.5(10).

We were unable to obtain crystals of (5)-49a; however, after repeated recrystallisation attempts, we
did manage to crystallise the unusual dimer [Cu((S)-28a)(0,PF,)]> (5)-52a (Fig. 4.18). Complex (S)-52a,
a possible decomposition product of (S)-49a, contains the bridging, tetrahedral difluorophosphate
anion (Fig. 4.18), which most likely formed through partial hydrolysis of the octahedral
hexafluorophosphate anion.?”® The metal-arene distances are longer than those seen in the
mononuclear complex (R)-51b, and there appears to be no significant interaction. For the ligand bound
to Cul, the closest metal-arene contact is to the tertiary carbon ortho to the ipso-C (C2'), whereas for
the ligand bound to Cu2, the closest contact is to C24': Cul—-C2' 3.050(5) A and Cu2—C24' 2.995(6) A
(Fig. 4.18). Similar to the observations we made for the dimer [Ag((R)-29b)OTf], (R)-47b, the ligand
bound to Cu2 shows a shorter distance to a Cs ring centroid for the ring containing C24' rather than
C17', unlike that seen for the ligand bound to Cul which has a closest centroid contact for the C¢ ring
containing C1": Cul—centroid 3.858(2) A and Cu2—centroid 3.813(3) A (Fig. 4.18). We were unable to
undertake NMR studies on (5)-52a due to its insolubility, as was also reported by Beck et al. for copper

complexes with bridging difluorophosphate anions.??
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Fig. 4.18 Molecular structure of (5)-52a. Hydrogen atoms have been omitted for clarity. Selected average bond
distances (A) and angles (°): P1-Cul 2.1344(13), P2—Cu2 2.1399(13), P1-C2 1.809(5), P2—C18 1.814(5), Cul-01
1.968(4), Cul-03 2.041(4), Cu2—-02 2.056(4), Cu2—04 1.980(4), P3-01 1.472(4), P3-02 1.454(4), P4-03 1.470(4),
P4-04 1.470(4); P1-Cul-01 141.17(12), P1-Cul-03 119.34(13), 01-Cul-03 99.09(17), P2—Cu2-02
119.51(12), P2—Cu2—04 139.15(11), 02—Cu2-04 99.58(16), Cul-P1—C2 117.88(15), Cu2—P2—C18 116.07(16),
01-P3-02 122.4(2), 03—P4-04 122.4(2), C2-C1-C1'-C2' —73.5(5), C18—C17—-C17'-C18' —~107.8(5).

4.3 Summary

Group 11 complexes of MOP ligands are uncommon, but have shown promise as asymmetric catalysts
for a variety of organic transformations; the presence of M—m arene interactions have been deemed
to play arole in some of these processes. We have prepared gold, silver and copper complexes of chiral
MOP-phosphonites for the first time. Extensive NMR and X-ray crystallographic analyses were
undertaken on these compounds, with the latter being especially useful in demonstrating that any
M-t interactions appear weak, if present at all. Future work in the group will investigate the

ramifications of these structural elements on the catalytic abilities of the complexes in asymmetric

catalytic transformations.

4.4 Experimental Procedures

All air- and/or water-sensitive reactions were performed under a nitrogen atmosphere using standard
Schlenk line techniques in oven dried glassware. Solvents were freshly distilled prior to use; toluene
was dried over sodium, tetrahydrofuran and diethyl ether were dried over sodium/benzophenone,
dichloromethane was dried over calcium hydride. Hexane was dried over sodium/benzophenone and
d-chloroform was dried over phosphorus pentoxide, distilled and stored over molecular sieves.
(5)-H-MOP,*?¢ (R)-MeO-MOP¥ and chloro(tetrahydrothiophene)gold(I1)?2® were prepared according to

literature procedures. All other chemicals were used as received without further purification. Melting
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points were determined in open glass capillary tubes on a Stuart SMP3 melting point apparatus.
Infrared spectra were measured on a Varian 800 FT-IR Scimitar Series spectrometer. H, 3C{*H}, °F
and 3'P{*H} NMR spectra were recorded on a Brucker 500 (*H 500.15 MHz), JEOL 400 (*H 399.78 MHz)
or Brucker 300 (*H 300.13 MHz) spectrometer at room temperature (21-25°C) if not otherwise stated,
using the indicated solvent as internal reference. 2D NMR experiments (*H-'H COSY, HSQC and HMBC)
were used for the assignment of proton and carbon resonances, the numbering schemes are given in
Fig. 3.25. High-resolution mass spectrometry was carried out by the EPSRC National Mass

Spectrometry Facility, Swansea.

Fig. 4.19 Numbering schemes used to assign proton and carbon resonances in the NMR spectra: phenoxy-derived
ligands (left), 2,2'-biphenoxy-derived ligands (right).

4.4.1  [Au((S)-28a)Cl] (S)-42a

o-Ph
[Au(tht)CI] T O~pp,
P(OPh), P\
99 o () me

(S)-Diphenyl [1,1'-binaphthalen]-2-yl phosphonite ((S)-28a, 28.2 mg, 60.0 umol, 1.0 eq.) and

chloro(tetrahydrothiophene)gold(I) (19.2 mg, 60.0 umol, 1.0 eq.) were dissolved in DCM (1.5 mL) and
stirred for 30 min, after which the volatiles were removed in vacuo. The residue was washed with
hexane and dried in vacuo, to yield the pure title compound quantitatively as a white solid. Single

crystals were grown by pentane layering of a toluene solution.

MP: 140-142 °C (decomp.). IR (neat): v = 3058.6 (w), 1588.3 (m), 1484.2 (s), 1369.2 (w), 1319.1 (w),
1200.6 (s), 1180.6 (s), 1158.0(s), 1071.4 (w), 1023.0 (m), 914.8 (s), 802.5 (m), 767.8 (s), 688.0 (s), 642.2
(s), 615.3 (m) cm™. *H NMR (300 MHz, CDCls): & (ppm) = 8.24 (apparent-t (dd), 3Juume = 9.0 Hz, 1H, H3),
8.13-8.04 (m, 2H, HA4/HA'), 7.97-7.90 (m, 2H, H5/H5'), 7.60-7.53 (m, 3H, H2'/H3'/H6), 7.41 (ddd,
3Jun = 8.3 Hz, 3Jun = 6.8 Hz, “Juu = 1.3 Hz, 1H, H6'), 7.32-7.15 (m, 5H, H7/H7'/H8/H13'), 7.11-6.97 (m, 5H,
H8'/H13/H14/H14'), 6.96-6.90 (m, 2H, H12'), 6.56-6.50 (m, 2H, H12). 3C{*H} NMR (75 MHz, CDCls):
6 (ppm) = 152.3 (overlapping-d, C11/C11'), 145.1 (d, ¥ep = 22.3 Hz, C1), 135.3 (d, “Jcp = 1.8 Hz, C10),
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133.8 (€10"), 133.5, 133.4, 133.3 (d, Jer = 3.3 Hz), 130.1 (m), 130.0 (m), 129.1, 129.0, 128.8, 128.8,
128.2, 127.6 (d, Jeo = 2.6 Hz), 127.6 (d, Jer = 1.1 Hz), 127.0, 126.5 (C6'), 126.1 (C8'), 125.9 (d,
Sje = 1.9 Hz, C14'), 125.8 (d, Jep = 1.9 Hz, C14), 125.5, 125.0 (d, 2Jcp = 8.2 Hz, €3), 121.0 (d, 3Jcp = 6.2 Hz,
C12'), 120.7 (d, 3Jep = 6.2 Hz, C12). 3'P{*H} NMR (121 MHz, CDCls): 6 (ppm) = 132.9 (s). HRMS (ASAP*,
solid): Found: m/z = 667.1099. Calculated for [M - CI]*: m/z = 667.1096.

4.4.2  [Au((R)-28b)Cl] (R)-42b

OO [Au(tht)CI] OO o
u ~0-p
P(OPh p-O~Ph

)2

l l OMe DCM gg O\\AUCI

(R)-Diphenyl (2'-methoxy-[1,1'-binaphthalen]-2-yl)phosphonite ((R)-28b, 30.0 mg, 60.0 umol, 1.0 eq.)

and chloro(tetrahydrothiophene)gold(I) (19.2 mg, 60.0 umol, 1.0 eq.) were dissolved in DCM (1.5 mL)
and stirred for 30 min, after which the volatiles were removed in vacuo. The residue was washed with
hexane and dried in vacuo, to yield the pure title compound quantitatively as a white solid. Single

crystals were grown by slow diffusion of diethyl ether into a d-chloroform solution.

MP: 142-144 °C (decomp.). IR (neat): v = 3057.2 (w), 1588.6 (m), 1483.7 (s), 1251.7 (m), 1198.6 (s),
1157.7 (s), 1079.3 (w), 1022.0 (w), 914.5 (s), 808.5 (m), 768.7 (s), 751.3 (m), 687.6 (s), 644.8 (s) cm™.
'H NMR (300 MHz, CDCls): 6 (ppm) = 8.22 (apparent-t (dd), 3Juume = 8.9 Hz, 1H, H3), 8.15-8.06 (m, 2H,
HA4/H4'), 7.94 (d, *Juy = 8.2 Hz, 1H, H5), 7.85 (d, 3un = 8.2 Hz, 1H, H5'), 7.56 (ddd, 3w = 8.2 Hz,
3w = 6.3 Hz, Y = 1.7 Hz, 1H, H6), 7.41 (d, ¥us = 9.1 Hz, 1H, H3'), 7.33-6.89 (m, 12H,
H6'/H7/H7'/H8/H12'/H13/H13'/H14/H14'), 6.85 (d, 3Juy = 8.6 Hz, 1H, H8'), 6.42-6.36 (m, 2H, H12), 3.75
(s, 3H, OCHs). 3C{*H} NMR (75 MHz, CDCls): 6 (ppm) = 155.3 (C2'), 152.4 (overlapping-d, C11/C11'),
142.3 (d, Yep = 23.5 Hz, C1), 135.6 (d, “Jep = 1.7 Hz, C10), 134.5 (€9'), 133.0 (d, 3Jep = 12.5 Hz, €9), 131.7
(€c4"), 130.1 (obscured-d, C2), 130.0 (d, “Jep = 0.8 Hz, C13 or C13'), 129.8 (d, “Jep = 1.4 Hz, C13 or C13'),
129.0(C6), 128.9(C10'), 128.8 (d, *Jcp = 9.7 Hz, C4), 128.4 (C5'), 128.3 (C5), 127.5 (C7), 127.2 (C7'), 127.0
(d, “Jep = 2.5 Hz, C8), 125.7 (C14 or C14'), 125.7 (C14 or C14'), 125.2 (d, %Jep = 7.3 Hz, C3), 125.0 (C8'),
123.9 (C6'), 120.9 (overlapping-d, C12/C12'), 117.3 (d, 3Jcr = 9.9 Hz, C1'), 113.5 (C3'), 56.0 (OCHs).
31p{IH} NMR (121 MHz, CDCls): & (ppm) = 133.0 (s). HRMS (NSI*, DCM/MeQOH): Found: m/z = 750.1227.
Calculated for [M + NH4]": m/z = 750.1234.
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4.4.3 [Au((S)-29a)Cl] (S)-43a

DO woer (LS
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(S)-[1,1'-biphenyl]-2,2’-diyl [1,1'-binaphthalen]-2-yl phosphonite ((S)-29a, 28.1 mg, 60.0 umol, 1.0 eq.)

and chloro(tetrahydrothiophene)gold(I) (19.2 mg, 60.0 umol, 1.0 eq.) were dissolved in DCM (1.5 mL)
and stirred for 30 min, after which the volatiles were removed in vacuo. The residue was washed with
hexane and dried in vacuo, to yield the pure title compound quantitatively as a white solid. Single

crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 260-262 °C (decomp.). IR (neat): v = 3057.7 (w), 1498.4 (m), 1475.1 (m), 1433.6 (s), 1367.7 (w),
1315.2 (w), 1246.5 (m), 1193.9 (s), 1094.9 (s), 1044.9 (w), 917.4 (s), 769.4 (s), 731.5 (m), 687.6 (m),
640.6 (s), 607.7 (s) cm™. *H NMR (300 MHz, CDCls): & (ppm) = 8.12 (d, 3 = 6.9 Hz, 3y = 2.4 Hz, 1H,
H4'), 7.98 (d, 3w = 8.3 Hz, 1H, H5'), 7.86 (d, 3Jun = 8.3 Hz, 1H, H5), 7.79 (dd, 3/un = 8.7 Hz, “Jue = 2.3 Hz,
1H, H4), 7.66-7.41 (m, 7H, H2'/H3/H3'/H6/H6'/H16/H16'), 7.35-7.17 (m, 7H,
H7/H7'/H8/H14/H14'/H15/H15"), 7.11 (d, *Juy = 8.5 Hz, 1H, H8'), 7.05-6.98 (m, 1H, H13'), 6.90-6.85 (m,
1H, H13). 3c{*H} NMR (75 MHz, CDCls): & (ppm) = 147.8 (overlapping-d, C12/C12'), 145.1 (d,
2Jep = 24.4 Hz, C1), 134.4 (d, Yer = 1.7 Hz, C10), 132.9 (C9'), 132.6 (C10'), 132.2 (C9), 132.2 (d,
Yep = 21.0 Hz, C2), 129.4 (d, “Jep = 1.5 Hz, C16 or C16'), 129.4 (d, “Jer = 1.6 Hz, C16 or C16'), 129.2 (m,
C1'/C2'/c4'/C11"), 129.0 (d, 3Jep = 2.3 Hz, C11), 129.0 (d, “Je» = 1.6 Hz, C8), 128.2 (C5'/C6), 127.1 (C5),
126.9 (d, 3Jcp = 8.3 Hz, C4), 126.8 (C14 or C14'), 126.8 (C14 or C14'), 126.4 (C7), 126.1 (C7'), 125.9 (C6"),
125.7 (C15/C15'), 125.0 (C8'), 124.1 (C3'), 123.6 (d, Uep = 4.9 Hz, €3), 121.1 (d, 3Jcp = 3.3 Hz, C13'), 120.7
(d, 3Jcp = 3.0 Hz, C13). 3'P{*H} NMR (121 MHz, CDCl3): & (ppm) = 149.4 (s). HRMS (ASAP*, solid): Found:
m/z = 665.0932. Calculated for [M — Cl]*: m/z = 665.0939.
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4.44  [Au((R)-29b)Cl] (R)-43b

DO W — (1S
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(R)-[1,1'-biphenyl]-2,2'-diyl (2’-methoxy-[1,1'-binaphthalen]-2-yl)phosphonite ((R)-29b, 29.9 mg, 60.0

pmol, 1.0 eq.) and chloro(tetrahydrothiophene)gold(I) (19.2 mg, 60.0 umol, 1.0 eq.) were dissolved in
DCM (1.5 mL) and stirred for 30 min, after which the volatiles were removed in vacuo. The residue was
washed with hexane and dried in vacuo, to yield the pure title compound quantitatively as a white

solid. Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 128-130 °C (decomp.). IR (neat): v = 3057.3 (w), 1589.5 (m), 1499.0 (m), 1471.6 (m), 1434.5 (s),
1332.3 (w), 1314.6 (w), 1263.3 (m), 1249.3 (s), 1195.1 (s), 1175.5 (m), 1094.9 (m), 1051.5 (m), 1021.8
(m), 915.2 (s), 890.8 (s), 807.9 (m), 776.9 (s), 748.4 (s), 717.1 (m), 674.5 (m), 643.9 (s), 610.0 (s) cm™™.
H NMR (300 MHz, CDCl3): & (ppm) = 8.16 (d, 3Jun = 9.1 Hz, 1H, H4'), 7.90 (d, *Juy = 8.2 Hz, 1H, H5'), 7.85
(d, 3y = 8.2 Hz, 1H, H5), 7.74 (dd, 3/un = 8.7 Hz, Y = 2.3 Hz, 1H, H4), 7.57-7.49 (m, 2H, H3/H6),
7.46-7.41 (m, 3H, H3'/H16/H16'), 7.36-7.15 (m, 8H, H6'/H7/H7'/H8/H14/H14'/H15/H15"), 6.99-6.90
(m, 2H, H13/H13'), 6.86 (d, 3un = 8.4 Hz, 1H, H8'), 3.86 (s, 3H, OCHs). 3C{*H} NMR (75 MHz, CDCls):
5 (ppm) = 155.9 (C2'), 149.0 (overlapping-d, C12/C12'), 143.3 (d, Y = 25.1 Hz, C1), 135.8 (d,
“Jer = 1.7 Hz, C10), 134.7 (€9'), 133.2 (d, *Jcp = 11.7 Hz, €9), 132.0 (C4'), 130.3 (m), 130.2 (d, Jep = 2.4 Hz),
130.1 (d, Jer = 1.5 Hz), 130.0 (d, Jer = 1.5 Hz), 129.2 (C6), 128.9 (C5'), 128.3 (m, C5), 127.6 (d,
3Jep = 8.0 Hz, C4), 127.4, 127.2 (d, *Jep = 2.5 Hz, C8), 126.8 (d, *Jcp = 1.8 Hz, C15'), 126.6 (d, °Jer = 1.8 Hz,
C15), 124.8 (m, C3/C8'), 124.1 (C6'), 122.2 (m, C13/C13'), 117.2 (d, *Jcp = 10.9 Hz, C1'), 113.1 (C3'), 56.2
(OCHs). 3'P{*H} NMR (121 MHz, CDCls): & (ppm) = 149.7 (s). HRMS (NSI¥, DCM/MeCN): Found:
m/z = 753.0628. Calculated for [M + Na]*: m/z = 753.0631.

137



44,5 [Au((S)-30a)Cl] (S)-44a
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(5)-3,3'-dimethyl-[1,1'-biphenyl]-2,2'-diyl [1,1'-binaphthalen]-2-yl)phosphonite ((S)-30a, 29.8 mg,

60.0 umol, 1.0 eq.) and chloro(tetrahydrothiophene)gold(I) (19.2 mg, 60.0 umol, 1.0 eq.) were
dissolved in DCM (1.5 mL) and stirred for 30 min, after which the volatiles were removed in vacuo. The
residue was washed with hexane and dried in vacuo, to yield the pure title compound quantitatively

as a white solid. Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 144-146 °C. IR (neat): v = 3056.5 (w), 1452.5 (m), 1417.8 (m), 1369.4 (w), 1249.4 (m), 1181.6 (s),
1123.7 (m), 1085.2 (m), 1026.4 (w), 904.9 (s), 799.7 (m), 766.7 (s), 727.8 (s), 688.7 (m), 641.4 (m) cm™2.
H NMR (300 MHz, CDCls): & (ppm) = 8.02 (3Jun = 8.2 Hz, 1H, H4'), 7.97 (d, 3un = 8.2 Hz, 1H, H5'), 7.85
(d, 3Juu = 8.2 Hz, 1H, H5), 7.77 (dd, 3Juu = 8.7 Hz, “Jwp = 1.9 Hz, 1H, H4), 7.59-7.43 (m, 5H,
H2'/H3/H3'/H6/HE'), 7.32-7.05 (m, 10H, H7/H7'/H8/H8'/H14/H14'/H15/H15'/H16/H16'), 2.12 (s, 3H,
CHs'), 1.84 (s, 3H, CHs). 3C{*H} NMR (75 MHz, CDCl3): & (ppm) = 147.2 (overlapping-d, C12/C12'), 145.8
(d, {ep = 24.9 Hz, C1), 135.5 (d, *Jep = 1.8 Hz, C10), 134.0 (C10'), 133.9 (€9'), 133.7 (d, 3Jcp = 10.6 Hz, C1'),
133.3 (d, 3Jep = 11.4 Hz, €9), 131.8 (d, Yer = 1.2 Hz, C14'), 131.4 (d, Yer = 1.5 Hz, C14), 130.8 (d,
Jep = 3.5 Hz), 130.7 (d, Jep = 2.8 Hz), 130.6 (d, Jep = 3.2 Hz), 130.3 (d, Jep = 2.5 Hz), 130.1 (C4'), 129.6 (m,
€2/C2'), 129.3, 129.3 (C5'), 128.6 (d, Jer = 1.6 Hz), 128.2 (m, C4/C5/C7), 127.5 (d, Jep = 1.1 Hz), 127.1
(C7"), 126.5 (C6'), 126.4 (d, Jep = 1.8 Hz), 126.2 (d, Jep = 1.7 Hz), 125.8, 125.0 (C3'), 124.4 (d, 2Jcp = 5.8 Hz,
C3), 17.2 (CHs"), 16.9 (CHs). 3'P{*H} NMR (121 MHz, CDCls): & (ppm) = 145.5 (s). HRMS (NSI*,
DCM/MeOH + NH4OAc): Found: m/z = 693.1246. Calculated for [M — CI]*: m/z = 693.1252.

4.4.6  [Au((R)-30b)CI] (R)-44b

O [Au(tht)CI] /Ph
OMe DCM

AuCI

(R)-3,3'-dimethyl-[1,1'-biphenyl]-2,2'-diyl (2’-methoxy-[1,1'-binaphthalen]-2-yl) ((R)-30b, 31.6 mg,
60.0 umol, 1.0 eq.) and chloro(tetrahydrothiophene)gold(l) (19.2 mg, 60.0 umol, 1.0 eq.) were
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dissolved in DCM (1.5 mL) and stirred for 30 min, after which the volatiles were removed in vacuo. The
residue was washed with hexane and dried in vacuo, to yield the pure title compound quantitatively

as a white solid. Single crystals could not be grown, despite repeated attempts.

MP: 146-148 °C. IR (neat): v =2935.0 (w), 1622.1 (w), 1591.8 (m), 1509.9 (m), 1455.4 (m), 1418.1 (m),
1311.9 (w), 1249.8 (s), 1182.2 (s), 1123.2 (m), 1080.6 (s), 1052.2 (w), 1021.6 (w), 903.7 (s), 810.3 (s),
766.2 (s), 727.9 (s), 685.2 (m), 644.1 (s) cm™ 'H NMR (300 MHz, CDCL): & (ppm) =
8.19 (d, 3w = 9.1 Hz, 1H, H4'), 7.90 (d, /s = 8.1 Hz, 1H, H5'), 7.83 (d, 3/un = 8.2 Hz, 1H, H5), 7.71 (dd,
3Jun = 8.7 Hz, “Jup = 1.8 Hz, 1H, H4), 7.52 (ddd, /iy = 8.2 Hz, 3Jun = 6.5 Hz, “Jun = 1.5 Hz, 1H, H6), 7.41 (d,
3w = 9.1 Hz, 1H, H3'), 7.38 (dd, 3Juw = 8.7 Hz, 3w = 7.1 Hz, 1H, H3), 7.33-7.11 (m, 10H,
H6'/H7/H7'/H8/H14/H14'/H15/H15'/H16/H16'), 6.84 (d, *Jus = 8.4 Hz, 1H, H8'), 3.80 (s, 3H, OCHs), 2.05
(s, 3H, CHs"), 1.92 (s, 3H, CHs). 3C{*H} NMR (75 MHz, CDCls): & (ppm) = 155.8 (€2'), 147.6 (d, ¥ep = 11.8
Hz, C12), 147.3 (d, Yep = 9.6 Hz, C12'), 142.9 (d, Yep = 26.7 Hz, C1), 135.8 (d, YJep = 1.7 Hz, C10), 134.9
(C9"), 133.0 (d, ¥Jep = 12.0 Hz, €9), 131.9 (C4'), 131.7 (d, Je» = 0.7 Hz), 131.4 (d, Jep = 1.2 Hz), 131.0 (d,
Jep = 3.1 Hz), 130.7 (d, Jer = 3.3 Hz), 130.6 (d, Jep = 2.7 Hz), 130.3 (d, Jer = 2.4 Hz), 129.3 (C10'), 129.2
(C6), 128.9 (m, C5'), 128.5 (d, Jer = 1.3 Hz), 128.2 (m, C5), 127.9 (d, *Jcp = 7.8 Hz, C4), 127.5 (m, C7/C8),
127.3 (C7'), 126.3 (d, °Jep = 1.7 Hz, C15 or C15'), 126.2 (d, ®Jcp = 1.6 Hz, C15 or C15'), 124.4 (m, C3/C8'),
124.1 (C6'), 117.8 (d, ¥ep = 11.3 Hz, C1'), 113.0 (C3'), 56.2 (OCH3), 17.0 (CH3'), 16.3 (CHs). 3'P{*H} NMR
(121 MHz, CDCls): 6 (ppm) = 146.7 (s). HRMS (NSI*, DCM/MeOH): Found: m/z = 781.0937. Calculated
for [M + Na]*: m/z = 781.0944.

4,47 [Au((S5)-30a),]SbFs (S)-45a

) o
SbFg

el
1) AgSbFg OO 2 O
(S)}-44a —— > \Au® Q
2) (S)-30a CQ N O
o

(8)-3,3'-dimethyl-[1,1'-biphenyl]-2,2'-diyl [1,1'-binaphthalen]-2-yl)phosphonite ((S)-30a, 19.9 mg,
40.0 umol, 1.0 eq.) and chloro(tetrahydrothiophene)gold(I) (12.8 mg, 40.0 umol, 1.0 eq.) were
dissolved in DCM (2.0 mL) and stirred for 30 min, after which the volatiles were removed in vacuo. The
residue was washed with hexane, redissolved in DCM (2.0 mL) and silver(I) hexafluoroantimonate
(13.7 mg, 40.0 umol, 1.0 eq.) was added. After stirring for 15 min, a second equivalent of (S)-30a

(19.9 mg, 40.0 umol, 1.0 eq.) was added and the reaction mixture stirred for 30 min. The precipitate
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was filtered and the volatiles were removed in vacuo to yield the pure title compound quantitatively

as an off-white solid. Single crystals were grown by hexane layering of a DCM solution.

MP: 262-264 °C (decomp.). IR (neat): v = 3060.4 (w), 1453.7 (m), 1416.9 (m), 1370.3 (w), 1316.0 (w),
1249.0 (m), 1168.0 (s), 1122.4 (m), 1087.2 (m), 1026.9 (w), 907.8 (s), 875.2 (m), 803.0 (m), 776.4 (s),
654.9 (m), 636.7 (s) cm™%. 'H NMR (300 MHz, CD,Cl,): & (ppm) = 7.94 (d, *Juy = 8.2 Hz, 1H, H5'), 7.89 (d,
3Jun = 8.8 Hz, 1H, H4), 7.69 (d, 3Jun = 8.2 Hz, 1H, H5), 7.62-7.55 (m, 2H, HA'/H6'), 7.38 (m, H6), 7.30-7.16
(m, 6H, H3'/H7/H15/H15'/H16/H16'), 7.15-7.02 (m, 3H, H3/H7'/H14'), 7.01-6.89 (m, 3H, H2'/H8/H14),
6.83 (d, 3Jun = 6.9 Hz, 1H, H8'), 1.85 (s, 3H, CHs'"), 1.32 (s, 3H, CHs). 3C{*H} NMR (75 MHz, CD,Cl,):
6 (ppm) = 146.7 (apparent-t, Joo = 4.8 Hz, C12'), 146.2 (apparent-t, Jcp = 5.0 Hz, C12), 145.2
(apparent-t, Jcp = 9.0 Hz, C1), 135.8 (C10), 133.5 (apparent-t, Jcp = 4.0 Hz, C1'), 133.2 (C9 or C9'), 133.2
(€9 or €9'), 133.0 (apparent-t, Jor = 5.4 Hz, C2), 131.8 (C14'), 131.6 (C14), 130.4 (C10'), 130.0 (m,
C4'/C6'/C13/C13'), 129.6, 129.4, 129.1 (m, C4), 128.7, 128.6 (C5/C8'), 128.4 (C5'), 128.1, 127.9 (C8),
127.1, 127.0, 126.9, 126.6 (C6), 125.5 (C2'), 125.0 (m, C3), 16.7 (CH3'), 15.8 (CHs). 3'P{*H} NMR
(121 MHz, CD4Cl,): & (ppm) = 167.8 (s). HRMS (NSI*, DCM/MeOH): Found: m/z = 1189.2838. Calculated
for [M — SbFe]*: m/z = 1189.2844.

4.4.8 General procedure for the synthesis of silver(I) complexes.

Phosphonite ligand (35.0 umol, 1.0 eq.) and silver(I) trifluoromethanesulfonate (9.0 mg, 35 umol,
1.0 eq.) were dissolved in CD,Cl, (0.6 mL) and stirred at room temperature for 30 min. The solution
was transferred to an NMR tube and VT 3!P{*H} NMR (202 MHz) experiments were performed
(Figs. 4.9-4.16 and Table 4.2).

4.49 [Ag((R)-29b)OTf] (R)-47b

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

H NMR (400 MHz, CD,Cl): & (ppm) = 8.29-8.23 (m, 1H), 8.07-7.94 (m, 2H), 7.90-7.84 (m, 1H),
7.69-7.51 (m, 5H), 7.49-7.26 (m, 8H), 7.17-7.02 (m, 2H), 7.00-6.92 (m, 1H), 3.94 (br s, 3H, OCHs).
BC{!H} NMR (101 MHz, CD,Cl,): & (ppm) = 156.5 (C2'), 149.3 (overlapping-d, C12/C12'), 142.6 (d,
Jer = 30.2 Hz, C1), 136.0, 133.6, 132.7 (m), 130.9, 130.5, 130.5, 130.4, 130.1, 129.3, 128.6, 128.5 (m),
128.1, 127.6, 127.0, 126.7, 126.4, 124.2,124.1,121.9, 121.7, 116.2 (d, *Je = 13.4 Hz, C1"), 113.2 (C3"),
56.4 (OCHs). 3'P{*H} NMR (162 MHz, CD,Cl,): & (ppm) = 157.1 (br s).

4.4.10 General procedure for the synthesis of copper(I) complexes.
Phosphonite ligand (60.0 umol, 1.0 eq.) and tetrakis(acetonitrile)copper(I) hexafluorophosphate

(22.4 mg, 60.0 umol, 1.0 eq.) were dissolved in DCM (2.0 mL) and stirred at room temperature for 2 h,
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after which the reaction mixture was filtered and a 3!P{*H} NMR spectrum obtained. The NMR spectra

showed a broad singlet for the ligand and a characteristic upfield septet for the hexafluorophosphate.

31p{1H} NMR (121 MHz): & (ppm) = [Cu((S)-H-MOP)(MeCN).], =9.3; [Cu((R)-MeO-MOP)(MeCN),], =7.7;
(S)-49a, 130.8; (R)-49b, 131.8; (S)-50a, 145.9; (R)-50b, 147.3; (S)-51a, 142.2; (R)-51b, 144.5.

4.4.11 [Cu((R)-30b)(MeCN).]PFs (R)-51b

DO cumecnrrs LIS

v [Cu( )alPFg 40

YT - SO
/CU_ p—
N

Single crystals were grown by slow diffusion of diethyl ether into a DCM solution.

MP: 192-194 °C. IR (neat): v = 2963.4 (w), 1591.3 (w), 1508.1 (w), 1455.4 (m), 1418.91 (m), 1261.3 (m),
1188.9 (m), 1080.8 (s), 1020.4 (m), 900.0 (s), 836.3 (s), 807.8 (s), 773.9 (s), 682.6 (m), 637.8 (s) cm™.
1H NMR (500 MHz, CD,Cl,): & (ppm) = 8.23 (br d, 3Juu = 8.5 Hz, 1H, H4'), 7.98 (br d, 3Juy = 7.5 Hz, 1H,
H5'), 7.85 (d, ¥ = 8.2 Hz, 1H, H5), 7.73 (d, 3Juu = 8.7 Hz, 1H, H4), 7.61 (br d, ¥ = 8.5 Hz, 1H, H3'), 7.51
(m, 1H, H6), 7.36 (br apparent-t (dd), 3w = 7.5 Hz, 1H, H6'), 7.32-7.25 (m, 4H, H3/H7'/H16/H16'),
7.24-7.15 (m, 5H, H7/H14/H14'/H15/H15'), 6.98 (br d, 3/u = 8.5 Hz, 1H, H8'), 6.84 (d, 3Ju = 8.6 Hz, 1H,
H8), 3.80 (s, 3H, OCHs), 1.99 (s, 3H, CHs'), 1.98 (s, 6H, H3CCN), 1.87 (s, 3H, CHs). 3C{*H} NMR (126 MHz,
CD.Cl): 6 (ppm) = 154.4 (C2'), 146.6 (overlapping-d, C12/C12"), 140.7 (d, 2ep = 34.1 Hz, C1), 134.9 (C10),
132.8 (€9'"), 131.4 (d, 3Jcp = 9.7 Hz, €9), 131.1 (C4'"), 130.3 (obscured-d, C2), 130.3 (C14'), 130.2 (C14),
129.9 (d, 3Jer = 2.1 Hz, C11 or C11'), 129.8 (C13), 129.5 (d, 3Jep = 2.3 Hz, C11 or C11'), 129.1 (d,
3Jep = 1.8 Hz, C13'), 128.4 (C10'), 127.9 (C6), 127.7 (C5'), 127.3 (C5), 127.2 (C4/C16/C16'), 126.7 (C7'),
126.3 (C7), 125.5 (C8), 124.9 (C15 or C15'), 124.9 (C15 or C15'), 123.6 (C8'), 123.3 (C6'), 122.5 (C3),
116.0 (HsCCN), 115.8 (d, ¥ = 11.5 Hz, C1'), 112.5 (C3'), 55.1 (OCHs), 14.9 (CHs'), 14.6 (CHs), 0.90
(H3CCN). *F NMR (471 MHz, CD,Cl,): & (ppm) = =73.1 (d, Ysp = 710.4 Hz, PFs). 3'P{*H} NMR (202 MHz,
CD,Cl,): & (ppm) = 144.5 (br s, CPO,), —144.4 (sep, Jpr = 710.4 Hz, PFs). HRMS (NSI¥, DCM/MeOH):
Found: m/z = 589.0974. Calculated for [M — (2MeCN + PF¢)]*: m/z = 589.0988.
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4.5 X-ray Crystallography

Crystal structure data was collected on various diffractometers at temperatures ranging between
100-150 K using CuKa radiation (A =1.54184 A), MoKa radiation (A = 0.71073 A) or synchrotron
(A = 0.68890 A) radiation. Cell parameters were refined from the observed positions of all strong
reflections. Intensities were corrected for absorption, using a semi-empirical method based on
symmetry-equivalent and repeated reflections for (S)-42a, (R)-42b, (R)-43b, (S)-45a, (R)-47b, (R)-51b,
and (5)-52a and analytically using a multi-faceted crystal model for (S)-43a and (S)-44a.13 All structures
were solved by direct methods and refined on F2 values for all unique data. All non-hydrogen atoms
were refined anisotropically, and H atoms were positioned with idealised geometry and the thermal
parameters constrained using the riding model; U(H) was set at 1.2 times Ueq for the parent C atom.
In the structure of (S)-45a there are solvent-accessible channels along the crystallographic [100] and
[010] directions. The hexane molecules therein could not be modelled as discrete atoms and were
hence treated with the SQUEEZE procedure using PLATON.2¥” Oxford Diffraction CrysAlisPro was used
for data collection and processing,*** except for in the case of (S)-45a where CrystalClear was used.?®
Olex2> using SHELX!® was used for structure solution and refinement and Crystal Impact Diamond
was used to generate the molecular graphics with thermal ellipsoids drawn at the

50% probability level.*%”
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(R)-42a (S)-42b (5)-43a
Empirical formula Ca2H2302PCIAU Ca3H2s03PClAU C32H2102PCIAU
Formula weight 702.89 732.91 700.87
Temperature/K 150.0(2) 120.0 150.0(2)
Crystal system triclinic triclinic monoclinic
Space group P1 P1 P2
a/A 8.68773(13) 8.9327(5) 11.1328(4)
b/A 12.5934(2) 12.3201(7) 15.1475(4)
c/A 13.1364(2) 13.2823(7) 15.0763(4)
a/° 107.4781(15) 73.9925(14) 90
B/ 103.5910(13) 77.1514(14) 90.611(3)
v/° 90.4757(14) 88.9739(15) 90
Volume/A3 1327.66(4) 1368.41(13) 2542.22(13)
z 2 2 4
Peaicg/cm3 1.758 1.779 1.831
p/mm 12.130 5.566 5.984
F(000) 684.0 716.0 1360.0

Crystal size/mm3

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

0.25x0.17x0.13

CuKa (A =1.54184)

7.284 to 133.732
-10sh<10,-14<k<14,-15<1<15
54307

9130 [Rint = 0.0250, Rsigma = 0.0143]
9130/3/667

1.063

R1=0.0165, wR, = 0.0420
R1=0.0166, wR, = 0.0421
0.33/-1.25

-0.033(4)

0.521 x 0.328 x 0.306

MoKa (A = 0.71073)

4.036 t0 55.162
-11<h<11,-16<k<16,-17<1<17
19656

12400 [Rint = 0.0337, Reigms = 0.0464]
12400/3/705

1.032

R1 = 0.0234, wR; = 0.0606

R1 = 0.0239, wR; = 0.0609
0.95/-0.97

-0.015(4)

0.45 x0.05 x 0.05

MoKa (A = 0.71073)

6.02 to 57.38
-15<h<13,-20<k<20,-20<1<20
21800

10648 [Rint = 0.0539, Rsigma = 0.0740]
10648/637/667

1.090

R1=0.0408, wRz = 0.0824
R1=0.0451, wRz = 0.0882
1.67/-3.05

-0.015(4)
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(R)-43b (S)-44a (S)-45a
Empirical formula Ca3H2303PClAu C34H2502PCIAU-0.88C4H100 CegHs004P2AU*-SbFe™CsH1a
Formula weight 730.90 793.86 1511.90
Temperature/K 150.0(2) 150.0(2) 100(2)
Crystal system monoclinic monoclinic monoclinic
Space group P21 P21 P2
a/A 11.3362(4) 11.64528(15) 12.1711(19)
b/A 12.2678(3) 22.8679(3) 16.949(3)
c/A 11.4833(4) 12.5763(2) 30.856(5)
a/° 90 90 90
B/° 119.535(5) 95.9000(14) 96.365(2)
v/° 90 90 90
Volume/A3 1389.46(10) 3331.37(8) 6326.1(17)
z 2 4 4
Peaicg/cm? 1.747 1.583 1.587
p/mm 5.481 4.579 2.643
F(000) 712.0 1571.0 3016
Crystal size/mm3 0.4x0.4%x0.4 0.21x0.16 x0.1 0.250 x 0.100 x 0.030

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

MoKa (A =0.71073)

6.642 to 56.7
-13<h<14,-12<k<15,-11<1<13
12578

5297 [Rint = 0.0243, Rsigma = 0.0371]
5297/334/354

0.998

R1=0.0181, wR; = 0.0322
R1=0.0192, wR; = 0.0326
0.99/-0.86

-0.002(3)

MoKa (A =0.71073)

5.772 t0 58.932
-15<h<15,-31<k<31,-17<1<16
108491

16205 [Rint = 0.0439, Rsigma = 0.0316]
16205/715/801

1.053

R1=0.0235, wR, = 0.0450
R1=0.0286, wR, = 0.0470
0.81/-0.62

-0.0236(17)

synchrotron (A = 0.6889)
1.3t027.3
-15<h<12,-22<k<19,-41<1<41
55670

25564 (Rint = 0.0363)
25564/2305/1485

1.103

R1=0.0525, wR, = 0.1112
R1=0.0595, wR, =0.1133
1.65/-3.62

0.087(3)
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(R)-47b

(S)-51b

(S)-52a

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

B/

v/°

Volume/A3

z

peaicg/cm?
u/mm-

F(000)

Crystal size/mm3

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (l)]

Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

CesHas012P2F6S2Ag2:2CH Cl2
1680.70

150.0(2)

triclinic

P1

11.1439(3)

11.6528(3)

14.4003(3)

92.665(2)

96.6293(18)

115.865(3)

1661.56(8)

1

1.680

7.946

844.0

0.8x0.2x0.17

CuKa (A = 1.54184)

6.216 to 133.504
-13<h<13,-13<k<13,-17<1<17
42848

11444 [Rint = 0.0429, Rsigma = 0.0340]
11444/18/917

1.026

R1=0.0312, wR; = 0.0771
R1=0.0353, wRz = 0.0805
0.69/-0.36

-0.030(4)

C39H3303PN2Cu*-PF¢™CHCl2
902.08

150.0(2)

triclinic

P1

12.4609(4)

13.2453(4)

14.9717(4)

113.463(3)

96.492(2)

111.165(3)

2016.32(11)

2

1.486

3.330

920.0

0.188 x 0.1371 x 0.0816
CuKa (A = 1.54184)

6.748 to 134.008
-13<h<14,-15<k<15,-17<1<17
45733

13840 [Rint = 0.0387, Rsigma = 0.0380]
13840/992/1033

1.030

R1i=0.0528, wR = 0.1402
R1=0.0624, wR, = 0.1498
1.19/-0.76

0.033(10)

CoaHa60sP4F4Cu2

1269.97

150.0(2)

triclinic

P1

9.2847(3)

11.9004(3)

12.7373(4)

84.837(2)

89.150(2)

80.158(2)

1381.03(7)

1

1.527

2.655

648.0

0.22x0.16 x0.1

CuKa (A = 1.54184)

6.968 to 134.334
-11<h<11,-14<k<14,-15<1<15
38044

9465 [Rint = 0.0305, Rsigma = 0.0238]
9465/78/739

1.043

Ri=0.0274, wR, = 0.0678
R1=0.0319, wR, = 0.0709
0.22/-0.34

-0.030(11)
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