“Combinatorial and Supramolecular Approaches to
Monodentate Phosphorus-Ligands for Transition
Metal Catalyzed Asymmetric Reactions”







UNIVERSITA DEGLI STUDI DELL'INSUBRIA
DIPARTIMENTO DI SCIENZE CHIMICHE E AMBIENTALI

DOTTORATO DI RICERCA IN SCIENZE CHIMICHE XXl CICL O

PhD Thesis

“Combinatorial and Supramolecular Approaches to
Monodentate Phosphorus-Ligands for Transition Metal
Catalyzed Asymmetric Reactions”

Settore Disciplinare: CHIM/06

TUTOR: Prof. Umberto PIARULLI
Coordinatore: Prof. Giovanni PALMISANO

Dottorando:
STEFANO CARBONI

Anno Accademico 2009/2010






Table of contents

TABLE OF CONTENTS

CHAPTER 1 Introduction and literature review
1.1 GENERAL INTRODUCTION

1.2 MONODENTATE P-LIGANDS IN ENANTIOSELECTIVE CATAKSIS
1.2.1 Asymmetric 1,4 conjugate addition

1.2.2 Asymmetric Allylic Substitution

1.2.3 Rhodium catalized asymmetric hydrogenation

o Ol o

11

1.3 COMBINATORIAL HOMOGENEOUS TRANSITION-METAL CATAYSIS USING

MIXTURES OF LIGANDS

1.3.1 Combinatorial catalysis in general

1.3.2 Combinatorial transition metal catalysis gdigand mixtures — “The concept”
1.3.3 Combinatorial transition metal catalysis gsimxtures of chiral ligands

1.3.4 Combinatorial transition metal catalysis gsimxtures comprising a chiral and
an achiral P-ligand

1.3.5 Controlling the diastereo- and regioselettivi

1.4 SUPRA MOLECULAR BIDENTATEP,P —LIGANDS

1.4.1 Basic principle

1.4.2 Self-assembly through hydrogen-bonding icteyas
1.4.2.1Secondary phosphine oxides
1.4.2.2Systems relying on hydrogen bonding between polar heterocycles
1.4.2.3Sdf-assembly through hydrogen bonding between peptides
1.4.2.4Systems exploiting the hydrogen bonding properties of urea derivatives
1.4.2.5Pseudo-rotaxanes held together by the interaction between a secondary

ammonium salt and a crown ether

1.4.2.60ther systems

1.4.3 Self-assembly through coordinative bonding
1.4.3.1Three-component systems based on the use of a template

15

15
17
19

24
28

30
30
31
31
32
37
39

41
42

45
45

1.4.3.2Two-component systems of ligands with complementary coordinating properties48

1.4.3.3Two-component systems of ligands with complementary stereochemistry
1.4.3.4Two-component homol eptic systems

1.4.4 Self-assembly through ionic and van der Wiastsactions
1.4.5 Other self-assembled ligands
1.4.6 Transition-state stabilization by a secondatystrate-ligand interaction

1.5 REFERENCES

CHAPTER 2 Combination of a Binaphthol-derived Phosphite and a C;-Symmetric
Phosphinamine Generates Heteroleptic Catalysts in Rh- and Pd-mediated Reactions

50
51

52
56
58

64

75



Table of contents

2.1 GENERAL INTRODUCTION 77
2.2 RESULTS AND DISCUSSION 78
2.2.1 Thermodynamic approach to the selective faanaf heteroleptic complexes 78
2.2.1.1Selective formation of phosphite/phosphine heterocompl ex 80
2.2.1.2DFT calculations on a phosphite-phosphine and phosphite-phosphinamine
Rh heterocomplex 81
2.2.2 Synthesis of the ligand libraries 82
2.2.2.19ynthesis of the chiral phosphite library 83
2.2.2.25ynthesis of the chiral phosphinamine library 84
2.2.2.2.1Preparation of non commercially available chiral amines 84
2.2.2.2.29ynthesis of the C2-symmetric phosphinamines (S mplePhos ligands) 85
2.2.2.2.3 Synthesis of the C1-symmetric phosphinamines 85
2.2.3 NMR studies on the phosphite/phosphinaming@incemplexes 87
2.2.3.1Comlpexation experiments with rhodium (1) 87
2.2.3.2Complexation experiments with palladium (11) 91
2.2.4 Catalytic screening of the phosphite/phosgrhine complexes 92
2.2.4.1Rhodium(l)-catal ysed enantiosel ective hydrogenation of olefins 92
2.2.4.1.1Enantiosel ective hydrogenation of methyl 2-acetamidoacrylate 92
2.2.4.1.2Enantiosel ective hydrogenation of N-(1-phenylvinyl)acetamide 97
2.2.4.1.3Enantiosel ective hydrogenation of methyl 2-acetamidocinnamate 100

2.2.4.1.4Enantiosel ective hydrogenation of methyl (Z)-3-acetamidocrotonate 101
2.2.4.1.5Enantioselective hydrogenation of methyl 3-N-acetylamino-2-phenyl-2-

propenoate 103
2.2.4.2Iridium-catalysed enantiosel ective hydrogenation of imines 104

2.2.4.2.1 Enantioselective hydrogenation of N-(2-Methoxy-phenyl)-(1-phenyl-
ethylidene)-amine 105

2.2.4.2.2 Enantiosdective hydrogenation of  6,7-dimethoxy-1-methyl-3,4-
dihydroxyisoquinoline 106
2.2.4.3Palladium-catalysed enantiosel ective allylic alkylation 108
2.3 CONCLUSIONS 110
2.4 EXPERIMENTAL SECTION 110
2.4.1 General remarks 110
2.4.2 Materials 111
2.4.3 Hydrogenation experiments 112
2.4.4 Palladium-catalysed allylic alkylation 114
2.4.5 Synthesis of hydrogenating substrates 115

2.4.6 General procedure for the preparation of BlNf@rived phosphite ligands 117

2.4.7 Synthesis of phosphinamine ligands 119
2.4.7.15ynthesis of non-commercial chiral amines 120
2.4.7.2Preparation of C1-symmetric dipheyl phosphinamines 122
2.4.8 Complexation experiments 127

2.4.9 Computational calculations 135



Table of contents

2.5 REFERENCES 144

CHAPTER 3 Chiral (salen)Co(I11)(N-benzyl-L-serine)-derived phosphites:

monodentate P-ligands for enantiosel ective catal ytic applications 147
3.1 GENERAL INTRODUCTION 149
3.2 RESULTS AND DISCUSSION 150
3.2.1 Synthesis of salen-based monodentate P-kgand 150
3.2.2 Structural and complexation studies of shlesed monodentate P-ligands 155
3.2.3 Catalytic screening of salen-derived monaater-ligands 156
3.2.4 Synthesis of salen-based supramolecular taitteR-ligands 158
3.3 CONCLUSIONS 161
3.4 EXPERIMENTAL SECTION 162
3.4.1 General remarks 162
3.4.2 General procedure for the Pd-catalyzedialblkylation of rac-1,3-diphenyl-3-
acetoxyprop-1-ene 163
3.4.3 General procedure for the Pd-catalised destnization of meso-cyclopenten-2-
enel,4 diol biscarbamate 163
3.4.4 Synthesis of§S) salen-cobalt(l11)N-Bn-L-serine complex 164
3.4.5 Synthesis o§S) salen-cobalt(l1)N-Bn-L-threonine complex 166
3.4.6 General procedure for the synthesis of {8¢S)-salen-Co(lll)-N-Bn-L-serine
complex phosphites 167
3.4.7 Complexation Experiments 169
3.5 REFERENCES 170

CHAPTER 4 PnhthalaPhos: Chiral Supramolecular Ligands for Enantioselective

Rhodium-Catalyzed Hydrogenation Reactions 173

4.1 GENERAL INTRODUCTION 175
4.2 SYNTHESIS OF PHTHALAPHOS LIBRARY 176
4.3 CATALYTIC  APPLICATIONS: RHODIUM-CATALYZED  ASYMMETRIC
HYDROGENATIONS 178
4.4 SPECTROSCOPIC STUDIES 183
4.4.1 NMR-, HRMS- and IR- studies 183
4.4.2 DFT CALCULATIONS 186

4.5 CONCLUSIONS 187



Table of contents

4.6 EXPERIMENTAL SECTION 188
4.6.1 General Remarks 188
4.6.2 Materials 189
4.6.3 Synthesis of PhthalaPhos ligands 189
4.6.3.1Preparation of non-commercially available starting aminoal cohols 189
4.6.3.2Preparation of the phthalic acid mono-amides 193
4.6.3.3Preparation of the phthalisoimides 194
4.6.3.4Preparation of the alcohols 195
4.6.3.55ynthesis of phosphites (PhthalaPhos ligands) 200
4.6.4 NMR studies 207
4.6.4.1Concentration dependence of the chemical shift of NH protons of ligand 4a and
complex [ Rh(4a),(cod)BF 4] 207
4.6.4.2 Temperature dependence of the chemical shift of NH protons of ligand 4a and
complex [ Rh(4a),(cod)BF 4] 210
4.6.4.3Kinetic study of H/D exchange of NH protons of ligand 4a and complex
[Rh(4a),(cod)BF4] in the presence of a large excess of CD3;0D 212
4.6.5 Catalytic screening of the PhthalaPhos hprar 215
4.6.6 DFT and molecular mechanics calculations 216
4.6.6.1DFT Rh(cod) phosphite core optimization 216
4.6.6.2Molecular Mechanics calculations of [ Rh(4a),(cod)] * complex 219
4.7 REFERENCES 224
SUMMARY 227

ACKNOWLEDGEMENTS 233



Chapter 1

Introduction and literature review

Abstract

In this chapter the evolution of monodentate P-ligands in asymmetric catalysis is shortly traced from its
beginning to the advent of combinatorial and supramolecular approaches used in homogeneous transition
metal catalyss.
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Introduction

1.1 GENERAL INTRODUCTION

Since van't Hoff and Le Bel introduced 135 yeage #he tetrahedral model of the carbon
atom to explain the optical activity of organic molles and provide a structural basis for molecular
stereochemistry, scientists have been fascinatetidoghallenge to achieve absolute stereocontrol in
chemical transformations starting from achiral coomds. Chirality has been denoted as “signature of
life”, and it is not unexpected that questions lea& origin, control and amplification of homochitgli
are intimately associated with chemical evolutiod &e origin of life.

In spite of the incredible importance, asymmetradatysis has not been considered as a
fundamental research area until 1968. In fact,dessienzymatic processes, only few examples of
enantioselective catalytic reactions were knownthat time, and in view of the generally low
enantiomeric excesses, many chemists doubted yn#tetic chiral catalysts would ever play an
important role in asymmetric synthesis. Shortlyafthe situation changed dramatically as specacul
progress was made in the rhodium-catalyzed hydadtgen of olefins (KnowlesNoyori, Horner,
Kagan), culminating in the famous Monsanto prodesd.-DOPA, and in the selective epoxidation
and dihydroxilation of olefins (Sharpless). Sinbert, asymmetric catalysis based on chiral catalysts
which are metal complexes containing chiral orgéigends has undergone explosive growth.

Without any doubts, transition metal-mediated aswgtnim hydrogenation is one of the most
important process and a well-established and efftainethodology for the catalytic reduction of many
prochiral substrates such as alkenes, imines amohdé® There have been several significant
breakthroughs in the field and now a myriad of @hiRu-, Rh- and Ir-coordination compounds
(mostly phosphorus-containing derivatives) capaflenediating this transformation with very high
enantioselectivities are known. The development cofmmercial processes has rendered this
transformation highly desiderasble to both academdindustry.

During these decades, research efforts have beettati towards the development of chiral
ligands with attractive industrial profiles, whiateans that they should induce high stereoselaesyit
be easily prepared and not be covered by curréahtsa Combinatorial and high-throughput synthetic
strategies have led to the development of a nurobdrighly efficient monodentate and bidentate
phosphorus and nitrogen-containing ligands for madijferent asymmetric reactions (e.g.
hydrogenation, hydroformylation, allylic alkylatiand conjugate addition) that utilise either stadda

covalent chemistry or supramolecular interactions.

The formation of bidentate ligands by non-covaletgractions, so callesupramolecularis
now a cutting-edge strategy for the combinatorggreh of new selective catalysts and the object of
the scientific interest of several important reskagroups worldwidé.

Our research group has a long-standing interesthan search for combinatorial/high-
throughput approaches to enantioselective catdlyaisl for this reason it has followed the recent

evolution inP-ligand design with high interest, providing sigeéint contributions in this field.In

3
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particular supramolecular bidentate ligands hawnlyecently the object of our attention becausg the
merge the advantages of monodentate ligands €asy and fast preparation, possibility of a
combinatorial screening of ligand combinations)wiiiose of their bidentate counterparts. (igidity

and preorganisation). In particular, our goal isathieve the self-assembly exploiting non-covalent
interactions such as coordinative interactionskariogen bondings.

Moreover, the present work of thesis accounts far early efforts in a new and virtually
unexplored direction: pursuing the selective as$gmbtwo differentligands around a metal centre
exploiting the intrinsic thermodynamic preferendetle system in favour of the heterocomplex.
Significant results in this sense were obtained lining ligands having complementary electronic
properties in the presence of a metal source, wilibe discussed below. The resulting complexes
were exploited for the catalysis of reactions prtadoby rhodium and palladium, where the role

played by the heteroleptic complex emerged clearly.

Before describing the guidelines and the resultthe$e projects, it can be helpful showing
briefly the role of monodentate P-ligands in diffier transition-metal catalyzed reactions (Chapter 1
Particular interest was made to asymmetric 1,4 ugaip addition, allylic substitution and
homogeneous asymmetric hydrogenation of oléfims powerful transformations for industrial
applications. The latter transformation is arguablye of the most intensely studied topic in
organometallic chemistry and it exemplifies wek thvolution of phosphorus ligand design that has
led to self-assembled bidentate ligands.

In Chapter 2 a new approach to the selective faomatf heterocomplexes combining
acceptor phosphite ligands wishdonor phosphinamines is presenté®. NMR studies are described
which show preferential formation phosphite-8ymmetric aminophosphine heterocomplex (70 —
100% selectivity). The results of the screenindigdnd combinations in several kinds of different
reactions are discussed.

In Chapter 3 the synthesis of supramolecular momage P-ligands through coordinative
bonding was investigated taking advantages of alt{dl)-salen complex as template. The screening
of these P-ligands was studied in several enamgicthee catalytic applications, showing good adyivi
and moderate enantioselectivity in several pallmddatalyzed asymmetric reactions.

In Chapter 4 the synthesis of a library of noveralhsupramolecular ligands containing a
phthalamide moiety capable of hydrogen bondingrattiions was reported. The new ligands, named
PhthalaPhosare easy to prepare from inexpensive startingrnas, and displayed an excellent level
of enantioselectivity in the hydrogenation of bemehk olefins (methyl 2-acetamidoacrylate and
acetamidostyrene) as well as of more challengindgystrially relevant substrates. In two reported
cases, namely the cyclic enamids-(3,4-dihydronaphthalen-1-yl)acetamide arf-dehydro
aminoesterK)-methyl 2-(acetamidomethyl)-3-phenylacrylate, bgands rival or even outperform the

best results obtained with known ligands. The @tigtic Rh complex of one of these ligands was
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fully characterized by NMR, IR and MS spectroscophese studies show that a supramolecular
bidentate ligand is formed in the Rh complex bwatid self-association through a pair of interligand

hydrogen bonds.

1.2 MONODENTATE P-LIGANDS IN  ENANTIOSELECTIVE
CATALYSIS

In this chapter a brief overview of the most impottasymmetric applications of monodentate
P-ligands was discussed. Particular interest wasentacasymmetric 1,4 conjugate addition, allylic

substitution and hydrogenation as powerful tramsfdion for industrial applications.

1.2.1 Asymmetric 1,4 conjugate addition

The copper catalyzed conjugate addition of diethglzo cyclohexenone (Scheme 1.1), as a
benchmark reaction for monodentate phosphorus diggamas first reported by Alexakis in 1993

making use of phosphoramidite ligands (Scheme®1.2).

O O
Cu(l) or Cu(ll) catalyst
monodentate P ligands
+ EtyZn
Et

Scheme 1.11,4-Conjugate addition of diethylzinc to cycloheaaa

Subsequently, the activity of Cu(OTfh the presence of chiral monophosphites and ptorgmidites
derived from TADDOL was reported by AlexakfsAltough biphenylphosphite ligands bearing a
stereoidal third phosphorus substituent showed sooaalytic activity but moderate
enantioselectivity, the best efficiencies were obtained with phosphities derived from BINOL
either with an achiral amino groupr a chiral one as i-3.° Different phosphoramidite ligands
prepared from biphenol and optically active amineravalso shown to be very efficient for the
enantioselective conjugate addition of dialkylziferivatives to cyclic and acyclic enorl@Sterically
demanding phosphoramidites derived from partiajlgrbgenated atropoisomerigiBINOL provide

an efficient enantioselective conjugate additiordigithylzinc to cyclohexenorté.Phosphoramidites
built on spiranic diol have also shown excellefficefncies in the conjugate addition of diethyl ziio
cyclohexenone leading to over 98% ee (ligaBg¥ A P-H phosphonite ligand based on biphenyl-
2,2'-bisfenchol as diol showed good enantioselégtiin the enantioselective copper-catalyzed

reaction*® Not only zinc derivatives but also trialkylalumniuderivatives lead to very good levels of
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enantioslectivity upon addition to conjugate endhasd nitroalken€s in the presence of biphenol

phosphoramidite ligands associated to a coppeufsec

Ly OO
OO )— OO Yo Q
P—N

- P—N P-N

d s y 0 \
T YW COTC m

1

R R . R R '
COov Oy
0P 0PN
L, * (L, F
R R R R
4 4

N
w

5
R=Me, R'=Ph, R" = Me R =Me, R'=Ph, R" = Me
R=H,R =Ph, R"=Et R=H,R =Ph,R" = Et
R=H,R" =Ph,R"=Me R = Me, R' = 2-Napth, R" = Me

Scheme 1.Examples of performing monodentate P-ligands inayanmetric conjugate additions

Besides enones, other Michael acceptors such m®leiins have been alkylated with,Fh
under copper catalysis conditions in the presefigghosphites, phosphonites and phosphoramidites
derived from TADDOL and BINOL® and biphenot’

a-p Unsaturated imines have also been used to preyemine derivatives with excellent
enantioslectivities upon addition of ;b in the presence of a copper salt and phosphditami
ligands® Conjugate addition of alkyl-zinc or —aluminium geats to alkylidene malonate derivatives
has been carried out with phosphonites and phoaptidites with satisfactory to excellent
enantiometric excessés.

The addition of aryl and vinyl groups to cyclohea@ra, which is not always possible from
zinc reagents, has been efficiently performed wityi and vinyl boron derivaties by using rhodium
catalysts associated to phosphoramidite ligandsis,TR98% ee was obtained from PhB(@Id)y

PhBEK in the presence of selected phosphoramidite dig&h
1.2.2 Asymmetric Allylic Substitution

Metal-catalyzed asymmetric allylic substitution heeen extensively investigated. Among all
chiral ligands designed and reported for the bemekrallylic alkylation with 1,3 diphenyl propenyl

acetate, some chiral monodentate phosphites, pbapidites, monoaminophosphonites and
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diaminophosphonites have been used. Thus, malbaat®een successfully allylated in 95% ee with

ligand6 (Scheme 1.3), and in 70% ee with.?*
OAc Nu

I N I NuH, [Pd]/L* o
@ on Gy
¢ 2
N=SitBuPh N
P

Srd o) .
ool S ol

6 7 8

Scheme 1.3d-catalyzed asymmetric alkylation

Amines have also been used as nuclephile in highitbeligand8 (87-95% ee) and witB.>
The reaction ofcis-1,4-dibenzoyloxy-2-cyclohexene with a malonatengsichiral monodentate
phosphoramidite ligan® or with a-methoxycarbonylacetamide derivative using ligat@or 11
yielded the desymmetrized cyclohexene with highnéaoaelectivity. The former reaction opened a

highly efficient short total synthesis of (+)lycorane (Scheme 1.4).

OBz [Pd(allyl)CI],/9

0 o
NaCH(COO,Bn), BnoMosn

@ THF, 0°C to RT "N
_ ‘ PH
: Y 81% ee
OBz OBz 9
O O Br
OB
222 Pd(allyl)Cil/L* MeOM” o H “ H
THF, 0°C to RT : {
O gy =
)
- o—/
OBz éBz (+)-lycorane

OMe l CO
O O ARl O RN

"P-N “P—N
og 0
SArS 9

10

OMe

11
Scheme 1.4Total Synthesis of (+)-lycorane.
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Reactions with non-symmetric allylic carbamategtaies or phosphates with a wide range of
nucleophiles (malonates, alkyl or aryl-amines, faijic alcohols or phenol derivatives), in the
presence of iridium complexes bearing chiral phdsptor phosphoramidite ligands, afforded the
branched isomers with high region- and enantiotielges (Scheme 1.5).

LG [I(COD)CIL/L, NU
R)\/ or R/\/\LG NuH

R =

Scheme 1.5Asymmetric Ir-catalyzed alkylation

Phosphite 12 allowed the addition of malonéteor glycinaté® in high yields, good
regioselectivities and high level of enantioseletés. Phosphoramidites have been used more
frequently and have led to high region- and enaetextivities for the allylation of malonates (with
ligand 1*” and 13®®), nitroethane or ethyt-nitroacetate (with ligand3®), amines (with ligand4,*
13',* 14,3 15%), alcohols (withl and14™) and potassium silanoate (witf) (Scheme 1.6).

OMe

3,; 1@

15
Scheme 1.4.igands used for asymmetric Ir-catalyzed alkylation

Branched enones can be produced by reaction ofettnytsilylenol ethers with allylic
carbonates in the presence of a catalytic amoufit(GfOD)CI], and the phosphoramidite ligaddn
high enantiomeric excesses (91-96%) and regiosetees (87/13-99/1) (Scheme 1.%).

OSiMes [Ir(COD)CI],/, o & o
/1\ NN CsF, ZnF,, DME S R
R R; OCOO,Et R, R, R, g

46-94% b

b/l =87/13 to 99/1
91-96& ee

Scheme 1.7r-catalyzed reaction of trimethylsilylenol ethevith allylic carbonates
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Copper-catalyzed coupling reaction of substitutdlyli@a substrates with Grignard or
dialkylzinc reagents in the presence of chiral phosamidite16 or 18°" or phosphitel7 or 19,*®
afforded the related terminal olefins with goodiosglectivities and enantioselectivities (Schen&3.1.

R,
R4MgBr, CuTC, L*
R/\/\CI R)\/ + R/\/\R1
b ]

with ligand 16

OMe b/I =91/9 to >99/1
OO oPhs Ph 91-96% ee
o) 0. \
. P-0 N— L
P-N o 0 ; ; with ligand 17
OO O A Ph H b/l = 31/69 to 91/9
OMe

Ph p 62 to 82% ee

16 17

1
R,'Zn, CuOTf, L*
R/\/\CI R)\/ + R/\/\R»]

b I
PN P-OR
CONT T
18 19

Scheme 1.8Copper-catalyzed coupling reaction of substituadiglic substrates with Grignard or dialkylzinc
reagents (TC = tiophene-2-carboxylate).

Kinetic resolution of allylic epoxides with dialkgihc species in the presence of chiral copper-

phosphoramidite catalysts was reported by Pine=tcili (Scheme 1.8§.Allylic and homoallylic

alcohols were isolated with good to excellent eioaetectivities. The regioselectivity of the readati

depends on the absolute configuration of the chatdlyst.

Sny,'

Cu(OTf),, L* “'OH L* = 1 type ligand

R,Zn +
up to 97% ee

Sn2

AR

OH
up to 99% ee

Scheme 1.9Products of kinetic resolution with dialkyl zint dependence on the reaction mechanism
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Extension of this reaction to 2-alkenyl aziridineas also examined (Schiral 1.18)Chiral
copper-phosphoramidite complexes were shown toebe efficent for the ring-opening reaction. The
dialkylzinc addition was anti-stereoselective and allylic amines were isolatei¢h wgood

enantioselectivities (up to 83% ee).

NHCbz
Cu(OTf), (3mol%), 1' (Bmol%) =

THF, -78°C to 0°C
R,Zn + NCbz

Scheme 1.1@Cu-catalyzed opening of 2-alkenyl aziridines vdtalkyl zinc

R
up to 83% ee

Highly region-, diastereo and enantioslective desgtnization of five-, six-, and seven-
membered meso cyclic allylic diethyl-phosphateshwirganozinc compounds was described by
Piarulli and Gennaff: Good to excellent enantioselectivities were obsenith phosphoramiditels

or 2. Selectivities (de and ee) were highly dependarthe size of the ring (Scheme 1.11).

OP(O)(OEt),
Cu(OTf), xCgHg 1 or 1"
Toluene/THF95/5 )
Rzzn + ) A n
n R
OP(O)(OE), OP(O)(OEY,
n =1, R =Me, Et, iPr; >98% de, 12-92% ee,
n =2, R =Et; 70% de, 94% ee
n =3, R = Et; > 98% de, > 98% ee
OP(O)(OEt),
Cu(OTf), xCgHg 1 or 1'
Toluene/THF95/5
R,Zn + >Z’ >Z’
0 R 0
OP(O)(OEt), OP(O)(OEt),
20-86% ee

Scheme 1.1Desymmetrization of cyclic meso allylic diethylg@phates with organozinc compounds

Enantioselective ring opening of oxabicyclic alkemath Grignard reagents in the presence of
copper and spirophosphoramidite was disclosed muz al. (Scheme 1.1%) The corresponding

alcohols were obtained in excellent diastereoselées and in moderate to good enantiomeric

excesses.
Ri 0 R
R, ° Cu(OTH), (3 mol%), 4 (6.3 mol%)
| Toluene, -20°C
+ RMgX
Ry Rs 25-82%
R4

anti/syn = up to 99/1
up to 88% ee (anti)

Scheme 1.1ZEnantioselective ring opening of oxabicyclic alesmwith Grignard reagents

10
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Regio- and enatioselective asymmetric ring opewind,3-cyclopentadiene-heterodienophile
cycloadducts with trialkylaluminium species and pepphosphoramidité” was reported by Pineschi
et al. (Scheme 1.13j.1,2-disubstituted cyclopentenes were prepareg ito 86% ee. Alexakis et 4.
have pointed out that extreme care was requirethim reaction as BINOL- or biphenol based
phosphoramidites could react with trimethylalummiuin non-coordinating solvents (toluene,
dichloromethane) to give dimethylaminophosphineBese phosphines can act as ligands in the

nucleophilic ring opening of bicyclic hydrazinesdahen modify the selectivities.
O
7 N Q (@)
LB\, ~ N—
N A NH
0 oW
RsAl, Cu(OTf), 1" Ru. @
CH,Cl, 0°C
/ o) 0]
2\

N _NH

" ge

Scheme 1.13Regio- and enantioselective asymmetric ring opgeroh 1,3-cyclopentadiene-heterodienophile
cycloadducts with trialkylaluminium

1.2.3 Rhodium catalyzed asymmetric hydrogenatiofi

The first asymmetric olefin hydrogenation was aekik with up to 15% e.e., by Knowf&s
and Hornef?®in 1968 using a rhodium complex bearing two chinahodentate phosphines. Although
Knowles could later obtain significantly higher éds of enantioselectivity in the hydrogenatioroef
dehydroaminoacids using PAMP and CAMP ligands (Behd.14) an even more impressive
breakthrough was made in the same period by K&ghle. reported the first bis-phosphine ligand,
DIOP, for Rh-catalyzed asymmetric hydrogenatione Baccessful application of DIOP resulted in
several significant directions for ligand desigrasymmetric hydrogenation. Chelating bis-phosphines
could lead to superior enantioselectivity compatedmonodentate phosphines. Additionally;
symmetry was an important structural feature forettgping new efficient chiral ligands. Kagan's
seminal work immediately led to the rapid developtmef chiral bis-phosphorus ligands. Knowles
later reported &C,-symmetric chelating bis-phosphine ligand, DIPARIRyhich, due to its high
catalytic efficiency in Rh-catalyzed asymmetric fogenation of dehydroaminoacids, was quickly
employed in the industrial production of L-DOPR,[(S)-3,4-dihydroxyphenylalanine, wich had
proved useful in the treatment of Parkinson's dispal’he success of practical synthesis of L-DOPA
via asymmetric hydrogenation represented a milestooik,wor which Knowles was awarded the
Nobel Prize in 2001%

11
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Following the significant contributions by Knowlead Kagan came the development of thousands of
chiral phosphorus ligands for asymmetric hydrogenabver the 1980s and 1990s, the overwhelming
majority of which wereC, or C;-symmetric bidentat®,P-ligands. Among these, Noyori’'s BINAP
must be mentioned (Scheme 1.14)whose ruthenium complexes efficiently catalyze the
enantioselective reduction of olefins and ketof&s. having developed this very important catalytic

system, Noyori received the Nobel Prize in 2801.

o @ MeO
e
P' O/l.
” P, PPh, PPh,
TO Ot L

PPh,
@w@ O
P*PhMei-Pr R = Ph: (S)-PAMP  (S,S)-DIOP (S,S)-DIPAMP S)-BINAP
R = Cy: (S)-CAMP
H, (20 atm),
COCH P*PhMei-Pr COOH
1968 Ph)\ RhCl; 3 H,0 Ph/k e.e.=15%
MeOH
H, (1 atm),
NHAC E:fc)l'(m?js’v] NHAGC y = 95%
1971 cod)al, s
Ph COOH F’hvv\cooH e.e.=72%
benzene
H, (1 atm),
(S,S)-CAMP,
o \/"ITAC [RhCI(1,5-hexadiene),], o NHAC y =90%
1972 ZNCOOH 95% EtOH COOH e.e.=85%
H, (3 atm),
NHA (S,S)-DIPAMP, NHA
[RhCl(cod)2], NaBF y = 100%
1977 th/'\COOH o on P coon  e.e. = 94%
H, (100 atm),
Ru[(S)-BINAP](OAc)
w7 O,
MeOH Y- 97
MeO MeO e.e.=97%

Scheme 1.14he first most important asymmetric olefin hydroggon reactions using phosphorus ligands

In the context of such “explosion” of the intereist P,P-bidentate ligands for asymmetric
hydrogenation, despite having been the first enaeléctive systems, monodent&digands were

somehow “neglected”, as far as asymmetric hydraigmas concerned: for some thirty years the
rigidity typical of bidentate systems was deemegassible indispensable requirement for the

stereochemical information of the ligand to becdidfitly transferred to the hydrogenation product.
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The widely accepted dominance of the bidentate adiphorus ligands was questioned for the first
time in 1999, when Guillen and Fiaud reported aditnm complex of 1,2,5-triphenylphospholab@
(Scheme 1.15), a monodentate species of the DuR&@S-The Rh-complex o020 could reduce
methyl 3-phenyl-2-acetamidopropenoate with 82%°% @rpen, Pringle, and co-workers attained the
hydrogenation of methyl 2-acetamidoacrylate in 92% with the asymmetric monophosphorzie
and thus demonstrated that a higher enantiosatgcivth respect to comparabl€,-symmetric
diphosphonite analogues was possible (Scheme *.F&etz and Sell showed in response that
through the exchange of tioutyl group for an ethyl grou2®) the enantioselectivity can be further
increased? Dimethyl itaconate was also hydrogenated withstume catalyst with a respectable 90%
e.e.. However, in spite of this, a related diphosite ligand delivered >99% e.e.. The old rule
considering chelating diphosphorus ligands as supstill appeared to hold. A comparison between

the performances of the monodentate ligands jusstrdeed is set in Scheme 1.15.

Ph OO 21: R = t-Bu
0 22: R = Et

P—Ph P-
Q O/P R 23: R = (R)-OCH(Me)Ph
20 Ph OO 24: R = NMe,
Substrate Ligand e.e. (%)
n-Bu NHAc 20 82
COOMe 24 98
NHAc 21 92
COOMe 22 94
24 > 99
L 22 90
MeOOC COOMe 23 > 99
5 94

Scheme 1.1Rh-catalyzed hydrogenation of pro-chiral olefins

A clear tie in regard to performance, with enargiestivities that could not be topped, was achieved
with the use of monodentate binaphthol phosphitespnosphoramidites. In 2000 Reetz and Mehler
prepared the monophosph28.°° The corresponding catalyst induces >99% e.e.drhfirogenation

of dimethyl itaconate. Particularly noteworthy fethigh substrate: rhodium ratio of up to 5000:1,
which still guarantees complete conversion in 2Qnder atmospheric pressure. Surprisingly, the
configuration of the stereogenic carbon atom oflibezyl ether does not play any kind of role, and
the enantioselectivity of this type of ligand iswloated by the chiral binaphthyl unit.

Phosphoramidites, a ligand class that had onlyntcdeen introduced into asymmetric

hydrogenation in the form of hybrid chelate ligaftisshowed able to induce excellent
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enantioselectivity as monodentate ligands. De Vi&singa, and co-workers could reduce standard
substrates in > 94% e.e. with a rhodium complexetbagpon the binaphthol phosphoramidi4
(MonoPhos), once the reaction conditions had begmized?>’

It should be noted that all of these early exampiesighly enantioselective monodentate
ligands were phosphorus derivatives of binaphtBaked on the crystal structure of a Pt(Il) complex
with monophosphonite ligands, Orpen and Pringlgppsed a plausible explanation that later was to
be helpful in the development of other selectivenmphosphorus ligand§. Through thecis
coordination both the sterically demanding monophosite ligands take up an exceptionally stable
configuration around the metal centre, and thetimtaabout the P-O bond is reduced. In this
conformation the two biaryl fragments point outtleé plane of the projection in what is described as
edge-on arrangement. In a virtual coordinationesystwo diagonally opposing squares are occupied
(Scheme 1.16 A). The squares at the top left attdinaright are not effectively occupied, because of
the planar arrangement of the two phenyl groupshan plane of the projection (face-on). From
investigations with chelating diphosphorus ligaminplexes it was known that such an alternating
edge/face arrangeméhtan support the diastereo-differentiating coortiimeof a pro-chiral substrate
through the minimization of repulsive interactidhsn contrast, by thecis coordination of the
diphosphonite ligands the stabilized rotamer ig thawhich the biaryl units are in the face-on
orientation; none of the squares is favoured (Sehér6 B). Thus the chances of diastereomeric

recognition of the pro-chiral substrate are gresgtjuced.

Scheme 1.1&®uadrant diagrams for (a) monophosphonite andifijodphonite ligands

On the basis of this general model and supporteiitstysemi-empirical calculations from de
Vries and Ferindd it became clear that, for the mechanism of chirahsfer in asymmetric
hydrogenation, mono- and diphosphorus ligands deecessarily fundamentally differ. By year 2000
it was understood that the requirement originaflid Idown by Kagan, that the catalyst must be
conformationally rigid, is clearly also achievabléh two appropriate monodentate monophosphorus
ligands®

Not surprisingly, however, no single ligand provediversal”, because there cannot be such
a thing as a general catalyst. When encounterisgscan which enantioselectivity is insufficient, a
“traditional” combinatorial approach would suggdst prepare and screen further, structurally
modified derivatives. This is what was done expigitthe high modularity of the simple ligands
discussed above: in the case of BINOL phosphitesXample, the substitution of naphthyl rings and

the alkoxy moiety were modified in turn, which lexdthe preparation of a large number of catal§sts.
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In a similar way, a large number of monodentatesphoramidites*®®® were prepared and tested as
ligands for the Rh- and Ir-catalyzed reactions saghrespectively: (i) the asymmetric hydrogenation
of a- and B-dehydroaminoacid derivatives and dimethyl itacefi#it (i) the asymmetric
hydrogenation of ketoiminéé3* and hydrogenation of quinoaxilin®. Several monodentate
phosphinite§%*¢and aminophosphinité&’ phosphine$® and phospholafi& were reported as well.

Some of the best-performing ligands are shown he8e 1.17.

25
), LI,
PN PN )
(e J°

28 29 SiPHOS 30 PipPhos

|fE::!Ei:> li]Im.D |

P-O P-N

SOOI
31 32

Scheme 1.1'Example of some of the best-performing ligands

The concept itself of utilizing libraries of modulagands for asymmetric transition-metal
catalysis was not new, having also been developgdBbrgess, Gilbertson®® Kobayashf?®

Waldmann” Berkessel! SchmalZ? Ding,” and otherg?

1.3 Combinatorial homogeneous transition-metal catalysi using mixtures
of ligands

1.3.1 Combinatorial catalysis “General Concept”

The development of new catalysts is a challengisg.tin many cases the correlation between

their features (structural, electronic) and th&rfgrmance (activity, selectivity, lifetime) is negsily
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established. Therefore an iterative process ofgdesynthesis and testing is usually followed to
improve catalyst performance. Combinatorial chempiaind “high-speed screening” technology can
accelerate this process considerably, allowingttier simultaneous evaluation of a large number of
candidates (Scheme 1.18).

In most general terms, the key-idea of combinaltangthods is to synthesize and screen large
libraries of chemical entities as fast as possilsieg special techniques, rather than performirg th

task sequentially in a traditional and thus timestoming manner.

= (@)

Testing Synthesm
Testing | Synthesns v |

Classic Combinatorial

Scheme 1.1&omparison between classic and combinatorial method

When performing a synthetic combinatorial chemigxperiment, two basically different strategies
may be followed to create a library of compourgtdit-and-mix(also termed split and pool) method
developed by Furk& andparallel synthesi@mploying appropriate laboratory equipment.

Solution or solid phase parallel methods are not, mad nowadays this approach is used routiftely.
The important issue of automated solution-phasethegis in an integrated system has been
reviewed”™® Parallel screening of catalysts and biocatalys@iso practiced widelff, made possible
by modern automation and robotics. Miniaturizedieoent such as microreactdrsr micro-fluidic
chips (lab-on-a-chip§ may in the future allow for small-scale reacti@ml analyses within a single
device in a high-throughput manner.

The term “combinatorial homogeneous catalysis”ds well defined. Most often, it simply
means parallel synthesis and rapid evaluationlafgee number of soluble catalysts. This includes no
only the synthesis and testing of structurally efiéiht ligands/catalysts, but also the study of the
influence of temperature, pressure, solvent, aritiges. Multiple substrate screening as introduced
by Kagan and Satyanaraydfaand ourselvé€® is another practical facet of combinatorial

homogeneous catalysis.
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1.3.2 Combinatorial transition metal catalysis using ligand mixtures —
“The concept”

The synthetic and mechanistic work described abiogpired Reetz and co-workers to
propose a new method in combinatorial homogeneausition-metal catalysis: the use of mixtures of
monodentate ligands.

The idea of mixtures may sound counterintuitiveanse chemists traditionally aim for single
well-defined homogeneous catalysts. However, as diemonstrated in 2002/20%3" the concept is
viable if applied properly.

The methodology is relevant whenever at least twogdentate ligands L are coordinated to
the metal M of the active catalyst [MLn the transition state of a reactithif Thus its applicability
goes beyond the field of asymmetric hydrogenatésnit will be discussed below. The simplest case
involves a mixture of two such ligand& and L°, in which three different catalysts exist in eduilim
with one another, namely the two homocomplexes IMLand [ML"L"] and the corresponding
heterocomplex [MEL"] (Scheme 1.19). If the ratio of components N, and L is chosen to be 1:1:1,
then the ratio of [MELY/[MLPL®)/[ML3L"] is not necessarily statistical (1:1:2). Rathender
thermodynamic conditions very different ratios kkely to result. The ideal case would constitute a
equilibrium completely in favour of the heterocoewl[ML?."], because then only a single well-
defined catalyst would exist in the reaction fldgkgand exchange is fast and reversible (whithie
general case), the position of the equilibrium lbannfluenced by adjusting the amounts of the ligan
L? and L° relative to each other and relative to the meakn if a mixture of catalysts exists the
concept is valid, provided the heterocombinatiomdge reactive and more selective than eitheref th

two homocombinations.

L2 LP L?
[M] / / /
L2 + LP M + M
\La \Lb \Lb
homocomplexes heterocomplex

Scheme 1.19he concept of using mixtures of chiral monodenliggnds

This applies to every kind of selectivity, includirnantio-, diastereo-, and regioselectivity. I€rsu
selectivities are not relevant in a given reactihis approach may still be of interest, namely mvhe
attempting to increase the rate of a reaction. ddwcept featured in Scheme 1.19 is related but
certainly not identical to the idea of dynamic camattorial chemistry as developed by Sandral ¥

and Lehrf?
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Since the catalytic profiles of homocomplexes fMi. and [ML"L"] are already difficult to
predict by theory, anticipating the catalytic prdjes of the respective heterocomplex [Mt] is even
more challenging. Therefore, in order to identife toptimal heterocombination from a library of
ligands, an empirical combinatorial protocol is esary’ As time goes on and more experience
accumulates, trends and hopefully theoretical nsodéll emerge, which will aid the practicing
chemist in new situations.

As the size of a library aff monodentate ligands increases, so does catalyestsdy as a
consequence of mixing (Table 1.1). For examplegad2@ different ligands have been prepared, not
only are 20 different catalyst systems accessibleoraing to traditional thinking, but also 190
additional catalysts in the form of the respectiaterocombinations. Upon expanding the size of a
library of monodentate ligands to 50, 100, or 20 calculated number of heterocombinations
increases drastically to 1225, 4950, and 1990@etively. Thus, an explosion of catalyst diverssty
possible without the need to synthesize any newntlg. Not all of the theoretically possible
combinations may be meaningful in a given case, e can be eliminated from further

consideration on chemical grounds, thereby reduttiagcreening effort.

Table 1.1Mixtures of monodentate ligands generate high gsttaiversity without the need to prepare new
ligands

Number of Number of binary heterocombinations = nx(n-
ligands (n) 2

20 190

50 1225

100 4950

150 11175

200 19900

500 124750

Thus far only monodentatB-ligands have been tested in mixtures, althouglprinciple
monodentate&€, N, O, or Sligands can also be considered. Rapid ligand exgihés necessary, which
may not always be the case. It should be notedthewnechanistic dividing line between the concept
just described and the traditional use of additiveactivators may not be sharp in some céses.

In the studies reported so far, only very smaktid libraries were constructed, which means
that the full potential of the mixture concept tmag been exploited. Nevertheless, significant tesul

have accumulated.
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1.3.3 Combinatorial transition metal catalysis using mixures of chiral
ligands

The seminal study by Reegt al®® is shortly outlined below, because it effectivehows the
potentialities of this methodology.

Rh-catalyzed olefin hydrogenation was performedgiaa relatively small library of eight
BINOL-derived phosphite83a-h five phosphonite84a—e and the chlorid@5 as the monodentate
ligands (Scheme 1.283.The pro-chiral olefins which were considered fsyrametric hydrogenation
were N-acetamido acrylate$y-acyl enamines and dimethyl itaconate. Rh(¢BH) was treated with
two equivalents of monodentate ligands (2.0 eqnaf ligand or, alternatively, 1 eq of two different
ligands) with formation of the precatalysts Rh(dofF,; The library of 14 ligands under

consideration allows for 91 heterocombinations,dnly 31 were actually tested.

P-OR P-R
SN Sk
33 a: R = CHs 34 a:R=CH,

b:.R= CzH5 b:.R= C2H5

¢: R =c-CgHy4 ¢: R=c-CgHq4
d: R = C(CHa)s d: R = C(CHa)s
eR= C6H5 eR= CGH5

fR= 2,6-(CH3)2C6H3
g: R = CH(CHa), 35:R=Cl

h: R = 9-fluorenyl
Scheme 1.2Monodentate phosphorus ligands for Rh-catalyzegnassic hydrogenation of pro-chiral olefins

This means that a mere 30% of chemical space wasrex. In the hydrogenation of methyl
2-acetamidoacrylate (Scheme 1.21 A) several hitee weentified, revealing moderately positive
effects in several cases. An effect is defined asitipe if the heterocombination results in an

enantioselectivity which is higher than that of best respective homocombination.

H, (1 atm),
A NHAc [Rh)/L3/LP 1:1:1 NHAc
COOMe DCM COOMe
H, (1 atm),
5 Ph O [RAJLALP 1 ;\h )(J)\
)\ J‘I\ N
N DCM H

H

Scheme 1.2Rh-catalyzed hydrogenation of () methyl 2-acetaaidylate and (biN-(1-phenylvinyl)acetamide
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One of the notable hits is the combinati®)-83a/(R)-33f, leading to 84.6%S) ee, compared
to the respective homocombinatiofy-B3aand R)-33f, which result in e.e. values of only 76.6% (
and 32.4% %), respectively. The best catalyst in the wholegliip of homo-and heterocombinations is
the heterocombination comprisin@®){34a(R)-34c, which leads to 97.9%S( ee. The respective
homocombinations result in markedly lower e.e. galaf 91.8% %) and 92.0%9%), respectively. This
initial set of experiments indicates that the camalbibn of a sterically small ligand and a bulkyaingl
constitutes the mixture of choice. This observati@as made in numerous subsequent cases as well,
although exceptions exist.

In the Rh-catalyzed asymmetric hydrogenationNedicyl enamines (Scheme 1.21 B), the
combinatorial search was confined to the use ofihm-library 34a—eand35. The positive effect of
mixing ligands proved to be much more dramatic tirathe case of the other substrates. Upon
performing a total of only 30 hydrogenation expenis, several highly selective combinations were
discovered. For example, the best catalyst forhfdrogenation obi-acetamido styrene is again the
“small/large” heterocombinatiorR}-34&/(R)-34d (96.1% e.e. for enantiom&). This positive effect
needs to be compared to the performance of theecgsp homocombinationsRf-34a(R)-34a
(75.6% e.e. for enantiomé& and R)-34d/(R)-34d (13.2% e.e. for enantiom§y.

All of these experiments were performed using aL&h! ratio of 1:1:1. To explore the
possible effect of varying the ratio of the two pplonites34a34d while maintaining the original
ratio of metal to total amount of ligand (Rh/L =2),: additional hydrogenations were carried out
employing N-(1-phenylvinyl)acetamide (Scheme 1.21 B). Uporsingj the relative amount of the
bulky t-butyl phosphonite 34a/34d = 1:3), the enantiomeric excess increased to 973%When
doing the opposite3@a34d = 3:1), the e.e. value decreased to 85.@0 Thus, this early study
demonstrated that a variation of the ligand rati@ iheterocombination constitutes a further tool fo
catalyst optimization. Furthermore, it should béedahat in this particular case the bulkier of tive
ligands dominates when attempting to increase @sahctivity beyond the e.e. value obtained with
the “usual” 1:1 ratio of ligands®and L°.

These and other results of this early study dematest that the enhancement of
enantioselectivity and reaction rate as a resuthiafng two chiral monodentate ligands was not st
fortuitous event observed in a single case, but ghaew principle in combinatorial asymmetric
catalysis had emerged.

Immediately following the initial report from Reegt al. 2

a note by de Vries, Feringat, al.
appeared; describing the benefits of mixing certain BINOLetled phosphoramidites in the Rh-
catalyzed hydrogenation ¢-(acylamino)acrylates with formation of tfieamino acid derivatives.
Later on, again Reetz reported that the steredsetgof the same reaction could be improved using
appropriate mixtures of phosphites and phosphaftites

As stated above, the principle of mixing monodentggands in transition metal-catalyzed

reactions is not restricted to asymmetric hydrotenalt was also applied by Feringa and co-workers
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to the asymmetric Rh-catalyzed conjugate additiénacyl boronic acids (Scheme 1.79)a
synthetically useful reaction type originally demetd by Miyaura, Hayasht al®” and applied by
others®® Only three monodentate-ligands were tested in this study, and the efédamixing was
remarkable, although the results had little prattigility (up to 47% e.e. in reaction A, up to 7&%.
in reaction B, Scheme 1.22). Interestingly, in saveases the heterocombination of two ligands

having opposite stereochemical preferences proverk renantioselective than the corresponding
homocombinations.

Rh(acac)(eth),. O
@/\/NOZ [Rh)/L/LP 1:1:1
A
(PhBO)3, H,0 {_NO;
dioxane, 60 °C O

o Rh(acac)(eth),, o

5 [RhJ/LA/LP 1:1:1
(PhBO); H,0 <

dioxane, 60 °C

Scheme 1.2Rh-catalyzed conjugate addition of aryl boronidaci

Also our research group provided a significant dbation in this field of organometallic
catalysis: extending the concept of mixing monodentcompounds, Gennari and Piarati al.
exploited the dynamic behaviour of ligands compostéfluxional “axially chiral” tropos moieties
(i.e. having a stereogenic axis free to rotate) amdvalently attached configurationally stabletgnt
in Rh-catalyzed olefin hydrogenation (Scheme 1%2#)two different ligands of this kind are used in

a mixture, an intriguing situation arises.

R R R R
(Lo (Lo

p-x* =—+ P-X*
QL S
R R R R
(aR) L2 (@S) L¥

R =H, t-Bu, Me
X* = secondary amine or alcohol, containing stereocentres

Scheme 1.23hiral phosphorus ligands based on a chiélound alcohol or secondary amine and a flexible
(tropos)P-bound biphenol unit

When employing a “single” ligand, two diastereorndromocomplexes [MIL? and [ML*L?] as well
as the heterocomplexes [F11*] are possible. Consequently, three diastereomeraaually involved

in the mixture, that are likely to have differenatalytic profiles in terms of activity and
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enantioselectivity. Moreover, the ratio of the #hispecies is not expected to be statistical (1:1n2)
the case of two different ligand$ and L° of this kind, up to 10 different species may barfed:
[ML2LY, [ML3®], [MLZL?], [ML"L", [MLPL®], [MLPLY], [MLALP), [MLALY], [MLZL") and

[ML *L"].8" Intriguing observations

© /(5 ° ° :
l \ ! A l \ :
P—0" ™ P-0 P-0
/ : / d .
as A~ O Saites
36 37 38

O Ph Ph
o\ / O (0] O 0 >é’
P-O \ \
Ay Lo o)
o 4 /
) e

L CL, ®
\ _ \ O\
PO P-0 P-O
o] / /
e e

53 54
Scheme 1.24.ibraryof 20 ligands, 11 phosphites [P(0)36-46] and 8 phosphoramidites [P (D)4 7-54]
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were made in a study employing such compounds3&54 as ligands in the Rh-catalyzed
hydrogenation of methyl 2-acetamidoacrylate. Altofa85 reactions were performed, which means
that only a portion of the total chemical space wasially explored. No homocombination of the
ligands36-54 performs well (e.e.’s range from 0 to 55%). Whegarnd heterocombinations were used,
certain phosphite/phosphoramidite combinations guloto be optimal. The best hit 3§/48, which
leads to an e.e. value of 87% compared to 53%ar52% e.e. for the respective homocombinations.
It is also clear tha89/48 constitutes the matched system, bec@9&7 provides an e.e. value of only
35%. Similar results were observed when hydrogegatither substrates such as enamides and
dimethyl itaconate. From a practical point of vidglae asymmetric hydrogenation of methyl 2-
acetamidoacrylate is best performed classicallyubing a single ligand; for example, the best
phosphite ligand for hydrogenation of methyl 2-acsitloacrylate is picked as a result of testing a
library of derivatives differing in the nature diet RO- group at phosphorus. This is true in this
particular example, but it may not be so in allesasThe importance of the present study lies in the
proof of principle and in the mechanistic lessaated therein. Extensive kinetic investigationsewe
included, which led to a useful mathematical modéle same library was utilized in Rh-catalyzed
Miyaura—Hayashi reactiori$for example the one shown in Scheme 1.%2 Bnantioselectivities of

up to 95% e.e. were observed when using the hetelzioation41/54, compared to only 70% e.e.
and 36% e.e. for the respective homocombinations.

In another study by Reet al. it was shown that structurally very different tgpef chiral
monodentateP-ligands can also be used successfully in mixttr@hese include ephedrine and
pseudo-ephedrine-derived oxazaphospholidines ss@b and 56 (Scheme 1.25), known types of
compounds that had previously been used by Alexakisl. as single ligands in Cu-mediated
conjugate additions and other reactidhin the study regarding mixtures, the small librafysix
ligands shown in Scheme 1.25 was extended to iadielC,-symmetric phosphiteS7 and58 (R R
andSS configuration, respectively}. The performance of these ligands as homocombirstiothe
Rh-catalyzed hydrogenation of such substratesrasthy! itaconate proved to be poor (0-56% &%.).
Some improvements were observed through pair wiséngas However, the best hit constitutes a
mixture in which one of the components is a BINGdrided monophosphonite, as iR){34d/56b,
which gives rise to an e.e. value of 89R). (These results are all the more remarkable becans of
the respective homocombinations induces the oppesitse of enantioselectivity. The diastereomeric
heterocombinationg)-34d/56b results in considerably lower enantioselectiviig% e.e. for thes
enantiomer), which means that this is the mismatdase.

Chemical modification of BINOL leads to added stmsal diversity in the respective-
ligands, although this is accomplished at the obstdditional synthetic efforts. If only one napyith
moiety in BINOL is modified,C, symmetry no longer holds, which means that theadfs in the
respective phosphites, phosphonites, or phosphdit@siturn into stereogenic centreg @ Fs). This

gives rise to two diastereoisomers.
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i-Pr i-Pr
OR (')R
/P\ /P\ O
O NMe O NMe v

v
L L i-Pr__P i-Pr__P
R 0 \O I ro/ \O
Ph Me Ph Me \ \ <
PH  Ph PR Ph
55 a: R = 2-naphthyl 56 a: R = methyl 57 58

b: R = t-butyl b: R = {-butyl
c¢: R = 2,6-diisopropylphenyl c¢: R =2,6-diisopropylphenyl

Scheme 1.25Ephedrine and pseudo-ephedrine-derived oxazaphbdipies 5556 and the C,-symmetric
phosphite ligand57-58

Reetz and co-workers prepared such compounds (®che?f), for exampl&9-61, in the

hope that the stereogenic units positioned claste Rh centre would exert special effééts.

59 a:R=Bz 60a:R=Bz 61
b: R=Me b: R =Me
¢c:R=Bn c:R=Bn

Scheme 1.26Diastereomeric phosphoramidi&-60 and phosphitél ligands with stereogenic phosphorus
centers

The single ligands as homocombinations proved tquie effective in olefin hydrogenation
reactions, as in the reduction of methyl 2-acetaaidylate with e.e. values in the range 97% to
greater than 99%. In some cases an unusual effastobserved, namely that a mixture of two
diastereomers differing only in the absolute camfagion at phosphorus is more effective than either
of the two respective homocombinations. The intergsarea of ligands having stereogenic centres at

phosphoru¥ has not been explored systematically in the ptasmrtext.

1.3.4 Combinatorial transition metal catalysis using mixures comprising a
chiral and an achiral P-ligand

Early on, Reetzt al. also contemplated the use of mixtures of chira achiral ligands in
Rh-catalyzed hydrogenation (Scheme 137 This proposal seems counterintuitive, becauseobne
the homocombinations in the mixture is achiral,assarily leading to a racemic product. However, as

before, the heterocombination may define the ou&ofithe reaction if it is more reactive and more
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enantioselective than the homocombinations. Sias¢ numbers of achir&é-ligands are available at

low cost, high structural diversity regarding tretdrocombination is readily accessible.

Lchiral Lachiral Lchiral
(M / / /
hiral i —_
|_chira +  achiral M + M M
Lchiral Lachiral Lachiral
one enantiomer racemate enhanced
preferred enantioselectivity or

reversal thereof

Scheme 1.27The concept of using mixtures of monodentate chiarad achiral ligands in transition-metal-
catalyzed asymmetric reactions

Initially representatives of the three BINOL-demveypes of P-ligands such as phosphit&s,
phosphonite84 (Scheme 1.20) and phosphoramidé@{Scheme 1.28) were each tested in mixtures
with different achiral monodentate-ligands such a$3 or 64 (Scheme 1.28) and one fluxional
(tropog phosphite66 (Scheme 1.29), in hydrogenation of methyl 2-acedaarylate serving as the
model reactioi™

Phosphoramidites: Achiral ligands:

OO P 65 a: PMe;
O R OO b: P(i-Pr)s
PN s c: PPh,
OO 0 R 63 d: P(OMe)s
e: P(Oi-Pr),

f: P[OCH,C(CHs);]3

62 a: R = CH, Ph g: P(OPh);

b:R = C2H5
c:R= CH(CH3)2

| X
d: R = (R)-CH(CH3)(CgHs) O P~ O
e: R = (S)-CH(CHy)(CgHs)
f:R= (CH2)5 64

Scheme 1.2&hosphoramidité2, achiral phosphiné3-65ligands

In most cases enantioselectivity decreased, whiahmot be surprising. However, in several instances
the sense of enantioselectivity was reversed upitnmguan achiral ligand as one of the components,
especially when employing mixtures 88 and tris(2-naphthyl)phosphiné3) or the phosphininé4,
respectively. For example, the homocombinatRpr34d(R)-34ais a respectable ligand system in the
hydrogenation of methyl 2-acetamidoacrylate (92%. efor enantiomerS), whereas the

heterocombination R)-34a64 induces reversal of the enantioselectivity (58%. éor enantiomer
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R).%% Energetically, such a switch is dramatitAG* = 2.6 kcal mof), which means that the mixing
effect is pronounced. Of course, to get a produttt epposite absolute configuration, it is bestise
the enantiomeric form of the BINOL-derived ligar(@-33 or (9-34, which provide much higher e.e.
values. Nevertheless, the results are of theotdtiterest, and they also set the stage for further
research using other mixtures of chiral and achiahodentate ligand8°°

Upon applying the mixture concept to chiral and ilhmonodentateP-ligands more
systematically, remarkable observations were rfi¥ddn this studyp-N-acylamino acrylates were
used as model substrates, with phospB@and phosphonit84d serving as the chird-ligands. In
addition to the achirdP-ligands65, fluxional diphenol-derivedt{opos phosphite$£6 (Scheme 1.29)
were also employed. A relatively short combinalosaarch was made in the study of the Rh-
catalyzed asymmetric hydrogenationZeB-acetamido-2-butenoai¥.lt can be seen that pronounced
effects result when using thidutyl phosphonite4d as the chiral ligand in combination with achiral
ligands. The homocombinati@#d leads to an e.e. value of only 45%. Upon emplogirigl mixture
of 34d and trimethyl phosphite6bd) or triphenyl phosphite66g), the e.e. value climbs to 84 and
88%, respectively. When using the configurationdilxional phosphite$6 in combination witt84d,
even higher enantioselectivities are observed. Atiogly, 34d/66a 34d/66b, and34d/66d lead to
e.e. values of 98, 98, and 94%, respectively. htrest, the sterically demanding fluxional phosphit
66c¢in combination with the bulky phosphonidd results in an almost racemic product. This rasult
reminiscent of the behaviour of two bulky chiRaligands, whose combination generally leads to low
levels of enantioselectivity. Similar effects weasbserved when hydrogenating ottacylamino
acrylates and dimethyl itaconate. For example, wingrogenating dimethyl itaconate ligaBdd
alone results in an e.e. value of 77%, whereasisheof34d/65g or 34d/66a boosts enantioselectivity
to 94% e.e. in both cas¥.

X X
O 0 fast O 0
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Scheme 1.2%luxional diphenolderived (tropos) phosphites
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Subsequent to these studies, Feringa, de \&tesl, applied the idea of using a mixture of a
chiral and an achiral monodent&®digand in the hydrogenation of,3-unsaturated acids of the type

shown in Scheme 1.30, leading to the corresporairgl dihydrocinnamic acid derivativés.
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H, (25 bar),
[RhJ/L3/LP 1:1:1

OO SO

R i-PrOH, 60°C R

a Ar=Ph, R=Me

b Ar= Meo\/\/oj@/“g ; R=i-Pr
MeO

Scheme 1.30’he Rh-catalyzed hydrogenationaf-unsaturated acids

These are key intermediates in the synthesis afimber of bioactive compounds such as
renin inhibitors,y-secretase inhibitors, enkephalinase inhibitorsiogrelin receptor antagonists, and
opioid antagonists. A variety of different BINOL+ileed phosphoramidite62 with various achiral
and chiral R groups in the amino group were firsstdd in respective mixtures with
triphenylphosphine 65¢ using substratea (Scheme 1.30). Unfortunately, improvements in
enantioselectivity were meagre. In contramtho-dimethyl derivatives67 led to notable positive
effects when used in mixtures with triphenylphogghi65c¢. For example, ligand7d failed
completely when used alone, and this homocombinate@sulted in racemic product in a slow
reaction. In contrast, upon using the heteroconltin®50d67d, a fast and quantitative reaction was
found to occur with 85% e.e. Upon tuning the adhptaosphine, further improvements proved to be

possible, as in the heterocombination comprisiisgxylyl)phosphine an@7d, leading to 92% e.e.

Me
CO 0] R

PN
OO O R 67aR=Me
Me b: R'= CH,CH,OCH,CH,
c R = (CH2)4
dR'= (CH2)5

Scheme 1.3B,3'-dimethyl substituted BINOL-derived phosphodite ligands

In other cases involving industrially relevant sultes such ab (Scheme 1.30), even higher e.e.
values were achieved. Similar developments wersespiently reported for other types of substrates

such adN-formyl dehydroaminoacid estéfdand 2-(acetylaminomethyl)-3-aryl acrylic acid esfé

In a more recent study Reedr al. reported once more the remarkable effect thaptbeess
of mixing chiral and achiral monodentakeligands can induce, specifically in the Ir-catalgiz
asymmetric hydrogenation of pro-chiral ketimifiledn this attempt the cheap phosphorous acid
diester68 was utilized as the chiral component together wihious achiral monodentakeligands.

Phosphorous acid diesters are known to exist iagailibrium P-P", the penta-valent form'Fbeing

27



Chapter 1

favoured as 8B (Scheme 1.32). However, it is well known that sitian metals bind to the P atom
in the three-valent form, as shown by crystal stmes and spectroscopic dateSeveral ketimines
were subjected to Ir-catalyzed hydrogenation wattmiation of the corresponding chiral amines. The
results show that the chiral liganfi8 alone is a poor ligand (7-36% e.e.), whereas the

heterocombination with achiral triphenylphosphé®®/'68 leads to e.e. values of 88—92%.

P-OH |24
Sg) .
68 A 68 B
,—Ph [If/L3/LP /—Ph
~N _— NH
Ar DCM,RT. Ar
L2/ LP/[Rh] L2 Lb Conv. (%) e.e. (%)
2:0:1 68 - 20-30 7-36
1:1:1 68 PPhs 90-100 88-92

Scheme 1.32Zridium-catalyzed hydrogenation of ketimines

1.3.5 Controlling the diastereo- and regioselectivity

The combinatorial concept of applying mixtures afrmadentatd®-ligands was also extended
to include the control of diastereoselectivityDiastereoselective reactions where the stereodaémi
information existing on the substrate influences ttreation of new stereogenic unit(s) (1,
asymmetric induction®§° were studied using a library of 21 mostly achir@nodentateP-ligands.
For example, in the case of the hydrogenation wakthllylic alcohols (Scheme 1.33 A) 150 reactions
were performed (although a total of 210 differeatehocombinations are possible), which led to the
identification of 15-20 positive hits. These are theterocombinations which display a higher
diastereoselectivity than either of the two respechomocombinations alone. Some of the hits
resulted in extremely high diastereoselectivitiasti(synratio up to 27:1, using combination of the
phosphine$4/69).
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A: control of diastereoselectivity

Ha,
OH  [RhJLLP 1:1:1 OH OH
Ph\ﬂ/\ PhY\ + Ph _~_
anti = syn
_ P
PP\ / 27 : 1

64 69

w

B: control of regioselectivity

H,/CO,
Me [RAJLPLP 1111 Me CHO Me
+
COOt-Bu %COOt-Bu OHC\)\COOt-Bu
b !
Ph \ /P / PPh, 20 : 1
64 65

Scheme 1.33a) hydrogenation of chiral allylic alcohols; (bydroformylation of olefins.

In principle, any parameter of a catalytic prottien be influenced by using mixtures of monodentate
ligands. It was thus attempted to influence theossdectivity of transition-metal-catalyzed reaaoso
by applying this type of combinatorial catalysihieTRh-catalyzed hydroformylation of olefins was
chosen as a first target:***Many different achiral monodenta®eligands are potential candidates for
such an endeavour, but the combinatorial search eeafined to a small library of 14 simple
phosphine and phosphite ligantbutyl metacrylate (Scheme 1.33 B) was chosenasitbdel olefin
with formation of the branched product with a quaégey C atom and the linear regioisomer. As
expected, the most commdhligands favour the linear product. Thus, it washallenge to find a
catalyst system which leads to a strong preferéoicéhe branched aldehyde. It was found that 12
heterocombinations induce the preferential fornmatibthe branched product, despite the fact that th
respective homocombinations all display opposiggoselectivity favouring the linear isomer. The
best catalyst system, obtained by combination efptmosphininég4 and triphenylphosphingé5c led

to a 8.4:1b/l ratio, while the corresponding homocombinationduoe ratios of 0.76:1 and 0.72:1,
respectively. This system was then optimized bynithe reaction conditions (80 bar CQ/AH 1:1;

40 °C, 30 h, substrate/Rh= 50:/l°=1:1; Rh/total ligands = 1:2.4; toluene as solveAf a result,
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the regioselectivity climbed to 20:1, which mearis®regioselectivity in favour of the branched

product.

1.4 SUPRA MOLECULAR BIDENTATE P,P-LIGANDS

1.4.1 Basic principle

As reported in section 1.3.2, when two ligandsahd L® are added to a metal source, the
two homocomplexes [MIL? and [ML"L"] compete with the heterocomplex [F1L"] for acting as
the catalyst. As a consequence, when the heterdeamp the most selective species, the
homocomplexes lower the overall selectivity of {h@cess, unless the catalytic activity of the
heterocomplex is exceedingly higher. The relativeants of hetero- and homocomplexes were
studied by NMR spectroscopy and it was found thetgjer thermodynamic control (fast and
reversible ligand exchange), the heterocomplex/lmmmplexes ratios often exceed the statistical
value (2:1:1F%*% It was also reported that the amount of heterodempan be enhanced by
carefully tuning the E/L" ratio, with consequent optimisation of the oversdlectivity of the
catalytic transformatioi®* Nevertheless, non-covalent interactions soon aepeas a clever way
to achieve the exclusive formation of the hetertbtepomplexes from mixtures of monodentate
ligands. To this end, supramolecular ligands capabtomplementary interactionsScheme 1.34

A) are required, so that attractive interactioretplace only between different ligants.

A. Non-covalent interactions for the formation of heterocomplexes

Non-covalent, complementary
interaction

EDL0 i

B. Non-covalent interactions for the formation of homocomplexes

Non-covalent, non complementary

interaction \
d d
w e O
=donoratom
@ = catalytic metal

- ‘ G =functional groups capable of non-covalentinteractions
, ’

Scheme 1.33&chematic representation of supramolecular bidedigands formed by complementary (A) and
non-complementary interactions (B)..
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The heterocomplexes formed in this way are expettetiave reduced degrees of freed¥m
compared to the complexes of normal monodentatentlg, and thus supramolecular ligands
somehow resemble traditional bidentate ligands.ofding to this analogy, they are often referred
to as supramolecular bidentate ligandsr self-assembled ligandghanks to their ability to
spontaneously form bidentate systems in solutidresg terms also apply to those supramolecular
ligands that are only capable mén-complementarinteractions (Scheme 1.34 BY}:indeed these
systems are still capable of forming rigid and awnfationally restricted complexes, although
they cannot selectively form heterocomplexes wheeduin a mixture, which quite reduces their
"combinatorial appeal”. Using non-covalent inteiags, ligands can be linked to other molecules
for different purposes than forming supramolectiigientate ligand$>’ and these applications are
not discussed in the present review.

In this section, supramolecular bidentate ligands @assified on the basis of the non-
covalent interactions they rely on, hydrogen bogdamd coordinative bonding being by far the

most widely exploited.

1.4.2 Self-assembly through hydrogen-bonding interactions

1.4.2.1 Secondary phosphine oxides

Secondary phosphine oxides (SPOs) form an unusass of ligand$%? that are stable and
inert to water. This is due to the tautomerizagguilibrium that is in favour of the stable oxidbeit in
1968 it was found that the equilibrium can be skifby the addition of a metal precursor (Scheme
1.35Y%and in 1975 the formation of platinum complexesdahon SPOs were reportéd.

H, -
O R M ?/ 0
P, ~—— P-OH
H R/ R—/P\ /lﬁ\‘R
R M R

>y

A,

Scheme 1.3Fautomeric forms of SPOs: SPOs exist in equilibrioetween pentavalent (phosphine oxide form)
and trivalent (phosphinite form) tautomeric struetus Although at room temperature the phosphindeoform
is the more stable one, it is the phosphonite fibvah coordinates to the transition metal

Although they were not specifically designed asraomlecular ligands, this class of compounds
represent the first example of ligands that formbidentate ligand via a hydrogen bond. In this
particular case between the phosphine oxide andalbehol, as was later confirmed by X-ray

analysis:™® In 1986 it was reported that these platinum cowgseare active in the hydroformylation

and hydrogenation reaction and that the ligand®weerating as bidentate ligatdfsMuch later it

was found that the class of ligands can be usea feariety of reactions such palladium-catalyzed
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cross coupling reaction&: platinum catalyzed nitrile hydrolysis and iridiuratalyzed hydrogenation.

In most examples, however, the ligands were emploge monodentate ligands rather than
supramolecular bidentate ligands. In some of trectrens the ligands might rearrange into the
supramolecular bidentate, but in many reports whieeeligands were added situ and the ligation
was not investigated in detail. Various chiral SR@se been prepared by the groups of Feringa and

de Vries, which provide fascinating new opportustio this field

1.4.2.2 Systems relying on hydrogen bonding betweeolar heterocycles

The first example of self-assembled bidentate tigans reported by Breit and Seiche in 2603\s a
platform for hydrogen bonding, the tautomer syst2rpyridone {0B)/2-hydroxypyridine TOA),

firstly prepared and employed in different contbyxtNakamuraet al,**®

was employed. The parent
system (Do = H) is known to dimerize in aproticvawits to form predominantly the symmetrical
pyridone dimer71 (Scheme 1.36)"° However, if Do is a donor atom capable of bindiaga metal
centre (e.g. PR) the equilibrium can be shifted towards the mikgdroxypyridine/pyridone dimer
72. This intermediate may be stabilized by the clmta¢ffect exhibited through coordinative binding
to the metal centre (Scheme 1.36). In fact reaatib@ equiv of 6-diphenylphosphanyl-2-pyridone
(70a Do = PPh, Scheme 1.37) with Pt(cod)}Cfurnished quantitativelycis-PtCL(703),, which

showed the expected hydrogen-bonding network mosiolution and in the solid state.

I »
A M O z Do

Do N (0] X = T N \
o o— | Il = AN = m
1 | 1 ]
O~ _N_ _Do HO™ "N” "Do N ° Os _N_ _Do
U 70 A 70B U
NS S
71 72

Scheme 1.3@he Breit system for the self-assembly of a montaterP-ligand**

A rhodium catalyst derived from ligantDa displayed the typical behaviour of a bidentate
ligand in the hydroformylation of terminal alkerié§Thus, excellent regioselectivity in favour of the
linear aldehyde was noted for hydroformylation ehage of functionalized terminal alkenes (Scheme
1.38). Among them, even those with functional gooppable of hydrogen bonding were tolerated.
However, the hydrogen-bonding network in the ligaaad thus the chelating binding mode can be
disrupted by employing either temperatures abov@ °I1 or protic solvents such as methanol and
acetic acid; low regioselectivity results were aitd in this case.

Recently, Bérner, Breiet al. reported the synthesis of several derivativ@®earing a chiral

phosphine group (Scheme 1.3%).
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L ®
|
P N (@]
Ph,P H o) K
70a 70b

Q

R,P” N 0t-Bu

71 a-d: non self-assembling analogues

H, (1 bar),
NHAc 1:2[Rh}/70 b, c ord NHAc
/I\Coowle DCM or MeOH )\COOMe
up to 91% e.e.
H, (1 bar),
NHAc 1:2[Rh}/70 b,cord NHAC
Ph \/\COOMe DCM or MeOH Ph \)\COOMe
up to 94% e.e.
H, (1 bar),
1:2[Rh})/70 b, cord
MeOOC\H/\COOMe Meoocw*/\COOMe
DCM or MeOH

up to 99% e.e.

Scheme 1.37The enantioselective Rh-catalyzed hydrogenationpif-chiral olefins with self-assembled
rhodium complexes

cat. [Rh] (0.1%) / L (2%)

CO / H, (10 bar) Me
RN 2 RCHO T
toluene | R bCHO
R 11 b ratio
L =70a L = PPh,
B 97:3 72:28
Aco/\/\/i“ 96:4 71:29
Me %
b 94:6 71:29
o}
HO. 95:5 89:11
o)

Ej\)\/\/\/%1 95:5 70:30
OH

Scheme 1.3&Rh-catalyzed hydroformylation of functionalizedrténal alkenes
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The new ligands were shown BYP-NMR to be able to self assemble in the preseheerbodium
source in a similar way té0a The corresponding self-assembled rhodium complesere employed
for catalyzing the enantioselective hydrogenatioh pro-chiral olefins such as methyl 2-
acetamidoacrylate (up to 91% e.e.), metiyd-acetamidocinnamate (up to 94% e.e.) and dimethyl
itaconate (up to 99% e.e.). Remarkably, all théasdembling ligand30 performed better than the
correspondingO-t-Bu-protected hydroxypyridine-derivativegl (unable to self-assemble), thus
demonstrating once again the efficiency of thiatefyy. It should be noted that, although ligai@s
behave undoubtedly as a supramolecular bidentgends, the system@0 / [Rh] are actually
homocomplexes, since the two tautomers —the hygwoidine 70A and the pyridone70B-
equilibrate rapidly, the complementarity of theitdraction cannot be exploited to achieve a setecti
formation of the heterocomplex. Mixing two pyridoligands with different donor sites would result
in mixtures of heterodimeric and homodimeric cattdy Thus this first example of supramolecular
bidentate catalyst is not suitable for achievirsgkective formation of the heterocomplex.

The heterodimeric structure would require the asHembly of two (non-interconverting)
complementary species through hydrogen bonding rirciple employed by nature in DNA base
pairing. Thus an A-T base-pair model relying on @in@nopyridine73isoquinolone74 platform was

selected to serve for specific heterodimeric ligassembly (Scheme 1.39§2

S X
) I L
T N s,
Hoy oy ? (m) 73 M Hom
|l| |ll| * D Os _N Do
| I H
Ox N_O O~_N_ _Do AN |
T |
N
Me ¥ (mxn)75
(n)74

Scheme 1.3%elf-assembly through hydrogen bonding of the adtliymine systems

When phosphine ligands based on this platform webeed in the presence of a Pt(ll) salt, the
heterodimeric complex76) formed exclusively. An X-ray structure @6 (Do* = Do’ = PPh) shows

the expected hydrogen bonding network reminiscéttie Watson—Crick base pairing of A and T in
DNA. NMR studies provided support that a similawstural situation occurs also in solution. The
first 4 x 4 self-assembled ligand library basedhgdrogen bonding was generated and explored for
regioselective hydroformylation of terminal alkengcheme 1.40). In this study a catalyst was
identified ([Rh][76d[77d]) that operated with outstanding activity (TOF =648 Hh') and

regioselectivity § / i = 96:4)1'% Also other heterocyclic platforms analogous to & base pair

34



Introduction

were subsequently screerfé®,and it was found that thiazo®8 could interact with isoquinolon&?

so strongly that their interaction was unaffecteeineby protic solvents such as methanol.

cat. [Rh] (0.1%) / 76 (2%) / 77 (2%)

Me
nHex” Xy _CO/H, (5 bar) n—Hex/\/CHO +
toluene / n-Hexb CHO
| X
PIV\N N/ PAr, | NH Best combination: 76 d / 77 d
H = TOF =8643 h™; 1/ b =964
PAr2
76 a. AI’ = CBH5 77 a: Ar = C6H5 S
b: Ar = 4-(OMe)-CeH, b: Ar = 4-(OMe)-CgH, o JI )—PPh,
c: Ar = 3-Me-CgH, ¢: Ar = 3,5-(CF3),CoHs "’\H N o
d: Ar= 3,5-(CF3)2C6H3 d: Ar= 4-F-C6H4

Scheme 1.4Regioselective hydroformylation of 1-octene using 4 self-assembled ligand library based on
hydrogen bonding

Subsequently, the same concept was applied in thantieselective Rh-catalyzed olefin
hydrogenatiort’® In this case the two substituents at the P atoumddo the heterocycles are either
two different aryl groups (so that P is stereogenicthe BINOL moieties, leading to the respective

phosphonite80 and81 (Scheme 1.41), which dimerize spontaneously.

(@]
0
Apo(T)
e

0

79 (-)-a: Ar = o-anisyl
(+)-a: Ar = o-anisyl

(-)-b: Ar = 1-naphthyl 80a:R=H 81(S}a:R=H
(+)-b: Ar = 1-naphthyl b:R =Me (R-b:R=H
(-)-c: Ar = o-tolyl c: R =p-tolyl (S)-c:R=Me

(+)-c: Ar = o-tolyl

Scheme 1.41Self-assembled chiral phosphine and phosphonitandiglibrary for Rh-catalyzed olefin
hydrogenation

The respective Rh-complexes obtained by their betenbinations lead to high enantioselectivity

(>90% e.e.) in the hydrogenation of dehydroamind asters (methyl 2-acetamidoacrylate and methyl

a-acetylamino cinnamate) and dimethyl itaconate ¢8wn1.42).
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Ha,

A NHAc [RhJ/L3/LP 1:1:1 NHAc

COOMe COOMe
Ha,
NHAC [RhY/LZ/LP 1:1:1 NHAc
B Ph._~ Ph._*
COOMe COOMe

Hy,

Rh]/L2/LP 1:1:1
c MeOOCW/\COOMe [Rh] MeOOCj*/\COOMe

Scheme 1.4Rh-catalyzed hydrogenation of (a) methyl 2-acetamidylate, (b)x-acetylamino cinnamate and
(c) dimethyl itaconate

It was also shown that one of the partners canduard diphenylphosphanyl moiety. This corresponds
to the use of a mixture of an achiral and chirahouentatd>-ligands mentioned in Paragraph 1.3.4.
Recently, Breit and co-workers took advantagefiefgeometric properties (bite angles close to 105°)
and electronic features (electron poor) of thesprasuolecular catalysts displaying excellent
reactivity and selectivity also in the nickel-cgiad hydrocyanation of aken¥s.

Heterocombinations of achiral ligands of thié / 77 type were subsequently screened in the Ru-
catalyzed hydration of alkyné$, with the aim of maximizing the amount of anti-Mavkikov
aldehyde product (Scheme 1.43'%).

-Ru.,
. MeCN"+, "L 5 o
R— +
R
H,0 oy R
alde_hyde _ ketone
(anti-Markovnikov (Markovnikov product)
product)
Ru(cod)(acac), / L2/ L° 0
B R-C=N

H,0 R” “NH,

Scheme 1.43he Ru-catalyzed hydration of alkynes and nitriles

With the best heterocombination, up to > 99:1 delties were obtained in favour of the anti-
Markovnikov product.

Another application found by the Breit group foeithachiral ligands76 / 77 is the Ru-catalyzed
hydration of nitriles (Scheme 1.43 B>

On the base of hydrogen bonding between polar d®teles such as 2,6-diaminopyridine and

barbituric acid-derived phosphines, Jet al. developed recyclable catalysts for Rh-catalyzed
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hydroacylation of olefins?®> which however do not form supramolecular bidentafands and thus

will not be discussed here.

1.4.2.3 Self-assembly through hydrogen bonding beeen peptides

Very recently the group of Prof. Breit developedoalanother family of supramolecular
bidentate ligand$® that mimic the well known PhanePhos ligaffdAfter an inspection of molecular
models, metacarboxypeptidyl-substituted triarylphosphin82 (Do = PPh in Scheme 1.44) or
phosphites83 (Do = OP(OAr)) turned out to be suitable candidates to providehanePhos-like
structure. An inter-ligand helical hydrogen-bondimgtwork, as indicated in Scheme 1.45, could be
expected. This in turn might induce a planar chiratacking arrangement of the two meta-substituted
arene rings which resembles the planar stereogésmeent found in PhanePhos.

The coordination properties of ligan82 and83 were investigated in the presenceisfPt(cod)C} or
Rh(cod)BF,. All of the homocombinations exce@3, formed the corresponding self-assembled
ligand complex. The complexes were studied by X-amalysis. Thecis-coordinated phosphine
ligands are linked by pairs of interligand N=D=C hydrogen bonds of the peptidyl side chain, tvhic

adopt a helical conformation.

A) Ph2

P
L [M] @—/{
M) /'

Z~NHR'
‘ Do H O
Ph,P—| >

PhanePhos: chiral ligand "SupraPhanePhos'': the stereochemical
with stereogenic plane information of the peptide residues is
transferred to the aryl groups

B)
thP/©\H/NHPeptlde ::
0
82 a: Peptide = ValValOMe 83 (S)-a: X = NHValvalOMe
b: Peptide = ValAlaOMe (R)-b: X = NHValAlaOMe
c¢: Peptide = t-LeuValOMe (R)-¢: X=0OMe

Scheme 1.44(a) Schematic representation of “SupraPhanePhdg”;péptidyl phosphine82 and peptidyl
phosphites83
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Interestingly, themetasubstituted arene rings of the two neighbouringgphine ligand82 adopt a
PhanePhos-type conformation. ThisTt interaction (~ 3.30 A) is also expected to addiity
contribute to the stabilization of the supramolacuhetal-induced ligand assembf§Additionally, a
hydrogen-bonding intermolecular network is formeetween the homodimeric complexes in the
crystalline state. NMR studies indicated that ailsingeometry is prevalent in solution in aprotic
solvents such as CDgChs well. The homocombinations of ligan82 and 83, in the presence of
Rh(cod)}BF,, were tested in the hydrogenation reactions shHov8theme 1.44: the best combinations
(involving ligands83) gave enantioselectivity levels comparable withsth of PhanePhos ligands (up
to 99% e.e.).

It should be noted how this new approach does i ain its first version, to selectively prepare
heterocombinations of ligands, because the hydrbged interaction utilized lacks the
complementarity required for this task: combiniriffedent ligands in the presence of a metal source
would result in a mixture of homo- and heterocomete

Shortly after the first communication, however, iBeg al. addressed the issue of exploiting
self-assembly based on peptidic structures as aptatfiorm to generate heterodimeric complexes
selectivelyt®® which enabled a new combinatorial approach to habelation-emulating ligand
libraries for metal complex catalysis.

Thus, as a peptidyl ligand complementary to @iknked peptide-base®-ligand Lc, a N-
linked peptidic system such ag Wwas chosen (Scheme 1.45, right-hand side). Malecubdelling
suggested that complementary hydrogen bonding leetwes amide functions of both systems might
occur and induce the formation of an antiparafiedheet structure. Indeed, mixing of C-linked
phosphane-functionalized peptidyl ligandsc)Lwith the complementary N-linked phosphane-
functionalized peptidyl counterpartsyLin the presence of platinum(ll) and rhodium(Rrisition-
metal salts led to the selective formation of ratetentate complexes [MXLc-Ly)]. Detailed
conformational analysis in solution, theoreticaldstigations, and X-ray studies showed the formatio
of a two-stranded, antiparallgd-sheet structure. The factors that influence theilibga between
heterodimeric complexes and homodimeric complexa® wtudied in detail, which provided insights
into the importance of individual non-covalent natetions. Furthermore, the antiparalfgisheet, self-
assembly template system has served as basisefgetieration of a heterobidentate ligand library,
which has been explored iimear-selective asymmetric hydroformylation of styreiselfeme 1.46).
From these experiments it became evident thatsleeet self-assembly template does not only cause
the selective formation of heterobidentate ligamdregements, but although in a remote position
relative to the catalytically active centre canuoe a moderate enantioselectivity (up to 38%) & th

course of a catalytic reactioff.
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Scheme 1.45xpanding the concept of self-assembly of monoderigands through formation of secondary
structures: two complementary metal binding sitéth wwo otherwise flexible appended peptide chans
directed to form a conformationally stable foldidheet upon coordination of a metal ion

Hy/ CO
[RhJ/L¢/Ly CHO
Zph ALt oo
b /

Scheme 1.4@&Rh-catalyzed assymetric hydroformylation of styrene

1.4.2.4 Systems exploiting the hydrogen bonding pperties of urea derivatives

Love and co-workers described the formation of ditean metal complexes (namely with
palladium and rhodium) containing the urea—phosphigand 86)(R = Ph, Scheme 1.47). When
PdCL(CH;CN), was used as a palladium source, a 1:3 mixturdasfifans complexes (measured by
NMR) was obtained, which was assumed to have anpmig nature with intermolecular hydrogen
bonding due to its insolubility in commonly usedvemts.**° Alternatively, when Pd(cod)(GHCI

was reacted witl86 (R = CHCO,Et), as reported independently by Reek and co-wsyke only the
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formation of thetrans complex87 was observed (Scheme 1.47 A). In this case, thedon of the

intramolecularly hydrogen bonded species was assumeéhe basis of its solubility and spectroscopic
properties. Interestingly, on addition of nBIClI (Scheme 1.47 B), the formation of an anionic
complex88 incorporating the chloride anion intramoleculastynded between the two urea units, was

observed in both works®

A) B)

2 e 2,0
R )J\N P=Ph peh, M- R‘l}l N P=Ph

|1|\ |1| | [M] o n-BuyN*Cl H_ H

\\ // [M] I — R Jl\ //CI\ [M]

b den NN HoH !
R\N HN\© Ph R/N\H/N F%;]Ph

86 0
87 88

Scheme 1.4The urea-based phosphine ligand complexes format&(a) self-association or (b) anion-
templation

Later on, Reek and co-workers developed a new dfshiral urea-functionalised phosphii@9),
called UREAphog(Scheme 1.48), which are capable of self-assemiotirthe presence of a rhodium
source to give the supramolecular homocomplexesswumgested by NMR studieshodium
complexes ofUREAphosligands were screened in the enantioselective dggdration of both
benchmark substrates (up to 96% e.e. with dimethgbnate and up to 94% e.e. with methyl 2-
acetamido acrylate) and challenging, industriallevant olefins such as enamide(up to 76%,
scheme 1.48}"°
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Scheme 1.4&Rh-catalyzed asymmetric hydrogenatioNef3,4-dihydro-2-naphthalenyl)-acetamide

1.4.2.5 Pseudo-rotaxanes held together by the intation between a secondary
ammonium salt and a crown ether

[ 132 [ 133

Nishibayashiet al:*“ and Fanet al=*° independently reported new self-assembled ligands
formed by reaction between a secondary ammoniutrasal a crown ether of the proper size each
bearing a phosphorus donor atom (a phosphine arBIN®L-phosphite, respectively). These
supramolecular bidentate ligands possess a sterieoggane and thus exist as mixtures of
diastereoisomers (only one diastereomer for ligardisplayed in Scheme 1.49), but when a rhodium
source is added a single species (whose sterecstinerhias not been clarified yet) is apparently
formed. Several ammonium salts and crown ether magicltes were prepared and screened as ligands
for rhodium in hydrogenation reactions afdehydroaminoacids. With the best axle-macrocycle
heterocombinations9Q for Nishibayashi and®1 for Fan, Scheme 1.49) fair to good levels of
stereoselectivity were obtained: 90 to 96% e.en Wishibayashi's system and 70-84% e.e. with Fan’s

system.
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[Rh(cod),]PFg
NHAc 90 or 91 NHAc

90: e.e. = 90-96%
R R«
Z>CcooMe DCM \)\COOMe 91: e.e. = 70-84%

R = Ph, p-Me-CgHy, p-NO2-CgHy4, 1-naphthyl, 2-naphthyl, H

O O O
50 29
Cr,
0 o)
L4 o

90 (Nishibayashi) 91 (Fan)

Scheme 1.49Rh-catalyzed asymmetric hydrogenation of pro-chicdéfins with supramolecular chiral
phosphorous ligands based on a pseudorotaxane éompl

1.4.2.6 Other systems

In 2006 Ding and co-workers reported that phosphatites92 (Scheme 1.50), derived from
primary aminesi(e. having a N-H able to act as a hydrogen bond doiothe presence of a rhodium
source in solution, form the corresponding hydregended mono-complexes, as it was demonstrated
with NMR experiments and DFT calculatioi$The new ligands were screened in the hydrogenation
of (Z)-methyla-(acetoxy)acrylates andef-3-(aryl)itaconates, where tH82 complexes resulted highly
stereoselective. On the contrary the com@8x unable to form hydrogen bonds, turned out to be
catalytically not active. Thus the rigidity confedrto the complex by the presence of the hydrogen
bonds here has a dramatic effect on the outcontleeofeaction. It should be remarked that this self-
assembled system is not suitable for the selefitiveation of heterocomplexes, because it explaits a
interaction which is not complementary: mixing difnt ligands would certainly result in a mixtufe o

hetero- and homocomplexes.
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H, (30-60 atm),
COOMe
Rz/\/coome Rh(cod)zIBF4 /L pey
R' DCM R’

R' = OAc, CH,COOMe
R? = Ph, i-Pr, n-Pr, 2-naphthyl, ...

93, 62a: no reaction
92: e.e. = 94-99%

N
\V\ \ R O\V\ \ Me
N P-N N PN
R o y Bn O e
92: R = Bn, Et, 3,5-(Me),C¢H3CH, 93

R' = Bn, (R)- or (S)-CgHg(Me)CH

Scheme 1.50Rh(l)-catalyzed asymmetric hydrogenation @&)-tnhethyl a-(acetoxy)acrylates ande)--aryl
itaconate derivatives with DpenPhos ligands

Reeket al. have recently reported that ligands of the famifid and 95 are able to self-
assemble forming the corresponding heterocomplaseshown in Scheme 1.5%:compound94
exists in solution at room temperature as a mixtafetautomersa and b. On addition of
Rh(acac)(CQ) compound94 forms the corresponding “homocomplex”. In this @bax, the P-
ligands feature arans disposition and are held together by the hydrobend between the
sulfonamidic proton o& and one of the oxygens bf In the presence of a similar ligand existing as a
single tautomer95, probably because of the different basicity of pi@sphorus atom), howevé4
forms the hydrogen-bonded heterocomplex with cotapleselectivity. The homo- and
heterocomplexes of ligan@®! and95 proved able to catalyze the hydrogenation reastmnly after
protonation with HBER*OMe,, which facilitates the dissociation of the sulfondic oxygens necessary
for the catalytic cycle to take place. In the hyoation of methyl 2-acetamidoacrylate the
heterocompleX@4 / 95 proved slightly less stereoselective than the remmgplex 0f95 (91% vs. 96%
e.e.), and this means that in this case the presamachiral ligand has a negative effect on thel lef
stereocontrot®® Even if there is no improvement of the catalysfqrenance when the heterocomplex
is used, the way for a new type of self assemblyuiph hydrogen bonding is open, and further results

will probably come.
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Scheme 1.5Belective formation of heterocomplex and a coregrgleriment

Very recently Reelet al. proposed a new class of supramolecular bidenigéends held
together by hydrogen bonding between a primary esdarived chiral phosphoramidit@g) and an
achiral phosphine bearing an urea gro@p).t® The level of selectivity in the formation of the
supramolecular heteroleptic complex was determimed’P-NMR spectroscopy. It is important to
note that hydrogen bonding is not the only respmedior the selective formation of the heteroleptic
complex: the phosphoramidite-phosphine rhodium rbetanplexes themselves are shown to be
thermodynamically favoured due to the complementdegtronic properties of the two classes of
ligands g-donor phosphines anmdacceptor phosphoramidites). The heterocomplexefoamed with
a high level of selectivity (70-97%) even in thesahce of functional groups capable of hydrogen
bonding, which plays the role of improving the sélaty up to > 99%., and turned out to promote the
asymmetric hydrogenation of several derivativesnethyl 2-hydroxymethylacrylate with very good

enantioselectivity (up to > 99% e.e).
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Scheme 1.52Chiral phosphoramidite LEUPhos and achiral arompliosphine ligands used the asymmetric

hydrogenation of methyl 2-hydroxymethylacrylate

Remarkably, as in other cases when a chiral arathinal ligand are mixed, the streochemical

preference of the heterocomplex is opposite todhtte chiral ligand homocomplex

1.4.3 Self-assembly through coordinative bonding

1.4.3.1 Three-component systems based on the usa démplate

In 2003 Reek, van Leeuwen and co-workers repottedfitst example of supramolecular
bidentate ligand based on coordinative bondiffyln general terms, this new strategy involves a
metal-containing template which binds and thus tims two monodentate ligands having an
additional donor site (Do in Scheme 1.53). Subsetjokelation to a catalytically active transition

metal M generates the catalyst or precatalyst (Behke53).
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= donor atom @ = catalytically active metal

Scheme 1.58chematic representation of a self-assembled anglégand

The template is often a bis{Zn(porphyrin)} complexych as99 (Scheme 1.54), which binds the
additional donor site (usually a pyridine moietgahbing theP-ligand.

The latter can be either chiral or achiral depegain the application of the supramolecular ligand.
the first report on this strategy for self-assentbi§the application of both chiral and achiral systems
as ligands for Rh-catalyzed hydroformylation wassaibed: compared to the corresponding
monodentate ligands00aand100b, the supramolecular ligand91 behave much more similarly to
“classic” covalent bidentate ligands, giving highér ratios (up to 94:6) in the hydroformylation of
1-octene and better e.e.’s (up to 33%) in the ¢fgdmylation of styrene. Although the modular
nature of ligand401 allows in principle the combinatorial screeningddferent templates and ditopic
P,N-ligands100, an obvious limitation of this strategy seemeté¢dhat the latter have to be identical,
as the binding sites of the template are identicahting99 with a mixture of differenP,N-ligands
should result in a mixture of three supramolecsfacies.

Quite surprisingly, however, this does not happersdveral cases when the templa@ is used
(Scheme 1.55): some combinationsRyN-ditopic ligands were reported to form the corresting
heterobidentate complexes with high selectivity, d@snonstrated by'P-NMR studies® ° The
authors tentatively ascribe this unexpected seigctior the heterocomplexes to steric factb¥sin

the hydroformylation of styrene the heterocomplesteaswed a level of stereoselectivity much higher
(up to 72% e.e.) than those observed both witlctineesponding ligands in the absence of a template

and with the above-discussed homocomglex
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Scheme 1.54ransition metal catalyst [HRBb(1)100),)(CO),] formed by selfassembly of
pyridyldiphenylphosphind@00 on dimeric zinc(Il) porphyrif®9 and in the presence of a rhodium precursor

Homoleptic Rh-complexes obtained using templa@? gave poor results in the asymmetric
hydrogenation of benchmark substraf€$In the previous examples bis-porphyrins were used

templates to form bidentate ligands.

t-Bu t-Bu

Rh(acac)(CO),,
t-Bu 103a/103 b

templated heterobidentate

Rh(acac)(CO),, complex

Zn/
103 b /103 c
K©/t—8u

7
ii
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o

Scheme 1.5%-ormation of the templeted heterobidentate complex

)
=
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o
(¢}

Alternatively, ditopic nitrogen ligands such as D@8 (diaza-[2.2.2]-bicyclooctane) can be used as

templates to form 2: 1 assemblies with zinc(ll)giorrins. If these porphyrins are functionalisedhwit
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ligands, i.e. phosphines or phosphites, this sdémbly process can also lead to chelating bidentat
ligands. Reeket al. realized this kind of self-assembly utilizing aogphite bearing three zinc-

porphyrin moietiesX04), in order to increase the rigidity of the comp({&cheme 1.56)°

Ph Ph Ph Ph

Ph

104

105

Scheme 1.58Representation of the formation of a multicomporassembly from ligan83, template (dabco),
and a transition-metal catalyst M. P = monodenghtesphorus ligand

The rhodium-compleXd 05 was used as a catalyst in the hydroformylatiod-ottene giving d / b

ratio ten times higher than that obtained withnid&04 in the absence of template.

1.4.3.2 Two-component systems of ligands with congwhentary coordinating properties

In this section examples of bidentate ligands abtmhvia direct interactions between
monomeric ligand building blocks rather thaa a template are discussed.

In 2004 Reek, van Leeuwen and co-workers reportedipgamolecular strategy to make
bidentate ligands based on metal-ligand interasttbat involves simply mixing monomeric ligand
building blocks'*® They prepared phosphite functionalised porphytimst would combine with
nitrogen-containing phosphorus ligands for the-asffembly of bidentate ligands. Importantly, this

approach leads to the formation of bidentate ligamith two different donor atoms (Scheme 1.57).
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Scheme 1.57he formation of a bidentate ligand and its traosimetal complex by selfassembly

The coordination behaviour of the supramoleculgands was investigated performing UV-Vis
titrations and NMR experiments: it turned out ttia¢ pyridyl moiety selectively coordinates to the
zinc(ll) porphyrin 106, with a binding constant in the expected range=(3.8 x 16 M™). The
formation of a bidentate chelating system occurshwa chelate energy of 7 kJ riol 48
supramolecular systems of th@8type were prepared from smalb6 and107 libraries (14 members

overall) and screened in Pd-catalyzed Tsuji-Triigli@alkylations (Scheme 1.58]°

106 /107
MeOOC.__COOMe

OAc COOMe  pqallyl)Cl,
/é\/\ + < * _—
Ph Ph Ph Ph

COOMe

Scheme 1.58d-catalyzed Tsuji-Trost allylic alkylations

The self-assembled systems proved significantlyemastive than the corresponding monodentate
ligands, yet their enantioselectivity (up to 70%.ewas in some cases slightly inferior (a ligahthe
series106 gave 97% e.e. alonE¥*"?The systemsl08 were screened also in the Rh-catalyzed

hydroformylation of styrené®**®and in the Rh-catalyzed hydrogenation of the ehaiing substrate
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N-(3,4-dihydro-2-naphthalenyl)acetamide (Scheme ,1.33 to 94% e.e'* and of benchmark
substrate$**

Recently Reek and co-workers developed also arogmas self-assembled ligand based on
tin(IV) rather than zinc(ll) porphyrin€s?® which did not show better catalytic propertiesr (foe

hydroformylation reaction) compared to the pargstem based on zinc.

1.4.3.3 Two-component systems of ligands with congphentary stereochemistry

In 2004 Takacet al**! reported a different strategy to prepare chirdebtate bis-phosphite
ligands which is probably the most elegant amomrgsif-assembly methods based on coordinative
bond appeared so far: a modular assembly arouricletisal metal is used to selectively form a

heteroleptic complex (an example is shown in Scherbs@).

BOX residue structural metal: only the "heterochiral"
(\ complex Zn[(R,R)-BOX][(S,S)-BOX] forms
S R
O/wu\Ph Ph:/; o)
=N N= Examples of employed tethers:

tether

: XP(TDO),

XP(TDO),

- e
° ®
XP(TDO), O
TADDOL-derived ‘ XP(TDO),

phosphite unit

catalytically
active metal

109 X =0 or OCH,

Scheme 1.5%reparation of (box¥n complex and its transition-metal complEd6

The selectivity of this strategy relies on the fdioat the bis-oxazoline (BOX) moieties
contained in their subunits are able to form stdabteahedral zinc(ll) complexes only if they have
opposite configuration$? The bifunctional subunits have a second set atilig groups (TADDOL-
based phosphites) that are suitably disposed fatidg) a second metal that acts as the catalytically
active centre. Two series of subunits having BOXidwes with opposite configuration were
synthesized, from which a ligand library of 50 ssdEembled ligands (mostly differing in the tether
portion) was constructed. In a first catalytic ggi@g on the palladium-catalyzed asymmetric allylic
amination (Scheme 1.60 A), enantioselectivitiesveen 20% and 97% were reported, compared to

48% e.e. for the bis-monodentate TADDOL phenylphosp analogues. Nine ligand combinations
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gave products with e.e.’s above 90%, indicatind tha bidentate ligands clearly outperformed the

monodentates.

Pd,dbas(CHCI5) (1.5%)

OCOOEt 0 R.. .SO,Ar
A 109 3%) Ai y = 74-92%
Ph™ ™" "Ph ArSO,NHR (1.4 eq) Ph" X" "Ph e.e. =80-97%
t-BuOK (1.1 eq)
1) Rh(nbd)Cl, (2%),
109 (2%)
B - Pinacol borane (1.2 eq), DME,RT. oy

R
« 2 NaOH/H,0, i ke ©NOH

% o isomer = 49-99% o (Markovnikov) B (anti-Markovnikov)
e.e. = 53-96%

Scheme 1.6@a) The palladium-catalyzed asymmetric allylic aation and (b) Rh-catalyzed asymmetric
hydroboration of olefins

The same library was later screened in the Rhyzdlasymmetric hydroboration of olefins (Scheme
1.60 B)!***'*3 good levels of regioselectivity for the chiral Mavnikov product were generally
achieved. Also the level of enantioselectivity wasgtstanding for several heterocombinations. A
library of similar supramolecular ligands havingirah biphenyl (BIPHEP)-derived instead of
TADDOL-derived phosphite residues was screened lwe thydrogenation of methyl 2-

acetamidoacrylate, giving up to 82% e.&*8.

1.4.3.4 Two-component homoleptic systems

In 2007 van Leeuwen and co-workers reported a namily of homoleptic achiral
supramolecular ligands formed by self-assemblydehiical subunits?* Each subunit contains both a
phosphorus atom, necessary for coordinating theytit transition metal, and two hard donor atoms
able to complex a second metal such as titanium@Vkinc(ll). Some of these supramolecular
systems are shown in Scheme 1.61.

The new self-assembled ligands were screened irRtheatalyzed hydroformylation of 1-octene,
giving in several cases better levels of regiosigleg (yet not outstanding in general terms) conguha

to the corresponding subunits: in particular, witftands 112 and 1101 / b ratios of 13 and 21
respectively were obtained. X-ray diffraction stegliwere performed on the best performing ligand

113 for which a natural bite angle of 110° was alalzglated by molecular mechanics.
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Scheme 1.6The new supramolecular diphosphine ligands

1.4.4 Self-assembly through ionic and van der Waalsteractions

In recent years, some research groups have beeg ty exploit also other kinds of non-
covalent interactions for achieving the self-asdgrabsupramolecular bidentate ligands.

To this end,ionic interactions appeared particularly promising thanks to theitrimsic
complementarity: given two sets of ligands beanegative and positive charges respectively, the
Coulombic charge attraction should obviously favooly the interaction between cations and anions,
while the compounds having the same charge shepldse each other. For this reason, in principle

this self-assembly strategy should allow the highdglective formation of supramolecular

52



Introduction

heterocomplexes. In 2007, van Leeuwen and co-wsrgablished the results of the first attempt to
put this principle in practicE®> A library of meta-substituted phosphanes (Schen&2)lwas
synthesized, some of which possess functional grabge, in principle, to form ion pairs either loyni
exchange or by direct acid-base reaction. Binawtumnes of ligands were combined in the presence of

Pt-sources, and the formation of the complexesma@sitored by*'P-NMR.

114 a: X = SOzNa Me Ph

b: X = NH,Cl
¢ X = NH,
P X
©/ \©/ d: X = P(O)Ph,

e: X=COOH SO, H3N
f: X =0OCH; trans-[Pd(114a)(114b)(CH3)CI]

Scheme 1.62onic interactions for the formation of heterocomyss.

Only the combinatioril4a / 114bgave preferential formation of the heterolepticag-planar Pt-
complex (upon removal of the by-product NaCl bycppiation), the ratio between hetero- and
homocomplexes varying from 77:23 to 97:3 dependingthe experimental conditions. The other
ligand combinations led to statistical mixturescoimplexes. Both NMR and X-ray diffraction data
clearly showed that in the heterocomplex the ligamalve a trans arrangement: the crucial role played
by the ionic interaction in the heterocomplex candeen form X-ray structure of complex trans-
[Pd(1149(114b(CH;)CI], whose charged functional groups are in clpseximity. No catalytic
application of the heteroleptic complex was repbse far by the authors.

Also our research group recently developed a ss&mbly strategy relying on ionic
interactions, according to which the ion-pairs werpected to form by direct interaction between
ligands bearing an acidic and a basic functionaugy respectively**® A small library of chiral
BINOL-derived monodentate phosphites containingegita carboxylic acid (-COOH) or a tertiary
amine (-NMe2) was synthesized. The ligand combamatiwere screened in the enantioselective
rhodium-catalyzed hydrogenation of methyl 2-acetlracrylate. Some heterocombinations of basic
and an acidic phosphite displayed a higher actauityf a slightly better enantioselectivity compated
the corresponding homocombinations [up to 90% @sing R)-115d(R)-116b, shown in Scheme
1.63].
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Examples of acidic phosphites

HOOC
HOOC \
OO O\
P—0O
/
1T,
115a (Rand S) 115b (just R)

Examples of basic phosphites NMe,
MezN
OO O, é:
P—0O
%
.
116a (Rand S) 116b (R and S)

H (1 atm),
Rh(cod),BF, / Ligand(s

H
\H/NWCOOCHS W TCOOCH3
o DCM, R.T.

LP Conv. (%) e.e. (%) Abs. conf.

(R)-115a - 100 80 S
- (R)>-116b 30 86 S
(R-115a  (R)-116b 100 90 S

Scheme 1.63cidic and basic phosphite ligands and their aggpion in Rh-catalyzed asymmetric
hydrogenation.

The nature and extent of the interaction between dhidic and basic ligands in the rhodium
complexes were studied by spectroscopic methods.fdtmation of an intramolecular salt between
the carboxylic acid and the tertiary amine couldbserved from the IR spectra of acid/base mixtures
in the presence of a rhodium source. However, ordgerate heterocomplex/homocomplexes ratios
(up to 70:30) could be determined B{P NMR. Despite this low level of selectivity in the
heterocomplex formation, this remains so far thdéy axample of ionic interaction-based self-
assembly strategy of some catalytic utility. Thraative interactions between aromatic rings with
opposite electronic distribution can be viewea g®ssible candidate for promoting the self-assgmbl
of supramolecular bidentate ligands. Our reseamdup recently tried to develop a novel self-
assembly strategy relying on ther interaction between an electron-poor and eleaticnarene*’
With this goal, a library of chiral ligands was paged, whose members are BINOL-derived

phosphites each containing an electronrich or ectr@inpoor aromatic ring (Scheme 1.64).
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Scheme 1.64.ibrary of chiral phosphites endowed with electraft and electron-poor arene rings:
two representatives.

Unfortunately,>'P NMR studies carried out on electon-rich/electpoor phosphite mixtures in the
presence of a rhodium source showed no selectstiyistic heterocomplex/homocomplexes mixtures
(2:1:1) being detected in all cases. We thus calecluhat, in solution, arene-arene interactionsare
weak for driving the selective formation of heteyoplexes.

Schulz and co-workers also made an attempt to ddkantage of electon-rich/electron poor

148 chiral oxazolines functionalised with

arene-arene interactions for forming supramoledigands:
anthracenel(19 and trinitrofluorenone group420 were prepared and combined in the presence of a
copper(ll) source. The obtained complexes wereese@ in the Diels-Alder reaction between
cyclopentadiene and an oxazolidinone-derivativet o improvement in catalytic activity and

stereoselectivity derived from using ligand mixairather than homocombinations (Scheme 1.65).

o) 0/>L
o \/>*R ~ R

o O:N o
,O
OOO NO,
119: R = j-Pr, Ph or t-Bu 120: R = j-Pr, Ph or t-Bu

+
Cu(ll)/119/120 endo

(0]
)J\ )J\/\ CM
\ / O o}
bﬁ A
/
endo / exo up to 87:13 Me N o
exo \\/
Scheme 1.6%Chiral oxazolines functionalised with electronkri@19 and electron-poorl@0)

e.e. up to 36% (endo) and 47% (exo)
aromatic stsyems, and their application in Cu(d)atyzed Diels-Alder reaction.
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Although it is very difficult to investigate whatppens in solution [paramagnetic copper(ll) complex
cannot be analysed by NMR], on the base of thdytataesults the authors concluded that also is th
case the arene-arene interactions are unable taopedhe selective formation of the heterocompex,
mixture of complexes being present.

The formation of an inclusion compound was exptbiby Monflier et al. to form a water-
soluble, supramolecular bidentate P,N-ligand wHeiseomplex was studied by NMR spectroscopy.
199 A cyclodextrine functionalized with an amino growps used as the host and the phosphine as the
guest (Scheme 1.66).

Felfd orl

6

121

e = i@ SRS

124a + 124b

H,

124 c
Scheme 1.60 Formation of the supramolecular bidentate ligant?3( from 6’-amino-6'-
deoxycyclomaltoheptaosel4l) and disodium bis(3-sulfonatophenyl)(4-tert-buhgpyl)phosphane

(122

1.4.5 Other self-assembled ligands

P-ligands are probably the class of ligand on whiold concept of self-assembly has been

most intensely studied in recent years. There teaat three reasons for this fact:

1) they coordinate very well transition metals suchPds Rh, Ir, Ru, Ni, that play a central role in
some of the most important organometallic reactions

2) their coordination properties can be easily stubigP-NMR spectroscopy;

3) historically they have been the testing ground bictvthe groups involved in the development of

new self-assembled systems have been competing.
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Nevertheless, the concept of self-assembly has @ggled also to other ligands than those in which
the phosphorus atoms are employed for complexiagc#talytic metal. For example, the role of the
phosphorus atoms can be to coordinate the sofictstral” metal, while a harder metal will be the
catalytic species (Scheme 1.67 'A}%" In another example two rhodiumS-complexes have been

used as switchable linkers between two subunit ds@ring a complex of the catalytic metal
(Scheme 1.67 BY! Finally, there are obviously also examples of-asembled system completely

devoid of phosphorus ator8*®

j B
PhyP
i\CO/
werS A “ W h Dl

ph2 t-Bu t-Bu
j t-Bu t-Bu / \
% \ s Q o O (=
Ph,P PPh
2R 2
H“ 100 a
co,cl
|IH
“ W, h el
t-Bu t-Bu
CI—Rh Cco CI—Rh CcO
t-Bu t-Bu
H" H 100 b

Scheme 1.6Bynthesis of (a) phosphinooxazoline ligands andh@)llosteric tweezer complex&s*

These ligands, however, go far outside the scopisfshort summary, and therefore they are not

discussed here.
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1.4.6 Transition-state stabilization by a secondargubstrate-ligand
interaction

The effectiveness of enzymes, still unrivalled by artificial catalytic system, is due to their
ability of stabilising the transition state of aesfic transformation by multiple interactioh$.The
action of several well-placed functional group®owal to achieve catalysis with very high substrate
selectivity, reaction selectivity and stereoselgsti On the contrary, man-made catalysts rarely
exploit this approach, predominantly utilising jushe centre for interacting with one or more
reactants. However, in the 1970s chemists stadethKe inspiration from Nature’s catalysts, and
terms such asdftificial enzymesand "bhiomimetic chemistiyappeared in the literature. A number of
supramolecular catalytic systems were reportedchviaiere capable of non-covalently binding the
reaction substrate and precisely positioning dtre¢ to the catalytic site, thus allowing a higlidl of
activity and/or selectivity>® These include both transition metal and metal-6@@lysts, but only the
former (Scheme 1.68) will be discussed in the pressriew.

Metalloenzyme-like substrate coordination

Non- covalent interaction

«—— Bifunctional ligand
Su bstrate

=donoratom @ = catalytic metal

Scheme 1.6&chematic representation of a supramolecular cdtetordinating the reaction substrate

Most of the examples of metalloenzyme mimics apgbap far in the literature have been developed
for reactions, such as hydrolysis of esters andgpinates and redox reactions, of limited interesnfr
the synthetic point of view. Surprisingly, for antptime the world of biomimetic catalysis and tlasty
area of traditional transition metal catalysig.(involving metals such as Pd, Ni, Pt, Rh or Ru and
important organic transformations such as hydrogema hydroformylation, carbonylation,
hydrocyanation or arylation) have lived sort of rgtel lives’, and only seldom mét! For several
research groups active in the latter area, thentemsdiscovery of monodentate ligands and the
subsequent effort to build supramolecular bidentginds by means of non-covalent interactions
have been the occasion to approach concepts betptgisupramolecular and biomimetic catalysis.
As a consequence, bifunctional ligands have stdré&ay employed also for creating metalloenzyme-
like, substrate-coordinating catalysts for syntteély relevant reactions, some of which are reviédwe

below.
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In the 2001-2005 period, three papers by Grotjamth @-workers appeared reporting the
development of a highly efficient bifunctional retiium catalyst 25 for the anti-Markovnikov

hydration of alkynes (Scheme 1.68).

126 \S=/Ph,
. H0Geq H__c=Ru'P N
»
> 57 (2 mol%) 7? PPh, .
/ R N~ X
H/O\H"-\N/ \

R acetone, 70 °C

t-Bu

B :: 1+
L t-Bu _
PP §Uppn, |
—= N -
\ N Il 7\ X PN
Z N R CHO
Me —
| tBu t-Bu
125 (X = OTf or PFg

Scheme 1.69A highly efficient bifunctional organometallic edyst for the anti-Markovnikov hydration of
alkynes.

Although the reaction mechanism has not been faliyified yet!*® the vinylidene-ruthenium

intermediatel 26 is likely to be involved in the catalytic cycleh&@ basic nitrogen atoms present in the
pyridine rings were demonstrated to be indisperséid a high catalytic activity: catalysts lacking
these atoms are much less active thah These atoms may help catalysis in two key st@pshe
formation of the vinylidene comple®26 from a terminal alkyne; (ii) the subsequent additdf water

to C1 of the vinylidene (Scheme 1.69).

In 2006 Crabtree, Brudvig and co-workers reporteel bifunctional ligandl27, whose
dinuclear manganese compleé28 catalyzes the regioselective oxidation of C-H greuwf
suitable carboxylic acidS’ The carboxylic acid recognition unit present ie tatalyst is able to
bind the COOH group of the substrate, which is fp@mséd in such a way that one of its oxidisable
C-H groups reacts selectively. TH&8-catalyzed oxidation of Ibuprofeth29a (Scheme 1.70)
occurred with high selectivity in favour of compala29b (129/129c = 98.5/1.5), while no
selectivity between the two products20b and 129¢ could be realised with a related catalyst
lacking the COOH groups. In the oxidation of a et of trans and cis-(4-methylcyclohexyl)
acetic acid 130aand130b), just the former substratd30d) reacted, yielding produdt30cas a
single diastereomer. Indeed, only in th&@0acatalyst adduct an oxidisable CH is present at the

right distance and with the right orientation relatto the catalytic centre.
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COOH
Ibuprofen 129a

Tetrabutylammonium Oxone,
cat. 128 (0.1 mol%), CH3CN

oxidisable C-H close

to the active site \_/

Dinuclear catalyst 128

Tetrabutylammonium Oxone,

COOH COOH ¢4t 128 (0.1 mol%)
\%\/ +
130a 130b CHyCN

Product ratio = :
Scheme 1.70wo examples of regioselective oxidation promdigdupramolecular cataly$5.

Breit and co-workers recently developed severakragdting examples of bifunctional

transition metal catalysts capable of non-covalehihding and activating the reaction substrate.

Product ratio =

OH

4

O

>99

130c

(0]
+

129b

98.5

COOH

1.5

In 2008, homo- and heterocombinations of achirghids70a (Scheme 1.38)70e-g(Scheme
1.71), 70b, 70c and 70c (Scheme 1.37) were employed for developing a ndRablcatalyzed

allylation of indoles and pyrroles with allylic abols (Scheme 1.71).

LY
RN ” (n3-allyl)Pd(cod)BF, (3%)

L3, L° (3% each)

R! toluene IR

X,  70e: Ar=4-OMe)-CeHy
| f: Ar = 4-(CF3)-CgH,

AP~ N7 O
H

Scheme 1.71Pd-catalyzed allylation of indoles and pyrrolegshwallylic alcohols promoted by homo- and

heterocombinations of ligand®a-g.

g. Ar = 3,5-(CF3)2-C6H3

Apparently, here the hydrogen bonding network dgoegond its structural rolé.€., holding the

two ligands together) and assists the hydroxy grmupecome a better leaving group during the
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allylic substitution process. This effect was radbised by the authors with a tentative catalytic
cycle which is shown in Scheme 1.72. In this nonezction, the self-complementary, electron-
poor ligands70g provided the most active catalysts and were thesl Gier exploring the reaction
scope, which includes a large number of allylicohlals besides several indole and pyrrole
derivatives. This piece of work clearly shows hoviubctional, metalloenzyme-like catalytic
systems not only improve the catalytic performarfaetivity and selectivity), but can also

disclose new kinds of reactivity, not accessibléhwiaditional monofunctional catalysts.

PAr
H,0 \ r\{ \2
+ \
T "0k |
\/\NU lT' H// \d
: /
0]
N N
X"SoH o)
L /J'
/, PAr,
\ K \
O  H-g\ =
}‘| /O Pdiw:
: /H X
o N

NuH

Scheme 1.72Proposed catalytic cycle for the Pd-catalyzedlatilpn of indoles and pyrroles with allylic
alcohols promoted by homo- and heterocombinatidétigands70a-g.

In the same year, Breit and co-workers reportednt phosphine ligand31 (Scheme
1.73), endowed with an acylguanidine recognitiont wapable of a two-point interaction with
hydrogen bond-acceptor group.In particular, the acylguanidine group can strgngind the
COOH group, and this directing effect was exploitéok achieving the regioselective
hydroformylation of unsaturated carboxylic acidsl{me 1.73). The Rh complex of ligahdl
catalyzed they-selective hydroformylation ofi,f-unsaturated acids (Scheme 1.74 A) with high
selectivity and improved activityl/p ratio = 23, TOF = 250°H compared to simple monodentate
ligands such as PRK/b ratio = 1.3, TOF = 30'H.'**?In a subsequent contributidrf’ the same

authors showed how activity and selectivity coukl farther improved by a fine-tuning of the
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electronic properties of the ligand. Moreover, gubstrate scope was further investigated, and a
deeper understanding of mechanistic details ofréfaetion could be gained by a series of control
experiments. In another paper published in 2008jtBmd co-workers reported the use of the Rh
complex of ligandl31 as a catalyst for the decarboxylative hydroforrtigia of o,p-unsaturated
acids (Scheme 1.73 B®® in the presence of this kind of substrate, thelq@nidine group
directs the reaction at thecarbon of the acid. The formedcarboxyaldehyde, which cannot be
isolated, readily undergoes decarboxylation, tharming a saturated aldehyde where the formyl
group has replaced the carboxylic group. This lofdnechanism, outlined in Scheme 1.73 B, is
supported by the observation that the reaction 16f*¢]-oct-2-enoic acid gives rise to the
exclusive formation of unlabeled 1-octanal. Thesdtdte scope of this reaction was investigated
with a number ofu,f-unsaturated acid substrates. In 2009 the samemsutbported the use of
other, related phosphine ligands3@ and 133) in the Rh-catalyzed chemoselective reduction of

aldehydes and in the tandem hydroformylation-hyér@gion of olefing>®

A. Hydroformylation of B,y-unsaturated acids B. Decarboxylative hydroformylation of o,f-unsaturated acids
— “ _ o
N X COOH M
D _~_-COOH | ) X _ |
2 —
PPN H Ph,P” N N |
H NN Rn(co)yacac) Na NH,|  [Rh(CO)acac)] SN
- YT \ 1 |
T 2 131 h 2 2 L
L ! NH H, / CO (10 bar) H, / CO (10 bar) PhoP., I
:\% HT . NH, JRh-
o’ THF, 50 °C DCM, R.T. L |l|
l CHO Conv. = 100% L
= A — _
| b TOF =250 h HL
(0] NH

Other related bifunctional ligands
CO,

| | I
]\ 0 \ ~ N H H
0 CHO : :
Ph,P thP/Q\( R/\/ L 0.-.0
Hoo e N2 PhP., |
N NHz \( Yield = 94% LR
132 Y 133 NH, b CHO

NH,

Scheme 1.73Use of bifunctional ligand 31 in the y-selective hydroformylation of,y-unsaturated acids
(A) and in thea-selective decarboxylative hydroformylation aff-unsaturated acids (B). Other related
bifunctional ligands are shown in the box.

The last substrate-orientation effect that is désew in tihis section was observed by Reek
and co-workers in the enantioselective hydrogenatd 2-hydroxymethylacrylate promoted by
the supramolecular Rh complex discussed in Sedtiér2.6 (see Scheme 1.52§2On the base of
DFT calculations, the authors proposed an interatedivhere substra®9a is hydrogen-bonded
to the ester group of ligan@cheme 1.74). This substrate-orientation effeduiggested also by
the drop of enantioselectivity observed (i) whemngsligand 133 (still capable of forming the

supramolecular bidentate ligand, but devoid of aggrogen bond-acceptor group) or (ii) when
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the OH group of the substrate is protected.

o
69 ¢
thp\ /P/ o\
/ OMe

Scheme 1.74DFT-calculated structure of an intermediate of hlyelrogenation of substrate catalyzed by the
supramolecular complex.
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Chapter 2

Combination of a Binaphthol-derived Phosphite and &C;-
Symmetric Phosphinamine Generates Heteroleptic Calgsts in

Rh- and Pd-mediated Reactions

Abstract

In this Chapter the synthesis of several enantiomerically pure phosphites and phosphinamines is described.
DFT calculations showed that the phophite-phosphinamine rhodium heterocomplex is more stable than two
homocomplexes by 11.29 kcal/mol. 3'P NMR, complexation studies, using Rh(acac)C2Ha) as the rhodium
source, showed the preferential formation of phosphite/Ci-symmetric aminophosphine heterocomplex with
selectivities ranging from moderate (70%) to excellent (100%). The homo- and heterocombinations of
phosphites and of the Ci-symmetric phosphinamines were then screened in the Rh- and Ir-catalyzed
frydrogenation of olefins and in the Pd-catalyzed asymmetric allylic substitution of rac-1,3-diphenyl-3-
acetoxyprop-1-ene with dimethyl malonate. Remarkably, the 1:1 combination of a binol-derived phosphite
and a phosphinamine induced reversal of the enantioselectivity and, in the case of the palladium-catalyzed
asymmetric allylic substitution, also a modest increase of the enantioselectivity.!
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2.1 GENERAL INTRODUCTION

In recent years, monodentate phosphorus ligandg. (phosphites, phosphonites,
phosphoramidites and phosphinamines) have heldtdge in asymmetric catalysis. In addition to
their outstanding activity and selectivity, comgaesor even superior to those of bidentate ligatids,
convenient, fast and practical preparation from wencially available materials underlines their
potential for industrial applications. Furthermotige modular nature of all these ligands allows the
synthesis of a wide variety of representativesetne making a combinatorial approach possible.

In 2002-3, an important breakthrough in this area made independently by the groups of Reetz and
Feringa, who used a binary mixture of chiral momadte P-ligands in several asymmetric rhodium
catalyzed reactions. By mixing two ligands* @nd °) in the presence of Rh, three species can be
formed: RhI’L? RhL"L" (homocomplexes), and RAL® (heterocomplex) (see paragraph 1.1.2.2). The
heterocombination is often more reactive and moegi¢-, diastereo- and enantio-) selective than
either of the two homocombinations. Moreover, unttermodynamic control (fast and reversible
ligand exchange) the heterocomplex : homocompleatiss usually exceed the statistical value (2 : 1
: 1). In these cases the preferential formatiohetdéroleptic catalysts from two monodentate ligaads
probably favoured by weak interactions, such as dan Waals,n-stacking or dipole—dipole
interactions. The ideal case would constitute anliegum completely in favour of the heterocomplex
[RhLL"] because then only a single well-defined catalysuld exist in the reaction, and the
undesired competition of the less selective homgtexes would be avoided.

We were intrigued by the remarkable selectivitiggorted for the mixtures of chiral ligands (binol-
derived phosphites, phosphonites and phosphoras)jditith achiral phosphines. In particular, the 1 :
1 mixture of a chiral phosphite with an achiral gploine was reported to induce reversal of the
enantioselectivity in the Rh-catalyzed hydrogematid N-acetamido acrylate (compared to the chiral
phosphite alone). The only possible explanationtticg peculiar behaviour is the selective formation
of the phosphite—phosphine Rh-heterocomplex, fawury electronically matching ongdonor

ligand (phosphine) and omeacceptor ligand (phosphite).
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2.2 RESULTS AND DISCUSSION

2.2.1 Thermodynamic approach to the selective fornm@n of heteroleptic
complexes

In the frame of our studies directed to the selectormation of heterocomplexes resulting
from the combination of different ligands, we caleed the exploitation of the intrinsic
thermodynamic preference of heterocompleXssiomocomplexes. In other words, we wondered if
ligands having complementary electronic propertiesld favourably interact through a metal centre
with the effect of increasing the thermodynamic biity of the heterocomplex over the
homocomplexes. The obvious advantage of such aroagp consists in using simple monodentate
ligands instead of the sophisticated bifunctiongdnds necessary for supramolecular interactions to
take place.

The fact that mixtures of monodentate ligan@sihd L°, in the presence of a metal source M,
can lead to distributions of complexedML® : L®ML? : L°ML" significantly different from the
statistical (2 : 1 : 1) had been previously repbiite the literature and generally attributed taiste
effects: the heterocomplexXNIL" were found the more favoured the mofeahd L° differ in terms of
steric bulk. For example, Feringa and Minnaard mggbthat up to 91% of the heterocomplex is
formed by mixing Rh(acac)¢.,), with two different monodentate phosphoramidftégternatively,
the observed preference for the heterocomplex eadug by weak interactions, such as van der
Waals, testacking or dipole—dipole interactions. Moreovéne peculiar catalytic results often
observed when a chiral (BINOL-derived phosphitespogphonites and phosphoramidites) and an
achiral monodentate ligand (phosphine) are combicledrly demonstrate that in these cases the
heterocomplex IML" plays a central role in determining the stereodbahoutcome of the reaction.

In most cases a decrease of enantioselectivityolwssrved, which may not be surprising. However, in
several instances the enantioselectivity increaseen reversed upon using an achiral ligand as on
of the component¥? In a first example (shown in Scheme 2.1) theakie climbs to 88 % when the
tert-butylphosphonite used as the chiral ligand in domifion with achiral triphenylphosphite (1:1
mixture), while the homocombination of the phospteheads to an e.e. of only 45%.

A second example shown in Scheme 2.2, where itbeageen that the heterocombination of
1:1 mixture of a methylphosphonite with an achinghosphine induced reversal of the

enantioselectivity in Rh(l)-catalyzed hydrogenatidnmethyl 2-acetamido acrylate.
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Scheme 2.1Rh(l)-catalyzed hydrogenation off-N-acylamino acrylate using 1:1 mixture of a chiradaan
achiral ligand: increase of enentioselectiVity
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Scheme 2.Rh(l)-catalyzed hydrogenation of methyl 2-acetaraitglate using 1:1 mixture of a chiral and an
achiral ligand: inverse sense of enantioselegfivit

To the best of our knowledge, basically no attehgs been reported to verify whether the key-role
played by the heterocomplex is due to its seledtwmation (i.e.: no or very little ML? and I°ML"

to compete with) or to its higher activity compatedhe corresponding homocomplexes.
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Intrigued by these results, obtained combiningensfly o-donor ligand (an achiral phosphine) with a
T-acceptor one (a BINOL-derived phosphite, phospieonii phosphoramidite), we set to verify if the
selective formation of the heterocomplexes couldob¢ained by combination of electronically

complementary ligands.

2.2.1.1 Selective formation of phosphite/phosphine heterocomplex

It was initially decided to verify the ability ofiphenylphosphinel to selectively form a
heteroleptic complex when combined with the knoviirat phosphite $-2a in the presence of a

source of rhodium(l) [Scheme 2.3].

. o)
o-donor ligand OO

Homocomplex:
Rh(acac)(2a),

P
0,0 oUoeVe
(1 equiv) P P
Rh(acac)(C,Hy), (1 equiv)
. 2Ha)2 urv \ /

_ CD,Cl, Rh
m-acceptor ligand O O

Homocomplex: M
Q Rh(acac)(1),
Q
P-0
o}
OO (R)-2a (1 equiv) \
Heterocomplex:

Rh(acac)(l)(Za)

Scheme 2.3ossible complexes of 1:1 mixture of triphenylphosp 1 with phenyl phosphiteR)-2a

According to our expectations, when the single phas ligands (homocombinations) were treated
with Rh(acac)(@H,),, one or two doublet signals were visible dependindRh / L ratio: the upfield
signal corresponds to the mono-complex, while tberdield one is due to the homocomplex. As
typically observed with phosphite ligands, the eafii the'Jp g, coupling constant was typically about
303 Hz for both the mono- and homocomplex.

Triphenylphosphind showed a more complex behaviour, with either adrsignal or sharp doublets
at 49.2 and 31.9 ppmJr, = 175 Hz and 134 Hz, respectively) being visibepehding on the

stoichiometry.
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When the mixture ofl and R)-2a (1 equiv each) and Rh(acac)(;), was dissolved in CiZl,, a
quite clean heterocomplex was formed wdth disposition of the twd>-ligands and heterocomplex /

homocomplexes ratio = 94 : 6 (Scheme 21dp= 85 Hz;"Jrh phosphite= 318 HZ;"Jrn phosphine 182 Hz).

S 1 H© < ©ot o
- (2] ~ O 1< M~~~ O W
2 3 3333 T o
I Y I

Heterocomplex:
Rh(acac)(1)((R)-2a)

o AMUIL 11—

T T T T T T T T T
150 145 140 60 55
ppm
Scheme 2.4 NMR spectra of 1 : 1 mixture of triphenylphosghinand phenyl phosphitéR)-2a with
Rh(acac)(eth)as Rh source.

The high observed amount of heterocomplex is ie@gent with our initial hypothesis about
a possible favourable interaction betweendkdonor phosphine and threacceptor phosphite through
the metal. We thus felt encouraged to further dgvéhis new approach to the selective formation of

heterocomplexes, as described below.

2.2.1.2 DFT calculations on a phosphite-phosphine and phosphite- phosphinamine Rh
heterocompl ex

Thanks to collaboration with the research grouprof. TvaroSka of the Slovak Academy of

Sciences, DFT calculations at the B3LYP/SDD levietheory were performed in order to confirm
that the phosphite-phosphine heterocomplexes amermtdynamically favoured over the
corresponding homocomplexes. The calculation ahroat on the isodesmic reaction shown in
Scheme 2.5 shows that the heterocomplex is mobdestiaan the two homocomplexes by 5.11 kcal
mol™.
This result confirmed the validity of our approaahd we decided to prepare two ligand libraries wit
complementary electronic properties to combine éw INMR and catalytic experiments. However,
while chiral BINOL-derived phosphites are a wellelyn and easy-to-prepare class of ligands,
enantiomerically pure chiral phosphines are gehewdifficult to synthesize. A long and time-

consuming synthetic procedure would have been mrast with our general goal of dealing with
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cheap and easy-to-prepare monodentate ligandghasdnly achiral phosphine would have been to
be considered. As a consequence, the explorabldicatarial space would have been seriously

limited, together with the probability of discovegi efficient catalytic systems.

Ph_ Ph PhQ  oPh PhO  oPh
N/ N/ AG = -5. -1 N/

=0 Foen =9 Poen G =511 keal mol o (K OPh

< Ph «,.OPh . Ph

P P~ph ] P~oPh P P~ph
Ph OPh Ph

Scheme 2.5DFT calculations at the B3LYP/SDD level of theorp the isodesmic reaction of phosphite-
phosphine heterocomplex

In view of these considerations, we wondered iffthesphine ligand could be substituted by another
o-donor phosphorus ligand, still retaining the thedynamic preference for the formation of the Rh-
heterocomplex. We turned our attention to chirabggthinamine§, which are easy to prepare
enantiomerically pure, and ha¥#-NMR spectral properties fairly similar to thosephosphines,
thus reflecting a similar electronic situation.

Preliminary DFT calculations, carried out on a gifote/phosphinamine combination (Scheme 2.6) at
the B3LYP/SDD level of theoryshowed that the phosphite-phosphinamine rhodiuterdeomplex

is more stable than the two homocomplexes by asimsd 1.29 kcal mdl

Me
Me~N"p, PhQ_ oPh o PP
=0 P~ =0 PSopn  AG=-11.29 kcal mol =0, FP~oph
R pn + § RY._oph 2 JMpePh
N / “pZ P:
\ P<ph 0 P<oph © won
OPh 2
Me/N‘Me Me™  Me

Scheme 2.@FT calculations at the B3LYP/SDD level of theorythe isodesmic reaction of phosphite-
phosphinamine heterocomplex

We thus set to prepare a library of phosphite are@lad phosphinamines as described in the following

Paragraph, section 2.2.2.

2.2.2 Synthesis of the ligand libraries

We opted for chiral ligands based on BINOL deriydgabphites, and of,- or C;-symmetric
phosphinamines because these modular structums ail easy tuning of the catalytic properties of

ligands. The proposed ligand structures are shavdtheme 2.7
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(59
o i

R3\
reN= P@

Scheme 2. Attractive o-donor —-acceptor interactions between ligands with completary electronic
properties

2.2.2.1 Synthesis of the chiral phosphitelibrary

A library of BINOL-derived phosphites was preparegroducing, with little modifications,
synthetic protocols reported in the literature. @Guarcially available R)- and §-1,1'-bi-(2-naphthol)
(BINOL) were the starting material for the syntisesi
The phosphite ligands were easily prepared by amwation of appropriate phosphorochloridites with
alcohols or phenols in the presence of an excesgetiylamine (Scheme 2.8}a,’ 2b® and2c’, 2e™°

2f'* are known products.

X
OO 0 TEA (3 equiv)
ROH + P-Cl
OO 0 THF, RT
X

X = H or Me (S)-2a: X = H; R = Ph. (91%)
(R)- and (S)-2b: X = H; R = i-Pr. (91%)
(R)-2¢c: X = H; R = Cy. (90%)
(R)-2d: X = Me; R = i-Pr. (83%)
(R)-2e: X = H; R = t-Bu. (83%)
(R)-2f: X = H; R = (+)-menthol. (92%)

Scheme 2.8ynthesis of BINOL-derived phosphites

The phosphite ligands proved stable when keptwattemperature under nitrogen, but they slowly

degraded when stored at room temperature.
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2.2.2.2 Synthesis of the chiral phosphinaminelibrary

The phosphinamine ligands were prepared by contdensaf dihenylphosphinic chloride
(PhPCI) with various amines, most of which commergialiailable, in the presence of triethylamine

for C; symmetric or BuLi foiC,-symmetric phosphinamines (Scheme 2.9).

2 3
C,-symmetric BuLi, Ph,PCI i )R\ TEA, Ph,PCl  Cy-symmetric
aminophosphines THF R1T*>N"* R4 benzene aminophosphines

Scheme 2.Bynthesis of chiral phosphinamine library

2.2.2.2.1 Preparation of non commercially available chiral amines

Prolinamidesta and4b were prepared fromN-Boc-L-proline according to the simple two-step

sequence shown in Scheme 2.10.

R.-R
H 1) TFA, DCM, 2 h
& O\(O 2) Amberlyst A-21, O\(O
EDC / HOBt
N~ ~COOH N bCM NT
: CHCI, Boc R’ R uantitative yield R
Boc 0°CtoR.T. d y R
3a: R = -(CH,)4- (96%) 4a: R = -(CH,),-
3b: R = Et (76%) 4b: R = Et

Scheme 2.1®ynthesis of prolinamideta and4b

As shown in Scheme 2.11, for preparing amilgét was necessary to react dicyclohexylamine with
the N-Cbz-L-proline acyl chloridé& (prepared as described in the literatfjrebecause this sterically

encumbered amine had proven unreactive to the cgimdgreagents utilised for preparidgand3b.

TEA, DMAP (cat.)

(COCI),, O\N/O Q Q
QCOOH DMF (cat.) Q‘com H Q‘(NO MeOH OWNO

N
Cbz DCM, Cbz THRrefix 1 O Hy(1ban N &
0°C to RT s , Pd/C )
C C
88% overall 98%

Scheme 21Bynthesis of prolinamidéc
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2.2.2.2.2 Synthesis of the Co-symmetric phosphinamines (SimplePhos ligands)

The SimplePhos liganda, developed by Alexakist al., was prepared (in both the
enantiomeric forms) following the original procediwith some variations, as shown in Scheme 2.12.
In particular, we found unnecessary to protectitiend as BH-complex (as described in the original
paper), and we were able to isolate it —yet in matdeyield— directly from the reaction crude. The
obtained yield is hovewer somehow lower than therall yield obtained with the original

condensation-protection-deprotection sequence (3%.%5%).

1) n-BuLi (1.05 equiv), 0°C to RT Fh Q
Me )M\e 2) Ph,PCI (1 equiv), 0°C to RT ~ Me—
Ph Ph N~R

N THF Me—X
Ph
31% (R,R)- and (S,S)-6a

Scheme 2.1Preparation of th€,-symmetric phosphinamineR,R)- and §9-6a

Remarkably, RR)- and §9-6a could not be prepared under the experimental tondi described
below for C;-symmetric phosphinamines, because sterically ebeuead bis(1-phenylethyl)amine did

not react in the presence of a weak base suchAs TE

2.2.2.2.3 Synthesis of the C;-symmetric phosphinamines

All of the C;-symmetric phosphinamines were prepared by reatimgorresponding amines
with commercially available diphenylphosphinic diide (PhPCI) in the presence of an excess of
TEA, according to a modification of a known procesiti (Scheme 2.13). The latter experimental
protocol, indeed, proved more simple and practicah the one reported by Alexalgsal. for the

synthesis of SimplePhos ligands.
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1 R2 TEA (3 equi R! Q
RNR Ph,PCI (5 equiv) N—P
H benzene, RT R2
1.1-1.2equiv 1 equiv
R1 R1
Compound N—$ Yield (%) Compound N—} Yield (%)
R2 R?
Me
(R)- A N
and (S)-6b Phkw;‘g 84 69 G 85
Me
6 Me N/‘%‘
(R)-6c e 2 (R)-6h @ 7
| ‘Me
Bn
(R)-6d e @A 86
ot 87 (S)-6i o
| 3
H
ve @/E
(R) AR, . 0, 20
and (S)}-6e O N 7 (S)-6j l/ 36
H N
(S)-6f e | .
1-Np N7 81 2.
(S)-6k K
\/N\/
o
(S)-6l u,,[//o 42
cy” “Cy

Scheme 2.13ynthesis oC;-symmetric phosphinaminéb-6l

All of the C;-symmetric phosphinaminé-6l (Scheme 2.13) turned out to be very sensitivecidsa
they undergo rapid degradation on silica and ctnddchromatographed only on alumina using an
eluent containing TEA (~ 5%, see the Experimeng&tti®n). In solution the ligands proved also
moderately prone to undergo oxidation by atmosptetygen, while they are fairly stable in the solid
state. The instability of these ligands to bothrbfsis and oxidation is inversely proportionaltie
steric bulk of the amine moiet§a being the most stable of all the prepared phoswhiimes.

The phosphinamine ligands are stable in the sdditk $f kept at low temperature under a nitrogen

atmosphere.
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2.2.3 NMR studies on the phosphite/phosphinamine metal caplexes

Several phosphite/phosphinamine combinations werated with a metal source, and the
obtained complexes were studied By- and *'P-NMR spectroscopy, in order to confirm if the
corresponding heteroleptic complex would be selebtiformed as predicted by the DFT calculations

presented above.

2.2.3.1 Complexation experiments with rhodium (1)

A number of homo- and heterocombinations of phdspl@ia-2d and phosphinaminegb-6e
were screened in complexation experiments in theguce of Rh(acac){g,)..
The phosphite mono- and homocomplexes gave thectgealoublet signals. Similarly, also the
phosphinamine homocombinations gave one or two ldosignals depending on Rh / L ratio, where
the upfield signal corresponds to the mono-comperd the downfield one is due to the
homocomplex. Chemical shifts and coupling constaftseveral mono- and homocomplexes are
listed in Table 2.1.

Table 2.1Chemical shifts and coupling constants

_ Monocomplex Homocomplex
Entry Ligand 3 (ppm)  Jprn(Hz) 8 (ppm)  Jpgn (H2)
1 S- 2a 141.4 303.0 150.4 303.1
2 (R)-or (§-2b 147.1 292.3 157.6 295.1
3 (R)- 2¢c 146.6 293.4 158.9 295.8
4 (R)- 2d 141.2 293.8 151.8 299.8
5 (R)- or (5-6b 101.3 193.0 104.8 203.6
6 (R)-6¢ 105.5 193.0 107.2 205.4
7 (R)-6d 79.2 187.6 83.6 199.1
8 (S)-6€ 77.9 187.2 81.9 198.7

The possible combinations between phospl#ge&d and phosphinaminegb-6e form a 4 x 4 matrix
which would require 32 experiments to be coverednsilering that two diastereoisomeric
combinations are to be examined for each coupldigainds. In order to limit the number of
complexation experiments, we opted for a positi@eahning covering one line and one column of the
matrix (14 experiments in total): all the possibiastereocisomeric combinations of the phosphinamine
ligands with phosphitesRf- and §)- 2b were analyzed first, then the aminophosphine givime
highest hetero/homocomplexes rati) was combined with all of the phosphites. The ltssaf these
experiments are listed in Table 2.2 in terms oteet of heterocomplex formed calculated from the
$IP_NMR integrals of all the observed complexes (ieterocomplex + homocomplexes and mono-

complexes, when detected). All of tHe-NMR spectra of these complexation experimentpented
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in the Experimental Section. It can be noted that heterocomplexes were formed with selectivity

ranging from moderate (70%) to excellent (> 99%).

Table 2.2Preference for the formation of heterocomplex betwghosphites and phosphinamines

Phosphinamines

Phosphites ) 61 (S-6b 9-6c  (R6d  (9-6e
S22 83% > 99%
(R- 2b 99% 96% 81% 74% 70%
(S- 2b 81% 81% 84%
(R- 2 94% 81%
(R- 2d 96% > 90%

From the values of the observed coupling constahthe heterocomplexes, listed in Table

2.3, it can be also deduced that in all of themlitiends are in ais arrangement? this means that the

labile ethylene ligands of the rhodium source hdeen displaced by the phosphite and the

phosphinamine as expected, while the chelating/eoettonate (acac) ligand remained in place.

Table 2.3Posphosrus coupling constants of the Rh(l) hetenptexes of phosphite and phosphinamine

Phosphite Phosphinamine
Entry  Heterocomplex 5 L3 rn 5 I rn (H]ZF’)'P
(ppm)  (Hz)  (ppm) (Hz)
1 (R-20/(R-6b  157.1  309.8  103.8  193.2 835
2 (R-2b/(S-6b  155.4  310.1 1039 1925 84.7
3 (R-2b/(R-6c  156.4 3100 1075  199.1 80.4
4 (9-2b/(R-6c  156.1  310.8 1042  194.6 84.3
5 (R-2b/(R-6d 1571 3146  77.7 183.1 87.3
6 (9-2b/(R-6d  156.9 3147 784 1829 87.6
7 (R-2b/(9-6e 1569 3160  76.1 183.0  87.0
8 (9-2b/(9)-6¢ 1571 3161  76.0 182.4 87.1
9 (9-2a/(R-6b  147.0 3248  102.8  187.6 86.3
10 ©-2a/(9-6b 1474 3246 1033  189.6  85.3
11 R-2d(R-6b  157.1 3102  103.9 1935 83.6
12 R-2¢/(9-6b 1555  309.8 1041  193.0  85.1
13 R-2d/(R-6b  154.7 3102  106.8  196.8 82.9
14 R-2d/(S9-6b 1520 3114 1058 1959 836

From a more careful look on Table 2.2 the followireneral observations can be drawn:

» phosphinaminéb generally leads to the highest level of selegtifdtr the heterocomplex (from

81% up to 99%, depending on which phosphite ibimltined with), while phosphinaminés-g

combined with phosphit2b, all give similar levels of selectivity (from 7@uo 84%);
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* A comparison between the selectivities observetl diastereoisomeric ligand combinations [for
example §-2a/(R)-6b and §)-2a/(9-6b] denotes the presence of a moderate yet definite
matched/mismatched effect, except for the comhonatinvolving phosphitéc;

« The level of selectivity observed in all experingeigt high enough to support the hypothesis of a

thermodynamic bias in favour of the phosphite/phosgmine heterocomplex.

When theC,-symmetric SimplePhos liganga was combined with phosphite ligands, no selective
formation of the heterocomplex was observed. On dbetrary, an under-statistical quantity of
heterocomplex (about 2 : 8 heterocomplex/homocoxegle formed, using the hetrocombination
(RR)-6a/(R)-2b (Scheme 2.14). Taken together with the observatian 6a, in the presence of
Rh(acac)(GH,),, forms exclusively its mono-complex, the lack efegtivity observed in this case can
be ascribed to steric factors: bulkga does not allow (or hardly does) other ligands ¢oupy the

adjacentis position around the rhodium atom.

©O© 0OoMmOo I Moo w O N
0 OV MM g o « N %)
588885 9338 &g ¥
| | I |/
|
F:’h Ph
N
L |
?Ph/P\Ph
S
I T I T I I T I T I T I
160 155 150 110 105 100 45
ppm

Scheme 2.14'P-NMR spectra of the rhodium complexes resultimanfrthe combination of Rh(acacyd),
with ligands RR)-6a and R)-2b, where @) = [Rh(acac2b,]® homocomplex; ) = [Rh(acac)(GH,) 6a]”
homocomplex; (*) = [Rh(acadb)(6a)]" heterocomplex

The complexation experiment on the combinatiBpR4b/(R)-6b (Scheme 2.15 A), which had given
the highest level of selectivity for the heterocdemp was repeated using a different rhodium source
(Scheme 2.15 B): Rh(cofBF,; was chosen in order to reproduce more precisehathual conditions

of catalytic hydrogenations, where this complewidely used.
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Scheme 2.18'P-NMR spectra of the rhodium complexes resultimgnfithe combination of ligand&R)-2b/(R)-
6b with: A) Rh(acac)(GH,4), and B) Rh(codBF,

As it can be seen from Scheme 2.15 B, also in thegnce of Rh(cogBF, the heteroleptic complex
forms almost quantitatively. The following coupliegnstants are observe]dhh_phosphitez 264.6 Hz;
Jrn-phosphinamine= 153.0 Hz;?Jp» = 34.7 Hz. Such values, yet smaller than thoseerobs in the
presence of Rh(acac}{d,),, are still consistent with as disposition of the ligands, one of the two
cod ligand having been displaced. This experimesahstrates that the new thermodynamic
approach is compatible with the conditions requif@dthe catalysis of asymmetric hydrogenations

and we were stimulated to start a catalytic screg(dee Paragraph 2.2.4).
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2.2.3.2 Complexation experiments with palladium (1)

Since the new strategy for self-assembly we arsepteng relies on favourable electronic in-

teractions between the ligantlrough the metal, the nature of the metal does obviously play a
primary role in making it successful. As a consemee a general extension of the method based on
phosphite/phosphinamine combinations to any triamsihetal is not possible, and every metal has to
be studied separately. On the other hand, it ifepity possible that other ‘complementary’ classkes
ligands give good results with metals where phdspltdand phosphinamines fail.
We made a preliminary attempt to extend the usehafsphite/phosphinamine combinations to
palladium (llI), a metal having important applicaisoin many catalytic reactions. Thus we treated
Pd(CHCN),CI, with the ligand combinationR}-2b/(R)-6b and studied, as above, the formed
complexes by'P-NMR. The obtained spectrum is shown in Schem@. 2.1

o N <+ o —
S & 3 «
a < o6 o —
— o SR ~
) I~
I I
T T T T T T T T T T T T/ T T T T T T T T T T
114 112 110 108 106 104 102 80 78 76 74 72 70

f1 (ppm)

Scheme 2.16'P NMR spectrum of ligand combinatioR){2b and R)-6b with Pd(CHCN),CI

Since phosphorus and palladium nuclei do not coupiy the phosphorus-phosphorus cou-
pling through palladium is visible, provided thhetphosphorus atoms are diastereotopic. Thus, the
mono- and homocomplexes give rise to singlet sgyftake chemical shifts of the homocomplexes are:
112.0 ppm for the phosphite; 71.3 ppm for the phosmine), and the heterocomplex gives two
doublets from which the coupling constadit, can be calculated.

As it can be seen in Scheme 2.16, a basicallysstati distribution of hetero- and homocomplexes
was obtained, with heterocomplex / homocomplexts ra56 : 44 andJs.» = 36.9 Hz. The chemical
shifts of the two doublets are 104.1 and 78.3 ppm.

If confirmed by a screening of several heterocoraiams, this preliminary result seems to indicate
that there is no thermodynamic preference for thieosphite/phosphinamine palladium

heterocomplexes, unlike what happens with rhodium.
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2.2.4 Catalytic screening of the phosphite/phosphinamineomplexes

With a new method for selectively generation hdegric rhodium complexes in hands, we
have begun to study their catalytic propertiestisgrfrom the reaction on which we are most
experienced, i.e. the enantioselective hydrogenaifgpro-chiral olefins. The ligands that performed
best in hydrogenations were subsequently screelsadim palladium-catalyzed allylic alkylation

reactions.

2.2.4.1 Rhodium(l)-catal yzed enantiosel ective hydrogenation of olefins

So far our libraries have been screened on sesebaltrates: methyl 2-acetamidoacrylatéN-
(1-phenylvinyl)acetamideé8, methyl 2-acetamidocinnama® methyl )-3-acetamidocrotonat#O,
methyl 3N-acetylamino-2-phenyl-2-propenoatkl. This work of screening has been also carried out
in collaboration with prof. De Vries (DSM-The Nettands) and the results, which are not concluded

yet, are summarised below.

2.24.1.1 Enantioselective hydrogenation of methyl 2-acetamidoacrylate 7

The asymmetric hydrogenation of methyl 2-acetanidgdate 7 to give the methyN-acetyl
alanine methyl estet2 was initially carried out in DCM at room tempena&wnder atmospheric
pressure. Rh(cogBF; was used as the rhodium source with a 1 mol% mhgadrhe pure ligands
(“homocombinations”) were used in a 2.2 mol% amouwtile for the heterocombinations 1.1 mol%
of each ligand was employed. The results of thisesting are reported in Table 2.4.

All of the ligands employed in the catalytic scriegndescribed below are shown in Scheme 2.17.
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Phosphite ibrary
Q O oS O Q
(S)- (S (R e
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Phosphinamine library
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N
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Scheme 2.1Tigands employed in the Rh (l) catalyzed hydrogemadf pro-chiral olefins
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Table 2.4Rh(l)-catalyzed hydrogenations of methyl 2-acetaadylte

94

AcHN

COOMe

T,

Rh(cod),BF, (1 mol%),

L (2.2 mol%) or L3, LP (1.1 mol% each)  AcHN_._COOMe

H, (1 bar), DCM, RT

TIZ

After 16 h (1 bar b)

Entry Ligands
Conv. [%] e.e. [%] (abs. conf.)
Homocombinations

1 (9-2a 100 80 R
2 R)-2b 100 96 §
3 S-2b 100 96 R)
4 R)-2c 100 97
5 R)-2d 100 42 9
6 (R)-2¢ 100 95 9
7 R)-2f 100 74 9
8 (RR)-6a 0 -

9 (R)-6b 52 12 9
10 (S-6b 57 12 R
11 R)-6¢ 3 10R
12 R)-6d 100 6 R
13 (S-6¢ 100 6 R
14 ©-6f 0 -

15 69 100 rac.
16 R)-6h 74 6 R
17 ©-6i 100 55R)
18 ©-6j 15 28 ©
19 -6l 100 119

Heterocombinations

20 RR)-6a/(R)-2b 78 919
21 RR)-6a/(R)-2c 100 959
22 S§9-6a/(R)-2c 96 92 9
23 R)-6b/(9-2a 9 4R
24 R)-6b/(R)-2b 87 60 R)
25 R)-6b/(R)-2c 85 46 R)
26 R)-6b/(R)-2d 34 13 R)
27 R)-6b/(R)-2¢ 70 20 R)
28 R)-6b/(R)-2f 45 32R)
29 (9-6b/(9-2a 13 6O
30 ©-6b/(R)-2b 48 40 R)
31 ©-6b/(R)-2c 42 56 R
32 ©-6b/(R)-2d 13 16 ®
33 ©-6b/(R)-2¢ 67 12 R)
34 (9-6b/(R)-2f 44 20 R)
35 R)-6¢/(9)-2a 5 14 R
36 R)-6c/(R)-2b 11 559
37 R)-6c/(9-2b 25 57 R
38 R)-6c/(R)-2c 73 78 O
39 R)-6cd(R)-2d 9 12 9
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©-6€/(S)-2b
(9-6€/(R)-2¢
©-6€/(R)-2d
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-6€/(S)-2¢
S)-6€/(R)-2f
(9-6f/(9-2a
(9-6f/(R)-2b
©-6f/(9-2b
S)-6f/(R)-2c
©-6f/(R)-2d
S)-6f/(R)-2¢
©-6f/(9)-2¢
S)-6f/(R)-2f
69(R)-2¢
60/(R)-2c
R)-6h/(R)-2b
R)-6h/(S)-2b
R)-6h/(R)-2c
R)-6h/(R)-2¢
R)-6h/(R)-2f
©-6i/(R)-2b
©-6i/(9-2b
©-6i/(R)-2c
©-6i/(R)-2¢
©-6i/(R)-2f
©-6j/(R)-2b
©-6j/(R)-2c
©-6j/(R)-2d
©-6j/(R)-2¢
©)-6j/(R)-2f
©-6k/(9-2b
©-6l/(R)-2b
©-61/(9-2b
©-6l/(R)-2c
©-6l/(R)-2¢
S)-6l/(R)-2f
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83
14
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100
100
100
100
100
100
100
100
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100
100
100
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100
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96
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58
80 R
370
44 R

rac.
6R
90
23R
208
42 R
13R
22R)
6R)
40 §)
90
20R)
256
199
3R
12 R)
60
23R
93§
128
65 6
7R
n.d.
14 R)
109
12 R)
50 §)
80
10 R)
159
32R
78 6
54 R)
28R)
16 §
770
7908
319
84 9
60 §
82 R
919
70 R
119
50
8 R
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Unlike the phosphites, well known for their goodtatgic properties in the hydrogenation
processe&’'® the phosphinamines behaved quite poorly in théstien, providingN-acetyl alanine
methyl ester with moderate to good conversionsaitial low enantiomeric excesses (see entries 8-
20). SimplePhos liganfla, possibly due to its considerable steric bulk,veda no activity at all. Its
combinations with phosphite2b and 2c showed a slightly decreased level of stereossglacti
compared to phosphite homocombinations, thus itidigathat in this case the phosphite
homocomplex is the basically only species capablmatalytic activity. This result is consistent kit
the observations made on the heterocombinatiormdvimg 6a during the NMR studies (see Paragraph
2.2.3).

Much more interesting results could be obtainedn®esymmetric phosphinamines were combined
with phosphites: in several cases (entries 24-384 53-54, 70, 75 and 89, data in bold font)1He
combination of BINOL-derived phosphit@ and phosphinamines induced reversal of the
enantioselectivity in the hydrogenation of metygh&@tamidoacrylate, compared to both the phosphite
and the phosphinamine alone. The typical examp#thdsvn in Scheme 2.18, where the combination
(R)-6b/(R)-2b gave 60% e.e. for the enantiomerof productl4 (Table 2.4, entry 24), while the
homocomplexes of both ligandR)¢6b and R)-2b are S-selective (Table 2.4, entry 9 and entry 2,
respectively). This is clearly the sign that a haeptic catalyst is active in the hydrogenation

reaction.

ee (%)

100

80
60

40 | | Llwp (Ejp‘o\/ @
20 1 Q}Q?Q 0

0
204 96 s) 60 (R) 12 (S)

40

-60 1

-80

Scheme 2.18Rh(l) catalyzed hydrogenation of methyl 2-acetaramglate with ligandsR)-6b and R)-2b:
heteroleptic catalyst is active in the hydrogematieaction

Similarly, the reversal of enantioselectivity ohaat when mixing chiral phosphitR)-2e with achiral
phosphinaminég (Table 2.4, entry 67) can be determined by notlingthe heteroleptic complex
which is formed around the rhodium centre.

In several other cases the heterocombinations shomgosite stereochemical preference compared to

one of the ligands: this kind of result can be wber®d indicative of a catalytic role played by
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heterocomplex when the stereochemical preferent¢keomore active ligand is reversed (entries 31,
32, 47, 50, 52, 55, 58, 69, 72, 74, 76, 77), whagbludes that a mere competition between the two
homocomplexes is taking place. For example, thebomation §)-6b/(R)-2c gave 56% e.e. for
enantiomerR (Table 2.4, entry 31), thus reversing the stereptbal preference of the more active
and selective ligandRj-2c (which gave 97% e.e. for enantionf®r100% conversion, entry 4) and
retaining that of phosphinamin&{6b (12% e.e. for enantiomd®, 57% conversion, entry 10): the
fact that the stereochemical preference of thewstot ligand [(§-6b] is retained indicates that a
heteroleptic complex is determining the stereockagnof the product in this case.

It should be noted that the above-discussed tegdengive this phenomenon of ‘inversion’ of the
stereochemical preference is not the same forhasphinamine ligands: it appears to be strong for
ligands6b and6e less marked foBh, 6i and6d, absent in the heterocombinations involv@igand6;.
This does not mean necessarily that the lattendigado not form the heteroleptic complexes with
phosphites. It might simply indicate that their dretomplexes have the same stereochemical

preference of the homocomplexes or are poorly activ

2.2.4.1.2 Enantioselective hydrogenation of N-(1-phenylvinyl)acetamide 8

Asymmetric hydrogenation of enamides gives acaesnantioenriched acylated amines that can be
hydrolyzed to the free chiral amin®sWe thus synthesizeN-(1-phenylvinyl)acetamide from the
acetophenone oxinte3, which was acylated and then converted into thiglatmy a radical reaction in
the presence of iroH. A small amount of trimethylsilyl chloride was addér activating the iron

powder (Scheme 2.19).

o el k

H,NOH HC | Ac;0, AcOH HN" ~0
pyridine Fe, TMSCI ©/J\
EiOH Toluene
13 70°C 8

Scheme 2.18ynthesis of enamides from the corresponding leetianthe oxime

The ligand screening in the enantioselective hyeinagjon of N-(1-phenylvinyl)acetamide8 was
carried out in DCM under 5 bar of hydrogen pressBitgcod)BF, was used as the rhodium source
with a 1 mol% loading. The pure ligands (“homoconattions”) were used in a 2.2 mol% amount,
while for the heterocombinations 1.1 mol% of edghnid was employed. The results of the screening

are summarised above in Table 2.5. The ligandstaren in Scheme 2.17.
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Table 2.5Rh(l)-catalyzed hydrogenations Wf(1-phenylvinyl)acetamide

Rh(cod),BF4 (1 mol%),
AcHN L (2.2 mol%) or L2, L? (1.1 mol% each) ACHN. »
H,, DCM, RT

8 14
After 16 h (5 bar b)
Entry Ligands
Conv. [%] e.e. [%] (abs. conf.)
Homocombinations
1 S-2a 100 86 R)
2 R)-2b 100 92 §
3 (9-2b 100 22 R
4 R)-2c 100 90 §
5 R-2d 100 69
6 R)-2¢ 100 799
7 (R)-2f 100 779
8 (RR)-6a 30 29 R
9 (R)-6b 83 7R
10 ©S-6b 74 70
11 R)-6¢ 53 40
12 R)-6d 100 12 R)
13 ©-6¢ 100 4R
14 ©S)-6f 38 1009
15 69 100 rac.
16 R)-6h 100 26 B
17 ©S)-6i 100 709
18 S)-6j 30 12 0
19 ©-6k 30 12 9
20 9-6l 40 rac.
Heterocombinations
21 RR)-6a/(R)-2¢ 99 89 O
22 R)-6b/(9)-2a 15 rac.
23 R)-6b/(R)-2b 99 57 R
24 R)-6b/(R)-2c 80 56 R)
25 R)-6b/(R)-2d 95 29 R
26 R)-6b/(R)-2¢ 99 619
27 R)-6b/(R)-2f 100 51R)
28 ©-6b/(9-2a 49 17 9
29 (9-6b/(R)-2b 96 38 R)
30 (©-6b/(R)-2c 92 31R)
31 ©-6b/(9-2b 98 40
32 R)-6c/(9-2a 78 90
33 R)-6c/(R)-2b 60 60
34 R)-6d(R)-2c 70 12 R)
35 R)-6d(R)-2¢ 77 12 9
36 R)-6d(R)-2f 44 209
37 R)-6d(9-2b 99 44 R)
38 R)-6d/(9)-2a 60 8 R
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39 R)-6d/(R)-2b 100 60 §
40 R)-6d/(R)-2c 100 rac.
41 R)-6d/(R)-2¢ 100 229
42 R)-6d/(R)-2f 100 rac.
43 R)-6d/(9)-2b 100 4R

44 ©-6€/(9-2a 100 36 )
45 ©S-6€/(R)-2b 100 60

46 9-6€/(R)-2c 100 rac.
47 S)-6€/(R)-2¢ 100 18 §
48 (9-6¢/(R)-2f 100 17R
49 (S-6¢€/(9-2b 100 43 )
50 (S-6€/(9)-2¢ 100 27 R
51 ©-6f/(9-2a 30 rac.

52 ©-6f/(R)-2b 35 16
53 (9-6f/(R)-2c 39 11 R)
54 (9-6f/(R)-2¢ 79 22 9
55 9-6f/(R)-2f 30 rac.

56 (S-6f/(9-2b 75 90

57 9-61/(9-2c n.a. n.a.
58 R)-6h/(R)-2b 100 58 R)
59 R)-6h/(R)-2c 100 60 R)
60 R)-6h/(R)-2¢ 100 108
61 R)-6h/(R)-2f 100 40 R)
62 R)-6n/(9-2b 100 729
63 ©-6i/(9-2b 100 60 §
64 ©-6i/(R)-2c 100 54 R)
65 ©-6i/(R)-2d 100 24 R)
66 ©-6i/(R)-2€ 100 209
67 ©-6i1/(R)-2f 100 44 R)
68 ©-6i/(R)-2b 100 53 R)
69 ©-6j/(R)-2b 100 84 9
70 ©-6j/(R)-2c 100 839
71 ©-6j/(R)-2d 100 60

72 ©9-6j/(R)-2¢ 100 739
73 9-6j/(R)-2f n.a. n.a.
74 ©-6k/(R)-2b 100 829
75 ©-6k/(R)-2c 100 809
76 ©S)-6k/(R)-2¢ 98 70
77 (9-6k/(R)-2f 100 56 §
78 ©S-6k/(9-2b 100 84 R
79 ©-6l/(R)-2b 99 64 ©
80 S-6l/(9-2b 100 86 R

Similarly to what observed for methyl 2-acetamidgkate 7, phosphinamines appear to be quite poor
ligands for the hydrogenation oN-(1-phenylvinyl)acetamide 8, especially in terms of
enantioselectivity (e.e. from 4 to 70%, entries03;2vhereas the phosphite ligands allow to obtain
good levels of conversion and stereoselectivitytrien 1-4) with the exception of 3,3’-methyl
substituted BINOL-derived phosphitg)¢2d (entry 5).
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Also with substrat& we could observe in many cases (entries 29, 30348244, 49, 53, 58, 59, 61,
64, 65, 67-69, data in bold font) that the phosghhiosphinamine heterocombination have
stereochemical preference opposite to that of hgénds, which indicates that the heterocomplex
plays a major role in determining the reaction oote. As in the hydrogenation of methyl 2-
acetamidoacrylate, also here some phosphinamiBlgs6g 6h, 6i, 6j)) showed a more marked
tendency than other§f( 6k, 6l) to give the inversion of the stereochemical pegiee. Unfortunately,
the maximum level of enantioselectivity that couldd obtained with these combinations is only
moderate [60% e.e. for enantionkRiobtained with the combinatioiRy-6h/(R)-2¢], Table 2.7, entry
59], significantly lower than that of the phosphitemocombination R)-2c gave 90% e.e. for
enantiomel§.

Several other heterocombinations gave stereocheprief@rence opposite to that of one of the ligands
(entries 21, 25, 26, 31, 37, 39, 41, 45, 47, 48, &2 78), which can be attributed to the

heterocomplex, when it is the preference of theenamtive ligand to be reversed.

2.24.1.3 Enantioselective hydrogenation of methyl 2-acetamidocinnamate 9

The asymmetric hydrogenation of methyl 2-acetamigdwmate 9 to give the N-
acetylphenylalanine methyl estEs was investigated also. The library screening idicig phosphites,
phosphinamines and phosphoramidites (Scheme 2.18§ performed with a Premex A-96
multireactor or with the Argonaut Endeavor multots autoclave. Hydrogenation reactions were
performed in parallel at room temperature in diotoethane with 25 bar hydrogen pressure.
Rh(cod}BF, was used as the rhodium source with a 1 mol% hgadiThe pure ligands
(“homocombinations”) were used in a 2.2 mol% amouwtile for the heterocombinations 1.1 mol%

of each ligand was employed. The selected screeasuits are shown in Table 2.6.

Table 2.6Rh(l)-catalyzed hydrogenations of methyl 2-acetamitinamate with selected ligands

Rh(cod),BF 4 (1 mol%),
@\/on L (2.2 mol%) or L3, L° (1.1 mol% each) ©\J\HAC
Z>CooMe

" >CO0Me

0 H,, DCM, RT 15

After 16 h (25 bar b)
Entry Ligands
Conv. [%] e.e. [%F
Homocombinations

1 (R)-2a n.a. n.a.

2 (S-2b 100 89

3 R)-2b 100 -89

4 R)-L2 100 -92
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o-donor and s-acceptor interactions

5 (R)-6b 4 -3

6 (R)-6¢€ 100 -24
7 (R)-6h 100 4

8 (S-6i 100 -14
9 (S-6j 73 -27

Heterocombinations

10 R)-6b/(9-2b 93 -23
11 R)-6b/(R)-2b 7 43

12 R)-6e(9)-L2 100 -89
13 R)-6h/(S)-2b 100 -55
14 R)-6h/(R)-2b 100 17
15 ©-6i/(9-2b 100 -81
16 9)-6i/(R)-2b 100 36
17 ©-6i/(9-L2 100 -79
18 9-6j/(9-2b 100 86

2 Absolute configurations were not determingd;e. value could not be determined accuratelytalimy
conversion.

A similar trend was observed in the Rh(l)-catalyzaslymmetric hydrogenation of methyl 2-
acetamidocinnamat® with selected ligands (Table 2.6). Phosphinamirgsear to be quite poor
ligands for the hydrogenation &, especially in terms of enantioselectivity (erent 3 to 27%, Table
5.7, entries 4-8), whereas the phosphite and plooapfidite ligands allow to obtain good levels of
conversion and stereoselectivity (entries 1-3).

Also in the case of methyl 2-acetamidocinnamateadd observe that the phosphite/phosphinamine
heterocombinations gave inversion of stereochenpoaference to that of both ligands (Table 2.6,
entries 11, 13, and 16, data in bold font), whiutigates that the heterocomplex plays a majorirole
determining the reaction outcome.

In few cases the heterocombination showed oppstEteochemical preference compared to the more
active ligand, which excludes that a mere competitietween the two homocomplexes is taking place
(Table 2.6, entries 10 and 15). For example, thebioation §-6i/(S)-2b gave -81% e.e. (Table 2.6,
entry 15), thus reversing the stereochemical peefsr of the more active and selective ligaBe2p
(which gave 89 % e.e. entry 2) and retaining thg@hosphinamine§)-6i (-14% e.e., entry 8): the fact
that the stereochemical preference of the ‘slowmyand [(§-6i] is retained indicates that a
heteroleptic complex is determining the stereock#&gnof the product in this case.

The combinations of the phosphinamines with phosghalite ligands give a slightly decreased level

of stereoselectivity compared to its homocombimaticthout any inversion of stereocontrol.

2.2.4.1.4 Enantioselective hydrogenation of methyl (Z)-3-acetamidocrotonate 10

Another important class of compounds used in thesldpment of drugs if-amino acids.

These can be made by hydrogenation of the corrésppriehydroB-amino acids. There is a large
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difference in behaviour dE- andZ-enamides in the hydrogenatiiiiThe Z-isomer is generally more
difficult to hydrogenate thai-izomer and usually gives the product with loweamioselectivity.
This could be explained by an intramolecular hydrodpond between the NH of the amide and
carbonyl of the ester, which makes the coordinatibthe substrate to the rhodium more difficult
leading to lower reaction rates and enantioselgietsy

The enantioselective hydrogenation fohcylamino acrylatés gives access to chirf-amino acid
derivatives which are important pharmaceuticalding blocks? For this reason, the selected ligand
library was screened in the hydrogenation of me{dyd3-acetamidocrotonat&0 to give methyl-3-
acetamidobutanoatk6. The substrate was prepared in excellent yielad ame-step condensation and

dehydration reaction of methyl 3-oxobutanoate sitetamide (Scheme 2.28).

O O 0 TsOH ACNH O
)J\)]\ -~ + )J\ )\)]\ ~
() NH, benzene, reflux 0
10

Scheme 2.2@Bynthesis of methyld)-3-acetamidocrotonate

The hydrogenation of methyF)-3-acetamidocrotonat#0 with selective ligands was performed by

using Premex A-96 multireactor. Hydrogenation nesmst were performed in parallel at room

temperature in dichloromethane with 25 bar hydrggessure. Rh(cogBF, was used as the rhodium

source with a 1 mol% loading. The pure ligands (lbcombinations”) were used in a 2.2 mol%
amount, while for the heterocombinations 1.1 moleach ligand was employed. The results are
reported in Table 2.7.

Table 2.7Rh(l)-catalyzed hydrogenations &f){3-acetamidocrotonate with selected ligands

ACNH O Rh(cod),BF, (1 mol%), AcNH O
. L (2.2 mol%) or L2, L (1.1 mol% each) *
o~ o~
10 H, (25 bar), DCM, RT 16

After 16 h (25 bar b)

Entry Ligands
Conv. [%] e.e. [%]?

Homocombinations

1 R)-6b 0 -
2 (R)-6¢ 90 19
3 (R)-6h 8 rac.
4 (S-6i 39 31
5 (S-6j 0 -
Heterocombinations
6 (R)-6b/(R)-2a 0 -
7 R)-6b/(9)-2b 0 -
8 (R)-6b/(S)-L1 3 20
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9 (R)-6b/(9-L2 0 -
10 R)-6e(R)-2a 83 -18
11 R)-6e(S)-2b 97 22
12 R)-6e(S)-L1 96 26
13 R)-6e(S)-L2 74 5

14 R)-6h/(R)-2a 76 2

15 R)-6h/(S-2b 97 32
15 R)-6h/(9-L1 59 22
17 R)-6h/(S)-L2 9 10
18 (9-6i/(R)-2a 82 38
19 (9-6i/(9-2b 98 17
20 (9-6i/(S)-L1 58 28
21 (9-6i/(9-L2 44 36
22 S)-6j/(R)-2a 2° -10
23 (9)-6j/(S)-2b 7 24
24 9)-6j/(9-L1 1° 6

25 9-6j/(9-L2 2° 11

2 Absolute configurations were not determingd;e. value could not be determined accuratelytal iy
conversion.

Unfortunately, as it can be seen from the resUleble 2.7), all tested phosphinamine combinations
either with phosphite2@ or 2b) or with phosphoramiditeL{ or L2) behaved very poorly showing
low activity and selectivity. We did not try to useore polar or protic solvents in order to break

intramolecular hydrogen bond in the substrate arseanother isomeE)-3-acetamidocrotonate.

2.2.4.1.5 Enantioselective hydrogenation of methyl 3-N-acetylamino-2-phenyl-2-propenoate
11

The hydrogenation ad-substituted3-amidoacrylates give@®amino acid derivatives, which
have a potential for two stereogenic centres atnQBeir backbone. These compounds are building
blocks for the synthesis @fpeptides and thus are the object of a wide interes
An isomeric mixture of the substrat&sll and E-11 was readily prepared from commercially
available methyl phenylacetate by formylation anddensation of the resulting formyl esters X with
acetamide (Scheme 2.2%).

H O NHAc g AcHN
1) NaH (60 %) MeCONH,, p-TsOH | an |
2) HCOOMe COOM
©/\COOMe ® T omene, reflux COOMe COOMe
Z-11 E-11

Scheme 2.28ynthesis of methyl 8acetylamino-2-phenyl-2-propenoate

Intramolecular hydrogen bonding between remide hydrogen and ester carbonyl group in e (

isomer was evident in tH&! NMR spectra, where a significant downfield shiftthe B-amide proton
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(5 10-11) was observed. THe){ and @)-isomers could be readily separated by conventioolamn
chromatography.

The hydrogenation of methyl I8-acetylamino-2-phenyl-2-propenoaté with selective ligands was
performed by using Premex A-96 multireactor. Hydnoation reactions were performed in parallel at
room temperature in dichloromethane with 25 barrbgen pressure. Rh(cgBf,was used as the
rhodium source with a 1 mol% loading. The purerim (“‘homocombinations”) were used in a 2.2
mol% amount, while for the heterocombinations 1.d1% of each ligand was employed (Scheme
2.22).

(2

Z>NHAc
COOMe
Rh(cod),BF, (1 mol%),
or L (2.2 mol%) or L2, L° (1.1 mol% each) .
COOMe NHAc

(E) Hz, DCM, RT COOMe

=
NHAc 17
E-11 or Z-11

Scheme 2.2Rh(l)-catalyzed hydrogenation of methyN3acetylamino-2-phenyl-2-propenoate

Unfortunately, hydrogenation reactions employingnbmations of phosphinaminesRj(6b, (R)-6e,
(R)-6h, (9-6i, (9-6j) with phosphites R)-2a and §)-2b] or phosphoramidited_( or L2) in DCM
led to product with only poor conversions (up t&dl&r E-10 and up to 5% foz-10). Therefore,

enantiomeric accesses were determined.

2.2.4.2 Iridium-catalyzed enantiosel ective hydrogenation of imines

Literature precedents have shown that iridium e rietal of choice in the hydrogenation of
imines?® We were interested in investigating whether indigomplexes of our chiral monodentate
phosphinamines with phosphites or phosphoramiditedd also act as efficient enantioselective
hydrogenation catalysts. Our initial studies weimesl at the preparation of cationic iridium
complexes containing a phosphinamine ligafidaind either the same phosphinamine, a phosphite, o
phosphoramidite as the secondary ligahdTwo equivalents of ligand (in case of homocomtiores)
or one equivalent of each ligand were treated \iitttod)Cl], to the corresponding pre-catalysts
(presumably of formula [Ir(codd” and [Ir(cod)l’L"]* respectively). We briefly investigated the

scope of the catalyst with two imine substrates.

2.24.2.1 Enantioselective hydrogenation of N-(2-Methoxy-phenyl)-(1-phenyl-ethylidene)-
amine
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Asymmetric hydrogenation oN-(2-Methoxy-phenyl)-(1-phenyl-ethylidene)-amirle8 was
chosen as a model reaction. The substrate systigesiery simple and product was obtained in

guantitative yield in one step from acetophenoreecanisidine (Scheme 2.23).

MeO
o NH,,
)J\ + OMe Molecular sieves, 4 A N
Ph Toluene )|\
Ph

18
Scheme 2.28ynthesis ofN-(2-Methoxy-phenyl)-(1-phenyl-ethylidene)-amih8

The hydrogenation reactions employing phosphinarombinations [R)-6b, (R)-6e, (R)-6h, (9-6i,
(9-6j] with phosphites R)-2a and ©)-2b] or phosphoramidited_( or L2) were performed by using
Premex A-96 multireactor. Hydrogenation experimemsre performed in parallel at room
temperature in dichloromethane with 25 bar hydrogeassure. [Ir(cod)Cl]Jwas used as the iridium
source with a 1 mol% loading. The pure ligands fibocombinations”) were used in a 2.2 mol%
amount, while for the heterocombinations 1.1 molfeach ligand was employed. The results are
reported in Table 2.8.

Table 2.8Ir-catalyzed hydrogenation df(2-Methoxy-phenyl)-(1-phenyl-ethylidene)-amine

1 ne
192

N| L', L [Ir(COD)CI], HN

©)\ H, (25 bar), Toluene ©)\

18 19

After 16 h (25 bar b)

Entry Ligands
Conv. [%] e.e. [%[
Homocombinations
1 (R)-6b 1 n.a.
2 (R)-6¢€ 32 n.a.
3 (R)-6h 2 n.a.
4 (S-6i 0 n.a.
Heterocombinations
6 (R)-6b/(R)-2a 94 0
7 (R)-6b/(S)-2b 100 0
8 (R)-6b/(9-L1 9 n.a.
9 (R)-6b/(9)-L2 12 n.a.
10 R)-6e(R)-2a 20 9
11 R)-6e(9-2b 31 30
12 R)-6e(9-L1 7 n.a.
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13 R)-6e(9)-L2 4 n.a.
14 R)-6h/(R)-2a 65 -1
15 ®R)-6h/(S)-2b 88 0
15 R)-6h/(9-L1 8 n.a.
17 ®R)-6h/(5)-L2 15 n.a.
18 S-6i/(R)-2a 100 -5
19 ©-6i/(9-2b 100 -6
20 ©-6i/(9-L1 14 n.a.
21 ©-6i/(9-L2 14 n.a.

& Absolute configurations were not determined; A.a0t analyzed.

As it can be seen in Table 2.8, phosphinaminespacely active ligands also in the Ir-catalyzed
hydrogenation. The highest conversion (32 %) wasenked with ligandR)-6e (entry 2). However,
the ligand heterocombinations led to notably higtivéies. In particular, in the case of combinaso
(R)-6b/(S)-2b, (9-6i/(R)-2a, and §-6i/(9-2b (Table 2.8, entries 7, 18 and 19), full conversiomse
obtained. Unfortunately, we observed low leveleoéntioselectivity (up to 30 % e.e.; samples with

conversion lower than 20 % were not analyzed bsatHPLC).

2.2.4.2.2 Enantioselective hydrogenation of 6, 7-dimethoxy-1-methyl-3,4-
dihydroxyisoquinoline 20

We next studied the hydrogenation of isoquino®which led to the formation of 1,2,3,4-
tetrahydro-6,7-dimethoxy-1-methyl-isoquinoli@é. For the initial screening phosphinaminds){6b,
(R)-6e (R)-6h, (9-6i, (9-6j)], phosphites [R)-2a and §-2b)] or phosphoramidited.Q or L2) were
employed. The reactions were performed in a Pre&x&% multireactor. Hydrogenation reactions
were performed in parallel at room temperatureiglmldromethane under 25 bar hydrogen pressure.
[Ir(cod)CI], was used as the iridium source with a 1 mol% logdiThe pure ligands
(“homocombinations”) were used in a 2.2 mol% amopuittile for the heterocombinations 1.1 mol%

of each ligand was employed. The results are regant Table 2.10.

Table 2.9Ir-catalyzed hydrogenation of 6,7-dimethoxy-1-métBy-dihydroxyisoquinoline in a Premex A-96

multireactor
O L', L2 [I(COD)CI], 0
N
o 7 H, (25 bar), Toluene ~o NH

20 21
_ | After 16 h (25 bar b)
Entry Ligands Conv. [%] e.e. [%f
Homocombinations
1 (R)-Gb 1 n.a.
2 (R)-6E 24 n.a.
3 (R)-6h 0 ]
4 (S-6i 0 )
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Heterocombinations

6 (R)-6b/(R)-2a 29 n.a.
7 (R)-6b/(9-2b 41 43
8 (R)-6b/(9-L1 37 -3
9 (R)-6b/(9-L2 56 -58
10 R)-6e(R)-2a 89 17
11 R)-6e/(S)-2b 91 63
12 R)-6e(9)-L1 39 4
13 R)-6e(9)-L2 68 4
14 R)-6h/(R)-2a 52 1
15 ®)-6h/(S)-2b 32 44
15 ®)-6h/(S-L1 62 11
17 R)-6h/(S)-L2 57 -49
18 ©-6i/(R)-2a 76 13
19 ©-6i/(9-2b 44 47
20 ©-6i/(9-L1 8 n.a.
21 S-6i/(9-L2 42 n.a.

2 Absolute configurations were not determined; A.a0t analyzed.

Similarly to what observed fomN-(2-Methoxy-phenyl)-(1-phenyl-ethylidene)-amin&8,
phosphinamines appear to be quite poor ligandghferhydrogenation o020, and gave almost no
reaction. Again, the highest conversion (up to 24¢43$ observed with ligandr)-6e (Table 2.9, entry
2), while other phosphinamines showed no activilgo in this case the enantiomeric access was not
analysed.

Also with substrate20, we could observe in many cases that the phospivie#phosphite or
phosphinamine/phosphoramidite heterocombinatiod teaincreased conversions. The combination
(R-6€/(9-2b gave the most interesting result, furnishing podd2d with 63% e.e. and almost
complete conversion. Thus, we decided to investigase results more in detail: we took four ligand
our library [R)-6b, (R)-6¢ (9-2b andL2] and compared the results of the Premex A-96 (86-h
pressure reactors) screening with those obtaind#dthve Endeavor multireactor (8 autoclaves) (Table
2.10).

Table 2.10Ir-catalyzed hydrogenation of 6,7-dimethoxy-1-métByl-dihydroxyisoquinoline in the Endeavor
multireactor

After 16 h (25 bar Hy)
Conv.[%]? e.e. [%f
homocombinations

Entry Ligands

1 (R)-6b n.d. 13
2 (R)-6¢ 39 13
3 (9-2b 55 55
4 (R)-L2 39 -46

heterocombinations
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5 (R)-6b/(R)-L2 40 -40
6 (R)-6€/(9-2b 89 52
& conversions were estimated from the chiral HPLCréas using the calibration straight line obtainadhe

Premex-96 experiment, by plotting the conversicetenined by achiral GC against the chiral HPLCréas;
 Absolute configurations were not determined; r.dot determined.

Unfortunately, every further attempt to reproduee best result obtained with combinati&®)-6€/(S)-
2b failed, although the effect of every single partan®n the reaction outcome was investigated. It

was thus decided to end up the experiments omimdiatalyzed hydrogenations.

2.2.4.3 Palladium-catalyzed enantioselective allylic alkylation

In the attempt to extend the use of phosphite/pghoamine combinations to palladium(ll),
we also performed a screening of our phosphite @rasphinamine libraries (Scheme 2.11) in the
enantioselective allylic alkylation o&c-1,3-diphenyl-3-acetoxyprop-1-e22 with dimethyl malonate
23. The reactions were carried out in DCM in the pree of [Pd§°CsHs)Cl], (1.5 mol%) and\,O-
bis(trimethylsilyl)-acetamide (BSA). The pure lign(“homocombinations”) were used in a 6 mol%
amount, while for the heterocombinations 3 mol%eacth ligand was employed. The results obtained

so far are shown in Table 2.11.

Table 2.11Palladium-catalyzed asymmetric allylic substitutafirac-1,3-diphenyl-3-acetoxyprop-1-ene with
dimethyl malonate

[Pd(h*C3Hs)Cll,(1.5 mol%)
OAc L (6 mol%) or L2, L° (3 mol% each) MeOOC.. _COOMe
COOMe BSA/cat. AcOK

N + < NP
COOMe DCM, RT O O

22 23 24

After 1 h, RT
Conv. [%] e.e. [%] (abs. conf.)

Entry Ligands

Homocombinations

1 (9-2a 41 250
2 R)-2b 100 58
3 (R)-2c 100 40 §
4 R)-2d 60 73R
5 (R)-2¢ 100 459
6 (RR)-6a 96 72 R
7 (R)-6b 100 68 R)
8 (9-6b 100 68 §
9 (R)-6¢ 100 rac.
10 ®R)-6d 94 70
11 ©-6¢ 100 15R)
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12 ©S-6f 100 64 9
13 9-6j 100 rac.
14 -6l 86 3598
Heterocombinations
15 RR)-6a/(R)-2b 100 74 R)
16 R)-6b/(9-2a 100 209
17 R)-6b/(R)-2b 100 69 9
18 R)-6b/(R)-2c 100 16
19 R)-6b/(R)-2d 100 56 R)
20 R)-6b/(R)-2¢ 100 3698
21 9-6b/(9-2a 100 60
22 (©-6b/(R)-2b 100 69 §
23 (9-6b/(R)-2c 100 399
24 (©-6b/(R)-2d 100 31 R
25 (9-6b/(R)-2¢ 100 46 9
26 R)-6c/(R)-2b 76 44 §
27 R)-6¢/(9-2b 100 31R
28 R)-6d/(R)-2b 100 14 9
29 R)-6d/(9-2b 100 18R
30 (9-6€/(R)-2b 100 rac.
31 ©-6€/(9-2b 100 6 R
32 ©-6f/(R)-2b 100 47
33 ©-6f/(9-2b 100 20 R)
34 ©-6j/(R)-2b 83 65 O
35 9-6l/(R)-2b 90 44

From the data shown above it can be seen thatisnrelaction the effect of mixing ligands on the
stereoselectivity is less evident than in Rh-caediyhydrogenations, which is in agreement with the
lack of selectivity in the Pd heterocomplex forroatithat was observed in the first NMR studies.
There are no heterocombinations showing stereoda¢mireference opposite to that of both the
ligands, although the selectivity of one of thealids is reversed in several cases (entries 15018, 2
24, 29, 33).

However, a peculiar stereochemical outcome wasrebdefor the diastereocisomeric combinations
(R)-6b/(R)-2b and §)-6b/(R)-2b (entry 17 and 22, respectively), which both ledh®S enantiomer of
product24 with the same enantiomeric excess (69%). Theresomprisingly both combinations retain
the stereochemical preference of phospli®)e2p (58% e.e.S entry 2) with an improved selectivity,
whatever is the configuration of phosphinaméie(whose enantiomeR gives the with 68% e.e. with
preference forR, entry 7). Whereas the result obtained with comom &)-6b/(R)-2b can be
attributed to §)-6b homocomplex, th& selectivity of combinationR)-6b/(R)-2b, higher than that of
(R)-2b homocomplex, must be due to the presence of adiepéic complex with higher activity than

the homocomplexes.
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In conclusion, although the palladium heterocomgderre not formed in a selective fashion, their
presence influences the stereochemical outcomeagusbserved for several other literature examples

of ligand mixtures.

2.3 CONCLUSIONS

In this Chapter the development of a novel strafegyhe selective formation of heteroleptic
transition metal complexes has been started, wh@de advantage consists in involving simple and
easy-to-prepare monodentate ligands without nesdmfamolecular interactions.

DFT calculations have shown that combinations afgphites and phosphinamines should be able to
selectively form the heteroleptic rhodium complexésnks to their complementary electronic
properties. For this reason, two small librariescbiral phosphites and phosphinamines have been
synthesized. Complexation experiments monitoredByNMR spectroscopy have shown that indeed
combinations of monodentate phosphite and phosptinga ligands form the corresponding
heteroleptic rhodium(l) complexes with a selecyivianging from moderate to very high. An
extension of the use of phosphite/phosphinaminebawations to palladium(ll) complexes has been
attempted, but in this case a statistical hetergdéexn’ homocomplexes ratio has been detected.
Phosphite/phosphinamine combinations have beerrsedein Rh- and Ir-catalyzed hydrogenations
and Pd-catalyzed allylic alkylations. Especially timle Rh-catalyzed hydrogenation case, typical
phenomena due to the presence of heteroleptic exeple.g. reversed sense of stereoselection of the
combinations compared to the ligands alone) haveen bebserved. Unfortunately, the
heterocombinations screened so far never reactaaiaof enantioselectivity high enough to justfy

synthetic interest.

2.4 EXPERIMENTAL SECTION

2.4.1 General remarks

All reactions were carried out in flame-dried glmase with magnetic stirring under nitrogen
atmosphere, unless otherwise stated. All comméyaahilable reagents were used as received. The
solvents were dried by distillation over the foliog drying agents and were transferred under
nitrogen: CHCI, (CaH,), MeOH (CaH), THF (Na), benzene (Na), toluene (Na), hexang,(HgN
(CaH,). Dry ELO and CHCJ (over molecular sieves in bottles with crown cagye purchased from
Fluka and stored under nitrogen. The reactions warenitored by analytical thin-layer
chromatography (TLC) using silica gel 6Qsfpre-coated glass plates (0.25 mm thickness) or

aluminum oxide 60 A f, on glass plates (0.25 mm thickness). Visualizati@s accomplished by
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irradiation with a UV lamp and/or staining with pssium permanganate, ninhydrin or anisaldehyde
solution. Flash column chromatography was performgdg either neutral alumina (50-20n) or
silica gel (60 A, particle size 40-64m), following the procedure by Still and co-workeRroton
NMR spectra were recorded on a spectrometer opgrati 400.13 MHz. Proton chemical shifts are
reported in ppmd) with the solvent reference relative to tetramisitgne (MaSi) employed as the
internal standard (CDgb = 7.26 ppm; CBCl, = 5.32 ppm;de-DMSO = 2.50 ppm). The following
abbreviations are used to describe spin multiptict= singlet, d = doublet, t = triplet, q = qusrtm

= multiplet, br = broad signal, dd = doublet-doupléq = doublet-quartet>*C-NMR spectra were
recorded on a 400 MHz spectrometer operating at560®MHz, with complete proton decoupling.
Carbon chemical shifts are reported in p@nrélative to TMS with the respective solvent resue

as the internal standard (CRC$ = 77.23 ppm; CECl, = 54.00 ppmde-DMSO = 39.51 ppm)*'P
NMR spectra were recorded on a 400 MHz spectronogterating at 162 MHz, with complete proton
decoupling®'P NMR chemical shifts are reported in ppip rielative to external 85%4RO, at 0 ppm
(positive values downfield). The coupling constaatues are given in Hz. Infrared spectra were
recorded on a standard FT/IR; peaks are reportedith Optical rotation values were measured on an
automatic polarimeter with a 1 dm cell at the sodid line. Gas chromatography was performed on a
GC instrument equipped with a flame ionization d&te using a chiral capillary column. Mass
spectra (MS) were performed on a hybrid quadrupoie of flight mass spectrometer equipped with
an ESI ion source. High resolution mass spectraHBRwere performed on a Fourier Transform lon
Cyclotron Resonance (FT-ICR) Mass Spectrometer ARERXXmass software (Bruker Daltonics) —

4.7 T Magnet (Magnex) equipped with ESI source.

2.4.2 Materials

The commercially available reagents were used @sived. While R)- and §)-1,1'-bi-(2-naphthol)
(BINOL) is commercially available, 3,3'- methyl sstiiuted BINOL derivative (3,3'-Me BINOL) and
the corresponding phosphorochloridites (BINOL-P@t &8,3'-Me BINOL-PCI) could be prepared
from BINOL according to literature procedures whitdive been already described in Experimental
Section of Chapter 4.

Amines (+)-bis[R)-1-phenylethyllamine, (-)-bisf)-1-phenylethyllamine, K) or (9-N-methyl-1-
phenylethanamine, RJ-N-benzyl-1-phenylethanamine,  R)¢1-phenylethanamine, S-1-
cyclohexylethanamine,  §-N-methyl-1-(naphthalen-1-yl)ethanamine, pyrrolidine, (R)-2-
methylpyrrolidine, R)-2-methylpyrrolidine, §-2-(pyrrolidinecarbonyl)pyrrolidine are commerdyal

available.
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2.4.3 Hydrogenation experiments

Note! Rh(cod}BF, is a very hygroscopic solid that in contact witie tmoisture of the air tends to
become deliquescent and insoluble in organic stdvéand thus unsuitable for experiments of
catalysis). For this reason it should be storedeumdtrogen in a Schlenk tube (possibly at low

temperature) and handled with care for limiting ¢batact with moisture as much as possible.

General procedure for the hydrogenations at atmosphere pressure

The reactions were performed using standard Sclikxtiniques. Seven oven-dried glass test tubes
with stirring bars were employed: in each one tharid (0.022 equiv, 0.00922 mmol) or the mixture
of ligands (0.011 equiv, 0.00461 mmol each) wagyhieid, and then the test tubes were placed in a
Schlenk and subjected to three vacuum/nitrogenesych 1.048 mM CBCl, stock solution of
[Rh(cod}BF,] (4 mL, 0.01 equiv, 0.00419 mmol) was added amdntixtures were stirred for 30 min
under nitrogen. A solution of the substrate (0.44%0l) in CHCI, (4 mL) was finally added. The
reaction mixtures were subjected to three vacuudntigen cycles and then left stirring overnight at

room temperature under ambientptessure. Samples were taken for chiral GC arsalysi

General procedure for hydrogenations at 25 bar hydrogen pressure in Parr multireactor
with a computer-controlled FKV™ machine

A Parr multireactor with a computer-controlled FRVMmachine allows six reactions in parallel under
hydrogen pressure.?L(0.011 equiv, 0.00407 mmol) and® 1(0.011 equiv, 0.00407 mmol) [or,
alternatively, 0.022 mmol, 0.00814 mmol of a sinligend] were weighted in special glass vessels.
The vessels were purged with nitrogen and a 0.4BRCGHI,Cl, stock solution of [Rh(codBF,] (8

mL, 0.01 equiv, 0.00370 mmol) was added in each After 30 min substrate (60 mg, 0.370 mmol, 1
equiv) was added and the vessels were placed ireipective autoclaves and purged one time with
argon and three times with, kb bar). The reactions were stirred overnight umpdessure of hydrogen

and then analysed by chiral GC for conversion aaddetermination.

General procedure for the hydrogenations at 25 bar hydrogen pressure in the Premex A-96
multireactor.

Stock solutions of the ligands (0.05 M) were prepam dry dichloromethane, and stored in a
glovebox. A solution of [Rh(codPTf] or [Ir(COD)CI], in dry dichloromethane was prepared prior to
use (0.025 M); the substrate was dissolved in pipecgriate solvent (0.052 M). In a glovebox, 0.1 mL
(5 x 10° mmol) of each of the stock solutions of ligandsahd L° were dispensed (using a Zinnser
Lizzy robot) in the reaction vessels (96 vessals L2x 8 plate). After shaking for some 5 min, 0.09

mL (2.25 x 10 mmol) of the stock solution of rhodium or iridiusource were added. After shaking
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for some 5 min, the solution of the substrate 213 (12 mmol) was added. The reactions were
capped and hydrogenated overnight at the hydrogesspre required. After completion, the reactors

were opened and samples were analysed by chirdbGgonversion and e.e. determination.

General procedure for the hydrogenations in the Argonaut Endeavor multireactor
autoclave.

The autoclave allowed eight hydrogenation reactionzarallel in glass vessels?(0.011 mmol) and

L (0.011 mmol) [or alternatively, 0.022 mmol of aglm ligand], [Rh(cod)OTf] (0.01 mmol, 4.06

mg) or [Ir(COD)CI} (5.1 x 10° mmol, 3.4 mg) were weighed in the reaction ves$GM (0.1 mL)

was added and the resulting mixture is manuallkehauntil a solution is obtained (about 5-15 sec).
The substrate stock solution in the appropriateesal (5 mL, 0.4 mmol) was finally added. The
vessels were placed in the reactor and the apptemolvent was added (5 mL). The reaction vessels
were then semi-automatically purged repeatedly Witland B, before applying a hydrogen pressure
and stirring. After completion of the reaction, fleactors were opened and samples were analysed by

chiral GC for conversion and e.e. determination.

Enantiosel ective hydrogenation of methyl 2-acetamidoacrylate 7

The hydrogenation experiments were performed ustagdard Schlenk techniques at atmosphere
pressure. GC conditions: capillary column: MEGADBEXACTBSB, diacetyltert-butylsilyl-33-
cyclodextrin, 0.25.um; diameter = 0.25 mm; length = 25 m; carrier: loggm; flow: 1 mL/min; oven
temperature: 140 °C for 6 min, then a 8 °C/min gmadis applied)tsupstraee= 3.7 Min;tg = 4.6 min;ts

= 5.2 min.

The retention times of the productgsdndts) were matched to the corresponding enantionieiEnd

S on the basis of the results obtained with ligaBd2p, which has been reported to be higRly

selective in the Rh-catalyzed hydrogenation of ylkacetamidoacrylaté.

Enantiosel ective hydrogenation of N-(1-phenylvinyl)acetamide 8

The hydrogenation experiments were run in hydrogenms in Parr multireactor with a computer-
controlled FKV™ machine at 25 bar hydrogen pressure. GC conditi@agpillary column:
MEGADEX DACTBSB, diacetyltert-butylsilyl-B-cyclodextrin, 0.25um; diameter = 0.25 mm; length
= 25 m; carrier: hydrogen; flow: 1.3 mL/min; oveantperature: 160 °C for 8 min, then a 8 °C/min
gradient is appliedi = 6.7 min;ts = 6.9 Min;tspsyrate= 8.6 mMin.

The retention times of the productsdndts) were matched to the corresponding enantioniRiEnd

9 on the basis of the stereochemical preferencigafd §-2b, which has been reported to be highly
R-selective in the Rh-catalyzed hydrogenatiodNgfL.-phenylvinyl)acetamid®.
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Enantiosel ective hydrogenation of methyl 2-acetamidocinnamate 9

The hydrogenation experiments were run in hydrogems in the 96-Multireactor or in the Argonaut
Endeavor multireactor autoclave at 25 bar hydrggessure. GC conditions: capillary column: CP-
Chirasil-I-val, 0.25um; diameter = 0.25 mm; length = 25 m; carrier: loggm; flow: 1.3 mL/min;
oven temperature: 160 °C for 8 min, then a 8 °C/gradient is appliedg; = 7.82 min;te, = 8.27

mln; tsubstrate: 12.91 min.

Enantioselective hydrogenation of methyl (Z)-3-acetamidocrotonate 10

The hydrogenation experiments were run in hydroiems in the 96-Multireactor at 25 bar hydrogen
pressure. GC conditions: capillary column: CP-GliBex-CB, 0.25um; diameter = 0.25 mm;
length = 25 m; carrier: §l flow: 1.0 mL/min; oven temperature: 160 °C isathal; tg; = 11.08 min;
te, = 11.27 min.

Enantiosel ective hydrogenation of methyl 3-N-acetylamino-2-phenyl-2-propenoate 11
The hydrogenation experiments were run in hydrogensiin the 96-Multireactor at 25 bar hydrogen

pressure. Enantiomeric access was not analysetbdow conversions.

Enantiosel ective hydrogenation of 6,7-dimethoxy-1-methyl-3,4-dihydroxyisoquinoline 20

The hydrogenation experiments were run in hydroiemsiin the 96-Multireactor at 25 bar hydrogen
pressure. The enantiomers were analyzed by HPL@ywsichiral column: CHIRALCEL OD-H, 250
mm x 4.6 mm, ID 5um; eluent:n-heptane/2-propanol/DEA, 95:5:0.05; flow 1.5 mL/mi@mperature
45°C; Vinj= 5L, A = 254 nm; Run time 20 Milypstrate= 6.3 Min;tg; = 8.78 minjtg, = 10.45 min.

2.4.4 Palladium-catalyzed allylic alkylation

[Pd(;°CsHs)Cl]» (2.81 mg, 0.0077 mmol) and the ligand (0.0311 mraoimixture of ligands (0.0155
mmol each) were dissolved under nitrogen in degh€3¢Cl, (1.0 mL). The resulting clear solution
was stirred for 20 min at RT, then a solutiorrad-1,3-diphenyl-3-acetoxyprop-1-ene (129 mg, 0.51
mmol) in degassed GBI, (1.0 mL), dimethyl malonate (140, 1.5 mmol),N,O-bis(trimethylsilyl)-
acetamide (BSA, 37QL, 1.5 mmol), and a pinch of AcOK were added. Thaction mixture was
stirred at room temperature. After 1h the soluti@s diluted with BO (5 mL) and saturated agueous
NH,CI (25 mL) was added. The phases were separatetharajueous phase was extracted witd Et
(2 x 5 mL). The combined organic phases were dnaat NaSO, and the solvent was removed under
reduced pressure. Conversion was determinetHdyMR analysis of the crude reaction mixture. An
aliquot of the crude was passed through a padliohsising 5:1 hexane/EtOAc as the eluent. The

solvents were removed under vacuum and the resichse directly analyzed by HPLC for the
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determination of the enantiomeric excess. HPLC ttimms$: column: CHIRALCEL OD-H; eluent:
99:1 hexanefisopropanol; flow: 0.3 mL/minz 250 nmig = 24 min,ts = 26 min.

2.4.5 Synthesis of hydrogenating substrates

Acetophenone oxime

N0 A mixture of acetophenone (11.7 mL, 100 mmol), leygtamine hydrochloride (14.8

O)l\ g, 213 mmol), and pyridine (15 mL) in ethanol (abs0 mL) was refluxed for 3 h and
subsequently the ethanol was removed under vacWlmiie stirring vigorously in an

ice-bath, ice water (150 mL) was added upon whiighdxime crystallized from the solution. These
crystals were filtrated, washed with ice water (GQ) and dried. The product was quantitatively
isolated as a white solid, and was used in the skt without further purificatiorH NMR (400
MHz, CDCk) ppmd 9.84 (s, 1H), 7.69 (dd,= 6.6 Hz,J = 3.0 Hz, 2H), 7.44 (ddl=5.0 Hz,J = 1.8
Hz, 3H), 2.38 (s, 3H)°C NMR (100 MHz, APT, CDGJ) ppms 156.8 (G), 137.2 (G), 130.0 (CH),
129.3 (%CH), 126.8 (XCH), 13.2 (CH).

N-(1-Phenylvinyl)acetamide (8)

To toluene (45 mL) was added acetophenone ox@ie 4.06 g, 30 mmol), acetic
HN/go anhydride (8.5 mL, 90 mmol), acetic acid (5.1 mD,f@mol) and iron powder -325
©/§ mesh (3.36 g, 60 mmol). This mixture was stirredfC for 4 hours, then allowed to

cool down to room temperature and filtered oveiit€&nd subsequently washed with
toluene (2 x 30 mL). The filtrate was washed with 8aOH (2 x 45 mL), dried over MgS@nd
evaporated in vacuo. The product was purified byumoa chromatography on silica using
EtOAc:hexane 2:1 as the eluent. The product waairedd as a slightly yellow solid (3.1 g, 64 %).
NMR (400 MHz, CRCN) ppmd 7.89 (bs, 1H), 7.54 — 7.47 (m, 2H), 7.46 — 7.36 8i), 5.68 (s,
1H), 5.05 (s, 1H), 2.05 (s, 3HY'C NMR (101 MHz, APT, CRCN) ppmd 170.1 (G), 142.5 (G),
138.9 (GQ), 129.1 (2%CH), 126.89 (CH), 118.01 (f; 102.33 (@), 23.93 (CH).

Methyl (Z)-3-acetamidocrotonate (10)

ACNH O To a solution of methylacetoacetate (5.6 mL, 5Ir6¥ol) in dry benzene (52 mL)
X o~ were added acetamide (6.1 g, 103.34 mmol)@ane-toluensulfonic acid (30.5 mg,
0.16 mmol), and the mixture was refluxed using DS8tark condenser for 36 h. The raction mixture
was then filtered, concentrated in vacuo, dilutetth water (150 mL) and extrected into ethexX30
mL). After extraction solvent was evaporated and ttrude mixture was purified by column

chromatography on silica using EtOAc:hexane 4:thasluent. The product was obtained as a whith
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solid (3.72 g, 46 %)H NMR (400 MHz, CDCJ) ppms 11.11 (bs, 1H), 4.92 (d,= 0.9 Hz, 1H), 3.71
(s, 3H), 2.39 (dJ = 0.9 Hz, 3H), 2.16 (s, 3HMS (ESI +): calcd. for gH;;NOs: 157.07, found:
158.38 [M+H]"

Methyl 3-oxo-2-phenylpropanoate

H#° A NaH 60% suspention (2 mol) was added over a gesio4d5 min at RT with
cooMe Stirring and under a dry \stream to a solution of the methylphenylacetatg (7
mL, 0.5 mol) in methyl formate (80 mL, 9.9 mol). & heaction mixture was stirred

at RT for 4 hours and then added to 0.1 M HCI (810 solution. After extraction with ED (2x 150

mL), the organic layer was anhydrified with JS&, and then the solvent was removed under reduced

pressure. The crude product was purificated byilldisan (2-3 mbar pressure, 13%C) and

quantitatively obtained as yellowish diH NMR (400 MHz, CDCJ) showed a 1:5 mixture of aldol—

enol tautomers. Aldo tautomer: ppai®.81 (d,J = 2.8 Hz, 1H), 7.45 — 7.28 (m, 5H), 4.53 {d5 2.8

Hz, 1H), 3.82 (s, 3H); Enol tautomer: p@ni2.05 (dJ = 12.7 Hz, 1H), 7.38 — 7.27 (m, 6H), 3.82 (s,

3H).

Methyl 3-N-acetylamino-2-phenyl-2-propenoate4-11 andE-11)

NHAC AcHN A mixture of formyl ester reported aboy®.15 g, 51.4
coome  And | cOOMe mmol), acetamide (6.08 g, 102.8 mmol) and a catalyt
amount ofpara-toluenesulfonic acid in toluene (100 mL)

was heated at reflux with a Dean—Stark apparatdsrua nitrogen atmosphere for 3.5 h. At the end of
the reaction period, the reaction mixture was adldwio cool to room temperature and the excess
acetamide filtered and thoroughly washed with toueThe filtrate was evaporated under reduced
pressure to give an isomeric mixture of the enarhidéurification by flash chromatography on silica
using EtOAc : hexane 1:4 as the eluent 1) firstegdne Z)-enamideZ-11 a as a white solid (2.32 g,
19%)."H NMR (400 MHz, CDC}) ppm& 10.72 (br dJ = 9.6 Hz, 1H), 7.64 (d] = 11.4 Hz, 1H), 7.4
—7.28 (m, 5H), 3.80 (s, 3H), 2.23 (s, 3HC NMR (101 MHz, APT, CDGJ)) ppm? 169.6 (G), 168.8
(Cy), 138.2 (CH), 136.4 (§, 129.9 (XCH), 128.5 (2CH), 127.7 (CH), 111.4 (§, 52.2 (CH), 24.2
(CHs). The E)-isomerE-11 was then eluted and isolated as a white solid @16).'"H NMR (400
MHz, CDCk) ppmd 8.29 (d,J = 12.2 Hz, 1H), 7.48 (1] = 7.4 Hz, 3H), 7.40 () = 7.4 Hz, 1H), 7.31-
726 (m, 2H), 3.78 (s, 3H), 2.04 (s, 3HYS (ESI +): calcd. for GH3NOz: 219.09, found: 220.28
[M+H] "
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2.4.6 General procedure for the preparation of BINOL-derived phosphite
ligands

Phenol and menthol were used as received. The altanols (liquid at RT) were anhydrified over 3
A molecular sieve beads.

To a solution of the corresponding alcohols or phéh.1 equiv) and triethylamine (3 equiv) in THF
(8 mL/mmol of BINOL-PCI or 3,3'-Me BINOL-PCI) BINOPCI or 3,3-Me BINOL-PCI(1 equiv)
was added as a solid at RT. The reaction wasdtvernight and then filtered through a pad ofteeli
The solvent was evaporated under reduced pressaféotd a white foam. The crude was purified by
column chromatography on silica gel (typical eluer@at DCM). The phosphites are less polar than

the impurities, thus were eluted as the first foact

(R)- and (S)-4-phenoxydinaphtho[2,1d:1",2'-f][1,3,2]dioxaphosphepine [R)-2a and §)-
2a]

OO Q The product was prepared according to the GenemeHure using -
::on BINOL-PCI (400 mg, 1.14 mmol), phenol (118 mg, 1.8%nol), and
OO o triethylamine (0.47 mL, 3.42 mmol). It was purifiethy column
chromatography on silica gel (eluent: DCM) to adf@r white solid. Yield =
91%.'"H-NMR (400 MHz, CDC}) ppms 8.03 (d,J = 8.8 Hz, 1H), 7.95 (d] = 8.3 Hz, 1H), 7.85 (d]
= 8.8 Hz, 1H), 7.66 (d] = 8.8 Hz, 1H,), 7.59 (d] = 8.7 Hz, 1H,), 7.48- 7.38 (m, 6H), 7.31- 7.23 (m,
4H), 7.17 (dJ = 7.53 Hz, 1H), 6.70 (d] = 8.6 Hz, 1H)*C-NMR (100 MHz, CDC}) ppms 150.4,
149.0, 139.3, 133.2, 132.4, 131.8, 131.1, 130.9,8,228.8, 128.5, 127.3, 126.6, 125.3, 122.7,9.21.
¥P-NMR (162 MHz, CDC}) ppm$ 185.0.[a]*); = for S enantiomer: +221.6 (G&l,, ¢ = 1).FT-IR
(film): v = 3054, 1587, 1228, 948, 819, 743tmS (ESI +): calcd. for GH;,04P: 408.09, found:
409.23 [M+H]. MP = 164-166°C.

(R)- and (S)-4-isopropoxydinaphtho[2,1d:1',2'-f][1,3,2]dioxaphosphepine [R)-2b and
(S)-2b]
The product was prepared according to the GeneraleBure usingR)- or

OO o >7 (9-BINOL-PCI (400 mg, 1.14 mmoljso-propanol (95uL, 1.25 mmol), and
- O,F"O triethylamine (0.47 mL, 3.42 mmol). It was purifiedy column
OO chromatography on silica gel (eluent: DCM) to aff@a white solid. Yield =
91%.'"H-NMR (400 MHz, CRCl,) ppmd 7.97-7.89 (m, 4H), 7.51 (d,= 8.6 Hz, 1H), 7.44-7.34 (m,
5H), 7.24 (t,J = 7.6 Hz, 2H), 4.58-4.47 (m, 1H), 1.31 (dds 6.2 Hz, 12.8 Hz, 6H}*C-NMR (100
MHz, CD,Cl,) ppmé 148.72, 148.10, 133.19, 131.69, 130.42, 128.72.482 126.56, 125.31, 122.26,
69.96, 25.013'P-NMR (162 MHz, CRCl,) ppmé 147.3.[a]*, = for R enantiomer: -254.7 (Ci8l, ¢
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= 0.1). FT-IR (film): v = 3054, 2967, 1588, 1212, 938, 746 crRiRMS: calcd for GsH;q05P:
374.1145, found: 375.1179 [M+HMP = 80-82°C.

(R)-4-(cyclohexyloxy)dinaphtho[2,16:1',2'-f][1,3,2]dioxaphosphepine [R)-2c]

The product was prepared according to the GeneraieBure usingR)-

OO o} Q BINOL-PCI (400 mg, 1.14 mmol), cyclohexanol (130, 1.25 mmol), and

O'P_o triethylamine (0.47 mL, 3.42 mmol). It was purifiethy column
OO chromatography on silica gel (eluent: DCM) to affer white solid. Yield =
90%.'H-NMR (400 MHz, CDCl,) ppmd 8.04 (d,J = 8.9 Hz, 1H,), 8.01-7.98 (m, 3H,), 7.56 (o5
8.8 Hz, 1H), 7.50-7.44 (m, 3H), 7.40-7.36 (m, 2A)33-7.29 (m, 2H), 4.28 (m, 1H), 2.05-1.94 (m,
2H), 1.82-1.73 (m, 2H), 1.64-1.50 (m, 3H), 1.38aL(#h, 3H).”*C-NMR (100 MHz, CDCl,) ppm3$
149.0, 148.3, 132.2, 131.7, 131.0, 130.4, 129.8,91227.4, 127.3, 126.9, 126.8, 125.7, 125.5,4123.
122.7,122.5, 122.4, 75.4 @ = 13 Hz), 35.3, 35.0, 25.8, 24°*3-NMR (162 MHz, CDC}) ppm&
149.4.[a]®, = -303 (CHCl,, ¢ = 1). FT-IR (film): v = 3057.6, 2934.2, 2858.0, 1618.9, 1508.1,
1462.7, 1231.3, 944.9, 866.8 tnMS (ESI +): calcd. for GH»0sP: 414.15, found: 415.31 [M+H]
MP = 78-80°C.

(R)-4-isopropoxy-2,6-dimethyldinaphtho[2,1d:1",2'-f][1,3,2]dioxaphosphepine [R)-2d]

Me
OO The product was prepared according to the GeneoaleBure usingR)-3,3'-
o)
P-0 Me BINOL-PCI (240 mg, 0.63 mmol)so-propanol (55uL, 0.70 mmol), and
OO © triethylamine (0.26 mL, 1.88 mmol). It was purifiedy column
Me

chromatography on silica gel (eluent: DCM) to aff@ white solid. Yield =
83%.'H-NMR (400 MHz, CDCl,) ppm& 7.92-7.89 (m, 3H), 7.87 (s, 1 H), 7.44 (m, 2 HR9?7.20

(m, 4 H), 4.59 (m, 1 H), 2.66 (d,= 0.6 Hz, 3 H), 2.62 (dl = 0.6 Hz, 3 H), 1.38 (d] = 6.1 Hz, 3 H),
1.33 (d,J = 6.2 Hz, 3 H).®*C-NMR (100 MHz, CDQCl,) ppm$ 148.8, 147.7, 132.3, 132.1, 131.7,
131.0, 130.4, 130.1, 128.3, 128.2, 127.4, 127.8,912125.8, 125.6, 125.5, 124.9, 124.9, 123.4, 79.9
(d,Jep=14.4 Hz), 25.2, 25.0, 18.3, 17°®-NMR (162 MHz, CDCl,) ppmd 148.2.[a]*%, = -547.6
(CHCl;, ¢ = 1). FT-IR (KBr): v = 3057.6, 3025.8, 2967.0, 2924.5, 1492.6, 145383.8, 1091.5,
1071.3, 1026.0, 914.1, 883.2 ¢mHRMS (ESI +): calcd. for GH,30sP: 402.12770, found:
425.12718 [M + Na] MP = 65°C. (dec).

(R)-4-tert-butoxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine [R)-2€]

OO \/ The product was prepared according to the GenewteBure using S)-
O\P—O BINOL-PCI (400 mg, 1.14 mmol}ert-butanol (120uL, 1.25 mmol), and
(T
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triethylamine (0.47 mL, 3.42 mmol). It was purifiegt column chromatography on silica gel (eluent:
DCM) to afford a white solid. Yield = 83%H-NMR (400 MHz, CDBCl,) ppm3 8.03 (d,J = 8.7 Hz,
1H), 8.01-7.98 (m, 3H), 7.55 (d,= 8.9 Hz, 1H), 7.50-7.45 (m, 2H), 7.42 U5 8.7 Hz, 1H), 7.40-
7.36 (m, 2H), 7.33-7.28 (m, 2H), 1.57 (br s, 9HE-NMR (100 MHz, CQCl,) ppmd 148.7, 148.1,
133.5, 133.3, 132.2, 131.8, 130.9, 130.3, 129.9,00227.5, 127.4, 126.9, 126.8, 125.7, 125.5,A.25.
(d, Jop = 5.3 Hz), 123.8 (dJcp = 3.7 Hz), 123.1, 122.6, 79.5 (@ p = 10.0 Hz), 31.7 (d)cp = 8.3
Hz).*'P-NMR (162 MHz, CRCl,) ppm§ 154.8.[a]*, = -332 (CHCl,, ¢ = 1). FT-IR (film):v =
3050.3, 2975.6, 1589.1, 1463.7, 1369.2, 1202.02.51B32.4, 826.3 cm HRMS (ESI +): calcd. for
Ca4H,104P: 488.11205, found: 411.11248 [M+Na}IP = 125-126°C.

(R)-4-((1S,2R,55)-2-isopropyl-5-methylcyclohexyloxy)dinaphtho[2,1d:1",2'f][1,3,2]
dioxaphosphepine [R)-2f]

OO The product was prepared according to the GeneoaleBure usingR)-
QP_O BINOL-PCI (400 mg, 1.14 mmol), (+)-menthol (178 nig25 mmol), and

OO o triethylamine (0.47 mL, 3.42 mmol). It was purifiedy column
chromatography on silica gel (eluent: DCM) to adfar white solid. Yield

= 92%.'"H-NMR (400 MHz, CDCl,) ppm$ 8.05 (d,J = 8.8 Hz), 8.03-
7.99 (3H, m), 7.68 (1H, d} = 8.8 Hz), 7.58 (1H, d] = 8.8 Hz, 1H) -7.51-7.47 (m, 2H), 7.45 (b5
8.8 Hz, 1H,), 7.39 (m, 2H), 7.33-7.29 (m, 2H), 4(#i@t,J = 4.8 Hz,J = 8.7 Hz,J = 10.7 Hz, 1H),
2.40 (m, 1H), 2.17 (m, 1H), 1.77-1.69 (m, 2H), 11539 (m, 2H), 1.24 (m, 1H), 1.10 (dt= 3.3 Hz,J
=12.5 Hz, 1H), 1.04 (d] = 7.0 Hz, 3H), 0.98 (d] = 6.5 Hz, 3H), 0.96 (d] = 6.8 Hz, 3H), 0.90 (m,
1H). ®C-NMR (100 MHz, CDCl,) ppm & 148.9, 148.4, 133.5, 133.2, 130.9, 130.3, 12929,
127.4, 126.9, 126.8, 125.7, 125.6, 123.5, 122.2,51777.7 (dJcp = 16.2 Hz), 49.3, 44.8, 34.7, 32.4,
26.1, 23.5, 22.4, 21.5, 162P-NMR (162 MHz, CDCJ) ppm$ 154.1.[a]**; = -347 (CHCl,, ¢ = 1).
FT-IR (film): v = 3056.6, 2955.4, 2923.6, 2868.6, 1618.9, 15906508.1, 1462.7, 1201.4, 945.9,
824.4 crit. HRMS (ESI +): calcd. for gH3,0:P: 470.20836, found: 471.20855 [M+HMP = from
188°C with dec.

2.4.7 Synthesis of phosphinamine ligands

1,1-diphenylN,N-bis((R)-1-phenylethyl)phosphinamineand 1,1-diphenyl-N,N-bis((S)-1-
phenylethyl)phosphinamine [R,R)-6a or (S,S)-6a]

To a stirred solution of (+)-bidR)-1-phenylethyllamine or (-)-bis§-1-
p phenylethyllamine (0.220 mL, 0.96 mmol, 1 equiv)TiHF (5 mL) at -78°C, a 1.6
Me— Q M solution ofn-BuLi in hexanes (0.60 mL, 0,96 mmol, 1 equiv) veakled. The
Me— D reaction mixture was stirred at -78°C for 10 minert allowed to warm to RT.
b After stirring for 2 h, the mixture was cooled battk -78°C and a solution of
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chlorodiphenylphosphine (0.170 mL, 0,96 mmol) inHKB mL) was slowly added dropwise. The
reaction mixture was allowed to warm to RT and asvstirred overnight. After reaction the solvent
was evaporated and the crude product was puriffezblumn chromatography on silica gel to afford a
white solid in 31% yield (eluent: 9:1 hexane / DCI@AS for RR) 1176789-48-2, for§S) 959680-
39-8. 'H-NMR (400 MHz, GD¢) ppm$ 7.88-7.84 (m, 2H), 7.38-7.34 (m, 2H), 7.29-7.23 @H),
7.17-7.08 (m, 13H), 4.63 (sext= 7.0 Hz, 2H), 1.51 (d] = 6.8 Hz, 6H)"*C-NMR (100 MHz, GD)
ppm & 144.8, 140.5, 140.4, 140, 134.3, 134.1, 132.7,6,3p29.1, 128.7, 128.6, 128.57, 128.55,
128.3, 128.2, 128.1, 127.9, 127, 56.8, 56.7, Z1B.>'P-NMR (162 MHz, GDg) ppms 42.4.[a]*

= for theSSenantiomer: -233 (CHglc = 1). FT-IR (film): v = 3057.2, 2967.5, 2928.5, 1585, 1494,
1435.1, 1275.7, 1200.6, 1118.3, 1089.3, 742.9,2687". HRMS (ESI +): calcd = 410.2037, found =
410.2028MP = 56-57°C.

2.4.7.1 Synthesis of non-commercial chiral amines

(S)-N-boc-2-(pyrrolidinecarbonyl)pyrrolidine (3a)

To a stirred solution di-Boc-L-proline (500 mg, 2.32 mmol, 1 equiv) in CHQ0

ON\”.\\Q mL) at 0°C, EDC (490 mg, 2.55 mmol, 1.1 equiv) &ah@dBT-HO (400 mg, 2.55

O Boc mmol, 1.1 equiv) were added in the order. After is pyrrolidine (0.214 mL, 2.55
mmol, 1.1 equiv) was added and the mixture wasesitifor 10 min at 0°C and then overnight at RT.
The solution was washed with 1 M HCI aqueous soiuif2 x 20 mL) and then with NaHGO
saturated aqueous solution (2 x 20 mL). The orglayer was anhydrified with N&QO,, and then the
solvent was removed under reduced pressure todgfiale yellow oil. The product was used in the
next step without further purification. Yield = 96%{-NMR (400 MHz, CDC}): mix of rotamers,
ppmé 4.5 (dd,J = 2.3 Hz,J = 7.3 Hz, 0.5H), 4.37 (dd,= 5.2 Hz,J = 7.7 Hz, 0.5H), 3.75 (m, 0.5 H),
3.66-3.41 (m, 5.5H), 2.27-1.73 (m, 8H), 1.48 (5H), 1.42 (s, 4.5H).

(S)-N-boc-2-(diethylaminocarbonyl)pyrrolidine (3b)

To a stirred solution di-Boc-L-proline (500 mg, 2.32 mmol, 1 equiv) in CHC20
\/N\H,.\\Q mL) at 0°C EDC (490 mg, 2.55 mmol, 1.1 equiv) an@BT-H,O (400 mg, 2.55
O Boc mmol, 1.1 equiv) were added in the order. Afterib diethylamine (0.266 mL, 2.55
mmol, 1.1 equiv) was added dropwise and the mixtues stirred at 0°C for 10 min and then
overnight at RT. The solution was washed with 1 Bl ldqueous solution (2 x 20 mL) and then with
NaHCGQ; saturated aqueous solution (2 x 20 mL). The oogéayier was anhydrified with N&Q,,

filtered and the solvent was removed under redymcedsure to afford a colourless solid which was
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used in the next step without further purificatidfield = 76%."H-NMR (400 MHz, CDCJ): mixture
of rotamers, ppne 4.61 (br dJ = 5.6 Hz, 0.4H), 4.47 (dd, = 3.2 Hz,J = 8.0, 0.6H), 3.67-3.41 (m,
6H), 2.23-2.02 (m, 2H), 1.91-1.81 (m, 2H), 1.474$H), 1.43 (s, 4.5H), 1.25 (m, 3H), 1.13 (m, 3H).

(S)-N-Cbz-2-(diciclohexylaminocarbonyl)pyrrolidine (3c)

To a solution oN-Cbz-L-prolinyl chloride5 (470 mg, 1.76 mmol, 1 equiv) and
DMAP (a crystal) in THF (10 mL) a solution of didgbexylamine (0.37 mL,

O/N\“NZ ) 1.86 mmol, 1.05 equiv) and TEA (1 mL, 7.08 mmoleduiv) in THF (10 mL)
N
o]

&p, was added. The resulting mixture was refluxed dgetn THF was removed and
the residue was redissolved in DCM, and then waslirdwater and anhydrified before removing the
solvent. The crude was purified by flash chromaapby (eluent DCM/AcOEt from 95:5 to 70:30) to
afford the desired product as a white solid. Yield8%. *H-NMR (300 MHz, CDC)): mix of
rotamers, ppné 7.3 (m, 5H), 5.1 (m, 2H), 4.7 (m, 0.5H), 4.5 (n6W,), 3.7-3.4 (m, 4H), 2.2-0.9 (m,
24H).

(S)-2-(pyrrolidinecarbonyl)pyrrolidine (4a)

N~ prolinamide §-N-boc-2-(pyrrolidinecarbonyl)pyrrolidin@a (590 mg, 2.2 mmol, 1

</\\ At 0°C, TFA (3mL, 39 mmol, 18 equiv) was added tosalution of N-boc-
No
Ty

equiv) in DCM (5 mL). The mixture was stirred foh3at RT, then the volatiles were
removed to afford a yellow oil. The crude was digsd in DCM (5 mL), Amberlyst A21 resin was
added and the mixture was stirred overnight, thieréd. The solvent was evaporated to afford
brown-yellow oil in quantitative yield. CAS 4172D0. 'H-NMR (400 MHz, CDC}) ppms 7.11 (br
s, 1H), 4.77 (m, 1H), 3.65-3.36 (m, 6H), 2.54 (#d),12.17 (m,1H), 2.11-1.95 (m, 6H).

(S)-2-(diethylaminocarbonyl)pyrrolidine (4b)

} TFA (3mL, 39 mmol, 22 equiv) was added to a sohutiof N-boc-diethyl-
\/N\“,\.\Q prolinamide 3b (480 mg, 1.8 mmol, 1 equiv) in DCM (5 mL) kept GAC. The
O H  mixture was stirred for 3 h at RT, and then theatitels were removed to afford a
yellow oil. The crude oil was dissolved in DCM (3. m Amberlyst A21 resin was added and the
mixture was stirred overnight, then filtered and #wolvent was evaporated to afford a pale-yelldw oi
in quantitative yield. CAS 41721-01-1H-NMR (300 MHz, CDC}) ppm& 4.81 (m, 1H), 3.69-3.31

(m, 6H), 2.52 (m, 1H), 2.28-1.90 (m, 3H), 2.11-1(8% 6H).
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(S)-2-(diciclohexylaminocarbonyl)pyrrolidine (4c)

5% Pd/C (320 mg, 0.15 mmol) was added to a solutdn(S-N-Cbz-2-
(dicyclohexylaminocarbonyl)pyrrolidin8c (620 mg, 1.50 mmol) in MeOH (15
NWO mL). The resulting suspension was subjected toetlvecuum/hydrogen cycles
O/ A H and then reacted overnight under 1 bar of hydrqgessure. The catalyst was
filtered off through a celite pad and the solversisvevaporated to afford a clean oil in quanitative
yield, which was used in the next step without fication. ‘H-NMR (300 MHz, CDC})): mixture of
rotamers, ppnd 4.2 (m, 0.5H), 4.1 (m, 0.5H), 3.7-3.4 (m, 4H),-R.2 (m, 24H).

N-Cbz-L-prolinyl chloride (5)

al O Oxalyl chloride (0.265 mL, 3.03 mmol, 1.71 equivasvslowly added dropwise to a
\[or N stirred solution oN-Cbz-L-proline (446 mg, 1.77 mmol, 1 equiv) and DN&drops)
in DCM (6 mL), kept at 0°C. The mixture was allowedreach RT and stirred for 5 h,
and then the volatiles were removed at rotavapdruander high vacuum to affofd-Cbz-L-prolinyl
chloride5. CAS 61350-60-5. The product was used in the skt without purification.

2.4.7.2 Preparation of C;-symmetric dipheylphosphinamines

General procedure

Chlorodiphenylphosphine (0.7 mL, 830 mg, 3.76 mniokquiv) was added dropwise to a stirred
solution of the selected primary or secondary ar(dné0 mmol, 1.25 equiv) and #&t (0.68 mL, 4.89
mmol, 1.3 equiv) in benzene (10 mL). The mixtures\stirred overnight and then dry hexane (10 mL)
was added for favouring the precipitation of then@mium salt. The obtained suspension was filtered
under nitrogen through a short pad of celite. Tiheafe was concentrated at rotavapor to give the
crude product, which was purified by column chroogaaphy using short pads of neutral alumina as
the stationary phase. Eluent mixtures containii§@EtN had to be used in order to prevent product
degradation in the column. Similarly, for prevegtiproduct degradation on the alumina plates (and
thus unreliability of the TLC analysis), they hadbte pre-eluted with eluent mixtures containingNEt
(1-2%).

The phosphinamine ligands showed a moderate tepdenmdergo oxidation by atmospheric oxygen

when in solution. They proved fairly stable in sadid state.

(R)-and (S)-N-methyl-1,1-diphenylN-(1-phenylethyl)phosphinamine [R)-6b and (S)-6b]

N-methyl-1-phenylethanamine (7Q@, 4.70 mmol), chlorodiphenylphosphine

O)\DN,P\O (0.7 mL, 3.76 mmol) and triethylamine (0.68 mL, 2.&mol). It was purified
|
Me

© The product was prepared according to the GeneoakBure usingR) or (S)-
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by column chromatography on neutral alumina (etukakane / CkCl, / TEA 9:1:0.3) to afford a
white solid. CAS for enantiomes 52364-43-9, for enantiom®&® 76152-62-0. Yield = 84%H-NMR
(400 MHz, CBCl,) ppmd 7.46-7.26 (m, 15H), 4.67 (qdypr = 10.7 Hz,Jy» = 7.0 Hz, 1H), 2.27 (d,
Jup = 2.9 Hz, 3H), 1.63 (dJy s = 7.0Hz, 3H)*C-NMR (100 MHz, CDCl,) ppm& 144.6 (d,Jcp =

6.0 Hz), 140.4, 140.3, 133.1, 132.9, 132.5, 13P23,0, 128.7, 128.1, 127.4, 64.2 Jd» = 38.7 Hz),
32.3 (d,Jcp= 9.7 Hz), 19.6 (dJcp = 9.8 Hz).*'P-NMR (162 MHz, CRCl,) ppms 61.0.[a]*% = for

the S enantiomer: +88.0 (Ci€l,, ¢ = 1). FT-IR (film): v = 3067.2, 2969.8, 2872.5, 1952.6, 1585.2,
1432.8, 1200.4, 1155.2, 919.8 tnMS (ESI +): calcd. for GH,,NP: 319.17, found: 320.38 [M+H]
MP = 42-43 °C.

(R)-N-benzyl-1,1-diphenylN-(1-phenylethyl)phosphinamine [R)-6¢]

Me benzyl-1-phenylethanamine (980 4.70 mmol), chlorodiphenylphosphine (0.7

©}\|\H,P\© mL, 3.76 mmol) and triethylamine (0.68 mL, 4.89 minét was purified by
Bn column chromatography on neutral alumina (elueekane / CHCIl, / TEA

9:1:0.3) to afford a colourless oil which crystadid on standing givinig a white solid. Yield = 52%.
CAS 1176789-49-3H-NMR (400 MHz, CQCl,) ppms 7.58 (m, 2 H), 7.42-7.22 (m, 14 H), 7.12 (m,
2 H),6.97 (dd)=2.1HzJ=7.7Hz, 2 H,), 420 (dlg = 15.1 Hz, 1 H), 4.15 (d@y 4 = 7.1 HZ,Jy4p
= 18.0 Hz, 1H), 4.06 (dlg = 15.1 Hz, 1 H), 1.71 (d} = 7.1 Hz, 3 H)**C-NMR (100 MHz, CQCl,)
ppmd 141.3, 141.1, 140.3, 133.8, 133.5, 132.7, 1328,3] 129.0, 128.9, 128.8, 128.7, 128.5, 128.5,
128.3, 128.3, 127.7, 127.5, 58.0 §d, = 25.4 Hz), 54.1 (dJcp = 9.2 Hz), 21.7 (dJcp = 18.4 Hz).
¥P.NMR (162 MHz, CDCI3) ppnd 44.8 .[a]*% = +88.6 (CHCI,, ¢ = 1).FT-IR (film): v = 3051.8,
2974.7, 2925.5, 1240.0, 973.9, 879.4'ctRMS (ESI +): calcd. for GH,eNP 395.18756, found:
396.18804 [M+H]. MP = 62-63°C.

@ The product was prepared according to the GenewmdeBure usingR)-N-

(R)-1,1-diphenylN-(1-phenylethyl)phosphinamine [R)-6d]

The product was prepared according to the GenewxadeBure usingR)-1-
Q phenylethanamine (600L, 4.70 mmol), chlorodiphenylphosphine (0.7 mL,
©/'\r}|’P\© 3.76 mmol) and triethylamine (0.68 mL, 4.89 mmudlwas purified by column
H chromatography on neutral alumina (eluent: hexa@e,Cl, / TEA 9:1:0.3) to
afford a clean oil. Yield = 87%. CAS 66067-96'-NMR (400 MHz, CDCl,) ppm3 7.85-7.19 (m,
15H), 4.40 (m, 1H), 2.45 (br s, 1H), 1.56 {d;; = 6.9 Hz, 3H)*C-NMR (100 MHz, CDCl,) ppm?
147.6 (d,Jcp = 4.6 Hz), 143.4 (dJcp = 14.4 Hz), 143.2 (dJcp = 12.0 Hz), 131.83, 131.78, 131.64,

131.60, 129.09, 129.02, 128.96, 128.90, 128.84,41227.0, 57.3 (dlcp = 23.5 Hz), 26.5 (d)cp =
7.3 Hz) *'P-NMR (162 MHz, CRCl,) ppms 36.0.[a]*s = +6.5 (CHCl,, ¢ = 0.8).FT-IR (film): v =
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3362.3, 3289.0, 3065.3, 2966.9, 2866.7, 1952.65.2581433.8, 1369.2, 1203.6, 1026.9, 943.9,
828.3.740.5 ci MS (ESI +): calcd. for GH,NP: 305.14, found: 306.18 [M+H]

(S)-N-(1-cyclohexylethyl)-1,1-diphenylphosphinamine [)-6e]

The product was prepared according to the GenewteBure using§)-1-
@ cyclohexylethanamine (720, 4.70 mmol), chlorodiphenylphosphine (0.7 mL,
Me B 3.76 mmol) and triethylamine (0.68 mL, 4.89 mmdtl)vas purified by column
Oﬁm \© chromatography on neutral alumina (eluent: hexa@eL,Cl, / TEA 9:1:0.3) to
afford a clean oil. Yield = 75%. CAS 1176789-50%6l-NMR (400 MHz,
CD,Cl,) ppm& 7.45-7.31 (m, 10H), 3.05 (m, 1H), 1.92-0.97 (mHL5°C-NMR (100 MHz, CDCl,)
ppmd 144.8 (dJcp = 12.8 Hz), 144.2 (dlcp = 11.1 HZz), 131.6, 131.5, 131.4, 131.3, 128.88.8P,
128.79, 128.75, 59.0 (dcp = 24.9 Hz), 46.3 (d)cp = 6.3 Hz), 30.1, 29.4, 27.4, 27.2, 27.1, 21.3 (d,
Jop = 5.9 Hz).*P-NMR (162 MHz, CDRCl,) ppm$ 37.5.[a]*> = +18.0 (CHCI,, ¢ = 1). FT-IR
(film): v = 3369.0, 3290.9, 3067.3, 2923.6, 2850.7, 1586432.9, 1153.2, 1094.9, 960.0, 739.6,
699.1 cnl. MS (ESI +): calcd. for @H,gNP: 311.19, found: 312.41 [M+H]

(S)-N-methyl-N-(1-(naphthalen-1-yl)ethyl)-1,1-diphenylphosphinamie [(S)-6€]

The product was prepared according to the GeneoakBure usingS)-N-methyl-
l\fle© 1-(naphthalen-1-yl)ethanamine (84, 4.70 mmol), chlorodiphenylphosphine
’\'.“A:\© (0.7 mL, 3.76 mmol) and triethylamine (0.68 mL, St®mol). It was purified by

O column chromatography on neutral alumina (eluemstxane / CHCIl, / TEA
9:1:0.3) to afford a white solid. Yield = 81%J-NMR (400 MHz, CQCl,) ppms 8.42 (m, 1H), 7.94
(m, 1H), 7.86 (dJ = 7.9 Hz, 1H), 7.57-7.50 (m, 6H), 7.44-7.42 (m, 3HR7-7.21 (m, 5H), 5.51 (dq,
Jin = 6.9 Hz,Jyp = 9.8 Hz, 1H), 2.27 (dlup = 2.9 Hz, 3H), 1.73%, 4 = 6.9 Hz, 1H)"*C-NMR (100
MHz, CD,Cl,) ppmé 140.3 (d,Jcp = 8.0 Hz), 140.2, 139.4 (dcp = 9.6 Hz), 140.4, 140.3, 140.1,
139.5, 139.4, 134.9, 133.9, 133.8, 132.7, 132.2,00330.2, 129.4, 129.2, 128.8, 128.7, 128.6,5.28.
128.4, 126.5, 126.2, 125.7, 125.5, 125.4, 124.9 &8 Jcp = 40.0 Hz), 31.4 (d)cp= 10.4 Hz), 18.8
(d, Jep = 6.0 H2) ¥*P-NMR (162 MHz, CDCl,) ppmd 61.9.[a]*’s = +321.1 (CHCI,, ¢ = 1). FT-IR
(film): v = 3047.9, 2970.8, 2932.2, 2865.7, 1589.0, 143(808.5, 1151.3, 979.7, 908.3, 837.9%cm
HRMS (ESI +): calcd. for GH3;0sP: 392.15386, found: 369.15341 [M+NaylP = 114-115°C.

1-(diphenylphosphino)pyrrolidine (69)

The product was prepared according to the GeneoagleBure using pyrrolidine (1.5
mL, 18 mmol), chlorodiphenylphosphine (0.7 mL, 3/ménol). It was purified by
C/\I/P\© column chromatography on neutral alumina (elueaxane / CHCI, / TEA 9:1:0.3)
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to afford a white solid. Yield = 85%. CAS 22859-85H-NMR (400 MHz, CDBCl,) ppmd 7.48-7.36
(m, 10H), 3.10 (dtJ= 3.8 Hz,J= 6.5 Hz, 4H), 1.82 (m, 4H}*C-NMR (100 MHz, CQCl,) ppm?

140.1 (dJcp = 13.2 Hz), 132.8, 132.6, 128.9, 128.8, 128.73%0,Jcp = 12.9 Hz), 27.1 (d)cp = 5.2

Hz). *P-NMR (162 MHz, CQCl,) ppm s 48.2.MS (ESI +): calcd. for GH:eNP: 255.11, found:
278.15 [M+Nal].

(R)-1-(diphenylphosphino)-2-methylpyrrolidine [(R)-6h]

The product was prepared according to the GenerateBure using R)-2-
@ methylpyrrolidine (0.490 mL, 4.70 mmol), chlorodgaiylphosphine (0.7 mL, 3.76
Py mmol) and triethylamine (0.68 mL, 4.89 mmol). It svgurified by column
©/ )3 chromatography on neutral alumina (eluent: hexa@id,Cl, / TEA 9:1:0.3) to afford
Me a clean oil. Yield = 77%'H-NMR (400 MHz, CQCl,) ppm$ 7.51-7.35 (m, 10H),
3.67 (m, 1H), 3.03 (m, 1H), 2.76 (m, 1H,), 2.04,(d¢ 7.2 Hz,J =12.0 Hz, 1H), 1.87 (m, 1H), 1.70
(m, 1H), 1.56 (m, 1H), 1.33 (d,= 6.0 Hz, 3H)"*C-NMR (100 MHz, CQCl,) ppmd 140.8 (dJcp=
8.5 Hz), 139.9 (dJcp=17.1 Hz), 133.3, 133.1, 132.3, 132.1, 129.0,12828.7, 128.5, 59.1 (de¢ p
= 30.5 Hz) , 47.4 (dJcp = 9.3 Hz) , 35.1 (cp = 6.1 HZ), 25.8, 23.3 (dlcp = 8.0 Hz) ¥P-NMR
(162 MHz, CDCl,) ppmd 42.6.[a]*s = -29.0 (CHCl,, ¢ = 1). FT-IR (film): v = 3066.3, 2959.2,
2864.7, 1585.2, 1478.2, 1432.9, 1370.8, 1063.5,47488.1 cril. MS (ESI +): calcd. for GH,NP:
269.12, found: 292.33 [M+N3g]

(S)-1-(diphenylphosphino)-2-(trifluoromethyl)pyrrolid ine [(R)-6i]
The product was prepared according to the GenerateBure using R)-2-
methylpyrrolidine (650 mg, 4.70 mmol), chlorodiplhosphine (0.7 mL, 3.76
P mmol) and triethylamine (0.68 mL, 4.89 mmol). It svgurified by column
C/j \© chromatography on neutral alumina (eluent: hexa@H/Cl, / TEA 9:1:0.3) to
CFs afford a white solid. Yield = 86%6H-NMR (400 MHz, CDCl,) ppm$ 7.50-7.37
(m, 10H), 4.16 (m, 1H), 3.11 (m, 1H), 2.79 (m, 1R1)14-1.79 (m, 3H), 1.65 (m, 1HJC-NMR (100
MHz, CD.Cl;) ppm$ 139.4 (dJcp = 7.3 Hz), 138.5 (d)cp = 16.2 Hz), 133.7, 133.5, 131.8, 131.6,
129.8, 128.9, 128.8, 128.7, 65.8 (dgp = 34.6 Hz Jcr = 28.8 Hz) , 47.9 (dJcp = 9.7 Hz), 27.6 (d,
Jep = 3.6 Hz), 26.0*'P-NMR (162 MHz, CDBCl,) ppmd 57.4 (1P, qJpr = 16.5 Hz)[a]*, =:+16.7
(CHCI,, ¢ = 1). FT-IR (film): v = 3069.2, 2982.4, 2916.8, 1959.3, 1887.0, 158&480.0,
1433.3,1285.3, 745.4 ¢cmMS (ESI +): calcd. for GH./F;NP: 323.11, found: 324.75 [M+H]MP =
79-81°C.
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(S)-1-(diphenylphosphino)-2-(pyrrolidine-1-carbonyl)pyrrolidine [( S)-6j]

The product was prepared according to the GenewadeBure using §)-2-
G\l \D (pyrrolidinecarbonyl)pyrrolidine  4a (395 mg, 2.35 mmol),
\c”) E chlorodiphenylphosphine (0.35 mL, 1.88 mmol) andtlylamine (0.34 mL,
©/ \© 2.44 mmol). It was purified by column chromatograpin neutral alumina
(eluent: hexane / Ci&Il, / TEA 9:1:0.3) to afford a white solid. Yield = &6
'H-NMR (400 MHz, CDCl,) ppm§ 7.58-7.54 (m, 2H), 7.44-7.32 (m, 8H), 4.36 (m, 1BB5 (m,
1H), 3.48-3.39 (m, 3H), 3.17 (m, 1H), 2.90 (m, 1RO (m, 1H), 2.00-1.71 (m, 7HYC-NMR (100
MHz, CD,Cl,) ppmd 172.7, 139.2 (dJcp = 7.6 Hz), 138.1 (dJcp = 9.2 Hz), 132.4, 132.3, 132.1,
131.9, 128.4, 128.1, 128.0, 127.9, 127.8, 127.8 @R),Jcp = 38.3 Hz), 47.6 (dJcp= 4.7 Hz), 46.2,
46.0, 31.0 (dJcp = 6.3 Hz), 26.3, 25.9, 24.'P-NMR (162 MHz, CRCl,) ppms 48.7.MS (ESI +):
calcd. for G;H,sN,OP: 352.16, found: 375.43 [M+Na]

(S)-1-(diphenylphosphino)-2-(N,N-diethylaminocarbonyl)pyrrolidine [( S)-6k]

\D <—> The product was prepared according to the GenamdeHure using §)-2-
N .
\ﬂ" |\|1 (diethylaminocarbonyl)pyrrolidine  4b (400 mg, 2.35 mmol),

AP chlorodiphenylphosphine (0.35 mL, 1.88 mmol) anidthiylamine (0.34 mL,

©/ \© 2.44 mmol). It was purified by column chromatograptn neutral alumina
(eluent: hexane / Ci€l, / TEA 9:1:0.3) to afford a white solid. Yield = 8 'H-NMR (400 MHz,
CD.Cly) ppmé 7.57-7.53 (m, 2H), 7.44-7.32 (m, 8H), 4.46 (m, 18168-3.30 (m, 4H), 3.18 (m, 1H),
2.92 (m, 1H), 2.10-1.86 (m, 3H), 1.72 (m, 1H), 250 (m, 6H)**C-NMR (100 MHz, CDBCl,) ppm
0 173.1, 139.2 (dJcp = 7.0 Hz), 138.7 (d)cp = 14.1 Hz), 132.4, 132.2, 132.0, 128.2, 128.0,.8,27
127.7, 63.9 (dJcp= 32.2 Hz) , 48.1 (dJcp= 3.6 Hz), 30.1 (dJcp= 11.6 Hz), 26.7, 26.1, 25.7, 25.6,
25.3.%'P-NMR (162 MHz, CDCl,) ppm$ 48.7.MS (ESI +): calcd. for GH,/N,OP: 377.18, found:
377.03 [M+Na].

(S)-N,N-dicyclohexyl-1-(diphenylphosphino)pyrrolidine-2-caboxamide [(S)-6l]

Q The product was prepared according to the GeneaaleBure using9)-2-
(dicyclohexylaminocarbonyl)pyrrolidine 4c (165 mg, 0.59 mmol),
NG
Oy
1) |

©/P\© 0.62 mmol). It was purified by column chromatogramm neutral alumina
(eluent: hexane / Ci&l, / TEA 9:1:0.3) to afford a white solid. Yield = %2

[a]?°p =: -35.5 (CHCl,, ¢ = 1)."H-NMR (400 MHz, CDCl,) ppmé 7.58-7.55 (m, 2H), 7.44-7.34 (m,
8H), 4.42 (m, 1H), 3.17 (m, 1H), 2.98 (m, 1H), 208, 1H), 2.08-1.10 (m, 25HJ’C-NMR (100
MHz, CD,Cl,) ppm& 173.2, 140.0 (djcp = 14.0 Hz), 139.4 (dlcp = 10.9 Hz), 132.5, 132.2, 132.0,

chlorodiphenylphosphine (90L, 0.48 mmol) and triethylamine (0.90 mL,
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128.4, 128.0, 127.9, 127.8, 61.9 Jgs = 31.9 Hz) , 47.7, 41.7, 40.5, 31.8, 25.9, 1478 FP-NMR
(162 MHz, CQCl,) ppms 50.0. FT-IR (film):v = 3050.8, 2929.3, 2853.7, 1646.9, 1433.8, 1363.4,
1156.1, 893.8 cth MS (ESI +): calcd. for @HsgN,OP: 462.27, found: 485.40 [M+NaMP = 120-
121°C.

2.4.8 Complexation experiments

General procedure

Note! Most of the phosphite ligands use to degrade DCl3 even after solvent filtration trough
alumina.

The complexation experiments were run in NMR tulpeder nitrogen atmosphere and monitored by
'H and®*P NMR spectroscopy. The typical scale of the expenits was 0.0134 mmol of metal source
in 0.75 mL of deuterated solvent (0.018 M conceiumg and up to 0.0268 mmol of ligand or ligands
(0.0134 mmol each). In all of the experiments,CRwas used as the solvent.

Experiments with one ligand: CD.Cl, was added to a 1:1 mixture of the selected metaice and the
ligand, then'H and®*'P-NMR spectra were recorded. The mono-ligated spesias usually dominant
at this stage; more ligand was added (always mamiidhe experiment by NMR) until the doublet
signal of the homocomplex appeared.

Ligand combinations: CD,Cl, was added to a 1:1:1 mixture of ligand A, liganda&l the selected
metal source thetH and®*P NMR spectra were recorded. It is important toadnthat the formation
of the heterocomplexes proved kinetically quiteasland an equilibration time of the order of 1-2 h

was necessary for observing the hetero/homocompleios reported into Table 5.2.
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(R)-2b/(R)-6b: Heterocomplexdb Homocomplex =99:1
TOT TOT T TOF 77

T T T T T T T T T T T T T T
1585 158.0 1575 1570 1565 156.0 1555 106.0 1055 1050 1045 1040 103.5 103.0 102.5

(R)-2b/(9)-6b: Heterocompledb Homocomplex =96 : 4

© Q0 — ~N ~ ~N ~ n o
] O O ) < < < < 5] 5]
n 1 n n n S S o o
~— ~ ~— ~— i i i i i
(I I I I I
S L& b & &b h b
— P S o)) o o)) <) =) <)
S - ] S — S S o S
T T T T T T T T T T T T T T T T T
160.0 159.0 158.0 157.0 156.0 155.0 154.0 153.0 105.0 104.0 103.0 102.0

(R)-2b/(R)-6¢:. HeterocomplexX@b Homocomplex®c Monocomplex=81:14:5
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© o an N o @ 4 9 = 9
[ee] ~N N O N N e} ~ ™~ O O <
n n n wn wn wn o o o o o o
2 i @ b o 2 9 2 2 2 =]
\ \ (. \ \ \ \ \ \
Y TR L L LT T Th T e
O (o)) N o o o o o o ~— -~
b= s o o - Z 3 Z 2 3 S
T T T T T T T T T T T T T T T T T T
159.5 158.5 157.5 156.5 155.5 154.5 109.5 108.5 107.5 106.5 105.5 104.5

S)-2b/(R)-6¢. HeterocompleXdb Homocomplex /=81 : 19

o M RN AN - 9 @ X
[oe} ~ O O n < n < ™ o
n n wn n n N o o o o
— — — — — — — —

N \ \ \ \ \ \

Yy N Th - LR TSN
o < < < < - < - <
o — o — — — — — —
T T T T T T T T T T T T T T T T T
61.5 160.5 159.5 158.5 157.5 156.5 155.5 154.5 153.5 105.5 104.5 103.5 102.5
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(R)-2b/(R)-6d: HeterocomplexX@b Homocomplex2b Monocomplex #d Monocomplex = 74 :

/

nmH= 9w N N © o ~ ® NO O ¥ O
BB N G Y @ e} @d LD B NS
nwm wn n n wn < < ~ NN N NN
B e hA - | ol
L o \ \

L .

B R R P N & ‘B LSRR
Qoo o 2 o S S - N A =
- O i i i i o o o i i i i
T T T T T T T T T T T T T T T T T T T T T
159 158 157 156 155 154 153 152 151 150 149 148 147 146 145 381 80 79 78 77 76
(9-2b/(R)-6d: Heterocomplexdd Homocomplex =81 : 19
(oo} [e0] N O O n ()] [ee] (e} ~
wmn wn wn wmn mn wn ~N ~N ~ ~N
noom g N ‘ ) ‘
| | | | | |
i v e e
S 4 S a S Al S S =] 4
o i i o i i o o i i
T T T T T T T T T T T T T T T T
159.5 158.5 157.5 156.5 155.5 154.5 80.5 80.0 79.5 79.0 78,5 78.0 77.5 77.0
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(R)-2b/(9)-6e Heterocomplex2b Homocomplex2b Monocomplex e Monocomplex = 70 :
21:4:5

no e N N © o o~ 0 Lot @y

@ 0 NN o v un <o) o [e<] ~N O O oW

nwn wn n n un < < ~ NN N NN

— — — — I | | |

o o \ \

LT 's L ¥ T o OBNE R

Mo O N o O — — — - - Qo o

— O - — — O o o O —=H — = -
T T T T T T T T T T T T T T T T T T T T
159 158 157 156 155 154 153 152 151 150 149 148 147 146 79 78 77 76 75 74

(9-2b/(9-6e HeterocompleX@b Homocomplex =84 : 16

o ™M [ce) ~ o [ce) [ce) o~ ~N ~

B o N [T- B L %] %) " "

n un n n n n ~ ~ ~ ~

— — — — —

[ \ \

HETE FErE LTS s TS

~No<Q N ~NoQ R < < o <

o o o — o — — o —
T T T T T T T T
159.0 158.0 157.0 156.0 780 775 77.0 765 76.0 755 750 745 74.0
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(9-2al(R)-6b: HeterocomplexX@a Homocomplex@b Monocomplex =83 :7 : 10

—151.4
—149.6
—148.3
—147.8

—146.3
—145.8
103.6
103.1
—102.5
—102.0
100.7

UL

) FEY EREIEY

0.25]

B

0.351

)
«
i
T

T
151.5 150.5 1

T T T T T T T T T T T T T T T T T

T T
9.5 148.5 147.5 146.5 145.5 1445  104.5 103.5 102.5 101.5 100.5

S

(9-1024(9-112b Heterocomplex12bHomocomplex > 99 : 1

—148.7
—148.2
—146.7
—146.2
—104.2
103.6
103.0
102.5

-

L TL LTS e B I P N
s 3 S 9 = =S = S
i i i i o i i i Rl
T T T T T T T T T T T T T T
150.0 149.0 148.0 147.0 146.0 145.0 105.5 104.5 103.5 102.5 101.5
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(R)-2d(R)-6b: HeterocomplexX@c Homocomplex@b Homocomplex =94 :5:1

o n— ® < =)} n ~N ~ n o
(=] o ~ O wn n < < ™ ™
O wn wn wn wn wn o o o o o
~— ~— ~— ~i ~— i i i i i
S \ \ \
N & & b & T LN & [
N - 9 & S S S o S 9
o ~ o o -~ o i ~ i o
T T T T T T T T T T T T T T
161.0 160.0 159.0 158.0 157.0 156.0 155.0 105.5 104.5 103.5 102.5

(R)-2d(9)-6b: HeterocompleX@c Homocomplex =81 : 19

160.0
158.2
156.7
156.2
—154.8
—154.3
105.0
—104.5
103.8
103.3

L

TN L E & TS L Th TR TN T
R o < < e < o N o R
o o ~— ~— ~— ~i o o o o
T T T T T T T T T T T T T T

160.0 159.0 158.0 157.0 156.0 155.0 154.0 105.5 104.5 103.5
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(R)-2d/(R)-6b: HeterocomplexX@d Homocomplex =96 : 4

n n < [s0] o — ™~ ™~ O O
n n wn n wn wn o o o o
— — — — — — — — — —
\ \ \ \ \ \ \ \ \ \
b P S En -
~N [oe) — — o o o (=)}
T T T T T T T T T T T T T T T
157.0 156.0 155.0 154.0 153.0 152.0 151.0 108.5 107.5 106.5 105.5

(R)-2d/(9-6b: HeterocomplexX@d Homocomplex > 9 :1 (an exact assessment was issthbe
in this case)

~ o N N o N © — < o

[aa] o o — - O O O n by

n n wn n n un o o o o

— — - - — — — —

I (I [ I I I I
b & & & th &
~N x < < < x
— — — — — o
T

T T T T T T T T T T T T T T T
153.,5 153.0 1525 152.0 151.5 151.0 150.5 150.0 149.5 107.5 107.0 106.5 106.0 1055 105.0 1045
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2.4.9Computational calculations

Methods
The structures of the ligands were pre-optimisedguthe semi-empirical PM6 Hamiltonidhwithin

the Mopac2009 programmié Rhodium was considered as a +1 cation in squareaplgeometry,
bearing the anionic acac ligand, (§H#OCHCOCH), and bound in a bidentate fashion through the
oxygen atoms. The whole complex is a closed-staltral molecule. After pre-optimisation using
PM67" calculations were performed at the B3LYP/SDD lewél theory® in the Gaussian03
programme suit&. The employed basis set consists of SDD effective potentiaf for rhodium and
Dunning-Hay valence doublebasis D95V set for the remaining atoms. All degrekfreedom were
free to optimise with default convergence critefiae nature of the obtained stationary points was
confirmed by frequency calculation within the safegel of theory. Free energies of isodesmic
reactions were calculated in order to minimise é#meor resulting from inadequate treatment of

electron correlation.

Results

In the Scheme 2.5 (see section 2.2.1.2), the hgpioth reaction could be described as ligand
exchange between two homocomplexes, [Rh(P[@f#atac)] and [Rh(PRJy(acac)], forming the
heterocomplex [Rh(PR{P[OPh})(acac)]. Calculated energies in kcal/mol, at terapee T = 298

K, are shown in Table 2.13. From the results it lbarconcluded that the heterocomplex formation is
favoured. The calculated quantities are as follgwk = electronic energy, G = Gibbs free energy, H

= enthalpy, TS = temperature (298 K) times entropy.

Table 2.12Calculated energies for phosphite-phosphine hetenptex at T = 298 K temperature

E G H TS
phosphite  -1869661.801869289.38 -1869196.66 92.67
phosphine  -1586441.701586074.30 -1585994.36 79.90
heterocomplex-1728055.28 -1727684.39 -1727599.01 85.34

reaction -7.06 -5.11 -7.00 -1.89

In the Scheme 2.6 (see section 2.2.1.2), the hggio#t reaction could be described as ligand exghdretween
two homocomplexes, [Rh(P[ORacac)] and [Rh(PBNMe;),(acac)], forming the heterocomplex
[Rh(PPBNMe,)(P[OPh})(acac)]). Calculated energies in kcal/mol, at terafure T = 298 K, are shown in

Table 2.14. Again, the heterocomplex formationgsidicantly favoured.

Table 2.13Calculated energies for phosphite-phosphinaminerbedbmplex at T = 298 K temperature

E G H TS
phosphite  -1869661.801869289.38 -1869196.66 92.67
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phosphinamine-1464618.28 -1464258.05 -1464181.99 76.02
heterocomplex-1667143.61 -1666779.35 -1666692.96 86.35

reaction -7.15 -11.29 -7.27 4.02

Optimized geometries as XYZ coordinates for altricgures (two phosphite complexes are identical),
distances in Angstroms:

Rh(P[OPh]s).(acac)]
89

scf: -2979. 497982

O

Rh -0. 275792 -1. 234429 0. 098781
H -3.287161 -5.167736 -1. 419462
C - 3. 251852 -4.076613 -1. 352398
C -1. 930415 - 3. 586031 -0.797230
H -4.072873 -3.720629 -0.719070
H -3.413584 - 3. 652023 -2.351877
o -1. 863385 -2.287251 -0.617288
C -0. 887744 -4.497791 -0.523886
C 0. 391057 -4.162024 -0. 019281
H -1.081734 - 5. 545582 -0. 720786
C 1. 424062 -5.242992 0. 225777
O 0. 792563 -2.951846 0. 274500
H 1. 670685 -5.278076 1.294943
H 1. 070644 -6. 228127 -0.091784
H 2. 347785 -4.994602 - 0. 310568
O 3. 116909 -0. 921044 0. 716179
P 1.587478 -0.101742 0. 746580
o 1.908411 1. 298481 -0.179944
o 1. 833479 0. 543219 2.331051
o -2.035624 1. 293014 -1. 577465
P -1.594314 0. 609197 - 0. 031340
o - 3.206026 0. 580127 0. 591228
O -1.067080 1. 962001 0. 861707
C 1.207603 0. 030862 3.496484
C 1. 838551 - 0. 999326 4.213931
C 0. 015724 0. 624161 3. 944815
C 1. 258276 -1. 442690 5.416985
H 2. 759647 -1. 429850 3. 831958
C -0.552012 0. 172067 5. 150631
H -0. 442221 1.412728 3. 355461
C 0. 065004 - 0. 858594 5. 888262
H 1.737362 -2.237826 5.983321
H -1.473013 0. 624266 5.510483
H - 0. 378402 -1.202313 6. 819603
C 3.022616 2.172082 -0.193603
C 3. 208502 2. 874808 -1. 397950
C 3. 867316 2.372247 0. 913247
C 4. 265855 3. 796429 -1.496789
H 2. 531535 2.689405 -2.226694
C 4.924461 3. 294341 0. 793413
H 3. 695258 1. 829566 1. 835245
C 5.129490 4.008491 - 0. 403058
H 4.415447 4.342223 -2.425359
H 5. 584982 3. 454355 1. 642292

136



H 5. 948608 4
C 3.647872 -1
C 4.628547 -2
C 3.274396 -1
C 5.242223 -3
H 4.894447 -2
C 3.892070 -2
H 2.525464 -0
C 4.874727 -3
H 6. 005940 -4
H 3. 606086 -2
H 5. 351338 -3
C -1. 499334 3
C -2. 831570 3
C -0. 510945 4
C -3.174552 5
H -3.566169 2
C -0. 868848 5
H 0. 506626 3
C -2.199851 6
H -4,201847 5
H -0.110300 6
H -2.472665 7
C -1.228089 1
C -0.782376 2
C -0. 954239 0
C -0. 050822 2
H -1.016831 3
C -0. 215342 0
H -1. 315367 -0
C 0. 237046 1
H 0. 289361 3
H 0. 000748 -0
H 0.802571 1
C -4, 299621 -0.
C -4, 834807 -1
C -4, 890990 -0
C -5.988916 -1
H -4, 350646 -1
C -6.039709 -0
H -4, 455642 0
C -6.593230 -1
H -6.414972 -2
H - 6. 505888 -0
H -7.486856 -2
[Rh(PPhg),(acac)]
83
scf: -2528. 15767805
C -1.211722 -2.
C -1. 605488 -2.
C -1.826766 - 2.
C -1.681759 -4,
C -1. 307495 -4,
C -1.068470 -4,
P -1.777973 - 0.

. 718663
. 659489
. 608905
. 444503
. 357584
. 741268
. 207015
. 701187
. 163595
. 087731
. 044612
. 7142977
. 311595
. 674466
. 271253
. 039671
. 905372
. 632133
. 944989
. 019957
. 334357
. 383514
. 072300
. 252506
. 476148
. 031535
. 476041
. 397755
. 045639
. 898154
. 262608
. 419293
. 893061
. 266495

210189

. 119936
. 012667
. 847799
. 239561
. 754625
. 703581
. 670449
. 546631
. 608301
. 232100

967171
121621
684850
069808
909573
351240
262661

- 0.
- 0.
- 0.
-1.
-1.

1.
-2.
-1.
-2.
- 0.
- 3.
- 3.

1 1
WNOOPFRPOOORFrPFrORFrOo

- 3.
-4.
- 2.
-4.
-2.
-5.
-4.
-5.
- 6.

0.

1.
-1.

0.

2.
-1.
-1.
- 0.

1.
-2.
- 0.

0.
- 0.
-1.
-1.
- 0.

0.

0.

482739
359887
022592
699905
041836
021635
708865
956401
389551
783977
745444
176136

. 782029
. 047356
. 505282
. 024499
. 258459
. 495170
. 314689
. 750963
. 225146
. 289737
. 741104
. 738801
. 266985

381560
469089
742373
579361
952797
127023
889980
084182
055494
169056
096889
091897
754217
061643
424806
780754
507455
470279
396405
768437

825890
234652
508237
712532
647310
623283
047480

o-donor and s-acceptor interactions
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IIIIIIIIIIIIIIIIIOOOOOO(7(7(7(7(7(7(7(7(7(7(7(7(7'00(7(7(7(7(7(7(7(7(7(7(7(7(7(7(7(70g
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OCOPRLPFRPUITWOFRPRWKFFPNPAPOOUOPFRPWNREFPEPNWWNNNRPRPRPRPRPPRPAAPODOOOORRWRFRPWORAPPWONMNNMNOPMMPOOPAPWONPEFPORLELO

. 039795
. 448004
. 230785
. 042321
. 285882
. 578800
. 015954
. 373969
. 245190
. 765198
. 410652
. 542384
. 807361
. 656101
. 413355
. 329107
. 482353
. 127727
. 443163
. 814032
. 531859
. 303043
. 575867
. 087727
. 315667
. 045213
. 751178
. 391792
. 363551
. 678627
. 010468
. 048504
. 135886
. 283018
. 511915
. 603009
. 471478
. 241481
. 484609
. 032633
. 502398
. 439201
. 291811
. 764788
. 121165
. 031113
. 952992
. 843968
. 858474
. 772980
. 285472
. 183688
. 202091
. 911852
. 776624
. 385544

1
PRPPRPOOOONRFPRPFRPROOOOORPROOOOR~,WAEAEADNEPE

. 254192
. 743843
. 030910
. 651988
. 982940
. 779524
. 211357
. 165150
. 193938
. 930685
. 312708
. 958744
. 214161
. 894351
. 986349
. 028344
. 138222
. 229196
. 684787
. 281003
. 482140
. 298166
. 894227
. 679518
. 870518
. 281363
. 526343
. 014919
. 853223
. 220732
. 739564
. 896478
. 272027
. 080851
. 760600
. 627947
. 803425
. 128245
. 885868
. 890801
. 275179
. 207901
. 098470
. 725133
. 052923
. 557640
. 678081
. 102935
. 485912
. 986613
. 846300
. 930041
. 980729
. 041935
. 676559
. 466461

NAEARROWERAERLPNEPNEFEPENONBENPAPONWENRFPFPERPEPNWOWWONPFPOOORPRPOOORPRWPRAWNENWWNRPPOOOOOO

. 055591
. 018458
. 036338
. 044223
. 010443
. 000319
. 301484
. 259318
. 305119
. 405871
. 449468
. 399708
. 635868
. 496616
. 679607
. 017923
. 164422
. 979872
. 071720
. 001417
. 228918
. 392287
. 506630
. 458357
. 705946
. 816414
. 412343
. 680359
. 808427
. 679146
. 414268
. 286277
. 576015
. 735251
. 945419
. 014933
. 869420
. 655176
. 102870
. 289812
. 413180
. 213496
. 258269
. 415271
. 340843
. 815049
. 233361
. 344329
. 701561
. 455006
. 333251
. 417911
. 804472
. 933744
. 696455
. 547615
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. 784397
. 399051
. 013080
. 127124
. 290182
. 931235
. 451398
. 091565
. 234301
. 161421
. 700061
. 654769
. 071514
. 063853
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. 397788
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. 252862

ar~rbdpbhoaobrroaNDWDNO

[Rh(PPhg)(P[OPh]s)(acac)]
86

(7))
(@)
—h

OITITIOIOIOOO0O0O00TOTIITIOOIOOOIIOOTS

- 2753. 833454

- 0.

NWNPEPWONWWENEPRERPNPEPNNONWPNORPRORLRDNNODNNDN

317372

. 021742
. 219137
. 946022
. 901382
. 731253
. 125813
. 309610
. 562009
. 313468
. 833967
. 748651
. 301670
. 642806
. 550156
. 063043
. 635436
. 377292
. 503963
. 001779
. 857675
. 916450
. 546507
. 678893
. 131257
. 313515
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. 382988
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. 691622
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. 840891
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. 334376
. 467320
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. 142564
. 790916
. 907498
. 901889
. 053832
. 073926
. 999896
. 219638
. 020979
. 233562
. 078764
. 112106
. 135436
. 507189
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. 952717
. 057094
. 933413
. 774813
. 316982
. 209342
. 710824
. 778437
. 299565
. 410065
. 522140
. 549542
. 544693
. 094201
. 910390
. 062939
. 850939
. 752735
. 008473
. 107668

. 027370
. 839647
. 748928
. 540279
. 091737
. 655505
. 388584
. 527108
. 345120
. 673766
. 362708
. 146685
. 630542
. 639338
. 065850
. 241731
. 915708
. 279724
. 564440
. 776769
. 935558
. 862216
. 183352
. 025556
. 423616
. 363509
. 512477
. 281673
. 736800
. 210529
. 417445
. 312134
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. 797264
. 982980
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. 876135
. 727488
. 231500
. 980461
. 521400
. 154698
. 369774
. 086823
. 532638
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. 423636
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. 854638
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. 273382
. 262483
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. 147984
. 869752
. 645840
. 639253
. 654308
. 548242
. 415055
. 670285
. 405865
. 909042
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. 643997
. 440313
. 894307
. 880597
. 855337
. 078382
. 746928
. 391861
. 354408
. 634933
. 923225
. 597520
. 875086
. 243443
. 123983
. 056103
. 205508
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. 691452
. 622323
. 744301
. 540083
. 551154
. 525962
. 626142
. 653860
. 418617
. 669417
. 253598
. 231544
. 321056
. 296018
. 147479
. 393136
. 551085
. 381593
. 052607
. 452168
. 203198
. 860589
. 127859
. 703192
. 223500
. 275301
. 796664
. 733650
. 060498
. 198208
. 660116
. 907637
. 990347
. 545770
. 926832
. 034044
. 578892
. 417571
. 497270
. 974062
. 455955
. 364347
. 351413
. 347251
. 270434
. 000397
. 819804
. 564355
. 556082
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. 464866
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. 274876
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. 982094
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. 384392
. 403469
. 418725
. 472953
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. 970694
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. 662543
. 632060
. 873247
. 816638
. 222289
. 064335
. 131285
. 034027
. 569199
. 459744
. 181974
. 848462
. 475080
. 102799
. 350537
. 497160
. 979550
. 385593
. 606681
. 049351
. 938268
. 281831
. 970708
. 305933
. 952537
. 603560
. 568196
. 249896
. 707969
. 579119
. 850054
. 996348
. 582438
. 261293
. 590441
. 483773
. 233517
. 525450
. 845560
. 154295
. 987582
. 902661
. 790752
. 264015
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. 013393
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. 763683
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. 570145
. 524338
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. 208114
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. 237947
. 695170
. 451616
. 279134
. 695135
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. 719891
. 473627
. 440192
. 461082
. 465934
. 465414
. 887253
. 557982
. 359845
. 292280
. 542924
. 908538
. 961838
. 769251
. 196058
. 166899
. 031504
. 694597
. 915702
. 354437
. 599835
. 276825
. 179386
. 857139
. 122747
. 765500
. 152459
. 061133
. 825942
. 066289
. 464911
. 706208
. 420725
. 675615
. 658564
. 064297
. 291325
. 935532
. 004187
. 270149
. 778465
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. 812176
. 795731
. 083139
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. 094583
. 218472
. 300240
. 913408
. 461968
. 513092
. 655840
. 862366
. 509418
. 117061
. 509934
. 162370
. 508344
. 882448
. 130777
. 442597
. 030333
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. 119659
. 683228
. 259908
. 961245
. 847482
. 709323
. 663924
. 872047
. 596631
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. 286393
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. 863745
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. 066041
. 291860
. 124165
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. 491792
. 720182
. 905058
. 329721
. 096930
. 055341
. 756421
. 407246
. 079532
. 361291
. 595999
. 031222
. 370402
. 673117
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. 668422
. 910746
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. 520028
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. 346402
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. 249814
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. 741906
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. 708465
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. 555857
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. 150224
. 758916
. 391076
. 286733
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. 173311
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. 086080
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. 045478
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. 692699
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. 034257
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. 955191
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. 241685
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Chapter 3

Chiral (salen)Co(lll)( N-benzyl+ -serine)-derived phosphites:

monodentate P-ligands for enantioselective catalytiapplications

Abstract

In this Chapter the screening of a series of salen-bearing monodentate P-ligands was studied in several
enantioselective catalytic applications, showing good activity and moderate enantioselectivity in several
palladium-catalyzed asymmetric reactions.

A small library of ligands was synthesized reacting the (8,S)-salen-cobalt(I11)-N-benzyl-L-serine complex
with four diol-derived chlorophosphites affording phosphites 7a—7d in moderate yields (37-72%).
Structural studies of these monodentate phosphite ligands and of their Rfi-complexes were performed in
solution by 'H and 3'® NMR spectroscopy.!
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Chiral (salen)Cobalt(111)N-benzyl-L-serine)-derived phosphites

3.1 GENERAL INTRODUCTION

We widely discussed, in the chapter 1, supramodeculteractions and , more specifically,
coordinative bonds have been used to induce higthezoselectivity in catalytically active complexes
Both chiral and achiral scaffolds, such as porpisyror bisoxazolines binding chiral Schiff-bases
functionalities constituted a privileged class ighhds for enantioselective transition-metal caialy
applications. Among these chiral (salen)cobalt(Bid cobalt (II) complexes were successfully
employed in several asymmetric transformations.

Recently, our group has reported a novel approadhe resolution of racemid-benzyl a-
amino acids N-Bn-AA) by liquid-liquid extraction, using the ligilic chiral (salen)cobalt(lll)
complex R,R-N,N’-bis(3,5-ditert-butylsalicylidene)-1,2-cyclo-hexanediaminocobdl}(lacetate, in
excellent yield and enantioselectivifyAs a result of the thermodynamic-controlled retotu by
extraction, one enantiomer of thebenzyl amino acid predominates in the aqueousephasile the

other enantiomer is driven into the organic phgsedmplexation to the cobalt center (Scheme 3.1).
B \cle_ R O _N\cle_ H
SN DCM/H,0 SN OH
t-Bu ol o tBu + 4 P gy o /\o tBu ¢+ N g
HN.  OH 10T / PR 5 Y%
-Bu -Bu t-BUI/I {-Bu
! aqueous phase
NH O
Ph// ) \<

1 2 (racemic) R @) 3 2-(S)

organic phase
up to 0.98 equiv extracted, 90-99% ee

Scheme 3.1Resolution of a racemic mixture di-benzyl amino acids by liquid-liquid extraction ngi
(salen)cobalt(lll) complexes.

This methodology has shown the optimal results vieerperature is controlled at 10°C and the salen-
complex is reacted in presence of an excess offacmino acids mixture in a typical ratio 1 : heT
complexed amino acid can be then released by actiedu/Cd" /Cd') counter-extraction into an
aqueous phase in presence ok®@, or ascorbic acid as reductive agents. The origthahl Cd'
complex can be regenerated and reused with edgentdoss of selectivity.

Spectroscopic and molecular modelling investigatimvealed &is-p-folded arrangement around the
octahedral cobalt ion of theR(R-salen ligand in the N-Bn-AA)Co(salen) complex, with the
remaining twocis coordination sites being occupied by théenzylamino acid® The amino acid
coordination takes place in such a way that a riwrad arrangement of the three oxygen and three
nitrogen atoms is obtained (meridionaj@y structure). Using theR(R-salen ligand, the favored
diastereomeric complex contains th®-é€nantiomer of théN-benzylamino acid, while the absolute

configuration of the additional stereogenic elersefthe octahedral cobalt and the tetrasubstituted
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nitrogen of theN-benzylamino acid) was assignedCaand ), respectively. As a consequence, Xhe
benzylamino acid is nicely accommodated in theibmgocket of the chiral cobalt complex.

The keen interest towards the design and the sgistbénewP-ligand architectures, together with the
renaissance of monodent&eligands since 2000 (see chapter 1, paragraph® hfigmpted us to take
advantage of well-defined saferobalt(1l1)-N-Bn-AA coordination geometry and to develop a salen
cobalt(l11)-N-benzyl-serine complex as a chiral platform for greparation of new families of both
monodentate and supramolecular bidentdggands (Scheme 3.2).-serine was initially chosen
because of its free hydroxylic group which can tecfionalized to afford phosphites. Working with
natural amino acids,S(3-N,N'-bis(3,5-ditert-butylsalicylidene)-1,2-cyclo-hexanediaminocobdjt(l

complex was used as starting material.

t-Bu PR, X =CH,, NR, O
t-Bu

Scheme 3.2A) Monodentate (salen)cobalt(lIN(Bn-Ser) phosphites, (B) Bidentate hybRdigands suitable
for the formation of transition metal-catalyststhg supramolecular approach.

3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis of salen-based monodentaleligands

The chiral (salen)cobalt(lll) acetate compl&xwas prepared following well estabilished-
oxidative procedures in presence of air/AcOBtarting from commercially availableS,g-salen

ligand4 and cobalt(ll)acetate (Scheme 3.3).

O !

—N N= —N

AcOH, air ,C\‘i\
t-Bu OH HO t-Bu *+ Co(OAc), t-Bu o! o t-Bu
RT, 5h !
t-Bu t-Bu 85% t-Bu , t-Bu
]
4 OAc 5

Scheme 3.Bynthesis of chiral(salen)cobalt(lll) acetate
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(S,9-salen-cobalt(lll)-acetatd was reacted with an excess (2.0 equiwsgrine in a DCM/KO
1:1 mixture at RT for 24 h. As this process is aatesolution, the control of temperature is not a
determining variable (Scheme 3.4). This reactiors aso performed on a multigram scale and
complex6 was obtained in excellent yield (96%) after chraygeaphic purification over silica gel,

thus confirming the excellent stability of thesenpdexes.

—N_ N= _N N_
4 HN’Bn
B o ™o B N _ DCMH,0 _ e
-Bu -Bu + HO. -Bu
~">COOH RT, 24h
0,
t-Bu Bu 96%
OAc
5 : 0 6
OH

Scheme 3.45ynthesis of theg,3-salen-cobalt(l1)N-benzyl+-serine comples.

The amino acid complexation procedure could bazedlby three different methods:

A) biphasic water/dichloromethane extraction;
B) biphasic water/dichloromethane treatment and ragogé the uncomplexed amino acid by
filtration;

Q) stirring a suspension of the racenieBn amino acid with dichloromethane solution of

[Co(ll)(OAC)] complex and recovery of the unconpéel amino acid by filtratiof*

All these methods could be independently used withw substantially loss of conversions and
stereoselectivities even if method A is preferiednethod C for more hydrophilic amino acid (such as
serine and threonine). This is probably due to lihdted solubility of these amino acids in
dichloromethane and the complexation becomes egtyestow.

Another important point is the nitrogen substitatid’ipically, during the resolution of a racemic
mixture of amino aciddN-unsubstituted anBl-monosubstituted amino acids with a small substitue
(e.g methyl), reacted with the chiral selector to fdira complex, hovewer, the small substituent does
not provide sufficient steric interactions for arahdiscrimination. On the contrarid,N-disubstituted
amino acids are too bulky and this prevents the#&bion of the complex. Apparently, benzyl is the
most suitabléN-substituent to be accommodated in the chiral enwitent of the metal comple®®In

our case, even if the enantiodiscrimination isanfindamental stefN-benzyl amino acids were used
as well and no attempts aimed at the udg-ohsubstituted amino acids was investigated.

'H NOESY studies were then performed on comjfies demonstrate a similar configuration of the
octahedral cobalt ion and arrangement of the dubstis with respect to the well-known “matched”
complex R,Rsalen-cobalt(ll)N-Bn-d-alanine®® The NOESY spectrum ofS(Jsalen-cobalt(l11)N-
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Bn-L-serine revealed that the two benzylic protonsaHd H; strongly interact through space with the
tert-butyl groups of the ligand. In particular, proteiR gives a cross-peak witiBu®, and proton i
with t-Bu’. A NOE contact is also clearly visible between phetons in theortho positions of theN-

Bn moiety and thé-Bu®. Additional NOE contacts are observed betweerNHeof N-Bn-(S)-serine
and the ligand backbone. On the other hand, the €drbocenter of th&l-Bn-serine is in NOE
contact with H and the proton ¥ but not with the N-H. This suggest that the N-Hnped out in the
opposite direction with respect to the C-H sterateeof serine. Therefore, being the nitrogen atom
locked in the coordination to cobalt, its absolodafiguration can be determined RsThe NOESY
spectrum also revealed that the —OH proton of setibes not give any significant NOE contact
because it probably points out with respect topthee of the complex. (Scheme 3.5 and experimental
section).

This spectroscopic study suggests that the amiitbisevell-accommodated in the “binding pocket”
of the chiral cobalt complex and the hydroxyl graagm be easily functionalized notwithstanding the

hindrance architecture of the whole complex.

tBu’

tBu®

Scheme 3.0NOE contacts in “matched” comple&,§salen-cobalt(ll)N-Bn-L-serine.

The corresponding phosphite ligarikks 7d were then synthesized by reaction of com@exith four
(tropos and atropog diol derived clorophosphités.The chlorophosphites were added at low
temperature and the reaction mixtures were thememdrto room temperature and stirred for 20 min.
After purification by flash chromatography, phosphki7a-7d were obtained in moderate yields (37-
72%, Scheme 3.6).
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=N_ N=
\ dry THF, TEA aieN
6 + P-cl t-Bu o/\O t-Bu
/ from -78T to rt !
20 min t-Bu, t-Bu
//
Bn—NH (@] 7
\ ©
O
_/
R
O
ohedeslieos)
O aC QY QU
a(s0%) b (72%) ¢ (S,) (37%) d (Ra) (45%)

Scheme 3.6ynthesis of theY,3-salen-cobalt(l1)N-benzyl+-serine derived phosphit&a-7d

Most importantly, the reaction time was optimizedpreserve the integrity of the complexes. We
found that longer reaction times were not bendficiahe yields and causing decomposition of the
product. In the synthesis @&, a decomposition produBtwas isolated and tentatively characterized
as a cobalt(lll) complex containing the chiral salmoiety, a biphenyl phosphorous acid diester

ligand, and no trace of tié¢-benzylamino acid (Scheme 3.7).

—N . N—
Co
/N
t-Bu O O t-Bu
t-Bu t-Bu

|
i
|
|
|
OQ'/
"Dj biphenil uni
o = biphenil unit
O

Scheme 3.by-product obtained from a hypothetic Arbuzov’pdyrearrangement.

The structure of this specific was supported by*tReNMR spectrum where a singlet&a87.5 ppm
was detected. Chiral phosphorous diesters, whiidt gxa tautomeric equilibrium between a (R®)
OH and a (RQP=0 form, have been recently reported by Reetz édopn as active and
enantioselective ligands in the Ir-catalised hyeragion of imines! From a mechanistic point of
view, it can be assumed that, once formed, phasfheictivates the OH group of serine towards an
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elimination reaction (Arbuzov’s type rearrangemg@nthich is promoted by the base (TEA) present in
the reaction medium. The biphenyl phosphorous dedter9 which is thus formed, exists in a
tautomeric equilibrium betweedA and9B. Although such equilibrium generally favd8,” some X-
ray crystallography evidences showed ®iadike derivatives are able to coordinate a traositnetal
center affording very stable complexXeBor this reason, it is plausible that phosphoratid diester
9B is able to coordinate the cobalt center displatirgamino acid derivative (Scheme 3Byen if

we have not X-ray crystallographic evidences, we legpothesize that the cobalt(lll) center forms a
square pyramidal phosphonate complex where thdICix(Idirectly linket to P and the salen moiety

binds in an equatorial fashion while the P is aXial

t-Bu/ t-Bu t-Bu/
Bn—NH O Bn—NH
H 7
0]
C
/O/\
—P\ H*
O 0
B (TEA) \ -P—H
[}
9A

tautomeric equilibrium

Scheme 3.8 Hypothetic mechanism pathway of decomposition &, S¢salen-cobalt(lll)N-benzyl4-
serine/threonine derived phosphites in basic conit

An indirect proof of the existence 8fwas related to the absence of the formation ofRhPond
when®P NMR complexation studies were performed in thesence of a Rh source. Indeed, the
recorded®P spectra showed the characteristic single® af$ 37.5 ppm when botB was added in
ratio 1 : 1 and in ratio 2 : 1 to the Rh source.

An analogous synthetic pathway was attempted usibgnzylt-threonine instead of serine to study
the effect of an additional stereogenic centeredlds the P-atom. The chir&,§-salen-cobalt(I1)N-
benzyli-threonine complex was prepared and isolated, difash chromatography, in good vyield
(83%). Unfortunately, all attempts to proceed farttvith the formation of the phosphite met with no

success and only the decomposition complex destcebeve was isolated (Scheme 3.9).
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_N\C N= HNan —N\C /N_
(o] (o]
SO \ DCM/H,0 0,
t-Bu o’| o tBu + HO. ———2= By o’/\o t-Bu
\‘/\COOH RT, 24 h ;
83%

t-Bu t-Bu t-Bu/ -Bu
N O
OAc Bn H g
5 —, 0 10
OH
Biphenol-PClI
TEA, dry THF,
from -78°C to rt
20 min

only complex 8 was recovered

Scheme 3.%Bynthesis of the],3-salen-cobalt(l1)N-benzyl+-threonine comples0.

3.2.2 Structural and complexation studies of salen-basethonodentate P-
ligands

NMR investigations of the ligands were then undemta The experiments were conducted in
CDCl;, which was degassed and passed over a short paelLishl alumina®P NMR spectra of the

phosphites displayed in all cases a singlet atairohemical shifts as reported in Table 3.1.

Table 3.1Chemical shifts of ligandsa-d.

Entry Ligand 6 (ppm)
1 7a 144.6
2 7b 147.1
3 7c 146.6
4 7d 141.2

The complexation of liganda, which was chosen as representative of the ligédry, with
[Rh(acac)(GH,),] was then studied (Scheme 3.10). A doublet 848.6 ppm Rrn= 312.2 Hz) and a
doublet a® 138.0 ppm ®grn= 302.2 Hz) were observed in ratio 3:1 upon addiof 1.0 equiv. ofa
with respect to the rhodium source. In this case downfield doublet (138 ppm) was attributed ® th
complex in which only one ethylene molecule hasnbeebstituted by P ligand (monocomplex
Rh(acac)(a)(ethylene)), while the upfield doublet was ass@yrte the complex containing two
ligands units coordinated to the rhodium centemoomplex: Rh(acacjf),). When the ratida/Rh

was increased to 2.1:1, the spectrum displayed @ulgublet ad 148.6 ppm plus a small singletét
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144.6 ppm (EHgrn = 312.2 Hz) corresponding to excess ligand. Istergly, two ligands can be

accommodated around the rhodium atom notwithstaritheir steric hindrance.

R*
O o y
P:O \
e o) ‘\‘ ’,/ A\
> _—
/
(o]

138.93
137.05

N ™ ~ Y ®
n © < 0 ©
o N~ [ <
a) 25 L b)) %3
- - le) - -
/\)\
O R* ‘ ‘ : ‘ ‘ ‘
o / Monocomplex:
PO *R’O,p'o C Rh(acac)(CyHg)(7a) Homocomplex:
G O 70 Rh(acac)(7a),
Rh
/\ Q
o 0o

Homocomplex: \
Rh(acac)(7a),

R* = chiral salen (cobal (lI1)-N-Bn-serine backbone

Freeligand (7a)

1 [ T T T T T 1

T T T T T
155 150 145 140 ppm 155 150 145 140 ppm

R B

~
Q
o

Scheme 3.1G"P NMR spectra of the rhodium complexes resultiramfrthe combination of ligan@a with
Rh(acac)(GHs), ina) 1 : 1 ratio and) 2.1 : 1 ratio.

3.2.3 Catalytic screening of salen-derived monodentate Rgands

The ligands were then screened for several enaldicit/e catalytic applications.
Unfortunately, in the rhodium catalyzed enantiostdle hydrogenation of functionalized olefins and
in the rhodium catalyzed asymmetric conjugate amdiof arylboronic acids to enones, reduction of
cobalt(lll) to cobalt(ll) was observed, as a ragiichnge in colour of the reactions mixtures frormegre
to brown (typical for salen-Co(ll) derivative), Wwitconsequent loss of the (salen)@&n-Ser)
phosphite ligand integrity. The brown species vgadaited and characterization by NMR spectroscopy
was tried but all attempts to record the NMR-s@etdiled probably due to the paramagnetic character
of Co(ll) metal center. On the contrary, when tldecBtalyzed allylic substitution of rac-1,3-diphény
3-acetoxyprop-1-end 1 (Scheme 3.11) with dimethyl malonate was tested, the ligandsvedo
perfectly stable and gave excellent conversior®iWith low enantiomeric excess (up to 35% e.e.
using ligandra).

[Pd(ally)Cl], 1.5 mol %

OAc L 6.1 mol% CH(COOMe),
™ CH,(COOMe), / BSA N
O O cat KOAc O O
11 dry DCM, rt 12

Scheme 3.1Pd-catalyzed enantioselective allylic substitutddmac-1,3-diphenyl-3-acetoxyprop-1-ene.
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Quite surprisingly, the use of bulkier 3,3',5,5tr@methyl-2,2’-biphenol derivativéb gave the
opposite enantiomer, while the use of axially dhBENOL derivatives7c and 7d led to racemic
products (Table 3.2) . As a proof of the positiVie@ of our ligands on this kind of transformatjon
the reaction was run only in presence of the Pdcgokeading to poor conversion after 24 h (entry 1,
Table 3.2). An attempt to improve enantioselegtiwas done reducing the reaction temperature from

RT to -10°C. Unfortunately, a drastic decreaseoinversion was obtained (entry 4, Table 3.2).

Table 3.2Screening of ligandsa-7din the Pd-catalyzed allylic alkylation of rac-ldghenyl-3-acetoxyprop-1-
ene.

Entry Ligand Reaction Time Temperature Conv. (%) ee (%)
(h) (°C)
1 none 24 25 11 -
2 7a 5 25 100 12
3 7b 5 25 100 -35
4 7b 5 -10 <5% -
5 7c 5 25 100 3
6 7d 5 25 100 8

Ligands7a-7d were then screened in the Pd-catalyzed desymmagbrzof mesecyclopenten-
2-ene-1,4-diol biscarbamaté (Scheme 3.12Y. This intramolecular allylic substitution reactioras
developed by Trost and cevorkers and has proven a very powerful method wersé synthetic
approaches to biologically relevant targéfsThe ligands used in the original examples areathir
bidentate phosphines and give the product withlerteenantioselectivity (ee up to 99 Yohile, to

our knowledge, no monodentate phosphite ligande kaer been reported for this reaction.

s s Pd,(dba); (5.0 mol%) sy sy
HOMQMOH TsNCO OYNH HN\(O 3a-3d (20 mol%) 0 NG oN
55°C, 1h O, 0 THF, TEA (1 equiv) # D ' i/ b
30 min 07 o
-CO,; - TsNH, H H
14 15 16 (SRR) 16
R,S)

Scheme 3.12Pd-catalyzed enantioselective desymmetrizatiomedoe cyclopenten-2-ene-1,4-diol biscarbamate
13

The reaction was performed using 10 mol% of pallad{5% of the dimer Bdba) and 20 mol% of
ligands 7a-7d In several cases, a stoichiometric amount othylamine (TEA), which has been

reported to increase the enantioselectivity ofrdation'* was added to the mixture. The results are

summarized in Table 3.3.
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Table 3.3Screening of ligandga-7din the Pd-catalyzed desymmetrizatiomu#se cyclopenten-2-ene-1,4-diol
biscarbamaté3.

Entry Ligand Temperature TEA Conv. (%) 16 (S,R):(R,S)
°C)

1 None 25 No - -

2 7a 25 No 96 50:50
3 7a 25 Yes 100 15:85
4 7a 0 Yes 85 18:82
5 7b 25 Yes 90 48:52
6 7b 0 Yes 90 28:72
7 7c 25 No 100 90:10
8 7/c 25 Yes 99 80:20
9 7d 25 No 100 35:65
10 7d 25 Yes 93 32:68

Reaction conversions were always good, in manyscgsantitative, with all four ligand¥&-
7d). Addition of TEA to the reaction with liganda was fundamental to achieve higher levels of
enantioselectivitf while, in the case of liganfc, TEA had a negative effect. (At the moment, we are
not able to give a plausible explanation to thikhawior.) Remarkably, the use of complég,
containing atropos biphenol moiety (entries 3, 4), afforded enantidmeatios comparable (yet
opposite) to7c, containing aratropos(Sy)-1,1’-binaphthyl moiety (entries 7, 8). All thesbservations
confirm that the chiral and well organized struetof the salen-cobalt(lliN-benzyl+ -serine complex

is relevant in determining the stereochemical auteof the reaction.

3.2.4 Synthesis of salen-based supramolecular bidentakeligands

Coordination complexes have been recently usedtlier preparation of supramolecular
bidentate P-ligands.In this approach, two monodentate P-ligands sslémble around a transition
metal (Rh, Pd) by virtue of an additional coordiveitbonding of nitrogen to a transition metal sash
zinc. Key-players in this research field are Ré&Rakacs’.The advantage of these supramolecular
approaches is the expectation that degrees ofdneéd the respective transition metal coordination
complex are reduced, resulting in the simulatiora gfreorganised bidentate system with predictable
geometric properties, as in conventional bideritgéands.

Having in hand the stable salen-cobalt(NBBn-L-serine-monodentate phosphites, we were
intrigued by the possibility to introduce a secangdadditional phosphorous functionality in the sale

moiety to realize a new class of supramoleculagitiigte P-ligands (Scheme 3.13).
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bidentate phosphites

C= biphenol or binaphthol units

Scheme 3.13Generic.structures ofS(S-salen-cobalt(lIl)N-Bn-L-serine monodentate P-ligand$7f) and

The synthesis of the supramolecular bidentate d&wlg 17B required the preparation of
unsymmetrical saléh containing a —CKOH group (blue pointed out in Scheme 3.4) by setiglen
condensation ofY,3-1,2 diaminocyclohexane with 3,5-t#t-butylsalicylaldehyde and ®&rt-butyl-
5-hydroxymethylsalicylaldehyde@3™ following the one-pot protocol by Weck and co-wenk

(Scheme 3.14%

CHO
OH
20
HCI 2 M in dry ether t-Bu t-Bu
/ from 0°C to RT o
- 5 dry MeOH, 4 A°’MS  TEA, dry DCM,
HN  NHp - dvemhasol oy ' W, RT5h RT, 4h
18 19
HCI conc. CHO
CHO p-formaldehyde OH NaOH 2 M
OH NBu4Br 10 mol% dry THF
‘B 40006 4d t-Bu 30%
-Bu 100% al OH
22

21

Scheme_3.143ynthesis of unsymmetrice® (3-salen backbong4.

t-Bu

CHO

)

=N N=
OH HO
OH
t-Bu t-Bu
24

This methodology has the advantage of avoidingshlation step of the monoamine intermediate that

is prone to the undesired disproponation readtion.
The preparation of nonracemic unsymmetrical saigant 24 started with monoprotection of one

amine moiety of$,9-1,2 diaminocyclohexan®8 as monoammonium chloridrate salt by reaction with
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2.0 M hydrogen chloride in ether. The first conasim between the monoammonium d&land 3,5-
di-tert-butylsalicylaldehyde was carried out in al:1 (vha)xture of anhydrous methanol at room
temperature. The presence of activated molecudaesihas a crucial role to remove the water that is
formed during the reaction thus reducing the readiime. After the first condensation was complete,
a solution of the 3ert-butyl-5-hydroxymethylsalicylaldehyd23 in dichloromethane was added to the
reaction system, followed by the slow addition of excess of anhydrous triethylamine as a
deprotective base. The target unsymmetrical sidand24 was isolated in good yield (75%).

The salen-cobalt(lll)-acetate complex was thenhssgized in good yield (75%) (as a 1:1 mixture of
two inseparable diastereoisomegb (@and 26)) by an oxidative reaction in presence of air/AcOH
(Scheme 3.15).

- 9

=N N= =N_ N=
AcOH, air Lo
t-Bu OH HO + Co(OAc), t-Bu o0
OH RT, 5h : OH
t-Bu t-Bu t-Bu | tBu
24 OAc

25 (SPY-5-15)

Co
o' 0 t-Bu
HO !

t-Bu
(')Ac
26 (SPY-5-14)

t-Bu

Scheme 3.18ynthesis of unsymmetrica® (3-salen-cobalt(l11)(OAc) complex.

Addition of (N)-Bn-L-Ser to the mixture o025 and26 (1:1), following the well-known liquid-liquid
extraction procedurgled to the formation of the different diasterecimezomplexes for which a
perfect isolation and a complete characterizatias not possible. In principle, several stereocisemer
can be obtained, due to the presence of differ¢mte@genic elements and namely: (a) the
stereocenters at the amino ac8l énd the diamineS,3g, the stereocenter at N; (b) the helicity of the
octahedral Co complex\j, (c) the disposition of the three oxygen andttiree nitrogen of the salen
and amino acid ligandr(er and finally (d) the position of the —GBH bound to the salicylaldehyde
unit. To the best of our knowledge tmeer arrangement is apparently typical for this kind of
complexes and the helicity is fixed by the confagion of the diaminé® Starting from an inseparable
mixture of 25 and26, a mixture of four diastereomers differing frone ghosition of the -CHOH and

the stereochemistry of the N-amino acid atom caolttained (Scheme 3.16).
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+-Bu t-Bu +-Bu t-Bu
27 28
%,,S}\F,/OH % ci H _oH
/N\()g\:érilNk@ /Nf)g‘:éyN\jH
© >)H t-Bu © g‘g/}t-Bu
HO oy HO e
29 30

Scheme 3.1620ssible diastereomers can be formed by liquigidigxtraction of mixture 025 and26 (1:1) with
N-Bn-L-serine.

As explorative test, the mixture of diastereomes30 was reacted with biphenol-PCI but only the
decomposition of the cobalt architecture was detect

Further studies are being aimed at the developwofemtprocedure to obtain the unsymmetricI§-
salen-ligand and the corresponding unsymmetriggf-6alen-cobalt(ll)N-Bn-L-serine bidentate P-

ligand in a pure diastereoisomeric fashion.

3.3 CONCLUSIONS

In this Chapter, we have investigated the use ofoetahedral $,3-(salen)cobalt(lI1)N-
benzyli-serine complex for the formation of monodentategphites, to be used as chiral ligands in
enantioselective catalytic applications. The ligamgere obtained in moderate yields by reaction of
(S,9-(salen)cobalt(lll)N-benzylL-serine  with diol-derived chlorophosphites. Theshogphites
showed a remarkable air and moisture stability.

IP_.NMR complexation studies of ligarith, chosen as representative of the ligand librargrew
performed in presence of [Rh(acacii),] as Rh(l) source. Upon addition of 2.1 equiv. afes-
based P-ligand with respect to the Rh source, blestRh-homocomplex with two ligand units
coordinated to the metal center was detected .dstiegly the formation of this complex has beerktoo
place in spite of the steric hindrance of the saleckbone.

The small ligand library was then screened for sdvasymmetric catalytic applications, showing
good activity and moderate enantioselectivity ia galladium catalyzed desymmetrization of meso-

cyclopenten-2-ene-1,4-diol biscarbamate.
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Further studies were aimed at the desymmetrizatidhe salen unit to introduce a secondary
additional phosphorous functionality in the saleniety to realize a new class of supramolecular
bidentate P-ligands. these preliminary attempts tledhe formation of inseparable mixtures of
diastereomers and the reaction with biphenol-P@ltée the decomposition of the whole complex
structure. Next aims are being focused on syntipetibways able to afford the unsymmetricalJ-
salen-ligand and the corresponding unsymmetri8e-6alen-cobalt(lll)N-Bn-L-serine bidentate P-

ligand in a pure diastereoisomeric fashion.

3.4 EXPERIMENTAL SECTION

3.4.1 General remarks

All reactions were carried out in flame-dried glaase with magnetic stirring under nitrogen
atmosphere, unless otherwise stated. Commercigdljfable dry solvents (over molecular sieves in
bottles with crown cap) were stored under nitroged used without further distillation. TEA was
distilled over CaH under nitrogen. Reactions were monitorated by ydical thin-layer
chromatography (TLC) using silica gel 604 precoated glass plates (0,25 mm thickness).
Visualization was accomplished by irradiation wahJV lamp and/or staining with a permanganate
alkaline solution. Flash chromatography was peréatrasing silica gel 60, particle size 40-G4m,
following the procedure by Still and co-workéfsH NMR spectra were recorded on a spectrometer
operating at 400.13 MHz. Proton chemical shift mmgorted in ppmd) with the solvent reference
relative to tetramethylsilane (TMS) employed as thternal standard (CDgI7.28 ppm). The
following abbreviations are used to describe spirtiplicity: s = singlet, d = doublet, t = triplet, =
quartet, m = multiplet, br = broad signal, dd = blet of doubletH COSY and'H NOESY spectra of
6 were recorded using a 20 mM solution of comple€BCl,. *C NMR spectra were recorded on a
400 MHz spectrometer operating at 100.56 MHz, wigmplete proton decoupling. Carbon chemical
shifts are reported in ppnd)(relative to TMS with the respective solvent remwee as internal
standard (CDG) 77.0 ppm)*P-NMR spectra were recorded on a 400 MHz spectemagterating at
162 MHz, with complete proton decouplii?>-NMR chemical shifts are reported in ppih elative
to external 85% KEPO, at O ppm (positive value downfield). Infrared dpacwvere recorded on a
standard FT/IR spectrometer; bands are reportediih Optical rotation values were measured on a
automatic polarimeter with a 1 dm cell at the sodiD line . = 589 nm). HPLC analyses were
performed with a chiral stationary phase column RAMICEL OD-H (eluent hexane/isopropanol
90:10, flow 0,6 mL/min, tr = 35 min (first enantiem) 44 min (second enantiomex)> 254 nm. High
resolution mass spectra (HRMS) were performed ami€oTransform lon Ciclotron Resonance (FT-
ICR) Mass Spectrometer APEX Il & Xmass softwareufgar Daltonics) - 4.7 T Magnet (Magnex).
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Commercially available reagents were used as redei®,3-N,N'-Bis(3,5-ditert-butylsalicylidene)-
1,2-cyclo-hexanediaminocobalt(lll)  acetates,> N-benzyli-serine® and diol derived

monochlorophosphites were synthesized as repartébiliteraturé?

3.4.2 General procedure for the Pd-catalyzed allylic alkiation of rac-1,3-
diphenyl-3-acetoxyprop-1-ené

[Pd(7°CsHs)Cl], (2.81 mg, 0.0077 mmol) and the ligand (0.0311 mmgare dissolved under
nitrogen in degassed GEl, (1.0 mL). The resulting clear solution was stirfed20 min at RT, then a
solution ofrac-1,3-diphenyl-3-acetoxyprop-1-ene (129 mg, 0.51 tmmodegassed Ci€l, (1.0 mL),
dimethyl malonate (17QL, 1.5 mmol),N,O-bis(trimethylsilyl)-acetamide (BSA, 376L, 1.5 mmol),
and a pinch of AcOK were added. The reaction mexiuas stirred at room temperature. After 1h the
solution was diluted with ED (5 mL) and saturated aqueous J/&H(25 mL) was added. The phases
were separated and the aqueous phase was extvatheBt,O (2 x 5 mL). The combined organic
phases were dried over }$0, and the solvent was removed under reduced presSareersion was
determined byH NMR analysis of the crude reaction mixture. Aiqabt of the crude was passed
through a pad of silica using 5:1 hexane/EtOAc hes éluent. The solvents were removed under
vacuum and the residue was directly analyzed by GiRir the determination of the enantiomeric
excess. HPLC conditions: column: CHIRALCEL OD-Hueht: 99:1 hexanefisopropanol; flow: 0.3

mL/min; A = 250 nm;tg = 24 min,ts= 26 min.

3.4.3 General procedure for the Pd-catalised desymmetrizeon of meso-
cyclopenten-2-enel,4 diol biscarbamaté.

To a solution of the meso-cyclopenten-2-ene-1,4did mg, 0.099 mmol) in 0.5 mL of THF,
tosyl isocyanate (3pL, 0.232 mmol, 2.35 equiv) was added. The mixtues stirred at rt for 15 min
to give a colorless solution then heated to 55 GC1f h. The reaction was cooled back to rt, and
triethylamine (14.QuL, 0.099 mmol, 1.0 equiv) was added as additivepiacific cases. The resulting
white slurry was brought to the chosen temperatamditions and a solution of tris(dibenzylidine
acetone)dipalladium(0) chloroform complex (5.1 mMd@4 umol) and ligand (20.2fmol) in 0.5 mL
of THF was added (the solution of the Pd-source taedligand was prepared under nitrogen and
stirred for 40 min at rt, 10 min at 55°C and figatboled back to rt). The reaction solution waseti
for 30 min. The solvent was removed in vacuo andfipd by flash chromatography on a short pad of
silica gel (10 cm, hexane/AcOEt 80:20) gave theirddsproducts as a slightly brown solid.

Conversions were determined by NMR analysis ofctiuele reaction mixture. Enantiomeric excesses
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were determined by chiral HPLC (column Chiralcel -BID n-hexane/2-propanol 90:10, flow 0,6
ml/min).

3.4.4 Synthesis of §,5) salen-cobalt(ll1)-N-Bn-L-serine complex 6.

To a solution of the cobalt complexs,§-(salen)Co(ll(OAc) §) (1.65 g, 2.38 mmol) in
dichloromethane (300 mL) at rt in a 1 L round-botthask, a solution oN-Bn-L-serine (464 mg, 1.0
equiv, 2.38 mmol) in ED (100 mL) was added. The biphasic mixture wasestivigorously overnight

at RT, then transferred to a separating funnel. driganic phase was removed and the aqueous phase
washed twice with dicholoromethane (40 mL). The lomad organic phases were washed once with
H,O (40 mL), dried over N&O, and the solvent removed under reduced pressueeciilde was
purified by flash chromatography (dicholoromethamthanol 95:5) to afford the product as a green
powder (1.82 g, yield 96%). Mp decomposition at 260 [o].°= 1671.1 (c = 0.027, CH@| IR
(nujol) vmax 3346, 3215, 2730, 1638, 1644, 1615, 1524, 13776,12568, 1015, 930, 781 €m'H
NMR (CDCI3) 8 7.92 (s, 1H), 7.44 (d, 1H, J=2.4 Hz), 7.39 (s,,TH}0 (d, 1H, J=2.4 Hz), 7.26-7.19
(m, 4H),7.13 (d, 1H, J=2.3), 6.62 (d, 2H, J=7.0 H%B5 (m, 1H) 4.63(m, 2H), 4.02 (d, 1H, J=13.6
Hz), 3.43-3.25 (m, 3H), 2.94 (m, 1H), 2.80 (m, 1B29 (m, 1H), 2.18 (m, 1H), 1.73-1.61 (m, 3H),
1.54 (s, 9H), 1.38 (s, 19 H), 1.18 (s, 9H), 1.040(®, 2H) ppm*C NMR (CDCE) & 163.7, 163.3,
162.6, 160.1, 144.3, 141.1, 137.3, 136.9, 134.9,812129.2, 128.9, 128.2, 125.7, 122.6, 117.4,,75.2
70.8, 62.7, 55.4, 35.8, 34.0, 33.8, 31.5, 31.4),329.7, 29.6, 25.1, 22.6 ppm. HRMS (ESI+) m/z dalc
for [C4eHesCoNaNsOs] - 820.40702 [MNa]"; found: 820.40507.

— HE
Bu®
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3.4.5 Synthesis of §,5) salen-cobalt(ll1)-N-Bn-L-threonine complex 10.

Q (S,9 salen-cobalt(ll)N-Bn-L threonine complet0 was synthesized following
o diﬁf{ibm the same procedure reported above for comp6uivaeld: 83%).
teu/ \cai IR (nujol): vmax 3367, 2918, 2723, 1655, 1631, 1574, 1544, 15266,124270,
B/N%Z 1256, 1208, 1168, 1128, 1098, 1056, 1024, 987, 98%,cnt. '"H NMR (400
o MHz, CDCk): 6 = 7.91 (s, 1H), 7.53 (s, 1H), 7.46 (s, 1H), 7.3267(m, 5H),
7.14 (s, 1H), 6.60 (s, 1H), 6.58 (s, 1H), 4.81-41802H), 4.33-4.18 (m, 2H), 3.40-3.34 (m, 2H),8.1
3.03 (m, 2H), 2.86 (d, J = 8.4 Hz, 1H), 2.45-2.8% (H), 2.00-1.81 (m, 3H), 1.60-1.52 (m, 3H), 1.55
(s, 9H), 1.42 (s, 9H), 1.37 (s, 9H), 1.19 (s, 92 ppm (d, J = 4.4 Hz, 3HPC NMR (100 MHz,
CDCly): 6 = 182.7, 165.4, 163.7, 163.6, 161.0, 145.4, 14138,5, 137.3, 135.6, 130.9, 130.4, 130.2,
129.8, 129.2, 126.1, 122.9, 118.0, 76.0, 71.3,,68/&B, 57.1, 36.5, 36.4, 32.1, 31.5, 30.5, 30933,2
25.3, 24.5, 20.0 ppm. HRMS (ESI+) m/z calcd forfGsNsOsCoNa]: 834.4227 [M+Na]; found:
834.4259. Elemental analysis calcd (%) fQHgsN:OsCo (MW = 811.99): C 69.52, H 8.19, N 5.17,
found: C 69.21, H 8.21, N 4.87.
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3.4.6 General procedure for the synthesis of the §S)-salen-Co(lll)-N-Bn-
L-serine complex phosphites 7a-7d.

The S,3-Salen-Co(lll)N-Bn-L-Serine comple% (120 mg, 0.15 mmol) was dissolved in THF
(2.0 mL) in a schlenk under nitrogen atmosphereslHiy distilled TEA (42.L, 0.3 mmol, 2 equiv)
was added to the green solution at RT and the whoteure was cooled to -78 °C. A solution of the
diol derived monochlorophosphite (0.18 mmol, 1.2iegin THF (1.0 mL) was added dropwise and
the reaction mixture was allowed to warm to rt.eAf20 min the solvent was removed under reduced
pressure and the crude was quickly purified byhflelsromatography to afford the product as a green

fine powder.

(S,5)-salen-Co(lll)-N-Bn-L-serine-biphenyl phosphite 7a.

Q (hexane/AcOEt 3:2 R= 0.50) (76 mg, yield 50%).a],s’= -681.8 (¢ =
e 0.094, CHCJ). IR (nujol) vimax 3231, 2705, 1672, 1643, 1615, 1529, 1377,
'Bu{%://\iu%}m 1321, 1250, 1207, 1168, 1096, 1015, 897, 739.cH-NMR (CDCL) &
B"’”L*L{’ 7.84 (s, 1H), 7.44-7.43 (m, 4H), 7.36-7.12 (m, 126165 (d, 2H, J=7.3
o\;\/o ’ Hz), 5.16 (m, 1H), 4.66(dd, 1H, J = 13.6 Hz, J & Bz), 4.12 (dd, 1H, J =
O 5.9 Hz, J = 3.8 Hz), 4.02 (m, 2H), 3.46 (m, 1HR&(m, 1H), 2.82 (m,

1H), 2.71 (m, 1H), 1.96-1.55 (m, 4H), 1.55 (s, 10H¥2 (s, 9H), 1.36 (s,
10H), 1.17 (s, 10H) ppn*C-NMR (CDCl) § 179.8, 164.9, 163.5, 163.4, 160.7, 150.1, 14913,9,
141.2, 137.7, 137.0, 135.2, 131.8, 130.4, 130.8,11329.8, 129.7, 129.6, 129.4, 129.1, 128.8,0.26.
125.7, 125.6, 122.8, 122.5, 122.4, 120.9, 118.7,91175.9, 70.6, 65.5, 65.3, 64.89, 64.8, 55.22,36.
34.5, 34.2, 32.0, 31.9, 31.1, 30.3, 29.9, 29.3),254.3 ppm*'P-NMR (CDC}) 6 164.6 ppm. HRMS
(ESI+) m/z caled for [GH2CoNaNO,P]: 1034.42538 [M+Nd] found: 1034.42271.
Q Decomposition by-product 8 *H-NMR (CDCl) § 8.30 (bs, 1H), 8.01 (bs, 1H),
= 7.51 (d, 1H, J=2.4 Hz), 7.44 (d, 1H, J=2.4 Hz)27(@&d, 1H,J = 7.4 Hz, J = 1.3
{g%} Hz), 7.26 (d, 1H, J = 7.2 Hz), 7.21 (d, 1H, J=22),H.17 (d, 1H, J=2.4 Hz),
7.13-7.04 (m, 2H), 6.99-6.95 (m, 1H), 6.68-6.64 (iH), 6.14 (d, 1H, J=7.7
S Hz), 5.47 (d, 1H, J=8.2 Hz), 4.25-4.18 (m, 1H),8367 (m, 1H), 2.91 (d, 1H,
J=10.5 Hz), 2.78 (d, 1H, J=9.7 Hz), 2.09-2.05 (#),2..96-1.87 (m, 1H), 1.78-
1.68 (m, 1H), 1.63-1.49 (m, 2H), 1.48 (s, 9H), 1(439H), 1.40 (s, 9H), 1.22 (s,
9H) ppm.*'P-NMR (CDCE) § 37.5 ppm.
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(S,5)-salen-Co(lll)-N-Bn-L-serine-3,3’,5,5’biphenyl phosphite 7b.

/ (hexane/AcOEt 3:1 R= 0.40) (115 mg, yield 72%)o],s°= -1050.8 (¢ =
t8u ofﬁé\o 8 0.077, CHC)); IR (nujol) vmax 3251, 3232, 2726, 1680, 1645, 1618, 1535,

1380, 1320, 1257, 1212, 1168, 1093, 1015, 860, di89. ‘H-NMR

n L (CDCI3) 5 7.81 (s, 1H), 7.42 (d, 1H, J = 2.5 Hz), 7.38-7(@8 4H), 7.27
(d, 1H, J = 2.4 Hz), 7.18 (s, 1H), 7.12-7.11 (m),2FH06 (s, 1H), 7.00 (d,
. 1H, J = 2.3 Hz), 6.75 (m, 2H), 6.51 (s, 1H), 5.4 (H), 4.68 (M, 1H),

4.34 (m, 1H), 4.15 (dd, 1H, J = 14.3 Hz, J = 7.183,H4.01-3.92 (m, 2H),
3.52 (m, 1H), 2.89-2.78 (m, 2H), 2.62-2.58 (m, 1B{}¥6 (s, 3H), 2.37 (s, 6H), 2.30 (s, 3H), 1.8301.7
(m, 3H), 1.57 (s, 9H), 1.50 (s, 9H), 1.36 (s, 10HR3-1.17 (m, 11H) ppnt3*C-NMR (CDCI3) §
179.3, 164.8, 163.5, 147.4, 145.0, 144.8, 141.2,61335.6, 135.1, 134.8, 133.9, 132.1, 131.9,3,31.
131.2, 130.7, 130.4, 130.2, 129.6, 129.5, 129.8,412127.7, 126.0, 122.8, 118.2, 75.9, 71.0, 66.3,
66.1, 65.9, 60.8, 55.9, 36.1, 34.6, 34.1, 32.29,331.3, 30.3, 29.9, 29.5, 25.0, 23.9, 21.3, 17649,
14.6 ppm.*'P-NMR (CDCE) & 150.7 ppm. HRMS (ESI+) m/z calcd for {,sCoNaNO-P]":
1090.48798 [M+N4d} found: 1090.48576.

(S,5)-salen-Co(lll)-N-Bn-L-serine-(S,)-binaphthyl-phosphite phosphite 7c.

Q (hexane/AcOEt 2:1 R= 0.40) (62 mg, yield 37%)a],,°= -775.2 (c = 0.078,
{g%} CHCL); IR (nujol) vimax 3159, 2722, 1660, 1634, 1615, 1526, 1365, 1324512
1230, 1168, 945, 828, 730 ¢mH-NMR (CDCl) § 8.06 (d, 1H, J = 8.8 Hz),

\ 7.97 (d, 1H, J = 8.3 Hz), 7.87 (d, 1H, J = 8.5 HzB2 (d, 1H, J = 8.8 Hz), 7.77

(m, 1H), 7.62 (d, 1H, J = 8.7 Hz), 7.50-7.33 (m)9H31-7.26 (m, 3H), 7.13 (d,
1H, J = 8.7 Hz), 7.08-7.06 (m, 2H), 6.73 (m, 2HBS(m, 1H), 4.67 (m, 1H),

4.16-4.04 (m, 3H), 3.59 (m, 1H), 3.46 (m, 1H), 2(80 1H), 2.73-2.68 (M, 2H),

1.77-1.63 (m, 3H), 1.54 (s, 9H), 1.42 (s, 9H), 11435 (m, 2H), 1.33 (s, 9H), 1.19-1.12 (m, 10H)
ppm.*C-NMR (CDCk) § 179.2, 164.4, 163.1, 162.9, 160.7, 152.0, 1478,8] 144.5, 140.8, 137.3,
136.9, 134.8, 132.9, 132.1, 131.7, 131.0, 130.0,5,330.4, 130.2, 129.9, 129.8, 129.3, 128.6,5.28.
128.4,127.2, 127.0, 126.6, 126.5, 126.2, 125.3,4,224.9, 122.1, 122.0, 121.6, 119.3, 118.0,7117.
75.5, 69.7, 64.6, 64.5, 63.6, 63.5, 55.4, 35.8],333.7, 31.6, 31.4, 30.4, 30.1, 29.8, 29.5, 22815,
24.4, 23.6 ppm>'P-NMR (CDC}) & 146.6 ppm. HRMS (ESI+) m/z calcd for ff8l;:CoNaNO,P]":
1134.45668 [M+Na} found: 1134.45474.
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(S,5)-salen-Co(lll)-N-Bn-L-serine-[Ry)-binaphthyl-phosphite phosphite 7d.

) (hexane/AcOEt 2:1 R= 0.40) (75 mg, yield 45%)a],°= -1227.3 (c = 0.055,
{g%} CHCL); IR (nujol) vmax 3221, 2725, 1670, 1652, 1634, 1521, 1377, 13186,12

1168, 1095, 1023, 945; 823, 744 tnH-NMR (CDCL) § 8.06-7.59 (m, 3H),
\ 7.80 (s, 1H), 7.59 (d, 1H, J=8.7 Hz), 7.51-7.45 i), 7.42-7.27 (m, 7H), 7.20

(d, 1H, J=2.4 Hz), 7.09-6.96 (m, 5H), 6.59-6.57 @H), 4.85 (m, 1H), 4.59 (m,
1H), 4.17-4.09 (m, 2H), 3.91 (m, 1H), 3.42 (m, 1RB8-2.75 (m, 2H), 2.61 (m,

1H), 1.99-1.85 (m, 3H), 1.56-1.41 (m, 19H), 1.3841(m, 10H), 1.28-1.25 (m,
1H), 1.22-1.12 (m, 11H) pprm’C-NMR (CDC}) & 179.2, 164.4, 162.9, 161.2, 159.6, 148.3, 147.0,
144.4, 140.8, 137.1, 136.4, 134.8, 132.7, 132.3,61330.8, 130.6, 129.9, 129.8, 129.3, 129.1,0,29.
128.8, 128.4, 128.3, 126.9, 126.8, 126.4, 126.8,012425.6, 125.2, 125.1, 124.5, 123.9, 123.5,6,22.
75.5, 70.4, 66.3, 66.1, 65.1, 55.5, 35.7, 34.17,331.7, 31.4, 30.6, 29.8, 29.4, 29.0, 24.5, 2pm.p
IP_.NMR (CDCL) 6 144.2 ppm. HRMS (ESI+) m/z calcd for €,sCoNaNO-P]": 1134.45668
[M+Na]"; found: 1134.45423.

3.4.7 Complexation Experiments

General procedure

All experiments were conducted using CBQ@re-emptively passed over a short plug of neutral
alumina.

The complexation experiments were run in NMR tulpeder nitrogen atmosphere and monitored by
'H and*'P NMR spectroscopy. The typical scale of the expenits was 6.5amol of metal source
([Rh(acac)(GH,)2]) in 500 uL of deuterated solvent (0.013 M concentration)e Tdlear yellow
solution was titrated by addition of defined alitmg150 uL each) of ligand7a, chosen as
representative of the ligand library, in such a wag/ ratio Rh : L was 1 : 1. At this stage two $pec
was obtained namely homocomplex (Rh(ac&é®))j and monocomplex (Rh(acagég(ethylene)) in a

3 : 1 ratio. Upon addition of a second aliquotighhd, the exclusive formation of the homocomplex
appeared, showing the good coordinative featureowf P-ligands notwithstanding their steric
hindrance.

3P NMR spectra have been reported on paragraph 3.1.2
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Chapter 4

PhthalaPhos: Chiral Supramolecular Ligands for Enanioselective

Rhodium-Catalyzed Hydrogenation Reactions

Abstract

In this chapter the synthesis of a library of novel chiral supramolecular ligands containing a phthalamide moiety
capable of hydrogen bonding interactions is reported. The new ligands, named PhthalaPhos, are easy to prepare from
inexpensive starting materials, and displayed an excellent level of enantioselectivity in the hydrogenation of
benchmark, olefins (methyl 2-acetamidoacrylate and acetamidostyrene) as well as of more challenging, industrially
relevant substrates. In two reported cases, namely the cyclic enamide N-(3,4-dikydronaphthalen-1-ylacetamide and
P*dehydro aminoester (E)-methyl 2-(acetamidomethyl)-3-phenylacrylate, our ligands rival or even outperform the best
results obtained with Rnown ligands. The pre-catalytic Rfi complex of one of these ligands was fully characterized by
NMR, IR, and MS spectroscopy. These studies show that a supramolecular bidentate ligand is formed in the Rh
complex by ligand self-association through a pair of interligand frydrogen bonds.!
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4.1 GENERAL INTRODUCTION

Chemists have largely taken inspiration from Naiarthe development of new approaches to
synthetic challenges. Combinatorial chemistry stéros the concept of evolution, where random
mutation of a chemical structure gives rise todites of compounds, from which an optimal lead can
be found with high probability. On the other haN@ture makes wide use of noncovalent interactions
to build its complex supramolecular architecturesd ato achieve efficient and selective
transformations. In recent years, combinatorial sungtamolecular approaches to the development of
new ligands for asymmetric catalysis gained monmerdtf The term ‘supramolecular ligand'
encompasses all the ligands possessing, besideatdh®s) coordinating the catalytic metal, an
additional functionality capable of non-covalenteiactions (mainly hydrogénor coordinative
bond$, as widely reported in chapter 1) which can plag following role: (i) self-assemble two
monodentate ligands to form a so-called 'supramtaedidentate ligand'{ii) bind the substrate(s) in
proximity to the catalytic metal cenfdn analogy to metalloenzymés#Among the different kinds of
non-covalent interactions that have been usedrdorfaleveloping supramolecular ligartilsydrogen
bonds are arguably the most practical and effithdior several reasons: (i) functional groups capable
of hydrogen bondinge(g. amides, ureas, guanidines) are stable and rellatdasy-to-introduce; (ii)
H-bonds are created dynamically and reversiblyhim teaction medium (where catalysis is to take
place), being able to self-repair when broken, afittn coexist with other interactions in a
'noninvasive' manner.

In this chapter, as a result of our continued &gein developing supramolecular ligafdse
report the design and synthesis of a novel classhol monodentate phosphite ligands, named
PhthalaPhos, which contain a phthalic acid printhaynide moiety (Scheme 4.1). Such phthalamidic
group displays both donor and acceptor hydrogewibgrproperties that, in principle, can give riee t
supramolecular interactions both between the ligaaad with the reaction substrate. The modular
nature of the PhthalaPhos ligands allows to tuag fivoperties by simply varying structural elengent
such as the linker, the BINOL moiety and the aagjllamide groupife. the amide not connected to
the phosphite group), thus allowing a parallel-covatorial ligand optimizatio®*

5 R/\ girgjfg_r;nrgnahsed

1
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.
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R

Scheme 4.1General structure of Phthalaphos ligands
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4.2 SYNTHESIS OF PHTHALAPHOS LIBRARY

The Phthalaphos ligands were easily prepared indieyps as reported in Scheme 4.2. Phthalic
anhydride was treated with a primary amine to divegood yield the corresponding phthalic acid
monoamides 1.° Dehydration of the latter in presence of trifluacetic anhydride gave
phthalisoimides2 in high yields, whose reaction with a chosen armatmhol led to phthalic acid
diamides3.” To give PhthalaPhos ligands

O N* Ar O
Phthalic anhydride, Ar (CR.CONO / : N-A
AfNH, cHCl ” ( 'I§EA )2 o amln_I(_)Hal__IcohoI N
reflux ;
o dioxane or THF rt
94-98% COOH 0°C t"&t y 66:90% N
97-99% (0]
1a-b 2a-b 3a-s _
OH
(S)-binol-PClI,
5 TEA, THF, rt
Ar 62-78%
N’
H
NH R
6 S
/
0K
0]
PhthalaPhos 4a-s
(R=Hor Me) R

Scheme 4.Z2hthalaPhos synthetic protocol

This protocol allows the synthesis of PhthalaPligesnids starting from cheap and available materials
and in relatively short time (2-3 days). Indeedreggmorted in Experimental Section, monoacidand
isoimides2 can be obtained by a simple precipitation and aligmide mono-alcohols and final
ligands necessitate a chromatographic purificatidhPhthalaPhos ligands are solids and have also
been demonstrated good stability and an easy-hesslin
Our library was composed of 19 members on the wiBtheme 4.3). Terms of variation of the
PhthalaPhos backbone were substantially three:
()  the ancillary amine (all ligands were synthesizenf 4nBu-aniline except for ligandéh and
4i for which 3,5-bis-trifluoromethyl aniline was used starting material and for ligadan
which was obtained fromBu-amine. This exceptions were dictated to inveséigvhether the
different acidities of NH- amide groups had a pesitffect on the self-assembliya hydrogen-
bonding)
the linker (various amino alcohols were used tegtigate the role of geometry properties on thie sel
assembly and on the stereoselective processesdéda-k, 4m, 40-4q and4s were obtained starting

from aromatic amino alcohols varying the position of gubstituents on the ring and the length of
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amino alcohol side-chains. Whenever the amino &dicbnkers were not commercially available,
their synthesis could be obtained through a liminedhber of synthetic steps following previously
published procedures (see Experimental Section)reM@r, a more constrained ligadd was

synthesized starting from the 2,2-dimethyl-3-amipmpan-1-ol (Thorpe-Ingold effect). Finally,

ligands4l and4n were built from a naphthalene unit as linker.

Eli OQ==<ﬁl{§”:::C¢ f==<if o£==

n— u n-Bu

e %z;; A

CF3

Q 85 @op:: :: @(ﬁv %3

n-Bu O

O

©§N

ot “”b,op ?3 wte:

n-Bu

(0] n-Bu
H e} /©/ o /©/n-8u Reference ligand
W - ; g 4®
e
X ) e OO U L0 p
0 I e o-d o4
4 o-R o-R 0 4 Y
“ N Ty |
Me'

Scheme 4.3hthalaPhos library and reference phosghite

(ii)

(i)  the binaphthol unit (all ligands were obtained fr@@binaphthol except for ligandép-q for

which two methyl groups were introduced on the pithol backbone in 3-3’ position).
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4.3 CATALYTIC APPLICATIONS: RHODIUM-CATALYZED
ASYMMETRIC HYDROGENATIONS

We assessed the catalytic properties of the neandig in the hydrogenation of classical
benchmark substrates, namely, methyl 2-acetoamigese S1) (Table 4.1) andN-(1-phenyl-
vinyl)acetamide $2) (Table 4.2), taking the known phosptitas touchston¥:*?

H

NHAC Rhi(cod),BF 4 /L NHAC
COOMe DCM,R.T.,20h COOMe
s1 P1
Phydrogen= 1 bar,SJL/Rh = 100/2.2/1,
Entry Ligand reaction time = 20 h
Conv. (%) ee (%), abs. conf.
1 4a 100 94,R
2 4b 100 98,R
3 4c 100 92,R
4 4d 99 94,R
5 de 100 99,R
6 4f 100 98,R
7 4q 98 95,R
8 4h 100 89,R
9 4i 100 98,R
10 4 100 86,R
11 4k 100 77R
12 4 100 94,R
13 4m 100 83R
14 4n 100 78R
15 40 100 94,R
16 4p - -
17 4q - -
18 4r 100 98,R
19 4s 100 >99,R
20 5 100 84,R

Table 4.1 Screening of the Phthalaphos ligands in the hyeination of methyl 2-acetamidoacryl&#

The results of this preliminary screening turned wube very encouraging: four ligands gave ee
values higher than 97% with substr&®(Table 4.1, entries 2, 5, 6 and 9), and six red¢he same
level of performance witt52 (Table 4.2, entries 1-2, 5-8). Remarkably, theenaice ligands,
featuring the same binol phosphite moietydasi, gave only 84%ee wit®1 and 90% ee witls2
(Table 4.1 and Table 4.2, entries 20), which suggésat the phthalamide residue significantly
influences the catalytic properties of these ligarfelrther support to this conclusion came from the

effect on the enantioselectivity displayed by timkdr, particularly evident in the case of ligantls
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andd4i, for which a subtle variation of the linker lengtsulted in remarkably different ee valu&d,(
4h: 89%eedi: 98%ee;S2 4h: 97% eedi: 83% ee). Indeed, if the phthalamide residue vaesample
bystander andla—i behaved as “normal” monodentate phosphites, oelyligible differences in
enantioselectivity should be expected for the ldganAnother interesting observation is that not
always the best ee values wii andS2 were obtained with the same ligands, which undeslithe

advantage of the combinatorial approach followetthenligand design.

H
NHAc  Rh(cod),BF, /L NHAC
Ph DCM,RT.20h Ph
S2 P2
Phydrogen= 5 bar,Sz/L/Rh = 100/2.2/1,
Entry Ligand reaction time = 20 h
Conv. (%) ee (%), abs. conf.

1 da 100 98,R
2 4b 100 98,R
3 4c 100 93,R
4 4d 100 96,R
5 de 100 97,R
6 4f 100 98,R
7 4qg 100 99,R
8 4h 100 97,R
9 4i 100 83 R
10 4j 100 86,R
11 4k 100 79R
12 4] 100 72R
13 4m 100 77R
14 4n 100 89R
15 40 100 92,R
16 4p 99 10,R
17 4q 100 37S
18 4r 100 96,R
19 4s 100 96,R
20 5 100 90,R

Table 4.2 Screening of the Phthalaphos ligands in the tgeination olN-(1-phenylvinyl)acetamid&2

To explore the scope of the PhthalaPhos ligands,de@ded to investigate the Rh-catalyzed
hydrogenation of more challenging substrates sgotyelic enamidés3 [N- (3,4-dihydronaphthalen-
1-yl)acetamide] anfi>-dehydro amino est&4[(E)-methyl 2-(acetamidomethyl)-3-phenylacrylate],
both of which are industrially relevant compouritis.

Initially studies ofS3were carried out to optimize the hydrogenatiorsguee using liganda
as representatives of the whole library. As rembrie Table 4.3, the best conversion and
enantioselectivity were reached under 20 bar ofdneh pressure (entry 4) but a only slightly lower

result, in terms of conversion, was obtained wittowser pressure of 12 bar, which was therefore
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chosen to screen the library. A short series dstésable 4.3, entries 5-7) showed as the ratid. Rh/

has to be fixed to 1:2 to obtain the highest cosiees and stereoselectivities.

NHAc H, NHAc
Rh(cod),BF, / 4a *
O‘ DCM,R.T.,20 h
S3 P3

S%Rh = 100/1, reaction time =20 h
Entry Rh/Aa Pryrogen  Conv.
(bar) (%)

ee (%), abs. conf.

1 1:2.2 1 77 91,R
2 1:2.2 5 83 86,R
3 1:2:2 12 98 96,R
4 1:2.2 20 99 96,R
5 11 12 77 90,R
6 1:3.3 12 99 96,R
7 2:1 12 86 74,R

Table 4.3 Study of the effect of hydrogen pressure and Rhdtio in the hydrogenation oN-(3,4-
dihydronaphthalen-1-yl)acetami&3 carried out with liganda.

Having in hand the optimized conditions we hydraged S3 and all results are reported in Table
448 The results of this screening were quite variejatoth in terms of activity and
enantioselectivity, and excellent conversion andvaee were attained with ligangda (Table 4.4,
entry 1). The conversions followed more or less Hane trend as the ee values, the most
stereoselective ligands being also the most addweer results were obtained with reference ligand
(Table 4.4, entry 20).

NHAC H, NHAGC
Rh(cod),BF, / L .
O‘ DCM, R.T., 20 h
S3 P3

Entry Ligand reaction time =20 h

Conv. (%) ee (%), abs.

conf.
1 da 99 96,R
2 4b 90 93,R
3 4c 9 60,R
4 4d 98 92,R
5 de 6 24,R
6 4f 46 86,R
7 4q 5 48,R
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8 4h 22 73,R
9 4i 9 28,R
10 4] 29 11,R
11 4k 15 0
12 4 12 12,R
13 4m 10 2,R
14 4n 18 3,R
15 4o 7 21,R
16 4p 2 -
17 4q 4 -
18 4r 3 -
19  4s 45 23,R
20 5 30 53,R

Table 4.4 Screening of the Phthalaphos ligands in the Hhyehation of N-(3,4-dihydronaphthalen-1-
yhacetamides3

Additionally, the fact that the enantioselectiviéyrongly decreased increasing the polarity of the
solvent (Table 4.5, entry 2) and dropped dramayigalthe presence of isopropanol which can act as
H-bond donor (Table 4.5, entry 3) confirms that toggn-bonding interactions between the
phthalamide groups play a crucial role in the aistiand selectivity of the catalyst. To the besbaf
knowledge, the 96% ee obtained with ligadalis the highest ever obtained for this substrati wi
phosphite ligands, and rivals the best literatuneec@dents, obtained with a monodentate
phosphoramidite (84% ee at rt, 98% ee at -2tJ°&@)d a bisphosphine (98% ee attt).

NHAC H, NHAc
Rh(cod),BF, / 4a .
O‘ RT.,20h
S3 P3

Entry Reaction reaction time = 20 h
solvent Conv. (%) ee (%), abs.

conf.
1 DCM 99 96,R
2 THF/DCM 7:1 70 57R
3 i-PrOH/DCM 7:1 77 21R
4 toluene / DCM 7:1 82 87,R
5 AcOEt/DCM 7:1 94 67/R

Table 4.5 Solvent screening in the hydrogenationNa3,4-dihydronaphthalen-1-yl)acetami&3 carried out
with ligand 4a[a] The pre-catalytic complex was prepared in DCM () see General Procedure (
Experimental Section). To the complex solution $bkected solvent (7.1 mL) was added, followed Hystate
S3as a solid. The obtained mixture was then hydratgehas described in the General Procedure.
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The screening of the ligand library &4 required a hydrogen pressure of 50 bar (as reparteable

4.6) due to the lower reactivity of this substrgfEable 4.7). Also in this screening the

enantioselectivity varied quite widely and appedrelde linked to the catalytic activity.
NHAc

NHAc

E(coowle R
|

Ph

S4

H

2,
h(cod),BF, / L

DCM, 20 h

Ph

P4

Ej/COOMe

S4/L/IRh = 100/2.2/1,

Entry Ligand Phygrogen (ar) T (°C) reaction time = 20 h
Conv. (%) ee [a]p sign
1 da 1 20 13 30, (+)
2 da 5 20 40 64, (+)
3 da 5 40 79 50, (+)
4 4a 12 20 83 68, (+)
5 da 25 20 82 64, (+)
6 4a 50 20 96 64, (+)
7 4b 1 20 9 28, (+)
8 4b 5 20 36 42, (+)
9 4b 5 40 59 30, (+)
10 4b 12 20 77 64, (+)
11 4b 25 20 89 52, (+)
12 4b 50 20 98 62, (+)

Table 4.6 Study of the effect of hydrogen pressure and &atpre in the hydrogenation dE)¢methyl 2-
(acetamidomethyl)-3-phenylacryle®e carried out with liganda and ligand4b.

Ligands4c and4i (Table 4.7, entries 3 and 9) gave very high eaesabnd good conversions, while

the other ligands displayed moderate to fair enastectivity. Again, the reference phosplitgave

only very low conversion and ee with this subst(@ible 4.7, entry 19).

NHAc Hy, NHAc
Ej/COOMe Rh(cod);BF, /L E]/COOMe
| DCM, R.T.,20 h
Ph S4 Ph P4
Phydrogen= 50 bar,T = 20 °C,S4/L/Rh =
. 100/2.2/1,
Entry  Ligand reaction time = 20 h
Conv. (%) ee, [a]p sign
1 4a 96 64, (+)
2 4b 98 62, (+)
3 4c 75 91, (+)
4 4d 96 54, (+)
5 4e 8 31, (+)
6 Af 27 67, (+)
7 4q 73 74, (+)
8 4h 23 43, (+)
9 4i 87 98, (+)
10 4j 27 4, (+)
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11 4k 57 28, ()
12 4l 79 14, (-)
13 4n 35 0
14 40 41 0
15 4p 27 6, (+)
16 4q 11 12, ()
17 4r 30 0
18 4s 50 14, (-
19 5 6 32, (+)

Table 4.7. Screening of the Phthalaphos ligands in the gelation of E)-methyl 2-(acetamidomethyl)-3-
phenylacrylates4.

Most importantly, 98% is the highest ee ever olstdirwith substrateés4, and only one highly

stereoselective ligand having been reported s& far.

4.4 SPECTROSCOPIC STUDIES

Encouraged by these results, we decided to inastidne role of hydrogen bonding in the catalytic
properties of the PhthalaPhos ligands. The prectabtained by treating a representative ligata] (

2 equiv) with [Rh(cod)BF, (cod=1,5-cyclooctadiene, 1 equiv) in @, or CD,Cl, was studied by
spectroscopic methods.

4.41 NMR-, HRMS- and IR- studies

Initially, we studied the complexation propertiefsligand 4a by titration of a standard solution of
Rh(cod)BF, chosen as Rh(l) source. When the ratio Rh/L wastie*'P NMR spectrum of the Rh
complex displayed a clean doublet at 122.0 ppm Jith= 257.7 Hz (Figure 4.1) which matched
with the 'H NMR spectrum (see Experimental Section) and #mult of HRMS analysis (m/z
1643.49193, Figure 4.2) and indicated the formatibtine cationic species [Réd),(cod)]’, where the

phosphite groups occupy two adjaceistpositions.
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Figure 4.1 Complex [Rh(cod¥a),BF,] (10 mM solution in CBCl,): *P NMR spectrum (162 MHz).
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Figure 4.2.HRMS spectrum of complex [Réd),(cod)BF] in DCM solution.

Only one set of signals could be detected in theRN&pectra of the Rh complex, and the two

coordinated molecules of 4a could not be distirtuyeas

The hydrogen bonding state of the NH protons {NiHd NH;, Scheme 4.4) for both the free ligand
and the Rh complex was then investigatedHbyNMR spectroscopy, and in particular the following
data were collected: 1) temperature coefficiemd/DT) of each NH proton; 2) kinetics of H/D
exchange of the amide protons upon addition of ®&x€&ROD; 3) downfield shift of the NH protons

in the presence of excess {ID. These experiments, which are commonly usedifferentiate
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between random-coil peptides and peptides in hyardmpnded conformation;’ were conducted in
dilute (1.2 mM) solutions in CiZl,. This concentration was chosen since aggregadioleast of the
Rh complex, is not significant at 1.2 mM, as detaad by studying the dependence of the NH

chemical shifts on the concentration in the 20.8-+/0M range.

Scheme 4.4Ligand4aused as representatives of the ligand librangfactroscopic studies

From the experimental results, which are outlinedTiable 4.8 and reported in detail in the
Experimental Section, the following conclusions da drawn: on the one hand, no evidence of
intramolecular hydrogen bonding could be foundtfar free ligand4a, which, moreover, shows a
strong tendency to intermolecular aggregation atdrigh dilution. On the other hand, proton Nid

the Rh complex is definitely involved in an intraexular hydrogen bond, as confirmed by its
downfield chemical shift§=9.6 ppm), its reduced rate of exchange with;@D (t,,=47 min), and
limited shift when CROD is added45=0.27 ppm). Proton N§ conversely, appears to be in a non-
bonded state.

Free ligandda [Rh(4d)2(cod)|BF
NHA® NHg” NHa”  NHg°

d (ppm) 8.692 8.342 9.604 8.506
ASIAT (ppb*™) nd nd -1294 173
H/D exchange:f; (min) 12.2 149 47.1 28.5

Ad in presence of excess gDD 0.654 0.742 0.274 0.558

Table 4.8 Results ofH NMR studies on NH protons of ligadé and its Rh compleX!
[a] c=1.2 mm in CRCl,. [b] Assignment of i{ and H; was based on the NOESY and COSY spectra. [c] Not
determined: no linear dependence observed.

Consistent with these observations, two distinctdtidtching bands/£3409.5 and 3268.8 cthwere
detected in the IR spectrum of the Rh complex M2 solution in CHCI,), while only one band
could be found for the free ligand £ 3408.6 crif)as reported in Figure 4.3.
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Figure 4.3.N-H stretching IR bands of (a) free ligadd and (b) complex [RHA@),(cod)BF] (1.2 mM DCM
solutions).

Also, detection of the C=0 stretching band of ttrecBmplex at a lower wavenumber than that of the

free ligand ¢ =1661.4 vs. 1676.8 ¢ confirmed the presence of an intramolecular hgenobond

(Figure 4.4).
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Figure 4.4.C=0 stretching IR bands of (a) free ligada and (b) complex [RHE@),(cod)BFR] (1.2 mM DCM
solutions).

4.4.2 DFT CALCULATIONS

We ran a Monte Carlo conformational seaf¢h of the precatalyst [RB&),(cod)]+ using AMBER*
force field® for the phthalamide region and a frozen core lier Rh(cod) phosphite complex, which
was previously optimized with DFT calculations ke B3LYP/LACVP level of theor§* A number of
low-energy conformers were identified which, in egment with the spectroscopic data, are
characterized by interligand hydrogen bonding iava proton NHA. These low-energy conformers
were used as starting geometries for DFT optinopétiof the entire precatalyst [Rig),(cod)],

which showed that the double hydrogen-bond arraplayed in Figure 4.5 is highly favored over
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other arrangements involving a single hydrogen-banthteraction (see the Experimental Section for
details). In the DFT calculated structure showrFigure 4.5, the ligands are held together by two
hydrogen bonds between proton Nbff each ligand and the carbonyl group of the &argilamide,
bearing NH, of the other ligand. Therefore, the two molecubésta behave as a supramolecular
bidentate ligand with a reduced degree of confaonat freedom compared to two simple
monodentate phosphites coordinated to a rhodiumtecgn This may explain the superior
stereoselectivity displayed by PhthalaPhos ligaodsipared to simple monodentate phosphites,
although substrate orientation in the catalyticleybrough hydrogen bonding with the ligand could

also play a crucial rol®.

ol

©¢ o QO

Rh(COD)
i °‘R
O

Ar= §@n—8u

Figure 4.5 Supramolecular bidentate precatalyst fRiy(cod)]” and DFT calculated structure. Heteroatoms (N,
O, P, Rh) are shown in black, carbon atoms in gaag amide hydrogen atoms in light gray. For ofarl
hydrogen atoms bound to carbon are omitted.

BF,

4.5 CONCLUSIONS

In conclusion, a library of novel chiral supramalies ligands containing a phthalamide moiety
capable of hydrogen- bonding interactions has lpgepared. The new ligands, named PhthalaPhos,
are easily prepared from inexpensive starting naseand show excellent enantioselectivity in the
hydrogenation of both benchmark olefins and chgllem substrates of potential industrial interest.
The precatalytic Rh complex of one of these ligands fully characterized and studied by NMR, IR,
and mass spectroscopy, which confirmed the presarttgdrogen bonds between the coordinated
ligands, and thus formation of a supramoleculaemiate ligand. Further work is underway to expand

the scope of PhthalaPhos ligands to other substaaie different transition metal catalyzed procgsse
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4.6 EXPERIMENTAL SECTION

4.6.1 General Remarks

All reactions were carried out in flame-dried glmase with magnetic stirring under nitrogen
atmosphere, unless otherwise stated. The solventsefctions were distilled over the following
drying agents and transferred under nitrogen;@HCaH,), MeOH (CaH), THF (Na), dioxane (Na),
EtN (CaH). Dry ELO and CHCJ (over molecular sieves in bottles with crown ceygye purchased
from Fluka and stored under nitrogen. The reactisrese monitored by analytical thin-layer
chromatography (TLC) using silica gel 604 pre-coated glass plates (0.25 mm thickness).
Visualization was accomplished by irradiation wahUV lamp and/or staining with a potassium
permanganate alkaline solution. Flash column chtognaphy was performed using silica gel (60 A,
particle size 40-64m) as stationary phase, following the procedur&tiy and co-worker$® Proton
NMR spectra were recorded on a spectrometer opgrati 400.13 MHz. Proton chemical shifts are
reported in ppmd) with the solvent reference relative to tetramkditgne (TMS) employed as the
internal standard (CDgb = 7.26 ppm; CBCl,, & = 5.32 ppm; [DJDMSO, 6 = 2.50 ppm; CBOD, &

= 3.33 ppm). The following abbreviations are useddéscribe spin multiplicity: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, b broad signal, dd = doublet-doublet, td = triple
doublet."*C-NMR spectra were recorded on a 400 MHz spectrenugierating at 100.56 MHz, with
complete proton decoupling. Carbon chemical shifesreported in pprmd) relative to TMS with the
respective solvent resonance as the internal sa@®Ck, 6 = 77.23 ppm; CECl,, d = 54.00 ppm;
[D]¢DMSO, & = 39.51 ppm; CEOD, & = 49.05 ppm)*'P NMR spectra were recorded on a 400 MHz
spectrometer operating at 162 MHz, with completataqr decoupling®P NMR chemical shifts are
reported in ppmd) relative to external 85% 4RO, at 0 ppm (positive values downfield{F NMR
were recorded on a 300 MHz spectrometer operating8a MHz. *°F NMR chemical shifts are
reported in ppmd) relative to external CFglat 0 ppm (positive values downfield). The coupling
constant values are given in Hz. Infrared specteaewecorded on a standard FT/IR spectrometer.
Optical rotation values were measured on an autorpatarimeter with a 1 dm cell at the sodium D
line A = 589 nm). Gas chromatography was performed orCanStrument equipped with a flame
ionization detector, using a chiral capillary colunHigh resolution mass spectra (HRMS) were
performed on a Fourier Transform lon Cyclotron Reswe (FT-ICR) Mass Spectrometer APEX 1l &
Xmass software (Bruker Daltonics) — 4.7 T Magneta@vex) equipped with ESI source, available at
CIGA (Centro Interdipartimentale Grandi Apparectiia) c/o Universita degli Studi di Milano. Low
resolution mass spectra (MS) were acquired eitmeia orhermo-Finnigan LCQ Advantage mass
spectrometer (ESI ion source) or on a VG Autospe@d®ispectrometer (FAB ion source). Elemental

analyses were performed on a Perkin EImer SeriésiNS/O Analyzer 2000.

188



PhthalaPhos : Chiral Supramolecular Ligands for Rh-catalized frydrogenations

4.6.2 Materials

Phthalic anhydride sometimes contains large amoahishthalic acid. In such cases, the mixture
could be easily re-converted into the pure anhydbig melting it into an open flask and strongly
heating for 10 minutes. On cooling down to R.T repphthalic anhydride crystallized as a white solid
Phthalic anhydride was stored in a desiccator.her commercially available starting materials [(3
aminophenyl)methanol, (4-aminophenyl)methanol, 8ropenzoic acid, methyl 4-cyanobenzoate, 2-
cyanobenzaldehyde, methyl 3-(bromomethyl)benzoatthyl 4-(bromomethyl)benzoate ar§)-2,2'-
dihydroxy-1,1’-binaphthalene (BINOL)] were used @eived. Chlorophosphite BINOL-PCI was
prepared from $-2,2’-dihydroxy-1,1'-binaphthalene on gram scaleca&ding to a literature
proceduré’ Non-commercially available substrates for catalysiexperiments N-(1-
phenylvinyl)acetamide, N-(3,4-dihydronaphthalen-1-yl)acetamide and E)-fhethyl 2-
(acetamidomethyl)-3-phenylacrylate] were preparmbaling to literature procedurgsLigand5 has
been previously describé¥:its physical and spectroscopic data are superiaipeswith those

reported in the literature.

4.6.3 Synthesis of PhthalaPhos ligands

Experimental procedures and full characterizatibrligands 4a-i are reported below. The whole
PhthalaPhos library is displayed in Figure 4.3 (s=ge 186).

4.6.3.1 Preparation of non-commercially availabletarting aminoalcohols.
Non-commercially available aminoalcohols were predaby slight modification of known
procedures. The spectroscopic properties of conmgmw6rl5 comply with those reported in the

literature. Compound40 and 13, which we prepared as described below, are alsommocially

available.
COOH COOMe OH
H,SO,4 LiAIH,
. 5
MeOH, reflux THF, reflux
CN CN NH,
6 7

(3-(Aminomethyl)phenyl)methanol 7.A solution 3-cyanobenzoic acid (2 g, 13.59 mmokg) and
96% HSO, (0.68 mL, 12.23 mmol, 0.9 eq) in dry MeOH (27 mis refluxed for 3h. MeOH was
partially evaporated and the residue was pouresiaiter (20 mL) and extracted with AcOEt (4 x 30
mL). The combined organic phases were washed withag]. NaHC®@ (3 x 20 mL) and dried on
N&SQO,. Evaporation of the organic solvent gave pure giedhcyanobenzoaté as a colorless oil
which slowly crystallized in the cold (2.124 g, 18.mmol, 97% yield! Compounds (2.113 g, 13.11
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mmol, 1 eq) was dissolved in THF (10 mL) and addempwise to a stirred suspension of LiAlH
(1.49 g, 39.33 mmol, 3 eq) in THF (70 mL) kept & The mixture was heated to reflux and stirred
overnight. The reaction was cooled to 0 °C and l@uenched with ED (1.5 mL) / 15% NaOH (1.5
mL) / H,O (4.5 mL). After stirring for 15 min at R.T., tledtained suspension was filtered on a pad of
celite (washing with AcOEt). The filtrate was evagted giving (3-(aminomethyl)phenyl)methanol

S28
7

as a white solid (1.74 g, 97% vyield), which wasepenough for being used in the next step.

COOH
LiAH, OH

———

THF, reflux
NH, NH, 8

(4-(Aminomethyl)phenyl)methanol 8. LiAIH, (2.01 g, 52.92 mmol, 4 eq) was added in three
portions to a stirred suspension of commerciallgilable 4-(aminomethyl)benzoic acid (2 g, 13.23
mmol, 1 eq) in THF (20 mL) kept at 0 °C. The miduvas heated to reflux and stirred overnight
before cooling down again to 0 °C and quenchindrwiO (2 mL) / 15% NaOH (2 mL) / O (6
mL). After stirring for 10 min at R.T. the mixtuneas filtered on a pad of celite (washing with
AcOEt). Evaporation of the filtrate gave (4-(amirgthyl)phenyl)methanoB®*° as a white solid
(2.179 g, 65% yield), which was used without pas&fion.

[::[CHO LiAIH, [::I::OH
cN  THF, reflux NH;

9
(2-(Aminomethyl)phenyl)methanol 9. A solution of commercially available 2-cyanoberizdlyde
(0.5 g, 3.81 mmol, 1 eq) in THF (6 mL) was addeapavise to a stirred suspension of LiAlKD.434
g, 11.439 mmol, 3 eq) in THF (15 mL) kept at O T@e resulting dark mixture was stirred at R.T. for
5 h before quenching at 0 °C with,® (0.43 mL) / 15% NaOH (0.43 mL) /.8 (1.29 mL). After
stirring for 10 min at R.T. the mixture was filteren celite (washing with AcOEt). Evaporation oé th
filtrate gave produc®®® as a brown oil which slowly crystallized (0.4188§% vyield) and was clean

enough for being used in the next step.
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NBS, M
COOMe  prcooy), (cat), hv  §OOMe KCN GOOMe
CCly, reflux Br MeOH, reflux CN
Me
10 1
LiAlH, / AICI;
THF, R.T.
4
OH
NH,
12

(3-(2-Aminoethyl)phenyl)methanol 12.Commercially available methyl 3-toluate (2 g, Z3tBmol, 1
eq) was dissolved in C£(15 mL) and treated with freshly crystallized NB537 g, 13.32 mmol, 1
eq) and benzoyl peroxide (32 mg, 0.133 mmol, 0d)1 Ehe stirred mixture was heated to reflux and
irradiated with visible light for 3 h. After coolindown to R.T., succinimide was filtered off (waghi
the filter with CC}), and the filtrate was evaporated giving a coksléquid containing produdt0®**

in mixture with a minor amount of starting materaid bis-bromination product. The crude product
10 was dissolved in a mixture of MeOH (20 mL) angDH4.5 mL), and KCN (1.04 g, 15.98 mmol,
1.2 eq) was added. The mixture was heated to reftaxstirred for 5 h, then it was poured OH40
mL) and extracted with AcOEt (3 x 50 mL). The condd organic phases were dried with,81@,
and evaporated. Purification by flash chromatogya(8hl and 8:2 hexane/AcOEt) gave nitdl&*" as

an oil (1 g, 58% yield over two steps). A solutmiill (0.764 g, 4.36 mmol, 1 eq) inJZEx (9 mL) was
added dropwise to a stirred suspension of MCIAIH 4 in THF [just prepared by adding a solution of
AICI; (1.28 g, 9.6 mmol, 2.2 eq) in 15 mL of THF to aension of LiAIH (0.364 g, 9.6 mmol, 2.2
mL) in 10 mL of THF]. The resulting suspension vgtisred overnight at R.T. and then quenched with
H,O (6.5 mL) and 3 M EBQ, (13 mL). The resulting mixture was extracted vithO (3 x 20 mL).
The aqueous phase was brought to pH ~ 12 by addilid) KOH, then it was diluted with J@ (30
mL) and extracted with AcOEt (5 x 30 mL). The condd organic phases were dried ovesd@
and evaporated to give aminoalcol@?* (0.548 g, 83% vyield) as a colorless oil, which wsed

without further purification.
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COOMe NBs. COOMe cOOMe
(PhCOO), (cat.), hv KCN
CCly, reflux MeOH, reflux
Me Br 13 CN 14
LiAIH, / AICI5
THF R.T.
OH
NH, 15

(4-(2-Aminoethyl)phenyl)methanol 15.Compoundl5 was prepared by a procedure identical to that
described above for aminoalcodd@ commercial methyl 4-toluate was converted intailai14°%* via
bromide 13>** (53% vyield over two steps). Compoutid was reduced with AlGI/ LIAIH, in 78%

yield to give aminoalcohd5.5*
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4.6.3.2 Preparation of the phthalic acid mono-amidela-b.

General Procedure.The chosen amine (1 eq) was added to a stirretl M.4olution of phthalic
anhydride (1 eq, typical scale: 15 g) in CEl@ white precipitate soon began to form. The nmixtu
was heated to reflux and stirred for 3 h, thenaswooled down with an ice bath. The precipitatse wa
collected on a Buchner funnel and washed on ther fivith 6:1 CHCJ / hexane until the red

impurities had disappeared. The product was dniekuhigh vacuum.

COOH
H

N
O @\/\/

1a
2-(4-Butylphenylcarbamoyl)benzoic acid 1aThe product, a white solid, was prepared accorting
the General Procedure starting from 15 g of phthatihydride and 15.58 g of 97% 4-butylaniline.
Yield: 28.2 g (94%); m.p. = 163-166 °& NMR (400 MHz, [Q]DMSO): & = 12.98 (s, 1H), 10.24
(s, 1H), 7.88 (dd®J(H,H) = 6.8 Hz,*J(H,H) = 1.0 Hz, 1H), 7.68-7.53 (m, 5H), 7.15 {&H,H) = 8.4
Hz, 2H), 2.55 (t3J(H,H) = 7.6 Hz, 2H), 1.55 (m, 2H), 1.32 (m, 2H)90.(t,J(H,H) = 7.3 Hz, 3H)**C
NMR (100 MHz, [)DMSO): & = 167.5, 167.1, 139.0, 137.3, 131.6, 130.0, 12929.3, 128.3,
127.8, 119.5, 34.3, 33.3, 21.7, 13.8; IR (KBr)= 3325.6, 2922.6, 1723.1, 1636.3, 1577.5, 1245.8,

645.1 cni; MS (ESI+):mvz 320.1 [M + Na] (calcd. for GgH;gNO;Na: 320.1); elemental analysis
(%): C 73.06, H 6.37, N 4.69 (calcd. fofgB:o0NO;: C 72.71, H 6.44, N 4.71).

@(;OOH
2-(3,5-Bis(triﬂuoromethyl)phenylcarbamoyl)benzmc acid 1b. The product, a white solid, was
prepared according to the General Procedure gidrom 3.14 g of phthalic anhydride and 5 g of 3,5-
bis(trifluoromethyl)aniline. Yield: 7.82 g (98%); .m = 190-192 °C;'H NMR (400 MHz,
[Dg]DMSO0): & = 13.17 (br s, 1H), 10.98 (s, 1H), 8.37 (s, 2HY47(dd,I(H,H) = 7.5 Hz,*J(H,H) =
1.7 Hz, 1H), 7.78 (s, 1H), 7.70 (t(H,H) = 7.5 Hz,"J(H,H) = 1.3 Hz, 1H), 7.65-7.61 (m, 2HYC
NMR (100 MHz, [Q]DMSO): & = 168.3, 167.1, 141.2, 137.9, 131.9, 130.8°4(,F) = 32.9 Hz),
129.9, 129.7, 129.7, 127.7, 123.2 {#C,F) = 272.6 Hz), 119.0 (d)(C,F) = 3.5 Hz), 116.0 (m}’F

NMR (282 MHz, [QJDMSO): & = -57.7 (s); IR (KBr)v = 3286.1, 3114.5, 1702.8, 1671.0, 1278.6,
703.9 cnt; MS (FAB+): mVz 378.0 [M + HJ (calcd. for GgH1oFNOs: 378.1) and 400.0 [M + N&]
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(calcd. for GeHgFsNOsNa: 400.0); elemental analysis (%): C 50.93, H 2.883.70 (calcd. for
CieHgFeNO3: C 50.94, H 2.40, N 3.71.

4.6.3.3 Preparation of the phthalisoimides 2a-b.

N.N‘

2a
(0]

3-(4-Butylphenylimino)isobenzofuran-1(3)-one 2a.A literature procedure for preparing this class
of compounds was followed? trifluoroacetic anhydride (2.1 mL, 15.13 mmol, &§) was added
dropwise to a stirred solution of acid (3 g, 10.09 mmol, 1 eq) and TEA (4.2 mL, 30.27 hriceq)

in dioxane (45 mL) kept at O °C with an ice batffteA5 min the yellow solution was allowed to reach
R.T. and stirred for 15 min, then it was pouredatd H,O (120 mL). A pale yellow, light precipitate
formed, which was filtered on Buchner and washeti some HO. The product was dried for 20 min
on the filter and then for one night under highwao. A pale yellow solid was obtained. Yield: 2.72
g (97%); m.p. = 58-61 °CH NMR (400 MHz, CQCl,): & = 8.11 (d.2J(H,H) = 7.6 Hz, 1H){ 8.00 (d,
3)(H,H) = 7.6 Hz,1H), & 7.90 (t,%)(H,H) = 7.6 Hz, 1H), 7.80 (2J(H,H) = 7.6 Hz, 1H), 7.41 (d,
3J(H,H) = 8.2 Hz, 2H), 7.28 (FJ(H,H) = 8.2 Hz, 2H), 2.69 (£J(H,H) = 7.8 Hz, 2H), 1.68 (m, 2H),
1.43 (m, 2H), 1.00 (t)(H,H) = 7.4 Hz, 3H);*C NMR (100 MHz, CBCl,): & = 165.5, 147.2, 142.2,
142.1, 137.8, 136.0, 133.6, 129.5, 128.2, 125.8,112124.0, 35.8, 34.2, 22.9, 14.3; IR (KBv)=
2956.3, 2855.1, 1791.6, 1689.3, 915.1, ' tMS (ESI+):m/z 280.3 [M + HJ (calcd. for GgH1gNO,:
280.1); elemental analysis (%): C 77.33, H 6.32.8F (calcd. for ¢Hi;NO,: C 77.40, H 6.13, N
5.01).

CF3
NJ\J‘
/ CF,
@)
o 2b

3-(3,5-Bis(trifluoromethyl)phenylimino)isobenzofuran-1(3H)-one 2b. Trifluoroacetic anhydride
(0.276 mL, 1.988 mmol, 1.5 eq) was added dropwesa stirred solution of acidb (0.5 g, 1.325
mmol, 1 eq) and TEA (0.185 mL, 1.325 mmol, 1 eq)'F (6 mL) kept at 0 °C with an ice bath.
After 5 min the solution was allowed to reach Ramd stirred for 10 min. A second portion of TEA
(0.37 mL, 3.976 mmol, 2 eq) was added dropwise,thacolution was stirred for 20 min at R.T.. The
volatiles were removed at rotavapor and the prodact purified by flash chromatography through a

short pad of silica (1:1 hexane/DCM). Compoidwas obtained as a white solid. Yield: 471 mg
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(99%); m.p. = 127-129 °CH NMR (400 MHz, CDCJ): & = 8.15 (d,*J(H,H) = 7.6 Hz, 1H), 8.06 (d,
3J(H,H) = 7.6 Hz, 1H), 7.97 (td)(H,H) = 7.6 Hz,"J(H,H) = 0.9 Hz, 1H), 7.90 (tdJ(H,H) = 7.6 Hz,

“J(H,H) = 0.7 Hz, 1H), 7.82 (s, 2H), 7.80 (s, 1K NMR (100 MHz, CDG)): & = 164.4, 150.7,
146.5, 136.7, 136.5, 134.7, 132.7 {C,F) = 33.5 Hz), 128.3, 126.2, 124.5, 124.5, 128,9J(C,F)

= 272.2 Hz), 119.9 (m)!*F NMR (282 MHz, CDG)): & = -62.2; IR (film): v = 3083.6, 3042.2,
1827.2, 1796.4, 1700.9, 1279.5, 1118.5"cnVS (FAB+): m/z 360.0 [M + H] (calcd. for

C16HgFeNO,: 360.0); elemental analysis (%): C 53.35, H 1.883.90 (calcd. for gH/FsNO,: C

53.50, H 1.96, N 3.90).

4.6.3.4 Preparation of the alcohols 3a-i

General Procedure.Phthalisoimide?a or 2b (1 eq) was added to the stirred 0.11 M solutiothef
chosen aminoalcohol (1.2 eq) in THF. The mixturesgtirred overnight at R.T.. Two alternative
workup procedures were followed depending on whetthe product precipitated or ndworkup 1
(soluble product): the mixture was diluted with AcOEt (triple volunwgth respect to THF) and
washed three times with 1 M HCI. The organic phasas dried with Ng&50O, and evaporated. The
product was purified by column chromatograpiyorkup 2 (insoluble product): the precipitated
product was collected by filtration on a Buchnearrfal and washed on the filter with little amounts o
1:1 EtO / hexane until the yellow impurities had disagppdaThe product obtained with this workup

procedure did not need a chromatographic purificati

N
H

* O
3a OH

N*-(4-Butylphenyl)-N*(3-(hydroxymethyl)phenyl)phthalamide 3a. The product was prepared
according to the General Procedure — Workup listaftom 2 g of phthalisoimid@a and 1.09 g of
97% 3-aminobenzyl alcohol. Purification by flastrahatography (8:2 and then 7:3 DCM/ACOEY)
gave the product as a white solid. Yield: 1.9 g%$6m.p. = 110-115 °C'H NMR (400 MHz,
CD,OD): & = 7.74-7.71 (m, 2H) 7.67 (s, 1H), 7.64-7.61 (m, 2H), 7.52-7.53 (m, 3HB1 (t,°I(H,H)

= 7.8 Hz, 1H), 7.15 (m, 3H), 4.59 (s, 2H), 2.60°Y{H,H) = 7.7 Hz, 2H), 1.60 (m, 2H), 1.37 (m, 2H),
0.95 (t,3J(H,H) = 7.4 Hz, 3H);”C NMR (100 MHz, CROD): & = 169.6, 169.5, 143.6, 140.4, 139.9,
137.6, 137.5, 137.4, 131.4, 131.4, 129.8, 129.9,112124.1, 122.1, 120.8, 120.5, 65.1, 36.1, 34.9,
23.3, 14.3; IR (KBr)v = 3247.5, 2926.5, 2856.1, 1646.9, 1541.8, 13828,3 cn; MS (ESI+):m/z
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425.4 [M + Na]J (calcd. for GsH,¢N,OsNa: 425.2); elemental analysis (%): C 75.04, H M 5.94
(calcd. for GsH,eN,O5: C 74.60, H 6.51, N 6.96).

3, LI L
N
NH
)
3b OH
N'-(4-Butylphenyl)-N*(3-(hydroxymethyl)benzyl)phthalamide 3b.The product, a white solid, was
prepared according to the General Procedure — \ia2kstarting from 0.5 g of phthalisoimi@a and
0.3 g of aminoalcohd. Yield: 0.61 g (82%); m.p. = 150-154 °& NMR (400 MHz, [R]DMSO): &
= 10.27 (s, 1H), 8.92 (£)(H,H) = 5.9 Hz, 1H), 7.62-7.54 (m, 4H), 7.61 ¢d(H,H) = 8.3 Hz, 2H),
7.31 (s, 1H), 7.26-7.18 (m, 3H), 7.14 {d(H,H) = 8.3 Hz, 2H), 5.15 (£J(H,H) = 5.7 Hz, 1H), 4.49
(d, 3J(H,H) = 5.7 Hz, 2H), 4.42 (FJ(H,H) = 5.9 Hz, 2H), 2.55 (EJ(H,H) = 7.4 Hz, 2H), 1.55 (m,
2H), 1.31 (m, 2H), 0.90 (£J(H,H) = 7.3 Hz, 3H);"*C NMR (100 MHz, [RQ]DMSO0): & = 167.7,
166.8, 142.4,139.1, 137.2, 137.1, 137.1, 135.8,512429.3, 128.2, 127.8, 127.7, 127.5, 125.4,21.25.
124.7, 119.5, 62.8, 42.5, 34.2, 33.2, 21.6, 1R7(KBr): v = 3451.0, 3280.3, 2925.5, 1646.9, 1543.7,
1330.6, 830.2 cih MS (ESI+):m/z 439.4 [M + Na] (calcd. for GgHzsN,OsNa: 439.2); elemental
analysis (%): C 74.77, H 6.61, N 6.63 (calcd. fogHzsN,05: C 74.97, H 6.78, N 6.73).

O m
N
H

NH
@)

3c
OH
N’-(4-Butylphenyl)-N?-(4-(hydroxymethyl)phenyl)phthalamide 3c. The product was prepared
according to the General Procedure — Workup lisgaftom 0.246 g of phthalisoimid2a and 0.130
g of 4-aminobenzyl alcohol. Purification by flashrematography (8:2 and then 6:4 DCM/AcOEt)
gave the product as a white solid. Yield: 0.2547§%); m.p. = 88-93 °C!H NMR (400 MHz,
[D]DMSO0): & = 10.38 (s, 1H), 10.33 (s, 1H), 7.68-7.58 (m, 8H26 (d,*J(H,H) = 8.4 Hz, 2H), 7.13
(d, 3J(H,H) = 8.4 Hz, 2H), 5.11 (EJ(H,H) = 5.7 Hz, 1H), 4.45 (FI(H,H) = 5.7 Hz, 2H), 2.54 (t,
3J(H,H) = 7.5 Hz, 2H), 1.54 (m, 2H), 1.30 (m, 2H)90.(t, *J(H,H) = 7.3 Hz, 3H):*C NMR (100
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MHz, [D¢g]DMSO): 6 = 166.6, 166.6, 138.0, 137.6, 137.4, 137.1, 13638.8, 129.6, 128.3, 127.8,
127.7, 119.6, 119.3, 62.6, 34.3, 33.2, 21.6, 1BB{KBr): v = 3368.1, 3245.6, 2926.5, 1646.9,
1603.5, 1540.8, 1514.8, 1326.8, 827.3'ctnMS (ESI+): miz 425.3 [M + Na] (calcd. for
CasHaeN2OsNa: 425.2); elemental analysis (%):C 74.30, H 6M26.89 (calcd. for &H,sN,Os: C

74.60, H 6.51, N 6.96).
8, L
N
NH : OH
O

3d
N*-(4-Butylphenyl)-N*(4-(hydroxymethyl)benzyl)phthalamide 3d.The product, a white solid, was
prepared according to the General Procedure — jgotkstarting from 0.613 g of phthalisoimi@a
and 0.301 g of aminoalcohd. Purification by flash chromatography (98:2, th@é4 and 95:5
DCM/MeOH) gave the product as a white solid. YiedB16 g (89%); m.p. = 163-167 °G4 NMR
(400 MHz, []DMSO): & = 10.24 (s, 1H), 8.86 ({)(H,H) = 6.0 Hz, 1H), 7.61-7.53 (m, 6H), 7.30 (d,
3J(H,H) = 8.1 Hz, 2H), 7.22 (d)(H,H) = 8.1 Hz, 2H), 7.15 (d)(H,H) = 8.4 Hz, 2H), 5.11 (£J(H,H)
= 5.7 Hz, 1H), 4.46 (£I(H,H) = 5.7 Hz, 2H), 4.41 (FJ)(H,H) = 6.0 Hz, 2H), 2.56 (EJ(H,H) = 7.5
Hz, 2H), 1.55 (m, 2H), 1.31 (m, 2H), 0.91 {)(H,H) = 7.3 Hz, 3H);**C NMR (100 MHz,
[Dg]DMSO): 6 = 167.8, 166.9, 140.9, 137.7, 137.2, 137.2, 13629,6, 129.4, 128.3, 127.7, 127.6,
126.9, 126.3, 119.5, 62.7, 42.3, 34.3, 33.3, 2137; IR (KBr):v = 3490.5, 3229.2, 2927.4, 1629.6,
1541.8, 1321.9, 724.1 ¢mMS (ESI+):mVz 439.3 [M + Na] (calcd. for GgH,gN,OsNa: 439.2);
elemental analysis (%): C 74.72, H 6.62, N 6.44ctbdor GgH»gN,O3: C 74.97, H 6.78, N 6.73).

O m
N
H
NH

@]

3e
OH

N*-(4-Butylphenyl)-N*(2-(hydroxymethyl)benzyl)phthalamide 3e.The product, a white solid, was
prepared according to the General Procedure — \[do2kstarting from 1.06 g of phthalisoimi@a
and 1.28 g of aminoalcohd. Yield: 1.27 g (80%); m.p. = 145-147 °GH NMR (400 MHz,
[Dg]DMSO): 5 = 10.25 (s, 1H), 8.77 (8)(H,H) = 5.6 Hz, 1H), 7.62-7.54 (m, 6H), 7.38 (m,)2M.21
(td, 3J(H,H) = 7.4 Hz,*J(H,H) = 1.2 Hz, 1H), 7.15 (td)(H,H) = 7.4 Hz,*J(H,H) = 1.4 Hz, 1H), 7.14
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(d, 3J(H,H) = 8.4 Hz, 2H), 5.13 (£J(H,H) = 5.4 Hz, 1H), 4.59 (J(H,H) = 5.4 Hz, 2H), 4.47 (d,
3J(H,H) = 5.6 Hz, 2H), 2.55 (£J(H,H) = 7.5 Hz, 2H), 1.55 (m, 2H), 1.31 (m, 2H)90.(t,*J(H,H) =

7.3 Hz, 3H);”*C NMR (100 MHz, [Q]DMSO0): & = 167.7, 166.9, 139.4, 137.2, 137.2, 137.1, 136.4,
135.9, 129.6, 129.4, 128.3, 127.7, 127.6, 127.2,112126.7, 126.4, 119.6, 60.7, 39.6, 34.3, 33.3,
21.6, 13.8; IR (KBr):v = 3433.6, 3244.6, 2927.4, 1645.9, 1605.5, 1542326.8, 825.4 cih MS
(ESI+): m'z 439.3 [M + Na] (calcd. for GgH,eN,OsNa: 439.2); elemental analysis (%): C 75.23, H
6.50, N 6.69 (calcd. for £H2gN,O3: C 74.97, H 6.78, N 6.73).

3 m
N
H

NH
O

3f

OH

N’-(4-Butylphenyl)-N?-(3-(hydroxymethyl)phenethyl)phthalamide 3f. The product, a white solid,
was prepared according to the General Procedurerk)fy 1 starting from 1.012 g of phthalisoimide
2a and 0.548 g of aminoalcohdl. Purification by flash chromatography (6:4, thed and 4:6
DCM/ACOEt) gave the product as a white solid. Yield28 g (82%); m.p. = 146 °CH NMR (400
MHz, CD,OD): & = 7.67 (dd2J(H,H) = 6.8 Hz,*J(H,H) = 1.6 Hz, 1H), 7.60-7.50 (m, 3H), 7.57 (d,
%J(H,H) = 8.4 Hz, 2H), 7.27-7.24 (m, 2H), 7.21-7.16, @H), 7.18 (d3J(H,H) = 8.4 Hz, 2H), 4.59 (s,
2H), 3.57 (t,*J(H,H) = 7.6 Hz, 2H), 2.89 (£J(H,H) = 7.6 Hz, 2H), 2.62 (EJ(H,H) = 7.6 Hz, 2H),
1.62 (m, 2H), 1.37 (m, 2H), 0.96 {ti(H,H) = 7.6 Hz, 3H);*C NMR (100 MHz, CROD): 5 = 171.4,
169.7, 142.9, 140.7, 140.4, 137.7, 137.6, 137.0,3,.3 31.3, 129.7, 129.6, 129.1, 128.9, 128.9,6,28.
126.1, 121.9, 65.3, 42.7, 36.4, 36.1, 35.1, 23433;1R (KBr):v = 3448.1, 3250.4, 2928.4, 1647.8,
1623.8, 1546.6, 1332.6, 821.5 &nMMS (ESI+): miz 453.4 [M + Na] (calcd. for G;HaoN,OsNa:
453.2); elemental analysis (%): C 75.32, H 6.86.8l7 (calcd. for gH3N,Os: C 75.32, H 7.02, N

6.51).
m
N

H

NH
o

39

OH
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N*-(4-Butylphenyl)-N*(4-(hydroxymethyl)phenethyl)phthalamide 3g.The product, a white solid,
was prepared according to the General Procedurerk)fy 1 starting from 1.524 g of phthalisoimide
2a and 0.825 g of aminoalcohdl5. Purification by flash chromatography (6:4 andnthil
DCM/ACOETt) gave the product as a white solid. Yield79 g (76%); m.p. = 120-130 °&1 NMR
(400 MHz, CDC}): 8 = 9.18 (s, 1H), 7.74 (d)(H,H) = 7.5 Hz, 1H), 7.56 (F)(H,H) = 8.3 Hz, 2H),
7.48-7.38 (m, 3H), 7.20 (d)(H,H) = 8.0 Hz, 2H), 7.16 (d)(H,H) = 8.3 Hz, 2H), 7.11 (d)(H,H) =
8.0 Hz, 2H), 6.57 (br s, 1H), 4.57 (s, 2H), 3.63°0¢H,H) = 7.0 Hz, 2H), 2.82 (£J(H,H) = 7.0 Hz,
2H), 2.59 (t3J(H,H) = 7.7 Hz, 2H), 1.59 (m, 2H), 1.35 (m, 2H)92.(t,*J(H,H) = 7.3 Hz, 3H):*C
NMR (100 MHz, CDC)): 6 = 170.1, 166.9, 139.4, 139.4, 138.0, 136.0, 13434,7, 130.5, 130.3,
129.3, 129.0, 129.0, 127.9, 127.4, 120.4, 65.(,85.3, 35.2, 33.9, 22.5, 14.1; IR (KBv)= 3264.9,
2926.5, 1637.3, 1594.8, 1513.8, 1326.9, 829.4;:dMS (ESI+): m/z 453.4 [M + Na] (calcd. for
Co7H3oN2OsNa: 453.2); elemental analysis (%): C 74.99, H 61965.36 (calcd. for &H3zN,Os: C
75.32,H7.02, N 6.51).

CF;

0
N CF3

NH

* O
3h OH

N*-(3,5-Bis(trifluoromethyl)phenyl)- N*(3-(hydroxymethyl)phenyl)phthalamide 3h. The product
was prepared according to the General Procedurerk\fy 1 starting from 0.429 g of phthalisoimide
2b and 0.182 g of 97% 3-aminobenzyl alcohol. Purifaraby flash chromatography (8:2 and then 6:4
DCM/AcOEt) gave the product as a white solid. Yiddd456 g (79%); m.p. = 187-190 °&4 NMR
(400 MHz, CROD): & = 8.30 (s, 2H), 7.76 (m, 2H), 7.66 (m, 4H), 7.84°0(H,H) = 7.8 Hz, 1H),
7.31 (t,°J(H,H) = 7.8 Hz, 1H), 7.14 (FIJ(H,H) = 7.8 Hz, 1H), 4.59 (s, 2H}’C NMR (100 MHz,
CD,OD): & = 170.1, 169.6, 143.6, 142.1, 139.8, 137.4, 13633.1 (q,2)(C,F) = 33.2 Hz), 131.9,
131.5, 129.8, 129.1, 129.0, 124.7 {@(C,F) = 272.0 Hz), 124.2, 120.8, 120.4, 117.8, 65A NMR
(282 MHz, CQOD): 6 = -62.0 (s); IR (KBr):v = 3452.9, 3262.9, 3089.4, 1647.9, 1559.2, 1277.6,
840.8 cnit; MS (ESI+):mVz 505.1 [M + Na] (calcd. for GsHi6FsN,OsNa: 505.1); elemental analysis
(%): C 57.02, H 3.20, N 5.78 (calcd. foss816FsN-O3z: C 57.27, H 3.34, N 5.81).
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N'-(3,5-Bis(trifluoromethyl)phenyl)-N-(3-(hydroxymethyl)benzyl)phthalamide 3i. The product, a
pale yellow solid, was prepared according to theggs Procedure — Workup 1 starting from 0.400 g
of phthalisoimide2b and 0.184 g of aminoalcoh@! Yield: 0.495 g (90%); m.p. = 175-177 °&4
NMR (400 MHz, CROD): 8 = 8.31 (s, 2H), 7.57 (s, 1H), 7.50-7.43 (m, 4H%17(s, 1H), 7.32-7.22
(m, 3H), 4.59 (s, 2H), 4.54 (s, 2HC NMR (100 MHz, CROD): & = 171.0, 170.2, 143.0, 142.2,
140.0, 137.0, 136.6, 133.0 (G)(C,F) = 33.0 Hz), 131.7, 131.4, 129.5, 129.0, 12927.7, 127.3,
126.9, 124.7 (qXJ(C,F) = 270.3 Hz), 120.7, 117.7, 65.1, 44°F NMR (282 MHz, CQOD): & = -
62.0 (s); IR (KBr):v = 3394.1, 3273.6, 3084.6, 1635.3, 1592.9, 12848,8 cnil; MS (ESI+):m/z
519.2 [M + Na] (calcd. for G4H;8FsN,OsNa: 519.1); elemental analysis (%): C 57.81, H 3M%.41
(calcd. for G4H1gFsN,O4: C 58.07, H 3.65, N 5.64).

4.6.3.5 Synthesis of phosphites 4a-i (PhthalaPhagands).
Two alternative, slightly different procedures wésbowed depending on whether the starting alcohol

was soluble in THF or not.

General Procedure 1.(S-BINOL-PCI (1 eq, typical scale: 0.3 g) was addeda stirred 0.1 M
solution of the selected alcohol (1 eq) andNE(3 eq) in THF. The obtained mixture was stirred
overnight and then filtered through a pad of cdltashing with THF). The solvent was evaporated

under reduced pressure and the crude product wide@wy flash column chromatography on silica

gel.

General Procedure 2(9-BINOL-PCI (1 eq, typical scale: 0.3 g) was addea stirred suspension of
the selected alcohol (1 eq) andNE(3 eq) in 6:4 THF/DCM (conc. ~ 0.1 M). The obtahmixture
was stirred overnight and then,@t(half volume with respect to the THF/DCM mixtureas added.
The mixture was filtered through a pad of celiteaghing with THF), the solvent was evaporated

under reduced pressure and the crude product widgeg@wy flash column chromatography on silica

gel.
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N*-(4-Butylphenyl)-N*(3-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)phenyl)phthalamide 4a. The product, a white solid, was prepared accordinghe
General Procedure 1 starting from 0.314 gMRINOL-PCI and 0.36 g of alcoh@a in the presence
of 0.375 mL of TEA. Yield: 0.473 g (74%); m.p. =4121 °C; fi]*%, = + 277.6 ¢ = 1.0 in DCM);'H
NMR (400 MHz, CDCl,): & = 9.40 (s, 1H), 9.02 (s, 1H), 8.04 {d(H,H) = 8.8 Hz, 1H), 8.00 (d,
3J(H,H) = 8.4 Hz, 1H), 7.93 (dJ(H,H) = 8.8 Hz, 1H), 7.92 (dJ(H,H) = 8.2 Hz, 1H), 7.59-7.56 (m,
3H), 7.53-7.42 (m, 6H), 7.39-7.27 (m, 7H), 7.23YH,H) = 8.0 Hz, 1H), 7.04 (dJ(H,H) = 8.4 Hz,
2H), 7.00 (d,*J(H,H) = 8.0 Hz, 1H), 4.92 (dd,J(H,H) = 12.3 HzJ(H,P) = 8.0 Hz, 1H), 4.70 (dd,
2J(H,H) = 12.3 Hz3J(H,P) = 8.0 Hz, 1H), 2.53 ({)(H,H) = 7.8 Hz, 2H), 1.54 (m, 2H), 1.33 (m, 2H),
0.92 (t,%)(H,H) = 7.3 Hz, 3H);*C NMR (100 MHz, CCl,): 5 = 167.9, 149.2, 148.1, 139.8, 139.0,
138.5, 136.3, 135.7, 135.6, 133.3, 133.1, 132.2,71331.1, 131.0, 130.9, 129.5, 129.3, 129.1,11.29.
128.8, 127.4, 127.0, 126.9, 125.8, 125.6, 124.3,212122.5, 122.3, 121.6, 120.8, 120.4, 119.8, 67.2
(d,%J(C,P) = 5.6 Hz), 35.6, 34.3, 23.0, 14 NMR (162 MHz, CRCl,): & = 141.3 (s). IR (film)v

= 3238.9, 3060.5, 2954.4, 1639.2, 1541.8, 123®3,8cnT; HRMS (ESI+):m/z 739.23323 [M +
Na]" (calcd. for GsHz/N,OsPNa: 739.23469).

(@] /©/\I\
N
H
NH
0 940
4b /()
oK
NS

N*-(4-Butylphenyl)-N*(3-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)benzyl)phthalamide 4b.The product, a white solid, was prepared accordinghe
General Procedure 2 starting from 0.337 gSMBINOL-PCI and 0.40 g of alcohd@b in the presence
of 0.40 mL of TEA. Yield: 0.475 g (67%); m.p. = 1385 °C; p]®, = + 120.1 ¢ = 1.0 in DCM);'H
NMR (400 MHz, CDCl,): 5 = 8.80 (s, 1H), 8.06 (d)(H,H) = 8.8 Hz, 1H), 8.01 (dJ)(H,H) = 8.2 Hz,
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1H), 7.95 (d2J(H,H) = 9.0 Hz, 1H), 7.92 (fJ(H,H) = 7.8 Hz, 1H), 7.79 (FJ(H,H) = 7.1 Hz, 1H),
7.62 (dd,®J(H,H) = 7.4 Hz,"J(H,H) = 1.5 Hz, 1H), 7.58-7.43 (m, 7H), 7.39-7.28, (9H), 7.15 (d,
%J(H,H) = 8.3 Hz, 2H), 6.89 (£J(H,H) = 6.0 Hz, 1H), 4.91 (ddJ(H,H) = 12.3 Hz2J(H,P) = 8.0 Hz,
1H), 4.71 (dd,2J(H,H) = 12.3 Hz,*J(H,P) = 8.2 Hz, 1H), 4.60 (d)(H,H) = 6.0 Hz, 2H), 2.62 (t,
3J(H,H) = 7.8 Hz, 2H), 1.62 (m, 2H), 1.39 (m, 2H)9D.(t, *J(H,H) = 7.3 Hz, 3H);"*C NMR (100
MHz, CD,Cl,): & = 170.0, 167.3, 149.2, 148.1, 139.7, 139.1, 1388,6, 135.7, 135.0, 133.4, 133.1,
132.2,131.7, 131.0, 130.8, 130.8, 129.4, 129.9,01228.9, 128.7, 127.3, 126.8, 126.8, 125.7,5,25.
124.6, 124.0, 123.1, 122.4, 122.2, 120.7, 120.8,71167.1 (d2)(C,P) = 5.7 Hz), 44.3, 35.5, 34.2,
22.9, 14.3;'P NMR (162 MHz, CBCly): 8 = 141.8 (s). IR (film):v = 3243.7, 3058.6, 2954.4,
1635.3, 1538.9, 1230.0, 825.4 tmHRMS (ESI+): m/iz 753.24782 [M + Nd] (calcd. for

CueH3gN-OsPNa: 7 5324888) .
O m
N

H

NH
(0]
4c 0] OO
/
0-R
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N'-(4-Butylphenyl)-N*(4-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)phenyl)phthalamide 4c. The product, a white solid, was prepared accordmghe
General Procedure 1 starting from 0.174 g §FRINOL-PCI and 0.200 g of alcohdc in the
presence of 0.208 mL of TEA. Yield: 0.219 g (62%)p. = 150-159 °C:d]*%, = + 209.1 ¢ = 0.8 in
DCM); 'H NMR (400 MHz, CDCl,): & = 8.96 (s, 1H), 8.53 (s, 1H), 8.06 {d(H,H) = 8.8 Hz, 1H),
8.01, (d,%J(H,H) = 8.2 Hz, 1H), 7.97 (FJ(H,H) = 8.6 Hz, 2H), 7.78 (m, 1H), 7.72 (m, 1H)6%.(d,
3J(H,H) = 8.2 Hz, 2H), 7.60-7.46 (m, 7H), 7.39-7.28, (7H), 7.18 (d>J(H,H) = 8.3 Hz, 2H), 5.00 (dd,
2J(H,H) = 12.1 Hz2J(H,P) = 8.0 Hz, 1H), 4.78 (dd)(H,H) = 12.1 Hz2J(H,P) = 8.3 Hz, 1H), 2.61 (t,
3)(H,H) = 7.8 Hz, 2H), 1.60 (m, 2H), 1.37 (m, 2H)98.(t, *J(H,H) = 7.3 Hz, 3H):*C NMR (100
MHz, CD,Cl,): 5 = 168.2, 168.0, 149.3, 148.2, 139.2, 136.8, 1386,5, 133.4, 133.1, 132.2, 131.7,
131.0, 130.7, 130.3, 130.2, 129.0, 128.8, 128.3,312426.8, 125.7, 125.5, 124.7, 124.6, 123.2,4,22.
122.2, 120.6, 120.5, 67.1 @(C,P) = 4.6 Hz), 35.6, 34.2, 22.9, 148 NMR (162 MHz, CBCl,): &
=141.8 (s). IR (film)v = 3240.1, 3059.1, 2954.4, 1639.2, 1541.8, 12%28,5 cril; HRMS (ESI+):
m/z 739.23437 [M + Nd](calcd. for GsHs/N,OsPNa: 739.23323).
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N*-(4-Butylphenyl)-N*(4-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)benzyl)phthalamide 4d. The product, a white solid, was prepared accordinghe
General Procedure 1 starting from 0.278 gSMEINOL-PCI and 0.30 g of alcoh@d in the presence
of 0.30 mL of TEA. Yield: 0.342 g (65%); m.p. = 180 °C; p]*% = + 239.6 ¢ = 0.93 in DCM);'H
NMR (400 MHz, CDCl,): & = 8.88 (s, 1H), 8.06 (dJ(H,H) = 8.8 Hz, 1H), 8.01 (d)(H,H) = 8.3 Hz,
1H), 7.97 (d2J(H,H) = 8.7 Hz, 2H), 7.80 (dJ(H,H) = 7.0 Hz, 1H), 7.62-7.46 (m, 8H), 7.39-7.30, (
7H), 7.20 (d2J(H,H) = 7.4 Hz, 2H), 7.18 (fJ(H,H) = 7.4 Hz, 2H), 6.88 (£J(H,H) = 5.9 Hz, 1H),
4.97 (dd,J(H,H) = 12.2 Hz*J(H,P) = 8.0 Hz, 1H), 4.76 (dd)(H,H) = 12.2 Hz,*J(H,P) = 8.2 Hz,
1H), 4.60 (d2J(H,H) = 5.9 Hz, 2H), 2.61 (£J(H,H) = 7.6 Hz, 2H), 1.61 (m, 2H), 1.37 (m, 2H)95.

(t, 3J(H,H) = 7.3 Hz, 3H)*C NMR (100 MHz, CQCl,): 5 = 170.0, 167.4, 149.3, 148.1, 139.7, 138.7,
137.0, 136.6, 135.7, 135.0, 133.4, 133.1, 132.2,71331.1, 130.8, 130.7, 130.6, 129.2, 129.1,0,29.
129.0, 128.5, 128.4, 128.3, 127.3, 126.9, 126.8,712125.6, 124.6, 123.2, 122.3, 122.1, 120.8, 67.0
(d,?J(C,P) = 5.7 Hz), 44.2, 35.6, 34.3, 22.9, 14'®, NMR (162 MHz, CBCl,): 5 = 141.6 (s). IR
(film): v = 3259.1, 3058.6, 2954.4, 1637.3, 1540.8, 12820,4 crit; HRMS (ESI+):m/z 753.24963
[M + Na]* (calcd. for GeHsgN,OsPNa: 753.24888).
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N*-(4-Butylphenyl)-N*(2-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-

yloxy)methyl)benzyl)phthalamide 4e.The product, a white solid, was prepared accordinghe
General Procedure 2 starting from 0.287 g $FRINOL-PCI and 0.340 g of alcohd@e in the
presence of 0.342 mL of TEA. Yield: 0.412 g (69%h)p. = 115-122 °C:d]*% = + 313.5¢=0.87 in
DCM); 'H NMR (400 MHz, CDCl,): & = 8.91 (s, 1H), 8.04 (fJ(H,H) = 8.8 Hz, 1H), 8.00 (d,
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%J(H,H) = 8.2 Hz, 1H), 7.89 (d®J(H,H) = 8.8 Hz, 1H), 7.88 (J(H,H) = 8.0 Hz, 1H), 7.70 (d,
J(H,H) = 7.7 Hz, 1H), 7.52-7.38 (m, 7H), 7.34-7.20, (LOH), 7.16 (d*J(H,H) = 8.3 Hz, 2H), 6.76 (t,
3J(H,H) = 5.4 Hz, 1H), 5.13 (ddJ(H,H) = 12.1 HzJ(H,P) = 7.8 Hz, 1H), 4.98 (ddJ(H,H) = 12.1
Hz, °J(H,P) = 8.4 Hz, 1H), 4.61 (dd)(H,H) = 14.7 Hz J(H,P) = 5.9 Hz, 1H), 4.53 (ddJ(H,H) =
14.7 Hz,*)(H,P) = 5.7 Hz, 1H), 2.63 (£J(H,H) = 7.8 Hz, 2H), 1.64 (m, 2H), 1.40 (m, 2H)98.(t,
3J(H,H) = 7.8 Hz, 3H);*C NMR (100 MHz, CBCl,): & = 169.6, 166.8, 148.9, 147.8, 139.7, 137.3,
136.5, 135.7, 135.6, 134.7, 133.3, 133.0, 132.2,6,331.1, 130.8, 130.7, 130.4, 130.2, 129.7,6,29.
129.3, 129.0, 128.9, 128.5, 128.3, 127.3, 127.8,912426.9, 125.8, 125.6, 124.5, 123.2, 122.2,0,22.
121.9, 120.6, 65.6 (dJ(C,P) = 9.3 Hz), 41.9, 35.6, 34.3, 22.9, 14'B;NMR (162 MHz, CRCl,): &

= 144.0 (s). IR (film)y = 3245.6, 3058.8, 2954.4, 1636.3, 1541.8, 12828,4 crit; HRMS (ESI+):
Mz 753.24983 [M + Nd](calcd. for GeHzoN,OsPNa: 753.24888).
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N'-(4-Butylphenyl)-N*(3-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)phenethyl)phthalamide 4f. The product, a white solid, was prepared accortintpe
General Procedure 1 starting from 0.137 gSHEINOL-PCI and 0.390 g of alcoh@F in the presence
of 0.163 mL of TEA. Yield: 0.183 g (63%); m.p. =3:016 °C; j]*% = + 201.7 ¢ = 0.8 in DCM);'H
NMR (400 MHz, CQCl,): & = 9.21 (s, 1H), 8.06 (dJ(H,H) = 8.8 Hz, 1H), 8.01 (¢)(H,H) = 8.3 Hz,
1H), 7.96 (d J(H,H) = 8.7 Hz, 2H), 7.73 (dFJ(H,H) = 7.4 Hz, 1H), 7.58 (dJ(H,H) = 8.8 Hz, 1H),
7.57 (d,%)(H,H) = 8.1 Hz, 2H), 7.52-7.28 (m, 11H), 7.19-7.4@, 5H), 6.55 (bs, 1H), 5.00 (dd,
2J(H,H) = 12.2 Hz*J(H,P) = 7.9 Hz, 1H), 4.80 (ddJ(H,H) = 12.2 HzJ(H,P) = 8.4 Hz, 1H), 3.64
(m, 2H), 2.88 (t3J(H,P) = 7.1 Hz, 2H), 2.62 (£J(H,P) = 7.6 Hz, 2H), 1.63 (m, 2H), 1.38 (m, 2H),
0.96 (t,%J(H,P) = 7.3 Hz, 3H)**C NMR (100 MHz, CBCl,): & = 170.3, 167.1, 149.2, 148.1, 139.9,
139.6, 138.1, 136.8, 135.6, 135.4, 133.4, 133.2,2,1331.7, 131.1, 130.8, 130.4, 129.3, 129.2,1129.
129.0, 128.6, 128.2, 127.3, 126.9, 126.3, 125.5,612124.6, 123.2, 122.4, 122.1, 120.7, 67.2 (d,
2J(C,P) = 4.6 Hz), 41.8, 35.8, 35.6, 34.3, 22.9, 1#B NMR (162 MHz, CCl,): 5 = 142.2 (s). IR
(film): v = 3240.6, 3058.5, 2954.4, 1636.3, 1541.8, 1282B,4 cn1; HRMS (ESI+):m/z 745.28262
[M + H]" (calcd. for G/H4N,OsP: 745.28259) and 767.26300 [M + Nétalcd. for G/H4iN,OsPNa:
767.26453).
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Iz

NH

“ I
O

N*-(4-Butylphenyl)-N*(4-(((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-
yloxy)methyl)phenethyl)phthalamide 4g9.The product, a white solid, was prepared accortbnipe
General Procedure 2 starting from 0.275 g $FBINOL-PCI and 0.338 g of alcohdg in the
presence of 0.328 mL of TEA. Yield: 0.415 g (71%)p. = 109-117 °C;d]*% = + 248.8 ¢ = 0.8 in
DCM); *H NMR (400 MHz, CDCL,): = 9.22 (s, 1H), 8.06 (d)(H,P) = 8.8 Hz, 1H), 8.01 (d)(H,P)

= 8.3 Hz, 1H), 7.96 (J(H,P) = 9.0 Hz, 2H), 7.74 (d)(H,P) = 7.4 Hz, 1H), 7.58 (m, 3H), 7.52-7.29
(m, 10H), 7.23 (m, 4H), 7.19 (d)(H,P) = 8.5 Hz, 2H), 6.62 (£J(H,P) = 5.6 Hz, 1H), 4.98 (dd,
2J(H,H) = 12.1 Hz3J(H,P) = 8.0 Hz, 1H), 4.77 (dd)(H,H) = 12.1 HzJ(H,P) = 8.2 Hz, 1H), 3.65 (q,
33 (H,H) = 6 Hz, 2H), 2.89 (£J(H,P) = 7.1 Hz, 2H), 2.63 ({)(H,P) = 7.6 Hz, 2H), 1.63 (m, 2H), 1.39
(m, 2H), 0.97 (t2J(H,P) = 7.3 Hz, 3H)**C NMR (100 MHz, CRCl,): 8 = 170.2, 167.5, 149.3, 148.1,
139.8, 139.4, 137.0, 135.9, 135.7, 135.4, 133.3,11332.2, 131.7, 131.1, 130.8, 130.5, 130.2,4,29.
129.1, 129.0, 129.0, 128.4, 128.1, 127.3, 126.6,912425.7, 125.6, 124.6, 123.2, 122.4, 122.1,7.20.
67.2 (d,2J(C,P) = 4.8 Hz), 41.8, 35.6, 35.5, 34.3, 22.9, 1#R” NMR (162 MHz, CRCl,): 5 = 141.9
(s). IR (film): v = 3252.4, 3073.0, 2954.3, 1635.3, 1540.8, 123p8,5 cnil; HRMS (ESI+):m/z
767.26494 [M + Nd](calcd. for GHyN,OsPNa: 767.26453).

CF3
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N’-(3,5-Bis(trifluoromethyl)phenyl)- N*(3-(((11bS)-dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin-4-yloxy)methyl)phenyl)phthéamide 4h. The product, a white solid, was
prepared according to the General Procedure ingtdrom 0.168 g of §-BINOL-PCI and 0.230 g of
alcohol3h in the presence of 0.2 mL of TEA. Yield: 0.2967@%); m.p. = 165-176 °Cp|*, = +
216.7 € = 0.75 in DCM);*H NMR (400 MHz, CBCL,): & = 10.53 (s, 1H), 9.16 (s, 1H), 8.07 (s, 2H),
7.96 (d,3J(H,H) = 8.8 Hz, 1H), 7.92 (J(H,H) = 8.2 Hz, 1H), 7.85 (FJ(H,H) = 8.7 Hz, 1H), 7.83
(d, *J(H,H) = 7.5 Hz, 1H), 7.63 (s, 1H), 7.45 (d(H,H) = 8.8 Hz, 1H), 7.42-7.34 (m, 4H), 7.31-7.15
(m, 6H), 7.04 (m, 1H), 6.96 (d)(H,H) = 7.7 Hz, 2H), 6.89 (m, 2H), 4.87 (dd(H,H) = 12.4 Hz,
3)(H,P) = 8.1 Hz, 1H), 4.69 (dd)(H,H) = 12.4 Hz,3)(H,P) = 8.2 Hz, 1H)*C NMR (100 MHz,
CD,Cl,): & = 168.7, 168.4, 149.1, 148.0, 140.6, 138.7, 13835,7, 134.8, 133.3, 133.1, 132.2, 132.1
(q, 2J(C,F) = 33.3 Hz), 131.6, 131.2, 131.0, 130.8, 13020.6, 129.0, 128.9, 128.5, 128.0, 127.3,
127.3, 126.9, 126.8, 125.7, 125.5, 124.6, 124.8,71%,"J(C,F) = 272.6 Hz), 123.1, 122.3, 122.0,
120.4, 119.9, 119.4, 117.8, 66.9 {#C,P) = 6.7 Hz)?'P NMR (162 MHz, CBCl,): & = 141.0 (s);
F NMR (282 MHz, CCL,): & = -62.2 (s); IR (film):v = 3220.4, 1638.2, 1380.8, 1276.0, 1230.0,
823.5 cm; HRMS (ESI+):mVz 819.14729 [M + Nd](calcd. for GsH,7/FsN,OsPNa: 819.14540).

N'-(3,5-bis(trifluoromethyl)phenyl)-N-(3-(((11bS)-dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin-4-yloxy)methyl)benzyl)phth&amide 4i. The product, a white solid, was
prepared according to the General Procedure Ingtdrom 0.234 g of §-BINOL-PCI and 0.330 g of
alcohol3i in the presence of 0.279 mL of TEA. Yield: 0.41876%); m.p. = 138-145 °Cp]*, = +
229.8 € = 0.95 in DCM);*"H NMR (400 MHz, CDCl,): & = 10.81 (s, 1H), 8.16 (s, 2H), 8.02 (d,
3J(H,H) = 8.8 Hz, 1H), 7.98 (J(H,H) = 8.2 Hz, 1H), 7.92 (dJ(H,H) = 8.8 Hz, 1H), 7.90 (d,
8)J(H,H) = 8.1 Hz, 1H), 7.54-7.25 (m, 12H), 7.22-7.(16, 2H), 6.69 (t3J(H,H) = 5.7 Hz, 1H), 5.03
(dd, 2J(H,H) = 12.3 Hz*J(H,P) = 8.2 Hz, 1H), 4.85 (ddJ(H,H) = 12.3 HzJ(H,P) = 8.2 Hz, 1H),
4.65 (AB system, 2H)**C NMR (100 MHz, CBCl,): & = 170.0, 168.8, 149.2, 148.0, 141.2, 139.5,
138.3, 135.1, 134.4, 133.3, 133.1, 132.2, 132.2X6;,F) = 33.2 Hz), 131.7, 131.1, 130.8, 130.3,
129.4, 129.0, 128.9, 128.4, 128.3, 127.7, 127.8,41227.3, 127.3, 127.0, 126.9, 125.8, 125.6,6,24.
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123.8 (q,"J(C,F) = 272.7 Hz), 123.2, 122.2, 122.0, 119.6, 2187.1 (d/J(C,P) = 6.5 Hz), 44.3''P
NMR (162 MHz, CBCl,): 8 = 140.6 (s)*F NMR (282 MHz, CDCL,): & = -62.2 (s); IR (film)v =
3219.2, 1635.3, 1382.7, 1281.0, 1230.0, 823.5;daRMS (ESI+):m/z 833.16280 [M + Nd](calcd.

for C44H29F6N205PN3.: 833. 16105) .

4.6.4 NMR studies
4.6.4.1 Concentration dependence of the chemicalilof NH protons of ligand 4a and

complex [Rh(4a)(cod)BF,]
Experimental parameters: T = 298 K; solvent: CECI, (0.8 mL).

(0] /@/\/\
N
" 40
NH A o
o} O-R
(0]
4a

Complex [Rh(4a)(cod)BF,]: prepared in situ from [Rh(coBF,4] (1 eq) andda (2.1 eq).

Ligand:

Table 4.9.Concentration dependence of chemical shift ofggretNH A and NH B in the free ligarih.

Proton NH A Proton NH B
da / ppm dg / ppm

Conc. /mM Adp =4 'A5A Esplzs m / PPM Adg =g '353 cIJD,splzs my / PPM
0.3125 8.6540 0.0000 8.3080 0.0000
0.625 8.6620 0.0080 8.3130 0.0050
1.25 8.6740 0.0200 8.3260 0.0180
25 8.7060 0.0520 8.3550 0.0470
5 8.7590 0.1050 8.4050 0.0970
10 8.8480 0.1940 8.4870 0.1790
20 9.0064 0.3524 8.6363 0.3283

Table 4.10 Concentration dependence of chemical shift of gm@tNH A and NH B in the complex

[Rh(4a),(cod)BF].
Proton NH A Proton NH B
da/ ppm dg / ppm
Conc. /mM Adp =0a -0 (E,)flzs m / PpmM Adg =0g - O oF,):.)lzs mn / PPM
0.3125 9.6270 0.0000 8.3980 0.0000
0.625 9.6140 -0.0130 8.4450 0.0470
1.25 9.6040 -0.0230 8.5060 0.1080
25 9.5990 -0.0280 8.5840 0.1860
5 9.6060 -0.0210 8.6870 0.2890
10 9.6130 -0.0140 8.7890 0.3910
20 9.6570 0.0300 8.9410 0.5430
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Note: in all the experiments, th&P NMR spectra invariably showed a clean doubletaigtd =
122.0 ppm withlgpp= 257.7 Hz.
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Figure 4.6 Concentration dependence of proton NH A in the figand4a and in complex [R@),(cod)BE,].
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Figure 4.7 Concentration dependence of proton NH B in the igand4a and in complex [Ri@a),(cod)BF].
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4.6.4.2 Temperature dependence of the chemical ghdf NH protons of ligand 4a and
complex [Rh(4a}(cod)BF,]

Experimental parameters: concentration: 1.2 mM; solvent: GO, (0.8 mL).

o /@/\/\
N
w 90
NH A [
o) O—P\
e}
4a

Ligand:

Complex [Rh(4a)(cod)BF,]: prepared in situ from [Rh(codBF4] (1 eq) andta (2.1 eq).

Table 4.11Temperature dependence of chemical shift of psoddid A and NH B in the free liganth.

Proton NH A Proton NH B
T (K) da (ppm) Ada (PPM) =0, - 84 208 k dg (Ppm) Adg (ppm) =3 - 35 208 k
298 8.6922 0.0000 8.3423 0.0000
288 8.7362 0.0440 8.3739 0.0316
278 8.7902 0.0980 8.4117 0.0694
268 8.8628 0.1706 8.4592 0.1169
258 8.9919 0.2997 8.5459 0.2036
248 9.2746 0.5824 8.7624 0.4201

Table 4.12. Temperature dependence of chemical shift of poottdH A and NH B in complex
[Rh(4a),(cod)BF,).

Proton NH A Proton NH B
T (K) da (ppm) Ada (PPM) =0, - 8 208 k dg (ppm) Adg (Ppm) =3 - 3g 208 k
298 9.6060 0.0000 8.4800 0.0000
288 9.7390 0.1330 8.4690 -0.0110
278 9.8770 0.2710 8.4510 -0.0290
268 10.0080 0.4020 8.4320 -0.0480
258 10.1330 0.5270 8.4130 -0.0670
248 10.2490 0.6430 8.3960 -0.0840
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Figure 4.8 Temperature dependence of chemical shift of prddth A in free ligand4a and in complex
[Rh(4a),(cod)BF].
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Figure 4.9 Temperature dependence of chemical shift of prdtbh B in free ligand4a and in complex
[Rh(4a),(cod)BF].
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Note: the AY/AT values were calculated from the slope of a lineast squares fit to thevs. T graph
obtained for the complex [Ré@),(cod)BF] (Tables S3 and S4), which showed a linear depaselef
NH proton chemical shift from temperature. N&AT calculation was carried out for the free ligand

4a, whose NH protons did not show a linear tempeeati@pendence of chemical shift.

Table 4.13Determination oAS/AT values of protons NH A and NH B in complex [RBYx(cod)BF].

Proton NH A Proton NH B

Linear regression of Slope Intercept Slope | Intercept
[lvs. T -0.0129 13.4672 0.0017 7.9667
Standard error = 0.0002 0.0519 0.0001 0.0171
R?= 0.9991 0.0079 0.9948 0.0026
F index = 4641.4392 4.0000 771.8904| 4.0000
0.2929 0.0003 0.0053 0.0000

AS AT (ppb K™ = -12.94 1.73
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4.6.4.3 Kinetic study of H/D exchange of NH protonsof ligand 4a and complex
[Rh(4a),(cod)BF,] in the presence of a large excess of GDD

Experimental parameters: T = 298 K; concentration: 1.2 mM; solvent: &I», (0.8 mL). Excess of
CD50D: 513 eq (2QuL, 0.492 mmol).

Abbreviations used in the tables%H, = percent of H still not exchanged (%lfor each NH group;
Ry = fraction of unexchanged H (R= 1).

Ligand:

/\ Reference signal for integration

Complex [Rh(4a)(cod)BF,]: prepared in situ from [Rh(codBF4] (1 eq) andta (2.1 eq).

Note: time = 0 was marked when @DD was added. A distinct non-exchanging NMR signab
used as an internal integration reference. Ratetantsk and corresponding half-livels,, were
determined from the slope of a linear least squftrde the graph of In(R;) = kt. The part of the
curve corresponding values of, < 0.1 (i.e. %k < 10%) was not computed for the least square fit

because, for such low values, the integration dregomes significant.

Table 4.14H/D exchange of the NH protons of ligasd (1.2 mM CDQCl, solution).
Proton NH A Proton NH B
t (min)|[ %H; Rit  In(Ruy) | %H Rut  In(Ryy)
0.00 | 100.001.0000 0.000 | 100.001.0000 0.000
3.12 | 77.17 0.7717 -0.259 | 79.80 0.7980 -0.226
6.99 | 59.81 0.5981 -0.514 | 66.18 0.6618 -0.413
10.84| 47.53 0.4753 -0.744 | 53.96 0.5396 -0.617
14.70| 39.16 0.3916 -0.937 | 45.36 0.4536 -0.791
18.55| 31.56 0.3156 -1.153 [ 39.07 0.3907 -0.940
22.42| 26.66 0.2666 -1.322 | 33.03 0.3303 -1.108
26.29( 21.48 0.2148 -1.538 | 27.34 0.2734 -1.297
30.14( 16.17 0.1617 -1.822 | 22.50 0.2250 -1.491
34.00( 16.86 0.1686 -1.780 | 20.79 0.2079 -1.571
37.85( 12.15 0.1215-2.108 | 16.12 0.1612 -1.825
41.72( 10.75 0.1075-2.230 | 15.96 0.1596 -1.835
49.59( 9.57 0.0957 -2.347 | 11.72 0.1172 -2.144
57.44( 7.14 0.0714 -2.640 | 8.80 0.0880 -2.431
65.30( 7.45 0.0745 -2.597 | 8.49 0.0849 -2.466
73.17| 6.05 0.0605 -2.805| 6.73 0.0673 -2.699
81.02( 5.63 0.0563 -2.876 | 6.88 0.0688 -2.677
88.89( 5.66 0.0566 -2.872 | 6.60 0.0660 -2.718
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4.85 0.0485 -3.026

104.60 5.18 0.0518 -2.960
112.47| 4.96 0.0496 -3.003
120.34) 4.67 0.0467 -3.064
133.19 4.42 0.0442 -3.120
146.05( 3.76 0.0376 -3.281
158.92 3.63 0.0363 -3.316
171.79 4.01 0.0401 -3.217
184.65 4.25 0.0425 -3.158
202.50] 4.26 0.0426 -3.157
220.37| 3.82 0.0382 -3.265
238.22] 3.53 0.0353 -3.345
256.09| 3.67 0.0367 -3.306
288.95 3.91 0.0391 -3.242
321.80] 3.58 0.0358 -3.331
354.69] 4.06 0.0406 -3.203

5.27
5.55
4.82
5.36
4.30
4.53
3.86
3.42
4.98
3.72
4.20
3.45
3.87
4.20
3.34
3.80

0.0527 -2.944
0.0555 -2.891
0.0482 -3.033
0.0536 -2.925
0.0430 -3.147
0.0453 -3.093
0.0386 -3.254
0.0342 -3.377
0.0498 -2.999
0.0372 -3.290
0.0420 -3.169
0.0345 -3.368
0.0387 -3.251
0.0420 -3.169
0.0334 -3.400
0.0380 -3.271

Table 4.15H/D exchange of the NH protons of complex [R#)¢(cod)BF] (1.2 mM CD:Cl, solution).

t (min)

Proton NH A

In
Yk Rus (Ruy)

Proton NH B

%H,

In

Rus (Ruy)

0.00
1.75
4.22
6.68
9.17
11.63
14.10
16.58
19.03
21.52
24.00
26.47
32.93
39.42
45.88
52.38
58.88
70.55
77.03
83.50
89.98
96.45
102.92
114.42
125.88

137.37

100.001.0000 0.000
98.02 0.9802-0.020
97.70 0.9770-0.023
90.22 0.9022-0.103
85.55 0.8555-0.156
84.70 0.8470-0.166
78.01 0.7801-0.248
77.93 0.7793-0.249
77.07 0.7707-0.260
75.44 0.7544-0.282
74.28 0.7428-0.297
69.11 0.6911-0.370
63.89 0.6389-0.448
58.85 0.5885-0.530
50.06 0.5006-0.692
47.45 0.4745-0.746
44.67 0.4467-0.806
35.28 0.3528-1.042
32.18 0.32181.134
29.23 0.2923-1.230
25.66 0.2566-1.360
23.54 0.2354-1.446
22.00 0.2200-1.514
17.02 0.1702-1.771
14.14 0.1414-1.956
12.75 0.1275-2.060

100.001.0000 0.000

94.33
89.61
81.89
75.32
71.78
65.67
63.55
62.34
58.89
56.38
50.56
45.30
38.68
30.55
27.75
25.62
17.04
15.06
12.69
11.07
10.77
8.04
6.38
6.03
4.66

0.9433-0.058
0.8961-0.110
0.8189-0.200
0.7532-0.283
0.7178-0.332
0.6567-0.421
0.6355-0.453
0.6234-0.473
0.5889-0.530
0.5638-0.573
0.5056 -0.682
0.4530-0.792
0.3868-0.950
0.3055-1.186
0.2775-1.282
0.2562-1.362
0.1704-1.769
0.1506-1.893
0.1269-2.064
0.1107-2.201
0.1077-2.228
0.0804 -2.521
0.0638 -2.752
0.0603 -2.808
0.0466 -3.066
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148.83
160.32
176.78
193.27
209.73
237.12
268.58
300.08
331.57
363.13

11.73 0.1173-2.143
10.55 0.1055-2.249
7.96 0.0796-2.530
7.33 0.0733-2.614
6.14 0.0614-2.791
4.99 0.0499-2.997
4.82 0.0482-3.033
5.37 0.0537-2.925
4.16 0.0416-3.180
3.41 0.0341-3.379

4.13
5.12
4.84
4.04
4.19
4.78
5.30
4.44
4.65
3.88

0.0413-3.187
0.0512-2.971
0.0484 -3.029
0.0404 -3.208
0.0419-3.171
0.0478 -3.042
0.0530-2.938
0.0444 -3.114
0.0465 -3.069
0.0388 -3.251

Figure 4.5H/D exchange of the NH protons of ligasdand complex [Ri{a),(cod)BF]: plot of %H vs. time.
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Table 4.16H/D exchange of the NH protons of ligafd (1.2 mM CDQCl, solution): kinetic data.

Proton NH A Proton NH B
Regression interval = 0-41.72 min Regression interval = 0 - 49.59 min
Linear regression of Slope | Intercept Linear regression of Slope | Intercept
In (Ruy) vs. t -0.0566 | 0.0000 In (Ruy) vs. t -0.0466 | 0.0000
Standard error = 0.0012 #N/D Standard error = 0.0009 #N/D
R?= 0.9949 0.1035 R?= 0.9951 0.0930
F index = 2145.6915/ 11.000d F index = 2418.1351] 12.000d
22.9931 0.1179 20.9011 0.1037
k (min™) = 0.057 k (min™) = 0.047
tyz (Min) = In(2) /k = 12.24 tyz (Min) = In(2) /1 k = 14.88
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Table 4.17H/D exchange of the NH protons of complex [R)¢(cod)BF] (1.2 mM CDCI, solution): kinetic
data.

Proton NH A Proton NH B
Regression interval = 0 - 160.32 min Regression interval = 0 - 96.45 min
Linear regression of Slope Intercept Linear regression of Slope | Intercept
In (Ryy) vs. t -0.0147 0.0000 In (Ryy) vs. t -0.0243 | 0.0000
Standard error = 0.0001 #N/D Standard error = 0.0002 #N/D
R?= 0.9984 0.0445 R?= 0.9984 0.0470
F index = 17017.5956 27.000( F index = 13181.3248 21.0000
33.6475 0.0534 29.1005 0.0464
k (min) = 0.015 k (min) = 0.024
ti, (Min) = In(2) /k = 47.10 ti, (Min) = In(2) /k = 28.47

Table 4.18 Effect of an excess of GDD on the chemical shift of NH protons of ligadd and complex
[Rh(4a)2(cod)BF).

Free ligandda | [Rh(4a),(cod)BF]
NHA NHB NH A NH B
Before CRROD addition [ (ppm) = 8.683  8.333 9.619 8.508
After addition of CROD (513 eq) [ (ppm) = 9.337 9.075 9.893 9.066
Chemical shift variation ) (ppm) = | 0.654  0.742 0.274 0.558

1.2 mM CD,CI, solution of

4.6.5 CATALYTIC SCREENING OF THE PHTHALAPHOS LIBRAR Y

The results of the catalytic screening of the wiRihalaPhos library (ligands-9 on substrateS],
S2 S3andS4are reported in this section.

General Procedure for asymmetric hydrogenations uner atmospheric pressure.Seven oven-
dried glass test tubes with stirring bars were eygad: in each one the ligand (0.0042 mmol, 0.022
eq) was weighted, then the test tubes were placadsichlenk and subjected to three vacuum/nitrogen
cycles. A 2.12 mM DCM solution of [Rh(cafF,] (0.9 mL, 0.001909 mmol, 0.01 eq) was added and
the mixtures were stirred for 10 min under nitrag&rD.1909 M solution of the substrate in DCM (1
mL, 0.1909 mmol, 1 eq) was finally added, followmd2.1 mL of DCM. The reaction mixtures were
subjected to three vacuum/hydrogen cycles andldfestirring overnight at room temperature under

1 bar of hydrogen. Samples were taken for chiralaB8élysis (for the GC conditions, see below).

General Procedure for asymmetric hydrogenations uner pressure higher than atmosphericA
Parr multireactor was employed, allowing six reasi in parallel under hydrogen pressure. The
selected ligands (0.0042 mmol, 0.022 eq) were wedhim special glass vessels. The vessels were

purged with nitrogen and a 2.12 mM DCM solutionN®h(cod}BF,] (0.9 mL, 0.001909 mmol, 0.01
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eq) was added in each of them. After 10 min a ®190solution of the substrate in DCM (1 mL,
0.1909 mmol, 1 eq) was added followed by 6.1 mLD&IM, and the vessels were placed in the
respective autoclaves and purged three times withiolgen at the selected pressure. The reactions
were stirred overnight at R.T. under pressure arbgen, and then analysed by chiral GC for

conversion anée determination (see below).

GC conditions for conversion andee determination

Methyl 2-acetamidopropanoate P1: capillary column: MEGADEX DACTBg, diacetyltert-
butylsilyl-3-cyclodextrin, 0.25um; diameter = 0.25 mm; length = 25 m; carrier: loggm; flow: 1
mL/min; oven temperature: 140 °C for 6 min, thet &€/min gradient is appliedupsirate= 3.7 Min;tg

= 4.7 min;ts= 5.3 min>%*

N-(1-Phenylethyl)acetamide P2capillary column: MEGADEX DACTBS, diacetyltert-butylsilyl-
[B-cyclodextrin, 0.25um; diameter = 0.25 mm; length = 25 m; carrier: logdgm; flow: 1.3 mL/min;
oven temperature: 145 °C for 15 min, then a 8 °G/gnadient is appliediz = 12.8 min;ts= 13.4 min;
teubstrate= 16.1 min>%’

N-(1,2,3,4-Tetrahydronaphthalen-1-yl)acetamide P3capillary column: MEGADEX DACTBS,
diacetyltert-butylsilyl-B-cyclodextrin, 0.25um; diameter = 0.25 mm; length = 25 m; carrier:
hydrogen; inlet pressure: 1.15 bar; oven tempegatt60 °C for 13 min, then a 13 °C/min gradient is
applied:tg = 11.5 min:ts = 12.1 Mintsusrae= 15.2 mMin:>

Methyl 3-acetamido-2-benzylpropanoate P4capillary column: MEGADEX DACTBS, diacetyl-
tert-butylsilyl-B-cyclodextrin, 0.25.m; diameter = 0.25 mm; length = 25 m; carrier: loggm; flow:
1.4 mL/min; oven temperature: 170 °C for 30 mirertta 10 °C/min gradient is applietgy = 22.4

min; t_) = 23.0 MiNtsypstrae= 24.1 Min>>°

4.6.6 DFT AND MOLECULAR MECHANICS CALCULATIONS

All calculations were run using the Schrodingetesof programs (http://www.schrodinger.com)
through the Maestro graphical interface. The follayprocedure was implemented to generate

starting geometries of the [RFd)2(cod)]+ complex for DFT optimization:

4.6.6.1 DFT Rh(cod) phosphite core optimization

The structure of the Rh(cod) phosphite core (Figué® was optimized at the B3LYP/LACVP level of
theory using the Jaguar modateRhodium was considered as a +1 cation in squareplgeometry,
coordinated to the cod ligand, and bound to thesphorous atoms of simplified ligands. The core
complex is a closed-shell molecule with a net charfy+1. Default convergence criteria have been
employed.

Figure 4.6 Structure of Rh(cod) phosphite core optimized byl @&Iculation.
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Optimized geometry as XYZ coordinates for Rh(cdumgpite core (distances in Angstroms)

Rh(COD) phospite core
121
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energy: -3635.39774745126 hartrees

o1 -1.8803856334

P2 -3.2302291903

03 -2.4471325236
C4 -0.5384778702

C5 0.1489234315

C6 0.0753431005

C7 1.4629009000

C8 1.3754130566

H9 -0.5010538512

C10 2.0810541198
H11 1.8612968390
C12 -1.6381522664
C13 -2.1610956765
Cl4 -0.4039879887
C15 -1.4404119355
C16 0.3174986317
C17 -0.2054846758
C18 2.1709377645
C19 3.3779961821
C20 3.4200565479
Cc21 4.0369425991
H22 1.7087342817
H23 3.9342227455
H24 3.8332407999
H25 5.0214511142
H26 -1.8170977870
H27 -3.1135805638
Cc28 0.5057428554
C29 1.5123346189
C30 1.6707915882
C31 2.1681582951
H32 3.0704419933
H33 1.9033480310
H34 0.1045708863
H35 2.2014633511
036 -4.1241193608
C37 -3.6515999757
H38 -3.1425773003
H39 -2.9537782014
C40 -7.3547038365
C41 -6.6642634818
C42 -5.4473037181
C43 -4.9060036151
C44 -5.6031650703
C45 -6.8204219964
H46 -8.2976540263

-5.5528705380®.1696196923
-6.655883221-0.0949629230
-8.18798798040.2674333589
-5.834521833%9.1956259881
-6.911106496D.3544239580
-4.9015774923.0572669697
-7.1988485233.1680993917
-5.10054222171.4612257860
-4.04233643761.3711660938
-6.2759814084.0808069847
-4.3841566899.1140461299
-8.31331156868.4370830607
-9.1031164362.4868344469
-7.6850910194.5018660172
-9.2377791938.6524834126
-7.7501523982.7531526028
-8.5499515338.8283750126
-8.3927092706.1623645788
-6.5635956073.5952969354
-8.650630818%.3677042601
-7.7251061512.2480511737
-9.1134311598.8250461700
-9.5713370844.1115849266
-5.854567165@.2797818352
-7.9381053514.6510875002
-9.8557169644.4611115391
-9.5995420762.3437689504
-8.6167409806.0608653662
-7.0072835932.9922218164
-7.9017804643.2478683633
-7.079970437@.2054893694
-6.4987250364+.3646137993
-6.3664508342.2141235400
-9.2355329605.8579568646
-7.9560030728.1923908120
-6.1734892708.2773679046
-5.5308684732.5574170334
-6.2968816576.1459951316
-4.7359968612.2927119457
-4.1770836464.2954475516
-3.36051072548.3891223926
-3.7878620842.8494115194
-5.0344136633.2102109395
-5.8450375834.1221192304
-5.4183158479.6643638566
-3.844562383@1.7170277307

217



Chapter 4

H47
H48
H49
050
C51
H52
H53
C54
C55
C56
C57
C58
C59
H60
H61
H62
H63
Rh64
C65
C66
Ce67
C68
C69
C70
C71
C72
H73
H74
H75
H76
H77
H78
H79
H80
H81
H82
H83
H84
085
P86
087
c8s8
Cc89
C90
Ccal
C92
H93
Co4
H95
C96
Cco7
C98
C99
C100
Cl01
C102
C103
C104
C105
H106
H107
H108
H109
H110
H111
C112
C113
C114

218

-7.0711322715
-4.9123605146
-5.1903248615
-3.9011301923
-5.1307744999
-4.7212839881
-5.6122441338
-7.8670265351
-8.3568090138
-7.4673442224
-6.0804148558
-5.5950217419
-6.4842117976
-8.5546495111
-9.4253587986
-7.8532091813
-4.5245737831
-5.0451830756
-6.2803665550
-6.3816828296
-6.6309046305
-5.9144131938
-6.4637525698
-7.8228957552
-8.2282871080
-7.0519758584
-7.1715767608
-5.4416087303
-7.7036950243
-6.2804278367
-8.5868761447
-7.8026732489
-8.7231834815
-8.9658007071
-7.0197950574
-5.7445754752
-5.9654621583
-5.0103936183
-3.6376608564
-3.7719224790
-2.1070666249
-2.9734638950
-1.6048726799
-3.7747656289
-1.0731577032
-3.2344250340
-4.7957558132
-1.8939224866
-3.8292252260
-1.0865287919
-0.4455471102
-0.7439479403
0.6621196743
0.3998040455
1.1336154142
0.2397129831
-1.3567342031
0.7213529706
-0.0745322081
0.8572180125
1.7181083694
-1.9839501292
0.3238297526
1.1847278638
-0.8377178923
2.3044690906
0.8415155972
2.7336207001

-2.3936451508.1108417207
-3.1566279792.1451577473
-6.80911877941.4062362437
-4.48521088341.1811731114
-3.87740668781.7465751347
-3.0534467315.3380266576
-4.58024291746.4343723203
-2.3421494794. 7713859458
-2.9142425448.9520341939
-3.43744887918.8999053507
-3.3849641678.6803080448
-2.8062428862.4952991209
-2.2913459132.5456568993
-1.9314418958..0394913316
-2.9479583398.1390701788
-3.86845957581.8207515338
-2.7544056632.3267471304
-7.0461596094.7716026790
-8.1852146908.2507069012
-9.618260614&.7703806590
-9.7640682869.2474910135
-8.7049984221.4214183780
-7.4886888203.0205492996
-6.9358188822.3903256224
-7.1774434894.8653094930
-7.0952699012.8277286830
-10.14140314048.3336454363
-10.11703532748.0313511621
-9.73496953849.0294019994
-10.7524243343.9302525379
-7.351053786®.2860935544
-5.857416608@.1977909646
-8.14825073241.9766937439
-6.4206775826.1538356494
-6.19193054043.4330175136
-8.07103477391.1878021387
-6.9620900321.7897609960
-9.0389652241.0851930972
-6.9285531545.1328530801
-6.088061726B.5711939237
-6.059115068(8.1197749530
-8.192942745%.1221253411
-8.29140899181.8573957530
-9.315017968%.4366365343
-9.6223522549.6671534046
-10.5793329500.3889625321
-9.1497814306.7590282065
-10.7702278544.9531734169
-11.4442094894.6644589551
-5.9509552204.11:27883823
-4.699504366@.21:67457021
-7.06496846431.8655039423
-4.5798322985.0202656817
-6.9340351056.7464746150
-5.6929711613.7690496648
-9.8510726932.1581540430
-12.0778687502.7825948084
-11.1334645423.97-79349325
-12.260271827%.3078944818
-9.00132324048.8951160603
-11.2810213186.5755413354
-12.9312905444.0215068839
-13.2603101729.1738965722
-3.6318248195.1010137725
-3.86522065088.6521158768
-5.578654519%.5714689761
-7.971244701%5.6212591313
-6.6275520073.3566300930
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C115 1.9782350657 -7.82577033527.3934978912
H116 2.2920431846 -8.63725838948.0419672228
H117 0.2797933760 -8.892394028%.6816194529
H118 2.8489586197 -4.639104965%.5587566566
H119 3.6295298193 -6.53295868317.9607886249
H120 -6.0988967592 -1.839827345D.6371237072
H121 -7.3479999301 -6.048695471%.3727782542

4.6.6.2 Molecular Mechanics calculations of [Rh(dgcod)]" complex.

Monte Carlo conformational search of the [BRA)f(cod)]+ complex was performed as implemented in
the framework of Macromodel version 9.6S19 (AMBE#RIce field,S20in vacuo condition withe=

4r). The butyl group of liganda was not included in the model. The Rh(cod) phospbire was
frozen to the optimized DFT geometry leaving thezy¢ groups free to move. For each search, at
least 1000 starting structures for each variahisido angle were generated and minimized until the
gradient was less than 0.05 kJ/A mol using thectted Newton—-Raphson algoritifDuplicate
conformations of ligands and those with an energgigr than 6 kcal/mol above the global minimum
were discarded. A number of low energy conformeesenidentified which, in agreement with the
spectroscopic data, are characterized by intediggmrogen bonding involving proton MHnhamely:

(i) structure-typd where the ligands are held together by two hydrdgerds between proton MHbf
each ligand and the carbonyl of the Nbtaring ancillary amide of the other ligand (Fegydr7); (i)
structure-typdl with a single hydrogen bond between proton,Nifl one ligand and the carbonyl of
the NHs-bearing amide of the other ligand (Figure 4.8)) Gtructure-typelll , where only one
hydrogen bond connects proton Nbf one ligand with the carbonyl of the Niearing amide of the
other ligand (Figure 4.9). Obviouslit} is in equilibrium with the iso-energetic structuwhere the

roles of H-bond donor and acceptor of - N&D- in the two ligands are inverted.

Figure 4.7 Low energy structure-typeidentified by molecular mechanics calculations.

Structure |
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Figure 4.8 Low energy structure-typié identified by molecular mechanics calculations.

Structure Il

Figure 4.10Low energy structure-typk identified by molecular mechanics calculations.

Structure Ill

Ha
" o ‘?
\ =N o
0 O
HB’N “Ph Rh(COD)

ey Cm\

DFT optimization of structure-types I, Il and Ill o btained from the conformational search.
Structure-typel, Il and lll identified by the above-described conformationehrsh were fully
optimized with DFT calculations at the B3LYP/LAC\i#vel of theory using the Jaguar modtlé™

Il segnalibro non & definito. 5 their relative energies are reported in T82@. The obtained stationary points

were confirmed as minima by frequency calculatibtiha same level of theory.

Table 4.19Relative energies (kcal/mol) of optimized (B3LYRMVP) structure-type, Il andlll .

Structure-type  AE (kcal/mol)
I 0.00
Il 8.50
1 7.45

Optimized geometry as XYZ coordinates of the lowesergy minimum (structure-typg) of
[Rh(4a),(cod)] complex (distances in Angstroms). The DFT optimiz&ructure is shown in Figure
4.5, see page 187).
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Rh(4a),(COD)

177

energy:  -5233.98053359893 hartrees
o1 -1.4114873516 -5.6097599810.6918941919
P2 -2.6852425090 -6.761145605D.2710151962
03 -1.7250787417 -8.2517033599.3566885059
C4 -0.1010432778 -5.6766582168.1452629318
C5 0.7446761946 -6.7294934328.4753820426
C6 0.3162168903 -4.5805527098.6379192177
Cc7 2.0352717822 -6.782303324®.1644308930
c8 1.5896327832 -4.569437124(.1609872386
H9 -0.3804566364  -3.7738990280.8144569130
C10 2.4615530445 -5.679129171D.9820477021
H11 1.9225335657 -3.7263469883.7550038900
C12 -0.8118825487  -8.4541976420.4385979850
C13 -1.1852077025 -9.4120228222.4126465546
C14 0.3564614104 -7.7089817539.5292696037
C15 -0.4270325863 -9.5537931833.5532662836
Cl6 1.1423247976 -7.8268719678.7399465251
C17 0.7220440927 -8.7390034748.7706032781
C18 2.9114780516 -7.900408243®.0290740900
C19 3.7439232813 -5.7248041692.6017955169
C20 4.1454918966 -7.9162366978.6491533481
Cc21 4.5722761658 -6.8163412319.4377076191
H22 2.5930042131 -8.7519932139.5598697375
H23 4.7938675447 -8.7793723699.5376705271
H24 4.0517852043 -4.885349348@.2178563457
H25 5.5454710929 -6.84257527211.9166893362
H26 -0.7112485997 -10.274804842%.3134001754
H27 -2.0772390396 -10.0043766652.2449637465
Cc28 1.4483299433 -8.7953700603.9959189855
C29 2.2915572346 -7.0187226912.9951304641
C30 2.5531134248 -7.9946048714.2055932103
C31 2.9777590315 -7.103144440%.1901637582
H32 3.8373410441 -6.4641201908.3623162198
H33 2.6183524665 -6.310108135@.2483714127
H34 1.1124149534 -9.483883498%.7657224574
H35 3.0953518183 -8.0434534294.1439867258
036 -3.5486237250 -6.6357085624.7523639163
037 -4.0187176526  -4.08298361538.7467051061
Rh38 -4.5187775557 -6.9590414862.4908912579
C39 -5.6511076043  -7.946440975%.1325986009
C40 -5.6631931545 -9.4407096652.8884440396
C41 -5.8877944381 -9.8401069718.4089118553
C42 -5.2334248526  -8.8748380961.4303853590
C43 -5.8698424073  -7.7792294260.1521838625
C44 -7.2828057518 -7.307312760%.1277171486
C45 -7.6661623283  -7.2989334527.6303141769
C46 -6.4943208204 -6.9824424032.5526927636
H47 -6.4272564129 -9.91203268138.5282963684
H48 -4.6987120805 -9.83414279148.2280993783
H49 -6.9584606561 -9.9133169796..1890274543
H50 -5.4727955852 -10.84129088441.2483352126
H51 -7.9996480157 -7.921806658%.4398897615
H52 -7.3773203112  -6.291408394®.2725100017
H53 -8.1002737855  -8.26251024821.9199358614
H54 -8.4525277711 -6.55301573841.7899074460
H55 -6.5423903916 -6.01565702373.0526665813
H56 -5.1422592395  -7.65601007891.0449886855
H57 -5.4084071447 -7.3471566494..0377745781
H58 -4.3046396499  -9.219932465%.0211517919
059 -3.3094786362 -6.214226013-4.8535817785
P60 -3.4478959798 -5.6066526758.1980232801
061 -1.7640040408 -5.4316625012.8227731200
C62 -2.5406412034 -7.3960981435.0491275374
C63 -1.1633446417 -7.414054636@.8268538620
Coe4 -3.2528440263 -8.5193222994.5306749785
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C65
C66
H67
C68
H69
C70
Cc71
C72
C73
C74
C75
C76
cr7
Cc78
C79
H80
H81
H82
H83
H84
H85
C86
c87
C88
Cc89
H90
HI1
H92
H93
Co4
N95
096
H97
C98
C99
C100
Cl01
C102
C103
H104
H105
H106
H107
C108
N109
0110
H111
Cl12
C113
C114
C115
C116
C117
H118
H119
H120
H121
H122
C123
N124
0125
H126
C127
C128
C129
C130
Ci131
C132

222

-0.5256257942
-2.6160257913
-4.2859746057
-1.2613198220
-3.1423670332
-0.7885714606
-0.2158539918
-0.4023261604
0.8470312038
0.6871682256
1.3406009709
0.8111088653
-0.6266927177
1.3893298234
0.6724266130
1.3681398974
2.4017390612
-1.1927510481
1.1452032683
1.3131653771
-0.5987527665
2.4558644159
1.1439319584
2.9028516369
2.2238665370
2.5508028490
0.6363528671
2.9417790217
3.7552649346
-1.8909563618
-1.9089969358
-2.7296622354
-1.2183780239
1.3920878427
0.3756403370
-0.7177681542
-0.7689722826
0.2393038437
1.3177887030
2.2207516746
0.4027145227
0.1790462500
2.0886190511
-1.7321074348
-3.0255063710
-1.3822963016
-3.2392893322
-6.2622585959
-5.1987032721
-4.1173853573
-4.0983212983
-5.1712323306
-6.2454592581
-7.0967226540
-5.2053140907
-3.2951796652
-5.1536097118
-7.0671852791
-0.5807367159
-1.5863994857
-0.5254059311
-1.4527115614
2.3960045180
2.1044333578
1.1324735018
0.4641961549
0.8094152066
1.7414579098

-8.712235387A.8227455665
-9.731483626%.6599349396
-8.3873494445.8291039607
-9.874465698%.2489114405
-10.5932679406.0573052147
-5.1355750169.8215218993
-3.846447536@8.7766153690
-6.12934649831.71:16773884
-3.5625867433.6016295140
-5.817174970%.6140925525
-4.53644923046.5127230210
-8.8999363774.3622017886
-11.1489618735.2436811450
-10.1549378544.3453115758
-11.290772223%.8018485362
-8.04288000141.0034453458
-10.2745466148.9736254838
-12.011749718%.5824473076
-12.2671466084}.7921701730
-2.58283150844.5685878685
-3.1076204683.0837499452
-4.246554188%.3499409025
-6.7093252965.6305978928
-5.1591433707.2818303798
-6.3936935597.4323235907
-7.096397822-8.1919293153
-7.6516919246.7804686803
-3.280948698%6.2448490989
-4.9295503344.9125114737
-1.288636432%.9163551503
-2.3365197688%.0358977122
-1.127991855%.8406208379
-2.3053201114.2826049207
1.5120387406.6017759089
1.554269038@.6462725923
0.6719144288.7096670650
-0.2895274715.7452658284
-0.2978768516.7231859770
0.5883567058.6516821620
2.2105669685.5440790976
2.2703415853.8337949463
-1.017004099§.5323358841
0.5629612017.4151837082
0.7933828478.6102246206
0.45923011398.9243136890
1.1747828532.4637973019
0.2873471034.8993619269
-0.4243780454.3491620119
0.3476668719.8708469424
0.677691721%.6963095558
0.2128890073.0236454702
-0.5581384348.5108956050
-0.8703906122.6775913261
-0.6695482059.7003660355
0.705663470M.1537476557
1.271625117@.3274076774
-0.91818143041.5357185122
-1.4637156123.0661124758
-0.834011132®.4320556357
-1.2991353508.3613298959
-1.03014145848.6773575539
-1.1487306613.3606528932
1.8659347201.1904577988
0.708772880%.9141671941
-0.2150323091.4760036464
0.0297232126.2435612023
1.1755230320.4926960044
2.1016235329.0207241289



H133
H134
H135
H136
C137
N138
0139
H140
C141
C142
C143
Cl44
C145
C146
H147
H148
H149
H150
H151
C152
H153
H154
C155
C156
C157
C158
C159
C160
H161
H162
H163
H164
C165
H166
H167
C168
C169
C170
Cil71
C172
C173
H174
H175
H176
H177

3.1231943480
2.5912896075
0.3197549595
1.9549895523
0.8177903647
1.8685556139
-0.3699621903
2.8057000760
1.1647239525
2.0276584581
2.2898650852
1.6926220734
0.8772789388
0.6030076499
0.9434520901
2.4818320350
2.9140739751
0.4559887329
-0.0402927677
-2.9382335786
-3.2830680174
-1.8563010336
-3.8690720815
-4.6720999390
-4.4200716321
-3.3514046574
-2.5703759171
-2.8011829424
-4.0416713399
-5.4896271468
-5.0239990831
-1.7570954484
-4.8675809639
-4.8425816681
-5.8875097088
-3.3519595997
-4.4891193244
-4.9928839323
-4.3445873190
-3.1947585946
-2.6960953049
-2.9702762490
-4.9783917545
-5.8969545209
-2.6931637291
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2.5747293418.5722224584

0.5519874592.8702991175

1.3311122671.4465872000

2.9954136394.5968302195
-1.3436907108.4118798274
-1.9413759968.0496362333
-1.7025045232.6791335230
-1.649291247@.8099720928
-4.5999414205.2731808305
-3.5099830628.4374812793
-2.6491555966.3650345411
-2.8876749268.1196002297
-4.0119285443.9366221308
-4.8538319609.0182090025
-5.2522084150.1109717509
-3.314983478@.4035234555
-1.7733368714.5055399756
-4.2097843732.9591162219
-5.714021571%.8793794689
-6.7281741803.1297419668
-7.68896994048.5161305996
-6.7464235088B.0196768743
-3.593091798%.9322447238
-4.73680257635.8619810150
-5.744586277@.9258279779
-5.6005498438.0254955030
-4.4385781484.0637982810
-3.4373224826.0237974093
-2.837174552%.6837592722
-4.847367373%.5669443396
-6.6471195833.9131164815
-4.32773774748.3572432428
-3.1803070522.9033424022
-2.25578789863.4819523285
-3.5765313072.9059310101
-2.74086443071.0861325612
-3.5079780280.8628827836
-3.645377667D.4366465080
-3.0071385312.5078365114
-2.2305173693.2857696689
-2.0940358699.0189729376
-2.6231333542.0908912016
-3.9939374949.6979003660
-4.2199796568).6170551545
-1.73557615222.1064342667
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Summary

“Combinatorial and Supramolecular Approaches to Morodentate

Phosphorus-Ligands for Transition Metal Catalyzed Aymmetric Reactions”

SUMMARY

In recent years, monodentate phosphorus ligamgsphosphites, phosphonites, phosphoramidites
and phosphinamines) have held the stage in asynersatalysis. In addition to their outstanding activity
and selectivity, comparable or even superior tos¢hof bidentate ligands, the convenient, fast and
practical preparation from commercially availableatatials underlines their potential for industrial
applications. Furthermore, the modular nature bttase ligands allows the synthesis of a varidty o
representatives, thereby making a combinatoriataamh possiblé.

My PhD research project deals with the synthesighodiries of new chiral monodenta®eligands
and their screening in asymmetric transition meédlyzed reactions through two innovative appreach

v' combination of binaphthol-derived phosphites ands@nmetric phosphinamines for the

selective generation of heteroleptic catalysts im Bnd Pd-mediated reactionkigand
Combination Approach, Research line 1);
v' supramolecular ligand-ligand interactions for highdelective transition metal catalysis

(Supramolecular Approach, Research line 2).

Research line 1

In 2002-3, the groups of Reetz and Feringa indeprthdused a binary mixture of chiral monodentate
ligands in several asymmetric rhodium-catalyzedtieas. By mixing two different ligands.{ andL ") in

the presence of a transition metd] , three species can be form@d] L°L? [M] L°L" (homocomplexes)
and[M] L°L" (heterocomplex). The heterocomplex is often mew@ctive and more (regio-, diastereo-,
enantio-) selective than either of the two homodexgs. Moreover, under thermodynamic control the
heterocomplex : homocomplexes ratios usually extieedtatistical value (2 :1 :1).

M]
[ La b b a b
L2 + b — \M/ + L\M/L _ L\M/L

homocomplexes heterocomplex

Scheme 1The concept of using mixtures of chiral monodent@ands

The ideal case would constitute an equilibrium clatgly in favor of the heterocomple] L°L°,
because a single well-defined catalyst would thzistein the reaction mixture and the undesired

competition of the less selective homocomplexeslavba avoided.
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We were intrigued by the remarkable selectivitieported for the mixtures of chiral ligands (binol-
derived phosphites, phosphonites and phosphorasjditith achiral phosphinédn particular, the 1:1
mixture of a chiral phosphite with an achiral phuse was reported to induce reversal of the
enantioselectivity in the Rh-catalysed hydrogematid N-acetamido acrylate (compared to the chiral
phosphite alone). The only possible explanationttits peculiar behaviour is the selective formatidn
the phosphite-phosphine Rh-heterocomplex, favoumgcelectronically matching one-donor ligand
(phosphine) and ongacceptor ligand (phosphite). As enantiomericallyepchiral phosphines are not
easy to synthesize, we were wondering whether llesghine ligands could be substituted by other
donor phosphorus ligands still retaining the thedymamic preference for the formation of the
heterocomplex. For this reason, we turned our @dterto chiral phosphinamines, which are easy to
prepare enantiomerically pure, and have electrgmaperties similar to those of phosphiieBFT
calculations showed that the phosphite-phosphinaumtiadium heterocomplex is more stable than the two

homocomplexes by 11.29 kcal/mol (Scheme 2).

Me
- Ph
Me N\/ oh PhO  oph O OPh
—o pPL —o PL =0 P~oPn
\ S ~Ph \ SToph kil
\ Bh\ /Ph + \ /Rh\P/OPh 2 \ o/ \Piph
S P=pn o F~opn ! Ph
Me/N\Me OPh Me” “Me

Scheme DFT calculations at the B3LYP/SDD level of theorythe isodesmic reaction of phosphite-
phosphinamine heterocomplex

We synthesized a library of monodentate chiral phitesla-d by reacting enantiopure BINOL-PCI with
different chiral and achiral alcohols. Monodenteltéral phosphinamine®a-e were prepared by reaction
of PhPCI with a number o€,-symmetric secondary amines aBGgsymmetric secondary and primary
amines. Complexation studies were performed by med#rn'P-NMR, using Rh(acac)@.), as the
rhodium source. Whe;-symmetric phosphinamine ligands were employed, ctedneterocomplexes
were formed with selectivity ranging from moder@t8%) to excellentf 99%).

The homo- and heterocombinations of phosphitesGreymmetric phosphinamines were then screened
in the rhodium-catalyzed hydrogenation of methglcgtamidoacrylate. Remarkably, the 1:1 combination
of a BINOL-derived phosphite and a phosphinamimid®ed reversal of the enantioselectivity, compared
both to the phosphite and the phosphinamine aldrieés heterocombination induced a peculiar
stereochemical outcome also in the palladium-catalyasymmetric allylic substitution ofac-1,3-

diphenyl-3-acetoxyprop-1-ene with dimethyl malonate
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. Ph  Ph
o Ph  Ph
N TEA N -
( Sp—c ~ron A Sp—0 /I\ )\ BuLi, Ph,PCl ~
THF, RT ' THE !
Ph” “Ph

(S)}1a R=CgHs R'=H
(R)- and (S)-1b R = CH(CHa)p, R = H
(R)-1c R=CgHy, R'=H ~ ~
(R)-1d R = CH(CHag),, R = Me (RR)-and(S.8)-2a

TEA, Ph,PCI 1J\ _R2
" /RZ ———— R+ = 'N
Ry H benzene PI
PN
( Ph Ph
(R)- and (S)-2b R!=Ph,R%2=Me
(R)-2c R'=Ph,R%=Bn
(R)-2d R'=Ph,R%2=H

(S)-2e RY=CgHyp, R2=H

Scheme 3Synthesis of binaphthol monodentate phosphitesCatiC-2-symmetric monodentate aminophosphines.

Research line 2
In recent yearsjon-covalent interactions appeared as a clever way to achleexclusive formation of

the heteroleptic complexes from mixtures of monasakenligand$. To this endsupramolecular ligands
capable otomplementary interactions (Scheme 3 A) are required, so that attractivedctéons take place

only between different ligands.

A. Non-covalent interactions for the formation of heterocomplexes

Non-covalent, complementary
interaction

£5-E0 0

B. Non-covalent interactions for the formation of homocomplexes

Non-covalent,non complementary

interaction \

w e O @

=donoratom
@ = catalytic metal
- ‘ CI = functional groups capable of non-covalentinteractions
, )

Scheme 3Schematic representation of supramolecular bidefigands formed by complementary (A) and non-
complementary interactions (B).

The heterocomplexes formed in this way are expettdthve reduced degrees of freed@mmmpared to
the complexes of normal monodentate ligands, and gupramolecular ligands somehow resemble

traditional bidentate ligands. According to thisalgy, they are often referred to agramolecular
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bidentate ligands or self-assembled ligands, thanks to their ability to spontaneously form drithte
systems in solution. These terms also apply toetlsopramolecular ligands that are only capablaonf
complementary interactions (Scheme 3 B)indeed these systems are still capable of formigig and
conformationally restricted complexes, althougtytbannot selectively form heterocomplexes when used
in a mixture, which quite reduces their "combingtioappeal”.

Prompted by the studies of Prof. Reek and co-werl@r the synthesis of supramolecular
bidentate heterocomplexes through complementaeydations €.g. coordinative bonding8)and by the
efficient resolution strategy of racemi¢-benzyl a-amino acids N-Bn-AA) by liquid-liquid extraction
using a chiral salen—cobalt(lll) complex as enaiective receptor, accomplished in our laborasgrie
we decided to use the salen-cobalt(NFsenzyli -serine complex as a chiral platform for the prapan

of new families of supramolecular mono- and bi-démP-ligands (Scheme 4 A and'B).

(@]
@]
H” \\CY\ 0, O ) H\“N \‘\/N ”"”/O\P/O
° o ~Co_\S, b
o ol “/H
t-Bu B t-Bu 0
x\
3

t-Bu

t-Bu t-Bu/ PR2 X= CH2, NR, O

Scheme 4A) Monodentate (salen)cobalt(IIN¢Bn-Ser) phosphites, (B) Bidentate hybrid P-ligasdiable for the
formation of transition metal-catalysts by the supolecular approach.

The salen-cobalt(IlIN-Bn-AA complexes, in fact, possess a rigid framdwith the salen ligand in a
cisf3-folded arrangement around the octahedral cobaltThe remaining twais coordination sites are
occupied by th&l-benzyla-amino acid, which is thus accommodated in thedinig pocket” of the chiral
cobalt complex?®

Ligands3 were synthesized in good yields starting from shmmetrical tetra-butyl-salen which was
transformed into the corresponding cobalt(lll) atettomplex, and the acetate ion was exchanged\with
benzyli-serine. In the case of symmetric salen backbdrecomplex was obtained pure in high yield
and the phosphite moieties were then introducecehgtion with different diol-derived chlorophosghit
In the case of the supramolecular bidentate ligdntlse unsymmetrical hydroxymethyl-containing salen
afforded the corresponding cobalt(lll) acetate clemps a mixture of two inseparable diastereoissmer
Complexation of monodentate ligan8sto rhodium(l) was studied byP-NMR spectroscopy, which
showed the formation of the desired Rh-complexd® fleactivity of supramolecular monodentate P-
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ligands was investigated in two Pd-catalyzed-allgikylation on E)-1,3-diphenylallyl acetate and Pd-
catalized desymmetrization of meso-cyclopenten&-k#d-diol biscarbamate.

We are now exploring new synthetic pathways to iobthe unsymmetrical§9)-salen-ligand and the

corresponding unsymmetrical S §-salen-cobalt(ll)N-Bn-L-serine bidentate P-ligand in a pure
diastereoisomeric fashion.

We have also investigated the design and synthdseés novel class of chiral monodentate
phosphite ligands, namdehthalaPhos, which contain a phthalic acid primary diamide etgi Such
phthalamidic group displays both donor and accepydrogen bonding properties that, in principlay ca
give rise to supramolecular interactions both betwthe ligands and with the reaction substrateg®eh
6).1"

o) o N— AT R Ar
(CF3C0),0, TEA aminoalcohol, N
CHClj, reflux Ar dioxane, 0C to RT THE, RT H
O * ANH, —————» N7 _ o — H
94-98% H 97-99% 66-90% N
% COOH Y AN
5 6 7 O linker
o) OH
(S)-BINOL-PCI, Pl
TEA, THF, RT N
62-78% H OO O o Ph
g
P—0

[¢] linker J O /
/ 0]
N _p O O
7 O
(o]
Phthalaphos 8

19 representatives 9

Scheme 5Synthetic pathway faPhthalaPhos ligands

The pre-catalytic Rh complex of one of these ligawas fully characterized and studied by NMR, IR an
mass spectroscopy, which confirmed the presendg/difogen bonds between the coordinated ligands,
and the formation of a supramolecular bidentatniy

The catalytic properties of these new ligands vwasgessed in the rhodium-catalyzed hydrogenation of
benchmark olefinse(g. methyl 2-acetoamidoacrylate ahNd(1-phenylvinyl)acetamide), taking the known
phosphite 9 as a touchstone. Four ligands gaee. values higher than 97% with methyl 2-
acetoamidoacrylate as substrate, and six reached sdme level of performance withl-(1-
phenylvinyl)acetamide. Remarkably, the referengand9, featuring the same BINOL phosphite moiety,
gave only 84% and 90%e. respectively for the same substrates, thus suggettat the phthalimide

residue significantly influences the catalytic pedjes of these ligands.
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BF,

Scheme 6 Supramolecular bidentate precatalyst fRf(cod)]” and DFT calculated structure. Heteroatoms (N, O,
P, Rh) are shown in black, carbon atoms in gragl,amide hydrogen atoms in light gray. For clarily,hydrogen
atoms bound to carbon are omitted.

Evaluation of the catalytic properties of the Pkiphos ligands were also extended to the Rh-catdlyz
hydrogenation of more challenging substrates ofem@l industrial interest, such aN-(3,4-
dihydronaphthalen-1-yl)acetamide arig)-Mmethyl 2-(acetamidomethyl)-3-phenylacrylate. Tesults of
this screening were quite variegated both in teofmactivity and enantioselectivity, but the emplamh
of a Phthalaphos ligand gave the highest value ever obtained ofl-(3,4-dihydronaphthalen-1-
yhacetamide with phosphite ligands and the highest value ever obtained withEf-methyl 2-

(acetamidomethyl)-3-phenylacrylate.
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