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2 Resumé
2.1 Introduction

Les composés organiques ayant une chiralité sur un atome de phosphore sont appelés
composés RBtéréogenes, fhirogénes ou #hiraux!!! Ces composés sont largement utilisés

en agrochimie en tant que pesticid&8! en pharmacie en tant que molécules biologiquement
active$®l, en chimie de coordination ou ils aident a la détermination de la structure
tridimensionnelle du complexe métalligiiet, en catalyse organométallique asymeétrique,

comme en témoigne la coné& S|} v o[uv * 0 ** * 0 * %O0OHU® JUK}ES VS
(prix Nobel 2001; WS KnowlB3y4 Cependant, malgré leur immense importance dans
%oOpe] HWE* }u ]Jv ¢ epeu vS]}vv U o -stéséogenes esti fhulot diffidile

étant donné la complexité des méthodes de synthese existantes, qui reposent souvent sur

des procédures fastidieuses et mults %o ¢X E}pe E %% }ES}ve ] ] 0 A 0} %o
VIHA oo u 38Z} }o}P] [ e H/E GURIY]epWe o cuE w[pS]o]e &
auxiliaire chiral de type sulfoxyde. La réaction correspond a un coupkigen@e un substrat
organophosphoré racémique, le-phosphinate41, et un phénol énantiopur portant un

auxiliaire chiral sulfoxyde en positi@ntho 370(370-373) (schéma 1). Leéaction se déroule

via une résolution cinétique dynamique (DKR) avec un bon rendement et une
diastéréosélectivité élevée. De plus, les composégeRogéniques nouvellement obtenus

400 peuvent étre post(}v S]}vv o]e ¢« v puSJo]e vs «organolithipfs du o <y |
u Pv ¢] veU (Jv [} 8 V]E ]AstéEegénigues diigimal. En conséquence, les
composés Rhiraux obtenus icd00 peuvent étre considérés comme des précurseurs
standard pour obtenir une variété de moléculesteéréogéniqueoriginales.

Schéma 1. Example représentatif de couplage. O



2.2 Résultats et discussions

% E}i S &E Z & z }S}E o VRS Ve 0 -Indigk Cefjpuav }VvSE
(Centre indefrancais pour la promotion de la recherckeientifique) en 2015, avec comme
collaborateur indien, le Dr Rajender Reddy de |‘Hydlerabad.

Notre objectif initial était de concevoir de nouvelles voies de synthése pour accéder a des
composés a chiralité axiale, combinant une activatiofl Gtéréoséective, basée sur
['utilisation d'un groupement sulfoxyde a la fois comme groupe directeur et comme auxiliaire
chiral et la génération de radicaux comme partenaires de couplage. Pour atteindre cet
objectif, compte tenu des progrés extraordinaires accompéicemment dans la chimie de
I'iode hypervalent, nous avons porté notre attention sur l'arylation atrggtective sans
métal, en utilisant des composés iodés hypervalents comme partenaires de colipite.
Nous avons alors essayé plusiecosiditions réactionnelles en utilisant des biaryls porteurs
[Mv epo(} A C3613A2€EE des composes iodés hypervaleB&9, mais les produits de
Ju% 0 P V[}IVS %o * %o !SE PP pe ~o Z u 7eX

Schémal X e« ] [ ECo §]lwonoaryls@C@&e p3]o]e §]}v []} = ZC% EA 0 Vv

Ensuite, nous avons décidé de changer notre approdbas avons supposé que les espéces
d'iode hypervalentes portant un fragmestlfoxyde chiral en position ortho pourraient étre
e E S](e SE ¢ SSE S](* %}pE o0 E S]}ve — ECoO S]}v -C
E% EJu vS o Jvs ve]( ]85 § (( Sp Uv] o SE& ve( ES o[ EC
*Ju% 0 V][bsetvé {schéma 332



ANZu TX ee] [ ECo 8]}v pnslo]e vd ]} ¢ ZC% EA o vie Z]E

En 2016, le Dr Rajender Reddy, notre collaborateur dans le cadre du contrat CEFIPRA, a visité
viISCE o }E& S}1CE NSE o JHEPX S8 & pv]iv e ] vS](]<n V}ipe
les travaux les plus récents des deux groupes de recherche. Nous s@mmes
particulierement intéressés aux réactions de couplagfe @&veloppées a ce momeldt, dans

le groupe du Professeur Reddy. Inspirés par ce projet et tournés vers un travail collaboratif,
vipe A}ve ] [ SH] & 0 %}S vS] an groWpesuligryde Bhir@Edanss

de telles réactions de couplageFD Nous avons spécialement ciblé le potentiel d'accés aux
composés organophosphoréssiréogenes via de telles transformations, ce qui a ajouté une
nouvelle dimension a ce projet, avec dqerspectives trés attrayantes pour les applications
industrielles.

Initialement, nous avons sélectionné lesphbsphinates4la comme substrat modele
organophosphoré et un biarylsulfoxyde phér@h3 (schéma 4). Dans les conditions de
réaction de couplage-® développées par M. Reddy, un mélange réactionnel complexe a été
obtenu (schéma 4).

Schéma 4. Essai de couplag® @nte un Hphosphinate4la et un sulfoxyde biaryliqud63.

Wope 8§ E U vipge Alve %}ES V}ISE 535 v3]}v euyE [ uSE « u 387}
couplage GP. Nous avons essayé deux approches, avec ou sans métal, pour cette réaction.

3



Heureusement, il § 8§ A E «p Ve 0 ¢ }v |S]}ve @Hoddsg pavoif SZ ES}
dans le tétrachlorure de carbone en présence de triéthylamine a température ambiante, la
réaction de couplage ® est réalisée (schéma )26 Cependant, en ce qui concerne le
stéréocentre P, nous avons obtenu les deux diastéréomeéres du produit correspoBgant

(schéma 5) dans un rapport 50/50.

NZu AX Z  S]}v Tadd p@uslgcouplage-® entre4laet 363

E}ue A}ve 0}Ee u]e 0[ZC%}53Z « <<u o[ p£EJo] ]JE Z]E o epo
% E}AE]U]S M PE}Iu% %Z V}IOo]<u (Jv [ %% }ES E of[]v u S]}v
o [orde de phosphore au cours de la réaction de couplag® €t pour se faire, dans notre

%o E} Z v » ] [ A% E] v U viue A}ve Jved 00 pv PE}u% -
ortho du noyau phénol pour obtenB66 (schéma 6)

Schéma 6. Athertoffodd réaction pour couplage-®entre4l1a et 366.

La réaction de couplage-P entre ce substrat chir@66 et le Hphénylphosphinate d'éthyle
racémiquedlaconduitau produit de couplage correspondant avec un rendement de 83% et
une diastéréosélectivité décevante de 60/40.



Par conséquent, afin d'augmenter la stéréoinduction au cours de cette réaction de

phosphorylation, nous avons décidé d'utiliser un auxiliaireatipiius encombré sur le phénol,

a savoir let-butylsulfoxyde et toujours dans les conditions réactionnelles similaires
[ §Z ETOdd, nous avons réussi a effectuer la phosphorylation diastéréosélective pour

obtenir le produit souhaité400, avec un rappdr diastéréomérique excellent de 90/10

(schéma 7).

NZu 66X Z §]}v {rdid p@usigcouplage-© entre4laet 370.

Par la suite, les conditions de réaction ont été modifiées, en particulier, le solvant toxigue CCI

a été remplacé par un solvant moins toxique, le THF etaCdiinc été utilisé comme rééf
d'halogénation. De plus, nous avons constaté un phénomene de résolution cinétique
dynamique (DKR): [ «& ]E «<u[ % ES]E [pv <u]A o v§ Z uv
racémiques4la et énantiopur370, le produit de couplage-® correspondard00a a pu ére

}Svp A upuv EvVv uvd 00 VS ipecu[ 019 3 pv E %%} ES ] e
(schéma 8) suggérant sans ambiguité un phénomene de résolution cinétique dynamique avec
équilibre entre les 2 énantiomerekla .

Schéma 8. Couplage-f® diastereoselectif / phosphorylation entla et 370 via une
resolution cinétique dynamique (DKR)



Les molécules400a P-stéreogeniques nouvellement obtenues sont des précurseurs

SSE C vSe %}uUE O] . Hv PE v -skérébdésiques parpadolitd®s o W
[JEP viu § oo]J<p A E] X <« E &]}ve usd3vs vippuv E <}oup
(DKR) sont reamues comme la stratégie économique la plus puissante pour accéder aux
composeés énantiopurs (diastéréomeres).

> & S]}v [ -Fadmeédifice est efficace avec des substrats de typddsphinates

ainsi que des oxydes de phosphine secondaire. Lestammslréactionelles optimisées sont

1 équivalent du composé organophosphoré racémiqueplidsphinate ou oxyde de
%Z}*%Z]v ¢ }v JE ¢ 3 i <u]A o v3 [HV %Z v}o V VI]|}% uE %o
butylsulfoxyde en présence de 10 équivalents dék,C4 équivalents de base, DIPEA
(diisopropyléthylamine), tamis moléculaires & 75 mg /ml dans du THF (0,05 M) a température
ambiante pendant environ 22 a 24 heures.

La table 1 représente I'étendue de la réaction. En général, a mesure que I'encombrement
stérique du groupe alkoxy lié a I'atome de phosphore dans lgshékphinates augmente
(400a-400e, 400i, tableau 1)Je rendement et la diastéréosélectivité de la réaction diminuent.
>}Eecu vipe A}ve E u%o0 0 V}C u % Z \gghore ddnsles ¢4 3}u
phosphinates, par exemple, par un groupe naphtyle, mésityle, cyclohexyle ou simplement un
PE}u% u 3ZCo U }v } « EA p pv Z VP u vSchusal@s wns <] v
diminution du rendement et de Idiastéréosélectivité de la réactiod0i-400o, tableau 1).

Les oxydes de phosphine secondaires racémiques ont également été soumises a la réaction
mais les produits correspondants ont été obtenus avec un rapport diastéréomérique de
50/50.

Dans le cas desubstrats400p-400r (table 1), portantun substituant méthoxy ou bromo en
position para ou ortho du phénol chiral, les produits de couplagePGont obtenus avec de
bons rendements et diastéréosélectivités.

Des efforts considérables ont également été kb§es pour séparer les diastéréomeres des
produits de couplage © par chromatographie sur colonne / flash ou par recristallisation.
Cependant, la séparation des diastéréoisomeres n'a pas pu étre réalisée dans tous les cas.
(table 1).

Table 1.






Par la suite nous avons étudié la pémnctionnalisation des produits de couplageRQpour
acceéder a divers squelettessi®réogenes, en utilisant des réactifs de Grignard adaptés. De
plus, au cours dedtape de posffonctionnalisation, I'auxiliaire chir870a été récupéré avec

un tres haut rendement et une rétention complete de la chiralité sur le sulfoxyde ce qui
démontre son caractére recyclable dans cette réaction.

Ainsi, du §-PAMPO40 a été préparé avec un rendement de 84% et un rapport

v v§]}u E]«pu 0011 Ve e }v ]S]}ve & S]}vv oo ¢ }u U §
équivalent deo-AnMgBrsur le produit de couplage-©400j énantiopurdans du THF & une
température de 0 ° C & 40 ° C en environ 16 heures (schgma 9



Schéma 9. Synthese d&}PAMPQI0 a partir de400;.

2.3 Conclusion Générale

Ainsi, nous avons développé une nouvelle méthodologie tres efficace pour accéder a des
composés PSS (E }P v]<p ¢ Vv psS]o]e vS§s * }v ]S]}ve E-Tod]}vv 00 -
modifiées avec comme substrat organophosphore uphidsphinate / oxyde de phosphine
secondaire et comme partenaire de couplage un phénol énantiopur portant un fragment
sulfoxyde chiral. Dans certains cas, la réaction se déroule via une résolution cinétique
dynamique (DKR), fournissant le produit de couplagl @vec un rendement et une
diastéréosélectivité élevés. En outre, le produit de couplage @ut potentiellement étre

utlisé dans des conditions douces pour obtenir divers compostérBogéniques originaux,
comme illustré par la synthése de {BAMPO, avec un rendement élevé etaxtellent excés
énantiomérique. Ainsi, ces produits de couplagd® @euvent étre considérés comme des
synyhons electophilegour accéder a une variété de moléculesteréogéniques.

2.4 Publications:

P-stereogenic phosphonates via dynamic kinetic resolut@route towards enantiopure
tertiary phosphine oxidesx{anuscript in preparation Aabid Mohd, Rajender Reddgpanna
WencelDelord and Frangoise Colobert.



3 Introduction

Thduniversdis assymmetric and | am persuaded that life, as it is known to us, is a direct result
of the asymmetry of the universe or of its indirect consequentés. universe is asymmetric.

-Louis Pasteur, Workgol. 1 (1 June 1874) Comptes Rendus de I'Académie des&ien

3.1 Chirality

Chirality is a fundamental property of threBkmensional objects and systems. It plays an
important role in manyfields }( « ] v X /v § Bue* }( Z u]*SECU ]S8[ P }u &«
some molecules and ions. The watdralityis derivedfrom the[Gree} A} E  ~ khetr(E
which means "hand". Our hands, for examples, are-sgperimposable mirror images of
each other. We would simply feel the difference if byacbe, we place our right hand into a
left-handed glove. Indeed, the mirror images of chiral objects/systems are distinguishable in
orientation in space from each other and are cal@thntiomorphspr enantiomers/optical
isomers, while dealing with molecels. A mixture containing equal amount of two
enantiomers, is called a racemic mixture. And, the process of separation of enantiomers from
its racemic mixture, is callegksolution.In general, chirality of a molecule arises from the
presence of a stereoceégr. However, other elements of chirality, such as axial chirality or
planar chirality, also exist.

Fig.1. Two enantiomers of a generic chiral amino &¢id.

Historically, the ability of the chiral molecules to rotate plane polarised liglats first
observed by JeaBaptiste Biot in 18188 However, Louis Pasteur in 1848, for the first time
was able to demonstrate molecular chirality organic compoundy carefully resolving
enantiomers of the tartarisalt!? Later, in 1894 Lord Kelvawined the term chirality3%
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A chiral molecule can possess differgyes of chiral elementsuch as point chirality that is
based on stereogenic centre, axial chirality that is based on hindered rotation of
atropoisomers, planar chirality that arises due to the hindered rotation of two-cmplanar

and dissymmetric rirgattached to each other and inherémirinsic chirality that arises due

to the twisting of the molecules in three dimensioffig ( 2)(31 3]

Fig. 2. Different elements of chlity.

Butit is the point chirality, that is dominant in nature as well as in synthetic chemistry world.
In this case, presence of an asymmetric centre or a stereo centre is one of the main
characteristics of a chiral molecule. In most cases, this astric centre of a chiral molecule

is based on sphybridised tetrahedral C atom having four different substituents. However,
based on substitution of carbon atom with other heteroatoms, several other asymmetric
centres are knowysuch &P, S, metastereocentre etc fig. 3)[34 6]
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Fig.3. Different types of stereocentres in chiral molecules.

It is well known that two given enantiomers of a molecule have the sphysiceachemical
properties but can interact distinctly at biomolecular level with living cells. For example, two
enantiomers of limonene differ in their smell&®){enantiomer smells like an orange whig-(
enantiomer smells like a lemd#’:38 More siqificantly, chiral compounds are of great
importance in life sciences and pharmaceutical industyg. 4 shows some of the
representative examples of the chiral drugs, such aBOPA, dextroamphetamine,
levocetirizine, thalidomide and esomeprazolhout 50% of the currently used drugs are
chiral®%#1 And very often, two enantiomers of a drug have different biological and/or
pharmaceutical properties, which can have serious consequencesh@n respective
biological activities For example, R)-thalidomide 12 helps to cure morning sickness in
pregnant women, while its other enantiomeB4{thalidomide 12, notoriously affects the
development of foetusfig. 4)42:43I
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Fig 4. Representative examples of some chiral drugs.

In 2015, almost all the chiral drugs approved by FDA were enantidiflifderefore, it is of
paramount importanceespecially in life sciences and pharmaceutical industry to selectively
access a singlenantiomer (diastereomer) of a chemical compound. As a result, a number of
methods have been developed to access optically active compounds. These methods can be
divided mainly into two types; resolution and asymmetric synthesis.

Resolution of a racemic nitwe of a compound into its individual enantiomers, is one of the
most classical methods to obtain optically active compoufflisn a resolution process, both
enantiomers of a compound can be obtained with up to 50% yieldaitld up to a very high
optical purity. This process sill frequentlyemployed inindustry, as it is relatively simple

and scalable using cheap chiral resolving agents/techniques. Moreover, using dynamic kinetic
resolutions, even a single enantiomer can selectively be obtainddwptto 100% yield and

with up t0 100% eeResolution of a compound can be achieved by using a suitable resolving
agent, a chiral metal complex or by chiral HPLC technique. Resolving,agehtas dibenzoyl
tartaric acid (DBTA), cinchonine, BINAP, camphor sulfonic acid form the corresponding pair of
diastereomeric saffcomplexes These diastereomeric salts/compésx can then be
separated into individual diastereomers, based on the diffeemin their physical properties

such assolubility, melting pointetc. Finally, an acidase treatment of the resolved
diastereomeric salt cleaves the salt/complex into an enantiopure compound and the resolving
agentwith high optical purities**4° A chiral metal complexsuch as chiral orthometallated
palladium complexes with a chiral amine (for examplehgénylethylamine or 1-
naphthylethylamine) works on the same prineipis that of a resolving ageHf.*él A chiral

HPLC technique utilises a chistationary phasewhich selectively interacts with the two
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enantiomers of an organic compound and thus, directly provides an access to both the
enantiomers of the organic compourtty:>l

The process of selective synthesis of a single enantiomer (argée siliastereomer) of a

chemical compound, isalled enantie or diastereoselectivesynthesis. This is though, a
challenging task, but it can be achieved by sewdrategies,yu Z ¢ C pe }( " Z]E o0 %o
synthesis, chiral auxiliary or asymmetric agsis (biocatalysis, organocatalysis and
organometallic catalyae X /v ¢ }( » Z]E& 0 %}}0o_ *CVvSZ ¢]*U Vv SUE ooC
material is used, which upon chemical transformatisnconverted intothe desired final

product®3 This methodsparticularlyinteresting if the target molecule has the same chirality

as the naturally available starting materialich as cheap sugars and amino acids

Usually, achiral auxiliary is an enantiopure molecule that is readily derived fitoerchiral
pool52 It is temporarily installed on a substrate via covalent bonding thus, rendering the
substrate chiral and allowing a stereo induction during a desired chemgadformation. At

the end of the reaction, the chiral auxiliary is cleaved from the target molecule (or its
precursor) andideally recycledThus, the main advantage of this approach incluthes
formation of two separable diastereomers of a compound aechoval of a chiral auxiliary
providing the desired product in a high optical purity. However, stoichiometric use of a chiral
auxiliary in this process is considered as a main drawback of this strBieggtalysis utilises
enzymes and cells to bring abar asymmetric transformatiol?3! In most cases, biocatalytic
reactions have high specificity for a narrow range of substrates and also, such reactions
generally require low concentration of the reaction to proceed well. In organocatalysis, it is
the chiral organic compound which brings about an asymmetric transformation to access a
target molecule in absence of a mefl.One of the most popular organocatalyst is proline,
widely used for aldol reactior®

Of all the abovementioned methodologies oisymmetric synthesis, asymmetric catalysis is
the best choice in terms of its broader scope, very high efficiency, often good atom economy,
lower catalyst loading and a high versatility. A chiral complex in general, is composed of a
chiral ligand, attachedo a transition metal®®5"] These chiral catalysts bring about
enantioselective/asymmetric transformations to access the desired single enantiomers (or
diastereomers) of the chemical compoun&ameof thesechiralcatalysts are suitable fahe
industrial applicationg>”-58l

Amongst the numerous different chiral ligandsjral phosphorous ligands have attracted
much attention of the chemists in transition metal catalysed asymmetric reactions due to
their excellent chiral induction ability and tunabjlin their electronic and steric properties.
Indeed, the first marmade artificial enzymatic catalytic activity was achieved by the use of
P-stereogenic ligands icatalysedasymmetric hydrogenation reactisn developed byHorner
andW. S. Knowles 1968059 Along with Knowles, Horner also contributed independently for
the development of RBtereogenic ligands and asymmetric catal{’Si&” In 1975, while
exploring various novel -Btereogenic ligands for asymmetric hydrogenation reatdi
Knowles was inspired by the work of Ka§at?! on diphosphine chelating ligaddlOP fig. 5)
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and thus, he developed a diphosphine chelatingté&eogenic ligandDiPAMP17, which
provided the highest enantioselectivity in asymmetric hydrogenatiorctiea at that time
(96% eel® This led to the first ever industrial application of asymmetric hydrogenation
reaction in the form of the monsanto synthesis 6DDPA16 (scheme 1}45For the
pioneering work done by W& Knowles (along with Ryoji Nof and Barry Sharplessin the
development of asymmetric catalysis, he was awarded Nobel Prize in2001.

Scheme 1. The Monsanto synthesis-@IQPA.

Today, innumerable-Btereogenic ligands provides very high to excellent enantioselectivities
in various asymmetric organometallic catalytic reactions, more popularly in asymmetric
hydrogenation reactionsThe chiral phosphorous ligands fall into two categories; one with
chirdity on the backbone of phosphorous atofig(5) and the other one, where chirality lies

on phosphorous atom, calleddhirogenic P-stereogenic oP-chiralcompoundg!]

In 1970s, along with the development on the synthesis-sfdPeogeniccompounds mainly

led by Knowles and Horner, several other researchers worked on the development of chiral
phosphines having chirality on backbone of P atom. Their work gained an important
recognition in asymmetric catalydf4.52.64.65.6%8] |ndeed, these compounds were found to be
configurationally more stable and easier to access, comparedster@ogenic compounds.
Notable work includes; synthesis of BINEgby Noyoril® DIOP19 by Kagar! BPE20 and
DuUPHOR1 by Burké8.69 Chirapho<2 by Bsnichl®! and Josipho&3 by Togrf’! (fig. 5).
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Fig. 5. Chiral phosphorous ligands with backbone chirality.
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3.2 P-Stereogenic Compounds

The time has come for tlechiral ligands to merge the stream and to bring in thehiRality
factor into play again "%

Organic compounds having chirality on phosphorous atom, are cals@régenic, P
chirogenic or Rehiral compounds$t! These compounds are widely used inadpemistry as
pesticideg?®! in pharmacy as biologically active molecifi€s in coordination chemistry
where these compounds help in determination of three dimensional structure of the metal
compkex’ and in organometallic asymmetric catalysis ageay important class of chiral
ligandsi*2%4  This  section would highlight naming and structures of various
organophosphorus compounds, natural abundance and configurational stability of-the P
stereogenic compounds.

3.2.1 Various Types of Organophosphorousm@aunds

Organic compounds having a phosphorous atom are generally called organophosphorous
compounds. These compounds are widely used as pesticides, in addition to their uses in other
fields of scienc&®667274 Based on the oxidation state of phospbus atom,
organophosphorous compounds can be classified as P(lIl) or P(V) compounds. Following two
subsections briefly describe some of the P(lll) or P(V) organophosphorous compounds with
their corresponding names and structures.

3.2.1.1P(V) Organophosphorousmapounds

Some ofthe P(V) organophosphorous compounds are representeiigirb. Phosphate24
(general formula, P(=0)(O4R) phosphonates25 (general formula, RP(=0)(QR)and
phosphinates26 (general formula, BP(=0)(OR)) are mainly used in agrochemistry as
pesticides[?>7®!

H-phosphinatef9 (general formula, HRP(=0)(OR)), chlorophosphinddggeneral formula,
RP(=0)CI(OR)and £condary phosphine oxideZ3 (general formula, HEP(=0))are mainly
used as itermediates for the synthesis of tertiary phosphine oxides and other more complex
organophosphorous compounds’¢®1 Secondary phosphine oxide28 are also being
employedas ligands in organometallic cataly§#s*® Tertiary phosphine oxide&7 (general
formula, P(=O)8 are one of the most thermally stable fornaf organophosphorous
compounds and widely used as ligands in organometallic cat&&/&i§466]
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Fig.6. Some of the representative examples of P(V) Organophosphorous compounds.

3.2.12.2 P(lll) Organophosphorous compounds

Some of the P(lll) organophosphorous compounds are represented in FHig.
Chlorophosphine81 (general formula, PCHR and phosphine borane® (general formula,
P(BH)Ry) are mainly used as intermediates and precursors for phosphines. \éhiiery

phosphines33 (general formula, P§ are widely used in asymmetric catalyBis transition

metal complexeg®’]

Fig.7. Some of the representative examplesR{ill) Organophosphorous compounds.

3.2.2 Natural Occurrence

Organophosphorus compounds withk@Pbond, are not dominant in nature, rather organ
compounds with FO bond as phosphate/phosphonate groups, are widely prevalent in living
cells, such as ATP molecule, phospholipid€&#lin 1959, t-aminoethyl phosphonic acigé

(fig. 8) was the first organophosphorous compound isolated from runpotozoal®®
Moreover, cyclophosti35 and salinipostirB6 are two recently isolated organophosphorous

18



compounds from microbes, showing promising antcrobial and anttumoral activitieg(fig.
8)_[3,91,9192]

Fig. 8. Somaaturally occurring organophosphoroaempounds.

Phosphate minerals serve as the natural source dbtention of the phosphorous
compoundsand their chemical treatmenprovides phosphoric acid, R@hd PGletc. which
are often starting materialfor the synthesis ofarious organophosphorous compounds by
carrying out their further chemical modificatis cheme 2)23.%4]

Scheme 2A General scheme for the synthesis e$teéreogenic compounds from phosphate
minerals.

Considering the tremendous importance of these organophosphorous compounds in several
fields of science, a numbe@f synthetic methodologies have been developed to access the
target organophosphorous compouni$54.70.73.87.95104] S5ome general methods to prepare

the racemic organophosphorous compounds from the simple phosphorous precursors

(scheme 2) are highlighd below.
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Triphenyl phosphin87 is ane of the most important phosphine and produced industrially on

a scale of million kilograms. It is produced by using, Bi@brobenz@e andsodium (scheme
3).[105]

Scheme 3. Industrigkoduction oftriphenyl phosphine.

Other general methods to preparerganophosphorous compoundsclude reaction of
phosphorous precursors with Grignard reagents (schem®&%).

Scheme 4. Generaynthesis obrganophosphorous compounds using Grignard reagents.

Alcoholysis of dihalophosphine in presence of a base, such as pyridine or triethylamine, is
another method used for the prepation of phosphinates (scheme 55:106]

Scheme 5 Alcoholysis of dihalophosphine.

Atherton-Todd reaction is also employed in many nucleophilic substitution reactions of
secondary phosphine oxides andpHosphinates to form the corresponding phosphinates
aminophosphine oxides and thiterivatives(scheme 61071
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Scheme 6. Nucleophilgubstitution reaction of secondary phosphine oxides using Atherton
Todd reaction.

3.2.3 Configurational Stability of$tereogenic Compounds

In literature, configurational stability studies are limited, with respect to thstdPeogenic
compoundd®l In geneal, an atom attached to three different substituents and having an
electron lone pair is stereogenic in nature (e.g. P, N, As). Depending on the inversion energy
barrier, these compounds can exist as enantiopure molecules or get raceRisEd.The
racemisation of these compounds can occur pyamidal inversionscheme 7). The P
stereogenic compounds are configurationatlyore stable, compared to ammonia and
amines, which have about 25 kJ/mol inversion barrier (pyramidal inversion occurs rapidly at
room temperature), while the inversion barrier for phosphine is about-125 kJ/mof110-111

Scheme’. Pyramidal inversion of a tricoordinated, pyramidal compoBftiic]

However,the value of inversion barrier of phosphines depends upon steric and electronic
properties of the substituents attached to P atom. Schefhe&emonstrates a general
configurational stability trend of Btereogenic organophosphorous compoun@enerally,
P(V) organophosphorous compounds are configurationally more stable than their
corresponding P(Ill) organophosphorous compounds.

Very often, electrorwithdrawing groups (EWGattached to P atomin a Rstereogenic
compounddecrease the configurational staibyl. For example, chlorophosphinef)(scheme

21



8), where chlorine is an electremithdrawing group at P atom, are not configurationally
stable at room temperaturé®® Tertiary phosphingsuch39in scheme8 are relatively stable
but, can racemise undehermal conditions of 130Cwithin one day®” While, secondary
phosphine oxides for exampblee alsostable but, prone to racemisation under adidse or
thermal condition8!?, Tertiary phosphine oxides like, PAMPD in scheme8, are
configurationaly most stableamong all Pstereogenic compound§?8°!

Scheme8. A general configurational stability trend ofsRreogenic organophosphorous
compounds.

RecentlyBuono et al. reported that configurational stability ofpHosphinates depended on
the steric hindranceof alkoxy group attached to phosphorous atd#f! For example,
ethylphenyl Hphosphinated4la and isopropyl Hbhosphinate41b are prone to racemisatn
at room temperature in several minutes and hours respectively. Whiln the sterically
more hindered alkoxy groupsuch astert-butyl Hphosphinate4lc and adamantly H
phosphinate4ld, it wasfound that these Hphosphinates wereonfigurationally stable at
room temperature for a considerably longer time peridig).(9).
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Fig.9. Some examples of configurational stability trend of alkylpherghékphinaes.

Overall, it can be said that configurational stability estBreogenic compounds depends on
the substituents attached to the P atqrtheir electron richness and steric hindrance. In
general, tertiary phosphine oxides are stablstereogenic compounds
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3.3 Applications of Btereogenic compounds

In this section, a brief account of the applications @€ eogenic compounds in various fields
of science will be highlighted. The sséctions regarding asymmetric organocatalysis and
organometallic catalysis with-§tereogenic ligands will be discussed in more detaiin
excellent review on Btereogenic compounds has recently been published by Jugé'ét al.

Applications of Btereogenic compounds
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3.3.1 Agrochemistry

P-stereogenic organophosphorous compounds are an important class of insecticides in
agrochemistry!13l A number of insecticides which are currently in the market, such as
organophosphorus and pyrethroids, are chiral. Chiral pesticides currently contribute about
25% of all the pesticides used globally, and this trend is expected to increase in future. For
example, insecticide §-salithion 42 (fig. 10) is ten times more poteanthan its other
enantiomer® However, almost all of these chiral pesticides are mastiymercialisedas a
racemic mixture. Therefore, concerning the environmental issue of effects of pesticides on
eco-system, selective access testereogenic pesticiceand their application can significantly
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reduce the amount of pesticides applied to the crops. Therefore, there is a great need to
develop practical and feasible synthetic procedures to access these kindstefeBgenic
organophosphorous compounds. Aldarther studies are needed to evaluate timapact of
different enantiomers/diastereomers used asstereogenic pesticides.

Fig.10. Some examples é¥stereogenic insecticides.

3.3.2 Pharmaceutical Industry

P-stereogenic compounds find important applications in pharmaceutical industry as
biologically active moleculdfig. 11). Cytoxam5, a cyclophosphamide is one of the popular
anti-neoplastic drugs. It is also used as immunosuppressive agent in blood and bone marrow

Fig.11. Some examples d¥-stereogenic biologically active molecules in pharmaceutical
industry.

transplantation®114 Sofosbuvir46, a pronucleotide, is a recent promising drug to treat
Hepatitis C. Its popularity among the other drugs is due to its direct mechanism of aation o
the virus, high potency, low side effects, oral administration and a high barrier to
resistancd® 115 Consideringhe emerging antmalarial drug resistance, saliniposti#g are
interesting antimalarial candidates, recently isolated from a marderived Salinospora
species of bacterif? Another notable example of a drug includes phostB) a mimic of
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glycosides. This drug is a promising candidate for its powerful action against tumour cells in
human[102.116]

3.3.3 Coordination Complexes and Materibe@istry

Many Rstereogenic compounds are involved in complexation with transition méigls12)
These complexes help in determination of th@enensional space around the metal centre.

Fig. 2. Someexamples of metal coordination complexes witistBreogenic compounds.

Their detailed study along with NMR analysisa) structure and computational studies can
contribute to thedetermination ofmechanism of asymmetric catalytic reaction and thus,
can allow to design moreefficient chiral ligands. For example, in case of'Rhcatalysed
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asymmetric hydrogenations and P§ catalysed asymmetric allylations,the
enantioselectivities of these asymmetric reactions have been studied using this strategy.

Some Cu(l), Ag(l) and Au(l) complexes have shown promisirtg@istir activities:1%12%For
example, Quino®*-Au(l) complexsl (fig. 12) has been reported for strong arttimoral
activity and low toxicity.

P-stereogenic compounds have also been u$sedthe synthesis of dendrites as dendritic
complexes, polymetallic complexes and coordinating polymers with metatt adkh andLi
(50 and 52 fig. 12121,

DiPAMP andS)}(+)methyl phenyin-propylphosphinehave also been used in the formation
of chiral clusters, which simultaneously carry multiple chiral centres on different at¢s3s
and>54, fig. 12).1122123]

3.3.4 Chiral Reagents

P-stereogenic compounds have the potential to transfer chirality from P atom to the C atom
during a chemical transformatiorwhere these compounds act asymmetric inductors
However, Pstereogenic compounds have seldomly been exploited as chiral readgedérd

only some agyimetric reactions have been reported in literatysaich as alkylation (Wittig
type, Claisen anilichael types) and 1;dddition reactions.

In 1969, the first example where;deereogenic compounds were used as chiral reagents was
reported by Bestmann et al in a Witttgpe reaction (schem®) 124

Scheme9. First report of asymmetric transformation usingstéreogenic compound as a
chiral reagent in a Wittigype reaction.

Later in 199, it was reported that by using ad®ereogent cyclic phosphamid&8, aHorner
WadsworthEmmons (HWE) type reaction provided alkylidene cyclohe&@math up to 86%
ee (scheme 0).[125]
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SchemelO. Rstereogenic cyclophosphamide as a chiral reagent in HoVadsworth
Emmons (HWE) reaction.

Some asymmetric 1;ddditions have also been reported usingtereogenic compounds and
their derivatives}?61281 For example, a diastereoselective Michael addition reaction has been
describedbetween a chirally modified Rallyl anion61 and cyclic enones$2. The desired
product 64 was obtainedwith good yields and high enantiomeric exces$®r ozonolysis of

the corresponding 1;4dditions adduc63 (schemel 1).[26]

Schemell. Asymmetric Michael addition reaction of chirally modifiedlliyl anion61 with
cyclic enone$?2.

In 2006, aother example has been reported by Krawczyk et ain a highly efficient and
diastereoselective «Cuu SE&] «CvSZmdthylgne wvalerolactone 68 using P
stereogenic acrylat®é6. The key step being th®lichael addition of racemié7 with the P-
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chirogenicacrylate66, which finally gives the desired produ&d after reduction with KBk
and HornertWadsworthtEmmonsreaction (schemel 2).[129]

Schemel12X <Cuu SE] - CvSethykené (pvalerolactone using Pstereogenic
acrylate.

3.3.5 Asymmetric Organocatalysis

Recent years have witnessed tremendous development in chiral organophosphorous
catalysedasymmetric transformations under metal free conditidfs’413%33] Since, the
synthetic methods to obtain-Btereogenic compounds have evolved greatly, especially in last
decades, applications of thesesRereogenic compounds have been under steadygpess in
organocatalysis. In particular, the use of sibichiometric amount of Rtereogenic
compounds as organocatalysts, and their unique reactivity, make them popular in many
asymmetric processessuch as kinetic resolution of alcohols, alkylationgoéikation,
acylation, desymmetrisation reactions @tg131,132,134137]

To give a broad perspective in this section, a number of diverse asymmetric organocatalysed
reactiors, such as Steglich rearrangement, cycloaddition, 1,4 additithylation, amin#on,
reduction of quinolines and deracemisation of amino aewikbe presented briefly

The work done by Vedejs et &. organocatalysiss worth mentioning. They have studied a
number of asymmetric reactions usingcRirogenic phospholanesuch as the formation of
azalactoner0 via Steglich rearrangement of the carbonate precu&®with good yields and
high enantioselectivities (scheni).[138]
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Schemel 3. Synthesis of azalactone by use eftirogenic phospholanes.

In 2010, FP. Loh reported an outstanding paper on DiPAMPrganocatalysed selective
one pot @+2)-cycloaddition via isomerisation of-lButynoates 73 with electron deficient

olefins72. They obtained highly functionalised cyclopenteiéswvith up to 95% yield and
99% ee (scheme4).[3°]

Scheme 4. DIPAMP organocatalysed synthesis of highly functionalised cyclopentenes.

Another notable example includes a highly enantioselective-Naata-BaylisHilman
reactions of ketimine36, % E}A] }vP u U ]S pdmino acid derivativeg7 with up to
97% ee.dZ e« -amino acid derivatives are important intermediates in fine chemistry
(scheme 5).[140.141]
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Scheme &. Rstereogenic phosphine organocatalysed -dtarita-BaylisHilman reactions of
ketimines.

Due to the high polarity and stronger Lewis basicity of phosphoryl group attached to the
nitrogen atom inphosphoramidessuch as hexamethyl phosphoric triamide (HMPA), many
asymmetric organocatalysed reactions, based on the use-dffilBgenic phosphoramides
have been reported in the literaturé3! For example, the asymmetric allylation of
benzaldehydé&9wasreported in the presence of a¢hirogenic phosphoramid@2 based on
(9-proline, affordingthe homoallylic alcohd1 with good yield and high enantioselectivities
(scheme 6).1142]

Scheme &. Asymmetric allylation of benzaldehyde usinghHfogenic phosphoramides.

Currently, designing of bulky-d$®ereogenic organsuperbase catalysts have evolved
significantly, especially due to their higkactivity towards activation of less acidic pro
nucleophilessuch as azodicarboxylates, which are less acidimpoteophile specield43147]
Terada et al. have reportetie synthesis of a highly reactivedRereogenic organosuperbase
catalyst based o bis(guanidino)imino phosphoranes6.14814% This Pstereogenic
organosuperbase catalys86 has been used in asymmetric electrophilic amination of
tetralone 83 to generate the corresponding hydrazine derivati8&swith good yield and
high enantioselectivies(scheme ).
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Scheme 1. Rstereogenic iminophosphorane organocatalysed asymnimemination of
tetralone.

A few examples of-Btereogenic Bronsted acid organocatalysed reactions have recently been
reported. Notable examples include asymmetric reduction of quinoliB&susing P
stereogenic thiophosphonic organocatal\, described by X. Guinchard (schent,>]

and asymmetric deracemization of amiraeids using piro diaminodioxaphosphonium
barfates92 as chiral proton transfer agents (schen®.ft51]

Scheme & Asymmetric reduction of quinolines using-stereogenic thiophosphonic
organocatalyst.
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Scheme 2. RspiroBronstedacid organocatalysed deracemization of amino acids.

3.3.6 P-stereogenic Ligands in Asymmetric Catalygys Transition Metal
Complexes

Chiral catalysts that are efficient inducing asymmetry will have their region of maximum
stereoinduction spatially congruent with the site of chemistry, but inefficient catalysts will not

J. N. Stackl. Am. Chem. S@6002 124, 1425514267.

P-stereogenic compounds are most popularly used in organometallic asymmetric catalysis as
one of the most important classes of chiral ligands, due to their strong affinity to coordinate
with transition metals and to facilitate the catalytic reactions.

As described previously (pages 6-7), the first manmade artificial catalytic activity was
achieved by the use of-§lereogenic ligands in organometallic asymmetric hydrogenation
reaction, developed by WS. Knowles in 1972 Today, innumerable -Btereogeric ligands
provides very high to excellent enantioselectivities in various asymmetric organometallic
catalytic reactions, more popularly in asymmetric hydrogenation reactibnparticular a
number of challenging substrates have been employed for thipgae Nevertheless, P
stereogenic ligands are also being employed in several other-coagding reactions.

This section would describe historical developments in designing some of the most important
P-stereogenic ligandsand their applications in organostallic catalysed asymmetric
hydrogenation reactions along with some other crassipling reactions.
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3.3.6.1 Asymmetric Hydrogenation/ReductiBeactions

After the development ofhe pioneering Pstereogenic ligandfig. 13)includingCAMPO3 [5°]
and DiIiPAMR7 163 by Knowlesf{g. 13), it took several years for this class of ligands to emerge
freely ashighly efficienttools in organometallic asymmetric catalysis.

Fig. B. Rstereogenic ligands prepared by Knowles.

The main interest of the -Btereogenic ligands lies in gesinability of steric and electronic
properties at Pstereogenic centre, which is in a close proximity to the metlactive
catalysissite. With time, these ligands have evolved significantly towards more sterically
hindered and electron ricton P-stereogenic centre, thereby, improving kinetics af
organometallic catalytic cycle of asymmetric hydrogenation/cross coupling reaction, in

particular, during the oxidative addition step of a substrate to the metatre (fig. 14)117:152
159]
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Fig 14. A typical Rh catalysed asymmetric hydrogenation.

A number of organometallic asymmetric catalytic reactions have been developed by using P
stereogenic ligands, providing high enantioselectivities mainly in asymmetric
hydrogenation(160.161]

Imamoto et al. havesignificantly contributed in design and development e$tEreogenic
ligands includingrialkyl-based ligandsBisP*99 and MiniPhos100 and also other lignds
such as QuinoxP¥0land Enz*102ligands Manyof them are now commercially available
(fig. 15).1160.162165] They have demonstrated efficient application of these ligands irowari
organometallic asymmetric reactions.
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Fig. 15. Some of the important ligands developed by Imamoto et al.

Asanexample,in 1998 mamoto et al. preparethe electron rich trialkydbased diphospime

ligand, called BisP%9 containing one bulky groupert-butyl and a small group, methyl,

attached to each phosphorous atd#§21%6 Thisdiphosphine ligand BisP39 forms a rigid

complex with the transition metalthus, creating a chiral environment around the metal
VEE X he]vP JeWZIZu }u%o AU -Gketoest@s103dmave Beppv }( t

reported with very high enantioselectivities (up to 98%) (sche®)e'3166]

Scheme @. Asymmetric reduction of ketones using Ru/BisP* catalyst.

Also, using BisP*/Rh complex, an efficient asymmetric hydrogenation of dehydroamino acid
derivatives105 have been described (schem#)2621661The corresponding product€6
were obtainedwith up to > 99% ee.

Scheme 2. Asymmetric hydrogenation of dehydroamino acid derivatives using Rh/BisP*
catalyst.
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In 1999, Imamoto et adeveloped anotheelectron rich trialkybased diphospine ligand
with a methylene bridge, called MiniPhd80.[*63I Theyreported ahighlyefficient asymmetric
hydrogenation of dehydroamino acids and their derivatit®3 using Rh/MiniPhos catalyst
with very high enantioselectivities and very good yiekth¢me22).

Scheme&22. Asymmetric hydrogenation of dehydroamino acid derivatiusgig Rh/Miniphos
catalyst.

Moreover, it was found that this catalyst was effective in asymmettie p S]}v 3( tUt
disubstituted enamides, which are consideredtlas challenging substrates with respect to

the difficulty in obtaining high enantioselectivities. MiniPhos ligd0@ forms an optically
active dinuclear palladium comple09 bearing PePd ond. These complexes with some
additives such assilver triflate are able to catalyse asymmetric ring opening reaction of
azabenzonorbornadiene07 affording the corresponding product$08 with very high
enantioselectivities (up to 99%) (schen@).26’]

Scheme 3. Asymmetric ring opening reaction of azabenzonorbornadienes using Miniphos
Pd(l) complex

In 2004, Hoge et al. developed a ligand based on MiniPhos structure, called
Trichickenfootpho4.13, which wasdund to be highly efficient and useful for the asymmetric
ZC E}P v $]3cetarhido dehydroamino acid®$’ Pregabalirl12, an optically activer
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amino acid, an antiepileptic drug has been produced on industrial scalgsing
Trichickenfootphos/Rh catalyst, withhaexcellentenantioselectivity and a very good vyield
(scheme24).1*%"1 Thekey intermediate, Zyano4-methylpent2-enoate 111 is obtained by
Trichickenfootphos/Rleatalysedasymmetric hydrogenation with more than 98% conversion
andwith 99 % ee.

Scheme24. Synthesis of pregabalin using Trichickenfootphos ligand.

Based on quinoxaline backbone and BisP* moietg005,Imamoto et al. reported another
air stable and configurationally more rigid ligand, called Quinak®*{168] This ligand has
been utilised in asymmetric hydrogenations of prochiral amino acids amdeaderivatives,
*uzZ o ZC E} u]v} ] -emantideswith very high enantioselectivities (up to
99.9%) (schemeR’}.

Scheme 3. Asymmetric hydrogenations of dehydroamiraxid estersr-enamides by
Rh/QuinoxP*omplex.

Moreover, versatility of this Quin®® catalyst was described in palladium catalysed
asymmetric alkylating ring opening reactions yieldihg corresponding alkylated product
with very good yields and very high enantioselectivi(@sheme B).[158]
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Scheme 8. Asymmetric alkylative ring opening by Pd/QuinoxP*.

In 2006, Imamoto et al. prepared another diphosphine ligand based ont-fwuylmethyl
phosphino groups attached to a phenyl group, called BeriZ?*ligand (fig 15).[16° This

ligand has been utilised in a number of useful asymmetric hydrogenation reactions, such as
Rh/BenzP* catalysed asymmetric hydrogenationrafehydroamino acid andderivatives
(scheme 27.)79Remarkably, a very low catalyst loading t@nused to achieve the desired
product with a very high yield and an excellent enantioselectivity.

Scheme 27. Rh/BenzP* catalysed asymmetric hydrogenatigrdehydroamino acisl.

More recently,m 2017, A. Brner et al. synthesised a series e§teéreogenic xantphos ligands

122. They demonstrated an efficient application of these ligands in Rh catas/mmetric
hydrogenation of isophoron&20 to obtain industrially useful chirddetones121 almost in
quantitative yields and with very high enantioselectivities of up to 96%areeme B).115 |t

is interesting to note that the hydrogenation of such substratepagicularly challenging
concerning the chemoselectivity (i.e. reduction of keto group can also be observed) as well as
the enantioselectivity.
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Scheme 8. Asymmetric hydrogenation of isophorori20 using Pstereogenic xantphos
ligands/Rh.

Moreover, the group oK. Zhang et al. have developed a number of efficiestelReogenic
ligands in particular, TangPht23 (2002), DuanPho$24 (2005) and ZhangPhd25 (2010
(fig. 16)[15517L1721These ligands were found to Haighly efficient in many asymmetric
hydrogenation reactions.

Fig. B. Representative examples of important ligands developed by X. Zhang.

TangPhos123, containing biphospholane ring on its backbone, was expected to be
conformationally rigid, which could lead to high emiaselectivity in asymmetric reactions. In
fact, theoretical calculations revealed that Rh/TangPhos should be structurally more rigid in
chiral environment, compared to Rh/BisP*. Moreov&gngPhos ligand was easy to access
from readily available startinghaterials. Since, its first report in 2002 by X. Zhangaras

((] 1] vs Z]JE& o o]P Vv v ZZ S oC- *Cuu SE] £ZC E}P v
(acylamino)acrylic acids and their estd26 (scheme 2) andasymmetric hydrogenation of
r-arylenamidesi28 were conducted in high yield and enantioselectifggheme 308L55.173]
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Scheme29X +<Cuu SE] ZC &} Rasylanine)actylic acids and their esters using
TangPhos/Rh.

Scheme80X <Cuu SE] ZC & }Harwemaplides (sing TangPhos/Rh.

TangPhos123 has been found tobe effective in an array of asymmetric reactions.
Rh/TangPhosanplex was reported to ban efficient catalyst for asymmetric hydrogenations
} ( -amino acid derivativesl30, providing high enantioselectivities and high turnover
numbers (schema81).173l

Scheme81X <Cuu SE] ZC & }amincsddid deivatives using TangPhos/Rh.

This Rh/TangPhos catalyst has also bastessfully used in asymmetric hydrogenations of
itaconic acid4.32 and enol acetatd 34, providing high enantioselectivities up to 99% ee, and
high turnover numbers (scheng®).[174
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Scheme32. Asymmetric hydrogenations itaconic aciii32 and enol acetatel34 using
TangPhos/Rh.

Also, a highly enantioselective synthesis of arylglycine derivati¥ésvas reported in 2006
(up to 95% ee), by asymmetric hydrogenationdNeWW EW %o (E }-aryl 3mina estersl36
using Rh/TangPhastalyst (scheme3.[179]

Scheme 3. An enantioselective synthesis of arylglycine derivath@¥% using TangPhos/Rh.

In 2005, Zhang further developed a conformationally more tigehd called DuanPhak24
(fig.16) basedn previously designed ligand, TangPh23.17"In case of TangPhdg3, only

one of the enantiomers, TangPhosS@S[ ®RPR[+ A «+ E JoC A Jo o pn 8§}
limitations, while both enantiomerare readily available with DuanPh&24. Moreover, this
newly developed DuanPhd24 was found to be highly effective in Rh catalysed asymmetric
hydrogenation of functionalisedlkenes, providing very high enatioselectivities (up to >99%
ee) and turnover numbers (schemé)3
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Scheme 8. Rh/DuanPhos catalysed asymmetric hydrogenation of functionalisedesiken

Besides, Rh/DuanPhos catalyst allowed a very shorefimient synthesis of enantiopure-N
u}v}ep «3]3pudminovalcoholét’ A A E-secandaryamino ketone hydrochlorides
(140 and 143) were asymmetrically hydrogenated using Rh/DuanPhos cat@ystrnish the

} & E -« % }ranmindPaleohols with very high enatioselectivities (up t89%6 ee) and good
yields(scheme 3). The resulting amino alcohd®41 and 144) find important applications in
pharmaceutical industry

Scheme B. Rh/DuanPhos catalysed enantioselective synthesis-af}N'}ep ¢S]S S
amino alcohols and important pharmaceutical intermediates.
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Recently, Rh/DuanPhos catalysed pyriditrected asymmetric hydrogenation of challenging
substrates 1,1-diarylalkenesl46, has been reportedproviding pharmaceutically important
intermediates with excellent yields and very high enantioselectivities (sched)é’3 This
efficient methodology is very useful in accessing chirallzarylethyl)pyridines and their
derivativesl47.

Scheme 8. Rh/DuanPhos catalysed asymmetric hydrogenation ctilgdylalkenes.

In 2011, Zhang et al. reported a synthetic process which is useful for the industrial production
of ramipril 150, a drug used for the treatment of hypertension and congestive heart failure
(scheme 3).[161.178]

Scheme 3. Synthesis drRamipril using Rh/DuanPhos catalyst.
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The r-dehydroamino acid methyl estelerivativel48can efficiently be hydrogenated with a
rhodiumy DuanPhos catalyst to provide the corresponding intermediate compdéi®dvith
99%ee, which upon further functionalisation provides ramipril

In 2010, ZhangPho®25, another important Pstereogenic biphospholane scaffebdsed
ligand, was developed by X.hahg et all’? Compared to previously developed
biphospholane ligands, such as TangPt&&and DuanPho&24, this ligand was expected to
be conformationally more rigid, and more electron donating in nature. Thus, It has been
described that more conformenal rigidity leading to a wellefined organometallic system
enhances higher enantioselectivity?] The two chiral fused cyclohexane rings on the
backbone of ZhangPhd25, were expected to enhance further conformational rigidity and
electron donatirg ability of the ligand. Thapplicationsof this ligand in many Rh catalysed
asymmetric reactions has been reported. For example, Rh/ZhangPhos catalyst was found to
Z]PZoC (( 3]A ]Jv <Cuu SE]- ZEKC EyPuy S(deylapiino)acrylic
acids and ester$38/152, the corresponding productss1 and 153 were obtained in very high
yields and with excellent enantioselectivities (scherBafd 3).1172

Scheme8X ZZl+Z vPWZ}s S 0C- *Cuu SEJaryeGan@eP v S]}v }(r

Scheme 9. Rh/ZhangPhos catalysed asymmetric hydrogenajiorfacylamino)acrylic acids
and esters.
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Z]PZoC v v3]}e o 3§]A Z CGkefBgramides]34whé also reported by using
Rh/ZhangPhos catalyst, providing several opticallyfactiamino ketonesl55 or chiral 1,3
amino alcoholsl56 with very good yields and excellent enantiomeric excess (up to 99%)
(scheme40).1*8% This synthesis is highly useful in direct synthesis of chirarhjBo alcohols
( & } tketoenamides.

Schemel0X ~Cv3Z <]« }( } %0 SgmimockEtones pAd chiral 1-Amino alcohols using
Rh/ZhangPhos.

W. Tang et al. recently usedsiereogenic biaryl ligands, such asCBME160 and AntPhos
161 in palladium catalysed asymmetric alkesmgloxyarylation reaction88% They obtained a
series of 1,denzodioxanes, 1;8enzooxazines and chromar{¢59) having quaternary
centres with very high enantiomeric excess (schere They postulated atereomodel for

the mechanism of the reaction phkaining the high reactivity and enantioselectivity dioe

sterically bulky and conformationally weléfined ligands.

Schemedl. Palladium/L* catalysed asymmetric alkene axylrylation reactions.
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3.3.6.2Asymmetric Cross coupling reactions

Apart from asymmetric hydrogenation/reduction reactionsstereogenic ligands have also
been used for asymmetric crossupling reactionssuch as asymmetric-Cand GB cross
coupling reactionsThis subsection would briefly present some examples of asymmetric
alkylation,hydroboration and arylation reactions.

Nakamura et al. reported an eddendly iron catalysed asymmetric cressupling reaction
between an aryl Grignard reagerdand an electroZ]o . }VZo}E} v o
bromoalkanoatesl62. They obtained the corresponding cressupling productsl63 with

very good yields (up to 92%) and high enantioselectivities ( up to 91/9 er) (SctRHe]

Schemed2. BenzPAron-catalysed asymmetric crogsupling reaction.

Very recently, Imamoto et al. reported a hlg efficient QuinoxPterived ligandl67 which
catalysed Markovnikov hydroboration of aliphatic terminal alkeriéd, with very high
enantioselectivities of up to 99% ee (schen®.21 It was described in the paper that along
with the experimentabptimisation study computationaimodelisationfacilitated the design

of the final ligand, which led to the successful asymmetric hydroboration reaction of aliphatic
terminal alkenes.

Scheme 3. Asymmetric Markovnikov hydroboration of aliphatiderminal alkenes by
Cu/QuinoxP* derivative.

This QuinoxP*113 ligand was foundto be highly effective in transition metal catalysed
carboncarbon bond forming cross coupling reactions, for example, Quinox/Rh catalyst
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catalysed asymmetric 1-.dddition of aglboronic acids S} r-Urtsaturated carbonyl
compoundsl68with very good yields (up to 92%) and high eti@selectivities (up to 99.4%)
(scheme 4).[168]

Scheme 4. Asymmetric 1,4ad ]S]}v }( @&Co }E}v] -unshturatedl cakbbnyl
compounds by Rh/QuinoxP*.

Thus, to conclude,-Btereogenic compounds are widely used in agrochemistry as pesticides
and in pharmacy as biologically active molecules, in coordination chemistry wthess
compounds help in determination of three dimensional structure of the metal complex and
in asymmetric catalysiby transition metal complexeas a very important class of chiral
ligands(?62746] The most important application of -&ereogenic compunds is in
organometallic asymmetric catalysis, particularly in asymmetric hydrogenation/reduction
reactions, as chiral ligand§hese ligands are also widely employed in industry, in particular
in theasymmetric hydrogenation reactions of some importpharmaceutical substrates.
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3.4 Access toBtereogenic Compounds:

P-stereogenic organophosphorous compounds barely exist in nathi@wever these
compounds find several important applications in different fields of
sciencé313.92,113.115119,156] Therefore, a number of methods tbuild up P-stereogenic
compounds have been developed with time. This secfiost highlighs the historical
background and latersome ofthe important methodologies to prepare-&ereogenic
organophosphorous compounds.

3.4.1 Historical Background

The first successfully resolveestereogenic compound70, was obtained by Meisenheimer
and Lichtenstadt in 19144

Fig.17. Examples of Btereogenic compounds resolved before the work of Mislow (1967
1968)[133.136t 139]

Butit was in 19671968 that Mislow and cevorkers reported a moreeliable and relatively
eag/ method based on the use of menthol as a chiral auxiloyviding access tecalemic
menthylphosphinates. After the separation of the two diastereomers of
menthylphosphinates, a stereospecific reduction was carried out to finally obtain optically
pure phosphined1°41871Though, this method was based on a tedious rmstkp procedure
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Fig.18. Examplesof B3 & }P v] Ju%}uv * % E % E e }v D]eo}A[s %o

and piovided the final optically pure phosphisawith very less vyielsl it promoted further
development in the synthetic procedures. Indeed, Horner and Knowles (Nobel Prize 2001)
utilised this menthol based methodology in order to develop a large number ofatiytjgure
phosphinedfig. 18)[*2131 This greatly contributed in design ofsRereogenic ligandsuch as
popular ligand DIPAMP, and their applications in asymmetric cat&iy3i$2.60.125]

Development towards the synthetic methodologies to accessRistereogenic compounds
and therefore their applications, was hampered and slowed down due to mainly two
important reasons. Firstly, soon after the pioneering DIPAMP repaty important reports
concerning thesynthesis ofchiral phosphineligandsfeaturingbackbone chirality and their
successful applications in asymmetric catalygse publishedsuch as DIOP, CHIRAPHOS,
DUPHOS and the more popular being BIRK{25465And secondly, compared to the organic
compounds with &@entred dirality, compounds with fentred chirality are difficult to
synthesig. One reason is thabundantavalability of Gcentred chiral compounds in nature
And, the inherent difficulty to transfer this chiral information froma Gcentred chiral
compound toanother compound witlphosphorousatom.

However, since last few decades, the interest of organic chemists has extensively been
growing towards the synthesis and application of thes#d?eogenic compounds due to their
promising applications in various entific fields!*! P-stereogenic compounds are generally
prepared as phosphine oxides or phosphine boranes, in order to avoid any racemisation
process during the mukstep procedures/0.97.101,111,188.90]
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The following flow chart representslifferent methodologies to access -fereogenic
organophosphorous compoungdwhich would be discussed in this sectidhe subsections
with chiral auxiliary method$n particular, menthol and ephedrine basedethodologies,
would be discussed in more detll

Accesgo P-stereogenic compounds

l b

Z]E o Z +}Chiral Auxiliay Deracemisation Asymmetric =~ Asymmetrc

Oxidation Catalysis
{ Diastereomeric { D v§Z}o {Organometalt:
Salt Formation {Chiral Amines Catalysis
{ Chiral Metal {Ephedrine { Biocatalysis
Complexes
{ Chiral HPLC

3.4.2 Chiral Resolution

Preparation of the Btereogenic organophosphorous compoundschyralresolution is one

of the oldestmethods!*4 Chiral organophosphorous compounds can be resolved using
different resolving techniquessuch as using chiral resolving agentschromatographic
separation using a chiral stationary phaggenerally,the prepaation of P-stereogenic
compounds by this method requirethe matching between an organophosphorous
compound to be resolved and the resolving ag&hts method is rather expensiymaximum
theoretical yield of an enantiopure product is limited to 50%)t sometimes useful for an
industrial scale synthesis of specifistereogenic compounds. Otherwise, this method has
several limitationssuch as multstep tedious recrystallisations, difficult chromatographic
separations and the fact that the successto$ concept relies upon the compatibility of the
functional groups present at phosphorous atom and on the resolving agents, in order to form
corresponding separable diastereomeric complex/salt.
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3.4.2.1Diastereomeric Salt Formation

This process is based othe formation of diastereomeric saltsof a racemic
organophosphorous compound using a suitablgral resolving agentsuch as dibenzoyl
tartaric acid (DBTA), cinchonine, BINcamphor sulfonic acid and their derivativags. These
diastereomeric complexesadts exhibit different physical propertiesuch as solubilityand
retention time on column chromatography. Thus, diastereomeric complexes/salts are
selectively separated and later, treated wihsuitable acid/base to finally provide optically
pure organophosphorous compounds. Indeed, the first kn@xample for the obtention of
an optically active organophosphorous compoueithylmethylphenypbhosphineoxide, was
based on this concept41l Bhylmethykphenyl oxide170 was directly resolved into two
separable diastereomers using -Brfpmocamphor sulfonic acid by Meisenheimer and
Lichtenstadt

More recentlyin 2004,Imamoto leported a direct resolution of a very hindered diphosphine
oxide 179 using DBTA as resolving agé&pit.

Scheme 8. Direct Resolution of a diphosphine oxii®using (HDBTA.

They dissolved (#)BTA andhe corresponding diphosphine oxidé&’9 in hot ethyl acetate,

and on cooling, a precipitated crystalline solid was obtained after filtration. They could obtain
the resolved diphosphine oxid&79 (S § with up to 21% vyield andwith up to 98.8% ee
(scheme 5).
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In 2007, mosphinous acid boranek81 have also been directly resolved by using cinchonine
182 asa resolving agerit® The corresponding diastereomeric sall83) of phosphinous
acid boranes and cinchonine, were obtained with up to 34% yieldvithdip to 100% optical
purity. The salts weresubsequently successfullyhydrolysed into the corresponding
phosphinous acid borane$81 with very good yields andetention of its optical purity
(scheme #).

Scheme 8. Direct Resolution of phosphinous acid using (5Cinchoninel82
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3.4.2.2Chiral Metal Complexes

Chiral metal complexes such asthometallated palladiumcomplexesare well known as
resolving agets for phosphine compoundg®? For examplepalladium complexesvith 1-
phenylethylamine and -haphthylethylamine have been reported to be efficient in resolving
some phosphineB?31%4The basic principle simple; the racemic phosphine substratg5
reacts with the chiral palladium complé&84to form through coordination of palladium to
phosphorus atom the corresponding two diastemeers 186in 1/1 drwhich have different
physical properties and thus, cae separated by recrystallisation or column chromatography
(scheme Z%).

Scheme 4. Resolution of phosphines by orthometallatdral palladium complexes
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After the separation of thewo diastereomers, phosphine is released from the complex by
using a strongly coordinating agent suchlaabis(diphenylphosphino)ethane (dppe). Many
phosphines have been successfully resolved with this method with high enantioselectivities.
Also, the so obtained palladium metallacycles can also be directly used in catalysis, such as in
hydrovinylation*¢48] However, for as successful resolution of ppbines, a matching
between the chiral metal complex and the phosphine is required, which can be a tedious
process.

3.4.2.3Chiral Column Chromatography

This technique of resolution utilises a chiral stationary phase which selectively interacts with
the two enantomers ofthe P-stereogenic compound and thus directly provides an access to
both enantiomers of aBtereogenic compound. Generally, P(V) compounds are utilised with
this methodology to avoid any possibility of racemisation process that can occur whh P(ll
compoundg#9195197 This chiral column chromatography technique generally requires use of
a large amount of solvent during the separation of enantiomers of a compound and use of a
chiral preparative column. However, amy organophosphorous compoundsve been

resolved usinghis technique in particular, usingpmmercially available chiral colum(fgy.
19)_[106,198t202]

Fig. 19. Representative examples of organophosphorous compounds resolved by chiral
columnchromatography.
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3.4.3 Chiral Auxiliary Method: formation of a covalent bond with a chiral auxiliary
andpostfunctionalisation

Chiral auxiliary baseslynthesis is one of the most widely used methodologies to prepare P
stereogenic organophosphorous compounds, both on laboratory scale, as well as on
industrial scale. Indeedhe first practical synthesis of-&ereogenic organophosphorous
compounds by Mislow, was based on this cond&jtt®"lUsingthis concept, a chiral auxiliary

is employedin stoichiometric amount, which reacts with a racemic organophosphorous
compoundto form the correspondingwo diasteleomersby formation of a covalent bond
and thus, inducing chirality on-&om. These diastereomers on the basis of differenioe
their physical properties, are then separated by column chromatography or recrystallisation
techniques, and later, the chirauxiliary is cleaved by using a suitable organometallic
reagent, often Grignard / lithium reagentsthus delivering the enantiopure
organophosphorous compound with a newCPbond formation. The most popular chiral
auxiliaries used for the synthesis ofstereogenic organophosphorous compounds include
menthol and ephedriné.*3162165]

3.4.3.1Menthol as a chiral auxiliary

L-menthol is a classical chiral auxiliary used for the synthesis -sferBogenic
organophosphorous compounds. It serves as a cheap and aaailgble chiral auxiliaryhis
section describes the synthesis ofereogenic compoundsuch as menthylphosphinates,
menthylphosphiniteboranes, Hnenthylphosphinates/Hmenthylphosphiniteboranes.

3.4.3.1.Menthylphosphinates

Mislow and Cram first reported the pioneering and practical syntheses-stéreogenic
organophosphorous compounds using menthol (sche®)!4+187.208The unsymmetrically
substituted two diastereomers of menthylphosphinatee91 can be separated by
reaystallisation. Usually, one of the diastereomers is obtained by recrystallisation, while
other one remains in mother liquor. In many cases, the crystallisation procesbea
troublesome multistep procedure, yielding the diastereopure menthylphosphinategery

low vyieldks.
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Scheme 8. Synthesis of menthylphosphinateg Mislow

After obtainingdiastereopurementhylphosphinatesa range of optically activehosphine
oxides can be prepared bystereospecific nucleophilic substitution reactiomf
UVSZC0%Z}e%Z]v S « pue]vP 'E]Pv &EhisrepdEon peh|preceaaat v S e
inversion of configuration at phosphorous atom. With this strategy Horned athers
succeeded to prepare some other menthylphosphindt®&) Indeed, Knowles used this
concept to preparehe pioneering Pstereogenic ligand, DIPAMR (scheme49).[63.204]
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Schemel9. Synthesis of DIPAMP by Knowles.

This nucleophilic substitution reaction of menthylphosphinates with Grignard or lithium
reagents requires higher temperature and excess of Grignard or lithium reagédsts.the
stereoselectivity of thistep depends othe substituents attached to P atom and the reaction
conditions such as temperature, reagentstc. However, due tahe cheap and easily
accessible menthol as chiral auxiliary, a large number of menthylphosphinates and their
derivatives hag been prepared using this concept.

Imamoto reported a reductive stereoselective method to remove menthyl group at
phosphorous atom, while preserving the configuration at phosphorous atom. They tohand
lithium 4,4di-tert-butyldiphenylide (LDBB), a orslectron reducing agent, was able to
generate the anionic phosphorus specie®&C which reaced with alkyl halide at thesame
temperature(scheme50).[205.206]

Scheme&0X /u u}s}[e *SE § PC (}JE & u}A o }(uv3ZCo PE}U% X
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3.4.3.1.2Menthylphosphinite boranes

Since the198%h, the use of menthylphosphinite boranes has exceeded the use of
menthylphosphinate$!’.86.118.20211212424.423 Schemeb1 represents the general procedures
for borane protection for tertiary phosphine oxidé8 and chlorophosphine32.

Scheme %. General procedures for borane protection for tertiary phosphine oxides and
chlorophosphines

The authors described the importance of Gefol the borane protection of tertiary
phosphine oxides ago reaction was observed in the absence of €d0lvas assumed that
Ce(dactivated both phosphine oxide, as well as NaBtfough its coordination properties.

In a typical synthetic procedure for menthylphosphinatesamotoet al.replacedphosphine
oxide with phosphinéoranes as shown in thellowing scheme 3. [207.211]
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Scheméb2. Synthesis of menthylphosphinite boranes.

Thesementhylphosphinite boranes are generally crystalline, resistant to racemisation, easy
to handle and do not necessarily require handling under inert atmosphere. Moreover, the
borane goup from phosphine boranes can easily be removed under mild condifip#f$.212
218]|lmamoto used this menthylphosphinite boranes strategy to prepare DiPAMP ligamell
(schemes3).1207]

Schemé3. Synthesis of DIPAMP using menthylphosphibiteane strategy.
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3.4.3.1.3H-menthylphosphinates / #henthylphosphiniteooranes

H-menthylphosphinates serve as cheap and classieatefeogenic precursors fothe
preparation of complex Btereogenic compounds. In 1968, Letsinger andwookers
reported the synthesis of Hmenthylphosphinate$!? Unfortunately, they could not
separate the mixture of two diastereomelfél However, Mislow and cworkers in 1970,
were able to obtain Hnenthylphosphinate200 with high diastereomeric excess of up to
90% to 98% after fractional -crystallisationof diastereomeric mixture ofH-
menthylphosphinatesbut without mentioning the yieldn their report(scheme 8).187]

Scheme 8. Preparation of Hnenthylphosphinate200by Mislow and ceworkers.

Hammer and cevorkers were able to separate mixture of two diastereomers of H
menthylphosphinates using a chiral HPLC metfBtdan and ceworkers have been utilisg
H-menthylphosphinates as the-flereogenic precursors for preparation of complex P
stereogenic organophosphorous compourttf$0.220222] |n 2015, they described a detail
procedure forthe synthesiof Hmenthylphoghinates200 and the crystallisation procedure
with goodyield andwith an excellentiastereomeric excessqheme 5).[223]
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Scheme 5. Detailed procedure for preparatiosf Hmenthylphosphinates described by Han
and coworkers.

Recently, Montchamp et al. reported withn excellent diastereomeric excess a variant
synthesis o{hydroxymethyhH-menthylphosphinate202 on multigram scale, starting from
hypophosphorousformaldehyde and-menthol (scheme %).[2?4

Scheme b. Synthesis ofhydroxymethyBlH-phosphinate202by Montchamp et al.

They demonstrated that thissagent, (hydroxymethyH-menthylphosphinates202, can be
converted into various menthyl phosphinate derivativeg undergoing many useful
reactions such as silaArbuzov alkylation, palladiuwoatalysed crossoupling, and
manganese catalysedofomoted radical hydrophosphinylation / arylation.
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Today, Hmenthylphosphinates anét-menthylphosphiniteboranes are used in preparation

of a number of Fstereogenic organophosphorous derivative. Some of the representative
examples are provided in schem@.[%5226] H-menthylphosphiniteboranes are prepared
according to the general preparation ofH-menthylphosphinates. These H-
menthylphosphiniteboranes (scheme? undergo subsequent reaction with methyl iodide
and sodium hydride to providenenthyl methylghenylphosphinite boran€33 with 100%
diastereomeric exces®! Under palladium catalysed reactiorti-menthylphosphinite
boranes undergo coupling reaction either with retention or inversion at phosphorous atom,
depending on the use of solvelt>2261Menthylphosphinites were also used to prepare P
stereogenic ligands such as DiPAMP by Imamotol&¥Al.

Schemes7. Synthesis of menthyd-phosphiniteboranes and their subsequent reactions.

Thus, kmentholisa classical chiral auxiliary for the synthesis-std?eogenic compounds. It
serves as a cheap and easily available chiral auxiliary. Howesreg this menthebased
methodology usually one of the diastereomersf menthylphosphinate is obtained by
recrystallisationwhile other one remains inthe mother liquor. And, in many cases, the
crystallisation process can be a troublesome mstidp procedure, yielding the
diastereamericallypure menthylphosphinates in a very low yield.
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3.4.4 Optically Active Amines

Some of the optically active amines are useful chiral auxiliaries for preparation of P
stereogenic organophosphorous compourt$:228 Chiral aminessuch as amino acid esters

and 1-methylbenzylamineindergo NP coupling reactions with asymmetric chlorophosphine
and chlorophosphine oxides to form chiral aminophosphines as a mixture of diastereomers
with high diastereomeric excess of up to 80%. These diastereomers can be separated by
crystallisation with high diastereomeric purity of up to 100% de. For examfje.- (
methylbenzylamine204 reacts with unsymmetrically substituted chlorophosphine in the
presence of a base to form chiral aminophosphi@65s with good yields of up to 80%nd

high diastereomeric excess of up to 80% (sch&8)é?21 The aminophosphine205are then

Scheme B. Synthesis of chiral aminophosphines.

protected with borane group to form crystalline solid aminophosphines bora0éswhich

are crystallised in hexane to obtathe diastereomerically pure product. Moreover, the
borane group is easikemovedfrom the aminophosphines boranes using diethylamine as a
base with almost completeetention of stereoselectivity.
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These aminoposphines serve as-$ereogenic precursors to undergo various reactions
(schemeb9). TheAminophosphin€05reacts with methanol to provide enantiopure methyl
(9- ~ stert-butylphenylphosphinate 208. On hydrolysis, aminophoshine205 gives
enantiopure §-tert-butyl(phenyl)phosphine oxid207. The oxidation of aminophoshir25
takes place stereospecifically @fford the corresponding aminophoshine oxid209. In
thiophination reaction of aminophosphir05, diastereomerically pure thioaminophosphine
210 is obtained.

Schemeb9. Representative examples of reactions of chiral aminophosphines.

Chiral aminophosphinesvith P-stereogenic centre allow further reactivity due to the
presence of the amino groufhey are used as precursors for the synthesis of new types of
ligandspossessing N and S atomdth P-centred chirality (scheme 6@p*156.229.230Their
applications were demonstrated in asymmetric catalytic hydrogenations.
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Scheme 6. Synthesis chminodiphosphin@andR D A W Zigapfls using aminophosphines.

Chiral oxazolidinoree 216 have also been usedo prepare several Btereogenic
organophosphorous compound@i8 with goad yields and high endioselectivities (scheme
61)_[231]

Schemesl. Synthesis of Btereogenic phosphine oxides by oxazolidinone method.

In presence of a suitable base and a lithium salt, oxazolidin2b@ undergoes N
phosphorylation using &hlorgphosphine oxidgo form the corresponding Nohosphinoyl
oxazolidinone217 with a good yield and a high diastereoseleityivThe major diastereomer
can be separated by column chromatography or crystallisation. Later, the diastereopure N
phosphinoyl oxazolidinone can be convertedio various Fstereogenic phosphine oxides
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218. The main step for this methodology relies time stereoselective formation of N
phosphinoyl oxazolidinongl7.

Han reported an efficient method for the synthesis of sterically hinderesteReogenic

phosphine oxides based onthe formation of a highly diastreoselective

benzoxazaphosphinine oxidex20 under mild conditions!'® These cyclic intermediates,
benzoxazaphosphinine oxid220, undergo stepwise stereoselectiveNPand PO cleavages
using Grignard reagents or alkyl lithium reagents to fdhm corresponding Fstereogenic

phosphine oxide222in good yields and high enantioselectivities (sché&®e Both steps, P

N and PO cleavages involve inversion of configuration at phosphorous atom.

Schemes2. Synthesisof BS E }P v] % Z}*%Z]v }A] « C , v[e «SE § PC >
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Recently, Andrioletti et al. reportedhe enantioselective synthés of Rstereogenic
phosphine oxides using -Gucosamine and -2aminocyclohexanol scaffolds as chiral

auxiliarieg?423% « 1v o }( , v[e A}EIU 3Z |E A} Eformationdiftkeo C JvA}o,

highly stereoselective cyclixazaphospholidine260, following two subsequent-R and P
Ocleavages usgGrignard or alkyl lithium reagents to fortine corresponding Ftereogenic
phosphine oxide262in good yields andith high enantioselectivitiesstheme63).

Scheme 63. Synthesis of Btereogenic phosphine oxides usinga@inocyclohexanol
scaffolds.

Thus, some of the optically active amirsgs useful chiral auxiliaries fahe preparation of P
stereogenic organghosphorous compound®lso, chiral aminophosphines are used for the
preparation of chiral ™N-P ligands.

3.4.5 Ephedrine MethodJugé Method)

Jugé reported an excellent method to prepdstereogenic phosphines based on the use of
commercially available cheaghiral auxiliary, ephedring®85210.23840] The principle of his
methodology is based on two fundamental steps; first step involhaeshighly
diastereoselective one pot synthesisaxazaphospholidines boran228 by using ephedrine

and, thesecond step involves regio and stereoselective ring opening of oxazaphospholidine
boranes228to form the compound29 (scheme @).
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Scheme 8. Synthesis of Btereogenic phosphines usidgg method.

Ultimately, the product229 obtained after the ring opening step of oxazaphospholidine is
transformed into several usefii-stereogenic compounds by using suitable nucleophiles or
electrophiles.Currently, this method is considered as one of the most efficient methods
providingP-stereogenic tertiary phosphines with very high enantioselectivities\aitd up to
55% overall yielgstarting from ephedring

The first step involves the highly diastereoselective formatiboxazaphospholidine rin228
with up to 84% vyield and 90% de. Tleis atrans relationship between R group of
phosphorous andoth Me andPh substituents of ephedrinat C4 and C5 position$ig.
20).[209]
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Hg. 20. ATransrelationship between R and Me (C4) /Ph (CH)xazaphospholidineng 228.

The ring opening reaction of oxazaphospholidin@28 proceeds with retention of
configuration at Fcentre 2082091 The organometallic reagent attacks on less hindered oxygen
atom compared to the more hindered nitrogen having a methyl substituent. Acidic
methanolysis of aminophosphine bora@29 occurs under mild conditions with inversion of
configuration providing phsphinite borane 230 with a high vyield and excellent
enantioselectivity. Next, a suitable alkyl lithium reagent reacts with phosphinite bdahe

to form the corresponding tertiary phosphine borar232 in good yield andwith high
enantioselectivity (®0%ee). This step takes place with inversion of configuration-at P
centre?9 Afterisolatingoptically pure phosphine borane by recrystallisation, the borane can
easily be decomplexed using DABCO or other suitable rea@&m,;216.217.24244] |n geneal,

both the enantiomers of Btereogenic compound care obtained using-J-ephedrine or (+)
ephedrine. Moreover, it was reported that by changing the order of the reagents, both
enantiomers of Rstereogenic phosphine could also be obtair&8.

Using ephedrine method, synthesis of optically pure DiPAM®as achieved with a good
yield. After the two subsequent-R and PO cleavagesf oxazaphospholidinboranes233
with the corresponding alkyl lithium reagents, PAM®&rane 198 was obtained, whic
underwent copper catalysetitomocoupling to form DiPAMBorane. Finally, borane was
decomplexed using DABCO to provide optically pure DiPENMEcheme 6).
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Scheme B. Synthesis of optically pure DiPAMIPusingJugé method.

Ephedrine methodology has been used to synthesielarge biteangle Rstereogenic
diphosphonic ligands supported on the upper rim of calix[4]arene by using two equivalents
of oxazaphospholidines borar&83 complex and lithiateatalix[4]arene235 (scheme ®).[246]
This reaction takes place regio and stereoselectively b® Bond cleavage of
oxazaphospholidines ring633. Subsequent steps with HCI, organometallic reagent and
DABCO affordalix[4]arenyl diphosphin236. This calix[4]arenyl diphosphine liga@86 has

V ue Jv ZZ S oC- *Cuu SE] -AcetamipgBcimna@mtes}¢ provide
phenylalanine derivatives with up to 99% &#!

Scheme 6. Synthesis of calix[4]arenyl diphosphiR&6.
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Based on ephedrine methodology, in 2013 Bickelhaupt reported an interesting example of
stereodivergent ring opening ofzhenyl ocazaphospholidine238 with alkyl lithium reagents
(scheme 67§47

Scheme 8. Synthesis of-Btereogenic compoundsusing | 0Z p%S[ *SE S PCX

The formation ofoxazaphospholidineing takes place with a high stereoselectivity (dr: 10:1)
and a good vyield (76%).-N and NMe oxazaphospholidines238 undergo highly
stereoselective ring opening reactions with alkyl lithium with inversaowl retention of
configuration at phosphorus cems. Thus, both the enantiomers of corresponding P
stereogenic compoun®40 can be obtained with this methodology. The acid catalysed
methanolysis finally provides -fereogenic compound with high yield and excellent
diastereoselectiiy.

The ephedrine mdtod is considered asne of the most efficient methods to prepare P
stereogenic compounds, providing-stereogenic tertiary phosphines with very high
enantioselectivities and up to 55% over all yi@dtarting from ephedringand therefore, a
number ofP-stereogenic compounds have been prepared. However, some limitations have
been observed. For examplie,was observed thabxazaphospholidine borane compl228

of ephedrine did not undergo ring opening reaction-@Pbond cleavage) witlo,of
disubstituted aryl lithium reagentstheme68).[24]
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Scheme 68. Unsuccessful attempt tacleave oazaphospholidine borane complex of
ephedrine witho,o-disubstituted aryl lithium reagents

Acidic methanolysis of aminophosphine boragenerally occurs under mild conditiarBut,

it was found that whenaminophosphine boranes wittert-butyl substituent attached to
phosphorous atom241 subjected to this step, methanolysis did not take place (scheme
69).[249

Schemes9. Unsuccessful attempacidic methanolysis of aminophosphine borane.

Also, resistance to reactivity of alkylarylmethoxy phosphane bo28tcomplex towards
soft nucleophiles for example, cyclopentadienyl anamd phenategphenolates (salts of
phenols for gample, sodium phenoxideyeates another limitation. In order to overcome
this limitation, use of more reactive chlorophosphine borahas been reportedf#208.216.250]
Chlorophosphines in general, are prone to racemisation under ambient conditfga¥?52!
However, chlorophosphines in coordination with borane group are configurationally more
stable, but their reactivity is similar to that of parent chlorophosphiR&%.

The chlorophosphine borane®44 are easily obtained using ephedrine methodology by
acidolysis of aminophosphine boranes (R = pheB$B with a toluene solution of HCI,
cleaving AN bond with inversion of configuration at phosphorous atom (scheme
70).[208.216,.238.244IThe success of acidolysis step depends upon the steric hinderance of the
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substituents at phosphorous atoropncentration of reagents, amount of HCI and the reaction
time. For examplepn changingsubstituens from methyl to naphthyl at posphorousatom,

the yield of the reaction gets lower, while no reaction take place thighbulkier substituents,
such agert-butyl. The best results are obtained when chlorophosphine boranes are prepared
in situ and handled under inert atmosphere.

Scheme @. Synthesis of chlorophosphine borane from ephediimethod.

The chlorophosphine boran@4d4 are efficient Pstereogenic precursors to prepare a number
of useful Pstereogenic compounds'heyundergo nucleophilic substitution reactions with
carbanions, phenoxides, phenylthiolates or amides to aftbedcorresponding Ftereogenic
compounds (schem@1).[208.237.254]

Schemerl. Chlorophosphine boranes asstereogenic precursor.
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An unusl result was reported by Jugé et al. (schef@gwhentert-butyl lithium was added
to the chlorophosphine boran244 in toluene at-85 °C, metahalide exchange took plade
the formation ofthe corresponding Btereogenic phosphide borar50.2371 Thisphosphide
borane250 was later converted to the corresponding-§tereogenic phosphine borarzbl
by addition of TIH, followed by addition of an alkyl halide. These phosphine borab&svere
obtained in good yield of up to 75% andth ahigh enantioseletivity of up to 99% ee.

Schemer2. The unusualeaction of chlorophosphine boran@g4with t-BulLi.
3.4.6 DeracemisatiorlUsingSarteine

3.4.6.1Historical Background

The initial reports by Mislow and egorkers onthe acidic character anthe stereoselective
deprotonation of methyl protons of methylphosphine oxides led to the current strategy
the preparation of Pstereogenic compounds by enantioselective deprotibora of methyl
protons of alky or aryl dimethyl phosphine borang®+204|n 1985/1990,Imamoto et al.
reported that dimethylphosphine boranes could be easily deprotonated by a strong
basgl?°7211 the borane group attached to the phosphorous atom \aaing the methyl
protons. Nextjn 1995, Evans and cavorkers used alky lithium reagents anjigparteine as

a chiral auxiliary for the enantioselective deprotonation of aryldimethyl phosphine boranes
252 (scheme 3).2%%1 This combination of usinglkyl lithium reagents and-)f-sparteine,
provides a chiral environment for enantioselective deprotonationtted methyl protons,
yielding astereogenicr-carbanion253which can either react with an electrophile or undergo
a homocoupling reactiom presence ofi copper salt?56.257]
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Scheme 3. Enantioselective deprotonation of methyl poms bysecBuLi and-§-sparteine.

3.4.6.2Principal

Alkyl lithium reagents, suclasn-BuLi and-J-sparteine, can enantioselectivity deprotonate
one of the methyl groups of alkyldimethyl phosphine boraP&2to form the corresponding
r-carbanion253, which can either react with an electrophile or undergo a homocoupling
reactioncatalysed by @opper salt (scheme3J.[25®]

With this methodology, Btereogenic compounds are obtained in good yields and with up to
very high enantioselectivitied3%-25"] Today, numerous Pstereogenic phosphines and
diphosphines have been prepared by this methodologith good yields and high
enatioselectivitiegscheme #).[162.163,168,207,218,240,245,255,2381]
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Scheme 4. Access to various$fereogenic compounds using sparteine based methodology.

Using sparteine based methodology, Imamoto et al. also prepared an electrotriaiglyl-

based diphosphane ligand, called BisP39, containing one bulky groupert-butyl and a

small group, methyl, attached to each phosphorous atsomé¢me 5).1162 This biphosphine
ligand BisP99was obtained in high enantiomeric excess and goettly. Tls ligand BisP*
99forms a rigid complex with the transition metal thuseating a chiral environment around

the metal centre. Using BisP*/Ru complex, many asymmetric catalytic reactions have been
E %}ES *nu Z e+ <Cuu S EKeto&teruwil yeryiigenantioselectivities (up

to 98%) and asymmetric hydrogenation of dehydroamino acid derivafit%'s®]

77



Scheme 3. Synthesis of BisP* liganging sparteine based methodology.

Also, using the similar strategy, Imamoto et al. prepared another diphosphine ligand with
methylene bridged, MiniPhog00 (scheme ®).11%3] This ligand has been used in several
transition metal catalysed asymmetric resacets, such as efficient asymmetric hydrogenation

of dehydroamino acids and their derivativesing Rh/MiniPhos catalyst with very high
enantioselectivities and very good yield®!

78



Scheme 8. Synthesis of MiniPhos ligand using sparteine based methodology.

Secondary phosphine boranes are an important class-sieifeogenic precursors and can

easily be obtained by sparteine based methodolB63).The secondary phosphine boranes
bearinga t-butyl and amethyl groups have been used for the synthesis of an air stable and
configurationally more rigid ligand, called QuinoXP™ (scheme 7).[*68 This ligand has been

utilised in a number of asymmetric catalytic reactipssch as the efficient asymmetric
hydrogerations of prochiral amino acids and amine derivatives with very high
enantioselectivities (up to 99.99 %) and asymmetric 1,4]S]1}v }( &Co }E}v} ] = S}
unsaturated carbonyl compounds with very good yields and higintewselectivitieg168.183]

Scheme 7. Synthesis of QuinoxP* ligand using sparteine based methodology.
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Another important diphosphine ligandirichickenfootphosl13 has been prepared using
sparteine based methodology with a very good vyield (71%) witth an excellent
enantiomericexcess (96% eeycheme78).1263

Schemer8. Synthesis of Trichickenfootphos ligand using sparteine based methodology.

Thus, using this sparteine based methodology, numeroustd?eogenic phosphines and
diphosphines have been prepared with good yields and high stereoselectiMib@sveronly
alkyldimethyl phosphine boranes or aryldimethyl phosphine borane derivatives can be
prepared by this method.

3.4.7 Asymmetric Oxidation of P(lll) Compounds

This method deals with the stereoselective oxidation of an asymmetrically substituted P(lII)
organophosphorous compound by using a suitable oxidant or a complex, provitng
corresponding optically active P(V) organophosphorous compourthough, the
methodology is appealing, it has seldomly been exploited for the synthesistefébgenic
compounds. Some successful examples of the enantioselective oxidation of tertiary
phosphines and amophosphines have been reported with good yields and with moderate
to high enantiomeric exce$¥4265]
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Gilheany et al. successfully carried out asymmetric Appel reaction i.e. the enantioselective
oxidation of tertiary phosphine266using polyhaloalkanesuch as tetrachloromethane, and
L-menthol as a chiral auxiliaBt®?72 They obtainedhe correspondng tertiary phosphine
oxides26 with very good yields andith high enantiomeric excess. They were also able to
carry out an efficient homo coupling of the tertiary phosphine oxig@8in order to getthe
corresponding diphosphine oxid@§9 with good yields and very high enantiomeric excess
(schemer9).

Schemer9. Asymmetric oxidation of tertiary phosphines and synthesis of diphosphine oxide.

Also, the same groupeported another interesting achievement in asymmetric Appel
reaction. They were able to obtain both the enantiomers of the tertiary phosphine oxide by
bifurcation of the reaction pathway, which proceeded through a common intermedage
Under the contolled conditions, they described an Arbuziype collapse of the common
intermediate which took placeia nucleophilic attaclof CI ion on menthyl grougGO bond
fission leading to release of menthyl chlorideyith retention of configuration at
phsohphorous atom. However, an alkaline hydrolysis of the common intermediate proceeded
via breaking of FO bond with inversion of the configuration at phosphorous atom (scheme
80)_[268]
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SchemeB0. Resolution of tertiary phosphine oxides.
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3.4.8 Synthesis of -Btereogenic compounds by Asymmet@atalysis /
Biocatalysis

3.4.8.1 Asymmetric Catalydiy Transition Metals

Secondary phosphines in particular undergo organometallic catalysed asymmetric
substitution reactiols with aryl halides or triflates in order tget transformed intovarious P
stereogenic tertiary phosphines and their derivatiV&8279421 A racemic secondary
phosphinecan coordinatewith a metal centre othiral metal complexin order to formthe
corresponding diastereomeric metal complexes. One of these complexes selectively
undergaesanaddition reaction with another coupling partnercuas an aryl halide and thus
subsequent eliminatiorstep leads to the formation of theorresponding Ftereogenic
tertiary phosphine (schem@l).

Scheme &. a)Transitionmetal catalysed asymmetric reaction with secondary phosphine and
b) the proposed mechanism.
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In 2006,D. Toste et alreported an efficient enantioselective alkylation ofsecondary
phosphines271 by using RUP-PHOX complex. The corresponding tertiary phosphine
boranes272were obtained with very high yields (up to 91%) and higingoselectivities (up

to 95% ee) (schem@2).[280]

Scheme82. Ru/iPFPHOX complex catalysed enantioselective alkylation of secondary
phosphines.

Also, an efficient Ir(lll) catalysedHCamdation of aryl phosphorytearinga chiral auxiliary
274, have been reportedhy Chang et al. in 2011 When chiral auxiliary happened to be
G-symmetric chiral pyrrolidine, the corresponding produ2i6 were obtainedwith good
yields and high diastereoselectivities (up to 90% de) (sche3ne 8

Scheme 8. Ir(lll) catalysed-€& amidation of aryl phosphoryl.

Very recently Cramer et al. have publishegtexal reports for the stereoselective synthesis of
various Pstereogenic compounds using Rh/Ir catalysed stereoselectite aCtivation
method 282285 For example, in 2016, they described an efficient stereoselective synthesis of
P-stereogenic cyclichpsphinamide®79using a chiral Rh(Hfomplex280that catalysedhe
enantiotopic GH activation of one of the aryl group attached to the phosphinam2és
(scheme §).1285]
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Scheme 84Stereoselective synthesis ofsereogenic cyclic phosphinamides using a chiral
Rh(lllcomplex.

Other interesting example®r the synthesis of Btereogenic compoundswith GH activation
includethe Pd catalysed enantioselective intramoleculad @rylation of phoshphinic amide
derivatives andPd catalysed desymmetrartho GH arylationof diarylphosphinamidesvith
boronic acidd?86©88l |n 2012, Leung et al. developed a methodology, in whicthizal
palladiumcomplex284catalysedahighly stereoselective hydrophosphination of eno284

to prepare Gstereogenic and-Btereogenic tertiary phosphinez83.28°1 The corresponding
tertiary phosphines283 were obtained with excellent yields and diastereoselectivities /
enantioselectivities (scheme3.

Scheme B. Chiral Palladiursomplex catalysed Stereoselective hydrophosphination of
enones.

Another very interesting example reported by Cramealefor the stereoselective synthesis
of Pstereogenic biaryl287 by Ir-complex288 catalysed €H arylation of phosphine oxides
285ando-quinonediazides286 (scheme 8).283
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Scheme 8. Synthesisf of P-stereogenic biaryls by [Ir*] catalysedHCarylation of phosphine
oxides and-quinone diazides.

The palladium catalysed enantioselective iatnalecular GH arylation of N(2-haloaryl}P,R
diphenylphosphinic amidez89havealsobeen reported with excellent yields (up to 99%) and
enantioselectivities (97% eexpeme g).1288]

Scheme 8. Pd catalysed intranolecular GH arylation of diphosphonic acid amide
derivatives.

3.4.8.2 AsymmetricSynthesis Using Enzymatic Transformations

This is another appealing alternative method to preparstéteogenic compounds using
enzymes. Commercially available enzymsash as hydrolases and lipases, arle &b behave
differently with different stereoisomers of a given organophosphorous compound. As a
result, some enzymati@asymmetric biocatalysis have been reported for the synthesis of P
stereogenic compoundd®©29l D]I}s i IClI § oX « (Eig Liver \Esterase\V
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catalysed asymmetric transformation of bis(methoxycarbonylmethyl)phenylphosphine oxide
292 in order to get the corresponding monoacetate prod@&3 with up to 92% yield and
with up to 72% ee (schengg). [2°1

Scheme88. PLE (Pig Liver Esterase) catalysed asymmetric synthesisstefe@yenic
compounds.

They also reportedhe desymmetrisation of bis(hydroxymethyl)phenylphosphine 0X29&
and (phenylphosphoryl)bis(methylene) diacetate397 i.e. a lipase catalysed
acetylatiorfhydrolysis 0f295/297 to obtain the corresponding -Btereogenic monoacetate
product296with up to 76% yiel and with up to 79% ee (scheme &9}l

SchemeB9. Lipase catalysed asymmetric synthesis-efdPeogenic compounds.

Also, the phosphine boranes have been reported for the lipagalysed asymmetric
desymmetrisation of prechiral diols299or diacetate301starting materials in order to obtain
the corresponding monoacetate produB00 with up to 98% ee (schem@0).?°%] Both the

enantiomers of the final desymmetrised produB00 were simply obtained either by
acetylation of dihydroxyphosphine boran@®9 or hydrolysis ofthe diacetatephosphine
boranes301. This further made it easier to recycle the substrates.
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Schemed0. Lipase catalysed asymmetric synthesis-sfdPeogenic phosphine boranes.

Thus, to conclude, therpparation of Pstereogenic compounds by asymmetric catalysis is
one of the most appealing ethods. In last decades, someports have been published with

this methodology, providing -Btereogenic compounds in good to high yields and high to
excellent stereoselectivities. However, very often, this methodology is applicable for a narrow
range of organophosphorous substrates, organometallic catalysts and enzymestaghly
substrate specific. Therefore, the process is rather tedious as a large number of screening is
needed to achieve the right combination of organometallic catalysts / enzymes and an
organophosphorous substte.
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4 Diastereoselective Phosphorylation of Phenols via
Dynamic Kinetic Resolution (DKR)

4.1 Introduction: Scope of The Thesis

As we have discussed in the previous chaptestePeogenic compounds are an important
class of chemicadompounds, which find several valuable applications in various fields of
science such as agrochemistry as pesti¢idspharmacy as biologically active molecifies

9, coordination and material chemistt§112°2land organometallic asymmetric catalysis

one of the most important class of chiral ligantig12t14.92,113,115,119,156ITherefore, a number

of methodologies to synthesise -d2ereogenic compounds have been under steady
development withtime.[#4.64.70.73.87.9804] Moreover, synthetic routs to access-Btereogenic
compounds based on the chiral auxiliary synthetic methodologies and in particular,
employing menthol and ephedrine, remain the most popular choice for both, laboratory scale
as well as for the industrial scale purposes. Mentha aphedrine are easily available and
cheap chiral auxiliaries, and a large number-sfd?eogenic compounds and their precursors
have been synthesised based on these methodokdithough,these strategiesre useful

for the preparation of Fstereogenc compounds but there are stil several limitations
associated with these strategiesdthe synthesis of Btereogenic compounds stil remain a
challenging task.

This thesis aims tadevelop a novel methodology build up suchP-stereogenicscaffolds

based on the use ofulfoxide as chiral auxiliarfhe methodology relies on an®coupling
reaction, between an easily accessible enantiopure phenol bearing a sulfoxide chiral auxiliary,
and a commercially available or easily accessible racemiphddphinaé as an
organophosphorous precursor, resulting in the formation of a new chifstdreogenic)
centreon phosphorus atonfscheme 91).

Scheme 91. @ coupling reaction.

The main advantage of such an approach is the possibility of post functionalisatitime
newly obtained Fstereogenic compounds can potentially be transformed into a variety of
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original Pstereogenic scaffolds by using organolithium or Grignard reagemtsn addition

the enantiopure phenol bearing chiratilifoxidewould also be releasd during the process
(scheme92). Thus, these enantiopure phenols are expected to be recyclable and would
further strengthen the synthetic value of this research project.

Schemed2. Postfunctionalisation of @ coupling molecules.

Thissection of the thesisvill first briefly discuss the two classes of the substrates or starting
materials used in this projecie.racemic Hphosphinates and enantiopure phenols. It would
be followed by a brief review of Athertefhodd reaction. The next part i.e. results, and
discussions W first briefly highlight the attempted synthesis of axially chiral biaryls using
hypervalent iodine reagentssubsequently a detailed discussion on -dRreogenic
organophosphorus chemistry i.e.-® coupling reactiondetween an easily accessible
enantiopure phenol bearing a sulfoxide chiral auxiliary, amommercially available or easily
accessible racemic-phosphinatewould be presented. For exampliajtial screening of the
sulfoxide chiral auxiliary substrates, various types of reactions adopted (for example, metal
catalysed reaction, Atherteiiodd reaction) during the course of the projeatlwe discussed
with the initial results and optimisatioof the reaction. Studies for the attempted separation
of the newly obtained diastereomers ofdiereogenic compoundsilivalso be highlighted.
And the effect of substituents of-phosphinates on diastereoselectivity of the reaction with
the scope of theeaction, will be presented. Finally, the pdanctionalisation step, and a
concluding remark with the future perspectives will be discussed.
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4.2 H-phosphinates

H-phosphinates are pentavalent organophosphorous compounds, and they are represented
by a geneal formula, HRP(=O)(QPRig. 2).

Fig. 21. General structure of\phosphinates.

Like secondary phosphine oxides, thes® pthosphinates are known to tautomerise with
their trivalent phosphinic aciccounterpart (scheme 3).[29%.294 Equilibrium being mainly
shifted to the Hphosphinate29, as they are more stable than their correspondatgsphinic
acid counterparB02

Scheme 93. Tautomeric equilibrium ofpHosphinate.

H-phosphinates , along with -phosphonate and secondary phosphine oxides, are mainly
used asimportant organophosphorous precursors for the synthesis of phosphinates and
tertiary phosphine oxides. These precursors undergo various types of coupling reactions such
as, PC coupling and @ coupling reactions, often involving deprotonation of theHP
containing compoundf?:80.295296,298301] There has been seldom experimental data available
for pKa values of these compounds due to the high instability-cérRred anionic species.

The general predicted relationship between their pKa values in DM&®@uin fig. 22.[294]
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Fig 22. Redicted trend in pKa values of secondary phosphine oX28estphosphinate29
and Hphosphonate5in DMSO.

The pKa values fdfi-phosphinates lie in between the pKa values of secondary phosphine
oxides andH-phosphonates. Moreover, pKa values ephbsphinates do not depenchuch

on the substituents attached to P atom. For example, lowaesk highest predicted pKa values
for phenyl phenylphosphinate303 and methyl methylphosphinate304 are 22 and 17.9
respectively (fig. 3).12°4

Fig 3. Thehighest and lowest predicted pKa values fepltbsphinates in DMSO.

H-phosphinates are less sterically hindered compared to tertiary phosphine oxides (TPOSs).
Therefore, they are less configuratiolyadtable than TPOs, but they are more stable than the
corresponding phosphines. The configurational stability qfhidsphinates depends on the
substituents attached on P atom, temperature, abise condition$®® For example,
ethylphenyl Hphosphinate4laand isopropyl Hohosphinate4lb are less configurationally
stable compared to the sterically more hindetedt-butyl Hphosphinate41cand adamantly
H-phosphinatedic (fig. 24).
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Fig. 24Some examples of configurational stability trend of alkylphenghblsphinates.

H-phosphinates possess several advantages over other organophosphorous precursors such
as, they are in general more stabithan their corresponding trivalent phosphorous
compounds and chloro derivatives. They hguenchedvolatility and possess lower danger,

they can be handled without the inert conditions and generally they have no or lower
odourB% Moreover, some of thm are also commercially available.

Alkylphenyl Hphosphinates (table 1) arene of the most commonly utilised-phosphinate
substrates for the synthesis of phosphinates and tertiary phosphine oxide, as the phenyl
group attached to the phosphorous atonpiesent in most of these final organophosphorous
compoundg14:69.80.87.1061 Eyrthermore, some of these alkylphenyl-pHosphinates are
commercially available. For our research project, commercially available ethylphenyl H
phosphinate4la was considered aa standard Fphosphinate substratef-ollowing tablel
represents various {hosphinate substrates along with the secondary phosphine oxides
used in this project.
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Table. 1. Hpbhosphinates and secondary phosphine oxides utilised in this project.
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4.2.1 General Synthetic methods:

Alkyl phenyl Hphosphinates are generally prepared from commercially available starting
materials i.e. phenylphosphinic aciddichlorophenyl phosphine, triethyl phosphite
etc[76:79.106,301,30806] For example, microwave assisted synthesis of alkylphenyl H
phosphinate306 is carried out using phenylphosphinic ad@5 and primary/secondary
haloalkanesn the presence of a bastiethylamine (scheme 948!

Scheme 94Microwave assistedynthesis of Fbhosphinates.

To obtain, more hindered 4dhosphinate such as,t-butylphenyl Hphosphinate,
propylphosphonic anhydride is used to facilitate the esterification reachetween the
phenylphosphinic acid and the corresponding alcohol (schem&%5).

Scheme 95The propylphosphonic anhydride catalysed synthesis-phésphinates.

Montchamp et al. have also introduced a modified method based on the use of orthosilicate
for the preparation of Hphosphinates. Several-phosphinates can be prepared using
monosubstituted phosphinic acid and orthosilicate in good yields (schem@é’36).
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Scheme 96Synthesis of khhosphinates using orthosilicates.

The method which utilises dichlorophenyl phosphib®7 as a starting material for the
preparation of Hphosphinates, is more commonly utilised, as a number-phblsphinates
can be prepared using this methg&104106307For example, scheme 97 describes the
methodology of Buono et al. using dichloropléphosphinel87 and the corresponding
alcoholin the presence of pyridin®uringour experimental part, we found this methodology
quite useful for the preparation of variousgphosphinates.

Scheme 97.Synthesis of HKbhosphinates using dichlorophenyl phosphine and the
corresponding alcohol.
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4.3 Chiral Sulfoxides

4.3.1 Introduction:

Chiral sulfoxides are widely used in asymmetric synthesis in particular, as an important class
of chiral auxiliaries and chiral ligands (fig. 2%)16]

Fig. 25. Some examples of chiral sulfoxides used as chiral auxiliary and ligands in asymmetric
synthesis.

Chiral silfoxides are also used as biologically active moledikeslrugs: esomeprazoldl6
and armodafiniB17 (fig. 26)317:318]
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Fig. 26. Chiral sulfoxides as biologicadiiive molecules.

Sulfoxides can be represented by Lewis structures, where in fatér&agenic atom is $p
hybridised and the lone pair of S atom occupies the fourth orbital (fig. 27).

Fig. 27. Typical Lewis structures of chiral sulfoxides.

Chiral sulfoxides are in general conformationally stable at room temperafheir typical
pyramidal inversion barrier is around -38 kcal/mol.[31°823 However, they can racemise
under harsh reaction conditions such as temperature exceeding 200 °C, irradiation with UV
radiations and in the presence of radical transfer agéiits.

4.3.2 General Synthesis of Chiral Sulfoxides

Chiral sulfoxides are mainly prepared$Z E C v &E-e*}v|[e u §Z} }o}PC pe]JvP u
p-toluenesulfinyl chloride(for the synthesis ofp-toluenesulfinyl derivativespr by metal
catalysed enantioselective oxidation of sulfid&4326]

1111 v Es}v[s D 57}

This method is based on the syn#li® of menthyl sulfinates as a mixture of diastereomers
319 using menthol andp-toluenesulfinyl chloride 318.1327:3281 Generally, one of the
diastereomers of menthyl sulfinate is crystalline, while the other one is oily. Therefore, these
diastereomers arseparated by crystallisation. Optically pure menthyl sulfinates can further
be obtainedby means ofmultiple recrystallisations (scheme 98). Later, the nucleophilic
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substitution reaction proceedingia inversion of configuration at S atom, using a Grignard
reagent provithgthe corresponding enantiopure sulfoxi®0 (scheme 98).

Scheme 8X "Cv3Z ] Z]E o0 *po(}&E] + A]8Z v Es+}v[e u 82} X

Solladiéet al. further improved this methodology of preparing menthyl sulfinates with up to
90% vyieldvia inducing an epimerisation equilibrium of menthyl sulfinate diastereomeric
mixture. A catalytic amount of HCI is added to the mother liquor that is left #fierfirst
crystallisation step causing racemisation of remainingR{menthyl sulfinate. Thus,
crystalline@-menthyl sulfinateis finally obtained in more quantityThis process is repeated

several times to finally get the optically pur§-(menthyl sulihate in high yields (scheme
99)_[329,330]

This methodology is widely applicable to the synthesis of chiral aryl sulfoxides, since they can
be crystallised easily, but not applicable for the preparation of chiral alkyl sulfoxides due to
the difficulty of s@aration ofdiastereomers of the corresponding menthyl sulfinate.
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Scheme 99. HCI catalysed epimerisation equilibrium of menthyl sulfinate.
1.1.1.2Metal Catalysed Asymmetfixidation ofSulfides

This method is one of the most straightforward methods to access enantioputalky
sulfoxides as well as dialkyl sulfoxides. Moreover, some of the industrially relevant
enantiopure sulfoxides have also been produced using this method. However, the success in
achieving high enantiomeric excess depends on the substituents attached t6 #tem.
Another challenge is the competitive overoxidation of sulfides to sulfones.

4.3.2.1.Titanium Based Complexes of Tartaric Acids

In 1984 Kagan and Modena independently reported the enantioselective oxidation of sulfides

to sulfoxides using a modified versiof Sharpless oxidation conditions (scheme 1H0¥3°l

They obtained the corresponding sulfoxidg®3 with up to 8891% ee. There were minor
differences in reaction conditions described by Kagan and Modena (scheme 100). Kagan used
1 equivalent of TQIPrk 2 equivalents of DE(@iethyl tartrate), 1 equivalent aFBuOOH and

1 equivalent of KO and obtained the corresponding sulfoxi823 with up to 91% ee, while
Modena reported similar conditions, except using 4 equivalefntSETand no use of water

in the reaction to achieve almost the similar enantioselectivities, as reported by Kagan.
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Scheme 100. Enantioselective oxidation of sulfides to sulfoxides using Kampkamd
strategy.

Today, a number of modified strategies have been developed on the same principle for
exanple, DET have been replaced by other chiral ligands/disBJOOH by cumene
hydroperoxide (CHP) el@@6:3341337]

1.1.1.2.VanadiunBasedComplexes with Multifunctionadhiralligands

Vanadium is another important metal which form the chiral complexes with rurdictional
chiral ligands to catalyse the enantioselective oxidation of sulfid&lin 19951996, Bolm
et al. described the catalytic enantioselective oxidation of seffi822 into sulfoxides 323
using VO(acagN-salcylidene amino acid ligand324 and hydrogen peroxide under ambient
conditions (scheme 101} They obtained the corresponding sulfoxid@23 with good
yields and moderate enantioselectivities.

Steme 101. Enantioselective oxidation of sulfides to sulfoxides with vanadamplex.

On the basis of this strategy, Ellman et al. developed a method to enantioselectively oxidise

disulfides325 to thiosulfinates326, targeting to prepard-butanesulfinamile 327, useful in

asymmetric additions of nucleophiles to imines (schem&)$81%44 They described a

kilogram scale procedure for the highly efficient catalytic enantioselective oxidationtof di
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butyl disulfides tot-butylthiosulfinate, using easilgiccessible and cheap reagents/ligands
under ambient reaction conditions.

Scheme 102. An enantioselective oxidation otedi-butyl disulfide 325 and subsequent
synthesis ofert-butanesulfinamide327.

4.3.3 Applicationof chiral sulfoxides digjandsand chiral auxilizes

Chiral sulfoxides are mainly used in asymmetric synthesis as chiral ligands and chiral
auxiliaries. In this section, some examples of application of chiral sulfoxides as ligands and
chiral auxiliaries will be presented.

In 2005Nguyen et al. described an efficient Rh catalysed asymmetric cyclopropanation of
olefinsusing a monodentate chiral sulfoxid@)-1-methyt4-(methylsulfinyl)benzen812 as
a ligand §cheme 10881 The reaction was carried out in neat styrérewithout any solvent
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to provide the corresponding cyclopropane derivativ880 in high yields and high
enantiomeric excess

Scheme 103. Rbatalysed asymmetric cyclopropanation oéfihs using a chiral sulfoxide
ligand.

In 2008, Dorta et al. reported an excellent example of Righlfoxide catalysed asymmetric
1,4-addition of arylboronic acids to cyclic double bonds. As a result, the corresponding
arylated cyclic ketone832 were oltained in very high yields and in excellent enantiomeric
excesgschemel04)[349]

Scheme 18. Rh/bissulfoxidecatalysed asymmetric 1-dddition of arylboronic acids.

In 2015, Liao et al. described a highly efficient and enantioselective pinacolboryl addition of
N-Boc imines333 catalysed by Cu(l) using a chiral sulfoxide phosphine 1i§a6¢! They
noted an nteresting observation that when a smaller counter ion of Cu catalyst for example,
Cl ion was used, the correspondingamino boronic ester was obtained with§(
configuration, while a larger  counter ion i.e. BARF (tetrakis[3;5
bis(trifluoromethyl)phenyl] }E § « % E}A] §Z }-a@iBo $Bsgnic Jester with

the opposite configuration ofR) (scheme 10pb
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Scheme 105. Cu/sulfoxigghosphine catalysed enantioselective pinacolboryl additioN-of
Boc imines.

Sulfoxides are also used as an important class of chiral auxiliaries, as well as tdiesBsg
groups in various asymmetric synthel§id;311.313315347.348]Qyr team has published several
reports on ths topic For example, in 2014, we reported a highly efficiedicatalysed and
sulfoxidedirected asymmetricacetoxylation and iodination of biarylsxder mild conditions
(scheme 106 and 10%#f9

Stieme 106. Sulfoxiddirected asymmetric acetoxylation.
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Schemel07. Sulfoxidedirected asymmetric acetoxylation.

The sulfoxide grup in biaryl was easily removed usirBuLi in THF and the resulted lithiated
biaryl was trapped with CQg) generated from dry ices¢heme 108). Theorresponding
biarylcarboxylic aci®40 was obtained with good yield and very high enantioselectivity.

Scheme 108. An exampdé transformation of sulfoxide group in biaryl.

Very recently, we reported a bidentate directing group chiral auxiliary based on sulfinyl aniline
moiety?11 And, this bidentate ligand was used in Pd catalysed diastereoselective
functionalisation of cyclopropane carboxylic acid derivatives (scheme 109).

Scheme 109.Enantiopure sulfinylaniline directed functionalisation of cyclopropane
carboxylic acid derivatives.
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Moreover, sulfinyaniline moiety was easily removed from the corresponding cyclopropane
acid derivative342 under mild conditions i.e. by carrying out a simple work up witiHK1

M) in EtOH at 80 °Gcheme 110 Functionalised cyclopropane carboxylic ag4B and
sulfinytaniline chiral auxiliarg44were obtained without any loss of chirality.

Scheme 110. Remowaid sulfinytaniline chiral auxiliary.

Thus, to conclude, chiral sulfoxides are widely used in asymmetric synthesis, mainly as an
important class of chiral auxiliaries and chiral ligands.
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4.4 Atherton Todd (AT) Reactid®:P/N-P Coupling

Atherton-Todd (AT) reaction is one of the classical synthetic methods to prepare
phosphoramidates, phosphonates and other organophosphorous derivati8835"] The
reaction corresponds to a-N coupling or an @ coupling reaction. tteed, the reaction was
discovered by serendipity by Athertéfodd group, in 194850351 They observed the
formation ofo,o-dibenzyl phosphoramidat@46during the attempted purification of dibenzyl
phosphite345in the presence of aqueous ammonia inlwam tetrachloride (scheme 111).

Scheme 111. Synthesis of phosphoramidate observed by Ath&dd group.

Generally, the reaction takes place between @ganophosphorous precursor such as H
phosphinate / Hohosphonate and a nucleophile suchaasamine/alcohol in the presence of

a base, which is usually a trialkyl amjimecarbon tetrachloride solvent. Carbon tetrachloride
plays dual role in the reactiore. it acts as a solvent as well as a halogenating agent. The
reaction is usually carried out undanhydrouscondition, to avoid any possible hydrolysis of
the chloro phosphate derivative reaction intermediate, during the reaction.

4.4.1 Stereochemistry aniflechanism of the Reaction

There are several studies which have been carried out to understand the mechanism of
Atherton-Todd reaction. Today, the most widely accepted mechanism of the reaction
suggests théormation of achlorophosphate derivativantermediate 347.13571361]

In the presence of a suitable base in carbon tetrachloridegrganophosphorous precursor
is convertednto the corresponding chlorophosphate derivative intermediate, which isa
highly reactive species, the electrophilic centrarfgeon P atom. This step is proposed to
proceed throughretention of configuratioron P atoni®>? The reaction intermediat&47,
subsequentlyundergoes a nucleophilic substitutioraction with a suitable nucleophile, to
provide the final corresponding pduct This final stepproceeds throughinversion of
configurationon Patom (scheme 12).[25:252,352,362]
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Scheme 112. A general proposed mechanism for Atheftmid Reaction

Considering the stereochemistry 8therton-Todd (AT) reaction, limited studies have been
carried so far. Aaron et al. reported thirst investigation on stereochemistry of AT
reaction[363] They carried out the stereospecific AT reaction using an enantiog@dre (
isopropylmethyl phosphinat848and aniline to form the corresponding anilid#49 under
the standard AT reactioconditions (scheme 13).

Scheme 113. Stereospecific AT reaction reported by Aaron et al.

However they reportedarapid racemisation of)-isopropylmethyl phosphinate in a mixture
of MeOH and MeONa. This loss of optical purity can be attributed to the formati@n of
configurationally unstabléeso-propyl (R)-methylphosphonite anio350(scheme 114 ).

Schemel14. Racemisatioof (R-isopropylmethyl phosphinat848via formation ofisopropyl
(R-methylphosphonite anioB50 in a methanol/sodium methoxide mixture.
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Following this leadMikolajczyk et alalsodescribed the stereochemical studies on cyclic
organophosphorous compound? They reported that thetrans isomer of cyclic H
phosphinate compoun@®51 underwentthe stereospecific AthertofTodd reaction to form
the corresponding chloro derivativ@b2 with trans geometryi.e. without any loss of optical
purity. While thecis isomer of the cyclic {phosphinate 351 underwent Atherton-Todd
reaction yielding both, the corresponding chloro derivatB&2 with cisandtrans geometry
respectively in 70/30atio (scheme 15). The racemisation observed with tleesisomerof
cyclic Hphosphinate351 was explaied on the basis of itdecreasedstability, comparedto

the transisomer which hence underwent no racemisation during the reaction.

Scheme 15. Synthesisof cidtrans 2-chloro-2-oxo-4-methyt 1,3,2dioxaphosphorinans
under AthertorTodd reaction conditions.

Han et al. demonstrated that-tereogenic Hphosphinates bearing a mengloxy graip and
secondary phosphine oxides underwent Athed®add reactiondiastereoselectivel{f>-36°]
The corresponding 4R coupling or € coupling product353areobtainedin high yeldswith
inversionof configurationon P atom(scheme 16).
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Scheme 116. Stereospecific Athertdodd reaction described by Han et al.

Thus, AthertorTodd reactions in general akastereoselctivehe first step of formation of
chlorophosphag¢ derivative intermediate, proceeds through the retention of configuration
on P atom, while the second and final ste@. nucleophilic substitution takes place with
inversion of configuration on P atom.

4.4.2 Scope of Athertoifodd Reaction

With time, the clasical AthertoATodd reaction conditionsvere modified to broaden the
scope of the reaction such as types of organophosphorous precursors, nucleophiles and
solvents etc (scheme 11[79.352:362,365373]

Scheme 117. Modified Athertehodd reaction.
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Different organophosphorous compounds withH?bonds such as, -phosphinates, H
phosphonates and secondary phosphine oxides, have been utilised for the rede&iGh37°l

The most commonly used nucleophiles under Athefladd reaction condition are primary

and secondary dialkylamines. Today, a number of nucleophiles have been successfully used
for the reaction(aniline, hydrazine, alcohols, azides, nitriles and thiél3376:378381] | ess
nucleophilic amines such as, aniline also undergoes the reaction, but it may require the pre
activation of the aniline substratevith sulfonamide or acetamide group®r example
(scheme 18).[870.371,382]

Scheme 18. Atherton-Todd reaction of activated aniline.

Use of alcohols as nucleophile in the reaction is seldomly reported due to its less nucleophilic
character, compared to the amines. Phenols preferably undergo AT reaction under milder
conditions. For example, Silverberg et al. described an efficient reddfiT reaction with
phenols and Kpbhosphonates , using 5 equivalents of carbon tetrachloride, DIPEA as a base,
with catalytic amount of DMAP, in acetonitrielvent (scheme 119).136°

Scheme 19. AthertonTodd reaction with phenols andphosphonates.

Initially, carbon tetrachloride was used as a solvent of choice, as it plays dual role in AT
reaction; as a solvent as well as a halogenatggnato produce the reaction intermediate,
the chlorophosphate derivative. Several other solvents such as, THF, diethyl ether,
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dichloromethane, chloroform, acetonitrile etc have also been wused in the
reaction[?5:352.362,.362.366Generally, C¢lis the habgenating agent of choice, however, other
halogenating agents such as, CBrCBs and CH have also been used in place of
CCJB50367368For example, >} %o pe]wl] & 0X % E % E A EFHusirfo Z} %o Z} C
iodoform as a halogenatinagent (schae 120).367]

Scheme 20. Synthesi®f phosphoramidates using iodoform as a halogenating agent.

The most widely used base in AT reaction is trialkyl amine, in particular, triethyl amine and
diisopropylethylamine (DIPBA , °\spRde). However, the use of other bases, such as DMAP
(4-dimethylaminopyridine) and inorganic bases for examples NaOH £1@ With a suitable
phase transfer reagent such as triethyloenzylammonium chloride, have also been
reported[367.369.383\/ery recatly, Sharapova et al. reported the first base free example of AT
reaction under thermal condition8®* They carried out the phosphorylation of alcoh(lsl
equivalent) with secondary phosphine chalcogenid®s8 (1 equivalent) in carbon
tetrachloride(41.45 equivalent) at 882 °C, for a duration of about 42 h (scheme 121).

Scheme 121. Base free Athertdodd reaction.

Thus, AthertoATodd reaction is widelgmployedas an GP coupling or NP coupling reaction.
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4.5 Results and Discussion

4.5.1 Synthesis of AnBulfoxideSibstrates

This section describes the syetis of arysulfoxide substrates which are usexthe project.

4.5.1.1Biaylphenolsulfoxide363

Scheme 12. Synthesis dbiaryl phenol363.
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Biarylphenol sulfoxid863was prepaed according to the previously developed methodology
in ourteam (scheme 12214 The first step involves the lithiation @fdobromobenzenehat

is followed by quenching with)fmenthyl @-p-toluenesulfinate319. After the work upthe
crude product360is crystallised with Gigb/n-hexane (1:10) affording pe product 360in
about 8L% yield. Next, under the microwave conditions compo86dis subjected to Suzuki
Miyaura coupling witlo-tolylboronic acid affording the compour861in almost quantitative
yield. Apalladiumcatalysedacetoxylationof the biaryl compoun@61affords thecompound
362 with a verygood yield of about 95% and with a very hijhstereomericatio of more
than 98/2 dr.Finally, hydrolysis afompound 362affordsthe final product363in a very good
yield of about 96% ahwith almost full retention otliastereoselectivity

4.5.1.2(9-2-(p-tolylsulfinyl)phenoB66

Scheme 23. Synthesis of substrat€9-2-(p-tolylsulfinyl)phenol366.

Compound366 was firstsynthesisedaccording to the literaturé®®®li.e. using the strategy

depicted in above scheme23. First phenolis protected with MOM group to afford the

compound364in 29%yield @4%yieldwith second attempt) This compoun®@64 undergoes
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ortho-lithiation in the presence ai-BuLi and TMEDA (teimethylethylenediamine), followed
by quenching with(-)-menthyl ©-p-toluenesulfinate319. After the work up, the crude
containing producB65is subjected to deprotection dfilOM group in thgpresenceof HCI (30

ed., 4 M) under reflux conditions to finglobtain the produc866in about 76% over all yield
after the purification by chromatography (starting fragrmenthyl §-p-toluenesulfinatg .

However, the first step of MOM protection of phengrovidedcompound 364in quite less
yield of 29%44% yield in second attempiJherefore next, weslightlychanged oustrategy
for the synthesis of compoun@66 targeting the higher yield of MOM protected phenol
derivatives(scheme 12410

Scheme 24. Synthesis of substraté9-2-(p-tolylsulfinyl)phenol366.

This strategy works quite well i.e. MOM protection step lmomophenol works
gquantitatively. Brominelithium exchangestep ofcompound367in the presenceof n-Buli is
conducted forabout 2030 min, which isfollowed by quenching with-f-menthyl §-p-
toluenesulfinate319. The crude obtained®65 after the work up is directly subjected to
deprotection of MOM group in the presence of HCI (30 eq.,)@tMoom temperature. After
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the work up,the product366is isolated by crystallisatian about 76% over all yield (starting
from (-)-menthyl §-p-toluenesulfinate)and with> 99.99% ee

4.5.1.3(9-2-(tert-butylsulfinyl)phenofi8aand derivatives

Sheme B5. Synthesis of substratég-2-(tert-butylsulfinyl)phenoberivatives370-373.

Following the similar strategy used for the synthesis of comp&6&]compound 370-373
were easily prepared in abou67-76% over all yield (starting fron§{(-)-tert-Butyl tert-

116



Butanethiosulfinate which was prepared by literature procedi¥@) and wth er ranging
from 95/5 to more than99/1 (scheme 125)

4.5.1.4 Adamantl-yl sulfinyl phendB78

First, adamantanl-yl adamantanel-sulfinothioate 376 was prepared as shown in the
following scheme 26.[386.387]

Scheme 26. Synthesi®f adamantanl-yl adamantanel-sulfithioate 376 precursor.

Scheme 27. Synthesi®f compound378.
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Later, following the similar strategy as used in schemB, T®mpound 378 was easily
obtained in a good yield (scheme 129!

4.5.2 Hypervalent lodine Chemistry

Our doctoral research project commenced under the Cefipra (CentreHRnaocais pour la
Promotion de la Recherche Avancée) framework in 2015, with the Indian collabdbator,
Rajender Reddy, from lI¢lyderabad, India.

Theinitial goal of the project was to develop thenprecedented stereoselective oxidative
cross couplings based on a merge of-ld @ctivation and a radical chemistry stratagyder

metal free conditions Such oxidative couplings of two neprefunctionalsed coupling
partners was expected to provide an easy access to the high-adlled chiral scaffolds, such

as axially chiral biaryls, in a facile and direct way, and under relatively mild reaction
conditions [314:3888%0 The man challengeof this project, a chiral induction, was speculated to
achieveusing a chiral sulfoxide moiety, which would act as both, a traceless directing group,
as well as a chiral auxilial!-313314,391]

To fulfil this purposewe initially focussed on the extraordinary progress that had been
achieved irmypervalent iodinehemistry.Therefore, we turned directly our attention to the
metal free atropeselective arylation, using hypervalent iodine compounds as coupling
partnerst5t9l

In order to accomplistthe goal, we tried several reaction conditions usibgth chiral
sulfoxide based biary¥61andmonoaryls312and hypervalent iodine compoun@®s 9.

Scheme 28. Attempted arylation of biaryls/monoaryls bearing chiral sulfoxide with
hypervalent iodine reagents.
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Taking the advantage of sulfoxide chiral auxiliary attached to a biaryl compound sBéh as
an axial chirality could be induced in the corresponding pro@®&€ during such arylation
reactions. Unfortunatelythe expected results could not be obtained (schen28)11520.21]

Following table2 represents some of the reaction conditions which ee@mployed for the
arylation ofboth biaryls361 and monoaryls312with hypervalent iodine reagentsn all the
cases, desired product formation was not observed, instead starting mag8&iahnd 312
were recovered.

Table 2.
S.No. Catalyst Temperature Solvent Time Comment
(°C) (day)
1 na rt HFIP 1 sm 361/ 312recovered
2 na rt DCM 1 sm361/312recovered
3 TMSOTTf rt DCM 1 sm361/312recovered
4 na 80 DCE 1 sm361/312recovered
5 na 80 HFIP 1 sm361/312recovered
6 na 80 TFE 1 sm361/312recovered
7 na 110 TFE 2 sm361/312recovered
8 TMSOTf 110 HFIP 2 sm361/312recovered

sm: starting materialHFIP:hexafluoroisopropanol DCM: dichloromethane, DCE:
dichloroethane TFE: trifluoroethanol, TMSQTiimethylsilyl trifluoromethanesulfonate

Next, we decided to change our approaete speculated that hypervalent iodine species
bearing a chiral sulfoxide moiety ortho position could be highly appealing reactants for
asymmetric arylation reactior@%39 Therefore,we planned to carry out the synthesis of a
chiral hypervalent iodine compound bearing a sulfoxide chiral auxBi@Bfscheme 29).
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Scheme 29. Attempted synthesis of a chiral hypervalent iodine

Unfortunately, under the experimental conditions we adoptethe corresponding
hypervalent iodinecould not be obtained and rather the compouB83was obtained witha
sulfonemoiety instead of a sulfoxide i.e. sulfoxide was oxidised during such transformation.

In the meantime a colleague in our teanDr. James Rasucceeded to synthesise the chiral
hypervalent iodine886 using another synthetic routd vA}oA]JvP o]P v A& Z vP A]3Z
derivative385 (scheme 30).[3°U

Scheme 20. Synthesis of chiral pgrvalent iodine compound.

Drawing an inspiration from the work of Wang and Olofssehp had reported non
asymmetric arylation of ethyl-thethylcyanoacetate and nitroesters respectively under metal
free conditions using hypervalent iodine reagefits?]
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We next explored the potential applicatianof the chiral hypervalent iodine compound
developed in our teanas a stereogenic arylating agent under metal free conditio'e
hypothesisedthat the chiral hypervalent iodine compoundould react with couplirg
partners such as nitroesters and cyanoacetate derivatiVi#e were particularly interested

to know if these transformations would afford the corresponding arylated products with

guaternary chiral @entres, which would be highly valuable compounds e forganic
chemistry.

Several experiments were carried out in order to achievedbsiredarylation of nitroesters
and cyanoacetate derivativeoupling partnersusingchiral hypervalent iodine compousd
386 and 387 . A number of reaction parameters weshanged during the investigation:
coupling partners, bases, solvents, temperature and duration of the readtaile 3)
However, ve only observed the three main side products: reduced prodB28 and 391,
together with a side producB92 resuling from an intramolecular arylation of chiral
hypervalent iodine886/ 387(scheme131).

Scheme 31. Attempted arylation of nitro/cyano derivatives with a chiral hypervalent iodine
compound.
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Table 3.

S. No. X Ar Base Temperature  Solvent
°C)

1 CN mesityl t-BuOK O/rt DCM
2 CN mesityl t-BUOK 0/rt DCM
3 CN mesityl t-BUOK 0/rt DCM/THF
4 CN mesityl t-BUOK 40/rt DCM
5 CN mesityl t-BUOK 0/rt toluene
6 CN mesityl CsCQ O/rt DCM
7 CN mesityl CsCQ 40/rt HFIP
8 CN mesityl NaH 0/rt DCM/THF
9 NG mesityl t-BuOK 0/rt DCM
10 NG mesityl CsCQ O/rt DCM
11 CN phenyl t-BuOK 40/rt DCM
12 CN phenyl CsCQ O/rt DCM
13 CN phenyl NaH O/rt DCM/THF
14 CN phenyl CsCQ 40/rt DCM
15 NG phenyl t-BuOK O/rt DCM
16 NO phenyl CsCQ 40/rt DCM

HFIP:hexafluorasopropanol DCMdichloromethane, THF: tetrahydrofuran
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To investigate furtherabout the side reaction productsstability tests of the hypervalent
iodine reagents under various basic conditions were conducted. Thus, it was revealed that
the presence of a base in the reamt mixture led to the formation of all the three side
products390-392. At the end, unfortunately we did not observe any of the expected coupling
products during oumvestigation.

Kita et al. published several reports on metal free arylations to accesyld using
hypervalent iodine reagents®17.21 We tried to explore thepotential of thesecoupling
reactionsusing the chiral hypervalent iodine compouB86 (scheme B2). Herein, TMSOTf

acts as a Lewis acid catalyst activating (causing hypervalent iodine to be more electrophilic)
hypervalent iodine386 and triggeringa transfer of one of its aryl groups to a more electron
rich coupling partneland releasing an aryl iodid@Arl). However under our experimental
conditions,the desired produc 393394 could not be obtainedh this case too.

Scheme 32. Attempted arylation using chiralypervalent iodine

In the meantime our CEFIPRA collaborator, Dr. Rajender Reddy visited our laboratory in
Strasbourg. This scientific meeting gave us an opportunity for sharing the most recent works
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of both the research groups. We were particularly intsted in the GP coupling reactions
developed at that moment in the group of Dr. Rajender Reditig.details would be discussed
in the coming section.

4.5.3 P-stereogenic phosphorous Chemistry

hv €& §Z }v ]18]}ve A 0}% ]v (€ X-Hgderabae ridiaufor $he/ ORI
coupling reaction, commercially available substratesa phenol396 and an Hphosphonate
395undergo GPbond-formation/coupling in the presence ¢ithium iodideas a catalyst and
t-butyl hydroperoxideas an oxidant in acetonitrile at room temperature under air (scheme
133). The corresponding produg897 are generallyobtained in quantitative yields.

Scheme 33. OP coupling raction developed by Dr. Reddy andworkers (unpublished
results).

Inspired by this work, and targeting a fully collaborative project, we decided to investigate
the potential of phenols bearing a chiral sulfoxide moiety in sudh €@upling reactions. We
specfically targeted the potential ofaccessing Btereogenic compounds via such
transformations.Despite thetremendous importance of thesB-stereogeniccompounds in
several fields of science, access to them is still challenging and lifnit&g?-101.156]

Initially, we selected a commercially available and an easily accessible racemic ethylphenyl H
phosphinatedla as a model substrate artdgether with a diastereopure biaryl phen@63
bearing a chiral sulfoxide moiety

H-phosphinates pssess several advantages over other organophosphorous precursors, such
as they are, in general more stable than their corresponding trivalent phosphorous
compounds and chloro derivativeswer volatilewith reduced hazardougroperties can be
handled wihout the inert conditions and generally have less or no od#rIn particular,
alkylphenyl Hohosphinates are amongst the most commonly utilised dhosphinate
substrates for the synthesis of phosphinates and tertiary phosphine oxide, as the phenyl
group attached to the phosphorous atom is present in most of ketwn

124



organophosphorous compoundfs:69.80.87.106\jgreover, some of them are also commercially
available such asthylphenyl Hphosphinate4la

BhylphenylH-phosphinatestlacan also be edsiprepared from the commercially available
starting materials, such as phenylphosphinic acid dichlorophgdsphine (scheme
128)[76:79,106,301,30806] Other coupling partnerdiastereopure biaryl phenoB63 bearing a

chiral sulfoxide moietywas chose for the project considering the high importance of biaryl
scaffolds in various fields of science sashiology, liganedesignetc [389:3%4.3%5] Moreover, it

can easily be prepared on gram scale using a previously developed methodology in our
team 349

Scheme 24. Attempted OGP coupling reaction betweeBb4aand432

Table 4
S. No. Temperature Solvent Conversion Comment
(°C) (%)

1 rt ACN 0 No reaction
2 40 ACN 0 No reaction
3 60 ACN 0 No reaction
4 rt DCM 100 Complex nmr
5 rt DCM/ACN 0 No reaction
6 rt DCM/toluene 0 No reaction

DCM: dichloromethane, ACN: acetonitrile
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Under the GP coupling reaction conditions developed by Dr. Reddy indted desired
reaction did not work(scheme B34). By changing the reaction parametersuch as
temperature, solvent etc, the complex reaction mixture vedgained (entry 4, table 4pnd
it was challenging to isolate the desired prodGes.

Therefore, we turned our attention to other available methodologies for th® ©oupling
reactions. Rewardingly, it was found that under Athedbodd (AT) reaction conditions, the
desired reactiorproceeded well (schem#35).[242¢] The reaction works well with a range of
temperature with almost full conversion of starting matergf3 and affording the desired
product398.

Scheme 35. AthertonTodd reaction for €@ coupling betweedla and363.

However, we obtained both the diastereomers of the corresponding pro8a8t(scheme
135) inabout50/50 diastereomeric ratio (dr).

Therefore, we hypothesised that the sulfoxide chiral auxiliary should be in a close proximity
to the phenolic group, in ordeo favourthe expected chiral induction at P atom during the
O-P coupling reaction. And hence, in our next set of experiments, we installed a chiral
sulfoxide group onortho position of the phenol to getthe substrate §-2-(p-
tolylsulfinyl)phend 366 (scheme136), whichwas easily prepared using following strategy
described in scheme 1220.385]

Under the optimised conditions, the desiredFOcoupling reaction proceedesimoothly,
providing the corresponding produ889in 83% yield, but witlb0/40 dr{scheme 18).
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Scheme 36. AthertonTodd reaction for @ coupling betweeAla and 399.

Theexpected resulbf the OGP coupling producB99with stereoinduction of 60/4®btained
under AT reaction condition, prompted us to use more hindetdultylsulfoxide chiral
auxiliary onortho position ofthe phenol. In order to carry out the preliminary investigation
of the desired GP coupling reaction, we first prepared an easilgessible racemic-gert-
butylsulfinyl)phenoB70according to the literature procedur@chemel25).1310

The substrate?-(tert-butylsulfinyl)phenoB70 wassubjectedto AT reaction. To our delight,
we succeeded in carrying out the diastereoselective €@oupling or phosphorylation 8770
to obtain the desired product00, with diastereomeric ratio of up to 90/13cheme 13).

Scheme 37. AthertonTodd reaction for & coupling betweedla and370.

Under thereaction condition, 2 equivalents of ethylphenyjpHosphinated4la reacts withl
equivalent of racemic t-butylsulinylphenol 370 in the presence of 2 equivalents of
triethylamine in carbon tetrachloride at room temperature under air. Moreover, we were
delighted to separate the major diastereomet of the OGP coupling produc#00in about
78% yield by direct crystallisation of the reacticrude in dichloromethane/pentane mixture

127



The dr of the product wadeterminedusing®'P NMRand chiral HPLGpectra(fig. 28 and fig.
29).

0.1eq leq

D E

Fig. 283'P NMR spectra of a) mixture of diastereom@fscompound400d1/d2: 90/10. b)
Major diastereomer d1.

As it can be seen in fig. 28a that t#® NMR signals at 15.4 ppm and 15.6 ppm with a ratio
of 1/0.1 equivalent, correspond to the two diastereomers d1 and dthefO-P coupling
product 400. After separation of the major diastereomer d1 by crystallisatith®?, NMR
spectrum (fig. 28b3howsonly ane signal at around 15.4 pprmdicatingpresence of a single
major diastereomer.

579 5F9 ATIATC

D E

Fig. 29. Chiral HPLC spectra of a) mixture of diastereoofiet80 d1/d2: 90/10. b) Major
diastereomer d1.

Furthermore, fig. 29a shows chiral HPLC spectrum of a mixture of diastereomers of the
compound 400in 90/10 ratio ( each diastereomer of the compoud@0is composed of two
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enantiomers.After the separation of the two diastereomers biystallisation, a chiral HPLC
spectrum was obtained for the major diastereomer shown in fig. 29b.

Scheme 38. Trend of different chiral auxiliaries on stereo induction atd™m in AT reaction.

Thus, by comparing the three substrates bearing sulfoxide chiral auxikabjaryl phenol
363 monoaryl phenoB66 andt-butylsufinylphenol370, used in the AT reactions, the most
hindered one i.et-butylsulfoxide phenoB70, produced the maximum stereo induction on P
atom (scheme 38).

Next, we preparedthe enantiopure substrate §-2-(tert-butylsulfinyl)phenoB70(previously
described irscheme 125).1310]

We carried out the AT reaction with the enantiopur§-g-(tert-butylsulfinyl)phenol370
substrate, under the optimised reaction conditions (schen89)1 To our surprise, we
observed a decrease diastereoselectivityf the reaction i.edr of 71/29 dr wasneasured

Scheme 39. AT reaction with enantiopure St2-(tert-butylsulfinyl)phenol 370 and
ethylphenyl phosphinatdla.
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However, by adding the molecular sie\@4S)in the reactionthe diastereoselectivitycould
be improvedup to 83/17 dr while achieving dull conversion of starting materi&70with a
reduced reaction time i.e. from 3 to Z¢theme 20).

Scheme 40. AT reaction with molecular sieves in the reaction.

Furthermore, we wanted to replacthe solvent carbon tetrachloride with othdess toxic
organic solverg Therefore, we modified a number of parameters for the classical Atherton
Todd(AT)reaction

In all of the following screening reactions, the reaction mixgiveere stirred under the
specified conditions, until almost complete consumption of starting materials was observed
by TLC. Followingble5 representsthe screening of various solvents.
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Tableb. Effect of solvent on diastereoselectivity of the modified Athefiadd (AT) reaction.

S. No. Solvent Time dr
(h)
1 THF 1 77/23
2 toluene 1 77123
3 trifluorotoluene 1 77123
4 dioxane 1 77123
5 diethyl ether 1 77123
6 dimethoxy 1 77123
ethane
7 acetonitrile 1 71/29
8 dichloromethane 1 71/29
9 chloroform 2 58/42
10 cyclohexane 2 67/33

Asit can be seen in th&ble 5,modified AT reaction works well in most of all the solvents
tested. Finally,as an easily accessible dry solverilF (entry 1) was selected as the solvent
for further screening of the other reaction parametevgh 77/23 observed dr
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Table6. Effect of temperature on diastereoselectivity of the modified Athefimdd (AT)

reaction.

S.No. Temperature Time Conversion dr
Q) (h) (%)
1 -40 4.5 90 58/42
2 0 2 93 71/29
3 rt 1 100 71/29
4 30 1 100 83/17
5 50 1 100 83/17

During the study of impact démperatureon reaction an interesting trend was notice@n
going from alower temperature {40 °C) to a higher temperature (30 °C) (taBlentries 1

4), diastereoseledtity of the reaction increaskup to a leveland after that, further increase

in the temperature @ not affect the diastereoselectivity of the reactiorafiie 6, entries 4

and 5).Accordingly, for the practical reasons, we decided to follow up this reaction at room

temperature.
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Table7. Effect of concentration on diastereoselectivity of the modified Atherfaadd (AT)
reaction.

S. No. Concentration Time Conversion dr

(xM) (h) (%)
1 0.2 0.5 100 77123
2 0.1 1 100 77123
3 0.05 2 100 83/17
4 0.025 6 90 83/17

Also, it was observed that when the concentration of the reaction was decreased from 0.2 M
to 0.05 M, the diastereoselectivity of the reaction increased from 77/23 to 8@fl(fable 7).
Therefore rest of the screening experiments were carried out witb3M concentration.
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Table8. Effect of different bases on diastereoselectivity of the modified Athefftodd (AT)

reaction

S. No. Base Time Conversion dr
(2 eq) (h) (%)
1 triethylamine 2 100 83/17
2 DBU 1 100 50/50
3 DMAP 2 85 50/50
4 2,6-lutidine 2 0 na
5 DIPEA 24 100 90/10

4 equivalents of DIPEA were us&BU: 1,&8iazabicyclo[5.4.0]lunde¢-ene, DMAP: 4

dimethylaminopyridineDIPEAdiisopropylethylamine

It was found that trialkylamine bases worked well for the reaction, in particular
diisopropylethylamine (DIPEA). The highest diastereoselectivity was observed with DIPEA i.e.
90/10 dr howeveruse of 4 equivalents of DIPEA and a prolongeadtion timei.e. 24 hwas
necessary to achieve the full conversion of the starting matéaale 8).

Finally, under the optimised reaction conditions i.e. using 2 equivalents of racemic
ethylphenyl Hphosphinate4la 1 equivalent of enantiopureS-2-(tert-butylsulfinyl)phenol

370, 10 equivalents of carbon tetrachloride, 4 equivalentglilgsopropylethylamine and 75
mg/ml of solvent molecular sieves (MS) in THF under argon at room temperature for about
24 h, the maximum diastereomeric ratio of 90/10 was achieved with up to 85% yield (scheme

141).
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Scheme 41. An Optimised modified AthertofTodd reaction.

Next, consideringhe effect of the steric hindrance of the substituent on thalfoxidei.e. t-
butyl instead of p-tolyl substituent, we wanted to evaluate what wil be the
diastereoselectivity of the AT reaction witise ofan adamantlysubstitutedsulfoxide378.

Surprisingly we obtained the corresponding produc#0l with lower yields (5678%
conversion) anavith 90/10dr (schemel42 and table9)i.e. same dr compared to the reaction
in scheme 42, with t-butyl group being attached to sulfoxide.

Scheme 42. Effect of adamantlgubstituted sulfoxide group on diastereoselectivity of the
reaction.

Under the previously optimised reaction condition, compoutd was obtained with about

67% conversion and with 90/10 dr (entry 1). By changing various reaction parameters such as
reaction time, amant of CC/DIPEA etc compound0l1 was obtained with up to 78%
conversion and with up to 90/10 dr (entry 2).
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Table 9.

S.No. DIPEA CC]! Concentration Time  Conversion dr
(xeq) (yeq) (p M) (qh) (%)
1 4 10 0.05 24 67 90/10
2 4 10 0.05 60 78 90/10
3 4 10 0.1 24 68 83/17
4 6 10 0.05 24 67 90/10
5 8 20 0.05 24 70 90/10
6* 4 10 0.05 24 50 77/23

*0.2 eq. DMAP (dimethylaminopyridine) was added
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4.5.3.1 Dynamic kinetic resolution (dkr)

Dynamic kinetic resolutiofdkr)is one of thehighly valuable tools in asymmetric synthesis,
where a single enantiomer or diastereomer of a compound can selectively be obfaimed

a racemic mixture of the starting materi&ts3°"1 Contrary to the kinetic resolution, where
maximum yield of access] an enantiomer or a diastereomer is only 50%, in case of dynamic
kinetic resolution (dkr) thecorresponding product may be obtaingd 100%yield. This
powerful concept can help in overcoming the challenges and difficulties associated with the
asymmetricsynthesigd3%8-3%IFollowing energy diagram shows typical energy profileRford
Senantiomers of a compound in a chemical reaction.

Scheme 13. A generaknergy diagram oRand Senantiomer of a compound.

During a dynamic kinetic resolution(dkr) processin a chemical reactionpoth the
enantiomers,R and S of a compoundan intermedige are in equilibriumdue to the low

inversion energy barrier resulting nacemisation and thus, under the reaction conditions,

v }( 8Z v v3]}lu Ee Z A]vP 0JAE & 3]}v v EPC EE]
converted intothe final productwhile the other enantiomer of the substrate is easily
racemised Thus, this process ideally allows the access of a single enantiomer or diastereomer

of a compound in a chemical reaction.
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Today,dynamic kinetic resolutiofdkr) concept is applied in several importaasymmetric
transformations such as asymmetric hydrogenations, asymmetric reductions, asymmetric
aldol reactions and a number ehzyme/metalscatalysed asymmetric reactiofig?400107]

E}IC}E][s *Cuu SE] 2ua dkr}echahjsm includes thRu/BINAP catalysed
asymmetric hydrogenation of ketiactones401 where, under the reaction conditionthe
keto-lactone is selectively reduced to one of the diastereomd0g (scheme 14).1400

Scheme 14. Ru/BINAP catalysed asymmetric hydrogenation of kattone.

Akinnusi et al. described a proline catalysed asymmetric aldol reaction between an aldehyde
404 and a ketone403 which proceededsia dkr.*%8l They obtained the corresponding aldol
product 405 with very high enantioraric excess (scheme B4 It was assumed that the
aldehyded404 underwent a rapid racemisation in the presence of prolinetfimally allowed

a dynamic behaviour of the system.

Scheme 18. (§-proline catalysed asymmetric aldol reactioma dkr.

Kim et al. reported a lipase catalysed asymmetric transesterification of acyclic allylic acetate
406, coupled with thepalladium catalysed racemisation of the acetate that enabled the
reaction to proceedsia dkr (scheme 18).14%61 The corresponding produ@07 was obtained

in a good yield and with an excellent enantiomesxcess.
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Scheme 18. Lipase catalysed asymmettiansesterification of acyclic allylic acetate.

Indeed,in case of the heraipresented AT reaction, the racemisation of substéita should

be relatively easy andthus, the reaction mightinvolve a dynamic kinetic resolution
processi%ln accordance uh this hypothesist was later revealed that the optimised-P
coupling betweenracemic ethylphenyl kbhosphinate 41a and enantiopure 9-2-(tert-
butylsulfinyl)phenol370 proceededvia dynamic kinetic resolution (dkr) i.e. using only 1
equivalent of each, racemic ethylphenytpHosphinate4la and enantiopure §-2-(tert-
butylsulfinyl)phenoB70, providngthe desired produc#00with up to 80% yield and with up
to 83/17 dr (scheme 47).

Scheme 47. OP couplingrziadynamic kinetic resolution (dkr).

Once weconfirmedthis phenomenon ofdynamic kinetic resolution (dkr), several reaction
parameters such adase, temperature, molecular sieves etc, were further screened in order
to improve the diastereoselectivity of the reactidbespitethe extensiveoptimisation study
performed,the diastereoselectivity of the reaction could not further be impro\&able 10).
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Table 10.

S.No. DIPEA CCl Concentration Temperature Conversior dr

(eq)  (eq) (M) (°C) (%)
1 4 10 0.0125 rt 60 83/17
2 4 10 0.05 rt 90 8317
3 4 10 0.1 rt 90 83/17
4 2 5 0.05 rt 85 83/17
5 4 10 0.05 0 90 80/20
6 4 10 0.05 20 85 8317
7 4 10 0.05 40 85 83/17

*determined by'H NMR

The best result was obtained under the optimised condition (entry 2) i.e. comp4Qddas
obtained in 80yield and with 83/17 dr.

A study on effect of hindered bases on the diastereoselectivity of the reaction s@satied
out (table 11). 1-ethyl-2,2,6,6tetramethylpiperidine(entry 1table 11) afforded the product
400 with slightly higher dr of 86/4 with 85% conversion, however a complex reaction
mixture wasobtainedat the end of the reactiomendering isolaion of the product400 very
challengingentry 1 tablell). With other bases such as DABCOeidine, N-cyclohexwy
N-methylcyclohexanamineand sparteine, no improvement in diastereoselectivity was
observed(entry 25 table11).
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Table 11.

S. No. Base Conversion dr
(4eq) (%)
1 85* 86/14
2 45 62/38
3 85 77/23
4 90 77123
5 90 77/23

*complex nmr was obtained

Next, we focused orthe separation of diastereomers of the produddDO mainly using
different crystallisation techniques as well asing column chromatographyThough, a
rigorous work was carried out to separate the diastereometrsiemained however, a
challenging and undone task.

Moreover, separation by means of resolving agent technique was tested on the
diastereomers 0fi00.1409%13]
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Scheme 48. An outline of basic principle of resolution of a racemate by a resolving agent.

Schemel48 depicts the basic principle of resolution of a racemate by a suitable resolving
agent.In a typical procedure, a suitable resolving agent form the corresponding complexes
with enantiomer or diastereomers of a compound. Later, these complexes are yusuall
separated by crystallisation process. Finally, decomplexation step provides the desired
enantiopure/diastereopure compounérollowing fig. 30 representifferentresolving agents
which were utilised in order to achieve the separation of the diastereomers of compound
400.

Fig. 30. Different resolving agents used for resolution of compd®3dd
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Table 12

S. No. Resolving Complexation Crystallisation Change

Agent in dr
1 (+)/(-)- 9 9 X
MandelicAcid
2 (-)-Binol X X na
3 (+)>Cinchonine X X na
4 (-)-DBTA X X na

Reaction parameters such as temperature, solvents system and different techniques of
crystallisation were tested in order to resolve the compout). However, aly in case of
mandelic acidt11, complexationbetween400and411took place and the resultingpmplex

was crystallisel in solvent systems; dichloromethanepentane,
dichloromethane/cyclohexane, chloroform#pentane utilising double layer diffusion or
vapour diffusion techniques and keeping the mixture in fridge for abezitdhys.However,

the process was nediastereoselective i.e. theamediastereomeric ratio(83/17) of the
complex400-411was observed adiastereomeric ratioof compound400 (83/17). Moreover,

yield of the crystals as significantly low (about 20%) Therefore, his technique of
crystallisatiorwas finallyabandoned

Nonetheless, we forwarded and explored the potential of the reaction with various H
phosphinates as well as differently substituted phenol derivatives.

4.5.4 Scope of AthertoiTodd (AT) Reaction

tert-butylsulfinylphenolderivatives bearing mainly, methoxy or bromo group on the phenyl
ring, were prepared according to the previously described strategy ®pe-(tert-
butylsulfinyl)phenoB70and derivativesn good yields antligh enantiomeric excessgheme
125).310

In parallel, several types dfi-phosphinates wereprepared using a variety of different
procedures, which are briefly presented belo®or example, ethyl, isopropyl and butyl
derivatives of Hphosphinates wereorepared according to thditerature procedure (see
scheme 94)under microwave conditiongable 13).[76]
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Table 13. Synthesisef ethyl, isopropyl and butyl derivatives of -phosphinates under
microwavecondition.

S. No. RX Time Yield
(min) (%)

1 Ethl  Ethyl é1a) 30 97

2 IPrBr  iPr @1b) 15 76

3 n-BuBr n-Bu @1f) 15 95

H-phosphinate bearing gert-butyl and methylgroup (41c 70%and 41e 73% for example
were prepared usingropylphosphonic anhydride as a condensing agent under negdtion
condtions (seescheme95).[3%]

H-phosphinates bearing a cyclohexyl and adamantyl gr@lm and 41d) were prepared
according to the strategy described scheme 97, anthe corresponding Hbhosphinates
were obtained inguantitative yield.[°¢l

Ethylcyclohexyl #hhosphinate4lj was prepared following the procedure described by Gaunt
et al (scheme 29).[79306.414]

Scheme 49. Synthesi®f ethylcyclohexyl HFbhosphinatedl;.

Ethylmesityl Hphosphinate4li was prepared according to the literatupgocedure (scheme
150).[415]
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Scheme 16. Synthesi®f ethylmesityl Hohosphinate41i.

Ethylnaphthalenyl Hbhosphinate41h was prepared following the literature strategy (scheme
151).77

Scheme 15. Synthesiof ethylnaphthalenyH-phosphinated1h.

Ethyl methylphosphinatetlk was prepared using the literature procedure in a quantitative
yield Gcheme 13).1416]

Scheme 18. Synthesi®f ethyl methylphosphinatet1k.

Secondary phosphine oxides wgyeepared followingthe procedure described by Gaunt et
al. (scheme 13)."9

145



Stheme 13. Synthesis of secondaphosphine oxidegl1l and41m.

With the panel of different coupling partners, scope of this AT reaction was investigated.
Following tablel4 represents the scope of the reaction.

Tablel4.
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Indeed, he ATreaction workssmoothlyfor a wide variety of KFbhosphinates as well as for
the secondary phosphine oxideB1 general, as the steric hindrance of the alkoxy group
attached to Patom in Hphosphinates increasesA§0a-400e, 400i, table 14), yield and
diastereoselectivity of the reaction decreas@ar example, when ethylphenykphosphinate
was used in the reaction, the corresponding prodd@0a was obtained in about 80% yield
andwith 83/17 dr. While, more sterically hinderedgtosphinates such as, isopropylphenyl
H-phosphinate 41c, cyclohexylphenyl i{ghosphinate 41g and adamantylphenyl H
phosphinates41d provided the corresponding produc#0c (64%77/23 dr) , 400d (67%
60/40 dn and400i (67%50/50 di in loweryields and with lower diastereoselectivities.

When, the phenyl ring attached to P atom in-pphosphinatewas replaced with another
aromatic ring or simply by an alkyl groupere was either ncsignificantchange or some
decrease in yield andn diastereoselectivity of the reactionFor example,when
ethylcyclohexyl Hbhosphinate 41 and ethylmesityl Hphosphinate 41i were used, the
corresponding productg00m (34% 78/22 drand 400n (34% 2/28 dr) were obtained in
lower yields, as well as with lower diastereoselectivities. In caséhgf methylphosphinate
41k, (a methyl group being attached to P atom @l of a phenyl ring), the corresponding
product4000 (80% 70/30) was obtained in a good yield but with lowstereoselectivity.

Scondary phosphine oxides also underthe O-P couplingreaction smoothly but, the
corresponding productgllj (67%55/45 dr) andd1k (75%51/49 dr)were obtained witHower
diastereoselectivities.

Also, in case of the product®0; and 400k, the crystal structures were obtained for one of
their respective diastereomers, havirgconfigurations on both sulphur and phosphorous
atoms in case of compound00j and having R and S configurations on sulphur and
phosphorous atom$or compound400k (fig. 31 and 32).

Fig. 31. Xay crystal structure of compourgDOj (d1)
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Fig. 32X-ray crystal structure of compourndDOk (d1)

4.5.4.1 Absolute Configuration &flajor Diastereomer dfompound400a

TheX-ray structure othe major diastereomer of compourdD0a (X-ray crystal sample of the
compound 400a was taken for3P NMR to determine that it was indeed the major
diastereomer of compound00g reveals that both sulphur and phosphorous atoms h&ve
configuration, labelled a&S (table 14).With this informatian, the configuration of major
diastereomes of compounds100a-400r could possiblyoe assigned aSS.

We also tried to explore the effect of substituents attached to tHautylsulfoxide phenol
substrate 871-373). In case othe compounds371-373 bearing methoxy or bromo group on
phenolring, the reaction proceeded equally well, providing the corresponding prodii€is
(64%, 77/23 dr)400qg (68%, 66/34 dr) andO0r (78%, 83/17 dr). Howevecompared tot-
butylsulfinyl phenoB70, no increment in chstereoselectivity was observed witlydroxyaryl
sulfoxides371-373,

Also, substraté12, bearing a methyl group orortho position of phenol, did not undergo the
O-P coupling reaction, even on higher temperature, showing that the more hindered phenols
were difficult to react with a Hbhosphinate substrate (scheme 4)5

Scheme 18. Attempted OGP coupling reaction with substral 2
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Asin previouscase with the @ coupling produc#00g, the tremendous efforts were put in
separating the diastereomers @ariousO-P coupling productd00a-400r reported in table
14, either by column chromatography or by crystallisation. However ctiraplete or partial
separation of the diastereomers could be achieved in castheffollowing compounds
presentedin table15.

Tablelb.

S. No. Compound dr Separation dr: d1/d2 dr: d2/d1
(d1+d2 Technique (yield %) (yield %)
mixture)

1 4000 83/17 Crystallisation in  94/6 (20) na
EtO
2 400c 77/23  Chromatography 98/2 (28) na
3 400d 60/40  Chromatography 97/3 (41) 85/15 (26)
4 400e 60/40  Chromatography 90/10 (22) na
5 400i 50/50  Chromatography 100/0 (35) 100/0 (33)
6 400j 55/45  Chromatography 100/0 (31) 100/0 (26)
7 400k 51/49  Chromatography 100/0 (34) 100/0 (41)

Thecompound400b (entry 1)was crystallised in ED affording the major diastereomer d1 in
about 20% yiel@ndwith 94/6 dr. All other diastereomers of the compounds (entfy)2vere
separated employing column chromatography technique. The major diastereomer d1 of
compound400c (entry 2) was obtained inkeut 28% yield and with 98/2 dr, while other
diastereomer d2 was obtained as a mixture in about 24% yield with 62/38 dr. The major
diastereomer d1 of compounddOc (entry 3) was obtained in about 22% yield and with 90/10
dr, while other diastereomer d2 cddi not be isolated. The major diastereomer dl1 of
compound400d (entry 3) was obtained in about 41% yield and with 97/3 dr, while other
diastereomer d2 was obtained in about 26% yield with 85/15 dr. The diastereomers of the
compounds400i, 400; and 400k were successfully separated in good yields asdpure
isomers.
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4.5.5 Application in Stereoselective Synthesis

Post functionalisation of Fstereogenic compounds/precursors is an appealing step to
establish their further importance for the preparation of a wideigty of Rstereogenic
scaffolds. Generally, this step is achieved by stereospecific nucleophilic substitution reaction
of the Rstereogenic compounds/precursors, using Grignard reagents or organolithium
reagents. The reaction conditions are rather harsh excess of Grignard reagents or
organolithium reagents are used, either a very low temperature or a high temperature is
usually required, yields and enantioselectivities/stereoseleatisivary depending on the

structure of Pstereogenic compounds/precsors and the reaction conditions (scheme
155)[13,87,204,234,365,409,4174!19]_

Scheme %5. A representative example ofeaction (O-P cleavage) of -Btereogenic
compounds.

In our casemost of thecompounds400a-400r (table 14) possess one alkoxy group and one
(9-2-(tert-butylsulfinyl)phend group, both being attachedo phosphorous atom. Indeed,
both of these groups can act as leaving groups under nucleophilic substitution reaction
conditions with suitable Grignard or organolithium reagents. Thus, this feature of the
structures of compoundg00a-400r provides a high gtential to further transform these
compounds into various-Btereogenic scaffolddig. 33).
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Fig 33. Leaving groupattached to phosphorous arum gcompound 469.

Moreover, the first nucleophilic reaction of these compountf¥fa-400r with a suitable
Grignard or organolithium reagent is expected to be chemoselective, Spg-(ert-
butylsulfinyl)phenaide group should selectively be cleaved (a better leaving group)
compared to an alkoxy group, resulting in the formation @ft€eogenic phosphinates. And,
these newly formed RBtereogenic phosphinates would possess an alkoxy leaving group,
which can further react with another Grignard or organolithium reagent, affydarious P
stereogenic tertiary phosphine oxides.

We first carried out the optimisation study for nucleophilic substitutionwith racemic
compound400ausingMeLi(schemel5s6).

Schemel56. Nucleophilic substitution afacemiccompound400a
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Following table16 depicts some of the experimental results obtained herein.

Tablel®6.
S. No. MelLi Temp. Conversion NMRYield (%) Comment
(xeq) (°C) (%) 370 414: 415
1 2.2 0/rt 100 na Complex
NMR
2 11 O/rt 100 100:100:0
3 1 O/rt 100 60:0:14 Complex
NMR
4 0.9 O/rt 60 60:0:60 Complex
NMR

Using 2.2 equivalents of MeLi (entry 1) yielded a complex mixture, which was difficult to
analyse. When 1.1 equivalents of MeLi was used (entry 2), formation of dimethyl substituted
tertiary phosphine oxidd14 was observed along with the compoudd5. Us of a decreased
amount of MeLi (entry 3 and 4) yielded a complex mixture along with the formation of desired
compounds370and415.

Later, we replaced MeLi with MeMgB&gladly, we soon succeeded to optimise the desired
reaction conditions (schemé&57 and table 17) i.e. using 1 equivalent of MeMgBr and
increasing the reaction temperature to 40 °C during 16 h of stirring (entry 4), the compound
400a got selectively converted into the desired produdtssand370in 66% and 94% vyields
respectively.

Scheme %7. Postfunctionalisation of compound00a using MeMgB.
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Tablel?.

S.No. MeMgBr Temp. Conversior415

(x e (°C) (%)
1 1 O/rt 20
2 0.95 0/40 70
3 1 0/40 100

With the optimised conditions of the racemic compoun#DO in hand, the post
functionalisation reaction was carried out for the diastereomeric mixture of compadoa
(83/17 dn (scheme %8). Thereaction proceeded with a complete conversion and the
corresponding postunctionalisedproduct415 was obtained with more than 90% retention
of chirality, while compoun870was obtained witlout racemisationThe enantiomeric ratios
of compound415and 370 were measured usingchiral HPLC technique.

Scheme %8. Optimised reaction conditions for the pefsinctionalisation of diastereomeric
mixture of compound00a.

Using similar reaction conditions, pesinctionalisation ofdiastereopure substrate 400i
(diastereomerdl) was carried out using 1 equivalent dfleMgBr. The desired reaction
worked, but with about 45% conversioNext, considering the impact of steric hindrance of
adamantyloxy group attached to phosphorous atom in compoddf@d, an increased amount
of Grignard reagent was used i.2.equivalents ofof MeMgBr were usedresulting in a
complete conversion aubstrate400i into the desired produc416(64% 90/10 er)an@70
(93%>99/1 er) (scheme 59).
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Scheme %9. Post functionalisation of substra#®0i.
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4.5.5.1Synthesis of§-PAMPQIO

With the previouslyoptimised conditions for the podtunctionalisation in hand, we were able
to transform the compound00j into an original Fstereogenic scaffolds SEPAMPO40,
which is also a precursor for the synthesis of the pioneer ligand DiPAMPhe reaction
worked under milder conditions; only one equivalent ofAnMgBr was used in dry THF
containing the substratd0Q at O °C and after the addition @FAnMgBr, the reaction was
stirred at room temperature for about 16 h thus, providirg-PAMPO40 in 84% yied and
with 98/2 er, andS-2-(tert-butylsulfinyl)phenoB70in 94% yielchind with >99/1 er (scheme
160). Andthe reaction proceeded with inversion of configuration at P atom. It should be
noted here that, the compoundS-PAMPQI0, was obtainedin a \ery high yield and with an
excellent enantiomeric excesga a simple column chromatography, without the need of
further crystallisation step, which is generally required at the end of frsttionalisation /
O-P cleavage step (schemeQ)6

Scheme 16. Postfunctionalisation of substratd00j (d2)to prepare §-PAMPQI0.

4.5.5.2Determination of Configuration of P atom $tPAMPGI13;

The specific optical rotation &PAMPO40 was measured a€ ¢°. =-9.74 € 0.5, CHG),

which on comparing the literature data i.€ p° = -23.0 (¢ 1.0 in CHgIfor SPAMPO,
suggested that in our case, the configuration of P atom in compdtaePO40 is S[231.266]
And, the opticapurity of the SPAMPO40 was determined by dhal hplc technique.

Besides, mviously we had obtained the crystal structure of the diastereomearcompound
400j (d1) (fig. 31), and thus, we knew the configuration of this compoundsgs(8oth the
atoms, S and P have configuration S). As a consequence, the configuration of its other
diastereomer i.e.400; (d2), which wasindeed, used in the above postnctionalisaton
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reaction, would therefore, beS and R on sulphur and phosphorousatoms respectively
(scheme 16).

Thesedata collectivelyfurther suggested that thg@ost-functionalisationreaction proceeded
viainversion of configuration at P atom.

Thus, these @ capling compounds400a400r (table 14) bearing a (9-2-(tert-
butylsulfinyl)phenaide moiety, can potentially be considered as an important class of P
stereogenic precursors in order to obtain an array of differeistéd?eogenic scaffolds under
milder reaction conditionsin particulat the reaction does not requiréne use ofexcess of
Grignard reagents and a high reaction temperature condition. The-fopostionalisation
reaction of compounds400a and 400d proceeds chemoselectivity (i.e.(S-2-(tert-
butylsulfinyl)phenxide group is preferentially cleaved, not the alkoxy group) and
stereoselectively with inversion of configuration at P atom, providing maihly
correspondingoroduct having a Btereogeniccentre. Also, the chiral auxiliary 1&-2-(tert-
butylsulfinyl)phenaide moiety 370, is recovered in a very high yield anaithout
racemisation Thus, it can be recycled for the reaction.
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5 @nclusionGénérale

Les composéB-stéréogenesonstituent une classe importante de composés chimiques, qui
trouvent plusieurs applications intéressantes dans divers domaines scientifiques tels que

ol PE} Z]u] V S VS <g % *S] ] U 0 %Z Eu ] v § vS «<u u}
actives, la chimie de coordination et des matériaux et la catalyse asymétrique
organométallique en tant que ligands chiraux. Par conséqlesméthodologies permettant

de synthétiser des composésstéréogénesont connu un développement constant avec le

temps. De plus, les voies de synthese pour accéder aux compatésogénedasées sur

des méthodologiesitilisant un auxiliaire de chiralitéel que lementhol ou I'éphédrine,ont

été reconnues comme tres efficesa la fois en laboratoire et a I'échelle industrielle. Le
uvszZ}o S o[ %Z &]v e<}vs ¢ upuAEJo] ]JE « Z]JE& pALE ( ]Jo u vs ]
outre, un grand nombre de composBsstéréogéne®t leurs précurseurs ont été synthétisés

sur la bae de ces méthodologies. Cependant, ces stratégies souffrent souvetigsieuyps

oJu]s S]}ve S o poréelifpjige,des rendementfaibles,desconditions réactionnelles
drastiquesdesprocédures complexes, fastidieuses et en plusieurs étapeslafitélivrer les

composeés énantiopurg-stéréeogéres.

Ici, nous avons développé une nouvelle méthodologie pour construire des compeosés

S & }PveU < uE of[piol+AGtv VYpE vS <u[ pAEJo] JE Z]G
surmonter les difficultés etek limites associées aux méthodologies existantes pour la
préparation de composég-stéréogenesNotre méthodologie repose sur un couplage@ia

o & SAtherton-Todd (AT) entre un phénol énantiopur facilement accessible portant

un auxiliaire chire de type sulfoxyde et un H-phosphinate racémique disponible
commercialemenbu facilement accessible, ce qui entraine la formation d'un raucentre

chiralsur I'atome de phosphore (schéma 1).

Schémal. Schéma général d'une réaction de couplagP OAthertonTodd (AT).

En effet, la réaction AT fonctionmecune grande variété de-4dhosphinates ainsk u[ A
les oxydes de phosphine secondaires. De plus, dans de nombreux cas, la réaction se déroule
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via une résolution cinétique dynamique (DKR), donnant le produit de couplaBe O
correspondan#00a400ravec un bon rendement et une diastéréosélectivité élevébdma
2).

Schéma 2. Un exemple représentatif d'une réaction de couplaBe BthertonTodd (AT) se
déroulant via une résolution cinétique dynajque (DKR)

~

> % E]v ]% o A vs P [uv  § opmpstmidific&ldn dlescempasésP-
stéréogenesnouvellement obtenusjui peuvent potentiellement étre transformés en une
variété de dérivés Pstéréogenes via deséactiors de substitution nucléophile avec des
réactifs organolithiens ou de Grignang; phénol porteur dusulfoxyde chiraénantiopurdoit
étre libéré au cours du processus (schéma)lg&mettant ainsi sa récupération et son
recyclage.

Schéma 3.@éma généal de postfonctionnalisation dwcomposé de couplage-P.

Ainsi, nous avons pu transformer le compas®j en uncomposé Fstéréogeneoriginal, le
(SYPAMPO40, précurseur de la synthése deélebreligand DIPAMR7. La réaction de post
fonctionnalisationest réaliséelans des conditions doucesnduisant aS)-PAMPGI0 avec
un rendement de 84% ain rapport énantiomeérique de 98/2, et le (3)tert-butylsulfinyl)
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phénol 370 est récupéré énantiopuavec un rendement de 94% (schéma KJrs de la

reaction, uneinversion de la configuration o[ S}u %0 Z } * %o Z ) @nviend Heu

noter ici que le composé (FAMP40 a été obtenu avec un rendement tres éleve et avec

un excellent exces énantiomgue aprés uv. ¢Ju%o0 ZE}u S}PE % Z] -a2uE& }o}v
]E ««u[]do enédessaire de procéder a une étape de cristallisation supplémentaire, ce

qui est généralemenie cas dans la literature pour les reactions de coupufe O

Schéma 4. Posbnctionnalisation du substrat00j (d2)pour préparer du (SPAMPQI0.

De plus, dans des conditions similaires, le subgtéli a été transformé avec succes en le
produit correspondant416 avec un rendement de 64%t un rapport énantiomeérique de
90/10 et le substraB70énantiopuravec un rendement de 93% (schéma 5).

Schémab. Postfunctionalisationdu substrat400i.

Ainsi, ces composés de couplag® @0a400r (tableau 14) portant n fragment phénoxyde

de (S)2-(tert-butylsulfinyle) peuvent potentiellement étre considérés comme une classe

importante de pré&urseursP-stéréogéres obtenusdans des conditions de réaction douces.
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En particulier, la réaction ne nécessite pas un exces de réactif de Grignard et une température
de réaction élevée. Les réactions de ces composés se déroulent de maniere stéréoseélective

avec inversion de la configuration o[ S}u %0 Z } dtta@an@principalement un
produit postfonctionnalisé ayant un centre-hiralet }v E u %auxHaire ¢hiral c'esé-
dire le (S)2-(tert-butylsulfiny)) phénoxyde370.
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6 Perspectivefutures

Ainsi, ces composés de couplag® @0a400r (tableau 14) portat un fragment phénoxyde

de (S)2-(tert-butylsulfinyle) peuvent potentiellement étre considérés comme une classe
importante de précurseurB-stéréogéneskn particulier, la réaction ne nécessite pas un exces
de réactif de Grignard et une température de réaction élevée. Les réactions de ces composés
se déroulent de maniere stéréosélective avec inversion de la configuratiom|[ S} u
phsophore donnantprincipalement un produit postonctionnalisé ayant un centre-€hiral,

eto E P% Eadfiliaire chirglle (S)2-(tert-butylsulfinyle) phénoxyd870.

Schéma 1. Synthése d'une famille de compdsseréogeéres par posfonctionnalisation de
substrats400-b-400e, 400400k

En outre, la principale difficulté rencontrée au cours du projet concerne la séparation des
diastéréomeres du compogi0a

Schéma 2. Couplagevia une réslution cinétique dynamique (DKR
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En effet, ce produitOOaest facilement obtenu en utilisant 1 équivalent de I'éthylphényl H
phosphinate4laracémique disponibl&eommercialementet un équivalent du (S2-(tert-
butylsulfinyl) phénoB70 énantiopurfacilement accessible dans nos conditions de réaction,

ce qui donne le produit souhait®0a A puv E v u v3 00 VS ipgecpu[ 619 & ipec
de rapport diastéréomeriquéschéma 2). La réaction se déroule via wésolution cinétique
dynamique (DKR

Cependant, la séparation des diastéréoisomeres du compdBaed extrémement difficile.

Etant donné que ce compog®0apeut étre facilement obtenu aweun trés bon rendement

et un rapport diastéréeomerique élevénuaccésirect au composé diastéréomeriguement

pur 400a u o]}E& & ]S }ve] E o0 uU VS O[]JuM}ES v §S u sz
préparation de composéB-stéréogénesPar conséquent, des efforts supplémentaires sont
nécessaires pour développer une apprecsimple et pratigue permettant de séparer les
diastéréomeres du compostOa

Une protection des composés organophosphodss type H-phosphinite sous forme de
boranes500 pourrait induire une meilleure cristallinitdes produitset ainsi une meilleure
séparation des diastéréomergg7,86,118,207,208,20812, 227.

Schéma 3. Couplageentre Hphosphinite borane&s00et 370.

Une autre approche possible consisterait a effectuer une protectiopraduit 400aet a
explorer la séparation dees diastéréoisomeres par cristallisation ou chromatographie
(schéma 4).
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Schemed. Protection du produi#O0a.

Une fois que I'on obtient uproduit 400diastereopur il peut étre converti en une famille de
molécules Pstéréogenes. L'étape de pekinctionnalisation (déja optimisée) sur le composé
400peut étre effectiéea deux reprisescar ce composé00posseéde deux groupes partants,
a savoir un groupé&thoxy et un groupe phénoxy (3)tert-butylsulfinyle) phénoxydeles
PE}u% ¢« S vS 8§35 ZAephosgghadl (]Jv [} § miléEules F5téréogeéres
désirés (schéma 5).

Schemeb. Postfunctionalisation du compos€00s

Une aitre possibilité pour obtenir uneliastéréosélectivité plus élevée dans la réaction de
couplage @GP comprend l'utilisation d'omnocatalyseurs chiraux (schéma B122,423] Ces
organocatalyseurs peuvent vraisemblablement faciliter la formation d'un état de transition
bien organisé entre m H-phosphinateet un phénol porant un sulfoxyde chiradjui peut
finalement conduire a une réaction de couplagd@lus diastéréosélective.
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Scheme 6. Réaction de couplagé@rganocatalysée.
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7 Experimental Procedure
7.1 General Methods:

Allreactions were performed under an argon atmosphere in flaimed glassvaresusing dry
solvents utessand otherwise stated. THF was distillated over Na/benzophenone. Anhydrous
CCJ was purchased from Sigma Aldrich. Triethyl amine (TEA) was freshly distilled using CaH
or NaOH as drying agents and stored under argon oves @akbaOH.

Technical grade solvents for extraction and chromatography (cyclohexane, dichloromethane,
n-pentane,ether, toluene, and ethyl acetatetc) were used without purification. All reagts
were purchased from commercialpplies. Analytical thinlayer chromabgraphy (TLC) was
performed on silica gel. Flash column chromatographypesiformed on silica gel 60 (463
...uU 00 mesh, ASTM) hylerck using the indicatedsolvents.'H, 13C, and3P NMR
spectra were recorded in CRGh BrukerAV 300/400/500 instruments. Chemical shifts are
reported in parts per million (ppm) downfield frotatramethylsilane and are referenced to
the residual solvent resonance as the internal stand@tCGl= 7.26ppm for *H NMR and
CDG= 77.16 ppm fot*C NMR). Data are reportefollows: chemical shift, multiplicity (br
s = broad singlet, s = singlet, d = doublet, t = tripletggartet, quint = quintet, m = multiplet,
ag = apparent quartet, brd = broad doublet), couplompstant (Hz) and integration. Infrared
(IR) spectra wre recorded on Perkin EImeBpectrunOneTMequipped with an ATR unit and
are reported (br = broad, vw = very weak, w = weak,medium, s = strong) in wavenumbers
(cmtl). The spectra were processed with the progi@pectrum (Version 5.3.1, Perkin Elmer)
High resolution mass spectrometry (HRMS) asialwagperformed by the analytical facility
at the University of Basbourg (measurement accurac5 ppm).Optical rotation was
measured on a Perkin EImer Polarimeter 341 and denotegpesificrotations: [r]o?°.

166



7.2 Substrate Synthesis

7.2.1 (S)2-(tert-butylsulfinyl)phenotlerivatives 376873

Scheme 1. A general scheme for the preparation (8F2-(tert-butylsulfinylphenol
derivatives.
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7.2.1.1(S)2-(tert-butylsulfinyl)phencB70

General Procedure A:

(9-2-(tert-butylsulfinyl)phenol derivatives were prepal following the literature procedure
for the preparation of9-2-(tert-butylsulfinyl)pheno370.[310.385[310.385]

Step 1t A flamedried 250 mL round bottom flask was charged wititoromo-2-phenol
derivative(1 ey., 7.45 g, 5 mL, 43.1 mmjoand DCM 87.8 ml, 1.14 NI. The solution was
cooled to O °C in an iegater bath under Ar protectiom,n-diisopropylethylamine (2.12 eq
11.8 g, 15.1 mL, 91.4 mmolas adled followed byBromomethylmethyl ether (1.19 eq 6.4

g, 4.19 mL, 51.2 mmol) slowly. The-eater bath was removed, and the reaction was stirred
overnightat rt.

After about 18 h, tk reaction mixture wasjuenchedwith saturated aqueous NaHGO
solution (40 ml) Theorganic layer was separated, and the aqueous layer was extracted with
CHCE(3x50 mL).The combined organic layers were washed with Jzhireel over MgS@and
concentrated in vacuo to afford the corresponding product, 1-bromo-2-
(methoxymethoxy)benzenderivatives368in quantitative yield>98%)

Step 2 Next,At-66 n-BuLi(1.05eq., 1.57 M, 9.24 mL, 14.5 mnved)s added dropwise to
the solution of thel-bromo-2-(methoxymethoxy)benzen&68 (1 eq., 3 g, 13.8 mmo)) in
anhydrousTHF (53.7 ml) It might result in pink/oange coloration or simply white turbid
appearance.

The resulting mixture was stirred for 30 min-@8 °C and a solution d§-(-)-tert-Butyltert-
Butanethiosulfinate(1 eq., 2.69 g, 2.69 mL, 13.8 mmai)THF (13.8 ml))was addedThe
resulting mixture was stirred for 2 h at8°C

The reaction mixtug was gienched with waterThe aqueous layer was extracted with@t
Thecombinedorganic layeswere washed with brine and dried over anhydrous MgS&ter
filtration, the solvent was removed under reduced pressure. Thale product369 S(tert-
butylaulfinyl)-2-(methoxymethoxy)benzene hydrat&ull conversion)wasdirectlyused inthe
next step of deprotectionof MOM group from the aromatic ring
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Step 3 A 500mL round bottom flask was charged witie crude369 S (tert-butylsulfinyl}2-
(methoxymethoxy)benzene hydrate (1 eq., 3.35 g, 12.9 mraot THF (126 mLHCI (30 eq.,
9 M, 42.9 mL, 386 mmolvas added while stirringt rt.

After about 24 hstarting material was full consumed (TLC analy<i®) rdaction was kuted
with water and the organic layer was separat&tie aqueous layer was extracted with@:t
Thecombinedorganic layes were washed with brine and dried over anhydrous MgS&iter
filtration, the solvent was removed under reduced pressure.

EbO was added to the reaction crude and it was placed in a fridge for crystallisation. Next
day,solid crystals were filtered off and dried under high vacuum to obtain the pomgpound
(9-2-(tert-butylsulfinyl)phenoB70. Over all yield was found to be @it 82%.

'H NMR (400 MHz, Chloroford® (ppm)10.95 (s, 1H), 7.36 (ddd= 8.4, 7.2, 1.7 Hz, 1H),
6.96 (ddJ=7.8, 1.7 Hz, 1H), 6.9%.83 (m, 2H), 1.31 (s, 9MC NMR (101 MHz, Chloroform
de (@pm)161.84, 133.04, 127.95, 119.68, 118.84, 11668839, 22.99HRMS (ESIOF): m/z
calculated forCoHis0.S 199.0782 found 199.0787.er: 99/1. IC column, solvent:80/20
hexanelPrOH Flow rate 0.5ml/min t= 20.74 min(R enantiomer) / 25.25 min (S enantiomer)
min. [ r]p?%=-99.36( C= 0.99CHG)).

The compound@70can also be resolved under following chiral hplc conditi@i3H, solvent
95/5 hexane/iPrOH Flow rate 0.5ml/min, t= 13.4 min (S entiomer) / 15.2 min (R
enantiomer).

7.2.1.2 2-bromo-1-(methoxymethoxy)benzerg68a

This compound was prepared accordinghe generaprocedure AA dark brown oily liquid
in appearancetH NMR (400 MHz, Chloroforde (ppm)7.56 (dd,J= 7.9, 1.6 Hz, 1H), 7.27
(ddd,J=8.3, 7.3, 1.6 Hz, 1H), 7.17 (d¢,8.3, 1.5 Hz, 1H), 6.91 (ddd; 7.9, 7.4, 1.5 Hz, 1H),
5.27 (s, 2H), 3.54 (s, 3H).
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7.2.1.3 2-bromo-4-methoxy1- (methoxymethoxy)benzere8b

This compound was prepared according to the general procedutedark brown oily liquid
in appearancetH NMR (400 MHz, Chloroford» (@pm)7.10 (dJ= 3.0 Hz, 1H), 7.07 (&
9.0 Hz, 1H), 6.79 (dd= 9.0, 3.0 Hz, 1H), 5.15 (s, 2H), 3.76 (s, 3H), 3.52 (s, 3H).

7.2.1.4 2-bromo-6-methoxy1-(methoxymethoxy)benzerg68c

This compound was prepared accordinghe /general procedure AAyellowishbrown oily
liquid in appearancetH NMR (400 MHz, Chloroford» (@pm)7.17 (dd,J= 8.0, 1.5 Hz, 1H),
6.96 (t,J= 8.1 Hz, 1H), 6.88 (ddf 8.3, 1.5 Hz, 1H), 5.19 (s, 2H), 3.87 (s, 3H), 3.69 (s, 3H).

7.2.1.5 2,4dibromo-1-(methoxymethoxy)benzerg68d

This compound was prepared according to the literature procefd@meral procedure AA
dark brown oily liquid in appearancél NMR (400 MHz, Chloroford» (ppm)7.68 (d,J=
2.4 Hz, 1H), 7.35 (dds 8.8, 2.4 Hz, 1H), 7.03 (& 8.8 Hz, 1H), 5.22 (s, 2H), 3.50 (s, 3H).

170



7.2.1.6 (9-(-)-tert-Butyltert-Butanethiosulfinate

Thiscompound vasprepared according to the literaturié*? I1H NMR (400 MHz, Chloroform
de (pm)1.51 (s, 9H), 1.33 (s, 9H.P%-148.0° (c=0.51, GBb).

7.2.1.72 (9-2-(tert-butylsulfinyl4-methoxyphenoB73

Thiscompound vasprepared according to thgeneral procedure AVhite solid,overall yield
70%(starting from §-(-)-tert-Butyltert-Butanethiosulfinate)'H NMR (400 MHz, Chloroform
de (@pm)10.41 (s, 1H), 6.95 (dd= 9.0, 3.0 Hz, 1H), 6.85 (&5 9.0 Hz, 1H), 6.47 (@= 3.0
Hz, 1H), 3.75 (s, 3H), 1.32 (s, 9fQ.NMR (101 MHz, Chlorofom» (ppm)155.51, 151.87,
120.32, 1190, 116.57,112.29, 59.01, 56.08, 2369 95/5. Chiral HPLColumn IC, solvent:
95/5 hexanelPrOH Flow rate 0. 5 mimin t= 23.8 (minor}46.3 (major). HRMS (ESIOF):
m/z calculated foiCi1Hi70sS 229.0880, found 229.0893[ r]p?°=- 138 (C=1.01 CHG).

7.2.1.8 (9-2-(tert-butylsulfinyl)6-methoxyphenol371

Thscompound vasprepared according to thgeneral procedure AVhite solid,overall yield
73% (starting from §-(-)-tert-Butyl tert-Butanethiosulfinate) 'H NMR (400 MHz,
Chloroformd e (@pm)10.71 (s, 1H), 6.95 (dds 8.1, 1.5 Hz, 1H), 6.84 & 8.0 Hz, 1H), 6.63
(dd,J= 7.9, 1.4 Hz, 1H), 3.89 (s, 3H), 18®H)3C NMR (101 MHz, Chloroformr (ppm)
149.21, 119.3%overlapped @r), 118.62(overlapped @r), 114.31, 58.94, 56.27, T8H.>99%
ee. Chiral HPLColumn:IC, solvent: 80/20 hexan&rOH, Flow rate: 0.m:l/min t (min)=
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47.9078.9 HRMS (ESIOF): m/z calculatetbr GiiHieKOsS 267.0442 found 267.0452
[ 1p*°=-89.63(C=1.572, CHgl

7.2.1.9 (9-4-bromo-2-(tert-butylsulfinyl)phenaB72

Thiscompound vasprepared according to thgeneral procedure AVhite solid, overall yield
67% (starting from3-(-)-tert-Butyltert-Butanethiosulfinate)*H NMR (400 MHz, Chloroform
de (ppm)210.94 (s, 1H){.44 (ddJ= 8.9, 2.4 Hz, 1H), 7.06 (& 2.4 Hz, 1H), 6.80 (d+= 8.9
Hz, 1H), 1.32 (s, 9H}C NMR (101 MHz, Chlorofomr \ppm) 160.93, 135.84, 130.01,
121.55, 118.23, 110.52, 59.37, 22.@8. 99.7/0.3 Chiral HPLColumn:IC, solvent: 80/20
hexane/iPrOH, Flow rate: OBl/min, t (min}=49.58 (minor)53.16 (major)HRMS (ESIOF):
m/z calculated foiCioH14BrO,S 276.9878 found 276.9892] r]p?°=-181.76(C= 1.01, CH#}I

7.2.1.10 (9-2-[(4-methylphenyl)sulfinyl]phen@66

This compound was prepared according to giemeral procedure ANhite solid, over all yield
76% yieldstarting from ¢)-menthyl §-p-toluenesulfinate) *H NMR (400 MHz, Chloroform
de (ppm)10.43 (s, 1H), 7.627.55 (m, 2H), 7.17 (dd= 8.1, 1.7 Hz, 1H),7.3527 (m,3H),
6.93 t6.85 (m, 2H), 2.38 (s, 3MIC NMR (101 MHz, Chlorofom» (ppm)159.41, 142.35,
140.67, 133.08, 130.36, 126.08, 125.10, 119.98, 119.74, 119.FB. 2> 99/1 Chiral HPLC
Column:, solvent: / hexane/iPrOH, Flow rate: 0.5ml/miigmin)=36.2 (minor}39.97 (major).
HRMS (ESIOF)m/z calculated for GaHi1302S 233.0631, found 233.0631r]p?°=+ 99.22
(C=0.995CHQ).
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7.21.11 (SaR-6-Methyl2'-(p-tolylsulfinyl}[1,1-biphenyl}2-ol[(SaR-5] 363

dZ]e Yu%}puv A ¢ % E % E JE JvP $IXSZZ16]3)E]|SWEA TEDo ¢
0 1 Ystarting from ¢)-menthyl §-p-toluenesulfinate)34 1H-NMR(CDCI3, 400 MHz)ppm)

8.23 (brd, 1H), 8.29 (dd= 7.8, 1.1 Hz, 1H), 7.56 (7.7, 1.0 Hz, 1H), 7.49 (i 7.5, 1.1

Hz, 1H), 7.15 (dd= 7.4, 1.1 Hz, 1H), 7.08 J& 7.7 Hz,3H), 7.02 (d= 8.2 Hz, 2H), 6.84 (d,

= 8.1 Hz, 1H), 6.61 (@ 7.5 Hz, 1H), 2.32 (s, 3H), 1.29(s, 3H) ppm#°= t153(c = 1, CHg)l

7.3 Hydrogen Phosphinate Substrates

7.3.1.1 Ethylphenylphosphinate ¥a

This compounds commercially available and can alsgbepared according to the literature
procedures[’6.79A colourless oily liquid, 97% yielth NMR (400 MHz, Chloroford (ppm)
7.86 t7.74 (m, 2H), 7.65 7.45 (m, 3H)7.58 (dJ=562.79Hz, 1H, PH%.26 t4.05 (m, 2H),
1.37 (dt,J= 9.3, 7.0 Hz, 3H}'P NMR (CDCI3)(ppm)24.59.

7.3.1.2 Methyl phenylphosphinatéle

dZ]e Ju%}pv A ¢ % E % E JE JvP &} BYP AchdudeEss piE %o E}
liquid, 73% yield*H NMR (400 MHz, Chloroford® (ppm)7.851t7.73 (m, 2H), 7.667.56
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(m, 1H), 7.56t7.45 (m, 2H)7.52 (d,J= 566.12 Hz, 1H, PF)80 (d,J= 12.0 Hz, 3H}'P NMR
(CDCI3W(ppm)27.18.

7.3.1.3Butyl phenylphosphinatéif

dZ]e Ju%eluv A ¢ % E % E }E JvP §} 72 Acdbudess pilE % E}
liquid, 95% vyield.'H NMR (400 MHz, Chlorofofrd (@pm)7.78 (ddt,J= 13.7, 8.0, 1.2 Hz,

2H), 7.64t7.55 (m, 1H 7.6 (d,J=562.3, 1H, PH),.51(tdd, J= 7.0, 3.5, 1.3 Hz, 2H.17 t

3.99 (m, 2H), 1.76 1.64 (m, 2H), 1.5Q 1.33 (m, 2H), 0.92 (td= 7.4, 1.1 Hz, 3P NMR
(CDCI3W(ppm)24.83.

7.3.1.41sopropyl phenylphosphinate 354

This compound was prepared according to the literature proced@¥a.colourless oily liquid,
76% yield.'H NMR (400 MHz, Chloroford» (ppm)8.32 (s 0.5, PH), 7.84 7.74 (m, 2H),
7.64t7.46 (m, 3H)6.92 (s, 05, PH), 4.72 (dhept, J = 9.3, 6.2 Hz7162)(d,J=559.2, 1H, PH)
iX81 ~ U : A OoXT ,IU i,U iXifi ~ U : A oXppm)ad2i18X iiW EDZ ~ oi

7.3.1.5Cyclohexyl phenylphosphinatég

dZ]e Ju%eluv A ¢ %E % E }E JvP §} 181206 i tSlodEleSudly %o E }
liquid, 93% yield!H NMR (400 MHz, Chloroford» (@pm)7.91t7.70 (m, 2H), 7.647.53
(m, 1H), 7.56t 7.36 (m, 2H)7.63 (d,J= 564 Hz, 1H, PH)5 (qt,J= 9.2, 3.9 Hz, 1H),), 21986
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(m, 2H), 1.84L.7 (m, 2H), 1:1.45(m, 3H), 1-1.4(m, 3H)3P NMR (CDCI3}(ppm) 21.91
ppm.

7.3.1.6tert-butyl phenylphosphinat854c

dZ]e Ju%eluv A ¢ % E % E }E JvP 3§} BZ AcddulEssS piE %o E}
liquid, 70% yield!H NMR (400 MHz, Chloroford {(ppm)8.43 (s, 0.5 PH), 7.8t17.71 (m,

2H), 7.61t7.52 (m, 1H)7.74 (d,J= 552 Hz, 1H, PH),48 (tt,J= 7.2, 3.3 Hz, 2H), 7.05 (s, 0.5

PH), 1.57 (s, 9HP NMR (CDCI3)(ppm)15.12.

7.3.1.7 Adamantanl-yl phenylphosphinat854d

dZ]e Ju%}pv A e % E % E JE JvP 8§} B A ovpky @hdu E %o E
coloured solid, 96% yieldH NMR (400 MHz, Chloroford» (@pm)7.83t7.73 (m, 2H), 7.61

t7.44 (m, 3W 7.79 (d,J= 553.3 Hz, 1HPH, 2.25 t2.19 (m, 3H), 2.14 (d= 2.8 Hz, 6H), 1.67

(t, J= 3.1 Hz, 6H}!P NMR (CDCI3)(ppm)14.16.

7.3.1.8Bhyl naphthalerl-ylphosphinatetlh

dZ]e lu%elpuv A e % E % E }E JvP §} 72200/ tSloG@esqudly %o E }
liquid, 46% yieldH NMR (400 MHz, Chloroford» (ppm)8.43 (dt,J= 8.6, 1.0 Hz, 1H), 8.12
(dd,J= 7.0, 1.3 Hz, 1H), 8.118.02 (m,1H), 7.93 (dtJ= 7.9, 1.9 Hz, 1H},93(d, J 560 Hz,
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1H RH),7.72 t7.49 (m, 3H), 4.304.05 (m2H), 1.41t1.28 (m,3H). 3P NMR (CDCI3¥ppm)
25.55.

7.3.1.98hyl mesitylphosphinatdi

This compound was prepared according to the literature procedifféA colourless oily
liquid, 76% yield.*H NMR (400 MHz, Chloroford® (ppm)6.98(d, J= 1337.5 HAH, PH),
6.87 (dJ= 4.6 Hz, 2H%.27 t4.05 (m, 2H), 2.55 (s, 6H), 2.28Jd,0.9 Hz, 3H), 1.38 = 7.1
Hz, 3HEP NMR (CDCI3)(ppm)23.97.

7.3.1.10  Bhyl cyclohexylphosphinattj

dZ]e Ju%o}pv A ¢ % E % E 1E (IRPES) SR o4IsudlEss pilE

liquid, 90% vyieltH-EDZ ~&ii D,IU Ofe W ~% % ue OXOi ~ LB.99:(MA AidXi I
2H), 1.961.65 (m, 6H)1.33 (t, 3 J = 7.4 Hz, 3H), 2221 (m, 5HEP NMR (CDCI3)(ppm)

44.02.

7.3.1.11 Ethyl methylphosphinatélk
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dZ]e Ju%elpuv A ¢ % E % E }E JvP §} BYP A chdudess piE
liquid, 91% yieldtH NMR (400 MHz, Chloroford) wWppm)7.20 (1H, d, 1JHP 537 Hz, K23
t3.97 (m, 2H), 1.5 1.40 (m, 2H), 1.381.26 (m, 3H®'P NMR (CDCI3)ppm)33.26.

7.3.1.12 Methyl(phenyl)phosphine oxidgl

This compound was prepared according to the literature proceddrA.colourless oily liquid,
71% vyield.'H NMR (400 MHz, Chloroford» (ppm)8.23 (q,J= 3.8 HzPH), 7.71 (ddtJ=
13.6, 6.8, 1.5 Hz, 2H)677.45(m 2H), 7.05 (¢J= 3.8 HzPH), 1.79 (ddJ= 13.9, 3.8 Hz, 3R
NMR (CDCI3\(ppm)20.21

7.3.1.13  Butyl(phenyl)phosphine oxid&lm

This compound was prepared according to the literature proced@va colourless oily liquid,
78% yield.1H NMR (400 MHz, CDCM)ppm): 7.69t7.59 (m, 2H), 7.567.39 (m, 3H), 7.43
(dt, 1H-P = 463.0 Hd= 3.3 Hz, 1H), 2.021.89 (m, 2H), 1.621.46 (m, 2H), 1.441.31 (m,
2H), 0.85 (tJ= 7.3 Hz, 3H)P NMR (CDCI3)ppm)286.
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7.4 General Procedure B for-R® Coupling/Atherton Todd Reaction
Using Racemic -@rt-butylsulfinyl)phenol and 2 eq. dEthyl
Phenylphosphinate

In a round bottom flaslethyl phenylphosphinatdla (2 eq., 912 mg, 0.809 mL, 5.04 mmol)
and 2(tert-butylsulfinyl)phenol370 (1 eq., 500 mg, 2.52 mmoNlere dissolved in C£{25

mL) , reaction mixture was stirred for aboutl® min at rt, followed by fast addition of
triethylamine(TEA (2 eq., 510 mg, 0.701 mL, 5.04 mmol) under argon at rt. The reaction was
stirred for 3h.

The reaction was quenched withistilled water and was diluted with EtOAc. Organic layer
was separated. Aqueous layer was further extracted with EtOAc (2 times). All organic layers
were washed with brine and dried over anhydrous MgS®e solvent was evaporated under
vacuum and majoridstereomer was recrystallised @Cb/ n-GH2.

RecrystallisatiofProcedure Reaction crude was dissolved in minimum amour@@iCb and
n-GHi> was addedBoth the layers were mixed by shaking and put into the refrigerator for 2
days.White solid, yeld = 78%

Major Diastereomer:

IH NMR (400 MHz, Chlorofordr (apm)8.00 t7.91 (m, 2H), 7.82.80 (dd, 1H), 7.667.60

(m, 1H), 7.56t 7.49 (m, 3H), 7.45 (fd= 8.3, 7.8, 1.7 Hz, 1H), 7.35X% 7.5 Hz, 1H), 4.25

4.13 (m, 2H), 1.25 (8= 7.1 Hz, 3H), 1.13 (s, 9HP NMR (162 MHz, CREI (ppm)15.41.13C
NMR (101 MHz, Chloroforhe ¢ppm)148.64 (dJ= 8.1 Hz), 133.29 (d= 3.2 Hz), 132.47,
13207 t131.95 (m), 131.92, 128.80, 128.65, 127.88, 125.07, 120.0%: @1 Hz), 63.78 (d,

J= 6.2 Hz), 57.96, 22.95, 16.33 J& 6.0 Hz)IR: 459.88, 506.26, 599.24, 666.91, 696.04,
750.06, 916.151039.18,1066.16, 1131.23, 1161.32, 120.95, 1268.10, 1365.28, 1392.33,
1440.23, 1470.36, 1582.89, 2978.5RMS: m/z calculated forgEbsLiQPS 373.120, found
373.121.
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Chiral HPLQvajor Diastereomer: sample preparatioabout 2 mg of sample in 1 ml of 80/20
hexane/iPrOH.

1. Column: IA, solventof 80/20 hexane/iPrOHFlow rate0.5ml/min, t= 12.74/15.14min.
2. Column: ODH, solvenbf 90/10 hexane/iPrOH-low rate0.5 ml/min t= 21.83/25.91Imin.

3. All Four Diastereomerssample preparationproduct was column purified asmixture of
both diastereomers) abou?2 mg of sample in 1 ml of 80/20 hexaiefOH Column: ODH,
solvent: of 90/10 hexanelPrOH Flow rate: 0.5 ml/min t= 21.68/25.71 min (major
diastereomer44.4/444.6%), 19.35/30.38 mirb(4%45.5%%) (minor).
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7.5 General Procedure C forRDCoupling Reaction under Modified
Atherton Todd Reaction conditions using9-Z(tert-
butylsulfinyl)phenol :

To a flame driedaund bottom flask (rbwas added activated molecular sieves (MS) (1200
mg). MS were reactivated by flame (abouinn flame heating under vacuuand after 10

15 min the process was repeated @nmore). Then (9-2-(tert-butylsulfinyl)phenol 370 (1

ed., 158 mg, 0.8 mmolyas addedthe rb was put on vacuum for few min, then it whied
with argon. It was followed by addition of THF (15.9 mL), ethyl phenylphosphitatd eq.,
144 mg, 0.128 mL, 0.8 mmoCC] (10 eq., 1230 mg, 0.772 mL, 8 mmol) and diisopropylethy!
amine (DIPEA (4 eq., 413 mg, 0.529 mL, 3.2 mmol) under argon while giirainrt. The
reaction mixture was stirred for about 24 h.

TheReaction was quenched with distilled water and was diluted with EtOAc. Organic layer
was separated. Aqueous layer was further extracted with EtOAc (2 times). All organic layers
were washed witlbrine and dried over anhydrous Mg&Odhe solvent was evaporated under
vacuum andhe product wasurified as a mixture of both diastereomeas compound400a

by column chromatographycyclohexane/ethyl acetate 1/ih about 80% as light brown oily
liquid . *H NMR (400 MHz, Chloroford» (ppm)8.00 t 7.90 (m, major diastereomer 2H),
7.90 t 7.77 (m, overlapped signals majatinor diastereomers, 1.54H),7.7470(m,0.23H)

7.67 t 7.55 (m, overlapped signals majminor diastereomers 1.04H), 7.597.44 (m, ,
overlapped signals majaninor diastereomers 4.15H), 7.487.39 (m, , overlapped signals
major-minor diastereomers 0.95H), 7.3% 7.30 (m, , overlapped signals majoinor
diastereomers, 1.28H),72B.23(m, , overlapped signal with solvent signél354.24(m,
minor diastereomer, 0.47H) 4.18 (dg= 8.5, 7.1 Hz, 2.05H), 1.371.42 (m, 0.92H),1.27
1.22(t,3.74H) 1.21t 1.8 (s, overlapped signals majminor diastereomers 1.5H), 1.12 (s,
9.12H) 3P NMR (CDCl8Wixture of two diastereomers, dr: 83.3/16.67, based on P NMR)
(ppm) 15.59 (minor diastereomer),15.40 (major diastereometjC NMR (126 MHz,
Chloroformd s \{ppm) 148.63, 148.57, 133.28, 133.25, 132.44, 132.40, 132.11, 132.03,
132.00, 131.96, 131.95,31.88, 128.84, 128.75, 128.71, 128.63, 128.14, 127.83, 127.79,
126.60, 125.03, 124.85, 120.06, 120.04, 63.75, 63.71, 57.91, 22.98, 22.90, 16.3HRZG.
(ESITOF): m/z calculateidr GgH2404PS:367.1129, found: 302.1127.
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7.5.1 2-((S-tert-butylsulfinyl)phegl methyl phenylphosphonatédb

This compound was prepared according to the general proce@agea colourless oily liquid,
total yield 71%, dr: 77/23(based on PNMR). Recrystallisation in ED yielded major
diastereomeras a white soliavith dr: 95/5 (based on P nm®d'P NMR (162 MHz, Chloroform
de \jppm) 16.9 (major diastereomer), 17.14minor diastereomer)H NMR (400 MHz,
Chloroformd ¢ (ppm) 7.95 (ddt,J= 14.0, 6.9, 1.3 Hz, 2H), 7.@tt, J= 7.7, 1.3 Hz, 1H), 7.68
t7.59 (m, 1H), 7.58 7.41 (m, 4.26H), 7.36 (td= 7.5, 1.3 Hz, 1H), 3.80 (; 11.4 Hz, 3H),
1.28 t1.16 (m, minor diastereomer, 0.44H), 1.13 (s, major diastereomer**gH)MR (101
MHz, Chlorofornd « (ppm)148.54, 148.46, 133.39, 133.36, 132.47, 132.08, 131.29.80,
128.64, 127.87, 127.47, 125.53, 125.10, 120.00, 119.97, 57.94, 53.85, 53.79,HR\83.
(ESITOF): m/z calculated f&7H.1NaQPS: 375.079664, found: 375.079037.

7.5.2 2-((S-tert-butylsulfinyl)jmenyl isopropyl phenylphosphonaté0t

This compound was prepared according to the general proce@asea colourless oily liquid,
total yield 64%, dr: 77/2Flash chromatograph¢TLC spots of both the diastereomers are
same, while UV profile is different for bagtltyclohexene/ethyl acetate 70/30 to 50/p50
yielded 28% major diastereomer with dr: 98/2 (based on P n#iH NMR (162 MHz,
Chloroformd e« (@pm)16.9(majordiastereomer), 17.14minor diastereome). *H NMR (400
MHz, Chloroforrd »  (ppm)8.01 t7.90 (m, 2H), 7.80 (di= 7.9, 1.4 Hz, 1H), 7.6/.57 (m,
1H), 7.57t7.46 (m, 3H), 7.44 (td= 8.2, 7.8, 1.8 Hz, 1H), 7.838.29 (m, 1H), 4.81 (dhepiz
7.9,6.2 Hz, 1H), 1.271.18 (m, 6H), 1.11 (s, 9P4C NMR (101 MHz, Chlorofomir @ppm)
133.05, 133.01, 132.29, 132.00, 131.88, 131.78, 128.63, 128.48, 127.75, 124.88, 120.07,
120.04, 72.92, 72.86, 57.84, 23.81, 23.76, 23.72, 2HBBIS (ESIOF): m/z alculated for
CioH604PS 381.129513 found381.128392.
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7.5.2.1((S-tert-butylsulfinyl)phenyl cyclohexyl phenylphosphoriied

This compound was prepared according to the general proceQu&rude dr: @/36. Total
yield 67% Both diastereomers were separated by flash chromatograolgglohexane/ethyl
acetate80/20 to 50/50). di (major,41%) d(di/d2); 97/3 and d(minor, 26%)d./d1); 85/15.

Diastereomer 1 (dmajor diastereomer)dr (dv/d>); 97/3, based on P nmr.

A colourless oily liquidt1% yield3P NMR (162 MHz, Chloroford» (ppm) 14.29 (major
diastereomer),14.39 (minor diastereome). ‘H NMR (400 MHz, Chloroford» (ppm)7.95
(ddt,J=14.0, 6.9, 1.4 Hz, 2H), 7.8%.75 (m, 1H), 7.687.56 (m, 1H), 7.56 7.45 (m, 3H),
7.43 (td,J=7.7, 1.7 Hz, 1H), 7.377.28 (m, 1H), 4.53 (dtfl= 12.7, 8.5, 3.9 Hz, 1H), , 1.74 (s,
2H), 1.68t1.58 (m, 2H), 1.521.41 (m, 3H), 1.32t 1.14 (m,3H), 1.10 (s, 94'°C NMR (101
MHz, Chloroforrd »  (@pm)148.65, 133.03, 133.00, 132.27, 131.95, 131.89, 131.78, 128.61,
128.46, 127.72127.29, 127.22124.88, 120.13, 120.10, 77.52, 77.46, 60.38, 57.83, 33.41,
33.37, 33.35, 33.31, 24.95, 23.37, 22.85,05,14.20.HRMS (ESIOF): m/z calculated for
GooHs00sPS 421.159845found421.159693

Diastereomel2 (d2 minor diastereomey: dr (d2/d1); 85/15, based on P nmr

A colourless oily liquid26% yield3'P NMR (162 MHz, Chloroford» (ppm) 14.38, 14.29.

IH NMR (400 MHz, Chloroford» (@pm)8-7.89 (m, 0.37H)7.87 t7.76 (m, 218H), 7.69 (dt,
J=17.8, 1.4 Hz, 1H), 7.617.37 (m, 5H), 7.3% 7.27 (m, 133H), 7.23 (tJ= 7.5 Hz, 1H), 4.58
(ddtd, J= 44.3, 12.7, 8.4, 3.9 Hz2H), 1.99t 1.25 (m, 12H), 1.17 (d= 1.0 Hz, 9H), 1.08 (d,

= 0.9 Hz1.7H).*3C NMR (101 MHz, Chlorofomr @ppm)148.72, 148.67, 133.13, 133.10,
132.35, 132.05, 131.95, 131.84, 131.52, 131.45, 128.77, 128.68, 122%221127.73,
126.54,124.95,124.74,120.19, 120.19119.71, 119.68, 77.29, 77.23, 60.43, 57.94, 33.75,
33.71, 33.63, 33.59, 25.10, 25.02, 23.59, 23.51, 23.43, 22.99, 22.90,14.26. HRMS (ESI
TOF): m/z calculated f@®oHz004PS 421.159845found421.159693
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7.5.3 tert-butyl (2((S-tert-butylsulfinyl)phenyl) phenylphosphonat@0é

dZ]e }u%olpuv A ¢ % E % E JE JvP SASZ REw E & ®dEdr pE
ZEIU S}PE @dEZ £ v I $Z6UTI & FikHIE}A] Jus 80 9 8}3 o C]
Diastereomer2 (d2)

A colourles®ily liquid,yield = 2%, with dr (d2/d1):89/11:'H NMR (400 MHz, Chloroford)
wWppm)8.00t7.90 (m, 2H), 7.827.78 (m, 1H), 7.6@7.55 (m, 2H), 7.537.42 (m, 4H), 7.37

t7.30 (m, 1H), 1.44 (s, 9H), 1.10 (s, S Y NMR (162 MHz, Chloroford» (ppm)10.6 (d1),

10.95 (d2) with dr (d2/d1): 89/113C NMR (101 MHz, Chlorofomr (@pm)149.13, 147.60,
132.12, 131.90, 131.65, 131.27, 131.17, 127.89, 127.31, 127.08, 126.49, 124.04, 121.09,
57.38, 30.02, 29.98, 29.18, 22.50, 22.31, 13.BRMS (ESIOF): m/z calculated for
GoH7NaQPS: 417.126566, found 417.125988.

Diastereomerl (d1)

3P NMR(crude) (162 MHz, Chloroforad « {ppm) 10.6 (d1) could rot be isolated (most
likely unstable on column chromatography)

7.5.4 Butyl (2((S-tert-butylsulfinyl)phenyl) phenylphosphonat@Of

dZ]e Ju%lpv A e % E % E }E JvP 38} SX &P v ZAE }® UY%ME }
ZE}u 3}P&E QdFZ £ v | §ZCo § 5§ GlE}A] fiisaYeyielcas an
oily liquid and as aixture oftwo diastereomers with dr;84/16 (based on P nmy)crude nmr
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dr: 69/31).*H NMR (400 MHz, Chlorofordr (@pm)7.95 (dddJ=14.0, 8.3, 1.4 Hz, 2ABYS

7.83(m, 0.34H)7.83t7.77 (m, 111H) 7.757.69(m, 0.24H)7.65-7.59(m, 1.03H), 7.58t 7.48

(m, 348H), 7.48t7.40 (m,1.51H), 7.38t 7.31 (m, 126H),4.264.17(m, 0.4H)4.11 M 2H),
1.77-1.67(m,0.42)1.57 m2H), 1.4 t1.37 (m,0.4H), 1.34t1.22 (m,2H), 1.21 (s1.8H), 1.12

(s, 9H), 0.94 (d]= 7.4 Hz, 1H),96:1.90(t, 0.6HY.83 (t,J= 7.4 Hz3H).3!P NMR (162 MHz,
Chloroformd « (@pm)15.45(major diastereomer)]15.63(minor diastereomer)*C NMR (101

MHz, Chlorofornd « (ppm)148.63, 148.55, 133.21, 133.1882.37, 132.11, 131.97, 131.93,
131.86, 128.81, 128.71, 128.66, 128.3@8.24, 127.80, 127.74, 126.31, 124.96, 124.78,
119.99, 119.96, 67.37, 67.31, 57.89, 32.29, 32.23, 22.94, 22.86, 18.74, 18.59, 13.57, 13.48.
HRMS (ESIOF): m/z calculated f@koHs0sPS:395.145246, found 395.144043.

7.5.5 2-((S-tert-butylsulfinyl)6-methoxyplenyl isopropyl phenylphosphonate
4009

dZ]e Ju%lpv A e % E % E JE JvP 8§} 33X &R v ZAE Jo p%\E }
ZE}u S}PE QiBFZ £ v I 3ZCo % SE}ANIFieC o]« 152% yield

as a mixture of diastereomers with dr; 78.7/21.3 (based on P HiiNMR (400 MHz,

Chloroformd e« (ppm)7.89 (dtt,J=14.1, 7.3, 1.4 Hz, 2.73H), 7.61.47 (m, 2H), 7.517.41

(m, 1.93H), 7.37 (ddd= 8.0, 1.5, 0.8 Hz, 1H), 7.34.20 (m, overlapped with solvent signal

1H), 6.99 (dJ=8.1, 1.5 Hz, 1.3H), 4.99 (ddt, 14.6, 12.6, 6.3 Hz, 1.17H), 3.78 (s, 0.81H), 3.61

(s,3H), 1.43 (d=6.2 Hz, 0.87H), 1.34 (dt&; 172, 6.2 Hz, 7.17H), 1.17 (s, 9H), 1.04 (s, 9.52H

). 31P NMR (162 MHz, Chloroford» \ppm) 14.22 (major diastereomer), 13.76 (minor

diastereomer):3C NMR (101 MHz, Chlorofom» wW(ppm) 34.00, 132.30, 132.27, 132.11,

132.01, 131.66, 131.56,28.41, 128.29, 128.25, 128.13, 125.49, 125.29, 118.69, 115.35,

115.08, 72.34, 72.28, 58.18, 56.10, 55.91, 24.16, 24.14, 24.10, 23.09,2RMS. (ESIOF):

m/z calculated folGoH7NaQPS: 433.121587, found 433.120902.
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7.5.6 2-((9-tert-butylsulfinyl)6-methoxyphenyl methyl phenylphosphonatei

This compound was prepared according to the general procedire~lash/Column
chromatography~ C 0}Z A£ v | $ZCo prévisledan biiy kquid imbout 58% yield
as a mixture of diastereomers with dr; 79/21 (based on P nmr).

H NMR (400 MHz, Chlorofordr (@pm)7.967.79 (m, 2.63H), 7.57 (dddr 9.0, 4.9, 1.7 Hz,
1.32H), 7.48 (dddt)= 7.1, 5.9, 2.7, 1.3 Hz, 2.73H), 7.40.26 (m, 1.67H), 7.2%7.21 (m,

0.34), 6.98 (dgJ= 8.4, 1.9, 1.4 Hz, 1.31H), 4.10 (84d,7.2, 1.5 Hz, 0.72H), 3.94 (dd, 11.6,

1.5 Hz, 3H), 3.76 (dF 1.2 Hz, 0.81H), 3.57 5 1.9 Hz, 3H), 1.19 (@ 1.2 Hz, 9H), 1.04 (d,

J= 1.5 Hz, 2.45H}'P NMR (162 MHz, Chloroford» (popm)17.01 (major diastereomer),
16.29 (minor diastereomer):3C NMR (101 MHz, Chlorofom» \ppm) 150.45, 138.37,
134.02, 133.98, 132.82, 132.53, 132.50, 132.02, 131.92, 1313%1.51, 129.66, 128.47,
128.35, 128.31, 128.20, 127.68, 125.60, 125.40, 125.39, 118.75, 118.70, 115.38, 115.37,
115.12,60.47, 58.19, 57.96, 56.17, 55.88, 53.56, 53.50, 23.10, 22.91, 21.13HRVED(ESI

TOF): m/z calculated f&sH.3NaGPS 405.090669found405.089602

7.5.7 Adamantanrl-yl (2((S-tert-butylsulfinyl)phenyl) phenylphosphonat@Ot

This compound was prepared according to the general procedbreFlash/Colum
chromatography~ C o0}Z A v | $ZC o provddes] alddite8 % total yield.

Diastereomer 1 (9

A colourless oily liquidjgld =35%3P NMR (162 MHz, Chloroford» (@pm)10.37H NMR
(400 MHz, Chloroforrd « (@pm)7.99 t7.91 (m, 2H), 7.79 (ddd= 7.8, 1.8, 1.0 Hz, 1H), 7.57
(dd,J= 8.1, 1.2 Hz, 2H), 7.527.42 (m, 3H), 7.367.29 (m, 1H), 2.132.07 (m,3H), 1.98 (d,
J=3.6 Hz, 6H), 1.56 (= 3.2 Hz, 6H), 1.09 (s, PHC NMR (101 MHz, Chlorofomdr (gpm)
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132.13, 132.10, 131.61, 131.47, 131.40, 131.34, 131.24, 127.93, 127.77, 127.06, 124.12,
119.77, 119.74, 83.99, 83.91, 57.22, 43.32, 43.28, 43.13, 35.15, 35.08, 35.04, 30.62, 22.35
HRMS (ESIOF): m/z calculated f@eHs404PS473.192883found473.190994

Diastereomer 2 (g

A colourless oily liquid,igld =33% 3P NMR (162 MHz, Chloroforde (@pm)10.72'H NMR

(400 MHz, Chloroforrd « (@pm)7.88 t7.78 (m, 2H), 7.70 (ddd= 7.8, 1.7, 1.2 Hz, 1H), 7.57

(dt, J= 8.3, 1.2 HZLH), 7.54t 7.47 (m, 1H), 7.45 7.33 (m, 3H), 7.26 7.20 (m, 1H), 2.21

2.13 (M,9H), 1.63 (tJ= 3.0 Hz, 6H), 1.20 (s, 9HC NMR (101 MHz, Chloroford» @pm)
148.87, 132.79, 132.76, 132.25, 131.96, 131.86, 131.76, 128.66, 128.50, 127.71, 124.62,
120.06, 120.03, 85.01, 84.93, 57.94, 44.25, 44.21, 35.79, 31.37, BARMS (ESIOF): m/z
calculated forGeH:404PS473.192883 found473.190994

7.5.8 2-((9-tert-butylsulfinyl)phenyl methyl(phenyl)phosphinafédy

This compound was prepared according to the general procediireFlash/Column
chromatographyMeOH/CHC} 98/2 to 5/95) provided about 57% yield with crude dr: 55/45

Diastereomer 2 (g):

A colourless oily liquid26%.'H NMR (400 MHz, Chloroforde (ppm)8.03 t 7.94 (m, 2H),
7.83 (dddJ=7.8, 1.8, 0.9 Hz, 1H), 7.67.61 (m, 1H), 7.6Q7.53 (m, 3H), 7.47 (dddz= 8.3,
7.3, 1.8 Hz, 1H), 7.447.35 (m, 1H), 1.80 (d= 13.9 Hz, 3HL.16 (s, 9H}F'P NMR (162 MHz,
Chloroformd e« (pm)43.14.1°3C NMR (101 MHz, Chlorofomr (@pm)148.97, 133.24nd
132.87(overlapped signals)31.96, 131.6aAnd131.22(overlapped signals)130.30, 128.96,
128.12, 125.27, 120.59, 58.40, 23.03, 15.83, 14HRMS (ESIOF): m/z calculated for
Ci7H2105PS: 337.102096 found 337.102179.

Diastereomell (d):

186



A colourless oily liquidd1%.'"H NMR (400 MHz, Chloroforde (ppm)7.88 t 7.79 (m, 2H),
7.71t7.65 (m, 1H), 7.527.47 (m, 2H), 7.4717.40 (m, 2H), 7.297.23 (m, 1H), 7.19 (td=
7.5, 1.2 Hz, 1H), 1.92 (@= 14.7 Hz, 3H), 1.25 (s, 9FP NMR (162 MHz, Chloroford» w
(ppm) 4348. 13C NMR (101 MHz, Chlorofomy w(ppm) 149.33, 133.26, 132.54, 131.60,
130.84, 129.15128.86,127.81, 124.66, 119.80, 58.29, 23.15, 17.22, 164RMS (ESIOF):
m/z calculated for GHx103PS: 337.102096 found 337.102179.

7.5.9 2-((S9-tert-butylsulfinyl)phenyl butyl(phenyl)phosphinat@Ok

This compound was prepared according to the general procedbreFlash/Column
chromatography(MeOH/CHCE 98/2 to 5/95)providedthe product in 75% vyield.

Diastereomer 1 (g

A colourless oily liquid4%yield .*H NMR (400 MHz, Chloroford (ppm)7.84 t7.75 (m,
2H), 7.67 (ddd)=7.7, 1.9, 0.9 Hz, 1H), 7.52.45 (m, 2H), 7.4%7.37 (m, 2H), 7.23 (dddF=
8.2,7.3,1.9Hz, 1H), 7.16 (& 7.6, 1.2 Hz, 1H), 2.29.98 (m, 2H), 1.781.51 (m, 2H), 1.46

t 1.35 (m, 2H), 1.24 (s, 9H), 0.89J% 7.3 Hz, 3H). 3P NMR (162 MHz, Chloroford» w
(ppm) 36.35(d2), 47.50(d1), dr (d2/d1): 95/5C NMR (101 MHz, Chlorofom» {ppm)
149.55,133.09, 132.53, 131.9430.75,129.17,128.93, 127.98, 124.46, 119.83, 58.17, 30.59,
29.59, 23.94, 23.79, 23.77, 23.76, 23.10, 13.HRMS (ESIOF): m/z calculated for
CoH2s03PS 379.148832, found 379.149129

Diastereomer2 (dy):

A colourless oily liquidt1% yieldH NMR (40 MHz, Chlorofornd « {(ppm)7.99 t 7.91 (m,

2H), 7.82 (ddd)=7.7, 1.7, 0.8 Hz, 1H), 7.68.60 (m, 1H), 7.527.52 (m, 3H), 7.44 (ddd=
8.2,7.3,1.8Hz, 1H), 7.35 (8 7.5, 1.2 Hz, 1H), 2.118.95 (m, 2H), 1.491.35 (m, 2H), 1.34

t 1.24 (m, 2H), 1.18 (s, 9H), 0.80)t 7.3 Hz, 3H). 3P NMR (162 MHz, Chloroford» w
(ppm) 46.31.13C NMR (101 MHz, Chlorofom» ¢ppm) 149.54, 133.46, 133.11, 131.95,
131.16129.86, 129.29, 128.39, 125.29, 120.61, 58.65, 29.82, 28.90, 24.41, 24.37, 24.23,
24.06, 23.40, 13.93HRMS (ELIOF): m/z calculated foExoH2s0sPS 379.148832, found
379.149129
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7.5.1@-((S-tert-butylsulfinyl)phenyl ethyl naphthalenyl phosphona@él4

dZ]e Ju%lpuv A e % E % E JE JvP 8§} §X &R vwZE }® UHWE }

ZE}u 3}P&E %dFZ £ v | §ZCo § § HIEDNA] AiMTMyEeld, aan
oily liquid and as aixture of diastereomers with dr; 81/18 (based on P nni).NMR (400
MHz, Chloroforrd » (ppm)8.70 (dd,J= 8.6, 1.1 Hz, 1H), 8.36 (dde; 17.3, 7.1, 1.4 Hz, 1H),
8.15 t8.08 (m, 1H), 7.94 (df= 8.0, 1.9 Hz, 1H), 7.82 (ddi; 7.8, 1.8, 1.0 HzH), 7.67 (dd,
J=8.5, 1.5 Hz, 2H), 7.58 (dtf; 7.8, 1.4 Hz, 4H), 7.44 (t 1.8 Hz, 1H), 7.34 (td= 7.5, 0.9
Hz, 1H), 4.27 (d}= 7.0 Hz, 2H), 4.11 (s 7.2 Hz, 1H), 1.28 @= 7.1 Hz, 3H), 1.16 (s, 2H),
1.01 (s, 9H)3P NMR (162 MHz, Chloroford» Wppm) 16.34(major diastereomer),
15.93(minor diastereomer):3C NMR (101 MHz, Chlorofomir \{ppm) 148.56, 134.66,
134.26, 133.33, 132.24, 132.12, 131.6428.70, 127.60, 126.87 126.55, 124.68,
120.17,63.67, 63.61, 57.63, 22.70, 22.54, 16.15, 1648S (ESIOF): m/z calculatefbr
GoH2sNaQPS 439.110427found439.110338

1.1.1 2-((S-tert-butylsulfinyl)phenyl ethyl cyclohexylphosphonadém

dZ]e Ju%lpv A e % E % E JE JvP 3§} 33X &R v ZAE }® U%oWE }
ZE}u S}PE % ZC %o 8B%Ajeldas ajpidure of diastereomers with dr; 77.5/22.5

(based on P nm3'P NMR (162 MHz, Chloroforde» ppm) 30.76(major diastereomer),

30.50(minor diastereomerfH NMR (400 MHz, Chloroford® (ppm)7.79 (ddJ= 7.9, 2.1

Hz, major diastereomers, 1H), 7.773.50 (m, major diastereomers, 1H), 7.43 (ddid 8.3,

6.3, 3.1, 1.3 Hz, major diastereomers, 1H), 7.86.29 (m, major diastereomers, 1H),

overlapped signals in aliphatic region majoimor diastereomers; 4.323.94 (m, 2.23H), 2.17

t1.64 (m, 7.2H), 1.611.38 (m, 2.33H), 1.33 (td= 7.1, 1.3 Hz, 1.23H).3D t1.22 (m, 2.97H),

1.22 t1.18 (s, 9.55H), 1.16 (td= 7.0, 1.3 Hz, 2.85HFC NMR (101 MHz, Chloroforai) (As
UJESUE }( ] *S(EEM}1A9EA, M8.98, 132.69, 132.59, 132.17, 132.11, 127.95,
127.91, 125.04, 124.70, 120.84, 120.81, 119.60, 63.69, 63.61, 62.55, 58.08, 57.95, 37.38,
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35.96, 26.33, 26.30, 26.16, 26.13, 26.06, 26.04, 26.01, 26.00, 25.89, 23.17, 16.63RM57.
(ESITOF): m/zalculated forGgHzoO4PS 373.161283, found 373.159693.

7.5.11(9-2-(tert-butylsulfinyl)phenyl ethyl mesitylphosphonat@Od

dZ]e Ju%}pv A o % E % E JE JvP 3} XZ}APA @Uo 3 G S uE
]*}Jo 8 3Z 38130 % E} u & C lopuv ZE}u SPPEA%ZCS(]Jyo X dZ
0}vP A]3Z 37 % EXiJoR3u §3@ 6Z E 3]}vU %iBIX}AHu~-& iTE o0
] S & }u & Iu]Jv}E ] 8 & }u W 06ilidX

3P NMR (162 MHz, Chloroforde \ppm) 16.95 (minor), 151 (major).,23.96 (starting
material41i).

7.5.12-((9-tert-butylsulfinyl)phenyl ethyl methylphosphona@04

dZ]e Ju%lpv A e % E % E JE JvP 3§} 38X &R wZFE o H%ME }
ZE}u S}IPE %ZC % E}A] anpuas abmix@ureCqdf diastereomers with dr;
69.4/30.6 (based on PNMR), 3P NMR (162 MHz, Chloroford» \ppm) 27.33 (major
diastereomer), 27.68(minor diastereometd NMR (400 MHz, Chloroford) (overlapped
signals majoru]v}E& ] ¢S E XpprEs.83w7.77 (m, 1.44H), 7.557.40 (m, 2.95H),
7.34 (dd,J= 1.6, 0.8 Hz, 1.49H), 4.38.96 (m, 2.28H), 1.64 @= 17.6 Hz, 4.32H), 1.36 (s,
1.32H), 1.24t1.14 (m, 15.96H}3C NMR (101 MHz, Chlorofof) (overlapped signals major
minor diastereomers \jppm) 148.41, 148.33, 132.56, 132.43, 131.87, 127.91, 127.87,
125.13, 125.05, 120.15, 120.12, 120.04, 120.01, 63.27, 63.21, 62.53, 57.97, 57.88, 22.88,
16.40, 16.31, 16.25, 12.69, 12.23, 11.23, 10.BRMS (ESIOF): m/z calculated for
CisH1NaQPS 327.080051 found327.079037
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7.5.132-((9-tert-butylsulfinyl)4-methoxyphenyl ethyl phenylphosphonat@0p

This compound was prepared according to the general procedire-lash/Column
chromatography(cyclohexane/ethyl acetate 80/20 to 50/5@)jovided about64% yieldas a
colourless oily liquid ands a mixture of distereomers with dr; 77/23 (based on P nmr)

'H NMR (400 MHz, Chloroford» (ppm)7.98 t7.87 (m, 2H),7.87.79 (m, 0.6H) 7.60 (dd,

= 7.2, 1.8 Hz, 1H), 7.5(77.36 (m, 4.43#),7.29 (ddJ= 2.5, 1.4 Hz, 1H),7.2fn, 0.3H) 6.95
(ddd,J= 8.9, 3.1, 1.5 HAH),6.916.83 (m, 0.30H) 4.334.22 (m, 0.6H),4.22 4.10 (m, 2H),
3.83 (d,J=1.7 Hz, 3H), 3.77 (@= 1.7 Hz, 0.9H), 1.39 (td= 7.1, 1.5 Hz, 0.9H), 1.23 (it
7.1,1.4 Hz, 3H), 1.20 (; 1.6 Hz, 3H) 1.13 (@ 1.4 Hz, 9H}'P NMR (16&1Hz, Chloroform

de ¥ppm) 15.61 (major diastereomer), 15.88inor diastereomer)3C NMR (126 MHz,
Chloroformd e« \fppm) 156.77, 156.58, 141.99, 141.93, 133.18, 133.13, 133.11, 132.90,
132.84, 132.10, 132.02, 131.92, 131.84, 128.75, 128.66, 128.63,41228.24, 126.69,
121.28, 121.25, 118.74, 118.70, 111.14, 111.08, 63.67, 63.62, 58.19, 58.12, 55.94, 55.87,
23.02,22.94, 16.30, 16.29RMS (ESIOF): m/z calculated f@ioHsOsPS397.122137found
397.123308.

7.5.144-bromo-2-((9-tert-butylsulfinyl)phenyl tayl phenylphosphonate00q

This compound was prepared according to the general proce@ufecolourless oily liquid,
68%yield. dr: 56/44.*"H NMR (400 MHz, Chloroford» (ppm)7.96 t 7.75 (m,5H), 7.66t
7.37 (m,9H), 4.28 (dqdJ= 79, 7.0, 1.0 Hz, 2H), 4.234.13 (m,1.52H), 1.42t1.36 (m, 2H),
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1.26 (t,J= 7.1 Hz, 3H), 1.20 8,83H), 1.11 (s, 9H).3'P NMR (162 MHz, Chloroford» w
(ppm) 16.04(minor diastereomer), 15.80 (major diastereometjC NMR (101 MHz,
Chloroformd e« \jppm) 147.70, 147.62, 135.41, 135.37, 134.33, 1342%3.88, 133.80,
133.63, 133.60, 133.54, 133.51, 132.18, 132.07, 132.02, 131.92, 130.55, 130.49, 129.02,
128.92, 28.87, 128.76,128.64, 128.49,127.98,127.15, 126.05125.27,121.84, 121.81,
121.47,121.45, 118.41, 118.27, 64.02, 63.96, 63.49, 682433, 62.1858.58, 58.50, 23.02,
22.94, 16.52, 16.46, 16.40, 16.3ARMS (ESIOF): m/z calculated fo€isH-BrNaQPS
467.006518found 467.005200

1.1.2 2-((9-tert-butylsulfiny}6-methoxyphenyl ethyl phenylphosphonat@0d

This compound was prepared according to the general procedire-lash/Column
chromatography(cyclohexane/ethyl acetate 50/5@yovided about78% yieldas acolourless
oily liquid and as anixture of diastereomers with dr;317 (based on P nmr)

'H NMR (400 MHz, Chloroford» (@pm)7.94 t7.84 (m, 247H), 7.57 (dddd)= 9.2, 4.0, 2.7,

1.5 Hz, 125H), 7.52t7.44 (m2.53H), 7.37 (dddJ= 8.0, 1.6, 0.8 Hz, 1H)35(m, 0.25H)7.30

7.23 (m, overlapped signal with solvent signal, 1.85#35 (dqJ= 7.8, 7.0 Hz,.25H), 3.77
(s,0.6H), 3.59 (s, 3H), 1.38 (dtds 14.2, 7.1, 0.6 H3,41H), 1.19 (s, 9H), 1.05 (9H).3P

NMR (162 MH, Chloroforrde wppm) 15.2 (major diastereomer), 14.81(minor
diastereomer) 13C NMR (101 MHz, Chlorofomr (ppm)150.58, 138.40, 134.05, 134.01,
132.44, 132.41, 132.06, 131.96, 131.65, 131.55, 130.31, 128.34, 128.30, 128.18, 125.56,
125.37,125.36,18.72, 115.39, 115.38, 63.28, 63.21, 58.20, 56.16, 55.92, 23.13, 22.97, 16.54,
16.47.HRMS (ESIOF): m/z calculated f@:oH6OsPS:397.125124found 397.123308.
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7.5.15Adamantanl-yl (2((9-p-tolylsulfinyl)phenyl) phenylphosphonate

This compound was prepared according to the general procedire-lash/Column
chromatography provided abou3% yield with crude dr: 55/45

Diastereomer 1 (g: 25%

IH NMR (4001Hz, Chloroforred » (pm)7.98 t7.90 (m, 1H), 7.70 (ddi= 14.1, 6.9, 1.4 Hz,
1.94H), 7.61t 7.51 (m, 1.46H), 7.48 (di= 8.1, 1.3 Hz, 1.13H), 7.4%.27 (m, 6.39H), 7.10 (d,
J=8.0 Hz, 1.97H), 2.32 (s, 3H), 2.18%t2.7 Hz, 3H), 2.09 (@ 29 Hz, 6H), 1.641.58 (m,
6H) 3P NMR (162 MHz, Chlorofordr (@pm)11.05(d2), 10.72(d1). d1/d2= 91MRMS (ESI
TOF): m/z calculated forpdEizoO4PS: 507.175432 found 507.175344.

Diastereomer 1 (g: 38%

IH NMR (400 MHz, Chloroford® w6 &7a81(m, 1.18H), 7.827.74 (m, 1.92H), 7.53 (dd,
= 8.2, 1.7 Hz, 4.12H), 7.49.37 (m, 2.54H), 7.34 (d= 1.8 Hz, 1.7H), 7.28 (dik 7.6, 1.3 Hz,
0.86H), 7.22 (dJ= 8.1 Hz, 1.95H), 2.36 (s, 3H), 2.19€4.6 Hz, 3H), 2.08 (@ 3.0 Hz, 6H),
1.60 (t, J= 3.0 Hz, 6HFP NMR (162 MHz, Chloroford» ppm) 11.05(d2), 10.72(d1).
d2/d1= 95/5.
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7.6 Post Functionalisation: Access tet€reogenic compounds

7.6.1 Synthesis of PAMPD, precursor for the DiIiPAMP ligand

To a cooled solution of-g9-tert-butylsulfinyl)phenyl R)-methyl(phenyl)phosphinat&00r
(P-configuration was determined by comparingay structure of the other enantiomer) (1
ed., 90 mg, 0.268 mmol) in THF (4.9 mL) was added magnesiumbroret{@xyphenyl) (1
ed., 1 M, 0.268 mL, 0.268 mmol) at 0 °C, under an inert atmosphere. After favtesiithe
reaction was brought to 40C and stirred at this temp for about b6

The reaction mixture was quenched with distilled water at rt. Agueous phase was extracted
with CHG (2 times). All organic layers were washed with brine, dried over Mg8@®
concentrated in vacuum. Crude NMR showed presence of the two desired products only.
Column chromatography(cyclohexane/ethyl acetate 90/10 to 50/5@rovided desired
products;

1. PAMPO0, ((9-2-methoxyphenyl)(methyl)(phenyl)phosphine oxidecéhfigurdion was
determined by comparing specific optical rotation vakign with that of the literature one.
White solid, jeld = 84%Analytical datanatcheswith the literature data 23126611 NMR (400
MHz, Chloroforrd ¢ (ppm)7.97 (dddJ= 13.2, 7.6, 1.81z, 1H), 7.74 (ddi= 12.3, 6.9, 1.5
Hz, 2H), 7.5& 7.37 (m, 4H), 7.16 7.06 (m, 1H), 6.89 (dd= 8.3, 5.3 Hz, 1H), 3.73 (s, 3H),
2.10 (d,J= 13.9 Hz, 3H}!P NMR (CDCI3)(ppm)29.21. € %% = 19.74 (C = 0.5, CHLler >
98/2. Chiral HPLColumn ID, solvent: 80/20 hexan#?rOH, Flow rate: 0.5 ml/min t= 49.64
min (minorenantiomer) / 60.47 min (major enantiomer).

2. (9-2-(tert-butylsulfinyl)phenol; 94% yieldH NMR (400 MHz, Chloroford» (ppm)10.95

(s, 1H), 7.36 (dddl=8.4, 7.2, 1.7 Hz, 1H), 6.96 (dd; 7.8, 1.7 Hz, 1H), 6.93%.83 (m, 2H),
1.31 (s, 9H)er> 99/1.Chiral HPLC Colun@, solvent: 80/20 hexane/iPrOH, Flow rate: 0.5
ml/min t= 21.02 min(Renantiomer) / 25.48 mingenantiomer) min.
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7.6.2 PostFunctionalisation of Adaman$glLibstrate

To a cooled solution of adamantdnyl 2-[(R-tert-butylsulfinyl]phenyl phenylphosphonate
400i(1 eq., 105 mg, 0.222 mmol) in THF (4.2 ma} added MeMgBr (2 eq., 1 M, 0.444 mL,
0.444 mmol) at 0 °C, under an inert atmosphere. After few minutes, the reaction was brought
to 40°C and stirred at this temp for about b6 The reaction mixture was quenched with
distilled water at rt. Aqueous @se was extracted with CHE2 times). All organic layers
were washed with brine, dried over Mg&&hd concentrated in vacuum. Crude NMR showed
presence of the two desired products only. Column chromatografayglohexane/ethyl
acetate 90/10 to 50/50provided desired products;

(3rradamantanl-yl methyl(phenyl)phosphinatd16: A colourless oily liquidg4% yieldH
NMR (400 MHz, Chloroforahe ¢ppm)7.81 (ddt,J=12.0, 6.8, 1.6 Hz, 2H), 7.55.48 (m,
1H), 7.45 (ddd)= 8.3, 6.3, 3.2 Hz, 2H), 2.094p,3.2 Hz, 3H), 2.061.94 (m, 6H), 1.661.54
(m, 9H)3P NMR (CDCI3)(ppm)36.81.13C NMR (101 MHz, Chlorofomr @ppm)131.69,
131.67,131.12, 131.0228.52, 128.40, 82.40, 44.64, 44.60, 35.88, 31.23, 19.50, 18 #96.
=+17.78 (C = 0.835, CkGr: 90/10. Chiral HPLC Colunh@, solvent: 80/20 hexanigrOH,
Flow rate: 0.5ml/min t= 218 min (minor) / 23.9 (major)min. HRMS; Calculate2b1.1498for
G7H240-Pand found 291.1508

(9-2-(tert-butylsulfinyl)phenol370, 93% vyield!H NMR (400 MHz, Chloroford® ¢ppm)
10.95 (s, 1H), 7.36 (ddd= 8.4, 7.2, 1.7 Hz, 1H), 6.96 (d4,7.8, 1.7 Hz, 1H), 6.93%.83 (m,
2H),1.31 (s, 9H)er> 99/1.Chiral HPLC Colunh@, solvent: 80/20 hexane/iPrOH, Flow rate:
0.5ml/min t= 21.02 minRenantiomer) / 25.48 min§enantiomer) min.
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Aabid MOHD

Squelettes chiraux originaux
SRUWHXUYV GT1XQ

P-stéréogénique

Résumeé

Les composés organiques présentant une chiralité portée par un atome de phosphore
sont appelés composés P-chiraux, P-chirogéniques ou P-stéréogéniques. Ces
FRPSRVpVY WURXYHQW GHV QRPEUHXVHV DSSOLFDW
SKDUPDFHXWLTXH HQ WDQW TX{RXWLOV GH FRR
organométallique asymétrique en tant que ligands privilégiés (Prix Nobel pour W. S.
Knowles en 2001). Cependant, la synthese de composés P-chiraux reste un défi
majeur et les méthodes actuellement utilisées sont souvent difficiles a mettre en
°XYUH HWetdpesSOAM lcours de cette thése nous nous sommes intéressés au
GpYHORSSHPHQW GTXQH PpWKRGRORJLH HIILFDFH H
P-stéréogeniques. 1RWUH DSSURFKH HVW EDVpH VXTod® Bt
LPSOLTXH OH GpGRXEOHPHQW FLQPWLTXH G\QDPLT
portant un auxiliaire de chiralité, ie. le sulfoxyde, et un H-phosphinate racémique. De
plus, la post-functionalisation des composés diastéréomériques P-chiraux ainsi
REWHQXV HVW SRVVLEOH GDQV GHV FRQGLWLRQV
large panel de composés P-stéréogeniques. Ainsi, cette nouvelle méthodologie
permet de synthétiser, via un couplage O-P diastéréosélectif, des précurseurs
orignaux de composés P-chiraux variés.

LRQV C
UGLQD\

W LQpG
UpDFWI
XH ORU

GRXFHV

Résumeé en anglais

Organic compounds having chirality on phosphorous atom, are called P-stereogenic,
P-chirogenic or P-chiral compounds. These compounds are widely used in
agrochemistry, pharmacy, coordination chemistry and in organometallic asymmetric
catalysis, as one of the most important classes of chiral ligands (Nobel Prize 2001; W.
S. Knowles). However, access to these P-stereogenic compounds, is challenging due
to the complex, tedious and multi-steps synthetic methodologies. Herein, we report a
highly efficient novel methodology to access P-stereogenic compounds, which often
involves dynamic kinetic resolution (DKR) under modified Atherton-Todd reaction
conditions, using a racemic H-phosphinate and an enantiopure phenol bearing a chiral
sulfoxide moiety. Furthermore, the newly obtained O-P coupling product can
potentially be post-functionalised under mild conditions to obtain various original P-
stereogenic scaffolds. Thus, these O-P coupling products can be considered as highly
potential precursors to access a variety of original P-stereogenic molecules.

Keywords : P-stereogenic / P-chirogenic / P-chiral compounds, O-P coupling




