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i The uni ver se orithe whble sfshg bodi@shich compoke;the folar system were placed
before a glass moving with their individual movements, the image in the glass could not be superimposed on
realityé Life is dominated by di ssymmetricaly, acti

in their structur e, in their external f or ms, f unc

Louis Pasteur



1. INTRODUCTION

These visionary words of Pasteur, written in the nineteenth century, have profoundly influenced the
development of stereochemistsinceit has beome increasingly clear that many fundamental phenomena
and laws oNature result from dissymmetry bases.

In chemistry exactly as in our daily lifethe most generaterm employedto describe dissymmetry is
chirality, from Greel l_|J meaning hand.

Chirality is a fundamental property of many

Mirror threedimensional objects. An object is

chiral if it cannot be superimposeih its
nA4 Ny 11/, mirror image. In such a case, there are two
/ possible forms of the same object, which

are calledenantiomers againfrom Greek

Left hand Right hand Cannot be superimposed
“3 U 8 gneaning flopposit® and€ } 6 d
Mirror . N ~
me a n Iparty n
Stereochemistry, again from Greek
— GU0U0Ug U meani nig thaifieildpi d o
chemistry which deals with properties
Flask Flask Can be superimposed

shape of the molecules relationships.

Figure 1.1: chiraland achiral objects

The development of stereochemistry can be traced as far back as tteentmecentury; in 1801,
mineralogist Hally noticed thabme apparently identicgluartz crystals exhibited fewfacetsarranged in
such a way as not to allowakuyperimpostion of the crystals whickhowedthetypical relationship between
on object and its mirror imagélemihedism and hemiedric are terms equivalent to chirality and chiral
specifically used for crystals.

In 1809 physicist Malus observed that quartz crystals could iHdyitepolarizationand n 1812 physicist
Biot found that a quartz plate, cut at right angléth respect to particularcrystalaxis rotated the plane of
thepolarized lightof an angleproportional to the thickness of the plate; right and left forms of quartz crystals
rotated the plane of the polarized lightdppositedirections Biot, in 1815 extended these observations to
pure organic liquids and solutions; demonstratedhat thee were some differences between the rotation
caused by quartz crystals and that caused by the solutions of organic compouwvaisshed/ing. For
example, he noted that optical rotation caused by quartz was due to the whole crystal, whereas optical
rotation caused byhe solutiors of organic compoursivas due to individual molecules.

In 1822 the astronomer Herschel observed that there was a correlation between rissméuedi optical
rotation. He found that all quartz crystals having the odd faces indlinede direction rotated the plane of

polarized light in one direction, while the enantiomanpé crystals rotate the polarized ligiptane in
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opposite direction.

In 1846 Pasteur observed tladit the crystals of dextrorotatory tartaric acid had hemihedral faces with the
same orientation and thus assumed that the hemihedral structive ofystals ottartaric acid salt was
related to its optical rotatory power. In 1848 Pastaanuallyseparatd enantiomorphus crystals; he found
that a solution of enantiomorphous crystals could rotate the plane of polarized light: one solution rotated the
polarization plan¢o right, while the other one rotated the polarized Iganeto left. The manual sepation
of theantipodes was possible since racestdium ammonium tamdtecrystallizes from water below 28 °C

as a conglomerate.

Pasteur thus made the important deduction that the rotatidheof
polarized lightplanecaused by different tartaric acidlscrystalswas the
property of chiral molecules. The)f and ¢ )-tartaric acids were thought
to be related as an object to its mirror imagé-ID. These tartaric acid

salts were dissymmetric and enantiomorphous at the molecular level.

Dextro

Dissymmetry provided the powé&r the moleculeso rotate theplane of

COOH COOH

H——OH HO—H thepolarized light.

HO——H H——OH o . :
COQH COOH The work of these scientists in the nineteenth century ledagic

HO._COOH  HO, COOH understanding of chiralityin chemistry It became clear that the

Y

. L enantiomers of a chiral moleeulvere able torotate the plane ofhe
HO"™“COOH  HO” ~COOH

polarized light to a degree that is equal in magnitude, but opposite in

direction; this fact was demonstratédr thefirst time, by Emil Fischer

through awaldenintercorversion of theenantiomer®f the 2-isobutylmalonic acid mono amide.

Within this historicalframe the actual birth of stereochemistry can be datelB74 whenv a n 6 t Hof f
Le Bel independerty published two fundamental papeisoth scientists suggested a thobdmensional
dispostion of atoms basng their consideration®n two central assumptienthat the four bods of a
saturateccarbon atom were orientedong tetrahedron verticeandthatthere was a correlation between the
spatial arrangement of the four bondsl &he properties dhe molecules.

Varbt Hof f | popoded that thdtetrahedral modeltfurcarbonatomwas the caustor molecular
dissymmetry and optical rotation. By arguing that optical activity in a substance was an indication of

molecular chirality, they laid the fmdationof organic stereochemisti‘ly

1.1 Conditions forchirality

Chirality of a molecule or, more in general of an object, is dependent upon the symmetrynofebele
or of the object.

Condition for chirality is the following: the molecule (the object) must display neither symmetry
planes(s), nor the inversion center(i), nor roto-reflection axes §,).

Axes (C,) are, instead, compatible with chirality.



Molecules devoid of any symmetry element are obviously chiraheeroperly callecasymmetric.
Moleculesdisplaying one or moreC, as the only symmetry elemé¢s)t are chiral and are defined as
dissymmetric.

It is alsoevident that chirality is a property of the whole molecule, not of a molecular poftibn

Stereogenic elements

In order to facilitate the description of how the atahstereoisomerare distributed ir2-D or 3-D space
chemistshave selected some molecudemental structureghich are responsible, when present, for the
production of stereoisomers: they are named stereogenneets.

Stereogenic elementare structuresconstituted either by a single atom or by a group of atoms,
characterized bywo or moredirecional ligands such asthe permutationof two ligands produces
stereoisomer of the original molecule.

Sufficient, but not necessary, condition for the productibsterecisomers is the presence in the molecule
of at least one stereogenic element.

In fact, some organic molecules are chiral even though devoid of rigid classical stereogenic elements, like
topol ogi cal stereoi someresisomeasnd t he so called fAres

Topological stereoisomers, likireefoil k not s and Moebius strips are c
bonds, while residual stereoisomers, like some thtaged propellers, undergo low energy stereomerization
mechanisms which do not allognantiomerization, which is a process requiring a much higher activation

energy.

R R

il 0
A

-

R R' w

Figure 1.2

As for 2D stereogenic elementspuble bond (C=C, C=N, N=N)carryingdifferent substituents on each
atomare stereogenic. Taking into account that double bonds are planar, this kind of stereogenic element does
not originate chirality in the molecule which it belongsTibe stereogenicity descripton§ double bondsire

E and Z, osequtrars andsequcigespectively
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A B A-Bligand permutation A A

B A diastereomerization B B
E Z
R H R . R . Ar .
— — L . P
N N N—”—/N
R ~ ~ - .
H H OH H NH-Ar . Ar
alkenes oximes hydrazones azoarenes
Figure 1.3

The most popular tridimersial stereogenic elements, then capable of generating chirality, are:

1- The stereogenic center, or stereocenter
2- The stereogenic axis
3 The sterogenic plane

4- The helix

1.1.1Stere@enters
There are different kind of stereocenters: the most popular ones are the tetrahedral and the octahedral ones.

Both of them are tridimensional and, by consequence able to produce chirality in the model.

Tetrahedral stereocenter
The tetrahedral stereocenter is a tetrahedral atom carrying four different ligands (a lone Ipaivas@nas

one of the ligands).

A A
B-D permutation
\/D o DWW/
B enantiomerization B
C C
Figure 14

If only ONE tetrahedral stereocentepigsent in the moleculéhe molecule ighiral andasymmetridC,).
In this case, By ligand permutation corresponds to an enantiomerization process

The stereogenicity descriptaaseR andS.
The most common stereogenic atom is C, but 8isiN, P, As,S are known to be stereogenic in several

popular functions, like asymmetric phosphanes and arsines, sulfoxydes, quaternary ammonium or

phosphonium salts, etc..
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In the case of amines and tasylphosphanegot in arytdialkyl and diarylalkylphosphaneghe lone pair
inversion barrier is too low to allow the isolation of enantiopure enantiogiiece the racemization of a

single enantiomer is fast at room temperature

= 5 9 9 9

.C .N P S .S
bYi> a%a>c a%a>c avidc a“i\o
C b b b b

Figure 1.5

A situationanalogous to that shown by the atoms cited almyeovided by metajdike Mn, Cu, Bi,Zn
etc.when inatetrahedral coordination

Stereocenters are often erroneously nafiddral center§, due to the fact that if a single stereocenter is
present in thenolecule, the latter is certainly chir#tlis, however, not correct to confine chirality, a property
of the whole object, to a single atom. Furthermore, if more than one stereocenter is present in the molecule
the latter, in some specific cases, coutddehiral and it could be an evident nonsense to say that an achiral
molecule contains severgthiral centerd. Classical examples are the méaaric acid (2 stereocenters)

and themesomesa2,3,4trihydroxyglutaric acid¢3 stereocenters)

Octahedralstereocenter
This kind of stereogenic element is rather common in organometallic compounds wistegdbeenter is
the metal atom

A
Eliny,, | B
D™ | \C \\B-D\permutation
F enantiomerization
A
C,4 clockwise B-C permutation
around the A-F bond c = — E/n, | o\D
diastereomerization C B

' \_F !
Diny, | WE A:r images

c/\B

Figure 1.6

A ligand permutationcan correspondeither to enantiomerization odiastereomerization processes

depending on which couple of ligand is involved in the exchange.
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1.1.2Stereogenic avs

The simplest version of the stereogenic axis is constituted systemin which two identical pairs of
different groupsdentify two orthogonal planes, the intersection of which is the stereogenidrattiss case
the systemdisplay aC, axis and is dissymmetric. i6 asymmetriqC,) when thetwo group pairson each

side of the axis are different.

stereogenic axis N,

Figure 1.7

Some chiral moleculesharacterized by a stereogenic axiespiranesallenes, cyclohexanesdbiaryls.
Suchsystens arereferred to as axiby chiral systers, implying that the chirality of these molecules takes
origin from the presence of a stereogenic gkigure 1.8). Instead, @ callasiic hi r a | aeogenk 0 t he

axis a wrongather commothabit, since makes confusion between chirality and stereogenicity.

COOH
0] H H H OZN////,
Hy, > &
‘. C == Q
69 W \COOH Q
G HOOC COOH HooC cl
NO,
C C G C;

o ]
OH d
R)-binaphthol
o e
b Cy
Cy

Figure 1.8: Some chiral compoundsith stereogeniaxis
This kind of stereocisomerism will be discussed in detail in Sedt®n

1.1.3Stereogenic Plane
The stereogenic plane is constituted by a sequence of three different atoms individuatingvatiplane

fourth group outside the plane, capable of distinguistiéngnantiotopidaces(Figurel1.9).

13



z

X I/IIIII,, n,

Figure 1.9

Stereogenicity descriptors af® and S selected according to the clockwise or anticlockwise priority
sequence of the atoms in the plane as seen from the sofiliieéd atom, which is the first atom outside the
plane. If the priority sequence in the plane moves from Z to X, the stereogenic plane configurgtion is
while is Sif the priority sequence moves towards Y.

Typical molecules endowed with a stereogenic planeaasa compounds and cyclophanes. They can be

both dissymmetric and asymmetric.

(CHy);

X /pilot atom am\
HOOC —
” % Ha (Cm
r COOH
S

S
C1 C1
HchCHz Cr(CO)s
HZCQ_CHZ CHO
Br
s s
C, C

Figure 1.10: Some chiral compoundsith stereogenic plane

For the same reasons pr evi ous Istgreogenisptanesissaewdong, dven c¢ a |

though rather common, habit.

1.1.4Helicity

Helicity is a stereogenic element characterizing the chirality of two main molecular architectures: the helix
and the propeller shaped molecules.

The helicesre shaped as rightr left-handed screwhreador aspiral stair Figure1.11).

The propellerare characterized tylades which display the same bent with respect to the propeller hub.

The common characteristic property of these molecules is their theoretical ability to move back and forth

along the axis by rotation. Molecular descriptBrandM are related to this property: if the molecuteves

14



away from the observer Injockwise rotéion around the axis, helicity B, while it is M if it moves towards

the observer.

Figure 1.11: example of helical chiral compound

Chirality is of prime significance, as most of the biological macromolecules of Isystem occur in
natureonly as a singleenantiomeric formA biologically active chiral compound interacts with its receptor
site in adiastereomerignanner, and enantiomers may be discriminated by the receptor in very different
ways; thusit is mandatoryto keepin mind the basesof chiral discrimination when designing biologically
active molecules: t 6s qui t e @laystaermodinipartant roldin lifeasdiencisy

The pharmaceutical industry has shown a deep interesiral drugs, sinceour body is a highly selective
discriminator of chiral structuresee Figurel.12; nowadays two thirds of the prescribed drugs contain

active chiralcompoundsnd most of newnedicinal specialitieare single enantiomers.

Needs L-amino (¢ L 1_ 7 Needs p-amino

-
acids; p- W) = {93 acids; L-
sugars _ RNy : 147 W sugars
P ) Vi
,a,;\\\ . ‘//.-”;;_
P : » N
v v A . > B
T < : d » e
gt‘~ A= . ~ ..j
L N = v : : S
Life-1.0 = ‘Inverse’ Life-2.0
Familiar Organism = “Spiegel-leben”
“Molecular Mirror”

Figure 1.12 example of bodyliscrimination

An often cited exampldhat emphasizthe importance ofstereochemistry in the pharmacological
properties of bioactive compounds is related to the thalidodigsester during the 1950 igure1.13: this
is a powerful sedative anahtinausea agent prescrib®or pregnant women; unfortunately the drug was

discoveredo be a very potent teratogen, causing serf@rsful effects on the fetus. Studies showed that

15



this teratogenicity was caused by tig-¢nantiomer(the distomer)butthe drug was solds racematethe

(R)-enantiomeleutomer)wvas found to not cause deformitegsall in animals even at high dosage Isvel

0 H H o)
Nmo oﬂi} N
o) o)
(R) (S)

Figure 1.13: Theenantiomer®f Thalidomide

The attention on chiralityhas grown dramatically since 1992, when the Food and Drug Administiation
the USA, the main regulatogrganismin this field, published a directive impag the development of new
chiral drugs as single enantiomers in cases \henthis could improve safety and/or efficadyThe
necessityto synthesize pharmacologically active substances (ABtive Pharmaceutial Ingredients)as
single enantiomers, rather than as raaes prompted the chemicabmmunityto develop a wide range of
methods aimed at achieving this gbal

The main discriminatingparametergo evaluate the different synthetic strategies are pramgudosts,
expectedlythe fundamental voice in the world of industrial activity, amieonmental protection, whicis
imposed as a prerequisite to the primary sdntthve past twenty years

Not only the pharmaceutical industry, but also other akglsre chemistry is protagonissuch as
agriculture fragranceand the world of materialare active in the devgbment of new chiral molecules. Just
consider, for example, insecticides and herbicides, which for years haveldasmg products ofbig
multinationals like Monsanto, or LCD, which have now replaced the old systems of image display.

The discovery of highly efficient and reliabl®aethods for obtaining enantiopure chiral substarates
reasonable costs a great challenge for the synthetic oligarihemist

The syntheses of enantiopure chiral compounds from achiral starting materials, in which one enantiomer is
produced preferentially to its antipode through the mediation of a chiral catedgstibtedlyare thosdhat,
amongst the many methodologies available for this purpose, like the classical and the kinetic resolution of
racemates and the asymmetric induction, combine operational simplicity with high efficiency in terms of
stereoselectivity, kinetics arsdbstrate¢atalystratio.

The phenomenon of the soa |l | e d Anchiral mul tiplicationo by w
transforms thousands of molecules of an achiral substrate into a single enantiomer is a fascinating process
that is now common faspecific tyges of reactions, even at an industrial level.

It is evident that the key for success of an asymmetric catalytic process is related to the efficiency of the
catalyst and it iswell documented that each reaction, requires a specific mediator to attain high

enantioselection levels and fast reaction rates.
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The variety of chiral catalysts appeared in recent literature is incredible, ranging from those which are
soluble in the reaction medium (homogeneous asymmetric catalysis) to those who are working in
heterogneous phases (asyrmitric heterogeneous catalysis).

The a@talytic enantioselective methodologies that chemists lesaglable are essentially twothe
organometallic catalysis, in whidhe chiral catalystsare organometallic complexesf a transition meta
which becomes the reaction center. The mstabmplexed with a chiral ligansthich enables ito perform
the enantiofacial recognition process on threchiral substrate, and organic catalysis, where organic
molecules perform the same role of organtailie complex withourequiiing metalcomplexation

Thousand of chiral ligands have been prepared so far, although a relatively small number of structural
classesemergefor their wide applicabilityand synthetic accessibilitfexaminationof their structures
indicates that an incredibly large number of them poss&Sseymmetry, such as DIOP, the fir€,-
symmetric ligand introduced by Dang and Kagan in TOBINAP,® DIPAMP’ and many otherscould be
cited In most of the scenarios for absolute stereochemical control, the preserigesgfranetry axis within

the chiralmediatorcan significantly reduce the number of possible diastereomeric transitiorf states

1.2 Chiral catalysts with a stereogenic axi8Xial chirality)

Stereogenic axis is a very popular stereogenic elemerd: dt key feature of many important organic
molecules, such as biologically active compoumdsy functionalmaterials andin particular,it is widely
applied in the design of clair ligands (axial chirality) It is generally related to the presence of an
atropisomeric scaffold

Chirality due tothe presence of stereogemixes is well documentesince the 28 century: inparticular,
Christie and Kennereported the first experimentalproven case of optical activityn the case of thé , -6 6
dinitro-2 , -@ighenicacidin 1922°

In 1933 Kuhr? introduced the definition of atropoisomerism (fr@neek:privative a andtr pw = turn)
and atwasfirst referredto biaryl compoundsnly.

Biaryl systemsisomerism has been exensively investigateki arbitrarily defined the condition for the
existence of atropisomergne can say that atropisomerism oceungn the enantiomecanbe isolated and,
atagiventemperature, they have a hfé of at least 1000 seconds

The configurational stability of chiral biaryl compounds is determined by three major factors:

a) the combined steric demand of the substituents in proximity steheogeniaxis

b) the existnce, length and rigidity of bridg@gerconnecting the two arene moest

c) the involvement of isomerization mechanisms different from a merely physical rotatiomdthe axis,

for example, photochemically or chemically induced processes.

The mostknown biologically active compound equipped with a rotationally hindered bsystiens is the

antiobiotic vancomycirfFigure1.14): this molecule contains three types of stgezocelements (numerous
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stereogenic centers, tvabereogenilanes, and a stereogenic biaryl axis), which together impose the rigid
3D structure necessary for an efficient binding to peptides of bacteria cellivalls

HO .\-/"'_‘:: T
oH W4
Q 2 _p_{ OH
Ry —
el o {"”H.- a L I o
M " | H e
P ,J-..\n__.N\i__,J'L_N_ Tr“\i/)L W H //_G __,;.H_H OH
H o
" 0.
GH{}/‘“/ “HL o ,lﬂ"{] d--“‘lx’ oM
|
“r” a” F g e (5)-gossypol -
o | o
o~ O~ OH OCH;
1
s e
OH o~
~ ey
? CH,
“:Nf ‘IH ~ HO CH3
oH HO L
vancomyein OH {::H3

(+}-cavicularin
korupensamine A

Figure 1.14: examples of natural compounds with stereogenic axis

Other selected examplesiblogically active compounds exhibitingséereogert axis are korupensamneén

A, steganacin, gossypol and caviculafifigure 1.14); the class of chiral compound$aracterized by a

stereogenicaxis is, however, not restrictedo C-C coupled biaryl compounds: for exampléyi){
murrastifolineF is a bisc ar baz ol e

(Figure 1.15)°

wi t interdormectedhrough afbipederoand GN bond

N
H
Figure 1.15: structure of M)-murrastifolineF
Also somemodern materials, like liquid crystals, are characterized by atropoisomeric archgefdure

example Diederich described the synthesis thegroperties ofN-arylated 3,&dihydro-4H-dinaphtho[2,1

c. 1 éelazz@inesand investigated both expewntally and computationally their ability to induce
cholesteric supramolecolar assemblies in nematic liquid cryiaisre1.16).*
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Figure 1.16

In the field of asymmetric synthesis, the atropoisomerism of biaryl molecules has been studied extensively;
aparticularly interesting cl a-ds s wdsthitairtyeld -odeemp ov
binaphthyls. The stability of the enantiomers, with barriers of rotation ranging from 23.8 kchlnol - 1, 1 6
bi naphtyl t o mor e -diiddeln, -BdBphthkyic emadblesnieeir usd as chirality iddacers in
stereoselectiveeactions.

The most importardnd populacompounds of this type atee 1 , -Airaphthyi2 , -@idd (BINOL) andthe
2 , -Bisgdiphenylphosphine) , -Gir@aphtyl (BINAP)

1.2.1The case of BINOL, BINAP and BINAPO

In the field of organometallic catalysis, BINOL was employed as ligand of various transition metals,
displaying high enantioselection in a widespreadries of reactions, such as en@poxidations, ene
reactions, DielsAlder and hetero Dielg\lder cycloadditions, aldol condensations and allylations of carbonyl
compounds

Enantiopure BINOL has been extensively used to develop catalytic or stoichiometeihods for
enantioselective epaation; Shibasaki reported the use of lanthanwm ytterbium modified BINOL
derivatives as catalysts in the asymmetric epoxidation of enosieg) hydroperoxideas oxidantsuch as
tert-butyl hydroperoxide (TBHPJ®

The lest results were obtained employingBENOL -triphenyl arsine oxide complex, that exhibited higher
activity and selectivity comparedo the analogougtterbiumcomplexes and afforde@ broad generality of
optically active epoxy ketones in up to 99% yidhd99% egSchemel .1).'°

fo) (R)-La cat. (5 mol%) lo)
TBHP (o)
R2 X R R2/<')J\R1 94-99% ee
MS 4A, THF, rt

R' = Me, t-Bu, Ph
R? = j-Pr, Ph

Schemel.l

19



Also the catalytic asymmetric synthesiss -dJp dbxy ester s, a | depbxykdteesters a mi d
has been investigatandhigh enantioselectivitievels were obtaine¢chemel.2).’

o o
(o)
W = o, o
R1/\)J\N/§N R1/\:)L0Me 77% to 94% ee
o (S)-La-BINOL-OT?:;hS (5-20 mol%) 0©
N = o o
R1 /\)J\ORZ MS 4A THE. rt > R1 : oRz 63% to 94% ee
y 5 I
o o fo)
W 2
R“\)LN/RZ R1/\E)J\N~R 94% to 99% ee
I|23 R3
Schemel.2

In the field of the ene reaction, the first successful example of asymmetric induction with BINOL
catalyst was reported by Yamamoto,onteat with the formation of limonene and bisabolefts

The greatest contributioto this field wasgiven by Nakai and Mikami, who studied the glyoxylatae
reaction in great detail Extensive screening of various chiral catalysts derived from optically active diols
indicated that BINOLTi catalysts, employedn 1:1 ratio, provided the best levels of enasgiection
(Schemel.3).

0 . TIXo(OI-PT), 1: OH
R)-BINOL : TiX,(0i-Pr), 1:1 (x mol®
R/“\ M ® (011, 1:1 (x mol%) M 94-97% ee
R

H™ "CO,Me MS 4A, CH,CI, CO,Me

R = Me, Ph
X =Cl, Br

Schemel.3

This protocol was employed also for the synthesihefprecursors afaturalproducts the synthesis of an
intermediate for the@reparation of R)-ipsdienol, an aggregation pheromone of bark bedesported as
example(Schemel 4).

o (R)-BINOL : Ti(0i-Pr),

PhS (0.5 mol%)
\ﬂ/ * HJ\COZMe - /J\/kcone
CH,Cl, 94%

(R)-ipsdienol

Schemel 4
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Diels-Alder reactions weralsoextensively studiedemploying BINOL with different metals as titanifth
boron® zinc® and ytterbiunf® Mikami reported the reaction of juglone with butagieacetate using
BINOL-Ti catalyst; theachievementf the cycloadduct provided an efficiempproachto the asymmetric
synthesis of anthracycline and tetracycline antibioBzhémel 5).2*

(S)-BINOL : TiCl,(0i-Pr),

. o (10 mol %)
=

toluene, rt :
s H :
OH O OCOMe OH O ' OCOMe

toluene: MeOH, 0°C
96% ee

NaBH,
OCOMe

Schemel 5

: H
OH H

In the field of aldol reaction, Mukaiyama reporttk first encouragingesults with a closely related
BINOL-Ti complex® up to 85% ee were reported with a complex formed frBysB(NOL and {-PrO)-
Ti(O) (Schemel 6).

“Ti=0

o
0,
oTBS OO (20 mol%) o OTBS

44-85% ee
RCHO =+ tBu-o& tBu-OMR ?
toluene

R = Ph, p-CIPh, (E)-PhCH=CH

Schemel.6

Mikami studied the addition of ketene syitetals of ester or thioesters to various aldehydes catalyzed by
mol 5% of a complex prepared from (BJNOL and TiChL(Oi-Pr),; the reaction led to the syiher of the

expected aldol product in good yislandsatisfactoryenantiomeric excesséSchemel.7).%°

(R)-BINOL : TiCI,(0i-Pr),
OTMS (5 mol%) o OTMS
+ RCHO J 85-94% ee

EtS
toluene, 0°C EtS R

R= BnOCH, , n-CgH,; , i-Pr

Schemel.7
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Mikami also showed that theeaction involving ketene syditetal of thioesters could be applied to floural
aldehyde allowing an enantioselective synthesis @ffF;-substituted aldol ohigh biological importance
(Schemel 8).%’

R)-BINOL : TiCl,(Oi-Pr), 1:1
OTMS (R) 2(0i-Pr), O OH

(o]
(20 mol%)
90% ee
tBu-s/& T F c)kH tBu-SJ\/LCF3 °
3 MS 4A, toluene, 0°C

Schemel.8

Furthermorethesame research groumpade a@andem and two directional enantioselective aldolization: the
pseudeC, symmetric product of the coadsation between the silyl esther and two molecules of the
methyl glyoxylate led, througla five stepsequenceto a potential powerful analogue of Hipotease
inhibitor (Schemel .9).2®

(R)-BINOL 1 : TiCl,(Oi-Pr),
oTBS 0 1 o9 OH OTBSOH

) (10 mol%)
CH,Cl,, 0°C
77%

> MeO,C SA4Nco,Me

OH H OBnOH OBnH OH

= NN
=0 3O .

o ’ A

Schemel.9

For the allylatiorreactionof carbonyl compounds, in 199%8ikami and Nakai used a complex prepared in
situ from ©)-BINOL and TiCL(Qi-Pr), in the presence of 4A molecular sievés the enantioselective
reaction of trin-butyl-allyltin with a wide variety of aldehydes; the condensation efi-tsutyl-allyltin on

glyoxylatesdevelop with both good diastereoselectivity drigh enantioselectivitfSchemel.10).%°

o (S)-BINOI(_1:0TiCII2°(/C))i-Pr)2 1:1 OH
mol% 68% de
Bu3Sn/\/\ + MeOOCJ\H > MeOOC/H/\ 86% ee
MS 4A, CH,CI,
-60°C to rt
Schemel.10

The same catalyst, used by Tagliavini and UnriRmmchi inmol 10 %, promotes the allylation of simple

achiral aldehydes with good chemical yields and excellent enantiomeric exGdsanel .11).*°
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(S)-BINOL : TiCl,(Oi-Pr), 1:1

(10 mol%) OH
Bu;sn” 2"\ + RCHO = A~ 8298%ee
MS 4A, CH,Cl,,
R = C;H,5, CsHqq , Ph, PACH=CH
Schemel.11

In 1996 Kocienski reported a synthesis of theOg; fragment of the immunosuppressant rapamycin, who
involved an asymmetric allylation to introduce the first stereogenic center of the target mohecgaction

was run on a 350 mmol scale, aRF-BINOL could berecycled(Schemel.12).%

m (R)-BINOL : Ti(Oi-Pr), @

o s
CH,Cl,, rt
CHO zr2 on |

rapamycin

Schemel.12

More recently, newapplications of BINOLin the organic catalysisere investigated, evetmoughnot
always with satisfactoryenantioselectiorievels; to improve these results, new BINOL derivatives were
synthesizedcharacterized by more steric hindrance close to hydroxyl groupsth a bulkierphenanthrene
scaffold (Figurel.17).

X=H, Br, Ph, 3,5-(CHs),-C¢H; , SO,CF,

Figure 1.17

These new diols wersuccessfullyemployedas organic catalysis asymmetric allylboration of ketorn&s
and acylimines® and asymmetriin thethree componeretasisondensatiomeaction involving secondary
amines, glyoxylates and alkengbronate$* An importantmechanisticaspect,in eachreactionis the
replacement of onef the boronatealkoxy group with the chiral dioin orderto obtain amore reactive
boronatespecies

The reaction of acetophenone with allijisopropyl borane led tthe expecteallylalcohol in 44% ee with

the employment of BINOLwhile the use of diol with X= Br allowedto obtain 85% ee The reaction was
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extendend to a wide range of both electrich and electroipoor arylketones, heteroaromatic ketones and

enones, maintaing high enantiomeric excessgschemel.13).

? Qi-pr 15 mol% diol (X=Br) ~ HsC, ,OH 95% ee

Ph)J\CH?, " A~Boipr ph/</\

Schemel.13

Schaus applied a chiral diol catalyst screening protocol for the rapid identificatiom lndst conditions for
enantioselective catalytic reactions; the approach successfully idemtiBedle catalystfor each of the
boronates investigated able to efficientbromote the reactiorwith satisfactory enantioselectively.
Furthermore the optimal catalyst identified provedbegeneral for each class of boronate nucleophiles

The versatility of BINOL is due nainly to its use in organometallior organic catalysis, but it can also be
used as starting material to obtain different kinddefivatives, which in turn can be used mumerous
asymmetric transformations; in particular phosphoric sitidlere employed i organic catalysis, while
phosphoroamide® phosphoroamidite¥ and phosphité8 were employed as ligand of many transition

metals in organometallistereoselectiveatalysis(Schemel.14).

phosphites ROH RNH, phosphoroamides

Ra— — /
phosphoroamidites AHZ 777777777777 Hzo\A

phosphoric acids

Schemel.1l4

Furthermore commercially available enantiopuBINOL is how employed astarting material for the
synthesis oénantiopureBINAP (Schemel.15).*

OC o0, g OO
OH Ph,PBr, Br 2) Ph,PCI PPh,
_ AR
OH high temperature Br THE PPh,
99 % 9@ o )

(#)

Schemel.15

The synthesis andhe first application ofBINAP were reported by Noyori and Takaya in 198This

ligand very effectively inducestereoselectiorby intracomplex steric interactions between the bulky
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triarylphosphine system and the reactants bound to the metal; its application in asymmetric caddlgsis ha
widely studied and well documented in numerous articles and textffooks

Ruthenium complexes of BINAP had proved to be successful in inducing high to excellent
enantioselectivities in the hydrogenation of olefisim b st r at e s, S u-enbaturads carboxylica n g e

acids(Schemel.16).**

\ Ru(ll)-BINAP R co
R fCOZH 4-135atmH, N 2 85-99% ce
RZ R MeOH - R? R

15-30°C, 12-24h
R' = alkyl, aryl, hydroxycarbonylalkyl
R? = H, hydroxyalkyl
R3=H, alkyl
Schemel.16

N-acylaminoacrylic acids were successfully reduced using RBINAP and Rn(I)-BINAP complexes in
high to excellent enantioselectivitié® (Schemel.17). The useof Rh(I}-BINAP catalysis is however

limited to a small range of suitablyinctionalizedolefinic substrates, whereas Ru{BJNAP showna much

broacer versatiity.

Ru(ll)-BINAP or Rh(l)-BINAP
3 H 3
R COH 2 R +/C02H up to 100% ee

Py

R? NHCOR! MeOH R? NHCOR!
25°C, up to 24h

R' = alkyl, aryl
R?=H
R3=H, alkyl, aryl

Schemel.l7

Highly enantioselective reduction alubstituted allylic alcohols has also béevestigated Schemel.18).
With these substrates, the sense atiee extent of asymmetric induction are hig dependent on the
substitution pattern ansh the reaction conditions, in particular hydrogen pres$ure

Racemic allylic secondary alcohols, ashytiroxy-2-cyclopentenone were successfully resolved by a

kinetic resolution process usiadRu-BINAP catalyzechydrogenatior{Schemel.18).**
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HO Ru(ll)-BINAP HO

s 3 N
R . 4-100 atm H, _ R * up to 99% ee
rRZ R MeOH - R® R
25°C, 24h
R' = alkyl, aryl

R2=R3=H, alkyl

Q Ru(ll)-BINAP Q
b H, - U 98% ee
MeOH
HO 25°C, 24h HO
Schemel.18

Analogously to theC=C double bondé&iydrogenationthe enantioselective reduction of carbonyl groups
reached a high | evkelo acafderiativesovers dudedgnantigative yieldswith
enantioselectivities up to 89%s mi | ar | vy, excellent activities- and
keto ester§Schemel.19).* However, as reporting in the following examples, high pressnerequired in

order to achieve good results

[o} Ru(ll)-BINAP OH
97 atm H
R1J\H/O‘R2 2 R1)\”/0\R2 89% ee
MeOH
0 25°C, 24h 0
R! = alkyl, aryl
R2 = alkyl
o o Ru(ll)-BINAP OH O
63-100 atm H 93-99% ee
MeOH
R = alkyl 25°C, 24-48h
X =0, NR, SR
Schemel.19

Excellent enantioselectivitiehave beenalso obtainedin the hydrogenation ob-keto esters ana-

acylbenzoic estetthat allowed acading to the corresponding-lactones and-phthalidegSchemel 20).*

o 1) Ru(ll)-BINAP o
100 atm H
R OEt 2 > o 97-99% ee
5 EtOH, 25-35°C, 24h =
2) H*, toluene, reflux R
R = alkyl, aryl
O CO,Et 1) Ru(ll)-BINAP -0
100 atm H2 97% ee

EtOH, 25-35°C, 24h
2) H*, toluene, reflux

Schemel.20
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The BINAP-Rh catalysed enantioselective isomerisation of allylamines tcaligtiactive enamines
proceedswith high chemoselectivity and excelleahantioselectivity (999% ee); in this isomerisation
procesghere is an excellent correlation between the substrate geometries, pE)ermarine and BINAP

configuration(Schemel .21).*®

~ NONEE, A Z > NEt,

(R)-BINAP
AN N (S)-BINAP H
NEt,
Schemel.21l

The enantioselective substitution of allylic acetates is the most stsidiebselectivearboncarbon bond
forming process catated by transition metal complexes of palladium; it is an important transformation
which has proved to be a useful testinggrd for the design arthe experimentationsf novel ligands and
for gaining mechanistic insightio organepalladium chemistry.

Pd complexes of BINAP were applied with some success to the standard reaction of malonates and 1,3
diphenylpropenyl acetateeaction time were relatively long and enantioselectivities and chemical yields

werefrom moderate to gootf

R
OAc [Pd( 3)c H MeOOC R1
13C3Hs5)CI],BINAP
Ph/\}\Ph + NaC(R)(R")(CO,Me) > 30-94% ee
THF Ph" " Ph

25°C, 44-120h
R=H, Me
R' = CO,Me, NHCOMe

Schemel.22

A second carborarbon bond formingeactionin which palladium complexes of BINAP have been
utilized is the Heck reaction. In the intermolecular variding reaction is between 2@hydrofuran and the
aryl triflates was chosen atestreaction it proceed in the presence of a base and a palladium catalyst
generated in situ from Pd(OAcand R)-BINAP. Hayashi reportedhat it affordsthe R)-2-aryl-2,3
dihydrofuran andnoderate amountsf the ©-2-aryl-2,5-dihydrofuran(Schemel.23).*° The base affected
the enantiomeric purity of the (R) enantiomer and the sterically demanding -1,8

bis(dimethylamina)aphthalene afforded the best results faide range of aryl triflates.
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Pd(OAc),/2(R)-BINAP / —
[N + Aot > ( } + O\
o~ “Ar o~ YAr

0 base, benzene
(R) (S)
Ar = p-CIC¢H, 0-CIC¢H, m-CIC¢H,
p-AcCgH, p-NCCgH, p-MeC¢H, 87-96% ee

2-naphthyl

Schemel.23

The first successful intramolecular asymmetric Heck reaction BiNgP-Pdcomplexes asreported in
1989 by Shibasaki who focused on the preparation ofcithdecalin derivatives from prochiral alkenyl

iodides or triflategattainingenantioselectivities um 92% eventhoughin moderate yields"

R Pd(OAc), (5 mol%) R
o 0,
(R)-BINAP (10 mol%) . @ up to 92% ee
\ base, solvent
x H

R = CO,Me, CH,0Ac, CH,OPiv, CH,0TBDMS
X=1,0Tf

Schemel.24

Overman showed thaysing a single enantiomerof BINAP, the enantioselectioroutcomecould be
opposite in the Heck cyclisation of aryl iodides depending on the reaction contfiionsxamplethe aryl
iodides afforded either theR)-spirooxoindole or theS)-spirooxoindolewith reasonable enantioselectivities
in a palladium catalysed cyclisatiotarried outeitherin the presence ain the absence of silver salts
(Schemel .25).

o\:s’NM" Pd-(R)-BINAP (10 mol%) i NMe Pd-(R)-BINAP (10 mol%) A
° %P0, (12¢0) O\Q)\ | EN(Gea) o d@
</o DMA, 80°C </0 ©/ DMA, 80°C </0

(S) (R)
71% ee 66% ee

Schemel.25

Giventhe great efficiencyand thehigh levels ofenantioselectivityaffordable withthe metal complexesf
BINAP in a verywide range of reactionshe design anthe synthesis of new atropoisomeric diphosphines is

a field in continuousesearcldevelopment.

Due to the s uhnaphthys baakdone tah @hiralZpro@ddier, both in BINOL and BINAP,
Kobayashi in 2004 investigated the potentiality dINAPO, the product of oxidation of the latter, as
organic catalyst in the addition of aHyichlorosilane toN-benzoyhydrazons; the catalyst was used in
stoichiometric amounts to obtain high yigldind high enantioselectivity level§Scheme1.26). This

representsne ofthefew exampls of enantioselective allylation dfie C=N double bond mediated laynon

28



metalic promoter.

oLy
P

“Ph
N
o

(S)-BINAPO

o o
RO)H N /\/Sicl3 (S)-BINAPO (2 eq) ROW up to 98% ee
N.,,.COPh DCM HN\N,COPh

N -78°C,12 h
H H

R = Et, i-Pr, c-Hex, Bn

Schemel.26

In 2009 Nakajima showed that Lewis basatalyzed allylations with allyltrichlorosilanes proceed via
chairlike transition states that involve hypervalent silicates, hickv the addition of E)- and @)-silane

provide theanti- andsynproduct, respectively, Wi high diastereoselectivitthemel .27).>*

OH
(o) o H
R1 sicl, cat (S)-BINAPO (10 moIA)‘
RJ\H b TN - R/R>(2\
R2 R 55-71% ee
+
(o]]
LB, |
Si. \
lva X .
BT & O IR cl
H
Schemel.27

Further applications @INAPO as organic catalystsave been found ithe epaide ring opening, that led
to the producs in high yields and surprising enantiomeric excess, amdhe aldol condensation between
benzaldehyde and cyclohexanpaetivated as silyl enol ethétIn the ldter reaction the addition of DIPEA
was found toincrease the yiekland to raise diastereoselectivityto the 86% in favor of the anti
diastereoisomer, that was obtaineda 87% ee (Schemel.28). The basedevelo the function both to
neutralize the hydrochloric acidnd to increase the reaction rate, encouraging the diphosphine oxide

dissociation from the silicon atom.

o OSiCl;  cat (S)-BINAPO (10 mol%) OH O OH O
H DIPEA (1.2 eq) : -
+ > + H
CH,CI, 3
-78°C, 30min
anti syn
Schemel.28
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1.2.2 Bisoxazoline ligands

Not only ligandsbearingphosphorous atoms owdiroxy groups were employed in asymmetric catalysis,
but also nitrogen ligands played important role in this fidlshong the mostommonnitrogen ligands (e.g.
amines, Schiff bases, etcompounds containing a chiral oxazolirepresenbne of themost successful
classes ofigands due to their ready accessibility and applicability in a wide range of ‘retialyzed
transformations

In particular bisoxazolines have received a great deal of attention as ligands: after communications
appeared in 1991, one by Evagr®up dealing with asymmetric cyclopropanation of alkesues one by
Corey group about the enantioselective DAlder reactions applying chiral Cu(h and Fe(lll}box
complexes as catalysts respectiyvddisoxazolines quickly becameidely adoptedas bidentate ligands for
their easy and flexible synthesis and for the excellent enantioselestimiluced not only in the two
reactionsalready citedbut also in darge variety of other reactions, as aziridination, allylic substitution,
Mukaiyama, Michak and many other®

Modification both on natue, size and flexibility of the spac#rat connects the two heterocycle rings and
the substituents orthe two oxazoline ringged to the development of a wide rangechiral ligands some
representativexamples are reportdetlow (Figurel1.18).

UQ ST e
R i-Pr, t-Bu R =i-Pr,Bn

= H, Me, Bn X = H, NO,, Me, OMe

Figure 1.18

The bidentate bisoxazoline ligandmdowed with aC,-symmetry are constructed by two homochiral
oxazoline rings connected to a central strugtdedined spacer; in these ligands the coordination to the metal
occurs throughboth thenitrogen atoms. The degree of substitution of the two oxazoline rings and the metal
employed in the catalyst are crucial factors governing the efficiency and theabpipjiof these ligands in
asymmetric catalysis.

Bisoxazolines with aingle carbon spacer between the two oxazotings are the most frequently used,
affording high selectivity in a wide range of metattalyzed reactions.

Ligands with biphenyl and baphthyl backbosmwere the first stereoaxontaining bisoxazolines to be
employed in asymmetric reactioffsA wide range of bipenyl analogsA (Schemel.29) were prepared by
Rippert and their characteristics were investigated in the coppatélyzedcyclopropanation of tgrene
with ethyl diazoacetate.rantioselectivitywas founddependenon the steric hindranaef thesubstituent in

the Sposition of the oxazoline rint
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LigandsB based on the binaphthyl backbone were used by Hayaphlladium(ll)}-catalyzed Waketype
cyclizations® (Schemel .29). Fine-tuning of the chiral catalyst wastained by a properambination of the
substituentsn position 4of the oxazolire ring andin position3 of binaphthylmoiety. Bisoxazolineligands
functionalized with ester grougSchemel.29) turned out to béhe most effective ligand.

R1 Me, OMe, Br
=H, OMe
R3 =H, OMe, Br
R4 = Et, i-Pr, Ph, Me, t-Bu
R% R6=H, Ph

R =CO,Me, SiMe; CONMe, CHO, |

ligands A ligands B

Schemel.29

An interesting class of bisoxazolines, the chiral spiro ligan@chemel.30) was introduced by Sasai in
2004 and employed inwide range of asymmetric reactiofi%that wererefined by Zhou

In this context, Zhou reported also the synthesis of ligamsand their applicatiomto the catalytic
asymmetric NH insertion of amines with diazoestétsand to the enantioselective insertion of carbenoids
into the GH bonds of phenol¥ The same authorecentlydescribedhe intramolecular phenolic-8 bond

insertion(Schemel.30).%

BI'/,,I' Br

O _NNP°

Ph Ph R = H, Me, i-Pr, t-Bu, Ph, Bn

ligand C ligands D

CuCl (5 mol%)

N, ligand D (6 mol%) IIRZ o
RINHR? + R3)H]/O-R4 NaBARF (6mol%) _ N ﬁ*/Lo-R“ up to 98% ee
o CH.CI, rt R3

OH CuCl (5 mol%)
N ligand D (6 mol%)

R1)H(0-R2 NaBARF (6 mol%) _ O/ j)l\o R2  upto 99% ee

o MS 4A, CH,CI,, rt

OH Cu(MeCN),PFg¢ (5 mol%)
ligand D (6 mol%)
CO,R 7
7z | 2 NaBARF (6 mol%) mcozR up to 99% ee
- Y
7% N2 CH,CI,, rt RO
Schemel.30
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1.3 Heteroaromatiaderivatives

The research group, where the present FhBsis has been developed, has devoted great efforts in the
field of asymmetric homogeneous catalyisishe pasby developing chiral ligands with donor phosphorous
introducing the structural substitution of the classical aromatic carbocyclibdraekvith a fivemembered

heteroaromatic syste(figurel.19).

Figure 1.19

Compared with classical carbocyclic biaryls, the design of biheteroaromatic systems leads to the following
structural and synthetic advantages:

1 The electrordonor properties of the phosphorus atoms, a crucial parameter for catalytic activity, can
be tunedby changing the supporting heterocyclic system. In fadts well known that aromatic five
membered heterocycles range from very eleeticin systems, like pyrrole, furan and dphene, to very
electron poor rings, like thiazole and triazole. Alterreliiy the electronic properties of the phoamdn
groups can be modulated by changing their position and/or that of the interanular bond of a given
heterocycle.

| A properly substituted biheteroaryl system can easily satisfy both symmetry and configurational
stablity requirements, sinc&, symmetic atropsomeric biaryls are recognized among the most efficient
ligands for many transition metahtalyzed stereoselective reactions.

| The geometry of the chelated ring in the complexes should depend on theofidiheréneterocycle,
since it is well documented that each heteroaromatic system shows typical internal angles and characteristic
bond directions.

1 The synthetic approaches to substituted pentatomic heteroaromatic rings are much more flexible than
those genmally followed to prepare carbocyclic aromatic systems. The easy and regioselective metalation of
heteroaromatidive-memberedings can be a very helpful tool to introducing the phasphfunctions, as

well as in forming the interanular bond.

Phosplane ligands synthesizeso far(Figure 1.20) cover a rather wide field, ranging frosystems based
on electronrich heterocyclesuchas N-Me-BINP to systens based orelectronpoor heterocyclessuchas
BIMIP.

As for the evaluation of the electronic properties of the ligands, from the various parameters available, the
electrochemical oxidative potential, determined by cyclic voltammetry, was used. This parameter is related

to the energy required to remove ancelen from the system, and, in the case of the biheteroaromatic
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diphosplanes, the electron is usually removed from the phosphorus atom. Theitsgladue the electron
pooter the diplosplane; the lower its valyghe electronricher the diphospane andeasier the abstraction of
the electron

It is evident that both the electronic availability of the heterocyclic backbone and the electronic density of
the position where the diphenylphosphino groupotsatedare crucial electronic demand progressively
increases from indole to thiophene, to thianaphthene and then to benzofuran, with parallel indresase in
oxidative potential.

The influence of the position of the phosphorus atom on the same heterocycle is also clearly demonstrated
in the series ofhiophenebased diphosgines: phospfn e gr oups | ocated in U pos
electronpoor t han t ho s e thdaentrereleaging efféct of methyl graugs also works along
the expected lines. In fact, the most electioch diphasplene is N-Me-2-BINP, where the phosphorus
resides in the position having the highest electron density of the elesiteasive indole ring; BISCAP,
which is a constitutional isomer d&f-Me-2-BINP, differing only in the exchanged positions of the methyl

and phosphine groups on the same backbone, is a rather efgmordigand®

OMe
PPh, 'Yle Me_ _S_ Me PPh, ( Ph,P_ _S_ _Me
N \ / N
N Ph,P. AN C \ /
\ PPh, N
h [ ) B
Me Ph,P J Pnp
e Phy Me s~ Me MeO Me S PPh,
N-Me-2-BINP tetraMe-BITIOP N-MOM-2-BINP diMe-BITIOP
(0.52V) (0.57V) (0.60 V) (0.70 V)

N
: 0y
K Ot
PPh, Mé N/)\PPhz
~ BIMIP
R=H BITIANP (0.83 V) BISCAP R=H BICUMP(1.03 V) (1.15V)
R=Me tetraMe-BITIANP (0.76 V) (0.90 V) R=Me tetraMe-BICUMP (0.91 V)

Figure 1.20

The possibility of modulating the electronic properties at phosphorus is very useful to tailor the structure of
the ligand according to the requirements imposed by the reaction typology and by the substrate. Moreover,
strongrelationship exists betweehe electronic availability at the phosphorus of the free ligand and the
kinetic behavior of their metal complexashen employed as homogeneous chiral catalysts.

The data obtainedofr t he asymmet r i-canhtyethesergemplaying rotmeniunf(ll) U
complexes ofthe heterocyclic diphosgmes demonstrated that electroich diphosplanes facilitate the

reaction, and the reaction rate in nearly tripled respedaime reactioemployng BINAP.
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Furthermorewhen usingelectronpoor ligands, theate was reduced to about oneehtieth.The esultsof
the hydrogenation of ethyl-8obutanoate employing different ligan@&ble 1.1) clearly demonstratehe
correlation between electronically availabilagdreaction raté®

o o [Ru(L*)Cl;] OH O

)]\/H\OEt H, 100 kg/cm?® . /E\)I\OEt

Table 1.1
Ligand E° (V) Kobs (SY)  Kope/Kope AP ee%

(+)-N-Me-2-BINP 0.52 3.47x10 2.67 95
(+)-tetraMeBITIOP 0.57 3.76 x 10° 2.89 98
(+)-N-MOM-2-BINP 0.60 3.33x10 2.56 91
(+)-BINAP 0.63 1.3x10° 1 99
(+)-tetraMeBITIANP 0.76 1.08 x 10° 0.83 99

(+)-BISCAP 0.90 217x1¢  1.7x10 -

(+)-BICUMP 1.03 217x10  1.7x10° -

The ame trend can be observed in the stereoselective-Bligds cycloaddition reactions promoted by
palladium (II) complexes electronrich biheteroaromatic diphosates give catalyst with a high
stereoselection ability, while meagerstereomeric and enantiomeric excesses follow the use of electron
poor ligands.

The benchreactionemployed to test the diasteregindthe enantioselection was the cycloadditifnN-
acryloyl-1,3-oxazolidin2-one and cyclopentadiene in the presence of the Pd (Il) complexes of different
biheteroaromatic diphosphines and BIN@Rble1.2).°

P
\ Clo,
) C /Pd\mo M ?
. P 4 o )L
iN\ikjo @ )k Nuo

0~ "N” o
L/
endo exo
Table 1.2:
Ligand E° (V) Conv. (%) de(%) ee(%) Abs. conf.
(+)-N-Me-2-BINP 0.52 100 87 91 R
(+)-tetraMeBITIOP 0.57 100 81 90 R
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(+)-BINAP 0.63 100 86 89 S

(-)-BITIANP 0.76 100 82 72 R

(-)-BIMIP 1.15 60 59 48 S

An opposite situation was found in the intand intramolecolar Heck reaction, where the Pd(0) complexes
produced bymediumelectronrich diphosplanes were found to produce faster kinetics than tiobsained
when electrofrich ligands were used.

Tietze reported the intramolecular Heck reactoof iodoaeneswith an allyl silane function in the
presence of the chiral ligasd(+)-tetraMeBITIOP, one of the most electraich biheteroaromatic
diphosphinesor (R)-BITIANP, a medium electrerich ligand(Schreme1.31).%’

Pd,dba, ‘CHCI,

MeO
m_cocp (+)-tetraMe-BITIOP MeO
MeO I 3 Ag3PO, N—COCF,

| DMF MeO

| AN
SiMe, 92% ee

Schemel.31

Furthermore, alladium complexes ofR)-BITIANP wereapplied in the asymmetric Heck reactions of aryl
and alkenyl triflates with 2,—ﬁihydrofuran68 In contrast tadhe behavior oBINAP, which affords a mixture
of regioisomes, the use of(R)-BITIANP gave the Zsubstituted 28lihydrofurars with almost complete
regioselectivityremarkableenantioselectivit (80-91%) andverygood yields.

Even better results were obtained in the Pd catalyzetdaoeadt cyclohexl-enyl triflate with dihydrofuran,

with enantioselectivitiegangingbetween 86 and 96% and yiglaf 76-93%.

Pd,(dba); (3 mol%)

oTf
- o, _—
@ + (R)-BITIANP (12 mol /°)= /i . . O\
o 0o~ “Ph 0o~ "Ph

base, DMF
(R) (S)

90% ee (R)
Pd,(dba); (3 mol%)

oTf
a) (RIBITIANP (12mol%) _ 7\
o base,DMF O @

86% ee

Schemel.32
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Furthermore, @traMeBITIOPO, which the synthetic precursaf tetraMeBITIOP, was successlly used
as organic catalystn a research developed aollaboration with Professor M. Benaglia of the Universita
degli Studi di Milangin many stereoselcetive reactions.

In the stereoselective direct aldol condensation of ketomitls aromatic aldehydesthe trichlorodyl
enolether was generated in situ in the presence of tetrachlorosilane and activiaeephogplane oxide to
react with an aldehyde, which was also coordin&eichiral cationic hypervalent silicon specféDirect
condensation of cyclohexanone with benzaldehyde usBdetfaMeBITIOPO, in the presence of
tetrachlosilaneand DI PEA, | ed t-bydroxyketongimm53% gieddpin ananti/syrgatidof
92/8, and 60% of enantiomeric excess forahgisomer.

Comparison betweenSf-tol-BINAPO and @)-tetraMeBITIOPO showed that BINAPOwas less
enantioselective than tetraMBTIOPO, being the enantiomeric excga®ducedwith the carbocyclic ligand
of 40%only.

On the contrary, catalytic activity amahti/synratio were almost the same

Furthermore performingthe reaction at lower temperature, BITIOPO affeddhe aldol adduct in 93/7
anti/synratio and 80% ee, while BINAP@avethe produdctin a60% ee and 79/2dnti/synratio.

TetraMeBITIOPO-catalyzed kol condensation of cyclohexanone was carried out using diffarentatic
and heteroaromatic aldehydes, producing from moderate to outstanding enantiomeric kableskS).

o cat. (0.1-0.2 eq)

i > DiPEA I i
é ¥ RJ\H CH,CI, -25°C Rﬁ " R/'\é

(1eq) (2eq) anti syn

Table 1.3:
R Yield (%) anti/syn eeanti (%)

Ph 70 93/7 81
4-NO,CgH4 71 87/13 93
4-CICeH4 56 98/2 71
2-CICgH, 55 90/10 87
3,5CRCgsH, 65 94/6 83
2-MeCsH4 56 94/6 73
4-MeCeH4 55 98/2 77
1-naph 40 93/7 77
2-thioph 55 98/2 53
2-furyl 36 98/2 51
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In addition high enantiomeric excesses were obtained in the addition of allyltrichlorosilane to aromatic

aldehydesfunctionalizedwith electronrwithdrawing as well as electratonating group (Schemel .33).”

A~_-SiCl3
j\ Z oH 51-98% yields
R H (S)-tetraMe-BITIOPO (0.1 eq) R M"X up to 93% ee
DIPEA

R = Ph, 4-NO,C¢H, 4-CICH, 4-OMeCgH, 2-OMeC¢H,,
3-OMeCgH, 1-naphthyl, Ph-CH=CH

Schemel.33

Moreover (9-tetraMeBITIOPO promoted the ring opening ofcis-stilbene oxide by addition of
tetrachlorosilane, ithe presence of DIPEA, the corresponding chlorohydviese isolated in quantitative
yield and 81% ee (Schemes4).™

HO Cl

(S)-tetraMe-BITIOPO (0.1 eq)
DIPEA, SiCl, 81% ee
CH,Cl, O

Schemel.34

)

Our research groypn collaboration with Professor Maurizio Benagétso developed a new class of
bisoxazoline ligands characterizeddaya t r o p o i s ithiephéne backhoietand applibgmin the

Cu(l)-catalyzed stereoselectiggclopropanation of styrene effected with ethyl diazoaed¢®themd .35).”

(SaX! S! S)
F: R=t-Bu
E G:R=Ph H,

Schemel.35

The msults obtainedTable 1.4), compared withthose exhibited byligand A, characterized by a
carbocyclic biphenyl backbonasuggested thathe steric properties of the ligand play a crucial role in
controlling both the stereoselemti levels and the reaction rafhe scaffold bearing the chelating functions
would be rigid and capable orienting the oxazoline moieties in suglway as to direct the substitueirts
4-positionaround the metal core of the complex. In this type of reaction, electrmpernties are scarcely
relevant; in factthe results obtained with the bisoxazolines based on a carbocyclic or on heterocyclic

backbone are very similar, being the substitution on the oxazolinic ring identical.
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Ph“‘?%\’"H Ph\“y%wco Et
H oH

o H  CO.Et

~ N
O/\ ¢ N~ _Cultigand trans cis
CH,Cl,
E:? S S\‘::’ICOZEt H\\ﬁ\uﬂ H

Ph ~ " CO,Et
Table 1.4:
trans
ligand substrate/catalyst yield (%) trans/cis ee(%) abs. conf.
A 100 29 77/23 65 1R,2R
E 100 30 57/43 2 1S2S
F 100 29 75/25 6 1R2R
G 100 32 70/30 11 1R,2R
Hy 100 12 73127 16 1R,2R
Ha 100 30 74126 67 1R2R
Ha 20 55 67/33 66 1R2R
Ha 10 81 67/33 67 1R,2R

1.4 Aim of the Thesisresearch

The aim of the project of the presentPhThesis was teynthesizeand investigate new families of chiral
promoters ¢ har act er-bithi@phenebsyaffotdihdediffeding 306 the nature of the substituents in
the positionsortho to the interanular bond.

In particular we decided to investigate diphospks andliphosplane-oxides, functionalized with aryl and
isopropyl groups in order to evaluate the structural #redelectronic differences in comparisamith
tetraMeBITIOP® and its oxide tetraM8ITIOPO,”* previously successfullyapplied in the field of
asymmetric homogeneous catalysis and organic catalysis

Furthermore, we focused our attention on the class of bisoxazoditiesr by enlarging the families of
bisoxazolines based on the backbone of theartedthyl3 , -Bithiophene and by investigating new
atrogsomeric scaffolds.

A further aim of theresearch on atropisomeriheteroaromatic chiral promoters was directed to the
synthesis of diheteroaromatic diol which would be the first example of kivisl of compounds, since it is
well known that heteroaromatic alcohols are always in equilibrium with the corresponding ytarbon
derivativeswhich arethe prevalent speciéssolution

The general formukeof the chiral promoterdesigned for the projeetre reportedelow Figurel.2l).
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R= Me, i-Pr, Ph

R2
R ? X= '/"
X= —P] X= —P-Rt -
R? R! /AO
16 15
1 42a,b: R = Me, R2= Ph
R =Ph, R = p-Tol 44a,b: R =Ph, R2= Ph
L J 47a,b: R=Me, R2=j-Pr
48a,b: R = Ph, R?= j-Pr

\ J

Figure 1.21

An advantage of thidesignis the fact thattte synthesis of all these classes of compouritsracterized by
t he s a 4ithioph&ne 3backbonejs based on a conon intermediate, namely th , 26, 5, 56
tetrasubstituted , -dilfomo3 , -Bithiophene.

The synthesis of the different key intermediatesdasriledin Chapter2.

R
R__S
STN—x Br \ / R
R X — R / \ Br
e S7OR
N
R= Me, i-Pr, Ph

Schemel.36

In fact the bromine atoms can bepitinciple, ploitedto introduceseveral different functions:

a) the phosphne groups throughthe formation of a dianign

b) the methoxy groupswhich is the precursorof the hydroy functionality, taking advantage of a
substitution reaction mediated by Cu(l)

c) the carboxy groups, again througHithiation-carbonationreaction, necessary to bdiithe oxazoline

rings.
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2. SYNTHESIS OF THE KEY INTERMEDIATES

Theexperience acquired by our research gronpompounds characterized by the atropoisonsaagfold
of 2, 2 6tetamethp3 , 3 6 b i t, hpramptéde mse to envisaget h e -ddbrordo@ , 26, 5, 560
tetrasubstitute® , 3 6 b i t askeyinehrediagdor the syithesis of the newtropoisomeric systems.

In this section the syntlie route to obtain the dibronderivatives characterized by the presence of
tetraphenyt, tetramethyl and tetraisopropylgroups are discussed

2.1Synthesis ofd , -diliomo-2 , 2 Otet@dmebhl3 |, -Bitbiophene (3)

The synthetic strategy already developed in the research group, has been optimized and it is reported in
Scheme2.1.

1) t-BuLi (2 eq)
-78°C, 30 min
5 2) CuCl, (1 eq) \3/
r .
-78°C, 30min then
/ﬂ\ Br; (1 eq) /é\\j\ r.t., overnight
S 0°C, then rt, 24h s Et,0 (0.8 M) [ )

CCl, (1.6 M) Ar atmosphere s

1 2
45% 66%

NBS (2 eq)
hydroquinone (0.5%)

729
% CH,COOH/CHCI, 1:1
(0.25 M)

0°C then rt, 10h

s
Br \ /

7\
s

3

Br

Scheme2.1

The first stepwvasthe bromination of the commercial available-8ihethylthiophene, thawasachieved
with bromine in carbon tetrachloride solution.

The interanular € bondwasformed through oxidative coupling with anhydrous GuiElthe dianion of
1, obtained in turrby transnetaldion with t-BuLi. Treatment of dimeR with NBS, in the presence of

hydroquinone as radicals scavengewneghe dibromoderivativ8 in good yields.

22Sy nt h e s4idibromn? , 2 6-tdtaphéngt3 |, -Bitbiophene (7)

Three differentsynthetic strategies have been developed to accede to the interniedidtethe aim to

reduce the overall number of steps and increase the yield of the whole process.

The first synthetic strategy involves four steps, as report8dheme2.2.
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PhB(OH), (2 eq)

Br Na,CO3; 20%sol. Ph s
Es) Br, HBr (48%) IS)—B Pd(PPhy), (3 mol%) I)H,h
> r > /
/ Et,0 (10 M) Br / THF (0.24 M) Br
75°C, 2h reflux, 24h
4 5
90% 65%
1) n-BulLi (1.2 eq)
Et,0 (0.5 M)
30min, -65°C
45%
2) CuCl;, (2.1 eq)
20h, rt
Ph
Ph Br NBS (2 eq) Ph
Ph ~
s\ ~ CH3COOH (cat.) S\
Q - -~/ \_S
~ S CHCI; (0.04 M) Ph
PP %y pH reflux, 20h Ph
7 70% 6
Scheme2.2

The first stepvasthe bromination of the position 2,3,5 of the thiophene ring, employing a 48% bromine
solution in bromidric acid, as reported in literat(f® and the resulting 2,3:Bibromothiophene4) was
obtained by careful distillation of the reaction crude; yields are satisfactory, even if the distillation is tedious
due tothe presence dfifferent bromalerivatives.

The 2,5diphenyt3-bromothiophene §) was obtained in good vyields, taking advantage of the
regioselectivity of Suzuki reaction on the thiopaeing.”

The dimer6 was obtained through oxidative coupling mediated by copper dblafi two units of 2,5
diphenyt3-lithiumthiophene, generated situ by transmetallation of the 2diphenyt3-bromothiophene.

The formation of the interanular bordas the most critical step: in particular, the lithiation reaction
required optimizatiomoth of the experimental conditions and of the metallating agent.

The occurred lithiation is checked By NMR. Best results were obtained by employing diethyl ether as
solvent andh-buthyllithium as transmetallating agent

Despite having optimized the or mati on of the ani on, we coul dnot
process, probably due to the steric hindrance exerted by phenyl groups.

The final step is the bromination wititbromosuccinimide in the presence of catalytic amount of acetic
acid; inthis condition the dibromoderivativé was obtainedn 70% yield. The presence of acetic acid is
essential in order to obtain the dibromoderivative; in fact only the productrmdbnomination was isolated

carryingout the reaction in pure chloroform.

In the second synthetic strategy, the tetrabromothiophersaised as starting matal, since it could be
obtained inquantitative yields by exhaustive bromination of thiophé&eheme2.3). Furthermore, its use

could have allowed to reduce the synthetepstbeing the product obtained from the omocoupling reaction
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already brominated.

However, the regioselectivity of the Suzuki reaction and the possibility of carrying out the coupling in the
presence of bulky substituents, such as bromine atoms, hadteded.

The thiophene was exhaustive brominated by ad the tetrabromothiophene was obtained as a white
solid in quantitative yield without any purification.

This wasthe first advantage of this strategy in comparison with the previous one, in whiclarthng st
material required a tedious purification process.

The Suzuki reaction demonstrde he same regi oselectivity in the

and t allowed to obtain the 3;dibromo2,5-diphenylthiophene in 70% yields.

PhB(OH), (2 eq)
1) Bry (4 eq) Br. Na,CO; 20%sol. Ph s
S rt, 1h S Pd(PPhy), (3 mol%)
() o e - e
/ 2) KOH (1 eq) Br THF (0.25 M) Br
reflux, 4h Br reflux, 24h Br
N, atm
CHCIj (20 M) 8 2 9
quantitative 70%
1) n-BuLi (1.3 eq)
Et,0 (0.65 M)
32% 30min, -50°C
2) CuCl, (2.2 eq)
-50°C, 1h then 8h, rt
Ar atm
Ph Br
Ph
ST\ ~
=~ \ S
Ph
Br Ph
7
Scheme2.3

The oxidative coupling of compourdilis the bottleneck of the whole synthetic procedure since the steric
hindrance plays a decisive role for the success of this kind of reaction. The coripeasdbtained in 32%
yieldsand even ifreaction optimizations were carried out, any enhancernmethte yield was observed.

However this strategy represedaan improvement compared to the previous one: in fact the overall yields
increasedrom 18% to 23% antherewasa reduction in the number of synthetic step from four to three.

Furthermore, fromhis experience, we realized that steric hindrance is detrimental for the formation of the
interanular bond and we planned a new strategy, in which the formation of the interanular bond was
anticipated in order to minimize the problems conneteterichindrance.

The new strategy is reportedStheme2 .4 and the formation aheinteranular bond takes place at the first

step.
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Br Br

1) n-BuLi (1.2 eq) Br
Et,0 (1.4 M) B SN
LS) 30min, -78°C SN\ \\ r, (excess) — Qs
-
> S > Br
Br / 2) CuCl, (2.2 eq) = CS, (0.2 M) Br Br
-40°C, 1h then 8h, rt reflux, 36h
Ar atm 10 1
80% 88%

PhB(OH), (5 eq)
K,CO; (7.5 eq)

60% | PA(PPhs), (3 mol%)

toluene (0.04 M)
reflux, 30h
N, atm

Ph Br
Ph

S\ =
~ \ S
Ph
Br Ph

Scheme2 4

3 , -Bithiophene,which is also commercially available, was obtained in 80% yigldgidative coupling
of the lithiumderivative of the-Bromothiophene.

The exhausti ve b rbithophere twasoperformdd by dmeloyilg, cdridon disulfide as
solvent, that it was found to be essential for the success of the reaction. Inhfact t2 ,-2 6, 5,
tetrabromothiophene wash dbtained carrying duthe reaction withother solvers, such as carbon
tetrachloride, chloroform or acetic acid, or performing the bromination in the absence of solvent. In this
condition the hexabromoderivatitd was obtained with high yield without further purification.

The Suzuki reaction conditions employedhiep r evi ous synthetic strategies
the desired product, but rather to a complex mixture of compounds in which the mairct pnas
characterized by the presence of three phenyl groups.

To force the entry of the substituents, the reaction was conducted in toluene at reflux, using a large excess
of base and 5 equivalents of phenylboronic acid: the reaction took place in avéegn and t-he 2,
tetrapheny¥ , -dilvomo-3 , -Bitbiophene was obtained as the main product by carrying out the reaction at
the reflux temperature for 36 hours.

Xylene was also used as solvent with the purpose of performing the reaction at higleeatiera in order
to reduce reaction time. The reaction was completed in three hours, but with a dramatic decrease of the
regioselectivity. In fact different dibromoderivatives were formed, characterized on the basis of mass
spectrum spectroscopy, and weo ul d n 6t i solated them neither by
crystallization.

Following these strategies, we achieved a satisfactory approach to the synthesis of the key intérmediate

in fact the desired compound was obtaiimed2% overall yelds.
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23Sy nt he sddibronm? , 2 6-tdt@isobropy3 , -Bitbiophene

In order to functionalized the thiophene with isopropylic groups, we tried to take advantage of the

regioselectivity previously observed in the Suzuki reaction with yberonic acid and we started to
investigate the functionalization of the 2 3rbromothiophene. In the case of alkyl boronic acid, it is well
known that bulky phosphine ligands are essential to inhibit isomerization ane sidieiceactions; thus we
planned to use as ligands £y Xantphos,RuPhosand aP d 0 cdy ctl lrea t was availabl e
reported in th&cheme2.5.

Different experimental conditions were investigated and the resuléhiannin the Table?.1.

}B(OH)2 (1.2-2.2 eq)

catalyst (x mol%)

Br ligand (x mol%)
ﬂ base (x eq)
Br s” "Br solvent -
T°, time

under N, atm

Table 2.1
Catalyst Ligand T°(°C)/
Entry Base (eq) Solvent ) Result
(x mol%) (x mol%) time(h)
17 Pd(OAc) (5) CysP (10) K,CO;(3.3)  Toluene/HO (10:1) 80/14 s.m.
2" Pdficycl K,CO; (4) 25% DMA in H,0 100/72 s.m.
3 Pdficycl K,CO; (4) 25% HO in DMA 100/72 s.m.
4 Pdiicycl K,COs (4) Toluene 100/48 s.m.
5 Pd(OAc) (5) Xantphos (5) K,COs (4) Toluene 100/72 Isomer+sm
sm+traces
6’ Pd(PPh), (5) RuPhos (5) K,CO; (4) DMF/H,0 (9:1) 80/24
of product
7 Pd(OAc) (2) RuPhos (4) K,COs (4) Toluene 100/48 s.m.

Pd "cycle": Q Q
p P
iPr—0

a 489
535 0 Oa®
\ /S _P_ _P_ ]
Ph Ph Ph Ph O-iPr
N
< > Xantphos RuPhos

Scheme2.5
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Unfortunately, almost ather eact i ons di dnét take place and the

N

only Xantphos led to the formation of a mixure of 2;8ibromothiophene andnother product, thadn the
basis ofH NMR spectroscopywas identified as the 3dibromo-2-propylthiophene.
The'H NMR spectrunof the crude of the reaction catalyzed by RuPhos showed the presenchgairtthe
the starting materiand traces of thdesired product
The failure ofthe crosscoupling reactions led us to change synthetic strag@glyprompted us tfmllow
the synthetic route employed for the preparation of tetrBMdOP starting from the 2,5 dialkylthiophene.
25Di i sopropyl thiophene isndt commercially avail ab
from 2,7dimethylocta3,6-dione (12), that was synthesizedtarting from 3methylbutar2-one using
literature method$ (Scheme2.6).
Wec o u |l d airdthe desibetl produemploying BRS,o as sulphonating agent: in fact the reaction led to

the formation o{2)-2,7-dimethyt6-thioxo-oct4-en3-ongt hat candt evol viering o gi ve

1) LDA (1.1 eq)
THF

-78°C, 15min, N, atm M
I, (1.
2) CuCl, (1.1 eq) o
12
O S

DMF
-78°C to rt, overnight

w)og
(o)
P4S10 (1.2 eq)
— =
3 ccl,
12

rt, 24h

Scheme2.6

We could acceded tothe 2,5diisopropylthiofhene in 54% vyields employing Lawessaeagent as

sulphonating ager{fScheme2.7).

o
M Lawesson reagent (1 eq) / \
> S
o) toluene dry (0.07M)
12

80°C, 24h
13

Scheme2.7

The following step was the bromination of the position 3 of the thiophene ring: firstlgawied out the
reaction using Bras brominating agentd NMR spectrum of the crude showed the presence of brominated
product, both on thiophenic ring and on alkyl groups.

Finally, we achieved the bromination of position 3 employMromosuccinimide irthe presence of
catalytic amount ohydroquinone in this condition the bromoderivativé4 was obtainedn 55% yield
(Scheme?.8).
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NBS (1 eq) Br
/ \ hydroquinone (1 mol%) 7\

CHCI,/CH;COOH 1:1 (0.2M)

0°C, 20min then rt, 20h

13 14

Scheme2.8

2.4 Conclusions

In this chapter, we described the synthesis4of-dilliomo2 , 2 Gtetfasuliitbiteed , -Bithiophene
derivatives, which represent the key intermediates for the construction of the atropoisomeric
biheteroaromatic scaffolds reported in this Thesis.

The synt h-disrams2 ,o02f 6-tetdamdidg3,3 dithiophene, already developed, was optimized,
obtaining the desired product in three steps.

For t he syndboms2i, s2 6tetimphénd3, , 48ibiophene, three synthetic strategies were
developed: the best one consists of three stepshichvihe formation of the interanular bond is anticipated
at the first step, to avoid the problems connected with the steric hindrance.

Furthermore, we identified the synthetic scheme to accede to tadshpropyt3-bromothiophene, which
isthekeyinte medi ate f or t he-dibromm2 1 2 &tet@isoprdpylo, -Bithiophene.4 , 4 6
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25 EXPERIMENTAL SECTION

2.5.1 General information

All reactions utilizing air and moisturesensitive reagents were performed in dried glassware w@mder
atmosphere of dry nitrogen or argon. Dry solvents were used as received and stored under inert gas. All
reagents, if not otherwise specified, were used as received and, if necessary, stored under inert gas.

For thin layer chromatography analysige-coated TLC sheets ALUGRARIXtra SIL G/UV254vere
used. Visualization was accomplished by irradiation with a UV lamp and/or staining with potassium
permanganate alkaline solution. Column chromatography was performed -@®Q230esh Sigmaldrich
silica gel.

Melting point determinations were performed by using a Buebd@instrument.

'H NMR, *C NMR were measured on a Brucker FT 30adrucker AMX 300instrument Chemical
shifts {d) are expressed in parts per million (ppm) and coupling costants are rdapditiedz (Hz). Splitting
patterns are indicate as follows: s = singlet, d = doublet, t = triplet, q = qugmtet, quintupletm =
multiplet, br s = broad singlet.

Mass analysisvere performed using\dG 7070 EQHF instrument.
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2.5.2 Synthetic procedures

Svynt hes-idibron? , 2 6tdt@meshdl3 | -Bithiophene (3)

1 Synthesis of 3bromo-2,5-dimethylthiophene (1)
Br

ﬂ Br, (1 eq) A
S 0°C, then rt, 24h s
ccl,

A solution of Bg (14.6g, 89mmol, 1 egh CCl, (30mL) was added dropwis® a stirred solution of 2;5
dimethylthiopheng10g, 89mmol, 1 eqgin CCl, (25mL) at 0°C,over a period of 1 hour, then the reaction
mixture was left under stirring until no gaseous HBr was formed.

Dichlorometand40mL) and wate(40mL) were added to the solution, the organic layer was separated and
the aqueous phase was extracted with@H?2 x 30mL). The combined organic layer were washed with a
saturated NaHC@solution (40mL), water(40mL), then dried and the solvent was removed under reduced
pressure. The residue was distilled (78°C, 6.5mbar) te ghromao2,5dimethylthiophene as eolourless
oil, isolated in 45% yield

'H NMR (CDCl 3, 300 MHz)d 6.63 (s, 1H), 2.48 (s, 3H), 2.42 (s, 3#)

| Synthesisof 2 , 2 Gtetfamebhgl-3 , -Bitbiophene (2)

1) t-BulLi (2 eq)
-78°C, 30 min s
2) CuCl, (1 eq)
Br -78°C, 30min then \ /
/@ rt., overnight / {
S Et,0 s

Ar atmosphere

A solution ofl (6.9g, 36mmol, 1 egh dry diethyl ethe(37mL)was slowly added teBuli (1.6M solution
in hexane, 25mL, 1.1 edq) dry ethyl ethe(37mL) at-78°C, under Ar atmosphere; the reaction mixture was
stirred for 30 minutes a78°C, then anhydrous Cudb.30g, 40mmol, 1.1 egyas added and the reaction
mixture was allowed to warm to room temperature and stirred overnight. {¥atat) was added to the
sdution; the agueous phase was extracted withGTH(3 x 40mLl); the combined organic layers were
washed with water, then dried and concentrated in vacuo. Flash chromatography (hexan2),le@5t®, 5 ,
tetramethyd3 , -BitBiophene as eolourless oil, isoled in 66% yield

'H NMR (CDCl 3, 300 MHz)d 6.52 (s, 2H), 2.42 (s, 6H), 2.27 (s, 61)
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1 Synthesisof 4 , -dilfomo-2 , 2 &tetamebhdl-3 |, -Bitbiophene (3)
S NBS (2 eq) S
\ idrochinon:((‘O.S%) _ Br \/

1\ CH3;COOH/CHCI; 1:1 J \
s 0°C then rt, 10h S

NBS (1.3g, 5.8mmol, 2 eqjvas added to a stirred solution of din#2r(0.646g, 2.9mmol, 1 egand
hydroquinong1.6mg, 0.0145mmol, 0.5 mol%) a mixture of CHG/CH;COOH 1:1(16mL), at 0°C. The

reaction mixture was stirred at room temperature for 10 hours, then dichloronig@mie and water

Br

(10mL) were added to the solution, the organic layer was separated, dried ¢8€), ad concentrated in
vacuo. The crude was filtered over a-dibsoma2r, t2 6pp &d 5d1
tetramethyl3 , -Bithiophene a awhite solid, isolated in 72% yield

'H NMR (CDCl 3, 300 MHz)d 2.39 (s, 6H), 2.19 (s, 6H.

Svynt hes-ibron? , 2 6tdtdphdnyt3 |, -Bithiophene )

1 Synthesis of2,3,5tribromothiophene (4)
s Br,, HBr (48%) Br__s
75°C, 2h Br

A mixture of thiopheng10g, 120mmol, 1 ecgnd48% HBr solution (31mL)in diethyl etheq12mL) was
added dropwis¢o a solution of By (20mL, 3.2 eqjn 48%HBr solution(20mL), at room temperature, then
the mixture was stirred for 2h at 75°C; excesbmimine was reduced by a saturated solution of sodium
metabisulphite. The mixture was extracted with,CH (40mL); the organic phase was washed with a
saturated solution of NaHG®@40mL). Then the organic layer was dried overn8@, and concentrated at
reduced pressure. Distillation (90°C, 5mmHg) led to the 2y#Bomothiopheneas apale yellow ail,
isolated in 90% yield

'H NMR (CDCl 3, 300 MHz)d 6.93 (s, 1Hf*

1 Synthesis of 3bromo-2,5-diphenylthiophene §):

PhB(OH), (2 eq)
Br s Na,COj3; 20%sol. Ph s
| Br Pd(PPh3), (3 mol%) | Ph
/ > /
Br THF Br

reflux, 24h
Pherylboronic acid(3.8g, 31.2mmol, 2 eqyvas added to the biphasic system made of deoxygenated
tetrahydrofuran(66mL) and a 20% solution of N@O; (66mL), under N atmosphere; after 2,3,5
tribromothiopheng5g, 15.6mmol, 1 ecgnd palladium tetraki€.540g, 047mmol, 3 mol%)wvere added and
the mixture was stirred for 24 hours at reflux. The solvent was removed at reduced pressure, and the mixture
was extracted with dichlorometariéOmL); the organic layer was washed with bri@mL), then with

water(40mL), dried over NgSO, and concentrated at reduced pressure.

49



Gravimetric column chromatographihexane) ledd 3-bromo2,5-diphenylthiophene as white solid,
isolated in 65% yield

'H NMR (CDCl 3, 300 MHz)d 7.32 (s, 1H), 7.57.34 (m, 6H), 7.63 (d, 2H,= 7.5 Hz), 7.76 (d, 2HJ =

6.9 Hz)%

1 Synt hesi s-tewapherl;32 @itbibphend (©):

1) n-BuLi (1.2 eq) Ph
Ph Et,0 Ph
S -65°C, 30min s\ /S
| Ph - N
/ ~ s
Br 2) CuCl, (2.1 eq) Ph
rt, 20h Ph

n-BuLi (1.6M solution in hexane, 3.4mL, 1.2 egjas added dropwise to a solution chi®mo2,5
diphenylthiophen€1.55g, 4.94mmol, 1edh dry diethyl ethe10mL), under N atmosphere and a65°C,;
after 30 minutes, anhydrous Cu(l.35g, 9.85mmol, 2.1 eqyas added rapidly. The reaction mixture was
stirred for 20 hours at room temperature, then diethyl ether was removed at reduced pressure and the crude
was washed with dichlorometafibmL) and a 5% HCkolution (15mL) the organic layer was washed with
a saturated solution of NaHG@15mL) and then with watefl5mL), dried and concentrated in vacuo.
Gravimetric column chromatograpligexane/CHCI, 9 . 5: 0. 5) 5l -detrdphaengd3 , Bifbdphensd |,
as awhite solid, isolated in 45% yield.
'H NMR (DMSO, 300 MHz)d 7.65 (d, 4H, J = 6.0 Hz), 7.48 (s, 2H), 7.46 (t, 4H, J = 6.0 Hz), 7.31(d, 2H,
J=6Hz), 7.1&,11 (m, 10H).
MS (El): 470(M™).

| Synt hesidibronmf2 , 2 6tt@phénd-3 , -Bithiophene (7):

Ph Ph Br

Ph  NBS(2eq) Ph
S\ = CH;COOH (cat.) S N\ ~
Ph = \ S CHC|3 - Ph =S \ S
Ph reflux, 20h Br Ph

N-bromosuccinimide(0.36g, 1.82mmol, 2 eqva s added to a -wwapheny 036 of
bithiophene ©.43g, 0.92mmol, 1 gdn chloroform(20mL) and acetic acid glacig2mL). The mixture was
stirred for 20 hours at reflux; the crude mixure waated with a saturated solution of #8z0s, then with a
saturated solution of NaHGQ20mL) and with a 5% NaOHsolution (20mL) The aqueous layer was
extracted with dichlorometar{80mL), the organic phase was dried and concentrated in vacuo.

Gravimetric olumn chromatographyhexane/CHCI, 9 . 5: 0. 5) -dibreamb2 ,t 20 6-tetiBHpHEGH
3 , -Bitbiopheneas awhite solid, isolated in 75% yield.

'H NMR (CDCl 3, 300 MHz)d 7.79 (d, 4H,J = 6.0 Hz), 7.48 (t, 2H) = 6.0 Hz), 7.41 (d, 4H] = 6.0 Hz),

7.237.09 (m, 10H).

MS (EI): 629 (M.
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| Synthesis of tetrabromothiophene §):

1) Bry (4 eq)
| S rt, 1n Br | S B
r
O 2) KOH (1 eq) Br /
reflux, 4h Br
CHCI3

Bromine (30mL, 585mmol, 4.5 eqglas added dropwist® a solution of thiophengl0.5g, 125mmol,1 eq)
in chloroform(6mL) and thereaction mixure was stirred for 1 hour at room temperatura,ftne8 hours at
reflux; after a 95% KOH solutioin ethanol (7g, 125mmol, 1 eg)as slowly added and the mixure stirred at
reflux for further 4 hours.

The crude was poured in an equivalenuwed of ice, and the solid formed was recovered by filtration and
washed with water tmbtain the tetrabromothiophemneithout any further purification as white solid,
isolated in quantitative yield

mp: 115117°C.

'H NMR (CDCl 3, 300 MHz) no proton signal&’

| Synthesis of 3,4dibromo-2,5-diphenylthiophene @):

PhB(OH), (2 eq)
Br__s Na,CO; 20%sol. Ph s
. D—Br P(PPhs G mo%) D—Ph
r THF Br
Br reflux, 24h Br
N, atm

Phenil boronic acid(0.9g, 7.4mmol, 2 egyas added to the biphasic system made of deoxygenated
tetrahydrofuran(15mL) and a 20% solution of N@QO; (15mL), under N atmosphere after 2,3,5
tetrebromothiophendl.5g, 3.7mmol, 1 ecand palladium tetraki€).13g, 0.111mmol, 3 mol%yere added
and the mixture was stirred for 24 hours at reflux. The solvent was removed at reduced pressure, and the
mixture was extracteditth dichlorometan€15mL); the organic layer was washed with br{d®&mL), then
with water (15mL), dried over NgS0O, and concentrated at reduced pressuBeavimetric column
chromatographyhexane/CHCI, 9:1) led to 3,4dibromo-2,5-diphenylthiophen@as awhite solid, isolated in
70% yield

'H NMR (CDCl 3, 300 MHz)d 7.557.47 (m, 6H), 7.73 (d, 4H,= 6.0 Hz).

MS (EI): 394 (M").%

1 Synt hesidibronmf2 , 2 6tti@wphéngd-3 , -Bithiophene (7):

Ph 1) n-BulLi (1.3 eq) Ph Br

s Et,0 Ph
I%Ph 30min, 50°C s\ \\
Br - 2) CuCl, (2.2 eq) Y S
-50°C, 1h then 8h, rt Br PH

Ar atm
n-BuLi (1.6M solution in hexane, 5mL, 1.3 ew)as added dropwise to a solution gfi-8ibromo2,5

diphenylthiophene(2.5g, 6.4mmol, 1 egh dry diethyl ethe(10mL), at-65°C, under N atmosphere; after
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30 minutes, anhydrous Cu{1.9g, 14mmol, 2.2 eqgyas rapidly dded. The reaction mixture was stirred for
20 hours at room temperature, then diethyl ether was removed at reduced pressure and the crude was washet
with dichlorometang€15mL)and a 5 % HCsolution (15mL) the organic layer was washed with a saturated
solution of NaHCQ (15mL) and then with wategfl5mL), dried and concentrated in vacuo.

Gravimetric column chromatography (hexane;CH 8.5:1.5)1 e d t-dibrordo2 4 @ Gtetmphéngl
3 , -Bitbiophenen 32% yield.

1 Sy nt he s ibithiopldne (BO): 3 6
1) n-BuLi (1.2 eq)
s Et,0,
30min, -78°C ST\ =
D > ~ \ S
2) CuCl, (2.2 eq)
-40°C, 1h then 8h, rt
Ar atm

Br

n-BuLi (1.6M solution in hexane, 46mL, 1.2 egjas added dropwise to a solution ebi®mathiophene
(109, 61.3 mmol, 1 egh dry diethyl ethe43mL) at-78°C, undem, atmosphereand the mixure stirred
vigorously; after30 minutes, anhydrous Cu€18.5g, 137mmol, 2.2 eqyas rapidly added at a temperature
of -50°C. The reaction mixture was stirred-a80°C for 30 minutes, then for 20 hours at room temperature,
then the crude was washed with HCI solution (30mL) the agieous phase extracted with dichlorometane
(40mL) and the organic layer was washed with a saturated solution of Na30@L) and then with water
(30mL), dried and concentrated in vacuo.

FIl ash chr omat ogr a pithipphénasaxhkite soll, isdlated in 80% vyid&d, 3 6

'H NMR (CDCl 3, 300 MHz)d 7.38(m, 2H), 7.35 (m, 4HY’

| Synthesis of hexabrome , -Bitbiophene (11):

Br Br
S(}_@ Br, (excess) WBr
=~ \ S cs, ~ \ S
reflux, 36h Br Br BY

Bromine (40mL) was added dropwis®® a st i r r e d-bithiaphenet 3i89, 23 naonfol, 48),in3 6
carbon disulphide (114mlYhe reaction mixture was heated at reflux and stirred for 36 hours; then the
excess of bromine was reduced by slowly adding of a saturated solution of sodium metabisulphite, at 10°C,
until clarification of the mixture. Alir the mixture was extracted with tolugfi®0mL), the organic layer
was dried over N&O, and concentrated in vacuo. Hexabrego -Bitbiophene was obtained without any
further purificationas awhite solid, isolated in 88% vyield

'H NMR (CDCl 3, 300 MHz) no proton signalsmp: 178181°C%
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1 Sy nt he s idibronmf2 , 2 6kt@mphé&ng-3 , -Bitbiophene (7):

PhB(OH), (5 eq)
Br Br o K,CO; (7.5 eq) Ph Br
ST\ = Pd(PPh;)4 (3 mol%) SN\ ~
~/ \S > ~/ \S
Br toluene Ph
Br Br reflux, 30h Br Ph
N, atm

Hexabrome3 , -Bithiophene @.5g, 0.78mmol, 1 §qphenyl boronic aciq0.62g, 5.1mmol, 6.5 ecgnd
K,CG0;(0.659,4.7 mmol,6 eqglere dissolved in dry toluen@0mL), under N atmosphere; after 10 minutes
of stirring, palladium tetraki§ 0.027g, 0.023mmol, 3 mol¥#yas added and the mixture was heated at reflux
for 24 hours. The solvent was removed at reduced presandethe crude dissolved in dichlorometane
(20mL) and washed with wat¢2OmL); the organic layer was dried and concentrated in vacuo.

Flash chromatography (hexane/{H} 9:1) led to compound as yellow solid which is thetitritated to

obtain7 as white solidn 60% yield.

Synt hesidibromm? , 2 6tdtisoprapyt3 , -BitBiophene

1 Synthesis of 2,7dimethyl-octa-3,6-dione (12)

1) LDA (1.1 eq)
THF o
o -78°C, 15min, N, atm
\H\ 2) CuCl, (1.1 eq) i
DMF

-78°C to rt, overnight

3-Methylbutan2-one (3.7mL, 34.8 mmol, 1 eq) was slowly addatd-78°C to a stirred solution of LDA
(38.3mmol, 1.1 eq) in dry THF (38 mL); after 15 minutes, at the same temperature(%L8, 38.3mmol,
1.1 eq) in DMF (38mL) was added. The reaction mixture was allowed to warm at rt and stirred overnight.
The mixture was ancentrated and extracted with 10% HCI solution (30mL) ap@ E40mL); the organic
layer was washed with water (30mL), saturated aqueous Nald@@ion (30mL) and again with water,
then it was dried over N80O, and concentrated in vacuo. The prodi2twas obtained in 49% yields as a
pale yellowoil, isolated in49% vyield.

'H NMR (CDCl 5, 300 MHz)d 2.71 (s, 4H), 2.64qn, 2H,J = 6.9 Hz),1.11 (d, 12H,) = 6.9 Hz)¥

1 Synthesis of 2,&diisopropylthiophene (13)

o
M Lawesson reagent (1 eq) / \
> S
o) toluene dry (0.07M)
80°C, 24h
N, atm

According to a literature procedufe Lawesson reager{#tg, 10.1mmol, 1 egyvas added to a stirred
solution of 2,7-dimethylocta3,6-dione (1.72g, 10.1 mmol, 1 eqjn toluene dry(145mL), under N
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atmosphere; the mixture was stirred for 24 hours at 80°C.

The solidwas filtered off and the mixture was concentrated in vacuo.

Gravimetric column chromatography (petroleum etlhexi)to 2,5diisopropylthiophene as @lourless oil,
isolated in 54% yield

'H NMR (CDCl 3, 300 MHz)d 6.69 (s, 2H), 3.21qn, 2H,J = 6.9 Hz),1.31(d, 12H,J = 6.9 Hz)**

1 Synthesis of 3bromo-2,5-diisopropylthiophene (14)

Br
NBS (1
/ \ (1eq)

hydroquinone (1 mol%) / \
s > s

CHCI3/CH;COOH 1:1 (0.2M)
0°C, 20min then rt, 20h

NBS (0.212g, 1.2mmol, 1 egand hydroquinong€lmg, 0.012mmol, 1 mol%)vere added to a stirred
solution of 2,5diisopropylthiophend0.2g, 1.2mmol, 1 egih CHCL/CH;COOH 1:1(6.6mL), at 0°C; the
reaction mixture was stirred for 20 minutes at 0°C, then for 20 hours at room temperature. The mixture was
extracted with CHCl, (10mL) and HO (10mL); the organic layer was dried over JS&, and concentrated
in vacuo.

Flash column chromatography led td®mo2,5-diisopropylthiophenas acolourless oil, isolated in 55%
yield.

'"H NMR (CDCl 5, 300 MHz) d 6.62 (s, 1H), 3.32qn, 1H,J = 6.9 Hz), 3.09 (t, 1H,J = 69 Hz), 1.31 (d,
12H,J = 6.9 Hz).
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3.PHOSPHINE AND PHOSPHINE OXIDE

3.1 Synthesis of2 , 2 otetfaphé&ngt4 |, -dishditolylphosphinyl}3 , -Bithiophene
(15)

The general synthetic strategy to obtain diphosphine oxide from hadodestituted substrate involves a

transmetallation reaction, promoted by an alkyllitium as metallating agent, and subsequent electrophilic
attack of chlorodiarylphosphine. The resultaighosphine is then oxidized situto give the corresponding
diphosphine oxide, which is the derivative necessary to perform the resolution process.

Normally, this procedure allows to obtain the final product in a range of yield between 40% and 65%.

In order to maximize the yields, the experimental conditions for the dianion formation and for the
functionalization of the bithiophenic scaffold with the phosphinic groups were developed.

In the first experiment, lithiation was carried out&i°C withn-BuLi, then the chlorodiarylphosphine was
added and the mixture kept at same temperature for 30 minutes and allowed to reach room temperature in 20
hours. The subsequent addition of a 30% hydrogen peroxide solution led to tetrd®hP@elds lower
than 186, associated with monophosphine oxide and products derived from chlorodiarylphosphine
degradation.

The presence of the mono substituted derivative in the reaction crude highlighted two critical points: first,
high steric hindrance of phenylic groups othlaphene backbone inhibits the entry of second phosphinic
group. Considering the high reactivity of the electrophile, the other critical point had to be the double
lithiation of the dibromo derivativ€. The dianion formation was performed by using be#uLi andt-

BuLi which permits to operate at higher temperature without the formation ofsalkgtituted compound.
Deuteration confirmed that both metallant agents led to the dilithium derivative-Badi was preferred
for the lower risks related its use.

Being experimental condition of the lithiation reaction optimized, we focused our attention on the reaction
with the chlorodiarylphosphine. We performed this step at higher temperature, to promote the insertion of the
second phosphinic group; aftine addition of the electrophile to the dianion, the temperature was increased
at 40°C and the reaction mixture was stirred overnight. Following this procedure, yield was improved from
15% to 46%, verifying the goodness of our hypothesis.

A further improvement of the yields was obtained carrying out the reaction at reflux for 8 hours; the
diphosphine oxide was obtained in 55% yields. The best reaction conditions were reported in3&cheme

1) n-BuLi 1.6M (2.4 eq) Ph s

L . B e
s\ \\ 20), » PTol=P g-p-Tol
i S 2) (p-Tol),PCI (2 eq) Ph-¢ | “p-Tol
Br Ph -50°C to reflux, 8h S~ “ph

3) H,0, 30%

7 15

Scheme3.1
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3.2 Synthesisof 2 , 2 6tetaphén@4d |, -Hisjditolylphosphno)-3 , -Bithiophene
(16)

The diphosphingetraPhPL6 was obtained following two procedures, as showidheme3.2:

Ph ¢
p-Tol, | )—Ph
1) n-BuLi 1.6M (2.4 eq) p-Tol— (
-50°C, 30min o'? g-p-Tol
THF, Ar atm Ph- [ p-Tol
= S~ >ph
2) (p-Tol),PCI (2 eq)
-50°C to reflux, 8h 15
3) H,0, 30%
Ph Br ) Hz0 30%
HSIC, (4 eq)
SN (O TEA (4 eq) H,0, 30%
</ s Xilene (0.07M)
Ph
Br Ph
1) n-BuLi 1.6M (2.4 eq)
7 -50°C, 30 min. Ph s
THF, Ar atm p-Tol, | ) Ph
. -Tol—P
2) (p-Tol),PCl (2 eq) P p_p-Tol
-50°C to reflux, 8h Ph- [ pTol
S >pn
16

Scheme3.2

The first synthetic strategy has already been discussed for the synthesisetfafRePOL5; in this case
when the reaction with chlorodiarylphosphine was complete, the reaction was worked under a nitrogen
atmosphere in order to avoid the oxidation. haification was performed by column chromatography,
under nitrogen pressure.

In the second strategy, the diphosphine oxiiewas reduced with an excess of trichlorosilane and

triethylamine, in quantitative yields, and the wanik was carried out underert atmosphere.

3.3 Resdution of 2 . 2 Otetaphé&gld | -Bispditolylphosphiny33 , -3 6
bithiophene(15)

The resolution of electrerich diphosphines is usually carried by fractional crystallization of the

diastereomeric adducts of the corresponding racemic diphosphine oxides with an optically pure chiral acid,
generally the dibenzoyltartaric acid (Schen®3), followed by alkaline decomposition of the

diastereomerically pure adducts.
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OH

(-)-DBTA two diastereomeric adducts
separated by crystallization

“/POPh, NaOH "POPh,  HSICly

POPh, TEA

Scheme3.3

Resolution of the diphosphine oxide with dibenzoyltartaric acid apperared to be difficult, due to the lack of
a different solubility of the two diastereomeric salts.

A wide range of solvents were employed, but when the precipitation was observed cthitaped was
invariably composed of both of the enantiomers, as reported in 34ble

In order to obtain the two enantiopure diphosphine oxides for the purpose of studying the solubility of the
two diastereomeric salts, the resolution of the racematearésrmed by a semipreparative HPLC analysis
on a chiral stationary phase by Dr. Roberto Cirilli at the Istituto Superiore di Sanita di Roma. The
chromatogram, reported in Figu3d, shows a perfect separation between the two enantiomers.

5000
4000 |
3000 -|
2000
1000

0

- - . . . .
SDDD—_ N
04
T
g 1

-3000 +

-6000 +

-8000 4

a 2 4 g

CSP: Chiralp& 1B (250 x 4.6 mm i.d.); Eluent:imexané&2-propanol ethanol 75:20:5 (v/iviv);
Temperature: 40°C; Flowate: 1 ml/min;Detector: UV (black) and CD (red) at 254 nm.
Figure 3.1

The chiroptical characterization of the two enantiomers was completed with the registration of the CD

curves, which are perfectly specular, and the measurement of the specific rotations. Furthermore, the
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absolute configuration was assigned to the enaniopuatipodes by comparison of the experimental CD
curves with that calculated for th§){enantiomer, which corresponds, in this case, to the second eluted one,
namely the dextrorotatory enantiomer.

50 5

-50

200 B 0 ' 400
CD graphic: Ellipticity (mdeg) vs wavelength (nm);
(----- : CAM-B3LYP/tzvp
[Uo%° (green) =-174; ¢: 0,1 in ethanol;
[Uo® (red) = +177; c: 0,1 in ethanol.
Figure 3.2

The availability of the two enantiopure antipodes allowed an investigation on the solubility of the
diasteropure adducts wittevorotatory dibenzoyltartaric acid. Different solvents were tested, but
unfortunately any differences of solubility was observed between the two diasterecisomers: in all the
experiments we observed the precipitation of the racemate.

Finally, a few tests were performed also with different resolving agents, as camphorsulfonic acid,
naproxen, binaphthyl phosphoric acid, but, every time that a salt precipitated, HPLC chromatogram showed
its racemic nature. All the experiments are reparnethble3.1.

Table 3.1:
Solvent Resolving agent mol Precipitation e.e%
AcOEt (-)-DBTA 1 Yes Rac.
CHClg (-)-DBTA 1 Yes Rac.
THF (-)-DBTA 1 No -
THF/ELO (-)-DBTA 0,5 Yes Rac.
THF/ELO (-)-DBTA 1 Yes Rac.
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CHCl3 (+)-Naproxen 0,5 No -

CHCl (+)-Naproxen 1 Yes Rac.

AcOEt (+)-Naproxen 1 Yes Rac.
THF (+)-Naproxen 1 Yes Rac.

AcOEt (+)-camphorsulfonic acid 1 Yes (4°C) Rac.
THF (R)-binaphthyl phosphoric acid 0,5 No -
THF (R)-binaphthyl phosphoric acid 1 Yes Rac.

Given the disastrous results obtained, we decided to try to resolve the corresponding dipli&sifitaime

which it would be possible to obtain the diphosphine oxide by oxidation wih. H

3.4 Resolution of2 , 2 o-tetaphé&ngt4 , -HBisiditolylphosphno)-3 , -Bithiophene
(16)

As anticipated, electrerich diphosphines are resolved at level of diphosphine oxides, as discussed in

Paragraph 3.3 while electrorpoor diphosphines, for which diphoshine oxides are not able to form salts
with chiral acids, are esolved through an alternative methodology that requires the formation of
diastereomeric complex of aminopalladium. We employed as chiral compledi-ghehloro-bis[(N,NG-)
dimethyl(R)-U-methylbenzyl)aminat€,N]palladium (Il) which is prepared fromR)-phenylethylamine
with PdCl}, in the presence of LiCl.

The formation of diastereomeric complex was proved'ByNMR, as reported iRigure3.3, in which are

evident, as expected, the presence of four doublets.

AFd41 31Pdis coc13

Figure 3.3
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In fact eacldiastereomeric complex shows two doublets, respectively around 8 and 33 ppm, related to the
two heterotopic phosphorus atoms.

This experiment is also useful for evaluating the configurational stability of diphosphine: if the integral
relative to phosphorusignal of one diastereisomer is equal to that assignable to the other diastereoisomer, it
means that the original ligand is configurationally stable; on the other hand, if the integrals of the two
di astereoisomer are dififeeensnpoti tdéenfSiuger dathiadn alhl
assume that kinetic resolution of configurationally unstable enantiomers takes place; the enantiopure
complexing agent selects and favors the association with one enantiomer of diphosphine. The penaliz
enantiomer amasses in the solution but, due to its instabilitgizes and it supplies to the enantiopure
complexing agent the favorite antipode. This situation leads to disequilibrium between the diastereomeric
complex, and this situation is recogsizby NMR.

Being the integrals of the doublets relatives to the two diastereomeric complex identical, we can affirm that
the diphosphind6 is configurationally stable at room temperature. This result is rather obvious, since the
corresponding diphosphimide was found to be configurationally stable.

Having checked the formation of chiral complexes, the following step was the kinetic resolution with half
equivalent of palladium complexes: partial resolution took place, as resulted evident ¥ tN&IR
spectrum reported in Figurg.4. Flash chromatography had done under nitrogen, to separate the
diphosphinecomplex from free diphosphine and diphosphine oxide.

The complex diastereomerically enriched was treated with NaCN to obtain the enantiomerigaidenr
di phosphine. However, due to the scarce amount o]

resolution process so far.
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Figure 34
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3.5 Electronic availability of2 , 2 6-tetfaphé&n@4 |, -Bisjditolylphosphno)-3 , -3 6
bithiophene(16)

As already discussed in the introduction (&seagraph 1.3, we are usual to use the electrochemical

oxidative potential to determine the electronic availability of diphosphines. Measurements were carried out
using 3 electrodes: glassy carbon as worktedde, platinum anode and SCE as reference electrbde. (
BuN),” CIO, is used as supporting electrolyte and the concentration of phosphine solution was kept at
2.2310"M.

CV curves are reported in Figudes, blue curve for tetraM8ITIOP and red curvéor tetraPhBITIOP 16;
the graph shows that the first oxidation peak relative to diphosfiBireeanticipated with respect to that of
tetraMeBITIOP, demonstrating that diphosphih@is electrorricher than tetraMd&ITIOP.

0,80

0,70

tetraPh-
bitiop

02 0 0,2 0,4 0,6 0,8 1 1,2
Evs Fc'Fc /V

Figure 3.5

3.6 Application of 2, 2 otetfaphé&nd4 , -dispditolylphosphinyl}3 , -3 6
bithiophenein enantioselective reactions

The enantioselective addition of allyl trichlorosilane to aldehydes represents a clear example of how metal
based enantioselective catalysts mig effectively replaced with simple organic molecules while
maintaining high levels of chemical and stereochemical effici&hcy

Preliminary experiments were performed employing pure diphosphine d%d& configuration) as
catalyst in the stereoselectivadition of allyttrichlorosilane topara-nitrobenzaldehyde and cynnamil
aldehyde. The results and comparison between tetBIMI®PO and diphosphine oxidkb as catalysts are
reported inTable3.2.
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DIPEA (3 eq)

s OH
RJOLH v _~_SiCl; cat é::::'ﬁ) - )\/\
T°, 40h
Table 3.2
Entry R Catalyst T°(°C) Yield (%) ee (%)

1 4-NO,-Ph 15 0 50 90
2 4-NO,-Ph tetraMeBITIOPO 0 53 94
3 PhCH=CH 15 0 98 70
4 PhCH=CH tetraMeBITIOPO 0 74 82
5 PhCH=CH 15 -20 96 69
6 PhCH=CH tetraMeBITIOPO -20 54 82

As for the reaction witlpara-nitrobenzaldehyde, the behaviour of the two ligands was almost the same,
being tetraMeBIlI Tl OPO s | iugsaturdted beszalgelytaraBhPCexhivited dne  wi t
higher catalytic activity, but lower enantioselectivity. However, due its rbedalytic activity, the reaction

could be performed at lower temperature, hoping in an increase of the enantiodiscrimination level.

3.7 Conclusions
In this chapter the synthesis of new diphosphine and diphosphine oxide base@ gn thé-tetmphé&ngl

3 , -Bithiophene scaffold were developed.

We tried to carried out the resolution of tetraPhBR® through fractional crystallization of their
diastereomeric adduct, using different optically pure chiral acid, but without successiofimant
diphosphine oxides were obtained by semipreparative chiral HPLC ang-#etibodel5 was tested in the
enantioselective addition of allyltrichlorosilane to aldehydes, exhibiting higher catalytic activity than
tetraMeBITIOPO, but lower enantioselectivity.

First experiments concerning the resolution of diphospli®evere undertaken througtormation of
aminopalladium diastereomeric complex.

The electronic availability of diphosphii® was evaluated by cyclic voltammetry.
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3.8 EXPERIMENTAL SECTION

3.8.1 General information

All reactions utilizing air and moisturesensitive reagentaere performed in dried glassware under an
atmosphere of dry nitrogen or argon. Dry solvents were used as received and stored under inert gas. All
reagents, if not otherwise specified, were used as received and, if necessary, stored under inert gas.

For thn layer chromatography analysis, fieated TLC sheets ALUGRARIXtra SIL G/UV254were
used. Visualization was accomplished by irradiation with a UV lamp and/or staining with potassium
permanganate alkaline solution. Column chromatography was perform280&®0 mesh Sigméldrich
silica gel.

Melting point determinations were performed by using a Bueb4® instrument.

'H NMR, *C NMR and*P NMR were measured on a Brucker FT 30@ Brucker AMX 300instrument
Chemical shiftsd) are expressed in parts per million (ppm) and coupling costants are repdtedza@iz).
Splitting patterns are indicate as follows: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br s =
broad singlet.

Mass analysis were performesing a VG 7070 EEHF instrument.
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3.8.2 Synthetic procedures

| Synt hesi s-teteaphergt4d 2-Bisgdiolylphdsphiny3 , -Bitbiophene (5)

on B 1) n-BuLi (2.4 eq) Ph s
r o -
Ph -50°C,30 min p-Tol | / Ph
s ~ THF (0.2M), Ar atm T I—\P
D \ » Pprlol=5 g-p-Tol
e S 2) (p-Tol),PCl (2 eq) ©ond ol
Br Ph -50°C to reflux, 8h s Ph

3) H,0, 30%
n-BuLi (1.6M solution in hexane, 6mL, 2.4 egps added dropwise to a stirred solutior? ¢2.5g, 4mmol,
1 eq)in dry THF (20mL), under Ar atmosphere é80°C; after 45 minutes, the reaction was warmed up at
40°C and chlorophosphin@g, 8mmol, 2 eq) wasdded, then the reaction was stirred at xefar 8 hours.
THF was removed under reduced pressure and the crude was dilute w@h @0mL); after a solution
30% of HO, was added and the mixture was stirred for 1 hour.

The mixture was extracted withIN HCI soluti¢h5mL); the organic layer was aghed with saturated
solution of NaHCQ@ (15mL), the aqueous phase extracted with,Clsl(3 x 15mL) The organic layer was
dried over NgSO, and concentrated in vacuo.

Flash chromatography (G8Il./AcOEV/EgN 7:3:0.1) afford the compounth as awhite solid,isolated in
55% yield

'H NMR (CDCl3, 300 MHz)d 7.307.60 (m, 32H), 6.81 (m, 4H), 6.71 (m, 10H), 2.22 (s, 6H), 2.16 (s,

6H).

¥C NMR (CDCl;, 75.4 MHz)d 21.5, 29.8, 127.1, 127.5, 127.6, 128.1, 128.4, 128.7 130.8, 132.1, 132.2,

140.5

%P NMR (CDCl3, 121.4 MHz)d 19.7 (s).

MS (EI): 926 (M.

1 Synt hesi s-teteapheri®dit4 2-Bisfdiolylphdsphino)3 , -Bithiophene (6)

Ph
1) n-BuLi (2.4 eq) S,
Ph Br -50°C, 30 min. pTol | )—Ph
s\ ~ THF (0.2M), Aratm _ p-Tol—P o_p-Tol
R \ s 2) (p-Tol),PCI (2 eq) Ph’ , Np-Tol
Br Ph -50°C to reflux, 8h S Ph

n-BuLi (1.6M solution in hexane, 0.5mL, 2.4 eglas added dropwise to a stirred solution7af0.2g,
0.32mmol, 1 eq)n dry THF (1.6mL), under Ar atmosphere, &0°C; after 45 minutes, the reaction was
warmed up at40°C and chlorophosphin(®.2g, 0.64mmol, 2 egyas added, then the reaction was stirred at
reflux for 8 hours. THF was removed umdeeduced pressuré=lash chromatography under nitrogen

atmosphere (hexane/GEl, 8:2) afford the compounté mixed with the monophosphine.
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1 Synt hesi s-tetvapher3i4 2-Bisjdiolylphdsphino)3 , -Bitbiophene (6) by reduction of
diphosphine oxidel5

Ph o -
p-Tol_ | )—Ph HSICI; (4 eq) ool ] )—ph
p-Tol—P O TEA (4 eq) Tol—P
d F(<p-ToI p-To o_p-Tol
/ p-Tol Xilene (0.07M) P
Ph , -78°C, 10min then reflux, 8h Ph / ] p-Tol
$7>Pn S—py.

Diphosphine oxidd.5 was dissolved in xylene and the mixture was coole@&C, under Ar atmosphere;
triethylamine and trichlorosilane were added and the mixture was stirrecatfoefB hours.

The mixture was washed with water, and precipitation of salts was observed; these salts were filtered off
and the organic phase was dried and xilene was removed by distillation under vacuum, to afford the product
titritatedwith methanol, as white solid, isolated in 60%ield.

%P NMR (CDCl3, 121.4 MHz)d -18.02 (3.

1 Synthesis ofli-p-chloro-b i s [ (dinethy(R)U-methylbenzyl)aminateC,N]palladium (11)
Me

Me
N‘Me
Me PdCl, (1 eq) Pd_
N\’Me LiCl (1 eq) Ci ,C:I
Me MeOH \Pé
rt, 4h Ij
’ Me—n\/
°N
Me

PdCl, and LiCl were dissolved in methanol; the mixture was stirred for 30 minutes and then filtered.

Optically pure chiral amine was added dropwise tofiltered solutionand the mixture stirred for 4 hours.
The precipitate was filtered off and washed witHdconethanol and diethyl ether and purified by

crystallization with CHCI,/MeOH. The complex was obtained with 50% yield.

1 Synthesis of diastereomeric complex18

Me Me
Me Me
"“Me Ph_s "‘\Me
Pd pTol |l p—Ph Pd
c‘i\ cl + p-Tol—P p-pTol ——————— p-Tol /% p-Tol
\ -Tol—P  P—p-Tol
/ . p-Tol p
o P Ph g [ p-Tol - oh
e~N’ S
o °N Ph =
e s/ S
Me Ph Ph

2 , 2 otet@mRhB Was dissolved in CHglunder Aratmosphere; the complex previously prepared was

added and the mixture reaction was sirred for 30 minutes. The solvent was removed at reduced pressure.

65



il Allylation reaction

o DIPEA (3 eq) OH
., cat (10 mol%)
)J\ + /\/SICI3 > )\/\
R™"H CH,Cl, R A
T°, 40h

To a stirred solution of catalyst in dichloromane kept under nitrogene, an aldehyde and DIPEA were
added in this order. The mixure was kept to the desired temperature and allyl thriclorosilane was added
dropwise. After 40 hours stirring the reaction was quenched by the addition of saturated agjuéonso$
NaHCG;, then water and AcOEt were added. The organic phase was separated and dried:S@gr Na
filtered and concentrated under reduced pressure to afford the crude products. These were purified by flash

chromatography with differertiexane:AcOEt mixture as eluent. Enantiomeric excess were determined by
HPLC on a chiral stationary phase.
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4. ATROPOISOMERIC BIHETEROAROMATIC DIOLS

To start the investigation on t he dbithiophend saeteon, of a
we though to synthesize and charactetizand18, reported in Figurd.1 , as f or ethmghéner of
4 , -did class.

R
s
Ry 17:R=Ph
Ho 18: R = Me
[ Mg
RS
Figure 4.1

This class of compounds is particularly interesting, due not only to the possible applications in the field of
catalysis, but also for synthetic and structural perspectives: in fact, based on our knowledge, in literature
t here ar e no-bithivphand |-dids and flso BydBoxXythiophenes are compounds scarcely
investigated, due to the existence of a fast -eetol tautomerism in which ketonic tautomer is the
predominant one (Figuré.2). However, equilibrium shift is strongly affected by sobgeand it can be

directed towards enol tautomer by the introduction of elestitirdrawing groups on the rirfg

S S
T)"—— T )
HO (0]

s_R S s
R\ ., R o X
HO OH o) OH ° o o R= Me, Ph
| M)—r MR N—rR
RS RT S RT S
Figure 4.2
Another essential perspective to evaluate was the configuratio st abi I ity that cou

enough due to the reduced size of hydroxylic groups and the geometry of pentatomic rings which spatially
distances the hydroxy groups more than the hexatomic rings.

Functi onal ibithaoophene skelatofwith helid groups discloses dual advantages, that is to
increase steric hindrance closed to the interanular bond and, by consequence, configurational stability, and to
promote enol tautomer due to the extended conjugation.

Derivative 18, although less npemising in terms of structure, appeared easier to synthesize, since 2,5
dimethylthiophene is commercially available; moreover this derivative could contribute to define the
essential structural requirement to promote enol tautomer to ketonic one, higglighe role of the

substituents on the atropoisomeric scaffold in extending molecule conjugation.
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If the diolsl7( named fAbithienol 0) had revealed configur at
their antipodes through HPLC on a chiral staéiry phase and, potentially, on large scale through classical
chemical methods.

On the contrary, i f di ol s hadnot been configur:
derivatives that could ensure a higher conformational rigidity and entploytee asymmetric catalysis.

Retrosynthesis of the diols” and18 could be approached by following two different strategies, in which
the functionalization of the thiophene ring with the hydroxy groups could take place subsequently (strategy
1) or befwe (strategy 2) the formation of the interanular bond, which can be formed through oxidative
coupling of the 3ithiumthiophene with copper (ll) salts.

Since the synthesis required the use of alkyl lithium compounds, hydroxy groups must be conveniently
protected, and the easiest way to protect them is as methoxy groups, easily removable with boron tribromide.

Following both the strategies, the introduction of the methoxy groups on the thiophenic rings would have
been achieved directly through the conversibthe bromine atoms.

Anot her pathway, the simplest one, was to carry

group (Figuret.3).

R
S
R
MeO "\ e |
. \ MeO OMe \ oH
R” S | N\
R™ S LR

R S
strategy 2 strategy 1 “
co T R | / "direct” conversion
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ; S j
: R :
Br ) | Br
| AN R Br.
R” S [ >R
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . RS
\ S R /
R \ |
[ >R
R S
Figure 4.3

4.12 , 2 6-TeBapherd)-4 , -didd-3 , -Bithiophene (7)
Due t o t he avail afibrbnoR y 2 6o, f5, 5 8 & -Gittlopadnd eme ystarted our

investigation following an approach in which the introduction of theérdxy group was direct since this

scheme appeared the simplest one.
The dibromoderivative7 was converted in the diboronat® by transmetallation withn-BuLi and

68



subsequent reaction of the bislithium derivative with triethylborate. Finally, the addition of 3% H
solution in the reaction mixture converted the borate groups in the hydroxySmiesnes.1).
According to this procedure, bithienbl was obtained in 21% vyields.

B 7 Ph
Ph S
s PN 1) n-BuLi1.6M (2.3 eq) S Ph—_ ]
Ph—(_ | Et,0 Ph—( | o
B Br -70°C, 30min, N, atm (Et0),B B(OEt), H20, HO
¢ 2
N—pn 2) B(OEY); (2.5 eq) | Ph reflux, 1h | s\ Ph
ph” S -70°C, 4h pr” S Ph
7 N 19 N 17
Schemed.1

Despite low yields, this approach allowed us to achieved material enough to carry out its analytical and
spectroscopic characterization aiktland**C NMR spectrum confirmed the presence of signals attributable

to the sole enol tautomer, as shown in Figlde

B4 B3 82 8Y B0 TH YB YY A 15 TA T2 12 01
% ¥ N &
58 B

Figure 44

To improve the yields of the synthesis @©¥, we decided to pass through the formation of the

di met hoxyderivati ve, according to Astrategy 10. T
7 was carried out by nucleophilic substitution with an excess of sodium methoxide in presence of catalytic
amounts of copper (I) bromide, following a procedure reported in literature for aromatic and heteroaromatic

halides® The reaction led to the formaticof an equimolar mixture of monomethoxy derivatR@ and

dimethoxy derivativ®1, each one in 25% yields (Scherhg).
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Ph s Ph s Ph

S
NaOMe (4 eq)

Ph Ph Ph

\ CuBr (20 mol%) W W

Br > OMe MeO OMe

Br DMF

[ N—ph 110°C, 30min = [ d—pn

7 20 21
Scheme4.2

Demethylation reaction was carried out with BBr dichloromethane at room temperature. The-non

isolable intermediat&2 was decomposed with water to give bithiehdin quantitative yields (Schense3).

Ph Ph

Ph— | Ph—(_ | Ph— |
MeO OMe _ BBr, 1M (2 eq) Br,B BBr, | MO _ 4o OH
= CHCl, | )—ph [ M—ph
21 22 17
Schemed.3
However, al so this synthetic scheme wasnot sat.i

group was difficult to achieve and we decided to follow the strategy 2, starting fredipBdnyt3-
bromothiophene. The substitution of the bromine atoith WaOMe and CuBr led to 2@ipheny}3-
methoxythiophene in 60% yields (Sche#A®).

B Cutr (2o maty M0
I\>—Ph = > - D—Ph
s s
Ph 110°C, 30min Ph
5 N, atm 23
Scheme4 4

The subsequent bromination, which should led to the formation of the intermediate necessary to build the
interanular bondwas a failure: in fact the bromination, conducted both with NBS at 0°C anat Boom
temperature, didnot 24buwe rtber to @ mixtuneeonsiséng of&keamophenyh3 u ¢ t
methoxy5-phenylthiophene and-dromao2-(4-bromophenyBl3-methoxy-5-phenylthiophene (Scheme5),

which were analytically and spectroscopically recognized and characterized.
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Yoo Yo

Br

OMe OMe
23 24
\NBS

., .,

S O
Br OMe OMe
Schemed.5
It wasnbét possible to isolate the proditheteactmfi br o

with NBS at-20°C, being the only product isolated tié4-bromophenyhl3-methoxy5-phenylthiophene.
This result could be explained considering the activation of the para position of the closed phenyl ring,

induced by the methoxy group (fire4.5).
Me'(')d
/
s

Figure 4.5

We attempted di r epogitionmehictashduld beiquite acidi¢ dud th the pfesence of the
methoxy group, in according with what widely verified for anisle

We started the investigation employitegt-BuLi as base, considering that the use of a strong base for the
deprotonation would be indispensable. The progressive addition of the base to the sol28an ether
produced a strong blue coloratidhl-NMR spectrum of a sample quenched witfODshowed the absence
of the thiophenic proton.

However, coupling of the | ithium derivati ve, me d
results: in fact the desired prodi&t was isolated only in traces (8% yields), while the starting reagent and

2,5diphenyt3-chloro-4-methoxythiophene were the main products of the reaction (Schéjne
Ph

MeO Li Ph \ |
\ n-BuLi1.6M (1.2eq) | M€© CuCh, (2.2eq) \ OMe
| Ph [ d—ph Ph + \
P S THF o S B | Ph
23 25 21
Schemed.6
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Unfortunately, it was no possible to improve this result, both by changing temperature reaction and by
increasing oxidant equivalents; the scarce reactivity of the @%aan be ascribe to the fact that lithium
derivative is a intimate ion pair stabilddy the methoxy group that, through the coordination with lithium,
makes the reactive site less accessible to the oxidant.

To solve this inconvenience, we decided to empld@uLi in presence of TMEDA that should increase the
reactivity of the base andl@av the carbanion to be less shielded. Surplisingly, the additiorBoti Li di dn 0
produce a blue coloration, but a slight yellow coloration; however, also in this cadé;NIMR spectrum of
a sample quenched with©O, showed the absence of the thiopbgmoton.

This result led us to think that the species generatedaitBuLi was a radical anion, which could justify
the failure of the reaction previously mentioned. The addition of the oxidahOdE allowed to obtain a
mixture similar to that islated in the precedent reaction, but where the dRtievas present in a slightly
higher amount (12% yields).

Encouraged by this result, we carried out the oxidation reaction at 35°C, considering that an increase of the
temperature could facilitate the ugging reaction. Analysis of the crude by TLC showed a significant
increase of the intensity of the spot, displaying the RF of the dimeric praduSurprisingly,"H-NMR
spectrum of the isolated product showed the presence, in equal quantities, ohdch againg product

characterized by two non equivalent methoxy groups (ScHefe

OMe
1) n-BuLi 1.6M (1.2 cl Ph | s
MeO )nTI\l:IEIDA P c(eq) * MeO ) OMe MeO
ﬂph » SM + |\ Ph + MeO ¥
o’ S Et,0 ot =S | M—Ph / \
0°C, Ar atm Ph S Ph” >S” “Ph
2) CuCl,,
2 35°C 21 26
N J
'
Scheme4.7

The formation of26 must be ascribe to the presence of two different lithium derivative in solution, both
stabilized by the methoxy group (Figudes), which could react generating a non symmetrical coupled

derivative.
Figure 4.6
Unfortunae | vy , we couldndt separate the two dimeric p
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fractional crystallization.

We performed different texts in order to inhibit the formation of the undesired product. By performing the
reaction at room temperatunge observed a reduction of undesired product until 12% yields, combined with
a decrease of the overall coupling yields (18%).

Thebypr oduct wasndét observed in the crude when the
satisfactory since thyield of21 dropped to 15%, an unsatisfactory result.

A decisive improvement was realized when THF was employed as solvent; the reaction was carried out at
37°C in the presence of two equivalents of TMEDA; in these condiftdnsas isolated in 45% vyields,

beside the starting material which can be reutilized (ScleBhe

s_ _Ph
1) n-BuLi 1.6M (1.2 eq) Ph |
Moo TMEDA (2 eq) cl \ om
e \ THF MeO { MeO e
| Ph _ - SM + | Ph | M)—Ph
Ph S 0°C, 30min S S
Ar atm Ph Ph
2) CuCl, (2.2 eq)
23 37°C, 20h 21
Scheme4.8

We were able to obtain crystals suitable for the determination of the structuredyydifraction, using
pentare as solvent.

An important information that we obtained from thea¥ structure is the dihedral angle value between the
two thiophene rings, which i s-dinfethdkyl , figphthyg (Fiputel A i n
4.7).%

This data underlined ¢hgeometrical difference of bithiophene derivatives in comparison with carbocyclic
analogues. A similar geometry should be maintained into the corresponding diol, even if the intramolecular

hydrogen bonds could produce some differences.

Figure 4.7
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422 , 2 6Tebaméiliid | -didh-3 , -Bitbiophene (8)
We followed the same synthetic approach for the synthesis of bitHigiigchemet.9) and we introduced

the methoxy group on the thiophenic ring before the formation of the interanular bond.

s Me s._Me
Me g Me g Me—Q | Me—\ |
D—Me | ) Me MeO OMe HO OH
Br Me | \ Me | \ Me
Me” S Me” S
27 28 18

1

Scheme4.9

Nucleophilic substitution with sodium methoxyde and copper (I) bromide on thdirdgihyt3-
bromothiophene, carried out in the same experimental conditions described for the synthesithuix$
2,5diphenylthiophengled to the methoxyl derivativ&7 in 60% yields.

Unfortunately, direct metallation &7di d 6t t ake p | a ctet;BuLias a baseded to the h e
opening of the thiophenic ring, meanwhiteB u L i wasnot strong enough as
position (Schemd.10) and we recovered the starting material unreacted.

S Me
Me S Me \ |
| / Me MeO OMe
| N—Me
Me Me S
27 28
Scheme4.10

Therefore we considered reasonable to perform a transmetallation on them&tdyl3-bromao4-
methoxythiphene and we investigated the brominatidtv¢&chemet.11).

S Me S
| / Me | / Me
Br
OMe OMe
27 29

Me

Scheme4.11

Unfortunately we coul dnét obtained the bromoder.i

and Bp as brominating agents. We varied the equivalents of brominating agent and the reaction temperature,
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but in any case we obtained a polymerization product, probably derived from the-mettorie that, in
turn, could be formed by introduction of a bromatem on a methyl group and subsequent elimination of
HBr, as shown in Schen#el2.

Me S Br S H HC s
| )—Me W, Ve
Me Me HBr Me
27
Schemed.12

Due to the failure of this synthetic strategy, we investigated the alternative approach, in which the
functionalization of tk thiophene ring with the oxygen atoms is the last step. The functionalization of the

key intermediat& can be realized following the two synthetic pathways reported in Sché&fe

s Me
pathway Me Q |
ngn
MeO. OMe
’ | N—me
Me' S
s Me 28
Me \ |
Br. Br
| N—Me
Me' S
3 s Me S Me
Me \ | Me \ |
pathway OH
o (E10),B B(OE), HOSA
| \ Me | Me
Me S Me S
30 18
Scheme4.13

The introduction of methoxy groups with sodium methoxyde in the presence of copper (I) bromide
(pat hway fAaodo) was unsuccessful: although differen
observed the formation of reduction produgts in which one bromine atom was replaced with a methoxyl
group and the other one was reductively removed Zand which both bromine atoms were reductively
removed (Schemé.14).

75



s_ Me s_ Me s Me
Me | NaOMe (3 eq) Me | Me |

\ \ \
B Br CuBr (0.2 eq) . OMe +

DMF

| H—Me rt, 30 min | D—me | H—me
mMe” S me” S Me” S

3 31 2

Schemed.14
The introduction of the hydroxy groups foll owing

the anion was performed employitgrt-BuLi as a base ab0°C and the following reaction with triethyl
borate was carried out at room temperature fopdrs. Finally, the temperature was increased to reflux in
order to allowed the oxidation of the borate wit}Op(Schemet.15).

TLC of the reaction crude showed the presence of only one product, that presented on the plate an
elongated spot; mass spectruiearly showed the peak at 253 mass units, relative to the tetramethyl

bithienol 18.

Me 1) t-BuLi 1.6M (4.5 eq) s Me
S -40°C to rt, 30 min Me— |
Me—( | Et,O, Ar atm OH
Br HO
Br. 2) B(OEt); (2.5 eq) | N Me
| N—Me rt, 4h s
e’ =S 3) H,0, We
reflux, 1.5h 18
Scheme4.15

However, '"H-NMR spectrum is rather complex and suggested the presence of different tautomers in
solution, being present signals at 1.75 ppm and 2.40 ppm, corresponding to methyl groups on saturated
carbons and on aromatic rings, respectively. The presence of wnliffeethyl groups should be ascribed to
the formation of the tautome82 and33 shown in Schemé.16. The frame is further complicated by the fact
that each tautomer can exist in the form of various diastereoisomers, taking into consideration the presence

of stereocenters and stereogenic axis.

s Me S Me s Me
Me \ | Me \ | Me \
HO OH o o o ©
| \ Me \ Me \ Me
Me” S Me™ S Me” S
18 32 33
Scheme4.16
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4.3 Resolution of Bithienoll7

In order to establish if the resolution bf on a preparative scale would be possible, we started to resolve

bithienol on an analytical level by HPLC on a chiral stationary phase. This preliminary study allowed to get
important information about the configurational stability of the enantiomersoat temperature and was
necessary in order to find a method to check the enantiomeric purity after the resolution process.

The chromatogram of racemic bithienol, carried out using a Daicel AD column and hexane:isopropanol 8:2
(flow: 0.8 mL/min, pressure: 1Bar) shows two distinct peaks, confirming the {naterconversion of the
two enantiomers, at least at room temperature during the separating process4@jgure

Additicnal Infc : Peak(s) manually integrated
DAD1 D, Sig=230,16 Ref=360, 100 {RICKY'\AP 54 0}

mau
80
‘ID;
]

40 |

3
8 ST (1| S .12 0 14 - 16 _ 18 e N

Figure 4.8

4.4 Chiroptic characterization of (+)and (-)-17

The two enantiomers were separated into antipodes by semipreparative HPLC on a chiral stationary phase,
by Dr. Cirilli of the Istituto di Sanita di Roma; separative process was carried out employing a Chiralpack IA
column (250mm x 4.6 mm ID), with-hexane:isopropanol 7:3 as eluent (T° = 25°C, flow rate = 1 mL/min,

UV detector at 254 nm).
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Figure 4.9

The enantiomers were characterized by chiroptical analysis; circular dichroism curves were recorded at 5°C

in ethanol and were perfectly specular (Fighe.

4.5 Configurational stability of Bithienol17

After this encouraging results, in order to havmore detailed idea of the configurational stabilityl &f

the rotation barrier was evaluated both by computational calculation by Dr. Sergio Rossi of the Universita

degli Studi di Milano, and by HPLC on chiral stationary phase by Dr. Roberto Citiliedbtituto Superiore

di Sanita di Roma.

4.5.1 Theoretical determination of the configurational stability

Conformational analysis was performed using molecular mechanics calculations with MonteCarlo
techniques in order to determinate the conformatich wiinimum energy. For this purpose, two different
force fields were employed: MMFESand OPLS_200% with the employment of Macromodel progrdm

The most stable conformation calculated I@rshows a dramatic reduction of the dihedral angle between
the two thiophene rings in comparison with the corresponding dimethoxy deriatifrem 79° to 50.5°.

The explanation of this variation is related to the formation of an intramolecular hydrogérbbtween

the two hydroxy groups, that forces the two heterocyclic rings to assume a confornmaiarell for the

establishment of such additional bond.
In fact, O---H-O distances are 1.8 A, a classical value for this kind of interaction (FAgLO®
After identifying the most stable conformation, the energy was evaluated depending on the
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dihedral angle value. The rotation barrier resulted 27.98 kcal/mol, based on MMFFs calculations and 31.72
kcal/mol, based on OPLS_2005 calculations; in both casemntdrgy barrier is higher than 22 kcal/mol, that

means the racemization is not a rapid process, at least at room temperature.

Figure 4.10

Furthermore, the rotational barrier was calculated by DFT analysis (BBBYB basis s& with
Gaussian 09) and, in this case, the geometry of the transition state, relative to the coplanarity of the

heterocyclic rings, was evaluated to be 29 kcal/mol (Figurg).

Figure 411

4.5.2 Experimental determination of the configurational stability
Configurational stability o7 was determined by R. Cirilli of Istituto Superiore di Sanita di Roma through
an HPLC analysis on chiral stationary, following the racemization of levorotatory enantiomer over time.

Off column experiments, showed in Figuel2, were carried out evaluating, at regular intervals, the
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mutation of the enantiomeric excess of the first eluted enantiomer, which was maintained at 60°C in a
solution of isopropanol.

ee (%) time (min)
1 /\ 0
-4 -1
56 P kracz 5.06 x 10 sec
66(3# = 24.6 Kcal/mol
38 /L VA 21

Elution time (min)

Figure 412

The barrier of racemization was calculated by plotting the natural logarithm of the enantiomeric excess as a

function of time: the energy of racemization was traced back from the value of the angularecwedtid
resulted to be 24.6 kcal/mol. (Figutd 3).

4.500 -

4.000 + y =-5.0589x + 4.2977

R?=0.9985

3500 -

3.000 A

In ee (%

2.500 A

2.000 T T T
0.000 0.100 0.200 0.300

time (s x 10-4)

Figure 413

Enantiomerization barrier was also determined through an on column experiments: chiral dynamic HPLC
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analysis (eluent-hexane:isopropanol 8:2; rate flow: 0.2 mL/min) of racemate were carried out at increasing
temperatures, from 30°C to 45°C, evaluating the kinetic of peak coalescence {Fidlre

Chromatograms show a plateau zone between the peaks of the two enantthmets the partial
enantiomerization of both antipodes during the separation process at these temperatures.

40 o~ N

T T 1

2 mEluIion tfﬁle [_m'mJEm 10
Figure 4.14
Chromatograms were investigated by Professor M.

simulation methods, acquiredracemization energy of 24.6 kcal/mol smaller than that obtained with by Dr.
S. Rossi through computational methods.
This results could be explained considering that the experimental conditions employed in the analytical

resolution inhibits the formation of hydrogen bond that stabilized thel diol the theoretical approach

4.5.3 Computational calculations on diffen#ly substitutecbithienols

The low configurational stability shown by bithienol prompted us to perform a computational analysis in
order to identify possible substituents capable of increasing the racemization barrier. The computational
work was carried @t by Dr. Sergio Rossi of the Universita degli Studi di Milano, who investigated the
conformational analysis through molecular mechanics (OPLS_2005) to identify the structure with the lowest

energy and subsequent refined geometry with -senmirical methds (PM6) and finally evaluated the
energy by DFT with different basgets.

Different substituents were introduced in different positions on the phenyl rings and the racemization
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barriers of the corresponding bithienol derivatives were calculated. Feoragtlts reported in Figudel5 it
is clear that the functionalization withf differe
the racemization barrier, as we expected being steric hindrance increased.

In fact, the more the stericindrance of the substituents increases the more th aromatic rings tend to
orientate so that the steric interactions diminish with a decrease of the configurational stability of the
compound.

Instead alkyl substituents as isopropyl on thiophene ringeiacs e t he ener gy barrier
utilized since the ketenol equilibrium in this case should be shifted towards the formation of a mixture of
keto-isomers.

However, the equilibrium could be shifted towards the formation of the enol deeiviiough the

transformation into a suitable cyclic derivative
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Figure 4.15

4.6 Derivatives of2 , 2 6-TeBapheriy-4 , -didd-3 , -Bitbiophene (L7)

The low configurational stability of bithiendl7 prompted us to investigate the corresponding chiral

phosphorous ligands, especially phosphoric acids, phosphoramidites and phosphites. These derivatives were
designed to restrict the rotation around the interanular bond and being cyclic structuregnsawtdan
higher configurational stability to the system.

Furthermore, these derivatives could be employed as organic catalyst or as chiral ligand of transition metals
in asymmetric catalysis and their ability as chiral promoter could be evaluated.

In fact, phosphoric acids, derived from BINOL, were widely employed as bifunctional catalysts, being

characterized both from a Brgnsted acidic site and from a Lewis basic site, as shown id.Fegure
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! ! X &——= Stereo-controlling group
(O ,/(.).: ——— Lewis basic site

/P\
‘ O O-y &——— Brensted acidic site

X &———= Stereo-controlling group
Figure 4.16

The appropriate choice of the substg nt s a t-positiom eis cBuciaB dor observing high
enantioselectivit}® (Figure4.17).

998
o, 0

P/

G ‘ 0" "OH

x
a: x=H h: X=1-naphthyl
b: X=Ph i: X=2,4,6-(-Pr)sC¢Ha
C: X=4=NDZCEH4 i: X:Q-Elr'l'lhryl
d: X=4-B-naph-CgH, k: X=9-phenanthryl
e: X=4-CICzH, I: X=biphenyl
f: KZB.E'ICFQ:IECEHg m: X=2-naphthyl
g: X=3,5-dimesitylphenyl n: X=SiPhs

Figure 4.17

Phosphoric acids derived from BINOL was used by Terada in the Mannich reaction of 2,4 pentadione with

aldimines, furnishing the corresponding addwdth excellent enantioselectivitig$ (Schemet.17).

Boc

Boc phosphoric “NH
N| . \ﬂ/\ﬂ/ acid "d" (2 mol%) . H Ac Up to 99% yields
Ar)\H O O CH,Cl,, rt Ar up to 98% ee

Ac
Ar = Ph, p-MeC6H4’ p-BrC6H4,
p-FC¢H4 0-MeCgH, 1-naphthyl

Scheme4.17

Terada also reported the aza FrieQedfts alkylation of furan with aldimines by means of 2 mol% of
phosphoric acid g 8" (Scheme4.18).
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Boc.

N,Boc 0. OMe phosphoric NH
Py + U acid "g" (2 mol%) Ar O__OMe upto 97% ee
Ar”H CH,Cl, -35°C \ /

Ar = Ph, p-MeC¢H,, p-CICH,
p-FC¢H,4 2-furyl, 2-naphthyl

Scheme4.18

You and ceworker demonstrated that indoles are also suitable nucleophiles for the addition to aldimines
catalyzed by h osSpchigymigh yields iartl extellent enantiomeric excesses were

achieved for a wide range of aromaldimines™®.

TosHN
X T phosphoric %
N N~ %  acid"h" (10 mol%) X
" | A\ up to 99% ee
H R)\H toluene, -60°C N P ’

R = Ph, p-MeCeH4’ p-C|C6H4‘ c-C6H11
X =H, 5-Me

Scheme4.19

The aza DielAlder reaction of dienes with aldimines, derived from aliphatic as well as aromatic aldehydes
in the presencejoof gphespghher icoraecispoindi ng cycl oad

excellentenantioselectivit}?? (Schemet 20).

OTMS (o]

HO 1) phosphoric acid *j" B mol%)
P -40° I
N Mo Meo)j\ py, mesitylene, -40°C N up to 99% ee
P! OMe

2) PhCO,H R
) 2 R OMe

R

R = Ph, 0-BrC¢H, p-MeOCgH, 2-furyl,
2-naphthyl, PhCH=CH, c-CgH,4, i-Pr

Scheme4.20

Rueping reported the enantioselectiveforadudtriBommrt

acid, employing Hantzsch ester as hydrogen source; good enantiorzasses werebtained™ (Scheme

4.21).
EtOOC COOEt PMP phosphoric _PMP
H . )Nl\ acid "f" (20 mol%) H';‘ up to 84% ee
H Ar ArN

benzene, 60°C

Ar = Ph, 0-FCgH, 0-CF3CgH,,
2-naphthyl, 2,4-(CH;),CgH;

Scheme4.21
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Feringa introduced phosphoramidites as ligandsagymmetric catalysis; in particular, he developed an
efficient catalytic system for enantioselective carbarbon formation by 1;addition of organozinc
reagents to enones, obtaining excellent stereocdfitrol

Best results were obtained when stericdiynanding substituent were introduced at nitrogen atom and the
catalyst was prepared in situ from Cu(QT1yith this catalyst, enantioselectivities up to 90% for chalcones
and >98% for cyclohexanones were obtained (Sche2®).

~

up to 98% ee

toluene, -35°C n R

SP—N
o }»Ph
OO R' R’ R'R!

n=1,23

R = CHy, C;Hs, C/Hys i-C3Hy, (CHy)CeHs,
(CHy)5O0AC, (CHy);CH(OC,Hy),

R1 = H, CH3’ CGH5

Scheme4.22

o o
OO Cu(OTf), (2 mol%)
o, /Ph X (4 mol%)
+ RyZn
( n

(S,R,R)-X

Phosporamidites were also employed as ligands in theaRityzed asymmetric hydrogenations of
substituted olefins; enantioselectivities between 95 and 99% were obtained in the asymmetric hydrogenation
of p r o-tamdb-tlebydroakiino acids and esters, methylensuccinic acid and esters, aromatic enamides,
aromatic enol esters, ar omaSUbstitutajm:idnanaida'cid%“hat i c enol

Rh-catalyzed asymmetric hydrogenation of enol acetates and enol carbamsaig MonoPhos and

PipPhos is shown in Schem&3 as example.

O i L

’l* Rh(COD),]BF, / 2eq PipPhos o” "0
o:P_N< > o~ o [Rh(COD),]BF, / 2eq Pip up to 98% ee
OO (o) @ 5 bar sz CH2C|2, rt ©/\

PipPhos Z = Me, NMe, NEt,

Scheme4.23

Wolfe reported the enantioselective synthesis of substituted pyrrolidines -dgatdtgzed carboamination
reactions between aryl/alkenyl bromi¢  a-amihoaliiene derivative$® employing R)-SiphosPE as
ligand, different pyrrolidines were obtained with enantioselectivities between 72 and 94% (Schéme
These compounds are patrticularly interesting since many natural products and pharatazm@upounds

are based on their backbone.
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Boc Pd,(dba); (2.5 mol%) Boc

NH (R)-Siphos-PE (7.5mol%) N 1
/Y\/: + R'X t-BuONa (1-2 eq) gR 72-94% ee
R i toluene, 90°C R R
(R)-Siphos-PE
Schemed .24

Reetz established the basis for the development of monodentate phosphate ligands: in particular,
enantioselective Rbatalyzed hydrogenation reactions usigantiopure BINOL and the dianhyelDs
mannite of itaconic acid dimethyl ester (Scheme 25) led to ee of 88% fdp)iterivative and 95% for the
(R)-derivative, an indication that the chiral information in the P heterocycle is decisive and that the
combiration of R)-BINOL and dianhydreD-mannite represented the matched ¢&se

[Rh(cod),]BF,/Ligand
CO,CH; 33 be

H, (1.3 bar) CO,CH, (S)-compound: 88% ee

* (R)-compound: 95% ee

CO,CH, CH,Cl, CO,CH,
rt, 20h
Q
€0/P—0 H
o o
Ligand = o0 EO = (S)-BINOL or (R)-BlNOL

Scheme4.25

The same research group synthesized numerous binaphtgd phosphite ligands, using different achiral
or chiral alcohols, functiohiaed with alkyl or aryl chains and applied them in rhodicaalyzed
hydrogenation reactions achieving excellent enantioselectiVfifiess an example, hydrogenation of 2
acetamido acrylic ester to the corresponding alanine derivative is reported in Sc2@me

j\ J\ [Rh(cod),]BF,/Ligand o
H, (1.3 bar) J\
H;C” N~ “CO,CH, Hsc)l\N *"CO,CH,
H CH,Cl, H
rt, 20h

(R)-compound: 95% ee

i = ~P-0O
Ligand o )_@
L) we

Scheme4.26

Gennari and Piarulli reported the synthesis of a series of methoxyaryl and methoxylzeery/!|
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phosphites: mixtures of these ligands were investigated in the formation -@owvalent supramolecular
bidentate rhodium complexes, wherein cooperative synergetic effects were proved by an excellent catalytic
enantiodiscrimination in the hydrogenation of acrylic acid derivatives, using appropriate combiffations
(Schemet .27).

[Rh(cod),]BF,/Ligands

CO,CH; H, (1.3 bar) CO,CH;
H *H (S)-compound: up to 93% ee
N_ _CH; CHCl, N_ CH;,
rt, 20h
(o) (o)
LI, SO
i = SP- ~P-0
Ligand O’P o N fo]
| =R
F
R
R = 3,4-OMe, 3,5-OMe, 3,4,5- R = 3,4-OMe, 3,4,5-OMe
OMe
Schemed.27

4.6.1 Synthesis of the phosphoric acid (34)

The synthesis of phosphoric add was carried out in two steps, in order to isolate and characterize the
chloride intermediate, which could be employed as starting material to obtain the corresponding amides or
esters (eventually using chiral amines or alcohols).

The chloride intermediateas obtained in quantitative yields, employing pyridine as solvent and; RS CI
phosphorylating agent, as reported in literature for BINBIthe conversion was observed # NMR
spectroscopy and was complete after only 4 hours.

Conversion of intermediat35 into the acid34 by hydrolysis was completed after 2 hours and the desired

product was obtained for simple treatment of the crude miitbxane (Schen#28).

Ph Ph
S | S {
)
Ph Ph Ph—\, PhTN
"o \ / POCI; (2 eq) O\P/0 H,0 % o
- M ————_ = Ph AN
o piridine Ph A\ _0o" Cl  6o°C, 2h Z\_0" "OH
ph— s ~ph 60°C, 4h s/ S
Ph Ph
17 35 34
Scheme4.28

In collaboration with the research group of Professor M. Benaglia of Universita degli Studi di Milano,
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racemic phosphoric aci@4 was employed as organic catalyst in the nucleophilic addition of indole to
aldimines'® (a), reduction of imines with Hantzschhgdropiridine™* (b), and Mannich reactioh$ (c), in

order to test its catalytic activity, which was good in the first two reactions and outstanding in the last one

(Schemet.29).

TosHN
Ph
N N-TOS Cat. 34 (0.1eq)
a) N + )|\ N\
H Ph” H CH,CI, N 75%
0°C, 15min H

EtOOC COOEt -
N Ph)\

Cat. 34 (0.1 eq)

Toluene
72%
40°C, 48h ph;\ ’
NHBoc
0O o NBoc Cat. 34 (0.1eq)
COMe 93%
© Ph
M + Ph)J\H CH,CI, Eome
rt, 48h
Scheme4.29

These promising results probtad us to investigate its resolution into antipodes through the formation of
diastereomeric esters, with chiral alcohols that could be easily separated by chromatography and the

enantiopure acid recovered after hydrolysis (Sch43@).

1) POCls, Py, rt, 12h

2) R*OH, rt, 24h

1) Chromatographic separation

2) Ester-moiety cleavage

Scheme4.30
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(1R,29-(-)-N-Methylephedrine and B-2-octanol were employed as chiral alcohols (Figdid8); with
the former alcohol, only one diastereisomer was formed, whereas with the latter a 2:1 diastereoisomeric
mixture was observed'hese experiments confirmed the configurational lability of the phosphoric acid; in
fact a 1 to 1 mixture of diastereomeric esters would has formed if the phosphoric acid had been
configurationally stable. A different ratio of the diastereomeric estekggrthe existence of an equilibrium
between the two antipodes of the phosphoric acid at room temperature.

/?i/\/\/
(1R,2S)~(-)-N- (2R)-2-Octanol
Methylephedrine
COMPLETE CONVERSION COMPLETE CONVERSION
only one diasteroisomer observed 2:1 diasteroisomeric mixture observed

Figure 4.18

The low configurational stability of the phosphoric acid was further confirmed by computational
calculations by Dr. S. Rossi, who found a racemization barrier of 25.9 kcal/mol (Big@)e

Ph
S
\
PY Lo
S0
Ph—/ ) o]
[
Ph
25.9 kcal/mol
0 kcal/mol
Ph Ph
] S
\ \
PN\ VP Ph~ Y O\P/,O
I oH | “OH
Ph—/ o Ph¢Z —O
S / [ /
Ph Ph
(S)-34 (R)-34

B3LYP/6-31G(d)

Figure 4.19
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4.6.2 Synthesis of the phosphoramiditesith (R,R)} and (S,§- bis[1-phenylethyllamine(36)
and (37)

We decided to utilize the bithiendl7 to synthesize some phosphoramidites and we employed as amine
both the enantiomers of the bigphenylethyllamine. These deatives were synthesized in order to compare
their catalytic activity and enantioselection ability with those of the corresponding carbocyclic analogues,
based on the binaphtylic backbone.

The phosphoramidite86-37 were synthesized one pot following eheme generally carried out in two
steps: in the first step, the R@as converted into a dichlogialkylaminophosphane by treatment of the
suitable enantiomer of the amine, at 70°C and in the presence of triethylamine. This intermediate was
directly corverted into36 or 37 by cooling at78°C and adding a mixture of bithienol and triethylamine in a
toluene/THF 4:1 solution. The resulting mixture was allowed to warm at room temperature overnight and
then purified by flash chromatography (Scheh&i).

Ph_ _S_ _Ph
HO \ /
on (1ea)
[/ \
Ph” > s~ “Ph Ph
s
1R2 . Et;N (1.2 eq)
R'R2NH (1.1 eq) 1 & oh \\ o ]!
PCl, EtN(12eq) | R SpoN
toluene R toluene/THF 4:1 o /N0 R
70°C, 6h, N, atm -78°C to rt, overnight S J
Ph
Me Me
36: R'R2NH = Ph/'\u/\Ph
I!Ie Me
37: R'R2NH = Ph/\n)\Ph
Scheme4.31

Following this procedure36 and37 were obtained respectively in 33% and 36% yields.

The *P-NMR spectrum in CBCl, of the both compounds are identical and showed the presence of two
diastereoisomers in 6:atio, as shown in Figu#20.
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Ph 2 =
s\ Ph N 5 :
Ph—x_ 0 Me
N
P-N
0/ «nMe
Ph—" )
[ Ph
Ph
36
Ph
s Ph
Ph—x O\P_N>-'--1Me
0/ Me
Ph— )
S Ph
Ph i
37 .
Figure 4.20

Due to the impossibility to separate the two diastereoisomer by column chromatography, both the

phosphoramidites were separated at an analytical level through HPLC analysis on chiral stationary phase by
Dr. Cirilli (Figure 4.21).

Ph Ph
s Ph S Ph
Ph—x O\F_N>—-Me Ph—xy O\P7N>-""Me
Ve v
Ph P4 / (o] >--ulMe Ph 4 ! 0 >—Me
s Ph s Ph
Ph Ph
: T T 2 2 4 6 8 10

CSPs: Chiralpak IC 250 mm x 4.6 mm 1.D.

+ Chiralpak IC 150 mm x 4.6 mm L.D.
Eluent: n-hexane-dichloromethane-ethanol-DEA
100-1-1-0.2
Flow rate: 1 ml/min
Temperature: 8.3°C
Detector: UV (black) and CD (red) at 280 nm

CSPs: Chiralpak IA-3 250 mm x 4.6 mm L.D.
+ Chiralpak IA-3 100 mm x 4.6 mm L.D.
Eluent: n-hexane-dichloromethane-ethanol-DEA
100-5-1-0.2
Flow rate: 1 ml/min
Temperature: 8.2°C
Detector: UV (black) and CD (red) at 280 nm

Figure 4.21



We coul dnét separate the diastereomeric mixture
interconverted at room temperature. In fact;column experiment, carried out under the experimental
conditions reported in Figuré.22, confirmed that & diastereomerization process already takes place at

room temperature

e
\_

Elution time (min)

|

g

CSP: Chiralpak 1A3 (250 x 4.6 mm i.d.)+ Chiralpak {8 (100 x 4.6 mm i.d.);
Eluent: nhexanédichlorometanéethanotDEA 100:5:1:0.2 (v/v/v);
Flow-rate: 1 mL/min; Detector: UV at 280m.

Figure 4.22

Moreover '"H-NMR spectrum of phosphoramidi®6 in tolueneds carried out at variable temperatures,
showed that the diastereomerization process deeply depends on the solvents. In fact, in a dipolar solvent the
two diasteroisomers appear@dbe more stable and their ratio was modified from 5:1 at 27°C to 3:1 at 92°C
(Figure4.23).
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Figure 4.23

4.6.3 Synthesis of thphosphite withtrans-2-phenyt1-cyclohexanol(38)

The synthesis of phosphi88 was carried out following the procedure analogous to that described before
for the preparation of the phosphoramidites. Ttans2-phenytl-cyclohexanol was treated at room
temperature with slight excess of R@h dichloromethane to give a dichloroalyphospane that was

converted into phosphite by slow addition of a solution of bithienol and triethylamine in THF (Scheme
4.32).

Ph_ _S_ _Ph
HO \ /
OH
[\ (1eq)
OH Ph” ~s” >Ph Ph
Ph
PCl, $ Ph
@ (11 eq) o \Eti"‘ (3 eq) Ph—A )
PCl, Spoo
+Ph e
(11 eq) CH,CI, ‘ THF /50
rt, 2h, N, atm rt, overnight Ph /

Scheme4.32

After purification by column chromatography, tfi® NMR spectrum in CECl, showed the presence of
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two peaks at 139 and 130 ppm respectively, correspondind to the two diastereoisomers in approximately a

2.5:1 ratio and few signals corresponding to degradation products, as shown ird2gure
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Figure 4.24
Unfortunately, al so i n this case we coul dnot

chromatography. Moreover, the computational calculations showed the low configuration stability of the

compounds, being the racemization barrier 25.97 kcal/miglui&4.25).

\
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\\ o \\ 0
Ph P-OR Ph P-OR
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(B3LYP-631G(d,p) Level of theory

Energy

Figure 4.25

94



4.7 Computational calculations onthe derivatives of differently substituted

bithienols

The same theoretical analysis, developed to calculate the racemization barrier of diols, was performed on
some phosphoric acids. Surplisingly, when atropoisomeric backbone was functionalized with aryl
substituents the racemization barrier is very similarthat calculated for the corresponding diols.
Unfortunately, the isopropyl group, that seemed to be a good candidate to obtain configurationally stable
diols, produced a decrease of the energy barrier in the case of the corresponding phosphoric acid.

In order to obtain configurationally stable derivativiebutyl and trimethylsilyl groups must be introduced
o n t hbithiopher &caffold.

<+
/s"\

25.89 Kcally
|
Me tBu
21.66 Kcal/mol,
25.60 Kcal/mo) \\
ENERGY
|

25.99 Kcal/mol ‘
25.37 Kcalimol e Me /é\
25.63 Kcall)\/

30.62 Kcuﬂ

. very stable

\ X

|
o

82.39 Kcally

X

23.93 Kcal/mol

B3LYP-631G (d,p) level of theory

Figure 4.26

The synthesis of these derivatives is not trivial since in the case of the trimethylsilyl substituents the
functionalization of the atropoisomeric backbone must be effected at the end of the synthetic scheme, due to
their lability.

As for the synthesis dhe tetrat-butyl derivative, we verified that the synthetic scheme followed for the
preparation of the tetramethyl derivative is not expoitable since the bromination of tue-t-2,5
butylthiophene, carried out both with Bmd NBS, produces a complexxtuire of products.

I n order to overlap the cited problems, we -envi s;
dimethoxy3 , -Bithiophene, which could be functionalized with the trimethylsilyl groups through the
formation of a tetraanion.

In addition, the foutert-butyl groups could be introduced taking advantage of an electrophilic substitution

of the carbocation derived from the protonation of isobutene.

95



:< o MeO- \ /

Zn, AcOH oMe
S s [\ .
t-Bu S t-Bu
B Br \ / \ /
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Scheme4.33

Theoretical calculations weperformed on37 and phosphoramidites derived from bithienol aisf(S)-1-
naphthyethyllamine or bis[(§-1-cyclohexylethyllamine, in order to evaluate theilastereomerization
barrier and to search for a compound less configurationally labileSthan

From this investigationthe best candidatappeared to b¢éhe phosphoramiditderived frombis[(9-1-
naphthyethyllamine that was characterizdyy anenergy barrieof 32.95Kcal/mol.

Figure 4.27

4 8 Conclusions

A new class of atropoisomeric diols were synthesized, characterized by two connected heteroaromatic
pentatomic rings, instead of hexatomic carbocyclic rings.

Il n particul ar, pithiophenh t-didis functioeatized witremetyl & phengtoups in
U-position of the thiophenic ring.

In the case of bithiendl7, we demonstrated that it is possible to shift the-ketnl equilibrium to the enol
tautomer by extending the conjugation of the molecule. This result was confirmed in the ctsercd|iiB,
in which the lack of aromatic substituents led to the formation of different tautomers.

The antipodes ofL7 were obtained by semipreparative HPLC on a chiral stationary phase and the

racemization barrier was evaluated, both through computatateulations and by experimental methods
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