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specific rotation [expressed without units; the units,

[a] (deg'mL)/(g-dm), are understood]
A angstrom(s)

Ac acetyl

acac acetylacetonate

aq aqueous

Ar aryl

atm atmosphere

BINOL 1,1’-bi-2-naphtol

Bn benzyl

bp boiling point

br broad (spectral)

Bz benzoyl

°C degrees, Celsius

caled calculated

cat catalytic, catalyst

CIF Crystallographic Information Framework
cm centimeter(s)
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cm™! wavenumber(s)

COSY correlation spectroscopy

m-CPBA meta-chloroperbenzoic acid

Cy cyclohexyl (group), cyclohexane (solvent)
) chemical shift in ppm

d day(s), doublet (spectral)

DABCO 1,4-diazabicyclo[2.2.2]octane

DEPT Distortionless Enhancement by Polarization Transfer
AG Gibbs free energy

DKR Dynamic Kinetic Resolution

dm decimeter(s)

DMAP 4-(N,N-dimethylamino)pyridine

DME 1,2-dimethoxyethane

dr diastereomeric ratio

EI Electron Impact

equiv equivalent(s)

ESI electrospray ionization

Et ethyl

FID Flame Ionization Detector, Free Induction Decay
g gram(s)

GC Gas Chromatography

h hour(s)

HMBC Heteronuclear Multiple Bond Correlation
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HPLC High Performance Liquid Chromatography
HRMS High Resolution Mass Spectrometry

Hz herz

IR infrared

J coupling constant [expressed in Hz]

K kelvin(s) (absolute temperature)

KR Kinetic Resolution

L liter(s)

LiHMDS lithium bis(trimethylsilyl)amide

lit. literature value

u micro (prefix)

m multiplet (spectral), milli- (prefix)

M molar (moles per liter), parent molecular ion
MALDI Matrix Assisted Laser Desorption Ionization
max maximum

Me methyl

MHz megahertz

min minute(s); minimum

mol mole(s), molecular

mp melting point

MS Mass Spectrometry

MTBE methyl ter¢butyl ether

MW Molecular Weight

XIX
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m/z mass-to-charge ratio

nbd norbornadiene

NBS N-bromosuccinimide

nm nanometer(s)

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

NOESY nuclear Overhauser effect spectroscopy

ORTEP Oak Ridge Thermal Ellipsoid Plot Program

PCC pyridinium chlorochromate

Ph phenyl

ppm part(s) per million

Pr propyl

IPr isopropyl

q quartet (spectral)

rel relative

rt room temperature

S singlet (spectra), second(s), selectivity factor (kinetic
resolutions)

t triplet (spectral)

t time

T temperature

TADDOL (a,0,0,a-tetraaryl-1,3-dioxolane-4,5-dimethanol)

THF tetrahydrofuran

TLC Thin Layer Chromatography

XX
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™S
fr
TS
uv
vis
v/v
wt

w/wW

tetramethylsilane, tetramethylsilyl
retention time (chromatography)
Transition State

ultraviolet

visible

volume-to-volume ratio

weight

weight-to-weight ratio
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GENERAL INTRODUCTION

The term chirality is defined as the property of an object to be
non-superimposable on its mirror image. This particular property can be
expressed in terms of symmetry elements: an object or the arrangement of
atoms in a molecule is said to be chiral when it does not possess any improper
rotation-reflection axes S,."”> The evidence of this omnipresent phenomenon
smallest objects that constitute matter
(e.g., in elementary particles) to the largest objects present in the universe,

can be found from the
such as galaxies.’ The two mirror images of a given arrangement of atoms in a
molecule are called enantiomers* although one might encounter old or
ill-defined synonyms like (optical) antipodes and optical isomers.’ Biological
systems like human beings exist in a chiral environment and the most crucial
macromolecular architectures of life (i.e. proteins and nucleic acids) are
almost entirely constituted by L-aminoacids and D-carbohydrates,
respectively, whilst life based on the opposite enantiomeric forms
(D-aminoacids and L-carbohydrates) is practically non-existent on Earth.® This

natural selectivity is known as biological homochirality(Figure 1).

R \ i p
\l)J\OH 3 \,ﬂ\“"dj\ | ‘ﬂ» # :

NH, f"“‘p«vf‘ ‘ Wﬂm‘ ;N
L-aminoacid : 5 | s D-aminoacid
series N ) i A ' series
Natural N b“‘“\ff ! J““d . ! Unnatural
777777777777777 P= —, Y e -

o plane \
Left-handed B-DNA
(unnatural form)

Right-handed B-DNA
(natural form)

Figure 1. Structures of natural and unnatural aminoacids and nucleic acids.

(1) Mirror planes (o) and inversion centers (7) are included in this statement as they
can be considered as S, and S, rotation-reflection axes, respectively.

(2) Eliel, E. L; Wilen, S. H.; Mandel, L. N. Stereochemistry of Organic Compounds,
John Wiley & Sons: USA, 1994.

(3) Wagniere, G. H. On Chirality and the Universal Asymmetry: Reflections on Image
and Mirror Image, Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2008.

(4) One refers to enantiomorphswhen macroscopic objects are involved.

(5) Mislow, K. Chirality2002, 14,126-134.

(6) Chirality in Natural and Applied Science, Lough, W. J., Wainer, 1. W., Eds.;
Blackwell: Oxford, 2002.
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Although the two enantiomeric forms or enantiomers are equivalent in
terms of composition and physical properties, they may differ in terms of
their biological properties.” This phenomenon is extremely important in drug
design and different scenarios are encountered when a racemic® biologically
active compound is employed as a pharmaceutically active agent (Figure 2):°
(i) both enantiomers have the same activity (type I, see Iclaprim as a selected
example), (ii) the two enantiomers have qualitatively the same biological
effects but their intensities are different (type II, see Citalopram as a selected
example), (iii) one enantiomer is responsible for the therapeutic action while
the other is substantially inactive at normal doses (type III, see TMC207 as a
selected example) or (iv) one enantiomer is responsible for the therapeutic
effect while the other can cause severe adverse effects (type IV,
see Thalidomide'® as a selected example).

a) typel b) type II

NC
(L
*
O NMe,

OMe F
Iclaprim Citalopram
(antibiotic) (antidepressant)
c) type III d) type IV
O O
NH
N—+ (6]
(6]
TMC207 Thalidomide
(sedative/hypnotic)

(antimycobacterial)

Figure 2. Selected examples of optically active pharmaceutical active compounds with

different situations in terms of the biological activity of the two enantiomers.’

(7) Chirality in Drug Design and Development, Reddy, I. K., Mehvar, R., Eds; Marcel
Dekker Inc: New York, 2004.

(8) The term racemic or racemate refers to a mixture composed in equal parts by the
two enantiomers.

(9) (a) Scott, A. K. Drug Saf 1993, 8, 149-159. (b) Cossy, J. R. Comprehensive Chirality.
In Introduction: The Importance of Chirality in Drugs and Agrochemicals; Carreira, E.
M, Yamamoto, H., Eds.; Elsevier Science: France, 2012, Vol. 1, pp 1-7.

(10) For more detailed information about the Thalidomide tragedy, see: McCredie, J.
J. Med. Imaging Radiat. Oncol. 2009, 53, 433-441.
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The important role of enantiomeric purity in the pharmaceutical industry
has been one of the main driving forces in the development of new synthetic
methodologies with a better control of the stereochemical outcome of the
reaction.”™! For that purpose, organic chemists have developed numerous
methods for preparing compounds as single enantiomers, which can be
mainly classified in the following categories:

1. Chiral pool approach: This strategy entails the conversion or
derivatization of readily available enantiomerically pure natural compounds.
The scope of the applicability is obviously limited, as the repertoire of
compounds from natural sources is limited (Figure 3).

0 OH OH OH
>\: /< Ho\)\/:\/\ . _COOH
- - \\O I{(N)C//\\?/
OH OH OH
(+)-carvone D-glucose L-tartaric acid

(linear form)

Figure 3. Selected examples of optically active building blocks from the chiral pool.*

2. Separation of racemic mixtures: The resolution of racemic mixtures
1" or diastereoisomer*
crystallization was one of the first methods to be used and it still is probably

the most important method for industrial preparation of pure enantiomers

into their pure enantiomers by preferentia

(Scheme 1)." Selected examples of resolving agents'® are shown in Figure 4.
Whilst theoretical yields of 100% are accessible for both crystallization

(11) Mohan, S. J.; Mohan, E. C.; Yamsani, M. R. Int. J. Pharm. Sci. Nanotechnol. 2009,
1, 309-316.

(12) Hoffmann, R. W. Elements of Synthesis Planning; Springer-Verlag: Heidelberg,
2009.

(13) Preferential crystallization of crystalline conglomerates into one pure enantiomer
is a less common strategy, as less than 10% of the crystalline mixtures of enantiomers
form conglomerates, see: Anderson, N. G. Chiral Syntheses. In Practical Process
Research & Development. Academic Press: USA, 2000; pp 329-344.

(14) In contrast to enantiomers, diastereomers are not related as non-superimposable
mirror images and they usually differ in their physical properties.

(15) Lorenz, H.; Seidel-Morgenstern, A. Angew. Chem., Int. Ed. 2014, 53,1218-1250.
(16) The term resolving agent is referred to an enantiomerically pure reagent that
interacts with a racemic mixture (either by covalent or non-covalent interactions) to
form a separable mixture of diastereomeric compounds, complexes or salts.
For a more detailed explanation, see the following book: Handbook of Chiral
Chemicals, Ager, D., Ed.; Taylor & Francis: FL, 2006.
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techniques in some particular cases (i.e., spontaneous in situ racemization
and diastereomer interconversion for preferential and diastereomer
crystallization, respectively), most of the cases result in theoretical yields of
only 50%, which constitutes the main drawback of this strategy unless the
“undesired” enantiomer can be racemized and recycled, or there is a demand
for both enantiomers.

OH
COOH H
HOOCQ ‘Me |
N N
H N
Me Me ‘3/
(+)-camphoric acid Cinchonidine

Figure 4. Selected examples of resolving agents.

More recently, large-scale chromatographic separation techniques
(e.g., simulated moving bed (SMB) chromatography) are emerging as
important preparation methods for active pharmaceutical ingredients (APIs),
especially at the early phases of product development or even for the whole
production process (Scheme 1)."”

Scheme 1. Strategies for the separation of racemic mixtures

Racemic
mixtures

[ |

[ Kinetic Resolution J - Preferential or Diastereomer
Crystallization

- Chromatographic Separations

[ Chemical ] [ Enzymatic]

Kinetic resolutions can also be considered an efficient method for obtaining
enantiopure compounds from racemic mixtures. Kinetic resolution'® (KR) is
defined as the process in which one of the enantiomers constituting a racemic
mixture is more readily transformed to a product than is the other
enantiomer. Moreover, KRs can be generally coupled with all methods that
stereoselective catalysis offers (i.e., stereoselective non-natural or enzymatic
reagents in stoichiometric or in catalytic amounts; see Scheme 1). In the
simplest version of a kinetic resolution, the two enantiomers of the starting
material (or substrate) interact with an enantiopure reagent or catalyst to

(17) Rajendran, A.; Paredes, G.; Mazzotti, M. J. Chromatogr. A. 2009, 1216,709-738.
(18) Kagan, H. B,; Fiaud, J. C. Kinetic Resolution. In Topics in Stereochemistiy, Eliel,
E.L.,Wilen, S. H., Eds.; John Wiley & Sons: USA, 1988, Vol. 18, pp 249-330.
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generate two diastereomeric products or transition states, respectively. The
conversion of the reaction and the energy gap between the free energies of
those diastereomeric species determine the product distribution after the KR
(for a representation of an ideal catalytic kinetic resolution, see Figure 5). The
ideal situation in a kinetic resolution is that in which the difference in the
reaction rates of the individual substrate enantiomers (Ssand S in Figure 5) is
high enough so that only one enantiomer reacts (Ags >> Kqow, S€€ Figure 5).
Under such circumstances, the reaction proceeds until the reacting
enantiomer of the substrate (Ss in Figure 5) is completely consumed
(i.e. at 50% of conversion) and the other enantiomer of the substrate remains
unaltered. Thus, a mixture of enantiopure resolved product (Ps) and
enantiopure non-reacting substrate (Sg) are obtained (Figure 5).

Tsmf 3 kfast
Gibbs Sg ——— Py
energy h
kb
(G) rac X
! ks]ow
SR ---X---» P,
rac AG' . >> AAG
selectivity factor (s):
AAG'!

Reaction coordinate

Figure 5. Simplified free energy vs. reaction coordinate diagram in an ideal catalytic
KR of the two enantiomers of a substrate (S = substrate, P = product, AG = free energy,
TS = transition state). Products marked in grey are not observed at the end of an ideal

KR (i.e., Ssas the reacting enantiomer of the substrate and Pras the product derived

from the non-reacting enantiomer of the substrate).

As shown in Figure 5, the requirement for being able to perform such a
kinetic resolution is that the free energy of the interconversion between
enantiomers (AG',.) is much higher than that for the transformation of the
slow-reacting substrate enantiomer (AG,,. >> AGfFR, see Figure 5). Under
these circumstances, interconversion between the two enantiomers of the

(19) If AG*,,. << AG*; and racemization of the substrate occurs at faster rate than that
for the catalytic reaction of the slow-reacting enantiomer (k.. >> k) the process is
referred to as a Dynamic Kinetic Resolution (DKR). In this particular case, the
substrate can be stereoselectively converted into a highly enantioenriched (or even
enantiomerically pure) product with a 100% of theoretical yield. As a selected review
for DKRs, see for example: Pellissier, H. Tetrahedron 2011, 67, 3769-3802.
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substrate does not take place. The selectivity factor (s) in a kinetic resolution
is a widely used parameter to describe the stereoselectivity of the resolution
process and is defined as the quotient of the rate constant of the fastest
reacting enantiomer into that of the slowest one (Figure 5). From the practical
point of view, selectivity factor values above 50 are required in order to obtain
a product with a high enantiomeric purity in useful yield.* Selected examples
of pharmaceutically relevant products that have been synthesized via catalytic
kinetic resolution are shown in Figure 6.

(@]

HOOC/})LN'Me

HN N/: N g
N& N
N T
NH,
O
Lotrafiban Abacavir
(antiplatelet agent) (antiretroviral agent)

Figure 6. Examples of relevant biologically active compounds obtained in large scale

by a catalytic kinetic resolution step.?!

3. Stereoselective synthesis: Organic synthesis introducing in a controlled
manner one or more new and desired stereogenic elements in a molecule is
referred to as stereoselective synthesis, which implies the transformation of a
substrate prostereogenic’s element into a stereogenic center, plane, axis or
helix. This strategy provides the most general entry to the preparation of
enantiomerically enriched products. The use of chiral reagents or auxiliaries*
allow for the preparation of highly complex enantioenriched compounds,
although stoichiometric amounts of those reagents are required, which
represents the main drawback of this approach. Among all the possible
approaches that stereoselective synthesis offers, enantioselective catalysis is,
by far, the most advantageous method: this method, in which one molecule of
enantioselective catalyst produces many molecules of enantioenriched
product, is a priori the most elegant approach for synthesizing enantiopure
compounds. Moreover, the advantages of enantioselective catalytic methods,
such as atom economy, simplicity in large-scale reactions and minimal

(20) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. Adv. Synth. Catal. 2001, 343, 5-26.

(21) Gawronski, J. Acta Pol. Pharm. 2006, 63, 333-351.

(22) The chiral auxiliary term refers to an optically active compound that is reversely
incorporated into an organic substrate. For a more detailed information, see: Roos, G.
Key Chiral Auxiliary Applications, 2" Ed., Academic Press: USA, 2014.
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formation of by-products are also well-known.* The use of the catalyst often
makes product isolation also easier, since there is less unwanted material to
remove at the end of the reaction.* Figure 7 illustrates the general principle of
a transition-metal catalyzed transformation. The key step in the catalytic event
resides in the formation of a supramolecular complex around the metal
including an enantiopure ligand, which is generally bound to the metal center
through several functional groups, and the substrate(s). In this
supramolecular complex, the catalytic metal is the responsible for providing a
low-energy reaction pathway while the enantiopure ligand enables the
preferential recognition of the corresponding enantiotopic element in the

substrate molecule.
W +| Fe | Co [ Ni | Cu
Tron Cobalt Nickel Copper

Rh | Pd | Ag

n| Rhodium | Palladium | - Silver

stereoselective _ ,@
catalyst

reaction

decoordination ‘ =metal
~ 7®_® ‘ @ = chiral ligand

©),6,) =substrates

® = product

R- or Sconfigured

Figure 7. Schematic representation of an enantioselective catalytic process.

The great potential of enantioselective catalysis has been widely exploited in
topologically diverse arrays of substrates via myriad chemical
transformations.” It falls beyond the scope of the introduction of this PhD
thesis to categorize the different types of substrates that have been employed
in asymmetric catalysis. However, achiral and meso® substrates deserve
special mention. When these substrates are subjected to a synthetic operation
that breaks the symmetry of the molecule by selectively transforming one of
the possible enantiotopic elements, an optically active product is formed.
Enantiotopic element selection (for instance, the choice of one enantiotopic

(23) Noyori, R. Angew. Chem., Int. Ed. 2002, 41,2008-2022.

(24) (a) Catalysis in Asymmetric Synthesis; Coxon, J., Bailey, P., Gladysz, J., Parsons, P.,
Stang, P., Eds.; John Wiley & Sons, Inc.: Hoboken, 2009. (b) Catalytic Asymmetric
Synthesis; Ojima, 1., Ed.; John Wiley & Sons, Inc.: Hoboken, 2010.

(25) According to ref. 2, the meso stereodescriptor refers to an achiral member of a set
of diastereoisomers that includes at least one chiral member.
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atom or functional group over the others) is provided by a chiral reagent or
catalyst (Figure 8).

1 2 1 2
e e
ITTTTTTTmooomoooe- > FG FG FG’ FG
P achiral Desymmetrization desymmetrized
tchiral Catalyst: enantiotopic functional " products
i . roup selection symmetry breaking
| Orreagent ;SO . R RY L RPORE
' Al R Tl R
1 1 \ 1 \
b >rc” X “FG rG'Y X FG
meso

Figure 8. Schematic representation of the desymmetrization reaction of a general
achiral or meso compound by enantiotopic functional group selection.

This synthetic operation, referred to as desymmetrization, has become an
extremely powerful tool for synthesizing enantioenriched (or enantiopure)
compounds,’* and has been widely explored in a broad range of achiral and
meso substrates (Figure 9) through myriad chemical transformations,*® which
mainly comprise: (i) C-X bond (X = C, O, N, S or halogen) formation reactions
through nucleophilic ring-opening of meso anhydrides, epoxides, aziridines
and their respective vinylogous analogs, (ii) desymmetrization of meso
difunctional compounds such as diols, diamines, dithiols, dicarboxylic acid
derivatives and bisallylic alcohols derivatives by diverse well-stablished
functional group transformations, (iii) oxidative desymmetrization
transformations (e.g., Sharpless asymmetric epoxidations, dihydroxylations,
iodolactonizations and Baeyer-Villiger reactions, among others), (iv) various
inter- and intra-molecular desymmetrization reactions involving C—C bond
formation (e.g., Robinson annulation, Wittig olefination, olefin metathesis,
cyclopropanations, ene-reactions, etc.) and (v) stereoselective deprotonation
of achiral or meso compounds by using various chiral bases.

While catalytic desymmetrizations of achiral and meso compounds
involving reductive transformations have been studied, the reported examples
are scarce and did not offer in some cases satisfactory solutions in terms of
catalytic efficiencies and/or stereoselectivities.”

(26) For selected reviews on this topic, see: (a) Ferndndez-Pérez, H.; Etayo, P.; Lao, J. R.;
Nufiez-Rico, J. L.; Vidal-Ferran, A. Chem. Commun. 2013, 49, 10666-10675.
(b) Borissov, A.; Davies, T. Q.; Ellis, S. R.; Fleming, T. A.; Richardson, M. S. W.; Dixon, D.
J. Chem. Soc. Rev. 2016, 45,5474-5540. (c) Zeng, X.-P.; Cao, Z.-Y.; Wang, Y.-H.; Zhou, F.;
Zhou, ]J. Chem. Rev. 2016, 116, 7330-7396. (d) Merad, J.; Candy, M.; Pons, J.-M.;
Bressy, C. Synthesis 2017, 49,1938-1954.

(27) See ref. 26a, and the references cited therein.
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Achiral compounds X o
o o s
H R! u R n
- 3 3 N X
X\A/X [ML,] R - R H
R*H n
X o)
difunctional compounds  dicarbonyl compounds anhydrides (X =0)
(X = OH, NR?,, halogen) imides (X = NR®)

diketones (X = CR’R®

meso compounds

R0 15 18
R, 0 RY R RY R RY
Q. X bx j:ix
R R ) RY7 3
R’ R0 O RIS ris R
anhydrides (X=0) epoxides (X =0) vinilogous epoxide
imides (X = NR'") aziridines (X = NR'©) analogs (X = 0)
© diketones (X = CR'?R*3) vinilogous aziridine

analogs (X = NR?()

Figure 9. General structures of commonly used achiral (top) and meso (bottom)
compounds used for desymmetrization reactions.

The development and evolution of enantiopure phosphorus-derived ligands
is strongly related to the development of asymmetric hydrogenation.”®*** In
1968 Knowles accomplished the first homogeneous asymmetric
hydrogenation of prochiral C=C-moieties by a Rh-catalyst derived from the
optically enriched CAMP ligand.?® Later on, in the early 70’s, Kagan made an
important breakthrough with the development of the DIOP ligand,” a
bidentate C,-symmetric bisphosphine derived from enantiomerically pure
tartaric acid. This discovery led to a remarkable advance in this field and
significant progress has been made since then by developing high performing
bidentate ligands for rhodium-mediated enantioselective hydrogenations. For
instance, DIPAMP,*® BINAP** and DUPHOS® ligands, among other

(28) Knowles, W. S.; Sabacky, M. J. Chem. Commun. 1968, 1445-1446.

(29) (a) Korpiun, O.; Lewis, R. A.; Chickos, J.; Mislow, K. J. Am. Chem. Soc. 1968, 90,
4842-4846. (b) Horner, L.; Siegel, H.; Biithe, H. Angew. Chem., Int. Ed. Engl. 1968, 7,
942. (¢) Naumann, K.; Zon, G.; Mislow, K. J. Am. Chem. Soc. 1969, 91,7012-7023.

(30) (a) Kagan, H. B,; Dang, T. P. /. Chem. Soc. D. 1971, 481. (b) Kagan, H. B.; Dang
Tuan, P. /. Am. Chem. Soc. 1972, 94, 6429-6433.

(31) (a) Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J.; Bachman, G. L.; Weinkauff, D. J.
J- Am. Chem. Soc. 1977, 99, 5946-5952. (b) Knowles, W. S. Acc. Chem. Res. 1983, 16,
106-112.

(32) Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi, T.; Noyori, R. J.
Am. Chem. Soc. 1980, 102, 7932-7934.

(33) (a) Burk, M. J. J. Am. Chem. Soc. 1991, 113, 8518-8519. (b) Burk, M. J.; Feaster, ]J.
E.; Nugent, W. A.; Harlow, R. L. J. Am. Chem. Soc. 1993, 115,10125-10138. (c) Burk, M.
J.; Gross, M. F.; Martinez, J. P. J. Am. Chem. Soc. 1995, 117,9375-9376. (d) Burk, M. J.
Acc. Chem. Res. 2000, 33,363-372.
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enantiopure derivatives,** have been used in large-scale rhodium-catalyzed
hydrogenations for the industrial production of valuable synthetic drugs such
as L-DOPA, Sitagliptin and Imagabalin (Figure 10).*

CF,

S T
H ~._ NH, Me
o . g8 o

E HOOC
HO NH, . NH, O
- F
(trga]t)n?eprﬁ of Sitagliptin Imagabalin
(antihyperglycemic agent) (anticonvulsant agent)

Parkinson's disease)

Figure 10. Biologically active compounds produced by Rh-mediated asymmetric

hydrogenations.**

Among the structural features in chelating ligands that may have an
influence in the catalytic activity of the derived metal complexes,
the ligand-metal-ligand angle (a.k.a. bite angle®, see Figure 11) deserves

special mention. The magnitude of the bite angle (B) value strongly affects the
geometry of the metal species involved in the catalytic cycle and consequently
the outcome of the reaction. The influence of this parameter in catalysis has
been extensively studied in various metal-catalyzed (stereoselective)

transformations,® especially in Rh-mediated hydroformylations.* In this last

reaction, wide bite angle ligands favor the formation of linear aldehydes.****’

(34) (a) Blaser, H. U.; Spindler, F.; Studer, M. Appl. Catal., A 2001, 221, 119-143.
(b) Blaser, H.-U., Pugin, B., Spindler, F., Topics in Organometallic Chemistry.
In Organometallics as Catalysts in the Fine Chemical Industry; Beller, M., Blaser H.
-U,, Eds.; Springer-Verlag: Berlin, 2012; Vol. 42, pp 65-102.

(35) For relevant revision works within this topic, see: (a) Dierkes, P.; van Leeuwen, P.
W. N. M. J. Chem. Soc., Dalton Trans. 1999, 1519-1530. (b) van Leeuwen, P. W. N. M.;
Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 100, 2741-2769. (c) van der
Veen, L. A.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. CATTECH 2002, 6, 116-120.
(d) Freixa, Z.; Van Leeuwen, P. W. N. M. Dalton Trans. 2003, 1890-1901. (e) Birkholz,
M.-N.; Freixa, Z.; van Leeuwen, P. W. N. M. Chem. Soc. Rev. 2009, 38, 1099-1118.

(36) For selected book chapters in hydroformylation reactions, see: (a) Whiteker, G. T.,
Cobley, C. J., Topics in Organometallic Chemistry. In Organometallics as Catalysts in
the Fine Chemical Industry, Beller, M., Blaser H.-U., Eds.; Springer-Verlag: Berlin,
2012, Vol. 42, pp 35-46. (b) Borner, A.; Franke, R. Hydroformylation: Fundamentals,
Processes, and Applications in Organic Synthesis; WILEY-VCH Verlag GmbH & Co.
KGaA: Weinheim 2016; Vol. 2, pp 1-702. For a selected review, see: (c) Chikkali, S. H.;
van der Vlugt, J. I.; Reek, J. N. H. Coord. Chem. Rev. 2014, 262, 1-15.

(37) (a) Freixa, Z.; van Leeuwen, P. W. N. M. Coord. Chem. Rev. 2008, 252, 1755-1786.
(b) Li, Y.-Q.; Wang, P.; Zhang, H.; Zhao, X.-L.; Lu, Y.; Popovic, Z.; Liu, Y. J. Mol. Catal. A:
Chem. 2015, 402, 37-45.



UNIVERSITAT ROVIRA I VIRGILI

RHODIUM CATALYSIS IN ENANTIOSELECTIVE HYDROGENATIVE TRANSFORMATIONS: FROM
THE DESIGN OF NEW LIGANDS TO REACTIONS OF ATYPICAL SUBSTRATES

Joan Ramon Lao Mulinari

INTRODUCTION 11

On the other hand, rhodium complexes derived from narrow bite angle
ligands behave in the opposite way and favor the formation of branched
aldehydes.*>?®

YR & )

L L) ——— (L . LY  biteangle (B)

Figure 11. The bite angle () in metal complexes (M = catalytic metal, L, L’ = ligands).

Representative examples of high performing wide and narrow bite angle
phosphorus ligands in Rh-mediated hydroformylation reactions are listed
in Figure 12.

Wide bite angle ligands Narrow bite angle ligands

X
(0]
RZR'P PRIR?
Xantphos ligands  TRAP ligands (54,5,5)-BOBPHOS (R,S,)-L1

Figure 12. Relevant examples of high performing wide and narrow bite angle

phosphorus ligands in Rh-mediated hydroformylations.*”*

The use of two inequivalent ligating groups in an enantiopure bidentate
ligand introduces an additional handle to control the steric and electronic
properties of the coordination sphere around the metal. This structural
feature may be beneficial to control regioselectivity and may potentially lead
to higher enantioselectivities due to specific binding of the substrate, as in the
case of asymmetric hydroformylation reactions.*®

Particularly, phosphine-phosphite (P-OP) ligands represent a relevant
example of Cj-symmetric ligands that present electronic and steric
dissimilarities in the coordination groups. Since the development of the first
phosphine-phosphite ligands in 1993, numerous phosphine-phosphite

(38) (a) Cobley, C. J.; Froese, R. D. J.; Klosin, J.; Qin, C.; Whiteker, G. T.; Abboud, K. A.
Organometallics 2007, 26, 2986-2999. (b) Fernandez-Pérez, H.; Benet-Buchholz, J.;
Vidal-Ferran, A. Org. Lett. 2013, 15, 3634-3637. (c) Ferndndez-Pérez, H.; Benet-
Buchholz, J.; Vidal-Ferran, A. Chem. - Eur. J. 2014, 20, 15375-15384. (d) Noonan, G. M.;
Cobley, C. J.; Mahoney, T.; Clarke, M. L. Chem. Commun. 2014, 50, 1475-1477.
(e) Pittaway, R.; Fuentes, J. A.; Clarke, M. L. Org. Lett. 2017, 19,2845-2848.

(39) (a) Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. Soc. 1993, 115, 7033-
7034. (b) Baker, M. J.; Pringle, P. G. J. Chem. Soc., Chem. Commun. 1993, 314-316.
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ligands, which mediate a broad range of -catalytic asymmetric
transformations, have been reported.*

Over the past years our research group has developed a general synthetic
strategy for the preparation of a structurally diverse library of highly modular
phosphine-phosphite ligands bearing privileged *' modules (or molecular
fragments) in enantioselective catalysis (Scheme 2).

Scheme 2. General retrosynthetic strategy for the preparation of enantiopure
phosphine-phosphite ligands developed by the group and selected optimal ligands

for Rh-mediated asymmetric transformations3®>¢42>-d
7 7
ER (l)R7 (IER
R? AN _P R* N
RA.Z OH Cl” "Or’ 0" Nor? RA% 0" " “or’
iRe ——————— RIRZp 16 o1 11 R6
1R2 5 base R 1R2 5
R'R“P R RS R'R“P R
phosphino alcohols 1,1-P-OP ligands (n=0) 1,2-P-OP ligands (n=1)
Rh-mediated asymmetric hydroformylations Optimal ligands
Ph
Rl [Rh] (0.5 mol %) Rl
, _L1@omol%)
N R « R?
2/co (1:1) OHC
H CHO H Ph P—< .
terminal and branched linear
heterocyclic (D) (/,if R' =H)
alkenes b:1product ratio: up to 99:1

PPh, (RC’Sa)'L1

Rh-mediated asymmetric hydrogenations

[Rh](0.04—1.0 mol %)

HIRZO L2 (0.044-1.1 mol %)
AL H, Jk

X=NH, CH,and O up to >99% ee

functionalized
alkenes Nl

up to 80% ee i
(40) For a general review on the preparation and application of phosphine-phosphite
ligands in asymmetric catalysis, see: (a) Fernandez-Pérez, H.; Etayo, P.; Panossian, A.;
Vidal-Ferran, A. Chem. Rev. 2011, 111,2119-2176. (b) Pizzano, A. Chem. Rec. 2016, 16,
2595-2618.

(41) For the definition of the concept privileged ligand in asymmetric catalysis, see:
Yoon, T. P.; Jacobsen, E. N. Science 2003, 299, 1691-1693.

(42) (a) Donald, S. M. A.; Vidal-Ferran, A.; Maseras, F. Can. J. Chem. 2009, 87, 1273-
1279. (b) Ferndandez-Pérez, H.; Donald, S. M. A.; Munslow, I. J.; Benet-Buchholz, J.;
Maseras, F.; Vidal-Ferran, A. Chem. - Eur. J. 2010, 16, 6495-6508. (c) Etayo, P.; Nufiez-
Rico, J. L.; Fernandez-Pérez, H.; Vidal-Ferran, A. Chem. - Eur. J. 2011, 17,13978-13982.
(d) Nufiez-Rico, J. L.; Etayo, P.; Ferndndez-Pérez, H.; Vidal-Ferran, A. Adv. Synth. Catal.
2012, 354, 3025-3035.
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The versatility of the synthetic strategy allowed for the preparation of an
array of structurally diverse P-OP ligands incorporating variable carbon-chain
lengths between the two ligating groups and different stereogenic elements in
the structure (Scheme 2). This structurally diverse set of ligands was used to
generate highly efficient and well-defined Rh- and Ir-based catalytic systems
for the Rh-mediated asymmetric hydroformylations of terminal and

38b,c

heterocyclic alkenes, Rh-mediated asymmetric hydrogenations of

functionalized alkenes?*™*2

and Ir-mediated asymmetric hydrogenations of
C=N-containing heterocycles.”” The highest performing ligands in

Rh-mediated asymmetric transformations are listed in Scheme 2.
AIMS OF RESEARCH

It should be pointed out that during the course of the present PhD thesis, the
library of phosphine-phosphite ligands developed by the group was
broadened and new phosphite fragments were incorporated into the

structures of the P-OP ligands (L3-L6, see Figure 13).

(R,S,S,)-L3 (R,S,R,)-L4 (R,S,5,5)-L5 (R,S,R,R)-L6

Figure 13. Phosphine-phosphite ligands incorporating 3,3’-diphenyl-substituted
Hg-BINOL (L3 and L4) and TADDOL (L5 and L6) phosphite-derived fragments.

The synthetic methodology for the preparation of those enantiopure ligands

(L3-L6, see Figure 13) and their corresponding Rh-complexes (with formula

(43) (a) Nufez-Rico, J. L.; Fernandez-Pérez, H.; Benet-Buchholz, J.; Vidal-Ferran, A.
Organometallics 2010, 29, 6627-6631. (b) Nuiiez-Rico, J. L.; Vidal-Ferran, A. Org. Lett.
2013, 15,2066-2069. (c) Nufiez-Rico, J. L.; Fernandez-Pérez, H.; Vidal-Ferran, A. Green
Chem. 2014, 16, 1153-1157. (d) Balakrishna, B.; Bauz4d, A.; Frontera, A.; Vidal-Ferran,
A. Chem. - Eur. J. 2016, 22,10607-10613.

(44) Phosphine-phosphite ligands listed in Figure 13 (L3-L6) were found to be the
optimal ligands for the transformations presented in Chapters II-IV. I would like
thank to Dr. Héctor Ferndandez for supplying ligands L3-L6 and L4, and
Dr. Balakrishna Bugga for supplying ligands L5, L6 and the Rh-complex
[Rh(nbd)(L3)]BF,.
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[Rh(nbd)(L3-L6)]BF,) was also optimized by Dr. Balakrishna Bugga during his
PhD studies.*>*°

With the aim of developing new ligands for high performing stereoselective
catalytic systems, it should be noticed that narrow bite angle®® ligands
(with only one carbon spacer between the two ligating groups) bearing
P-stereogenic phosphino groups®’ represent an interesting understudied class
of chiral ligands. We envisaged that these ligands could provide a very
constrained environment around the metal center with high
enantioselectivities in the overall process.*® Hence, we decided to direct our
efforts toward developing a synthetic strategy for the preparation of these new
type of ligands and evaluating their catalytic performance in Rh-mediated
asymmetric hydrogenation and hydroformylation reactions (Figure 14).

P-stereogenic

phosphino group e :
i R2 Narrow bite angle Rh-complexes for: :

o R :

Rz\\\IP\/O\P/ORs ﬂ, ' R1/E [th ] - Asymmetric hydrogenations !

' -OR !

1 | ' O—P '

R OR’ ' (I)R3 - Asymmetric hydroformylations .

| ;

Enantiopure biaryl
phosphite groups

Figure 14. General structures of narrow bite angle phosphine-phosphite ligands
containing P-stereogenic phosphino groups and the corresponding Rh'-complexes.

Considering the excellent catalytic properties of the Rh-catalysts prepared by
38b,c,42,43

the group we also oriented further investigations to exploit the

applicability of Rh-complexes derived from phosphine-phosphite ligands to
the development of new hydrogenative transformations toward the
preparation of synthetically valuable compounds (with industrial, biological
or pharmaceutical interest). Based on this idea, we decided to turn our
attention to developing new catalytic methodologies for the preparation of

(45) Balakrishna, B.; Development of P-OP Ligands with New Structural Motifs for
Rhodium- and Iridium-Mediated Asymmetric Hydrogenations. PhD Thesis.
Universitat Rovira i Virgili, Tarragona (Spain), 2016.

(46) Balakrishna, B.; Vidal-Ferran, A. Synthesis 2016, 48,997-1001.

(47) P-stereogenic phosphino groups have proved to be highly efficient
stereodirecting ligating groups in asymmetric catalysis. For a representative review on
efficient ligands bearing P-stereogenic phosphino groups, see: Grabulosa, A.; Granell,
J.; Muller, G. Coord. Chem. Rev. 2007, 251, 25-90.

(48) For highly efficient narrow bite angle phosphine-phosphite ligands, see: refs.
38b—d.
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optically enriched sulfoxides by kinetically resolving o,B-unsaturated
sulfoxides by hydrogenation (Scheme 3).

Scheme 3. Hydrogenative kinetic resolution of a,B-unsaturated sulfoxides

C=C-bond
hydrogenation

O R3 O, . R3 o, . R3 R LR LY .
I [Rh(L)] N/ "4 ' Valuable chiral |
S - :
Rl/S%R4 — R1/§ N ga * Rl/*\)\R‘l — | intermediates
) H, ) , N ’
R R R
racemic recovered hydrogenated
starting material product

We considered that the resolved sulfoxides could find broad applicability in
diverse research areas such as in asymmetric synthesis (e.g. as chiral ligands
or auxiliaries)” or in the pharmaceutical industry (as enantiopure
sulfoxide-containing drugs).”® Regarding the literature precedents on the
reported catalytic methodologies for the preparation of enantioenriched
sulfoxides by asymmetric hydrogenation, we found that examples in the
literature were scarce.”"

We also decided to direct our investigations to the development of other
catalytic asymmetric hydrogenative methodologies leading to valuable
enantioenriched molecules from simple substrates. In this context, our group
reviewed the most effective metal-catalyzed desymmetrization reactions of
achiral and meso compounds involving reductive transformations.**
Through an extensive revision of all the reported methodologies concerning
reductive transformations,”® several unsolved catalytic reactions (in terms of
catalytic activity and reaction stereocontrol) were identified. Among those, the
enantioselective desymmetrization of achiral 1,4-dienes by asymmetric
hydrogenation (Scheme 4) deserve mention. Notably, the hydrogenative

(49) (a) Trost, B. M.; Rao, M. Angew. Chem., Int. Ed. 2015, 54, 5026-5043. (b) Sipos, G.;
Drinkel, E. E.; Dorta, R. Chem. Soc. Rev. 2015, 44, 3834-3860. (c¢) Otocka, S.;
Kwiatkowska, M.; Madalinska, L.; Kielbasinski, P. Chem. Rev.2017, 117,4147-4181.
(50) (a) Ferndndez, 1.; Khiar, N. Chem. Rev. 2003, 103, 3651-3705. (b) Legros, J.; Dehli,
J. R;; Bolm, C. Adv. Synth. Catal. 2005, 347, 19-31. (c) Bentley, R. Chem. Soc. Rev. 2005,
34, 609-624.

(51) For the most recent relevant examples on catalytic reductive methodologies, see:
(a) Ando, D.; Bevan, C.; Brown, J. M.; Price, D. W. J. Chem. Soc., Chem. Commun. 1992,
592-594. (b) Dornan, P. K.; Kou, K. G. M.; Houk, K. N.; Dong, V. M. J. Am. Chem. Soc.
2014, 136,291-298.
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desymmetrization of 1,4-dienes could lead to valuable chiral building blocks
for the preparation of more complex molecules.”

Scheme 4. Hydrogenative desymmetrization of achiral 1,4-dienes

C=C-bond
hydrogenation

Me ..
R N - +  Valuable chiral |
3 “ 3 ' building blocks
R . P !
achiral 1,4-diene desymmetrized
product

The main challenges associated to this transformation reside in the need of
discovering a catalytic system capable of controlling both chemoselectivity
(the selective monohydrogenation of the starting material) and
stereoselectivity (the differentiation of two enantiotopic vinyl groups).
Although pioneering work had been previously done through
Rh(bisphosphine)-mediated asymmetric hydrogenations,” moderated
stereoselectivities were achieved without a complete control on the reaction
chemoselectivity. Taking this pioneering work into consideration, we also
decided to address the challenge of developing an appropriate chemo- and
stereo-selective catalytic system for the hydrogenative desymmetrization of
achiral 1,4-dienes (Scheme 4).

Therefore, the aims of the present thesis are as follows:

1. To develop a synthetic methodology for the preparation of narrow
bite angle phosphine-phosphite ligands with a single C-atom between
the two phosphorus functionalities and P-stereogenic phosphino
groups, to study the coordination of these ligands with the commonly
used  Rh-precursors for asymmetric  hydrogenations and
hydroformylations, and to assess the catalytic performance of the
resulting Rh-complexes in asymmetric hydrogenations and
hydroformylations of structurally diverse alkenes.

(52) (a) Stymiest, J. L.; Bagutski, V.; French, R. M.; Aggarwal, V. K. Nature 2008, 456,
778-782. (b) Scott, H. K.; Aggarwal, V. K. Chem. - Eur. J. 2011, 17,13124-13132.
(53) Nguyen, B.; Brown, J. M. Adv. Synth. Catal. 2009, 351,1333-1343.
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2. To broaden the applicability of the library of phosphine-phosphite
ligands developed by the group to other challenging stereoselective
hydrogenative transformations, such as the hydrogenative Kkinetic
resolution of a,B-unsaturated sulfoxides and the stereoselective
hydrogenative desymmetrization of achiral 1,4-dienes, with the aim of
developing efficient synthetic methodologies for the preparation of
highly enantioenriched valuable products.
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CHAPTER1

1,1-P-OP Ligands with P-Stereogenic
Phosphino Groups in Asymmetric
Hydrogenations and Hydroformylations

0
R‘JLXJLRZ'
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X =NH, O, CH, \ Ph.H ’
R? = OMe, Me O‘
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up to 98% ee up to 64% ee
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1,1-P-OP Ligands with P-Stereogenic Phosphino
Groups in Asymmetric Hydrogenations and
Hydroformylations

1.1. ABSTRACT

A new series of narrow bite angle phosphine-phosphite (1,1-P-OP)
ligands have been efficiently prepared from the enantiopure
(Sp)-tert-butyl-(hydroxymethyl)methylphosphino borane complex, a crucial
intermediate. The catalytic performance of the ligands in Rh-mediated
asymmetric hydrogenations and hydroformylations is described. The
corresponding rhodium complexes provided excellent efficiencies
(full conversion in all cases) and high enantioselectivities (up to 98% ee) for
the asymmetric hydrogenation of structurally diverse functionalized alkenes.
Furthermore, rhodium catalysts derived from these 1,1-P-OP ligands were
highly active and gave excellent regioselectivities (branched/linear product
ratios of up to 97/3) and moderate enantioselectivities in the
hydroformylation of different terminal olefins.

1.2. INTRODUCTION

Hybrid bidentate enantiopure P-containing ligands have efficiently
mediated a wide range of applications in transition-metal-catalyzed reactions
that lead to a rich array o