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Abstract

The work presented in this dissertation was guided toward the synthesis of
BINOL-based helical monophosphite ligands containing different OR pendant groups,
presenting C3-symmetry, for the development of new homogeneous catalysts. Their
structures have been selected based on recent studies, in which high
enantioselectivities were reported, using transition metal complexes with
monodentate ligands and/or heterobidentate hemilabile ligands able to establish
secondary interactions with the metal center.

Chapter 1 presents a critical review of the literature, essentially focused on the
main themes developed in the course of the experimental work.

In Chapter 2 the development of a family of enantiomerically pure
monophosphite ligands containing three units of (S)- or (R)-BINOL derivatives is
described. Their syntheses involved BINOL mono-etherification via Mitsunobu reaction,
with different alcohols, as methanol, benzyl alcohol, diphenylmethanol and
adamantan-1-ol, leading to isolated yields of 84%, 87%, 63% and 52%, respectively. For
the synthesis of a mono-ester analogue, the reaction of BINOL with adamantanoyl
chloride was performed, with 82% isolated yield. From phosphorylation of the
resulting mono-protected BINOL derivatives with PCls, the synthesis of chiral tris-
binaphthyl monophosphites was achieved, with yields ranging from 76-83%, after
purification and isolation procedures. In this section, the preparation of 2'-(benzyloxy)-
3-methyl-1,1'-binaphthyl-2-ol and 2'-(benzyloxy)-3'-methyl-1,1'-binaphthyl-2-ol is also
described, with isolated yields of 48% and 33%, respectively. All products were
characterized by nuclear magnetic resonance spectroscopy and mass spectrometry.

In Chapter 3, studies on the application of the chiral tris-binaphthyl
monophosphite ligands, previously developed, are presented in asymmetric catalytic
reactions, including rhodium-catalyzed hydroformylation and palladium-catalyzed
hydrovinylation. Concerning the hydroformylation of aryl olefins, the studies indicated
that, in the case of disubstituted double bonds, the activity and selectivity of
Rh(l)/monophosphite complexes strongly depend on the structure of the OR group at

the ligand, with Rh/tris[(R)-2'-(1-adamantyloxy)-1,1'-binaphthyl-2-yl]phosphite being



the most active (TOF=260 h™, 84% regioselectivity), and Rh/tris[(R)-2'-(benzyloxy)-1,1'-
binaphthyl-2-yl]phosphite being the most regioselective catalytic system (TOF=197 ht
89% regioselectivity). These works were further supplemented with kinetic studies
involving the catalytic system Rh/tris[(R)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl]phosphite
in the hydroformylation of trans-p-methylstyrene. In spite of the high activities and
selectivities, none of the catalytic systems has achieved enantiomeric excesses above
20%. Furthermore, Rh/monophosphite catalysts were able to promote the
diastereoselective hydroformylation of compounds with potential biological activity,
namely the steroid 17B-acetoxyandrost-4-ene, achieving 4B-formyl-17B-acetoxy-58-
androstane as major product (86% chemoselectivity, 100% regioselectivity and 70%
diastereoselectivity).

The synthesis and characterization of allylpalladium/monophosphite complexes
was performed (in 50-71% isolated yields), as well as their evaluation in the
asymmetric hydrovinylation of styrene. All catalytic systems led to high
chemoselectivity for  3-phenylbut-1-ene  (>85%) without occurrence of
homodimerization reactions and with only slight isomerization. In general, the
palladium complexes containing BINOL-based monophosphite derivatives with ether
groups gave moderate to high enantioselectivities (40-71% ee). However, the most
remarkable outcome was achieved with the complex containing the ligand tris[(S)-2’-
(1-adamantanoyloxy)-1,1'-binaphthyl-2-yl]phosphite, which resulted in one of the
most enantioselective palladium-based catalytic systems reported so far in
hydrovinylation of styrene, with 92% ee.

In Chapter 4, optimization studies of palladium-catalyzed aminocarbonylation
reactions were carried out, aiming the synthesis of carboxamides, keto-carboxamides
and bis-carboxamides with potential biological activity. The aminocarbonylation of
iodobenzene and 1-iodo-cyclohexene as model substrates was performed using
palladium complexes formed in situ with the tris-binaphthyl monophosphite ligands,
leading to active catalytic systems. After optimization of reaction conditions towards
the selective formation of keto-carboxamides, the synthesis and isolation of
cyclohexenyl-glyoxylamides with unprecedented structures, N-tert-butyl-2-(cyclohex-

1-enyl)-2-oxoacetamide,  1-cyclohexenyl-2-morpholinoethane-1,2-dione and 1-



cyclohexenyl-2-(piperidin-1-yl)ethane-1,2-dione were performed, with isolated yields
varying from 60 to 66%. Then, using Pd/triphenylphosphine catalysts, the synthesis of
a family of monocarboxamide-carbasugars was developed from the
aminocarbonylation of bromo- or iodo-conduritol derivatives, with isolated vyields
varying from 50 to 85%. Furthermore, it should be highlighted the pioneering
application of this catalytic reaction for the synthesis of a series of dicarboxamides, by
using, for the first time, different diamines as nucleophiles. This atom economic
methodology allowed synthesizing, in a single step, relevant molecules such as steroid
dimers containing dicarboxamide bridges with diverse structures, in isolated yields up
to 95%.

In Chapter 5, the techniques and instrumentation used are described, as well as

the characterization of all products synthesized during the experimental work.

Keywords: BINOL; monophosphite; C3-symmetry; rhodium; palladium; homogeneous

catalysis; hydroformylation; hydrovinylation; aminocarbonylation.



Resumo

O trabalho apresentado nesta dissertagdo orientou-se no sentido de desenvolver
métodos de sintese de monofosfitos derivados do BINOL contendo diferentes grupos
OR, apresentando estrutura helicoidal e simetria Cs3, para preparar novos catalisadores
para reacdes homogéneas. As estruturas dos catalisadores escolhidos basearam-se em
trabalhos recentes, nos quais se observou elevada enantiosseletividade utilizando
complexos de metais de transicdes com ligandos monodentados e/ou ligandos
hemildbeis heterobidentados com possibilidade de estabelecerem interagdes
secundarias com o centro metalico.

No Capitulo 1 apresenta-se uma revisdao critica da literatura focalizada
essencialmente nas principais tematicas desenvolvidas no decurso do trabalho
experimental.

No Capitulo 2 encontram-se descritos os métodos de sintese de uma familia de
monofosfitos enantiomericamente puros contendo trés unidades de derivados de (S)-
ou (R)-BINOL. A sua sintese iniciou-se com a monoeterificacido do BINOL com
diferentes alcoois, via reagcdo de Mitsunobu, nomeadamente com metanol, alcool
benzilico, difenilmetanol e adamantan-1-ol, tendo-se obtido, rendimentos de produtos
isolados de 84%, 87%, 63% e 52%, respetivamente. Para a sintese de um derivado
monoesterificado, recorreu-se a rea¢ao do BINOL com cloreto de adamantanoilo,
tendo-se obtido um rendimento de 82%. Da reagao dos resultantes derivados
monoprotegidos de BINOL com PCls, resultou a sintese de monofosfitos quirais com
simetria C;, com rendimentos compreendidos entre 76-83%, apds purificagao
cromatografica e isolamento. Neste capitulo descreve-se ainda a preparacdo de 2'-
(benziloxi)-3-metil-1,1'-binaftil-2-ol e 2'-(benziloxi)-3’-metil-1,1'-binaftil-2-ol, com
rendimentos de 48% e 33%, respetivamente. Todos os produtos foram caracterizados
por espetroscopia de ressonancia magnética nuclear e espetrometria de massa.

No Capitulo 3, apresentam-se os estudos da aplicacdo dos monofosfitos quirais
desenvolvidos neste trabalho em reacgdes de catalise assimétrica, nomeadamente de
hidroformilacao catalisada com complexos de rdédio e de hidrovinilagdo catalisada por

complexos de paladio.



No que diz respeito a hidroformilagdao de derivados do estireno, os estudos
indicaram que, no caso de olefinas dissubstituidas, a atividade e seletividade dos
complexos de rédio/monofosfito depende fortemente na estrutura do grupo OR do
ligando, sendo o sistema catalitico Rh/tris[(R)-2'-(1-adamantiloxi)-1,1'-binaftil-2-
illfosfito o mais activo (TOF=260 h™, 84% de regiosseletividade) e o Rh/tris[(R)-2'-
(benziloxi)-1,1'-binaftil-2-illfosfito o mais regiosseletivo (TOF 197 h, 89% de
regiosseletividade). Estes trabalhos foram ainda complementados com estudos
cinéticos envolvendo o sistema catalitico Rh/tris[(R)-2'-(benziloxi)-1,1'-binaftil-2-il]
fosfito na hidroformilacdo de trans-B-metilestireno. Apesar das elevadas atividades e
seletividades, nenhum dos sistemas cataliticos conduziu a obtencdo de excessos
enantioméricos superiores a 20%. Estes estudos permitiram ainda promover a
hidroformilacdo diastereosseletiva de compostos com potencial atividade bioldgica,
nomeadamente do esterdide 17B-acetoxiandrost-4-eno, tendo-se obtido como
produto maioritario 4B-formil-17B-acetoxi-5B-androstano (86% quimiosseletividade,
100% de regiosseletividade e 70% de diastereosseletividade).

Os estudos prosseguiram com a sintese e caracterizacdo de complexos de
palddio-alilo/monofosfito (com rendimentos entre 50-71%) e sua avaliagdo na reagdo
de hidrovinilagdo do estireno. Todos os sistemas cataliticos conduziram a uma elevada
guimiosseletividade para a formacdao de 3-fenilbut-1-eno (> 85%), sem ocorréncia de
reacdes homodimerizacdo e baixa isomeriza¢do. Salienta-se que, de uma forma geral
os complexos de paladio contendo fosfitos derivados do BINOL com grupos éter deram
origem a enantiosseletividades moderadas a altas (40-71% ee), enquanto que do
complexo contendo o ligando tris[(S)-2'-(1-adamantanoiloxi)-1,1'-binaftil-2-il]fosfito
resultou um dos sistemas de paladio mais enantiosseletivos, descritos na literatura, na
reacao de hidrovinilacdo do estireno (92% ee).

No Capitulo 4, efetuaram-se estudos de otimizagdo de reagbes de
aminocarbonilacdo catalisadas por complexos de paladio/ligando de fésforo, tendo em
vista a sintese de produtos com potencial atividade bioldgica, nomeadamente
carboxamidas, ceto-carboxamidas e dimeros de bis-carboxamidas. Os catalisadores de
paladio/monofosfito gerados in situ permitiram efectuar a aminocarbonilagcdo de

substratos modelo, como iodobenzeno e 1l-iodo-ciclo-hexeno. Apds otimizacao das



condicGes de reacdo, foi possivel isolar e caracterizar os compostos do tipo ceto-
carboxamida, N-tert-butil-2-(ciclohex-1-enil)-2-oxoacetamida, 1-ciclohexenil-2-
morfolinoetano-1,2-diona e 1-ciclohexenil-2-(piperidin-1-il)etano-1,2-diona, com
rendimentos isolados entre 60-66%. Utilizando catalisadores de Pd/trifenilfosfina,
desenvolveu-se também a sintese de uma familia de monocarboxamidas derivadas de
conduritol, através de reagdes de aminocarbonilagdo dos respetivos bromo- ou iodo-
alcenos, com rendimentos de produtos isolados entre 50-85%. E ainda de salientar o
uso desta reagdo catalitica para a preparagdo de uma série de dicarboxamidas,
utilizando, pela primeira vez, diaminas como nucledfilos. Este processo catalitico com
elevada economia atémica permitiu sintetizar, num soé passo, moléculas tdo relevantes
quanto dimeros de esteroides, contendo pontes de dicarboxamida com estruturas
diversificadas, com rendimentos de produtos isolados até 95%.

No Capitulo 5, sdo descritas as técnicas utilizadas bem como as caracterizagdes
de todos os produtos sintetizados no decorrer do trabalho experimental que conduziu

a escrita desta dissertacao.

Palavras-chave: BINOL; monofosfito; simetria Cs; rédio; paladio; catalise homogénea;

hidroformilacdo; hidrovinilagdo; aminocarbonilacdo.
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Nomenclature

In this dissertation the IUPAC' recommendations of 1993 were followed to
number and name all compounds. By way of example, the numbering and
nomenclature of one of each family of compounds synthesized is presented below.

Accordingly to IUPAC regulations, the absolute R or S configurations of axially
chiral 1,1"-binaphthyl molecules were assigned, accordingly to the Cahn—Ingold—Prelog

R—S notation system (Fig. 1).”

e S O G
> coH oH > coH OH
OH CéOH OH C—éOH
a b a d i
SR CEJ ¢ 8

(R)-BINOL (R) (S)-BINOL (S

Fig. | — Determination of absolute configuration of BINOL, accordingly to Cahn—Ingold—

Prelog R—S notation system.

The adopted nomenclature of tris-binaphthyl monophosphites was based on the

above mentioned regulations (Fig. ll).

Tris[(R)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl]phosphite

Fig. Il - Nomenclature of a tris-binaphthyl monophosphite.

The nomenclature of cyclohexenetetraol (trivial name: conduritol) derivatives was

based on IUPAC recommendations for polycyclic systems with fused rings (Fig. Ill).?



OH Ox_NH
OH 1
A 72,0
6
<
OH \5 3aY0
OH AcO 4z )
OAc

cyclohex-5-ene-1,2,3,4-tetraol ,
(Conduritol) (3aR,4R,5R,7aR)-7-(tert-butylcarbamoyl)-2,2-dimethyl-3a,4,5,7a-
tetrahydrobenzo[d][1,3]dioxole-4,5-diyl diacetate

Fig. lll — General structure of conduritol and adopted nomenclature for a conduritol-

carboxamide derivative.

The steroidal compounds, belonging to androstane series, were named according
to the accepted IUPAC nomenclature (Fig. IV).* The substituents on the same side as
the two angular methyl groups at C-10 and C-13 are designated by B substituents,
while the others are a substituents. The hydrogen atoms at the stereogenic centers

are in 88, 9a, and 14a positions.

CHO
4B-formyl-17p-acetoxy-5p-androstane

Fig. IV — Numbering of the steroidal skeleton and nomenclature of a formyl androstane

derivative.

1 R. Panico, W. H. Powell, J.-C. Richer, A Guide to IUPAC Nomenclature of Organic Compounds
(recommendations 1993), Blackwell Science, 1993.

2 M. M. Pereira, M. J. F. Calvete, A. R. Abreu, R. M. B. Carrilho, Synthesis of binaphthy! based
monophosphorus ligands in Advances in Chemistry Research, Vol. 19 (ed. James C. Taylor),
Nova Publishers, New York, 2013.

*G. P. Moss, Pure & Appl. Chem. 1998, 70, 143.
* G. P. Moss, Pure & Appl. Chem. 1989, 61, 1783.
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Chapter 1 — Introduction and Scope

CHAPTER 1

INTRODUCTION AND SCOPE

1.1 Homogeneous catalysis

The term catalysis was introduced by Berzelius in the 19" century, who observed
alterations in substances when they were brought in contact with small amounts of
certain species once called “ferments”. Some years later, in 1895, Ostwald defined
catalyst as a substance that changes the rate of a chemical reaction without appearing
itself as a product.* Currently, a catalyst can be considered as a chemical substance
that increases the rate at which a chemical reaction approaches equilibrium without
becoming itself permanently involved.> A catalyst provides a new reaction pathway for
a given reaction with a low activation barrier, which may involve different
intermediates and several steps, in order to bring the reagents together in a reactive
state. Nowadays, catalysis plays a fundamental role in academia as well as in industry,
since a large part of the bulk and fine chemicals production is essentially based on

catalytic processes.3



Chapter 1 — Introduction and Scope

Homogeneous catalysis is, by definition, a system in which the reagents and
catalyst components are all brought together in one only phase (generally, the liquid
phase). However, it may involve the use of different types of catalysts: transition metal
complexes — organometallic ccltalysis;4 organic compounds — organoccltc:/lysis5 or
enzymes — enzymatic catalysis.®

Catalysis with transition metal complexes is an area of intense research that has
grown drastically in the last decades. This growing interest was demonstrated by the
recent attribution of three Chemistry Nobel Prizes in this field.” In 2001, it was divided,
one half jointly to William S. Knowles and Ryoji Noyori "for their work on chirally
catalyzed hydrogenation reactions"” and the other half to K. Barry Sharpless "for his
work on chirally catalyzed oxidation reactions”. In 2005, Yves Chauvin, Robert H.
Grubbs and Richard R. Schrock were jointly awarded "for the development of the
metathesis method in organic synthesis". More recently, in 2010, the works of Richard
F. Heck, Ei-ichi Negishi and Akira Suzuki on "palladium-catalyzed cross couplings in
organic synthesis" were recognized.7

An organometallic catalyst consists of a central metal surrounded by organic
(and/or inorganic) ligands (Figure 1.1). To bring the reactants together in a reactive
state, a metal centre must have a vacant site, to which a substrate may coordinate.
The efficiency of an organometallic catalyst is determined by the reaction rates and
the selectivity towards a certain product, and lies in the relative ease of catalyst

modification by changing the ligands environment.

|—1\ /Lz
@ o

Figure 1.1 — General structure of an organometallic catalyst.

Thus, to perform the rational design of a new catalyst, the selection of the metal
and the ligands are both of great relevance. The choice of the metal is generally
determined by the envisaged catalytic reaction, based on prior knowledge, or by

screening via “trial and error”. In addition, the adjustment on the metal reactivity
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towards a given catalytic reaction can be performed by the coordination of donor
ligands to the metal centre. The o-donor and m-acceptor properties as well as the steric
effects imposed by the ligands on the metal centre strongly influence the catalytic
performance. It must be noted that the ligand properties are a combination of the
donor atom nature with the backbone structure, which is frequently of great
importance for stereo-inductive effects and fine-tuning of asymmetric catalytic

reactions (Figure 1.2).2

PRODUCT
ADDITIONAL
FINE-TUNING & % | STEREO-INDUCTION]

‘ Ligand backbone ’

‘ ELECTRONIC EFFECTS] ‘ STERIC EFFECTS ]
Q Donor
atom

SUBSTRATE

Figure 1.2 — Schematic representation of the several parameters involved in catalyst

design and optimization. (Adapted from 2)

An enormous variety of ligands of different type and with different structures has
been reported in recent literature: mono-, bi- and polydentate ligands, ligands based
on single donor or heterodonor atoms, chiral or achiral and ligands with steric and
electronic constraints. Among them, phosphorus (lll) compounds can be considered as
one of the most important class of ligands, due to their remarkable coordination ability
with a range of transition-metal complexes, which led to an extraordinary

development of homogeneous catalysis.?®
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1.2 Hemilabile phosphorus ligands

Hybrid ligands that contain significantly different chemical functions such as hard
and soft donors (often called hemilabile ligands) have found increasing use in catalysis,
due to their possible dynamic behavior in the metal-ligand interactions.’® Hemilabile
ligands possess at least two different types of bonding groups, whereby one is a labile
donor toward substitution, while the other is an “inert” donor atom, which remains
anchored to the metal. Therefore, hemilability is not an intrinsic property of the sole
ligand, since it implies the metal-ligand couple.

Hemilabile ligands can generate accessible coordination vacancies or protect
active catalytic sites through a functional “on-off’ chelating effect with the metal

center (Scheme 1.1).™
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| | | Y = hard donor atom (O, N, S, etc)
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Scheme 1.1

In addition, they can also play important roles in the stabilization of highly
unsaturated intermediates, in the interactions with reactive polar species, or even in
the activation of substrates.'? This multifunctional character has been demonstrated to
significantly influence the catalytic activity and selectivity in several reactions, such as
hydrovinylation,®* hydrogenation of alkenes,** transfer hydrogenation™ and alkyne
hydration.™

The concept of hemilability was first introduced by Jeffrey and Rauchfuss in
1979, referring to the coordination mode of polydentate chelate ligands bearing two
types of bonding groups, in ruthenium(ll) complexes. The studies on structure and

reactivity of 1.1, containing a o-(diphenylphosphino)anisole ligand revealed that the
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Ru—O bonds were significantly longer than Ru—P bonds, indicating that oxygen atoms
were only weakly bonded. The complex was highly reactive toward a number of

ligands (such as CO) while remained remarkably stable in presence of oxygen and heat.

H
HaQ a Fhs
@O””“'R’l ‘\\\\O
v
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ﬁ’/ & e
Ph, Ph;
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Since then, a large number of hemilabile ligands have been reported. In current
years, special attention has been paid to the synthesis,'” coordination chemistry®%%°
and catalytic applications of hemilabile ligands. During a catalytic process, the metal
catalyst can suffer a change in the oxidation state, which may consequently weaken or
even break the bond to the labile donor atom, producing a vacant coordination site. In
general, with low-valent late transition metals, phosphorus atoms usually bind strongly
to the soft metal center, while the hard donor atoms (O, N or S) are generally weakly
bounded, which allow, by decoordination, the binding of substrates that induce
ulterior reactivity. Among hemilabile phosphorus ligands, several functionalized

phosphino—ether21 and phosphino-carbonyl compounds22 have been intensively

studied as heterobidentate ligands with late transition metals, including

23,24 25,26,27 .

iridium? and paIIadium.Zg'?}0

ruthenium, rhodium,

Palladium(ll) complexes of ether diphosphine hemilabile ligands 1.2 were
originally applied as catalysts in copolymerization reactions between carbon
monoxide, ethylene and propene leading to synthesis of polyketones with high

. 2
molecular weight.?

2
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Ligands with carbonyl moieties are also a common type of hemilabile P,O ligands.
These are able of undergoing conversion to enolate moieties upon deprotonation,
which usually form substitutionally inert chelates.*® Some examples include the
cationic rhodium(l) B-keto phosphine complex 1.3, and the neutral enolate-phosphine
complexes 1.4, 1.5 and 1.6.%* The cationic complexes bearing a keto-phosphine ligand
provided access to active catalysts in the catalytic hydrogenation of 1-hexene and to

active enolate complexes in the transfer dehydrogenation of cyclooctane.?

ﬂb T' PFg

\/
o—Rh—PPhg
@&Pm
1.3
Ph, Ph, Ph,
P THF P co P PPh
[ ORAC [ RN [ RN °
o) THF o) PPh; o PPh;
1.4 1.5 1.6

The synthesis of rhodium(l) complex 1.7, containing an amido-monophosphine
ligand was reported by Tomioka.* Its structural features, clarified by NMR, IR and X-
ray, revealed that the monophosphine behaves as a hemilabile ligand whose
phosphorus atom strongly bonds to rhodium(l), while the amide carbonyl oxygen atom
has a fluxional process involving dissociation and recoordination, leading to a highly
enantiodiscriminative species in asymmetric 1,4-addition of aryl boronic acids to

cycloalkenones (with up to 97% ee).*

O O 17 sbFg

PPh,

N
N
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Recently, Reek®® reported the synthesis of ureaphosphine ligands, which
coordinate in a P,0-bidentate fashion to rhodium(l). The Rh(l) complex of ligand 1.8
gave high conversions and enantioselectivities up to 88% in the asymmetric

hydrogenation of cyclic enamides.

HN—Ph

Ph>_H<N~<\O

I C
O :
O 1.8 1.9

R = Et, i-Pr, Cy

Although less frequent, there are also a few examples of hemilabile phosphites,**
whose metal complexes have been used in catalysis. Based on previous studies of
Rh(l)/phosphonated phosphine complexes as hydroformylation catalysts,>>>® Abbayes
reported the first examples of potentially hemilabile phosphite-phosphonate ligands
1.9, which were evaluated in Rh-catalyzed hydroformylation of styrene.34 In these
ligands, the phosphonate moiety was envisaged to provide an “on-off’ chelating effect
by coordination/decoordination with rhodium, while the phosphorus atom of the
phosphite moiety was intended to be permanently anchored to the metal.***® The
resulting complexes, especially those with bulkier substituents, provided remarkable
catalytic activities in the hydroformylation of styrene at room temperature, with up to
91% conversion in 18h, and an excellent iso-regioselectivity of 97%.%*

Furthermore, P,N-donor molecules have also been subject of recent studies as

37,38,39

hemilabile ligands, in the past few years. For instance, cationic rhodium(l)

complexes bearing nitrogen-containing monophosphine,4° bis(phosphine) and

bis(phosphinite)*! ligands provided active and selective catalysts in styrene

40,41 2

hydroformylation and hydroaminomethylation.*” Other amine functionalized
hemilabile phosphines were reported to have remarkable efficiency in Suzuki coupling
reaction of aryl chlorides, where the presence of potentially donating nitrogen atoms

has demonstrated to have a critical role in the catalytic activity.”* Furthermore, it has
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been shown that rhodium(l) complexes modified with P,N- hemilabile tetraphosphine
complexes were active hydroformylation catalysts.44 More recently, Cowie® reported
the synthesis of mono- and binuclear rhodium complexes containing hemilabile P,N-
ligands, and explored their application as catalysts in styrene sinIation.46

In a pioneering work, Jiménez and Pérez-Torrente'**”*® have reported the
synthesis and characterization of cationic square-planar rhodium(l) complexes 1.11,
1.12 and 1.13, which contained diverse functionalized P,0-, P,N- and P,S- hemilabile

phosphine ligands of type 1.10.

X/\\
_— X = H, Me, OMe, CF
Pz ;_or, NR,, SR
- =2,3
X~ e
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+ + +
Ar2 _| Ara —‘ Ar Ar2 —‘
<||\ /} (H\ AP Cpi AP
[E: [k \P*\Fz
1.11 112 113

These complexes were used as efficient catalysts for the oxidative amination of
styrene with piperidine, where the P,0-coordinated catalyst precursors of type 1.13,
which contained two 3-ethoxypropyl-functionalized phosphines in a cis arrangement,
presented outstanding activities, with unprecedented turnover frequencies of up to 80
h™?, and excellent enamine selectivity (up to 96%). This superior performance was
attributed to the higher ability of these ligands to show a dynamic “on-off’ effect in
the key catalytic intermediates, due to interactions of the oxygen atom with the
rhodium center, thereby forming a six-membered metallocyclic ring. In addition, the
steric and electronic effects introduced by the alkoxy moieties seemed also to be

1247 The same

important in the protection/deprotection of the active catalytic sites.
authors also reported the use of the cationic rhodium complexes as catalysts for
polymerization reaction of phenylacetylene, in which a superior performance was

shown by complexes of type 1.11 containing a P,N functionalized phosphine ligand.*®
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1.3 Phosphorus ligands with C;-symmetry

It is widely recognized that the presence of rotational symmetry in chiral ligands
and metal complexes may increase the selectivity in chemical reactions.*

For more than three decades, the design and synthesis of chiral ligands has been
predominantly focused on bidentate chelating ligands with C,-symmetry, or sets of C;-
symmetric monodentate ligands that arrange themselves to generate essentially a
similar active space as chelates, which have been considered essential for efficient

50,51

asymmetric induction. However, the exploitation of C3 symmetry in the design of

chiral ligands for asymmetric homogeneous catalytic transformations is currently the

253 The recent reviews

focus of considerable research efforts and conceptual debate.
written by Moberg54 and Gibson™ provide accurate and detailed information regarding

the application of chiral Cs-symmetric molecules in asymmetric catalysis .

&f SQ% @

b) c) d)

Figure 1.3 — Topologies of structures with C; symmetry.>*

A molecule with C3 symmetry can have different typical topologies: it may be
acyclic (a), exocyclic (b), macrocyclic (c) or bicyclic (d) (Figure 1.3).>* In all of these
types, the presence of a chiral center is commonly a requirement for dissymmetry.
However, some molecules are known in which dissymmetry is caused by axes of
chirality. In these cases, chirality may be originated by the direction of the substituents
arrangements. A further possible arrangement possessing C3 symmetry based on a
chirality axis is a triple helix, in which the asymmetric folding of the strands is induced
by their stereogenic centers.

A significant number of ligands with C; symmetry have been synthesized and, in
some cases, applied in catalysis. It was found that chiral and tripodal C3-symmetric

ligands are highly effective in enantioselective catalytic reactions involving octahedral

9
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complexes, in which the presence of homotopic coordination can be considered the

reason of their favorable properties.”*>°

In addition to efficient catalytic applications,
threefold symmetrical molecules have also demonstrated to play important roles in
several applications and are believed to have high potential in diverse fields, such as in

57,58

molecular recognition, nanoarchitecture®® and nonlinear optics.®® Among Cs-

63,64

symmetric ligands, are found triols,®* pyridine derivatives,® tris-oxazolines, as well

8578 \which will be focused with more detail in this section.

as phosphorus based ligands

In general, most of Cs-symmetric chiral phosphorus ligands are tripodal
phosphines or monophosphine ligands containing threefold rotational axes. Some
pioneering examples include the enantiomerically pure tripodal phosphines 1.14 and
1.15, which were prepared from cyclic lithiophosphanes and the appropriate trichloro

compounds.®®

Their cationic rhodium(l) complexes were successfully applied as
catalytic precursors in asymmetric hydrogenation of olefins, displaying good catalytic
activity and enantioselectivity in the hydrogenation of dimethyl itaconate (up to 95%
ee) and of methylacetamido cinnamate (up to 89% ee).®®

The Cs-symmetric tripodal phosphine 1.16, which differs from the previous by
having the centers of asymmetry on the phosphorus atom, was later synthesized from
(R)-(tert-butyl)(methyl)(phenyl)phosphane—borane through deprotonation, followed

by reaction with trichloromethylsilane, and subsequent deprotection.®’” However, its

ability as ligand to induce chirality in asymmetric catalysis has not been reported.

|
Si'wu\P.lk

SN NN, e ) ;

1.14 1.15 1.16

The isomeric monodentate phosphines 1.17 and 1.18, in which the threefold
rotational axis is a chirality axis, could not be resolved due to rapid racemization at

room temperature.®® In an attempt to address this issue, a more recent study has been

10
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focused on Cs-symmetric monodentate phosphine ligands of types 1.19 and 1.20.%°

The arrangement of the three aromatic groups around the central atom was intended
to provide stable enantiomeric propeller-shaped conformations, considering it should
supply chiral pockets able of enantiodiscrimination. However, a study of their solid
state structures revealed that rotation over the P—aryl bonds enable these ligands to
populate conformations that are not perfectly Cs-symmetric. Nevertheless, they were
tested in palladium-catalyzed allylation reactions, where enantioselectivities up to 82%

were obtained using 1.20b as Iigand.69

o

1.17
R'O,,,
p
OR' =)
‘\\OR' ©)\
R
1.21

R

1.19 1.20
(R=H) (R=OMe)
a:R=Me
b: R=Ph
c:R= 2,6-M6206H3

More recently, the asymmetric synthesis of monophosphine 1.21, carrying three
identical chiral groups on the phosphorus atom was achieved by introduction of two a-
methylbenzyl groups, using a nucleophilic Grignard reagent, followed by chiral
resolution using (R)-a-methylbenzylamine and subsequent introduction of the third
chiral group by electrophilic addition of a-methylbenzyl iodide.”®

In 1993, Pringle reported the synthesis of the tripodal ligand 1.22, bearing a

triaryl phosphine moiety along with three binaphthyl-based monophosphite units,

11
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through the addition of binaphthyl chlorodioxaphosphepine to
triphenylphosphinophenol, in basic medium.”* This phosphine-phosphite ligand was
able to coordinate in a tetradentate mode with Pt(0), leading to a tetrahedral complex,
which could be further protonated or methylated, yielding, in both cases, trigonal-
bipyramidal complexes, all of them with C; symmetry. Curiously, since then, no

descriptions regarding their application in catalysis were, however, reported.

Regarding phosphite ligands with C3 symmetry, they obviously include the
symmetrically trisubstituted monophosphites of general formula P(OR)s;, which have
been applied as ligands since the early days of homogeneous catalysis, back in the
1960’s. This type of ligands can be easily prepared by reaction of an alcohol with
phosphorus trichloride (PCls) in the presence of a base (A, Scheme 1.2). The base is
used to trap the generated HCI, in the presence of which the phosphite would react to

afford the undesired phosphonate (B, Scheme 1.2).

5 OR : o
base RO_P\ : HC|* RO~ ™OR
3ROH + PCly; ——> E ORE H
5 A B
Scheme 1.2

12
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Symmetrically substituted monophosphite ligands, containing various aliphatic
chains, as well as aryl monophosphites containing 2,4-substituted phenyl groups and
also naphthyl groups (Figure 1.4) have been extensively used in homogeneous

127378 A interesting variation of these ligands was the inclusion of

catalysis.
fluorinated alkyl chains,”® which allowed their solubility in supercritical CO,, leading to

efficient biphasic systems with the advantageous possibility of catalyst recycling.

. (]
R\
() (|) R R?
R' 6]
P
P |
| Q © /P\ O
R R’ o} (o} O
R = alkyl OO
R2

R'=R2=H
R'=H ; R? = alkyl or fluorinated alky!
R'=alkyl;R?=H

Figure 1.4 — General structures of most common trisubstituted monophosphites.

Despite the numerous examples of trisubstituted monophosphites, the
syntheses of C3 symmetry chiral phosphite ligands and their applications in asymmetric
catalysis were scarcely reported. Some of the most representative examples include
the chiral monodentate phosphites 1.23a and 1.23b, containing three identical b-
glucofuranose units distributed around a C; symmetry axis, providing a highly

76,77

symmetric environment. The synthesis of the isopropylidene derived 1.23a and its

coordination studies with Cu(l) were firstly reported by Stolmar et al.”®

The ligand was
prepared by deprotonation of the carbohydrate precursor with n-Buli as base,
generating the corresponding lithium salt, followed by treatment with PCl; (Scheme
1.3). Later, Pizzano described the synthesis of the bulkier cyclohexylidene analogue
1.23b.”” The Rh(l) complexes of both monophosphites 1.23a and 1.23b have been
evaluated in the asymmetric hydrosilylation of acetophenone, where variable

enantioselectivities (0-58% ee) were achieved, depending on the phosphite nature and

the ligand to metal molar ratio.”’

13
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More recently, the monophosphites 1.24a and 1.24b derived from different
ethanoldithiazinanes were synthesized (Scheme 1.4). Molecular modeling studies
showed that these tripodal phosphites adopted a preferential conformation, which led
to formation of cavities.”® However, there are no available reports regarding their

catalytic applications, until now.
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Scheme 1.4

Chiral monophosphites based on the binaphthyl backbone’*®%#%? have earned a
prominent status, owing to their remarkable efficiency as ligands in asymmetric

catalytic reactions, such as the hydrogenation of olefins®® and allylic substitutions.®*

14
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In 2009, Reetz described the synthesis of symmetrically substituted tris-
binaphthyl chiral monophosphites with helical C; symmetry.85 The ligands containing a
benzoyl group (1.25a) or an adamantanoyl group (1.25b) were synthesized through
acylation of (R)- or (S)-BINOL with benzoyl and adamantanoyl chlorides, respectively,
followed by phosphorylation of the corresponding mono-esters with PCls, in basic
medium (Scheme 1.5). Their potentialities as ligands have been exclusively studied in
the Rh-catalyzed hydrogenation of homoallylic alcohols, where the use of the sterically
hindered adamantanoyl helical derived 1.25b yielded up to 98% ee.®’ Furthermore, a
partially hydrogenated Hg-BINOL analogue of 1.25b has been applied as ligand in gold-
catalyzed enantioselective [4+2] cycloaddition reactions of dienyl-allenes, yielding the

chiral cyclization products with up to 92% ee.’®

o]
I 1. Et;N
oH R "ol OH  2.PCl_
OH Et;N O__R THF
T e (T L o

Scheme 1.5

It should be mentioned that these studies were published in parallel with the
experimental work described in this dissertation,®” which is also focused on the
development of C3-symmetry binaphthyl-based monophosphites, containing different
pendant hemilabile groups (with ether or ester functionalities), as well as their
applications as ligands in a series of asymmetric and non-asymmetric homogeneous
catalytic processes, such as rhodium-mediated hydroformylation, palladium-catalyzed

hydrovinylation and aminocarbonylation reactions.

15
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1.4 Asymmetric hydroformylation

Hydroformylation — also called oxo-reaction — is the addition of hydrogen (H,)
and carbon monoxide (CO) (known as synthesis gas or syngas), across the m system of
a C=C double bond, in the presence of a catalyst (Scheme 1.6).2% The reaction yields
the linear and/or the branched aldehydes (the latter containing an asymmetric center),
having one carbon atom more than the starting olefin. As a pure addition reaction, in
which all raw materials are incorporated in products, the catalytic hydroformylation

meets all requirements of a process with total atomic economy.89

o 0] H
CO/H,
N I
R R/\)k H R+

catalyst
linear (n) branched (iso)
favored: R = alkyl favored: R = aryl; OAc
Scheme 1.6

The ratio of linear to branched products formed (n/iso ratio) has got huge
scientific and industrial relevance and may be controlled by the substrate structure or
through the use of modulated catalytic systems.88 The design and synthesis of
hydroformylation catalysts has been mainly focused on two distinct strategies: i)
developing catalytic systems with high regioselectivity for preferential formation of the
linear aldehydes or; ii) developing chiral ligands that lead preferentially to branched
aldehydes, containing a new chiral center.

Since its discovery in 1938,% the catalytic hydroformylation has turned into the
largest scale industrial method of homogeneous catalysis,”* with production capacities
of more than nine million tons/year, being currently one of the most important
industrial processes for production of linear aldehydes (with applications in polymer
and detergent industries).” Nevertheless, industrial application of the asymmetric
hydroformylation reaction, leading to chiral branched aldehydes, is still a challenge
due to limitation of catalysts regarding the substrate scope, and to the fact that most

of chiral ligands are expensive and/or difficult to synthesize.92

16
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Nowadays, the enormous potential of the hydroformylation reaction can be
illustrated by the current interest shown by both academia and industry, resulting in
numerous recent publications,” including several books®® and reviews*>**%>9¢%7% g,
the matter. So, a brief perspective is herein presented, giving particular emphasis to
the application of the most relevant ligands, considered as historical landmarks.

The asymmetric version of the hydroformylation reaction offers great potential
for preparing, in one step, enantiomerically pure aldehydes from olefins.®100101.102
However, to turn it into a viable synthetic alternative for the industrial production of

enantiopure fine chemicals, %1%

the simultaneous control of chemo-, regio- and
enantioselectivity (Scheme 1.7), while maintaining high activity is one of the most

challenging issues to be addressed at both academic and industrial levels.

CHEMOSELECTIVITY
REGIOSELECTIVITY
CHO CHO
/H B
R, 29 R~ CHO R\/k R
ML ENANTIOSELECTIVITY
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Scheme 1.7

Regarding the chemoselectivity for aldehydes, one can consider that the problem

. . I 1
was overcome by the discoveries of Wilkinson,'®

which led to the replacement of
cobalt catalysts by more active and chemoselective phosphine-modified rhodium
catalysts. Soon after Wilkinson’s work, Pruett and Smith have introduced the use of

phosphites as rhodium Iigands.106

Later, in the 1980’s, van Leeuwen had discovered a
peculiar effect of bulky aryl monophosphites (1.26),”® whose rhodium complexes led to
very high rates, chemo- and regioselectivities, including in the hydroformylation of
disubstituted olefins, allowing the possibility of using milder reaction conditions.”
Bryant and co-workers at Union Carbide have expanded this work, first by developing

107

other bulky monophosphites (such as 1.27)"" and later by focusing on diphosphites.108
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Concerning enantioselectivity, a long way has been threshed until now, being the
most successful systems based, generally, on bidentate chelating phosphorus ligands.
The first enantioselective systems in hydroformylation (with up to 90% ee) were
reported by Stille and Consiglio, by the use of square-planar complexes of platinum
containing chiral diphosphines.109 However, these catalysts suffered several
disadvantages such as low reaction rates, tendency to hydrogenate the substrates and
low regioselectivity for the branched products. These issues were mainly overcome by
Rh-based catalysts, but only moderate enantioselectivities were obtained using
rhodium(l)/diphosphine complexes, being the highest ee (up to 60%) reported in the
hydroformylation of styrene with bis-2,4-diphenylphosphinopentane as Iigand.110

Later on, higher enantioselectivities have been accomplished, using more

2 bis—phospholane,113 bis-

sophisticated diphosphite,111 phosphine—phosphite,11
diazophospholane'* and aminophosphane-phosphinite (AMPP)'*® ligands, with some
of the most relevant examples being presented below.

An important advance was achieved by the introduction of bulky diphosphites
derived from homochiral (2R,4R)-pentane-2,4-diol, reported by Babin and Whiteker at
Union Carbide.™® The best results were achieved with Chiraphite 1.28, which led to
99% regioselectivity for the branched aldehyde, and up to 90% ee in the Rh-catalyzed
hydroformylation of styrene. The excellent enantioselectivity obtained with this type
of diphosphite ligands was attributed to formation of eight-membered chelates with
rhodium(l), through a bis-equatorial coordination mode. The group of van Leeuwen
developed a series of similar diphosphite ligands, in which the bisphenol groups were

117

replaced by (R)- or (S)-binaphthyl units.””" The highest enantioselectivity (87% ee) in

18
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the asymmetric hydroformylation of styrene was obtained with the ligand 1.29,

derived from (2R,4R)-pentane-2,4-diol and (S)-binaphthyl derivatives containing bulky

117b

trimethylsilyl substituents at the 3- and 3’-positions. Another relevant class of

diphosphite ligands are those based on carbohydrate backbones, developed by

118

Claver.””® The rhodium(l) complex of 1.30, containing a three-carbon bridge, achieved

93% ee, together with 98% of iso-regioselectivity, in styrene hydroformylation.
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The major breakthrough in asymmetric hydroformylation came from Takaya’s

laboratory with the synthesis of (R,S)-BINAPHOS 1.31a.**? This paradigmatic ligand was
found to lead to high enantioselectivities for a variety of olefins. Up to 95% ee together
with 91% regioselectivity towards the branched product was obtained in the
hydroformylation of styrene, and more than 90% ee with a range of other substrates,
such as functionalized and internal alkenes.'*® HP-NMR studies showed that the C;-
symmetric ligand 1.31a coordinate to Rh(l) in equatorial-axial fashion, in which the
more o-donor phosphine P atom sits in the plane with the CO ligands, while the more
m-accepting phosphite P atom binds apical to the hydride, and no interchange is
observed at any temperature (1.31b). This unique dissymmetric environment in a
single catalytically active species seems to be an important factor for the high

enantioselectivity obtained.
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-

(R,S)-BINAPHOS

More recently, Zhang and coworkers synthesized the mixed phosphine—
phosphoramidite ligand (R,S)-YANPHOS 1.32,"%° from the chiral NOBIN (2-amino-2’-
hydroxy-1,1’-binaphthyl). The crowded N-substituent was intended to supply a
conformationally rigid structure able to provide a deeper and more closed chiral
pocket than the corresponding BINAPHOS complex, expecting it could lead to
improved asymmetric induction. The YANPHOS ligand produced indeed a better
performance than BINAPHOS, in terms of conversions and enantioselectivity, for a
number of substrates,"*! under mild conditions, providing 99% ee along with 90% iso-

regioselectivity, in the Rh-catalyzed hydroformylation of styrene.*?%*?!

) L

N—PZ

o™ UG

1.32
(R,S)-YANPHOS

Furthermore, the application of bisphospholane ligands, such as Ph-BPE (1.33),
Tangphos (1.34) and the phosphacyclic diphosphine Binapine (1.35), which were
originally developed for asymmetric hydrogenations, has been reported by Klosin et
al., achieving up to 94% ee in the Rh-catalyzed hydroformylation of several

. 113,11
olefins 113114

The same authors reported the use of bis-diazaphospholane ligand 1.36
in the asymmetric hydroformylation of styrene, vinyl acetate and allyl cyanide,

achieving for these substrates 89%, 96% and 87% ee, respectively.'?
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Ph Ph
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Ph  Ph t8d Bu
1.33 1.34
(R.R)-Ph-BPE (S.S,R,R)-Tangphos

1.35 1.36
(R)-Binapine

Despite the evident triumph of bidentate ligands, there are also a few reports
concerning the use of rhodium(l) complexes containing monodentate phosphorus
donor ligands in enantioselective hydroformylation. Indeed, they were often able to
provide higher catalytic activity than their bidentate counterparts, however only
moderate enantioselectivities have been achieved so far.

Some examples of employed monodentate chiral phosphorus ligands include the
TADDOL-based phosphonite 1.37,** which provided very good regioselectivity (95%)

124 \which

but induced only 20% ee, and the binaphthyl-based diazaphospholidine 1.38,
gave up to 37% ee in the Rh-catalyzed asymmetric hydroformylation of styrene.
Recently, Beller reported the use of several monodentate phosphepine Iigands.125 The
best enantioselectivity was achieved with 1.39 (48% ee), which albeit modest, is the
highest ever recorded in the asymmetric hydroformylation of styrene with a

d.””> The monophosphite ligand 1.40 was applied in the Rh-

monodentate ligan
catalyzed asymmetric hydroformylation of styrene and allyl cyanide, providing high
activities and regioselectivities, although with moderate enantioselectivities (38% and

12 ..
® Furthermore, Ojima and coworkers

43% ee, respectively, for each substrate).
reported the use of biphenyl-based phosphoramidite 1.41 in Rh-catalyzed asymmetric
hydroformylation of allyl cyanide,*?” which led to the highest enantiomeric excess (80%

ee) ever reported for this reaction with a monodentate chiral ligand (Scheme 1.8).
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t-Bu t-Bu
1.40 1.41
: COM, CHO
i /\ D —— . .
;R Rh/L R |
Ligand (L) Regio (%) ee (%)
1.37 95 20
R ph 1.38 78 37
- 1.39 96 48
1.40 94 38
1.40 84 4
R = CH,CN 3
41 96 80
Scheme 1.8

These promising results, although fairly distant from those obtained with
bidentate ligands, indicate that achieving high enantioselectivities through the use of
monodentate ligands is possible, but still remains a great challenge. Thus, one of the
main goals of this work consisted on the application of monophosphite ligands in Rh-
catalyzed hydroformylation reactions, whose results are presented in Chapter 3,

section 3.2.
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1.5 Asymmetric hydrovinylation

The hydrovinylation reaction can be defined as the addition of ethylene to the
double bond of an alkene, in presence of a metal catalyst. It can also be regarded as

the heterocodimerization of ethylene with another olefin, 128122

From a purely formal
perspective, ethylene can be viewed as the donor molecule, while the other alkene as
the acceptor. If the acceptor is an unconjugated olefin, the reaction is a 1,2-
hydrovinylation, while the addition of ethylene over a 1,3-diene moiety can result

either in 1,2- or a 1,4-hydrovinylations (Scheme 1.9).

=
H H N R
acceptor H acceptor =
A = | | -~ / —_— H ¥ regioisomers
catalyst catalyst R™*
donor
Scheme 1.9

The catalytic hydrovinylation was first reported back in 1965, by Alderson et al.
who described the use of hydrated rhodium and ruthenium chloride complexes to

perform the codimerization of ethylene, at high pressures, with a variety of olefins,

130

including styrene and butadiene.”™ In early studies, in addition to rhodium, other

metals such as ruthenium, cobalt, palladium, and nickel were also used. However, in

most cases, low selectivities were obtained due to isomerization of the initially formed

3-arylbut-1-enes and oligomerization of the starting olefins. 3132133

134,135

The asymmetric version of the hydrovinylation reaction was early explored

by Wilke and coworkers in 1972, who described the hydrovinylation of 1,3-

136

cyclooctadiene, norbornene and norbornadiene with Ni(ll) systems.”™> Other works on

137,138 and

enantioselective hydrovinylation have been carried out, using cobalt
ruthenium®®  complexes. However, Ni(1)*****" and Pd(1)***'*® organometallic
precursors modified with P-donor ligands have been the most representative and
extensively studied systems, clearly being the ones which provide the highest activities

and selectivities.*>*°
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The scope of the hydrovinylation reaction is often limited by the nature of the

olefin since excellent regio- and stereoselectivity can be exclusively achieved with

8 4

conjugated dienes™® and strained olefins'* as substrates, or via intramolecular

145

reactions.”” The excellent reaction yields using nickel systems led to the proposal of a

146,147,148

protocol for the synthetic application of the process. The reaction has been

employed in the stereoselective construction of benzylic all-carbon quaternary

149,150,151

stereocenters, a structural motif present in several pharmacologically relevant

compounds. Furthermore, it has also been recently used in the total synthesis and
functionalization of natural products such as terpene152 and steroidal derivatives.’>****

When applied to vinyl arenes, the generation of a new stereogenic carbon atom
may provide a short route to 3-arylbut-1-enes, the olefinic precursors of enantiopure
2-arylpropionic acids.”>"° In general, the excellent regioselectivities obtained are
originated by the allylic nature of the intermediates. However, possible side-reactions

can often occur, such as the subsequent product isomerisation to more stable 2-

arylbut-2-enes, as well as competitive homodimerization reactions (Scheme 1.10).

RS

Hydrovinylation N . Ar E
z j\ N 5
Ar/\ Ar” * " Ar + AN
M/L I J
target chiral product homodimerization products

Scheme 1.10

Therefore, the control of the chemo- and enantioselectivity are both critical
aspects and the main challenges regarding this catalytic process. The use of chiral
monophosphorus ligands revealed to be a crucial feature to promote the
enhancement of the activity and enantioselectivity while chelating diphosphines and

other bidentate ligands have shown to inhibit the reaction.*****’
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Most of the mechanistic works on catalytic hydrovinylation, usually performed
with styrene as model substrate, have showed that there are no fundamental
differences between Ni and Pd complexes and therefore both metals are often treated
together.13 It has been largely accepted that the mechanism involves an extremely
reactive unsaturated cationic metal hydride intermediate, which is produced by
reaction of an allylic metal halide with a weakly coordinated anion, and stabilized with
solvent, the substrate or hemilabile ligands. This coordinates and inserts styrene,
giving a n3—benzylic intermediate, while subsequent ethylene coordination, insertion
into the metal-carbon bond and B-elimination releases the product and regenerates

the hydride, closing the catalytic cycle (Scheme 1.11).

= S = solvent
or
hemilabile ligand

p* M=Pd, Ni

Scheme 1.11

The reaction’s enantioselectivity is usually determined by the coordination of the
catalyst to one of the enantiotopic faces of the vinylarene, since apparently the
subsequent ethylene insertion is non-reversible, under typical conditions. Therefore,
to reach high enantioselectivities it is convenient that the monophosphorus ligand

offers substituents capable of exhibiting secondary interactions with the metal.**81>°
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The first breakthrough in asymmetric hydrovinylation came with the discovery of
a very complex 1,2-diazaphospholene 1.42 ligand by Wilke,*®° prepared in a multistep
process from (R)-myrtenal and (R)-1-phenylethylamine. This ligand, containing twelve
stereogenic centers was used in combination with allyl-nickel halide dimers and
organoaluminium Lewis acids, leading to an exceptional 93% ee in the hydrovinylation
of styrene. These results were the best in hydrovinylation for many years. The

81 and in

efficiency of the Wilke’s catalyst was also demonstrated in supercritical CO,
ionic liquid/CO, systems, which allowed the catalyst recycling and selective removal of
the product from the reaction mixture.'®* However, the ligand 1.42 demonstrated
limited possibilities of development, owing to difficult synthetic procedures.
Furthermore, other diastereomers of the ligand and “simplified” monomeric versions
of it have been found to produce very poor catalytic systems.'®® At the end of the
1990’s decade, new protocols avoiding the use of the problematic organoaluminium
reagents and new ligands capable of inducing exceptional activities and

enantioselectivities began to be developed.l%’w’148

I -
OR o
PPh, 6

1.42 1.43 1.44
97% selectivity R =H, Me, Bn, i-Pr, C(O)CH; 99% selectivity
93% ee 91% ee

up to 93% selectivity
up to 80% ee

Monophosphine ligands, such as 2-diphenylphosphino-2’-alkoxy-1,1’-binaphthyl
(MOP type'®®) derivatives 1.43 have been early applied by RajanBabu in Ni(ll) catalyzed
hydrovinylation reactions of vinylarenes,'® with enantioselectivities varying between
moderate and good. Synergistic effects between coordination ability of the stabilizing
anion and the presence of a hemilabile group in the ligand were found to be crucial to
achieve a good catalytic performance. Later, the same author described the efficient

application of fine-tuned phospholanes with hemilabile pendant groups, designed on
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the basis of working models for asymmetric induction.*®® The secondary interactions
with the metal have demonstrated again to be decisive in the hydrovinylation of
prototypical vinylarenes, with the Ni-complex of ligand 1.44 having achieved excellent
selectivity for the desired 3-arylbutenes (>99%) and up to 91% ee.

The carbohydrate-derived phosphine 1.45,"°” phosphite 1.46'®® and phosphinite
1.47"# ligands also gave important contributions in hydrovinylation of several
vinylarenes and norbornene, being the most remarkable result achieved with the

nickel(ll) complexes of phosphinite 1.47, which afforded 89% of chemoselectivity and

81% ee in the hydrovinylation of styrene.'®”°®
P 0 o o
0] 0 0]
e
—P NH 5
O % A o NHoBn
0] OAc 0o (o) CH P/ )\
Ph/%% O ° 07 “CHj,
PPh, OMe Q /@\
1.45 1.46 1.47
thee 95% selectivity 89% selectivity
42% ee 62% oo o selecti

However, the most enantioselective hydrovinylation catalytic systems reported

169 170,171,172 _ .
th

so far have been developed by the groups of Rajanbabu™" and Leitner, Wi

the use of binaphthyl-based phosphoramidite ligands. The nickel complexes of 1.48,
1.49 and 1.50 achieved chemoselectivities above 99% and enantiomeric excesses
higher than 90%, using a diversity of aryl olefins as substrates, whose hydrovinylation

products have been used in concise syntheses of biologically relevant targets.”>*"*

o A
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In 2013, Francid'’® reported the use of phosphoramidite ligand 1.51, containing
three non-bridged substituents at phosphorus, including two oxygen-bounded NOBIN
moieties with pendant nitrogen atoms, in the enantioselective hydrovinylation of
styrene. The ligand 1.51 gave rise to active Ni(ll) catalysts, leading to almost perfect

selectivity (99%) and ee up to 91%.

1.51

99% selectivity
91% ee

Although initial studies on Pd-based systems were reported to produce extensive

132,176

polymerization and a significant amount of linear products, recent works carried

177178 and Vogt142 proved that Pd complexes with suitable

out by the groups of Muller
ligands are also competent systems for asymmetric hydrovinylation.

Most of these systems consisted of allyl-palladium complexes containing chiral
monodentate ligands, which were often able to operate at room temperature. This
constitute the most important advantage of Pd-based systems over nickel(ll) catalysts,
which albeit being more active, usually require very low temperatures (below 0°C) to
achieve high chemo- and enantioselectivities. Another remarkable benefit of
palladium-based systems with chiral monophosphorus ligands is the lack of ethylene
dimerization, as result of the formation of very stable Pd-allylic intermediates that
favor coordination and insertion of the vinylarene at the beginning of the catalytic
cycle, over the coordination of less sterically hindered ethylene.

Among the most efficient catalysts, palladium m-allylic complexes of P-chiral
phosphinite 1.52,** phosphine 1.53'’° and binaphthyl-based diamidophosphite 1.54"°
led to very high chemoselectivities and gave up to 86%, 83% and 90% ee, respectively,

in the hydrovinylation of styrene.
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W R O Me
7" N

Ph MesSi_,,..P >P-0O
/ N.
A O
1.52 1.53 1.54
94% selectivity 98% selectivity 93% selectivity
86% ee 83% ee 90% ee

Furthermore, dendritic materials functionalized with P-stereogenic phosphines

181182 The palladium

have been recently applied in Pd-catalyzed hydrovinylation.
complex of the carbosilane dendron 1.55 achieved high chemo- and enantioselectivity
(up to 82% ee) in the hydrovinylation of styrene, however with no clear improvements

with respect to the corresponding mononuclear complex.

1.55

97% selectivity
82% ee

In sum, the design and synthesis of phosphorus ligands with specific electronic
and steric requirements are essential aspects in the development of active and
selective hydrovinylation catalytic systems, which relies on ligand tuning to bring about
optimum results. Although a huge body of work on the chemistry of phosphine,
phosphinite, phosphoramidite and aminophosphine ligands has been carried out,
there are only few examples on the use of monophosphite ligands in asymmetric
hydrovinylation reactions. Furthermore, ligands containing potentially hemilabile
groups may offer great opportunities for increasing the enantioselectivity of the
process, as result of the possible dynamic interaction with the metal center. Therefore,
studies on the synthesis of allyl-palladium complexes containing P,O-monophosphites
and their application in styrene hydrovinylation are described in Chapter 3, section 3.3.
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1.6 Catalytic aminocarbonylation

The term carbonylation covers a large number of closely related reactions that
have in common the incorporation of a carbonyl group into a substrate by the addition
of CO to an aryl-, benzyl- or vinyl halide (or pseudohalide), generally catalyzed by
palladium complexes, in the presence of a nucleophile (Scheme 1.12).**

Palladium-catalyzed carbonylation reactions were first reported by Heck'®*
almost 40 years ago. Since then, carbonylation has become a valuable tool for organic
synthesis, being extensively applied to generate a range of carbonyl compounds,
including various carboxylic acid derivatives with high synthetic relevance.’® The
enormous potential of these reactions is illustrated by the large number of reviews

186,187,188,189

published on the subject and an excellent book recently edited by Kollar.'®

+ base - HX
+ base - HX
RX
Pd(O)L,
i cycle A
b
C R L,Pd_
X = organic halide
R = aryl, alkenyl, benzyl, allyl
Nu =NR';, OR', OH co
Scheme 1.12

The process follows a general pathway in which the organic halide undergoes
oxidative addition with palladium(0), resulting in a palladium(ll) complex. The
coordination of carbon monoxide and subsequent migratory insertion form an
acylpalladium species, which is susceptible to attack by nucleophiles (alcohols, water

or amines). In the presence of base, the reaction yields the coupled products, forming

30



Chapter 1 — Introduction and Scope

esters from alcohols (alkoxycarbonylation), carboxylic acids from water
(hydroxycarbonylation) or amides in presence of amine nucleophiles
(aminocarbonylation), while the reductive elimination of HX regenerates the
palladium(0) catalyst (Scheme 1.12, cycle A). In the cases of double

carbonylation, %!

which are usually consequence of higher CO pressures, the
mechanism proceeds via CO insertion into the Pd—R bond before reductive elimination
occurs (Scheme 1.12, cycle B). Typically, the reactions require a stoichiometric amount
of base to regenerate the catalyst. In line with the C—X bond energy, the rate of the
oxidative addition of the organic halide to an electronically unsaturated Pd complex
decreases in the order: C—| > C-OTf > C-Br >> C—Cl >> C-F.'*

Pd-catalyzed aminocarbonylation reactions, in which the nucleophile is an amine,
have received significant attention by both academy and industry, since it has become

193 Amides constitute, in fact,

an easy and practical method for the synthesis of amides.
one of the most important functional groups in contemporary chemistry, being
essential for sustaining life, for instance, linking the amino acids in proteins. They are
found in numerous natural products and are some of the most prolific moieties in

modern pharmaceutical molecules.’

Despite their obvious importance, the majority
of amide bond syntheses require stoichiometric amounts of coupling reagents, making
them generally expensive and wasteful procedures.'®® In advantage, the use of amines
as nucleophiles, under carbonylation conditions, provides a straightforward route for
the desired amide functionality without producing stoichiometric amounts of waste,

18619 Herein are

which constitute a remarkable advance in chemical industry.
presented some of the most relevant aspects regarding catalytic aminocarbonylation,
giving special emphasis to the catalytic systems used in this reaction and selected
examples of its synthetic applications.

Over the last decades, a large number of aryl and alkenyl halides have been
extensively applied as substrates in aminocarbonylation reactions, using a diversity of
aliphatic and aromatic primary or secondary amines, as nucleophiles. Among the
organic halide derivatives, iodo-aromatics and iodo-alkenes possess a special role due

to the presence of a more polarizable iodo leaving group enabling facile reactions

under mild reaction conditions.®’
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In general, the reactions of iodoarenes with amine nucleophiles lead to the
formation of aryl carboxamides and ketocarboxamides, as a result of competitive

aminocarbonylation and double carbonylation processes, respectively (Scheme 1.13).

| Os_NRR,
base
Y o+ HNR,R co S +
R _ 2 pyp R
Scheme 1.13

The reaction’s selectivity is affected by several factors, such as CO pressure,
reaction temperature, the choice of the base used as hydrogen halide scavenger,
electronic and steric properties of the amine nucleophile and properties/functional

groups of the iodoarenes themselves.*’

Although the structure of the palladium
precursor and the properties of the phosphine ligands are considered of minor
importance, different precursors have been applied in aminocarbonylation reactions
over the years, mostly Pd(Il) complexes but also Pd(0) compounds. The active catalytic
intermediates are generally obtained from fully formed complexes, such as
commercially available Pd(PPhs); and Pd,(dba)s;, which generate the active catalytic
intermediates by ligand dissociation or exchange, or they can be prepared in situ by
the addition of phosphine ligands to a palladium(ll) precursor, which are often highly
stable, and easier to store and to handle. In most of the cases, palladium complexes
containing aryl and alkyl monophosphines, have been successfully used, being Pd/1.56
considered as the most efficient catalysts for this reaction.’® The diphosphine 1.57 has
also been applied in some cases, however it is known that bidentate ligands often lead

199,200 A remarkable

to mixtures of amides, keto-amides or dehalogenation products.
exception was recently reported by Claver and Castillén who described the use of cis-
1,2-bis[(di-tert-butylphosphino)methyl]cyclohexane 1.58 in Pd-catalyzed
aminocarbonylation of aryl iodides, achieving high activities and up to 99%

chemoselectivity toward monocarboxamides, with a range of amine nucleophiles.201
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P(t-Bu), 1.60
depp
1.58

1.59
CataCXium A

Skoda-Foldes and Kollar synthesized ferrocene amides and ferrocene a-
ketoamides by Pd-catalyzed aminocarbonylation or double carbonylation of
iodoferrocene, respectively, in the presence of Pd(OAc),/1.56, at 40-50 bar CO. The
selectivity of the reaction with less sterically hindered secondary amines showed to be
highly dependent on the reaction temperature, being the formation of double-
carbonylated products favored at 40-60°C, whereas amides were produced almost
exclusively at 100°C.2°2 Analogous aminocarbonylation reactions of 1,1’-
diiodoferrocene led to 1’-iodoferrocenecarboxamides and 1’-iodoferrocenylglyoxylic
amide products.’®

Although the preparation of primary amides via aminocarbonylation is rather
restricted due to low nucleophilicity and high toxicity of ammonia, Beller reported the
first application of ammonia in palladium-catalyzed aminocarbonylation of aryl halides,
where the best results were achieved by the use of a catalytic system consisting of
Pd(OAc), and commercially available di-1-adamantyl-n-butylphosphane (CataCXium A,
1.59).%

Kollar also described a methodology for the synthesis of primary amides and
ketoamides by sequential carbonylation/deprotection, which involved the treatment
of aryl and alkenyl iodides with tert-butylamine under 1 bar CO, in the presence of
Pd(OAc),/PPhs. After isolation, the products were heated with tert-butyldimethylsilyl

triflate to obtain the corresponding primary derivatives.”®
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Palladium-catalyzed aminocarbonylation has proved to be an efficient method

for the functionalization of N-containing iodo-heteroaromatics.?*®

The position of the
iodo-substituent relative to the nitrogen atom was a crucial factor for the
chemoselectivity towards mono- and di-carbonylated products, with 2-iodopyridine
and iodopyrazine giving amides 1.61, while 3-iodopyridine gave mixtures of

carboxamides 1.62 and 2-keto-carboxamides 1.63 (Scheme 1.14).207

co
X R (1-40 bar X
O,y e (L
] ~
N7 R Pd(OAc), N R
2PPh, S
X =CH, N 50°C 1.61
| co i R i E
X .R (40 bar) AN - AN ~o
DR Ej)L'I“. | R
N R Pd(OAc), N N
2PPh,
2000 1.62 1.63
Scheme 1.14

Beller prepared various aromatic and heteroaromatic amides from the
corresponding bromoarenes by making use of Pd(OAc),/1.59 as catalytic system.208
Compared to most known carbonylation protocols, the reactions proceeded at low
catalyst loadings (<0.5 mol% Pd) to give the desired compounds in excellent yields.
More recently, this catalyst was applied to synthesize potentially bioactive 3-

aminocarbonyl-4-indolylmaleimides (1.64), from E’;—bromoindolylmaleimide.209

Schnyder and Indolese demonstrated that the scope of the aminocarbonylation
could be expanded to the synthesis of unsymmetrical aroyl acyl imides by treating aryl

bromides with primary amides or sulfonamides under mild conditions.?*°

34



Chapter 1 — Introduction and Scope

Buchwald has recently disclosed the synthesis of a range of aromatic amides
through Pd-catalyzed aminocarbonylation of the corresponding aryl chlorides using 1
atm of CO, promoted by the dual role of sodium phenoxide as additive (Scheme
1.15).*! The optimal ligand proved to be the electron rich bulky diphosphine 1.60,

which has been demonstrated to aid both oxidative addition and acyl migration.

_ HNRR'
A - I [ !
r = aryl group i NaOPh (cat.) : 0 :
NaOPh Ar™OPh ! Ar)J\NRR"

o CP = 1.60
=) P
C :Pd\/U\Ar (P\pd
P p~

Cl

Scheme 1.15

Similarly to aryl halides, halo-alkenes of various structures have been

. . . . 212,21
aminocarbonylated, resulting in a,B-unsaturated carboxamides.”™ 3

The major
difference to the corresponding aromatic substrates lies in the lack of double carbon
monoxide insertion, i.e., the formation of 2-ketocarboxamides is not observed. For
instance, the aminocarbonylation of a-iodostyrene and a,a’-diiodo-1,4-divinylbenzene,
in the presence of simple amines and amino acid methyl esters under mild conditions,
gave N-substituted phenylacrylamides, formed chemoselectively in up to 83% yield.214

Aminocarbonylation reactions of several aryl and alkenyl halides, triflates and
tosylates have been applied in the selective syntheses of numerous biologically active

215,216,221
compounds and natural products.?>2*¢2Y

Likewise, various types of complex
skeletons were functionalized as well, yielding amide-functionalized compounds with
high synthetic relevance, including steroids,?*® alkaloids®* and indole??® derivatives.

An important example of the application of aminocarbonylation reactions in
industrial processes is the synthesis of Lazabemide 1.65, a monoamine oxidase B
inhibitor used as an anti-parkinson agent, which is produced in one-step by Hoffmann—
La Roche laboratories, through the direct aminocarbonylation of 2,5-dichloropyridine

with ethylenediamine, using a palladium/dppp catalyst (Scheme 1.16).%*
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PdCI,(MeCN),/dppp 0
CO (10 bar)
Ny ©! NaOMe, 110°C Nop S NH2
| + HZN/\/NH2 | H “HClI
o N\F HCI, MeOH - &
1.65
Scheme 1.16

In addition to intermolecular aminocarbonylations, intramolecular reactions are

also of enormous interest, since cyclocarbonylation of amino-substituted aryl/vinyl

222

halides enables the synthesis of high valuable lactams.”** A prominent example of Pd-

catalyzed lactamization is found in the synthesis of a benzazocine core of FR900482

1.66, a drug with anticancer activity (Scheme 1.17).%*®

OBn OTBS OBn QOTBS
Pd(PPh;3),Cl,
CO (1 atm) |
BnO N Et,N. DMA BnO N
TBDPSO' 80°C TBDPSO O
1.66
Scheme 1.17

In order to develop environmentally sustainable methodologies for preparation
of amides, the use of nonvolatile ionic liquids as reaction media was reported in Pd-
catalyzed aminocarbonylation reactions. Some of these catalytic systems achieved
higher activities than conventional homogeneous systems under standard conditions,
and offered the possibility of recycling and reuse in several consecutive batches,

without activity loss. 2242

Furthermore, efforts have also been proposed to develop
methods that suppress the direct use of carbon monoxide. Several metal carbonyls
including Ni(C0)4,%*® Mo(C0)e,**” Cr(CO)e,*?” W(CO)s,**’ carbamoylstannanes228 and
carbamoylsilanes229 have been used for in situ generation of carbon monoxide.
Furthermore, transition metal-catalyzed aminocarbonylation using DMF in strongly
basic condition as a source of carbon monoxide and dimethylamine, have also been

|230,231

reported both under therma and microwave irradiation.**> For instance, an
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aminocarbonylation procedure performed in aqueous media, using Mo(CO)g as carbon

monoxide source was reported by Larhed, in the microwave assisted synthesis of 1.67,

a novel HIV-1 protease inhibitor (Scheme 1.18).%*

o)
Br n-BuNH, NH

Mo(CO)g \—\>

[(t-Bu);PHIBF,

N32CO3
N "‘QHN i H 0 § "‘QHN i N

(o]

o \N /;S\\ 140 C W \N /;S\\
.0 H o’ "o .0 H o’ "o
OH OH 167

Scheme 1.18

Although the most common aminocarbonylation systems involve
palladium/phosphine complexes as catalytic precursors, an efficient nickel-based
catalyst has been recently reported, in the aminocarbonylation of different aryl halides

using DMF as an amide source, in presence of sodium methoxide and a bulky

triarylphosphite 1.68, as ligand (Scheme 1.19).230’234
|
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Scheme 1.19

Considering the enormous relevance of aminocarbonylation reactions for
generating high valuable amides, it was also one of the main goals of the present work
to explore this reaction as a tool for the synthesis of different families of amides,

ketoamides and dicarboxamides. The results are presented in Chapter 4.
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1.7 Perspectives and aim of the study

Chemical reactions that generate new C—C bonds by incorporation of cheap and
abundant feedstock carbon sources (such as carbon monoxide and simple olefins like
ethylene) into organic molecules, in an atom-economical mode, are among the most
relevant transformations in organic chemistry.

In this context, the development of novel catalytic systems with improved
performance for known reactions is one of the key challenges of current chemical
research. Although there is no universal approach to the discovery of new molecular
catalysts, several parameters must be often optimized in order to achieve the highest
levels of reactivity and selectivity, the most crucial of which is perhaps the design of
the ligand. Phosphorus (lll) compounds can be considered as one of the most
important classes of ligands, since they found widespread applications not only in
organometallic chemistry but also in homogeneously catalyzed industrial processes.
Furthermore, ligands containing electronically divergent donor atoms (hemilabile)
have been intensively investigated in recent times, since it is desirable that they are
able to reversibly open or protect coordination sites and stabilize reactive transition
metal species during the course of catalysis.

More than ever, synthetic chemists are faced with the requirement of preparing
materials in an enantioselective fashion. The key feature for entering this optically
active world is the use of asymmetric catalysis, in which the catalytic core is
surrounded by ligands that create a chiral environment for a given reaction. The
binaphthyl backbone has emerged as one of the most remarkable chiral building blocks
for the synthesis of large libraries of phosphorus compounds, which have attracted
considerable attention due to their versatility as ligands in asymmetric catalysis.
Among them, binaphthyl-based monophosphite ligands represent an outstanding
breakthrough, since their straightforward synthesis and easy structural modifications
can offer wide opportunities for catalyst design and fine-tuning.

It is well established that rotational symmetry in chiral ligands and metal
complexes may also increase the selectivity in chemical reactions. Although a great
part of homogeneous catalyzed reactions make use of C,-symmetry bidentate

phosphorus ligands — the so called privileged ligands —, the applications of Cs-
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symmetric phosphorus ligands represent a relatively recent and groundbreaking
concept, while their use in a wide range of catalytic reactions has been scarcely
explored.

The purpose of the work presented herein is the development of Cs-symmetry
binaphthyl-based monophosphite ligands containing potentially hemilabile groups, as
well as the application of their transition metal complexes as catalysts in homogeneous
reactions. Their evaluation in enantioselective C-C bond formation reactions, such as
hydroformylation and hydrovinylation of aryl olefins are the main goals, considering
that both catalytic reactions comprise great interest for preparation of enantiopure
products with enormous academic and industrial relevance. Furthermore, aiming the
selective synthesis of different families of carboxamides, ketocarboxamides and
dicarboxamides with synthetic importance, aminocarbonylation reactions of aryl and
alkenyl halides are also explored in this study. A general overview of the catalytic

reactions studied in this dissertation is illustrated in Figure 1.5.

HYDROFORMYLATION HYDROVINYLATION

CHO
o >
> X
WHZ = “
Rh/P Pd/P

CO/HNR'R"
Pd/P

AMINOCARBONYLATION

o

R'RN\[]/\ R'RNJ\H/\

— -

Figure 1.5 - Homogeneous catalytic reactions focused in the present study.
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CHAPTER 2

SYNTHESIS OF BINAPHTHYL-BASED
MONOPHOSPHITE LIGANDS

2.1 Introduction

Phosphite ligands are extremely attractive as they represent a noteworthy
breakthrough in the field of catalysis, particularly in the development of several
asymmetric reactions.” It is well known that phosphites are, in general, easy to
prepare from readily available alcohols and phenols, which allow designing and
screening libraries of chiral ligands, for optimization of a given catalytic reaction.™?
Other advantages of phosphite ligands include their lower sensitiveness to air and to
other oxidizing agents, and their high tolerance to parallel synthesis, when comparing
with phosphines. In addition, bulky aryl phosphite ligands are less prone to
decomposition reactions such as hydrolysis, alcoholysis and the Arbuzov reaction.*’
Furthermore, phosphites have a very rich coordination chemistry, being able to
coordinate with most of transition metals, and providing particularly stable complexes

with those more electron-rich.>
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Nowadays, the aromatic binaphthyl backbone is considered as one the most

&7 which provided access to a diversity of modular

versatile chiral building blocks,
phosphorus ligands with appropriate substituents, functionalities, and accurate
elements of symmetry able to differentiate the available space in the vicinity of the
metal centre.® Therefore, the design of chiral binaphthyl-based monophosphite ligands
is a relevant topic, owing to their relatively facile synthesis and modulation, high
stability and mainly due to their prominent role recently found in asymmetric
catalysis.g'g'lo'“'12

In this chapter, the synthesis of a family of Cs-symmetry binaphthyl-based
monophosphite ligands is described. Their steric bulkiness was intended to provide
chemical stability. The potentially hemilabile OR substituents at the chiral binaphthyl
backbone were intended to offer the possibility of establish secondary interactions

with transition metal complexes and also to perform the fine-tuning of both catalytic

activity and selectivity (Figure 2.1).

STEREO INDUCTION FINE-TUNING

T-ACCEPTING HEMILABILITY

CHARACTER

LARGE
CONE ANGLE

Figure 2.1 — Main features of C3-symmetry monophosphite ligands developed in this

work.
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2.2 C;-symmetry binaphthyl-based monophosphites

The adopted synthetic strategy for preparation of C3-symmetry binaphthyl-based
chiral monophosphites with general formula P(O-BIN-OR)s, (BIN = 2,2’-binaphthyl; R =
alkyl or acyl group) consisted in a two-step procedure that included the mono-
protection of enantiomerically pure (S) or (R)-BINOL, followed by PCls phosphorylation,

in the presence of a base (Scheme 2.1).

® o I - ‘ l
OH monoprotection OR phosphorylation o

- ;
e Qe D
’ O

(R) or (S)-BINOL OO OO

OH

R = alkyl or acyl

Scheme 2.1

We had formulated that the three aryloxy residues at phosphorus would be
“locked” into a screw-like orientation, in order to achieve a single diastereomeric
conformer. Aiming this goal, the introduction of substituents in the binaphthyl 2-
position was intended to incorporate steric hindrance into the monophosphite ligands,
hoping that this would induce helicity and subsequently provide high
enantiodiscrimination. Additionally, the incorporation of oxygen atoms could allow
hemilabile interactions with the metal, leading to hetero-bidentate complexes, instead
of the typical phosphorus mono-coordinated species. As one of the main goals of this
work was to evaluate the effects of the OR substituents in the activity and selectivity of
the metal/monophosphite catalysts, two different approaches were followed for the
synthesis of mono-protected BINOL precursors. The first, based on the Mitsunobu
reaction,*® consisted in the mono-etherification of BINOL, with different alcohols, in
presence of triphenylphosphine and an azodicarboxylate compound. The second
approach consisted on the nucleophilic addition/elimination reaction of an acyl halide

with enantiopure BINOL,** giving the corresponding mono-ester.
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2.2.1 Synthesis of mono-protected BINOL derivatives

The mono-etherification of enantiopure BINOL took place via Mitsunobu
reaction,*® following a slightly modified literature procedure.15 In order to obtain
monophosphite ligands containing structurally different ether substituents and
evaluate their effect in catalysis, four different alcohols have been selected to promote
the first step of the synthesis: methanol, benzyl alcohol, diphenylmethanol and 1-

adamantanol (Scheme 2.2).

! ROH, DEAD 5
; _ PPhg R |
i THF H o
(R)or }-BINOL 21-24 :

R = CH, " §Q

1 2.2 2.3
(84%) (87%) (63%) (52%)
Scheme 2.2

In a typical procedure, to a stirring solution of (R)- or (S)-BINOL,
triphenylphosphine and the desired alcohol in dry THF, diethyl azodicarboxylate
(DEAD) was added dropwise, at 0°C, and the mixture was allowed to warm up to room
temperature, under nitrogen atmosphere with magnetic stirring for, approximately,
48h. The reaction’s progress was controlled by TLC analysis of samples taken from the
reaction mixture. After observing complete (or nearly complete) conversion of
reactants into products, the reaction was quenched by water, and subsequently
worked-up by standard procedures. The crude mixtures were then purified by column
chromatography on silica gel, using mixtures of CH,Cl,/n-hexane as eluent (exact ratios

for purification of each compound are specified in Chapter 5, section 5.2.1).
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According to a simplified mechanism,'®!”'® diethyl azodicarboxylate (DEAD)
undergoes nucleophilic attack by triphenylphosphine, giving rise to the corresponding
ylide species A, which is able to promote deprotonation of one hydroxyl group of
BINOL, forming the ionic pair consisting of the species B and C. In the presence of an
alcohol, the oxyphosphonium salt D is formed. Finally, upon nucleophilic attack of
species B to D, the desired mono-ether E is formed, concomitantly with generation of

diethyl hydrazine-1,2-dicarboxylate F and triphenylphosphine oxide G (Scheme 2.3).

CL,
.. CO.Et OH
Ph N=N Ph p+ CO,Et OO Ph P+ CO,Et
ph—p Et0,¢ \ A e 02 OH e oo 02
Ph EtO,C = EOC o H
A
B R—OH
R\
R 2o
%
B /
« PhgP CO,Et
PPh, NN
s N
D EtO,C H
OO . 5 ‘ ‘ OH H CO,Et
OR O=PPh, * | G . TR
OR o I ~ s \
T T el
: F
H (<5%) E

Scheme 2.3

Careful procedures have been taken to avoid the presence of water traces, which
would consume the reaction intermediate A. For instance, the reagents and solvents
were appropriately dried and the reaction was carried out under nitrogen atmosphere,
using Schlenk techniques. Furthermore, the addition of DEAD was done slowly, at 0°C,
in order to minimize the bis-ether H formation.

As expected, the structure of the alcohol strongly affected the rate of
etherification. The BINOL mono-protection reactions with methanol and benzyl alcohol

have occurred with nearly complete conversions in 48 h, providing the desired alkyl
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mono-ethers 2.1 and 2.2 in 84% and 87% isolated yields, respectively. The reaction
proceeded at a much slower rate with diphenylmethanol than with primary alcohols,
but 2.3 was still obtained in 63% isolated yield, after 72 h reaction, with full recovery of
non-reacted BINOL. However, with the tertiary alcohol, 1l-adamantanol, the
etherification took place very slowly, giving the BINOL ether 2.4 in only 52% isolated
yield, after 96 h reaction (Scheme 2.2). Therefore, as previously reported by Takahashi
et al.,* the steric hindrance around the alcohol hydroxyl group had a determinant role
in the mono-etherification rates and yields. They were higher with primary alcohols,
significantly lower with secondary and even more difficult using tertiary alcohols, due
to higher steric impediment. In all cases, the formation of BINOL bis-ethers was
negligible (less than 5%). As expected, the isolated yields, using both (R)- or (S)-BINOL
as starting materials, were identical.

All compounds 2.1-2.4 have been chemically characterized by NMR, HRMS and
elemental analysis, described with detail in Chapter 5, section 5.2.1. As illustrative

example, the *H NMR spectrum of (S)-2.2 is shown in Figure 2.2.
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Figure 2.2 — *H NMR spectrum of (S)-2'-(benzyloxy)-1,1'-binaphthyl-2-ol ((S)-2.2),
expansion of 4.40-8.40 ppm region.
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The "H NMR spectrum of (S)-2.2 in CDCls, at room temperature shows a singlet at
6=4.85 ppm assigned to the hydroxyl proton; at 4.96-5.04 ppm, the two diastereotopic
benzylic protons are clearly evidenced by two different doublets coupled to each other
(% = 12.8 Hz), with typical second order effects, resulting in a so-called “AB-quartet”.
Finally, in the characteristic aromatic region between 6.95 and 7.90 ppm, the signals
were assigned to the 17 protons from the phenyl group and the binaphthyl backbone.
The full assignment of the aromatic protons was not performed.

After dissolution of compound (5)-2.2 in ethyl acetate (5 mg ml™), single-crystals
suitable for X-ray diffraction were obtained, by slow evaporation of the solvent, at
room temperature for 24 h. The corresponding crystal structure is shown in Figure 2.3,

while the full crystallographic data is presented in Annex 1.

Figure 2.3 — ORTEPII plot of the compound (S)-2.2.

The introduction of an adamantyl ester functionality at the 2-position of BINOL
backbone was performed, aiming the preparation of another potentially hemilabile®
monophosphite ligand, whose catalytic evaluation was performed in the asymmetric
Pd-catalyzed hydrovinylation of styrene (Chapter 3, section 3.3). The approach for
mono-esterification consisted on the procedure recently reported by Reetz et al.,**
through the nucleophilic addition/elimination reaction between (S)-BINOL and the
sterically hindered adamantanoyl chloride in basic medium, generating the
corresponding enantiopure BINOL mono-ester 2.5, with concomitant HCI formation,

which is trapped by the base EtsN (Scheme 2.4).
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0}
LI, o e QO
OH | DMAP O
l i OH THE i i OH
2.5

(S)-BINOL

(82%)

Scheme 2.4

In a standard procedure, a dried round-bottom flask was charged with (S)-BINOL,
4-dimethylaminopyridine (DMAP), and triethylamine in anhydrous THF. The mixture
was cooled to 0°C and 1l-adamantanoyl chloride was added dropwise. Once the
addition was complete, the reaction mixture was left at room temperature for 30 h,
until nearly complete disappearance of the starting material was observed by TLC. The
reaction was quenched with distilled water and after work-up, the crude product was
purified by column chromatography on silica gel (dichloromethane/n-hexane),
providing 2.5 in 82% isolated yield (Scheme 2.4). Spectral data was in agreement with
the literature.' This method provided a more successful strategy to introduce a bulky
adamantyl group into the binaphthyl backbone than the Mitsunobu reaction approach,
as demonstrated by the significantly higher yield (82%) when compared with the
previous 52% isolated yield of derivative 2.4, which might be related to difficulties on
the approach of the sterically hindered adamantyl oxyphosphonium salt to the

binolate anion.

2.2.2 Synthesis of monophosphite ligands

Following the central objective of preparation of C3-symmetry binaphthyl-based
monophosphites ligands for application in homogeneous catalytic reactions, we
proceeded with the second step of their synthesis. This was performed through
phosphorylation reactions of each one of the previously obtained mono-protected
BINOL derivatives (R) or (5)-2.1-2.5 with PCls, in the presence of triethylamine (Scheme
2.5 and Scheme 2.6). The procedure was adapted from the literature,?>****% however
some modifications have been introduced, like the exclusive use of EtsN as both the

base and the reaction solvent.?
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In a typical experiment, a dried Schlenk flask was charged with the desired
mono-protected BINOL derivative, which was azeotropically dried with toluene, then
placed under nitrogen atmosphere and dissolved in dry triethylamine. The solution
was cooled to 0°C, then PCl; was slowly added and the mixture was stirred for 3 h. The
reaction progress was followed by TLC analysis and *'P NMR spectroscopy from
aliquots taken from the reaction mixture. When the emergence of a single 3p NMR
signal at the range of 131-136 ppm (typical of aryl monophosphite resonance) was
observed, concomitantly with the consumption of the starting material, the solvent
was immediately evaporated under reduced pressure. Then, the residue was dissolved
in dichloromethane/n-hexane (1:1) and the target product was isolated through silica
gel column chromatography using a mixture of dichloromethane/n-hexane (1:1) as
eluent, in all cases, and further purified by recrystallization in diethyl ether/n-hexane,

always under nitrogen atmosphere.
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The ligands tris[(R)-2’-methoxy-1,1’-binaphthyl-2-yl]phosphite ((R)-L1-OMe),
tris[(R)-2’-(benzyloxy)-1,1’-binaphthyl-2-yl]phosphite ((R)-L2-OBn), tris[(R)-2’-
(diphenylmethoxy)-1,1’-binaphthyl-2-yllphosphite ((R)-L3-OCHPh,) and tris[(R)-2’-(1-
adamantyloxy)-1,1’-binaphthyl-2-yl]phosphite ((R)-L4-OAd) were obtained in 83%,
81%, 77% and 76% isolated vyields,?**>*° respectively (Scheme 2.5). In addition, the
monophosphite ligands (S)-L1-OMe, (S)-L2-OBn, (S)-L3-OCHPh,, (S)-L4-OAd have also
been synthesized, from the corresponding (S)-BINOL mono-ethers, in similar isolated
yields and with spectroscopic data in accordance with the (R) analogues.

Following the same procedure, the monophosphite ligand tris[(S)-2"-(1-
adamantanoyloxy)-1,1’-binaphthyl-2-ylJphosphite (L5-OCOAd) was obtained from the
corresponding mono-ester 2.5 in 74% isolated vyield (Scheme 2.6), being the

spectroscopic data in agreement with the literature values.**

0 O
PCl,
° el Q
o9

L5-OCOAd (1.25b)
(74%)

Scheme 2.6

Thus, an almost negligible effect of the mono-protected BINOL derivatives
structure was observed on the yields of monophosphite ligands syntheses, being
slightly higher when less bulky substituents were used as mono-protecting groups.
Furthermore, the use of EtsN as solvent and, simultaneously, as base in this reaction,
has circumvented the use of other hazardous organic solvents, while it also rendered
clean and reproducible syntheses. All the monophosphite ligands L1-OMe, L2-OBn, L3-
OCHPh,, L4-OAd and L5-OCOAd have been fully characterized by suitable

spectroscopic techniques, described with detail in Chapter 5, section 5.2.2.
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The 3P NMR spectra carried out in CDCls, at room temperature, showed in all
cases, a single peak in the range 6 = 131-136 ppm, typical of the phosphorus resonance
in tris-aryl monophosphite ligands, P(OAr)s. As example, the *'P NMR spectrum of (S)-
L2-OBn presenting a singlet at § = 132.51 ppm (Figure 2.4) is illustrative of its high

purity.
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Figure 2.4 — *'P NMR spectrum of tris[(S)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite
((5)-L2-0Bn).

In the *H NMR spectrum of (S)-L2-OBn in CDCls, at 25°C (Figure 2.5), the signal
assigned to the benzylic protons presents a lower the chemical shift (6=4.64 ppm)
when compared with that in the mono-protected BINOL derivative (6=5.00 ppm). This
signal is now a sharp singlet instead of a coupled pair of doublets. Furthermore, the
resonances of 51 aromatic protons from phenyl and binaphthyl groups in the region
between 6.13 and 7.69 ppm also suffered a slight decrease in chemical shifts, relatively
to the starting material. In the B3C NMR spectrum, a signal at 6 = 70.4 ppm was
assigned to the three equivalent benzylic carbon atoms, while the 78 aromatic carbon

atoms gave rise to multiple signals between 115.3-153.8 ppm (section 5.2.2).
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Figure 2.5 — 'H NMR spectrum of tris[(S)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite

((S)-L2-OBn), expansion of 4.00-8.00 ppm region.

In sum, our main goal of preparing a singular family of Cs3-symmetry chiral
binaphthyl-based monophosphite ligands has been accomplished, in good overall
yields. Furthermore, aiming the functionalization and modulation of binaphthyl
ligands, studies of synthesis of 3-methyl substituted mono-protected BINOL derivatives
have also been developed during the experimental work described in this thesis. The

results are presented in the following section.
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2.3 Synthesis of 3-methyl mono-protected BINOL derivatives

It is well established that the strategic placement of substituents into specific
positions of BINOL scaffold may significantly change the steric and electronic
properties of the ligands, therefore influencing the catalytic activity and selectivity.7
Particularly, modifications at the binaphthyl 3,3’-positions have led to improved

2728293031 The synthesis of 3,3'-

catalysts in several asymmetric catalytic reactions.
disubstituted BINOL's was firstly reported by Cram, in the early 1980's, via Mannich
intermediates, and through Grignard cross-coupling reaction of 3,3'-dibromo-BINOL
dimethyl ether with arylmagnesium bromides.*” Later, Snieckus described an efficient
methodology to synthesize 3- and 3,3'-substituted 1,1'-bi-2-naphthols through
directed ortho-metalation and Suzuki cross-coupling reactions.®® Other examples of
3,3’-substituted binaphthyl derivatives include the synthesis of 3,3’-diaryl-BINOL’s by
Suzuki cross-coupling reactions of bis(methoxy)-BINOL-3,3’-diboronic acid with
aromatic bromides.>* The synthesis of sterically hindered chiral 3,3’-bis-(trialkylsilyl)-
1,1’-bi-2-naphthol derivatives was reported by Yamamoto, based on 1,3-

> Pu described the

rearrangement reactions in the presence of tert-butyllithium.?
preparation of 3,3’-aryl BINOL derivatives containing electron-withdrawing fluorine
atoms in the aryl groups, by Suzuki coupling reactions with aryl bromides.>® Ohta has
developed the synthesis of a family of 3,3’-oxazolyl BINOL ligands (BINOL Box), which
were applied in asymmetric Sc-catalyzed 1,3-dipolar cycloaddition reactions, providing
isoxazolidine products with high diastereo- and enantioselectivity (up to 88% ee).’’
Furthermore, the preparation of BINOL derivatives containing 3,3’-(methoxyethyl)
substituents was carried out by Qjan’s group.®

Our experiments were performed using the inexpensive racemic BINOL as
starting material, since the main purpose was only the optimization of synthetic
procedures. The adopted synthetic strategy for 3-methyl substituted mono-protected
BINOL derivatives consisted of a four-step sequence, which included the treatment of
a suitably protected BINOL with a basic organolithium reagent, followed by reaction

with an electrophile, the deprotection of BINOL hydroxyl groups in acidic medium and

finally the mono-etherification via Mitsunobu reaction (Scheme 2.7).
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Scheme 2.7

3339 was the synthesis of 2,2'-

bis(methoxymethoxy)-1,1'-binaphthyl 2.6 (Scheme 2.8).

O o (1
on * © THF SN
C" e W OCO
rac-BINOL 2.6 (88%)
Scheme 2.8

In a standard experiment, BINOL was added to a suspension of NaH in anhydrous

THF under a nitrogen atmosphere, at 0°C. This solution was stirred for 15 min, and

then methoxymethyl chloride was slowly added. The mixture was allowed to warm up

to room temperature and stirred for 5 h. The reaction was quenched with distilled

water, and standard work-up procedures were performed. After recrystallization from

toluene/n-hexane, the target compound 2,2'-bis(methoxymethoxy)-1,1'-binaphthyl 2.6

was isolated in 88% vyield, being its spectroscopic data in conformity with the

literature.®
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In the second step of the synthesis, n-Buli was added to a solution of 2.6 in
anhydrous THF under a nitrogen atmosphere, at room temperature. The mixture was
stirred for 4 h, which produced a grey suspension. After the mixture was cooled to 0°C,
iodomethane was added. The reaction was allowed to warm up to room temperature

and stirred for 5 h (Scheme 2.9).

CHs3 CHs3
OO, vy COC . OO
o o 2. CH3l (1.3 eq) o o o o

B —

o R oo o
CHj3

2.6 2.7 (70%) 2.8

Scheme 2.9

After working-up the reaction mixture and subsequent purification by column
chromatography on silica gel, using as eluent a mixture of n-hexane/ethyl acetate
(10:1), the target compound 2,2'-bis(methoxymethoxy)-3-methyl-1,1'-binaphthyl 2.7
was obtained in 70% isolated yield. Although it was previously reported by Snieckus®
that using 2.2 molar equiv of t-Buli (THF/-78°C/1 h) was found to be the optimal
condition for the preparation of 3-substituted BINOL’s, the use of 1.2 molar equiv of n-
BuLi (THF/0°C/4 h) has afforded the target compound 2.7 in similar yields to those
previously reported. The generation of the binaphthyl-methoxymethyl dianion was not
completely avoided and the 3,3’-dimethyl binaphthyl derivative 2.8 was also formed as
side product, without being isolated.

Crystals of compound 2.7 suitable for X-ray diffraction were obtained by slow
evaporation of the solvents (n-hexane/ethyl acetate (10:1)), leaving the purified
chromatography fractions open to air. The respective crystal structure is shown in
Figure 2.6, and the full crystallographic data is presented in Annex 2.*° The single
crystal X-ray diffraction showed that the planes of the naphthalene aromatic rings are
at an angle of 70.74 (3)°. Furthermore, no conventional hydrogen bonds were found

binding the molecules.*

63



Chapter 2 — Synthesis of Binaphthyl-Based Monophosphite Ligands

Figure 2.6 — ORTEPII plot of the compound 2.7.

The third step of the synthesis consisted of the subsequent methoxymethyl

group deprotection, performed in acidic medium (Scheme 2.10).

L
O/\O/

HCI
MeOH
0._ 0O 60°C OH
oo ee
2.7 2.9 (95%)
Scheme 2.10

In a standard procedure, to a solution of 2.7 in methanol, 0.25 mL HCI 37% was

added and the mixture was stirred under reflux at 60°C, for 30 minutes. Then, the

mixture was poured into water, extracted with ethyl acetate and after work-up, the

residue was purified by column chromatography on silica gel, using as eluent a mixture

of n-hexane/ethyl acetate (6:1), which furnished 3-methyl-1,1'-binaphthyl-2,2'-diol 2.9,

in almost quantitative 95% isolated yield. Spectroscopic data of compounds 2.7 and

2.9 were in agreement with those previously reported in the literature.

29,33,39

Finally, the fourth step of the synthesis was the mono-etherification of 3-methyl-

1,1'-binaphthyl-2,2'-diol 2.9 with benzyl alcohol, via the Mitsunobu reaction approach

(Scheme 2.11), following the synthetic procedure described in section 2.2.1.
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CH; CHj
BnOH
PPh3 DEAD
OH (@)
99l Sq

2.10 (48%) 2.11 (33%)

Scheme 2.11

According to the standard procedure,” to a solution of 3-methyl-1,1'-binaphthyl-
2,2'-diol 2.9, PPh3 and benzyl alcohol, in dry THF, DEAD (40% in toluene) was added
dropwise at 0°C and the mixture was stirred at room temperature. The reaction’s
progress was followed by TLC, using CH,Cl,/n-hexane (2:1) as eluent, where it was
possible to observe the formation of two products, which were assumed to be the
compounds 2.10 and 2.11, as result of the formation of two possible binolate anions.
The reaction was quenched with distilled water and worked-up by standard
procedures. After removal of the solvents, the resulting crude mixture was

immediately analyzed by 'H NMR spectroscopy (Figure 2.7).
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Figure 2.7 — *H NMR spectrum of the crude mixture (Scheme 2.11), expansion of 0.00-
5.20 ppm region.
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The *H NMR spectrum in CDCls, at room temperature (Figure 2.7), showed two
singlets at 6=5.20 ppm and 6=4.60 ppm, assigned to the free hydroxyl proton of minor
and major products, respectively. In addition, at 6=4.96-5.04 ppm and 6=4.32-4.47
ppm intervals, two pairs of doublets were assigned to the diastereotopic benzylic
protons of each major and minor product. At 6=2.44 ppm, the superimposed signals
assigned to the methyl group protons of both compounds were evidenced.
Furthermore, the quartet at 6=4.11 ppm and the triplet 6=1.18 ppm were,
respectively, assigned to CH, protons and CHs protons belonging to diethyl hydrazine-
1,2-dicarboxylate, which is the reduced form of the reagent DEAD (species F, Scheme
2.3). Thus, the 'H NMR spectrum of the reaction mixture confirmed a mixture of the
expected products, in a ratio close to 3:2. However, from this analysis no unequivocal
conclusions could be taken regarding the identification of each product 2.10 and 2.11.

In order to isolate and clearly characterize both compounds, their purification
was carried out by column chromatography on silica gel, using CH,Cl,/n-hexane (2:1)
as eluent. The solvents were evaporated under reduced pressure, yielding two white
solid compounds resulting from the both isolated fractions. After drying under
vacuum, the products were analyzed by 2D NMR '"H-'H NOESY experiments.

The H-'H NOESY spectrum of the first compound evidenced a correlation
between the benzylic and the methyl protons, which led to identification of product
2.11, containing a CHs group and benzylic group in adjacent positions of the aromatic
ring (Figure 2.8). The spectrum of second compound showed a ‘H-'H NOESY
correlation between the hydroxyl proton and the CHs; protons, leading to the
identification of product 2.10, which contains a methyl group adjacent to the hydroxyl
(Figure 2.9). Remarkably, in the case of 2.11 the diastereotopic benzylic protons gave
rise to distinct doublets at 6=4.44 ppm and 6=4.32 ppm, as result of the restricted
rotation of the 2’-benzyloxy group, close to the methyl group in the 3’-position of the
binaphthyl backbone. Thus, from the *H-'H NOESY spectra of both isolated products, it
was concluded that this synthesis provided two products, in a combined yield of 81%,
with the major product being the compound 2'-(benzyloxy)-3-methyl-1,1'-binaphthyl-
2-ol (2.10) obtained in 48% isolated vyield, while 2'-(benzyloxy)-3’-methyl-1,1'-
binaphthyl-2-ol (2.11) was obtained in 33% isolated yield.
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It should be noted that, in a first attempt to perform the phosphorylation of the
above mentioned 3-methyl mono-protected BINOL derivatives with PCl; under the
previously standardized conditions, no isolable monophosphite ligands were obtained

from a complex products mixture.

2.4 Conclusions

A family of Cs-symmetry monophosphite ligands, derived from enantiomerically
pure (S)- or (R)-BINOL was successfully developed. Their synthesis was accomplished in
good overall yields through the preparation of differently mono-protected BINOL
derivatives, followed by phosphorylation with PCls, in basic medium. The main
approach for BINOL mono-protection consisted on the etherification via Mitsunobu
reaction, using structurally different alcohols. As expected, the steric hindrance around
the alcohol hydroxyl group has strongly influenced the mono-etherification rate and
yields, being higher with primary alcohols, significantly lower with secondary and more
difficult using tertiary alcohols. Therefore, the desired alkyl mono-ethers 2.1, 2.2, 2.3
and 2.4 were obtained with 84%, 87%, 63% and 52%, respectively. A different
approach based on nucleophilic addition/elimination reaction of adamantanoyl
chloride with enantiopure BINOL was used to generate the corresponding chiral BINOL
mono-ester 2.5 in 82% isolated yield.

The second step of the monophosphite ligands synthesis was accomplished by
reaction of the previous mono-protected derivatives with phosphorus trichloride, in
presence of triethylamine as base and reaction solvent, which rendered the
monophosphites L1-OMe, L2-OBn, L3-OCHPh,, L4-OAd and L5-OCOAd, in good vyields
(74-83%), through clean and reproducible processes, slightly dependent on the
structure of the mono-protected binaphthyl derivative.

Furthermore, studies on the preparation of 3-methyl substituted mono-
protected BINOL derivatives were performed through a sequential procedure, which
included the protection of both hydroxyl groups of BINOL with suitable ortho-directing
methoxymethyl substituents, and subsequent treatment with 1.2 molar equiv of n-

BulLi, followed by an electrophilic aromatic substitution with iodomethane, and the
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deprotection of BINOL hydroxyl groups in acidic medium. Subsequently, the mono-
etherification of 3-methyl-1,1'-binaphthyl-2,2'-diol 2.9 via Mitsunobu reaction provided
two different products, in a combined yield of 81%. After purification and isolation by
chromatographic  procedures, both compounds 2'-(benzyloxy)-3-methyl-1,1'-
binaphthyl-2-ol (2.10) and 2'-(benzyloxy)-3’-methyl-1,1'-binaphthyl-2-ol (2.11) were
identified by 2D NMR 'H-'H NOESY experiments.

All compounds have been characterized by NMR and HRMS spectroscopic

techniques, described with detail in Chapter 5, section 5.2.
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CHAPTER 3

EVALUATION OF MONOPHOSPHITE LIGANDS
IN
ASYMMETRIC CATALYSIS

3.1 Introduction

The requirement for chiral compounds as single enantiomers has sharply
increased in recent years, as a result of the demands of pharmaceutical industry and
also by several other applications, including agrochemicals, flavors, fragrances and

materials.»">?

This widespread demand for enantiopure molecules has then stimulated
intensive research to develop improved methods for synthesizing such compounds.

In this context, asymmetric catalysis, in which each molecule of a chiral catalyst,
by virtue of being continually regenerated, can yield many molecules of chiral product,
has emerged as an efficient and atom economical tool with huge potential for
asymmetric synthesis.* Important advances in this area have resulted from the
convergence of a broader understanding of theory and how structure generates
function, as well as from remarkable developments in the interface between organic
and inorganic chemistry.” Therefore, the design and synthesis of chiral organometallic

complexes, capable to provide and enhance asymmetric induction in catalysis, are

topics with upmost relevance, from a synthetic point of view.
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It is well established that a chiral organometallic complex often binds and reacts
preferentially with one of the prochiral faces of the substrate, or binds the substrate
and shield one of the prochiral faces, thus impeding the reaction at that face.® During
several years, metal complexes bearing bidentate chelating P-donor ligands with C;-

symmetry, were considered essential for asymmetric induction.”®® However, chiral

10,11 12,13

monodentate phosphorus ligands, such as phosphine, phosphite,

15,16

phosphonite,™* phosphoramidite’>*® and diamidophosphite’ ligands have recently

demonstrated to be remarkably multi-talented, providing high catalytic activities and
excellent enantiomeric excesses in a large number of enantioselective reactions.*®%%
In particular, monophosphite ligands based on the binaphthyl backbone have earned a

2122 shown by their efficient application in the asymmetric

prominent status,
hydrogenation of olefins?® and allylic substitutions.?*

In this chapter, the catalytic evaluation of C3-symmetry chiral monophosphite
ligands (Figure 3.1), whose synthesis and characterization was described in Chapter 2,
is performed in asymmetric catalysis. The ligands L1-OMe, L2-OBn, L3-OCHPh, and L4-
OAd have been applied in rhodium-catalyzed hydroformylation of aryl olefins and a
steroidal olefinic substrate (with Rh/L2-OBn). Furthermore, all these phosphite-ether
ligands and, additionally, the adamantanoyl-derived L5-OCOAd have been used in the

synthesis of allylpalladium complexes, which were evaluated as catalytic precursors in

the asymmetric hydrovinylation of styrene.

L1-OMe: R =Me
L2-OBn: R =Bn

L3-OChPh,: R = CHPh, L5-OCOAd: R = 1-adamanty!
L4-OAd: R = 1-adamantyl

Figure 3.1 — General structure of C3-symmetry tris-binaphthyl monophosphite ligands.
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3.2 Rhodium-catalyzed asymmetric hydroformylation

As previously mentioned in Chapter 1, the asymmetric hydroformylation of
alkenes is considered as one of the most efficient tools for the preparation of

25,26

enantiomerically pure aldehydes. Several monosubstituted olefins have been

systematically studied as benchmark substrates in this reaction, due to the interest in

the synthesis of 2-substituted branched aldehydes.?’?*%

For example, the
hydroformylation of terminal vinylarenes has been used as a model reaction for the
synthesis of 2-arylpropionaldehydes, which are intermediates in the synthesis of 2-aryl

propionic acids, a well-known class of non-steroidal drugs.>%*!3?

The asymmetric
hydroformylation of other monosubstituted alkenes, such as allyl cyanide and vinyl
acetate, was also successfully carried out.” However, the hydroformylation of
prochiral disubstituted olefins has received much less attention than their
monosubstituted counterparts. Regarding this topic, only few examples on the
asymmetric hydroformylation of 1,1- and 1,2-disubstituted alkenes have been

33,34,35,36,37,38

reported so far, most of them using rhodium complexes. Furthermore,

kinetic and mechanistic studies on catalytic hydroformylation are essentially limited to
model terminal or cyclic alkenes.3¥404

Nowadays, despite the successful use of chiral monodentate phosphorus donor
ligands in several transition metal catalyzed processes, there are only a few reports
concerning their application in asymmetric hydroformylation. Although they have the
advantage of higher catalytic activity when compared to bidentate chelating ligands,
only moderate to good enantioselectivities were reported in asymmetric

. 2
hydroformylation processes so far.*>**%

3.2.1 Hydroformylation of disubstituted aryl olefins

The hydroformylation of disubstituted and internal double bounds is
troublesome and usually requires harsh reaction conditions.”> The most remarkable
exceptions are rhodium(l) complexes modified with bulky aryl monophosphite ligands,
such as tris(o-tert-butylphenyl)phosphite (L6), which have been able to hydroformylate

a large number of sterically hindered olefins, under relatively mild conditions.*®474849
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This exceptional activity results from both electronic and stereo effects: the large
ligand’s cone angle prevents the coordination of a second phosphite to the metal, even
when used in large excess. As a consequence, the low steric hindrance around the
metal, combined with the m-acidic character of the monophosphite ligand, allows a
relatively fast substitution of CO by the alkene, in what is assumed to be the rate-

determining step of the hydroformylation of encumbered alkenes.”>°

-
/

o

(1.26a)

With this awareness, we formulated that the chiral hemilabile Cs-symmetry bulky
tris-binaphthyl monophosphite ligands, whose synthesis and characterization were
described in Chapter 2, could produce a similar effect, regarding the activity of
rhodium catalysts, but additionally inducing enantioselectivity in the hydroformylation
of sterically hindered alkenes.

Thus, trans-1-phenylpropene 3.1 was chosen as model olefinic substrate, and
(R)-L2-OBn was selected as model ligand, from this family of threefold symmetry
monophosphites, to perform the optimization of reaction conditions and
simultaneously, to study the effects of several reaction parameters (temperature, P/Rh
ratio, concentrations of substrate and catalyst and partial pressures of H, and CO) in
the kinetics of the rhodium-catalyzed hydroformylation reaction. The
hydroformylation of 3.1 can origin two possible aldehydes 3.2 and 3.3 (Scheme 3.1), as
result of the formyl group insertion in different positions. Both products contain a
stereogenic carbon atom, resulting from new C—C bonds formation, which opens the
possibility for generation of two distinct pairs of enantiomers. The identification of the

products was performed by appropriate NMR spectroscopic and chiral GC techniques.
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CHO
X « .CHO
©/\/ COM, * m
Rh(CO),(acac)/L*
3.1 3.2 3.3
Scheme 3.1

In a typical catalytic hydroformylation experiment, the autoclave was charged
with the appropriate amount of monophosphite ligand, and a solution of the catalytic
precursor Rh(CO),(acac) in toluene was then introduced via cannula, under vacuum.
The reactor was pressurized with 40 bar of an equimolar mixture of CO/H,, and kept at
80°C for 1 hour to ensure the formation of the catalytic resting state {Rh(H)(CO)s(L)}.
After the incubation, the autoclave was slowly depressurized and set to the working
temperature. Then, the substrate was introduced through the inlet cannula and the
syngas pressure was set to the desired value for each catalytic experiment. Samples
taken from the autoclave were analyzed by GC in order to determine conversion,
chemo- and regioselectivity. For kinetic studies, samples were taken at not higher than
20% conversions of alkenes into products in order to determine the initial rates,
without product interferences.

The studies were initiated with the evaluation of the effect of temperature on
the activity and selectivity of the Rh/L2-OBn catalytic system in the hydroformylation
of 3.1. Several experiments were performed in the range 50 to 90°C, keeping constant

all the other reaction parameters (Table 3.1, Figure 3.2).

Table 3.1 — Effect of temperature in hydroformylation of 3.1 with Rh/L2-OBn catalyst.a)

Tec TOF” Regio. )
(°C) (hY) %)
50 40 97
60 144 95
70 176 91
80 208 89
90 232 80

%) Reaction conditions: [Rh(CO),(acac)]=0.193mM, solvent: toluene (15 mL); S/Rh=800; 3.1/Rh=5; P=30
bar (CO/H,); incubation: 40 bar (CO/H,), T=80°C, 1h. ®) Turnover frequency calculated until ca. 20%
conversion. Regioselectivity for 2-phenylbutanal 3.2. Chemoselectivity for aldehydes was > 99% in all
cases.

77



Chapter 3 — Evaluation of Monophosphite Ligands in Asymmetric Catalysis

% 250

& 200

=}

£ 150

2 100

E

= 50

O

o0

50
70 %0
90

T(°C)

Figure 3.2 — Graphical representation of hydroformylation initial rates as a function of

temperature.

The results, presented in Table 3.1 and illustrated in Figure 3.2, showed a sharp
increase of the reaction rate (ca. 3.5 times) when temperature was raised from 50 to
60°C. Above 60°C, the rate steadily increased linearly with temperature, following a
non-Arrhenius behavior. The low TOF value observed below 60°C can be attributed to
the occurrence of a required stage for regeneration of the active catalytic species after
the incubation period, or just due to low activity of Rh/L2-OBn toward the
hydroformylation of the disubstituted olefin 3.1, at this temperature. Furthermore, by
varying the temperature from 50°C to 90°C, the regioselectivity for 3.2 decreased from
97% to 80%, possibly due to equilibrium shift toward the rhodium c-alkyl intermediate
C, as a result of faster occurrence of B-hydride elimination in species B (Scheme 3.2).
Similar effects were previously reported by Lazzaroni et al. in Rh/carbonyl-catalyzed

hydroformylation of styrene.”

: H Ph E
- Ph H :
! High T H H ;
' H Low P .
' OC—Rh—P* OC—Rh, OC—Rh—P* !
' | Low T | TP* [ :
; co High P co co .
- B l A c l :
L 32 . 33
Scheme 3.2
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Next, the effect of the ligand/Rh molar ratio, being changed from 1 to 20, was

investigated in the catalytic performance (Table 3.2, Figure 3.3).

Table 3.2 — Effect of L2-OBn/Rh molar ratio in hydroformylation of 3.1.°%

[ligand] TOF® Regio.?
URh ey | Y (%)
1 0.193 184 85
25 0.483 216 88
5 0.965 208 89
15 2.895 160 90
20 3.860 144 91

?) Reaction conditions: [Rh(CO),(acac)]=0.193 mM; solvent: toluene (15 mL); 3.1/Rh=800; P=30 bar
(CO/H,); T=80°C; incubation: 40 bar (CO/H,), T=80°C, 1h. ®) Turnover frequency calculated until ca. 20%
conversion. © Regioselectivity for 2-phenylbutanal 3.2. Chemoselectivity for aldehydes was > 99% in all
cases.
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Figure 3.3 — Graphical representation of hydroformylation initial rates as a function of

ligand/rhodium ratio.

The results, summarized in Table 3.2 and illustrated in Figure 3.3, showed that
the maximum rates were achieved in the interval from 2.5 to 5 ligand/rhodium molar
ratios. An equimolar Rh/phosphite ratio seems to be not enough to shift the
equilibrium toward the active catalytic precursor (ii) (Scheme 3.3), indicating that its
formation requires an excess of phosphite. However, further increase of the
monophosphite concentration led to a drop in the rate, suggesting that a less active

species containing two phosphite units (iii) might co-exist in equilibrium with the
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species with only one ligand coordinated (ii), in a situation that resembles

Rh/triphenylphosphine catalysts.***>>*
TN T, o T
' oc R|h“‘“co PIOR)s | wCO  P(OR) | WP(OR);
y OC—RN OC—Rh OC—Rh. |
! | >co Cco | p(OR), CO | POR), |
co &0 L
E ® (i) (iii) i
Scheme 3.3

Remarkably, the regioselectivity for aldehyde 3.2 has slightly increased when the
phosphite/Rh ratio was raised from 1 to 20, which indicates that the rates of formation
of species B and C (Scheme 3.2) are also dependent from the concentration of
monophosphite ligand. Similar non-linear effects of ligand/rhodium ratios in the
catalytic activity and selectivity were also reported with other Rh(l) catalysts
containing naphthyl and biphenyl based monodentate phosphites.>>>®

The effect of substrate concentration on the reaction rate was then studied, by

using different initial concentration of 3.1, from 38.7 to 309.3 mM (Figure 3.4).

400

300

200 4

TOF (h™)

100 +

T T T T T T T T T T T
0 50 100 150 200 250 300
[trans-1-phenyl-1-propene] (mM)

Reaction conditions: [Rh(CO),(acac)]=0.193mM, solvent: toluene (15 mL); L2-OBn/Rh=5; P=30 bar (CO/H,); T=80°C.

Figure 3.4 — Turnover frequency versus substrate initial concentration, in

hydroformylation of 3.1 with Rh/L2-OBn catalyst.
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The plot of turnover frequencies as function of the substrate initial concentration
(Figure 3.4) nicely fits with a straight line, indicating that the reaction is first order with
respect to the substrate. This is in agreement with several reports on hydroformylation
of other substituted alkenes, in which the olefin coordination and/or the hydride
migration may be the reaction rate determining steps, independently from the type of
catalyst used. Moreover, the chemoselectivity for aldehydes was always up to 99% and
nearly constant regioselectivity (88-89%) for 3.2 was observed in all experiments.

Next, the effect of catalyst concentration on hydroformylation initial rate was

analyzed (Table 3.3, Figure 3.5).

Table 3.3 — Effect of Rh concentration in the catalytic hydroformylation of 3.1 with

Rh/L2-0Bn.?!
[Rh(CO),(acac)] Initial rate® Regio.?
(mM) (mmol-h™) (%)
0.018 0.003 90
0.095 0.255 90
0.129 0.317 89
0.193 0.603 89
0.386 1.253 91
0.580 1.810 91

?) Reaction conditions: [3.1]=154.7mM, solvent: toluene (15 mL); L2-OBn/Rh=5; P=30 bar (CO/H,);
T=80°C; incubation: 40 bar (CO/H,), T=80°C, 1h. ® Initial rate, expressed in mmol of substrate 3.1
converted into aldehydes per hour, until ca. 20% conversion. 9 Regioselectivity for 2-phenylbutanal 3.2.
Chemoselectivity for aldehydes was > 99% in all cases.

0,5 A

initial rate (mmol- h'?)
[ER

O ¢ T T T T T T
0 0,1 0,2 0,3 0,4 0,5 0,6
[Rh(CO),acac] (mM)

Figure 3.5 — Initial rates versus Rh concentration, in hydroformylation of 3.1 with

Rh/L2-OBn catalyst.
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From the results, collected in Table 3.3 and illustrated in Figure 3.5, it becomes
evident that the formation of products is linearly proportional to the rhodium
precursor concentration, which means that, as expected, the reaction is also first order
with respect to the catalyst. Furthermore, no significant changes were observed in
regioselectivity with variation of initial rhodium concentration, while the
chemoselectivity for aldehydes was always above 99%.

Finally, the effects of CO and H, partial pressures were appraised in the reaction
initial rate and regioselectivity, with the results being summarized in Table 3.4 and

graphically represented in Figure 3.6 and Figure 3.7.

Table 3.4 — Effects of H, and CO partial pressures on the hydroformylation of 3.1, with
Rh/L2-OBn catalyst.?

Entry P(CO) P(H,) To_F1 bl Regio.?

(bar) (bar) (h™) (%)
1 10 5 102 84
2 10 10 200 85
3 10 20 376 88
4 10 30 552 88
5 20 2 66 82
6 20 5 112 88
7 20 10 176 88
8 20 20 360 90
9 5 10 277 81
10 25 10 156 95
11 2 20 313 81
12 5 20 340 86

?) Reaction conditions: [Rh(CO),(acac)]=0.193mM, solvent: toluene (15 mL) toluene; 3.1/Rh=800, L2-
OBn/Rh=5; T=80°C; incubation: 40 bar (CO/H,), T=80°C, 1h. ®Turnover frequency calculated until ca.
20% conversion. © Regioselectivity for 2-phenylpropanal 3.2. Chemoselectivity for aldehydes was > 99%
in all cases.

As illustrated in Figure 3.6, a linear dependence was found between the reaction
rate and the partial pressure of H,, for constant partial pressures of CO, at both 10 bar
(Table 3.4, entries 1-4) and 20 bar (Table 3.4, entries 5-8). Furthermore, when a CO
partial pressure of 10 bar was used (Table 3.4, entries 1-4), the regioselectivity for
aldehyde 3.2 did not show any dependence on p(H,). However, at a p(CO) of 20 bar,
the increase of p(H,) from 2 to 20 bar led to a moderate improvement in the

regioselectivity for 3.2 from 82 to 90% (Table 3.4, entries 5-8). These results suggest
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that although the rate of aldehydes formation is first order dependent from p(H,), the
rates of formation of the different regioisomers 3.2 and 3.3 are only influenced by H,

partial pressure, when a higher CO partial pressure is used.

£300 - —e—P(CO)= 10 bar
=200 - P(CO)= 20 bar

O T T T
0 10 20 30
p(H2) (bar)

Figure 3.6 — Turnover frequency versus H, partial pressure, in hydroformylation of 3.1

with Rh/L2-OBn catalyst.

Regarding the influence of CO partial pressure on the reaction rate, more

complex effects have been observed (Figure 3.7).

400 -

300 —=—P(H2) = 10 bar
fry P(H2) = 20 bar
<200
(78
o
=

100 -

O T T 1
0 10 20 30
p(CO) (bar)

Figure 3.7 — Turnover frequency versus CO partial pressure, in hydroformylation of 3.1

with Rh/L2-OBn catalyst.
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Using a constant H, partial pressure of 10 bar, the increase of p(CO) from 5 to 25
bar produced a considerable decrease in the reaction rates (Table 3.4, entries 2,7,9-
10). On the other hand, at H, partial pressure of 20 bar, an increase in reaction rates
was observed by varying the p(CO) from 2-10 bar (Table 3.4, entries 3,11-12), while an
opposite tendency was observed by the raise of CO partial pressure from 10 to 20 bar,
which has originated a slight rate decrease (Table 3.4, entries 3 and 8). Moreover, a
significant increase in the regioselectivity for aldehyde 3.2 was observed when p(CO)
was raised, for both H, partial pressures of 10 bar (Table 3.4, entries 2,7,9-10) and 20
bar (Table 3.4, entries 3,8,11-12). Therefore, the complex results depicted in Figure 3.6
and Figure 3.7 can be explained by the fact that the rates of formation of each
isomeric aldehydes 3.2 and 3.3 have different dependences from H, and CO partial
pressures, leading to noteworthy effects in the reaction rate and regioselectivity.

Based on the previous results, the mechanism for the hydroformylation of trans-
1-phenylpropene (3.1), using the Rh/L2-OBn catalyst is proposed in Figure 3.8.
Contrarily to that observed with the Rh/tris-(o-tert-butylphenyl)phosphite catalytic
systems, the formation of a rhodium complex containing two coordinated
monophosphite ligands (iii) is possible, however, this species seems to be not
catalytically active. The overall steric hindrance around the rhodium center in species
(ii) is low because it contains a single phosphite ligand and three small carbonyl
ligands. In addition, the metal is electron poor, since the phosphite is a weak electron
donor ligand, while the three carbonyl ligands are strong electron withdrawing groups.
These conditions allow the easy dissociation of CO, with formation of species H, and
consequently the alkene addition to the rhodium complex gives rise to species A. The
subsequent hydride migration can result in the formation of both rhodium alkyl
complexes B and C. Depending on the reaction conditions, the species B and C can
undergo CO insertion, forming the complexes D and E, respectively, with subsequent
CO migration resulting in rhodium acyl complexes, or give B-hydride elimination (as
focused in Scheme 3.2). Subsequently, each rhodium acyl intermediate can suffer
oxidative addition by reaction with H,, while reductive elimination leads to the

aldehydes 3.2 and 3.3, regenerating the active catalytic species H.
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Figure 3.8 — Simplified catalytic cycle of rhodium/monophosphite catalyzed

hydroformylation of 3.1.

It is well established that the kinetics of hydroformylation reactions usually fall in
one of the following two models: in the first one, often observed in presence of
catalysts containing P-donor ligands with small to medium cone angles, or when
sterically hindered olefins are used as substrates, using all type of rhodium catalysts,
the alkene coordination and/or the hydride migration can be the rate determining
steps.25 In these cases, the reaction is first order with respect to the substrate, but it
does not depend from the hydrogen pressure, while it is assumed that the resting
state of the catalyst is a hydrido species, i.e. the species {RhH(CO)yL} (ii). In the
second model, usually observed when catalysts containing bulky phosphites are used
in the hydroformylation of 1-alkenes, the oxidative addition of H, to the acyl
intermediate of type F is the rate determining step. Consistently, the reaction is first

order with respect to H, partial pressure, and zero order for the substrate
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concentration. Furthermore, since the resting state of the catalyst is the 18 electrons
intermediate {Rh(COR)(CO)yL-x} of type I (Figure 3.8) that must dissociate a CO ligand
before the oxidative addition takes place, the reaction shows an inverse dependence
with respect to the CO partial pressure.

In our case, and considering specifically the parameter intervals, [Rh]= 0.02-0.60
mM, phosphite/Rh > 5, [3.1]= 30-300 mM, and CO and H, partial pressures > 10 bar,
the following effects were observed: i) first order with Rh concentration; ii) negative
order with ligand concentration; iii) first order with the olefin concentration; iv) first
order with H, partial pressure; v) negative order with CO partial pressure. The partially
negative orders for the CO pressure and ligand, combined with a positive order with
respect to the substrate are reminiscent of the expressions found for the

hydroformylation of 1-alkenes with Rh/PPhs catalysts.52'53’54’57'58

However, the most
remarkable result on the kinetics of hydroformylation of trans-1-phenylpropene 3.1
with the Rh/L2-OBn catalyst is the positive order for both substrate and H, partial
pressure, suggesting that either the olefin coordination/insertion or the oxidative
addition of H, to the Rh/acyl intermediate may be the rate determining steps. This
ambiguous behavior, also observed with Rh(l) catalysts modified with tris-naphthyl
ligands,”® may be attributed to an intermediate situation, in which there is not a clear
rate limiting step, since two of more steps proceed at similar rate.

A second explanation that accounts for great part of similar cases, described in
the literature, is the presence of a dinuclear species (iv) as resting state, whose fast
equilibrium with the Rh-hydrido catalytic precursor (ii), depends on H; partial pressure
(Scheme 3.4). Thus, although the alkene coordination might be assumed as the rate

limiting step, the reaction shows a positive order to p(H,), together with a linear

dependence on the substrate.

5 COoc co H o .

: | / Ha | / .

| (RO)P—Rh——Rh—P(OR); ==———== OC—RA :
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86



Chapter 3 — Evaluation of Monophosphite Ligands in Asymmetric Catalysis

Although in these studies, the presence of species of type (iv) (Scheme 3.4) was
not proved by experimental evidences, several related dinuclear rhodium/phosphine
species, whose specific formulas depend on the CO pressure, phosphine concentration
and steric demand, have been spectroscopically observed or characterized in solid
state.” Furthermore, a solid state structure of this type has also been reported by

® in which one of the rhodium

Claver et al. with tris-(o-tert-butylphenyl)phosphite,
atoms is bearing only two CO ligands.

Considering the successful experiments regarding the use of Rh/L2-OBn catalyst
in the hydroformylation of the 1,2-disubstituted alkene 3.1, with high levels of activity,
chemo- and regioselectivity, the ligands screening was subsequently carried out, to
evaluate the effects of the OR substituents at 2-binaphthyl position of the
monophosphite ligands, in the activity and selectivity of the respective rhodium
complexes. The kinetic studies previously performed, allowed us to select the optimal
reaction conditions, considering both activity and regioselectivity features.

Thus, the hydroformylation of 3.1 (Scheme 3.1) was carried out, in the presence
of Rh catalysts formed in situ by addition of Rh(CO),(acac) to 5 molar equiv of each
ligand L1-OMe, L2-OBn, L3-OCHPh, and L4-OAd, using a temperature of 80°C, a syngas
pressure of 30 bar (CO/H, 1:1), and a substrate/Rh ratio = 800. It should be noted that,
prior to each reaction, incubation was carried out by reaction of the rhodium
precursor, Rh(CO),(acac) with the ligand, at 40 bar of CO/H, and 80°C for 1 h, to ensure
the formation of the catalytic resting state. The experimental procedure was, in all
cases, similar to that described for hydroformylation of 3.1 with L2-OBn.

As previously described, samples taken from the autoclave were analyzed by GC
in order to determine conversion, chemo- and regioselectivity. Furthermore, in order
to determine enantioselectivities, the resulting aldehydes, which are known to be very
susceptible toward racemization as result of keto-enol tautomerism, were immediately
oxidized to the corresponding carboxylic acids. In a typical oxidation procedure,®® the
aldehydes were added to a KMnO, solution in acetone and the mixture was stirred at
room temperature, for 15-30 minutes. Then, the solvent was evaporated and the
residue was dissolved in H,0, at 70°C. The solution was washed with dichloromethane

to remove unreacted alkenes and non-oxidized aldehydes, and the aqueous phase was
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then acidified with 10% HCI solution (until pH=1) to ensure the protonation of
carboxylates. The extraction of carboxylic acids was performed with dichloromethane.
After drying and filtering, the solvent was removed under vacuum, and the resulting
product was dissolved in CH,Cl,, and analyzed by GC, using a chiral column.

The comparative results of the hydroformylation of 3.1, with the different

Rh/monophosphite catalysts are presented in Table 3.5.

Table 3.5 — Ligands’ evaluation in Rh-catalyzed hydroformylation of

trans-1-phenylpropene 3.1.°%

! CHO ;
! AN . CHO !
:©/\/ CO/M, ©)*\/ m 3
! Rh(CO),(acac)/L* 3
s s2 33
Conv.” TOFY Regio.”
Entr Ligand (L* ee (%)°
y gand (L*) (%) (hY) (%) (%)
1 no ligand 25 67 62 -
2 (R)-L1-OMe 81 216 84 16 (R)
3 (R)-L2-OBn 72 192 88 20 (R)
4 (S)-L2-OBn 74 197 89 20 (S)
5 (R)-L3-OCHPh, 33 88 89 11 (R)
6 (R)-L4-OAd 97 259 84 12 (R)

2 Reaction conditions: [Rh(CO),(acac)]=0.193 mM, solvent: toluene (15 mL); 3.1/Rh=800, L/Rh=5;
T=80°C; P(CO/H,)=30 bar; t=3 h; incubation: 40 bar (CO/H,), T=80°C, 1h (except in entry 1). ” % of
substrate converted at the indicated time. © Turnover frequency expressed in mol of substrate
converted per mol of Rh per hour. 9 Regioselectivity: % of 3.2 with respect to the total amount of
aldehydes. ® % Enantiomeric excess measured for 3.2, after derivatization to the corresponding
carboxylic acids. Chemoselectivity for aldehydes was >99% in all cases.

From analysis of Table 3.5, it is possible to observe the effects of the different
ether OR substituents at the ligand in the catalytic activity and selectivity, under the
studied reaction conditions. It is worth mentioning that the rhodium complex modified
with ligand (R)-L4-OAd, provided the most active catalytic system, with practically full
conversion (97%) in 3 h, achieving a TOF = 259 h™ (Table 3.5, entry 6). The Rh/(R)-L1-
OMe catalyst provided also a remarkable activity with 81% conversion in 3h, with a
TOF = 216 h™* (Table 3.5, entry 2). The Rh/(R)-L2-OBn catalytic system presented
slightly lower activity (Table 3.5, entry 3), while the catalyst with ligand (R)-L3-OCHPh,

showed the lowest activity, with only 33% of conversion in 3h (Table 3.5, entry 5).
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These tendencies become more evident in Figure 3.9, which shows the reaction’s

evolution along the time.

§ . CHO !
: ©/\/ COMH, ©)*\/ ©/\( :
Rh(CO),(acac)/L*
3.1 (CONacac) 3.2 33
100 T T T T
Rh/L4-OA Rh/L1-OMe
80 - Rh/L2-OBn .

60
Rh/L3-OCHPh,

Rh/carbonyl
20 4

Conversion (% aldehydes)

T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350
time (min)

Figure 3.9 — Comparative plot of conversion versus time, in hydroformylation of 3.1,

catalyzed by different Rh(l) catalysts.

The most remarkable feature of the in situ catalytic systems, formed from
Rh(CO);,(acac) and the monophosphite ligands, is the higher activity compared to the
parent Rh/carbonyl catalyst. The catalytic system Rh/L4-OAd is clearly the most active,
as can be seen by the high initial rate. Regarding the catalysts Rh/L1-OMe and Rh/L2-
OBn, although presenting a fairly different behavior along the time, both achieved 90%
conversion in 5h. Finally, the system Rh/L3-OCHPh, produced a considerably inferior
performance, achieving similar conversion to that obtained with the Rh/carbonyl
catalyst. The high rates obtained with the use of L4-OAd, L1-OMe and L2-OBn might be
related with the P-monodentate coordination to rhodium, which is probably
dominating. Furthermore, m-interactions between the phenyl moieties in L2-OBn or L3-
OCHPh, with that of the substrate might be operative regarding both catalytic activity

and regioselectivity (see discussion below regarding regioselectivity).
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Concerning the reaction regioselectivity, the catalytic systems Rh/L2-OBn and
Rh/L3-OCHPh; provided a preferential formation of ca. 90% for 2-phenylbutanal 3.2
(Table 3.5, entries 3-5), while the most active systems Rh/L1-OMe and Rh/L4-OAd gave
slightly lower regioselectivities (84%) for 3.2 (Table 3.5, entries 2 and 6). Although the
ligand L3-OCHPh, provided the less active catalytic system, with the reaction rate in
the same magnitude of the unmodified Rh/carbonyl catalyst, the regioselectivity (90%)
obtained for aldehyde 3.2 is considerably higher than that of 67% achieved in the
absence of ligand. This observation suggests that L3-OCHPh, is able to coordinate with
Rh(l), however the resulting Rh(I)/monophosphite complex presents low activity,
probably as a result of the high steric hindrance exerted by the diphenylmethoxy

groups (Figure 3.10), which may enclose the metal, preventing the olefin insertion.

Figure 3.10 — Minimized energy structure of the coordinatively unsaturated complex

trans-[RhH(CO),(L3-OCHPh,)], at the ONIOM (BP86/SDD:UFF) level.

Low enantioselectivities were achieved with all the catalytic systems (11-20%
ee), with the highest enantiomeric excess being achieved with Rh/L2-OBn catalyst. As
expected, the stereo configuration of the binaphthyl backbone at the monophosphite
ligand did not affect either catalytic activity or selectivity, with (S)-L2-OBn as ligand in
the hydroformylation of 3.1, produced similar results to those obtained with its (R)
analogue, however with inverse absolute configuration of the products (Table 3.5,
entries 3-4). After evaluation of the monophosphite ligands in the asymmetric Rh-
catalyzed hydroformylation of trans-1-phenylpropene (3.1), the studies were extended

to the 1,1-disubstitued olefin, 2-phenylpropene (3.4).
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The hydroformylation of 3.4 can eventually origin the two aldehydes 3.5 and 3.6
(Scheme 3.5). However, the exclusive formation of regiosomer 3.5, in which the
stereogenic center at the more substituted carbon atom results from a new C—H bond
formation, is generally observed. Thus, the asymmetric hydroformylation of 1,1-
disubstituted alkene 3.4 differs from the asymmetric hydroformylation of 1,2-

disubstituted alkene 3.1, since the desired chiral product is the linear aldehyde.

x CO/H, CHO

Rh(CO),(acac)/L* CHO

3.4 3.5 3.6

Scheme 3.5

The experimental procedure and the reaction conditions were exactly the same
of those used in hydroformylation of 3.1. However, in the hydroformylation of 3.4, a
reaction time of 18 h was necessary to achieve effective conversions, as a result of the
low reactivity of the 1,1-disubstituted double bond, under the previous standard
conditions. The identification of the products was performed by appropriate NMR
spectroscopic and chiral GC techniques. The results of the hydroformylation of 3.4,

with the different Rh/monophosphite catalysts are presented in Table 3.6.

Table 3.6 — Ligand’s evaluation in Rh-catalyzed hydroformylation of

2-phenylpropene 3.4.%)

_ Conv.” | TOF? | Regio.” o
Entry Ligand (L¥*) 4 ee (%)
(%) (h7) (%)

1 no ligand 41 18 98 -

2 (R)-L1-OMe 78 35 99 10 (R)

3 (R)-L2-OBn 71 32 100 15 (R)

4 | (R)-L3-OCHPh, | 47 21 100 8 (R)

5 (R)-L4-OAd 94 42 99 10 (R)

?) Reaction conditions: [Rh(CO),(acac)]=0.193mM, solvent: toluene (15 mL); 3.4/Rh=800, L/Rh=5;
T=80°C; P (CO/H,)=30 bar; t = 18h; incubation: 40 bar (CO/H,), T=80°C, 1h (except in entry 1). ” % of
substrate converted at the indicated time. © Turnover frequency expressed in mol of substrate
converted per mol of Rh per hour. 9 Regioselectivity: % of 3.5 with respect to the total amount of
aldehydes. ® 9% Enantiomeric excess measured for 3.5, after derivatization to the corresponding
carboxylic acids. Chemoselectivity for aldehydes was > 99% in all cases.
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As expected, the 1,1-disubstituted olefin 3.4 reacted significantly slower than the

1,2-disubstituted olefin 3.1, in agreement with the previously established relative

reactivity of alkenes toward hydroformylation (Scheme 3.6).%%°*

5/\/\>>>A/\>>/\/§>/\A>ME

' decrese of reactivity toward hydroformylation '

Scheme 3.6

In the hydroformylation of 2-phenylpropene 3.4, at 80°C and 30 bar of syngas,
the in situ catalysts Rh/(R)-L1-OMe, Rh/(R)-L2-OBn, Rh/(R)-L3-OCHPh;, and Rh/(R)-L4-
OAd have reached conversions of 78, 71, 47 and 94% in 18 h, respectively (Table 3.6,
entries 2-5), while a conversion of 41% was obtained without addition of ligand (Table
3.6, entry 1). Therefore, the OR substituents at the ligand have produced again a
significant effect on the hydroformylation reaction rates, following the same trend
observed for the substrate 3.1 (i.e. L4-OAd >> L1-OMe > L2-OBn >> L3-OCHPh,).

It is worth mentioning that complete chemoselectivity for aldehydes was
reached with all catalytic systems, together with a substrate controlled regioselectivity
(= 98% to the linear aldehyde 3.5). The preferential insertion of the aldehyde
functionality into the less substituted carbon atom of the double bond, follows the

Keulemans’ ruIe,64’65

which states that the formyl group is usually added in order to
avoid the formation of a quaternary carbon centre.

All the rhodium/monophosphite catalytic systems led, once more, to low
enantioselectivities, being the highest enantioselectivity achieved with Rh/(R)-L2-OBn
(15% ee (R)), while all the other systems gave enantiomeric excesses below that value.
These results are fairly distant from those obtained in the hydroformylation of 3.4 with
rhodium catalysts modified with a binaphthyl derived diphosphite,®® which albeit being
moderate (48% ee) are the highest so far reported for this substrate.?®

In sum, the ligand structure affected significantly the activity of the

Rh/monophosphite catalysts in hydroformylation of both 1,1- and 1,2-disubstituted
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aryl olefins, with highest activities being achieved by the use monophosphite ligand
containing a bulky and rigid adamantyloxy group (L4-OAd). The results suggest that
might be a resemblance between this system and the remarkably active Rh systems
modified with the bulky tris(o-tert-butylphenyl)phosphite L6. By their turn, the
catalytic systems Rh/L1-OMe and Rh/L2-OBn provided also considerable activities,
although not so high as Rh/L4-OAd, probably due to the possible coordination of two
phosphite ligands to the metal, providing less active catalytic rhodium species (as
observed for effect of L2-OBn/Rh ratio in hydroformylation of 3.1). The system
containing the monophosphite ligand L3-OCHPh, presented low catalytic activity for
both substrates 3.1 and 3.2, possibly due to steric hindrance of the rhodium complex
that might prevent the olefin approach.

Although the potentially hemilabile ether groups at the ligands were intended to
provide secondary interactions with the metal, providing hetero-bidentate chelates,
the results suggested that under hydroformylation conditions, the monophosphite
ligands coordinate to rhodium by a P-monodentate mode, which can hardly allow good
enantiodiscrimination in this reaction. Another possible reason for the low
enantioselectivity might be the formation of different diastereomeric catalytically
active species, as a result of the rapid interconversion in solution between the helical P
and M conformers of the monophosphite ligands, which may occur by free rotation of

the substituents at the phosphorus atom (Scheme 3.7).%’

'R R
L TN <'>’ :
: | !
I P R R P 1
Kgh-g So” Yo
o F‘{ !
' Rop M :
Scheme 3.7

Despite the remarkable activities, chemo- and regioselectivities obtained with
the new catalytic systems in the hydroformylation of disubstituted aryl olefins, the
achievement of high enantioselectivies with rhodium complexes of the tris-binaphthyl

monophosphites remained a fairly distant overcome.
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3.2.2 Hydroformylation of styrene

In order to perform the catalytic evaluation of the monophosphite ligands in the
asymmetric hydroformylation of a typical terminal aryl olefin, styrene 3.7 was selected

as substrate (Scheme 3.8).

o Y

3.7 h(CO),(acac)/L

Scheme 3.8

In a typical experiment, the autoclave was charged with the appropriate amount
of phosphite and a solution of Rh(CO),(acac) in toluene was then introduced. The
reactor was pressurized with 40 bar of an equimolar mixture of CO/H,, and kept at
80°C for 1 hour. After incubation, the autoclave was slowly depressurized and set to
the working temperature. Then, styrene (dissolved in toluene) was introduced through
the inlet cannula and the autoclave was pressurized with 25 bar of an equimolar
mixture of CO/H,. Samples taken from the autoclave were analyzed by GC, in order to
determine conversion, chemo- and regioselectivity. After derivatization of the
aldehydes into the corresponding carboxylic acids, by oxidation with KMnO4/MgSO,,
the products were analyzed by chiral GC, in order to determine the enantioselectivity.
The results are presented in Table 3.7.

The effects of several reaction parameters were studied, using (R)-L2-OBn as
model ligand. At a temperature of 40°C and syngas pressure of 25 bar, the increase of
L2-OBn/Rh ratio from 2.5 to 10 has caused a significant increment in the catalytic
activity (Table 3.7, entries 2-4). The maximum rate was achieved with a tenfold excess
ratio, which provided practically full conversion (97%) in 3 hours (Table 3.7, entry 4).
Thus, contrarily to that observed with the 1,2-disubstituted olefin 3.1, the
hydroformylation of styrene 3.7 showed a positive order with respect to the ligand
concentration. The high regioselectivity for the branched aldehyde 2-phenylpropanal

3.8 was not affected, remaining practically constant (94-96%).
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Table 3.7 — Optimization of reaction conditions and ligand evaluation in

hydroformylation of styrene 3.7, with Rh/monophosphite catalysts.a)

Entry Ligand T(C) | L/Rh | t(h) C‘i;\;-b) T(;)E)’ Re(f/:)())-d) ee (%)
1 no ligand 40 - 3 0 - - -
2 40 | 25 | 3 74 197 94 -
3 40 | s 3 91 243 94 -
4 40 | 10 | 3 97 259 96 20 (R)
5 80 | 10 | 0.42 99 1900 74 12 (R)
6 (R-12-0Bn | 50 | 10 @1 94 752 94 16 (R)
7 40 | 10 | 1 45 360 96 -
8 30 | 10 | 3 75 200 97 20 (R)
9 15 | 10 | 3 10 27 99 -
10 15 | 10 | 24 51 17 99 20 (R)
11 | (R-L1-OMe | 40 | 10 | 3 96 256 96 18 (R)
12 | (R)}-L3-OCHPh, | 40 | 10 | 3 91 243 96 15 (R)

%) Reaction conditions: [Rh(CO),(acac)]=0.2mM, solvent: toluene (7 mL); 3.7/Rh=800; P (CO/H,)= 25 bar;
incubation: 40 bar (CO/H,), T=80°C, 1h (except in entry 1). ®) 9% of substrate converted at the indicated
time. @ Turnover frequency expressed in mol of substrate converted per mol of Rh per hour.
9 Regioselectivity: % of 3.8 with respect to the total amount of aldehydes. Chemoselectivity for
aldehydes was > 99% in all cases.

Regarding the effect of the temperature, a remarkable catalytic activity was
observed for the Rh/L2-OBn catalytic system at 80°C, achieving complete conversion
after 25 minutes, with a TOF of 1900 h™* (Table 3.7, entry 5), which is within the order
of magnitude of the most active catalytic systems reported so far.”® The reactions,
carried out at 50°C and 40°C were accompanied by an obvious rate decrease and a
significant increase of the regioselectivity for 3.8 (Table 3.7, entries 6-7), as result of

221 ynder high

preferential formation of a branched rhodium-alkyl intermediate,
syngas pressure and low temperatures. The catalytic system Rh/L2-OBn was operative
at 30°C, with 75% conversion in 3h and 97% of regioselectivity, while enantioselectivity
achieved a maximum of 20% ee (R) (Table 3.7, entry 8). Remarkably, at 15°C, the same
catalytic system still demonstrated to be active, providing a noteworthy 10%
conversion in 3 hours (Table 3.7, entry 9) and 51% conversion after 24 h (Table 3.7,
entry 10), with concomitant 99% of regioselectivity for the branched aldehyde.

However, by decreasing the reaction temperature, no improvements were achieved

regarding the enantioselectivity.
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The catalytic evaluation was extended to L1-OMe and L3-OCHPh,, selected for
being, respectively, the less and the most bulky ligands among this C3-symmetry
monophosphites. It is worth mentioning that the catalytic activities of Rh/L1-OMe and
Rh/L3-OCHPh, were similar to that achieved with Rh/L2-OBn, under the same reaction
conditions (T = 40°C , Pynges = 25 bar), both providing conversions above 90% in 3h
reaction, with TOF’s in the order of 250 h (Table 3.7, entries 11-12). Furthermore, it
should be also noted that, using all catalytic systems, full chemoselectivity for
aldehydes, 96% of regioselectivity for the branched aldehyde and enantioselectivity
equal or below 20% ee were obtained (Table 3.7, entries 4, 11 and 12). Therefore,
contrarily to that observed in the hydroformylation of disubstituted aryl olefins, the OR
substituent at the ligand did not affect the catalytic activity or selectivity in

hydroformylation of a terminal aryl olefin.

3.2.3 Diastereoselective hydroformylation of 17B-acetoxyandrost-4-ene

Hydroformylation is now a well-established process for the direct introduction of

formyl groups onto external or internal double bonds, so its use as a potential method

3088 pay rticularly, the

for organic synthetic applications has been steadily growing.
hydroformylation of C-C double bonds in specific positions of steroidal substrates
allows the modulation of their properties and may lead to the preparation of high
valuable formyl steroid derivatives, with potential biological activity.®*’°

The introduction of formyl groups onto the internal double bond of the steroid
nucleus was firstly reported in the 1950’s by Pike et al. via non-modified cobalt-
catalyzed hydroformylation.”* The hydroformylation and hydroalkoxycarbonylation of

16,1

less hindered A'™®'-unsaturated steroid substrates were later developed by Térés,

7374 catalysts. The same author provided the

using Rh/phosphine’® and Pd-phosphine
first example of androstene and pregnene derivatives functionalization, through
sequential hydroformylation-amidocarbonylation reactions, using Rh/PPhs or binary
Rh/Co catalysts.”” Bayén and Pereira reported the diastereoselective hydroformylation
of A*-unsaturated steroids of androstene, cholestene and pregnene series, with the
Rh(l)/tris(o-tert-butylphenyl)phosphite catalytic system, which allowed the one-step

synthesis of new 4B-formyl-derivatives.”®’’
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More recently, Wuts have described an approach to the synthesis of a steroid
molecule marketed for the treatment of hypertension — eplerenone — which involved a
combination of microbiological and metal-catalyzed carbonylation reactions.”® Another
recent example of catalytic carbonylation reactions applied in the preparation of
biologically active steroids is the work of Mann, who reported the synthesis of
desmethylveramiline 3.10 (an aza steroidal derivative with remarkable enzyme
inhibitor properties), through a seven steps procedure, which included the
Rh/Biphephos catalyzed hydroformylation of a terminal olefin, as the key step for the

construction of a piperidine appendage (Scheme 3.9).”°

Rh(CO),acac 2 mol%
Biphephos 4 mol %
CO/H5 (1:1) 5 bar

p-TSA 10 mmol%
THF, 65°C 18h

, 3.10
desmethylveramiline

____________________________

Scheme 3.9

Therefore, encouraged by the challenge of promoting the hydroformylation of
carbon-carbon double bonds in steroidal nuclei, and taking advantage from the high
activities and regioselectivities achieved with the new rhodium/monophosphite
catalysts in the hydroformylation of disubstituted aryl olefins, the studies were
extended to the hydroformylation of a steroidal alkene.

The A*-unsaturated steroid 17B-acetoxyandrost-4-ene 3.11%° was selected as
substrate, and L2-OBn was used as model ligand to study the applicability of the

Rh/tris-binaphthyl monophosphite catalytic systems to this particular reaction.
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Two possible aldehydes 3.12 and 3.13 can be formed, as result of the cis addition
of an H atom and a formyl group to both diastereotopic faces of the steroidal olefin

(Scheme 3.10).

CO/H, (1:1) 25 bar
Rh(CO),(acac)/
L2-OBn

100°C
48h

Scheme 3.10

In a typical procedure pr0cedure'76,77

the autoclave was charged with the
rhodium precursor Rh(CO),(acac) and the ligand L2-OBn and (L:Rh ratio = 5), and
toluene was then added under vacuum. After incubation, at 40 bar syngas and 80°C
temperature during 1h, the steroid substrate 3.11, dissolved in toluene was introduced
via cannula (substrate:Rh ratio = 50), the autoclave was pressurized with 25 bar of an
equimolar mixture of CO/H,, and the reaction was conducted at 100°C, for 48h. After
the reaction was finished, the autoclave was cooled, slowly depressurized, and toluene
was removed under reduced pressure. The identification of products was performed
by NMR and MS spectroscopic techniques. The chemo-, regio- and diastereoselectivity
were determined by GC analysis and 'H and *C NMR spectroscopy, based on the
previously performed assignments.76

The results are presented in Table 3.8, in a comparative study with literature
values, obtained with Rh(l)/tris(o-tert-butylphenyl)phosphite catalysts.”® The Rh/(R)-
L2-OBn catalytic system demonstrated to be active in the hydroformylation of 17pB-
acetoxyandrost-4-ene 3.11, achieving 95% of conversion in 48 h, with 86% of
chemoselectivity for aldehydes and 70% of diastereoselectivity for 4B-formyl-17p3-
acetoxy-5B-androstrane 3.12 (Table 3.8, entry 2). Nevertheless, the Rh/(S)-L2-OBn
catalyst showed significantly lower activity, with the same conditions, achieving only
62% of conversion in 48 h, a similar chemoselectivity of 84% for aldehydes and a lower

diastereoselectivity (61%) for the 4B-formyl derivative (Table 3.8, entry 3).
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Table 3.8 — Diastereoselective hydroformylation of 173-acetoxyandrost-4-ene 3.11.

Entry Ligand P | 3.11/Rh | L/Rh | Conv.” ToEb’ Chemo.? | B-Diast.”
(bar) ratio ratio (%) (h™) (%) (%)
no ligand 25 50 - 0 0 - -

(R)-L2-0Bn 25 50 5 95 1 86 70
(5)-L2-0Bn 25 50 5 62 0.7 84 61

,,,,,, 20 | 50 | 25 60 06 | 78 | 60"

6 | 20 | 10 2.5 89 02 | 8 | | 61°

P(O-0-BuCeHs)s | 20 | 10 10 89 02 | 85 | 61°
40 10 2.5 89 0.2 77 68”°

) Percentage of substrate converted; b) Turnover frequency, expressed in mmol of converted substrate
per mmol Rh per hour ° Chemoselectivity calculated as percentage of aldehydes in the total amount of
products; 9 Diastereoselectivity calculated as percentage of B-isomer 3.12, in the total amount of 4-
formyl derivatives. Regioselectivity for 4-formyl-173-acetoxy-5B-androstrane was 100% in all cases.

® Reaction conditions: 0.019 mmol of Rh(CO),(acac), 0.057 mmol of L2-OBn and 0.948 mmol of
substrate, solvent: toluene (6 mL); T=100°C, t = 48 h.

' Reaction conditions: 0.025 mmol of Rh,(u-OMe),(cod),, solvent: toluene (6 mL); T =100°C, t =48 h.

In general, the results are consistent with those obtained with tris(o-tert-
butylphenyl)phosphite (L6), although these have been achieved with a different
rhodium precursor, and slightly different reaction conditions. For instance, when the
classic rhodium/bulky phosphite catalyst was used in a substrate/Rh molar ratio of 50
(and ligand:Rh ratio = 2.5), the TOF and B-diastereoselectivity were similar to those
achieved with Rh/(S)-L2-OBn (Table 3.8, entries 3 and 4). On the other hand, using a
substrate/Rh molar ratio of 10, and a syngas pressure of 40 bar, the B-
diastereoselectivity close to 70% was similar to that obtained with Rh/(R)-L2-OBn,
although with the latter being ca. five times for active (Table 3.8, entries 2 and 7).

As previously observed, the exclusive formation of 4-formyl derivatives occurs as
result of the insertion of the aldehyde functionality into the less substituted carbon
atom, avoiding the formation of a quaternary carbon centre, according to the

*4% Furthermore, the 100% of regioselectivity suggests also that the

Keulemans’ rule.
reaction takes place by direct hydroformylation of A* double bond and not through
previous isomerization of the substrate, for which a more complicated mixture of
products would be expected. The stereochemistry of the reaction can be rationalized
by considering the existence of a steroidal stable conformation with a partially folded

structure along the A and B rings-fusion.?* The A*-double bond is further away from

the steric influence of the B-methyl substituent on C-10. Thus, the aldehyde 3.12 is the
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major diastereoisomer formed, as result of the preferential attack of the catalyst to
the B-face of the steroidal skeleton double bond. These observations contrast with
those reported for the hydroformylation of A-unsaturated steroids, which afforded
preferentially a-addition products.71’82

In conclusion, the Rh/L2-OBn catalysts were able to hydroformylate a
trisubstituted A*-double bond of a steroidal substrate, with similar activities to those
previously achieved with tris(o-tert-butylphenyl)phosphite. Remarkably, the (R)-
binaphthyl derived monophosphite ligand (R)-L2-OBn led to a more active and
stereoselective catalytic system than the (S)-binaphthyl counterpart (S)-L2-OBn, which
indicates that, in the case of the diastereoselective hydroformylation of 17p-

acetoxyandrost-4-ene 3.11, there might be the existence a matching-mismatching

effect®® between the stereoconfiguration of the substrate and the catalysts.

3.2.4 NMR studies of Rh(l)/monophosphite complexes in solution

Rhodium catalysts are typically prepared by mixing a ligand L with a rhodium
precursor. The resulting complexes, in presence of synthesis gas, can be further
converted into a rhodium hydrido complex of type {RhH(CO)L(s-x}, which is generally
the resting state of the catalytic active species. The rate of formation of these
complexes depends not only on the reaction parameters (such as temperature,
pressure and the solvent) but also on the type of ligand used. Therefore, NMR studies
in solution of complexation reactions may provide important information regarding
the probable structure of catalytic active species. In order to acquire some information
about the coordination mode of the monophosphite ligands to rhodium (regarding the
occurrence or not of secondary interactions between the metal and the oxygen atom
of the ether substituent at the ligands), >*P NMR studies in solution were performed.

In a typical experiment, the monophosphite ligand and the rhodium precursor
Rh(CO),(acac), in equimolar amounts, were dissolved in CDCls, under an argon inert
atmosphere, at 25°C, and stirred for 1 h (Scheme 3.11). After this time, the 3p NMR
spectra of the resulting solutions were registered. After the addition of an extra molar
equiv of ligand, the *'P NMR spectra of the resulting solutions were registered again.

The results are presented in Table 3.9.
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Rh1': R =CHj
Rh2' : R = CH,Ph
: Rh3': R = CHPh,
Rh4 : R = 1-adamantyl Rh4' : R = 1-adamantyl

Scheme 3.11

| *1P NMR spectra, the presence of one major species was evidenced by a 3tp

In al
NMR doublet in the range 120-125 ppm, with Y(**Rh-*!P) = 289-292 Hz, and also a
minor component (< 16%), presenting a doublet in the range 6=131-134 ppm with
1J(**3Rh-*'P) within 260-265 Hz (Table 3.9). Thus, these J(**Rh, *'P) coupling constants
of diagnostic value have proved the direct rhodium-phosphorus bond in all

complexes.84

Table 3.9 — *’P NMR chemical shifts and YJ(***Rh->!P) of Rh(1)/phosphite complexes.

P NMR
Complex
6 [ppm] 1 (*3Rh,*'P) [Hz]
Rh1l 120.5 (85%) 291
Rh?’ 131.0 (15%) 260
Rh2 121.9 (97%) 290
Rh2’ 131.2 (3%) 262
Rh3 122.3 (84%) 292
Rh3’ 133.3 (16%) 265
Rh4 124.7 (90%) 289
Rh4’ 132.3 (10%) 265

Conditions: CDCl; (under Ar or N, atmosphere, at 25°C.

When a twofold excess of ligand was added to the solution, the 31p NMR spectra

of the complexes remained unchanged, and only the typical signal of the non-
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coordinated phosphite ligand, as a singlet in the range 131-134 ppm, was observed, as
illustrated in Figure 3.11, for the case of rhodium complexes with (R)-L1-OMe. Thus,
the exclusive formation of rhodium species bearing a single phosphite ligand

coordinated to the metal was disclosed.

31P NMR CDCI3

L1-OMe
Rhl
i)
Rh1’
31P NMR CDCI3 Rh1
i)
.Rh1' ‘ {
h‘ ) )
31P NMR CDCI3

L1-OMe

T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90
f1 (ppm)

Figure 3.11 — *'P NMR spectrum of: i) (R)-L1-OMe; ii) P/Rh molar ratio = 1:1; iii) P/Rh
molar ratio = 2:1 (in CDCls, at 25°C, 90-160 ppm).

The IR spectra of each complex revealed a single wave-number of 2005 + 2 cm?,
which refers to the presence of one terminal carbonyl ligand. Since no further signals
were observed in the this region, we could assign the major species to P-monodentate
coordinated rhodium/phosphite complexes Rh1l, Rh2, Rh3 and Rh4, and the minor
species to P,0-heterobidentate complexes Rh1’, Rh2’, Rh3’ and Rh4’, which might
coexist in equilibrium (Scheme 3.11). These results were consistent with those
obtained with the related complex Rh(acac)(CO)(P(OPh)s) (& = 122.1 ppm; YJ(*®Rh, 3'P)
= 293 Hz; IR(CO) = 2006 cm™).2°> The HRMS spectra of Rh1 and Rh2 isolated complexes
indicated the presence of the molecular ions containing one carbonyl group and a

single phosphite ligand ([M-acac]” = 1059.1914 (Rh1); [M-acac]® = 1287.2882 (Rh2)).
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In order to assess the relative reactivity of the monophosphite ligands toward
complexation with Rh(l), several competitive reactions were carried out. For example,
the complex formation with (R)-L2-OBn was complete in ca. 5 min., considerably faster
than that with the sterically hindered monophosphite (R)-L3-OCHPh, (ca. 1 hour).
Furthermore, when a 1/1 mixture of the two ligands (R)-L2-OBn and (R)-L3-OCHPh,
was reacted with Rh(CO),(acac), a mixture of complexes Rh2/Rh2’ and Rh3/Rh3’ was
formed in a 85/15 ratio, after 1h (Scheme 3.12 A).

A
L2-OBn + L3-OCHPh,
Rh2/Rh2' + Rh3/Rh3'
85 : 15
B
oc 0=
(\OAd\R ) OMe Rh /
O—p o)
~—
OAd/ ) OMe/ ?)
L1.0M AdO LO MeO
-OMe
Rh4/Rh4’ + Rh1 + L4-OAd
/Ad /Me
(e} (@) (\O O—
g\ e o, ri
OAd \P/ ~ oM \P/ \O B
/o ° /o
o \) o
AdO Me
Rha' 50 - 50 Rh1

Scheme 3.12

On the other hand, when the ligand (R)-L1-OMe was added to a solution of
Rh4/Rh4’, a remarkable ligand exchange has occurred after 72 hours, leading to a ca.
1/1 mixture of Rh4/RhL4’ and Rh1/Rh1’ (Scheme 3.12 B, Figure 3.12).

These relevant differences observed in complex formation indicate that the rate
of substitution of the coordinated CO ligands by the phosphites decreases with the
steric hindrance of the R group, while the thermodynamic stability of the complexes is
also affected. Moreover, no evidence has been found for the existence of
[Rh(phosphite),] species containing either the same or different phosphite ligands.
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Figure 3.12 — *'P NMR spectrum of: i) Rh4/Rh4’; ii) mixture after addition of
(R)-L1-OMe (in CDCls, at 25°C, 90-160 ppm).

In sum, the in situ NMR studies described above provided some important
information on the coordination modes of monophosphite ligands possessing ether
oxygen as additional donor atoms. Although the coordination of only one phosphite
ligand to Rh(l) in either monodentate or heterobidentate coordination manner has
been proved by *'P NMR at ambient conditions, the presence of Rh-P, species cannot
be excluded under hydroformylation conditions. (Note that the negative order effect
with respect to L2-OBn in the Rh-catalyzed hydroformylation of 3.1 might refer to the
formation of a less active catalytic species bearing two phosphite ligands, as shown in
Figure 3.3 and Scheme 3.3).

Since the catalytic intermediates bearing phosphites with both monodentate and
heterobidentate coordination manners might be operative, the large number of Rh-
phosphite stereoisomeric species does not favor a well-defined stereostructure

necessary to achieve high enantiodiscrimination.

104



Chapter 3 — Evaluation of Monophosphite Ligands in Asymmetric Catalysis

3.2.5 Conclusions

In summary, the results presented in this section showed that this family of bulky
tris-substituted BINOL-based monophosphite ligands formed highly stable, active and
selective rhodium complexes for hydroformylation of disubstituted and internal
double bonds.

In the hydroformylation of the 1,2-disubstituted olefin, trans-1-phenylpropene
3.1, all catalytic systems provided full chemoselectivity for aldehydes and high
selectivity (ca. 90%) for the regioisomer with the formyl group in a-position.
Additionally, in the hydroformylation of the 1,1-disubstituted olefin, 2-phenylpropene
3.4, complete chemoselectivity for aldehydes was also reached with all catalytic
systems, however with a substrate controlled regioselectivity to the linear aldehyde, as
result of the preferential insertion of the aldehyde functionality into the less
substituted carbon atom of the double bond.

The structure of the ether substituents at the ligand affected considerably the
catalytic activity of Rh(l)/monophosphite catalysts in the hydroformylation of 1,1- and
1,2-disubstituted aryl olefins, showing similar tendencies for both types of substrates:
L4-OAd >> L1-OMe > L2-OBn >> L3-OCHPh,. The bulky and rigid adamantyloxy derived
monophosphite ligand seems to parallel with the classic bulky tris-(o-tert-
butylphenyl)phosphite, providing the highest activities. However, the low activity
achieved with (R)-L3-OCHPh,, may result from high steric hindrance exerted by the
diphenylmethoxy groups, which prevents the olefin insertion. The Ilow
enantioselectivities (up to 20% ee) achieved with all catalytic systems can be attributed
to the predominant formation of P-monocoordinated rhodium species, and to the
presence of different diastereomeric active catalytic species that can be formed under
hydroformylation conditions.

The kinetic studies performed with Rh/(R)-L2-OBn in the hydroformylation of
trans-1-phenylpropene 3.1, showed an ambiguous behavior of the catalytic system,
since positive orders were found for both substrate and H, partial pressure. This
indicates that there is no clear rate limiting step, or even suggests that a dinuclear
rhodium/phosphite complex can be formed as resting state, whose equilibrium toward
the catalytic active species is dependent from H, partial pressure.
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The high activity of Rh/L2-OBn catalytic system was also demonstrated by the
remarkable ability to perform the hydroformylation of styrene at temperatures below
30°C, leading to a remarkable 99% of regioselectivity for the branched aldehyde,
however without achievement of a good enantioselectivity (up to 20% ee).

Furthermore, Rh/L2-OBn catalysts were still able to hydroformylate the internal
C—C double bond of a steroidal olefin, 17B-acetoxyandrost-4-ene 3.11, achieving
similar activities to those obtained with Rh/tris(o-tert-butylphenyl)phosphite.
Remarkably, the (R)-binaphthyl derived monophosphite ligand (R)-L2-OBn led to higher
B-diastereoselectivity (70%) than the (S)-binaphthyl counterpart (S)-L2-OBn (61%),
which indicates a matching effect between the chiral steroidal substrate with the (R)-
binaphthyl derived catalyst.

Regardless of the low enantioselectivities obtained in the asymmetric
hydroformylation of prochiral aryl olefins, the remarkable activity of the
Rh/monophosphite catalysts in the hydroformylation of internal C-C double bonds of
steroid molecules and the influence of the ligand stereo-configuration in the
diastereoselectivity may open new perspectives, regarding the application of such
complexes in the diastereoselective synthesis and/or functionalization of further

natural products with biological interest.
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3.3. Palladium-catalyzed asymmetric hydrovinylation

As mentioned in Chapter 1, the transition metal catalyzed hydrovinylation

86,87,88,89,

reaction comprise a great interest in enantioselective synthesis because, when

applied to prochiral aryl olefins,®*"%

it generates a stereogenic carbon atom,
providing a short route to enantiopure 3-arylbut-1-enes, possible intermediates in the
preparation of 2-arylpropionic acids. Since isomerisation of 3-arylbut-1-enes to more
stable 2-arylbut-2-enes may occur, as well as the formation of homodimers as side-
products, the control of both chemo- and stereoselectivity represent major challenges.

Hydrovinylation constitutes a paradigmatic example of a catalytic reaction where
the use of monodentate phosphorus ligands (and hemilabile ligands with electronically
divergent donor atoms) was demonstrated to be crucial,®** since those substituents
capable of secondary interactions can advantageously influence catalytic activity and

selectivity through a dynamic “on/off” chelating effect with the metal centre (Scheme

3'13).87,93,96

L | L. X
MU T X — W )

LR ) TP

Scheme 3.13

97,98,99,100,101 21y he considered as the most efficient

Although nickel(Il) complexes
hydrovinylation catalysts, Pd(ll) catalytic systems have recently attracted much
attention, presenting the advantage of lower occurrence of dimerization products.86
For instance, allyl-palladium complexes containing several types of monodentate P-

102,103,104 phosphinite105 and binaphthyl-based diamidophosphite106

chiral phosphines,
have also achieved high chemoselectivities and remarkable enantioselectivities, in the
hydrovinylation of several olefins.

Considering these facts, our studies proceeded with the preparation of allyl-
palladium complexes, containing the Cs-symmetry tris-binaphthyl monophosphite

ligands, as well as their application as pre-catalysts in the Pd-catalyzed asymmetric

hydrovinylation of styrene.
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3.3.1 Synthesis of allylpalladium/monophosphite complexes

The preparation of chloro-allylpalladium complexes was carried out, starting
from each monophosphite and [PdCl(n-2-Me-allyl)],. This palladium precursor was
previously synthesized from Na,PdCl; and B-methylallyl chloride, through a standard
procedure107 and kindly provided for these studies by Doctor A. Grabulosa, from the
group of Professor G. Muller, in the Department of Inorganic Chemistry, University of
Barcelona.

In a typical complexation reaction, 104108109

the 2-methylallyl chloropalladium
dimer was reacted with two molar equiv. of monophosphite ligand L1-OMe, L2-OBn,
L3-OCHPh,, L4-OAd or L5-OCOAd, by stirring in anhydrous dichloromethane, at room

temperature (ca. 25° C), under a nitrogen atmosphere, during 1 to 3 h (Scheme 3.14).

___________________________

2L : ( o !
Cl, CH,Cl, | o 0T
—Pd_  Pd— —= ) OR |
NAy I I
Cl N2 1 / 1
! —Pd_ !

cl

25°C ! !
[PACI(n3-2-Me-allyl)], ! !
Pd1: R = CHs (71%)
_______________________ Pd2 : R = CH,Ph (66%)

oo P i Pd3:R=CHPh; (50%)
i L= (S)-L1-OMe P O‘ f; I Pd4 : R = 1-adamantyl (64%)

! (S)-L2-0Bn b : Pd5 : R = 1-adamantanoy! (70%)
! (R)-L3-OCHPh, | ! = * :
; (S}L4-OAd | | <3
! (S):-L5-OCOAd | :
Scheme 3.14

The reactions’ progress was performed by *'P NMR spectroscopy. After complete
disappearance of the signal assigned to free (non-coordinated) monophosphites, at 6
in the range of 130-136 ppm, the solvent was removed in vacuo and the resulting pale
brown foam was suspended in n-pentane. Finally, the solids were filtered and washed
with n-pentane. After properly dried under vacuum, the complexes Pd1, Pd2, Pd3, Pd4

and Pd5 were obtained, in moderate to good yields, as air-stable white solids.
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In general, these yields were moderately influenced by the ligand steric

bulkiness, being higher with the smaller methoxy-derived L1-OMe (71%) and the

medium size monophosphites L2-OBn (66%), L4-OAd (64%) and L5-OCOAd (70%) than

with the high sterically hindered diphenylmethoxy derivative L3-OCHPh, (50%).

The chloro-allylpalladium/monophosphite complexes were then characterized by

3p, 4 and *c NMR spectroscopy and microanalysis. Selected spectroscopic data is

presented in Table 3.10, and described below, while detailed full characterizations can

be found in Chapter 5, section 5.3.3.

Table 3.10 — Selected NMR data of chloro-allylpalladium monophosphite complexes
Pd1-Pd5 (in CDCls, at 25°C, under N,).

" "H NMR
P NMR o .
Complex 5 [ppml 6 [ppm] (multiplicity, J [Hz], integral)
(%) H anti allyl-CH; HC syn H' anti* H' syn* OR protons**
Pd1
. 0.61 1.01 2.09 254 3.89 3.44
Major (80) | 121.0 (s, 1H) (s, 3H) (s,1H) | (d,17.0,1H) | (d,9.5, 1H) (s, 9H)
. 1.45 1.04 2.51 3.02 4.12 3.58
Minor (20) | 121.0 (s, 1H) (s, 3H) (s,1H) | (d,16.5,1H) | (d,9.0, 1H) (s, 9H)
Pd2
475
. 0.48 0.65 2.13 2.51 3.85 (d, 12.4, 3H)
Major (78) | 121.9 (s, 1H) (s, 3H) (s,1H) | (d,17.0,1H) | (d,10.0, 1H) 4.79
(d, 12.4, 3H)
4.77
. 1.19 0.94 231 2.82 4.04 (d, 12.4, 3H)
Minor (22) | 1216 (s, 1H) (s, 3H) (s, 1H) | (d, 16.4, 1H) | (d, 11.0, 1H) 4.83
(d, 12.4, 3H)
Pd3
. 0.51 0.99 1.87 2.45 3.87 6.11
Major (60) | 120.2 (s, 1H) (s, 3H) (s,1H) | (d,17.0,1H) | (d,9.5,1H) (s, 3H)
. 1.16 1.05 2.28 2.72 4.05 6.03
Minor (40) | 119.4 (s, 1H) (s, 3H) (s,1H) | (d,17.0,1H) | (d, 10.0, 1H) (s, 3H)
Pd4
. 0.50 0.81-1.88 2.42 3.82
Major (68) | 118.2 (s,1H) | 0.81-1.88 | ov.(s, 1H) | (d,17.2, 1H) | (d, 12.0,1H) | 0.81-1.88
. 0.81-1.88 | ov. (s, 3H) 2.13 3.00 4.03 ov. (m, 45H)
Minor (32) | 1185 | 0" 1n) (s,1H) | (d,16.4, 1H) | (d, 10.4, 1H)
Pd5
. 0.85 1.14 1.87 3.86
Major (71) | 118.0 (s, 1H) (s,3H) | 1.23-1.78 | (d,16.0,1H) | (d, 12.0,1H) |  1.23-1.78
. 123-1.78 | 1.23-1.78 | ov. (s, 1H) 3.13 4.29 ov. (m, 45H)
Minor (29) | 1189 1 0" H) | ov. (s, 3H) (d, 16.0, 1H) | (d, 12.0, 1H)

Multiplicity: s, singlet; d, doublet; m, multiplet; br s, broad signal; ov., overlapped signal.
*J oy coupling constants, given in Hz, are shown in parentheses after multiplicity.
** J w.n coupling constants, given in Hz, are shown in parentheses after multiplicity.
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For each complex, the *'P NMR spectra showed a pair of major and minor sharp
signals with close chemical shifts, in the range 118-122 ppm. This was attributed to the
presence, in solution, of an unequal mixture of two isomeric Pd/phosphite complexes
(Rpq) and (Seq), %1% whose relative ratios varied from 1:1.5 (in case of Pd3) to 1:4
(in case of Pd1) (see Table 3.10 and section 5.3.3).

As illustrative example, the 3p NMR spectrum of Pd2 is shown in Figure 3.13.
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Figure 3.13 — *'P NMR spectrum of Pd2, in CDCls, at 25°C (expansion 100-140 ppm).

Phase sensitive *H-'H NOESY experiments (Figure 3.14) showed that, in analogy

to related complexes,102 both diastereomeric species interchange by the apparent allyl

pseudorotation and n*-n'-n* allylic shift mechanisms (Scheme 3.15)."%*'%

| CH, anti ity anti |

;synHt o HCsyn Hit N Hre ;

I antiH H® anti syn CH; syn :

. _ Cl—Pd :

Cl—Pd . o
Scheme 3.15
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Figure 3.14 — Phase sensitive 'H-'H NMR NOESY spectrum of Pd2, in CDCl; at 25°C,

with assignment of methylallyl protons (expansion 0.00-4.20 ppm).

Regarding the 'H NMR spectra, the terminal allyl protons in position trans to the
phosphorus atom Htsy,,and H',ni appear as doublets and present higher chemical shifts
than the singlets assigned to the cis positions H,, and H%,; protons. It is worth
highlighting the significantly lower chemical shift value of the signals of the methyl
group (6=0.65-1.14 ppm) and anti-cis-protons (6=0.48-1.45 ppm) of the allyl moieties
(Table 3.10), when compared with similar allylpalladium complexes.'®%*%% This fact
may be due to the effect of the close aromatic rings of the phosphite ligand in a
crowded environment. Furthermore, in the case of Pd2, the benzylic protons are
diastereotopic, as evidenced by two different signals at 6 = 4.73-4.84 ppm, coupled to
each other with typical second order effects for each major and minor species (Table

3.10).
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3.3.2 Hydrovinylation of styrene with Pd/monophosphite complexes

The diastereomeric pairs of neutral allylic complexes Pd1-Pd5 were then
evaluated as catalytic precursors in the asymmetric hydrovinylation of styrene 3.7.

The target product of the codimerization reaction between ethylene and styrene
is 3-phenylbut-1-ene 3.14, containing a chiral center in the allylic position, as result of
a new C—C bond formation. The isomerization of 3.14 to 2-phenylbut-2-enes 3.15 and
3.16 can take place as a consecutive process, in presence of a metal-hydride catalyst.
In addition, depending from the catalytic system, the dimerization of styrene and
ethylene may eventually occur, resulting in the homodimers cis-1,3-diphenylbut-1-ene

3.17 and but-1-ene 3.18, respectively (Scheme 3.16).

@315 (E)316 |

> 7 L ! NS
Pd1-Pd5 5

3.7 i 3.14 i 3.17 3.18

Scheme 3.16

104,108,109 the pre-catalyst activation was carried out by

In a typical procedure,
chloride abstraction, through addition of 1.1 molar equiv. of AgBF,; to the chloro-
allylpalladium complexes Pd1-Pd5, in CH,Cl,, in presence of styrene (1000 molar equiv)
to stabilize the cationic Pd species. After filtration of the formed AgCl, the solution was
introduced into a stainless steel autoclave, previously purged by successive
vacuum/nitrogen cycles and thermostated to 25°C. The autoclave was immediately

pressurized with 16 bar of ethylene, and the reactions were conducted for the desired

time.
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After the selected time, the autoclave was slowly depressurized and 10 mL of a
10% NH,4Cl aqueous solution was added, stirring for 10 min, in order to quench the
catalyst. The organic layer was then separated, dried with Na,SO,, filtered through a
plug of silica gel and subjected to GC analysis, to determine the products distribution

and ee for 3-phenylbut-1-ene 3.14. The results are listed in Table 3.11.

Table 3.11 — Catalytic evaluation of allylpalladium/monophosphite complexes Pd1 -

Pd5 in asymmetric hydrovinylation of styrene.a)

‘ X

©/\ ~ (16 bar) ~

3 Pd1-Pd5

| AgBF,

P37 CH,Cl, 3.14 3.15+3.16

25°C ;

Entry | Precursor® Con\(/;r)smn (-I;]C_)lF) 3.14 (%) | ee (%) 3'1?;3'16
19 (S)-Pd1 7.5 25 97.6 39 (R) 2.4
2 (S)-Pd1 14.8 25 95.6 39 (R) 4.4
3¢ (S)-Pd1 57.2 24 73.0 40 (R) 27.0
4 (S)-Pd2 30.5 51 92.6 71 (R) 7.4
5 (R)-Pd3 14.2 24 98.6 26 (S) 1.4
6 (S)-Pd4 3.5 6 97.8 - 2.2
7¢ (S)-Pda 13.9 6 91.1 62 (R) 8.9
8 (S)-Pd5 70.0 115 85.5 92 (R) 14.5

?) Reaction conditions (unless otherwise stated): 15 mL of CH,Cl,, Pd/styrene ratio = 1: 1000, 25°C,
Pethylene =16 bar, 6h. o) (R) and (S) refer to the binaphthyl absolute configuration of the ligand. 9
Pd/styrene ratio = 1:2000; 9 24h.

The results presented in Table 3.11, and illustrated in Figure 3.15 clearly show
that the catalytic activity and selectivity were strongly dependent on the OR
substituent. The chloro-allylpalladium/monophosphite Pd5 led to the most active
catalytic system (TOF=115 h™*) (Table 3.11, entry 8) and Pd4 the less active (TOF=6 h™)
(Table 3.11, entries 6 and 7). The precursor Pdl, led to a moderately active catalytic
system (TOF=25 h), even using a higher substrate/metal molar ratio (Table 3.11,
entries 1 and 2). All catalytic systems showed high chemoselectivity (ca. 90%) towards
3-phenylbut-1-ene 3.14. However, at longer reaction times the higher conversions
were accompanied by isomerization to 2-phenylbut-2-enes (3.15 and 3.16), resulting in

a decrease of the reaction’s chemoselectivity (Table 3.11, entries 2-3 and 6-7).
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Figure 3.15 — Comparative evaluation of allylpalladium/monophosphite complexes

Pd1-Pd5 in the asymmetric hydrovinylation of styrene 3.7.

A remarkable outcome of these Pd catalysts was the lack of styrene dimerization,

probably as a result of the ligands’ bulkiness, which may preclude the coordination of a

second styrene molecule to the Pd-n>-styryl intermediate (Scheme 3.17).

/\”; 4~ P(OR);

HSC/\\/O — hydrovinylation products

G

RO !
/\+ /;:COR — no styrene dimerization product :
OR i

Scheme 3.17

As typically achieved with vinylarenes as substrates, 100% regioselectivity

toward the branched product was observed, as a result of the equilibrium between the

branched intermediate G and the Pd-n>-styryl intermediate H,®” whose polarized C—Pd

bond is strongly stabilized by resonance effects, in the presence of a phenyl group (see

Scheme 3.18).
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Regarding the reaction’s enantioselectivity, the enantiomeric excesses have

increased in the order Pd3 (26%) < Pd1 (40%) < Pd4 (62%) < Pd2 (71%) < Pd5 (92%)

(Table 3.11, entries 3, 4, 5, 7 and 8).

Cl
Pd1-Pd5

/P*
4<<—Pd\ + AgBF,

[%_p{’*] "+ o
o /1 ©A
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O-donor atom
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H <0
\ + "
Pd—P
Y4 / F
H3C //\F;'-dp* // +/P*

e

According to the widely accepted mechanism,

Scheme 3.18

111 . . . .
9311 the catalytic active species is

the palladium hydride complex D, which is formed upon reaction of the catalytic

precursor Pd1-Pd5 with AgBF, (with formation of AgCl) and subsequent stabilization

with styrene, with concomitant elimination of 1-phenyl-4-methylpenta-1,4-diene. The

species D is able to coordinate with styrene (generating species E) and the subsequent
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hydride migratory insertion into the vinylarene terminal carbon atom generates the n’*
species F. The cycle proceeds with the coordination of ethylene to F, producing the
branched intermediate G, which is stabilized by the n-styryl intermediate H. The
migratory insertion of ethylene results in species I, and B-hydride elimination
generates species J. Finally, the target chiral olefin 3.14 is formed, and a new cycle is
restarted by regeneration of the Pd-hydride complex D (Scheme 3.18).

Since it is accepted that the coordination of the catalyst to the vinylarene
substrate is the step that eventually determines the reaction enantioselectivity, the
excellent ee obtained with Pd5 (92%) suggests that the adamantanoyl group at the
ligand is the key feature that might supply secondary interactions with the metal,
providing a Pd hydride intermediate of type D with high ability to discriminate one of

the enantiotopic faces of styrene (Scheme 3.19).
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Furthermore, as previously reported by Reetz,®’ the presence of a bulky and rigid
adamantanoyl substituent at the 2-binaphthyl position of the monophosphite ligand
L5-OCOAd prevents the free rotation of the substituents at the phosphorus atom,
which might increase the stability of Cs-symmetry helical structure of the

monophosphite, leading to highly stereo-discriminative species.
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Remarkably, despite the catalytic precursors are in fact, two interchanging
isomers in solution, no correlations were found between the diastereomeric ratios and

the catalytic activity/selectivity.

3.3.3 Conclusions

Neutral allylpalladium complexes stabilized by the bulky Cs3-symmetry tris-
binaphthyl monophosphite ligands have been synthesized in good yields, and fully
characterized by NMR spectroscopy, which evidenced a dynamic equilibrium between
two diastereomeric species in solution, resulting from (R) and (S) stereochemistry at
the palladium atom.

Their evaluation in asymmetric hydrovinylation of styrene showed a significant
dependence of activity and selectivity on the OR substituents at the ligand’s 2’-
binaphthyl position. All catalytic systems provided high chemoselectivity toward 3-
phenylbut-1-ene 3.14 (above 85%), without occurrence of homodimerization and low
formation of isomerisation products. While the palladium complexes bearing
monophosphite ligands with methoxy (Pd1), benzyloxy (Pd2) and 1-adamantyloxy
(Pd4) substituents led to moderate enantioselectivities (40-71% ee), the complex Pd5
containing a 1-adamantanoyl derived monophosphite produced a remarkable
enantiomeric excess of 92% toward (R)-3-phenylbut-1-ene, which constitute one of the
highest enantiomeric excesses obtained so far with palladium complexes, in the
catalytic hydrovinylation of styrene and, to the best of our knowledge, the best result
achieved with a monophosphite ligand. This outcome suggests that the presence of
bulky and rigid adamantanoyl substituents at the ligand may increase the stability of
Cs-symmetry helical structures and/or might favour secondary interactions with
palladium, which allows the preferential coordination of the active Pd hydride catalyst

into one of the substrate prochiral faces.
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3.4 Final Remarks

It is worth mentioning the fact that this type of chiral P,O monophosphite ligands
demonstrated to be much more capable of enantioinduction in the asymmetric
hydrovinylation than in asymmetric hydroformylation. The secondary interactions
between palladium and the hard oxygen atoms in the ligands’ substituents, leading to
P,0O—-heterobidentate hemilabile coordination might be a crucial feature to achieve
high enantioselectivities in the hydrovinylation of styrene.

Despite excellent activities and regioselectivities have been obtained with
Rh/monophosphite complexes in the hydroformylation of disubstituted aryl olefins,
the P,0-hemilabile ligands proved to be ineffective for asymmetric induction, which
corroborates the fact that achieving high enantioselectivities in hydroformylation is
strictly dependent from a stable P,P-rhodium bidentate chelate. However, the
remarkable activity and diastereoselectivity obtained with Rh/monophosphite
complexes in the hydroformylation of sterically hindered double bonds in steroid
molecules are encouraging results for further studies regarding the application of

these active systems to the hydroformylation of hardly reactive natural products.
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CHAPTER 4

PALLADIUM-CATALYZED
AMINOCARBONYLATION REACTIONS

4.1 Introduction

Palladium-catalyzed carbonylation reactions, carried out in the presence of
various nucleophiles like amines and alcohols, belong to the most widely used
homogeneous catalytic reactions in synthetic chemistry.l'2 There are a number of
applications concerning the synthesis of simple building blocks and the
functionalization of biologically important skeletons.>*

As previously mentioned in Chapter 1, aminocarbonylation plays a special role
among these reactions, since some carboxamides which are difficult to prepare via the
conventional carboxylic acid-carboxylic halide-carboxamide route (e.g., with bulky
substituents at the amide nitrogen) can be synthesized from easily available starting
materials, such as aryl triflates, enol-triflates, and the corresponding haloarene and
haloalkene analogues.’ Therefore, catalytic aminocarbonylation reactions have found
numerous applications in the synthesis of unsaturated carboxamides or aryl

carboxamides with unprecedented structures and relevant biological applications.®’®
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Encouraged by the increasing importance of the selective synthesis of amides
and ketoamides, as potential building blocks for high value products, the palladium-
catalyzed aminocarbonylation of model iodoaryl and iodo-alkenyl compounds was
performed, using the tris-binaphthyl monophosphites as ligands. We have also
investigated the possibility of extending the scope of aminocarbonylation to bromo-
and iodo-conduritol compounds, in order to obtain new amidocarbasugar derivatives.
Furthermore, the unprecedented use of diamines as N-nucleophiles was employed in
this catalytic reaction aiming the preparation of dimeric carboxamides (Figure 4.1),

including steroid derivatives with potential biological activity.

CARBOXAMIDE

<.

X NRR'

co
. , o
%ﬁ N-nucleophile ¢ KETO-CARBOXAMIDE
Pd/P &

X=1,Br
R = alkyl or aryl group
(@) NR RN__O
BIS-CARBOXAMIDE

Figure 4.1 — lllustrative figure with different types of aminocarbonylated products

developed in this work.

4.2 Palladium/monophosphite-catalyzed aminocarbonylation

It was our initial purpose to study the potentialities of the newly developed tris-
binaphthyl monophosphites as ligands in palladium-catalyzed aminocarbonylation
reactions, in order to evaluate the effects of electronic and steric properties of the

ligands, although the reactions do not involve the generation of any chiral center.
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4.2.1 Aminocarbonylation of iodobenzene

It is well established that aminocarbonylation of aryl halides, in presence of CO,
amine nucleophiles and palladium/phosphine catalysts, generates two possible
products: the carboxamide and the corresponding keto-carboxamide derivative.® The
ratio between these two products depends on several factors, such as the structures of
substrate and amine nucleophiles and the reaction conditions (namely, temperature
and CO pressure) while the ligand structure is usually less significant.” lodobenzene 4.1
is a typical model substrate, widely studied in this catalytic reaction, leading to
carboxamides and keto-carboxamides with well-known structures.'®***?

In order to find out the applicability of tris-binaphthyl monophosphites as ligands
in this reaction, the aminocarbonylation of 4.1 was performed, using palladium
catalysts formed in situ by reaction of palladium(ll) acetate with tris[(R)-2'-(benzyloxy)-
1,1'-binaphthyl-2-yl]phosphite, (R)-L2-OBn, which was selected as model ligand for this
study. Three different amines have been used as N-nucleophiles: an aliphatic primary

amine, tert-butylamine (a), an aromatic amine, aniline (b) and a secondary aliphatic

heterocyclic amine, morpholine (c) (Scheme 4.1).

5 NRR'
! 0O.__NRR' !
! | © o !
: co 5
i + HNRR' + !
i a-c Pd(OAc), !
L4 LZOBn 4 2ac 43a-c |
R R
a t-Bu
b H Ph
€. —(CH,),0(CHy),—
Scheme 4.1

In a typical experiment, the palladium precursor Pd(OAc),, two molar equiv. of
monophosphite ligand L2-OBn, iodobenzene, amine nucleophile and triethylamine

125



Chapter 4 — Palladium-Catalyzed Aminocarbonylation Reactions

were dissolved in DMF under argon in an autoclave, or a three-necked round-bottom
flask (in case of 1 bar CO experiments). The autoclave was pressurized with the desired
pressure of carbon monoxide and the reaction was conducted for the given time, upon
stirring at 50°C. After 4h and 20h, samples taken from the autoclave were immediately
analyzed by GC and GC-MS. The reaction mixtures were not subjected to work-up and
purification procedures, since all the products 4.2a-c and 4.3a-c have been previously

synthesized and characterized.’*** The results are summarized in Table 4.1.

Table 4.1 — Aminocarbonylation of iodobenzene 4.1, in presence of in situ Pd/L2-OBn

catalyst.?
‘ NRR'
| (@] NRR' O o
© + HNRR — 22 ES ¥
! a-c  Pd/L2-OBn !
L 4.1 4.2 4.3
Entry Amine P (CO) | Conversion” TOIIZC) 4.2: 4b.3
[bar] (%] [h] ratio”
1 . 84 8.4 40/60
29 100 >2 53/47
3 a 42 4.2 10/90
4% 40 75 1.5 26/74
5 1 100 > 10 100/0
6 b 30 3.0 100/0
79 40 67 1.3 100/0
8 L 86 8.6 15/85
9 100 >2 16/84
10 ¢ 46 4.6 12/88
119 40 77 1.5 24/76

%) Reaction conditions (unless otherwise stated): 1 mmol of substrate (4.1); 0.025 mmol of

Pd(OAc),; 0.05 mmol of monophosphite ligand (L2-OBn); 3 mmol of a, 2 mmol of b or 1.5

mmol of ¢; 0.5 mL of Et;N; solvent: DMF (10 mL); T= 50°C; time = 4h.

*) Determined by GC and GC-MS (naphthalene as internal standard).

;)) Turnover frequency calculated as (mmol of 4.1 converted)x(mmol of Pd) *x(reaction time) ™.
time = 20h.

Considering the effect of the amine structure in the catalytic activity, one can
observe from Table 4.1 that the aminocarbonylation reaction rates, using the aliphatic
primary amine (a) and the secondary cyclic amine (c) were very similar, with maximum

turnover frequencies of approximately 9 h™ with 1 bar of CO, and around 5 h™* with 20
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bar of CO (Table 4.1, entries 1-4 and 8-11). Using the aromatic amine (b) as N-
nucleophile, the aminocarbonylation reaction of 4.1, at 1 bar CO pressure has occurred
faster, with complete conversion after 4 hours (Table 4.1, entry 5). Remarkably, with a
CO pressure of 40 bar, the reaction rates using aniline (b) were significantly lower
(Table 4.1, entries 6-7), when compared with the reactions using aliphatic amines (a)
and (c). Although no mechanistic investigations have been carried out, the different
behavior with aniline might be arisen from the lower reactivity of the corresponding
palladium intermediate in activating a less nucleophilic aromatic amine.’

Regarding the effects of CO pressure in the catalytic activity and selectivity, the
aminocarbonylation of 4.1, carried out with tert-butylamine (a) with 1 bar of CO
pressure, resulted in high conversion (84% in 4 h, 100% in 20 h) (Table 4.1, entries 1-2).
However a decrease was observed when CO pressure was raised from 1 bar to 40 bar,
with only 42% conversion in 4 h and 75% in 20 h (Table 4.1, entries 3-4). A significant
effect of the CO pressure was also observed in the reaction chemoselectivity, with
preferential formation of the keto-carboxamide product 4.3a when a higher CO
pressure is used (Table 4.1, entries 3-4). The decrease in reactivity with increasing
carbon monoxide pressure can be explained by: i) the formation of Pd-dicarbonyl (or
tricarbonyl) complexes with no aminocarbonylation activity or; ii) the preferred
formation of the 2-ketocarboxamides due to double carbon monoxide insertion, which
is generally accompanied by lower reaction rates.”® Furthermore, it is worth
mentioning that an increase on carboxamide/ketocarboxamide ratios was observed
along the time (Table 4.1, entries 1-2, 3-4).

Similar tendencies were observed in the reaction rates when morpholine (c) was
used as nucleophile: high conversions were achieved (86% in 4 h, 100% in 20 h) with 1
bar of CO (Table 4.1, entries 8-9) and significantly lower conversions were observed
when CO pressure was raised to 40 bar (46% in 4 h and 77% in 20 h (Table 4.1, entries
10-11). However, practically no effect of CO pressure was observed in the reaction
chemoselectivity, with preferential formation of the double carbonylated product 4.3c,
in both cases of 1 bar and 40 bar of CO (Table 4.1, entries 8-11).

Using aniline (b) as a nucleophile, the effect of CO pressure in the catalytic

activity was more evident, with a decrease from 100% to 30% conversion when the
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pressure was increased from 1 to 40 bar of CO. Nevertheless, the reaction was 100%
chemoselective toward the carboxamide products, since no double carbon monoxide
insertion has occurred, when the aromatic amine was used as nucleophile (Table 4.1,
entries 5-7).

In summary, the Pd/monophosphite L2-OBn complexes formed in situ provided
active catalytic systems for the aminocarbonylation of iodobenzene 4.1, with higher
conversions at lower CO pressures, while the chemoselectivity showed to be strongly
dependent on the type of amine used as nucleophile, being carboxamides the only
product obtained with aniline (b), and keto-carboxamides the major products when

tert-butylamine (a) and morpholine (c) were employed as N-nucleophiles.

4.2.2 Aminocarbonylation of 1-iodo-cyclohexene

Similarly to aryl halides, iodo-alkenes can also undergo aminocarbonylations
resulting in a,B-unsaturated carboxamides. However, the major difference from the
corresponding aromatic substrates lies in the lack of double carbon monoxide
insertion, i.e., the formation of 2-ketocarboxamides is not observed under
aminocarbonylation standard conditions.™®

Thus, having in hand a novel family of bulky aryl monophosphite ligands with
peculiar steric and electronic properties, we aimed the synthesis of new cycloalkenyl
ketoamides via double carbonylation of 1-iodo-cyclohexene 4.4.

The aminocarbonylation of 4.4 as iodoalkene substrate was performed, in the
presence of palladium catalysts formed in situ by the reaction of Pd(OAc), and the
monophosphite (R)-L2-OBn, used as model ligand for this reaction. Five different
amines, such as tert-butylamine (a), aniline (b), morpholine (c), piperidine (d) and (L)-
alanine methyl ester (e), were used as N-nucleophiles (Scheme 4.2).

In a typical experiment, Pd(OAc),, 2 molar equiv. monophosphite ligand L2-OBn,
1-iodo-cyclohexene 4.4, the amine nucleophile and EtsN were dissolved in DMF under
argon in the autoclave, or a three-necked round-bottom flask (in case of 1 bar CO
experiments). The autoclave was pressurized with the desired CO pressure and the
reaction was conducted for the given time, upon stirring at 50°C (or 30°C). The reaction

evolution along the time and products identification was performed by GC and GC-MS
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analysis of samples taken from the reaction mixture. The mixture was then
concentrated and evaporated to dryness. After work-up procedures, the reaction
mixtures were then purified by column chromatography, using silica gel as stationary
phase and mixtures of EtOAc/CHCl3 as eluents (exact ratios for each compound are

specified in Chapter 5, section 5.4.2).

| NRR' !
: O+_NRR' l
v © o
E co :
: + HNRR' + :
! a-e Pd(OAc), :
i L2-OBn |
. 4.4 4.5a-e 4.6a-e '
R R
a t-Bu
b H Ph
€. —(CH,),0(CHy),—
A —(CHs—
0
e: H
E%OCHs
CH,
Scheme 4.2

The optimization of the reaction conditions toward the double carbonylated
products using tert-butylamine (a) as N-nucleophile, and the subsequent screening of
the several diamines was then performed. The results are presented in Table 4.2.

Under the typical conditions,*® at 50°C and 1 bar CO, the exclusive formation of
N-(tert-butyl)carboxamide derivative 4.5a was observed (Table 4.2, entry 1). However,
the target 2-keto-carboxamide 4.6a was able to be formed in the range of 20-110 bar
of CO pressure (Table 4.2, entries 2-9). At the temperature of 50°C, the increase of CO
pressure from 40 bar to 60 bar had a positive influence on the formation of 4.6a (Table
4.2, entries 2-3). Nevertheless, at a higher temperature of 80°C, the effect of the CO
pressure on chemoselectivity was negligible (Table 4.2, entries 4-5). The decrease of

the temperature to 30°C has remarkably favored the formation of ketoamide 4.6a
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(Table 4.2, entries 6-9). Furthermore, at this temperature, the increase in the CO
pressure from 20 bar to 110 bar had a pronounced positive outcome on the formation
of 4.6a, with an almost insignificant effect on the reaction rate (Table 4.2, entries 6 and
8). Consequently, the highest chemoselectivity of 67% towards 2-ketocarboxamide

4.6a has been obtained at 30°C and 110 bar CO pressure (Table 4.2, entry 6).

Table 4.2 — Optimization of reaction conditions and screening of amines in

aminocarbonylation of 1-iodo-cyclohexene 4.4 with in situ Pd/L2-OBn catalysts.a)

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff '

‘ NRR'
. O<_NRR o) o |
: co :
; + HNRR' + 1
: a-e  Pd/L2-OBn !

4.5 4.6 :

4.4 ‘

Entry | Amine T P(CO) time | Conversion” TOI1=°) 4.5/4.6

[°C] [bar] [h] [%] [hY] | ratio
1 a 50 1 0.5 100 >80 | 100/0
2 a 50 40 3 100 >13 | 75/25
3 a 50 60 1 100 >40 | 66/34
4 a 80 40 1 100 >40 | 86/14
5 a 80 60 1 100 >40 | 86/14
6 a 30 110 2 75 15 | 33/67
7 a 30 110 6 100 >7 | 46/54
8 a 30 20 2 69 13.8 | 61/39
9 a 30 20 3 80 10.7 | 60/40
10 b 50 1 1 64 25.6 | 100/0
11 b 50 40 0.5 100 >80 | 100/0
12 b 30 110 2 100 >20 | 100/0
13 c 50 1 1 100 >40 | 100/0
14 ¢ 30 110 2 92 18.4 | 34/66
15 c 30 110 4 100 >10 | 33/67
16 d 30 110 4 100 >10 | 29/71
17 e 50 1 1 100 >40 | 100/0
18 e 50 40 1 100 >40 | 97/3
19 e 30 110 2 87 17.4 | 93/7

% Reaction conditions: 1 mmol of substrate (4.4); 0.025 mmol of Pd(OAc),; 0.05 mmol of
monophosphite ligand (L2-OBn); 3 mmol of a, 2 mmol of b, 1.5 mmol of ¢ and d, or 1.1 mmol of e
(as a hydrochloride salt); 0.5 mL of Et;N; solvent: DMF (10 mL).

®) Determined by GC and GC-MS (naphthalene as internal standard).

9 Turnover frequency calculated as (mmol of 4.4 converted)x(mmol of Pd)'1><(reaction time)'l.

Regarding the screening of the other amines, the exclusive formation of

carboxamide derivatives of type 4.5 was also observed, as expected, at 1 bar CO and
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50°C (Table 4.2, entries 10, 13 and 17). Under the optimized reaction conditions of
30°C and 110 bar CO, the use of secondary amines morpholine (c) and piperidine (d) as
nucleophiles, resulted in chemoselectivities of 67 and 71%, respectively, toward the
double carbonylated products 4.6¢c and 4.6d (Table 4.2, entries 15 and 16). After the
respective purification by column chromatography in silica gel, the desired ketoamides
with unprecedented structures 4.6a, 4.6¢ and 4.6d have been isolated in 60%, 62% and

66% yields, respectively and chemically characterized by spectroscopic techniques.

KO

° o) ° o) O% So

4.6a 4.6c 4.6d
(60%) (62%) (66%)

The aminocarbonylation of 4.4 with aniline (b) as a nucleophile did not provide
double carbon monoxide insertion, although unexpectedly high activities for the
formation of the corresponding carboxamide 4.5b were observed (Table 4.2, entries
10-12). As previously observed with 4.1, the insertion of a “second” CO unit leading to
the corresponding Pd-carbamoyl intermediate {Pd(CO)NRR’} seems not to be favored
in case of an aromatic moiety.

Furthermore, using methyl (L)-alaninate (e), a very low chemoselectivity toward
the double carbonylation product 4.6e was also observed (Table 4.2, entries 18 and
19). It should be mentioned that the carboxamides of known structure (4.5a,** 4.5¢,*
4.5d"" and 4.5e™° gave identical spectra to those reported in the literature, obtained by
conventional synthetic methods.

Following our initial goal of evaluate the effect of the OR substituents at the
monophosphite ligands in the catalytic performance, the comparative screening of
ligands (R)-L1-OMe, (R)-L2-OBn, (R)-L3-OCHPh, and (R)-L4-OAd was performed in the
palladium-catalyzed aminocarbonylation of 1-iodo-cyclohexene 4.4, using tert-

butylamine (a), as model N-nucleophile. The results are summarized in Table 4.3.
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Table 4.3 — Ligand screening in tert-butylaminocarbonylation of

1-iodo-cyclohexene 4.4.

| Y e

| O+ _NH (@) o

@ + t-BuNH, &» 5 +

a Pd/L

A 45a 46a .
Entry Ligand T P(CO) | time | Conversion " TOF1 9| 4.5a/4.6a

(L) [°’c] | [bar] [h] (%] [h] ratio

1 L1-OMe | 50 1 1 100 >40 100/0
2 L1-OMe | 30 110 2 100 >20 39/61
3 L2-0Bn | 50 1 0.5 100 >80 100/0
4 L2-0Bn | 30 110 2 75 15 33/67
5 L3-OCHPh, | 30 110 1 59 23.6 43/57
6 L3-OCHPh, | 30 110 2 71 14.2 28/72
7 L4-0Ad | 50 1 1 100 >40 100/0
8 L4-0Ad | 30 110 2 76 15.2 33/67

% Reaction conditions (unless otherwise stated): 1 mmol of substrate (4.4); 0.025 mmol of Pd(OAc),;
0.05 mmol of ligand; 3 mmol of a; 0.5 mL of Et;N; solvent: DMF (10 mL).

® Determined by GC and GC-MS (naphthalene as internal standard).

9 Turnover frequency calculated as (mmol of 4.4 converted)x(mmol of Pd) *x(reaction time) ™.

Under the optimized reaction conditions toward double carbonylation, i.e., at a
high CO pressure (110 bar) and low temperature (30°C), the tert-
butylaminocarbonylation reaction of 4.4, using the ligands L1-OMe, L3-OCHPh; and L4-
OAd, showed similar activities and chemoselectivities to those achieved with L2-OBn,
being the ketocarboxamide 4.6a achieved as the major product (=70%) in all cases
(Table 4.3, entries 2, 4, 6, and 8). As expected, when the reactions were performed at
50°C and 1 bar of CO pressure the Pd/L catalytic systems (with L1-OMe, L2-OBn and L4-
OAd as ligands) provided exclusively the monocarboxamide 4.5a (Table 4.3, entries 1,
3, and 7). Therefore, the OR moiety at the monophosphite ligand did not significantly
influence either the catalytic activity or the chemoselectivity. These results might refer
to the fact that, under aminocarbonylation conditions, the monophosphites coordinate
to palladium as monodentate P-ligands (upon the activation of the iodoalkene

substrate).
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Mechanistic considerations

It is worth mentioning that these in situ catalysts are the phosphite analogues of
the widely studied palladium(0)-tertiary phosphine systems. It has been proved that
palladium(ll) is reduced to palladium(0) while one of the two equivalents of ligand is

oxidized.*®*

In our case, the formation of coordinatively highly unsaturated
[Pd(L)(S)n]Jcomplex (wherein S stands for solvent (DMF) and L stands for the
monophosphite) is believed to occur, while the second equivalent of monophosphite
ligand is oxidized to the corresponding triaryl phosphate. The action of other
compounds (amine, carbon monoxide) as reducing agents cannot be excluded.
Although the formation of 2-oxo-carboxamides from haloaromatics can be
explained in two ways, namely, by both the “glyoxyl-route” and the “acyl-carbamoyl-
route”, detailed mechanistic studies revealed that the latter is responsible for double-

carbonylation.?®?!

A similar mechanism could be operative in the case of these
palladium/phosphite systems containing sterically hindered P-heterodonor ligands. A
simplified catalytic cycle describing the formation of 1-cyclohexenylglyoxylamides,

from aminocarbonylation of 1-iodo-cyclohexene is then proposed in Scheme 4.3.
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The facile oxidative addition of in situ formed palladium(0) species results in an
alkenyl-palladium(Il) (A) intermediate which is able to coordinate carbon monoxide
(B). The acyl complex (C), formed by carbon monoxide insertion, is ready to coordinate
the “second” carbon monoxide as a terminal carbonyl, which undergoes a nucleophilic
attack by the N-nucleophile (D). In this way, the bulky tris-binaphthyl ligands might
favor the formation of the acyl-carbamoyl-palladium(ll) intermediates (E),
[PA{RC(O)HC(O)NRR}], which readily undergo reductive elimination providing 2-
ketocarboxamides. Although several further features in the catalytic cycle may
promote the insertion of a second CO into the acyl-palladium complex, leading to the
Pd-carbamoyl intermediate, phosphites with low electron donor character (and being
strong m-acceptors) create a relatively electron-poor transition metal center, which
favors the subsequent reductive elimination.

In sum, the palladium complexes formed in situ with the new tris-binaphthyl
monophosphite ligands provided the first examples of active and selective catalytic
systems toward the double carbonylated products in the aminocarbonylation of 1-
iodo-cyclohexene. The resulting cyclohexenyl-glyoxylamides, which have been
efficiently synthesized for the first time using this methodology, are valuable building

blocks in synthetic chemistry.
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4.3 Palladium-catalyzed aminocarbonylation of halogenated conduritol

derivatives

Conduritol derivatives (i.e., 1,2,3,4-cyclohexenetetrols) are considered useful

22,23

chiral building blocks for the asymmetric synthesis of natural products, since their

chemical constitution resemble the structure of sugars. In fact, the design and

synthesis of small molecules, which can mimic complex carbohydrates involved in

24,25

diverse cellular processes — glycomimics, may lead to a better understanding of

carbohydrate functions and can eventually culminate in potential drug candidates.?®

These glycomimics include carbasugars and aminocarbasugars, which usually display

27,28,29

various biological properties as enzyme inhibitors, and may be involved in

relevant biological processes or biotechnological applications.30 For example, several

31,32,33

aminocyclitols, such as valienamine 4.7 and its related analogues have

demonstrated strong glucosidase inhibitory activity, thus showing particular

importance as chemotherapeutic agents.>*

NH>
\OH

Y OH
OH OH
4.7
Valienamine

Among the several examples of biologically relevant targets prepared by

35,36

palladium-catalyzed carbonylation reactions, are the syntheses of carbasugars and

the antiviral agent oseltamivir,®” known as Tamiflu® (Scheme 4.4).
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Scheme 4.4
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lodoarenes and iodoalkenes are the most frequent substrates in coupling
reactions, due to the presence of a more polarizable iodo leaving group that enables
facile reactions, under mild reaction conditions. However, aryl and alkenyl bromides*®
present several advantages, such as higher synthetic availability, lower cost and easier
manipulation when compared to the iodo-analogues. Therefore, the carbonylation of
bromo-alkenes represents a great challenge, from a synthetic point of view.

In this section, the studies of palladium-catalyzed aminocarbonylation reactions
were extended to bromo- and iodo-cyclohexenetetraols as substrates, aiming the
synthesis of chiral conduritol-derived carboxamides. The halogenated conduritol
derivatives 4.8, 4.9 and 4.10 were prepared in the laboratory of Professor E. Pandolfi,
from Universidad de La Republica (UdelaR), in Montevideo (Uruguay), and were kindly
provided by Doctor V. Heguaburu and Doctor V. Schapiro, in the scope of a bilateral

cooperation project.39

Br Br |
ﬁlox ﬁI"x @E"x
AcO" Y TO AcO” > TO AcO" Y O
OAc OAc OAc
4.8 4.9 4.10

The synthesis of the substrates has followed the sequential pathway represented
in Scheme 4.5. The first step was the biotransformation of bromobenzene in the
presence of Pseudomonas putida F39/D.*° The reaction with 2,2-dimethoxypropane®
yielded the protected cis-cyclohexadienediol derivative, whose further oxygenation
was followed by two different synthetic approaches: the dihydroxylation with OsQO,4
and NMO (N-methylmorpholine N-oxide), attaining the cis-hydroxylated product,* or
the trans dihydroxylation through reaction of the protected cyclohexadienediol with
MCPBA (meta-chloroperoxybenzoic acid), followed by epoxide ring opening with
KOH.*! The subsequent protections of the hydroxyl groups with acetic anhydride in
basic media afforded the target compounds 4.8, 4.9 and 4.10, which were used as

substrates in palladium-catalyzed aminocarbonylation reactions.*
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The diastereomeric conduritol derivatives 4.8 and 4.9 were subjected to
aminocarbonylation reactions with different amines: tert-butylamine (a), aniline (b)
and piperidine (d), in the presence of in situ generated Pd(0) catalysts (Scheme 4.6).

In a typical experiment, the Pd(OAc), precursor, 2 molar equiv. of phosphorus
ligand and the haloconduritol derivative were placed in the autoclave. After three
cycles of CO/vacuum, the desired amine and triethylamine, dissolved in DMF under N,
atmosphere, were added via cannula. The autoclave was then pressurized with 30 bar
of carbon monoxide and the mixture was magnetically stirred for 24 h at 100°C. It
should be mentioned that the employed amine/substrate ratios were based on the
volatility properties of each amine. For instance, the most volatile amine, tert-
butylamine (a) was used in threefold excess, while in the case of less volatile piperidine
(d), a ratio of 1.5 to substrate was sufficient. The reactions’ progress was followed by
TLC and GC analysis of aliquots taken from the reactor via cannula, and the final
conversions were determined by GC and confirmed by *H NMR spectroscopy of the
crude mixture, through integration of the olefinic protons of both the substrate and

the reaction products.
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The optimization of the reaction conditions was performed using 4.8 as model
substrate and tert-butylamine (a) as model N-nucleophile (Table 4.4). Similarly to
previous studies, in the first assessment, tris[(S)-2’-(benzyloxy)-1,1’-binaphthyl-2-
yl]phosphite, (S)-L2-OBn was used as model ligand from the family of Cs-symmetry tris-
binaphthyl monophosphites and the reaction was carried out at 30 bar of CO pressure
and 100°C. However, no conversion has occurred using the in situ Pd/L2-OBn catalyst,
in 24 hours (Table 4.4, entry 1). Consequently, triphenylphosphine was then selected
as ligand, to study the effects of several reaction parameters.

Under a 30 bar CO pressure and 50°C temperature, the in situ Pd/PPhs catalyst
was inactive in the aminocarbonylation of 4.8, since the reaction did not proceed after
24 h (Table 4.4, entry 2). To overcome problems related to the low reactivity of the
bromoalkene substrate, a temperature of 100°C was employed, keeping the CO
pressure in 30 bar. Under these conditions, a conversion of 60% was achieved in 24 h
(Table 4.4, entry 3). However, at longer reaction time (48 h), a complex mixture,
containing hydrolyzed products (Table 4.4, entry 4) was evidenced by GC, *H NMR and
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13 NMR. The decrease of CO pressure to 20 bar led to a drop in the conversion (30% in
24 h) (Table 4.4, entry 5). Furthermore, by using a different solvent, butan-2-one
instead of DMF, a considerably higher conversion of substrate (90%) was observed,
however a significantly lower selectivity was achieved, resulting in a complex mixture

of mono-, double carbonylated and hydrolyzed products (Table 4.4, entry 6).

Table 4.4 — Optimization of reaction conditions in aminocarbonylation of 4.8, using

tert-butylamine (a) as nucleophile.a)

3 B O NH |
3 0} co o
Hes O
' Ao YO0 Pd/L AcO" Y TO

OAc a OAc
4.8 4.11a
Entry Ligand T P(CO) solvent time | Conversion ”
(L) [°C] | [bar] [h] [%]
1 L2-0Bn | 100 30 DMF 24 -
2 PPh, 50 30 DMF 24 -
3 PPh; | 100 30 DMF 24 60
4 PPh; | 100 30 DMF 48 100
5 PPh; | 100 20 DMF 24 30
6 PPh; | 100 30 | butan-2-one | 24 90°

? Reaction conditions: 0.3 mmol of substrate 4.8; 0.015 mmol of Pd(OAc),; 0.03 mmol of
ligand; 0.9 mmol of a; 0.25 mL Et;N, solvent: DMF or butan-2-one (7 mL).

®) 9 of substrate converted at the indicated time, determined by GC and 'H NMR.

° complex product mixture.

In order to turn this reaction into a real synthetic tool for the preparation of
conduritol-derived amidocarbasugars, the aminocarbonylation of 4.8 and 4.9 was then
performed under the previously optimized reaction conditions (T=100°C; P(CO)=30
bar; Pd(OAc),/PPhs; (1:2) as in situ catalyst; DMF as solvent; time=24 h), using tert-
butylamine (a), aniline (b) and piperidine (d) as N-nucleophiles. At the end of each
reaction, metallic “palladium-black” particles were filtered off, and the mixture was
evaporated to dryness. After work-up, the desired products of type 4.11 and 4.12 were
purified, by column chromatography in silica gel, using mixtures of chloroform/ethyl
acetate or n-hexane/ethyl acetate as eluent (exact ratios for each compound are

specified in Chapter 5, section 5.4.3). The results are summarized in Table 4.5.
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Table 4.5 — Catalytic aminocarbonylation of bromoconduritol derivatives 4.8 and 4.9.°

Product
Entry Substrate Amine conversion® [%]
(isolated yield [%])

O+_NH
o)
! a Sos
AcO" Y0
OAc

4.11a 60 (50)

Bf o)
o
Ses :
2 AcO™ N0 b ><
C_)AC ACO\\‘ : O
4.8 OAc

4.11b 57 (45)

oA

3 d os
AcO" YN0
OAc

4.11d 67 (56)

O NH
(0]
‘ : &K
AcO Y (0]
OAc

4.12a 63 (52)

' o 0
0
LX< 0
5 AcO” Y0 b /&K
OAc AcO Y (0]
4.9 OAc

4.12b 45 (27)

o A

6 d e
AcO” >0
OAc

4.12d 66 (53)

%) Reaction conditions: 0.3 mmol of substrate; 0.015 mmol of Pd(OAc),; 0.03 mmol of PPhs; 0.9
mmol of a, 0.6 mmol of b, or 0.45 mmol of d; 0.25 mL of Et;N; solvent: DMF (7 mL); T=100°C;
P(CO)=30 bar.

®) 9 of substrate converted at the indicated time, determined by GC and 'H NMR.
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The overall results show that, using moderate CO pressures (30 bar) and a
temperature of 100°C, total selectivity for the carboxamide products was achieved in
all cases, since no double carbonylated products (2-ketocarboxamides) were formed.
Furthermore, conversions did not depend on the stereo configuration of the substrate,
but were basically influenced by the amine nucleophilicity, being higher with alkyl
amines a and d (Table 4.4, entries 1, 3, 4 and 6) than with the aromatic amine b (Table
4.4, entries 2 and 5). It is worth mentioning that the sensitiveness of acetate protecting
group toward hydrolysis, during the isolation/purification process resulted in
significantly decreased isolated yields, comparatively to reaction conversions.

The aminocarbonylation of 4.8, using tert-butylamine (a) as nucleophile,
provided the respective carboxamide 4.11a with an isolated yield of 50%. Likewise,
using the same amine, product 4.12a was reached from the aminocarbonylation of
substrate 4.9, in 52% isolated yield (Table 4.5, entries 1 and 4). In the same way, the
reactions with the secondary amine piperidine (d) gave the corresponding products
4.11d and 4.12d, in similar isolated yields of 56% and 53%, respectively (Table 4.5,
entries 3 and 6). However, using aniline (b) as nucleophile, lower conversions were
observed, and the target carboxamides 4.11b and 4.12b were more susceptible to
decomposition during the purification procedures, as demonstrated by the
significantly lower isolated yields of with 45% and 27%, respectively (Table 4.5, entries
2 and 5).

Aiming to expand the structural motifs of these conduritol-derived
carboxamides, retaining the resemblance with natural products, two amino acid
derivatives were also used as N-nucleophiles: (L)-alanine methyl ester (e) and (L)-valine
methyl ester (f). However, to overcome issues related to products decomposition
under heavy reaction conditions, these Pd-catalyzed aminocarbonylation reactions
were performed, using 4.10 as substrate (Scheme 4 7), the iodo analogue of 4.8. This
way, it was possible to use considerably milder reaction conditions (1 bar CO, 50°C)
than those previously employed in reactions of bromocyclohexenetetraols. The amino
acid methyl esters were used in hydrochloride form (solids), so the “free” nucleophiles

were made available “in situ” upon the effect of triethylamine as HCl acceptor.
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Scheme 4.7

The aminocarbonylations of the iodo-cyclohexenetetraol derivative 4.10 yielded
the carboxamide products with high conversions (99% in the case of (L)-alanine and
93% with (L)-valine methyl ester) under mild reaction conditions. After work-up and
purification by column chromatography in silica gel, using as eluent a mixture of
chloroform/EtOAc (exact ratios for each compound are specified in Chapter 5, section
5.4.3), the target carboxamide compounds 4.11e and 4.11f were obtained in 85% and
66% isolated yields, respectively.

All products were fully characterized, using the appropriate spectroscopic
techniques, namely 'H NMR, *C NMR (full assignments were based on 2D NMR
homonuclear (COSY and NOESY) and heteronuclear (HSQC and HMBC) experiments)
and mass spectrometry (Chapter 5, section 5.4.3).

As illustrative example, the 'H NMR spectrum of the tert-butylcarbamoyl
derivative 4.12a in CDCl; at room temperature (Figure 4.2), shows a doublet at § =
6.63 ppm, with a small coupling constant of 2 Hz, which was assigned to the olefinic
proton at position 6. The broad singlet at 6 = 6.48 ppm was assigned to the amide N-H
proton. The different cyclohexenyl protons in the close proximity of electronegative
oxygen atoms gave rise to distinct signals with chemical shifts in the region between
4.28-5.51 ppm. At & = 5.49 ppm, a doublet of doublets was assigned to the proton at
position 5, as result of the couplings with the olefinic proton in position 6 (with a
coupling constant of 2 Hz) and with the proton in adjacent position 4 (with a coupling

constant of 9 Hz). At 6 = 5.23 ppm, another doublet of doublets, with coupling
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constants close to 9 Hz, was assigned to the proton in position 4, which couples with
protons in both adjacent positions 5 and 3a. The sharp doublet with a coupling
constant of 6 Hz, at 6 = 4.82 ppm, was assigned to the proton at position 7a, as result
of coupling with a single proton in the position 3a. At § = 4.29 ppm, the proton at
position 3a is evidenced by a doublet of doublets, with J =6 Hz and J = 9 Hz, as result of
the respective couplings with the protons in both adjacent positions 7a and 4. At & =
2.10 ppm and & = 2.09 ppm, two close singlets were assigned to the three methyl
protons of each acetate groups in 3 and 4 positions. Two other singlets can be
observed at 6 = 1.55 ppm and 6 = 1.44 ppm, which were assigned to six methyl protons
of the isopropylidene group. Finally, the intense singlet at 6 = 1.39 ppm was assigned

to the nine protons of the tert-butyl group.
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Figure 4.2 — 'H NMR spectrum of (3aR,4R,5S,7aR)-7-(tert-butylcarbamoyl)-2,2-
dimethyl-3a,4,5,7a-tetrahydrobenzo[d][1,3]dioxole-4,5-diyl diacetate (4.12a).

The *C NMR spectrum of 4.12a in CDCl; at room temperature (Figure 4.3),
shows two signals at 6 = 170.2 ppm and 6 = 170.1 ppm, assigned to the carbonyl

carbon atoms belonging to both acetate groups in positions 4 and 5. At 6 = 163.8 ppm,

143



Chapter 4 — Palladium-Catalyzed Aminocarbonylation Reactions

the signal was assigned to the carboxamide carbon atom. The peaks at 6 = 135.0 ppm
and & = 132.1 ppm were assigned to the olefinic C6 and C7 atoms. The signal at 6 =
111.9 ppm was assigned to the isopropylidene C2 atom. The four peaks at 75.6 ppm,
71.8 ppm, 71.4 ppm and 69.9 ppm were assigned to C3a, C7a, C4 and C5, respectively.
The signal at 6 = 51.4 ppm was assigned to the nitrogen-bounded tert-butyl carbon
atom, while at 6 = 28.6 ppm a triple intensity signal was assigned to the three
equivalent methyl carbon atoms of the tert-butyl group. The two signals at § = 27.8
ppm and 6 = 26.4 ppm were assigned to methyl carbon atoms of the isopropylidene
group. Finally, the two close peaks at 6 = 20.9 ppm and § = 20.8 ppm were assigned to

the methyl carbon atoms of each acetate groups.
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Figure 4.3 — 3C NMR spectrum of (3aR,4R,5S,7aR)-7-(tert-butylcarbamoyl)-2,2-
dimethyl-3a,4,5,7a-tetrahydrobenzo[d][1,3]dioxole-4,5-diyl diacetate (4.12a).
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4.4 Synthesis of dicarboxamides via catalytic carbonylative dimerizations

Recently, dicarboxamides have found extensive applications in several fields such

as synthetic, coordination and pharmacological chemistry.***>

Particularly,
heterocycles containing two carboxamide functionalities are of high synthetic
relevance.  For  instance,  pyrrolidine-2,5-dicarboxamides,””  pyridine-2,6-

48,49

dicarboxamides, thiophene—2,5—dicarboxamides50 and their selenophene

2253 oxindol-1,3-dicarboxamides® and

analogues,”’ imidazole-4,5-dicarboxamides,
binaphthyl-based dicarboxamides®> have been prepared and used as chiral synthons.
N,N,N’,N’-Tetraalkylpyridine-2,6-dicarboxamides proved to be efficient ligands in
coordination chemistry.”® Biological tests on imidazole-dicarboxamides have evidenced
their antiproliferative activity against HL-60 cells.”’ The activity of various diamides was
also evaluated in vinblastine accumulation processes.®

In spite of its high efficiency in the synthesis of carboxamides of practical
importance, palladium-catalyzed aminocarbonylation has scarcely been used for the
synthesis of diamides. Regarding this subject, one paper reported the synthesis of
“mixed” diamides possessing both aryl-carboxamide and alkenyl-carboxamide
functionalities from the corresponding diiodo substrate.> Additionally, a,w-diamino-
alkanes have been carbonylated to cyclic ureas in the presence of palladium(ll) iodide®
or tungstenhexacarbonyl—iodine61 catalytic systems.

Therefore, it was our purpose to extend the scope of palladium-catalyzed
aminocarbonylation reactions to the synthesis of symmetric dicarboxamides, through
the pioneering use of diamines of different structures (aliphatic, cycloaliphatic and
aromatic) as N-nucleophiles. lodobenzene 4.1 and 1-iodo-cyclohexene 4.4 were used
as model substrates, to explore this new synthetic route for the preparation of dimeric
phenyl and cyclohexenyl dicarboxamides. The methodology was subsequently applied
in the synthesis of dicarboxamide-functionalized steroid dimers, whose preliminary
studies of biological activity as cytotoxic agents against A549 tumor cells are currently

underway.
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4.4.1 Diaminocarbonylation of model iodoalkenyl and iodoaryl compounds

1-lodo-cyclohexene 4.4 and iodobenzene 4.1, as model compounds, were
aminocarbonylated in the presence of the desired diamine and carbon monoxide, with
palladium catalysts formed in situ by addition of palladium(ll) acetate to
triphenylphosphine. Different aliphatic diamines 1,2-diaminoethane (g), 1,3-
diaminopropane (h) and 1,4-diaminobutane (i), a chiral cycloaliphatic diamine (1S,25)-
(+)-1,2-diaminocyclohexane (j) and aromatic diamines 1,4-diaminobenzene (k) and 2,6-

diaminopyridine (I) were used as N-nucleophiles (Scheme 4.8).
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In a typical experiment,® Pd(OAc),, two molar equiv of PPhs, the iodo-substrate,
diamine nucleophile and triethylamine were dissolved in DMF under argon, in an
autoclave. The autoclave was then pressurized to the desired pressure of carbon
monoxide and the reaction was conducted for a given time, upon stirring at the
selected temperature. The reactions’ progress along the time was followed by TLC and,
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when possible, GC analysis of aliquots taken from the reactor via cannula. The final
conversions were determined by GC and/or by 'H NMR spectroscopy of the crude
mixture, through integration of the olefinic protons of both substrate and reaction
products (in the case of aminocarbonylation of 4.4). After the reactions were
completed, the autoclave was slowly depressurized and metallic palladium black
particles were filtered off. The mixture was then concentrated and evaporated to
dryness and worked-up by standard techniques. Finally, all compounds were subjected
to column chromatography in silica gel, or simply recrystallized from solvents (the
exact ratios are specified for each compound in Chapter 5, section 5.4.4). The results of
Pd-catalyzed aminocarbonylation of 4.4 are summarized in Table 4.6.

First, a preliminary optimization of reaction conditions for the
aminocarbonylation of 4.4 was performed using 1,2-diaminoethane (g) as nucleophile.
In spite of the high reactivity of iodoalkenes that is generally observed in
aminocarbonylation with monoamines,’® the standard conditions (1 bar CO, 50°C)
proved to be ineffective when diamine g was used as N-nucleophile (Table 4.6, entry
1). Although the increase of carbon monoxide pressure resulted in a higher conversion
(Table 4.6, entry 2), yields of synthetic interest towards the target dicarboxamide 4.13g
could only be obtained under at 100°C temperature (Table 4.6, entries 3 and 4). Since
full conversions have been obtained either under 40 bar or 30 bar of carbon monoxide,
the screening of other diamines in aminocarbonylation of 4.4 was performed at 100°C
and 30 bar CO (Table 4.6, entries 5-9).

Under these optimized conditions, the catalytic aminocarbonylation of 4.4 with
diamines g-l proceeded with practically complete conversions in 3h, in all cases,
leading to the corresponding dicarboxamides 4.13g-4.13l, with isolated yields that
varied from 52% (4.13j) up to 69% (4.13i), after purification procedures. Furthermore,
the use of 2,6-diaminopyridine (I) as N-nucleophile resulted in a mixture of
unidentified products, which suffered decomposition after work-up (Table 4.6, entry
9). Although no significant effect of the diamine structure was observed in the reaction
conversions, the noteworthy differences in isolated yields of the target diamides might
be related to their chemical stability and solubility issues during the work-up and

purification procedures.
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Table 4.6 — Diaminocarbonylation of 1-iodo-cyclohexene 4.4 in the presence of

in situ Pd/PPh; catalysts.”

Product
Entry Diamine P(CO) OT (isolated yield) b)
[bar] [°C]
[%]
1 g 1 50 (18h) n.d. (1% conv.)
2 g 40 50 (18h) n.d. (27% conv.)
3 g 40 100 n.d.

(o]
4 g 30 100 5

4.13g (58)
H H
Ox N ~_N_O
5 h 30 100 5 5
4.13h (53)
H
. o N\/\/\N (o)
6 i 30 100 H
4.13i (69)

O, N\;-I HN O
7 j 30 100 ] [

4.13j (52)

H H
o N~ )R _o
8 k 30 100 5 5

4.13k (55)
X

L
0. HN N/ NH o
9 | 30 100 ? %

4.131 (decomp.)?

2 Reaction conditions (unless otherwise stated): 1 mmol of substrate 4.4; 0.5 mmol of diamine;
0.025 mmol of Pd(OAc),; 0.05 mmol of PPhj; 0.5 mL of triethylamine; solvent: DMF (10 mL);
time=3 h; Conversions were above 96%, except when indicated.

®) based on the amount of the substrate 4.4; n.d. (not determined).

9 decomposition
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It is worth mentioning that reactions were chemoselective regarding the
transformation of the iodo-alkenyl substrate into bis(carboxamides), which means that
no double carbonyl insertion, resulting in either carboxamide-ketocarboxamide or
bis(ketocarboxamide) derivatives, was observed by GC-MS and NMR analysis of crude
mixtures and on isolated products prior to purification. This observation is in
agreement with previous finding showing that iodoalkene substrates undergo double
carbon monoxide insertion only under special conditions (as those focused in section
4.2.2). However, the formation of cyclic urea or linear polyurea type compounds64 via
carbonylation of the a,w-diamines was not excluded. Furthermore, the GC-MS of
samples taken from reaction mixtures suggested the presence of amino-
monocarboxamide products (for example, when diamines g and i were used as
nucleophiles, the molecular ions with m/z=168 and m/z=196, corresponding to species

DE and D', were found in 10-25%).

D9 Di

These findings may justify the low isolated yields of dicarboxamides in spite of
the high conversions. At the same time, the presence of type D intermediate species
was demonstrated playing a key-role in the proposed catalytic cycle (Scheme 4.9).

According to a widely accepted mechanism, the reduction of the palladium(ll)
precursor to palladium(0) is necessary for the activation of alkenyl halide via oxidative
addition. It has been proved that the ligand itself could serve as reducing agent. While
one of the two equivalents of ligands is oxidized phosphine-oxide, the second one
coordinates to palladium(0) centre forming a highly reactive, coordinatively

18,19

unsaturated species. Under the reaction conditions used, the action of other

compounds (amine, carbon monoxide) as reducing agents cannot be excluded.
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The oxidative addition of the iodoalkene to in situ formed palladium(0) species
results in alkenyl-palladium(ll) (A) intermediate, which is able to coordinate with
carbon monoxide (B). The acyl complex (C), formed by CO migratory insertion,
undergoes a nucleophilic attack by the amino-monocarboxamide (D), formed
previously in the catalytic cycle, resulting in the formation of the dicarboxamide and

regeneration of Pd(0) catalytic resting state (Scheme 4.9).
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Aiming the synthesis of dibenzamides, the Pd-catalyzed diaminocarbonylation of
iodobenzene 4.1 was also carried out, using the diamines g-1 as N-nucleophiles, with in
situ Pd/PPhs catalytic systems (Scheme 4.8). Although the compounds 4.14g, 4.14h,
4.14i, 4.14k and 4.14l have been previously synthesized via conventional acylation of

65,66,67,68,69,70 by the use of 2,2,2-trichloro-1-arylethanones as benzoylating

diamines,
1 . . . . 2 .

agents’! or aminosilane derivatives,”” our purpose was to develop a more sustainable

and atom economic route for the preparation of such dicarboxamide compounds. The

results summarized in Table 4.7.
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Table 4.7 — Diaminocarbonylation of iodobenzene 4.1 with in situ Pd/PPh; catalysts.a)

Product
Entry Diamine Tl(oca(r)]) (isolated yield)”
[%)]
1 g 30 n.d.”
oN
\/\
2 g 10 Evj N"“o
4.14g (42)
39 g 10 n.d. (4% conv.)
o N_~_N_o
4.14h (35)
o N
NN
5 i 10 N ©
4.14i (44)
6 i 1 4.14i (45)
O_NH RN__O
7 j 10 ]
4.14j (39)
H H
o N4< >7N o)
4.14k (65)
9 k 1 4.14k (62)
SN
o._HN N/ NH o
10 | 10 ? T
4.141 (40)

%) Reaction conditions (unless otherwise stated): 1 mmol of substrate 4.1; 0.5 mmol of diamine;
0.025 mmol of Pd(OAc),; 0.05 mmol of PPh;; 0.5 mL of triethylamine; solvent: DMF (10 mL);
T=100°C; time=3 h; Conversions were above 96%, except when indicated.

®) hased on the amount of the substrate 4.1; n.d. (not determined).

9 mixture of carboxamide/ketocarboxamide products.

91 =50°C.
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The aminocarbonylation of 4.1 using 1,2-diaminoethane (g) as nucleophile was
initially carried out, at 100°C and 30 bar CO. However, a mixture of
carboxamide/ketocarboxamide compounds was obtained under these conditions
(Table 4.7, entry 1), resulting from the possibility of double insertion of carbon
monoxide. Expecting to improve chemoselectivity toward the target bis(carboxamide)
compound, the reaction was then performed at a lower CO pressure of 10 bar, which
allowed to obtain 4.14g in 42% isolated yield (Table 4.7, entry 2). Nevertheless, the
decrease of reaction temperature to 50°C resulted in a practically ineffective catalytic
system, with conversion below 5% (Table 4.7, entry 3). Consequently, the Pd-catalyzed
aminocarbonylation reactions of 4.1, using the other diamines as nucleophiles, were
performed at 100°C and 10 bar CO pressure, as standard conditions.

The catalytic aminocarbonylation of 4.1 with diamines g-l proceeded with
complete conversions in 3 hours, leading to the corresponding dicarboxamides 4.14g-
4.141 in low to moderate isolated yields, which varied from 35% (4.14h) up to 65%
(4.14k) (Table 4.7, entries 2, 4-10). The decrease of CO pressure to 1 bar did not
substantially affect the reaction chemoselectivity, providing isolated yields similar to
those obtained under 10 bar CO pressure (Table 2, entries 6 and 9, for 4.14i and 4.14k,
respectively). Although complete conversions in 3h were achieved under the standard
conditions in all aminocarbonylation reactions, independently from the diamine used
as nucleophile, the 1,4-phenylene-derived dibenzamide (4.14k) was obtained in
significantly higher yield than all the other dicarboxamides linked by aliphatic
“bridges”. This fact might be due to lower tendency for formation of ketocarboxamide
type products, when aromatic amines are used as nucleophiles. In the case of 2,6-
pyridyl-derived dibenzamide 4.14l, the low isolated yield can be explained by loss of
the target product, during the purification by chromatography in silica gel, as a result
of the occurrence of pyridine protonation. The relatively low yields obtained with
linear aliphatic and cycloaliphatic diamines are probably due to the formation of
carboxamide-ketocarboxamide and bis(ketocarboxamide) compounds. For instance, it
should be noted that the GC-MS of the crude mixture of reaction with diamine g
revealed the presence of a molecular ion with m/z=296, assigned to the carboxamide-

ketocarboxamide compound 4.15g.
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O

4.15g

Furthermore, in the case of aminocarbonylation of 4.1, using 1,3-
diaminopropane (h) as nucleophile, three products were isolated after purification by
chromatography: the bis(carboxamide) 4.14h (35%), the carboxamide-
ketocarboxamide 4.15h (29%) and the bis(ketocarboxamide) 4.16h (26%) (Scheme
4.10).
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4.14h 4.15h
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4.1 h 100°C o N \/\/H o
o o)
4.16h
(26%)
Scheme 4.10

All products were fully characterized, using the appropriate spectroscopic
techniques, namely *H NMR, *C NMR and mass spectroscopy (Chapter 5, section
5.4.4).

As illustrative example, the 'H NMR spectrum of N,N'-(butane-1,4-
diyl)dicyclohex-1-enecarboxamide 4.13i in CDCl;, at room temperature (Figure 4.4),
shows a broad signal at 6 = 6.64 ppm, which was assigned to both olefinic protons in a
symmetric structure. The amide N—H protons were clearly evidenced by a broad singlet

at 6 =5.91 ppm, while the N-CH, protons gave rise to a multiplet at 6 = 3.34-3.36 ppm.
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The different alkyl protons of the cyclohexenyl ring gave rise to distinct signals with
chemical shifts in the region between 1.58-2.26 ppm. For instance, at higher chemical
shift interval 2.21-2.26 ppm, the multiplet was assigned to the four protons in
positions 7 and 7’. Then, at 6 = 2.15-2.19 ppm, another multiplet was assigned to four
protons in positions 4 and 4’. Finally, at 6 = 1.58-1.74 ppm, typical of resonance of
more shielded alkyl protons, the multiplet was assigned to the 8 protons of positions 5,

5’, 6 and 6, together with four protons in positions 9 and 9’ of the n-butyl “bridge”.
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Figure 4.4 — 'H NMR spectrum of N,N'-(butane-1,4-diyl)dicyclohex-1-enecarboxamide
4.13i, in CDCls.

The *C NMR spectrum of 4.13i in CDCls, at room temperature (Figure 4.5) shows
a signal at 6 = 169.9 ppm assigned to carboxamide carbon atoms. At & = 133.6 ppm
and 6 = 133.2 ppm, two close signals have evidenced the presence of the olefinic
carbon atoms. The presence of N—bounded C8 and C8’ in a symmetric structure was
clearly demonstrated by the signal at 6 = 39.2 ppm. Finally, the five peaks in the
aliphatic region, at 27.2 ppm, 25.5 ppm, 24.4 ppm, 22.3 ppm and 21.7 ppm were
assigned to C9/C9’, C7/C7’, C4/C4’, C5/C5’ and C6/C6’, respectively.
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Figure 4.5 — °C NMR spectrum of N,N'-(butane-1,4-diyl)dicyclohex-1-enecarboxamide
4.13i, in CDCls.
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4.4.2 Catalytic synthesis of steroid dimers containing dicarboxamide “bridges”

Steroids are widely found in both plant and animal kingdoms, and play crucial

73,74

roles in biological systems. Among them, dimeric steroids constitute an important

75,76,77

class of compounds, which have recently attracted much attention due to their

remarkable properties as potential cytotoxic and antimalarial agents, cholesterol

879 Eor instance,

lowering drugs as well as molecular umbrellas in drug delivery.
Cephalostatin 1 (4.17),%° which was firstly isolated in 1988 from the marine tube worm
Cephalodiscus gilchristi in the Indian Ocean, has demonstrated a very potent

anticancer activity against several human cancer cell lines.?*

4.17
Cephalostatin 1

In addition to their pharmacological importance, several dimeric and oligomeric
steroids display micellar activity.82 They can also act as ligands for proteins and trigger

cellular processes or may promote the affinity of ligands to their binding locations by

83,84

providing extra anchoring points to the active site of certain domains. Some of

them show liquid-crystal behavior® and play a key role in the rate enhancement from
hydrophobic binding.86 Furthermore, steroid dimers containing dicarboxamide

functionalities were found to be of great importance as molecular umbrellas in drug

delivery, as well as antifungal and cell anti-proliferative agents.?”%

The synthetic approaches reported so far, have led to preparation of cyclic and

acyclic  steroidal dimers by connection between two cyclopentano-

75,76,77
Th

perhydrophenanthrene skeletons (through A-A, B-B, C-C, D-D or A-D rings). e

91,92

d,%>%° through spacer groups or

steroidal moieties could be directly linke

connection through side chains.”® Concerning steroidal D-D ring dimers linked through
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spacer groups, a number of pollutant multi-step and low-yielding synthetic approaches
have been frequently used.”® Thus, other environmentally sustainable alternatives to
promote steroids dimerization still constitute a great challenge.

It is well established that transition-metal-catalyzed reactions are versatile tools
to introduce different functionalities into specific positions of the steroidal framework,
which can render marked changes in their biological properties.94 In spite of several
recent reports on the aminocarbonylation of steroidal alkenyl-iodides towards

carboxamid es,gS’%’97

there is only one example on the synthesis of dimeric steroids
involving Pd-catalyzed carbonylative dimerization of alkenyl-iodide intermediates, to
form 17-carboxylic anhydrides, in presence of carbon monoxide and water.”®

Therefore, in order to investigate the scope of the above studied catalytic
reaction for the synthesis of steroid dimers containing dicarboxamide “bridges”, at
17,17’- or 3,3’-positions, palladium-catalyzed aminocarbonylations were carried out,
using as substrates two steroidal iodoalkenes with markedly different reactivity: 17-
iodo-5a-androst-16-ene (4.18) and 3-iodo-androst-3,5-diene-17-ketal (4.20). As
nucleophiles, diamines of different structures were used: aliphatic, such as 1,2-
diaminoethane (g) and 1,4-diaminobutane (i), a chiral cycloaliphatic (15,25)-(+)-1,2-
diaminocyclohexane (j) and the aromatic 1,4-diaminobenzene (k). It should be noted
that these steroidal substrates with iodoalkene functionality were synthesized from
the corresponding steroidal 17-ketone and 3-ketone, by modified Barton’s
procedure,” and kindly provided by Professor R. Skoda-Féldes (University of Veszprém,
Hungary) and by Mercédesz Kiss (University of Pécs, Hungary), respectively.

In a typical experiment,'® the iodo-steroid substrate, palladium (Il) acetate, 2
molar equiv. of triphenylphosphine, the desired diamine and triethylamine were
introduced into a stainless steel autoclave and dissolved in DMF, under argon. The
atmosphere was pressurized to 30 bar of carbon monoxide and the reaction was
conducted for 5 hours, upon stirring at 100°C. After cooling and venting the autoclave,
the mixture was evaporated to dryness and worked-up by standard techniques, to a
solid material or to a waxy residue, which was subjected to column chromatography in
silica gel, using as eluent EtOAc/CHCl; mixtures, or simply washed with ethyl acetate

(specifications for each compound are described in Chapter 5, section 5.4.4.1).
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The Pd-catalyzed aminocarbonylation of 17-iodo-5a-androst-16-ene 4.18 was
performed at 100°C and 30 bar CO, using the diamines g, i, j and k as nucleophiles,
(Scheme 4.11).

N !
H,N  NH, ;
CO (30 bar) 5
Pd(OAC),/PPhj : 5

o H 419g: 91% H !
100%C 419i: 95% !
419j: 81% !
419k: 48 % !
N NH
HN NH, = 9 HN 72
i H2N/\/\/NH2
~NH;
s L
NH,
NH,
Scheme 4.11

In all experiments, the initial iodoalkenyl steroid was near fully converted in 5
hours. After work-up and purification procedures, the symmetric androst-16-ene
dicarboxamide dimers 4.19g, 4.19i, 4.19j and 4.19k were obtained in 91%, 95%, 81%
and 48% isolated vyields, respectively. From these results, it was concluded that
aliphatic diamines 1,2-diaminoethane (g), 1,4-diaminobutane (i) and (1S5,25)-(+)-1,2-
diaminocyclohexane (j) gave significantly higher yields than that obtained with the
aromatic diamine 1,4-diaminobenzene (k).

It is worth mentioning that the use of chiral (15,2S5)-(+)-diaminocyclohexane (j)
produced the optically pure steroidal dimer 4.19j. However, when racemic trans-()-
1,2-diaminocyclohexane was used as nucleophile, a 1:1 mixture of two diastereomeric
steroidal dimers was obtained, as evidenced by duplicate signals on *H and *C NMR

spectra. For instance, the expansion of the region between 75.0 ppm and 180.0 ppm
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on the *C NMR spectrum (Figure 4.6) clearly shows 1 pair of close signals for each
carboxamide carbon atom (6 = 167.1 ppm/166.8 ppm) and two pairs of signals
assigned to the respective olefinic C16/C16’ and C17/C17° atoms of each

diastereoisomer.
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Figure 4.6 — >C NMR spectrum of diastereomeric mixture of 4.19j and 4.19j’ in CDCls,
expansion of 75-180 ppm region.

Detailed NMR and MS studies carried out on reaction mixtures and on raw
products (i.e., on isolated products prior to chromatography) revealed that no double
carbon monoxide insertion into the Pd-alkenyl species occurred. That is, the formation
of 2-ketocarboxamide-type derivatives could not be observed. Furthermore, the
isolated yields were excellent, when compared with those obtained from model
iodoalkene substrates.

In sum, the one-step aminocarbonylation reaction of 4.18, performed under
relatively mild conditions (30 bar CO, 100°C), led to a set of dimeric androst-16-enes,

with structurally different dicarboxamide spacers at C-17.
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The dimeric steroidal compounds were fully characterized, using the appropriate
spectroscopic techniques, namely 'H NMR, *C NMR and mass spectroscopy (Chapter

5, section 5.4.4.1).
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Figure 4.7 — 'H NMR spectrum of N,N'-(butane-1,4-diyl)-5a-diandrost-16-ene-17-
carboxamide (4.19i) in CDCls.

As illustrative example, the 'H NMR spectrum of N,N'-(butane-1,4-diyl)-5a-
diandrost-16-ene-17-carboxamide (4.19i), in CDCl; at room temperature (Figure 4.7),
shows a broad singlet at 6 = 6.25 ppm, assigned to both symmetric olefinic protons in
positions 16 and 16’. The amide N-H protons are clearly evidenced by a very broad
signal at & = 5.80 ppm. Another broad signal, assigned to four N-CH, protons of
positions 21 and 21’, was observed at & = 3.26 ppm. At § = 2.02-2.15 ppm, a multiplet
was assigned to the four protons at positions 15 and 15’, while the two protons in
positions 14 and 14’ gave rise to a doublet of doublets at 6 = 1.88 ppm, as result of the
couplings with one proton at position 8/8 and with one proton in position 15. The
other aliphatic protons of the steroid skeleton, together with the internal protons of

the n-butyl group (positions 22 and 22’) gave rise to a large group of signals, in the
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typical region between 0.66-1.60 ppm. Among these, the singlets at 6 = 0.90 ppm and
6 = 0.75 ppm are assigned to each six methyl protons in positions 19/19” and 18/18’,
respectively (Figure 4.7).
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Figure 4.8 — B3C NMR spectrum of N,N'-(butane-1,4-diyl)-5a-diandrost-16-ene-17-
carboxamide (4.19i), in CDCls.

The C NMR spectrum (Figure 4.8), shows a signal § = 166.5 ppm, typical of
carboxamide carbon resonance. At § = 150.8 ppm the signal was assigned to the
saturated olefinic C17/C17’ carbon atoms, while the more intense and higher field
signal at 6 = 135.8 ppm was assigned to the olefinic C16/C16’ carbon atoms. All the
other carbon atoms of steroidal skeleton and n-butyl group gave rise to 18 signals in
the aliphatic region between 12.3 ppm and 57.0 ppm.

In order to expand this family of steroid dimers to a different type of 3,3’-
dicarboxamide, the methodology was applied to 3-iodo-androst-3,5-diene-17-ketal

(4.20),%° Scheme 4.12.
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ol
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Scheme 4.12

By reacting 3-iodo-androst-3,5-diene-17-ketal (4.20), under identical conditions
to those previously used (100°C, 30 bar CO), in the presence of diamines a, ¢, d and e
as N-nucleophiles, no isolable carboxamide or dicarboxamide products, such as the
expected dicarboxamide dimers of type 4.21 were achieved. However, in elevated
reaction times, instead of aminocarbonylated products, a complex mixture was
obtained, whose *H and *C NMR spectra confirmed the presence of androst-3,5-
diene-17-ketal-3-carboxylic acid 4.22 (Scheme 4.12).

A similar phenomenon has already been observed with 17-iodo-5a-androst-16-
ene, in the absence of an N-nucleophile, in long reaction times.”® In our case, due to
the low reactivity of 3-iodo-3,5-diene functionality towards diamines, a side
hydroxycarbonylation reaction becomes favored in presence of water, resulting in the
corresponding 3-carboxylic acid derivative. Since DMF was previously dried with
sodium, the water content of the solvent itself could not result in 4.22, so the
formation of the 3-carboxylic acid steroid derivative might be enabled by moisture
adsorption by the substrate.

The biological evaluation of the steroidal and non-steroidal dicarboxamide
compounds, as cytotoxic agents against A549 tumor cells, is currently underway in a
cooperation project with Doctor J. M. Dgbrowski (University of Krakdéw, Poland).
Preliminary studies, have already demonstrated that the butane-1,4-diyl (4.19i) and

the 1,4-phenylene derived (4.19k) steroidal carboxamide dimers and are the ones with
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lower values of IC50 inhibitory concentration on A549 tumor cells (in the range of
40uM). These promising results open new horizons, regarding the application of the
catalytic diaminocarbonylation reactions for preparation of new dimeric compounds

with high potentialities for medical use.®

4.5 Conclusions

The new tris-binaphthyl phosphites have been effectively applied as ligands in
palladium-catalyzed aminocarbonylation of iodobenzene and 1-iodo-cyclohexene. The
Pd/monophosphite L2-OBn complexes formed in situ provided active catalytic systems
in the aminocarbonylation of iodobenzene. Carboxamides were the only products
obtained with aromatic amines, while keto-carboxamides were the major products
when primary and secondary aliphatic amines were employed as N-nucleophiles. 1-
lodo-cyclohexene has been double carbonylated for the first time, through the use of
Pd/monophosphite in situ catalysts. While the structure of the phosphite ligand had
practically no effect either on catalytic activity or chemoselectivity, low temperature
(30°C) and high carbon monoxide pressure (110 bar) were demonstrated to be the
most favorable conditions for double carbonylation. Under these optimal reaction
conditions, the use of tert-butylamine, morpholine and piperidine as nucleophiles led
to cyclohexenyl-glyoxylamides with unprecedented structures, in isolated yields of 60-
66%.

Furthermore, an effective route for a family of chiral conduritol-derived
carboxamides was developed through catalytic coupling reactions of halogenated
cyclohexenetetraol derivatives with CO and different amines, in presence of in situ
Pd/PPhs catalysts. The aminocarbonylation of cyclitol derivatives possessing a
bromoalkene functionality, under 30 bar CO pressure and 100°C, provided the
corresponding carboxamides in moderate isolated yields. The stereochemistry of the
acetate substituents at the substrates did not affect the reactivity, whereas significant
differences in product yields were apparently related with the nucleophile, being
considerably higher with aliphatic amines. Moreover, the aminocarbonylations of the

iodo-cyclohexenetetraol analogue was efficiently carried out, under mild reaction
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conditions, using two different amino acid methyl esters, yielding target carboxamides
in good isolated yields. Thus, the versatility of this methodology for the preparation of
conduritol-derived carboxamides was demonstrated by the diverse range of N-
nucleophiles, as well as the possibility of using either vinyl iodides or vinyl-bromides as
substrates.

The one-step catalytic synthesis of dicarboxamides was performed through the
pioneering use of diamines in aminocarbonylation reactions, also in presence of
catalysts formed in situ from palladium(ll) acetate and triphenylphosphine. The
diaminocarbonylation of 1-iodo-cyclohexene, at 100°C and 30 bar CO, using different
diamines as nucleophiles, proceeded in all cases with complete conversions, and high
chemoselectivity regarding the transformation of the iodoalkenyl substrate into
bis(carboxamides), with lack of double carbonyl insertion. However, the corresponding
dicarboxamides were isolated in moderate yields, after purification procedures.
Furthermore, the presence of amino-monocarboxamide products, which might play a
key-role as intermediate species in the diaminocarbonylation catalytic cycle, was
suggested by GC-MS techniques. The Pd/PPh; catalyzed diaminocarbonylation of
iodobenzene proceeded also with high conversions, leading to the corresponding
dibenzamides in low to moderate yields, possibly due to the concomitant formation of
carboxamide-ketocarboxamide and bis(ketocarboxamide) compounds as products.

Finally, this synthetic strategy provided a new and atom economic methodology
for preparation of valuable steroid dimers. The one-step carbonylative dimerization
reaction of 17-iodo-5a-androst-16-ene, performed under relatively mild conditions (30
bar CO, 100°C), led to a set of dimeric androst-16-enes, with structurally different
achiral or chiral dicarboxamide “bridges” at C-17, in excellent isolated yields. However,
the attempts to aminocarbonylate the steroidal substrate 3-iodo-androst-3,5-diene-
17-ketal, under the same conditions, led to the corresponding 3-carboxylic acid
steroidal derivative, as result of hydroxycarbonylation as side reaction, favored in
presence of water traces.

Promising results have been obtained in preliminary biological tests, which
demonstrated the high cytotoxic effects in vitro of the dicarboxamide compounds on

human lung carcinoma A549 cells.
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CHAPTER S

EXPERIMENTAL

5.1 General

In this section, general information is provided, regarding materials, reagents
and solvents, as well as the techniques and instruments used during the experimental

work.

5.1.1 Reagents, materials and solvents

All chemicals were commercially obtained from Merck, Fluka, Strem or Sigma-
Aldrich, except when indicated. The steroid 17B-acetoxyandrost-4-ene 3.11 was kindly
provided by Doctor A. Peixoto (University of Coimbra). 1-lodo-cyclohexene 4.4 and the
iodoalkenyl steroids 4.18 and 4.20, prepared from the corresponding ketones by
modified Barton’s procedure,! were kindly provided by Prof. L. Kollar (University of
Pécs, Hungary) and Prof. R. Skoda-Fbldes (University of Veszprém, Hungary). The
halogenated cyclohexenetetraol derivatives 4.8, 4.9 and 4.10, synthesized via
biotransformation of bromo- or iodobenzene with Pseudomonas putida F39/D,2 were

kindly provided by Prof. E. Pandolfi (UdeLaR, Montevideo, Uruguay).
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Air and moisture sensitive reagents and solutions were handled under nitrogen
or argon atmosphere, in a vacuum system, using Schlenk techniques.3 All the glassware
was dried by heating. Thin layer chromatography (TLC) was performed using aluminum
plates coated with silica gel 60 (Fluka) with fluorescent indicator UV;s4 and UV,
Column chromatography was performed, using silica gel 60 (particle size 0.06-0.20
mm), which was carefully dried prior to use, as the stationary phase.

The solvents were purified by simple distillation or, when necessary, properly

dried and distilled by the standard procedures,4 described below.

Methanol and benzyl alcohol

5.0 g of magnesium flakes and 0.5 g of iodine were placed in a two liter round-
bottom flask. 50 mL of the desired alcohol was added and the mixture was heated until
the disappearance of iodine brown color. After magnesium had been totally
consumed, approximately 950 mL of the corresponding alcohol were then added and
the mixture was kept under reflux for 2 hours, followed by distillation from molecular

sieves (3A).

Tetrahydrofuran (THF) and diethyl ether

The solvent was placed in a round-bottom flask, with sodium flakes and
benzophenone. The mixture was kept under reflux, at the boiling temperature (66°C
for THF and 35°C for diethyl ether), until a strong blue color was observed. After
distillation, the solvent was collected and stored, under nitrogen atmosphere, in a
vessel containing activated molecular sieves (3A). (CAUTION: Diethyl ether and
tetrahydrofuran are susceptible to peroxide formation, which are higher boiling and

contact explosives when dry.)

Dichloromethane and chloroform

The chlorinated solvent was placed in a round-bottom flask, with anhydrous
calcium chloride and pumice stone. The mixture was kept under reflux, at the boiling

temperature (40°C for dichloromethane and 61°C for chloroform), for two hours. After
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distillation, the solvent was collected and passed through a column of basic alumina
(grade 1) and stored in a flask containing activated molecular sieves (3A). For
experiments, which were highly water sensitive, dichloromethane was dried with
calcium hydride, under reflux, at the boiling temperature, for three hours. After
distillation, the solvent was collected and stored, under nitrogen atmosphere, in a

vessel containing activated molecular sieves (3A).

Ethyl acetate

Ethyl acetate was placed in a round-bottom flask, with anhydrous calcium
chloride and pumice stone. The mixture was kept under reflux, at the boiling
temperature (77°C), for two hours. After distillation, the solvent was collected and
passed through a column of basic alumina (grade |) and stored in a flask containing

activated molecular sieves (3A).

Hexane

n-Hexane was placed in a round-bottom flask, with anhydrous calcium chloride
and pumice stone. The mixture was kept under reflux, at the boiling temperature (68-
69°C), for three hours. After distillation, the solvent was collected and passed through
a column of basic alumina (grade 1) and stored in a flask containing activated molecular
sieves (3A). For experiments which were highly water sensitive, n-hexane was dried
with sodium/benzophenone, under reflux, at the boiling temperature, until a strong
blue color was observed. After distillation, the solvent was collected and stored, under

nitrogen atmosphere, in a vessel containing activated molecular sieves (3A).

Triethylamine

Triethylamine was placed in a round-bottom flask, with sodium flakes and
benzophenone. The mixture was kept under reflux, at the boiling temperature (89-
90°C), until a strong blue color was observed. After distillation, the solvent was
collected and stored, under nitrogen atmosphere, in a vessel containing activated

molecular sieves (3A).
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N,N-Dimethylformamide (DMF)

DMF was placed in a round-bottom flask equipped with a reflux condenser, with
calcium hydride and the mixture was kept at 80°C, for 6 hours. After distillation under
reduced pressure, the solvent was collected and stored in a container with activated

molecular sieves (3A).

Toluene

Toluene was placed in a round-bottom flask, with sodium flakes and
benzophenone. The mixture was kept under reflux, at the boiling temperature (110°C),
until a strong blue color was observed. After distillation, the solvent was collected and
stored, under nitrogen atmosphere, in a vessel containing activated molecular sieves

(3A).

5.1.2 Instrumentation
A - Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were recorded on Bruker Avance 400 spectrometer (Department of
Chemistry, University of Coimbra), Varian Inova 400 spectrometer (Department of
Inorganic Chemistry, University of Pécs), Varian XL-500 and Mer-400 spectrometers
(Department of Inorganic Chemistry, University of Barcelona), using CDCl; as
deuterated solvent (unless otherwise stated). The *H and *C chemical shifts, expressed
in ppm, are generally relative to a TMS internal standard, while for *p, an 85% solution

of phosphoric acid was used as external standard.

B — Gas Chromatography (GC)

Gas chromatography was carried out on an Agilent-7820A apparatus equipped
with a non-polar capillary HP-5 column (5% diphenyl and 95% dimethylpolysiloxane),
with 30 m length and 0.32 mm inside diameter and an Agilent-6890 apparatus
equipped with a chiral capillary column Supelco B-Dex 120 (20% B-cyclodextrins) with
30 m length and 0.25 mm of inside diameter, both with FID detectors, belonging to

Department of Chemistry from the University of Coimbra. The GC analysis used in
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catalytic hydrovinylation was carried out in Agilent-5890 Series Il instruments,
equipped with HP5 (30 m long, 0.32 mm) and Astec Chiraldex DM (25 m long, 0.25
mm) columns, with helium as a carrier gas, belonging to Department of Inorganic
Chemistry from the University of Barcelona. The GC analysis regarding catalytic
aminocarbonylation reactions was performed in a Hewlett Packard 5830A apparatus
fitted with a capillary column coated with OV-1, belonging to Department of Inorganic

Chemistry from the University of Pécs.

C — Gas Chromatography coupled with Mass Spectrometry (GC-MS)

GC-MS analysis was performed using a Agilent 7820 GC System Technologies gas
chromatograph equipped with a HP-5 MS capillary column coupled to a mass
spectrometer Agilent 5975 MSD System Technologies, belonging to Department of
Chemistry, from the University of Coimbra, or a Hewlett Packard 5830A gas
chromatograph coupled to an Agilent 5975B inert Series apparatus, belonging to

Department of Inorganic Chemistry from the University of Pécs.

D — Mass Spectrometry (MS)

High-resolution mass spectrometry was carried out on a Bruker Microtof
apparatus, equipped with selective ESI detector, belonging to Unidade de Masas e

Protedmica from the University of Santiago de Compostela.

E - Infrared Spectroscopy (IR)

The FT-IR spectra were taken in KBr pellets using an IMPACT 400 (Nicolet)
equipped with a DTGS detector, belonging to Department of Inorganic Chemistry from
the University of Pécs, or in a Thermo Scientific Nicolet 380 spectrometer, belonging to

Department of Chemistry from the University of Coimbra.

F — Elemental Analysis

Elemental analyses for carbon, hydrogen and nitrogen were measured on

EA1108-CHNS-O Fisons Instruments apparatus, belonging to Department of Chemistry,
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from the University of Coimbra and Carlo Erba 1108 apparatus, belonging to

Department of Inorganic Chemistry, from the University of Pécs.

G — Melting Points

Melting points, with uncorrected values, were determined in a capillary
microscope Electrothermal Melting Point apparatus, belonging to the Department of
Chemistry from the University of Coimbra or in a Gallenkamp 5A 6797 digital Melting-
Point apparatus, belonging to the Department of Inorganic Chemistry from the

University of Pécs.

H - Polarimetry

The specific rotation [a] was measured in an electrical polarimeter Optical
Activity AA-5, belonging to the Department of Chemistry from the University of

Coimbra.

| - Computational Calculations

The minimized-energy structure of the complex trans-[HRh(CO),(L3-OCHPh,)]
was performed by Doctor Tamas Kégl, in the University of Pécs. The calculations were
done by employing the two-layer ONIOM method, in which the inner layer (including
the HRh(CO), moiety, as well as the oxygen atoms of phosphite neighboring to
phosphorus) was handled at the BP86 DFT functional in combination with the SDD
basis set. The remainder of the complex was treated by molecular mechanics, with the

Universal Force Field (UFF).
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5.2 Experimental (referring to Chapter 2)

In this section, the synthetic procedures of binaphthyl-based derivatives and
monophosphite ligands (described in Chapter 2) are provided, as well as their full

characterization.

5.2.1 Synthesis of mono-protected BINOL derivatives

The BINOL-derived mono-alkyl ethers 2.1-2.4 were synthesized via Mitsunobu
reaction,” according to a slightly modified literature procedure.® In a typical
experiment, to a solution of (S)- or (R)-BINOL (5.0 g, 17 mmol), dried azeotropically
with toluene, PPh3 (4.5 g, 17 mmol) and the desired alcohol (20 mmol), in dry THF (100
mL), diethyl azodicarboxylate (DEAD) (40% in toluene, 7.5 mL, 17 mmol) was added
dropwise, at 0 °C and the mixture was stirred at 25°C, for 48 h. After quenching with
water, the solvent was evaporated under reduced pressure and the crude mixture was
dissolved in dichloromethane (50 mL). The organic layer was washed with brine (3x50
mL) and water (3x50 mL). The organic layers were then combined and dried over
anhydrous Na,S0,. After removal of the solvent under reduced pressure, the products
2.1-2.4 were isolated by column chromatography on silica gel, using mixtures of
CH,Cly/n-hexane as eluent, and were further purified by recrystallization from
toluene/n-hexane. (Note: DEAD is highly toxic, so the appropriate safety procedures

were taken for its manipulation.(R: 5-11-20-36/37/38-48/20-63-65-67; S: 26-36/37-62).

(R)-2'-methoxy-1,1'-binaphthyl-2-ol ((R)-2.1)

Following the above described procedure, 1.6 mL (40
mmol) of methanol was used, with complete conversion in 48 OO

OH

hours. After work-up, purification by column chromatography on

OCHs
silica gel (using a 1:1 mixture of CH,Cl,/n-hexane as eluent) and OO

recrystallization (from toluene/n-hexane), the final product (R)-2.1 (R)-2.1
with white crystalline aspect was obtained in 84% vyield (4.289 g, 14.3 mmol).

Spectroscopic data is in agreement with that previously reported.6
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'H NMR (400 MHz, CDCl3), §/ppm: 7.85 (1H, d, 9.2 Hz, Ar), 7.70-7.76 (3H, m, Ar), 7.26
(1H, d, 8.8 Hz, Ar), 7.05-7.23 (6H, m, Ar), 6.93 (1H, d, 8.0 Hz, Ar), 4.83 (1H, s, OH), 3.59
(3H, s, OCHs); *C NMR (100 MHz, CDCl3), /ppm: 156.1, 151.4, 134.2, 133.9, 131.1,
129.9, 129.5, 129.3, 128.3, 128.2, 127.4, 126.5, 125.0, 124.9, 124.3, 123.3, 117.6,
115.5, 115.1, 113.9 (ArC) 56.7 (OCHs); HRMS (ESI): m/z calcd. for Cy1H160,Na [M+Na]*:
323.1043, found: 323.1033; Elem. Anal. calcd. for C;;H160,: C 83.98, H 5.37, found: C
83.17, H 6.69; Mp: 105-107 °C; [a]o>>: + 35 (c 1.0, CH,Cl5).

(R)-2'-(benzyloxy)-1,1'-binaphthyl-2-ol ((R)-2.2)

Following the same procedure, 2.1 mL (20 mmol) of benzyl alcohol was used.
Complete conversion of reactants into products has occurred in 48 hours. After work-
up, purification by column chromatography on silica gel (using a 2:1 mixture of
CH,Cly/n-hexane as eluent) and recrystallization (from toluene/n-hexane), the final
product (R)-2.2 with white crystalline aspect was obtained in 87% yield (5.568 g, 14.8
mmol). Spectroscopic data is in agreement with that previously reported.®

Crystallographic data is presented in Annex 1.

'H NMR (400 MHz, CDCls), /ppm: 7.88 (1H, d, 9.2 Hz, Ar),
7.83 (1H, d, 8.8 Hz, Ar), 7.78 (2H, d, 8.0 Hz, Ar), 7.36 (1H, d, 9.2 OO on

Hz, Ar), 7.07-7.29 (9H, m, Ar), 7.00 (1H, d, 8.4 Hz, Ar), 6.94- OO o
6.96 (2H, m, Ar), 5.02 (1H, d, 12.8 Hz, OCH,Ph), 4.97 (1H, d,

12.8 Hz, OCH,Ph), 4.85 (1H, br s, OH); **C NMR (100 MHz, (R)-2.2

CDCl3), 6/ppm: 155.1, 151.5, 137.1, 134.2, 134.0, 131.0, 130.0, 129.8, 129.3, 129.2,
128.5, 128.4, 128.3, 127.8, 127.4, 127.0, 126.5, 125.4, 125.2, 125.1, 124.6, 123.4,
117.7, 117.0, 116.1, 115.2 (ArC), 71.3 (OCH,Ph); HRMS (ESI): m/z calcd. for C,7H,00,Na
[M+Na]": 399.1356, found: 399.1348; Elem. Anal. calcd. for Cy7H500, % H,0: C 84.13, H
5.49, found: C 84.08, H 6.08; Mp: 112-114 °C; [a]p>: + 15 (c 1.0, CH,Cl,).

(R)-2'-(diphenylmethoxy)-1,1'-binaphthyl-2-ol ((R)-2.3)
Following the above described procedure, 3.69 g (20 mmol) of diphenylmethanol

was used (reaction time = 72 h). After work-up, purification by column
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chromatography on silica gel (CH,Cl,/n-hexane 2:1) and

OO oH O recrystallization (from toluene/n-hexane), the final product
OO o (R)-2.3 with white crystalline aspect was obtained in 63% yield
Q (4.847 g, 10.7 mmol). Spectroscopic data is in good agreement

(R)-2.3 with that previously reported.®

'H NMR (400 MHz, CDCl3), 6/ppm: 7.93 (1H, d, 8.8 Hz, Ar), 7.88 (2H, d, 8.8 Hz, Ar) 7.83
(1H, d, 8.0 Hz, Ar), 7.41 (1H, d, 8.8 Hz, Ar), 7.00-7.38 (15H, m, Ar), 6.93 (2H, d, 7.2 Hz),
6.24 (1H, s, CHPh,), 4.96 (1H, s, OH); *C NMR (100 MHz, CDCl;), §/ppm: 154.1, 151.6,
141.4, 141.2, 134.2, 134.0, 130.7, 130.0, 129.8, 129.3, 128.6 (double intensity), 128.3
(double intensity), 128.2, 128.1, 127.7, 127.5, 127.4, 126.7 (double intensity), 126.5
(double intensity), 126.4, 125.4, 125.3, 124.6, 123.4, 117.8, 117.7, 117.1, 115.4 (ArC),
82.4 (OCHPh,); HRMS (ESI): m/z calcd. for CasH,40,Na [M+Na]™: 475.1669, found:
475.1662; Elem. Anal. calcd. for C33H,40, " % H,0: C 85.87, H 5.46, found: C 86.24, H
6.08; Mp: 69-71 °C; [a]p>: - 20 (c 1.0, CH,Cl,).

(R)-2'-(1-adamantyloxy)-1,1'-binaphthyl-2-ol ((R)-2.4)

Following the same procedure, 3.05 g (20 mmol) of 1-adamantanol was used
(reaction time = 96 h). After work-up, purification by column chromatography on silica
gel (using CH,Cly/n-hexane 2:1 as eluent) and recrystallization (from toluene/n-
hexane), the final product (R)-2.4 with white crystalline aspect was obtained in 52%

yield (3.718 g, 8.84 mmol).”

'H NMR (400 MHz, CDCl;), 8/ppm: 7.69-7.76 (4H, m, Ar),
7.33 (1H, d, 9.2 Hz, Ar), 7.04-7.25 (6H, m, Ar), 6.99 (1H, d, 8.4 OO o

Hz, Ar), 5.53 (1H, s, OH), 1.80 (3H, br s, Ad), 1.46 (6H, br s, OO o
Ad), 1.31 (3H, d, 12.4 Hz, Ad), 1.20 (3H, d, 12.0 Hz, Ad); *c

NMR (100 MHz, CDCl;), 8/ppm: 152.0, 151.7, 134.0, 133.9, (R)-2.4

130.9, 129.8, 129.5, 129.1, 128.1 (double intensity), 126.7, 126.4, 126.1, 125.9, 124.9
(double intensity), 124.0, 123.1, 118.4, 117.0, 80.6, 43.1, 35.9, 30.9; HRMS (ESI): m/z
calcd. for C3oH,30,Na [M+Na]": 443.1982, found: 443.1988; Mp: 85-87 °C; [a]p>: - 130
(c 2.0, CH,Cl,).
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(S)-2'-(1-adamantanoyloxy)-1,1'-binaphthyl-2-ol (2.5)

The (S)-BINOL-derived mono-ester 2.5 was synthesized, according to a literature
procedure.8 A dried round-bottom flask was charged with (S)-BINOL (5.0 g, 17 mmol),
4-dimethylaminopyridine (DMAP) (0.17 mmol), and triethylamine (22.1 mmol, 3.1 mL)
in 75 mL THF. The mixture was cooled to 0°C and a solution of l-adamantanoyl
chloride (17 mmol, 3.38 g) in THF (10 mL) was added dropwise. Once the addition was
complete, the reaction mixture was left at room temperature for 30 h. After nearly
complete disappearance of the starting material (observed by TLC), the reaction was
quenched with distilled water and the mixture was extracted with ethyl acetate. The
combined organic phases were washed successively with a saturated aqueous solution
of NaHCOs, brine, water, and then dried over Na,SO,. After filtration and solvent
removal in vacuo, the crude product was purified by column chromatography on silica
gel, using dichloromethane/n-hexane (3:1) as eluent, providing (5)-2.5 in 82% isolated

yield (13.94 mmol, 6.245 g). Spectral data is in agreement with literature values.?

'H NMR (400 MHz, CDCl;), §/ppm: 8.06 (1H, d, 8.8 Hz, Ar),
7.97 (1H, d, 8.1 Hz, Ar), 7.88 (1H, d, 12.1 Hz, Ar), 7.83 (1H, OO
d, 8.0 Hz, Ar), 7.49-7.53 (1H, m, Ar), 7.24-7.38 (6H, m, Ar), 8:(@
7.05 (1H, d, J = 8.0 Hz, Ar), 5.17 (1H, s, OH), 1.77 (3H, s, OO o

Ad), 1.55-1.60 (4H, m, Ad), 1.39-1.46 (8H, m, Ad); *C NMR 25

(100 MHz, CDCls), §/ppm: 177.0 (C=0), 151.8, 148.3, 133.6, 133.5, 132.2, 130.7, 130.2,
129.0, 128.3, 127.9,127.4, 126.6, 126.2, 125.6, 124.6, 123.5, 123.0, 121.9, 118.3, 114.3
(ArC), 40.7, 38.0, 36.2, 27.6; HRMS (ESI): m/z calcd. for C3;H.305Na [M+Na]™: 471.1931,
found: 471.1936.

The (S)-BINOL derived (S)-2.1, (S)-2.2, (S)-2.3, and (S)-2.4 have also been
synthesized, in similar yields, and with spectroscopic data in accordance with (R)-

1
analogues.®”°
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(S)-2'-methoxy-1,1'-binaphthyl-2-ol ((S)-2.1)

Yield: 83% (4.237 g, 14.11 mmol); [a]o?*: - 40 (c 1.0, CHC5).

(S)-2'-(benzyloxy)-1,1'-binaphthyl-2-ol ((S)-2.2)

Yield: 85% (5.439 g, 14.45 mmol); [a]o>: - 15 (c 1.0, CH,Cl,).

(5)-2'-(diphenylmethoxy)-1,1'-binaphthyl-2-ol ((S)-2.3)

Yield: 57% (4.378 g, 9.69 mmol); [a]o>>: + 10 (c 1.0, CH,Cl,).

(5)-2'-(1-adamantyloxy)-1,1'-binaphthyl-2-ol ((S)-2.4)

Yield: 51% (3.646 g, 8.67 mmol); [a]o>: + 55 (c 1.0, CH,Cl,).

5.2.2 Synthesis of monophosphite ligands

The preparation of monophosphite ligands was performed, according to
conventional procedures for synthesis of tris—arylphosphites.9 It should be mentioned
that triethylamine (EtsN) and phosphorus trichloride (PCls) were distilled prior to use.
In a typical experiment,10 a dried Schlenk flask was charged with the desired mono-
protected BINOL derivative (R)- or (5)-2.1-2.5 (6.9 mmol), which was azeotropically
dried with toluene, then placed under nitrogen atmosphere and dissolved in dry
triethylamine (15 mL). The solution was cooled to 0 °C and PCls (0.2 mL, 2.3 mmol) was
slowly added. The reaction progress was followed by TLC and 31p NMR. After stirring
for 3-5 h, the solvent was evaporated under reduced pressure. Then, the residue was
dissolved in dichloromethane/n-hexane (1:1) and purified by a silica gel column
chromatography, using dichloromethane/n-hexane (1:1) as eluent, and further purified

by recrystallization in diethyl ether/n-hexane, always under nitrogen atmosphere.

Tris[(R)-2’-methoxy-1,1’-binaphthyl-2-yl] phosphite ((R)-L1-OMe)

Following the above described procedure, the final product (R)-L1-OMe, with

white crystalline aspect was obtained in 83% yield (1.773 g, 1.91 mmol).*!
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'H NMR (400 MHz, CDCl3), §/ppm: 7.89 (3H, d, 9.2 0
Hz, Ar), 7.82 (3H, d, 8.4 Hz, Ar), 7.75 (3H, d, 8.4 Hz, O
Ar), 7.31 (3H, t, 7.4 Hz, Ar), 7.18-7.27 (9H, m, Ar), 7.15
(3H, t, 7.8 Hz, Ar), 7.05 (3H, t, 7.8 Hz, Ar), 7.01 (3H, d, “ 0Py, OQ
8.4 Hz, Ar), 6.84 (3H, d, 8.4 Hz, Ar), 6.34 (3H, d, 8.8 Hz, O HCQ

Ar), 3.45 (9H, s, OCHs); *C NMR (100 MHz, CDCl;), O

6/ppm: 155.0, 147.5, 133.9, 133.7, 130.3, 129.7, (R)-L1-OMe

129.0, 128.7, 127.8, 127.7, 126.3, 126.0, 125.8, 125.4, 124.3, 123.4, 120.7, 120.6,
118.5, 113.9, 56.3; 3'P NMR (161 MHz, CDCl3), §/ppm: 131.5; HRMS (ESI): m/z calcd.
for Cg3HasOgPNa [M+Na]*: 951.2846, found: 951.2828; Elem. Anal. calcd. for Cg3HasOcP
2H,0: C 78.41, H 5.12, found: C 78.61, H 5.58; Mp: 153-155 °C; [a]o>: + 30 (c 1.0,

toluene).

Tris[(R)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite ((R)-L2-OBn)

Following the above described procedure, the final product (R)-L2-OBn, with

white crystalline aspect was obtained in 81% yield (2.156 g, 1.86 mmol).**

O Y 'H NMR (400 MHz, CDCls), §/ppm: 7.71-7.77 (9H, m,

O %, Ar), 7.32 (3H, t, 7.4 Hz, 3H), 7.23 (3H, t, 7.6 Hz, Ar),

o OBn 7.11-7.17 (6H, m, Ar), 6.99-7.01 (18H, m, Ar), 6.88

“ OB%/F’/\O OQ (3H, d, 8.4 Hz, Ar), 6.79 (6H, d, 6.4 Hz, Ar), 6.20 (3H, d,
O BnQ 8.8 Hz, Ar), 4.73 (6H, s, OCH,Ph); **C NMR (100 MHz,

O OO CDCls), 8/ppm: 154.3, 147.6, 137.6, 134.1, 133.8,
(R}L2-0Bn 130.5, 129.7, 129.4, 128.8, 128.2, 127.9, 127.8, 127.3,

126.9, 126.4, 126.1, 126.0, 125.7, 124.4, 123.7, 123.0, 120.6, 119.7, 115.8, 71.0; *'P
NMR (161 MHz, CDCls), §/ppm: 132.6; HRMS (ESI): m/z calcd. for CgHssOgP [M+H]":
1157.3996, found: 1157.3932; Elem. Anal. calcd. for Cg;Hs;06P2H,0: C 81.53, H 5.15,
found: C 81.42, H 4.70; Mp: 113-115 °C; [a]p>>: + 15 (c 1.0, toluene).
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Tris[(R)-2'-(diphenylmethoxy)-1,1'-binaphthyl-2-yl] phosphite ((R)-L3-OCHPh,)

Following the above described procedure, the final product (R)-L3-OCHPh,, with

white crystalline aspect was obtained in 77% yield (2.454 g, 1.77 mmol).**

O 2 'H NMR (400 MHz, CDCl3), /ppm: 7.64-7.71 (9H, m,
O v, Ar), 7.30 (3H, t, 7.4 Hz, Ar), 7.19 (6H, d, 9.2 Hz, Ar),
o OCHPhy 7.10-7.15 (9H, m, Ar), 7.01 (6H, t, 7.2 Hz, Ar), 6.80-
OCHPh; |
@ o-R, OO 6.97 (27H, m, Ar), 6.74 (3H, d, 8.4 Hz, Ar), 6.17 (3H, d,
Ph,HCO 13
O 9.2 Hz, Ar); 6.05 (3H, s, OCHPh,); 3C NMR (100 MHz,
O OO CDCl;), 6/ppm: 153.2, 147.5, 141.5, 134.0, 133.6,
(R)-L3-OCHPh, 130.3, 129.2, 129.1, 128.7, 128.4, 128.2, 128.1, 128.0,

127.7, 127.5, 127.1, 126.7, 126.5, 126.4, 126.1, 126.0, 125.7, 124.1, 123.5, 120.4,
116.7, 81.9; *'P NMR (161 MHz, CDCls), §/ppm: 134.2; HRMS (ESI): m/z calcd. for
CooH7006P [M+H]": 1386.4938, found: 1386.4909; Elem. Anal. calcd. for CgoHgoOgP
'2H,0: C 83.64, H 5.18, found: C 82.98, H 4.62; Mp: 142-144 °C,; [a]Dzs: - 20 (c 1.0,

toluene).

Tris[(R)-2'-(1-adamantyloxy)-1,1'-binaphthyl-2-yl] phosphite ((R)-L4-OAd)

Following the above described procedure, the final product (R)-L4-OAd, with

white crystalline aspect was obtained in 76% yield (2.253 g, 1.75 mmol).’

'H NMR (400 MHz, CDCl;), 6/ppm: 7.70 (3H, d, 8.8 0 O

Hz, Ar), 7.68 (3H, d, 7.6 Hz, Ar), 7.64 (3H, d, 8.4 Hz, O
Ar), 7.29 (3H, d, 8.8 Hz, Ar), 6.89-7.22 (18H, m, Ar), o OAd
OAd P/

6.77 (3H, d, 8.4 Hz, Ar), 6.44 (3H, d, 8.8 Hz, Ar), 1.80 @ 0™, OQ
AdO

(12H, br s, Ad), 1.32-1.42 (33H, m, Ad); 3C NMR (100 O O

MHz, CDCl;), &§/ppm: 152.1, 147.9, 134.2, 133.8, O O

130.2, 130.1, 128.6, 128.3, 127.8, 127.7, 126.6, 126.6, (R)-L4-OAd

126.0, 125.6, 125.5, 124.5, 124.0, 124.0, 120.5, 120.4, 78.9, 43.2, 36.2, 31.0; *'P NMR
(161 MHz, CDCl3), 8§/ppm: 132.2; HRMS (ESI): m/z calcd. for CooHg:0¢PNa [M+Na]™:
1311.5663, found: 1311.5628; Mp: 158-160°C; [a]o>>: - 160 (c 2.0, CH,Cl5).
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Tris[(S)-2'-(1-adamantanoyloxy)-1,1'-binaphthyl-2-yl]phosphite (L5-OCOAd)

Following the above described procedure, the final product (S)-L5-OCOAd, with
white crystalline aspect was obtained in 74% vyield (2.338 g, 1.70 mmol). The

spectroscopic data is in agreement with that previously reported.®

O O 'H NMR (400 MHz, €DCl;), §/ppm: 7.85 (3H, d, 8.8
O ’ Hz, Ar), 7.72 (6H, t, 9.4 Hz, Ar), 7.23-7.34 (12H, m, Ar),
OCOAd 7.15 (3H, t, 7.6 Hz, Ar), 7.00 (3H, t, 7.6 Hz, Ar), 6.94

OCOAd |
Q‘ 0P OQ (3H, d, 8.4 Hz, Ar), 6.66 (3H, d, 8.4 Hz, Ar), 6.46 (3H, d,

A"OCO 8.8 Hz, Ar), 1.71 (9H, br s, Ad), 1.45 (18H, dd, 11.6 Hz,
O OO 55.6 Hz, Ad), 1.23 (18H, br s, Ad); >'P NMR (161 MHz,

CDCl3), 6/ppm: 136.2; HRMS (ESI): m/z calcd. for

L5-OCOAd
Co3Hg109PNa [M+Na]™: 1396.5568, found: 1396.5549; Mp: 259-261 °C.

The monophosphite ligands (S)-L1-OMe, (S)-L2-OBn, (S)-L3-OCHPh,, (S)-L4-OAd

have also been synthesized, from the corresponding (S)-BINOL mono-ethers, in similar

isolated yields and spectroscopic data in accordance with (R) analogues.” %!

Tris[(S)-2’-methoxy-1,1’-binaphthyl-2-yl] phosphite ((S)-L1-OMe)

Yield: 82% (1.752 g, 1.89 mmol); [a]o>: - 35 (¢ 1.0, CH,Cl,).

Tris[(S)-2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite ((S)-L2-OBn)

Yield: 78% (2.076 g, 1.79 mmol); [a]o®: - 15 (c 1.0, toluene).

Tris[(S)-2'-(diphenylmethoxy)-1,1'-binaphthyl-2-yl] phosphite ((S)-L3-OCHPh,)

Yield: 72% (2.295 g, 1.66 mmol); [a]o?: + 15 (c 1.0, toluene).

Tris[(S)-2'-(1-adamantyloxy)-1,1'-binaphthyl-2-yl] phosphite ((S)-L4-OAd)

Yield: 74% (2.195 g, 1.70 mmol); [alo>: [a]o>: + 65 (¢ 1.0, CH,Cl,).
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5.2.3 Synthesis of 3-methyl binaphthyl derivatives

The syntheses of 3-methyl binaphthyl derivatives were performed through

slightly modified literature procedures.lz’13

2,2'-bis(methoxymethoxy)-1,1'-binaphthyl (2.6)

In a typical procedure, racemic 1,1’-binaphthol (6.0 g, 21

mmol) was added to a stirring suspension of NaH (1.11 g, 46.2 OO oo
mmol) in anhydrous THF (60 mL) at 0°C, under a nitrogen OO O0._ 0O

atmosphere. This solution was stirred for 15 min, and then

methoxymethyl chloride (4.0 mL, 53 mmol) was slowly added. 2.6

The mixture was allowed to warm up to room temperature and stirred for 5 h. After
washing and drying the organic layers by standard procedures, the solvent was
removed and the target compound 2.6 with white crystalline aspect was recrystallized
from toluene/n-hexane, with 88% isolated yield (6.920 g, 18.5 mmol). Spectroscopic

data is in agreement with literature values.'#1>1°

'H NMR (400 MHz, CDCl3), §/ppm: 7.90 (2H, d, 8.8 Hz, Ar), 7.82 (2H, d, 8.0 Hz, Ar), 7.55
(2H, d, 9.2 Hz, Ar), 7-29 (2H, t, 6.4 Hz, Ar), 7.14-7.20 (4H, m, Ar), 5.04 (2H, d, 6.8 Hz,
OCH,0), 4.93 (2H, d, 6.8 Hz, OCH,0), 3.10 (6H, s, OCHs); *C NMR (100 MHz, CDCls),
8/ppm: 152.6, 134.0, 129.9, 129.4, 127.8, 126.3, 125.5, 124.0, 121.3, 117.2, 95.1, 55.7;
MS (El): m/z = 374.1516 (M").

2,2'-bis(methoxymethoxy)-3-methyl-1,1'-binaphthyl (2.7)

In a standard procedure,B'17 n-Buli (1.6 M in hexane, 11.3 mL, 18 mmol) was
added to a solution of 2,2’-bis(methoxymethoxy)-1,1’-binaphthyl 2.6 (5.5 g, 15 mmol)
in anhydrous THF (90 mL), under a nitrogen atmosphere, at room temperature. The
mixture was stirred for 4 h, which produced a grey suspension. After the mixture was
cooled to 0°C, iodomethane (1.2 mL, 19 mmol) was added. The reaction was allowed
to warm up to room temperature and stirred for 5 h. After quenching by a saturated
solution of NH4Cl (50 mL), the aqueous layer was extracted with ethyl acetate (2x50

mL) and the organic layers were combined and dried over Na,SO,. After removal of the
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solvent, the residue was purified by column chromatography on silica gel, using a

mixture of n-hexane/ethyl acetate (10:1) as eluent, which rendered the target

compound 2.7, as a white crystalline solid in 70% isolated yield (4.096 g, 10.5 mmol).

Spectroscopic data is in agreement with that reported in literature.*® Crystallographic

data is presented in Annex 2.

SO

I
O/\O/

o

2.7

'H NMR (400 MHz, CDCl3), 6/ppm: 7.95 (1H, d, 9.2 Hz, Ar), 7.86
(1H, d, 8.0 Hz, Ar), 7.79-7.81 (2H, m, Ar), 7.57 (1H, d, 8.8 Hz,
Ar), 7.33-7.36 (2H, m, Ar), 7.24-7.27 (1H, m, Ar), 7.12-7.18 (3H,
m, Ar), 5.12 (1H, d, 7.2 Hz, OCH,0), 5.01 (1H, d, 6.8 Hz
OCH,0), 4.64 (1H, d, 5.6 Hz, OCH,0), 4.55 (1H, d, 5.6 Hz,

OCH,0), 3.16 (3H, s, OCHs), 2.89 (3H, s, OCHs), 2.58 (3H, s, CHs); *C NMR (100 MHz,

CDCl3), 86/ppm: 153.1, 152.8, 134.1, 132.8, 131.6, 131.1, 129.7 (double intensity),

1295, 127.8, 127.1, 126.6, 125.7, 125.7, 125.3, 125.1, 124.8, 124.1, 121.2, 116.7, 98.7

(OCH3,), 95.0 (OCH,), 56.5 (OCH3), 55.9 (OCH3), 17.9 (CH3); MS (EI) m/z = 388.1671 (M").

3-methyl-1,1'-binaphthyl-2,2'-diol (2.9)

In a standard procedure,18 to a solution of 2,2'-

CHs
bis(methoxymethoxy)-3-methyl-1,1'-binaphthyl 2.7 (3.50 g, 9.0 OO
mmol) in methanol, 0.25 mL of HCl 37% was added and the mixture

OH
was stirred under reflux at 60°C, for 30 minutes. Then, the mixture OO

was poured into water, extracted with ethyl acetate and after work- 2.9

up, the residue was purified by column chromatography on silica gel, using as eluent a

mixture of n-hexane/ethyl acetate (6:1), which furnished the target compound 2.9 as a

white solid, in 95% isolated yield (2.570 g, 8.55 mmol). Spectroscopic data is in

agreement with the literature.*

'H NMR (400 MHz, CDCl3), §/ppm: 7.98 (1H, d, 8.8 Hz, Ar), 7.90 (1H, d, 8.0 Hz, Ar),

7.81-7.83 (2H, m, Ar), 7.22-7.40 (5H, m, Ar), 7.15 (1H, d, 8.0 Hz, Ar), 7.08 (1H, d, 8.8 Hz,

Ar), 5.12 (1H, s, OH), 5.07 (1H, s, OH); 2.52 *C NMR (100 MHz, CDCl;), §/ppm: 152.8,

152.0, 133.5, 132.1, 131.4, 130.8, 129.5, 129.4, 128.4, 127.6, 127.5, 127.0, 126.4,

124.3, 124.02, 123.99, 123.96, 117.8, 111.1, 110.2, 17.0; MS (El): m/z = 300.1150 (M*).
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2'-(benzyloxy)-3-methyl-1,1'-binaphthyl-2-ol (2.10)

To a solution of 3-methyl-1,1'-binaphthyl-2,2'-diol 2.9 (2.0 g, 6.7 mmol), PPh; (1.8
g, 6.7 mmol) and benzyl alcohol (7.9 mmol, 0.8 mL), in dry THF (40 mL), DEAD (40% in
toluene, 3.0 mL, 6.7 mmol) was added dropwise at 0 °C and the mixture was stirred at
room temperature, for 48 h. After work-up and purification by chromatography in
silica gel, using CH,Cl,/n-hexane (2:1) as eluent, the product 2.10 was obtained as a

white solid, in 48% isolated yield (1.255 g, 3.22 mmol).

'H NMR (400 MHz, CDCl3), §/ppm: 7.90 (1H, d, 9.2 Hz, Ar),

OO ot 7.80 (1H, d, 8.0 Hz, Ar), 7.72 (1H, d, 8.0 Hz, Ar), 7.67 (1H, s,
SHVQ Ar), 7.38 (1H, d, 8.8 Hz, Ar), 7.29 (1H, t, 7.2 Hz, Ar), 7.06-

OO 7.22 (7H, m, Ar), 6.92-6.97 (3H, m, Ar), 4.97-5.04 (2H, m,
210 OCH,Ph), 4.90 (1H, s, OH), 2.44 (3H, s, CHs); **C NMR (100

MHz, CDCl;), 6/ppm: 155.0, 150.6, 137.0, 134.2, 132.6, 130.8, 129.7, 129.3, 129.1,
128.3 (double intensity), 128.1, 127.6, 127.3, 127.2 (double intensity), 126.9, 126.6,
125.4, 125.2, 124.7, 124.4, 123.2, 117.2, 116.0, 114.5 (ArC), 71.2 (OCH,Ph), 17.1 (CHs);
HRMS (ESI): m/z calcd. for CogH»,0,Na [M+Na]": 413.1512, found: 413.1516; Mp: 123-
125 °C; Rf: 0.39 (CH,Cl3:n-hexane 2:1).

2'-(benzyloxy)-3’-methyl-1,1'-binaphthyl-2-ol (2.11)

In the same procedure above described, the product 2.11 was also obtained as a

beige solid product, in 33% isolated yield (0.861 g, 2.21 mmol).

'H NMR (400 MHz, CDCl;), 6/ppm: 7.85 (1H, d, 8.8 Hz, Ar), o
7.78 (3H, t, 8.0 Hz, Ar), 7.32-7.37 (1H, m, Ar), 7.05-7.30 (9H, OO

m, Ar), 6.71 (2H, br d, 6.4 Hz, Ar), 5.08 (1H, s, OH), 4.44 (1H, o
d, 10.4 Hz, OCH,Ph), 4.32 (1H, d, 10.4 Hz, OCH,Ph), 2.45 OO
(3H, s, CHs); *C NMR (100 MHz, CDCl;), §/ppm: 155.5, 211

151.2, 136.9, 134.1, 132.8, 132.2, 131.6, 131.0, 130.3, 129.2, 128.3 (double intensity),
128.1 (double intensity), 128.0, 127.6, 126.9, 126.3, 125.6, 125.6, 125.3, 123.5, 122.0,
118.0, 115.5 (ArC), 75.1 (OCH,Ph), 17.6 (CHs); HRMS (ESI): m/z calcd. for CgH,,0,Na
[M+Na]*: 413.1512, found: 413.1511; Rf: 0.65 (CH,Cls:n-hexane 2:1).
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5.3 Experimental (referring to Chapter 3)

In this section, the specific procedures of the asymmetric catalytic reactions
(reported in Chapter 3) are described, as well as the preparation of in situ
rhodium/monophosphite complexes, and the synthesis and characterization of chloro-

allylpalladium/monophosphite complexes.

5.3.1 Rhodium-catalyzed hydroformylation

The rhodium-catalyzed hydroformylation reactions were performed in a high
pressure system, belonging to the Chemistry Department in the University of Coimbra

(Figure 5.1).

Figure 5.1 — High-pressure system for catalytic hydroformylation, in the Chemistry

Department, University of Coimbra.

In a typical hydroformylation experiment, the autoclave was charged with the
appropriate amount of monophosphite ligand and after three cycles of
syngas/vacuum, the rhodium precursor Rh(CO),(acac), in toluene, was then introduced
via cannula. The reactor was pressurized with the desired pressure of an equimolar
mixture of CO/H,, and kept at 80°C for 1 hour. After the incubation, the autoclave was
slowly depressurized and set to the working temperature. Then, the substrate was
introduced through the inlet cannula and the syngas pressure was set to the desired

value for each experiment (Figure 5.2).
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mono-reducer
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Figure 5.2 — Schematic representation of the autoclave for high-pressure

hydroformylation reactions.

After the reactions were finalized, the autoclave was slowly depressurized and
the samples were analyzed by GC, in order to determine conversion, chemo- and

regioselectivity, through the following expressions.

Conversion (%) = total peaks area - substrate peakarea « 100
total peakarea
Ideh k
Chemoselectivity (%) = aldehydes peaks areas x 100
sum of all products peaks areas

jor aldehyd. k
Regioselectivity (%) :(majora ehydepea area] x 100

aldehydes peaksareas

5.3.1.1 General procedure for hydroformylation of aryl olefins

The autoclave was charged with the desired monophosphite ligand L1-OMe, L2-
OBn, L3-OCHPh, or L4-OAd (0.0145 mmol) and the system was purged by three cycles
of syngas and vacuum. Then, a solution of Rh(CO),(acac) (0.75 mg, 0.0029 mmol) in
toluene (3mL) was introduced via cannula, under vacuum. After 1 h incubation at 80°C
and 40 bar of syngas, the substrate (2.32 mmol), previously passed through an
aluminum oxide (grade I) column was dissolved in toluene (4 mL) and subsequently
introduced through the inlet cannula. Then, pressure was set to the desired value, and

the mixture was magnetically stirred for the selected time. The conversion, chemo-
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and regioselectivity throughout the reactions were determined by gas chromatography
analysis of aliquots from the reaction mixture (Agilent-7820A chromatographer
equipped with HP-5 column; injector temperature = 200°C; oven: starting temperature
100°C (hold-time 10 min), heating rate 20°C/min until 280°C (hold-time 10 min),
heating rate 5°C/min until 300°C (hold-time 5 min); detector temperature 250°C;

carrier gas: nitrogen).

Retention times

trans-1-phenylpropene (3.1): 3.5 min;
2-phenylbutanal (3.2): 6.4 min;
2-methyl-3-phenylpropanal (3.3): 7.1 min.
2-phenylpropene (3.4): 3.1 min;
3-phenylbutanal (3.5): 7.2 min;
2-methyl-2-phenylpropanal (3.6): 5.7 min.
styrene (3.7): 2.4 min;

2-phenylpropanal (3.8): 4.5 min;
3-phenylpropanal (3.9): 5.7 min.

For kinetic studies, samples were taken at no more than 20% conversions, in
order to determine the initial rates, without product interferences. The turnover
frequencies (TOF’s), in h™', were calculated as the number of mmol of substrate
converted into aldehydes, per mmol of rhodium, per hour.

To analyze the enantiomeric excesses, aldehydes were oxidized into the
corresponding carboxylic acids. Following a standard procedure,’®?! the aldehydes (1
mL in toluene) were added to a solution containing KMnQO,4 (0.2 g, 1.3 mmol) and
MgSQO, (0.2 g, 1.7 mmol) in acetone (20 mL), and the mixture was stirred at room
temperature, for 15-30 minutes. Then, the solvent was evaporated in vacuum and the
residue was dissolved in H,0 (25 mL), at 70°C. The solution was washed with
dichloromethane (3x25 mL) to remove unreacted alkenes and/or non-oxidized
aldehydes, and the aqueous phase was then acidified with 10% HCI solution to ensure

the protonation of carboxylates. After checking the acidic pH of the solution, the
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extraction of carboxylic acids was performed with dichloromethane (3x25 mL). The
organic phases were collected and dried over anhydrous magnesium or sodium sulfate.
After filtration, the solvent was removed under vacuum, and the resulting oil (or solid)
was dissolved in 1 mL of CH,Cl,. Finally, 0.5 pL of this sample was injected in the
chromatograph (Agilent-6890 equipped with a Supelco B-Dex 120 column; injector
temperature = 220°C; program: isotherm 150°C; detector temperature 240°C; carrier
gas: helium; flow: 1 mL/min). The enantiomeric excesses were determined according

to the expression:

major enantiomer - minor enantiomer

enantiomeric excess (%) =( j x 100

major enantiomer + minor enantiomer

Retention times

(S)-2-phenylbutanoic acid: 96.2 min;
(R)-2-phenylbutanoic acid: 100.7 min.

(S)-3-phenylbutanoic acid: 59.8 min;
(R)-3-phenylbutanoic acid: 61.1 min.

(5)-2-phenylpropanoic acid: 36.5 min;
(R)-2-phenylpropanoic acid: 38.8 min.

5.3.1.2 Hydroformylation of 173-acetoxyandrost-4-ene

The steroid 17B-acetoxyandrost-4-ene 3.11, prepared from the respective 3-
ketone through a literature procedure,22 was kindly provided by Doctor A. Peixoto
(University of Coimbra). The autoclave was charged with (R)- or (S)- L2-OBn (0.110 g,
0.095 mmol) and [Rh(CO),(acac)] (0.005 g, 0.019 mmol), and toluene (3 mL) was added
under vacuum. After incubation, at 40 bar syngas and 80°C, during 1h, the steroid 178-
acetoxyandrost-4-ene 3.11 (0.948 mmol, 0.300 g), dissolved in toluene (3 mL) was
introduced via cannula, and the reaction was conducted at 100°C and 25 bar syngas,
for 48h.2>** After the reaction was finished, the autoclave was cooled, slowly
depressurized, and toluene was evaporated under reduced pressure. The identification

of products was performed by NMR and MS (El), and the quantification of chemo-,
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regio- and diastereoselectivity was carried out based by GC analysis and *H and *C
NMR spectroscopy, based on the previously performed assignments.23 (Agilent-6890
chromatograph equipped with HP-5 column; injector temperature = 280°C; oven:
starting temperature 250°C (hold-time 4 min), heating rate 20°C/min until 280°C (hold-
time 10 min), heating rate 20°C/min until 300°C (hold-time 10 min); detector

temperature 300°C; carrier gas: nitrogen).

Retention times
17B-acetoxyandrost-4-ene (3.11): 4.1 min;
43-formyl-17B-acetoxy-5B-androstane (3.12): 5.7 min;

4a-formyl-17B-acetoxy-5a-androstane (3.13): 6.1 min.

OAG The major product was identified as being 4B-formyl-17B-
acetoxy-5B-androstane  3.12  (95%  conversion, 86%
chemoselectivity, 100% of 4-formyl regioselectivity and 70% of

CH|_(|) B-diastereoselectivity. Spectroscopic data is in agreement with

312 the literature values. MS (E1): m/z = 346 (M*).%®

5.3.2 Preparation of in situ Rh(l)(CO)(acac)(monophosphite) complexes

In a typical experiment, a dried NMR tube was charged with Rh(CO),(acac) (2.6
mg, 0.01 mmol) and each monophosphite ligand L1-OMe, L2-OBn, L3-OCHPh; and L4-
OAd (0.01 mmol), under an argon or nitrogen atmosphere.

The solids were dissolved in 0.5 mL CDCl; at 25°C, and the mixture was subjected
to magnetic stirring for 1 h. Then, the *'P NMR spectra of the resulting solutions were
registered. After the addition of a second molar equiv of monophosphite ligand, the

*1p NMR spectra of the resulting solutions were registered again.
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5.3.3 Synthesis of Pd(ll)(chloro)(methylallyl)(monophosphite) complexes

The palladium precursor [PdCI(n>-2-Me-allyl)],, prepared from Na,PdCl, and PB-
methylallyl chloride, by a standard procedure25 was kindly provided by Doctor A.
Grabulosa, from the group of Prof. G. Muller (Department of Inorganic Chemistry,
University of Barcelona).

In a typical complexation reaction,’®*’ [PdCl(n>-2-Me-allyl)], (39.3 mg, 0.1 mmol)
and the monophosphite ligand L1-OMe, L2-OBn, L3-OCHPh,, L4-OAd or L5-OCOAd
(0.21 mmol) were dissolved in 10 ml of dichloromethane and stirred for 1 h, under
nitrogen atmosphere, at room temperature. The solvent was removed in vacuo and

the pale brown foam was suspended in n-pentane, filtered and washed with pentane.

Chloro(n3-2-Me-allyl)[tris((S)-2’-methoxy-1,1’-binaphthyl-2-yl)phosphite] palladium
(1) (Pd1)

Following the above described procedure, 0
using [PdCI(n*-2-Me-allyl)], (39.3 mg, 0.1 mmol) 0
and (S)-L1-OMe (195 mg, 0.21 mmol), the target CO OOCH3 ol

Pd—
complex Pdl (in a 4:1 ratio diastereomeric \P/ )

OCHV \
mixture) was obtained as a fine white solid, in @ O 0

RaV,
71 % isolated yield (160 mg, 0.14 mmol). O 3 ' Q
'H NMR (500 MHz, CDCls), 6/ppm: 6.82-7.97 O O

(36H, m, Ar), 4.12 minor (1H, d, 9.0 Hz, syn-trans- Pd1

CH); 3.89 major (1H, d, 9.5 Hz, syn-trans-CH); 3.58 minor (3H, s, OCHz); 3.44 major (3H,
s, OCHs), 3.02 minor (1H, d, 16.5 Hz, anti-trans-CH); 2.54 major (1H, d, 17.0 Hz, anti-
trans-CH); 2.51 minor (1H, s, syn-cis-CH); 2.09 major (1H, s, syn-cis-CH); 1.45 minor (1H,
s, anti-cis-CH); 1.04 minor, 1.01 major (3H, s, allyl-CHs); 0.61 major (1H, s, anti-cis-CH);
3¢ NMR (125.7 MHz, CDCl5), §/ppm: 155.0 (COCH;); 146.9 (COP); 133.7, 133.5 (C
Naph); 117.7 (C Binaph); 79.6 minor (d, 51.0 Hz, trans-CH,); 78.3 major (d, 52.0 Hz,
trans-CH,); 58.2 major (cis-CH,); 57.4 minor (cis-CH,); 56.3 minor, 56.0 major (OCHs);
22.1 minor, 22.0 major (allyl-CHs); 3p NMR (121 MHz, CDCl3), 6/ppm: 121.0 major,
minor; Elem. Anal. calcd. for Cg7H5,ClOgPPd: C 71.47, H 4.65; found C 69.57, H 4.77.
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Chloro(n>-2-Me-allyl)[tris((S)-2’-(benzyloxy)-1,1’-binaphthyl-2-yl)phosphite]
palladium (Il) (Pd2)

Following the same procedure, but using [PdCl(n*-2-Me-allyl)], (37.8 mg, 0.096
mmol) and (S)-L2-OBn (233 mg, 0.20 mmol), the target complex Pd2 (in a 3.7:1 ratio
diastereomeric mixture) was obtained as a fine white solid, in 66 % isolated yield (170

mg, 0.13 mmol).

'H NMR (400.1 MHz, CDCls), §/ppm: 6.76-7.90 (51H, m, Ar); 4.83 minor, (1H, d, 12.4
Hz, OCH,Ph); 4.79 major, (1H, d, 12.4 Hz, OCH,Ph); 4.77 minor (1H, d, 12.4 Hz,
OCH,Ph); 4.75 major (1H, d, 12.4 Hz, OCH,Ph); 4.04 minor (1H, d, 11.0 Hz, syn-trans-
CH); 3.85 major (1H, d, 10, 1Hz, syn-trans-CH); 2.82 minor (1H, d, 16.4 Hz, anti-trans-

0 CH); 2.51 major (1H, d, 17.0 Hz, anti-trans-CH);
Q 2.31 minor (1H, s, syn-cis-CH); 2.13 major (1H, s,

CO OBn CI\ syn-cis-CH); 1.19 minor (1H, s, anti-cis-CH); 0.65
pd—%

major, 0.94 minor (3H, s, allyl-CHs); 0.48 major

OBn
@ o \O O (1H, s, anti-cis-CH); **C NMR (100.6 MHz, CDCl;),
O BnQ Q &/ppm: 154.2 (COCH,Ph); 146.9 (COP); 137.26,
O QO 133.7 (C Naph); 118.7 (C Binaph); 78.9 major (d,

52.0 Hz, trans-CH,); 71.0 minor, 70.8 major

Pd2
(OCH,Ph); 57.9 major (cis-CH;); 22.0 minor, 21.6 major (allyl-CH3); 3p NMR (121 MHz,

CDCl3), 86/ppm: 121.9 major, 121.6 minor; Elem. Anal. calcd. for CgsHgsClOgPPd: C
75.39, H4.76; found C 75.19, H 4.61.

Chloro(n?-2-Me-allyl)[tris((R)-2’-(diphenylmethoxy)-1,1’-binaphthyl-2-yl)phosphite]
palladium (l1) (Pd3)

Following the same procedure, but using [PdCl(n3-2-Me-allyl)], (11.5 mg, 0.029
mmol) and (R)-L3-OCHPh, (85 mg, 0.061 mmol), the target complex Pd3 (in a 1.5:1
ratio diastereomeric mixture) was obtained as a fine white solid, in 50 % isolated yield

(46 mg, 0.029 mmol).
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'H NMR (500 MHz, €DCls), §/ppm: 6.30-8.00 0

(66H, m, Ar); 6.11 major, 6.03 minor (1H, s, OCHPh2

OCHPh,); 4.05 minor (1H, d, 10.0 Hz, syn-trans- CO o C'\

CH); 3.87 major (1H, d, 9.5 Hz, syn-trans-CH); OCHPhZ/\P\/Pd_>>7

2.72 minor (1H, d, 17.0 Hz, anti-trans-CH); 2.45
major (1H, d, 17.0 Hz, anti-trans-CH); 2.28 minor
(1H, s, syn-cis-CH); 1.87 major (1H, s, syn-cis-CH);

1.16 minor (1H, s, anti-cis-CH); 1.05 minor, 0.99 Pd3

major (3H, s, allyl-CHs); 0.51 major (1H, s, anti-cis-CH); *C NMR (125.7 MHz, CDCls),
8/ppm: 153.3 (COCHPh,); 147.3 (COP); 141.8, 141.4 (C Naph); 82.4 (s, OCHPh,); 79.2
minor (d, 50.0 Hz, trans-CH,); 78.7 major (d, 56.0 Hz, trans-CH,); 58.5 minor (cis-CH,);
58.1 major (cis-CH,); 22.3 minor, 22.3 major (s, allyl-CHs); >'P NMR (121 MHz, CDCls),
6/ppm: 120.2 (major), 119.4 (minor); Elem. Anal. calcd. for Cy93H76ClOgPPd: C 78.17, H
4.84; found C 76.30, H 5.12.

Chloro(n>-2-Me-allyl)[tris((S)-2’-(1-adamantyloxy)-1,1’-binaphthyl-2-yl)phosphite]
palladium (l1) (Pd4)

Following the same procedure, but using

Pd4

[PdCI(r]3—2—Me—aIIyI)]2 (19.7 mg, 0.05 mmol) and
(5)-L4-OAd (135.4 mg, 0.11 mmol), the target
complex Pd4 (in a 2.2:1 ratio diastereomeric
mixture) was obtained as a fine white solid, in

64 % isolated yield (95 mg, 0.064 mmol).

'H NMR (400.1 MHz, CDCl;), §/ppm: 6.85-7.90
(36H, m, Ar); 4.03 minor (1H, d, 10.4 Hz, syn-

trans-CH); 3.82 major (1H, d, 12.0 Hz syn-trans-CH); 3.00 minor (1H, d, 16.4 Hz, anti-
trans-CH); 2.42 major (1H, d, 17.2 Hz, anti-trans-CH); 2.13 minor (1H, s, syn-cis-CH);
0.81-1.88 (45H, m, major and minor adamantyl protons; ov. 3H, allyl-CHs; , ov. minor
1H, anti-cis-CH, ov. major 1H, syn-cis-CH); 0.50 major (1H, s, anti-cis-CH); 3¢ NMR
(100.5 MHz, CDCls3), 6/ppm: 151.9 (COAd); 147.6 (COP); 120.1-133.8 (C, CH Naph); 78.5
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(C1 OAd); 77.2 major (trans-CH, ov. CDCls); 58.9 major (cis-CH,); 43.3, 36.0, 30.8, (C2,
C4, C3 Ad); 22.6 major (allyl-CH;); *'P NMR (121 MHz, CDCl;), 6/ppm: 118.9 minor,
118.2 major; Elem. Anal. calcd. for Co4HgsCIOgPPd: C 75.95, H 5.97; found C 72.64, H
6.24.

ChIoro(ns-Z-Me-aIIyI)[tris((S)-Z’-(l-adamantanoyloxy-l,1’-binaphthyl-2-yl) phosphite]
palladium (ll) (Pd5)

Following the same procedure, but starting from [PdCI(n3-2-Me-allyl)], (19.7 mg,
0.05 mmol) and (S)-L5-OCOAd (144.0 mg, 0.105 mmol), the target complex Pd5 (in a
2.5:1 ratio diastereomeric mixture) was obtained as a fine white solid, in 70 % isolated

yield (109 mg, 0.070 mmol).

'H NMR (400.1 MHz, €DCl;), 6/ppm: 6.73-7.90 00
(36H, m, Ar); 4.29 minor (1H, d, 12.0 Hz, syn-
C OCOAd ol
trans-CH); 3.86 major (1H, d, 12.0 Hz, syn-trans- O o \ >
Pd— ))—
CH); 3.13 minor (1H, d, 16.0 Hz, anti-trans-CH); OCOAd/\P/

N\
1.87 major (1H, d, 16.0 Hz, anti-trans-CH); 1.23- @ 0 0 O
AdOCO Q
1.78 (45H, m, major and minor adamantyl ! 0

protons; ov. minor 1H, anti-cis CH; ov. minor 3H,

allyl-CHs; ov. 1H, syn-cis CH); 1.14 major (3H, s, Pd5

allyl-CHs); 0.85 major (1H, s, anti-cis CH); *C NMR (100.5 MHz, CDCl;), 6/ppm: 175.6
(CO0); 147.0 (CO Ad); 146.9 (COP); 118.8-133.4 (C, CH Naph); 80.7 major (d, 50.0 Hz,
trans-CH,); 57.4 major (cis-CH,); 40.5, 37.9, 36.1, 27.6 (C1, C2, C4, C3 Ad); 22.7 major
(allyl-CH3); 3p NMR (121 MHz, CDCl3), 6/ppm: 118.9 minor, 118.0 major; Elem. Anal.
calcd. for Cq7HggClOgPPd: C 74.18, H 5.65; found C 74.19, H 6.50.
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5.3.4 Palladium-catalyzed hydrovinylation

The catalytic hydrovinylation experiments were performed, in the scope of a
cooperation project, in the laboratory of Prof. Guillermo Muller, from the University of
Barcelona. The reactions were carried out in a stainless-steel autoclave fitted with an
external jacket connected to an ethanol bath and a thermocouple device, which

controls the internal temperature, using a thermostat to £ 0.5°C (Figure 5.3).

5.3.4.1 General procedure of Pd-catalyzed hydrovinylation of styrene

In a typical procedure,?’?®

the desired chloro-allylpalladium complex Pd1-Pd5
(0.035 mmol), AgBF4 (1.1 molar equiv with respect to Pd) and styrene (35 mmol, 4.0
mL) were dissolved in 15 mL of dichloromethane and stirred for 10 min, sheltered from
light. After filtering off the formed AgCl, the solution was placed, by syringe, into the
autoclave, which had been purged by successive vacuum/nitrogen cycles and

thermostated to 25°C. Then, ethylene was admitted until a pressure of 16 bar was

reached.

Figure 5.3 — High-pressure system for catalytic hydrovinylation, in the Department of

Inorganic Chemistry, University of Barcelona.

After the selected time, the autoclave was slowly depressurized and 10 mL of a
10% aqueous NH,4Cl solution was added. The mixture was stirred for 10 min in order to
qguench the catalyst. The organic layer was separated, dried with Na,SO,, filtered

through a plug of silica gel and subjected to GC analysis, to determine the products
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distribution and enantiomeric excesses, using Agilent HP-5 and Astec Chiraldex DM
columns. The program conditions for each instrument and the respective retention

times are presented below.

Achiral GC (Agilent-5890 Series Il chromatographer equipped with HP-5 column;
program: starting temperature 40°C (hold-time 2 min), heating rate 10°C/min until

250°C (hold-time 20 min); carrier gas: helium).

styrene (3.7): 14.2 min;
3-phenylbut-1-ene (3.14): 16.8 min;
(2)-2-phenylbut-2-ene (3.15): 16.9 min;
(E)-2-phenylbut-2-ene (3.16): 18.6 min:
cis-1,3-diphenylbut-1-ene (3.17): 30.0 min.

Chiral GC (Agilent-5890 Series |l chromatographer equipped with Astec Chiraldex
DM column; program: starting temperature 60°C (hold-time 30 min), heating rate
10°C/min until 120°C (hold-time 20 min); carrier gas: helium).

(R)-3-phenylbut-1-ene ((R)-3.14): 18.9 min;

(S)-3-phenylbut-1-ene ((S)-3.14): 19.4 min.

The conversions, chemo- and enantioselectivity were calculated through the

following expressions:

total peakarea - substrate peakarea

Conversion (%) :( ] x 100

total peakarea

3-phenylbut - 1-ene peakarea

Chemoselectivity (%) :( j x 100

sumof all productspeaksareas

. . major enantiomer - minor enantiomer
enantiomeric excess (%) :( J ] x 100

major enantiomer + minor enantiomer
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5.4 Experimental (referring to Chapter 4)

In this section, the specific procedures for each catalytic aminocarbonylation
reaction (reported in Chapter 4) are described, as well as the full characterization of

the new carboxamide-functionalized products.

5.4.1 General procedure of Pd-catalyzed aminocarbonylation reactions

The catalytic aminocarbonylation reactions were performed in both Coimbra and

29,30

Pécs laboratories, following standard procedures.

Figure 5.4 — Autoclave for high-pressure catalytic aminocarbonylation reactions in the

Department of Inorganic Chemistry, University of Pécs.

Catalytic aminocarbonylation under high carbon monoxide pressure

In a typical experiment,” the palladium precursor Pd(OAc),, 2 molar equiv.
phosphorus ligand, the iodo-substrate (1 mmol), the N-nucleophile (1.1 — 3 molar
equiv. of monoamine, or 0.5 molar equiv. of diamine) and triethylamine (0.5 mL) were
dissolved in DMF under argon in a stainless steel autoclave. The autoclave was
pressurized with the desired pressure of carbon monoxide. The reaction was
conducted for the given reaction time, upon stirring at the selected temperature, and
subsequently analyzed by GC, GC-MS and NMR. The mixture was then concentrated

and evaporated to dryness. The residue was dissolved in chloroform and washed with
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water. The organic phase was dried over Na,SQO,, filtered and evaporated to a
crystalline material or to a waxy residue. All compounds were subjected to column
chromatography (silica gel 60 (Merck), 0.063-0.200 mm), or simply recrystallized from

solvents (the exact ratios are specified below for each compound).

Catalytic aminocarbonylation under atmospheric carbon monoxide pressure

In a typical experiment,®® Pd(OAc),, phosphorus ligand, iodo-substrate, N-
nucleophile and triethylamine were dissolved in DMF (in similar quantities used for
high pressure experiments — see above), under argon in a 100 mL three-necked flask
equipped with a gas inlet, reflux condenser with a balloon (filled with argon) at the
top. Then, the atmosphere was changed to carbon monoxide. Finally, the reaction was
conducted for the given reaction time, upon stirring at the selected temperature, and
subsequently analyzed by GC-MS and NMR. At the end of the reactions, the mixture

was evaporated to dryness and worked-up as previously described.

5.4.2 Synthesis of cyclohexenyl-glyoxylamides

Following the typical procedure described above, Pd(OAc), (5.6 mg, 0.025 mmol),
monophosphite ligand (L2-OMe) (57.9 mg, 0.05 mmol), 1-iodocyclohexene (1 mmol),
amine nucleophile (1.1-3.0 mmol) and 0.5 ml triethylamine were dissolved in DMF (10
mL), under argon, in a 100 mL autoclave. The autoclave was pressurized with 110 bar

of carbon monoxide, and the reaction was conducted for 2 h, upon stirring at 30°c.*!

N-tert-butyl-2-(cyclohex-1-enyl)-2-oxoacetamide (4.6a)

1-lodocyclohexene 4.4 was aminocarbonylated, using 3 mmol of tert-butylamine
a, as N-nucleophile. When the reaction was finished, the solvent was evaporated
under reduced pressure and the residue was dissolved in chloroform (20 ml) and
washed with water (3x20 mL). After drying over Na,SO,, filtration and solvent
evaporation, the mixture was subjected to column chromatography in silica gel, using a
2% EtOAc/CHCI3 mixture as eluent. The target compound 4.6a was obtained as a beige

crystalline solid, in 60% isolated yield (0.125 g, 0.60 mmol).*!
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'H NMR (400.1 MHz, CDCls), §/ppm: 7.80 (1H, br s, =CH), 6.68 (1H, brs, J<
NH), 2.32 (2H, m, CHy), 2.23 (2H, br s, CHo); 1.65 (4H, m, 2xCHy); 139 | HN
(9H, s, C(CHs)3); *C NMR (100.6 MHz, CDCl;), §/ppm: 189.1, 162.0, °
149.7, 135.5, 51.4, 28.3, 26.7, 23.1, 21.7, 21.2; IR (KBr (cm™)): 3274

(NH); 1669 (CO); 1646 (CON); MS m/z (rel. int.): 209 (12%), 194 (2%), 4.6a

153 (18%), 109 (100%), 81(46%); 57 (32%); Elem. Anal. calcd. for C;,HgsNO,: C 68.87, H
9.15, N 6.69; found: C 68.72, H 9.01; N 6.40; Mp: 81-82°C; Rf: 0.48 (2% EtOAc/CHCls).

1-cyclohexenyl-2-morpholinoethane-1,2-dione (4.6¢)

A similar procedure was carried out, but using 1.5 mmol of morpholine ¢, as N-
nucleophile. After work-up and purification by column chromatography in silica gel,
using a 20% EtOAc/CHCIl; mixture as eluent, the target compound 4.6c was obtained as

an off-white crystalline solid, in 62% isolated yield (0.138 g, 0.62 mmol).*"

o 'H NMR (400.1 MHz, CDCl3), §/ppm: 6.93 (1H,br s, =CH), 3.64-3.74 (6H,

[N] m, 3xCH,), 3.30 (2H, t, 4.8 Hz, NCH,), 2.35 (2H, br s, CH,), 2.26 (2H, brs,
o o | CH,), 1.66 (4H, m, 2xCH,); **C NMR (100.6 MHz, CDCls), §/ppm: 193.1,
166.1, 148.9, 137.0, 66.7, 66.6, 46.3, 41.4, 26.5, 21.8, 21.4, 21.3; IR (KBr

(cm™)): 1654 (CO); 1644 (CON); 1626 (C=C); MS m/z (rel. int.): 223

4.6¢
(31%), 194 (2%), 109 (100%), 81(49%), 70 (19%), 53(10%); Elem. Anal. calcd.

for C1,H17NO3: C 64.55, H 7.67, N 6.27; found: C 64.37, H 7.51 N, 6.05; Mp: 109-110°C;
Rf: 0.40 (20% EtOAc/CHCIs).

1-cyclohexenyl-2-(piperidin-1-yl)ethane-1,2-dione (4.6d)

The same procedure was carried out, but using 1.5 mmol of piperidine d, as N-
nucleophile. After work-up and purification by column chromatography in silica gel,
using a 10% EtOAc/CHCl; mixture as eluent, the target compound 4.6d was obtained

as a yellow crystalline solid, in 66% isolated yield (0.146 g, 0.66 mmol).*"

'H NMR (400.1 MHz, CDCl;), 8/ppm: 6.29 (1H, br s, =CH), 3.61 (2H, t, 5.2Hz, NCH,),
3.21 (2H, t, 5.2 Hz, NCH,), 2.38 (4H, m, 2xCH,), 1.56-1.65 (10H, m, 5xCH,); *C NMR
(100.6 Hz, CDCl3), 8/ppm: 193.9, 166.1, 148.2, 136.9, 47.1, 42.0, 26.5, 26.2, 25.4, 24.4,
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21.8, 21.4, 21.3; IR (KBr (cm™)): 1658 (CO), 1641 (CON); MS m/z (rel. O
int.): 221 (28%), 192 (6%), 109 (100%), 81(48%), 69 (46%), 53(15%); N

O

Elem. Anal. calcd. for C13H19NO,: C 70.56, H 8.65, N 6.33; found: C 70.40,
H 8.77, N 6.17; Mp: 77-78°C; Rf: 0.48 (10% EtOAc/CHCIls).

5.4.3 Synthesis of conduritol-derived carboxamides

The halogenated cyclohexenetetraol derivatives 4.8, 4.9 and 4.10 were
synthesized via biotransformation of bromo- or iodobenzene with Pseudomonas
putida F39/D,? by Doctor V. Schapiro and Doctor V. Heguaburu,*® in the laboratory of
Prof. Doctor E. Pandolfi (UdeLaR, Montevideo, Uruguay).

In a typical aminocarbonylation reaction, Pd(OAc), (3.4 mg, 0.015 mmol), PPh;
(7.9 mg, 0.05 mmol) and the halogenated cyclohexenetetraol derivative (0.30 mmol),
were placed in the autoclave. After three cycles of CO/vacuum, the amine nucleophile
(0.33-0.90 mmol) and 0.25 ml triethylamine dissolved in DMF (7 mL) under N,
atmosphere were added via cannula, and the autoclave was pressurized with 30 bar of

carbon monoxide. The reaction was conducted for 24 h, upon stirring at 100°C.

(3aR,4R,5R,7aR)-7-(tert-butylcarbamoyl)-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[d]
[1,3]dioxole-4,5-diyl diacetate (4.11a)

The aminocarbonylation of 4.8 was carried out, using 0.9 mmol of tert-
butylamine a, as N-nucleophile. At the end of the reaction, palladium metallic particles
were filtered off. The mixture was then concentrated and evaporated to dryness. The
residue was dissolved in chloroform (20 mL), then washed with water (3x20 mL), dried
over Na,SO,4 and concentrated to a red/orange waxy oil. After purification by column
chromatography in silica gel, using a mixture of ethyl acetate/n-hexane (2:3) as eluent,
the target compound 4.11a was obtained as a yellow oil, in 50% isolated yield (0.055 g,

0.15 mmol).*

'H NMR (400 MHz, CDCl;), /ppm: 6.64 (1H, d, 4.8 Hz, CH=C), 6.60 (1H, br s, NH), 5.67
(1H, dd, 3.8 Hz, 4.8 Hz, C=CH-CH-OAc), 5.40 (1H, dd, 3.8 Hz, 6.6 Hz, C-O-CH-CH-OAc),
4.87 (1H, d, 5.8 Hz, CH=C-CH-O-C), 4.44 (1H, dd, 5.8 Hz, 6.6Hz, AcO-CH-CH-0-C), 2.07
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(3H, s, 0=C-CHs), 2.05 (3H, s, 0=CCH;), 1.44 (3H, s, O-C-CHs), 1.42 \i/
(3H, s, 0-C-CHs), 1.40 (9H, s, t-Bu); 3C NMR (100 MHz, CDCl5), O NH
8/ppm: 170.2 (0-C=0), 169.9 (0-C=0), 164.4 (NH-C=0), 134.8 %{OK
(CH=C-C=0), 131.0 (AcO-CH-CH=C), 110.7 (O-C-0), 73.4 (AcO-CH- |Ac®" i 0

CH-0-C), 71.5 (CH=C-CH-0-C), 69.5 (AcO-CH-CH-0-C), 68.2 (C=CH- i11a
CH-OAC), 51.4 (C(CHs)s), 28,7 (3C, C(CH3)s), 27.6 (O-C-CH3), 26.1 (O-C-CHs), 20.8 (O=C-
CHs), 20.7 (O=C-CHs); HRMS (ESI): m/z calcd. for CigH,7NOsNa [M+Na]*: 392.1680,

found: 392.1684; [a]p>: - 50.0 (c 0.5, CH,Cl,); Rf: 0.35 (EtOAc/n-hexane 2:3).

(3aR,4R,5R,7aR)-2,2-dimethyl-7-(phenylcarbamoyl)-3a,4,5,7a-tetrahydrobenzo[d]
[1,3]dioxole-4,5-diyl diacetate (4.11b)

The aminocarbonylation of 4.8 was carried out, using 0.6 mmol of aniline b, as V-
nucleophile. After work-up and purification by column chromatography in silica gel,
using a mixture of ethyl acetate/n-hexane (1:9) as eluent, the target compound 4.11b

was obtained as a yellow oil, in 45% isolated yield (0.053 g, 0.136 mmol).*?

'H NMR (400 MHz, CDCls), §/ppm: 8.69 (1H, br s, NH), 7.57-7.58
© (2H, m, Ar), 7.33-7.36 (2H, m, Ar), 7.12-7.16 (1H, m, Ar), 6.82 (1H,
O-NH d, 3.3 Hz, CH=C), 5.75 (1H, dd, 3.3 Hz, 3.7 Hz, C=CH-CH-OAc), 5.52
%:OK (1H, dd, 3.7 Hz, 6.0 Hz, C-O-CH-CH-OAc), 5.01 (1H, d, 5.5 Hz,
AcO™ i O CH=C-CH-0), 4.51 (1H, dd, 5.5 Hz, 6.0 Hz, AcO-CH-CH-O-C), 2.08

A116 (3H, s, 0=C-CHs), 2.07 (3H, s, 0=C-CHs), 1.48 (3H, s, O-C-CHs), 1.47
(3H, s, 0-C-CHs); *C NMR (100 MHz, CDCls), §/ppm: 170.1 (0-C=0), 169.9 (O-C=0),
166.3 (NH-C=0), 137.6 (AcO-CH-CH=C), 133.7 (CH=C-C=0), 133.2 (Ca/), 129.1 (Ca/),
124.8 (Car), 120.3 (Car), 111.7 (0-C-0), 73.6 (AcO-CH-CH-0-C), 71.2 (CH=C-CH-O-C), 69.2
(AcO-CH-CH-0-C), 65.7 (C=CH-CH-OAc), 27.1 (O-C-CH3), 26.2 (O-C-CHs), 20.8 (2C, O=C-
CHs); HRMS (ESI): m/z calcd. for CyoH,sNO;Na [M+Na]*: 412.1367, found: 412.1355;

[a]p®: - 30.0 (¢ 0.7, CH,Cl,); Rf: 0.50 (EtOAc/n-hexane 1:9).

(3aR,4R,5R,7aR)-2,2-dimethyl-7-(piperidine-1-carbonyl)-3a,4,5,7a-tetrahydrobenzo
[d][1,3]dioxole-4,5-diyl diacetate (4.11d)
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The aminocarbonylation of 4.8 was carried out, using 0.45 mmol of piperidine b,
as N-nucleophile. After work-up and purification by column chromatography in silica
gel, using a mixture of chloroform/EtOAc 5:1 as eluent, the target compound 4.11d

was obtained as an orange oil, in 56% isolated yield (0.064 g, 0.168 mmol).*?

'H NMR (400 MHz, CDCl3), 8/ppm: 5.77 (1H, d, 4.8 Hz, CH=C), O
5.49 (1H, dd, 3.6 Hz, 4.8 Hz, C=CH-CH-OAc), 5.12 (1H, dd, 3.6 Hz, O

8.0 Hz, C-O-CH-CH-OAc), 5.03 (1H, d, 6.0 Hz, CH=C-CH-0), 4.44 %{OK
(1H, dd, 6.0 Hz, 8.0 Hz, AcO-CH-CH-O-C), 3.39-3.51 (4H, m, CHy-N- | A0 . ©

CH,), 2.03 (3H, s, 0=C-CHs), 1.98 (3H, s, 0=C-CHs), 1.45-1.53 (6H, 211d

m, N-CH,-(CH,)3-CH,), 1.37 (3H, s, O-C-CHs), 1.30 (3H, s, O-C-CHs); **C NMR (100 MHz,
CDCls), 8/ppm: 169.5 (0-C=0), 169.1 (0-C=0), 166.1 (N-C=0), 135.6 (CH=C-C=0), 132.0
(AcO-CH-CH=C), 109.2 (0-C-0), 71.6 (AcO-CH-CH-0-C), 71.5 (CH=C-CH-0-C), 69.8 (AcO-
CH-CH-O-C), 64.7 (C=CH-CH-OAc), 45.8 (N-CH,), 39.6 (N-CH,), 26.5 (O-C-CH3), 25.5 (N-
CH,-CH,) 25.3 (N-CH,-CH,), 24.4 (O-C-CHs), 24.1 (N-CH,-CH,-CH,), 19.9 (O=C-CHs), 19.7
(0O=C-CH3); HRMS (ESI): m/z calcd. for CigH,;NOs;Na [M+Na]™: 404.1680, found:
404.1666; [a]p>: - 55.0 (¢ 1.0, CH,Cl,); Rf: 0.52 (CHCl3:EtOAC 5:1).

(3aR,4R,5R,7aR)-7-((S)-1-methoxy-1-oxopropan-2-ylcarbamoyl)-2,2-dimethyl-3a,4,5,

7a-tetrahydrobenzo[d][1,3]dioxole-4,5-diyl diacetate (4.11e)

The aminocarbonylation of 4.10 was carried out, under 1 bar CO and 50°C, using
0.33 mmol of L-alanine methyl ester e (hydrochloride salt), as N-nucleophile. After
work-up and purification by column chromatography in silica gel, using a mixture of
chloroform/EtOAc 5:1 as eluent, the target compound 4.11e was obtained as a yellow

oil, in 85% isolated yield (0.102 g, 0.255 mmol).*

'H NMR (400 MHz, CDCls), 8/ppm: 7.24 (1H, d, 6.8 Hz, NH), 6.72 (1H, d, 3.2 Hz, CH=C),
5.69 (1H, br s, C=CH-CH-OAc), 5.43-5.45 (1H, m, C-O-CH-CH-OAc), 4.94 (1H, d, 5.4 Hz,
CH=C-CH-0), 4.64-4.71 (1H, m, CH3-CH-NH), 4.45 (1H, dd, 5.4 Hz, 6.0 Hz, AcO-CH-CH-O-
C), 3.77 (3H, s, NH-COOCHs), 2.06 (3H, s, 0=C-CHs), 2.05 (3H, s, 0=C-CHs), 1.46 (3H, s,
HN-CH-CHs), 1.45 (3H, s, O-C-CHs), 1.44 (3H, s, O-C-CHs); *C NMR (100 MHz, CDCl;),
8/ppm: 173.0 (0=C-OCH;), 169.8 (0-C=0), 169.6 (0-C=0), 164.3 (HN-C=0), 133.2
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) (CH=C-C=0), 132.1 (AcO-CH-CH=C), 110.7 (0-C-0), 73.2 (AcO-
%OCHg CH-CH-O-C), 70.9 (CH=C-CH-0-C), 69.2 (AcO-CH-CH-O-C), 65.7

° NHO (C=CH-CH-OAc), 52.3 (OCHs), 48.1 (HN-CH-CH3) 27.4 (O-C-CH3),

) >< 25.9 (O-C-CH3), 20.6 (O=C-CHs), 20.5 (O=C-CH3), 18.1 (HN-CH-
AcO éACO CH3); HRMS (ESI): m/z calcd. for CigH,sNOgNa [M+Nal™:
4.11e 422.1422, found: 422.1437; [a]p>: - 50.0 (c 2.0, CHCl,); Rf: 0.45

(CHCl3/EtOAC 5:1).

(3aR,4R,5R,7aR)-7-((S)-1-methoxy-3-methyl-1-oxobutan-2-ylcarbamoyl)-2,2-dimethyl
-3a,4,5,7a-tetrahydrobenzo[d][1,3]dioxole-4,5-diyl diacetate (4.11f)

The aminocarbonylation of 4.10 was carried out, under 1 bar CO and 50°C, using
0.33 mmol of L-valine methyl ester f (hydrochloride salt), as N-nucleophile. After work-
up and purification by column chromatography in silica gel, using a mixture of
chloroform/EtOAc 6:1 as eluent, the target compound 4.11f was obtained as a yellow

oil, in 66% isolated yield (0.085 g, 0.199 mmol).*

'H NMR (400 MHz, CDCls), §/ppm: 7.23 (1H, d, 8.4 Hz, NH), 6.72 o

(1H, br s, CH=C), 5.70 (1H, br s, C=CH-CH-OACc), 5.46 (1H, br s, C- )\/MOCHS
0-CH-CH-OAc), 4.95 (1H, d, 4.8 Hz, CH=C-CH-0), 4.61-4.64 (1H, O

m, (NH-CH-CH(CHs),), 4.46 (1H, dd, 5.6 Hz, 5.6 Hz, AcO-CH-CH- ‘&OK
0-C), 3.75 (3H, s, NH-COOCHs), 2.22-2.26 (1H, m, NH-CH- o i ©
CH(CHs),) 2.06 (3H, s, 0=C-CHs), 2.05 (3H, s, 0=C-CHs), 1.43 (6H, 411f

s, 0-C-CHs), 0.94 (6H, dd, 6.8 Hz, 2.2 Hz, NH-CH-CH(CHs),); *C NMR (100 MHz, CDCls),
8/ppm: 171.9 (0=C-OCH;), 169.8 (0-C=0), 169.5 (0-C=0), 164.4 (HN-C=0), 132.9
(CH=C-C=0), 132.1 (AcO-CH-CH=C), 110.6 (O-C-0), 73.2 (AcO-CH-CH-O-C), 71.0 (CH=C-
CH-O-C), 69.0 (AcO-CH-CH-O-C), 65.6 (C=CH-CH-OAc), 57.1 (NH-CH-CH-(CHs),), 51.9
(OCHs), 30.8 (HN-CH-CH-(CHs),), 27.4 (O-C-CH3), 25.9 (O-C-CH3), 20.5 (O=C-CHs), 20.4
(0=C-CH3), 18.0 (HN-CH-CH-(CH3),), 16.7 (HN-CH-CH-(CHs),); HRMS (ESI): m/z calcd. for
CaoH30NOs [M+H]": 428.1915, found: 428.1915; [alp®®: - 45.0 (c 2.0, CHCl,); Rf: 0.45
(CHCls/EtOAC 6:1).
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(3aR,4R,5S,7aR)-7-(tert-butylcarbamoyl)-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[d]
[1,3]dioxole-4,5-diyl diacetate (4.12a)

The aminocarbonylation of 4.9 was performed, using 0.9 mmol of tert-
butylamine a, as N-nucleophile After work-up and purification by column
chromatography in silica gel, using a mixture of EtOAc/n-hexane 2:3 as eluent, the
target compound 4.12a was obtained as a yellow oil, in 52% isolated yield (0.058 g,
0.156 mmol).*

'H NMR (400 MHz, CDCl3), §/ppm: 6.63 (1H d, 2.0 Hz, CH=C),

6.48 (1H, br s, NH), 5.49 (1H, dd, 2.0 Hz, 8.8 Hz, C=CH-CH-OAc), O
5.23 (1H, dd, 8.8 Hz, 9.2 Hz, C-O-CH-CH-OAc), 4.82 (1H, d, 6.0 O><
Hz CH=C-CH-O-C), 4.29 (1H, dd, 6.0 Hz, 9.2 Hz, AcO-CH-CH-O- |AC . ©

C), 2.10 (3H, s, 0=C-CHs), 2.09 (3H, s, 0=C-CHs), 1.55 (3H, s, O- 4123

C-CHs), 1.44 (3H, s, O-C-CHs), 1.39 (9H, s, t-Bu); **C NMR (100 MHz, C€DCls), §/ppm:
170.2 (0-C=0), 170.1 (0-C=0), 163.8 (NH-C=0), 135.0 (AcO-CH-CH=C), 132.1 (CH=C-
C=0), 111.9 (0-C-0), 75.6 (AcO-CH-CH-O-C), 71.8 (CH=C-CH-O-C), 71.4 (AcO-CH-CH-O-
C), 69.9 (C=CH-CH-OAc), 51.4 (C(CH3)s), 28.6 (3C, C(CH3)3), 27.8 (O-C-CHs), 26.4 (O-C-
CHs), 20.9, 20.8 (2C, 0=C-CHs); HRMS (ESI): m/z calcd. for CigH,;NO;Na [M+Na]":
392.1680. Found: 392.1672; [a]o>: + 100.0 (c 0.6, CH,Cl,); Rf: 0.42 (EtOAc/n-hexane
2:3).

(3aR,4R,5S,7aR)-2,2-dimethyl-7-(phenylcarbamoyl)-3a,4,5,7a-tetrahydrobenzo[d]
[1,3]dioxole-4,5-diyl diacetate (4.12b)

The aminocarbonylation of 4.9 was carried out, using 0.6 mmol of aniline b, as N-
nucleophile. After work-up and purification by column chromatography in silica gel,
using a mixture of ethyl acetate/n-hexane (1:9) as eluent, the target compound 4.12b

was obtained as a yellow oil, in 27% isolated yield (0.032 g, 0.082 mmol).*?

'H NMR (400 MHz, CDCl3), 8/ppm: 8.40 (1H, br s, NH), 7.47-7.49 (2H, m, Ar), 7.26-7.30
(2H, m, Ar), 7.06-7.10 (1H, m, Ar), 6.75 (1H, d, 1.2 Hz, CH=C,), 5.49 (1H, d, 8.8 Hz, C=CH-
CH-OAc), 5.21 (1H, dd, 8.8Hz, 9.2 Hz, C-O-CH-CH-OAc), 4.91 (1H, d, 6.0 Hz, CH=C-CH-O-
C), 4.39 (1H, dd, 6.0 Hz, 9.2 Hz, AcO-CH-CH-0O-C), 2.05 (3H, s, O=C-CHs), 2.02 (3H, s,
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0=C-CH), 1.53 (3H, s, O-C-CHs), 1.43 (3H, s, O-C-CHs); **C NMR
(100 MHz, €DCl3), 8/ppm: 169.3 (2C, 0-C=0), 161.9 (NH-C=0),

124.1 (Car), 119.6 (Cas), 111.7 (O-C-0), 74.9 (AcO-CH-CH-O-C), 71.0
(CH=C-CH-0-C), 70.5 (AcO-CH-CH-O-C), 69.0 (C=CH-CH-OAc), 26.8

Oy NH 136.8 (CH=C-C=0), 136.1 (AcO-CH-CH=C), 130.9 (Ca/), 128.4 (Ca/),
%ﬂox
AcO” 7 YO
OAc

i (0-C-CHs), 25.5 (0-C-CH3), 19.9 (0=C-CHs), 19.7 (O=C-CHs); HRMS
(ESI): m/z calcd. for CyH3sNOsNa [M+Na]*: 412.1367, found: 412.1357; [alp?: + 110.0

(c 0.5, CH,Cl,); Rf: 0.45 (EtOAc/n-hexane 1:9).

(3aR,4R,5S,7aR)-2,2-dimethyl-7-(piperidine-1-carbonyl)-3a,4,5,7a-tetrahydrobenzo
[d][1,3]dioxole-4,5-diyl diacetate (4.12d)

The aminocarbonylation of 4.9 was carried out, using 0.45 mmol of piperidine b,
as N-nucleophile. After work-up and purification by column chromatography in silica
gel, using a mixture of chloroform/EtOAc 5:1 as eluent, the target compound 4.12d

was obtained as an orange oil, in 53% isolated yield (0.061 g, 0.136 mmol).*

'H NMR (400 MHz, CDCl3), §/ppm): 5.66 (1H,br s, CH=C), 5.31 O
(@) N
(1H, d, 8.8 Hz C=CH-CH-OAc), 5.22 (1H, dd, 8.8 Hz, 9.0 Hz, C-O-CH-
(0}
CH-OAc), 4.98 (1H, d, 6.4 Hz, CH=C-CH-0), 4.28 (1H, dd, 6.4 Hz, 9.0 ><
AcO Y O
OAc

Hz, AcO-CH-CH-0-C), 3.49-3.52 (2H, m, CH,-N-CH,), 3.26-3.28 (2H,

m, CHy-N-CH,), 2.08 (3H, s, 0=C-CHs), 2.04 (3H, s, 0=C-CHs), 1.42- 2124

1.62 (6H, m, N-CH,-(CH-)3-CH,), 1.48 (3H, s, O-C-CHs), 1.33 (3H, s, O-C-CHs); *C NMR
(100 MHz, €DCl3), 8/ppm): 169.4 (0-C=0), 169.2 (0-C=0), 167.2 (N-C=0), 131.8 (CH=C-
C=0), 131.0 (AcO-CH-CH=C), 110.5 (0-C-0), 74.1 (AcO-CH-CH-O-C), 71.7 (CH=C-CH-O-
C), 70.8 (AcO-CH-CH-0O-C), 69.4 (C=CH-CH-OAc), 46.2 (N-CH,), 40.8 (N-CH,), 26.8 (O-C-
CHs), 25.4 (N-CH,-CH,), 25.1 (O-C-CHs), 24.3 (N-CH,-CH,), 23.4 (N-CH,-CH,-CH,), 20.0
(0=C-CH3), 19.8 (0=C-CH;); HRMS (ESI): m/z calcd. for CioH,yNO;Na [M+Na]™:
404.1680, found: 404.1677; [a]o>: + 115 (c 1.0, CH,Cl,); Rf: 0.40 (CHCls/EtOAC 5:1).
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5.4.4 Synthesis of dicarboxamides

In a typical experiment,® Pd(OAc), (5.6 mg, 0.025 mmol), triphenylphosphine
(13.2 mg, 0.05 mmol), the iodo-substrate (1 mmol), diamine nucleophile (0.5 mmol)
and triethylamine (0.5 ml) were dissolved in DMF (10 mL), under argon, in a 100 mL
autoclave. The autoclave was then pressurized to 30 bar of carbon monoxide and the

reaction was conducted for 3 h (or 5 h), upon stirring at 100°C.

N,N'-(ethane-1,2-diyl)dicyclohex-1-enecarboxamide (4.13g)

The diaminocarbonylation of substrate 4.4 was carried out, using 0.5 mmol of
1,2-diaminoethane g, as N-nucleophile. After 3h, the autoclave was slowly
depressurized and palladium metallic particles were filtered off. The mixture was then
concentrated and evaporated to dryness. The residue was dissolved in chloroform (20
mL), then washed with water (3x20 mL), dried over Na,SO4 and concentrated to a solid
material. After purification by column chromatography in silica gel, using as eluent a
mixture of ethyl acetate/chloroform (2:1), the target compound 4.13g was obtained as

a white solid, in 58% isolated yield (0.080 g, 0.29 mmol).

'H NMR (400 MHz, CDCl5), §/ppm: 6.67 (2H, br s, C=CH), 6.53
(2H, br s, NH), 3.47 (4H, d, 2.4 Hz, N-CH,CH,-N), 2.19-2.24 (4H,
m, CH=CCH,), 2.12-2.18 (4H, m, C=CHCH,), 1.65-1.71 (4H, m,
CH=CCH,CH,), 1.55-1.61 (4H, m, C=CHCH,CH-); *C NMR (100.6

4139 MHz, CDCl;), 8/ppm: 169.9, 134.5, 132.7, 40.7, 25.6, 24.3, 22.3,
21.7; IR (KBr (cm™)): 3298 (v br, NH), 1659 (CO), 1611 (C=C); HRMS (ESI): m/z calcd. for
Ci6H25N,0, [M+H]*: 277.1911, found: 277.1908; Mp: 218-220°C; Rf: 0.20 (EtOAc/CHCls

2:1).

N,N'-(propane-1,3-diyl)dicyclohex-1-enecarboxamide (4.13h)

Following a similar procedure, the diaminocarbonylation of 4.4 was carried out,
using 0.5 mmol of 1,3-diaminopropane h, as N-nucleophile. After purification by

column chromatography in silica gel, using as eluent a mixture of chloroform/methanol
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(25:1), the target compound 4.13h was obtained as a beige solid, in 53% isolated yield
(0.077 g, 0.265 mmol).

H 'H NMR (400 MHz, CDCl3), §/ppm: 6.71 (2H, br s, NH), 6.66
SN0
F (2H, s, C=CH), 3.31 (4H, dd, 5.6 Hz, 11.2 Hz, N-CH,CH,CH,-N),

2.21-2.28 (4H, m, CH=CCH,), 2.10-2.16 (4H, m, C=CHCH,);

A13n 1.61-1.69 (6H, m, CH=CCH,CH, + N-CH,CH,CH,-N), 1.54-1.60
(4H, m, C=CHCH,CH,); 3C NMR (100.6 MHz, CDCl;), 6/ppm: 169.4, 133.9, 133.1, 35.8,
30.0, 25.5, 24.3, 22.3, 21.6; IR (KBr (cm™)): 3315 (v br, NH), 1659 (CO), 1617 (C=C);
HRMS (ESI): m/z calcd. for C17H,7N,0, [M+H]": 291.2067, found: 291.2077; Mp: 110-

112 °C; Rf: 0.50 (CHCl3/CH30H 25:1).

N,N'-(butane-1,4-diyl)dicyclohex-1-enecarboxamide (4.13i)

Following a similar procedure, the diaminocarbonylation of 4.4 was carried out,
using 0.5 mmol of 1,4-diaminobutane i (hydrochloride salt), as N-nucleophile. After
purification by column chromatography in silica gel, using as eluent a mixture of ethyl
acetate/chloroform (2:1), the target compound 4.13i was obtained as a white solid, in

69% isolated yield (0.105 g, 0.345 mmol).

'H NMR (400 MHz, CDCl;), §/ppm: 6.64 (2H, s, C=CH), 5.91
(2H, br's, NH), 3.34-3-36 (4H, m, N-CH,(CH,),CH,-N), 2.21- H

(@] N\/\/\N o
2.26 (4H, m, CH=CCH,), 2.14-2.20 (4H, m, C=CHCH,); 1.58- H
1.74 (12H, m, C=CHCH,CH,CH, + N-CH,(CH,),CH,-N); **C
NMR (100.6 MHz, CDCls), 6/ppm: 168.9, 133.6, 133.2, 39.2, 4.13]

27.2, 25.5, 24.4, 22.3, 21.7; IR (KBr (cm™)): 3344 (v, br, NH), 1662 (CO), 1616 (C=C);
HRMS (ESI): m/z calcd. for CigH29N,0, [M+H]": 305.2224, found: 305.2224; Mp: 202-
205 °C; Rf: 0.25 (EtOAc/CHCl; 2:1).

N,N'-(cylohexane-trans-1,2-diyl)dicyclohex-1-enecarboxamide (4.13j)

Following a similar procedure, the diaminocarbonylation of 4.4 was carried out,
using 0.5 mmol of trans-(t)-1,2-diaminocyclohexane j, as N-nucleophile. After

purification by column chromatography in silica gel, using as eluent a mixture of
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chloroform/methanol (25:1), the target compound 4.13j was obtained as a beige solid,

in 52% isolated yield (0.086 g, 0.260 mmol).

'H NMR (400 MHz, CDCl;), §/ppm: 6.58 (2H, s, C=CH), 6.20 (2H,

br s, NH), 3.74 (2H, br s, N-CH-CH-N), 2.11-2.17 (8H, m,
NH HN

CH=CCH,+C=CHCH,), 1.54-1.78 (12H, m, C=CHCH,CH,CH, + N-
CHCH,(CH,),CH,CH-N), 1.24-1.39 (4H, m, N-CHCH,(CH,),CH,CH-

N); *C NMR (100.6 MHz, CDCl3), 8/ppm: 169.4, 134.1, 133.0,

4.13j
54.0, 32.5, 25.6, 24.9, 24.3, 22.3, 21.7; IR (KBr (cm™)): 3320 (v br, NH), 1660 (CO), 1619

(C=C); HRMS (ESI): m/z calcd. for CyoH31N,0, [M+H]": 331.2380, found: 331.2377; Mp:
248-250°C; Rf: 0.55 (CHCl3/CH3OH 25:1).

N,N'-(1,4-phenylene)dicyclohex-1-enecarboxamide (4.13k)

Following a similar procedure, the diaminocarbonylation of 4.4 was carried out,
using 0.5 mmol of 1,4-diaminobenzene k, as N-nucleophile. After purification by
column chromatography in silica gel, using as eluent a mixture of chloroform/methanol
(10:1), the target compound 4.13k was obtained as a beige solid, in 55% isolated yield
(0.089 g, 0.274 mmol).

'H NMR (400 MHz, CDCl3), §/ppm: 7.52 (4H, s, Ph-H), 7.36
(2H, br s, NH), 6.74 (2H, br s, C=CH), 2.35 (4H, d, 2.0 Hz,
CH=CCH,), 2.22 (4H, d, 2.8 Hz, C=CHCH,), 1.71-1.76 (4H, m,

CH=CCH,CH,), 1.61-1.66 (4H, m, C=CHCH,CH,); *C NMR 4.13k

(100.6 MHz, CDCl;), §/ppm: 166.7, 134.4, 134.1, 133.7, 120.7, 25.7, 24.5, 22.3, 21.6; IR
(KBr (cm™)): 3320 (v br, NH), 1656 (CO), 1623 (C=C); HRMS (ESI): m/z calcd. for
C0H25N,0, [M+H]": 325.1911, found: 325.1917; Mp: 240-242 °C (decomp.); Rf: 0.20
(CHCI3/CH30H 10:1).

N,N'-(ethane-1,2-diyl)dibenzamide (4.14g)

Following a similar procedure, the diaminocarbonylation of 4.1 was carried out,

using 0.5 mmol of 1,2-diaminoethane g, as N-nucleophile. After recrystallization from
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ethyl acetate/diethyl ether (1:2), the target compound 4.14g was obtained as a white
solid, in 42% isolated yield (0.056 g, 0.209 mmol).

'H NMR (400 MHz, DMF-d;), §/ppm: 8.69 (2H, br s, NH), 7.97
H (4H, d, 7.2 Hz, Ph-ortho), 7.46-7.58 (6H, m, Ph-meta,para), 3.60-

(@] N\/\
N O 3.64 (4H, m, N-CH,CH,-N); 3C NMR (100.6 MHz, DMF-d,),

8/ppm: 167.9, 136.0, 132.2, 129.4, 128.3, 40.8; IR (KBr (cm'l)):

4.14g 3296 (v br, NH), 1633 (CO); HRMS (ESI): m/z calcd. for
C16H16N,0,Na [M+Na]™: 291.1104, found: 291.1096; Mp: 228-220°C.

N,N'-(propane-1,3-diyl)dibenzamide (4.14h), N-(3-(2-oxo-2-phenylacetamido)propyl)

benzamide (4.15h) and N,N'-(propane-1,3-diyl)bis(2-oxo-2-phenylacetamide) (4.16h)

The diaminocarbonylation of 4.1 was carried out, using 0.5 mmol of 1,3-
diaminopropane h, as N-nucleophile. After purification by column chromatography in
silica gel, using as eluent a mixture of chloroform/ethyl acetate (2:1), three products
were obtained: the target compound 4.14h, as a beige solid in 35% isolated vyield
(0.049 g, 0.174 mmol); the compound 4.15h, as a beige solid in 29% isolated yield
(0.045 g, 0.145 mmol); and the compound 4.16h, as a yellow oil, in 26% isolated yield
(0.044 g, 0.130 mmol).

'H NMR (400 MHz, CDCl;), 6/ppm: 7.87 (4H, d, 7.2 Hz, Ph- H H
Ox N _~_N_O

ortho), 7.41-7.54 (6H, m, Ph-meta,para), 7.28 (2H, br s, NH),

3.51-3.58 (4H, m, N-CH,CH,CH,-N), 1.75-1.85 (2H, m, N-

CH,CH,CH,-N); **C NMR (100.6 MHz, CDCls), /ppm: 168.3,

4.14h
134.4, 131.7, 128.7, 127.1, 36.4, 30.0; HRMS (ESI): m/z calcd. for Cy7H19N,0, [M+H]™:

283.1441, found: 283.1434; Mp: 118-120°C; Rf: 0.15 (CHCI5/EtOAc 2:1).

'H NMR (400 MHz, CDCls), §/ppm: 8.25 (2H, d, 6.0 Hz, Ph-

TN ortho), 7.89 (1H, br s, NH), 7.84 (2H, d, 6.0 Hz, Ph-ortho),
o 7.41-7.48 (5H, m, Ph-meta+Ph-para+NH), 7.37 (2H, t, 6.0

Hz, Ph-meta), 3.44-3.53 (4H, m, N-CH,CH,CH,-N), 1.78-

4.15h
1.84 (2H, m, N-CH,CH,CH,-N); *C NMR (100.6 MHz, CDCl;), /ppm: 188.0, 168.0,

163.3, 134.5, 134.4, 133.3, 131.5, 131.0, 128.6, 128.6, 127.1, 36.4, 36.2, 29.5; HRMS
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(ESI): m/z calcd. for CigH1gN,03 [M+H]*: 311.1390, found: 311.1395; Mp: 63-65 °C; RF:
0.25 (CHCIs/EtOAC 2:1).

» 9y 'H NMR (400 MHz, CDCl3), 8/ppm: 8.33 (4H, d, 7.6 Hz,

O M0 Ph-ortho), 7.60-7.64 (2H, m, Ph-para),7.45-7.50 (4H,
© © m, Ph-meta), 7.40 (1H, br s, NH), 3.46-3.53 (4H, m, N-
e CH,CH,CH,-N), 1.86-1.92 (2H, m, N-CH,CH,CH,-N); *C

NMR (100.6 MHz, CDCl3), §/ppm: 187.7, 162.6, 134.6, 133.4, 131.3, 128.7, 36.4, 29.5;
HRMS (ESI): m/z found for C19H1sN,04 [M+H]*: 339.1336; Rf: 0.5 (CHCls/EtOAC 2:1).

N,N'-(butane-1,4-diyl)dibenzamide (4.14i)

The diaminocarbonylation of 4.1 was performed, using 0.5 mmol of 1,4-
diaminobutane i (hydrochloride salt), as N-nucleophile. After recrystallization from
ethyl acetate/diethyl ether (1:2), the target compound 4.14i was obtained as a white
solid, in 45% isolated yield (0.067 g, 0.226 mmol).

'H NMR (400 MHz, DMF-d;), §/ppm: 8.49 (2H, br s, NH),
7.97 (4H, d, 7.2 Hz, Ph-ortho), 7.46-7.56 (6H, m, Ph-

O
%ZI
Iz
O

meta,para), 3.42-3.45 (4H, m, N-CH,(CH,),CH,-N), 1.69 (4H,
br s, N-CH,(CH,),CH»-N); **C NMR (100.6 MHz, DMF-d;),

6/ppm: 167.5, 136.2, 132.1, 129.3, 128.3, 40.4, 28.1; IR (KBr 4.14i
(cm'l)): 3318 (v br, NH), 1630 (CO); HRMS (ESI): m/z calcd. for C1gH,0N,0,Na [M+Na]*:
319.1417, found: 319.1424; Mp: 172-174 °C.

N,N'-(cyclohexane-(1S,25)-1,2-diyl)dibenzamide (4.14j)

The diaminocarbonylation of 4.1 was performed, using 0.5 mmol of (15,25)-(+)-
1,2-diaminocyclohexane j, as N-nucleophile. After recrystallization from ethyl
acetate/diethyl ether (1:2), the target compound 4.14j was obtained as a beige solid,
in 39% isolated yield (0.063 g, 0.195 mmol).

'H NMR (400 MHz, €DCl3), §/ppm: 7.70 (4H, d, 7.2 Hz, Ph-ortho), 7.38-7.40 (2H, m, Ph-
para), 7.28-7.33 (4H, m, Ph-meta), 6.96 (2H, br s, NH), 4.04 (2H, br s, N-CH-CH-N), 2.16-
2.24 (2H, br s, N-CHCH,Hy(CH,),CH H,CH-N), 1.85 (2H, br s, N-CHCH,H,(CH,),CH4H,CH-

210



Chapter 5 — Experimental

N), 1.41-1.51 (4H, m, N-CHCH,(CH,),CH,CH-N); *c NMR (100.6

MHz, CDCl;), 6/ppm: 168.4, 134.3, 131.5, 128.6, 127.1, 54.6, Q

1 Osx_NH HN_O
32.5, 25.0; IR (KBr (cm™)): 3309 (v br, NH), 1635 (CO); HRMS

(ESI): m/z calcd. for CyoH23N,0, [M+H]": 323.1754, found:

323.1760; Mp: 230-232 °C; [a]o2: + 70 (c 0.5, CHCI5). Yy

N,N'-(1,4-phenylene)dibenzamide (4.14k)

The diaminocarbonylation of 4.1 was performed, using 0.5 mmol of 1,4-
diaminobenzene k, as N-nucleophile. After recrystallization from chloroform/ethyl
acetate (1:10), the target compound 4.14k was obtained as a beige solid, in 65%
isolated yield (0.103 g, 0.326 mmol).

oK : 4 'H NMR (400 MHz, DMSO-dg), 6/ppm: 10.24 (2H, s, NH),
7.96 (4H, d, 7.2 Hz, Ph-ortho), 7.75 (4H, s, phenylene H),
7.50-7.61 (6H, m, Ph-meta,para); *C NMR (100.6 MHz,

414k DMSO-dg), 6/ppm: 165.4, 135.0 (double intensity), 131.5,
128.4, 127.6, 120.7; HRMS (ESI): m/z calcd. for CyoH17N,0, [M+H]": 317.1285, found:
317.1280; Mp: 320-322 °C.

N,N'-(pyridine-2,6-diyl)benzamide (4.14l)

The diaminocarbonylation of 4.1 was performed, using 0.5 mmol of 2,6-

diaminopyridine I, as N-nucleophile. After purification by column chromatography in

silica gel, using as eluent a mixture of chloroform/methanol ~

solid, in 40% isolated yield (0.064 g, 0.202 mmol).

L
~
(20:1), the target compound 4.14l was obtained as a white Oé HEN N NHE éO

'H NMR (400 MHz, CDCls), 6/ppm: 8.40 (2H, br s, NH), 8.08 o
(2H, d, 8.0 Hz, pyr-meta), 7.87 (4H, d, 7.6 Hz, Ph-ortho), 7.76 (1H, t, 8.2 Hz, pyr-para),
7.51-7.57 (2H, m, Ph-para), 7.43-7.49 (4H, m, Ph-meta); *C NMR (100.6 MHz, CDCls),
8/ppm: 165.6, 149.8, 141.0, 134.2, 132.4, 128.9, 127.2, 110.0; IR (KBr (cm™)): 3338 (v
br, NH), 1651 (CO); HRMS (ESI): m/z calcd. for CioH1gN30, [M+H]*: 318.1237, found:

318.1244; Mp: 165-167 °C; Rf: 0.70 (CHCl5/CH;0H 20:1).

211



Chapter 5 — Experimental

5.4.4.1 Synthesis of 17,17’-dicarboxamide steroid dimers

In a typical experiment,® Pd(OAc), (2.6 mg, 0.0125 mmol), triphenylphosphine
(6.6 mg, 0.025 mmol), 17-iodo-5a-androst-16-ene 4.18 (220 mg, 0.57 mmol), diamine
nucleophile (0.285 mmol) and triethylamine (0.25 ml) were dissolved in DMF (5 mL),
under argon, in a stainless steel autoclave. The atmosphere was pressurized to 30 bar
of carbon monoxide. The reaction was conducted for 5 hours, upon stirring at 100°C.
After cooling and venting the autoclave, the mixture was evaporated to dryness; the
residue was dissolved in chloroform (20 ml) and washed with water (3x20 mL). The
organic phase was dried over Na,SQ,, filtered and evaporated to a crystalline material
or to a waxy residue, which was subjected to column chromatography (silica gel 60,
Merck, 0.063-0.200 mm), using as eluent EtOAc/CHCl; mixtures (exact ratios are

specified for each compound), or simply washed with ethyl acetate.

N,N'-(ethane-1,2-diyl)-bis(5a-androst-16-ene-17-carboxamide) (4.19g)

The diaminocarbonylation of 4.18 (0.57 mmol) was performed, using 0.285 mmol
of 1,2-diaminoethane g, as N-nucleophile. After purification by column
chromatography in silica gel, using as eluent a mixture of ethyl acetate/chloroform
(2:1), the target compound 4.19g was obtained as a white solid, in 91% isolated yield
(0.163 g, 0.259 mmol).*

'H NMR (400 MHz, CDCl5), §/ppm: 6.35 (2H, 5
br s, NH), 6.23 (2H, s, C=CH), 3.45 (2H, d, 9.6 .

Hz, N-CH.Hs), 3.33 (2H, d, 9.6 Hz, N-CH.Hy), N\/\N

2.03-2.12 (4H, m, 15-H,), 1.86 (2H, dd, 12.0 H O

Hz, 15.2 Hz, 14-H), 0.88 (6H, s, 19-Hs), 0.74 :

(6H, s, 18-Hs), 0.65-1.60 (38H, m, skeleton : 4.19g

protons); *C NMR (100.6 MHz, CDCl3), 8/ppm: 167.4, 150.4, 136.4, 56.9, 55.4, 47.3,
46.7, 39.8, 38.7, 36.6, 35.0, 33.9, 32.1, 31.8, 29.1, 29.0, 26.9, 22.3, 20.8, 16.6, 12.3; IR
(KBr (cm™)): 3295 (v br, NH), 1645 (CO), 1591 (C=C); HRMS (ESI): m/z calcd. for
CazHssN,0, [M+H]": 629.5041, found 629.5038; Mp: 153-156 °C; Rf: 0.16 (EtOAc/CHCl;
2:1).
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N,N'-(butane-1,4-diyl)-bis(5a-androst-16-ene-17-carboxamide) (4.19i)

The diaminocarbonylation of 4.18 (0.57 mmol) was performed, using 0.285 mmol
of 1,4-diaminobutane i (hydrochloride salt), as N-nucleophile. After purification by
column chromatography in silica gel, using as eluent a mixture of ethyl
acetate/chloroform (1:1), the target compound 4.19i was obtained as a white solid, in

95% isolated yield (0.178 g, 0.271 mmol).*

H 'H NMR (400 MHz, CDCls), §/ppm: 6.25
‘ (2H, s, C=CH), 5.80 (2H, br s, NH), 3.26
° H\/\A (4H, br s, NCH,CH,CH,CH,N), 2.02-2.15

N o (4H, m, 15-H,), 1.88 (2H, dd, 11.6 Hz,

15.2 Hz, 14-H), 0.90 (6H, s, 19-Hs), 0.75

Ty

1o (6H, s, 18-Hs), 0.66-1.60 (42H, m,
skeleton protons + NCH,CH,CH,CH,N); *C NMR (100.6 MHz, CDCls), §/ppm: 166.5,
150.8, 135.8, 57.0, 55.3, 47.4, 46.8, 38.7 (double intensity), 36.6, 35.2, 34.0, 32.1, 31.8,
29.2,29.1, 27.2,27.0, 22.3, 20.9, 16.7, 12.3; IR (KBr (cm™)): 3298 (v br, NH), 1639 (CO),
1594 (C=C); HRMS (ESI): m/z calcd. for C4sHgsN20, [M+H]": 657.5354, found: 657.5347;
Mp: 179-182 °C; Rf: 0.15 (EtOAc/CHCl; 1:1).

N,N'-(cylohexane-(1S,25)-diyl)-bis(5a-androst-16-ene-17-carboxamide) (4.19j)

The diaminocarbonylation of 4.18 (0.57 mmol) was performed, using 0.285 mmol
of (1S,25)-(+)-diaminocyclohexane j, as N-nucleophile. After purification by column
chromatography in silica gel, using as eluent a mixture of chloroform/ethyl acetate

(2:1), the target compound 4.19j was obtained as a white solid, in 81% isolated vyield

(0.157 g, 0.230 mmol).*® Q
'H NMR (400 MHz, CDCls), 6/ppm: 6.23 ?

(2H, br's, NH), 6.20 (2H, s, C=CH), 3.72 (2H,

br s, N-CH,), 2.03-2.16 (6H, m, 15-H, + :

NCHCH,Hp, 1.93 (2H, dd, 12.3 Hz, 15.6 Hz, 419
14-H), 0.95 (6H, s, 19-Hs), 0.80 (6H, s, 18-Hs), 0.68-1.80 (44H, m, skeleton protons +

NCHCH,H,CH,CH,CH,H,CHN); *C NMR (100.6 MHz, CDCls), §/ppm: 167.1; 150.8,
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135.2, 56.8, 55.7, 53.6, 47.3, 46.9, 39.0, 36.7, 35.0, 33.9, 32.7, 32.1, 31.8, 29.2, 29.0
26.9, 25.0, 22.3, 20.8, 16.5, 12.3; IR (KBr (cm™)): 3340 (v br, NH), 1642 (CO), 1591
(C=C); HRMS (ESI): m/z calcd. for C46H71N,0, [M+H]*: 683.5510, found: 683.5528; Mp:
230-233 °C; Rf: 0.8 (CHCls/EtOAc 2:1); [a]o’: + 40.0 (c 1.0, CH,Cl>).

N,N'-(cylohexane-trans-1,2-diyl)-bis(5a-androst-16-ene-17-carboxamide)

(50:50 diastereomeric mixture of 4.19j and 4.19j’)

The diaminocarbonylation of 4.18 (0.57 mmol) was performed, using 0.285 mmol
of racemic trans-(1)-1,2-diaminocyclohexane j, as N-nucleophile. After purification by
column chromatography in silica gel, using as eluent chloroform/ethyl acetate (8:1), an
inseparable 50:50 mixture of 4.19j and 4.19j’ diastereomers was obtained, as a white

solid, in 66% isolated yield (0.129 g, 0.189 mmol).**

'H NMR (400 MHz, CDCl;), &/ppm:
6.25/6.01 (2H, br s, NH), 6.19 (2H, s,
C=CH), 3.73 (2H, br s, N-CH), 0.95/0.89

(6H, s, 19-Hs3), 0.80/0.79 (6H, s, 18-Hs),

T

Q 0.72-2.15 (52H, m, skeleton protons +
Q ARy NCH(CH24CHN); 3C NMR (100.6 MHz,

CDCl3), 6/ppm: 167.1/166.8; 150.8/150.5,
: . 135.9/135.2,  56.8/56.7,  55.6/55.3,
H e

53.5/53.4, 47.4/47.3, 46.9/46.8, 39.0,
38.6, 36.6/36.6, 35.0/34.8, 33.9/33.8, 32.6, 32.1 (double intensity), 31.8, 29.2/29.1,
26.9, 25.0/24.9, 22.3, 20.8, 16.6/16.5, 12.3; IR (KBr (cm'l)): 3340 (v br, NH), 1642 (CO),
1591 (C=C); HRMS (ESI): m/z calcd. for C4H71N-0, [M+H]": 683.5510, found: 683.5528;
Rf: 0.30 (CHCI3/EtOACc 8:1).

N,N'-(1,4-phenylene)-bis(5a-androst-16-ene-17-carboxamide) (4.19k)

The diaminocarbonylation of 4.18 (0.57 mmol) was performed, using 0.285 mmol

of 1,4-diaminobenzene k, as N-nucleophile. After washing with ethyl acetate, the
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target compound 4.19j was obtained as a beige solid, in 48% isolated yield (0.092 g,
0.136 mmol).*

'H NMR (400 MHz, €DCl;), §/ppm: 7.50 o H :
N
(4H, s, aromatic H) 7.40 (2H, br s, NH),

6.44 (2H, s, C=CH), 2.19-2.28 (4H, m, 15-

H,), 2.02 (2H, dd, 9.4 Hz, 12.2 Hz, 14-H),

T

1.04 (6H, s, 19-Hs), 0.82 (6H, s, 18-H), 4.19k

0.76-1.70 (38H, m, skeleton protons); 3¢ NMR (100.6 MHz, CDCl5), 6/ppm: 164.1,
151.3, 136.8, 134.3, 120.4, 56.9, 55.3, 47.4, 47.0, 38.6, 36.6, 35.1, 34.0, 32.1, 32.0,
29.2,29.0, 26.9, 22.3, 20.8, 16.7, 12.3; IR (KBr (cm™)): 3314 (v br, NH), 1665 (CO), 1594
(C=C); HRMS (ESI): m/z calcd for CasHgsN20O, [M+H]": 677.5041, found: 677.5032; Mp:
316-319 °C (decomp.); Rf: 0.45 (CHCl3/EtOAc 10:1).
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ANNEX 1

Crystallographic data of (R)-2'-(benzyloxy)-1,1'-binaphthyl-2-ol (2.2)

Table Al. Crystal Data and Structure Refinement Parameters of (R)-2.2.

Empirical formula Cy7H500,
Formula weight 376.43
Temperature (K) 293(2)
Wavelength (A) 0.71073

Crystal system

Orthorhombic

Space group P2,2,2,
a(A) 8.4850(3)
b (A) 11.3174(4)
c(A) 20.5379(7)
a (°) 90
6(°) 90
7(°) 90

Volume (A3

1972.22(12)

z 4
Calculated density (g/cm?) 1.264
Absorption coefficient (mm™) 0.079
F(000) 788

Refinement method

. -2
Full-matrix least—squares on F

Data/restraints/parameters

3759/0/266

Goodness—of-fit on F*

0.947
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Fig. A1 — ORTEP plot of the compound (R)-2.2.
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Fig. A2 — Unit cell of (R)-2.2.
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ANNEX 2

Crystallographic data of 2,2'-bis(methoxymethoxy)-3-methyl-1,1'-binaphthyl (2.7)

Table A2. Crystal Data and Structure Refinement Parameters of 2.7.

Empirical formula CysH540,
Formula weight 388.43
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group P2,2,2,
a(A) 8.1928 (3)
b (A) 14.3757 (5)
c(A) 17.1839 (6)
6(°) 5.7-47.5

Volume (A3

2023.87 (12)

z 4
Calculated density (g/cm?) 1.275
Absorption coefficient (mm™) 0.090
F(000) 824

Refinement method

. 2
Full-matrix least—squares on F

Data/restraints/parameters

2046/0/265

Refinement: all H atoms were placed at idealized positions and refined as riding [C—H=0.93
(aromatic C), 0.97A (CH,) and 0.96A (CH,), Uiso(H)=1.2U¢4(C)]. The refined model structure is non-
centrosymmetric with only atoms which are poor anomalous scatterers for the wavelength used. Friedel
pairs were merged before the final refinement. The meaningless Flack parameter obtained without

merging of Friedel pairs was -0.3 (11).

223



Fig. A3 — ORTEPII plot of the compound 2.7 (Displacement ellipsoids are
drawn at the 50% level).
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