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Chapterr 1 

Generall  introduction 

1.11 Introduction to enantiomerically pure compounds 

Receptorr sites in biological systems, which are optically active, have the ability to 

differentiatee between two enantiomers of a specified molecule. Although enantiomers have 

identicall  physical properties, the spatial orientation of a single functional group drastically 

affectss the properties of the compound. This has strong implications for the human body and 

naturee in general. 

^ ^ C H 33 ^ ^ C H 3 

(/?)-Carvonee (S)-Carvone 

Forr example, our senses of taste and smell are highly sensitive to subtle stereochemical 

differencess in molecules that stimulate them. A classic illustration is our olfactory response to 

thee enantiomeric forms of the terpene carvone. (7?)-Carvone has the odor of spearmint, 

whereass (S)-carvone smells like caraway.1-3 a-Amino acids themselves exhibit striking 

dissimilaritiess in their taste properties. The L-enantiomorphs of leucine, phenylalanine, 

tyrosinee and tryptophan taste bitter, whereas their corresponding D-enantiomorphs are 

sweet.4 4 

NHoo NH2 

AA X 
R ^ C O O HH R COOH 

L-aminoo acid D-amino acid 
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ChapterChapter 1 

Wheneverr a compound is introduced into the body, as either a food additive or a drug, 

thee question of toxicity arises. With molecules possessing one or more asymmetric centers, 

adversee toxicologic properties can sometimes be attributed to one enantiomer and not the 

other.. An example of tragic consequences is the drug thalidomide, commercially known as 

Softenon.. In the early 1960s it was used therapeutically as a sedative and a hypnotic. The 

drugg was administered in its racemic form. Although the drug appeared relatively innocuous, 

itss use by pregnant women resulted in a high incidence of fetal deaths, neonatal deaths and 

congenitall  malformations.5 The teratogenicity (teras is the Greek for 'monster') has 

subsequentlyy been found to be a property of only the (5)-(-)-enantiomer.6 

O O 
cArA o o 

(S)-Thalidomidee (7?)-ThaIidomide 

Thesee examples show that stereochemistry is very important in the human body. The 

synthesiss of optically active compounds is a subject that has fascinated chemists for more 

thann a century. Since the pioneering work of Pasteur, Van 't Hoff and Le Bell,7 the area of 

stereochemistryy began to evolve into the major field of research that it is nowadays.8-9 The 

searchh for efficient syntheses of enantiomerically pure compounds is continuously going on, 

largelyy stimulated by the requirements for new bioactive materials. In general there are three 

mainn routes to obtain pure enantiomers: 

-- Separation of racemates by crystallization, chromatography or kinetic resolution 

-- Synthesis starting from enantiomerically pure precursors 

-- Transformation of prochiral compounds by asymmetric synthesis or catalysis 

Thee choice of the method to be employed in a particular synthesis depends on 

economicc and environmental factors. In future, classical purification of racemates is expected 

too lose ground, since large-scale separation of enantiomers is tedious and requires large 

amountss of organic solvents. Moreover, an additional racemization step is necessary to 
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recyclee the undesired enantiomer. These techniques become rather unpractical when more 

thann one chiral center is present in the product. Beside these drawbacks the formation of 

stoichiometricc amounts of salts, often produced during the kinetic resolution, forms an 

additionall  waste problem (enzymatic resolution, however, proceeds without salt formation). 

Startingg from enantiomerically pure compounds should therefore be a more"convenient route. 

However,, a remaining problem at this stage is still the limited availability of large amounts of 

enantiomericallyy pure starting materials. 

AA more challenging approach is the synthesis of enantiomerically pure compounds by 

asymmetricc synthesis. Organic synthesis, on the other hand, has revealed a variety of versatile 

stereoselectivee reactions that complement biological processes.10 Optically active compounds 

cann be obtained using either a stoichiometric or a catalytic amount of a chiral auxiliary. All 

stereoselectivee syntheses are based on the principle that the products are formed via 

diastereomericc transition states that differ in Gibbs free energy of activation. If this energy 

differencee is sufficient (> 3 kcal/mol, at RT) one enantiomer will be formed (>99 %). In the 

earlyy seventies, enantioselective catalysis on industrial scale became competitive with the 

olderr technologies. In most cases chiral transition metal complexes, often prepared in situ, are 

employedd as the catalyst.11 It was found that both the rate and the selectivity of a chemical 

reactionn could be tuned by the addition of a stoichiometric or catalytic amount of an 

organometallicc compound. Today, economical and environmental reasons have urged 

chemistss to prepare bulk and fine chemicals via efficient reaction routes without the 

formationn of undesirable side products often resulting in chemical waste. For example at 

Monsanto,, Knowles 12_14 and co-workers introduced the enantioselective synthesis of L-

DOPA.155 Hydrogenation of an enamide over a modified Wilkinson catalyst gave the 

enantioselectivee formation of L-DOPA (ee 95 %) in excellent chemical yield. The Monsanto 

processs has demonstrated the industrial feasibility of enantioselective hydrogenation and 

resultedd into an explosive growth of enantioselective catalysis in succeeding years.16 From 

thatt time, ligand design has been widely applied for the development of well-defined 

catalysts.. Additionally, improved spectroscopic techniques like nuclear magnetic resonance 

andd infrared spectroscopy have revealed considerable structural information of intermediates 

inn homogeneously catalyzed reactions (catalyst and reactants are in the same phase). The 

reactionss involved are generally asymmetric reduction, asymmetric oxidation and asymmetric 

carbon-carbonn and carbon-heteroatom bond formation. 
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DIPAMP P 

1.22 Catalytic reactions using nonsymmetrical ligands containing stereogenic P-atoms 

AA metal-catalyzed reaction can be optimized by modifying the ligand. Phosphine 

ligandss have been used widely due to their good chelating properties. One of best known 

ligandss having stereogenic P-atoms is DIPAMP.13 This ligand is used in the enantioselective 

synthesiss of L-DOPA as described in the previous paragraph.15 The ligand consists of two 

stereogenicc phosphine moieties containing an ort/10-anisyl and a phenyl substituent, which 

aree connected by an ethylene bridge. Due to the chelate effect, a bidentate diphosphine 

coordinatess more easily and a more defined complex is formed than when monophosphines 

aree used. A major advantage of using complexes having stereogenic phosphorus atoms is that 

chiralityy is in close vicinity to the metal center and the enantiocontrol will generally be more 

distinctt than using ligands that have chiral substituents or a chiral backbone, and thus are the 

enantiodeterminingg groups further away from the metal center. Due to the different 

substituentss of the phosphine moiety, the rhodium-DIPAMP complex adopts C2-symmetry, 

whichh reduces the number of intermediates in the enantiodetermining step in the catalytic 

cycle.. DIPAMP effectively blocks quadrants II and IV leaving quadrants I and III relatively 

unhinderedd (Figure 1.1a), which give the same product enantiomer due to the symmetric 

complex.. The Ci symmetric ligand shows different steric hindrance for all four quadrants 

(Figuree 1.1b). 

However,, an alternative view, stated most clearly by Achiwa and co-workers,17 is that 

intermediatess in a catalytic cycle lack the intrinsic symmetry of the ligand and consequently 

thee two chelating atoms must fulfi l different roles. Herrmann et al. have published molecular 

modelingg studies on the rhodium catalyzed hydroformylation.'8 They explained the reason 

whyy some C2-symmetric ligands fail in asymmetric hydroformylation. The performance of 

C22 symmetric bidentate phosphine ligands is governed by two interdependencies, namely 

inductionn influence of the chelate ring and backbone flexibility . 
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Figuree 1.1 Ligands showing a) C2 symmetry and b) C( symmetry 

Iff  coordination of a C2-symmetric ligand results in the formation of a Ci-symmetric 

complexx in the enantiodetermining step of the catalytic cycle, there is no reason for preparing 

C2-symmetricc ligands. A disadvantage of the C2-symmetric ligands having stereogenic P-

atomss is the tedious systematic variation of substituents of the phosphines. The ligands are 

oftenn synthesized starting from the P-stereogenic monophosphines. The synthetic routes to 

thesee P-chiral monophosphines are expensive and time-consuming. A nonsymmetric ligand 

basedd on e.g. chiral acids, alcohols, amines and amino acids, can be varied more easily and 

systematicallyy due to their broad availability. An advantage of nonsymmetrical ligands is the 

differentt properties of the donor atoms, which is really important if regiochemistry is an 

issue.. In allylic substitution reactions, it has been shown that one donor atom affects the 

reactionn electronically and the other mainly causes steric interactions.19 

1.33 Phosphine-phosphite ligands 

Ass it has been described in the previous paragraph, nonsymmetrical ligands are a useful 

tooll  for enantioselective catalysis. An important Ci-symmetric ligand is BINAPHOS, a 

phosphine-phosphitee with a binaphthyl core.20-22 The first BINAPHOS type ligands were 

reportedd in 1993 and were investigated in the hydroformylation of a variety of olefins. The 

enantioselectivitiess obtained were in the 73-95 % ee range, the highest ever reported so far 

forr rhodium-based catalysts. The branched to normal ratios ranged from 85/15 to 98/2 

dependingg on the nature of the substrate. A marked dependence of the enantioselectivities on 

thee structures of the phosphite moieties relative to that of the 2-(diphenylphosphino)-l,l'-

binaphthyll  backbone was observed. The highest ee's were always obtained with the (R,S) 

ligandd and its enantiomer (S,R), while the (R,R) equivalents gave lower values. BINAPHOS 
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hass also been used in the co-polymerization of propene and CO showing high regio- and 

enantioselectivityy and in the hydrocyanation of norbomene giving enantioselectivities up to 

488 %.23-24 

BINAPHOS S 

Althoughh the BINAPHOS ligand performed very well in the asymmetric 

hydroformylationn and citing Mortreux et al. "this is a promising new class of efficient ligands 

forr asymmetric hydroformylation of a variety of substrates and we can expect the publication 

off  new phosphine-phosphites in the future",25 no new phosphine-phosphite ligands have 

beenn reported in literature since. 

So,, it is a great challenge to design and synthesize chiral ligands containing different 

donorr atoms, especially phosphine-phosphites. Ligands containing stereogenic P-atoms have 

shownn to induce high enantioselectivity. Application of these ligands in asymmetric catalysis 

cann offer new insights in the mechanism of the reactions. 

1.44 Preparation of chiral monophosphines 

Inn paragraph 1.2 it was described that phosphine containing a stereogenic phosphorus 

atomm are an important class of ligands. Many groups have reported on the synthesis of chiral 

phosphines.266 The review of Pietrusiewicz and Zablocka describes three general methods, i.e. 

resolutionn of racemates, stereoselective synthesis and transformations of resolved P-chiral 

phosphines.266 In Schemes 1.1 and 1.2 two methods are depicted for the synthesis of P-chiral 

monophosphines.. The method explored by Jugé and Genet is based on stereoselective 

synthesiss as depicted (Scheme 1.1). Starting from PhP(NEt2)2 and ephedrine, which is used as 

ann chiral auxiliary, diastereomerically pure oxazaphospholidine 1 was prepared.27-29 

Nucleophilicc attack by a RLi reagent cleaved the P-O bond and afforded phosphinamide 
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boranee 2 with predominant retention of configuration at phosphorus. Quantitative 

methanolysiss of 2 resulted in enantiomerically pure monophosphinite 3. Reaction of 3 with 

MeLii  afforded scalemic monophosphines 4. The last two steps proceeded with inversion of 

configuration.. This reaction route has been described for several substituents R.3l>-32 

H3BB \ ^ 
ii  «ie R I I M ee 1 Me 2 

MeOH/H+ + 

BH33 BH3 

11 MeLi ,_ ,p 
Ph'^Mee -* Pity 

RR . MeO 
R R 

3 3 

RR = o-Anisyl 
a-Naphthyl l 
p-Naphthyl l 
n-Butyl l 
2-Biphenyl l 
9-Phenanthryl l 

Schemee 1.1 

Thee method depicted in Scheme 1.2 is the resolution of racemic P-chiral phosphines. 

Livinghousee et al. performed the dynamic resolution of the deprotonated secondary 

phosphinee 5 using sparteine as the chiral auxiliary.33 Reaction of the resolved phosphide with 

ann electrophile afforded the corresponding enantiomerically or diastereomerically pure 

phosphinee 6. 

BH33 BH3 

|| i) n-BuLi, (-)-sparteine, Et20, 
P h ' N HH C ^ p h > \P^E 

Schemee 1.2 
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1.55 Nonsymmetric ligands containing stereogenic P-atoms 

Mostt ligands used in metal-catalyzed reactions are symmetric due to the wide 

availabilityy of symmetric chiral backbones. Because of the rather difficult synthesis, not 

manyy symmetric bidentate ligands containing stereogenic P-atoms have been published. We 

distinguishh nonsymmetric ligands into ligands containing different donor atoms, e.g. 

phosphoruss and nitrogen, and ligands consisting of the same donor atoms, e.g. two different 

phosphinee moieties. 

H ^ P h o o 
M e A M e e 

OO H 

R=HH R=Me 

7aa (S,S,S,S,SP) ee43%(S) ee19%(S) 

7bb {S,S,S,S,RP) ee92%(S) ee 85 % (S) 

Schemee 1.3 

Onee of the first examples of ligands containing stereogenic P-atoms, DIPAMP, was 

alreadyy mentioned in paragraph 1.1. Brown et al. have prepared ligands 7a and 7b, which are 

diastereomers,, and have endeavored to separate the functions of the two chelating phosphorus 

atomss in asymmetric hydrogenation (Scheme 1.3).34"36 Important questions like: Is the 

enantioselectivityy governed predominantly by one of the two phosphorus nuclei in the ligand 

andd does the alternative match or mismatch of arylphosphine and phospholane chirality has a 

significantt effect on the enantioselectivity, were investigated. Outcome of these 

investigationss was that the matched ligand gave significantly higher ee than the mismatched 

ligand,, and also that the phospholane configuration is dominant in defining the 

stereochemicall  course of hydrogenation, but to an extent that depends on the substrate. 
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BH3.SMe2 2 

catalyst t 

HH OH 

HH Me O 
- - // i i "v,Me e 

Ph h 

8a a 
8b b 

8aa (R,SP) ee 50 % (S) 
8bb (R,RP) ee 5 % (fl) 

Schemee 1.4 

Will ss et al. have studied the Boron-catalyzed reduction of acetophenone using 

diastereomericallyy pure phosphinamides 8a and 8b (Scheme 1.4).37-38 Both diastereomerical 

catalystss proved to be ideal catalysts, affording complete reduction of acetophenone in less 

thann one hour at ambient temperature. Phosphinamide 8a afforded the S-product in 50 % ee, 

whereass the use of phosphinamide 8b resulted in the /?-product in 5 % ee. These asymmetric 

inductionss indicate a matched/mismatched relationship, whereas changing the configuration 

off  the phosphorus did not only decrease the enantioselectivity, but also changed the 

configurationn of the product. 

H2C(COOR)2) ) 

Pd-catalyst t 

Ph h Ph h 

ROOCC COOR 

99 ee 85 % (R) 

Schemee 1.5 

Buonoo et al. published a series of ligands based on pyridine and quinoline together with 

aa phosphine moiety consisting of a stereogenic P-atom and their use in the Pd-catalyzed 

allylicc alkylation reaction (Scheme 1.5).39 The nucleophilic attack takes place trans towards 

thee phosphorus, which exerts the largest trans influence. The efficiency of this ligand could 
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resultt from the unique conformation adopted by the allylic system as a result of the steric 

hindrancee of the pyrrolidine ring.40 The catalytic experiments using compound 9 afforded the 

productt in 85 % ee, whereas before only 9 % ee was obtained using chiral pyridine-

phosphinee ligands. However, if nonsymmetric substrates are used, the regiochemistry plays 

ann additional role and the outcome of the reaction is less predictable. 

OAc c 

KCH(COOR)2 2 

Pd-catalyst t 

ROOCTT "COOR 

10a(S,flP)) ee32%( f l ) 

1-Napht t 
' NN B- ' 10b(S,SP) ee22%(S) 

10a a 
10b b 

Schemee 1.6 

Helmchenn et al. reported on the use of phosphino oxazoline ligands 10 containing 

stereogenicc P-atoms (Scheme 1.6).41 Cycloalkenyl substrates gave initially almost racemic 

products.. Improvement was achieved by employing ligands with a stereogenic phosphorus 

center.. The ee's obtained were rather low and a small cooperative effect was observed. The 

influencee of the phosphine moiety seems more important than the stereocenter of the 

oxazolinee moiety. Substitution of the 1-naphthyl group by a 2-biphenylyl in the (S,SP) ligand 

affordedd an increase of ee from 22 % to 51 %. Since this is the mismatched combination of 

stereocenterss we would expect an higher ee for the (S,Rp) ligand. 

Ph^AH H 
M 9 - ! ^^ -Nh 

Figuree 1.2 
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Fromm paragraph 1.1 it has become clear that the human body distinguishes between 

differentt enantiomeric medicines. The group of Leung et al. has studied the chemotherapeutic 

applicationss of gold(I) complexes containing phosphine-thiolate having a stereogenic P-atom 

(Figuree 1.2).42 The stereogenic phosphorus donor atom is directly bound to the biologically 

activee gold drug center and hence, has strong impetus on the drug selectivity. Both 

enantiomericc complexes were examined using human tumor cells and profound in vitro anti-

tumorr effects were observed. In some experiments, the enantiomers showed different 

reactivity.. Both complexes did not show marked biological effects on healthy lymphocytes. 

1.66 Scope and contents of this thesis 

Evenn though Mortreux et al. have announced in 1995 that many publications of 

phosphine-phosphitee ligands could be expected, the result was disappointing. Only new 

applicationss using BINAPHOS have been presented.24-43-50 

Duee to the excellent results obtained using phosphine-phosphite ligands and using 

phosphinee ligands containing stereogenic P-atoms and the great expectations, it is a 

challengee for us to design and synthesize a series of systematically varied phosphine-

phosphitee ligands containing a stereogenic P-atom. The ligand is schematically drawn in 

Figuree 1.3. Its most important features are that it consists of a phosphine moiety containing a 

stereogenicc P-atom, a chiral backbone and a phosphite having a bulky biaryl moiety. The 

ligandss containing a stereogenic phosphorus atom are synthesized from the corresponding 

chirall  monophosphines (Schemes 1.1 and 1.2). The synthesized ligands are tested in several 

importantt asymmetric catalytic reactions. 

Figuree 1.3 
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Outline e 

Thiss thesis deals with the development and application of new phosphine-phosphite 

ligands,, designed to form enantioselective catalysts. The synthesis of the series of different 

phosphine-phosphitee ligands is described in Chapters 2 and 3. 

Thee results of the asymmetric hydroformylation of styrene using these new ligands are 

describedd in Chapter 2. High pressure NMR and high pressure IR studies of RhH(CO)2(Pi-

P2)) under catalytic conditions, reveal detailed information about the coordination behavior of 

thee phosphine-phosphite ligands. 

Inn Chapter 3, investigations on the palladium catalyzed allylic alkylation reaction using 

aa series of phosphine-phosphite ligands are described. The use of systematically varied 

ligands,, together with a X-ray structure of a Pd(r|3-allyl)(phosphine-phosphite) species, 

affordss us information about the mechanism of the allylic substitution. 

Thee introduction of a nitrogen atom in an allylic substrate is of interest for the synthesis 

off  amino acid derivatives. In Chapter 4 the allylic amination reaction is described. Variation 

off  the different groups at the ligands gives us important information about the factors 

influencingg the selectivity in this process. 

Thee nickel-catalyzed hydrocyanation is an industrially important route to nitriles, 

whichh can be used for instance for the production of profenes, a class of inflammatory drugs. 

Chapterr 5 depicts the complexation behavior of the phosphine-phosphite ligands to nickel. 

NMRR experiments performed with intermediate species of the catalytic cycle give more 

insightt in the mechanism. 

Thee asymmetric hydrogenation reaction is one of the most applied reactions in organic 

synthesis.. In Chapter 6 the reduction of dehydroamino acrylates is described. Intermediate 

complexess together with kinetic studies of the catalytic reaction are investigated. The series 

off  ligands reveals information about the origin of enantioselectivity of the reaction. 

Partss of this thesis have already been published,51-52 or will be published.53-55 
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