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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 

2 2 



Introduction Introduction 

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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DIPAM P 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 

BINAPHO S 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. 



Introduction Introduction 

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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Outlin e 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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Chapterr 2 

Neww Chiral Phosphine-Phosphite Ligands in the Enantioselective 
Rhodium-Catalyzedd Hydroformylation of Styrene 

Sinkk Deerenberg, Paul C. J. Kamer, Piet W. N. M. van Leeuwen* 

Abstract t 

AA series of chiral phosphine-phosphite ligands la-g has been synthesized from 

monophosphiness 2-4, enantiomerically pure propene oxide or styrene oxide, and 3,3\5,5'-

tetra(rert-butyl)-2,2'-bisphenoll  phosphorochloridite or enantiomerically pure 3,3'-

bis(trimethylsilyl)-2,2'-binaphtholl  phosphorochloridites. These phosphine-phosphites have 

beenn used in the rhodium-catalyzed enantioselective hydroformylation of styrene. The 

structuress of the active catalysts, [HRh(Pi-P2)(CO)2] complexes (Pi-P2 = ligands la-g), have 

beenn studied using high pressure NMR and IR spectroscopy. The obtained spectroscopic data 

showw that the ligands coordinate in an equatorial-apical fashion to the rhodium center with 

thee phosphine in apical position. Systematic variation in configuration of the stereocenters at 

bothh the ligand bridge and the phosphine moiety revealed a remarkable cooperative effect on 

thee selectivity of the hydroformylation reaction. Under mild reaction conditions ee's of 63 % 

andd regioselectivities up to 92 % towards 2-phenylpropanal were obtained (25-60 °C, 20 bar 

off  syn gas CO:H2 [1:1]) for ligands 1. The absolute configuration of the product is governed 

byy the stereogenic center of the backbone of the ligand. Spectroscopic data, in combination 

withh the obtained results in catalysis, suggest that phosphine-phosphite ligands (P1-P2) 

containingg the conformationally flexible and axially chiral biphenyl moiety exist 

predominantlyy as single atropisomers in the HRh(Pi-P2)(CO)2 complexes. Comparison of the 

bisphenoll  and binaphthol substituents suggests that the high enantiomeric excesses obtained 

withh the former are caused by the preferential formation of the most selective diastereomer. 
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2.11 Introductio n 

Hydroformylationn is an important and thus extensively studied industrial process.1^1 

Improvementt of rates and selectivities and mechanistic aspects receive a great deal of 

attention.5'66 Asymmetric hydroformylation is a potentially powerful synthetic tool for the 

synthesiss of several chiral building blocks that can be used as precursor for high-value-added 

compoundss such as pharmaceuticals, agrochemicals, flavors and fragrances.7-11 

Inn general, chiral diphosphine-Rh(I) complexes show high catalytic activity and 

chemoselectivity.. The enantiomeric excesses obtained so far, however, do not exceed 60 %.12 

Chirall  diphosphite-Rh(I) complexes show high enantioselectivities,13-14 but the scope is 

limited.. Takaya et al. have reported a hydroformylation catalyst precursor based on 

[Rh(acac)(CO)2]]  modified with a chiral phosphine-phosphite ligand, BINAPHOS,15'16 which 

combiness the advantages of both ligand types; high ee's were obtained in the 

hydroformylationn of styrene and other olefins, combined with excellent chemo- and 

regioselectivity.17 7 

BINAPHO S S 

Mostt of the research published to date is dedicated to ligands having stereogenic 

elementss attached to the donor atom(s). Ligands having a stereogenic donor atom, for 

instancee a stereogenic phosphine, are rare and DIP AMP is one of the few examples.18 Jugé et 

al.al. have developed a method for the synthesis of enantiomerically pure, borane protected 

stereogenicc phosphines of the type P(Ph)(R)(Me)(BH3).
19 It is a useful chiral building block, 

whichh can be applied in the synthesis of chiral ligands containing stereogenic P atoms. 

Followingg this method Mezzetti et al. synthesized (5,5)-Me2Si(CH2P(l-Np)(Ph))2, which 

gavee ee's up to 97.7 % in the catalytic hydrogenation of dehydroamino acids.20 Although 
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highh enantioselectivities have been obtained, catalytic applications of bidentate ligands 

containingg stereogenic phosphorus atoms are still rare.21-31 

Previouss work in our group and in literature shows the possibility of chiral 

cooperativityy between stereocenters in a ligand. For instance, diphosphite ligands containing 

biaryll  moieties with bulky substituents show hindered rotation around the biaryl axis.14-17 

Althoughh the additional stereocenter originating from the atropisomeric biaryl substituents 

mayy lead to several diastereomers, high enantioselectivities are obtained in the 

hydroformylationn reaction. It was found that the low-energy barrier for interconversion in 

atropisomerss jesulted in the formation of a single diastereomeric HRh(CO)2(diphosphite) 

complex.. This complex also gives rise to high enantioselectivities. 

Herrmannn et al. have published molecular modeling studies of the BINAPHOS-

rhodiumm complex,32 but the mechanistic aspects of the asymmetric hydroformylation reaction 

aree still not understood well enough to be used for the prediction of the enantioselectivities. 

Encouragedd by the success of BINAPHOS and of ligands containing stereogenic 

phosphoruss atoms, together with the cooperative effect found in bulky phosphite ligands, we 

designedd a series of chiral phosphine-phosphite ligands, that allowed a systematic approach 

too study the asymmetric induction of a ligand in the hydroformylation reaction. 

t-Bu. t-Bu. 

t-Bu t-Bu 

 t-Bu 

> B u u 

1aa (SP,SC) R^l-Napht, R2=Ph 
1bb (SP,SC) R1=2-Anisyl, R2=Ph 
1cc (Sp,/?c) R1=1-Napht, R2=Ph 
1dd (Sc) R1=Ph, R2=Me 
1e(Sfc)Ri=Ph,, R2=Ph 

Ris s 

Me3Si i 

O P ; ; 

Me3Si i 

1ff (SP,Sc,fl) R1=1-Napht, R2=Ph 
1gg (Sp,SC)S) R1=1-Napht, R2=Ph 

Inn this Chapter we describe the synthesis of novel chiral phosphine-phosphites ligands. 

Thee designed ligands consist of a phosphine moiety with a stereogenic phosphorus atom. The 

configurationn of the phosphorus atom is expected to be important for the course of the 

catalyticc reaction, since it is in close vicinity of the metal center. Furthermore, the ligands 
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containn a bridge having a stereocenter and a bulky phosphite moiety. The stereogenic 

phosphoruss moiety, the stereocenter in the backbone and the configuration of the biaryl 

moietyy can result in several diastereomers. Systematic variation of the stereocenters provides 

informationn about the effect of the different stereocenters on the enantioselectivity. The 

presencee of bulky substituents on aromatic biphenyl positions has already shown to have a 

significantt effect on me catalyst performance.13-14'33-38 Having two different donor atoms, 

thee ligand is anticipated to coordinate as follows: the phosphine, the better a-donor, will 

coordinatee in an apical position and the phosphite, the better Ji-acceptor will coordinate in an 

equatoriall  position.39 This was confirmed by high pressure NMR and IR studies of 

RhH(CO)2(phosphine-phosphite)) complexes under catalytic conditions.40-45 

2.22 Results and discussion 

2.2.11 Ligand synthesis 

Ligandss la-e were synthesized in three steps starting from the corresponding 

monophosphiness 2-4 (Scheme 2.1). Methyldiphenylphosphine was protected by reaction 

withh BH3-SMe2 to obtain monophosphine 2 as a crystalline product.46-49 The boronato group 

wass used both to avoid oxidation of the phosphine and to activate the methylphosphine 

towardss Hthiation.50 Stereogenic monophosphines 3 and 4 were synthesized as 

enantiomericallyy pure, crystalline products using the methodology of Jugé19 and Mezzetti,20 

respectively.. After metallation of these phosphines 2-4 using sec-BuLi in THF at -40°C, 

theyy reacted with enantiomerically pure propene oxide or styrene oxide to yield phosphino 

alcoholss Sar-e.46^9 Phosphinoalcohols 5a-€ were coupled with bisphenol 

phosphorochloriditee in the presence of triethylamine.33'51 Filtration over a short silica gel 

column,, to remove hydrolyzed phosphorochloridite, gave pure phosphine-phosphites 6a-e as 

colorlesss oils. Compounds 2-6 show broad signals in the 31P{[H}  NMR indicative of a 

phosphine-boranee complex.21.52,53 Phosphine-phosphite borane adducts 6 were immediately 

deprotectedd overnight at 50 °C using dietnylamine. After filtration, the phosphine-phosphites 

11 were obtained in moderate to good yields (37-95 %). From *H NMR and 31P{  'H}  NMR we 

concludedd that in none of the reactions the stereocenters in the ligands were affected, since no 

formationn of diastereomers was observed. The existence of a single peak for each phosphorus 

atomm of la-e in the 31P{'H}  NMR suggests the rapid isomerization in the biphenyl moiety, 
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whichh results in an averaged configuration on the NMR time scale.14'17 In none of the 

precedingg reactions the configuration at the P-atom is affected. As borane decomplexation 

reactionss are known to occur with retention of configuration at the phosphorus atom,19,54'55 

thee absolute configuration at the phosphorus atom is assigned as S. 

| H 3 3 

^ P - M e e 
i i 

Ph h 

2-4 4 

1)) sec-BuLi Risl l 

3)) CIFÉ 

4)) HNEt2 
M 1 ss  = 

0 0 NEt, , 

f-Bu„ „ -f-Bu u 

f-Bu u 

22 (R, = Ph) 
(SP)-33 {B, = 2-An) 
(SP)-44 (R, = 1-Napht) 

5,6,1:: (SP,Sc)-a (R, = 1-Napht, R2 = Ph) 
(Sp,Sc)-bb (R, = 2-An, R2 = Ph) 
(Sp,R(Sp,Rcc)-c)-c (Ri = 1-Napht, R2 = Ph) 

(Sc)-dd (R, = Ph, R2 = Me) 
(Sc)-ee (R, = Ph, R2 = Ph) 

Schemee 2.1 

Too study the influence of the biaryl moiety on the catalyst bulky binaphthol-based 

ligandss lf- g were prepared (Scheme 2.2). The interconversion around the binaphthyl bond is 

energeticallyy highly unfavorable and stable diastereomeric phosphine-phosphite ligands have 

beenn obtained in diastereomerically pure form. Ligands If and lg were synthesized in a 

similarr way as described for ligand la-e. A literature method was applied for the synthesis of 

enantiomericallyy pure (/?)- and (5)-3,3'-bis(trimethylsilyl)-2,2'-binaphthol 

phosphorochloridites.144 Reaction with phosphinoalcohol Sa and decomplexation of the BH3 

groupp gave phosphine-phosphites If and lg as white solids. 
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NaphtN N 

BH, , Ph h 

i i 
Ph h 

5d d 

Schemee 2.2 

D D -0 0 
2)) HNEt2 

NEt, , 
Naphtx x 

Me3Si i 

Me3Si i 

1:(Sp,Sc,flax)-f f 
(S(SPP,S,Scc,S,Saxax)-g )-g 

2.2.22 [RhH(CO)2(Pi-P2)] complexes 

Thee coordination mode of the ligand in the active complex has been studied using IR 

andd NMR under 20 bars of syn gas.34-37-44'56-57 Hydridorhodium phosphine-phosphite 

dicarbonyll  complexes [RhH(CO)2(Pi-P2)] (Pi = phosphite and P2 = phosphine) were 

preparedd from Rh(acac)(CO) 2 and ligands la-g. The spectroscopic data are shown in Table 

2.1: : 

Thee IR spectrum of RhH(CO)2(la) in cyclohexane shows absorptions at 2021 

(medium)) and 1974 (strong) cm-1 due to a symmetric and an anti-symmetric stretch vibration 

off  two equatorially coordinated CO ligands. The Rh-H vibration was not observed in the 

spectrum.. Upon deuteration there is no shift observed in the CO-absorptions.44-58-59 This is 

characteristicc of a coordination fashion in which the hydride and both CO ligands of RhH 

(CO)2(P]-P2)) are orientated cis to one another. Similar data were observed for ligands lb-g. 

Thee 31P{'H}  NMR spectrum of RhH(CO)2(la) shows signals at 6.91 ppm and 163.89 

ppmm attributed to the phosphine and the phosphite, respectively. For the Rh-H coupling 

constantt a value of 9 Hz is found, whereas J{Pi-H}  and 7{P2-H}  are found to be smaller 

thann 2 Hz and 102 Hz, respectively. The coupling constant of P]-Rh is 237 Hz and /{P2-Rh} 

iss 101 Hz. The coupling constant 7{Pi-P2}  is 24.3 Hz. 
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Tablee 2.1 Spectral data of the complexes RhH(CO)2(phosphine-phosphite) under 20 bar 

syngas. . 

^Rh-BC C 
DC^^ I 1 O 

Ph""^%—-^Ph h 
Napht t 

NMRa'b b 

Pii  = phosphite 

Ligandd 8(Pi) 

Binaphoss 184.86 

(SJShU(SJShU 163.89 

(5,S)-lbb 162.71 

(S,/?)-lcc 159.89 

(S)-ldd 162.59 

(5)-lee 163.37 

(S,S,R)-1((S,S,R)-1( 171.70 

(5,S,5)-lgg 171.36 

P22 = phosphine 

/{Pi-H}}  7{Pi-Rh}  8(P2) 7{P2-H}  7{P2-Rh}  7{PrP2 

159.9 9 

<2 2 

<3.5 5 

<2 2 

15.5 5 

15.7 7 
e e 

<2 2 

182 2 

237 7 

239 9 

237 7 

229 9 

231 1 

236 6 

238 8 

26.92 2 

6.91 1 

10.56 6 

22.20 0 

18.14 4 

16.60 0 

3.75 5 

7.07 7 

23.2 2 

102 2 

114 4 

102 2 

90 0 

96 6 

105 5 

94 4 

119 9 

101 1 

97 7 

99 9 

104 4 

103 3 

100 0 

103 3 

39.7 7 

24.3 3 

40.7 7 

34.0 0 

20.8 8 

31.4 4 

41.6 6 

11.9 9 

Hydride e 

}}  8(H) 7{H-Rh} 

-8.85 5 

-9.58 8 

-9.40 0 

-9.47 7 

-9.45 5 

-9.02 2 

-9.75 5 

-9.90 0 

9.8 8 

9.0 0 

9.2 2 

9.0 0 

9.1 1 

9.1 1 
e e 

8.2 2 

I R c.d d 

v(CO)) v(CO) 

1974 4 

1974 4 

1972 2 

1974 4 

1973 3 

1975 5 

1979 9 

1973 3 

2018 8 

2021 1 

2016 6 

2018 8 

2019 9 

2020 0 

2020 0 

2021 1 

""  HRh(P-P)(CO)2 complexes prepared in benzene-d6 at 50 °C. 31P{  'H}  and 'H spectra recorded in benzene-d6 at 

roomm temperature. b Chemical shifts (8) in ppm, coupling constants (J) in hertz. c HRh(P-P)(CO)2 complexes 

preparedd in cyclohexane at 50 °C and IR spectra recorded at 50 °C. d Absorptions (v) in cm"'. e Broadened 

multiplet. . 

Thee value found for the P2-H coupling of 102 Hz is typical of a complex containing an 

apicall  hydride and an apical phosphine. The magnitude of the coupling constant of Pi-H of 2 

Hzz is similar to that reported for an apical hydride with an equatorial phosphite.34-36 A 

couplingg constant of 106 Hz in trigonal bipyramidal HRh(CO)2(DPEphos) has been found for 

ann apical phosphine,58'59 whereas for apical phosphite complexes of trigonal bipyramidal 

HRh(CO)2(diphosphite),, coupling constants of 160 Hz have been reported.15-60-61 Upon 

selectivee decoupling of the phosphine and the phosphite in the 'H NMR, the coupling 

constantss of 102 Hz and 2 Hz disappeared, respectively. From these NMR data we conclude 
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thatt the hydride orientation is cis to the phosphite and trans to the phosphine. The magnitude 

off  ./{Rh-H} , 9 Hz, confirms the equatorial-apical coordination, i.e. a coupling constant 

betweenn a rhodium and an apical hydride having a phosphine or a phosphite trans, is around 

99 Hz, whereas a coupling constant between rhodium and an apical hydride having a CO 

ligandd trans is less than 4 Hz. The obtained coupling constants are indicative of a structure 

closee to an ideal trigonal bipyramid. For ligands Id and le /{Pi-H}  of 15 Hz is larger than 

expectedd for perfect equatorial coordination. This can be due to distortion of the trigonal 

bipyramidall  structure or due to an equilibrium of the complex between Pi-apical-P2-

equatoriall  coordination and Pi-equatorial-P2-apical coordination. 

Thee HP IR spectrum shows only two vibrations in the Rh-CO region, indicative of a 

singlee species, unless the absorptions coincide. From molecular modeling calculations it is 

expectedd that Rh-CO absorptions of complexes with Pi-apical-P2-equatorial coordination or 

Pi-equatorial-Pr-apicall  will coincide.62 

Wee assume that the large magnitude of /{Pi-H}  for ligands Id and le is caused by 

distortionn of the trigonal bipyramidal structure. From NMR spectroscopy it is concluded that 

inn the RhH(CO)2(Pi-P2) complexes, prepared from phosphine-phosphite ligands la-g, the 

phosphine,, the best a-donor, occupies an apical position and the phosphite, the best n-

acceptor,, occupies an equatorial position.39 This is in contrast with the coordination mode 

foundd for the [RhH(CO)2(Pi-P2) complex of BINAPHOS, in which the phosphine occupies 

ann equatorial position and the phosphite an apical position. Despite the structural similarity of 

ourr ligands 1 and BINAPHOS the coordination fashion is different. Possibly, this is due to 

stericc factors. The CO absorption bands of rhodiumdicarbonyl complexes of BINAPHOS at 

20188 (medium) and 1974 (strong) that previously were assigned to Rh-H and Rh-CO 

absorptions,, respectively, are similar to the analogous complexes of ligand 1, and containing 

BINAPHOSS in an apical-equatorial position. As expected, deuteration of the complex did not 

shiftt or decrease the CO absorptions. The small absorption at 2058 cm-1, which was assigned 

too the Rh-H vibration, did disappear. Interestingly, the complexes derived from ligands la-c 

existt as single species as shown by HP NMR. Variable temperature (295-163 K) 31P{  *H}  and 

'HH NMR experiments did not show fluxional processes. The spectra were recorded under 15 

barss of syngas in acetone-^:THF-rfg = 1:1. At very low temperature (163 K) 3IP{ ]H}  and 'H 

NMRR spectra showed the same coupling constants as at room temperature, except for a small 

increasee of the phosphite-hydride coupling from 2 to 8 Hz. This small change in 7{Pi-H}  is 
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attributedd to small conformational changes in the backbone of the ligand. Upon selective 

decouplingg of the phosphine signal the 'H NMR spectrum showed total disappearance of the 

largee phosphine-hydride coupling of 102 Hz. This confirms the formation of only one 

complexx with the phosphine at axial position trans to the hydride. Although rapid 

atropisomerizationn of the biphenyl moiety might still be possible, we assume that the 

biphenyll  moiety is fixed in the most stable conformation, as already suggested by us before.14 

Thee interconversion of the biphenyl moiety from R to S seems to be inhibited by the 

coordinationn to the Rh(I) center or by the ligand backbone. Ligands If and lg each give rise 

too a single Rh-complex, as can be concluded from HP NMR and HP IR. 

2.2.33 Asymmetric hydroformylatio n of styrene 

Complexess RhH(CO)2(ligand 1) have been used as catalysts in the asymmetric 

hydroformylationn of styrene 7. The results are given in Table 2.2. 2-Phenylpropanal 8 

(branchedd aldehyde) was obtained with moderate enantioselectivity (Scheme 2.3). 

Regioisomerr 9 (linear aldehyde) was formed in relatively small amounts. Styrene as a 

substratee has a preference for the formation of the branched aldehyde due to the stability of 

thee intermediate benzylic rhodium species, induced by the formation of a stable r)3-complex.2 

Otherr products, resulting from hydrogenation or polymerization of styrene were not 

observed. . 

Rh(acac)(CO)2 2 
i f ^ V ^ 5^^ ligand 1 
^ JJ H2/CO 

__ toluene 

Schemee 2.3 

Thee effect of the temperature and the ligand to rhodium ratio on the enantioselectivity 

wass investigated using ligands la, lb and lc (runs 1-15). The ratio of H2 and CO was kept 

constant.177 Rh(acac)(CO)2 was the catalyst precursor of choice, since other precursors were 

reportedd to give lower enantioselectivities.17 A satisfactory branched over linear ratio (>92 
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%)) and a moderate ee (63 %, 55 % conversion) was achieved in toluene, under H2/CO =10 

bar/100 bar, at 50 °C for 24 hours (run 1). 

Variationn of the temperature showed that at 50 °C the highest enantioselectivity was 

found.. The ee of the product decreases with increasing temperature (run 4). At lower 

temperaturee the ee does not change significantly (run 2 and 3). The enantioselectivity of the 

reactionn is constant in time; even after a very long reaction period of almost 10 days (run 3) 

thee ee remains constant. At higher temperature the activity increases as can be seen from the 

raisee of the initial turnover frequencies from 2 to 45 mol mol-1 h"1 (run 1-3). All the other 

reactionss were performed at 50 °C, because at this temperature the optimum between rate and 

enantioselectivityy w found. 

Variationn of the ligand to rhodium ratio shows that for ligand la the highest ee is 

reachedd at a ligand to rhodium ratio of 4 to 5 (runs 5-8). At lower ligand to rhodium ratios 

theree may still be unmodified rhodium species present at the concentrations used (runs 5 and 

6).. At higher ligand to rhodium ratios the ee decreases probably due to monodentate 

coordinationn of more than one ligand to the rhodium center. This trend was also found for 

ligandss lb (runs 9-11) and lc (runs 12-15).39 Therefore, all other ligands are tested with a 

ligandd to rhodium ratio of 4 (runs 15-18). 

Thee ligands were compared under "standard" conditions, i.e. a temperature of 50 °C 

andd a ligand to rhodium ratio of 4. The fastest ligand, la, consisting of a phosphine moiety 

havingg a stereogenic P-atom and a stereocenter in the backbone, also gives the highest ee of 

633 %. Use of ligands lb, equal to la, but having an o-anisyl instead of a naphthyl substituent, 

andd lc, the diastereomer of la, resulted in lower initial turnover frequencies, whereas ligands 

Idd and le showed almost equal activity as la, but did not yield high enantioselectivities (9 % 

andd 18 %, respectively). Ligand If consisting of a stereogenic binaphthol with bulky 

trimethylsilyll  substituents at the ortfio-positions results in a high reaction rate and moderate 

enantioselectivityy (run 17). Due to the conformation of the binaphthol group, ligand If 

probablyy causes less steric hindrance at the rhodium complex compared to RhH(CO)2(ligand 

la)) and therefore, it is more reactive. Inversion of the stereocenter of the binaphthol moiety 

inn ligand lg resulted in a lower reaction rate and low enantioselectivity (run 18). 
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Tablee 2.2 Asymmetric hydroformylation of styrene catalyzed by HRhfCOhO) at 50 °C 

underr 20 bar of syngas.8 

entr y y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

ligan d d 

(5 P,5c)-l a a 

(S P,Sc)-l a a 

(5 P,5 c)-l a a 

(5 P,Sc)-l a a 

(S P,5c)-l a a 
* * 
(5p,5c)-l a a 

(S Pl 5c)-l a a 

(5 P,5 c)-l a a 

(S P,Sc)-l a a 

(5 P,5c)-l b b 

(5 P,5c)-l b b 

(5 P,/?c)-l c c 

(5 P,/?c)-l c c 

(S(SPP,Rc)-lc ,Rc)-lc 

(Sd-ld (Sd-ld 

(5c)-l e e 

(5p,5 C,̂ ax)-l f f 

(5 P,5c,5ax)-l g g 

T[°C ] ] 

50 0 

40 0 

25 5 

60 0 

50 0 

50 0 

50 0 

50 0 

50b b 

50 0 

50b b 

50 0 

50 0 

50 0 

50b b 

50 0 

50 0 

50 0 

Tim ee [h ] 

24 4 

24 4 

237 7 

5 5 

4 4 

6 6 

6 6 

6 6 

5 5 

25 5 

3 3 

15 5 

6 6 

6 6 

17 7 

25 5 

18 8 

19 9 

L/Rh c c 

4 4 

4 4 

4 4 

4 4 

1 1 

2 2 

5 5 

10 0 

2 2 

4 4 

5 5 

4 4 

5 5 

10 0 

4 4 

4 4 

4 4 

4 4 

conv.[% ]]  d 

55 5 

13 3 

29 9 

41 1 

50 0 

16 6 

12 2 

14 4 

5 5 

24 4 

2 2 

20 0 

7 7 

7 7 

41 1 

69 9 

95 5 

26 6 

b/T T 

11 1 

15 5 

15 5 

8 8 

10 0 

16 6 

18 8 
h h 

h h 

20 0 
h h 

25 5 
h h 

h h 

18 8 

2 2 

9 9 

8 8 

TOF' ' 

45 5 

10 0 

2 2 

153 3 

88 8 

95 5 

39 9 

42 2 

17 7 

18 8 

12 2 

28 8 

24 4 

24 4 

49 9 

56 6 

111 1 

25 5 

Ee[%] ] 

63(5 ) ) 

60(5 ) ) 

59(5 ) ) 

46(5 ) ) 

6(5 ) ) 

34(5 ) ) 

59(5 ) ) 

41(5 ) ) 

51(5 ) ) 

57(5 ) ) 

48(5 ) ) 

22(/ï ) ) 

333 (/? ) 

28(A ) ) 

9(R) 9(R) 

18(5 ) ) 

40(5 ) ) 

4(S ) ) 

**  Styrene to catalyst molar ratio is 2000. b Catalyst formation period 1-3 hours. c Ligand to rhodium ratio. d 

Percentt conversion of styrene. c Branched to linear aldehydes ratio. f TOF in mol styrene (mol Rh)-1 h"' 

determinedd at the end of the reaction time by GC.g Enantiomeric excess. Absolute configurations are drawn in 

parentheses.hh Could not be determined, because peak was too small compared to styrene peak. 
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Thee results of using ligands la-g in the hydroformylation of styrene can be 

summarizedd as follows: 

(1)) A larger group attached to the backbone is important to obtain a high ee. The phenyl 

groupp of ligand le has a larger influence than the methyl group of ligand Id. 

(2)) Introduction of a phosphine with a stereogenic phosphorus atom (la and lb) 

enhancess the ee remarkably. The naphthyl group of ligand la and the o-anisyl group of 

ligandd l b have a large effect on the enantioselectivity. Apparently, the combination of the 

substituentt at the stereogenic phosphine and the stereocenter in the backbone creates a 

complexx that induces enantioselectivity. The stereogenic phosphine is important, since the 

correspondingg achiral ligand le does not yield a high enantioselectivity. 

(3)) The absolute configuration of the major enantiomer of the product aldehyde is 

alwayss S, when the configuration of the stereocenter in the backbone is S. Inversion of the 

configurationn of this carbon atom, results in an inversion of the product aldehyde from S to R. 

Ligandd Id is an exception to this rule. In spite of the fact that the absolute configuration at the 

stereocenterss of ligands Id and lc is different, the methyl substituent at the stereocenter holds 

thee same position as the phenyl substituent, resulting in the same enantiomer.63 Thus, the 

sensee of enantiofacial selection is predominantly controlled by the configuration of the 

stereocenterr in the bridge. Ligand lc gives a lower ee due to a mismatched combination of 

thee stereocenters at the phosphine moiety and the backbone. 

(4)) The use of ligand If having a (7?)-binaphthyl moiety results in an ee of 40 % (5), 

whereass the use of diastereomer lg having a (5)-binaphthyl moiety results in an ee of 4 % 

(5).. In the HP NMR spectra of [HRh(ligand la)(CO)2], the formation of only one 

diastereomerr was observed. Therefore, comparing the results obtained with ligands la, If and 

l gg we assume that the fast interchanging atropisomers of ligand l a adopt predominantly the 

samee conformation as ligand If. Thus, the conformation of the biphenyl moiety at the 

phosphitee is controlled by the substituent at the stereocenter in the backbone. 

(5)) The stereogenic group at the backbone does not only control the configuration of 

thee biaryl moiety at the phosphite, but also the configuration of the product. Since the 

phosphitee is coordinated in an equatorial position, the equatorially coordinated group is 

importantt for obtaining high enantioselectivities. This is in accordance with the results of 

Takayaa et ai, who also found, that for BINAPHOS the equatorially coordinating moiety, the 

phosphinee in this instance, has the largest influence.17 
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2323 Conclusions 

AA series of novel ligands containing a stereogenic phosphine moiety and a phosphite 

moietyy with axial chirality controlled by a stereocenter in the backbone has been prepared 

andd used as ligands in the rhodium catalyzed hydroformylation reaction. The ligands were 

synthesizedd conveniently in eight steps and derivatized systematically. In the [HRh(ligand 

l)(CO)2]]  complexes the ligands coordinate in an equatorial-apical coordination fashion with 

thee phosphine moiety in the apical position. We have shown that the equatorially coordinated 

group,, i.e, the phosphite moiety, is important for obtaining high enantioselectivity. This is in 

accordancee wjth the results of Takaya et al., who found that also for BINAPHOS the 

equatoriallyy coordinating group has the largest influence. Good enantioselectivities were 

obtainedd in the asymmetric hydroformylation of styrene. To obtain high ee's, however, it is 

necessaryy to have two stereocenters in the ligand. The experiments done using the ligands 

containingg stereogenic binaphthol groups show a cooperative effect of the binaphthol moiety 

andd the group attached to the stereocenter in the backbone. 

2.44 Experimental Section 

Generall  Considerations 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All reactions 

weree carried out in flame-dried glasswork using standard Schlenk techniques under an 

atmospheree of Argon. Toluene was distilled from sodium. THF and Et20 were distilled from 

sodium/benzophenone.. Triethylamine and diethylamine were distilled from CaH2. PCI3 was 

distilledd before use. For column chromatography silica gel 60 (230-400 mesh) purchased 

fromm Merck was used. Compounds 3 and 4 were synthesized following the procedures of 

Mezzetti200 and Jugé,19 respectively. Melting points were determined on a Gallenkamp MFB-

5955 melting point apparatus in open capillaries and are uncorrected. NMR spectra were 

obtainedd on Bruker AMX 300 and DRX 300 spectrometers. 31P and 13C spectra were 

measuredd ]H-decoupled unless stated otherwise. TMS was used as a reference for lH and I3C 

NMRR and H3PO4 for 3lP{  'H}  NMR. Infrared spectra were recorded on a Nicolet 510 FT-IR 

spectrophotometer.. HP IR spectra were measured using a 20 mL homemade stainless steel 

autoclavee equipped with mechanical stirring and ZnS windows. Hydroformylation reactions 

weree carried out in a homemade 200 mL stainless steel autoclave. Syn gas (CO/H2,1:1, 99.9 
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%)%) was purchased from Air Liquide. D2 was purchased from Hoekloos. Optical rotations 

weree measured on a Perkin-Elmer 241 polarimeter. 

Gass chromatographic analyses were run on an Interscience HR GC Mega 2 apparatus 

(split/splitlesss injector, J&W Scientific, DB-1 J&W 30m column, film thickness 3.0 (xm, 

carrierr gas 70 kPa He, FID detector) equipped with a Hewlett-Packard Data system (Chrom-

Card).Card). Enantiomeric excesses were measured after reduction with NaBJL; to the 

correspondingg alcohols on a Carlo Erba Vega 6000 gas chromatograph, J&W Scientific, 

CycloSil-B(JW)) column, film thickness 0.25 fim, carrier gas 80 kPa He, FID detector) 

equippedd with a Hewlett-Packard Data system (Chrom-Card). Fab exact mass spectra were 

recordedd by the Institute of Mass Spectroscopy of the University of Amsterdam on a JEOL 

JMS-SX/SX102AA spectrometer. Elemental analyses were carried out on an Elementar Vario 

ELL apparatus. 

Hydroformylatio nn Experiments 

Caution!!  Syn gas contains carbon monoxide, which is extremely poisonous. Accidents 

mayy be lethal. When working with carbon monoxide a gas detection system should be 

present,, and experiments should be performed in a well ventilated fume-hood maintaining 

thee CO concentration in the hood below the MAC value at all times. 

Hydroformylationn reactions were carried out in an autoclave, equipped with glass inner 

beaker,, a substrate inlet vessel, a liquid sampling valve, and a magnetic stirring rod. The 

temperaturee was controlled by a thermocouple. In a typical experiment, the autoclave was 

filledfilled with the phosphine-phosphite ligand (0.040 mmol, P/Rh ratio of 8). Subsequently, the 

autoclavee was purged two times with 20 bars of syn gas (CO:H2 =1:1) and Rh(acac)(CO)2 

(0.0100 mmol, 5.0 mL of a 2.0 mM stock solution in toluene) and toluene (5.0 mL) were 

added.. The autoclave was purged again with syn gas and pressurized to the appropriate initial 

pressure.. After heating the autoclave to the reaction temperature, the reaction mixture was 

stirredd for 18 hours to form the active catalyst. Styrene (2.29 mL, 20.0 mmol, filtered over 

neutral,, activated aluminum oxide), the internal standard decane (5.0 mmol, 0.98 mL), and 

toluenee (6.73 mL, total solvent volume 20.0 mL) were purged with syn gas and brought into 

thee autoclave. During the reaction several samples were taken from the reaction vessel. After 

thee desired reaction time the autoclave was cooled and depressurized. The toluene was 

evaporatedd and the residue was distilled under vacuum to remove the catalyst. A sample of 
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thee reaction mixture was dissolved in ethanol. Sodium borohydride was added and the 

reactionn mixture was stirred for 2 hours at room temperature. After quenching the reaction 

mixturee with water, the mixture was extracted two times with ethyl acetate/petroleumether 

60-800 °C (1/1). The combined organic layers were dried over magnesium sulfate and 

concentratedd in vacuo. About 40 uL of reduced reaction mixture was dissolved in ethanol (10 

mL)) and analyzed by GC for determination of the enantiomeric excess. 

HPP NMR Experiments 

Inn a typical experiment the NMR tube was filled with a solution of Rh(CO>2(acac) (5.0 

mg,, 0.019 mmol), ligand (0.019 mmol) and benzene-de (1.5 mL). The tube was purged two 

timess with 15 bars of H2/CO (1/1), pressurized with 20 bars of H2/CO (1/1) and left overnight 

att 50 °C. After cooling to room temperature the NMR spectra were recorded. 

Variabl ee Temperature HP NMR Experiments 

Forr variable temperature high pressure NMR experiments (295-163 K) the HRh(Pi-

P2)(CO)22 complex was prepared in a mixture of acetone-d^THF-ds = 1:1 as described in the 

previouss experiment. After cooling to room temperature the NMR spectra were recorded. 

HPP FT-I R Experiments 

Inn a typical experiment the HP IR autoclave was filled with a solution of 

Rh(CO)2(acac)) (3.87 mg, 0.015 mmol), ligand (0.015 mmol) and cyclohexane (15 mL). The 

autoclavee was purged two times with 15 bars of H2/CO (1/1), pressurized with 20 bars of 

H2/COO (1/1) and heated to 50 °C. Catalyst formation was followed in time by FT-IR and was 

usuallyy complete within 1 hour. 

(5P?5)-3-(l-Naphthylphenylphosphinoborane)-l-phenyl-l-propanol(5a) ) 

Phosphine-boranee 4 (0.599 g, 2.27 mmol), azeotropically dried with toluene (2x5 mL) 

wass dissolved in THF (5 mL) and the solution was cooled to -25 °C. Sec-BuLi (1.68 mL of a 

1.355 M/L cyclohexane solution) was added to this solution and stirring was continued for 10 

minutess The cooling bath was removed and the solution was stirred at room temperature for 1 

hour.. This solution was added dropwise to a solution of (/?)-Phenyl oxirane (0.26 mL, 2.27 

mmol)) in THF (5 mL) at -60 °C. The reaction mixture was allowed to warm to room 
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temperaturee overnight. The reaction mixture was quenched with water and extracted with 

Et200 (2x30 mL). The combined extracts were dried over MgSC>4 and concentrated in vacuo. 

Thee residue was purified by column chromatography (eluent: lrtoluene, 2:10 % EtOAc in 

toluene),, giving 5a (0.635 g, 1.65 mmol, 73 %) as a white solid: Anal. Calcd for C25H26BOP: 

C,, 78.14; H, 6.82. Found: C, 78.10; H, 6.91; lH NMR (CDC13) 5 8.07-8.00 (m, 2H, Ar-H), 

7.91-7.888 (m, 2H, Ar-H), 7.59-7.20 (m, 13H, Ar-H), 4.69 (dd, 1H, J = 5.4 and 7.1 Hz, 

CHOH),, 2.52 (m, 2H, PCH2CH2), 1.94 (m, 2H, PCH2CH2), 1.9(M).50 (m, 3H, BH3);
 3IP{]H} 

NMRR (CDCI3) 8 17.20 (br d); 13C NMR (CDC13)S 143.15 (q), 133.96 (d, JCP = 10.6 Hz), 

133.777 (d, JCp = 6.8 Hz, q), 132.89 (d, 7Cp = 6.0 Hz, q), 132.70, 131.48 (d, 7Cp = 9.1 Hz), 

130.71,, 130.49 (q), 129.08, 128.70 (d, JCP = 10.5 Hz), 128.38, 127.64, 126.57, 126.19 (d, JCP 

== 6.0 Hz), 126.06, 125.62, 124.67, 124.14 (q), 74.13 (d, JCP = 14.2 Hz, CH), 31.76 (CH2), 

21.655 (d, JCp = 38.2 Hz, CH2); mp: 113-114 °C; [cc]D
25 = -25.8 (c 1.11, CHCI3); MS HR-

FABB [Found 383.1743; C25H25BOP (M+-H) requires 383.1736]. 

(5pyS)-3-(2-Anisylphenylphosphinoborane)-- l-phenyl-l-propanol (5b) 

Thiss compound was prepared as described for 5a. Phosphine-borane 3 and (7?)-Phenyl 

oxiranee have been used for the synthesis of 5b. The product was purified by column 

chromatographyy (eluent: 1 toluene, 2:10 % EtOAc in toluene), giving 5b (0.560 g, 1.54 

mmol,, 96 %) as a white solid: Anal. Calcd for C22H26B02P: C, 72.55; H, 7.20. Found: C, 

72.28;; H, 7.29; LH NMR (CDCI3) 8 7.96 (ddd, 1H, J = 1.5, 7.5 and 13.5 Hz, Ar-H), 7.64 (m, 

2H,, Ar-H), 7.49 (m, 1H, Ar-H), 7.44-7.24 (m, 8H, Ar-H), 7.05 (dt, 1H, J = 1.4 and 7.4 Hz, 

Ar-H),, 6.85 (dd, 1H, J = 3.3 and 8.4 Hz, Ar-H), 4.66 (t, 1H, / = 6.4 Hz, CHOH), 3.52 (s, 3H, 

OCH3),, 2.48 (m, 2H, PCH2CH2), 2.12 (m, 1H, PCHjCHz), 1.82 (m, 1H, PCH2CH2), 1.90-

0.500 (m, 3H, BH3);
 31P{!H}  NMR (CDC13) 5 16.58 (br s); l3C NMR (CDCI3) 8 161.12 

(CH3OCq),, 143.47 (q), 136.29 (d, 7CP = 14.1 Hz), 133.53, 131.35 (d, 7CP = 9.3 Hz), 130.18, 

130.066 (d, 7Cp = 57.7 Hz, q), 128.30, 128.07 (d, JCP = 10.1 Hz), 127.53, 125.76, 120.98 (d, 

JCPJCP = 12.2 Hz), 115.65 (d, Jc? = 52.1 Hz, q), 110.80, 74.43 (d, 7Cp = 15.0 Hz), 54.98, 32.19, 

19.822 (d, JCP = 40.1 Hz); mp: 102-103 °C; [cc]D
25 = -15.1 (c 1.25, CHCI3); MS HR-FAB 

[Foundd 363.1660; C22H25B02P (M+-H) requires 363.1685]. 
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(Sp^?)-3-(( l-Naphthylphenylphosphinoborane)-l-phenyl-l-propanol (5c) 

Thiss compound was prepared as described for 5a. Phosphine-borane 4 and (S)-Phenyl 

oxiranee have been used for the synthesis of 5c. The product was purified by column 

chromatographyy (eluent: l:toluene, 2:10 % EtOAc in toluene), giving 5c (0.873 g, 2.27 

mmol,, 100 %) quantitatively as a white solid: Anal. Calcd for C25H26BOP: C, 78.14; H, 6.82. 

Found:: C, 77.90; H, 7.04; 'H NMR (CDCI3) 6 8.03 (m, 2H, Ar-H), 7.90 (m, 2H, Ar-H), 

7.59-7.200 (m, 13H, Ar-H), 4.69 (dd, 1H, J = 5.4 and 7.1 Hz, CHOH), 2.52 (m, 2H, 

PCH2CH2),, 1.94 (m, 2H, PCH2CH2), 1.90-0.50 (m, 3H, BH3);
 I3C NMR (CDCI3) 5 143.14 

(q),, 134.03 (d, JCP =11.1 Hz), 133.75 (d, JCP = 6.9 Hz, q), 132.90 (d, JCP = 5.5 Hz, q), 

132.73,, 131.04 (d, JCP = 9.0 Hz), 130.69, 130.00 (q), 129.08, 128.68 (d, JCT = 9.8 Hz), 

128.37,, 127.61, 126.62, 126.20, 126.07, 125.58, 124.74 (d, JCP = 12.2 Hz), 123.86 (q), 74.04 

(d,, JCP = 14.1 Hz), 31.82,21.65 (d, JCP = 38.40 Hz); 31P{]H}  NMR (CDCI3) 5 17.10 (br d, JPB 

== 48 Hz); mp: 121-122 °C; [a]D
25 = +23.9 (c 1.01, CHCI3); MS HR-EI [Found 384.1786; 

C49H60O3P22 (M+) requires 384.1814]. 

(5)-4-(Diphenylphosphinoborane)-2-butanol(5d) ) 

Thiss compound was prepared as described for 5a. Phosphine-borane 2 and (S)-propene 

oxidee have been used for the synthesis of 5d. The product was purified by column 

chromatographyy (eluent: l:toluene, 2:10 % EtOAc in toluene), giving 5d (0.362 g, 1.33 

mmol,, 57 %) as a colorless oil: 'H NMR (CDCI3) 5 7.68 (m, 4H, Ar-H), 7.42 (m, 6H, Ar-H), 

3.799 (m, 1H, CHOH), 2.47 (m, 1H, PCHCH), 2.22 (m, 1H, PCHCH), 1.64 (m, 2H, PCH2), 

0.988 (d, 3H, J = 6.3 Hz, CH3), 1.9O-O.50 (m, 3H, BH3); ^P^H}  NMR (CDC13) 5 16.6 (br d, 

JJ =61 Hz); ,3C NMR (CDCI3) 5 131.98 (d, JCP = 8.7 Hz), 131.88 (d, J = 7.6 Hz), 131.03, 

129.555 (d, J = 24.9 Hz, q), 128.98 (q), 128.55 (d, JCP = 8.4 Hz, 2C), 67.74 (d, JCP = 14.3 Hz), 

31.91,, 23.12, 21.49 (d, JCP = 38.7 Hz); [a]D
25 = -15.1 (c 1.25, CHCI3); MS HR-FAB [Found 

258.1179;; Ci6H19OP (M+-BH3) requires 258.1174]. 

(5)-3-(Diphenylphosphinoborane)-l-phenyl-l-propanol(5e) ) 

Thiss compound was prepared as described for 5a. Phosphine-borane 2 and (/?)-phenyl 

oxiranee have been used for the synthesis of 5e. The product was purified by column 

chromatographyy (eluent: l:toluene, 2:10 % EtOAc in toluene), giving 5e (1.56 g, 4.67 mmol, 

1000 %) quantitatively as a white solid: Anal. Calcd for C21H24BOP: C, 75.47; H, 7.24. Found: 
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C,, 75.38; H, 7.32; !H NMR (CDC13) 8 7.67-7.61 (m, 4H, Ar-H), 7.50-7.40 (m, 6H, Ar-H), 

7.34-7.288 (m, 5H, Ar-H), 4.75 (dd, 1H, J = 6.1 and 6.4 Hz, CHOP), 2.42 (m, 1H, PCHCH), 

2.244 (m, 1H, PCHCH), 1.97 (m, 2H, PCH2), 1.60-0.40 (m, 3H, BH3);
 3lP{lH) NMR (CDCI3) 

SS 16.80 (br d, JPB = 58 Hz); 13C NMR (CDC13) 5 143.30 (q), 131.98 (d, JCp = 9.1 Hz), 131.91 

(d,, 7Cp = 9.1 Hz), 131.01 (2 x s), 129.47 (d, / = 24.2 Hz, q), 128.90 (d, q), 128.71, 128.58, 

128.40,, 127.63, 125.64, 73.99 (d, 7Cp = 14.0 Hz), 31.89, 21.31 (d, Jc? = 38.3 Hz); mp: 92-93 

°C;; [<x]D
25 = -36.6 (c 0.98, CHCI3); MS HR-FAB [Found 334.1658; C2iH24BOP (M+) 

requiress 335.1658]. 

(5pyS)-[3-(l-NaphthyIphenylphosphinoborane)-l-phenylpropyI]-l-(33',5,5'-tetra-/ert--

butyl-1,1'-biphenyy 1-2,2'-diyl) phosphite (6a) 

Alcoholl  5a (0.605 g, 1.58 mmol) was azeotropically dried with toluene (2x5 mL), 

dissolvedd in toluene (20 mL) and NEt3 (0.46 mL, 3.3 mmol) and the solution was cooled to -

200 °C. A solution of 3,3',5,5'-tetra(fórt-butyl)-2,2'-bisphenol phosphorochloridite (0.787 g, 

1.666 mmol) in toluene (5 mL) was added dropwise and the reaction mixture was allowed to 

warmm to room temperature overnight. The reaction mixture was filtered over Celite and 

concentratedd in vacuo. Filtration over a short column of silica gel (eluent: toluene) afforded 

6aa (1.22 g, 1.48 mmol, 94 %) as a foam: ^Pf'H}  NMR (CDC13) 143.60 (s), 17.29 (br s); MS 

HR-FABB [Found 823.4614; C53H66BO3P2 (MH+) requires 823.4580]. Compound 6a was 

usedd immediately without further purification. 

(5pyS)-[3-(2-Anisylphenylphosphinoborane)-l-phenylpropyl]-l-(3v3',5,5,-tetra-ré,rr --

butyl-1,11 '-biphenyl-2,2'-diyl)phosphite (6b) 

Thiss compound was prepared as described for 6a. Phosphinoalcohol 5b and 3,3',5,5'-

tetra(tert-butyl)-2,2'-bisphenoll  phosphorochloridite have been used for the synthesis of 6b. 

Filtrationn over a short column of silica gel (eluent: toluene) afforded 6b (1.10 g, 1.37 mmol, 

1000 %) quantitatively as a foam: 3IP{!H}  NMR (CDCI3) 5 144.11 (s) and 16.98 (br s); MS 

HR-FABB [Found 803.4467; C50H66BO4P2 (MH+) requires 803.4529]. Compound 6b was 

usedd immediately without further purification. 
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(Sp^ï-IS-Cl-Naphthylphenylphosphinoborane^l-phenylpropylj-l-O^'^^'-tetra-fert --

butyl-l,l'-biphenyl-2,2'-diyl)phosphit ee (6c) 

Thiss compound was prepared as described for 6a. Phosphinoalcohol 5c and 3,3',5,5'-

tetra(férf-buryl)-2,2'-bisphenoII  phosphorochloridite have been used for the synthesis of 6c. 

Filtrationn over a short column of silica gel (eluent: toluene) afforded 6c (1.86 g, 2.27 mmol, 

1000 %) quantitatively as a foam: 3tPCH) NMR (CDC13) 5 143.65 (s), 17.29 (br s); MS HR-

FABB [Found 823.4627; C53H66BO3P2 (MH+) requires 823.4580]. Compound 6c was used 

immediatelyy without further purification. 

(5)-[4-(diphenylphosphinoborane)-2-butyl]-2-(33'^»5'-tetra-^rf-butyl-l,l'-biphenyl --

2,2'-diyl)phosphitee (6d) 

Thiss compound was prepared as described for 6a. Phosphinoalcohol 5d and 3,3\5,5'-

tetra(ferf-butyl)-2,2'-bisphenoII  phosphorochloridite have been used for the synthesis of 6d. 

Filtrationn over a short column of silica gel (eluent: toluene) afforded 6d (0.550 g, 0.77 mmol, 

655 %) as a foam: 31P{ lH}  NMR (CDC13) 5 145.43 (s), 16.66 (br s). Compound 6d was used 

immediatelyy without further purification. 

(5)-[3-(diphenylphospllinobo^ane)-l-phenylpropy^-l-(3^,^^ ,-tet^a-re^r-butyl-l,l ,--

biphenyl-2,2'-diyl)phosphitee (6e) 

Thiss compound was prepared as described for 6a. Phosphinoalcohol 5e and 3,3',5,5'-

tetra(fért-butyl)-2,2'-bisphenoll  phosphorochloridite have been used for the synthesis of 6e. 

Filtrationn over a short column of silica gel (eluent: toluene) afforded 6e (1.64 g, 2.13 mmol, 

977 %) as a foam: 31P{'H] NMR (CDC13) 8 143.46, 17.10 (br s); MS HR-FAB [Found 

773.4435;; C49H64BO3P2 (MH+) requires 773.4424]. Compound 6e was used immediately 

withoutt further purification. 

(Sp^-P-Cl-Naphthylphenylphosphino^l-phenylpropyll-l-Ca^'^'-tetra-fert-butyl --

l,r-biphenyl-2,2'-diyl)phosphite(la) ) 

Phosphine-boranee 6a (1.15 g, 1.40 mmol) was dissolved in diethylamine (20 mL) and 

stirredd overnight at 50 °C. The reaction mixture was concentrated in vacuo. Filtration over 

silicaa gel (eluent: toluene) gave la (1.02 g, 1.26 mmol, 90 %) as a white solid: Anal. Calcd 

forr C54H6203P2: C, 78.68; H, 7.73. Found: C, 78.75; H, 7.65; 'H NMR (CDCI3) 5 8.41 (dd, 
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1H,, J = 4.4 and 8.0 Hz, Ar-H), 7.82 (dd, 2H, J = 6.8 and 7.5 Hz, Ar-H), 7.43-7.11 (m, 18H, 

Ar-H),, 5.18 (m, 1H, CHOP), 2.06 (m, 2H, PCH2 CHH'), 1.88 (m, 2H, POfc CHH'), 1.38 (s, 

9H,, tert-butyl), 1.34 (s, 9H, tert-butyl), 1.28 (s, 9H, terr-butyl), 1.24 (s, 9H, tert-butyl); 
ilil P{P{llH)H) NMR (CDCI3) 5 143.75 (s) and -26.75 (s); 13C NMR (CDCI3) 5 146.10 (q), 145.84 

(q),, 140.65 (q), 139.95 (q), 139.68 (q), 135.43 (d, J= 20.4 Hz, q), 134.40 (q), 133.33, 132.57 

(22 x d, JCP = 26A Hz, q), 132.36 (d, JCP = 18.9 Hz, q), 129.59-123.83 (CH-Arom.), 78.59 

(dd,, yCp = 8.7 and 15.2 Hz), 34.97 (q), 34.42 (q), 34.23 (d, CH2), 31.33, 30.72 (d, J = 7.7 Hz), 

22.188 (d, 7Cp = 12.2 Hz, CH2); mp: 91.5-92.5 °C; [a]D
25 = +63.1 (c 1.0, CHCI3); MS HR-

FABB [Found 809.4196; C54H63O3P2 (MH+) requires 809.4252]. 

(5p^S)-E3-(l-Naphthylphenylphosphino)-l-phenylpropyl]-l-(3,3*»5»5'-tetra-fórt-butyl --

1,11 '-biphenyl-2,2'-diyl)phosphite (lb) 

Thiss compound was prepared as described for la. Phosphine-borane 6b has been used 

forr the synthesis of lb. Filtration over silica gel (eluent: toluene) gave lb (0.99 g, 1.25 mmol, 

966 %) as a white solid: Anal. Calcd for C50H62O4P: C, 76.11; H, 7.93. Found: C, 76.07; H, 

8.06;; 'H NMR (CDCI3) 8 7.52 (d, 1H, J = 2.2 Hz, Ar-H), 7.41-7.12 (m, 14H, Ar-H), 6.92-

6.766 (m, 3H, Ar-H), 5.16 (m, 1H, CHOH), 3.69 (s, 3H, OCH3), 1.99 (m, 2H, PCH2 CHH'), 

1.799 (m, 2H, PCH2 CHH'), 1.37 (s, 9H, tert-buty\), 1.34 (s, 9H, tert-butyl), 1.28 (s, 9H, tert-

butyl),butyl), 1.25 (s, 9H, tert-butyl); 31P{*H}  NMR (CDCI3) 8 144.13 (s) and -24.81 (s); !3C NMR 

(CDCI3)) 8 160.99 (q), 146.05 (q), 145.80 (q), 140.80 (q), 139.96 (q), 139.68 (q), 137.12 (q), 

132.755 (d, J = 19.6 Hz), 132.52 (d, J = 19.6 Hz), 131.94-110.04 (CH-Arom.), 78.80 (dd, JCP 

==  8.8 and 15.7 Hz), 55.13, 34.98, 34.68 (d), 34.41, 31.32, 30.81, 30.69, 21.01 (d, /CP = 11.6 

Hz);; mp: 79.0-80.5 °C; [a]D
25 = +41.8 (c 1.11, CHCI3); MS HR-FAB [Found 788.4174; 

C5oH6304P22 (MH+) requires 759.4202]. 

(5p^)-[3-(l-Naphthylphenylphosphino)-l-phenylpropyl]-l-(3,3%5,5,-tetra-tó/t-butyl--

M'-biphenyl^'-diyOphosphitetlc) ) 

Thiss compound was prepared as described for la. Phosphine-borane 6c has been used 

forr the synthesis of lc. Filtration over silica gel (eluent: toluene) gave lc (1.83 g, 2.26 mmol, 

1000 %) as a white solid: Anal. Calcd for C54H6203P2: C, 78.68; H, 7.73. Found: C, 78.32; H, 

7.90;; 'H NMR (CDCI3) 8 8.43 (m, 1H, Ar-H), 7.82 (dd, 2H, J = 8.0 and 10.6 Hz, Ar-H), 

7.49-7.388 (m, 4H, Ar-H), 7.30-7.15 (m, 14H, Ar-H), 5.24 (m, 1H, CHOP), 2.16-1.83 (m, 
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4H,, PCH2CH2), 1.40 (s, 9H, ferr-butyl), 1.36 (s, 9H, tert-butyl), 1.31 (s, 9H, terf-butyl), 1.27 

(s,, 9H, fórt-butyl); 31P{!H}  NMR (CDC13)5 143.81 (s), -27.26 (s); 13C NMR (CDC13) 8 

149.622 (q), 146.16 (q), 145.91 (q), 145.22 (q), 142.82 (q), 140.59 (q), 140.01 (q), 139.72 (q), 

137.511 (d, JCP = 12.8 Hz, q), 135.38 (d, JCP = 21.1 Hz, q), 134.89 (d, JCp = 16.6 Hz, q), 

133.333 (d, JCP = 4.5 Hz, q), 132.81 (q), 132.60 (d, JCP = 18.9 Hz, CH), 132.39 (q), 132.30 (q), 

129.47-123.700 (CH-Arom.), 78.60 (dd, JCP = 8.4 and 15.3 Hz), 35.02 (q), 34.46 (q), 34.24 

(d,, J = 8.7 Hz, CH2), 31.42, 30.80 (d, J = 11.8 Hz), 22.32 (d, JCP = 12.2 Hz, CH2); mp: 91-

91.55 °C; [ab25 = -25.8 (c 0.96, CHC13); MS HR-FAB [Found 809.4210; C53H63O3P2 (MH+) 

requiress 809.4252]. 

(S)-[4-(diphenyIphosplIino)-2-butyl]-2-(3^,^^ ,-tet^a-rert-butyl-l,l ,-bipllenyl-2^ ,--

diyl)phosphitee (Id) 

Thiss compound was prepared as described for la. Phosphine-borane 6d has been used 

forr the synthesis of Id. Filtration over silica gel (eluent: toluene) gave Id (1.83 g, 2.26 mmol, 

1000 %) as a white solid: Anal. Calcd for C44H58O3P2: C, 75.83; H, 8.39. Found: C, 75.80; H, 

8.49;; lH NMR (CDCI3) 8 7.45 (dd, 2H, J = 2.4 and 4.1 Hz, Ar-H), 7.42-7.37 (m, 10H, Ar-

H),, 7.32-7.29 (dd, 2H, J = 2.4 and 4.1 Hz, Ar-H), 4.53 (ddq, 1H, J = 6.1, 6.1 and 14.5, 

CHOP),, 2.18 (ddd, 1H, J = 5.7, 11.5 and 13.2 Hz, PCH2CHH'), 2.04 (ddd, 1H, J = 5.7, 10.8 

andd 13.8 Hz, PCH2CHH'), 1.74 (m, 2H, PCH2), 1.49 (s, 9H, tert-butyY), 1.46 (s, 9H, tert-

butyl),, 1.37 (s, 9H, terf-butyl), 1.37 (s, 9H, tert-butyl), 1.25 (d, 3H, / = 6.1 Hz, CH3); 
31P{{  'H}  NMR (CDCI3) 8 145.68 (s), -15.19 (s); 13C NMR (CDCI3) 8 160.98 155.31 (d, 7Cp = 

8.33 Hz), 142.37 (d, Jc? = 13.6 Hz), 141.71, 141.62, 141.56, 141.49, 140.52, 136.46 (d, JQP = 

14.33 Hz), 133.55, 131.19 (d, Jc? = 9.8 Hz), 130.45, 130.07, 129.68, 128.82, 128.11, 128.07, 

128.02,, 127.93, 127.76, 126.88, 125.09, 120.91 (d, JCP = 9.8 Hz), 114.76, 113.96 (d, JCP = 

14.33 Hz), 112.65 (d, JCP = 13.6 Hz), 110.57, 78.28 (dd, JCP = 10.8 and 17.7 Hz), 55.39,54.69, 

35.03,, 31.63, 30.60, 29.49, 21.24, 19.32 (d, JCP = 39.9 Hz); mp: 64-65 °C; [ctfo25 = -10.6 (c 

1.01,, CHCI3); MS HR-FAB [Found 697.3957; G M H S S Ĉ  (MH+) requires 697.3939]. 

(S)-[3-(diphenylphosphino)-l-phenyIpropyl]-l-(3^,^^'-tetra-ferr-butyl-l,l'-biphenyl --

2,2'-diyl)phosphitee (le) 

Thiss compound was prepared as described for la. Phosphine-borane 6e has been used 

forr the synthesis of le. Filtration over silica gel (eluent: toluene) gave le (1.35 g, 1.78 mmol, 
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866 %) as a white solid: Anal. Calcd for C49H60O3P2: C, 77.54; H, 7.97. Found: C, 77.36; H, 

8.06;; 'H NMR (CDCI3) 8 7.39 (dd, 2H, J = 2.4 and 4.6 Hz, Ar-H), 7.27-7.24 (m, 13H, Ar-

H),, 7.19 (d, 1H, J = 2.3 Hz, Ar-H), 7.16 (d, 1H, J = 2.4 Hz, Ar-H), 7.12 (m, 2H, Ar-H), 5.17 

(m,, 1H, CHOP), 2.01 (m, 2H, PCH2CH2), 1.77 (m, 2H, PCH2CH2), 1.38 (s, 9H, tert-butyl), 

1.355 (s, 9H, tert-butyl), 1.29 (s, 9H, tert-butyl), 1.27 (s, 9H, tert-butyl); ''Pf'HJ NMR 

(CDCI3)) 5 143.88 (s) and -15.29 (s); ,3C NMR (CDCI3) 5 146.10 (q), 145.84 (q), 140.59 (q), 

139.977 (d, q), 139.66 (q), 138.19 (q), 137.91 (d, q), 132.74 (q), 132.51 (d, JCp = 18.9 Hz, Ar-

C),, 132.32 (d, JCp = 18.9 Hz, Ar-C), 132.32 (q), 128.30, 128.17, 128.08, 127.99, 127.64, 

126.98,, 126.24 (d, 7CP = 9.1 Hz), 123.96 (d, 7CP = 17.4 Hz), 78.61 (dd, JCp = 8.5 and 14.8 

Hz),, 34.99 (q), 34.42 (q), 34.03 (CH2), 31.36, 31.33, 30.80 (d, J = 3.2 Hz), 30.70, 22.72 (d, J 

== 12.2 Hz, CH2), 31.32, 30.76 (d, JCP = 10.7 Hz), 29.49, 20.60 (d, JCP = 37.9 Hz); mp: 178-

1799 °C; [a]D
25= 440.0 (c 1.01, CHCI3); MS HR-FAB [Found 759.4080; C49H61O3P2 (MH+) 

requiress 759.4096]. 

(Sp^^)-[3^1-NaphthylphenyIphosphino)-l-phenylpropyl]-l-[33'-bis(triniethylsilyl) --

1,11 '-bisnaphthyl-2,2'-diyl)]phospliit e (If ) 

Alcoholl  5a (0.220 g, 0.573 mmol) was azeotropically dried with toluene (2x2 mL), 

dissolvedd in toluene (10 mL) and NEt3 (0.160 mL, 1.16 mmol) and the solution was cooled 

too -20 °C. A solution of freshly prepared (/?)-3,3'-bis(trimethylsilyl)-2,2'-binaphthol 

phosphorochloriditee (0.573 mmol) in toluene (5 mL) was added dropwise and the reaction 

mixturee was allowed to warm to room temperature overnight. The reaction mixture was 

filteredd over Celite and concentrated in vacuo. Filtration over a short column of silica gel 

(eluent:: toluene) afforded 6f as a foam: 2l?{lU} NMR (CDCI3) 143.67 (s), 18.20 (br s); 

Phosphine-boranee If was subsequently prepared as described for la. The product was 

purifiedd by column chromatography (toluene), giving If (0.200 g, 0.242 mmol, 42 %) as a 

foam:: Anal. Calcd for C5iH5o03P2Si2: C, 73.88; H, 6.08 Found: C, 73.47; H, 6.39; !H NMR 

(CDCI3)) 8 8.35 (dd, 1H, J = 4.5 and 7.6 Hz, Ar-H), 8.00-7.75 (m, 6H, Ar-H), 7.46-7.04 (m, 

20H,, Ar-H), 4.72 (m, 1H, CHOP), 1.80 (m, 2H, PCH2CH2), 1.52 (m, 2H, PCH2CH2), 0.35 (s, 

9H,, Si(CH3)3), 0.20 (s, 9H, Si(CH3)3);
 3lP{lH) NMR (CDCI3) 8 145.20 (s) and -26.48 (s); 

mp:: 101-102 °C; [a]D
25 = -350 (c 1.01, CHCI3); MS HR-FAB [Found 829.2876; 

C5iH5i03P2Si22 (MH+) requires 829.2852]. 
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(Sp^^)43-(l-naphthylphenyIphosphino)-l-phenylpropyl]-l-[33 ,-bis(trimethylsilyl) --

la'-bisnaphthyH^'-diyDlphosphit ee (lg) 

Thiss compound was prepared as described for If. Phosphinoalcohol 5e and (S)-3,3'-

bis(trimethylsilyl)-2,2'-binaphtholl  phosphorochloridite (0.573 mmol) have been used for the 

synthesiss of 6e. Filtration over a short column of silica gel (eluent: toluene) afforded 6g as a 

foam:: 31P{ lH}  NMR (CDC13) 143.67 (s), 18.23 (br s); Phosphine-borane lg was 

subsequentlyy prepared as described for la. The product was purified by column 

chromatographyy (toluene), giving lg (0.245 g, 0.296 mmol, 52 %) as a foam: Anal. Calcd for 

C5,H5o03P2Si2;; C, 73.88; H, 6.08 Found: C, 71.76; H, 6.71; 'H NMR (CDCI3) 5 8.37 (dd, 1H, 

JJ = 4.5 and 8.1 Hz, Ar-H), 8.08-7.78 (m, 6H, Ar-H), 7.47-7.03 (m, 18H, Ar-H), 6.82 (m, 

2H,, Ar-H), 4.95 (m, 1H, CHOP), 2.10 (m, 2H, PCH2CH2), 1.77 (m, 2H, PCH2CH2), 0.30 (s, 

9H,, Si(CH3)3), 0.17 (s, 9H, Si(CH3)3);
 31P{JH}  NMR (CDCI3) 143.88 (s) and -27.09 (s); mp: 

97.5-98.55 °C; [a]D
25 = +353 (c 1.01, CHCI3); MS HR-FAB [Found 829.2870; C5iH5i03P2Si2 

(MH+)) requires 829.2852]. 
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Neww chiral phosphine-phosphite ligands in the enantioselective 
palladium-catalyzedd allyli c alkylation 

Sinkk Deerenberg, Henri S. Schrekker, Gino P. F. van Strijdonck, Paul C. J. Kamer, 

Piett W. N. M. van Leeuwen*, Jan Fraanje, Kees Goubitz 

Abstract t 

AA series of chiral phosphine-phosphite ligands 1-6 has been synthesized and used in 

thee enantioselective palladium-catalyzed reaction of roc-l,3-diphenyl-2-propenyl acetate 

withh dimethyl malonate as nucleophile. Ligands la, 2, 3, 5a, 6a and 6b have been 

synthesizedd starting from racemic f-butylphenylphosphinoborane. The use of dynamically 

resolvedd Li phosphide (-)-sparteine provided the optically pure ligands. Crystals of the 

allylpalladium(6a)) complex, suitable for x-ray crystal structure determination, were obtained. 

Thee x-ray crystal structure of the allylpalladium(6a) complex revealed a longer palladium-

carbonn bond distance trans to the phosphine moiety indicating that the attack of the 

nucleophilee takes place at the carbon trans to the phosphine moiety. This was confirmed by 

thee fact that the phosphine moiety did not affect the enantioselectivity directly. Under mild 

reactionn conditions enantioselectivities up to 83% were obtained (25 °C) with ligand le. 

Systematicc variation of the ligand bridge and the phosphite moiety showed that the 

configurationn of the product is controlled by the atropisomerism of the biphenyl substituent at 

thee phosphite moiety. The conformation of the biphenyl group, on its turn, is controlled by 

thee substituent at the chiral carbon in the bridge. Ligands with large bite angles yield higher 

enantioselectivities. . 
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3.11 Introductio n 

Thee development of methods for carbon-carbon bond formation is one of the key issues 

inn organic synthesis. A versatile method for achieving this is the palladium-catalyzed allylic 

substitutionn with carbon nucleophiles.1 Therefore, this reaction has been studied extensively 

overr the last years2-5 and has been used in the total synthesis of natural products like 

lycorane2,, carbovir and aristeromycin.3 A large number of chiral ligands, mainly 

diphosphines,, have been used and many substrates can be functionalized with high ee. 

Despitee the fact that the reaction mechanism of the allylic alkylation reaction is reasonably 

welll  understood, the origin of the enantioselectivity is often unclear. Calculation of the 

reactionn pathway for a C2-symmetric diphosphine ligand shows that during the nucleophilic 

attack,, the allyl moiety rotates to an alkene-like structure. In a chiral pocket, this rotation can 

bee forced to proceed in one direction only, thus inducing a high ee.4"6 Currently, the potential 

off  ligands other than diphosphines in the asymmetric catalytic allylic substitutions has been 

recognized.77 Amongst the successful nitrogen-containing ligands that have been employed 

forr the palladium-catalyzed reaction of rac-l,3-diphenyl-2-propenyl acetate with dimethyl 

malonatee are ligands that possess either C2-symmetry8-13 or Ci-symmetry.14-21 Also, chiral 

bidentatee ligands containing different donor atoms have been found to induce high 

enantioselectivity.. This has recently been demonstrated using phosphinooxazolines,15-17-22-24 

thiophenooxazolines,199 phosphinosulfoxides25 and phosphinoamines14-21'26-28 as ligands for 

palladium. . 

Recently,, we have shown that the regioselectivity in the palladium-catalyzed allylic 

alkylationn is governed by the relative donor-acceptor strengths of the ligand donor atoms, the 

stericc hindrance in the transition state, the bite angle of the ligand and the substituents on the 

allyll  moiety.29-30 

Inn order to elucidate the effects of these parameters on the enantioselectivity in the 

allylicc alkylation reaction we designed a new class of diastereomeric phosphine-phosphite 

ligandss with a stereogenic phosphine moiety, a chiral backbone and an atropisomerically 

chirall  phosphite moiety. This type of ligands has the advantage that many structural 

variationss can be made. Systematic variation of the different chiral centers in the ligand can 

providee information about the origin of the stereochemistry of the reaction. To the best of our 

knowledge,, this is the first example of phosphine-phosphite ligands in the catalytic allylation 

reaction. . 
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3.22 Results and discussion 

3.2.11 Ligand design 

Inn order to vary the parameters that are important for the allylic alkylation reaction we 

designedd a series of ligands. Al l ligands consisted of two different donor groups, viz. a 

phosphinee and a phosphite. To investigate the effect of the phosphine moiety it was 
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substitutedd with different groups. The phosphite moiety was substituted with a bisphenol 

group,, able to interconvert between its atropisomers. 

Thee influence of the group attached to the chiral carbon next to the phosphite moiety on 

thee enantioselectivity was investigated using ligands la and 2 having opposite configuration 

inn the bridge and 3, a mixture of epimers of opposite configuration at the C-stereocenter. 

Thee influence of the bisphenol group on the enantioselectivity was studied using 

ligandss 4. The phosphite moiety is substituted with an atropisomerically pure binaphthol 

groupp containing trimethylsilyl groups. The influence of the size of the substituent at the 

chirall  carbon in the bridge was investigated by using ligands 5. To investigate the effect of 

thee bite angle of the ligand, ligands 6 were synthesized having a shorter bridge length and 

thuss a smaller bite angle. 

3.2.22 Ligand synthesis 

Thee synthesis of ligands with a phosphine moiety consisting of a stereogenic 

phosphoruss atom substituted with a /erf-butyl group (ligands la, 2, 3, 5a, 6a and 6b) was 

startedd from racemic f-butylphenylphosphinoborane 7 (Scheme 3.1).31 Dynamic resolution of 

thee lithiated phosphine with (-)-sparteine afforded an enantiopure phosphorus nucleophile, as 

recentlyy described by Wolfe and Livinghouse.32 The lithiated phosphine was made to react 

withh methyliodide to obtain 8.32 Reaction of methylphosphine 8 with jec-butyllithium and the 

appropriatee oxiranes yielded the corresponding phosphino alcohols 9. Reaction with bulky 

3,3',5,5'-tetra(fó/?-butyl)-2,2'-bisphenoll  phosphorochloridite 10 afforded the protected 

phosphine-phosphitee ligands (Scheme 3.2). The boronato group was removed immediately 

byy treatment with diethylamine to give the pure phosphine-phosphite ligands (la, 2, 3 and 

5a).. Phosphino alcohols 9 with a two-carbon bridge were obtained by direct coupling of the 

lithiatedd phosphine 7 with a series of oxiranes. Reaction with 10 followed by decomplexation 

gavee the enantiopure phosphine-phosphite ligands (6a and 6b). From *H NMR spectra it 

couldd be concluded that in none of the preceding reactions the stereocenters in the ligands 

weree affected, since no formation of other diastereomers was observed. As borane 

decomplexationn reactions are known to occur with retention of configuration at the 

phosphoruss atom,33-35 the absolute configuration at the phosphorus atom was assigned as R. 

Phosphine-phosphitee lb was prepared following an analogous procedure from di-tert-

butylmethylphosphinoborane311 and (Z?)-phenyloxirane. Ligands 4a and 4b were synthesized 
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byy reaction of 3-phosphinopropanol with enantiomerically pure (/?)- and (S)-3,3'-

bis(trimethylsilyl)-2,2'-binaphtholl  phosphorochloridites, which were synthesized applying a 

literaturee method.1 The enantiopurity of ligands 4a and 4b was determined by complexation 

off  the ligand to a chiral palladium complex.36 The syntheses of the other phosphine-

phosphitess (lc, Id, le, 4c, 4d and 5b) were described in Chapter 2.37 

Schemee 3.1 

f-Buss ,BH3 
P-H H 

77 Ph 

1)) n-BuLi, (-)-Sparteine^ 
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Ph h 
f-B%H-A A 

Phh 9 
OH H 

1)) sec-BuLi 
2)) oxirane 

t-Bu u 

CI-P; ; 

t-Bu u 

t-Buu ^ ^ t-Bu 
155 ». 

NEto o 

BH-- f h 

t-Bu u 

HNEt2 2 

1a-b,, 2, 3, 5a, 6a-b 

t-Bu u 

> B u u 

Schemee 3.2 
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3.2.33 Complex structure 

Sincee the allylic alkylation proceeds via an (r)3-allyl)palladium species, the cationic 

(allyl)Pd(ligand)) complex was synthesized from ligand 6a and [(allyl)palladiumchloride]2. 

Thee complex was crystallized from dichloromethane and hexanes. We obtained crystals of 

complexx (r|3-allyl)palladium(6a)BF4 suitable for an x-ray crystal structure determination 

(Figuree 3.1). In the solid state, the complex possesses Ci-symmetry. From the Pd-Cl and 

Pd-C33 bond distances, 2.176 A and 2.220 A respectively, it is clear that the allyl moiety is 

nott bonded symmetrically to the palladium center. The Pd-C bond trans to the phosphine is 

longer,, caused by the larger trans influence of the phosphine compared to the phosphite.38"40 

Althoughh the phosphite is a better Ji-acceptor, the a-donating capacity of the phosphine has a 

largerr influence. In earlier studies, it was suggested that the nucleophilic attack will take 

placee trans to the donor atom with the larger trans influence.41^13 This implies that, since the 

nucleophilicc attack of the malonate will be far away from the phosphine moiety, the 

substituentss at the phosphine moiety are expected to have a minor influence on the 

stereoselection,, whereas the phosphite moiety is expected to be more important for the 

enantioselectivity. . 

Figuree 3.1 ORTEP plot of palladium(^3-C3H5)(6a)BF4 
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Selectedd bond lengths and angles of palladium(^ 3-C3Hs)(6a)BF4 

Bondd angles (°) 

P,-Pd-P2 2 

Pi-Pd-Ci i 

P!-Pd-C3 3 

P2-Pd-Ci i 

Pr-Pd-Ca a 

96.66 6 

99.4 4 

162.7 7 

163.8 8 

98.7 7 

Bondd lengths (A) 

Pd-Pi i 

Pd-P2 2 

Pd-C, , 

Pd-C2 2 

Pd-C3 3 

2.33 3 

2.26 6 

2.18 8 

2.19 9 

2.22 2 

Thee substituent attached to the stereogenic center at the backbone is pointing 

backwards.. Since the nucleophilic attack takes place at the front of the allylpalladium 

complex,, the substituent at the backbone is not expected to have a direct influence on the 

stereoselectivityy either. The attack of the nucleophile at the allyl takes place in the vicinity of 

thee biaryl moiety and it was anticipated that this biaryl moiety would have an influence on the 

stereoselectivity. . 

Itt has been shown by us that the bite angle can have a pronounced effect on the non-

symmetryy of the palladium-allyl species.29-30 Ligands having a larger bite angle induce a 

moree intimate embracing of the allyl group by forming a chiral pocket and thus will enhance 

thee steric effects upon attack of the nucleophile. It can thus be anticipated that ligands with a 

largerr bite angle will be more enantioselective. Unfortunately, crystal structures of complexes 

withh ligands other than 6a were not obtained. 

3.2.44 Catalysis 

Too test the hypotheses proposed in the previous section, viz. that the ee will be 

governedd by the phosphite moiety and that a large bite angle is important, the reaction of rac-

l,3-diphenyl-2-propenyll  acetate 12 with dimethyl malonate was performed in CH2CI2 at 

roomm temperature in the presence of catalyst generated in situ from 0.5 mol % of bis[(n-

allyl)palladiumm chloride] and 1 mol % of the appropriate ligand. The nucleophile was 

generatedd from dimethyl malonate in the presence of W,0-bis(trimethylsilyl)acetamide (BSA) 

andd a catalytic amount of KOAc. The results of the catalytic reaction are summarized in 

Tablee 3.1. 

Inn general, the reaction proceeds with high conversions (74—100%) within 2 hours and 

withh high selectivity since only the formation of product 13 was observed. 
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Tablee 3.1 Palladium-catalyzed allylic alkylation of rac-l,3-diphenyl-2-propenyl acetate3 

OAc c 

12 2 

[Pd(Tf-C3H5)CI]2,, ligand MeO' 

OO O 

lecAr^ ^ 
(MeOCO)2CH2,, BSA, KOAc p h i ' " '" '^- ' ""  Ph 

13 3 

OMe e 

Ligand d Conv.. [ %f Eee [ %]c 

(7?P,5c)-la a 

(5c)-lb b 

(5P,5c)-lc c 

(5P,5c)-ld d 

(Sc)-U (Sc)-U 

(7?P,7?c)-2 2 

(7?p)-3 3 

(7?a)-4a a 

(5a)-4b b 

(S(SPP,S,Scc,R*)-4c ,R*)-4c 

(5p,5c,5a)-4d d 

(R(RPP,Sc)-5a ,Sc)-5a 

(Sc)Sb (Sc)Sb 

(R(RPP,Sc)-6a ,Sc)-6a 

(R(RPP,Rc)-6b ,Rc)-6b 

95 5 

41d d 

87 7 

100 0 

100 0 

86 6 

99e e 

63 3 

64 4 

61 1 

74 4 

86 6 

100 0 

40 0 

66 6 

78(5) ) 

64(5) ) 

69(5) ) 

65(5) ) 

83(5) ) 

777 (/?) 

11(5) ) 

43(/?) ) 

41(5) ) 

21(5) ) 

79(5) ) 

66(7?) ) 

82(7?) ) 

15(7?) ) 

35(5) ) 

aa All reactions were run at ambient temperature for 1.25 hours. Acetate to palladium ratio is 100. The malonate 

too palladium ratio is 300. BSA palladium ratio is 300. Ligand to palladium ratio is 1. Catalyst preparation time is 

0.55 hours. b Percentage conversion of acetate determined by GC. c Enantiomeric excess determined by HPLC 

(Daicell  OD).25 Absolute configuration drawn in parenthesis. d Reaction time was lh.e Reaction time was 2h. 
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Thee effects of the stereogenic phosphine moiety are apparent from the 

enantioselectivitiess obtained with ligands 1. These ligands all have a phenyl substituent in the 

backbonee and the configuration of the chiral carbon in the backbone is S. The biaryl moiety is 

aa bulky fm-butylbisphenol group. Independent of the substituents at the phosphine moiety, 

eitherr a bulky tórt-butyl (la and lb) or an aryl (lc, Id and le), the use of all these ligands 

yieldss predominantly the S product with similar ee. Ligand 2, which has the chiral carbon in 

thee R configuration, gives the other enantiomer in approximately the same ee as its 

diastereomeric,, compound la. These results are in agreement with the expectation that the 

nucleophilicc attack at the allyl takes place trans towards the phosphine moiety and thus the 

phosphinee does not effect the enantioselectivity. This is confirmed by the low ee obtained 

whenn using ligand 3, which is a mixture of epimers of opposite configuration at the bridge 

stereocenterr and of ^-configured phosphine moiety. 

Thee influence of the phosphite moiety was studied using ligands 4 possessing 

enantiomericallyy pure bulky binaphthol groups. The use of complexes containing ligands 4a 

andd 4b, which are only chiral at the binaphthyl moiety, resulted in 43 % and 41 % ee, 

respectively,, /{-configured ligand 4a afforded the /^-product, whereas the 5-configured 

yieldedd the S-product, this indicates that the biaryl moiety controls the enantioselectivity of 

thee reaction. The ee obtained using ligands 4a and 4b is lower than using ligand le. 

Therefore,, we conclude that the substituent at the backbone controls not only the 

configurationn of the biphenyl moiety, but it also affects the position of the phosphite moiety 

withh respect to the Pd-center. This is confirmed by the experiments conducted with ligands 

4cc and 4d. The ee's obtained with ligands 4c and 4d were 21% and 79%, respectively, and 

thee configuration of the products was S. From these results we conclude that in the palladium 

complexess of ligands 4d and lc the biaryl moieties have the same conformations, viz. S. 1>44 

Thee stereogenic center at the backbone (5) and the chiral binaphthol moiety (R) of ligand 4c 

givee a combination, that causes a different steric surrounding at the Pd-complex, resulting in 

aa lower ee. Since the configuration of the product is determined by the substituent at the 

bridgee and the bisphenol moiety can interconvert between its atropisomers in the ligand, we 

proposee that in the palladium complex the configuration of the bisphenol moiety is induced 

byy spatial orientation of the substituent at the chiral carbon in the bridge. Thus the 

configurationn of the arylmoiety is controlled by the stereogenic center (5) at the backbone. 
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Usingg ligand 4d resulted in an increase of the ee compared to lc. This is probably due to the 

bulkyy trimethylsilyl groups attached to the binaphthyl moiety. We have observed the effect of 

chirall  cooperativity also in the asymmetric hydroformylation reaction using C2-symmetric 

chirall  diphosphites.1 

Whenn the phenyl group in the backbone is changed for a methyl substituent (ligands 5), , 

wee obtain the same product enantiomer. The substituent at the backbone is pointing 

backwardss and has a minor influence on the stereoselectivity. A methyl group is large enough 

too control the biphenol moiety, as can be seen from, for instance, the results obtained using 

ligandss 5a and 2. It has to be noted that the substituents hold the same position around the 

chirall  carbon, despite the fact that, according to the Cahn-Ingold-Prelog rules, the absolute 

configurationn of the chiral carbon in the bridge in ligands 5 and 2 is the opposite.45 

Thee influence of the bite angle is investigated by using ligands 6. Compared to la and 

2,, ligands 6 have a shorter bridge length and thus a smaller bite angle, and as a result the 

non-symmetryy of the alkyl complexes and the steric indications will be smaller.29-30 Indeed, 

thee ee in the allylic alkylation is lower. Therefore, a phosphine-phosphite ligand of this type 

havingg a smaller bite angle is less enantioselective compared to structurally related ligands 

withh large bite angles. 

3.33 Conclusions 

AA series of novel phosphine-phosphite ligands containing a chiral phosphine moiety 

hass been prepared and used as ligands in the palladium catalyzed allylic alkylation reaction. 

Thesee ligands can be synthesized conveniently and enable systematic investigations of the 

effectt of ligand structure on enantioselectivity. Using these ligands, moderate to good 

enantioselectivitiess are obtained in the reaction of diphenyl-2-propenyl acetate with dimethyl 

malonate.. From results in catalysis we conclude that the attack of the nucleophile takes place 

transtrans towards the phosphine moiety. Therefore, the phosphine moiety has littl e effect on the 

chirall  induction. The biaryl moiety induces the enantioselectivity controlled by the 

stereogenicc center next to the phosphite moiety. Experiments with ligands having different 

bridgee lengths show that a larger bite angle improves the enantioselectivity. 
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3.44 Experimental Section 

Generall  Considerations 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All reactions 

weree carried out in flame-dried glasswork using standard Schlenk techniques under an 

atmospheree of Argon. Toluene was distilled from sodium. THF and EtjO were distilled from 

sodium/benzophenone.. Triethylamine and diemylamine were distilled from CaH2. (-)-

Sparteinee was distilled from CaH2. Methyliodide was distilled from P2O5. PCI3 was freshly 

distilledd befon? use. Silica gel 60 (230-400 mesh) was used for column chromatography. 

Meltingg points were determined on a Gallenkamp MFB-595 melting point apparatus in open 

capillariess and are uncorrected. NMR spectra were obtained on Bruker AMX 300 and DRX 

3000 spectrometers. lP and C spectra were measured ^-decoupled unless stated otherwise. 

TMSS was used as a reference for 'H and 13C NMR and H3PO4 for 31P{'H}  NMR. Optical 

rotationss were measured on a Perkin-Elmer 241 polarimeter. Gas chromatographic analyses 

weree run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W 

Scientific,, DB-1 J&W 30m column, film thickness 3.0 Jim, carrier gas 70 kPa He, FID 

detector)) equipped with a Hewlett-Packard Data system (Chrom-Card). Enantiomeric 

excessess were determined on a Gilson HPLC (Daicel OD column). Fab exact mass spectra 

weree recorded on a JEOL JMS-SX/SX102A spectrometer. Elemental analyses were carried 

outt on an Elementar Vario EL apparatus. 

Allyli cc Alkylatio n Experiments 

AA degassed solution of 0.005 mmol of [Pd(Ti3-C3H5)Cl2]2 in CH2C12 (1.5 mL), 0.01 

mmoll  of ligand and 0.5 mmol of decane was stirred for 0.5 hours. Subsequently, a solution of 

11 mmol of rac-l,3-diphenyl-2-propenyl acetate in CH2C12 (0.763 mL; 1.31 M), 3 mmol of 

dimethyll  malonate, 3 mmol of tyO-bisttrimethylsilyOacetamide (BSA) and a pinch of KOAc 

weree added. The reaction mixture was stirred at room temperature. To determine the 

conversionn by GC, a sample was quenched with a dibenzylideneacetone (DBA) solution in 

dichloromethanee (1.5 mL, 0.13 M). To determine the ee by HPLC (Daicel OD, 0.5 % 2-

propanoll  / hexane, flow = 0.5 mL/min, tR = 35.4 min (ƒ?), fR = 38.7 min (5), X = 254 nm), a 

samplee was filtered over basic alumina using dichloromethane as eluent. 
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(J?P^)-3-(ter*-Butylphenylphosphinoborane)-ll  -phenyl- 1-propanol (9a) 

Phosphinoboranee 8 (1.06 g, 5.48 mmol) was azeotropically dried with toluene (2x5 

mL),, dissolved in THF (10 mL) and the solution was cooled to -25 °C. Sec-BuLi (4.35 mL, 

1.266 M solution in cyclohexane) was added to this solution and stirring was continued for 10 

minutess The cooling bath was removed and the solution was stirred at room temperature for 1 

hour.. This solution was added dropwise to a solution of (S)-(-)-styrene oxide (0.63 mL, 5.48 

mmol)) in THF (10 mL) at -60 °C. The reaction mixture was allowed to warm to room 

temperaturee overnight. The reaction mixture was quenched with water (15 mL) and extracted 

withh EtaO (3x60 mL). The combined extracts were dried over MgSĈ  and concentrated in 

vacuo.vacuo. The residue was purified by column chromatography (eluent: htoluene, 2:10% EtOAc 

inn toluene) giving 9a (1.64 g, 5.23 mmol, 95 %) as a white solid: *H NMR (CDC13) 8 7.62 

(m,, 2H), 7.55-7.40 (m, 3H), 7.37-7.22 (m, 5H), 4.80 (m, 1H), 2.43 (m, 1H), 2.09 (m, 1H), 

2.02-1.822 (m, 2H), 1.65 (m, 1H), 1.09 (d, 9H, / = 13.6 Hz), 1.7- -0.2 (m, 3H); 13C NMR 

(CDCb)) 8 143.58 (Cq), 133.27 (d, J = 7.9 Hz, CH), 130.88 (d, J = 2.3 Hz, CH), 128.28 (CH), 

128.111 (d, J = 9.2 Hz, CH), 127.47 (CH), 125.47 (CH), 125.35 (d, J = 23.7 Hz, Cq), 74.18 (d, 

JJ = 13.0 Hz, CH), 31.99 (CH3), 28.83 (d, J = 33.0 Hz, CH2), 25.19 (d, J = 2.0, CH3), 14.23 (d, 

JJ = 35.0 Hz, CH2); ^P^H}  NMR (CDCI3) 8 32.34 (m); Rf = 0.09 (toluene); mp = 108 °C; 

[cc]D
215899 = +29.0 (c 1.13; MeOH); MS HR-FAB [Found 315.2057; C9H29BOP (MH+), 

requiress 315.2053]; Anal. Calcd for C19H28BOP: C, 72.63; H, 8.98. Found: C, 72.70; H, 9.03. 

(/?P^5)-3-(te/t-Butylphenylphosphinoborane)-l-phenyl-l-propanol(9b) ) 

Thiss compound was prepared as described for 9a, using phosphinoborane 8 (1.04 g, 

5.344 mmol), sec-Buhi (4.24 mL, 1.26 M solution in cyclohexane) and (/?)-(+)-styrene oxide 

(6100 \sl, 5.34 mmol). The product was purified by column chromatography (eluent: l:toluene, 

2:10%% EtOAc in toluene), giving 9b (1.48 g, 4.72 mmol, 88 %) as a white solid: ]H NMR 

(CDCI3)) 8 7.63 (m, 2H), 7.54-7.15 (m, 8H), 4.69 (m, 1H), 2.15 (m, 2H), 1.97 (m, 1H), 1.81 

(bs,, 1H), 1.75 (m, 1H), 1.07 (d, 9H, J = 13.8 Hz), 1.7- -0.2 (m, 3H); 13C NMR (CDCI3) 8 

143.366 (Cq), 133.16 (d, J = 7.7 Hz, CH), 130.91 (d, J = 2.5 Hz, CH), 128.34 (CH), 128.08 (d, 

JJ = 9.2 Hz, CH), 127.60 (CH), 125.75 (d, / = 48.4 Hz, Cq), 125.68 (CH), 74.22 (d, J = 12.7 

Hz,, CH), 32.05 CH3), 28.86 (d, J = 32.8 Hz, CH2), 25.22 (d, J = 2.1 Hz, CH3), 14.28 (d, J = 

34.88 Hz, CH2); ^P^H}  NMR (CDCI3) 8 32.39 (m). Rf = 0.13 (eluent: toluene), mp = 93 °C; 
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[<x}D
2l5899 = -14.1 (c 1.03; MeOH); MS HR-FAB [Found 315.1873; Ci9H29BOP (MH+), 

requiress 315.2053]; Anal. Calcd for Ci9H28BOP: C, 72.63; H, 8.98. Found: C, 72.71; H, 9.10. 

(ApyS)-4-(tert-Butylphenylphosphinoborane)-2-butanol(9c) ) 

Thiss compound was prepared as described for 9a, using phosphinoborane 8 (881 mg, 

4.544 mmol), .sec-BuLi (3.36 mL, 1.35 M solution in cyclohexane) and (5)-(-)-propene oxide 

(3200 \ü, 4.54 mmol). The product was purified by column chromatography (eluent: 1.toluene, 

2.25%% EtOAc / toluene), giving 9c (0.21 g, 0.84 mmol, 18 %) as an yellow oil: 'H NMR 

(CDC13)) 8 7.72 (m, 2H), 7.55-7.40 (m, 3H), 3.84 (m, 1H), 2.47 (m, 1H), 1.90-1.70 (m, 2H), 

1.56-1.400 (m, 2H), 1.19 (d, 3H, J = 6.2 Hz), 1.11 (d, 9H, J = 13.7 Hz), 1.7—0.2 (m, 3H); 13C 

NMRR (CDC13) 8 133.70 (d, J = 7.3 Hz, CH), 131.33 (CH), 128.56 (d, J = 9.7 Hz, CH), 

126.155 (Cq), 68.65 (d, J = 13.4 Hz, CH), 32.43 (CH3), 29.22 (d, J = 33.0 Hz, CH2), 25.63 

(CH3),, 23.72 (CH3), 15.20 (CH2);
 31P{ lH}  NMR (CDCI3) 5 32.05 (m); Rf = 0.04 (eluent: 

toluene);; [a]D
21

589 = -21.8 (c 1.01; CHC13); MS HR-FAB [Found 251.1732; C14H25BOP 

(M+-H),, requires 251.1736]; Anal. Calcd for Ci4H26BOP: C, 66.69; H, 10.39. Found: C, 

66.81;; H, 10.70. 

(J?p)-3-(^rt-Butylphenylphosphinoborane)-l-phenyl-l-propanoll  (9d) 

Thiss compound was prepared as described for 9a, using phosphinoborane 8 (875 mg, 

4.511 mmol), sec-BuLi (3.34 mL, 1.35M solution in cyclohexane) and e oxide 

(5155 (il, 4.51 mmol). The product was purified by column chromatography (eluent: toluene), 

givingg 9d (1.44 g, 4.59 mmol, 100 %) as a yellow oil: lH NMR (CDCI3) 8 7.62 (t, 4H, J = 7.6 

Hz),, 7.52-7.15 (m, 16H), 4.80 (dd, 1H, J = 4.1 en 8.2 Hz), 4.68 (m, 1H), 2.43 (m, 1H), 2.20-

1.500 (m, 9H), 1.10 (d, 9H, J = 5.6 Hz), 1.06 (d, 9H, J = 5.6 Hz), 1.7—0.2 (m, 6H); 13C NMR 

(CDCI3)) (RpJRc) 143.74 (Cq), 143.55 (Cq), 133.43 (d, J = 7.5 Hz, CH), 133.33 (d, J = 8.1 Hz, 

CH),, 131.48 (d, J = 2.7 Hz, CH), 131.07 (d, J = 2.7 Hz, CH), 128.50 (CH), 128.46 (CH), 

128.255 (d, J = 9.2 Hz, CH), 127.70 (d, J = 9.1 Hz, CH), 126.26 (Cq), 125.85 (CH), 125.63 

(CH),, 125.22 (Cq), 74.38 (d, J = 12.6 Hz, CH), 32.22 (CH3), 32.16 (CH3), 29.01 (d, J = 31.6 

Hz,, CH2), 25.35 (d, J = 1.6, CH3), 14.45 (d, J = 35.1 Hz, CH2), 14.41 (d, J = 35.2 Hz, CH2); 
3l3lP{P{llH)H) NMR (CDC13) 8 32.60 (m); Rf = 0.14 (eluent: toluene); [a]D

21
589 = +7.6 (c 1.06; 

CHCI3);; MS HR-FAB [Found 315.2005; Ci9H29BOP (MH+), requires 315.2049]; Anal. Calcd 

forC19H28BOP:: C, 72.63; H, 8.98. Found: C, 72.65; H, 9.01. 
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(/?pyS)-2-(te/t-Butylphenylphosphinoborane)-l-phenylethanol(9e) ) 

n-Buthyllitiumm (5.11 mL, 2.32M solution in hexane) was added dropwise to a cooled 

solutionn (-78 °C) of phosphinoborane 7 (2.14 g, 11.9 mmol) and (-)-sparteine (3.54 mL, 15.4 

mmol)) in Et20 (50 mL). The yellow solution was allowed to warm to room temperature. A 

thickk suspension of a white precipitate was formed. After the reaction mixture had been 

stirredd for 1 h at room temperature, it was cooled again to -78 °C and (5)-(-)-styrene oxide 

(1.766 mL, 15.4 mmol) was added. The solution was allowed to warm to -20 °C slowly (2-3 

h)) and stirred at -20 °C overnight. The reaction mixture was washed with 5 % H2SO4 (aq, 34 

mL)) and the aquaous phase was extracted with Et20 (3 x 40 mL). The combined organic 

extractss were washed with water (20 mL) and brine (20 mL), dried over MgSC>4 and filtered 

throughh a short plug of silica gel. Concentration in vacuo and purification by column 

chromatographyy (eluent: 1.5% EtOAc / hexanes, 2. 20 % EtOAc / hexanes) gave 9e as a 

whitee solid (2.42 g, 8.07 mmol, 68 %): 'H NMR (CDCI3) 8 7.76 (m, 2H), 7.60-7.40 (m, 3H), 

7.35-7.255 (m and d, 5H, J = 4.5 Hz), 4.81 (dt, 1H, J = 1.7 en 9.5 Hz), 3.64 (bs, 1H), 2.64 (t, 

1H,, J = 14.8 Hz), 2.37 (ddd, 1H, J = 3.3,9.5 en 14.9 Hz), 1.13 (d, 9H, J = 14.2 Hz), 1.7—0.2 

(m,, 3H); 13C NMR (CDCI3) 8 144.34 (d, / = 10.6 Hz, Cq), 133.6 (d, J = 8.3 Hz, CH), 131.77 

(CH),, 128.78 (d, J = 14.6 Hz, CH), 128.77 (CH), 127.90 (CH), 125.55 (CH), 125.42 (Cq), 

69.411 (CH), 30.65 (d, J = 30.1 Hz), 29.41 (d, J = 33.2 Hz), 25.49 (CH3);
 31P{]H}  NMR 

(CDCI3)) 8 27.72 (d, J = 70.6 Hz); Rf = 0.06 (eluent: 5 % EtOAc / hexane); mp = 107 °C; 

[a]D
2I5899 = -33.1 (c 1.14; MeOH); MS HR-FAB [Found 301.1879; Ci8H27BOP (MH+), 

requiress 301.1893]; Anal. Calcd for Ci8H26BOP: C, 72.02; H, 8.73. Found: C, 72.05; H, 8.74. 

(/?P^)»2-(te/f-ButylphenyIphosphinoborane)-l-phenylethanol(9f) ) 

Thiss compound was prepared as described for 9e, using r-butylphenylphosphinoborane 

77 (2.17 g, 12.1 mmol), (-)-sparteine (3.62 mL, 15.6 mmol), n-BuLi (5.06 mL, 2.36 M 

solutionn in hexane) and (/?)-(+)-styrene oxide (1.78 mL, 15.6 mmol). Purification by column 

chromatographyy (eluent: 1.5% EtOAc / hexanes, 2. 20 % EtOAc / hexanes) gave 9f as a 

colorlesss oil (2.35 g, 7.80 mmol, 65 %): 'H NMR (CDCI3) 8 7.80 (m, 2H), 7.55-7.26 (m, 

8H),, 5.32 (m, 1H), 2.63 (m, 1H), 2.56 (bs, 1H), 2.30 (ddd, 1H, J = 2.0, 8.6 en 14.9 Hz), 1.12 

(d,, 9H, J = 13.9 Hz), 1.7- -0.2 (m, 3H); 13C NMR (CDCI3) 8 144.78 (d, J = 10.6 Hz, Cq), 

133.66 (d, J = 8.3 Hz, CH), 131.50 (CH), 128.84 (CH), 128.42 (d, J = 9.1 Hz, CH), 127.93 

56 6 



Palladium-CatalyzedPalladium-Catalyzed Allylic Alkylation 

(CH),, 127.19 (d, J = 49.8 Hz, CH), 125.67 (CH), 70.29 (CH), 30.61 (d, J = 30.1 Hz), 29.67 

(d,, J = 33.4 Hz), 25.67 (CH3);
 31P{ lH) NMR (CDC13) 8 27.03 (m); Rf = 0.08 (eluent: 5 % 

EtOAcc / hexane); [a]D
21

589 = -45.4 (c 1.20; MeOH); MS HR-FAB [Found 323.1690; 

Ci8H26BOPNaa (MNa+), requires 323.1712]; Anal. Calcd for Ci8H26BOP: C, 72.02; H, 8.73. 

Found:: C, 71.77; H, 8.72. 

(5)-2-(Di(terf-butyl)phosphinoborane)-l-phenyl-l-propanol(9g) ) 

Thiss compound was prepared as described for 9a, using di-f-

butylmethylphosphinoboranee (960 mg, 5.52 mmol), sec-BuLi (4.09 mL, 1.35 M solution in 

cyclohexane)) and (/?)-(+)-styrene oxide (630 \il, 5.52 mmol). The product was purified by 

columnn chromatography (eluent: 1.toluene, 2.10% EtOAc / toluene), giving 9g (540 mg, 1.84 

mmol,, 33 %) as a yellow oil: *H NMR (CDCI3) 8 7.38-7.32 (m, 5H), 4.72 (dd, 1H, J = 5.6 en 

6.99 Hz), 2.15-2.00 (m, 3H), 1.82 (m, 1H), 1.60 (m, 1H), 1.26 (d, 9H, J = 12.3 Hz), 1.22 (d, 

9H,, J = 11.9 Hz), 1.7—0.2 (m, 3H); ,3C NMR (CDCI3) 8 143.63 (Cq), 128.32 (CH), 127.50 

(CH),, 125.60 (CH), 74.75 (d, J = 11.9 Hz, CH), 33.93 (CH3), 31.92 (dd, J = 7.5 en 27.3 Hz, 

CH2),, 27.59 (CH3), 27.35 (CH3), 13.57 (d, J = 30.4 Hz, CH2);
 3lP{lH) NMR (CDCI3) 8 44.55 

(m);; Rf = 0.35 (eluent: 10 % EtOAc / toluene); [a]D
21

589 = -22.5 (c 1.01; CHCI3); MS HR-

FABB [Found 295.2399; C17H33BOP (MH+), requires 295.2365]; Anal. Calcd for C17H32BOP: 

C,, 69.40; H, 10.96. Found: C, 69.95; H, 10.98. 

(/fp^)-[3-(tórr-butylphenylphosphinoborane)-l-phenylpropyl]-l-(33'^,5 ,-tetra-fert --

butyl-l,r-biphenyl-2^'-diyl)phosphit ee (1 la) 

Phosphinoalcoholl  9a (557 mg, 1.77 mmol) was azeotropically dried with toluene (2x5 

mL),, dissolved in toluene (75 mL) and NEt3 (0.52 mL, 3.7 mmol) and the solution was 

cooledd to -20 °C. A solution of 3,3',5,5'-tetra(/ert-butyl)-2,2'-bisphenol phosphorochloridite 

100 (883 mg, 1.86 mmol) in toluene (75mL) was added dropwise and the reaction mixture was 

allowedd to warm to room temperature overnight. The reaction mixture was filtered over 

Celitee and concentrated in vacuo. Filtration over a short column of silica gel (eluent: 20% 

hexanee / toluene) afforded 11a (1.10 g, 1.46 mmol, 82%) as a white foam: 3IP{ !H}  NMR 

(CDCI3)) 8 145.60 (s), 26.03 (m); Rf = 0.75 (eluent: 20% hexane / toluene). Compound 11a 

wass used immediately. 
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(* P^)-[3-(tóf*-butylphenylphosphinoborane)-l-phenylpropyl]-l-(33'^^'-tetra-fcrt--

butyl-M'-biphenyl-2,2'-diyl)phosphite(llb) ) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9b (556 

rag,rag, 1.77 mmol), NEt3 (0.52 mL, 3.7 mmol) and 3,3',5,5'-tetra(/<?rr-butyl)-2,2'-bisphenol 

phosphorochloriditee 10 (881 mg, 1.86 mmol). The product was purified by column 

chromatographyy (eluent: 10% hexane / toluene), giving l i b (1.16 g, 1.54 mmol, 87%) as a 

whitee foam: ^P^H}  NMR (CDC13) 8 141.00 (s), 27.56 (m); Rf = 0.70 (eluent: 20% hexane / 

toluene).. Compound l i b was used immediately without further purification. 

(/^P^)-[4-(te,t-butylphenylphospbinobo^ane)-2-butyl]-2-(3^,^^,-tet^a-tó/t-butyl-l,l,--

biphenyl-2,2'-diyl)phosphitee (1 lc) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9c (0.21 g, 

0.844 mmol), NEt3 (0.25 mL, 1.76 mmol) and 3,3\5,5'-tetra(fé>rf-butyl)-2,2'-bisphenol 

phosphorochloriditee 10 (0.42 g, 0.88 mmol). The product was purified by column 

chromatographyy (eluent: 10% hexane / toluene), giving l i e (553 mg, 0.802 mmol, 95%) as a 

whitee foam: ^Pf'H}  NMR (CDCI3) 8 145.53 (s), 32.50 (m); Rf = 0.91 (20% hexane / 

toluene).. Compound l i e was used immediately without further purification. 

(/JpJ-tS-^rr-butylphenylphospbinoboraneJ-l-phenylpropyll-l^S^'^^'-tetra-te/t-butyl--

l,l'-biphenyl-2,2'-diyl)phosphite(lld) ) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9d (466 

mg,, 1.48 mmol), NEt3 (0.43 mL, 3.1 mmol) and 3,3',5,5'-tetra(te/?-butyl)-2,2'-bisphenol 

phosphorochloriditee 10 (738 mg, 1.56 mmol). The product was purified by column 

chromatographyy (eluent: 10% hexane / toluene), giving l i d (1.07 g, 1.42 mmol, 96%) as a 

whitee foam: 31P{'H}  NMR (CDCI3) 8 144.20 (s (/?,/?)), 143.26 (s (R,S)), 32.50 (m); Rf = 0.79 

(20%% hexane / toluene). Compound l i d was used immediately without further purification. 

(l?pyS)-[2-(rcrt-butylphenylphosphinoborane)-l-phenylethyl]-l-(33*^^,-tetra-terr-butyl--

l,l'-biphenyl-2,2'-diyl)phosphite(lle) ) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9e (0.92 g, 

3.11 mmol), NEt3 (0.90 mL, 6.4 mmol) and 3,3',5,5'-tetra(terf-butyl)-2,2'-bisphenol 

phosphorochloriditee 10 (1.53 g, 3.22 mmol). The product was purified by column 

58 8 



Palladium-CatalyzedPalladium-Catalyzed Allylic Alkylation 

chromatographyy (eluent: 20% hexane / toluene), giving l i e (1.89 g, 2.56 ramol, 83%) as a 

whitee foam: ^Pf'H}  NMR (CDC13) 8 145.52 (s), 26.25 (bs); Rf = 0.83 (eluent: 20% hexane / 

toluene).. Compound l i e was used immediately without further purification. 

(/^I^/C)42-(telt-butylphenylphosphinobo^me)a-phenylethyl]-l-(3^,^^,-telra^rt-butŷ  ^ 

U'-biphenyl-l^'-diyDphospWteUlf) ) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9f (349 mg, 

1.166 mmol), NEt3 (0.34 mL, 2.4 mmol) and 3,3\5,5'-tetra(fórf-butyl)-2,2'-bisphenol 

phosphorochlqriditee 10 (579 mg, 1.22 mmol). The product was purified by column 

chromatographyy (eluent: 10% hexane / toluene), giving 9f (758 mg, 1.03 mmol, 89%) as a 

whitee solid: "P^HJ NMR (CDCI3) 5 141.04 (s), 27.85 (s); Rf = 0.74 (eluent: 10% hexane / 

toluene).. Compound 1 If was used immediately without further purification. 

(/fi^R)-[3-(di(te,t-butyl)phosphinoborane)-l-phenylpropyl]-l-(33,^^,-tetra-fcrt-butyl--

U'-biphenyl-2,2'-diyl)phosphitee (l lg) 

Thiss compound was prepared as described for 11a, using phosphinoalcohol 9g (0.30 g, 

1.022 mmol), NEt3 (0.30 mL, 2.14 mmol) and S^^'-tetrattert-butyl^^'-bisphenol 

phosphorochloriditee 10 (0.51 g, 1.07 mmol). The product was purified by column 

chromatographyy (eluent: 10% hexane / toluene), giving l l g (0.60 g, 0.82 mmol, 80 %) as a 

whitee foam: 31P{1H}  NMR (CDCI3) 6 143.59 (s), 44.19 (m); Rf = 0.72 (20% hexane / 

toluene).. Compound l l g was used immediately without further purification. 

,^^'-tet^a^rt-butyl-l,l,--

biphenyl-2,2'-diyl)phosphitee (la) 

Phosphinoboranee l i b (1.04 g, 1.43 mmol) was dissolved in HNEt2 (35 mL) and stirred 

overnightt at 50 °C. The reaction mixture was concentrated in vacuo. Filtration over silica gel 

(eluent:: toluene) gave la (880 mg, 1.19 mmol, 83%) as a white foam: *H NMR (CDCI3) 8 

7.655 (m, 2H), 7.55-7.32 (m, 12H), 5.49 (m, 1H), 2.55 (m, 1H), 2.37 (m, 1H), 2.10 (m, 1H), 

1.911 (m, 1H), 1.63 (s, 9H), 1.60 (s, 9H), 1.59 (s, 9H), 1.54 (s, 9H), 1.08 (d, 9H, J = 11.9 Hz); 
13CC NMR (CDCI3) 8 146.15 (Cq), 145.59 (Cq), 140.35 (Cq), 139.98 (d, J = 2.7 Hz, Cq), 

139.077 (Cq), 134.13 (d, J = 19.8 Hz, CH), 133.46 (Cq), 133.20 (d, J = 2.2 Hz, Cq), 131.93 (d, 

JJ = 2.9 Hz, Cq), 128.46 (CH), 127.99 (CH), 127.50 (CH), 127.32 (d, J = 13.3 Hz,CH), 127.11 
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(d,, J = 13.7 Hz, CH), 125.89 (CH), 124.69 (CH), 123.67 (CH), 77.63 (d, J = 18.2 Hz, CH), 

35.188 (CH3), 34.73 (CH3), 34.48 (CH3), 34.24 (CH3), 31.81 (d, J = 17.1 Hz, CH2), 31.39 

(CH3),, 31.20 (CH3), 31.10 (d, J = 4.7 Hz, CH3), 30.22 (CH3), 29.49 (CH3), 28.45 (d, J = 12.4 

Hz,, CH2), 26.87 (d, J = 13.9 Hz, CH3);
 31P{!H}  NMR (CDC13) 8 144.25 (s), 3.27 (s). Rf = 

0.822 (eluent: toluene); mp = 75 °C; [a]D
21

589 = +41.8 (c 1.01; CHC13); MS HR-FAB [Found 

739.4401;; € 4 7 ^ 0 2̂ (MH+), requires 739.4409]; Anal. Calcd for C47H6403P2: C, 76.39; H, 

8.73.. Found: C, 76.11; H, 8.89. 

(ifp^^)-[3-(di(tó^r-butyl)phosphillo)-l-phenylp^opyl]-l-(33,^^,-tetra-te/t-butyl-l,l,--

biphenyl-2,2'-diyl)phospbitee (lb) 

Thiss compound was prepared as described for la, using phosphinoborane l l g (0.60 g, 

0.822 mmol) and HNEt2 (30 mL). Filtration over silica gel (eluent: toluene) gave lb (0.356 g, 

0.500 mmol, 61%) as a white foam: ]H NMR (CDC13) 8 7.55-7.43 (m, 3H), 7.42-7.15 (m, 

5H),, 7.14-6.93 (m, 1H), 5.23 (m, 1H), 3.80 (m, 1H), 2.77 (dd, 1H, J = 7.1 en 14.2 Hz), 2.39-

2.100 (m, 2H), 1.52-1.35 (m, 36H), 1.20-0.98 (m, 18H), 1.7-0.2 (m, 3H); l3C NMR (CDCI3) 

88 146.40-132.53 (Cq), 128.88-123.87 (CH), 78.80 and 78.03 (dd, / = 7.5 en 16.5 Hz, dd, J = 

7.33 en 13.7 Hz, CH), 35.19 (CH3), 35.12 (CH3), 35.09 (CH3), 34.49 (CH3), 32.07 and 31.71 

(d,, J = 6.7 Hz, d, J = 7.1 Hz, CH2), 31.45 (CH3), 31.19 (CH3), 31.01 (CH3), 30.86 (CH3), 

29.444 and 29.26 (d, J = 6.2 Hz, d, J = 6.2 Hz, CH3), 15.85 and 12.83 (d, J = 19.8 Hz, d, / = 

30.00 Hz, CH2);
 31P{  lH}  NMR (CDC13) 8 143.70 (s), 143.57 (s), 32.75 (s), 32.62 (s); Rf = 0.80 

(eluent:: toluene); mp = 61 °C; [a]D
21

589 = +25.0 (c 1.02; CHCI3); MS HR-FAB [Found 

719.4733;; C45H6903P2 (MH*) , requires 719.4722]; Anal. Calcd for C45H6803P2: C, 75.17; H, 

9.53.9.53. Found: C, 74.43; H, 9.73. 

(/^P^)-[3-(tó^r-butylphenyIphospbino)-l-phenylp^opyl]-l-(3^^5,5,-tet^a-te/t-butyl-l,l,--

biphenyI-2,2'-diyl)phosphitee (2) 

Thiss compound was prepared as described for la, using phosphinoborane 11a (1.07 g, 

1.488 mmol) and HNEt2 (35 mL). Filtration over silica gel (eluent: toluene) gave 2 (930 mg, 

1.266 mmol, 86%) as a white foam: lH NMR (CDCI3) 8 7.55 (dd, 2H, J = 2.4 en 6.2 Hz), 

7.45-7.200 (m, 12H), 5.32 (m, 1H), 2.45 (m, 1H), 2.10 (m, 1H), 1.97 (m, 2H), 1.51 (s, 9H), 

1.488 (s, 9H), 1.47 (s, 9H), 1.46 (s, 9H), 0.97 (d, 9H, J = 11.9 Hz); 13C NMR (CDCI3) 8 

146.155 (Cq), 145.99 (Cq), 141.05 (d, J = 1.7 Hz, Cq), 140.12 (d, J = 1.7 Hz, Cq), 139.83 

60 0 



Palladium-CatalyzedPalladium-Catalyzed Allylic Alkylation 

(Cq),, 134.62 (d, J = 19.2 Hz, Cq), 133.87 (d, J = 19.3 Hz, CH), 132.77 (d, J = 20.4 Hz, Cq), 

132.722 (d, J = 20.2 Hz, Cq), 128.92 (CH), 128.60 (CH), 127.91 (d, J = 31.5 Hz, CH), 127.81 

(d,, J = 31.6 Hz, CH), 126.78 (CH), 126.37 (CH), 126.30 (CH), 125.20 (CH), 124.04 (d, J = 

13.66 Hz, CH), 78.76 (dd, J = 8.7, 14.9 Hz, CH), 35.16 (Cq), 35.13 (Cq), 34.86 (Cq), 34.29 

(Cq),, 31.49 (CH3), 30.93 (CH3), 29.61 (CH3), 28.67 (d, J = 11.6 Hz, CH2), 27.22 (d, J = 13.1 

Hz,, CH3), 15.27 (d, J = 15.5 Hz, CH2); "Pi 'H}  NMR (CDC13) 8 144.24 (s), 4.50 (m); Rf = 

0.822 (eluent: toluene); mp = 82 °C; [a]D
21

589 = -11.0 (c 0.98; CHC13); MS HR-FAB [Found 

739.4437;; C47H65B03P2 (MH*) , requires 739.4409]; Anal. Calcd for C47H6403P2: C, 76.39; 

H,H, 8.73. Found; C, 76.52; H, 9.02. 

(«pj-ia-^e/f-butylphenylphosphinoj-l-phenylpropyll-l-ta^'^^'-tetra^rt-butyl-l,!' --

biphenyl-2,2'-diyl)) phosphite (3) 

Thiss compound was prepared as described for la, using phosphinoborane l i d (990 mg, 

1.322 mmol) and HNEt2 (40 mL). Filtration over silica gel (eluent: toluene) gave 3 (717 mg, 

0.9722 mmol, 74 %) as a white foam: 'H NMR (CDC13) 8 7.43-7.36 (m, 6H), 7.35-7.23 (m, 

12H),, 7.22-7.10 (m, 10H), 5.26-5.17 (m, 2H), 2.18-1.97 (m, 2H), 1.95-1.79 (m, 2H), 1.54-

1.255 (m, 4H), 1.41-1.27 (m, 72H), 0.87 (d, 18H, J = 12.1 Hz); 13C NMR (CDC13) 8 146.02-

132.422 (Cq), 133.91 (d, J = 18.9 Hz, CH), 133.77 (d, J = 18.9 Hz, CH), 128.83-123.85 (CH), 

78.688 (m, CH), 35.02 (CH3), 34.43 (CH3), 31.37 (CH3), 30.75 (CH3), 28.57 (d, J = 11.2 Hz, 

CH2),, 28.53 (d, J = 11.5 Hz, CH2), 27.08 (d, J = 13.2 Hz, (CH3), 15.57 (d, J = 15.5 Hz, CH2), 

15.133 (d, J = 15.3 Hz, CH2);
 31P{[H}  NMR (CDC13) 8 143.78 (s (R,S)\ 143.14 (s (R,R)), 3.12 

(s,, (R,S)), 1.75 (s, (R,R)); Rf = 0.82 (eluent: toluene); mp = 57 °C; [a]D
21589 = +23.7 (c 1.00; 

CHC13);; MS HR-FAB [Found 739.4401; C47H6503P2 (MH+), requires 739.4409]; Anal. 

Calcdd for C47HM03P2: C, 76.39; H, 8.73. Found: C, 76.22; H, 8.86. 

(it)43-(diphenylphospllino)propyl]4-(33, ,--

diyOphosphitee (4a) 

AA solution of 3-diphenylphosphino-l-propanol (0.122 g, 0.500 mmol) in THF (4 mL) 

wass added dropwise to a solution of freshly prepared (/?)-3,3'-bis(trimethylsilyl)-2,2*-

binaphtholl  phosphorochloridite (0.50 mmol) and NEt3 (0.28 mL, 2.0 mmol) in toluene (5 

mL)) at 0 °C and the reaction mixture was allowed to warm to room temperature overnight. 

Thee reaction mixture was filtered and concentrated in vacuo. Filtration over a short column of 
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silicaa (eluent: toluene/hexanes = 9/1) afforded 4a (0.180 g, 0.256 mmol, 51 %) as a foam: 'H 

NMRR (CDC13) 8 8.06-7.87 (m, 4H), 7.40-7.07 (m, 16H), 3.89 (m, 1H), 3.30 (m, 1H), 1.94 

(m,, 2H), 1.53 (m, 2H), 0.41 (s, 9H), 0.40 (s, 9H); 3lP{lU) NMR (CDC13) 134.74 (s), -15.49 

(s);; [<x]D
25= -295 (c 1.0, CHCI3); MS HR-FAB [Found 703.2324; C4iH4503P2Si2 (M++H) 

requiress 703.2382]. 

(S)-[3-(diphenyIphosphino)propylJ-l-(3T3,-bis(trimethylsilyl)-l,ï ,-binaphthyl-2^' --

diyl)phosphitee (4b) 

AA solution of 3-diphenylphosphino-l-propanol (0.122 g, 0.500 mmol) in THF (4 mL) 

wass added dropwise to a solution of freshly prepared (S)-3,3'-bis(trimethylsilyl)-2,2'-

binaphtholl  phosphorochloridite (0.50 mmol) and NEt3 (0.28 mL, 2.0 mmol) in toluene (5 

mL)) at 0 °C and the reaction mixture was allowed to warm to room temperature overnight. 

Thee reaction mixture was filtered and concentrated in vacuo. Filtration over a short column of 

silicaa (eluent: toluene/hexanes = 9/1) afforded 4b (0.166 g, 0.236 mmol, 47 %) as a foam: 

'HH NMR (CDCI3) 8 8.08-7.89 (m, 4H), 7.41-7.07 (m, 16H), 3.91 (m, 1H), 3.29 (m, 1H), 1.95 

(m,, 2H), 1.55 (m, 2H), 0.41 (s, 9H), 0.40 (s, 9H); 31P{!H}  NMR (CDC13) 134.74 (s), -15.48 

(s);; 13C NMR (CDCI3) 8 157.18 (Cq), 134.51-129.26 (Cq), 109.75 (Cq), 138.09 (CH), 137.26 

(CH),, 133.03 (d, J = 8.5 Hz, CH), 132.78 (d, / = 8.5 Hz, CH), 128.77-123.92 (CH), 65.70 

(m,, CH2), 27.73 (CH2), 24.34 (d, J = 12.2 Hz, CH2), 0.27 (CH3), 0.11 (CH3); [a]D
25= 302 (c 

1.2,, CHCI3); MS HR-FAB [Found 703.2324; C4iH4503P2Si2 (M
++H) requires 703.2382]. 

(/?P^)-[4-(tórt-butylphenyIphosphino)-2-butyl]-2-(33'^^'-tetra-te/t-butyl-l,l,-biphenyl--

2,2'-diyI)phosphitee (5a) 

Thiss compound was prepared as described for la, using phosphinoborane l i e (0.50 g, 

0.733 mmol) and HNEt2 (20 mL). Filtration over silica gel (eluent: toluene) gave 5a (346 mg, 

0.5122 mmol, 71 %) as a white foam: 'H NMR (CDCI3) 8 7.62-7.37 (m, 5H), 7.31 (m, 1H), 

7.21-7.100 (m, 3H), 4.48 (m, 1H), 2.14 (m, 1H), 1.83 (m, 1H), 1.55-1.20 (m, 2H), 1.54-1.30 

(m,, 36H), 1.25 (m, 3H), 1.00 (m, 9H); ,3C NMR (CDCI3) 8 146.03 (Cq), 145.64 (Cq), 139.82 

(d,, J = 6.8 Hz, Cq), 133.94 (d, J = 17.4 Hz, CH), 132.70 (Cq), 132.66 (Cq), 128.12 (CH), 

128.000 (m, CH), 126.29 (d, J = 5.3 Hz, CH), 123.91 (CH), 73.00 (m, CH), 35.18 (CH3), 34.41 

(CH3),, 31.32 (CH3), 31.06 (CH3), 29.48 (CH2), 28.81 (CH2), 26.75 (m, CH3), 22.05 (CH3); 
31P{!H}}  NMR (CDC13) 8 146.27 (s), 3.12 (s); Rf = 0.80 (eluent: toluene); mp = 56 °C; 
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[<x]D
215899 = +14.0 (c 1.06; CHCb); MS FAB [Found 677.4201; C42H63O3P2 (MIT) , requires 

647.4252];; Anal. Calcd for C42H62O3P2: C, 74.52; H, 9.23. Found: C, 74.25; H, 9.34. 

(^P^J^l-Cteft-butylphenylphosphino^l-phenylethyll-l-tS^SS^'-tetra^/t-butyl-l,!'--

biphenyl-2,2'-dijj  l)phosphite (6a) 

Thiss compound was prepared as described for la, using phosphinoborane l i e (1.89 g, 

2.566 mmol) and HNEt2 (15 mL). Filtration over silica gel (eluent: toluene) gave 6a (489 mg, 

0.6755 mmol, 26%) as a white solid: *H NMR (CDCI3) 5 7.49 (t, 2H, J = 2.7 Hz), 7.37-7.18 

(m,, 7H), 7.16-7.05 (m, 5H), 5.47 (m, 1H), 2.71 (m, 1H), 2.55 (dd, 1H, J = 5.2 en 13.6 Hz), 

1.488 (s, 9H), 1.47 (s, 9H), 1.44 (s, 9H), 1.34 (s, 9H), 1.00 (d, 9H, / = 12.1 Hz); ,3C NMR 

(CDCI3)) 5 146.20 (d, / = 6.8 Hz, Cq), 146.08 (d, / = 18.1 Hz, Cq) 145.87 (Cq), 140.96 (Cq), 

140.000 (m, Cq), 134.58 (d, J = 18.1 Hz, Cq), 134.24 (d, J = 20.4 Hz, CH), 132.95 (dd, J = 

3.8,, 33.2 Hz, Cq), 128.78 (d, J = 34.0 Hz, CH), 128.22 (CH), 127.54 (d, J = 24.9 Hz, CH), 

127.511 (d, ƒ = 24.9 Hz, CH), 126.50 (d, J = 15.1 Hz, CH), 125.32 (CH), 124.15 (d, J = 25.7 

Hz,, CH), 78.32 (dd, J = 9.9, 31.8 Hz, CH), 35.28 (d, J = 7.1 Hz, CH3), 34.63 (CH3), 32.37 (d, 

7== 17.3 Hz, CH3), 31.67 (CH3), 31.14 (CH3), 29.07 (d, J = 11.6 Hz, CH3), 27.56 (d, J = 14.1 

Hz,, (CH3);
 3lP{lH} NMR (CDCI3) 5 143.97 (d, J = 9.0 Hz), -4.56 (d, J = 9.0 Hz); Rf = 0.82 

(eluent:: toluene); mp = 76 °C; [a]D
21

589 = -41.2 (c 1.09; CHCI3); MS HR-FAB [Found 

725.4255;; C46H63O3P2 (MH+), requires 725.4252]; Anal. Calcd for C46H62O3P2: C, 76.21; H, 

8.62.. Found: C, 76.08; H, 8.83. 

(i?P^)-[2-(tert-butylphenylphosphlno)-l-phenylethyl]-l-(3,3'^,5'-tetra-tert-butyl-l,l'--

biphenyl-2,2'-diyl)phosphitee (6b) 

Thiss compound was prepared as described for la, using phosphinoborane l l f (2.15 g, 

2.911 mmol) and HNEt2 (30 mL). Filtration over silica gel (eluent: toluene) gave 6b (1.36 g, 

1.877 mmol, 64 %) as a white foam: !H NMR (CDCI3) 8 7.64 (d, 1H, J = 2.3 Hz), 7.48 (m, 

2H),, 7.40-7.29 (m, 6H), 7.01-6.91 (m, 3H), 6.83 (m, 2H), 4.99 (m, 1H), 3.13 (dt, 1H, J = 4.1 

enn 12.8 Hz), 2.27 (m, 1H), 1.71 (s, 9H), 1.54 (s, 9H), 1.37 (s, 9H), 1.17 (s, 9H), 0.93 (d, 9H, J 

==  12.1 Hz); 13C NMR (CDCI3) 5 146.5-132.2 (Cq), 134.02-123.82 (CH), 78.00 (m, CH), 

35.099 (Cq), 34.41 (Cq), 31.95 (CH2), 31.34 (CH3), 31.20 (CH3), 30.66 (CH3), 27.00 (d, J = 

20.88 Hz, CH3);
 31P{  !H}  NMR (CDCI3) 5 140.36 (s), ̂ . 88 (s). Rf = 0.78 (eluent: toluene); mp 

== 113 °C. [a]D
21589 = +221 (c 1.02; CHC13); MS HR-FAB [Found 725.4225; C46H6303P2 
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(MH+),, requires 725.4252]; Anal. Calcd for C^zOjPz: C, 76.21; H, 8.62. Found: C, 76.52; 

H,, 8.97. 

X-rayy structure analysis of palladium(r|3-C3H5)(6a)BF4 complex 

Phosphine-phosphitee 6a (51.9 mg, 71.6 umol) and [Pd(Ti3-C3H5)Cl]2 (13.1 mg, 35.8 

u.moI)) were dissolved in CH2CI2 (6 mL) and stirred for 0.5 hours. A solution of AgBF4 (14 

mg,, 0.072 mmol in benzene) was added. After filtration over Celite the filtrate was 

evaporated.. Crystallization from CH2CI2 and hexane afforded white crystals.[C49H6?03P2Pd]+ 

BF4",, Mr=959.2, orthorhombic, P2i2i2i, a=10.9847(8), b=13.0171(12), c=37.476(7)A, 

V=5358.7(12)A3,, Z=4, Dx =1.189 gem-3, X(CuKa)=1.5418A, ^(CuKa)=37.6 cm"1, 

F(000)=2008,, room temperature, final R=0.066 for 5439 observed reflections. 

AA crystal with dimensions 0.20 x 0.25 x 0.60 mm approximately was used for data 

collectionn on an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated CuKoc 

radiationn and co-20 scan. A total of 6141 unique reflections was measured within the range -

13<h<0,, 0<k<16, 0<1<46. Of these, 5439 were above the significance level of 4a(Fobs) and 

weree treated as observed. The range of (sin Q)/X was 0.041-0.626A (3.6<cc8<74.8°). Two 

referencee reflections ([0 4 0], [1 0 3]) were measured hourly and showed 12 % decrease 

duringg the 105 hours collecting time, which was corrected for. Unit-cell parameters were 

refinedd by a least-squares fitting procedure using 23 reflections with 8O<20<82. Corrections 

forr Lorentz and polarization effects were applied. Absorption correction was performed with 

thee program PLATON,46 following the method of North et al.47 using V|/-scans of five 

reflections,, with coefficients in the range 0.562-0.991. The structure was solved by the 

PATTYY option of the DIRDBF96 program system.48 After isotropic refinement a AF synthesis 

revealedd some residual electron density, probably due to solvent molecule, but they could not 

bee interpreted. This electron density was corrected for with the SQUEEZE option of 

PLATON,, based on the BYPASS-procedure.49 The hydrogen atoms were calculated and kept 

fixedfixed at their calculated positions with U=0.10 A during the refinement. Full-matrix least-

squaress refinement on F, anisotropic for the non-hydrogen atoms and isotropic for the BF4 

groupp and the hydrogen atoms, converged to R=0.066, Rw=0.070, (A/a)max=0.05, S=0.79. A 

weightingg scheme w=[15. + 0.01*(a (Fobs))2 + 0.01/(a (Fobs))]"1 was used. The secondary 

isotropicc extinction coefficient refined to Ext=0.048(6).50'51 A final difference Fourier map 
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revealedd a residual electron density between -1.75 and 1.35 eA~3 in the vicinity of the BF4 

group,, the /-butyl groups and Pd. Most methyl-groups from the /-butyls exhibit rather high 

anisotropicc parameters, probably due to some disorder. No attempts were made to describe 

thiss disorder. The inverted structure refined to R=0.085/Rw=0.089 thus clearly indicating the 

correctt enantiomer. Scattering factors were taken from Cromer and Mann;52 International 

Tabless for X-ray Crystallography (1974). The anomalous scattering of Pd and P was taken 

intoo account.53 All calculations were performed with XTAL, 54 unless stated otherwise. 
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Chapterr 4 

Enantioselectivee Palladium-Catalyzed Allyli c Animation Using 
Chirall  Phosphine-Phosphite Ligands 

Sinkk Deerenberg, Henri S. Schrekker, Gino P. F. van Strijdonck, Paul C. J. Kamer, 

Piett W. N. M. van Leeuwen* 

Abstract t 

AA series of phosphine-phosphite ligands la-c, 2, 3a-e, 4a-b and 5a-b has been used 

successfullyy in the allylic amination reaction of rac-l,3-diphenyl-2-propenyl acetate with 

benzylaminee as a nucleophile resulting in moderate to high ee's up to 94 %. Ligands 1-5 

consistt of a stereogenic phosphine moiety, a stereocenter in the bridge and a phosphite 

moietyy having an atropisomeric biphenyl group. Chiral induction and reaction rate of the 

allylicc amination reaction have been investigated using ligands 1-5. It was found that the 

absolutee configuration of the bisphenol moiety, controlled by the substituent at the backbone, 

iss the most important factor for determining enantioselectivity of the allylic amination 

reaction.. Ligand 2 shows a cooperative effect between the stereogenic phosphine and the 

stereocenterr in the backbone resulting in the highest ee (94 %) of this series. 
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4.11 Introductio n 

Allylaminess are important building blocks in organic chemistry and their synthesis is a 

significantt synthetic goal. The allylamine fragment can be encountered in natural products, 

butt often the allylamine is transformed to a range of products by fiinctionalization, reduction, 

orr oxidation of the double bond. Therefore, the enantioselective palladium-catalyzed allylic 

animationn reaction is a useful synthetic transformation as the resulting amines can be 

convertedd into various kinds of chiral compounds including a- and P-amino acids,1-8 

differentt alkaloids9*10 and carbohydrate derivatives.11 The applicability of the 

enantioselectivee allylic amination is also demonstrated in the total synthesis of e.g. (-)-

Mesembranee and (-)-Mesembrine.12 

Comparedd to methods like the Mitsunobu reaction13 and the Gabriel synthesis the 

enantioselectivee palladium-catalyzed allylic amination is a clean and convenient way to 

synthesizee allylamines.14 It resembles the related allylic alkylation reaction and likewise the 

palladium-catalyzedd allylic amination can be performed with a high degree of efficiency and 

selectivity.10155 Even though the reaction rate of amine nucleophiles is somewhat lower than 

thee rates observed with stabilized carbon nucleophiles, high yields can be obtained after 

prolongedd reaction times (>24 h, >90 %). 

Frequently,, reactions of roc-l,3-diphenyl-2-propenyl acetate and benzylamine as a 

nucleophilee have been reported as a model reaction in the asymmetric palladium-catalyzed 

aminationn reaction. Nowadays, both ligands having C2-symmetry16-24 and Ci-symmetry25-34 

aree used in the allylic amination reaction. With C2-symmetric ligands it is generally accepted 

thatt the repulsive interaction between the chiral ligand and the substrate discriminates the two 

enantiotopicc termini of the allylic intermediate. '8.23,24,35 Chiral bidentate ligands containing 

differentt donor atoms, which are therefore Ci-symmetric, have also been found to induce 

highh enantioselectivity. Although nonsymmetrical bidentate ligands allow more permutations, 

thee character of the ligands themselves can provide the means of control. The regioselectivity 

iss determined by the difference in the trans influences of the ligand donor atoms. The allyl-

fragmentt is substituted trans towards the ligand's donor atom, which exerts the largest trans 

influence.. The enantioselectivity is determined by the steric influence exerted by the part of 

thee ligand that is in closer vicinity of the allyl-carbon that will be substituted. Mixed 

chelatingg ligands have been employed containing P-N,29-34-36"46 P-O,47 P-S,48~50 and N-

§51-533 donor atoms. 
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Recently,, it has been shown that the relative donor-acceptor strengths of the ligand 

donorr atoms, the steric hindrance in the transition state, the bite angle of the ligand and the 

substituentss on the allyl moiety govern the regioselectivity in the palladium-catalyzed allylic 

alkylation.4^.54-56 6 
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> B u u 
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Phosphine-phosphitess have been used in several enantioselective reactions like 

palladium-catalyzedd co-polymerization57 and rhodium-catalyzed hydroformylation.58-59 The 

twoo different donor atoms (the phosphine is a o-donor and the phosphite is a 7t-acceptor) 

exertt different /r<mj-influences, thus creating distinct reactivities at the C\- and C3-allyl 

carbonn atoms. Nucleophilic attack will take place trans towards the donor atom, which is 

bondedd more strongly. It is anticipated from previous work in our group that the phosphite 

groupp at the ligand controls the enantioselectivity of the reaction.55-59 The good results using 

phosphine-phosphitee ligands in the palladium-catalyzed reactions prompted us to test these 

ligandss in the allylic animation reaction to enlarge the scope of the new ligands. In this 

Chapterr we describe the use of phosphine-phosphite ligands 1-5 in the enantioselective 

allylicc amination reaction. We expected that the nucleophilic attack would be trans towards 

thee phosphine moiety and that the phosphite moiety will control the enantioselectivity.55 

4.22 Results and Discussion 

Ligandss 1-5 were synthesized conveniently in three steps starting from the 

monophosphiness 6 (Scheme 4.1). Reaction of monophosphine 6 with an epoxide gave 

phosphinoalcoholl  7. Subsequently, 7 was coupled to the bulky 3,3',5,5'-tetra(fm-butyl)-2,2'-

bisphenoll  phosphorochloridite 8 and the boronato group was removed by treatment with 

HNEt2.. The ligand syntheses are described in more detail in Chapters 2 and 3.55-59 Ligands 

la-cc consist of a non-stereogenic phosphine moiety, a phosphite having an atropisomeric 

bisphenoll  group and a bridge, substituted at the stereogenic carbon atom. Ligand 2 has 

differentt stereocenters, the stereogenic phosphine moiety and the carbon atom at the bridge; a 

mixturee of epimers of opposite configuration at the C-stereocenter was used. Combined 

stereocenters,, as shown in ligands 3, can sometimes show a cooperative effect. Since the 

bisphenoll  moiety at the phosphite can interconvert between its atropisomers, ligands 4 were 

synthesizedd to investigate how the bisphenol moiety influences the allylic amination reaction. 

Ligandss 5 contain a shorter bridge, which will result in a smaller P-Pd-P angle, the bite 

angle. . 
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Schemee 4.1 

Ass a model reaction the palladium-catalyzed reaction of rac-l,3-diphenyl-2-propenyl 

acetatee and benzylamine as a nucleophile was investigated using ligands 1-5. The amination 

reactionn was performed in CH2CI2 at room temperature in the presence of a catalyst generated 

inin situ from 0.5 mol % of bis[(n-allyl)palladium chloride] and 1 mol % of the appropriate 

ligand.. In general, the reaction proceeds with high conversions (70-98 %) within 2.5-19 

hourss and the sole formation of product 10 was observed (ee 2-94 %). The results of the 

enantioselectivee allylic amination reaction using ligand 1-5 are summarized in Table 4.1. The 

aminationn reaction is slower than the alkylation reaction. Similar results were reported using 

phosphino-oxazolinee ligands.26-29 

Usingg ligands 1 in the allylic amination reaction gave moderate ee's (64-71 %). The e 

naturee of the substituents at the non-stereogenic phosphine moiety did not have much 

influencee on the enantioselectivity, since the ee's obtained using ligands la and lb are almost 

equal.. The use of ligands la and lb gave the 7?-enantiomer in excess when the carbon atom 

inn the bridge was 5-configured. The effect of the substituent at the bridge on the 

enantioselectivityy was investigated using ligand lc, having a methyl instead of a phenyl 

group.. A small decrease in ee was observed, but the S-enantiomer was formed,60,61 because 

off  the opposite orientation of the methyl vs. the phenyl substituent. 
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Tablee 4.1 Palladium-catalyzed allylic amination of rac-l,3-diphenyl-2-propenyl acetate in 

CH2C122
 [al 

[Pd(T!3-C3H5)CI]2,, ligand 

PhCH2NH2 2 

Ligandd Time [h] Conv. [ %f Ee [ %]c 

866 69 (R)  (R) 

255 71 (R) 

766 64 (S) 

922 2 (R) 

933 94 (5) 

988 84 (R) 

700 82 (5) 

822 63 (/?) 

711 71 (/?) 

788 44 (R) 

788 67 (/?) 

844 26 (5) 

833 21(7?) 

""  Acetate to palladium ratio is 100. Benzylamine to palladium ratio is 120. Ligand to palladium ratio is 1. 

Catalystt preparation time is 0.5 hours.b Percentage conversion of acetate. Q Enantiomeric excess determined by 

HPLCC (Daicel OJ, 13 % IPA/hexanes). Absolute configuration drawn in parenthesis. 

Thee influence of the stereogenic phosphine moiety on the enantioselectivity in the 

allylicc amination reaction was investigated using ligand 2. The spatial orientation at the 

stereogenicc phosphine moieties is the same for all ligands 1-5, even though the R,S 

assignmentt may differ. To exclude the influence of the substituent at the stereocenter in the 

bridgee an equimolar mixture of epimers of opposite configuration at the bridge stereocenter 

andd of /{-configured phosphine moiety was used. From the obtained ee of 2 % we concluded 

thatt a stereogenic phosphine moiety does not have much effect. Using ligand 2 the reaction 

(Sc)-la a 

(Sc)-lb b 

(Sc)-lc c 

(flP,racc)-2 2 

(/?P,/?c)-3a a 

(R(RPP,Sc)-3b ,Sc)-3b 

(R(RPP,Sc)-3c ,Sc)-3c 

(SP,Sc)-3d d 

(SP,Sc)-3e e 

(5P)5c>/?a)-4a a 

(Sp,ScA)-4b b 

(flP,Sc)-5a a 

(R(RPP,Rc)-5b ,Rc)-5b 

19 9 

71 1 

19 9 

2.5 5 

2.5 5 

2.5 5 

2.5 5 

19 9 

19 9 

19 9 

19 9 

19 9 

19 9 
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wass much faster compared to ligands 1 under the same conditions. The highest reaction rate 

wass found using ligands 2 and 3a-nc having a phenyl and a f-butyl substituent at the 

phosphinee moiety. This may be explained by the stronger trans influence of the phosphine. 

Thee electron density of the ally] is slightly more localized cis to the phosphine, which results 

inn a tendency to establish a a bond between the palladium-carbon bond cis to the phosphine, 

whilee the other two carbon atoms strengthen their 7i-electron system.8-41 The carbon atom 

transtrans towards the phosphine will be favored for nucleophilic attack. Using ligands l a and lc, 

havingg a less o-donating phosphine moiety, resulted in a less distinct localization of electron 

densityy at the allyl group and therefore, in a lower reaction rate. Product dissociation can also 

influencee the reaction rate. n-Stacking of phenyl groups of the substrate and the ligand will 

delayy the product dissociation and therefore, result in a low reaction rate. 

Thee use of ligand lb, the best cr-donor, was expected to give the highest reaction rate. 

Itss observed low reaction rate was attributed to the lower 7t-accepting properties and the 

bulkyy te/t-butyl groups of the phosphine moiety. 

Notwithstandingg that hardly any chiral induction was found using ligands 2, ligands 3 

weree tested, having a stereogenic phosphine moiety. A higher enantioselectivity was 

observedd from the reaction using ligands 3a-c (82-94 %). The ee's obtained using ligands 3d 

andd 3e were in the same range as when ligands 1 having a non-stereogenic phosphine moiety 

weree used. The aryl-substituents, naphthyl and o-anisyl, do not affect the behavior of the 

ligandd in the reaction. However, the bulky fert-butyl substituent at the phosphine moiety of 

ligandd 3a induced a more enantioselective surrounding around the palladium center. This is 

explainedd by a cooperative effect between the phosphorus-stereogenic phosphine moiety and 

thee stereocenter in the backbone. In spite of the fact that the phosphine group itself does not 

inducee chirality, the combination with a substituent at the bridge shows chiral cooperativity 

andd increases the chiral induction. Using ligand 3b, the diastereomer of ligand 3a, the ee 

decreasedd and this is explained by a mismatched combination of the stereocenters. 

Thee importance of the size of the substituent at the bridge is shown by ligand 3c having 

aa methyl group instead of a phenyl. The phosphine moiety and the methyl substituent do not 

showw such a large cooperative effect as when ligand 3a is used. The largest chiral 

cooperativityy is found when the substituents at both the phosphine moiety and the bridge are 

bulky. . 
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Ligandd 2 is the one to one mixture of ligands 3a and 3b. It can be expected that the ee 

obtainedd using ligand 2 (2 %) should be the average of the ee's obtained using the ligands 3a 

(944 %) and 3b (84 %). Since the ee obtained using ligand 2 is not the average, this indicates a 

differencee in reactivity of both diastereomers 3a and 3b. Ligand 3a is more enantioselective, 

butt results in a slower rate than ligand 3b. 

Itt is known from the crystal structure of the palladium(r|3-C3H5)(5a)BF4 complex that 

thee substituent at the bridge is positioned at the back of the complex, pointing away from the 

allyll  ligand.55 Therefore, we expect that the substituent does not control the enantioselectivity 

directly,, because the palladium catalyzed allylic amination reaction requires a distal attack of 

thee nucleophile to the allyl palladium complex. Therefore, we conclude that the 

enantioselectivityy is determined by the bisphenol moiety, the conformation of which is 

controlledd by the substituent of the stereocenter in the bridge. We have shown before that a 

stereogenicc group next to a phosphite having an atropisomeric biphenyl moiety controls the 

conformationn of the bisphenol moiety.55,59,62 The results obtained using ligands 4, having 

enantiomericallyy pure binaphthol groups were compared to reactions using ligand 3d. The ee 

observedd using ligand 3d is different from 4a and comparable to that obtained with 4b, 

havingg a S-configured binaphthol group. Therefore, we propose that the conformation of the 

bisphenoll  moiety of ligand 3d is also 5 when it is chelated to palladium. We conclude that the 

substituentt of the stereocenter in the bridge controls the configuration of the bisphenol 

moiety,, which in its turn controls the enantioselectivity. The phosphite moiety is in close 

proximityy to the allyl group and it influences the reaction because of this steric interaction. 

Thee P-Pd-P angle, the bite angle, has a distinct influence on the selectivity of the 

allylicc substitution reaction;54-56'63 the larger the bite angle, the more selective the allylic 

alkylationn reaction of 2-hexenylacetate with sodium diethyl malonate is towards the linear 

product.product.6363 Ligands 1-4 and ligands 5 have a bridge containing 4 and 3 atoms, respectively. 

Thesee bridges correspond to the ligands dppb64 and dppp,65 which have a bite angle of 98.6° 

andd 86.2°, respectively.63 Since dppb has a flexible bridge it is difficult to determine the exact 

bitee angle.63 The ee's obtained using ligands 3a and 3b were much higher than those induced 

byy ligands 5, having a smaller bite angle. It is anticipated that ligands 5 are not able to 

embracee the palladium allyl complex sufficiently to affect the distal attack of the nucleophile; 

thee bisphenol moiety that controls enantioselectivity has a smaller interaction with the allyl 

moiety. . 
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Itt was shown by us that the for the allylic alkylation reaction using ligands inducing a 

bitee angle in the range 78.1°-110.0°, an optimum rate was observed in between 86.2° (dppp) 

andd 99.07° (dppf66).63 The bite angle has a strong influence on the reaction rate. This 

explainss the lower reaction rate found for ligands 5, which have a backbone similar to dppp, 

whilee ligands 3a and 3b have a bite angle similar to dppb. 

Inn general, the ee's obtained in the allylic amination reaction with these ligands follow 

thee same trend as found for the alkylation reaction with opposite absolute configurations,55-61 

butt the same spatial arrangement. This is explained by the fact that both reactions follow a 

similarr mechanism. The higher ee's in the allylic amination can be explained by a later 

transitionn state. Nucleophilic substitution of the (T|3-allyl)Pd cationic complex to form the Pd 

olefinn complex must be accompanied by rotation.23-24 A late transition state results in a larger 

ligand-allyll  interaction. This late transition state and the sterically more crowded ligand 3a 

resultt in high enantioselectivity. 

4.33 Conclusions 

AA series of phosphine-phosphite ligands 1-5 has been successfully used in the allylic 

aminationn reaction resulting in moderate to high ee's (94 %). Even though, the donor atoms of 

thee ligand are both phosphorus atoms, the electronic properties are very different and the 

nucleophilicc attack at the allyl fragment takes place trans towards the phosphine moiety. The 

configurationn of the bisphenol moiety, controlled by the substituent at the backbone, is 

importantt for the enantioselectivity. The highest ee (94 %) was obtained using ligand 3a, 

whichh is explained by a cooperative effect between the stereogenic phosphine and the 

stereocenterr in the bridge. For a cooperative effect the ligand requires bulky substituents at 

thee phosphine moiety. Variation of substituents at the phosphine moiety demonstrates a large 

effectt of the electronic properties of the phosphine on the reaction rate. The highest 

enantioselectivityy and reaction rate was obtained using ligands having a bite angle larger than 

dpppp (fc = 86.2°). 

77 7 



ChapterChapter 4 

4.44 Experimental Section 

Generall  Considerations 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All 

reactionss were carried out in flame-dried glasswork using standard Schlenk techniques under 

ann atmosphere of Argon. Silica gel 60 (230-400 mesh) purchased from Merck was used for 

columnn chromatography. Gas chromatographic analyses were run on an Interscience HR GC 

Megaa 2 apparatus (split/splitless injector, J&W Scientific, DB-1 J&W 30m column, film 

thicknesss 3.0 urn, carrier gas 70 kPa He, FID detector) equipped with a Hewlett-Packard 

Dataa system (Chrom-Card). Enantiomeric excesses were determined on a Gilson HPLC 

(Daicell  OJ column). 

Allyli cc Amination Experiments. 

AA degassed solution of 0.005 mmol of [Pd(Ti3-C3H5)Cl]2 in CH2C12 (1.5 mL), 0.01 

mmoll  of ligand and 0.5 mmol of decane was stirred for 0.5 hours. Subsequently, a solution of 

11 mmol of rac-l,3-diphenyl-2-propenyl acetate in CH2CI2 (0.763 mL; 1.31 M) and 1.2 mmol 

off  benzylamine were added. The reaction mixture was stirred at the given temperature and to 

determinee the conversion by GC, a sample was quenched with a dibenzylideneacetone (DBA) 

solution.. To determine the ee by HPLC (Daicel OJ, 13 % 2-propanol / hexane, flow = 0.5 

mL/min,, tR = 14.2 (S), tR = 17.5 (/?), X = 254 nm), a sample was filtered over silica gel eluted 

withh 10 % Et20 / hexane. 
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Chapterr 5 

Nickell  Phosphine-Phosphite Complexes as Catalysts in the 
Hydrocyanationn of Styrene 

Sinkk Deerenberg, Alison C. Hewat, Dieter Vogt, Paul C. J. Kamer, 

Piett W. N. M. van Leeuwen 

Abstract t 

Thee asymmetric hydrocyanation of styrene, catalyzed by chiral nickel phosphine-

phosphitee complexes, gives the branched product nitrile in up to 34 % enantiomeric excess. 

Intermediatess in the catalytic cycle have been detected by 3,P{ IH}  NMR, including Ni(Pi-

P2)(cod)) (A) and Ni(Pi-P2)(styrene) (B) (P1-P2 = ligands 1-5; cod = 1,5-cyclooctadiene). 

Complexx (B) is the only species observed during the reaction and therefore, is expected to be 

thee resting state of the catalytic reaction. 
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5.11 Introductio n 

Organicc nitriles are very valuable intermediates and can be transformed easily into 

amines,, aldehydes and acids. One way of introducing nitriles is the transition metal catalyzed 

additionn of HCN to alkenes, potentially a very useful reaction in organic synthesis.1'2 DuPont 

hass industrialized the nickel-catalyzed hydrocyanation of butadiene, known as the ADN 

Process,, for the production of adiponitrile (1,4-butanedinitrile), a precursor for nylon-6,6.3 

Manyy investigations have been undertaken to understand the mechanism and improve the 

activityy and selectivity of this process.4 

Casalnuovoo et al. have proposed a mechanism for the nickel catalyzed hydrocyanation 

off  vinylarenes (Scheme 5.1). The mechanism of the reaction has been studied extensively, 

butt it has not been fully elucidated.5 In the first step, the ligand replaces a cod from Ni(cod)2, 

thee catalyst precursor for this reaction, to form the tetrahedral Ni(P-P)(cod) complex (A). 

Subsequently,, a second cod is either replaced by the alkene, to form the Ni(0) complex (B) 

(pathwayy I), or HCN oxidatively adds to Ni(0) to form the square planar Ni(II ) species (B') 

(pathwayy II). 

[Ni(cod)2] ] nn ^2 

'P l NNi- | ll ^ 
KKr>-r>-yy ^ p h styrene 

B B 
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nn  n 
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Schemee 5.1 Mechanism for the Asymmetric Hydrocyanation of Styrene Catalyzed with (P-

P)/Ni(cod)2 2 
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Next,, the five-coordinated trigonal bipyramidal Ni(II ) species (C) is formed from 

eitherr (B) or (B') and after hydride insertion the (T|3-benzyl)nickel cyanide (D) is obtained. 

Reductivee elimination affords the product and a (P-P)Ni(O) species. This species can be 

stabilizedd by the cod or by a substrate molecule present in the reaction mixture and re-enter 

thee cycle via pathway I or pathway II. 

Casalnuovoo et al. have reported that using a sugar-based ligand species (D) is the 

catalystt resting state.5 Addition of styrene to Ni(Pi-p2)(cod) (A) did not result in the 

formationn of Ni(Pi-p2)(styrene) complexes (B). It was proposed that if Ni(Pi-P2>(styrene) 

complexess (B) were formed, it occurred via reductive elimination of the (r|3-

benzylallyl)nickell  cyanide complex (D). Furthermore, they have concluded that, in absence 

off  HCN, Ni(Pi-P2)(cod) (A) is the catalyst resting state as it was the only species observed. 

Inn presence of HCN and styrene, it has been proposed that the catalyst resting state is shifted 

fromm Ni(Pi-P2>(cod) (B) to a complex containing both HCN and styrene, presumably the (T)3-

benzylallyl)nickell  cyanide complex (D). 

Inn the hydrocyanation reaction, phosphite ligands are generally preferred to phosphine 

ligands.. The hydrocyanation cycle involves Ni(0) intermediates, which can be stabilized by 

electron-withdrawingg ligands like phosphites to prevent precipitation of metallic nickel. 

Recently,, we have shown that the use of a diphosphite ligand based on a calix[6]arene 

backbonee leads to a very active catalyst for the hydrocyanation reaction.6 Even though 

phosphiness tend to support the formation of L„Ni(CN)2 species, which accumulate during the 

reactionn and are inactive as hydrocyanation catalysts, we have also reported on active 

hydrocyanationn catalysts with phosphine ligands. These phosphines, based on a xanthene 

backbone,, have a natural bite angle close to 109° and therefore stabilize tetrahedral Ni(0) 

ratherr than square planar Ni(II ) species, leading to the formation of very active catalysts.78 

Evenn though the asymmetric hydrocyanation reaction is a powerful synthetic tool for 

thee synthesis of chiral building blocks, this reaction did not gain much interest.9-17 For 

example,, addition of HCN to styrene and other vinylarenes gives high yields of 2-aryl-

propionitriles,18-199 which are intermediates for 2-arylpropionic acids including Ibuprofen and 

Naproxen,, a class of nonsteroidal anti-inflammatory drugs. Design of chiral catalysts, which 

providee high conversion and enantioselectivity, is an important challenge. Recently, the 

enantioselectivee hydrocyanation of 6-methoxy-2-vinylnaphthalene using a nickel catalyst 

containingg a sugar based diphosphinite ligand has been reported with ee's up to 95 %.5-H 

85 5 



ChapterChapter 5 

Variationn of ligand electronics showed that electron-withdrawing substituents at the 

phosphoruss atom yield highly active10'20 and enantioselective10 catalysts for the 

hydrocyanationn reaction of vinylarenes. Most catalysts for the asymmetric hydrocyanation 

reactionn consist of a palladium or nickel metal center and symmetric5'9'12-15'17 or non-

symmetric10'11 l-14 chiral bidentate phosphorus ligands. 
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Recently,, we have reported a series of optically pure phosphine-phosphite ligands (1-

5).. These ligands consist of a phosphine moiety and a phosphite having an atropisomeric 

bisphenoll  group and the linker between these groups contains a stereocenter. We have 

demonstratedd that a stereocenter in close vicinity to an atropisomeric bisphenol group 

controlss the configuration of the biaryl axis.21-23 In addition, a cooperative effect between the 

phosphinee having a stereogenic phosphorus atom and the stereocenter at the backbone was 

observed.23-24 4 

Ourr interest in the hydrocyanation reaction7'8,20 prompted us to prepare nickel 

complexess using these phosphine-phosphite ligands and test them in the enantioselective 

hydrocyanationn of styrene. The ligands described above can be modified easily and allow a 

systematicc approach to study the asymmetric induction of the ligand in the hydrocyanation 

reaction.. The influence of two different donor groups on the enantioselectivity and rate of the 

reactionn was investigated. 

5.22 Results and discussion 

5.2.11 Ligands 

Ligandss 1-5 have been synthesized starting from a monophosphine, a chiral substituted 

oxiranee and a bulky biaryl phosphoruschloridite as reported in Chapters 2 and 3.22'23 Ligand 

l aa contains a non-stereogenic phosphine moiety, a carbon stereocenter with a methyl 

substituentt and a phosphite group having a bulky bisphenol. Ligand lb has a stereogenic 

phosphinee moiety and a larger phenyl substituent at the backbone. Even though the absolute 

configurationn of the stereocenter is different for ligands la and lb, the orientation of the 

substituentss at the stereocenter is similar.25 Ligands 2 are similar to ligands 1 except for the 

oppositee configuration at the carbon stereocenter. Ligand 2b is a diastereomer of ligand lb. 

Inn ligands 3, one of the phenyl groups in the phosphine moiety is substituted for a f-butyl 

group,, providing a more electron-rich bulky phosphine. Ligand 4 is a diastereomer of ligand 

3b.. Ligand 5 contains a shorter linker between the phosphine and phosphite moiety compared 

too ligand 4, which will result in a smaller P-Ni-P angle in the Ni(cod)(5) complex. 
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5.2.22 Studies on the complex structures 

Too get more insight in the mechanism of the nickel catalyzed hydrocyanation reaction, 

wee studied the formation of the catalyst precursor Ni(Pi-P2)(cod) (A) (P1-P2 = ligands 1-5) 

andd possible intermediates in the catalytic cycle using 31P{!H}  NMR spectroscopy. Addition 

off  one equivalent of ligands 1-5 to a solution of Ni(cod)2 in benzene-d6 results most likely in 

thee formation of a Ni(Pi-P2)(cod) complex as can be concluded from 3,P{ lH}  NMR.5 The 

Ni(Pi-P2)(cod)) complexes are stable in benzene-d6, since after 24 hours at room temperature 

noo other species were observed in the 3IP{1H}  NMR spectrum. Preparation of the complexes 

inn other solvents like THF or toluene leads to the same complexes, but they decompose 

slowlyy in THF. In the 31P{'H}  NMR spectra of Ni(Pi-P2)(cod) two doublets were observed, 

whichh were attributed to the phosphine and the phosphite moiety, respectively (Table 5.1). 

Thee coupling constants varied from 12.3 Hz for ligand la to 68.3 Hz for ligand 4. 

3 1 n r l l Tablee 5.1 J1P{'H}  NMR Characteristics of Ni(Pi-P2)(cod) complexes. 

Ligan d d 

l a a 

l b b 

2a a 

2c c 

3b b 

4 4 

5 5 

S(Pi ) ) 

163.5 3 3 

164.8 3 3 

166.5 0 0 

165.5 66 br c 

174.7 4 4 

164.4 9 9 

163.6 8 8 

8(P 2) ) 

29.3 5 5 

26.3 00 br c 

26.4 22 br c 

28.1 66 br c 

22.9 7 7 

38.3 22 br c 

32.0 3 3 

./{P1-P2 } } 

12. 3 3 

17. 9 9 

14. 7 7 

n.d. b b 

45. 3 3 

68. 3 3 

29. 7 7 

aa 3IP{'H}  and lH spectra recorded in benzene-d̂ at room temperature. Chemical shifts (5) in ppm, coupling 

constantss (7) in Hz. b Not determined.c Broad signal. 

Inn order to correlate the coupling constant to the P-Ni-P angle, we compared the 7P_P'S 

off  the Ni(Pi-P2)(cod) complexes containing ligands 1-5. In general, the coupling constant is 

dependentt on two parameters, the P-Ni-P angle and the P-Ni distance. Both the electronic 

andd steric character of the ligand can affect these parameters. If only the P-Ni-P angle is 

considered,, we expect almost the same coupling constant for ligands 1-4, due to the same 

flexiblee ligand bridge. However, a clear relationship between the P-P coupling constant and 

thee P-Ni-P angle was not observed. Larger coupling constants were found for ligands 3 and 
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4,, containing a f-butyl substituent at the phosphine moiety, than for ligands 1 and 2. 

Therefore,, we conclude that in these complexes the coupling constant is not only dependent 

onn the P-Ni-P angle, but also on the P-Ni distance. 

Thee electronic character of the phosphine is important for the P-Ni bond. When an 

electronn donating ligand is used, the nickel atom becomes more electron rich resulting in a 

smallerr coupling constant.26 However, in the Ni(Pi-P2)(cod) complexes the Pj-P2 coupling 

constantt increases with an electron donating ligand indicating that not only the electron 

donatingg capacities of the ligand are important, but also the Jt-back donation. Secondly, the 

stericc interactions of the ligand with the Ni(cod) moiety are important for the magnitude of 

/P_P.. It has been suggested that the P-metal coupling constant as well as the phosphorus and 

metall  chemical shift are influenced by P-metal bond distortion.27-28 This distortion of the 

geometryy of the phosphorus can be caused by strained bidentate ligands or by bulky 

substituentss on the phosphorus donor atom and can be observed as inequivalent Metal-P-C 

angless as illustrated in Figure 5.1.29 

Tablee 5.2 Optimized structure of tetrahedral Ni(0)(cod)(Pi-P2) using Semiemperical 

Geometryy Optimization. 

P-Ni-PP angle [°] C-P-Ni angle a [°] 

CSc)-2aa 104.1 115.4 

(/?PvRc)-3bb 101.7 120.0 

(flP,Sc)-55 95.8 121.0 

4P<<
M M 

R i '' a 

Figuree 5.1 Bond angle a between aryl group (ligand 2a) or ?-butyl (ligands 3b and 5), Pi and 

nickell  (Pi = phosphite; P2 = phosphine). 

Molecularr modeling calculations show distortion of the geometry on the phosphine 

moiety.. The Ni-P-C(Ri) angle a in the Ni(Pi-P2)(cod) complex of 115.4° for ligand 2a 
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increasess to 120.0° for ligand 3b (Table 5.2). Due to the flexible ligand bridge, we do not 

expectt strain in the P-Ni-P angle and thus attribute the distortion of the geometry of the 

phosphinee mainly to the bulky f-butyl group. This distortion results in a weak P-Ni bond and 

aa larger coupling constant of 45.3 Hz. A shorter linker, as in ligand 5, results in a smaller P-

Ni-PP angle of 95.8° and a larger distortion of the P-Ni-C angle a (121.0°) compared to 

ligandss 2a and 3b. As a result, the coupling constant decreases from 45.3 Hz to 29.7 Hz for 

Ni(5)(cod). . 

Ass illustrated by the molecular modeling calculations, both the P-Ni-P angles and the 

geometryy of the phosphine change with different ligands. Therefore, we cannot use the 

couplingg constant as a measure for the bite angle. 

Thixantphoss BINAPHOS 

Too our surprise, addition of two equivalents of ligand to Ni(cod)2 results in the 

formationn of the monochelate Ni(Pi-P2)(cod) complex together with 1 equivalent of 

uncoordinatedd ligand as indicated by 31P{'H}  NMR. With other ligands the formation of 

bischelatedd Ni(Pi-P2)2 complex has been reported.5-10-14-20 For example, the addition of one 

orr two equivalents of Thixantphos diphosphine ligands to Ni(cod)2 results in the formation of 

aa bischelated Ni(Pi-P2)2 complex.20 The bischelated nickel complex is catalytically 

inactive,5-100 but since one ligand is able to dissociate, the catalyst activity can be restored.20 

Thee addition of one equivalent of the phosphine-phosphite BINAPHOS ligand to 

Ni(cod)22 has resulted in the formation of a bischelated Ni(Pj-P2)2 complex.14 Also with Rh-

complexess we have observed different coordination behavior of BINAPHOS and phosphine 

phosphitess 1-5.23 
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Onee of the proposed mechanisms in the hydrocyanation reaction involves the formation 

off  a nickel(0)(Pi-P2)(r|2-alkene) complex (B). Since it was anticipated that styrene 

coordinationn to NKP1-P2) would result in a complex mixture of isomers (Figure 5. 2),5 we 

firstt tried to prepare the ethene complex. To this end, ethene was bubbled through a solution 

off  the Ni(la)(cod) complex. In the 31P{'H}  NMR spectrum the doublets at 163.53 and 29.35 

ppmm (J = 12 Hz) of Ni(la)(cod) disappeared and two new doublets (J = 71 Hz) were 

observed.. Compared to the Ni(Pi-P2)(cod) complexes, the coupling constant in the case of 

thee ethene complex is much larger. This could be due to an increase in the P-Ni-P angle,17 

whichh is reflected by a larger coupling constant between the phosphorus donor atoms. 

Apparently,, these ligands prefer a large bite angle and therefore stabilize the tetrahedral Ni(0) 

complexess (B), which is important since the reductive elimination of species (D) is proposed 

too be the rate determining step.7,30 

;; Ph Ph ; 
P r = / " P 22 ^ ^ p r W - p 2 

!! I ! II 

Pi"=H--P22 * * = * Piyi="P2 
!! Ph Ph ! 
11 1 

IVV III 

P-iP-i : phosphite 
P22 : phosphine 

Figuree 5.2 The four diastereomeric Ni(Pi-P2)(styrene) complexes. 

Additionn of styrene to the Ni(Pi-P2)(cod) yields, according to 31P{'H}  NMR, three 

differentt Ni(Pi-P2)(styrene) complexes for most ligands used in these studies.5 Similar to the 

Ni(la)(ethene)) complex, the coupling constant increased in the 31P{'H}  NMR spectrum and 

valuess of 64 to 77 Hz were found. In a cod-free route, reduction of Ni(II)Br2 using Zn-dust 

inn the presence of ligand la and styrene afforded according to 31P{'H}  NMR the same 

Ni(la)(styrene)) species. Theoretically, four different diastereomers are possible (Figure 5. 2). 
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Apparently,, one of these diastereomers is not formed, probably due to steric hindrance 

betweenn the phenyl group of styrene and the bulky bisphenol of the phosphite moiety 

(complexess II or III) . Ligand 5 is known to enforce smaller P-M-P angles than ligands 1-

44 22,24 po r pd-allyl complexes we have shown that a smaller P-M-P angle results in less 

stericc interaction of the ligand with the coordinated substrate. In the same way, the smaller 

bitee angle in the case of Ni(cod)(5) favors coordination of styrene giving all four possible 

nickel(Pi-P2)(styrene)) complexes according to 31P{'H}  NMR. 

Att 100 °C the resonances observed in the 31P{  *H}  NMR spectra for the Ni(la)(styrene) 

complexess are broadened and shifted towards each other. Variable temperature experiments 

showw that the diastereomers are in slow exchange. The exchange of diastereomers is not as 

fastt as Casalnuovo et al. have observed with their diphosphinite ligands.5 In the 31P{'H} 

NMRR spectra the resonances of the diastereomers start to broaden at 30 °C. No 

decompositionn is observed at 100 °C. 

5.2.33 Catalysis 

Thee nickel-catalyzed hydrocyanation of styrene was investigated using ligands 1-5. 

Thee reaction was performed in toluene at 60 °C in the presence of a catalyst generated in situ 

fromm [Ni(cod)2] and 1.05 equivalent of the appropriate ligand. To assure chelate formation, 

alll  reactions were performed after a catalyst complex preformation time of 0.5 hours. The 

reactionn proceeded with reasonable conversions (2-67%) within 17 hours and the only 

productt detected is the branched isomer (7), whose formation is strongly favored over the 

linearr one (8) (Scheme 5.2). This regioselectivity has been attributed to stabilization of the 

branchedd alkyl intermediate by a T|3-benzylallylic interaction of the nickel.31 

CN N 
-- HCN 1 . C N 

P r i ^^ catalyst" P r i ^ + P r T ^ ~ " 

66 7 8 

Schemee 5.2 

Twoo different HCN-donors were compared in the hydrocyanation reaction using 

ligandss la and 2c (Table 5.3). The reaction performed using HCN gave low conversions and 
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thee obtained green solutions indicated the formation of inactive Ni(Pi-P2)(CN)2. In literature, 

thee formation of Ni(Pi-P2)(CN>2 is suppressed by using high excesses of ligand,32 thus 

stabilizingg the Ni(0) species. As was already expected from the NMR studies of the complex 

structures,, using 2.1 equivalents of ligand with respect to Ni(cod)2 did not change the rate and 

enantioselectivityy . The use of chiral ligands in large excess is undesirable because of their 

pricee and the great effort needed to prepare them. 

Tablee 53 Catalytic Hydrocyanation of Styrene using Different HCN-Sourcesa 

Ligandd HCN-source Conv. ( %)b Ee ( %)c 

(Sc)-laa HCN 5 26(+) 

(Sc)-laa ACH*1 57 27 (+) 

(5p,5c)-2cc HCN 3 24(-) 

(5p,5c)-2cc ACH^ 17 23 (-) 
aa Reaction conditions: toluene (1 mL), nickel: ligand : styrene : ACH (or HCN) = 1 : 1.05 : 20: 25,60 °C, 17 h, 

catalystt preformation time = 30 minutes b Percentage conversion of styrene determined by GC.c Enantiomeric 

excesss determined by GC (CycloSil-B(JW)). Absolute configuration drawn in parenthesis. d ACH = Acetone 

cyanohydrin. . 

Thee concentration of HCN in solution is an important factor in the hydrocyanation 

reaction.. To suppress the formation of inactive Ni(Pi-P2)(CN)2, the HCN concentration 

shouldd be kept low, so we used acetone cyanohydrin, an HCN-source that releases HCN 

slowly,, in the following experiments. To prevent a high concentration of HCN in solution 

afterr addition of styrene and acetone cyanohydrin, the reaction mixture was slowly warmed 

fromfrom 25 to 60 °C. With the use of acetone cyanohydrin, no Ni(Pi-P2)(CN)2 was observed 

usingg ligands 1-2 and higher conversions were obtained. Both HCN-sources gave rise to the 

samee enantioselectivity. Similar results were obtained with nickel catalysts containing 

DI0pi3,333 and BEMAPHOS.14 With ligands 3-5, the Ni(Pi-P2)(CN)2 species was formed with 

bothh HCN and acetone cyanohydrin. This seems to be related to the fact that they all have a t-

butyll  substituent at the phosphine moiety. Since the rate limiting reductive elimination of the 

alkyl-cyanidee should be slower using these more electron-donating ligands,34-36 the 

formationn of the inactive species wil l be favored. 
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(Sc)-la a 

(Sc)-la a 

(5c)-la a 

(Sp,*c)-lb b 

(5c)-2a a 

(5P,5c)-2b b 

(5P,5c)-2c c 

24 4 

40 0 

60 0 

60 0 

60 0 

60 0 

60 0 

Tablee 5.4 Catalytic Enantioselective Hydrocyanation of Styrene using ligands 1 and 2a 

Ligandd T [°C] Conv. [%jb Ee [%f 

199 34 (+) 

300 30 (+) 

577 27 (+) 

399 32 (+) 

677 25 (-) 

188 22 (-) 

177 23(-) 
aa Reaction conditions: toluene (1 mJL), nickel: ligand : styrene : ACH = 1 : : 1.05 : 20 : 25, 60 °C, 17 h, catalyst 

preformationn time = 30 minutes b Percentage conversion of styrene determined by GC. c Enantiomeric excess 

determinedd by GC (CycloSil-B(JW)). Sense of optical rotation drawn in parenthesis. 

Thee reactions went to completion after longer reaction periods of 41 hours. Using 

ligandd la the reaction temperature was varied from 24 to 60 °C (Table 5.4). At 24 °C the 

reactionn gave 34 % ee and 19 % conversion within 17 hours. As often encountered with 

enantioselectivee reactions, the ee decreased at higher temperatures (27 % ee at 60 °C), but the 

reactionn rates increased (57 % conversion at 60 °C) (Table 5.4). 

Thee results of the enantioselective hydrocyanation reaction of styrene using ligands 1-2 

aree presented in Table 5.4. The use of ligands 1, having two aryl substituents at the phosphine 

moiety,, leads predominantly to the (+)-enantiomer. Using nickel complexes containing 

ligandss 2 resulted predominantly in the (-)-enantiomer. If we compare ligands 1 and 2, the 

substituentss at the carbon stereocenter point in an opposite direction.25 From these results, we 

concludee that the stereocenter on the linker mainly determines the enantioselectivity of the 

reaction.. Since the substituent of the stereocenter on the bridge is not in close vicinity to the 

nickel-styrenee complex, we propose that the biphenyl moiety, which is in closer vicinity to 

thee styrene group in the Ni(Pi-P2)(styrene) complex, controls the enantioselectivity of the 

hydrocyanationn reaction. In earlier work we have shown that the configuration of the 

atropisomericallyy chiral biphenyl moiety at the phosphite is controlled by the adjacent 

stereocenter.21_24 4 
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Usingg ligand 2a, a somewhat higher enantioselectivity was observed than with ligands 

2bb and 2c. The larger naphthyl and anisyl substituents at the phosphine moiety do not have a 

positivee influence. However, using ligands l b and 2b, which are diastereomers, the 

enantioselectivityy increases from 22 % with ligand 2b to 32 % with ligand lb. Although the 

effectt is rather small, we attribute this enhancement to a cooperative effect of the stereogenic 

phosphinee moiety and the stereocenter on the linker. Use of ligand lb, which has the matched 

combinationn of the two stereocenters, results in a higher ee than with ligand 2b, the 

mismatchedd combination of stereocenters. We have previously described more distinct 

cooperativee effects using phosphine-phosphite ligands.23-24 

Usee of ligands la and 2a, which have opposite orientation of the substituents on the 

stereocenterr of the backbone (respectively methyl and phenyl substituents) resulted in a 

similarr ee, but opposite configuration of product. With ligands 2b and 2c, which have larger 

substituentss at the phosphine moiety, the rate of reaction was decreased. 

Usingg ligands 3-5 the conversions were very low and the measured ee's were therefore 

nott accurate. In agreement with literature, the electron deficient nickel catalysts containing 

ligandss 1-2 give higher rates in the hydrocyanation than an electron rich nickel.5-20 

Thee observed catalyst resting state, species (B), differs from the catalyst resting state 

reportedd by Casalnuovo et al.5 Substitution of cod from the Ni(Pi-P2)(cod) (A) complexes by 

additionn of styrene resulting in Ni(Pi-P2)(styrene) complexes (B) indicates that pathway I is a 

plausiblee mechanistic route. Even in presence of HCN, the complexes (B) are the only 

speciess observed using our ligands as was detected by unlocked 31P{1H}  NMR of the reaction 

mixturee after catalysis. Since with our ligands the formation of the Ni(Pi-P2)(styrene) 

complexx (B) is favored over the (r|3-benzylallyl)nickel cyanide (D), we conclude that species 

(B)) is the resting state of the catalytic reaction. The resting state clearly depends on the 

propertiess of the ligands. In spite of the fact that the ligands are very flexible, they will favor 

aa large bite angle and therefore, the tetrahedral complex (B) is stabilized, whereas the square 

planarr Ni(II ) complex, favoring a bite angle of 90°, is destabilized. Another important factor 

governingg the resting state is the electronic character of the ligand donor atoms. Addition of 

styrenee to the Ni(la)(cod) species resulted in the formation of Ni(la)(styrene), whereas 

styrenee is not able to displace cod in the Ni(diphosphinite)(cod) species reported by 

Casalnuovoo et al..5 The phosphine-phosphite complex enhances the alkene coordination. A 

disadvantagee of the use of our ligands is that the more electron-rich nickel complexes retard 
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thee reductive elimination, which results in a slower reaction.5'37'38 From this we conclude that 

thee equilibrium distribution of complexes (B), (C) and (D) is shifted towards complex (B). 

533 Conclusions 

Wee have investigated two intermediates of the catalytic cycle of the asymmetric 

hydrocyanationn reaction, the Ni(Pi-P2)(cod) (A) and Ni(Pi-P2)(styrene) (B) complexes. 

Complexx (B) is the only species observed by 31P{  !H}  NMR spectroscopy during the reaction. 

Wee conclude that this is the resting state of the catalytic cycle. The electron-rich nickel 

complexx and the large bite-angle stabilize complexes (B) and (C). 

Thee moderate enantioselectivity in the catalytic hydrocyanation reaction could be due 

too the slow exchange of the diastereomeric electron-rich Ni(la)(styrene), as illustrated by the 

sloww exchange of the diastereomers at 100 °C, and the low reaction rate. 

5.44 Experimental Section 

Computationall  details 

Alll  calculations were performed on a silicon graphics workstation using the 

commerciallyy available SPARTAN program (version 5.0.3). The geometry optimization was 

performedd on the semi empirical pm3(tm) level. 

Generall  Considerations. 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All reactions 

weree carried out in blow-dried glasswork using standard Schlenk techniques under an 

atmospheree of Argon. Toluene was distilled from sodium/benzophenone. THF was distilled 

fromm sodium/benzophenone. NMR spectra were obtained on Varian Mercury 300 and 400 

spectrometers.. 31P{!H}  spectra were measured ^-decoupled unless stated otherwise. TMS 

wass used as a reference for lH and H3PO4 for 31P{1H}  NMR. Gas chromatographic analyses 

weree run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W 

Scientific,, DB-1 J&W 30m column, film thickness 3.0 Jim, carrier gas 70 kPa He, FID 

detector)) equipped with a Hewlett-Packard Data system (Chrom-Card). Enantiomeric 

excessess were measured on a Carlo Erba Vega 6000 gas chromatograph, J&W Scientific, 
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CycloSil-B(JW)) column, film thickness 0.25 p-m, carrier gas 80 kPa He, FID detector) 

equippedd with a Hewlett-Packard Data system (Chrom--Card). 

Catalyticc hydrocyanation of styrene 

Caution!!  HCN is a highly toxic, volatile liquid (bp 27 °C) that is also susceptible to 

explosivee polymerization in the presence of base. It should be handled only in a well-

ventilatedd fume hood or dry-box by trained personnel. Sensible precautions include not 

workingg alone and having available proper first aid equipment and HCN monitors. 

Uninhibitedd HCN should be stored at a temperature lower than its melting point (-13 °C). 

Acetonee cyanohydrin is less volatile, but just as dangerous, since it will release HCN easily. 

Inn a typical experiment, a bright yellow solution of [Ni(cod)2] in toluene (1.0 mL, 0.327 

mM)) was added to a Schlenk tube containing a stirring bar and ligand (0.343 mmol, 1.05 

equiv.).. The solution was stirred for 30 min at room temperature to ensure complete 

formationn of the catalyst precursor. Then styrene (76 uj, 6.54 mmol) was added. Liquid HCN 

(322 ul, 8.18 mmol) or acetone cyanohydrin (75 p.1, 8.18 mmol) was added at once at -50 °C 

orr 25 °C, respectively, and the tube was placed in a heating bath. The bath was heated slowly 

too 60 °C within 1 hour. After 17 hours at 60 °C the excess of HCN was removed by a gentle 

streamm of argon, solid particles were removed by centrifugation and the remaining solution 

wass analyzed with temperature controlled gas chromatography. The ee was determined by 

chirall  GC (fR = 11.25 min ((+)-enantiomer), fR = 11.89 min ((-)-enantiomer)). 

NMR-Experiments s 

Preparationn of Ni(Pi-P2)(cod) complexes 

Inn a typical experiment, a Schlenk tube containing a stirring bar was loaded with ligand 

(0.3433 mmol, 1.05 equiv.). A benzene-de solution of Ni(cod)2 (9.0 mg, 0.327 mmol) was 

addedd using a Teflon cannula. The red-orange mixture was stirred for 10 minutes and 

transferredd into a NMR-tube. 3,P{1H}  NMR spectra were recorded (See Table 5.1). 

Preparationn of Ni(la)(ethene) complex 

Ethenee was bubbled through a solution containing Ni(Pi-P2)(cod) in the NMR-tube, 

whichh was shaken frequently for 2 hours. Subsequently, a 3lP{1H}  NMR spectrum was 

recorded. . 
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Ni(la)(ethene)::  31P{!H}  NMR (C6D6) 5 164.52 (d, 7 = 71.2 Hz), 17.31(d, J = 71.2 Hz). 

Preparationn of Ni(Pi-P2)(styrene) complexes 

Styrcnee (76 \il, 6.54 mmol, 20 equiv.) was added to a NMR-tube containing Ni(Pj-

P2)(cod)) and it was shaken frequently for 2 hours. Subsequently, a 31P{!H}  NMR spectrum 

wass recorded. 

Ni(la)(styrene)::  Three complexes (ratio = 0.54 : 0.38 : 1): 3iP{lU} NMR (CAOS 

166.411 (d, J = 75.7 Hz), 12.03 (d, J = 75.7 Hz); 165.75 (d, J = 74.2 Hz), 18.63 (d, J = 74.2 

Hz);; 158.65 (d, J = 70.0 Hz), 21.13 (d, J = 70.0 Hz). 

Ni(lb)(styrene)::  Three complexes (ratio = 0.76 : 0.46 : 1): ^P^H}  NMR (QD^S 

170.522 (d, J = 71.3 Hz), 10.22 (br signal); 167.18 (d, J = 63.9 Hz), 14.13 (d, J = 63.9 Hz); 

160.755 (d, J = 72.7 Hz), 10.22 (broad signal). 

Ni(2a)(styrene):: Three complexes (ratio = 1 : 0.75 : 0.78): 3,P{ lH}  NMR (C£>6)8 

171.566 (d, J = 69.7 Hz), 9.10 (d, J = 69.7 Hz); 171.56 (d, 7= 68.0 Hz), 9.43 (d, J = 68.0 Hz); 

160.966 (d, J = 69.0 Hz), 17.65 (d, J = 69.0 Hz). 

Ni(2b)(styrene)::  Three complexes (ratio =1 : 0.14 : 0.35): 31P{!H}  NMR (QDiOS 

168.322 (d, J = 77.3 Hz), 9.07 (d, J = 77.3 Hz); 166.84 (d, / = 74.3 Hz), other doublet was not 

observed;; 160.76 (d, J = 72.8 Hz), 14.09 (d, J = 72.8 Hz). 

Ni(3b)(styrene)::  Three complexes (ratio = 0.56 : 1 : 0.72): 31P{]H}  NMR (QD^S 

173.399 (d, J = 71.2 Hz), 21.83 (d, J = 71.2 Hz); 172.47 (d, J = 72.8 Hz), 23.55 (d, J = 72.8 

Hz);; 160.82 (d, J = 65.4 Hz), other doublet was not observed. 

Ni(5)(styrene)::  Four complexes (ratio = 0.58 : 1 : 0.95 : 0.57): 31P{1H}  NMR (QA.) 5 

159.611 (d, J = 68.4 Hz), 37.12 (d, J = 68.4 Hz); 158.02 (d, J = 69.7 Hz), 36.48 (d, J = 69.7 

Hz);; 153.96 (d, / = 65.2 Hz), 44.06 (d, J = 65.2 Hz); 151.64 (d, J = 65.4 Hz), 43.22 (d, / = 

65.44 Hz). 

Preparationn of Ni(la)(styrene) complex using Ni(Br) 2 

Styrenee (12 pJ, 0.10 mmol, 3 equiv.) and Zn-dust (6.7 mg, 0.10 mmol, 3 equiv.) were 

addedd respectively to a suspension of NiBr2 (7.5 mg, 0.034 mmol) and ligand la (23.9 mg, 

0.0344 mmol) in THF (2 mL) and the reaction mixture was stirred for 2 hours, at room 

temperature.. After addition of benzene-do to the brown reaction mixture a 3!P{1H}  NMR 

spectrumm was recorded. The same Ni(la)(styrene) species was observed in the 31P{  ]H}  NMR 

spectrumm as described above. 
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Chirall  Phosphine-Phosphite Ligands in the Rhodium-Catalyzed 
Asymmetricc Hydrogenation of methyl (#)-acetylaminoacrylate and 

methyll  (Z)-(iV)-acetylaminocinnamate 

Sinkk Deerenberg, Oscar Pamies, Montserrat Diéguez, Carmen Claver, 

Paull  C. J. Kamer, Piet W. N. M. van Leeuwen 

Abstract t 

AA series of enantiopure phosphine-phosphite ligands (P1-P2 = ligands 1-4) was 

investigatedd in the rhodium-catalyzed asymmetric hydrogenation reaction. Intermediate 

[Rh(Pi-P2)(cod)]BF44 and [Rh(Pi-P2)(maaa)]BF4 complexes (cod = 1,5-cyclooctadiene; maaa 

== methyl acetamidoacrylate ester) were observed by 3lP{1H}  NMR. The [Rh(Pi-

P2)(cod)]BF44 complexes were precursors to active catalysts of the asymmetric hydrogenation 

reactionn of several prochiral dehydroamino acid derivatives, at room temperature under 1 bar 

off  hydrogen. The highest enantiomeric excess obtained was 99 %. 
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6.11 Introductio n 

Sincee the discovery by Iguchi in 1939 that certain rhodium(III) complexes catalyze the 

hydrogenationn of organic substrates, the addition of hydrogen (H2) to an unsaturated moiety 

iss one of the most extensively studied reactions involving homogeneous catalysis.1 

oc-Acylaminoacrylicc acid derivatives were the first olefinic substrates successfully used 

inn the asymmetric hydrogenation reaction.2"5 Complexation of the substrate is stabilized by 

thee additional coordination of the carbonyl group. This first success was followed by a large 

effortt in ligand synthesis to broaden the scope of the reaction by other substrates. Nowadays, 

syntheticc routes are abundantly available and the electronic character of the catalyst can be 

tunedd at will, 6"11 which broadens the scope of the reaction. The electronic properties of the 

rhodiumm center can be modified such that a strong rhodium-substrate bond and thus a short 

metal-substratee bond distance is obtained.'' 

Thee majority of the rhodium-catalysts used in the hydrogenation reaction contain 

bidentatee phosphorus ligands, having C2-symmetry, e.g. DIOP3 and DIP AMP.412-13 

r P ^ R h ' S S 

productt ._ ^2 ^s r substrate 

C O O R / / 
H \ > NN . 
ii  yfvkt 

COOR R 

S DD -C H : 

Schemee 6.1 Catalytic cycle of the asymmetric hydrogenation reaction 

Thee mechanism of the asymmetric hydrogenation reaction catalyzed by rhodium 

complexess containing C2 symmetric diphosphines has been studied in considerable detail 

(Schemee 6.1).14~27 The first step in the asymmetric hydrogenation involves the coordination 

off  the substrate, giving a mixture of diastereomeric Rh(I)(Pi-P2)(substrate) species, (B). The 
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nextt step in the hydrogenation sequence involves the irreversible oxidative addition of 

dihydrogenn to the alkene complex (B) affording a Rh(III)(Pi-P2)(substrate)(H2) complex, 

(C).. Migration of the hydride, forming complex RhCIIIXP^Xsubstrate-HXH) (D), locks 

thee configuration of the stereogenic center. The last step is the reductive elimination of the 

productt from complex (D), giving the product and complex (A), which can re-enter the 

catalyticc cycle. 

Kineticc and spectroscopic studies17 clearly indicate that the rate-limiting step is 

enantiodetermining,, and it is generally accepted that this is the oxidative addition reaction of 

dihydrogen.7-11 U5.16 The enantioselection is determined by the relative rates of reaction of the 

diastereomericc adducts (B) with H2 and by their equilibrium constants. Hydrogenation of the 

minorr adduct is faster than of the major and leads to the observed product.17 

Previously,, we have shown that the use of ligands with different donor atoms, viz. an 

electronn donating phosphine and an electron withdrawing phosphite, affects the reactivity and 

selectivityy of the catalyst.28-30 The ligands consist of a phosphine moiety and a phosphite 

havingg an atropisomeric bisphenol group, which are connected to a 3 or 4 atom linker 

containingg a stereocenter. In this Chapter, we describe investigations on the influence of a 

seriess of optically pure phosphine-phosphite ligands 1-4 on rate and enantioselectivity of the 

asymmetricc hydrogenation reaction of methyl (iV)-acetylaminoacrylate and methyl (Z)-(N)-

acetylaminocinnamate.. The steric and electronic character of the phosphine moiety, as well as 

thee substituents and configuration of the stereocenter at the backbone have been varied 

systematically.. Finally, ligands containing a shorter linker, thus enforcing a smaller P-Rh-P 

angle,, have been examined. Under hydrogenation conditions intermediate rhodium 

complexess will be discussed and kinetic studies are conducted to get more insight in the 

mechanismm of the asymmetric hydrogenation reaction. 
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6.22 Results and Discussion 

6.2.11 Ligands 

Thee phosphine-phosphite ligands consist of a phosphine group and a phosphite moiety 

havingg a bulky atropisomerically chiral tetra(f-butyl)bisphenol group as reported in Chapters 

22 and 3.28-29 The donor atoms are connected by a linker, which contains a stereogenic carbon. 

Thee phosphine moiety of ligands la and lb contains two phenyl substituents, whereas ligand 

l cc has an o-anisyl and a phenyl substituent and contains a stereogenic phosphorus atom. The 

stereocenterr at the backbone contains a phenyl group for ligands la and lc and a methyl 

groupp for ligand lb. The electronic character is expected to be similar for ligands 1 and 

therefore,, the influence of the substituent of the backbone on the enantioselectivity can be 

investigated. . 
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Ligandss 2 are more electron donating due to the f-butyl group. Furthermore, they have a 

stereogenicc P-atom. The influence of the stereogenic phosphorus atom will be investigated 

byy comparing diastereomeric ligands 2a and 2b and ligand 2c, which is a mixture of epimers 

off  opposite configuration at the bridge stereocenter and of /?-configured phosphine moiety. 

Ligandd 2d contains the smaller methyl substituent at the stereogenic carbon. 

Thee two f-butyl substituents of the phosphine moiety make ligand 3 even stronger 

electronn donating than ligands 2 and the «-electron accepting properties are diminished. 

Ligandss 4a and 4b resemble ligands 2a and 2b, respectively, but have a shorter 

backbone,, thus enforcing a smaller P-Rh-P angle. The orientation of the substituents at the 

carbonn stereocenter is similar, despite the absolute configuration31 of the carbon 

stereocenters. . 

6.2.22 Synthesis of the alkene complexes 

Thee reaction of chiral phosphine-phosphite ligands (1-4) with [Rh(cod)2]BF4 in a 

dichloromethanee solution proceeded readily to provide high yields of [Rh(Pi-P2)(cod)]BF4 

(Pii  = phosphite, P2 = phosphine) cationic complexes (Scheme 6.2). At 293 K the 3lP{1H} 

NMRR spectra for complexes [Rh(Pi-P2)(cod)IBF4 (P1-P2 = 1-3) (Table 6.1) showed a sharp 

doublee doublet in the phosphite region due to the /{P1-P2}  and /{Pi-Rh}  couplings, while in 

thee phosphine region a broad doublet was obtained (A001/2 = 40 Hz). These coupling constants 

suggestt fluxional processes on the NMR time-scale, which was confirmed by low 

temperaturee 31P{LH}  NMR spectroscopy. At 193 K the 31P{'H}  NMR spectra showed sharp 

doublee doublets in the phosphine and in the phosphite region, indicating that only one 

complexx was present. 

[Rh(cod)2]BF44 + P r P 2 nu » [Rh(PrP2)(cod)]BF4 + cod 
0M2OI2 2 

Schemee 6.2 
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Tablee 6.131P{  *H}  NMR data for complexes [Rh(Pi-P2)(cod)]BF4 (P|-P2 = l-3)a'b 

Pii  = phosphite P2 = phosphine 

Ligand d 

la a 

l b b 

l c c 

2a a 

2b b 

2c c 

2d d 

3 3 

5(Pi) ) 

130.9 9 

126.5 5 

130.5 5 

130.0 0 

130.3 3 

130.1 1 

129.8 8 

129.9 9 

7{Pi-Rh} } 

263.1 1 

269.2 2 

262.3 3 

260.5 5 

261.2 2 

259.8 8 

261.2 2 

260.8 8 

S(P2) ) 

29.6 6 

29.4 4 

30.9 9 

36.0 0 

35.9 9 

35.6 6 

31.4 4 

34.8 8 

/{Pr-Rh} } 

149.5 5 

132.3 3 

139.5 5 

133.2 2 

133.5 5 

133.7 7 

132.6 6 

130.4 4 

/{P1-P2} } 

42.7 7 

42.9 9 

42.9 9 

40.6 6 

40.9 9 

40.7 7 

43.8 8 

40.1 1 
88 Chemical shifts (5) in ppm, coupling constants (J) in hertz. b The spectra were recorded at ambient 

temperature. . 

Att ambient temperature, ^Pf'H}  NMR spectra for complexes [Rh(Pi-P2)(cod)]BF4 

(Pi-P22 = 4a and 4b) (Table 6.2) showed two sharp double doublets. When the temperature 

wass lowered, the presence of two sets of signals was observed in different proportions (Table 

6.2).. These results are consistent with the presence of two isomeric forms (a and b) in fast 

exchangee on the NMR time-scale at room temperature. The formation of different isomers 

cann be caused by two diastereoisomers obtained from the atropisomerism of the bisphenol in 

thee phosphite moiety, by different conformers for the six-membered chelate ring or by a 

combinationn of both. Even though the rapid ring inversion of the seven membered 

dioxaphospheninn rings has been detected on the NMR time-scale in the free ligands,28-29 we 

expectt the bisphenol moiety to be in one configuration in the related cationic complexes 

[Rh(Pi-P2)(cod)]BF4,, as is the case in other complexes.2830'32 This suggests the presence of 

differentt conformers of the six-membered chelate ring. 

106 6 



Rhodium-CatalyzedRhodium-Catalyzed Hydrogenation 

Tablee 6.2 31P{  'H}  NMR data for complexes [Rh(PL-P2)(cod)]BF4 (Pt-P2 = 4a and 4b)a 

Pii  = phosphite P2 = phosphine 

Ligand d 

4a a 

4aa (65 %)b 

4aa (35 %)b 

4b b 

4bb (55 %)b 

4bb (45 %)b 

5(Pi) ) 

124.1 1 

122.4 4 

127.3 3 

127.3 3 

126.1 1 

128.3 3 

7{Pi-Rh} } 

248.4 4 

248.6 6 

248.9 9 

249.7 7 

251.3 3 

250.2 2 

5(P2) ) 

21.0 0 

22.1 1 

18.5 5 

20.0 0 

15.1 1 

23.8 8 

J{P2-Rh} } 

140.2 2 

141.2 2 

140.1 1 

136.8 8 

132.2 2 

138.9 9 

J{Vx-?i) J{Vx-?i) 

54.4 4 

52.3 3 

55.3 3 

53.5 5 

53.1 1 

54.1 1 

'Chemicall  shifts (5) in ppm, coupling constants (J) in hertz.b T = 213 K. Relative abundance between brackets. 

6.2.44 Asymmetric Hydrogenation results 

Thee catalytic performance of the complexes with the phosphine-phosphite ligands was 

testedd in the enantioselective rhodium-catalyzed hydrogenation reactions of methyl (N)-

acetylaminoacrylatee 5 and methyl (Z)-(W)-acetylaminocinnamate 7 under 1.2 bar of H2. The 

catalystt was formed in situ from [Rh(cod)2]BF4 and 1.1 equivalent of the ligands 1-4. The 

resultss of this study are presented in Table 6.3 and 6.4. For both methyl (A0-

acetylaminoacrylatee 5 and methyl (Z)-(iV)-acetylaminocinnamate 7 high enantioselectivities 

weree achieved up to 99 % and 97 %, respectively. Other products than (AO-acetyl-alanine 

methylesterr 6 and (^-acetyl-phenylalanine methylester 8 were not observed. In general, the 

hydrogenationn of methyl (AO-acetylaminoacrylate 5 was somewhat faster than that of methyl 

(2)-(yV)-acetylaminocinnamatee 7. 

Thee hydrogenation of methyl (W)-acetylaminoacrylate was performed in several 

solvents.. Rhodium-catalyzed asymmetric hydrogenation reactions are commonly performed 

inn methanol. For the reaction in methanol using la a high enantioselectivity of 93 % and a 

highh rate were observed (TOF = 30.1). The reaction in tetrahydrofuran showed similar ee, but 

thee rate was lower (TOF = 22). For the reactions performed in dichloromethane/methanol 

(9/1)) and pure dichloromemane the enantiomeric excess increased to 98 % and 99 %, 

respectively.. However, the reaction rate decreased and the highest ee corresponded with the 

slowestt reaction (TOF = 7.4). Since phosphite ligands are known to decompose in protic 

solvents,, further hydrogenation reactions were studied using dichloromethane. 
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Tablee 6.3 Asymmetric Hydrogenation of methyl (AO-acetylaminoacrylate.a 

III [Rh(cod)2]BF4 I 
JK.JK. Ligands1-4 V/, 

H3C02CC NHAc 2 atm H , RT *" H3CQ2C 'NHAc 

Ligands s 

(Sc)-la a 

(5c)-la a 

(5c)-la a 

(5c)-la a 

(5c)-lb b 

(5P,5c)-lc c 

(/fP,/?c)-2a a 

(flP,5c)-2b b 

(/?P)-2C C 

(/?P,5c)-2d d 

(5c)-3 3 

(* P,5c)-4a a 

(Rp,Rc>4b (Rp,Rc>4b 

Solvent t 

CH2CI2 2 

MeOH H 

CH2CI22 /MeOHe 

THF F 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2Cl2 2 

CH2CI2 2 

CH2CI2 2 

TOF5 5 

7.4 4 

30.1 1 

9.2 2 

22 2 

18.1 1 

12.3 3 

42.2 2 

41.3 3 

41.2 2 

52.1 1 

4.8 8 

19.1 1 

36c c 

Conv.. [%] (h)c 

777 (14) 

97(4) ) 

788 (14) 

84(4) ) 

399 (2.5) 

100(14) ) 

1000 (2.5) 

1000 (2.5) 

1000 (2.5) 

1000 (2.5) 

21(5) ) 

322 (2.5) 

100(1) ) 

Eee [%] (co 

999 (R) 

933 (R) 

988 (tf) 

94(7?) ) 

96(5) ) 

4(5) ) 

96(5) ) 

955 (/?) 

6(/?) ) 

95(5) ) 

588 (fl) 

61(5) ) 

966 (R) 
33 All reactions were run at ambient temperature under 1 bar of H2. Cinnamate to rhodium ratio is 100. Ligand to 

rhodiumm ratio is 1.1. b After 1 hour [in moI-molRh"'-h-']. c Percentage conversion of cinnamate determined by 

GC.dd Enantiomeric excess determined by GC. Absolute configuration drawn in parenthesis.e Ratio 9 /1. 

Thee hydrogenation reaction performed with ligand la, containing a phenyl substituent 

att the stereocenter of the backbone, gave the fl-enantiomer in 99 % ee. Using ligand lb, 

havingg a methyl substituent, in a different spatial arrangement than the phenyl, afforded the 

5-configuredd product in 96 % ee. The changed configuration of the products indicates that 

thee enantioselectivity is mainly controlled by the configuration of the substituent in the 

backbone.311 The ee decreased slightly due to the smaller methyl group of ligand lb, but the 

reactionn rate is enhanced. Using ligand lc, containing a phosphine moiety with an anisyl 

substituent,, resulted in a low ee (4 %). Since the substituents of the phosphorus and carbon 
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stereocenterss are similarly oriented for ligand lc and 2b, this indicates that the anisyl group is 

responsiblee for the decrease in rate and enantioselectivity. 

Forr ligands 2, which contain a strongly electron-donating stereogenic phosphine, the 

reactionn rate was higher than that found for ligands 1. Complexes containing ligands 2a and 

2bb afforded in the hydrogenation reaction almost similar ee's of 96 % (S) and 95 % (/?), 

respectively.. Since the ligands only differ in configuration of the stereocenter in the 

backbone,, this indicates that the stereogenic phosphine moiety does not influence the 

enantioselectivity.. Therefore, we conclude that the enantioselectivity is predominantly 

controlledd by the stereocenter of the backbone. This was confirmed by the use of ligand 2c, 

whichh is the mixture of 2a and 2b, and for which a low ee of 6 % was obtained. Ligand 2d, 

whichh has a small methyl substituent at the bridge, gave a higher reaction rate than lb, which 

containss a phenyl substituent. The ee obtained using 2d was almost similar to that obtained 

whenn ligand 2a was applied. 

Thee use of ligand 3, containing a more basic phosphine moiety than ligands 1 and 2, 

resultedd in a moderate ee of 58 % and a relatively low reaction rate in the hydrogenation. This 

moree strongly o-donating ligand affects both reaction rate and enantioselectivity. The 

enantioselectivityy might also be influenced by the steric hindrance of the bulky f-butyl groups 

att the phosphine moiety. 

Usingg ligand 4b, having a shorter linker between the phosphine and the phosphite 

moietiess we observed the highest reaction rate of all ligands used and an ee of 96 %. The use 

off  diastereomer 4a gave a lower ee of 61 % and a slower reaction. The difference in reactivity 

andd selectivity between rhodium complexes containing ligands 4a and 4b is remarkable 

comparedd to ligands 2a and 2b, which both afforded similar ee's of different enantiomers. 

Wee propose that the small bite angles of the rhodium complexes containing ligands 4 enhance 

aa cooperative effect between the stereocenters, which results in a matched combination for 

ligandd 4b and a mismatched combination for ligand 4a. Ligands 1-3 have a larger bite angle 

andd therefore the substituents of the phosphine moiety and the carbon stereocenter are not in 

closee proximity. 
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Tablee 6.4 Asymmetric Hydrogenation of methyl (ZMAO-acetylaminocinnamate.' 

X) X) 
H3C02CC NHAc 

[Rh(cod)2]BF4 4 

Ligandss 1-4 
22 atm H2, RT 

H3C02CC NHAc 

8 8 

Ligands s TOF" " Conv.. [%] (h)c Eee [%] (conf.) 

(5c)-la a 

(5c)-lb b 

(5P,5c)-lc
e e 

(AP,Ac)-2a a 

(AP,5c)-2b b 

(AP)-2ce e 

(AP,5c)-2de e 

(Sc)-3 3 

(AP,5c)-4ae e 

(AP,Ac)-4be e 

6.2 2 

14 4 

9 9 

34.8 8 

35 5 

33.9 9 

44.3 3 

3.9 9 

9.6 6 

100 0 

1000 (24) 

1000 (24) 

1000 (24) 

100(12) ) 

100(12) ) 

100(12) ) 

100(12) ) 

855 (24) 

1000 (12) 

100(1) ) 

97(A) ) 

922 (S) 

6(5) ) 

95(5) ) 

95(A) ) 

3(A) ) 

89(5) ) 

63(A) ) 

65(5) ) 

95(A) ) 
aa All reactions were run at ambient temperature under 1 bar of H2. Cinnamate to rhodium ratio is 100. Ligand to 

rhodiumm ratio is 1.1. b After 1 hour [in mol-molRif'-h-1]. c Percentage conversion of cinnamate determined by 

GC.. d Enantiomeric excess determined by GC. Absolute configuration drawn in parenthesis. c substrate / 

rhodiumm = 1/50 

Thee results from the rhodium-catalyzed hydrogenation of methyl (Z)-(N)-

acetylaminocinnamatee are shown in Table 6.4. In general, the hydrogenation of methyl (Z)-

(AO-acetylaminocinnamatee follows the same trend as observed for methyl (N)-

acetylaminoacrylate.. However, the enantiomeric excesses obtained are somewhat smaller and 

thee reaction rates are lower. Application of the same ligand in the hydrogenation reaction of 

methyll  (AO-acetylaminoacrylate and methyl (Z)-(AO-acetylaminocinnamate resulted in the 

samee configuration of the corresponding products 6 and 8, respectively, and similar ee. The 

catalystt containing ligand la gave the highest ee of 97 % (A) for this series at a low reaction 

rate.. The use of ligand 4b afforded the highest reaction rate and a cooperative effect was 

observedd between the stereogenic phosphine moiety and the stereocenter at the backbone. 
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Complexess containing ligands 2 and 4 afforded the highest reaction rates together with high 

enantioselectivitiess of all ligands used. We propose that an electron-donating ligand enhances 

thee oxidative addition of dihydrogen.7,11-15-17 

6.2.33 Mechanistic Considerations 

Ass depicted in Scheme 6.1 the generally accepted mechanism of Rh-diphosphine 

catalyzedd hydrogenation involves the so-called alkene pathway. 17,20,22,33̂3 Since 

phosphine-phosphitee ligands have different properties compared to diphosphines, the 

catalyticc pathway may be different. In order to learn more about the catalytic cycle we 

monitoredd the hydrogenation of methyl acetamidoacrylate ester (maaa) with ligand 2a by 
31P{'H}}  NMR. A solution of [Rh(2a)(cod)]BF4 in dichloromethane-d2 was examined at 1.2 

barss of dihydrogen, but a [Rh(2a)(cod)H2] species was not detected. After addition of methyl 

acetamidoacrylatee ester two new double doublets at 136.02 and 35.57 ppm were observed in 

thee 31P{'H}  NMR spectrum. These new signals were assigned to the cationic rhodium 

complexx [Rh(2a)(maaa)]+. After the hydrogenation reaction, only [Rh(2a)(maaa)]+ was 

observed.. The formation of hydride species was not observed in the 'H NMR spectrum, from 

whichh we conclude that the subsequent migratory insertion and reductive elimination steps 

aree very fast. Halpern's classic studies17 on hydrogenation have shown that the 

enantioselectivityy is determined by the ratio of the initially formed diastereoisomers of 

[Rh(Pi-P2)(substrate)]++ complexes (Figure 6.1) and their respective reactivities of these 

intermediatess towards H2. 

(( ^ Rh- 11 J.1U ( _ „RhA ...r 

Nsrr >NH Msr f 
z z 

11 2 

Mee V V M e 

3 3 ZZ = C02Me 
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Figuree 6.1 Diastereomeric [Rh(Pi-P2)(maaa)] complexes. When ligand is C2-symmetric, 1 

andd 3 and also 2 and 4 are equivalent. 

Inn a NMR experiment using [Rh(2a)(cod)]BF4 and 5 equivalents maaa, an equilibrium 

betweenn the starting compound, [Rh(2a)(cod)]BF4, and an amido complex, [Rh(2a)(maaa)]+, 

wass observed (Equation 6.1). After 5 hours the equilibrium has shifted for 95 % towards the 

[Rh(2a)(maaa)]++ species (Ko = 288 Lmol"1). In a similar experiment, addition of 20 

equivalentss of maaa immediately shifted the equilibrium totally towards the [Rh(2a)(maaa)]+ 

species. . 

[Rh(cod)(2a)]BF44 + aaaCH3 . [Rh(2a)<aaaCH3)]BF4 

KQQ = 288 Lmol"1 

Equationn 6.1 

Variable-temperaturee ^Pf'H}  NMR spectra between 303 and 193 K showed that only 

onee diastereoisomer is present. For the [Rh(Pi-P2)(maaa)] complexes two signals were 

observedd in the 31P{1H}  NMR spectrum at 35.57 ppm and 136.02 ppm, attributed to the 

phosphinee and the phosphite, respectively. For the P1-P2 coupling constant a value of 56 Hz 

iss found, whereas /{Pi-Rh}  and ./{Pr-Rh}  are found to be 241 Hz and 161 Hz, respectively. 

Thee shift of the phosphite signal in the 31P{1H}  NMR spectrum of complex 

[Rh(2a)(maaa)]BF44 is consistent with a diastereoisomer containing the phosphite trans to the 

C=00 fragment and the phosphine trans to the C=C fragment.17 
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H3C-CH. . 
,COOCH3 3 

NHCOOCH3 3 

[Rh(cod)(2a)]BF4 4 

pathh A 

[Rh(2a)(aaaCH3)]BF4 4 

\ \ 

K K H2 2 pathh B 

[Rh(cod)(2a)H2]BF4 4 

k o . . 

[Rh(2a)(aaaCH3)H2]BF4 4 

fast t 

Schemee 6.6 

Fromm these results the so-called alkene pathway (pathway A, Scheme 6.6) seems the 

preferredd route. Pathway B (Scheme 6.6), in which a dihydrogen complex is formed, 

however,, can not be excluded, since species [Rh(2a)(cod)H2]BF4 could be present in amounts 

underr the detection limit of the NMR equipment. 

Inn order to get more insight in the sequence of the cycle, we studied the rate 

dependencee on the substrate and rhodium concentration. We assumed that the rate 

dependencee of the reaction on the H2 concentration is in line with literature and is first order. 

Fromm Figure 6.2 it is clear that the rate of the formation of hydrogenation products is linearly 

proportionall  to the rhodium precursor concentration. For a typical hydrogenation reaction, 

performedd at standard conditions, the formation of hydrogenated product shows a zeroth-

orderr dependency in substrate (maaa) concentration as shown in Figure 6.3. Neither the 

[Rh(2a)(maaa)H2]BF44 species nor the [Rh(2a)(alkyl)H]BF4 have been observed under 

hydrogenationn conditions and it seems reasonable to assume that the addition of H2 is the rate 

determiningg step. However, further investigations on the equilibrium constant are necessary 

too understand why the hydrogenation reaction shows a pseudo zeroth-order in substrate in 

betweenn 80 and 100 % conversion. 
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Figuree 6.2 Influence of rhodium concentration on the reaction rate (TOF is turnover 

frequencyy in mol(mol Rh)_1-h_1, [Rh] is rhodium concentration in mol-L"1). 
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Figuree 6.3 Hydrogenation of methyl (AO-acetylaminoacrylate. 

Sincee the order of the reaction is zeroth-order in the concentration of methyl 

acetamidoacrylatee ester and the fact that [Rh(2a)(maaa)]+ is always the only observed species 

underr hydrogenation conditions, we conclude that the rate determining step is the addition of 

H22 to the catalyst precursor [Rh(2a)(maaa)]+ (pathway A). In spite of this, pathway B cannot 
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bee discarded, because it is possible that the intermediate species are formed under the 

detectionn limit of the NMR equipment. 

aa J?" 
IVV ^ ^ in 

Figuree 6.5 Quadrant diagrams showing the steric hindrance exerted by a C2 symmetric ligand 

6.2.55 Origin of enantioselectivity 

Inn the past, the enantioselectivity achieved with several known C2-symmetric 

diphosphine-rhodiumm catalysts has been explained through the use of quadrant diagrams.44 

Thiss simple method does not explain why a reaction involving such a small dihydrogen 

moleculee can lead to such enormous differences in rate for the diastereomeric alkene adducts 

present.. Investigations by Brown, Burk and Landis resulted in the "rotation mechanism" as 

depictedd in Figure 6.6.40-42-45-46 The prochiral enamide substrate coordinates in a bidentate 

fashionn and the square planar Rh-complex is formed. Due to steric hindrance of the ligand 

towardss the substrate one of the diastereomeric complexes is energetically more favored and 

formedd in excess. The oxidative addition of dihydrogen can take place from the top or the 

bottomm of the complex and dihydrogen will coordinate in a cis fashion. The carbonyl 

fragmentt migrates together with rotation of the alkene fragment. The steric hindrance exerted 

byy the ligand determines which diastereomeric rhodium-dihydride complex will be formed 

andd thus leads to the enantiomeric product. It is often found that the minor diastereomeric 

rhodium-substratee species leads to the product. 14,17,37,38 
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C02Me e 
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Figuree 6.6 Rotation mechanism upon oxidative addition for diastereomeric intermediates a) 

andd b): Attack of H2 from the bottom a) or from the top b). 

Usingg our phosphine-phosphite ligand the alkene is coordinated cis towards the 

stericallyy more demanding phosphite moiety.17 The hydrogenation experiments have shown 

thatt the substituent of the stereogenic carbon has the major effect on the enantioselectivity. 

Sincee the substituent of the backbone is positioned at the back of the complex and it has been 

shownn from previous work, that the substituent at the backbone controls the phosphite 

moiety,, which on its turn determines the enantioselectivity,28-30-32 we expect that the bulky 

biphenoll  moiety influences the enantioselectivity. 

6.33 Conclusions 

Wee have investigated the rhodium catalyzed asymmetric hydrogenation reaction of 

methyll  (AO-acetylaminoacrylate and methyl (Z)-(AO-acetylaminocinnamate using a series of 

enantiopuree phosphine-phosphite ligands (1-4). Good enantioselectivities up to 99 % were 

obtainedd under mild conditions. Systematic variation of the steric and electronic properties of 

thee ligands showed that the enantioselectivity is determined by the stereogenic carbon in the 

backbone.. Even though the phosphine moiety has no influence on the enantioselectivity, an 
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electron-donatingg phosphine enhances the reaction rate. Studies on intermediates of the 

catalyticc cycle of the reaction using 31P{1H}  NMR indicate that the [Rh(Pi-P2)(maaa)]+ 

speciess is the resting state of the reaction and that the rate dependence is first order in 

rhodiumm and zeroth order in substrate. The alkene coordinates trans to the phosphine moiety 

andd we propose that the phosphite moiety determines the enantioselectivity of the reaction 

controlledd by the substituent of the stereogenic carbon. With ligands 4 enforcing a smaller 

bitee angle, a cooperative effect was observed between the two stereogenic groups. 

6.44 Experimental Section 

Generall  Considerations 

Chemicalss were obtained from Acros Chimica and Aldrich. All syntheses were 

performedd by standard Schlenck techniques under argon atmosphere. Complex 

[Rh(cod>2]BF4477 and ligands 1-428-29 were prepared by previously described methods. 

Solventss were distilled and deoxygenated before use. NMR-spectra were recorded on a 

Variann Gemini 300 MHz spectrometer. 

Preparationn of rhodium cationic complexes 

Inn a general procedure, phosphine-phosphite ligand (0.05 mmol) was added to a 

solutionn of [Rh(cod)2]BF4 (20.2 mg, 0.05 mmol) in dichloromethane (2 mL). After 5 minutes, 

thee desired products were obtained by precipitation with hexane as orange solids in good 

yieldss (around 90 %). 

Inn situ NMR characterization experiments 

[Rh(cod)(Pi-P2)]BF44 under  Hr-pressure 

Proceduree A. Hydrogen was bubbled through a solution of [Rh(cod)(Pi-P2)]BF4 (0.015 

mmol)) in dichloromethane-d2 (1-0 mL) at room temperature in an NMR tube. The reaction 

wass followed by NMR. 

Proceduree B. In a typical experiment a sapphire tube (0= 10 mm) was filled under 

argonn with a solution of [Rh(cod)(Pi-P2)]BF4 (0.02 mmol) in dichloromethane-d2 (1.5 mL). 

117 7 



ChapterChapter 6 

Thee tube was purged twice and pressurized to 1.2 bar of H2. The reaction was followed under 

H22 pressure. 

[Rh(cod)(Pi-P2)]BF44 and methyl acetamidoacrylate ester 

Inn a typical experiment a sapphire tube (<E>= 10 mm) was filled under argon with a 

solutionn of [Rh(cod)(P1-P2)]BF4 (0.02 mmol) and methyl acetamidoacrylate ester (0.1 mmol 

orr 0.25 mmol) in dichloromethane-d2 (1.5 mL). The reaction was followed by 31P{  'H}  NMR. 

Asymmetricc hydrogenation reactions 

Inn a typical run a Schlenk filled with a solution of substrate (1 mmol), catalyst 

precursorr [Rh(cod)2]BF4 (0.01 mmol) and the ligand (molar ratio Pi-P2/Rh = 1.1) in 

dichloromethanee (6 mL) was purged three times with H2. The reaction mixture was then 

shakenn under H2 (1 atm) at 298K. After the desired reaction time, the conversion and 

enantioselectivityy were measured by GC (fused silica capillary column 25 m x 0.25 mm 

permabondd L-Chirasil-Val). 
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Summary y 

Thiss thesis describes the development and application of new chiral phosphine-

phosphitee ligands in asymmetric homogeneous catalysis. The introduction (Chapter 1) 

explainss the importance of chiral compounds in nature. Asymmetric catalysis is a very 

elegantt and clean way of introducing a chiral center in an organic molecule, since in the ideal 

casee no undesirable side products are formed that result in chemical waste. Furthermore, 

asymmetricc synthesis gives easy access to both the natural product analogues and their 

"unnatural""  enantiomers. The chiral products can be used as building blocks for the synthesis 

off  e.g. pharmaceuticals, agrochemicals, human food additives and animal food supplements. 

Asymmetricc homogeneous catalysis is a widely applied method to introduce a chiral 

centerr in an organic molecule. The actual catalyst is a metal complex containing one or more 

chirall  ligands. Modification of the chiral ligand and thus the chiral catalyst influences the 

outcomee of the catalytic reaction; a higher (enantio)selectivity may be obtained, but also 

activity,, catalyst stability and chemoselectivity can be modified. The majority of the chiral 

ligandss reported in literature can be divided into two groups: ligands providing 1) C2-

symmetricc metal complexes and 2) Ci-symmetric metal complexes. In the family of Cr-

symmetricc diphosphine ligands the chirality originates from a chiral backbone, stereogenic 

phosphoruss atoms, or both. Whereas C2-symmetric ligands containing phosphines having 

stereogenicc phosphorus atoms have been examined frequently, only littl e research has been 

donee on ligands containing a stereogenic phosphine moiety that lack this C2-symmetry. 

Inn order to elucidate the effects of ligand structure on the enantioselectivity in the 

catalyticc reactions studied we designed a new class of diastereomeric phosphine-phosphite 

ligandss with a stereogenic phosphine moiety, a chiral backbone and a bulky biphenyl 

phosphitee moiety. This type of ligands has the advantage that many structural variations can 

bee made. Systematic variation of the different chiral centers in the ligand can provide 

informationn about the origin of the stereochemistry of the reaction. These ligands have been 

successfullyy tested in several transition metal catalyzed reactions. 
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Thee synthesis of the ligands is described in Chapters 2 and 3. The ligands containing a 

stereogenicc phosphorus atom were synthesized via two routes. The method published by Jugé 

andd Genet using ephedrine as a chiral auxiliary was utilized for the preparation of 

(diaryl)monophosphines.. Monophosphines containing fert-butyl groups were synthesized 

applyingg the method described by Livinghouse using (-)-sparteine as a chiral resolving agent. 

Inn this way a large series of systematically varied phosphine-phosphite ligands was 

synthesizedd having one, two or three stereogenic moieties. 

Hydroformylationn is one of the largest scale processes of homogeneous organometallic 

catalysis.. In Chapter 2 the use of these ligands in the rhodium-catalyzed hydroformylation of 

styrenee is described. The structure of the important intermediate RhH(CO)2(Pi-P2) species 

hass been elucidated by means of high pressure NMR and IR techniques. Compared to 

Takaya'ss BINAPHOS, the present ligands coordinate in different fashion in the trigonal 

bipyramidall  RhH(CO)2(Pi-P2) species, i.e. the phosphite donor occupies an equatorial and 

thee phosphine donor an apical position. Under mild reaction conditions enantiomeric excesses 
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upp to 63 % and regioselectivities up to 92 % towards 2-phenylpropanal were obtained (25-60 

°C,, 20 bar of syn gas CO:H2 [1:1]). 

Anotherr important reaction is the palladium-catalyzed allylic substitution reaction of 

roc-roc-l,3-diphenyl-2-propenyll,3-diphenyl-2-propenyl acetate, which is described in Chapters 3 (alkylation) and 4 

(animation).. Enantioselectivities up to 83 % were obtained (25 °C) using dimethyl malonate 

ass a nucleophile. The allylic animation reaction using benzylamine as a nucleophile resulted 

inn moderate to high ee's up to 94 %. From the x-ray crystal study of an allylpalladium(Pi-P2) 

complexx we observed a longer palladium-carbon bond distance trans to the phosphine 

moiety.. This ipdicates that the attack of the nucleophile takes place at the carbon trans to the 

phosphinee moiety, which is indeed the experimental outcome of the reaction. As a 

consequence,, the phosphine moiety did not affect the enantioselectivity directly. For the 

allylicc animation a cooperative effect between the stereogenic phosphine and the stereocenter 

inn the backbone was observed. Since this was not observed for the alkylation reaction it was 

concludedd that the reaction mechanism is different for carbon and nitrogen nucleophiles. 

Chapterr 5 describes the nickel-catalyzed hydrocyanation reaction of styrene. Excellent 

selectivityy toward the branched product and low enantioselectivity up to 34 % were obtained. 

Mostt often this reaction is catalyzed by nickel complexes modified by phosphites or 

phosphiness with large bite angles. Intermediates in the catalytic cycle have been detected by 
3,P{1HJJ NMR, including Ni(Pi-P2)(cod) and Ni(Pi-P2)(styrene). Electron-withdrawing 

ligandss enhance the reaction rate. In contrast to the accepted idea that the Ni(Pi-P2)(allyl)CN 

complexx is the resting state of the reaction, we found that for the present system the Ni(Pi-

P2)(styrene)) species is the resting state of the reaction. 

Thee enantioselective rhodium-catalyzed aydrogenation reaction of dehydroamino acids 

iss described in Chapter 6. Intermediate cationic rhodium complexes were observed with 
31P{ lH}}  NMR. Substrate coordination in the hydrogenation reaction is controlled by the 

differencee in electronic character between the phosphine and phosphite moiety. The carbonyl 

donorr of the acrylic acid derivatives is coordinated trans to the phosphite. Absence of a 

rhodiumm hydride species indicated that first the substrate coordinates, followed by oxidative 

additionn of dihydrogen. This is confirmed by kinetic studies that revealed a zeroth order 

dependencyy of the reaction rate on the substrate concentration. The rate of the formation of 

hydrogenationn products is linearly proportional to the rhodium precursor concentration. 

Electron-donatingg ligands increase the catalyst activity by enhancing the oxidative addition 
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off  dihydrogen. The structure of the substrate-coordinated species was studied by NMR 

spectroscopy.. Even though only one major diastereomer was observed, a minor complex, 

whichh might be present under the detection limit of NMR, could also react to form the 

observedd product. The enantioselectivity of the hydrogenation reaction has been explained by 

thee rotation mechanism. Substrate coordination is determined by the electronic and steric 

characterr of the ligand. Due to the steric hindrance of the ligand the required rotation of the 

coordinatedd substrate to form the product is preferentially in one direction, resulting in the 

observedd major enantiomer. At room temperature under 1 bar of hydrogen the highest 

enantiomericc excess obtained was 99 %. 

Inn all the catalytic reactions the carbon stereocenter of the backbone is mainly 

responsiblee for the enantioselectivity induced by the ligand. Since the substituent of the 

carbonn stereocenter is not in close vicinity to the coordinated substrate, we anticipated that 

thee bisphenol adopts a configuration, which is controlled by this stereocenter. The 

configurationn was fixed when enantiomerically pure bisnaphthol based phosphites were 

incorporated.. The phosphine moiety has no direct influence on the enantioselectivity, but the 

electronicc character is very important for the rate of reaction. In some reactions a cooperative 

effectt was observed between the stereogenic phosphine moiety and the carbon stereocenter in 

thee backbone, resulting in an increase of the enantioselectivity. The bisphenol moiety is in 

closee vicinity to the substrate and determines the enantioselectivity. 
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Ditt proefschrift beschrijft de ontwikkeling en toepassing van nieuwe chirale fosfine-

fosfietligandenn in de asymmetrische homogene katalyse. In de inleiding (Hoofdstuk 1) wordt 

hett belang van chirale verbindingen in de natuur uitgelegd. Asymmetrische katalyse is een 

zeerr elegante en schone methode voor het invoeren van een cniraal centrum in een organisch 

molecuul,, aangezien in het ideale geval geen ongewenste nevenproducten gevormd worden, 

diee resulteren in chemisch afval. Bovendien verschaft asymmetrische synthese gemakkelijke 

toegangg tot zowel de natuurlijke product analoge als hun "onnatuurlijke" enantiomeren. De 

chiralee producten kunnen toegepast worden als chirale bouwstenen voor de synthese van 

bijvoorbeeldd medicijnen, bestrijdingsmiddelen, geur- en smaakstoffen. 

Asymmetrischee homogene katalyse is een breed toegepaste methode om een chiraal 

centrumm in een verbinding in te bouwen. De eigenlijke katalysator is een metaalcomplex dat 

éénn of meer chirale liganden bevat. Wijzigingen aan het chirale ligand en dus aan de chirale 

katalysatorr beïnvloeden het resultaat van de katalytische reactie; een hogere 

(enantio)selectiviteitt zou verkregen kunnen worden, maar ook activiteit, katalysator stabiliteit 

enn chemoselectiviteit kunnen veranderd worden. Het merendeel van de chirale liganden 

beschrevenn in de literatuur kan in twee groepen verdeeld worden: liganden, die 1) C2-

symmetrischee metaalcomplexen en 2) Ci-symmetrische metaalcomplexen geven. In de 

familiee van C2-symmetrische difosfine liganden komt de chiraliteit voort uit een chirale 

ruggengraat,, stereogene fosfor atomen, of beide. Terwijl Cr-symmetrische, stereogene fosfor 

atoomm bevattende liganden veelvuldig zijn onderzocht, is slechts gering onderzoek verricht 

naarr niet-Cr-symmetrische liganden die stereogene fosfor atomen bevatten. 

Omm te verklaren wat de invloeden van deze parameters zijn op de enantioselectiviteit in 

dee bestudeerde katalytische reacties hebben we een nieuw type diastereomere fosfïne-

fosfïetligandenn ontworpen met een stereogeen fosfor atoom, een chirale ruggengraat en een 

grotee bifenylfosfiet groep. Dit type liganden heeft het voordeel dat veel 

structuurveranderingenn gemaakt kunnen worden. Systematisch variatie van de verschillende 

chiralee centra in het ligand kan informatie verschaffen over de herkomst van de stereochemie 

vann de reactie. Deze liganden zijn met goede resultaten getest in verscheidene 

overgangsmetaalcomplexx gekatalyseerde reacties. 
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Dee synthese van de liganden is beschreven in Hoofdstukken 2 en 3. De stereogene 

fosforr atomen bevattende liganden werden gesynthetiseerd via twee routes. De methode 

gepubliceerdd door Jugé and Genet, waarbij efedrine als een chiraal hulpmiddel werd gebruikt, 

iss toegepast voor de synthese van (diaryl)monofosfines. Monofosfines met een tert-

butylgroepp werden gesynthetiseerd volgens de methode beschreven door Livinghouse met (-

)-sparteinee als chiraal ontbindingsmiddel. Op deze manier werd een grote serie van 

systematischh gevarieerde fosfine-fosfietliganden gesynthetiseerd met één, twee of drie 

stereogenee groepen. 

Dee hydrofonnylering is één van de grootste schaal processen van de homogene 

organometaalkatalyse.. In Hoofdstuk 2 is het gebruik van deze liganden in de rhodium-

gekatalyseerdee hydroformylering van styreen beschreven. De structuur van het belangrijke 

intermediairee RhH(CO)2(Pi-P2) deeltje is opgehelderd met behulp van hoge druk 
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kernspinresonantie-- en infraroodtechnieken. Vergeleken met Takaya's BINAPHOS zijn onze 

ligandenn op een verschillende wijze gebonden in het trigonaal bipyramidale RhH(CO)2(Pi-

P2)) deeltje, nl. de fosfïetdonor bezet een equatoriale en de fosfinedonor een apicale plaats. 

Onderr milde reactieomstandigheden werden enantiomere overmaten tot 63 % en 

regioselectiviteitenn tot 92 % voor 2-fenylpropanal verkregen (25-60 °C, 20 bar syn gas 

CO:H2[l:l]) . . 

Eenn andere belangrijke reactie is de palladium-gekatalyseerde allylische 

substitutiereactiee van rac-l,3-difenyl-2-propenyl acetaat, zoals beschreven in Hoofdstukken 3 

(alkylering)) en 4 (aminering). Enantioselectiviteiten tot 83 % werden verkregen in de 

alkyleringg met dimethylmalonaat als nucleofiel. De allylische aminering met benzylamine 

resulteerdee in gemiddelde tot hoge ee's tot 94 %. Uit de kristalstructuur van een 

allylpalladium(P]-P2)) complex namen we een langere palladium-koolstof bindingsafstand 

waarr trans ten opzichte van de fosfinegroep. Dit wijst er op, dat de nucleotide aanval 

plaatsvindtt op het koolstof atoom trans tot de fosfinegroep, wat tevens blijkt uit 

experimenten.. Als gevolg heeft de fosfinegroep geen directe invloed op de 

enantioselectiviteit.. Bij de allylische aminering werd een coöperatief effect waargenomen 

tussenn de stereogene fosfine en het chirale centrum in de ruggengraat. Aangezien dit niet 

waargenomenn was voor de alkyleringsreactie, werd geconcludeerd dat het reactiemechanisme 

verschillendd is voor koolstof- en stikstofnucleofielen. 

Hoofdstukk 5 beschrijft de nikkel-gekatalyseerde hydrocyaneringsreactie van styreen. 

Uitstekendee selectiviteit tot het vertakte product en lage enantioselectiviteit tot 34 % werden 

verkregen.. Meestal wordt deze reactie gekatalyseerd door nikkelcomplexen met fosfieten of 

fosfiness met grote bijthoeken. Intermediairen in de katalytische cyclus zijn waargenomen met 
31P{'H}}  NMR, waaronder Ni(Pi-P2)(cod) and Ni(Pi-P2)(styreen). Elektronenzuigende 

ligandenn verhogen de reactiesnelheid. In tegenstelling tot het algemene idee dat het Ni(Pi-

P2)(allyl)CNN complex de rusttoestand van de reactie is, vonden wij dat voor ons nieuwe 

systeemm het Ni(Pi-P2)(styreen) deeltje de rusttoestand van de reactie is. 

Dee enantioselectieve rhodium-gekatalyseerde hydrogeneringsreactie van dehydro-

aminozurenn wordt beschreven in Hoofdstuk 6. Intermediaire kationische rhodiumcomplexen 

werdenn waargenomen met 31P{!H}  NMR. Substraatcoordinatie in de hydrogeneringsreactie 

wordtt beïnvloed door het verschil in elektronische eigenschappen tussen de fosfine- en 

fosfietgroep.. De carbonyldonor van acrylzuurderivaten coördineert trans tot het fosfiet. De 
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afwezigheidd van een rhodiumhydridedeeltje gaf aan dat eerst het substraat coördineert 

gevolgdd door oxidatieve additie van waterstof. Dit is bevestigd met kinetiekstudies die een 

nuldee orde afhankelijkheid lieten zien van de reactiesnelheid op de substraatconcentratie. De 

vormingssnelheidd van hydrogeneringsproducten is recht evenredig met de rhodium 

uitgangscomplexx concentratie. Elektronendonerende liganden verhogen de 

katalysatoractiviteitt door de oxidatieve additie van waterstof te verbeteren. De structuur van 

hett substraat gecoördineerde deeltje werd met NMR spectroscopie onderzocht. Ondanks dat 

slechtss één hoofdcomplex (de major = "meer") werd waargenomen, kan het minor (= minder) 

complex,, welke aanwezig zou kunnen zijn onder de waarnemingsgrens van NMR, ook 

reagerenn onder vorming van het waargenomen product. Door de sterische hindering van het 

ligandd gaat de vereiste rotatie van het gecoördineerde substraat om het product te vormen bij 

voorkeurr in één richting met als uitkomst de waargenomen "major" enantiomeer. Bij 

kamertemperatuurr onder 1 bar waterstof was de hoogst verkregen enantiomere overmaat 

99%. . 

Inn alle katalytische reacties is het chirale koolstof atoom in de ruggengraat 

hoofdverantwoordelijkk voor de enantioselectiviteit geïnduceerd door het ligand. Daar de 

substituentt van het stereogene koolstof atoom in de ruggengraat zich niet in dichte nabijheid 

vann het gecoördineerde substraat bevindt, verwachtten we dat de bisfenol een configuratie 

aanneemt,, die gestuurd wordt door dit stereocenter. De configuratie werd vastgezet toen op 

enantiomeerzuiveree bisnaftol gebaseerde fosfieten werden gebruikt. De fosfmegroep had 

geenn directe invloed op de enantioselectiviteit, maar de elektronische eigenschappen zijn zeer 

belangrijkk voor de reactiesnelheid. In sommige reacties werd een coöperatief effect 

waargenomenn tussen de stereogene fosfine en de chirale koolstof in de ruggengraat 

resulterendd in een verhoging van de enantioselectiviteit. De bisfenolgroep is dichtbij het 

substraatt en bepaalt de enantioselectiviteit. 
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