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Chapterr  1 

Generall  Introductio n 

1.1.. Chiralit y 

Thee occurrence of chirality („handedness", from Greek cheir = hand) belongs to one of 
Nature'ss most fascinating phenomena. Implying the absence of any element of symmetry 
exceptt at most an axis of rotation, the term refers to molecules, crystals or other entities that 
mayy exist in forms of two nonsuperimposable mirror images, so-called enantiomers.' Chiral 
centers,, axes or planes serve as sources of chirality; their specific geometric properties are 
definedd by means of group theoretical treatment." Since enantiomeric molecules (R)-l and (5)-
II  differ from each other only by their three-dimensional array of atoms, their macroscopic 
propertiess are identical with exception of the interaction with polarized light as well as with 
otherr chiral compounds. Of the latter, differences in Gibbs energy between homochiral (/?)-
I'—(/f)-II  and heterochiral (/?)-I—(S)-I interactions account for nonidentical properties of 
enantiopuree substances on the one hand and racemates, equimolar mixtures of the respective 
enantiomers,, on the other. 

Stereoisomerss bearing at least two chiral elements and not displaying a mirror-image 
relationshipp are denoted as diastereomers. Reversible interactions of a racemic substance I 
withh an enantioenriched compound (R)-U may result in preferential formation of one of the 
twoo diastereomeric aggregates (/?)-I—-(/f)-II or (5)-I—(/?)-II.4 The most striking effects of this 
diastereomerr discrimination are found in biological systems. Biorecognition is responsible for 
differencess in taste, odor or in other physiological responses to the individual enantiomers of 
aa given substrate and to racemates as compared to their corresponding pure enantiomers. 
Prominentt and interesting examples include respective enantiomers of asparagine and 
carvone/'' the pharmaceutical propoxyphene 7 or the agrochemical auxin K (Scheme 1). 

Stereoisomerr discrimination is believed to have played an important role right from the 
beginningg of evolution, evidenced by the predominance of L-configurated amino acids and D-
sugarss in nature. Despite the development of several theories and hypotheses of variable 
scientificc standard,9 to date no satisfactory explanation was provided for this enantiomeric 
homogeneity,, leaving the origin of the latter elusive. 
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Schem ee 1 

HOOC C NH2 2 

NH? ? O O 

(fl)-asparagine:: sweet taste 
(S)-asparagine:: bitter taste 

(R)-carvone:: spearmint odor 
(S)-carvone:: caraway odor 

CH3 3 

H5C66 'OCOCH2CH3 

(2S,3ft)-propoxyphene:: analgesic 
(2f?,3S)-propoxyphene:: antitussive 

(S)-auxin:: plant growth stimulant 
(R)-antiauxin:: antagonist of auxin 

Representingg by far the most abundant form of stereoisomerism, centrochirality is 

commonlyy associated with the presence of an asymmetrically substituted carbon atom. 

Nevertheless,, the term describes all sorts of tetrahedral (Xabcd) or trigonal bipyramidal 

(Xabc)) structures, in which three or four different ligands abc(d) are attached to a central atom 

X.. With nonbonding electron pairs regarded as ligands, other elements such as nitrogen, 

sulfurr and phosphorus may constitute examples of chiral centers.'0 While low barriers of 

pyramidall  nitrogen inversion allow isolation of stereoisomers only in exceptional cases, 

asymmetricallyy substituted tricoordinate and tetracoordinate sulfur and phosphorus 

compoundss are usually configurationally stable at ambient temperatures. The first report on a 

successfull  resolution of a P-chiral racemic phosphorus compound is due to Meisenheimer and 

Lichtenstadt.'22 In 1911, 51 years after Pasteur launched stereochemical research with his 

separationn of D- and L-tartaric acid sodium ammonium salts, " they prepared 

ethylmethylphenylphosphinee oxide in dextrorotatory form. 

Inn the case of stereoisomers devoid of chiral centers, a different situation was encountered. 

Althoughh van't Hoff predicted the existence of enantiomeric forms of properly substituted 

alleness as early as in 1875,'4 it took until 1935 that his hypothesis was proven by Maitland's 

andd Mill' s asymmetric synthesis of l,3-diphenyl-l,3-di-a-naphthylallene.15 Other typical 

representativess of axial chiral compounds are alkylidenecycloalkanes, spiranes and 

atropisomers.. Having in common a chiral axis, thus, a nonplanar arrangement of four groups 

aboutt the latter, the requirement of mirror-imaging is already met if the two substituents at 

2 2 
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onee end of the axis are nonidentical.16 Ort/20-substituted biphenyls, biaryls and related 

compoundss gained special interest as tools in asymmetric synthesis and catalysis. Due to their 

structurall  motif, allowing for a proximal position of the residues attached to different sides of 

thee axis, but preventing free rotation around it, such atropisomers have been incorporated into 

aa vast variety of ligand molecules. Some highlights of successful ligand design wil l be 

presentedd in chapters 1.4., 1.5. and 1.6. 

Thee third class of stereoisomers to be discerned comprises molecules bearing one or more 

chirall  planes. These are defined as planar units connected to an adjacent part of the structure 

byy bonds that wil l result in restricted torsion, so that the planes cannot lie in a symmetry 

plane.. Examples of molecules with planar chirality are cyclophanes, bridged annulenes, trans-

cycloalkaness and metallocenes.17 The latter aryl metal complexes display stereoisomerism, 

providedd the D„ h symmetry of the sandwich structure is disturbed by an appropriate set of 

substituents.. Exemplified for the ferrocene skeleton (Scheme 2), possible substitution patterns 

givingg rise to chiral arrays are summarized in Table 1. 

Schemee 2 

1,R2,R3 3 

R1,R2,R3 3 

Tablee 1. Stereoisomers resulting from homo- and heteroanular ring substitution of ferrocene. 

Substitutionn Number of Possible Isomers 

Ringg 1 Ring 2 Total Chiral Achiral 

~~ ~~ 3 

1 1 

4 4 

4 4 

0 0 

2 2 

5 5 

Thee enantiodiscriminating properties of 1,2-dissimilar substituted ferrocene derivatives were 

soonn found to be excellent, which established planar chiral compounds alongside the 

mentionedd binapththyl atropisomers as the most effective class of asymmetric inducers for 

stereoselectivee organic reactions. 

R\R ' ' 

R',R 2 2 

R',R',R ' ' 

R' ,R' ,R 2 2 

R',R 2,R3 3 

R',R 2 2 

' , R 2 , R 33 F 

R' ' 

J , I I 
,R2 2 

l 2,R3 3 

3 3 

3 3 

4 4 

8 8 

13 3 

6 6 

13 3 

0 0 

2 2 

0 0 

4 4 

13 3 

4 4 

8 8 

3 3 
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Thee data in Table 1 illustrate the general exponential relationship between the number of 
chirall  elements of any given molecule n and its resulting chiral and achiral (meso) 
configurationall  isomers, described by the term 2". Considering the possible dissimilar 
physiologicall  behavior of stereoisomers, their application in enantiopure form is highly 
desirablee and partly necessitated by law regulations. In view of the increasingly complicated 
situationn encountered on dealing with substances bearing more than one element of chirality, 
selectivee and efficient production methods are needed. In addition to the elaboration of 
opticallyy pure compounds from the chiral pool, several routes to enantioenriched substances 
aree available, among which number resolution of racemates, kinetic resolutions, 
stereoselectivee syntheses and, as a part of the latter, asymmetric catalysis. 

Resolutionn of racemates is still the most frequently applied industrial technique in order to 
obtainn optically pure compounds." While spontaneous resolution by crystallization of 
conglomeratess or preferential crystallization of one enantiomer of a racemic mixture are of 
minorr practical meaning," most of the conventional resolution processes rely on the principle 
off  diastereomeric adduct formation. Reaction of an enantiopure resolving agent with the 
racematee will give a mixture of diastereomers, separable by solubility differences or by 
chromatographicc techniques. Consecutive cleavage and simultaneous recycling of the 
resolvingg agent will afford the enantiopure compound. 

Kineticc resolutions constitute a variant in which upon chemical reaction of a racemate with 
aa chiral agent or catalyst one of the enantiomers forms a product more rapidly than the other. 
Thiss principle applies to stoichiometric as well as catalytic transformations, with enzymatic 
resolutionss representing the most thoroughly studied systems of the latter kind." Since for 
manyy applications only one of the two enantiomers of a racemic mixture is needed (vide 
supra),supra), the mostly superfluous production of the second enantiomer may be regarded as a 
majorr disadvantage of above mentioned resolution procedures. A more elegant access to 
enantiopuree compounds was provided by the development of stereoselective synthesis, which 
wil ll  be dealt with in the following subchapter. 

1.2.. Stereoselective Synthesis 

Thee introduction of new stereogenic elements in an organic molecule may be achieved by 
eitherr addition to enantiotopic or diastereotopic faces of a double bond or modification 
(replacement)) of a stereoheterotopic substituent. Diastereoselective reactions frequently deal 
withh the task of introducing an additional stereogenic center into a chiral starting material. 
Theyy may thus be regarded as controlled by the substrate, whereas enantioselective reactions 
off  achiral starting compounds proceed under the control of a chiral reagent. Provided that 
stericc or stereoelectronic modeling of the reaction site by the preexisting chiral element(s) or 
coordinatedd reagents establishes a difference between the free energies of the possible 
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1.2.1.2. Stereoselective Synthesis 

stereoisomericc products (thermodynamic control) or transition states (kinetic control) of 2.7 
kcalmol"""  , almost exclusive formation (98%) of one diastereomeric or enantiomeric product 
(att room temperature) can be achieved. Concerning diastereodifferentiating reactions, the 
mentionedd suppositions are more easily met by cyclic substrates or sterically congested 
molecules,, whilst handling of acyclic or conformationally mobile substrates imposes a greater 
challenge.. In order to achieve optimum stereocontrol, several strategies have been developed. 
Exampless are the elaboration of rigid small ring templates,24 employment of substrates 
formingg highly ordered transition states 25 or the incorporation of chiral auxiliaries, which are 
ultimatelyy cleaved after one or more diastereoselective transformations.26 Since the latter 
principlee has been applied throughout the syntheses of the P-chiral diphosphine ligands 
describedd in this thesis, a brief overview will be given in the following. 

Readilyy available, cheap substances from the chiral pool are especially attractive as 
auxiliariess and have found widespread application in various organic reactions. Intermediate 
oxazolines,, oxathianes or hydrazones provide efficient templates for stereoselective 
stabilizationn of organometallic species, upon nucleophilic attack delivering the substitution 
productss in high diastereomeric excesses. Terpenes such as camphor or menthol derivatives 
weree found useful in additions of cuprates to a,[3-unsaturated esters as well as in 4+2 
cycloadditions." " 

Althoughh similar in conceptual sense, stereoselective approaches to asymmetrically 
substitutedd phosphine compounds, in which the phosphorus center is connected to three 
carbonn atoms or at least two carbon atoms and one hydrogen atom are based on somewhat 
modifiedd preconditions. Since these substances are not represented in the chiral pool, the de-
nuovonuovo creation of phosphorus-chiral enantioenriched molecules constitutes a main synthetic 
goal.. As a further impeding feature, the dependence of configurational stability of stereogenic 
phosphoruss centers on oxidation states and types of substituents has to be taken into account. 
Forr example, electron-withdrawing residues were shown to reduce the barrier of inversion in 
tervalentt arylphosphines, ' and attempts on the resolution of halophosphines of the type 
RR R PX were either unsuccessful or the isolated fluoro compounds were found to racemize 
withinn six hours at room temperature. " Similar observations were made regarding secondary 
phosphiness with menthylmesitylphosphine representing the only resolved derivative reported 
too date. In contrast, phosphonic esters R2POR and tertiary alkylaryl or diaryl phosphines are 
moree or less configurationally integer, displaying barriers of pyramidal inversion of 30-35 
kcalmoll  ~ . Nevertheless, stereoselective manipulations are best performed on 
tetracoordinatedd phosphorus centers, such as stable phosphine oxides and sulfides as well as 
onn Lewis acid protected phosphorus(III) centers. Of the latter, borane complexes are 
frequentlyy employed, since their stereoselective removal offers easy access to tertiary 
phosphines.. Less straightforward reduction of phosphine oxides or sulfides is available as 
alternativee route, but may proceed with loss of configurational integrity.35 

Thee first synthetic methods applied for the preparation of P-chiral phosphorus compounds 
weree exclusively based on resolution procedures.36 Yet, the quest for a more general and 
flexiblee approach to these synthetic targets was evident and, partly, met by the introduction of 
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P-resolvedd precursors, on which stereoselective displacement reactions allowed for the 

creationn of new phosphorus-carbon bonds. Pioneering work in this field by Cram, Mislow and 

respectivee coworkers established that diastereomers of unsymmetrically substituted 

menthylphosphinatess 1 could be separated and afterwards made to react with Grignard 

reagentss (Scheme 3). These transformations were stated to proceed under inversion of 

configurationn at phosphorus, giving the tertiary phosphine oxides with high degrees of 

stereoselectivity.. Imamoto et al. reported on the complementary reductive cleavage of 

resolvedd menthyl phosphinates or boranes using lithium naphthalenide, lithium biphenylide or 

derivatives.. Subsequent quenching of the lithium salts with alkyl halides or methanol afforded 

thee configurationally retained phosphine oxides or boranes (Scheme 4). 

H3C' ' 

O O 
II I 

'' "Y~-CI 
Ph h 

O O 
N N 

H3tf
0"V*C C 

Ph h 

(SP)-1 1 

Schem ee 3 

O O 

(-)-mentholl -R--—, 
H3C  V ' 

Ph h 

(SP)-1 1 

RMgBr r 
Menn »-

O O 
|| | 

DMenn +
 u „^^OMen 

H 3 UU ~ 
Ph h 

(flp)-1 1 

O O 
II I 

py " p r c H 3 3 

Ph h 

RR = C2H5, CH2Ph, p-anisyl, 
o-anisyl,, cyclohexyl,.... 

Schem ee 4 

OO O 

F LL 1.)LDBB p-̂ _ 
^^ ^ OMen - phso' ^ R 

Phh 2.) RX CH3 

(SP)-11 R = CH2Ph, p-anisyl, n-hexyl 

BH33 BH3 

|| 1.) lithium i 
naphthalenide e 

, " V : O M e nn 2.)R2XorCH3OH P h ^ W 
r-»ll D 1 

Ph' ' 
R1 1 

R11 = CH3, o-anisyl R2 = H, o-anisyl, CH2Ph, CH3 
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1.2.1.2. Stereoselective Synthesis 

Inn an extension of this synthetic methodology, Mislow and coworkers developed a 

proceduree allowing for two consecutive stereoselective displacement reactions at a given 

phosphoruss center. Reactions of resolved secondary menthyl phenyl phosphinate 2 or borane 

33 with sodium hydride/methyl iodide and, subsequently, Grignard or lithium reagents 

affordedd the respective products (Scheme 5).39 Noteworthy, their enantiomeric excesses 

dependedd strongly on the steric bulk of the later introduced aryl moiety, herewith 

considerablyy limiting the scope of this approach. 

Schemee 5 

O O 

H\^'P>T~~OMen n 

Ph h 

(SP)-2 2 

BH, , 

Ph' ' 
H H 

(SP)-3 3 

"OMen n 

1.)) NaH 

2.)) Mel 

1.)) NaH 

2.)) Mel 

OO O 

Ijj /-PrMgBr Ü 

H3 "" M e n "  H3C^' \ Ph 

Phh i-Pr 

Ph' ' 

BH, , 

yy PC~~OMen 

CH3 3 

RLi i 

BH, , 

Ph' ' *"T T -CH3 3 

RR = oanisyl: 13% e.e. 
RR = m-anisyl: 95% e.e. 
RR = p-anisyl: 99% e.e. 

Anotherr class of chiral precursors that has found application in double substitution 

reactionss are phosphine oxides or sulfides bearing ester moieties of different leaving group 

ability.. For instance, Corey et al. employed a cyclic campher derived thiophosphonate 4, 

whichh was made to react with ort/zo-anisyllithium and, subsequently, fert-butyldimethylsilyl 

triflatee to give the thiophosphinate 5 with retention of configuration.40 This was then treated 

withh methyllithium/TMEDA, yielding the configurationally inversed Pamp sulfide 6. In two 

finall  steps, 6 was converted into the P-chiral diphosphine ligand Dipamp, which was achieved 

byy reduction with Si2Cl6 and coupling with jec-butylithium/Cu(OPiv)2 in arbitrary sequence 

(Schemee 6). 

Otherr chiral auxiliaries that provided readily available substrates for twofold displacement 

reactionss were obtained upon reaction of dichlorophenylphosphine with 

cinchonidine/phenol,411 menthol  42 or chiral alkane diols.43 These methods, however, suffered 

fromm similar steric incompatibilities leading to (partial) racemization as already mentioned for 

thee menthylphosphinates. 
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Schemee 6 
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Inn this context, the route to enantioenriched tertiary phosphines introduced by Jugé, Genet 

andd coworkers in the early nineties constituted a major achievement.44 They found, that 

dichlorophenylphosphinee could be condensed with the chiral auxiliary (+)- or (-)-ephedrine 

and,, subsequently, converted to its borane adduct to give a diastereomerically pure crystalline 

compound.. Thus, no resolution procedure was necessary prior to reaction of the 

oxazaphospholidinee borane 8 with alkyl- or aryllithium compounds. Selective P-O bond 

cleavagee yielded the corresponding phosphine amide boranes 9 under retention of 

configurationn at phosphorus. Acidic methanolysis effected cleavage of ephedrine and afforded 

thee methyl phosphinite boranes 10 with inversion of configuration. Replacement of the 

methoxyy group by alkyl- or aryllithium reagents in a third substitution step proceeded with 

highh enantiodiscrimination. Among the, again, configurationally inversed products, the 

Dipamp-precursorr phenyl-methyl-orf/jo-anisylphosphine borane was obtained, which was 

easilyy converted into the P-chiral diphosphine ligand by known procedures (Scheme 7). 
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Remarkably,, the Jugé-approach seemed to tolerate the consecutive introduction of two aryl 

substituentss as indicated by the stereoselective synthesis of orf/io-anisyl-1-naphthyl-

phenylphosphine.. Since the preparation of enantioenriched bulky aromatic phosphines 

appearedd somewhat less feasible by utilizing other methods, the Jugé-procedure was chosen 

ass synthetic entry to the P-chiral triaryl diphosphine ligands described in this thesis. 

Schemee 7 

0 - ~ _ y ^ ^^ R1Li %^lf r r 3 ^ x MeOH/H+ 

H3B
// X ^ C H 3 HJ \ 

CH 33 CH 3 OH 

(2Sp,4R,5S)-8(2Sp,4R,5S)-8 9 

R11 or R2 = CH 3 

 R2Li ^ V / 
D2 2 

pp *. P. ^ u ^ '2 

H3BB R1 H3B
S R1 2.)HNEt2 

10 0 

,OCH33 ^ 2 < y [ Pf 1.) seoBuLi/ I P. 
CuCI I 

R R 

 PO 
RR = 1-naphthyl 

R11 ^ R 2 = CH 3 , o-anisyl, 1-naphthyl R = oanisyl : 
(R,R)-D\parr\p (R,R)-D\parr\p 

Concerningg asymmetric routes to enantiopure phosphine compounds, the recently 

developedd (-)-sparteine mediated enantioselective deprotonation of dimethylarylphosphine 

boraness 11 45 as well as dynamic resolution of lithiated ferf-butylphenylphosphine boranes 12 
4(11 seem especially useful (Scheme 8). These synthetic methods represent the only direct 

stereoselectivee access to P-chiral phosphines, with comparable one-pot procedures only 

availablee for the synthesis of polycyclic phosphine oxides 4S and vinyl phosphiranes. This, 

off  course, contrasts with the plethora of asymmetric reactions involving the creation of new 

carbonn stereocenters. 

9 9 
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Schem ee 8 
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Thee most important aspect of enantioselective reactions, however, is their potential for 

"chirall  multiplication" in catalytic processes. Fast developments of ligands and transition 

metall  complexes were made over the last two decades, leading to the establishment of 

catalyticc systems, that even surpass the performance of enzymes with respect to reaction 

scopee and stereoselectivity. A brief summary of successful applications of asymmetric 

catalystss wil l be given in the following sections, whereby the transformations investigated in 

thee course of this thesis wil l be referred to in some detail. 
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1.3.1.3. Asymmetric Catalysis 

1.3.. Asymmetric Catalysis 

Thee kinetic phenomenon of (asymmetric) catalysis denotes the acceleration of a chemical 
reactionn by addition of a catalyst, that is neither consumed in the process, nor influences 
thermodynamicall  equilibria. A chiral auxiliary associated with the catalyst may during the 
coursee of a stepwise reaction path discriminate the prochiral features of a bound substrate by 
differencess in reaction rates associated with the production of one or the other enantiomer of 
thee product. Consequently, the enantiomeric excess is determined in the first irreversible step 
off  the catalytic cycle involving diastereomeric transition states.5' 

Withh regard to catalyst structure, processes employing chiral transition metal complexes, 
chirall  Lewis acids and chiral bases are discerned. For the latter reactions, cinchona alkaloids 
suchh as quinine, quinidine and derivatives were identified as effective catalysts with 
dihydroxylationn of alkenes using osmium tetroxide as the probably most useful application. " 
Onn the contrary, development of Lewis acid catalysis was less straightforward, featuring 
chirall  boranes effective in 4+2 cycloadditions as prominent examples. 

Yet,, these achievements were forced to stand back in view of the outstanding progress 
madee in transition metal complex catalysis over the last three decades. The first important 
milestonee in this area was set by Knowles et al. with their development of chiral 
modificationss of the soluble Wilkinson phosphine rhodium complex, which were found 
effectivee for the enantioselective hydrogenation of cinnamic acid derivatives. A further 
accountt is due to Sharpless and coworkers, who introduced enantioselective epoxidation of 
allylicc alcohols, catalyzed by tartrate-titanium alkoxide complexes. The introduction of 
novell  binaphthyl56 and ferrocenyl37 ligands broadened the scope of transition metal catalysts 
andd rendered a plenitude of asymmetric reaction variants accessible. Subsequently, tuning of 
catalystt performance by means of ligand electronic variations and/or steric constraints 
attractedd interest of academic and industrial research. 

Thee beneficial effect of C2-symmetrical ligand structures, that induce a similar geometry in 
theirr metal complex catalysts, herewith reducing the number of competitive diastereomeric 
transitionn states, has been widely exploited for successful diphosphine donors. Other 
functionalities,, such as phosphites, phosphinites or combinations thereof, as well as 
(di)nitrogenn donors, heterotopic P-N and N-0 ligands or terdentate pincer structures only 
graduallyy gathered momentum, with their most impressive applications just reported over the 
lastt few years. Especially noteworthy in this context seem the asymmetric epoxidation of 
simplee alkenes using manganese Schiff bases 59 and asymmetric cyclopropanation catalyzed 
byy semicorrin or bisoxazoline copper(II) compounds as well as rhodium(II) carboxamides or 
carboxylates.600 A comprehensive tabulation of chiral ligands synthesized up to the year 1992 
hass been published/1' whereas more recent reviews are devoted to specific structural 
properties,, such as planar chiral ferrocene ligands,1 atropisomeric auxiliaries K or phosphino-
oxazolines.' ' 
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Thee plethora of chiral ligands synthesized to date and tested with varying levels of 

satisfaction,, illustrates the fact, that their development for novel applications is still mainly 

basedd on empiricism. Optimization of this process is attempted by means of high-throughput 

screeningg techniques applied to large numbers of structurally similar catalysts, modularly 

synthesizedd by combinatorial methods.65 Nevertheless, general prediction models for ligand 

structuree - catalyst property relationships are highly desired, but may have to await the advent 

off  more powerful molecular mechanics and quantum chemical calculation methods. 

Thee integration of transition metal catalysis as efficient tool in the production of fine 

chemicalss is currently pursued with considerable efforts. Alongside satisfactory 

enantioselectivity,, sufficient activities (turnover frequencies) and productivities 

(substrate/catalystt ratios) rank among the critical factors for the use of chiral catalysts. While 

thee first industrial applications, such as, for instance, the isomerization of allylic amines in the 

coursee of the synthesis of (-)-menthol (Takasago process) fl6 or the asymmetric 

cyclopropanationn giving a cilastatin intermediate (Sumitomo process) ' set unique 

milestones,, in the meantime more than twenty transition metal complex catalyzed processes 

aree operated worldwide, mainly involving hydrogenation and epoxidation reactions.' With 

mostt of these applications launched during the last ten years, the seemingly unlimited 

potentiall  of properly-tailored transition metal catalysts is expected to fuel steady growth and 

furtherr expansion of industrial developments in this field. 

1.4.. Hydrogenation 

Inn the late seventies, the successful application and elucidation of the mechanism ' of 

alkenee hydrogenations employing Wilkinsons homogeneous tris(triphenylphosphine) rhodium 

chloridee complex, (PPh.ihRhCl,70 stimulated the quest for a similarly effective asymmetric 

reactionn pathway. It was soon recognized, that this task is more easily fulfilled by cationic 

rhodiumm catalysts, that provide two vacant coordination sites to be occupied by olefinic 

substratess possessing a second suitable donor functionality. To this aim, Knowles and 

coworkerss investigated the hydrogenation of a-acetamido cinnamic acids and esters in the 

presencee of rhodium complexes modified with phosphorus-chiral monophosphines. 

Enantiomericc excess values of up to 88% were obtained using the ortho-

anisylcyclohexylmethylphosphinee Camp, a result that was eventually surpassed by the 

performancee of the already mentioned P-chiral diphosphine ligand Dipamp (95% e.e., 

Schemess 6 and 7).s4 The relevance of this breakthrough was underlined by the subsequent 

commercializationn of the rhodium/Dipamp catalyzed asymmetric hydrogenation for the 

productionn of L-Dopa (Monsanto-process), which is used in the treatment of Parkinson's 

diseasee (Scheme 9). 
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Thee findings, that donor chirality on phosphorus is not a necessity in achieving satisfactory 

enantiodiscrimination,, led to the mentioned proliferation of ligand synthesis. A selection of 

diphosphiness that were successfully employed in asymmetric hydrogenations is depicted in 

Schemee 10, featuring Diop,72 Chiraphos n and Binap 56 as the best known examples.74 
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Amongg the more recent contributions, the bisphospholane ligand Duphos is worth 

mentioning.. Excellent results, partly exceeding values of 99% e.e. were obtained using this 

diphosphinee in rhodium catalyzed hydrogenations of a-enamide esters, acids, alcohols and 

alkenee derivatives. 

Thee probably most thoroughful investigation of a catalytic mechanistic cycle is due to 

Halpernn 76 and Brown 7? and their respective coworkers. In the case of the hydrogenation of 

(Z)-a-benzamidocinnamicc acid methyl ester by [Rh(fl,/?)-Dipamp]+, a 10:1 ratio of the 

diastereomericc adducts 13 and 14 was identified (Scheme 11). Detailed kinetic studies 

revealed,, however, that the major (S)-product arose from the minor diastereomer 14 by virtue 

off  its much higher reactivity towards H2. The observed inverse dependence of the 

enantioselectivityy on the H2 partial pressure could be rationalized in terms of trapping of the 

intermediatess 13 and 14 by reaction with H2, herewith inhibiting their diastereomeric 

interconn version. 

Whilee the elusive nature of the dihydride intermediates supported the generally accepted 

proposall  of oxidative addition as the rate and selectivity determining step, recent model 

densityy functional theory studies shed some new light on that topic. Indications towards a 

reversiblee endergonic addition of H2, followed by a turnover-limiting and, possibly, 

enantioselectivityy determining insertion of the alkene into a metal-hydrogen bond to form a 

metall  alkyl species have yet to be corroborated by more theoretical and experimental data. 

Interestingly,, for the hydrogenation of ^-disubstituted ot-acetamido acrylates under 

catalysiss of (Trap) rhodium complexes (Scheme 10), a divergent mechanism was proposed. 

Resemblingg the neutral pathway of Wilkinson-type catalysts, oxidative addition of 

dihydrogenn to l/ran^-Rh(solvent)2(Trap)] was stated to preceed monodentate olefin 

coordination;; migratory hydride insertion, isomerization and consecutive reductive 

eliminationn would close the catalytic cycle. This assumption originated from the observed 

changee of absolute product configuration in ^-substituted amino acid derivatives at increased 

substratee and ligand steric bulk as well as the advantageous effect of higher hydrogen 

pressuress on enantioselectivities. 

Thee success story of asymmetric hydrogenation was continued by Noyori et al., who 

developedd catalysts based on ruthenium(II) Binap complexes.*0 These were capable of 

reductionn of functionalized ketones, a,(3-unsaturated acids, allylic and homoallylic alcohols, 

herewithh broadening the scope of applications in an impressive manner. A specific 

mechanisticc feature of reactions employing p-ketoester substrates is the kinetic discrimination 

betweenn rapidly equilibrating enantiomers, whereby one of the enantiomers of the racemic 

substratee is consumed selectively, while in situ racemization occurs simultaneously at a faster 

ratee (Scheme 12). 
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Onee of the recent developments utilizes the strategy of asymmetric activation of racemic 

(Binap)) ruthenium(II) complexes by (in situ addition of) chiral diamines, such as (S,S)-\,2-

diphenylethylenediamine.. The excellent enantioselectivities of the alcoholic hydrogenation 

productss reflect the relative turnover numbers of the competing (R/S,S) and (S/S.S) catalytic 

cycless with their ratio being determined by the respective concentrations and reactivities of 

thee coexisting diastereomeric diphosphine/diamine ruthenium catalysts. 

Inn the past, littl e attention was devoted to imine substrates, until the introduction of 

iridium-catalyzedd hydrogenation of a di-ort/jo-substituted /V-arylimine in the course of the 

industriall  synthesis of the agrochemical metolachlor brought considerable stimulation. The 

remarkablee turnovers attained in that process are ascribed to an increased rigidity of the chiral 

pockett resulting from 3,5-di-rert-butyl substitution of one of the diphenylphosphine moieties 

inn the Josiphos-derived ligand. 

Hydrogenationn of unfunctionalized alkenes, however, remains a challenge, that has partly 

beenn met by phosphinooxazoline ligands as modifiers for iridium catalysts as well as chiral 

groupp 4 and lanthanide metal complex catalysts. ' Summarizing, asymmetric hydrogenation is 

nott only expected to enhance its importance by devising new routes for the industrial 

productionn of physiologically active compounds and their intermediates, but may in the near 

futuree also provide access to new materials, such as liquid crystals, nonlinear optics or 

biodegradablee polymers. 
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1.5.. Hydroformylatio n 

Lik ee many important inventions, the hydroformylation reaction owes its discovery to 

serendipity.. In 1938, while studying the Fischer-Tropsch process, Otto Roeien found, that 

alkeness in the presence of supported cobalt containing catalysts and synthesis gas ( a mixture 

off  carbon monoxide and dihydrogen gas) were converted into linear and branched aldehydes 

(Schemee 13).86 The actual catalytic species, however, was later recognized to be a 

homogeneouss HCo(CO)4 complex, which had been formed by reductive carbonylation of 

cobaltt oxide. These findings paved the way for an intensive commercializing of the so-called 

oxoo reaction, making it to one of the most frequently applied homogeneous industrial 

processes. . 

Schem ee 13 
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Thee introduction of phosphine-ligated complexes and, later, the use of rhodium as well as 

platinum-tinn based systems constitute landmarks in catalyst development. Ligand 

modificationn of cobalt systems improved catalyst stability whereby the additionally acquired 

hydrogenationn activity was explored for the synthesis of the corresponding alcohols, serving 

ass valuable intermediates in the manufacture of plasticizers and detergents. 

Thee advent of rhodium phosphine complex catalysts established a further enhancement in 

reactivityy and product selectivity. Virtually no hydrogenation was observed with these 

systems,, and, depending on the (di)phosphine ligand(s) employed, linear/branched aldehyde 

ratioss of 95:5 or higher became attainable. The generally accepted dissociative mechanism of 

thee phosphine modified rhodium complex catalyzed hydroformylation as proposed by 

Wilkinsonn and coworkers is depicted in Scheme 14. 
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1.5.1.5. Hydroformylation 

Thee catalytic cycle commences with the dissociation of a CO (or phosphine) ligand (vide 

infra)infra) from the bis(phosphine) dicarbonyl rhodium hydride precursor complex 15 to form the 
unsaturatedd four-coordinate 16-electron rhodium(l) intermediate 16. Complexation of an 
alkenee substrate is followed by hydride insertion, which produces branched and linear 
rhodiumm alkyl species 17 and 18. Upon creation of the former, the hydride migrates towards 
thee terminal alkene carbon, simultaneously introducing a new chiral center in a-position of 
thee alkyl moiety. In the subsequent steps, CO coordination precedes migratory insertion to 
yieldd the respective four-coordinate bis(phosphine) carbonyl rhodium acyl intermediates 19 
andd 20. As far as the role of H2 in the last cycle-closing step of the mechanism is concerned, 
scientificc opinions are diverging. Yet, it is generally agreed upon, that action of H2, with or 
withoutt prior coordination to rhodium will release linear and branched aldehyde products and 
recyclee the catalytically active bis(phosphine) carbonyl rhodium hydride complex 16. In 
contrast,, reaction with CO instead of H2 will form the saturated 18-electron species 21 and 22, 
whichh are in few cases the alternative resting states of the catalytic cycle. Isomerization, as the 
mostt prominent side reaction, originates from (3-hydrogen elimination of the branched 
rhodiumm alkyl complex, hereby releasing unchanged substrate as well as unreactive internal 
alkenes. . 

Noteworthy,, the described mechanism represents an idealized picture, partly neglecting the 

influencee of reaction conditions on catalyst structure. Depending on syn-gas pressure and 

phosphinee concentration, up to three equilibrated complexes 23, 24 and 25 may exist in 

solutionn and initiate a catalytic cycle, each of them displaying different kinetic behavior 

(Schemee 15).90 

Schemee 15 

CO/-PPh33 CO/-PPh3 

(PPh3)3Rh(CO)HH _, (PPh3)2Rh(CO)2H . (PPh3)Rh(CO)3H 

2 33 PPh3/-CO 2 4 PPh3/-CO 2 5 

Structurall  isomerism of trigonal-bipyramidal rhodium(I) complexes is also believed to 

affectt the reaction outcome. Brown and Kent showed, that the prevailing species under 

ambientt syngas pressure and temperature is a bis(triphenylphosphine) dicarbonyl rhodium 

hydridee complex, existing as a 85:15 mixture of equatorial-equatorial (ee) and equatorial-

apicall  (ea) coordinated triphenylphosphine isomers, respectively (Scheme 16). These 

speciess are in rapid interchange with equilibration presumably taking place via a series of 

Berry-pseudorotations.922 At lower temperatures, however, the equilibrium could be frozen out 

forr certain rhodium complexes or iridium analogues, enabling NMR characterization of the 

respectivee ee and ea isomers. 
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Thee beneficial effect of triphenylphosphine on catalyst performance was soon surpassed by 

thee use of other phosphorus donors, such as sterically demanding and/or electronically 

perturbedd chelating diphosphines, (di)phosphites or phosphine-phosphites. Like in many other 

transition-metall  catalyzed reactions, deliberate ligand design provided means to steer the 

reactionn pathway and control chemo- regio- and, to a minor extent, enantioselectivity in a 

desiredd manner. In an attempt to characterize these ligand influences, Tolman developed the 

conceptss of the cone angle 9 and the electronic parameter %, which are measures of the steric 

bulkk of (mono)phosphines and their basicity, respectively. The angle 9 describes the cone 

originatingg from a metal center located at a distance of 2.28 A from the phosphorus atom, that 

confiness all atoms of the substituents on phosphorus. The electronic parameter % is defined 

ass the shift in wavenumbers of the IR frequency of the symmetric CO stretch of the 

(ligand)Ni(CO)33 complex in comparison to the reference complex [P(fe/t-Bu)3]Ni(CO)3.95 

Yet,, the impact of the cone angle on aldehyde linearities turned out to be ambiguous, which 

wass rationalized in terms of the concomitant equilibration mechanisms depicted in Scheme 

15.. In contrast, electron-withdrawing rc-acceptor ligands, to which high % values are 

assigned,, ' accelerate CO dissociation and, possibly, alkene coordination, herewith effecting 

ann overall rate enhancement. 

AA further ligand parameter, especially designated for the characterization of bidentate 

phosphinee ligands is the natural bite angle B„. Defined as the preferred chelation angle 

determinedd only by ligand backbone constraints and not by metal valence angles, it is 

calculatedd by molecular mechanics treatment.97 This parameter proved useful in advancing a 

correspondencee between the coordination fashion of diphosphine ligands in the trigonal 

bipyramidall  catalyst precursors and the product regiochemistry in the hydroformylation of 

higherr alkenes. It was found, that ligands with large natural bite angles such as BISBI  9R and 

Xantphoss ';' (Scheme 17) give rise to extraordinarily high linear/branched aldehyde ratios, 

whichh was explained by their preferred bisequatorial coordination mode. This namely allows 

forr unequivocal determination and effective shielding of the (remaining) equatorial 

coordinationn site, on which substrate conversion is to proceed. 
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Schemee 17 

PPh22 PPh2 

Xantphoss BISBI 

Whilee issues of chemoselectivity (hydrogenation vs. hydroformylation) and 
regioselectivityy (linear vs. branched aldehyde) have reached satisfactory levels of metal and 
ligandd control, the challenge of an industrially useful enantioselective reaction variant is still 
pertaining.. For this goal, a regiochemistry in favor of the branched, chiral aldehyde product is 
desired,, which is primarily fulfilled, if styrenes, vinylacetates or allylic alcohols are employed 
ass substrates. Intramolecular stabilization of the branched alkyl intermediate by rf electron 
donationn from the benzene ring or the oxygen functionality are invoked to account for the 
considerablyy higher branched/linear ratios obtained with these substrates (Scheme 18).S7a 

Schemee 18 

Amongg the broad range of synthetically useful products possibly arising from asymmetric 
hydroformylation,, intermediates in the production of nonsteroidal anti-inflammatory agents 
havee frequently focussed attention (Scheme 19). 

Thee formation of value-added chiral fine chemical products justified the use of expensive 
metall  catalysts, such as the platinum-tin based systems, to which considerable efforts have 
beenn devoted. Although, in general, chemo- and regioselectivities were only moderate 
employingg these catalysts, relatively high e.e. values of > 95% could be achieved for several 
typicall  products.101 Gradual ligand development and employment, starting from Diop and 
proceedingg via benzophosphole and backbone modifications gave up to 85% e.e. and a 
branched/linearr ratio of 80:20 for the hydroformylation of styrene in the presence of catalysts 
containingg the BCO-DBP ligand (Scheme 20). 
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Otherr C2-symmetricaI ligands, such as Binap l04 or Chiraphos,'"5 proved less effective. 

Loww e.e. values, however, might not intrinsically be due to insufficient enantiodiscrimination. 

sincee the platinum diphosphine species and/or the stannous chloride present under catalytic 

conditionss were found to effect in situ racemization of aldehydes.'06 Performing reactions in 

thee presence of triethylorthoformate, which traps the products by their immediate conversion 

intoo configurationally stable diethyl acetal derivatives, led to improved enantioselectivities in 

somee cases, but had a deleterious effect on the reaction rate.'" Yet, the highest optical 

inductionss were observed employing, on one hand, C\-symmetrical ligands based on the 

BPPMM structure,'™ (96% e.e., but extremely low turnover frequencies and modest 

branched/linearr ratios), and, on the other hand, diphosphites bearing atropisomeric binaphthyl 

unitss (up to 88% e.e at a branched/linear ratio of approximately 3:2) (Scheme 21). 
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Schemee 21 

(S.S)-DBP-BPPMM (2S,4S)-bis(S) 

Regardingg reaction parameters, temperature was observed to exert the most pronounced 

effectt on optical induction; its decrease is generally associated with an increase of e.e. values. 

Withh a few exceptions, the same ligands, that proved successful in platinum-tin based 

hydroformylationn were also employed in the rhodium catalyzed variant, whereby better 

chemo-- and regioselectivities, but lower enantiodiscriminations account as characteristics. For 

example,, the hydroformylation of sterically demanding dehydro amino acids in the presence 

off  catalysts bearing Diop or related ligands, gave the higher substituted products in excellent 

regioselectivitiess (> 90%)."° This astonishing result was explained by a chelating 

coordinationn mode of the substrate, herewith employing the carbonyl oxygen as the second 

donorr functionality. 

Enantiodiscrimination,, however, remained low, until the introduction of bisphosphites, 

bisphosphinitess and combined phosphite/phosphinite ligands signaled considerable 

improvement.. Originating from a patent by Union Carbide, the so-called UC-P2* ligand was 

statedd to effect hydroformylation of styrene in 94:6 branched/linear selectivity and 90% e.e. 

Enantiodiscriminationn in the hydroformylation of vinylacetate experienced an increase by the 

usee of diphosphite ligands based on binaphthol as the backbone."2 A further related class of 

successfull  phosphinite/phosphite donors was based on sugar backbones. Good 

enantioselectivitiess were obtained in the hydroformylation of styrene (64% e.e.) and 2-

vinylnaphthalenee (72% e.e.), the latter interestingly performed in triethylsilane as the solvent, 

resultingg in only 5% of hydrosilylated byproducts (Scheme 22). 

Thee most effective ligand systems for asymmetric hydroformylation known to date were 

developedd by Takaya, Nozaki and coworkers. Combining the attractive features of phosphines 

(chemicall  stability) and phosphites (good rj-donor and 7t-acceptor capacities), they 

synthesizedd the so-called Binaphos and Biphemphos ligands (Scheme 23), that, if associated 

too rhodium, effected hydroformylation of styrene to give the chiral 2-phenylpropanal with 88-

90%% selectivity in 94% e.e."5 

23 23 



/ .. General Introduction 
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Thee versatility of these ligands was demonstrated by their successful application towards 
otherr substrates, such as substituted vinylacetates, allylic alcohols, terminal and internal 
aliphaticc as well as heterocyclic olefins."6 Interestingly, in the respective dicarbonyl rhodium 
hydridee complexes, the phosphite functionality occupied the apical position; one of the 
equatoriall  phosphine phenyl groups is believed to effectively shield an equatorial CO ligand. 
Consequently,, the absolute configuration of the products exclusively depended on the 
configurationn of the 2-diphenylphosphino-l,l'-biaryl group, whereas (R,R)- or (5,5)-
diastereomerss represented the mismatched derivatives. 

Withh these examples displaying the state of the art in enantioselective hydroformylation, 
processs development is about to reach the sophistication of industrial application." Among 
thee remaining goals, improvement of turnover frequencies occupies a position of prior 
interest.. Further ligand development should therefore aim at combining the high reaction rates 
off  bulky phosphites and phosphorus amidites " s with the selectivity of binaphthyl-based 
phosphine-phosphitee type catalysts, which, if successful, will surely enable broad industrial 
explorationn of asymmetric hydroformylation. 

1.6.. Allyli c Substitution 

Ass a powerful and extremely versatile means to create new carbon-carbon and carbon-

heteroatomm bonds, allylic substitution reactions have been the focus of intense investigations 

duringg the last decade. While Tsuji et al. described stoichiometric reactions between 7t-allyl 

palladiumm chloride dimers and diethylmalonate as early as in 1965,"9 Trost and coworkers 

weree among the first to explore catalytic conversions between allylic substrates and carbon 

nucleophiless (Scheme 24). 
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Theirr functional group tolerance and substrate as well as nucleophile diversity rendered 

allyli cc substitutions predestinate for enantioselective applications (Scheme 25). Consequently, 

aa considerable amount of the gradually collected mechanistic understanding arose from 

investigationss performed with chiral ligands. A broad range of metals, such as nickel 

platinum,1""  tungsten,1" molybdenum M or rhodium ' was investigated for their activity £ 

selectivity,, with palladium complexes being identified as most useful catalysts. 

121 1 

Schem ee 25 
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Amongg the factors stated to influence the course of the reaction, a prominent role is due to 

thee hard or soft nature of the nucleophile. Substrate ionization by cleavage of the leaving 

groupp and oxidative addition to palladium(O), hereby forming one or more palladium(II) ally 1 

species,, constitutes the first step of the catalytic cycle (Scheme 26). This process normally 

occurss under inversion of configuration with respect to the stereogenic carbon center of the 

allyli cc substrate. In the second step hard nucleophiles, of which their associated acids possess 

pKaa values of > 25, preferentially bind to the metal and, consecutively, form the 

configurationallyy inversed product by reductive elimination. On the contrary, attack of soft, 

stabilizedd nucleophiles takes place at one of the carbon termini of the allyl moiety. 

Subsequently,, decomplexation of the metal releases the olefinic product and completes a net 

faciall  retention process. Hence, bond breaking and bond making occurs outside the 

coordinationn sphere of the metal; a fact, that imposes high demands on ligand design. 

Nevertheless,, this reaction variant employing soft nucleophiles is characterized by broader 

scope,, easier experimental setup as well as, up to date, better levels of enantiocontrol and is 

thereforee commonly and in the following referred to under the term of allylic substitution. 

Thee catalytic cycle offers different possibilities for enantiodiscrimination,126 whereby, for 

instance,, ionization of enantiotopic leaving groups or enantioface differentiation in the 

nucleophilee are of minor practical meaning. Contributions of selective metal-alkene 

complexationn to the enantioselectivity determining step have been evidenced by the rare 

(partial)) kinetic resolution of suitable substrates. Yet, enantioface discrimination of n-allyl 

complexess and/or nucleophilic attack of enantiotopic allyl termini constitute the most 

frequentlyy occuring mechanisms for stereoselection. 
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Schemee 26 
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Therefore,, the conformation of the intermediate palladium allyl species and possible means 

off  its control are of primarily concern and have been the target of several mechanistic 

investigations,, mainly conducted by NMR measurements and crystal structure analyses. On 

thee time scale of the catalytic cycle, ligands as well as allyl units may (partly) dissociate, 

changee their conformation or geometry and recoordinate to the metal. These isomerizations 

cann prove beneficial or detrimental for stereocontrol, depending on the enantiodiscriminating 

featuree that prevails in the cycle. 

Somee typical equilibration mechanisms of allyl complexes have been identified, among 

whichh numbers the so-called syn-anti exchange as a frequently observed phenomenon 

(Schemee 27). An T^-tl' hapticity change creates G-bonded metal alkyl species,'" that might 

undergoo a 180 ° rotation around the newly formed carbon-carbon bond, herewith placing the 

oppositee side of the alkene in the coordination sphere of the metal. Hence, r\ -recomplexation 

resultss in syn-anti isomerization of the substituents at the continuously bonded carbon atom as 
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welll  as enantioface exchange of the allyl moiety.121*  In other words, the configuration of the 

temporarilyy decoordinated allyl terminus is subjected to inversion, whereas retention is 

observedd for the carbon atom engaged in a-interactions. Syn-anti exchange processes of that 

typee were found to be selective. In complexes displaying pronounced electronic dissymmetry 

off  the donor ligands L, isomerization of 7t-allyl moieties occurs preferentially at the carbon 

atomm cis to the better rra/w-labilizer, due to a higher stability of the resulting o-bonded 

intermediate.mm Yet, in the case of bulky ligands and/or 1,3-differentially substituted allyl 

moieties,, steric effects might dominate in determining the selectivity of the 7t-o reaction. 

Schemee 27 
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Noteworthy,, while 1,1- identically disubstituted allyl groups may racemize via syn-anti 

exchange,, this does not apply to cyclic substrates or unsymmetrically substituted allyl units. 
Sincee optically active product formation nevertheless suggests the occurrence of enantioface 
equilibrationn in these cases, intermolecular attack of Pd(0) on the opposite face of the allyl is 
proposedd as alternative mechanistic pathway.131 

Thee second important fluxional behavior observed in palladium 7t-allyl complexes is 
apparentt allyl rotation. A process relying again on T) -r\] hapticity change has been put 
forwardd to explain the observed results (Scheme 28). Rotation around the carbon-metal single 
bondd interchanges the positions of the ligand donor functionalities A and B with respect to the 
alkenyll  moiety to give upon 7i-recoordination the isomeric complex displaying opposite cis 

andd trans relationships. 

Schemee 28 
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Yet,, theoretical analyses do not support such mechanism, considering the postulated 
rearrangementt of the T-shaped intermediate to be energetically unfavorable.132 Consequently, 
ann associative mechanism, that does not involve an T| -Tl'-Tj3 process seems more plausible, 
sincee it also accounts for the inherent rate acceleration of the allyl exo-endo isomerization in 
thee presence of excess halide ions or other ligands A,B (Scheme 29).I33 Such a pathway 
agreess well with theoretical arguments, that state the barrier of rotation of the allyl group to be 
relativelyy small in the five-coordinate intermediate.1" Furthermore, kinetic data suggest a 
bimolecularr mechanism, hereby corroborating the pseudorotation or 7t-rotation pathway.135 A 
similarr participation of excess ligands has also been invoked for syn-anti allyl exchange, 
wherebyy phosphines were found to be better promoters of the n-a reaction than amines.136 
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Schemee 29 
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Byy contrast, few experimental evidence has been provided for a simple dissociative 

pathwayy involving decoordination of one ligand A or B.137 Apparent allyl rotation proceeding 

viaa such a mechanism might be negligible for the same reasons concerning T-shaped complex 

rearrangementss as invoked above. 

Inn view of the possible 16 allyl species, that may arise from oxidative addition of a 1,3-

unsymmetricallyy disubstituted allyl moiety to a palladium core ligated by other than CY 

symmetricall  chelate donors, or result from described isomerization mechanisms, the 

enantiodiscriminatingg task of chiral ligands seems difficult to fulfill . Consequently, several 

strategiess have been explored in order to rule out certain reaction pathways. The logic 

employmentt of starting materials giving rise to symmetrical meso-configurated allyl units 

provedd appropriate; the highest levels of optical induction were reported for 1,3-

diphenylpropenyll  substrates, in which the bulkiness of the phenyl groups, due to unfavorable 

stericc repulsions, largely excludes their ««ff'-arrangement. 

Forr rapidly equilibrating allyl complexes, influences of enantioface differentiation on the 

opticall  induction process may be ruled out. In these cases, irreversible regioselective 

nucleophilicc attack solely features as the enantioselectivity determining step. Whether this 

processs is more likely to proceed via an early allyl-lik e transition state or a late one, 

resemblingg an alkene complex, was topic of adverse scientific opinions. Evidence for the first 

assumptionn stems from crystal structures displaying differences in carbon-carbon bond 

lengthss of the allyl moiety and carbon-metal bonds, herewith rendering one allyl terminus 

predeterminedd for nucleophilic attack.139 Yet, supporters of a late transition state emphasize, 

thatt for complexes devoid of such distortions dissimilar steric repulsions upon clockwise or 

counterclockwisee rotation of the allyl moiety to form the r|2-bonded alkene complex might 

constitutee the regio- and thus stereodiscriminating feature. 

30 30 



1.6.1.6. Ally lic Substitution 

Astonishingly,, a further simplification of geometric conditions by the use of C2-

symmetricall  ligands, affording a single allyl complex, did not result in considerably improved 

opticall  inductions. '" On the contrary, other strategies in ligand design proved very successful 

andd wil l be summarized in the following. One of the early reports on asymmetric allylic 

aminationn reactions is due to Hayashi and coworkers. They synthesized planar chiral 

ferrocenyll  diphosphine ligands, bearing aminohydroxy functionalized side chains, that, if 

associatedd to palladium, gave high enantioselectivites (up to 97%) for the conversion of 1,3-

disubstitutedd propenyl carbonates and acetates with benzylamine.141 As a mechanistic 

rationale,, directed nucleophilic attack by attractive interaction with the functional group on 

thee pendant ligand arm was invoked (Scheme 30).I42 

Schemee 30 
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AA similar principle was pursued by Trost and coworkers. They introduced ligands based 

uponn two 2-diphenylphosphinobenzoic acid units, which are linked via ether or amide 

functionalitiess to a chiral backbone (Scheme 31).'43 In this way, reactants are assumed to be 

envelopedd by a chiral pocket, of which its depth is correlated with the phosphorus-palladium-

phosphoruss bite angle. This concept was found especially valuable in the allylic substitution 

off  small linear substrates as well as cyclic ones, whereby combined features of amide 

functionalityy and large, bulky backbone structures were found to effect the highest optical 

inductions. . 
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AA very fruitful development in ligand design for allylic substitutions commenced with the 
recruitmentt of P-N donor ligands. As a consequence of the trans influence, bonds trans to the 
betterr 7t-acceptor phosphorus will be weaker than bonds trans to nitrogen. Such a 
stereoelectronicc distinguishing of the allyl termini was anticipated to promote nucleophilic 
attackk on the more weakly bonded carbon trans to phosphorus, herewith elegantly solving the 
issuee of regioselectivity. In further consequence, modeling of nucleophile trajectories in 
proximityy to the nitrogen donor was realized to be of utmost importance and paved the way 
forr the remarkable success of certain P-N donors. Within this class of auxiliaries, 
asymmetricallyy substituted phosphinooxazolines, simultaneously introduced by Pfaltz, 
Helmchen,1455 Williams l46 and respective coworkers, rank among the most versatile and 
successfull  ligand structures known to date (Scheme 32). 
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Inn the beginning, satisfactory enantiodiscrimination with the first generation ligands was 
onlyy realized for bulky diphenylpropenylacetate substrates in combination with several 
nucleophiles.. Deliberate ligand design, however,, culminated in the extraordinary performance 
of,, on the one hand, cymantrene substituted ligands for the difficult task of enantiocontrol in 
smalll  cyclic substrates l47 and, on the other hand, oxazolinophosphites, that effected the 
unfavorablee nucleophilic attack on higher substituted allyl termini of 1-phenylallyl complexes 
too give the branched diester product in excellent regio- and enantioselectivities (Scheme 
33).'4**  Some other P-N donors, that were successfully employed in allylic substitution 
reactionss or mechanism elucidation are depicted in Scheme 34. 
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Withh all these efforts directed towards novel ligand synthesis, it is sometimes neglected, 

thatt other factors may also play important roles in the course of optical induction. Alongside 

thee utmost importance of the (soft) nucleophile structure, ~ several contributions emphasize 

thee effect of solvent, counterion,' ' base, ' anionic cocatalysis " and source of catalyst 

precursor,1266 for which a prevailing trend of their influences may not easily be deduced. 

Nevertheless,, typical conditions for model reactions gradually evolved, which comprise the 

usee of BSA (A^O-bisftrimethylsilyOacetamide) as the base, responsible for in situ formation 

off  carbon nucleophiles.153 Several useful applications of allylic substitution methodology 

havee been devised, among which number the syntheses of amino acids, succinic acids, 

butyrolactoness ' and nucleosides. 
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Thee general conclusion, however, that may emerge from the results of numerous ligands 

synthesizedd and tested over the past few years, is. that stereodiscriminating requirements of 

structurallyy diverse substrates are scarcely met by one and the same ligand. Thus, increasing 

priorityy is devoted to substrate-tailored ligand design, which, in the near future is hoped to be 

effectivelyy supported by powerful predictive (semi)empirical molecular calculations. 

1.7.. Objectives, Justification and Outlin e 

Inn order to promote The Netherlands' competitiveness in international trade, the Ministry 

off  Economic Affairs initiated Innovation Oriented Research Programs, IOPs. These should 

providee Dutch universities with additional research funding for projects, that are specifically 

aimedd at meeting the needs of industry. Emphasis is hereby laid on innovation and 

improvementt of (new) technologies, for which the IOP should fil l the gap between 

fundamentall  university research and application-oriented industrial approaches. Several areas 

weree found eligible for IOP support during the last decade, among which numbers the IOP on 

catalysis,, including homogeneous, heterogeneous and biocatalysis. "Precision in chemical 

conversion""  served as central topic, which is interpreted in terms of saving energy and 

feedstockss as well as avoiding the formation of undesired byproducts and waste. While 

catalyticc processes are well established in petroleum refining or bulk chemical production, 

finee chemicals are still predominantly synthesized by inefficient classical multistep 

procedures.15KK Consequently, the IOP catalysis was especially directed towards the 

introductionn of novel catalytic routes in the fine chemical industry. 

Asymmetricc catalytic transformations delivering chiral high-value added products in an 

economicall  fashion have evolved into key issues of industrial concern.6 A remarkably clean 

andd atom-efficient variant is the hydroformylation reaction creating chiral aldehydes, which 

mayy serve as important building blocks in the manufacture of agrochemieals and 

pharmaceuticalss (see chapter 1.5.). Yet, insufficient reactivities, productivities and 

(enantio)selectivitiess have (up to date) hampered the establishment of a useful process. 

Nevertheless,, with the steadily increasing knowledge on influencing catalyst performance by 

meanss of "tailor-made" ligand design, this research project was intended to support industrial 

effortss towards a practical application of asymmetric hydroformylation. The innovative 

characterr focused hereby on the development of novel ligands, bearing P-chiral diphosphine 

donors.. From this special structural feature, creating the asymmetric environment in utmost 

proximityy of the metal center, efficient enantiodiscrimination was expected (Scheme 35). 

Furtherr requirements on ligand profile were, on the one hand, the incorporation of rigid 

backbones,, such as, for instance, 2,7-dimethylphenoxathiin or 9,9-dimethylxanthene. This 

shouldd give rise to wide bite angle structures of enforced Ci-type symmetry ' in the active 

catalyst,, that may favor high selectivities in hydroformylation. On the other hand, triaryl- or 
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diarylalkylphosphiness were desired as donor functionalities in order to promote reasonable 

turnoverss at electron-poor rhodium(I) centers. Available routes to this kind of ligands, 

however,, were scarce and consequently caused this research project to proceed on a rather 

exploratoryy synthetic level. 

Schem ee 35 

rigidd (aryl) linkage 
betweenn phosphines 

Att a relatively early stage it was recognized, that xanthene-type P-chiral ligands 

incorporatingg methylphenylphosphino groups did not fulfil l the expectations with regard to 

easy,, modular synthesis as well as catalytic properties. Therefore, other backbones were 

investigated,, of which the ferrocene skeleton was found especially suitable. For the first time, 

aa flexible, stereocontrolled route to enantiopure ferrocenyldiphosphines was established. 

Theirr unique structure and, with regard to the related successful ligand Dipamp, promising 

potentiall  suggested the application of the novel diphosphine donors also in other catalytic 

transformations.. The results of these synthetic and catalytic investigations are summarized in 

thee present thesis. 

ChapterChapter 2 describes the preparation of five new P-chiral dppf analogues (dppf = 1,1'-

bis(diphenylphosphino)ferrocene)) via a novel approach, tolerating the stereoselective 

attachmentt of three bulky aryl units onto phosphorus. The performance of these ligands is, in 

firstt instance, tested in the rhodium catalyzed asymmetric hydrogenation of cinnamic acid 

derivatives,, for which excellent enantioselectivities can be obtained. 

Inn Chapter 3 further approaches to complicated phosphorus-chiral structures are explored, 

culminatingg in the synthesis of 2,2'-bis(arylphenylphosphino)-l,l'-biferrocenyl compounds 

exhibitingg four adjacent stereogenic elements. The finding that chiral phosphine oxides serve 

ass directing groups for diastereoselective orf/io-metalation on ferrocene represents an 

interestingg spin-off. 

ChapterChapter 4 deals with the application of some of the new P-chiral diphosphines in 

asymmetricc hydroformylation. Ligand and substrate electronic effects on product 

enantioselectivitiess are studied by employment of l,l '-bis(l-

naphthylphenylphosphinojferrocenee and its para-methoxy and para-trifluoromethyl 

substitutedd derivatives. Rationalization of catalysis results is attempted by means of high-

pressuree NMR and IR investigations. 

R-i,, R2: arylresidues 

stericc and electronic 
variations s 
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7.. General Introduction 

Finally,, Chapter 5 describes the use of sterically as well as electronically perturbed P-

chirall  diphosphines in enantioselective allylic substitution reactions. Mechanistic 

considerationss are supported by a crystal structure analysis of a relevant palladium ally] 

complex. . 
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Abstract t 

Fivee new ferrocene ligands la-e (1 = l,l'-bis(aryl-phenylphosphino)ferrocene with aryl 
residuess a = 1-naphthyl, b = 2-naphthyl, c = 2-anisyl, d = 2-biphenylyl, e = 9-phenanthryl) 
bearingg stereogenic phosphorus atoms have been prepared in enantiomerically pure form via 
ann asymmetric synthesis protocol. The use of (+)- or (-)-ephedrine as optically active 
auxiliaryy during subsequent nucleophilic displacement reactions at borane protected 
phosphoruss centers gave rise to the title compounds in 41-65% overall yield. The absolute 
configurationn of the ferrocenyldiphosphines was confirmed by crystal structure analysis of la, 
lbb and Id. Their efficiency as chiral ligands was demonstrated in rhodium-catalyzed 
asymmetricc hydrogenation reactions of a-(acylamino)cinnamic acid derivatives. While low 
reactivityy or enantiomeric discrimination were observed when employing ligands lb and Id, 
thee in situ formed catalysts prepared from diphosphines la, lc or le effected complete 
conversionn and enantioselectivities of up to 98.7% e.e. 



2.. Phosphorus-Chiral dppf-Analogues 

2.1.. Introductio n 

Amongg the chiral ligands that have brought about the success of asymmetric transition 

metall  catalysis, bidentate phosphines have played a dominant role. Landmark discoveries 

likee BINA P 2 and DIOP 3 promoted the synthesis and application of a vast variety of new, 

carbon-chirall  diphosphines in numerous enantioselective transformations. Considerably less 

attention,, however, has been paid to ligand structures bearing asymmetrically substituted 

phosphoruss donors. Although the use of its most prominent member, Dipamp, in the 

enantioselectivee hydrogenation of a L-Dopa precursor has been commercialized in the late 

70's,66 further developments within the class of phosphorus-chiral ligands suffered from 

syntheticc difficulties and tedious resolution procedures. Only very recently, the elegant 

approachess involving lithium-sparteine mediated enantioselective metalation of 

alkyldimethylphosphinee boranes H and tert-butylphenylphosphine boranes opened a 

practicablee access to optically active mono- and diphosphines. 

Withinn our continous interest in the design and synthesis of "tailor-made" ligand structures 

forr specified applications,10 we wanted to explore the catalytic behaviour of C2-symmetrical 

phosphorus-chirall  diphosphine ligands bearing three aryl substituents. Upon coordination of 

suchh a ligand to a transition metal the stereogenic phosphorus atoms are positioned in utmost 

proximityy of the metal center, giving rise to conformationally rigid complexes. Structural 

unambiguityy as well as pronounced dissymmetric interaction resulting thereof are assumed to 

improvee asymmetric induction in different types of enantioselective reactions. 

Sincee the above mentioned protocols do not seem to be amenable to the preparation of P-

chirall  fAwy/phosphines, we focused our attention on a synthetic procedure describing 

stepwisee stereodefined introduction of different alkyl as well as aryl residues to a phosphorus 

center.. As reported by Jugé et al., this approach avoided an optical resolution procedure and 

establishedd the first asymmetric synthesis of (Rp)- and fSp)-anisyl-methyl-phenylphosphine, 

whichh were subsequently transformed into enantiopure Dipamp via ipso-coupling. The 

stereospecifityy of this method is marked by the use of (+)- or (-)-ephedrine as chiral auxiliary 

andd the protection of the phosphorus centers as their borane complexes. Despite the 

possibilitiess of steric overcrowding and insufficient chiral discrimination, we envisaged that 

thee stereoselective attachment of three different arylsubstituents to a phosphorus atom should 

bee feasible. Furthermore, we anticipated that nucleophilic attack of a dilithiated aryl species 

wouldd result in compounds bearing two stereogenic phosphorus moieties (Figure 1). In this 

contextt we regarded the 1,1'-substituted ferrocene unit to be a suitable chelate backbone. 

Sincee dppf (l,l'-bis(diphenylphosphino)ferrocene) is one of the most frequently used 

phosphoruss donors in organometallic chemistry and catalysis, it seemed appealing to create 

chirall  derivatives of this successful ligand. 

Inn the following we describe our synthetic efforts based on the mentioned strategy. The 

intermediatee phosphine amide boranes incorporating the ephedrine unit as well as the 

phosphinitee boranes may serve as useful enantiomerically pure organophosphorus 
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2.1.2.1. Introduction 

buildingg blocks. The subsequent reaction of l,l'-dilithioferrocene with optically active 
phosphinitess gave rise to the new phosphorus-chiral dppf-analogues la-e (Scheme 1). 

X*X* R,\ /R2 V 
H 3 B '' V v MeOH,H+ > < R^j |_ 

HO O 3** —* H // \ 
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-HO O HO O > > 
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MeOH,, H* ^ - R 3 - - \ i 
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// \ / \ 

MeOO BH3 H3B OMe 

Figuree 1. Possible synthetic pathways to (mono)- and (bis)-triarylphosphines utilizing the 
Jugé-Genêtt approach (R = aryl). 

Schem ee 1 

(fl,fl>1 d d (R,flJ-1 e e 
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2.2. Phosphorus-Chiral dppf-Analogues 

2.2.. Results and Discussion 

Ligandd Synthesis. The required P-chiral precursor, oxazaphospholidine borane 2, was 
readilyy prepared from bis(diethylamino)phenylphosphine, (+)- or (-)-ephedrine and 
BHydimethylsulfide.'22 The stereospecific character of this condensation reaction results in 
thee formation of a single diastereoisomer {(2Rp,4S,5R)-2 or (2Sp,4R,5S)-2, depending on the 
enantiomerr of ephedrine used). Complexation of phosphorus prevented oxidation and 
contributedd to a stereocontrolled course of the subsequent nucleophilic displacement sequence 
2 ^ 4 ^ 5 ^ 6 ^ 11 (Scheme 2). 

Schem ee 2 

:... , ^ 

H 3 r // Y ' 'CH 3 

CH3 3 

(ZSp,4R,5S)-2 (ZSp,4R,5S)-2 

(R,R)-6a-e (R,R)-6a-e 

retention n 

RLii 3a-e 

retention n 

1,1'-dilithio--
ferrocene e 

RR CH3 ''// / -

H3B B 
CH33 OH 

(R(RPP,1S,2R)-4a-e ,1S,2R)-4a-e 

MeOH/H+ + 

OCH3 3 

H3BB R 

fS>5a-e e 

a:: R = 1-naphthyl 
b:: R = 2-naphthyl 
c:: R = 2-anisyl 
d:: R = 2-biphenylyl 
e:: R = 9-phenanthryl 

(R,R)--\a-e (R,R)--\a-e 

Treatmentt of 2 with aryllithium reagents 3a-e at -78 °C afforded the phosphine amide 
boraness 4a-e in 85-94% yield. In the case of 2-anisyllithium (3c), this reaction was proposed 
too proceed via a cyclic pentacoordinate intermediate followed by stereopermutation with 
overalll  retention of configuration at phosphorus. The latter was confirmed by crystal structure 
analysiss '6 and therefore we assume that the same holds for structurally related reagents 



2.2.2.2. Results and Discussion 

3a,b,dd and e. Introduction of several dilithioaryl species at this stage of the synthesis was also 
attempted,, but this led to the formation of monosubstituted products or mixtures of 
diastereomers.. (Using lj'-dilithioferrocene a mixture of (RP,Rp)- and (7?P)SP,l-bis(phosphine 
amidee boranes) in a 65:35 ratio was obtained). Considering the mechanism, interference of 
thee increased steric bulk imposed by a neighbouring phosphine amide moiety with the second 
nucleophilicc attack or stereorearrangements might account for the observed results. 

Compoundss 4a-e were subjected to acidic methanolysis from which the methyl phosphinite 
boranee complexes 5a-e were isolated after column chromatography in 66-94% yield. Due to 
thee SN2-type character of this nucleophilic substitution, inversion of configuration took place 
att the stereogenic phosphorus atoms.12'140 The enantiomeric purity of the products was 
checkedd by chiral HPLC and found to be at least 98% e.e., which rendered extensive 
recrystallizationn procedures unnecessary. 

Fromm the viewpoint of stereochemical unambiguity, the subsequent reaction of 1,1'-
dilithioferrocenee with 5a-e proved to be crucial. In order to obtain complete configurational 
inversionn at phosphorus, various reaction conditions were applied. We found that addition of 
aa suspension of l,l'-dilithioferrocene to the phosphinite borane solution at -40 °C, warming 
too room temperature over a period of 15 h, followed by aqueous workup yielded the desired 
Ca-symmetricall  diphosphine boranes, accompanied by minor amounts (-10%) of 
monosubstitutedd by-product. Only in the case of phosphinite borane 5d we detected small 
amountss of f/?,S)-meso-diphosphine diborane in the crude product (4% with respect to the 
totall  yield of diphosphine diborane). Tentatively, we ascribe the incomplete enantiomeric 
discriminationn to the sterically encumbering and flexible nature of the biphenyl moiety. At 
temperaturess above 0 °C the presence of TMEDA (released from 1,1'-
dilithioferroceneTMEDAA complex) caused slow decomplexation of BH? from the products in 
thee reaction mixture (up to 30% as judged from 31P-NMR). A similar deprotection of the 
startingg phosphinite boranes 5 was not observed and can therefore be excluded as 
racemizationn pathway for 6d. Purification of chiral 6d was nevertheless easily achieved by 
columnn chromatography and subsequent recrystallization. 

Summarizing,, it turned out that introduction of a bulky diaryl species is best performed as 
thee last substitution step, since stereodiscrimination abilities and reactivity of the different 
phosphinitess seem to surpass that of the oxazaphospholidine borane substrate (vide infra). 
Decomplexationn of (crude) borane complexes 6a-e was achieved by stirring in diethylamine 
att 50 °C for several h, at which the stereochemical integrity of the phosphorus centers was 
preserved.1SS After evaporation of solvent and chromatographic purification the phosphorus-
chirall  diphosphine ligands la-e were obtained in 72-81% yield and enantiomeric excesses of 
>> 98% e.e. 

Crystall  Structures and Assignment of Absolute Configuration. Clarification regarding 
thee stereochemical outcome of the dilithioferrocene attack on phosphinites 5 was gained by 
meanss of crystal structure determination of ligands la, lb and Id. As outlined in Scheme 2, 
thee use of (SPAR,5S)-2 (prepared from fl5,2/?)-(+)-ephedrine) as starting material should give 
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2.2. Phosphorus-Chiral dppf-Analogues 

risee to intermediates (Rp,\S,2R)-4 and (S)-5. If inversion took place during the subsequent 

nucleophilicc substitution, followed by retention of configuration upon decomplexation,'s 

(/?,/?)-configuratedd diphosphines should be obtained. The crystal structures of la, l b and Id 

weree determined in chiral space groups and their absolute structure was confirmed by 

refinementt of the Flack x parameter. According to our expectation the ligands l a and Id 

showedd the (/?,./?J-configuration at phosphorus atoms. For diphosphine lb, however, the 

synthesiss was started employing (l/?,2S)-(-)-ephedrine as auxiliary. The stereochemistry of 

thee sequence became thus reversed, ending up with the opposite enantiomer of the 

diphosphine,, (S,S)-lb. 

Thee molecular plots of these structures are shown in Figures 2, 3 and 4. The crystals of Id 

consistt of two crystallographically independent molecules, which mainly differ in the torsion 

angless within the biphenyl groups and in the torsion angles along the P-Chiphenyi bonds. The 

geometriess at the phosphorus atoms are quite similar in all structures with CPC angle sums of 

301.8-307.66 ° and distances P-C,,,,,„v, = 1.821 (9)-1.843(4) A, P-C,,,rro„„ A., = 1.797(6)-1.820(3) 

A,, P-Cnaphthyi = 1.823(5)-1.842(7) A and P-Chiphaiyi = 1.845(3)-1.851(4) A. The conformations 

off  the ferrocenyl groups in structure la and both molecules of Id are rather similar with Cl-

Centr.-Centr.'-C\'Centr.-Centr.'-C\' torsion angles of 123.1(3)-128.6(2) °; in structure l b this torsion angle is 

158.5(3)) °. There is no obvious intramolecular reason for this conformation change so that we 

assumee crystal packing effects as a cause. 

C9' ' 

Figur ee 2. Molecular plot of (R,R)-la, drawn at 50% probability level. 
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Figuree 3. Molecular plot of (S,5)-lb, drawn at 50% probability level. 

C152 2 

Figuree 4. Molecular plot of the first molecule of (R,R)-ld, drawn at 50% probability level. 
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2.2. Phosphorus-Chiral dppf-Analogues 

Determinationn of Enantiomeric Excess. After conducting reactions 5—>-6 no signals 
originatingg from the meso-(/?,SJ-forms of the diphosphine diboranes could be detected in the 
NMRR spectra of the crude products (with exception of compound 6d, vide supra), which 
seemss to support a highly stereoselective course of the nucleophilic substitution. 
Nevertheless,, experimental evidence concerning the enantiomeric purity of the ligands was 
soughtt and prompted us to perform chiral HPLC measurements. Sufficient enantioseparation, 
however,, could only be obtained for the diborane complex 6c, in which the methoxy 
functionalizationn is believed to facilitate interaction with the column material (Chiralcel OD, 
n-hexane/2-propanol/aceticc acid = 97:2.8:0.2 or Chiralcel OJ, heptane/ethanol = 85:15). 

Ann alternative method, which proved to be faster and more general was the use of chiral 
NMRR shift reagents, especially A'-(3,5-dinitrobenzoyl)-l-phenylethylamine. While it was 
originallyy developed by Kagan et al. for the determination of enantiomeric purity of 
sulfoxides,""  a this reagent also efficiently interacts with (racemic) phosphine oxide 
functionalities,, giving rise to well resolved signals of (diastereomeric) complexes.20b 

Oxidationn of ligands la-e by H2O2 in acetone yielded configurationally unchanged 
diphosphinee dioxides 7a-e. Upon addition of two equivalents of (S)-(+)-N-(3,5-
dinitrobenzoyl)-l-phenylethylaminee to racemic or enantiomerically enriched samples of 7a-e, 
splittingg of signals of the ferrocenylprotons occurred which allowed easy determination of 
enantiomericc purity by integration (error:  2%). In the corresponding 3IP-NMR spectrum a 
significantt downfield shift was observed upon complexation of the phosphine oxide moiety 
withh the shift reagent. Complete separation of signals, however, could only be obtained after 
additionn of 3 equivalents of KagarTs reagent and performing measurements at low 
temperaturee (233 K). On the contrary, in samples of diphosphine dioxides 7a-e, prepared from 
ligandss la-e by stereospecific oxidation, we could not detect any trace of the second 
enantiomerr within the error range of NMR integration. 

Asymmetricc Hydrogenation Reactions. The catalytic performance of the new ligands was 
readilyy explored in enantioselective rhodium catalyzed hydrogenation reactions.22 Cinnamic 
acidd derivatives 8a,b and c were hydrogenated at 2 bar of initial H2 pressure in the presence of 
catalystss formed in situ from [Rh(nbd)2]C104 and the respective Iigand (Equation 1). With 
exceptionn of the catalyst containing Iigand Id, all reactions proceeded smoothly and were 
completedd within 2 to 6 h; results are summarized in Table 1. 

Thee disappointing performance of diphosphine lb might be explained by its structural 
properties.. Bearing substituents only in the meta position of the aryl moiety, the steric 
environmentt of the active [Rh-lb]-complex resembles the one created by the achiral dppf 
chelate.. Modelling of the outer coordination sphere of the catalyst by the far-reaching 2-
naphthyll  substituent does not only have a deleterious effect on enantiodiscrimination, but also 
causess inversion of the chirality of the product. The low reactivity of catalyst systems 
incorporatingg Iigand Id, however, was not anticipated. Tentatively, we assume that 
intramolecularr coordination " of one of the ortho phenyl groups of the biphenyl moieties 
preventss effective substrate complexation.24 
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/ y V / ^ "" [Rh(nbd)2]CI04 ^ y ^ Y ^ u i i 

K^K^ NHCOR2 L*, MeOH k ^ NHCOR2 

8a-cc 9a-c 

Equatio nn 1: 8a, 9a: R1 = H; R2 = Me 
8b,, 9b: R1 = H; R2 = Ph 
8c,, 9c: R1 = Me; R2 = Me 

Tablee 1. Enantioselectivity in hydrogenations using in situ formed [Rh(la-e)]C104 catalysts. 

Entryy " 

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 

Substrate e 

8a a 

8a a 

8a a 

8a a 

8a a 

8b b 

8b b 

8b b 

8b b 

8c c 

8c c 

8c c 

8c c 

Ligandd L* 

(5,5)-la a 

(S,5)-lb b 

(R,R)-\c (R,R)-\c 

(R,R)-\A (R,R)-\A 

(R,R)-le (R,R)-le 

(5,5)-la a 

(S,S)-lb (S,S)-lb 

(R,R)-lc (R,R)-lc 

(R,R)-le (R,R)-le 

(R,R)-la (R,R)-la 

(S,S)-lb (S,S)-lb 

(R,R)-lc (R,R)-lc 

(R,R)-le (R,R)-le 

%% e.e." 

98.2 2 

21.0 0 

95.4 4 
C C 

98.5 5 

94.8 8 

11.0 0 

92.0 0 

95.5 5 

97.3 3 

7.6 6 

95.1 1 

98.7 7 

Abs.. Config. 

(R) (R) 

(S) (S) 

(S) (S) 

— — 

(S) (S) 

(R) (R) 

(S) (S) 

(S) (S) 

(S) (S) 

(S) (S) 

(S) (S) 

(S) (S) 

(S) (S) 

""  Reactions were conducted at 25° C using 0.01 mmol of [Rh(nbd)2]C104, 0.011 mmol of 
ligand,, 1 mmol of substrate in 14 ml of methanol with an initial H2 pressure of 2 bar. A 
changee of the rhodium precursor to [Rh(nbd)2]BF4 did not effect the result. Determination of 
e.e.. values was performed by chiral GC analysis (Chirasil-Val). Assignments of absolute 
configurationss were made by comparing signs of optical rotations with those of authentic 
samples.'' Conversion was found < 10%, increasing the H2 pressure to 20 bar did not give a 
significantt improvement. 

Onn the contrary, the performance of ligands la, lc and le and the obtained 
enantioselectivitiess as high as 98.7% correspond well to results reported for other phosphorus-
chirall  ligands such as Dipamp ' or the recently introduced tetramethylsilanebis(l-
naphthylphenylphosphine)l4cc (96% and 97.7% e.e., respectively, for the hydrogenation of 8c). 
Thee absolute configuration of the hydrogenation products being opposite to that of the 
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diphosphinee is also in agreement with observations made employing the two latter mentioned 
ligands.. Apparently, in the case of the methyl (a-acetamido)cinnamate substrate, a change in 
thee backbone structure from ethylene or carbosilane bridges to the less flexible ferrocene 
influencess reactivity and enantiomeric discrimination only to a small extent. In hydrogenation 
reactionss of free acids high enantioselectivities are retained, contrasting the results observed 
forr Dipamp in analogous experiments.511 Using ligands la, lc and le reduction of a-
benzamidocinnamicc acid 8b afforded the N-benzoylphenylalanine product in up to 95.5% e.e. 
andd the acetamido derivative 8a was hydrogenated with comparingly high or even higher e.e. 
valuess as obtained for 8c. 

Forr all three substrates tested, the highest asymmetric inductions were achieved using the 
bulkyy 9-phenanthryl-substituted ligand le, followed closely by the structurally related 1-
naphthyll  analogue la. Creation of very rigid complex species displaying larger bite angles 
andd thus allowing more effective shielding of diagonal quadrants by the sterically demanding 
aryll  groups might account for the observed results.25 Employment of catalysts incorporating 
thee smaller anisyl-functionalized ligand lc gave rise to slightly lower e.e. values in 
comparisonn to la and le. To what extent this behaviour can be ascribed to steric effects only, 
remainss unclear.26 Action of the methoxy group as hemilabile intramolecular oxygen donor 
hass been observed previously in alkylhydride catalytic intermediates; but the influence of 
suchh a coordination on the enantioselectivity-determining step is still a matter of debate. Our 
resultss as well as the ones obtained by Imamoto et al.sh suggest, however, that, on providing a 
suitablee backbone framework, marked steric differences between the alkyl or aryl residues on 
phosphoruss are more important with respect to stereodifferentiation than possible cooperative 
effectss attributed to the methoxy functionalization. 

Summarizing,, regarding the excellent enantioselectivities of up to 98.7% e.e. obtained in 
asymmetricc hydrogenations of a-acylamino cinnamic acid derivatives, we feel that a 
promisingg new class of C2-symmetrical phosphorus-chiral ligands has been disclosed. Having 
aa range of diphosphines with differing steric and electronic properties available, tuning of 
ligandd structures becomes possible and we expect further successful applications in other 
typess of hydrogenation reactions. 

2.3.. Conclusions 

Wee have developed a versatile and efficient route for the preparation of optically active 
(bis)triarylphosphiness bearing a ferrocene moiety. The synthetic pathway is characterized by 
itss tolerance towards bulky aryl substituents as well as excellent enantio- and 
diastereoselectivity.. The possibility and necessity of steric tuning was demonstrated by the 
synthesiss of five phosphorus-chiral ferrocenyldiphosphines la-e and their application in 
rhodiumm catalyzed asymmetric hydrogenation reactions. 
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2.3.2.3. Conclusions 

Ligandss la and le, creating sterically pretentious rigid complexes, or ligand lc, offering the 

possibilityy of hemilabile or secondary interaction by means of the methoxy functionalization, 

havee been identified as valuable tools for the reduction of cinnamic acid derivatives. The 

structurall  similarity with the well-known Dipamp is also mirrored in catalysis results, giving 

e.e.. values of up to 98.7% for N-acylphenylalanine products. The disappointing performance 

off  ligands l b and Id is assumed to originate from a too low or too high a degree of steric 

interaction,, respectively, with the substrate during hydrogenation reactions. 

2.4.. Experimental Section 

Generall  Procedures. Melting points are uncorrected. NMR spectra were recorded on 250, 

3000 and 400 MHz instruments; CDCI3 was used as solvent if not mentioned otherwise. 

Assignmentss of  l3C-carbon multiplicities were made by means of Spin-Echo-Fourier-

Transformm (SEFT) and two-dimensional ( 'H^C-COSY) experiments. Phosphorus-carbon 

couplingg constants (JCP) were identified by comparison of C spectra measured at different 

magneticc field strenghts. Phosphorus-boron coupling constants (JPB) were determined 

betweenn the central peaks of the nonbinomial quartets. Optical rotations were measured in a 

thermostattedd polarimeter with 1 = 1dm. Mass spectra were recorded on a JEOL JMS 

SX/SX102AA four sector mass spectrometer; 3-nitrobenzylalcohol was used as matrix for 

FAB-MS.. Elemental analyses were obtained using an Elementar Vario EL apparatus. Chiral 

GCC separations were conducted with a Chirasil-L-Val capillary column (0.25 mm x 25 m). 

Chirall  HPLC analysis were carried out using a Daicel Chiralcel-OD column (0.46 x 25 cm). 

Materials.. If not otherwise stated, reactions were performed under argon atmosphere using 

standardd Schlenk techniques. THF and diethylether were distilled from sodium benzophenone 

ketyl,, CH2CI2 and acetonitrile were distilled from CaH2 and toluene and methanol from 

sodiumm wire under nitrogen. Except for the compounds given below, all reagents were 

purchasedd from commercial suppliers and used without further purification. Diethylamine 

wass distilled from KOH under argon. 2-Bromoanisole and 1-Bromonaphthalene were 

destilledd prior to use. l,l'-dilithioferrocene was synthesized following a procedure given by 

Bishopp et al.28 f2Sp,4/?,5SH-)-3,4-Dimethyl-2,5-diphenyl-l,3,2-oxazaphospholidine borane 2 

andd its enantiomer were prepared according to Jugé et al. 

Synthesiss of Phosphinamides 4a-e (Typical Procedure). A degassed 0.5 M solution of 

thee arylbromide RBr (with R = 1-naphthyl, 2-naphthyl, 2-methoxyphenyl, 2-biphenylyl or 9-

phenanthryl)) (11.5 mmol) in diethylether was cooled to -78 °C and n-butyl lithium (12 mmol) 

wass added via syringe. The reaction mixture was kept at this temperature for 2 h and then 

warmedd to -20 °C to ensure complete lithiation. The resulting aryllithium suspension 3 was 
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addedd slowly via teflon cannula to a precooled (-78 °C) 1 M solution of oxazaphospholidine 

boranee 2 (10 mmol) in THF. The reaction mixture was warmed to room temperature over a 

periodd of 15 h and then quenched with water. Solvent was evaporated and the residue was 

repeatedlyy extracted with CH2CI2, washed with water and dried (MgS04). After removal of 

thee solvent, the crude product was subjected to column chromatography (Si02, toluene/ethyl 

acetatee = 95:5) to give diastereomerically pure amides 4 as white, slightly air-sensitive 

crystals. . 

f5p,l/?,2SJ-(+)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(l-naphthyl)-P-(phenyl)--

phosphinamidee borane, 4a. Yield: 94%. M.p.: 113 °C. 'H-NMR (400.13 MHz): 8 0.72-2.00 

(br,, m, 3H); 1.32 (d, 3H, J = 7.0Hz); 1.83 (d, 1H, J = 4.0Hz); 2.66 (d, 3H, JHP = 7.5Hz); 4.47 

(m,, 1H); 5.00 (br, t, 1H, J = 4.0Hz); 7.22-7.54 (m, 12H); 7.56-7.63 (m, 2H); 7.85 (br, d, 1H, J 

== 8.0Hz); 7.94 (br, d, 1H, J = 8.0Hz); 8.23 (br, d, 1H, J = 8.5Hz) ppm. 13C-NMR (100.58 

MHz):: 5 11.55 (d, CH3, Jc? = 3.8Hz); 31.48 (d, CH3, JCp = 3.1Hz); 58.13 (d, CH, JCp = 

9.9Hz);; 79.18 (d, CH, 7Cp = 2.9Hz); 124.62 (d, CH, 7Cp = 10.7Hz); 126.05 (CH); 126.22 

(CH);; 126.32 (CH); 127.10 (d, C, JCp = 61.2Hz); 127.27 (d, CH, JCp = 6.1Hz); 127.50 (CH); 

128.366 (CH); 128.49 (d, CH, JCp = 9.9Hz); 128.85 (d, CH, 7Cp = 1.4Hz); 130.89 (d, CH, JCP = 

2.3Hz);; 132.22 (d, CH, JQP = 9.9Hz); 132.38 (d, CH, JCP = 2.3Hz); 132.38 (d, C, JCp = 

62.0Hz);; 132.74 (d, CH, JCP = 7.6Hz); 133.39 (d, C, 7Cp = 11.1 Hz); 134.06 (d, C, 7CP = 

8.4Hz);; 142.54 (C) ppm. 3IP-NMR (121.50 MHz): 5 71.42 (br, q, JPB = 75Hz) ppm. [cc]20
D = 

+97.88 (c = 0.680; CH2C12). HRMS (FAB+): m/z calcd. for C26H27NOP ([MH] + -BH3): 

400.1830;; observed: 400.1827. Anal.calcd. for C26H29BNOP: C, 75.55; H, 7.08; N, 3.39. 

Found:: C, 75.74; H, 7.15; N, 3.26. 

(5p,l/?,25)-(+)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(2-naphthyl)-P-(phenyl)--

phosphinamidee borane, 4b. Yield: 89%. M.p.: 133 °C. 'H-NMR (400.13 MHz): 6 0.69-1.77 

(br,, m, 3H); 1.27 (d, 3H, J = 6.7Hz); 1.87 (s, 1H); 2.52 (d, 3H, Jw = 7.8Hz); 4.35 (m, 1H); 

4.844 (d, 1H, J = 6.3Hz); 7.17-7.63 (m, 13H), 7.81-7.89 (m, 3H); 8.09 (br, d 1H, J = 12.2Hz) 

ppm.. I3C-NMR (100.62 MHz): 5 13.48 (d, CH3, ./Cp = 1.1 Hz); 30.57 (d, CH3, JCp = 3.8Hz); 

58.188 (d, CH, 7Cp = 10.3Hz); 78.74 (d, CH, 7Cp = 5.8Hz); 126.71 (d, CH, JCP = 3.3Hz); 126.72 

(CH);; 127.61 (CH); 127.73 (d, CH, 7Cp = 1.8Hz); 127.73 (CH); 127.88 (d, CH, JCp = 3.8Hz); 

128.088 (d, CH, JCp = 9.9Hz); 128.29 (d, C, ./CP = 60.3Hz); 128.34 (d, CH, JCP = 10.4Hz); 

128.555 (CH); 128.78 (CH); 130.65 (d, C, JCP = 68.1 Hz); 130.71 (d, CH, 7Cp = 2.2Hz); 132.05 

(d,, CH, 7CP = 9.9Hz); 132.60 (d, C, 7Cp= 11.4Hz); 133.84 (d, CH, 7CP = 9.9Hz); 134.31 (d, C, 

JCPJCP = 1.9Hz); 142.45 (C) ppm. 31P-NMR (121.50 MHz): 5 71.40 (br, q, JPB = 82Hz) ppm. 

[a]2( ,
DD = +61.1 (c = 0.524; CH2C12). HRMS (FAB+): m/z calcd. for C26H27NOP ([MH] + -

BH3):: 400.1830; observed: 400.1827. Anal.calcd. for C26H2yBNOP: C, 75.55; H, 7.08; N, 

3.39.. Found: C, 75.68; H, 7.01; N, 3.32. 
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r5P,l/f,2S:)-(+)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(2-methoxyphenyl)-P--

(phenyl)phosphinamidee borane, 4c. Yield: 93%. M.p.: 115 °C. 'H-NMR (400.13 MHz): 5 

0.51-1.733 (br, m, 3H); 1.22 (d, 3H, J = 6.7Hz); 2.03 (d, 1H, 7 = 4.1Hz); 2.54 (d, 3H, 7HP = 

8.0Hz);; 3.56 (s, 3H); 4.33 (m, lH);4.87(d, 1H, 7 = 5.6 Hz); 6.90 (br, dd, 1H, 7 = 4.1, 8.3Hz); 

7.011 (m, 1H); 7.17-7.40 (m, 8H); 7.42-7.51 (m, 3H); 7.58 (ddd, 1H, 7 = 1.7, 7.6, 12.7Hz) 

ppm.. I3C-NMR (100.61 MHz): 5 12.50 (br, CH3); 30.90 (d, CH3, 7CP = 3.8Hz); 55.00 (CH3); 

58.066 (d, CH, JCP = 10.7Hz); 78.77 (d, CH, 7CP = 5.5Hz); 111.51 (d, CH, 7Cp = 4.6Hz); 118.60 

(d,, C, JCp = 57.2Hz); 120.78 (d, CH, 7CP = 10.6Hz); 126.52 (CH); 127.51 (CH); 127.87 (d, 

CH,, JCp = 10.7Hz); 128.28 (CH); 129.85 (d, CH, JCP = 2.2Hz); 130.84 (d, CH, 7CP = 10.4Hz); 

132.233 (d, C, JCp = 71.1 Hz); 133.20 (d, CH, 7Cp = 1.6Hz); 134.90 (d, CH, 7CP = 10.8Hz); 

142.566 (C); 161.06 (d, C, 7Cp = 2.5Hz) ppm. 31P-NMR (121.50 MHz): 8 69.18 (br, q, 7PB = 

711 Hz) ppm. [<x]20
D = +38.1 (c = 0.360; CH2C12). HRMS (FAB+): m/z calcd. tbr C23H30BNO2P 

([MH] +):: 394.2107; observed: 394.2112. Anal.calcd. for C23H29BNO2P: C, 70.24; H, 7.44; N, 

3.56.. Found: C, 70.04; H, 7.22; N, 3.48. 

(Sp,l/?,2S)-(+)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yI-P-(2-biphenylyl)-P--

(phenyl)phosphinamidee borane, 4d. Yield: 85%. M.p.: 100-101 °C. 'H-NMR (400.13 

MHz):: 8 0.55-1.65 (br, m, 3H); 0.71 (d, 3H, J = 6.9Hz); 2.38 (s, 1H); 2.59 (d, 3H, 7HP = 

7.2Hz);; 3.97 (m, 1H); 4.88 (d, 1H, 7 = 2.8Hz); 7.16-7.52 (m, 17H); 7.67-7.75 (m, 2H) ppm. 
I3C-NMRR (100.58 MHz): 5 9.87 (d, CH3, 7Cp = 6.9Hz); 31.72 (d, CH3, 7Cp = 3.8Hz); 58.04 (d, 

CH,, 7CP = 10.7Hz); 78.78 (CH); 125.62 (CH); 126.75 (d, CH, 7CP - 9.9Hz); 127.11 (CH); 

127.322 (d, CH; 7Cp = 4.6Hz); 127.34 (CH); 128.10 (CH); 128.10 (d, CH, 7CP = 9.9Hz); 128.81 

(d,, C, 7CP = 66.6Hz); 129.64 (CH); 130.46 (d, CH, 7CP = 2.3Hz); 130.51 (d, CH, 7CP = 2.3Hz); 

132.188 (d, CH, 7CP = 9.9Hz); 132.67 (d, CH, 7CP = 8.4Hz); 133.39 (d, C, 7CP = 58.1 Hz); 

134.088 (d, CH, 7CP = 9.9Hz); 141.35 (d, C, 7CP = 3.1 Hz); 142.47 (C); 147.37 (d, C, 7CP = 

9.9Hz)) ppm. 31P-NMR (121.50 MHz): 5 70.95 (br, q, 7PB = 64Hz) ppm. [a]2(1
D = +64.9 (c = 

0.297;; CH2CI2). HRMS (FAB+): m/z calcd. for C2XH29NOP ([MH] + -BH3): 426.1987; 

observed:: 426.1958. Anal.calcd. for C2«H3iBNOP: C, 76.54; H, 7.12; N, 3.19. Found: C, 

76.80;; H, 7.22; N, 3.06. 

(/?P,15,2^)-(-)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(9-phenanthryl)-P--

(phenyl)phosphinamidee borane, 4e. Yield: 86%. M.p.: 135 °C. 'H-NMR (400.13 MHz): 5 

0.83-2.011 (br, m, 3H); 1.36 (d, 3H, 7 = 6.9Hz); 2.36 (s, 1H), 2.70 (d, 3H, 7HP = 7.4Hz); 4.54 

(m,, 1H); 5.06 (d, 1H, 7 = 3.9Hz); 7.13-7.86 (m, 16H); 8.37 (d, 1H, 7 = 8.3Hz); 8.67 (d, 1H, 7 

== 8.3Hz); 8.72 (d, 1H, 7 = 8.4Hz) ppm. °C-NMR (100.58 MHz): 8 11.48 (d, CH3, 7CP = 

4.2Hz);; 31.47 (d, CH3, 7Cp = 3.2Hz); 58.11 (d, CH, 7CP = 10.4Hz); 79.13 (d, CH, 7CP = 

2.3Hz);; 122.51 (CH); 122.97 (CH); 125.99 (d, C, 7Cp = 60.3Hz); 126.00 (CH); 126.33 (CH); 

126.911 (CH); 127.43 (CH); 128.19 (d, CH, 7CP = 7.2Hz); 128.29 (CH); 128.41 (d, CH, 7CP = 

24.4Hz);; 128.52 (d, CH, 7CP = 16.6Hz); 128.97 (CH); 129.56 (CH); 130.19 (d, C, 7Cp = 

11.0Hz);; 130.79 (d, C, 7Cp = 7.4Hz); 130.83 (d, C, 7CP = 11.3Hz); 130.94 (d, CH, 7CP = 
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1.9Hz);; 131.75 (d. C, 7CP - 1.8Hz); 132.18 (d, C, 7CP = 62.4Hz); 132.29 (d, CH, 7CP = 

10.0Hz);; 135.52 (d, CH, Jc? = 7.2Hz); 142.28 (C) ppm. 3IP-NMR (121.50 MHz): S 72.50 (br, 

q,, ./PB = 50Hz) ppm. [oc]20
D = -101.0 (c = 0.243; CH2C12). HRMS (FAB+): m/z calcd. for 

C3()H2yNOPP ([MH] + -BH3). 450.1987; observed: 450.1971. Anal.calcd. for C3„H 3iBNOP: C, 

77.76;; H, 6.75; N, 3.02. Found: C, 77.40; H, 6.98; N, 2.78. 

Synthesiss of Phosphinite Boranes 5a-e (Typical Procedure). The phosphinamide borane 

44 (11.5 mmol) was dissolved in 100 ml of methanol, degassed and cooled in an ice bath. 

Concentratedd sulfuric acid (11.5 mmol) was added dropwise and the solution was stirred for 

200 h at room temperature. After removal of solvent, the residue was directly subjected to 

columnn chromatography (Si02; hexane/ethyl acetate = 95:5). Phosphinites 5a-e were obtained 

ass white crystalline products which proved to be largely air-stable. The enantiomeric 

compositionn of the compounds was determined using chiral HPLC measurements and found 

too be > 98% e.e. Eventually, recrystallization from hexane or 2-propanol yielded enantiopure 

products. . 

(S)-(+)-Methy\(S)-(+)-Methy\ (l-naphthyl)phenylphosphinite borane, 5a. Yield: 84%. Enantiomeric 

purity:: > 99.5% e.e. (HPLC, Chiralcel OD, heptane/2-propanol = 99.5:0.5, tR [(R)-Sa] = 20.9 

min,, tR [(5)-5a] = 22.3 min). M.p.: 82-83 °C. 'H-NMR (400.14 MHz): 8 0.49-1.76 (br, m, 

3H);; 3.74 (d, 3H, ./Hp = 12.2Hz); 7.32-7.50 (m, 5H); 7.52-7.68 (m, 3H); 7.86 (br, d. IH, J = 

8.11 Hz): 8.03 (br, d, 1H,./ = 8.3Hz); 8.11 (br, d, 1H,./ = 8.5Hz); 8.25 (ddd, 1H,./ = 0.9, 7.2, 

15.0Hz)) ppm. I3C-NMR (100.62 MHz): 6 53.98 (d, CH3, 7Cp = 1.9Hz); 124.73 (d, CH, JCP = 

13.7Hz);; 126.30 (CH); 126.32 (d, CH, JCP = 5.1 Hz); 126.57 (d, C, 7CP = 55.1 Hz); 127.10 

(CH);; 128.57 (d, CH, JCP = 10.6Hz); 129.06 (d, CH, 7CP = 0.9Hz); 130.87 (d, CH, JCP = 

11 1.1 Hz); 131.58 (d, CH, 7Cp = 2.2Hz); 132.20 (d, C, 7CP = 67.5Hz); 132.63 (d, C, JCP = 

5.11 Hz); 133.71 (d, CH, 7CP = 2.4Hz); 133.74 (d, C, JC}> = 6.8Hz); 135.24 (d, CH, 7Cp = 

17.2Hz)) ppm. , !P-NMR (121.50 MHz): 5 111.50 (br, q, 7PB = 81 Hz) ppm. [ocf'D = +14.9 (c = 

0.808,, CH2C12). HRMS (FAB+): m/z calcd. for C,7H,6OP ([MH] + -BH3): 267.0939; observed: 

267.0945.. Anal.calcd. for C |7 H , H B O P: C, 72.89; H, 6.48. Found: C, 73.11; H, 6.48. 

(/?)-(+)-Methyll  (2-naphthyl)phenylphosphinite borane, 5b. Yield: 94%. Enantiomeric 

purity:: > 99.5% e.e. (HPLC, Chiralcel OD, hexane/2-propanol = 99.5:0.5, tR \(R)-5b] = 17.6 

min,, tR [(S)-5b) = 19.2 min). M.p.: 85-86 °C. 'H-NMR (400.14 MHz): 5 0.53-1.68 (br, m, 

3H);; 3.77 (d, 3H, ,/HP - 12.1 Hz); 7.42-7.60 (m, 5H); 7.66 (dt, IH, J = 1.5. 8.7Hz); 7.73-7.79 

(m,, 2H); 7.83-7.93 (m, 3H); 8.36 (br, d, IH, ./ = 12.7 Hz) ppm. nC-NMR (100.58 MHz): 5 

54.122 (d, CHi, JCP = 1.8Hz); 125.92 (d, CH, 7Cp - 9.7Hz); 126.94 (CH); 127.82 (CH); 128.25 

(CH);; 128.55 (d, CH, Jc? = 9.8Hz); 128.67 (d, CH, VCp = 10.5Hz); 128.69 (d, C, JCP = 

63.0Hz);; 128.92 (CH); 131.26 (d, CH, Jc? = 11.3Hz); 131.76 (d, C, JCP = 64.7Hz); 131.90 (d, 

CH,, JCP = 2.3Hz); 132.52 (d, C, VCP = 12.3Hz); 133.42 (d, CH, 7Cp = 13.3Hz): 134.74 (d, C, 

JCPJCP = 2.1 Hz) ppm. 31P-NMR (161.98 MHz): 5 108.84 (br, q, 7PB = 68 Hz) ppm. [a] 2i)
D = +44.9 
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(cc = 1.29; CH2C12). HRMS (FAB+): m/z calcd. for Ci7H16OP ([MH] + -BH3): 267.0939; 

observed:: 267.0951. Anal.Calcd. for C|7H,8BOP: C, 72.89; H, 6.48. Found: C, 72.80; H, 6.49. 

(5)-(+)-MethyII  (2-methoxyphenyl)phenylphosphinite borane, 5c. Yield: 85%. 

Enantiomericc purity: 99.3% e.e. (HPLC, Chiralcel OD, hexane/2-propanol = 99.5:0.5, tR [(/?)-

5c]]  = 20.7 min, tR [(S)-Sc] = 21.8 min). Oil. 'H-NMR (400.14 MHz): 8 0.61-1.60 (br, m, 3H); 

3.588 (s,3H); 3.71 (d, 3H, 7HP = 12.1Hz); 6.84 (dd, IH, 7 = 4.3, 8.3Hz); 7.06 (dt, 1H, 7 = 1.8, 

7.4Hz);; 7.36-7.50 (m, 4H); 7.69-7.84 (m, 3H) ppm. I3C-NMR (100.61 MHz): 5 53.80 (d, 

CH3,, 7CP = 3.6Hz); 55.45 (CH3), 111.65 (d, CH, 7CP = 4.9Hz); 119.16 (d, C, 7CP = 6l.6Hz); 

120.755 (d, CH, 7Cp = 11.0Hz); 128.07 (d, CH, 7CP = 10.8Hz); 131.01 (d, CH, 7CP = 11.5Hz); 

131.299 (d, CH, JCP = 2.1 Hz); 131.97 (d, C, 7CP = 65.8Hz); 133.80 (d, CH, JCP = 11.1 Hz); 

134.166 (br, CH); 160.95 (d, C, 7CP = 3.1Hz) ppm. 3!P-NMR (121.50 MHz): 8 106.96 (br, q, 

VPBB = 80Hz) ppm. [a]20
D = +26.2 (c = 0.565; CH2C12). HRMS (FAB+): m/z calcd. for 

C14H19BO2PP ([MH +]) : 261.1216; observed: 261.1206. Anal.calcd. for Ci4H18B02P: C, 64.65; 

H,, 6.98. Found: C, 64.45; H, 6.91. 

(SJ-(+)-Methyll  (2-biphenylyl)phenylphosphinite borane, 5d. Yield: 87%. Enantiomeric 

purity:: 98.1%» e.e. (HPLC, Chiralcel OD, hexane/2-propanol = 99.5:0.5, tR [(S)-5c] = 13.0 

min,, tR [(/?>5c] = 14.5 min). Recrystallization from hexane yielded enantiopure product. 

M.p.:: 120 °C. 'H-NMR (400.14 MHz): 8 0.32-1.50 (br, m, 3H); 3.57 (d, 3H, 7HP = 10.6Hz); 

6.89-6.944 (m, 2H); 7.08-7.14 (m, 2H); 7.18-7.26 (m, 4H); 7.29-7.39 (m, 3H); 7.47-7.57 (m, 

2H);; 8.06 (ddd, 1H, J = 1.6, 7.5, 12.6Hz) ppm. 13C-NMR (100.62 MHz): 8 53.43 (d, CH3, 7CP 

== 1.1Hz); 126.84 (d, CH, 7CP = 11.3 Hz); 126.97 (CH); 127.00 (d, CH, 7CP = 5.1Hz); 127.86 

(d,, CH, 7CP = 10.8Hz); 129.37 (CH); 130.04 (d, C, 7Cp = 59.9Hz); 130.72 (d, CH, 7CP = 

11.4Hz);; 130.88 (d, CH, 7CP = 2.3Hz); 131.32 (d, CH, 7Cp = 2.0Hz); 131.47 (d, CH, 7CP = 

7.7Hz);; 132.08 (d, C, 7CP = 64.8Hz); 133.32 (d, CH, 7Cp = 14.9Hz); 140.17 (d, C; 7CP = 

3.2Hz);; 146.47 (d, C, 7Cp = 7.4Hz) ppm. 3IP-NMR (121.50 MHz): 8 109.78 (br, q, 7PB = 

83Hz)) ppm. [a]20D = +17.4 (c = 0.945, CH2C12). HRMS (FAB+): m/z calcd. for C|9Hn,OP 

([MH] ++ -BH3): 293.1095; observed: 293.1114. Anal.calcd. for C19H20BOP: C, 74.54; H, 6.59. 

Found:: C, 74.50; H 6.60. 

(SM-)-Methyll  (9-phenanthryl)phenylphosphinite borane, 5e. Yield: 64%. 

Enantiomericc purity: > 99.5% e.e. (HPLC, Chiralcel OD, hexane/2-propanol = 98:2, tR [(R)-

5e]]  = 26.1 min, tR [(S)-5é\ = 29.6 min). M.p.: 140 °C. 'H-NMR (400.13 MHz): 8 0.60-1.75 

(br,, m, 3H); 3.81 (d, 3H, 7Hp = 12.2 Hz); 7.34-7.49 (m, 4H); 7.61 (ddd, 1H, 7 = 1.1, 7.1, 

8.2Hz);; 7.65-7.71 (m, 3H); 7.78 (ddd, 1H,7= 1.3, 7.0, 8.3Hz); 8.05 (dd, 1H, 7= 1.0, 7.7Hz); 

8.144 (br, d, 1H, 7 = 8.3Hz); 8.62-8.75 (m, 3H) ppm. I3C-NMR (100.58 MHz): 8 54.04 (d, 

CH3,, 7Cp = 1.9Hz); 122.58 (CH); 123.22 (CH); 125.20 (d, C, 7CP = 53.3Hz); 126.95 (d, CH, 

7Cpp = 7.4Hz); 127.26 (CH); 127.34 (d, CH, 7CP = 4.7Hz); 128.61 (d, CH, 7CP = 10.6Hz); 

129.355 (CH); 129.91 (d, C, 7CP = 4.3Hz); 130.04 (d, C, 7CP = 14.6Hz); 130.22 (CH); 130.68 
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(d,, C, Je? - 6.7Hz); 130.69 (CH); 130.80 (CH); 131.55 (d, CH, JCP = 2.2Hz); 132.10 (d, C, 

JJCCpp = 68.5Hz); 132.32 (d, C, JCp = 1.9Hz); 138.91 (d, CH, 7CP = 18.1 Hz) ppm. 3IP-NMR 

(121.500 MHz): 5 111.53 (br, q, JPB = 84Hz) ppm. [ot]20
D = -78.1 (c = 0.702, CH2C12). HRMS 

(FAB+):: m/z calcd. for C2,HiXOP ([MH] + -BH3): 317.1095; observed: 317.1081. Anal.calcd. 

forr C21H20BOP: C, 76.39; H, 6.11. Found: C, 76.53; H, 6.12. 

Synthesiss of Ferrocenyldiphosphines la-e (Typical Procedure). The respective 

phosphinitee 5 (10 mmol) was dissolved in 10 ml of THF, degassed and cooled to -40 °C. A 

suspensionn of l,l'-dilithioferrocene (5 mmol) in 40 ml of diethylether and 5 ml of THF was 

cooledd and slowly added to the phosphinite solution via teflon cannula. The reaction mixture 

wass allowed to reach room temperature over a period of 15 h and was then quenched with 

water.. After evaporation of solvent the residue was extracted with CH2CI2. The combined 

organicc layers were washed with water, dried (MgSC )̂ and concentrated. The crude borane 

complexx 6 was suspended in 50 ml of diethylamine, degassed and stirred at 50 °C for 5 h. 

Afterr treatment, the solvent was evacuated and the product diphosphine was purified by 

columnn chromatography (Si02; hexane/CH2Cl2 = 3:1 for la-d; hexane/CH2Cl2 = 2:1 for le). 

Minorr amounts of monophosphine by-product were eluted first, followed by diphosphines la-

ee which were obtained as yellow to orange crystals. Recrystallization from CH2Cl2/hexane 

affordedd analytically pure products. 

f/f,/?>-(-)-l,l'-Bis(l-naphthylphenylphosphino)ferrocene,, la. Yield: 74%. M.p.: 176 °C. 

'H-NMRR (400.13 MHz): 5 3.70 (m, 2H); 4.25 (m, 2H); 4.32 (m, 2H); 4.36 (m, 2H); 7.11-7.16 

(m,, 2H); 7.19-7.28 (m, 6H); 7.30-7.43 (m, 10H); 7.75-7.81 (m, 4H); 8.33-8.37 (m, 2H) ppm. 
I3C-NMRR (100.61 MHz): 5 72.47 (br, CH); 72.95 (d, CH, 7Cp = 6.9Hz); 73.06 (d, CH, JCP = 

3.0Hz);; 75.25 (d, CH, Jc? = 25.9Hz); 76.50 (d, C, Jc? = 5.3Hz); 125.22 (d, CH, JCP = 1.5 Hz); 

125.733 (br, CH); 125.94 (d, CH, 7Cp = 2.3Hz); 126.02 (d, CH, Jc? = 25.9Hz); 128.13 (d, CH, 

JJCCpp = 7.6Hz); 128.50 (br, CH); 128.81 (CH); 129.09 (CH); 131.41 (br, CH); 133.33 (d, C, JCp 

==  4.6Hz); 133.83 (d, CH, 7CP = 20.6Hz); 134.71 (d, C, JCp = 21.4Hz); 136.68 (d, C, Jc? = 

14.5Hz);; 137.10 (d, C, JCp = 8.4Hz) ppm. 31P-NMR (161.98 MHz): 6-30.39 (s) ppm. [a]2(,
D 

== ^197.2 (c = 0.251; CHCI3). HRMS (EI+): mJz calcd. for C42H32FeP2: 654.1329; observed: 

654.1342.. Anal.calcd. for C42H32FeP2: C, 77.07; H, 4.93. Found: C, 76.98; H, 5.02. 

(S,S>(-)-l,l'-Bis(2-naphthylphenylphosphino)ferrocene,, lb . Yield: 78%. M.p.: 87 °C. 
11 H-NMR (400.13 MHz): 5 4.04 (m, 4H); 4.28 (m, 4H); 7.23-7.35 (m, I2H); 7.41-7.49 (m, 

4H);; 7.63 (br, d, 2H, J = 8.4Hz); 7.70-7.83 (m, 6H) ppm. I3C-NMR (100.61 MHz): Ö 72.51 

(m,, 2CH); 73.77 (d, CH, 7Cp = 3.0Hz); 73.91 (d, CH, JCP = 3.8Hz); 76.58 (d, C, 7Cp = 7.6Hz); 

126.166 (CH); 126.49 (CH); 127.49 (d, CH, JCp = 6.1Hz); 127.67 (CH); 128.04 (CH); 128.15 

(d,, CH, JCp = 6.9Hz); 128.53 (CH); 129.81 (d, CH, iCp = 16.0Hz); 133.00 (d, C, JCp = 8.4Hz); 

133.200 (C); 133.44 (d, CH, 7Cp = 19.0Hz); 133.64 (d, CH, JCp = 23.0Hz); 136.27 (d, C, JCP = 

9.9Hz);; 138.70 (d, C, 7CP = 9.9Hz) ppm. 3 ,P-NMR (161.98 MHz): 5-17.77 (s) ppm. [a]20
D = 
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-15.33 (c = 0.261; CHC13). HRMS (Ef): m/z calcd. for C42H32FeP2: 654.1329; observed: 

654.1298.. Anal.calcd. for C42H32FeP2: C, 77.07; H, 4.93. Found: C, 76.91; H, 5.30. 

C/?,/f)-(-)-l,l'-Bis[(2-methoxyphenyl)phenylphosphino]ferrocene,, lc. Yield: 73%. M.p.: 

1533 °C. 'H-NMR (400.13 MHz): 8 3.57 (m, 2H); 3.65 (s, 6H); 4.21 (m, 2H); 4.26 (m, 2H); 

4.377 (m, 2H); 6.77 (dd, 2H, J = 4.8, 8.3Hz); 6.80-6.83 (m, 4H); 1.20-1.28 (m, 8H); 7.31-7.36 

(m,, 4H) ppm. 13C-NMR (100.61 MHz): 5 55.58 (CH3); 72.48 (br, CH); 72.68 (d, CH, JCp = 

3.1Hz);; 72.84 (br, d, CH, JCP = 6.9Hz); 75.00 (d, CH, 7Cp = 26.0Hz); 76.39 (d, C, JCP = 

6.1Hz);; 110.23 (CH); 120.67 (CH); 127.81 (d, CH, JCp = 7.6Hz); 127.97 (d, C, JCP = 12.2Hz); 

128.466 (CH); 129.93 (CH); 133.50 (CH); 133.54 (d, CH, JCp = 19.9Hz); 137.67 (d, C, 7Cp = 

8.4Hz);; 160.67 (d, C, Jc? = 15.3Hz) ppm. 31P-NMR (121.50 MHz): 8 -29.19 (s) ppm. [a]20
D 

== -198.9 (c = 0.272; CHC13). HRMS (EI+): m/z calcd. for C36H32Fe02P2: 614.1227; observed: 

614.1239.. Anal.calcd. for C36H32Fe02P2: C, 70.37; H, 5.25. Found: C, 70.63; H, 5.60. 

(/?,/?)-(-)-l,l'-Bis(2-biphenylylphenylphosphino)ferrocene,, Id . Separation of meso-

(/^Sj-diphosphinee diborane was achieved by column chromatography (Si02; hexane:CH2Cl2 

== 3:2), followed by recrystallization of the (/?,/?)-diphosphine diborane complex from 

CH2Cl2/hexane.. The thus obtained product was subjected to decomplexation as described 

above.. Yield: 81%. M.p.: 160 °C. 'H-NMR (400.13 MHz): 6 3.43 (m, 2H); 4.01 (m, 2H); 4.28 

(m,, 4H); 7.03-7.10 (m, 6H); 7.15-7.38 (m, 22H) ppm. 13C-NMR (100.61 MHz): 8 72.27 (d, 

CH,, 7CP = 1.4Hz); 72.50 (d, CH, JCp = 1.8Hz); 72.89 (dd, CH, JCp = 1.8, 7.2Hz); 75.84 (d, 

CH,, 7CP = 32.2Hz); 76.95 (d, C, JCp = 8.5Hz); 126.80 (d, CH, 7CP = 1.5Hz); 127.49 (2CH); 

127.711 (d, CH, JCP = 8.3Hz); 127.97 (CH); 128.45 (br, CH); 129.54 (d, CH, JCp = 3.8Hz); 

129.755 (d, CH, JCp = 3.8Hz); 132.51 (br, CH); 134.16 (d, CH, 7Cp = 20.7Hz); 137.71 (d, C, 

JJCCpp ~ 7.8Hz); 138.77 (d, C, 7Cp = 14.7Hz); 141.66 (d, C, 7Cp = 5.1Hz); 146.60 (d, C, 7Cp = 

24.3Hz)) ppm. 3IP-NMR (121.50 MHz): 5 -22.52 (s) ppm. [a]20
D = -208.9 (c = 0.257; 

CHCI3).. HRMS (ET): m/z calcd. for C4f,H36FeP2: 706.1642; observed: 706.1639. Anal.calcd. 

forr C46H36FeP2: C, 78.19; H, 5.14. Found: C, 77.95; H, 5.15. 

(/?,/?)-(-)-l,l'-Bis(9-phenanthrylphenylphosphino)ferrocene,, le. Yield: 72%. M.p.: 

252-2533 °C (dec). 'H-NMR (400.13 MHz): 8 3.67 (m, 2H); 4.32 (m, 2H); 4.46 (m, 4H); 7.17-

7.300 (m, 6H); 7.37 (d, 2H, J = 5.0Hz); 7.40-7.69 (m, 14H); 8.33 (ddd, 2H, J = 1.0, 4.5, 

8.0Hz);; 8.59-8.66 (m, 4H) ppm. 13C-NMR (100.62 MHz, CD2C12): 8 72.99 (CH); 73.15 (CH); 

73.399 (d, CH, 7Cp = 8.0Hz); 76.36 (d, C, JCp - 5.6Hz); 76.45 (d, CH, 7Cp = 30.8Hz); 122.73 

(CH);; 123.26 (CH); 126.67 (d, CH, JCp = 3.0Hz); 126.71 (CH); 126.99 (d, CH, JCp = 26.2Hz); 

127.000 (CH); 127.35 (CH); 128.54 (d, CH, JCP = 7.9Hz); 129.05 (CH); 129.47 (CH); 130.40 

(d,, C, 7Cp = 4.1Hz); 130.83 (C); 131.60 (d, CH, JCp = 2.1Hz); 132.92 (CH); 133.15 (C); 

134.444 (d, CH, JCP = 20.7Hz); 136.18 (d, C, 7Cp = 15.4Hz); 136.69 (d, C, JCp = 7.5Hz) ppm. 
31P-NMRR (121.50 MHz, CDC13: 8 -24.24 (s) ppm. [a]20

D = -349.3 (c = 0.152, CHC13). 
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2.2. PhosphoruS'Chiral dppf-Analogues 

HRMSS (Et): m/z calcd. for C5()H36FeP2: 754.1642; observed: 754.1628. Anal.calcd. for 

C50H36FeP2:: C, 79.58; H, 4.81. Found: C, 79.18; H, 4.86. 

Experimentall  details for  crystal structur e determination. Intensity data were collected 

att T = 150 K on a Enraf-Nonius CAD4T diffractometer with rotating anode and Mo-Ka 

radiationn (X = 0.71073 A) up to a resolution of (sin 9 / X)max = 0.649 A '. The structures were 

solvedd with the program DIRDIF-97 and refined by a full matrix least squares refinement 

againstt r with the program SHELXL-97. ° For confirmation of the absolute structure the 

Flackk x parameter was included in the refinement. Hydrogen atoms were introduced in 

calculatedd positions and refined as rigid groups. Structure graphics and checking for higher 

symmetryy were performed with the program PLATON.31 

(K,/f>(-)-l,l'-Bis(l-naphthylphenylphosphino)ferrocene,, la. C42H32FeP2, Mr = 654.47, 

orthorhombic,, P2i2,2, (No. 19), a = 9.4685(19), b = 13.6848(19), c = 24.721(4) A, V = 

3203.2(9)) A3, Z = 4, pcalcd = 1.357 g/cm3. Red-brown plate, 0.45 x 0.32 x 0.18 mm3. 

Absorptionn correction with DE-LABS (PLATON, 0.77-0.90 transmission). 4612 measured 

reflections,, 4476 unique reflections, 407 parameters. R1(F) [I > 2al] = 0.0665, wR2(F2) [all 

data]]  = 0.2008. 

(S,SM-)-l,l'-Bis(2-naphthylphenylphosphino)ferrocene,, lb . C42H32FeP2  CH2C12, M r 

== 739.45, monoclinic, P2, (No. 4), a = 8.8921(5), b = 21.0173(12), c = 9.6078(12) A, p = 

90.724(4)) °, V = 1795.4(3) A3, Z - 2, pcalc(i = 1.368 g/cm3. Orange block, 0.5 x 0.5 x 0.5 mm3. 

Noo absorption correction considered necessary. The electron density contribution of the 

disorderedd solvent molecules was added to the calculated F2 values via back-Fourier 

transformation.. This calculation was performed with the routine CALC SQEEZE as 

implementedd in the PLATON package. The diffuse electron density corresponds to one 

crystallographicc independent CH2CI2 molecule. 4719 measured reflections, 4209 unique 

reflections,, 407 parameters. R1(F) [I > 2al] = 0.0473, wR2(F2) [all data] = 0.1250. 

(R,R)-(-)-l,(R,R)-(-)-l, l'-Bis(2-biphenylylphenylphosphino)ferrocene, Id . C46H36FeP2, Mr = 

706.54,, monoclinic, P2, (No. 4), a = 9.2755(8), b = 14.0054(11), c = 27.6627(13) A, p = 

96.275(6)) °, V = 3572.1(4) A3, Z = 4, pcakrd = 1.314 g/cm3. Orange block, 0.5 x 0.5 x 0.5 mm3. 

Noo absorption correction considered necessary. 10102 measured reflections, 8491 unique 

reflections,, 884 parameters. R1(F) [I > 2sl] = 0.0362, wR2(F2) [all data] = 0.0825. 

Asymmetricc Hydrogenation Reactions (Typical Procedure). A solution of 

[Rh(nbd)2]C1044 (0.01 mmol) and ligand (0.011 mmol) in 10 ml of absolute methanol was 

degassedd by three freeze-thaw cycles and stirred for 30 min at room temperature. It was then 

transferredd via cannula in a 70 ml glass autoclave, followed by a degassed solution of 

substratee (lmmol) in 4 ml of methanol. The argon atmosphere was replaced by hydrogen, 

initiall  pressure was set to 2.0 bar and the reaction mixture was stirred for 6 h at 25 °C. 
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2.4.2.4. Experimental Section 

Conversionn was checked by NMR measurement of the crude product. Compound 9c was 

filteredd over a plug of silica to remove the catalyst, while products 9a and 9b were subjected 

too extractive workup and subsequently transformed into their methylesters.32 Enantiomeric 

puritiess were determined by chiral GC (Chiralsil-L-Val, isothermal, T = 150 °C for N-

acetylphenylalaninee methylester, tR (R) = 13.0 min, tR (S) - 14.8 min; T = 180 °C for N-

benzoylphenylalaninee methylester, tR (R) = 28.2 min, tR (S) - 30.3 min). 
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Abstract t 

Twoo novel phosphorus-chiral ligands, 2,2'-bis(arylphenylphosphino)-l,l'-biferrocenyls la 

(aryll  = 1-naphthyl) and l b (aryl = 2-biphenylyl) have been prepared in enantiopure form by 

stereoselectivee multistep synthesis. While asymmetry on phosphorus was established via 

nucleophilicc substitution reactions at borane protected phosphorus centers, o/t/io-iodination of 

thee derived optically pure ferrocenylphosphine oxides served as key step for the introduction 

off  planar chirality. Utilizing biphenylylphenylphosphinoxyferrocene 5b, the latter reaction 

wass found to proceed in a highly diastereoselective manner, resulting in a product distribution 

off  97:3. The absolute configuration of the predominantly formed diastereomer was confirmed 

byy crystal structure analysis of the Ullmann-coupled bis(arylphenylphosphinoxy)biferrocenyl 

6bb (aryl = biphenylyl). Reduction of dioxides 6a (aryl = 1-naphthyl) and 6b gave rise to the 

enantiopuree C2-symmetrical title compounds comprising four adjacent stereocenters. The 

coordinationn behavior of l a was investigated by a crystal structure determination of its Pt(II) 

dichloridee complex 8a and compared with the structure of complex 8c, bearing the related 

l,l'-bis(l-naphthylphenylphosphino)ferrocenee tigand lc. 



3.3. Diastereoselective ortho-Metalation 

3.1.. Introductio n 

Duringg recent years the development of new efficient transition metal catalyzed reactions 

andd asymmetric variants thereof resulted in a growing demand for novel, highly active, and 

selectivee donor ligands. While chiral synthons such as atropisomeric biphenyls, binaphthyls 

andd their derivatives ' or planar chiral ferrocenyl moieties have been successfully 

incorporatedd in a vast variety of different ligand structures, other related asymmetric building 

blocks,, for instance biferrocenyls, gained littl e attention. Although rotational barriers around 

thee bond linking the two cyclopentadienyl rings in binaphthyl-analogous 2,2'-functionalized 

biferrocenyll  compounds are usually too low to promote axial chirality, the combination of 

twoo planar chiral elements renders these structures attractive as C2-symmetrical optical 

inducers.. The synthesis of enantiopure derivatives is not straightforward, however, which 

mightt account for the rather limited number of biferrocenyl based ligands reported to date. 

AA practicable and stereoselective access to the 2,2'-substituted biferrocenyl skeleton was 

previouslyy used by Ito and coworkers in the course of their synthesis of trans-coordinating 

2,2'-bis[l-(diaryl-- or dialkylphosphino)ethyl]-1,1 '-biferrocenyls (TRAP-ligands).4acd The key 

featuress of that reaction sequence are the diastereoselective ortfzo-iodination of optically pure 

N.A^dimethyl-l-ferrocenylethylamine,, followed by stereospecific replacement of the amine 

moietyy by phosphine oxides, herewith determining centro- as well as metallocene chirality 

beforee the subsequent establishment of the biferrocenyl backbone via Ullmann-type coupling. 

Withinn our current research directed towards the synthesis and application of novel ligands 

incorporatingg stereogenic phosphorus moieties, we wanted to explore the catalytic properties 

off  biferrocenyl-based aryldiphosphine structures. In addition, we became interested in the 

stereodifferentiatingg potential of optically active ferrocenylphosphine oxides. During recent 

years,, several new methods for the generation of planar chiral enantioenriched ferrocene 

derivativess were disclosed, amongst which the lithium-sparteine mediated ortfzo-metalation 

off  diisopropylamidoferrocene was considered especially useful.1 Concerning dissymmetric 

or/Tw-directingg groups, various oxazoline, sulfoxide and acetal moieties were previously 

foundd to give the desired 1,2-substituted derivatives with the same or even higher selectivities 

thann that stated for the well-known Ugi-amine (92% d.e.).10 In contrast, stereoselective ortho-

metalationn effected by optically pure ferrocenylphosphine oxides has not been reported to 

date. . 

Inn this paper we describe the results of a study on the diastereoselective ortho-

magnesiationn of two different diarylphosphinoxyferrocenes. The thus obtained ortho-

iodoferrocenylphosphinee oxides were employed in the asymmetric synthesis of the first P-

chirall  enantiopure biferrocenyldiphosphine ligands l a and l b (Scheme 1). 
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3.2.3.2. Results and Discussion 

Schem ee 1 

(Sp,fl m,fl m,Sp)-1aa (SP,Rm,fl m,Sp)-1b 

3.2.. Results and Discussion 

Diastereoselectivee ortfco-metalation of enantiopure ferrocenylphosphine oxides. As a 

partt of our ongoing project concerned with the development and exploration of new 

asymmetricallyy substituted phosphorus donors, we recently prepared a series of P-chiral 1,1'-

bis(diphenylphosphino)ferrocenee (dppf) analogues." Expanding a synthetic pathway 

describedd by Jugé et. al.,12 we succeeded in the stereoselective coupling of different methyl 

arylphenylphosphinitee boranes with dilithioferrocene. After decomplexation of the 

bis(borane)) adducts using diethylamine, five novel enantiopure ferrocenyldiphosphine ligands 

weree obtained. 

Inn a similar manner, this methodology was applied to the synthesis of the desired P-chiral 

ferrocenylphosphinee oxides. Monolithioferrocene, prepared according to Kagan's protocol, ' 

wass made to react with 1 equivalent of (/?)- or (S)-phosphinite borane 2a,b, after deprotection 

yieldingg configurationally inversed ferrocenylmonophosphines 3a,b. These were 

stereoselectivelyy oxidized in the presence of H2O2, giving the optically pure phosphine oxides 

4a,bb (Scheme 2). 

Schem ee 2 

R R 
?? /r\ 1.) FcLi 

CH30—— p^AJ  ̂ —
\\ ^ - ^  2.) HNEt2 

BH3 3 

(R)-2a,bb (S)-3a,b (ff)-4a,b 

a::  R = 1-naphthyl, b: R = 2-biphenylyl 

- - R R H?Op p - - R R 
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3.3. Diastereoselective ortho-Metalation 

Onn extrapolating our findings during the synthesis of the related diphosphines, where 

nucleophilicc attack of dilithioferrocene proceeded with high degrees of stereoselectivity,12 we 

expectedd a similar outcome for the analogous monosubstitution step. The enantiomeric purity 

off  the monophosphine oxides was checked by applying the chiral NMR solvating reagent (5)-

;V-(3,5-dinitrobenzoyl)-l-phenylethylamine.. Within the NMR integration errors of  2%, 

indeed,, no traces of the other enantiomer were detected in recrystallized samples of phosphine 

oxidess 4a,b, respectively. 

Preliminaryy ortho-\\ih\dX\or\ experiments were carried out using phosphine oxide 4a and n-

butyllithiumm as metalating agent. Quenching reactions with D2O, I2 or 1,2-diiodoethane 

yieldedd only small quantities (10-20%) of regioisomeric product mixtures, indicating 

unspecificc and ineffective lithiation behavior. Variation of reaction temperature (-78 °C, 0 

°C,, room temperature), reagent (tert-Buh\) and solvent (diethylether, THF and mixtures 

thereof)) gave no improvement. These findings contrasted with the reports of successful ortho-

lithiationn reactions on (substituted) benzenes, directed by related 

bis(dimethylamino)phosphinoxy,, diphenylphosphinoxy,16 and, especially, di-tert-

butylphosphinoxyy '7 groups. Considering the longer P=0 ortho-W distance in the five-

memberedd ferrocene skeleton, nonselective deprotonation might be due to insufficient 

lithium-oxygenn orbital overlap, suggesting that the use of a different metal might improve 

selectivity.. To this aim, employment of diisopropylamidomagnesium bromide IK was 

attemptedd and this reagent proved to effect quantitative orr/jo-magnesiation of 4a after 3h at 

roomm temperature. Subsequent quenching of the reaction with iodine/THF solution at -30 °C 

affordedd a mixture of the two ortho iodo products in good yields (Scheme 3). After column 

chromatographicc separation the ratio of diastereomers was found to be 75:25, which was in 

agreementt with NMR measurements of the crude product mixture. 

Whenn biphenylylphenylphosphinoxyferrocene 4b was subjected to the above mentioned 

protocol,, diastereodifferentiation proved to be considerably higher with the two isomers being 

formedd in a 97:3 ratio. Change of solvent (EtiO) or reaction temperature (magnesiation at -40 

°C)) affected neither the yield nor the stereoselectivity. The thus obtained diastereomeric 

excesss of 94% d.e. ranks among the highest values for induction of planar chirality reported to 

datee and constitutes the first example of an efficient, stereoselective phosphine oxide-

functionalizedd directing metalation group on ferrocene. 

Synthesiss of enantiopure 1,1'-biferrocenyl-2,2'-diphosphines. Optically pure ortho-

iodoferrocenylphosphinee oxides, obtained stereoselectivê (5b) or by column 

chromatographicc separation (5a), were subjected to Ullmann coupling at 130 °C using 

activatedd copper powder (Scheme 4). After two days the desired biferrocenyldiphosphine 

dioxidess were isolated, together with some amounts of starting material, thus, making the 

yieldss in products range from 58% (6a) to 70% (6b). 
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3.3. Diastereoselective ortho-Metalation 

Inn order to determine the relative configuration of the predominantly formed ortho-

iodinationn product 5b, a crystal structure analysis of the derived Ullmann-coupled 

biferrocenyll  diphosphine dioxide 6b was performed. Having employed (/?)-methyl 

phosphinitee borane 2b as electrophile in the reaction with monolithioferrocene, (5)-

configuratedd phosphine 3b and, subsequently, phosphine oxide (/?)-4b were expected to be 

formedd {vide supra). Since (partial) racemization of planar chiral compounds is rather 

unlikelyy to occur under Ullmann conditions, conservation of metallocene chirality can be 

assumed.. As depicted in Figure 1, the crystals of enantiopure 6b possess the (Rf,Rm,Rm,RP) 

configurationn at the four stereogenic elements. Consequently, the (tfp)-configurated phosphine 

oxidee gave thus rise to the (#m)-magnesiated intermediate and, finally, lead to the (Sm)-iodo 

product.. Considering the schematic model structures displayed below, the preferred site of 

metalationn corresponds to a conformation in which the bulky biphenyl group occupies a 

positionn above the ferrocene moiety in order to minimize steric interactions with the 

unsubstitutedd cyclopentadienyl ring (Scheme 5). This sort of mechanistic rationale has also 

beenn invoked for other stereodiscriminating directing orffto-metalation groups on ferrocene,19 

amongg which numbers the structurally similar ferrocenyl-fó/Y-butylsulfoxide.8 In our case, it 

iss further substantiated by the lower diastereomeric ratio obtained for phosphine oxide 4a, 

whichh seems less prone to exhibit intramolecular repulsive interaction, due to its smaller 

deereee of sterical encumbrance. 

Schemee 5 

favouredd intermediate disfavouredd intermediate 

(RP,Sm)-5b b (flp.flm)-5b b 

Diphosphinee dioxide 6b was found to crystallize as a dichloromethane solvate in the chiral 

spacee group P2i2|2i with four biferrocenyl molecules in the unit cell. The absolute 

configurationn was determined via anomalous dispersion; the Flack parameter x = 0.019(12) 

indicatedd enantiomeric integrity." The biferrocenyl molecule is approximately Ci 
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symmetricall  in the crystal (Figure 1). In view of the considerable conformational freedom of 

thiss compound this finding seems surprising, but may in part result from favorable 

intramolecularr K---K interactions between the inner phenyl rings of the two biphenyl groups 

(e.g.. C18---C46 = 3.45 A and between the terminal phenyl rings of the biphenyl units and the 

P-bondedd phenyl rings (e.g. C11-C23 = 3.14 A, C39-C51 = 3.09 A). The torsional angle of 

thee biferrocenyl moiety is Fel-C6-C34-Fe2 = -69.9(3) °. The biphenyl groups adopt the usual 

twistedd conformations with plane angles of 69.4(2) ° and 67.0(2) °. Their orientations relative 

too ferrocene are defined by the dihedral angles Fel-C7-Pl-C17 = 160.3(2) °, C7-P1-C17-C18 

== 21.7(3) °, Fe2-C35-P2-C45 = 158.4(2) ° and C35-P2-C45-C46 = 15.0(3) °. 

C488 C 20 

Figuree 1. Displacement ellipsoid plot of (R?,Rm,Rm,Rp)-6h, drawn at 50% probability level. 

Iff  racemic or non-enantiopure ortho-iodo phosphinoxyferrocene 5 was employed in the 
Ullmannn reaction, not only homocoupling of identically configurated isomers but also hetero-
dimerizationn between the two enantiomers with opposite configuration took place. For 
startingg material , the presumably formed (/?m,Sm)-configurated meso products were 
unstablee and could not be isolated. In contrast, using racemic l-iodo-2-
biphenylylphenylphosphinoxyferrocenee 5b, we were able to obtain the meso product 
(Rp,R(Rp,Rmm,S,Smm,Sp)-6b.,Sp)-6b. Formation of the Cj-symmetrical isomer seemed, indeed, to be preferred for 
stericc reasons, resulting in a meso:rac product distribution of 2.3:1. The crystal structure of 
thee meso-diphosphine dioxide is shown in Figure 2. 
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3.3. Diastereoselective ortho-Metalation 

C20 0 

Figur ee 2. Displacement ellipsoid plot of {Rp,Rm,Sm,Sp)-6b, drawn at 50% probability level. 
(Symmetryy operation ' : 1-x, -y, 1-z) 

Compoundd meso-6b crystallizes in the centrosymmetric space group P 1 with the 

inversionn center located on the midpoint of the ferrocenyl-ferrocenyl bond (Q symmetry). 

Thee inversion center implies, that the Cp planes of the ferrocene units are coplanar and that 

Fe-C6-C6'-Fe'' = 1 80 °. In contrast to orfto-substituted biphenyls, no steric interactions of 

orthoortho protons are detected in the biferrocenyl entity, rendering the coplanar arrangement not 

unfavorable.. The orientations of the biphenyl goups differ with dihedral angles of Fel-C7-Pl-

C177 = 177.1(2) ° and C7-P1-C17-C18 = -16.8(4) ° from (RP,Rm,Rm,R?)-6b and do not permit 

thee intramolecular n---n interactions mentioned above. The biphenyl substituents adopt a 

typicall  angle of 65.1(2) °. 

Forr reasons of comparison, and in order to define the relative metallocene configuration of 

thee ortho-\odo product formed in excess, we also performed a crystal structure analysis on a 

racemicc sample of 1-naphthyl substituted biferrocenyldiphosphine dioxide 6a (Figure 3). The 

observedd (R?,Rm,Rm,Rp) configuration of the four stereocenters is in agreement with the 

stereochemicall  model discussed above, assuming the 1-naphthyl substituent to display the 

largerr steric bulk with respect to the phenyl group. 
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Figur ee 3. Displacement ellipsoid plot of (Rp,Rm,Rm,Rp)-6a, drawn at 50% probability level. 

Dioxidee rac-6a was found to crystallize in the centrosymmetric space group P2|/c with 

fourr molecules in the unit cell. The molecules display approximately Ci symmetry in the 

crystal.. The biferrocenyl unit shows a twist angle of Fel-C6-C32-Fe2 = -67.7(2) °, similar to 

(Rf,R(Rf,Rmm,Rm,Rp)-6b.,Rm,Rp)-6b. The orientations of the naphthyl groups relative to ferrocene are defined by 

dihedrall  angles of Fel-C7-Pl-C17 = 171.4(1) °, C7-P1-C17-C18 = -2.6(2) °, Fe2-C33-P2-

C433 = 170.5(1) ° and C33-P2-C43-C44 = -0.2(2) °. This conformation results in an almost 

parallell  arrangement of the naphthyl groups with a distance between them of about 3.3 A, 

indicatingg favorable intramolecular n---n interactions. 

Withh enantiopure biferrocenyl derivatives 6a and 6b in hand, the reduction of the 

phosphinee oxides remained to be accomplished. Mil d reducing agents, however, such as 

polymethylhydrosiloxane/Ti(0-iPr)4,"'' left the starting material unchanged, as did the 

combinationn HSiCb/benzene/triethylamine. Only when rather harsh reaction conditions were 

applied,, namely HSiCfVtoluene/triethylamine at 130°C for 72h, were the sterically hindered 

dioxidess completely reduced to the corresponding diphosphines l a and lb. As a consequence 

off  the prolonged treatment, partial epimerization of the stereogenic phosphorus centers was 

observed,, resulting in a mixture of stereoisomers. For diphosphine la, the product average 

compositionn was found to be 60% of the desired (Sp,/?m,/?m,Sp)-configurated isomer, 35% of 

mono-epimerizedd C\-symmetrical (/?p,/?m,^m,5p)-diastereomer and 5% of doubly isomerized 
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3.3. Diastereoselective ortho-Metalation 

(/?p,/?m,/?m,^p)-product.. In the case of diphosphine lb, the extent of epimerization was 

somewhatt smaller, resulting in a 65:30:5 distribution of diastereomers, configurated as 

mentionedd above. Isolation and purification of the C2-symmetrical (Sp,/?m,/?m,Sp)-products 

wass achieved by column chromatographic separation of their bis-borane adducts.22 Finally, 

stereospecificc deprotection of the borane complexes using diethylamine or 

trifluoromethanesulfonicc acid/KOH 24 gave rise to enantiomerically pure P-chiral 

biferrocenyldiphosphiness l a and lb, respectively. 

Crystalss of ligand , prepared in an analogous manner from racemic starting material, 

weree grown from Cl^Cb/hexane and found to crystallize in the centrosymmetric space group 

Pbcnn (Figure 4). The molecules exhibit an exact, crystallographic C2 symmetry. In the solid 

state,, channels in the direction of the c-axis are present, which are filled with disordered 

solventt molecules. The twist angle of the biferrocenyl unit is with Fe-C6-C6'-Fe' = 37.6(4) ° 

distinctlyy lower than in the previously discussed compounds. The orientations of the naphthyl 

groupss relative to ferrocene, Fe-C7-P-C17 = 177.1(1) ° and C7-P-C17-C18 = 1.7(2) °, 

however,, compare well with those of rac-6a. The structure is devoid of intramolecular n---n 

interactions.. The phosphino groups occupy trans positions with respect to each other, 

resultingg in a P - P' distance of 5.995(3) A. 

Figur ee 4. Displacement ellipsoid plot of (Sp,Rm,Rm,Sp)-la, drawn at 50% probability level. 
(Symmetryy operation ' : 1-x, y, 1.5-z) 
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Crystall  structures of [2,2'-bis(l-naphthylphenylphosphino)-l,l'-biferrocenyl|-PtCl2 
andd [l,l'-bis(l-naphthylphenylphosphino)ferrocene]PtCl2. With regard to their unique 
structuree and intended application in catalysis, we were intrigued to investigate the 
complexationn behavior of the new P-chiral biferrocenyldiphosphines. In contrast to the 
TRAP-ligands,, which, due to their intrinsic conformational flexibility and large natural bite 
angles,255 were found to form trans-coordinated nine-membered ring square planar Pd(II) and 
Rh(I)) complexes,50 we expected the formation of cis-fashioned seven-membered chelates. 
Yet,, the question arose, what influence the biferrocenyl moiety might impose on complex ring 
strain,, phosphorus-metal-phosphorus bite angle and structural features in general. Such data 
seemedd especially interesting when compared to those of a platinum dichloride complex of 
thee related ferrocene based ligand lc ," which is depicted below (Scheme 6). 

Schemee 6 

(Sp,SP)-1c c 

Bearingg identical substitution patterns on the chiral phosphorus donors, electronic 
propertiess of ligands la and lc were assumed to be similar, whereas major differences in their 
platinumm complex structures were expected to arise from backbone constitution. Platinum 
complexess 8a,c were prepared by reaction of bis(benzonitrile)dichloroplatinum(II) with the 
respectivee ligands (Sp,/Jm,/?m,Sp)-la and (SP,5P)-1C. The crystal structures are depicted in 
Figuress 5 and 6; comparative interatomic distances and angles are summarized in Table 1. 

Interestingly,, the platinum and phosphorus geometries observed for 8a and 8c display few 
similarities.. Complex 8c bearing the (SP,SP)-configurated diphosphine crystallizes in the chiral 
spacee group P2i2i2i and a determination of the Flack x parameter 2(l confirmed the absolute 
configuration.. The C2 symmetry of the complex is only approximately fulfilled in the solid 
state.. The large deflection from the ideal 90 °-phosphorus-platinum-phosphorus angle of an 
undistortedd square planar cis-coordinated complex may be rationalized by simple modeling 
considerations.. Assuming an ideal platinum-phosphorus distance of 2.29 A (mean value of 
54044 bond lengths extracted from the Cambridge Structural Database 26), the optimum 
PI-PII  A distance attainable by any bidentate ligand is 3.24 A. This value is similar to the 
Cp-Cpp distance in ferrocene, 3.26 A. Rotation of the cyclopentadienyl rings of a 1,1'-
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ferrocenyldiphosphinee against each other results in enlargement of the P I - PI A distance of 

upp to 6.8 A (trans-arrangement of the phosphine moieties). In an eclipsed conformation of the 

latter,, the platinum geometry is prevailingly undistorted, whereas the Pt-Pl-Cl angles of 

aboutt 135 ° are unfavorably high, herewith strongly deviating from the ideal value of 114-115 

°.266 Thus, for complex 8c, distortion of the platinum geometry towards a wider Pl-Pt-P1A 

anglee and/or the phosphorus geometries towards smaller Pt-Pl-Cl angles was expected. 

Tablee 1. Selected interatomic distances (A) and angles (deg) in complexes 8a,c. 

8a a 8c c 

Pl-Pt t 

PIA-Pt t 

Pt-Cll  1 

Pt-C11A A 

Pl -Cl l 

P1A-C1A A 

P1-P1A A 

Pl-Pt-P1A A 

Cll-Pt-C11A A 

Pt-Pl-Cl l 

Pt-P1A-C1A A 

Pt-Pl-Cll  1 

Pt-P1A-C11A A 

Pt-Pl-C6 6 

Pt-P1A-C6A A 

Pt-Pl-C21 1 

Pt-P1A-C21A A 

Pt-Pl-Cll  6 

Pt-P1A-C16A A 

Pt-Pi-Ci-C2 2 

Pt-P1A-C1A-C2A A 

Pt-Pl-Cll  1-CI 2 

Pt-P1A-C11A-C12A A 

Pt-Pl-C6-C7 7 

Pt-P1A-C6A-C7A A 

Pt-Pl-C21-C22 2 

Pt-P1A-C21A-C22A A 

Pt-Pl-C16-C17 7 

Pt-P1A-C16A-C17A A 

2.2558(14) ) 

2.2415(16) ) 

2.3726(16) ) 

2.3660(14) ) 

1.824(6) ) 

1.816(6) ) 

3.243(2) ) 

92.30(5) ) 

88.87(6) ) 

116.59(19) ) 

115.06(19) ) 

116.0(2) ) 

117.85(19) ) 

105.4(2) ) 

106.0(2) ) 

-72.8(6) ) 

-74.4(5) ) 

129.19(17) ) 

135.3(2) ) 

-30.6(5) ) 

-34.7(6) ) 

2.2555(13) ) 

2.2521(14) ) 

2.3487(13) ) 

2.3552(11) ) 

1.807(5) ) 

1.807(5) ) 

3.5269(19) ) 

102.97(5) ) 

88.28(5) ) 

123.96(17) ) 

123.80(17) ) 

111.82(15) ) 

111.23(18) ) 

111.46(17) ) 

111.82(18) ) 

103.6(5) ) 

102.2(5) ) 

116.1(4) ) 

121.9(4) ) 

6.9(5) ) 

4.0(5) ) 
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Figur ee 5. Displacement ellipsoid plot of [(Sp,/?m,/?mvSp)-la]PtCl2, 8a, drawn at 50% 
probabilityy level. 

Figur ee 6. Displacement ellipsoid plot of [(5p,5p)-lc]PtCl2, 8c, drawn at 50% probability level. 
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Thee crystal structure, indeed, revealed a highly strained system with a bite angle of 

102.97(5)) ° as well as Pt-Pl-Cl and Pt-P1A-C1A angles of 124.0(2) ° and 123.8(2) °, 

respectively.. This compromise between the distortion of the platinum and phosphorus 

geometriess is achieved by a small rotation of the cyclopentadienyl rings towards a staggered 

arrangementt (torsion angle P1-C1-C1A-P1A = 5.3(3) °) and a distortion at the atoms CI and 

CIAA (C2-C1-P1 and C2A-C1A-P1A angles: 129.4(4) ° and 127.7(4) °), both together 

resultingg in a PI -PI A distance of 3.527(2) A. Similar values for that distance were found in 

thee platinum(II) dichloride complex of dppf27 and its palladium(II) analogue,28 which exhibit 

bitee angles of 99.3(1) ° and 99.07(5) °, respectively. Yet, in these cases distortion is mainly 

duee to a truly staggered conformation of the cyclopentadienyl rings. For compound 8c, release 

off  steric strain via such arrangement might be impeded by the bulkiness of the 1-naphthyl 

substituents,, herewith enforcing the widest bite angle reported for comparable dppf-type 

complexess so far. 

Inn complex 8a, representing the first crystallographically characterized example of ligation 
byy a 2,2'-diphosphino-l,l'-biferrocenyl, the P1-P1A distance may be tuned by rotation 
aroundd the C-C bond linking the two ferrocenyl groups. Consequently, the accessible 
distancess range between 2.0 A and 6.0 A, allowing for easy accommodation of the optimum 
valuee of 3.24 A, calculated for a square planar cis-chelated platinum complex (vide supra). 

Additionally,, the Pt-Pl-Cl angle was assumed to be less strained in comparison to complex 
8c.. The actual structure of 8a was found to be in good agreement with these expectations; 
neitherr the platinum nor the phosphorus geometries are severely distorted. The space group of 
complexx 8a was identified as P212121, and, again, determination of the Flack x parameter 
confirmedd the absolute configuration. The C2 symmetry of compound 8a is not completely 
mett in the crystal. The naphthyl groups occupy pseudo-equatorial positions with respect to the 
Pl-Pt-PIAA plane, whereas the phenyl rings are oriented in an axial fashion. The Pl-Pt-P1A 
bitee angle is 92.30(5) ° and Pt-P and Pt-Cl bond lenghts are within the typical range observed 
forr related complexes.29 Due to the similarity of the backbone structures, these features 
comparee well with the refinement data reported for a Binap palladium(II) dichloride 
complex.300 The almost inplane arrangement of Pt, PI, P1A, Cll and C11A atoms with an 
anglee sum of 359.9(9) ° around platinum suggested, however, the steric repulsion between the 
chlorinee atoms and equatorial phosphine substituents in 8a to be less pronounced than in the 
mentionedd Binap derivative (angle sum: 367.3(2) °). 

Thee dissimilar modeling of the platinum coordination sphere by the two diphosphines was 

alsoo evidenced by the solution structures of the respective complexes 8a and 8c. The P-

resonancee signals for the free ligands were found at chemical shift values of 5 = -30.60 ppm 

(la)) and 8 = -30.39 ppm (lc).l l b Upon complexation, however, the coordination chemical 

shiftt AS 3I observed for 8c of 43.88 ppm to 5 = +13.49 ppm was larger than the shift value for 

8aa (5 = -6.21 ppm; A5 = 24.39 ppm). These findings reflect the stronger bending n of 

phosphinee metal bonds in five-membered platinum(II) ring chelates as compared to their 

seven-memberedd analogues, since the occurrence of endo- and exocyclic metal-phosphorus-
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carbonn angles close to the tetrahedral value will result in a deshielding contribution to the 
isotropicc shift tensor (Table 1).' 

Stericc effects imposed by the phenyl and naphthy! substituents on chiral phosphorus 
appearedd less pronounced; only for complex 8c broadening of signals due to hindered rotation 
aroundd phosphorus carbon bonds was observed to a small extent. At room temperature, the 
signalss at 8 = 8.61 ppm and 8 = 8.41 ppm, assigned to the protons in positions 2 and 8 of the 
naphthyll  moieties by 2D-NMR experiments, showed slight broadening. Cooling the sample 
resultedd in gradual broadening of all signals; however, no defined decoalescence could be 
reachedd at the lowest available temperature of 163K." 

3.3.. Conclusions 

Utilizingg a multistep approach, we succeeded in the stereoselective synthesis of the first 
enantiopuree P-chiral 2,2'-bis(diarylphosphino)-l,l'-biferrocenyls. As a key structural motif of 
thee sequence served an asymmetrically substituted phosphorus moiety, introduced by 
stereoselectivee nucleophilic attack of monolithioferrocene on optically pure methyl 
phosphinitee boranes. Subsequently, chirality on phosphorus allowed for separation of the 
derivedd orf/ioiodoferrocenylphosphine oxides. Depending on the nature of residues at the 
phosphoruss atom, the orf/ze-iodination reaction was found to proceed stereoselectively (up to 
94%% d.e. under optimized reaction conditions). This represents the first example of a P-chiral 
phosphinoxyy substituent effecting a highly diastereoselective orr/zo-metalation on ferrocene. 
Thee stereospecific reduction of (bulky) chiral biferrocenyldiphosphine dioxides, however, 
remainedd troublesome. Nevertheless, metallocene chirality was not affected during reduction 
andd permitted the separation of partially epimerized products. The C2-symmetrical structure 
off  the first enantiopure biferrocenyl ligand la comprising four adjacent stereocenters was 
substantiatedd by a crystal structure analysis, showing a trans arrangement of the phosphine 
moieties. . 

Thee coordination behavior of diphosphine la was investigated by means of a crystal 
structuree determination of its platinum(II) dichloride complex. The cis-chelated compound 
exhibitss a P-Pt-P bite angle of 92.30(5) °, in agreement with less distorted phosphorus and 
platinumm geometries than observed for a structurally similar Binap palladium(II) derivative 
andd the corresponding complex of the C2-symmetrical ferrocene-based ligand lc (bite angle: 
102.97(5)) °). As to what extent these solid state structural features may influence efficient 
encumberingg of the metal center by the bulky 1-naphthyl substituents is unclear. Yet, the 
higherr flexibility of ligand la might still allow for selective shielding of reagent trajectories, 
although,, identical substituents on phosphorus provided, the latter is more commonly 
associatedd with the presence of ligands enforcing large bite angles. " 
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3.4.. Experimental Section 

Generall  Comments. If not otherwise stated, reactions were carried out under an 

atmospheree of argon using standard Schlenk techniques. THF and diethylether were distilled 

fromm sodium benzophenone ketyl, CH2CF and acetonitrile were distilled from CaĤ  and 

toluenee and methanol from sodium wire under nitrogen. ID and 2D ('H-'H-COSY) NMR 

spectraa were recorded on 250, 300 and 400 MHz instruments; CDCh was used as solvent, if 

nott further specified. Phosphorus-carbon coupling constants (,/cp) were identified by 

comparisonn of J-modulated C spectra measured at different magnetic field strengths. 

Elementall  analyses were obtained using an Elementar Vario EL apparatus. Mass spectra were 

recordedd on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-

nitrobenzyll  alcohol was used as matrix. Melting points are uncorrected. Optical rotations were 

measuredd in a thermostated polarimeter with 1 = 1dm. With exception of the compounds given 

below,, all reagents were purchased from commercial suppliers and used without further 

purification.. Diethylamine was distilled from KOH under argon. (/?)-(-)-Methyl (1-

naphthyDphenylphosphinitee borane (2a) and (/?)-(-)-methyl (2-biphenylyl)phenylphosphinite 

boranee (2b) were prepared as previously described. Diisopropylamidomagnesium bromide 

wass synthesized according to a literature protocol. 

Synthesiss of Ferrocenylphosphines 3 (Typical Procedure). Ferrocene (75 mmol) was 

dissolvedd in 70 ml of THF and degassed by three freeze-pump-thaw cycles. After cooling to 0 

°C.. /fAY-BuLi (60 mmol of a 1.7 M solution in pentane) was added dropwise via syringe and 

thee reaction was kept stirring for 15 min. A degassed solution of the respective phosphinite 

boranee 2 (30 mmol) in 60 ml of THF was cooled to -40 °C and the monolithioferrocene 

suspensionn was slowly added via Teflon canula. The reaction mixture was allowed to warm to 

ambientt temperature over a period of 12 h and then quenched with HiO. THF was evaporated 

andd the residue was extracted with CH;CF. The combined organic layers were washed with 

H2O,, dried over MgS04, filtrated and the solvent was evaporated. For deboronation, the 

residuee was dissolved in 50 ml of degassed diethylamine and stirred over night at room 

temperature.. After removal of solvent, the crude product was purified by column 

chromatographyy (SiCh; hexane/CHiCF = 4:1) to remove excess ferrocene and small quantities 

(<< 3%) of diphosphine byproduct. The desired ferrocenylmonophosphines were obtained as 

orange-yelloww solids, which were recrystallized from C^CF/hexane. 

(£)-(+)-1-Naphthylphenylphosphinoferrocene,, 3a. Yield: 66%. Mp: 172 °C. 'H-NMR 

(400.133 MHz): 8 3.88 (m, 1H); 4.08 (s, 5H); 4.29 (m, 1H); 4.37 (m, 1H); 4.42 (m, 1H); 7.19 

(m,, 1H); 7.27-7.50 (m, 8H); 7.77-7.82 (m, 2H); 8.42 (m, 1H) ppm. I3C-NMR (100.62 MHz): 

ÖÖ 69.16 (5CH, d, JCp = 0.9Hz); 70.55 (d, CH, ./Cp = 1 -5Hz); 71.15 (d, CH, 7Cp - 6.1 Hz); 72.26 

(d,, CH, Jcv = 3.1 Hz); 74.08 (d, CH, 7Cp = 26.0Hz); 75.64 (d, C, JCp = 4.6Hz); 125.28 (d, CH, 
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Jc?Jc? = 1.4Hz); 125.75 (d, CH, JCp = 1.4Hz); 125.96 (d, CH, JCp = 2.3Hz); 126.05 (d, CH, Jc? = 

26.0Hz);; 128.15 (d, CH, JCp = 7.6Hz); 128.51 (d, CH, JCP = 1.5Hz); 128.74 (CH); 129.06 

(CH);; 131.53 (d, CH, JCP = 1.4Hz); 133.35 (d, C, Jc? = 3.8Hz); 133.93 (d, CH, JCP = 19.9Hz); 

134.788 (d, C, 7Cp = 20.6Hz); 136.91 (d, C, JCv = 14.5Hz); 137.42 (d, C, JCp = 7.6Hz) ppm. 
3IP-NMRR (161.98 MHz): 8-24.66 (s) ppm. [a]D

20 = +127.8 (c = 0.51; CH2C12). HRMS (Ef): 

m/zm/z calcd.: 420.0730; obsd.: 420.0728. Anal, calcd. for C26H2iFeP: C, 74.31; H, 5.04. Found: 

C,, 74.14; H, 5.20. 

(S)-(+)-2-Biphenylylphenylphosphinoferrocene,, 3b. Yield: 66%. Mp: 102-104 °C. 'H-

NMRR (400.13 MHz): 5 3.80 (m, 1H); 3.94 (s, 5H); 4.27 (m, 1H), 4.31 (m, 1H); 4.37 (m, 1H); 

7.05-7.088 (m, 2H); 7.11-7.15 (m, 2H); 7.16-7.33 (m, 10H) ppm. ,3C-NMR (100.62 MHz): 5 

68.999 (5CH); 70.49 (CH); 71.01 (d, CH, 7Cp = 6.9Hz); 71.83 (CH); 74.71 (d, CH, Jc? = 

30.6Hz);; 76.50 (d, C, 7CP = 7.6Hz); 126.84 (CH); 127.51 (2CH); 127.76 (d, CH, JCP = 7.6Hz); 

128.022 (CH); 128.43 (d, CH, JCp = 0.9Hz); 129.60 (d, CH, JCp = 3.8Hz); 129.76 (d, CH, JCp = 

3.8Hz);; 132.75 (CH); 134.27 (d, CH, JCp = 20.6Hz); 138.20 (d, C, 7Cp = 8.4Hz); 138.93 (d, C, 

JCPJCP = 14.5Hz); 141.73 (d, C, JCP = 5.4Hz); 146.72 (d, C, Jc? = 24.5Hz) ppm. 3,P-NMR 

(161.988 MHz): 5-21.36 (s) ppm. [oc]D
20 = +71.7 (c = 0.45; CH2C12). HRMS (EI+): m/z calcd.: 

446.0887;; obsd.: 446.0875. Anal, calcd. for C2KH23FeP: C, 75.35; H, 5.19. Found: C, 75.36; 

H,, 5.47. 

Synthesiss of Ferrocenylphosphine Oxides 4 (Typical Procedure). The respective 

phosphinoferrocenee 3 (20 mmol) was suspended in 200 ml of acetone and cooled on an 

icebath.. H202 (8.3 ml of a 30% solution in H20) was added dropwise and the reaction mixture 

wass stirred for 30 min while warming to room temperature. Then it was quenched with 

saturatedd Na2S203-solution, followed by extraction with CH2C12. The combined organic 

phasess were washed with H20, dried over MgS04, filtrated and the solvent was removed in 

vacuo.vacuo. The crude product was purified by filtration over a short column of alumina, using 

ethyll  acetate/hexane = 4:1 as eluent. 

(/f)-(+)-l-Naphthylphenylphosphinoxyferrocene,, 4a. Yield: 98%. Mp: 152 °C. 'H-NMR 

(400.133 MHz): 5 4.08 (m, 1H); 4.22 (s, 5H); 4.44 (m, 1H); 4.54 (m, 1H); 4.69 (m, 1H); 7.34-

7.500 (m, 6H); 7.55 (ddd, 1H, J = 1.0, 7.0, 16.0Hz); 7.71-7.76 (m, 2H); 7.81 (d, 1H, J = 

8.0Hz);; 7.93 (d, 1H, J = 8.0Hz); 8.55 (d, 1H, J = 8.6Hz) ppm. 13C-NMR (100.62 MHz): 5 

69.755 (5CH); 71.31 (d, CH, JCp = 10.7Hz); 71.92 (d, CH, JCp = 10.7Hz); 72.28 (d, CH, JCp = 

11.5Hz);; 72.83 (d, CH, JCP = 13.8Hz); 73.60 (d, C, JCp = 120.1Hz); 124.08 (d, CH, 7CP = 

14.5Hz);; 126.17 (CH); 126.90 (CH); 127.40 (d, CH, JCp = 5.4Hz); 128.21 (d, CH, Jc? = 

12.2Hz);; 128.56 (d, CH, JCp = 1.4Hz); 130.86 (d, C, 7Cp = 103.9Hz); 131.06 (d, CH, JCp = 

10.7Hz);; 131.40 (d, CH, JCP = 2.3Hz); 132.72 (d, CH, JCP = 4.0Hz); 133.18 (C), 133.24 (d, 

CH,, 7CP = 10.7Hz); 133.75 (d, C, JCP = 9.2Hz); 134.49 (d, C, 7Cp = 104.8Hz) ppm. 31P-NMR 
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(121.500 MHz): 5 32.29 (s) ppm. [a]D
2l) = +110.3 (c = 0.23; CH2C12). HRMS (ET): m/z calcd.: 

436.0679;; obsd.: 436.0681. Anal, calcd. for C26H2iFeOP: C, 71.58; H, 4.85. Found: C, 71.28; 

H,, 5.16. 

(/?)-(+)-2-Biphenylylphenylphosphinoxyferrocene,, 4b. Yield: 98%. Mp: 169-170 °C. 

'H-NMRR (400.13 MHz): 5 3.92 (m, 1H); 3.97 (s, 5H); 4.35 (m, 1H); 4.49 (m, 1H); 4.79 (m, 

1H);; 7.01-7.12 (m, 5H); 7.16-7.27 (m,4H); 7.31-7.45 (m, 5H) ppm. 13C-NMR (100.62 MHz): 

55 69.53 (5CH); 71.37 (d, CH, JCp = 9.9Hz); 71.52 (d, CH, 7Cp = 1.5Hz); 71.64 (d, CH, 7Cp = 

1.5Hz);; 72.86 (d, CH, Jc? = 9.9Hz); 73.24 (d, C, JCp = 119.3Hz); 126.18 (d, CH, JCP = 

12.2Hz);; 126.83 (CH); 126.92 (CH); 127.51 (d, CH, JCp = 12.2Hz); 130.13 (CH); 130.43 (d, 

CH,, 7CP = 9.9Hz); 130.56 (d, CH, JCp = 2.3Hz); 131.08 (d, CH, JCP = 3.0Hz); 131.41 (d, CH, 

7CPP = 9.9Hz); 133.34 (d, CH, JCp = 12.2Hz); 133.65 (d, C, 7Cp = 14.5Hz); 134.70 (d, C, JCp = 

10.7Hz);; 140.40 (d, C, JCp = 4.6Hz); 146.95 (d, C, JCp = 9.2Hz) ppm. 3IP-NMR (121.50 

MHz):: 5 30.52 (s) ppm. [a]D
20 = +106.4 (c = 0.64; CH2C12). HRMS (EI+): m/z calcd.: 

462.0836;; obsd.: 462.0832. Anal, calcd. for C2sH23FeOP: C, 72.75; H, 5.01. Found: C, 72.87; 

H.5.11. . 

Synthesiss of ortfio-Iodoferrocenylphosphine Oxides 5 (Typical Procedure). Phosphine 

oxidee 4a or 4b (15 mmol) was dissolved in 180 ml of THF, degassed and cooled to 0 °C. 

Diisopropylamidornagnesiumbromidee (60 mmol) was added slowly via syringe and the 

reactionn mixture was allowed to reach room temperature. After 3 h, the solution was cooled to 

-300 °C and a degassed iodine solution (45 mmol of I2 in 60 ml of THF) was added via a 

canula.. After warming to ambient temperature over night, the reaction mixture was quenched 

withh H20 and THF was evaporated. The residue was extracted with CH2C12, the combined 

organicc layers were washed with saturated sodium bisulfite solution and water, dried over 

MgSC»44 and concentrated. The crude product was purified by column chromatography (Si02; 

CH2Cl2/ethyll  acetate = 5:1), on which the predominantly formed diastereomers of 5a and 5b, 

respectively,, were eluted first, followed by second diastereomer and starting material. 

(/fp^Sm)-(+)-l-Iodo-2-(l-naphthylphenylphosphinoxy)ferrocene,, 5a (Main Product). 

Yield:: 62%. Mp: 196-197 °C. 'H-NMR (400.13 MHz): 8 3.77 (m, 1H); 4.37 (m, 1H); 4.41 (s, 

5H);; 4.83 (m, 1H); 7.36-7.52 (m, 7H); 7.70-7.77 (m, 2H); 7.83 (d, br, 1H, J = 8.0Hz); 7.96 (d, 

br,, 1H,./ = 7.5Hz); 8.66 (d, br, 1H, J = 8.0Hz) ppm. I3C-NMR (100.62 MHz): 5 41.79 (d, C, 

JCPJCP = 10.1 Hz); 71.76 (d, CH, 7Cp = 9.9Hz); 72.82 (5CH); 74.60 (d, CH, JCp = 15.3Hz); 75.92 

(d,, C, JCP = 120.0Hz); 80.00 (d, CH, 7CP = 8.4Hz); 124.07 (d, CH, 7CP = 13.8Hz); 126.25 

(CH);; 127.10 (CH); 127.65 (d, CH, 7CP = 5.4Hz); 128.15 (d, CH, 7Cp = 11.5Hz); 128.52 (d, 

CH,, 7CP = 1.6Hz); 129.19 (d, C, JCP = 105.7Hz); 131.46 (d, CH, 7CP = 9.9Hz); 131.57 (d, CH, 

,/CPP = 3.1Hz); 132.84 (d,CH,7Cp = 3.1Hz); 133.35 (d, CH, 7Cp = 10.7Hz); 133.55 (d, C, JCp = 

8.4Hz);; 133.72 (d, C, 7rp = 105.5Hz); 133.91 (d, C, 7Cp = 9.2Hz) ppm. 3IP-NMR (121.50 
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MHz):: 5 32.07 (s) ppm. [cc]D
2° = + 49.6 (c = 0.52; CH2C12). HRMS (EI+): m/z calcd.: 

561.9646;; obsd.: 561.9652. Anal, calcd. for C26H2()FeIOP: C, 55.55; H, 3.59. Found: C, 55.28; 

H,, 3.52. 

(/ïp^m)-l-Iodo-2-(l-naphthylphenylphosphinoxy)ferrocene,, 5a (Minor  isomer). H-

NMRR (400.13 MHz): 5 4.08 (m, 1H); 4.28 (s, 5H); 4.33 (m, 1H); 4.78 (m, 1H); 7.35-7.52 (m, 

6H);; 7.66-7.74 (m, 2H); 7.79-7.89 (m, 2H); 8.03 (d, 1H, J = 8.3Hz); 8.68 (d, 1H, J = 8.2Hz) 

ppm.. I3C-NMR (100.62 MHz): 5 41.51 (d, C, JCp = 11.3Hz); 71.78 (d, CH, JCP = 9.9Hz); 

72.711 (5CH); 74.71 (d, CH, JCp = 14.3Hz); 75.31 (d, C, JCp = 117.2Hz); 79.85 (d, CH, JCp = 

8.7Hz);; 124.21 (d, CH, JCp = 14.1 Hz); 136.03 (CH); 126.52 (CH); 127.24 (d, CH, JCp = 

4.0Hz);; 128.08 (d, CH, JCP = 12.1Hz); 128.58 (br, CH); 129.06 (d, C, JCp = 103.6Hz); 131.45 

(d,, CH, JCP = 3.0Hz); 132.31 (d, CH, JCp = 11.1Hz); 132.76 (d, CH, JCp = 3.0Hz); 133.44 (d, 

C,, JCp = 10.1 Hz); 133.52 (d, C, JCp = 9.0Hz); 133.76 (d, CH, JCP = 10.1Hz); 133.92 (d, C, JCp 

== 107.4Hz) ppm. 31P-NMR (121.50 MHz): 6 31.54 (s) ppm. HRMS (FAB+): m/z calcd. for 

C26H2lFeIOP:: 562.9724; obsd.: 562.9720. 

(/?P^Sm)-(+)-l-Iodo-2-(2-biphenylylphenylphosphinoxy)ferrocene,, 5b. Yield: 86%. Mp: 

1600 °C (dec.) 'H-NMR (400.13 MHz): S 3.75 (m, 1H); 4.15 (s, 5H); 4.29 (m, 1H); 4.78 (m, 

1H);; 6.98-7.11 (m, 5H); 7.18-7.26 (m, 3H); 7.29-7.36 (m, 4H); 7.42-7.52 (m, 2H) ppm. 13C-

NMRR (100.62 MHz): 5 42.36 (d, C, Jc? = 9.9Hz); 72.05 (d, CH, JCp = 9.9Hz); 72.66 (5CH); 

73.577 (d, CH, JCP = 14.5Hz); 74.72 (d, C, JCv = 118.6Hz); 79.89 (d, CH, JCP = 9.2Hz); 126.37 

(d,, CH, iCp = 12.2Hz); 126.80 (CH); 126.84 (CH); 127.48 (d, CH, JCp = 12.2Hz); 130.32 

(CH);; 130.78 (d, CH, 7Cp = 2.3Hz); 131.01 (d, CH, 7Cp = 9.9Hz); 131.23 (d, CH, 7Cp = 

2.3Hz);; 131.64 (d, CH, 7Cp = 9.9Hz), 132.87 (d, C, Jc? = 105.5Hz); 133.58 (d, C, JCP = 

107.9Hz);; 133.77 (d, CH, 7Cp = 11.5Hz); 140.23 (d, C, JCP = 3.8Hz); 147.18 (d, C, 7Cp = 

9.2Hz)) ppm. 3,P-NMR (121.50 MHz): 5 29.41 (s) ppm. [a]D
2° = +33.8 (c = 0.32; CH2C12). 

HRMSS (EI+): m/z calcd.: 587.9802; obsd.: 587.9814. Anal, calcd. for C2SH22FeIOP: C, 57.18; 

H,, 3.77. Found: C, 57.17; H, 3.93. 

Synthesiss of Bis(diarylphosphinoxy)biferrocenyls 6 (Typical Procedure). In a Schlenk 

tube,, tfr/Tio-iodophosphine oxide 5 (2 mmol) was dissolved in CH2C12 and copper powder (10 

mmol,, activated with HC1/I2
 3fl was added under stirring. The solvent was evaporated and the 

residuee was heated under vacuum to 135 °C for 48 h. After this treatment, the caked product 

wass agitated with CH2CI2, filtrated and concentrated. Column chromatography (Si02; 

CH2Cl2/ethyll  acetate = 4:1 for 6a; CH2Cl2/hexane/ethyl acetate = 5:3:2 for 6b) eluted 

unreactedd starting material or meso-configurated (by)product first, followed by the desired 

diphosphinee dioxides 6a or 6b. 

85 85 



3.3. Diastereoselective ortho-Metalation 

(/?P^fm^?m^?p)-(-)-2,2'-Bis(l-naphthylphenyIphosphinoxy)-l,r-biferrocenyl,, 6a. 

Yield:: 58%. Mp: 230 °C (dec). 'H-NMR (400.13 MHz): 5 3.85 (m, 2H), 4.19 (s, 10H); 4.53 

(m,, 2H); 5.37 (m, 2H); 5.83 (dt, 2H, J = 2.5, 7.8Hz); 6.85 (dd, 2H, J = 7.0, 16.1Hz); 7.18-7.26 

(m.. 4H); 7.31-7.41 (m, 8H); 7.56-7.63 (m, 6H); 8.42 (d, 2H, J = 8.6Hz) ppm. I3C-NMR 

(100.622 MHz): 5 70.47 (5CH); 70.51 (d, CH, JCp = 11.1Hz); 72.75 (d, C, ./Cp = 119.3Hz); 

72.777 (d, CH, ,/CP = 13.8Hz); 81.11 (d, CH, ./CP = 9.2Hz); 88.17 (d, C, JCP = 9.2Hz); 123.74 

(d,, CH, Jcr = 14.5Hz); 125.70 (CH); 126.43 (CH); 127.56 (d, CH, JCP = 6.1 Hz); 127.94 (d, 

CH,, JCp = 11.5Hz); 128.00 (d, CH, JCP = 1.3Hz); 130.03 (d, C, JCP = 104.8Hz); 130.94 (d, 

CH.. JCP = 11.8Hz); 130.96 (d, CH, ./CP = 3.8Hz); 131.70 (d, CH, 7Cp = 2.3Hz); 132.75 (d. C, 

JCPJCP = 8.4Hz); 133.20 (d, C, Jc? = 9.2Hz); 133.86 (d, CH, JCp = 11.5Hz); 136.01 (d, C, 7CP = 

104.0Hz)) ppm. 3IP-NMR (161.98 MHz): 5 32.64 (s) ppm. [cc]D
20 - -295.4 (c = 0.54; CH2C12). 

MSS (FD): m/z obsd.: 870.3 (M+). Anal, calcd. for C52H4oFe202P2: C, 71.75; H, 4.63. Found: 

C.. 71.97; H, 4.99. 

(/fpJ?m»/fm^p)-(-)-2,2'-Bis(2-biphenylylphenylphosphinoxy)-l,r-biferrocenyI,, 6b. 

Yield:: 70%. Mp: 175-177 °C (dec). 'H-NMR (400.13 MHz): 5 3.92 (m, 2H); 3.96 (s, 10H); 

4.533 (m, 2H); 5.18 (m, 2H); 6.51 (m, 2H); 6.93 (m, 4H); 6.98-7.02 (m, 6H); 7.10-7.19 (m, 

8H);; 7.24-7.31 (m, 8H) ppm. "C-NMR (100.62 MHz): 8 70.13 (5CH); 70.62 (d, CH. JCp = 

10.7Hz);; 71.81 (d, CH, JCP = 13.8Hz); 73.98 (d, C, ./CP = 119.3Hz); 80.82 (d, CH, 7CP -

9.2Hz):: 89.12 (d, C, JCP = 9.2Hz); 125.72 (d, CH, JCp = 12.2Hz); 126.53 (CH); 126.91 (CH); 

127.288 (d, CH, Jc? = 11.7Hz); 130.27 (d, CH, JCP = 11.5Hz); 130.28 (d, CH, 7Cp = 8.4Hz); 

130.333 (CH); 130.56 (d. CH, yCp = 2.8Hz); 130.58 (d, CH, JCp = 9.2Hz); 133.55 (d, C, JCp = 

103.3Hz):: 135.53 (d, C, ./Cp = 105.6Hz); 136.02 (d, CH, iCp = 12.2Hz); 140.71 (d, C, ./CP -

4.6Hz);; 146.38 (d, C, JCP = 9.2Hz) ppm. 3IP-NMR (161.98 MHz): 5 31.88 (s) ppm. [a]D
2° = 

-134.66 (c = 0.69; CH2C12). HRMS (FAB+): ni/z calcd. for C56H45Fe:02P2 (MH+): 923.1594; 

obsd.:: 923.1573. Anal, calcd. for Cv,H44Fe202P2: C, 72.90; H, 4.81. Found: C, 72.51; H, 4.99. 

(^P^?m,Sm,Sp)-2,2'-Bis(2-biphenylylphenylphosphinoxy)-l,l,-biferrocenyl,, meso-6b. 

'H-NMRR (400.13 MHz; CD2C12): 5 3.71 (s, 10H); 3.87 (m, 2H); 4.36 (m, 2H); 5.93 (m, 2H); 

6.97-7.011 (m, 4H); 7.11-7.16 (m, 4H); 7.19-7.24 (m, 2H); 7.28 (ddd, 2H, J = 1.2; 4.0; 7.5Hz); 

7.35-7.411 (m, 4H); 7.42-7.57 (m, 10H); 7.70 (ddd, 2H, J = 1.0; 7.5; 14.0Hz) ppm. I3C-NMR 

(100.622 MHz; CD2C12): 5 70.46 (d, C, Jrp = 114.7Hz); 70.95 (5CH); 71.18 (d, CH, JCp = 

11.5Hz);; 75.25 (d, CH, JCP = 15.3Hz); 77.70 (d, CH, JCP = 9.2Hz); 87.58 (d, C, JCP = 9.2Hz); 

126.733 (d, CH, JCP - 12.2Hz); 127.02 (CH); 127.07 (CH); 127.89 (d, CH, JCp = 12.2Hz); 

130.100 (CH); 131.08 (d, CH, JCp = 2.3Hz); 131.56 (d, CH, JCp = 2.3Hz); 132.05 (d, CH, JCp = 

9.2Hz):: 132.51 (d, CH, JCp = 9.9Hz); 134.31 (d, C, JCp = 100.2Hz); 134.35 (d, CH, JCp = 

12.2Hz);; 136.47 (d, C, JCp = 106.3Hz); 141.58 (d, C, JCp = 3.8Hz); 147.52 (d, C, JCp = 7.6Hz) 

ppm.. *'P-NMR (161.98 MHz; CD2C12): 5 32.53 (s) ppm. HRMS (FAB+): m/z calcd. for 

Ci6H^Fe202P22 (MH+): 923.1594; obsd.: 923.1601. 
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Synthesiss of Bis(diarylphosphino)biferrocenyls 1 (Typical Procedure). In a glass tube, 

diphosphinee dioxide 6a or 6b (0.6 mmol) was suspended in 9 ml of toluene. Trichlorosilane 

(300 mmol) and triethylamine (45 mmol) were added consecutively and the tube was sealed 

underr vacuum. Then it was placed into an autoclave and heated at 140 °C for 72 h. After 

coolingg in liquid nitrogen, the tube was opened and the reaction mixture was treated with 15N 

NaOHH solution. The crude product was extracted with CH2CI2; the combined organic layers 

weree washed with H20, dried, filtered and the solvent was evaporated. The residue was 

dissolvedd in 15 ml of THF and BHyTHF (1 ml, 1M in THF) was added via syringe. 

Complexationn was followed by TLC and, after completion, THF was removed in vacuo. The 

residuall  diphosphine diborane was chromatographed over S1O2, using CH2Cl2/hexane = 1:1 as 

eluent.. The desired Ca-symmetrical product was eluted first, followed by not further separated 

isomerizedd byproducts. 

(Sp^m^m,SpM-)-2,2'-Bis(l-naphthylphenylphosphino)-l,ll  '-biferrocenyl , la. De-

protectionn was performed by stirring the diborane complex of l a in degassed Et2NH (15 ml) 

att room temperature. After 5 h, TLC showed complete conversion. The reaction mixture was 

concentratedd and the crude diphosphine was chromatographed (Si02, CH2Cl2/hexane = 1:1), 

too afford the enantiopure ligand as orange crystals. Yield: 40%. Mp: 236-238 °C (dec). 'H-

NMRR (400.13 MHz; CD2C12): ö 3.90 (m, 2H); 4.12 (s, 10H); 4.52 (dt, 2H, J = 0.6, 2.6Hz); 

5.011 (m, 2H); 5.88 (m, 2H); 6.41 (m, 2H); 7.10 (d, br, 2H, J = 8.2Hz); 7.22-7.36 (m, 10H); 

7.43-7.488 (m, 4H); 7.65 (dd, br, 2H, J = 0.6, 8.0Hz); 8.03 (ddd, br, 2H, J = 1.0, 3.5, 8.6Hz) 

ppm.. nC-NMR (100.62 MHz; CD2CI2): 5 70.10 (CH); 70.14 (5CH); 72.22 (d, CH, JCp = 

4.6Hz);; 77.00 (d, CH, Jc? = 11.5Hz); 77.93 (d, C, JCP = 9.2Hz); 91.05 (dd, C, JCp = 2.2, 

29.1Hz);; 124.66 (CH); 125.02 (CH); 125.10 (d, CH, JCp = 2.3Hz); 126.15 (d, CH, JCP = 

24.5Hz);; 127.94 (CH); 127.98 (d, CH, JCp = 7.9Hz); 128.17 (d, CH, Jc? = 1.4Hz); 128.84 

(CH);; 130.87 (CH); 133.03 (d, C, JCP = 3.8Hz); 133.61 (d, C, JCP = 19.9Hz); 134.69 (d, CH, 

JJcc?? = 21.4Hz); 135.79 (d, C, JCP = 13.8Hz); 138.13 (d, C, JCp = 7.7Hz) ppm. > - N M R 

(161.988 MHz; CD2C12): 5 -30.60 (s) ppm. [<x]D
2,) = -175.7 (c = 0.44; CH2C12). MS (FD): m/z 

obsd.:: 838.5 (M+). Anal, calcd. for C52H4oFe2P2: C, 74.48; H, 4.81. Found: C, 74.20; H, 4.92. 

(Sp^m^ m,SP)-(+)-2,2'-Bis(2-biphenylylphenylphosphino)-l,l'-biferrocenyl,, lb. Since 

inn the case of lb(BH;02 the decomplexation procedure with Et2NH resulted in up to 15% 

epimerisationn of chiral phosphorus, an acidic deprotection method was employed, which 

provedd to proceed without any observable degree of isomerization. A solution of the diborane 

complexx (1 mmol) in 8 ml of toluene was degassed, cooled in an icebath and 

trifluoromethanesulfonicc acid (5 mmol) was added slowly via syringe. After 30 min, stirring 

wass continued at room temperature until TLC indicated complete protonation. The solvent 

wass removed and the residue was treated with a solution of 10 mmol of KOH in 3 ml of 

degassedd EtOH/H20 = 10:1. The suspension was stirred for 30 min at ambient temperature, 

afterr which degassed Et20 (7 ml) was added. The upper layer was transferred in a second 
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Schlenkk tube by Teflon canula and this extraction was repeated twice. The combined ether 

layerss were dried over Na2S04, concentrated and subjected to column chromatography 

(alumina;; CH2Cl2/hexane = 1:1). Evaporation of the eluent left enantiopure ligand l b as 

yelloww powder. Yield: 44%. Mp: 150-151 °C. 'H-NMR (400.13 MHz): 5 3.90 (m, 2H); 3.99 

(s,, 10H); 4.37 (m, 2H); 4.58 (m, 2H); 6.75 (m, 2H); 6.83 (m, 2H); 7.00-7.04 (m, 8H); 7.16-

7.299 (m, 16H) ppm. 13C-NMR (100.62 MHz): 5 69.28 (CH); 70.57 (d, 5CH, 7Cp = 1.5Hz); 

71.966 (d, CH, 7Cp = 4.6Hz); 76.71 (dd, CH, JCp = 4.6, 8.4Hz); 77.28 (d, C, JCP = 15.0Hz); 

91.100 (dd, C, Jc? = 2.0, 28.5Hz); 126.56 (d, CH, JCP = 3.1Hz); 127.33 (CH); 127.38 (d, CH, 

7CPP = 10.7Hz); 127.46 (CH); 127.49 (d, CH, Jc? = 8.4Hz); 128.29 (CH); 129.19 (d, CH, 7Cp = 

3.8Hz);; 129.54 (d, CH, JCP = 3.8Hz); 132.52 (CH); 134.95 (d, CH, Jc? = 22.2Hz); 138.77 (d, 

C,, 7Cp = 10.7Hz); 138.80 (d, C, 7Cp = 17.6Hz); 142.08 (d, C, 7CP = 4.6Hz); 145.77 (d, C, 7Cp = 

23.7Hz)) ppm. 3IP-NMR (161.98 MHz): 5 -28.36 (s) ppm. [ce]D
20 = +6.3 (c = 0.25; CH2C12). 

HRMSS (FAB+): m/z calcd. for C56H45Fe2P2 (MH+): 891.1695; obsd.: 891.1686. Anal, calcd. 

forr C56H44Fe2P2: C, 75.52; H, 4.98. Found: C, 75.37; H, 5.36. 

Synthesiss of Platinum Complexes 8 (Typical Procedure). Bis(benzonitrile)-

dichloroplatinum(II)) (0.1 mmol) was dissolved in 15 ml of degassed benzene and heated to 70 

°C.. A solution of diphosphine 1 (0.11 mmol) in 10 ml of benzene was slowly added via a 

teflonn canula and the resulting mixture was kept at reflux temperature for lh. Upon cooling 

and,, eventually, concentrating a red precipitate formed which was filtrated, washed with 

hexanee and dried under vacuum. Recrystallization from CH2Cl2/hexane gave crystals suitable 

forr crystal structure determination. 

[(Sp^i m^fm,5p)-2,2'-Bis(l-naphthylphenylphosphino)-l,r-biferrocenyl]dichloro --

platinum(II) ,, 8a. Yield: 63%. 'H-NMR (400.13 MHz; CD2C12): 5 3.31 (m, 2H); 4.02 (s, 

II  OH); 4.15 (m, 2H); 4.99 (m, 2H); 7.18-8.00 (m, 18H); 8.70 (dd, 4H, 7 = 0.9; 2.0Hz); 8.84 (d, 

2H,.// = 2.2Hz) ppm. 31P-NMR (161.98 MHz; CD2C12): 8-6.21 (t, 7PPt = 1758Hz) ppm. Anal, 

calcd.. for C?2H4()Cl2Fe2P2Pt: C, 56.55; H, 3.65. Found: C, 56.34; H, 3.82. 

|(.Sp,5p)-lJ'-Bis(l-naphthylphenylphosphino)ferrocene|dichloroplatinum(II),, 8c. 

Yield:: 72%. 'H-NMR (400.13 MHz; CD2C12): 5 4.19 (m, 4H, fc); 4.32 (m, 2H, fc); 4.53 (m, 

2H,, fc); 7.28 (ddd, 2H, J = 1.2; 6.8; 8.3Hz, naphthyl-H7); 7.37-7.43 (m, 4H, phenyl-H3,5); 

7.47-7.588 (m, 6H, phenyl-H4, naphthyl-H3, naphthyl-H6); 7.90 (m, 4H, phenyl-H2,6); 7.96 

(d,, 2H, ./ - 8.3Hz, naphthyl-H5); 8.09 (d, 2H, J = 8.2Hz, naphthyl-H4); 8.41 (d, br, 2H, J = 

8.4Hz,, naphthyl-H8); 8.61 (dd, br, 2H,/ = 7.6; 16.7Hz, naphthyl-H2) ppm. 31P-NMR (161.98 

MHz;; CD2C12): 5 13.49 (t, JPPl = 1926Hz) ppm. Anal, calcd. for C42H32Cl2FeP2Pt: C, 54.80; 

H,, 3.50. Found: C, 54.44; H, 3.56. 
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Crystall  Structure Determinations. Structures 6b, meso-6b, 6a and la were solved using 

directt methods (SHELXS-97).37 Structures 8a and 8c were solved with Patterson methods 

(DIRDIF-97).3**  All structures were refined with SHELXL-97 against F2 of all reflections. 

Furtherr details of the structure determinations are included in Tables 2 and 3. 

Tablee 2. Details of Crystal Structure Determinations for Compounds 6b, meso-6b and 6a. 

Structure e 

Formula a 

Fw w 
Diffractometer r 
Wavelengthh [A] 
Temperaturee [K] 
Crystall  system 
Spacee group 

aa [A] 
b[A ] ] 
c[A ] ] 

a [ °] ] 
P[01 1 
y[°] y[°] 
V[A 3] ] 
Z Z 
Densityy [g cm'' ] 
LII  [mm" ] 
Crystall  size [mm" ] 
Abs.. corr. 
Transmission n 
Extinctionn coeff. 
(sinn 0A)max [A" ] 
Rll  (I>2o(I)) 
wR22 (I>2o(I)) 
Rll  (all data) 
wR22 (all data) 
GooF F 
Flackk x 

6b b 

C56H44Fe202P2--

2CH2C12" " 
1092.40 0 
Brukerr SMART 
0.71073 3 
213(2) ) 
orthorhombic c 
P2,2,2i i 

9.620(4) ) 
12.430(5) ) 
43.31(2) ) 
90 0 
90 0 
90 0 
5179(4) ) 
4 4 
1.401 1 
0.871 1 
0.700 x 0.65 x 0.45 
SADABS S 
0.63-0.75 5 
0.00047(9) ) 
0.64 4 
0.0414 4 
0.0846 6 
0.0434 4 
0.0854 4 
1.185 5 
0.019(12) ) 

meso-6b b 

C56H44Fe202P2 2 

922.55 5 
Brukerr SMART 
0.71073 3 
296(2) ) 
triclini c c 

PP 1 

8.289(4) ) 
9.607(5) ) 
14.485(7) ) 
108.55(1) ) 
90.84(1) ) 
96.99(1) ) 
1083.7(9) ) 
1 1 
1.414 4 
0.788 8 
0.22x0.10x0.07 7 
XABS2 2 
0.78-1.37 7 
--
0.59 9 
0.0499 9 
0.0906 6 
0.0889 9 
0.1077 7 
1.092 2 
--

6a a 

C,2H4nFe202P2 2 

870.48 8 
Brukerr SMART 
0.71073 3 
299(2) ) 
monoclinic c 
P2,/c c 

14.861(3) ) 
16.076(4) ) 
17.451(5) ) 
90 0 
90.170(10) ) 
90 0 
4169.1(18) ) 
4 4 
1.387 7 
0.814 4 
0.70x0.14x0.14 4 
SADABS S 
0.75-0.96 6 
0.00025(8) ) 
0.59 9 
0.0312 2 
0.0684 4 
0.0468 8 
0.0771 1 
1.058 8 
--

aa Structure 6b contains partly disordered CH2C12 molecules. Solvent content idealized in 
chemicall  formula, formula weight, density and absorption coefficient. 
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3.3. Diastereoselective orïho-Metalation 

Tablee 3. Details of Crystal Structure Determinations for Compounds la, 8c and 8a. 

Structure e 

Formula a 

Fw w 
Diffractometer r 

Wavelengthh [A] 
Temperaturee [K] 
Crystall  system 
Spacee group 
aa [A] 
b [A l l 
c lA ] ] 
a [ ° ] ] 

pn n 
y[° ] ] 
vv [A3i 

z z 
Densityy [g cm ] 
(ii  [mm '] 
Crystall  size [mm ] 
Abs.. corr. 
Transmission n 
Extinctionn coeff. 
(sin9/a.)maxx [A 1] 
Rll  (I>2oCI)) 
wR22 (I>2CT(I)) 

Rll  (all data) 
wR22 (all data) 
GooF F 
Flackk x 

l a a 

Cf,2H4oFe2P22
2CH2C12" " 
1004.30 0 
Brukerr SMART 

0.71073 3 
213(2) ) 
orthorhombic c 
Pbcn n 
16.392(8) ) 
17.161(8) ) 
16.522(8) ) 
90 0 
90 0 
90 0 
4648(4) ) 
4 4 
1.435 5 
0.960 0 
0.300 x 0.20 x 0.20 
SADABS S 
0.69-0.86 6 
0.00049(8) ) 
0.64 4 
0.0363 3 
0.0813 3 
0.0429 9 
0.0847 7 
1.121 1 
--

8c c 

C42H32Cl2FeP2Pt. . 
CH2CI2 2 
1005.38 8 
Enraf-Nonius s 
CAD4T T 
0.71073 3 
150(2) ) 
orthorhombic c 
P2,2,2, , 
11.6781(12) ) 
17.166(2) ) 
18.737(2) ) 
90 0 
90 0 
90 0 
3756.1(7) ) 
4 4 
1.778 8 
4.509 9 
0.411 x 0.20x0.18 
DELABS S 
0.47-0.83 3 
--
0.65 5 
0.0320 0 
0.0598 8 
0.0406 6 
0.0623 3 
1.026 6 
-0.017(5) ) 

8a a 

C52H4oCl2Fe2P2Ptt * 

1104.47* * 
Noniuss KappaCCD 

0.71073 3 
150(2) ) 
orthorhombic c 
P2i2,2, , 
11.8381(3) ) 
19.7931(5) ) 
20.8439(5) ) 
90 0 
90 0 
90 0 
4884.0(2) ) 
4 4 
1.5022 [a] 
3.6511 [a] 
0.45x0.45x0.10 0 
MULAB S S 
0.53-0.70 0 
--
0.65 5 
0.0413 3 
0.1031 1 
0.0476 6 
0.1063 3 
1.041 1 
-0.020(5) ) 

Structuree l a contains partly disordered CH2CI2 molecules. Solvent content idealized in 
chemicall  formula, formula weight, density and absorption coefficient. Structure 8a contains 
disorderedd CH2CI2 molecules. Their contribution to the calculated structure factors was 
calculatedd with the routine CALC SQUEEZE of the program PLATON (339 electrons/unit 
cell).. The solvent is not included in formula weight, density and absorption coefficient. 
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Abstract t 

Thee phosphorus-chiral diphosphine l,l'-bis(l-naphthylphenylphosphino)ferrocene la and its 
neww electronically modified derivatives lb-d bearing methoxy and/or trifluoromethyl groups 
inn para positions of the phenylrings were investigated as ligands in rhodium catalyzed 
(asymmetric)) hydroformylation. Depending on ligand basicity, high pressure NMR and IR 
characterizationn of the respective (diphosphine) rhodium dicarbonyl hydride precursor 
complexess revealed subtle differences in the occupation of bisequatorial (ee) and equatorial-
apicall  (ea) coordination geometries. The high ee:ea ratio of the four complexes contrasted 
withh the clear ea preference observed for the related achiral dppf compound. In the 
hydroformylationn of styrene the best result (50% e.e.) was obtained employing the best n-
acceptorr ligand lc incorporating two para-trifluoromethyl substituents. Substrate electronic 
variationss using 4-methoxystyrene and 4-chlorostyrene showed pronounced influence on 
turnoverr frequencies, branched/normal aldehyde product ratios and enantiodiscrimination, 
whereass in the hydroformylation of 1-octene iigand electronic perturbations did affect only 
thee rate, not the selectivity of the reaction. 



4.4. P-Chiral Diphosphines in Hydroformylation 

4.1.. Introductio n 

Thee catalytic hydroformylation of alkenes ranks among the most widely industrially 

appliedd homogeneous processes. Its asymmetric variant has not yet reached that level of 

sophistication;; nevertheless, or just for that reason, many efforts have been directed towards 

thatt goal during the last few years. Attractive features of the reaction, such as atom-economy 

andd potential catalyst recyclability as well as the need of optically active aldehyde products as 

intermediatess for fine chemicals are counterbalanced by several drawbacks, among which 

numberr unsatisfactory branched/linear ratios, modest reactivities and enantioselectivites, side 

reactions,, and insufficient catalyst stability. 

Usefull  asymmetric systems developed to date include catalysts based on platinum(II) or 

rhodium(I),, in which both of the metal centers have been modified by mono- or bidentate 

phosphoruss ligands.2 Although some of the highest e.e. values ever reported in asymmetric 

hydroformylationn were obtained using platinum/stannous chloride catalysts, these systems 

tendd to suffer from low reaction rates, moderate branched/linear ratios and undesirable 

productt racemization. With respect to the mentioned criteria, rhodium(I) based catalysts are 

consideredd superior, but catalyst stability and, especially, enantiodiscri mi nation are features 

thatt deserve improvement. The most successful ligands reported to date for rhodium catalyzed 

asymmetricc hydroformylation are bulky diphosphites based on enantiopure pentane-2,4-diols 
44 on the one hand and phosphine-phosphites bearing atropisomeric binaphthyl moieties on the 

otherr hand (Binaphos, 96% e.e. for the hydroformylation of styrene)/ 

Previously,, a new class of rigid diphosphine ligands was developed in our group, based on 

9,10-dimethylxanthenee or related backbones and, consequently, bearing a large natural bite 

anglee as structural characteristic.6 The coordination mode of these Xantphos-type ligands in 

rhodium(I)) dicarbonyl hydride precursor complexes was shown to be preferentially bis-

equatorial,, which, in first instance, was assumed to be an explanation for the high selectivity 

towardss linear aldehyde observed in the hydroformylation of 1-octene. Employing 

electronicallyy modified Xantphos ligands, reactivity was (expectedly) found to depend on 

electronn donor and acceptor capacities of the substituents in para-position of the phenyl rings 

off  the phosphines,7 whereas the earlier reported correlation * between Hammett a,, constants 

andd the selectivity towards formation of the linear aldehyde did not apply. 

Inn contrast, Casey et al. reported on a distinct influence of ligand electronic effects on the 

linear/branchedd aldehyde product ratio in the hydroformylation of 1-hexene.9 They stated that 

electron-withdrawingg substituents on equatorially coordinated phosphines slightly favor 

formationn of linear aldehydes, whereas electron-poor phosphines in the apical position are 

supposedd to support strongly the opposite regiochemistry. This hypothesis was substantiated 

"byy the synthesis and application of electronically dissymmetric equatorial-apical coordinating 

ligands,, which, due to the preference of electron-deficient phosphines for the equatorial 
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coordinationn site, showed indeed a higher linear/branched ratio than their symmetric 

counterparts.'0 0 

Ourr interest was attracted by a possible extension of these results to asymmetric 

hydroformylationn and the effects that might be encountered there. C2-symmetrical 

diphosphiness do not rank among the ligands inducing excellent enantioselectivities in that 

reaction;; to the best of our knowledge, the highest e.e. values (60%) were obtained using bdpp 

(2,4-bis(diphenylphosphino)pentane).. This ligand was shown to predominantly coordinate 

too trigonal-bipyramidal rhodium(I) precursor complexes in an equatorial-apical fashion, 

whichh is ascribed to the small natural bite angle of around 90 °. Yet, the application of 

propeller-shapedd diphosphine ligands displaying larger natural bite angles (>100 °) in an 

asymmetricc reaction variant has not been investigated in detail. To render this type of 

compoundss promising, we reasoned that chirality at the coordinating phosphines might, due to 

theirr proximity to the metal center, induce higher enantioselectivities than if incorporated in 

thee backbone. Furthermore, provided that trigonal-bipyramidal intermediates are involved in 

thee selectivity determining step of the catalytic cycle, bisequatorially coordinated structures of 

C2-typee symmetry are more desirable, since they leave only one equatorial coordination site 

accessiblee on which alkene complexation and subsequent hydride migratory insertion is to 

proceed.. Thus, a reduction of competitive diastereomeric reaction pathways resulting thereof 

iss believed to confer high levels of enantiodiscrimination. " 

Thee ligands we chose for our study were l,l'-bis(l-naphthylphenylphosphino)ferrocene l a 

andd electronically modified derivatives thereof, bearing methoxy and trifluoromethylgroups in 

para-positionss of the phenylrings (Scheme 1). Consequently, steric alterations imposed by the 

substituentss should be negligible, allowing for a largely exclusive investigation of electronic 

effects.. Due to their analogy to the achiral dppf (l,l'-bis(diphenylphosphino)ferrocene) 

ligand,, bite angles of around 100 ° can be expected for this type of diphosphines, " which 

shouldd favor the formation of bisequatorially coordinated complexes. In this paper we report 

onn the stereoselective synthesis of three new phosphorus-chiral, electronically varied 

ferrocenyidiphosphinee ligands lb,c,d and their application in the asymmetric 

hydroformylationn of styrene and derivatives. In order to evaluate ligand performances in 

comparativee context, linear hydroformylation experiments employing 1-octene as the 

substratee were conducted as well. High pressure IR and NMR measurements are described, 

thatt enabled the characterization of catalytic intermediates. Their implementations for the 

reactionn cycle, the regiochemistry and enantioselectivities wil l be discussed. 
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4.4. P-Chiral Diphosphines in Hydroformylation 

Schemee 1 

4.2.. Results and Discussion 

Ligandd Synthesis. Recently we described the preparation of a series of phosphorus-chiral 

enantiopuree arylphenylferrocenyldiphosphines.14 On employing the approach of Jugé et al., 

characterizedd by attachment of an optically active auxiliary, ephedrine, to a borane protected 

phosphoruss center, and its stepwise removal thereof by nucleophilic substitutions, different 

methyll  arylphenylphosphinite boranes of defined absolute configuration were obtained. 

Subsequently,, we succeeded in the stereoselective coupling of the latter onto 

dilithioferrocene,, which gave rise to the first phosphorus-chiral, enantiopure dppf-analogues. 

Too allow for the introduction of the /jara-substituents on the 1-naphthylphenylphosphino 

derivativee la, a slightly modified pathway had to be followed. Since the reaction sequence did 

nott permit easy incorporation of electron donating or releasing groups at a final stage, the 

condensationn reaction with the auxiliary had already to be performed with the suitably 

substitutedd bis(diethylamino)phenylphosphines (Scheme 2). These were synthesized by 

reactionn of the respective Grignard reagents, derived from para-trifluoromethyl- and para-

methoxybromobenzenes,, with bis(diethylamino)chlorophosphine. Subsequently, condensation 

withh (15,2/?)-ephedrine at elevated temperatures, followed by complexation of the phosphorus 

centerss using BHjdimethylsulfide gave rise to single diastereomers of the respective 

oxazaphospholidinee borane complexes 2b,c. 
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4.2.4.2. Results and Discussion 

Schem ee 2 
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Forr the unsubstituted phenyl derivative, the stereochemical course of the several steps 
duringg the condensation-substitution sequence has been confirmed by crystal structure 
analysis.'77 The presence of the /?ara-methoxy or para-trifluoromethyl groups was assumed 
nott to interfere severely during diastereostereo- and enantiodiscrimination, therefore 
descriptorss for the asymmetrically substituted phosphorus atoms were assigned in agreement 
withh the literature findings. 
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4.4. P-Chiral Diphosphines in Hydroformylation 

Nucleophilicc attack of 1-naphthyllithium proceeded in analogy to the described 
procedure,14bb delivering the ring-opened phosphorus amide boranes 3b,c in good yields. In 
comparisonn to the unsubstituted starting material, however, the observed diastereoselectivities 
weree lower, resulting in 88-90% d.e. of the products with configurationally retained 
phosphoruss stereocenters. Separation of the isomers by column chromatography, was, 
nevertheless,, achieved easily, thus permitting the use of stereohomogeneic starting materials 
forr the next step. 

Acidicc methanolysis of the phosphorus amides was performed according to the literature 
andd afforded the configurationally inversed phosphinite boranes 4b,c. A considerably higher 
yieldd was, however, obtained for the para-methoxy substituted derivative.18 

Inn the subsequent reaction, l,l'-dilithioferrocene served as nucleophile, stereoselectivê 
replacingg the methoxy groups at phosphorus, and giving rise to the respective diphosphine 
diboranee complexes 5b,c. Yet, deprotection of the crude products using nitrogen bases such as 
diethylaminee or morpholine, proved only successful for the diborane 5c. In the case of 5b, 
decomplexationn was accompanied by considerable epimerization at phosphorus, as 
recognizedd by formation of the meso configurated diphosphine. Repeated complexation of 
suchh a product mixture and comparison of its NMR data with those of the original diborane 
productt indicated, that racemization had indeed occurred during deprotection and did not 
resultt from unselective substitution. As an alternative method, acidic decomplexation was 
employed.199 With this procedure no epimerization took place and, after column 
chromatographicc purification, the diphosphine ligand lb was obtained in enantiopure form, as 
wass diphosphine lc after removal of borane using diethylamine. 

Thee synthesis of the electronically dissymmetric ligand Id was envisaged to proceed by 
stepwisee introduction of the phosphine moieties to the ferrocene backbone (Scheme 3). In a 
firstt attempt, l.l'-dibromoferrocene was lithiated using 1 equivalent of n-butyllithium 2() and 
consecutivelyy made to react with methyl l-naphthyl-(4-trifluoromethylphenyl)phosphinite 
boranee 4c. This procedure, however, resulted in a mixture of several products, including 1-
bromo-l'-phosphinoferrocenee borane as well as heteroanular unsubstituted 
ferrocenylphosphinee borane, both of which proved to be largely inseparable by low pressure 
columnn chromatographic techniques. In a second approach, metalation was performed using 
sec-butyllithiumm and the resulting ferrocenyl nucleophile underwent reaction with para-
methoxyphenyll  substituted methyl phosphinite borane 4b. Although, due to dilithiation, again 
somee amounts of monosubstituted ferrocene derivative were observed, the desired 1-bromo-
l'-phosphinoferrocenee borane complex 6 was obtained as the main product and successfully 
purifiedd by column chromatography. Subsequent lithiation of the latter by halogen-metal 
exchangee employing jec-butyllithium and coupling to phosphinite borane 4c gave rise to the 
ferrocenyll  diphosphine diborane complex 5d. Deprotection was achieved using 
trifluoromethanesulfonicc acid and proceeded in a similar manner as described for compound 
5b.. Thus, C\ -symmetrical ligand Id was isolated as enantiomerically pure orange foam, 
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4.2.4.2. Results and Discussion 

constitutingg as such one of the first examples of a stereogenic diphosphine bearing two 
differentiallyy substituted phosphorus centers. 

Althoughh after suitable deprotection of diboranes 5b,c,d no signals indicating partial 
epimerizationn to the meso-(type) compound were detected by NMR measurements, the 
enantiomericc purity was checked by applying the NMR shift reagent N-(3,5-dinitrobenzoyl)-
1-phenylethylaminee ' to diphosphine dioxides, derived from the respective ligands lb,c,d. 
Withinn the NMR integration errors of  2%, no splitting of signals due to the presence of 
otherr diastereomeric adducts was observed. 

Schemee 3 

(fl>4cc N-"^ (S,S)A6 

Highh Pressure NMR Measurements. A simplified mechanistic cycle for the generally 
acceptedd dissociative pathway of the diphosphine modified rhodium catalyzed 
hydroformylationn is depicted in Scheme 4. The trigonal bipyramidal chelated rhodium 
dicarbonyll  hydride may be regarded as precatalyst, from which CO decoordination, followed 
byy alkene complexation to give again a five-coordinated intermediate is to occur. Under 
conditionss of low pressure and temperature, consecutive hydride migratory insertion is 
assumedd to be rate and selectivity determining, as long as substrate isomerization indicating 
(3-hydridee elimination from the rhodium alkyl intermediates remains negligible.24 Being the 
onlyy observable monomeric species under catalytic conditions, the coordination mode of 
bidentatee diphosphine ligands in rhodium dicarbonyl hydride complexes was found to 
influencee the regiochemical outcome of the hydroformylation reaction {vide supra). 
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Schem ee 4 
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Concerningg the issue of stereoselectivity, however, the situation is ambiguous. High 

enantioselectivitiess were obtained with bisequatorially coordinating diphosphites as well as 

equatorial-apicall  coordinating phosphine-phosphite and, to a lesser a degree, diphosphine 

chelates.""  If the complexation mode of diphosphines in the trigonal-bipyramidal precursor 

complexess or alkene adducts was of any relevance to stereodiscrimination, subtle changes in 

thee equilibrium ratio of the two isomers by ligand electronic perturbations should result in 

differentt e.e. values. 

Therefore,, the solution structures of rhodium dicarbonyl hydrides bearing dppf-analogues 

la-dd were determined by high-pressure NMR techniques. Due to the fast interconversion 

betweenn bisequatorial (ee) and equatorial-apical (ea) coordination fashions of chelating 

diphosphines,, presumably proceeding via turnstile or Berry-type (pseudo)rotationsr 

averagedd values for proton phosphorus and phosphorus rhodium coupling constants are 

generallyy obtained. At low temperatures, however, the equilibrium may be frozen out, 

permittingg the determination of individual constants for the coordination isomers and, 

subsequently,, calculation of the ee:ea ratio for a given (diphosphine)Rh(CO)2H complex or its 

indiumm analogue.2f' For reasons of comparison, we were also interested in the behaviour of the 

achirall  ligand dppf (l,l'-bis(diphenylphosphino)ferrocene), from which diphosphines la-d 

aree derived of. To this aim, the experiments were also conducted using this ligand. 

Reactionn of ligands la-d with Rh(CO)2acac under 20 bars of syn-gas (H2/CO = 1:1) at 40 

°CC resulted in exclusive formation of the respective diphosphine rhodium dicarbonyl hydride 

compounds.. This was evidenced by the appearance of a triplet of doublets for the hydride 

signall  in 'H-NMR and a doublet in the 3IP-NMR (with exception of complexes incorporating 

ligandd Id, vide infra). Unfortunately, for none of the complexes investigated, the dynamic 

equilibriumm could be frozen out completely at the lowest available temperature of -110 °C. 

Thus,, equilibrium populations of bisequatorial and equatorial-apical coordination geometries 

weree calculated by assuming values of 'VH-PHV = 2 Hz and VH-PUV = 110 Hz for cis and trans 

hydridee phosphorus coupling constants, respectively (Table 1). 

Tablee 1. Selected NMR data for (diphosphine)Rh(CO)2H complexes. 

Complex x 

(la)Rh(CO)2H H 

(lb)Rh(CO)2H H 

(lc)Rh(CO)2H H 

(ld)Rh(CO)2H H 

(dppf)Rh(CO)2H H 

8('H)/ppm m 

-8.87 7 

-8.83 3 

-9.04 4 

-8.81 1 

-9.09 9 

ll  Rh/HZ 

5.2 2 

5.4 4 

5.1 1 

4.0 0 

9.5 5 

./H-Pav/Hz z 

6.9 9 

7.2 2 

5.0 0 

3.44 (PI) 

9.33 (P2) 

41.5 5 

8(3lP)/ppm m 

23.75 5 

21.16 6 

23.85 5 

17.45 5 

19.33 3 

27.79 9 

./Pavv Rh/Hz 

135.4 4 

134.6 6 

137.7 7 

136.1 1 

121.9 9 

ee:ea a 

84:16 6 

84:16 6 

88:12 2 

71:20:9" " 

22:78 8 

""  Occupation of ee (ee-1 + ee-2), ea-1 and ea-2 coordination modes, respectively (Figure 1). 
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4.4. P-Chiral Diphosphines in Hydroformylation 

Thee obvious trend observed for complexes of ligands la-d is the dependence of the ee:ea 

distributionn on ligand basicity. In agreement with previously reported work,7 an increase in 

thee electron donating capacity within the ligand series was accompanied by a decrease in the 

ee:eaa ratio. Among the complexes ligated by C2-symmetrical diphosphines, the highest 

preferencee for the bisequatorial coordination mode was, expectedly, measured for 

(lc)Rh(CO)2H,, displaying a value of 88:12. For the complexes incorporating ligands la and 

lb ,, the ratios were somewhat lower, but, interestingly, almost equal. The electronic effect of 

thee para-methoxy residues was found to be rather small, which should be mirrored in 

catalysiss results {vide infra). 

Inn the case of complex (ld)Rh(CO)2H, bearing the C\-symmetrical ligand, the 'Pj 'H} 

spectrumm showed two doublets of doublets, originating from direct rhodium phosphorus 

couplingg 7pav-Rh as well as geminal coupling ipiav-P2av of the nonequivalent phosphines 

(Figuree 1). In the 'H spectrum, a very broad doublet was observed at 5 = -8.94 ppm. Broad 

bandd phosphorus decoupling enabled identification of the rhodium hydride coupling constant 

'JH-RIII  and, consequently, determination of /n-piav and ~J\\-pim- Considering the known 

preferencee of electron-poor donor ligands for equatorial coordination sites, the lower value of 

thee averaged phosphorus hydride coupling constants of 3.4 Hz was assigned to the phosphine 

bearingg the trifluoromethyl residue (PI), whereas the constant of 9.2 Hz implied an increased 

occupationn of the apical coordination site and was therefore attributed to the methoxy 

substitutedd phosphorus donor (P2). Calculation of the equilibrium concentrations gave a 

distributionn of 71:20:9 between (not further discerned) ee, ea-1 and ea-2 coordination 

fashions,, respectively. Thus, the electronically dissymmetric diphosphine Id induced an ee:ea 

ratioo in the dicarbonyl hydride complex, that ranks clearly below the values observed for 

eitherr of the symmetrical donor ligands. 

H H 

(( ^T—co 

CO O 

ee-1 1 

Figuree 1. Possible coordination isomers of trigonal bipyramidal rhodium dicarbonyl hydrides 

bearingg P-chiral C\ -symmetrical diphosphines. 

Interestingly,, the achiral dppf chelate displayed a different coordination behavior. The 

NMRR spectra indicated, that under the conditions applied (20 bars of syn-gas, CO/H2 = 1, 

[Rh]]  = 8 mM) only if employing equimolar amounts of dppf and Rh(CO)2acac the dicarbonyl 

c c P2„, , 

P1 ' ' 
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CO O 
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P2 2 

Rhh CO 

P1 1 
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4.2.4.2. Results and Discussion 

hydridee species was formed as the main product. At higher ligand concentrations 

(dppf/Rh(CO)2acacc = 1.5-2; [dppf] = 12-16 mM), appearance of a broad doublet and, 

additionally,, a broad singlet at 5 = 21.19 ppm indicated the prevailing species to be a 

dinuclearr complex in which three phosphines are bound to each rhodium center by means of a 

bridgingg dppf molecule (Scheme 5).2S'29 Such a structure had already been invoked by Unruh 

andd Christenson in order to account for the observed increase of the linear/branched aldehyde 

ratioo and the decrease in reaction rate utilizing 1.5 or more equivalents of ligand per mole 

rhodiumm in the hydroformylation of 1-hexene. a 

Schemee 5 

Thee chemical shift values are within the range previously observed for comparable trigonal 

bipyramidall  monocarbonyl rhodium hydrides;30 the absence of additional distinct coupling 

patternss in 'H as well as -"Pl'Hj-NM R can be ascribed to a combination of rapid exchange 

betweenn bridging and mononuclear tris(phosphine) coordinated species (Scheme 6) and the 

mentionedd ee:ea equilibration. 

Schemee 6 
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AA clearly lower ee:ea ratio for the chelating dppf ligand was calculated than for ligands la-

dd in dicarbonyl hydride complexes. The smaller '7paVRh coupling constant likewise suggested 

enhancedd occupation of the apical coordination site,3' whereas an expected small 7pbridgeRh 
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4.4. P-Chiral Diphosphines in Hydroformylation 

couplingg might not be resolved in the broad signal at 5 = 21.19 ppm. Consequently, 

tris(phosphine)) carbonyl rhodium hydride species appeared to accommodate the bridging or 

monocoordinatingg dppf ligand in equatorial position. The relatively large ea contribution to 

thee averaged signals of' the chelating donor seemed surprising, since spatial congestion in both 

complexess A and B is better released by trisequatorial phosphine coordination. Nevertheless, 

thee steric accessibility of the phosphines in dppf might, due to the presence of one five-

memberedd ring, even surpass that of triphenylphosphine, which in combination with free 

rotationn around the Cp-Fe-Cp axis could explain the enhanced formation of bridged ea 

chelatedd species. Comparing these observations with the high-pressure NMR structures 

incorporatingg diphosphines la-d, replacement of a phenyl by a l-naphthyl substituent seemed 

too introduce sufficient steric hindrance to prohibit formation of mono- or dinuclear 

tris(phosphine)) ligated species. Consequently, higher reactivities and branched aldehyde 

selectivitiess were expected from catalysts derived of (la-d) rhodium dicarbonyl hydrides. 

Highh Pressure IR Measurements. The presence of a dynamic equilibrium between ee and 

eaa complexation modes in (la-e)Rh(CO)2H compounds was corroborated by high pressure IR 

spectroscopy.. Each of the spectra of the respective complexes showed four absorption bands 

inn the region between 2100 and 1900 cm'1, which were attributed to carbonyl vibrations. In 

analogyy to literature findings, the lowest frequency band V] as well as V3 were assigned to the 

eee complex isomer, since upon H/D exchange only these bands were found to display a 

characteristicc frequency shift in comparable diphosphine rhodium dicarbonyl hydrides.7 

Forr the complexes bearing the structurally related ligands la-d, a characteristic 

dependencee of the vibration frequencies on ligand basicity was evidenced. With increasing 

electronn acceptor properties of the phosphine a shift to higher wave numbers was observed for 

alll  four absorption bands, (la-e)-ehelated complexes showed comparably strong Vj and V3 

absorptions,, whereas the V2 vibrations (partly hidden under V3) and the V4 bands appeared 

relativelyy weak. This trend was especially pronounced for the complex incorporating the bis-

(/;wra-trifluoromethylphenyl)) substituted diphosphine lc, indicating that compound to exhibit 

thee highest ee preference (Table 2). By contrast, the complex modified by ligand Id displayed 

aa strong V2 vibration, clearly distinguishable from the v̂  absorption band. Moreover, the 

intensityy of the V4 vibration surpassed the otherwise strongest V3 absorption. Both 

observationss conferred a higher equilibrium concentration of the ea coordination isomer in 

comparisonn to complexes bearing ligands la-c (Figure 2). 

Furtherr evidence for this behavior was provided by the high-pressure IR spectrum of the 

rhodiumm dicarbonyl hydride ligated by dppf. NMR measurements suggested a pronounced 

contributionn of the ea chelated trigonal-bipyramidal complex geometry to the equilibrium 

distributionn and this was nicely supported by the obtained IR data. Strong Vi and V4 

vibrations,, but weak absorption bands of V| and v^ are characteristics of the ea complexation 

mode,, that to a lesser a degree were also recognizable in the spectra of the (ld)Rh(CO)iH 

complex.. Due to the low ligand and rhodium concentrations employed in IR experiments, the 
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formationn of above mentioned tris(phosphine) carbonyl rhodium hydride species was less 
likely.. A single CO resonance at about 1930 cm"', reported for mixtures of 
[HRh(CO)(phosphine)i.5]22 and [HRh(CO)(phosphine)3] with CO in a trans relationship to the 
hydride,, was not observed.30 Thus, the IR spectroscopic measurements on the respective (la-
d)Rh(CO)2HH complexes were found to be in good agreement with the high pressure NMR 
data,, substantiating the ee:ea equilibrium distribution determined by the latter method. 

(1b)Rh(CO)2H H 

(dppf)Rh(CO)2H H 

(1a)Rh(CO)2H H 

(1c)Rh(CO)2H H 

(1d)Rh(CO)2H H 

20400 2020 2000 

Wavenumberss (cm 

1980 0 

1, , 

1960 0 1940 0 

Figuree 2. High-pressure IR spectra for (diphosphine) rhodium dicarbonyl hydride complexes 

(carbonyll  region). 
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4.4. P-Chiral Diphosphines in Hydroformylation 

Tablee 2. Selected IR data for (diphosphine)Rh(CO)2H complexes. 

Complex x 

(la)Rh(CO)2H H 

(lb)Rh(CO)2H H 

(lc)Rh(CO)2H H 

(ld)Rh(CO)2H H 

(dppf)Rh(CO)2H H 

V|/cm"' ' 

20411 (m) 

20377 (m) 

20433 (m) 

20400 (m) 

20400 (w) 

v2/cm m 

19966 (m) 

19933 (m) 

20011 (m) 

19977 (s) 

19966 (s) 

v^/cm'1 1 

19911 (s) 

19888 (s) 

19966 (s) 

19911 (s) 

19844 (w) 

vVcrrf' ' 

19555 (m) 

19522 (m) 

19611 (m) 

19577 (s) 

19555 (s) 

Hydroformylatio nn Results. Hydroformylation of styrene was carried out in toluene at a 

pressuree of 20 bars of syn-gas (CO/H2 = 1). In first instance, the optimum reaction conditions 

weree determined in experiments employing ligand l a and variable temperatures, 

ligand/rhodiumm ratios and substrate concentrations (Table 3). 

Tablee 3- Hydroformylation of styrene using ligand (5,5)-la/Rh(CO)2acac.£' 

la/ / 

Rh(CO)2acac c 

1.1 1 

2.2 2 

3 3 

2.2 2 

2.2 2 

2.2'' ' 

T/°C C 

40 0 

40 0 

40 0 

60 0 

30 0 

40 0 

Conversion/ / 

% % 

28 8 

25 5 

25 5 

85 5 

12 2 

21 1 

b:ll  ratio* 

1.7 7 

1.7 7 

1.7 7 

1.5 5 

1.9 9 

1.7 7 

TOF( ( 

5 5 

7 7 

7 7 

43 3 

1 1 

10 0 

e.e./%'' ' 

(Abs.. Conf.) 

21(5) ) 

46(5) ) 

46(5) ) 

41(5) ) 

49(5) ) 

32(5) ) 

""  Reaction conditions: CO/H2 = 1; pressure = 20 bar, styrene/rhodium = 500; [Rh] = 2.30 mM 
inn toluene.b Branched/linear product ratio.( Turnover frequency = (mol aldehyde) (mol Rh)"1 

(h)) '. '' Determined by chiral GC analysis of the corresponding alcohol. '' Styrene/rhodium = 
1000. . 

Summarizing,, moderate reactivities and rather low branched/linear ratios were obtained, 

indicatingg considerable steric congestion in the active catalyst species. E.e. values turned out 

too be average for the catalytic system investigated. Expectedly, an increase in 

enantioselectivitiess was observed on lowering the temperature; the limit for the reaction to 

proceedd at acceptable rates, however, lied above 30 °C. Equimolar amounts of rhodium 
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4.2.4.2. Results and Discussion 

precursorr and ligand did not seem to give quantitative conversion to the diphosphine rhodium 

dicarbonyll  hydride; the resulting low e.e. value can be ascribed to the presence of additional 

unsaturatedd catalytically active species. By contrast, the use of 2.2 equivalents of l a seemed 

too suffice for the generation of a uniform catalyst, since on employing three equivalents no 

furtherr improvement was obtained. Yet, a higher substrate/rhodium ratio was found to have a 

deleteriouss effect on enantiodiscrimination, which might be due to reduced catalyst stability at 

higherr substrate concentrations. 

Utilizingg 2.2 equivalents of diphosphine and a substrate/rhodium ratio of 500, 

hydroformylationss with diphosphine lb-d as well as dppf modified catalysts were carried out 

att 40 °C, of which the results are summarized in Table 4. In the presence of predominantly 

equatorial-apicall  coordinated catalysts, the use of styrene as a substrate is generally 

accompaniedd by relatively high branched/linear aldehyde ratios; a fact that is postulated to 

originatee from an ri -ally] type stabilization involving the phenyl ring of the branched 

rhodiumm alkyl species. J Yet, a prevailingly bisequatorial coordination fashion of the 

diphosphinee ligand employed, is associated with an increased preference for formation of the 

linearr aldehyde, which, indeed, is observed for ligands la-d. As anticipated after inspection 

off  the solution structures, the difference in performance of catalysts incorporating 

diphosphinee l a and its para-methoxyphenyl derivative l b was small. A slight decrease in 

reactionn rates was observed for the latter; nevertheless, the enantioselectivities proved to be 

equal.. Yet, the presence of the para-trifluoromethyl groups of ligand l c in the catalyst 

affectedd turnover frequencies as well as optical induction. The first were found to be almost 

twicee as high in comparison to reactions run with ligand l a and enantiodiscrimination 

experiencedd an increase of 4% to give a total of 50% e.e. On the contrary, employment of the 

C\C\-symmetrical-symmetrical ligand Id as catalyst component had a deleterious impact on stereoselectivity. 

Whilee the presence of only one trifluoromethyl group seemed sufficient to promote a 

comparablyy high reaction rate, the e.e. values dropped to 41%. 

Tablee 4. Hydroformylation of styrene at 40 °C using different diphosphines/Rh(CO)2acac." 

Ligand d b:ll  ratio TOF F e.e e ./%% '' (Abs. Conf.) 

(S,S)-la a 

(5,5)-lb b 

(5,5)-lc c 

(5,5)-ld d 

dppf f 

1.7 7 

1.7 7 

1.5 5 

1.7 7 

2.4 4 

7 7 

6 6 

12 2 

11 1 

11 1 

46(5) ) 

46(5) ) 

500 (5) 

41(5) ) 

aa Reaction conditions: CO/H2 = 1; pressure = 20 bar, ligand/rhodium = 2.2, styrene/rhodium = 
500;; [Rh] = 2.30 mM in toluene. h Branched/linear product ratio.c Turnover frequency = (mol 
aldehyde)) (mol Rh)-1 (h)"1. Reactions were stopped at -30 % conversion. d Determined by 
chirall  GC analysis of the corresponding alcohol. 
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4.4. P-Chiral Diphosphines in Hydroformylation 

Inn order to investigate combined influences of substrate and ligand electronic effects on the 

hydroformylationn outcome, we also performed reactions employing para-chloro- and para-

methoxystyrenee as substrates. Since coordination of (substituted) alkenes presumably exerts a 

strongg influence on charge distribution in catalytic species as compared to effects imposed by 

(electronicallyy modified) phosphine ligation, different kinetic pathways might apply for these 

substrates.. A dependence of reactivity and aldehyde selectivities on Hammett o"p constants is 

welll  established, whereby electron-withdrawing groups in para position of a styrene substrate 

weree found to promote higher turnover frequencies and branched/linear ratios."" Thus, 

hydroformylationn of 4-methoxystyrene employing ligands la-d as catalyst modifiers 

necessitatedd increased reaction temperatures of 60 °C; results are summarized in Table 5. 

Tablee 5. Hydroformylation of 4-methoxystyrene at 60 °C using different 

diphosphines/Rh(CO)iacac.'J J 

Ligand d b:ll  ratio TOF' ' e.e./%''(Abs.Conf.) ) 

(S.S)-la a 

(5,5)-lb b 

(5,5)-lc c 

(5,5)-- I d 

dppf f 

1.2 2 

1.2 2 

42 2 

24 4 

71 1 

55 5 

30 0 

40(5) ) 

51(5) ) 

36(5) ) 

29(5) ) 

""  Reaction conditions: CO/H2 = 1; pressure = 20 bar, ligand/rhodium = 2.2, 4-
methoxystyrene/rhodiumm = 500; [Rh] = 2.30 mM in toluene.b Branched/linear product ratio.l 

Turnoverr frequency = (mol aldehyde) (mol Rh)-1 (h)"1. Reactions were stopped at -60 % 
conversion.''' Determined by chiral GC analysis of the corresponding alcohol. 

Thee trend in turnover frequencies observed for styrene was, expectedly, continued in a 

pronouncedd fashion, with the less basic ligands promoting faster reaction rates. In contrast, 

opticall  inductions were affected in a dissimilar manner. While with respective complexes of 

diphosphiness la, l c and Id enantioselectivities for 2-(4-methoxyphenyl)propanal were found 

too be lower than in the case of the unsubstituted product, the catalyst comprising ligand l b 

effectedd a noteworthy increase to 51% e.e. in the hydroformylation of 4-methoxystyrene. 

Obviously,, low reaction rates and a favorable combination of electronic parameters positively 

influencedd enantiodiscri mi nation. 

AA different picture was obtained when utilizing 4-chlorostyrene as the substrate (Table 6). 

Ass anticipated, branched/linear ratios were found higher than those for the other two 

substratess investigated, whereby reactivity and ligand basicity obeyed the correlation already 

described.322 Yet, the low turnover frequencies obtained on employing dppf-modified 

complexess appeared surprising. Considering a combination of factors such as reduced o~-
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donorr capacity of the alkene and sterical overcrowding of a possibly bridged dinuclear 

rhodiumm precursor, this result might point towards alkene coordination and catalyst 

deactivationn as the crucial steps in the mechanism. The overall higher reaction rates observed 

forr catalysts of ligands la-d were accompanied by a decrease in optical yields, if compared to 

thee other substrates. The electronically unmodified (la)-complex seemed to be best suited, 

yet,, for asymmetric conversion of the electron-poor substrate, whereas enantioselectivities 

effectedd by the other catalysts were rather low. Consequently, no clear trend could be deduced 

fromm the latter results. 

Yet,, the generally valid relation between reactivity, product selectivities and Hammett o~p 

constantss in the hydroformylation of styrene derivatives might be rationalized by invoking an 

earlyy transition state for the (presumably selectivity-determining) hydride migration. 

Negativee polarization of the hydride and higher positive partial charge distribution on the 

terminall  alkene carbon in comparison to the internal one could promote faster conversion of 

electron-poorr substrates to the branched alkyl rhodium species, herewith effectively 

counterbalancingg a possibly slower alkene coordination. 

Tablee 6. Hydroformylation 

diphosphines/Rh(CO)2acac." " 

off  4-chlorostyrene at 40 °C using different 

Ligand d b:ll  ratio TOF' ' e.e./%% '' (Abs. Conf.) 

377 (5) 

22(5) ) 

22(5) ) 

16(5) ) 

(S.S)-la a 

(5,5)-lb b 

(S.S)-lc c 

(5,5)-ld d 

dppf ' ' 

2.1 1 

2.4 4 

2.0 0 

2.3 3 

2.6 6 

21 1 

15 5 

30 0 

22 2 

3 3 

""  Reaction conditions: CO/H2 = I; pressure = 20 bar, ligand/rhodium = 2.2, 4-
chlorostyrene/rhodiumm = 500; [Rh] = 2.30 mM in toluene. h Branched/linear product ratio. ' 
Turnoverr frequency = (mol aldehyde) (mol Rh)~ (h)" . Reactions were stopped at -30 c/r 
conversion.''' Determined by chiral GC analysis of the corresponding alcohol. ' Reaction was 
stoppedd at 10% conversion. 

Inn order to place this investigation and the obtained results in the context of linear 

hydroformylation,, we also performed catalysis experiments using 1-octene as the substrate. 

Thee results of reactions conducted at 80 °C are displayed in Table 7. Interestingly, (la-d)-

modifiedd rhodium complexes effected similar linear/branched ratios, whereby the amounts of 

isomerizedd internal alkenes were found < 2% for all four catalysts. These findings contrast 

withh previous contributions, reporting on a higher tendency towards isomerization with 

increasingg ligand basicity. It might be reasoned, however, that in the present investigation 

/ / / / 
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electronicc perturbations originating from phenyl ring substitution only were too weak to 

inducee such effects. Virtually the same selectivities towards formation of the linear aldehyde 

productt were observed, once again indicating, that under the applied conditions electronic 

parameterss might not affect the regioselectivity-determining step(s). The lower selectivity 

obtainedd using dppf-ligated catalysts could originate from a smaller bite angle displaying its 

influencee during alkene coordination to a diphosphine monocarbonyl rhodium hydride 

intermediate.77 Purely steric reasons might also be invoked, featuring the well-known 

argumentt of increased spatial congestion imposed by ligands la-d favoring the formation of 

thee linear alkyl rhodium species in comparison to the less bulky dppf-chelate. On the contrary, 

assumptionn of a RhL2LH species (with L2 = chelating dppf and L = bridging dppf) as 

selectivityy relevant intermediate XJ seems unlikely, since for that case the argument of steric 

encumbrancee would suggest a higher linear/branched ratio in comparison to results conferred 

byy the CO-ligated (la-d) rhodium hydrides. 

Ann interesting aspect of these catalytic results was found within the turnover frequencies 

achievedd with the mentioned catalysts. While reactivities using the first three ligands as 

catalystt components expectedly correlated with phosphine donor capacities, the high activity 

off  catalysts incorporating ligand Id represented an unanticipated performance. A possible 

explanationn is invoked by considering the relatively large bite angles and steric demands of 

ligandss la-d to promote faster CO dissociation from trigonal bipyramidal dicarbonyl rhodium 

hydridess than small bite angle ligands conferring reduced spatial congestion. Due to the 

rotationall  freedom around the Cp-Fe-Cp axis, a nearly trans-chelating stabilization of four-

coordinatee hydrido rhodium carbonyl species seems possible, whereby a dissymmetric 

chargee distribution imposed by ligand Id could prove advantageous in promoting hydride 

insertion. . 

Tablee 7. Hydroformylation of 1-octene at 80 °C using different diphosphines/Rh(CO)2acac." 

Ligandd l:b ratio'' n-ald. selectivity/%' TOF' 

l aa 7.3 86.9 370 

l bb 7.4 86.5 224 

l cc 7.3 86.7 606 

I dd 7.2 86.7 650 

dppff  5.4 83.3 87 

""  Reaction conditions: CO/FF = 1; pressure = 20 bar, ligand/rhodium = 4, 1-octene/rhodium -
637;; [Rh] = 1.18 mM in toluene. ''Linear/branched product ratio. ' Selectivity towards 1-
nonanal.. Substrate isomerization was found <2%. '' Turnover frequency = (mol aldehyde) 

-II  / u i - l (moll  Rh) (h) . Reactions were stopped at -30 % conversion. 
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4.3.. Conclusions 

Ourr investigation on rhodium-catalyzed hydroformylation using electronically perturbed 

phosphorus-chirall  diphosphines revealed some interesting aspects. Employing 4-

methoxystyrene,, styrene and 4-chlorostyrene as substrates, reactivity and branched aldehyde 

selectivitiess were dominated by their correlation with Hammett Gp constants, whereby ligand 

electronicc variations affected the reaction outcome to a smaller extent. Yet, for a given styrene 

derivative,, a clear trend in turnover frequencies was evidenced with electron-withdrawing 

ligandss as catalyst modifiers promoting faster reaction rates. High pressure NMR and IR 

measurementss showed an inverse relation between ligand basicity and preference for the 

bisequatoriall  coordination mode in diphosphine rhodium dicarbonyl hydride precursor 

complexes.. Noteworthy, the observed ee:ea ratios correlated well with the 

enantiodiscriminatingg performance of the respective diphosphines in styrene 

hydroformylation,, where the best 7t-acceptor ligand effected the highest e.e. values. This 

resultt indicates the, already theoretically anticipated, relevance of diphosphine coordination 

modess in trigonal bipyramidal alkene complexes for the enantioselectivity determining step; 

however,, effects are small and could easily be overshadowed by more pronounced steric and 

electronicc variations. Thus, for 4-methoxy- and 4-chlorostyrene substrates no such correlation 

wass found; in the former case e.e. values rather (inversely) depended on reaction rates. 

Inn the hydroformylation of 1-octene, ligand electronic perturbations influenced only the 

reactivity,, whereas linear product selectivities and linear/branched ratios were left unaffected. 

Consequently,, optimization of turnover frequencies is possible by means of electronic fine-

tuning,, but more drastic ligand variations by introduction of additional electronically 

perturbingg groups,7M possibly in sterically relevant positions, wil l inevitably alter catalytic 

pathwayss and change product distributions. Summarizing, our results illustrate once more that 

regio-- and enantiodiscriminating features in hydroformylation are governed by a subtle 

interplayy of steric and electronic features attaining to substrate as well as ligand properties. 

Upp to date, its origin and consequences appear, however, much too complex to be reliably 

predictedd by quantum mechanical and/or molecular modeling treatment. ' 

4.4.. Experimental Section 

Generall  Comments. If not stated otherwise, reactions were carried out under an 

atmospheree of argon using standard Schlenk techniques. THF and diethylether were distilled 

fromm sodium benzophenone ketyl, CH2CI2 and acetonitrile were distilled from CaH2 and 

toluenee and methanol from sodium wire under nitrogen. NMR spectra were recorded on 250, 
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3000 and 400 MHz instruments; CDCI3 was used as solvent if not mentioned otherwise. 

Phosphorus-carbonn coupling constants (VCP) were identified by comparison of /-modulated 
l3CC spectra measured at different magnetic field strenghts. Phosphorus-boron coupling 

constantss (VPB) were determined between the central peaks of the nonbinomial quartets. 

Elementall  analyses were obtained using an Elementar Vario EL apparatus. Mass spectra were 

recordedd on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-

nitrobenzyll  alcohol was used as matrix. Melting points are uncorrected. Optical rotations were 

measuredd in a thermostated polarimeter with 1 = 1 dm. With exception of the compounds 

givenn below, all reagents were purchased from commercial suppliers and used without further 

purification.. Bis(diethylamino)-4-methoxyphenylphosphine and bis(diethylamino)-4-

trifluoromethyl-phenylphosphinee were prepared via reaction of respective para-substituted 

phenyll  Grignard reagents and phosphorus trichloride " and subsequent conversion of the 

aryldichlorophosphiness in the presence of excess diethylamine. The following compounds 

weree synthesized according to published procedures: l,l'-Dilithioferrocene, 1,1'-

dibromoferrocene,400 and (R,R)-l,r-bis(l-naphthylphenylphosphino)ferrocene la. 

Synthesiss of Oxazaphospholidine Boranes 2 (Typical Procedure). (l/?,2S)-(-)-

ephedrinee (0.1 mol) was dissolved in 500 ml of toluene and degassed by three freeze-pump-

thaww cycles. Bis(diethylamino)-4-methoxyphenylphosphine or bis(diethylamino)-4-

trifluoromethylphenylphosphinee (0.1 mol) were added and the solution was heated at 105 °C 

forr 15 h. During this period, produced diethylamine was distilled off to drive the condensation 

towardss completion. Afterwards, the reaction mixture was cooled on ice and 

BHvdimethylsulfidee (0.11 mol) was added dropwise. The solution was stirred at room 

temperaturee over night. The solvent was removed in vacuo and the residue was subjected to 

columnn chromatography (SiCn; toluene/hexane = 3:1 for 2b; toluene/hexane = 1:1 for 2c). 

Evaporationn of the eluent left oxazaphospholidine boranes 2 as white solids. 

(2/?p,4S,5/?)-(-)-3,4-DimethyI-2-(4-methoxyphenyl)-5-phenyl-l,3,2-oxazaphospholidine e 

borane,, 2b. Yield: 47%. M.p.: 70-72 °C. 'H-NMR (400.13 MHz): 5 0.52-1.32 (m, br, 3H); 

0.811 (d, 3H. V = 6.5Hz);2.63(d, 3H,VHp = 10.5HZ); 3.68 (m, 1H); 3.83 (s, 3H); 5.56 (dd, 1H, 

.// = 2.5; 8.0Hz); 6.97 (m, 2H); 7.28-7.40 (m, 5H); 7.75-7.79 (m, 2H) ppm. 13C-NMR (100.62 

MHz):: 5 13.42 (d, CH3, VCP = 2.3Hz); 28.44 (d, CH3, VCP = 8.4Hz); 55.38 (CH3); 59.34 (d, 

CH,, JCP = 2.3Hz); 83.76 (d, CH, Jc? = 7.6Hz); 114.12 (d, CH, JCP = 10.7Hz); 124.15 (d, C, 

JCPJCP = 49.8Hz); 126.54 (CH); 128.23 (CH); 128.33 (CH); 133.27 (d, CH, JCP = 13.8Hz): 

136.311 (d, C, 7CT = 6.1Hz); 163.05 (br, C) ppm. 31P-NMR (121.50 MHz): 8 132.95 (q, br, VPB 

== 88Hz) ppm. [a]20n = -2.52 (c = 0.60; CH2C12). HRMS (EI+): m/z calcd. for C17H23BNO2P: 

315.1559;; obsd.: 315.1566. Anal, calcd. for C17H23BNO2P: C, 64.79; H, 7.36; N, 4.44. Found: 

C,, 64.49; H, 7.37; N, 4.52. 
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(2/?p,4S,5/?)-(+)-3,4-Dimethyl-2-(4-trinuoromethylphenyl)-5-phenyl-l,3,2-oxazaphos--

pholidin ee borane, 2c. Yield: 38%. M.p.: 89 °C. 'H-NMR (400.13 M H Z ) : 6 0.39-1.27 (m br, 

3H);; 0.70 (d, 3H, J = 6.6Hz); 2.58 (d, 3H, 7Hp = 11.1Hz); 3.54 (m 1H); 5.44 (dd, 1H, J = 3.0; 

6.11 Hz); 7.19-7.26 (m, 5H); 7.61 (d, br, 2H, J = 7.3 Hz); 7.80 (tr, br, 2H, J = 8.6Hz) ppm. 13C-

NMRR (100.62 MHz): 5 13.52 (d, CH3, JCp = 3.1Hz); 29.38 (d, CH3, JCP = 8.4Hz); 59.01 (d, 

CH,, 7CP = 1.5Hz); 84.51 (d, CH, JCp = 7.6Hz); 125.43 (m, CF3); 125.43 (m, CH); 126.56 

(CH);; 128.43 (CH); 128.51 (CH); 131.20 (d, CH, 7Cp = 12.1 Hz); 133.92 (dd, C, J = 2.3; 

32.9Hz);; 135.77 (d, C, 7Cp = 5.4Hz); 137.48 (d, br, C, J = 39.8Hz) ppm. 31P-NMR (161.98 

MHz):: 5 133.04 (q, br, yPB = 80Hz) ppm. [a]2(,
D = +9.87 (c = 0.38; CH2C12). HRMS (EI+): m/z 

calcd.. for Ci7H20BF3NOP: 353.1328; obsd.: 353.1332. Anal, calcd. for C|7H20BF3NOP: C, 

57.82;; H, 5.71; N, 3.91. Found: C, 57.64; H, 5.82; N, 3.89. 

Synthesiss of Phosphine Amide Boranes 3 (Typical Procedure). 1-Bromonaphthalene 

(211 mmol) was dissolved in 60 ml of Et20, degassed and cooled to -78 °C. n-BuLi (22 mmol 

off  a 2.5 M solution in hexane) was added slowly and the suspension was allowed to warm to 

-200 °C over a period of 2 h to ensure complete lithiation. Consecutively, it was via Teflon 

canulaa transferred slowly into a Schlenk flask containing a precooled solution (-78 °C) of 

oxazaphospholidinee borane 2 (20 mmol) in 20 ml of THF. The reaction was warmed to room 

temperaturee over night and then quenched with water. Extractive workup with CH2C12, 

filtrationn and evaporation of solvent left the crude product, which was purified by column 

chromatographyy (Si02, toluene/ethyl acetate = 96:4 for 3b; toluene/ethyl acetate = 97.5:2.5 

forr 3c). The desired products were eluted first, followed by minor amounts (-5%) of 

phosphorus-epimericc byproducts. 

(Sp,l/?,2S)-(+)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(4methoxyphenyl)-P-(l--

naphthyOphosphinamidee borane, 3b. Yield: 81%. M.p.: 56 58 °C. H-NMR (400.13 MHz): 

55 0.90-1.72 (m, br, 3H); 1.29 (d, 3H, J = 6.8Hz); 1.86 (s, br, 1H); 2.62 (d, 3H, J = 7.6Hz); 

3.822 (s, 3H); 4.45 (m, 1H); 4.99 (d, 1H, J = 4.0Hz); 6.90 (m, 2H); 7.14-7.19 (m, 1H); 7.23-

7.566 (m, 10H); 7.85 (d, 1H; J = 8.1Hz); 7.94 (d, 1H; J = 8.1Hz); 8.22 (d, 1H, J = 8.6Hz) ppm. 
I3C-NMRR (100.62 MHz): 6 11.59 (d, CH3, Jc? = 3.8Hz); 31.29 (d, CH3, JCP = 3.8Hz); 55.24 

(CH3);; 58.00 (d, CH, 7Cp = 10.7Hz); 79.06 (d, CH, 7Cp = 2.3Hz); 114.06 (d, CH, 7CP = 

11.5Hz);; 123.27 (d, C, JCP = 67.3Hz); 124.60 (d, CH, 7Cp = 9.9Hz); 126.05 (CH); 126.12 

(CH);; 126.22 (CH); 127.34 (d, CH, 7CP = 4.6Hz); 127.40 (CH); 127.49 (d, C, Jc? = 61.9Hz); 

128.299 (CH); 128.76 (d, CH, iCp = 0.9Hz); 132.21 (d, CH, JCp = 2.3Hz); 132.55 (d, CH, 7Cp = 

7.6Hz);; 133.31 (d, C, Jc? = 11.5Hz); 134.01 (C); 134.04 (d, CH, 7Cp = U.5Hz); 142.61 (C); 

161.633 (d, C, Jc? = 1.5Hz) ppm. 3IP-NMR (121.50 MHz): 5 70.73 (q, br, 7PB = 56Hz) ppm. 

ra]
2«DD = +98.3 (c = 0.12; CH2C12). HRMS (EI+): m/z calcd. for C27H3iBN02P: 443.2185; 

obsd.:: 443.2193. 
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(5p,l/?,2S)-(+)-N-Methyl-N-(l-hydroxy-l.phenyl)prop-2-yl-P-(l-naphthyl)-P-(4-tri --
fluoromethylphenyl)phosphinamidefluoromethylphenyl)phosphinamide borane, 3c. Yield: 72%. M.p.: 74 °C. 'H-NMR 

(400.133 MHz): 8 0.70-1.75 m, br, 3H); 1.33 (d, 3H, J = 6.8Hz); 1.86 (s, br, 1H); 2.59 (d, 3H, 

./„pp = 7.3Hz); 4.50 (m, 1H); 4.91 (d, br, 1H, J = 4.6Hz); 7.22-7.33 (m, 4H), 7.38-7.52 (m, 6H); 

7.58-7.666 (m, 3H); 7.88 (d, br, 1H, J = 8.1 Hz); 7.96-8.01 (m, 1H); 8.22 (d, br, 1H, J = 8.6Hz) 

ppm.. nC-NMR (100.62 MHz): 5 12.10 (d, CH3, JCP = 3.8Hz); 31.33 (d, CH3, 7CP = 3.8Hz); 

58.222 (d, CH, JCP = 10.7Hz); 78.96 (d, CH, JCP = 3.1 Hz); 124.63 (d, CH, iCp = 10.7Hz); 

125.200 (m, CF3); 126.16 (d, C, 7Cp = 62.0Hz); 126.22 (CH); 126.42 (CH); 126.62 (CH); 

126.888 (d, CH, VCP = 6.1Hz); 127.77 (CH); 128.45 (CH); 129.01 (d, CH, Jc? = 1.5Hz); 132.43 

(d,, CH, JCP = 9.9Hz); 132.78 (d, CH, Jc? = 2.3Hz); 132.92 (d, CH, JCP = 6.9Hz); 133.24 (d, C, 

Je?Je? = 11 -5Hz); 134.05 (d, C, 7Cp = 7.6Hz); 137.20 (d, C, JCP = 59.7Hz); 142.28 (C) ppm. 31P-

NMRR (121.50 MHz): 5 72.38 (q, br, JPR = 34Hz) ppm. [a]2(1
D = +77.6 (c = 0.30; CH2C12). 

HRMSS (FAB+): ni/z calcd. for C27H29BF3NOP (MH+): 482.2032; obsd.: 482.2038. Anal. 

calcd.. for C27H2KBF3NOP: C, 67.38; H,5.87; N, 2.91. Found: C, 67.04; H, 6.15; N, 2.73. 

Synthesiss of Methyl Phosphinite Boranes 4 (Typical Procedure). Phosphine amide 

boranee 3 ( 10 mmol) was dissolved in 80 ml of methanol and cooled on ice. Concentrated 

sulfuricc acid (10.5 mmol) was added dropwise and the solution was stirred at room 

temperaturee for 15 h. Then the reaction mixture was concentrated and subjected to column 

chromatographyy (Si02, hexane/ethyl acetate = 9:1 for 4b, hexane/ethyl acetate = 95:5 for 4c) 

too afford the respective methyl phosphinite boranes as colorless oil (4b) and white crystals 

(4c). . 

(ZO-(-)-Methy ll  (l-NaphthyI)-(4-methoxyphenyI)phosphinite Borane, 4b. Yield: 84%. 

Oil .. 'H-NMR (400.13 MHz): 5 3.72 (s, 3H); 3.77 (d, 3H, 7Hp = 12.1 Hz); 6.90 (m, 2H); 7.40-

7.499 (m 2H); 7.53-7.58 (m 1H); 7.61-7.68 (m, 2H); 7.91 (d, br, 1H, J = 7.8Hz); 8.06 (d, br, 

1H,, ./ = 8.1Hz); 8.23-8.31 (m, 2H) ppm. nC-NMR (100.62 MHz): 8 53.55 (d, CH3, JCP = 

3.11 Hz); 55.05 (CH3); 114.11 (d, CH, 7CP = 11.5Hz); 122.57 (d, C, JCP = 70.4Hz); 124.55 (d, 

CH,, Jcp = 13.0Hz); 126.11 (CH); 126.22 (d, CH, JCP = 4.6Hz); 126.79 (CH); 126.93 (d, C, JCP 

== 57.4Hz); 128.87 (CH); 132.45 (d, C,7Cp = 6.1 Hz); 132.94 (d, CH, 7Cp = 12.3Hz); 133.24 (d, 

CH,, JCP - 2.3Hz); 133.56 (d, C, JCP = 6.9Hz); 134.10 (d, CH, 7CP = 14.5Hz); 162.23 (d, C, JCP 

-- 2.3Hz) ppm. 3IP-NMR (121.50 MHz): 8 110.91 (q, br, JPB = 78Hz) ppm. [oc]20
D = -49.5 (c = 

0.59;; CH2CI2). HRMS (EI+): m/z calcd. for C,xH2nB02P: 310.1294; obsd.: 310.1294. Anal, 

calcd.. for CIKH 2OB02P: C, 69.71; H, 6.50. Found: C, 69.69; H, 6.60. 

(fl)-(-)-Methy II  (l-Naphthyl)-(4-trifluoromethylphenyl)phosphinit e Borane, 4c. Yield: 

75%.. M.p.: 92 °C. 'H-NMR (400.13 MHz): 8 0.62-1.55 (m, br, 3H); 3.82 (d, 3H, 7Hp = 

12.1Hz);; 7.41-7.45 (m, 1H); 7.49-7.53 (m, 1H); 7.61-7.67 (m, 3H); 7.73-7.79 (m, 2H); 7.92 

(d,, br, 1H. 7 = 8.1 Hz); 8.06 (d, br, 1H, J = 8.3Hz); 8.11 (d, br, 1H, J = 8.3Hz); 8.36 (ddd, 1H, 

J=J= 1.0; 7.3; 15.9Hz)ppm. nC-NMR (100.62 MHz): 854.27 (d, CH3, JCp = 1.5Hz); 124.82 (d, 
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CH,, J C P= 15.3Hz); 125.38 (mCH); 125.51 (d, C,JCp = 53.5Hz); 125.91 (d, CH, Jc? = 5.4Hz); 

126.533 (CH); 127.51 (CH); 129.29 (CH); 131.07 (d, CH, JCp = 11.5Hz); 132.44 (d, C, JCp = 

3.8Hz);; 133.21 (dd, C, J = 2.3; 32.9Hz); 133.77 (d, C, JCP = 6.1 Hz); 134.35 (d, CH, 7Cp = 

2.3Hz);; 136.13 (d, CH, JCp = 19.9Hz); 137.20 (d, C, JCp = 66.5Hz) ppm. 31P-NMR (121.50 

MHz):: 5 112.32 (q, br, JPB = 74.2Hz) ppm. [a]20
D = -2.5 (c = 0.39; CH2C12). HRMS (EI*): 

m/zm/z calcd. for C|XHi7BF3OP: 348.1062; obsd.: 348.1088. Anal, calcd. for C|8Hi7BF3OP: C, 

62.10;; H, 4.93.. Found: C, 62.25; H, 5.23. 

Synthesiss of Ferrocenyldiphosphines lb,c (Typical Procedure). Dilithioferrocene (5 

mmol)) was dissolved in a mixture of 40 ml of Et2Ü and 10 ml of THF and cooled to -50 °C. 

Thee resulting suspension was added via a Teflon canula to a precooled (-50 °C) solution of 

methyll  phosphinite 4 (10 mmol) in 10 ml of THF. The reaction mixture was allowed to reach 

roomm temperature over a period of 15 h and was then quenched with water. The solvent was 

removedd in vacuo and the residue was extracted twice with CH2CI2. The combined organic 

layerss were dried (MgSC»4), filtered and the solvent was evaporated. Purification by column 

chromatographyy removed mono-substituted byproducts (-10%) and small amounts (<10%) of 

isomerizedd meso diphosphine diboranes; the desired C2-symmetrical diborane complexes 5b,c 

weree eluted last and concentrated. 

(S,S)-(+)-l,l'-Bis(4-methoxyphenyl-l-naphthylphosphino)ferrocene,, lb. Acidic 

decomplexationn was performed for intermediate 5b; this compound (~ 2.5 mmol) was 

dissolvedd in 15 ml of toluene, cooled on ice and trifluoromethanesulfonic acid (12.5 mmol) 

wass added dropwise. The reaction mixture was stirred at 0 °C for 30 min and then warmed to 

ambientt temperature. After 2 h, the solvent was removed in vacuo and the residue treated with 

aa degassed solution of KOH (25 mmol) in 8 ml of EtOH/H20 = 10:1. The suspension was 

agitatedd for 30 min and then repeatedly extracted with Et20. The combined organic layers 

weree dried over Na2S04, filtered and concentrated. Column chromatography (alumina, 

CH^Cb/hexanee = 1:1) yielded enantiopure product l b as yellow powder. Yield: 51%. M.p.: 

1100 °C. 'H-NMR (400.13 M H Z ) : 5 3.57 (m, 2H); 3.70 (s, 6H); 4.22 (m, 2H); 4.31 (m, 2H); 

4.344 (m, 2H); 6.76 (d, 4H, J = 8.1Hz); 7.10 (ddd, 2H, J = 1.0; 4.8; 6.8Hz); 7.29-7.41 (m, 

10H);; 7.74 (d, 2H, J = 8.4Hz); 7.77 (d, 2H, J - 7.8Hz); 8.29 (dd, br, 2H, J = 3.8; 7.8Hz) ppm. 
I3C-NMRR (100.62 MHz): 55.05 (CH3); 72.51 (br, CH); 72.64 (CH); 72.97 (d, CH, JCP = 

6.9Hz);; 75.57 (d, CH, JCp = 29.1Hz); 77.06 (C); 113.77 (d, CH, 7Cp = 8.4Hz); 125.20 (CH); 

125.688 (CH); 125.87 (CH); 126.00 (d, CH, 7Cp = 24.8Hz); 127.48 (d, C, JCp = 5.4Hz); 128.47 

(CH);; 128.84 (CH); 130.80 (CH); 133.34 (d, C, 7CP = 4.6Hz); 134.45 (d, C, JCp = 21.4Hz); 

135.533 (d, CH, JCp = 21.4Hz); 137.42 (d, C, 7Cp = 13.8Hz); 160.30 (C) ppm. 3IP-NMR 

(121.500 MHz): 8 -26.80 (s) ppm. [a]20
D = +262 (c = 0.45; CH2C12). HRMS (FAB+): m/z 

calcd.. for C44H-,7Fe02P2 (MH+): 715.1618; obsd.: 715.1613. Anal, calcd. for C A ^ F C C ^ : 

C,, 73.96; H, 5.08. Found: C, 73.82; H, 5.38. 
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(S,S)-(+)-\,\(S,S)-(+)-\,\ r-Bis(l-naphthyl-4-trifluoromethylphenylphosphino)ferrocene, lc. Di-

phosphinee diborane 5c (- 2.5 mmol) was dissolved in 10 ml of degassed diethylamine and 

stirredd over night at room temperature. Afterwards, the solvent was removed in vacuo and the 

residuee purified by column chromatography (alumina, CH2Cl2/hexane = 1:1) to afford the 

enantiopuree ligand 1c as orange foam. Yield: 36%. M.p.: 95-97 °C. 'H-NMR (400.13 MHz): 

55 3.81 (m, 2H); 4.15 (m, 2H); 4.24 (m, 2H); 4.28 (m, 2H); 7.12 (t, br, 2H,J= 5.8Hz); 7.34 (tr, 

2H,, J = 7.4Hz); 7.39-7.50 (m, 12H); 7.81 (d, 4H, J = 7.9Hz); 8.36 (m, 2H) ppm. ,3C-NMR 

(100.622 MHz): 5 72.45 (br, CH); 72.90 (d, CH, JCP = 5.2Hz);73.63 (d, CH, JCP = 9.9Hz); 

74.655 (d,CH,yCp = 20.8Hz); 75.73 (d,C,JCp = 6.1Hz); 124.85 (m, CF3), 125.31 (CH); 125.70 

(CH);; 126.01 (CH); 126.03 (CH); 126.25 (d, CH, JCP = 2.3Hz); 128.71 (CH); 129.80 (CH); 

130.500 (d, C, JCp = 32.1Hz); 132.39 (d, CH, JCP = 2.3Hz); 133.45 (d, C, JCp = 2.3Hz); 133.50 

(d .CH.Jcp== 19.9Hz); 134.99 (d, C,JCP = 22.2Hz); 135.20 (d, C , JC P = 13.8Hz); 143.27 (d, C, 

Jc?Jc? = 12.2Hz) ppm. "P-NMR (121.50 MHz): 6 -25.95 (s) ppm. [a]20
D - +130 (c = 0.29, 

CH2C12).. HRMS (FAB+): m/z calcd. for C44H3,F6FeP2 (MH+): 791.1155; obsd.: 791.1169. 

Synthesiss of (S)-(+)-Methyl |(r-Bromo)-l-ferrocenyl|(phenyl)phosphinite Borane, 6. 

1,11 '-Dibromoferrocene (12 mmol) was dissolved in 50 ml of THF and cooled to -50 °C. Sec-

BuLii  (11 mmol of a 1.3 M solution in cyclohexane) was added slowly via syringe and the 

mixturee was warmed to -30 °C over a period of 2 h. After cooling again, a solution of methyl 

phosphinitee borane (Z?)-4b (10 mmol) in 10 ml of THF was added via Teflon canula at -70 °C 

andd the mixture was allowed to reach ambient temperature over night. Then, the reaction was 

quenchedd with water, the solvent was removed in vacuo and the residue extracted with 

CH2C12.. Drying over MgSC>4, filtration and evaporation afforded the crude product, which 

wass purified by column chromatography (Si02, CH2Cl2/hexane = 1:3). The desired bromo-

containingg phosphine borane (5)-6 was eluted first, closely followed by -20% of 

monosubstitutedd byproduct. Yield: 41%. M.p.: 149-151 °C. 'H-NMR (400.13 MHz): 5 0.56-

1.788 (m, br, 3H); 3.82 (s, 3H); 4.03 (m, 1H); 4.15 (m, 1H); 4.22 (m, 2H); 4.44 (m, 1H); 4.54 

(m,, lH) ;4.59(m, lH);4.75(m, 1H); 6.93 (m, 2H); 7.28 (ddd, 1H, J= 1.2; 6.8; 8.6Hz); 7.35-

7.444 (m. 3H); 7.63 (ddt, 2H, J = 2.3; 8.8; 10.6Hz); 7.80 (d, br, 1H, J = 8.1Hz); 7.88-7.95 (m, 

2H)) ppm. I3C-NMR (100.62 MHz): 5 30.46 (C); 55.30 (s, CH3); 69.59 (d, 2CH, JCP = 6.1Hz); 

71.688 (d, 2CH,7CP = 13.8Hz); 74.44 (d, CH, JCP = 5.4Hz); 75.48 (d, CH, JCP = 7.6Hz); 75.62 

(d,, CH, Jrp = 6.1Hz); 76.06 (d, CH, Jrp = 13.8Hz); 77.74 (C); 114.43 (d, CH, JCP = 11.5Hz); 

121.277 (d, C, JCP = 63.5Hz); 124.57 (d, CH, JCp = 10.7Hz); 126.15 (d, CH, JCr = 22.9Hz); 

127.355 (d, CH, JCP = 6.1Hz); 128.38 (d, C, JCP - 55.1Hz); 128.80 (d, CH, JCP = 0.9Hz); 

132.211 (d, CH, JCP = 2.3Hz); 132.74 (d, C, JCP = 9.2Hz); 133.47 (d, CH, JCP = 8.4Hz); 133.90 

(d,, C, JCp = 6.9Hz); 134.10 (d, CH, Jc? = 11.5Hz); 161.93 (d, C, JCP = 2.3Hz) ppm. 3IP-NMR 

(121.500 MHz):ö 17.85 (q, br, J?B = 45Hz) ppm. [a]20
D =+112.9 (c - 0.42; CH2C12). HRMS 

(FAB+):: m/z calcd. for C27H22BrFeOP (M+-BH3): 527.9943; obsd.: 527.9968. 
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Synthesiss of (S,S)-(+)-1-[ 1 -Naphthyl-(4-methoxy)phenylphosphino]-1'-[ 1 -naphthyI-(4-

trifluoromethyl)phenylphosphino]ferrocene,, Id . Methyl phosphinite borane 6 (1.5 mmol) 

wass dissolved in 3 ml of Et20 and 3 ml of THF and cooled to -70 °C. Sec-BuLi (1.65 mmol) 

wass added via syringe, after 1 h followed by canula-transfer of a solution of methyl 

phosphinitee borane (/?)-4c (1.65 mmol) in 2 ml of THF. The reaction mixture was warmed to 

ambientt temperature over a period of 15 h, quenched with water and extracted with CH2CI2. 

Thee combined organic layers were dried over MgS04, filtered and concentrated. Column 

chromatographyy (Si02, CH2Cl2/hexane = 1:2) afforded the enantiopure diphosphine diborane 

complex,, which was subjected to deprotection as described for compound 5b. Final column 

chromatographicc purification (alumina, CH2Cl2/hexane =1:1) yielded the desired diphosphine 

(S.S)-ldd as yellow foam. Yield: 70%. M.p.: 99 °C. 'H-NMR (400.13 MHz): 5 3.71 (m, 1H); 

3.755 (s, 3H); 3.77 (m, 1H); 4.19 (m, 1H); 4.25-4.32 (m, 4H); 4.40 (m, 1H); 6.79 (m, 2H); 7.08 

(ddd,, 1H;7= 1.0; 4.8; 6.8Hz); 7.18 (ddd, 1H,7 = 1.0; 5.3; 6.6Hz); 7.28-7.45 (m, 8H); 7.46 (d, 

4H,, J = 4.0Hz); 7.74 (d, 1H,./ = 8.1 Hz); 7.77 (d, 1H, J = 7.8Hz); 7.81 (d, 2H, J = 7.8Hz); 8.30 

(m,, 1H); 8.35 (m, 1H) ppm. 13C-NMR (100.62 MHz): 5 55.08 (CH3); 72.15 (CH); 72.67 (d, 

CH,, JCp = 2.3Hz); 72.75 (d, CH, JCP = 7.5Hz); 72.79 (CH); 73.13 (dd, CH ./ = 1.4; 5.5Hz); 

73.299 (d, CH, /CP = 7.6Hz); 74.89 (d, CH, 7Cp = 22.9Hz); 75.28 (d, C, JCp = 5.5Hz); 75.43 (d, 

CH,, JCP = 26.8Hz); 77.54 (d, C, JCP = 5.4Hz); 113.89 (d, CH, 7CP = 8.4Hz); 124.76 (m, CF3); 

125.200 (d, CH, JCP = 0.9Hz); 125.33 (d, CH, JCp = 1.5Hz); 125.72 (br, CH); 125.86 (d, CH, 

,/CPP = 26.8Hz); 125.90 (d, CH, 7Cp = 2.3Hz); 125.96 (d, CH, 7Cp = 26.0Hz); 125.98 (d, CH, 7Cp 

== 1.5Hz); 126.23 (d, CH, JCp = 2.3Hz); 127.44 (d, C, Jc? = 5.4Hz); 128.50 (d, CH, JCp = 

1.5Hz);; 128.68 (d,CH,yCp= 1.4Hz); 128.94(CH); 129.69(CH); 130.42 (d, C, VCp = 32.1 Hz); 

130.888 (CH); 132.24 (d, CH, JCp = 2.3Hz); 133.35 (d, C, 7CP = 3.8Hz); 133.42 (d, C, Jc? = 

4.6Hz);; 133.59 (d, CH, 7CP = 19.9Hz); 134.51 (d, C, ./CP - 21.4Hz); 134.93 (d, C, 7Cp = 

21.4Hz);; 135.50 (d, C, 7Cp = 13.8Hz); 135.53 (d, CH, ./Cp = 21.4Hz); 137.13 (d, C, JCP = 

13.8Hz);; 143.29 (dd, C, J= 1.4; 12.9Hz); 160.39 (C) ppm. 3IP-NMR (121.50 MHz): 8 -25.34 

(s);; -26.94 (s) ppm. [a]2, ,
D = +117.9 (c = 0.28; CH2C12). HRMS (FAB+): m/z calcd. for 

C44H34F3FeOP22 (MH+): 753.1386; obsd.: 753.1397. Anal, calcd. for C44H33F3FeOP2: C, 70.23; 

H,, 4.42. Found: C, 70.07; H, 4.78. 

Highh Pressure NMR Experiments (Typical Procedure). Rh(CO)2acac (0.012 mmol) and 

thee respective ligand la-d or dppf (0.026 mmol) were dissolved in 1.5 ml of toluene-dx, 

degassedd and transferred into a 0.5 ml sapphire NMR tube. The tube was pressurized with 18 

barss of syn-gas (CO/H2 = 1) and heated to 40 °C in the spectrometer. The formation of 

diphosphinee rhodium dicarbonyl hydrides was usually completed within 1.5 h. Low-

temperaturee measurements were conducted employing THF-d4/acetone-dfi = 1 as the solvent. 

Highh Pressure IR Experiments (Typical Procedure). Rh(CO)2acac (0.012 mmol) and 

thee respective diphosphine (0.026mmol) were dissolved in 15 ml of cyclohexane, degassed 

andd introduced into the high-pressure IR autoclave. The mechanically stirred solution was 
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pressurizedd to 18 bars and heated to 60 °C in order to fasten up formation of diphosphine 

rhodiumm dicarbonyl hydrides at the solubility-implied low concentrations. The reaction was 

usuallyy completed within 2-6 h. 

(Asymmetric)) Hydroformylatio n Reactions (Typical Procedure). Rh(CO)?acac (0.015 

mmol)) and diphosphine ligand (0.033 mmol) were dissolved in 3.5 ml of toluene and 

degassedd by three freeze-pump-thaw cycles. The solution was transferred into a 100 ml 

stainlesss steel autoclave, equipped with glass insert, substrate inlet vessel, electronic heating 

mantlee and liquid sampling valve. The argon atmosphere was replaced by 18 bars of syn-gas 

(CO/H22 = 1) and the magnetically stirred solution was heated to the given temperature. After 

22 h of catalyst preparation, the degassed substrate solution (7.5 mmol of (substituted) styrene 

inn 3 ml of toluene and 0.5 ml of decane as internal standard) was purged three times with 

CO/H22 = 1 and added under pressure. The progress of the reaction was monitored by 

subjectingg samples to GC analysis. After the desired degree of conversion had been reached, 

catalysiss was stopped by cooling the autoclave on ice and depressurizing. The crude product 

mixturee was purified by fractional distillation. Subsequently, linear and branched aldehyde 

productss (1.5 mmol) were subjected to reduction with NaBH4 (1.5 mmol) by stirring in 10 ml 

off  EtOH for 30 min. Quenching with water, extraction with a solution of ethyl acetate/hexane 

== 1, drying of organic layers, filtration and removal of solvent gave the corresponding 

alcohols,, for which the enantioselectivity of the branched derivative was determined by chiral 

GCC (Cyclosil-B; isothermal; T = 140 °C for 2-phenylpropanol, tR (/?) =18.1 min, tR (5) = 18.8 

min;; T = 150 °C for 2-(4-methoxyphenyl)propanol, tR (R) = 42.5 min, tR {S) = 43.4 min; T = 

1500 °C for 2-(4-chlorophenyl)propanol, tR (R) = 45.1 min, tR (S) = 46.3 min). 

Forr 1-octene hydroformylation, catalyst precursor solutions were prepared from 0.01 mmol 

off  RhfCOhacac and 0.04 mmol of diphosphine in 5 ml of toluene. After 2 h of catalyst 

preparationn at 80 °C and 18 bars of CO/H2 = 1, reaction was started by substrate addition 

(6.377 mmol of 1-octene in 3.5 ml of toluene and 0.5 ml of decane as internal standard). 

Sampless were drawn from the reaction mixture, immediately cooled on ice and analyzed by 

GC. . 
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Abstract t 

Threee series of P-chiral diphosphines based on ferrocene (la-f, 2a-c) and biferrocenyl 
skeletonss (3a-c), including novel ligands If and 3c, were employed in palladium-catalyzed 
allylicc substitution reactions. Steric effects imposed by the phosphine residues were studied 
employingg Cz-symmetrical donors 1 (1 = l,l'-bis(arylphenylphosphino)ferrocene with aryl 
groupss a = 1-naphthyl, b = 2-naphthyl, c = 2-anisyl, d = 2-biphenyiyl, e = 9-phenanthryl and f 
== ferrocenyl), whereas para-methoxy- and/or para-trifluoromethyl substitution of the phenyl 
moietiess in la enabled investigation of ligand electronic effects using ferrocenyl diphosphines 
2a-c.. Ligands 3 (3 = 2,2'-bis(arylphenylphosphino)-l,l'-biferrocenyls with aryl substituents 
a,cc = 1 -naphthyl (diastereomers) and b = 2-biphenylyl) allowed for comparison of backbone 
structuree effects (bite angle variation) in catalysis. Linear and cyclic allylic acetates were 
employedd as substrates in typical test reactions; upon attack of soft carbon and nitrogen 
nucleophiless on (E)-l,3-diphenylprop-2-ene-l-yl acetate the respective malonate, amine or 
imidee products were obtained in enantioselectivities of up to 99% e.e. A crystal structure 
analysiss of a palladium 1,3-diphenyl-T|"-allyl complex incorporating ligand (5,S)-la revealed 
aa marked distortion of the allyl fragment, herewith defining the regioselectivity of nucleophile 
addition. . 



5.5. Asymmetric Ally lic Substitution Reactions 

5.1.. Introductio n 

Currently,, allylic substitution reactions rank among the most thoroughly and intensively 

studiedd catalytic transformations. Since the first reports by Tsuji, Trost and respective 

coworkerss on palladium mediated C-C bond formations between allylic substrates and carbon 

nucleophiles,, this area has seen fast developments in reaction scope, catalyst structure, 

nucleophilee diversity and ligand design. Considerable efforts have been devoted to 

asymmetricc reaction variants, which provide an access to potentially valuable chiral building 

blocks.33 With respect to mechanistic features, enantioselective allylic alkylations and, to some 

extent,, aminations have been studied in detail, mostly using palladium complexes as 

catalysts.44 Cyclic or linear 1,3-disubstituted acetates are frequently employed as substrates, 

whichh upon oxidative addition give rise predominantly to Cs-symmetrical allyl units. Among 

thee various possibilities for enantioface discrimination, irreversible nucleophilic attack on 

equilibratedd palladium(II) allyl complexes occupies an eminent position. Consequently, steric 

andd electronic ligand variations were exploited to enhance differentiation between isomeric 

allyll  species as well as enantiotopic allyl termini and this, indeed, afforded linear or cyclic 

productss with high enantiomeric excesses. Prominent examples of successful ligand structures 

includee P-N donors such as phosphinooxazolines,5 planar-chiral ferrocenyl ' or atropisomeric 

binaphthyll  7 derivatives, as well as modularly designed, sterically encumbering diphosphine 

donors. . 

Inn contrast, the potential of classical C2-symmetrical diphosphine inducers, devoid of 

furtherr donor functionalities, such as Binap 9 and Chiraphos 10 is assessed low. Only one 

contributionn describes successful employment of a propeller-shaped diphospholane ligand in 

allyli cc C-C bond forming reactions, using cyclic as well as linear substrates. In that case, 

molecularr mechanics calculations and crystal structure analysis did not indicate a preferred 

sitee of nucleophile addition; enantiodiscrimination was therefore assumed to depend on the 

easee of clockwise or counterclockwise rotation of the allyl moiety upon nucleophilic attack to 

formm the rf-bonded palladium(O) alkene complex (late transition state). Thus, the stereogenic 

elementss of the ligand had to display their efficacy by creating asymmetric steric congestion 

inn the immediate allyl termini environments, thereby selectively blocking one rotation mode. 

AA possible extension and deeper exploration of the given rationale prompted us to investigate 

thee performance of other P-chiral ligands in allylic substitution reactions. 

Recently,, we reported the synthesis of a new class of P-chiral diphosphine donors based on 

dppff  (l,l'-bis(diphenylphosphino)ferrocene).13 Bearing different aryl substituents on 

phosphorus,, these ligands were found to induce high enantioselectivities in rhodium-catalyzed 

asymmetricc hydrogenations of cinnamic acid derivatives. Preliminary results in allylic 

substitutionn reactions seemed also promising l3a and set the stage for a detailed study of the 

latterr reaction employing several substrates and nucleophiles. Of special interest to us was the 

investigationn of, on the one hand, steric effects imposed by the nature of the substituents on 
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chirall  phosphorus and the backbone (bite angle variation). On the other hand, we were 
intriguedd by the impact of ligand electronic variations on enantiocontrol. These features were 
studiedd by the employment of phosphorus-stereogenic C2-symmetrical ferrocenyl and 
biferrocenyll  diphosphines, exhibiting steric and electronic perturbations. 

Inn the following we describe the synthesis of two new chiral diphosphine ligands If and 3c 
ass well as the performance of these and previously described ligands la-e, 2a-c, 3a,b '3 in 
typicall  allylic test reactions (Scheme 1). Excellent results were obtained in some cases, for 
whichh rationalization is attempted by means of a crystal structure determination of a 
palladium(II)) allyl complex as well as two-dimensional variable temperature NMR 
measurements. . 

Schem ee 1 

(Sp,SP)-1a-f f (Sp,SP)-2a-c c 

(Sp,Rm,flm,SP)-3a,b b (Sp,Sm,Sm,SP)-3c c 

1a::  R = = 1-naphthyl 
1b:: R = 2-naphthyl 
1c:: R = = 2-anisyl 
1d:: R = = 2-biphenylyl 
1e:: R = = 9-pnenanthryl 
1f:: R = = ferrocenyl 

2a:: R1 = R2 = methoxy 
2b:: R1 = R2 = trifluoromethyl 
2c:: R1 = methoxy, 

R22 = trifluoromethyl 

3a:: R = 1-naphthyl 
3b:: R = 2-biphenylyl 
3c:: R = 1-naphthyl 
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5.5. Asymmetric Allylic Substitution Reactions 

5.2.. Results and Discussion 

Ligandd Synthesis. An elegant access to enantioenriched borane protected phosphorus 

centerss was established by nucleophilic displacement reactions controlled by the chiral 

auxiliaryy ephedrine. First introduced by Jugé, Genet and coworkers, this approach enabled 

thee stereoselective attachment of three different bulky aryl substituents onto phosphorus, 

whichh is not easily achieved by utilizing other auxiliaries or different methods such as optical 

resolutionss 's and direct asymmetric synthesis. In an extension of this work, it was found 

thatt nucleophilic attack of l,l'-dilithioferrocene on enantiopure methyl phosphinite boranes 

resultedd in coupling of two stereogenic phosphorus moieties to the backbone, after 

decomplexationn of borane giving rise to the first P-chiral dppf-analogues. a' ' The flexibility 

off  this approach was evidenced by the synthesis of ligands la-e, bearing sterically demanding 

aryll  moieties on phosphorus. Electronically varied diphosphines 2a-c derived from ligand l a 

byy introduction of methoxy and trifluoromethyl groups in para-positions of the phenyl rings 

weree synthesized in a similar manner. 

Inn order to explore the special aromatic sandwich structure of ferrocene not only as ligand 

backbone,, but also as extraordinarily shaped substituent, we set out to prepare ligand If, 

incorporatingg three ferrocene units linked via chiral phosphorus centers. The multistep 

synthesiss was performed in analogy to described procedures, however, diastereoselectivities 

provedd to be somewhat lower than observed during the synthesis of ligands la-e (Scheme 2). 

Nucleophilicc attack of monolithioferrocene on <2/?P,4S,5/?)-oxazaphospholidine borane 4 gave 

risee to the diastereomeric products (5p,l/?,25)-5 and (/?P,l/?,25)-5 in a ratio of 91:9. Yet, 

columnn chromatographic separation of these phosphorus amide boranes was successful and 

enabledd continuation of the sequence with diastereomerically pure starting material. 

Similarly,, the last substitution reaction using dilithioferrocene showed a reduced degree of 

stereodiscrimination,, which was evidenced by the formation of -10% of meso-configurated 

diphosphinee diborane. Since during the synthesis of ligands la-e as well as 2a-c the amounts 

off  meso product were considerably smaller, if observed at all, we ascribe this lower 

stereoselectivityy to the diminished steric encumbering of the cyclopentadienyl moieties as 

comparedd to the aryl substituents. Again, chromatographic separation of the isomeric product 

mixturee and, after deprotection, repeated recrystallizations finally afforded enantiomerically 

puree (S.S)-lf. 

Ass previously described, the enantiomeric excess of the new ligand was checked by NMR 

measurementss of the derived diphosphine dioxide in the presence of the chiral solvating agent 

(S)-AK3,5-dinitrobenzoyl)-l-phenylethylamine.IKK No splitting of signals due to 

diastereomericc adduct formation was observed, confirming the enantiomeric integrity of the 

bis(ferrocenylphenylphosphino)ferrocenee If . 
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H3B^^ f ''CH3 

CH3 3 

(2f? P,4S,5f?> 4 4 

Schem ee 2 

FcLi i 

retention n inversion n 

H3C
V V 

fSP,1R,2SJ-5 5 

r«>6 6 

1.)) 1,1'-dilithioferrocene 

inversion n 

2.)) HNEt2 

retention n 

(S,S>1f f 

Onee ligand parameter that has gained increasing attention over the last few years is the 
naturall  bite angle.19 Its pronounced effect on catalyst performance was demonstrated in 
differentt applications among which number hydroformylation, hydrocyanation and allylic 
substitutionn reactions.20 Yet, due to their intrinsic conformational flexibility originating from 
freee rotation of the cyclopentadienyl rings around or distortion along the Cp-Fe-Cp axis, 
calculationss of natural bite angles for ligands based on ferrocenyl skeletons are less reliable 
thann for other, more rigid donor structures. Nevertheless, we wanted to investigate the steric 
effectss of a backbone alteration in P-chiral diphosphine ligands. While for ligands 2a-c 
electronicc modifications were introduced in para-positions of the phenyl rings in order to 
preventt interference with steric conditions, we chose for a backbone variation by means of a 
biferrocenyll  entity to keep the electronic perturbations with respect to the 1,l'-ferrocenyl 
skeletonn to a minimum. 

Inn a recent contribution we described the multistep stereoselective approach to enantiopure 
2,2'-bis(phenylarylphosphino)biferrocenylss 3a,b, starting from optically pure methyl 
phosphinitee boranes.130 The intermediate 1-naphthylphenyl- and 2-biphenylyl-

129 129 



5.5. Asymmetric Allylic Substitution Reactions 

phenylferrocenylphosphinee oxides were subjected to or//?o-magnesiation and afforded, after 
quenchingg with iodine, the substitution products in 50% and 94% d.e., respectively. In first 
instance,, only the predominantly formed diastereomer of compound 7, (/fp,5m)-l-iodo-2-(l-
naphthylphenylphosphinoxy)ferrocene,, was employed in the further course of the synthesis, 
whichh after Ullmann coupling, subsequent reduction and purification via the bisborane 
complexx gave the (,Sp,̂ m,̂ m,S'p)-configurated ligand 3a. In order to study the effects of planar 
chirality,, we now also subjected the minor (^p, m̂)-configurated ortho-\odo 

ferrocenylphosphinee oxide 7 to the mentioned procedure (Scheme 3). Thus, we finally 
obtainedd the diastereomeric biferrocenyl diphosphine product 3c, displaying the (5p,Sm,5m,5p) 
configurationn of the four adjacent stereogenic elements. 

Schemee 3 

R== 1-naphthyl (SP,Sm,Sm,SP)-3c 

Catalysis.. The first model reaction we investigated employing the P-chiral diphosphines 
la-f,, 2a-c and 3a-c was the allylic alkylation of l,3-diphenylprop-2-ene-l-yl acetate with 
dimethylmalonatee (Scheme 4, Reaction 1). Applying the Trost protocol  2' with BSA (N,0-
bis(trimethylsilyl)acetamide)) as the base, reaction conditions were optimized for catalysts 
comprisingg ligand la; the results for all diphosphine donors are summarized in Table 1. 
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Schem ee 4 

OAc c 

.COOMee L M P d ( T 1 3 . C 3 H 5 ) c | ] 2 

^--
COOMee BSA,CH2CI2,KOAc 

(D D 

MeOOC C COOMe e 

Tablee 1. Results of Allyli c Substitution Reaction 1 with catalysts comprising sterically and 

electronicallyy perturbed P-chiral diphosphine ligands." 

Ligand d 

(R,R)-la (R,R)-la 

(R,R)-la (R,R)-la 

(A,A)-l a a 

(R,R)-la(R,R)-la d 

(A,A)-la" " 

(R,R)-la(R,R)-laf f 

(5,S)-lb b 

(5,5)-lb b 

(A,A)-l c c 

(R,R)-lc (R,R)-lc 

(A,A)-l d d 

(R,R)-le (R,R)-le 

(A.A)-l e e 

(A.A)-l e e 

(5,5)-lf f 

(5,S)-2a a 

(5,5)-2b b 

(5,5)-2c c 

(5P,Am,Am,5P)-3a a 

(5P,Am,Am,5P)-3a a 

(5P,Am,Am,5P)-3b b 

(5P,5m,5m,5p)-3c c 

T / ° C C 

25 5 

0 0 

-10 0 

25 5 

25 5 

25 5 

25 5 

-20 0 

25 5 

0 0 

25 5 

25 5 

0 0 

-20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

-10 0 

20 0 

25 5 

t / h " " 

3 3 

3 3 

15 5 

3 3 

3 3 

2 2 

2 2 

46 6 

4 4 

15 5 

3 3 

3 3 

16 6 

24 4 

3 3 

3 3 

20 0 

16 6 

2 2 

48 8 

3 3 

20 0 

Isolatedd Yield / 
% % 

88 8 

73 3 

84 4 

91 1 

94 4 

65 5 

91 1 

96 6 

85 5 

82 2 

90 0 

85 5 

80 0 

82 2 

84 4 

88 8 

87 7 

65 5 

87 7 

84 4 

89 9 

93 3 

%% e.e.' 
(Abs.. Config.) 

688 (/?) 

72(7?) ) 

7373 (R) 

633 (R) 

611 (R) 

644 (R) 

1 0W W 

23(A) ) 

0 0 

3(5) ) 

566 (R) 

744 (R) 

766 (R) 

777 (R) 

81(A) ) 

69(5) ) 

61(5) ) 

63(5) ) 

888 (R) 

88(A) ) 

58(A) ) 

74(5) ) 

""  Reaction conditions: 0.005 mmol of [Pd(t|3-C3H5)C1]2, 0.01 mmol of ligand, 1 mmol of (E)-
l,3-diphenylprop-2-ene-l-yll  acetate, 3 mmol of dimethylmalonate, 3 mmol of BSA and a 
catalyticc amount of KOAc in 1 ml of CH2C12.

 h Reaction times are not optimized. ' 
Determinedd by chiral HPLC (Chiralcel OD-H). d Ligand/palladium ratio = 2:1. e 1,1,3,3-
Tetramethylguanidinee was used as the base.f CH3CN was used as the solvent. 
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Withh reaction times between between 2 and 20 h at room temperature, isolated product 
yieldss typically surpassed 80% for most of the catalysts tested. The chemoselectivity towards 
thee trans-configurated propenyl diester proved excellent in all runs; no isomerized cis-product 
wass identified in the crude reaction mixture. Within the first series of ligands la-f, that differ 
fromm each other by the dissimilar steric demands of the respective aryl substituents on 
phosphorus,, enantiodiscrimination was found to vary considerably. Ligand lb, bearing 2-
naphthyll  moieties, showed a disappointing performance, which might be rationalized by its 
resemblancee with the achiral dppf chelate. Consequently, substitution in ortfzo-position of the 
aryll  group appeared as a necessary, but not sufficient requirement for good optical induction. 
Thee latter statement is deduced from the undiscriminating behavior of ligand lc, bearing the 
ortho-anisy]ortho-anisy] groups on phosphorus. Considering the excellent performance of catalysts 
incorporatingg that ligand in rhodium catalyzed hydrogenation reactions, this result again 
illustratess the divergent steric demands to asymmetric modeling of the coordination 
environmentt in mentioned reactions. 

Ligandss la,d,e,f as catalyst components induced moderate to good enantioselectivities, 
herewithh emphasizing the importance of bulky aryl units, that markedly contrast with the 
stericc properties of the phenyl group. As evident from screening runs performed in the 
presencee of diphosphine la, a 1:1 ligand/palladium ratio was sufficient and, in combination 
withh CH2CI2 as the solvent and BSA as the base, identified as the optimum reaction 
conditions.. For the structurally similar diphosphine donors la and le, a temperature 
dependencee was found, that allowed for a small increase of e.e. values for reactions run at -10 
orr -20 °C, respectively. While the slightly higher value of 77% e.e. for ligand le indicated a 
beneficiall  influence of the larger 9-phenanthryl substituents in comparison to the 1-napththyl 
moieties,, the stereodiscriminating effect of the 2-biphenylyl substituents of compound Id was 
somewhatt lower. The best results within this class of dppf-analogues was obtained employing 
diphosphinee If (81% e.e.). Interestingly, the combination of sandwich-type ferrocenyl 
moietiess and phenyl substituents on phosphorus, if ligated to palladium, not only acted as 
efficientt platform for regioselective nucleophilic attack, but obviously favored that process in 
aa different fashion than observed for ligands la,d,e. The latter assumption was evidenced by 
thee formation of the (Z?)-configurated diester product under catalysis by [(S,S)-lf]Pd, herewith 
contrastingg with the uniform ligand - product configuration relationship valid for the other 
well-discriminatingg diphosphines. 

Forr electronically perturbed ligands 2a-c, the effects of enhanced or diminished donor 
basicityy on enantioselectivites were found to be small. A slightly deleterious influence may be 
ascribedd to the presence of the trifluoromethyl groups, resulting in a decrease of e.e. values of 
611 % (2b) and 63% (2c) in comparison to the unsubstituted diphosphine la (68%). 
Thee best results in this model reaction, however, were realized employing the biferrocenyl 
ligandd 3a. For this bulky diphosphine, no further improvement of the 88% e.e. values was 
achievedd at lower temperatures. Diphosphine 3b delivered a performance similar to the 
ferrocenyll  based ligand Id; enantioselectivities scarcely depended on backbone structure in 
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thesee two cases. The new biferrocenyl donor 3c effected e.e. values of 74%; this prompted the 

conclusion,, that the all-(S) configuration represented the mismatched isomer with respect to 

thee more successful (5P,/?m,/?m,5p)-ligand 3a. Interestingly, the absolute product configuration 

observedd on utilizing diphosphines 3a-c seemed to depend on metallocene rather than 

phosphoruss configuration. 

Unfortunately,, the good results obtained with 1,3-diphenylpropenyl acetate could not be 

repeatedd with smaller substrates. As summarized in Table 2, pent-3-en-2-yl acetate was, in the 

presencee of palladium complexes of ligands la-f as well as 3a-c, converted into the 

dimethylmalonatee adduct with low enantiomeric excesses (Scheme 5, Reaction 2). A similar 

unsatisfactoryy picture was obtained on utilizing cyclic substrates, such as cyclohex-2-ene-l-yl 

acetatee (Scheme 6, Reaction 3, Table 3). With the sense of optical induction caused by ligand 

I dd differing from the results of other diphosphines, enantioselectivities were too low to permit 

decisivee conclusions. 

Schem ee 5 

L*,, [Pd(T|3-C3H5)CI]2 \ ^ \ V ^ 
JJ (2) 

BSA,, CH2CI2, KOAc I 
MeOOC^^COOMe e 

Tablee 2. Results of Allyli c Substitution Reaction 2 with catalysts comprising sterically 

perturbedd P-chiral diphosphine ligands." 

Ligand d 

(R,R)-la (R,R)-la 

(R,R)-la (R,R)-la 

(S,S)-lb (S,S)-lb 

(R,R)-lc (R,R)-lc 

(R,R)-ld (R,R)-ld 

(R,R)-le (R,R)-le 

(S,S)-lf f 

(5p,/?m,/fm,5P)-3a a 

(Sp,/?m,/?m,Sp)-3b b 

T / ° C C 

25 5 

-10 0 

25 5 

25 5 

25 5 

25 5 

25 5 

20 0 

25 5 

t / h* * 

24 4 

24 4 

48 8 

48 8 

20 0 

20 0 

20 0 

3 3 

20 0 

Isolatedd Yield / 
% % 

77 7 

76 6 

94 4 

87 7 

85 5 

85 5 

93 3 

63 3 

95 5 

%% e.e.' 
(Abs.. Config.) 

9(+) ) 

12(+) ) 

2 ( -) ) 

5 ( -) ) 

15(+) ) 

7 R R 

13(+) ) 

15(+) ) 

K+) ) 

""  Reaction conditions: 0.005 mmol of [Pd0n3-C3H5)CÏ]2, 0.01 mmol of ligand, 1 mmol of (E)-
pent-3-ene-2-yll  acetate, 3 mmol of dimethylmalonate, 3 mmol of BSA and a catalytic amount 
off  KOAc in 1 ml of CH2C12. * Reaction times are not optimized.' Determined by chiral GC. 

OAc c 

COOMe e 

COOMe e 
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Schemee 6 

.COOMee L M P d ( l 1 3 . C 3 H 5 ) c , ] 2 

COOMee { ' 
OAcc NcOOMe BSA< C H 2 C ' 2 ' K 0 A c 

COOMe e 

Tablee 3. Results of Allyli c Substitution Reaction 3 with catalysts comprising sterically 

perturbedd P-chiral diphosphine ligands." 

Ligand d 

(R,R)-la (R,R)-la 

(5,S)-lb b 

(R,R)-lc (R,R)-lc 

(R,R)-ld (R,R)-ld 

(R,R)-le (R,R)-le 

(5,S)-lf f 

T / ° C C 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

t / h " " 

24 4 

48 8 

48 8 

20 0 

20 0 

20 0 

Isolatedd Yield / 
% % 

77 7 

82 2 

88 8 

84 4 

66 6 

89 9 

%% e.e.' 
(Abs.. Config.) 

26(A) ) 

11 (R) 

4(R) 4(R) 

29(5) ) 

17(A) ) 

111 (S) 

""  Reaction conditions: 0.005 mmol of [Pd(T|3-C;,Hs)Clh, 0.01 mmol of ligand, 1 mmol of 
cyclohex-2-ene-l-yll  acetate, 3 mmol of dimethylmalonate, 3 mmol of BSA and a catalytic 
amountt of KOAc in 1 ml of CH2C12. * Reaction times are not optimized. ' Determined by 
opticall  rotation measurements. 

Inn contrast to substrate variations, alteration of the nucleophile in reactions employing 1,3-

diphenylpropenylacetatee gave good results. Using benzylamine, diphosphine palladium 

complexess catalyzed conversions to the secondary amine product in satisfactory yields 

(Schemee 7, Reaction 4, Table 4). Enantioselectivities covered a wider range than in 

alkylations;; a comparable trend for ligand performances in model reactions 1 and 4, however, 

couldd not be deduced for all diphosphines. Ligand la afforded modest enantiodifferentiation, 

whichh upon employment of electronically modified derivatives 2a-c did not improve 

considerably.. The sterically more demanding ligand l e was, again, shown to promote better 

opticall  inductions than the 1-naphthyl containing dppf-analogue la. Analogously, a marked 

structurall  dissimilarity of the residues might account for the success of the tris(ferrocenyl) 

ligandd If. The top result in this model transformation was, surprisingly, due to the biphenylyl-

substitutedd diphosphine Id. Remarkable 97% e.e. at room temperature could be increased to 

99%% e.e. at -10 °C, which, even in the well-investigated field of allylic aminations, 

representedd an extraordinary performance. 
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Schemee 7 

Tablee 4. Results of Allyli c Substitution Reaction 4 with catalysts comprising sterically and 

electronicallyy perturbed P-chiral diphosphine ligands." 

Ligan d d 

(R,R)-la (R,R)-la 

(5,5)-l b b 

(R,R)-lc (R,R)-lc 

(R,R)-ld'' (R,R)-ld'' 

(R,R)-ld (R,R)-ld 

(R,R)-ld'' (R,R)-ld'' 

(R,R)-ld (R,R)-ld 

(R,R)-le (R,R)-le 

(5,5)-l f f 

(5,5)-2 a a 

(S,S)-2b (S,S)-2b 

(5,5)-2 c c 

(S\>,Rm,Rm,Sp)-3a (S\>,Rm,Rm,Sp)-3a 

(Sp,R(Sp,Rmm,Rm,Sp)-3a ,Rm,Sp)-3a 

(S(SPP,R,Rmm,R,Rmm,Sp)-3b ,Sp)-3b 

(5p,5 m,5m,5p)-3 c c 

T/° C C 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

-1 0 0 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

-1 0 0 

20 0 

20 0 

t/h " " 

24 4 

24 4 

16 6 

16 6 

24 4 

12 2 

24 4 

24 4 

24 4 

20 0 

20 0 

16 6 

20 0 

48 8 

22 2 

48 8 

Isolate dd Yiel d / 

% % 

83 3 

83 3 

68 8 

89 9 

83 3 

89 9 

90 0 

76 6 

80 0 

68 8 

59 9 

76 6 

92 2 

89 9 

17 7 

53 3 

%% e.e. ' 

(Abs ..  Config. ) 

37(5 ) ) 

2(5 ) ) 

222 (S ) 

32(5 ) ) 

90(5 ) ) 

97(5 ) ) 

999  (S) 

50(5 ) ) 

84(5 ) ) 

422  (R) 

366  (R) 

34(A ) ) 

89(5 ) ) 

93(5 ) ) 

88(5 ) ) 

84(A ) ) 

""  Reaction conditions: 0.005 mmol of [Pd(Ti3-C3H5)Cl]2, 0.01 mmol of ligand, 1 mmol of (E)-
l,3-diphenylprop-2-ene-l-yll  acetate, 1.2 mmol of benzylamine in 1 ml of CH2CI2. Reaction 
timess are not optimized. ' Determined by chiral HPLC. ' CH3CN was used as the solvent. ' 
THFF was used as the solvent. 
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Modificationn of this successful ligand structure by means of the biferrocenyl skeleton of 

ligandd 3b, however, seemed to exceed the permissible degree of steric encumbering. 

Conversionss and product yields were found to be low and enantiocontrol suffered from a 

decreasee of approximately 10%. On the contrary, in the case of the phenyl-1-napththyl 

substitutionn pattern on phosphorus, exchange of the ferrocenyl for a biferrocenyl backbone 

bearingg planar chirality proved advantageous. Up to 93% e.e. was achieved employing ligand 

3a,, which constituted a remarkable enhancement with respect to the 37% e.e. obtained for the 

relatedd diphosphine la. Ligand 3c, although giving satisfactory enantiomeric excesses of 

84%,, was, in comparison to compound 3a, again identified as the configurationally 

mismatchedd derivative. Inductions of absolute product configurations followed the trend 

observedd for model reaction I, whereby opposite descriptors in the Cahn-Ingold-Prelog 

nomenclaturee had to be taken into account. 

Phthalimidee potassium salt," a reagent creating interesting precursors for unnatural amino 

acids,""  was investigated in Reaction 5 (Scheme 8). Diminished reactivity of this nucleophile, 

however,, prompted good yields only in the presence of catalysts incorporating ligands la,e,f. 

Inn these cases, excellent enantioselectivities were obtained, with the top result of 93% e.e. 

achievedd with the lf-modified palladium complex (Table 5). 

Tablee 5. Results of Allyli c Substitution Reaction 5 with catalysts comprising sterically 

perturbedd P-chiral diphosphine ligands." 

Ligand d 

(S.S)-laa d 

(S.S)-la a 

(S.S)-la a 

(S.S)-lb'' ' 

(R,R)-lc(R,R)-lcil il 

(R,R)~ld(R,R)~ld 'l 

(R,R)-le (R,R)-le 

(S,S)-U (S,S)-U 

(5,5)-lf f 

(S,S)-2a a 

T / ° C C 

reflux x 

20 0 

0 0 

reflux x 

reflux x 

reflux x 

0 0 

20 0 

0 0 

25 5 

t / h * * 

24 4 

15 5 

22 2 

60 0 

60 0 

60 0 

20 0 

48 8 

48 8 

22 2 

Isolatedd Yield / 
% % 

86 6 

90 0 

86 6 

<20 0 

<20 0 

<20 0 

70 0 

67 7 

<20 0 

91 1 

%% e.e.' 
(Abs.. Config.) 

85(A) ) 

811 (R) 

87(A) ) 

n.. d.' 

n.d. . 

n.d. . 

92(5) ) 

933 (S) 

n.d. . 

84(A) ) 

""  Reaction conditions: 0.005 mmol of [PdOy^HsJClh, 0.01 mmol of ligand, 1 mmol of (E)-
l,3-diphenylprop-2-ene-Lyll  acetate, 1.2 mmol of phthalimide potassium salt in 2 ml of 
CH2C12.. Reaction times are not optimized.' Determined by chiral HPLC (Chiralcel OD-H). 
'' THF was used as the solvent.' Not determined. 

136 136 



5.2.5.2. Results and Discussion 

Schemee 8 

Crystall  Structure of [(l,3-Diphenyl-r|3-allyl)(la)Pd]BF4. Solution Structures of 
Palladiumm Complexes [(l,3-diphenyl-ri 3-allyl)(la)Pd]BF4, [(l,3-diphenyl-T|3-allyl) 
ld)Pd]BF44 and [(l,3-diphenyl-Ti3-allyl)(3a)Pd]BF4. Considering the C2-symmetrical nature 
off  the diphosphines and the pro-Cs structure of the allylic acetates employed, enantioselective 
ionizationn and enantioface exchange of r|3-allyl complexes should be excluded as 
stereodiscriminatingg features. This hypothesis was further corroborated by the absence of a 
kineticc substrate resolution observed for Reaction 4, under catalysis of [{R,R)-\A]Vd. Thus, in 
catalyticc runs using 1,3-diphenylpropenylacetate, regioselective nucleophilic attack on 
enantiotopicc termini of the allyl is assumed as the enantioselectivity determining process. In 
orderr to investigate the factors, that may render one carbon atom the preferred site of 
nucleophilee addition, we performed a crystal structure analysis on the complex {(1,3-
diphenyl-n3-allyl)[(S,S)-la]Pd}BF4,, 9a (Figure 1). This compound was prepared by reaction 
off  [(1,3-diphenyl-"n3-allyl)PdOAc]2 with ligand (5,S)-la in the presence of AgBF4. Crystals 
weree grown from CH2Cl2/benzene and found to display the chiral space group PI. The BF4 

anionss are rotationally disordered. The crystals additionally contain one molecule of benzene 
perr unit cell. Typical interatomic distances and angles are summarized in Table 6. 

Ass expected, the solid state structure showed a syn-syn configuration of the two phenyl 
substituentss of the allyl moiety; these are engaged in it-stacking interactions with the 
respectivee neighboring phenyl and 1-naphthyl groups of the diphosphine ligand. Shortest 
carbon-carbonn nonbonding distances of that kind were identified between C36-C117 
(3.256(6)) A) and C31 C112 (3.285(6) A), whereas Tt-rc interactions between the two phenyl 
ringss were found less pronounced (C25-C206 = 3.449(6) A, C30-C207 = 3.453(6) A). 
Interestingly,, a large difference in the palladium-allyl carbon bond lengths (Pd-C22 = 
2.302(4)) A, Pd-C24 = 2.208(4) A) and respective torsional angles is observed. While the 
anglee for C32-C31-C24-C23 adopts a value of 34.0(6) °, the corresponding angle involving 
thee more loosely bonded C22 is only 11.4(2) °. Regarding the C2-symmetrical nature of the 
ligand,, these distortions seem to result from purely steric constraints. Yet, these allyl 

137 137 



5.5. Asymmetric Allylic Substitution Reactions 

refinementt data are comparable to crystal structures of l,3-diphenyl-T| -ally! palladium 

complexess ligated by P-N, PS or electronically dissimilar P-P donors, displaying strong trans 

influences.255 Less similarities, however, were found to corresponding complexes bearing 

otherr C2-symmetrical diphosphine ligands, such as Binap 26 or Chiraphos.27 These exhibited 

approximatelyy the same palladium-carbon bond lengths for the allylic termini and, in the latter 

case,, revealed an almost planar geometry of the allyl fragment, that originated from the 

pseudo-Css conformation adopted by the propeller-shaped diphosphine. 

Tablee 6. Selected interatomic distances (A) and angles (deg) in complex 9a. 

Pd-Pll  1 

Pd-P21 1 

Pd-C22 2 

Pd-C23 3 

Pd-C24 4 

C22-C23 3 

C23-C24 4 

Pil-Pd-P21 1 

Pl l-Pd-C22 2 

Pl l-Pd-C23 3 

Pl l-Pd-C24 4 

P21-Pd-C22 2 

P2I-Pd-C23 3 

P21-Pd-C24 4 

C22-Pd-C23 3 

C22-Pd-C24 4 

C23-Pd-C24 4 

Pd-Pll  1-C101 

Pd-P21-C201 1 

P21-Pd-Pll-C101 1 

Pll-Pd-C21-C201 1 

Pll-Pd-C24-C23 3 

P21-Pd-C22-C23 3 

9a a 

2.3181(9) ) 

2.3459(9) ) 

2.302(4) ) 

2.201(4) ) 

2.207(4) ) 

1.395(6) ) 

1.415(6) ) 

102.27(3) ) 

156.87(10) ) 

132.28(11) ) 

96.47(11) ) 

97.98(10) ) 

122.53(11) ) 

159.91(11) ) 

36.00(15) ) 

65.37(15) ) 

37.45(15) ) 

109.24(13) ) 

118.05(12) ) 

56.14(15) ) 

-25.87(15) ) 

164.9(2) ) 

-136.9(2) ) 
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Figur ee 1. Displacement ellipsoid plot of {(l,3-diphenyl-T|3-allyl)[(S,S)-la]Pd}BF4, 9a, drawn 
att 50% probability level. 

Thus,, the enforced C2-symmetry of P-chiral ligands such as l a seemed necessary for 

repulsivee steric forces, that effectively differentiate between the terminal allylic carbon atoms. 

Thee strong n-n stacking effects, extending towards a favorable offset arrangement of the 

involvedd aryl rings,28 suggested, however, that attractive interactions between ligand and allyl 

moietiess might also participate in determining the preferred allyl coordination geometry. 

Assumingg the more weakly bonded allyl terminus C22 as the site of nucleophilic attack, 

thee rotation upon r|3-Ti2 rearrangement should proceed in a counterclockwise fashion with 

regardd to the incoming nucleophile. We speculate that process to be advantageous in 

comparisonn to a clockwise rotation that would involve movement of the C24-phenyl moiety 

towardss the sterically demanding C112-naphthyl group. This hypothesis is further 

corroboratedd by the position of the allyl fragment with regard to the coordination plane. The 

anglee between two planes defined by atoms C24, Pd and C22 as well as PI 1, Pd and P21 is 

17.3(4)) °, whereby the shortest distances of C22 and C24 with respect to the latter plane are 

0.44(3)) A and 0.28(5) A, respectively (Figure 2). Applying the principle of least motion,29 the 

C23-C244 bond is predetermined to move into coplanarity with the phosphine coordination 
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5.5. Asymmetric Allylic Substitution Reactions 

plane.. Consequently, attack of dimethylmalonate should preferentially give rise to the (S)-

configuratedd diester product, which was, indeed, observed as the reaction outcome. 

Figur ee 2. Distortion of the allyl fragment in 9a. The ferrocene moiety is omitted for clarity. 

Inn order to elucidate specific catalytic performances, we investigated the solution structures 

off  complexes {(l,3-diphenyl-r|3-allyl)[(5,5)-la]Pd}BF4, 9a, as well as the analogously 

preparedd {(l,3-diphenyl--n3-allyl)[(/?,.tf)-ld]Pd)BF4, 9d, and {(l,3-diphenyl-r|3-

allyl)[(Sp,flm,/?m,Sp)-3a]Pd}BF4,, 10a. For all three compounds 400 and 600 MHz ID and 2D 

NMRR measurements showed a syn-syn configuration of the allyl substituents for the 

predominatingg isomer, as evidenced by NOEs between the terminal allyl protons. At room 

temperature,, complex 9d existed as mainly one species in solution (> 95%); extensive signal 

overlapp did not permit complete assignment of all resonances. 

Inn the case of compound 10a, 31P{'H)-NMR spectra revealed the presence of three 

isomericc complexes in a ratio of 80:16:4. Using homo- and heteronuclear correlation 

spectroscopy,, the signals for the main isomer could be fully assigned; NOESY measurements 

indicatedd a pseudo-equatorial arrangement of the bulky 1-naphthyl substituents in the seven-

memberedd chelate ring (Figure 3). A less favorable accommodation of these groups in 

pseudo-axiall  position might give rise to one of the minor complexes, as could the two 

possiblee coordination fashions of a syn-anti configurated allyl unit. Yet, marked line 

broadeningg and low concentration, respectively, did not permit conclusions regarding the 

precisee nature of the minor isomers. 
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®® ®> 
Fee Fe 

Figur ee 3. Selected NOEs observed for the main complex 10a. 

Complexx 9a showed a marked fluxional behavior at ambient temperature, evidenced by a 

generall  broadening of all signals in 'H as well as in 31P{  'H}-NMR . Lowering the temperature 

too 230 K, however, gave sufficient decoalescence to reveal the presence of the major syn-syn 

configuratedd allyl compound and a second isomer in a ratio of 85:15. For the main compound, 

unequivocall  assignment of most signals was possible. Interestingly, allyl phenyl groups as 

welll  as phenyl phosphine rings exhibited hindered rotation, resulting in different signals for 

thee respective ortho- and weto-protons. 2D-TOCSY and exchange spectroscopy allowed for 

determinationn of all four connectivity sets. Noteworthy, no NOE contacts were observed 

betweenn the phenyl rings B and D (Figure 4), suggesting a similar 7t-stacking as observed in 

thee solid state. 

Thee signals of the minor isomer showed a syn-syn configuration of the allyl moiety as well 

andd were therefore assumed to originate from a different backbone conformation. Inspection 

off  the ROESY spectrum evidenced exchange between major and minor isomer via chelate 

ringg inversion. Exchange peaks between the respective ferrocenyl protons were especially 

marked,, whereas no exchange was observed between the allyl protons. This sort of 

conformationall  flexibilit y might account for the considerable line broadening observed for 

compoundd 9a at room temperature. Yet, (slow) apparent allyl rotation proceeding via five-

coordinatee intermediates 31 might occur as additional fluxional process, since decoalescence 

forr the minor isomer was reached at a slightly different temperature (already at 250 K) than 

forr the main complex. 
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Figur ee 4. Selected NOEs observed for the major complex 9a. 

AA further reference to pronounced dissimilar coordination environments of the terminal 

allyll  carbons was provided by the large differences in the C chemical shifts of the prevailing 

isomerss in complexes 9a, 9d and 10a (Table 2). Although these data do not clearly relate to 

catalyticc performances in general, they suggest asymmetric steric and, possibly, 7t-electronic 

influencess on complex geometries to be similarly effective as evidenced for 9a in the solid 

state. . 

Tablee 2. Terminal allyl  l3C chemical shifts for 1,3-diphenylallyl diphosphine palladium 

complexes. . 

Complex x 

9a a 

9d d 

10a a 

88 ( C) / ppm 

80.9;; 103.3 

84.5;; 127.5 

81.9;; 98.1 

Thee interference of fluxional processes with catalytic conversions might be invoked as 

possiblee explanation for the lower e.e. values obtained with complex 9a in relation to catalysts 

incorporatingg diphosphine (5p,/?m,/?m,5p)-3a. In this context, effects of the bite angle ask 

consideration.. Comparative crystal structure analyses of platinum(II) dichloride complexes 

bearingg ligands (5,5)-la and (Sp,Rm,Rm,Sp)-3a displayed a highly distorted system with a 

phosphorus-platinum-phosphoruss bite angle of 102.97(5) ° for the former compound. 'L In 

contrast,, the geometry of complex [3a]PtCh displayed less strain and a smaller bite angle of 
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onlyy 92.30(5) °. Extrapolation of these trends onto palladium allyl chemistry might indicate a 

beneficiall  effect of a smaller bite angle. Yet, this conclusion presumably holds only for the 

phenyl-1-naphthyll  set of substituents on chiral phosphorus as evidenced by catalysis results. 

AA general trend for the effect of the bite angle cannot be deduced, since the structural 

diversityy of 2-biphenylyl and 1-naphthyl groups is too complex to neglect or unify their 

behaviorr upon backbone alteration. 

5.3.. Conclusions 

Ourr investigations of allylic substitution reactions using P-chiral diphosphine ligands 

revealedd some interesting trends. Devoid of dissymmetric electronic modeling, the employed 

C2-symmetricall  ligands (with exception of diphosphine 2c) were found capable of inducing 

enantioselectivitiess of up to 99% e.e. Yet, this efficiency depended on several factors, such as 

substratee structure, type of nucleophile, backbone constitution and substitution pattern of the 

chirall  phosphorus donors. The smallest effects were observed on varying ligand electronic 

propertiess by para-melhoxy and /«ira-trifluoromethyl substitution of the phenyl rings of the 

phosphines;; the latter resulted in a slight decrease of e.e. values. 

Inn contrast, steric aspects concerning the substituents on phosphorus were found eminently 

important;; a marked difference in spatial requirements, exhibited in proximity to the metal 

centerr achieved good asymmetric modeling of the coordination sphere. In this context, bulky 

9-phenanthryl,, 2-biphenylyl or ferrocenyl moieties were, in combination with phenyl groups, 

identifiedd as the most efficient substitution arrays. Catalysis results did not show a clear effect 

off  the bite angle; a change of the latter presumably resulted in extensive repositioning of the 

phosphinee residues. NMR spectra indicated, however, that the choice of substituents is crucial 

too establish a rigid, well-defined chiral pocket. 

Thee crystal structure analysis revealed that marked distortion of the q -allyl fragment in 

complexx 9a and consequently determination of the site of nucleophilic attack, is imposed by a 

combinationn of steric constraints and n-n interactions. Yet, these require the engagement of 

bulkyy allyl as well as ligand substituents to induce useful levels of enantiodiscrimination. 

Thus,, purely steric modeling by P-chiral residues could surpass the efficiency of other 

propeller-shapedd ligands bearing carbon or axial chiral elements. In certain cases it even 

paralleledd the good results of P-N or dissymmetric P-P donors, that rely on the exploitation of 

(stereo)electronicc effects ' in catalysis. Yet, few similarities were established between the 

ferrocenyll  ligands used in this study and the diphospholane donors mentioned in the 

introductoryy part. Summarizing, the interesting performance of P-chiral diphosphines in 

allyli cc substitutions reactions wil l prompt further exploration in other catalytic applications in 

thee near future. 
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5.4.. Experimental Section 

Generall  Comments. Al l reactions were carried out under an atmosphere of argon using 

standardd Schlenk techniques. THF and diethylether were distilled from sodium benzophenone 

ketyl,, CH2CI2 and acetonitrile were distilled from CaH2 and toluene and methanol from 

sodiumm wire under nitrogen. Melting points are uncorrected. ID and 2D NMR spectra were 

recordedd on 250, 300 and 400 and 600 MHz instruments; CDCI3 was used as solvent, if not 

mentionedd otherwise. Phosphorus-carbon coupling constants (JCP) were identified by 

comparisonn of y-modulated 13C spectra measured at different magnetic field strengths. Optical 

rotationss were measured in a thermostated polarimeter with 1 = 1 dm. Mass spectra were 

recordedd on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-

nitrobenzyll  alcohol was used as matrix. Elemental analyses were obtained using an Elementar 

Varioo EL apparatus. With exception of the compounds given below, all reagents were 

purchasedd from commercial suppliers and used without further purification. Diethylamine 

wass distilled from KOH under argon. The following compounds were synthesized according 

too published procedures: (2flP,4S,5/?)-3,4-Dimethyl-2,5-diphenyl-l,3,2-oxazaphospholidine 

boranee 4,14a lj'-dilithioferrocene,35 (/?P,/?m)-l-Iodo-2-(l-naphthylphenyIphosphinoxy)-

ferrocenee 7,13c (E)-l,3-diphenylprop-2-ene-l-yl acetate,36 (E)-pent-3-ene-2-yl acetate,37 

cydohex-2-ene-l-yll  acetate 3S and [(l,3-diphenyl-ri3-aUyl)PdOAc]2.f,a 

Synthesiss of Ferrocenyl Diphosphine If . 

(Sp,l/f,25)-(-)-N-Methyl-N-(l-hydroxy-l-phenyl)prop-2-yl-P-(ferrocenyl)-P-(phenyl)--

phosphinamidee borane, 5. Ferrocene (72 mmol) was dissolved in 80 ml of THF, degassed 

andd cooled to 0 °C. Tert-BuH (60 mmol of a 1.7 M solution in pentane) was slowly added via 

syringee and the resulting monolithioferrocene suspension was kept at that temperature for 20 

min.. Then it was added via a Teflon canula to a precooled (-78 °C) solution of (2RPAS,5R)-

oxazaphospholidinee borane 4 (35 mmol) in 50 ml of THF. The reaction mixture was allowed 

too reach room temperature over a period of 12 h and quenched with water. THF was 

evaporatedd and the residue was extracted twice with CH2C12. The combined organic layers 

weree dried over MgSC>4, filtered and the solvent was removed in vacuo. The crude product 

wass subjected to column chromatography (S1O2, toluene/ethyl acetate = 96:4), at which 

diastereomericc </?P)-byproduct (<10%) was eluted first, followed by (5P)-configurated 

phosphinee amide borane. Yield: 81%. M.p.: 94 °C. 'H-NMR (400.13 MHz): 5 0.85-1.33 (m, 

br,, 3H); 1.10 (d, 3H, J = 6.5Hz); 1.80 (s, 1H); 2.23 (d, 3H, /Hp = 8.6Hz); 4.07 (m, 1H); 4.09 

(m,, 1H); 4.14 (s, 5H); 4.33 (m, 1H); 4.37 (m 1H); 4.45 (m, 1H); 4.73 (d, br, 1H, J = 5.0Hz); 

7.12-7.311 (m, 10H) ppm. 13C NMR (100.62 MHz): 5 13.40 (CH3); 30.94 (d, CH3, JCP = 

3.11 Hz); 58.11 (d, CH, JCp = 9.2Hz); 70.07 (5CH); 70.94 (d, CH, JCp = 6.9Hz); 71.08 (d, CH, 

7CPP = 8.2Hz); 71.80 (d, C, JCp = 68.7Hz); 72.07 (d, CH, Jc? = 13.0Hz); 72.37 (d, CH, JCP = 
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7.6Hz);; 78.80 (d, CH, JCP = 5.4Hz); 126.54 (CH); 127.61 (CH); 128.10 (d, CH, JCP = 

10.7Hz);; 128.37 (CH); 130.36 (d, CH,JCp = 1.5Hz); 131.41 (d, CH, JCP = 10.7Hz); 132.86 (d, 

C,, JCP = 70.4Hz); 142.58 (C) ppm. 3IP-NMR (121.50 MHz): 5 70.05 (q, br, JPB = 80.1Hz) 

ppm.. [a]2 0
D = -118.7 (c = 0.59; CH2C12). HRMS (FAB+): m/z calcd. for C26H,iBFeNOP: 

471.1586,, obsd.: 471.1598. Anal, calcd. for C26H31BFeNOP: C, 66.28; H, 6.63; N, 2.97. 

Found:: C, 66.24; H, 6.60; N, 2.82. 

(/?)-(+)-MethyII  (Ferrocenylphenyl)phosphinite Borane, 6. Phosphinamide borane 5 (27 

mmol)) was dissolved in 220 ml of degasssed methanol. At 0 °C, concentrated sulfuric acid 

(28.355 mmol, 1.05 equivalents) was added dropwise and the solution was stirred for 15 h at 

roomm temperature. The progress of the reaction was monitored by TLC; however, complete 

conversionn could not be obtained. Addition of up to 1.5 equivalents of sulfuric acid gave no 

improvement,, but, instead, resulted in extensive decomposition. The reaction mixture was 

concentratedd and the residue directly subjected to column chromatography (Si02, 

hexane/ethyll  acetate - 95:5). The desired product was eluted first; after a change of the eluent 

compositionn (hexane/ethyl acetate =1:1) unreacted starting material (-30%) was recovered. 

Yield:: 31%. M.p.: 98-100 °C. 'H-NMR (400.13 MHz): 5 0.62-1.37 (m, br, 3H); 3.62 (d, 3H, 

,/HPP = 12.5Hz); 4.13 (s, 5H); 4.26 (m, 1H); 4.42 (m, 1H); 4.48 (m, 1H); 4.64 (m, 1H); 7.45-

7.566 ' 3H); 7.83-7.91 (m, 2H) ppm. nC-NMR (100.58 MHz): S 53.71 (d, CH3, Jc? = 

966 (5CH); 71.15 (d, C, JCP = 70.4Hz); 71.57 (d, CH, JCP = 10.7Hz); 71.82 (d, CH, 

'-,'-, z); 71.98 (d, CH, JCP = 13.1 Hz); 72.00 (d, CH, JCp = 7.9Hz); 128.44 (d, CH, JCP = 

9 / ^ z ,;; 131.10 (d, CH, JCP = 11.5Hz); 131.81 (d, CH, JCP = 2.3Hz); 131.94 (d, C, JCP = 

63.5Hz)) ppm. 31P-NMR (121.44 MHz): 5 108.45 (q, br, JPB = 75Hz) ppm. [a]3ü
D = +30.5 (c = 

0.62;; CH2C12). HRMS (EI+): m/z calcd. for C,7H20BFeOP: 338.0694, obsd.: 338.0703. Anal, 

calcd.. for C17H20BFeOP: C, 60.41; H, 5.96. Found: C, 60.46; H, 5.78. 

(5,5,)-(+)-l,r-Bis(ferrocenylphenylphosphino)ferrocene,, If. Phosphinite borane (R)-6 (8 

mmol)) was dissolved in 10 ml of THF and cooled to -40 °C. A suspension of 1,1'-

dilithioferrocenee (4 mmol) in 7 ml of THF and 35 ml of Et20 was cooled and added slowly 

viaa Teflon canula to the phosphinite solution. The reaction mixture was warmed to ambient 

temperaturee over a period of 15 h and then quenched with water. The solvent was removed in 

vacuovacuo and the residue was extracted with CH2C12. The combined organic layers were dried 

(MgS04),, filtered and concentrated. The residue was chromatographed (Si02, hexane/CH2Cl2 

== 1:1) to remove small amounts of mono-substituted and meso configurated byproducts. The 

diastereomericallyy pure diphosphine diborane complex was then subjected to deprotection 

usingg an excess of degassed diethylamine (20 ml). After stirring for 15 h at room temperature, 

thee solvent was evaporated and the crude product was chromatographically purified (Si02, 

hexane/CH2Cl22 = 1:1). Repeated recrystallizations from CH2Cl2/hexane (diffusion method) 

removedd small amounts of isomerized meso diphosphine and left the enantiopure ligand (S,S)-

If .. Yield: 54%. M.p.: 75 °C. 'H-NMR (400.13 MHz): 5 3.75 (m, 2H); 3.91 (m, 2H); 4.00 (s, 
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IOH);; 4.05 (m, 2H); 4.08 (m, 2H); 4.12 (m, 2H); 4.18 (m, 4H); 4.22 (m, 2H); 7.27-7.31 (m, 

6H);; 7.44-7.50 (m, 4H) ppm. 13C-NMR (100.62 MHz): 5 69.00 (5CH); 69.83 (d, CH, JCp = 

3.8Hz);; 70.52 (d, CH, Jc? = 3.8Hz); 71.60 (m, CH); 71.95 (d, CH, JCp = 13.7Hz); 72.16 (m, 

CH);; 72.54 (d, CH, 7Cp = 10.6Hz); 72.58 (d, CH, 7Cp = 15.3Hz); 73.61 (d, CH, JCp = 16.8Hz); 

77.800 (d, C, 7CP = 4.6Hz); 78.37 (d, C, JCp = 5.4Hz); 127.84 (d, CH, JCp = 7.6Hz); 128.77 

(CH);; 133.83 (d, CH, 7Cp = 20.7Hz); 138.98 (d, C, 7Cp = 9.2Hz) ppm. 3IP-NMR (121.50 

MHz):: 5 -29.54 (s) ppm. [oc]2,)
D = +36.3 (c = 0.30; CH2C12). HRMS (FAB+): m/z calcd. for 

C42H37Fe3P2:: 771.0419, obsd.: 771.0413. Anal, calcd. for C42H36Fe3P2: C, 65.49; H, 4.71. 

Found:: C, 65.94; H, 4.50. 

Synthesiss of Biferrocenyl Diphosphine 3c. 

(fl P,STOSn>/M-(+)-2,2'-Bis(l-naphthylphenylphosphinoxy)-l,ll  '-biferrocenyl , 8. The 

(/?P,/?m)-orf/zo-iodophosphinee oxide 7 (2 mmol) was dissolved in 2 ml of CH2C12 and activated 

copperr powder (10 mmol) was added under stirring. The solvent was removed in vacuo and 

thee brown residue was heated at 135 °C for 48 h. After this treatment, the crude product was 

agitatedd with CH2C12, filtered over Celite and concentrated. Column chromatography (Si02, 

CH2Cl2/ethyll  acetate = 4:1) eluted unreacted starting material first, followed by enantiopure 

(Rp,S(Rp,Smm,S,Smm,R,RPP)-S.)-S. Yield: 35% M.p.: 180 °C. 'H-NMR (400.13 MHz): 5 4.10 (s, 10H); 4.17 (m, 

2H);; 4.33 (m, 2H); 4.95 (m, 2H); 7.02 (dt, br, 4H, J = 3.0; 8.1Hz); 7.19-7.24 (m, 2H); 7.29 

(ddd,, 2H, J = 2.2; 7.2; 8.3Hz); 7.37-7.48 (m, 8H); 7.82 (dd, br, 2H, J = 6.8; 14.2Hz); 7.85 (d, 

br,, 2H, J = 7.8Hz); 7.90 (d, br, 2H, ./ = 8.1Hz); 8.68 (d, br, 2H, J = 8.6Hz) ppm. I3C-NMR 

(100.611 MHz): 5 70.13 (d, CH, JCp = 10.7Hz); 70.56 (5CH); 73.50 (d, CH, ./Cp = 13.8Hz); 

74.177 (d, C, 7 C P= 114.0Hz); 79.15 (d, CH, JCP = 9.2Hz); 88.65 (d, C, 7Cp = 10.7Hz); 124.40 

(d,, CH, JCP = 13.8Hz); 126.04 (CH); 126.50 (CH); 127.72 (d, CH, JCp = 4.6Hz); 127.91 (d, 

CH,, JCp = 12.2Hz); 128.71 (d, CH, JCP = 0.9Hz); 130.92 (d, CH, Jc? = 2.3Hz); 131.01 (d, C, 

JCPJCP = 102.5Hz); 131.70 (d, CH, JCP = 10.7Hz); 132.34 (d, CH, JCp = 3.1Hz); 133.63 (d, C, ,/Cp 

== 3.1 Hz); 133.71 (d, C, 7CP = 2.3Hz); 133.90 (d, CH, JCP = 9.9Hz); 136.01 (d, C, JCp = 

105.5Hz)) ppm. 3IP-NMR (161.98 MHz): 8 33.12 (s) ppm. [cc]2(,
D = +473.9 (c = 0.30; CH2C12). 

HRMSS (FAB+): m/z calcd. for C52H4|Fe202P2 (MH+): 871.1281; obsd.: 871.1303. 

(5p,Sm,5m,Sp)-(+)-2,2'-Bis(l-naphthylphenylphosphino)-l,l'-biferrocenyl,, 3c. Diphos-

phinee dioxide (Rp,Sm,Sm,Rp)-H (0.2 mmol) was introduced in a glass tube and toluene (3 ml), 

trichlorosilanee (10 mmol) and triethylamine (15 mmol) were added consecutively. The tube 

wass sealed under vacuum, placed in an autoclave and heated at 140 °C for 60 h. After 

treatment,, the tube was cooled in liquid nitrogen and opened. NaOH solution (15 M) was 

carefullyy added to the crude product mixture and the resulting solution was extracted with 

CH2C12.. The combined organic layers were washed with water, dried (MgSC )̂ and the 

solventt was evaporated. For separation of isomerized byproducts, the residue was dissolved in 

55 ml of degassed THF and BHvTHF (0.5 ml of a 1M solution in THF) was added dropwise. 
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Afterr TLC indicated complexation to be complete, the solvent was evaporated and the crude 

boranee complexes were chromatographed (SiOa, C^Cb/hexane = 1:1.). The desired Ci-

symmetricall  diphosphine was eluted first, followed by not further separated epimerized C\-

symmetricall  and doubly phosphorus-isomerized byproducts (-30%). For deprotection, the 

thuss obtained diborane complex of 3c was dissolved in degassed diethylamine (1 ml) and 

stirredd over night at room temperature. The solvent was removed in vacuo and the residual 

diphosphinee was subjected to column chromatography (SiCb, C^Ch/hexane = 1:1) to give 

thee enantiopure ligand as orange crystals. Yield: 38%. M.p.: 228-230 °C (dec). 'H-NMR 

(400.133 MHz): 5 3.86 (m, 2H); 4.12 (s, 10H); 4.49 (m, 2H); 4.95 (m, 2H); 5.93 (t, br, 2H, J = 

7.6Hz);; 6.43 (m 2H); 7.06 (d, 2H, J = 8.1Hz); 7.19-7.32 (m, 10H); 7.41-7.45 (m, 4H); 7.61 (d, 

2H,, J = 7.8Hz); 8.02 (dd, 2H, J = 3.0; 8.1 Hz) ppm. 13C-NMR (100.62 MHz): 5 70.06 (d, CH, 

JCPJCP = 4.0Hz); 70.14 (5CH); 72.22 (d, CH, JCp = 4.6Hz); 77.00 (d, CH, 7Cp = 11.5Hz); 77.93 

(d,, C, JCP = 9.2Hz); 91.05 (d, C, 7r P = 31.2Hz); 124.66 (CH); 125.02 (CH); 125.10 (d, CH, 

JCPJCP = 2.3Hz); 126.15 (d, CH, JCp = 24.5Hz); 127.94 (CH); 127.98 (d, CH, 7Cp = 8.0Hz); 

128.177 (d, CH, JCP = 1.5Hz); 128.83 (CH); 130.84 (CH); 133.02 (d, C, JCp = 3.8Hz); 133.61 

(d,, C, JCp = 19.9Hz); 134.68 (d, CH, JCP = 22.1 Hz); 135.79 (d, C, JCP = I3.0Hz); 138.12 (d, C, 

JCPP = 7.7Hz) ppm. 3IP-NMR (121.50 MHz): 5 -30.72 (s) ppm. [oc]20
D = +181.1 (c = 0.13; 

CH2C12).. HRMS (FAB+): m/z calcd. for Cs2H4iFe2P2 (MH+): 839.1382; obsd.: 839.1351. 

Asymmetricc Allyli c Alkylatio n Reactions 1,2,3 (Typical Procedure). In a Schlenk tube 

[Pd(T|3-C3H5)Cl]22 (0.005 mmol) and the respective ligand (0.01 mmol) were dissolved in 1 ml 

off  CH2CI2 and degassed. (E)-l,3-diphenylprop-2-ene-l-yl acetate, (E)-pent-3-ene-2-yl acetate 

orr cyclohex-2-ene-l-yl acetate (1 mmol) was added as the substrate and after 20 min of 

stirringg at room temperature, dimethyl malonate (3mmol), BSA (3 mmol) and a catalytic 

amountt of KOAc were added consecutively. The reaction mixture was degassed again and 

stirredd at the given temperature. If TLC indicated no further conversion, the reaction was 

quenchedd by dilution with EtiO (15 ml); the organic layer was washed twice with saturated 

NH4CII  solution and dried over Na2SC«4. Filtration and removal of solvent left a red oil, which 

wass chromatographed (SiCh; petroleum ether/CHiCb = 1:1 (Reaction 1), petroleum 

ether/Et200 = 3:1 (Reaction 2 and 3)) to give analytically pure products." Determination of 

e.e.. values was performed by chiral HPLC (Chiralcel OD-H, n-hexane/2-propanol = 98:2, 0.5 

mlmin ',, tR (R) = 15.4 min, tR (S) = 16.8 min; Reaction 1), chiral GC (50% Octakis(6-0-

methyl-2,3-di-0-pentyl)-y-cyclodextrin,, isothermal, T = 55 °C, tR (-) = 95 min, tR (+) = 98 

min;; Reaction 2) and by optical rotation measurements ( [a ]' D = -46.1 for (S)-dimethyl 2-

(cyclohex-2-ene-l-yl)malonate,4üü Reaction 3). 

Asymmetricc Allyli c Amination/Imidatio n Reactions 4,5 (Typical Procedure). In a 

Schlenkk tube [Pd(T|3-C3H5)Cl]2 (0.005 mmol) and the respective ligand (0 01 mmol) were 

dissolvedd in 1 ml (Reaction 4) or 2 ml (Reaction 5) of CH2C12 and degassed. (E)-l,3-

diphenylprop-2-ene-l-yll  acetate (1 mmol) was added and the solution was stirred for 20 min 
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att ambient temperature. Subsequently, benzylamine (1.2 mmol) or /V-phthalimide potassium 

saltt (1.2 mmol) was added, and the reaction was kept at the given temperature until TLC 

indicatedd no further progress. The solvent was removed in vacuo and the residue was purified 

byy column chromatography (Si02; petroleum ether/ethyl acetate = 95:5 (Reaction 4), 

petroleumm ether/Et20 = 4:1 (Reaction 5), respectively) to give pure products.41 Determination 

off  e.e. values was performed by chiral HPLC (Chiralcel-OD; n-hexane/2-

propanol/diethylaminee = 99.55:0.25:0.2, 0.5 mlmin ', tR (ƒ?) = 37.8 min, tR (S) = 41.0 min for 

Reactionn 4 and n-hexane/2-propanol = 98:2, 0.5 ml-min"1, tR (R) = 26.2 min, tR (S) = 22.8 min 

forr Reaction 5). 

Synthesiss of Ally l Palladium Complexes 9a, 9d and 10a (Typical Procedure). In a 

Schlenkk tube, [(l,3-diphenyl-r):,-allyl)PdOAc]2 (0.025 mmol) was dissolved in 2 ml of 

degassedd acetone. After addition of AgBF4 (0.05 mmol), the suspension was stirred for 20 

minn at ambient temperature and then filtered through Celite into a second Schlenk tube 

containingg a solution of the respective ligand (0.05 mmol) in 1 ml of CH2C12. After stirring 

forr another 20 min, the reaction mixture was concentrated and the product precipitated by 

additionn of 3 ml of Et20. It was collected on a glass filter, washed with hexane and dried 

underr vacuum. 

{(l,3-Diphenyl-if-allyl)[(S,S)-la]Pd}BF 4,, 9a (Major  Isomer). Yield: 86%. 'H-NMR 

(600.133 MHz; CD2C12, 230 K): 8 3.38 (m, HI) ; 4.03 (m, H2); 4.14 (m, H4); 4.14 (m, H8); 

4.244 (m H3); 4.44 (m, H7); 4.58 (t, J = 11.3Hz, H33); 4.70 (m H5); 4.96 (m, H6); 5.75 (t, J = 

8.7Hz.. H36); 6.08 (t, J = 12.3 Hz, H34); 6.28 (m, H35); 6.42 (m, H9); 6.43 (m, br, H45); 6.53 

(m,, br, H42); 6.60 (t, J = 7.4Hz, H37); 6.81 (m, br, H44); 6.89 (t, J = 7.2Hz, H10); 6.91 (m, 

br,, H20); 6.98 (m, H26); 6.99 (m, H32); 7.00 (m, H43); 7.07 (m, H30); 7.09 (m, H19*); 7.10 

(m,, H17*); 7.11 (m, H27); 7.28 (m, br,H41); 7.30 (m, H29#); 7.31 (m, H18); 7.33 (m, H31#); 

7.400 (m, H25); 7.40 (m, H38); 7.56 (m, H13); 7.57 (m, H14); 7.64 (m, H28); 7.76 (t, J = 

7.2Hz,, H39); 7.80 (d, J = 8.2Hz, H 11); 7.93 (m, H12); 8.01 (d, J = 8.2Hz, H24); 8.04 (d, br,./ 

== 7.4Hz, H15); 8.18 (m, H40); 8.24 (t, J = 7.4Hz, H22); 8.36 (d, J = 8.2Hz, H23); 8.74 (dd, 

br,, ./ = 6.9; 15.3 Hz, HI6); 9.19 (dd, J = 6.7; 20.5 Hz, H21) ppm. 3IP-NMR (121.50 MHz, 

CD2C12,, 230K): 5 24.53 (d, J = 57.5 Hz); 27.82 (d, J = 57.3 Hz) ppm. 

*,## : Assignment exchangeable. 

Minorr isomer 9a. 'H-NMR (600.13 MHz; CD2C12, 230 K) (selected signals, numbering refers 

too exchange with major isomer): 5 3.46 (m, H5'); 3.74 (m, HI'); 4.09 (m, H6'); 4.16 (m, H2'); 

4.288 (m, H7'); 4.28 (m, H8'); 4.48 (m, H3'); 4.86 (m, H4'); 4.91 (t, y = 13.1 Hz, anri-allyl-H); 

6.066 (m, .svyi-allyl-H); 6.38 (m, anf/-allyl-H) ppm. 3IP-NMR (121.50 MHz; CD2C12, 230K): 5 

18.866 (d, J = 59.6 Hz); 26.43 (d, J = 59.7 Hz) ppm. 
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399 42 

j(l,3-diphenyl-ri 3-aIlyl)[(/?,/?)-ld]Pd}BF4 ,, 9d. Yield: 73%. 'H-NMR (600.13 MHz): 5 

2.577 (m, 1H, fc); 3.38 (m, 1H, fc); 3.76 (m, 1H, fc); 3.90 (m, 1H, fc); 4.08 (m, 1H, fc); 4.18 

(m,, 1H, fc); 4.36 (t, 1H, anti-ally], J = 11.5Hz); 4.96 (m, 1H, fc); 5.30 (m, br, 1H, fc); 6.42 (t, 

1H,, jyrc-allyl, J = 13.0Hz); 6.53 (m, 1H, anf(-allyl), 6.54-6.59 (m, 5H); 6.63-6.67 (m, 2H); 

6.68-6.855 (m, 12H); 7.01 (t, 2H, J = 7.4Hz); 7.03-7.09 (m, 3H); 7.14-7.18 (m, 3H); 7.19-7.25 

(m,, 6H); 7.43-7.47 (m, 3H); 7.57-7.60 (m, 2H) ppm. 3IP-NMR (161.98 MHz): 5 28.86 (d,./ = 

72.00 Hz); 31.02 (d, J = 73.2 Hz) ppm. 

{(l,3-diphenyl-T)3-allyl)[(SP>/?m^n„Sp)-3a]Pd}BF4,, 10a (Main Isomer). Yield: 81%. 'H-

NMRR (600.13 MHz): 5 3.11 (m, H3); 3.47 (m, H6); 3.59 (t, J = 11.8Hz, H33); 4.00 (s, 10H, 

fc);4.011 (m, H2);4.15 (m, H5); 4.69 (m, HI) ; 4.78 (m, H4); 4.92 (t, J = 10.2Hz, H31); 5.78 

(t,.// = 12.8Hz, H32); 5.91 (m, H39/43); 6.16 (m, br, H34/38); 6.48 (t, br, J = 8.0Hz, H35/37); 

6.877 (m, H36); 6.88 (t, J = 7.7Hz, H40/42); 7.06 (t, br, J = 7.2Hz, H41); 7.11 (d,./ = 7.1 Hz, 

H7*);; 7.12 (d, J = 7.4Hz, H19*); 7.20 (t, br, J = 7.1 Hz, H8); 7.25 (m, H27/29); 7.26 (m, H12); 

7.377 (m, H26/30); 7.39 (m, H20); 7.44 (t, br, J = 8.2Hz, H28); 7.47 (t, br, J = 1.2Hz, H24); 

7.599 (m, HI 1); 7.62 (m, H15/17); 7.65 (m, H16); 7.67 (m, H23); 7.80 (d,./ = 8.5Hz, H9); 7.86 

(d,.// = 8.8Hz, H10); 8.06 (dd,./ = 7.1; 12.2Hz, H14/18); 8.09 (d, J = 8.5Hz, H22); 8.12 (d,./ = 

8.7Hz,, H21); 8.19 (dd, J = 2.8; 8.2Hz, H13); 8.39 (d, br, J = 8.7Hz, H25) ppm. '3C-NMR 

(150.911 MHz, coupling constants not determined): S 69.0 (C2); 69.2 (C5); 70.7 (10C, fc); 

75.44 (C3); 75.5 (C6); 76.0 (C45); 76.4 (C47); 77.4 (CI); 77.7 (C4); 81.9 (C33); 86.8 (C46); 

87.00 (C44); 98.1 (C31); 108.7 (C32); 120.1 (C48); 124.3 (C13); 124.5 (C52); 124.7 (C20); 

125.77 (C8); 126.3 (C12); 126.4 (C39/43); 126.5 (C34/38); 126.5 (CI 1); 126.6 (C25); 126.8 

(C24);; 127.2 (C23); 127.5 (C41); 127.8 (C35/37); 128.1 (C27/29); 128.4 (C36); 128.5 

(C40/42);; 128.7 (C15/17); 129.8 (CIO); 130.1 (C22); 131.3 (C28); 131.5 (C16); 131.7 (C7); 

132.11 (C9); 132.2 (C56); 132.2 (C21); 133.2 (C19); 133.4 (C55); 133.5 (C49); 133.6 (C53); 
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133.99 (C26/30); 134.1 (C14/18); 134.1 (C51); 134.3 (C50); 134.4 (C54); 135.9 (C57) ppm. 
31P-NMRR (161.97 MHz): 5 10.59 (d, J= 74.4 Hz); 11.96 (d, J = 73.2 Hz) ppm. 

**  Assignment exchangeable. 

Minorr isomer 10a (16%). 3IP-NMR (161.97 MHz): 5 -12.93 (m, br); -8.35 (m, br) ppm. 

Minorr isomer 10a (4%). "P-NMR (161.97 MHz): 5 7.81 (d, J = 68.2 Hz); 9.97 (d, J  67.0 

Hz)) ppm. 

Experimentall  Details for  Crystal Structur e Determination of {(1,3-diphenyl-T)3-

allyl)[(S,S)-la]Pd}BF4,, 9a. Csv^sF^Pd-CfiHe-BF̂ Fw = 1119.04, colourless needle, 0.63 x 

0.133 x 0.13 mm3, triclinic, PI (No. 1), a = 9.7082(1) A, b = 10.2737(2) A, c = 13.2188(3) A, 

aa = 96.039(1) °, (3 = 95.557(1) °, y = 99.533(1) °, V = 1284.15(4) A3, Z = 1, p = 1.447 g cm3, 

228455 measured reflections, 11540 unique reflections (Rinl = 0.0441). An absorption 

correctionn was not considered necessary (u, = 0.751 mm" ). 647 refined parameters, 108 

restraints.. R (I > 2G( I ) ): Rl = 0.0357, wR2 = 0.0905. R (all data): Rl = 0.0366, wR2 = 

0.0913.. S = 1.184. Intensities were measured on Nonius KappaCCD diffractometer with 

rotatingg anode (Mo-Ka, A. = 0.71073 A) at a temperature of 150 K up to a resolution of (sin 

iiM-)maxx = 0.65 A ' . The structure was solved with automated Patterson methods (DIRDIF-

97,42)) and refined with the program SHELXL97 against F of all reflections. Non hydrogen 

atomss were refined freely with anisotropic displacement parameters. Hydrogen atoms were 

refinedd as rigid groups. The drawing, structure calculations, and checking for higher 

symmetryy was performed with the program PLATON. 
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Summaryy and Evaluation 

Thee main objectives of the present thesis were the development of novel, P-chiral, 
propeller-shapedd diphosphines as ligands for enantioselective catalysis. In first instance, their 
applicationn focused on asymmetric hydroformylation, a reaction cleanly transforming alkenes 
inn possibly chiral, high value-added aldehydes, which are of industrial interest as building 
blockss in the manufacture of agrochemicals and pharmaceuticals. Thus, ligand design focused 
onn specific structural features such as wide bite angle frameworks incorporating stereogenic 
phosphoruss donors. The C2-type symmetry of the active catalyst complexes resulting thereof 
wass believed to promote good stereoselectivities. 

Thee synthetic goals of the research project were successfully met by establishing a 
stereoselectivee route to phosphorus-chiral enantiopure diphosphine ligands. The new 
approachh is characterized by its tolerance towards bulky residues, allowing the attachment of 
threee sterically demanding aryl substituents onto a given phosphorus atom. Flexibility and 
easyy modification of the multistep synthesis enabled the preparation of in total 12 novel P-
chirall  diphosphines, simultaneously exploiting new levels of stereocontrol on asymmetrically 
substitutedd phosphorus centers. In view of the ever-growing request for new "tailor-made" 
ligandd structures for specific (industrial) applications, the disclosed approach might as well 
provee useful in related ligand syntheses by offering considerably improved access to 
enantiopuree (di)phosphine donors. 

Concerningg the application of the new ligands in rhodium catalyzed asymmetric 
hydroformylation,, it was shown that several factors determining enantiodiscrimination are not 
sufficientlyy governed by the mentioned concepts of P-chirality and CVtype symmetry. While 
e.e.. values obtained in the hydroformylation of styrene rank among the highest reported for 
propeller-shapedd diphosphines, the performance of other types of catalyst modifiers, such as 
diphosphitess or phosphine-phosphites could not be equalled. Nevertheless, the investigations 
undertakenn contribute to a deeper understanding of mechanistic aspects of the 
hydroformylationn reaction and provide useful information concerning future ligand design. A 
generallyy promising and structurally interesting class of diphosphine ligands has been added 
too the chiral toolbox and might find applications in other catalytic transformations in the 
future.. A step into this direction was already made by employing the new diphosphines in 
enantioselectivee hydrogenation and allylic substitution reactions, of which the results 
representt an integral part of this PhD research. 
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ChapterChapter 2 describes the synthesis of five new P-chiral, C2-symmetrical diphosphines, 
basedd on a stereoselective route developed by Jugè et al. Extending this approach to bulky 
aromaticc dilithioferrocene reagents gave the dppf-analogue ligands la-e in good overall yields 
andd excellent enantioselectivities (Scheme 1). The stereochemical course of the multistep 
nucleophilicc substitution sequence was confirmed by crystal structure analyses of ligands la, 
l bb and Id. 

Schemee 1 

CH3Q Q 

OCH, , 

(R.R)-lc (R.R)-lc 

(R,R)-1e (R,R)-1e 

Forr a first evaluation, the potential of the new ligands was tested in rhodium-catalyzed 
asymmetricc hydrogenation reactions of cinnamic acid derivatives (Scheme 2). Catalysts 
derivedd from ligands lb and Id revealed insufficient reactivities or enantiodiscriminating 
abilities.. In contrast, remarkable enantioselectivities could be obtained employing 
diphosphiness la, lc and le, whereby especially the latter donor excelled, giving e.e. values of 
upp to 98.7%. 

Schem ee 2 

COOR R 

NHCOFT T 

[Rh(nbd)2]CI04 4 

L*,, MeOH 

COOR R 

NHCOR' ' 

R11 = H, Me 
R22 = Me, Ph 
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Ass described in Chapter 3, the mentioned multistep approach was utilized in the synthesis 
off  diphosphine ligands 2a,b bearing biferrocenyl skeletons and incorporating four adjacent 
stereocenterss (Scheme 3). Chirality on phosphorus provided efficient means for the 
preparationn of diastereomerically pure compounds, whereby enantiopure ferrocenyl phosphine 
oxidess served as key intermediates. In the case of 2-biphenylylphenylphosphinoxyferrocene, 
ort/70-magnesiationn was found to proceed stereoselectively, after quenching with I2 affording 
thee ortho-'iodo product in 94% d.e. (Scheme 4). The absolute configuration of the diphosphine 
ligandss was confirmed by a solid state structure of a platinum(II) dichloride complex of 2a, 
constitutingg the first example of a crystallographically characterized metal complex ligated by 
aa biferrocenyl diphosphine donor. 

Schemee 3 

(S(SPP,R,Rmm,R,Rmm Sp)-2a (Sp,Rm,RmSP)-2b b 

Schemee 4 

"" R 1.)(iPr)2NMgBr 

o o 

(R) (R) 

2.) ) 

(Rp,S(Rp,Smm) ) 

RR = 2-biphenylyl: 94% d.e. 
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ChapterChapter 4 deals with the synthesis of electronically varied ligands 3a-c, derived of 

diphosphinee la by para-methoxy- and/or /?ara-trifluoromethyl substitution of the 

phenylphosphinee rings. Their use in rhodium catalyzed asymmetric hydroformylation was 

described,, whereby styrene, 4-methoxystyrene and 4-chlorostyrene were tested as substrates 

(Schemee 5). The solution structures of dicarbonyl rhodium hydride precursor complexes 

incorporatingg the respective ligands were investigated by high pressure IR and NMR 

techniques,, revealing high preferences for the bisequatorial coordination mode in trigonal 

bipyramidall  complexes. Thus, the intended C2-type symmetry was realized; however, 

enantioselectivitiess remained moderate (up to 51% e.e.). While ligand electronic variations 

weree shown to affect enantiodiscrimination to some extent, substrate electronic perturbations 

hadd a greater impact on regio- as well as stereoselectivity. 

Schemee 5 

CO/H2 2 

[Rh],, L* 

CHO O 
CHO O 

O O 

RR = H,CI, MeO 

Inn Chapter 5 an investigation on the performance of the phosphorus-chiral auxiliaries, 

includingg the new l,l'-bis(ferrocenylphenylphosphino)ferrocene in palladium-catalyzed 

asymmetricc allylic substitution reactions, is described. Linear and cyclic pro-Cs-type 

substratess were tested under various reaction conditions; the best results were obtained 

employingg 1,3-diphenylpropenyl acetate in combination with dimethylmalonate or 

benzylaminee nucleophiles (Scheme 6). Ligands 2a and Id were found best suited as catalyst 

modifierss for above mentioned reactions the latter effecting e.e. values of up to 99%. A 

crystall  structure analysis of a l,3-diphenyl-r| -allyl palladium complex, ligated by 

diphosphinee l a showed a marked distortion of the allyl moiety with respect to the 

phosphorus-palladium-phosphoruss coordination plane. The assumption of the hereby more 

heavilyy dislocated allyl carbon terminus as target of nucleophilic attack was found in 

agreementt with the outcome of the reaction. 
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Schem ee 6 

OAc c 

OO ^ / C 0 0 M e L»,[Pd(n3-C3H5)CI]2 
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OO D l l M L 1 L*, [Pd(n
3-C3H5)CI]2 

++ PhNH2 »-
CH2CI2 2 

OAc c NHPh h 
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Samenvatting g 

Ditt proefschrift met de nederlandse titel "Fosfor-chirale liganden gebaseerd op ferroceen: 
Stereoselectievee synthese en toepassing in de asymmetrische katalyse" beschrijft de 
ontwikkelingg en het gebruik van propellorvormige P-chirale difosfine liganden. In eerste 
instantiee is hierbij gekozen voor toepassing in de rhodium-gekatalyseerde asymmetrische 
hydroformylering,, een schone reactie, waarbij alkenen worden omgezet in kostbare chirale 
aldehydes.. Het ligandontwerp heeft zich derhalve gericht op enkele specifieke 
structuurkenmerken,, zoals het forceren van een grote bijthoek en de aanwezigheid van twee 
stereogenee fosfordonoren. Het werd verwacht dat de resulterende C2-achtige symmetrie van 
dee actieve katalysator een hoge stereoselectiviteit zou kunnen induceren. 

Dee synthetische doelstellingen van dit onderzoek zijn met succes verwezenlijkt, middels de 
introductiee van een nieuwe, stereoselectieve route naar enantiomeerzuivere, P-stereogene 
difosfinee liganden. Belangrijk kenmerk van deze nieuwe route is de tolerantie jegens de 
aanwezigheidd van grote substituenten, waardoor het mogelijk is drie sterisch gehinderde 
arylgroepenn aan een en hetzelfde fosforatoom te binden. Door eenvoudige variaties aan te 
brengenn in de meerstapssynthese zijn twaalf nieuwe chirale difosfines verkregen. Onderwijl 
zijnn hierbij tevens nieuwe mechanismen van stereocontrole door asymmetrisch 
gesubstitueerdee fosforverbindingen gevonden. Gezien de groeiende vraag naar op maat 
gemaaktee liganden voor specifieke (industriële) processen, wordt verwacht dat de gevonden 
routee een significante bijdrage kan leveren bij de ontwikkeling van nieuwe chirale 
katalysatoren. . 

Toepassingg van de liganden in de asymmetrische rhodium-gekatalyseerde 
hydroformyleringg heeft aangetoond, dat de enantioselectiviteit van de reactie door meer 
ligandstructuurkenmerkenn bepaald wordt dan alleen de reedsgenoemde P-chiraliteit en CV 
symmetrie.. Hoewel de e.e. waarden, gevonden voor de hydroformylering van styreen, tot de 
hoogstee behoren voor deze klasse liganden, konden de prestaties van difosfiet- of fosfine-
fosfietligandenn niet worden geëvenaard. Desondanks heeft het onderzoek bijgedragen aan een 
beterr inzicht in het mechanisme van de hydroformyleringsreactie en heeft het bruikbare 
informatiee opgeleverd voor toekomstig ligandontwerp. De veelzijdigheid van de nieuwe 
klassee van liganden is onderzocht door toepassing in diverse andere reacties, zoals de 
enantioselectievee hydrogenering en de allylische alkylering. 
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Inn Hoofdstuk 2 wordt, gebaseerd op een door Jugè et al. ontwikkelde stereoselective route, 

dee synthese van vij f nieuwe, P-chirale, C2-symmetrische disfosfines beschreven. Met behulp 

vann dilithioferroceen zijn de dppf-analoga la-e met een hoge eindopbrengst en met een 

uitstekendee enantioselectiviteit gesynthetiseerd (Schema 1). Het stereochemische verloop van 

dee nucleofiele substitutie werd bevestigd door analyse van de kristalstructuren van de 

ligandenn la, l b en ld. 

Schemaa 1 

(R,Rj-1a a 

CH30. . 

OCH-, , 

(R,R)-1c (R,R)-1c 

(R,Rj-1d d (RR)-1e e 

Inn eerste benadering is gekozen voor toepassing in de asymmetrische hydrogenering van 

derivatenn van kaneelzuur (Schema 2). Modificatie van de katalysator met ligand l b of l d 

leiddee zowel tot een lage reactiesnelheid als tot een lage enantioselectiviteit. Gebruik echter 

vann de liganden la, l c en Ie resulteerde in uitstekende e.e. waarden, tot maximaal 98.7% 

voorr ligand Ie. 

Schem aa 2 

COOR11 [Rh(nbd)2]CI04 

++ H2 «-
NHCOFT T L*,, MeOH 

COOR1 1 

NHCOR' ' 

R11 = H, Me 
R22 = Me, Ph 
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Gebruikk en uitbreiding van de genoemde multistap syntheseroute voor de bereiding van 
ligandenn 2a en 2b wordt beschreven in Hoofdstuk 3. Deze diastereomeer zuivere 
verbindingen,, bestaande uit een biferrocenyl skelet en vier aaneengesloten stereocentra, 
kondenn gesynthetiseerd worden door gebruik te maken van de chiraliteit op het fosforatoom 
(schemaa 3). Enantiomeerzuivere ferrocenyl fosfine oxides werden hierbij gebruikt als 
belangrijkee intermediairen. Het is gebleken dat, in het geval van 2-
bifenylfenylfosfinoferroceen,, de or//!o-magnesiering stereoselectief plaatsvindt, waarna door 
reactiee met h het or//?o-joodproduct in 94% d.e. gevormd kan worden (Schema 4). De 
absolutee configuratie van de liganden werd bevestigd door analyse van de kristalstructuur van 
hett platina(II) dichloride complex van ligand 2a, wat tevens het eerste voorbeeld vormt van 
eenn kristalstructuur van een metaalcomplex van dergelijke liganden. 

Schemaa 3 

(S(SPP,R,Rmm,R,RmmSp)-2a Sp)-2a (Sp,R(Sp,Rmm,R,RmmSp)-2b Sp)-2b 

Schemaa 4 

(R) ) 

?? R 1 ) (iPr)2NMgBr 

2.) l2 2 

RR = 2-biphenylyl: 94% d.e. 

(Rp,S(Rp,Smm) ) 
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Inn Hoofdstuk 4 wordt de synthese besproken van de electronisch gemodificeerde liganden 

3a-c,, die zijn afgeleid van ligand la door het aanbrengen van para-methoxy- of para-

trifluormethylsubstituentenn op de fenylfosfineringen. Deze liganden zijn toegepast in de 

rhodium-gekatalyseerdee asymmetrische hydroformylering van styreen en van de electronisch 

gemodificeerdee derivaten 4-methoxystyreen en 4-chloorstyreen (Schema 5). De structuur die 

hett uitgangscomplex, difosfine dicarbonyl rhodium hydride, in oplossing heeft, is bestudeerd 

mett hoge druk IR en NMR technieken. Hierbij is gebleken dat het ligand een grote voorkeur 

heeftt voor een bisequatoriale coördinatie in trigonale bipyramidale complexen. Ondanks de 

alduss realiseerde C2-achtige symmetrie van de katalysator, zijn de gevonden 

enantioselectiviteitenn matig (maximaal 51% e.e.). Hoewel electronische variatie van het 

ligandd weinig effect sorteerde op de hoogte van de e.e., bleek electronische variatie van het 

substraatt zowel de regio- als de stereoselectiviteit significant te beinvloeden. 

Schemaa 5 

CHO O 

RR = H, Cl, MeO 

Inn Hoofdstuk 5 wordt de toepassing beschreven van fosfor-chirale liganden, waaronder het 

nieuwee ligand l,l'-bis(ferrocenylfenylfosfino)ferroceen, in de palladium-gekatalyseerde 

allylischee substitutie. Zowel lineaire als cyclische pro-Cs-symmetrische substraten zijn 

gebruiktt onder verschillende reactieomstandigheden. De beste resultaten zijn verkregen met 

1,3-difenylpropenyIacetaatt en dimethylmalonaat of benzylamine als nucleofiel (Schema 6). 

Mett liganden l d en 2a werd een e.e. van maximaal 99% behaald, waarmee deze het meest 

geschiktt bleken voor toepassing in bovenstaande reacties. De kristalstructuur van het (1,3-

difenyl-r|,-allyl)Pd(la)) complex toont een significante rotatie van het allyl fragment ten 

opzichtee van het fosfor-palladium-fosfor vlak. De aanname, dat de nucleofiele aanval 

plaatsvindtt op het terminale allylische koolstofatoom met de grootste afstand tot dit vlak is in 

overeenstemmingg met de stereochemische uitkomst van de reactie. 
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Schemaa 6 
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