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Voorwoord d 

Naa vele uren op het lab te hebben doorgebracht, na vele miskleunen te hebben 

weggedronkenn en na gelukkig ook vaak genoeg het gelukzalige gevoel te hebben gekend als 

dee reacties wel lukten, zit mijn promotietijd er bijna officieel op. Ik moet bekennen dat ik de 

tijdd op het lab als zeer plezierig heb ervaren en weet zeker dat ik nog vele malen met 

weemoedd terug zal denken aan mijn tijd op het Roeterseiland. Dat deze periode nu succesvol 

kann worden afgesloten is te danken aan een groot aantal mensen die mij gedurende de 

afgelopenn jaren hebben geholpen. 

Daaromm wil ik ten eerste mijn dank uitspreken aan mijn promotor Prof. Henk 

Hiemstraa en mijn co-promotor Dr. Jan van Maarseveen. Henk, bedankt voor de geboden 

mogelijkheidd om dit onderzoek te verrichten en het vertrouwen dat u in mij had. Ondanks 

datt ik door mijn onderzoek een buitenbeentje in de groep was, kon ik altijd op u steun 

rekenenn en werden mijn resultaten altijd met de bekende kritische en nuchtere blik bekeken 

watt menig maal het abrupte einde van mijn tochtjes op de zegekar betekende. Jan, jouw 

grenzelozee enthousiasme heb ik al die tijd zeer gewaardeerd en bewonderd, hoewel ik 

daardoorr wel af en toe onterecht de zegekar dreigde te beklimmen. Ontzettend genoten heb 

ikk van alle besprekingen, de congressen en de borrels waar we samen hebben gelachen. Veel 

waardevollerr nog, dan alle chemische tips en lol, was voor mij jouw steun in moeilijke tijden. 

Medee dankzij jouw luisterend oor en medeleven kreeg ik weer plezier in de chemie en 

hiervoorr ben ik je ontzettend dankbaar. Het artikel in Jangewandte Chemie betekent voor mij 

dann ook een prachtige afsluiting van onze samenwerking. Tevens wil ik Henk en Jan ook 

hartelijkk bedanken voor het snelle enn zorgvuldige correctiewerk van mijn manuscripten. 

Hett begeleiden van de studenten Martijn Postma, Jasper Dinkelaar, Martin Vlaar en 

Vanessaa Appelman waren voor mij hele leuke en leerzame ervaringen. Martijn, dankzij jouw 

doorzettingsvermogenn wist je na 8 maanden afzien toch een methode voor de resolutie van 

BICOLL te vinden. Ik moest wel even wennen aan je pionierswerk op het gebied van films en 

muziekk downloaden, maar toen ik tijdens de lunch van "Dude, where is my car?" kon 

genietenn was alles vergeven en vergeten! Jasper, als klimmer kan geen berg hoog genoeg 

zijn,, maar de chemische heuvels die wij voor je bedacht hadden bleken toch wel 

buitencategorie.. Zowel de synthese van P,N-liganden als wel het enzymverhaal waren 

uitdagendee projecten. Bij deze mijn complimenten dat je na het tevergeefs testen van 101 

conditiess toch steeds weer vrolijk op het lab verscheen. Over Martin kan ik kort zijn: een 

goedee jongen, getrokken uit de juiste klei! Het organische vuur ontbrandt ook bij jou nog 

wel.... Vanessa, dat je als biochemicus naar het D-gebouw kwam om daar een ingewikkeld 

molecuull  in elkaar te sleutelen toonde al aan dat je een dame met pit bent. Ik heb genoten 

vann je altijd opgewekte stemming en heb bewondering voor de manier waarop je je staande 

wistt te houden in het syntheselab en ben benieuwd wat er nog in Groningen zal voortvloeien 

uitt jouw inspanningen. 

Anderee mensen die mij chemisch uit de brand hebben geholpen zijn Prof. Floris 

Rutjes,, Prof. Hans Schoemaker, Adri van de Hoogenband, Prof. Jan Verhoeven, Dr. Joost 

Reek,, Rieko van Heerbeek en Dr. Olivier David. Floris en Hans, ik heb in Amsterdam maar 

spaarzaamm mogen genieten van julli e chemische kennis, maar ik weet zeker dat die schade 



dee komende jaren in Nijmegen zal worden ingehaald! Adri, jouw bereidheid om met je 

ongelooflijkee kennis van de palladium-chemie een oplossing te vinden voor de introductie 

vann de fosfinegroepen in BICAP heb ik zeer gewaardeerd. Jan Verhoeven wil ik bedanken 

voorr zijn enthousiaste meedenken over de splitsingspatronen in de NMR-spectra. Joost, jouw 

ideee om BICOL uit te rusten met dendrimeren heeft Alessia en mij de nodige frustraties 

gebracht,, maar ik denk dat het eindresultaat zeker bevredigend is te noemen. Rieko, jij als 

ongekroondee dendrimeerkoning bent van veel waarde geweest met al je synthese en analyse 

tips.. Olivier, I want to thank you gratefully for the thorough finishing touch concerning the 

'hot'' Staudinger chemistry. 

Voorr de nodige afleiding tussen het kolommen door hebben vooral mijn naaste 

collega'ss op het lab gezorgd. Alessia, al kwam onze chemische samenwerking maar 

moeizaamm tot stand, op een hele hoop andere gebieden klikte het gelukkig prima. We 

kwamenn elkaar dan ook overal tegen, zoals bij HomKat, op het (zaal)voetbalveld en op 

meerderee congressen en symposia. Bedankt voor alle humor en gezelligheid en ondanks dat 

dee dendritische BICOL liganden bloed, zweet en tranen hebben gekost, vond ik onze 

samenwerkingg een prachtig en zeer amusant avontuur. Sape, na mijn verhuizing naar de 

eerstee verdieping kwam ik met jou op één lab te staan en ik heb ontzettend veel plezier 

beleefdd aan die laatste periode. Jouw advies, halverwege mijn promotietijd, om alle zooi in 

dee gracht te donderen en met een nieuw onderwerp te beginnen heb ik gelukkig niet 

opgevolgd,, maar je meeste andere opmerkingen zetten doorgaans meer zoden aan de dijk. Ik 

denkk dat we hebben laten zien dat de Friese-Westfriese een skoftige combinatie kan wezen. 

Alessiaa en Sape, ik ben ook heel blij dat julli e mij als paranimf terzijde willen staan. 

Hett begin van mijn promotietijd speelde zich af op de begane grond, waar tijdens een 

moeilijkee tijd Robin, Bastiaan, Lourdes, Martijn en Jim voor de juiste sfeer op het lab 

zorgden,, waarvoor mijn dank. Gedurende die tijd was ik ook getuige van een opbloeiende 

liefdee tussen mijn linker en rechter zuurkastburen wat een heel speciale ervaring was! Robin 

enn Lourdes, met veel plezier kijk ik terug op o.a. de voetbalavonturen, de vakantie in 

Frankrijkk en de bruiloft in Spanje en het kan toch bijna geen toeval zijn dat we nu wederom 

weerr buren zijn in het Wijchense. 

Dee "oude" garde met Mark als leermeester, Arjan als voorganger, Jan Dijkink voor de 

juistee praktische tips, Martin, Winfred en Willem Jan voor de nodige afleiding en Kim, 

Larissa,, Angeline en Wim als sfeermakers zorgden ervoor dat ik me direct thuis voelde in de 

Hiemstraa groep. Meer van mijn generatie waren Richard (voor alle antwoorden, live muziek 

enn nu samen bij Chiralix), Johan (voor de decibellen en de verse vis), Mandy (als gids, 

hospita,, en voor de kritische-noot-van-achter bij de besprekingen) en Boris (voor de 

scherpzinnigee analyses) waar ik veel mooie momenten mee heb beleefd. Verder wil ik alle 

anderee collega's van het D-gebouw bedanken voor alle hulp en collegialiteit: Ren & Rob, 

Jorg,, Stijn, Martijn, Paul, Monique, Hue, Elsbeth, Gertjan, Hans B., Remco & Hester, Stefan, 

Tomasso,, Maik, Michael, Gerbert, Ines, Ivo, Ricardo, Robin B., Rudmer, Daniel, Jordy, 

Maarten,, Jasper, Sabine, Rene, Stephane, de meer bio-georienteerde collega's Martin, 

Paymaneh,, Gerrit-Jan, Arnold, Melle, Remco, Tillman & Vic, Ron, Louis, Herald, en alle 

anderee collega's. 

Omdatt bij de synthese van liganden ook de katalyse hoort, ben ik veel te vinden 

geweestt op de negende bij HomKat. De behulpzaamheid was altijd groot, zodat ik als 



organicuss toch nog met de nodige katalysekennis de UvA kan verlaten. In het bijzonder wil 

ikk Bert S., Raymond, Rieko, Fabrizio, Maarten, Gerard, Mark, Vincent, Piet, Paul, Gino, Jitte 

enn Erik ontzettend bedanken voor alle hulp, tips en humor. Naast de pret op het lab waren 

allee zaalvoetbalpotjes met de meeste van julli e niet alleen een prachtige uitlaatklep voor mij, 

maarr heb ik daar ook hilarische, temperamentvolle en wonderschone voetbalmomenten 

mogenn beleven. Bedankt daarvoor! 

Vann onmisbare waarde waren ook alle vaste krachten van het D-gebouw. Jan, tijdens 

hett meten van de vele NMR-etjes was jij altijd opgewekt aanwezig. Je voetbalverhalen, je oog 

voorr vrouwelijk schoon en je liefde voor goede muziek (keep the rock alive!!) schepte een 

gezamelijkee band. Ook stonden Lidy en Jan Meine altijd klaar met raad en daad bij NMR 

problemen.. Han, ik ben je zeer erkentelijk voor de (nauw)keurige massametingen van al mijn 

brouwsels.. Hans M., je zorgde niet alleen voor de vrolijke noot tijdens de koffie, maar 

handeldee ook alle financiële zaken correct af. Willem B. en later Iwan, bedankt voor alle hulp 

mett de chemicaliën. Jan Fraanje en Kees Goubitz wil ik bedanken voor het meten van alle 

kristalstructuren.. Joep, als de man met de twee rechterhanden heb je me meerdere malen uit 

dee brand geholpen! Marjan bleek een onmisbare schakel in onze vakgroep; bedankt voor al 

hett papierwerk wat je me uit handen hebt genomen. En tenslotte wil ik Jaap ontzettend 

bedankenn voor al je bakkies, die vaak net zo sterk waren als je verhalen! 

Naastt alle chemici wil ik ook alle andere vrienden niet onvermeld laten. De 

westfriesee gezelligheid was en is altijd een mooie manier om de zinne te verzette. Mark & 

Irene,, Rob & Bianca, Martijn, Ymie, Barry & Annemarie, alle godenzonen die door de jaren 

heenn in KGB 3, 4 en 5 de sterren van de hemel speelden, de vriendinnen van Margreet (met 

aanhang),, alle neven en nichten en alle andere bekenden op wiens steun en gezelligheid ik 

doorr de jaren heen heb kunnen rekenen: PROOST! 

Mij nn directe familie en schoonfamilie wil ik bedanken voor het bieden van een solide 

thuisbasis,, waar ik altijd op kan terugvallen en waar ik mijn verhaal kan doen. Pap en mam, 

bedanktt voor alle steun en interesse tijdens mijn studie en promotietijd en voor de stimulans 

omm steeds de studierichtingen te kiezen die ik het leukst vond. Ik heb het altijd enorm 

gewaardeerdd dat julli e ondanks de ingewikkelde materie toch altijd enthousiast vroegen wat 

ikk had uitgevoerd en of er nog vooruitgang was geboekt. Paula & John, ik hoop dat het voor 

julli ee 'economen' ooit nog eens duidelijk zal worden waarom ik uit liefde voor het vak vier 

jaarr lang voor een zuinig loontje op het lab proefjes heb uitgevoerd en waarom ik gedurende 

diee periode mijn overuren niet opschreef, mijn vakantiedagen niet allemaal opnam en 

termenn uitkraamde als "geen resultaat is ook resultaat" en dat allemaal in verband met een 
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CHAPTE RR 1 

INTRODUCTION N 

1.11 Historical overview of homogeneous asymmetric hydrogenation 

Homogeneouss asymmetric hydrogenation has proven to be an excellent method to 

synthesizee enantiomerically pure chemicals.1 Ever since the pioneering work of Knowles, 

Hornerr and Kagan in the late sixties, the field has reached a very high level of sophistication 

nowadays.. Besides the synthesis of functionalized a- and |3-amino acids, the hydrogenations 

off  numerous prochiral olefins, enamides, enol esters and ketones substrates make it possible 

too obtain a large variety of important chiral products. A number of industrial processes make 

usee of these transition metal-catalyzed reactions in order to introduce chirality into their 

productss among which are pharmaceuticals, flavors, agrochemicals and other fine chemicals. 

Inn order to enlarge the scope of asymmetric catalysis in general, the design and 

synthesiss of new ligands is of crucial importance. History has shown that chiral phosphorus 

ligandss can provide excellent conversion and ee's in homogeneous asymmetric 

hydrogenations.. Famous ligands like Kagan's DIOP and Noyori's BINAP initiated the 

developmentt of hundreds of phosphine containing ligands, which ever enlarged the number 

off  prochiral substrates that could be effectively hydrogenated utilizing molecular hydrogen. 

Inn this chapter a short overview is presented concerning the development of this area. The 

fieldd of asymmetric transfer hydrogenations is not discussed. 

OMe e 

RR = Ph: (S)-PAMP 
RR = Cy: (S)-CAMP 
Knowless ef a/. (1968) 

a!-- *x 
(S)-1 1 
Hornerr et al. (1968) 

PPh2 2 

PPh2 2 

(S.S)-DIOP P 
Kagann era/. (1971) 

MeO O OMe e 

(S.S)-DIPAMP P 
Knowless et al. (1977) 

'',,, ,PPh2 

R ^ P P h 2 2 

RR = Me:(S,S)-CHIRAPHOS 
RR = H: (S)-PROPHOS 
Bosnichefa/.. (1977-1978) 

Chartt  1.1 Pioneering ligands. 

Fee p p h 2 

PPh2 2 

X=NMe2:(R,S)-BPPFA A 
XX = OH: (R.S)-BPPOH 
Kumadaera/.. (1976) 

Ph2P, , 

N N 
C02'Bu u 

PPh, , 

(S.S)-BPPM M 
Achiwaeff al. (1976) 

1 1 



ChapterChapter 1 

1.1.11 The beginning 

Thee history of catalytic asymmetric homogeneous hydrogenations of prochiral olefins 

startedd after the discovery of the hydrogenation properties of the [RhCl(PPh3)j] complex by 

Wilkinsonn in 1966.2 Knowles3 and Horner4 had the idea of replacing the triphenylphosphine 

groupss by chiral monophosphines in order to perform asymmetric hydrogenations, which 

resultedd in the introduction of the P-chiral monophosphine ligands PAMP, CAMP and the 

methylphenyl-"propylphosphinee 1 (Chart 1.1). 

Althoughh the initial enantioselectivities were not above 15%, the general idea proved 

too be a brilliant one. A few years later, Knowles reported the hydrogenation of 

dehydroaminoo acids catalyzed by an in situ formed Rh complex of CAMP yielding the 

productss with an ee up to 88% (Scheme l.l).5 

OAcc OAc OH 

LL = CAMP: 88% ee L-DOPA 
LL = DIPAMP: 95% ee 

Schemee 1.1 Application of CAMP and DIPAMP in the L-DOPA synthesis. 

Anotherr breakthrough was achieved by Kagan in 1971, when he published the 

successfull  results obtained with the first diphosphine ligand DIOP applied in rhodium-

catalyzedd hydrogenations.6 These results indicated that the use of bidentate diphosphine 

ligandss gave superior enantioselectivities compared to monodentate ligands. It became also 

clearr that the P-chiral part of the ligand could be successfully replaced by a chiral backbone. 

Thee success of DIOP triggered the development of many chiral bisphosphorus ligand, 

off  which Knowles's DIPAMP is the most famous example.7 This C2-symmetric diphosphine 

ligandd proved to be highly efficient in the rhodium-catalyzed hydrogenation of 

dehydroaminoo acids and it was employed in the industrial production of L-DOPA by 

Monsanto,, USA, soon after its discovery. For his pioneering studies in catalytic asymmetric 

hydrogenationn Knowles received the Nobel Prize in 2001." 

Otherr well known ligands developed in the seventies are depicted in Chart 1.1. 

Ligandss like Bosnich's CHIRAPHOS» and PROPHOS9 are clearly based on DIOP. Kumada 

exploredd the potential of the ferrocene backbone with the introduction of the efficient 

BPPFA"'' and BPPOH" ligands. 

1.1.22 Importan t contribution s 

Overr the last few decades diphosphine ligands have proven to be very efficient chiral 

auxiliariess in homogeneous asymmetric hydrogenations. Many new ligands were derived 

2 2 



Introduction Introduction 

fromm the ones depicted in Chart 1. By changing e.g. the bite-angle, the dihedral angle or the 

conformationall  flexibilit y ligands with different properties could be obtained. The most 

famouss new invention was Noyori's BINAP, first reported in 1980.12 The rhodium, and later 

alsoo the ruthenium complexes of this 2,2'-diphenylphosphine-l,l'-binaphthyl, gave high 

enantioselectivitiess in the hydrogenation of a variety of both olefinic and ketone substrates.13 

Becausee the introduction of BINAP broadened the scope of asymmetric hydrogenations 

enormously,, Noyori was rewarded the Nobel Prize for his work in 2001M 

Inn Chart 1.2 a collection of very efficient chiral phosphorus ligands are depicted, 

whichh all played an important role in the development of asymmetric hydrogenation. 

Excellentt ee's were achieved with Burk's BPE and DuPhos in the hydrogenation of various 

functionalizedd olefins, which expanded the scope of the field significantly.14 The Josiphos 

ligandd and analogues thereof proved to be very efficient non-C2-symmetric ferrocene based 

ligands,, which were applied in some industrial applications of rhodium- and iridium 

catalyzedd hydrogenations.15 [2,2]-PHANEPHOS is a successful example of a chiral 

diphosphinee ligand, based on a paracyclophane backbone.16 

A. . 
(R)-BINAP P 
Noyorii et at. (1980) 

JO JO 
(S.S)-R-BPEE (S.S)-R-DuPhos 
Burkk et al. (1990) Burk et al. (1990) 

PCy2 2 

p'ee p p h 2 

(R)-(S)-Josiphos s 
Togni/Spindlerr et al. (1994) 

PPh2 2 

PPh? ? 

Fe e 
>—cda> > 

(S)-[2,2]PHANEPHOS S 
Pye/Reiderr era/.(1997) 

Chartt  1.2 Important contributions. 

(S.S)-BisP* * 
Imamotoeff al. (1998) 

(S.S)-Et-FerroTANE E 
Genett ef al. (1999) 
Burkk et al. (2000) 

Imamoto'ss BisP* brought about a revival of P-chiral diphosphine ligands. The 

electron-richh BisP* ligands proved to be very active and selective in hydrogenations of a 

varietyy of substrates.17 Mechanistic studies with 'Bu-BisP* in rhodium-catalyzed 

hydrogenations11* 188 showed that the mechanism with electron rich phosphorus ligands can be 

differentt (dihydride mechanism) from the classical pathway proposed by Halpern19 and 

Brown200 (Scheme 1.2). 
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SS = solvent 
XX = donor atom 

rr pp '-A^-\'-A^-\  R rp'-+ '>s rPh: * *s H2 rR-,, T+VH 

JJ  . s 

II f  A 

Y~Y~ ~/<-^/ < reductive il X 
i|| elimination ^ \ ^ 

R--

oxidativee reductive 
^additionn elimination 

H ' - ï t AA insertion /P„ ^ . ^ S r*"-$ *S . , r^"- ^+ *H 

^ P / JJ  s > - R F x Y*R F x R~y 
HH ' ^- J 

Classicall unsaturated mechanism Dihydride mechanism 

Schemee 1.2 Schematic catalytic cycles for asymmetric hydrogenations. 

Inn the classical (unsaturated) mechanism the addition of the alkene precedes the 

oxidativee addition of molecular hydrogen. The migratory insertion is irreversible and in this 

stepp the stereochemical outcome of the reaction is determined. The catalytic cycle ends with 

aa reductive elimination of the product. Imamoto has demonstrated with low temperature 

NMRR experiments that a solvated dihydride intermediate acts as the active catalyst. After 

additionn of the alkene, the cycle is completed in a similar way as in the classical mechanism. 

Thee last successful example depicted in Chart 1.2 is the FerroTANE ligand, 

developedd independently in the groups of Genet21 and Burk.22 This ferrocene based ligand 

wass applied in the rhodium-catalyzed hydrogenation of e.g. itaconates yielding the products 

withh excellent ee's. 

1.1.33 Atropisomeric biary l ligands 

Sincee the introduction of BINAP by Noyori, the field of homogeneous asymmetric 

hydrogenationn has been enriched with a multitude of different C2-symmetric or 

atropisomericc biaryl ligands.23 In order to control and optimize the chiral induction, 

electronicc and steric factors were varied widely. The large structural variety of these ligands 

iss for a great deal responsible for the level the area has reached. 

Thee axial chirality in the biaryl ligands results from a restricted rotation about the 

centrall  single carbon-carbon bond. The rotational barrier must be sufficient to allow isolation 

off  the enantiopure species. Most tetra-orf/w-substituted biphenyls are resolvable. An example 

off  such a biphenyl diphosphine ligand is Miyashima's BICHEP24 (Chart 1.3), which was 

successfullyy applied in both rhodium- and ruthenium catalyzed asymmetric hydrogenations. 

Otherr BINAP derivatives like Takaya's Hs-BINAP,25 Mohr's bis-steroidal diphosphine 

2266 and Hiemstra's dibenzofuran-based BIFAP27 provided similar or even better 

enantioselectivitiess than BINAP in ruthenium-catalyzed asymmetric hydrogenations. 
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(S)-BICHEPP (R)-H8-BINAP V ^ \ / (R)-BIFAP 
Miyashimaa et al. Takaya et al. (1991) - Hiemstra et al. (1999) 
(1989)) (R)-2 

Mohrefa/.. (1997) 

(R)-SEGPHOSS (S)-Cn-TunaPhos R = (Bu: Pringle et al. (2000) 
Takasagoo International Zhang et al. (2000) R = OR: Reetz er al. (2000) 
Corporationn (1999) R = NR2: Feringa et al. (2000) 

Chartt  1.3 Selection of C2-symmetric biaryl ligands. 

Thee effect of changing the dihedral angle of the biaryl backbone is demonstrated by 

thee chemists of Takasago Company. Their SEGPHOS ligand possesses a smaller dihedral 

anglee than BINAP and proved to give higher ee's than BINAP.28 Zhang and co-workers 

designedd the TunaPhos ligands in order to investigate the influence of the dihedral angle of 

biaryll  diphosphine ligands. It was shown that changing the dihedral angle can have a 

dramaticc effect on the enantioselectivity of the hydrogenations.29 In the hydrogenation of p~ 

ketoo esters the C4-TunaPhos provided the best selectivities, which were comparable or even 

superiorr to the results obtained with BINAP. However, in the hydrogenation of enol acetates, 

thee best selectivities were obtained with C2-TunaPhos, demonstrating the importance of the 

dihedrall  angle. 

Thee last few years, the field of asymmetric hydrogenation of prochiral olefins has 

witnessedd a remarkable change of opinion. Ever since the introduction of the diphosphine 

DIOPP by Kagan, the use of enantiopure bidentate ligands seemed to be a necessity for 

obtainingg excellent enantioselectivities. Pioneering studies from the groups of Pringle,30 

Feringa311 and Reetz32 showed that atropisomeric biaryl monodentate phosphonite, 

phosphoramiditee or phosphite ligands also yield highly active and selective rhodium 

catalystss for the asymmetric hydrogenation of a variety of alkenes, giving comparable or 

sometimess better results than obtained with bidentate ligands. 

Thesee last results demonstrate that although there are already many, many ligands 

known,, there is still room for improvement. Not only concerning the selectivity and activity 

off  the catalytic systems but also issues like ligand synthesis, catalyst stability, catalyst 
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solubilityy in reaction media like water or supercritical CO2 and catalyst recovery are 

challengingg topics for future research. 

1.22 Ligand synthesis 

Mostt C2-symmetric biaryl Iigands are synthesized according to a general route. In 

Schemee 1.3 this approach is depicted for the synthesis of Iigands derived from B1NOL and 

involvess the most straightforward synthetic strategy towards BINAP. The first key reaction 

iss the dimerisation of two monomeric naphthol moieties in an oxidative phenol coupling. A 

resolutionn of the obtained biphenol provides the two enantiomerically pure diols, which are 

thenn transformed into the desired chiral phosphorus Iigands. 

RR " a l ky' MAP-liqands 
RR = O-alkyl 
RR = N(alkyl)2 

Schemee 1.3 Synthetic strategy towards chiral biaryl Iigands. 

Thee phenol coupling, known since 1926,33 has been studied intensively34 and can be 

performedd in high yield with a stoichiometric amount of an oxidant like FeCh or Mn(acac)3 

orr by using a copper of vanadium catalyst and molecular oxygen as the oxidant. To 

circumventt the resolution, several enantioselective oxidative couplings have been developed 

inn the last decade (Scheme 1.4).35 

Thee use of chiral diamines in combination with a copper catalyst yielded moderately 

enrichedd BINOL. The enantioselectivity improved significantly when chiral tridentate 

oxovanadium(IV)) complexes were applied. Recent reports by Chen36 and Jiang37 showed that 

aa highly enantioselective synthesis of BINOL directly from 2-naphthol is within reach. 
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catalyst t 

o2 2 

BINOL L 

catalysts: : 

99%,, 84% ee 
(Chenn et at. 2002) 

89%,, 89% ee 
(Jiangg et at 2002) 

Schemee 1.4 Enantioselective oxidative coupling of 2-naphthol. 

Thee introduction of the phosphorus containing moieties is also a well-studied 

subject.388 BINOL can be easily transformed into chiral monodentate phosphonite, 

phosphoramiditee or phosphite ligands by reaction with either the corresponding RPCb or by 

reactionn with PCb followed by the appropriate alcohol or amine (Scheme 1.3). The 

transformationn of BINOL to BINAP is most efficiently performed by a NiChdppe catalyzed 

cross-couplingg reactions between the corresponding BINOL ditriflate and HPPfi2, yielding 

BINAPP in 75% yield.39 The synthesis of P,N-ligands from BINOL is more troublesome, but a 

neww reaction for this purpose is described in this thesis (Chapter 5).40 

1.33 The Carbazole Moiety 

Carbazolee was discovered in 1872 in the crude anthracene fraction of coal tar.41 The 

preparationn of carbazole in a pure state was difficult , resulting in the publication of a variety 

off  melting points ranging from 235 °C to 245 °C.42 The numbering in the skeleton is depicted 

inn Chart I.4.43 This numbering predates the introduction of systematic nomenclature and is 

retainedd for historical reasons. The basicity of carbazole (pKa = -4.94) is lower than that of 

indolee and pyrrole, making it insoluble in dilute acids but only in concentrated H2SO4 with 

protonationn of the nitrogen atom. The NH-acidity of carbazole (pKa = 17.06) corresponds to 

thatt of indoles and pyrroles, allowing N-metallation followed by electrophilic substitution on 

nitrogen.. When the carbazole is treated with electrophiles, substitution occurs regioselective 

onn the 3-position. 
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Chartt  1.4 The carbazole moiety. 

Forr the synthesis of carbazoles, the method of Graebe and Ullmann44 is of wide 

applicationn (Scheme 1.5). Treatment of o-aminodiphenylamine with nitrous acid gives the 1-

phenyl-l,2,3-triazole,, which loses nitrogen on heating to give a quantitative yield of 

carbazole.. The reaction has been utilized for the preparation of a number of carbazoles. 

HN02 2 

Schemee 1.5 Graebe-Ullmann Synthesis. 

Borsche455 developed another frequently applied strategy for the synthesis of 

carbazoles.. In this sequence tetrahydrocarbazoles, obtained with the Fischer indole reaction46 

betweenn a cyclohexanone and a phenylhydrazine, are dehydrogenated to the carbazoles 

(Schemee 1.6). The dehydrogenation can be effected by treatment with lead oxide like Borsche 

did,, but can also be accomplished with several other reagents like catalytic copper oxide, 

chloranil,, DDQ or palladium on carbon. This methodology allows the synthesis of a wide 

varietyy of carbazoles. 

HN N 
,NH2 2 

H+ + ,o ,o -NHa a 

Schemee 1.6 Method of Borsche. 

Thee carbazole is not a usual structural motif in natural products. There are a few 

carbazolee containing alkaloids known, of which three examples are depicted in Chart 1.5. 

murrayaninee ellipticine 
Chartt  1.5 Carbazole-based alkaloids. 

carazolol l 
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Ellipticinee can intercalate into human DNA and derivatives of this structure are used 

ass cytostatic agents. The p-blocker carazolol is one of the few carbazole containing 

pharmaceuticals. . 

Bicarbazoless containing a biaryl axis have been reported (Chart 1.6).47 Especially 

duringg the 1990s, Furukawa48 and Wu49 isolated several alkaloids possessing such a 

structurall  motif. Bringmann and co-workers intensively studied the total synthesis, 

stereoanalysiss and resolution of these axially chiral biaryl alkaloids and related 

compounds.50 0 

bismurrayaquinone-AA OMe 

murrastifoline-F F 
Chartt 1.6 Bicarbazole natural products. 

Too the best of our knowledge, the use of the carbazole moiety as a structural motif in 

ligandss applied in homogeneous catalytic applications is not known. 

1.44 Outlin e of thi s Thesis 

Thiss thesis deals with the synthesis and applications of new chiral C2-symmetric 

phosphoruss ligands based on the bicarbazole skeleton, with the emphasis on the synthesis. 

Inn chapter 2 the construction and resolution of the bicarbazole backbone BICOL is presented. 

Thee hypothesis was that BICOL could function as a versatile synthon for the construction of 

aa variety of chiral ligands. The carbazole nitrogen was envisaged to serve as a handle for the 

facilee introduction of diversity into the designed ligands (Scheme 1.7). 

Inn chapter three, the enantiomerically pure BICOL is transformed into a family of 

neww diphosphine ligands, named BICAP. Variations in the electronic properties of the 

carbazolee nitrogen substituent allowed the development of a set of sterically alike ligands 

whichh differ in the donating behavior of the phosphorus atoms. The ligands are applied in 

thee homogeneous asymmetric hydrogenation of methyl acetoacetate and dimethyl itaconate. 

BICOLL derived phosphoramidite ligands are synthesized in chapter 4. The carbazole 

nitrogenn atoms are used to attach third generation dendritic carbosilane wedges onto the 

backbone.. The encapsulated ligands proved to be highly efficient in the asymmetric 

hydrogenationn of a dehydroamino acid, yielding the product quantitively with an ee of 95%. 
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(R)-BICOLL phosphoramidite ligands 

Is s 

P(0)Ph2 2 

NHR R 

Ts s 

P,W-ligands s 

Schemee 1.7 Target l igands. 

Thee thesis ends wi t h a chapter dedicated to the synthesis of new P,N-l igands directly 

f romm BICOL, us ing an unpreceden ted subst i tut ion reaction of an arylnonaflate for an 

im inophospho ranee ni t rogen, der ived in situ via the Staudinger react ion be tween an already 

in t roducedd d ipheny lphosph ine moiety and a functionalized azide. This new methodology 

p rovedd to be a powerful tool for the construction of a variety of interest ing P,N-l igands 

s tar t ingg from either BICOL or BINOL. 
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SYNTHESISS AN D RESOLUTION OF BICOL, 

AA CARBAZOLE ANALOGUE OF BINOL* 

2.11 Introductio n 

Overr the last few decades C2-symmetric bidentate Iigands have proven to be very 

efficientt chiral auxiliaries in homogeneous asymmetric catalysis.1 The success of complexes 

off  2,2'-disubstituted l,l'-binaphthyls, in particular BINOL 2 and BINAP 3, in giving high 

enantioselectivitiess in numerous catalytic reactions, has encouraged the synthesis of several 

relatedd Iigands (Chart 2.1).2 In order to control and optimize the chiral induction, electronic 

andd steric factors were varied widely. In this regard, we recently developed the synthesis of 

BIFOLL 4, BIFAP 5 and BIFAPS 6, a family of new bidentate Iigands based on the 

bidibenzofurann backbone and useful for asymmetric catalysis in both organic solvents and in 

aqueouss media.3 The promising results of these Iigands in asymmetric catalysis led to the 

ideaa of the synthesis of BICOL 1, another new chiral bidentate ligand based on the 

bicarbazolee backbone. In addition to the successful bidibenzofuran type Iigands 4-6, the 

carbazolee amine allows facile functionalization. In ongoing studies tailor-made Iigands wil l 

bee made by variations at the carbazole nitrogen in order to fine-tune the electronics and 

sterics. . 

(R)-BINOLL (2) (R)-BINAP (3) (R)-BIFOL (4) 

(R)-BIFAP(5)) (R)-BIFAPS (6) (R)-BICOL(1) 

Chartt  2.1 BINOL and BINAP analogues. 

**  Part of this Chapter was published in: P.N.M. Botman, M. Postma, J. Fraanje, K. Goubitz, H. Schenk, J. H. van 
Maarseveen,, H. Hiemstra, Eur. /. Org. Chan. 2002,1952. 
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Inn this chapter a robust synthesis of BICOL, based on the Fischer indole synthesis4 and the 

oxidativee phenol coupling reaction, is described. The resolution of BICOL is performed by 

employingg both enantiomers of menthyl chloroformate as the resolving reagents. 

2.22 Synthesis of L 

Forr the synthesis of 3-hydroxycarbazole 10 we optimized the route developed by 
Miln ee and Tomlinson in 1952 (Scheme 2.1).5 

,NH3CI I 

OMe e 

AcOH H 
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AcOH,, 115 "C 

10(98%) ) 

Schemee 2.1 Synthesis of carbazole monomer. 

Tetrahydrocarbazolee 7, smoothly obtained according to a literature procedure6 from 

cyclohexanonee and 4-methoxyphenylhydrazine hydrochloride, was oxidized to 

methoxycarbazolee 8 using wet palladium on carbon in a high boiling solvent (p-cymene, b.p. 

176-1788 °C). Deactivation of the catalyst by water proved to be essential. Reaction in the 

absencee of water yielded an approximately 1:1 mixture of methoxycarbazole 8 and the 

demethoxylatedd carbazole 9, while addition of water shifted this ratio to 99:1 in favor of the 

desiredd methoxycarbazole. 

CuS04/AI203 3 

022 xylene 
*. . 

acetone,, 120 C 

LL 1 (40-50%) 111 (15-20%) 

Schemee 2.2 Synthesis of . 
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Severall  oxidative coupling methods were investigated7 in order to dimerise 

hydroxycarbazolee 10, obtained from 8 by cleavage of the methyl ether according to the 

literaturee procedure.5 The reaction was carried out successfully using either a stoichiometric 

amountt of oxidant (Mn(acac)3)
8 or by using a catalyst (CuCl(OH) TMEDA," VO(acac)2,

10 

CUSO4/AI2O3)111 and molecular oxygen as the oxidant. Al l reactions yielded the same 

productss in similar ratios; 40-50% symmetric bicarbazolediol 1 (BICOL, m.p. 327-328 °C) and 

15-20%% asymmetric dimer 11 (m.p. 197-199 °C) (Scheme 2.2). After completion of the 

reaction,, as was monitored by TLC, it appeared necessary to remove the oxidants from the 

reactionn mixture, because extensive stirring under oxygen atmosphere led to over-oxidation 

off  the diol, yielding probably quinone-like products. Separation of the product from the 

metall  salts and the by-products could only be accomplished in a practical manner by tedious 

columnn chromatography. The finding that the alumina-supported copper(II) sulphate 

catalystt could be easily removed before column chromatography by filtration made this the 

methodd of choice. 

O O 

) ) 

Schemee 2.3 Synthesis of . 

Thee success of the dimerisation towards BICOL, made it obvious to investigate 

whetherr BIFOL could also be obtained in one step from commercially available 2-

hydroxydibenzofurann (10). Treatment of 10 with CUSO4/AI2O3 in the presence of molecular 

oxygen,, effected the construction of racemic BIFOL 4, which could be isolated from the 

severall  by-products in the reaction mixture in a moderate yield of 36% (Scheme 2.3). This 

shortenss the synthesis of BIFOL compared to a previous route applied in our group, 

involvingg an Ullmann coupling.3 

2.33 Resolution of L 

Inn order to use the carbazole-based diol as chiral ligand, the resolution of the 

enantiomerss had to be performed. Of the numerous successful methods for the non-

enzymaticc resolution of BINOL and its derivatives,1213 several were tested. Separation by use 

off  N-benzylcinchonidinium chloride (NBC), as described by Reider et al.,12c allowed the 

formationn of inclusion crystals. Unfortunately, these crystals consisted of both enantiomers 

off  BICOL together with NBC. The next method we considered was the procedure described 

byy Hu et a/.,13b which was also successfully applied in the resolution of 3a Reacting 

17 7 



ChapterChapter 2 

LL with POCb, using a similar procedure as described by Hu et ah, followed by (S)-l-

phenylethylaminee yielded a 1:1 diastereomeric mixture of phosphoramidates. Regrettably, 

thesee products proved to be virtually insoluble in the common solvents, making separation 

and// or recrystallisation impossible. More success was obtained with the procedure 

developedd by De Lucchi et a/.,13a using menthyl chloroformate 12 as resolving agent (Scheme 

2.4). . 
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OHH II 
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O-^OMen n 
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LiAIH4 4 

(R)-(+)-BICOL 11 (100%) 

Schemee 2.4 Resolution of . 

motherr liquor 

LiAIH44 I 

1:33 mixture of (R)-1 : (S)-1 
(100%) ) 

(+)-12,, Et3N | 

1:33 mixture of diastereomers 
(96%) ) 

recrystallisationn I 

(+)-13(82%) ) 

UAIH44 I 

(S)-(-)-BICOLL 1 (100% 

Reactionn of L with (-)-12 (2 equiv.) in the presence of Et3N in acetonitrile 

gavee a 1:1 mixture of the diastereomers. A single recrystallisation from diisopropyl ether 
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yieldedd colourless crystals of diastereomerically pure (-)-13 ([a]D20 = -242, m.p. = 214 °C) in 

67%% yield, based on one diastereomer (>98% de, checked with HPLC). After removal of the 

chirall  auxiliary employing LiAlH 4 as reducing agent, enantiomerically pure (R)-(+)-BICOL 

([a]o2uu = +105, m.p. = 180-183 °C) was obtained in a quantitative yield. 

Thee residue of the recrystallisation was also reduced with LiAlFLt , yielding an enriched 3:1 

mixturee in favour of (S)-(-)-BICOL. Upon reaction of this mixture with (+)-menthyl 

chloroformatee (+)-12, a 3:1 mixture of the diastereomers was obtained, with (+)-13 in excess. 

AA single recrystallisation from diisopropyl ether now gave colourless crystals of 

diastereomericallyy pure (+)-13 (>98% de, ([a]D
20 = +242, m.p. = 214-215 °C) in 82% yield, 

basedd on one diastereomer from the 3:1 mixture. In principle, the mother liquor could be 

subjectedd to the same reaction sequence, using alternatingly (-)- and (+)-menthyl 

chloroformate.. Removal of the chiral auxiliary using LiAlFL t yielded enantiomerically pure 

(S)-(-)-BICOLL ([(X]D 20 = -105, m.p. = 180-184 °C). The difference in melting point of ca. 145 °C 

betweenn racemic and enantiopure BICOL is remarkable. For BINOL this difference is less 

thann 10 °C. 

Figuree 2.1 ORTEP drawing of the crystal structure of (-)-13. 

Thee crystal structure of (-)-13 was determined by X-ray diffraction (Figure 2.1).14 The 

absolutee configuration could not be determined unequivocally. However, because the 

absolutee configuration of the starting reagent [(-)-(lR)-menthyl chloroformate] is known, the 

crystall  structure showed that (-)-13 contains the (R)-enantiomer of BICOL. The asymmetric 
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unitt contains one molecule of the recrystallisation solvent diisopropyl ether. The structure 

showedd furthermore that the two carbazole moieties are positioned almost perpendicular. 

Thee dihedral angle between these two planar units is 80.4°. 

2.44 Conclusions 

Inn conclusion, we have described a straightforward synthesis and resolution of 

BICOLL 1. A CUSO4/AI2O3 catalysed oxidative phenol coupling allowed the formation of the 

bicarbazolee skeleton in one step from 3-hydroxycarbazole 10. Menthyl chloroformate was 

successfullyy used as resolving agent for , yielding, after reductive removal of the 

chirall  auxiliary, both enantiomers of BICOL in pure form. Studies towards the application of 

thiss new type of BINOL derivatives, by the introduction of substituents at the carbazole 

nitrogenss and further functionalisation of the bicarbazole skeleton (i.e. with phosphine or 

phosphoramiditee groups) towards new classes of ligands wil l be reported in the next 

chapters. . 
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2.66 Experimental section 

Generall  remarks 

Alll  reactions were carried out under an inert atmosphere of dry argon, unless stated otherwise. 

Standardd syringe techniques were applied for the transfer of air sensitive reagents and dry solvents. 

Infraredd (IR) spectra were obtained from CDCb solutions, using a Bruker IFS 28 FT-spectrophotometer 

andd wavelengths (v) are reported in cm1. 'H and "C (APT) nuclear magnetic resonance (NMR) 

spectraa were determined in [D6] acetone using a Bruker ARX 400 (400 MHz and 100 MHz, 

respectively)) unless indicated otherwise. Spectra are reported in units of ppm on the 5 scale, relative 

too chloroform (7.26 ppm for ^H NMR and 77.0 ppm for BC NMR). HRMS measurements were carried 

outt using a JEOL JMS-SX/SX 102 A Tandem Mass Spectrometer. A HP Series 1050 HPLC was used for 

HPLCC experiments, using an Inertsil ODS-S column (1 x d = 50 x 4.6 mm, particle size = 3 um) with 

acetonitrile:waterr = 50:50-^95:5 (+ 0.04% formic acid) as the eluent. The detection wavelength was 254 

nm.. All X-ray measurements were carried out on an Enraf-Nonius CAD-4 diffractometer with 

graphite-monochromatedd CuKa radiation (\(CuKa)=1.5418A) and «-28 scan. Optical rotations were 

measuredd on a Perkin-Elmer 241 polarimeter in a 1 dm cell (2 mL) in the indicated solvent at the 

indicatedd concentration, temperature and wavelength. Chromatographic purification refers to flash 
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chromatography155 using the indicated solvent (mixture) and Acros silica gel (0.035-0.070 mm). Rf 

valuess were obtained by using thin layer chromatography (TLC) on silica gel-coated plastic sheets 

(Merckk silica gel F254) with PE(60-80):EtOAc = 1:1 as the eluent unless noted otherwise. Melting points 

aree uncorrected. Tetrahydrofuran was freshly distilled from sodium with benzophenone as indicator. 

Acetonitrilee was distilled from calcium hydride and stored over MS 4A under a dry argon 

atmosphere.. Triethylamine was dried and distilled from KOH pellets. Al l commercially available 

reagentss (Aldrich or Acros) were used as received, unless indicated otherwise. 

9H-CarbazoI-3-oll  (10): To a solution of 7M (5.0 g, 24.8 mmol) in p-cymene (50 mL) and 

T~\T~\ water (10 mL), 10% Pd on carbon (2.5 g, Aldrich) was added. The resulting suspension 
-OHH was refluxed (170-180 °C) for 48 h, cooled to room temperature and filtered. The 

residuee was flushed with boiling EtOAc. The collected filtrates were concentrated in vacuo to yield a 

99:11 mixture of 8 and 9 (4.8 g, 24.6 mmol, 99%). The crude mixture was used for the synthesis of 10, 

accordingg to the literature procedure. Spectral data were in accordance with the literature.16 

ll  (BICOL , 1) 

Too a solution of 8 (3.10 g, 16.9 mmol) in xylene (120 mL) and acetone (22 mL) was 
0HH added CU.SO4/AI2O3 (2.3 g). The solution was heated at reflux for 18 h while pure 

oxygenn was bubbled through the suspension. After cooling to room temperature the 

darkk mixture was filtered and the solid material on the filter washed with EtOAc. The 

combinedd organic fractions were concentrated in vacuo. Purification by chromatography (PE:EtOAc = 

2:1-»1:1)) yielded 1 (1.53 g, 8.4 mmol, 50%) and 11 (0.59 g, 3.2 mmol, 19%) as light brown powders. 1: R, 

==  0.24. M.p. = 327-328 °C. 'H NMR: 5 = 10.14 (br s, 2 H), 7.53 (d, / = 8.6 Hz, 2 H), 7.35 (d, / = 8.1 Hz, 2 

H),, 7.22 (d, / = 8.6 Hz, 2 H), 7.12 (m, 4 H), 6.71 (d, ƒ = 8.0 Hz, 2 H), 6.56 (dt, / = 7.2, 0.9 Hz, 2 H). " C 

NMRR ([D6] DMSO): 6 = 147.9,140.4,134.1,124.4, 123.0, 122.0,121.1,117.2,116.6,114.9,110.3, 110.1. IR: 

oo 3402 (br s), 1684. HRMS (FAB+) calcd for C24HI702N2 (M+H*) 365.1290; found 365.1300. 

11:: Rf = 0.36. M.p. = 197-199 °C. 'H NMR: 5 = 10.23 (br s, 1 H), 10.17 (br s, 1 H), 7.90 (d, 

// = 7.8 Hz, 1 H), 7.81 (m, 2 H), 7.60 (d, ƒ = 2.5 Hz, 1 H), 7.43 (m, 3 H), 7.32 (m, 2 H), 7.21 

(m,, 2 H), 7.12 (dd, ƒ = 8.8, 2.5 Hz, 1 H), 7.06 (t, / = 7.2 Hz, 1 H), 6.87 (t, ƒ = 7.2, Hz, 1 H). 

«CC NMR: 8 = 151.5, 142.6, 140.5, 140.2, 135.8, 135.1, 135.0, 125.6, 125.2, 122.8, 122.2, 

122.1,120.7,, 120.2, 118.1, 118.0, 117.2,116.7,114.1, 111.5,111.0,110.7,107.8,104.7. IR: o 

34066 (br s), 1691. HRMS (FAB+) calcd for C24H1702N2 (M+H+) 365.1290; found 

365.1292. . 

Resolutionn of BICOL 

Too a stirred solution of racemic BICOL 1 (1.0 g, 2.75 mmol) and EtiN (1.91 mL, 13.7 mmol) in 

acetonitrilee (27 mL) was added dropwise (-)-(lR)-menthyl chloroformate (-)-12 (1.36 mL, 6.3 mmol). 

Thee solution was stirred at room temperature for 1 h. The reaction was quenched by addition of 

EtOAcc (100 mL) and water (100 mL). The layers were separated and the aqueous layer was extracted 

withh EtOAc (2 x 50 mL). The combined organic layers were dried over Na2S04 and concentrated in 

vacuo.vacuo. Purification by chromatography (PE:EtOAc = 5:1->2:1) afforded a 1:1 diastereomeric mixture as 

ann off-white solid (1.71 g, 2.35 mmol, 85%). Rf = 0.50 (for both diastereomers). The mixture was 
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dissolvedd in refluxing diisopropyl ether (8 mL) and set aside at room temperature overnight. The 

resultingg crystals were collected, washed with diisopropyl ether and dried in vacuo, yielding (-)-13, as 

aa single diastereomer (573 mg, 0.79 mmol, 67% yield based on one diastereomer). M.p. = 214 °C. TH 

NMR:: 10.57 (s, 2 H), 7.72 (d, /=8.7 Hz, 2 H), 7.42 (dd, ƒ = 8.7, 8.2 Hz, 4 H), 7.13 (dt, ƒ = 6.5,1.7 Hz, 2 H), 

6.577 (m, 4 H), 4.14 (dt, ƒ = 4.4, 10.9 Hz, 2 H), 1.75 (m, 2 H), 1.49 (m, 4 H), 1.27 (m, 4 H), 1.04 (m, 2 H), 

0.855 (m, 2 H), 0.79 (d, ƒ = 6.5 Hz, 6 H), 0.67 (m, 4 H), 0.62 (d, ƒ = 7.0 Hz, 6 H), 0.24 (d, ƒ = 6.9 Hz, 6 H). 

«CC NMR: 154.3, 143.2, 142.1, 139.1, 126.5,124.0, 123.3,123.2,123.0,121.2,119.4, 111.9, 111.6, 79.1, 47.8, 

41.1,, 34.9, 32.1, 26.8, 24.1, 22.4, 20.9, 16.3. HRMS (FAB+) calcd for C4fcH53N206 (M+H+) 729.3904, found 

729.3950.. [a] D
20=  -242 (c - 1.0, CHC13). 

Thee remaining filtrate was concentrated in vacuo, yielding a yellow solid (1.13 g, 1,55 mmol). After 

dissolvingg the mixture in anhydrous THF (31 mL), LiAlH 4 (588 mg, 10.9 mmol) was added in 3 

portionss over 10 min. The reaction mixture was stirred for 1 h at room temperature. The reaction was 

carefullyy quenched by adding water, EtOAc and IN aqueous HC1. The layers were separated and the 

aqueouss phase was extracted with EtOAc (3 x 60 mL). The combined organic layers were dried over 

Na2S044 and concentrated in vacuo. Purification by chromatography (PE:EtOAc = 1:1) afforded a 3:1 

mixturee of (S)-BICOL and (R)-BICOL as a white solid (564 mg, 1.55 mmol, 100%). 

Thee 3:1 mixture was reacted with (+)-menthyl chloroformate (+)-12 according to the procedure 

describedd above, yielding a 3:1 mixture of diastereomers (1.08 g, 1.49 mmol, 96%). After 

recrystallisationn from diisopropyl ether (5 mL) the formed cubic crystals were collected, washed with 

diisopropyll  ether and dried in vacuo, yielding (+)-13, as a single diastereomer (664 mg, 0.91 mmol, 82% 

calcdd from the 3:1 mixture). M.p. = 214-215 DC. HRMS (FAB+) calcd for C46H53N2O6 (M+H+) 729.3904, 

foundd 729.3889. [a]D
20 = +242 (c = 1.0, CHCI3). Spectral data are identical to (-)-13. 

Bothh diastereomerically pure (-)-13 and (+)-13 were treated with L1AIH4 according to the procedure 

describedd above, yielding enantiomerically pure (R)-{+)-BICOL and (S)-(-)-BICOL, respectively, in a 

quantitativee yield after purification by chromatography (EtOAcPE = 1:1). 

(R)-(+)-BICOL:: M.p. = 180-183 °C. HRMS (FAB+) calcd for C24H17N2O2 (M+H+) 365.1290, found 

365.1296.. Anal, calcd for C24H16N202  0.6 EtOAc: C 75.95, H 5.03, N 6.70; found C 76.02, H 4.92, N 6.41. 

[a]o200 = +105 (c = 1.0, THF). Spectral data are identical to L and confirmed the presence of 

EtOAc. . 

(S)-(-)-BICOL:: M.p. = 180-184 °C. HRMS (FAB+) calcd for C24Hi7N202 (M+H+) 365.1290, 

f oundd 365.1284. Anal, calcd for C24H16N2O2  0.8 EtOAc: C 75.15, H 5.19, N 6.45; found C 

75.13,, H 4.89, N 6.31. [a]D
20 = -105 (c = 1.0, THF). Spectral data are identical to L and 

confirmedd the presence of EtOAc. 

Crystall  structur e of ( - ) -13-( 'Pr)20 

Abstract. . 

C46H52N2O6.C6H14O,, M r = 728.9, orthorhombic, P2i2i2i, a = 12.8775(9), b = 17.0480(11), c = 22.654(2)A, 

VV = 4973.4<6)A3, Z = 4, Dx = 1.11 gem-', X(CuKa) = 1.5418A, u(CuKa) = 0.58 mm-1, F(000) = 1792, -15*C, 

Finall  R = 0.50 for 4151 observed reflections. 
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Experimental. . 

AA crystal with dimensions 0.50 x 0.50 x 0.75 mm approximately was used for data collection. A total of 

46811 unique reflections was measured within the range 0<h<15, 0<k<20, 0<126. Of these, 4151 were 

abovee the significance level of 2.5o(IGbs) and were treated as observed. The range of (sin 9)/A was 

0.037-0.587AA (3.2<6<64.9°). Two reference reflections ([2 0 2],[2 2 1]) were measured hourly and 

showedd 10% decrease during the 57 h collecting time, which was corrected for. Unit-cell parameters 

weree refined by a least-squares fitting procedure using 23 reflections with 40.05<9<41.97. Corrections 

forr Lorentz and polarisation effects were applied. In addition, approximately 850 "Friedel" reflections 

weree measured for the determination of the absolute configuration. Al l attempts to do so failed (the 

"Flack""  parameter did not refine conclusively to either 0.0 or 1.0),17 but the absolute configuration of 

thee starting reagents were known exactly and so the absolute configuration of the end product could 

bee established as RSR (C15, C16, C19 and C39, C40, C44) for both sides of the molecule. The structure 

wass solved by the program package CRUNCH.18 After isotropic refinement a AF synthesis revealed 7 

residuall  peaks that could be interpreted as diisopropyl ether, one of the solvents used during 

crystallisation.. Full-matrix least-squares refinement on F, anisotropic for the non-hydrogen atoms 

isotropicc for the hydrogen atoms restraining the latter in such a way that the distance to their carrier 

remaindd constant at approximately 1.0A, converged to R = 0.050, Rw = 0.048, (A/o)max = 0.39, S = 

1.11.. The H-atoms of the solvent were kept fixed at their calculated position with U = 0.1 A2. A 

weightingg scheme w = [1.2 + 0.01*{o{Fobs))2 + 0.01/(o(Fobs))]-1 was used. The secondary isotropic 

extinctionn coefficient refined to g = 4410(276).19 A final difference Fourier map revealed a residual 

electronn density between -0.26 and 0.26 e A\ Scattering factors were taken from the International 

Tabless for X-ray Crvstallographv.20 All calculations were performed with XTAL3.7,21 unless stated 

otherwise. . 
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CHAPTE RR 3 

SYNTHESIS,, PROPERTIES AN D APPLICATIONS OF THE BICAP FAMILY * 

3.11 Introductio n 

Sincee the introduction of BINAP 1 by Noyori,1 the field of asymmetric homogenous 

catalysiss has been enriched with a multitude of different C2-symmetric biaryl ligands.2 The 

largee structural variety of these ligands is mainly responsible for the high level of 

sophisticationn this area has reached nowadays.3 The optimization, however, of the many 

transitionn metal-catalyzed asymmetric transformations is still often a matter of trial and error 

becausee small changes in the geometric, steric, and electronic properties of the ligands can 

havee dramatic effects on the outcome of the reactions. 

RR = Ph: BINAP 1 
RR = tolyl: tol-BINAP 
RR = xylyl: xyl-BINAP 

(R)-Cn-TunaPhoss 2, n = 1-6 

RR = H:(R)-BIFAP3 
RR = S03K: (R)-BIFAP4 

Chartt  3.1 Versatile BINAP analogues. 

RR = PPh2: (R)-BICAP 5a 
RR = OH:(R)-BICOL6 

Too circumvent the often laborious syntheses of ligand analogues for fine-tuning 

catalysis,, the availability of a biaryl scaffold in which diversity can be easily introduced in 

thee last synthesis step would be desirable. Several approaches in this direction have been 

publishedd over the years (Chart 3.1). An obvious approach is variation of the phosphine 

substituentss on known biaryl backbone, which is demonstrated by Takaya and co-workers 

withh the introduction of tol-BINAP and xyl-BINAP.4 Another striking example are the 

TunaPhoss ligands 2, developed by Zhang and co-workers.5 This set of biaryl-type bidentate 

'' Part of this Chapter was published in: P.N.M. Botman, J. Fraanje, K. Goubitz, R. Peschar, J. W. Verhoeven, J. H. 
vann Maarseveen, H. Hiemstra, Adv. Synth. Catal. Catal. 2004, 346, 743. 
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ligands,, in which the dihedral angle can be altered by connection of the atropisomeric parts 

viavia a bridging tether with variable length, proved to be useful for a systematic study of 

transitionn metal-catalyzed asymmetric reactions. 

Ourr studies towards a more widely applicable skeleton led to the development of the 

BIFAPP diphosphine ligand 3 in 1999.6 An advantage of using the dibenzofuran moiety is the 

highh regioselectivity in the sulfonation of BIFAP to give the water-soluble analogue BIFAPS 4 

inn 98%, due to the para-directing furan oxygen. A similar selectivity in electrophilic 

substitutionss may be expected when the backbone is constructed from two carbazole 

moieties.. The B1CAP ligands 5 thus obtained can be further functionalized using the 

carbazolee nitrogen. We envisaged that the parent BICAP 5a is a versatile synthon to 

synthesizee a new set of ligands in a facile way, with the same steric environment but with a 

differentt electronic behavior. In this way asymmetric catalytic reactions can be optimized by 

usingg different ligands which all originate from a single backbone. 

3.22 Synthesis of BICA P Ligands 

Thee diphosphine BICAP 5a was prepared from the diol BICOL 6. We recently 

publishedd the synthesis and resolution of this latter configurationally stable diol, which can 

bee performed on multigram scale (see Chapter 2)7 Our first attempts to convert BICOL 6 into 

BICAPP 5a proceeded via the corresponding dinonaflate in order to apply a transition metal-

catalyzedd cross-coupling reaction for the introduction of the diphenylphosphine moieties.8 

Tablee 3.1 Cross-coupling reactions using HPPhi. 

/I I 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

,X X 

7a--

Y Y 
c c 

Nii or 
- \\ dppe 

Pdd x 

= S ) N ff HPPh2 
ww DABCO 8 a . 

precursor r 

7aa (X = 0) 

7aa (X = 0) 

7bb (X = N-Nf) 

7cc (X = N-Ts) 

7cc (X = N-Ts) 

T\ T\ 
c c 

catalystt precursor3 yield 8 [%]b 

Ni(dppe)CI2 2 

Pd(OAc)2/dppe e 

Ni(dppe)CI2 2 

Ni(dppe)CI2 2 

Pd(OAc)2/dppe e 

94 4 

96 6 

52c c 

78d d 

93 3 
aForr details, see experimental part. ÖAII products isolated as phosphine oxide 
afterr treatment with H202. Substantial amounts of NH carbazole were obtained. 
dThee reduced (3-H) carbazole was also isolated in 22%. 

Thee cross-coupling reactions were tested in model nonaflates 7a-7c, which were 

synthesizedd from commercially available 2-hydroxydibenzofuran and readily prepared 3-

hydroxycarbazole.99 The most promising results for the synthesis of phosphines 8a-c were 

26 6 



Synthesis,Synthesis, Properties and Applications of the BICAP Family 

obtainedd using the combination of Ni(dppe)Cl2uta or Pd(OAc):/dppe with HPPh2 as 

nucleophilee and DABCO as base (Table 3.1). The dibenzofuran-derived phosphine 8a could 

bee isolated in high yield by applying both methods (entries 1 and 2). The synthesis of the 

carbazole-derivedd phosphine proved to be more problematic (entry 3). The use of different 

phosphinee source, such as HPPhz BH310b or the combination of CIPPhz and metallic zinc,10c 

gavee no improvement. Protection of the carbazole nitrogen as a tosylate proved to be 

importantt for the yield of the reactions (entries 4 and 5). 

/ - - / 0 N - - - \ \ 

\ a = - / — \ - s = ZZ Pd/dppe, HPPh2 

r " "^ORR DABCO 

99 R = H: L FS02C4F9 

10RR = Nf - Et3N, (99%) 

Schemee 3.1 Synthesis of BIFAP using HPPh2. 

Wee then went on to extend the positive results of the monomeric substrates to the 

dimericc cases. Much to our satisfaction, treatment of BIFOL-derived dinonaflate 10 with 

diphenylphosphinee in the presence of Pd(OAc)2/dppe and DABCO yielded BIFAP in one 

stepp in a 35% yield (Scheme 3.1). This procedure simplified the synthesis of BIFAP 

dramatically.. In our earlier work, BIFOL was converted to BIFAP in the same manner as the 

originall  synthesis of BINAP.1 In that procedure the diol was transformed to the 

correspondingg dibromide by a troublesome reaction with PPhjBr: at 355 °C, followed by a 

lithiation/phosphinationn sequence with "BuLi and CIPPhj. 

Diastereomericallyy pure 11, obtained in the resolution of BICOL as described in 

chapterr 2, was used for the synthesis of dinonaflate 12 (Scheme 3.2). This N-tosyl protected 

precursorr for the phosphination reactions was obtained after a three step sequence involving 

N-tosylationn of 11, reductive removal of the chiral menthol auxiliary using LiAlFU, followed 

byy sulfonylation of the bisphenol using F-SO2C4F9 and ET.3N. In contrast to BIFAP 3, all 

attemptss to synthesize Ts-BICAP 5b in one step from 12 by the use of a palladium- or nickel-

catalyzedd cross coupling with HPPhz failed. 

Forr the synthesis of BICAP we then relied on a stepwise procedure involving the 

successivee introduction of two diphenylphosphine oxide moieties with a reduction step in 

between.111 The first diphenylphosphine oxide group could be successfully introduced in 12 

byy the use of Pd(OAc)2 and dppb to produce 13 followed by reduction to the phosphine by 

stirringg the substrate in phenylsilane at a temperature of 114 °C in an excellent overall yield 

off  94% (Scheme 3.2). At higher temperatures considerable over-reduction to 16 was 

observed.. The introduction of the second phosphine was carried out using the same 

sequencee to give (S)-Ts-BICAP 5b. The formation of by-product 16 in the second cross 

couplingg could not be avoided completely. 
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OO 1)TsCI, NaOH 
iii . , 2)LiAIH4 

C r ^ O M e nn ' 4 _ 

O-^-OMenn 3 ) FSo2C4F9 i Et3N 

O O 

Pd/dppb b 
H(0)PPh2 2 

DIPEA A 

(S)-122 (89% over 3 steps) 

X X 

P(0)Ph2 2 

ONf f 

(S)-13(98%) ) 

PhSiH3 3 

Ts s 
N N 

yT) yT) 
// \ = = ^ P P h 2 

\\ /UtfONf 

HJ J 
N N 
Ts s 

(S)-144 (96%) 

Pd/dppb b 
H(0)PPh2 2 

DIPEA A 

Ts s 
N N 

CS-V) CS-V) ^zzs^zzs \^^~~ 

/==\\ / ^ r " 

yu u N N 
Ts s 

(S)-15(80%) ) 

-pPh 22 + 

-P(0)Ph2 2 

Ts s 
N N 

fX-p) fX-p) 
^==S^==S Xc==-C 

/ ^ = \\ y ^ r * 

vXXy y N N 
Ts s 

(S)-16(20%) ) 

-pPh 2 2 

-H H 

Schemee 3.2 Synthesis of Ts-BICAP 5b. 

3.33 Diversif ication of BICA P Ligands 

Too allow diversification of the BICAP backbone the tosyl groups were removed from 

5bb by treatment with KOH in MeOH.12 The resulting parent BICAP 5a ([a]i -1477 (c 

0.49),, m.p. = 328-329 °C) proved to be an ideal precursor for the direct synthesis of a series of 

analoguess by alkylation of the nitrogen atoms with several different electrophiles (Scheme 

3.3). . 

Treatingg BICAP with NaH and methyl iodide, for example, yielded the electron-rich 

Me-BICAPP 5d in a 71% yield. Treating 5a with NaH and F-Nf, on the other hand, yielded the 

electron-deficientt Nf-BICAP 5c (75% yield). Finally, TBS-C1 in combination with «BuLi 
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providedd TBS-BICAP 5e in a yield of 65%. In this way a series of ligands was obtained which 

aree sterically alike, but feature different electronic properties of the phosphine groups. 

KOH H 
pph 22 MeOH 
PPh 22 ' 

(S)-Ts-BICA PP 5b 

FS0 2 C 4 F 9 9 

PPh 22 NaH 
PPh 22 "" 

(S)-BICA PP 5a (95%) 

Mel l 
NaH H 

TBSCI I 
"BuL i i 

(S)-Me-BICAPP 5d (71%) 
Schemee 3.3 Creation of the BICAP family. 

(S)-Nf-BICA PP 5c (75%) 

(S)-TBS-BICA PP 5e (65% 

3.44 Characterization and properties of the BICAP-Iigand s 

Thee electronic difference of the BICAP ligands seemed to be reflected in the 31P NMR 

dataa (Table 3.2). The signal ranged from -14.0 ppm for the most electron-poor Nf-BICAP 5c 

too -17.9 ppm for the most electron-rich Me-BICAP 5d. 

Tablee 3.2 'IP NMR of the BICAP family. 
Ligand d 

(S)-Nf-BICAPP 5c 

(S)-Ts-BICAPP 5b 

(S)-TBS-BICAPP 5e 

(S)-BICAPP 5a 

(S)-Me-BICAPP 5d 

5aa (ppm) 

-14.0Ö Ö 

-15.8 8 

-17.5 5 

-17.7 7 

-17.9 9 
aMeasuredd in CDCI3.

 feMajor signal. 

Thee electron-deficient (S)-Nf-BICAP showed remarkably complex NMR-spectra (both 

inn 'H NMR, and 31P NMR), indicating slow processes on the NMR timescale. Increasing the 

temperaturee during the measurements clearly sharpened the signals, although even at 150 
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°C,, the signals were still not as sharp as the signals obtained in the NMR-spectra of the other 

BICAPP members. 

Figuree 3.1 'H spectra of 17, at different temperatures (in [D7] DMF). 
Tf f 

,N N 

OTf f 

OTf f 

44 N 5 
Tf f 

17 7 

UL L ii  1 

u u 1 1 

5/66 4+5/6 3 2 

T=T= 100 C 

u u 
C C 

L^A _ _ 

^ AA AJ J J 

r=o°c c 

L_Jl* * JUL L 
r=-20°c c 

8.88 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 ppm 

Ass the phenomenon was only observed with Nf-BICAP 5c, model substrate 17 

(Figuree 3.1) was synthesized from L using TfzO and LiHMDS, in order to 

30 0 



Synthesis,Synthesis, Properties and Applications of the BICAP Family 

investigatee the behavior in more detail. At room temperature both the ] H NMR as well as the 
13CC NMR spectrum of tetratriflate 17 showed the same splitting pattern as observed in 

spectraa of Nf-BICAP. The TH NMR spectrum of a symmetric bicarbazole skeleton normally 

showss six signals, which belong to the six pairs of equivalent protons. Every signal seemed 

too be split into four; one large signal, two smaller signals of the same intensity and one even 

muchh smaller signal. The ratio is fixed at roughly 1:0.4:0.4:0.1 (Figure 3.1a, proton 1). When 

thee JH NMR spectra were measured at higher temperatures (Figure 3.1b-e), coalescence was 

reachedd (T = 70 °C). Further heating sharpened the signals to the "normal" six doublets and 

tripletss (T = 100 °C). 

Figuree 3.2 ORTEP drawing of the crystal structure of tetratriflate 17. 

Thee origin of this fluxional behavior had to be in the sulfonamide part of the 

molecules.. The X-ray crystal structure of 17 (Figure 3.2) showed that the bonds at the 

nitrogenn atom are in the same plane as the planar carbazole moiety. This planarity ruled out 

ann inversion of pyramidal nitrogen and so a hindered rotation about the N-S bond is 

suggestedd as the cause of the multiplicity of the NMR spectra.13 
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Figuree 3.3 Hindered rotation around sulfonamide. 

CF33 exo 

CF-,endo o 

CF3 3 

^V V 

^£h£ £ Z7~ Z7~ 

HH n J, ^ H CF3 CF3endo 
o=s=o o 

CF3 3 
CF33 exo 

A B C C 

Thee strongly electron-withdrawing character of the fluorinated groups apparently 

increasess the double-bond character of the N-S-bond causing a higher rotational barrier. The 

hinderedd rotation of the sulfonamide is most likely enhanced by the two orf/io-hydrogens of 

thee carbazole (Figure 3.3a). The bulky CF3 group wil l position above or below the carbazole 

planee (Figure 3.3b). Due to steric hindrance, the C2-symmetric backbone divides the two 

possiblee orientations of the CF3 group into a favored exo position (the tail is pointing away 

fromm the other carbazole moiety) and an unfavored endo position (the CF3 group points 

towardss the other carbazole moiety) as depicted in Figure 3.3c. The observed four isomers in 

thee NMR-spectra are thus: 

 The most abundant species has the two CF3 groups pointing in the exo-direction just 

lik ee the situation found in the solid state (Figure 3.2). This implies C2-symmetry 

resultingg in a single signal for HI. 

 The least abundant isomer has both CF3 groups in an endo position, which again 

impliess C2-symmetry. 

 In the third isomer one CF3 is exo and the other endo. This implies loss of symmetry 

andd as a result for HI two signals of equal intensity are found. 

Too ascertain the structure of the ligand and in order to compare the structural 

featuress of BICAP with BIFAP 3 and BINAP 1, the crystal structures of both (S)-Me-BICAP 

5dd and [(S)-Me-BICAP]PdCl2 18 were determined by X-ray diffraction (Figure 3.4 and 3.5, 

respectively).. Close examination led to the conclusion that BIFAP and Me-BICAP have 

similarr geometries reflecting the central C-C bonds (1.512 A and 1.511 A, respectively) and 

thee P-P distances (3.891 A and 4.139 A respectively). Slightly different are the dihedral angles 

betweenn the two planar moieties in the biaryls; 81.4° for the angle of the dibenzofuran units 

inn BIFAP and 88.5° for the angle between the two carbazole parts. In both ligands the two 

phenyll  rings at each phosphorus atom are non-equivalent as usual. 
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Figuree 3.4 ORTEP drawing of the crystal structure of (S)-Me-BICAP 5d. 

Becausee the crystal structures of the BINAP14 and BIFAP6 palladium dichloride-

complexess are known, they can be compared to 18. In all three complexes the palladium 

atomm adopts a distorted square-planar coordination, with central C-C bond lengths of the 

twoo connecting carbon atoms of 1.484 A (18), 1.48 A ((BINAP)PdCl2) and 1.499 A 

((BIFAP)PdCh).. The P(l)-Pd-P(2) bite angle in complex 18 (92.205°) is also similar to the 

(BINAP)PdCl22 (92.69°) and (BIFAP)PdCl2 (94.39°) cases. The last observation from the crystal 

structuress is that the free Me-BICAP ligand has to squeeze more than the free BIFAP ligand 

inn order to chelate to the palladium. The torsion angles decrease from 88.5° in Me-BICAP to 

71.6°° in 18, compared to the change from 81.4 in BIFAP to 73.4 in (BIFAP)PdCl2. 
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Figuree 3.5 ORTEP drawing of the crystal structure of [(S)-Me-BICAP]PdCl218. 

Beforee testing the ligands in asymmetric hydrogenations, the enantiopurity of the 

ligandss was checked by examination of the 31P NMR spectra of the diastereomeric complexes 

20,, obtained after the reaction between the enantiopure palladium dimer 19 and the ligands 

(Schemee 3.4).15 Al l spectra showed only two sets of doublets, indicating that the 

enantiopurityy of the backbone is retained in the reaction sequence from BICOL to BICAP. 

R R 

Me2 2 

N N 

199 20 
Schemee 3.4 Checking the enantiopurity of the BICAP ligands. 
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3.55 Asymmetric Hydrogenations wit h the BICAP-famil y 

Thee performance of the new BICAP family was first investigated in the asymmetric 

hydrogenationn of methyl acetoacetate 21 (Table 3.3).16 This ruthenium-catalyzed reaction was 

carriedd out in a stainless steel autoclave, using methanol as the solvent at a hydrogen 

pressuree of 100 bar. The behavior of the BICAP family proved to be comparable with BINAP 

andd BIFAP6 (entries 5 and 6). The conversions and the stereochemical outcome of the 

hydrogenationss proved to be excellent and the absolute configuration of product 22 was the 

samee for all reactions (entries 1-4). A small but significant drop in the enantiomeric excess 

wass observed when using the more electron-rich H-BICAP and Me-BICAP (entries 3 and 4). 

Tablee 3.3 Asymmetric hydrogenation of methyl acetoacetate. 

OO O [RuCI2(C6H6)]2 O H 0 

(S)-hgandd Y j f 

^ ^ ^ O M ee 7ZZ Z " ^ ^ O M e 
2 11 100 bar H2 ^ 

entry33 ligand conversion^ [%] eec [%] 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

(S)-Nf-BICAP P 

(S)-Ts-BICAP P 

(S)-H-BICAP P 

(S)-Me-BICAP P 

(S)-BINAP P 

(S)-BIFAP P 

100 0 

100 0 

100 0 

100 0 

100 0 

100 0 

98 8 

98 8 

96 6 

94 4 

99 9 

99 9 
aRatiosubstrate:Ru:ligandd = 100:0.1:0.11.'Determined by 1H NMR.'Determined 
byy chiral HPLC of the benzoyl ester. 

Too study the behavior of the BICAP ligands in more detail an asymmetric 

hydrogenationn was sought in which the product was expected to be obtained with high 

conversions,, but with lower ee's. Dimethyl itaconate 23 was found to be a suitable substrate 

forr this purpose.17 The rhodium-catalyzed hydrogenation of this olefin provided succinate 24 

inn quantitative yields when applying any of the BICAP members, but the enantioselectivities 

differedd dramatically (Table 3.4). 

Whenn the most electron-deficient Nf-BICAP was used, there was hardly any 

asymmetricc induction (entry 1). The ee increased for the more electron-rich Ts-BICAP, TBS-

BICAPP and H-BICAP (entries 2-4) and the highest ee was obtained with the most electron-

richh Me-BICAP (entry 5). The 55% ee of this last reaction is close to the results found for 

BINA PP (entry 6). Thus, for the hydrogenation of methyl acetoacetate 21 a more electron-

deficientt BICAP-catalyst is desirable, while the more electron-rich BICAP-catalysts perform 

betterr in the hydrogenation of dimethyl itaconate 23. The changes in stereocontrol are most 

likelyy caused by a change in the coordination strength of the different BICAP/metal 

complexess to the substrate, influencing the outcome of the reactions. 
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Tablee 3.4 Asymmetric hydrogenation of dimethyl itaconate. 

Me02C C JL L C02Me e 

23 3 

Rh(nbd)2BF4 4 

(S)-ligand d 

55 bar H2 

Me02C C 
COpMe e 

24 4 

entry3 3 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

ligand d 

(S)-Nf-BICAP P 

(S)-Ts-BICAP P 

(S)-TBS-BICAP P 

(S)-H-BICAP P 

(S)-Me-BICAP P 

(S)-BINAP P 

conversion^ ^ 

100 0 

100 0 

100 0 

100 0 

100 0 

100 0 

[%] ] eecc [%] 

2 2 

14 4 

31 1 

44 4 

55 5 

67 7 
eRatiosubstrate:Rh:ligandd = 100:1:1.1. "Determined by 1 H NMR.'Determined by 
chirall GC 

3.66 Conclusions 

Enantiopuree BICOL can be transformed into a new family of C2-symmetric 

bicarbazolee based diphosphine ligands abbreviated as BICAP. The nitrogen of these ligands 

servess as an ideal handle for the introduction of diversity. Thus, BICAP proves to be an 

excellentt scaffold for the synthesis of a variety of biaryl ligands, which are sterically alike, 

butt differ in their electronic properties with respect to the electron density on phosphorus. 

Thiss provides an opportunity for the fine-tuning of catalytic asymmetric reactions as has 

beenn shown for the asymmetric hydrogenation of an itaconic acid derivative. 
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3.88 Experimental section 

Generall  remarks 

Forr experimental details see section 2.6. Unless otherwise noted, materials were purchased from 

commerciall  suppliers and used without purification. Diphenylphosphine was freshly distilled before 

use.. Toluene, DMF, DMSO, MeOH, and dichloromethane were freshly distilled from calcium hydride. 

DIPEAA were stored over potassium hydroxide pellets and used as such. Al l NMR spectra were 

determinedd in CDCI3 (unless states otherwise) on a Bruker ARX 400 (400 and 100.6 MHz, respectively) 

orr a Varian Inova-500 (500 and 125 MHz, respectively). 31P NMR spectra were recorded in CDCI3 

(unlesss states otherwise) on a Bruker 300 AMX (121.5 MHz) or a Varian Inova-500 (202.4 MHz). 

Chemicall  shifts are given in ppm downfield from 85% H3PO4. 

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-l-sulfonicc acid dibenzofuran-2-yl ester  (7a) 

Too a solution of 2-hydroxydibenzofuran (2.50 g, 13.6 mmol) in acetonitrile (70 mL) 
0Nff were added triethylamine (3.0 mL, 21.8 mmol) and FS02C4Fc, (3.66 mL, 20.4 mmol) 

andd the reaction was stirred for 18 h at room temperature. The mixture was diluted with EtOAc (150 

mL)) and the organic phase was washed with aqueous 0.5M NaHSCb (2 x 100 mL) and brine (1 x 75 

mL).. The organic layer was dried over NaiSCU and concentrated in vacuo. Purification by column 

chromatographyy (PE:EtOAc = 5:1) afforded 7a as a white solid (6.28 g, 13.5 mmol, 99%). M.p. = 73-74 

°C.. m NMR (400 MHz): 0 = 7.96 (d, / = 7.7,1H), 7.86 (d, ƒ = 2.6,1H), 7.60 (m, 2H), 7.53 (td, / = 7.2,1.3, 

1H),, 7.35-7.41 (m, 2H). 13C NMR (100.6 MHz, due to C-F coupling the fluorinated carbons were not 

visible):: 5 = 157.3, 154.7, 145.2, 128.5, 125.6, 123.3, 123.2, 121.1, 120.0, 113.7, 112.8, 112.0. IR: u 1472, 

1445,, 1428, 1201, 1143, 1034, 912. HRMS (FAB+): calcd for CioFgHsCuS (M+H+): 467.0000, found: 

466.9991. . 

Nff 1,1,2,2,3,3,4,4,4-Nonafluoro-butane-l-sulfonic acid 9-(nonafluorobutane-l-

/?~\/?~\ lf~\ sulfonyl)-9H-carbazol-3-yl ester  (7b) 

^=/^^ ^^^ONf To a solut ion of 3-hydroxycarbazole (0.70 g, 3.82 mmol) in acetonitri le (38 mL) were 

addedd tr iethylamine (1.60 mL, 11.5 mmol) and FSO2C4F9 (2.74 mL, 15.3 mmol) and the reaction was 

stirredd for 18 h at room temperature. By add ing Et20 (150 mL) the formed precipitate was dissolved 

andd the organic phase was washed wi th aqueous 0.5M NaHSÔ  (2 x 75 mL) and brine (1 x 75 mL). The 

organicc layer was dr ied over Na2SC>4 and concentrated in vacuo. Purif ication by co lumn 

chromatographyy (PE:EtOAc = 5:1) afforded 7b as a whi te solid (2.86 g, 3.78 mmol, 99%). M.p. = 91-92 

°C.. >H NM R (400 MHz): 6 = 8.19 (d, / = 9.2,1H), 8.13 (d, ƒ = 8.4,1H), 8.02 (d, / = 7.1,1H), 7.91 (d, / = 2.5, 

1H),, 7.61 (td, ƒ = 7.4, 1.3,1H), 7.53 (td, ƒ = 7.7, 0.8,1H), 7.42 (dd, ƒ = 9.2, 2.5, 1H). «C NM R (125 MHz, 

duee to C-F coupl ing the f luorinated carbons were not visible): S = 147.1,138.9,136.9,129.4,128.0,125.9, 

125.0,, 120.8, 120.7, 116.5, 115.2, 113.4. IR: u 2815, 1479, 1422, 1353, 1201, 1144, 916, 871, 813. HRMS 

(FAB+):: calcd for CaoFisHsNOsSi (M+H+): 747.9556, found: 747.9551. 

Tss 1,1,2,2,3,3,4,4,4-Nonafluoro-butane-l-sulfonic acid 9-(toluene-4-sulfonyl)-9H-

/~\jTS/~\jTS carbazol-3-yl ester (7c) 
0N'' A solution of 3-hydroxycarbazole (0.25 g, 1.36 mmol) and triethylamine (0.21 mL, 1.50 
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mmol)) in acetonitrile (13.6 m l ) was stirred for 10 min. at room temperature before adding FSO2C4F9 

(0.399 mL, 2.18 mmol). The mixture was stirred for another 45 min. The reaction was quenched by 

additionn of water (50 mL) and EtOAc (50 mL) and the organic phase was washed with aqueous 0.5M 

NaHSC>33 (1 x 35 mL) and brine (1 x 40 mL). The organic layer was dried over NaiSQi and concentrated 

inin vacuo. Purification by column chromatography (PE:EtOAc = 2.5:1) afforded the mono-nonaflate as a 

whitee solid (0.58 g, 1.24 mmol, 92%). M.p. = 116-117 °C. 'H NMR (400 MHz): 8 = 8.20 (br s, 1H), 8.07 (d, 

// = 7.6, 1H), 7.96 (d, ƒ = 2.4, 1H), 7.43-7.51 (m, 3H), 7.27-7.34 (m, 2H). " C NMR (100.6 MHz, [D6] 

acetone,, due to C-F coupling the fluorinated carbons were not visible): 8 = 144.6, 140.6, 142.7, 128.5, 

125.2,, 124.0, 122.3, 121.1, 120.1, 114.7, 113.5,113.0. IR: u 3421, 1428, 1235, 1202, 1144, 1124, 1033, 908. 

HRMSS (FAB+): calcd for C16F9H9NO3S (M+H+): 466.0159, found: 466.0135. To a solution of the mono-

nonaflatee (2.75 g, 5.91 mmol) in CH2CI2 (30 mL) were added LiHMD S (7.8 mL of a 1M solution in 

THF)) and TsCl (1.69 g, 8.87 mmol). After stirring the mixture for 48 h at room temperature, the 

reactionn was quenched by addition of water (150 mL) and CH2CI2 (100 mL) and the organic phase 

wass washed with aqueous 0.5M NaHSQi (1 x 35 mL). The organic layer was dried over Na2S04 and 

concentratedd in vacuo. Purification by column chromatography (PE:EtOAc = 12:1) afforded 7c as a 

whitee solid (3.40 g, 5.50 mmol, 93%). M.p. = 111-112 °C. 'H NMR (400 MHz): 8 = 8.39 (d, / = 9.1, 1H), 

8.333 (d, ƒ = 8.4, 1H), 7.91 (d, / = 7.7, 1H), 7.80 (d, ƒ = 2.5, 1H), 7.70 (d, / = 8.4, 2H), 7.56 (td, ƒ = 7.4, 1.2, 

1H),, 7.37-7.43 (m, 2H), 7.15 (d, ƒ = 8.2, 2H), 2.30 (s, 3H). " C NMR (100.6 MHz, due to C-F coupling the 

fluorinatedfluorinated carbons were not visible): 8 = 146.0, 145.5, 139.1, 134.6, 129.9, 128.7, 127.6, 126.5, 125.0, 

124.2,, 120.5, 120.1, 116.3, 115.2, 112.9, 21.5. IR: u 3105, 1476, 1426, 1377, 1202, 1144, 909, 813. HRMS 

(FAB+):: calcd for C ^ H ^ N O ^ (M+H+): 620.0248, found: 620.0219. 

Generall  Procedures for  the Cross-Coupling Reactions on Nonaflates using HPPri2 

Methodd A: Precisely according the literature procedurel8bl , except that the last two portions of 

phosphinee (2 x 0.4 equiv.) were added after 5 and 15 min. The reactions were stirred at 110 °C until all 

thee starting materials were consumed (monitored by TLC). When completed the mixture was diluted 

withh toluene, where after the volatiles were removed in vacuo. The mixture was filtered over hyflo 

(elutee with toluene) and concentrated again. The crude products were dissolved in THF and aqueous 

H2O22 (35%) was added. After stirring for 30 min. the mixture was diluted with EtOAc and washed 

wit hh water (2x). The organic layer was dried over Na2SÜ4 and concentrated in vacuo. Purifications 

weree performed by column chromatography. 

Methodd B: Nonaflate (1.0 equiv.), Pd(OAc)2 (0.02 equiv.), dppe (0.022 equiv.) and DABCO (2 equiv.) 

weree weight into a Slenk tube and after three argon/vacuum cycles DMF (0.2M) was added and the 

solutionn was stirred for 1 h at room temperature in which the colour changed from yellow to orange. 

Afterr addition of HPPI12 (1.2 equiv.) the solution was heated to 120 °C until all the starting materials 

weree consumed (monitor by TLC). The work-up was the same as in method A. 

00 2-(Diphenyl-phosphinoyl)-dibenzofuran (8a) 

\\ \ ff j 7a (0.15 g, 0.32 mmol) was reacted for 6 h according to method A. Purification by 

P(0)Ph22 c o l u r nn chromatography (PE:EtOAc = 4:1) afforded 8a as a white solid (0.11 g, 0.30 
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mmol,, 94%) as a white solid. M.p. = 159-160 °C. 'H NMR (400 MHz): 5 = 8.40 (d, / = 12.1,1H), 7.90 (d, ƒ 

== 7.7,1H), 7.54-7.73 (m, 9H), 7.46-7.50 (m, 5H), 7.34 (t, / = 7.5,1H). 31P NMR (121.5 MHz): 5 = 30.8. IR: u 

3054,1469,1437,1189,1117.. HRMS (FAB+): calcd for C24H1802P (M+H+): 369.1044, found: 369.1049. 

Nff 3-(Diphenyl-phosphinoyl)-9-(nonafluorobutane-l-sulfonyI)-9H-carbazole (8b) 
^NN N 

<f<f rr~~\_jr\~~\_jr\ 7b (0.15 g, 0.20 mmol) was reacted for 5 h according to method A. Purification by 
==^P(0)Ph22 column chromatography (PE:EtOAc = 1:1—>1:3) afforded 8b as a white solid (67 

mg,, 0.10 mmol, 52%) as a white solid. M.p. = 153 °C. 'H NMR (400 MHz): S = 8.53 (d, / = 11.5,1H), 8.17 

(dd,, / = 8.6,1.5,1H), 8.10 (d, ƒ = 8.4,1H), 7.98 (d, ƒ = 7.4,1H), 7.44-7.75 (m, 13H). 31P NMR (121.5 MHz): 

55 = 28.6. IR: o 3417, 1713,1410, 1353, 1195, 1143, 1120, 1033. HRMS (FAB+): calcd for QgHisFgNOjPS 

(M+H+):: 650.0601, found: 650.0602. 

Tss 3-(Diphenyl-phosphinoyl)-9-(toluene-4-sulfonyl)-9H-carbazole (8c) 

<f~\<f~\ ]j~~\ 7c (0.15 g, 0.24 mmol) was reacted for 5 h according to method B. Purification by 

^ ° ^^ ^*^p(0)Ph2 column chromatography (PE:EtOAc = 1:2) afforded 8c as a white solid (117 mg, 

0.222 mmol, 93%) as a white solid. M.p. = 106-108 °C. ] H NMR (400 MHz): 5 = 8.39 (d, ƒ = 7.8, 1H), 8.32 

(d,, / = 11.8,1H), 8.31 (d, ƒ = 8.4, 1H), 7.64-7.72 (m, 7H), 7.45-7.57 (m, 8H), 7.34 (t, ƒ = 7.5, 1H), 7.11 (d, ƒ 

== 8.2, 2H), 2.27 (s, 3H). »P NMR (121.5 MHz): S = 31.0. IR: u 1716, 1437, 1373, 1176, 1120, 1006, 974. 

HRMSS (FAB+): calcd for C31H25NO3PS (M+H+): 522.1293, found: 522.1300. 

cc acid 2'-(nonafluorobutane-l-

sulfonyIoxy)-[l,l']bi[dibenzofuranyl]-2-y ll  ester  (10) 

Too a solution of L (0.50 g, 1.36 mmol) in acetonitrile (14 mL) were added 

triethylaminee (0.57 mL, 4.09 mmol) and FSO2C4F9 (0.98 mL, 5.44 mmol) and the 

reactionn was stirred at 60 °C for 2 h. The mixture was diluted with EtOAc (60 mL) and the organic 

phasee was washed with aqueous 0.5M NaHSO.i (2 x 75 mL) and brine (1 x 75 mL). The organic layer 

wass dried over Na2SO.i and concentrated in vacuo. Purification by column chromatography (PE:EtOAc 

== 15:1) afforded 10 as a white solid (1.24 g, 1.33 mmol, 98%). M.p. = 148-149 °C. 'H NMR (400 MHz): 5 

== 7.86 (d, ƒ = 9.0, 2H), 7.64 (d, / = 9.0, 2H), 7.57 (d, / = 8.3, 2H), 7.37 (td, / = 7.8, 1.1, 2H), 6.91 (t, / = 7.4, 

2H),, 6.64 (d, / = 7.9, 2H). 13C NMR (100.6 MHz, due to C-F coupling the fluorinated carbons were not 

visible):: 5 = 157.4, 154.5, 142.5, 128.7, 125.5, 123.4, 122.4, 121.9, 120.8, 120.3, 113.9, 111.8. IR: o 3075, 

1426,1206,1145,, 909. HRMS (FAB+): calcd for C32Hi.-,F,808S2 (M+H+): 930.9764, found: 930.9753. 

Optimizedd synthesis of P (3) 

Accordingg to cross-coupling method B, using nonaflate 10 (150 mg, 161 umol), 2.5 
PPh2 2 

pph22 equiv. of HPPh2 and stirring the mixture at 140 °C for 19 h. The mixture was 

concentratedd in vacuo and purification by column chromatography (PE:toluene = 2:1) 

affordedd BIFAP 3 (42 mg, 57 nmol, 35%) as a white solid. The spectral data were 

identicall  to those reported in literature!6!. 
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TSS (S)- l , l ,2,2,3,3,4,4,4-Nonaf luoro-butane- l -suI fonic acid 3 ' - (nonaf luorobutane- l-

su l fony loxy)-9,9 ' -b is-- ( toluene-4-sulfonyl)-9H,9'H-[4,4' ]bicarbazolyl-3-yl ester  (12) 

Too a so lu t ion of 11 (2.39 g, 3.28 mmo l) in to luene (33 mL) we re a d d ed TsCI (1.56 g, 

8.200 m m o l ), 'Bu4NHS04 (0.22 g ,0.65 mmo l) and a q u e o us 2.5N N a OH (66 mL). After 

Tss s t i r r ing the m i x tu re v igorous ly at r oom tempe ra tu re for 5 h, E tOAc (150mL) w as 

a d d edd a nd the o rgan ic p h a se w as w a s h ed with wa ter (2 x 150 mL). The organ ic layer w as d r ied over 

Na2SC>44 a nd concent ra ted in vacuo. The c r u de sol ids were d isso lved in T HF (66 mL) and L iA lH i (0.87 g, 

22.99 m m o l) was a d d ed careful ly. After st irr ing at r o om tempera tu re for 30 min., the react ion w as 

q u e n c h edd by a d d i ng s lowly a m ix tu re of water (80 mL), a q u e o us 2.0N HC1 (250 mL) a nd E tOAc (250 

mL) .. Af ter removal of the o rgan ic p h a se the a q u e o us layer w as extracted w i t h EtOAc (2 x 180 mL). 

T hee c o m b i n ed o rgan ic layers were d r i ed over Na2S04 and concent ra ted in vacuo. Pur i f icat ion by 

c o l u mnn c h r o m a t o g r a p hy (PE:EtOAc = 1.5:1-»1:1) af forded the free diol as a wh i te sol id (2.09 g, 3.11 

m m o l,, 95%). M.p. = 340 °C (decompos i t ion ). 1H N M R (400 M H z, [D6] acetone): S = 8.38 (d, / = 9.0, 2H), 

8.211 (d, / = 8.4, 2H), 8.15 (br s, 2H), 7.73 (d, / = 8.4, 4H), 7.32 (d, / = 9.0, 4H), 7.24-7.30 (m, 4H), 6.70 (t, / = 

7.3,, 2H), 6.23 (d, ƒ = 7.9, 2H), 2.28 (s, 6H). »C N M R (100.6 M H z, [D6] acetone): S = 154.2, 146.8, 140.6, 

136.0 ,134.0 ,131.3 ,128.5 ,128.2 ,128.0 ,127.9 ,125.2 ,122.7 ,117.7 ,117.7 ,116.8 ,116.5.. IR: u 3354, 3294,1365, 

1173,, 1089, 972. H R M S (FAB+): calcd for C38H29O6N2S2 (M+H + ) : 673.1467, found: 673.1458. [a ]D
20 = -3.8 

(cc = 1.00, THF). 

AA so lu t i on of the d iol (2.05 g, 3.05 m m o l ), t r ie thy lamine (1.10 mL, 7.93 mmo l) and FSO2C4F9 (1.37 mL, 

7.622 m m o l) in acetoni t r i le (61 mL) w as st i r red at 60 °C for 3 h. The react ion w as q u e n c h ed by add i t i on 

off  w a t er (150 mL) a nd E tOAc (150 mL) and the organ ic phase w as w a s h ed w i t h a q u e o us 0.5M 

N a H S Ojj  (2 x 100 mL) a nd b r ine (1 x 100 mL). The organ ic layer w as d r ied over Na2SÜ4 a nd 

c o n c e n t r a t edd in vacuo. Pur i f icat ion by co lumn c h r o m a t o g r a p hy (PE:EtOAc = 4:1—>2:1) af forded 12 as a 

w h i t ee so l id (3.55 g, 2.86 m m o l, 94%). M.p. = 87 °C. 'H N M R (400 MHz): 5 = 8.67 (d, / = 9.2, 2H), 8.25 (d, 

ƒƒ = 8.5, 2H), 7.60 (d, / = 8.6, 4H), 7.60 (d, / = 8.6, 2H), 7.33 (td, / = 7.9,1.0, 2H), 7.11 (d, / = 8.2, 4H), 6.70 

(t,, / = 7.5, 2H), 6.27 (d, ƒ = 7.9, 2H), 2.28 (s, 6H). «C N M R (100.6 M H z, d ue to C-F coup l i ng the 

f l uo r ina tedd carbons w e re not visible): S = 145.4, 143.4, 139.6, 137.7, 134.3, 129.8, 128.7, 127.2, 126.3, 

124 .4 ,124 .2 ,121 .6 ,120 .5 ,120 .2 ,117 .7 ,115 .1,, 21.4. IR: u 3113,1423,1375,1209,1144, 919. H R MS (FAB+): 

calcdd for C46H27F18N2O10S4 (M+H + ) : 1237.0261, found: 1237.0227. [a ]D
20 = +143 (c = 1.03, C H C b ). 

(S)- l , l ,2,2,3,3,4,4,4-Nonaf luoro-butane- l -sul fonicc acid 3'-(diphenyI -

phosphinoyl)-9,9 ' -bis-( to luene-4-sul fonyl)-9H,9'H-[4,4 ' ]b icarbazolyl-3-yII  ester 

(13) ) 

Too m ix tu re of 12 (3.10 g, 2.51 mmol ), d i p h e n y l p h o s p h i ne ox ide (0.71 g, 3.51 mmo l ), 

TSS Pd(OAc)2 (56 mg, 0.25 mmol) and d p pb (0.11 g, 0.25 mmo l) we re a d d ed D M SO 

(12.55 mL) and D IPEA (1.53 mL, 8.78 mmol ). T he mix tu re w as st i r red at 110 °C for 4 h in wh i ch the 

co lourr of the so lu t ion changes f rom o range to da rk pu rp le. After coo l ing to room t e m p e r a t u re the 

reac t ionn m ix tu re w as d i l u ted w i t h E tOAc (100 mL) and w a s h ed w i t h a q u e o us 0.5M N a H S Oi (2 x 100 

mL)) a nd br ine (2 x 100 mL). The o rgan ic layer w as d r ied over Na2S04 a nd concen t ra ted in vacuo. 

Pur i f i ca t ionn by c o l u mn c h r o m a t o g r a p hy (PE:EtOAc = 1:1->1:2) af forded 13 (2.80 g, 2.46 m m o l, 98%) as 

aa w h i te sol id. M .p. = 121-123 °C. W N M R (400 M H z ) : 8 = 8.58 (dd, ƒ = 8 .8 ,1 .6 ,1H), 8.49 (d, ƒ = 9 .2 ,1H), 

8.166 (d, / = 8.4, 1H), 8.10 (d, / = 8.5, 1H), 7.70-7.76 (m, 3H), 7.59 (d, / = 8.4, 2H), 7.52 (d, ƒ = 12.1, 1H), 

40 0 



Synthesis,Synthesis, Properties and Applications of the B1CAP Family 

7.411 (dd, ƒ = 12 .1 ,1 .2 ,1H), 7.46 (d, / = 9 .2 ,1H), 7.41 (td, / = 7 .4 ,1 .2 ,1H), 7.09-7.28 (m, 10H), 7.04 (td, / = 

7.5,1.2,, 1H), 6.81 (t, / = 7 .8 ,1H), 6.80 (t, / = 77,1H), 6.55 (t, / = 7 .4 ,1H), 6.54 (t, ƒ = 7 .4 ,1H), 5.86 (d, ƒ = 

8.1,, 2H), 2.35 (s, 3H), 2.28 (s, 3H). 3'P N M R (121.5 MHz): 8 = 28.0. IR: u 3120, 1422, 1373, 1239, 1207, 

1177,, 1143, 972, 915. H R MS (FAB+): calcd for C54H37F9N2O8PS3 (M+H + ) : 1139.1306, found: 1139.1281. 

[a ] D
200 = - l l (c = 1.00,CHCl3) . 

TSS (SJ- l j l^Z^^^^é-Nonaf luoro-butane- l -sul fonic acid 3'-diphenylphosphanyl-

9,9'4>is-(toluene-4-sulionyl)-9H,9'H-[4,4']bicarbazoryl-3-yll  ester (14) 

AA solution of 13 (2.28 g, 2.00 mmol) in phenylsilane (13 mL) was stirred at 114 °C for 

188 h. After addition of EtOAc (40 mL) the mixture was concentrated in vacuo. 
N N 

TSS Puri f icat ion by c o l u mn c h r o m a t o g r a p hy (PE:EtOAc = 4:1->3:1) af forded 14 as a 

wh i t ee sol id (2.15 g, 1.92 mmo l, 96%). M.p. = 109-110 °C. 'H N M R (400 M H z ) : 5 = 8.62 (d, / = 9 .2 ,1H), 

8.511 (d, / = 8 .7 ,1H), 8.15 (d, / = 8.4,1H), 8.13 (d, ƒ = 8 .5 ,1H), 7.71 (d, ƒ = 8.3, 2H), 7.56-7.60 (m, 3H), 7.51 

(dd,, ƒ = 8.7, 3 .0 ,1H), 7.18-7.32 (m, 9H), 7.08 (d, ƒ = 8.1, 2H), 6.84 (td, ƒ = 7.2, 0 .9 ,1H), 6.65-6.75 (m, 4H), 

6.588 (td, ƒ = 8.0, 0 .7 ,1H), 6.50 (td, ƒ = 8.0, 0.7, 1H), 6.06 (d, / = 7 .9 ,1H), 5.81 (d, ƒ = 7 .8 ,1H), 2.32 (s, 3H), 

2.288 (s, 3H). 31P N M R (121.5 MHz): 6 = -14.0. IR: o 3056, 1421, 1373, 1240, 1177, 1143, 1091, 972, 914. 

H R M SS (FAB+): calcd for C54H37F9N2O7PS3 (M+H+) : 1123.1357, found: 1123.1307. [a ]D
20 = -7.1 (c = 1.00, 

C H C b ). . 

Tss (S)-3'-Diphenylphosphanyl-3-(diphenyl-phosphinoyl)-9,9'-bis-(toIuene^l-

sulfonyl)-9H,9'H-[4,4']bicarbazolyl(15) ) 
PPh22 To mixture of 14 (1.86 g, 1.66 mmol), diphenylphosphine oxide (0.54 g, 2.65 

mmol),, Pd(OAc)2 (37 mg, 0.16 mmol) and dppb (0.71 mg, 0.16 mmol) were added 

DMSOO (8.5 mL) and DIPEA (1.00 mL, 5.80 mmol). The mixture was stirred at 110 

°CC for 4 h in which the colour of the solution changes from orange to dark purple. After cooling to 

roomm temperature the reaction mixture was diluted with EtOAc (100 mL) and washed with aqueous 

0.5MM NaHSOj (2 x 100 mL) and brine (2 x 100 mL). The organic layer was dried over Na^SQi and 

concentratedd in vacuo. Purification by column chromatography (PE:EtOAc = 2:1—>1:1) afforded first 

by-productt 16 as a white solid (0.27 g, 0.33 mmol, 20 %) followed by 15 (1.36 g, 1.33 mmol, 80%) as a 

whitee solid. 15: M.p. = 155-156 °C. ] H NMR (400 MHz): 5 = 8.55 (dd, ƒ = 8.7, 1.4, 1H), 8.32 (d, / = 8.7, 

1H),, 8.00 (d, ƒ = 8.4,1H), 7.96 (d, ƒ = 8.4, 1H), 7.71-7.78 (m, 7H), 7.60 (dd, / = 8.7, 2.9,1H), 7.41-7.46 (m, 

3H),, 7.19-7.35 (m, 9H), 7.06-7.12 (m, 3H), 6.95 (t, ƒ = 7.5, 1H), 6.78 (t, ƒ = 7.4, 1H), 6.68 (t, / = 7.4, 1H), 

6.50-6.599 (m, 4H), 6.45 (t, / = 7.6,1H), 6.39 (d, / = 7.3, 2H), 6.00 (t, ƒ = 7.6,1H), 5.71 (d, / = 7.9,1H), 5.09 

(d,, ƒ = 8.0, 1H), 2.34 (s, 3H), 2.33 (s, 3H). 31P NMR (121.5 MHz): 5 = 27.0, -16.1. IR: u 3054,1435, 1420, 

1371,, 1175, 972, 909. HRMS (FAB+): calcd for Q ^ y ^ O . J ^ Ss (M+H+): 1025.2402, found: 1025.2411. 

[a]DD = -65(c = 1.00, CHCl,). 

TSS 16: M.p. = 136-138 °C. 'H N M R (400 MHz): S = 8.47 (d, / = 8.4, 1H), 8.42 (d, ƒ = 8.7, 

1H),, 8.22 (d, / = 8.3,1H), 8.21 (d, ƒ = 8.4 ,1H), 7.74 (d, ƒ = 8.3, 2H), 7.67 (d, ƒ = 8.3, 2H), 

"'"'  7.43 (t, / = 8.0, 1H), 7.74 (dd, / = 8.7, 3.0, 1H), 7.08-7.32 (m, 12H), 6.89-7.01 (m, 5H), 

6.666 (t, ƒ = 7.5, 1H), 6.59 (t, ƒ = 7.7,1H), 6.03 (d, / = 7.9, 1H), 5.91 (d, ƒ = 7.9, 1H), 2.34 

TSS (s, 3H), 2.27 (s, 3H). 31P N M R (121.5 MHz): 6 = -14.7. IR: u 3054,1371,1174,1090, 973, 
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909.. HRMS (FAB+): calcd for C50H38N2O4PS2 (M+H+): 825.2011, found: 825.2021. [a]D
20 = -40 (c = 0.95, 

CHCL,). . 

(S)-Ts-BICAPP (5b) 

AA solution of 15 (0.80 g, 0.78 mmol) in phenylsilane (7 mL) was stirred at 125 °C for 

£22 48 h. After addition of EtOAc (40 mL) the mixture was concentrated in vacuo. 

Purificationn by column chromatography (PE:EtOAc = 5:1-»3:1) afforded 5b as a 

TSS white solid (0.74 g, 0.73 mmol, 94%). M.p. = 145-147 °C. W NMR (400 MHz): 8 = 8.46 

(d,, ƒ = 8.6, 2H), 8.02 (d, / = 8.4, 2H), 7.70 (d, / = 8.3, 4H), 7.53 (d, ƒ = 8.7, 2H), 7.17-7.20 (m, 14H), 7.05 (t, ƒ 

== 7.5, 2H), 6.80 (t, ƒ = 7.3, 2H), 6.66-6.72 (m, 4H), 6.58 (d, ƒ = 7.5, 2H), 6.57 (t, / = 7.6, 2H), 6.28 (d, ƒ = 7.7, 

2H),, 5.52 (d, ƒ = 7.9, 2H), 2.31 (s, 6H). 3ip NMR (121.5 MHz): 5 = -15.8. IR: u 3055, 1371,1175, 971, 908. 

HRMSS (FAB+): calcd for C62H47N2O4P2S2 (M+H+): 1009.2453, found: 1009.2443. [<x]D
20 = -113 (c = 0.61, 

CHCI3). . 

(S)-BICAPP (5a) 

Too a solution of 5b (0.50 g, 0.49 mmol) in THF (25 mL) was added 2M KOH in 

'2'2 MeOH (3.0 mL). The reaction mixture was stirred at 55 °C for 3 h and then quenched 

byy addition of water (30 mL). The product was extracted with EtOAc (2 x 60 mL) 

HH and the organic layers were washed with brine (60 mL), dried over Na2S04 and 

concentratedd in vacuo. Purification by column chromatography (toluene) afforded 5a as a white solid 

(0.333 g, 0.46 mmol, 95%). M.p. = 328-329 °C. m NMR (400 MHz, [D6] acetone): 5 = 10.56 (br s, 2H), 7.68 

(d,, ƒ = 8.4, 2H), 7.45 (d, ƒ = 8.4, 2H), 7.36 (d, ƒ = 8.1, 2H), 6.93-7.17 (m, 22H), 6.44 (t, / = 8.0, 2H), 6.12 (d, / 

== 8.0, 2H). 3ip NMR (121.5 MHz): 5 = -17.7. IR: u 3415, 3052, 2925, 15921466,1433, 1330, 1257. HRMS 

(FAB+):: calcd for C48H35N2P2 (M+H+): 701.2276, found: 701.2266. [a]D
20 = -300 (c = 0.49, THF). 

Nff (S)-Nf-BICAP (5c) 

NaHH (14 mg, 0.35 mmol of a 60% dispersion in mineral oil) was added to a solution 

|ss of 5a (70 mg, 0.10 mmol) in 1:1 THF/DMF (2.0 mL). After stirring the mixture for 15 

min.,, FSO2C4F9 (54 pL, 0.30 mmol) was added and the suspension was heated to 55 

Nff °C for 5 h. The reaction was diluted with EtOAc (20 mL) and the organic phase was 

washedd with water (2 x 15 mL), aqueous saturated NH4C1 (20 mL), dried over Na2S04 and 

concentratedd in vacuo. Purification by column chromatography (PE:EtOAc = 20:1-^10:1) afforded 5c as 

aa white solid (84 mg, 75 pmol, 75%). M.p. = 66-67 °C. aH NMR (400 MHz, [D6] DMSO, 150 °C): 8 = 8.27 

(d,, / = 9.0, 2H), 7.83 (d, ƒ = 8.5, 2H), 7.67 (d, ƒ = 8.5, 2H), 7.24-7.36 (m, 12H), 6.9 (m, 6H), 6.83-6.88 (m, 

4H),, 6.66 (m, 2H), 5.87 (m, 2H). ' i p NMR (202.4 MHz, [D6] DMSO, 150 °C): 5 = -13.2. IR: o 2925,1411, 

1238,, 1195, 1144. HRMS (FAB+): calcd for C56H33N2P2S2O4F18 (M+H+): 1265.1070, found: 1265.1095. 

[ct]D
200 = -73 (c = 0.51, CHCI3). 
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(S)-Me-BICAPP (5d) 

NaHH (23 mg, 0.58 mmol of a 60% dispersion in mineral oil) was added to a solution 

PPH22 of 5a (0.17 g, 0.24 mmol) in 1:1 THF/DMF (4.8 mL). After stirring the mixture for 15 

min.,, methyliodide (31 uL, 0.50 mmol) was added and the suspension was stirred for 

anotherr 30 min. The reaction was diluted with EtOAc (20 mL) and the organic phase 

wass washed with water (2 x 15 mL), aqueous saturated NH4CI (20 mL), dried over NajSQi and 

concentratedd in vacuo. Purification by column chromatography (pentaneiEtiO = 2:1—>1:2) afforded 5d 

ass a white solid (0.12 g, 0.17 mmol, 71%). M.p. = 324-325 °C. 'H NMR (500 MHz): 8 = 7.57 (s, 4H), 7.27 

(t,, / = 8.0, 2H), 7.21 (t, ƒ = 7.5, 2H), 7.02-7.09 (m, 6H), 6.90-7.00 (m, 14H), 6.54 (t, ƒ = 7.2, 2H), 6.13 (d, / = 

7.9,, 2H), 3.91 (s, 6H). " P NMR (202.4 MHz): 5 = -18.0. IR: o 3049, 2929, 1579, 1475, 1433, 1259. HRMS 

(FAB+):: calcd for C50H39N2P2 (M+H+): 729.2589, found: 729.2596. [a]D
20 = -410 (c = 0.21, CHCb). 

TBSS (S)-TBS-BICAP (5e) 

"BuLii  (0.10 mL, 0.25 mmol of a 2.5M solution in THF) was added to a solution of 5a 

|22 (40 mg, 57 umol) in 1:3 THF/toluene (2.6 mL). After stirring the mixture for 15 min., 

TBSC11 (31 uL, 0.20 mmol) was added and the suspension was stirred for another 5 h. 

TBSS The reaction was diluted with EtOAc (20 mL) and the organic phase was washed 

withh water (1 x 15 mL), brine (1 x 20 mL), dried over NaiSCU and concentrated in vacuo. Purification by 

columnn chromatography (PE:EtOAc = 15:1—>7:1) afforded 5e as a white solid (34 mg, 37 umol, 65%). 

M.p.. = 126-127 °C. 'H NMR (400 MHz): 8 = 7.73 (d, / = 8.7, 2H), 7.38-7.44 (m, 4H), 7.14-7.17 (m, 4H), 

7.06-7.100 (m, 6H), 6.87-7.03 (m, 12H), 6.41 (t, ƒ = 7.5, 2H), 5.94 (d, / = 7.9, 2H), 1.01 (s, 18H), 0.81 (s, 6H), 

0.799 (s, 6H). 31P NMR (202.4 MHz): 8 = -17.4. IR: u 3050, 2927, 2856, 1569, 1463, 1420, 1271, 966, 822. 

HRMSS (FAB+): calcd for C60H63N2P2S12 (M+H+): 929.4005, found: 929.4019. [cc]D
20 = -141 (c = 0.73, 

CHCb). . 

cc acid 9,9'-bis-trifluoromethanesulfonyl-3'-

trifluoromethanesulfonyIoxy-9H,9'H-[4,4']bicarbazolyl-3-y ll  ester (17) 

oTff  To a suspension of L (0.10 g, 0.27 mmol) in CH2CI2 (3 mL) were added 
0Tff LiHMD S (1.57 mL of a 1M solution in THF, 1.57 mmol) and trifli c anhydride (0.32 mL, 

1.899 mmol) at -30 "C. The resulting green solution was heated to 40 °C andd stirred for 

44 h. The mixture was diluted with CH2CI2 (20 mL) and the organic phase was washed 

withh aqueous 0.5M NaHSOj (2 x 30 mL) and brine (1 x 30 mL). The organic laver was dried over 

Na2SQii  and concentrated in vacuo. Purification by column chromatography (PE:EtOAc = 15:1) 

affordedd 17 as a white solid (73 mg, 81 umol, 30%). M.p. = 57-59 °C. 'H NMR (400 MHz, [D7] DMF): 5 = 

8.64-8.799 (m, 2H), 8.16-8.30 (m, 2H), 7.63-7.67 (m, 2H), 7.10-7.24 (m, 2H), 6.98, 6.92, 6.63, 6.56 (4 x d, ƒ = 

8.0,, 7.9, 8.1, 7.3, intensity resp. 1.1:0.4:0.4:0.1 together: 2H). 'H NMR (400 MHz, [D7] DMF, T = 130 °C): 

55 = 8.80 (d, ƒ = 9.0, 2H), 8.25-8.28 (m, 4H), 7.75 (t, / = 7.5, 2H), 7.30 (t, ƒ = 7.5, 2H), 6.89 (d, / = 7.0, 2H). 

HRMSS (FAB+): calcd for C28H13O10FV2N2S4 (M+H+): 892.9261, found: 892.9227. 
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Mee [(S)-Me-BICAP]PdCl 2 (18) 

^ V - ^ 3 _ P h
22

 T o a solution of (S)-Me-BICAP (30.0 mg, 41 nmol) in CH2C12 (1.5 mL) was added 

T ~ p ^ P < c || PdCl2(MeCN)2 (10.1 mg, 39 umol) and the resulting solution was stirred for 1 h 

\—$.\—$. %—y 2 a*  r o o r n temperature. After evaporation of the solvent, the crude product was 

Mee recrystallized from a mixture of CH2C12/ EtOAc/ 'Pr20, yielding red cubic 

crystals. . 

X-Rayy Crystallographic Study 

Correctionss for Lorentz and polarisation effects were applied. Absorption corrections were performed 

(forr 17 and 18) with the program PLATON,18 following the method of North et alJ9 using V-scans of 

fivee reflections, with coefficients in the range 0.759-0.967 (17) and 0.491-0.977 (18). The structures were 

solvedd by the PATTY option of the DIRDIF-99 program system.20 

Crystall  structur e of BICOL-tetratriflat e (17) 

Abstract. . 

C28H12F12N2OioS4,, M r = 892.7, triclinic, PI, a = 10.497(2), b = 162.542(1), c = 13.426(2) A, a = 85.35(1), (3 = 

70.97(1(3),, Y = 85.838(9)°, V = 1663.5(4) A3, Z = 2, Dx = 1.78 germ3, u(CuKa) = 38.19 c m1 , F(000) = 892, -

200 °C, Final R = 0.98 for 5030 observed reflections. 

Experimental. . 

AA colourless crystal (grown from a solution of EtOAc/PE) with dimensions 0.25 x 0.40 x 0.40 mm 

approximatelyy was used for data collection. A total of 6827 unique reflections was measured within 

thee range -12<h<13, -15<k<15, 0<116. Of these, 5030 were above the significance level of 4o(Fobs) and 

weree treated as observed. The range of (sin 6)/A was 0.040-0.626A (3.5<0<74.8°). Two reference 

reflectionss ([11 0],[0 1 3]) were measured hourly and showed 6% decrease during the 92 h collecting 

time,, which was corrected for. Unit-cell parameters were refined by a least-squares fitting procedure 

usingg 23 reflections with 40.03<0<41.70. The hydrogen atoms were calculated. After isotropic 

refinementt og the non-H atoms 04 and 05 had very high atomic displacement parameters. Carefull 

examinationn of a AF synthesis revealed positional disorder for both atoms, so it was decided two splot 

bothh atoms into two half occupied positions and keep the ADP's isotropic during further refinement. 

Full-matrixx least-squares refinement on F, anisotropic for the non-hydrogen atoms isotropic for the 

hydrogenn atoms restraining the latter in such a way that the distance to their carrier remaind constant 

att  approximately 1.0A, converged to R = 0.098, R„= 0.089, (A/o)max = 0.41, S = 1.01. A weighting 

schemee w = [3.5 + 0.01*(o(Fobs))2 + 0.01/(o(Fobs))]-' was used. The secondary isotropic extinction 

coefficient211 refined to g = 518(48). A final difference Fourier map revealed a residual electron density 

betweenn -1.33 and 1.49 eA"3 in the vicinity of the disordered atoms. Scattering factors were taken from 

thee International Tables for X-ray Crystallography.22 The anomalous scattering of S, and F was taken 

intoo account.23 Al l calculations were performed with XTAL3.7,24 unless stated otherwise. 

Crystall  structur e of [(S)-Me-BICAP]PdCl 2 (18) 

Abstract. . 

C5oH38Cl2N2P2Pd,, M r = 906.2, orthorhombic, P2i2i2i, a = 14.610(1), b = 15.766(1), c = 17.89(3) A, V = 

3837.0(7)) A3, Z = 4, D*  = 1.46 gem-3, u(CuKa) = 5.85 m m1 , F(000) = 1776, room temperature, Final R = 
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0.0388 for 4367 observed reflections. 

Experimental. . 

AA red crystal with dimensions 0.25 x 0.50 x 0.50 mm approximately was used for data collection. A 

totall  of 4669 unique reflections was measured within the range 0<h<18, 0<k<19, 0<1<22. Of these, 4367 

weree above the significance level of 4o(F0bs) and were treated as observed. The range of (sin 9)/A was 

0.042-0.626AA (3.7<9<74.7°). Two reference reflections ([ 3 0 2 ], [ 0 2 2 ]) were measured hourly and 

showedd no decrease during the 80 h collecting time. Unit-cell parameters were refined by a least-

squaress fitting procedure using 23 reflections with 39.95<28<41.94. The hydrogen atoms were 

calculatedd and kept fixed with U = 0.10 A2. Full-matrix least-squares refinement on F, anisotropic for 

thee non-hydrogen atoms converged to R = 0.038, Rw = 0.039, (A/o)™* = 0.076, S = 0.94. A weighting 

schemee w = [3.5 + 0.01*(o(Fobs))2 + 0.01/(o(Fobs))]-1 was used. The secondary isotropic extinction 

coefficient200 refined to g = 1183(57). A final difference Fourier map revealed a residual electron density 

betweenn -0.68 and 0.73 eA3 in the vicinity of the heavy atoms. Scattering factors were taken from the 

Internationall  Tables for X-ray Crystallography.22 The anomalous scattering of Cl, P and Pd was taken 

intoo account.23 Al l calculations were performed with XTAL3.7,24 unless stated otherwise. Refining the 

invertedd structure converged to R = 0.066, thus confirming the correct structure. Phenyl group C31-

C366 behaves rather anisotropic compared with the other three phenyl groups. 

Crystall  structur e of (S)-Me-BICAP (5d) 

Abstract. . 

C50H3RN2P2,, Mr = 728.8, orthorhombic, P2i2i2i, a = 9.9515(6), b = 11.4449(8), c = 34.374(3) A, V = 

3915.0(5)-\\ Z = 4, Dx = 1.24 gem 3, u(CuKa) = 1.29 mm-1 , F(000) = 1528, room temperature, Final R = 

0.0566 for 3864 observed reflections. 

Experimental. . 

AA white crystal (grown from a mixture of CH2G2/PE) with dimensions 0.15 x 0.20 x 0.75 mm 

approximatelyy was used for data collection. A total of 4524 unique reflections was measured within 

thee range 0<h<12, 0<k<14, 0<1<42. Of these, 3864 were above the significance level of 2.5o(Us) and 

weree treated as observed. In addition 865 "Friedel" reflection were measured; these were used in the 

determinationn of the absolute configuration. The range of (sin B) /\ was 0.029-0,626A (2.6<9<74.7°). 

Twoo reference reflections ([ 2 1 0 ], [ 2 0 4 ]) were measured hourly and showed no decrease during 

thee 80 h collecting time. Unit-cell parameters were refined by a least-squares fitting procedure using 

233 reflections with 39.93<28<41.84. Full-matrix least-squares refinement on F, anisotropic for the non-

hydrogenn atoms, isotropic for the hydrogen atoms restraining the latter in such a way that the 

distancee to their carrier remained constant at approximately 1.0A, converged to R = 0.056, Rw = 0.071, 

<A/o)maxx = 0.11, S = 1.08. A weighting scheme w = [4.2 + 0.01*(o(Fobs))2 + 0.01/(o(Fobs))]-> was used. 

Thee secondary isotropic extinction coefficient21 refined to g = 13010(454). A final difference Fourier 

mapp revealed a residual electron density between -0.32 and 0.38 eA3. Scattering factors were taken 

fromm the International Tables for X-ray Crystallography.22 The anomalous scattering of P was taken 

intoo account.23 All calculations were performed with XTAL3.7,24 unless stated otherwise. The Flack 

parameter255 converged to Xabs = 0, thus confirming the correct structure. 

Crystallographicc data (excluding structure factors) for the structures reported in this chapter have 

beenn deposited with the Cambridge Crystallographic Data Centre. No. CCDC 225796 (17), No. CCDC 
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2257977 (18), No. CCDC 225795 (5d). Copies of the data can be obtained free of charge on application 

too CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) +44-1223/336-033; E-mail: 

deposit@ccdc.cam.ac.uk] ] 

Generall  procedure for  asymmetric hydrogertation of methyl acetoacetate (21) 

Too a solution of 21 (0.92 mL, 8.52 mmol) in MeOH (8.5 mL) were added [RuCl2(ChHh)]2 (2.00 mg, 4.0 

umol)) and ligand (8.5 umol). After all the solids were dissolved, a 1 mL sample was transferred into a 

glass-vail,, placed in a stainless-steel autoclave and equipped with a stirring bean. The reaction was 

flushedd with hydrogen gas (3x5 bar), pressurized to 100 bar and stirred at 70 "C for 2 h. The autoclave 

wass cooled to room temperature, depressurized and opened. The resulting orange solution was 

filteredd over silica (eluted with CH;Ch) and concentrated in vacuo (at this stage the conversion was 

determinedd bv 'H NMR). To the crude mixture were added pyridine (3 mL) and benzoyl chloride (0.8 

mL)) and the solution was stirred at 70 °C for 17 h. After cooling to room temperature the reaction 

mixturee was diluted with CH2CI2 (30 mL) and washed with aqueous 0.5M NaHSO? (1 x 30 mL) and 

waterr (1 x 30 mL). The organic layer was dried over Na7SC>4 and concentrated in vacuo. Purification by 

columnn chromatography (PE^LLCL = 1:8—>1:25) afforded the benzoylated product, which was used 

too determine to enantiomeric excess bv chiral HPLC (Daicel OB, heptane:'PrOH = 9:1, 1.0 mL min1, 

UVV 254 nm: tR: 8.56 min. (R) and 10.6 min. (S)). 

Generall  procedure for  asymmetric hydrogenation of itaconate (23) 

AA solution of Rh{nbd)zBF4 (3.0 mg, 8.02 umol) and ligand (9.22 pmol) in CH2CI2 (4 mL) was stirred for 

300 min. After the itaconate (127 mg, 0.80 mmol) was added, a 1 mL sampled was transferred into a 

glass-vail,, placed in a stainless-steel autoclave and equipped with a stirring bean. The autoclave was 

flushedd with hydrogen gas ( 3 x5 bar), before the reaction was stirred at room temperature under 

hydrogenn pressure (5 bar) for 15 h. The autoclave was depressurized and opened. The resulting 

solutionn was filtered over silica (eluted with CH2CI2) and concentrated ;';; vacuo. At this stage the 

conversionn was determined bv : H NMR and the enantiomeric excess of 24 was checked by chiral GC 

(Beta-Dexx 325 (Supelco), gas flow settings: carrier gas helium 150 kPa, LL, 50 kPa, air 100 kPa, oven 

temperaturee program: 70 °C isotherm 40 min.; 30 °C/min. up to 190 °C; isotherm 16 min., ti<: -33 min. 

(R)) and 34 -min. (S)). 
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BICOLL DERIVED DENDRITIC PHOSPHORAMIDITE LIGANDS* 

4.11 Introductio n 

4.1.11 Monodentate ligands 

Thee last few years, the field of asymmetric hydrogenation of prochiral olefins has 

witnessedd a remarkable change of opinion.1 Despite the auspicious results reported by 

Knowless concerning the hydrogenation of dehydroamino acids with ee's up to 88% utilizing 

thee monophosphine CAMP ligand, the introduction of the diphosphine DIOP by Kagan2a 

originatedd the idea that enantiopure bidentate ligands were a necessity for obtaining 

excellentt enantioselectivities (see Chapter 1.1). Some famous examples are DIPAMP,2b 

BINAP2cc and DuPHOS,2d which all contributed to the excellent level the field has reached 

nowadays.. However, pioneering studies from the groups of Pringle,3a Feringa3b and Reetz3c 

andd more recently Chan,3d Zhou3e and Helmchen3f showed that chiral monodentate 

phosphonite,, phosphoramidite, phosphite and phosphine ligands (Chart 4.1) also yield 

highlyy active and highly selective rhodium catalysts for the asymmetric hydrogenation of a 

varietyy of alkenes. The hydrogenation of dehydroamino acids, itaconates, and enamides gave 

comparablee or sometimes better results than obtained with bidentate ligands. 

P-R R P-OR R P-NR2 2 

Pringlee ef al. (2000) Reetzz ef al. (2000) MonoPhoss (R = Me) 
Feringaa ef al. (2000) 
RR = Et: Chan et al. (2001) 

.O v v 

:P-NMe2 2 Cy'' P ^ C y 
H H 

P-NMe2 2 

SIPHOSS Helmchen ef al. (2002) H8-MonoPhos 
Zhouu ef al. (2002) C h a n et al- (2003) 

Char tt  4.1 Chiral monodentate phosphorus ligands. 

Partt of this Chapter was published in: P.N.M. Botman, A. Amore, R. van Heerbeek, J. W. Back, H. Hiemstra, J. 
N.. H. Reek, J. H. van Maarseveen, Tetrahedron hell. 2004,45,5999. 
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Thee success of these monodentate ligands opened the debate about the exact 

mechanismm of these asymmetric hydrogenations. The superior results obtained with 

bidentatee phosphorus ligands in comparison to the P-chiral monophosphines developed by 

e.g.. Horner and Knowles were explained by the formation of a rigid ligand-metal complex.4 

Thee two donor atoms of the bidentate ligand coordinate to the metal-centre, minimizing the 

rotationall  freedom around the P-metal bond. The excellent enantioselectivities obtained with 

thee monodentate ligands depicted in Chart 4.1 was surprising in this context, because the 

conformationall  control seemed to be lacking. 

Thee structure of the catalytically active species would give clarity about the 

mechanism.. So far it proved to be difficult to detect the actual active Rh-complex in 

hydrogenationn catalyzed by the commonly applied Rh(COD)2BF4/ ligand system, because of 

thee existing equilibrium between all Rh-species present. Results reported by Pringle, Feringa 

andd Reetz provided some clues about the mechanism operating when monodentate ligands 

aree applied. Pringle and co-workers reported the asymmetric hydrogenation of e.g. acrylate 1 

withh both monodentate phosphonite 3 and bidentate phosphonite 4 (Scheme 4.1).3a The 

enantioselectivityy of 92% reached when Rh(3)2(COD)BF.i was used as pre-catalyst, was better 

comparedd to the result obtained with the corresponding bidentate complex (90% ee). The 

successs of monodentate phosphonite ligands was explained by the formation of rhodium 

catalystss containing two ligands which decrease each other's conformational freedom. The 

behaviorr of the catalysts was clarified with the help of the crystal structures of related 

PtCl2L22 complexes. 

A, , AcHNN C02Me 

1 1 

Rh(3)2(COD)BF4 4 

orr Rh(4)(COD)BF4 

AcHNN C02Me 

2 2 

P-'Bu u 

33 4 
92%%  ee 90% ee 

Schemee 4.1 Phosphonite ligands in asymmetric hydrogenation. 

Inn the initial work of Reetz3b and co-workers it was concluded that the Rhdigand ratio 

hadd no influence on the enantioselectivity of the reactions. A general Rhligand ratio of 1:1 

wass applied for the hydrogenations of itaconic acid dimethyl ester with monodentate BINOL 

derivedd phosphite ligands. The ee's did not change significantly when the Rh:ligand ratio 

wass changed from 1:1 (99.2% ee) to 1:2 (99.6% ee) or 1:4 (99.5% ee). These results suggested a 

mono-ligatedd rhodium catalyst. However, NMR spectroscopy experiments indicated that 1:2 

precatalystt complexes are formed in the in situ reaction of Rh(COD)2BF4 with 
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monophosphitee ligands.1 Together with the observation that these hydrogenations show a 

strongg nonlinear effect, the evidence is strong that the reactions are catalyzed by a RhLi 

species. . 

Thee group of Feringa3c reported that the Rh:ligand ratio was indeed important. The 

rapidd formation of rhodium black was observed when less than 1 equivalent of MonoPhos 

comparedd to the amount of rhodium was added. The activity of the catalytic system ceased 

completelyy when a Rh:ligand ratio of 1:3 was applied. The last result was explained by the 

formationn of unactive RI1L3 and RhL.» complexes, which were indeed detected with ES-MS 

measurements.5 5 

Me02<A- C 2 M e e 

[Rh(L1)2]BF4:90.2%ee e 
[Rh(L2)2]BF4:: 57.3% ee 
[Rh(L1)(L2)]BF4:: 96.4% ee 

L1:: R = Me 
L2:: R = 'Bu 

Schemee 4.2 Homo- and heterocombinations in asymmetric hydrogenation. 

Inn more recent publications, the research groups of Reetz6a and Feringa6b 

independentlyy discovered a new principle in transition metal catalysis namely the 

applicationn of mixtures of ligands in asymmetric hydrogenations. The combination of two 

differentt monodentate ligands (a so-called heterocombination) sometimes yielded more 

activee and more selective catalysts in rhodium-catalyzed hydrogenations, compared to the 

resultss obtained with the corresponding homo-combinations. An illustrative example 

reportedd by Reetz and co-workers is depicted in Scheme 4.2. All these results seem to put it 

beyondd question that the active Rh-complex contains two monodentate ligands which 

restrictt each other's conformational freedom. 

4.1.22 Homogeneous catalysis inside dendrimers 

Thee use of transition metal catalysts attached to functionalized dendrimers has been a 

growingg topic of research in the last ten years.7 The use of well-defined dendrimers as 

solublee support for conventional homogeneous catalysts offers several opportunities, like 

easyy catalyst separation from the reaction mixture by e.g. membrane filtration techniques 

andd the possibility of performing mechanistic studies with these large catalytic species. 

Thee transition metal catalyst can be attached to the dendrimer in two general ways. In 

periphery-functionalizedd dendrimers the catalysts are connected at the surface of the 

dendrimerr (Figure 4.1). In this fashion a multitude of catalysts can be attached to the 

Me02C C JC C C02Me e 

[Rh(L)x]BF4 4 

H2 2 

P-R R 
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dendriticc support. Characteristics of periphery-functionalized dendrimers are e.g. easy 

accessibilityy of the substrates to the catalyst and the existence of high local catalyst 

concentration.. In the second approach the catalytic site is located in the core of the 

dendrimer,, thereby embedding the catalyst inside the dendritic support. This site isolation 

effectt can be beneficial for other applications.8 

Figuree 4.1 Transition metal catalyst attached to the periphery (A) or at the core (B) 

AA B 

QQ = Transition metal catalyst 

Inn the field of enantioselective dendrimer catalysis, numerous reports have 

appeared.99 Togni and co-workers, for example, successfully immobilized up to 24 Josiphos 

ligandss on the periphery of a dendrimer.10 The rhodium complexes of these systems proved 

too very efficient catalysts in the hydrogenation of dimethyl itaconate (98% ee or higher) and 

thee complexes could be completely retained by a nanofiltration membrane. 

Severall  core-functionalized chiral dendritic catalysts have been developed. Known 

chirall  moieties like the BINOL,11 BINAP12 and TADDOL13 ligands were successfully 

immobilizedd inside a dendrimer support. A striking example was reported by Chan and co-

workerss with the preparation of soluble dendrimer 5 from 5,5'-diamino-BINAP, which was 

involvedd in the ruthenium-catalyzed formation of ibuprofen (Scheme 4.3).12a With n=2, the 

productt was obtained with 92.8% ee at full conversion. The dendritic ligand provided a more 

activee catalyst compared to the Ru-BINAP system, probably due to changes in the dihedral 

anglee of the binaphthyl rings of the BINAP part because of steric effects of the dendrimers. 

Precipitationn of the catalyst from the reaction mixture with methanol allowed recycling of 

thee dendrimer 5 catalyst. The catalyst maintained both its activity and selectivity for at least 

threee cycles. 
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nn = 0,1,2 

CQ2H H 

Ph2PP PPh2 

(S)-5 5 

(S)-5,, [Ru(cymene)CI2]2 
1 1 

H2,, MeOH, toluene (1/1) 

C02H H 
4%. . 

100%conv.,, >91% ee 
alsoo after 3 times recycling 

Schemee 4.3 Dendritic BINAP ligands in asymmetric hydrogenations. 

Inn this chapter the versatile BICOL skeleton 6 is employed to combine chiral 

monodentatee phosphoramidite ligands with dendrimers (Figure 4.2). The introduction of the 

phosphoramiditee moiety was achieved analogous to the methodologies developed for the 

synthesiss of the BINOL-based MonoPhos ligand. The nitrogen atoms in the bicarbazole 

skeletonn appeared to be ideal sites for the introduction of functional groups, like dendritic 

wedges.. This strategy allowed the straightforward synthesis of dendrimer functionalized 

phosphoramiditee ligands, which were applied in asymmetric hydrogenations. 

Figuree 4.2 Dendritic BINAP ligands in asymmetric hydrogenations. 

dendrimerr introduction PNMe?? introduction 

(R)-BICOLL (6) 
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4.22 Synthesis of BICO L based phosphoramidite l igands 

Forr the dendritic ligand synthesis a strategy was designed in which the dendritic 

wedgess would be attached via N-alkylation of O-protected BICOL. After deprotection of the 

diol,, the sensitive phosphoramidite moiety could be introduced in the last step of the 

sequence.. This strategy was first tested with the synthesis of reference ligand 9 (Scheme 4.4). 

Too allow selective N,N-difunctionalisation of BICOL (6), the hydroxyl groups were first 

protectedd as f-butyldimethylsilyl ethers to give 7. To test the alkylation of the carbazole 

nitrogens,, 7 was treated with methyl iodide and sodium hydride. After liberation of the 

hydroxylss by TBAF mediated desilylation the obtained diol 8 was reacted with 

hexamethylphosphorouss triamide (HMPT)14 providing ligand 9 in an excellent yield. 

1)Mel,, NaH 
ORR 2) TBAF 

OR R 

66 R = = H ((R)-BICOL) -, TBSCI 
7RR = TBS " ' (100%) 

Schemee 4.4 Synthesis of phosphoramidite 9. 

Me e 
N N 

JfS JfS 
\s^L~ \s^L~ 

/ t=rr --

~\/) ~\/) 
N N 
Me e 

)-88 (99%) 

"OH H 

-OH H 
P(NMe2>3 3 

*--

Me e 
N N 

fy-Xr fy-Xr 
wv=^ --g g yy / = = r -

\J~\J \J~\J 
N N 
Me e 

(R)-99 (95% 

;PNMe2 2 

Forr the synthesis of the dendritic ligands a similar synthetic route was applied, in 

whichh the dendritic wedges were attached to 7 via double alkylation of the carbazole 

nitrogenss using halogen functionalized carbosilane wedges.15 The wedges were prepared in 

aa divergent manner starting from allyl chloride using a two-step methodology (Scheme 4.5). 

CI' ' 

HSiCI3 3 

(1500 equiv.; 
» » 

Pt-catalyst t 

NaN-, , 

repeatt sequence 

sif^)r r 3 ' 3 ' 3 3 

Pt02,, H2 

siK/) ) 
111 x = ci -
12X== I -
 13 X= N3 

14X=NH 2 2 

Schemee 4.5 Synthesis of focal-point functionalized carbosilane wedges. 

3 ' 3 ' 3 3 

Nal l 

Pd/C,, H2 
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Thesee steps involved a platinum-catalyzed hydrosilylation with excess SiHCb 

followedd by a Grignard reaction with allylmagnesium bromide. Repeating this sequence 

twicee afforded the third generation wedge 10. After exhaustive hydrogenation of the olefinic 

endd groups by treatment with Pd/C and molecular hydrogen, the chloride functionalized 

wedgee 11 was obtained. Such carbosilane wedges are stable towards high temperatures and 

stronglyy acid and basic conditions and thus extremely suitable for synthetic applications. The 

solublilityy of these apolar wedges in commonly used solvents like Et20, THF and CH2CI2 

allowss facile preparation and application of dendrimer immobilized transition metal 

catalysts. . 

Schemee 4.6 Synthesis of dendritic phosphoramidite 19. 
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Inn our first attempts to perform a double N,N-alkylation of 7 with chloride wedge 11 

andd sodium hydride as base in a mixture of THF and mesitylene it proved to be necessary to 

applyy a reaction temperature of 160 qC for 7 days in order to reach an acceptable conversion. 

Becausee partial removal of the silyl-protecting groups was observed under these conditions, 

thee TBS groups were exchanged for more base-stable ethoxy ether groups (Scheme 4.6). To 

preventt unwanted iV~alkylation of BICOL during the EE-protection step intermediate N-

protectionn as a tosylate was required, which allowed us to start the synthesis with the 

mentholl  containing BICOL 15 obtained in the resolution procedure described in chapter 2. N-

Tosylationn of 15, followed by reductive removal of the menthol auxiliary yielded diol 16 in 

95%% yield. After reaction of 16 with ethyl vinyl ether and a catalytic amount of PPTs, the 

obtainedd O-protected product 17 was de-tosylated by treatment with KOH in MeOH to 

affordd 18 in a yield of 97% over two steps. The EE-protecting groups of 18 proved to be stable 

underr the harsh reaction conditions employed for the N,N-alkylation with chloride wedge 

11,, providing the desired dendrimer encapsulated product in a moderate yield. Milder 

reactionn conditions could be applied when iodide wedge 12, synthesized from chloride 11 

withh a modified Finkelstein procedure,1* 1 was reacted in the alkylation. In this optimized 

proceduree the dendritic wedges were smoothly introduced onto 18, providing the embedded 

dioll  in a 70% yield after deprotection of the hydroxyls with PPTs/EtOH (Scheme 4.6). 

Treatmentt of the diol with HMFT resulted in the formation of dendrimer functionalized 

phosphoramiditee 19. 

Ligandd 19 was purified by flash chromatography and fully characterized. However, 

decompositionn of the phosphoramidite part of the molecule was observed during storage, 

makingg this ligand less suitable for catalysis. The exact reason for the instability remained 

unclear,, but it seemed plausible that the steric bulk of the two dendritic wedges force the 

BICOLL backbone to adopt a conformation that induces strain on the phosphoramidite 

moiety. . 

Too create more space between the BICOL backbone and the dendritic bulk a so-called 

spacerr moiety was introduced. The attachment of two anchoring moieties for the dendritric 

wedgess was effected by applying a N,N-dialkylation of 7 with BrChhGChMe, followed by 

saponificationn of the resulting dimethyl ester 20 to give 21 (Scheme 4.7). A standard peptide-

couplingg between the two carboxylic acid groups of 21 and the third generation carbosilane 

dendriticc wedges equipped with a primary amine in the focal point (14) gave BICOL 

embeddedd in a dendritic environment. Amine wedge 14 was synthesized in two steps from 

iodidee 12 employing a nucleophilic substitution with NaN3, followed by a palladium 

catalyzedd hydrogenation of the corresponding azide (Scheme 4.5). The synthesis of 

dendrimerr supported phosphoramidite 22 was completed by treating 21 with TBAF and 

HMPT,, respectively, in order to remove the silyl-protecting groups and to introduce the 

phosphoruss part. The transformation of 21 to 22 was carried out in an excellent overall yield 

off  84%. Ligand 22 was purified by flash chromatography and characterized by lH and 31P 

NMR,, MALDI-TOF, and elemental analysis. 

Thee syntheses of ligands 9, 19 and 22 demonstrate the versatility of the BICOL 

backbonee towards diversification. In the same practical manner a large variety of N-
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functionalizedd chiral monodentate ligands can be obtained in principle, making the BICOL 

backbonee a suitable synthon for applications in e.g. combinatorial asymmetric catalysis. 

OTBS S 
OTBS S 

(R)-7 7 

BrCH2C02Me e 
(92%) ) 

C02R R 

1)) 14, EDC, HOBt 

OTBSS 2 > T B A F 

OTBS S 

C02R R 

200 R = Me 
211 R = H 

,~~ll LiOH, H20 (99%) 

3)) P(NMe2)3 

(84%% over 3 steps) 

(R)-22 2 

Schemee 4.7 Synthesis of dendritic phosphoramidite 22 with spacer moiety. 
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4.33 Applicatio n of phosphoramidite l igands in asymmetric hydrogenations 

Thee rhodium-catalyzed asymmetric hydrogenation of methyl 2-acetamidocinnamate 

233 was used as the model reaction to study the catalytic behavior of ligands 9, 19 and 22 

(Tablee 4.1). When a ligand to rhodium ratio of 2.2 was used, the enantiomeric excess induced 

byy the rhodium complex based on ligand 9 (entry 3) was 93% (at full conversion), which was 

comparablee to the results obtained by Feringa and co-workers using BINOL derived 

monodentatee phosphoramidite MonoPhos (entry l).3c-5 This showed the capability of the 

bicarbazolee skeleton for inducing high enantioselectivity. 

Tablee 4.1 Asymmetric hydrogenation with phosphoramidite ligands. 

a Rh(COD)2BF44 (1 mol%) 
(R)-Ligand d 

H22 (5 bar) 
AcHNN C02Me CH2CI2 rt AcHN C02Me 

233 24 

entry33 ligand ratio L/Rh conversionc [%] eed [%] 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

MonoPhos s 

MonoPhos6 6 

9 9 

19 9 

22 2 

22 2 

22 2 

2.2 2 

3.0 0 

2.2 2 

2.2 2 

2.2 2 

3.2 2 

4.2 2 

100 0 

0 0 

100 0 

100 0 

100 0 

100 0 

30 0 

98 8 

--

93 3 

65 5 

95 5 

95 5 

95 5 

aForr details see experimental section. öTaken from ref. 5. determined by 1H 
NMR.. ^Determined by chiral HPLC of the benzoyl ester. 

Althoughh dendritic ligand 19 could not be stored over longer periods of time, the 

ligandd was tested in the asymmetric hydrogenation of 23 immediately after purification and 

thee results proved to be reproducible. Applying the same reaction condition as for ligand 9, 

phenylalaninee derivative 24 was obtained in 100% yield with an ee of 65%. The drop in 

enantioselectivityy is difficul t to explain. The ligand may decompose during the reaction, 

makingg it unclear which species is responsible for the catalysis. A second reason can be a 

changee in the conformation of the BICOL backbone due to the steric bulk of the dendritic 

wedges.. A similar suggestion was postulated by Chan to explain the higher activity of the 

rutheniumm complex of dendritic BINAP ligand 5 compared to the conventional ruthenium 

BINA PP system (see Chapter 4.1.2).12a A large strain in the backbone would also explain the 

instabilityy of the phosphoramidite moiety. A third cause for the drop in enantioselectivity 

mightt be that the bulky dendritic ligands are to large to form a RhL2 complex, needed to 

providee high ee's. This suggestion seemed to be refuted by the 31P NMR experiments 

conductedd at mixtures of ligands and Rh(acac)(ethene)2 complexes. The formation of both 
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mono-- and di-coordinated ligand-rhodium complexes were observed when the spectra were 

comparedd with those obtained when 9 or 22 were used as ligands (Figure 4.2a-d). 

Figuree 4.3 31P NMR spectra (202.4 MHz, in CDC13) of Rh(acac)(ethene)2 mixed with (a) 1.0 

equiv.. of 9, (b) 3.0 equiv. of 9, (c) 2.1 equiv. of 19 and (d) 1.1 equiv. of 22. 

RhL2(acac c 

WvA»«f^ ^ ^ 

1588 13 4 '  19 *  1S 3 13 0 14 1 li e 14 *  1* 3 ™ 1644 1 » 

Mixin gg 2 equivalents of 9 with Rh(acac)(ethene)2 in CDCI3 yielded a mixture of both 

monoo and di-coordinated rhodium complexes (Figure 4.3a). The two doublets are due to Rh-

PP coupling (/Rh-p = ~280 Hz). Adding another equivalent of ligand resulted in the formation 

off  a single di-coordinated rhodium species and non-coordinated ligand (Figure 4.3b). The 

acetylacetonatee remains tightly attached to the rhodium, preventing the formation of RhL3 or 

RhL.44 complexes. It is important to note that the ratio of products depended on the method 

usedd for the sample preparation. Addition of the solid ligand to a solution of the rhodium 

precursorr in a relatively large Slenk vessel yielded a mixture which showed the depicted 

spectrum.. However, when a solution of the ligand was dropped into a NMR-tube filled with 

aa solution of Rh(acac)(ethene)2 in CDCI3 yielded a mixture that consisted of almost entirely 

RhLzfacac)) and so obviously also contained still the rhodium precursor. From these results it 

wass concluded that the product ratios were kinetically determined, no equilibrium being 

reachedd during the experiments. 
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Despitee the steric bulk, mixing 2 equivalents of dendritic ligands 19 or 22 with 

Rh(acac)(ethene)22 in CDCb resulted in the formation of both mono- and di-coordinated 

rhodiumm complexes as can be concluded from the spectra depicted in Figure 4.3c and 4.3d, 

respectively.. Addition of 2.1 equivalents of phosphoramidite 19 to the rhodium precursor 

resultedd in the formation of RhL2(acac) and free ligand and the use of 11 equivalents of 

ligandd 22 yielded the mono- and di-coordinated rhodium species comparable to Figure 4.3a. 

Althoughh the rhodium(I) precursor for the conducted NMR experiments is different from the 

rhodium(III)) catalyst precursor, it may be concluded that it is possible for the dendritic 

ligandss 19 and 22 to form di-coordinated rhodium complexes. 

Thee findings mentioned above hampered our attemps to conduct catalytic 

experimentss with a combination of two different ligands (see Chapter 4.1.1). In theory, 

mixingg a rhodium precursor with one equivalent of a "small" non-dendritic ligand with one 

equivalentt of dendritic ligand 19 or 22 should lead, in an equilibriated situation, to the 

formationn of only Rh-complexes coordinated by two different ligands (the hetero-complex) 

whenn taken into account that a rhodium complex equipped with two bulky dendritic ligands 

iss unfavoured. When two ligands of comparable size are mixed, both the homo- and hetero-

complexess are present. If the hetero-complex is the most selective but the least active, the use 

off  a mixed set of ligands may seem unjustly worthless. The formation of only the hetero-

complexx would be highly beneficial in these cases. Unfortunately, 31P NMR experiments 

revealedd that upon mixing Rh(acac)(ethene)2 with one equivalent of triphenylphosphite and 

onee equivalent dendritic ligand resulted in the formation of both the homo-complexes and 

thee hetero-complex. Triphenylphosphite was used to clearify the NMR spectra.17 The ratio of 

thee formed complexes depended on the way the compounds were mixed and did not change 

evenn after heating. Apparently, the steric bulk of the dendritic wedges does not force enough 

strainn on the dendritic homo-complex to equilibrate the system, making it impossible to 

obtainn solely the hetero-complex. 

Thee catalytic behavior of the dendritic ligand 22 was similar to that of 9; in 2.5 hours 

productt 24 was obtained quantitatively with an enantiomeric excess of 95% (entry 4). This 

resultt shows that the BICOL derived phosphoramidite ligand can be immobilized with 

retentionn of activity and selectivity, making 22 a suitable candidate to employ in asymmetric 

hydrogenationss in a continuous flow membrane reactor.7c Interestingly, when the 

dendrimer-encapsulatedd ligand 22 was used with ligand to rhodium ratio's higher than three 

(entriess 5 and 6), the catalytic system remained active, which is in contrast to the results 

obtainedd with MonoPhos (entry 2). Feringa et a\. explained this lack of catalytic activity by 

thee formation of inactive rhodium species with three or more ligands coordinated to the 

metal.55 The formation of RhLs and RJ1L4 complexes was observed during the hydrogenation 

off  similar substrates with [Rh(nbd)2]BF4/MonoPhos (1:2). Probably, the steric dendritic bulk 

off  ligand 22 suppresses the formation of unwanted more highly Iigated rhodium species 

duringg the hydrogenations. 
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4.44 Conclusions 

Inn conclusion, a novel enantiopure monodentate phosphoramidite ligand based on 

BICOLL is presented. The straightforward encapsulation of this ligand in the core of two 3rd 

generationn carbosilane wedges shows that the carbazole nitrogen is an excellent handle for 

thee diversification of the BICOL backbone. The new bulky ligands prove to be highly 

effectivee in the Rh-catalyzed asymmetric hydrogenation of a dehydroamino acid, opening up 

thee possibility to recycle the catalysts in e.g. a continuous flow membrane reactor. 
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4.66 Experimental section 

Generall  remarks 

Forr experimental details see section 2.6 and 3.8. All NMR spectra were determined in CDClj (unless 

statesstates otherwise). Positive mode reflection MALDI-TOF spectra were measured at a Micromass 

TofSpecc 2E-C equipped with a 2 GHz digitiser. 50 pmol of sample was dissolved in EtOAc and mixed 

withh a concentrated solution of DHB in EtOAc and spotted directly on the stainless steel MALDI 

target. . 

HH (R)-3,3'-Bis-(rerf-butyl-dimethyl-silanyloxy)-9H,9'H-[4,4']bicarbazolyl(7) 

AA mixture of (R)-BICOL (0.20 g, 0.55 mmol), imidazole (0.17 g, 2.48 mmol) and 

TBSCII  (0.27 g, 1,82 mmol) in acetonitrile (5.5 mL) was refluxed for 17 h. After 

coolingg to room temperature, the reaction was quenched by addition of water (100 

mL),, aqueous 0.5M NaHS03 (70 mL) and EtOAc (100 mL). The organic phase 

separatedd and washed with aqueous 0.5M NaHS03 (70 mL) and brine (100 mL). The organic layer was 

driedd over Na2S04 and concentrated in vacuo. Purification by column chromatography (PE:EtOAc = 

7:1)) afforded 7 as a glassy solid (0.33 g, 0.55 mmol, 100%). iH NMR (400 MHz, [D6] acetone): 6 = 10.08 

(brr s, 2H), 4.11 (td, ƒ = 10.9, 4.4, 2H), 2.36 (s, 6H), 1.79 (m, 2H), 1.63-0.60 (m, 22H), 0.60 (d, ƒ = 6.9, 6H), 

0.155 (d, ƒ = 6.8, 6H). "C NMR (100.6 MHz, [D6] acetone): 5 = 147.9, 142.6, 136.9, 126.4, 125.3, 124.8, 

123.5,123.4,119.2,119.1,111.7,111.5,, 26.4,19.0, -3.5, -3.8. IR: u 3420, 2929, 2856,1507,1478,1443,1287, 

1256,, 952, 832. HRMS (FAB+): calcd for Q K H I S O J N^ (M+H+): 593.3020, found: 593.3036. [a]D
20 = +116 

(cc = 1.35,THF). 
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(R)-9,9'-Dimethyl-9H,9'H-[4,4']bicarbazolyl-3,3'-diol(8) ) 

Too a solution of 7 (0.20 g, 0.28 mmol) in a mixture of THF (3 mL) and DMF (3 mL) 

weree added NaH (26 mg, 0.66 mmol of a 60% dispersion in mineral oil) and methyl 

iodidee (57 uL, 0.91 mmol) and the mixture was stirred for 2 h. The reaction was 

dilutedd by addition of water (50 mL) and EtOAc (50 mL). The organic phase was 

washedd with aqueous saturated NH4C1 (3 x 50 mL), dried over Na2S04 and concentrated in vacuo. The 

crudee solids were dissolved in THF (6 mL) and TBAF (0.7 mL of a 1M solution in THF) was added. 

Afterr stirring at room temperature for 15 min., the reaction was quenched by adding of water (20 mL) 

andd EtOAc (100 mL). After removal of the organic phase the aqueous layer was extracted with EtOAc 

(22 x 80 mL). The combined organic layers were dried over Na2S04 and concentrated in vacuo. 

Purificationn by column chromatography (PE:EtOAc = 2:1->1:1)) afforded 8 as a white solid (0.10 g, 0.28 

mmol,, 100%). 'H NMR (400 MHz): 5 = 7.52 (d, ƒ = 8.8, 2H), 7.37 (d, ƒ = 8.8, 2H), 7.32 (d, ƒ = 4.0, 2H), 6.93 

(d,, / = 8.0, 2H), 6.78 (m, 2H), 5.04 (s, 2H), 3.89 (s, 6H). «C NMR (125 MHz): 8 = 147.7, 141.6, 136.4, 

125.8,, 121.8, 121.5, 121.1, 118.7, 114.8, 111.9, 110.3, 108.2, 29.2. HRMS (FAB+): calcd for C26H21O2N2 

(M+H+):: 393.1603, found: 393.1585. [a]D
20 = +80 (c = 0.75, THF). 

Mee (R)-Dimethylated bicarbazole-PNMe2 (9) 

Too a solution of 8 (81 mg, 0.21 mmol) in toluene (2 mL) was added dropwise 

°>NMe22 HMPT (42 uL, 0.23 mmol) and the reaction was stirred at 90 °C for 3 h. After 

coolingg the mixture to room temperature the solvent was removed in vacuo and 

thee crude product was purified by precipitation from boiling Et20, yielding 9 (93 

mg,, 0.20 mmol, 95 %) as a white solid. M.p. = 193-195 °C. ]H NMR (400 MHz): 5 = 7.45-7.52 (m, 2H), 

7.477 (d, / = 8.6,1H), 7.37 (d, ƒ = 8.6,1H), 7.16-7.31 (m, 4H), 6.89 (d, / = 8.0,1H), 6.79 (d, J = 8.0,1H), 6.45-

6.533 (m, 2H), 3.91 (s, 3H), 3.89 (s, 3H), 2.58 (d, ƒ = 8.9, 6H). »P NMR (202.4 MHz): 6 = 149.1. IR: u 2931, 

2880,, 1482, 1459, 1315, 1293, 1221, 1064, 980, 902. HRMS (FAB+): calcd for C28H25O2N3P (M+H+): 

466.1684,, found: 466.1678. [a]D
20 = -567 (c = 0.27, THF). 

(Rt^g'-Bis-f toIuene^-sulfonylJ-gH^'H-^' lbicarbazolyl-S^'-dioMlö) ) 

Too a solution of 15 (2.39 g, 3.28 mmol) in toluene (33 mL) were added TsCl (1.56 g, 
0HH 8.20 mmol), 'Bu4NHS04 (0.22 g, 0.65 mmol) and aqueous 2.5N NaOH (66 mL). After 

stirringg the mixture vigorously at room temperature for 5 h, EtOAc (150mL) was 

addedd and the organic phase was washed with water (2 x 150 mL). The organic layer 

wass dried over Na2S04 and concentrated in vacuo. The crude solids were dissolved in THF (66 

mL)) a nd LiAlH 4 (0.87 g, 22.9 mmol) w as added carefully. After st irr ing at room tempera ture 

forr 30 min., the react ion was quenched by add ing slowly a mix ture of water (80 mL), 

a q u e o uss 2.0N HC1 (250 mL) and EtOAc (250 mL). After removal of the organic phase the 

a q u e o uss layer w as extracted wi th EtOAc (2 x 180 mL). The combined organic layers were dried 

overr Na2S04 and concentrated in vacuo. Purification by column chromatography (PE:EtOAc = 

1.5:1-^1:1)) afforded 16 as a white solid (2.09 g, 3.11 mmol, 95%). M.p. = 340 °C (decomposition). iH 

NM RR (400 MHz, [D6] acetone): 6 = 8.38 (d, ƒ = 9.0, 2H), 8.21 (d, ƒ = 8.4, 2H), 8.15 (br s, 2H), 7.73 (d, / = 

8.4,, 4H), 7.32 (d, ƒ = 9.0, 4H), 7.24-7.30 (m, 4H), 6.70 (t, ƒ = 7.3, 2H), 6.23 (d, / = 7.9, 2H), 2.28 (s, 6H). »C 

NM RR (100.6 MHz, [Ds] acetone): S = 154.2, 146.8, 140.6, 136.0, 134.0, 131.3, 128.5, 128.2, 128.0, 127.9, 
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125.2,122.7,, 117.7, 117.7, 116.8, 116.5. IR: o 3354, 3294, 1365, 1173,1089, 972. HRMS (FAB+): calcd for 

C38H29O6N2S22 (M+H+): 673.1467, found: 673.1458. [a]D
211 = +3.8 (c = 1.00, THF). 

(R)-3,3'-Bis-(l-ethoxy-ethoxy)-9,9'-bis-(toluene^-sulfonyl)-9H,9'H--

[4,4']bicarbazolyll  (17) 

Too a suspension 16 (0.34 g, 0.51 mmol) in acetonitrile (10 mL) were added PPTs 

(255 mg, 0.10 mmol) and vinyl ethyl ether (0.48 mL, 5.1 mmol) and the mixture 

wass stirred at 50 "C for 18 h. After cooling the solution to room temperature 

thee reaction was diluted with EtOAc (50 mL) and the organic phase was washed with aqueous 

saturatedd NaHC03 (50 mL) and brine (50 mL), dried over Na2S04 and concentrated in vacuo. 

Purificationn by column chromatography (PE:EtOAc:Et3N = 30:10:1-»10:10:1) afforded 17 as a mixture 

off  diastereomers as a white solid (0.48 g, 0.59 mmol, 98%). HRMS (FAB+): calcd for QéEL^Os^Sz 

(M+H+):: 817.2617, found: 817.2621. 

(RJ-S^'-Bis-f l-ethoxy-ethoxyHH^'H-^'Jbicarbazolylf lS) ) 

Too a solution of 17 (0.36 g, 0.44 mmol) in THF (11 mL) was added dropwise 2M 

KOHH in MeOH (4.5 mL). The reaction mixture was stirred at 65 °C for 4 h, than 

quenchedd by addition of water (30 mL). The product was extracted with 

EtOAcc (2 x 60 mL) and the organic layers were washed with aqueous saturated 

NaHCÜ33 (50 mL), dried over Na2S04 and concentrated in vacuo. Purification by column 

chromatographyy (toluene:EtOAc:EtjN = 100:10:4->60:10:1) afforded 18 as a mixture of diastereomers 

ass a white solid (0.22 g, 0.44 mmol, 99%). 'H NMR (400 MHz, [D„] acetone): 5 = 10.3 (br s, 2H), 7.62-

7.644 (m, 2H), 7.47-7.51 (m, 2H), 7.37-7.41 (m, 2H), 7.10-7.16 (m, 2H), 6.53-6.60 (m, 4H), 5.04-5.16 (m, 

2H),, 3.00-3.35 (m, 4H), 0.81-1.13 (m, 12H). HRMS (FAB+): calcd for C32H33O4N2 (M+H+): 509.2440, 

found:: 509.2467. 

(R)-dendritic-bicarbazole-diol l 

AA solution of 18 (80 mg, 0.16 mmol) in THF (1.0 mL) was added to a 

suspensionn of NaH (22 mg, 0.55 mmol of a 60% dispersion in mineral 

oil)) in THF (1.5 mL) and xylene (1 mL) and the mixture was stirred at 

roomm temperature for 1 h. The reaction vessel was sealed after 

additionn of a solution of iodine 12 (0.76 g, 0.36 mmol) in THF (1 mL) 

andd xylene (1 mL) and the reaction was stirred at 120 °C for 72 h. 

Whenn cooled to room temperature the mixture was diluted with Et20 

(300 mL) and the organic phase was washed with water (30 mL) arid 

aqueouss 2.0M NaHCOa (30 mL), dried over Na2S04 and concentrated 

inin vacuo. The remaining orange oil was dissolved in a mixture of Et2Ü 

(55 mL), EtOAc (5 mL) and EtOH (5 mL). PPTs (12 mg, 0.05 mmol) was 

addedd and the solution was stirred at 70 °C for 6 h. When cooled to 

roomm temperature the mixture was diluted with Et20 (50 mL) and the 

organicc phase was washed with water (50 mL) and aqueous saturated 

NaHCOjj  (30 mL) and brine (40 mL). The organic layer was dried over Na2S04 and concentrated in 
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vacuo.vacuo. Purification by column chromatography (pentaneiCFhCb = 15:1—>1:1) afforded the title 

compoundd as a colourless oil (0.22 g, 0.44 mmol, 70%). W NMR (400 MHz): 5 = 7.50 (d, ƒ = 8.8, 2H), 

7.355 (d, ƒ = 8.8, 2H), 7.25-7.29 (m, 4H), 6.96 (d, ƒ = 8.0, 2H), 6.76 (dt, ƒ = 2.5, 6.8, 2H), 4.88 (s, 2H), 4.29 (t, ƒ 

== 7.9, 4H), 1.92 (m, 4H), 1.26-1.38 (m, 156H), 0.96 (t, ƒ = 7.2,162H), 0.49-0.61 (m, 208H). «C NMR (100.6 

MHz):: S = 147.8, 140.9, 135.6, 125.8, 121.9, 121.7, 121.0, 118.6, 114.8, 111.8,110.2, 108.2, 47.0, 23.7, 18.7, 

18.7,, 17.9, 17.8, 17.6, 15.5. MS (MALDI-TOF) calcd for C264H54902N2Si26 (M+H+): 4508.7 (mono-

isotopic),, found: 4507.9.3. 

(R)-dendrinc-carbazole-PNMe2(19) ) 

Too a solution of the diol (0.22 g, 49 nmol) in toluene (2.5 mL) was 

addedd HMFT (9.4 nL, 51 nmol) and the solution was stirred at 90 °C 

forr 7 h. After cooling to room temperature, the mixture was 

concentratedd in vacuo. Purification of the crude product by a fast 

filtrationn over silica gel using a mixture of pentane:CH2Cb:Et3N = 

100:10:11 as eluent, yielded 19 as a colorless oil (0.21 g, 49 umol, 95%). 

'HH NMR (400 MHz): S = 7.40-7.46 (m, 2H), 7.11-7.32 (m, 6H), 6.85 (d, / 

== 8.2,1H), 6.75 (d, / = 7.8,1H), 6.39-6.48 (m, 2H), 4.30 (m, 4H), 2.54 (d, ƒ 

== 8.7, 6H), 1.88 (m, 4H), 1.26-1.36 (m, 156H), 0.95 (t, ƒ = 7.2,162H), 0.48-

0.600 (m, 208H). 31P NMR (202.4 MHz): 8 = 148.9. MS (MALDI-TOF) 

calcdd for CzseHsssC^NsP̂ (M+H+): 4587.5 (av), found: 4586.1 and 

calcdd for CawfeC^NjPKSijÈ (M+K+): 4625.6 (av), found: 4624.9. Anal, 

calcdd for Czeöl feOzNsF:̂ C 69.66; H 12.13; N 0.92; found: C 69.95; H 

12.08;; N 0.94. [<x]D
20 = -76 (c = 1.05, THF). 

C02Me e 
(R)-[3,3'-Bis-(ferf-buryl-dimethyl-silanyloxy)-9'-methoxycarbonylmethyl-9'H --

[4,4']bicarbazolyl-9-yl]-aceticc acid methyl ester  (20) 

Too a solution of 7 (0.30 g, 0.51 mmol) in acetonitrile (5 mL) was added NaH (61 mg, 

1.522 mmol of a 60% dispersion in mineral oil) and the mixture was stirred for 10 

min.. After the addition of methyl bromoacetate (0.19 mL, 2.02 mmol) the reaction 

wass stirred at room temperature for 18 h. The reaction was quenched by addition of 

waterr (50 mL) and EtOAc (60 mL). The organic phase was washed with aqueous 

saturatedd NaHCCb (50 mL) and brine (40 mL), dried over Na2S04 and concentrated in vacuo. 

Purificationn by column chromatography (PE:EtOAc = 6:1) afforded 20 (0.34 g, 0.47 mmol, 92%) as a 

whitee foam. 'H NMR (400 MHz): S = 7.28 (d, ƒ = 8.7, 2H), 7.17-7.25 (m, 4H), 7.12 (d, ƒ = 8.6, 2H), 6.89 (d, 

// = 7.9, 2H), 6.72 (t, ƒ = 7.4, 2H), 5.04 (s, 4H), 3.73 (s, 6H), 0.45 (s, 18H), -0.04 (s, 6H), -0.23 (s, 6H). " C 

NMRR (125 MHz): 5 = 169.4,147.2,141.1,135.7,125.3,123.7,123.3,122.6,122.0,118.8,117.4,107.4,107.3, 

52.4,, 44.8, 25.1, 17.6, -4.6, -4.8. IR: o 2954, 2928, 2886, 2855,1737,1482,1455,1274, 1204,1088, 956, 836. 

HRMSS (FAB+): calcd for C42H5306N2Si2 (M+H+): 737.3442, found: 737.3437. [a]D
20 = +137 (c = 0.27, 

THF). . 
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(R)-[3,3'-Bis-(tert-butyl-dimethyl-silanyloxy)-9'-carboxymethyl-9'H --

[4,4']bicarbazolyl-9-yl]-aceticc acid(21) 

SS Methyl ester 20 (0.20 g, 0.27 mmol) was dissolved in a mixture of THF (8 mL) and 

-OTBSS w at er (2.5 mL) and cooled to 0 "C. After the addition of LiOH (26 mg, 1.08 mmol) 

thee mixture was stirred for 4 h. The reaction was diluted with EtOAc (50 mL) and 

thee organic phase was washed with water (40 mL), dried over Na2S04 and 

concentratedd in vacuo, yielding 21 (0.19 g, 0.27 mmol, 99%) as a white solid. lH NMR 

(4000 MHz): 5 = 7.57 (d, / = 8.7, 2H), 7.38 (d, ƒ = 8.2, 2H), 7.18-7.28 (m, 4H), 6.87 (d, ƒ = 7.9, 2H), 6.66 (t, ƒ 

== 7.5, 2H), 5.23 (s, 4H), 0.52 (s, 18H), 0.03 (s, 6H), -0.21 (s, 6H). 

(R)-Dendritic-spacer-bicarbazole-TBS S 

Too a solution of 21 (0.10 g, 0.15 mmol) in CH2C12 (1.1 mL) was added a 

solutionn of amine 14 (0.75 g, 0.36 mmol) in CH2CI2 (1 mL), followed by 

HOBtt (61 mg, 0.45 mmol) and EDC (93 mg, 0.48 mmol). The solution 

wass stirred at room temperature for 60 h. The mixture was diluted 

withh CH2CI2 (50 mL) and the organic phase was washed with aqueous 

0.5MM NaHSCb (40 mL) and water (40 mL). The organic layer was dried 

overr Na2SC>4 and concentrated in vacuo. Purification by column 

chromatographyy (pentaneiCLhCh = 3:1—>1:2) afforded the titl e 

compoundd as a colourless oil (0.67 g, 0.14 mmol, 92%). 'H NMR (400 

MHz):: 5 = 7.31 (d, / = 8.8, 2H), 7.24-7.29 (m, 2H), 7.20 (d, ƒ = 8.2, 2H), 

7.122 (d, ƒ = 8.7, 2H), 6.99 (d, ƒ = 7.8, 2H), 6.81 (t, ƒ = 7.6, 2H), 5.73 (t, / = 

5.7,, 2H), 4.91 (s, 4H), 3.22 (m, 2H), 3.12 (m, 2H), 1.24-1.36 (m, 160H), 

0.955 (t, ƒ = 7.2,162H), 0.47-0.58 (m, 208H). 0.36 (s, 18H), -0.03 (s, 6H), -

0.100 (s, 6H). " C NMR (125 MHz): 8 = 168.0, 147.5, 141.0, 135.5, 126.0, 

123.9,123.6,122.7,121.8,119.6,, 117.5, 107.9, 107.7, 47.3, 43.0, 25.0, 24.3, 

18.7,, 18.1, 17.9, 17.9, 17.8, 17.5, 15.4, -4.5, -4.7. IR: u 2953, 2916, 2868, 

1693,, 1453, 1411, 1331, 1274, 1213, 1142, 1066, 1002, 955, 903. MS (MALDI-TOF) calcd for 

C28oH58304N4Si288 (M+H+): 4850.900 (mono-isotopic), found: 4851.203. Anal, calcd for C28oH58204N4Si28: 

CC 69.25; H 12.08; N 1.15; found: C 69.39; H 12.15; N 1.19. [a]D
20 = +35 (c = 1.09, THF). 
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(R)-Dendritic-spacer-bicarbazoIe-diol l 

Too a solution of TBS-protected bicarbazole (0.19 g, 39 umol) in THF (4 

mL)) was added dropwise TBAF (94 uL of a 1M solution in THF) and 

thee yellow mixture was stirred at room temperature for 15 min. The 

reactionn was quenched by addition of Et20 (25 mL) and water (20 mL). 

Thee organic layer was collected, washed with brine (20 mL), dried 

overr Na2S04 and concentrated in vacuo. The crude product proved to 

bee >95% pure (determined by ] H NMR) and was immediately reacted 

further.. 'H NMR (400 MHz): 5 = 7.52 (d, / = 8.4, 2H), 7.39 (d, ƒ = 8.8, 

2H),, 7.24-7.32 (m, 4H), 6.83-6.90 (m, 4H), 5.85 (t, ƒ = 5.4, 2H), 4.95 (s, 

4H),, 3.21 (m,4H), 1.26-1.36 (m, 160H), 0.95 (t, / = 7.2, 162H), 0.47-0.58 

(m,, 208H). MS (MALDI-TOF) calcd for C268H55404NaN4Si26 (M+Na+): 

4644.7177 (mono-isotopic), found: 4644.424. 

(R)-Dendritic-spacer-bicarbazole-PNMe22 (22) 

Too a solution of the diol (0.17 g, 37 umol) in toluene (2 mL) was added 

dropwisee HMPT (10 uL, 55 umol) and the reaction was stirred at 90 °C 

forr 5 h. After cooling the mixture to room temperature the solvent was 

removedd in vacuo and the crude product was purified by a fast 

filtrationn over silica gel using a mixture of pentane:CH2Cl2:Et3N = 

100:10:11 as eluent, yielding 22 as a colourless oil (0.16 g, 35 umol, 95%). 

'HH NMR (400 MHz): 5 = 7.20-7.50 (m, 8H), 6.87 (d, ƒ = 8.0,1H), 6.77 (d, 

ƒƒ = 8.6,1H), 6.52-6.59 (m, 2H), 5.57 (br. t, 1H), 5.51 (br. t, 1H), 5.02 (m, 

4H),, 3.01-3.21 (m, 4H), 2.55 (d, J = 8.8, 6H), 1.26-1.36 (m, 160H), 0.95 (t, 

ƒƒ = 7.2,162H), 0.46-0.57 (m, 208H). »P NMR (202.4 MHz): 5 = 149.4. MS 

(MALDI-TOF)) calcd for C27oH55804NaN5Si26 (M+Na+): 4723.537 (av), 

found:: 4723.727. Anal, calcd for C270H558N5O4PS126: C 68.99; H 11.97; N 

1.49;; found: C 69.22; H 11.95; N 1.55. [a]D
20 = -40 (c = 1.00, THF). 

Generall  procedure for  asymmetric hydrogenation of methyl 2-acetamido cinnamate 24: 

AA solution of Rh(COD)2BF4 (1.00 mg, 2.46 umol) and ligand (5.42 umol) in CH2C12 (6 mL) was stirred 

forr 10 min. After addition of olefin 23 (54.0 mg, 0.246 mmol), a 1 mL sampled was transferred into a 

glass-vial,, placed in a stainless-steel autoclave and equipped with a stirring bean. The autoclave was 

flushedd with hydrogen gas ( 3 x4 bar), before the reaction was stirred at room temperature under 

hydrogenn pressure (5 bar) for 2.5 h. The autoclave was depressurized and opened. The resulting 

solutionn was filtered over silica (eluted with EtOAc) and concentrated in vacuo. The conversion was 
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determinedd by 'H NMR and the enantiomeric excess was checked by chiral HPLC (Daicel OD, 

heptane:'PrOHH = 9:1,1.0 mL min1, UV 254 nm: tR 12.5 and 15.8). 
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A NN INTRAMOLECULA R STAUDINGER APPROACH TOWARDS P,N-LIGANDS* 

5.11 Introductio n 

5.1.11 MAP-typ e ligands 

Ligandss based on non-symmetrically substituted l,l'-binaphthyls find widespread 

usee in homogeneous catalysis.1 Within this class two well-known examples are the G-

symmetricall  methoxyphosphine MOP and amino phosphine MAP ligands (Chart l).2 The 

hetero-bidentatee MAP-type P,N-ligands stand out by their high reactivities and selectivities 

inn several transition metal-catalyzed reactions such as Hartwig-Buchwald aminations, 

(enantioselective)) Suzuki-Miyaura couplings and the formation of aryl ethers. 

MOPP MAP 

Forr the synthesis of enantiopure MAP-type ligands BINOL seems the most logical 

startingg material as both optical antipodes are commercially available at a decent price. 

Surprisingly,, only one synthetic route towards MAP-type ligands starting from BINOL has 

beenn reported, namely by Noyori and co-workers (Scheme 5.1).3 

Thiss sequence started with the mono-phoshinylation of BINOL ditriflate 2, followed 

byy a nickel mediated cyanation of the obtained phosphine oxide 3. Partial hydrolysis of 

nitril ee 4 yielded amide 5 in an excellent yield. The key reaction in this sequence was the 

Hofmannn rearrangement of 5 with bromine in a basic methanol solution to give carbamate 6. 

Hydrolysiss with aqueous KOH in methanol afforded the primairy amine and subsequent 

reductionn of the phosphine oxide by treatment with CbSiH afforded the desired des-methyl-

MA PP 7 in seven steps from BINOL in an excellent overall yield of 70%. Amine 7 is an 

importantt intermediate for the synthesis of several MAP-type ligands.23 

Too date two other general routes towards enantiopure MAP ligands have been 

disclosedd starting from 2,2'-dibromo-l,T-bisnaphthalene 84 and NOBIN (Scheme 5.2)A6 A 

commonn feature in both routes is that the phosphine or phosphine oxide parts are the last 

groupss to be incorporated. The conversion of dibromide 8 to amine 9 involves several steps 

includingg a resolution. A lithiation-halogen exchange protocol was used to obtain MAP-type 

ligandss 1 from 9. 

Partt of this Chapter was published in: P.N.M. Botman, O. David, A. Amore, J. Dinkelaar, M. T. Vlaar, K. 
Goubitz,, J. Fraanje, H. Schenk, H. Hiemstra, J. H. van Maarseveen, Angew. Chem., Int. Ed. 2004, 43, 3471, 
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HP(0)Ph2 2 

OTff Pd(OAc)2/dppb ' 
» » 

OTf f 

2)) CI3SiPh 

P(0)R2 2 

OTf f 

KCN,, NiBr2 

Zn,, PPh3 

33 (95%) 

1)KOH,, H20 
pph,, MeOH 

44 (99%) 

MeONa a 
P(0)Ph22 Br2 MeOH ^ 

H2O22 K2CO3 
DMSÓ,, H20 

P(0)Ph2 2 

CONH2 2 

77 (80%) 6 (94%) 5 (99%) 
Schemee 5.1 Synthesis of MAP-type ligands from BINOL by Noyori and co-workers. 

Thee transformation of NOBIN to 1 is less laborious and consists of amine 

functionalizationn followed by a Pd-catalyzed cross-coupling of the aryltriflate with 

diphenylphosphinee oxide and subsequent reduction of the phospine. 

Brr 1)"BuLi 

NR22 2) CIPR2 

(R)-BINOL L 

\\ i 7 steps 

(R)-NOBIN N 

1)Ph2P(0)H H 
Pd(0) ) PR2 2 

-< < 
NR22 2) CI3SiH 

99 1 
Schemee 5.2 Synthetic strategies towards MAP-type ligands. 

10 0 

Summerizing,, a number of synthetic routes towards MAP-type P,N-ligands have 

beenn reported, starting from different bisnaphthyl precursors. Strategies beginning with 

BINOLL are advantageous because of the commercial availability of both enantiomers. In this 

chapterr a new synthetic route towards MAP-ligands is presented starting from BINOL, 

basedd on the Staudinger reaction. 
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5.1.22 The Staudinger  reaction 

Sincee the discovery of the reaction between tertiary phosphines with organic azides 

too form iminophosphoranes by Staudinger and Meyer in 19197 this imination reaction has 

beenn investigated extensively and has found many synthetic applications.8 The classical 

Staudingerr reaction is a two-step process involving an electrophilic addition of an azide to a 
phosphoruss (III ) centre followed by elimination of molecular nitrogen from the intermediate 

phosphazidee giving an iminophosphorane. The generated products often cannot be prepared 

byy any other method. 

-N2 2 

PR33 + N3-R' R3P=N-N=N-R' " R3P=N-R' -« R3P-N-R' 

phosphazidee iminophosphorane 

AA wide variety of tertiary phosphines, including trialkyl and triaryl phosphines, are 

employedd in the reaction mostly yielding the product quantitatively. However, the accessible 

triphenylphosphinee is commonly used as phosphine source. Among the large number of 

azidess reported to undergo the Staudinger successfully are alkyl, aryl and metal containing 

organicc azides. Two practical ways to synthesise azides are the substitution reaction between 

organicc halogen compounds and the azide anion (1) or an azido-transfer reaction between 

trifli cc azide and e.g. an amino acids (2). 

NaN3 3 

(1)) R-X * R"N3 

XX = halogen 

RR R 
ïï TfN3 Ï 

(2)) H2N COOH "* N 3 ^ X O O H 

Thee iminophosphoranes can function as precursors for several reactions. The P=N 

moietyy can, for example, be hydrolysed or reduced, but for the application described here 

advantagee is taken of the high nucleophilicity of the iminophosphorane nitrogen. This 

reactivityy was recently demonstated in our group with the work on intramolecular 

Staudingerr ligations towards cyclopeptides.9 

5.22 Initia l Pd-catalyzed amination attemps towards biary l P,N-ligands 

Forr the synthesis of a series of MAP-ligands varying in the amine substituents we set 

outt to start from BINOL. However, we chose to reverse the order of reactions applied as 

comparedd to previous routes. Thus, we wished to first introduce the phosphorus moiety 

startingg from BINOL-dinonaflate (11), followed by the amine group applying a Buchwald-

Hartwigg amination (Scheme 5.3). 
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OHH 1)F-Nf, Et3N 
fc-fc-

OHH 2) HP(0)Ph2 

Pd/dppb b 

(95%% over 2 steps) 

(0)nn morpholine 

PPh22 Pd2(dba)3, L 

0 N ff NaO'Bu or Cs2C03 

toluene,, reflux 

(R)-BINOL L 12nn = 1 
13nn = i J PhSiH3(94%) 

nn = 1 (no reaction) 
nn = 0 (traces) 

LL = 

BINAP(0%) ) 

^ ^ - P P h 2 2 
I I 

Fe e 

sec*?—— PPh? 

dppff (0%) 

PPh22 PPh2 

xantphoss (0%) 

P('Bu) ) P(Cy)2 2 

NMe2 2 

(0%)) (2%) 
Schemee 5.3 Attempted Pd(0)-cataIyzed amine introductions. 

Thee required phosphine nonaflate 13 was prepared in three steps from (R)-BINOL 

basedd on literature procedures of the triflate analogue in an overall yield of 89%.10 The 

feasibilityy of this approach is suggested by several reports describing the successful 

introductionn of phosphines, phosphine oxides in the triflate analogue of 13 via transition 

metall  catalysis.11 When phosphine nonaflate 13 or phosphine oxide nonaflate 12 were reacted 

underr commonly applied animation conditions using ligands like BINAP, dppf, xantphos 

andd three biphenyl ligands in combination with Pd2(dba)3, NaO'Bu or CS2CO3 as base and 

morpholinee as the nucleophile, mostly starting material was recovered (Scheme 5.3). Only 

whenn Xphos12 or the P,N-ligand (2-dicyclohexylphosphanyl-biphenyl-2-yl)-

dimethylamine5,133 was used in the amination of 13 traces of product could be detected by ] H 

NMR.14 4 

5.33 The Staudinger  approach for  the synthesis of P,N-ligands 

Wee then envisioned the possibility of amine introduction into phosphine 13 by a 

Staudingerr reaction with alkyl or aryl azides (Scheme 5.4). In this approach advantage is 
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takenn from the nucleophilicity of the iminophosphorane nitrogen atom generated in situ. The 

aminationn could be Pd-catalyzed in principle. An intramolecular amination of the 

intermediatee aryl-Pd complex, obtained after oxidative addition of a Pd(0) species into the 

aryl-nonaflatee bond, would lead to the desired P,N-ligands. The highly nucleophilic 

iminophosphoranee nitrogen could also directly substitute the nonaflate moiety in an 

intramolecularr aromatic substitution reaction. Initial attempts showed that reaction of 

phosphinee 13 with octyl azide in toluene for 20 hours at 115 °C with a catalytic amount of 

Pd(OAc)ii  and (2-dicyclohexylphosphanyl-biphenyl-2-yl)-dimethylamine (Scheme 5.3) 

yieldedd a variety of products. However, when the Pd(OAc)2 and the ligand were omitted 

fromm the mixture, only one product could be detected on 3!P NMR. 

Pd-catalyzedd intramolecular intramolecular amination 
amination n 

Schemee 5.4 Intramolecular animations towars P,N-ligands. 

Indeed,, further investigations proved that treatment of phosphine 13 with an alkyl 

azidee generates iminophosphorane 15. Substitution of the nonaflate by the nitrogen atom 

yieldss aminophosphonium salt 16 which provides MAP(0)-type compound 17 after basic 

hydrolysiss (Scheme 5.5). 

155 iminophosphorane 16 aminophosphonium 17 (R)-MAP(0)-Iigand 
salt t 

Schemee 5.5 The Staudinger approach towards MAP(0)-type ligands. 

Thee application of iminophosphorane nitrogen atoms as nucleophiles in such an 

unprecedentedd intramolecular SNAr reaction gives efficient access to MAP-ligands. This 

strategyy is especially attractive because after the reaction the phosphorus atom is an essential 

elementt in the product instead of waste as in usual Staudinger approaches. In addition, as 

comparedd to the current synthetic routes to MAP-type P,N-ligands, the required number of 

syntheticc steps are reduced significantly. Finally, this new method gives access to analogues 

whichh to date can only be prepared with great difficulty or not at all. 

P(0)Ph2 2 

NHR R 
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PPh, , 14a a 

ONff toluene, reflux 

13 3 

Schemee 5.6 Reaction between monophosphine 13 and benzyl azide. 

Inn order to optimize the Staudinger approach to P,N-ligands, equimolar amounts of 

phosphinoo nonaflate 13 and benzyl azide 14a were heated at reflux in toluene (Scheme 5.6). 

Thee progess of the reaction was monitored by 31P NMR (Figure 5.1).15 After 20 hours the 

startingg material 13 (Figure 5.1a) was nearly quantitatively converted into the anticipated 

aminophosphoniumm salt 16a and a small amount of iminophosphorane 15a (Figure 5.1b). 

Afterr optimization the crude reaction mixture contained solely the desired product. 

Evaporationn of the solvent yielded 16a as an air-stable colorless oil. Hydrolysis of the P a-

bondd was accomplished by refluxing the salt in a mixture of EtOH, THF and aqueous 0.1M 

NaOHH (1 /1 /1, v / v / v) and after work-up 17a was isolated in 99% yield (Figure 5.1c). 

Figuree 5.1 31P NMR spectra of (a) starting phosphine 13, (b) crude reaction mixture 
containingg mainly phosphonium salt 16a, (c) MAP(0)-type product 17a. 

-12.2 2 

38.5 5 
Phh ONf 

28.4 4 

(a) ) (b) ) (c) ) 

Too show the broad synthetic scope of this new reaction to 2-diphenylphosphinoxo-2-

aminoo l,l '-binaphthyls 17 we reacted phosphino nonaflate 13 with a diverse set of azides 

14a-hh (Scheme 5.7). Azides 14a and 14c were synthesized via nucleophilic substitution 

reactionss of NaN.-) with benzyl bromide and octyl bromide,16 respectively. Trimethylsilyl 

azidee 14b was commercially available. TBS-protected 5-azido-pentanol 14d was obtained 

fromm 5-bromovaleric acid in three step sequence involving a borane mediated acid reduction, 
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TBSC11 protection of the hydroxy 1 and bromine substitution with NaN.i.17 4-Bromobutyric 

acidd and (R)-phenylalanine were reacted in a diazo-transfer reaction with in situ generated 

TfN} 188 providing, after protection of the carboxylic acids the corresponding azido carboxylic 

esterss 14e19 and 14f. Phenyl azide 14g was synthesized from aniline applying a diazotation 

reactionn with NaNCh, H2SO4 and NaN3. Azido functionalized dendritic carbosilane wedge 

14h,, finally, was obtained via a substitution reaction of the iodide functionalized wedge by 

usingg NaNj (see Chapter 4, Scheme 4.5).20 

NaN3 3 

14aa (98%) 

TMS-N3 3 

14b b 

Nahh h 

1)BH3.THF F 
2)) TBS-CI, imidazole 

»--
3)NaN3 3 

14cc  (98%) 

14dd  (90%) 

1)TfN3 3 

2)TFAA,, 'BuOH O'Bu u 
14ee (90%) 

H2NN C02H 

NH? ? 

DTfN, , 

2)) EDC, EtOH, DMAP 

NaN022 H2S04 
NaN3 3 

HfHf C02Et 

14f(95%) ) 

14gg  (99%) 

N3—33 generation carbosilane wedge 

14h h 
Schemee 5.7 Synthesis of azides 14a-h. 

Introductionn of a primary amine was accomplished by starting from trimethylsilyl 

azidee 14b (Scheme 5.8). Stirring 13 with 20 equivalents of TMS-azide for 48 hours in refluxing 
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toluenee in a sealed tube provided 17b in an isolated yield of 35% after hydrolysis. The yield 

couldd be improved to nearly quantitative by performing the reaction in a mixture of 

THF/toluenee (1/1, v/v), due to an acceleration of the iminophosphorane formation. The 

choicee for THF as co-solvent was based on the results reported by Hemming et al. and 

Petersonn Jr. et al.21 concerning the reaction between PPfi3 and TMS-N3. The Staudinger 

reactionn proceeded at room temperature in THF, while the reaction needed elevated 

temperaturess when performed in toluene or mesitylene. Hence, by applying this new 

methodologyy (adding 12 equivalents of TMS-azide in three portions) des-methyl MAP(O) 

17bb can be synthesized in 4 steps from BINOL in an overall yield of 87%, which is 

comparablee to the known synthetic route (86% over 6 steps, see Scheme 5.1). Comparison of 

thee optical rotation of 17b with literature data revealed that no racemization had taken place 

duringg the reaction sequence ([a]D
21 = -205 (c = 0.12, CHCI3), lit : [a]D

24 = -199 (c = 1.0, CHCI3).3 

Also,, we could not observe any change in the optical rotation after heating of 17c, bearing the 

smalll  NH2 group and thus most prone to racemization, for 10 minutes at 300 °C. Prolonged 

heatingg led to decomposition of the product. These experiments showed that racemization 

underr the normal reaction conditions is very unlikely to occur. 

Schemee 5.8 Synthesis of a variety of P,N-ligands. 
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Otherr alkyl azides employing alkyl, ether or ester functionalities all reacted readily 

providingg 17c, 17d, and 17e in yields of 96%, 93%, and 99%, respectively (Scheme 5.8). 

Treatmentt of 13 with a-azido ester 14f gave 17f in a 39% yield. During the reaction partial 

racemizationn occurred providing 9% of the epimer. 

Despitee the lower nucleophilicity of the intermediate N,N-diaryl iminophosphorane 

nitrogenn atom, phenyl azide 14g reacted smoothly to give 17g in a yield of 62%, underscoring 

thee versatility of this new approach. The very bulky third-generation carbosilane dendritic 

wedgee featuring an azide in the focal point could be introduced from 14h to give 17h in a 

yieldd of 52%. 

16a a 

Ph h 
p - p hh NaOH 

»

N N 

17a a 

DIBAL L 

P(0)Ph22 PhSiH3 

HH * 
N - ,, 84% 

J J 
66% % 

18::  [a]D = -33 (lit . [a]D = -34, see ref. 3 )] 

Schemee 5.9 Direct reduction of aminophosphonium salts. 

Forr future applications of 17a-h in catalysis, reduction to the corresponding 

phosphinee is required. As an example 17a was treated with phenylsilane at 114 °C for 17 
hourss providing 18 in a yield of 84% (Scheme 5.9). A more convenient method would be 

directt hydride promoted cleavage of the P,N-bond of the intermediate phosphonium salts 16. 
Indeed,, after treatment of 16a with DIBAL- H clean reduction occurred to 18 in 66% yield. 

p p hh 1)BnN3itol, 110 "C 

ONff 2)0.1MNaOH, 65 C 

19 9 200 (94%) 

Schemee 5.10 BICOL derived P,N-ligands. 

Finally,, reaction of racemic BICOL derived phosphino-nonaflate 19 (see Chapter 3, 

Schemee 3.2) with benzyl azide 14a followed by hydroxide treatment gave phosphine oxide 

200 in an excellent yield of 94% (Scheme 5.10). The structure of racemic 20 was secured by X-

rayy analysis (Figure 5.2). 

77 7 



ChapterChapter 5 

Figur ee 5.2. ORTEP drawing of the crystal structure of P,N-ligand 20. 

5.44 Conclusions 

Inn conclusion, we have shown that the synthetic potential of the 85-year old 

Staudingerr reaction between phosphines and azides is still far from exhausted. The 

Staudingerr reaction between phosphine-nonaflate biaryls and azides provides, via an 

unprecendentedd SNAr reaction, a wide range of MAP(0)-type ligands in high yields in only 

fourr steps from BINOL in enantiopure form. 

5.55 Acknowledgements 

Dr.. O. David is gratefully indebted for the skilful completion of the research 

describedd in this chapter. A. Amore is acknowledged for the generous gift of dendritic azide 

14h.. J. Dinkelaar and M. Vlaar are kindly acknowledged for their contributions to this 

chapter.. J. Fraanje and K. Goubitz are thanked for the crystal structure determination. 

78 8 



AA Staudinger Approach towards P,N-ligands 

5.66 Experimental section 

Generall  remarks 

Forr experimental details see section 2.6 and 3.8. All NMR spectra were determined in CDCb (unless 

statess otherwise). 19F NMR spectra were recorded on a Varian Inova-500 (470.4 MHz). Chemical shifts 

aree given in ppm downfield from CFCI3. 

N 3 ^ ^ ^ ^ ^ ^ O T B SS (5-Azido-pentyloxy)-ferf-butyl-dimethyl-silane (14d) 

Too a solution of NaNj (83 mg, 1.28 mmol) in DMSO (2 mL) was added 5-bromo-pentyloxv-TBS (0.30 g, 

1.077 mmol). The solution was stirred for 65 h at room temperature. The mixture was diluted by adding 

EtiOO (40 mL) and washed with H2O (4 x 30 mL). The combined organic layers were dried over NaiSQi 

andd concentrated in vacuo. Purification by column chromatography (pentane:Et:0 = 10:0—>10:1) 

affordedd 14d as a colourless oil (0.25 g, 1.03 mmol, 96%). 'H NMR (400 MHz): 8 = 3.61 (t, ƒ = 6.4, 2H, 

OCH2),, 3.27 (t, / = 6.9, 2H, N3CH2), 1.51-1.66 (m, 4H), 1.40-1.46 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H). «C 

NMRR (125 MHz): 5 = 62.9, 51.4, 32.3, 28.7, 25.9, 23.1,18.3, -5.3. IR: u 2930, 2858, 2095. HRMS (EI): calcd 

forr C7Hi6N3Osi (M-'Bu): 186.1063, found: 186.1060. 

/^^^ \^o 'Buu 4-Azido-butyri c acid ferf-buty l ester  (14e) 

oo To a solution of 4-azido-butyric acid (0.30 g, 2.33 mmol) in 3.5 mL THF at -40 °C was 

addedd drop wise TFAA (0.70 mL, 5.0 mmol). After 30 min. a solution of ferf-butanol (3.0 mL, 32 mmol) 

inn THF (0.6 mL) was added and the reaction mixture was stirred for 17 h at room temperature. The 

reactionn was quenched by pouring the solution into an aqueous saturated NaHC03 solution (50 mL). 

Thee mixture was extracted with Et20 (2 x 50 mL) and the combined organic layers were dried over 

NaiSO-ii  and concentrated in vacuo. Purification by column chromatography (pentane:Et20 = 

20:1->10:1)) afforded 14e as a colourless oil (0.42 g, 2.28 mmol, 98%). 'H NMR (400 MHz): 8 = 3.33 (t, / = 

6.7,, 2H, N3CH2), 2.31 (t, / = 7.2, 2H, C(0)CH2), 1,86 (m, 2H, N3CH2CH2), 1,45 (s, 9H, OC(CH3)3). »C 

NMRR (125 MHz): 5 = 171.9, 80.5,50.6, 32.3, 28.0, 24.3. IR: u 2981, 2101,1731. 

^ \\ 2-Azido-3-phenyl-propionic acid ethyl ester  (14f) 

{ ^ ^  ̂ To a solution of (R)-2-azido-3-phenyl-propionic acid (710 mg, 3.71 mmol) in CH2CI2 (90 

N3^co2Ett mL) was added DMA P (48 mg, 0.39 mmol) and ethanol (lmL). After stirring for 5 minutes 

att room temperature EDC (1.42 g, 7.42 mmol) was added and the orange suspension was stirred for 

anotherr 19 h. The mixture was diluted by adding CH2CI2 (100 mL) and washed with H2O (2 x 50 mL). 

Thee organic layer was dried over Na2SC>4 and concentrated in vacuo to afford 14f as a yellow oil (0.781 

g,, 3.56 mmol, 96%), which was spectroscopically identical as described in the literature. 

(R)-l,l,2,2,3,3,4,4,4-nonafluoro-butane-l-sulfonicc acid 2~-(diphenylphosphinoyl)-

P(0)Ph22 [1,1 ]binaphthalenyl-2-yl ester (12) 

ONff  To a solution of (R)-BINOL (4.61 g, 16.1 mmol) in acetonitrile (160 mL) was added 

Et3NN (9.0 mL, 64.4 mmol) and F-SO2C4F, (7.2 mL, 40.3 mmol). After stirring the 

mixturee for 1 h, EtOAc (200 mL) was added and the organic phase was washed twice with H2O (100 

mL)) and an aqueous saturated Na2HSÔ solution (100 mL). The organic layer was dried over Na2S04 
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andd concentrated in vacuo. The crude dinonaflate (11) was dissolved in DMSO (47 mL) and Pd(OAc)2 

(0.366 g, 1.61 mmol), dppb (0.69 g, 1.61 mmol), diphenylphosphine oxide (4.88 g, 24.2 mmol) and 

DIPEAA (11.2 mL, 64.4 mmol) were added and the solution was stirred for 4 h at 115 °C. After cooling 

thee mixture to room temperature EtOAc (400 mL) was added and the organic phase was washed four 

timess with a mixture of H2O (100 mL), aqueous saturated NaHCOj solution (150 mL) and brine (100 

mL).. The organic layer was dried over Na2SC>4 and concentrated in vacuo. Purification by column 

chromatographyy (PE:EtOAc = 1:1-»1:2) afforded 12 as an off-white foam (11.5 g, 15.3 mmol, 95%). 'H 

NMRR (400 MHz): 5 = 8.00 (dd, / = 8.6, 2.1,1H), 7.93 (d, ƒ = 8.2,1H), 7.90 (d, / = 9.1,1H), 7.83 (d, / = 8.2, 

1H),, 7.65 (d, / = 8.6,1H), 7.62 (d, ƒ = 8.6,1H), 7.57 (t, / = 7.1,1H), 7.35-7.50 (m, 9H), 7.35 (dt, / = 8.4,1.0, 

1H),, 7.23-7.27 (m, 4H), 7.17 (d, / = 8.6, 1H), 7.13 (dt, / = 8.3, 1.0, 1H), 6.97 (d, ƒ = 8.4, 1H). " P NMR 

(121.55 MHz): 5 = 29.1. IR: o 3059, 1420, 1239, 1204. HRMS (FAB+): calcd for C36H23F9O4PS (M+H+): 

753.0911,, found: 753.0903. [O]D = +34 (c = 1.05, CHCI3). 

(R)-l,l,2,2,3,3,4,4,4-Nonafluoro-butane-l-sulfonicc acid 2"-diphenylphosphanyl-

PPh22 [l/T]binaphthalenyl-2-y l ester  (13) 

ONff  A solution of 12 (4.00 g, 5.32 mmol) in phenylsilane (32 mL) was stirred at 114 °C for 17 

h.. After addition of EtOAc (40 mL) the mixture was concentrated in vacuo. Purification 

byy column chromatography (PE:EtOAc = 25:1—>10:1) afforded 13 as an off-white foam (3.68 g, 5.00 

mmol,, 94%). >H NMR (400 MHz): 5 = 8.09 (d, ƒ = 9.0,1H), 7.91-7.96 (m, 3H), 7.58 (d, ƒ = 9.0,1H), 7.52 (t, 

// = 7.0,1H), 7.44-7.48 (m, 2H), 7.25-7.32 (m, 6H), 7.18-7.21 (m, 2H), 7.07-7.13 (m, 3H), 7.00-7.03 (m, 2H), 

6.922 (d, / = 8.5,1H). 5 = 31P NMR (121.5 MHz): S = -12.2. »F NMR: 6 = -80.9, -110.5, -121.3, -126.2. IR: u 

3054,, 1421,1239,1204. HRMS (FAF3+): calcd for C36H23F9O3PS (M+H+): 737.0962, found: 737.0954. [a]D 

== -5.6 (c = 1.00, CHCb). 

Generall  procedure for  the Staudinger  reaction: 

Phosphinee 13 was added to a solution of an azide (1.2 equiv.) in toluene (2 mL). The reaction was 

stirredd at 115 °C until all the phosphine was consumed (the reaction was monitored by 31P NMR of an 

aliquott in G,D6). The mixture was cooled to room temperature and concentrated in vacuo. The 

remainingg phosphonium salt was stirred for 2 h at 65 °C in a mixture of THF (2 mL), EtOH (2 mL) and 

aqueouss 0.1N NaOH (2 mL). After cooling the mixture, Et20 (20 mL) was added and the organic 

phasee was washed with H2O (25 mL) and brine (25 mL). The organic layer was dried over Na2SC>4 and 

concentratedd in vacuo. Purification was performed by column chromatography. 

(R)-Benzyl-[2~-(diphenyl-phosphinoyl)-[l,l']binaphthalenyl-2-yl-aminee (17a) 

Phosphinee 13 (150 mg, 0.20 mmol) was reacted with azidomethyl-benzene 14a (33 

mg,, 0.24 mmol) according to the general procedure. After 17 h the reaction mixture 

wass concentrated in vacuo yielding phosphonium salt 16a as a yellow oil: 'H NMR 

(5000 MHz): S = 8.25 (m, 1H), 8.15 (d, ƒ = 8.5, 1H), 7.89-7.96 (m, 5H), 7.77-7.80 (m, 

2H),, 7.66-7.70 (m, 2H), 7.51-7.62 (m, 7H), 7.45 (t, ƒ = 7.5,1H), 7.39 (t, / = 7.5,1H), 7.26 (m, 1H), 7.19 (t, ƒ = 

7.0,, 1H), 7.07-7.12 (m, 5H), 5.79 (dd, ƒ = 17.5, 5.0, 1H), 4.74 (dd, ƒ = 17.5, 11.0, 1H). 31P NMR (202.4 

MHz):: 5 = 38.5.19F NMR: 5 = -80.9, -114.5, -121.4, -125.8. HRMS (FAB+): calcd for C39H29NP (M-ONf-): 

542.2038,, found: 542.2050. [a]D = -205 (c = 1.07, CHCb). After hydrolysis of the intermediate and 
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purificationn by column chromatography (Et20:pentane = 4:1->15:1) afforded 17a (0.11 g, 0.20 mmol, 

99%)) as a yellow foam. 'H NMR (500 MHz): 6 = 8.02 (d, / = 8.5, 1H), 7.96 (d, / = 8.0,1H), 7.90 (dd, / = 

11.5,, 9.0,1H), 7.73 (d, / = 11.0,1H), 7.72 (d, / = 11.5,1H), 7.58 (t, / = 6.5,1H), 7.42-7.50 (m, 3H), 7.25-7.36 

(m,, 10H), 7.22 (m, 1H), 7.03-7.08 (m, 2H), 6.97 (t, ƒ = 6.5,1H), 6.78-6.88 (m, 2H), 6.86 (d, ƒ = 9.0,1H), 6.60 

(d,, / = 8.5,1H), 4.42 (s, 2H), 4.19 (br s, 1H). «C NMR (125 MHz, non-aromatic only): S = 48.2. 31P NMR 

(202.44 MHz): 5 = 28.4. HRMS (FAB+): calcd for C39H31NOP (M+H+): 560.2143, found: 560.2139. [<x]D = -

1722 (c = 0.47, CHCI3). 

(R)-2~-(Diphenyl-phosphinoyl)-[l,r]t>inaphthalenyl-2-ylaminee (17b) 

P(0)Ph22 Phosphine 13 (120 mg, 0.16 mmol) was reacted with TMS-azide 14b (75 mg, 0.65 

NH22 mmol) according to the general procedure. After 12 h the reaction mixture was 

rechargedd with 75 mg of TMS-azide, and this operation was repeated once more after 

ann additional 12 h. The reaction mixture was concentrated in vacuo yielding phosphonium salt 16b as a 

yelloww oil: 31P NMR (202.4 MHz): 8 = 37.3. Hydrolysis of the intermediate and purification by column 

chromatographyy (EtOAc:PE = 2:1->3:1) afforded 17b (74 mg, 0.158 mmol, 97%) as a yellow foam. 'H 

NMRR (400 MHz): 8 = 8.00 (dd, ƒ = 8.5,1.5,1H), 7.94 (d, ƒ = 8.5,1H), 7.86 (dd, ƒ = 11.5, 8.5,1H), 7.66 (d, / 

== 11.5,1H), 7.65 (d, ƒ = 11.5,1H), 7.56 (t, / = 7.0,1H), 7.51 (d, ƒ = 9.0,1H), 7.46 (d, / = 8.0,1H), 7.40 (t, ƒ = 

7.0,1H),, 7.21-7.33 (m, 6H), 7.00-7.05 (m, 2H), 6.86-6.96 (m, 4H), 6.54 (d, / = 8.5,1H), 3.90 (br s, 2H). «P 

NMRR (202.4 MHz): 8 = 27.6. IR: u 1625, 1175, 1118. HRMS (FAB+): calcd for C32H25NOP (M+H+): 

470.1674,, found: 470.1651. [a]D = -205 (c = 0.12, CHCI3). 

(R)-[2"(Diphenyl-phosphinoyl)-[l, ll  ]binaphthalenyI-2-yl]-ocryl-amin e (17c) 

P(0)Ph22 Phosphine 13 (150 mg, 0.20 mmol) was reacted with 1-azido-octane 14c (38 mg, 0.24 

NHC8H177 mmol) according to the general procedure. After 17 h the reaction mixture was 

concentratedd in vacuo yielding phosphonium salt 16c as a yellow oil: 31P NMR (202.4 

MHz):: 8 = 37.3. Hydrolysis of the intermediate and purification by column chromatography 

(Et20:pentanee = 1:1->4:1) afforded 17c (0.11 g, 0.19 mmol, 96%) as an off-white foam. ]H NMR (500 

MHz):: 8 = 8.02 (dd, ƒ = 8.5, 2.0, 1H), 7.90-7.94 (m, 2H), 7.61-7.64 (m, 2H), 7.56 (t, / = 7.3, 1H), 7.40-7.52 

(m,, 2H), 7.39 (t, / = 7.0,1H), 7.24-7.31 (m, 6H), 7.08 (t, / = 7.0, 1H), 7.02 (t, ƒ = 7.5, 1H), 6.96 (t, ƒ = 7.0, 

1H),, 6.89-6.93 (m, 2H), 6.85 (d, ƒ = 8.5, 1H), 6.58 (d, ƒ = 8.5, 1H), 3.55 (br s, 1H), 3.04-3.14 (m, 2H), 1.42-

1.499 (m, 2H), 1.20-1.33 (m, 10H), 0.90 (t, / = 7.0, 3H). «C NMR (125 MHz, non-aromatic only): 8 = 44.2, 

31.7,, 29.7, 29.2, 29.1, 26.9, 22.6,14.0. " P NMR (202.4 MHz): 8 = 28.8. IR: o 3400, 3054, 2924, 2853,1619, 

1598.. HRMS (FAB+): calcd for C40H41NOP (M+H+): 582.2926, found: 582.2915. [a]D = -139 (c = 0.36, 

CHCb). . 

(R)-[5-(terf-Butyl-dimethyl-silanyloxy)-pentyl]-[2"-(diphenyl --

P(0)Ph22 phosphinoyl)-[l,l~]binaphthalenyl-2-yl]-amine (17d) 
N ^ ^ ^ ^ \ ^ 0 T B SS Phosphine 13 (150 mg, 0.20 mmol) was reacted with (5-azido-pentyloxy)-

ferf-butyl-dimethyl-silanee 14d (60 mg, 0.24 mmol) according to the general 

procedure.. After 17 h the reaction mixture was concentrated in vacuo yielding phosphonium salt 16d 

ass a yellow oil: 3 ,P NMR (202.4 MHz): 8 = 37.4. Hydrolysis of the intermediate and purification by 

columnn chromatography (Et20:pentane = 2:1—>8:1) afforded 17d (0.13 g, 0.19 mmol, 93%) as an off-
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whitee foam. 'H NMR (500 MHz): 5 = 8.02 (dd, / = 8.5, 2.0,1H), 7.89-7.97 (m, 2H), 7.62-7.66 (m, 2H), 7.58 

(t,, ƒ = 7.5,1H), 7.47-7.52 (m, 2H), 7.41 (t, ƒ = 7.5,1H), 7.22-7.33 (m, 6H), 7.01-7.08 (m, 2H), 6.96 (t, ƒ = 7.0, 

1H),, 6.85-6.91 (m, 3H), 6.56 (d, ƒ = 8.5, 1H), 3.57 (br s, 1H), 3.54 (t, ƒ = 6.5, 2H), 3.12 (m, 2H), 1.43-1.50 

(m,, 4H), 1.23-1.30 (m, 4H), 0.89 (s, 9H), 0.04 (s, 6H). »C NMR (125 MHz, non-aromatic only): S = 63.0, 

44.2,, 32.5, 29.6, 26.9, 23.2,18.2 -5.3. 3'P NMR (202.4 MHz): 6 = 28.5. IR: u 3325, 2946,1631,1489. HRMS 

(FAB+):: calcd for OaK^NO-PSi (M+H+): 670.3270, found: 670.3267. [a]D = -130 (c = 0.53, CHC13). 

(R)-4-[2-(Diphenyl-phosphinoyl)-[l,l~]binaphthalenyl-2-ylamino]-butyri c c 

acidd ferf-buty l ester  (17e) 

Phosphinee 13 (100 mg, 0.14 mmol) was reacted with 4-azido-butyric acid ferf-

butyll  ester 14e (33 mg, 0.18 mmol) according to the general procedure. After 

177 h the reaction mixture was concentrated in vacuo yielding phosphonium salt 16e as a yellow oil: 31P-

NM RR (202.4 MHz): 5 = 37.8. Hydrolysis of the intermediate (using aqueous 0.1N NaHCOj instead of 

aqueouss 0.1N NaOH) and purification by column chromatography (EtOAcPE = 2:1—>3:1) afforded 17e 

(822 mg, 0.13 mmol, 99%) as a yellow foam, m NMR (500 MHz): 5 = 8.00 (dd, / = 8.5, 1.5, 1H), 7.94 (d, ƒ 

== 8.5,1H), 7.86 (dd, / = 11.5, 8.5,1H), 7.66 (d, / = 11.5,1H), 7.65 (d, ƒ = 11.5,1H), 7.56 (t, / = 7.0,1H), 7.51 

(d,, / = 9.0, 1H), 7.46 (d, / = 8.0, 1H), 7.40 (t, / = 7.0, 1H), 7.21-7.33 (m, 6H), 7.00-7.05 (m, 2H), 6.86-6.96 

(m,, 4H), 6.54 (d, / = 8.5, 1H), 3.70 (br s, 1H), 3.17 (m, 2H), 2.19 (t, ƒ = 7.0, 2H), 1.77 (m, 2H), 1.43 (s, 9H). 

" CC NMR (125 MHz, non-aromatic only): 8 = 172.6, 80.1, 43.5, 32.8, 28.0, 25.2.3]P NMR (202.4 MHz): 6 = 

28.5.. IR: u 3400, 3055, 2925, 2854, 1724, 1619, 1598. HRMS (FAB+): calcd for C40H39NO3P (M+H+): 

612.2668,, found: 612.2671. [a]D = -112 (c = 0.52, CHCI3). 

(R)-2-[2~-(Diphenyl-phosphinoyl)-[l,l"]binaphthalenyl-2-ylamino]-3-phenyl--

P(0)Ph22 propionic acid ethyl ester  (17f) 
H H 
N Y c° 2 Ett Phosphine 13 (188 mg, 0.25 mmol) was reacted with (R)-2-azido-3-phenyl-

propionicc acid ethyl ester 14f (84 mg, 0.38 mmol) according to the general 

procedure.. After 17 h the reaction mixture was concentrated in vacuo yielding 

phosphoniumm salt 16f as an yellow oil: 31P NMR (202.4 MHz): 5 = 38.4. Hydrolysis of the intermediate 

(usingg water instead of aqueous 0.1 N NaOH) and purification by column chromatography (EtOAc:PE 

== 3:2) afforded 17f (64 mg, 0.09 mmol, 39%) as an off white foam. W NMR (400 MHz): 8 = 8.00 (dd, ƒ = 

8.6,, 1.7,1H), 7.93-7.98 (m, 2H), 7.54-7.56 (m, 1H), 7.59 (d, ƒ = 7.9,1H), 7.41 (d, ƒ = 8.9,1H), 7.27-7.34 (m, 

5H),, 7.19-7.21 (m, 3H), 7.09-7.13 (m, 5H), 6.99-7.08 (m, 4H), 6.90-6.92 (m, 2H), 6.68 (d, ƒ = 8.3,1H), 6.47 

(d,, ƒ = 8.9,1H), 5.4 (br s, 1H), 4.12-4.15 (m, 1H), 3.80-3.93 (m, 2H), 2.89-2.99 (m, 2H), 0.94 (t, / = 7.1, 3H). 

" CC NMR (125 MHz, non-aromatic only): 5 = 173.1, 60.7, 58.1, 39.2,13.9.31P NMR (202.4 MHz): 8 = 27.7. 

IR:: v 3410, 3140, 2930, 1729, 1620, 1598, 1496,1437. HRMS (EI): calcd for Q3H36NO3P (M+): 645.2433, 

found:: 645.2437. [a]D = -30.5 (c = 1.07). 

(R)-[2"-(Diphenyl-phosphinoyl)-[l,r]binaphthalenyl-2-yl]-phenyl-amin ee (17g) 

P(0)Ph,, Phosphine 13 (105 mg, 0.14 mmol) was reacted with azido-benzene 14g (54 mg, 0.19 

N ^ ^ \\ mmol) according to the general procedure. After 72 h the reaction mixture was 

- ^  ̂ concentrated in vacuo yielding phosphonium salt 16g as a yellow oil: 31P NMR (202.4 

MHz):: 8 = 35.6. Hydrolysis of the intermediate and purification by column chromatography 
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(EtOAcPEE = 3:7) afforded 17g (48 mg, 0.09 mmol, 62%) as an off white foam. lH NMR (400 MHz): 5 = 

7.91-7.955 (m, 3H), 7.88 (d, ƒ = 8.2,1H), 7.65 (d, ƒ = 8.6, 1H), 7.62 (d, / = 8.6,1H), 7.46-7.56 (m, 7H), 7.23-

7.300 (m, 3H), 7.10-7.15 (m, 3H), 6.94-6.97 (m, 3H), 6.80-6.92 (m, 1H), 6.71-6.76 (m, 3H), 6.53 (d, / = 8.4, 

1H).. 31P NMR (202.4 MHz): S = 29.3. IR: o 3395, 3049, 2936, 2852. HRMS (FAF3+): calcd for QvJ-feNOP 

(M+H+):: 546.1987, found: 546.1984. [O]D = -48 (c = 0.53, CHCI3). 

3rd -Generationn carbosilane dendrimer  attached to the (R)-

bisnaphthyll  skeleton (17h) 

Phosphinee 13 (27 mg, 36 yjmol) was reacted with azido-3rd-

generationn carbosilane wedge 14h (89 mg, 42 pmol) according 

too the general procedure. After 48 h the reaction mixture was 

concentratedd in vacuo yielding phosphonium salt 16h as a 

yelloww oil: 31P NMR (202.4 MHz): 5 = 37.4. Hydrolysis of the 

intermediatee (using 10 mL of THF instead of 2 mL) and 

purificationn by column chromatography (with hexane to elute 

thee starting wedge 14h, followed by CH2CI2) afforded 17h (56 

mg,, 22 umol, 52%) as a yellow oil. 'H NMR (400 MHz): S = 

8.000 (dd, ƒ = 8.7, 1.9,1H), 7.93-7.95 (m, 2H), 7.52-7.57 (m, 3H), 

7.20-7.266 (m, 6H), 7.08-7.10 (m, 1H), 6.96-7.00 (m, 1H), 6.92-6.94 (m, 3H), 6.77 (d, ƒ = 8.4,1H), 6.55 (d, / = 

8.3,1H),, 3.54 (br s, 1H), 3.05 (m, 1H), 2.99 (m, 1H), 1.65 (m, 2H), 1.29-1.34 (m, 78H), 0.92-0.96 (m, 81H), 

0.07-0.566 (m, 104H). " C NMR (125 MHz, non-aromatic only): 6 = 32.0, 18.8, 17.6, 15.5. 3IP NMR (202.4 

MHz):: 5 = 28.0. MS (MALDI-TOF) calcd for C152H291NOPS113: 2541.944, 2542.948, 2543,947, found: 

2541.949,, 2542.949, 2543,949. [<x]D = -14.4 (c = 2.21, CHCh). 

(R)-Benzyl-[2"-(diphenyl-phosphino)-[l,r]binaphthalenyl-2-yl-amin ee (18) 

Phosphinee 13 (108 mg, 0.15 mmol) was reacted with azidomethyl-benzene 14a (25 

mg,, 0.18 mmol) according to the general procedure. After 17 h the reaction mixture 

wass concentrated in vacuo yielding phosphonium salt 16a as a yellow oil: 31P NMR 

(202.44 MHz): 5 = 38.5. The salt was redissolved in THF and DIBAL- H (1.5M in 

toluene,, 416 pL, 0.62 mmol) was added at 0.5 mL of degassed water. The volatiles were evaporated 

andd the residue purified by column chromatography (CH2G2) to afford 18 (52 mg, 95 pmol, 66%) as a 

yelloww foam. *H NMR (500 MHz): 5 = 7.88-7.90 (m, 2H), 7.82 (d, / = 8.9,1H), 7.71 (d, ƒ = 8.9,1H), 7.53-

7.655 (m, 2H), 7.49-7.51 (m, 2H), 7.03-7.47 (m, 17H), 6.97-7.00 (m, IH) , 6.62 (d, ƒ = 8.4, IH) , 4.18 (dd, ƒ = 

15.7,, 6.1, IH) , 4.01 (dd, / = 15.3, 5.8, IH), 3.70 (br s, IH) . »C NMR (125 MHz, non-aromatic only): 6 = 

47.7.. 3iP NMR (202.4 MHz): 5 = -13.9. IR: u 1603, 1499, 1345. HRMS (EI): calcd for C39H30NP (M+): 

543.2116,, found: 543.2119. [a]„  = -33 (c = 0.79, CHC13). 

Reductionn of phosphine oxide 17a (11 mg, 14 pmol) according to the procedure used to prepare 13 (see 

above)) produced phosphine 18 (9 mg, 12 pmol, 84%), which was spectroscopically and optically 

identicall  with 18 obtained after DIBAL- H reduction of the phosphonium salt as described above. 
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Benzyl-[3*(diphenyl-phosphinoyl)-9,9"-bis-(toluene-4-sulfonyl)-9H,9~H--

[4,4*]bicarbazolyl-3-yl]-amine(20) ) 

HH Phosphine 19 (150 mg, 0.13 mmol) was reacted with azidomethyl-benzene 14a 

\ — .. (23 mg, 0.17 mmol) according to the general procedure. After 17 h the reaction 

XSÉ// mixture was concentrated in vacuo yielding the phosphonium salt as a yellow oil: 
31PP NMR (202.4 MHz): 8 = 38.8. Hydrolysis of the intermediate and purification by column 

chromatographyy (Et20:pentane = 2:1->6:1) afforded 20 (0.12 g, 0.125 mmol, 94%) as an off-white 

powder.. iH NMR (500 MHz): 5 = 8.53 (d, ƒ = 7.5,1H), 8.21 (d, ƒ = 8.5,1H), 8.04 (d, / = 8.5,1H), 8.03 (d, / 

== 9.0, IH) , 7.86 (dd, / = 12.5, 8.5, IH) , 7.74-7.78 (m, 2H), 7.71 (d, / = 8.0, 2H), 7.62 (d, / = 8.0, IH) , 7.48 (t, 

ƒƒ = 7.5, IH) , 7.36-7.39 (m, 2H), 7.24-7.28 (m, IH) , 7.12-7.18 (m, 12H), 6.79-6.82 (m, 2H), 6.53-6.60 (m, 

4H),, 5.89 (d, ƒ = 8.0, IH) , 5.57 (d, ƒ = 8.0, IH), 4.48 (br s, IH) , 4.36 (m, 2H), 2.33 (s, 3H), 2.31 (s, 3H). «C 

NMRR (125 MHz, non-aromatic only): 8 = 48.8, 21.5, 21.5. 31P NMR (202.4 MHz): 8 = 27.4. IR: o 3400, 

2922,1599,1517.. HRMS (FAB+): calcd for CjiyFLtsN^OsPSj (M+H+): 946.2538, found: 946.2556. 

Crystall  structur e of . 

Abstract. . 

C57H44N3O5PS2,, M r = 946.1, monoclinic, P2,/a, a = 12.159(2), b = 20.352(5), c = 20.815(12)A, p = 

102.34(2)°,, V = 5032(3)A3, Z = 4, Dx = 1.25 gem-1, A(CuKa) = 1.5418A, u(CuKa) = 1.670 mm-1, F(000) = 

1976,, room temperature, Final R = 0.082 for 5106 observed reflections. 

Experimentall  (For references concerning the X-ray determination: Chapter 3, experimental section). 

AA crystal with dimensions 0.20 x 0.20 x 0.50 mm approximately was used for data collection. A total of 

54722 unique reflections were measured within the range -15<h<13, 0<k<25, 0<1<26. Of these, 5106 were 

abovee the significance level of 4o(F(,bS) and were treated as observed. The range of (sin 6 ) /\ was 0.035-

0.626AA (3.1<9<74.8°). Two reference reflections ([ 0 2 0 ], [ 1 1 3 ]) were measured hourly and showed 

noo decrease during the 137 h collecting time. Unit-cell parameters were refined by a least-squares 

fittin gg procedure using 23 reflections with 39.84<20<40.87. Corrections for Lorentz and polarisation 

effectss were applied. Absorption correction was performed with the program PLATON, using lP-

scanss of five reflections, with coefficients in the range 0.851-0.981. The structure was solved by the 

PATTYY option of the DIRDIF-99 program system. 

Afterr isotropic refinement a AF synthesis revealed some residual electron density, probably due to a 

solventt molecule, but they could not be interpreted as such. This electron density was corrected for 

wit hh the SQUEEZE option of PLATON, based on the BYPASS-procedure.22 The volume of the solvent 

areaa was 220 A3, positioned around 0.0;0.5;0.5 and the electron-count corrected for was 89. The 

hydrogenn atoms were calculated. Full-matrix least-squares refinement on F, anisotropic for the non-

hydrogenn atoms and isotropic for the hydrogen atoms, restraining the latter in such a way that the 

distancee to their carrier remained constant at approximately 1.0A and keeping their atomic 

displacementt parameters fixed at U = 0.1 A2, converged to R = 0.082, Rw = 0.081, (A/o)max = 0.06, S = 

1.08.. A weighting scheme w = [8. + 0.01*(o(Fobs))2 + 0.01/(o(Fobs))]-1 was used. During refinement 

atomm C20 turned out to behave extremely anisotropic, so it was decided to refine C20 isotropically and 

fixx the three H-atoms connected to C20 at their calculated positions. A final difference Fourier map 

revealedd a residual electron density between -0.92 and 0.91 eA3. Scattering factors were taken from 
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Internationall  Tables for X-ray Crystallography. The anomalous scattering of P and S was taken into 

account.233 All calculations were performed with XTAL3.7, unless stated otherwise. 

Crystallographicc data (excluding structure factors) for the structure reported in this chapter have been 

depositedd with the Cambridge Crystallographic Data Centre. No. CCDC 239743. Copies of the data 

cann be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: 

(internat.)) +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk] 
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Asymmetrischee synthese is van groot belang voor de productie van niet-racemische 

chiralee stoffen. Door de jaren heen is er een grote verscheidenheid aan reacties ontwikkeld 

omm prochirale verbindingen om te zetten in optisch actieve producten. Voor dit doeleinde 

lijk tt asymmetrische katalyse een uiterst gunstige methodologie. De mogelijkheid om met een 

theoretischh oneindig kleine hoeveelheid katalysator een asymmetrische transformatie uit te 

voerenn is niet alleen voordelig uit economisch oogpunt, maar vermindert bijvoorbeeld ook 

dee milieubelasting. 

Inn het gebied van de asymmetrische homogene katalyse wordt dit doel nagestreefd 

doorr gebruik te maken van voornamelijk goed gedefinieerde overgangsmetaalcomplexen als 

katalysatorenn voor een groot aantal stereoselectieve processen. Voor het verkrijgen van 

(enantio-)selectievee katalysatoren dient het metaalatoom van het complex te worden 

voorzienn van de juiste liganden om de gewenste asymmetrische omgeving te creëren. Het 

gebruikk van deze op maat gemaakte katalysatoren biedt de mogelijkheid om het gedrag te 

beïnvloedenn en om eigenschappen zoals de activiteit, selectiviteit en oplosbaarheid te 

veranderen.. De synthese van efficiënte liganden is echter vaak bewerkelijk en de 

terugwinningg van de kostbare complexen is lastig. 

Hett onderzoek beschreven in dit proefschrift is dientengevolge gewijd aan de 

ontwikkelingg van een nieuw chiraal molecuul die kan dienen als veelzijdige bouwsteen voor 

dee constructie van een verscheidenheid aan liganden. De verwachting was dat de op 

biscarbazooll  gebaseerde BICOL structuur als een ideaal synthon kon dienen voor deze opzet. 

Dee twee hydroxidegroepen kunnen worden vervangen door metaal coördinerende donor-

groepenn zoals fosfines of amines en de carbazoolstikstofatomen zijn perfecte 

aanhechtingspuntenn om diversiteit in te voeren. Het gebruik van een dergelijke algemene 

chiralee bouwsteen maakt het mogelijk om op een gemakkelijke manier een variëteit aan 

ligandenn te vervaardigen voor de optimalisering van asymmetrische katalyse en de 

aanwezigheidd van de amines kunnen worden gebruikt als bevestigingspunten om de 

katalysatorr te immobiliseren om zodoende het recyclen te bevorderen. 

Hoofdstukk 1 dient als een inleiding en beschrijft de geschiedenis van homogene 

katalytischee asymmetrische hydrogeneringen, de reacties waarin de gesynthetiseerde 

katalysatorenn toegepast worden. De algemene strategie om atropisomere biarylliganden te 

vervaardigenn wordt ook behandeld, gevolgd door een bescheiden verzameling aan feiten 

aangaandee de carbazoolstructuur. Het hoofdstuk besluit met een opsomming van de 

hoofdlijnenn van dit proefschrift. 

Hoofdstukk 2 beschrijft de synthese en resolutie van BICOL. De belangrijkste stappen 

inn de sequentie om bij racemisch BICOL te komen zijn een Fischer indoolsynthese tussen 

cyclohexanonn en 4-methoxyfenylhydrazine hydrochloride om de tetrahydrocarbazool te 

verkrijgenn en een oxidatieve fenol koppeling om twee carbazool eenheden te dimeriseren. 

Menthvlchloorformiaatt werd succesvol gebruikt als splitsings reagens, zodat we uiteindelijk 

beidee enantiomeren van BICOL in zuivere vorm in handen kregen (Schema 1). 
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(SM-)-BICOL L 

Schemaa 1 

Hoofdstukk 3 is toegewijd aan de omzetting van B1COL naar een nieuwe klasse Ci-

symmetrischee difosfineliganden door gebruik te maken van Pd-gekatalyseerde 

crosskoppelingsreactiess voor de introductie van de fosfines. De carbazool stikstofatomen van 

hett zogenoemde BICAP ligand werden gefunctionaliseerd met verschillende groepen, 

waardoorr een set liganden ontstond die sterisch gelijk zijn, maar verschillende elektronische 

eigenschappenn bezitten (Schema 2). Bij gebruik van de BICAP liganden in Ru- en Rh-

gekatalyseerdee asymmetrische hydrogeneringen was een duidelijk verschil in selectiviteit 

waarr te nemen. De enantiomere overmaat van de producten varieerde van 94% tot 99% 

(methylacetoacetaat)) en van 2% tot 55% (dimethylitaconaat). Deze resultaten 

demonstreerdenn dat het BICAP skelet aan te passen is en dus geschikt om katalytische 

reactiess te optimaliseren. 

(S)-(-)-BICOL L (S)-R-BICAP P 
RR = H, Ts, Nf, Me, TBS 

Schemaa 2. 

Hoofdstukk 4 behandelt de immobilisatie van BICOL met carbosilaandendrimeren. 

Doorr aan de stikstofatomen van O-beschermd BICOL twee 3de generatie dendritische 

'takken'' te bevestigen werd het ligand niet alleen ingekapseld, maar het schept ook de 

mogelijkheidd om het diol te laten reageren tot een fosforamidiet (Schema 3). De verkregen 

monodentaatligandenn bleken in hoge mate efficiënt in de Rh-gekatalyseerde hydrogenering 

vann een dehydroaminozuur wat het gederivatiseerde fenylalanine opleverde met een 

enantiomeree overmaat oplopend tot 95%. 
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(R)-(+)-BICOL L 

PNMe2 2 

3 ^ ) 3 ) 3 ) 3 3 

s r N - ^ r K ^ s r K ^ ) , , 
Schemaa 3. 

Hoofdstukk 5 onthult een nieuwe methodologie voor de synthese van biaryl P,N-

ligandenn rechtstreeks uit BINOL of BICOL door gebruik te maken van de Staudinger reactie 

(Schemaa 4). De atropisomere uitgangstoffen werden eerst probleemloos omgezet naar de 

monofosfinenonaflaten. . 

PPh 22 ^ 

ONff  N , - R 

Phh ONf 

MAP-typ ee ligan d MAP(0)-Iigan d d 

(39-99%) ) 

Schemaa 4. 

Dee aminefunctionaliteit werd ingevoerd door middel van een reactie tussen de 

fosfinee en een geschikt azide, waarna het gegenereerde nucleotide iminofosforaan 

intermediairr de nonaflaatgroep substitueerde in een ongekende intramoleculaire SNAr 

reactie.. De ontstane aminofosfoniumzouten konden worden geïsoleerd en na hydrolyse 

werdenn de overeenkomstige MAP(0)-type liganden verkregen. Oxidatie van het fosforatoom 

8') ) 
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konn worden voorkomen door het aminofosfoniumzout direct te reduceren met DIBAL-H . De 

reactiee werd uitgevoerd met een verschillende azides waaronder alkylazides, fenylazide, 

trimethylsilylazide,, dendrimeer gefunctionaliseerd azide en een van een aminozuur afgeleid 

azide.. Over het algemeen werd het beoogde product verkregen in acceptabele opbrengsten 

(39-99%). . 

Samenvattendd laten de gepresenteerde resultaten in dit proefschrift zien dat een 

betrouwbaree synthese van de BICOL structuur is ontwikkeld en dat deze bouwsteen kan 

dienenn als een algemene chirale uitgangsstof voor de ontwikkeling van waardevolle 

ligandenn die kunnen worden toegepast in asymmetrische homogene katalyse. 
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SUMMARY Y 

Asymmetricc synthesis is one of the important tools for the production of non-racemic 

chirall  compounds. Throughout the years a large number of transformations have been 

developedd in order to convert prochiral substrates into optically active products. For this 

purpose,, asymmetric catalysis seems to be the ideal methodology. The possibility to perform 

asymmetricc reactions with an theoretical infinitely small amount of catalyst is beneficial from 

bothh an economic and environmental point of view. 

Inn the area of asymmetric homogeneous catalysis this goal is pursued by applying 

mainlyy well-defined transition metal complexes as catalysts for numerous stereo selective 

processes.. To obtain (enantio-)selective catalysts the metal atoms of the complexes must be 

equippedd with suitable ligands to create the desired asymmetric surrounding. The use of 

thesee tailor-made catalysts offers the possibility to modulate its behavior and change or 

optimizee properties like activity, selectivity and solubility. However, the synthesis of 

efficientt ligands is often laborious and the recovery of the precious complexes troublesome. 

Thee research described in this thesis is therefore dedicated to the development of a 

neww chiral scaffold which can serve as a versatile building block for the synthesis of a variety 

off  ligands. It was envisaged that the bicarbazole based BICOL backbone would be a perfect 

synthonn for this purpose. The two hydroxyl functionalities can be replaced for metal 

coordinatingg donor groups like phosphines or amines and the two carbazole nitrogen atoms 

functionn as perfect handles for the introduction of diversity. The use of such a general chiral 

scaffoldd allows the facile preparation of a variety of ligands for the optimization of 

asymmetricc catalysis and the presence of the amines as anchoring moieties opens up the 

opportunityy to immobilize the catalysts to facilitate recycling. 

Chapterr  1 serves as an introduction and describes the history of catalytic asymmetric 

homogeneouss hydrogenations, the reactions in which the synthesized catalysts are applied. 

Thee general strategy for the construction of atropisomeric biaryl ligands is also discussed, 

followedd by a modest collection of information concerning the carbazole moiety. The chapter 

endss with an outline of this thesis. 

(R)-(+)-BICOL L (SH-)-BICOL L 

Schemee 1 

Chapterr  2 describes the synthesis and resolution of BICOL. The key steps in the 

sequencee towards racemic BICOL include a Fischer indole reaction between cyclohexanone 

andd 4-methoxyphenylhydrazine hydrochloride to obtain the tetrahydrocarbazole and an 
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oxidativee phenol coupling applied to dimerize two carbazole moieties. Menthyl 

chloroformatee was successfully used as resolving agent, yielding eventually both 

enantiomerss of BICOL in pure form (Scheme 1). 

Chapterr  3 is dedicated to the transformation of BICOL into a new family of 0>-

symmetricc diphosphine ligands, using Pd-catalyzed cross-coupling reactions for the 

introductionn of the phosphines. The so-called BICAP ligand is functionalized with different 

substituentss on the carbazole nitrogen atoms, creating a set of ligands that are sterically alike, 

butt feature different electronic properties (Scheme 2). When applied in Ru- and Rh-catalyzed 

asymmetricc hydrogenations, the several BICAP members showed a clear difference in 

selectivityy yielding the hydrogenated products with ee's ranging from 94-99% (methyl 

acetoacetate)) and 2-55% (dimethyl itaconate). These results demonstrated that the BICAP 

backbonee is tunable and thus suitable for the optimization of catalytic reactions. 

(S)-(-)-BICOL L (S)-R-BICAP P 
H,, Ts, Nf, Me, TBS 

Schemee 2. 

Chapterr  4 is devoted to the immobilization of BICOL with carbosilane dendrimers. 

Attachmentt of two 3rd generation wedges onto the nitrogen atoms of O-protected BICOL did 

nott only encapsulate the ligand, but also allowed the construction of a phosphoramidite 

moietyy from the diol (Scheme 3). The obtained monodentate ligands proved to be highly 

efficientt in the Rh-catalyzed hydrogenation of a dehydroamino acid, providing the 

derivatizedd phenylalanine products with an ee up to 95%. 

(R)-(+)-BICOL L 

Schemee 3. 
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Chapterr  5 reveals a new methodology for the synthesis of biaryl P,N-ligands directly 

fromm BINOL or BICOL, utilizing the Staudinger reaction (Scheme 4). The atropisomeric diol 

precursorss were converted into the monophosphine nonaflates in a straightforward fashion. 

Thee amine functionality was introduced by reaction of the phosphine with an appropriate 

azide,, after which the formed nucleophilic iminophosphorane intermediate substitutes the 

nonaflatee in an unprecedented intramolecular SNAr reaction. The generated 

aminophosphoniumm salts could be isolated and after hydrolysis the corresponding MAP(O)-

typee ligands were obtained. Oxidation of the phosphine atom was circumvented by direct 

DIBAL- HH mediated reduction of the aminophosphonium salt. A variety of azides were 

reactedd including several alkyl azides, phenyl azide, trimethylsilyl azide, dendrimer 

functionalizedd azide and an amino acid derived azide. The desired products were generally 

obtainedd in acceptable yields (39-99%). 

iminophosphoranee aminophosphonium salt 

MAP-typee ligand MAP(0)-iigand 
(39-99%) ) 

Schemee 4. 

Altogether,, the results presented in this thesis show that a robust synthesis for the 

BICOLL scaffold is developed and that this backbone can function as a general chiral starting 

materiall  for the production of valuable ligands for applications in asymmetric homogeneous 

catalysis. . 
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