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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 
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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 
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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 

37 7 



ChapterChapter 3 

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), 
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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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