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CHAPTE RR 2 

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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ChapterChapter 2 

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 
1200 C UTS UTS 

OMe e 

10%Pd/C C 
H20,, p-cymene 

*--
-175°C C 

RR = OMe 8 (99%) 
RR = H9(1%) 

48%% HBr (aq) 
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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SynthesisSynthesis and Resolution of BICOL 

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 
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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). . 

O O 
OHH II 
OHH C I ^ X ) ' 

(-)-12 2 

Et3N N 
MeCN. . 

O O 

C ^ O M e n n 
O-^-OMen n 

O O 

) ) 

recrystallisation n 

O O 

O-^OMen n 
O-^-OMen n 

O O 

(-)-13(67%) ) 

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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