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General Remarks 

Dry THF and CH2Cl2 were obtained from a Pure Solv MD-5 solvent purification system. 

Anhydrous DMF and toluene were purchased and used without further purification. N2 was dried by 

passage through a CaCl2 tube. CuI was purified as previously described.S1 All other reagents and 

solvents were purchased reagent grade and used without further purification or drying.  
 

All reactions were performed in acetone washed and oven dried glassware with magnetic stirring 

under a positive pressure of N2 unless specified that the reaction was carried out in air. Reactions 

performed at -40 oC used liquid N2/CH3CN slush baths. Thermal heating of reactions was carried 

out with paraffin oil baths. Microwave reactions were performed using a Discover CEM Focused 

Microwave Synthesis System in 10 mL closed vessels under N2 (unless stated otherwise) with a 

power setting of 100 W. 

Reactions heated either thermally or under microwave irradiation were cooled to RT before 

quenching and work-up. All organic extracts were dried with anhydrous MgSO4 and gravity 

filtered. All solvents were evaporated under reduced pressure on a rotary evaporator and products 

dried under high vacuum at RT. Purification by column chromatography was performed using Flash 

Merck Silica Gel 60 (63-200 mesh) under a positive pressure of air. All organic solvent mixtures 

stated are in volume:volume proportions.  

Melting points (m.p.) were determined using a Gallenkamp (Griffin) melting point apparatus. 

Temperatures are expressed in degrees Celsius (oC) and are uncorrected. High Performance Liquid 

Chromatography (HPLC) was performed using a Waters 1515 pump and a Daicel Chiralcel OD-H 

column with a flow rate of 0.5 mL/min and a detection wavelength of 254 nm. 

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were recorded at 300 and 

75 MHz respectively on a Varian Mercury 300 MHz spectrometer. NMR spectra were aquired in 

CDCl3 with chemical shifts (δ) reported in parts per million (ppm) relative to TMS (1H: δ = 0.00 

ppm) and CDCl3 (13C: δ = 77.0 ppm). Alternatively, where stated, spectra were aquired in 

(CD3)2CO with δ values relative to (CH3)2CO (1H: δ = 2.05 ppm) and (CD3)2CO (13C: δ = 29.8 

ppm). Coupling constants (J) are reported in Hertz (Hz). J values listed in 1H NMR spectral data 

refer to coupling between hydrogen nuclei. Multiplicities are reported as singlet (s), broad singlet 

(bs), doublet (d), doublet of doublets (dd), triplet (t), quartet (q), pentet (p) or multiplet (m). 
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Electrospray (ES) mass spectra were obtained on a Micromass Platform LCZ spectrometer. 

Samples were injected as a solution in 50% CH3CN. In some cases 1% aq. HCOOH was added to 

suppress dimerisation and/or aid in protonation; this is noted within by: (ES+, HCOOH). High 

Resolution (HR) ES mass spectrometry (MS) was performed on a Micromass QTOF2 Ultima 

Spectrometer. Electron Impact (EI) mass spectra were performed using a Shimadzu QP-5050 

spectrometer. HR EI mass spectra were obtained using a Fison/VG Autospec-TOF spectrometer at 

70 eV with a source temperature of 250 °C. Ion mass to charge (m/z) values of molecular ions (M), 

fragment peaks and adducts are stated with their relative abundances in parentheses. For compounds 

with more than one major isotope (eg: compounds containing bromine) all significant isotopic 

peaks are reported.  

 

Infrared (IR) spectra were recorded with neat samples using a Nicolet Avatar 360 FT-IR 

spectrometer fitted with a Smart Omni-Sampler germanium crystal accessory. IR data is reported in 

nanometres (nm) with peak intensity assigned as weak (w), medium (m) or strong (s). Optical 

rotations were measured using a Jasco DIP-370 digital polarimeter with a 0.1 dm path length and a 

wavelength of 589 nm. Concentrations (c) are given in g/100 mL. X-ray crystallography studies 

were performed by Dr Anthony Willis at the Australian National University, Canberra. 

 

Synthetic Procedures 

 

Synthesis of (2S,2'S)-2,2'-Biindoline (1) from (2R,2R)-2,2'-Bioxirane (3) 

 

(2R,3R)-1,4-Di(2-bromophenyl)-2,3-butanediol (4) 

To a solution of 2-bromoiodobenzene (854 mg, 3.02 mmol) in THF (6 mL) 

at -40 oC was added i-PrMgCl (1.82 mL, 1.66 M in THF, 3.02 mmol) and 

the mixture was allowed to warm to -25 oC over 2 h. The solution was 

cooled to -40 oC and added to a suspension of CuI (29 mg, 0.15 mmol) in THF (1 mL) at -40 oC. 

After 10 min, a solution of bioxirane (R,R)-3S2 (98 mg, 1.14 mmol) in THF (2 mL) was added 

dropwise and the mixture was allowed to warm to -10 oC and maintained at this temp for 5 h. 

Saturated NH4Cl (3 mL) was added slowly then the mixture was diluted with H2O (3 mL) and 

EtOAc (15 mL), shaken and allowed to settle. The clear organic layer was decanted from the slurry 

and the process was twice repeated with EtOAc (2 x 15 mL). The combined organic layers were 

dried and concentrated to give a white solid (347 mg). Successive recrystallisations from EtOH (5 

mL) provided two precipitate crops which were combined to give diol (R,R)-4 (194 mg, 43%) with 

minor impurities. A further recrystallisation from EtOH (5 mL) provided the pure diol (R,R)-4 (142 

OH

OHBr

Br
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mg, 31%) as a white solid, m.p. 154 oC. 20]α[ D +21.1 (c 0.98, EtOH); 1H NMR: δ 2.11 (d, J = 4.5 Hz, 

2H, 2xOH), 2.97 (dd, J = 8.9, 13.7 Hz, 2H, H1a, H4a), 3.14 (dd, J = 3.8, 13.7 Hz, 2H, H1b, H4b), 

3.86-3.94 (m, 2H, H2, H3), 7.10 (t, J = 8.1 Hz, 2H, 2xArH4), 7.22-7.32 (m, 4H, 2xArH5, 2xArH6), 

7.55 (d, J = 8.1 Hz, 2H, 2xArH3); 13C NMR: δ 40.6 (C1, C4), 72.8 (C2, C3), 124.8 (2xArC2), 127.5 

(2xArC5), 128.3 (2xArC4), 131.8 (2xArC6), 132.9 (2xArC3), 137.7 (2xArC1); FTIR v 3219 (w), 

2923 (w), 1471 (w), 1440 (w), 1089 (m), 1023 (s), 917 (w), 754 (s), 739 (s); MS (ES+): 466 (45, 

M+Na+CH3CN, 81Br, 81Br), 464 (100%, M+Na+CH3CN, 81Br, 79Br), 462 (46, M+Na+CH3CN, 79Br, 
79Br), 425 (15, M+Na, 81Br, 81Br), 423 (30, M+Na, 81Br, 79Br), 421 (14, M+Na, 79Br, 79Br); HRMS 

(ES+) calcd for C16H16
81Br79BrO2+Na 422.9394, found 422.9398. 

 

(2R,3R)-1,4-Di(2-bromophenyl)-2,3-butanediol 2,3-Dimethanesulfonate (5) 

To a solution of diol (R,R)-4 (139 mg, 0.35 mmol) and NEt3 (88 mg, 0.87 

mmol) in CH2Cl2 (5 mL) at 0 oC was added dropwise a solution of MsCl (88 

mg, 0.77 mmol) in CH2Cl2 (1 mL) and the mixture was allowed to warm to 

RT and stirred in air for 3 h. The solution was diluted with CH2Cl2 (10 mL), washed with 5% 

CuSO4 (15 mL) and saturated NaHCO3 (15 mL), then dried and concentrated to give dimesylate 

(R,R)-5 (162 mg, 84%) as a white solid, m.p. 172-175 oC. 25]α[ D  +32.9 (c 4.00, CH2Cl2); 1H NMR: δ 

2.39 (s, 6H, 2xCH3), 3.21 (dd, J = 10.5, 14.1 Hz, 2H, H1a, H4a), 3.44 (d, J = 14.1 Hz, 2H, H1b, 

H4b), 5.23 (d, J = 10.5 Hz, 2H, H2, H3), 7.18 (t, J = 7.8 Hz, 2H, 2xArH4), 7.26-7.39 (m, 4H, 

2xArH5, 2xArH6), 7.61 (d, J = 7.8 Hz, 2H, 2xArH3); 13C NMR: δ 36.5 (C1, C4), 37.4 (2xCH3), 

80.9 (C2, C3), 125.0 (2xArC2), 127.7 (2xArC5), 129.4 (2xArC4), 132.7 (2xArC6), 133.3 

(2xArC3), 135.4 (2xArC1); FTIR v 2972 (w), 1468 (w), 1356 (s), 1320 (w), 1175 (s), 1022 (m), 967 

(m), 954 (m), 895 (s), 809 (m), 762 (m), 754 (m); MS (ES+, HCOOH): 622 (60, M+Na+CH3CN, 
81Br, 81Br), 620 (100%, M+Na+CH3CN, 81Br, 79Br), 618 (52, M+Na+CH3CN, 79Br, 79Br), 581 (56, 

M+Na, 81Br, 81Br), 579 (93, M+Na, 81Br, 79Br), 577 (52, M+Na, 79Br, 79Br); HRMS (ES+) calcd for 

C18H20
81Br79BrO6S2+Na 578.8945, found 578.8950.  

 

(2S,3S)-1,4-Di(2-bromophenyl)-2,3-butanediazide (6)  

A mixture of dimesylate (R,R)-5 (159 mg, 0.29 mmol) and NaN3 (111 mg, 1.71 mmol) in DMF (1 

mL) was heated at 80 oC for 264 h. H2O (5 mL) was added and the mixture was extracted with 

CH2Cl2 (3 x 10 mL). The combined extracts were dried and concentrated giving a crude mixture of 

the alkene elimination product (~30 mg, ~25% conversion) and diazide (S,S)-6 (~81 mg, ~63% 

conversion).  

 

Br

BrOMs

OMs
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(1E,3S)-3-Azido-1,4-di(2-bromophenyl)-1-butene: 1H NMR: δ 3.06-3.22 (m, 

2H, H4), 4.45 (q, J = 7.8 Hz, 1H, H3), 6.11 (dd, J = 7.8, 15.6 Hz, 1H, H2), 

6.90 (d, J = 15.6 Hz, 1H, H1), 7.09-7.18 (m, 2H, 2xArH), 7.25-7.30 (m, 3H, 

3xArH), 7.48-7.58 (m, 3H, 3xArH); 13C NMR: δ 41.3 (C4), 63.8 (C3), 123.7 (C2' or C2''), 124.7 

(C2' or C2''), 127.3 (ArCH), 127.47 (ArCH), 127.52 (ArCH), 128.7 (ArCH), 129.2 (ArCH), 129.4 

(C2), 132.0 (ArCH), 132.4 (C1), 132.9 (ArCH), 133.0 (ArCH), 136.0 (C1' or C1''), 136.4 (C1' or 

C1'').  

 

The crude mixture was dissolved in THF (3 mL), then a solution of KMnO4 

in H2O (3 mL) was added and the mixture was stirred in air for 12 h. The 

brown slurry was diluted with CH2Cl2 (15 mL) and H2O (10 mL), then 10% 

HCl (5 mL) and 10% Na2SO3 (1 mL) were added. The organic layer was separated and the aqueous 

solution extracted with CH2Cl2 (10 mL). The combined organic layers were dried, concentrated and 

subjected to column chromatography (1% EtOAc:hexanes) giving diazide (S,S)-6 (60 mg, 47% 

overall) as a viscous pale yellow oil. 22]α[ D -28.5 (c 3.00, CH2Cl2); 1H NMR: δ 3.06-3.22 (m, 4H, H1, 

H4), 3.74 (t, J = 6.0 Hz, 2H, H2, H3), 7.09-7.18 (m, 2H, 2xArH4), 7.25-7.30 (m, 4H, 2xArH5, 

2xArH6), 7.54 (d, J = 8.4 Hz, 2H, 2xArH3); 13C NMR: δ 38.5 (C1, C4), 63.2 (C2, C3), 124.5 

(2xArC2), 127.8 (2xArC5), 129.0 (2xArC4), 131.8 (2xArC6), 133.1 (2xArC3), 136.1 (2xArC1); 

FTIR v 2105 (s), 1476 (w), 1443 (w), 1259 (w), 1024 (m), 749 (s); MS (EI+): 169 (100%).S3 

(2S,3S)-1,4-Di(2-bromophenyl)-2,3-butanediamine (7) 

A solution of diazide (S,S)-6 (45.6 mg, 0.10 mmol) and PPh3 (58 mg, 0.22 

mmol) in THF (1 mL) was stirred for 2 h. H2O (2 drops) was added from a 

pasteur pipette and the solution was heated at reflux for 13 h. The mixture 

was diluted with CH2Cl2 (20 mL), washed with H2O (5 mL), dried and concentrated to give a white 

solid (96 mg). This was dissolved in 10% EtOAc:Et2O (5 mL), then HCl (1 mL, 2.0 M in Et2O) was 

added dropwise, forming a white precipitate. After stirring for 2 h, the suspension was vacuum 

filtered and the precipitate washed with Et2O (4 x 5 mL) to give a pale yellow solid (49 mg) which 

was dissolved in a biphase of 15% NaOH (3 mL) and CH2Cl2  (3 mL). The mixture was diluted with 

H2O (5 mL) and CH2Cl2  (15 mL), then the organic layer was separated, dried and concentrated to 

give diamine (S,S)-7 (28.6 mg, 71%) as a viscous colourless oil.S4 1H NMR: δ 1.83 (bs, 4H, 

2xNH2), 2.80 (dd, J = 8.1, 13.5 Hz, 2H, H1a, H4a), 3.00 (d, J = 13.5 Hz, 2H, H1b, H4b), 3.34-3.42 

(m, 2H, H2, H3), 7.06 (t, J = 7.8 Hz, 2H, 2xArH4), 7.20-7.31 (m, 4H, 2xArH5, 2xArH6), 7.52 (d, J 

= 7.8 Hz, 2H, 2xArH3); 13C NMR: δ 41.1 (C1, C4), 64.1 (C2, C3), 124.6 (2xArC2), 127.5 

(2xArC5), 128.0 (2xArC4), 131.3 (2xArC6), 132.8 (2xArC3), 138.8 (2xArC1); MS (ES+, 

NH2

NH2Br

Br

N3Br

BrN3

Br

Br

N3
1'2'
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HCOOH): 401 (48, M+H, 81Br, 81Br), 399 (100%, M+H, 81Br, 79Br), 397 (47, M+H, 79Br, 79Br); 

HRMS (ES+) calcd for C16H19
81Br79BrN2 398.9894, found 398.9889.  

 

(2S,2'S)-2,2'-Biindoline (1) 

A mixture of Pd(OAc)2 (3.2 mg, 14.4 µmol), ±-BINAP (17.9 mg, 28.7 µmol) 

and toluene (0.5 mL) in a microwave vessel was stirred for 30 min to give a 

yellow solution. A solution of diamine (S,S)-7 (28.6 mg, 71.8 µmol) in 

toluene (0.5 mL) was added, followed by NaOt-Bu (20.7 mg, 0.22 mmol), and the burgundy 

solution was heated in a microwave at 120 oC for 4 h. The mixture was diluted with toluene (15 

mL) and vacuum filtered through Celite. The filtrate was concentrated and subjected to column 

chromatography (5% to 10% EtOAc:hexanes) giving biindoline (S,S)-1 (9.7 mg, 57%) as a light 

brown solid m.p. 150-152 oC.S5 1H NMR: δ 2.71 (dd, J = 8.1, 15.6 Hz, 2H, H3a, H3'a), 3.17 (dd, J = 

8.7, 15.6 Hz, 2H, H3b, H3'b), 3.82-3.92 (m, 2H, H2, H2'), 4.20 (bs, 2H, 2xNH), 6.59 (d, J = 7.5 Hz, 

2H, H8, H8'), 6.71 (t, J = 7.5 Hz, 2H, H6, H6'), 7.01 (t, J = 7.5 Hz, 2H, H7, H7'), 7.07 (d, J = 7.5 

Hz, 2H, H5, H5'); 13C NMR: δ 33.3 (C3, C3'), 64.9 (C2, C2'), 109.5 (C8, C8'), 119.0 (C6, C6'), 

124.7 (C5, C5'), 127.4 (C7, C7'), 128.6 (C4, C4'), 150.7 (C9, C9'); FTIR v 3360 (w), 2843 (w), 1603 

(m), 1481 (m), 1460 (m), 1238 (s), 1066 (m), 745 (s); MS (ES+, HCOOH): 237 (100%, M+H); MS 

(EI+): 236 (5, M+), 119 (74), 118 (100%), 117 (45); HRMS (EI+) calcd for C16H16N2 236.1313, 

found 236.1312. 

 

Preparation of the diBoc Derivative for Determination of Enantiomeric Purity 

 

(2S,2'S)-N,N'-Di-tert-butoxycarbonyl-2,2'-biindoline  

To a solution of biindoline (S,S)-1 (6.4 mg, 27.1 µmol) and NEt3 (6.0 mg, 

59.6 µmol) in THF (0.5 mL) was added a solution of Boc2O (12.4 mg, 56.9 

µmol) in THF (0.5 mL) and the mixture was stirred in air for 144 h, during 

which time three additional portions of Boc2O (3 x ~15 mg) were added (after 3, 27 and 52 h). The 

mixture was diluted with CH2Cl2 (10 mL) and H2O (5 mL), then the organic layer was separated, 

dried, concentrated and subjected to column chromatography (hexanes to 4% EtOAc:hexanes) to 

give the diBoc derivative (9.0 mg, 76%) as a white solid, mp. 182-184 oC. 21]α[ D  -91.4 (c 0.45, 

CH2Cl2); HPLC analysis (2.5% i-PrOH:hexane, retention time: 10.5 min) showed the ee of the 

biindoline derivative was >99%; 1H NMR: δ 1.54 (s, 18H, 6xCH3), 2.72 (d, J = 16.8 Hz, 2H, H3a, 

H3'a), 3.16 (dd, J = 9.6, 16.8 Hz, 2H, H3b, H3'b), 4.96-5.04 (m, 2H, H2, H2'), 6.91 (t, J = 7.5 Hz, 

2H, H6, H6'), 7.01 (d, J = 7.5 Hz, 2H, H5, H5'), 7.16 (t, J = 7.5 Hz, 2H, H7, H7'), 7.70 (bs, 2H, H8, 

N
H
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H8'); 13C NMR: δ 28.4 (6xCH3), 29.2 (C3, C3'), 60.0 (C2, C2'), 81.3 (2xC(CH3)3), 115.5 (C8, C8'), 

122.5 (C6, C6'), 124.5 (C5, C5'), 127.3 (C7, C7'), 130.2 (C4, C4'), 143.2 (C9, C9'), 152.6 (2xC=O); 

FTIR v 2966 (w), 2919 (w), 2848 (w), 1696 (s), 1485 (m), 1390 (s), 1373 (m), 1341 (s), 1161 (m), 

1021 (m), 752 (s); MS (EI+): 436 (17, M+), 118 (100%); HRMS (EI+) calcd for C26H32N2O4 

436.2362, found 436.2345. 

 

Synthesis of (2S,2'S)-2,2'-Biindoline (1) from (2S,2'S)-N,N'-Di-tert-butoxycarbonyl-2,2'-

biaziridine (8) 

Ring Opening 

(4S,5S)-4,5-Di(2-bromobenzyl)-1-tert-butoxycarbonyl-2-imidazolidinone (9) 

(2S,3S)-1,4-Di(2-bromophenyl)-2,3-di(N-tert-butoxycarbonylamino)butane (10)  

To a solution of 2-bromoiodobenzene (1.09 g, 3.86 mmol) in THF (4 mL) at 

-40 oC was added i-PrMgCl (1.61 mL, 2.0 M in THF, 3.22 mmol) and the 

mixture was allowed to warm to -25 oC over 2.5 h. The solution was cooled 

to -40 oC and added dropwise to a suspension of CuBr.SMe2 (99 mg, 0.48 mmol) and biaziridine 

(S,S)-8S6 (183 mg, 0.64 mmol) in THF (2 mL) at -40 oC. The solution was allowed to warm to -10 
oC over 6 h, then saturated NH4Cl (2 mL) was added slowly, followed by H2O (5 mL) and the 

mixture was extracted with EtOAc (3 x 10 mL). The combined extracts were dried, concentrated 

and subjected to column chromatography (5% to 10% EtOAc:hexanes) affording dicarbamate (S,S)-

10 (94 mg, 24%) as a white solid, m.p. 172 oC. 21]α[ D  -61.7 (c 1.97, CH2Cl2); 1H NMR: δ 1.33 (s, 

18H, 6xCH3), 2.75-3.18 (m, 4H, H1, H4), 4.01-4.19 (m, 2H, H2, H3), 4.88 (bs, 2H, 2xNH), 7.02-

7.14 (m, 2H, 2xArH4), 7.15-7.26 (m, 4H, 2xArH5, 2xArH6), 7.52 (d, J = 7.8 Hz, 2H, 2xArH3); 13C 

NMR: δ 28.3 (6xCH3), 39.3 (C1, C4), 54.5 (C2, C3), 79.3 (2xC(CH3)3), 125.2 (2xArC2), 127.3 

(2xArC5), 128.1 (2xArC4), 131.4 (2xArC6), 132.7 (2xArC3), 137.7 (2xArC1), 155.9 (2xC=O); 

FTIR v 3359 (w), 2972 (w), 1681 (s), 1525 (m), 1370 (w), 1299 (w), 1250 (w), 1167 (m), 1022 (w), 

752 (m); MS (ES+, HCOOH): 601 (24, M+H, 81Br, 81Br), 599 (45, M+H, 81Br, 79Br), 597 (22, M+H, 

79Br, 79Br), 445 (48, M+H+HCOOH-2Boc, 81Br, 81Br), 443 (100%, M+H+HCOOH-2Boc, 81Br, 
79Br), 441 (50, M+H+HCOOH-2Boc, 79Br, 79Br); HRMS (ES+) calcd for C26H34

79Br2N2O4+Na 

619.0783, found 619.0812. 

 

Br

BrNHBoc
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Further elution with 12% EtOAc:hexanes to 100% EtOAc yielded 

imidazolidinone (S,S)-9 (141 mg, 42%) as a pale yellow syrup. 21]α[ D  -

33.8 (c 4.50, CH2Cl2); 1H NMR: δ 1.50 (s, 9H, 3xCH3), 2.85-2.93 (m, 

3H, H7'a, H7''), 3.24 (dd, J = 5.4, 13.2 Hz, 1H, H7'b), 3.63 (t, J = 6.9 Hz, 

1H, H4), 4.40 (dd, J = 5.4, 9.3 Hz, 1H, H5), 6.84 (bs, 1H, NH), 6.93-7.14 (m, 6H, H4', H4'', H5', 

H5'', H6', H6''), 7.36-7.43 (m, 2H, H3', H3''); 13C NMR: δ 28.0 (3xCH3), 38.9 (C7'), 40.9 (C7''), 52.1 

(C4), 58.0 (C5), 82.4 (C(CH3)3), 124.5 (C2' or C2''), 124.6 (C2' or C2''), 127.4 (C5' or C5''), 127.5 

(C5' or C5''), 128.26 (C4' or C4''), 128.30 (C4' or C4''), 131.0 (C6' or C6''), 131.6 (C6' or C6''), 132.8 

(C3' or C3''), 132.9 (C3' or C3''), 135.1 (C1' or C1''), 135.6 (C1' or C1''), 150.0 (t-BuOC=O), 155.6 

(C2); FTIR v 3350 (m), 1768 (s), 1345 (m), 1242 (w), 1152 (m), 741 (s); MS (ES+, HCOOH): 527 

(9, M+H, 81Br, 81Br), 525 (18, M+H, 81Br, 79Br), 523 (8, M+H, 79Br, 79Br), 471 (48, M+HCOOH-

Boc, 81Br, 81Br), 469 (100%, M+HCOOH-Boc, 81Br, 79Br), 467 (48, M+HCOOH-Boc, 79Br, 79Br); 

HRMS (ES+) calcd for C22H24
79Br2N2O3+Na 545.0051, found 545.0075. 

 

Hydrolysis of the Imidazolidinone 

 

(2S,3S)-1,4-Di(2-bromophenyl)-2,3-butanediamine (7)  

Small Scale 

A suspension of imidazolidinone (S,S)-9 (19.6 mg, 37.4 µmol) in 32% HCl 

(3 mL) was heated at 110 oC in a microwave under air for 12 h. The dark 

green suspension was vacuum filtered and the grey/brown solid was washed 

with H2O (5 mL) and Et2O (25 mL), then dissolved in a biphase of 15% NaOH (10 mL) and CH2Cl2 

(10 mL). The acidic aqueous layer from the earlier filtration was added and alkalinity was 

maintained. The organic layer was separated and the aqueous solution extracted with CH2Cl2 (10 

mL). The combined organic layers were dried and concentrated to give diamine (S,S)-7 (13.3 mg, 

89%) as a viscous brown oil spectroscopically identical to the product synthesised from the 

bioxirane. 

 

Larger Scale 

 A suspension of imidazolidinone (S,S)-9 (617 mg, 1.18 mmol) in EtOH (0.5 mL) and 32% HCl (3 

mL) was heated at 110 oC in a microwave under air for 18 h. Et2O (5 mL) was added to the slurry 

and the vessel was shaken and allowed to settle, then the supernatant liquid was decanted. This 

process was twice repeated with Et2O (2 x 5 mL), then the remaining sticky solids were stirred 

vigorously for 1 h in 30% CH2Cl2:Et2O (7 mL). The suspension was vacuum filtered and the 
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collected solid (~300 mg) was dried in a 110 oC oven for 30 min before being dissolved in a biphase 

of 5 M NaOH (3 mL) and CH2Cl2  (3 mL). The mixture was diluted with 5 M NaOH (20 mL) and 

CH2Cl2 (30 mL), then the acidic aqueous layer from the earlier decanting was added and alkalinity 

was maintained. The organic layer was separated and the aqueous layer extracted with CH2Cl2 (15 

mL). The combined organic layers were dried and concentrated to give a viscous brown oil 

containing diamine (S,S)-7 (188 mg, 40% yield) and the Boc-deprotected imidazolidinone (94 mg, 

19% yield).S7  

(4S,5S)-4,5-Di(2-bromobenzyl)-2-imidazolidinone: white solid, m.p. 116-

117 oC. 1H NMR: δ 2.90 (dd, J = 8.1, 13.5 Hz, 2H, 2xH7'a), 3.03 (dd, J = 

5.4, 13.5 Hz, 2H, 2xH7'b), 3.85 (t, J = 5.4 Hz, 2H, H4, H5), 4.74 (bs, 2H, 

2xNH), 7.06-7.12 (m, 2H, 2xH4'), 7.16-7.26 (m, 4H, 2xH5', 2xH6'), 7.51 

(d, J = 8.1 Hz, 2H, 2xH3'); 13C NMR: δ 41.8 (2xC7'), 57.0 (C4, C5), 124.5 (2xC2'), 127.7 (2xC5'), 

128.7 (2xC4'), 131.6 (2xC6'), 133.2 (2xC3'), 136.1 (2xC1'), 161.6 (C2); FTIR v 3201 (w), 2925 (w), 

1702 (s), 1470 (w), 1441 (w), 1025 (m), 747 (m); MS (ES+): 468 (51, M+H+CH3CN, 81Br, 81Br), 

466 (100%, M+H+CH3CN, 81Br, 79Br), 464 (51, M+H+CH3CN, 79Br, 79Br), 427 (43, M+H, 81Br, 
81Br), 425 (86, M+H, 81Br, 79Br), 423 (44, M+H, 79Br, 79Br); HRMS (ES+) calcd for 

C17H17
81Br79BrN2O 424.9687, found 424.9694.  

Cyclisation 

(2S,2'S)-2,2'-Biindoline (1)  

(5aS,11aS)-5,5a,6,11,11a,12-Hexahydrodibenzo[b,g][1,5]naphthyridine (11)  

This reaction followed the cyclisation procedure described above using 

Pd(OAc)2 (7.4 mg, 33.0 µmol), ±-BINAP (41 mg, 65.8 µmol), toluene (2 

mL), a solution of diamine (S,S)-7 (175 mg, 0.44 mmol) in toluene (2 mL), 

NaOt-Bu (190 mg, 1.98 mmol) and a 12 h reaction time. The crude mixture 

was subjected to column chromatography (5% to 10% EtOAc:hexanes) giving naphthyridine (S,S)-

11 (3.0 mg, 3%) as a brown solid. 1H NMR: δ 2.75 (dd, J = 3.6, 16.8 Hz, 2H, H6x, H12x), 3.16 (dd, 

J = 4.2, 16.8 Hz, 2H, H6y, H12y), 3.51 (bs, 2H, 2xNH), 3.79 (t, J = 3.0 Hz, 2H, H5a, H11a), 6.44 (d, 

J = 7.8 Hz, 2H, H4, H10), 6.63 (t, J = 7.5 Hz, 2H, H2, H8), 6.93-7.00 (m, 4H, H1, H3, H7, H9); 13C 

NMR: δ 33.5 (C6, C12), 46.8 (C5a, C11a), 114.5 (C4, C10), 117.2 (C6a, C12a), 117.3 (C2, C8), 

127.1 (C3, C9), 129.9 (C1, C7), 143.6 (C4a, C10a); MS (ES+, HCOOH): 237 (100%, M+H); HRMS 

(EI+) calcd for C16H16N2 236.1313, found 236.1308. 
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Further elution provided biindoline (S,S)-1 (82 mg, 79%) as a light brown 

solid, spectroscopically identical to the product synthesised from the 

bioxirane. 23]α[ D  +10.9 (c 3.84, CH2Cl2). A sample (~15 mg) was dissolved in 50% CH2Cl2:MeOH 

(1 mL) and the solution was allowed to stand in a capped NMR tube to provide colourless 

crystalline needles/rods suitable for X-ray analysis. 

 

Determination of Enantiomeric Purity 

(2S,2'S)-N,N'-Di-tert-butoxycarbonyl-2,2'-biindoline  

The diBoc derivative was prepared as described above using biindoline 

(S,S)-1 (6.6 mg, 27.9 µmol), NEt3 (6.2 mg, 61.4 µmol), THF (0.5 mL), a 

solution of Boc2O (12.8 mg, 58.7 µmol) in THF (0.5 mL) and three 

additional portions of Boc2O (3 x ~15 mg) affording the derivative (9.0 mg, 74%) as a white solid, 

spectroscopically identical to the product synthesised from the bioxirane. 22]α[ D  -88.6 (c 0.45, 

CH2Cl2); HPLC analysis (2.5% i-PrOH:hexane, retention time: 11.3 min) showed the ee of the 

biindoline derivative was >99%. 

 

Preparation of the Palladium(II) Dichloride Complex 

 

(2S,2'S)-2,2'-Biindolinepalladium(II) Dichloride 

To a solution of biindoline (S,S)-1 (9.3 mg, 39.4 µmol) in CH2Cl2 (1 mL) 

was added a solution of Pd(CH3CN)2Cl2 (10.2 mg, 39.4 µmol) in CH2Cl2 (3 

mL) and a yellow/orange precipitate formed. After stirring in air for 2 h, the 

mixture was allowed to stand in a freezer for 1 h before vacuum filtration. 

The precipitate was dissolved in 50% acetone:MeOH (15 mL) and gravity filtered. The filtrate was 

dried and concentrated to give the Pd complex (15.4 mg, 95%) as a yellow/orange powder. 1H 

NMR [(CD3)2CO]: δ 3.15-3.32 (m, 4H, H3, H3'), 3.96-4.04 (m, 2H, H2, H2'), 7.24-7.30 (m, 4H, 

4xArH), 7.33-7.37 (m, 2H, 2xArH), 7.46 (bs, 2H, 2xNH), 8.08-8.12 (m, 2H, 2xArH); 13C NMR 

[(CD3)2CO]: δ 33.6 (C3, C3'), 69.3 (C2, C2'), 122.9 (2xArCH), 126.2 (2xArCH), 127.9 (2xArCH), 

128.3 (2xArCH), 134.0 (2xC4), 146.4 (2xC9). A saturated solution of the complex in CH3CN (~1 

mg/mL) was allowed to stand in an uncapped NMR tube to provide orange crystals suitable for X-

ray analysis.  
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NMR Spectra of (2S,2'S)-2,2'-Biindoline (1) 

These spectra were acquired using the product synthesised from the biaziridine (S,S)-8 and are 

identical to the spectra of the product prepared from the bioxirane (R,R)-3. 

1H NMR (300 MHz, CDCl3):  

 
13C NMR (75 MHz, CDCl3): 
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HPLC Traces 

All traces were obtained using a Daicel Chiralcel OD-H column with a UV detector (254 nm) and 

2.5% i-PrOH:hexane as the eluent with a flow rate 0.5 mL/min. 

 

Trace 1: DiBoc derivative of the biindoline (S,S)-1 prepared from the bioxirane (R,R)-3. 

N
Boc

N
Boc  

21]α[ D  -91.4 (c 0.45, CH2Cl2) 

 

 

Trace 2: DiBoc derivative of the biindoline (S,S)-1 prepared from the biaziridine (S,S)-8. 

N
Boc

N
Boc  

22]α[ D  -88.6 (c 0.45, CH2Cl2) 

 
A sample of 2 spiked with 1 (to equal concentrations) gave a single peak at 10.55 min, as expected. 
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It should also be noted that both traces of the (S,S)-biindoline diBoc derivative (Traces 1 and 2) 

showed an unidentified impurity (<2% peak area) that was eluted prior to the chiral compound at 

~10 min. This was not the R,R-enantiomer, which eluted after the S,S-product with a retention time 

of ~13 min (see Trace 3 below), nor the meso isomer - for which the NMR data was known from 

previous work in our laboratory.S8 No impurities were detected by NMR analysis of either sample 

(see page S11).  

 

Trace 3: DiBoc derivative of the biindoline (S,S)-1 + the R,R-enantiomer (from an R,R-enriched 

sample).S8 
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Crystal Data for (2S,2'S)-2,2'-Biindoline 
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Crystal Data for (2S,2'S)-2,2'-Biindolinepalladium(II) Dichloride 
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Notes and References 

S1. W. L. F. Armarego, C. L. L. Chai. Purification of Laboratory Chemicals, Fifth Ed. Butterworth- 

Heinemann, USA, 2003. 

S2. M. A. Robbins, P. N. Devine and T. Oh, Org. Synth., 1999, 76, 101-109. 

S3. No molecular ion was detected. Attempts to detect any characteristic ions by ES MS analysis 

were also unsuccessful. 

S4. A small amount of the PPh3O by-product (~8 mg) was still present after this purification 

process. This sample was used in the subsequent cyclisation without further purification. 

S5. The quantity obtained from this synthesis was insufficient to obtain a precise optical rotation. 

See the specific rotation of biindoline (S,S)-1 synthesised from biaziridine (S,S)-8. 

S6. T. Kanger, K. Ausmees, A.-M. Muurisepp, T. Pehk and M. Lopp, Synlett, 2003, 1055-1057. 

Note that we prepared the biaziridine via the SN2 cyclisation sequence. Repeated attempts to 

prepare the product using the alternative shorter Staudinger approach resulted in poor yields (20-

25%). 

S7. This mixture was used in the subsequent cyclisation without further purification of the diamine. 

The Boc-deprotected imidazolidinone was inert to the cyclisation conditions. 

S8. M. J. Gresser, P. A. Keller and S. M. Wales, Tetrahedron, 2010, 66, 6965-6976. 
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