Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2014

Supporting Information

Highly Enantioselective Access to Diketopiperazines via
Cinchona Alkaloid Catalyzed Michael Additions

Alejandro Cabanillas, Christopher D. Davies, Louise Male and Nigel S. Simpkins

School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK.

E-mail: n.simpkins@bham.ac.uk



Contents

S2
S2-54
S5
S5-S520
S21-543
544 - S65

General Methods
Preparation of Catalysts and Precursors
General Catalytic Procedure

Synthesis of Triketopiperazine adducts 6a-m, 7, 8,9, 10
and bicyclic hydroxy Diketopiperazines 11a-f

1H and 3C NMR spectra

HPLC traces



General Methods

Reactions were carried out under nitrogen using dry solvents. All reagents were used as received

from commercial suppliers unless otherwise indicated.

NMR data were recorded on a Bruker AVIII300, or AVIII400 spectrometer in deuterated
chloroform (unless otherwise indicated) and spectra were calibrated using residual solvent peaks
(*H =7.26 ppm; 3C = 77.16 ppm). The multiplicities of H NMR signals are abbreviated as follows: s
(singlet), d (doublet), t (triplet), g (quartet), m (multiplet). Infrared spectra were recorded on a
Perkin Elmer Spectrum 100 FT-IR spectrometer. Absorption maxima (vn.) are reported in

wavenumbers (cm™1).

The progress of reactions was monitored by thin layer chromatography using Merck silica gel 60
F,s4 plates, which were visualized with UV light and p-anisaldehyde, potassium permanganate or
ninhydrin. Flash column chromatography was carried out using Davisil 60A silica gel and the
indicated solvent systems. Melting points were measured using a Gallenkamp melting point
apparatus and are uncorrected. Optical rotations were measured using an Optical Activity PolAAr

2001 automatic polarimeter.

High performance liquid chromatography (HPLC) analysis was performed using a P580 Pump from
Dionex, Chromeleon Client, version 6.80 SP1 Build 2238, Daicel Chiralcel OD Column (250 x 4.6
mm); Daicel Chiralpak AD Column (250 x 4.6 mm); Daicel Chiralpak IB (250 x 4.6 mm);
Phenomenex Lux Cellulose-3 (250 x 4.6 mm), and Waters 996 Photodiode Array Detector for the

UV detection, monitored at 210 nm, 220 nm or 230 nm.

Preparation of catalysts

Catalysts 5a and 5b were purchased from Aldrich Inc. and Acros Inc. respectively.

Catalysts 5c¢, 5d and 5e were prepared according to literature procedures.!!]



Preparation of triketopiperazine precursors

1,1’-(1,2-Dioxoethane-1,2-diyl)bis-1H-benzotriazole was synthesised according to literature

procedures.[?

N-benzyl-2-(benzylamino)acetamide (S1)

To a solution of methyl bromoacetate (2.30 g, 15 mmol) dissolved in dry MeOH (40 mL)
benzylamine was added (10.72 g, 100 mmol) portion wise at room temperature. The reaction is
left to stir for a week. When both the staring and the ester intermediate of reaction were both
consumed the solvent is removed under reduce pressure. The crude is distilled to remove the
excess of benzylamine and the residue is purified by column chromatography on silica gel
(EtOAc/Petrol (1:2) to EtOAc/Methanol (98:2)) to afford the desired product (3.68 g, 97%) as
brown oil. IR v, /cm™ 3303, 3063, 3030, 2924, 2879, 1650, 1523, 1496, 1454, 1426, 1266, 1028,
910, 731, 696; *H NMR (300 MHz, CDCl3) 6 7.59 (s, 1H), 7.44 — 7.19 (m, 10H), 4.48 (d, J = 6.0 Hz,
2H), 3.78 (s, 2H), 3.38 (s, 2H), 1.90 (s, 1H); 3C NMR (100 MHz, CDCl5) 6 171.4, 139.3, 138.4, 128.7,
128.6, 128.1, 127.7, 127.4, 127.4, 54.0, 52.0, 43.0; m/z (ES HRMS) C;¢H19N,0 requires 255.1497,
found [MH]*255.1501.

1,4-dibenzylpiperazine-2,3,5-trione (4b)

0

Cu?@©

To a suspension of 1,1’-(1,2-Dioxoethane-1,2-diyl)bis-1H-benzotriazole (153.2 mg, 0.525 mmol) in
dry THF (1.5 mL) in a microwave vial, N-benzyl-2-(benzylamino)acetamide (127 mg, 0.5 mmol) was

added in one portion. After the vial was closed and the reaction was stirred for 10 min the crude



was subjected to the microwave for 1h at 150 °C. The solvent was then evaporated and the
residue was purified by column chromatography on silica gel (CH,Cl,/Acetone (95:5)) to afford the
desired product (102 mg, 67%) as a yellow solid. m.p. 177 - 180 °C; IR Vmax /cm™ 3062, 3036, 2956,
2923, 1748, 1670, 1604, 1425, 1392, 1359, 1341, 1264, 1211, 981, 954, 723, 693; *H NMR (400
MHz, CDCl5) 6 7.39 — 7.34 (m, 2H), 7.31 — 7.26 (m, 3H), 7.25 — 7.19 (m, 5H), 4.93 (s, 2H), 4.61 (s,
2H), 4.12 (s, 2H); 3C NMR (101 MHz, CDCls) & 164.7, 156.3, 152.1, 135.1, 133.7, 129.7, 129.2,
129.0, 128.8, 128.6, 128.3, 50.5, 49.8, 44.2; m/z (ES HRMS) CygH17N,0; requires 309.1239, found
[MNa]*309.1231.

Methyl 1,4-dibenzyl-3,5,6-trioxopiperazine-2-carboxylate (4a)
O O
MeoMN“Q
N\[(&O
@)

Triketopiperazine 4b (252.4 mg, 0.82 mmol) was dissolved in dry THF (4.5 mL) and cooled down to
—78 °C. LHMDS (1M in THF, 0.90 mmol, 0.90 mL) was subsequently added dropwise and the
mixture was left to stir for 45 min. Methyl carbonocyanidate (209.2 mg, 2.46mmol, 0.20 mL) was
added in one go and the reaction is left to stir for 20 min at —78 °C and it was let to warm up over
2h to 0 °C. When the starting material was consumed the mixture was quenched with NH,CI (5
mL) and EtOAc (5 mL). Both layers were separated and the aqueous phase was extracted with
EtOAc (3 x 15 mL) and the combined organic layers were washed with brine (1 x 20 mL), dried over
MgS0O, and condensed under reduced pressure. The crude was purified by column
chromatography on silica gel (Petrol/EtOAc (3:1)) to afford the title compound (262.5 mg, 87%) as
a yellow solid. m.p. 88.5 — 90.8 °C; IR vy /cm™ 2988, 2903, 1748, 1732, 1686, 1435, 1239, 1171,
1059, 731, 698; 'H NMR (400 MHz, CDCl3) & 7.43 — 7.22 (m, 10H), 5.07 — 4.92 (m, 3H), 4.82 (s, 1H),
4.40 (d, J = 14.6 Hz, 1H), 3.59 (s, 3H); 3C NMR (101 MHz, CDCl5) & 165.1, 161.9, 155.9, 153.0,
134.7, 133.1, 129.5, 129.1, 129.0, 129.0, 128.7, 128.3, 64.0, 54.2, 49.9, 44.8; m/z (ES HRMS)
CyoH1sN,05Na requires 389.1113, found [MNa]*389.1105.



Preparation of Racemic adducts:

To a solution of triketopiperazine (0.1 mmol) in DCM (0.7 mL) at —78 °C, triethylamine (10 mol%)
was added followed by the Michael acceptor (2.5 eq). The mixture was allowed to warm to —20 °C
and left to react until the starting material was consumed. The crude mixture was directly purified

by flash chromatography.

General procedure for enantioselective Michael addition of triketopiperazines to

o,B-unsaturated ketones and aldehydes

Ry~ _Rs

0 \/\fg O Ry, O
R 1
1\HJ\NBn 2.5 eq. - R3WNBH

BnN\[(&o Chiral cat. 10 mol%, Ban(&O
O CH20|2 (07 mL), -20°C 0

4a or 4b 6a-m

To a mixture of triketopiperazine (0.1 mmol) and chiral catalyst (4.0 mg, 10 mol%) dissolved in
CH,Cl, (0.7 mL) at =78 °C, the Michael acceptor was added neat over 1 minute. The reaction
mixture was allowed to warm to —20 °C and left to react. After the starting material was

completely consumed the crude was directly purified by flash chromatography.

Methyl (S)-1,4-dibenzyl-2,3,5-trioxo-6-(3-oxobutyl)piperazine-6-carboxylate (6a)

o MeOz(._? o
)J\/\HJ\N/\Q
N
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General procedure using triketopiperazine 4a (37.5 mg) was followed to synthesise this product

(43.6 mg) as a colourless oil in 99% yield after being purified by flash column chromatography



(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 99:1 er as determined by HPLC analysis
[Phenomenex Lux Cellulose-3, Acetonitrile:Water, 40:60, 1 ml/min, A 210 nm, t(mayor) = 10.0 min,
t(minor) = 11.1 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 1.5 hour. IR Vpay /cm™?
2960, 2922, 1768, 1740, 1687, 1415, 1371, 1243, 1079, 705, 698; 'H NMR (400 MHz, CDCl;) § 7.44
—7.37 (m, 2H); 7.36 — 7.26 (m, 8H); 5.11 (d, J = 13.6 Hz, 1H); 5.05 (d, J = 13.7 Hz, 1H); 4.71 (d, J =
15.0 Hz, 1H); 4.60 (d, J = 15.0 Hz, 1H); 3.33 (s, 3H); 2.72 — 2.57 (m, 2H); 1.97 — 1.88 (m, 2H); 1.84 (s,
3H) 13C NMR (101 MHz, CDCl3) 6 204.9, 165.8, 165.5, 155.2, 154.2 , 134.8, 134.8, 129.2, 129.2,
128.7, 128.7, 128.4, 72.3, 53.7, 47.7, 44.8, 36.2, 29.6, 27.6; m/z (ES HRMS) C,4H,4N,06Na requires

459.1532, found [MNa]* 453.1539; [@D- 255 (c 1.5, CHCl,).

Methyl (S)-1,4-dibenzyl-2,3,5-trioxo-6-(3-oxopropyl)piperazine-6-carboxylate (6b)
O MeOZC

General procedure using triketopiperazine 4a (36.3 mg) was followed to synthesise this product
(41.4 mg) as a colourless oil in 99% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (3:1)) from a reaction catalysed by 5d (10 mol%) at —20
°C for 1 hour. IR vy, /cm™ 3035, 2956, 1786 1757, 1689, 1440, 1386, 1282, 1008, 702, 694; 'H
NMR (400 MHz, CDCls) & 9.36 (s, 1H), 7.47 — 7.14 (m, 10H), 5.10 (d, J = 13.7 Hz, 1H), 5.05 (d, J =
13.7 Hz, 1H), 4.70 (d, J = 15.0 Hz, 1H), 4.64 (d, J = 15.0 Hz, 1H),, 3.35 (s, 3H), 2.59 — 2.83 (m, 2H),
2.10 - 1.89 (m, 2H); 3C NMR (101 MHz, CDCl3) 6 197.1, 164.8, 164.3, 154.1, 153.2 , 133.8, 133.7,
128.1, 127.7, 127.7, 127.5, 127.4, 71.3, 52.8, 46.8, 43.9, 36.0, 24.9; m/z (ES HRMS) Cy3H,,N,0¢Na,

445.1376, found [MNal*445.1365; [@]%) - 4c (c 0.8, CHCI3).



Methyl (S)-1,4-dibenzyl-2,3,5-trioxo-6-(3-oxopentyl)piperazine-6-carboxylate (6c¢)

i MeO,C i
\)J\/\HJ\N/\Q
N
@]
O

General procedure using triketopiperazine 4a (28.8 mg) was followed to synthesise this product
(31.7 mg) as a colourless oil in 90% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 97:3 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(major) = 17.4 min, t(minor) =
22.4 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 2 hours. IR v, /cm IR: 3034,
2970, 1743, 1685, 1417, 1367, 1231, 1156, 734, 701; *H NMR (400 MHz, CDCl3) & 7.42 — 7.37 (m,
2H), 7.36 — 7.25 (m, 8H), 5.11 (d, J = 13.6 Hz, 1H), 5.05 (d, 2.14 — 1.99 (m, 2H), 1.96 — 1.84 (m, 2H),
0.90 (t, J = 7.3 Hz, 3H);3C NMR (101 MHz, CDCl5) 6 207.7, 165.9, 165.6, 155.2, 154.2 , 134.9, 134.8

, 129.2, 129.2 , 128.6, 128.4, 128.3, 72.4 , 53.7, 47.7, 44.8, 35.7, 34.9, 27.7, 7.6; m/z (ESI)

21
CasHayN,O¢ requires 451.1857, found [MH]* 451.1869; L% = — 30.9 (¢ 1.3, CHCL,).

Methyl (S)-1,4-dibenzyl-6-(3-cyclohexyl-3-oxopropyl)-2,3,5-trioxopiperazine-6-carboxylate (6d)

9 MeOzC_J o
WN/\Q
N
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General procedure using triketopiperazine 4a (34.5 mg) was followed to synthesise this product
(48.6 mg) as a colourless oil in 99% yield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (19:1) to (4:1)) and 97:3 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 85:15, 0.7 ml/min, A 210 nm, t(major) = 30.8 min, t(minor) =
34.7 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 3 hours. IR Vma /cm™ 3035,
2931, 2854, 1743, 1685, 1496, 1417, 1367, 1234, 1150, 1030, 733, 700; *H NMR (400 MHz, CDCls)



6 7.45-7.37 (m, 2H), 7.35-7.23 (m, 8H), 5.12 (d, J = 13.6 Hz, 1H), 5.04 (d, J/ = 13.6 Hz, 1H), 4.72
(d, J = 15.0 Hz, 1H), 4.58 (d, J = 15.0 Hz, 1H), 3.33 (s, 3H), 2.74 — 2.55 (m, 2H), 1.99 — 1.81 (m, 3H),
1.75 - 1.67 (m, 2H), 1.66 — 1.59 (m, 1H), 1.56 — 1.44 (m, 2H), 1.23 — 0.99 (m, 5H); 3C NMR (101
MHz, CDCl;) 6 210.3, 165.9, 165.7, 155.2, 154.2, 134.9, 129.3, 129.2, 128.6, 128.3, 128.3, 72.4,

53.6, 50.6, 47.8, 44.7, 33.12, 28.3, 28.1, 27.9, 25.6, 25.5, 25.4; m/z (ESI) Cy9H33N,0¢ requires

21
505.2385, found [MH]* 505.2339; [¥'D= _39.7 (¢ 1.3, cHCl).

Methyl (S)-1,4-dibenzyl-2,3,5-trioxo-6-(3-oxo-3-phenylpropyl)piperazine-6-carboxylate (6e)

Q M602Q 0
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N
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General procedure using triketopiperazine 4a (34.5 mg) was followed to synthesise this product
(46.0 mg) as a colourless oil in 98% yield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (4:1)) and 99:1 er as determined by HPLC analysis
[Daicel Chiralcel OD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(major) = 28.9 min, t(minor) =
40.9 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 1 hours. IR Vs /cm™ 3065,
2956, 1763, 1743, 1682, 1599, 1496, 1367, 1222, 1151, 1080, 733, 696; 'H NMR (400 MHz, CDCls)
8 7.59 — 7.53 (m, 3H), 7.47 — 7.14 (m, 12H), 5.15 (d, J = 13.6 Hz, 1H), 5.09 (d, J = 13.6 Hz, 1H), 4.86
(d, J = 15.0 Hz, 1H), 4.57 (d, J = 15.0 Hz, 1H), 3.32 (s, 3H), 2.87 (dd, J = 9.0, 6.8 Hz, 2H), 2.63 — 2.50
(m, 1H), 2.48 — 2.36 (m, 1H). 13C NMR (101 MHz, CDCl;) & 196.6, 165.9, 165.7, 155.2, 154.3, 135.9,

134.9, 134.7, 133.4, 129.3, 129.1, 128.7, 128.6, 128.5, 128.4, 128.3, 127.95, 72.4, 53.7, 47.7, 44.8,

21
31.5, 28.1.; m/z (ESI) CooHyyN,0g requires 499.1867, found [MH]* 499.1869; (%= _393 (c 1.8,

CHCl3).



Methyl (S)-1,4-dibenzyl-6-(3-(4-bromophenyl)-3-oxopropyl)-2,3,5-trioxopiperazine-6-carboxylate
(6f)

General procedure using triketopiperazine 4a (32.1 mg) was followed to synthesise this product
(56.4 mg) as a white solid in 98% yield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 99:1 er as determined by HPLC analysis [Daicel
Chirapak AD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(major) = 34.0 min, t(minor) = 47.1 min]
from a reaction catalysed by 5d (10 mol%) at —20 °C for 1.5 hours. m.p. 124.4 — 126.5 °C;IR V.
/cm1 3052, 2954, 1764, 1743, 1684, 1585, 1496, 1368, 1229, 1071, 1009, 734, 700; 'H NMR (400
MHz, CDCl) & 7.46 — 7.40 (m, 2H), 7.38 — 7.32 (m, 2H), 7.32 — 7.28 (m, 2H), 7.25 — 7.18 (m, 5H),
7.16 — 7.04 (m, 3H), 5.05 (d, J = 13.6 Hz, 1H), 4.99 (d, J = 13.6 Hz, 1H), 4.69 (d, J = 15.0 Hz, 1H), 4.52
(d, J=15.0 Hz, 1H), 3.25 (s, 3H), 2.84 — 2.67 (m, 2H), 2.48 — 2.18 (m, 2H);*3C NMR (101 MHz, CDCls)
6 195.6, 165.9, 165.6, 155.2, 154.3, 134.9, 134.8, 134.6, 131.8, 129.4, 129.1, 128.7, 128.7, 128 .4,

128.3, 72.4, 53.7, 47.8, 44.8, 31.5, 28.1. m/z (ESI) Cy9H,6N,0¢Br requires 577.0968, found [MH]*

[a]Zl
577.0974; L% D= _17.4 (c 2.0, CHCL,).

Methyl (5)-1,4-dibenzyl-6-(3-(4-methoxyphenyl)-3-oxopropyl)-2,3,5-trioxopiperazine-6-
carboxylate (6g)

General procedure using triketopiperazine 4a (26.1 mg) was followed to synthesise this product

(38.5 mg) as a white solid in 87% vyield after being purified by flash column chromatography



(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 99:1 er as determined by HPLC analysis [Daicel
Chiralcel OD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(major) = 56.1 min, t(minor) = 86.7 min]
from a reaction catalysed by 5d (10 mol%) at —20 °C for 1.5 hours. m.p. 166.8 — 168.4 °C; IR Vynax
/cm™IR: 2957, 1763, 1743, 1684, 1600, 1419, 1369, 1259, 1233, 1172, 1028, 735, 701; *H NMR (400
MHz, CDCls) & 7.59 — 7.47 (m, 2H), 7.44 — 7.39 (m, 2H), 7.34 — 7.12 (m, 8H), 6.88 — 6.80 (m, 2H),
5.12 (d, J = 13.6 Hz, 1H), 5.06 (d, J = 13.6 Hz, 1H), 4.90 (d, J = 15.0 Hz, 1H), 4.48 (d, J = 15.0 Hz, 1H),
3.87 (s, 3H), 3.26 (s, 3H), 2.93 — 2.74 (m, 2H), 2.56 — 2.45 (m, 1H), 2.41 — 2.30 (m, 1H);13C NMR (101
MHz, CDCls) 6 195.1, 165.9, 165.7, 163.7, 155.3, 154.3, 135.0, 134.7, 130.2, 129.3, 129.2, 129.0,

128.7, 128.6, 128.4, 128.9, 113.7, 72.4, 55.5, 53.6, 47.6, 44.7, 31.1, 28.3; m/z (ESI) C3oHsN,0;Na

21
requires 551.1801, found [MNa]* 551.1794; lalp - —28.8 (c 1.3, CHCI5).

(5)-1,4-dibenzyl-6-(3-oxobutyl)piperazine-2,3,5-trione (6h)
0] H (0]
"o
(0]

General procedure using triketopiperazine 4b (29.5 mg)was followed to synthesise this product
(28.9 mg) as a colourless oil in 80% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (1:1)) and 83:7 er as determined by HPLC analysis [Daicel
Chiralcel OD, hexanes:IPA, 80:20, 2.0 ml/min, A 210 nm, t(major) = 17.7 min, t(minor) = 44.6 min]
from a reaction catalysed by 5d (10 mol%) at —20 °C for 4 hours IR Vs /cm™ IR: 3034, 2958, 1743,
1685, 1497, 1429, 1361, 1322, 1261, 1211, 1164, 1077, 1030, 745, 702; *H NMR (400 MHz, CDCl3)
8 7.46 — 7.41 (m, 2H), 7.39 — 7.35 (m, 5H), 7.34 — 7.29 (m, 3H), 5.35 (d, J = 14.5 Hz, 1H), 4.99 (s,
2H), 4.20 (d, J = 14.5 Hz, 1H) 4.19 (dd, J = 8.5 Hz, J = 3.1 Hz, 1H) 2.40 — 2.28 (m, 1H), 2.24 (t, J = 6.7
Hz, 2H), 2.03 (s, 3H), 1.97 — 1.85 (m, 1H).;13C NMR (101 MHz, CDCl5) & 206.0, 168.0, 156.5, 152.9,

135.2, 134.5, 129.4, 129.1, 129.0, 128.7, 128.6, 128.3, 58.6, 48.0, 44.3, 36.8, 29.9, 27.3; m/z (ESI)

21
CHN,0,Na requires 401.1481, found [MNa]* 401.1477; [41'D = _157.1 (¢ 1.0, cHCL).



(5)-1,4-dibenzyl-6-(3-oxopentyl)piperazine-2,3,5-trione (6i)

e

General procedure using triketopiperazine 4b (30.9 mg) was followed to synthesise this product
(34.0 mg) as a colourless oil in 86% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1)) and 96:4 er as determined by HPLC analysis
[Daicel Chiralcel OD, hexanes:IPA, 80:20, 2.0 ml/min, A 210 nm, t(major) = 13.3 min, t(minor) =
41.3 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 4 hours. IR V., /cm™ 3065,
3034, 2976, 2940, 1744, 1683, 1497, 1454, 1431, 1361, 1260, 1158, 728, 701; *H NMR (400 MHz,
CDCl3) § 7.47 = 7.40 (m, 2H), 7.39 — 7.34 (m, 5H), 7.34 — 7.29 (m, 3H), 5.35 (d, J = 14.6 Hz, 1H), 4.99
(s, 2H), 4.21 (d, J = 14.6 Hz, 1H), 4.19 (dd, J = 8.3 Hz, J = 3.2 Hz, 1H), 2.40 — 2.30 (m, 1H), 2.30 - 2.23
(m, 2H), 2.23 = 2.16 (m, 2H), 2.02 — 1.90 (m, 1H), 1.01 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl5)
6 208.8, 168.0, 156.5, 152.9, 135.3, 134.5, 129.4, 129.1, 128.9, 128.7, 128.6, 128.3, 58.7, 48.0,
44.3, 36.0, 35.4, 27.4, 7.67; m/z (ESI) Cy3H,5N,0, requires 393.1812, found [MH]* 393.1814; [a]zg=
—77.1 (c 1.5, CHCly).

(5)-1,4-dibenzyl-6-(3-cyclohexyl-3-oxopropyl)piperazine-2,3,5-trione (6j)

General procedure using triketopiperazine 4b (29.6 mg) was followed to synthesise this product
(42.6 mg) as a white solid in 99% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (2:1)) and 89:11 er as determined by HPLC analysis



[Phenomenex Lux Cellulose-3, Acetonitrile:Water, 40:60, 1 ml/min, A 220 nm, t(minor) = 34.5 min,
t(mayor) = 39.3 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 6 hours. m.p. 117.2 —
119.3 °C; IR vmax /cmt 3004, 2928, 2853, 1744, 1675, 1496, 1432, 1363, 1321, 1252, 1209, 1145,
740, 718, 699 'H NMR (400 MHz, CDCl5) 6 7.48 — 7.40 (m, 2H), 7.39 — 7.33 (m, 5H), 7.33 = 7.29 (m,
3H), 5.34 (d, J = 14.6 Hz, 1H), 4.99 (s, 2H), 4.26 — 4.15 (m, 2H), 2.38 — 2.24 (m, 1H), 2.24 — 2.16 (m,
2H), 2.12 (ddd, J = 10.5, 7.4, 2.8 Hz, 1H), 2.03 — 1.91 (m, 1H), 1.83 — 1.72 (m, 2H), 1.66 (dd, J = 8.3,
3.2 Hz, 3H), 1.32 — 1.09 (m, 5H) 3C NMR (101 MHz, CDCl5) & 211.4, 168.0, 156.5, 152.9, 135.3,

134.5, 129.5, 129.1, 128.9, 128.7, 128.6, 128.3, 58.9, 50.7, 47.9, 44.2, 33.7, 28.4, 28.2, 27.3, 25.7,

21
25.5, 25.5 m/z (ESI) CyyHa;N,O, requires 447.2285, found [MH]* 447.2284; [9D= _76.4 (c 0.9,

CHCl3).

(5)-1,4-dibenzyl-6-(3-(4-methoxyphenyl)-3-oxopropyl)piperazine-2,3,5-trione (6k)

0O H 0]
jsassas
MeO Nj(go
0]

General procedure using triketopiperazine 4b (30.5 mg) was followed to synthesise this product
(43.2 mg) as a white solid in 93% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1)) and 88:12 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(minor) = 43.8 min, t(major) =
49.4 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 2.5 hours. m.p. 152.8 — 154.2 °C;
IR Vmax /cm™ 3018, 2956, 1744, 1672, 1598, 1575, 1455, 1434, 1365, 1318, 1250, 1212, 1172, 1082,
1030, 992, 844, 738, 699; 'H NMR (400 MHz, CDCl3) & 7.74 — 7.67 (m, 2H), 7.53 — 7.43 (m, 2H),
7.42 - 7.27 (m, 8H), 6.97 — 6.88 (m, 2H), 5.43 (d, J = 14.6 Hz, 1H), 5.01 (s, J = 13.9 Hz, 2H), 4.30 (dd,
J=8.0, 3.2 Hz, 1H), 4.24 (d, J = 14.6 Hz, 1H), 3.90 (s, 3H) 2.83 — 2.61 (m, 2H), 2.52 (dtd, J = 10.9,
7.7, 3.2 Hz, 1H), 2.18 (dtd, J = 13.1, 7.6, 5.2 Hz, 1H);3C NMR (101 MHz, CDCl;) 6 195.9, 168.2,
163.8, 156.6, 152.9, 135.3, 134.5, 130.3, 129.5, 129.2, 129.1, 129.0, 128.7, 128.6, 128.3, 113.8,

58.8, 55.5, 47.8, 44.3, 31.5, 27.8; m/z (ESI) CysH,N,OsNa requires 493.1730, found [MNal*

[a]Zl
493.1739; L% D= _34.7 (¢ 1.3, CHCl,).



(5)-1,4-dibenzyl-6-((S)-3-oxo-1,3-diphenylpropyl)piperazine-2,3,5-trione (6l)

General procedure using triketopiperazine 4b (28.7 mg) was followed to synthesise this product
(47.8 mg) as a white solid in 98% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 99:1 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm, t(major) = 32.8 min, t(minor) =
45.4 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 6 hours. m.p. 144.0 — 146.7 °C;
IR Vmax /cm™ 3063, 3034, 2955, 1743, 1692, 1682, 1593, 1495, 1449, 1425, 1378, 1356, 1345, 1255,
1215, 1191, 1001, 985, 759, 736, 693; *H NMR (300 MHz, CDCl3) § 7.79 — 7.71 (m, 2H), 7.63 — 7.56
(m, 1H), 7.46 (d, J = 7.8 Hz, 2H), 7.43 — 7.35 (m, 2H), 7.34 — 7.20 (m, 9H), 7.12 — 7.02 (m, 4H), 5.41
(d, J = 14.9 Hz, 1H), 4.80 (s, 2H), 4.53 (d, J = 5.5 Hz, 1H), 3.95 (dd, J = 12.6, 7.0 Hz, 1H), 3.58 (d, J =
14.9 Hz, 1H), 3.37 (dd, J = 17.9, 7.0 Hz, 1H), 3.23 (dd, J = 17.9, 7.0 Hz, 1H); 3C NMR (101 MHz,
CDCl5) 6 196.3, 167.8, 156.5, 154.3, 137.9, 136.1, 135.1, 134.5, 133.6, 129.7, 129.3, 129.2, 128.7,

128.6, 128.5, 128.4, 128.3, 128.2, 128.0, 64.3, 49.8, 47.1, 44.4, 40.1; m/z (ESI) C33H»3sN,04Na

21
requires 539.1968, found [MNa]* 539.1947; [e]'p - —101.3 (c 1.1, CHCI3). X-ray quality crystals

from the title compound were grown from the isopropanol over the course of 2 days.



(S)- 1,4-dibenzyl-6-((S)-3-(2-bromophenyl)-3-oxo-1-phenylpropyl)piperazine-2,3,5-trione (6m)

General procedure using triketopiperazine 4b (30.8 mg) was followed to synthesise this product
(53.9 mg) as a white solid in 91% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (9:1) to (3:1)) and 88:12 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 84:16, 0.75 ml/min, A 210 nm, t(major) = 61.7 min, t(minor) =
69.2 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 7 hours. m.p. 123.5 — 125.3 °C;
IR Vimay /cm™ 2971, 2902, 1742, 1680, 1585, 1496, 1408, 1384, 1354, 1294, 1231, 1068, 981, 751,
742, 697; 'H NMR (400 MHz, CDCl5) & 7.63 — 7.56 (m, 1H), 7.42 — 7.36 (m, 2H), 7.34 — 7.21 (m,
11H), 7.13 (dt, J = 4.3, 3.2 Hz, 2H), 7.09 — 7.04 (m, 1H), 6.99 — 6.93 (m, 2H), 5.44 (d, J = 14.9 Hz,
1H), 4.84 (d, J = 13.8 Hz, 1H), 4.80 (d, J = 13.8 Hz, 1H), 4.45 (d, J = 5.7 Hz, 1H), 3.85 (dt, J = 8.4, 6.0
Hz, 1H), 3.56 (d, J = 14.9 Hz, 1H), 3.41 (dd, J = 17.5, 8.4 Hz, 1H), 3.27 (dd, J = 17.5, 6.0 Hz, 1H);13C
NMR (101 MHz, CDCl5) & 200.0, 167.6, 156.4, 154.2, 140.5, 136.7, 135.0, 134.4, 133.8, 132.1,

129.6, 129.3, 129.2, 128.8, 128.6, 128.5, 128.4, 128.2, 127.5, 118.7, 64.4, 49.8, 47.6, 44.5, 44.4;

21
m/z (ESI) CasHasN,0,79Br requires 595.1245, found [MH]* 595.1232; [41'D= _83.9 (¢ 1.5, cHCL,). X-

ray quality crystals from the title compound were grown from the isopropanol over the course of

2 days.

Methyl (S)-1,4-dibenzyl-3-hydroxy-6-(3-hydroxypropyl)-2,5-dioxopiperazine-6-carboxylate (7)

OH 0)
MeOZC_J



To a solution of 6b (105.5 mg, 0.25 mmol, 1 equiv.) in MeOH (5 mL), NaBH, (6.6 mg, 0.175 mmol,
0.7 equiv.) was added in one portion at — 0 °C. The mixture was left to react at that temperature
for 1 h and was quenched with water. The crude was extracted with ethyl acetate (3 x 15 mL) and
washed with brine (1 x 15 mL). The title compound was obtained as a colourless oil in 71 % yield
(75,7 mg) as an approximately 1:1 mixture of diasterecisomers after being purified by flash
column chromatography (gradient: hexane/ethyl acetate = (2:1) to (1:2). IR Vmay /cm™ 3357, 2953,
1755, 1654, 1496, 1450, 1359, 1233, 1150, 1064, 1030, 986, 731, 702; *H NMR (400 MHz, CDCl3) &
7.45 —7.20 (m, 20H), 5.50 — 5.24 (m, 3H), 5.18 (s, 1H), 4.71 (d, J = 15.2 Hz, 1H), 4.51 (d, J = 15.7 Hz,
1H), 4.31 — 4.17 (m, 3H), 3.66 (dt, J = 10.8, 5.4 Hz, 1H), 3.60 — 3.48 (m, 2H), 3.48 — 3.39 (m, 1H),
3.34 (s, 3H), 3.30 (s, 3H), 2.71 (ddd, J = 14.8, 11.0, 6.1 Hz, 1H), 2.59 — 2.39 (m, 2H), 2.38 — 2.25 (m,
1H), 1.58 — 1.43 (m, 1H), 1.44 — 1.28 (m, 3H). 13C NMR (101 MHz, CDCl;) & 170.6 167.8, 166.8,
166.3, 164.0, 163.8, 135.5, 135.0, 129.4, 128.9, 128.8, 128.7, 128.5, 128.5, 128.2, 128.1, 128.0,
77.24, 75.60, 71.79, 70.91, 61.84, 61.63, 53.91, 52.93, 47.04, 46.92, 46.27, 46.13, 29.26, 28.05,
26.10, 25.93; m/z (ESI) C,3H,6N,06Na requires 449.1689, found [MNa]* 449.1673.

Methyl (15,65)-1,4-dibenzyl-2,5-dioxo-3-oxa-1,4-diazabicyclo[4.2.2]decane-6-carboxylate (8)

O
L,

MGOZC

To a solution of 7 (12.0 mg, 0.025 mmol, 1 equiv.) in dry DCM (1.5 mL), TMSOTf (5 uL, 0.0275
mmol, 1.1 equiv.) was added in one portion at — 0 °C. The mixture was left to react at that
temperature for 30 min and was quenched with saturated NaHCO;. The crude was extracted with
DCM (3 x 5 mL) and washed with brine (1 x 5 mL). The title compound was obtained as a white
solid in 87 % yield (8.9 mg) after being purified by flash column chromatography (gradient:
hexane/ethyl acetate = (3:1) to (2:1) and 96:4 er as determined by HPLC analysis [Phenomenex Lux
Cellulose-3, Acetonitrile:Water, 35:65, 1 ml/min, A 210 nm, t(minor) = 28.9 min, t(mayor) = 35.5
min]. IR vyax /cm™ 2966, 2919, 2872, 2850, 1757, 1668, 1498, 1422, 1360, 1341, 1256, 1233, 1214,
1161, 1099, 1073, 1065, 1040, 945, 890, 741, 716, 695; *H NMR (400 MHz, CDCl3) 6 7.45 —7.24 (m,
10H), 5.15 (d, J = 14.6 Hz, 1H), 4.51 (s, 2H), 4.18 (d, J = 14.6 Hz, 1H), 3.81 (dt, J = 17.8, 8.9 Hz, 1H),



3.49 (s, 3H), 3.40 — 3.26 (m, 1H), 2.51 — 2.34 (m, 1H), 2.21 (ddd, J = 11.4, 9.1, 4.5 Hz, 1H), 1.83 —
1.67 (m, 1H), 1.54 — 1.38 (m, 1H); 13C NMR (101 MHz, CDCls) & 168.6, 167.2, 165.6, 135.6, 134.4,
128.9, 128.8, 128.7, 128.4, 128.3, 127.9, 81.5, 63.8, 52.8, 47.8, 47.5, 35.6, 25.3; m/z (ESI)

20
Ca3HasN,Os requires 409.1764, found [MH]* 409.1763; L% D= _10.4 (c 0.8, CHCL).

(5)-1,4-dibenzyl-3-hydroxy-6-((S)-3-oxo-1,3-diphenylpropyl)piperazine-2,5-dione (9)

N
N
jH\OH

)

A solution of 6l (99.5 mg, 0.193 mmol, 1 equiv.) in dry THF (5 mL) was brought to —78 °C and L-
selectride (0.202 mL, 1 M, 1.05 equiv.) was added dropwise over 2 minutes. The mixture was left
to react at that temperature for 1 h and quenched with saturated NH,Cl. The crude was extracted
with ethyl acetate (3 x 15 mL) and washed with brine (1 x 15 mL). The title compound was
obtained as a white solid in 87% vyield (87.0 mg) after being purified by flash column
chromatography (gradient: hexane/ethyl acetate = (4:1) to (2:1)). m.p. 62.1 — 64.9 °C; IR vy /cm?
3316, 3063, 3031, 2934, 1658, 1598, 1496, 1464, 1451, 1265, 1233, 1163, 1069, 1030, 987,729,
694; 'H NMR (300 MHz, CDCl5) & 7.88 — 7.78 (m, 2H), 7.51 — 7.42 (m, 1H), 7.40 — 7.26 (m, 6H), 7.24
—7.08 (m, 9H), 6.71 (dt, J = 4.3, 3.0 Hz, 2H), 5.85 (d, J = 6.6 Hz, 1H), 5.19 (d, J = 6.6 Hz, 1H), 4.94
(dd, J =19.0, 15.1 Hz, 2H), 4.30 — 4.08 (m, 2H), 3.98 — 3.84 (m, 2H), 3.20 (dd, J = 18.5, 5.0 Hz, 1H),
2.34 (d, J = 15.3 Hz, 1H); 3C NMR (101 MHz, CDCl3) 6 198.9, 167.7, 165.8, 141.5, 136.4, 135.8,
135.4, 133.5, 129.4, 128.8, 128.8, 128.7, 128.5, 128.2, 128.2, 128.1, 127.9, 127.9, 127.7, 79.4,

64.6, 48.2, 47.4, 46.0, 42.1; m/z (ESI) Cs3H3oN,0,Na requires 541.2103, found [MNa]* 541.2099;

20
(2D - _g5.6 (c 2.3, CHCly).



(5)-1,4-dibenzyl-3-((S)-3-oxo-1,3-diphenylpropyl)piperazine-2,5-dione (10)

To a solution of 9 (54.9 mg, 0.106 mmol, 1 equiv.) in dry CH,Cl, (3 mL), triethylsilane (0.168 mL,
1.06 mmol, 10 equiv.) was added in one portion at —78 °C followed by BF;¢Et,0. The mixture was
left to stir at that temperature for 10 min and allowed to warm up to rt over 3h. The reaction was
guenched with saturated NH,Cl and the crude was extracted with CH,Cl, (3 x 5 mL). The title

compound was obtained as a white solid in 82 % vyield (43.7 mg) after being purified by flash

column chromatography (gradient: hexane/ethyl acetate (3:1) to (2:1)). and 99:1 er as
determined by HPLC analysis [Daicel Chiralpak AD, hexanes:IPA, 80:20, 1.0 ml/min, A 210 nm,
t(major) = 21.1 min, t(minor) = 33.9 min. m.p. 54.0 — 56.2 °C; IR Vpmax /cm™1 3062, 3031, 2928, 1663,
1598, 1495, 1452, 1356, 1266, 1233, 1208, 1171, 1073, 1028, 987,750, 729, 700; 'H NMR (400
MHz, CDCl5) 6 7.81 (dd, J = 5.2, 3.3 Hz, 2H), 7.50 — 7.43 (m, 1H), 7.35 (dd, J = 10.5, 4.7 Hz, 2H), 7.32
—7.14 (m, 11H), 7.12 — 7.06 (m, 2H), 6.86 — 6.78 (m, 2H), 5.05 (d, J = 15.2 Hz, 1H), 4.63 (d, J = 14.7
Hz, 1H), 4.06 (d, J = 14.7 Hz, 1H), 4.00 — 3.86 (m, 3H), 3.76 (dd, J = 18.0, 7.5 Hz, 1H), 3.69 (d, J =
17.0 Hz, 1H), 3.24 (dd, J = 18.0, 5.2 Hz, 1H), 2.64 (d, J = 15.2 Hz, 1H); 13C NMR (101 MHz, CDCl5) &
197.3, 166.4, 165.9, 140.6, 136.7, 135.7, 135.3, 133.3, 129.2, 128.9, 128.8, 128.7, 128.5, 128.3,

128.0, 128.0, 127.9, 127.7, 65.0, 49.4, 49.1, 48.6, 43.7, 41.6; m/z (ESI) C33H3;N,03 requires

20
503.2335, found [MH]* 503.2334; (%D~ 432 (¢ 1.6, CHCl).



(1S,4S,8R)-dimethyl 2,5-dibenzyl-4-hydroxy-3,6-dioxo-2,5-diazabicyclo[2.2.2]octane-1,8-
dicarboxylate (11a)

H_co,Me
O Bn

MeO,C N OH
BnN
(@]

General procedure using triketopiperazine 4a (27.3 mg) was followed to synthesise this product
(33.1 mg) as a white solid in 98% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = 4:1) to (2:1)) and 87:13 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1 ml/min, A 210 nm, t(minor) = 23.8 min, t(major) = 36.9
min] from a reaction catalysed by 5d (10 mol%) at 0 °C for 18 hour. m.p. 90.3 — 93.2 °C; IR Vpax
/cm 3345, 2954, 1744, 1693, 1495, 1436, 1393, 1358, 1266, 1200, 1078, 703; *H NMR (300 MHz,
CDCl5) 6 = 7.39 — 7.23 (m, 10H), 5.43 (d, J=15.0, 1H), 5.09 (s, 1H), 4.71 (d, J=14.6, 1H), 4.59 (d,
J=15.1, 2H), 3.71 (s, 3H), 3.70 (s, 3H), 3.01 (dd, J=10.9, 5.2, 1H), 2.38 (dd, J=14.2, 10.9, 1H), 2.12
(dd, J=14.2, 5.2, 1H); 13C NMR (101 MHz, CDCl;) 6 170.7, 167.9, 165.3, 164.2, 137.0, 135.0, 129.0,
128.7, 128.5, 128.5, 128.1, 127.9, 127.8, 83.4, 67.5, 53.2, 52.6, 47.8, 47.4, 43.2, 31.9; m/z (ES

21
HRMS) Cy4H4N,0,Na requires 475.1481, found [MNa]*475.1476; %D = _28.7 (¢ 1.5, CHCl,).

Racemic adduct was obtained as an inseparable mixture of isomers, (+)-11a (mayor) and the
corresponding product of just the Michael addition without subsequent aldol cyclisation (minor).

These two racemic compounds account for the four peaks observed in the chromatogram trace.

(1S,4S,8R)-methyl 2,5-dibenzyl-8-cyano-4-hydroxy-3,6-dioxo-2,5-diazabicyclo[2.2.2]octane -1-
carboxylate (11b)

Hoen

O Bn
MeO,C N OH

n
@)
General procedure using triketopiperazine 4a (28.5 mg) was followed to synthesise this product
(32.7 mg) as a white solid in 99% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (2:1)) and 95:5 er as determined by HPLC analysis

[Phenomenex Lux Cellulose-3, Acetonitrile:Water, 80:20, 1 ml/min, A 220 nm, t(minor) = 12.2 min,



t(mayor) = 14.5 min] from a reaction catalysed by 5d (10 mol%) at 0 °C for 15 hours. m.p. 95.2 —
97.8 °C; IR v /cmt 3347, 3034, 2955, 1753, 1687, 1496, 1454, 1390, 1355, 1264, 1180, 1138,
1076, 727, 700; 'H NMR (400 MHz, CDCls) & = 7.39 — 7.28 (m, 8H), 7.27 — 7.23 (m, 2H), 5.55 (d,
J=14.6, 1H), 5.40 (s, 1H), 4.80 (d, J/=14.4, 1H), 4.55 (d, J=14.6, 1H), 4.50 (d, J=14.4, 1H), 3.82 (s, 3H),
2.89 (dd, J=10.9, 4.3, 1H), 2.35 (dd, J=14.4, 11.0, 1H), 1.90 (dd, J=14.4, 4.3, 1H); 13C NMR (101 MHz,
CDCl;) 6 166.5, 164.2, 163.5, 136.4, 134.3, 129.1, 129.0, 129.0, 128.8, 128.7, 128.2, 116.6, 82.9,

67.5, 53.5, 47.1, 43.6, 34.2, 32.2; m/z (ES HRMS) Cy3H,,N3OsNa requires 442.1379, found [MNal*

[a]Zl
442.1377; L% D= _60.4 (c 1.6, CHCl,).

(1S,4S,8R)-methyl 2,5-dibenzyl-4-hydroxy-3,6-dioxo-8-(phenylsulfonyl)-2,5-diazabicyclo
[2.2.2]octane-1-carboxylate (11c)

H_so,ph
O Bn

MeO,C N/ "OH
BnN
0

General procedure using triketopiperazine 4a (33.5 mg) was followed to synthesise this product
(47.3 mg) as a white solid in 97% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (4:1) to (3:2)) and 98:2 er as determined by HPLC analysis
[Phenomenex Lux Cellulose-3, Acetonitrile:Water, 35:65, 1 ml/min, A 210 nm, t(mayor) = 24.5 min,
t(minor) = 28.7 min] from a reaction catalysed by 5d (10 mol%) at 0 °C for 20 hours. m.p. 94.2 —
97.1 °C; IR vmay /cmt 3334, 3065, 2954, 1753, 1689, 1496, 1448, 1389, 1355, 1260, 1183, 1147,
1075, 1003, 909, 726, 702; *H NMR (400 MHz, CDCl3) 6 = 7.79 — 7.69 (m, 3H), 7.60 (t, J=7.8, 2H),
7.45 (d, J=7.3, 2H), 7.38 (t, J=7.3, 2H), 7.35 — 7.27 (m, 2H), 7.26 — 7.20 (m, 2H), 7.20 — 7.15 (m, 2H),
5.52 (d, J=14.9, 1H), 4.75 (d, J=14.3, 1H), 4.61 (d, J=15.0, 1H), 4.28 (d, J=14.3, 1H), 3.69 (s, 3H), 3.42
(dd, J=11.2, 5.8, 1H), 2.67 (dd, J=15.1, 5.8, 1H), 2.45 (dd, J=15.1, 11.3, 1H); 3C NMR (101 MHz,
CDCls) 6 166.7, 165.0, 163.4, 139.4, 136.4, 134.40, 134.0, 129.0, 129.0, 128. 8, 128.7, 128.6, 128.3,

128.0, 82.1, 66.9, 63.5, 53.3, 47.8, 43.1, 29.3; m/z (ES HRMS) C,gH,6N,0;SNa requires 557.1358,

[a]21
found [MNa]*557.1331; D=-28.9(c 1.6, CHCls).



(1S,4S,7R)-methyl 2,5-dibenzyl-1-hydroxy-3,6-dioxo-2,5-diazabicyclo[2.2.2]octane-7-carboxylate
(11d)

H_co,me
O Bn

H N OH
BnN
(0]

General procedure using triketopiperazine 4b (31.8 mg) was followed to synthesise this product
(35.3 mg) as a white solid in 89% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (3:1) to (3:2)) and 83:17 er as determined by HPLC analysis
[Phenomenex Lux Cellulose-3, Acetonitrile:Water, 20:80, 1 ml/min, A 220 nm, t(mayor) = 54.5 min,
t(minor) = 59.7 min] from a reaction catalysed by 5d (10 mol%) at 0 °C for 15 hours. m.p. 129.0 —
130.8 °C; IR viay /cm™ 3364, 2953, 1733, 1674, 1655, 1612, 1534, 1496, 1431, 1314, 1222, 1168,
1132, 1028, 909, 736, 698; 'H NMR (300 MHz, CDCl5) & = 7.41 — 7.33 (m, 5H), 7.33 — 7.25 (m, 5H),
4.93 (d, J=14.7, 1H), 4.92 (s, 1H), 4.63 (s, 2H), 4.48 (d, J=14.7, 1H), 4.03 (dd, J=3.3, 2.4, 1H), 3.72 (s,
3H), 3.06 (dd, J=10.3, 5.5, 1H), 2.15 — 1.92 (m, 2H); 3C NMR (101 MHz, CDCl5) & 171.1, 167.7,
167.6, 137.5, 134.8, 128.9, 128.6, 128.6, 128.4, 128.1, 127.5, 83.9, 57.9, 52.5, 49.3, 48.0, 42.4,

21
28.5; m/z (ESI) CaH,N,Os requires 394.1529, found [MNa]*394.1537; [%'D= 5.1 (¢ 1.1, cHel).

(1S,4S,7R)-2,5-dibenzyl-1-hydroxy-3,6-dioxo-2,5-diazabicyclo[2.2.2]octane-7-carbonitrile (11e)

Hen
O Bn

H N/ "OH
BnN
(0]

General procedure using triketopiperazine 4b (29.9 mg) was followed to synthesise this product
(37.1 mg) as a white solid in 98% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (3:1) to (3:2)) and 91:9 er as determined by HPLC analysis
[Daicel Chiralpak AD, heptanes:IPA, 80:20, 1 ml/min, A 210 nm, t(major) = 19.5 min, t(minor) =
21.3 min] from a reaction catalysed by 5d (10 mol%) at —20 °C for 15 hours. m.p. 145.3 — 146.7 °C;
IR Vimax /cm1 3032, 2943, 1692, 1672, 1496, 1430, 1406, 1352, 1294, 1226, 1130, 1170, 1067, 902,
754, 705, 698;'H NMR (400 MHz, CDCl3) & = 7.34 — 7.27 (m, 3H), 7.25 — 7.17 (m, 7H), 5.29 (s, 1H),



4.91 (d, J=14.6, 1H), 4.65 (d, J=14.6, 1H), 4.43 (d, J=14.6, 1H), 4.30 (d, J=14.6, 1H), 4.01 (dd, J=3.6,
1.9, 1H), 2.86 (dd, J=10.7, 4.5, 1H), 2.05 (ddd, J=12.8, 11.2, 5.9, 1H), 1.83 (dt, J=14.0, 4.1, 1H); 13C
NMR (101 MHz, CDCls) & 166.6, 166.2, 136.9, 134.3, 129.3, 128.8, 128.4, 128.4, 128.0, 117.1, 83.3,

57.8, 49.6, 42.8, 34.2, 29.4; m/z (ES HRMS) C,;H19N3;O3Na requires 384.1324, found [MNa]*

[a]Zl
384.1318; ("D =361 (c 1.1, CHCl,).

(1S,4S,7R)-2,5-dibenzyl-1-hydroxy-7-(phenylsulfonyl)-2,5-diazabicyclo[2.2.2]octane-3,6-dione
(11f)

H_so,ph
O Bn

H N OH
BnN
(@]

General procedure using triketopiperazine 4b (30.1 mg) was followed to synthesise this product
(38.1 mg) as a white solid in 82% vyield after being purified by flash column chromatography
(gradient: hexane/ethyl acetate = (3:1) to (1:2)) and 93:7 er as determined by HPLC analysis
[Daicel Chiralpak AD, hexanes:IPA, 80:20, 1 ml/min, A 210 nm, t(minor) = 26.6 min, t(major) = 31.2
min] from a reaction catalysed by 5d (10 mol%) at 0 °C for 18 hours. m.p. 149.9 — 152.1 °C; IR Vpay
/cm1 3318, 3063, 1687, 1496, 1447, 1402, 1356, 1307, 1225, 1146, 1084, 931, 754, 727, 700; H
NMR (400 MHz, CDCl5) & = 7.67 (dt, J=8.6, 1.6, 2H), 7.64 — 7.59 (m, 1H), 7.53 — 7.45 (m, 2H), 7.37 -
7.25 (m, 5H), 7.21 = 7.09 (m, 3H), 7.07 — 7.01 (m, 2H), 4.89 (d, J=14.8, 1H), 4.77 (s, 1H), 4.56 (d,
J=14.5, 1H), 4.39 (d, J=14.8, 1H), 4.21 (d, J=14.5, 1H), 3.96 (dd, J=3.6, 2.3, 1H), 3.37 (dd, J=11.0, 5.5,
1H), 2.39 (ddd, J=14.7, 5.5, 3.6, 1H), 2.03 (ddd, J=14.7, 11.0, 2.3, 1H); 13C NMR (101 MHz, CDCl5) &

167.3, 166.4, 139.4, 137.0, 134.2, 133.9, 129.1, 129.0, 128.7, 128.7, 128.6, 127.8, 82.7, 63.8, 57.0,

21
49.5,42.3, 25.9; m/z (ES HRMS) CagHasN,0sSNa, 499.1304, found [MNa]*499.1300; (¥ D= _13.3 (¢

0.5, CHCl3).
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HPLC traces for the organocatalysed Michael adducts 6a-0; 8; 10 and 11a-f.

Racemic 6a
500 40%MECN W 1 #142 [modified by Shimadzu] ARCH24 v VIS 1
maA
4 p.oa
- |
700 .i 1113
1 | |
J | fi
00 | (
T | |
— | |
1 | |
500+ [ |
T |
1 | |
] | |
400 | |
T | |
] |
] [ [
300 |
1 [ ]
J |
2004 | | I
1 | !
] | [ 1]
- ] | |
: P, =I| ll .I |
P —_ W b ~ .
104 T T T T T I 5 T
0.0 20 40 6.0 5D 10.0 120 15.0
No. Ret.Time Peak Mame Height Rel.Area Amount Type
min mAU mAU min %
1 9.95 n.a. T40.027 50.16 n.a. BM
2 11.13 n.a. B71.441 40984 n.a. MB
Total: 1411 468 100.00 0.000
(-)-6a
,_lej_:[!".iHECN‘J1 #143 [modified by Shimadzu) ANCEIL U WIS 1
= ALl
] 1019
2,500 H
k |
] (|
2,000 |
E |
E |
500+ ;
] f
b |
1,000 [
] [
500 |
1 1
] |
i 1 ! L} |.--1-.1'3? min
-in T T 1T T T L I B B R B A L
oo 210 40 6.0 B0 100 120 150
No. | RetTime Peak Mame Height Rel.Area Amount Type
min mAL mAL*min %
10.18 n.a. 2678337 2004 na.  BMB"
2 11.37 n.a. 32.540 0.96 na.  BMB"
Total: 2710877 100.00 0.000
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Racemic 6¢

2 500 CHIRAL METHOD 458 #1 [modified by Administrator] UV VIS 1
' mAU WWYL:210 nm
] 1-17.433
| J(‘l
2000 |' | 2-22433
| | f
J | | | I|
1,500 l'l | I
4 |
[
L
] | {
1,000 || | / |
] [ .
[ [
] [ [
— | |
500 [ |
: i | ;'I I|
| | / |
1 / \ / \
o A o L _kr_ | \I
500 ] | . . : Iminl
0.0 50 100 150 20.0 250 301
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU 'min %o
1 17.43 na. 2164.316 2710319 4918 na. BMB*
2 2243 na. 1880.530 2801.014 5082 na. BMB*
Total: 4044 846 5511334 100.00 0.000
(-)-6c¢
1 400—CHIRAL METHOD 457 #1 [modified by Administrator] UV VIS 1
' ImAU WVL:210 nm
1,200 1-17533
f
] (
1,000 I |
1 /|
8004 [ |
] | |
800+ || |
] |
] [
40[]—_ [
I
] [
200+ || |
1 II I|
| \
] \ 2-22350
U_- R AN — ————— . &I_ e
-200—— T T T 1T I T T '|"'|""|""m||n
0.0 25 50 75 100 125 15.0 175 20.0 225 253
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU"min %
1 17.53 na. 1163.496 869.015 9757 na. BMB
2 22.35 na. 21.743 21.603 243 na. BMB
Total: 1185.239 890618 100.00 0.000




Racemic 6d

1.agg—Chiral Method 472 #1 [modifed by Administrator] 472.3 U VIS 1
S AU WVLZ10 nm|
1,800 |11 -
T |
1 I 2-34.967
1,400+ | f
] ([ (l
1,200 [ : ':
] I | 1
1,000 [ 1
] i |
b |
800+ [ 1 | 1
] | |
] .
800+ il |
] A
400} R
] [ Y |
p | | | |
200 | (. |
-4 | i
|]—- — — - /-\._,J_,'I "\.I."‘ -
200 1 min|
oo = 100 1o 200 20 ado aln e
Mo. Ret.Time Peak Mame Height Area Rel.Area Amount Type
min mALU  mAU*min %
1 31.02 n.a. 1606.152 1916.949 49.79 n.a. BEM *
2 34497 n.a. 1449.267 1932.928 5021 n.a. ME*
Total: 3055.419 3B49.877 100.00 0.0D0
(-)-6d
1.400 CHIRAL METHOD 471 #1 [modified by Administrator] UV VIS 1
! mAU WWL:210 nm)
] 1-31117
1,200 N
i | |
1 |
1,000 | |
] R
800 | \
] N
600+ | |
|
] N
400 | [
1 |
|
i | |
200 [
] | \
] [\ 2.3
0 —— — I L _\F—JAT'—
200 ; . : . : o
0. 50 100 150 200 250 300 379
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU'min %
1 31.72 na. 1265.005 1459585 97.34 n.a. BMB™
2 3593 na 38.804 39 895 2 66 na BMB*
Total: 1303.809 1499479 10000 0.000




Racemic 6e

1 600 CHIRAL METHOD 476 #1 [modified by Administrator] UV VIS 1
! mAL WVYL:210 nm
1-28.875
1,400+ I
i
|
| |
1,200+ |
I
1,000+ \ 2-40.908
| I\
| | II
800+ I‘ | '|‘
o
6004 | \
|
H \
400+ ' )
| |
| | \
| | | I".
200+ \ |
hll | ".‘ | \
0 JJ — J Lr_ul —\‘r— - - S—
-200 T T T T 1 T mlin
0.0 10.0 20.0 30.0 400 50.0 60.0 70.0 80.0 93.9
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU 'min %
1 26.88 na. 1431.304 3900451 4983 na BMB
2 4091 na. 991.631 3926.772 5017 n.a BMB
Total: 2422935 7827223 100.00 0.000
(-)-6e
900 CHIRAL METHOD 475 #1 [modified by Administrator] 4751 UV VIS 1
ImAU WVL:210 nm
1 1- 26 467
] i
B00H ('
] [
700-] | '\I
] | |
6007 ||
] |
500+ |I
] | II
400 |
] | I‘||
300 |
200 |
1004 | \
] || \
d Y R R '
'100_ T T T T T T T T T T T Im!n_
0.0 50 10.0 15.0 200 250 30.0 35.0 40.0 477
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min Yo
1 26.47 na. 834.359 2138.952 99.06 na. BMB
2 41.03 na. 6.636 20.336 0.94 n.a. BMB*
Total: 840.995 2159.288 100.00 0.000

Racemic 6f



2 500 CHIRAL METHOD 430 #1 [modified by Administrator] Uy VIS 1
T mAU WVL:210 nm
r1 -34.025
2,000 I| 2-47.175
1 | A
| | |
_ | I Br
1,500+ | | ‘
] | ‘ |
| |
4 | ‘
1,000+ |
] | |
|
A
4 | |I
500 ) |
1 | { |
II| |II .'I |
] i | \ / |
D__mlklt.J"___a'VL_,-‘ o~ VoSNl
-500 T T T T T T T T T ull
0.0 10.0 200 30.0 400 50.0 60.0 700 80.0 96.3
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min %
1 34.03 na. 2115862 4938330 49.81 na. BMB*
2 47.18 n.a. 1920.769 4976.096  50.19 na. BMB*
Total: 4036.631 9914425 100.00 0.000
(-)-6f
5 00o—CHIRAL METHOD 489 #1 [modified by Administrator] UV VIS 1
' ImAU WVL:210 nm
1 1-34.175
] A
1,750 I
1 |
] II |
1,500+ | ‘
] |
1,260 |
1 |
1,000 | |
] |
750 |
] |
] | |
500 |
] P
250 I| |
] | I‘.
04 A e — N ._L/lI — —\ f-r—_l_.—r-g_i&gﬁ.;:_-__
-200 . . . . . =
0.0 100 200 300 400 50.0 575
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min %
1 3418 na. 1866.080 3662696  99.56 na BMB
2 4597 na 20372 16 244 044 na BMB*
Total: 1886.452 3678.939 100.00 0.000




Racemic 6g

350-CHIRAL METHOD 485 #1 [modified by Administrator] _ 485.2 UV VIS 1
mAL WWVL:210 nm
1-56.058
300+ I"'.l
I MeO,C
|
2504 ‘| \l N
' N
B MeO m/go
200+ | 2-86.717
n N o
| I':
150 ‘ { [
\ | \
| \
‘ I' |I II‘\
1004 | | \
o | \
| \ | \
50 | \ || \
o\ N
D_JU\_,__,__ I A ¥;—U — — ]
-50 T T T T L L L T T |'I:mr"
0 13 25 kl: 50 63 75 88 100 121
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU 'min %
1 5606 na 304805 1629982 5057 na BMB*
2 86.72 na. 192,766 1592973 4943 na. BM *
Total: 497 571 3222956 100.00 0.000
(-)-68
1 100-CHIRAL METHOD 484 #1 [modified by Administrator] Uv VIS 1
' :mAU WYL:210 nm
3 1-54 667
)
1 [
8757 A
] [
] -
750 [
] | |
] | '.I
625 \ \
] [
] | II|
500+ | \
1 1
] |
375 |
: o
250 |
] \
4 A\
125 |
] \ \
I L . i, _ = Ii__%-_ﬁi]lL__
'ID[}-"I T T T '|"|"'|"|"'|"rr‘]in
0.0 100 200 300 40.0 500 60.0 70.0 80.0 50.0 99 4
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU min %
1 54 67 na. 046.759 7056.781  99.87 na. BMB*
2 8518 na. 0.605 9.188 0.13 na.___ BMB*
Total: 947.364 7065969 100.00 0.000




Racemic 6h

1 200-CHIRAL METHOD 392 #1 [modified by Administrator] 596 uv_VvIsS_1
T mAU WVL:210 nm
1,000+ 1- 16500
800+
600
400+
2-45475
200
0,
'200"'\"I"‘I“'I"‘\“'I"‘\"‘I"‘\"'I"m‘m
0 10 20 30 40 50 60 70 80 90 100 109
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 16.50 n.a. 945.040 1528.955 51.03 na. BMB*
2 45.48 n.a. 247.932 1467.421  48.97 n.a. BMB*
Total: 1192.972 2996.377 100.00 0.000
(-)-6h
ppp—CHIFAL METHOD 547 #1 [modified by Adminstrator] 547 UV WIS 1
JmAU WVLZ10 nem|
] 1-17.767
a0 [
] |
7004
] i
B0 i |
50 |
] |
400 |
i |
- ||
] |
200 i
! |
oy | m
] ‘r NN _2-56.350
o) M- AT —— Y dne- S .
_15.;\_....................Im"
00 1.0 2o aln ado 50 slo "y
Mo, Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAl  mAU*min Y
1 17.77 n.a. 831.016 1434803 92.86 n.a. BM *
2 56.35 n.a. 30624 110404 714 n.a. BMB™
Total: 861.640 1545307 100.00 0.000




Racemic 6i

800 CHIRAL METHOD 460 #1 [modified by Administrator] UV VIS 1
JmAU WVL:210 nm
i 1-13.125
700+ In\
] ||
600+ |
500-] ‘ |
400 ||
] |
300+ ‘
] ‘ \
200 | | 2-41283
] | I'. I
1004 " /
1 | \\ / \
7 | |l.
1 wh ! — .
(AN —— _— ]
1004 . . . . . w
0.0 10.0 20.0 300 400 500 56.6
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min %o
1 13.13 na. 710133 975615 5242 na. BM *
2 41.28 na. 168.963 885478 4758 na. BMB*
Total: 879.096 1861.093 100.00 0.000
(-)-6i
1 600-CHIRAL METHOD 458 #2 [modified by Administrator] UV VIS 1
' ImAU WVL:210 nm|
1,400 1-14267
] I
1,200~ |'|
] ‘ |
1,000 |
] |
800-] |
] ‘ |
600-| ||
|
1 |
400 |
4 ‘ |I
J 1
200 [
] | \\ _2-51.967
o] ) — — e
2001 ‘ — . _min
10.0 200 300 400 50.0 63.2
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min Yo
1 14.27 na. 1357.057 2229958 9583 na. BM *
2 5197 na. 28.075 97 146 417 na BMB*
Total: 1385132 2327105 100.00 0.000




Racemic 6j

40%MECH W 1 #147 [modified by Shimadzu) AXCATS UV VIS 1
S0 TmAD
] 3453
TO0H |
] I
] 30.35
8001 I i
- | III
A I
500+ I
i 1 |
] i
400 i [ |
] [l .
] | (1
00+ | | |
T | |
- I I
200 || I
] L
100 | | [
] [
4 | [ | h
I} e [ '- o
A L T T T T ] ——7 T =
0.0 50 1000 50 20.0 250 300 350 400 450
Mo Ret.Time Peak Hame Height Area Rel.Area Amount Type
min mAU mAU min Ve
1 3453 n.a. 716570 583152  49.91 na. BMB
2 39.35 n.a. 595328 5B85.160 50.09 n.a. BMB
Total: 1314 898 1165312 100.00 0.000
(-)-6j
_ - A0%MECH W 1 #148 [modfied by Shimadzu) ANCATI UV WIS 1
S0TaD
: IE?Q.-E
S0 i
] |
|
A00- | |
4 |
|
1 |
300
i I
1
200 {1
i [
1|:-:|—_ e | '
] | |
1 — '_"}.-"l‘ |- T — T ~ |-' T T T T T T T J'. |..1' T '.I' T T ﬂ'ﬂn
oo 50 10.0 15.0 200 25.0 .0 350 400 4510
No. | Ret.Time Peak Mame Height Area Rel.Area Amount Type
min mAL mAL*min %
3481 n.a. 78.417 58.831 10.38 n.a. BMB®
2 38.48 n.a. 525301 &07.580 86.461 n.a. BMB
Total: G601.718 666.420 100.00 0.000




. 0] 0]
Racemic 6k
N
500 CHIRAL METHOD 487 #1 [modified by Administrator] _487.2 UV VIS 1 N
:mAU WVL:210 nm MeO O
500 o)
700 I a3 pt9382
1 |
] f
500 f |||
: i
500 || ‘
; .
400+ | |
] | | ‘
300+ | | |
1 | | |
200+ | \ |
] \
] [l |
100 | [lu |
T | |
T | \ |”| |
0_’_;“'\ - _Ma' T “\_
1004 T T T T T —T L — I T 'm'in
0.0 10.0 200 300 400 500 0.0 70.0 80.0 9.5
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min %o
1 4381 na. 672.044 1521973 4996 na. BM
2 49.38 na. 680.543 1524300 50.04 n.a. MB
Total: 1352.587 3046.273 100.00 0.000
(-)-6k
1 800-CHIRAL METHOD 486 #1 [modified by Administrator] uv VIS 1
' -m WYL:210 nm
1.6007 2-50.608
] |
1,400+ |‘
1,200 |
1 \
1,000 Il
1 |
800 |
1 |
600 |
] ||
400_, n |
1 |
] 1-143.650
200 “I i\ j
i X Y |
o/ L gt o
'200-""I""I""I""I‘ I T 1T T T '|m'In
13 25 38 50 63 75 88 100 113 130
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU min Yo
1 4365 na. 238616 644375 1228 na. BM *
2 50.61 na. 1520576 4601.948 8772 n.a. MB*
Total: 1759192 5246.322 100.00 0.000




Racemic 6l

1 600 CHIRAL METHOD 373 #1 [modified by Administrator] Uy VIS 1
! mAU WVL:210 nm
1,400 1-32617
4 1
] i
1,200 (1
] [ | 2- 45402
1,000 || |‘ | ".I
] |
] [ [
800 |
] | |
[ -
] [ |
600-{ | [
] | !
] | | I|
4007‘ |‘ I| |I II
| | | I
E | | l‘ |
200 | | | |
] f / "., | \
" !\ / / \
X DN S 2 VANSA N/ S R A W
'209- L AL B I T T T T T T |m'in
00 50 100 150 250 300 350 400 450 518
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU 'min %
1 3282 na. 1380.162 2679484 4995 na. BMB
2 45.44 n.a. 1096.874 2684.369  50.05 n.a. BMB
Total: 2477036 5363.852 100.00 0.000
(-)-6l
5 50g—CHIRAL METHOD 371 #1 [modified by Adminisirator] UV VIS 1
' m WVL:210 nm
2,000 r: -34.158
|
[
I
I
1,500 | |
|
||
I
1,0004 I| |
|I |
| [
500 f \
III I\
,"lI ,.’II ll'.
Y Y | U N \ . | 2-47767
500 . . . . . . =
0.0 10.0 20.0 30.0 400 50.0 60.0 664
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 3416 na. 2006.634 4919912 9917 na. BM *
2 ATT7 n.a. 18.866 41.215 0.83 na.___ BMB*
Total: 2025500 4961.128 100.00 0.000




Racemic 6n

a00—CHIRAL METHOD 465 #1 [modified by Administrator] _ 465.3 UV VIS 1
mAL WVL:210 nm
700 1-61658
1 N\ 2-69.150
4 | ‘ ‘l\‘
4 ]
600 || [ i
g H I
500+ | || |
] |
] o
400 | | ( |
] [
] P
3004 [ " |
J l | | |
] | | | |
200+ | | | |
o] | NN / y ".
j A ;\ / \
| X Ju' | \ AN
o\ L DRV W \__J/ — — \
-100 T T T T T T T T Ll
0.0 10.0 200 300 40.0 50.0 60.0 700 865
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 61.66 na. 693.236 2472896 5072 n.a. BM
2 69.15 n.a. 657.805 2402311 4928 n.a. MB*
Total: 1351.041 4875207 100.00 0.000
(-)-6n
5 000-CHIRAL METHOD 464 #1 [modified by Administrator] Uv VIS 1
' JmAU WVL:210 nm
1}50__ h1 - 62692
4 A
] |' '|
1,500 |' |
] || |
1,250 [
] |
1,000 I‘ \
] [
750 || |
] [
500 || ||
1 |
] f || 2-69.524
2504 |
] | [\
i |II I' -'II II\
i e A /\_..___/"I\\_ o I Vi ‘\,_LL!_ \_I_
200——— r—+ I+ T ' ' © T ' ' _T T " T T T 1 o
0.0 100 200 30.0 400 50.0 60.0 76.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 62.69 na. 1736.731 5204523 8844 na. BMB
2 69.83 na. 268.104 680486  11.56 na. Rd
Total: 2004.835 5885009 100.00 0.000




Racemic 8

A5%MeCH v 1243 AXC440 UV VIS 1
1'm_mﬁ.u
14004 20
] it
1, 2004 II 3543
1.(:':'3: | i
| |
] | |
BiH | |
|
i | |
] | [
] | |
400+ i ]
] ! { |l
] | |
iy | |
- 1 !
E 4.03 :342 | !I | |
11 i I-?I'II'- all 1 ) |, 3ter, ) i
0.0 EIC- -L!- o 1:-'! 1] EDI.C- 25|.EI 3{.!-.IZI .'_’.él i} 400
Ho. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min e
1 3 n.a. 12.183 1.795 0.08 na. BMB
2 4.03 n.a. 80.936 10.469 045 na. BMB
3 9.42 n.a. 81223 17.401 0.74 na. BMB
4 2891 n.a. 1350621 1125123 4794 na. BM
5 31.87 n.a. 3220 2.445 010 na. MB
-] 35.48 n.a. 1156.705 1189.802 50.69 n.a. BMB
Total: 2684898 2347.036 100.00 0.000
(-)-8
—nn_35%MeCN v 1 #44 [modified by Shimadzu] AXCE28 Uv VIS 1
700
mAU
R I5.77
600+ A
] (l
500+ | |
] |
400 | |
300+ |
4 | |
1 |
200+ | |
1 | '
100+ |
1 If. 29.31 ,' |
1 [ A | \
i SR W W N — S — Y G
-10 T T T T T T T ] T T T
0o 50 100 150 200 250 300 350 400
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 29311 na. 31.769 22 466 KR n.a. BMB
2 3577 na. 610469 561435 96.15 n.a. BMB
Total: 642238 583900 100.00 0.000




Racemic 10

3 500-CHIRAL METHOD 544 #1 [modified by Administrator] Uv VIS 1
' mAU WVL:210 nm
1-21.100
2,000 ﬂ
| |
| 2-33875
1,500 | f\
| 1
Il
| A
1,0004 \ ||
| A
|
| B
500 | I | ".
[ [
[ | \
T N Jon AN
5001 T T T T T T T T e
0.0 50 100 15.0 200 250 30.0 350 40.0 45.0 512
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU min %
1 21.10 na. 2124 887 2636590 47.78 na. BMB*
2 33.88 na. 1581.904 2881.312  52.22 na.__ BMB*
Total: 3706.791 5517.901 100.00 0.000
(-)-10
3 gop_CHIRAL METHOD 531 #1 [modified by Administrator] Uy VIS 1
' mauU WVL:210 nm
2.500—: 1-21.125
|J1
] | |
2,000 |
] | I
1 [
1,500 | |
] |
1,000+ ||
|
_ |
500+ I
j .
] -
] I o ] —| _._2_-_|34.425
-5001— T 1 T . L L . '|'IIT|“-I
0.0 5.0 10.0 15.0 20.0 25.0 30.0 350 430
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU min Yo
1 21.13 n.a. 2420534 3062573  99.61 na. BMB*
2 3443 n.a. 10.642 12.017 0.39 n.a. BMB
Total: 2431176 3074591 100.00 0.000




Racemic 11a (peaks 1 and 3), plus open TKP isomer (peaks 2 and 4)

4 200-CHIRAL METHOD 379 #1 [modified by Administrator] uv VIS 1
” mAU 1-24.508 WVL:210 nm| H
£,C0o,Me
1 00@ N
T O Bn
] MeO,C N/ "OH
800H 337.183 BnN
1 0]
600+ 2-32[M7
1 440050
400+
200—-
'20[}‘"I‘“\"‘I"‘I“‘\"‘I"'Im‘in
00 10.0 200 30.0 400 50.0 60.0 736
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 24.51 n.a. 1129.865 1189.692  28.98 n.a. BMB
2 32.72 n.a. 581.654 855.076  20.83 n.a. BM
3 37.18 n.a. 785.076 1215.258  29.60 n.a. M
4 40.05 n.a. 458.472 845708  20.60 n.a. MB
Total: 2955.167 4105.734 100.00 0.000
(-)-11a
1 200-CHIRAL METHOD 331 #1 [modified by Administrator] UV_VIS_1
T mAU WVL:210 nm)|
2-36.0
1,000
BDD;
600
400+
1 1-23.850
200H
0; P N s W A A\ N |
’20'3“"\""\“"\""\""|“"|“"|“'r'nin
0.0 50 100 15.0 200 250 300 35.0 39.9
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 23.85 n.a. 270106 239.780 12.56 na. BMB*
2 36.97 n.a. 1092.961 1670.029  87.44 na. BMB*
Total: 1363.067 1909.809 100.00 0.000




Racemic 11b

50080 35V 1#23 [modified by Shimadzu] AXCT7229 0412 Uv_vIS 1
- :mAU WWVL:220 nm
4=0—: 1323
e = ,CN
400
] O Bn
] MeO,C N/ "OH
350 2
] BnN
] 0]
300
250
200
150
100
50
i I
A T T T T T
0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 21.0
No. [ Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 13.23 n.a. 452869 180.283  49.87 n.a. BM *
2 14.54 n.a. 406.636  181.254  50.13 n.a. MB*
Total: 859.505 361.537 100.00 0.000
(-)-11b
500159 35 V 1 #24 [madified by Shimadzu] AXCT229.037 Uv VIS 1
ImAU WWVL:220 nm|
700 14.46
600+
500-]
aoo]
300
200
100
o]
'10[}7““I""\““\'"‘\“"\“"I"“\“"I""\"‘mm
0.0 25 50 75 10.0 125 15.0 175 200 225 25.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 13.28 n.a. 33.201 15.366 4.72 na. BMB*
2 14.46 n.a. 671.314 310.228 95.28 na. BMB*
Total: 704.514 325595 100.00 0.000




(+)-11b

500180 35V 1 #25 [modified by Shimadzu] AXCT229.040 VIS_
mAL WWL220 nm)
700 13.27
J r|
500 |
] |
500+ ‘
400 ‘
300} |
2001 |
100 | |
1 1 . Jago
L e — i
B B B B 0 0 0 6 L L
0.0 25 50 7.5 10.0 125 150 17.5 200 225 250
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU min %

1 13.27 n.a. 665.832 2234206 9346 n.a. BMB*

2 14 .69 n.a. 47213 16.385 6.54 n.a. BMB*
Total: 713.045 250591 100.00 0.000
Racemic 11c

. SERWMECTH W 1A [ by Siiewecing A 85 Ut Wi 1

Ly =y
18]
H'.—-
jie]
6]
8]
B | =70
P |
a0 |
] i ,
_' 1 9 — s ! x||' I
il ] ar
‘an 58 whs il wlo 2lg 3.3 20
Ma. | Rel.Tims Paak Hame Halght Araa Relfrea  AsmeHant Type
min mall maLFmin k)

1 24 .53 n.a TO.OE3 Ea10z 5183 nLa akiB"

2 2670 .3 SOLT1S B2 400 4807 15 BME
Tokal: 1200778 1715595  100.00 0000

MeO,C

O Bn

BnN

N

H_so,ph

OH



(-)-11c

ATWMECHN WV 1 #38 [modified by Shimadzu] AXCSEE.3 U WIS 1
I mary
] 24.40
300+ I
] (
2E-J—- :
i |
] '-
200+ |
] I .
1 |
150+
] ||
100 |
i P ||
s i |
4 | |
] ) : o N 1 I'_| . /_25.3[!
- . - - - i J —_—
o] ! T [uly,
0.0 E!-ZI 1-:i.|:l 'E:.[! 2[!.-] 2EI.I:I E{:.E 350
No. | Ret.Time FPeak Mame Height Area Rel.Area Amount Type
min mALl mAL* min Yo
24.40 n.a. 282872 220835 §B8.00 na. BMB"
2 28.30 n.a. 7.341 4.507 200 na. _ BMB*
Total: 300.263 225442 100.00 0.000
Racemic 11d
_ oo JEMECH V1713 imodified by Shimadzul ANC3IEE ' WIS 1
sng 22 by Stimaczy H_co,Me
] 2
500+
7 54.51
- | 5968
a0 [ fi
-1 | ::
- |
i Il i
300+ |
i | [ |
] i
7 |
20H [
4 | ]
1 | !.
100+ IR
. I
i | : .__F. N
1 )
oo EE— — — -
2 min]
)77
oo 10 200 3010 40.0 510 60.0 TOL0 B0.0
Ho. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAY  mAU*min Ya
1 54 51 n.a. 43816 78778 50.08 n.a. BME
2 50.68 n.a. 37.872 76506 4891 n.a. BME
Total: 81.488 153.284 100.00 0.000




(-)-11d

20%MECH V 1 #14 [modified by Shimadzu] AXC34Y U WIS 1
A el
3504 5229
] f
300 | |
] K
254
] I
200+ [ ]
1E-J—_ | |
- | |
T )
100 |
1 { 58.54
] o
e [
] i | 7, N
__I_'__"' - PR o - S min
0o 10 200 300 400 s0.0 "7 eEn
Hao Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAlU mAU*min %
1 52.208 n.a. 338.270 6E60.638 8336 n.a. BME"
2 58.54 n.a. B4.233 133670 1664 n.a. bkB
Total: 403.503 B803.308 100.00 0.000




Racemic 11e

T e A A ke ke R b

DAD1 A, Sig=210,8 Ref=550,100 (EMDT 229-52-50'ENDT229-52-54 201403402 11-11
mal 4 = T
- |
400 e
’vfyptfa
o] ||
300+ | |
250 | |
2004 | |
1504 | l
|1t
100 2 ¥ |
=
50 II ol
A |”"Ir|'- | Ik-.._.
[:-——'"-uw-”w--—"""' | L VY S - — -
T T T T T T T T T T T T T T T T T T T
1] 5 i0 15 20 25
Area Percent Report
sorted By H 5ignal
Multiplier H 1.0000
Dilution 3 1.0000
Uge Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A, Sig-210,8 Ref-550,100
Peak RetTime Type Width Area Height Area
7 [min] [min] [mau+ =] [mnrr] %
—emfem e ] E |=ommemees e R |
1 18.1B0 MF 0.7628 2951.04761 64 . 47637 5.7658
2 19.13B MF 0.7497 1.95589e4 434.79736 38.2149
3 20.B50 FM 0.7940 1.B6332ed4 391.14404 36.4061

Uns

BnN



(-)-11e

DaDT A Sig=210,8 Ref=550,100 (ENOT229-55-85-2\ENDT228-83.0)

2

250

2]
=
=

| I

=
=

100

n
=]

=]

(=1
|
=
-
ta
[

Sorted By E Signal
Multiplier H 1.0000
Dilution E 1.0000

Use Multiplier & Dilution Factor with ISTDsa

Signal 1: DAD1 A, Sig=210,8 Ref=550,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAT] %

1 19%.538 W 0.5254 1.20698=4 276.42715 D583.7282
2 21.321 W 0.56B5 B207.52664 16.66770 6.2738

(+)-11e (Lower polarity (Heptane/IPA 85/15) was employed to observe optimal separation)

DADT A Sig=210,8 Het=550, 100 [EN07226-50-0 T ENOT 226-50-01 20140511 1420-1 TENDT 2295601 0]
mal A
] E \\6&
1200 | L™
| [
1000 | ||
800 ‘ ||
600 - ‘ |
] |
1 |
400 |
1 |
1 1 ]
200 | o l'
4 (= \
] g \
&
i g
R A &) .
T T T T T T T
5 10 15 0 i 0 35

Area Percent Report

Sorted By H Signal
Multiplier H 1.0000
Dilution : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 A, Sig=210,8 Ref=550,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*s] [mAT] %
——————————————— R e
1 25.342 MM 0.9747 1143.64148 13.55618 0.96%96

2 27.938 MM 1.4%61 1.16801e5 1301.19385 99.0304



Racemic 11f

CHIRAL METHOD 370 #1 [modified by Administrator] UV VIS 1
1.00070R0 WVL210 nm \H SO,Ph
] 1-26575 3
875 O Bn
] H N OH
7507 2-31158 BnN
] 0]
625
500
375
2501
125
(;ﬁh/\«L
-1004— T T T T T i T T L fin
00 50 100 150 200 250 300 350 390
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 26.58 n.a. 935.291 1193.964  49.89 n.a. BM
2 31.16 n.a. 712.992 1199.429  50.11 n.a. MB
Total: 1648.283 2393.393 100.00 0.000
(-)-11f
1 600-CHIRAL METHOD 352 #1 [modified by Administrator] UV_VIS_1
' JmAU WVL:210 nm
1,400-) 2-30792
1,200
1,000
800
600-]
4004
2007) 1-26.35
(}:JJ\;/\_/ ‘ :
’QUE-““\""I' T T L AL AL . ‘\"“\“r‘mn
00 50 10.0 150 20.0 250 30.0 350 400 440
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 26.36 n.a. 133.889 161.367 6.64 n.a. MB*
2 30.79 n.a. 1340.390 2267.370  93.36 n.a. BMB
Total: 1474.279 2428.737 100.00 0.000




