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1. Materials and Methods

Unless otherwise stated, all reactions were carried out using oven-dried glassware under a
positive pressure of dry nitrogen using standard Schlenk manifold techniques. All starting
materials were bought from commercial suppliers (e.g., Sigma-Aldrich, Fisher Scientific, Alfa

Aesar and Acros Organics) and used without further purification unless indicated otherwise.

Room temperature (rt) means 18-25 °C and was regulated using an oil bath. Reactions were
stirred magnetically using a temperature-regulated hotplate/stirrer and monitored by thin-layer
chromatography (TLC), reverse-phase liquid chromatography—mass spectrometry (LCMS) or

nuclear magnetic resonance spectroscopy (NMR) where appropriate.

1.1. Thin-Layer Chromatography (TLC)

Thin-layer chromatography (TLC) was performed using aluminum-backed silica plates (Merck
Keiselgel 60 Fas4) and visualised by UV light (A = 254-312 nm) and/or by staining with
p-anisaldehyde, phosphomolybdic acid, potassium permanganate or vanillin solutions, which

were subsequently heat-treated.

1.2. Chromatography

Flash column chromatography was carried out using Merck silica gel 60 (40-63 pm, 230400
mesh). Preparative Thin Layer Chromatography (PTLC) was carried out using Merck Analtech
01012, 20 cm x 20 cm, 500 pm.

1.3. Solvents

The following anhydrous solvents were obtained from the University of Edinburgh School of
Chemistry’s communal solvent purification system, which were purified by filtration through
activated alumina columns: acetonitrile (MeCN), dichloromethane (CH2Cly), diethyl ether
(Et20), n-hexane, tetrahydrofuran (THF) and toluene. These solvents were transferred, stored,
and used under a positive pressure of nitrogen in Young’s valve-sealed, oven-dried and
nitrogen-purged Strauss flasks containing activated 3 A molecular sieves (~20% w/v). The
following anhydrous solvents were purchased and used as received from Acros Organics:
1,4-dioxane [CAS: 123-91-1], N,N-dimethylformamide (DMF) [CAS: 68-12-2], methanol
(MeOH) [CAS: 67-56-1], ethanol [CAS: 64-17-5] and 2-methyltetrahydrofuran (2-MeTHF)

[CAS: 96-47-9]. Solvents for non-anhydrous reactions or purifications were used as received.



1.4. Analysis

Nuclear Magnetic Resonance (NMR) data ('H, '*C, HSQC, HMBC, COSY) were recorded
using a Bruker Avance 600 MHz, Bruker Avance 500 MHz or Bruker Pro 500 MHz NMR
spectrometer. Data were recorded at 298 K unless specified and all *C NMR spectra were
broadband 'H decoupled. Deuterated solvents (CDCl3, CD;0D) were used as obtained from
Sigma-Aldrich. Chemical shifts (6 / ppm) are reported relative to the solvent’s reference peaks
(e.g., 'H - CDCl3, 7.26 ppm; 13C - CDCls, 77.16 ppm). Data for 'H NMR spectra are reported
as follows: chemical shift (3 / ppm), peak multiplicity (s, singlet; d, doublet; t, triplet; q, quartet;
p, pentet; m, multiplet or unresolved, br s, broad singlet), integration, coupling constants (Hz)

and peak assignment. Coupling constants (J) are quoted to the nearest 0.1 Hz.

High Resolution Mass Spectrometry (HRMS) data were recorded by the University of
Edinburgh Mass Spectrometry Services Laboratory using electrospray ionisation (ESI; Bruker
Daltonics micrOTOF II) calibrated with sodium formate clusters with data analysis using Data

Analysis 4.1 (Bruker Daltonics).

Fourier Transformed Infra-Red (FTIR) spectra were obtained using a Shimadzu IR
Affinity-1 FTIR spectrometer loading compounds as thin films or solids. Select peak values
were quoted in wave numbers (cm™'); only characteristic functional group absorption maxima

(Vmax) are reported.

High-Performance Liquid Chromatography (HPLC) was conducted using a modular
Shimadzu system using a LC-20AD pump, DGU-20A5R degassing unit, SIL-20A HT
autosampler, CTO-20A column oven, SPD-20A UV/Vis detector and CDM-20A

communications module.

Optical Rotation ([a]p values) were recorded using a Bellingham and Stanley Ltd. ADP 450
polarimeter with a Bellingham and Stanley Ltd. 0.5 mL cell (I = 0.25 dm). Concentrations (c)
are reported in g/100 mL.



2. Stereoretentive Enantioconvergent Aza-Darzens Dimerization

2.1. Synthesis of Racemic Aziridine

Trisubstituted aziridine ((rac)-2)*’

LDA (2.0 equiv.), hd NJ\
N—< THF, 78 °C, 1 h WoN

(0] Wi [ N — A
P then -78 °C t0 0 °C HO, OH
then0°C, 1h
(rac)-1 YV
(rac)-2

(53%)

Based on conditions reported by Wiirthwein and co-workers.?’ To a stirred solution of freshly
distilled N,N-diisopropylamine (0.22 mL, 1.58 mmol, 2.00 equiv.) in anhydrous THF (1.00
mL) under a N> atmosphere was added n-butyllithium (0.94 mL, 1.60 M in hexanes, 1.58 mmol,
2.00 equiv.) at =78 °C dropwise over 10 sedconds. The resulting colourless solution was
allowed to stir at this temperature for 0.5 h. A solution of imine 12° (100 mg, 0.79 mmol, 1.00
equiv) in anhydrous THF (1.00 mL) was then added dropwise over 15 seconds at =78 °C. The
resulting brown solution was stirred at this temperature for 1 h before being allowed to warm
gradually to 0 °C (ca. 90 mins) and then stirred at this temperature for a further 1 h. The reaction
mixture was then quenched with water (5 mL) and extracted into CH2Cl> (3 x 5 mL). The
combined organic extracts were washed with brine (10 mL), dried over anhydrous Na;SOs,
filtered, and concentrated under reduced pressure. The resulting orange oil was then purified
by column chromatography on silica gel (75% Et;O in n-hexane), affording allylic alcohol 2
(53 mg, 0.21 mmol, 53%) as a colourless crystalline solid. Spectroscopic data were in

agreement with those reported previously.?’
MP: 127-128 °C (n-hexane/Et,0) (Lit: 128 °C)?°
Ri=0.35 (75% Et20 in n-hexane), stained with KMnOy;

'H NMR (601 MHz, CDCLs) & = 7.47 (d, J = 1.6 Hz, 1H), 6.04 (ddd, J = 17.2, 10.6, 4.9 Hz,
1H), 5.41 (dt, J = 17.3, 1.6 Hz, 1H), 5.20 (dt, J = 10.6, 1.6 Hz, 1H), 4.59 (d, J = 8.4 Hz, 1H),
425 —4.19 (m, 1H), 3.66 (p, J = 6.9 Hz, 1H), 3.32 (hept, J = 6.3 Hz, 1H), 2.56 (hept, J = 6.1
Hz, 1H), 2.45 (d, J= 4.2 Hz, 1H), 2.13 (d, J= 6.3 Hz, 1H), 1.41 (d, J= 6.5 Hz, 3H), 1.19 (d, J
= 6.4 Hz, 3H), 1.18 (d, /= 6.4 Hz, 3H), 1.17 (d, J= 6.3 Hz, 3H), 1.05 (d, J= 6.2 Hz, 3H);

13C NMR (150 MHz, CDCl3) 8 = 158.8, 138.7, 115.5, 69.3, 69.2, 62.0, 55.0, 52.2, 50.2, 24.2,
24.0, 23.0, 22.1, 20.0;



HRMS (ESI): Calc. for Ci14H27N>0, [M+H]": 255.2067; found: 255.2072;

HPLC: Daicel Chiralpak® ID column with guard, 100% n-hexane, flow 0.8 mL/min, 30 °C,
230 nm, tr = 9.53 min, tr = 10.31 min.

Note: Using fewer than 2.00 equiv. of LDA resulted in the formation of separable mixtures of
allylic alcohol (2) and epoxide (S1), which was isolated as a yellow oil following purification

by column chromatography on silica gel (75% Et20 in n-hexane).

Intermediate epoxide (S1)

Rs=0.45 (75% Et20 in n-hexane); stained with KMnOs;

H NMR (400 MHz, CDCls) § = 7.47 (s, 1H), 4.26 (s, 1H), 3.93 (q, /= 6.4 Hz, 1H), 3.33 (h, J
= 6.8 Hz, 1H), 3.01 (qd, J=5.2, 2.2 Hz, 1H), 2.84 (dd, J = 6.6, 2.3 Hz, 1H), 2.49 (hept, J = 6.2
Hz, 1H), 1.87 (d,J= 6.6 Hz, 1H), 1.33 (dd, J = 6.7, 5.8 Hz, 6H), 1.20 (d, J = 6.2 Hz, 3H), 1.18
(d, J=6.3 Hz, 3H), 1.15 (d, J = 6.3 Hz, 3H), 1.02 (d, J = 6.2 Hz, 3H);

13C NMR (101 MHz, CDCl3) & = 158.1, 67.6, 62.0, 57.4, 53.6, 52.1, 50.2, 50.1, 24.2, 24.0,
22.7,22.0,19.8, 17.3;

HRMS (EST"): Calc. for C14H26N202 [M+H]": 255.2067; found: 255.2076.



2.2.General Procedure for Chiral Lithium Amides
Chiral amines 4 and S6 were commercially available. Bases S23%, S3%°, S4*! and S5 were

prepared as previously reported.

To a stirred solution of the required chiral amine (1.58 mmol, 2.00 equiv) in anhydrous THF
(1.00 mL) under a N> atmosphere and cooled to —80 °C with the aid of a cryostat, was added
n-BuLi (0.98 mL, 1.60 M in hexanes, 1.58 mmol, 2.00 equiv) dropwise over 10 seconds. The
resulting solution/suspension was held at this temperature for 45 minutes and a colour change
was generally observed. The temperature on the cryostat was then adjusted to the reaction
temperature and the reaction mixture was allowed to equilibrate for 10 minutes. A solution of
the imine (100 mg, 0.79 mmol, 1.00 equiv) in anhydrous THF (1.00 mL) was then added
dropwise over ca. 15 seconds. The resulting solution was allowed to stir for 1.5 h before being
gradually warmed to 0 °C by adjusting the temperature on the cryostat (typically over 90—120
min). The resulting solution was then stirred at 0 °C for a further 90 min before being quenched
with water (5 mL) and extracted in CH2Cl, (3 x 5 mL). The combined organic extracts were
washed with brine (10 mL), dried over anhydrous Na,SOs, filtered, and concentrated under
reduced pressure. The resulting orange oil was then purified by column chromatography on
silica gel (75% Et20 in n-hexane), affording allylic alcohol 2 as a colourless crystalline solid.
The resulting solid was then analysed by HPLC on chiral stationary phase to determine the

enantioselectivity of the reaction.

Fig. 1. Screening of chiral lithium amides and their resultant enantioselectivities.
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2.3. Stereoretentive Enantioconvergent Aza-Darzens Reaction

Enantioenriched trisubstituted aziridine (2)

(S.S)-4 (2.0 equiv), Y NJ\

o //N4< THF,-100°C, 1.5h H, N I

o _—— P oW
P then-100°C 10 0°C"  Ho., OH
then0°C,1.5h
(rac)-1 Vi
2

(56%, 92% ee)

To a stirred solution of (§,5)-4 (338 mg, 1.58 mmol, 2.00 equiv) in anhydrous THF (1.00 mL)
under a N> atmosphere and cooled to —80 °C with the aid of a cryostat, was added n-BuLi
(0.98 mL, 1.60 M in hexanes, 1.58 mmol, 2.00 equiv) dropwise over 10 seconds. The resulting
solution was held at this temperature for 45 minutes and gradually turned deep purple. The
temperature on the cryostat was adjusted to —100 °C and the mixture was allowed to equilibrate
for 10 minutes. At this point, the chiral lithium amide had precipitated as a lavender solid. A
solution of the imine (100 mg, 0.79 mmol, 1.00 equiv) in anhydrous THF (1.00 mL) was then
added dropwise over ca. 15 seconds. The resulting suspension was allowed to stir for 1.5 h
before being gradually warmed to 0 °C by adjusting the temperature on the cryostat (typically
over 90—-120 min). The resulting solution was then stirred at 0 °C for a further 90 min before
being quenched with water (5 mL) and extracted in CH2Cl; (3 x 5 mL). The combined organic
extracts were washed with brine (10 mL), dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The resulting orange oil was then purified by column
chromatography on silica gel (75% Et;O in n-hexane), affording allylic alcohol 2 (57 mg,

0.22 mmol, 56%, 92% ee) as a colourless solid.

HPLC: Daicel Chiralpak®ID column with guard, 100% n-hexane, 0.8 ml/min, 30 °C, 230 nm,
fr = 9.22 min (Major), fr = 10.13 min (Minor), e.r. 96:4 (92% ee).

mv

1500
1250+
1000

750

500
250
04 4/\—4‘—’ T b

-250
T T T T T T T T T T T
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 min

Peak# Ret. Time Area Height Conc. Area%
1 9.578 6744916 812661 49.695 49.695
2 10.463 6827845 696419 50.305 50.305
Total 13572762 1509080 100.000 100.000




r!V
1000;
750—5
500—5
250—5
o —
0.0 T 1!0 2!0 " " 3!0 T 4!0 T 5!0 T 6!0 T 7!0 T 8!0 T 9!0 T 16,0 T 11‘.0 'mir\
Peak# Ret. Time Area Height Conc. Area%
1 9.216 8682285 1027816 96.203 96.203
2 10.127 342721 33375 3.797 3.797
Total 9025005 1061190 100.000 100.000
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3. Stereoretentive Enantioconvergent Reaction with a Traceless
Auxiliary

3.1. Synthesis of Racemic a-Aminoamides

Chloroamide ((rac)-10)

[0}
N
(0.96 equiv.)
NH —_— N
: ; DMAG, rt, 18 h : ; Y o
Ph Ph O
10

(rac)-11
(77%)

Amine (rac)-11 (300 mg, 1.44 mmol, 1.00 equiv.) was dissolved in DMAc (2.00 mL) and
added dropwise to a solution of chloroacetyl chloride (0.11 mL, 1.38 mmol, 0.96 equiv.) in
DMACc (1.60 mL) at 0 °C over 5 min. The reaction mixture was allowed to stir for 18 h at
ambient temperature. Water (15 mL) and aqueous 2 M HCI1 (0.80 mL) were added. The mixture
was extracted with EtOAc:n-hexane (2:1, 4 x 10 mL) and the combined organic phases were
washed with water (2 X 25 mL). The organic phases were dried over anhydrous Na>SOs,
filtered, and concentrated under reduced pressure. The light orange oil was purified using
column chromatography (50% EtOAc in n-hexane) to give chloroamide (rac)-10 (302 mg, 1.06

mmol, 77%) as an off-white foam.
Rs=0.53 (50% EtOAc in n-Hexane);

'H NMR! (500 MHz, CDCls) 8 = 7.41 — 7.17 (m, 9H), 6.87 (s, 1H), 4.31 — 4.07 (m, 2H), 3.90
~3.76 (m, 1H), 3.55 (ddd, J = 13.6, 11.4, 4.3 Hz, 1H), 3.15 (ddd, J = 16.9, 11.3, 5.9 Hz, 1H),
2.88 (dt, J = 16.3, 3.7 Hz, 1H);

13C NMR (126 MHz, CDCl3) 8 = 165.4, 142.0, 134.8, 134.1, 129.0, 128.9 (2 x overlapping
signals), 128.5, 127.8, 127.4, 126.6, 55.9, 41.6, 40.4, 29.1;

IR (thin film, cm™): 1644, 1449, 1433, 742, 700;
HRMS (ESI"): Calc. for C17H;7CINO [M+H]": 286.0993; found 286.0999

"Notes: Chloroamide 10 exists as a pair of rotamers in CDCls at rt (rotameric ratio =4:1). NMR

data for the major rotamer are reported.

Analytical and spectroscopic data matched those previously reported.*?

-11 -



a-Aminoamide dimers ((rac)-12)

N
Cl

Ph O
(rac)-10 (1.0 equiv.)

Ph
- N N
Nal (1.0 equiv.), Et;N (1.5 equiv.), b
THF, 50 °C, 24 h Ph O

(rac)-12
(57%, 1:1d.r.)

veo!
Ph

(rac)-11

To a stirred solution of (rac)-chloroamide 10 (120 mg, 0.42 mmol, 1.00 equiv.) and (rac)-
amine 11 (88 mg, 0.42 mmol, 1.00 equiv.) in anhydrous THF (2.00 mL) was added Et;N (88
puL, 0.63 mmol, 1.50 equiv.) and Nal (63 mg, 0.42 mmol, 1.00 equiv.). The resulting orange
solution was stirred at 50 °C for 24 h, after which time the solvent was removed under reduced
pressure, giving a yellow foam, which was dissolved in CH2Cl> (20 mL). The organic phase
was washed with water (10 mL), brine (10 mL), dried over anhydrous Na,SOg, filtered, and
concentrated under reduced pressure to give a yellow residue that was purified by column
chromatography on silica gel (70% EtOAc in n-hexane) to afford a-aminoamide dimers (rac)-

12 (109 mg, 0.24 mmol, 57%, 1:1 d.r.) as a white foam.

Spectroscopic data for the homochiral diastereomer are reported on page 16, while

spectroscopic data for the heterochiral diastereomer are reported on page 21.

HPLC: Daicel Chiracel® OD-H column with guard, 2% i-PrOH in n-hexane, 1.0 mL/min, 30
°C, 270 nm, r = 20.89 min (R,S-isomer), tr = 24.78 min (S,R-isomer), tr = 33.78 min
(S,S-isomer), tr = 39.20 min (R, R-isomer).

mv

1000

750
500
250
0 S T o L T * =
T T T T T T T T T T T T T T
25 150 175 200 225 250 275 300 325 350 375 400 425 450 4

T T T T
0.0 25 5.0 75 10.0 12.

T
7.5 min

Peak# Ret. Time Area Height Conc. Area%
1 20.776 53450199 1053584 24 576 24576
2 25.217 53886522 893886 24777 24777
3 33.806 57147975 652570 26.276 26.276
4 39.834 53003409 622150 24371 2437
Total 217488105 3222189 100.000 100.000

-12 -




3.2. HPLC Trace Assignment of Dimeric a-Aminoamides

Enantiopure chloroamide ((S)-10)

CI
NH (0 96 equiv.)
DMAc rt, 18 h
Ph
(S)-11

L

(S)-10
(63%)

Prepared in analogy to the procedure in Section 3.1 that used racemic (rac)-11. Chloroamide

(5)-10 (1.11 g, 3.88 mmol, 63%) was obtained as an off-white foam.

Spectroscopic and analytical data were identical to the racemic material.

HPLC: Daicel Chiracel OD-H column with guard, 2% i-PrOH in n-hexane, flow 1.0 mL/min,
30 °C, 270 nm, tr = 10.90 min (S-isomer), tr = 14.03 min (R-isomer), >99% ee.

500

400

300+

200+

100

LA

0.0

T T
7.0 8.0 9.0 10.0 1.0

3000
2000

10009

-1000

0.0

20 3.0 4.0 5.0 6.0 15.0 16.0 17.0 18.0 19.0 min
Peak# Ret. Time Area Height Conc. Area%
i 10.987 8544950 469496 50.435 50.435
2 14.206 8397461 366026 49,565 49,565
Total 16942411 835522 100.000 100.000
= Y
2?0 370 470 5‘0 6?0 7?0 BTO 9?0 16.0 11‘.0 12.0 13‘.0 14.0 15.0 16.0 17.0 18.0 19.0 min
Peak# | Ret. Time Area Height Conc. Aea% |
i 10.896 65181081 3128370 99.924 99.924
2 14.288 49346 2866 0.076 0.076
Total 65230427 3131235 100.000 100.000
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Homochiral a-aminoamide ((5,5)-12)) and heterochiral a-aminoamide ((S,R)-12))

N
Cl

Ph O
-10 (1. iv.
NH (5310 (1.0 equiv.) (:(P \ﬂ/\
Nal (1.0 equiv.), Et;N (1.5 equiv)
Ph THF, 50 °C, 24 h Ph

(rac)-11 (S,5)-12 and (S, R) 12
(57%, 1:1d.r)

To a stirred solution of chloroamide (S)-10 (120 mg, 0.42 mmol, 1.00 equiv.) and (rac)-amine
11 (88 mg, 0.42 mmol, 1.00 equiv.) in anhydrous THF (2.00 mL) was added EtsN (88 uL,
0.63 mmol, 1.50 equiv.) and Nal (63 mg, 0.42 mmol, 1.00 equiv.). The resulting orange
solution was stirred at 50 °C for 24 h, after which time the solvent was removed under reduced
pressure, giving a yellow foam, which was dissolved in CH>Cl, (20 mL). The organic phase
was washed with water (10 mL), brine (10 mL), dried over anhydrous Na,SOg, filtered, and
concentrated under reduced pressure giving a yellow residue that was purified by column
chromatography on silica gel (70% EtOAc in n-hexane) to afford a-amimoamide dimers (,S)-

and (S,R)-12 dimers (110 mg, 0.24 mmol, 57%, 1:1 d.r.) as a white foam.

Spectroscopic data for the homochiral diastereomer are reported on page 16, while

spectroscopic data for the heterochiral diastereomer are reported on page 21.

HPLC: Daicel Chiracel OD-H column with guard, 2% i-PrOH in n-hexane, 1.0 mL/min, 30
°C, 270 nm, fr = 25.79 min (S,R-isomer), tr = 34.67 min (S, S-isomer). See page 17 for HPLC

traces.

- 14 -



Homochiral a-aminoamide ((5,5)-12 and heterochiral o-aminoamide ((R,$)-12)

N
Cl

Ph O Ph
(:(;\IH (rac)-10 (1.0 equiv.) . N\n/\N
Nal (1.0 equiv.), E3N (1.5 equiv.),
Ph THF, 50°C, 24 h Ph O

(S)-11 (S,5)-12 and (R,S)-12
(77%, 1:1d.r.)

To a stirred solution of (rac)-chloroamide 10 (120 mg, 0.42 mmol, 1.00 equiv.) and amine
(5)-11 (88 mg, 0.42 mmol, 1.00 equiv.) in anhydrous THF (2.00 mL), was added Et3N (88 uL,
0.63 mmol, 1.50 equiv.) and Nal (63 mg, 0.42 mmol, 1.00 equiv.). The resulting orange
solution was stirred at 50 °C for 24 h, after which time the solvent was removed under reduced
pressure, giving a yellow foam, which was dissolved in CH>Cl, (20 mL). The organic phase
was washed with water (10 mL), brine (10 mL), dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure giving a yellow residue that was purified by column
chromatography on silica gel (70% EtOAc in n-hexane) to afford a.-amimoamide dimers (S,S)-

and (R,S)-12 (148 mg, 0.32 mmol, 77%, 1:1 d.r.) as a white foam.

Spectroscopic data for the homochiral diastereomer are reported on page 16, while

spectroscopic data for the heterochiral diastereomer are reported on page 21.

HPLC: Daicel Chiracel® OD-H column with guard, 2% i-PrOH in n-hexane, 1.0 mL/min, 30
°C, 270 nm, fr = 20.92 min (R,S-isomer), tr = 33.01 min (S,S-isomer). See page 17 for HPLC

traces.
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Homochiral a-aminoamide (($,5)-12)

N
Cl

Ph O Ph
-1 . iv.
(:(;\IH (S)-10 (1.0 equiv.) . N\n/\N
Nal (1.0 equiv.), Et3N (1.5 equiv.),
Ph THF, 50 °C, 24 h Ph O

(8)-1 (S.9)-12
(61%)

Prepared in analogy to the procedure above that used racemic (rac)-11. Chloroamide (S)-10
(120 mg, 0.42 mmol, 1.00 equiv), amine (S)-11 (88 mg, 0.42 mmol, 1.00 equiv.). Homodimer
(5,9)-12 (117 mg, 0.26 mmol, 61%) was isolated as a white foam following purification by

column chromatography on silica gel (70% EtOAc in n-hexane).
Rs=0.64 (70% EtOAc in n-hexane);

TH NMR' (601 MHz, CDCl3) § = 7.40 — 6.96!""1 (m, 18H, ArCH), 6.87"1 (s, 1H, O=CNCHPh),
6.74 — 6.53%"1 (m, 2H), 4.631'1 (s, 1H), 4.46!") (s, 1H), 4.36 — 4.24") (m, 1H), 3.85"1 (d, J =
12.9 Hz, 1H), 3.721'1 (dt, J = 14.1, 4.4 Hz, 1H), 3.45"1 (d, J = 13.5 Hz, 1H), 3.29!"1 (ddd, J =
13.8, 10.0, 5.7 Hz, 1H), 3.200"1 (ddd, J = 13.2, 9.7, 5.0 Hz, 1H), 3.111*"1 (d, J = 12.9 Hz, 2H),
3.06 —2.90" (m, 2H), 2.86 — 2.50"1 (m, 3H);

3C NMR' (151 MHz, CDCl3) § = 169.0%, 143.4%, 142.9%, 142.6", 141.4*, 138.1", 136.1%,
135.17, 135.0%, 134.7*, 134.6*, 134.5*, 130.1~, 129.9*, 128.9”, 128.81%*, 128.79*, 128.6",
128.5%, 128.4*, 128.24", 128.20", 128.1%*, 127.8*, 127.8", 127.74*, 127.70%*, 127.3", 127.2%,
127.1%, 126.9", 126.2*, 126.1", 126.0*, 125.7*, 125.7", 69.9%, 68.8", 59.8", 58.4", 58.2%,
55.2%, 48.8*, 48.5",39.37, 37.1%,29.23*, 29.15%, 28.7", 27.8%;

IR (Thin film, cm™): 1637, 1492, 1450, 1438, 742, 698;
HRMS (ESI): calc. for C3,H31N20O [M+H]": 459.2431; found: 459.2418;

HPLC: Daicel Chiracel® OD-H column with guard, 2% i-PrOH in n-hexane, 1.0 mL/min, 30
°C, 270 nm, tr = 33.42 min (S,S-isomer), >99% ee.

"Notes: Dimer (S,S5)-12 exists as a mixture of rotamers in solution (rotameric ratio = 1:1.2).
Rotamers are assigned as “major or *minor where possible. Amide C=0 not observed for minor

rotamer. Several signals from the major and minor rotamers overlap in the '*C NMR spectrum.
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3.3.Stereoretentive Enantioconvergent Traceless Auxillary Reaction

Hydroxamic a-chloroacetate (9)

o o
NP NP o

0
LOH .0
(Lk N (0.90 equiv.) N cl

H H
0 THF, 50 °C, 48 h 0 0
H Br H Br

S7 9
(71%)

To a stirring solution of commercially available hydroxamic acid S7 (100 mg, 0.52 mmol, 1.00
equiv.) in THF (1.60 mL) was added chloroacetic anhydride (78 mg, 0.46 mmol, 0.90 equiv.).
The reaction was heated at 50 °C for 24 h, after which time, an additional portion of
chloroacetic anhydride (38 mg, 0.22 mmol) was added and the reaction was left for a further
24 h. The reaction mixture was concentrated under reduced pressure and the resulting off-white
solid was dissolved in CH>Cl> (30 mL) and washed with saturated aqueous NaHCO3 (4 x 15
mL) and brine (2 X 15 mL). The organic phases were dried over anhydrous Na>SOs, filtered,
and concentrated under reduced pressure to afford hydroxamic a-chloroacetate 9 (89 mg, 0.25
mmol, 71% yield) as a white solid. The compound was used directly in the subsequent kinetic
resolution without further purification as it was found to degrade readily. A small portion was

analysed by 'H NMR spectroscopy to identify characteristic signals.

H NMR (601 MHz, CDClz) § = 7.68 (d, J= 1.8 Hz, 1H), 7.48 (ddd, J= 8.1, 1.9, 0.8 Hz, 1H),
7.20 (d, J= 8.0 Hz, 1H), 5.10 (d, J = 4.4 Hz, 1H), 4.82 (td, J= 4.7, 1.2 Hz, 1H), 4.39 (s, 2H),
437 (d,J=17.8 Hz, 2H), 3.31 — 2.98 (m, 2H);
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Kinetic resolution of secondary amine (rac)-11

o
.0
(U\N H\g/\m

Br

T O

9 (0.55 equiv.), THF, rt, 2 h

N\n/\m

O

37% conversion

Ph Ph O
(rac)-11 (S)-12
(88% ee)

+ [::::::]::::::;Lfi

Ph

(R)-11
(52% ee)

To a stirred solution of (rac)-amine 11 (45 mg, 0.20 mmol, 1.00 equiv.) in anhydrous THF

(1.00 mL) was added hydroxamic a-chloroacetate 9 (40 mg, 0.11 mmol, 0.55 equiv.) in a single

portion. The resulting solution was stirred at room temperature for 2 h. An aliquot of the

reaction mixture was then collected and analysed by chiral stationary phase HPLC.

HPLC: Daicel Chiracel® OD-H column with guard, 5% i-PrOH in n-hexane, 0.5 mL/min, 30
°C, 230 nm, fr = 16.12 min ((S)-11), tr = 26.79 min ((R)-11), tr = 33.72 min ((S)-12), tr =

45.29 min ((R)-12).

mV

4000

e SLNH ©\/@)NH cl 2 N\[(\m
] H Ph O Ph O
0 Ph Ph
AN AN
0‘3 * = ™ = T
0.0 2?5 5‘.0 7?5 16.0 12‘.5 15‘.0 17‘.5 26.0 22'.5 25'.0 2'}.5 3&.0 32‘.5 35‘.0 3‘}.5 46.0 42‘.5 45‘.0 47‘.5 min
Peak# | Ret. Time Area Height Conc. Area% |
1 16.031 74335226 2702020 22.186 22.186
2 26.691 71820312 2172525 21.435 21.435
3 33618 95323986 1888830 28.450 28.450
4 44729 93578202 1468252 27.929 27.929
Total 335057727 8231628 100.000 100.000
rEV
20009
1500«3
] 9
1000
AN j\ A
Oi T T T L T =
0.0 275 5?0 775 16.0 12‘.5 15‘.0 1'}.5 26.0 22‘.5 25‘.0 27‘.5 3&.0 32‘.5 35‘.0 37‘.5 4&.0 42‘.5 45‘.0 47‘.5 min
Peak# Ret. Time Area Height Conc. AreaZ
1 16.109 16873432 707806 15.818 15.818
2 26.795 54698554 1426555 51.278 51278
3 33.719 32987240 707618 30.925 30.925
4 45295 2110816 39569 1.979 1.979
Total 106670042 2881548 100.000 100.000
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Ph

(S)-12 (R)-11
(88% ee) (52% ee)

Conversion determination by HPLC

Conv. = “u X 100 = 052 x 100 = 37%
OV = (eery + eenn) ~ (0.52 + 0.88) -

s-factor determination

In[(1 — conv.)(1 — eeqq)] B In[(1 —0.37)(1 — 0.52)] B

In[(1 — conv.)(1 + eeq1)] ~ In[(1 —0.37)(1 +0.52)] 28

S =
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Heterochiral a-aminoamide ((S,R)-12)

(o]

N’o Cl

Ho
Br
Ph
9 (0.55 equiv.), THF, rt, 2 h z
NH > N\n/\N
then Nal (0.50 equiv.), Ph O C(j

Ph Et3N (1.5 equiv.), THF, 50 °C, 16 h

(rac)-11 (S,R)-12
(>95%, 97% ee, 6:1d.r)

T O

To a stirred solution of (rac)-amine 11 (45 mg, 0.20 mmol, 1.00 equiv.) in anhydrous THF
(1.00 mL) was added hydroxamic a-chloroacetate 9 (40 mg, 0.11 mmol, 0.55 equiv.) in a single
portion. The resulting solution was stirred at room temperature for 2 h before anhydrous Et;N
(41 pL, 0.30 mmol, 1.50 equiv.) and Nal (15 mg, 0.10 mmol, 0.50 equiv.) were added in a
single portion. The resulting mixture was heated to 50 °C for 16 h. Upon cooling to room
temperature, the reaction mixture was concentrated under reduced pressure and 'H NMR
analysis indicated complete consumption of both starting materials and the formation of the
dimer (>95%, 97% ee, 6:1 d.r., determined by HPLC). Purification by preparative TLC (50%
EtOAc in n-hexane) afforded the dimer (39 mg, 0.085 mmol, 85%, 98% ee, 9:1 d.r.) as a white
foam, slightly enriched in the major diastereomer. Further purification by preparative TLC,

afforded a sample of pure heterochiral dimer (ca. 6 mg) for characterisation.

R:=0.68 (70% EtOAc in n-hexane);

"H NMR' (601 MHz, CDCl3): & = 7.34-6.981""1 (m, 17H), 6.921'1 (s, 1H, O=CNCHPh), 6.91["]
(s, IH, O=CNCHPh), 6.65"1 (d, J = 8.0 Hz, 1H, ArCH), 6.58"1 (d, J =8.0 Hz, 1H, ArCH),
6.02"1 (s, 1H, CH;NCHPh), 6.58!"1 (s, 1H, CH;NCHPh), 4.5201 (s, 2H, CH2NCHPh), 4.491 (s,
2H, CH,NCHPh), 4.24-4.15"1 (m, 1H), 3.89°1 (d, J= 7.4 Hz, 1H), 3.83"1 (d, /= 7.4 Hz, 1H),
3.72M(d, J= 7.4 Hz, 1H), 3.59-3.54"1 (m, 2H), 3.49-3.450"1 (m, 1H), 3.25—3.12""1 (3H, m),
3.06-3.0111 (m, 2H), 2.96-2.89"1 (m, 1H), 2.88-2.811"1 (m, 2H), 2.77-2.73"1 (m, 2H), 2.61 (dt,
J=173, 1.8 Hz, 1H)!";

13C NMR' (151 MHz, CDCl3) & = 160.9%, 168.9%, 143.5*, 143.4", 142.7~, 141.8", 138.2",
138.1*%, 136.0*, 135.2*, 135.0", 134.8", 134.5%, 134.4*, 130.2*, 130.0", 129.1*, 129.0",
128.90", 128.86", 128.54*, 128.48*, 128.4", 128.31%*, 128.2", 127.6", 127.5%, 127.4", 127.3%,
127.2%, 126.9%, 126.5%, 126.13", 126.11*, 126.06*, 125.9”, 125.8*, 125.7*, 69.7*, 69.6%,
59.6%, 59.5*, 55.7*, 55.2", 49.3*, 48.8", 39.1%, 37.9*, 29.7*, 29.5", 29.0%*, 28.5%;

HRMS (ESI): calc. for C3,H31N20 [M+H]": 459.2431; found: 459.2420;
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IR (Thin film, cm™): 1637, 1492, 1450, 1438, 742, 698;

HPLC: Daicel Chiracel® OD-H column with guard, 2% i-PrOH in n-hexane, 1.0 mL/min, 30

°C, 270 nm, tr =

20.89 min (R,S-isomer), tr =

(S,S-isomer), tr = 39.20 min (R,R-isomer), 97% ee.

24.78 min (S,R-isomer), tr = 33.78 min

"Notes: Dimer (S,R)-12 exists as a mixture of rotamers in CDCls at rt (rotameric ratio = 1:3.7).

Rotamers are assigned as “'major or *minor where possible. Amide C=0 not observed for minor

rotamer. Several signals for the major and minor rotamer overlap in the 3C NMR spectrum.

1000

750

500+

250

750
500~

250+

(S,R)-12
(S,9-12 (RR)12
(R,S)-12 /\ /\
M
0.0 275 570 775 10.0 125 15.0 17‘.5 2(3:.0 22‘.5 25‘.0 27‘.5 SCI.O 32‘.5 35‘.0 37‘.5 4(3:.0 42'.5 45:.0 475 min
Peak# Ret. Time Area Height Conc. AreaZ
i 20776 53450199 1053584 24,576 24576
2 25217 53886522 893886 24777 24777
3 33.806 57147975 652570 26.276 26.276
4 39.834 53003409 622150 24371 24371
Total 217488105 3222189 100.000 100.000
mV.
o m_,JLA - VR v x S — N
[;.0 215 570 715 10.0 12‘.5 15;0 17‘.5 20'0 22'5 25‘.0 27‘.5 3&0 32‘.5 35;0 37'5 4[;.0 42‘.5 4";'0 47.5 min
Peaki | Ret. Time Area Height Conc. Area% |
1 20.894 797958 16337 1.317 1317
2 24783 51141260 864882 84 401 84 401
3 33.758 2372487 31459 3915 3915
4 39.198 6281425 78439 10.367 10.367
Total 60593130 991118 100.000 100.000
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HPLC of (S,R)-12 following preparative TLC:

rIV
150—3
100—3
50
o]
_5[)_f
1 F/F,_,\A_N\_J\_,@w . v
T T T T T T T T T T T T T T
0.0 25 5.0 75 . 125 15.0 K . 225 25.0 275 30.0 325 35.0 375 40.0 425 45.0 47.5 min
Peak# Ret. Time Height Conc. AreaZ
1 20.077 162008 8664 1.171 1.171
2 26.497 13677996 235816 98.829 98.829
Total 13840004 244431 100.000 100.000
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3. Biocatalytic Stereoretentive Enantioconvergent Reaction

3.1. Synthesis of Racemic-Homo/Heterodimer

Primary amine ((rac)-13)

1. Allyl Bpin (1.2 equiv.),

o) 28% aq. NH3 (30 equiv.), NH,
| DBSA (10 mol%), rt, 18 h
> X
2. MeB(OH), (5.0 equiv.),
Acetone:0.1 M NaOH
(1:1,0.26 M), rt, 18 h

(rac)-13
(69%)

According to a procedure outlined by Kobayashi and co-workers,** to a 250 mL three-neck
round-bottom flask was charged ammonium hydroxide (28% solution in water, 100 mL,
707 mmol, 30 equiv.) and 4-dodecylbenzenesulfonic acid (DBSA, 0.73 mL, 2.36 mmol,
10 mol%). The mixture was allowed to stir at room temperature until a clear solution was
obtained before it was cooled to 0 °C and allylboronic acid pinacol ester (5.30 mL, 28.3 mmol,
1.20 equiv.) was added dropwise over 5 minutes (white precipitate formed). The reaction was
then warmed up to room temperature and stirred for 30 minutes before benzaldehyde (2.39 mL,
23.6 mmol, 1.00 equiv.)* was added dropwise over 2 minutes. The reaction was then stirred at
room temperature for 18 hours before transferring to a separating funnel containing brine
(50 mL) and water (50 mL). The solution was extracted with EtOAc (4 x 100 mL) and the
organic phases were combined, dried with Na>SOg, filtered, and concentrated under reduced

pressure to afford a crude oil.

The crude material was dissolved in a solution of acetone and 0.1 M NaOH (1:1, 90 mL, 0.26 M)
and to this was added methylboronic acid (7.05 g, 118 mmol, 5.00 equiv.) and the reaction was
allowed to stir at room temperature for 18 hours.® Following this, the reaction was transferred
to a separating funnel containing brine (100 mL) and extracted with EtOAc (4 x 100 mL). The
organic phases were combined, dried over anhydrous Na,SOg, filtered, and concentrated under
reduced pressure to give a crude residue. To this was added toluene (30 mL) and the solution
was concentrated under reduced pressure to facilitate azeotropic removal of excess
methylboronic acid and methylboronic acid pinacol ester. This azeotropic process was repeated
twice more (2 x 30 mL) to afford a crude oil,“ which was purified by column chromatography
on silica gel (0—5% MeOH in CH>C1>)P*® to afford primary amine (rac)-13 (2.41 g, 16.4 mmol,
69%) as a light-orange oil.

Notes: (A) Benzaldehyde was freshly distilled prior to use. (B) In analogy to a procedure

described by Klein and co-workers** methylboronic acid was used to perform a
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transesterification with the pinacol formed during the reaction, which co-elutes with the
product during column chromatography. (C) The use of a toluene azeotrope is critical to
remove the excess methylboronic acid and methylboronic acid pinacol ester produced during
the transesterification process. Otherwise, co-elution of impurities during column
chromatography can be an issue. (D) Flash column chromatography often has to be repeated
2-3x to fully separate the product from impurities and unfortunately, the use of EtzN to prevent
streaking during column chromatography caused further co-elution. (E) Following column
chromatography, and prior to performing any further reactions, primary amine (rac)-13 was
co-evaporated with toluene 3x and then placed under high-vacuum (0.1 mbar) to remove any

residual water.
R:=0.16 (5% MeOH in CHxCl,), stained with KMnOs;

H NMR (500 MHz, CDCl3) § = 7.37-7.30 (m, 4H), 7.29-7.21 (m, 1H), 5.76 (dddd, J = 16.9,
10.2, 8.0, 6.3 Hz, 1H), 5.12 (dg, J = 16.9, 1.7 Hz, 1H), 5.08 (ddt, J = 10.2, 1.7, 1.1 Hz, 1H),
4.00 (dd, J = 8.0, 5.3 Hz, 1H), 2.47 (app. dddt, J = 14.1, 6.3, 5.3, 1.7 Hz, 1H), 2.36 (app. dtt,
J=14.1,8.0, 1.1 Hz, 1H), 1.55 (s, 2H);

13C NMR (126 MHz, CDCl3) & = 146.0, 135.6, 128.5, 127.1, 126.4, 117.7, 55.5, 44.3;
HRMS (ESI): Calculated for CioH14sN [M+H]": 148.1121, found: 148.1122;

Analytical data are consistent with those reported previously in the literature.*’
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a-Chloroamide ((rac)-14)

o]
)l\/CI Q
NH, cl M _cl
N (1.2 equiv) _ HN
Et;N (1.3 equiv.), THF (0.20 M),' XN
0 °C tort, 20 mins
(rac)-13 (rac)-14

(96%)

To an oven-dried two-neck round-bottom flask was added amine (rac)-13 (250 mg, 1.70 mmol,
1.00 equiv.) and anhydrous THF (8.50 mL, 0.20 M). The solution was cooled to 0 °C and
triethylamine (EtsN, 0.31 mL, 2.21 mmol, 1.30 equiv.) was added followed by chloroacetyl
chloride (0.16 mL, 2.04 mmol, 1.20 equiv.) dropwise over 1 minute (white precipitate
formed).* The reaction was allowed to stir at 0 °C for 5 minutes before warming to room
temperature and stirring for a further 15 minutes. The reaction was then transferred to a
separating funnel containing saturated aqueous NaHCOs3 (25 mL) and the transferring flask
was washed with EtOAc (25 mL). The aqueous phase was extracted with EtOAc (3 x 25 mL)
and the organic phases were combined, washed with brine (50 mL), dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure to give a crude oil. The crude
product was purified by column chromatography on silica gel (0-20% acetone in n-hexane) to
afford a-chloroamide (rac)-14 (365 mg, 1.63 mmol, 96%) as a red oil, which slowly
crystallises to a light pink solid.B

Notes: (A) The white precipitate of EtsN-HCI forms instantly and the reaction turns pink after
5 minutes and then to a deep purple colour after 15 minutes. (B) a-Chloroamide (rac)-14 can

be recrystallized from a solution of TBME/n-hexane to afford the product as colourless needles.
R:=0.28 (20% acetone in n-hexane), stained with KMnOy;
MP: 59-60 °C (TBME/n-hexane);

TH NMR (500 MHz, CDCl3) § = 7.39-7.31 (m, 2H), 7.31-7.24 (m, 3H), 6.97 (br. d, J = 7.8
Hz, 1H), 5.69 (ddt, J=17.2, 10.2, 7.0 Hz, 1H), 5.19-5.04 (m, 3H), 4.08-3.97 (m, 2H), 2.60 (tt,
J=17.0, 1.2 Hz, 2H);

13C NMR (126 MHz, CDCl3) & = 165.2, 140.9, 133.5, 128.8, 127.6, 126.4, 118.8, 52.9, 42.8,
40.5;

HRMS (ESI): Calculated for C12H14CINNaO [M+Na]": 246.0656, found: 246.0658;
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IR (thin film, cm™"): 3285, 3075, 3007, 2979, 2940, 2917, 1655, 1604, 1586, 1530, 1494, 1454,
1437, 1414, 1328, 1259, 1239, 1149, 1088, 992, 919 and 759;
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Racemic-homo/heterodimer ((rac)-homo/hetero-15)

(0]
NG

o .
0]
H
NH, ) J\/N
N (rac)-14 (1.0 equiv.) HN
KI (56 mol%),
NaHCO; (1.0 equiv), S

(rac)-13 EtOH (0.20 m), 90 °C, 18 h

(rac)-homo/hetero-15
(86%, 1:1d.r)

To an oven-dried pressure tube was charged primary amine (rac)-13 (36.8 mg, 0.25 mmol,
1.00 equiv.) and anhydrous EtOH (1.25 mL, 0.20 M). To this solution was added
a-chloroamide (rac)-14 (55.9 mg, 0.25 mmol, 1.00 equiv.),* KI (2.10 mg, 12.5 pmol, 5 mol%),
and NaHCOs (21.0 mg, 0.25 mmol, 1.00 equiv.)®. The reaction was then placed into a pre-
heated oil bath at 90 °C and stirred at this temperature for 18 hours. Following this, the reaction
was cooled to room temperature and transferred to a separating funnel containing brine (10 mL)
and the aqueous phase was extracted with EtOAc (4 x 10 mL). The organic phases were
combined, dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure to
give a crude oil, which was purified by column chromatography on silica gel (0—30% acetone
in n-hexane) to afford a-aminoamide (rac)-homo/hetero-15 (72 mg, 0.22 mmol, 86%)° as a

colourless oil.

Notes: (A) Recrystallised a-chloroamide (rac)-14 (using the conditions stated above, page 26)
was used; however, the non-recrystallised material can also be used with comparable results.
(B) NaHCO3 was stored in an oven at 120 °C for at least 24 hours prior to use. (C) Pure samples
of each diastereomer (syn [(rac)-homo-15] and anti [(rac)-hetero-15]) for individual
characterisation can be obtained by column chromatography on silica gel (0-30% acetone in

n-hexane).
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Racemic-homo/heterodimer ((rac)-homo/hetero-15)

O

(rac)-homo/hetero-15
(1:1d.r.)

Rt =0.44 (30% acetone in n-hexane);

TH NMR (601 MHz, CDCl3) 6 = 7.60 (d, J = 8.7 Hz, 0.5 x 1H, Heterodimer), 7.54 (d, J = 8.7
Hz, 0.5 x 1H, Homodimer), 7.37-7.19 (m, 10H), 5.81-5.61 (m, 2H), 5.17-5.03 (m, 5H), 3.65—
3.59 (m, 1H), 3.22-3.10 (m, 2H), 2.63-2.55 (m, 1H), 2.55-2.51 (m, 1H), 2.49-2.36 (m, 2H),
1.93 (br. s, 1H);

Note: The peaks at 7.60 ppm and 7.54 ppm are attributed to the (rac)-hetero-15 (anti; [R,S and
S,R]) and (rac)-homo-15 (syn; [R,R and S,S]), respectively. They have been assigned as 0.5
1H to reflect the 1:1 diastereomeric ratio observed in the 'H NMR.

IBC NMR (151 MHz, CDCl3) 6 =170.9,* 142.9, 142.8, 141.91, 141.85, 135.13, 135.09, 134.3,
134.1, 128.70,* 128.67, 128.6, 127.6,* 127.4, 127.3, 127.1,* 126.6, 126.4, 118.2, 118.13,
118.09, 118.0, 62.7, 62.6, 52.1, 52.0, 50.4, 50.3, 42.64, 42.61, 41.0, 40.8;

Note: Due to overlapping peaks in the '>C NMR spectrum, four peaks are missing/not observed.

Peaks that have overlapped a second peak have been marked with an asterisk (*).
HRMS (ESI"): Calculated for C2oH27N>O [M+H]": 335.2118, found: 335.2124;

IR (thin film, cm™): 3312, 3074, 3064, 3029, 2926, 2907, 1657, 1602, 1512, 1495, 1453, 1418,
1357, 1324, 1306, 1259, 1126, 1028, 995, 916, 759, 699 and 688;

HPLC: Daicel Chiralpak® IA column with guard, 5% i-PrOH in n-hexane, 0.8 mL/min, 30 °C,
214 nm, fr = 16.93 min (R,R-isomer), tr = 18.56 min (R,S-isomer), tr = 22.33 min (S,R-isomer),
fr = 25.84 min (§,S-isomer), 50:50 e.r., 1:1 d.r.
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£
125 150
Ret. Time Area Height
1 16.926 18193145
2 18.556 19037438
3 22.326 15230253
4 25.840 19543599
T 77004435
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Racemic-heterodimer ((rac)-hetero-15)

0 =z

H
i
GAN
(rac)-hetero-15
(>95:5d.r.)

Rs=0.43 (30% acetone in n-hexane);

H NMR (601 MHz, CDCl3) & = 7.60 (d, J = 8.7 Hz, 1H), 7.35-7.28 (m, 4H), 7.28-7.20 (m,
4H), 7.22-7.17 (m, 2H), 5.79-5.68 (m, 2H), 5.17-5.05 (m, 5H), 3.64 (dd, J = 7.9, 5.8 Hz, 1H),
3.19-3.11 (m, 2H), 2.62-2.51 (m, 2H), 2.49-2.37 (m, 2H), 1.99 (br. s, 1H);

BCNMR (151 MHz, CDCl3) §=170.9, 142.7, 141.9, 135.1, 134.3, 128.8, 128.7, 127.6, 127.3,
127.2,126.5, 118.21, 118.16, 62.7, 52.0, 50.3, 42.6, 41.1;

HRMS (ESI"): Calculated for C22H27N20 [M+H]": 335.2118, found: 335.2123;

IR (thin film, em™): 3312, 3075, 3064, 3029, 2978, 2927,2907, 2838, 1655, 1602, 1585, 1512,
1495, 1453, 1436, 1417, 1357, 1324, 1306, 1275, 1258, 1199, 1126, 1071, 993, 966, 916, 843,
759 and 699;

HPLC: Daicel Chiralpak® IA column with guard, 5% i-PrOH in n-hexane, 0.8 mL/min, 30 °C,
214 nm, tr = 18.51 min (R,S-isomer), fr = 22.27 min (S,R-isomer), 50:50 e.r.

350MY.

3004

T T T T
0.0 25 5.0 7.5 10.0

2504
2004
1504
100
50
I NN
o] . L ¥
T T T T T T T T
125 15.0 175 20.0 22.5 25.0 275 30.0

T T T T T
325 35.0 375 40.0 42.5 min

Peak# Ret. Time Area Height Conc. AreaZ
1 18.512 7386710 302153 50.009 50.009
2 22271 7383981 260030 49.991 49.991
Total 14770691 562184 100.000 100.000
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Racemic-homodimer ((rac)-homo-15)

Rs=0.45 (30% acetone in n-hexane);

(rac)-homo-15
(>95:5d.r.)

'H NMR (601 MHz, CDCL3) § = 7.53 (d, J = 8.6 Hz, 1H), 7.36-7.31 (m, 4H), 7.28-7.23 (m,
6H), 5.75-5.61 (m, 2H), 5.12-5.02 (m, 5H), 3.61 (dd, J = 8.0, 5.7 Hz, 1H), 3.20-3.10 (m, 2H),
2.52 (tt, J= 6.9, 1.3 Hz, 2H), 2.48-2.36 (m, 2H);

BCNMR (151 MHz, CDCl3) 6 =170.9, 142.8, 141.9, 135.1, 134.2, 128.8, 128.7, 127.7, 127 4,
127.2,126.6, 118.2, 118.1, 62.7, 52.2, 50.4, 42.6, 40.9;

HRMS (ESI"): Calculated for C22H27N20 [M+H]": 335.2118, found: 335.2119;

IR (thin film, cm™): 3316, 3064, 3092, 3005, 2979, 2907, 1657, 1620, 1585, 1515, 1495, 1454,
1436, 1417, 1357, 1327, 1308, 1275, 1258, 1200, 1071, 1028, 995, 916, 759 and 701,

HPLC: Daicel Chiralpak® IA column with guard, 5% i-PrOH in n-hexane, 0.8 mL/min, 30 °C,
214 nm, tr = 16.92 min (R,R-isomer), tr = 25.97 min (S,S-isomer), 50:50 e.r.

mV.

300«3
zso«f
200
150«3
moé

50

75 175 20.0 25.0

Peaki#t Ret. Time Area Height Conc. Area%
1 16.915 6495287 295925 49.995 49.995
2 25.970 6496466 199366 50.005 50.005
Total 12991753 495291 100.000 100.000
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3.2. Synthesis of (R,S)-Heterodimer
3.2.1. Kinetic Resolution
a-Chloroamide ((R)-14) and primary amine ((S)-13)

(e}
Cl
NH, Amano Lipase PS HNJ\/ NH,
(100 mg/mL) =
X 5 > ©/\/\ + X
Cl
(rac)-13 \)]\0/\ (R)-14 (S)-13
(5.0 equiv.), (48%, 98.0:2.0 er) (38%, 99.1:09 er)

4 AMS (100 mg/mL),
Toluene (0.10 m), 20 °C, 24 h

To an oven-dried 7 mL screw neck sample vial containing a 1.0 cm magnetic stirrer bar under
an atmosphere of nitrogen was charged primary amine (rac)-13 (36.8 mg, 0.25 mmol,
1.00 equiv.) and anhydrous toluene (2.50 mL, 0.10 M). To this was added Amano Lipase PS
(250 mg),* 4 A molecular sieves (250 mg),? and ethyl chloroacetate (0.13 mL, 1.25 mmol,
5.00 equiv.). The sample vial was then sealed with a screw cap and placed into a pre-heated oil
bath at 20 °C and stirred for 24 hours.© Following this, the reaction was filtered and the
transferring flask was washed with EtOAc (25 mL in total). The filtrate was concentrated under
reduced pressure and toluene (10 mL) was added. The solution was concentrated under reduced
pressure again and the toluene azeotrope was repeated twice more (2 x 30 mL) to afford a
colourless oil, which was placed under high vacuum (0.1 mbar) for 30 minutes.” The crude
residue was then dissolved in Et2O (1.25 mL, 0.20 M)EF and cooled to 0 °C. To this was added
2 M HCI in Et;0O (0.07 mL, 0.14 mmol, 0.55 equiv.) slowly dropwise and the reaction was
warmed to room temperature for 5 minutes. The white precipitate formed (the HCI salt of
primary amine (S)-13)¢ was filtered, washed with Et2O (5 mL) and the collected filtrate was
concentrated under reduced pressure to afford o.-chloroamide (R)-14" as a light-yellow oil,
which slowly crystallised to a white solid. This was further purified by column chromatography
on silica gel (0-20% acetone in n-hexane) to afford a-chloroamide (R)-14 (26.8 mg, 48%,
98.0:2.0 e.r.) as a colourless oil, which slowly crystallised to a white solid. Meanwhile, the
filtered white precipitate was dissolved in H2O (2.50 mL) and to this was added saturated
aqueous NaHCO3 (2.50 mL). The aqueous phase was then extracted with EtOAc (6 x 5.0 mL)
and the organic phases were collected, dried with Na,SOs, filtered, and concentrated under
reduced pressure to afford primary amine (S)-13' (14.0 mg, 38%, 99.1:0.9 e.r.) as a colourless

oil.
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Notes: (A) Amano Lipase PS (immobilised on diatomite) was purchased from Sigma—Aldrich
(product number: 708011). (B) 4 A molecular sieves (powder, activated; CAS: 70955-01-0)
were purchased from Alfa Aesar (product number: A11535) and stored in an oven at 120 °C
for at least 24 hours prior to use. (C) To ensure reproducibility, other temperatures between
20-25 °C were screened, the results of which only gave very slight variation in enantiomeric
excess (see Table 1). (D) A toluene azeotrope (rotary evaporator water bath temperature:
30 °C) followed by high-vaccum (0.1 mbar) is necessary to fully remove the remaining ethyl
chloroacetate (BP: 143 °C). (E) At this stage an aliquot (~0.01 mL) can be taken and
concentrated under high-vacuum (0.1 mbar) for analysis by Chiral HPLC (sample dissolved in
10% i-PrOH in n-hexane; Daicel Chiralcel® OD-H, 10% i-PrOH in n-hexane, 0.8 mL/min,
40 °C, 214 nm). (F) It has been observed that if the crude residue is left in the freezer overnight,
a small amount of the HCI salt of enantioenriched amine (S5)-S8 precipitates out when Et2O is
added. If this occurs, then the HCI formation procedure given above is followed as normal.
This HCI salt is proposed to form when performing rotary evaporation of the crude reaction
mixture by either decomposition of ethyl chloroacetate or a.-chloroamide (R)-14 to release HCI1
that subsequently reacts with primary amine (S5)-13. To mitigate this, we generally keep the
water bath temperature on the rotary evaporator at 30 °C. (G) At this point, primary amine
(5)-13 can also be isolated as its HCI salt (20.0 mg, 44%, data given below). (H) At this stage,
a-chloroamide (R)-14 is generally clean enough to be carried through to further chemistry (see
spectrum below, page 37); however, as stated above, if any minor impurities persist following
work-up, column chromatography on silica gel (0-20% acetone in n-hexane) can be utilised to
remove them. (I) Primary amine (S)-13 is also clean enough after work-up to be used in further
chemistry (see spectrum below, page 37). If any minor impurities remain, they can be removed
by column chromatography on silica gel (0-5% MeOH in CH2Cl,); however, this typically

results in some product loss on the column.
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a-Chloroamide ((R)-14)

[alp: +64.0 (c = 1.00, CHCl3);

(98

RN

(R)-14
0:20er)

HPLC: Daicel Chiralcel® OD-H column with guard, 10% i-PrOH in n-hexane, 0.8 mL/min,
40 °C, 214 nm, tr = 10.35 min (R-isomer), tr = 11.15 min (S-isomer), 98.0:2.0 e.r.

mV.

750~
500~

250~

—

6.0 7.0

0.0 " 110 " " 20 T 5.0 8.0
Peak# | Ret. Time Area Height Conc. Area% |
i 10.148 9240641 706815 49.878 49.878
2 11.096 9285830 643757 50.122 50.122
Total 18526471 1350572 100.000 100.000
mV
1000
750—3
soo—f
250—f
o_jl\ 5 L N
0.0 1!0 210 370 4!0 5!0 GYO 7!0 8!0 970 1(;‘0 11‘.0 12‘.0 min
Peak# Ret. Time Area Height Conc. AreaZ
i 10.346 11726017 873984 92.003 98.003
2 11.154 238985 23310 1.997 1.997
Total 11965002 897294 100.000 100.000
Primary amine ((S)-13)
NH,
(S) A
(S)-13
(99.1:08eur)

[a]": —40.0 (c = 0.50, CHCLy);

Optical rotation is consistent with that reported in the literature.*¢
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HPLC: Daicel Chiralcel® OD-H column with guard, 10% i-PrOH in n-hexane, 0.8 mL/min,

40 °C, 214 nm, tr = 6.77 min (R-isomer), fr = 7.77 min (S-isomer), 99.1:0.9 e.r.

mv

3000-]
2000-]

1000

GA

0.0

4.0 5.0

L B e e e e T

6.0 7.0 r‘nin
Peak#t Ret. Time Area Height Conc. AreaZ
i 6.669 29505665 2349245 49.112 49.112
2 7617 30572651 2268977 50.888 50.888
Total 60078317 4618223 100.000 100.000
250V
200«f
150~f
100~f
50~f
ol T w—
0.0 ’ITO 210 310 410 510 610 770 810 970 10'.0 ’I’I‘.O 12'.0 1:;.0 14'.0 min
Peak# | Ret. Time Area Height Conc. Aea% |
i 6.766 25987 2108 0.892 0.892
2 7.765 2886547 208661 99.108 99.108
Total 2912534 210769 100.000 100.000
Primary amine-HCI salt ((S)-S8)
NH,CI
Ohd
()-8
(99.1:09 er.)

H NMR (601 MHz, CDCl3) 5 = 8.78 (br. s, 3H), 7.47 — 7.40 (m, 2H), 7.37-7.29 (m, 3H), 5.55
(ddt, J=17.2, 10.2, 7.0 Hz, 1H), 5.11-5.00 (m, 2H), 4.22 (dd, J=8.5, 6.2 Hz, 1H), 2.86 — 2.78
(m, 1H), 2.74-2.65 (m, 1H);

13C NMR (151 MHz, CDCl3) 6 = 135.8, 131.6, 129.1, 129.1, 127.6, 120.3, 56.0, 38.9;

Note: Only one peak in the >C NMR spectrum at 129.1 ppm is observed with the second peak
(listed above) being proposed to be underneath the first peak (in accordance with the literature

where these two peaks are very close together, 128.98 and 128.96 ppm).

Analytical data is consistent with that reported in the literature.*’
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'H NMR data of primary amine-HCIl salt ((S)-S8), primary amine ((S)-13) and

a-chloroamide ((R)-14) obtained from Kkinetic resolution following work-up:

J\ LM la M. o
I T

T T T T T T T T T T T T T T T T T T T
).0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
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Primary amine-HCI salt ((rac)-S8)

NH, NH;CI

2 M HClin Et,0 (1.1 iv.
N in Et,0 (1.1 equiv.) _ N
Et,O (0.10 m), 0 °C to rt, 5 mins

(rac)-13 (rac)-S8
(98%)

To an oven-dried 7 mL screw neck sample vial containing amine (rac)-13 (36.8 mg, 0.25 mmol,
1.00 equiv.) and anhydrous Et;O (2.50 mL, 0.10 M) at 0 °C was added 2 M HCI in Et,O
(0.14 mL, 0.28 mmol, 1.10 equiv.) dropwise over 1 minute (white precipitate formed). The
reaction was then warmed to room temperature and allowed to stir for a further 5 minutes
before filtering and washing with cold Et;O (5 mL). The white precipitate was collected and
placed under high vacuum (0.1 mbar) for 30 minutes to afford primary amine-HCI salt (rac)-S8

(45 mg, 98%) as a white solid.

H NMR (601 MHz, CDCl3) § = 8.78 (br. s, 3H), 7.47-7.40 (m, 2H), 7.37-7.29 (m, 3H), 5.55
(ddt, J=17.2,10.2, 7.0 Hz, 1H), 5.11-5.00 (m, 2H), 4.22 (dd, J= 8.5, 6.2 Hz, 1H), 2.86 — 2.78
(m, 1H), 2.74 — 2.65 (m, 1H);

I3C NMR (151 MHz, CDCl3) 6 = 135.8, 131.6, 129.1, 129.1, 127.6, 120.3, 56.0, 38.9;

Note: Only one peak in the >C NMR spectrum at 129.1 ppm is observed with the second peak
(listed above) being proposed to be underneath the first peak (in accordance with the literature

these two peaks are very close together,; 128.98 and 128.96 ppm).

Analytical data are consistent with those reported above and in the literature.’
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3.2.2. Biocatalytic Stereoretentive Enantioconvergent Coupling

(R,S)-Heterodimer (15)

[0}
, A _c
NH, Amano Lipase PS HN NH
(100 mg/mL) 2
CI\)I\O/\
(rac)-13 . (R)-14 (S)-13
(5.0 equiv.), (98.2:1.8 er) (99.4:06 e.r.)

4 AMS (100 mg/mL),
Toluene (0.10 M), 20 °C, 24 h

o v F
HNJ\/N B KI (5 mol%)
A NaHCO; (1.0 equiv.),
m EtOH (0.2 m), 90 °C, 18 h

(R,S)-15
(65%, >99.99:0.01 e.r., 33:1d.r.)

Kinetic Resolution: To an oven-dried 7 mL screw neck sample vial containing a 1.0 cm
magnetic stirrer bar under an atmosphere of nitrogen was charged primary amine (rac)-13
(36.8 mg, 0.25 mmol, 1.00 equiv.) and anhydrous toluene (2.50 mL, 0.10 M). To this was added
Amano Lipase PS (250 mg),* 4 A molecular sieves (250 mg),® and ethyl chloroacetate
(0.13 mL, 1.25 mmol, 5.00 equiv.). The sample vial was then sealed with a screw cap and
placed into a pre-heated oil bath at 20 °C and stirred for 24 hours.© Following this, the reaction
was filtered and the transferring flask was washed with EtOAc (25 mL in total). The filtrate
was concentrated under reduced pressure and toluene (10 mL) was added. The solution was
concentrated under reduced pressure again and the toluene azeotrope was repeated twice more
(2 x 30 mL) to afford a colourless oil, which was placed under high vacuum (0.1 mbar) for

30 minutes.P

Dimerisation: To this crude material was added anhydrous EtOH (0.63 mL, 0.20 M) and the
solution was transferred to a pressure tube under an atmosphere of nitrogen.®f Following this,
KI (1.00 mg, 6.25 pmol, 5 mol%) and NaHCOs (10.5 mg, 0.125 mmol, 1.00 equiv.)® were
added. The tube was then sealed and placed into a pre-heated oil bath at 90 °C for 18 hours.
After this time, the reaction was cooled to room temperature and transferred to a separating
funnel containing brine (10 mL). The aqueous phase was extracted with EtOAc (4 x 10 mL)
and the organic phases were combined, dried with Na;SOs, filtered, and concentrated under
reduced pressure to give a crude colourless oil. The crude product was purified by flash column
chromatography (0-30% acetone in n-hexane) to afford enantioenriched heterodimer (R,S)-15

(27 mg, 65%, >99.99:0.01 e.r., 33:1 d.r.) as a colourless 0il.¢
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Notes: (A) Amano Lipase PS (immobilised on diatomite) was purchased from Sigma—Aldrich
(product number: 708011). (B) 4 A molecular sieves (powder, activated; CAS: 70955-01-0)
were purchased from Alfa Aesar (product number: A11535) and stored in an oven at 120 °C
for at least 24 hours prior to use. (C) To ensure reproducibility, other temperatures between
20-25 °C were screened, the results of which only gave very slight variation in enantiomeric
excess (see Table 1). (D) A toluene azeotrope (rotary evaporator water bath temperature:
30 °C) followed by high-vaccum (0.1 mbar) is necessary to fully remove the remaining ethyl
chloroacetate (BP: 143 °C). (E) On larger scale (1 mmol) a small amount (~5 mg) of primary
amine-HCI salt (S5)-S8 precipitated out when EtOH was added. This HCI salt (as stated above)
is proposed to form when performing rotary evaporation of the crude reaction mixture by either
decomposition of ethyl chloroacetate or a-chloroamide (R)-14 to release HCI that subsequently
reacts with primary amine (S5)-13. To mitigate this, the temperature of the water bath on the
rotary evaporator is kept at 30 °C. However, if precipitation does occur, quickly transferring
the solution and precipitate into the pressure tube and continuing as normal gives only a very
slight reduction in yield (60% vs. 65%; see Note H). (F) At this stage an aliquot (~0.01 mL)
can be taken and concentrated under high-vacuum (0.1 mbar) for analysis by Chiral HPLC
(sample dissolved in 10% i-PrOH in n-hexane; Daicel Chiralcel® OD-H, 10% i-PrOH in
n-hexane, 0.8 mL/min, 40 °C, 214 nm) - the crude data for the kinetic resolution reaction prior
to dimerisation is given below. (G) NaHCO3; was stored in an oven at 120 °C for at least 24
hours prior to use. (H) On 1 mmol scale (147.2 mg of amine 13) the reaction afforded

enantioenriched heterodimer (R,S)-15 (99.6 mg, 60%, >99.99:0.01 e.r., 33:1 d.r.).
R:=0.43 (30% acetone in n-hexane);

'"H NMR (601 MHz, CDCl3) & = 7.60 (d, J = 8.7 Hz, 1H), 7.35-7.28 (m, 4H), 7.28-7.20 (m,
4H), 7.22-7.17 (m, 2H), 5.79-5.68 (m, 2H), 5.17-5.05 (m, 5H), 3.64 (dd, J="7.9, 5.8 Hz, 1H),
3.19-3.11 (m, 2H), 2.62-2.51 (m, 2H), 2.49-2.37 (m, 2H), 1.99 (br. s, 1H);

IBCNMR (151 MHz, CDCl3) §=170.9, 142.7, 141.9, 135.1, 134.3, 128.8, 128.7, 127.6, 127.3,
127.2,126.5, 118.21, 118.16, 62.7, 52.0, 50.3, 42.6, 41.1;

HRMS (ESI): Calculated for C22H27N>0 [M+H]": 335.2118, found: 335.2123;

IR (thin film, em™): 3312, 3075, 3064, 3029, 2978, 2927,2907, 2838, 1655, 1602, 1585, 1512,
1495, 1453, 1436, 1417, 1357, 1324, 1306, 1275, 1258, 1199, 1126, 1071, 993, 966, 916, 843,
759 and 699;
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[a]?

: +16.8 (¢ =1.00, CHCl3);

HPLC: Daicel Chiralpak® IA column with guard, 5% i-PrOH in n-hexane, 0.8 mL/min, 30 °C,

214 nm, tr = 16.89 min (R,R-isomer [minor homodimer]), fr = 18.30 min (R,S-isomer [major

heterodimer]), fr = 22.28 min (S,R-isomer [minor heterodimer]), fr = 25.81 min (S,S-isomer

[major homodimer]), 99.995:0.005 e.r., 33:1 d.r.

mV
1 Racemic
750j
5004
2501
0: L N
0.0' o '2!5' o '570' o '715' '10'.0' 125 '151.0 17.5 '20'.0 ' '22'.5' o VZFI.O' o '27'.5' ' '36.0 '32'.5' '35'.0' '37'.5' 40.0 '42'.5 min
Peak# Ret. Time Area Height Conc. Area”
1 16.926 19193145 855987 24925 24925
2 18.556 19037438 755260 24723 24723
3 22.326 15230253 655269 24.973 24973
4 25.840 19543599 573374 25.380 25.380
Total 77004435 2839850 100.000 100.000
mV.
10003 Enantioenriched
7501
500—f
250—3
G: N N3 4\4/ - N3
L S N SR | T T | T T T L SR | T T T T T T T
0.0 25 5.0 75 10.0 12.5 15.0 175 20.0 225 25.0 275 30.0 325 35.0 375 40.0 425 min
Peak## Ret. Time Area Height Conc. Area%
1 16.891 241856 11113 0.909 0.909
2 18.256 25827179 994385 97.061 97.061
3 22.280 1415 88 0.005 0.005
4 25.806 538678 16488 2.024 2.024
Total 26609128 1022073 100.000 100.000
mvV
1000 . . .
1 Heterodimer integrations
7504
500;
250;
G: - € €
LI I LS SR T T | R B T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 175 20.0 225 25.0 275 30.0 325 35.0 375 40.0 425 min
Peak# Ret. Time Area Height Conc. Area%
1 18.296 25827178 994385 99.995 99.995
2 22.280 1415 88 0.005 0.005
Total 25828594 994472 100.000 100.000
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mV

1000
7504
500

2504

Homodimer integrations

T T
0.0 2!5 510 7!5 16.0 1£.5 1.’;‘0 17‘.5 20"0 22"5 251.0 27‘.5 36.0 3£.5 35;‘0 37"5 40"0 42"5 min
Peak# | Ret. Time Area Height Conc. Area% |
i 16.891 241856 11113 30.986 30.986
2 25.806 538678 16488 69.014 69.014
Total 780534 27601 100.000 100.000

HPLC (Aliquot from Kinetic Resolution): Daicel Chiralcel® OD-H column with guard, 10%

i-PrOH in n-hexane, 0.8 mL/min, 40 °C, 214 nm, tr = 6.73 min (R-isomer of primary amine

13), tr = 7.73 min (S-isomer of primary amine 13), 99.4:0.6 e.r., frr = 10.35 min (R-isomer of

o-chloroamide 14), fr = 11.15 min (S-isomer of a-chloroamide 14), 98.2:1.8 e.r.

mV.
1 Racemic amine
3000‘4
2000
1000
0: 7 x .
0.0 1TO ZTO 3‘.0 410 5‘.0 610 710 810 QTO 1(;40 11'40 12'40 13'40 1440 min
Peak## Ret. Time Area Height Conc. Area%
1 6.669 25505665 2349245 49112 48112
2 7617 30572651 22683877 50.888 50.888
Total 60078317 4618223 100.000 100.000
m \
o0 (S)-Amine integrations
1000
500 k
0 : I .
T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 17.5 20.0 min
Peak# | Ret. Time Area Height Conc. Aea% |
1 6.730 53058 6302 0.589 0.589
2 7.725 8959441 683710 99.411 99.411
Total 9012539 696012 100.000 100.000
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mvV.
] Racemic a-chloroamide
750—4
5001
2501
0 T F
v L — L — L — | T T T
0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0 min
Peak# Ret. Time Area Heud_t Conc. Area”%
1 10.148 9240641 706815 43878 49.878
2 11.096 9285830 643757 50.122 50.122
Total 18526471 1350572 100.000 100.000
mV
] (R)-a-Chloroamide integrations
1500—4
1000
5004
o]
0.0 2!5 5!0 7?5 16.0 12‘.5 15‘.0 17‘.5 2(;.0 min
Peak#t Ret. Time Area Height Conc. AreaZ
1 10.143 15549944 1174255 98.215 98.215
2 11.067 282604 23062 1.785 1.785
Total 15832548 1197317 100.000 100.000
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3.2.3. Dimer HPLC Trace Assignment

mV.
750
] N
] HNJ\/
5004
] X
%07 (rac)-homo/hetero-15
1 (50:50 e.r., 1:1d.r)
0: 0 0 S e—rd =
0.0 25 50 75 100 125 150 175 200 25 250 275 30.0 325 35.0 375 40.0 425  min
RR) RS (SR (59
TV
300? 0 y =
250? HNJI\/N"'
2004 H
1505 m
3 A
1004
(rac)-homo-15
(50:50,e.r., >95:5 d.r.)
IR AN RS N N
L e S L e L e AL s e e e 0L L s B B
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3.3. Optimisation of the Biocatalytic Kinetic Resolution and Sy2 Dimerisation

3.3.1. Biocatalytic Kinetic Resolution

0]

cl
NH, Amano Lipase PS HNJ\/ NH,
(100 mg/mL) =
cl
(rac)-13 \)I\O/\ (R)-14 (513

4 AMS (100 mg/mL),
Toluene (0.10 M), 24 h

Table 1. Optimisation of the kinetic resolution (0.25 mmol scale; 36.8 mg of (rac)-13).

Entry  Ethyl chloroacetate Temp. ($)-132 (R)-14* Conv.B

Ethyl chloroacetate equivalents

1€ 2.00 equiv. 21°C 75:25 99.95:0.05 33%
2¢ 5.00 equiv. 21°C 85:15 99.7:0.3 41%
3¢ 10.0 equiv. 21°C 80:20 99.6:0.4 38%
4P 5.00 equiv. 21°C 98.8:1.2 98.4:1.6 50%
5P 10.0 equiv. 21°C 96.0:4.0 98.0:2.0 49%
Temperature
6P 5.00 equiv. 23 °C 98.8:1.2 98.5:1.5 50%
7P 5.00 equiv. 22 °C 97.8:2.2 98.6:1.4 50%
8P 5.00 equiv. 21°C 98.0:2.0 98.6:1.4 50%
9P 5.00 equiv. 20°C  99.1:0.09 (38%)F  98.0:2.0 (48%)F 51%

A: Enantiomeric ratio determined by chiral HPLC (Daicel Chiralcel® OD-H column with guard, 10% i-PrOH in

n-hexane, 0.8 mL/min, 40 °C, 214 nm). B: The conversion was calculated from the obtained enantiomeric ratios

% e.e.of recovered starting material % 100 C: 4 A molecular sieves

using the formula: Conv.=
g (% e.e.of recovered starting material + % e.e.of product)

(beads, 4-8 mesh; CAS: 70955-01-0) were used. D: 4 A molecular sieves (powder, activated; CAS: 70955-01-0)

were used. E: Isolated yields.
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3.3.2. Sx2 Dimerisation

o]
HNJ\/CI

e .
o
NH, )]\/H
(rac)-14 (1.0 equiv) HN
X
Activator, Base,
Solvent, Temp., 18 h S

(rac)-13

(rac)-homo/hetero-15
Table 2. Optimisation of the Sx2 Reaction (0.25 mmol scale; 36.8 mg of (rac)-13).

Entry Activator Base Solvent Temp. Yield* Conv.?

Activator (K1) loading

1 - KoCOs (1 equiv.)  EtOH (0.1M) 90°C  32%  54%
2 KI(2mol%)  K,CO:(lequiv)  EtOH(0.IM) 90°C  43%  65%
3 KI(5mol%)  K»CO:(lequiv)  EtOH(0.IM) 90°C  44%  65%
4  KI(10mol%)  K»COs(lequiv)  EtOH(0.IM) 90°C 41%  68%
5  KI(Q0mol%)  K.COs(lequiv)  EtOH(0.IM) 90°C 0%  77%

6  KI(0mol%)  KoCOs(lequiv)  EtOH(.1M) 90°C 0%  90%

7 KI(5mol%)  K.COs(lequiv.)  Acetone (0.1 M) 90°C  18%  24%
8 KI(5mol%)  K,COs (1 equiv.) THF (0.1 M)  90°C  18%  30%
9 KI(5mol%)  K»COs(lequiv.)  MeCN(.1M) 90°C 0%  53%

10  KI(53mol%)  K»COs;(lequiv.) Dioxane(0.1M) 90°C  36%  47%

lodide source

11 Nal(5mol%) NaHCOs(lequiv.) EtOH(0.1M) 90°C 70%  83%

12 TBAI(5mol%) NaHCOs(lequiv) EtOH(0.1M) 90°C  60%  74%

Base

13 KI(5mol%) NaHCO;s(lequiv) EtOH(0.1M) 90°C 72%  86%
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14 KI (5 mol%) KHCO:s (1 equiv.) EtOH (0.1 M) 90°C  62% 82%
15 KI (5 mol%) K>COs (1 equiv.) EtOH (0.1 M) 90°C  44% 65%
16 KI (5 mol%) Cs2COs (1 equiv.) EtOH (0.1 M) 90°C  20% -
17 KI (5 mol%) Ag,COs (1 equiv.) EtOH (0.1 M) 90°C  30% 46%
18 KI (5 mol%) K5POg4 (1 equiv.) EtOH (0.1 M) 90°C  41% -
19 KI (5 mol%) KoHPO4 (1 equiv.) EtOH (0.1 M) 90°C  62% 82%
20 KI (5 mol%) DIPEA (1 equiv.) EtOH (0.1 M) 90°C  65% 72%
21 KI (5 mol%) EtsN (1 equiv.) EtOH (0.1 M) 90°C  54% 78%
22 KI (5 mol%) DMAP (1 equiv.) EtOH (0.1 M) 90°C  18% 26%
Equivalents of base
23 KI(5mol%) NaHCOs (0.5 equiv.) EtOH (0.1M) 90°C  61% 73%
24 KI (5 mol%) NaHCOs (1.0 equiv.) EtOH(0.1M) 90°C  72% 86%
25 KI(5mol%) NaHCOs (1.5equiv.) EtOH (0.1M) 90°C  71% 87%
26 KI (5 mol%) NaHCOs (2.0 equiv.) EtOH(0.1M) 90°C  60% 76%
Concentration
27 KI (5 mol%) NaHCOs (1 equiv.)  EtOH (0.15M) 90°C  80% 87%
28 KI (5 mol%) NaHCOs (1 equiv.)  EtOH (0.20M) 90°C  85% 96%
Temperature
29 KI (5 mol%) NaHCOs (1 equiv.)  EtOH (0.2M)  70°C  72% 82%
30 KI (5 mol%) NaHCOs (1 equiv.)  EtOH (0.2M) 80°C  56% 60%
Final conditions and isolated yield
31 KI (5 mol%) NaHCO:s (1 equiv.)  EtOH (0.20M) 90°C  86% -

A: NMR yields determined by 'H NMR analysis of the crude reaction mixture using 1,4-dinitrobenzene as an

internal standard (30 s relaxation delay applied). B: Conversion (of a-chloroamide) determined by 'H NMR
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analysis of the crude reaction mixture using 1,4-dinitrobenzene as an internal standard (30 s relaxation delay

applied).
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4. Organocatalytic Stereoretentive Enantioconvergent Reaction

4.1. Synthesis of Starting Materials

Synthesis of Bifunctional Organocatalyst

9-amino-(9-deoxy)-epi-cinchonidine (S9)

PPh3 (1.2 equiv.)
DIAD (1.2 equiv.) PPh; (1.3 equiv.)
DPPA (1.2 equiv.) 50°C, 2 h
THF, 0 °C thenrt, 24 h then H,O
rt, 12 h

s9
(84%)

Based on conditions reported by Sods and co-workers.*® Cinchonidine (1.47 g, 5.00 mmol, 1.00
equiv.) and triphenylphosphine (1.57 g, 6.00 mmol, 1.20 equiv.) were dissolved in anhydrous
THF (25 mL) in an oven-dried Schlenk flask under N». The solution was cooled to 0 °C, before
diisopropyl azodicarboxylate (DIAD) (1.18 mL, 6.00 mmol, 1.20 equiv.) was added in one
portion. A solution of diphenyl phosphoryl azide (DPPA) (1.29 mL, 6.00 mmol, 1.20 equiv.)
in anhydrous THF (10 mL) was then added dropwise at 0 °C, and the resulting mixture was
allowed to warm to rt and stir for 24 h. The solution was then heated to 50 °C for 2 h before
triphenylphosphine (1.70 g, 6.50 mmol, 1.30 equiv.) was added, and heating was maintained
until gas evolution had ceased (2 h). The solution was cooled to rt, H>O (3 mL) was added, and
the reaction mixture was stirred for 12 hours. The solvents were removed under reduced
pressure and the residue was dissolved in CH>Cl, and 10% aqueous HCI solution (1:1, 100
mL). The layers were separated, and the aqueous phase was extracted with CH2Cl> (3 x 50
mL). Then, the aqueous phase was made alkaline with pellets of sodium hydroxide to pH = 13,
before it was extracted with CH>Cl, (3 x 20 mL). The combined organic extracts were dried
over anhydrous Na>SQOs, filtered, and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel (EtOAc/MeOH/Et;N 50:50:1) to afford the

title compound (1.23 g, 4.19 mmol, 84%) as a colourless viscous oil.
Analytical data were consistent with those reported previously in the literature.*’
Rs=0.15 (50% MeOH in EtOAc), UV active, stained with KMnOa;

'TH NMR (500 MHz, CDCl3): 8 = 8.89 (d, J = 4.6 Hz, 1H), 8.32 (brs, 1H), 8.12 (dd, J = 8.4,
1.4 Hz, 1H), 7.70 (ddd, J= 8.3, 6.8, 1.4 Hz, 1H), 7.61-7.52 (m, 2H), 5.77 (ddd, J=17.4, 10.4,
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7.3 Hz, 1H), 5.05-4.95 (m, 2H), 4.73 (brs, 1H), 3.37-3.18 (m, 3H), 2.95-2.82 (m, 4H), 2.33
(brs, 1H), 1.68-1.57 (m, 3H), 1.51-1.39 (m, 1H), 0.77 (ddt, J = 13.8, 7.4, 2.0 Hz, 1H);

I3C NMR (125 MHz, CDCl3): §=150.5, 148.6, 148.3, 141.1, 130.6, 129.3, 127.7, 126.8, 123.2,
119.6, 115.0, 62.0, 55.9, 41.1, 39.4, 27.6, 27.5, 25.9;

HRMS (ESI*): Calc. for C19H24N3 [M+H]": 294.1965; found: 294.1973; calc. for C19H23N3Na
[M+Na]": 316.1784; found: 316.1782.
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Bifunctional cinchona-thiourea catalyst (18)

S

C

Il

o
(1.0 equiv.)
THF, rt, 18 h

S9 18
(90%)

Based on conditions reported by Niu and co-workers.>® To a solution of 9-amino-(9-deoxy)-
epi-cinchonidine S9 (1.20 g, 4.09 mmol, 1.00 equiv.) in anhydrous THF (12 mL) was added
slowly over 1 minute a solution of phenyl isothiocyanate (0.50 mL, 4.09 mmol, 1.00 equiv.) in
anhydrous THF (6 mL) under N atmosphere. The reaction mixture was left stirring at rt for 18
h, whereupon the solvent was removed under reduced pressure. The residue was purified by
column chromatography on silica gel (10% MeOH in EtOAc) to afford the title compound
(1.57 g, 3.66 mmol, 90%) as a colourless solid.

Analytical data were consistent with those reported previously in the literature.>
Rs=0.44 (17% MeOH in EtOAc), UV active, stained with KMnOQOu;
MP: 127-129 °C (EtOAc/MeOH);

H NMR (600 MHz, CD;0D): 5 = 8.82 (d, J= 4.7 Hz, 1H), 8.68 (d, J= 8.6 Hz, 1H), 8.06 (dd,
J=18.6, 1.3 Hz, 1H), 7.79 (s, 1H), 7.70 (s, 1H), 7.59 (d, J = 4.7 Hz, 1H), 7.36-7.29 (m, 4H),
7.18-7.14 (m, 1H), 6.21 (d, J= 10.8 Hz, 1H), 5.76 (ddd, J = 17.1, 10.4, 7.5 Hz, 1H), 4.9 (dt,
J=17.1, 1.5 Hz, 1H), 4.93 (dt, J= 10.4, 1.4 Hz, 1H), 3.42 (d, J = 14.0 Hz, 1H), 3.30-3.20 (m,
2H), 2.86-2.77 (m, 1H), 2.74 (ddd, J = 13.8, 5.1, 2.5 Hz, 1H), 2.37-2.30 (m, 1H), 1.74 (dddd,
J=12.3,10.2,5.1,3.2 Hz, 1H), 1.68-1.59 (m, 2H), 1.29 (ddt, J= 13.3, 10.8, 3.4 Hz, 1H), 0.97
(ddt, J=13.7, 7.2, 2.0 Hz, 1H);

13C NMR (150 MHz, CDCl3): 5=180.8, 150.2, 148.6, 141.1, 137.5, 130.5, 129.7, 129.3, 127 4,
126.8, 126.7, 125.2, 124.0, 114.8, 61.5, 55.4, 41.3, 39.5, 27.8, 27.4, 25.8;

HRMS (ESI"): Calc. for CosH2oN4S| [M+H]": 429.2107; found: 429.2114.
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Synthesis of Racemic Nitroalcohol

(rac)-Nitroallylic alcohol (17)

Y92 Eria late (4.0 ) oH
yl glyoxalate (4.0 equiv. N
“ DMAP (0.4 equiv.) E0,C” ) 0
MeCN, rt, 3h

17
(41%)

Based on conditions reported by Namboothiri and co-workers.’ DMAP (3.30 g, 27.0 mmol,
0.40 equiv.) was added to a stirred solution of trans-g-nitrostyrene (10.0 g, 67.0 mmol, 1.00
equiv.) in anhydrous MeCN (135 mL), followed by addition of ethyl glyoxalate (50% in
toluene, 53.0 mL, 268 mmol, 4.00 equiv). The reaction mixture was stirred at rt until
consumption of nitrostyrene (3 h, monitored by TLC). The resulting suspension was filtered
under vacuum through a plug of Celite® and rinsed with EtOAc (300 mL). The filtrate was
transferred to a separating funnel, H,O (250 mL) was added and the layers were separated. The
aqueous phase was extracted with EtOAc (3 x 200 mL), and the combined organic extracts
were dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel (14% EtOAc in n-hexane) to

afford the title compound (6.90 g, 27.5 mmol, 41%) as a yellow solid.
Analytical data were consistent with those reported previously in the literature.>!
Ri=0.44 (50% EtOAc in n-hexane), UV active, stained with KMnOy;

MP: 5658 °C (n-hexane/EtOAc);

TH NMR (500 MHz, CDCl3): § = 8.33 (s, 1H), 7.60 — 7.54 (m, 2H), 7.49 (m, 3H), 5.23 (s, 1H),
4.30 (app. dq, J=10.7, 7.1 Hz, 2H), 3.67 (br s, 1H), 1.27 (t, /= 7.1 Hz, 3H);

13C NMR (150 MHz, CDCls): 8 = 170.6, 148.0, 139.4, 131.2, 131.0, 130.0, 129.4, 66.0, 63.2,
14.1;

HRMS (ESI"): Calc. for Ci2H1sN;Os [M+H]": 252.0867; found: 252.0858; calc. for
C12H13N1OsNa [M+Na]*: 274.0686; found: 274.0696.
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Screening of Linkers for the Acylation

In order to select the optimal linker, three unsymmetrical cyclic anhydrides were screened:
2,2-dimethylglutaric anhydride 16, 2,2-dimethylsucccinic anhydride S10 and homophthalic
anhydride S13. In order to test their suitability, each of them was reacted with (rac)-nitroallylic

alcohol 17 under DABCO catalysis as shown in Fig. 2.

Gratifyingly, the reaction with 16 afforded the desired carboxylic acid 19 as a single
regioisomer as confirmed by HMBC analysis. In sharp contrast, the reaction with S10 provided
an inseparable mixture of regioisomers S11 and S12 in a 3:1 ratio.>? Finally, no product
formation was observed in the reaction with S13. Therefore, 16 was chosen as the optimal

linker for the designed sequence.

Fig. 2. Screening of unsymmetrical linkers.

OH

16

regioselectivity confirmed by HMBC
A

DABCO NO
NO2 Et0,C 2
Etozc)j/ CHCly, 1t, 24 h =
Ph Ph
(rac)-17 (rac)-19
(70%)
(0]
$10 0
OH OH
NO, DABCO HO o CO,Et + O%
0L CHCla, tt, 24 h I O,N \{\COZEt
: : x-Ph
Ph r.r. (811:812) 3:1 0N o
(rac)-17 s11 s12
(e} (67%, combined yield)
Ct,
S13 °
OH
NO DABCO
R A e
EtO,C | CHCl3, 1t, 24 h
Ph no reaction
(rac)-17
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Synthesis of Racemic Carboxylic acid

(rac)-Carboxylic acid (19)

16 (¢] O
OH (1.0 equiv.)
NO DABCO (0.3 equiv.) O OH
EtOzc)j/ ?  CHCly 1t 24N EtOzc)E/ NO;
Ph

Ph

(rac)-17 (rac)-19
(70%)

Based on conditions reported by Chen and co-workers.*> To a solution of 17 (3.00 g, 11.9
mmol, 1.00 equiv.) in anhydrous CHCI3 (31 mL), were added sequentially 2,2-dimethylglutaric
anhydride 16 (1.70 g, 11.9 mmol, 1.00 equiv.) and DABCO (0.40 g, 3.58 mmol, 0.30 equiv.).
The reaction mixture was stirred at rt for 24 h and was then concentrated under reduced
pressure. The residue was purified by column chromatography on silica gel (33% EtOAc in

n-hexane) to afford the title compound (3.30 g, 8.36 mmol, 70%) as a pale-yellow solid.
Ri=0.28 (50% EtOAc in n-hexane), UV active, stained with KMnOy;
MP: 106-108 °C (n-hexane/EtOAc);

H NMR (500 MHz, CDCls): 5 = 8.40 (s, 1H), 7.54-7.44 (m, 5H), 6.59 (s, 1H), 4.27-4.15 (m,
2H), 2.61-2.42 (m, 2H), 1.95 (tt, J = 8.5, 7.1 Hz, 2H), 1.27-1.19 (m, 9H);

13C NMR (150 MHz, CDClz):  183.5, 171.9, 166.0, 145.0, 140.7, 131.6, 130.5, 129.9, 129.5,
65.7,62.8,41.6,34.5,29.9,25.1, 24.8, 14.0;

IR (film, cm™): 3060, 1760, 1744, 1693, 1522, 1332, 1291, 1217, 1169, 1152, 1140, 1040,
769, 639;

HRMS (ESI"): Calc. for CijoH24NOg [M+H]": 394.1496; found: 394.1489; calc. for
C1oH23NOgNa [M+Na]": 416.1316; found: 416.1315.
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4.2. Optimisation of the second esterification

Summary of Esterification Conditions

A wide range of esterification conditions were screened (Fig. 3), including benchmark
esterification protocols with carbodiimide-based reagents, BOP and COMU reagents, acyl
chloride activation, Yamaguchi®® and Shiina esterification.>* Most of them led to cleavage of
the starting carboxylic acid 19 and/or transesterification, resulting in the formation of
2,2-dimethylglutaric acid and/or 2,2-dimethylglutaric anhydride 16; the latter two methods led

to the formation of the desired diester 20 albeit in unsatisfactory yields.

Fig. 3. Screening of esterification conditions.

O+_OH
OH
o} o) o %
OH Esterification EtO,C (0] (o] CO,Et
O OH NO, _conditions _ o, NO, 2,2-dimethylglutaric acid
NO, , EtOC | | (o) o |
Et0,C
\ Ph Ph Ph 0+_0._0
Ph
(rac)-19 (rac)-17 (rac)-20

16

Carcbodiimide conditions
DCC, DMAP (cleavage)
EDCI, DMAP (cleavage)

EDCI, HOBt, DMAP (cleavage)
EDCI, HOBt, DIPEA (cleavage)
BOP, DIPEA (cleavage)
COMU, DBU (cleavage)

Through the acyl chloride
(COCI), then pyridine/LiCl (cleavage)
(COCI), then Et3N (cleavage)
(COCI), then NaH (cleavage)

Macrolactonisation conditions
MNBA, Et3;N, DMAP (20=25%)
Cl3CsH,COCI, DIPEA, DMAP (20=33%)

BOP MNBA
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Screening of Aromatic Anhydrides for the Sc(OTf)s;-Catalysed Esterification

Efforts were next focused on activation of the carboxylic as a mixed anhydride. Yamamoto et
al. have reported a protocol for the Sc(OTf)s-esterification between alcohols and free
carboxylic acids in the presence of aromatic anhydrides.’® Based on that, the Fig. 4 below
summarises the screening process for the selection of the optimal aromatic anhydride, taking
into account both the conversion and chemoselectivity (side-product S14 results from the
esterification of nitroalcohol 17 with the acyl group of the corresponding aromatic
anhydride).> Thiophene-2-carboxylic anhydride 21 exhibited the optimal chemoselectivity

and almost full conversion.

Fig. 4. Screening of aromatic anhydrides.

ArWOWAr
o o
(1.5 equiv.) Et0,C COzEt

. o NO, SCOTOs(10mol%) o . O._CO,Et

EtO,C MeCN (o 21 M) Lph
NO

EtOZC)j/ 2 18h O,N

Ph (rac)-19 (rac)-17 (rac)-20 S14

Screened anhydrides

Gy G OG0

Conversion: 35% Conversion: 35% Conversion: 98%
Ratio (20:S14a): 2.9:1 Ratio (20:S14b): 1.2:1 Ratio (20:S14c): 1:3.6

CF; CF;
F3C CF; CF; F
(o)
OYOYCV C, Q N
(o] (0] (0] (o]

CF; 0 O F

Conversion: 45% Conversion: n.r. Conversion: 24%
Ratio (20:S14d): 1:0 Ratio (20:S14e): n.d. Ratio (20:S14f): 1.9 :1
O,N NO,
7\ R
s © s o
NO, O c O 0O O
Conversion: 97% Conversion: 96% Conversion: 23%
Ratio (20:S14g): 1.5:1 Ratio (20:S14h): 2.4:1 Ratio (20:814i): 1:1
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Optimisation of the Sc(OTf)3;-Catalysed Esterification

Table 3 below summarises the attempts to improve the observed chemoselectivity.

Unfortunately, the entries with improved chemoselectivity were accompanied by significantly

lower conversions.

7 1N
s © s
(0] . 0 7 |
OH EtO,C O O  CO,Et S 0
Q Q Sc(0TH) 2 2
OWOH . EtOZC/B/ NOz ————— OZ“\(KOWOJD/NOZ . O.,_COEt
EtOzcé/ NG, Ph Ph Ph OZNL/Ph
Ph
(rac)-19 (rac)-17 (rac)-20 S14h
Table 3. Optimisation of Sc-catalysed esterification.
Entry Studied Temperature Procedure’ Conversion 20:8!411 Notes
parameter ratio
1 r.t. 1 96% 2.4:1 Standard conditions.”
£
2 51 r.t. 2 74% 3.3:1 Alcohol added after 4 h.
2
~
3 r.t 2 nr. n.d. Alcohol added after 15 h.
4 r.t. 1 22% 3.7:1 1.0 equiv. of 21.
>
] .
k3 1.1 equiv. of 21.
5 g r.t. 2 30% 7.2:1
= 17 added after 1 h.
=]
% 1.1 equiv. of 21.
6 r.t 2 43% 8.2:1
17 added after 4 h.
g
g
7 = 0°C 1 46% 3:1 43 h reaction time.
2
=
-5}
ur
25 mol% Sc(OTH)s.
o0
8 5 £ r.t. 2 48% 4.6:1 17 added after 4 h.
O s
=
9 - r.t. 1 40% 2:1 MeNO2
g
2
10 @ r.t. 1 traces n.d. 1,4-dioxane
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11 r.t. 1 n.r. n.d. CH:Cl»

“Procedure 1: A (0.08 M) solution of Sc(OTf); was added dropwise to a mixture of 19, 17 and 21; Procedure 2: A solution
of 17 was added dropwise to a pre-stirred mixture of 19, 21 and Sc(OTf)3; Standard conditions refer to those in Fig. 4.

Tp=thiophene; n.r. = no reaction; n.d. = not determined.
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4.3. Synthesis of Racemic Diester

(rac)-Diester (20)

7 1N\
o]
S S
o]
. o) o) 21 Et0,C O O  CO,Et a
o (1.5 equiv.) O,N NO, o
E0,C” 2, 0 OH  s¢(OTf) (10 mol%) ;o o7 + S
NO. O.__CO,Et
Ph EtOZC)j/ 2 MeCN (0.21 M), rt, 19 h Ph Ph Lz
~_Ph
Ph OzN
(rac)-17 (rac)-19 (rac)-20 Sl.14h
dr. 11 (25%)

(65%)

Adapted from the conditions reported by Yamamoto and co-workers.’® A mixture of
(rac)-nitroalcohol 17 (52.0 mg, 0.21 mmol, 1.00 equiv.) and (rac)-acid 19 (82.0 mg, 0.21
mmol, 1.00 equiv.) was co-evaporated three times with toluene in a round-bottom flask and
dried thoroughly under high vacuum, before thiophene-2-carboxylic anhydride 21 (74.0 mg,
0.31 mmol, 1.50 equiv.) was added. The mixture was evacuated and backfilled with N three
times and was then dissolved in anhydrous MeCN (1 mL) under N». To the resulting solution
was added slowly over 2 minutes a solution of Sc(OTf); (10.0 mg, 0.02 mmol, 0.10 equiv.) in
anhydrous MeCN (0.25 mL). The reaction mixture was stirred at rt for 19 h, before it was
quenched with saturated aqueous NaHCO3 (2 mL). The layers were separated and the aqueous
phase was extracted with EtOAc (3 x 10 mL), and the combined organic extracts were washed
with brine (15 mL), dried over Na;SOyg, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography on silica gel (gradient 1.2% to 2.4% EtOAc
in toluene) to afford the inseparable mixture of diastereomers of (rac)-20 (d.r. 1:1, 85.0 mg,
0.14 mmol, 65%) as a pale yellow wax and the side-product S14h as a yellow viscous oil (19.0

mg, 0.05 mmol, 25%).

EtO,C O O  GCOEt

N N
02 \f\owo)j/ 02
Ph Ph
(rac)-20
dr.1:1

Rs=0.31 (5% EtOAc in toluene), UV active, stained with KMnOgy;

TH NMR (600 MHz, CDCI3): 6 = (both diastereomers) 8.44-8.35 (m, 4H), 7.55-7.42 (m, 20H),
6.58-6.52 (m, 4H), 4.24-4.13 (m, 8H), 2.67-2.42 (m, 4H), 2.08-1.91 (m, 4H), 1.25-1.17 (m,
24H);
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3C NMR (150 MHz, CDCI;3): 8 = (both diastereomers) 175.5, 175.4, 171.84, 171.79, 165.99,*
165.96,* 145.03, 144.99,* 144.97, 140.71, 140.70, 140.64, 140.61, 131.6,* 131.54,* 130.53,*
130.47,*% 129.9,* 129.8,* 129.51,* 129.48,* 65.82, 65.78, 65.75,* 62.82, 62.79, 62.76,* 42.08,
42.05, 34.62, 34.58, 29.80, 29.77, 25.4, 25.1, 24.9, 24.6, 14.1,* 14.0%;

Note: Due to overlapping peaks in the >C NMR spectrum, some peaks are missing/not

observed. Peaks that have overlapped a second peak have been marked with an asterisk (*).
IR (neat, cm™!): 1763, 1740, 1530, 1335, 1298, 1212, 1118, 1041, 1028, 766;

HRMS (EST*): Calc. for C31HasN2012Na [M+Na]': 649.2004; found: 649.2005.

/|

S 0o

o PR

S14h
Rs=0.47 (5% EtOAc in toluene), UV active, stained with KMnOa;

H NMR (500 MHz, CDCLs): § = 8.47 (s, 1H), 7.89 (dd, J= 3.8, 1.3 Hz, 1H), 7.64 (dd, J = 5.0,
1.3 Hz, 1H), 7.55-7.48 (m, 5H), 7.13 (dd, J = 5.0, 3.8 Hz, 1H), 6.78 (s, 1H), 4.25 (qq, J = 7.1,
3.6 Hz, 2H), 1.23 (t, J= 7.1 Hz, 3H);

I3C NMR (125 MHz, CDCl3): § =166.0, 160.6, 144.9, 140.9, 135.1, 134.1, 131.9, 131.6, 130.5,
130.0, 129.5, 128.2, 66.2, 62.9, 14.1;

IR (film, cm™): 1764, 1717, 1530, 1526, 1360, 1336, 1251, 1216, 1070, 742, 693;

HRMS (ESIY): Calc. for Ci7HisNOsS [M+H]": 362.0693; found: 362.0686; calc. for
C17H15N106S1Na; [M+Na]": 384.0512; found: 384.0518.
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4.4. Kinetic Resolution of (rac)-nitroalcohol 17

(R)-Carboxylic acid (19)

0._0__0 oH o 18 (15 mol%)
M ) ElOzC)j/ : CHCg, 1t, 3 ° oH
Ph 48% conversion Et0,C
16 (rac)-17
NO, (R-19
EtOzC)j/ (36%)

Ph
(S)-17
(45%)

Based on conditions reported by Chen and co-workers.>* To a solution of (rac)-nitroalcohol 17
(180 mg, 0.72 mmol, 1.00 equiv.) in anhydrous CHCl; (1.5 mL), were added sequentially
2,2-dimethylglutaric anhydride (61.0 mg, 0.43 mmol, 0.60 equiv.) and the chiral organocatalyst
18 (46.0 mg, 0.11 mmol, 0.15 equiv.). The reaction mixture was stirred at rt until ~50%
conversion (48%, 3 h, monitored by "H-NMR spectroscopy) and was then concentrated under
reduced pressure. The residue was partially purified through a short plug of silica (eluting with
50% EtOAc in n-hexane) to separate the mixture of (S)-17 and (R)-19 from the catalyst. For
characterisation purposes the residue was purified by column chromatography on silica gel
(gradient 12% to 66% EtOAc in n-hexane) to afford the enantioenriched (S)-nitroalcohol 17
(81.0 mg, 45%), and (R)-acid 19 (100 mg, 36%). Their spectroscopic data are in agreement

with the respective racemic substrates (rac)-17 and (rac)-19.

For (S5)-17: The enantiomeric excess (87% ee) was determined by HPLC [Daicel Chiralpak®
AD-H column with guard, 15% i-PrOH in n-hexane, 0.4 mL/min, 30 °C, 220 nm, tr = 26.82
min (R isomer, minor), 62.68 min (S isomer, major)], or [Chiralcel® OD-H column with guard,
10% i-PrOH in n-hexane, 0.5 mL/min, 254 nm, fr = 18.88 min (R-isomer, minor), 21.85 min
(S-1somer, major)]. The HPLC traces and retention times of the latter method are in agreement

with the ones reported in the literature for (S)-enriched 17.%

For (R)-19: The enantiomeric excess (80% ee) was determined by HPLC [Daicel Chiralpak®
AD-H column with guard, 23% i-PrOH in n-hexane, 0.5 mL/min, 254 nm, fr = 15.27 min

(S-isomer, minor), fr = 17.24 min (R-isomer, major)].
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HPLC traces of (rac)- and (S)-nitroalcohol 17

mV
1000j
750—5
s00]
JAN
20.0 22',5 25'.0 27'.5 3(;.0 32'.5 35'.0 37'.5 4(;.0 42'.5 45‘.0 47'.5 5(;.0 52'.5 55'.0 57'.5 6(;.0 62'.5 65'.0 67'.5 min
Peak#t Ret. Time Area Height Conc. AreaZ
1 26.817 20210103 618548 50.078 50.078
2 62.679 20147162 258159 49.922 49.922
Total 40357265 876707 100.000 100.000
mV.
1000~
7504
5004
250
o Ok J\ v
20.0 22‘.5 25‘0 27‘5 30‘0 32‘5 35‘0 37‘5 40‘0 42‘5 45‘0 47‘5 50‘0 52‘5 55‘0 57‘5 SUVAO 62‘5 65‘0 67‘5 min
Peak#t Ret. Time Area Height Conc. Area%
1 26.645 1384206 44643 6.456 6.456
2 61.295 20057488 276206 93.544 93.544
Total 21441694 320849 100.000 100.000
HPLC traces of (rac)- and (R)-acid 19
[1\%
125+
100+
754
50
25+
0 x 7
10.0 1{0 12‘.0 11{0 14{0 15‘.0 16‘0 17‘.0 18‘0 19‘0 26.0 21‘0 22'A0 21;.0 24‘0 min
Peak#t Ret. Time Area Height Conc. Area%
1 14.861 2217650 56154 47434 47434
2 16.707 2457641 28795 52.566 52.566
Total 4675331 84949 100.000 100.000
mV
125
100—3
73
503
259
; . .
10.0 11‘.0 12‘,0 11;.0 14‘.0 1%,0 16‘.0 1'},0 18‘.0 19‘.0 2&,0 21‘.0 22‘.0 23:,0 24‘.0 min
Peaki#t Ret. Time Area Height Conc. Area”Z
1 15.271 918985 23746 9.836 9.836
2 17.243 8424349 108573 90.164 90.164
Total 9343333 132718 100.000 100.000
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4.5 HPLC trace assignment of diester 20 isomers
The HPLC trace assignment for each isomer of diester 20 was conducted through a series of
Sc(OTf)s-catalysed esterification reactions between scalemic mixtures of the reaction

components (following the procedure described in Section 4.3.).

> (R,S) and (R,R) assignment through esterification between the (R)-acid 19 and

(rac)-nitroalcohol 17.

(RS)-20
/7 T\ Et0,C O O CO,Et
S 0 S O2N WOWOW NO,
(R)-19 (rac)-17 o o \ |
21 Ph Ph
o} o} OH (1.5 equiv.)
Sc(OTh)3 (10 mol%)
QWOH Et0,¢” N2 : (R R)-20
: | MeCN (0.21 M), rt, 19 h
Et0,C NO, Ph
2 U/ EtO,C O O  CO,Et
Ph OZN\(."O o NO,
Ph Ph
mV.
zoo—f
150]
100—3
0‘3 T T
35.0 37‘,5 4&,0 42‘,5 45:,0 47‘,5 56,0 52‘,5 5%,0 57‘,5 66.0 62‘,5 65'.0 67‘.5 76.0 72‘.5 75'.0 77‘.5 86.0 82‘.5 min
Peak#t Ret. Time Area Height Conc. Area”
1 40.098 5363859 107210 25.743 25.743
2 42070 5118721 92551 24 566 24 566
3 52.761 5044260 74001 24.209 24.209
4 78.729 5309355 51279 25.481 25.481
Total 20836195 325042 100.000 100.000
mv.
500
(R.S), (RR)
400
3004
200
100+
o] 3 x * T * T =
35.0 37‘.5 4&.0 42‘.5 45:.0 4'}.5 56.0 52‘.5 55.0 57.5 66.0 62‘.5 65:.0 6'}.5 76.0 72‘.5 75‘.0 7'}.5 86.0 82‘.5 min
Peak# Ret. Time Area Height Conc. Area”
1 39.952 23082670 441708 46.106 46.106
2 41818 22848501 400020 45638 45638
3 52674 1949539 28630 3.894 3.894
4 78.372 2183896 19792 4362 4362
Total 50064605 890149 100.000 100.000
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> (R,)S) and (S.,S) assignment through esterification between the (rac)-acid 19 and

(8)-nitroalcohol 17.

(R S)-20

a o R
(rac)-19 (9)17 S S o r\IjEtOzC 0] 0] COZE:\l o
O O 2 5 2
) - Ao
0 0 OH (1.5 equiv.) Ph P
OJL\/~><¥\OH ) EK%C/%]/NOZ So(OThs (10 mol%) (5,520
MeCN (0.21 M 19h
Et0,C | NO, Ph eCN (! ), rt,
o Et0,C O CO,Et
OzN\(\OWO\\-ﬁ/Nw
Ph Ph
mV
200—3
150—f
100—3
> /\u AN
0«3 ™ T 0l
35.0 37‘5 40‘0 42‘5 45‘0 47‘5 50‘0 52‘5 55‘0 57‘5 66.0 62‘5 65‘.0 67‘.5 76.0 72‘.5 75‘.0 77‘.5 86.0 82‘.5 min
Peaki#t Ret. Time Area Height Conc. Area”
1 40.098 5363859 107210 25.743 25.743
2 42.070 5118721 92551 24.566 24.566
3 52.761 5044260 74001 24.209 24.209
4 78.725 5309355 51279 25.481 25.481
Total 208361395 325042 100.000 100.000
[1\%
00
’ (R.S) (5.9)
400
300
200
100+
0 7 ¥ L -~ - ¢
35.0 37‘.5 40‘.0 42‘.5 45‘.0 47‘.5 50‘.0 52‘.5 55‘.0 57‘.5 60‘.0 62‘.5 65‘.0 67‘.5 76.0 72‘.5 75‘.0 77‘.5 86.0 82'.5 min
Peak# Ret. Time Area Height Conc. Area%
1 40.087 20261181 380931 41.255 41.255
2 41.967 3077661 53892 6.267 6.267
3 52.742 21394409 301341 43.562 43.562
4 78.604 4379136 41328 8.917 8.917
Total 49112387 777492 100.000 100.000
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> (5,5 and (S,R) assignment through esterification between the (S)-acid 19 and

(rac)-nitroalcohol 17.

The (S)-acid 19 was prepared from the corresponding (S)-nitroalcohol 17 according to the

experimental procedure in Section 4.2.

0s_0._0
lj (919

(S)-17
OoH 16 0 0
(1.0 equiv.)
Et0,C NO;  DABCO (0.3 equiv.) OWOH
CHCly, 1t, 24 h EtO,C NO,
Ph 3 M 2 \
Ph
(8,9)-20
/| B
S © S EtO,C O O  CO,Et
(S)-19 (rac)-17 ON W o
0O O 2 o o )
21 WI\/\ |
0 0 OH (1.5 equiv.) Ph Ph
NO. Sc(OTf)3 (10 mol%
0)‘\/><U\OH . EtOzc)E/ 2 (O3 ( 3 020
MeCN (0.21 M), rt, 19 h
EtO,C NO, Ph
| Et0,C O O CO,Et
Ph N
0, \(‘o e NO,
Ph Ph

200
1509
100

509

Peak# Ret. Time Area Height Conc. Area”
1 40.098 5363859 107210 25.743 25.743
2 42.070 5118721 92551 24.566 24.566
3 52.761 5044260 74001 24.209 24209
4 78.725 5309355 51279 25.481 25481
Total 20836195 325042 100.000 100.000
mv.
500 (S, S) (S’ R)
400+
3004
200
100 J\
,\/V\ N
Le F X ™ = 3 =

Peak# Ret. Time Area Height Conc. Area%
1 40.052 2743891 50116 5422 5422
2 41.891 2501727 44289 4944 4.944
3 52.551 22346593 319616 44161 44161
4 77.755 23010163 199584 45472 45472
Total 50602374 613606 100.000 100.000
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4.6. Synthesis of Enantioenriched Diester
Synthesised according to the procedure of Section 4.3. The spectroscopic data were in

agreement with those of the corresponding racemic diester (rac)-20.

7 1N
(0]
S S
(R)-19 ()17 o o (R,S)-20
21
o o OH (1.5 equiv.) EtO,C O O CO.Et
NO, Sc(OTf)3 (10 mol%) O,oN Y, o NO, inor i
0 oH . Et0,C | | (6 0 | + minor isomers
o MeCN (0.21 M), rt, 18 h
Etozc/j 2 Ph Ph Ph
Ph d.r. (hetero:homo) 5:1

(65% combined isolated yield)

The enantiomeric excess (98.2%) for the heterochiral 20 was determined by HPLC [Daicel
Chiralcel® AD-H column with guard, 15% i-PrOH in n-hexane, 0.4 mL/min, 30 °C, 220 nm,

tr = 39.21 min (R,S-isomer, major), fr =76.89 min (S, R-isomer, minor)].

HPLC traces of enantioenriched diester 20

mVv
30004

(R.S) (S.R)

25003
20004
1500]
10004

500

Peak#t Ret. Time Area Height Conc. Area%
1 39.205 89953346 1658147 99.104 99.104
2 76.889 813685 8707 0.896 0.896
Total 90767031 1666854 100.000 100.000
M RREB) (5.5) (S,R)
1500
1000—5
500—5
Gf T x = T = T L
35. 375 46.0 425 45‘.0 47.5 5(; 0 52‘.5 55.0 57.5 60.0 62‘.5 65.0 67.5 70.0 75.0 775 80.0 825 min
Peak# Ret. Time Area Height Conc. Area”Z
1 39.205 89953346 1658147 83.142 83.142
2 41.158 7548732 136489 6.977 6.977
3 51.838 9876428 144991 9.129 9.129
4 76.889 813685 8707 0.752 0.752
Total 108192151 1948334 100.000 100.000
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The d.r. (hetero:homo) was determined by the HPLC chromatogram integrations and was
further confirmed by quantitative 13C NMR experiment with relaxation time ;=14 sec (based
on the distinctive, highlighted in red methyl carbons of the spectrum below). The calculated
d.r. value (5.1:1) via this method is consistent with the one calculated from HPLC analysis

(Fig. 5).

Fig. 5. Determination of diastereomeric ratio by quantitative '*C NMR (125 MHz, CDCls).

EtO,C O O  COEt
Ph HaC CHa gy
hetero

s S |

T
25.2 25.1 25.0 24.9 24.8 24.7 24.6
f1 (ppm)
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5. Organocatalytic Stereoretentive Diastereoconvergent Reaction

Note: Attempts to identify a suitable achiral unsymmetrical bis-nucleophilic linker to utilize
Deng and co-worker’s (DHQD)>AQN catalytic system for enantioconvergent multi-component
reactions was unsuccessful.*® When using 3-methyl-1,3-butanediol no dimer was observed and
when using 4-hydroxy benzyl alcohol or ethanolamine there was insufficient selectivity
between the nucleophilic sites. Other potential linkers such as 4- (hydroxymethyl)cyclohexan-
1-ol or 4-(hydroxymethyl)cyclobutanol proved too difficult to readily access in diastereopure
form. In summary, further work will be required to identify suitable achiral bis-nucleophilic
linkers for this particular catalytic system. Nevertheless, use of (R)/(S)-1,2-propanediol
demonstrates that triple stereodifferentiation can be observed and leveraged using this
(DHQD)>AQN catalytic system.

5.1. Preparation of starting materials

N-carboxyanhydride (S15)

Q T3P (1.2 equiv.) (o)
WOH pyridine (1.0 equiv.) _ ©/\(‘<O
NHBoc EtOAc, t, 3 HN—(

$15
(73%)

Based on the procedure reported by Martinez and co-workers.>® N-Boc-DL-phenylalanine (3.00
g, 11.0 mmol, 1.00 equiv.) was dissolved in ethyl acetate (225 mL) at room temperature. Propyl
phosphonic anhydride (T3P) (50% w/w in EtOAc, 8.40 g, 13.2 mmol, 1.20 equiv.) was added
followed by pyridine (0.89 mL, 11.0 mmol, 1.00 equiv.). The resulting solution was stirred at
room temperature for 3 h. Following this, 150 mL of ice water was added. The biphasic mixture
was partitioned and the organic phase was washed with brine (2 x 150 mL), dried over MgSO4
and concentrated under reduced pressure to give a wet beige solid, which was washed with
cold n-hexane (15 mL) and filtered. The desired N-carboxyanhydride (1.53 g, 8.00 mmol, 73%)

was obtained as a white solid after filtration.
Analytical data were consistent with those reported in the literature.>’

TH NMR (500 MHz, CDCls): & = 7.39-7.29 (m, 3H), 7.22-7.16 (m, 2H), 6.12 (s, 1H), 4.53
(ddd, J=8.2,4.1,0.9 Hz, 1H), 3.28 (dd, J= 14.1, 4.2 Hz, 1H), 3.01 (dd, J = 14.1, 8.3 Hz, 1H);

13C NMR (126 MHz, CDCl3): = 168.8, 151.8, 134.1, 129.4, 129.3, 128.2, 59.0, 38.0.
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N-Cbz-N-carboxyanhydride (23)

(0]
Cl)J\O
7 0]
(1.3 equiv.)

0 - o

HN—( NMM (1.5 equiv.) N~
e} THF,-20°Cthenrt, 1 h Cbz S

S$15 23

(60%)

Based on the procedure reported by Naider and co-workers.®® A solution of
N-carboxyanhydride (1.50 g, 7.80 mmol, 1.00 equiv.) in dry THF (20 mL) was cooled to —20
°C to which benzyl chloroformate (1.45 mL, 10.1 mmol, 1.30 equiv.) was added. Then, a
solution of N-methylmorpholine (NMM) (1.29 mL, 11.7 mmol, 1.50 equiv.) in dry THF (5 mL)
was added slowly over 10 min. After addition, the reaction mixture was warmed up to room
temperature and stirred for 1 h. Following this, the reaction mixture was cooled back to —20 °C
and acidified with HCI (4 M in 1,4-dioxane) to pH = 3 (ca. 1.5 mL). The suspension was then
filtered on Celite®, and the solid was washed with dry THF (4 x 10 mL). The filtrate was then
concentrated under reduced pressure. The pale white solid was recrystallised from hot TBME
(40 mL) and hot n-hexane (15 mL), where crystallisation occurred at =20 °C overnight. The
white crystals were filtered, washed with cold n-hexane and dried to give the desired N-

carboxybenzyl carboxyanhydride (1.53 g, 4.71 mmol, 60%).
Analytical data were consistent with those reported in the literature.>

'H NMR (500 MHz, CDCls): & = 7.49-7.40 (m, 5H), 7.30-7.18 (m, 3H), 6.94-6.88 (m, 2H),
5.41 (s, 2H), 4.94 (dd, J = 5.8, 2.6 Hz, 1H), 3.48 (dd, J = 14.3, 5.8 Hz, 1H), 3.30 (dd, J = 14.3,
2.6 Hz, 1H);

I3C NMR (101 MHz, CDCl3): & = 165.5, 149.4, 145.7, 134.3, 132.1, 129.5, 129.32, 129.28,
129.0, 128.9, 128.4,70.0, 61.1, 35.2.
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5.2. Procedure for the Kinetic Resolution

o} (e}
? it 'S
) R) S) R)
Ph - Ho/\L?/OH (DHQD),AQN (10 moIA>)= Ph - PhA(E)l\o/\(‘/OH . Ph/\(E)LO S OH
CbZ/N\\< Et,0 (0.025 M), =40 °C, 24 h CbZ/N\\( coz N coz
© 51% conversion ©
2 (S)-22 (R,S)-S16 (r.r.93:7) (R,S)-817
) i (42%) (80% de)
(1.0 equiv) (0.55 equiv) (80% de)
o Mel (3.0 equiv.) o
H,O S KHCO3 (3.0 iv. )
> Ph ) OH 3 (3.0 equiv.) Ph ) 0/
DMF, rt, 3 h
THF Cbz,NH Cbz’NH
(S)-818 (S)-819

(47%)
(72% ee)

A 10 mL Schlenk tube was charged with N-carboxybenzyl carboxyanhydride 23 (65 mg, 0.20
mmol, 1.00 equiv.) and placed under high vacuum overnight. Following this, the Schlenk tube
was filled with N and dry Et;O (6.0 mL) was added and the mixture was stirred for 20 min,
until N-carboxybenzyl carboxyanhydride was fully dissolved. Molecular sieves 4A (powdered,
50 mg) were then added and the solution was stirred for 15 min at room temperature. Following
this, (DHQD);AQN (17 mg, 0.02 mmol, 10 mol%) was added and the reaction was cooled
down to —40 °C. At this temperature, 1.0 mL of a stock solution of (S)-1,2-propanediol (8.4
mg, 0.11 mmol, 0.55 equiv.) in dry Et;O was added and the reaction mixture was stirred at —40
°C for 24 h. The following day, HCI in Et:O (2 M, 1.0 mL) was added at —40 °C. The reaction
mixture was stirred for five additional minutes and was then brought back to room temperature.
The reaction mixture was then washed with aqueous HCI (2 M, 2 x 3 mL), further with brine
(5 mL), dried over Na;SO4 and concentrated under reduced pressure to give a colourless oil as
a crude residue. (Conversion was measured at this stage by 'H NMR spectroscopy using 1,2-
dimethoxyethane as internal standard.)

The crude residue was then dissolved in THF (8 mL) and H>O (2 mL). The solution was left to
stir for 16 h at room temperature. Following this, THF was removed under reduced pressure
and diethyl ether (10 mL) was added to the resulting aqueous phase. The organic phase was
then washed with aqueous NaxCOs; (1 M, 2 X 5 mL), dried over Na>SOs, filtered and
concentrated under reduced pressure to give the crude ester (26 mg, 0.08 mmol, 42%, 80% de)
as an inseparable 93:7 mixture of both regioisomers S16:S17.* The aqueous phase was
acidified with concentrated aqueous HCI to pH = 4, extracted with EtOAc (3 x 10 mL), dried
over Na;SO4 and concentrated under reduced pressure to give the crude acid (29 mg, 0.1 mmol)
as a colourless oil.

Subsequently, the crude acid was dissolved in dry DMF (1.4 mL). KHCOs (41 mg, 0.41 mmol,
4.10 equiv.) was added followed by Mel (26 uL, 0.41 mmol, 4.10 equiv.) and the reaction
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mixture was stirred at room temperature for 3 h. Following this, the reaction was diluted with
EtOAc (10 mL) and H>O (5 mL). The organic phase was washed with H>O (3 x 5 mL), then
with aqueous Na>xCOs (1 M, 5 mL) and brine (5 mL). The organic phase was dried over Na>SQOa,
filtered and concentrated under reduced pressure to give the crude methyl ester S19 (29.8 mg,
0.09 mmol, 47%, 72% ee) as a colourless oil that was used without further purification.

Note: (A) Attempts to purify S16 by flash chromatography were thwarted by acyl

1,4-migration which gave ester S17.
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N-Cbz-pDL-phenylalanine ester ((R,S$)-S16)

Cbz

(0]
R S
Ph/\gLo/\L‘)/OH
_NH

(R,S)-S16

Rs=0.42 (50% EtOAc in n-hexane), stained with KMnOy;

IH NMR (500 MHz, CDCls): & = 7.39-7.22 (m, 8H), 7.15 (d, J = 6.9 Hz, 2H), 5.26-5.18 (m,
1H), 5.10 (t, J = 3.2 Hz, 2H), 4.63 (q, J = 6.7 Hz, 1H), 4.11 (dd, J = 14.8, 8.0 Hz, 1H), 3.93
(dd, J=11.9, 6.4 Hz, 2H), 3.18 — 3.06 (m, 2H), 1.92 (brs, 1H), 1.13 (d, J = 6.3 Hz, 3H);

13C NMR (126 MHz, CDClz): & = 171.7, 156.0, 136.2, 135.9, 129.4, 128.9, 128.7, 128.4,
128.3,127.4,70.6, 67.3, 65.8, 55.3, 38.5, 18.9;

HRMS (ESI): Calc. for C20H23NOsNa [M+Na]": 380.1468, found: 380.1459;

IR (thin film, cm™): 3346, 2976, 1701, 1514, 1497, 1263, 1249, 1052, 1027, 733;

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45

min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0

mL/min, 40 °C, 220 nm, fr = 41.34 min (S,S-isomer), tr = 45.95 min (R,S-isomer), 80% de.

mv

200+

150+

0.0

~ © © =
R 5 2
o 0 2} 9
s 4 € <
,J«_.‘._,_.v__/\wﬁ,\,_,\_/ . Y v AAAL
0.0 25 50 75 100 125 150 175 200 235 250 275 300 325 350 815 400 425 450 475 min
Peak# Ret. Time Area Height Conc. Area%
1 38.427 228491 4303 10.364 10.364
2 40.256 842793 15538 38.229 38.229
3 44646 908331 16034 41.201 41.201
4 47.724 225005 3463 10.206 10.206
Total 2204620 39338 100.000 100.000
mVv
o o
5 &
) )
() €
1004
o]
275 570 775 10‘ 0 12‘ 5 15‘ 0 17‘ 5 26 0 22‘ 5 25;.0 27‘ 5 36.0 32‘.5 35;.0 37‘.5 46.0 42‘.5 45;.0 47‘.5 min
Peak# Ret. Time Area Height Conc. Area%Z
1 41.342 1150840 20397 10.304 10.304
2 45.952 10017606 160771 89.696 89.696
Total 11168446 181168 100.000 100.000
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N-Cbz-pDL-phenylalanine methyl ester ((5)-S19)

o]

S
Ph/\t‘yj\o/

NH
Cbz”
(S)-519

Analytical data were consistent with those reported in the literature.5

H NMR (400 MHz, CDCls): & = 7.41-7.19 (m, 8H), 7.13-7.06 (m, 2H), 5.22 (d, J = 7.4 Hz,

1H), 5.10 (d, J = 3.5 Hz, 2H), 4.67 (dt, /= 8.3, 5.9 Hz, 1H), 3.72 (s, 3H), 3.11 (qd, /= 13.7,
6.0 Hz, 2H);

BC NMR (126 MHz, CDCl3): §=172.1, 155.8, 136.4, 135.8, 129.4, 128.8, 128.7, 128.3, 128.2,
127.3,67.1, 54.9, 52.4, 38.4;

HPLC: Daicel Chiralcel® OD-H column with guard, gradient 5% i-PrOH in n-hexane; 1.0
mL/min, 30 °C, 220 nm, #r = 22.02 min (S-isomer), tr = 26.84 min (R-isomer), 72% ee.

mv

100

(S)-s19
(R)-S19

75+

50

WANIVN &
T
275 min

T = T
0.0 2?5 510 775 10‘.0 12‘.5 15;.0 1'}.5 26.0 22‘.5 25;.0
Peak#t Ret. Time Area Height Conc. Area%
1 22545 2297856 62727 49.841 49.841
2 27.111 2312476 49983 50.159 50.159
Total 4610332 112709 100.000 100.000
mV.
o -
4007 & @
2 &
3004
200+
100+
7 T T =
0.0 2?5 510 7'5 10‘.0 12‘.5 15;.0 1'}.5 26.0 22‘.5 25;.0 2'}.5 min
Peak# Ret. Time Area Height Conc. Area”
1 22.016 8885289 232675 85.915 85.915
2 26.841 1457281 32065 14.085 14.085
Total 10346570 264744 100.000 100.000
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5.3. Procedure for the Stereoretentive Diastereoconvergent Coupling:

o (DHQD),AQN (10 mol%) 0 HN~ P
Et,0 (0.025 M), -40 °C, 24 h ~al @ o\n)\/Ph
Ph o - HO/\L‘S)/OH then - Ph s o/\ﬂ/ ) B
. \\( Cbz”
0

DMAP (0.25 equiv.), rt

25
(77%)
(93% de; hetero:homo 3.2:1)

23 (9)-22
(1.0 equiv) (0.55 equiv)

A 10 mL Schlenk tube was charged with N-carboxybenzyl carboxyanhydride 23 (65 mg, 0.20
mmol, 1.00 equiv.) and placed under high vacuum overnight. Following this, the Schlenk tube
was filled with N> and dry EtO (6.0 mL) was added and the mixture was stirred for 20 min,
until N-carboxybenzyl carboxyanhydride was fully dissolved. Molecular sieves 4A (powdered,
50 mg) were then added and the solution was stirred for 15 min at rt. Following this,
(DHQD);AQN (17 mg, 0.02 mmol, 10 mol%) was added and the reaction was cooled down to
—40 °C. At this temperature, 1.0 mL of a stock solution of (§)-1,2-propanediol 22 (8.4 mg, 0.11
mmol. 0.55 equiv.) in dry Et20 was added and the reaction mixture was stirred at —40 °C for
24 h.A The following day DMAP (6 mg, 0.05 mmol, 0.25 equiv.) was added and the reaction
mixture was brought back to room temperature and stirred for an additional 24 h. Following
this, the reaction was cooled to 0 °C and HCI in Et;O (2 M, 1.0 mL) was added. The reaction
mixture was then washed with aqueous HCI (2 M, 2 x 3 mL), further with brine (5 mL), dried
over NaxSO4 and concentrated under reduced pressure to give a colourless oil as a crude
residue.

To accurately determine the diastereoisomeric ratios of products, the crude reaction mixture
had to be analysed by chiral stationary phase HPLC using an internal standard for
quantification. Therefore, a stock solution of this crude residue in i-PrOH (5 mL) was prepared.
An analytical solution of the crude residue in i-PrOH (2 mL) was prepared from 500 pL of
stock solution and 500 pL of stock solution of internal standard (R,R)-S22 (4.0 mg/mL).B The
desired product was found to be formed in 93% de, hetero:homo 3.2:1.

Following this, samples were combined and purified by column chromatography on silica gel
(5-20% EtOAc in n-hexane) to give the desired dimer 25 (50 mg, 0.08 mmol, 77% yield, 93%
de, heterochomo 3.2:1) as a colourless 0il.© The diastereoisomers can be further separated by
PTLC (20% EtOAc in n-hexane) to give the dimers (99.5% de, heterozhomo 8:1).P

Notes: (A) On a 1.0 mmol scale, (S)-1,2-propanediol 22 (41.8 mg, 0.55 mmol. 0.55 equiv.) was
dissolved in dry Et;O (5 mL) and added slowly over 5 min. (B) For a 1.0 mmol scale reaction,
the crude product (455 mg) was dissolved in a minimum of CH>Cl, and an aliquot was taken

and concentrated under reduced pressure. The resulting crude material (67.8 mg) was used for
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the preparation of a stock solution in i-PrOH (5 mL). An analytical solution of the crude residue
in i-PrOH (2 mL) was prepared from 500 pL of stock solution and 500 uL of stock solution of
internal standard (4.0 mg/mL). Diastereoisomeric ratios were determined for the crude sample
(92% de, hetero:homo 2.8:1). (C) On a 1.0 mmol scale, samples were combined and purified
by column chromatography on silica gel (5-20% EtOAc in n-hexane) to give the desired dimer
25 (276 mg, 0.43 mmol, 86% yield, 92% de, heterochomo 2.8:1) as a colourless oil. (D)
Preparation of an equimolar mixture of the racemic diastereoisomer was performed on 0.2
mmol scale following the same procedure at room temperature, using NEt3 (60.0 pL, 0.44

mmol, 2.20 equiv.) instead of (DHQD2)AQN.

The following characterisation were recorded for stereopure samples prepared through the

procedures reported Section 5.4.

Heterochiral dimer ((R,S,S$)-25)

0 H\N/Cbz
", sL0_ (S
T
N (o}

Cbz H

(RS,S)-25
Rs=0.15 (30% EtOAc in n-hexane), stained with KMnQy;
MP: 103-105 °C (n-hexane/EtOAc);

'H NMR (500 MHz, CDCls): 8 = 7.39-7.19 (m, 16H), 7.16-7.08 (m, 4H), 5.27 (d, J = 8.4 Hz,
1H), 5.23 (d, J = 8.3 Hz, 1H), 5.18-5.00 (m, 5H), 4.64 (td, J= 8.5, 4.3 Hz, 2H), 4.11 (qd, J =
11.9, 4.7 Hz, 2H), 3.12 (ddd, J = 14.8, 9.2, 5.8 Hz, 2H), 3.03 (dd, J = 14.0, 6.7 Hz, 2H), 1.20
(d, J = 6.5 Hz, 3H);

13C NMR (126 MHz, CDCl3): 8 = 171.4, 171.0, 155.80, 155.77, 136.4, 136.3, 135.8, 135.7,
1294, 129.3, 128.79, 128.74, 128.6, 128.3, 128.22, 128.20, 127.32, 127.30, 69.5, 67.13, 67.10,
66.7, 55.0, 54.9, 38.12, 38.09, 16.4;

HRMS (ESI"): Calc. for C37H3sN>OgNa [M+Na]": 661.2520, found: 661.2494;
IR (thin film, cm™): 3032, 2960, 2925, 1739, 1511, 1497, 1456, 1259;

[a]3%=+3.8 (¢ = 0.62, CHCl3);
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HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0
mL/min, 40 °C, 220 nm, tr = 85.92 min (R,S,R isomer), fr = 88.68 min (S,S,R isomer), tr =
90.35 min (S,S,S isomer), fr = 96.68 min (internal standard (R,R)-S22), tr =99.39 min (R,S,S

isomer), 92% de, hetero:homo 2.8:1.

Heterochiral dimer ((S,S,R)-25)

0 H\N/Cbz
so .,
YRS
Coz N °

(S.S.R)-25
R:=0.17 (30% EtOAc in n-hexane), stained with KMnOy;

'H NMR (500 MHz, CDCls): § = 7.39-7.20 (m, 16H), 7.18-7.08 (m, 4H), 5.48 (d, J= 8.4 Hz,
1H), 5.35 (d, J= 8.0 Hz, 1H), 5.14-4.99 (m, 5H), 4.67 (q, J= 7.0 Hz, 1H), 4.60 (q, J = 6.9 Hz,
1H), 4.25 (dd, J= 11.8, 3.4 Hz, 1H), 4.00 (dd, J= 11.8, 7.0 Hz, 1H), 3.18-3.10 (m, 2H), 3.05
(td, J= 13.0, 6.8 Hz, 2H), 1.14 (d, J = 6.6 Hz, 3H);

I3BCNMR (126 MHz, CDCl3): §=171.3,171.2,155.9, 155.8, 136.4, 136.3, 136.0, 135.8, 129 4,
129.3,128.72,128.70, 128.6, 128.3, 128.21, 128.17, 128.1, 127.3, 127.2,69.3, 67.1, 67.0, 66.6,
55.0, 38.1, 38.0, 16.2;

HRMS (ESI"): Calc. for C37H33sN2OsNa [M+Na]": 661.2520, found: 661.2494;

IR (thin film, cm™): 3300, 3030, 1704, 1518, 1497, 1205, 1052, 690;
[a]3®=+2.19 (c = 0.82, CHCl5);

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0
mL/min, 40 °C, 220 nm, tr = 85.92 min (R,S,R isomer), fr = 88.68 min (S,S,R isomer), tr =
90.35 min (S,S,S isomer), fr = 96.68 min (internal standard (R,R)-S22), tr =99.39 min (R,S,S

isomer).
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Homochiral dimer ((S,S,5)-25)

0 H\N/Cbz
L0
@/\%Lo/\r
Coz N °

(S.S,5)-25

Rs=0.15 (30% EtOAc in n-hexane), stained with KMnQOy;

'H NMR (500 MHz, CDCL): § = 7.38-7.21 (m, 16H), 7.13 (dd, J = 12.5, 6.9 Hz, 4H), 5.36 (d,
J=9.5Hz, 1H), 5.33-5.27 (m., 1H), 5.17-5.01 (m, 5H), 4.65 (ddd, J = 15.0, 8.7, 6.3 Hz, 2H),
4.21(dd,J=11.8,3.6 Hz, 1H), 4.00 (dd, J= 11.8, 6.8 Hz, 1H), 3.14 (dd, J= 14.0, 6.1 Hz, 2H),
3.09-3.00 (m, 2H), 1.20 (d, J = 6.6 Hz, 3H);

3C NMR (126 MHz, CDCl3): & = 171.3, 171.0, 155.80, 155.77, 136.33, 136.29, 135.81,
135.77,129.4, 129.3, 128.8, 128.7, 128.6, 128.3, 128.2, 127.3, 69.5, 67.07, 67.05, 66.7, 55.04,
55.01, 38.3, 38.1, 16.3;

HRMS (ESI*): Calc. for C37H3sN20sNa [M+Na]™: 661.2520, found: 661.2514;
IR (thin film, cm™): 3303, 2954, 1745, 1514, 1455, 1254, 1053, 697;
[a)3°=+27.6 (c = 1.04, CHCl5);

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0
mL/min, 40 °C, 220 nm, fr = 85.92 min (R,S,R isomer), fr = 88.68 min (§,S,R isomer), rr =
90.35 min (S,S,S isomer), fr = 96.68 min (internal standard (R,R)-S22), tr =99.39 min (R,S,S

isomer).
Homochiral dimer ((R,S,R)-25)
n, AN NGO ..,
QLY
Cbz”™ "H

(R.S,R)-25

R:=0.17 (30% EtOAc in n-hexane), stained with KMnOy;
MP: 94-98 °C (n-hexane/EtOAc);

TH NMR (500 MHz, CDCl3): & = 7.39-7.20 (m, 16H), 7.18-7.08 (m, 4H), 5.48 (d, J= 8.4 Hz,
1H), 5.35 (d, J= 8.0 Hz, 1H), 5.14-4.99 (m, 5H), 4.67 (q, J = 7.0 Hz, 1H), 4.60 (g, J = 6.9 Hz,
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1H), 4.25 (dd, J = 11.8, 3.4 Hz, 1H), 4.00 (dd, J= 11.8, 7.0 Hz, 1H), 3.18-3.10 (m, 2H), 3.05
(td, J=13.0, 6.8 Hz, 2H), 1.14 (d, J = 6.6 Hz, 3H);

13C NMR (126 MHz, CDCl3): 8 = 171.5, 171.2, 156.0, 155.9, 136.4, 136.3, 136.0, 135.8,
129.44, 129.38, 128.76, 128.74, 128.6, 128.27, 128.24, 128.20, 127.3, 127.2, 69.3, 67.12,
67.08, 66.7, 55.1, 38.2, 38.0, 16.2;

HRMS (ESI"): Calc. for C37H3sN20sNa [M+Na]*: 661.2520, found: 661.2494;
IR (thin film, cm™): 3330, 2966, 1748, 1734, 1696, 1534, 1346, 1257, 1211, 1046, 745, 690;
[a]®=—8.80 (¢ = 1.35, CHCL3);

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0
mL/min, 40 °C, 220 nm, #fr = 85.92 min (R,S,R isomer), fr = 88.68 min (§,S,R isomer), fr =
90.35 min (S,S,S isomer), tr = 96.68 min (internal standard (R,R)-S22), tr =99.39 min (R,S,S
isomer).

mv.

30

o ~
2 =
u.)w
@ o
L

(S,5)-817
(R,S,R)-25
(S,S,R)-25
(S,S,8)-25

internal standard

(R,S,5)-25

209

T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100

Peak# Ret. Time Area Height Conc. Area%
1 84.364 1003161 22981 28.241 28.241
2 87.137 910798 19058 25.640 25.640
3 89.055 707137 12670 19.907 19.907
4 98.234 931091 14137 26.212 26.212
Total 3552186 68845 100.000 100.000

HPLC chromatogram of the crude reaction mixture (0.2 mmol scale)

mv.
250

L L W o

e o dA N5 o

] ? ? x x v o [

200 [ g9 a5 lg

i 4 o €445 g
150+ ~ g
1 £
] L

100

T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100

Peak# Ret. Time Area Height Conc. Area%
1 85.921 2786157 60815 9.503 9.503
2 88.867 584386 11992 1.993 1.993
3 90.353 2426565 42517 8.276 8.276
4 96.680 8015925 130995 27.340 27.340
5 99.391 15506357 208429 52.888 52.888
Total 29319390 454748 100.000 100.000
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Peakit Ret.Time |  AreaA | Area/Area® | corr.A/A® | d.r.
at 85.21 2786157 0.347577 0.331121 4.7
2 88.867 584386 0.072903 0.069965 1.0
3 90.353 2426565 0.302718 0.296492 4.2
4 96.680 8015925 - .
5 99.391 15506357 1.934443 1.926929 27.5

Note: Corrected A/A'S were calculated using the correction factors obtained from the
calibration curve for the homo- and heterodimer: k®55 =1.0086; k5% =1.0420; k55 =1.0210;
kBSR =1.0497. (See full details in Section 5.6)

HPLC chromatogram of the purified reaction mixture (1.0 mmol scale)

250

200

150

100

(R,S,R)-26
(S,S,R)-25
(S,S,5)-25

(R,S,5)-26

internal standard

20

30

Peaki#t Ret. Time Area Height Conc. Area”

1 86.756 3905735 81555 11.500 11.500

2 89.873 837978 17099 2467 2467

3 91.396 3005112 51923 8.848 8.848

4 97.810 8006421 128197 23.574 23.574

5 100.595 18208060 235173 53.611 53.611

Total 33963306 513948 100.000 100.000

Peakit Ret.Time |  AreaA | Area/area® [ corr.a/a® | d.r.

il 86.756 3905735 0.487825 0.464728 4.6
2 89.873 837978 0.104663 0.100444 1.0
3 91.396 3005112 0.375338 0.367618 3.7
4 97.810 8006421 - -
5 100.595 18208060 2.274182 2.265347 22.6

HPLC chromatogram of the purified reaction mixture by PTLC (0.2 mmol scale)

2004

150

1004

50

(S,S,5)-26

(R,S,5)-26

internal standard
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Peaki#t Ret. Time Area Height Conc. Area%

1 87.160 36642 817 0.145 0.145

2 90.596 30158 772 0.119 0.118

3 91.712 1923714 32702 7615 7.615

4 98.128 7435692 119120 29.434 29.434

5 100.938 15835778 206644 62.686 62.686

Total 25261985 360055 100.000 100.000

Peakit Ret.Time |  AreaA | Area/Area® | corr.A/A® | d.r.

1 87.16 36642 0.004928 0.004695 1.2
2 90.596 30158 0.004056 0.003892 1.0
3 91.712 1923714 0.258714 0.253392 65.1
4 98.128 7435692 - = -
5 100.938 15835778 2.129698 2.12142 545.1
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5.4. Preparation of Authentic Samples
TBS-protected diol (S20)

TBSCI (1.0 equiv.)
Ho/\rOH imidazole (1.05 equiv.) - TBSO/\rOH
CHyClp, 0°C, 16 h
" S20
(85%)

Based on the procedure reported by Harran and co-workers.%! (5)-1,2-propanediol 22 (1.00 g,
13.1 mmol, 1.00 equiv.) was dissolved in CH>Cl> (100 mL). Imidazole (940 mg, 13.8 mmol,
1.05 equiv.) was added and the reaction mixture was cooled down to 0 °C. TBSCI1 (1.97 g, 13.1
mmol, 1.00 equiv.) was added at 0 °C and the reaction was brought back to room temperature
and stirred for 16 h. Following this, the reaction mixture was filtered through cotton and
concentrated under reduced pressure. The crude was purified by silica plug (10% EtOAc in n-

hexane) to give the protected diol (2.11 g, 11.1 mmol, 85%) as a colourless liquid.
Analytical data were consistent with those reported in the literature.5!

'H NMR (400 MHz, CDCls): & = 3.82 (dqd, J = 7.7, 6.3, 3.3 Hz, 1H), 3.59 (dd, J = 9.8, 3.4
Hz, 1H), 3.35 (dd, J=9.9, 7.8 Hz, 1H), 1.12 (d, /= 6.3 Hz, 3H), 0.91 (s, 9H), 0.08 (s, 6H);

13C NMR (101 MHz, CDClz): = 68.7, 68.1, 26.0, 18.5, 18.4, =5.2, =5.3.
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N-Cbz-L-phenylalanine or N-Cbz-D-phenylalanine (S18)

o
CI)I\O/\©
0 (e}
OH (2.0 equiv.) _ ©/\H‘\OH
NH, > NHGCbz

NaHCO; (10.0 equiv.)
H,O/toluene 6:1, 0 °C then rt, 16 h

$18

Based on the procedure reported by Schoenebeck and co-workers.’> D- or L-phenylalanine
(1.65 g, 10.0 mmol, 1.00 equiv.) was suspended in water (40 mL) at 0 °C followed by the
addition of sodium bicarbonate (8.40 g, 100 mmol, 10 equiv.). A solution of benzyl
chloroformate (2.85 mL, 20.0 mmol, 2.0 equv.) in toluene (7 mL) was added in a dropwise
manner at 0 °C. After addition, the reaction mixture was warmed to room temperature and
stirred overnight. Following this, the phases were separated and the aqueous phase was washed
with Et,O (4 x 20 mL). The aqueous phase was then acidified with HCI 1 M (ca. 95 mL) to pH
= 1 and extracted with ethyl acetate (3 x 50 mL). The combined organic phases were then dried
over NaxSQq, filtered, and concentrated under reduced pressure to give a thick colourless oil
(R-enantiomer, 2.35 g, 7.9 mmol, 79% yield; S-enantiomer, 1.70 g, 5.7 mmol, 57% yield) after

drying under high vacuum.
Analytical data were consistent with those reported in the literature.®

H NMR (600 MHz, CDCls): & = 7.39-7.23 (m, 8H), 7.17-7.13 (m, 2H), 5.17 (d, J= 7.7 Hz,
1H), 5.14-5.06 (m, 2H), 4.71 (dt, J = 8.4, 5.9 Hz, 1H), 3.21 (dd, J = 14.0, 5.5 Hz, 1H), 3.12
(dd, J=14.2, 6.2 Hz, 1H);

I3C NMR (126 MHz, CDCl3): §=176.4, 156.0, 136.2, 135.6, 129.5, 128.8, 128.7, 128 .4, 128.3,
127.4,67.3, 54.7, 37.9.
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TBS-protected alcohol ((S,5)-S21 or (R,R)-S21)

0 EDCI (1.1 equiv.) 0
WOH . TBSO /\rOH DMAP (0.1 equiv.) . OJ\/OTBS
HN., CH,Clp, 0°C, 1 h HN.g,
s18 $20 s21
(1.0 equiv.) (1.2 equiv.)

D or L- N-benzyloxycarbonyl-phenylalanine S18 (180 mg, 0.60 mmol, 1.00 equiv.) was
dissolved in CH2Cl> (6 mL) at 0 °C. DMAP (7.30 mg, 0.06 mmol, 0.10 equiv.) and EDCI (102
mg, 0.66 mmol, 1.10 equiv.) were then added followed by a solution of the alcohol S20 (137
mg, 0.72 mmol, 1.20 equiv.) in CH2Cl> (2 mL) at 0 °C. The reaction mixture was left to stir for
1 h at this temperature. Following this, the reaction mixture was washed with saturated aqueous
NaHCOs (10 mL), the organic phase was collected and further washed with brine (15 mL),
dried over Na;SOys, filtered and concentrated under reduced pressure. The crude residue was
purified by column chromatography on silica gel (10-20% EtOAc in n-hexane) to give the
desired ester S21 (S-enantiomer, 200 mg, 0.43 mmol, 71%; R-enantiomer, 200 mg, 0.43 mmol,

71%) as a colourless oil.

TBS-protected alcohol ((S,5)-21)

i
TB.
HN\Cbz
(5,5)-821

R:=0.26 (5% EtOAc in n-hexane), stained with KMnOs;

'H NMR (500 MHz, CDCls): & = 7.38-7.30 (m, 5H), 7.29-7.21 (m, 3H), 7.16-7.13 (m, 2H),
5.22(d,J= 8.4 Hz, 1H), 5.09 (q, J = 12.3 Hz, 2H), 4.95 (td, J = 6.2, 4.7 Hz, 1H), 4.65 (dt, J =
8.4, 5.8 Hz, 1H), 3.61 (dd, J = 10.8, 5.9 Hz, 1H), 3.55 (dd, J = 10.7, 4.7 Hz, 1H), 3.16 (dd, J =
13.9, 5.8 Hz, 1H), 3.08 (dd, J= 13.9, 6.0 Hz, 1H), 1.21 (d, J = 6.5 Hz, 3H), 0.90 (s, 9H), 0.07
(d, J=4.1 Hz, 6H);

I3C NMR (126 MHz, CDCl3): § = 171.2, 155.7, 136.5, 135.9, 129.6, 128.63, 128.61, 128.3,
128.2,127.2,73.1, 67.0, 65.5, 55.0, 38.4, 26.0, 18.4, 16.4, =5.25, =5.27;

HRMS (ESI): Calc. for C26H37NOsNa [M+Na]": 494.2333, found: 494.2333;
IR (thin film, cm™): 2954, 1724, 1506, 1251, 837, 697,

[a]3%=+14.0 (c = 1.20, CHCl5).
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TBS-protected alcohol ((R,S)-S21)

(e] J\/
ot
HN\Cbz
(R.9)-S21
Rs=0.29 (5% EtOAc in n-hexane), stained with KMnOQOy;

'H NMR (500 MHz, CDCls): & = 7.39-7.29 (m, 5H), 7.29-7.21 (m, 3H), 7.17-7.09 (m, 2H),
5.27 (d,J = 8.2 Hz, 1H), 5.10 (d, J = 2.2 Hz, 2H), 4.95 (h, J = 6.3 Hz, 1H), 4.64 (dt, J = 8.2,
6.0 Hz, 1H), 3.61 (dd, J=10.7, 5.5 Hz, 1H), 3.54 (dd, J= 10.8, 5.0 Hz, 1H), 3.12 (qd, J= 13.9,
5.9 Hz, 2H), 1.18 (d, J = 6.5 Hz, 3H), 0.89 (s, 9H), 0.05 (br s, 6H);

13C NMR (126 MHz, CDCl3): 6 = 171.1, 155.6, 136.5, 135.9, 129.6, 128.63, 128.61, 128.3,
128.2,127.2,72.9, 67.0, 65.4, 55.0, 38.5,25.9, 18.4, 16.3, =5.2, =5.3;

HRMS (ESI): Calc. for C26H37NOsNa [M+Na]": 494.2333, found: 494.2334;
IR (thin film, cm™): 2954, 1717, 1497, 1251, 1204, 776, 697,

[@]3’=~20.9 (c = 1.33, CHCl3);
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Primary alcohol ((R,S)-S17 or (8,S5)-S17)

(o] J\/ o
HF-NEt J\/
o OTBS 3 - o OH

THF, rt, 16 h
HN( i HN(
Cbz Cbz

S21 $17

Compound S21 (400 mg, 0.84 mmol, 1.00 equiv.) was dissolved in THF (10 mL) at 0 °C.
NEt;*HF (1 mL) was added slowly over 2 min. The clear solution was stirred at 0 °C for 10
min and then at room temperature for 3 h. Following this, the reacton was diluted with ethyl
acetate (30 mL) and a solution of saturated CaCO3 was added (40 mL). The biphasic mixture
was vigorously stirred for 10 min and phases were then separated. The organic phase was
washed with a saturated aqueous NaHCOs3 (30 mL), then with brine (20 mL), dried over
NaxSOq, filtered and concentrated under reduced pressure to give a crude desired primary
alcohol (S-enantiomer, 285 mg, 0.79 mmol, 94% yield; R-enantiomer, 287 mg, 0.80 mmol,
96% yield) as a colourless oil. The crude oil was used directly in the next step as the product

undergoes intramolecular [1,4]-acyl migration on silica gel.
Primary alcohol ((R,S)-S17)

I J\/
2 OH
1 ,,%R)J\o )
HN

“Cbz

(R.9)-817
Rs=0.54 (50% EtOAc in n-hexane), stained with KMnOy;

H NMR (500 MHz, CDCls): & = 7.40-7.21 (m, 8H), 7.17-7.12 (m, 2H), 5.25 (d, J = 6.3 Hz,
1H), 5.09 (d, J=4.1 Hz, 2H), 5.01 (tt, J=9.9, 5.0 Hz, 1H), 4.55 (dt, J = 7.6, 6.5 Hz, 1H), 3.63
(dd, J=12.3,3.3 Hz, 1H), 3.52 (dd, J= 12.3, 6.6 Hz, 1H), 3.16-3.04 (m, 2H), 1.13 (d, J= 6.6
Hz, 3H);

I3BC NMR (126 MHz, CDCl3): §=171.7, 156.0, 136.2, 135.8, 129.5, 128.8, 128.7, 128 .4, 128.3,
127.4,73.5, 67.3, 65.6, 55.5, 38.2, 16.0;

HRMS (ESI"): Calc. for C20H23NOsNa [M+Na]": 380.1468, found: 380.1466;
IR (thin film, cm™): 3405, 2980, 1705, 1526, 1497, 1259, 1213, 1056, 699;

[a]3’=—12.4 (c = 1.80, CHCl5);
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HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0

mL/min, 40 °C, 220 nm, r = 48.90 min (R,S isomer).

Primary alcohol ((S.,5)-S17)

(o} J\/
OH
HN.
Cbz
(S,9)-817

R:=0.51 (50% EtOAc in n-hexane), stained with KMnOy;

'H NMR (500 MHz, CDCls): § = 7.39-7.23 (m, 8H), 7.21-7.16 (m, 2H), 5.23 (d, J= 7.9 Hz,
1H), 5.10 (s, 2H), 4.9 (td, J = 6.6, 3.1 Hz, 1H), 4.60 (q, J = 6.7 Hz, 1H), 3.57-3.48 (m, 1H),
3.41(dd,J=12.3, 6.9 Hz, 1H), 3.15 (dd, J= 14.0, 6.4 Hz, 1H), 3.08 (dd, J= 13.9, 6.8 Hz, 1H),
1.76 (s, 1H), 1.22-1.09 (m, 3H).

13C NMR (126 MHz, CDCl3): 8 = 171.5, 156.1, 136.2, 135.9, 129.4, 128.9, 128.7, 128.4,
128.30, 127.5, 73.7, 67.3, 65.5, 55.3, 38.4, 16.1;

HRMS (ESI*): Calc. for C20H23NOsNa [M+Na]": 380.1468, found: 380.1466;
IR (thin film, cm™): 3405, 2934, 1739, 1514, 1497, 1257, 1213, 1090, 697;
[a]3°=+17.7 (c = 1.65, CHCl3);

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0

mL/min, 40 °C, 220 nm, #r = 39.18 min (§,S isomer).
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i LA
WOH + WO OH
HN\Cbz HN\Cbz

(R)-818 or (S)-S17
(1.0 equiv.)

(R,S)-817 or (S,S)-817
(1.0 equiv.)

HN Cbz

Heterodimers: Ph”
Cbz”

(RS,5)-25

(68%)
from (R)-S18 and (S,S)-S17

0]
7 S) P
e %}J\O/\(ro\n)(s)\/
NH o

Preparation of Authentic Samples of Hetero and Homodimers

EDCI (1.1 equiv.)
DMAP (0.1 equiv.)

h

0 HN/Cbz
8.0 Ph
Homodimers: Ph/\él\o/\( (s)
NH 0

(S,S,9)-25
(76%)
from (S)-8$18 and (S,S)-S$17

mmol, 68—76%) as a colourless oil.
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CHyCl, 0°C,1h

25
(68-76%)

HN’CbZ

0
5.0 _A_-Ph
ph/\@ko/\ir NG
NH
Cbz” ©
(S,S,R)-26

(71%)
from (S)-$18 and (R,S)-S$17

0 HN/Cbz
", ) A_Ph
ph7 0/\r N
Cbz/NH ©
(R.S,R)-25

(70%)
from (R)-S18 and (R, S)-$17

D- or L-N-benzyloxycarbonyl-phenylalanine S18 (89.8 mg, 0.30 mmol, 1.00 equiv.) was
dissolved in CH>Cl> (3 mL) at 0 °C. DMAP (3.7 mg, 0.03 mmol, 0.10 equiv.) and EDCI (63.5
mg, 0.33 mmol, 1.10 equiv.) were then added followed by a solution of the (S,S)- or (R,S)-
primary alcohol S17 (107 mg, 0.30 mmol, 1.20 equiv.) in CH2Cl> (1 mL) at 0 °C. The reaction
mixture was left to stir for 1 h at this temperature. Following this, the reaction mixture was
washed with saturated aqueous NaHCOs (10 mL), the organic phase was collected and further
washed with brine (15 mL), dried over Na;SOs, filtered and concentrated under reduced
pressure. The crude residue was purified by column chromatography on silica gel (20-30%

EtOAc in n-hexane) to give the desired hetero or homodimer 25 (130-146 mg, 0.20-0.23



HPLC Internal standard ((R,R)-S22)

I

HO OH

(o} EDC (2.2 equiv.)
DMAP (0.2 equiv.)

0 0
4, 1y, /\/\/\
©/ ,,H]\OH - ©/ ,,H]\O O
CH,Cly, 1t, 3 h N .
HN~cb2 22 HN<cp2 ooz

(R)-818 (RR)-822
(91%)

D-N-benzyloxycarbonyl-phenylalanine (R)-S18 (450 mg, 1.50 mmol, 2.0 equiv.) was dissolved
in CH2Cl> (15 mL) then cooled to 0 °C. DMAP (18.0 mg, 0.15 mmol, 0.20 equiv.) and EDC
(316 mg, 1.65 mmol, 2.20 equiv.) were then added followed by a solution of pentan-1,5-diol
(78.0 mg, 0.75 mmol, 1.00 equiv.) in CH2Cl (3.00 mL) at 0 °C. The reaction was then brought
to rt and stirred for 3 h at this temperature. Following this, the reaction mixture was washed
with saturated aqueous NaHCOs (20 mL), the organic phase was collected and further washed
with brine (20 mL), dried over anhydrous Na,SOg, filtered, and concentrated under reduced
pressure. The crude residue was purified by column chromatography on silica gel (30% EtOAc
in n-hexane) to give the desired diester (R,R)-S22 (455 mg, 0.68 mmol, 91% yield) as a

colourless oil.
Rs=0.63 (50% EtOAc in n-hexane), stained with KMnQOy;

H NMR (500 MHz, CDCls): § = 7.37-7.21 (m, 16H), 7.14-7.09 (m, 4H), 5.30-5.24 (m, 2H),
5.16-5.03 (m, 4H), 4.65 (dt, J = 8.4, 6.1 Hz, 2H), 4.15-4.01 (m, 4H), 3.16-3.02 (m, 4H), 1.57
(p, J= 6.9 Hz, 4H), 1.25 (tdd, J= 15.8, 8.6, 6.0 Hz, 2H).

BC NMR (126 MHz, CDCl3): §=171.7,155.8, 136.4, 135.9, 129.4, 128.7, 128.6, 128.3, 128.2,
127.2,67.1, 65.2, 55.0, 38.5, 28.1, 22.3;

HRMS (ESI): Calc. for C39H4N>OsNa [M+Na]": 689.2833, found: 689.2816;
IR (thin film, cm™): 3063, 1712, 1514, 1253, 1204, 1052, 739, 697;
[a]3%=—41.6 (c = 0.50, CHCl5);

HPLC: Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH in n-hexane over 45
min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane over 45 min; 1.0

mL/min, 40 °C, 220 nm, tr = 96.68 min (internal standard (R,R)-S22).
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5.5 HPLC Traces Assignment

Assignment for the monoadduct intermediate

Vv
[ e =
? ? Q@ ?
2 Q e 2N ) 2
g 4 'q €
OH (SLOH ¢ g £ £
Ph/\H]\O © + Ph o/\r
0.0 510 10.0 15.0 20.0 25.0 36.0 35.0 40.0 45.0 50.0 min
100mY
~
» 2
2 9
754 o
(0] [0} & z}
), OH S) S).OH =
50 Ph/\LH]\O 9 + Ph o
NH NH
2] Cbz” Cbz”
R o
0.0 570 10.0 15.0 20.0 25‘,0 30.0 35.0 40.0 45.0 50.0 min
mV.
1 =
] (2]
] (o] S
150 @
] S) OH 1)
] Ph O7(s)
1007 Cbz” NH
S%Q\J__A‘/\
o] ¢
} , ;
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 min
2007+
] =
1 ?
1 R) OH 3
] Ph e O7(s) N
100+ =
] bz~
507
J
} } ; v ; ; ; " ; '
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 min
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Assignment of the homo and heterodimeric mixture

v
4 w
b Q9
] €
304 ::’. b
] = 7]
b @
204 o
104
ol
T T T T T T T T T T
10 20 30 40 50 60 70 80 % 100 min
mV.
3004 ] g
(3 2
2509 o H\N/Cbz & 5
2004 @
.o B, = 3
1504 (S) 0/\r ) g
N. o} =
1004 Cbz” “H
st
o3
-504 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 min
mV.
] [r]
200 Py
] H. .Cbz o
] o} N” 9
1504 «
] o, HJ\O sL0 ¢ =
1004 N(R) /\r 0
o Cbz”™ “H
m‘;AJL
7 T T T T T T T T T
10 20 30 40 50 60 70 80 % 100 min
v
3 w
150 S °
E| H. .Cbz [ 8
¢ Q N~ al s
1003 8.0 @ T s
3 0 )
759 (S) S
] N. 0 kS
59 Cbz” "H =
259
25 T T T T T T T T T
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E| 0
300 (]
3 3
2504 o H\N,Cbz %3
1 24
200 x
ool I, s,.o B,
3 ® O "
1003 N. O
o Cbz” "H
-50 T T T T T T T T T T
10 20 30 40 50 60 70 80 % 100 min
mv
1004 0]
‘n,, NN
1O o 0
HN NH
50] “Cbhz Cbz”
259 internal standard
D SN
o]
T T T T T T T T T T T
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5.6. Calibration

For this reaction, as products are now diastereomeric to one another, direct integrations of the
chromatogram would be inaccurate. To circumvent this issue, HPLC integrations needed
calibration to allow the accurate measurement of the diastereomeric ratios. Therefore, authentic

IS =k x ¢, where k is

samples of each dimers were used to build a calibration curve Area/Area
the correction factor of the dimer. These correction factors were then used to generate a

corrected table from which the diastereomeric ratios were determined.
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Calibration curve for the (R,S,S)-heterodimer

Solutions of heterodimer (R,S,S)-25 in i-PrOH (2 mL) using diester (R,R)-S22 (2.0 mg) as
internal standard were prepared from stock solutions (4.0 mg/mL). Solutions were analysed by
chiral stationary phase HPLC (Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH
in n-hexane over 45 min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane

over 45 min; 1.0 mL/min, 40 °C, 220 nm).

(R,S,S)-heterodimer r= 99.39 min; diester (R,R)-S22 (IS) tr= 96.68 min.

g simg/m) MR s ey
0.04 2.0 341662 7840510 0.043576502
0.04 2.0 336075 7980305 0.04211305
0.04 2.0 323284 7823675 0.04132125
0.5 2.0 4273962 7948694 0.537693614
0.5 2.0 4247009 7889487 0.53831244
0.5 2.0 4242184 7643197 0.555027432
1.0 2.0 8545315 8105259 1.054292651
1.0 2.0 8233085 7892585 1.043141759
1.0 2.0 8442349 7909351 1.067388336
2.0 2.0 15793211 7723400 2.044852138
2.0 2.0 15522514 7769473 1.997885056
2.0 2.0 15777919 7854122 2.008871138
2o A/A’ = 1.0086¢
R?=0.9984
2 "
S
s .
g 1 X
<
0.5 X
o -
0 0.5 1 1.5 2 2.5

Concentration ¢ (mg/mL)

Correction factor k®5%=1.0086
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Calibration curve for the (S,S,R)-heterodimer

Solutions of heterodimer (S,S,R)-25 in i-PrOH (2 mL) using diester (R,R)-S22 (2.0 mg) as

internal standard were prepared from stock solutions (4.0 mg/mL). Solutions were analysed by

chiral stationary phase HPLC (Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH

in n-hexane over 45 min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane

over 45 min; 1.0 mL/min, 40 °C, 220 nm).

(S,S,R)-heterodimer r= 88.68 min; diester (R,R)-S22 (IS) tr= 96.68 min.

Hetero (S,S,R) Area Hetero Area (S,S,R)
I L Area |
(mg/mL) S (mg/ml) (S,S,R) reals /Area IS
0.04 2.0 359799 7653920 0.047008461
0.04 2.0 369010 7746997 0.04763265
0.04 2.0 352554 7707058 0.045744303
0.5 2.0 4394713 7413266 0.59281739
0.5 2.0 4591468 7565956 0.606858935
0.5 2.0 4610443 7784969 0.592223681
1.0 2.0 8328671 7959517 1.046378945
1.0 2.0 8516348 7997964 1.064814495
1.0 2.0 8429541 7650063 1.10189171
2.0 2.0 16088014 7725205 2.082535544
2.0 2.0 16115133 7441863 2.165470259
2.0 2.0 16149721 7660406 2.108206928
2.5
A/A’S =1.042c
& R*=0.9974
, .
< s
S
Rel
8 1 ..-'%.
I
0.5
o %~
0 0.5 1 1.5 2.5

Correction factor kS5%=1.0420

-03 .

Concentration ¢ (mg/mL)



Calibration curve for the (§,S,5)-homodimer

Solutions of homodimer (S,S,5)-25 in i-PrOH (2 mL) using diester (R,R)-S22 (2.0 mg) as

internal standard were prepared from stock solutions (4.0 mg/mL). Solutions were analysed by

chiral stationary phase HPLC (Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH

in n-hexane over 45 min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane

over 45 min; 1.0 mL/min, 40 °C, 220 nm).

(§,S,5)-homodimer tr= 90.35 min; diester (R,R)-S22 (IS) tr= 96.68 min.

Homo (S,S,S) Area Homo Area (S,S,S)
I L Area |
(mg/mL) S (mg/ml) (S,5,5) rea IS /Area S
0.04 2.0 383122 7679441 0.049889308
0.04 2.0 305449 7530144 0.040563501
0.04 2.0 361962 7762671 0.046628538
0.5 2.0 4077724 7768237 0.524922708
0.5 2.0 4183070 7745968 0.540031924
0.5 2.0 3959782 7518482 0.52667307
1.0 2.0 7852322 7663770 1.024603035
1.0 2.0 7918435 7861332 1.007263782
1.0 2.0 8153924 7881594 1.034552655
2.0 2.0 14783420 7260931 2.036022653
2.0 2.0 14733493 7430139 1.982936389
2.0 2.0 14774672 7137280 2.070070391
25 A/AS =1.021c
R?=0.9991
2
% 15
< L
Rl
© 1 -
Z
0.5 X
0 X7
0 0.5 1 1.5 2.5

Correction factor k%%5=1.021
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Calibration curve for the (R,S,R)-homodimer

Solutions of homodimer (R,S,R)-25 in i-PrOH (2 mL) using diester (R,R)-S22 (2.0 mg) as
internal standard were prepared from stock solutions (4.0 mg/mL). Solutions were analysed by
chiral stationary phase HPLC (Daicel Chiralpak® IA column with guard, gradient 5% i-PrOH
in n-hexane over 45 min; 5-18% i-PrOH in n-hexane over 20 min; 18% i-PrOH in n-hexane

over 45 min; 1.0 mL/min, 40 °C, 220 nm).

(R,S,R)-homodimer tr= 85.92 min; diester (R,R)-S22 (IS) tr= 96.68 min.

Homo (R,S,R) Area Homo Area (R,S,R)
(mg/mL) IS (mg/mL) (R,S,R) Area IS /Areals
0.04 2.0 325222 7032289 0.046246962
0.04 2.0 335145 7560650 0.044327538
0.04 2.0 363812 7984506 0.045564748
0.5 2.0 4533388 7603791 0.596201027
0.5 2.0 4518121 7807025 0.578725059
0.5 2.0 4568779 7776274 0.587528037
1.0 2.0 9033411 8256267 1.09412777
1.0 2.0 8792333 7847248 1.120435215
1.0 2.0 9032095 8213084 1.099720276
2.0 2.0 16759541 7770558 2.156800194
2.0 2.0 16409611 7945996 2.065142117
2.0 2.0 16396794 7920119 2.070271166
2.5
A/AS =1.0497c
R?=0.9967
.'X
2 X
< s
S
Rel
5
o X
g 1
I
05 X
o X7
0 0.5 1 1.5 2 2.5

Concentration ¢ (mg/mL)

Correction factor k®5%=1.0497
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5.7. Optimisation of the Stereoretentive Diasteroconvergent Reaction

Cbz
o 0 HN
Ph/\N/Z(O . HO/\(?OH (DHQD),AQN (10 mol%) Ph (g)H O/\(?O\’ﬁ)\/%
Cbz” \\g Et,O,1t, 48 h Cbz”
23 22 25
(1.0 equiv)
Table 4. Concentration and stoichiometry of 22 optimisation
Entry Conc. (M) 22 (equiv.)  Conv. (%)* Dimer (%)"® de hetero:homo
1 0.015 0.55 100 31 80 2:1
2 0.05 0.55 100 39 84 2:1
3 0.025 0.55 100 39 84 2:1
4 0.025 0.5 100 n.i 78 1.8:1

Reactions conducted on 0.2 mmol scale. (A) Determined by '"H NMR using 1,2-dimethoxyethane as internal

standard; (B) Determined by HPLC using diester (R, R)-S22 as an internal standard.
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0]
Ph (SL.OH
N o) + HO/\r
Cbz” \<
(0]
23
(1.0 equiv.) (0.55 equiv.)

(DHQD),AQN (10 mol%)
Et,0 (0.025 M), MS 4A, T' °C, 24 h

Base (x.x equiv), T>°C, 24 h

Table 5. Temperature and base screening

then

Ph/\@ﬂ]\o

Cbz”

Zmn
T

_Cbz
HN

8.0 Ph
R
0]

25

Entry Base (equiv.) T'(°C) T?>(°C) Conv.(%)* Dimer (%)® de hetero:homo
1 - 1t 1t 100 39 80 1.4:1
2 - =20 =20 55 5 92 2:1
3 - =20 1t 92 52 80 1.4:1
4 DIPEA (1.0) =20 =20 58 15 92 2.1:1
5 DIPEA (1.0) =20 rt 90 57 88 3.4:1
6 DIPEA (1.5) =40 rt 92 53 90 2.6:1
7 DIPEA (2.5) =40 rt 96 49 90 2.5:1

DIPEA (1.0)
8 —40 rt 100 83 92 2.7:1
DMAP (0.2)
9  DMAP(02)  —40 t 100 86 (77° 93 3.2:1
10°  DMAP(0.1)  —40 t 100 76 84 1.9:1

Reactions conducted on 0.2 mmol scale. (A) Determined by 'H NMR using 1,2-dimethoxyethane as internal

standard; (B) Determined by HPLC using diester (R, R)-S22 as an internal standard; (C) Isolated yield; (D) DMAP

was introduced from the beginning of the reaction.

-97 -



(DHQD),AQN (10 mol%)

Cbz

2 Et,0 (0.025 M), -40 °C, 24 h 0 Y
PhMo + HO/\r OH t then > PhN?LO/\rO o~
Cbz/N\\g DMAP (0.25 equiv.), rt ooz ©
23 (R)-22 or (5)-22 25
(1.0 equiv.) (0.55 equiv.)
Table 6. Study of the match/mismatch effect of the linker.
Entry  Enantiomer of 22 Conv. (%)* Dimer (%) ‘ de ‘ hetero:homo
1 S 100 93 3.2:1
2 R 100 66 1.4:1

Reactions conducted on 0.2 mmol scale. (A) Determined by 'H NMR using 1,2-dimethoxyethane as internal

standard; (B) Determined by HPLC using diester (R, R)-S22 as an internal standard.

Stereoretentive diastereoconvergent reaction using (R)-diol 22

(For reaction using (S)-diol under the same conditions, see Section 5.3)

HPLC: Daicel Chiralpak® ID column with guard, gradient 10% i-PrOH in n-hexane over 10
min; 10-20% i-PrOH in n-hexane over 10 min; 20% i-PrOH in n-hexane over 20 min; 20-50%

i-PrOH in n-hexane over 20 min; 50% i-PrOH in n-hexane over 40 min,;

1.4:1.

1.0 mL/min, 30 °C,
220 nm, fr = 69.95 min (R,R,R isomer), fr = 72.46 min (S,R,S isomer), fr = 75.82 min (R,R,S
isomer), frr = 79.96 min (S,R,R isomer), tr = 104.94 (internal standard), 66% de, hetero:homo

(R,R)-516

(R.R.R)-25
(S,R,S)-25
(R,R,S)-25

(S,R,R)-25

internal standard

Peak# Ret. Time Area Height Conc. Area%
1 69.951 2553947 45446 16.828 16.828
2 72.463 3946768 61350 26.005 26.005
3 75.819 4172774 53823 27.494 27.494
4 79.982 2234251 28025 14.722 14.722
5 106.218 2269024 16613 14.951 14.951
Total 15176764 205257 100.000 100.000
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-259

internal standard

T
90 100

40 50 60 70 80 1'}0 min
Peaki#t Ret. Time Area Height Conc. AreaZ
1 68.918 3042566 56488 13.365 13.365
2 71.457 2958629 47433 12.997 12.997
3 74.293 7228342 94768 31.753 31.753
4 78.464 1389332 18282 6.103 6.103
5 102.927 8145561 54444 35.782 35.782
Total 22764429 271416 100.000 100.000
Peakit Ret.Time | AreaA | Area/Area® | corr.a/A® | d.r.
1 68.92 3042566 0.373524 0.365842 2.2
2 71.46 2958629 0.363219 0.346022 2.0
3 74.29 7228342 0.887396 0.851628 5.0
4 78.760 1389332 .0.170563 0.169900 1.0
5 102.93 8145561

Assignment of the (R)-derived monoadduct and dimeric mixture:

150

50

o]

v
w0
© ]
& 3
] i moH & e i H\N/Cji)
] o, € v (R)
100—: ©/ %Lo/\ﬁé/ ©///,,, ’%LO/\(}?}OTHW”
] N E H
] S _N. H
Cbz H Cbz H ©
T T T T T ] T T T T ] T T T T [ T T T T ] T T T T [ T T T T — T T
10 20 30 40 50 60 70 80 90 100 min

0

1504
1004

504

60

70 80

Note: these mixtures were prepared by reaction of enantiopure (R)- or (S)-23 with

(R)-1,2-propanediol, using NEt; and DMAP.
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Kinetic resolution data for the reaction using (R)-diol 22:

0
R) R)
Ph/\LE)LO/\LE)/OH

ooz N )

(R R)-S16
Isolated as a mixture of diastereoisomers and regioisomers.
Rs=0.42 (50% EtOAc in n-hexane), stained with KMnQOy;

IH NMR (500 MHz, CDCL3): § 7.38-7.23 (m, 8H), 7.17-7.12 (m, 2H), 5.31-5.21 (m, 1H),
5.10 (s, 2H), 4.67-4.56 (m, 1H), 4.15-4.03 (m, 1H), 3.97-3.86 (m, 2H), 3.11 (h, /= 7.3 Hz,
2H), 1.66 (brs, 1H), 1.13 (d, J = 6.5 Hz, 3H);

13C NMR (126 MHz, CDClz): & = 171.8, 156.0, 136.2, 135.8, 129.4, 128.9, 128.7, 128.4,
128.3,127.4,70.7, 67.3, 65.7, 55.3, 38.4, 18.9;

HRMS (ESI): Calc. for C20H23NOsNa [M+Na]": 380.1468, found: 380.1474;
IR (thin film, em™): 3353, 2926, 1704, 1512, 1497, 1455, 1263, 1212, 1054, 1028, 735;

HPLC: Daicel Chiralpak® ID column with guard, gradient 10% i-PrOH in n-hexane over 10
min; 10-20% i-PrOH in n-hexane over 10 min; 20% i-PrOH in n-hexane over 20 min; 20-50%
i-PrOH in n-hexane over 20 min; 1.0 mL/min, 30 °C, 220 nm, fr = 28.64 min (R,R isomer), tr
=48.22 min (S,R isomer), 43% de.

3000Y

250
2004

1504

1004
50
0]

T e e L B e e B s s B e e e R S e e e e e e IS A s e
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Peak# Ret. Time Area Height Conc. Area%
1 28.990 7098046 254381 50.818 50.818
2 48.299 6869432 106501 439.182 49182
Total 13967478 360882 100.000 100.000
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a00Y
] ® ©
] Q Q
o) & &
] 3 [
200
100—3
(;,0 510 10.0 15‘.0 26,0 25‘.0 36,0 3";,0 4[;.0 4%,0 5[;.0 5%,0 min
Peak# Ret. Time Area Height Conc. Area%
1 28.640 9353161 317821 71.016 71.016
2 48219 3817272 68585 28.984 28.984
Total 13170433 386406 100.000 100.000
(0]
S
P 07
Cbz” NH
(S)-819

HPLC: Daicel Chiralcel® OD-H column with guard, gradient 5% i-PrOH in n-hexane; 1.0

mL/min, 30 °C, 220 nm, #r = 20.25 min (S-isomer), fr = 23.54 min (R-isomer), 42% ee.

mV.
L= L=
1004 b %
z g
754
50
25+ A
WANIVN - N * &
0.0 25 50 75 10.0 125 150 175 200 25 250 275 min
Peak#t Ret. Time Area Height Conc. Area%
1 22545 2297856 62727 49.841 49.841
2 27.111 2312476 49983 50.159 50.159
Total 4610332 112709 100.000 100.000
1500
1255 2 2
3 [ [
100} @ 3
"
pe
1
o i - v ¥
.25%
0.0 25 50 75 10.0 125 15.0 175 20,0 225 250 275 min
Peak# Ret. Time Area Height Conc. Area%
1 20.248 3097527 78125 71.103 71.103
2 23537 1258879 27043 28.897 28.897
Total 4356406 105171 100.000 100.000
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6.1 Stereoretentive Enantioconvergent Aza-Darzens Dimerization of Epoxide

6.1.1 "H NMR Spectrum of Aziridine 2 (600 MHz, CDCl:)
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1 (ppm)
6.1.2 3C NMR Spectrum of Aziridine 2 (150 MHz, CDCl5)
4 R 2 wN o @ min o o
| | Voo I\ N/~
I i i

‘ ) |
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6.1.3 '"H NMR Spectrum of Epoxide S1 (600 MHz, CDCl3)
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6.1.4 3C NMR Spectrum of epoxide S1 (150 MHz, CDCls)
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th a Traceless Auxiliary

10N Wi

6.2 Stereoretentive Enantioconvergent React

6.2.1 '"H NMR Spectrum of Dimer (S,R)-12 (600 MHz, CDCls)

6.2.2 3C NMR Spectrum of Dimer (S,R)-12 (150 MHz, CDCls)
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200
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6.2.3 COSY Spectrum of Dimer (S,R)-12
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6.2.4 HSQC Spectrum of Dimer (S,R)-12
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6.2.5 HMBC Spectrum of Dimer (S,R)-12
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6.2.6 'H NMR Spectrum of Dimer (S,S)-12 (600 MHz, CDCl)
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9.5

6.2.7 3C NMR Spectrum of Dimer (S,S)-12 (150 MHz, CDCls)
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6.2.8 COSY Spectrum of Dimer (S,5)-12
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6.2.9 HSQC Spectrum of Dimer (S,S5)-12
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6.2.10 HMBC Spectrum of Dimer (S,S5)-12

Jl
i

60

il
]

F70

80

90
Ph
N 100

r120

- N ° +130
140
+150

160

1]
{
'
i
¢

r170

180

T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25

“£2 (ppm)

- 110 -

f1 (ppm)



6.3. Biocatalytic Stereoretentive Enantioconvergent Reaction

6.3.1. '"H NMR Spectrum of Compound (rac)-13 (500 MHz, CDCls):
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6.3.2. 13C NMR Spectrum of Compound (rac)-13 (126 MHz, CDCls):
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6.3.3. '"H NMR Spectrum of Compound (rac)-14 (500 MHz, CDCls):
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6.3.4. 13C NMR Spectrum of Compound (rac)-14 (126 MHz, CDCls):
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6.3.5. '"H NMR Spectrum of Compound (rac)-homo/hetero-15 (601 MHz, CDCls)
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6.3.6. 13C NMR Spectrum of Compound (rac)-homo/hetero-15 (151 MHz, CDCls)
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6.3.7. '"H NMR Spectrum of Compound (rac)-homo-15 (601 MHz, CDCls):
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6.3.8. 13C NMR Spectrum of Compound (rac)-homo-15 (151 MHz, CDCls):
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6.3.9. '"H NMR Spectrum of Compound (rac)-S8 (601 MHz, CDCl3):
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6.3.10. 13C NMR Spectrum of Compound (rac)-S8 (151 MHz, CDCl3):
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6.3.11. '"H NMR Spectrum of Compound (R,S)-Hetero-15 (601 MHz, CDCl3):
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6.3.12. 13C NMR Spectrum of Compound (R,S)-Hetero-15 (151 MHz, CDCl3):
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6.4. Organocatalytic Stereoretentive Enantioconvergent Reaction

6.4.1 "TH NMR Spectrum of Compound S9 (500 MHz, CDCls)
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6.4.2 3C NMR Spectrum of Compound S9 (125 MHz, CDCl3)
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6.4.3 "TH NMR Spectrum of Compound 18 (600 MHz, MeOD)
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6.4.4 3C NMR Spectrum of Compound 18 (150 MHz, CDCls)

N
8T~ -

e’

€576 ~
6TTh —

0b'Ss — -

919 — -

19°8pT ~ -——
TT0sT — T

L2081 —

T T T T T T T T
180 170 160 150 140 130 120 110

T
190

f1 (ppm)

- 118 -



6.4.5 '"TH NMR Spectrum of Compound (rac)-17 (500 MHz, CDCIls)
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6.4.6 3C NMR Spectrum of Compound (rac)-17 (150 MHz, CDCls)
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6.4.7 "TH NMR Spectrum of Compound (rac)-19 (500 MHz, CDCls)
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6.4.8 3C NMR Spectrum of Compound (rac)-19 (150 MHz, CDCls)
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6.4.9 COSY Spectrum of Compound (rac)-19
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6.4.10 HSQC Spectrum of Compound (rac)-19
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6.4.11 HMBC Spectrum of Compound (rac)-19
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6.4.12 "H NMR Spectrum of the 1:1 mixture of diastereomers of Compound (rac)-20 (600
MHz, CDCl)
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6.4.13 13C NMR Spectrum of the 1:1 mixture of diastereomers of Compound (rac)-20 (150
MHz, CDCl3)
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6.4.14 COSY Spectrum of the 1:1 mixture of diastereomers of Compound (rac)-20
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6.4.15 HSQC Spectrum of the 1:1 mixture of diastereomers of Compound (rac)-20
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6.4.16 HMBC Spectrum of the 1:1 mixture of diastereomers of Compound (rac)-20
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6.4.17 "TH NMR Spectrum of Compound S14h (500 MHz, CDCls)
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6.4.19 HSQC Spectrum of Compound S14h
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6.5. Organocatalytic Stereoretentive Diastereoconvergent Reaction

6.5.1 '"H NMR Spectrum of Compound ((R,S,S)-25) (500 MHz, CDCl3)
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6.5.2 3C NMR Spectrum of Compound ((R,S,S)-25) (125 MHz, CDCl3)
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6.5.3 'TH NMR Spectrum of Compound ((S,S,R)-25) (500 MHz, CDCls)
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6.5.4 3C NMR Spectrum of Compound ((S,S,R)-25) (125 MHz, CDCls)
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6.5.5 '"H NMR Spectrum of Compound ((S,S,S)-25) (500 MHz, CDCls)

L= 2] o un - Q < (=]
KD 885 8 ] 8 %8 ]
~ ~ n unwn <+ A Mmoo -
N/ 171 [ \/ /

T e S R T
<+ Q9 Q wunuw;n ~ [} g oS [=]
@@ gg~ S & AN S
— <% - o~ o - o~ [}
T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f1 (ppm)

6.5.6 3C NMR Spectrum of Compound ((S,S,R)-25) (125 MHz, CDCls)
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6.57 'H NMR Spectrum of Compound ((R,S,R)-25) (500 MHz, CDCl)
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6.5.9 '"H NMR Spectrum of Compound ((S,S)-S21) (500 MHz, CDCl3)
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6.5.10 3C NMR Spectrum of Compound ((S,S)-S21) (125 MHz, CDCl3)

LTS >

ST'S-

€P°9T ~
Y81

86'ST —

€°8E —

665 —

6p°59 ~
w09

L0EL—

yAwZal
L4144
LT8CT
19'8¢T

£9'821
et/
68°SET
syoer 7

69°SST —

8TTLT —

J\/OTBS
)
!

5) O

(0]
O
HN\Cbz

f1 (ppm)

-132 -



6.5.11 "H NMR Spectrum of Compound ((R,S)-S21) (500 MHz, CDCl;)
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6.5.13 "TH NMR Spectrum of Compound ((R,S)-S17) (500 MHz, CDCl3) (crude):
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6.5.15 '"H NMR Spectrum of Compound ((S,5)-S17) (500 MHz, CDCL) (crude)
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6.5.17 "H NMR Spectrum of Compound ((R,R)-S22) (500 MHz, CDCl3)
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6.5.18 13C NMR Spectrum of Compound ((R,R)-S22) (125 MHz, CDCl;3)
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6.5.19 "H NMR Spectrum of Compound ((R,S)-S16) (500 MHz, CDCl:)
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6.5.20 3C NMR Spectrum of Compound ((R,S)-S16) (125 MHz, CDCl3)

171.74

155.97

O N ~ 0 o
O N Q0w WD IN nan N A o
MO NNNNNN (=R s} wn @ @
o v v e e e N w o n (] -
Vo Nee=—=—" Y
0]
~&J_~spon
P O/\Ll/
NH
Cbz”
[
! | |
| ‘ | l l
| | ' 1 L L
; ; ; ; ; ; ; ; ; ; : : : : : : : : ;
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

- 137 -

f1 (ppm)



6.5.21 '"H NMR Spectrum of Compound ((R,R)-S16) (500 MHz, CDCl3)
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7. Kinetic Modelling

Mathematical modelling of the kinetics for the multi-component stereoretentive-
enantioconvergent reactions was carried out using the Berkeley Madonna software package,
version 10.2.8 (https://berkeley-madonna.myshopify.com/).?®

Schematic of the multi-component stereoretentive-enantioconvergent reaction:

SMgs) SMg)

Link | k1(s) ki(r | Link

Int(s Int(p
SM(S) K2-nomo SM(R) Ko hetero | Ko-hetero SM(S) K2-homo SM(R)

Ps.s) Pish P9 PrA

T *— P(hetero) — I

P(homo)

The ordinary differential equations used for the modelling:

d[SMs))/dt = — ki¢s)[ SM(s)|[Link ] — kz-nomo[ Int(5)][SM(s)] — k2-hetero[ Int(r)|[SM(s)]
d[SM»)}/dt = — k1®)[SM@&)][Link] — k2-homo[Int(z) |[SM(z)] — K2-hetero[Int(5)][SM()]
d[Link]/dt = — k15[ SM(s)][Link] — k7¢z)[ SMz)][ Link]

d[Int(s)}/dt = k15[ SMs)][Link] — k2-homo[ Int(s)][SMs)] — k2-hetero[Int(5)][SM()]
d[Intr)]/dt = ki) [SM)][LinK] — k2-hetero[ Int) [[SM(s)] — k2-homo[ Int) [[SMr)]
d[P(s.»)]/dt = k2-hetero[ Int(5)] [SM(r)]

d[P(z,5))/dt = kz-hetero[ Int(r) ][SM(5)]

d[P(s,))/dt = kz-homo[ Int(5)][SM(s)]

d[P&,»)]/dt = kz-nomo[Int(r)][SM(r)]

The kinetic constraints and other parameters used for this modelling:

[SMs)lo = [SM&)Jo = [Link]o = 100

[Ints]o = [Intm]o = [Pe.mlo = [Prslo = [Pe,9]o = [Prr]o =0

STARTTIME =0

STOPTIME = 100000

kis)=0.1

kir) < ki)

k2-hetero = k2-homo=0.0001 (multi-component stereoretentive-enantioconvergent reaction)
k2-hetero = k2-homo= 0 (kinetic resolution)

To obtain plots the following parameter plots were conducted:

1. Parameter plot of final [P(sz)] and final [Pz s)] for 100 values of k;r) (0.1 < k1)< 0.001),
where k2-netero = k2-homo = 0.0001

2. Parameter plot of final [Int(s)] and final [Int(z)] for 100 values of k() (0.1 < k;®)< 0.001),
where k2-netero = k2-homo =0
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Data of P(nerer0) €€ (at 100% conversion) & Int ee (at 50% conversion) against s-factor:

ki s factor [Pes.n] [Prs] P retero) €€ [Ints)] [Int(z)] Int ce

0.001 100 93.2846749 0.11089698 0.99762522 96.6584064 3.34159363 0.93316813
0.00104762 95.4544587 93.0529971 0.11909061 0.997443642 96.5379246 3.46207539 0.93075849
0.0010975 91.1161731 92.8139373 0.12786005 0.9972486 96.4134631 3.58653687 0.92826926
0.00114976 86.974673 92.5673108 0.13724331 0.997039125 96.2849104 3.71508962 0.92569821
0.0012045 83.0220008 92.3129313 0.14728065 0.996814183 96.1521528 3.84784719 0.92304306
0.00126186 79.2480941 92.0506107 0.15801477 0.996572668 96.0150749 3.98492513 0.9203015
0.00132194 75.6463985 91.7801596 0.16949086 0.996313398 95.8735591 4.12644093 091747118
0.00138489 72.207901 91.5013873 0.18175678 0.99603511 95.727486 4.272514 0.91454972
0.00145083 68.926063 91.2141022 0.19486318 0.995736454 95.5767344 4.42326562 0.91153469
0.00151991 65.7933693 90.9181121 0.20886361 0.995415987 95.4211811 4.57881889 0.90842362
0.00159228 62.8030246 90.6132241 0.22381467 0.995072172 95.2607013 4.73929867 0.90521403
0.0016681 59.9484443 90.2992452 0.23977617 0.994703363 95.0951685 4.9048315 0.90190337
0.00174753 57.2236242 89.9759825 0.25681127 0.994307806 94.9244544 5.07554558 0.89848909
0.00183074 54.6227209 89.6432433 0.2749866 0.99388363 94.7484294 5.25157063 0.89496859
0.00191791 52.14009 89.3008359 0.29437246 0.993428835 94.5669622 5.43303785 0.89133924
0.00200923 49.77031 88.9485693 0.31504293 0.992941291 94.3799202 5.62007982 0.8875984
0.0021049 47.5081952 88.5862543 0.33707607 0.992418726 94.1871696 5.81283039 0.88374339
0.00220513 45.3488003 88.2137031 0.36055406 0.991858717 93.9885754 6.01142458 0.87977151
0.00231013 43.2876072 87.8307302 0.38556335 0.991258682 93.7840015 6.21599846 0.87568003
0.00242013 41.3200944 87.4371528 0.41219487 0.99061587 93.5733109 6.42668906 0.87146622
0.00253536 39.4421305 87.0327909 0.44054416 0.98992735 93.3563658 6.64363418 0.86712732
0.00265609 37.6493266 86.6174682 0.47071154 0.989190002 93.1330277 6.86697229 0.86266055
0.00278256 35.9381289 86.1910121 0.50280228 0.988400504 92.9031576 7.09684239 0.85806315
0.00291505 34.3047289 85.7532545 0.53692682 0.987555321 92.6666162 7.33338383 0.85333232
0.00305386 32.7454435 85.3040322 0.57320082 0.986650692 92.4232639 7.57673613 0.84846528
0.00319927 31.2571305 84.8431874 0.61174547 0.985682618 92.1729612 7.82703885 0.84345922
0.0033516 29.836496 84.3705684 0.65268751 0.984646847 91.9155686 8.08443136 0.83831137
0.00351119 28.4803728 83.8860297 0.69615951 0.983538863 91.6509473 8.34905267 0.83301895
0.00367838 27.1858807 83.3894332 0.74229994 0.982353865 91.3789588 8.62104122 0.82757918
0.00385353 25.9502326 82.8806483 0.79125336 0.98108676 91.0994653 8.90053467 0.82198931
0.00403702 24.7707467 82.3595525 0.84317054 0.979732141 90.8123303 9.18766967 0.81624661
0.00422924 23.6449102 81.8260324 0.89820863 0.97828427 90.5174184 9.48258162 0.81034837
0.00443062 22.5702046 81.2799838 0.95653123 0.976737068 90.2145956 9.78540445 0.80429191
0.00464159 21.5443415 80.7213126 1.01830857 0.975084089 89.9037296 10.0962704 0.79807459
0.0048626 20.5651298 80.1499356 1.08371755 0.973318508 89.5846905 10.4153096 0.79169381
0.00509414 19.6303989 79.5657807 1.15294189 0.971433099 89.25735 10.74265 0.785147
0.0053367 18.7381715 78.9687877 1.22617216 0.969420219 88.921583 11.078417 0.77843166
0.00559081 17.8864959 78.3589092 1.30360588 0.967271787 88.5772667 11.4227333 0.77154533
0.00585702 17.0735289 77.7361106 1.38544752 0.964979266 88.2242818 11.7757182 0.76448564
0.00613591 16.2975011 77.1003717 1.47190857 0.962533643 87.8625121 12.1374879 0.75725024
0.00642807 15.556769 76.4516863 1.56320752 0.959925408 87.4918454 12.5081546 0.74983691
0.00673415 14.8496841 75.7900634 1.65956985 0.957144539 87.1121733 12.8878267 0.74224347
0.0070548 14.1747463 75.1155276 1.76122799 0.954180481 86.723392 13.276608 0.73446784
0.00739072 13.5304815 74.42812 1.86842125 0.951022124 86.3254022 13.6745978 0.72650804
0.00774264 12.9154914 73.7278982 1.98139573 0.947657794 85.9181096 14.0818904 0.71836219
0.00811131 12.3284648 73.0149372 2.10040418 0.944075228 85.5014254 14.4985746 0.71002851
0.00849753 11.7681256 72.2893302 2.22570589 0.940261563 85.0752665 14.9247335 0.70150533
0.00890215 11.2332414 71.5511883 2.35756647 0.936203323 84.6395555 15.3604445 0.69279111
0.00932603 10.7226762 70.8006419 2.49625764 0.931886406 84.1942219 15.8057782 0.68388444
0.0097701 10.2353098 70.0378403 2.64205699 0.927296073 83.7392013 16.2607987 0.67478403
0.01023531 9.77009978 69.2629526 2.79524766 0.922416945 83.2744369 16.7255631 0.665483874
0.01072267 9.3260354 68.4761681 2.95611807 0.917232998 82.7998789 17.2001211 0.65599758
0.01123324 8.90215112 67.6776961 3.12496151 0.911727565 82.3154855 17.6845145 0.64630971
0.01176812 8.49753402 66.8677666 3.30207572 0.905883336 81.8212227 18.1787773 0.63642445
0.01232847 8.11130659 66.0466306 3.48776252 0.899682377 81.3170652 18.6829349 0.6263413
0.0129155 7.74263482 65.2145597 3.68232725 0.893106135 80.802996 19.197004 0.61605992
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Plot of P(nerero) €€ (at 100% conversion) & Int ee (at 50% conversion) against s-factor:
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