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1. MaWerials and MeWhods 
UQOeVV RWheUZiVe VWaWed, aOO UeacWiRQV ZeUe caUUied RXW XViQg RYeQ-dUied gOaVVZaUe XQdeU a 

SRViWiYe SUeVVXUe Rf dU\ QiWURgeQ XViQg VWaQdaUd SchOeQN PaQifROd WechQiTXeV. AOO VWaUWiQg 

PaWeUiaOV ZeUe bRXghW fURP cRPPeUciaO VXSSOieUV (e.g., SigPa-AOdUich, FiVheU ScieQWific, AOfa 

AeVaU aQd AcURV OUgaQicV) aQd XVed ZiWhRXW fXUWheU SXUificaWiRQ XQOeVV iQdicaWed RWheUZiVe.  

RRRP WePSeUaWXUe (UW) PeaQV 18±25 �C aQd ZaV UegXOaWed XViQg aQ RiO baWh. ReacWiRQV ZeUe 

VWiUUed PagQeWicaOO\ XViQg a WePSeUaWXUe-UegXOaWed hRWSOaWe/VWiUUeU aQd PRQiWRUed b\ WhiQ-Oa\eU 

chURPaWRgUaSh\ (TLC), UeYeUVe-ShaVe OiTXid chURPaWRgUaSh\±PaVV VSecWURPeWU\ (LCMS) RU 

QXcOeaU PagQeWic UeVRQaQce VSecWURVcRS\ (NMR) ZheUe aSSURSUiaWe. 

1.1. Thin-La\er ChromaWograph\ (TLC) 

ThiQ-Oa\eU chURPaWRgUaSh\ (TLC) ZaV SeUfRUPed XViQg aOXPiQXP-bacNed ViOica SOaWeV (MeUcN 

KeiVeOgeO 60 F254) aQd YiVXaOiVed b\ UV OighW (Ȝ = 254±312 QP) aQd/RU b\ VWaiQiQg ZiWh 

p-aQiVaOdeh\de, ShRVShRPRO\bdic acid, SRWaVViXP SeUPaQgaQaWe RU YaQiOOiQ VROXWiRQV, Zhich 

ZeUe VXbVeTXeQWO\ heaW-WUeaWed. 

1.2. ChromaWograph\ 

FOaVh cROXPQ chURPaWRgUaSh\ ZaV caUUied RXW XViQg MeUcN ViOica geO 60 (40௅63 �P, 230±400 

PeVh). PUeSaUaWiYe ThiQ La\eU ChURPaWRgUaSh\ (PTLC) ZaV caUUied RXW XViQg MeUcN AQaOWech 

01012, 20 cP î 20 cP, 500 �P. 

1.3. SolYenWs 

The fROORZiQg aQh\dURXV VROYeQWV ZeUe RbWaiQed fURP Whe UQiYeUViW\ Rf EdiQbXUgh SchRRO Rf 

ChePiVWU\¶V cRPPXQaO VROYeQW SXUificaWiRQ V\VWeP, Zhich ZeUe SXUified b\ fiOWUaWiRQ WhURXgh 

acWiYaWed aOXPiQa cROXPQV: aceWRQiWUiOe (MeCN), dichORURPeWhaQe (CH2CO2), dieWh\O eWheU 

(EW2O), n-he[aQe, WeWUah\dURfXUaQ (THF) aQd WROXeQe. TheVe VROYeQWV ZeUe WUaQVfeUUed, VWRUed, 

aQd XVed XQdeU a SRViWiYe SUeVVXUe Rf QiWURgeQ iQ YRXQg¶V YaOYe-VeaOed, RYeQ-dUied aQd 

QiWURgeQ-SXUged SWUaXVV fOaVNV cRQWaiQiQg acWiYaWed 3 c PROecXOaU VieYeV (a20% Z/Y). The 

fROORZiQg aQh\dURXV VROYeQWV ZeUe SXUchaVed aQd XVed aV UeceiYed fURP AcURV OUgaQicV: 

1,4-diR[aQe [CAS: 123-91-1], N,N-diPeWh\OfRUPaPide (DMF) [CAS: 68-12-2], PeWhaQRO 

(MeOH) [CAS: 67-56-1], eWhaQRO [CAS: 64-17-5] aQd 2-PeWh\OWeWUah\dURfXUaQ (2-MeTHF) 

[CAS: 96-47-9]. SROYeQWV fRU QRQ-aQh\dURXV UeacWiRQV RU SXUificaWiRQV ZeUe XVed aV UeceiYed. 
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1.4. Anal\sis 

NXclear MagneWic Resonance (NMR) daWa (1H, 13C, HSQC, HMBC, COSY) ZeUe UecRUded 

XViQg a BUXNeU AYaQce 600 MH], BUXNeU AYaQce 500 MH] RU BUXNeU PUR 500 MH] NMR 

VSecWURPeWeU. DaWa ZeUe UecRUded aW 298 K XQOeVV VSecified aQd aOO 13C NMR VSecWUa ZeUe 

bURadbaQd 1H decRXSOed. DeXWeUaWed VROYeQWV (CDCO3, CD3OD) ZeUe XVed aV RbWaiQed fURP 

SigPa-AOdUich. ChePicaO VhifWV (į / SSP) aUe UeSRUWed UeOaWiYe WR Whe VROYeQW¶V UefeUeQce SeaNV 

(e.g., 1H - CDCO3, 7.26 SSP; 13C - CDCO3, 77.16 SSP). DaWa fRU 1H NMR VSecWUa aUe UeSRUWed 

aV fROORZV: chePicaO VhifW (į / SSP), SeaN PXOWiSOiciW\ (V, ViQgOeW; d, dRXbOeW; W, WUiSOeW; T, TXaUWeW; 

S, SeQWeW; P, PXOWiSOeW RU XQUeVROYed, br V, bURad ViQgOeW), iQWegUaWiRQ, cRXSOiQg cRQVWaQWV (H]) 

aQd SeaN aVVigQPeQW. CRXSOiQg cRQVWaQWV (J) aUe TXRWed WR Whe QeaUeVW 0.1 H]. 

High ResolXWion Mass SpecWromeWr\ (HRMS) daWa ZeUe UecRUded b\ Whe UQiYeUViW\ Rf 

EdiQbXUgh MaVV SSecWURPeWU\ SeUYiceV LabRUaWRU\ XViQg eOecWURVSUa\ iRQiVaWiRQ (ESI; BUXNeU 

DaOWRQicV PicUOTOF II) caOibUaWed ZiWh VRdiXP fRUPaWe cOXVWeUV ZiWh daWa aQaO\ViV XViQg DaWa 

AQaO\ViV 4.1 (BUXNeU DaOWRQicV). 

FoXrier Transformed Infra-Red (FTIR) VSecWUa ZeUe RbWaiQed XViQg a ShiPad]X IR 

AffiQiW\-1 FTIR VSecWURPeWeU ORadiQg cRPSRXQdV aV WhiQ fiOPV RU VROidV. SeOecW SeaN YaOXeV 

ZeUe TXRWed iQ ZaYe QXPbeUV (cP�1); RQO\ chaUacWeUiVWic fXQcWiRQaO gURXS abVRUSWiRQ Pa[iPa 

(ȞPa[) aUe UeSRUWed. 

High-Performance LiqXid ChromaWograph\ (HPLC) ZaV cRQdXcWed XViQg a PRdXOaU 

ShiPad]X V\VWeP XViQg a LC-20AD SXPS, DGU-20A5R degaVViQg XQiW, SIL-20A HT 

aXWRVaPSOeU, CTO-20A cROXPQ RYeQ, SPD-20A UV/ViV deWecWRU aQd CDM-20A 

cRPPXQicaWiRQV PRdXOe.  

OpWical RoWaWion ([Į]D YalXes) ZeUe UecRUded XViQg a BeOOiQghaP aQd SWaQOe\ LWd. ADP 450 

SROaUiPeWeU ZiWh a BeOOiQghaP aQd SWaQOe\ LWd. 0.5 PL ceOO (O = 0.25 dP). CRQceQWUaWiRQV (c) 

aUe UeSRUWed iQ g/100 PL. 
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2. SWereoreWenWiYe EnanWioconYergenW Aza-Dar]ens Dimeri]aWion  

2.1. S\nWhesis of Racemic A]iridine 

TrisXbsWiWXWed a]iridine ((rac)-2)20 

 

BaVed RQ cRQdiWiRQV UeSRUWed b\ W�UWhZeiQ aQd cR-ZRUNeUV.20 TR a VWiUUed VROXWiRQ Rf fUeVhO\ 

diVWiOOed N,N-diiVRSURS\OaPiQe (0.22 PL, 1.58 PPRO, 2.00 eTXiY.) iQ aQh\dURXV THF (1.00 

PL) XQdeU a N2 aWPRVSheUe ZaV added n-bXW\OOiWhiXP (0.94 PL, 1.60 M iQ he[aQeV, 1.58 PPRO, 

2.00 eTXiY.) aW í78 �C dURSZiVe RYeU 10 VedcRQdV. The UeVXOWiQg cRORXUOeVV VROXWiRQ ZaV 

aOORZed WR VWiU aW WhiV WePSeUaWXUe fRU 0.5 h. A VROXWiRQ Rf iPiQe 120 (100 Pg, 0.79 PPRO, 1.00 

eTXiY) iQ aQh\dURXV THF (1.00 PL) ZaV WheQ added dURSZiVe RYeU 15 VecRQdV aW í78 �C. The 

UeVXOWiQg bURZQ VROXWiRQ ZaV VWiUUed aW WhiV WePSeUaWXUe fRU 1 h befRUe beiQg aOORZed WR ZaUP 

gUadXaOO\ WR 0 �C (ca. 90 PiQV) aQd WheQ VWiUUed aW WhiV WePSeUaWXUe fRU a fXUWheU 1 h. The UeacWiRQ 

Pi[WXUe ZaV WheQ TXeQched ZiWh ZaWeU (5 PL) aQd e[WUacWed iQWR CH2CO2 (3 î 5 PL). The 

cRPbiQed RUgaQic e[WUacWV ZeUe ZaVhed ZiWh bUiQe (10 PL), dUied RYeU aQh\dURXV Na2SO4, 

fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The UeVXOWiQg RUaQge RiO ZaV WheQ SXUified 

b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (75% EW2O iQ n-he[aQe), affRUdiQg aOO\Oic aOcRhRO 2 

(53 Pg, 0.21 PPRO, 53%) aV a cRORXUOeVV cU\VWaOOiQe VROid. SSecWURVcRSic daWa ZeUe iQ 

agUeePeQW ZiWh WhRVe UeSRUWed SUeYiRXVO\.20 

MP: 127±128 �C (n-he[aQe/EW2O) (LiW: 128 �C)20 

Rf = 0.35 (75% EW2O iQ n-he[aQe), VWaiQed ZiWh KMQO4; 

1H NMR (601 MH], CDCO3) į = 7.47 (d, J = 1.6 H], 1H), 6.04 (ddd, J = 17.2, 10.6, 4.9 H], 

1H), 5.41 (dW, J = 17.3, 1.6 H], 1H), 5.20 (dW, J = 10.6, 1.6 H], 1H), 4.59 (d, J = 8.4 H], 1H), 

4.25 ± 4.19 (P, 1H), 3.66 (S, J = 6.9 H], 1H), 3.32 (heSW, J = 6.3 H], 1H), 2.56 (heSW, J = 6.1 

H], 1H), 2.45 (d, J = 4.2 H], 1H), 2.13 (d, J = 6.3 H], 1H), 1.41 (d, J = 6.5 H], 3H), 1.19 (d, J 

= 6.4 H], 3H), 1.18 (d, J = 6.4 H], 3H), 1.17 (d, J = 6.3 H], 3H), 1.05 (d, J = 6.2 H], 3H); 

13C NMR (150 MH], CDCO3) į = 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; 
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HRMS (ESI+): CaOc. fRU C14H27N2O2 [M+H]+: 255.2067; fRXQd: 255.2072; 

HPLC: DaiceO ChiUaOSaN� ID cROXPQ ZiWh gXaUd, 100% n-he[aQe, fORZ 0.8 PL/PiQ, 30 �C, 

230 QP, WR = 9.53 PiQ, WR = 10.31 PiQ. 

NoWe: UViQg feZeU WhaQ 2.00 eTXiY. Rf LDA UeVXOWed iQ Whe fRUPaWiRQ Rf VeSaUabOe Pi[WXUeV Rf 

aOO\Oic aOcRhRO (2) aQd eSR[ide (S1), Zhich ZaV iVROaWed aV a \eOORZ RiO fROORZiQg SXUificaWiRQ 

b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (75% EW2O iQ n-he[aQe). 

InWermediaWe epo[ide (S1) 

 

Rf = 0.45 (75% EW2O iQ n-he[aQe); VWaiQed ZiWh KMQO4; 

1H NMR (400 MH], CDCO3) į = 7.47 (V, 1H), 4.26 (V, 1H), 3.93 (T, J = 6.4 H], 1H), 3.33 (h, J 

= 6.8 H], 1H), 3.01 (Td, J = 5.2, 2.2 H], 1H), 2.84 (dd, J = 6.6, 2.3 H], 1H), 2.49 (heSW, J = 6.2 

H], 1H), 1.87 (d, J = 6.6 H], 1H), 1.33 (dd, J = 6.7, 5.8 H], 6H), 1.20 (d, J = 6.2 H], 3H), 1.18 

(d, J = 6.3 H], 3H), 1.15 (d, J = 6.3 H], 3H), 1.02 (d, J = 6.2 H], 3H); 

13C NMR (101 MH], CDCO3) į = 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 (ESI+): CaOc. fRU C14H26N2O2 [M+H]+: 255.2067; fRXQd: 255.2076. 
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2.2.General Procedure for Chiral Lithium Amides 
Chiral amines 4 and S6 were commercially available. Bases S239, S340, S441 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 N2 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 CH2Cl2 (3 × 5 mL). The combined organic extracts were 

washed with brine (10 mL), dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The resulting orange oil was then purified by column chromatography on 

silica gel (75% Et2O 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. SWereoreWenWiYe EnanWioconYergenW A]a-Dar]ens ReacWion 

EnanWioenriched WrisXbsWiWXWed a]iridine (2) 

 

TR a VWiUUed VROXWiRQ Rf (S,S)-4 (338 Pg, 1.58 PPRO, 2.00 eTXiY) iQ aQh\dURXV THF (1.00 PL) 

XQdeU a N2 aWPRVSheUe aQd cRROed WR í80 �C ZiWh Whe aid Rf a cU\RVWaW, ZaV added n-BXLi 

(0.98 PL, 1.60 M iQ he[aQeV, 1.58 PPRO, 2.00 eTXiY) dURSZiVe RYeU 10 VecRQdV. The UeVXOWiQg 

VROXWiRQ ZaV heOd aW WhiV WePSeUaWXUe fRU 45 PiQXWeV aQd gUadXaOO\ WXUQed deeS SXUSOe. The 

WePSeUaWXUe RQ Whe cU\RVWaW ZaV adMXVWed WR í100 �C aQd Whe Pi[WXUe ZaV aOORZed WR eTXiOibUaWe 

fRU 10 PiQXWeV. AW WhiV SRiQW, Whe chiUaO OiWhiXP aPide had SUeciSiWaWed aV a OaYeQdeU VROid. A 

VROXWiRQ Rf Whe iPiQe (100 Pg, 0.79 PPRO, 1.00 eTXiY) iQ aQh\dURXV THF (1.00 PL) ZaV WheQ 

added dURSZiVe RYeU ca. 15 VecRQdV. The UeVXOWiQg VXVSeQViRQ ZaV aOORZed WR VWiU fRU 1.5 h 

befRUe beiQg gUadXaOO\ ZaUPed WR 0 �C b\ adMXVWiQg Whe WePSeUaWXUe RQ Whe cU\RVWaW (W\SicaOO\ 

RYeU 90±120 PiQ). The UeVXOWiQg VROXWiRQ ZaV WheQ VWiUUed aW 0 �C fRU a fXUWheU 90 PiQ befRUe 

beiQg TXeQched ZiWh ZaWeU (5 PL) aQd e[WUacWed iQ CH2CO2 (3 î 5 PL). The cRPbiQed RUgaQic 

e[WUacWV ZeUe ZaVhed ZiWh bUiQe (10 PL), dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe. The UeVXOWiQg RUaQge RiO ZaV WheQ SXUified b\ cROXPQ 

chURPaWRgUaSh\ RQ ViOica geO (75% EW2O iQ n-he[aQe), affRUdiQg aOO\Oic aOcRhRO 2 (57 Pg, 

0.22 PPRO, 56%, 92% ee) aV a cRORXUOeVV VROid. 

HPLC: DaiceO ChiUaOSaN� ID cROXPQ ZiWh gXaUd, 100% n-he[aQe, 0.8 PO/PiQ, 30 �C, 230 QP, 

tR = 9.22 PiQ (MaMRU), tR = 10.13 PiQ (MiQRU), e.U. 96:4 (92% ee). 
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3. SWereoreWenWiYe EnanWioconYergenW ReacWion ZiWh a Traceless 

AX[iliar\ 

3.1. S\nWhesis of Racemic D-Aminoamides 

Chloroamide ((rac)-10) 

 

APiQe (rac)-11 (300 Pg, 1.44 PPRO, 1.00 eTXiY.) ZaV diVVROYed iQ DMAc (2.00 PL) aQd 

added dURSZiVe WR a VROXWiRQ Rf chORURaceW\O chORUide (0.11 PL, 1.38 PPRO, 0.96 eTXiY.) iQ 

DMAc (1.60 PL) aW 0 ႏ RYeU 5 PiQ. The UeacWiRQ Pi[WXUe ZaV aOORZed WR VWiU fRU 18 h aW 

aPbieQW WePSeUaWXUe. WaWeU (15 PL) aQd aTXeRXV 2 M HCO (0.80 PL) ZeUe added. The Pi[WXUe 

ZaV e[WUacWed ZiWh EWOAc:n-he[aQe (2:1, 4 î 10 PL) aQd Whe cRPbiQed RUgaQic ShaVeV ZeUe 

ZaVhed ZiWh ZaWeU (2 î 25 PL). The RUgaQic ShaVeV ZeUe dUied RYeU aQh\dURXV Na2SO4, 

fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The OighW RUaQge RiO ZaV SXUified XViQg 

cROXPQ chURPaWRgUaSh\ (50% EWOAc iQ n-he[aQe) WR giYe chORURaPide (rac)-10 (302 Pg, 1.06 

PPRO, 77%) aV aQ Rff-ZhiWe fRaP. 

Rf = 0.53 (50% EWOAc iQ n-He[aQe); 

1H NMR� (500 MH], CDCO3) į = 7.41 ± 7.17 (P, 9H), 6.87 (V, 1H), 4.31 ± 4.07 (P, 2H), 3.90 

± 3.76 (P, 1H), 3.55 (ddd, J = 13.6, 11.4, 4.3 H], 1H), 3.15 (ddd, J = 16.9, 11.3, 5.9 H], 1H), 

2.88 (dW, J = 16.3, 3.7 H], 1H); 

13C NMR (126 MH], CDCO3) į = 165.4, 142.0, 134.8, 134.1, 129.0, 128.9 (2 î RYeUOaSSiQg 

VigQaOV), 128.5, 127.8, 127.4, 126.6, 55.9, 41.6, 40.4, 29.1; 

IR (Whin film, cmí1): 1644, 1449, 1433, 742, 700; 

HRMS (ESI+): CaOc. fRU C17H17CONO [M+H]+: 286.0993; fRXQd 286.0999 

�NoWes: ChORURaPide 10 e[iVWV aV a SaiU Rf URWaPeUV iQ CDCO3 aW UW (URWaPeUic UaWiR = 4:1). NMR 

daWa fRU Whe PaMRU URWaPeU aUe UeSRUWed. 

AQaO\WicaO aQd VSecWURVcRSic daWa PaWched WhRVe SUeYiRXVO\ UeSRUWed.42 
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Į-Aminoamide dimers ((rac)-12) 

 

TR a VWiUUed VROXWiRQ Rf (rac)-chORURaPide 10 (120 Pg, 0.42 PPRO, 1.00 eTXiY.) aQd (rac)-

aPiQe 11 (88 Pg, 0.42 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF (2.00 PL) ZaV added EW3N (88 

�L, 0.63 PPRO, 1.50 eTXiY.) aQd NaI (63 Pg, 0.42 PPRO, 1.00 eTXiY.). The UeVXOWiQg RUaQge 

VROXWiRQ ZaV VWiUUed aW 50 �C fRU 24 h, afWeU Zhich WiPe Whe VROYeQW ZaV UePRYed XQdeU UedXced 

SUeVVXUe, giYiQg a \eOORZ fRaP, Zhich ZaV diVVROYed iQ CH2CO2 (20 PL). The RUgaQic ShaVe 

ZaV ZaVhed ZiWh ZaWeU (10 PL), bUiQe (10 PL), dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a \eOORZ UeVidXe WhaW ZaV SXUified b\ cROXPQ 

chURPaWRgUaSh\ RQ ViOica geO (70% EWOAc iQ n-he[aQe) WR affRUd D-aPiQRaPide diPeUV (rac)-

12 (109 Pg, 0.24 PPRO, 57%, 1:1 d.U.) aV a ZhiWe fRaP.  

SSecWURVcRSic daWa fRU Whe hRPRchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 16, ZhiOe 

VSecWURVcRSic daWa fRU Whe heWeURchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 21. 

HPLC: DaiceO ChiUaceO� OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, 1.0 PL/PiQ, 30 

�C, 270 QP, tR = 20.89 PiQ (R,S-isomer), tR = 24.78 PiQ (S,R-isomer), tR = 33.78 PiQ 

(S,S-isomer), tR = 39.20 PiQ (R,R-isomer).  
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3.2. HPLC Trace AssignmenW of Dimeric D-Aminoamides 

EnanWiopXre chloroamide ((S)-10) 

 

PUeSaUed iQ aQaORg\ WR Whe SURcedXUe iQ SecWion 3.1 WhaW XVed UacePic (rac)-11. ChORURaPide 

(S)-10 (1.11 g, 3.88 PPRO, 63%) ZaV RbWaiQed aV aQ Rff-ZhiWe fRaP.  

SSecWURVcRSic aQd aQaO\WicaO daWa ZeUe ideQWicaO WR Whe UacePic PaWeUiaO. 

HPLC: DaiceO ChiUaceO OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, fORZ 1.0 PL/PiQ, 

30 �C, 270 QP, tR = 10.90 PiQ (S-isomer), tR = 14.03 PiQ (R-isomer), >99% ee. 
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Homochiral Į-aminoamide ((S,S)-12)) and heWerochiral Į-aminoamide ((S,R)-12)) 

 

TR a VWiUUed VROXWiRQ Rf chORURaPide (S)-10 (120 Pg, 0.42 PPRO, 1.00 eTXiY.) aQd (rac)-aPiQe 

11 (88 Pg, 0.42 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF (2.00 PL) ZaV added EW3N (88 �L, 

0.63 PPRO, 1.50 eTXiY.) aQd NaI (63 Pg, 0.42 PPRO, 1.00 eTXiY.). The UeVXOWiQg RUaQge 

VROXWiRQ ZaV VWiUUed aW 50 �C fRU 24 h, afWeU Zhich WiPe Whe VROYeQW ZaV UePRYed XQdeU UedXced 

SUeVVXUe, giYiQg a \eOORZ fRaP, Zhich ZaV diVVROYed iQ CH2CO2 (20 PL). The RUgaQic ShaVe 

ZaV ZaVhed ZiWh ZaWeU (10 PL), bUiQe (10 PL), dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe giYiQg a \eOORZ UeVidXe WhaW ZaV SXUified b\ cROXPQ 

chURPaWRgUaSh\ RQ ViOica geO (70% EWOAc iQ n-he[aQe) WR affRUd D-aPiPRaPide diPeUV (S,S)- 

aQd (S,R)-12 diPeUV (110 Pg, 0.24 PPRO, 57%, 1:1 d.U.) aV a ZhiWe fRaP.  

SSecWURVcRSic daWa fRU Whe hRPRchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 16, ZhiOe 

VSecWURVcRSic daWa fRU Whe heWeURchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 21. 

HPLC: DaiceO ChiUaceO OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, 1.0 PL/PiQ, 30 

�C, 270 QP, tR = 25.79 PiQ (S,R-isomer), tR = 34.67 PiQ (S,S-isomer). See Sage 17 fRU HPLC 

WUaceV.  
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Homochiral Į-aminoamide ((S,S)-12 and heWerochiral Į-aminoamide ((R,S)-12) 

 

TR a VWiUUed VROXWiRQ Rf (rac)-chORURaPide 10 (120 Pg, 0.42 PPRO, 1.00 eTXiY.) aQd aPiQe 

(S)-11 (88 Pg, 0.42 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF (2.00 PL), ZaV added EW3N (88 �L, 

0.63 PPRO, 1.50 eTXiY.) aQd NaI (63 Pg, 0.42 PPRO, 1.00 eTXiY.). The UeVXOWiQg RUaQge 

VROXWiRQ ZaV VWiUUed aW 50 �C fRU 24 h, afWeU Zhich WiPe Whe VROYeQW ZaV UePRYed XQdeU UedXced 

SUeVVXUe, giYiQg a \eOORZ fRaP, Zhich ZaV diVVROYed iQ CH2CO2 (20 PL). The RUgaQic ShaVe 

ZaV ZaVhed ZiWh ZaWeU (10 PL), bUiQe (10 PL), dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe giYiQg a \eOORZ UeVidXe WhaW ZaV SXUified b\ cROXPQ 

chURPaWRgUaSh\ RQ ViOica geO (70% EWOAc iQ n-he[aQe) WR affRUd D-aPiPRaPide diPeUV (S,S)- 

aQd (R,S)-12 (148 Pg, 0.32 PPRO, 77%, 1:1 d.U.) aV a ZhiWe fRaP.  

SSecWURVcRSic daWa fRU Whe hRPRchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 16, ZhiOe 

VSecWURVcRSic daWa fRU Whe heWeURchiUaO diaVWeUeRPeU aUe UeSRUWed RQ Sage 21. 

HPLC: DaiceO ChiUaceO� OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, 1.0 PL/PiQ, 30 

�C, 270 QP, tR = 20.92 PiQ (R,S-isomer), tR = 33.01 PiQ (S,S-isomer). See Sage 17 fRU HPLC 

WUaceV. 
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Homochiral Į-aminoamide ((S,S)-12) 

 

PUeSaUed iQ aQaORg\ WR Whe SURcedXUe abRYe WhaW XVed UacePic (rac)-11. ChORURaPide (S)-10 

(120 Pg, 0.42 PPRO, 1.00 eTXiY), aPiQe (S)-11 (88 Pg, 0.42 PPRO, 1.00 eTXiY.). HRPRdiPeU 

(S,S)-12 (117 Pg, 0.26 PPRO, 61%) ZaV iVROaWed aV a ZhiWe fRaP fROORZiQg SXUificaWiRQ b\ 

cROXPQ chURPaWRgUaSh\ RQ ViOica geO (70% EWOAc iQ n-he[aQe). 

Rf = 0.64 (70% EWOAc iQ n-he[aQe); 

1H NMR� (601 MH], CDCO3) į = 7.40 ± 6.96[^,*] (P, 18H, AUCH), 6.87[^] (V, 1H, O=CNCHPh), 

6.74 ± 6.53[^,*] (P, 2H), 4.63[^] (V, 1H), 4.46[*] (V, 1H), 4.36 ± 4.24[*] (P, 1H), 3.85[*] (d, J = 

12.9 H], 1H), 3.72[^] (dW, J = 14.1, 4.4 H], 1H), 3.45[^] (d, J = 13.5 H], 1H), 3.29[^] (ddd, J = 

13.8, 10.0, 5.7 H], 1H), 3.20[*] (ddd, J = 13.2, 9.7, 5.0 H], 1H), 3.11[^,*] (d, J = 12.9 H], 2H), 

3.06 ± 2.90[^,*] (P, 2H), 2.86 ± 2.50[^,*] (P, 3H); 

13C NMR� (151 MH], CDCO3) į = 169.0^, 143.4^, 142.9*, 142.6^, 141.4*, 138.1^.*, 136.1*, 

135.1^, 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^, 39.3^, 37.1*, 29.23*, 29.15^, 28.7^, 27.8*; 

IR (Thin film, cmí1): 1637, 1492, 1450, 1438, 742, 698;  

HRMS (ESI+): caOc. fRU C32H31N2O [M+H]+: 459.2431; fRXQd: 459.2418; 

HPLC: DaiceO ChiUaceO� OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, 1.0 PL/PiQ, 30 

�C, 270 QP, WR = 33.42 PiQ (S,S-isomer), >99% ee. 

�NoWes: DiPeU (S,S)-12 e[iVWV aV a Pi[WXUe Rf URWaPeUV iQ VROXWiRQ (URWaPeUic UaWiR = 1:1.2). 

RRWaPeUV aUe aVVigQed aV ̂ PaMRU RU *PiQRU ZheUe SRVVibOe. APide C=O QRW RbVeUYed fRU PiQRU 

URWaPeU. SeYeUaO VigQaOV fURP Whe PaMRU aQd PiQRU URWaPeUV RYeUOaS iQ Whe 13C NMR VSecWUXP. 
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3.3.SWereoreWenWiYe EnanWioconYergenW Traceless AX[illar\ ReacWion 

H\dro[amic Į-chloroaceWaWe (9) 

 

TR a VWiUUiQg VROXWiRQ Rf cRPPeUciaOO\ aYaiOabOe h\dUR[aPic acid S7 (100 Pg, 0.52 PPRO, 1.00 

eTXiY.) iQ THF (1.60 PL) ZaV added chORURaceWic aQh\dUide (78 Pg, 0.46 PPRO, 0.90 eTXiY.). 

The UeacWiRQ ZaV heaWed aW 50 �C fRU 24 h, afWeU Zhich WiPe, aQ addiWiRQaO SRUWiRQ Rf 

chORURaceWic aQh\dUide (38 Pg, 0.22 PPRO) ZaV added aQd Whe UeacWiRQ ZaV OefW fRU a fXUWheU 

24 h. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed XQdeU UedXced SUeVVXUe aQd Whe UeVXOWiQg Rff-ZhiWe 

VROid ZaV diVVROYed iQ CH2CO2 (30 PL) aQd ZaVhed ZiWh VaWXUaWed aTXeRXV NaHCO3 (4 î 15 

PL) aQd bUiQe (2 î 15 PL). The RUgaQic ShaVeV ZeUe dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, 

aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR affRUd h\dUR[aPic Į-chORURaceWaWe 9 (89 Pg, 0.25 

PPRO, 71% \ieOd) aV a ZhiWe VROid. The cRPSRXQd ZaV XVed diUecWO\ iQ Whe VXbVeTXeQW NiQeWic 

UeVROXWiRQ ZiWhRXW fXUWheU SXUificaWiRQ aV iW ZaV fRXQd WR degUade UeadiO\. A VPaOO SRUWiRQ ZaV 

aQaO\Ved b\ 1H NMR VSecWURVcRS\ WR ideQWif\ chaUacWeUiVWic VigQaOV. 

1H NMR (601 MH], CDCO3) į = 7.68 (d, J = 1.8 H], 1H), 7.48 (ddd, J = 8.1, 1.9, 0.8 H], 1H), 

7.20 (d, J = 8.0 H], 1H), 5.10 (d, J = 4.4 H], 1H), 4.82 (Wd, J = 4.7, 1.2 H], 1H), 4.39 (V, 2H), 

4.37 (d, J = 7.8 H], 2H), 3.31 ± 2.98 (P, 2H); 
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KineWic resolXWion of secondar\ amine (rac)-11 

 

TR a VWiUUed VROXWiRQ Rf (rac)-aPiQe 11 (45 Pg, 0.20 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF 

(1.00 PL) ZaV added h\dUR[aPic Į-chORURaceWaWe 9 (40 Pg, 0.11 PPRO, 0.55 eTXiY.) iQ a ViQgOe 

SRUWiRQ. The UeVXOWiQg VROXWiRQ ZaV VWiUUed aW URRP WePSeUaWXUe fRU 2 h. AQ aOiTXRW Rf Whe 

UeacWiRQ Pi[WXUe ZaV WheQ cROOecWed aQd aQaO\Ved b\ chiUaO VWaWiRQaU\ ShaVe HPLC. 

HPLC: DaiceO ChiUaceO� OD-H cROXPQ ZiWh gXaUd, 5% i-PUOH iQ n-he[aQe, 0.5 PL/PiQ, 30 

�C, 230 QP, tR = 16.12 PiQ ((S)-11), tR = 26.79 PiQ ((R)-11), tR = 33.72 PiQ ((S)-12), tR = 

45.29 PiQ ((R)-12).  
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Conversion determination b\ HPLC 

𝐶𝑜𝑛𝑣. =
𝑒𝑒𝟏𝟏

(𝑒𝑒𝟏𝟏  +  𝑒𝑒𝟏𝟐)
 × 100 =  

0.52
(0.52 +  0.88)

 × 100 = 𝟑𝟕% 

s-factor determination  

𝑠 =
ln[(1 − 𝑐𝑜𝑛𝑣. )(1 − 𝑒𝑒𝟏𝟏)]
ln[(1 − 𝑐𝑜𝑛𝑣. )(1 + 𝑒𝑒𝟏𝟏)] =   

ln[(1 − 0.37)(1 − 0.52)]
ln[(1 − 0.37)(1 + 0.52)] = 𝟐𝟖 
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HeWerochiral Į-aminoamide ((S,R)-12) 

 

TR a VWiUUed VROXWiRQ Rf (rac)-aPiQe 11 (45 Pg, 0.20 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF 

(1.00 PL) ZaV added h\dUR[aPic Į-chORURaceWaWe 9 (40 Pg, 0.11 PPRO, 0.55 eTXiY.) iQ a ViQgOe 

SRUWiRQ. The UeVXOWiQg VROXWiRQ ZaV VWiUUed aW URRP WePSeUaWXUe fRU 2 h befRUe aQh\dURXV EW3N 

(41 �L, 0.30 PPRO, 1.50 eTXiY.) aQd NaI (15 Pg, 0.10 PPRO, 0.50 eTXiY.) ZeUe added iQ a 

ViQgOe SRUWiRQ. The UeVXOWiQg Pi[WXUe ZaV heaWed WR 50 �C fRU 16 h. USRQ cRROiQg WR URRP 

WePSeUaWXUe, Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed XQdeU UedXced SUeVVXUe aQd 1H NMR 

aQaO\ViV iQdicaWed cRPSOeWe cRQVXPSWiRQ Rf bRWh VWaUWiQg PaWeUiaOV aQd Whe fRUPaWiRQ Rf Whe 

diPeU (>95%, 97% ee, 6:1 d.U., deWeUPiQed b\ HPLC). PXUificaWiRQ b\ SUeSaUaWiYe TLC (50% 

EWOAc iQ n-he[aQe) affRUded Whe diPeU (39 Pg, 0.085 PPRO, 85%, 98% ee, 9:1 d.U.) aV a ZhiWe 

fRaP, VOighWO\ eQUiched iQ Whe PaMRU diaVWeUeRPeU. FXUWheU SXUificaWiRQ b\ SUeSaUaWiYe TLC, 

affRUded a VaPSOe Rf SXUe heWeURchiUaO diPeU (ca. 6 Pg) fRU chaUacWeUiVaWiRQ.  

Rf = 0.68 (70% EWOAc iQ n-he[aQe); 
1H NMR� (601 MH], CDCO3): į = 7.34±6.98[^,*] (P, 17H), 6.92[^] (V, 1H, O=CNCHPh), 6.91[*] 

(V, 1H, O=CNCHPh), 6.65[^] (d, J = 8.0 H], 1H, AUCH), 6.58[*] (d, J =8.0 H], 1H, AUCH), 

6.02[*] (V, 1H, CH2NCHPh), 6.58[^] (V, 1H, CH2NCHPh), 4.52[*] (V, 2H, CH2NCHPh), 4.49[^] (V, 

2H, CH2NCHPh), 4.24±4.15[*] (P, 1H), 3.89[*] (d, J = 7.4 H], 1H), 3.83[*] (d, J = 7.4 H], 1H), 

3.72[*] (d, J = 7.4 H], 1H), 3.59±3.54[^] (P, 2H), 3.49±3.45[*] (P, 1H), 3.25²3.12[^,*] (3H, P), 

3.06±3.01[^] (P, 2H), 2.96±2.89[*] (P, 1H), 2.88±2.81[^] (P, 2H), 2.77±2.73[^] (P, 2H), 2.61 (dW, 

J = 7.3, 1.8 H], 1H)[*]; 

13C NMR� (151 MH], CDCO3) į = 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+): caOc. fRU C32H31N2O [M+H]+: 459.2431; fRXQd: 459.2420; 
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IR (Thin film, cmí1): 1637, 1492, 1450, 1438, 742, 698;  

HPLC: DaiceO ChiUaceO� OD-H cROXPQ ZiWh gXaUd, 2% i-PUOH iQ n-he[aQe, 1.0 PL/PiQ, 30 

�C, 270 QP, tR = 20.89 PiQ (R,S-isomer), tR = 24.78 PiQ (S,R-isomer), tR = 33.78 PiQ 

(S,S-isomer), tR = 39.20 PiQ (R,R-isomer),  97% ee.  

�NoWes: DiPeU (S,R)-12 e[iVWV aV a Pi[WXUe Rf URWaPeUV iQ CDCO3 aW UW (URWaPeUic UaWiR = 1:3.7). 

RRWaPeUV aUe aVVigQed aV ̂ PaMRU RU *PiQRU ZheUe SRVVibOe. APide C=O QRW RbVeUYed fRU PiQRU 

URWaPeU. SeYeUaO VigQaOV fRU Whe PaMRU aQd PiQRU URWaPeU RYeUOaS iQ Whe 13C NMR VSecWUXP. 
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HPLC of (S,R)-12 folloZing preparaWiYe TLC: 
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3. BiocaWal\Wic SWereoreWenWiYe EnanWioconYergenW ReacWion 

3.1. S\nWhesis of Racemic-Homo/HeWerodimer 

Primar\ amine ((rac)-13) 

 

AccRUdiQg WR a SURcedXUe RXWOiQed b\ KRba\aVhi aQd cR-ZRUNeUV,43 WR a 250 PL WhUee-QecN 

URXQd-bRWWRP fOaVN ZaV chaUged aPPRQiXP h\dUR[ide (28% VROXWiRQ iQ ZaWeU, 100 PL, 

707 PPRO, 30 eTXiY.) aQd 4-dRdec\ObeQ]eQeVXOfRQic acid (DBSA, 0.73 PL, 2.36 PPRO, 

10 PRO%). The Pi[WXUe ZaV aOORZed WR VWiU aW URRP WePSeUaWXUe XQWiO a cOeaU VROXWiRQ ZaV 

RbWaiQed befRUe iW ZaV cRROed WR 0 �C aQd aOO\ObRURQic acid SiQacRO eVWeU (5.30 PL, 28.3 PPRO, 

1.20 eTXiY.) ZaV added dURSZiVe RYeU 5 PiQXWeV (ZhiWe SUeciSiWaWe fRUPed). The UeacWiRQ ZaV 

WheQ ZaUPed XS WR URRP WePSeUaWXUe aQd VWiUUed fRU 30 PiQXWeV befRUe beQ]aOdeh\de (2.39 PL, 

23.6 PPRO, 1.00 eTXiY.)A ZaV added dURSZiVe RYeU 2 PiQXWeV. The UeacWiRQ ZaV WheQ VWiUUed aW 

URRP WePSeUaWXUe fRU 18 hRXUV befRUe WUaQVfeUUiQg WR a VeSaUaWiQg fXQQeO cRQWaiQiQg bUiQe 

(50 PL) aQd ZaWeU (50 PL). The VROXWiRQ ZaV e[WUacWed ZiWh EWOAc (4 î 100 PL) aQd Whe 

RUgaQic ShaVeV ZeUe cRPbiQed, dUied ZiWh Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced 

SUeVVXUe WR affRUd a cUXde RiO. 

The cUXde PaWeUiaO ZaV diVVROYed iQ a VROXWiRQ Rf aceWRQe aQd 0.1 M NaOH (1:1, 90 PL, 0.26 M) 

aQd WR WhiV ZaV added PeWh\ObRURQic acid (7.05 g, 118 PPRO, 5.00 eTXiY.) aQd Whe UeacWiRQ ZaV 

aOORZed WR VWiU aW URRP WePSeUaWXUe fRU 18 hRXUV.B FROORZiQg WhiV, Whe UeacWiRQ ZaV WUaQVfeUUed 

WR a VeSaUaWiQg fXQQeO cRQWaiQiQg bUiQe (100 PL) aQd e[WUacWed ZiWh EWOAc (4 î 100 PL). The 

RUgaQic ShaVeV ZeUe cRPbiQed, dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU 

UedXced SUeVVXUe WR giYe a cUXde UeVidXe. TR WhiV ZaV added WROXeQe (30 PL) aQd Whe VROXWiRQ 

ZaV cRQceQWUaWed XQdeU UedXced SUeVVXUe WR faciOiWaWe a]eRWURSic UePRYaO Rf e[ceVV 

PeWh\ObRURQic acid aQd PeWh\ObRURQic acid SiQacRO eVWeU. ThiV a]eRWURSic SURceVV ZaV UeSeaWed 

WZice PRUe (2 î 30 PL) WR affRUd a cUXde RiO,C Zhich ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ 

RQ ViOica geO (0±5% MeOH iQ CH2CO2)D,E WR affRUd SUiPaU\ aPiQe (rac)-13 (2.41 g, 16.4 PPRO, 

69%) aV a OighW-RUaQge RiO. 

NoWes: (A) BeQ]aOdeh\de ZaV fUeVhO\ diVWiOOed SUiRU WR XVe. (B) IQ aQaORg\ WR a SURcedXUe 

deVcUibed b\ KOeiQ aQd cR-ZRUNeUV44 PeWh\ObRURQic acid ZaV XVed WR SeUfRUP a 
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WUaQVeVWeUificaWiRQ ZiWh Whe SiQacRO fRUPed dXUiQg Whe UeacWiRQ, Zhich cR-eOXWeV ZiWh Whe 

SURdXcW dXUiQg cROXPQ chURPaWRgUaSh\. (C) The XVe Rf a WROXeQe a]eRWURSe iV cUiWicaO WR 

UePRYe Whe e[ceVV PeWh\ObRURQic acid aQd PeWh\ObRURQic acid SiQacRO eVWeU SURdXced dXUiQg 

Whe WUaQVeVWeUificaWiRQ SURceVV. OWheUZiVe, cR-eOXWiRQ Rf iPSXUiWieV dXUiQg cROXPQ 

chURPaWRgUaSh\ caQ be aQ iVVXe. (D) FOaVh cROXPQ chURPaWRgUaSh\ RfWeQ haV WR be UeSeaWed 

2±3î WR fXOO\ VeSaUaWe Whe SURdXcW fURP iPSXUiWieV aQd XQfRUWXQaWeO\, Whe XVe Rf EW3N WR SUeYeQW 

VWUeaNiQg dXUiQg cROXPQ chURPaWRgUaSh\ caXVed fXUWheU cR-eOXWiRQ. (E) FROORZiQg cROXPQ 

chURPaWRgUaSh\, aQd SUiRU WR SeUfRUPiQg aQ\ fXUWheU UeacWiRQV, SUiPaU\ aPiQe (rac)-13 ZaV 

cR-eYaSRUaWed ZiWh WROXeQe 3î aQd WheQ SOaced XQdeU high-YacXXP (0.1 PbaU) WR UePRYe aQ\ 

UeVidXaO ZaWeU. 

Rf = 0.16 (5% MeOH iQ CH2CO2), VWaiQed ZiWh KMQO4; 

1H NMR (500 MH], CDCO3) į = 7.37±7.30 (P, 4H), 7.29±7.21 (P, 1H), 5.76 (dddd, J = 16.9, 

10.2, 8.0, 6.3 H], 1H), 5.12 (dT, J = 16.9, 1.7 H], 1H), 5.08 (ddW, J = 10.2, 1.7, 1.1 H], 1H), 

4.00 (dd, J = 8.0, 5.3 H], 1H), 2.47 (aSS. dddW, J = 14.1, 6.3, 5.3, 1.7 H], 1H), 2.36 (aSS. dWW, 

J = 14.1, 8.0, 1.1 H], 1H), 1.55 (V, 2H); 

13C NMR (126 MH], CDCO3) į = 146.0, 135.6, 128.5, 127.1, 126.4, 117.7, 55.5, 44.3; 

HRMS (ESI+): CaOcXOaWed fRU C10H14N [M+H]+: 148.1121, fRXQd: 148.1122; 

AQaO\WicaO daWa aUe cRQViVWeQW ZiWh WhRVe UeSRUWed SUeYiRXVO\ iQ Whe OiWeUaWXUe.45 

� �
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D-Chloroamide ((rac)-14) 

 

TR aQ RYeQ-dUied WZR-QecN URXQd-bRWWRP fOaVN ZaV added aPiQe (rac)-13 (250 Pg, 1.70 PPRO, 

1.00 eTXiY.) aQd aQh\dURXV THF (8.50 PL, 0.20 M). The VROXWiRQ ZaV cRROed WR 0 �C aQd 

WUieWh\OaPiQe (EW3N, 0.31 PL, 2.21 PPRO, 1.30 eTXiY.) ZaV added fROORZed b\ chORURaceW\O 

chORUide (0.16 PL, 2.04 PPRO, 1.20 eTXiY.) dURSZiVe RYeU 1 PiQXWe (ZhiWe SUeciSiWaWe 

fRUPed).A The UeacWiRQ ZaV aOORZed WR VWiU aW 0 �C fRU 5 PiQXWeV befRUe ZaUPiQg WR URRP 

WePSeUaWXUe aQd VWiUUiQg fRU a fXUWheU 15 PiQXWeV. The UeacWiRQ ZaV WheQ WUaQVfeUUed WR a 

VeSaUaWiQg fXQQeO cRQWaiQiQg VaWXUaWed aTXeRXV NaHCO3 (25 PL) aQd Whe WUaQVfeUUiQg fOaVN 

ZaV ZaVhed ZiWh EWOAc (25 PL). The aTXeRXV ShaVe ZaV e[WUacWed ZiWh EWOAc (3 î 25 PL) 

aQd Whe RUgaQic ShaVeV ZeUe cRPbiQed, ZaVhed ZiWh bUiQe (50 PL), dUied RYeU aQh\dURXV 

Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a cUXde RiO. The cUXde 

SURdXcW ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (0±20% aceWRQe iQ n-he[aQe) WR 

affRUd D-chORURaPide (rac)-14 (365 Pg, 1.63 PPRO, 96%) aV a Ued RiO, Zhich VORZO\ 

cU\VWaOOiVeV WR a OighW SiQN VROid.B 

NoWes: (A) The ZhiWe SUeciSiWaWe Rf EW3NāHCO fRUPV iQVWaQWO\ aQd Whe UeacWiRQ WXUQV SiQN afWeU 

5 PiQXWeV aQd WheQ WR a deeS SXUSOe cRORXU afWeU 15 PiQXWeV. (B) D-ChORURaPide (rac)-14 caQ 

be UecU\VWaOOi]ed fURP a VROXWiRQ Rf TBME/n-he[aQe WR affRUd Whe SURdXcW aV cRORXUOeVV QeedOeV. 

Rf = 0.28 (20% aceWRQe iQ n-he[aQe), VWaiQed ZiWh KMQO4; 

MP: 59±60 �C (TBME/n-he[aQe); 

1H NMR (500 MH], CDCO3) į = 7.39±7.31 (P, 2H), 7.31±7.24 (P, 3H), 6.97 (bU. d, J = 7.8 

H], 1H), 5.69 (ddW, J = 17.2, 10.2, 7.0 H], 1H), 5.19±5.04 (P, 3H), 4.08±3.97 (P, 2H), 2.60 (WW, 

J = 7.0, 1.2 H], 2H); 

13C NMR (126 MH], CDCO3) į = 165.2, 140.9, 133.5, 128.8, 127.6, 126.4, 118.8, 52.9, 42.8, 

40.5; 

HRMS (ESI+): CaOcXOaWed fRU C12H14CONNaO [M+Na]+: 246.0656, fRXQd: 246.0658; 
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IR (Whin film, cm�1): 3285, 3075, 3007, 2979, 2940, 2917, 1655, 1604, 1586, 1530, 1494, 1454, 

1437, 1414, 1328, 1259, 1239, 1149, 1088, 992, 919 aQd 759; 
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Racemic-homo/heWerodimer ((rac)-homo/heWero-15) 

 

TR aQ RYeQ-dUied SUeVVXUe WXbe ZaV chaUged SUiPaU\ aPiQe (rac)-13 (36.8 Pg, 0.25 PPRO, 

1.00 eTXiY.) aQd aQh\dURXV EWOH (1.25 PL, 0.20 M). TR WhiV VROXWiRQ ZaV added 

D-chORURaPide (rac)-14 (55.9 Pg, 0.25 PPRO, 1.00 eTXiY.),A KI (2.10 Pg, 12.5 PPRO, 5 PRO%), 

aQd NaHCO3 (21.0 Pg, 0.25 PPRO, 1.00 eTXiY.)B. The UeacWiRQ ZaV WheQ SOaced iQWR a SUe-

heaWed RiO baWh aW 90 �C aQd VWiUUed aW WhiV WePSeUaWXUe fRU 18 hRXUV. FROORZiQg WhiV, Whe UeacWiRQ 

ZaV cRROed WR URRP WePSeUaWXUe aQd WUaQVfeUUed WR a VeSaUaWiQg fXQQeO cRQWaiQiQg bUiQe (10 PL) 

aQd Whe aTXeRXV ShaVe ZaV e[WUacWed ZiWh EWOAc (4 î 10 PL). The RUgaQic ShaVeV ZeUe 

cRPbiQed, dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR 

giYe a cUXde RiO, Zhich ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (0±30% aceWRQe 

iQ n-he[aQe) WR affRUd D-aPiQRaPide (rac)-hRPR/heWeUR-15 (72 Pg, 0.22 PPRO, 86%)C aV a 

cRORXUOeVV RiO. 

NoWes: (A) RecU\VWaOOiVed D-chORURaPide (rac)-14 (XViQg Whe cRQdiWiRQV VWaWed abRYe, Sage 26) 

ZaV XVed; hRZeYeU, Whe QRQ-UecU\VWaOOiVed PaWeUiaO caQ aOVR be XVed ZiWh cRPSaUabOe UeVXOWV. 

(B) NaHCO3 ZaV VWRUed iQ aQ RYeQ aW 120 �C fRU aW OeaVW 24 hRXUV SUiRU WR XVe. (C) PXUe VaPSOeV 

Rf each diaVWeUeRPeU (s\n [(rac)-hRPR-15] aQd anti [(rac)-heWeUR-15]) fRU iQdiYidXaO 

chaUacWeUiVaWiRQ caQ be RbWaiQed b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (0±30% aceWRQe iQ 

n-he[aQe). 
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Racemic-homo/heWerodimer ((rac)-homo/heWero-15) 

 

Rf = 0.44 (30% aceWRQe iQ n-he[aQe); 

1H NMR (601 MH], CDCO3) į = 7.60 (d, J = 8.7 H], 0.5 î 1H, HeWeURdiPeU), 7.54 (d, J = 8.7 

H], 0.5 î 1H, HRPRdiPeU), 7.37±7.19 (P, 10H), 5.81±5.61 (P, 2H), 5.17±5.03 (P, 5H), 3.65±

3.59 (P, 1H), 3.22±3.10 (P, 2H), 2.63±2.55 (P, 1H), 2.55±2.51 (P, 1H), 2.49±2.36 (P, 2H), 

1.93 (bU. V, 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 (s\n; [R,R and S,S]), respectivel\. The\ have been assigned as 0.5 î 

1H to reflect the 1:1 diastereomeric ratio observed in the 1H NMR. 

13C NMR (151 MH], CDCO3) į = 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 13C NMR spectrum, four peaks are missing/not observed. 

Peaks that have overlapped a second peak have been marked with an asterisk (*). 

HRMS (ESI+): CaOcXOaWed fRU C22H27N2O [M+H]+: 335.2118, fRXQd: 335.2124; 

IR (Whin film, cm�1): 3312, 3074, 3064, 3029, 2926, 2907, 1657, 1602, 1512, 1495, 1453, 1418, 

1357, 1324, 1306, 1259, 1126, 1028, 995, 916, 759, 699 aQd 688; 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, 5% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 30 �C, 

214 QP, tR = 16.93 PiQ (R,R-iVRPeU), tR = 18.56 PiQ (R,S-iVRPeU), tR = 22.33 PiQ (S,R-iVRPeU), 

tR = 25.84 PiQ (S,S-iVRPeU), 50:50 e.U., 1:1 d.U. 
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Racemic-heWerodimer ((rac)-heWero-15) 

 

Rf = 0.43 (30% aceWRQe iQ n-he[aQe); 

1H NMR (601 MH], CDCO3) į = 7.60 (d, J = 8.7 H], 1H), 7.35±7.28 (P, 4H), 7.28±7.20 (P, 

4H), 7.22±7.17 (P, 2H), 5.79±5.68 (P, 2H), 5.17±5.05 (P, 5H), 3.64 (dd, J = 7.9, 5.8 H], 1H), 

3.19±3.11 (P, 2H), 2.62±2.51 (P, 2H), 2.49±2.37 (P, 2H), 1.99 (bU. V, 1H); 

13C NMR (151 MH], CDCO3) į = 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+): CaOcXOaWed fRU C22H27N2O [M+H]+: 335.2118, fRXQd: 335.2123; 

IR (Whin film, cm�1): 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 aQd 699; 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, 5% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 30 �C, 

214 QP, tR = 18.51 PiQ (R,S-iVRPeU), tR = 22.27 PiQ (S,R-iVRPeU), 50:50 e.U. 
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Racemic-homodimer ((rac)-homo-15) 

 

Rf = 0.45 (30% aceWRQe iQ n-he[aQe); 

1H NMR (601 MH], CDCO3) į = 7.53 (d, J = 8.6 H], 1H), 7.36±7.31 (P, 4H), 7.28±7.23 (P, 

6H), 5.75±5.61 (P, 2H), 5.12±5.02 (P, 5H), 3.61 (dd, J = 8.0, 5.7 H], 1H), 3.20±3.10 (P, 2H), 

2.52 (WW, J = 6.9, 1.3 H], 2H), 2.48±2.36 (P, 2H); 

13C NMR (151 MH], CDCO3) į = 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+): CaOcXOaWed fRU C22H27N2O [M+H]+: 335.2118, fRXQd: 335.2119; 

IR (Whin film, cm�1): 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 aQd 701; 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, 5% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 30 �C, 

214 QP, tR = 16.92 PiQ (R,R-iVRPeU), tR = 25.97 PiQ (S,S-iVRPeU), 50:50 e.U. 
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3.2. S\nWhesis of (R,S)-HeWerodimer 

3.2.1. KineWic ResolXWion 

D-Chloroamide ((R)-14) and primar\ amine ((S)-13) 

 

TR aQ RYeQ-dUied 7 PL VcUeZ QecN VaPSOe YiaO cRQWaiQiQg a 1.0 cP PagQeWic VWiUUeU baU XQdeU 

aQ aWPRVSheUe Rf QiWURgeQ ZaV chaUged SUiPaU\ aPiQe (rac)-13 (36.8 Pg, 0.25 PPRO, 

1.00 eTXiY.) aQd aQh\dURXV WROXeQe (2.50 PL, 0.10 M). TR WhiV ZaV added APaQR LiSaVe PS 

(250 Pg),A 4 c PROecXOaU VieYeV (250 Pg),B aQd eWh\O chORURaceWaWe (0.13 PL, 1.25 PPRO, 

5.00 eTXiY.). The VaPSOe YiaO ZaV WheQ VeaOed ZiWh a VcUeZ caS aQd SOaced iQWR a SUe-heaWed RiO 

baWh aW 20 �C aQd VWiUUed fRU 24 hRXUV.C FROORZiQg WhiV, Whe UeacWiRQ ZaV fiOWeUed aQd Whe 

WUaQVfeUUiQg fOaVN ZaV ZaVhed ZiWh EWOAc (25 PL iQ WRWaO). The fiOWUaWe ZaV cRQceQWUaWed XQdeU 

UedXced SUeVVXUe aQd WROXeQe (10 PL) ZaV added. The VROXWiRQ ZaV cRQceQWUaWed XQdeU UedXced 

SUeVVXUe agaiQ aQd Whe WROXeQe a]eRWURSe ZaV UeSeaWed WZice PRUe (2 î 30 PL) WR affRUd a 

cRORXUOeVV RiO, Zhich ZaV SOaced XQdeU high YacXXP (0.1 PbaU) fRU 30 PiQXWeV.D The cUXde 

UeVidXe ZaV WheQ diVVROYed iQ EW2O (1.25 PL, 0.20 M)E,F aQd cRROed WR 0 �C. TR WhiV ZaV added 

2 M HCO iQ EW2O (0.07 PL, 0.14 PPRO, 0.55 eTXiY.) VORZO\ dURSZiVe aQd Whe UeacWiRQ ZaV 

ZaUPed WR URRP WePSeUaWXUe fRU 5 PiQXWeV. The ZhiWe SUeciSiWaWe fRUPed (Whe HCO VaOW Rf 

SUiPaU\ aPiQe (S)-13)G ZaV fiOWeUed, ZaVhed ZiWh EW2O (5 PL) aQd Whe cROOecWed fiOWUaWe ZaV 

cRQceQWUaWed XQdeU UedXced SUeVVXUe WR affRUd D-chORURaPide (R)-14H aV a OighW-\eOORZ RiO, 

Zhich VORZO\ cU\VWaOOiVed WR a ZhiWe VROid. ThiV ZaV fXUWheU SXUified b\ cROXPQ chURPaWRgUaSh\ 

RQ ViOica geO (0±20% aceWRQe iQ n-he[aQe) WR affRUd D-chORURaPide (R)-14 (26.8 Pg, 48%, 

98.0:2.0 e.U.) aV a cRORXUOeVV RiO, Zhich VORZO\ cU\VWaOOiVed WR a ZhiWe VROid. MeaQZhiOe, Whe 

fiOWeUed ZhiWe SUeciSiWaWe ZaV diVVROYed iQ H2O (2.50 PL) aQd WR WhiV ZaV added VaWXUaWed 

aTXeRXV NaHCO3 (2.50 PL). The aTXeRXV ShaVe ZaV WheQ e[WUacWed ZiWh EWOAc (6 î 5.0 PL) 

aQd Whe RUgaQic ShaVeV ZeUe cROOecWed, dUied ZiWh Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU 

UedXced SUeVVXUe WR affRUd SUiPaU\ aPiQe (S)-13I (14.0 Pg, 38%, 99.1:0.9 e.U.) aV a cRORXUOeVV 

RiO. 
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Notes: (A) Amano Lipase PS (immobilised on diatomite) was purchased from Sigma–Aldrich 

(product number: 708011). (B) 4 Å 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 HCl salt of enantioenriched amine (S)-S8 precipitates out when Et2O is 

added. If this occurs, then the HCl formation procedure given above is followed as normal. 

This HCl 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 HCl 

that subsequently reacts with primary amine (S)-13. To mitigate this, we generally keep the 

water bath temperature on the rotary evaporator at 30 °C. (G) At this point, primary amine 

(S)-13 can also be isolated as its HCl 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 CH2Cl2); however, this typically 

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

 

[𝜶]𝐃
𝟏𝟕: �64.0 (c = 1.00, CHCO3); 

HPLC: DaiceO ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, 10% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 

40 �C, 214 QP, tR = 10.35 PiQ (R-iVRPeU), tR = 11.15 PiQ (S-iVRPeU), 98.0:2.0 e.U. 

 

 

 

Primar\ amine ((S)-13) 

 

[𝜶]𝐃
𝟐𝟏: í40.0 (c = 0.50, CHCO3); 

OSWicaO URWaWiRQ iV cRQViVWeQW ZiWh WhaW UeSRUWed iQ Whe OiWeUaWXUe.46 
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HPLC: DaiceO ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, 10% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 

40 �C, 214 QP, tR = 6.77 PiQ (R-iVRPeU), tR = 7.77 PiQ (S-iVRPeU), 99.1:0.9 e.U. 

 

 

 

Primar\ amineāHCl salW ((S)-S8) 

 

1H NMR (601 MH], CDCO3) į = 8.78 (bU. V, 3H), 7.47 ± 7.40 (P, 2H), 7.37±7.29 (P, 3H), 5.55 

(ddW, J = 17.2, 10.2, 7.0 H], 1H), 5.11±5.00 (P, 2H), 4.22 (dd, J = 8.5, 6.2 H], 1H), 2.86 ± 2.78 

(P, 1H), 2.74±2.65 (P, 1H); 

13C NMR (151 MH], CDCO3) į = 135.8, 131.6, 129.1, 129.1, 127.6, 120.3, 56.0, 38.9; 

Note: Onl\ one peak in the 13C 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 ver\ close together; 128.98 and 128.96 ppm). 

AQaO\WicaO daWa iV cRQViVWeQW ZiWh WhaW UeSRUWed iQ Whe OiWeUaWXUe.47 
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1H NMR daWa of primar\ amineāHCl salW ((S)-S8), primar\ amine ((S)-13) and 

D-chloroamide ((R)-14) obWained from kineWic resolXWion folloZing Zork-Xp: 
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Primar\ amineāHCl salW ((rac)-S8) 

 

TR aQ RYeQ-dUied 7 PL VcUeZ QecN VaPSOe YiaO cRQWaiQiQg aPiQe (rac)-13 (36.8 Pg, 0.25 PPRO, 

1.00 eTXiY.) aQd aQh\dURXV EW2O (2.50 PL, 0.10 M) aW 0 �C ZaV added 2 M HCO iQ EW2O 

(0.14 PL, 0.28 PPRO, 1.10 eTXiY.) dURSZiVe RYeU 1 PiQXWe (ZhiWe SUeciSiWaWe fRUPed). The 

UeacWiRQ ZaV WheQ ZaUPed WR URRP WePSeUaWXUe aQd aOORZed WR VWiU fRU a fXUWheU 5 PiQXWeV 

befRUe fiOWeUiQg aQd ZaVhiQg ZiWh cROd EW2O (5 PL). The ZhiWe SUeciSiWaWe ZaV cROOecWed aQd 

SOaced XQdeU high YacXXP (0.1 PbaU) fRU 30 PiQXWeV WR affRUd SUiPaU\ aPiQeāHCO VaOW (rac)-S8 

(45 Pg, 98%) aV a ZhiWe VROid. 

1H NMR (601 MH], CDCO3) į = 8.78 (bU. V, 3H), 7.47±7.40 (P, 2H), 7.37±7.29 (P, 3H), 5.55 

(ddW, J = 17.2, 10.2, 7.0 H], 1H), 5.11±5.00 (P, 2H), 4.22 (dd, J = 8.5, 6.2 H], 1H), 2.86 ± 2.78 

(P, 1H), 2.74 ± 2.65 (P, 1H); 

13C NMR (151 MH], CDCO3) į = 135.8, 131.6, 129.1, 129.1, 127.6, 120.3, 56.0, 38.9; 

Note: Onl\ one peak in the 13C 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 ver\ close together; 128.98 and 128.96 ppm). 

AQaO\WicaO daWa aUe cRQViVWeQW ZiWh WhRVe UeSRUWed abRYe aQd iQ Whe OiWeUaWXUe.47  
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3.2.2. BiocaWal\Wic SWereoreWenWiYe EnanWioconYergenW CoXpling 

(R,S)-HeWerodimer (15) 

 

KineWic ResolXWion: TR aQ RYeQ-dUied 7 PL VcUeZ QecN VaPSOe YiaO cRQWaiQiQg a 1.0 cP 

PagQeWic VWiUUeU baU XQdeU aQ aWPRVSheUe Rf QiWURgeQ ZaV chaUged SUiPaU\ aPiQe (rac)-13 

(36.8 Pg, 0.25 PPRO, 1.00 eTXiY.) aQd aQh\dURXV WROXeQe (2.50 PL, 0.10 M). TR WhiV ZaV added 

APaQR LiSaVe PS (250 Pg),A 4 c PROecXOaU VieYeV (250 Pg),B aQd eWh\O chORURaceWaWe 

(0.13 PL, 1.25 PPRO, 5.00 eTXiY.). The VaPSOe YiaO ZaV WheQ VeaOed ZiWh a VcUeZ caS aQd 

SOaced iQWR a SUe-heaWed RiO baWh aW 20 �C aQd VWiUUed fRU 24 hRXUV.C FROORZiQg WhiV, Whe UeacWiRQ 

ZaV fiOWeUed aQd Whe WUaQVfeUUiQg fOaVN ZaV ZaVhed ZiWh EWOAc (25 PL iQ WRWaO). The fiOWUaWe 

ZaV cRQceQWUaWed XQdeU UedXced SUeVVXUe aQd WROXeQe (10 PL) ZaV added. The VROXWiRQ ZaV 

cRQceQWUaWed XQdeU UedXced SUeVVXUe agaiQ aQd Whe WROXeQe a]eRWURSe ZaV UeSeaWed WZice PRUe 

(2 î 30 PL) WR affRUd a cRORXUOeVV RiO, Zhich ZaV SOaced XQdeU high YacXXP (0.1 PbaU) fRU 

30 PiQXWeV.D  

DimerisaWion: TR WhiV cUXde PaWeUiaO ZaV added aQh\dURXV EWOH (0.63 PL, 0.20 M) aQd Whe 

VROXWiRQ ZaV WUaQVfeUUed WR a SUeVVXUe WXbe XQdeU aQ aWPRVSheUe Rf QiWURgeQ.E,F FROORZiQg WhiV, 

KI (1.00 Pg, 6.25 PPRO, 5 PRO%) aQd NaHCO3 (10.5 Pg, 0.125 PPRO, 1.00 eTXiY.)G ZeUe 

added. The WXbe ZaV WheQ VeaOed aQd SOaced iQWR a SUe-heaWed RiO baWh aW 90 �C fRU 18 hRXUV. 

AfWeU WhiV WiPe, Whe UeacWiRQ ZaV cRROed WR URRP WePSeUaWXUe aQd WUaQVfeUUed WR a VeSaUaWiQg 

fXQQeO cRQWaiQiQg bUiQe (10 PL). The aTXeRXV ShaVe ZaV e[WUacWed ZiWh EWOAc (4 î 10 PL) 

aQd Whe RUgaQic ShaVeV ZeUe cRPbiQed, dUied ZiWh Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU 

UedXced SUeVVXUe WR giYe a cUXde cRORXUOeVV RiO. The cUXde SURdXcW ZaV SXUified b\ fOaVh cROXPQ 

chURPaWRgUaSh\ (0±30% aceWRQe iQ n-he[aQe) WR affRUd eQaQWiReQUiched heWeURdiPeU (R,S)-15 

(27 Pg, 65%, >99.99:0.01 e.U., 33:1 d.U.) aV a cRORXUOeVV RiO.G 
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Notes: (A) Amano Lipase PS (immobilised on diatomite) was purchased from Sigma–Aldrich 

(product number: 708011). (B) 4 Å 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·HCl salt (S)-S8 precipitated out when EtOH was added. This HCl 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 HCl that subsequently 

reacts with primary amine (S)-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.). 

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

1H NMR (601 MHz, CDCl3) δ = 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); 

13C NMR (151 MHz, CDCl3) δ = 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 C22H27N2O [M+H]+: 335.2118, found: 335.2123; 

IR (thin film, cm-1): 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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[𝜶]𝐃
𝟐𝟒: �16.8 (c = 1.00, CHCO3); 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, 5% i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 30 �C, 

214 QP, tR = 16.89 PiQ (R,R-iVRPeU [PiQRU hRPRdiPeU]), tR = 18.30 PiQ (R,S-iVRPeU [PaMRU 

heWeURdiPeU]), tR = 22.28 PiQ (S,R-iVRPeU [PiQRU heWeURdiPeU]), tR = 25.81 PiQ (S,S-iVRPeU 

[PaMRU hRPRdiPeU]), 99.995:0.005 e.U., 33:1 d.U. 
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HPLC (AliqXoW from KineWic ResolXWion): DaiceO ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, 10% 

i-PUOH iQ n-he[aQe, 0.8 PL/PiQ, 40 �C, 214 QP, tR = 6.73 PiQ (R-iVRPeU Rf SUiPaU\ aPiQe 

13), tR = 7.73 PiQ (S-iVRPeU Rf SUiPaU\ aPiQe 13), 99.4:0.6 e.U., tR = 10.35 PiQ (R-iVRPeU Rf 

D-chORURaPide 14), tR = 11.15 PiQ (S-iVRPeU Rf�D-chORURaPide 14), 98.2:1.8 e.U. 
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(R,R) (R,S) (S,R) (S,S) 

(R,R) (R,S) (S,R) (S,S) 

(R,R) (R,S) (S,R) (S,S) 
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3.2.3. Dimer HPLC Trace AssignmenW 
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3.3. Optimisation of the Biocatalytic Kinetic Resolution and SN2 Dimerisation 

3.3.1. Biocatalytic Kinetic Resolution 

 

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

Entry Ethyl chloroacetate Temp. (S)-13A (R)-14A Conv.B 

Ethyl chloroacetate equivalents 

1C 2.00 equiv. 21 °C 75:25 99.95:0.05 33% 

2C 5.00 equiv. 21 °C 85:15 99.7:0.3 41% 

3C 10.0 equiv. 21 °C 80:20 99.6:0.4 38% 

4D 5.00 equiv. 21 °C 98.8:1.2 98.4:1.6 50% 

5D 10.0 equiv. 21 °C 96.0:4.0 98.0:2.0 49% 

Temperature 

6D 5.00 equiv. 23 °C 98.8:1.2 98.5:1.5 50% 

7D 5.00 equiv. 22 °C 97.8:2.2 98.6:1.4 50% 

8D 5.00 equiv. 21 °C 98.0:2.0 98.6:1.4 50% 

9D 5.00 equiv. 20 °C 99.1:0.09 (38%)E 98.0:2.0 (48%)E 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 

using the formula: !"#$.= %	%.%.'(	)%*'+%)%,	-./).012	3/.%)0/4
(%	%.%.'(	)%*'+%)%,	-./).012	3/.%)0/4	6	%	%.%.'(	7)',8*.) 	× 100  C: 4 Å molecular sieves 

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

were used. E: Isolated yields. 
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3.3.2. SN2 Dimerisation 

 

Table 2. Optimisation of the SN2 Reaction (0.25 mmol scale; 36.8 mg of (rac)-13). 

Entry Activator Base Solvent Temp. YieldA Conv.B 

Activator (KI) loading 

1 - K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 32% 54% 

2 KI (2 mol%) K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 43% 65% 

3 KI (5 mol%) K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 44% 65% 

4 KI (10 mol%) K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 41% 68% 

5 KI (20 mol%) K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 0% 77% 

6 KI (50 mol%) K2CO3 (1 equiv.) EtOH (0.1 M) 90 °C 0% 90% 

Solvent 

7 KI (5 mol%) K2CO3 (1 equiv.) Acetone (0.1 M) 90 °C 18% 24% 

8 KI (5 mol%) K2CO3 (1 equiv.) THF (0.1 M) 90 °C 18% 30% 

9 KI (5 mol%) K2CO3 (1 equiv.) MeCN (0.1 M) 90 °C 0% 53% 

10 KI (5 mol%) K2CO3 (1 equiv.) Dioxane (0.1 M) 90 °C 36% 47% 

Iodide source 

11 NaI (5 mol%) NaHCO3 (1 equiv.) EtOH (0.1 M) 90 °C 70% 83% 

12 TBAI (5 mol%) NaHCO3 (1 equiv.) EtOH (0.1 M) 90 °C 60% 74% 

Base 

13 KI (5 mol%) NaHCO3 (1 equiv.) EtOH (0.1 M) 90 °C 72% 86% 
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14 KI (5 PRO%) KHCO3 (1 eTXiY.) EWOH (0.1 M) 90 �C 62% 82% 

15 KI (5 PRO%) K2CO3 (1 eTXiY.) EWOH (0.1 M) 90 �C 44% 65% 

16 KI (5 PRO%) CV2CO3 (1 eTXiY.) EWOH (0.1 M) 90 �C 20% - 

17 KI (5 PRO%) Ag2CO3 (1 eTXiY.) EWOH (0.1 M) 90 �C 30% 46% 

18 KI (5 PRO%) K3PO4 (1 eTXiY.) EWOH (0.1 M) 90 �C 41% - 

19 KI (5 PRO%) K2HPO4 (1 eTXiY.) EWOH (0.1 M) 90 �C 62% 82% 

20 KI (5 PRO%) DIPEA (1 eTXiY.) EWOH (0.1 M) 90 �C 65% 72% 

21 KI (5 PRO%) EW3N (1 eTXiY.) EWOH (0.1 M) 90 �C 54% 78% 

22 KI (5 PRO%) DMAP (1 eTXiY.) EWOH (0.1 M) 90 �C 18% 26% 

Equivalents of base 

23 KI (5 PRO%) NaHCO3 (0.5 eTXiY.) EWOH (0.1 M) 90 �C 61% 73% 

24 KI (5 PRO%) NaHCO3 (1.0 eTXiY.) EWOH (0.1 M) 90 �C 72% 86% 

25 KI (5 PRO%) NaHCO3 (1.5 eTXiY.) EWOH (0.1 M) 90 �C 71% 87% 

26 KI (5 PRO%) NaHCO3 (2.0 eTXiY.) EWOH (0.1 M) 90 �C 60% 76% 

Concentration 

27 KI (5 PRO%) NaHCO3 (1 eTXiY.) EWOH (0.15 M) 90 �C 80% 87% 

28 KI (5 PRO%) NaHCO3 (1 eTXiY.) EWOH (0.20 M) 90 �C 85% 96% 

Temperature 

29 KI (5 PRO%) NaHCO3 (1 eTXiY.) EWOH (0.2 M) 70 �C 72% 82% 

30 KI (5 PRO%) NaHCO3 (1 eTXiY.) EWOH (0.2 M) 80 �C 56% 60% 

Final conditions and isolated \ield 

31 KI (5 PRO%) NaHCO3 (1 eTXiY.) EWOH (0.20 M) 90 �C 86% - 

A: NMR \ieOdV deWeUPiQed b\ 1H NMR aQaO\ViV Rf Whe cUXde UeacWiRQ Pi[WXUe XViQg 1,4-diQiWURbeQ]eQe aV aQ 

iQWeUQaO VWaQdaUd (30 V UeOa[aWiRQ deOa\ aSSOied). B: CRQYeUViRQ (Rf D-chORURaPide) deWeUPiQed b\ 1H NMR 
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aQaO\ViV Rf Whe cUXde UeacWiRQ Pi[WXUe XViQg 1,4-diQiWURbeQ]eQe aV aQ iQWeUQaO VWaQdaUd (30 V UeOa[aWiRQ deOa\ 

aSSOied). 
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4. OrganocaWal\Wic SWereoreWenWiYe EnanWioconYergenW ReacWion  
4.1. S\nWhesis of SWarWing MaWerials  

S\nWhesis of BifXncWional OrganocaWal\sW 

9-amino-(9-deo[\)-epi-cinchonidine (S9) 

 

BaVed RQ cRQdiWiRQV UeSRUWed b\ SRyV aQd cR-ZRUNeUV.48 CiQchRQidiQe (1.47 g, 5.00 PPRO, 1.00 

eTXiY.) aQd WUiSheQ\OShRVShiQe (1.57 g, 6.00 PPRO, 1.20 eTXiY.) ZeUe diVVROYed iQ aQh\dURXV 

THF (25 PL) iQ aQ RYeQ-dUied SchOeQN fOaVN XQdeU N2. The VROXWiRQ ZaV cRROed WR 0 �C, befRUe 

diiVRSURS\O a]RdicaUbR[\OaWe (DIAD) (1.18 PL, 6.00 PPRO, 1.20 eTXiY.) ZaV added iQ RQe 

SRUWiRQ. A VROXWiRQ Rf diSheQ\O ShRVShRU\O a]ide (DPPA) (1.29 PL, 6.00 PPRO, 1.20 eTXiY.) 

iQ aQh\dURXV THF (10 PL) ZaV WheQ added dURSZiVe aW 0 �C, aQd Whe UeVXOWiQg Pi[WXUe ZaV 

aOORZed WR ZaUP WR UW aQd VWiU fRU 24 h. The VROXWiRQ ZaV WheQ heaWed WR 50 �C fRU 2 h befRUe 

WUiSheQ\OShRVShiQe (1.70 g, 6.50 PPRO, 1.30 eTXiY.) ZaV added, aQd heaWiQg ZaV PaiQWaiQed 

XQWiO gaV eYROXWiRQ had ceaVed (2 h). The VROXWiRQ ZaV cRROed WR UW, H2O (3 PL) ZaV added, aQd 

Whe UeacWiRQ Pi[WXUe ZaV VWiUUed fRU 12 hRXUV. The VROYeQWV ZeUe UePRYed XQdeU UedXced 

SUeVVXUe aQd Whe UeVidXe ZaV diVVROYed iQ CH2CO2 aQd 10% aTXeRXV HCO VROXWiRQ (1:1, 100 

PL). The Oa\eUV ZeUe VeSaUaWed, aQd Whe aTXeRXV ShaVe ZaV e[WUacWed ZiWh CH2CO2 (3 î 50 

PL). TheQ, Whe aTXeRXV ShaVe ZaV Pade aONaOiQe ZiWh SeOOeWV Rf VRdiXP h\dUR[ide WR SH = 13, 

befRUe iW ZaV e[WUacWed ZiWh CH2CO2 (3 î 20 PL). The cRPbiQed RUgaQic e[WUacWV ZeUe dUied 

RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The UeVidXe ZaV 

SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (EWOAc/MeOH/EW3N 50:50:1) WR affRUd Whe 

WiWOe cRPSRXQd (1.23 g, 4.19 PPRO, 84%) aV a cRORXUOeVV YiVcRXV RiO.  

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed SUeYiRXVO\ iQ Whe OiWeUaWXUe.49 

Rf = 0.15 (50% MeOH iQ EWOAc), UV acWiYe, VWaiQed ZiWh KMQO4; 

1H NMR (500 MH], CDCO3): į = 8.89 (d, J = 4.6 H], 1H), 8.32 (bUV, 1H), 8.12 (dd, J = 8.4, 

1.4 H], 1H), 7.70 (ddd, J = 8.3, 6.8, 1.4 H], 1H), 7.61±7.52 (P, 2H), 5.77 (ddd, J = 17.4, 10.4, 



 

- 50 - 
 

7.3 H], 1H), 5.05±4.95 (P, 2H), 4.73 (bUV, 1H), 3.37±3.18 (P, 3H), 2.95±2.82 (P, 4H), 2.33 

(bUV, 1H), 1.68±1.57 (P, 3H), 1.51±1.39 (P, 1H), 0.77 (ddW, J = 13.8, 7.4, 2.0 H], 1H); 

13C NMR (125 MH], CDCO3): į = 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+): CaOc. fRU C19H24N3 [M+H]+: 294.1965; fRXQd: 294.1973; caOc. fRU C19H23N3Na 

[M+Na]+: 316.1784; fRXQd: 316.1782. 
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BifXncWional cinchona-WhioXrea caWal\sW (18) 

N

H2N
NH

N

THF, rt, 18 h

N

NH
NH

N
H

S

C
S

(1.0 equiv.)

18
(90%)

S9
 

BaVed RQ cRQdiWiRQV UeSRUWed b\ NiX aQd cR-ZRUNeUV.50 TR a VROXWiRQ Rf 9-aPiQR-(9-deR[\)-

epi-ciQchRQidiQe S9 (1.20 g, 4.09 PPRO, 1.00 eTXiY.) iQ aQh\dURXV THF (12 PL) ZaV added 

VORZO\ RYeU 1 PiQXWe a VROXWiRQ Rf SheQ\O iVRWhiRc\aQaWe (0.50 PL, 4.09 PPRO, 1.00 eTXiY.) iQ 

aQh\dURXV THF (6 PL) XQdeU N2 aWPRVSheUe. The UeacWiRQ Pi[WXUe ZaV OefW VWiUUiQg aW UW fRU 18 

h, ZheUeXSRQ Whe VROYeQW ZaV UePRYed XQdeU UedXced SUeVVXUe. The UeVidXe ZaV SXUified b\ 

cROXPQ chURPaWRgUaSh\ RQ ViOica geO (10% MeOH iQ EWOAc) WR affRUd Whe WiWOe cRPSRXQd 

(1.57 g, 3.66 PPRO, 90%) aV a cRORXUOeVV VROid.  

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed SUeYiRXVO\ iQ Whe OiWeUaWXUe.50  

Rf = 0.44 (17% MeOH iQ EWOAc), UV acWiYe, VWaiQed ZiWh KMQO4; 

MP: 127±129 �C (EWOAc/MeOH); 

1H NMR (600 MH], CD3OD): į = 8.82 (d, J = 4.7 H], 1H), 8.68 (d, J = 8.6 H], 1H), 8.06 (dd, 

J = 8.6, 1.3 H], 1H), 7.79 (V, 1H), 7.70 (V, 1H), 7.59 (d, J = 4.7 H], 1H), 7.36±7.29 (P, 4H), 

7.18±7.14 (P, 1H), 6.21 (d, J = 10.8 H], 1H), 5.76 (ddd, J = 17.1, 10.4, 7.5 H], 1H), 4.99 (dW, 

J = 17.1, 1.5 H], 1H), 4.93 (dW, J = 10.4, 1.4 H], 1H), 3.42 (d, J = 14.0 H], 1H), 3.30±3.20 (P, 

2H), 2.86±2.77 (P, 1H), 2.74 (ddd, J = 13.8, 5.1, 2.5 H], 1H), 2.37±2.30 (P, 1H), 1.74 (dddd, 

J = 12.3, 10.2, 5.1, 3.2 H], 1H), 1.68±1.59 (P, 2H), 1.29 (ddW, J = 13.3, 10.8, 3.4 H], 1H), 0.97 

(ddW, J = 13.7, 7.2, 2.0 H], 1H); 

13C NMR (150 MH], CDCO3): į = 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+): CaOc. fRU C26H29N4S1 [M+H]+: 429.2107; fRXQd: 429.2114. 
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S\nWhesis of Racemic NiWroalcohol 

(rac)-NiWroall\lic alcohol (17) 

 

BaVed RQ cRQdiWiRQV UeSRUWed b\ NaPbRRWhiUi aQd cR-ZRUNeUV.51 DMAP (3.30 g, 27.0 PPRO, 

0.40 eTXiY.) ZaV added WR a VWiUUed VROXWiRQ Rf trans-β-QiWURVW\UeQe (10.0 g, 67.0 PPRO, 1.00 

eTXiY.) iQ aQh\dURXV MeCN (135 PL), fROORZed b\ addiWiRQ Rf eWh\O gO\R[aOaWe (50% iQ 

WROXeQe, 53.0 PL, 268 PPRO, 4.00 eTXiY). The UeacWiRQ Pi[WXUe ZaV VWiUUed aW UW XQWiO 

cRQVXPSWiRQ Rf QiWURVW\UeQe (3 h, PRQiWRUed b\ TLC). The UeVXOWiQg VXVSeQViRQ ZaV fiOWeUed 

XQdeU YacXXP WhURXgh a SOXg Rf CeOiWe� aQd UiQVed ZiWh EWOAc (300 PL). The fiOWUaWe ZaV 

WUaQVfeUUed WR a VeSaUaWiQg fXQQeO, H2O (250 PL) ZaV added aQd Whe Oa\eUV ZeUe VeSaUaWed. The 

aTXeRXV ShaVe ZaV e[WUacWed ZiWh EWOAc (3 î 200 PL), aQd Whe cRPbiQed RUgaQic e[WUacWV 

ZeUe dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The 

UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (14% EWOAc iQ n-he[aQe) WR 

affRUd Whe WiWOe cRPSRXQd (6.90 g, 27.5 PPRO, 41%) aV a \eOORZ VROid.                                                               

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed SUeYiRXVO\ iQ Whe OiWeUaWXUe.51  

Rf = 0.44 (50% EWOAc iQ n-he[aQe), UV acWiYe, VWaiQed ZiWh KMQO4; 

MP: 56±58 �C (n-he[aQe/EWOAc); 

1H NMR (500 MH], CDCO3): į = 8.33 (V, 1H), 7.60 ± 7.54 (P, 2H), 7.49 (P, 3H), 5.23 (V, 1H), 

4.30 (aSS. dT, J = 10.7, 7.1 H], 2H), 3.67 (bU V, 1H), 1.27 (W, J = 7.1 H], 3H); 

13C NMR (150 MH], CDCO3): į = 170.6, 148.0, 139.4, 131.2, 131.0, 130.0, 129.4, 66.0, 63.2, 

14.1; 

HRMS (ESI+): CaOc. fRU C12H14N1O5 [M+H]+: 252.0867; fRXQd: 252.0858; caOc. fRU 

C12H13N1O5Na [M+Na]+: 274.0686; fRXQd: 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.52 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. 
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S\nWhesis of Racemic Carbo[\lic acid 

(rac)-Carbo[\lic acid (19) 

 

BaVed RQ cRQdiWiRQV UeSRUWed b\ CheQ aQd cR-ZRUNeUV.35 TR a VROXWiRQ Rf 17 (3.00 g, 11.9 

PPRO, 1.00 eTXiY.) iQ aQh\dURXV CHCO3 (31 PL), ZeUe added VeTXeQWiaOO\ 2,2-diPeWh\OgOXWaUic 

aQh\dUide 16 (1.70 g, 11.9 PPRO, 1.00 eTXiY.) aQd DABCO (0.40 g, 3.58 PPRO, 0.30 eTXiY.). 

The UeacWiRQ Pi[WXUe ZaV VWiUUed aW UW fRU 24 h aQd ZaV WheQ cRQceQWUaWed XQdeU UedXced 

SUeVVXUe. The UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (33% EWOAc iQ 

n-he[aQe) WR affRUd Whe WiWOe cRPSRXQd (3.30 g, 8.36 PPRO, 70%) aV a SaOe-\eOORZ VROid. 

Rf = 0.28 (50% EWOAc iQ n-he[aQe), UV acWiYe, VWaiQed ZiWh KMQO4; 

MP: 106±108 �C (n-he[aQe/EWOAc); 

1H NMR (500 MH], CDCO3): į = 8.40 (V, 1H), 7.54±7.44 (P, 5H), 6.59 (V, 1H), 4.27±4.15 (P, 

2H), 2.61±2.42 (P, 2H), 1.95 (WW, J = 8.5, 7.1 H], 2H), 1.27±1.19 (P, 9H); 

13C NMR (150 MH], CDCO3): į 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, cmí1): 3060, 1760, 1744, 1693, 1522, 1332, 1291, 1217, 1169, 1152, 1140, 1040, 

769, 639; 

HRMS (ESI+): CaOc. fRU C19H24NO8 [M+H]+: 394.1496; fRXQd: 394.1489; caOc. fRU 

C19H23NO8Na [M+Na]+: 416.1316; fRXQd: 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, Yamaguchi53 and Shiina esterification.54 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. 
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Screening of Aromatic Anhydrides for the Sc(OTf)3-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)3-esterification between alcohols and free 

carboxylic acids in the presence of aromatic anhydrides.36 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).55 Thiophene-2-carboxylic anhydride 21 exhibited the optimal chemoselectivity 

and almost full conversion. 

Fig. 4. Screening of aromatic anhydrides. 
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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. 

 

Table 3. Optimisation of Sc-catalysed esterification. 

Entry Studied 
parameter Temperature Procedurea Conversion 20:S14h 

ratio Notes 

1 

Pr
oc

ed
ur

e  

r.t. 1 96% 2.4:1 Standard conditions.b 

2 r.t. 2 74% 3.3:1 Alcohol added after 4 h. 

3 r.t 2 n.r. n.d. Alcohol added after 15 h. 

4 

St
oi

ch
io

m
et

ry
 

r.t. 1 22% 3.7:1 1.0 equiv. of 21. 

5 r.t. 2 30% 7.2:1 
1.1 equiv. of 21. 

17 added after 1 h. 

6 r.t 2 43% 8.2:1 
1.1 equiv. of 21. 

17 added after 4 h. 

7 

Te
m

pe
ra

tu
re

 

0 °C 1 46% 3:1 43 h reaction time. 

8 

C
at

. 
lo

ad
in

g  

r.t. 2 48% 4.6:1 

25 mol% Sc(OTf)3. 

17 added after 4 h. 

 

9 

So
lv

en
t r.t. 1 40% 2:1 MeNO2 

10 r.t. 1 traces n.d. 1,4-dioxane 
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11 r.t. 1 n.r. n.d. CH2Cl2 

aProcedure 1: A (0.08 M) solution of Sc(OTf)3 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; bStandard conditions refer to those in Fig. 4. 
Tp=thiophene; n.r. = no reaction; n.d. = not determined.  
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4.3. S\nWhesis of Racemic DiesWer 

(rac)-DiesWer (20) 

(rac)-20
d.r. 1:1
(65%)

O

O

CO2Et

O2N
Ph

S

O

O
S

O
S

MeCN (0.21 M), rt, 19 h
EtO2C

OH
NO2

Ph

(rac)-17 (rac)-19

++

SI.14K
(25%)

(1.5 equiv.)
Sc(OTf)3 (10 mol%)

EtO2C

O
NO2

Ph

O

OH

O

O

O

O

O CO2Et
NO2

Ph

EtO2C
O2N

Ph

21

 

AdaSWed fURP Whe cRQdiWiRQV UeSRUWed b\ YaPaPRWR aQd cR-ZRUNeUV.36 A Pi[WXUe Rf 

(rac)-QiWURaOcRhRO 17 (52.0 Pg, 0.21 PPRO, 1.00 eTXiY.) aQd (rac)-acid 19 (82.0 Pg, 0.21 

PPRO, 1.00 eTXiY.) ZaV cR-eYaSRUaWed WhUee WiPeV ZiWh WROXeQe iQ a URXQd-bRWWRP fOaVN aQd 

dUied WhRURXghO\ XQdeU high YacXXP, befRUe WhiRSheQe-2-caUbR[\Oic aQh\dUide 21 (74.0 Pg, 

0.31 PPRO, 1.50 eTXiY.) ZaV added. The Pi[WXUe ZaV eYacXaWed aQd bacNfiOOed ZiWh N2 WhUee 

WiPeV aQd ZaV WheQ diVVROYed iQ aQh\dURXV MeCN (1 PL) XQdeU N2. TR Whe UeVXOWiQg VROXWiRQ 

ZaV added VORZO\ RYeU 2 PiQXWeV a VROXWiRQ Rf Sc(OTf)3 (10.0 Pg, 0.02 PPRO, 0.10 eTXiY.) iQ 

aQh\dURXV MeCN (0.25 PL). The UeacWiRQ Pi[WXUe ZaV VWiUUed aW UW fRU 19 h, befRUe iW ZaV 

TXeQched ZiWh VaWXUaWed aTXeRXV NaHCO3 (2 PL). The Oa\eUV ZeUe VeSaUaWed aQd Whe aTXeRXV 

ShaVe ZaV e[WUacWed ZiWh EWOAc (3 î 10 PL), aQd Whe cRPbiQed RUgaQic e[WUacWV ZeUe ZaVhed 

ZiWh bUiQe (15 PL), dUied RYeU Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The 

UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (gUadieQW 1.2% WR 2.4% EWOAc 

iQ WROXeQe) WR affRUd Whe iQVeSaUabOe Pi[WXUe Rf diaVWeUeRPeUV Rf (rac)-20 (d.r. 1:1, 85.0 Pg, 

0.14 PPRO, 65%) aV a SaOe \eOORZ Za[ aQd Whe Vide-SURdXcW S14h aV a \eOORZ YiVcRXV RiO (19.0 

Pg, 0.05 PPRO, 25%).  

 

Rf = 0.31 (5% EWOAc iQ WROXeQe), UV acWiYe, VWaiQed ZiWh KMQO4; 

1H NMR (600 MH], CDCO3): į = (bRWh diaVWeUeRPeUV) 8.44±8.35 (P, 4H), 7.55±7.42 (P, 20H), 

6.58±6.52 (P, 4H), 4.24±4.13 (P, 8H), 2.67±2.42 (P, 4H), 2.08±1.91 (P, 4H), 1.25±1.17 (P, 

24H); 
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13C NMR (150 MH], CDCO3): į = (bRWh diaVWeUeRPeUV) 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 13C NMR spectrum, some peaks are missing/not 

observed. Peaks that have overlapped a second peak have been marked with an asterisk (*). 

IR (neaW, cmí1): 1763, 1740, 1530, 1335, 1298, 1212, 1118, 1041, 1028, 766; 

HRMS (ESI+): CaOc. fRU C31H34N2O12Na [M+Na]+: 649.2004; fRXQd: 649.2005. 

 

 

Rf = 0.47 (5% EWOAc iQ WROXeQe), UV acWiYe, VWaiQed ZiWh KMQO4; 

1H NMR (500 MH], CDCO3): į = 8.47 (V, 1H), 7.89 (dd, J = 3.8, 1.3 H], 1H), 7.64 (dd, J = 5.0, 

1.3 H], 1H), 7.55±7.48 (P, 5H), 7.13 (dd, J = 5.0, 3.8 H], 1H), 6.78 (V, 1H), 4.25 (TT, J = 7.1, 

3.6 H], 2H), 1.23 (W, J = 7.1 H], 3H); 

13C NMR (125 MH], CDCO3): į = 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, cmí1): 1764, 1717, 1530, 1526, 1360, 1336, 1251, 1216, 1070, 742, 693; 

HRMS (ESI+): CaOc. fRU C17H16NO6S [M+H]+: 362.0693; fRXQd: 362.0686; caOc. fRU 

C17H15N1O6S1Na1 [M+Na]+: 384.0512; fRXQd: 384.0518. 
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4.4. KineWic ResolXWion of (rac)-niWroalcohol 17 

(R)-Carbo[\lic acid (19)  

 

BaVed RQ cRQdiWiRQV UeSRUWed b\ CheQ aQd cR-ZRUNeUV.35 TR a VROXWiRQ Rf (rac)-QiWURaOcRhRO 17 

(180 Pg, 0.72 PPRO, 1.00 eTXiY.) iQ aQh\dURXV CHCO3 (1.5 PL), ZeUe added VeTXeQWiaOO\ 

2,2-diPeWh\OgOXWaUic aQh\dUide (61.0 Pg, 0.43 PPRO, 0.60 eTXiY.) aQd Whe chiUaO RUgaQRcaWaO\VW 

18 (46.0 Pg, 0.11 PPRO, 0.15 eTXiY.). The UeacWiRQ Pi[WXUe ZaV VWiUUed aW UW XQWiO ∼50% 

cRQYeUViRQ (48%, 3 h, PRQiWRUed b\ 1H-NMR VSecWURVcRS\) aQd ZaV WheQ cRQceQWUaWed XQdeU 

UedXced SUeVVXUe. The UeVidXe ZaV SaUWiaOO\ SXUified WhURXgh a VhRUW SOXg Rf ViOica (eOXWiQg ZiWh 

50% EWOAc iQ n-he[aQe) WR VeSaUaWe Whe Pi[WXUe Rf (S)-17 aQd (R)-19 fURP Whe caWaO\VW. FRU 

chaUacWeUiVaWiRQ SXUSRVeV Whe UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO 

(gUadieQW 12% WR 66% EWOAc iQ n-he[aQe) WR affRUd Whe eQaQWiReQUiched (S)-QiWURaOcRhRO 17 

(81.0 Pg, 45%), aQd (R)-acid 19 (100 Pg, 36%). TheiU VSecWURVcRSic daWa aUe iQ agUeePeQW 

ZiWh Whe UeVSecWiYe UacePic VXbVWUaWeV (rac)-17 aQd (rac)-19.  

FRU (S)-17: The eQaQWiRPeUic e[ceVV (87% ee) ZaV deWeUPiQed b\ HPLC [DaiceO ChiUaOSaN� 

AD-H cROXPQ ZiWh gXaUd, 15% i-PUOH iQ n-he[aQe, 0.4 PL/PiQ, 30 �C, 220 QP, tR = 26.82 

PiQ (R iVRPeU, PiQRU), 62.68 PiQ (S iVRPeU, PaMRU)], RU [ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, 

10% i-PUOH iQ n-he[aQe, 0.5 PL/PiQ, 254 QP, tR = 18.88 PiQ (R-iVRPeU, PiQRU), 21.85 PiQ 

(S-iVRPeU, PaMRU)]. The HPLC WUaceV aQd UeWeQWiRQ WiPeV Rf Whe OaWWeU PeWhRd aUe iQ agUeePeQW 

ZiWh Whe RQeV UeSRUWed iQ Whe OiWeUaWXUe fRU (S)-eQUiched 17.35  

FRU (R)-19: The eQaQWiRPeUic e[ceVV (80% ee) ZaV deWeUPiQed b\ HPLC [DaiceO ChiUaOSaN� 

AD-H cROXPQ ZiWh gXaUd, 23% i-PUOH iQ n-he[aQe, 0.5 PL/PiQ, 254 QP, tR = 15.27 PiQ 

(S-iVRPeU, PiQRU), tR = 17.24 PiQ (R-iVRPeU, PaMRU)]. 
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HPLC Wraces of (rac)- and (S)-niWroalcohol 17 

 

 

 

 

HPLC Wraces of (rac)- and (R)-acid 19 
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4.5 HPLC Wrace assignmenW of diesWer 20 isomers  

The HPLC WUace aVVigQPeQW fRU each iVRPeU Rf dieVWeU 20 ZaV cRQdXcWed WhURXgh a VeUieV Rf 

Sc(OTf)3-caWaO\Ved eVWeUificaWiRQ UeacWiRQV beWZeeQ VcaOePic Pi[WXUeV Rf Whe UeacWiRQ 

cRPSRQeQWV (fROORZiQg Whe SURcedXUe deVcUibed iQ SecWion 4.3.). 

 (R,S) aQd (R,R) aVVigQPeQW WhURXgh eVWeUificaWiRQ beWZeeQ Whe (R)-acid 19 aQd 
(rac)-QiWURaOcRhRO 17. 
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 (R,S) aQd (S,S) aVVigQPeQW WhURXgh eVWeUificaWiRQ beWZeeQ Whe (rac)-acid 19 aQd 
(S)-QiWURaOcRhRO 17. 
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 (S,S) aQd (S,R) aVVigQPeQW WhURXgh eVWeUificaWiRQ beWZeeQ Whe (S)-acid 19 aQd 
(rac)-QiWURaOcRhRO 17. 

The (S)-acid 19 ZaV SUeSaUed fURP Whe cRUUeVSRQdiQg (S)-QiWURaOcRhRO 17 accRUdiQg WR Whe 

e[SeUiPeQWaO SURcedXUe iQ SecWion 4.2. 

 

 

 

 

 

 

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 70.0 72.5 75.0 77.5 80.0 82.5 min

0

50

100

150

200

mV

Sample ID:VD-168-cr-1

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 70.0 72.5 75.0 77.5 80.0 82.5 min

0

100

200

300

400

500
mV

(S,S) (S,R) 



 

- 66 - 
 

4.6. S\nWhesis of EnanWioenriched DiesWer 

S\QWheViVed accRUdiQg WR Whe SURcedXUe Rf SecWion 4.3. The VSecWURVcRSic daWa ZeUe iQ 

agUeePeQW ZiWh WhRVe Rf Whe cRUUeVSRQdiQg UacePic dieVWeU (rac)-20. 

(S)-17

Sc(OTf)3 (10 mol%)

O

O O
SS

EtO2C

OH
NO2

Ph
+ MeCN (0.21 M), rt, 18 h

(R)-19

EtO2C

O
NO2

Ph

O

OH

O

(R,S)-20

O

O

O

O CO2Et
NO2

Ph

EtO2C
O2N

Ph

+ minor isomers

(1.5 equiv.)
21

d.r. (hetero:homo) 5:1
(65% combined isolated yield)  

The eQaQWiRPeUic e[ceVV (98.2%) fRU Whe heWeURchiUaO 20 ZaV deWeUPiQed b\ HPLC [DaiceO 

ChiUaOceO� AD-H cROXPQ ZiWh gXaUd, 15% i-PUOH iQ n-he[aQe, 0.4 PL/PiQ, 30 �C, 220 QP, 

tR = 39.21 PiQ (R,S-iVRPeU, PaMRU), tR =76.89 PiQ (S,R-iVRPeU, PiQRU)]. 

HPLC WUaceV Rf eQaQWiReQUiched dieVWeU 20 
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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 t1=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 13C NMR (125 MHz, CDCl3). 
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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)2AQN catalytic system for enantioconvergent multi-component 

reactions was unsuccessful.38 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)2AQN catalytic system. 

5.1. Preparation of starting materials 

N-carboxyanhydride (S15) 

 

Based on the procedure reported by Martinez and co-workers.56 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 × 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.57 

1H NMR (500 MHz, CDCl3): δ = 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): δ = 168.8, 151.8, 134.1, 129.4, 129.3, 128.2, 59.0, 38.0.  
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N-Cb]-N-carbo[\anh\dride (23) 

 

BaVed RQ Whe SURcedXUe UeSRUWed b\ NaideU aQd cR-ZRUNeUV.58 A VROXWiRQ Rf 

N-caUbR[\aQh\dUide (1.50 g, 7.80 PPRO, 1.00 eTXiY.) iQ dU\ THF (20 PL) ZaV cRROed WR í20 

�C WR Zhich beQ]\O chORURfRUPaWe (1.45 PL, 10.1 PPRO, 1.30 eTXiY.) ZaV added. TheQ, a 

VROXWiRQ Rf N-PeWh\OPRUShROiQe (NMM) (1.29 PL, 11.7 PPRO, 1.50 eTXiY.) iQ dU\ THF (5 PL) 

ZaV added VORZO\ RYeU 10 PiQ. AfWeU addiWiRQ, Whe UeacWiRQ Pi[WXUe ZaV ZaUPed XS WR URRP 

WePSeUaWXUe aQd VWiUUed fRU 1 h. FROORZiQg WhiV, Whe UeacWiRQ Pi[WXUe ZaV cRROed bacN WR í20 �C 

aQd acidified ZiWh HCO (4 M iQ 1,4-diR[aQe) WR SH = 3 (ca. 1.5 PL). The VXVSeQViRQ ZaV WheQ 

fiOWeUed RQ CeOiWe�, aQd Whe VROid ZaV ZaVhed ZiWh dU\ THF (4 î 10 PL). The fiOWUaWe ZaV WheQ 

cRQceQWUaWed XQdeU UedXced SUeVVXUe. The SaOe ZhiWe VROid ZaV UecU\VWaOOiVed fURP hRW TBME 

(40 PL) aQd hRW n-he[aQe (15 PL), ZheUe cU\VWaOOiVaWiRQ RccXUUed aW í20 �C RYeUQighW. The 

ZhiWe cU\VWaOV ZeUe fiOWeUed, ZaVhed ZiWh cROd n-he[aQe aQd dUied WR giYe Whe deViUed N-

caUbR[\beQ]\O caUbR[\aQh\dUide (1.53 g, 4.71 PPRO, 60%).  

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed iQ Whe OiWeUaWXUe.59 

1H NMR (500 MH], CDCO3): į = 7.49±7.40 (P, 5H), 7.30±7.18 (P, 3H), 6.94±6.88 (P, 2H), 

5.41 (V, 2H), 4.94 (dd, J = 5.8, 2.6 H], 1H), 3.48 (dd, J = 14.3, 5.8 H], 1H), 3.30 (dd, J = 14.3, 

2.6 H], 1H); 

13C NMR (101 MH], CDCO3): į = 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. ProcedXre for Whe KineWic ResolXWion 

 

A 10 PL SchOeQN WXbe ZaV chaUged ZiWh N-caUbR[\beQ]\O caUbR[\aQh\dUide 23 (65 Pg, 0.20 

PPRO, 1.00 eTXiY.) aQd SOaced XQdeU high YacXXP RYeUQighW. FROORZiQg WhiV, Whe SchOeQN WXbe 

ZaV fiOOed ZiWh N2 aQd dU\ EW2O (6.0 PL) ZaV added aQd Whe Pi[WXUe ZaV VWiUUed fRU 20 PiQ, 

XQWiO N-caUbR[\beQ]\O caUbR[\aQh\dUide ZaV fXOO\ diVVROYed. MROecXOaU VieYeV 4c (SRZdeUed, 

50 Pg) ZeUe WheQ added aQd Whe VROXWiRQ ZaV VWiUUed fRU 15 PiQ aW URRP WePSeUaWXUe. FROORZiQg 

WhiV, (DHQD)2AQN (17 Pg, 0.02 PPRO, 10 PRO%) ZaV added aQd Whe UeacWiRQ ZaV cRROed 

dRZQ WR í40 �C. AW WhiV WePSeUaWXUe, 1.0 PL Rf a VWRcN VROXWiRQ Rf (S)-1,2-SURSaQediRO (8.4 

Pg, 0.11 PPRO, 0.55 eTXiY.) iQ dU\ EW2O ZaV added aQd Whe UeacWiRQ Pi[WXUe ZaV VWiUUed aW í40 

�C fRU 24 h. The fROORZiQg da\, HCO iQ EW2O (2 M, 1.0 PL) ZaV added aW í40 �C. The UeacWiRQ 

Pi[WXUe ZaV VWiUUed fRU fiYe addiWiRQaO PiQXWeV aQd ZaV WheQ bURXghW bacN WR URRP WePSeUaWXUe. 

The UeacWiRQ Pi[WXUe ZaV WheQ ZaVhed ZiWh aTXeRXV HCO (2 M, 2 î 3 PL), fXUWheU ZiWh bUiQe 

(5 PL), dUied RYeU Na2SO4 aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a cRORXUOeVV RiO aV 

a cUXde UeVidXe. (CRQYeUViRQ ZaV PeaVXUed aW WhiV VWage b\ 1H NMR VSecWURVcRS\ XViQg 1,2-

diPeWhR[\eWhaQe aV iQWeUQaO VWaQdaUd.) 

The cUXde UeVidXe ZaV WheQ diVVROYed iQ THF (8 PL) aQd H2O (2 PL). The VROXWiRQ ZaV OefW WR 

VWiU fRU 16 h aW URRP WePSeUaWXUe. FROORZiQg WhiV, THF ZaV UePRYed XQdeU UedXced SUeVVXUe 

aQd dieWh\O eWheU (10 PL) ZaV added WR Whe UeVXOWiQg aTXeRXV ShaVe. The RUgaQic ShaVe ZaV 

WheQ ZaVhed ZiWh aTXeRXV Na2CO3 (1 M, 2 î 5 PL), dUied RYeU Na2SO4, fiOWeUed aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe Whe cUXde eVWeU (26 Pg, 0.08 PPRO, 42%, 80% de) 

aV aQ iQVeSaUabOe 93:7 Pi[WXUe Rf bRWh UegiRiVRPeUV S16:S17.A The aTXeRXV ShaVe ZaV 

acidified ZiWh cRQceQWUaWed aTXeRXV HCO WR SH = 4, e[WUacWed ZiWh EWOAc (3 î 10 PL), dUied 

RYeU Na2SO4 aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe Whe cUXde acid (29 Pg, 0.1 PPRO) 

aV a cRORXUOeVV RiO.  

SXbVeTXeQWO\, Whe cUXde acid ZaV diVVROYed iQ dU\ DMF (1.4 PL). KHCO3 (41 Pg, 0.41 PPRO, 

4.10 eTXiY.) ZaV added fROORZed b\ MeI (26 �L, 0.41 PPRO, 4.10 eTXiY.) aQd Whe UeacWiRQ 
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Pi[WXUe ZaV VWiUUed aW URRP WePSeUaWXUe fRU 3 h. FROORZiQg WhiV, Whe UeacWiRQ ZaV diOXWed ZiWh 

EWOAc (10 PL) aQd H2O (5 PL). The RUgaQic ShaVe ZaV ZaVhed ZiWh H2O (3 î 5 PL), WheQ 

ZiWh aTXeRXV Na2CO3 (1 M, 5 PL) aQd bUiQe (5 PL). The RUgaQic ShaVe ZaV dUied RYeU Na2SO4, 

fiOWeUed aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe Whe cUXde PeWh\O eVWeU S19 (29.8 Pg, 

0.09 PPRO, 47%, 72% ee) aV a cRORXUOeVV RiO WhaW ZaV XVed ZiWhRXW fXUWheU SXUificaWiRQ. 

NoWe: (A) AWWePSWV WR SXUif\ S16 b\ fOaVh chURPaWRgUaSh\ ZeUe WhZaUWed b\ ac\O 

1,4-PigUaWiRQ Zhich gaYe eVWeU S17.  
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N-Cb]-DL-phen\lalanine esWer ((R,S)-S16) 

 

Rf = 0.42 (50% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.39±7.22 (P, 8H), 7.15 (d, J = 6.9 H], 2H), 5.26±5.18 (P, 

1H), 5.10 (W, J = 3.2 H], 2H), 4.63 (T, J = 6.7 H], 1H), 4.11 (dd, J = 14.8, 8.0 H], 1H), 3.93 

(dd, J = 11.9, 6.4 H], 2H), 3.18 ± 3.06 (P, 2H),  1.92 (bU V, 1H), 1.13 (d, J = 6.3 H], 3H);  

 13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C20H23NO5Na [M+Na]+: 380.1468, fRXQd: 380.1459; 

IR (Whin film, cm±1): 3346, 2976, 1701, 1514, 1497, 1263, 1249, 1052, 1027, 733; 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 41.34 PiQ (S,S-iVRPeU), tR = 45.95 PiQ (R,S-iVRPeU), 80% de.  
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N-Cb]-DL-phen\lalanine meWh\l esWer ((S)-S19) 

 

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed iQ Whe OiWeUaWXUe.60 

1H NMR (400 MH], CDCO3): į = 7.41±7.19 (P, 8H), 7.13±7.06 (P, 2H), 5.22 (d, J = 7.4 H], 

1H), 5.10 (d, J = 3.5 H], 2H), 4.67 (dW, J = 8.3, 5.9 H], 1H), 3.72 (V, 3H), 3.11 (Td, J = 13.7, 

6.0 H], 2H); 

13C NMR (126 MH], CDCO3): į = 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: DaiceO ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe; 1.0 

PL/PiQ, 30 �C, 220 QP, tR = 22.02 PiQ (S-iVRPeU), tR = 26.84 PiQ (R-iVRPeU), 72% ee. 
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5.3. ProcedXre for Whe SWereoreWenWiYe DiasWereoconYergenW CoXpling: 

 
A 10 PL SchOeQN WXbe ZaV chaUged ZiWh N-caUbR[\beQ]\O caUbR[\aQh\dUide 23 (65 Pg, 0.20 

PPRO, 1.00 eTXiY.) aQd SOaced XQdeU high YacXXP RYeUQighW. FROORZiQg WhiV, Whe SchOeQN WXbe 

ZaV fiOOed ZiWh N2 aQd dU\ EW2O (6.0 PL) ZaV added aQd Whe Pi[WXUe ZaV VWiUUed fRU 20 PiQ, 

XQWiO N-caUbR[\beQ]\O caUbR[\aQh\dUide ZaV fXOO\ diVVROYed. MROecXOaU VieYeV 4c (SRZdeUed, 

50 Pg) ZeUe WheQ added aQd Whe VROXWiRQ ZaV VWiUUed fRU 15 PiQ aW UW. FROORZiQg WhiV, 

(DHQD)2AQN (17 Pg, 0.02 PPRO, 10 PRO%) ZaV added aQd Whe UeacWiRQ ZaV cRROed dRZQ WR 

í40 �C. AW WhiV WePSeUaWXUe, 1.0 PL Rf a VWRcN VROXWiRQ Rf (S)-1,2-SURSaQediRO 22 (8.4 Pg, 0.11 

PPRO. 0.55 eTXiY.) iQ dU\ EW2O ZaV added aQd Whe UeacWiRQ Pi[WXUe ZaV VWiUUed aW í40 �C fRU 

24 h.A The fROORZiQg da\ DMAP (6 Pg, 0.05 PPRO, 0.25 eTXiY.) ZaV added aQd Whe UeacWiRQ 

Pi[WXUe ZaV bURXghW bacN WR URRP WePSeUaWXUe aQd VWiUUed fRU aQ addiWiRQaO 24 h. FROORZiQg 

WhiV, Whe UeacWiRQ ZaV cRROed WR 0 �C aQd HCO iQ EW2O (2 M, 1.0 PL) ZaV added. The UeacWiRQ 

Pi[WXUe ZaV WheQ ZaVhed ZiWh aTXeRXV HCO (2 M, 2 î 3 PL), fXUWheU ZiWh bUiQe (5 PL), dUied 

RYeU Na2SO4 aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a cRORXUOeVV RiO aV a cUXde 

UeVidXe.  

TR accXUaWeO\ deWeUPiQe Whe diaVWeUeRiVRPeUic UaWiRV Rf SURdXcWV, Whe cUXde UeacWiRQ Pi[WXUe 

had WR be aQaO\Ved b\ chiUaO VWaWiRQaU\ ShaVe HPLC XViQg aQ iQWeUQaO VWaQdaUd fRU 

TXaQWificaWiRQ. TheUefRUe, a VWRcN VROXWiRQ Rf WhiV cUXde UeVidXe iQ i-PUOH (5 PL) ZaV SUeSaUed. 

AQ aQaO\WicaO VROXWiRQ Rf Whe cUXde UeVidXe iQ i-PUOH (2 PL) ZaV SUeSaUed fURP 500 �L Rf 

VWRcN VROXWiRQ aQd 500 �L Rf VWRcN VROXWiRQ Rf iQWeUQaO VWaQdaUd (R,R)-S22 (4.0 Pg/PL).B The 

deViUed SURdXcW ZaV fRXQd WR be fRUPed iQ 93% de, heWeUR:hRPR 3.2:1. 

FROORZiQg WhiV, VaPSOeV ZeUe cRPbiQed aQd SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO 

(5±20% EWOAc iQ n-he[aQe) WR giYe Whe deViUed diPeU 25 (50 Pg, 0.08 PPRO, 77% \ieOd, 93% 

de, heWeUR:hRPR 3.2:1) aV a cRORXUOeVV RiO.C The diaVWeUeRiVRPeUV caQ be fXUWheU VeSaUaWed b\ 

PTLC (20% EWOAc iQ n-he[aQe) WR giYe Whe diPeUV (99.5% de, heWeUR:hRPR 8:1).D  

NoWes: (A) OQ a 1.0 PPRO VcaOe, (S)-1,2-SURSaQediRO 22 (41.8 Pg, 0.55 PPRO. 0.55 eTXiY.) ZaV 

diVVROYed iQ dU\ EW2O (5 PL) aQd added VORZO\ RYeU 5 PiQ. (B) FRU a 1.0 PPRO VcaOe UeacWiRQ, 

Whe cUXde SURdXcW (455 Pg) ZaV diVVROYed iQ a PiQiPXP Rf CH2CO2 aQd aQ aOiTXRW ZaV WaNeQ 

aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The UeVXOWiQg cUXde PaWeUiaO (67.8 Pg) ZaV XVed fRU 



 

- 75 - 
 

Whe SUeSaUaWiRQ Rf a VWRcN VROXWiRQ iQ i-PUOH (5 PL). AQ aQaO\WicaO VROXWiRQ Rf Whe cUXde UeVidXe 

iQ i-PUOH (2 PL) ZaV SUeSaUed fURP 500 �L Rf VWRcN VROXWiRQ aQd 500 �L Rf VWRcN VROXWiRQ Rf 

iQWeUQaO VWaQdaUd (4.0 Pg/PL). DiaVWeUeRiVRPeUic UaWiRV ZeUe deWeUPiQed fRU Whe cUXde VaPSOe 

(92% de, heWeUR:hRPR 2.8:1). (C) OQ a 1.0 PPRO VcaOe, VaPSOeV ZeUe cRPbiQed aQd SXUified 

b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (5±20% EWOAc iQ n-he[aQe) WR giYe Whe deViUed diPeU 

25 (276 Pg, 0.43 PPRO, 86% \ieOd, 92% de, heWeUR:hRPR 2.8:1) aV a cRORXUOeVV RiO.  (D) 

PUeSaUaWiRQ Rf aQ eTXiPROaU Pi[WXUe Rf Whe UacePic diaVWeUeRiVRPeU ZaV SeUfRUPed RQ 0.2 

PPRO VcaOe fROORZiQg Whe VaPe SURcedXUe aW URRP WePSeUaWXUe, XViQg NEW3 (60.0 �L, 0.44 

PPRO, 2.20 eTXiY.) iQVWead Rf (DHQD2)AQN. 

 

The fROORZiQg chaUacWeUiVaWiRQ ZeUe UecRUded fRU VWeUeRSXUe VaPSOeV SUeSaUed WhURXgh Whe 

SURcedXUeV UeSRUWed SecWion 5.4.  

 

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

 

Rf = 0.15 (30% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

MP: 103±105 �C (n-he[aQe/EWOAc); 

1H NMR (500 MH], CDCO3): į = 7.39±7.19 (P, 16H), 7.16±7.08 (P, 4H), 5.27 (d, J = 8.4 H], 

1H), 5.23 (d, J = 8.3 H], 1H), 5.18±5.00 (P, 5H), 4.64 (Wd, J = 8.5, 4.3 H], 2H), 4.11 (Td, J = 

11.9, 4.7 H], 2H), 3.12 (ddd, J = 14.8, 9.2, 5.8 H], 2H), 3.03 (dd, J = 14.0, 6.7 H], 2H), 1.20 

(d, J = 6.5 H], 3H); 

13C NMR (126 MH], CDCO3): į = 171.4, 171.0, 155.80, 155.77, 136.4, 136.3, 135.8, 135.7, 

129.4, 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+): CaOc. fRU C37H38N2O8Na [M+Na]+: 661.2520, fRXQd: 661.2494; 

IR (Whin film, cm±1): 3032, 2960, 2925, 1739, 1511, 1497, 1456, 1259; 

[𝜶]𝐃
𝟐𝟓= +3.8 (c = 0.62, CHCO3);  
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HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 85.92 PiQ (R,S,R iVRPeU), tR = 88.68 PiQ (S,S,R iVRPeU), tR = 

90.35 PiQ (S,S,S iVRPeU), tR = 96.68 PiQ (internal standard (R,R)-S22),  tR = 99.39 PiQ (R,S,S 

iVRPeU), 92% de, heWeUR:hRPR 2.8:1. 

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

 

Rf = 0.17 (30% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.39±7.20 (P, 16H), 7.18±7.08 (P, 4H), 5.48 (d, J = 8.4 H], 

1H), 5.35 (d, J = 8.0 H], 1H), 5.14±4.99 (P, 5H), 4.67 (T, J = 7.0 H], 1H), 4.60 (T, J = 6.9 H], 

1H), 4.25 (dd, J = 11.8, 3.4 H], 1H), 4.00 (dd, J = 11.8, 7.0 H], 1H), 3.18±3.10 (P, 2H), 3.05 

(Wd, J = 13.0, 6.8 H], 2H), 1.14 (d, J = 6.6 H], 3H); 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C37H38N2O8Na [M+Na]+: 661.2520, fRXQd: 661.2494; 

IR (Whin film, cm±1): 3300, 3030, 1704, 1518, 1497, 1205, 1052, 690; 

[𝜶]𝐃
𝟐𝟓= +2.19 (c = 0.82, CHCO3);  

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 85.92 PiQ (R,S,R iVRPeU), tR = 88.68 PiQ (S,S,R iVRPeU), tR = 

90.35 PiQ (S,S,S iVRPeU), tR = 96.68 PiQ (internal standard (R,R)-S22),  tR = 99.39 PiQ (R,S,S 

iVRPeU). 
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Homochiral dimer ((S,S,S)-25) 

 
Rf = 0.15 (30% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.38±7.21 (P, 16H), 7.13 (dd, J = 12.5, 6.9 H], 4H), 5.36 (d, 

J = 9.5 H], 1H), 5.33±5.27 (P., 1H), 5.17±5.01 (P, 5H), 4.65 (ddd, J = 15.0, 8.7, 6.3 H], 2H), 

4.21 (dd, J = 11.8, 3.6 H], 1H), 4.00 (dd, J = 11.8, 6.8 H], 1H), 3.14 (dd, J = 14.0, 6.1 H], 2H), 

3.09±3.00 (P, 2H), 1.20 (d, J = 6.6 H], 3H); 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C37H38N2O8Na [M+Na]+: 661.2520, fRXQd: 661.2514; 

IR (Whin film, cm±1): 3303, 2954, 1745, 1514, 1455, 1254, 1053, 697; 

[𝜶]𝐃
𝟐𝟓= +27.6 (c = 1.04, CHCO3);  

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 85.92 PiQ (R,S,R iVRPeU), tR = 88.68 PiQ (S,S,R iVRPeU), tR = 

90.35 PiQ (S,S,S iVRPeU), tR = 96.68 PiQ (internal standard (R,R)-S22),  tR = 99.39 PiQ (R,S,S 

iVRPeU). 

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

 
Rf = 0.17 (30% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

MP: 94±98 �C (n-he[aQe/EWOAc); 

1H NMR (500 MH], CDCO3): į = 7.39í7.20 (P, 16H), 7.18í7.08 (P, 4H), 5.48 (d, J = 8.4 H], 

1H), 5.35 (d, J = 8.0 H], 1H), 5.14í4.99 (P, 5H), 4.67 (T, J = 7.0 H], 1H), 4.60 (T, J = 6.9 H], 
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1H), 4.25 (dd, J = 11.8, 3.4 H], 1H), 4.00 (dd, J = 11.8, 7.0 H], 1H), 3.18í3.10 (P, 2H), 3.05 

(Wd, J = 13.0, 6.8 H], 2H), 1.14 (d, J = 6.6 H], 3H); 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C37H38N2O8Na [M+Na]+: 661.2520, fRXQd: 661.2494; 

IR (Whin film, cm±1): 3330, 2966, 1748, 1734, 1696, 1534, 1346, 1257, 1211, 1046, 745, 690; 

[𝜶]𝐃
𝟐𝟓= í8.80 (c = 1.35, CHCO3);  

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 85.92 PiQ (R,S,R iVRPeU), tR = 88.68 PiQ (S,S,R iVRPeU), tR = 

90.35 PiQ (S,S,S iVRPeU), tR = 96.68 PiQ (internal standard (R,R)-S22),  tR = 99.39 PiQ (R,S,S 

iVRPeU). 

 

 

HPLC chURPaWRgUaP Rf Whe cUXde UeacWiRQ Pi[WXUe (0.2 PPRO VcaOe) 
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NoWe: CRUUecWed A/AIS ZeUe caOcXOaWed XViQg Whe cRUUecWiRQ facWRUV RbWaiQed fURP Whe 

caOibUaWiRQ cXUYe fRU Whe hRPR- aQd heWeURdiPeU: NR,S,S = 1.0086; NS,S,R = 1.0420; NS,S,S = 1.0210; 

NR,S,R = 1.0497. (See fXOO deWaiOV iQ SecWion 5.6) 

 

HPLC chURPaWRgUaP Rf Whe SXUified UeacWiRQ Pi[WXUe (1.0 PPRO VcaOe) 

 

 

 

HPLC chURPaWRgUaP Rf Whe SXUified UeacWiRQ Pi[WXUe b\ PTLC (0.2 PPRO VcaOe) 

 

Sample ID:FR141-FC
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5.4. PreparaWion of AXWhenWic Samples  

TBS-proWecWed diol (S20) 

 

BaVed RQ Whe SURcedXUe UeSRUWed b\ HaUUaQ aQd cR-ZRUNeUV.61 (S)-1,2-SURSaQediRO 22 (1.00 g, 

13.1 PPRO, 1.00 eTXiY.) ZaV diVVROYed iQ CH2CO2 (100 PL). IPida]ROe (940 Pg, 13.8 PPRO, 

1.05 eTXiY.) ZaV added aQd Whe UeacWiRQ Pi[WXUe ZaV cRROed dRZQ WR 0 �C. TBSCO (1.97 g, 13.1 

PPRO, 1.00 eTXiY.) ZaV added aW 0 �C aQd Whe UeacWiRQ ZaV bURXghW bacN WR URRP WePSeUaWXUe 

aQd VWiUUed fRU 16 h. FROORZiQg WhiV, Whe UeacWiRQ Pi[WXUe ZaV fiOWeUed WhURXgh cRWWRQ aQd 

cRQceQWUaWed XQdeU UedXced SUeVVXUe. The cUXde ZaV SXUified b\ ViOica SOXg (10% EWOAc iQ n-

he[aQe) WR giYe Whe SURWecWed diRO (2.11 g, 11.1 PPRO, 85%) aV a cRORXUOeVV OiTXid.  

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed iQ Whe OiWeUaWXUe.61  

1H NMR (400 MH], CDCO3): į = 3.82 (dTd, J = 7.7, 6.3, 3.3 H], 1H), 3.59 (dd, J = 9.8, 3.4 

H], 1H), 3.35 (dd, J = 9.9, 7.8 H], 1H), 1.12 (d, J = 6.3 H], 3H), 0.91 (V, 9H), 0.08 (V, 6H); 

13C NMR (101 MH], CDCO3): į = 68.7, 68.1, 26.0, 18.5, 18.4, í5.2, í5.3. 
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N-Cb]-L-phen\lalanine or N-Cb]-D-phen\lalanine (S18) 

 

BaVed RQ Whe SURcedXUe UeSRUWed b\ SchReQebecN aQd cR-ZRUNeUV.62  D- RU L-SheQ\OaOaQiQe 

(1.65 g, 10.0 PPRO, 1.00 eTXiY.) ZaV VXVSeQded iQ ZaWeU (40 PL) aW 0 �C fROORZed b\ Whe 

addiWiRQ Rf VRdiXP bicaUbRQaWe (8.40 g, 100 PPRO, 10 eTXiY.). A VROXWiRQ Rf beQ]\O 

chORURfRUPaWe (2.85 PL, 20.0 PPRO, 2.0 eTXY.) iQ WROXeQe (7 PL) ZaV added iQ a dURSZiVe 

PaQQeU aW 0 �C. AfWeU addiWiRQ, Whe UeacWiRQ Pi[WXUe ZaV ZaUPed WR URRP WePSeUaWXUe aQd 

VWiUUed RYeUQighW. FROORZiQg WhiV, Whe ShaVeV ZeUe VeSaUaWed aQd Whe aTXeRXV ShaVe ZaV ZaVhed 

ZiWh EW2O (4 î 20 PL). The aTXeRXV ShaVe ZaV WheQ acidified ZiWh HCO 1 M (ca. 95 PL) WR SH 

= 1 aQd e[WUacWed ZiWh eWh\O aceWaWe (3 î 50 PL). The cRPbiQed RUgaQic ShaVeV ZeUe WheQ dUied 

RYeU Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a WhicN cRORXUOeVV RiO 

(R-eQaQWiRPeU, 2.35 g, 7.9 PPRO, 79% \ieOd; S-eQaQWiRPeU, 1.70 g, 5.7 PPRO, 57% \ieOd) afWeU 

dU\iQg XQdeU high YacXXP.   

AQaO\WicaO daWa ZeUe cRQViVWeQW ZiWh WhRVe UeSRUWed iQ Whe OiWeUaWXUe.63 

1H NMR (600 MH], CDCO3): į = 7.39±7.23 (P, 8H), 7.17±7.13 (P, 2H), 5.17 (d, J = 7.7 H], 

1H), 5.14±5.06 (P, 2H), 4.71 (dW, J = 8.4, 5.9 H], 1H), 3.21 (dd, J = 14.0, 5.5 H], 1H), 3.12 

(dd, J = 14.2, 6.2 H], 1H); 

13C NMR (126 MH], CDCO3): į = 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-proWecWed alcohol ((S,S)-S21 or (R,R)-S21) 

 

D RU L- N-beQ]\OR[\caUbRQ\O-SheQ\OaOaQiQe S18 (180 Pg, 0.60 PPRO, 1.00 eTXiY.) ZaV 

diVVROYed iQ CH2CO2 (6 PL) aW 0 �C. DMAP (7.30 Pg, 0.06 PPRO, 0.10 eTXiY.) aQd EDCO (102 

Pg, 0.66 PPRO, 1.10 eTXiY.) ZeUe WheQ added fROORZed b\ a VROXWiRQ Rf Whe aOcRhRO S20 (137 

Pg, 0.72 PPRO, 1.20 eTXiY.) iQ CH2CO2 (2 PL) aW 0 �C. The UeacWiRQ Pi[WXUe ZaV OefW WR VWiU fRU 

1 h aW WhiV WePSeUaWXUe.  FROORZiQg WhiV, Whe UeacWiRQ Pi[WXUe ZaV ZaVhed ZiWh VaWXUaWed aTXeRXV 

NaHCO3 (10 PL), Whe RUgaQic ShaVe ZaV cROOecWed aQd fXUWheU ZaVhed ZiWh bUiQe (15 PL), 

dUied RYeU Na2SO4, fiOWeUed aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe. The cUXde UeVidXe ZaV 

SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (10±20% EWOAc iQ n-he[aQe) WR giYe Whe 

deViUed eVWeU S21 (S-eQaQWiRPeU, 200 Pg, 0.43 PPRO, 71%; R-eQaQWiRPeU, 200 Pg, 0.43 PPRO, 

71%) aV a cRORXUOeVV RiO. 

TBS-proWecWed alcohol ((S,S)-21) 

 

Rf = 0.26 (5% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.38±7.30 (P, 5H), 7.29±7.21 (P, 3H), 7.16±7.13 (P, 2H), 

5.22 (d, J = 8.4 H], 1H), 5.09 (T, J = 12.3 H], 2H), 4.95 (Wd, J = 6.2, 4.7 H], 1H), 4.65 (dW, J = 

8.4, 5.8 H], 1H), 3.61 (dd, J = 10.8, 5.9 H], 1H), 3.55 (dd, J = 10.7, 4.7 H], 1H), 3.16 (dd, J = 

13.9, 5.8 H], 1H), 3.08 (dd, J = 13.9, 6.0 H], 1H), 1.21 (d, J = 6.5 H], 3H), 0.90 (V, 9H), 0.07 

(d, J = 4.1 H], 6H); 

13C NMR (126 MH], CDCO3): į = 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, í5.25, í5.27; 

HRMS (ESI+): CaOc. fRU C26H37NO5Na [M+Na]+: 494.2333, fRXQd: 494.2333; 

IR (Whin film, cm±1): 2954, 1724, 1506, 1251, 837, 697; 

[𝜶]𝐃
𝟐𝟎= +14.0 (c = 1.20, CHCO3).  
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TBS-proWecWed alcohol ((R,S)-S21) 

 

Rf = 0.29 (5% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.39±7.29 (P, 5H), 7.29±7.21 (P, 3H), 7.17±7.09 (P, 2H), 

5.27 (d, J = 8.2 H], 1H), 5.10 (d, J = 2.2 H], 2H), 4.95 (h, J = 6.3 H], 1H), 4.64 (dW, J = 8.2, 

6.0 H], 1H), 3.61 (dd, J = 10.7, 5.5 H], 1H), 3.54 (dd, J = 10.8, 5.0 H], 1H), 3.12 (Td, J = 13.9, 

5.9 H], 2H), 1.18 (d, J = 6.5 H], 3H), 0.89 (V, 9H), 0.05 (bU V, 6H); 

 13C NMR (126 MH], CDCO3): į = 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, í5.2, í5.3; 

HRMS (ESI+): CaOc. fRU C26H37NO5Na [M+Na]+: 494.2333, fRXQd: 494.2334; 

IR (Whin film, cm±1): 2954, 1717, 1497, 1251, 1204, 776, 697; 

[𝜶]𝐃
𝟐𝟎= í20.9 (c = 1.33, CHCO3);  
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 Primar\ alcohol ((R,S)-S17 or (S,S)-S17) 

 

CRPSRXQd S21 (400 Pg, 0.84 PPRO, 1.00 eTXiY.) ZaV diVVROYed iQ THF (10 PL) aW 0 �C. 

NEW3āHF (1 PL) ZaV added VORZO\ RYeU 2 PiQ. The cOeaU VROXWiRQ ZaV VWiUUed aW 0 �C fRU 10 

PiQ aQd WheQ aW URRP WePSeUaWXUe fRU 3 h. FROORZiQg WhiV, Whe UeacWRQ ZaV diOXWed ZiWh eWh\O 

aceWaWe (30 PL) aQd a VROXWiRQ Rf VaWXUaWed CaCO3 ZaV added (40 PL). The biShaVic Pi[WXUe 

ZaV YigRURXVO\ VWiUUed fRU 10 PiQ aQd ShaVeV ZeUe WheQ VeSaUaWed. The RUgaQic ShaVe ZaV 

ZaVhed ZiWh a VaWXUaWed aTXeRXV NaHCO3 (30 PL),  WheQ ZiWh bUiQe (20 PL), dUied RYeU 

Na2SO4, fiOWeUed aQd cRQceQWUaWed XQdeU UedXced SUeVVXUe WR giYe a  cUXde deViUed SUiPaU\ 

aOcRhRO (S-eQaQWiRPeU, 285 Pg, 0.79 PPRO, 94% \ieOd; R-eQaQWiRPeU, 287 Pg, 0.80 PPRO, 

96% \ieOd) aV a cRORXUOeVV RiO. The cUXde RiO ZaV XVed diUecWO\ iQ Whe Qe[W VWeS aV Whe SURdXcW 

XQdeUgReV iQWUaPROecXOaU [1,4]-ac\O PigUaWiRQ RQ ViOica geO.  

Primar\ alcohol ((R,S)-S17) 

 

Rf = 0.54 (50% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.40±7.21 (P, 8H), 7.17±7.12 (P, 2H), 5.25 (d, J = 6.3 H], 

1H), 5.09 (d, J = 4.1 H], 2H), 5.01 (WW, J = 9.9, 5.0 H], 1H), 4.55 (dW, J = 7.6, 6.5 H], 1H), 3.63 

(dd, J = 12.3, 3.3 H], 1H), 3.52 (dd, J = 12.3, 6.6 H], 1H), 3.16±3.04 (P, 2H), 1.13 (d, J = 6.6 

H], 3H); 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C20H23NO5Na [M+Na]+: 380.1468, fRXQd: 380.1466; 

IR (Whin film, cm±1): 3405, 2980, 1705, 1526, 1497, 1259, 1213, 1056, 699; 

[𝜶]𝐃
𝟐𝟎= í12.4 (c = 1.80, CHCO3);  



 

- 86 - 
 

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 48.90 PiQ (R,S iVRPeU). 

Primar\ alcohol ((S,S)-S17) 

 

 

Rf = 0.51 (50% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.39±7.23 (P, 8H), 7.21±7.16 (P, 2H), 5.23 (d, J = 7.9 H], 

1H), 5.10 (V, 2H), 4.99 (Wd, J = 6.6, 3.1 H], 1H), 4.60 (T, J = 6.7 H], 1H), 3.57±3.48 (P, 1H), 

3.41 (dd, J = 12.3, 6.9 H], 1H), 3.15 (dd, J = 14.0, 6.4 H], 1H), 3.08 (dd, J = 13.9, 6.8 H], 1H), 

1.76 (V, 1H), 1.22±1.09 (P, 3H). 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C20H23NO5Na [M+Na]+: 380.1468, fRXQd: 380.1466; 

IR (Whin film, cm±1): 3405, 2934, 1739, 1514, 1497, 1257, 1213, 1090, 697; 

[𝜶]𝐃
𝟐𝟎= +17.7 (c = 1.65, CHCO3);  

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 39.18 PiQ (S,S iVRPeU). 
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PreparaWion of AXWhenWic Samples of HeWero and Homodimers  

 

D- RU L-N-beQ]\OR[\caUbRQ\O-SheQ\OaOaQiQe S18 (89.8 Pg, 0.30 PPRO, 1.00 eTXiY.) ZaV 

diVVROYed iQ CH2CO2 (3 PL) aW 0 �C. DMAP (3.7 Pg, 0.03 PPRO, 0.10 eTXiY.) aQd EDCO (63.5 

Pg, 0.33 PPRO, 1.10 eTXiY.) ZeUe WheQ added fROORZed b\ a VROXWiRQ Rf Whe (S,S)- RU (R,S)-

SUiPaU\ aOcRhRO S17 (107 Pg, 0.30 PPRO, 1.20 eTXiY.) iQ CH2CO2 (1 PL) aW 0 �C. The UeacWiRQ 

Pi[WXUe ZaV OefW WR VWiU fRU 1 h aW WhiV WePSeUaWXUe.  FROORZiQg WhiV, Whe UeacWiRQ Pi[WXUe ZaV 

ZaVhed ZiWh VaWXUaWed aTXeRXV NaHCO3 (10 PL), Whe RUgaQic ShaVe ZaV cROOecWed aQd fXUWheU 

ZaVhed ZiWh bUiQe (15 PL), dUied RYeU Na2SO4, fiOWeUed aQd cRQceQWUaWed XQdeU UedXced 

SUeVVXUe. The cUXde UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (20±30% 

EWOAc iQ n-he[aQe) WR giYe Whe deViUed heWeUR RU hRPRdiPeU 25 (130±146 Pg, 0.20±0.23 

PPRO, 68±76%) aV a cRORXUOeVV RiO. 
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HPLC InWernal sWandard ((R,R)-S22) 

 

D-N-beQ]\OR[\caUbRQ\O-SheQ\OaOaQiQe (R)-S18 (450 Pg, 1.50 PPRO, 2.0 eTXiY.) ZaV diVVROYed 

iQ CH2CO2 (15 PL) WheQ cRROed WR 0 �C. DMAP (18.0 Pg, 0.15 PPRO, 0.20 eTXiY.) aQd EDC 

(316 Pg, 1.65 PPRO, 2.20 eTXiY.) ZeUe WheQ added fROORZed b\ a VROXWiRQ Rf SeQWaQ-1,5-diRO 

(78.0 Pg, 0.75 PPRO, 1.00 eTXiY.) iQ CH2CO2 (3.00 PL) aW 0 �C. The UeacWiRQ ZaV WheQ bURXghW 

WR UW aQd VWiUUed fRU 3 h aW WhiV WePSeUaWXUe. FROORZiQg WhiV, Whe UeacWiRQ Pi[WXUe ZaV ZaVhed 

ZiWh  VaWXUaWed aTXeRXV NaHCO3 (20 PL), Whe RUgaQic ShaVe ZaV cROOecWed aQd fXUWheU ZaVhed 

ZiWh bUiQe (20 PL), dUied RYeU aQh\dURXV Na2SO4, fiOWeUed, aQd cRQceQWUaWed XQdeU UedXced 

SUeVVXUe. The cUXde UeVidXe ZaV SXUified b\ cROXPQ chURPaWRgUaSh\ RQ ViOica geO (30% EWOAc 

iQ n-he[aQe) WR giYe Whe deViUed dieVWeU (R,R)-S22 (455 Pg, 0.68 PPRO, 91% \ieOd) aV a 

cRORXUOeVV RiO. 

Rf = 0.63 (50% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į = 7.37±7.21 (P, 16H), 7.14±7.09 (P, 4H), 5.30±5.24 (P, 2H), 

5.16±5.03 (P, 4H), 4.65 (dW, J = 8.4, 6.1 H], 2H), 4.15±4.01 (P, 4H), 3.16±3.02 (P, 4H), 1.57 

(S, J = 6.9 H], 4H), 1.25 (Wdd, J = 15.8, 8.6, 6.0 H], 2H). 

13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C39H42N2O8Na [M+Na]+: 689.2833, fRXQd: 689.2816; 

IR (Whin film, cm±1): 3063, 1712, 1514, 1253, 1204, 1052, 739, 697; 

[𝜶]𝐃
𝟐𝟎= í41.6 (c = 0.50, CHCO3);  

HPLC: DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe RYeU 45 

PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe RYeU 45 PiQ; 1.0 

PL/PiQ, 40 �C, 220 QP, tR = 96.68 PiQ (internal standard (R,R)-S22). 
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5.5 HPLC Traces AssignmenW 

AssignmenW for Whe monoaddXcW inWermediaWe 
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AssignmenW of Whe homo and heWerodimeric mi[WXre 

 

 

 

 

 

 

  

0 10 20 30 40 50 60 70 80 90 100 min

0

10

20

30

mV

0 10 20 30 40 50 60 70 80 90 100 min
-50

0

50

100

150

200

250

300

mV

0 10 20 30 40 50 60 70 80 90 100 min

0

50

100

150

200

mV

0 10 20 30 40 50 60 70 80 90 100 min
-25

0

25

50

75

100

125

150

mV

0 10 20 30 40 50 60 70 80 90 100 min
-50

0

50

100

150

200

250

300

mV

0 10 20 30 40 50 60 70 80 90 100 min

0

25

50

75

100

mV



 

- 91 - 
 

5.6. CalibraWion 

FRU WhiV UeacWiRQ, aV SURdXcWV aUe QRZ diaVWeUeRPeUic WR RQe aQRWheU, diUecW iQWegUaWiRQV Rf Whe 

chURPaWRgUaP ZRXOd be iQaccXUaWe. TR ciUcXPYeQW WhiV iVVXe, HPLC iQWegUaWiRQV Qeeded 

caOibUaWiRQ WR aOORZ Whe accXUaWe PeaVXUePeQW Rf Whe diaVWeUeRPeUic UaWiRV. TheUefRUe, aXWheQWic 

VaPSOeV Rf each diPeUV ZeUe XVed WR bXiOd a caOibUaWiRQ cXUYe AUea/AUeaIS = N î c, ZheUe N iV 

Whe cRUUecWiRQ facWRU Rf Whe diPeU. TheVe cRUUecWiRQ facWRUV ZeUe WheQ XVed WR geQeUaWe a 

cRUUecWed WabOe fURP Zhich Whe diaVWeUeRPeUic UaWiRV ZeUe deWeUPiQed.  
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CalibraWion cXrYe for Whe (R,S,S)-heWerodimer 

SROXWiRQV Rf heWeURdiPeU (R,S,S)-25 iQ i-PUOH (2 PL) XViQg dieVWeU (R,R)-S22 (2.0 Pg) aV 

iQWeUQaO VWaQdaUd ZeUe SUeSaUed fURP VWRcN VROXWiRQV (4.0 Pg/PL). SROXWiRQV ZeUe aQaO\Ved b\ 

chiUaO VWaWiRQaU\ ShaVe HPLC (DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH 

iQ n-he[aQe RYeU 45 PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe 

RYeU 45 PiQ; 1.0 PL/PiQ, 40 �C, 220 QP). 

 (R,S,S)-heWeURdiPeU tR= 99.39 PiQ; dieVWeU (R,R)-S22 (IS) tR= 96.68 PiQ.  

Hetero (R,S,S) 
(mg/mL) IS (mg/mL) Area Hetero 

(R,S,S) Area IS Area (R,S,S) 
/Area IS 

Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϰϭϲϲϮ ϳϴϰϬϱϭϬ Ϭ͘ϬϰϯϱϳϲϱϬϮ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϯϲϬϳϱ ϳϵϴϬϯϬϱ Ϭ͘ϬϰϮϭϭϯϬϱ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϮϯϮϴϰ ϳϴϮϯϲϳϱ Ϭ͘ϬϰϭϯϮϭϮϱ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϮϳϯϵϲϮ ϳϵϰϴϲϵϰ Ϭ͘ϱϯϳϲϵϯϲϭϰ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϮϰϳϬϬϵ ϳϴϴϵϰϴϳ Ϭ͘ϱϯϴϯϭϮϰϰ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϮϰϮϭϴϰ ϳϲϰϯϭϵϳ Ϭ͘ϱϱϱϬϮϳϰϯϮ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϱϰϱϯϭϱ ϴϭϬϱϮϱϵ ϭ͘ϬϱϰϮϵϮϲϱϭ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϮϯϯϬϴϱ ϳϴϵϮϱϴϱ ϭ͘Ϭϰϯϭϰϭϳϱϵ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϰϰϮϯϰϵ ϳϵϬϵϯϱϭ ϭ͘Ϭϲϳϯϴϴϯϯϲ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϱϳϵϯϮϭϭ ϳϳϮϯϰϬϬ Ϯ͘ϬϰϰϴϱϮϭϯϴ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϱϱϮϮϱϭϰ ϳϳϲϵϰϳϯ ϭ͘ϵϵϳϴϴϱϬϱϲ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϱϳϳϳϵϭϵ ϳϴϱϰϭϮϮ Ϯ͘ϬϬϴϴϳϭϭϯϴ 

 

 

CRUUecWiRQ facWRU NR,S,S= 1.0086  

A/AIS = 1.0086c
R² = 0.9984
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Concenƚraƚion c ;mgͬmLͿ
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CalibraWion cXrYe for Whe (S,S,R)-heWerodimer 

SROXWiRQV Rf heWeURdiPeU (S,S,R)-25 iQ i-PUOH (2 PL) XViQg dieVWeU (R,R)-S22 (2.0 Pg) aV 

iQWeUQaO VWaQdaUd ZeUe SUeSaUed fURP VWRcN VROXWiRQV (4.0 Pg/PL). SROXWiRQV ZeUe aQaO\Ved b\ 

chiUaO VWaWiRQaU\ ShaVe HPLC (DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH 

iQ n-he[aQe RYeU 45 PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe 

RYeU 45 PiQ; 1.0 PL/PiQ, 40 �C, 220 QP). 

 (S,S,R)-heWeURdiPeU tR= 88.68 PiQ; dieVWeU (R,R)-S22 (IS) tR= 96.68 PiQ. 

Hetero (S,S,R) 
(mg/mL) IS (mg/mL) Area Hetero 

(S,S,R) Area IS Area (S,S,R) 
/Area IS 

Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϱϵϳϵϵ ϳϲϱϯϵϮϬ Ϭ͘ϬϰϳϬϬϴϰϲϭ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϲϵϬϭϬ ϳϳϰϲϵϵϳ Ϭ͘ϬϰϳϲϯϮϲϱ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϱϮϱϱϰ ϳϳϬϳϬϱϴ Ϭ͘ϬϰϱϳϰϰϯϬϯ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϯϵϰϳϭϯ ϳϰϭϯϮϲϲ Ϭ͘ϱϵϮϴϭϳϯϵ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϱϵϭϰϲϴ ϳϱϲϱϵϱϲ Ϭ͘ϲϬϲϴϱϴϵϯϱ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϲϭϬϰϰϯ ϳϳϴϰϵϲϵ Ϭ͘ϱϵϮϮϮϯϲϴϭ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϯϮϴϲϳϭ ϳϵϱϵϱϭϳ ϭ͘Ϭϰϲϯϳϴϵϰϱ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϱϭϲϯϰϴ ϳϵϵϳϵϲϰ ϭ͘Ϭϲϰϴϭϰϰϵϱ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϰϮϵϱϰϭ ϳϲϱϬϬϲϯ ϭ͘ϭϬϭϴϵϭϳϭ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϬϴϴϬϭϰ ϳϳϮϱϮϬϱ Ϯ͘ϬϴϮϱϯϱϱϰϰ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϭϭϱϭϯϯ ϳϰϰϭϴϲϯ Ϯ͘ϭϲϱϰϳϬϮϱϵ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϭϰϵϳϮϭ ϳϲϲϬϰϬϲ Ϯ͘ϭϬϴϮϬϲϵϮϴ 

 

 

CRUUecWiRQ facWRU NS,S,R= 1.0420  

A/AIS = 1.042c
R² = 0.9974
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CalibraWion cXrYe for Whe (S,S,S)-homodimer 

SROXWiRQV Rf hRPRdiPeU (S,S,S)-25 iQ i-PUOH (2 PL) XViQg dieVWeU (R,R)-S22 (2.0 Pg) aV 

iQWeUQaO VWaQdaUd ZeUe SUeSaUed fURP VWRcN VROXWiRQV (4.0 Pg/PL). SROXWiRQV ZeUe aQaO\Ved b\ 

chiUaO VWaWiRQaU\ ShaVe HPLC (DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH 

iQ n-he[aQe RYeU 45 PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe 

RYeU 45 PiQ; 1.0 PL/PiQ, 40 �C, 220 QP). 

 (S,S,S)-hRPRdiPeU WR= 90.35 PiQ; dieVWeU (R,R)-S22 (IS) WR= 96.68 PiQ. 

Homo (S,S,S) 
(mg/mL) IS (mg/mL) Area Homo 

(S,S,S) Area IS Area (S,S,S) 
/Area IS 

Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϴϯϭϮϮ ϳϲϳϵϰϰϭ Ϭ͘ϬϰϵϴϴϵϯϬϴ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϬϱϰϰϵ ϳϱϯϬϭϰϰ Ϭ͘ϬϰϬϱϲϯϱϬϭ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϲϭϵϲϮ ϳϳϲϮϲϳϭ Ϭ͘ϬϰϲϲϮϴϱϯϴ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϬϳϳϳϮϰ ϳϳϲϴϮϯϳ Ϭ͘ϱϮϰϵϮϮϳϬϴ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϭϴϯϬϳϬ ϳϳϰϱϵϲϴ Ϭ͘ϱϰϬϬϯϭϵϮϰ 
Ϭ͘ϱ Ϯ͘Ϭ ϯϵϱϵϳϴϮ ϳϱϭϴϰϴϮ Ϭ͘ϱϮϲϲϳϯϬϳ 
ϭ͘Ϭ Ϯ͘Ϭ ϳϴϱϮϯϮϮ ϳϲϲϯϳϳϬ ϭ͘ϬϮϰϲϬϯϬϯϱ 
ϭ͘Ϭ Ϯ͘Ϭ ϳϵϭϴϰϯϱ ϳϴϲϭϯϯϮ ϭ͘ϬϬϳϮϲϯϳϴϮ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϭϱϯϵϮϰ ϳϴϴϭϱϵϰ ϭ͘ϬϯϰϱϱϮϲϱϱ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϰϳϴϯϰϮϬ ϳϮϲϬϵϯϭ Ϯ͘ϬϯϲϬϮϮϲϱϯ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϰϳϯϯϰϵϯ ϳϰϯϬϭϯϵ ϭ͘ϵϴϮϵϯϲϯϴϵ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϰϳϳϰϲϳϮ ϳϭϯϳϮϴϬ Ϯ͘ϬϳϬϬϳϬϯϵϭ 

 

 

CRUUecWiRQ facWRU NS,S,S= 1.021  

A/AIS = 1.021c
R² = 0.9991
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CalibraWion cXrYe for Whe (R,S,R)-homodimer 

SROXWiRQV Rf hRPRdiPeU (R,S,R)-25 iQ i-PUOH (2 PL) XViQg dieVWeU (R,R)-S22 (2.0 Pg) aV 

iQWeUQaO VWaQdaUd ZeUe SUeSaUed fURP VWRcN VROXWiRQV (4.0 Pg/PL). SROXWiRQV ZeUe aQaO\Ved b\ 

chiUaO VWaWiRQaU\ ShaVe HPLC (DaiceO ChiUaOSaN� IA cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH 

iQ n-he[aQe RYeU 45 PiQ; 5±18% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 18% i-PUOH iQ n-he[aQe 

RYeU 45 PiQ; 1.0 PL/PiQ, 40 �C, 220 QP). 

 (R,S,R)-hRPRdiPeU WR= 85.92 PiQ; dieVWeU (R,R)-S22 (IS) WR= 96.68 PiQ. 

Homo (R,S,R) 
(mg/mL) IS (mg/mL) Area Homo 

(R,S,R) Area IS Area (R,S,R) 
/Area IS 

Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϮϱϮϮϮ ϳϬϯϮϮϴϵ Ϭ͘ϬϰϲϮϰϲϵϲϮ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϯϱϭϰϱ ϳϱϲϬϲϱϬ Ϭ͘ϬϰϰϯϮϳϱϯϴ 
Ϭ͘Ϭϰ Ϯ͘Ϭ ϯϲϯϴϭϮ ϳϵϴϰϱϬϲ Ϭ͘Ϭϰϱϱϲϰϳϰϴ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϱϯϯϯϴϴ ϳϲϬϯϳϵϭ Ϭ͘ϱϵϲϮϬϭϬϮϳ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϱϭϴϭϮϭ ϳϴϬϳϬϮϱ Ϭ͘ϱϳϴϳϮϱϬϱϵ 
Ϭ͘ϱ Ϯ͘Ϭ ϰϱϲϴϳϳϵ ϳϳϳϲϮϳϰ Ϭ͘ϱϴϳϱϮϴϬϯϳ 
ϭ͘Ϭ Ϯ͘Ϭ ϵϬϯϯϰϭϭ ϴϮϱϲϮϲϳ ϭ͘ϬϵϰϭϮϳϳϳ 
ϭ͘Ϭ Ϯ͘Ϭ ϴϳϵϮϯϯϯ ϳϴϰϳϮϰϴ ϭ͘ϭϮϬϰϯϱϮϭϱ 
ϭ͘Ϭ Ϯ͘Ϭ ϵϬϯϮϬϵϱ ϴϮϭϯϬϴϰ ϭ͘ϬϵϵϳϮϬϮϳϲ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϳϱϵϱϰϭ ϳϳϳϬϱϱϴ Ϯ͘ϭϱϲϴϬϬϭϵϰ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϰϬϵϲϭϭ ϳϵϰϱϵϵϲ Ϯ͘ϬϲϱϭϰϮϭϭϳ 
Ϯ͘Ϭ Ϯ͘Ϭ ϭϲϯϵϲϳϵϰ ϳϵϮϬϭϭϵ Ϯ͘ϬϳϬϮϳϭϭϲϲ 

 

 

CRUUecWiRQ facWRU NR,S,R= 1.0497  

A/AIS = 1.0497c
R² = 0.9967
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5.7. Optimisation of the Stereoretentive Diasteroconvergent Reaction 

 

Table 4. Concentration and stoichiometry of 22 optimisation   

Entry Conc. (M) 22 (equiv.) Conv. (%)A Dimer (%)B 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 1H 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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Table 5. Temperature and base screening 

Entry Base (equiv.) T1 (°C) T2 (°C) Conv. (%)A Dimer (%)B de hetero:homo 

1 - rt rt 100 39 80 1.4:1 

2 - −20 −20 55 5 92 2:1 

3 - −20 rt 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 

8 
DIPEA (1.0) 

DMAP (0.2) 
−40 rt 100 83 92 2.7:1 

9 DMAP (0.2) −40 rt 100 86 (77)C 93 3.2:1 

10D DMAP (0.1) −40 rt 100 76 84 1.9:1 

Reactions conducted on 0.2 mmol scale. (A) Determined by 1H 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. 
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Table 6. Study of the match/mismatch effect of the linker.    

Entry Enantiomer of 22 Conv. (%)A Dimer (%)B de hetero:homo 

1 S 100 77 93 3.2:1 

2 R 100 55 66 1.4:1 

Reactions conducted on 0.2 mmol scale. (A) Determined by 1H 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;   1.0 mL/min, 30 °C, 

220 nm, tR = 69.95 min (R,R,R isomer), tR = 72.46 min (S,R,S isomer), tR = 75.82 min (R,R,S 

isomer), tR = 79.96 min (S,R,R isomer),  tR = 104.94 (internal standard), 66% de, hetero:homo 

1.4:1. 

 

 

 

Datafile Name:FR67-16.lcd
Sample Name:FR67-16
Sample ID:FR67-16
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AVVigQPeQW Rf Whe (R)-deUiYed PRQRaddXcW aQd diPeUic Pi[WXUe: 

 

 

NRWe: WheVe Pi[WXUeV ZeUe SUeSaUed b\ UeacWiRQ Rf eQaQWiRSXUe (R)- RU (S)-23 ZiWh 

(R)-1,2-SURSaQediRO, XViQg NEW3 aQd DMAP.  
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KineWic resolXWion daWa for Whe reacWion Xsing (R)-diol 22:  

 

 

IVROaWed aV a Pi[WXUe Rf diaVWeUeRiVRPeUV aQd UegiRiVRPeUV.  

Rf = 0.42 (50% EWOAc iQ n-he[aQe), VWaiQed ZiWh KMQO4;  

1H NMR (500 MH], CDCO3): į 7.38±7.23 (P, 8H), 7.17±7.12 (P, 2H), 5.31±5.21 (P, 1H), 

5.10 (V, 2H), 4.67±4.56 (P, 1H), 4.15±4.03 (P, 1H), 3.97±3.86 (P, 2H), 3.11 (h, J = 7.3 H], 

2H), 1.66 (bU V, 1H), 1.13 (d, J = 6.5 H], 3H); 

 13C NMR (126 MH], CDCO3): į = 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+): CaOc. fRU C20H23NO5Na [M+Na]+: 380.1468, fRXQd: 380.1474; 

IR (Whin film, cm±1): 3353, 2926, 1704, 1512, 1497, 1455, 1263, 1212, 1054, 1028, 735; 

HPLC: DaiceO ChiUaOSaN� ID cROXPQ ZiWh gXaUd, gUadieQW 10% i-PUOH iQ n-he[aQe RYeU 10 

PiQ; 10±20% i-PUOH iQ n-he[aQe RYeU 10 PiQ; 20% i-PUOH iQ n-he[aQe RYeU 20 PiQ; 20±50% 

i-PUOH iQ n-he[aQe RYeU 20 PiQ;  1.0 PL/PiQ, 30 �C, 220 QP, tR = 28.64 PiQ (R,R iVRPeU), tR 

= 48.22 PiQ (S,R iVRPeU), 43% de. 
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HPLC: DaiceO ChiUaOceO� OD-H cROXPQ ZiWh gXaUd, gUadieQW 5% i-PUOH iQ n-he[aQe; 1.0 

PL/PiQ, 30 �C, 220 QP, tR = 20.25 PiQ (S-iVRPeU), tR = 23.54 PiQ (R-iVRPeU), 42% ee. 
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6. NMR SpecWra (ZiWh Table of ConWenWs) 
6. NMR SSecWUa (ZiWh TabOe Rf CRQWeQWV) ........................................................................ - 102 - 

6.1 SWeUeRUeWeQWiYe EQaQWiRcRQYeUgeQW A]a-DaU]eQV DiPeUi]aWiRQ Rf ESR[ide- 103 - 

6.2 SWeUeRUeWeQWiYe EQaQWiRcRQYeUgeQW ReacWiRQ ZiWh a TUaceOeVV AX[iOiaU\... - 105 - 

6.3. BiRcaWaO\Wic SWeUeRUeWeQWiYe EQaQWiRcRQYeUgeQW ReacWiRQ ......................... - 111 - 

6.4. OUgaQRcaWaO\Wic SWeUeRUeWeQWiYe EQaQWiRcRQYeUgeQW ReacWiRQ .................. - 117 - 

6.5. OUgaQRcaWaO\Wic SWeUeRUeWeQWiYe DiaVWeUeRcRQYeUgeQW ReacWiRQ ............... - 128 - 



 

- 103 - 
 

6.1 SWereoreWenWiYe EnanWioconYergenW Aza-Dar]ens Dimeri]aWion of Epo[ide 

6.1.1 1H NMR SpecWrXm of A]iridine 2 (600 MH], CDCl3) 

 

6.1.2 13C NMR SpecWrXm of A]iridine 2 (150 MH], CDCl3) 
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6.1.3 1H NMR SpecWrXm of Epo[ide S1 (600 MH], CDCl3) 

 

6.1.4 13C NMR SpecWrXm of epo[ide S1 (150 MH], CDCl3) 
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6.2 SWereoreWenWiYe EnanWioconYergenW ReacWion ZiWh a Traceless AX[iliar\ 

6.2.1 1H NMR SpecWrXm of Dimer (S,R)-12 (600 MH], CDCl3) 

 

6.2.2 13C NMR SpecWrXm of Dimer (S,R)-12 (150 MH], CDCl3) 
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6.2.3 COSY SpecWrXm of Dimer (S,R)-12 

 

6.2.4 HSQC SpecWrXm of Dimer (S,R)-12 
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6.2.5 HMBC SpecWrXm of Dimer (S,R)-12 
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6.2.6 1H NMR SpecWrXm of Dimer (S,S)-12 (600 MH], CDCl3) 

 

 

6.2.7 13C NMR SpecWrXm of Dimer (S,S)-12 (150 MH], CDCl3) 
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6.2.8 COSY SpecWrXm of Dimer (S,S)-12 

 

6.2.9 HSQC SpecWrXm of Dimer (S,S)-12 
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6.2.10 HMBC SpecWrXm of Dimer (S,S)-12 
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6.3. BiocaWal\Wic SWereoreWenWiYe EnanWioconYergenW ReacWion 

6.3.1. 1H NMR SpecWrXm of CompoXnd (rac)-13 (500 MH], CDCl3): 

 

6.3.2. 13C NMR SpecWrXm of CompoXnd (rac)-13 (126 MH], CDCl3): 
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6.3.3. 1H NMR SpecWrXm of CompoXnd (rac)-14 (500 MH], CDCl3): 

 

6.3.4. 13C NMR SpecWrXm of CompoXnd (rac)-14 (126 MH], CDCl3): 
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6.3.5. 1H NMR SpecWrXm of CompoXnd (rac)-homo/heWero-15 (601 MH], CDCl3): 

 

6.3.6. 13C NMR SpecWrXm of CompoXnd (rac)-homo/heWero-15 (151 MH], CDCl3): 
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6.3.7. 1H NMR SpecWrXm of CompoXnd (rac)-homo-15 (601 MH], CDCl3): 

 

6.3.8. 13C NMR SpecWrXm of CompoXnd (rac)-homo-15 (151 MH], CDCl3): 
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6.3.9. 1H NMR SpecWrXm of CompoXnd (rac)-S8 (601 MH], CDCl3): 

 

6.3.10. 13C NMR SpecWrXm of CompoXnd (rac)-S8 (151 MH], CDCl3): 

 

NH3Cl
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6.3.11. 1H NMR SpecWrXm of CompoXnd (R,S)-HeWero-15 (601 MH], CDCl3): 

 

6.3.12. 13C NMR SpecWrXm of CompoXnd (R,S)-HeWero-15 (151 MH], CDCl3): 
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6.4. OrganocaWal\Wic SWereoreWenWiYe EnanWioconYergenW ReacWion 

 

6.4.1 1H NMR SpecWrXm of CompoXnd S9 (500 MH], CDCl3) 

 

6.4.2 13C NMR SpecWrXm of CompoXnd S9 (125 MH], CDCl3) 
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6.4.3 1H NMR SpecWrXm of CompoXnd 18 (600 MH], MeOD) 

 

6.4.4 13C NMR SpecWrXm of CompoXnd 18 (150 MH], CDCl3) 
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6.4.5 1H NMR SpecWrXm of CompoXnd (rac)-17 (500 MH], CDCl3) 

 

6.4.6 13C NMR SpecWrXm of CompoXnd (rac)-17 (150 MH], CDCl3) 
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6.4.7 1H NMR SpecWrXm of CompoXnd (rac)-19 (500 MH], CDCl3) 

 

6.4.8 13C NMR SpecWrXm of CompoXnd (rac)-19 (150 MH], CDCl3) 
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6.4.9 COSY SpecWrXm of CompoXnd (rac)-19  

 

6.4.10 HSQC SpecWrXm of CompoXnd (rac)-19  

 

 

 

EtO2C

O
NO2

Ph

O

OH

O

EtO2C

O
NO2

Ph

O

OH

O



 

- 122 - 
 

6.4.11 HMBC SpecWrXm of CompoXnd (rac)-19  
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6.4.12 1H NMR SpecWrXm of Whe 1:1 mi[WXre of diasWereomers of CompoXnd (rac)-20 (600 

MH], CDCl3) 

 

6.4.13 13C NMR SpecWrXm of Whe 1:1 mi[WXre of diasWereomers of CompoXnd (rac)-20 (150 

MH], CDCl3) 
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6.4.14 COSY SpecWrXm of Whe 1:1 mi[WXre of diasWereomers of CompoXnd (rac)-20 

 

6.4.15 HSQC SpecWrXm of Whe 1:1 mi[WXre of diasWereomers of CompoXnd (rac)-20 
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6.4.16 HMBC SpecWrXm of Whe 1:1 mi[WXre of diasWereomers of CompoXnd (rac)-20 
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6.4.17 1H NMR SpecWrXm of CompoXnd S14h (500 MH], CDCl3) 

 

6.4.18 13C NMR SpecWrXm of CompoXnd S14h (125 MH], CDCl3) 
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6.4.19 HSQC SpecWrXm of CompoXnd S14h  
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6.5. OrganocaWal\Wic SWereoreWenWiYe DiasWereoconYergenW ReacWion 

6.5.1 1H NMR SpecWrXm of CompoXnd ((R,S,S)-25) (500 MH], CDCl3) 

 
6.5.2 13C NMR SpecWrXm of CompoXnd ((R,S,S)-25)  (125 MH], CDCl3) 
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6.5.3 1H NMR SpecWrXm of CompoXnd ((S,S,R)-25) (500 MH], CDCl3) 

 

 6.5.4 13C NMR SpecWrXm of CompoXnd ((S,S,R)-25) (125 MH], CDCl3) 
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6.5.5 1H NMR SpecWrXm of CompoXnd ((S,S,S)-25) (500 MH], CDCl3) 

 

6.5.6 13C NMR SpecWrXm of CompoXnd ((S,S,R)-25) (125 MH], CDCl3) 
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6.5.7 1H NMR SpecWrXm of CompoXnd ((R,S,R)-25) (500 MH], CDCl3)

 

6.5.8 13C NMR SpecWrXm of CompoXnd ((R,S,R)-25) (125 MH], CDCl3) 
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6.5.9 1H NMR SpecWrXm of CompoXnd ((S,S)-S21) (500 MH], CDCl3) 

 

6.5.10 13C NMR SpecWrXm of CompoXnd ((S,S)-S21) (125 MH], CDCl3) 
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6.5.11 1H NMR SpecWrXm of CompoXnd ((R,S)-S21) (500 MH], CDCl3) 

 

6.5.12 13C NMR SpecWrXm of CompoXnd ((R,S)-S21) (125 MH], CDCl3) 
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6.5.13 1H NMR SpecWrXm of CompoXnd ((R,S)-S17) (500 MH], CDCl3) (crude): 

 

6.5.14 13C NMR SpecWrXm of CompoXnd ((R,S)-S17) (125 MH], CDCl3) 
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6.5.15 1H NMR SpecWrXm of CompoXnd ((S,S)-S17) (500 MH], CDCl3) (crude)

 

6.5.16 13C NMR SpecWrXm of CompoXnd ((S,S)-S17) (125 MH], CDCl3) 
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6.5.17 1H NMR SpecWrXm of CompoXnd ((R,R)-S22) (500 MH], CDCl3) 

 

6.5.18 13C NMR SpecWrXm of CompoXnd ((R,R)-S22) (125 MH], CDCl3) 

 

 



 

- 137 - 
 

6.5.19 1H NMR SpecWrXm of CompoXnd ((R,S)-S16) (500 MH], CDCl3) 

 

6.5.20 13C NMR SpecWrXm of CompoXnd ((R,S)-S16) (125 MH], CDCl3) 
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6.5.21 1H NMR SpecWrXm of CompoXnd ((R,R)-S16) (500 MH], CDCl3) 

 

6.5.22 13C NMR SpecWrXm of CompoXnd ((R,R)-S16) (125 MH], CDCl3) 
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7. KineWic Modelling 
MaWhePaWicaO PRdeOOiQg Rf Whe NiQeWicV fRU Whe PXOWi-cRPSRQeQW VWeUeRUeWeQWiYe-
eQaQWiRcRQYeUgeQW UeacWiRQV ZaV caUUied RXW XViQg Whe BeUNeOe\ MadRQQa VRfWZaUe SacNage, 
YeUViRQ 10.2.8 (hWWSV://beUNeOe\-PadRQQa.P\VhRSif\.cRP/).25 

 
SchemaWic of Whe mXlWi-componenW sWereoreWenWiYe-enanWioconYergenW reacWion: 
 

 
 
The ordinar\ differenWial eqXaWions Xsed for Whe modelling: 
d[SM(S)]/dW = ± k1(S)[SM(S)][LiQN] ± k2-homo[IQW(S)][SM(S)] ± k2-hetero[IQW(R)][SM(S)] 
d[SM(R)]/dW = ± k1(R)[SM(R)][LiQN] ± k2-homo[IQW(R)][SM(R)] ± k2-hetero[IQW(S)][SM(R)] 
d[LiQN]/dW = ± k1(S)[SM(S)][LiQN] ± k1(R)[SM(R)][LiQN] 
d[IQW(S)]/dW = k1(S)[SM(S)][LiQN] ± k2-homo[IQW(S)][SM(S)] ± k2-hetero[IQW(S)][SM(R)] 
d[IQW(R)]/dW = k1(R)[SM(R)][LiQN] ± k2-hetero[IQW(R)][SM(S)] ± k2-homo[IQW(R)][SM(R)] 
d[P(S,R)]/dW = k2-hetero[IQW(S)][SM(R)] 
d[P(R,S)]/dW = k2-hetero[IQW(R)][SM(S)] 
d[P(S,S)]/dW = k2-homo[IQW(S)][SM(S)] 
d[P(R,R)]/dW = k2-homo[IQW(R)][SM(R)] 
 
 
The kineWic consWrainWs and oWher parameWers Xsed for Whis modelling: 
[SM(S)]0 = [SM(R)]0 = [LiQN]0 = 100 
[IQW(S)]0 = [IQW(R)]0 = [P(S,R)]0 = [P(R,S)]0 = [P(S,S)]0 = [P(R,R)]0 = 0 
STARTTIME = 0 
STOPTIME = 100000 
k1(S) = 0.1 
k1(R) < k1(S) 
k2-hetero = k2-homo = 0.0001 (PXOWi-cRPSRQeQW VWeUeRUeWeQWiYe-eQaQWiRcRQYeUgeQW UeacWiRQ) 
k2-hetero = k2-homo = 0 (NiQeWic UeVROXWiRQ) 
 
 
To obWain ploWs Whe folloZing parameWer ploWs Zere condXcWed: 
1. PaUaPeWeU SORW Rf fiQaO [P(S,R)] aQd fiQaO [P(R,S)] fRU 100 YaOXeV Rf k1(R) (0.1 < k1(R) < 0.001), 

ZheUe k2-hetero = k2-homo = 0.0001 
2. PaUaPeWeU SORW Rf fiQaO [IQW(S)] aQd fiQaO [IQW(R)] fRU 100 YaOXeV Rf k1(R) (0.1 < k1(R) < 0.001), 

ZheUe k2-hetero = k2-homo = 0 
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DaWa of P(hetero) ee (aW 100% conYersion) & InW ee (aW 50% conYersion) againsW s-facWor: 
 

k1(R) s facWRU [P(S,R)] [P(R,S)] P(hetero) ee [IQW(S)] [IQW(R)] IQW ee 
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 0.91747118 
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 0.66548874 
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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0.01353048 7.3907208 64.3718468 3.88607826 0.88613547 80.2790074 19.7209926 0.60558015 
0.01417474 7.05480312 63.5188057 4.09932638 0.878750677 79.745101 20.254899 0.59490202 
0.01484968 6.73415185 62.6557714 4.32238423 0.870931524 79.201288 20.798712 0.58402576 
0.01555676 6.42807371 61.7830999 4.55556566 0.862657302 78.6475894 21.3524106 0.57295179 
0.01629751 6.13590665 60.9011677 4.79918497 0.853906873 78.0840364 21.9159636 0.56168073 
0.01707353 5.85701961 60.0103723 5.05355622 0.844658743 77.5106708 22.4893292 0.55021342 
0.0178865 5.59080871 59.1111311 5.31899243 0.834891131 76.9275447 23.0724553 0.53855089 

0.01873817 5.33670044 58.2038817 5.59580478 0.82458206 76.3347216 23.6652785 0.52669443 
0.01963041 5.09413711 57.2890809 5.88430175 0.813709461 75.7322755 24.2677246 0.51464551 
0.02056512 4.86260231 56.3672045 6.18478822 0.802251281 75.120292 24.879708 0.50240584 
0.02154435 4.64158817 55.4387467 6.49756455 0.790185614 74.4988682 25.5011318 0.48997736 
0.0225702 4.43062091 54.5042194 6.82292562 0.777490845 73.8681125 26.1318875 0.47736225 

0.02364489 4.22924361 53.5641512 7.16115989 0.764145798 73.2281453 26.7718547 0.46456291 
0.02477076 4.03701784 52.6190868 7.51254832 0.750129917 72.5790984 27.4209016 0.45158197 
0.02595024 3.85352891 51.6695863 7.8773634 0.735423445 71.9211157 28.0788843 0.43842231 
0.02718588 3.6783801 50.7162237 8.25586807 0.720007623 71.254353 28.745647 0.42508706 
0.02848036 3.51119157 49.7595863 8.64831469 0.703864904 70.5789778 29.4210222 0.41157956 
0.02983647 3.35160292 48.8002735 9.05494392 0.686979176 69.8951696 30.1048304 0.39790339 
0.03125716 3.19926698 47.8388953 9.47598371 0.669335995 69.2031196 30.7968804 0.38406239 
0.03274549 3.05385566 46.8760717 9.91164816 0.650922834 68.5030309 31.4969691 0.37006062 
0.03430469 2.91505331 45.9124307 10.3621365 0.631729322 67.795118 32.204882 0.35590236 
0.03593814 2.78255914 44.9486075 10.827632 0.611747507 67.0796071 32.9203929 0.34159214 
0.03764936 2.65608765 43.9852428 11.308301 0.590972101 66.3567356 33.6432644 0.32713471 
0.03944206 2.53536453 43.0229815 11.8042918 0.569400736 65.626752 34.373248 0.31253504 
0.04132012 2.4201285 42.0624712 12.3157336 0.547034198 64.8899156 35.1100844 0.29779831 
0.04328761 2.31012985 41.1043607 12.8427357 0.523876666 64.1464963 35.8535037 0.28292993 
0.04534879 2.2051305 40.1492984 13.3853867 0.499935913 63.3967744 36.6032256 0.26793549 
0.0475081 2.10490422 39.1979309 13.9437533 0.47522351 62.6410401 37.3589599 0.2528208 

0.04977024 2.00923283 38.2509013 14.5178795 0.449754978 61.8795929 38.1204071 0.23759186 
0.05214008 1.91791037 37.3088478 15.1077862 0.423549929 61.1127419 38.8872581 0.22225484 
0.05462277 1.83073835 36.3724017 15.7134702 0.396632154 60.3408047 39.6591953 0.20681609 
0.05722368 1.7475283 35.4421867 16.3349036 0.369029682 59.5641071 40.4358929 0.19128214 
0.05994843 1.6681004 34.5188165 16.9720333 0.340774784 58.782983 41.217017 0.17565966 
0.06280291 1.59228291 33.6028936 17.6247805 0.311903935 57.9977731 42.0022269 0.15995546 
0.06579332 1.51991114 32.6950082 18.2930404 0.282457717 57.2088254 42.7911747 0.14417651 
0.06892612 1.4508288 31.7957359 18.9766817 0.252480675 56.4164935 43.5835065 0.12832987 
0.07220809 1.38488637 30.9056373 19.6755466 0.222021113 55.6211368 44.3788632 0.11242274 
0.07564633 1.3219412 30.0252559 20.3894506 0.191130841 54.8231198 45.1768802 0.0964624 
0.07924829 1.26185688 29.1551169 21.1181825 0.159864868 54.0228109 45.9771891 0.08045622 
0.08302176 1.20450349 28.2957264 21.8615046 0.128281041 53.2205823 46.7794177 0.06441165 
0.0869749 1.149757 27.4475697 22.6191527 0.096439647 52.4168091 47.5831909 0.04833618 

0.09111628 1.09749871 26.6111106 23.3908367 0.064402969 51.6118685 48.3881315 0.03223737 
0.09545485 1.04761571 25.7867899 24.176241 0.032234812 50.806139 49.193861 0.01612278 

0.1 1 24.975025 24.975025 0 50 50 0 
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PloW of P(hetero) ee (aW 100% conYersion) & InW ee (aW 50% conYersion) againsW s-facWor: 
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