Electronic Supplementary Material (ESI) for Organic Chemistry Frontiers.
This journal is © the Partner Organisations 2017

Electronic Supplementary Information

Catalytic Asymmetric Synthesis of Pyrrolidine Derivatives

Bearing Heteroatom-Substituted Quaternary Stereocenters

Zhi-Peng Wang, Qi Wu, Jia Jiang, Zi-Rui Li, Xiao-Jiao Peng, Pan-Lin Shao* and Yun He*

Chongqing Key Laboratory of Natural Product Synthesis and Drug Research, School of
Pharmaceutical Sciences, Chongqing University, 55 Daxuecheng South Road, Shapingba, Chongqing
401331, P.R. China.

E-mail: shaopl@cqu.edu.cn; yun.he@cqu.edu.cn.

Table of Contents Page
I. General INfOrmation .........coccecveviiiiiiiiiiiiie e e 2
I1. Synthesis of Precatalyst 3a and Bifunctional Squaramide Catalyst 8 .........c.cccceevververnennen. 3
IT1. Synthesis Of SUDSITALES ....ccvveiriiriiiiieieeieeeeeeree sttt ettt esbee b e saeesaneeas 4
IV. Synthesis Of ISOCYAN0ACETAIES . .....ueivieriierieeriieriestesteete e eteeteesteesteesbeesbeesaeesaaesatesaseenneens 7
V. Substrates Scope Of ISOCYAN0ACETALES .....eeruverurirririreeiierieerieenieesee st esreesaeesaees 8
VI. Substrates Scope with 0-TosyloXyacrylate.........cocceeviriieiiininnieneeesee e 23
VIL. Organocatalytic [3 + 2] Cyclization of 7 and 28 ........cccceveeriiniinieniienieeeeeeseenee e 26
VIII. Reduction of Compound 10 .........cccoeviiiiirieenieeneeneenee st siesteste e steesie e sreesaeeseeesns 27
IX. CD SPECIIA. ...ttt ettt e st e st esb e e s e e e nr e sanes 28
X. X-ray Crystallographic Analysis and Determination of Configuration of the Products.....29
XL REIEIEIICES ..uviviiiiiieiiciicretect et sr e s 33
XII. NMR Spectra of the PrOQUCLS.......cccviviiiiieiiereeseesee et 34



I. General Information

'H and 3C NMR spectra were recorded on an Agilent 400MR spectrometer at
ambient temperature. Chemical shifts were reported in parts per million (ppm), and
the residual solvent peak was used as an internal reference: 'H (chloroform & 7.26),
13C (chloroform & 77.0). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet, br = broad), coupling
constants (Hz) and integration. Melting point (M.P.) was obtained on SGW X-4A.
For thin layer chromatography (TLC), Merck pre-coated TLC plates (Merck 60 F254)
were used, and compounds were visualized with a UV light at 254 nm. High
resolution mass spectra (HRMS) were obtained on a Bruker SolariX 7.0T
spectrometer. Optical rotations were recorded on a Rudolph Autopol 1 automatic
polarimeter. Enantiomeric excesses (ee) were determined by HPLC analysis on
Agilent HPLC units, including the following instruments: pump, G1311C; detector,
G1314F; column, Chiralpak AD-H, OD-H, AS-H, OJ-H, IA-H.

Unless otherwise noted, all the reactions were carried out in air. Dichloromethane
(DCM), chloroform (CHCl;) and toluene were distilled from calcium hydride.
Tetrahydrofuran (THF) and ether were dried and distilled from sodium. N, N-
Dimethylformamide (DMF) was dried over calcium hydride and distilled under
vacuum. Deuterated solvents were purchased from Cambridge Isotope Laboratories
and used as received without further purification. All the chemicals were purchased

from commercial suppliers and used as received without further purification.



II. Synthesis of Precatalyst 3a and Bifunctional Squaramide
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IL.I Synthesis of Precatalyst 3a
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341 3-3 Precatalyst 3a

Quinine 3-1 (3.24 g, 10.00 mmol) and triphenylphosphine (2.62 g, 10.00 mmol)

X
Pz

MeO

were dissolved in anhydrous THF (100 mL), the solution was cooled to 0 °C, diethyl
azodicarboxylate (2.00 g, 10.00 mmol) was added slowly. To the resulting solution
was added dropwise the solution of diphenyl phosphoryl azide (2.10 mL, 10.00 mmol)
in anhydrous THF (10.00 mL) at 0 °C. The mixture was allowed to warm to ambient
temperature. After 24 h, it was heated to 50 °C when more triphenylphosphine (2.90 g,
11.00 mmol) was added, and the mixture was allowed to stir at 50 °C for additional 3
h. After that the solution was cooled to ambient temperature and H,O (1.00 mL) was
added. After the reaction mixture was stirred for another 10 h, solvents were removed
in vacuo and the residue was dissolved in CH,Cl, and 10% hydrochloric acid (100
mL). The aqueous phase was washed with CH,Cl, (4 x 50 mL). Then the aqueous
phase was made alkaline with excess aqueous ammonia and was washed with CH,Cl,
(4 x 50 mL). The combined organic phases was dried over Na,SO, and concentrated
to get yellow oil, which was used directly without further purification.

To the solution of the obtained epi-quinine derivative (2.20 g, 6.80 mmol) in
anhydrous CH,Cl, (100 mL) was added 2-(diphenylphosphino)benzoic acid 3-2 (2.3 g,
7.50 mmol), 4-dimethylaminopyridine (166.00 mg, 1.36 mmol) and NN-
dicyclohexylcarbodiimide (1.55 g, 7.50 mmol). The reaction mixture was stirred at
ambient temperature for 12 h, concentrated and purified by flash chromatography
(hexanes/ethyl acetate 1:1) to yield 3-3 as white solids (90% yield).

To a solution of 3-3 (3.10 g, 5.00 mmol) in EtOH (100 mL) was added 10% Pd/C



(300 mg). The reaction mixture was stirred under a hydrogen atmosphere for 24 h at
ambient temperature, and then filtered through celite washing with EtOH (3 x 20 mL).
The filtrate was concentrated and purified by flash chromatography (hexanes/ethyl
acetate 1:1) to yield the precatalyst 3a 2.90 g as white solid (95% yield).

The product spectrum was matched with reported.!

IL.IT Synthesis of Bifunctional Squaramide Catalyst 8
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To a stirred solution of 3,4-diethoxycyclobutane-1,2-dione 8-1 (1.00 g, 5.80 mmol)
and zinc trifluoromethanesulfonate (40.00 mg, 0.12 mmol) in methanol (10.0 mL) at
room temperature was added 3,5-bis(trifluoromethyl)aniline 8-2 (1.10 g, 4.80 mmol).
After stirring for 24 h, a white precipitate formed, which was filtered and washed with
methanol (3 x 5 mL), yielding 8-3 1.38 g as a white solid (81% yield).

To a stirred solution of 9-epiaminohydroquinine 8-4 (325.0 mg, 1.0 mmol) in
methanol (5.0 mL) was added 3-((3, 5-bis(trifluoromethyl)phenyl)amino)-4-ethoxycy-
clobutane-1,2-dione 8-3 (355.0 mg, 1.0 mmol). After stirring for 48 h, a white
precipitate formed, which was filtered and washed with methanol (3 x 5 mL), yielding
the catalyst 8 400.0 mg as a white solid (63% yield).

The product spectrum was matched with reported.?

II1. Synthesis of Substrates

IILI Synthesis of a-thioacrylates

CO,Me 1.Br,, DCM, 0°C, 12 h Br. CO,Me BuSH Et;N BuS CO,Me
+ u e
[ 2. E3N, Et,O, rt,, 5 h T DMF, reflux T

11 12 1-3 1a

To a solution of methyl acrylate 1-1 (100.0 mmol) in 100mL DCM was added



bromine (110.0 mmol, dissolved in 20 mL DCM) dropwise below 0 °C, stirred at this
temperature for 12 h. After completion, quenched with saturated Na,S,0, aqueous
solution 10 mL, the aqueous layer was extracted with dichloromethane (3 x 50 mL),
the combined organic layers were dried over Na,SO4, filtered and concentrated to
give the crude methyl 2,3-dibromo-propionate as pale yellow oil quantitatively, which
was used directly without further purification. The crude methyl 2, 3-
dibromopropionate was dissolved in a mixture of 200 mL ether, the resulting mixture
was added 16.7 mL (120.0 mmol) of triethylamine. The reaction mixture was stirred
for 5 h at room temperature. After completion, the precipitate was filtered with celite,

the solvent was removed, and the residue was distilled in vacuo to yield pure methyl

2-bromoacrylate 1-2 13.2 g (80% for 2 steps, b. p. 65°C, 50 mmHg).? This compound

is not stable in air.

Following the modified conditions developed by Stella and coworkers*. To a
solution of methyl 2-bromoacrylate 1-2 (8.0 g, 48.5 mmol) in DMF was added
mercaptans 1-3 (44.1 mmol), then triethylamine (8.1 mL, 58.1 mmol) was added
dropwise, the mixture was heated to 110 °C for 24 h. After completion, the reaction
mixture was washed with water, extracted with EA, the combined organic solvent was
removed in vacuum to obtain brown oil, which was distilled in vacuum to give the
desired product 1a as colorless oil. 83% yield. '"H NMR (400 MHz, Chloroform-d) &
6.75 (d, J = 1.3 Hz, 1H), 6.13 (d, J = 1.3 Hz, 1H), 3.79 (s, 3H), 1.31 (s, 9H); 13C
NMR (101 MHz, Chloroform-d) 6 167.00, 137.14, 134.38, 52.65, 46.32, 30.70.
HRMS (ESI): m/z calced. for [CsH14NaO,S, M+Na]": 197.0607; found: 197.0606.

Br-__CO,Me EtsN, MeOH  ngys___co,Me S0,Cl, "BuS.__CO,Me
"BUSH + \( _— _ T
reflux CHClj, reflux
1-4 1-5 1-6 1l

The product was prepared following the modified conditions by Iriuchijima and
coworkers.®> To a solution of mercaptan 1-4 (19.7 mmol) in 50 mL MeOH was added
methyl a-bromopropanoate 1-5 (3.3 g, 19.7 mmol), then Et;N (2.4 g, 24.0 mmol) was

added dropwise at 0 °C followed by refluxing for 3 h. After the starting material was
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consumed completely by monitoring with TLC, the reaction mixture was extracted
with DCM (3 x 50 mL), the combined organic phase was dried over Na,SO, and
evaporated at 30 °C in vacuum, the crude product 1-6 was used in the next step
without further purification. Sulfuryl chloride (1.62 g, 12.00 mmol) was added to a
stirred solution of the residue prepared above (12.00 mmol) in chloroform (50 ml) at 0
°C. The solution was stirred at 0 °C for 10 min, and then refluxed with stirring at 65
°C for 10 h. After the reaction completion, quenched with saturated NaHCOs;,
extracted with DCM, dried over Na,SO,, and concentrated to give pale yellow oil,
which was purified by flash chromatography (petroleum ether:EtOAc = 100:1) to give
the pure product 11 as colorless oil, 70% yield. 'H NMR (400 MHz, Chloroform-d) &
6.34 (s, 1H), 5.41 (s, 1H), 3.80 (s, 3H), 2.71 (t, J = 7.4 Hz, 2H), 1.68 — 1.61 (m, 2H),
1.45 (h, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H); 3C NMR (101 MHz, Chloroform-
d) 6 165.06, 137.55, 118.98, 52.64, 31.14, 29.71, 22.16, 13.61. HRMS (ESI): m/z
calcd. for [CgH4NaO,S, M+Na]*: 197.0607; found: 197.0605.

IILII Synthesis of a-tosyloxyacrylate®

o EtsN TsO__CO,Me
P + TsCl ——————— T
COMe THF/ HMPA
5-1 5.2 5

To a solution of triethylamine (6.0 mL) in dry THF (20.0 mL) and HMPA (1.0 mL) at
-10 °C under N, atmosphere, a solution of pyruvate 5-1 (5.0 g, 49.0 mmol) in dry
THF (10.0 mL) was added dropwise. Then a solution of TsCl (9.8 g, 51.6 mmol) in
dry THF (10.0 mL) was slowly added at the same temperature, the resulting mixture
was stirred at -10 °C until 5-1 was consumed. The solvent was removed in vacuo, and
the residue was redissolved in CH,Cl, (50.0 mL). A saturated aqueous solution of
NH,4CI (100.0 mL) was added and the aqueous layer was extracted with CH,Cl, (3 x
50.0 mL). The combined organic extracts were dried over MgSQ,, the solvent was
evaporated in vacuo. The residue was successively purified by flash column
chromatography on silica gel (hexane/EtOAc, 20:1) to give the acrylate 5 (7.5 g, 60%
yield) as colorless oil. 'TH NMR (400 MHz, Chloroform-d) 6 7.76 (d, J = 8.4 Hz, 2H),



7.30 (d, J = 7.9 Hz, 2H), 6.07 (d, J = 2.4 Hz, 1H), 5.54 (d, J = 2.4 Hz, 1H), 3.63 (s,
3H), 2.39 (s, 3H); 13C NMR (101 MHz, Chloroform-d) & 161.33, 145.76, 143.01,
132.36, 129.78, 128.48, 117.07, 52.64, 21.61; HRMS (ESI): m/z calcd. for
[Ci1H;NaOsS, M+Na]*: 279.0298; found: 279.0298.

IV. Synthesis of Isocyanoacetates

R 1) SOCl,, MeOH, 0 °C to r.. R POCl5, DIPA R
B
HoN™ "COOH 5y \tHCO3, ACN, 80°C  OHCHN™ “COMe  pey 30<c CN™ "CO,Me
21 2-2 2

General procedure: Isocyanoacetates 2 were synthesized according to the
procedure reported by Zhu.”

To a solution of amino acid 2-1 in methanol was added SOCI, dropwise at 0 °C.
The mixture was stirred at RT for 10 hours and evaporated to dryness to give the
corresponding methyl ester hydrochloride which was directly used without further
purification.

To a solution of the methyl ester hydrochloride prepared above in ACN was added
ammonium formate and the mixture was heated to 80 °C for 20 h. ACN was
evaporated. The residue was dissolved in AcOEt and washed with water. The aqueous
layer was extracted with AcOEt. The combined organic layers were washed with
brine, dried over sodium sulfate and concentrated under reduced pressure to give
corresponding formamide 2-2 which was used in the next step without purification.

To a solution of formamide 2-2 (1.0 equiv) in CH,Cl, (0.3 M) was added
diisopropylamine (2.8 equiv). The mixture was cooled to -30 °C and POClI; (1.1 equiv)
was added slowly. The resulting mixture was stirred at -30 °C for 2 h and quenched
with a 10% aqueous solution of K,COj3. The aqueous layer was extracted with CH,Cl,
(3 x 20 mL), the combined organic layers were washed with brine, dried over sodium
sulfate and concentrated under reduced pressure. The crude product was purified by

flash column chromatography on silica gel to afford pure product 2.



Methyl 2-isocyanohexanoate (2h)

CNJ\B;O y Brown liquid, 70% yield. H NMR (400 MHz, Chloroform-d) & 4.27—

2 4.24 (m, 1H), 3.79 (s, 3H), 1.89 (p, J = 7.0 Hz, 2H), 1.48 — 1.39 (m, 2H),
1.38 — 1.31 (m, 2H), 0.92 — 0.89 (m, 3H); '3C NMR (101 MHz, Chloroform-d) &
167.30, 159.88, 56.48, 53.24, 32.39, 27.21, 21.73, 13.67. HRMS (ESI): m/z calcd. for
[CgH3NNaO,, M+Na]*: 178.0838; found: 178.0837.

Dimethyl 2-isocyanopentanedioate (2i)

CHCHCOMe 1 less oil, 41% yield. ™H NMR (400 MHz, Chloroform-d) &
CN CO,Me

2i

4.44 (dd, J = 8.5, 4.9 Hz, 1H), 3.80 (s, 3H), 3.68 (s, 3H), 2.56 — 2.51
(m, 2H), 2.29 (dtd, J = 15.0, 7.6, 5.0 Hz, 1H), 2.19 — 2.10 (m, 1H); 3C NMR (101
MHz, Chloroform-d) & 172.06, 166.61, 160.90, 55.40, 53.47, 51.95, 29.17, 27.67.
HRMS (ESI): m/z caled. for [CsH;;NNaO4, M+Na]*: 208.0580; found: 208.0581.

Methyl 2-cyclohexyl-2-isocyanoacetate (2k)

White solid, 80% yield. M.P. 50 °C-52 °C. TH NMR (400 MHz,

cN” “coMe  Chloroform-d) 6 4.14 (d, J = 4.7 Hz, 1H), 3.81 (s, 3H), 1.96 (br, 1H), 1.80

2k
(dg, J=9.4, 3.0 Hz, 2H), 1.66 (tdd, ] = 18.7, 9.3, 5.5 Hz, 3H), 1.35 - 1.14
(m, 5H); 3C NMR (101 MHz, Chloroform-d) & 166.87, 160.21, 62.31, 53.13, 40.27,
29.54, 27.12, 25.68, 25.47, 25.41. HRMS (ESI): m/z calcd. for [CioH;5sNNaO,,

M+Na]*: 204.0995; found: 204.0996.

V. Substrates Scope of Isocyanoacetates

CO,Me

Ph 1) Ag,0, 3a BuS..
aema

BuS.__CO,Me 1
+ «COyMe
CN” ~CO;Me  2) NaCNBHj, HOAc N “Ph

H
1a 2a 4a

General procedure A. To a 10 mL tube charged with 3a (12.30 mg, 0.02 mmol) and



Ag,0 (2.30 mg, 0.01 mmol) was added CHCl; (1 mL). The mixture was stirred at -20
°C for 5 minutes, then the a-thioacrylate 1la (17.40 mg, 0.10 mmol) and
isocyanoacetate 2a (21.02 mg, 0.12 mmol) were added. The reaction mixture was
stirred at -20 °C until 1a was consumed, and then filtered through a pad of silica gel
and washed with ethyl acetate. The solvent was removed under reduced pressure and
then the residue was dissolved in MeOH (1.00 mL), NaCNBHj; (12.57 mg, 0.20 mmol)
and HOAc (12.01 mg, 0.20 mmol) were added sequentially at room temperature. The
reaction mixture was stirred at room temperature for 0.5 h, and then concentrated,
purified by flash chromatography on silica gel (hexanes/ethyl acetate, 2:1) to afford

the product 4a.
V.I Characterization of Compounds

Dimethyl (2R,4R)-4-(tert-butylthio)-2-phenylpyrrolidine-2,4-dicarboxylate (4a)
CO,Me The general procedure A was followed. White solid, M.P. 85-87 °C,

Bus.,,
Z;)TCOZMe R, = 0.6 (silica gel, petroleum ether:EtOAc = 2:1), 99% yield. 'H
H Ph

4a NMR (400 MHz, Chloroform-d) 8 7.51 — 7.53 (m, 2H), 7.32 — 7.24
(m, 3H), 3.75 (d, J = 11.3 Hz, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.21 (d, J = 11.3 Hz,
1H), 2.99 (d, J = 14.2 Hz, 1H), 2.97 (d, J = 14.1 Hz, 1H), 1.34 (s, 9H); 3C NMR
(101 MHz, Chloroform-d) & 175.14, 173.96, 141.99, 128.28, 127.56, 126.07, 71.51,
57.45, 56.97, 52.94, 52.54, 48.30, 46.70, 31.57;, HRMS (ESI): m/z calcd. for
[CisHy6NO4S, M+H]*: 352.1577; found: 352.1564.

Optical Rotation: [a]*p = -3.2, (c= 0.41, CHC]l;). The absolute configuration of
4a was assigned by analogy to 4g. trans:cis = 75:25, 98% ee, 96% ee [HPLC
condition: Chiralpak OJ-H+AD-H+OJ-H column, n-hexane/i-PrOH = 99:1, flow rate
= 0.8 mL/min, wavelength = 210 nm, tg = 45.0 min (cis-minor), tg = 51.6 min (cis-

major), tg = 64.8 min (frans-major), tg = 71.8 min (trans-minor)].



Dimethyl (2R,4S)-4-(tert-butylthio)-2-phenylpyrrolidine-2,4-dicarboxylate (4a’

minor isomer)

CO,Me

BuSaG

N
N" “Ph

4a' (minor isomer)

White solid, M.P. 134-136 °C, R, = 0.2 (silica gel, petroleum

ether:EtOAc = 10:1). 'TH NMR (600 MHz, Chloroform-d) & 7.56 (d,
J=17.6 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.26 — 7.24 (m, 1H), 3.94

(d,J=11.7 Hz, 1H), 3.77 (d, J = 13.5 Hz, 1H), 3.75 (s, 3H), 3.65 (s, 3H), 3.01 (d, J =

11.8 Hz, 1H), 2.39 (d, J = 13.5 Hz, 1H), 1.72 (br, 1H), 1.31 (s, 9H); 13C NMR (151

MHz, Chloroform-d) & 174.69, 174.31, 142.60, 128.26, 127.55, 126.27, 71.62, 57.78,

57.22, 53.11, 52.76, 50.20, 46.48, 31.70; HRMS (ESI), m/z calcd. for [C;sH,sNO4S,

M+H]": 352.1577; found: 352.1580; Optical Rotation: [a]*p = -46.2, (c= 0.50,

CHCL,).
-
o H
o] o] #
| - | i
=
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU#s] [mAU] % #  [min] min]  [mAUs#s] (mAU] %
- | | —I |
1 45.018 BB 0.8459 774.53589 12.98451 0. 7977 1 44.671 BB 0. 8281 4. 39646e4 786.53395 20. 7327
2 ©51.612 BB 1. 6465 3. 464394  311. 27777 35.6813 2 51.770 BB 1. 6984 4. 50849e4 397.15460 21.2610
3 64.821 BB 1.5224 6.11991e4  638. 39624 63.0318 3 65.362 BV 1. 5581 6.12711e4  623.68640 28. 8940
4 71.769 BB 1.4085 474. 96484 3.99657  0.4892 4 T1.400 VB 2.0952 6.17341e4  450.94083 29,1123

Dimethyl (2R,4R)-4-(tert-butylthio)-2-(4-methoxyphenyl)pyrrolidine-2,4-dicarbo-

xylate (4b)

CO,Me

Bus.,,
~CO,Me
N "\//\
H

4b OMe

The general procedure A was followed. Colorless oil, Ry = 0.6

(silica gel, petroleum ether:EtOAc = 2:1), 97% yield. 'TH NMR
(400 MHz, Chloroform-d) 6 7.43 (d, J = 8.9 Hz, 2H), 6.83 (d, J =

8.9 Hz, 2H), 3.78 (s, 3H), 3.75 (d, J = 11.4 Hz, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.20 (d

J=11.3 Hz, 1H), 3.11 (d, J = 14.1 Hz, 1H), 2.97 (d, J = 14.1 Hz, 1H), 1.34 (s, 9H);

10

9




13C NMR (101 MHz, Chloroform-d) & 175.24, 174.01, 158.97, 134.02, 127.29,
113.59, 71.08, 57.47, 57.07, 55.24, 52.82, 52.50, 48.43, 46.66, 31.57; HRMS (ESI),
m/z calcd. for [C;9H,7;NNaOsS, M+Na]*: 404.1502; found: 404.1501.

Optical Rotation: [0]?°p = -2.7, (c= 0.37, CHC]l;). The absolute configuration of
4b was assigned by analogy to 4g. trans:cis = 67:33, 94% ee, 93% ee [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 95:5, flow rate = 1 mL/min,

wavelength = 254 nm, tg = 14.8 min (trans-minor), tg = 16.2 min (cis-minor), tg =

21.4 min (trans-major), tg = 28.7 min (cis-major)].

T A W aseienghi=25% rom (£ OATAZSTB0800weapt-05-1-crral Z016-08:00 203508 0|

Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] fmin]  [mAU*s] mAUT 5 #  [min] [min]  [mAU*s] [mAU] %
— | - |
1 14.847 BB 0.4532 167. 27965 5.31546 0.8124 1 14.659 BB 0.3969 3762. 62769 142.12151 22.2799
2 16.240 BB 0.4715 528.50537 17.24697 2. 5669 2 16.150 BB 0. 4455 4850.90479 166.71057 28. 7240
3 21.443 BB 0.6143 5665. 13574 142.95824 27.5146 3 21.568 BB 0.5702 3571.40698  96.39983 21.1477
4 28.724 BB 0.7895 1.42287ed4  255.58376 69. 1061 4 28.026 BB 0.6564 4703.01611 108.T78167 27.8483

Dimethyl (2R,4R)-4-(tert-butylthio)-2-(4-chlorophenyl)pyrrolidine-2,4-dicarboxy-
late (4¢)

CO,Me

tB“S"b‘CO " The general procedure A was followed. White solid, M.P. 91-93 °C,

: Q Ry = 0.2 (silica gel, petroleum ether:EtOAc = 10:1), 98% yield. 'H

4c ‘" NMR (400 MHz, Chloroform-d) & 7.48 (dd, J = 8.7, 0.9 Hz, 2H),
7.26 (dd, J = 8.8, 0.9 Hz, 1H), 3.71 (s, 3H), 3.3.68 (d, J = 0.9 Hz, 1H), 3.63 (s, 3H),
3.21(d,J =11.2 Hz, 1H), 3.13 (d, J = 14.0 Hz, 1H), 2.94 (d, J = 14.1 Hz, 1H), 2.73
(br, 1H), 1.33 (s, 9H); 3C NMR (101 MHz, Chloroform-d) & 174.74, 173.70, 140.67,
133.46, 128.34, 127.65, 71.03, 57.28, 57.02, 53.03, 52.54, 48.37, 46.76, 31.55;
HRMS (ESI), m/z calcd. for [C,gH,4CINNaO4S, M+Na]*: 408.1007; found: 408.0989.

Optical Rotation: [a]*p = -15.9, (¢c= 0.37, CHCl). The absolute configuration
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of 4¢ was assigned by analogy to 4g. trans:cis = 69:31, 98% ee, 96% ee [HPLC
condition: Chiralpak AD-H+OJ-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.8
mL/min , wavelength = 210 nm, tg = 25.4 min (cis-minor), tg = 27.0 min (cis-major),

tr = 29.8 min (¢rans-minor), tg = 45.7 min (trans-major)].

. a -
N | / w0 ] 8
| | (i h
] ]‘ 520 Jbd I
| |
(1 0
400 |
[ [
|
b | [l
g |\ ]
- WELNE W = — I S . = = —— S ———
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU#s] [mAU] % #  [min] [min]  [mAU#s] [mAU] %
— — | - —| !
1 25.380 BB 0.6346 677.45032 16.65470 0.7041 1 24.536 BY 0. 5597 2.40002e4  652.37006 22. 4085
2 27.044 BB 0.5990 3.39396e4  862.57996 35.2737 2 26.473 VW 0.5642 2.41242e4  650.39728 22.5243
3 29.828 BB 0.8702 529.70117 9.71347  0.5505 3 28.508 VB 0.7967 2.94558e4  559.52203 27.5023
4 45.708 BB 1.0623 6.10712e4  885.83167 63.4717 4 43.724 BV R 0.8830 2.95220e4 510. 65906 27.5649

Dimethyl (2R,4R)-4-(tert-butylthio)-2-(2-methoxyphenyl)pyrrolidine-2,4-dicarbo-

xylate (4d)
CO,Me
‘Busnb‘ The general procedure A was followed. Colorless oil, Ry = 0.6
~CO,Me
N (silica gel, petroleum ether:EtOAc = 2:1), 93% yield. '"H NMR (400
4 MHz, Chloroform-d) & 7.50 (dd, J = 7.7, 1.7 Hz, 1H), 7.23 (dd, J =

7.7, 1.6 Hz, 1H), 6.94 (td, J = 7.6, 1.2 Hz, 1H), 6.83 (dd, J = 8.2, 1.1 Hz, 1H), 4.00
(dd, J = 9.9, 1.1 Hz, 1H), 3.76 (s, 3H), 3.64 (s, 3H), 3.59 (s, 3H), 3.24 (d, J = 9.9 Hz,
1H), 3.09 — 2.99 (m, 2H), 1.70 (br, 1H), 1.34 (s, 9H); 3C NMR (101 MHz,
Chloroform-d) & 174.62, 174.37, 156.46, 131.19, 128.65, 125.83, 120.38, 110.71,
68.19, 57.04, 55.76, 55.29, 52.53, 52.45, 46.55, 46.39, 31.61; HRMS (ESI), m/z calcd.
for [C1oHasNOsS, M+H]*: 382.1683; found: 382.1682.

Optical Rotation: [a]>p = -55.9, (¢c= 0.24, CHCl;). The absolute configuration
of 4d was assigned by analogy to 4g. trans:cis = 56:44, 98% ee, 95% ee [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min,
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wavelength = 254 nm, tg = 18.9 min (trans-minor), tg = 20.7 min (cis-minor), tg =

49.3 min (trans-major), tg = 54.1 min (cis-major)].

RS oS T CHIAL 201505 10 B5055 D) VADT A, Wavelengihe 254 ren (€ DATA

250 250

= § e |3
1 g | 2
] N3 s |
) I\ M i ]
iz B 1 \ f
2 35 & & & o 5 B P D &0
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
% [min] [min]  [mAUss] [mal] 4 #  [min] [min]  [mAU*s] [mAU] %
e S | — [—- |
T 1 18.618 BV  0.5028 485042139 150.30789 26.8422

20. 436 VB 0. 5431 4215.49316 119.05304 23.1851
46. 722 BB 1.2582 4919.77197  53.73335 27.0587
56. 249 BB 1. 6385 4166.19043  36.53156 22.9140

2 20.692 BB 0.5243 502.20901  14.42028 1.2774
3 49.279 BB 1.9031 2.02593e4  131.81776 51.5295
1 54.052 BB 2.2078 1.83366e1  109.82930 46. 6390

e W DD

Dimethyl (2R,4R)-4-(tert-butylthio)-2-(2-chlorophenyl)pyrrolidine-2,4-dicarboxy-
late (4e)

CO,Me
rBus,,Z_l‘ The general procedure A was followed. Colorless oil, Ry = 0.2

~CO,Me
N>

a /® (silica gel, petroleum ether:EtOAc = 10:1), 97% yield. '"H NMR

4 (400 MHz, Chloroform-d) § 7.76 (dd, J = 7.6, 2.0 Hz, 1H), 7.32 (dd,
J=174,18 Hz, 1H), 7.25 - 7.18 (m, 2H), 4.00 (d, J = 9.3, 1.4 Hz, 1H), 3.68 (s, 3H),
3.54 (s, 3H), 3.33 (d, J = 14.0 Hz, 1H), 3.25 (d, J = 9.3 Hz, 1H), 2.99 (dd, J = 14.0,
1.4 Hz, 1H), 1.60 (br, 1H), 1.34 (s, 9H); 3C NMR (101 MHz, Chloroform-d) &
174.02, 173.34, 141.01, 132.34, 129.88, 128.63, 127.11, 126.41, 69.37, 56.64, 55.64,
53.00, 52.43, 46.68, 46.43, 31.62.; HRMS (ESI), m/z calcd. for [C1gHp;CINNaO,S,

M+Na]*: 408.1007; found: 408.0990.

Optical Rotation: [a]*p = -68.6, (c= 0.22, CHCIs). The absolute configuration of
4e was assigned by analogy to 4g. trans:cis = 57:43, 97% ee, 96% ee [HPLC
condition: Chiralpak AS-H+IA-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.8
mL/min , wavelength = 210 nm, t,= 19.6 min (¢frans-minor), t,= 23.0 min (cis-minor),

t.= 30.3 min (trans-major), t.= 35.6 min (cis-major)].
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T — | \“/“. \\' — =t —
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] % #  [min] [min]  [mAU*s] [mAU] %
— — | - |
1 19.617 BB 0.5071 1133.98486  29.59023  0.8640 1 19.537 VW R 0.6119 2.08454e4  470.51990 18.9089
2 22.982 BB 0. 7085 1200.82190 20.30445 0.9149 2 22.802 VB 0.7698 3.42896e4  632.69794 31.1042
3 30.285 BB 1. 0404 7.23498e4  914.62048 55.1221 3 30.044 VW R 1.0267 2.04886e4 270.50018 18.5853
4 35.590 BB 1.3117 5.65691e4  565.55511 43. 0990 4 34.996 VW R 1.2857 3.46176e4  354.37329 31.4016

Dimethyl (25,4 R)-2-benzyl-4-(tert-butylthio)pyrrolidine-2,4-dicarboxylate (4f)

COMe The general procedure A was followed. White solid, M.P. 120-122

tBLIS/,,
_come °C, Ry=0.4 (silica gel, petroleum ether:EtOAc = 5:1). 95% yield. TH
H “Bn
4f

= 11.8, 1.5 Hz, 1H), 3.68 (s, 3H), 3.64 (s, 3H), 3.28 (dd, J = 13.7, 1.5 Hz, 1H), 3.10

NMR (400 MHz, Chloroform-d) 6 7.26 — 7.19 (m, 5H), 3.81 (dd, J

(d,J=13.2 Hz, 1H), 2.91 (dd, J = 15.3, 12.5 Hz, 2H), 2.11 (d, J = 13.7 Hz, 1H), 1.32
(s, 9H); BC NMR (101 MHz, Chloroform-d) 6 175.46, 174.25, 136.73, 129.93,
128.06, 126.80, 70.27, 57.70, 56.74, 52.70, 52.39, 49.08, 46.49, 45.35, 31.70; HRMS
(ESI): m/z calcd. for [C19HsNO,4S, M+H]": 366.1734; found: 366.1718.

Optical Rotation: [0]*°p = -49.2, ¢= 0.25, CHCl;). The absolute configuration of
4f was assigned by analogy to 4g. trans:cis = 68:32, 97% ee, 92% ee [HPLC
condition: Chiralpak AD-H+AD-H+OJ-H column, n-hexane/i-PrOH = 99:1, flow rate
= 0.8 mL/min, wavelength = 210 nm, tg = 35.5 min (cis-minor), tg = 38.9 min (cis-

major), tg = 45.0 min (trans-minor), tg = 48.3 min (frans-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAUT % #  [min] [min]  [mAU#s] [mAU] %
— — I | — |
1 35.464 BB 0.5320 438. 29099 9.67601 1.1063 1 34.361 BB 0.6353 5757.07715 134.64734 17.6846
2 38.895 BB 0.7584 1.11584e4  221.25592 28.1712 2 37.597 BB 0.7134 5772. 789556 123.36200 17.7328
3 44.915 BB 0.8229 450. 72763 6.40972  1.1379 3 43.198 BB 0.9442 1.05252e4  164.21930 32. 3312
4 48.302 BB 1.1594 2.75617e4  348.97766 69.5843 4 46.912 BB 1. 0643 1.04992e4  142.96860 32.2514

Dimethyl (2S5,4R)-4-(tert-butylthio)-2-methylpyrrolidine-2,4-dicarboxylate (4g)

s, 1O The general procedure A was followed. White solid, M.P. 60-62 °C,
N -,MiOZMe R, = 0.2 (silica gel, petroleum ether:EtOAc = 2:1). 86% yield. 'H
H
49 NMR (400 MHz, Chloroform-d) ¢ 3.81 (dd, J = 12.0, 1.4 Hz, 1H),

3.71 (d, J = 1.6 Hz, 6H), 3.18 (dd, J = 13.8, 1.4 Hz, 1H), 3.02 (d, J = 12.0 Hz, 1H),
2.50 (br, 1H), 1.94 (d, J = 13.9 Hz, 1H), 1.43 (s, 3H), 1.31 (s, 9H); 13C NMR (101
MHz, Chloroform-d) 6 176.61, 174.17, 65.52, 57.74, 57.59, 52.75, 52.72, 50.25,
46.57, 31.68, 26.85; HRMS (ESI): m/z calcd. for [C3H»3NNaO,S, M+Na]*:
312.1240; found: 312.1231.

Optical Rotation: [a]*p =-11.9, (c= 0.37, CHCIs). The absolute configuration of
4g was assigned by its single crystal. trans:cis = 67:33, 96% ee, 93% ee [HPLC
condition: Chiralpak OJ-H+AD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.8
mL/min, wavelength = 210 nm, tg = 22.6 min (cis-minor), tg = 23.8 min (trans-minor),

tr = 26.5 min (trans-major), tg = 28.9 min (cis-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] (min]  [mAU#*s] [mAU] % #  [min] (min]  [mAU#s] [mAUT %
—— | — | _
1 22.613 BB 0.3598 676.23730 28.10003  0.9807 1 22.124 BB 0.4010 4857.83154 187.33832 23.0440
23.814 BB 0.4494 B845.36841 28.47128 1. 2260 2 23.365 BB 0. 4636 5503.23096 184.18544 26.1055
26.531 BB 0.5784 4.75725e4 1214.80115 68.9920 3 26.441 BB 0. 4845 5694. 15430 177.74706 27.0112
!

W b

28.940 BB 0.5424 1.98595e4  561.42535 28.8013 4 28.538 BB 0. 5271 5025.50098 145.43777 23.8393

Dimethyl (25,4R)-2-butyl-4-(tert-butylthio)pyrrolidine-2,4-dicarboxylate (4h)
CO,Me The general procedure A was followed. White solid, M.P. 35-37 °C,

BuS,,.

N -,,ngfz'\/'e R, = 0.5 (silica gel, petroleum ether:EtOAc = 5:1), 90% yield. TH

‘:‘ NMR (400 MHz, Chloroform-d) 6 3.77 (s, 3H), 3.74 (s, 3H), 3.70
(dd, J =10.9, 0.9 Hz, 1H), 3.04 (d, J = 11.0 Hz, 1H), 2.68 (dd, J = 14.3, 0.9 Hz, 1H),
2.54 (d, J = 143 Hz, 1H), 1.77 (td, J = 12.6, 12.1, 4.5 Hz, 1H), 1.51 (td, J = 13.3,
12.9, 3.7 Hz, 1H), 1.31 (s, 9H), 1.27 — 1.24 (m, 4H), 1.03 — 0.98 (m, 1H), 0.87 (t, J =
7.1 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 176.62, 174.52, 68.94, 57.70,
56.49, 52.71, 52.42, 47.35, 46.50, 40.09, 31.62, 27.03, 22.82, 13.93; HRMS (ESI),

m/z calcd. for [C;sH3oNO4S, M+H]*: 332.1890; found: 332.1879.

Optical Rotation: [a]*p =-11.4, (c= 0.18, CHCIs). The absolute configuration of
4h was assigned by analogy to 4g. frans:.cis = 61:39, 96% ee, 92% ee [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 mL/min,
wavelength = 210 nm, tg = 8.2 min (¢frans-minor), tg = 9.5 min (cis-minor), tg = 15.0

min (cis-major), tg = 19.5 min (¢frans-major)].

16



g 8 B B B B &
A O R O <L S

;|

D-*'—~-—ki--;/tv~—"\-_ ,.J‘I "\,. o e | — T = = T —
Peak RetTime Type Width Area Height Area Peak RetTime Iype Width Area Height Area
£ [min] [min]  [mAUss] [mAUT 9 #  [min] [min] [mAU*s] [mAUT %
— | —
1 8.233 BB 0.2175 144. 69868 9.98693 1.0310 1 8.099 BB 0. 2008 1658.15088 126.19788 19.5801
2 9.549 BB 0.2361 244.20230 15.58333 1.7737 2 9.416 BB 0.2257 2543. 43433 172.34091 30. 0339
3 14.967 BB 0.3511 6320. 71729 279. 76773 45. 9092 3 14.492 BB 0.3390 2475.76611 112.06872 29.2349
4 19.4641 BB 0.5019 7058. 24023 210.51167 51.2661 4 18.911 BB 0. 4346 1791.18103 60.21004 21.1510

Dimethyl (2S,4R)-4-(tert-butylthio)-2-(3-methoxy-3-oxopropyl) pyrrolidine-2,4-

dicarboxylate (4i)
CO,Me The general procedure A was followed. Colorless oil, R,= 0.2
BuS,,,
~CO,Me (silica gel, petroleum ether:EtOAc = 5:1), 95% yield. 'H NMR
H ‘CH,CH,CO,Me
4i (400 MHz, Chloroform-d) 6 3.83 (dd, J = 12.1, 1.8 Hz, 1H),

3.72 (s, 3H), 3.70 (s, 3H), 3.64 (s, 3H), 3.19 (dd, J = 13.8, 1.7 Hz, 1H), 2.88 (dd, J =
12.1, 0.8 Hz, 1H), 2.44 (tt, J = 13.1, 5.5 Hz, 1H), 2.18 — 2.10 (m, 2H), 1.97 (d, J =
13.8 Hz, 1H), 1.94 — 1.88 (m, 1H), 1.31 (s, 9H).; 3C NMR (101 MHz, Chloroform-d)
o 175.66, 174.17, 173.54, 68.40, 57.90, 57.12, 52.78, 52.69, 51.61, 49.51, 46.43,
34.68, 31.72, 29.98; HRMS (ESI), m/z calcd. for [CisH,sNOgS, M+H]™: 362.1632;
found: 362.1630.

Optical Rotation: [a]*p = -28.3, (c= 0.23, CHCIs). The absolute configuration of
4i was assigned by analogy to 4g. trans:cis = 60:40, 96% ee, 96% ee [HPLC
condition: Chiralpak AD-H+OJ-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.8
mL/min, wavelength = 210 nm, tg = 37.5 min (trans-minor), tg = 40.3 min (cis-minor),

tr = 46.3 min (¢rans-major), tg = 50.5 min (cis-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] % # [min] [min] [mAU#s] [mAU] %
1 37.521 BY R 0.9607 237.06993 3.63611  1.3299 1 36.316 VW R 0.7963 4266.49658 76.78261 26. 6890

38.873 VW R 0.7430 3776.21313  71.23279 23.6220
45.792 BV R 0.8699 4225.59619  68.48158 26. 4331
49.272 VW R 0.8495 3717.67651  58.57498 23.2559

40.272 BY R 0.7733 118. 59071 2.13080  0.6633
46. 327 BV 1.0694 1.17793e4  161.02301 66.0783
50.482 VW R 1.1113 5691.30664 79.11362 31.9266

= W b
ENNIUN ]

Dimethyl (2R,4R)-4-(tert-butylthio)-2-isopropylpyrrolidine-2,4-dicarboxylate (4j)
The general procedure A was followed. White solid, M.P. 79-81 °C,

CO,Me
BuS,,
Z—)_‘fcone R, = 0.5 (silica gel, petroleum ether:EtOAc = 5:1), 99% yield. 'H
N “ipr
H
4 NMR (400 MHz, Chloroform-d) ¢ 3.83 (dd, J = 11.8, 1.8 Hz, 1H),

3.71 (s, 3H), 3.69 (s, 3H), 3.14 (dd, J = 13.7, 1.8 Hz, 1H), 2.82 (d, J = 11.8 Hz, 1H),
2.09 (d, J = 13.7 Hz, 1H), 1.94 (p, J = 6.7 Hz, 1H), 1.65 (br, 1H), 1.32 (s, 9H), 0.91
(d, J = 6.7 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H); 13C NMR (101 MHz, Chloroform-d) &
176.54, 174.31, 72.59, 58.75, 56.93, 52.68, 52.45, 46.36, 46.22, 35.94, 31.72, 18.12,
16.91; HRMS (ESI), m/z caled. for [C;sH,;NNaO,S, M+Na]*": 340.1553; found:
340.1541.

Optical Rotation: [a]*p = -41.7, (c= 0.30, CHCIs). The absolute configuration of
4j was assigned by analogy to 4g. trans:cis = 53:47, 97% ee, 97% ee [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1 mL/min, 4
°C, wavelength = 210 nm, tg = 6.9 min (¢frans-minor), tg = 8.9 min (cis-minor), tg =

9.6 min (cis-major), tg = 12.4 min (trans-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAUxs] [mALT] % #  [min] [min]  [mAU*s] [mAU] %
— | — |
1 6.898 BB 0.1616 150.01878 14.04918 0.8532 1 6.871 BB 0.1632 4605. 89600 434.23129 34.9788
2 8.907 BB 0.2108 99. 77483 7.04011 0. 5675 2 8.842 BV 0. 2141 1980. 82629 142.10455 15.0431
3 9.579 BB 0.2327 7217.53418 475.25229 41.0500 3 0.592 VB 0.2292 2002. 89685 134.12674 15.2107
4 12.397 BB 0.3337 1.01150e4 468.77124 57.5293 4 12.423 BB 0. 3045 4578. 05762 232.19347 34. 7674

Dimethyl (2R,4R)-4-(tert-butylthio)-2-cyclohexylpyrrolidine-2,4-dicarboxylate
(4k)

COzMe

’BuS:,Z_)‘ The general procedure A was followed. White solid, M.P. 76-78 °C,

N -'8% R, = 0.5 (silica gel, petroleum ether:EtOAc = 5:1), 87% yield. TH

4k NMR (400 MHz, Chloroform-d) & 3.81 (dd, J = 11.8, 1.8 Hz, 1H),

3.70 (s, 3H), 3.69 (s, 3H), 3.11 (dd, J = 13.7, 1.8 Hz, 1H), 2.81 (d, J = 11.8 Hz, 1H),

2.13 (d, J = 13.7 Hz, 1H), 1.81 — 1.71 (m, 3H), 1.64 — 1.59 (m, 1H), 1.64 — 1.58 (m,

1H), 1.31 (s, 8H), 1.56 — 1.53 (m, 1H), 1.31 (s, 8H), 1.38 — 1.42 (m, 1H), 1.31 (s, 9H),

1.25 — 1.98 (m, 4H), 1.19 — 1.15 (m, 1H); 3C NMR (101 MHz, Chloroform-d) &

176.50, 174.33, 72.50, 58.66, 56.83, 52.62, 52.41, 46.33, 46.08, 45.73, 31.73, 28.33,

26.86, 26.44, 26.34, 26.23; HRMS (ESI), m/z caled. for [C;sH3NO,S, M+H]*":
358.2047; found: 358.2031.

Optical Rotation: [a]*p = -56.6, (c= 0.23, CHC]ls). The absolute configuration of
4k was assigned by analogy to 4g. frans.cis = 52:48, 98% ee, 97% ee [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 mL/min,
4 °C, wavelength = 210 nm, tg = 8.3 min (cis-minor), tg = 9.5 min (trans-minor), tg =

14.4 min (trans-major), tg = 21.0 min (cis-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] % #  [min] [min]  [mAU#s] [mAU] %
- —| | |
1 8.306 BB 0. 2078 125. 36353 8.99546  0.7836 1 8.251 BB 0. 2035 3165. 73560 240.67480 30.9974
2 9.516 BB 0.1840 71.60851 6.16453 0. 4469 2 9.449 BB 0. 2363 1924.50330 125.20577 18.8439
3 14.384 BB 0. 3475 8530. 86621 367.93536 53. 2386 3 14.244 BB 0. 3598 1923. 24475 82.08813 18.8315
4 20.960 BB 0.5910 7295.80078 185.22830 45.5309 4 21.131 BB 0.5781 3199.41284 84.90332 31.3272

Dimethyl (25,4R)-2-benzyl-4-(butylthio)pyrrolidine-2,4-dicarboxylate (41)

rmus, M The general procedure A was followed. White solid, M.P. = 75-77 °©
N =ooMe C, R ;= 0.2 (silica gel, petroleum ether:EtOAc = 8:1), 93% yield. 'H
4 NMR (600 MHz, Chloroform-d) 6 7.24 — 7.23 (m, 2H), 7.20 (dd, J =

10.8, 7.5 Hz, 3H), 3.68 (s, 3H), 3.64 (s, 3H), 3.61 (d, J=11.8 Hz, 1H), 3.12 (dd, J =
22.5,13.6 Hz, 2H), 2.98 (dd, J = 12.6, 4.1 Hz, 2H), 2.60 — 2.51 (m, 2H), 2.06 (d, J =
14.0 Hz, 1H), 1.09 (br, 1H), 1.49 (dt, J = 15.2, 7.5 Hz, 2H), 1.39 — 1.33 (m, 2H), 0.88
(t, J = 7.3 Hz, 3H); 13C NMR (151 MHz, Chloroform-d) & 175.42, 172.80, 136.49,
129.85, 128.16, 126.88, 70.53, 56.17, 55.59, 52.65, 52.38, 46.27, 45.18, 31.24, 30.59,
22.02, 13.59.; HRMS (ESI), m/z calcd. for [C;oHysNO4S, M+H]*: 366.1734; found:

366.1734.

Optical Rotation: [a]*p = -11.8, (c= 0.4, CHCl;). The absolute configuration of
41 was assigned by analogy to 4g. trans:cis = 57:43, 96% ee, 94% ee [HPLC
condition: Chiralpak IF-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min ,
wavelength = 254 nm, tg = 8.3 min (frans-minor), tg = 9.8 min (trans-major), tg =

17.6 min (cis-minor), tg = 44.2 min (cis-major)].
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
g [min] [min]  [mAU%s] [mAU] % #  [min] [min]  [mAUss] (mAU] %
1 8.250 BB 0. 1767 105. 37866 9.26566  1.4993 1 8.227 BY R 0.1971 1818.96118 140.40131 32.4112
2 9.767 BB 0. 2690 3122. 08667 173.82698 44 4195 2 9.968 VW R 0.2594 1803.77783 105.27798 32.1406
3 17.577 BB 0.3879 82.81821 2.50354 1.1783 3 17.485 VV R 0.6752 984. 45703 18.13983 17.5415
4 44 213 BB 1. 7786 3718.36035 24.49346 52.9030 4 46.448 VV R 1. 1459 1004. 94977 10. 25397 17.9067

Dimethyl (25,4R)-2-benzyl-4-(benzylthio)pyrrolidine-2,4-dicarboxylate (4m)

os, OV The general procedure A was followed. White solid, M.P. = 72-74 °C,
y -,,BiOZMe R ;= 0.2 (silica gel, petroleum ether:EtOAc = 8:1), 95% yield. 'H
4m

NMR (600 MHz, Chloroform-d) 6 7.28 (d, J = 4.4 Hz, 3H), 7.26 —
7.18 (m, 5H), 7.16 (d, J = 7.1 Hz, 2H), 3.79 (s, 1H), 3.64 (s, 3H), 3.60 (s, 3H), 3.57 (d,
J=11.9 Hz, 1H), 3.47 (s, 1H), 3.10 (t, J = 14.0 Hz, 2H), 2.96 (d, J = 12.5 Hz, 2H),
2.05 (d, J = 14.1 Hz, 1H), 1.78 (br, 1H); 3C NMR (151 MHz, Chloroform-d) &
175.43, 172.52, 137.12, 136.49, 129.85, 128.98, 128.51, 128.16, 127.22, 126.88,
70.44, 56.85, 55.57, 52.61, 52.36, 46.14, 45.22, 35.77, HRMS (ESI), m/z calcd. for
[C2oHy6NO,4S, M+H]*: 400.1577; found: 400.1579.

Optical Rotation: [a]*p =-31.8, (c= 0.50, CHCIs). The absolute configuration of
4m was assigned by analogy to 4g. trans:cis = 57:43, 92% ee, 88% ee [HPLC
condition: Chiralpak IC-H column, n-hexane/i-PrOH = 90:10, flow rate = 1.0 mL/min ,
wavelength = 254 nm, tg = 11.5 min (trans-major), tg = 15.8 min (frans-minor), tg =
18.4 min (cis-minor), tg = 29.0 min (cis-major)].

Dimethyl

(25,45)-2-benzyl-4-(benzylthio)pyrrolidine-2,4-dicarboxylate  (4m’

minor isomer)
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gOMe White solid, M.P. 65-67 °C, Ry = 0.2 (silica gel, petroleum

BnS

N" “Bn ether:EtOAc= 5:1). 'TH NMR (600 MHz, Chloroform-d) & 7.28 —
Reene g 21 (m, 8H), 7.14 (d, J = 7.0 Hz, 2H), 3.75 (s, 1H). 3.64 (s, 6H).
3.47 (d,J=11.5 Hz, 1H), 3.08 (d, J=13.2 Hz, 1H), 3.02 (d, /= 11.5 Hz, 1H), 2.84 (d,
J = 13.2 Hz, 1H), 2.61 (q, J = 14.4 Hz, 2H), 1.62 (br, 1H); 3C NMR (151 MHz,
Chloroform-d) & 175.55, 172.56, 136.79, 136.39, 129.83, 128.99, 128.48, 128.12,
127.19, 126.88, 70.20, 56.87, 55.16, 52.60, 52.25, 45.58, 44.34, 35.53; HRMS (ESI),
m/z calcd. for [CyHp6NO4S, M+H]*: 400.1577; found: 400.1575; Optical Rotation:

[0]%p = -31.2, (c= 0.43, CHCly).

§
I
200 5
00+ | o &
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, A
1 It
: |
] :
r;\' g \\‘ N\,
) P
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU#s] [mAU] % #  [min] [min]  [mAU%s] [mAU]

1 11.481 BB 0.5311 1. 35950e4  404.47012 57.72b4

2 15.794 BB 0.4761 539.11926 16.03989  2.2891
3 18.427 BB 0.5883 b587.04517 13.55372 2. 4926
4

29. 031 BB 1. 6827 8830.00000 66.13196 37.4929

1 11.496 BB 0.6503 4886.94629 120.59315 21.2174
15.394 EB 0.5081 4914. 03223 142.92921 21. 3330
17.830 EB 0. 5666 6636.39229 173.75136 28,8138
29. 3507 BB 1. 6527 6595. 13135  49. 23614 28.6338

Lo ]

Dimethyl (2S5,4R)-2-benzyl-4-(phenylthio)pyrrolidine-2,4-dicarboxylate (4n)
ors COMe The general procedure A was followed. White solid, M.P. = 81-83 °C,

N "’BCnOZMe R ;= 0.2 (silica gel, petroleum ether:EtOAc = 7:1), 91% yield. 'H

4n NMR (600 MHz, Chloroform-d) & 7.42 (d, J = 7.4 Hz, 2H), 7.36 (t, J
= 7.2 Hz, 1H), 7.31 (t, J = 7.3 Hz, 2H), 7.25 (t, J = 7.1 Hz, 2H), 7.22 — 7.21 (m, 1H),
7.18 (d, J = 7.3 Hz, 2H), 3.62 (s, 3H), 3.58 (s, 3H), 3.49 (d, J= 11.9 Hz, 1H), 3.14 (d,
J=13.3 Hz, 1H), 3.05 (d, J= 12.0 Hz, 1H), 3.02 — 3.00 (m, 1H), 2.17 (d, J = 14.2 Hz,
1H), 1.85 (br, 1H); ¥C NMR (151 MHz, Chloroform-d) & 175.41, 172.47, 136.48,
135.61, 131.41, 129.87, 129.36, 128.91, 128.18, 126.90, 70.58, 59.96, 55.46, 52.48,
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52.35, 45.81, 45.31; HRMS (ESI), m/z calcd. for [C,;H4yNO,S, M+H]*: 386.1421;
found: 386.1420.

Optical Rotation: [0]*p = -20.8, (c= 0.50, CHCl5). The absolute configuration of
4n was assigned by analogy to 4g. trans:cis = 60:40, 98% ee, 96% ee [HPLC
condition: Chiralpak IF-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min ,
wavelength = 254 nm, tg = 11.2 min (zrans-minor), tg = 11.7 min (frans-major), tg =

24.0 min (cis-minor), tg = 35.2 min (cis-major)].

W‘u_.n:u Wanelength=254 nm (EADAT AW/ ZPtwap t1-41--chiral 20170820 181561) R TT S I o e e e
-
800 s00-
600 8
g =8
7 |
|
|
|
|
| - | g £
N T | ¥, S 7, ) : ek Y
H 10 15 ] % e E P 2 2 2
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] (min]  [mAU#s] [mAU] % #  [min] [min]  [mAU*s] [mAU] %
1 11.165 BY E 0.2205 178.57922 12.66678  0.8046 1 11.109 BB 0. 2663 9352. 30664 532. 65283 28. 0062
2 11.690 VV R 0.2928 8752.99414 456. 80060 39. 4393 2 11.982 BB 0.2948 9391. 93262 489. 65564 28. 1249
3 23.983 BB 0.3644 120. 03709 3.86944 0. 5409 3 23.336 BB 0. 7207 7051. 87158 128.35049 21.1174
4 35.187 BB 1.7716 1. 31420e4 90. 04139 59. 2152 1 35.775 VW R 1.4546 7597. 59814 64. 29729 22.7516
.
VI. Substrates Scope with a-Tosyloxyacrylate
CO,Me
TsO.,
TsO._COMe ,  M© 1) Ag;0, 3a
T A - >~ —CO,Me
CN™ "COzMe  2) NaCNBH;, HOAc H ‘Me
5 2g 6a

General procedure B. To a 10 mL tube charged with 3a (12.30 mg, 0.02 mmol) and
Ag,0 (2.30 mg, 0.01 mmol) was added CHCl; (1.0 mL). The mixture was stirred at -
20 °C for 5 minutes, then the methyl 2-(tosyloxy)acrylate 5 (25.60 mg, 0.10 mmol)
and isocyanoacetate 2g (13.56 mg, 0.12 mmol) were added. The reaction mixture was
stirred at -20 °C until § was consumed, and then filtered through a pad of silica gel
and washed with ethyl acetate. The solvent was removed under reduced pressure and
then the residue was dissolved in MeOH (1.0 mL), NaCNBHj; (12.56 mg, 0.20 mmol)

and HOAc (12.00 mg, 0.20 mmol) were added sequentially at room temperature. The
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reaction mixture was stirred at room temperature for 0.5 h, and then concentrated,
purified by flash chromatography on silica gel (hexanes/ethyl acetate, 2:1) to afford

the product 6a.

VLI Characterization of Compounds

Dimethyl (25,4R)-2-methyl-4-(tosyloxy)pyrrolidine-2,4-dicarboxylate (6a)

TSQ,I.COZMe The general procedure B outlined above was followed. Colorless oil,

N "MCeOZMe R, = 0.2 (silica gel, petroleum ether:EtOAc = 2:1), 90% yield. TH
" NMR (400 MHz, Chloroform-d) 5 7.84 (d, J = 8.2 Hz, 2H), 7.35 (d,
J =17.8 Hz, 2H), 3.79 (s, 3H), 3.75 (s, 3H), 3.56 (dd, J = 13.4, 1.5 Hz, 1H), 3.43 (d, J
= 13.4 Hz, OH), 3.04 (d, J = 15.0 Hz, 1H), 2.44 (s, 4H), 2.04 (br, 1H), 1.45 (s, 3H);
13C NMR (101 MHz, Chloroform-d) & 175.76, 169.79, 145.00, 134.94, 129.70,
127.70, 93.00, 66.41, 56.87, 53.04, 52.71, 47.27, 25.73, 21.66; HRMS (ESI), m/z

calcd. for [C;sH,1NNaO-S, M+Na]*: 394.0931; found: 394.0912.

Optical Rotation: [o]>*°p = +5.76, (c= 0.50, CHCI3). The absolute configuration
of 6a was assigned by analogy to 4g. trans:cis = 60:40, 98% ee, 94% ee [HPLC
condition: Chiralpak AS-H+AD-H+AD-H column, n-hexane/i-PrOH = 60:40, flow
rate = 0.7 mL/min, wavelength = 210 nm, t, = 82.8 min (cis-major), t,= 89.0 min (cis-

minor), t,= 152.9 min (trans-minor), t,= 157.9 min (trans-major)].

.00
7/

¥

|
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|
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Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mAU] % #  [min] [min]  [mAUss] [mAU] %
— | | — | |
1 B82.785 BB 1.4113 3.83549e4  410.04474 38.1798 1 81.776 BB 1. 1220 1. 46561e4 180. 84023 13. 0652
2 89.030 BB 1.3359 T757. 72058 8.09587  0.7543 2 86.536 BB 1.2963 1.46010e4  153.21259 13.0160
3 152.940 BV 1. 7565 913. 69861 6.16723  0.9095 3 147.347 BB 1. 8987 4. 14984e4  259.37254 36. 9936
4 157.850 VB 3.1824 6.04323e4  269. 26468 60. 1365 4 155.381 BB 2.3112 4. 14215e4  209. 36278 36. 9252

Dimethyl (25,4R)-2-benzyl-4-(tosyloxy)pyrrolidine-2,4-dicarboxylate (6b)

Tso,,,z:%M‘e The general procedure B outlined above was followed. White solid,
~CO,Me

N B M.P. 72-74 °C, Ry= 0.2 (silica gel, petroleum ether:EtOAc = 5:1),

N 96% yield. 'TH NMR (400 MHz, Chloroform-d) & 7.83 (d, J = 8.3
Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.23 — 7.21 (m, 3H), 7.08 (dd, J = 7.4, 2.1 Hz, 2H),
3.78 (s, 3H), 3.69 (s, 3H), 3.48 — 3.40 (m, 2H), 3.12 (dd, J = 19.9, 14.1 Hz, 2H), 2.92
(d, J=13.3 Hz, 1H), 2.57 (d, J = 15.4 Hz, 1H), 2.46 (s, 3H), 2.12 (br, 1H); 3C NMR
(101 MHz, Chloroform-d) 6 174.79, 170.07, 144.93, 135.98, 135.02, 129.71, 129.69,
128.30, 127.70, 127.05, 91.71, 70.80, 56.16, 53.08, 52.46, 45.84, 45.01, 21.70;

HRMS (ESI), m/z caled. for [Cy,H,5sNNaO;S, M+Na]*: 470.1244; found: 470.1228.

Optical Rotation: [a]*p = -18.4, (c= 0.50, CHC]I5). The absolute configuration of
6b was assigned by analogy to 4g. trans:cis = 60:40, 97% ee, 92% ee [HPLC
condition: Chiralpak AS-H+AD-H column, n-hexane/i-PrOH = 80:20, flow rate = 1.0
mL/min, wavelength = 210 nm, t,= 20.5 min (cis-minor), t,= 22.3 min (cis-major), t.

= 35.5 min (trans-major), t, = 41.0 min (¢rans-minor)].

T e =
1750 ]
e -
0] | 3
| | 2
1000+ T
20 I 3 ]
0. i wo fl
E | \E | |
i I 00 I |
| 2 8
b | I l H ¢
| \ [
250} 8 : [\ A
& |\
s . 5 S k.
2 2 d & 2 By )
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] (mAU] % #  [min] [min]  [mAU%s] [mAU] %
— — | e — |
1 20.536 BB 0.4693 2235.37573 72.18116 1.6867 1 20.538 BB 0.4536 3.08608e4 1060.11499 29.9501
2 22.280 BB 0.5389 5.65891e4 1638.70410 42.6994 2 22.418 BB 0.5284 3.08506e4  907.98584 29.9492
3 35.534 BB 1. 0560 7.27596e4 1066.45569 54.9008 3 36.084 BB 0.9701 2.06826e4  333.21588 20.0783
4 40.970 BB 0.9512 945.12732 15.16272 0.7131 4 40.955 BB 0.9949 2.06158e4  320.30829 20.0133

25



Dimethyl (2R,4R)-2-phenyl-4-(tosyloxy)pyrrolidine-2,4-dicarboxylate (6¢)

COZMe
TSO"Z—)‘ The general procedure B outlined above was followed. Colorless oil,
-CO,Me

Nsc P R, = 0.2 (silica gel, petroleum ether:EtOAc = 5:1), 93% yield. TH

NMR (400 MHz, Chloroform-d) ¢ 7.70 (d, J = 8.3 Hz, 2H), 7.46 (dd,
J =179, 1.8 Hz, 2H), 7.26 (t, J = 8.0 Hz, 5H), 3.82 (s, 3H), 3.69 (s, 3H), 3.60 —
3.56(m, 2H), 3.46 (d, J = 12.6 Hz, 1H), 2.84 (d, J = 14.7 Hz, 1H), 2.41 (s, 3H); 3C
NMR (101 MHz, Chloroform-d) & 174.09, 170.42, 144.74, 141.08, 134.98, 129.62,
128.40, 127.77, 127.46, 126.02, 91.51, 72.18, 55.88, 53.13, 53.09, 47.43, 21.63;

HRMS (ESI), m/z calcd. for [C,;H,4NO;S, M+H]": 434.1268; found: 434.1263.

Optical Rotation: [0]>p = -2.56, (c= 0.39, CHC]l;). The absolute configuration of
6c was assigned by analogy to 4g. tramns:cis = 69:31, 99% ee, 83% ee [HPLC
condition: Chiralpak AD-H+AD-H column, n-hexane/i-PrOH = 80:20, flow rate = 1.0
mL/min, wavelength = 254 nm, t, = 28.9 min (cis-minor), t.= 32.1 min (cis-major), t;

= 43.4 min (¢frans-minor), t.= 51.6 min (trans-major)].

Dimethyl (2R,4S5)-2-phenyl-4-(tosyloxy)pyrrolidine-2,4-dicarboxylate (6¢’ minor

isomer)

COy;Me

TsOUCO ) White solid, ML.P. 97-99 °C, Ry = 0.3 (silica gel, petroleum
. (mﬂphm) ether:EtOAc= 5:1). '"H NMR (600 MHz, Chloroform-d) & 7.82 (d, J

= 8.1 Hz, 2H), 7.57 (d, J = 7.5 Hz, 2H), 7.35 — 7.27 (m, 4H), 7.27 -

7.25 (m, 1H), 3.76 (s, 3H), 3.69 (t, /= 13.4 Hz, 1H), 3.64 (s, 3H), 3.56 (d, J = 14.7 Hz,
1H), 3.42 (d, J=13.4 Hz, 1H), 2.79 (d, J= 14.7 Hz, 1H), 2.44 (s, 3H); 3C NMR (151
MHz, Chloroform-d) & 173.93, 169.17, 144.92, 141.93, 134.94, 129.64, 128.36,
127.77, 127.67, 126.32, 92.89, 71.81, 56.07, 53.09, 52.99, 48.43, 21.67; HRMS (ESI),
m/z calcd. for [C,;H,3NNaO;S, M+Na]™: 456.1087; found: 456.1090; Optical

Rotation: [a]*p = +40.5, (c= 0.60, CHCI,).
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NDT A Wontergie22 ren (£ DATANZ 7 LC 2016-0008 225000 W2PR-0- 1CHIFAL 20100307 001731 D)
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et e e midna = i N e e P o)
3 P 3 ) 5 5
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
£ [min] [min]  [mAUsks] [mAU] % #  [min] [min]  [mAU*s] [mAUT %
== [—I — [—-]
1 95.930 BB 06322 802 00153 1916480 2 175 1 28.532 BB  0.3664 4579.80908 126.50605 30.2669
2 132.101 BB 0.6681 8846.41797 209.71991 23.9936 2 32.322 BB 0.6391 4438.55225 108.08659 29.3333
3 43.449BB  0.7843 117.40453 2.31240 0.3184 3 43.629 BB 0.7883 3017.47539 59.03899 19.9418
4 51.596 BBA 1.0849 2.71040e4 381 46704 73.5127 4 52,395 BB 1.0661 3095.59302 45.47967 20.4580

VII. Organocatalytic [3 + 2] Cyclization of 7 and 2a

Dimethyl (4R,55)-5-methyl-4-phenyl-1-tosyl-4,5-dihydro-1H-imidazole-4,5-dicar

boxylate (10)

TsHN

v

7

CO,Me

+

8 (20 mol% ) NN

COzMe

2a

Et,0, 0°C

MeOZC COzMe
10

Procedure: To a 10 mL tube charged with catalyst 8 (12.6 mg, 0.02 mmol) was added

Et,0 (2 mL). The mixture was stirred at 0 ° C for 5 minutes, then the acrylate 78 (25.5

mg, 0.1 mmol) and isocyanoacetate 2a (21.0 mg, 0.12 mmol) were added. The

reaction mixture was stirred at 0 ° C until 7 was consumed. The solvent was removed

under reduced pressure and then purified by flash chromatography on silica gel to

afford the product 10. White solid, 98% yield, M.P. 40-42 °C, R, = 0.2 (silica gel,

petroleum ether:EtOAc = 2:1). 'TH NMR (400 MHz, Chloroform-d) & 7.92 (s, 1H),

7.69 (dd, J = 6.9, 1.5 Hz, 2H), 7.31 (td, J = 7.6, 7.1, 3.0 Hz, SH), 7.26 — 7.24 (m, 2H),

3.72 (s, 1H), 3.41 (s, 3H), 2.41 (s, 3H), 1.13 (s, 3H); 3C NMR (101 MHz,

Chloroform-d) 6 170.80, 169.99, 149.50, 144.99, 136.07, 133.96, 129.83, 128.93,

128.54, 127.42, 126.86, 89.38, 72.74, 53.17, 52.45, 21.60, 20.14. HRMS (ESI), m/z

calcd. for [CyH2oN;NaOgS, M+Na]*: 453.1091; found: 453.1086.
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Optical Rotation: [o]>°p = +23.0, (c= 0.35, CHCI3). The absolute configuration
of 10 was assigned by single crystal 11. cis:trans = 88:12, 90% ee (cis) [HPLC
condition: Chiralpak AD-H column, n-hexane/i-PrOH = 80:20, flow rate = 1.0

mL/min, wavelength = 254 nm, tg = 31.4 min, tg = 38.3 min].

| avelength: w2y =T TEDOWN-RAG 201511
3
]
N
A
/i
/ ) 5 .
,‘/ l“‘ 100 ’7'\ ;
g / \ I\ N\ e
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] min]  [mAU*s] [mAU] % #  [min] (min]  [mAU#*s] [mAU] 5
— | e
1 31.364 IR 1.1223 1180.99719 17.53760 5.1809 1 29.277 BB 0.7975 4650.60840 87.44638 49.7184
2 38.284 BB 1.2494 2.16143e4  246.39969 94.8191 2 35.738 BB 0.9052 4703.29199  64.69423 50. 2816

VIII. Reduction of Compound 10

Dimethyl (4R,55)-5-methyl-4-phenyl-1-tosylimidazolidine-4,5-dicarboxylate (11)

TsNSN Pd/C, H, TsN” NH

Me“'l L"”Ph Me"'l L"Ph

MeO,C CO,Me MeOH, RT MeO,C CO,Me
10 11

To a solution of amine 10 (43.0 mg, 0.1 mmol) in 2 mL MeOH was added 10%
Pd/C (4.3 mg), the reaction mixture was stirred under a hydrogen atmosphere for 12 h
at ambient temperature, and then filtered through celite washing with MeOH (3 x 5
mL). The filtrate was concentrated and purified by flash chromatography to yield 43.2
mg of 11 in 99% yield. White solid, M.P. 122-123 °C, R~ 0.4 (silica gel, petroleum
ether:EtOAc = 2:1). 'TH NMR (400 MHz, Chloroform-d) 8 7.60 (d, J = 8.4 Hz, 2H),
7.48 (dd, J =17.0,2.9 Hz, 2H), 7.31 — 7.30 (m, 3H), 7.21 (d, J = 8.0 Hz, 2H), 4.84 (t, J
= 7.8 Hz, 1H), 4.75 (t, J = 7.1 Hz, 1H), 3.70 (m, 4H), 3.60 (s, 3H), 2.38 (s, 3H), 1.46
(s, 3H); 3C NMR (101 MHz, Chloroform-d) & 171.96, 170.52, 143.52, 137.56,
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135.81, 129.41, 128.43, 128.17, 127.54, 127.03, 79.18, 71.64, 65.78, 53.05, 52.71,
21.47, 20.26. HRMS (ESI), m/z caled. for [CyH4N,NaOgS, M+Na]*: 455.1247,
found: 455.1246.

Optical Rotation: [0]*p = -48.5, (c= 0.38, CHCl3), 98% ee (After
recrystallization) [HPLC condition: Chiralpak AD-H column, n-hexane/i-PrOH =

80:20, flow rate = 1.0 mL/min, wavelength = 254 nm, tg = 31.8 min, tg = 50.7 min].

WOt WamngI i EOATAR G TS S 170 e R o 75508 5360 WO, Warsna 254 o EDATAZE _LC BT 050 7O S0 2 e 08 70T
8
)
0 { .“.‘ » | :\
3 |\ [ X N
. ol Boge o] SR ., W S S W
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAUss] [mAU] % #  [min] [min]  [mAU#s] [mAU] %
— — | —
1 31.804 BB 1.1406 104.21999 1.07357  0.8095 1 29.897 BB 1.2744 3566. 84058  33.30640 49.4222
2 50.706 BB 2.7278 1.28351e4 66. 38076 99. 1945 2 52.472 BB 2.0569 3650.23779 20.73907 50.5778

IX. CD Spectra

Pyrrolidine 6a (trans) showed different behaviors in the specific rotation. Thus the
CD spectra of 6a (trans) and 6b (trans) were recorded, which showed 6a (¢rans) and

6b (trans) have the same absolute configuration (Figure 1).
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Figure 1. CD spectra of 6a and 6b

X. X-ray Crystallographic Analysis and Determination of

Configuration of the Products

The absolute configuration of 4g (25,4R) was assigned by X-ray crystallographic
analysis of a single crystal 4g (Figure 2). The crystal was prepared from the solution
of 4g in 2-propanol/hexane at ambient temperature. The absolute configuration of

compound 4g (2S5,4R) was deduced. The configurations of 4a-4n were assigned by

analogy.

COzMe
tBuS///,,

~CO,Me
Me

Iz

4g

Figure 2. X-ray structure of 4g
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Table 1. Crystal data and structure refinement for CCDC 1538775

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a /°
B/

Y/

Volume/A3
Z

p calcg/cm3

B /mm-1

F(000)
Crystal size/mm3

CCDC 1538775
Ci3H23NO4S
289.38

293.15
orthorhombic
P212121
6.1598(3)
8.1330(4)
31.1006(15)

90
90

90

1558.07(13)
4

1.234

0.217

624.0
0.35 x0.25 x0.25

Radiation MoKa (A =0.71073)

20 range for data collection/® 6.368 to 52.744

Index ranges -7T<h<7,-10<<k<10, -38<<1<<38
Reflections collected 7147

Independent reflections 3140 [Rint = 0.0281, Rsigma = 0.0458]
Data/restraints/parameters 3140/0/182

Goodness-of-fit on F2 1.058

Final R indexes [[>=2c (1)] R1=0.0466, wR2 = 0.0947
Final R indexes [all data] R1=0.0588, wR2 =0.1025
Largest diff. peak/hole / e A-3 0.17/-0.18

Flack parameter 0.00(5)

The absolute configuration of 11 (4R,5S) was assigned by X-ray crystallographic
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analysis of a single crystal 11 (Figure 3). The crystal was prepared from the solution

of 11 in ethyl acetate/hexane at ambient temperature. The absolute configuration of 10

(4R ,5S8) was deduced.

TsN” O NH

Me“lT K”Ph
M802C COzMe
1

Figure 3. X-ray structure of 11

Table 2. Crystal data and structure refinement for CCDC 1538777

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a /°
B/

Y /°

Volume/A3
Z

p calcg/cm3

P /mm-1

F(000)
Crystal size/mm3

CCDC 1538777
Co1H24N>O6S
432.48

293(2)
orthorhombic
P212121
7.9925(3)
13.9906(4)
19.0487(6)

90
90

90

2130.03(12)
4

1.349

0.192

912.0
?x?x?
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Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A-3

Flack parameter

MoK (% = 0.71073)
6.654 to 52.744

9<h<9, -17<k=<17, -23<1<23

29209

4342 [Rint = 0.0357, Rsigma = 0.0232]
4342/0/279

1.113

R1=10.0389, wR2 =0.0939
R1=0.0451, wR2 = 0.0980

0.25/-0.47

0.00(2)
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XII. NMR Spectra of the Products
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