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1. Instrumentation

Flash chromatography was performed using silica gel 60 (spherical, particle size 0.040-0.100
mm; Kanto Co., Inc., Japan). Optical rotations were measured on a JASCO P-2200 polarimeter.
'H and "C NMR spectra were recorded on JEOL EX300 and ECA/ECX400 instruments.
Chemical shifts in chloroform-d, were reported in the scale relative to chloroform-d (7.26 ppm),
for '"H NMR respectively. For "C NMR, chemical shifts were reported in the scale relative to

chloroform-d (77.0 ppm) as an internal reference. Mass spectra were recorded on JEOL
JMS-T100LC and JEOL JMA-HX110 spectrometer.
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2. Relationships between the ee of (5,5)-1 and that of 4aa

_B
N 0oC
)k 4+ CH,(CO,Me),
Ph 2aH 3a (1.2 equiv) Boc
HN/Boc : HN
: acetonitrile toluene CO.M
Ph/,q\(CC)zMe‘ (0.1 M) ‘ 0AM)  py—S 2Vie
COMe -30°C,24h —-10°C,24h COzMe
(R)-4aa (S,9)-1 (5)-4aa
(10 mol%)
Table S-1 (@] Table S-2 @
entry ee of (S,9)-1(%) (S)-4aa (%)! entry ee of (5,5)-1(%) (S)-4aa (%)
1 100 88 1 100 90
2 80 73 2 80 75
3 60 58 3 60 53
4 40 32 4 40 38
5 20 16 5 20 22

[a] Reactions were carried out on a 0.1 mmol scale in 1.0 mL of the solvent. [b] Determined by

chiral HPLC analysis.'
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Figure S-1.
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3. Relationships between ee of 4aa and m-xylene/acetonitrile content

.Boc (S,5)-1 Boc

N HN"
CO,Me (10 mol%)
o )kH 4 - )\(COZMe

CO,Me m-xylene/acetonitrile

2a 3a(i.2equv) 1(()0%,'\’2 " 4aa COMe
Table S-3 2
acetonitrile content ee of (R)-5a (%)[®!
entry (%) run1 run2 run3 average SD
1 0 89 90 89 89 0.5
2 10 83 81 79 81 2
3 20 48 46 44 46 2
4 50 —24 —24 -20 —23 2.3
5 80 —61 —60 —61 —61 0.6
6 90 —67 —70 -73 -70 3.0
7 100 =79 —78 —79 -79 0.6

[a] Reactions were carried out on a 0.1 mmol scale in 1.0 mL of the solvent. [b] Determined by
chiral HPLC analysis.'
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Figure S-2.
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4. Copies of HPLC chart of (R)-4aa'? and (S)-4ba’ in the sequential enantiodivergent

reactions.
4.1. Protocol a)
4aa
r;lHBoc
~._-CO;Me
306405 ey
206908 ©/\<§32M9 i # Name  RT Area(udl) Soo] NArea
(R)-d4aa | | 24.000 127315642 584
106405, : 2 31,060 20644740 48 94,16
00600 2000 2600 3000 4500(mi] Total Area of Paak = 21817806 90 (k. Sec)
258408 NHBoc w204
208%05 COMe i o, ¥ MName  RT Arealull.Sec) WArea
158405 X i 1 24.053 1152071228 50.20
1.0E408 cone i ; 2 32147 1143654077 49.80
50Ee4 - racdaa sk oo Total Area of Posk = 22966262.05 [uAl. Sec]
DOES00,ny 500 1000 1500 2000 2500 3000  35.00[min]
4ba
wAlU W
saceon NHBoc i\
CO.Me |
:f.:‘“" D/IN/ : lll # Mame  RT ArealullSec] WArea
CO;Me |
80E MeO (S)-aba i 1 7.653  1043680.816 2.80
: N : 2 8.280 36251183.255 97.20
e [\
208408 . AN . .
P TR T R S T a— “3 T T i
<o i i
306404 e -COMe ,I‘ [ # Mame R Arealudl.Sec] Wies
| | {4
CO,M Ll 1 7.821  8151242.52 50.07
206008 Me0” ™~ cabal [ 2 8613 81285328 49,93
108408 | A
L M N
T T A 6.00 00 7 T2.00 min)
4.2. Protocol b)
4aa
NHBoc
406405 COMe — § Nems AT ArsaluAl. Sec] WArea
306405 1 2320 19164084.06 9501
206405 CO,Me 2 3.200 817658998 4.00
1.06405 (S)-4aa ) Total Area of Peak = 19981774, 94 [uAU. Sec)
T 1000 1500 2000 2500 3000  3500(mn)
25208 NHBoc %208
206405 CO,Me i 28800 # Neme  RT ArealuMl. Sec] WArea
155405 ¥ ; 1 W0 N2 0.2
105405 CO:Me i 2 32147 1183654077 49.80
S0EWd_ ,  racdaa sk e Total Arsa of Pesk = 22066262 05 [uAll. Sec]
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5. Synthesis of (S,5)-1

(S,5)-1 was synthesized according to the previously developed synthetic procedure,’ as shown

()

in Scheme S-1.

N .
1) H,, Pd/C H (1.5 equiv.)
‘4 MeOH i HgCl, (1.5 equiv.)
re BocHN NHB EtsN (3.0 equiv.
(S)-Alanine —> BOCHN\/\N e o \/\H H ” S(—Ql
= Ve 2) CS, (1.0 equiv.) Me Me DMF, 80 °C, 29 h
(8)-7 EtOH, reflux, 20 h (5,9-8 87%

77% (in 2 steps)

Ar= 3, 5 CF3) CGH3
[ +> - 1) 50% TFA in CH,Cl, [ >

rt, 2 h H H

BocHN J\ NHBoc N\/\

\/\N N/\|/ 2) Ar-NCS (4.0 equiv) A T N /\|/

Me Et3N (4.0 equiv.) S

(S,5)-6-HCI THF, rt, 20 h (S S)-1-HCI
62% (in 2 steps)
ref 1 [ \ Ar = 3,5-(CF3),-CgHs
K5>CO3 (10 equiv.)

2LU3 H H

CH2C|2, rt, 11 h Ar” \ﬂ/ \_/\N N \Ar
99% S  Me /\I/
(5,91

Scheme S-1. Synthesis of (§,5)-1
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Typical procedure for preparation of (S,S)-8
1) H,, Pd/C S

MeOH, rt, 14 h
— BocHN NHB
BocHN\_/\N3 - oc \:/\NJKN/\( oc
Me 2) CS, (1.0 equiv.) ile H H I
(S)-7 EtOH, reflux, 20 h (5,58

77% (in 2 steps)

A mixture of azide (S)-7 (7.88 g, 39.4 mmol)* and Pd/C (10%, 80.0 mg) in MeOH (80 mL) was
stirred under 1 atm of hydrogen at room temperature for 14 h. The mixture was filtrated through a
pad of Celite, and the filtrate was concentrated under reduced pressure. To a solution of the
resulting amine in EtOH (150 mL) was added CS, (2.3 mL, 39.4 mmol) at room temperature, and
the resulting mixture was heated to reflux and stirred for 20 h.  After cooling to room
temperature, the reaction mixture was concentrated under reduced pressure and the residue was
purified by flash column chromatography on silica gel (Hexane/EtOAc, 1:2) to give thiourea
(5,5)-8 (591 g, 77% in 2steps)

5 [a],®=-8.0° (¢ 1.5, CH,OH). IR (neat) 3310,2977, 2929,
BocHN\/\N)kN/\I/NHBoc 1692, 1516, 1454, 1391, 1366, 1251, 1169 cm™. 'H NMR
Mo o (500 MHz, CD,0D) 63.90-3.44 (br, 6H), 1.43 (s, 18H), 1.12

(d,J=6.4Hz,6H). "“CNMR (125 MHz, CD,0D) 6 183.8,
158.2,79.5,50.3 (br), 47.8 (br),29.0,18.7. HRMS (FAB, M+H) calcd for C,;H;,N,O,S
391.2379, found 391.2359.

Typical procedure for preparation of (S,5)-6-HCI

®!

N
H (1.5 equiv.) / \
S HgCl, (1.5 equiv.) + cl
Et3N (3.0 equiv.
BOCHN\/\NJKN NHBoc aN ( q 1 BocHN\/\NJ\N/\l/NHBoc
: /\|/ DMF, 80 °C, 29 h :
Me o Me
(S S)-8 87% (S,5)-6-HCI

To a mixture of (5,5)-8 (2.00 g, 5.12 mmol), pyrrolidine (0.64 mL, 7.68 mmol) and
triethylamine (2.16 mL, 15.4 mmol) in DMF (15 mL) was added HgCl, (2.09 g, 7.68 mmol) at
room temperature, and the resulting mixture was stirred for 29 h at 80 °C. The resulting mixture
was diluted with EtOAc, and filtered though a pad of Celite. The filtrate was poured into water.
The aqueous layer was extracted with EtOAc (x 3) and the combined organic layer was washed
with brine (x 3). The organic layer was dried over MgSO,. After removing the solvent under
reduced pressure, the residue was purified by flash column chromatography (chloroform/methanol,

25:1 to 5:1) to give (S,5)-6-HCI (2.06 g, 87%)
S-6
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[alp"* =-5.0 (c 1.6, CH,OH). '"H NMR (400 MHz, CDCL,) &
<+> of 7.62 (brs, 2H), 5.57 (br s, 2H), 3.75 (br, 2H), 3.49 (br, 4H),
BocHN\/\N /\l/NHBoc 3.30, (br, 4H), 1.89 (br, 1H), 1.82 (br, 1H), 1.30 (s, 18H), 1.15
Me (d,J = 4.0 Hz, 6H). °C NMR (100 MHz, CDCL,) § 156.3,
(s S)-6-HCI

156.0,79.3,77.2,49.4,46.3,28.1,25.1, 18.2. HRMS (ESI,
M-CI) calcd for C,,H,,N,O, 428.3237, found 428.3224.

Typical procedure for preparation of (S,5)-1-HCI

Ar = 3,5-(CF3),-CgH
[ﬁ> - 1) 50% TFA in CH,Cl, [ > e Cefts

rt,2 h H H

BocHN J\ NHBoc > N\/\
\/\ﬂ ﬁ/\( 2) Ar-NCS (4.0 equiv) AT N Nﬁ/
Me Me EtsN (4.0 equiv.) S
(8,9)-6-HCI THF, 1,20 h (S S)-1-HCl

62% (in 2 steps)

To a solution of (§,5)-6-HCI (315 mg, 0.679 mmol) in CH,Cl, (5.0 mL) was added TFA (2.5
mL) at 0 °C. The reaction mixture was stirred at room temperature for 2 h, and the resulting
mixture was concentrated under reduced pressure to give the corresponding diamine. To a solution
of diamine and triethylamine (0.38 mL, 2.72 mmol) in THF (10 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (0.49 mL, 2.72 mmol) and the mixture was stirred at
room temperature for 20 h. The reaction mixture was concentrated under reduced pressure and
the residue was purified by column chromatography on silica gel (CHCl;/MeOH, 100/1 to 50:1) to
give the bisthiourea. The counter anion of the catalyst was exchanged into chloride by treatment
with saturated NH,Claq of EtOAc solution of (S,5)-1-HCI (339 mg, 62% in 2 steps).

O Ar = 354CFa)s-CaHa- [a],” =-166.7 (¢ 1.9, CHCL,). 'H NMR (400 MHz,
CD,0D) 6 8.22 (s, 4H), 7.62 (s, 2H), 4.86 (br, 2H),
/\l/ 3.53-3.42 (m, 8H), 1.97 (m,4H), 1.28 (d,J = 6.9 Hz,
Me 6H). °C NMR (100 MHz, CD,0D) 6 182.8, 157.7,
1429,132.6 (q, Jor = 32.5 Hz), 129.3, 128.7, 124.7
(d,Jor =271.3 Hz), 123.8 (br), 120.6, 119.0, 118.0 (br), 50.7, 50.4,26 .4, 18.0. HRMS (ESI, M-CI)
caled for C,,H,,F,N,S, 770.1969, found 770.1945.

H H

/N\”/N\/\N
S Me, N

(S,5)-1-HCl

Ar
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Typical procedure for preparation of ($,5)-1'

{ \ 3’5-(CF3)2-06H3- f 5 Ar = 3,5-(CF3)2'CGH3'

cl .
H H\/\ H K,CO5 (10 equiv) H H N
Ar N /\l/ CH2C|2 Ar/ \ﬂ/ - /\l/
S Me Me t, 24 h Y
(s S)-1-HCI r, S Me (5,91

To a solution of (§,5)-1a-HCI (71.0 mg, 0.0881 mmol) in CH,Cl, (2.0 mL) was added K,CO,
(122 mg, 0.881 mmol) and stirred vigorously at room temperature for 11 h. The resulting mixture
was diluted with CH,Cl,, and filtered though a pad of Celite. The filtrates were concentrated in
vacuo to give (5,5)-1 (67.8 mg, 99%). The catalyst was used for the asymmetric reaction without

further purification, and was stored under air at room temperature.

{ \ Ar=85(CFa)Cetls-  [or]p™” = ~154.1 (c 0.67, CHCL3). 'H NMR (400

H H MHz, CDCls) §8.01 (br s, 4H), 7.39 (br s, 2H), 5.01
AT N“( (br s, 2H), 3.60-2.90 (br, 8H), 1.88 (br s, 4H),
Me
(S,5)1 1.30-1.00 (br s, 6H). °*C NMR (100 MHz, CDCL,) &

181.6, 156.1, 141.3, 131.1 (Jop = 32.6 Hz), 123.2 (Jop = 272.2 Hz), 122.3,116.9,51.5,49.9, 48 5,
25.2,17.9. HRMS (ESI, M+H) caled for C,oH,,F,,N,S, 770.1969, found 770.1964.

6. Synthesis of (S,5)-5
Ar = 3,5- (CFS) C6H3'
1) 50% TFA in CHZCIQ §

BocHN\/\ NHBoc /
N/\I/ 2) Ar-NCS (4.0 equiv) \ﬂ/ /\l/

M Me
(S,S) 8 THF r(.aflux 16 h (S S)-5
25% (in 2 steps)

To a solution of (§,5)-8 (300 mg, 0.76 mmol) in CH,Cl, (5.0 mL) was added TFA (2.5 mL) at

0 °C. The reaction mixture was stirred at room temperature for 1 h, and the resulting mixture was
concentrated under reduced pressure to give diamine. To a solution of diamine in THF (8 mL)
was added 3,5-bis(trifluoromethyl)phenyl isothiocyanate (0.56 mL, 3.04 mmol) and the mixture
was stirred under reflux for 16 h. The reaction mixture was concentrated under reduced pressure
and the residue was purified by column chromatography on silica gel (CHCl;/MeOH, 50/1) to give
the (§,5)-5 (140 mg, 25% in 2 steps)

Ar =3,5- (CF3)2 CeHs-  [a]p'*= —28.7 (¢ 1.1, CH;OH). 'H NMR (300 MHz,
CD,0OD) 68.12 (s, 4H), 7.57 (s, 2H), 4.52 (br, 2H),
3.84 (br,4H), 1.25 (d,J = 5.6 Hz, 6H). "C NMR (100
MHz, CD,OD) 6 182.3, 142.8, 132.5 (Jo = 33.6 Hz),
127.6 (Jor = 273.3 Hz), 123.8, 1214, 119.1, 117.9, 58.3, 18.3. HRMS (ESI, M+Na) calcd for
C,sH,,F,N(Na,S; 755.0931, found 755.0946.

A/H \/\JJ\/
YN Y
S Me (s,S)
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