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Cinchona  ¥7t20|EE 08¢t H|IHE  |R7IFEWM  (Asymmetric
Organocatalyst)= 2t0| M1, 2totoh Htgx A, 2|0 TAFEY = UChs

ZEES 7KK ULt Olet 2 YE2=Z QI8 YUHMMEH dihydroxylation gt

olo

s |7I=000| 2ot A7 L AFZORCH 2 AFHME A
2003 &9Q cinchona organocatalystOil CHeH ALE &S H UD, X2
benzimidazole *+&& £& TXE 3} cinchona bifunctional organocatalyst2|
Hgat 380 thet AFE A5t UL Olz{st ol Ystoz 2 AF
£ Ct¥s8t cinchona bifunctional organocatalystE sulfur compound &4 &t
#Hol &8st At  SIYLCE FHEPLEE= AM-(6-hydroxycinchonan-9-
yhbenzimidazole Z0f Z=X§ 3t0| ZI™XAZ 2-cyclohexen-1-one, TIEHK|2

thiophenolE At8dts YLMMEIA Sulfa-Michael additionsg =2 st0] Z|CH

99%°| =81}, 87%2| &t £=8F sulfa-Michael adductE S £ ULt
JNE B HEe s ChYst 7|2 sulfur 3IEIE2 M%t=H 288 £
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1. Asymmetric cinchona organocatalysts

=z
R
SLN
3 “OH
NS
Quinine (Q) (R=OMe) Quindine (QD) (R=OMe)
Cinchonidine (CD) (R=H) Cinchonine (CN) (R=H)
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SLN
3 “OH
NS
Dihydroquinine (DHQ) (R=OMe) Dihyroquindine (DHQD) (R=OMe)
Dihydrocinchonidine (DHCD) (R=H) Dihydrocinchonine (DHCN) (R=H)

Figure1. Examples of Cinchona alkaloid

Cinchona alkaloids (Figure 1) = ®A AMZ9Q Gnchona?l HEAN FEE
222, 1 3JFYE quinine(QN), quinidine (QD), cinchonine (CN),

cinchonidine (CD) &0| RUALCH 1800 HLIFE Cinchona alkaloid= 2/YEL =

AMEE|7] AESIRCD, quinine2 ZZEIZ[OHA, quinidine2 TEFUACZ
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AMEE[ QICE O[0 30 Cinchona alkaloid= O{2{ 7H2| stereogenic
centerg [C(8), C(9), C(3), C(4), N(1)] 7HA|ZL LSt X|2t7| & ZHX|7| MEZ0f
1970E - E = asymmetric organocatalyst2 &|7| A|ZSHYLCH (Figure

2).1213]

site of attachment to a polymer chain

N\

= site of quaternary salt formation
N
‘7
= | OH <«— site of derivatization:
N~ ether or ester formation ( including dimeric

alkaoid structures for AD) and attachment
to a polymer chain, nitrogen substitution,
inversion of configuration (epi-alkaloids)

Figure 2. Functions of cinchona alkaloid structure

S Z7HA7ID) B3 AjZHS T AlZICHS SES JHNICH T8 YN MY
WYBS €S 4 YT FHO| ULk ol HENO HIhY |7IFHEE

Chiral phosphoric acid catalysts, Maruoka catalysts, Cinchona organocatalysts
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Asymmetric  organocatalysts®2 AM&E|= Cinchona organocatalysts=

AL —

Cinchona alkaloid2| C(6"), C(O)E20| 7|&1 interaction & == U&= 2 7t



A Kgtzlg& =t AMgdt= Z0] EEAO0|M, N(AZ(0| Chefet Xzt

H-]

7|12 EOt phase transfer catalyst2 282301 AME3}7|= SiCh O|HA =
7} ®#3t=l Cinchona organocatalyst= 27H2| siteOf| A 7|21} M= 282 oL}
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O|FO0{X|H, N(1)0] baseZ %&%t 2 ¥/ HE|= ammonium saltet CHE 7|E
9| ion-pair interationO| Ct.
Cinchona organocatalyst= Ol2] ErE0| H&X[1 RUCt Aldol reaction,

Henry reaction, Morita-Baylis-Hillman reaction, Friedel-Crafts reaction &2| &t

SOIM AFBEID ol, 2 AFO0AM= Michael additiong O|-&3t0] x| M

rot

EAE Q1 sulfur compound 40| CHS Q1= St AXt SHCE

2. Cinchona organocatalyst and sulfur compound

XtSO M organosulfur compound £ A X2 £ ULt & FHE2

M

|.OI:

i

RoM SRt IS of=H, olE =0 d==t42 =22 2%t

o
ZQZ 8t= ofO|= A9l cysteine, FAtsl AEhS St glutathione O] Y,
OIFFL2E penicillin AE2| TN, HOZHAK, DXES Xzef=2

statin A2 2= 2|2 TS X|Z2H ¢ azole SO0| AL
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Figure 3. Representative Classes of valuable biologically active organosulfur

compounds present in nature and organosulfur drugs

olxfet & tetE2 7| fldh atxtE2 o2l /2| carbon-sulfur bond
formation Off 2t BLSS ARSIRUCE Sulfur compound £ THdsl=
go=2= A7[9 CrYet &0l ULt (figure 4). Alkene 1t Alkyne 2| 1,2-
addition = epoxide Lt aziridine I} 22 heteroatom &At7b ZBHE ring 2
open St thiolysis 7F QUCE O[O G{3t0] %[0 &gst AF7L O|F0 XL

U= metal 2 0|83t alkyl 1t sulfur reagent 2F2| cross coupling reaction O

A1, sulfur 7t electrophile & & S43%t= substitution 50| RULE O] & £
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A0 M= 238F condition OfAM H|mA &A O[FO0{X|= sulfa - Michael

addition Of

2% St}

o

Ch 220

=0{7t7|

organocatalyst & O| &%t 2 7tX| #32| O & HHELE SHIlCt.
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———
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Figure 4. General strategies for the catalytic generation of carbon-sulfur

bond!S6l7]
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Scheme 1. Cinchona-Derived Urea Promoted Thiolysis of Azlactones with

3

Benzyl Thiols

Scheme 182 azlactonel| +&E 7t7l XFXHE XISHK Q thiolO] 524
Sto] M| MEHXOR thiolysisE ot BHSO|CH O W AMESH= FHOi= C(9)
X0 ureaZt X|=HEl FXO|D, O| catalyst= thiolysis 2|0|= Michael

addition, 1,2-addition, 1,4-additionS %2 HL20AM HEL|O{ZICt 7| &yt =

of 7to] MSHEOZ= quinuclidineO] 7|2 A28HA  A|EEICEH
Quinuclidine2| ZE A7} thiophenol2 deprotonationA|Z| 1 o F cationg o

Mao|, klItiK|Qt ASERS SICt £ C2 J7|2No] ASXHIOZE yreg2
24
=

39t

rir
A
P>

O A9} azlactonel| carbonyl1to|

LN HIES 22 chiraltt dd=2 @2 = U ECh

CtEol Et82 dimer™®ENS| cinchona catalyst® O|8%F Morita—Baylis—
Hillman (MBH) reactionO|Ct (Scheme 2).°! O] BIZ2 quinuclidinel| 27} g,
B-unsaturated ketonel| 481 2|X| EtAF ZASL FXIL O|SSHHA Boc

groupO| deprotection Ct. 21 = XA} YHMEEH o2 XFMAME 54
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StH, chiral centerg 7HX|= YHd=22 €2 = ULCH

1
OBoc cat ( 20 mol%), R'SH SR )
CO,R? > A COR
Ar . r
1,4-diozane /\n/
MgSO,, 10 °C
84%, >94% ee
s = &
O\ /7°
MeO. ~ | I X OMe
N P
N N

(DHQ),-PHAL

Scheme 2. Addition of Thiols to Morita—Baylis—Hillman (MBH) Carbonates

O|M& Ct=9| BHEO|M cinchona organocatalyste ME8&1 UCH, &2 3

3. Cinchona organocatalyst and Sulfa Michael addition

Michael addition2 22t¢t BFSEZHNA C-C bond Lt C-heteroatom

—_

bondE ddg = ULt 0|2{st EF ME0 Michael addition0f &9t A=

Ol B E[QCk D CHE HREE0| H[S TSt nucleophilelt

LS

8

mjo

electrophileg HE83l & = UCts SS 7HX| 1, Z0§Qt Z0| ALERH



£ productdi| chiral center& F0ig = UCt= FES 7HEICH ORIHX| 2 2
£ 0|23} sulfa-Michael addition (SMA) OME B2 AHARIL O|RO{X| QUL

= 70 S077[0 @M 2EnE Chefet SMAO| CH3H A=A} SC.

SMAE ALEE Hojo| I&of w2t 3A 271X 2 fRELZE L= 5= UL
X MW= Lewis Base—Brgnsted Acid/ Lewis Base CatalystOf| 2|3t B8, & H
M Z= Iminium activationg O|&%t Amino CatalystE 0|83t HtSO|LCt. Lewis
Base—Bransted Acid/ Lewis Base CatalystOf 2|3+ Bt30f siZz|= FHOjo| &
Ho2E FE Lewis Basede&2 dt= 3%t nitrogeng 7HXIH, CHE BE&20&
7|11} hydrogen bonding2 SH= Brgnsted Acid S&2 7HXl& £&£0] ULt

HEXNQ O 2+& cnchona catalyst?t L2, 0|20 % rigidet quininel| =

N
rlo
0

X2

e

23 A87|82 X1 Y= Takemoto FHOHZF QUL (Figure

mjo

9]

). B3] 2= scheme 37} RUCLIO

CF,
s b J g
J . N FsC N” N N
FsC N7 H H o NH

d e

Figure 5. Representative Catalysts of Lewis Base—Brgnsted Acid/ Lewis Base
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Scheme 3. Enantioselective sulfur Michael addition using Quinine

Iminium activationg® O|&%t Amino Catalyst®| A= FZ 1A, 2%kt ofgl

mjo
r|r
ot

=5t}

=

i

A28, 7|=9| carbonylZt iminiuma Edst £2

-

electrophileE Bt =

e
olo

O AIZEICH (Figure 6). 1 O|& Scheme 4 Of L}

EfLA AT

I ZP
-y
o
I
>
=

Figure 6. Amino catalyst using iminium activation

? g (10mol%)
PhCO,H (10mol%)
X I
RI—L + RZMO > R _E/\(I\o
ZNsH toluene,t4AMS Z g~ VR2
r
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Scheme 4. Enantioselective Sulfa Michael addition using iminium activation

catatlyst

of gd7t= A H#W of sigE= Y2

At

OHE AHESIRICE Lewis Base—
Brgnsted Acid/ Lewis Base G&2 St catalystE 0|83t XMXNZEE 2-
cyclohexen-1-one, XIS 2+ thiophenolS AMESIGICH X|ZHEHE 2 AF

of AgtEl MAA0)| CHoli HmENX} ohCt

o (o}
SH cat
- - 0,0
|
toluene, s

rt

[}
|
|
|
|
[}
|
| NH |
N |
> o)\NH !
!
|
i
CF3 CF, : )
a
Scheme 5.  Enantioselective sulfur Michael addition using Cinchona

organocatalysts
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HEXHZ 2-cyclohexen-1-one, EISMK|Z thiophenol2 AHESHH cinchona

catalystg X &%t A+e AXIX| 35F77F EOE|RUCE 1980ELH Wynberg's

HT

groupdlA quinineg HOE St Z[C§ 75%2| &t =22 AX=E B
HE RACE (scheme 3) SHX|2F &2 3lst=g0 A8 7IEICH= THEOl AU
ULt Ol EHetst AFLE 20023 Deng's groupOA dimeric cinchona
organocatalyst (b)2 O|8%t A7} 21 Z|QUCE M =2 L0 ChYsH XisH
Meb XEAAO| HE0| 7hsdtl MECH o E ZAutdE EAS5HQACt Y
Z20| EX1E AFR2E Singh's groupOlA 20103  cinchona-derived urea
organocatalyst (a)E O|83%t0f 1ot Zi0| QUCt O] Ao EFH=& H|W

VS S|
=1 =

rlo
J

Z012| & 0.1mol%E EBr30| H&3IRACtH= FO[H, 99% yield2t 99%
eeE EISIFYLCIM 2 A= 2o MMAFLESS ELASIAH cinchona-derived

benzimidazole organocatalystE 8%t SMAEIES S TIASI AL,
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Cinchona organocatalyst & O|&2%t SMA

i

TAlsto| g M HEs
XEhH| o HFXINE EASHAUCE Michael addition O|A] HEtst RITXIH E o,
B-unsaturated ketone 2 AtESIIXL A2, 1 FOHME  canchona
organocatalyst 2F A 0| ARBE 2-cyclohexen-1-one & 7SHRULCE

XK 2= nucleophilicity 7t 2 thiophenol 2 MEISHRILCE EHS0

=
0
ot
rir

=

Zoj= 2009 H 2 dAFHNAM XEZ TMEBI0  nitroolefin Michael

addition B0l M

OH
1

oF

00

2
[S)

rot
o]
c
=
>
@D
10
)
©
Sl
Elis
=2

aminobenzimidazole O] €2 YE{S| HO|E MEHSIH SMA 2 TIMSHFLY,

[N |

(o] SH (o}
cat
+ > *
solvent, temp S
2a 3a 4a
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Scheme 6. Enantioselective sulfur Michael addition using Cinchona-

benzimidazole organocatalysts

1-1. 20f =AM
C(9) X0 benzimidazole O] &2 Z0§ (1a, 1 mol%)E O|&3d}0] 2-
cyclohexen-1-one (1 Y2h1} thiophenol (1.2 E2h, rt 2= ZZ0M S0H9

EIM S XIMSIACt (Table 1).

Table 1. Solvent screening

(o] SH (o]
1a (1 mol%)
: - j g
solvent (0.5 M) s
rt
2a 3a 4a
Entry Solvent Time (h) Yield (%) ee (%)
1 Toluene 2 99 87
2 MeCN 4 99 8
3 DCM 4 97 71
4 1,2-DCE 6 97 75
5 Ether 4 73 61
6 THF 6 94 60
7 Dioxane 6 99 75

20



Cteot EOE AFE3SH = Z1t toluene 0N 7HE =2 fst+& (99%) 1t

HO
i
>~
=I'|I'__|
OF
I

O (1a) 2t 2-cyclohexen-1-one (1 & &), thiophenol (1.2 &3,

toluene (0.5 M) 0§ = St0f| Hr8 2= T2 EAMSIQULCE (Table 2).

Table 2. Temperature screening

o SH Q
1a (1 mol%)
+ —
toluene (0.5 M) S
2a 3a temp 4a
Entry Temperature("C) Time (h) Yield (%) ee (%)
1 50 1.5 99 78
2 rt 2 99 87
4 -40 19 98 66

it gE¥ez 2=7F Ropgo w2k Hojel Z|Zof gt A

HEigol S7toty &ete80| J7tots 0| A2L, = AF0M=

21



(et

(87%)2

F&t

M20MELE rt oA 7}

=7}817|

2SOl

= HIZO

ot
LS

i

Kir

=r

wid
00

#r

1-3.

SAM
70
84
84
84

ee (%)
87

=

—

4a

(0]
e
S
Yield (%)
99
98
99
96
96

rt

22

toluene (0.5 M)
1.5

Time (h)

ofol 2 (1 mol%)tlA 7+

ZHES| =2 UALCH (Table 3).

SH
=
=

Je

3a

10
0.5
0.1
Mo
S|
Il

(0]

O

2a
Cat. Amount (mol%)

Of= toluene, %= rt 2 I™stD =0§ (1a)Q Y0 LI}
(87%)=

Entry

2
[S)

Table 3. Catalyst's scale screening



1-4. Molecular sieve 2| EHM

@M Mo gt ZUSHA o SE7F g 2Ot OiX= S¥E

YOE X} ofgict. getdez o =S 8] ALESH=  molecular

sieve | &= HE[SI0] R0 YEE BISIAZICH (Table 4).

Table 4. Molecular sieve screening

fo) SH *
1a

) - @ - d Q

toluene (0.5 M) S

rt, 4A MS

2a 3a 4a
1 15 2.5h 92 77
5 15 1.5h 94 80
5 150 1h 94 74
6 300 45min 88 60
7 450 20min 89 30

J Z3t molecular sieve 2o ¥0| Z7tetof M2} BFSA|ZE2 ZASIAD

K

of A Fetes0 FIHACE gLt @™ oldel oMEe

=

o

ofst

0
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2sta=20| ZA7t #E E|QUCH Ol B2 2Ol molecular sieve 7t 7| &1t

Zojete| Zets Yolisty| WEol2kn W&t

=2 A= 1a o =0{E MEHSI0 SMA £ TI™ASIRICt Benzimidazole &

ZEst= ZE AMBGAS ZR, weak acid £ additive 2 ZH0{Z BHF
oMl e W g<t+80 S7tde 2418 =250 Cis UYL Ol

Table 5. Weak acid screening

(o) SH
1a (1 mol%)
+ t
toluene (0.5 M) S
2a 3a

weak acid (1 mol%)

rt 4a
Entry Weak acid (1Tmol%) Time(h) Yield (%) ee (%)
1 TFA 4 99 47
2 AcOH 4 98 49
3 BzOH 4 94 31

L

Qo] AIE HHW, 2 ANAME OO weak acid H7ISIAS HELR

el Amgls YA ZotRULE & FF0M AHEdtE ZH0HE= benzimidazole

24



ox
40

ok ofL|2t quinuculidine & ZEgH st QUCE Weak acid & HIt

c| =

i

benzimidazole 2| guanidine 0| Ofl dCj¥e=z § Aot FI|

0Ot

quinuculidine O proton O &2 ECt Of2{et P2 HOjet 7[Z7to

MBRB0| SN FB+B0| WOIXE HoE MAFCE 19

o T

ot =52 ZodS RS0l HOf 1a x| o FES HIAIF CHAst
FEMEE O|83staxt SCL IAA M RE2 HIA RO, R OHRY
(R)ZE quinuclidine 2| vinyl 7|& ethyl 2 ZHIAIZI HEHE ARACtH F HFY
(R, R3)ZE benzimidazole Off EDG &2 EWG £ X[ZA|AH EUOD, AN HWY
(RYZE C6)IXIO CtYSH alkyl EE= aryl group 22 BBIA|Z{ EQUCH HXK,

Ri, Ry, Rs 2| Hiztof HE HISS EHESIRULt (Table 6).

Table 6. Catalyst screening I

25



o SH o

@ @ cat (1 mol%) é\ /@
+ >
toluene (0.5 M) S

rt

2a 3a 4a
Entry R; R, R; Cat Time(h) Yield (%) ee (%)
1 -CH=CH, H H 1a 2 99 87
2 -CH=CH, CF; CF; 1b 2 84 71
3 -CH=CH, CH; H 1c 4 84 67
4 -CH,-CHs H H 1d 2.5 99 79
5 -CH,.CHs CF; CF; le 2 84 67

Ri 9l AR, ethyl 2Lt vinyl7|S 7HHS I O 2 sIet £8(99%)1t &
St-2087%)2 oA & = UJALCE R, oF R:Ql 42, EWGIH U2 WECE

EDG7} s M dUidez O T2 2us ER2L, 7t £

rlo

ZiE 29

BRE Keo[7h glo] =271 AS ERAUL (entry 1, 1a).

CHE O 2= RAIZIE CHYSH alkyl £ aryl2 BSIAAH 2 FEHE9

At

Oi2 ALESIRALE (Table 7).

Table 7. Catalyst screening II

26



Entry -OR Cat. Time(h) Yield (%) ee (%)

1 -OMe 1a 2 99 87
2 -OH 1f 5 95 58
3 -OEt 19 10 97 64
4 -Opr 1h 10 97 60
5 -OCH,F 1i 20 97 63
6 -Oipr 1j 21 98 52
7 -Onaphthyl 1k 10 98 72
8 -OdiphMe 11 20 97 64
9 -Otrit Tm 10 96 62

C6) X0 o alkyl It aryl 2 ESH SEHE A0f H20f HEY =

Q|X|0l methoxy 7t QU= 1a Y A st 4 QALK

1. Michael acceptor &M

27



K27tk zH=tzl SMA gtex=d

o

0|83t CtYBt Michael acceptor Of

S&SIRULCL. O|E {50l LCtE2l 5 7HX| oB-unsaturated ketone =

MESHACE  (Figure 7).

(o) fo) o
(o] (o]
& oo
2a 2b 2c 2d 2e

Figure 7. Michael acceptors

MEE 5 7HX| Michael acceptor (1 )2t thiophenol (1.2 &), FO§ 1a (1

=l

mol%), toluene (0.5 M), rt ZZ0|A SMA & TIASIACt (Table 8). 1 At

acylic ot ™EHELCH= cyclic 2t HEHO|AM HFE B3 AlZE WO =2 &<t

—

o

2 A O
%E‘I‘

g UAARSM, cyclic a,p-unsaturated ketone °| AL 5 2 1t

1

~

o] AL 60| FLHELH U2 FB$2S BULCt

Table 8. Enantioselective SMA of Michael acceptors

§ Q
j\/\ 1a (1 mol%) o s
= + Lo
R R toluene (0.5 M) R1)J\/LR

rt
2 3a

Entry Michael acceptor Product Time (h) Yield (%) ee (%)
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2a

2b

2c¢

2d

2e

4a

4b

4c

4d

4e

2 99 87
2 97 65
2 95 35
4 99 27
4 99 40

2. Michael donor &M

g e
acceptor & 1SN X0 1a (1 mol%), toluene (0.5 M), rt =71 SHoflA

st7|9| Chetst

9).
©/SH
3a
SH
s

3f

!

oH
ok
U

(=)
a42

Michael donor (1.2 Z2hHE X230 SMA & TIWSIALC} (Table

"

3b

L
Cl

3g

ol
MeO

3k

2ol

-

3c

2-cyclohexen-1-one (1 E&H2

sollicy
OMe

3d 3e
Q/SH >(©/SH
3i 3j

son §

3l

29

3m

Michael



Figure 8. Michael donors

Table 9. Enantioselective SMA of 2-cyclohexen-1-one with Michael donors

o SH o
@ . R--@ 1a (1 mol%) - é\ /@"R
N toluene (0.5 M) Y
2a 3a t 4a
Entry Michael donor  Product Time (h)  Yield (%) ee (%)

1 3a 5a 2 99 87
2 3b 5b 12 98 81
3 3c 5c 15 98 80
4 3d 5d 72 90 84
5 3e Se 48 82 57
6 3f 5f 4 96 28
7 39 59 4 99 43
8 3h 5h 4 99 55
9 3i 5i 12 98 67
10 3j 5j 15 80 64
11 3k 5k 20 88 80
12 3l 51 30 90 11
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acceptor 7F2| hydrogen bonding 0|1, & BIW|= quinuclidine 2| EHA7}
Michael donor & deprotonation A[Zl 2 cation & HESHA E[1, Of
cation O| anion 2 E|I1 QU= Michael donor 2F2| ion pairing 2 O|ZCLt.
olgfet 2 7tX|e] &= %85 &5t0f 7|21t HOjZEe| 3 XA Hig0| FX|

20| S/ face attack O] oLt 1 At (S)-form o MHEES A2 £ UL}

(Figure 9).

Figure 9. Plausible transition state
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HtS0l AHEEl XXz flamed-dried Bl EAE AFESIRISH, RE HIE2
T =24 (Ar XEHoM AL s F+80E AFESIR2H, #HE

NS S CH2 BHIES XA 2 TUS S ABHYUCL

1-1. A Z20tE2{m| b HPLC

39

TLC &= Merck precoated TLC plate (silica gel 60 GFus4 0.25 mm)E AESH
Ct. Flash column chromatography 2 E. Merch Kieselgel 60 (230~400 mesh)E

AESIF 2O, HPLC 7|A= Instrument (Hitachi, L-2130) 2F software (Hitachi,

[

Version LaChrom 8908800-07) € Ar&3t0] =5IRLt 222 HEHO0|dZE
HtYE (enantiomeric excess, ee)2 4.6 mm x 250 mm Daicel Chiralpak AD-

H, Chiralcel AS-H columns & AFESH0] HPLC 7|7|2 F7ESHSICE

1-2.  Spectral data
Nuclear magnetic resonance ("H-NMR & 3C-NMR) spectra = JEOL JNM-
ECZ 400S/L [400 MHz ('H), 100 MHz (3C)] spectrometer 2t 5-mm triple

resonance inverse cryoprobe 7t U= Bruker Avance II HD [800 MHz ('H),
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200 MHz (3C)] spectrometer & AFESIRILE 'H-NMR & "C-NMR spectra &
CDCl; (&6 724 LWE 7|&ZE22Z 310 ZHH™EASH, chemical shift =
ppm(parts per million) TF?IZ, coupling constant ()& Hz 2 HE7|3tSLCH
Infrared (IR) spectra — JASCO FT/IR-300E and Perkin-Elmer 1710 FT
spectrometer £ AF&3SIRICt  Low-resolution mass spectra (LRMS)2}F high-
resolution mass spectra (HRMS)= JEOL JMS 700, JEOL JMS 600-W
spectrometer, or Agilent 6530 Q-TOF spectrometer 2 FJSI YL ==82
Biichi B-540 melting point apparaturs & AMESHRICE Optical rotations 2 a

JASCO polarimeter P-2000 series & AE30] FE3IQICH

=
OMe
= N
OMe
N a NH b Z NH
—— —— It
NH X~ N7 NH

=z I N=C=S
NS

2. Catalyst derivatives

A (a)

100 mL S=E2A3 ()0l  4-[(5-vinyl-1-aza-bicyclo[2.2.2]oct-2-yl)-

isothiocyanato-methyl]-6-methoxy-quinoline [QN-NCS] (77.6 mg, 0.212 mmol),

Ho =
ST T

3,4-diaminotoluene(42.8 mg, 0.35 mmol), &0 acetonitrile (7 mL)2

=2EE rt ZAOM 20 AlZH WESHICE TIC ZatE 2HESHY 7[=O0| ARt
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HSS SZEAZCE B3 EUE Y evaporation 22 Mt £, DCM

MeOH = 10 :1 Z=30|A medium pressure liquid chromatography & &l

HH S dH=S LRALCH (63% yield, 20h).

agy

113

(b)
100 mL 2-Neck-rbf O  1-(2-Amino-4-methyl-phenyl)-3-[(5-ethyl-1-aza
bicyclo[2.2.2]oct-2-yl)-(6-methoxy-qunolin-4-yl)-methyl]-thiourea[QN-TU] (65

mg, 0.133 mmol), mercury oxide (57.7 mg, 0.267 mmol), sulfur (0.8 mg, 0.027

rlo

mmol)2 €1, &0 ethanol (6 mL) €2 = 8 A|Zt &¢t reflux SIRALCE TLC 2

7|20] Akt As =l s

_

ot

HFS
- O

mjo
ORX
Y

A ZAEY.

rII
olo
rtot

S22 celite 2 01}

b

rot
ot

ne

2 M-S evaporation StRALCH Y2 crude Y-d=S DCM : MeOH =

1

=

10 :1 =M medium pressure liquid chromatography & 8l HX|5}0]

>
==

dd=2= LALH (73% yield, 8h).

(5-Methyl-1H-benzimidazole-2-yl)-9-epi-quinine amine (1c)

=
OCH,
N

NH

PN

N“ 'NH
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o] WY (a), ()2 St0] white solid 2 2 1c & YRUACL

"H-NMR (400 MHz, CDCls) 6 8.64 (d, J = 4.6 Hz, 1H), 7.95 (d, J = 2.8 Hz, 1H),
790 (d, J = 9.2 Hz, 1H), 7.64 (d, J = 5.1 Hz, 1H), 7.38 (dd, J = 9.2, 2.8 Hz, 1H),
7.00 (d, J = 7.8 Hz, 1H), 6.94 (s, 1H), 6.73 (dd, J = 7.8, 0.9 Hz, 1H), 5.91-5.82
(m, TH), 5.65 (d, J = 10.1 Hz, 1H), 5.07-4.98 (m, 2H), 3.91 (s, 3H), 3.60 (s, TH),
345 (dd, J = 17.0, 10.1 Hz, 1H), 2.88-2.78 (m, 2H), 2.40 (s, 1H), 2.29 (s, 3H),
1.89-1.52 (m, 4H), 1.26-1.19 (m, 1H), 1.05 (g, J = 6.9 Hz, 1TH) ppm; *C NMR
(100 MHz, CDCl3) 158.0, 154.4, 147.4, 144.5, 144.2, 140.2, 137.8, 136.0, 131.5,
131.3, 129.9, 128.2, 122.0, 1214, 115.1, 112.6, 112.2, 102.3, 60.4, 55.8, 55.0,
41.0, 387, 29.6, 27.1, 27.0, 25.9, 21.4 ppm; IR (KBr) 2930, 2349, 2320, 1658, 1621,
1571, 1029, 916, 852, 772, 687cm™; HRMS (FAB) m/z: [M+H]* Calcd for
[CasH3NsO1* (IM+H]*) 454.2607; found 454.2604. m.p = 160-165 °C, [a]p® =

+4.39 (¢ 1.0, CHCIy).
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HELE (o)

100  mL 2-neck-rbf O 1al' (300 mg, 0.683 mmol)& €2 F, anhydrous

He

DCM (6.8 mL) & &2 0 °C O A WBSIRLE Boron tribromide (683.9 mg,
2.730 mmol) & 8 W dropwise 2 HO{FJACL 1 & 2=+t 2 §

X|SHQCEH TLC 2 7|Z=0| A2ty = BhEg2 ZZAAIZCE O & 1N NaOH (3

rlo

mhE 20 {8 EUZ B3t AIZICL O F evaporation ot P ZALt=

mjo

medium pressure liquid chromatography 2 JX|5l0f HM8E2 ALt

100 mL Rbf O anhydrous DMF (0.2 M)E 22 =, 1f (1 ©&), cesium

carbonate 2 2= €10 60 °C O|A wBtSHHA alkyl bromide (1.5 &)

mjo

JOIECE TIC 2 71O ARRFE HS ols 3 98e FAMZCL 1

ot

BLS&OfE evaporation Al XNAHTH =T, medium pressure liquid

chromatography & EH|5t0 Hd=22 FRULCEH

HEYE (d-2)
100 mL Rbf O anhydrous DMF (02 M)E 492 =, 1f (1 &2, cesium
carbonate (2 E&)=2 €1 0 °C Of|A WEISIHAM alkyl bromide (1.5 &)=

FOjECt TIC 2 7[ZHO0] A2t As =eleh = Bhes SZEAZLL 1 =

= —



HSE0fE evaporation Al7{  HAHLH =, medium pressure liquid

chromatography & EXst dds52 LRUCL

A (d-3)
100 mL Rbf Off acetone (0.2 M)E €& =, 1f (1 22, cesium carbonate (2
SEhHE E1 60 °C oA wEHSIHA alkyl bromide (1.1 &&H2 ZO{&ELCt TLC

—_

evaporation A|7 H A3t =, medium pressure liquid chromatography & S|

100 mL rbf Off sodium hydroxide (3 Y2)d water (60 yL)E 22 =, 1f
(1 g2het tetrabutyl ammonium bromide (0.1 ©%) 2 E2 rt OAM 15 £
SOt WESIQICE O =, trityl bromide (1.1 &2 & dicholoromethane (86
ul)o =¢l = HESEMUO| dropwise SHALCL TLC 2 7|HO| AREIRl HE2
0I5t 2 H32 ZZAZICE O = BtS&0IE evaporation A7 XA Z,

medium pressure liquid chromatography £ SX|5l0] HM8E2 ALt

N-(6-hydroxycinchonan-9-yl) benzimidazole (1f)
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A (F 08310 white solid HE{S| & 1f & LALCH (55% yield,
HESAIZE 4 AIZH).

TH-NMR (400 MHz, MeOD) & 8.57 (d, J = 4.6 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H),
7.81 (d, J = 28 Hz, 1H), 7.64 (d, J = 46 Hz, 1H), 7.34-7.31 (m, 1H), 7.13-7.08
(m, 2H), 6.88 (td, J = 6.4, 3.4 Hz, 2H), 5.83-5.74 (m, 1H), 5.48 (d, J = 18.8 Hz
1H), 5.02-4.92 (m, 2H), 3.37 (s, TH), 2.83-2.76 (m, 2H), 2.34 (s, TH), 1.75 (td, J =
9.4, 47 Hz, 1H), 1.62 (d, J = 2.3 Hz, 2H), 1.36-1.21 (m, 2H), 1.07 (q, J = 7.0 Hz,
TH) ppm; 3C NMR (100 MHz, MeOD) & 155.8, 147.5, 144.4, 142.0, 1314, 123.5,
121.5, 115.3, 113.1, 56.3, 42.1, 404, 28.7, 27.9, 26.2 ppm; IR (KBr) 2939, 2865,
2843, 1632, 1600, 1574, 1504, 1465, 1410, 1346, 1321, 1269, 1243, 1054, 1032,
1014, 917, 855, 835, 804cm™; HRMS (FAB) m/z [M+H]* Calcd for
[Ca6H2oN5O1* ([M+H]*) 427.2372; found 427.2378. m.p = 235-240 °C, [0]p® = -

15.07 (¢ 1.0, MeOH).

N-(6-ethoxycinchonan-9-yl) benzimidazole (1g)
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=2 1f & SL=EEZ ol 2

nd
oF
I
S
iy

0| 23}0 yellow solid HEHC
=22 1gE YALCt 46% yield, BFSA|ZE 24h).

"H-NMR (400 MHz, MeOD) &6 8.66 (d, J = 4.6 Hz, 1H), 8.01-7.97 (m, 1H), 7.92
(9, = 4.7 Hz, 1H), 7.65 (d, J = 5.1 Hz, 1H), 7.39 (dd, J = 9.2, 2.3 Hz, 1H), 7.16-
7.10 (m, 2H), 6.93 (td, J = 6.5, 3.5 Hz, 2H), 5.94-5.85 (m, 1H), 5.66 (d, J = 10.6
Hz, 1H), 5.08-4.99 (m, 2H), 4.27-4.20 (m, 1H), 4.12-4.01 (m, 1H), 3.61 (q, J =
6.9 Hz, 1H), 3.44 (dd, J = 17.5, 10.1 Hz, 1H), 2.82-2.74 (m, 2H), 239 (d, J = 2.3
Hz, 1H), 1.83-1.51 (m, 4H), 1.38 (t, J = 6.9 Hz, 3H), 1.32-1.24 (m, 1H), 1.05-0.96
(m, TH), 0.92-0.85 (m, 1H) ppm; C NMR (100 MHz, CDCl3) & 157.4, 154.8,
147.4, 1447, 140.6, 131.6, 1224, 120.5, 115.0, 112.6, 102.7, 72.6, 71.3, 70.5,
704, 69.8, 66.7, 64.0, 63.6, 61.7, 61.7, 55.3, 40.9, 39.1, 31.6, 29.7, 27.3, 27.3,
259, 19.2, 15.0, 14.6, 13.9 ppm; IR (KBr) 2931, 2867, 2349, 2320, 1461, 1396,
1338, 1318, 1267, 1242, 1219, 1113, 1043, 854, 772, 687 cm™'; HRMS (FAB)
m/z: [M+H]* Calcd for [CysH3:NsO]*([M+H]*) 454.2607; found 454.2606. m.p =

110-115 °C, [0]p®® = -38.15 (¢ 1.0, CHCl3).
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N-(6-propoxycinchonan-9-yl) benzimidazole (1h)

=2 1fE SYEE= o510 ddYY (d) E 0I8319 yellow solid HEHS| =
E 1g S YUCL (49% yield, BHSA|ZH 24h).

'H-NMR (400 MHz, CDCls) 6 8.71 (d, J = 4.6 Hz, 1H), 8.05-7.96 (m, 2H), 7.65-
7.59 (m, 1H), 7.37 (td, J = 8.6, 2.5 Hz, 1H), 7.28-7.27 (m, 1H), 7.02-6.94 (m, 3H),
6.62 (s, TH), 5.76-5.62 (m, 2H), 5.04-4.95 (m, 2H), 4.14 (t, J = 6.4 Hz, 2H), 4.03-
3.83 (m, 2H), 3.34 (dd, J = 13.6, 10.3 Hz, 2H), 2.88-2.70 (m, 2H), 2.39 (d, J =
6.9 Hz, 1H), 1.11 (t, J = 7.6 Hz, 3H), 0.89 (q, J = 6.9 Hz, 3H) ppm; *C NMR
(100 MHz, CDCls) 6 157.6, 154.7, 147.3, 144.6, 139.8, 137.7, 131.4, 128.2, 122.5,
120.4, 120.2, 1154, 1124, 102.7, 69.9, 604, 549, 41.0, 38.5, 29.6, 27.1, 26.7,
257, 239, 224, 21.0, 141, 106 ppm; IR (KBr) 30653, 2930.31, 2349.84,
2320.91 1619.91, 1596.77, 1563.99, 1549.52,1132.01, 1011.48, 984.482, 914.093,
853.347, 772351 cm; HRMS (FAB) m/zz [M+H]* Caled for

[Ca6H29NsO* ([IM+H]*) 206.0765; found 206.0766. m.p = 180-185 °C, [a]p®® = -
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74.79 (¢ 1.0, CHCl;).

N-(6-fluoromethoxycinchonan-9-yl) benzimidazole (1i)

=22 1f & 222 510 dedy (d-2) E 0|8 white solid HE{2|
=22 1i & LALCE (16% yield, BHSAIZE 24h).

TH-NMR (400 MHz, CDCl5) & 8.83 (d, J = 4.3 Hz, TH), 8.14 (t, J = 9.2 Hz, 2H),
7.62-7.50 (m, 2H), 7.17 (9, J = 2.9 Hz, 2H), 6.98 (g, J = 3.1 Hz, 2H), 5.96-5.92
(m, 1H), 5.82-5.78 (m, 1H), 5.75-5.66 (m, 1H), 5.20 (d, J = 4.3 Hz, 1H), 5.02-
4.96 (m, 2H), 3.38-3.25 (m, 3H), 2.88-2.78 (m, 2H), 1.72-1.63 (m, 3H) ppm; *C
NMR (100 MHz, CDCl3) & 207.0, 154.6, 149.0, 145.8, 140.8, 132.3, 127.6, 121.7,
120.6, 114.9, 112.7, 107.3, 101.6, 994, 72.5, 70.5, 69.8, 66.7, 63.6, 61.7, 55.4,
40.8, 39.2, 30.9, 27.4, 27.3, 25.7, 150 ppm; IR (KBr) 2931, 2349, 2320, 1921,
1867, 1509, 1488, 1461, 1417, 1338, 1269, 1219, 1093, 855, 772, 687 cm™;
HRMS (FAB) m/z: [M+H]* Calcd for [Ca7H2sNsOF]*([M+H]*) 458.2356; found

458.2349. m.p = 140-145 °C, [[a]p?® = -21.64 (¢ 1.0, CHCIy).
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N-(6-isopropxycinchonan-9-yl) benzimidazole (1j)

=2 1fE 2222 o0 Y™ (d) E 0[83}0] yellow solid HE2]

'H-NMR (400 MHz, MeOD) & 8.65 (d, J = 4.6 Hz, 1H), 8.00-7.90 (m, 2H), 7.64
(d, ) = 4.6 Hz, 1H), 7.36 (dd, J = 9.2, 2.8 Hz, 1H), 7.15 (g, J = 3.1 Hz, 2H), 6.92
(dt, J = 9.5, 3.6 Hz, 2H), 5.93-5.84 (m, TH), 5.65-5.57 (m, 1H), 5.07-4.99 (m, 2H),
3.68-3.56 (m, 1H), 3.43 (dd, J = 17.7, 9.9 Hz, 1H), 2.85-2.73 (m, 2H), 2.38 (s,
1H), 1.78-1.52 (m, 4H), 1.37 (d, J = 6.0 Hz, 3H), 1.28-1.20 (m, 1H), 1.16-1.11 (m,
3H) ppm; *C NMR (100 MHz, CDCl3) 6 156.0, 154.9, 147.3, 144.5, 141.1, 131.5,
128.0, 123.1, 1204, 114.7, 112.6, 104.2, 72.5, 70.4, 70.1, 69.8, 66.6, 61.5, 55.6,
40.7, 39.3, 27.6, 27.3, 26.0, 21.8, 21.6, 21.0, 15.0ppm; IR (KBr) 3066, 2975, 2933,
2865, 2349, 2320, 1658, 1619, 1567, 1508, 1461, 1338, 1267, 1241, 1219, 1112,
772, cm™; HRMS (FAB) m/z: [M+H]* Calcd for [CaoH34NsO1*([M+H]*) 468.2763;

found 468.2765. m.p = 130-135 °C, [a]p® = -38.15 (¢ 1.0, CHCly).
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N-[6-(2-naphthyl)methoxycinchonan-9-yl) benzimidazole (1k)

=2 1fE 2222 o0 ddYH (d-3) E 0[851% yellow solid HE{2|
=22 1k & YULCL (18% yield, BHSA|ZE 24h)

TH-NMR (400 MHz, CDCl3) & 8.71 (d, J = 4.6 Hz, TH), 8.05 (d, J = 9.2 Hz, 1H),
7.93 (s, TH), 7.88-7.79 (m, 4H), 7.59 (dd, J = 8.3, 1.4 Hz, 1H), 7.53-7.47 (m, 4H),
714 (d, J = 285 Hz, 2H), 6.96 (dt, J = 9.3, 3.7 Hz, 2H), 6.12 (s, 1H), 5.65-5.56
(m, TH), 541 (dd, J = 20.0, 12.6 Hz, 2H), 5.06-4.80 (m, 3H), 3.19 (dd, J = 13.8,
10.1 Hz, 2H), 3.02 (s, TH), 2.70-2.62 (m, 2H), 2.23 (s, TH), 2.02 (t, J = 8.3 Hz
1H), 1.60-1.29 (m, 4H), 0.88-0.71 (m, 2H) ppm; *C NMR (100 MHz, CDCl3) &
156.0, 154.9, 147.3, 144.5, 141.1, 131.5, 128.0, 123.1, 1204, 114.7, 112.6, 104.2,
72.5, 704, 70.1, 69.8, 66.6, 615, 55.6, 40.7, 39.3, 27.6, 27.3, 26.0, 2158, 21.6
21.0, 15.0 ppm; IR (KBr) 2349, 2320, 1867, 1509, 1488, 1460, 1396, 1338, 1268,
1219, 1122, 818, 772, 687, 673 cm™; HRMS (FAB) m/z: [M+H]* Calcd for
[C37H36Ns0]* ([M+H]*) 566.2920; found 566.2923. m.p = 150-155 °C; [o]p® = -

36.33 (¢ 1.0, CHCl).
45



N-(6-diphenylmethoxycinchonan-9-yl) benzimidazole (1)

Ph
PR Z
Ph” N0
N
N
NS N/*NH
22 1fE EUZZE=R o0 MY d) & 0|83l0] yellow solid HEHC| =

A 11E LACH (52% yield, BHSA[ZE 24h).

TH-NMR (400 MHz, CDCls) & 8.62 (t, J = 4.4 Hz, 1H), 8.08 (d, J = 2.8 Hz, 1H),
7.97-791 (m, 1H), 7.63 (t, J = 4.8 Hz, 1H), 7.60-7.56 (m, 3H), 7.44 (d, ) = 7.4
Hz, 2H), 7.31 (dd, J = 8.0, 7.1 Hz, 4H), 7.27-7.15 (m, 4H), 691 (g, J = 3.2 Hz
2H), 6.83 (s, 1H), 5.78-5.70 (m, 1H), 5.48-5.45 (m, 1H), 5.00-4.92 (m, 2H), 3.24-
3.12 (m, 2H), 2.75-2.69 (m, 2H), 2.29 (s, TH), 146 (d, J = 17.0 Hz, 3H), 1.27-
1.20 (m, TH), 0.64 (d, J = 4.6 Hz, 1H) ppm; *C NMR (100 MHz, CDCls) & 156.2,
154.7, 147.5, 144.7, 141.1, 140.7, 131.5, 128.7, 128.5, 128.0, 127.8, 127.6, 126.9,
126.8, 123.2, 120.5, 114.7, 105.1, 82.1, 72.5, 70.4, 69.8, 66.7, 61.6, 55.4, 40.6,
39.4, 27.5, 27.3, 25.8, 15.0 ppm; IR (KBr) 2866, 2371, 2320, 1867, 1658, 1620,
1597, 1568,1509, 1461, 1267, 1240, 1219, 1132, 1082, 1010, 914, 852, 772, 742,

700, 671 cm™; HRMS (FAB) m/z: [M+H]* Calcd for [C39H3sNsOJ*([M+H]*)
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592.3076; found 592.3080. m.p = 160-165 °C; [a]p?® = -47.84 (¢ 1.0, CHCI;).

N-(6-triphenylmethoxycinchonan-9-yl) benzimidazole (1m)

Ph>P|\h _
Ph” O /?lj
N
N
Ns N)\NH

=2 1f£ E¢€=Z2 ol ¢

oot
0
oE

(e) £ 0|83l white solid HEHS| &

3
i

HAACE (26% yield, BHSAIZt 24h).

"H-NMR (400 MHz, CDCl3) § 8.50 (d, J = 4.1 Hz, 1H), 7.80 (d, J = 7.8 Hz, 1H),
7.65-7.46 (m, 8H), 7.21-6.97 (m, 13H), 6.60 (d, J = 28.8 Hz, 1H), 5.68-5.60 (m,
1H), 4.97-4.91 (m, 2H), 4.27 (d, J = 6.4 Hz, 1H), 3.17 (dd, J = 13.7, 10.1 Hz, 1H),
2.96-2.63 (m, 4H), 2.20 (s, 1H), 2.01 (t, J = 9.4 Hz, TH)ppm; *C NMR (100 MHz,
CDCl3) & 207.0, 1545, 148.1, 143.2, 141.2, 130.9, 1289, 128.6, 127.9, 127.6,
126.7, 120.5, 114.6, 113.0, 90.5, 72.5, 71.2, 70.6, 70.5, 70.3, 70.1, 70.0, 69.9, 66.7,
63.7, 61.8, 61.8, 61.7, 55.5, 40.5, 39.5, 31.6, 30.9, 29.7, 27.3, 27.1, 19.2, 15.1
ppm; IR (KBr) 2931, 2867, 2349, 2320, 1689, 1679, 1620, 1564, 1551, 1507, 1489,
1459, 1219, 1187, 1130, 772, 703, 672 cm™"; HRMS (FAB) m/z: [M+H]* Calcd for

[C4sH4NsOJ* ([IM+H]*) 668.3389; found 668.3381. m.p = 160-165 °C; [a]p®® = -
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76.13 (¢ 1.0, CHCl;).

2- Michael acceptor

SH
o cat (1 mol%) @
+ > (o) S
RKU\/\ R,
2 3a

toluene (0.5 M)

1 2

4

AL

Sealed tube O Ar X[2t2 ot 2, ZF0O§ stock solution OlA 1 mol% &

=
FAZIE B8 Y3 WHkSIgIct 1 %, Michael acceptor (1 &,
0.499mmol)2 211 FES| ubBstHA, thiophenol (1.2 Y2, 0.599mmol)=

o O,

ARACt TLC JO|M Z|ZO0] 25 Afetd

ot

HSE SEAZLL HE 8OHE

evaporation AlZl 2, medium pressure liquid chromatography 2 &X|5t0

A M

dd=5 UL

o

(S)-3-(phenylthio)cyclohexan-1-one (4a)

=& 2aE EY=EE ot MU|o HMALHZ S50 pale caramel HE{2

=2 4aE YRUCH (99% yield, 101.3mg). BOHHIE 2 R E210| 7|X|o 2F
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of M&E 3! chiral HPLC data £ H| W5t S form S =QISHALE.

'"H-NMR (400 MHz, CDCl3) & 7.43-7.39 (m, 2H), 7.33-7.27 (m, 3H), 3.45-3.38 (m,
1H), 2.70-2.65 (m, 1H), 2.40-2.25 (m, 3H), 2.19-2.09 (m, 2H), 1.78-1.64 (m, 2H)
ppm; ¥C NMR (100 MHz, CDCl3) & 208.5, 133.3, 133.0, 132.9, 132.9, 1327,
129.1, 1289, 128.7, 128.6, 127.8, 127.6, 47.7, 47.6, 45.9, 40.7, 31.2, 31.0, 30.9,
24.0, 23.9, 23.7 ppm; IR (KBr) 3735, 3056, 2943, 2867, 2348, 2309, 1713, 1583,
1508, 1479, 1438, 1419, 1341, 1314, 1281, 1221, 1175, 1090 1067, 1024, 970,
908, 880, 742, 692 cm'; HRMS (FAB) m/z. [M+H]* Calcd for
[C12H1,OST*([M+H]*) 206.0765; found 206.0766. The enantioselectivity was
determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : 2-
propanol = 95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time:
minor isomer 13.12min, major isomer 10.65 min, 87% ee, [a]p®® = -74.79

(c 1.0, CHCly).
(S)-3-(phenylthio)cyclopentan-1-one (4b)
o

ﬁs@

=2 2b & TYUSEZ ol0 J7[9 dgYUEE &

OF

0 pale caramel HEHO

23 4b E LACt (97% yield, 93.15mg).
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'"H-NMR (400 MHz, CDCl3) & 7.41-7.37 (m, 2H), 7.33-7.24 (m, 3H), 3.92-3.86 (m,
1H), 2.60 (dd, J = 18.7, 7.1 Hz, 1H), 2.52-2.41 (m, 1H), 2.38-2.16 (m, 3H), 2.06-
1.98 (m, TH) ppm; C NMR (100 MHz, CDCl5) & 216.1, 134.0, 131.7, 1289,
127.2, 45.0, 43.1, 42.9, 36.5, 29.1 ppm; IR (KBr) 3901, 3841, 3756, 3734, 3646,
3565, 3056, 2964, 2349, 2310, 1744, 1704, 1680, 1646, 1583, 1541, 1508, 1480,
1456, 1438, 1402, 1275, 1248, 1220, 1157, 1091, 1024, , 772., 743cm™"; HRMS
(FAB) m/z: [M+H]+ Calcd for [C;1H1,0S]+(IM+H]+) 192.0609; found 192.0602.
The enantioselectivity was determined by chiral HPLC analysis (DIACEL
Chiralcel AD-H, hexane : ethanol = 90 : 10, flow rate = 1.0 ml/min, 23 °C, A =
254 nm) retention time: minor isomer 24.42min, major isomer 29.65min, 65%

ee, [a]p?® = 0.53 (c 1.0, CHCI5)

(S)-3-(phenylthio)cycloheptan-1-one (4c)

OF

=3 2c E SYEEE 510 47|19 HHYHZ S5t pale caramel HE{Q
=23 4c & YACH (95% yield, 104mg).

TH-NMR (400 MHz, CDCls) & 7.41-7.38 (m, 2H), 7.33-7.23 (m, 5H), 3.40 (tt, J =
9.8, 3.1 Hz, 1H), 2.81-2.68 (m, 2H), 2.60-2.44 (m, 2H), 2.17-2.12 (m, 1H), 2.01-

1.94 (m, 1H), 1.89-1.80 (m, 1H), 1.77-1.65 (m, 2H), 1.53-1.49 (m, 1H) ppm; C
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NMR (100 MHz, CDCl3) & 211.2, 133.9, 132.2, 128.9, 127.2, 49.3, 43.9, 43.8,
43.7, 36.6, 36.5, 27.9, 23.7 ppm; IR (KBr) 3901, 3756, 3646, 3565, 3056, 2930,
2857, 2349, 2320, 1800, 1699, 1647, 1583, 1508, 1480, 1438, 1405, 1344, 1286
1249, 1191 1158, 1091, 1067, 1024, 999, 934, 889, 857, 741, 692 cm™’; HRMS
(FAB) m/z: [M+H]* Calcd for [Ci3H160S]*([M+H]*) 220.0922; found 220.0924.
The enantioselectivity was determined by chiral HPLC analysis (DIACEL
Chiralcel AS-H, hexane : 2-propanol = 99 : 1, flow rate = 1.0 ml/min, 23 °C, A
= 254 nm) retention time: minor isomer 20.03 min, major isomer 24.83 min,

35% ee, [a]p®® = -1.61 (c 1.0, CHCIl5)

(S)-4-(phenylthio)pentan-2-one (4d)

PPN

=2 2d E EY=EE 50 7|9 MAULHES S0 pale caramel
HEjo| EH 4d E YRALCt (99% yield, 95.9mg).
"H-NMR (400 MHz, CDCls) & 7.44-7.38 (m, 2H), 7.33-7.22 (m, 3H), 3.73-3.64 (m,
TH), 2.74 (dd, J = 17.2, 5.5 Hz, 1H), 2.59-2.50 (m, TH), 2.12 (s, 3H), 1.28 (d, J =
6.7 Hz, 3H) ppm; *C-NMR (100 MHz, CDCl;) & 206.3, 137.5, 134.0, 132.1,
128.8, 127.1, 50.1, 38.0, 37.8, 30.4, 20.8 ppm; IR (KBr) 3565, 3057, 2965, 2926,

2348, 2320, 1867, 1800, 1714, 1646, 1582, 1542, 1508, 1474, 1438,1360, 1304,
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1241, 1219, 1158, 1090, 1067, 1024, 966, 772, 692 , 671, 645, 617cm™’; HRMS
(FAB) m/z: [M+H]* Calcd for [Ci1H1,OS]*([IM+H]*) 194.0765; found 194.0769.
The enantioselectivity was determined by chiral HPLC analysis (DIACEL
Chiralcel AD-H, hexane : ethanol = 90 : 10, flow rate = 1.0 ml/min, 23 °C, A =
254 nm) retention time: minor isomer 6.4min, major isomer 8.5min, 27% ee,

[a]p?® = +0.51 (¢ 1.0, CHCI3).

(S)-5-(phenylthio)hexan-3-one (4e)

NN

=22 2¢ E FYUSEE oo 7|9 HALHEHEZ S50 pale caramel
HEjo| & 4e E 2L RUCH (99% yield, 102.69mg).
TH-NMR (400 MHz, CDCl5) & 7.39 (dt, J = 84, 1.8 Hz, 2H), 7.31-7.21 (m, 4H),
3.76-3.67 (m, 1H), 2.72 (dd, J = 16.9, 5.2 Hz, 1H), 2.57-2.50 (m, 1H), 2.42-2.36
(m, 2H), 1.26 (q, J = 7.4 Hz, 3H), 1.02 (t, J = 7.4 Hz, 3H) ppm; C-NMR (100
MHz, CDCl3) § 209.3, 134.3, 132.2, 128.9, 127.2, 49.1, 38.3, 36.7, 21.0, 7.6 ppm;
IR (KBr) 3901, 3840, 3756, 3734, 3647, 3565, 3057, 2975, 2937, 2348, 2320,
1867, 1713, 1646, 1583, 1543, 1508, 1474, 1456, 1438, 1410, 1361, 1302,
1219, 1119, 1024, 986, 772, 691, 671cm™"; HRMS (FAB) m/z: [M+H]* Calcd for

[Ci2H16OST*([M+H]*) 208.0922; found 208.0932. The enantioselectivity was
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determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : ethanol
=90 : 10, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time: minor

isomer 6.22min, major isomer 7.59min, 40% ee, [0]p?® = +2.35 (c 1.0, CHCl5).

3- Michael donor

(0] SH (o]
cat (1 mol%)
+ Rllllll N ’ > ~ lllIIR
= toluene (0.5 M) A
rt S
2a 3 5
Mgy

Sealed tube O Ar X|22 ot 2 F0OHO| stock solution OIAl Z0H 1 mol%E

=A| 2

OHL

2 F WALt I FT, 2-cyclohexen-1-one (1 Y&

om

1

0499mmol)2 HE1 ZI&ES| WEAIZ|H  Michael donor (1.2 ¥

ol
om

1

0.599mmol)g YERACt TIC Z 7|ZHO0| ZE At2tEl = HRE2S ZZAA|ZCH

L

H

—

olo

&0l evaporation A7l &, medium pressure liquid chromatography £

gHoto] dd=5 UL

(S)-3-(o-tolylthio)cyclohexan-1-one (5b)

o

Q0
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OF

=22 3bE SYUEEE 510 ¢7(9 HAYHES S50 pale caramel HEH2
=3 5b & YRUALCH (98% yield, 107.73mg).
TH-NMR (400 MHz, CDC;) 6 7.38 (d, J = 6.7 Hz, 1H), 7.22-7.12 (m, 3H), 3.40

(td, J

9.4, 49 Hz, 1H), 2.67 (dd, J = 14.1, 43 Hz, 1H), 2.41-2.29 (m, 6H), 2.14

(td, J = 9.4, 3.7 Hz, 2H), 1.81-1.65 (m, 2H) ppm; *C-NMR (100 MHz, CDCl3) &
208.5, 140.3, 133.0, 1324, 1304, 127.5, 126.3, 47.5, 454, 40.8, 31.1, 23.9, 20.7
ppm; IR (KBr) 3848, 3565, 3057, 2943, 2321, 1799, 1713, 1589, 1469, 1455,
1423, 1379, 1341, 1314, 1280, 1220, 1175, 1096, 1063, 1047, 1033, 970, 908,
879, 770, 753, 713, 678. ¢cm™; HRMS (FAB) m/z. [M+H]* Calcd for
[Ci3H16OS]*([M+H]*) 220.0922; found 220.0926, The enantioselectivity was
determined by chiral HPLC analysis (DIACEL Chiralcel AS-H, hexane : 2-
propanol = 95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time:

major isomer 10.22 min, minor isomer 14.09. min, 81% ee, [a]p?° = -42.26 (c

1.0, CHCly).

(S)-3-((2-ethylphenyl)thio)cyclohexan-1-one (5c¢)

o

O,

=% 3¢ E

Of

dEHE S0 7|9 HALHZS S5t pale caramel

I

eS| & 5¢E YRUACt (98% yield, 114mg).
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'"H-NMR (100 MHz, CDCl3) & 7.51-7.40 (m, 1H), 7.29-7.16 (m, 3H), 3.49-3.42 (m,
1H), 2.94-2.79 (m, 2H), 2.74-2.67 (m, TH), 2.46-2.26 (m, 3H), 2.19-2.12 (m, 2H),
1.91-1.67 (m, 2H), 1.33-1.16 (m, 3H) ppm; *C-NMR (400 MHz, CDCls) & 208.6,
146.3, 133.2, 131.9, 128.8, 127.8, 126.3, 47.6, 46.0, 40.8, 31.2, 27.1, 240, 15.2
ppm; IR (KBr) 2963, 2869, 2349, 2320, 1713, 1468, 1339, 1314, 1281, 1220,
1175, 1061, 1028, 970, 879, 772, 675 cm™; HRMS (FAB) m/z: [M+H]* Calcd for
[C14H15OS]*([M+H]*) 234.1078; found 234.1081. The enantioselectivity was
determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : ethanol=
95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time: minor
isomer 7.768 min, major isomer 13.375 min, 80% ee, [a]p®® = -56.45 (c 1.0,

CHCl;).

(S)-3-((2-methoxyphenyl)thio)cyclohexan-1-one (5d)

=3 3d & FUSIE 0o Mo HHEYHES St0 pale caramel
HEje| E& 5d & YRULCt (90% yield, 106.38mg).
"H-NMR (400 MHz, CDCl3) & 7.37 (dd, J = 7.6, 1.5 Hz, 1H), 7.28 (td, J = 7.9, 1.6
Hz, 1H), 6.92-6.87 (m, 2H), 3.87 (s, 3H), 3.57-3.51 (m, 1H), 2.64 (dd, J = 144,

4.6 Hz, TH), 2.39-2.26 (m, 3H), 2.16-2.08 (m, 2H), 1.77-1.64 (m, 2H) ppm; 3C-
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NMR (100 MHz, CDCl5) & 208.9, 158.9, 134.4, 129.3, 120.8, 120.6, 110.8, 55.6,
47.6, 43.7, 40.8, 30.9, 23.9 ppm; IR (KBr) 3061, 3003, 2940, 2867, 2836, 2348,
1712, 1581, 1476, 1448, 1432, 1342, 1313, 1273, 1244, 1221, 1179, 1161, 1131,
1096, 1070, 1042, 1024., 796, 753, 684 cm™; HRMS (FAB) m/z: [M+H]* Calcd
for [Cy3H1602S]*([M+H]*) 236.0871; found 236.08. The enantioselectivity was
determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : 2-
propanol = 95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time:
minor isomer 13.578 min, major isomer 20.855 min, 84% ee, [a]p?° = -57.80 (c

1.0, CHCI3).

(S)-3-((2,4-dimethylphenyl)thio)cyclohexan-1-one (5e)

=2 3e S SL=TE o0 7|2 HdALYUS SOt pale caramel FE{2]
=2 5e £ ALt (82% yield, 95.67mg).

"H-NMR (400 MHz, CDCls) & 7.15-7.09 (m, 3H), 3.18 (tt, J = 10.4, 4.0 Hz, TH),
2.61-2.56 (m, TH), 2.52 (s, 6H), 2.42-2.28 (m, 3H), 2.16-2.04 (m, 2H), 1.83-1.74
(m, TH), 1.70-1.62 (m, TH) ppm; *C-NMR (100 MHz, CDCls) & 208.9, 1433,
131.5, 1285, 128.2, 47.9, 46.2, 40.9, 31.7, 24.3, 22.2 ppm; IR (KBr) 3054, 2944,
2869, 2320, 1705, 1570, 1460, 1424, 1376, 1340, 1316, 1285, 1243, 1220, 1170,
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1055, 971, 879, 774 cm™; HRMS (FAB) m/z. [M+H]* Calcd for
[Ci4H19OST*([M+H]*) 235.1157; found 235.1150. The enantioselectivity was
determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : ethanol
=90 : 10, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time: minor
isomer 5.221 min, major isomer 5.900 min, 57% ee, m.p = 80-85 °C, [a]p® = -

50.36 (c 1.0, CHCls).

(S)-3-((2-fluorophenyl)thio)cyclohexan-1-one (5f)

o)
F

Q0

=22 3f B ELSEE o0 7|9 HdEHBES S5t pale caramel
dEjo| & 5fE YRALCt (96% yield, 107.26 mg).
TH-NMR (400 MHz, CDCl3) & 7.51-7.41 (m, 1H), 7.33-7.27 (m, 1H), 7.15-7.04 (m,
2H), 3.52-3.45 (m, 1H), 2.67-2.62 (m, 1H), 2.44-2.25 (m, 3H), 2.20-2.08 (m, 2H),
1.77-1.63 (m, 2H) ppm; *C-NMR (100 MHz, CDCls) & 208.3 (excess peaks due
to C-F coupling), 163.7, 161.3 (d, / = 244.4 Hz), 135.9, 130.3 (d, / = 8.6 Hz),
1244 (d, /= 3.8 Hz), 119.5 (d, /= 18.2 Hz), 116.0 (d, / = 22.9 Hz), 115.8, 47.6,
45.1, 40.6, 31.0, 23.7 ppm; IR (KBr) 2945, 2348, 2320, 1713, 1472, 1446, 1283,
1259, 1220, 879, 823, 772, 676 cm; HRMS (FAB) m/z: [M+H]* Calcd for

[CioH13OSFI*([M+H]*) 224.0671; found 224.0675. The enantioselectivity was
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determined by chiral HPLC analysis (DIACEL Chiralcel AS-H, hexane : 2-
propanol = 95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm) retention time:
minor isomer 23.778 min, major isomer 14.966 min, 28% ee, [a]p?° = -21.64 (c

1.0, CHCl5).

(S)-3-((2-chlorophenyl)thio)cyclohexan-1-one (5g)

(0]
Cl

00

=3 3g £ EYL=EE 5t AU MHAYHZ S5t0 pale caramel
HEjo| E& 59 & YRULH (99% yield, 118.22mg).
"H-NMR (400 MHz, CDCl3) & 7.44-7.40 (m, 2H), 7.22-7.19 (m, 1H), 3.60-3.54 (m,
1H), 2.69 (dd, J = 144, 4.6 Hz, TH), 245-2.30 (m, 3H), 2.19-2.14 (m, 2H), 1.83-
1.71 (m, 2H) ppm; *C-NMR (100 MHz, CDCl5) & 208.2, 136.6, 1334, 1323,
130.0, 128.5, 127.1, 47.3, 44.6, 40.7, 30.8, 23.9 ppm; IR (KBr) 2944, 2349, 2320,
1801, 1712, 1450, 1430, 1339, 1314, 1219, 1176, 1115, 1034, 970, 879, 772,
688 cm™; HRMS (FAB) m/z: [M+H]* Calcd for [C,H30SCI]*([M+H]*) 240.0376;
found 240.0380. The enantioselectivity was determined by chiral HPLC analysis
(DIACEL Chiralcel AS-H, hexane : 2-propanol = 99 : 1, flow rate = 1.0 ml/min,
23 °C, A = 254 nm) retention time: minor isomer 35.668 min, major isomer

26.776 min, 43% ee, [a]p®® = -2.74 (c 1.0, CHCI5).
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(S)-3-((2-bromophenyl)thio)cyclohexan-1-one (5h)
(o]
o0e
S
= X|

=2 3h & EZLEEE 510 7|9 HALBYZS S50 pale caramel

I

dEfjo] 2ZE 5hE YRULCH (99% yield, 140mg).

'"H-NMR (400 MHz, CDCls) 6 7.61 (dd, J = 8.0, 1.2 Hz, 1H), 7.43 (dd, J = 8.0,
1.8 Hz, TH), 7.27 (td, ) = 7.4, 1.6 Hz, 3H), 7.12 (td, J = 7.7, 1.4 Hz, TH), 3.59 (tt,
J =10.0, 40 Hz, 1H), 2.72 (dd, J = 144, 4.6 Hz, 1H), 2.48-2.31 (m, 3H), 2.22-
2.13 (m, 2H), 1.86-1.69 (m, 2H) ppm; C-NMR (100 MHz, CDCl3) & 208.3,
134.6, 133.4, 133.0, 128.6, 127.8, 127.2, 47.3, 45.0, 40.8, 30.8, 24.0 ppm; IR (KBr)
2942, 2349, 2320, 1711, 1447, 1426, 1219, 1175, 1020, 970, 772 cm-1; HRMS
(FAB) m/z: [M+H]* Calcd for [C1,H130SBr]*([M+H]*) 286.9928; found 283.9863.
The enantioselectivity was determined by chiral HPLC analysis (DIACEL
Chiralcel AD-H, hexane : 2-propanol = 99 : 1, flow rate = 0.5 ml/min, 23 °C, A
= 254 nm) retention time: minor isomer 39.333 min, major isomer 44.740 min,

55% ee, [a]p®® = -36.43 (c 1.0, CHCl;).

(S)-3-(p-tolylthio)cyclohexan-1-one (5i)
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=2 3iS TESER o0 ¢7|o dHY”S S0 pale caramel HEH2|
=23 5i & ALt (98% yield, 107.6mg).
'H-NMR (400 MHz, CDCl3) 6 7.39-7.19 (m, 2H), 7.15-7.05 (m, 2H), 3.39-3.26 (m,
1H), 2.68-2.57 (m, 1H), 2.37-2.16 (m, 6H), 2.11-1.98 (m, 2H), 1.72-1.53 (m, 2H)
ppm; C NMR (100 MHz, CDCl3) & 2084, 137.8, 133.6, 129.6, 128.9, 47.5, 46.1,
40.6, 30.9, 23.7, 20.9 ppm; IR (KBr) 2942, 2348, 2320, 1712, 1646, 1491, 1447,
1219, 1177, 1094, 1018, 970, 878, 810, 772 cm-1; HRMS (FAB) m/z: [M+H]+
Caled  for  [Ci3Hi60OSIH((M+H]Y)  220.0922; found  220.0925. The
enantioselectivity was determined by chiral HPLC analysis (DIACEL Chiralcel
AD-H, hexane : ethanol = 90 : 10, flow rate = 1.0 ml/min, 23 °C, A = 254 nm)
retention time: minor isomer 19.207 min, major isomer 12.679 min, 67% ee,

[a]p?® = -46.51 (c 1.0, CHCly).

(S)-3-{[4-(tert-butyl)phenyl]thio]cyclohexan-1-one (5j)

o

QL
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=2 3jE TEEER o0 7|9 dAUHES &8I pale caramel HE{2|
=2 55 & YALCt (80% yield, 105.1mg).
'H-NMR (400 MHz, CDCl3) 6 7.44-7.31 (m, 4H), 3.40-3.33 (m, 1H), 2.66 (dd, J =
14.2, 4.6 Hz, 1H), 2.45-2.24 (m, 3H), 2.16-2.05 (m, 2H), 1.86-1.63 (m, 2H), 1.34-
1.23 (m, 9H) ppm; C NMR (100 MHz, CDCl5) & 208.8, 151.1, 133.4, 129.2,
126.0, 47.8, 46.2, 40.8, 34.5, 31.3, 31.1, 24.0 ppm; IR (KBr) 3077, 2961, 2904,
2867, 2349, 2320, 1800, 1748, 1714, 1488, 1457, 1418, 1396, 1362, 1339, 1314,
1268, 1219, 1175, 1120, 1095.37, 1013, 970, 879, 829, 772 cm-1; HRMS (FAB)
m/z: [M+H]+ Calcd for [CigH20S]*(IM+H]*) 262.1391; found 262.1389. The
enantioselectivity was determined by chiral HPLC analysis (DIACEL Chiralcel
AD-H, hexane : ethanol = 95 : 5, flow rate = 1.0 ml/min, 23 °C, A = 254 nm)
retention time: minor isomer 17.369 min, major isomer 10.745 min, 64% ee,

[a]p?® = -40.31 (c 1.0, CHCly).

(S)-3-((4-methoxyphenyl)thio)cyclohexan-1-one (5k)

(0]

O™

=22 3k E SYEEE 519 7|9 HALHZ S50 pale caramel
HEfel =& 5k E YRALCH (88% yield, 103.67mg).

'H-NMR (400 MHz, CDCl3) 6 7.40-7.37 (m, 2H), 6.86-6.83 (m, 2H), 3.80 (s, 3H),
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3.24-3.19 (m, 1H), 2.62 (dd, J = 14.4, 4.6 Hz, 1H), 2.38-2.22 (m, 3H), 2.16-2.02
(m, 2H), 1.73-1.64 (m, 2H) ppm; C NMR (100 MHz, CDCl3) & 209.0, 159.8,
136.7, 136.4, 136.1, 122.7, 114.7, 1144, 55.2, 47.6, 46.9, 40.7, 31.1, 30.8, 23.9
ppm; IR (KBr) 2941, 2836, 2349, 2320, 1711, , 1591, 1569, 1493, 1460, 1444,
1418, 1340, 1313, 1285, 1245, 1220, 1173, 1103, 1029, 970, 878, 830, 799, 772
cm-1; HRMS (FAB) m/z: [M+H]+ Calcd for [Ci3H:160S]*([IM+H]*) 236.0871;
found 236.0875. The enantioselectivity was determined by chiral HPLC analysis
(DIACEL Chiralcel AD-H, hexane : 2-propanol = 95 : 5, flow rate = 1.0 ml/min,
23 °C, A = 254 nm) retention time: minor isomer 35.968 min, major isomer

23.539 min, 80% ee, [a]p® = -49.15 (c 1.0, CHCI3).

(S)-3-((4-bromophenyl)thio)cyclohexan-1-one (5I)

o¥eg

12 EYEEE 519 7|9 HAHLHZ F510] pale caramel HEHC|

11l
w

=
=3 518 ALt (90% yield, 128.45mg).
TH-NMR (400 MHz, CDCls) & 7.45-7.39 (m, 2H), 7.33-7.25 (m, 3H), 3.43-3.36 (m,
TH), 2.68-2.63 (m, TH), 2.39-2.26 (m, 3H), 2.17-2.08 (m, 2H), 1.78-1.64 (m, 2H)

ppm; C NMR (100 MHz, CDCl;) & 208.4, 134.7, 132.2, 122.1, 47.6, 46.2, 40.8,
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31.1, 24.0 ppm; IR (KBr) 2942, 2348, 2320, 1800, 1712, 1473, 1446, 1418, 1219,
1175, 1092, 1068, 1008, 970, 816, 772 cm-1; HRMS (FAB) m/z: [M+H]+ Calcd
for [Ci,H130SBr]*([M+H]*) 285.9850; found 285.9865. The enantioselectivity
was determined by chiral HPLC analysis (DIACEL Chiralcel AD-H, hexane : 2-
propanol = 99 : 1, flow rate = 0.5 ml/min, 23 °C, A = 254 nm) retention time:
minor isomer 18.889 min, major isomer 20.806 min, 87% ee, m.p = 70-75 °C,

[a]p?® = +16.43 (c 1.0, CHCI3).

(S)-3-(naphthalen-2-ylthio)cyclohexan-1-one (5m)

(o]

Q00

=24 3m 2 EZ=EE 30 H7|9 HAYLYS S0 pale caramel
gEjo| E& 5mE YUACH (80% yield, 102.24mg).
TH-NMR (401 MHz, CDCls) & 7.91 (s, 1H), 7.83-7.78 (m, 3H), 7.52-7.48 (m, 3H),
3.58-3.51 (m, 1H), 2.73 (dt, J = 14.3, 2.3 Hz, 1H), 2.46-2.27 (m, 3H), 2.22-2.10
(m, 2H), 1.83-1.67 (m, 2H) ppm; 13C-NMR (101 MHz, CHLOROFORM-D) &
208.6, 1335, 1324, 132.0, 130.3, 130.1, 128.5, 127.6, 127.4, 126.5, 126.3, 47.6,
45.9, 40.8, 31.1, 23.9 ppm; IR (KBr) 3052, 2941, 2348, 2320, 1801, 1710, 1282,
1219, 1175, 1132, 1097, 1066, 852, 815, 772cm-1; HRMS (FAB) m/z: [M+H]+

Caled  for  [CigH16OSI*([M+H]*)  256.0922; found  256.0926. The
63



enantioselectivity was determined by chiral HPLC analysis (DIACEL Chiralcel
AD-H, hexane : 2-propanol = 99 : 1, flow rate = 1.0 ml/min, 23 °C, A = 254
nm) retention time: minor isomer 18.519 min, major isomer 15.126 min, 11%

ee, [a]p?® = -9.12 (c 1.0, CHCly).

64



Ao
rot

V. &1

—_

. KKacprzak. Synthesis, 2001, 7, 961-998

N

. P. Dalko, L.Moisan, Angew. Chem. Int. £d. 2001, 40, 3726 + 3748
3. H. Hiemstra. Synthesis, 2010, 8 1229-1279
4. Dieter Enders. Chem. Rev. 2014, 774, 8807—8864

5. Weiss, C. J; Marks, T. J. L Am. Chem. Soc. 2010, 732 10533.

(o))

. Beletskaya, I. P; Ananikov, V. P. Chem. Rev. 2011, 777, 1596

~

. Bichler, P,. Organomet. Chem. 2010, 37, 39
8. Palacio, C, £ur. J. Org. Chem. 2013, 5398-5413
9. Lin, A; Cheng, Y. Adv. Synth. Catal. 2011, 353, 3301

10. Helder, R.; Arends, R.; Bolt, W.; Hiemstra, H.; Wynberg, H. Tetrahedron Lett 1977,
78 2181.

11. Marigo, M,; Schulte, T; Franzen, J.; Jargensen, K. A. J Am. Chem. Soc. 2005, 727,
15710.

12. N.K.Rana, / Org. Chem. 2010, 75, 2089-2091

13. C. E. Song, Org. Biomol. Chem., 2010, 8§ 3918-3922

14. C. Najera, Eur. J. Org. Chem. 2013, 1434-1440

15. M. Lee, Tetrahedron, 2012, 68 1452-1459

16. KN.Houk, / Am. Chem. Soc. 2016, 738 9041—9044

17. L. Zhang, h.g.Park, Adv. Synth. Catal. 2009, 357, 3063 — 3066

18. T. Du, Y. Peng, Org. Lett 2015, 77, 1308—1311

65



VII. Abstract

Asymmetric Oraganocatalysis has convenient functions and advantages in
the organic reactions. It is inexpensive, reusable and relatively safe. For such
reasons, there has been extensive research in the asymmetric organocatalysis.
Among the various catalysts, Cinchona-derived organocatalyst is one of our
major interest.

In this report, we have developed the synthesis of organosulfur compound
through asymmetric su/fa-Michael addtion with organocatalyst. We initially
selected 2-cyclohexen-1-one as the electrophile and thiophenol as the
nucleophile. Reaction conditions such as catalyst amount, solvent, and
temperature were screened. Also, various Michael acceptors and Michael
donors were applied. As a result, we optimized the reaction condition, and
came up with up to 99% chemical yield and up to 87% ee. We expect the
method we have developed to be utilized in synthesis of various sulfur

compounds.

Key Words: Cinchona Alkaloid, Asymmetric Organocatalysis, Asymmetric Sulfa-
Michael Addition

Student ID : 2019-29687
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"H-NMR of compound 1f (400 MHz, MeOD)
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"H-NMR of compound 1g (400 MHz, MeOD)
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"H-NMR of compound 1h (400 MHz, CDCls)
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"H-NMR of compound 1i (400 MHz, CDCls)
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"H-NMR of compound 1j (400 MHz, MeOD)
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"H-NMR of compound 1k (400 MHz, CDCls)
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"H-NMR of compound 11 (400 MHz, CDCls)
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"TH-NMR of compound 1m (400 MHz, CDCl3)
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"H-NMR of compound 4a (400 MHz, CDCls)
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"H-NMR of compound 4b (400 MHz, CDCls)
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"H-NMR of compound 4c (400 MHz, CDCl;)
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"H-NMR of compound 4d (400 MHz, CDCls)
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"H-NMR of compound 4e (400 MHz, CDCls)
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"H-NMR of compound 5b (400 MHz, CDCls)
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"H-NMR of compound 5¢ (400 MHz, CDCl;)
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"H-NMR of compound 5d (400 MHz, CDCls)
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"H-NMR of compound 5e (400 MHz, CDCls)
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"H-NMR of compound 5f (400 MHz,

CDCl3)
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"H-NMR of compound 5g (400 MHz, CDCls)
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"H-NMR of compound 5h (400 MHz, CDCl5)
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"H-NMR of compound 5i (400 MHz, CDCls)
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"H-NMR of compound 5j (400 MHz, CDCls)
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"H-NMR of compound 5k (400 MHz, CDCls)
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"H-NMR of compound 5l (400 MHz, CDCls)
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"H-NMR of compound 5m (400 MHz, CDCl5)
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HPLC Graph of rac-4a
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HPLC Graph of rac-4b
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HPLC Graph of rac-4c
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HPLC Graph of rac-4d

3,004 A
i Q
2003 \ o s
2150, II M
1,00 II,
[ b
0504 | \
/ b
0.00 ! —
5‘50’ E.Il:ll:l ’ IE.l_"l]1 o I'|"1r:||:|I o I?‘S’ﬂl o Iﬂ-‘l:ll]I o 'E-prﬂl o ?I!H}I ' 'ggn' o 1‘||:|I|:|-|:|I-
Minutes
RT Area % Area | Height
1(6.574 43971337 | 47.08 [ 3233051
2| 8.758 49417750 | 52.92| 2999931
HPLC Graph of chiral-4d
0.304
0.254 %
=]
p 0
0.154 H
0.104 |
0.05 \'.
0.004 ,J ' - ~ =
500 550 600 G50 700 750 800 B850 900 950 1000 1050 1100 1150 1200 1250
RT Area | % Area | Height
6.396 | 2225842 | 36.7T5| 217852
2| 8.466 | 3831178 B63.25]| 311096
96

i
= = t_.

53

| &}



HPLC Graph of rac-4e
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HPLC Graph of rac-5b
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HPLC Graph of rac-5c
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HPLC Graph of rac-5d
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HPLC Graph of rac-5e
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HPLC Graph of rac-5f
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HPLC Graph of rac-5g
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HPLC Graph of rac-5h
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HPLC Graph of rac-5i
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HPLC Graph of rac-5j
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HPLC Graph of rac-5k
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HPLC Graph of rac-5I
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HPLC Graph of rac-5m
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