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Scheme 1. Asymmetric aldol reaction catalyzed by (S)-proline
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Figure 1. Representative organocatalysts
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Figure 2. Representative (thio)urea catalysts
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Figure 3. Structure of aminothiourea 1
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Scheme 3. Asymmetric reaction catalyzed by aminothiourea 1.
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Scheme 4. Asymmetric Petasis reaction catalyzed by hydroxythiourea 2.
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Figure 4. Proposed mechanism of asymmetric Petasis reaction
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Scheme 5. Thioureas having additional functions
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Figure 5. Proposed Mechanism for aldol reaction by boronic acids
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Figure 8. Plausible mechanism for amide bond formation by boronic acids
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Scheme 11. Synthesis of chiral bifunctional thioureas bearing an alkynyl moiety.
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13 12777, 11 & 16 % Huisugen s S W72, Boc ZifriE L CT U —A VF AT
F— b EROG S, KEE B F U LKEERIZ E D TFA 2 lifRi#E% L CHIIO T A IRFE
18 Z 5 h L7z,

NHBoc
O ) TFA [CP*RUCI]4 (2.5 MOI%)  BoeHN™
"’N}*\ + N e MeN
Me N C N, DM 110°C, mw TFA E;

20 min N N"J\N N
1 16 G \
N=N
17
CF,
21
1) TFA, CH.Cly, rt FsC N N
2) ArNCS, THF, rt H  Hyen
B — e )n
) H
3) LiOHaq. THF, rt N
(4 steps 43-54% yield) Q’“JJ\N\ N
N=N
18a (n=1, B-isomer)
18b (n=1, a-isomer)
18c¢ (n=2, B-isomer)

Scheme 13. Synthesis of thoureas bearing an pyrrolidine group

F 72, Cu itz L 5 Huisgen ISIZ L > THLND LA4EWR N 7 — Va2 FFOT A
JR3E 20 % 18 & [FIERIZE B L 7= (Scheme 14),

NHBoc TFA CuSO4 (10 mol%) .
O/ N Na ascorbate BocHN®

+ N
"/ \ / N3 MeN
NN t-BUOH-H,0, 1t, 1 h
e
16a 72%
1 FA N
19
CF;

1) TFA, CHoCly, rt, 1 h

S
2) ArNCS, THF, rt, 6 h .
) fo H)LH\ [ ]
MeN
7

3) LiOH, THF-H,O, rt, 2 h
75%, 3 steps

N
N-N

H
%
20

Scheme 14. Synthesis of thoureas bearing an pyrrolidine group
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%53 I HTHAREE O TR R AT

ARG LToHR T AR FEMME 4 Tl W T=hut L7 Dy 7o~k
YDA AN E T B fbBEENE A 39 L 72 (Table 1), £, F AR 18a TIXUi
IR E T o F BRI SOS T U, Z OIS EVEERH D Z L AL
Me&eoTe (entry 1), 1 U 22 2 M OSNARELE WO F AR 18b TRIGZEIT o712 &
AT UTFAFPEDR W L2 Z e D = T ARIRMEIITIEE 2 Y P UROAR
FIEIF L, 7 anXHh o DT I VM OAR T H 0 =) o FARRIEICEE L2
W2 EDIRENTE (entry 2), FTAIRFMBALM D A F L 8N 1 IRFERE VO 18¢ TIEGHH
FEVC I 2T SR o T b OO T L F SRR KIRIC FA 572 (entry 3),
Flo, FAIRFE 20 TIIRISEEN 3 50 1 BREICE L2 LD 2 DOEREDZEM

WAL EI ISR IC R & S B E KT TZ ERHALNE R 572 (entry 4), £l D

ZE T ZDOROSMIR = FHNOF A IRFBEOLE ©r U PR ENENDOEE %

EHELTWD Enz b,

Table 1. Michael reaction of cyclohexanone to B-nitrostyrene by synthesized thioureas

thiourea (10 mol%)

fe) AcOH (15 mol%) O Ph
Ph/\/NOZ . H,0 (1.0 eq) g NO,
toluene, rt, 5h
(10 eq)
entry thiourea yield (%) dr (syn/anti) ee of syn (%)

1 18a 81 91:9 92
2 18b 93 91:9 82 (ent)
3 18¢c 85 82:18 55
4 20 32 93:7 87

WAL DGR LT A, xR A a2 BTt L7 40
BWTEINER, @zt FARRICSOSAHEIT LT (Table 2),
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Table 2. Scope of the enantioselective Michael addition catalyzed by 18a
18a (10 mol%)

fe) AcOH (15 mol%) fe) Ph
toluene, rt, 5 h
(10 eq)
entry Ar yield (%) dr (syn/anti) ee of syn (%)
1 2-CICgHs 88 91:9 91
2 3-CICgHs5 89 90:10 91
3 4-CICgH5 83 89:11 89
42 4-MeOCgHs 89 91:9 91
5 2-furyl 96 84:16 98

@ Reaction was carried out for 12 h.

HEZR S 2 B IRRE & Figure 11 (2R T, filEDO T A IRBEHNN B-= b r AT L D=
FeJE b KEBREETHZ LWL TEMEL. ZLTCER Y DUENR Y 7 A~k )
VETFIUEERT DI LI L o TEMEL U LRI EISDEITT 2 & 2

SY (T

,?\r

_N S
H

H
PR\ . \N%
k\/ “Me
N NS:I
«JA \N;N
Figure 11. Proposed transition state for enantioselective Michael addition

FAmE

EHIINVT Y= m Y oh—E LT n U DU RS LT T A R EM A &
L7, AR Ru il IC 1 5 Huisgen St & Cu filliE1Z X % Huisgen Kt & VT,
TNENILSEB NV T — L e 1AEBR N T — &) o — b LB T A IRE
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fb i 2 BRAOIC B R LTz, ETo B Lot OVENEZ > 7 manFd Y v o= et L7
A Y SDRFE A T AN E AW TEI LTz, EORER, FriiclcEgffiLizer U YU
AL L BEFOBERENSHFEIICE S, FOSZIRATMEEL TWD Z L 2H b e L,
FAR LT 4 FOMBE M A g3 2 2 &1 X0 AlBEME O )R Y 72 Bl A
ENEETHD I & LR TE,

thiourea (10 mol%)

o) AcOH (15 mol%) O Ph
L NNO; HO (10eq) NO,
toluene, rt, 5 h
CF,4 CFs
: ; o N
thiourea yield (%)  dr (syn/anti)  eeof syn (%) | g NN FsC NN
: 3 H I_M H HVIeN
I eN I
! H !
18a 81 91:9 92 1 N ]\ 7N,
' N NH N-N '
20 32 937 87 ! NN L=
! thiourea 18a 20
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TV =T NNF AEE AT DB SREAIE S R T A OB & FAIRE
Fl B R D BEAB A AT

= AS

B 1R 1 Hi TR 7o K 1, FARFE VTR A 2 RUSITR U CTES 7o AR F it & L
T <, BW), AR m =T o FARRINC SO 2 il 2Bl & LT, FAIRE
AEDVRETFHIE)ZIEMEL L, K7 I 2 EEDSSREEAI A VEME LT 2 RS A R &

FHRALTAC &0 IS BOSHEMREIZBE 9~ D A58
MMTHOI ternary complex A & (X722 5 OGSHABSRRZ SN T8, $2bb, Zhix
T X UHMLIZ Ko T 1 b oAb SRR T A RBENAL L KFEREE L ETTET

V= U LDKREEAN 2 AT D IR T & 5 (Figure 12, ternary complex B),

U7z (Figure 12, ternary complex A), € D1%,

CF; S s
s Ar\N)]\ o Ar\N)J\N\“Q
L . |l|\ | ) )

N o o
|
e e T e | R,
H H  NMe, Eh ve LK E H
1 o\ o o product
1,3-dicarbonyl ;O R M\R E
compound Ry = 2 1

electrophile (E) = Ra -
ternary complex A ternary complex B

Figure 12. Proposed mechanism of the bifunctional thiourea-catalyzed reaction

Z DOFTATHRZE SN S F AR ternary complex B 13 4 #J4EE L TV /= ternary complex
ALY BEHBEFCLVHEND LN ERGD o TWDR, TNEIFRT 5 X9 725
EFRT =2 IHT E A LR, SOSTREZZ OB Z R 625 2 813 T4
JREFUEZ TICRBE ST LOIIEFICHEETH L, THUITLLPDLT, 20X 5T
—ZDEF LRV ICIE, FARBEMEE & B L OREEEED NSV, DF D KOG
FURDIFAELL RN D RN Z LR BIT b D, £ 2 CTHEHEIL, A & BE A @80 72 Bl %
ED LY U —TRERE, RISHBEERDLE & 720 . NMR R0 X #fG s g 1
X o TRUSHF A DOREEFRAT N FIRE & 72 D & B 2 T=(Figure 3), H#H LNRNZED U o H— &
LCBIRLZOR Kemp HICL o CTPp—F—r I w 7L LTHESNEYT Y —
NT 2T L UAERECH D (Figure 13)°, Z OREEIZS TR D 1 M OKFEHEAICEI Y TE

F L THREIENTZ 2 5D T U — VD F /L MO EHIENZ L F R U 51 Z f T
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WA TLRENSNTEY . Z OMEENEE~ RHREM S TR ShTn g 2

Figure 13. Kemp's B-turn mimetic with diphenylacetylene moiety

ELZXZOTVT VAT vF LA U, il L WECREA) OB G 21 28
NN ERSE D Z kD LB X, T2 Cli—IEEARET L 22 28
R L. 22 OHEEMENTZ TH NMR > X $MEEANT 72 & OBERAITIC L 0ITH 2L & L
(Figure 14), D 9 2T, 22 1ZxF U TREFH & BUS S TRISHE, SLAZBRPUA: 2 e
BT HZLITLY ternary complex B NEFBEDISHRHIAETH 5 &0 5 ERILFHT —
ZEAGL D LERT, OF VD ME—EEEARE TV LRE S ORIRR TG &
TRUGHREE D A b U AR OSZARZEIUE THETT 37411 ternary complex B 73 EFR D FUGH?
FETH D &V ERILFT =203 HGoNn5, £ L TRICELN BT — & 21
RIS K DRGSR 2385 5 Z & L LT,

Figure 14. Our concept

2 it REEAKRET VO
BRORS S EZE L. KEEDS N —ICIZTF A REZTIIR L REBEZH W, ko=
DI T X AL & Rz 2 O — SR T UZ OV TH AR L7z, Scheme

15 1CREV, FAX VIR o REL= v b LI OEB A EO U I AR = 2=y
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MG Lic, ZD%, TNENERWEL » 7Y 7S5 2 LI K o Tii—REE
HEET L 30—33 & 4 FEEE K L 72 (Scheme 16),

CF;
1) triphosgen (0.6 eq)
(0] NEt; (6.0 eq) (6]
B 3,5-(CF3),CsHsNCO THF, rt, 1 h .
NN CF; = NH> - NT N
H H H H
THF, rt, 6 h, 96% ’ ’ 2) NH; NMe,
I " oeq
INMeg
24 2 THF, rt, 5 h 25
2 steps 80%
I o PhCOCI (1.0 eq) I o O I ¢} I o o0
NaH (3.5 eq)
LDA (2.5 eq) - OMe
THF, -78 °C CO(OMe),
2h, 72% 60°C,2h, 67%
26 27 28 29

Scheme 15. Synthesis of aminourea unit and dicarbonyl unit

O )OJ\ 27 (1.0 eq) 29 (1.0 eq)
N~ N Pd(PPh3),Cl5 (5 mol%) Pd(PPhs),Cl, (5 mol%)
H H Cul (10 mol%) Cul (10 mol%)
Il s . , 24 |
THF/Pr,NH, rt, 0.5 h THF/Pr,NH, rt, 1 h
83% 60%
27 (1.0 eq) 29 (1.0 eq)
Pd(PPhs),Cl5 (5 mol%) Pd(PPh3),Cl, (5 mol%)
Cul (10 mol%) Cul (10 mol%)
25
THF/Pr,NH, rt, 0.5 h THF/Pr,NH, rt, 0.5 h
75% 85%
32 33

Scheme 16. Sonogashira coupling
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B3 i REEARE T L OREERNT

filft— I EH SR ET VA2 SR TE =0T, 9 30 23 THEE  IZRFBENALIS T I /LR
ZIVEANL & S FINKRER S TR L T\ D 03% "TH-NMR I L Y fi##t L7=, CDCL, ' 20

mM TO 24, 24 & 27 O 1:1 DIRAVEIR. 30 © 'H-NMR % Figure 15 12777,
(a)
o
’ H N.Ar
|‘ (9 o° I 02;3
J |L JUUUL‘J‘I'L
(b)
| OH O
’U | olo 24 + wph
h JI |
[0/ Y \ 21
(c)
on ™ "
o JUUW““U»UN’) N g

Figure 15. Partial '"H-NMR spectra (20 mM in CDCls) of (a) 24, (b) a 1:1 mixture of 24
and 27, and (c) 30

24 DAY MT—HERD ERFEEHNMNO NH 72 b OE—271% 7.08 ppm & 7.28
ppm T& > 7=(Figure 15, (a)), 24 & 27 ® 1:1 DIRAEIE TITFONH 72 O —7
1L 724ppm & 733 ppm TH Y . DT 0720 HIREYE S 7 b LTV e (Figure 15, (b)), =
D7 bix24 & 2T OREZELS T2 L1FE A BRI &7 7> 7=(Table 3, 24 and 27),
IO ZOEMEY Y 7 NI FRIOKFZREICL DD THL Z LR D, 0B,
Table 3 (23T 24 D CDCL HHIZ B W TIRE 23 < T 5 I D TIRFHMLO NH 7' 1
hoDE—7 RESY 7 N LTS, UL 24 HIRTH 24 K5 L TOH DK
FIEEPFEL T ZOWENHFREME T O DIl éEZx bbb, Fiz,
30 IZBWTIENH 71 b —27 132 %t AFF4 RBLIHIT & 7= (Figure 15, (¢)), Z#U
X 30 OV b REIBOK) & = ) — LVIBOE)NC 72 > TV D72 Th D, 30K
& 30E DR ITRB L E 45:55 THHo7-, 30K TIEINH 712 b O E—71%8.62 ppm &
8.82 ppm T& Y . 30E | 7.80-8.00 ppm & 8.62 ppm T~ 7=, 7% 7.80-8.00 ppm D t™—
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IO — 2 L Ep > TV 272D CDCLIEKRHIZE/KZ % 7.80-8.00 ppm D &' —
JDI)HBNHICHKRTDLONERA T & TR TE, 7 M= ) —ARIOT A
VNEENEND T IR VEI D afii 7w b & NH 7 | koD v — 7 OFEME % H
W95 2 LI Ko TTo72, 7230 128 2SS 7 MIREIIKTE L2 o722
LInDIRFBEAL & D4 b LDy TR GG 3T & FL7- (Table 3, 30), %724 T-H
KFBREEZI L TV D 30128V T7 MUGBOK) & = /) — /L RIB0E) D LE 31T 45:55 T
DM, XD TRV 2TIZEAENT ) —EE LTIFEL TV D, ZHUTIRFETBAL &
U N UELDKREFERIC L 2T ) =BT ) —)LNTO 6 BEBRAKZ-EEND D
BEREII, =/ — EPHENCARLEICR DT EE X TND,

Table 3. The chemical shifts of two NH protons of the urea moieties of 24, a 1:1 mixture

of 24 and 27, and 30 in 20 mM, 5 mM and 1.25 mM CDCl; solutions (ppm).

compound 20 mM 5 mM 1.25 mM
24 (7.08, 7.28) (6.88, 7.23) (6.87, 7.22)

24 and 27 (7.24, 7.33) (6.92, 7.25) (6.83, 7.24)
30 (8.62, 8.82)2 (8.61, 8.82)2 (8.62, 8.82)2

(7.80-8.00, 8.82)°  (7.80-8.00, 8.82)°  (7.80-8.00, 8.82)°

a keto form, ° enol form

WA 30 D X Kl ARG ST 217 o 7= (Figure 16), Z O X Ffs s 1238\ )T 30 1347
NUCHFEEL Tz,

30K

Figure 16. X-ray structure of 30K. Bond distances characteristic for hydrogen bonds are

given in angstroms.
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eI TEY2 DONH 7' 2 h AXZENTIL2 DDA VAR =)V HE L NE L CKFERA LT
BY., 2 HOKERMEVDTEHINLTND ETFHRL TV, LALEBEW-ZZLIZ 2 2D
NH 7 b AIT AF AMMD—oD I NR= VI E DBKERELTEBY, b9 —FH0D
HNR NV EITARBEREAITE 72 BE L TWeno Tz, RBKEEAERT 2.11 A,
214A Thoto, FETAFLD2O0 sp KELOFREAAIT172° L 173° THY, &
ERKBREESR Y NI =T BT DT-DICT X ACOTHABELTNDZ &R
Mol ZOZEETT ) =T B F L SR H S RE R Ao TS 8 &
RELTEY, Vo —E LTARMZEIZED TH D Z L MAl x5,

Wil 7 — VAR 30E D FEL T D DIZH 0300 53, 30E O X frik bk
FENT I O] 72 A da NS H 7R D> > 72D T DFT #HFL(B3LYP/6-31G*) Tl 22 iE R % 5K b
7z(Figure 17), E7-HED7201T X #ifEaniiE 2 #)HE & LT 30K @ DFT #HHEI1C &
DEREEHER NZEDOAHTZRAF—H RO, fHRE LTI 30E 1 30K LV 08
keal/mol A FHIIZ T E T dh - 7=, CDCly H 25 °C T 30E:30K=55:45 & ™ 5 FBRAE F >
5 30E & 30K O H T3/ F—DZT 0.1 keal/mol TH Y | HHT RV F—EDFHHE
filf & FERIE D 71T 0.7 kacl/mol &/NE2vo 72,

30E

Figure 17. Estimated structure of 30E from DFT calculation. Bond distances

characteristic for hydrogen bonds are given in angstroms.

WITEFILT 2 7 Ha o 32 OfEEMIT 21T -7, 25, 25 & 27 @ 1:1 DRAEIL.
32 ® 'H-NMR % Figure 18 (2777,
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(a)

~ O
&

_JL___ JU"JLMM

(b)

J o o)
JUL,M'HMLMUM J{ e

(c)

M'L_)UMU _ A

8.0 1.5 7.0 6.5 6.0 5.5

Figure 18. Partial '"H-NMR spectra (20 mM in CDCl;) of (a) 25, (b) a 1:1 mixture of 25
and 27, and (c) 32

30 L [AARIZ 21T VT H 25 LEETNH 7' 1 b OfRRESE> ~7 h R S 7z (Figure 18,
(@) vs. (¢)) Z DR 7 D HIBEIZ L > TEER 2N ED 2 1IZBWVWTHO TN
IKEFERINIFAET D Z & 0337 o 7= (Table 4,32), L72>L 321330 & &V Rl =
J = NVHIOERIT 27 LR TR 2o Tz Rl ) — LV = <1 :>99), 7= 25
&£ 27 D 11 OIRBVEITIE 25 O NH 7' b U OBRVEED 24 Ll L TRV 29Dy
FHEOKRFREA N L A EBLI S 717270~ 72 (Table 4, 25 and 27),

Table 4. The chemical shifts of NH protons of the urea moieties of 25, a 1:1 mixture of

25 and 27, and 32 in 20 mM, 5 mM and 1.25 mM CDCI; solutions (ppm).

compound 20 mM 5 mM 1.25 mM
25 (5.63, 7.06) (5.62. 7.05) (5.62. 7.05)

25 and 27 (5.71.7.08) (5.64, 7.05) (5.65, 7.06)
32 (8.16, 8.20) (8.15, 8.19) (8.15, 8.19)

FLENRZ LT 32128V T H X MRS SR 21T 9 2 & A3 C & 7= (Figure 19),
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Figure 19. X-ray structure of 32. Bond distances characteristic for hydrogen bonds are

given in angstroms.

D NENET ATFAT I BT e FARIC K = T— NI RS
LCT VBT LNERL TV, AL 79— MO D VR=VEESE O(1),
o7 = L7 K O'N(D)H, NQH 7’1 b v & ZNENAF-EAEEZIR L
TWLZ BRI, 32 N2/ F— T VE=U LN ) —L—T IV Thb
DINZDOWTIL DFT 3R TIRIE L7z, 2 DOfEEE N E N A2 KF LA DR 2 FHE L TL
EMEZ RO TEORHZ VX — 2 ik L7z & 2 AB3LYP/6-31G*), =/ T — h—7T
VEZULADIEIBE ) —A—T I L0 b 3.9 keal/mol RETH o7, Ak L7z 32
IZBWTr Ml ) — AV BIOHRN NG EED LR WVEBIE T 7 b SN Y A
FAT I ECEDMTm F ATV =) T—= NIRRTV ENLTHD, £z, &
KREZ LT rE=v LT b AgIEEN ETEZERISES RA DTV F b
BENT- B LR = VEESE OQ) TlEZAR K TV X AND B VR = LEgFE O(1) & i< KERE
LT\, KEHAERIIZNZI249A & 174 A ThoT-,

WIZEBILT R AT )L 31, 33 IOV THRIEMRIT 21T > 72, 24, 24 £ 29 D 1:1 DIR
AR 31 O 'H-NMR % Figure 20 (2R L. 25,25 & 29 @ 1:1 OIRATRIK. 33 ® 'H-NMR
% Figure 21 (27”7,
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(b)
’ olo 24 + @é)ﬁom
JMU‘L W o
(c) NiNm
O ‘ 5 §
JL L@@U 4 um_ O‘

Figure 20. Partial '"H-NMR spectra (20 mM in CDCl;) of (a) 24, (b) a 1:1 mixture of 24
and 29, and (c) 31

(a)

1 ¥
(b)

o

JuL_J"ILM .JHJ‘UW“.
(c)
Ol ||
e MW
|||||||||||||||||||||||||||||||||||||||||||||||||\II||||||||II‘IIIIIIIII|I

Figure 21. Partial "H-NMR spectra (20 mM in CDCls5) of (a) 25, (b) a 1:1 mixture of 25
and 29, and (c) 33

31, 3B IOV THINETLRERIC NH 72 b OS> 7 FAR LIV, £ DOEE:
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5o 7 MIREIKIMEL RN Z &b FINKERE S OFFEN R S 4172 (Figures 20
and Table 5 for 31, Figure 21 and Table 6 for 33), F 72457 F-NKFEFEE D72\ 29 TIEF b
B ) — VI8 80:20 THHIZH 2 63, 31, 33 1B\ TH = 2T VLT
T MITh-o7-, ZHUT 30 IZBWTHBMH SN TINKBREENFIET D LT
NMUDENHET LW & —8T 5, 7T/ EEFFO BBV TS b= AT L
O TCOTEY—R2OFELTEY, 02 50T t~— <7 MUITHDH, LnLE
Dofi7m N OBEEOKRI IR I TBllSh L) 72> F— Mo R
PERIZEIS 5 Z L TE R o T,

Table 5. The chemical shifts of NH protons of the urea moieties of 24, a 1:1 mixture of

24 and 29, and 31 in 20 mM, 5 mM and 1.25 mM CDCI; solutions (ppm).

compound 20 mM 5 mM 1.25 mM
24 (7.08, 7.28) (6.88, 7.23) (6.87, 7.22)

24 and 29 (7.34, 7.37) (6.94, 7.24) (6.83, 7.20)
31 (7.53, 9.25) (7.53, 9.26) (7.53, 9.26)

Table 6. The chemical shifts of NH protons of the urea moieties of 25, a 1:1 mixture of

25 and 29, and 33 in 20 mM, 5 mM and 1.25 mM CDCI; solutions (ppm).

compound 20 mM 5 mM 1.25 mM
25 (5.63, 7.06) (5.62. 7.05) (5.62. 7.05)
25 and 29 (5.64. 7.06) (5.62, 7.06) (5.66, 7.06)
33 (6.48, 8.96)? (6.48, 8.96)2 (6.48, 8.96)2
(6.32, 8.88)7 (6.32, 8.88)7 (6.32, 8.88)7

@ two diastereomers of keto form were observed.

FFT 31 O X R AEE AT B EEh L 7= (Figure 22), 30 & [RIEE, NH 7’2 b 37
N AND T NVIR = )VEED I EIKFREE ZTERL L Tz, FRERNA S 33 1280V TIE X
MRS A TS R | U) 20 A L 2 (BN 72 032 7228 33 O 'THNMR 3 31IC LS ITn D 2 &
235 33 1% 31 LEBROBEE CTHEL TWD DL TRTE S, 33 TITo T RISIZ D
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T D DFT AT L 2 BOSHE AT 13285 5,

31

Figure 22. X-ray structure of 31. Bond distances characteristic for hydrogen bonds are

given in angstroms.

54 M REEARE T L LRE A & OROG

B LT B SR T L OREEMNT AN E SR T2 DT 32, 33 (TRF L TS
DO REFA 2 SO S FFOR & [FEROSLAEPFUE TROGSDEIT T 202 5 Z &
& L72(Scheme 17) , TV E=U LT/ F7— R LTS 32 ICB-=hrAF L
34 H R ST & ZARERN AR B RLETR > 12 2B IR A % 5 2 7=,
Boc 1 X ¥ 35 ~® Mannich [tz L7z & ZARNMTHNIZHEIT L2 DD, 2 Fi
DIT AT LA~ —IREW(60:40) & LT 36 BNEOLNT-, ZHIUTLAHD SRR T
JMNFEIT LD, 7 oD oA VfbLiclebEBZExohd, TVE=D
AT ) T— R BB L TO RN DI HET LN Z ERNERESNZb 00, O
JVIR Z VLD a ML OGRS H 4 BRERFRIZ 72 5 DT E A UALDLELD 720 33 (2%
LTBoc A I35 ~DO~vr =y b RIEERLIZE 2 A BBKEENZ L1231 & RIFRICH
RODITIIEDBET L, BEISEFR CNAATEIMD GO, £/, B N7 Y /{bIE
IZBNWTH, YT B 37T 2RSS HED LN UGS ET L THEISTEESN D
LD EFICNEROEIIM 39 NHE—DTT AT L A~—L LTHELTE, ZOZEND
(F AR BRI K % A7 Mannich )& A E R T Y /7 {EISIZE80 ) T ternary complex
B %k D ROGHERE 2 SR 5 ERILFINT — 2 B b i,
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Ph (0]
\/\NOZ O )J\
34 N~ ONY
H H

NBoc

Ph H

08,0
H

N
35 H
(1.0 eq) | | NMe, (2.0 eq) | | NMe,
complex mixture -~ o 0 B o OJ\
CDCly, rt Ph CD,Cly, 1t Ph
12h 10 min
100% Ph NHBoc
32 36
mixture of two diasteromers
(6:4)
(o}
N B
)J\ - Boc” N"TO¢
N 37
NMe, 35 (2.0 eq) (1.2 eq)
NHBoc - - .
X CDCly, rt CD,Cl, rt
., Ph 10 min 102m?n
‘CO,Me 100 % 100 %
38 33 39

single diastreomer

single diastreomer

Scheme 17. The nucleophilic reactions of the binary-complex models 32 and 33

38. 39 ONARBLE TR D K 5 IZRE LTz, HE E 39 ORI OIE D

Hik~%, %

TR FTOT VMBI L D29 DRF e BT Y LU EITVIOEEE R e R
TV AR 41 BT SN S Z OB 41 O ) FAREIERIT 53% Tdh o 7o AR
EZORFEITIXIF EA EMEIC /RS20 O TRICHET Z L L L, 29 ORFE RTY
ISR 3 2 AR 72 & OFEIZ W T ERIR T 2, ZOBRSUED A ¥ ¥ —1k
ZOETHL ZERTTIIHESNTND ™ 41 &7 X/ JRFE 25 LIS v 7TV T
ICE->THAELTZEZ A, 39 LZDVT AT LA~—42 DIREMN T6%INFR, 76:24
DUHRTEHEONT, ZOWRITH O FA~—DHHET6.523.5 L1FF—HT5H0
IBTDAT X (5)- 41 ICHKT D LEH
ZbND, o T39DF FZ= AT IVEMLD a fiDNAKIL S THDH ERE LT, BB
IO EZHNTHIEAD v 7V 72179 & 11l OLRT39 L 2035607,

THEED v TV T DA v —{K39 7341}
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0,

Crr, O

H H

NMe,
Lo 40 (10 mol%) | o NHBoc Pd(zpspfg)zlc(ilzzo(; Oolrl}o;%)
=| , Cu (3
Cij/cozm _BooN=NBoo37 C@,Nsm
CH,Cly, 0 °C, 24 h COMe .
THF, Pr,NH, 1t, 2 h
97%, 53% ee z 2

29 (er =76.5:23.5) 41 76% (42:39 = 76:24)

Scheme 18. Determination of the absolute configuration of 39

X
NaBH, (10 eq) H H\\‘
. 4 q NMe,
MeOH, rt, 1 h QH  NHBoc
0,
7% Ph
CO,Me
43
single isomer
| 0 cat. 40_ 35 | 0 RNHBoc NaBH, (5.0 | {H
CoMe _PhCH=NBoo (R): N aBH, (5.0 eq)
CH,Cl,, 0 °C, 24 h ‘@ “Co,Me MeOH, rt, 3 h
89%, 91% ee 76%
29 (er=955:4.5) 44 45

X
Pd(PPh3),Cl, (10 mol%) NN
25, Cul (20 mol%) HoH o e,
) 43 (84%) * OH NHBoc
THF, ProNH, rt, 6 h :
Ph
CO,Me
46 (trace)

Scheme 19. Determination of the absolute configuration of 38

NHBoc

7 Ph
COzMe

RIZ 38 DILRLERTEIEZ B~ D, 39 EFABROTIETIEMEFEEREL LD & LR

BEEAD v 7Y RSO BRIZ# Mannich OGS EIT L TLE W& L=,

WA

Mannich iz 85 <7212 39 D7 b LA NaBH4 IZ K> TP /b a— /W& Lz &
AR—DUT AT LAY —TEILEA PELNT, RIZ29 I L TR FT U7
U ikl 40 12 &5 RF Mannich KOG ETTVN 91% ee D 44 1572, Z OFRIED A Y
¥ —IKIZQSIRKTH D Z L NTTITHE SN TWD ™, KIZ 44 (2% LT NaBH, T/
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MoEMLAIRIC LT & 2 A Re D DIRITOSEIT LT 45 ZHEET 5 2 L3 Hik7z, 45
(XL CHEED 7Y T AT D L 8A%IE TR LIS AR O 'H-NMR 72 E OHGR
F—ANA3 L —H L, FOPTATLE—ThHD 46 1XEE AL EHB LRS-, T
D LMD 39 DNARIL 25,1°R TH D EPE LT (Scheme 19),

29 DARFE BTV 2 {LRIE, A7 Mannich FUSIZRT 2 st 72 & OFEMIC oW
T2, e FTV LRI LTT R/ JRFE 47 # W26, ROGIEHE
RMTHEITT 2 b DD T F A IWFIZRDY 17%I #4840 - 7= (Table 7, entry 1),

Table 7. Optimization of asymmetric hydrazination of 29.

L0 cat (10 mol%) I 0 E:BOC
COMe BocN=NBoc 35 ' o0C
—_—_——-————- ‘7,
CH,Cl,, temp., 12 h COMe
29 41
entry cat. temp. yield (%)? ee (%)°
CF;
1 rt 97 17
X
2 FaC NN rt 98 75
NM92
a7
0,
3 s rt 93 40
N
BN
4 N N 0°C 98 53
NMe,
40
a |solated yield ° Determined by chiral HPLC analysis ~ © o
CO,Me
was used instead of 29
48

ZORKERDT-DIZ29 DOV IZ48 o & Z AT U F AWML T5% Th >
7-(Table 7, entry 2), ZDZ &5 29 OFFHFLR LD I U RNIRIBERNAL & T V7R = /VERL
DARFEREZHEL TN DD LEPOND, RIZT I /XY FT7 VTV 40 TRIG
BTz AT U F A MEIERIT 40% E TR EL, BEZ0 °CIZFNTFHZ & Tx=)
U F A IEFIERIL 53% & 72 o 7-(Table 7, entries 3,4),

R Mannich fS It & LT X 7 JRFE 47 # HWTE5E . RS ITESNTHEIT L
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T F A RREIERIT 73% TdH o 7=(Table 8, entry 1), 7 2/ FAIRFE 1 TH SUSITHLH
IZHEIT L) T A EIER X 77% Td o 7= (Table 8, entry 2), 47 & 1 OUGHE, TR
FHEPFLL TWL 2 enb b T I 2 RFE 4T L7 X FARE 1 IZFEROBERE CTRIG
DEITLTWVDHEEXBND, HEIZO0CTT I/ RN FTIOTIV 40 2H0DH T
LIZ L0 =S o F o EEIERIE 91% L 725 7= (Table 8, entry 3),

Table 8. Optimization of asymmetric Mannich reaction of 29

Il o cat (10 mol%) I O NHBoc
CO:Me PhCH=NBoc 35 ph
_TheRENsoeSs | 9
CH,Cl,, temp., 12 h CO,Me
29 44
entry cat. temp. yield (%)? ee (%)°
CF,
1 /@\ o) rt 92 73
FsC NJ\N“'
HoH o WMe,
a7
CF,
2 j\ rt 91 77
NM92
1
O,
S.
N
M
3 I 0°C 96 91
NMe2

3 |solated yield ° Determined by chiral HPLC analysis

S5 g7 — X BRI LT2RHEARSRIT K 5 33 @ Mannich i O R fig b

33 LW OMDORETH & SO B OB NSRRI CHEI TS5 2 &, £ LT 33
DEHFETHD 31 32 O X HEEENGONTEZENbZDT—2 &b LICRYE
3BRTUE=TLT ) T— MR L T THRIEPETTT 202 AT 5729
IZH 33 & N-A RS HAR=bA I 2 & D Mannich 0 OBSHERMT 217 - 7=, FeRIl72
FLAR 28 22 WO BR 0 ST AR O B (L1 d Gaussian097 & U T B3LYP/6-31G*> L UL T T
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ZOBRIREF R A [F U L~V TIT o 7o, R SCHIZFE#E 0 Gibbs B =1L ¥ — (9~
T2981SKIZBITHHDTH D, ROTET R TOKINEBIREIZ OV TIX IRC FHHEZ1T
572, IRC FHARDNRI L CHIZ O PRKRIATE E D2 o 7o HEIL IRC #HRA K 2 57
DIZNEF WD DIl LR Z L d & R b USRS O H AT
% Z & il L1233 O X Bk it IE 1345 D L7270 o 7D T DFT GHRIC K 0 & MY
T )= NVRNZET S 33 OREERELZRODLZ LITLz, 7 MITH D 33K-1,
33K-2(33K-1 Dt~ —), =/ — VB TH 5 33E O EE % Figure 23 /7,

33E (4.1)

Figure 23. Optimized structures of 33. Bond distances characteristic for H-bonds are

given in angstroms. Relative Gibbs free energies (kcal/mol) are in parentheses.

33K-2, 33E3ENZH 33K-1 £ D b 0.9 keal/mol, 4.1 keal/mol = R /LF— MR- 7=,
ZAUT 33 D 'H-NMR OFER 1T E A EFIE LR, RICEFIIA I v OREERHLE
RKDio & Z A2 DOFELE MR OS5 5 4172 (imine A and imine B)(Figure 24), imine
B ¥ imine A XY b 2.2 keal/mol ZE T >7-, F7 imine A & imine B DELEZE(L OIS
PEAL 3L —1F 3.3 keal/mol T % 7= 1Z imine A & imine B [ FBIRICH 5 Z &4
K OYIEVAN
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imine A imine B
(s-trans) (s-cis)

Figure 24 . Optimized structures of the imine.

WIZ 33 78 32 O X B Gl EzfFo L Bbn 27 v E=y h- ) T — |
IM1 2T 27280 TSI 7' 7k 21b) &R 7=, SLARHEE % Figure 25 12777, 33K-1
26 IML Z AT 5 729 O TSIK (XFEFIZ =R/ F—723F < (28.0 keal/mol), =Bl Tl
RMNIIT 2 DIFREEE B2 5D, —J7T33E 2b IM1 ZJERT 5720 TSIE
I3 Gibbs H H1 = F /LK — MK < Z D FE%] Gibbs H H = /L —(% 8.1 keal/mol TdH - 7=,
ARGV BR TESHCRIST HZ E28\ANIEL, F F= AT VOl v b 1kl
TSIE Z R CTHEITL TWDH LFZ X HiLd, £72.IM1 DT R /LF —|L 8.3kcal/mol TH Y |
BIXOLTMICERTET ) T— ML IEHEITLTWD Z E B0 5,

Me ¢ Me
= e
! i..\Me "N\
-y | e M
H O (o]
X-"SoMe

TS1K (28.0) TS1E (8.1)

IM1(8.3)

Figure 25 . Optimized structures of TS1K, TS1E, and IM1.

RIZ C-C fERTEHDEBIREZ RO LD L LTz 25 2 DORBENELNTZ, EORE
L 13X IM1 & imine A 739 % channel A (Figure 26) & IM1 & imine B 2395
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channel B(Figure 27) Td %,

IM3a (24.6)

Figure 26 . Optimized structures in channel A.

channel A O IM2a [T L EMEEICBNTA IV DA NVR=ZNVBFZDIRNT o FE
= ATu b EAEBELTEY, TOKEFBAREIL 179 A Thot, —H T,

channel B @ 1A IM2b (T ZEMBIEICBNTA I VDA VR VERE L A I VEHR
DWW SFINT =T L7 8 FrERERELTEY, £OKRE-EREITIM2a ITBT 5
HLOLY L EMN-T2, F72 imine A (X imine B £V % Gibbs H = R /LF—03EWNIZ
2373 59 IM2a (17.1 keal/mol) (% IM2b (21.8 kcal/mol) LV b LT TH -T2, KIZ2
DDOREIED C-C BT IT D BBINHE TS23an TSapap PHEIE 2R DTZ, 2 DDER
REBIZBNWTT v E=U LT R b e I UVIFKRBER-E LT EE ST, FEBLD
EBREBICBWTHUSHETT DI ONRFELE 7 NZ AT VOMAERANHED | A
IVET RS AT R N COMAERNRE > TV D ORI e, TS H
2T =F R AT ANSBEFARRRA IVANEIFBIN I O EZERI LN
%o FI-ENENOFRH BT RV X =1 TSz 23 29.1 keal/mol T& U | TSapap 23 34.9
kecal/mol Td - 7= Z & 75 channel A %% T Mannich fSidtir L B2 b5, £7-2
D TSza30 DHIREEPE M ONLARRIEBRETd D Z L D337 o7, 7238 channel A TI3ER
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RAE TSyasa IZF A IM3a %A %% T Mannich /& TM % 5-2 573, channel B (Zi&E&k

=1
[Ary

TSapap D & & FAZ #9712 Mannich (A TM 2 5- % 5,

(0]
HJ\HW
Me. . : NMe,
H SN0 HTY
=y
H” >Ph
IM2b (21.8)
(0]
H)L”\\-
_ S NMe,
oA
MeO” N
H™ “Ph
™ (9.8)
Figure 27. Optimized structures in channel B and of TM
TS2p-30
channel B (34.9)
TS1K —
+ imine B ,( N
30.0 — (28.0) K
| m— . IM3a
S8 TSaasa e N\ (24.6)
M2b S (29.)  —
(218 /¢ .
— —1 ,— .
g 200 i s channel A
= ! —
S \ S IM2a .
< TS1E | M1 i s
= e L X (17.1) o ™
0] +imine B , +imineB . N3
< 100 — ; (8.1) (83) Y (99)
33E +(4'T)'"e B, 7 7 C—-C bond formation
33K-1 +imine B  intramolecular
0.0 —| (0.00  deprotonation of
’ ketoester

Figure 28. Energy profile for the Mannich reaction

Figure 28 |CEF ¥ =707 7 A L&, WA I E L Y b Gibbs H = %
SR IRE LN D FIEAVE TS AU TSRS 5,
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Figure 29. Optimezed structure

diastereomer

AG (kcal/mol) (B3LYP/6-31G*)

Figure 30

40.0 —

30.0 —

20.0 —

10.0 —

0.0 —

IM3' (32.6)

IM1
+ imine
(8.3)

———

»
»

M2
(18.4)

IM2a
(17.1)

in the reaction pathway

TS2'
(43.2)

TSZa-Sa

(29.1)

C-C bond formation

TS,.3(43.2)

™ (12.1)

affording the other

™
(12.1)

™
(9.8)

. Energy profile for the reaction pathway affording the other diastereomer

Flo. VT AT VA =2 52 5RBEOPHIE, EBREOMEL KD, =¥ —7
17 7 A Vb RO (Figure 29, Figure 30), 7 A7 LAY —%2 52 HRKIZHBNTH
channel A & RIEEIC IM2°, TSy5. IM3’, TM LJEICRE CRUSHEITT 5, O BERE T
& HIBRIREE TSy 5 DFAXT Gibbs H T R/LF —(X 43.2 keal/mol TH Y | TSy3(29.1
keal/mol) & Frili L CHEF IZE < . Z4UE 33 @ Mannich JGSITHE—D YT AT LA~ —
LovEHnaun & ) EZEER & —Hd %,

AR HFEE LD B Gibbs HH =R LF—RNENE WD FIFICONTIRRD, &
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Bl DFT 3R D /N7 A —& — & LTI STV 5 B3LYP & V2, L L, B3LYP I
FHITDOBRER A5 TRV DTS2 EDOFRIZBWTZ DL O Ry E%
LT ERDHD P, I TEHIT BILYP6-31G* TR - e LB 2% LT
M06/6-31G** *° L\ H XT X — & — « LB A W C— i HE TAE #RD T
B3LYP/6-31G* CT3R ¥ 7= Thermal correction to Gibbs Free Energy % VT G & H L7=,
ZOREREFE LD R —T 07 7 A L% Figure 31, Figure 32 (27”7,

20.0 —

10.0 —j

o
o

-10.0 —

AG (kcal/mol) (M06/6-31G**//B3LYP/6-31G)

33E + imine B
(2.7)

"

33K-1 +imine B
(0.0)

TS1K
+ imine B
(21.8)
channel B
TS2.30
IM2b (13.7)
(10.5) .
M1 — . .o
s TS1E \ +imineB o TSz . . IM3a
! +imine B V(5.9 . (9.5) . (3.6)
B3 e IM2a f—_—
eee (6.0) channel A
C-C bond formation ™
N (-7.6)
intramolecular
deprotonation of
ketoester

Figure 31. Energy profile for the Mannich reaction

THRE D RXT A—F—% M06/6-31G**|ZAEHF 5 Z & CHR L7 F/EIT7e< 20 BIY
WIINJEEREL U % 7.6 keal/mol Z27E & 72 o 7, F T2 ALHBEFE(TS2030) DIETE L = R /L — M3
9.5kcal £ 720, 10 3 LANTRISHHE T T 25 &0 0 EFFERICAI L7 E & Zp o7z, L
L7273 6 TS2 NALHE AR 72 & v H Z & X0 channel A 7% channel B L0 & FF|TH 5 Z &,
VT AT VAV —% 5225 TS2UE TShus &R TIHEFIZZR VX —REmNZ L2 ED
IR RIL B3LYP/6-31G* L LR L TE D LR o 72,

AG (kcal/mol) (M06/6-31G**//B3LYP/6-31G*)

Figure 32

30.0 —

20.0 —

10.0 —

0.0 —

-10.0 —

TS2'
(26.8)
M3’
X (14.8)
—
M2’ \
IM1 (9.3)
+imine ‘ .
L TS,..3 .
59 L. o a-3a .
69 ;:...T' (9.5) N ™
(6.0) IM3a X (-1.9)

C-C bond formation  (3.6)

™
(-7.6)

. Energy profile for the reaction pathway affording the other diastereomer
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FEHICT V=TT U U Ko CHEAE Ll B AR T L B SRk
L. '"H-NMR <° X #iEan S imic L0 2 072 3 kot 2 o e L, £ 0#E
BRET W K o TEF TS EHDN ST ETBINT 5 2 &L ORI WTF A IRFE
FlE SIS D R AR OREE 2 50 D 2 & D3R T2, X BRAS S IS AEAT C D43 T-INKFEES D
RAUZHOWT 7 MUOEHEIRET /L 30 & 31 TIIRFHNLO 2 DO NH 712 h 3T
xR ANDO—DD N =VEFE L KB EZTR L TEY b 9 —DD VR =)L
FIIAKRFERHEEICHEG LW ehole, —HTT I UEEAFD 32 T FROT I~
WAL R DV RO T | o AEBEZ D T E =T A—2 ) T — NI o T
Wy ZOBET VBT AT T R L2 DD I VIR VRS L KBRS TR L TV
W, TSNS — RZEMPNSE N K S IZRZ D TR AND VAR =V EFR L 0 iE<
KRFEREE LTV, ELEEEET L33 L THEEOREFHAEHEEEZ
ARMETELNCHEI T LHE—O YT AT LA~ —0 5 b iz,

W, i —EEEAERETANOEONIEERT — 2 %2 b L IZHHELFICL D

Mannich S OWEIEIT 21T o 72, T 2O ONTEHREE L DD ERD L DT D,
() 7 FERAFAD a DT 1 koAb MG = — AR LT S, (i)

CCREBEMRIZEBNT, A IDar 74 A= g T imine A DEEZR & 5, (ii)FH
BEPE X C-C HEBTERDEMETH D, (iv) TorE=U L—x ) T — FAMDIZA 2 D Re
S LTS RWZDICHE—D YT A7 LA ~—%& LT Mannich (k235 5415,

NS OFERIT D E B AT 5 T2 RUGNZ I TUE Papai © 23528 L 72 KOt P A
ternary complex B Z 8 THUGAHEIT L TV D Z & 258 < SCFFL TV D
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HI3E AR T A T o B- AR VAR e D53 TN A VAT IR O BASE

HBLET 7T R UiBE RSN~ A T IOVRINEOG DB %

<A T IATINEEE S O T 1883 4£IZ Kemnenos 12 L VW~ VRS A F L b
FUF o~ o Br A7)V L ORIGTYID THAE v, 0% 1887 4E1Z Michael 5723
BENNVRT =3 v & a,B-REAFULEY & OGO RFHI 22 FE 24T - 72 *(Scheme 20),

CO,Et

NaOEt Ph
o X COEt (CozEt — . CO,Et

CO,Et £10,C

Scheme 20. Pioneer work of Michael addition

ZOWENS 1B0EDHED o TV DRZDAMALFE EOA A ENSIHEICBW T
Z ORI ANAT O T D, REIC 3 ®, 5§ 1 H)TERbT . RETHRS Z &I
53 E, B2 EHMENARE A TATINIZ DT TH T X IR EMN S X T
WIAEEM Z BT D FiE L L TEOEBEEN L OIFEEOER DRy L 72> T

%7) 27, 28,29
} 2SbFg e I
OTMS 6 CO.Et

o /\/COZEt . (10 mol%) t-BuS 2

t-BuS COzEt
COEL CF3),CHOH

(CF3)2 91% yield 93% ee
-78°C, 3 h

O-5m-i

O BnO.
OO (10 mol%) NH O O

Me/'\)J\NJ\O
-/

84% yield, 88% ee

)

0
MeA\)J\NJ\O +  BnONH,
/

CH,Cl,, -40 °C, 16 h

Scheme 21. Example of matal-catalytzed asymmetric Michael addition

ZDSEICB WIS BB L ARSN S MG SN TE Y, #il21% Evans H13F 7
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VR 2 =T v ) Fo~wa x— s ~DV Y NV T U T B X — L OEINE, mT
F U T AR LA~ A 7 NI R LT 5 ¥, E72, Collins H1EF 744~
U LA DT o B-REAFIA X RADOARF T P~ A SIS EHE L T 5D
*!(Scheme 21), 2000 4F LA 1 & BARS N 2 C, AT AL X 2 BRBLAY R 75~ o & At
IMOMENL L I STz, 72 & 21X Jorgensen B 1L 7 1 U AU 47 % UV CHEM: A T
LD o B- AT VT RADARF~A F A INERE L 2 £72, Wang By
vaFTaa, RA8 NV R TV = D= bt LT U sDRFE~ A VA
Nz b4 % = & & L LT D P(Scheme 22),

1 F3C 1
Co,B 1 E
Bn02C 250 H O !
o CO,Bn 47 (10 mol%) o 5 cF, |
+ ' '
N Ph H N OTMS
Ph/\)LH CO,Bn EtOH, 0°C, 96 h P
80%, 91% ee i Q
: CFs
I FiC
‘ 47

Ph_*
H 48 (10 mol%) w/\
N

\R
Ph._~ N N
~SNo, N CH,Cly, 1t, 24 h N

87%, 70% ee

Scheme 22. Example of organocatalyzed asymmetric Michael addition

BICTET T2 & DI ZivE T STV DR AR ~ 4 A Izl nW T~ A 7ov
ZHRMWE LTI AL TWDDIE a,B-FEEFIT LT & R ap-ARfafnsr ko ¥,

a,B-REafiA I R = bhat L7 4R EOWKRIN~ A F NV EIRREDO BN S D
ThbH, TNH LY BIFENMED ap-FEEfI=AT L ® o, B-AfaFT I K P72 8132
DEISNED 720, & BT ap-REAFI A VR ERICW 2> TIEEDM DR < &
S TWVWIEEZDOWEFNIZR, L LIRS DIVR UERITER % 2B RSB R RICR
DICEBATRETH U | o, B-REAFN A LA LRI B TR AR 5~ A & VAN B35
HZEFIFEFITAHTHDLENZ D, AETIZZORNNY & LTT I/ Aa Wil
BEL Ute~ A 7 MAHINBOSE DBRFE %4T - 7= D THM AR~ 5,
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H2IE HRES

HEE2H TR LI L O ICAR o BRI op- BT LR U ERD LUMO T 3%
NX—=TITFDHIENARER I EPRBINTND, Lo TAhRr VBIZE > THEM LS
7o o B-NEAFN T VAR BRI 2 2R SREZ A 2 N 2 T~ A 7 AN EA T 5 O Tl
WnE B SRS AE T LT (Figure 33),

(|)H
B. H H.
R/ OH O/ /,O NU O N
NuH I | < u
- = B —_—
+ R/ \O)\/\R| HO)J\)\R
O

Figure 33. Our concept

H3E AEIREL NS A T URIBOS O

FTAR T 49 Bl L U T af-RER VR VRIS L TR VAT I DY A
TNATMPHEATT 208 LTz e 2 A, RIGHIIBRE Tk~ &7 VA 51 3 'TH NMR
TR STz, Los LRUSBRERAND 24 I #21213 51 239 L7 X MMRiK 52 DA ERk
W& LTS Bz (Scheme 23), 7RBRUVNT 2 RGPS Z S BN FREE A
EEDIND 49 & 50 D 1:1 OBEAIKROFEELZ 'TH-NMR THERL T\ 5,

OH O

B(OH)2 i
F5;C B.
s OJ\/\ Ph
toluene-dg, 105 °C, 4 h
CF3
(1.0 eq) 50 (2.0 eq) A
ield (%)@
BnHN (0] y (%)
reaction time 51 52
BaNH, (1.0eq) T OH
_ > 51 (Micheal adduct) 4h 27 49
105 °C
8h 12 66
(0]
24 h 0 82
Ph/\)J\NHBn
52 2 determined by "H-NMR

Scheme 23. Initial attempt for Michael reaction of a, B-carboxylic acid
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DFERN O AR T VERIZ K D o p-REIFI A VAR U ERICRET D~ A A IS L
DAREMENRBEINT-OTER M2 T 52 Lz, 7 NMEDBREITLAR VWL DI
FEE 53a # HW T T INT W~ A 7 AN S Z Gt L 7= (Table 9),

Table 9. Optimization of reaction conditions for Michael reaction

cat.

NHTs (10 mol%) N o
L/\/U\OH solvent Q\/U\OH
53a 80°C, 24 h 54a
entry cat solvent yield (%) @
1 49 toluene 2
2 55 toluene 15
3 55 F-CeHs 15
4 55 dioxane 2
5 55 MeNO, <1
6 55 DMF 2
7 55 acetone <1
8 55 DCE 37
9 55 MeCN >99
10 49 MeCN <1
11 56 MeCN <1
12 57 MeCN 18
13 58 MeCN 7
14 59 MeCN 9
15 60 MeCN <1
16 61 MeCN <1
17 none MeCN 0
18 i-ProNEt MeCN <1
a determined by "H-NMR
B(OH). B(OH), B(OH), B(OH),
/@\ ©/\N(i-Pr)2 ©/ Br ©/\NMe2
FaC CFs
49 55 56 57
B(OH),
B(OH), B(OH), N(i-Pr),
OH
@gé (i—Pr)2N N(i-Pr), é[/ (?
N(: -Pr),

58 59

it L L C 49 ZFHWTC bt 80 °C THRILZEIToT2E ZAIZE A E~A 7 VAN
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IEEIT L7 > 72(Table 9, entryl), RIZAIL MY A Y T LT 2 ) A F L% F
D55 Zfiffiil LTHWEE ZA Mo i 80 °C T A 7 /UMD O MNZHEFT L,
15%I0HR T 54 2157 (entry 2), S HIT 55 (CBWCIAZME Lz, Flor ERUH
BRI THDL 7N A XU BBV TCIGHEITIEFEA S ML= B D57
o iz(entry3), F7-. WMEABECHDH=Fr X% DMF, 7% hrHFIZBWTIEE
> 7o < ROSDIHETT L 727> 7= (entries 5,6,7), IO T VR THLY 7 nnx i o
ORI ZEAT 9 & BOGPED A E L 80 °C. 24 WFEIChUG T 37%HE1T L 7= (entry 8), <
NEZ L ORI R CIIRS MR T Lzic b b b 78 = U LT
1180 °C. 24 W] CRUGHFERE Lz (entry 9), 7 = MU LHFTEDHTT I/ A Ff
7272 49, 56 Zfif e U TR LIS EE AV EEIT LR o7 2 b7 2 7 5
IR EE CTH D Z & MRIER X dL7z(entries 10,11), WRIZT7 & b=k UV /L THRHEA D
TR AR VR OWTIBEEMERE 21T o 72, 55 KV B ARBEE D 20 57 A fili
ELTHWE & ZARISIEMEN TN o 7z (entry 12), ZAUET 2 FEONAREEN /NS
TDLERUBPERRAITEHANT HT LICLD ZDNA ZABENMET LT A 7 VK
JRIZR L TRIEMEIC R D 72D BERA BILD, £ 2 TE BICMKRFEFEDRE VN 58 00
SR D IEARPACIZHKT L THEED B WAL ML 2 2O T 2 ) AFNVEEEFFS 59 %
HAWTHRIS AT > 7o D3, FRER72 DN O T2 25 L < T8 5 /- (entries 13,14), X' A
XY AR — VRO 60 TIXIENE ST EATLRNP-TZ &G, Ar Ui ED
bR T2 OUTETH D I L DRIB S L (entry 15), £72/3Fc VA VT E
NT X AFNEEFRD 61 2 W6 b MBEEENE L A ERNZ BT I K
&R m BT DAL E BRI AEE M DO R DT DIZIEFICEE TH L Z & ibno
7= (entry 16),

YRIZ Table 9, entry 9 DS % Feii 4t & U C sisii F 4 & 54 L 7= (Table 10), 7233
JMREEIZOWTIIRAE Z L 12 b e Tiifk Lz, F913E 5 Lo BB O
EAToTe, AX U ANVKR=VHEHWMs), MU 7t a A B 2R VT, NT v
NWEEENs)ZH LIz 2 A, FOBBIEICEBNTHENETHIET SR U UV iFE R
155 Z LITEE) L7z (Table 10, S4a-d), L2 L7eW B ISEICEN R O, ZOIEE
TEBOSPEREVIE D D TE>p-Ns>Ts>Ms ThH o7z, 7 /ML OBRIEEREL 225
(T EBUSMED T ELTWD Z &N OARRISDOHEBERS IR v g & VR g & 3
BRETBRT 2B TR  ER EToOMT m hmfbd LT~ A Z Ao BT
bDHZ NI N,
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Table 10. Scope and limitations for Michael reaction

NHR /=
X 0O %P9
SN & SN 7o
el n OH cat. 55 WOH
53a-k (10 mol%) 54a—k
_~._.OH MeCN PR
X 0 & X0 o
S N_
T n N OH <(\’)n)\/U\OH
53l-o0 54l-o
s Ms If p-Ns
OH OH OH OH
54a 54b 54c 54d
98% yield* 94% yield* 89% yield* 90% yield*
(80 °C, 24 h) (110 °C**, 24 h) (rt, 24 h) (50 °C, 24 h)
HO TBDPSO (@)
s
N o
HN
%\\/U\OH
OH E
Bn
54e 54f 549
99% vyield* 98% vyield* 99% vyield*
1:1 diastereomixture 1:1 diastereomixture (rt, 3 h)
(50 °C, 12 h) (50 °C, 12 h)
p- Ns
N p Ns N\ ,Cbz
OH m m OH
54h 54i 54j 54k
76% yield* 97% yield* 94% yield* 64% yield*
(110 °C**, 24 h) (50 °C, 12 h) (110 °C**, 24 h) (110 °C, 24 h)
CbZ\ H
N— (@) N.
OH OH
541 54m 54n 540
81% yield* 99% yield* 97% yield* 41% yield*
(50 °C, 12 h) (50 °C, 12 h) (110 °C, 24 h) (110 °C, 24 h)

* isolated yield. ** sealed tube was used.
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WICARFIER T AT LA BIRINHEITT 2008 9 it Lz, 6 fLICARF &R
53e, 53t Tid, L1 DY T AT LA~—& LTERY Sde. 5S4 RO, 4 0LICRF
R FD 53g Tld, |IRCTRISHHEIT L TY T AT VA RIS~ A 7 UK S4g %
7=, 726 BB 54h 2 5.2 5 E S3h ICBWVW IR WKISIREZZE L2007 ¥~
AT NATIBEAT LTe, RUBUVRICE ST, BILLST W as R A—varzfq L,
PO SREZENL DB EE A WV EVE 531 12 L CiE 50 °C TROLDS BRAFICHEAT L7, ©E
I RT VU ERIEMME LCTHT 5 53), S3Bk & HE L L TR E ToTel 2A, &
H5HH 110 °C TRISHEIT LENEN 54j, 54k & 5-2 72, RIZ, FFV~A T4
FOGERE Lz, 7 = 7 — /RO R 531, 53m (230 Tl 50 °C TGS RAFIZHEST
Ll RT 541.54m 2 5- 2 7=, & Ru ¥ L7 I U RIDFVE 530,530 123800 Tk 110 °C
V) ERDBMETH S Te A T~ A AT L,

B2 5 RISHERERRT DAL ETH DL DO, ZIVETOMAE b L ICETIIARRS O
g2 R D X5 IZHE"E 9 2 (Figure 34),

o]
X O
o OH
n OH Hen NR,
?
B
HO
55
I Ho +
HAH-RR L STONR, TG
X 0} 0 z . XH o NRg
i g- o Bs ld
M oY . N el D N0
|l| ( nL \H /
il 1 H
\ b /
+ H H.r
H H H. Ho o STONR,
RCSLLNIR N | 224 XA\O (@)
X oo ol -
= 0/53* n (oF]
’ ° D—
o H
TS-A

Figure 34. Proposed mechanism of Michael reactions catalyzed by aminoboronic acids

TR B 55 1 3ET o - REIRI LR e L EAEETER LPRIET L s, T
S EOBIIFOT L ATy REREMIC I VO X 5 KBS R L., HEEK
I DIFELRZEZT WAL Z EIZHDHEEZX TS, T LTEDE%, 6 BRERINES
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B i3~ A VAT 5 2 ENEBEZHND(TS-A), EMORINEREE LT
FAR e g Lo R X AR ZIEMEL LR b~ A TIN5 6 005
X HIDH(TSB), AUHFEOE RuX I HOBNRT < Rn_U Y FFhARe—/1 60 T
ESOEREIT LN bR UH#E EOe Fa v BB EmIICSIGICE 53 2% TS-B
DIFINE VLD LD TIERWNEBIED L ZAEZEZ TN D,

WA TiuXioaRu L BRO~A 7V EIREED

AKEISICHBITAFREARTHAT v axRu v BBO~A 7 IVSRIKE L TOREN %
FEA L 7=,

..............................................................................................

catalyst yield (%)?

(Nj'l'i/ﬁ\ catalyst (10 mol%) @E/IOJ\ none 0
A OM OMe %5 0

e MeCN (0.1M), 80 °C, 24 h
i-Pr,NEt 0
62 63

ketone
catalyst yield (%)

0

0,
(Ni‘ri/ﬁ\ catalyst (10 mol%) O‘b?\ none
55 72
X Me Me

MeCN (0.1M), 80 °C, 24 h
i-Pr,NEt 96

64 65 a determined by 'H-NMR

Scheme 34. Evaluation of reactivity of acyloxy boronic acid

TATIVE N AW TR, RN o o ERAREE 55, Hunig's base f77E FEILE UK
ST, TATMIZEBWTIE EDORGTHRIGHEIT LR o2 Z E MO ARKIGNZE
WTT7vaFoia U BIIT AT L0 b~ A FVZFIRENEW D &R S,

7 N AW TR AR CIIRUS A HETT L 72y 5 72 6 O D 55 £ 721X Hunig's base 77E T
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2B TIE, 55 Zfilfit & U7z o,B-REafn LR R 53a OO EEIE RS OB TR
DT LT, 2OZ b BT TE NS00, 7yax o ia U B@idr b
CIRIFERIZEDO~A TNV REEE o TNDHOTIER VW EBbivs,

EHILT AR B RS TINT Pe A S MRS LU TP o
b AR A AT 5 = & % R L\ ARBS 2 O IWETIC T L e, ARBEE LT
T b= b Y MBS B CBE ARSI OR EBR BN, 7 2 R E VBT 3
J DT IS HETH S 2 L BB AL Ao fe, 2 LT, ARISOHH
K ChBT & ad s R a U MO~ A 7 VAT L £ O A 7 VR RKIEE =
AFNEVEL S B ERRETh 5 2 L SRR SR,

OH o o OH ! |
(10 mol%) ! :
[::IZJ/\é¢\m/OH . 0 | B(OH),
o MeCN E i
50°C, 12 h : 55 !
>99% vyield R TP TP -
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H2H AR oUEEE T LT AW T AR S~ JE B

MR FA~TORFRAT A 7 ILEHIRE
RHEIRFEE GDEBRITZL < ORRY), HHEIEHEWEIZEENLIHETHY , Z0%)
B ERIEITAERE by L, FEFICEERFE O —> T o 5 (Figure 35),

O
H

sarizotan clemastin erythrococcamide B peripentonine C

C,‘\\\\H/OH

Me o H\)\ N (0] .,
Ao STy e

MO “'f, (e} 0 \ﬂ/

O

Figure 35. Pharmaceuticals and natural products containing heterocycle having chiral

center.

FOBRED—DIIRFE N TNA~T B~ A T AMNNBISR ® 5, IE, Z OB
T I E B RITHEBMEIC LD REF S FNA~T v~ A VAN ES DBRFE 23T
NTEY M BT ST T I RFEREE W o p-RESF VAR U EBICKE T D
T A TN EBRE L TND Y . <A ZFAVZRIKEDEV o - iafi=
AFART I RIZBNTHT I/ ROV FTIOT UM X 2R KA S~ A &L
IR IR 23 s & 41T U % (Scheme 35)*,

o,B-unsaturated ketone B ‘

: N~ cF
NCbzO ! 3
Ph ! N~
N"p !

mesitylene, 25 °C, 24 h 99% yield, 87% ee

o,B-unsaturated ester (amide) e :

0, \N
oH cat. (10 mol%) % J\ Q
! N
A OMe ' H H
OMe

‘ NMe, |
DCE, 1, 24 h 98% yield, 89% ee ! catalyst 2o

Scheme 35. Intramolecular asymmetric hetero-Michael reaction
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LU 6, ZORIGIZEWTEWRIGHE, RENEEZHGLHITITT= AT AT I NiE
BHEOT 2 —=V IPRETHD, 207D, TOLIBRFITNRIATARST I N
3120 ap-REAFI A VR U ERIZARF ~ A T AT S, TNENMEIRZ AT LT

I RREICEBRT D AN L0 NETEEELZEN L HEE VWD, LLRRD
o, B-NEFN A7 VAR BRI ek 9 2 S AR 53 N~ A S AT I OBE BT 720,

IHNECTHRARTEIL D ITHMEAR e I VR R EVEE R FRECTH LT v m
FoRE UEEETER L TS, Z OB AR T AIEE TR Z T IR T I ) F 4
JRFE 72 & ORIBECIEM LT AU, 8 2 BT K 5 Ik FERE R —03 877 b mk
SNTRERN TR L E U T VB =0 APRE TN TH D B VR = VKR
AT LI s TRE~A T AMIPETT 2D TIHRWNEB X FRICETL

chiral 7 N)J\N/

HGH,  XH catalyst Mez,ilf H,,,, SH
L : H.+ H, H X
_BZ = Neo (o) s
Ar” 1 O |
OH _BZ =
Ar” OHO
Figure 36. Activation of carboxylic acid by dual catalysis
O X
O X .
R. ) RO
N ~._ RNH, ROH .7
. o H .
(IJ O X
B_ £
Ar” 170
O

N3 NaN3 NaBH4 HO
Figure 37. Transformation of carboxylic acid catalyzed by boronic acid

FEIEF 2 TR K DITR e VERIT I VR VBRI T Dl &2 DAL % fil g
T 5 ENMBEN TS *(Figure 37), T D= ORSE BT TE UL~ A 7 AN
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TRy b TR R BREREA~EWT 5 2 L b FFTE B,

3 AFLORE

SR
BE L U CHBAIRMZR M CRISHAEITT 2 883m X LT ¥/ rnxZ VT
TR IRIGDETLARWE IR r VR S5 Tldm< 49 2, ¥ 7 Uil LTr I/ F
TR 66a 2 W TRIGZIT o 72 & 2 AFRER D O BUS LT L 720> > 72 (Table 11,
entry 1), DI Z DRIFICEHMNAIE LT MS4A 12728 ZAFREOINER, K=
T FABINME IR DN S UG HELT Lz (entry 2), ZDRIET49 O IC 55 #Hn5
ETPBIEY T I SBEIT LT L E o7 (entry 3),

Table 11. Optimization of solvent and additive.

49 (20 mol%)

OH
66a (20 mol%) o OH
solvent, additive

53m o t, 36 h 54m
entryl additive @ solvent yield (%)° ee(%)°
FsC B(OH),
1 none DCE <2
2 MS4A DCE 67 31 CF,
3d MS4A DCE >99 0 3 49
4 MS4A MeCN <2 - ! N(i-Pr),
5 MS4A MTBE 28 51 3 B(OH),
6 MS4A toluene 81 39 3
7 MS4A CH,Cl, 66 35 55
8 MS4A CHCIz® 77 43 ;
1 CF3
9 MS4A CHCI5f <2 - : s
10 MS4A ccl 70 47 : [
4 ! FsC N)LN !
11 MS4A MTBE/CCl,(1:1) 66 57 ! HoH o Nve, !
12 MS4A MTBE/CCl,(1:2) 79 59 ! 66a
13 AlLO, MTBE/CCly(1:1) <2
14 Si0, MTBE/CCly(1:1) <2

2 30 mg of additive was used. ° determined by 'H-NMR. © estimated after treatment with TMSCHN,
d 55 was used instead of 49. © stabilized with amylene. stabilized by EtOH.

WIS 21T o 72, 78 X SO E TH - I2IEREO 7% h= U vHT
FUF & A ERIGHHEIT L7 v o To(entry 4), ZAUTMRMEALL R CIxF A IRFBICHFHFL T
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WHKBREODIED LD LEEZTWD, RIZT—T VREED MTBE Tld=7 >
FARPMEII R TH -T2 DD, ROSTEDPMED > 7o (entry 5), IRICFEMIEALEED v
T N U RIAIATE 2 BET L7 (entries 6-10), ZAUHICBWTIEEN G EINER L
PREDOT ;U FABRMEEZ 5272, £OFT CCL Mk b BRafe—F o F A @M%
bz, g2 ) — Va2 EGHT 5 CHCL I CIIZ & A ERISHEIT LR OIEAR e
BN TF N T AT NVEER L T LEWREMEIZR D7D EEZEZX N5, CCLARD B
If7p T o F AP % B 2 72 b O OB OUEIRE R E) > 72728 MTBE & ODIRAHE
R ZRRF L7 & ZA MTBE : CClLi=1:2 TITEEIXIEE A CRBLICEM L TRY ., B
7R, T E T TRLE W T U F AR T~ A 7 VA % 5 % 7= (entries
11,12), FEMAE LTHAFITHL T I, VU B AV ERH LN L SN
HETT L7273 7= (entries 13,14), BIfE MS4A OZhEILdH A H,0 W% L7V ik L
7D LT, Ra e ANVRUigGEE OGN ERE L, )hoRe VRO 3 &K TH
HREXRV OB EMHL TND D LB TND, RICH % O A K L7z
(Table 12), £F, MOF T IVEHEBRF LT A, 7~ H U7 I B L
NTRHE, SEAERIRVE & 12 28 - 7=(Table 12, 66b, 66¢), KIZT 3/ FEDEHIL A i
LTz, NP AFT 2 HITBOD I RRIREME T L(66d), E/LKY /5
IZBWTIENLRBIRIEN PN H 3 5 72 b O DO FUSHE KIBIK T L72(66e), K2
T VAl & BB & ORI EAER Z RO AVUTOSTE, SEAEPE L i BT o0 TIREE
2T, £ NH ORERVEENG WY FT7 07 V2 st L7=(66f), LL., T4
(R U CROe . BIRMESLIIC T L2, & 2 C NH OFRMEE DKV 66g 2 VT Kis
AT ol & ZABIRIRN T &2 24 Bl TRISHTERE L. 84% ee & RIEIZ—J~ > F 7 )3k
PUED A B LTz, B Z DR 49 TR EBEWO 7 = =R e U2 VD & O
DELS ThRol, IR R VBBREFRETH D Z LITL > TVA AN B3 -
TWDZENAKISICITEETH LT EEZXBND, £/ NH O L0 R
66h TlXOT NI F o FABEPEN M L LR NH 7’1 h &2 —D LA S 720 66i
R & HIZ NH OFEMEEAMEY 66] TIXSUGME, = v FARIMER Fd o7z Z L b,
VR s o FARRMELZ 5 5 @ ) e B O KBRS R — 0Bl iE &
WO ZEBHABMNERST,
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Table 12. Optimization of chiral catalyst

49 (20 mol%)

OH 3 3
66 (20 mol%) O OH ! \©/ :

_~__OH m : :
MTBE/CCly(1:2) 3 CF; 3

o]
53m MS4A (100 mg) 54m 49
rt, ttme B
yield?, eeP
CFs CF,
F3C N7 ONY F.C N)LN\\-K‘/Ph
H H s H H
NMe, NMe,
66a,36 h 66b, 36 h
80% vyield, 59% ee 44% yield, 41% ee
66¢, 36 h
40% yield, 9% ee
CF,
CF, O,
it Y L
S - | -
A Q FaC NN N)\N“' HJ\H
FsC NN N HoOH o (Me, NMe;
MeN.__Ph [ j
66d, 36 h 66e, 360 O 25% 6i‘fefm%zr;*’/ ee s °ea. 24 ;
47% yield, 51% ee 43% yield, 64% ee o yield, <17 99% yield, 84% ee

(36 h, 15% yield)°

MeO s o) S
LD wQ  O40 RAOQ

H
H H Ve, NMe, H o H Ve, NMe,
66h, 24 h 66 36h 66j,36h 66k, 24 h
99% yield, 85% ee 36% yield, 8% oo 49% yield, 45% ee 99% yield, 88% ee
(] B o
' N\
s S S MeO
Ji§ M Ji§ i
N7 ONY N™ N N7 ONY JC
H H H H NMe, H H Ly N~ °N'
NMe, e2 HoH o \We,
661, 36 h 66m, 36 h 66n, 36 h 660,24 h
93% yield, 80% ee 93% yield, 90% ee 71% yield, 53% ee 99% yield, 93% ee
\

@ determined by '"H-NMR ° estimated after treatment with TMSCHN, ° phenylboronic acid was used instead of 49.

WIZHFER EONARFREEIZOWTHRE Lz, BEER EO AV MLIZ A F/VEZ D 66k
T o FAEREOLEN B 5., 88% ee THHIMIZ 5 2 72, IRIZ2,6- XA F LT
= )VEAE B D661, 1-T 7 FIILIEAEHFT S 66m TIINAIKEEN KX TE /27200, K
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JIERENME T L2 ZRETOMRALY 4-X FF2-AF )T = = )L EZFiD 660 7
EBWEGMH, W U F AR A S TE 20 TITRW I EE X, MnEame LTz
LA, PHLEEBY 24 BRI TRINIZEE L, 93%ee THHMZH 2 7-,

EH#EmE

A D FEE w8 M & it L 72 (Table 13), A F L2 A% A KD 53p Tk 94%
IR, 94% ee THRM S4p 2 52 7=, L L 5 BBRZET 5 FE 531 Tl 99%INE T
BTG 272 OOF A RFMBENSEE Lie T IRISHETLTLEN, =F v
FABIRNEIL 67% ee ([THED o To, FI2T <A 7 AN I T EE O Uit ]
R B S ToH, 53a lCBWTRIE, FREDO ;T FARIRMERNOAREFT P~ A 7

AT HEST L7z,

Table 13. Scope and limitations

49 (20 mol%)

@ 660 (20 mol%) C 0
i \ L
-"NOH MTBE/CCly(1:2), MS4A OH

temp, time
yield?, ee®

o, OH
LTy

54m
rt, 24 h
91% yield, 93% ee

OH

541
0°C,36h
99% vyield, 67% ee

o) O, OH
Iy
54p

rt, 24 h
94% yield, 94% ee

OH

54a
rt, 120 h
25% yield, 50% ee

2isolated yield ° estimated after treatment with TMSCHN,_

SIAEFRTE

67% ee D 54 IZX L TCTMS 7 YV A Z N2 L0 AF )L 2T WAL Z LTV O SCRk &
e LTS TH D LIRETE -, 8= 2 L IZZE ONARIEIRMEIT ap-REF1—= 27
JZT X )RS FTIOT U 66f it L U SE-5E8 Lo o= ) o F 43R
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MTh o7, ZIUTIFFITHRIENZ & Th Y | KIS OBREITIER D F A R I A
SR ENFRIR D ZENTRSND,

1) o) TMSCHN5 (excess) o) o)
* > <
OH MeOH, rt, 1 h OMe
541
67% ee [a]?p +8.4 (c 0.11, -BuOMe) for 67% ee

’ The absolute configuration was elucidated to be (S) ‘

1 °N
X oM CH,Cl, OMe ;©: /H\ \"Q

e 1
.24 0 [o]?4, —27.7 (c 2.03, tBuOMe) for 89% ee (R) NN :
Angew. Chem. Int. Ed. 2013, 52, 11114-11118. . NMe; .

,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 36. Determination of absolute configulation
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RIGHEBICET H5ER

INETOMAE S L ITEFENE 2 DM Z 7~ T (Figure 38), E£3ARm el
R CBEPEEERETNT 5, TOEBRIIKH LT ) FAIREOT I ALY
T IR CORBMETHD 5D A Y 7T 2 ) O XS ITHEMERT S,
FIUTHEZEL T DD ANV ARVEED C=0 & FAIRFAIEDOKFFE S R —HALA KR
A LHRRIICRDEEZX -, T L TT I VLI L > THEMESE LZA YV E LD
b R e S IEANREE L 2 IR AL L2228 B (TS) T n—REAEADIER L, A I
LD, FLT, HREICHAR AR U SBEET S 2 &1 & 0 A4 L,
~ A TNAIEBFEND D TROPEE X T2, REBKERES R —OBMEERmT &
%D & USYEDRTED D DX, KFRE GGG L LR VB & OARIEPER BRI SE 0t (Figure
AP LENLTLEILDTHDLEBZZ TN D,

I
AN
H H +

XH 7 & NMe,
/ o Y
s &
X o XH X0
- Ar< J\ ) . L .
n OH N N inactive intermediate

Figure 38. Proposed mechanism
4T TRy MRF~A T AAI—T I RMbZFIH L7z erythrococcamide B D45

HRICAKIED T Ry MARF <A T ATI—7 X MEeofite 5 L & bicthsg
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erythrococcamide B DGR~ & L7z, BEAEVEEM LV Wittig SO, -Bu FD it P
GBI LD~ A T VAHINATEE AR 53p & 2 Bl 80%INR Tz, 53p (2% LT 49, 660 %
fillft & U CAREFA XY~ A T AMINETS 2% RPICEDEEA VY TFALT I %M
Z2% Z L2 X Y (+)-erythrococcamide B % 62%UUZR, 94%ee TH37=,

1) PPh3CHCO,t-Bu : F3C B(OH),
THF, rt, 12 h 1
o O.__OH <o OH :
2) TFA, CH,CI '
<Om waho o) = OH 1 CF3
2 steps 80% o) .
53p i 49
' MeO s
49 (20 mol%) H 1
660 (20 mol%) H2N/\( (1.0 eq) o NG N\)\ \Q\NJ\NQ
MTBE/CCly(1:2), MS4A  MTBE/CCl,(1:2), MS4A 1
r, 24 h 50°C, 48 h ! 660
(+)-erythrococcamide B S
One-pot reaction 62%, 94% ee

Scheme 37. Total synthesis of (+)-erythrococcamide B

EHITXRINIRARa L BEX T NIRRT I ) FARFE LD 2 S L0 EHEOM
DRV KD o,B-NEAFN I VAR L ER DRI AR 73 F N~ A T AN ZB%E LTz, T 1
BT ) FARFBICBNTUT TN E THREBRO KRIZ B W TKERE G UL GO NH O
FAMERSIZEWIE D DR @OBUSHE L RFINREZGD 2 L3 ZinoTz, L LARISIC
FBUNVTIL NH OFMEEILE T X 5 & UG < BPPERE S, FBIEENMETELH0
TH G - BIRENE DT, ZHUIFEFICRER 2B TH D, Fio. RSO LK
RIEIIR S FT U7 V0 66f Zfilllt & 5 ap-REFIT AT KT D ARF~A TV
e 0 FEFITHEIRGEY, £ 72 erythrococcamide B D&/ AETTH Z LIk -
TANRWeZ D Ry P TTHOEREICERTE L LER LT,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

49 (20 mol%) F30 B(OH), MeO.
OH 660 (20 mol%) \©/ \©\ Q ‘
N N 1
% OH '
©/\/W MTBE/CCIy(1:2), MS4A @(ﬂ CF3 NMe,
o r, 24 h ;

91% yield, 93% ee

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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&

HAE WG

FHIVECRDOT X ) FARZTIIMBEHSR oW 7 o~k vo=tat L7y
VANDREZATNAVAAIMORIEEZBMIC N T Y — &R o= LTER Y YU
N AER U= T A R FE A G Uiz, & L CHTE T 2 5OSITIGH LEWIE, &ono
FUTFARIMETHHIDORE ~ A T AN ZFE Lz, 2O R U O Ofdm Ak,
% 2 FEDF A PRBAVBE IS TROS LT 203 L O 41, BEREME B REEE O Bl 2 186 U1 2 [&]
ETHZENIEFICEETHLZ AP nnE L,

thiourea (10 mol%)

le} AcOH (15 mol%) O Ph
Ph/\/NO2 . H,0 (1.0 eq) NO,
toluene, rt, 5 h
CF3 ¢Fs
: s 1
thiourea yield (%) dr (syn/anti)  eeof syn (%) i g ¢ NJ\N‘ F3C NN
1 3 H o Hu H HveN
i eN i
18a 81 91:9 92 ' “ N NH 7N,
: R N-N |
18b 32 937 87 ! NN L=
thiourea 18a thiourea 18b !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

F o FAIRBMBESOS OFEM LA 2 B2 7 Y — /T )L 3 s CHRORE % [E
E LT B ST T VOGME Lic, (FAIRFE L REHTH DT IR =11k
B L OFEMZKFERE AR E S L L, 2 OREHRRIT Y BV AR = VL O REBIC
Lo TGEVWRR LN, FEAERET MK L CEREHEORE TR ER ST L 2
AEISITHECMNICHET LE— D YT A7 LA~ =235 541, Route B Z80< Rt 55
BT — 2 25, WIS, M REEASERET ANOBONTMEGRT —F 2 b LIl
FHRALAIT X % Mannich OGS OBEMERRAT 217N 2B LA I U 7o SOSHERERRAT 217 5
WZRE LT,

o NBoc
)J\ _Ns _Boc
)J\ . Boc N
N~ NS Ph” ~H
H H 37
O  NHBoc -~ _—
- CD,Cly, rt CD,Cly, rt
~.,, Ph 10 min 102m€n
“CO,Me 100 % 100 %
38 33 39
single diastreomer single diastreomer
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I EF TSGR T 57 X/ A v AR 2 VTl ~ A 7 LA
(2ot U TIRIEEDSFE T ITAR Y o, B-REIRN 7 /L 7R e O [EAE ) 72 fil L) 53 N ~T v <
A T IATINE =R LT,

s i N(-Pr);
(g oyt e
N Non MeCN oH | |

53a 80°C, 24 h 54a : 55 '

__________________

ZLC TXIARBRUEREXTNNRT I ) FARFZL O 2 T L EFEHEDOMS
BRY WD aB-REIFN VIR o BR DRI AR 73 FIN~ A T AN ZBRSE LTz, 2 O RS
CBNWTARBr URET X FARFIIFAETH Y | TR VR LT I
EWVIHHEMER L TRIEMHILLTLED X9 bDNH > ThHRMERAITRISITH
A7 AT LTz, RWSER AR e VR L T X ) FARFE L O 2 ok Z2Hir 3% ETo
RN LD EEED,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

49 (20 mol%) F30 B(OH), MeO.
OH 660 (20 mol%) \©/ \©\ Q ‘
N N 1
% OH '
©/\/W MTBE/CCIy(1:2), MS4A @(ﬂ CF3 NMe,
o r, 24 h

91% yield, 93% ee

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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General: All non-aqueous reactions were carried out under a positive atmosphere of argon in
dried glassware unless otherwise noted. Solvents and materials were obtained from commercial
suppliers and used without further purification. Column chromatography was performed on
Cica silica gel 60 (230-400 mesh) or Fuji Silysia silica gel (NH, 100—200 mesh), gel
permeation chromatography was performed with LC-9201 and flash column chromatography
was performed on Cica silica gel 60 (spherical/40—-100 pum). Reactions and chromatography
fractions were analyzed employing pre-coated silica gel plate (Merck Silica Gel 60 Fjs4). All
melting points were measured on BUCHI M-565 melting point apparatus and are uncorrected.
IR spectra were measured on JASCO FT/IR-4100. Unless otherwise noted, NMR spectra were
obtained in CDCl;. "H NMR (500 or 400 MHz) spectra were recorded with JEOL ECP-500 or
ECS-400 spectrometers and chemical shifts are reported in & (ppm) relative to TMS (in CDCl;)
as internal standard. >C NMR (126 or 100 MHz) spectra were also recorded using JEOL
ECP-500 or ECS-400 spectrometers and referenced to the residual CHCl; signal. '"H NMR
multiplicities are reported as follows: br = broad; m = multiplet; s = singlet; d = doublet; t =
triplet; q = quartet; sep = septet. Low-resolution mass spectra were recorded on a JMS-HX/HX
110A or MS700 mass spectrometer. High-resolution mass spectra were obtained on a
JMS-HX/MS700 (FAB) or a Shimazu LCMS-IT-TOF fitted with an ESI. Optical rotations were
recorded on a JASCO P-2200 polarimater with a path length of 1 cm; concentrations are quoted
in grams per 100 mL. [o]p values are measured in 10”" deg cm’g™'. Enantiomeric excess was
determined by high performance liquid chromatography (HPLC) analyses. Unless otherwise
noted, all materials and solvent were purchased from Tokyo Kasei Co., Aldrich Inc., and other
commercial suppliers and were used without purification. All non-commercially available

substrates were prepared according to the literature procedure as indicated below.

Chapter 2-1

O,NHBOC
"’N/\\

H A

10a
tert-Butyl (1R,2R)-2-(Prop-2-ynylamino)cyclohexylcarbamate (10a) To a stirred mixture of 2
(1.50 g, 7.0 mmol) and K,CO; (1.03 g, 8.4 mmol) in MeCN (30 mL) at room temperature,
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propagyl bromide (832 mg, 7.0 mmol) in MeCN (40 mL) was added. After being stirred at room
temperature for 3 h, the mixture was quenched with water (20 mL) and extracted with CHCI;
(100 mL x 3). The extracts were dried over Na,SQ,, filtered, and concentrated in vacuo. The
residue was purified by silica gel column chromatography (hexane : EtOAc = 1:1) to afford 10a
(1.24 g, 70%): colorless crystals; mp 109—110 °C (EtOAc : hexane); [a] **p —18.3 (c 0.94,
CHCl;); '"H NMR (400 MHz, CDCl3) & 4.46 (br, 1H), 3.52 (dd, J = 17.6, 2.4 Hz, 1H), 3.39 (dd,
J=17.6,2.4 Hz, 1H), 3.32 (br, 1H), 2.45 (ddd, /=104, 10.4, 6.0 Hz, 1H), 2.20 (dd, J=2.4, 2.4
Hz, 1H), 2.04-2.06 (m, 1H), 2.05 (br, 1H), 1.66—1.73 (m, 1H), 1.45 (s, 9H), 1.04—1.42 (m, 4H)
ppm; °C NMR (126 MHz, CDCl;) 8 155.9, 82.6, 79.4, 71.0, 59.3, 54.4, 35.3, 32.9, 31.1, 28 .4,
24.8, 24.3 ppm; IR (ATR) 3349, 3313, 3251, 2973, 2935, 2859, 1718, 1679, 1519 cm™'; MS
(FAB) 253 (MH", 100); Anal. Calcd. for C;4,H,4N,0,: C, 66.63; H, 9.59; N, 11.10; found; C,
66.66; H, 9.73; N, 10.94.

tert-Butyl (1R,2R)-2-[Methyl-(prop-2-ynyl)amino]cyclohexylcarbamate (11a) To a stirred
mixture of 10a (1.10 g, 4.4 mmol) in MeCN (30 mL) at room temperature, 37% aqg HCHO (707
mg, 8.7 mmol) was added. After the mixture was stirred at room temperature for 15 min and 45
min, NaBH;CN (274 mg, 4.4 mmol) and AcOH (9 mL), respectively, were added. After being
stirred at the same temperature for 4 h, the mixture was quenched with 1N aq. NaOH (150 mL)
and extracted with CHCI; (150 mL x 3). The extracts were dried over Na,SO,, filtered, and
concentrated in vacuo. The residue was purified by silica gel column chromatography (hexane :
EtOAc = 8 : 1) to afford 11a (1.08 g, 93%): colorless oil; [a] *'p —41.9 (¢ 1.1, CHCI3); 'H NMR
(400 MHz, CDCl;) 6 5.09 (br, 1H), 3.35 (t, J = 2.8 Hz, 2H), 3.21-3.30 (m, 1H), 2.40—2.46 (m,
2H), 2.28 (s, 3H), 2.20 (t, J= 2.8 Hz, 1H), 1.89-1.92 (m, 1H), 1.75—1.78 (m, 1H), 1.63—1.66 (m,
1H), 1.45 (s, 9H), 1.05-1.29 (m, 4H) ppm; “C NMR (126 MHz, CDCl;) & 156.2, 81.4, 78.9,
72.2,65.1,51.9,42.7,36.1, 33.2, 28.5, 25.3, 24.5, 23.3 ppm; IR (ATR) 3311, 1694,

1484 cm'; MS (FAB) 267 (MH', 84), 211 (100); Anal. Calcd. for C;sH,(N,O,: C, 67.63; H,
9.84; N, 10,52; found; C, 67.40; H, 10.11; N, 10.44.
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1-[3,5-Bis(trifluoromethyl)phenyl]-3-(1R,2R)-2-[[methyl(prop-2-ynyl)amino]cyclohexyl]
thiourea (13a) To a stirred mixture of 11a (100 mg, 0.38 mmol) in CH,Cl, (1 mL) at room
temperature, TFA (1 mL) was added. After being stirred at the same temperature for 3 h, the
mixture was basified with 3 N NaOH agq. (5§ mL) and extracted with CHCl; (5 mL X 3). The
extracts were dried over Na,SOy, filtered, and concentrated in vacuo. A mixture of the resulting
crude product and 3,5-bis(trifluoromethyl)-phenylisothiocyanate (82 mg, 0.30 mmol) in THF
(1.5 mL) was stirred at room temperature for 11 h. After concentration in vacuo, the mixture
was purified by silica gel column chromatography (hexane : EtOAc : NEt; = 150 : 50 : 1) to
afford 13a (112 mg, 78% in two steps): pale yellow oil; [o] **p —17.5 (¢ 1.2, CHCl3); '"H NMR
(400 MHz, acetone-d6) 6 9.47 (br, 1H), & 8.28 (s, 2H), 7.67 (s, 1H), 7.51 (br, 1H), 4.25 (br, 1H),
3.44 (dd, J=16.8, 2.4 Hz, 1H), 3.37 (dd, J = 16.8, 2.4 Hz, 1H), 2.77-2.84 (m, 1H), 2.64 (t,J =
2.4 Hz, 1H), 2.45-2.48 (m, 1H), 2.37 (s, 3H), 2.04-2.06 (m, 1H), 1.78—1.82 (m, 1H), 1.67—1.70
(m, 1H), 1.18-1.43 (m, 4H) ppm; >C NMR (126 MHz, acetone-d6): 181.1, 142.7, 132.1 (q, Jer
=33.7 Hz), 124.3 (q, Jo.r = 273 Hz), 123.0, 117.2, 82.0, 73.8, 66.0, 56.4, 43.0, 36.5, 32.9, 25.9,
25.4, 24.2 ppm; IR (ATR) 3309, 2937, 1531, 1467 cm'; MS (FAB) 438 (MH", 100); HRMS
(FAB) calcd for CoH5,F¢N;S [M+H]™ 438.1439, found 438.1432.

BocHN"" ;

HN\/\
10b

tert-Butyl (1R,2R)-2-(But-3-ynylamino)cyclohexylcarbamate (10b) colorless crystals; mp

89-90 °C (EtOAc : hexane); [o] **p —30.5 (¢ 1.0, CHCl;); '"H NMR (400 MHz, CDCl;) & 4.60

(br, 1H), 3.22 (br, 1H), 2.84-2.90 (m, 2H), 2.66—2.72 (m, 1H), 2.33-2.40 (m, 2H), 2.23-2.30

(m, 1H), 2.09 (d, J = 12.0 Hz, 1H), 1.98-2.03 (m, 1H), 1.98 (dd, J=2.4, 2.4 Hz, 1H), 1.65-1.72

(m, 2H), 1.45 (s, 9H), 1.12—1.32 (s, 4H) ppm; >C NMR (126 MHz, CDCl;) & 155.9, 82.6, 79.2,
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69.5, 60.5, 54.4, 44.7, 32.8, 31.6, 28.4, 24.8, 24.6, 19.9 ppm; IR (ATR) 3280, 2933, 2857, 1708,
1525 cm'; MS (FAB) 267 (MH', 100); Anal. Calcd. For C;sHxN,O,: C, 67.63; H, 9.84; N,
10.52; found; C, 67.36; H, 9.74; N, 10.35.

BocHN"" ;

MeN\/\
11b

tert-Butyl  (1R,2R)-2-[But-3-ynyl(methyl)amino]cyclohexylcarbamate (11b) colorless
crystals; mp 60—61 °C (EtOAc : hexane); [a]*’p —37.7 (¢ 1.6, CHCl;); '"H NMR (400 MHz,
CDCl) & 5.45 (br, 1H), 3.15-3.23 (m, 1H), 2.65-2.70 (m, 1H), 2.47-2.54 (m, 2H), 2.29-2.33
(m, 3H), 2.21 (s, 3H), 1.98 (t, J = 2.7 Hz, 1H), 1.59-1.78 (m, 3H), 1.44 (s, 9H), 1.03—1.26 (m,
4H) ppm; “C NMR (126 MHz, CDCl;) & 156.4, 83.0, 78.6, 69.1, 66.4, 52.0, 36.1, 33.1, 28.5,
25.5, 24.5, 23.0, 18.6 ppm; IR (ATR) 3383, 2974, 2929, 2857, 2361, 1707, 1483 cm': MS
(FAB) 281 (MH", 100); Anal. Caled. for C;sH,sN,0,: C, 68.53; H, 10.06; N, 9.99; found; C,
68.38; H, 10.34; N, 9.78.

CF;
Jo !
FsC N” N
H H
Me™ N
13b

1-[3,5-Bis(trifluoromethyl)phenyl]-(1R,2R)-3-[2-[but-3-ynyl(methyl)amino]cyclohexyl]
thiourea (13b) white amorphous; [a]*’p —20.2 (¢ 1.0, CHCly); "H NMR (400 MHz, acetone-d6)
8 9.34 (br, 1H), & 8.28(s, 2H), 7.66 (s 1H), 7.47 (br, 1H), 4.18 (br, 1H), 2.78 (m, 1H), 2.64 (m,
1H), 2.48-2.55 (m, 2H), 2.23-2.32 (m, 2H), 2.30 (s, 3H), 2.03 (t, /= 2.4 Hz, 1H), 1.90—1.94 (m,
1H), 1.77-1.80 (m, 1H), 1.63—1.67 (m, 1H), 1.13—1.32 (m, 4H) ppm; “C NMR (126 MHz,
acetone-d6) ¢ 181.3, 142.8, 132.1 (q, Jcr = 27.7 Hz), 126.5 (q, Jcr = 270 Hz), 123.1, 117.2,
83.6, 70.4, 66.9, 56.4, 52.6, 37.5, 33.0, 25.4, 23.9, 19.2 ppm; IR (ATR) 3195, 3047, 2935, 1530,
1467 cmﬁl; MS (FAB) 452 (MH", 100); Anal. Caled. for C,0H,3F¢N3S: C, 53.27; H, 5.13; N,
9.37; found; C, 53.25; H, 5.15; N, 9.31.
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(S)-16

(S)-1-|2-(Azidomethyl)-1-pyrrolidinyl]|-2,2,2-trifluoroethanone [(S)-16] To a mixture of
(8)-15 (1.25 g, 6.3 mmol), NEt; (0.77 g, 7.6 mmol) and DMAP (77 mg, 0.63 mmol) in CH,Cl,
(20 mL), TsCl (1.45 g, 7.6 mmol) was added at 0 °C. The mixture was stirred at room
temperature for 3 h. The mixture was diluted with EtOAc (100 mL), and then washed with sat.
ag NaHCO; (50 mL x 2) and brine (50 mL). The extracts were dried over MgSQ,, filtered, and
concentrated in vacuo to give the corresponding tosylate. The crude tosylate was added to a
mixture of NaN3 (1.03 g, 15.9 mmol) and Nal (190 mg, 1.3 mmol) in DMSO-1,4-dioxane (1:3
v/v, 30 mL) at room temperature. The mixture was stirred at 80 °C for 24 h. After addition of
water (50 mL), the mixture was extracted with Et,0 (50 mL x 3). The organic layers were
washed with H,O (50 mL x 2) and brine (50 mL). The extracts were dried over MgSO,, filtered,
and concentrated in vacuo. The residue was purified by silica gel column chromatography
(hexane : EtOAc = 7 : 1) to afford (S)-16 (1.02 g, 73%): colorless oil; [0]*°p —97.7 (¢ 2.3,
CHCl3); 'H NMR (400 MHz, CDCl;) & 4.26-4.28 (m, 1H), 3.75 (dd, J = 12.4, 8.8 Hz, 1H),
3.63— 3.72 (m, 2H), 3.48 (dd, 12.4, 2.8 Hz, 1H), 1.94-2.12 (m, 4H) ppm; "C NMR (126 MHz,
CDClL;) 6 156.0 (q, J = 37.8 Hz), 113.8 (q, J = 282 Hz), 58.3, 51.3, 47.5, 27.3, 24.5 ppm; IR
(ATR) 2983, 2101, 1685 cm™'; MS (FAB) 223(MH", 8), 154 (100); Anal. Calcd. for C;HoF3N,O:
C, 37.84; H, 4.08; N, 10.52; found C, 37.68; H, 4.00; N, 25.44

General Procedure for Ru-Catalyzed Huisgen Reactions

To a solution of [Cp*RuCl]y; (2.5 mol%) in DMF, 5 (1.0 eq) and azide (1.0 eq) were
successively added at room temperature .The mixture was heated to 110 °C under microwave
irradiation with stirring for 20 min. The reaction mixture was diluted with EtOAc and brine, and
then extracted with EtOAc twice and washed with brine three times. The extracts were dried
over Na,SQ,, filtered, and concentrated in vacuo. The residue was purified by silica gel column

chromatography.
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BocHN"" ;

MeN

[(1R,2R)-2-[Methyl[[1-[[(R)-1-(2,2,2-trifluoroacetyl)pyrrolidin-2-yl|methyl]-1H-1,2,3-
triazol-5-yllmethyl]amino]cyclohexyl]carbamate (17a) pale brown amorphous solid; [a]*p
—12.3 (¢ 0.92, CHCl3); '"H NMR (400 MHz, acetone-d6) & 7.53 (s, 1H), 5.70 (br, 1H), 4.68 (br,
3H), 3.75 (d, J=14.2 Hz, 1H), 3.73 (d, /= 14.2 Hz, 1H), 3.72 (br, 2H), 3.46 (br, 1H), 2.75-2.78
(m, 1H), 2.08 (s, 3H), 1.88-2.00 (m, 2H), 1.77-1.81 (m, 1H), 1.62—1.66 (m, 1H), 1.38 (s, 9H),
1.10—1.38 (m, 4H) ppm; "C NMR (126 MHz, acetone-d6) & 156.7 (q, J = 37.2 Hz), 156.3,
136.1, 134.9, 117.3 (q, J = 289 Hz), 78.2, 67.6, 59.4, 51.9, 48.2, 48.2, 35.0, 34.7, 28.7, 28.6,
27.2,26.0,24.4, 23.6 ppm; IR (ATR) 3370, 2931, 2858, 1683, 1525 cm'; MS (FAB) 489 (MH",
62), 180 (100); HRMS (FAB) calcd for C,,H36F3NgO3; [M+H]" 489.2801, found 489.2802.

BocHN""
M

eN
TFA
\\N \

N .\\
G N=N

17b

tert-Butyl
[(1R,2R)-2-[Methyl[[1-[[(S)-1-(2,2,2-trifluoroacetyl)pyrrolidin-2-yljmethyl]-1H-1,2,3-
triazol-5-yl|methyl]amino]cyclohexyl]carbamate (17b) pale brown amorphous solid; [a]*p
—17.9 (¢ 1.7, CHCL;); '"H NMR (400 MHz, acetone-d6) & 7.53 (s, 1H), 5.57 (br, 1H), 5.03 (br,
1H), 4.52—4.57 (m, 1H), 4.43 (dd, J = 13.6, 9.3 Hz, 1H), 3.87 (s, 2 H), 3.75-3.80 (m, 2H), 3.47
(br, 1H), 2.61 (br, 1H), 2.05 (s, 3H), 1.86—2.05 (m, 2H), 1.75—1.80 (m, 1H), 1.65—1.70 (m, 1H),
1.38 (s, 9H), 1.10—1.38 (m, 4H) ppm; BC NMR (126 MHz, acetone-d6) 6 156.5 (q, Jc.r = 36.0
Hz), 156.1, 136.4, 134.7, 117.3 (q, Jc.r = 287 Hz), 78.3, 66.4, 59.7, 57.7, 52.0, 48.1, 47.9, 47.5,
35.1,28.7,28.7,27.3, 25.9, 24.4, 23.7 ppm; IR (ATR) 3371, 2933, 2858, 1684, 1522 cm '; MS
(FAB) 489 (MH+, 100); HRMS (FAB) calcd for CpHssF3sNqO; [M+H]™ 489.2801, found
489.2798.
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BocHN"

)2
TFA
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tert-Butyl
[(1R,2R)-2-[Methyl|2-[1-[[(R)-1-(2,2,2-trifluoroacetyl)pyrrolidin-2-yl|methyl)-1H-1,2,3-
triazol-5-yl]ethyl]amino]cyclohexyl|carbamate (17¢) pale brown oil; [a]*, —5.5 (¢ 0.77,
CHCL3); '"H NMR (500 MHz, CDCl3) 8 7.54 (s, 1H), 4.95 (br, 1H), 4.59 (d, J = 10.9 Hz, 1H),
4.40 (d, J=10.9 Hz, 1H), 4.38-4.40 (m, 1H), 3.66—3.68 (m, 2H), 3.27 (br, 1H), 2.87-2.89 (m,
2H), 2.79-2.81 (m, 1H), 2.62—2.65 (m, 1H), 2.20-2.35 (m, 3H), 2.26 (s, 3H), 1.90-2.02 (m,
2H), 1.62—1.82 (m, 4H), 1.44 (s, 9H), 1.02—1.25 (m, 4H) ppm; C NMR (126 MHz, CDCl;) &
156.4 (q, Jc.r = 37.2 Hz), 155.9, 136.4, 132.6, 116.0 (q, Jc.r = 287 Hz), 78.8, 66.1, 58.8, 52.8,
51.6, 47.3 (q, Jor = 3.6 Hz), 47.2, 36.1, 33.4, 28.4, 26.9, 25.3, 24.6, 23.9, 23.3, 22.2 ppm; IR
(ATR) 3373, 2932, 1692 cm™'; MS (FAB) 503 (MH", 83), 241 (100); HRMS (FAB) calcd for
Cy3H3F3NgO; [M+H]" 503.2879, found 503.2882.

General Procedure for Cu-Catalyzed Huisgen Reaction

To a solution of CuSO, (10 mol%) and sodium ascorbate (20 mol%) in --BuOH-H,O (1 : 1 v/v),
17a (1.0 eq) and azide (1.0 eq) were successively added at room temperature. After being stirred
for an appropriate time (4—6 h), the mixture was diluted with H,O. The residue was extracted
with CHCI; three times. The combined organic layers were washed with water twice and brine.
The organic phase were dried over Na,SOy, filtered, and concentrated in vacuo. The residue was

purified by silica gel column chromatography.

BocHN""
MeN

TFA ;\,,N

19
tert-Butyl
[(1R,2R)-2-[Methyl[[1-[[(R)-1-(2,2,2-trifluoroacetyl)pyrrolidin-2-ylJmethyl]-1H-1,2,3-
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triazol-4-yl|methyl]amino]cyclohexyl]carbamate (19) pale brown amorphous solid; [a]*'p
—5.6 (c 3.3, CHCL3); '"H NMR (500 MHz, CDCls) 8 7.43 (s, 1H), 5,11 (br, 1H), 4.70 (dd, J =
14.0, 6.3Hz, 1H), 4.59 (dd, J = 14.0, 2.9 Hz, 1H), 4.46 (br, 1H), 3.80 (d, J = 13.8 Hz, 1H), 3.63
(d, J=13.8 Hz, 1H), 3.40-3.45 (m, 1H), 3.29-3.33 (m, 1H), 2.37-2.39 (m, 1H), 2.28-2.32 (m,
1H), 2.21 (s, 3H), 2.00-2.15 (m, 2H), 1.85-1.90 (m, 2H), 1.78-1.81 (m, 1H), 1.57-1.66 (m,
2H), 1.44 (s, 9H), 1.02—1.31 (m, 4H) ppm; "C NMR (126 MHz, CDCl3) 8 156.2 (q, Je.r = 37.2
Hz), 156.2, 147.2, 123.1, 116.0 (q, Jc.r = 287 Hz), 78.9, 65.4, 58.8, 51.8, 49.9, 48.6, 47.4, 36.5,
33.3,28.4,27.1, 25.3, 24.6, 24.0, 22.9 ppm; IR (ATR) 3372, 2931, 1692 cm™'; MS (FAB) 489
(MH', 100); HRMS (FAB) calcd for Co,H3sF3N4O3 [M+H]" 489.2801, found 489.2799.

General Procedure for the Synthesis of Thioureas 18 and 20

To a stirred mixture of appropriate substrates in CH,Cl, at room temperature, TFA was added
(CH,Cl, : TFA = 1:1). After being stirred at room temperature for 1-3 h, the mixture was made
basic with sat. aqg NaHCO; and extracted three times with CHCl;. The combined organic layers
were dried over Na,SO,, filtered, and concentrated in vacuo to give the corresponding amine. A
solution of the crude amine and 3,5-bis(trifluoromethyl)phenylisothiocyanate (1.0 eq) in THF
was stirred at room temperature for 2-10 h. The mixture was concentrated in vacuo. The residue
was purified by silica gel column chromatography to give the corresponding thiourea. If
necessary, the following deprotection reaction was carried out. To a mixture of the protected
compound in THF, LiOH (10 eq) in H,O was added (THF : H,O =1 : 1). After being stirred at
room temperature for 2-10 h, the mixture was quenched with sat. ag NaHCO; or sat. ag NH,4Cl.
The mixture was extracted three times with EtOAc. The combined organic layers were dried

over Na,SQy, filtered, and concentrated in vacuo. The residue was purified by silica gel column

chromatography.
CF3
Q X
MeN
H
N=N
18a

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-2-[methyl[[1-[(R)-pyrrolidin-2-ylmethyl]-1H

-1,2,3-triazol-5-yljmethylJamino]cyclohexyl|thiourea (18a) white amorphous solid; [a]*p
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—0.4 (c 0.86, CHCl;); 'H NMR (400 MHz, CDCl;) & 8.06 (s, 2H), 7.59 (s, 1H), 7.55 (s, 1H),
4.54 (dd, J = 13.7, 6.3 Hz, 1H), 4.35 (dd, J= 13.7, 5.9 Hz, 1H), 4.26—4.30 (m, 1H), 3.84-3.89
(m, 1H), 3.71-3.77 (m, 2H), 2.88-3.02 (m, 2H), 2.60 (br, 1H), 2.42-2.47 (m, 1H), 2.23 (s, 3H),
1.71-1.99 (m, 7H), 1.00—1.40 (m, 4H) ppm; C NMR (126 MHz, CDCl;) 5 180.9, 141.4, 134.4,
131.8 (q, Jor = 33.7 Hz), 123.2 (q, Jor = 274 Hz), 122.7, 117.3, 64.5, 57.5, 57.4, 54.7, 51.9,
46.1, 36.0, 32.9, 28.8, 25.0, 24.6, 24.5, 21.8 ppm; IR (ATR) 3253, 2935, 2860, 1543 cm™'; MS
(FAB) 564 (MH", 41), 41 (100); HRMS (FAB) calcd for C,4H33F¢N,S [M+H]" 564.2344, found
564.2334.

CF;

)
F30/©\NJ\N“'©
H H

MeN

H
\
N=N
18b

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-2-[methyl[[1-[(S)-pyrrolidin-2-ylmethyl]-1H

-1,2,3-triazol-5-ylmethyl]amino]cyclohexyl|thiourea (18b) pale brown amorphous solid; [a]

5 +1.0 (¢ 2.6, CHCl;); 'H NMR (400 MHz, DMSO-d6) & 8.26 (s, 2H), 7.72 (s, 1H), 7.59 (s,
1H), 4.23-4.28 (m, 3H), 3.88 (d, /= 14.4 Hz, 1H), 3.66 (d, J= 14.4 Hz, 1H), 2.78-2.97 (m, 2H),
2.62-2.68 (m, 1H), 2.12 (s, 3H), 1.16-2.15 (m, 12H) ppm; “C NMR (126 MHz, CDCl;) &
180.9, 141.5, 134.6, 131.7 (q, Jc.r = 33.7 Hz), 123.2 (q, Jc.r = 274 Hz), 122.6, 120.2,117.1, 65.4,
57.1, 56.9, 54.2, 50.2, 46.7, 33.0, 32.6, 30.0, 28.3, 25.0, 24.7, 21.7 ppm; IR (ATR) 2931, 1692
cm '; MS (FAB) 564 (MH, 100); HRMS (FAB) calcd for C,,H33FgN;S [M+H]": 564.2344,
found 564.2349.

MeN
)2
H
<\IJ/\N§§
\
N=N
18c

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-2-[methyl[2-[1-[[(R)-1-(2,2,2-trifluoroacetyl)

pyrrolidin-2-yljmethyl]-1H-1,2,3-triazol-5-yl]ethyl]amino]cyclohexyl|thiourea (18c) pale
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brown amorphous solid; [a]*’p —18.0 (¢ 1.6, CHCl;); '"H NMR (500 MHz, pyridine-d5) & 11.82
(br, 1H), 8.62 (br, 1H), 8.48 (s, 2H), 7.87 (s, 1H), 7.66 (s, 1H), 4.86 (br, 1H), 4.50 (br, 1H), 4.48
(dd, J = 13.8, 4.3 Hz, 1H), 4.62 (dd, J = 13.8, 8.3 Hz, 1H), 3.72-3.77 (m, 1H), 2.95-3.02 (m,
2H), 2.44-2.89 (m, 5H), 2.36 (s, 3H), 1.40-1.85 (m, 7H), 0.99—1.35 (m, 4H) ppm; "C NMR
(126 MHz, pyridine-d5) & 182.7, 144.4, 138.4, 134.3, 133.2 (q, Je.r = 32.5 Hz), 125.7 (q, Jo.r =
249 Hz), 118.5, 68.9, 60.6, 57.5, 54.4, 52.9, 48.3, 39.8, 34.6, 31.2, 27.3, 27.2, 26.8, 24.8 ppm
(one peak for a nonaromatic carbon was not be observed); IR (ATR) 3329, 3019, 1735 cm';
MS (FAB) 578 (MH", 50), 369 (100); HRMS (FAB) calcd for CysH3,F¢N;S [M+H]" 578.2501,
found 578.2498.

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-2-[methyl[[1-[(R)-pyrrolidin-2-ylmethyl]-1H
-1,2,3-triazol-4-yllmethyl]amino]cyclohexyl]thiourea (20) colorless crystals, mp 179-181 °C
(CHCI; : hexane); [a]**p —0.16 (¢ 3.5, CHCl;); '"H NMR (500 MHz, CDCl5) & 8.10 (s, 2H), 7.79
(s, 1H), 7.49 (s, 1H), 4.26 (dd, J = 13.8, 5.8 Hz, 1H), 4.19 (dd, J= 13.8, 7.5 Hz, 1H), 4.14 (br,
1H), 3.77 (d, /= 13.8 Hz, 1H), 3.52 (d, J = 13.8 Hz, 1H), 3.36—3.40 (m, 2H), 2.68—2.80 (m, 2H),
2.50-2.57 (m, 1H), 2.32-2.36 (m, 1H), 2.17 (s, 3H), 1.88—1.92 (m, 1H), 1.55—-1.77 (m, 5H),
1.05-1.37 (m, 4H) ppm; "C NMR (126 MHz, CD;0D) & 181.6, 147.4, 143.3, 132.7 (q, Jor =
33.6 Hz), 125.3, 124.8 (q, Jc.r = 273 Hz), 123.1, 117.4, 67.2, 67.1, 66.9, 59.4, 56.7, 55.4, 47.1,
37.5, 33.5,30.1, 26.4, 25.9, 24.2 ppm; IR (ATR) 3375, 2484, 1476 cm™'; MS (FAB) 564 (MH",
38), 70 (100); Anal. Calcd. for C,4H;1F¢N,S: C, 51.16; H, 5.54; N, 17.24; found; C, 51.12; H,
5.43; N, 17.24.

General Procudure for Michael addition of Nitrostyrene with Cyclohexanone
To a solution of B-nitrostyrene (0.34 mmol, 1.0 eq) and thiourea 18 or 20 (10 mol%) were
added at room temperature cyclohexanone (10 eq), H,O (1.0 eq) and AcOH (0.15 eq)

successively. The mixture was stirred for 5 h at room temperature. The reaction mixture was
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directly put on the silica gel column without concentration, and purified by column

chromatography.

Chapter 2-2

Preparation of the binary-complex models

24

1-[3,5-Bis(trifluoromethyl)phenyl]-3-(2-ethynylphenyl)urea (24) To a solution of 23 (2.0
mmol, 234 mg) in THF (5.0 mL) was added 3,5-bis(trifluoromethyl)phenylisocyanate (2.0
mmol, 510 mg). After being stirred at room temperature for 6 h, the mixture was concentrated in
vacuo. The residue was purified by recrystallization (EtOAc : hexane) to afford 24 (707 mg,
95%): white solid; mp 197-198 °C (EtOAc : hexane); 'H NMR (acetone-d6) & 9.45 (s, 1H), 8.31
(d, J=7.8 Hz, 1H), 8.18 (s, 2H), 8.05 (s, 1H), 7.63 (s, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.40 (dd, J
=17.8, 7.8 Hz, 1H), 7.06 (dd, J = 7.8, 7.8 Hz, 1H), 4.13 (s, 1H) ppm; >C NMR (acetone-d6) &
152.7, 142.7, 141.4, 133.3, 132.51 (q, Jc.r= 33 Hz), 124.4 (q, Jc.r= 275 Hz), 130.7, 1234,
120.2, 119.1, 115.9, 111.9, 86.4, 79.8 ppm; IR (ATR) 3313, 1657, 1555 cm '; MS (FAB) 373
(MH", 100); HRMS (ESI) calcd for C;H;;F¢N,O [M+H]" 373.0770, found 373.0767.

O

N)J\N\\\Q
‘ | H H NMe2

25

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-(2-ethynylphenyl)urea (25) To a solution of
triphosgen (2.2 mmol, 630 mg) in THF (10 mL) was added a solution of 23 (4.3 mmol, 500 mg)
and NEt; (17 mmol, 1.72 g) in THF (10 mL) dropwise at 0 °C. After being stirred at room
temperature for 1 h, the mixture was filtrated through a pad of Celite®, and the filtrate was
concentrated in vacuo to give the crude isocyanate, which was then dissolved in THF (10 mL).
To this solution was added (I1R2R)-N',N'-dimethylcyclohexane-1,2-diamine (505 mg, 3.6

mmol), and the reaction mixture was stirred at room temperature for 5 h. The mixture was then

73



concentrated in vacuo to afford a crude product, which was purified by silica gel
chromatography (CHCI; : MeOH = 10 : 1) to give 25 (981 mg, 80%): white solid; mp
137-138 °C (CHCl; : hexane); [a]*p —17.8 (¢ 2.30, CHCl3); 'H NMR (CDCl5) & 8.18 (d, J= 7.7
Hz, 1H), 7.40 (d, J= 7.7 Hz, 1H), 7.29 (br, 1H), 7.29 (dd, J= 7.7, 7.7 Hz, 1H), 6.90 (dd, J= 7.7,
7.7 Hz, 1H), 6.09 (br, 1H), 3.51 (s, 1H) 3.50 (m, 1H), 2.46 (m, 2H), 2.32 (s, 6H), 1.83—1.90 (m,
2H), 1.69-1.70 (m, 1H), 1.15-1.36 (m, 4H) ppm; °C NMR (CHCL;) & 155.3, 141.2, 132.2,
130.1, 121.4, 118.4, 109.7, 83.8, 79.9, 66.3, 52.0, 39.9, 33.3, 25.3, 24.6, 21.1 ppm; IR (ATR)
3304, 2930, 1649 cm '; MS (FAB) 286 (MH", 100); HRMS (ESI) calcd for C;;H,4N;0 [M+H]"
286.1914 found, 286.1908.

27

1-(2-Iodophenyl)-3-phenylpropane-1,3-dione (27) To a solution of LHMDS (15.2 mmol,
15.2 mL, 1.0 M solution in THF) in THF (20 mL) was added 2’-iodoacetophenone (26) (6.09
mmol, 1.50 g) at —78 °C, and the reaction mixture was stirred at —78 °C for 15 minutes. Benzoyl
chloride (6.71 mmol. 780 pL) was then added to the mixture, and the resulting solution was
stirred at room temperature for 2 hours. The mixture was then quenched with saturated aqueous
NH,CI solution and the aqueous layer was extracted three times with EtOAc. The combined
organic layers were washed with brine, dried over Na,SO,4, and concentrated in vacuo to give
the crude product as a residue, which was purified by silica gel chromatography (hexane :
EtOAc = 12 : 1) to afford 27 (1.53 g, 72%): pale yellow oil; "H NMR (CDCl;) & 7.95-7.98 (m,
3H), 7.52-7.57 (m, 5H), 7.12-7.16 (t, J = 7.7 Hz, 1H), 6.57 (s, 1H) ppm (enol OH proton could
not be observed); °C NMR (CDCl;) & 190.7, 183.7, 142.2, 140.5, 134.6, 132.7, 132.6, 129.2,
128.7, 128.2, 127.2, 97.8, 93.0 ppm; IR (ATR) 3046, 1595 cm'; MS (FAB) 351 (MH', 100);
HRMS (ESI) calcd for CsH;,10, [M+H]" 350.9877 found, 350.9872.
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[ OH

OMe + O‘ OMe

29 .
minor tautomer

Methyl 8-Iodo-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (29) To a solution of
NaH (19.2 mmol, 460 mg, 60% dispersion in mineral oil) in dimethyl carbonate (20 mL) was
added a solution of 28 (4.3 mmol, 500 mg) in dimethyl carbonate (10 mL) at room temperature.
After being stirred at 70 °C for 2 h, the mixture was quenched with saturated aqueous NH,Cl
solution. The aqueous layer was extracted three times with EtOAc. The combined organic layers
were washed with brine, dried over Na,SO,, and concentrated in vacuo. The residue was
purified by silica gel chromatography (NH, hexane : EtOAc =20 : 1) to afford 29 (1.21 g, 72%):
pale yellow amorphous; 'H NMR (CDCl3)*: Major isomer: & 7.98 (d, J = 7.8 Hz, 1H), 7.24 (d, J
= 7.8 Hz, 1H), 7.06 (dd, J = 7.8, 7.8 Hz, 1H), 3.78 (s, 3H) 3.68 (dd, J = 10.0, 4.9 Hz, 1H),
2.97-3.15 (m, 2H), 2.30-2.50 (m, 2H) ppm; Minor isomer 6 7.92 (d, J=7.8 Hz, 1H), 7.17 (d, J
= 7.8 Hz, 1H), 6.91 (dd, J = 7.8, 7.8 Hz, 1H), 3.84 (s, 3H), 2.70-2.74 (m, 2H), 2.42-2.51 (m,
2H) ppm (one peak of enol OH proton could not be observed); °C NMR (126 MHz, CDCl;) &
191.9, 173.1, 170.3, 164.7, 145.7, 143.2, 141.7, 141.5, 133.5, 131.9, 131.8, 130.9, 129.2, 127.6,
93.5, 90.5, 54.5, 52.5, 51.9, 29.4, 28.7, 25.5, 20.2 ppm (one peak of minor isomer could not be
observed due to overlapping); IR (ATR) 2949, 1739, 1687 cm'; MS (FAB) 331 (MH", 100);
HRMS (FAB) caled for Cj,H,10; [M+H]" 330.9831, found 330.9825.

* Mixture of keto form (major) and enol form (minor).

1-[3,5-Bis(trifluoromethyl)phenyl]-3-[2-[[2-(3-0x0-3-phenylpropanoyl)phenyl]ethynyl]
phenyljurea (30) To a solution of 24 (0.54 mmol, 201 mg) and 27 (0.59 mmol, 207 mg) in
THF/i-Pr,NH (10 mL, 1 : 1) were added Pd(PPh;),Cl, (5 mol%, 19 mg) and Cul (10 mol%, 10
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mg) successively at room temperature. After being stirred at room temperature for 1 h, the
mixture was quenched with saturated aqueous NH,4Cl solution. The aqueous layer was extracted
three times with EtOAc, and the combined organic layers were washed with brine, dried over
Na,SO4, and concentrated in vacuo. The residue was purified by silica gel chromatography
(hexane : EtOAc =10 : 1 — 5:1) to afford 30 (266 mg, 83%): yellow needles; mp 164—165 °C
(hexane : i-Pr,0); '"H NMR (pyridine-d5) & 8.86 (br, 1H), 8.75 (d, J = 8.3Hz, 1H), 8.35 (s, 2H),
8.02 (d, J= 8.0 Hz, 2H), 7.99 (br, 1H), 7.70 (s, 1H), 7.63 (d, J = 7.7Hz, 1H) 7.33-7.55 (m, 8H),
7.04 (dd, J = 7.7 Hz, 1H) ppm (two protons could not be observed); 'H NMR (CDCls) &: 8.82
(0.45H, br s), 8.61 (1H, br s), 8.46 (0.45H, d, J = 8.6 Hz), 8.41 (0.55H, d, J = 8.6 Hz), 8.04
(0.55H, s), 7.99 (1.1H, s), 8.00-7.74 (4.55H, m), 7.67-7.37 (8H, m), 7.05—7.00 (1H, m), 6.81
(0.45H, s), 4.78 (0.9H, s) (enol proton was couldn’t be observed); °C NMR (pyridine-d5) &
186.7, 184.0, 152.3, 141.8, 140.7, 137.2, 133.8, 132.6, 131.9, 131.5, 131.3, 131.0, 130.8, 129.9,
128.9, 128.5, 128.4, 127.0. 126.6, 124.5, 123.2, 123.1, 122.4, 122.3, 122.1, 120.1, 119.0, 118.4,
114.8, 111.2, 96.5, 94.9, 90.2 ppm; IR (ATR) 3332, 2208, 1688, 1661, 1597 cm'; MS (FAB)
595 (MH', 45) 105 (100); HRMS (ESI) caled for C3,H, F¢N,O; [M+H]™ 595.1451, found
595.1453.

31

Methyl 8-[[2-[3-[3,5-Bis(trifluoromethyl)phenyljureido]phenyl]ethynyl]

-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (31) A procedure similar to that
described for the preparation of 30 afforded 31 (152 mg, 60%): yellow prisms; mp 178—179 °C
(CHClI; : hexane); '"H NMR (500 MHz, CDCl3) § 9.24 (s, 1H), 8.73 (s, 1H), 8.50 (d, J = 8.3Hz,
1H), 8.16 (s, 2H), 7.48-7.61 (m, 4H), 7.37 (dd, J = 7.9 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 7.01
(dd, J = 8.5 Hz, 1H), 3.78 (1H, dd, J/=9.2, 5.2 Hz), 3.64 (3H, s), 3.22-3.20 (1H, m), 3.10-3.04
(1H, m), 2.59-2.56 (1H, m), 2.48-2.43 (1H, m) ppm; °C NMR & 194.9, 169.6, 152.4, 145.9,
142.1, 140.8, 133.9, 133.4, 132.3, 132.0, 131.8, 131.7, 131.5, 130.7, 130.5, 128.9, 124.4, 123.7,
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122.3,122.0, 119.2, 118.1,117.5,115.7, 110.7, 96.4, 91.6, 55.1, 52.6, 28.2, 25.8 (one peak could
not be observed) ppm; IR (ATR) 3354, 2361, 1743, 1659, 1574 cm™'; MS (FAB) 575 (MH",
100); HRMS (FAB) calcd for C,0H, FsN,O,4 [M+H]" 575.1406, found 575.1402.

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-[2-[[2-(3-0x0-3-phenylpropanoyl)phenyl]
ethynyl]phenyl]urea (32) A procedure similar to that described for the preparation of 30
afforded 32 (132 mg, 75%): pale yellow prisms; mp 170—171 °C (CHCl; : hexane); [o] *’p —23.5
(c 0,08, CHCl;); "H NMR (CDCl;) & 8.20 (s, 1H), 8.13 (br, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.88
(d, J=6.9 Hz, 2H), 7.60 (d, J = 7.8 Hz, 2H), 7.45-7.31 (m, 6H), 7.28-7.24 (m, 1H) 6.88 (dd, J
=17.5,7.5 Hz, 1H), 6.31 (br, 1H), 5.01 (br, 1H), 3.78-3.75 (m, 1H), 3.49-3.46 (m, 1H), 2.52 (s,
6H), 2.52-2.46 (m, 1H), 2.05-1.80 (m, 3H), 1.56-1.30 (m, 4H) ppm (one peak of ammonium
proton could not be observed); °C NMR (CDCl;) & 188.5, 184.1, 155.8, 145.4, 142.3, 140.4,
132.6, 132.4, 131.0, 130.6, 129.4, 128.7, 128.1, 127.8, 127.2, 127.0, 120.9, 118.6, 111.2, 96.8,
95.0, 89.2, 65.6, 51.1, 38.9, 33.6, 24.9, 24.5, 22.5 ppm; IR (ATR) 3265, 2144, 1783, 1686, 1601
cm'; MS (FAB) 508 (MH", 45), 136 (100); HRMS (FAB) calcd for C;,HyN;05 [M+H]
508.2595, found 508.2598.

Methyl 8-[[2-[3-[(1R,2R)-2-(Dimethylamino)cyclohexyl]ureido]phenyl]ethynyl]

-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (33) A procedure similar to that
described for the preparation of 30 afforded 33 (76 mg, 85%): yellow solid; mp 70-71 °C
(CHCI; : hexane); 'H NMR *(CDCl;) Major isomer 8.95 (1H, br s), 8.53 (1H, dd, J = 9.0 Hz),
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7.58-7.56 (1H, m), 7.50-7.48 (1H, m), 7.44-7.43 (1H, m), 7.33-7.31 (1H, m), 7.27-7.24 (1H,
m), 6.90-6.89 (1H, m), 6.47 (1H, d, J= 6.6 Hz), 3.78-3.76 (2H, m), 3.77 (3H, s), 3.14-3.12 (1H,
m), 3.04-3.00 (1H, m), 2.61-2.23 (4H, m), 2.30 (6H, s), 1.87-1.80 (2H, m), 1.79-1.77 (1H, m),
1.27-1.15 (4H, m) ppm; Minor isomer 'H NMR (CDCl;) &: 8.87 (1H, brs), 8.51 (1H, d, J=8.9
Hz), 7.58-7.56 (1H, m), 7.50-7.48 (1H, m), 7.44-7.43 (1H, m), 7.33-7.31 (1H, m), 7.27-7.24
(1H, m), 6.90-6.89 (1H, m), 6.31 (1H, d, J = 6.6 Hz), 3.78-3.76 (2H, m), 3.77 (3H, s),
3.14-3.12 (1H, m), 3.04-3.00 (1H, m), 2.61-2.23 (4H, m), 2.30 (6H, s), 1.87-1.80 (2H, m),
1.79-1.77 (1H, m), 1.27-1.15 (4H, m) ppm; *C NMR (CDCl;) & 193.7, 193.1, 170.0, 155.5,
145.4, 144.9, 143.6, 143.5, 133.4, 133.3, 133.1, 132.9, 131.6, 131.5, 130.9, 130.6, 130.5, 130.4,
128.6, 128.5, 124.1, 123.7, 120.4, 120.4, 117.6, 117.5, 109.7, 109.7, 96.0, 95.7, 92.2, 91.9, 66.2,
66.0, 54.9, 54.8, 52.7, 52.6, 51.0, 50 .8, 46.1, 40.3, 40.3, 34.1, 34.0, 28.0, 27.9, 26.0, 25.9, 25.3,
25.2,24.9,23.1, 22.8 ppm; IR (ATR) 3336, 2932, 2361, 1741, 1667, cm™'; MS (FAB) 488 (MH",
100); HRMS (FAB) calcd for C,9H3,N;0, [M+H]™ 488.2549, found 488.2550.

* Mixture of diastereomers.

The reaction of binary-complex models 32 and 33

General procedure

To a solution of 32 or 33 (1.0 eq) in CD,Cl, appropriate electrophile was added (1.5 eq) at room
temperature. After being stirred at room temperature for 10 min, the mixture was purified by

silica gel chromatography (CHCI; : MeOH)

A general procedure afforded 36 (67% [100% conversion])*: yellow amorphous; 'H NMR
(CDCly) &: 8.49 (0.6H, d, J = 8.3 Hz), 8.44 (0.4H, d, J = 8.6 Hz), 8.04-7.98 (1H, br m),
7.92-7.84 (3H, m), 7.72-7.47 (3H, m), 7.40-6.83 (11H, m), 6.45-5.92 (2H, m), 5.54-5.58
(0.6H, br m), 5.51-5.53 (0.4H, br m), 3.78-3.74 (1H, m), 2.77-2.52 (1H, m), 2.25-1.70 (5H, m),
2.35 (3.6H, s), 2.20 (2.4H, s), 1.50-1.10 (4H, m), 1.25 (3.6H, s), 1.22 (5.4 H, s) ppm; HRMS
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(FAB) calcd for C44HyN,O5 [M+H]" 713.3703, found 713.3712.

* Mixture of diastreomers (60 :40).

Methyl
2-[[(tert-Butoxycarbonyl)amino](phenyl)methyl)-8-[[2-[3-[(1R,2R)-2-(dimethylamino)
cyclohexyl]ureido]phenyl]ethynyl]-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (38)
A general procedure afforded 38 (77% [100% conversion]): yellow amorphous; [a]*p +88.4 (¢
1.12, CHCLy); 'H NMR (CDCls) &: 8.54 (1H, d, J = 8.6 Hz), 8.49 (1H, s), 7.55 (1H, d, J = 7.7
Hz), 7.48 (1H, d, J = 7.7 Hz), 7.46-7.44 (1H, m), 7.38 (2H, d, J = 7.4 Hz), 7.32-7.24 (5H, m),
6.92 (1H, td, /=17.5, 1.1 Hz), 6.54 (1H, br s), 6.07 (1H, br s), 5.54 (1H, br s), 3.86-3.84 (1H, br
m), 3.72 (3H, s), 3.25-3.00 (3H, m), 2.76-2.70 (1H, m), 2.32 (6H, s), 2.26-2.24 (2H, m),
2.00-1.65 (3H, m), 1.40-1.25 (4H, m), 1.25 (9H, s) ppm; °C NMR (CDCl;) &: 194.2, 170.6,
155.5, 155.2, 143.4, 143.0, 137.8, 133.0, 131.9, 130.3, 130.2, 128.9, 128.5 (x 2), 128.3, 127.9,
123.8, 120.7, 118.2, 110.2, 95.7, 91.5, 79.9, 65.0, 63.0, 55.6, 52.8, 51.5, 40.3, 34.1, 28.1, 27.9,
27.2,25.8,25.3 (x 2) ppm; IR (ATR) 3393, 3339, 2200, 1733, 1664, 1525 cm'; MS (FAB) 693
(MH", 87), 57 (100); HRMS (FAB) calcd for C4;H4N,O¢ [M+H]" 693.3652, found 693.3647.

Di-tert-butyl
1-[(S)-8-[12-[3-[(1R,2R)-2-(Dimethylamino)cyclohexyl|ureido] phenyl]ethynyl]-2-

(methoxycarbonyl)-1-oxo0-1,2,3,4-tetrahydronaphthalen-2-yl]hydrazine-1,2-dicarboxylate)
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(39) A general procedure afforded 17 (96% [100% conversion]): yellow amorphous; [0]*p +9.4
(c 0.80, CHCl;); 'H NMR (CDCls, 60 °C) &: 8.63 (1H, s), 8.48 (1H, d, J = 8.0 Hz), 7.48-7.39
(3H, m), 7.32-7.23 (2H, m), 6.89 (1H, t, J = 7.4 Hz), 5.59 (1H, br s), 3.85 (3H, s), 3.84-3.82
(1H, m), 3.68-3.60 (1H, m), 3.36-3.20 (1H, br m), 3.04-2.98 (1H, m), 2.95-2.91 (1H, m),
2.72-2.66 (1H, m), 2.27-2.23 (1H, m), 2.26 (6H, s), 1.97-1.92 (1H, m), 1.84-1.80 (1H, m),
1.73-1.68 (1H, m), 1.44 (9H, s), 1.42-1.15 (4H, m), 1.14 (9H, s) ppm (one peak of NH proton
could not be observed); BC NMR (CDCl3, 60 °C) 8: 190.7, 170.3, 155.3, 154.8, 147.2, 142.9,
133.0, 132.4, 131.4, 130.2, 130.1, 128.5, 124.2, 120.7, 118.6, 110.6, 95.6, 91.8, 82.6, 80.6, 76.6,
64.0, 52.9, 52.2, 39.9, 34.3, 30.3, 28.1, 27.9, 26.2, 25.6, 25.5, 21.8 ppm (one peak could not be
observed); IR (ATR) 3407, 3346, 2933, 1747. 1717, 1671, 1524 cm'; MS (FAB) 718 (MH,
100); HRMS (ESI) caled for C30Hs,NsO [M+H]" 718.3810, found 718.3809.

A procedure for hydrazination
To a solution of 29 (1.0 eq) and catalyst (0.1 eq) in CH,Cl, were added 37 (2.0 eq) at
appropriate temperature. After being stirred at room temperature for 12 hour, the mixture was
concentrated in vacuo. The residue was purified by silica gel chromatography (hexane : EtOAc
=7:1).
I o) l}lHBoc
NBoc

41
Di-tert-Butyl
(5)-1-(8-Iodo-2-(methoxycarbonyl)-1-0x0-1,2,3,4-tetrahydronaphthalen-2-yl)hydrazine-1,2
-dicarboxylate (41) white solid; mp 61-62 °C (EtOAc : hexane); [a]*p +10.6 (53% ee, ¢ 0.74,
CHCl3); 'H NMR (CDCl;, 60 °C) &: 7.86-7.81 (1H, br m), 7.23 (1H, d, J= 7.4 Hz), 7.01 (1H, t,
J=17.4 Hz), 6.46 (1H, br s), 3.85 (3H, s), 3.50-3.40 (1H, br m), 3.12-3.05 (1H, br m), 2.98-2.93
(1H, m), 2.66-2.60 (1H, m), 1.44 (9H, s), 1.25 (9H, s) ppm; °C NMR (CDCl;, 60 °C) &: 189.7,
170.1, 155.6, 146.1, 140.5, 132.8, 128.8, 93.9, 87.6, 83.0, 81.1, 76,2, 52.7, 30.7, 28.2, 28.0, 27.9,
26.3 ppm; IR (ATR) 3309, 2979, 1721 ecm'; MS (FAB) 561 (MH", 11), 449 (100); HRMS
(FAB) caled for CypH3IN,O; [M+H]" 561.1098, found 561.1102; HPLC [Chiralpak AD,
hexane/2-propanol = 95/5, 1.0 mL/min, A = 254 nm, retention times: (major) 15.8 min (minor)

35.2 min].
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A procedure for the Mannich reaction
To a solution of 29 (1.0 eq) and catalyst (0.1 eq) in CH,Cl, was added 35 (1.2 eq) at appropriate
temperature. After being stirred at room temperature for 12 hours, the mixture was concentrated

in vacuo. The residue was purified by silica gel chromatography (hexane : EtOAc=5: 1).

44

Methyl (S)-2-[(R)-[(tert-Butoxycarbonyl)amino](phenyl)methyl]

-8-iodo-1-0x0-1,2,3,4-tetrahydronaphthalene-2-carboxylate (44) white solid; mp 161-162 °C
(EtOAc : hexane); [0]*p —0.17 (77% ee, ¢ 2.50, CHCl;); '"H NMR (CDCl;) &: 7.91 (1H, d, J =
7.7 Hz), 7.43 (2H, d, J = 6.9 Hz), 7.31 (2H, dd, J= 7.4, 7.4 Hz), 7.26 (1H, t, J= 7.4 Hz), 7.20
(1H,d,J=7.4 Hz), 7.05 (1H, t,J=7.7 Hz), 6.33 (1H, br s), 5.21 (1H, d, J=10.3 Hz), 3.53 (3H,
s), 3.16-3.13 (2H, m), 2.67-2.65 (1H, m), 2.30-2.28 (1H, m), 1.36 (9H, s) ppm; "C NMR
(CDCl,) o: 195.3, 170.5, 155.0, 143.5, 140.9, 138.4, 133.7, 133.1, 129.0, 128.3, 128.3, 127.8,
99.9, 79.7, 63.0, 57.2, 52.4, 29.2, 28.3, 26.2 ppm; IR (ATR) 3436, 2978, 1698 cm '; MS (FAB)
536 (MH'",7), 206 (100); HRMS (FAB) caled for C,H,;INOs [M+H]" 536.0934, found
536.0933; HPLC [Chiralpak AD, hexane/2-propanol = 95/5, 1.0 mL/min, A = 254 nm, retention

times: (major) 18.0 min (minor) 45.0 min].

Determination of the absolute configuration of 15 and 17

Pd(PPh3),Cl, (10 mol%)
| o NHBoc 25, Cul (20 mol%)

’lNBoc / 39 4+
‘CO,Me THF, 'ProNH, rt, 2 h
76% or 83%

LY

A procedure similar to that described for the preparation of 30 afforded a mixture of 39 and 42.
When 41 (er = 76.5 : 23.5) was used as a substrate, the ratio of 39 to 42 in the reaction mixture
was 76:24. When racemic 19 was used as a substrate, the ratio of 39 to 42 in the reaction

mixture was 50:50.
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The mixture of 39 and 42 (50:50)

'H NMR (CDCls, 60 °C ) &: 8.65 (0.5H, br s), 8.49 (0.5H, d, J = 8.0 Hz), 8.38 (0.5H, d, J = 8.0
Hz), 8.26 (0.5H, br s), 7.48-7.23 (5.0H, m), 6.89 (1H, t, J = 7.4 Hz), 6.69 (0.5H, br s),
5.81(0.5H, br s), 5.59 (0.5H, br s), 3.87 (1.5H, s), 3.85 (1.5H, s), 3.84-3.82 (1H, m), 3.68-3.20
(2H, br m), 3.04-2.23 (4H, m), 2.26 (3H, s), 2.24 (3H, s), 1.97-1.68 (3H, m), 1.44 (9H, s),
1.42—1.15 (4H, m), 1.14 (9H, s) ppm (one peak of NH proton of 39 could not be observed).

(o]
A
NaBH,,(10 eq) H H NMe
2
38 -
MeOH, rt, 1 h QH  NHBoc
77% Ph
‘CO,Me

Methyl (1R,2S5)-2-[(R)-[(tert-Butoxycarbonyl)amino](phenyl)methyl]
-8-[[2-[3-[(1R,2R)-2-(dimethylamino)cyclohexyl]ureido]phenyl]ethynyl]-1-hydroxy-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (43) To a solution of 38 (0.1 mmol) in MeOH (2.0 mL)
was added NaBH, (1.0 mmol) at room temperature. After being stirred at room temperature for
1 h, the mixture was quenched with saturated aqueous NH,CI solution. The aqueous layer was
extracted three times with EtOAc, and the combined organic layers were washed with brine,
dried over Na,SO,, and concentrated in vacuo. The residue was purified by silica gel
chromatography (CHCl; : MeOH : NEt;=50:1:0.1 — 20: 1: 0.1) to afford 43 (77%): white
solid; mp 152—154°C (CHCl; : hexane); [a]*p —85.6 (¢ 0.67, CHCl;); '"H NMR (CDCl5) &: 7.90
(1H, d, J= 8.3 Hz), 7.53 (1H, br s), 7.35-7.11 (9H, m), 7.01 (1H, d, J= 7.5 Hz), 6.93 (1H, d, J
=7.5Hz), 6.31 (1H, d, J= 9.7 Hz), 5.92-5.90 (1H, br m), 5.41-5.39 (2H, br m), 5.15 (1H, d, J
=9.7 Hz), 3.52-3.47 (1H, br m), 3.41 (3H, s), 2.80-2.78 (2H, m), 2.38-1.95 (4H, m), 1.87 (6H,
s), 1.78-1.59 (3H, m), 1.26 (9H, s), 1.25-1.00 (4H, m) ppm; °C NMR (CDCl;) &: 173.1, 155.9,
155.7, 141.7, 138.5, 137.7, 136.1, 130.8, 129.9, 129.4, 129.3, 128.2, 128.0, 127.8, 127.5, 123.8,
122.0, 121.0, 112.8, 92.7, 90.4, 79.8, 67.4, 66.3, 59.5, 54.7, 51.8, 51.7, 39.3, 34.3, 28.3, 26.3,
25.1, 24.8, 22.9, 21.1 ppm; IR (ATR) 3358, 2934, 1716 cm'; MS (FAB) 695 (MH", 100);
HRMS (ESI) caled for C4Hs;N4Os [M+H]" 695.3803, found 695.3812.
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| OH NHBoc | OH NHBoc
NaBH, (5.0 eq) z Z Z
44 - o < “Ph <" >Ph

MeOH, rt, 3 h COMe COMe

0,
76% 45 45'

Methyl (18,25)-2-[(R)-[(tert-Butoxycarbonyl)amino](phenyl)methyl]
-1-hydroxy-8-iodo-1,2,3,4-tetrahydronaphthalene-2-carboxylate (45) To a solution of 44
(0.2 mmol, 107 mg) in MeOH (2.0 mL) was added NaBH,; (1.0 mmol, 38 mg) at room
temperature. After being stirred at room temperature for 1 h, the mixture was quenched with
saturated aqueous NH,Cl solution. The aqueous layer was extracted three times with EtOAc,
and the combined organic layers were washed with brine, dried over Na,SQO,, and concentrated
in vacuo. The residue was purified by silica gel chromatography (hexane : EtOAc =3 : 1) to
afford 45 (82 mg, 76%). The residue after evaporation included 45 and 45’ (80:20). Only 45
could be isolated in 76% yield in a pure form: white solid; mp 176—177 °C (EtOAc : hexane);
[0]*p —86.6 (¢ 1.42, 91% ee, CHCl;); '"H NMR (CDCl;) &: 7.67 (1H, d, J = 7.7 Hz), 7.36-7.31
(3H, m), 7.16 (2H, d, J= 6.9 Hz), 7.03 (1H, d, /= 7.7 Hz), 6.86 (1H, t, J= 7.7 Hz), 5.93 (1H, d,
J=10.3 Hz), 5.22 (1H, s), 5.09 (1H, d, J = 10.3 Hz), 4.34 (1H, br s), 3.46 (3H, s), 2.85-2.82
(2H, m), 2.24-2.20 (1H, m), 1.82—1.77 (1H, m), 1.51 (9H, s) ppm; *C NMR (CDCls) &: 172.7,
156.7, 138.5, 138.1, 137.8, 137.2, 129.6, 129.3, 128.3, 128.0, 127.5, 103.2, 80.7, 73.1, 58.7,
55.7,51.6, 28.5, 26.8, 22.7 ppm; IR (ATR) 3422, 1712.1687 cm '; MS (FAB) 538 (MH",4), 106
(100); HRMS (FAB) calcd for Co4HINOs [M+H]" 538.1090, found 538.1092.

O
N)LN“' ;
H H

NMez
OH NHBoc

| OH NHBoc
z Pd(PPh3),Cl, (10 mol%)

<~ “Ph 25, Cul (20 mol%)
‘Co,Me > 43(84%) +
THF, 'PryNH, rt, 6 h

45 Ph

CO,Me

46 (trace)
Methyl (18,2R)-2-[(S)-[(tert-Butoxycarbonyl)amino|(phenyl)methyl]
-8-[12-[3-[(1R,2R)-2-(dimethylamino)cyclohexyl]ureido]phenyl]ethynyl]-1-hydroxy-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (46) A procedure similar to that described for the
preparation of 30 afforded a mixture of 43 and 46. When 45 (er = 95.5 : 4.5) was used as
substrate, only 43 was isolated in 84% yield. When racemic 45 was used as a substrate, 43 and

46 were isolated in 46% and 42% yields, respectively: white solid: mp 154-156 °C (CHClI; :
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hexane); [a]*p +130.4 (¢ 0.32, CHCl;); '"H NMR (CDCl;) 8: 8.35 (1H, d, J = 8.6 Hz), 7.45 (1H,
d,/J=7.4 Hz), 7.38 (1H, d, J= 7.4 Hz), 7.32-7.16 (8H, m), 7.08 (1H, d, /= 8.0 Hz), 6.97 (1H, t,
J=17.4 Hz), 6.23-6.07 (2H, br m), 5.60 (1H, s), 5.14 (1H, d, /= 9.2 Hz), 3.44 (3H, s), 3.41-3.36
(1H, m), 2.99-2.96 (1H, m), 2.85-2.78 (1H, m), 2.68-2.09 (10H, m), 2.02-1.64 (3H, m),
1.40-1.08 (4H, m), 1.25 (9H, s) ppm (one peak of OH proton could not be observed); *C
NMR (CDCl;) &: 173.6, 156.6, 155.5, 141.4, 137.3, 136.6, 131.5, 129.6, 128.3, 128.2, 127.9,
127.5,121.3, 118.3, 110.9, 89.3, 80.4, 67.9, 66.0, 51.7, 31.9, 31.6, 29.7, 28.1, 25.9, 24.7, 22.7,
22.3, 21.0, 14.1 ppm (six peaks could not be observed due to overlapping); IR (ATR) 3348,
2951, 1704 cm™'; MS (FAB) 695 (MH", 100); HRMS (ESI) calcd for C4HsN,O¢ [M+H]
695.3804, found 695.3810.

Total energies for all the calculated structures

All of the theoretical optimizations were performed using Gaussian 09 at the B3LYP/6-31G*
level. Once the stationary points were obtained at the B3LYP/6-31G* level, the harmonic
vibrational frequencies were calculated at the same level to estimate the Gibbs free energy. All
of the Gibbs free energy values reported in this paper were calculated for a temperature of
298.15 K. All of the transition structures reported were optimized without constraints and the
intrinsic reaction coordinate (IRC) routes were calculated in both directions toward the
corresponding minima for each transition-state structure. The IRC calculations failed to reach
the energy minima on the potential energy surface for some of the transition states and, in those
cases, we therefore carried out geometry optimizations as a continuation of the IRC path. We

also calculated single-point-energy of optimized structures at the M06/6-31G** level.

30K (optimized from x-ray structure)
Zero-point vibrational energy 1199092.8 (Joules/Mol)
286.59005 (Kcal/Mol)

Zero-point correction= 0.456710 (Hartree/Particle)
Thermal correction to Energy= 0.493300
Thermal correction to Enthalpy= 0.494244
Thermal correction to Gibbs Free Energy= 0.381755

Sum of electronic and zero-point Energies= -2165.232087
Sum of electronic and thermal Energies= -2165.195498
Sum of electronic and thermal Enthalpies= -2165.194554
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Sum of electronic and thermal Free Energies= -2165.307042
E(RB3LYP/6-31G*)= -2165.68879772
E (M06/6-31G**) = -2164.1090024

30E
Zero-point vibrational energy 1200353.6 (Joules/Mol)
286.89139 (Kcal/Mol)

Zero-point correction= 0.457191 (Hartree/Particle)
Thermal correction to Energy= 0.493527
Thermal correction to Enthalpy= 0.494471
Thermal correction to Gibbs Free Energy= 0.381143
Sum of electronic and zero-point Energies= -2165.232299
Sum of electronic and thermal Energies= -2165.195963
Sum of electronic and thermal Enthalpies= -2165.195019
Sum of electronic and thermal Free Energies= -2165.308347

E(RB3LYP/6-31G*) = -2165.68949000
E (M06/6-31G**) =-2164.110253

32 (ammonium-enolate complex, only positions of hydrogen atoms were optimized from x-ray
structure)

Zero-point vibrational energy 1035847.8 (Joules/Mol)

247.57357 (Kcal/Mol)
Zero-point correction= 0.394534 (Hartree/Particle)
Thermal correction to Energy= 0.400709
Thermal correction to Enthalpy= 0.401653
Thermal correction to Gibbs Free Energy= 0.357891
Sum of electronic and zero-point Energies= -1628.785472
Sum of electronic and thermal Energies= -1628.779297
Sum of electronic and thermal Enthalpies= -1628.778352
Sum of electronic and thermal Free Energies= -1628.822114

E(RB3LYP/6-31G*)= -1629.18000576
E (M06/6-31G**) =-1627.74342073
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32 (amine- enol complex, only positions of hydrogen atoms were optimized from x-ray
structure)
Zero-point vibrational energy 1028982.4 (Joules/Mol)

245.93271 (Kcal/Mol)

Zero-point correction= 0.391919 (Hartree/Particle)
Thermal correction to Energy= 0.398144
Thermal correction to Enthalpy= 0.399088
Thermal correction to Gibbs Free Energy= 0.355317

Sum of electronic and zero-point Energies= -1628.779239
Sum of electronic and thermal Energies= -1628.773014
Sum of electronic and thermal Enthalpies= -1628.772070
Sum of electronic and thermal Free Energies= -1628.815841

E(RB3LYP/6-31G*)= -1629.17115756
E (M06/6-31G**) = -1627.741001

33E
Zero-point vibrational energy 1522137.8 (Joules/Mol)
363.79967 (Kcal/Mol)

Zero-point correction= 0.579752 (Hartree/Particle)
Thermal correction to Energy= 0.613299
Thermal correction to Enthalpy= 0.614243
Thermal correction to Gibbs Free Energy= 0.512628

Sum of electronic and zero-point Energies= -1589.534542
Sum of electronic and thermal Energies= -1589.500995
Sum of electronic and thermal Enthalpies= -1589.500051
Sum of electronic and thermal Free Energies= -1589.601666

E(RB3LYP/6-31G*)= -1590.11429393
E (M06/6-31G**) = -1588.58015465

33K-1
Zero-point vibrational energy 1521911.0 (Joules/Mol)
363.74545 (Kcal/Mol)
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Zero-point correction= 0.579665 (Hartree/Particle)

Thermal correction to Energy= 0.613443
Thermal correction to Enthalpy= 0.614387
Thermal correction to Gibbs Free Energy= 0.511961

Sum of electronic and zero-point Energies= -1589.540520
Sum of electronic and thermal Energies= -1589.506743
Sum of electronic and thermal Enthalpies= -1589.505799
Sum of electronic and thermal Free Energies= -1589.608224

E(RB3LYP/6-31G*) = -1590.12018538
E (M06/6-31G**) = -1588.58440598

33K-2
Zero-point vibrational energy 1522461.4 (Joules/Mol)
363.87700 (Kcal/Mol)

Zero-point correction= 0.579875 (Hartree/Particle)
Thermal correction to Energy= 0.613612
Thermal correction to Enthalpy= 0.614556
Thermal correction to Gibbs Free Energy= 0.511732
Sum of electronic and zero-point Energies= -1589.538608
Sum of electronic and thermal Energies= -1589.504871
Sum of electronic and thermal Enthalpies= -1589.503927

Sum of electronic and thermal Free Energies=  -1589.606752
E(RB3LYP/6-31G*)= -1590.11848340
E (M06/6-31G**) = -1588.58289

imine A
Zero-point vibrational energy 435005.7 (Joules/Mol)
103.96885 (Kcal/Mol)

Zero-point correction= 0.165685 (Hartree/Particle)
Thermal correction to Energy= 0.176613
Thermal correction to Enthalpy= 0.177557
Thermal correction to Gibbs Free Energy= 0.127339

Sum of electronic and zero-point Energies= -553.406589
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Sum of electronic and thermal Energies= -553.395661

Sum of electronic and thermal Enthalpies= -553.394717
Sum of electronic and thermal Free Energies= -553.444935

E(RB3LYP/6-31G*)= -553.572274285

E (M06/6-31G**) = -553.090123742

imine B

Zero-point vibrational energy 436104.6 (Joules/Mol)

104.23149 (Kcal/Mol)
Zero-point correction= 0.166103 (Hartree/Particle)
Thermal correction to Energy= 0.176978
Thermal correction to Enthalpy= 0.177922
Thermal correction to Gibbs Free Energy= 0.127038
Sum of electronic and zero-point Energies= -553.409399
Sum of electronic and thermal Energies= -553.398525
Sum of electronic and thermal Enthalpies= -553.397581
Sum of electronic and thermal Free Energies= -553.448465

E(RB3LYP/6-31G*)= -553.575502850
E (M06/6-31G**) = -553.093791618

TSimine (transition state between imine A and imine B)
Zero-point vibrational energy 434543.3 (Joules/Mol)
103.85834 (Kcal/Mol)

Zero-point correction= 0.165509 (Hartree/Particle)
Thermal correction to Energy= 0.175669
Thermal correction to Enthalpy= 0.176613
Thermal correction to Gibbs Free Energy= 0.128718

Sum of electronic and zero-point Energies= -553.406450
Sum of electronic and thermal Energies= -553.396290
Sum of electronic and thermal Enthalpies= -553.395346
Sum of electronic and thermal Free Energies= -553.443241

E(RB3LYP/6-31G*) = -553.571958911
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Imaginary frequency = 36i
E (M06/6-31G**) = -553.088197962

TS1K

Zero-point vibrational energy 1514846.5 (Joules/Mol)

362.05700 (Kcal/Mol)
Zero-point correction= 0.576975 (Hartree/Particle)
Thermal correction to Energy= 0.609196
Thermal correction to Enthalpy= 0.610141
Thermal correction to Gibbs Free Energy= 0.515116
Sum of electronic and zero-point Energies= -1589.501707
Sum of electronic and thermal Energies= -1589.469485
Sum of electronic and thermal Enthalpies= -1589.468541
Sum of electronic and thermal Free Energies= -1589.563566

E(RB3LYP/6-31G*)= -1590.07868141
Imaginary frequency = 11961
E (M06/6-31G**) = -1588.54960409

TS1E
Zero-point vibrational energy 1515213.1 (Joules/Mol)
362.14461 (Kcal/Mol)

Zero-point correction= 0.577114 (Hartree/Particle)
Thermal correction to Energy= 0.609419
Thermal correction to Enthalpy= 0.610363
Thermal correction to Gibbs Free Energy= 0.514729

Sum of electronic and zero-point Energies= -1589.533003
Sum of electronic and thermal Energies= -1589.500698
Sum of electronic and thermal Enthalpies= -1589.499754
Sum of electronic and thermal Free Energies= -1589.595388

E(RB3LYP/6-31G*)= -1590.11011763
Imaginary frequency = 996i
E (M06/6-31G**) = -1588.5791315
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IM1
Zero-point vibrational energy 1527699.3 (Joules/Mol)
365.12889 (Kcal/Mol)

Zero-point correction= 0.581870 (Hartree/Particle)
Thermal correction to Energy= 0.614504
Thermal correction to Enthalpy= 0.615448
Thermal correction to Gibbs Free Energy= 0.518676

Sum of electronic and zero-point Energies= -1589.531830
Sum of electronic and thermal Energies= -1589.499196
Sum of electronic and thermal Enthalpies= -1589.498252
Sum of electronic and thermal Free Energies= -1589.595024

E(RB3LYP/6-31G*)= -1590.11370015
E (M06/6-31G**) =-1588.57507183

IM2a
Zero-point vibrational energy 1970506.8 (Joules/Mol)
470.96243 (Kcal/Mol)

Zero-point correction= 0.750526 (Hartree/Particle)
Thermal correction to Energy= 0.795757
Thermal correction to Enthalpy= 0.796701
Thermal correction to Gibbs Free Energy= 0.670137
Sum of electronic and zero-point Energies= -2142.949001
Sum of electronic and thermal Energies= -2142.903771
Sum of electronic and thermal Enthalpies= -2142.902827
Sum of electronic and thermal Free Energies= -2143.029391

E(RB3LYP/6-31G*) = -2143.69952780
E (M06/6-31G**) = -2141.66855638

TS:a3a
Zero-point vibrational energy 1969621.4 (Joules/Mol)
470.75081 (Kcal/Mol)
Zero-point correction= 0.750189 (Hartree/Particle)

Thermal correction to Energy= 0.793871
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Thermal correction to Enthalpy= 0.794816

Thermal correction to Gibbs Free Energy= 0.674778

Sum of electronic and zero-point Energies= -2142.934967
Sum of electronic and thermal Energies= -2142.891285
Sum of electronic and thermal Enthalpies= -2142.890341
Sum of electronic and thermal Free Energies= -2143.010379

E(RB3LYP/6-31G*)= -2143.68515628
Imaginary frequency = 254i
E (M06/6-31G**) = -2141.6631367

IM3a
Zero-point vibrational energy 1970984.8 (Joules/Mol)
471.07668 (Kcal/Mol)

Zero-point correction= 0.750708 (Hartree/Particle)
Thermal correction to Energy= 0.794634
Thermal correction to Enthalpy= 0.795578
Thermal correction to Gibbs Free Energy= 0.674328

Sum of electronic and zero-point Energies= -2142.941107
Sum of electronic and thermal Energies= -2142.897181
Sum of electronic and thermal Enthalpies= -2142.896237
Sum of electronic and thermal Free Energies= -2143.017487

E(RB3LYP/6-31G*) = -2143.69181501
E (M06/6-31G**) = -2141.67244189

IM2b
Zero-point vibrational energy 1970661.0 (Joules/Mol)

470.99929 (Kcal/Mol)
Zero-point correction= 0.750585 (Hartree/Particle)
Thermal correction to Energy= 0.795997
Thermal correction to Enthalpy= 0.796941
Thermal correction to Gibbs Free Energy= 0.668875
Sum of electronic and zero-point Energies= -2142.940171
Sum of electronic and thermal Energies= -2142.894759
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Sum of electronic and thermal Enthalpies= -2142.893815
Sum of electronic and thermal Free Energies= -2143.021881
E(RB3LYP/6-31G*) = -2143.69075641

E (M06/6-31G**) = -2141.66140811

TSZb-3b
Zero-point vibrational energy 1971588.0 (Joules/Mol)
471.22085 (Kcal/Mol)

Zero-point correction= 0.750938 (Hartree/Particle)
Thermal correction to Energy= 0.794605
Thermal correction to Enthalpy= 0.795549
Thermal correction to Gibbs Free Energy= 0.675245

Sum of electronic and zero-point Energies= -2142.925400
Sum of electronic and thermal Energies= -2142.881734
Sum of electronic and thermal Enthalpies= -2142.880790
Sum of electronic and thermal Free Energies= -2143.001094

E(RB3LYP/6-31G*)= -2143.67633867
Imaginary frequency = 2371
E (M06/6-31G**) = -2141.65637894

™
Zero-point vibrational energy 1971496.4 (Joules/Mol)
471.19895 (Kcal/Mol)

Zero-point correction= 0.750903 (Hartree/Particle)
Thermal correction to Energy= 0.795655
Thermal correction to Enthalpy= 0.796599
Thermal correction to Gibbs Free Energy= 0.671188

Sum of electronic and zero-point Energies= -2142.961416
Sum of electronic and thermal Energies= -2142.916665
Sum of electronic and thermal Enthalpies= -2142.915721
Sum of electronic and thermal Free Energies= -2143.041132

E(RB3LYP/6-31G*) = -2143.71231962
E (M06/6-31G**) = -2141.69037639
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M2’
Zero-point vibrational energy 1970900.5 (Joules/Mol)
471.05652 (Kcal/Mol)

Zero-point correction= 0.750676 (Hartree/Particle)
Thermal correction to Energy= 0.796001
Thermal correction to Enthalpy= 0.796945
Thermal correction to Gibbs Free Energy= 0.669093

Sum of electronic and zero-point Energies= -2142.945796
Sum of electronic and thermal Energies= -2142.900472
Sum of electronic and thermal Enthalpies= -2142.899527
Sum of electronic and thermal Free Energies= -2143.027380

E(RB3LYP/6-31G*) = -2143.69647211
E (M06/6-31G**) = -2141.66331827

TSy

Zero-point vibrational energy 1969915.3 (Joules/Mol)

470.82106 (Kcal/Mol)
Zero-point correction= 0.750301 (Hartree/Particle)
Thermal correction to Energy= 0.794031
Thermal correction to Enthalpy= 0.794975
Thermal correction to Gibbs Free Energy= 0.673368
Sum of electronic and zero-point Energies= -2142.910968
Sum of electronic and thermal Energies= -2142.867239
Sum of electronic and thermal Enthalpies= -2142.866295
Sum of electronic and thermal Free Energies= -2142.987901

E(RB3LYP/6-31G*) = -2143.66126929
Imaginary frequency = 2611
E (M06/6-31G**) = -2141.63547796

IM3'
Zero-point vibrational energy 1969473.8 (Joules/Mol)
470.71554 (Kcal/Mol)
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Zero-point correction= 0.750133 (Hartree/Particle)

Thermal correction to Energy= 0.794256
Thermal correction to Enthalpy= 0.795200
Thermal correction to Gibbs Free Energy= 0.672209

Sum of electronic and zero-point Energies= -2142.926855
Sum of electronic and thermal Energies= -2142.882732
Sum of electronic and thermal Enthalpies= -2142.881788
Sum of electronic and thermal Free Energies= -2143.004780

E(RB3LYP/6-31G*) = -2143.67698829
E (M06/6-31G**) = -2141.65453276

™'

Zero-point vibrational energy 1968096.2 (Joules/Mol)

470.38629 (Kcal/Mol)
Zero-point correction= 0.749608 (Hartree/Particle)
Thermal correction to Energy= 0.794894
Thermal correction to Enthalpy= 0.795838
Thermal correction to Gibbs Free Energy= 0.667402
Sum of electronic and zero-point Energies= -2142.955241
Sum of electronic and thermal Energies= -2142.909955
Sum of electronic and thermal Enthalpies= -2142.909011
Sum of electronic and thermal Free Energies= -2143.037448

E(RB3LYP/6-31G*) = -2143.70484964
E (M06/6-31G**) = -2141.68125611

Chapter 3

Preparation of boronic acids

OsH N(i-Pr),
OH ) OH
Eg\ i) HN(i-Pr);, MS4A, THF, rt E;\
O i) NaBH(OAc)s, rt O
58

[2-](2,2,6,6-Tetramethylpiperidin-1-yl)methyl|phenyl]boronic Acid (58)
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To a stirred solution of N-(2-bromobenzyl)-2,2.6,6-tetramethylpiperidine ** (0.4 g, 1.29 mmol)
in THF (10 mL) was added n-BuLi (2.6 M hexane solution, 0.74 mL) at -78 °C. After being
stirred at the same temperature for 1 h, B(OMe); (0.22 mL, 2.0 mmmol) was added dropwise at
—78 °C and the reaction mixture was warmed up to room temperature. After being stirred at the
same temperature for 1.5 h, the mixture was concentrated in vacuo and diluted with 1M HCI
and CHCIl;. The organic layer was separated and the aqueous layer was washed with CHCl,
once and then the aqueous layer was basified to pH 10 with Na,COj; (solid). The aqueous layer
was extracted with CHCI; five times. The organic extracts were dried over Na,SO, and filtered.
The filtrate was concentrated in vacuo. The residue was recylistallized (acetone : hexane) to
afford 58 (210 mg, 59%): white solid. mp 142—144 °C (acetone : hexane) ; 'H NMR (CDCl;) §:
7.97 (d,J=17.4 Hz, 1H), 7.32 (td, J = 7.4, 1.1 Hz, 1H), 7.25-7.19 (m, 2H), 4.07 (s, 2H), 1.80—
1.64 (br m, 3H), 1.59-1.45 (br m, 3H), 1.21 (s, 6H), 1.07 (s, 6H) ppm; >C NMR (CDCl;) &:
147.9, 137.2,130.4, 128.2, 125.9, 57.3, 51.5, 40.5, 33.2, 21.1, 17.4 ppm; IR (ATR): 3340, 3007,
2968, 2935, 1383, 1365¢cm™'; HRMS (ESI): caled. for CisHyNO,B [M+H]" 276.2127, found

276.2115;.
O _H N(i-Pr),
OH OH
B i) HN(i-Pr),, MS4A, THF, rt B
O i) NaBH(OAG)s, rt O

7-|(Diisopropylamino)methyl|benzo|c][1,2]oxaborol-1(3H)-o0l (60) To a stirred solution of
1-hydroxy-1,3-dihydrobenzo[c][1,2]oxaborole-7-carbaldehyde™ (150 mg, 0.926 mmol) in THF
(6 mL) were added activated MS4A (670 mg) and diisopropylamine (0.13 mL, 0.926 mmol) at
room temperature. After being stirred at the same temperature for 1 h, NaBH(OAc); (393 mg,
1.85mmol) was added, and the reaction mixture was stirred for 11 h. After the mixture was
quenched with 1IN HCI aq. (4 mL), the resulting mixture was filtered through Celite and the
obtained solids were washed with CHCI; and water. The filtrate was washed with CHCI; twice
and the aqueous layer was basified to pH10 with Na,COs (solid). It was extracted with CHCl;
three times. and the combined organic extracts was dried over Na,SO,, filtered and concentrated
in vacuo to give the benzoxaborole (52 mg, 15%): colorless oil; '"H NMR (CDCls) &: 7.36 (dd, J
=17.5,7.5 Hz, 1H), 7.20 (d, J = 7.4 Hz, 1H), 7.15 (d, /= 7.4 Hz, 1H), 5.13 (s, 2H), 3.93 (s, 2H),
3.27-3.19 (m, 2H), 1.14 (d, J = 6.9 Hz, 12H); °C NMR (CDCl;) &: 154.1, 144.3, 130.8, 125.7,
119.5, 71.8, 51.3, 49.0, 19.6. (One carbon couldn not be observed.) IR (ATR): 2973, 2935, 1599,
1584, 1468, 1449, 1411, 1371 cm'; HRMS (ESI): caled. for C1,H,3NO,B [M+H]" 248.1814,
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found 248.1813.

Synthesis of Substrates

(0]
0 OH PhgP.
N toluene, -78 °C N toluene, rt X Ot-Bu

(R = Ts,p-Ns,Ms,Tf) S1
DCM, 0 C tort X-"“0oH
53a-53d
NHTf
E/\/CJ\
X Ot-Bu
S1c

tert-Butyl (E)-6-(Trifluoromethylsulfonamido)hex-2-enoate (Slc) To a stirred solution of
N-Tf pyrollidone (850 mg, 3.9 mmol) in THF (20 mL) was added DIBAL (1.0 M toluene
solution, 4.0 mL) at —78 °C. After being stirred at the same temperature for 1 h, the reaction
mixture was quenched with MeOH and a saturated potassium sodium tartrate solution, and the
reaction mixture was warmed up to room temperature. The organic layer was separated and the
aqueous layer was extracted with CHCI; twice. The combined organic extracts were washed
with brine, dried over Na,SQO,, filtered, and concentrated in vacuo. The crude hemiaminal (818
mg, ca. 3.73 mmol) was used for the next step without further purification. To a stirred solution
of  crude hemiaminal in  toluene (25 mL) was added tert-butyl
2-(triphenylphosphoranylidene)acetate** (2.35 g, 6.24 mmol). After being stirred for 20 h, the
reaction mixture was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane : EtOAc = 7 : 1) to afford S1c¢ (673 mg, 54% in 2 steps):
colorless oil; 'H NMR (CDCls) &: 6.80 (dt, J = 15.5, 6.9 Hz, 1H), 5.79 (d, J = 15.5 Hz, 1H),
5.40-5.22 (br m, 1H), 3.36-3.29 (m, 2H), 2.31-2.23 (m, 2H), 1.82—1.76 (m, 2H), 1.48 (s, 9H)
ppm; °C NMR (CDCL3) &: 165.9, 145.3, 124.3, 119.7 (q, Je.r = 323Hz), 80.7, 43.8, 28.7, 28.6,
28.1 ppm; IR (ATR): 3205, 2981, 2940, 1691, 1372 cm’; HRMS (ESI): caled. for
C1;H sNO,F;SNa [M+Na]" 340.0801, found 340.0802.

NHTs

Pt
N Ot-Bu

S1a

tert-Butyl (E)-6-(4-Methylphenylsulfonamido)hex-2-enoate (S1a) A procedure similar to that
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described for the preparation of S1d afforded Sla (88%): colorless amorphous; 'H NMR
(CDCly) 8: 7.75 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.73 (dt, J = 15.5, 6.9 Hz, 1H),
5.68 (dt, J = 15.5, 1.6 Hz, 1H), 4.66 (t, J = 6.3 Hz, 1H), 2.98-2.92 (m, 2H), 2.43 (s, 3H),
2.20-2.13 (m, 2H), 1.65-1.58 (m, 2H), 1.47 (s, 9H) ppm; “C NMR (CDCl;) &: 165.8, 145.9,
143.5, 136.8, 129.7, 127.1, 123.9, 80.3, 42.5, 28.9, 28.1, 28.1, 21.5 ppm; IR (ATR): 3253, 2980,
2933, 2874, 1704, 1323, 1144 cm™'; HRMS (ESI): calcd. for C,;H,sNO,SNa [M+Na]" 362.1397,

found 362.1408.
NHMs

(/\)?\
N Ot-Bu

S1b
tert-Butyl (E)-6-(Methylsulfonamido)hex-2-enoate (S1b) A procedure similar to that
described for the preparation of S1d afforded S1c¢ (24%): white solid; mp 42—44 °C (EtOAc :
hexane); '"H NMR (CDCl;) &: 6.84—6.79 (m, 1H), 5.78 (d, J = 15.5 Hz, 1H), 4.53—4.45 (br m,
1H), 3.19-3.12 (m, 2H), 2.96 (s, 3H), 2.30-2.23 (m, 2H), 1.77-1.72 (m, 2H), 1.48 (s, 9H) ppm;
PC NMR (CDCls) 8: 165.8, 145.8, 124.1, 80.3, 42.6, 40.4, 28.9, 28.6, 28.1 ppm; IR (ATR):
3283, 2978, 1710 cm'; HRMS (ESI): caled. for C;;H,NO,SNa [M+Na]" 286.1084, found
286.1085.

NHp-Ns

(/\)OJ\
X Ot-Bu

S1d

tert-Butyl (E)-6-(4-nitrophenylsulfonamido)hex-2-enoate (S1d) A procedure similar to that
described for the preparation of S1d afforded S1b (46%): yellow solid; mp 103—104 °C
(EtOAc : hexane); '"H NMR (CDCls) &: 8.38 (d, J = 8.6 Hz, 2H), 8.06 (d, J = 8.6 Hz, 2H), 6.74
(dt,J=15.5,6.9 Hz, 1H), 5.71 (dt, J=15.6, 1.4 Hz, 1H), 4.88 (t,J= 5.7 Hz, 1H), 3.08-3.00 (m,
2H), 2.23-2.18 (m, 2H), 1.71-1.64 (m, 2H), 1.47 (s, 9H) ppm; "C NMR (CDCl;) &: 165.7,
150.1, 145.9, 145.5, 128.3, 124.5, 124.2, 80.5, 42.7, 28.7, 28.2, 28.1 ppm; IR (ATR): 3261, 2981,
2939, 1524, 1335cm™'; HRMS (ESI): caled. for C¢H,N,04SNa [M+Na]™ 393.1091, found
393.1108.

NHTf

R/\/LOJ\
X OH

(E)-6-(Trifluoromethylsulfonamido)hex-2-enoic Acid (53¢) To a stirred solution of Sl¢ (123
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mg, 0.353mmol) in DCM (5 mL) was added TFA (2 mL) dropwise at 0 °C. After being stirred
for 1 h, the reaction mixture was warmed up to room temperature. After 4 h, the reaction
mixture was concentrated in vacuo. After the addition of hexane to the residue, the solvent was
evaporated at 40 °C to remove the remaining TFA. The same manupilation was conducted once
again with hexane and twice with toluene. The residue was recrystallized (EtOAc : hexane) to
give 53¢ (234 mg, 84%): white solid; mp 96-97 °C (EtOAc : hexane); '"H NMR (acetone-d6) &
6.94 (dt,J=15.3, 7.0 Hz, 1H), 5.88 (d, /= 15.5 Hz, 1H), 3.38 (t,J = 7.2 Hz, 2H), 2.40-2.33 (m,
2H), 1.87-1.81 (m, 2H) ppm; *C NMR (acetone-d6) &: 167.2, 148.5, 123.0, 120.9 (q, Jer =
322Hz), 44.3, 29.3 ppm; IR (ATR): 3299, 2957, 1686 cm'; HRMS (ESI): calcd. for
C;H(NO,F;SNa [M+Na]" 284.0175, found 284.0175.
NHTs

(/\/?J\
X OH

(E)-6-(4-Methylphenylsulfonamido)hex-2-enoic Acid (53a) A procedure similar to that
described for the preparation of 53¢ afforded 53a (98%): white solid; mp 136—137 °C (EtOAc :
hexane); '"H NMR (acetone-d6) &: 7.73 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 6.86 (dt, J
=15.7, 7.0 Hz, 1H), 6.46—6.38 (br m, 1H), 5.78 (dt, /= 15.6, 1.6 Hz, 1H), 2.97-2.88 (m, 2H),
2.41 (s, 3H), 2.28-2.22 (m, 2H), 1.69-1.62 (m, 2H) ppm; "C NMR (acetone-d6 ) &: 167.2,
149.0, 143.7, 139.1, 130.4, 127.7, 122.7, 43.2, 29.6, 28.8, 21.3 ppm; IR (ATR): 3289, 3245,
2873, 2834, 1687, 1642 cm '; HRMS (ESI): caled. for Cj3H;;NO,SNa [M+Na]" 306.0771,
found 306.0772.

NHMs

R/\)'OJ\
x OH

(E)-6-(Methylsulfonamido)hex-2-enoic Acid (53b) A procedure similar to that described for
the preparation of 53¢ afforded 53b (99%): white solid; mp 95-96 °C (EtOAc : hexane); 'H
NMR (acetone-d6) &: 10.51 (br s, 1H), 6.98-6.91 (m, 1H), 6.06—5.95 (br m, 1H), 5.86 (d, J =
15.7 Hz, 1H), 3.20-3.10 (m, 2H), 2.91 (s, 3H), 2.38-2.29 (m, 2H), 1.79—1.72 (m, 2H) ppm; °C
NMR (acetone-d6) 6: 167.4, 149.2, 122.7, 43.2, 39.9, 39.8, 29.3 ppm; IR (ATR): 3262, 2952,
1689, 1655 cm'l; HRMS (ESI): calcd. for C;H;3NO,SNa [MJrNa]+ 230.0458, found 230.0458.
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(E)-6-(4-Nitrophenylsulfonamido)hex-2-enoic Acid (53d) A procedure similar to that
described for the preparation of 53¢ afforded 53d (99%): white solid; mp 165—166 °C (EtOAc :
hexane); '"H NMR (acetone-d6) &: 8.43 (d, J = 8.6 Hz, 2H), 8.13 (d, J= 8.9 Hz, 2H), 6.89 (t, J =
5.6 Hz, 1H), 6.84 (dt, J=15.7, 6.9 Hz, 1H), 5.76 (dt, /= 15.7, 1.6 Hz, 1H), 3.08-3.02 (m, 2H),
2.30—2.23 (m, 2H), 1.72-1.66 (m, 2H) ppm; “C NMR (acetone-d6) &: 206.1, 167.1, 150.9,
148.8, 147.6, 129.2, 125.2, 122.8, 81.7, 43.2, 28.8 ppm; IR (ATR): 3255, 3105, 3084, 2877,
2840, 1692, 1531 cm'; HRMS (ESI): caled. for C,H4N,OsSNa [M+Na]™ 337.0465, found

337.0469.
O" 'N° oreops THF, -78 °C O" N" “orpPs  DCM, toluene, -78°C HO™ "N Norpppg
p-Ns p-Ns
s2
0
PhaPy NHp-N NHp-N
Ql\or-su TBDPSO/\R/‘)\E TFA TBDPSOw
toluene, rt X Ot-Bu DCM,0 °C tort X OH

S3

NHp-N
EtsN, Et;N-3HF How
THF, rt X" oH

o

N
| OTBDPS
p-Ns

S2
(S)-5-(tert-Butyldiphenylsilyloxymethyl)-1-(4-nitrophenylsulfonyl)pyrrolidin-2-one (S2) To
a stirred mixture of (S)-5-(fert-butyldiphenylsilyloxymethyl)pyrrolidin-2-one ** (2.13 g, 6.01
mmol) in THF (40 mL) was added n-BuLi (2.6 M hexane solution, 2.6 mL) at =78 °C. After
being stirred at the same temperature for 15 min, p-NsCl (2.14 g, 9.6 mmmol) in THF (20 mL)
was added dropwise at —78 °C. After being stirred at same temperature for 2 h, the mixture was
warmed up to room temperature slowly and quenched with water. The mixture was extracted
with Et,O four times and the combined organic extracts were washed with brine, dried over

Na,SO,, filtered, and concentrated in vacuo. The residue was purified by column
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chromatography on silica gel (hexane : EtOAc =20 :1 — 1/1) to afford S2 (3.14 g, 97%): white
solid; mp 130131 °C (EtOAc : hexane); [a]”p —21.1 (¢ 0.50, CHCL;); '"H NMR (CDCly) &:
8.19 (d, J = 8.9 Hz, 2H), 8.14 (d, J = 8.6 Hz, 2H), 7.56-7.52 (m, 2H), 7.52-7.43 (m, 4H),
7.43-7.35 (m, 4H), 4.51-4.47 (m, 1H), 4.01 (dd, J = 10.9, 3.7 Hz, 1H), 3.82 (dd, J = 11.2, 2.0
Hz, 1H), 2.79-2.70 (m, 1H), 2.44-2.37 (m, 1H), 2.32-2.22 (m, 1H), 2.11-2.04 (m, 1H), 0.98 (s,
9H) ppm; C NMR (CDCl3) &: 174.2, 150.5, 144.0, 135.5, 132.4, 132.1, 132.0, 130.2, 130.1,
129.6, 1279, 127.9, 124.0, 657, 60.8, 31.5, 26.7, 227, 19.1 ppm; IR (ATR):
3104, 2949, 2932, 1733, 1526 cm '; HRMS (ESI): caled. for CypHioN,04SiSNa [M+Na]
561.1486, found 561.1482..

NHp-N
TBDPSOw
X Ot-Bu

S3

tert-Butyl
(S,E)-7-|(tert-Butyldiphenylsilyl)oxy]-6-(4-nitrophenylsulfonamido)hept-2-enoate (S3)

To a stirred mixture of S2 (3.13 g, 5.81 mmol) in DCM (50 mL) was added DIBAL (1.0 M
toluene solution, 7.9 mL) at =78 °C. After beimg stirred for 6 h, the reaction mixture was added
MeOH and a saturated potassium sodium tartrate solution. The mixture was warmed up to room
temperature. The organic layer was separated and the aqueous layer was extracted with CHCl;
twice. The combined organic extracts were washed with brine, dried over Na,SQ,, filtered, and
concentrated in vacuo. The crude hemiaminal was used for the next step without further
purification. To a stirred solution of crude hemiaminal (3.08, ca. 5.69 mmol) in toluene (60 mL)
was added fert-butyl 2-(triphenylphosphoranylidene)acetate (4.51 g, 11.9 mmol). After being
stirred for 16 h, the reaction mixture was concentrated in vacuo. The residue was purified by
column chromatography on silica gel (hexane : EtOAc =10 : 1 — 8 : 1) to afford S3 (3.63 g,
66% in 2 steps): white solid; mp 112—113 °C (EtOAc : hexane); [a]*p +14.7 (¢ 1.0, CHCl;); 'H
NMR (CDCly) &: 8.19 (d, J = 9.2 Hz, 2H), 7.90 (d, J = 9.2 Hz, 2H), 7.51-7.42 (m, 6H),
7.39-7.34 (m, 4H), 6.73 (dt, J = 15.5, 6.9 Hz, 1H), 5.65 (d, J = 15.5 Hz, 1H), 4.92 (d, J = 8.6
Hz,1H), 3.47 (dd, J = 10.6, 3.2 Hz,1H), 3.35 (dd, J = 10.6, 4.3 Hz, 1H), 3.33-3.27 (m, 1H),
2.23-2.05 (m, 2H), 1.81-1.65 (m, 2H), 1.49 (s, 9H), 1.03 (s, 9H) ppm; C NMR (CDCl;) &:
165.8, 149.8, 146.7, 145.9, 135.4, 135.4, 132.3, 132.3, 130.2, 128.0, 127.9, 127.9, 124.3, 123.9,
80.3, 64.7, 54.9, 30.9, 28.1, 28.0, 26.8, 19.2 ppm (One carbon could not be observeed.); IR
(ATR): 3221, 2966, 1704, 1505 cm™'; HRMS (ESI): calcd. for C33Hy;N,0;SiSNa [M+Nal*
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661.2374, found 661.2364.

TBDPSO NHp-Ns
N"oH

53f

(S,E)-7- (tert-Butyldiphenylsilyloxy)-6-(4-nitrophenylsulfonamido)hept-2-enoic Acid (53f)
To a stirred solution of S3 (324 mg, 0.508 mmol) in DCM (10 mL) was added TFA (4 mL)
dropwise at 0 °C. After being stirred for 3 h, the reaction mixture was warmed up to room
temperature and concentrated in vacuo. After the addition of hexane to the residue, the solvent
was evaporated at 40 °C to remove the remaining TFA. The same manupilation was conducted
once again with hexane and twice with toluene to give 53f (295 mg, 99%): white solid; mp
129130 °C (EtOAc : hexane); [a]*'p +20.2 (¢ 1.0, CHCls); 'H NMR (CDCls) &: 8.20 (d, J=7.7
Hz, 2H), 7.90 (d, J = 8.0 Hz, 2H), 7.51-7.43 (m, 6H), 7.40—7.33 (m, 4H), 6.99-6.92 (m, 1H),
5.76 (d, J = 15.5 Hz, 1H), 5.00 (d, J = 8.9 Hz, 1H), 3.49-3.43 (m, 1H), 3.36-3.28 (m, 2H),
2.33-2.15 (m, 2H), 1.86—1.67 (m, 2H), 1.03 (s, 9H) ppm; “C NMR (CDCls) &: 171.1, 150.2,
149.8, 146.6, 135.4, 135.4, 132.3, 132.2, 130.2, 128.0, 127.9, 127.9, 124.4, 121.4, 64.7, 54.8,
30.6, 28.3, 26.8, 19.2 ppm (Two carbons could not be observed.); IR (ATR): 3384, 2960, 2928,
1684, 1641, 1525 cm '; HRMS (ESI): caled. for CyoH3,N,0,SiSNa [M+Na]™ 605.1748, found
605.1744.

NHp-N
X OH

53e

(S, E)-7-Hydroxy-6-(4-nitrophenylsulfonamido)hept-2-enoic Acid (53e) To a stirred solution
of Et;N (0.222 mL, 1.59 mmol) and Et;N « 3HF (0.549 g, 3.4 mmol) in THF (3 mL) was added a
solution of 1e (0.37 g, 0.636 mmol) in THF (7 mL) dropwise at room temperature. After being
stirred for 22 h, the reaction mixture was concentrated in vacuo, and the residue was purified by
column chromatography on silica gel (hexane : EtOAc : AcOH =20 : 20 : 1) to afford S53e (219
mg, quant): white solid; mp 130—131 °C (EtOAc : hexane); [a]*'p +20.0 (c 1.0, acetone); 'H
NMR (acetone-d6) o: 8.43 (d, J = 8.6 Hz, 2H), 8.17 (d, J = 8.6 Hz, 2H), 6.86—6.76 (m, 2H),
5.69 (d, J=15.8 Hz, 1H), 3.88 (br s, 1H), 3.55-3.48 (m, 1H), 3.48-3.41 (m, 1H), 3.41-3.33 (m,
1H), 2.33-2.20 (m, 1H), 2.20—-2.10 (m, 1H), 1.85-1.76 (m, 1H), 1.64—1.54 (m, 1H) ppm; “C
NMR (acetone-dq) &: 167.3, 150.8, 149.1, 148.7, 129.2, 125.1, 122.5, 64.8, 56.3, 30.8, 28.7
ppm; IR (ATR): 3370, 3239, 2950, 2929, 1644, 1528 cm '; HRMS (ESI): caled. for
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C3HsN,0;SNa [M+Na]" 367.0570, found 367.0587.
OH

PN Son  Ts-N=c=0 TSHNTH\/\OH SO3-pyr, EtsN TSN&“‘B”
Bn MeCN, 50 °C O Bn DMSO, 0 °C to rt O)fNH
o}
Ph3P\)ko Bu OYNHTS o TEA OYNHTS o
toluene, rt HNMOt—Bu W HNMOH
Bn Bn
S4 53g

OYNHTS o
HN\:/\)J\OI‘-BU

Bn
S4
tert-Butyl (S,E)-5-Phenyl-4-(3-tosylureido)pent-2-enoate (S4) To a stirred solution of
(S)-2-amino-3-phenylpropan-1-ol (12 mmol) was added TsNCO (1.53 mL, 10 mmol) at 50 °C,
and the reaction mixture was stirred for 13 h. After concentration in vacuo and dilution of
obtained solid with 1M HCI aq was filtered, and washed with water and Et,O. The resulting
white solids were used for the next step without further purification. To a stirred solution of the
crude urea (1.05 g, ca. 3 mmol) in DMSO (9 mL) were added Et;N (1.26 mL, 9 mmol) and
SO; * pyr (1.43 g, 9 mmol) in DMSO (3.3 mL), and the reaction mixture was stirred for 4 h.
After the completion of the reaction, the mixture was quenched with ice water (15 mL). The
aqueous layer was extracted with EtOAc three times and combined organic extracts were
washed with brine, dried over Na,SQ,, filtered, and concentrated in vacuo. The resulting brown
solid was used for the next step without further purification. To a stirred solution of hemiaminal
(311 mg, ca. 0.9 mmol) in toluene © mL) added tert-butyl
2-(triphenylphosphoranylidene)acetate (512 mg, 1.35 mmol) at room temperature and the
reaction mixture was stirred for 9 h. After concentration of reaction mixture in vacuo, the
residue purified by column chromatography on silica gel (hexane : EtOAc =2 : 1) to afford S4:
white solid (220 mg, 35% in 3 steps). mp 155.6-156.6 °C (EtOAc : hexane); [a]*'p —3.7 (c 1.0,
CHCl5); '"H NMR (CDCl;) &: 7.52 (d, J = 8.0 Hz, 2H), 7.34—7.24 (m, 3H), 7.24-7.20 (m, 2H),
7.20-7.15 (m, 2H), 6.77 (dd, J = 15.8, 5.4 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 5.69 (dd, /= 15.8,
1.4 Hz, 1H), 4.75-4.70 (m, 1H), 2.98 (dd, J = 14.3, 5.7 Hz, 1H), 2.83 (dd, /= 13.7, 8.0 Hz, 1H),
2.41 (s, 3H), 1.48 (s, 9H) ppm; "C NMR (CDCl;) &: 165.2, 150.8, 145.0, 144.8, 136.4, 136.0,
130.0, 129.3, 128.7, 127.0, 126.7, 123.2, 80.7, 52.1, 40.4, 28.1, 21.6 ppm; IR (ATR): 3343, 3092,
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2974, 2895, 1677, 1538 cm™'; HRMS (ESI): calcd. for Cy;HysN,OsSNa [M+Na]* 467.1611,
found 467.1620.

Oﬁ/NHTS o
HN\/\)J\OH

Bn
539

(S, E)-5-Phenyl-4-(3-tosylureido)pent-2-enoic Acid (53g) To a stirred solution of S4 (116 mg,
0.26 mmol) in DCM (5 mL) was added TFA (5 mL) dropwise at 0 °C. After being stirred for 3 h,
the reaction mixture was warmed up to room temperature and stirred at the same temperature
for 4 h. Afer the completion of the reaction, the mixture was concentrated in vacuo. After the
addition of hexane to the residue, the solvent was evaporated at 40 °C to remove the remaining
TFA. The same manupilation was conducted once again with hexane and twice with toluene to
give 53g (101 mg, quant): white solid; mp 143—144 °C (EtOAc : hexane); [a]*'p —10.3 (c 1.0,
CHCl3); 'H NMR (acetone-d6) &: 7.75 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.32-7.17
(m, 5H), 6.92 (dd, J = 16.0, 5.2 Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 5.72 (dd, J = 15.5, 1.7 Hz,
1H), 4.72-4.62 (m, 1H), 3.05-2.91 (m, 2H), 2.42 (s, 3H) ppm; >C NMR (acetone-d6) &: 154.3,
145.2, 137.5,137.1, 130.4, 130.3, 129.3, 128.7, 127.5, 58.6, 57.0, 56.9, 42.3, 39.9, 21.5 ppm; IR
(ATR): 3335, 3106, 2906, 1652, 1538 cm™'; HRMS (ESI): calcd. for C9H,0N,OsSNa [M+Na]"
411.0985, found 411.0994.

(e}
Eoc o o P\)J\ NHBoc NH2
U 3P Ot-Bu i/\/\(‘)\ TFA i/\/(u)\
toluene, rt X Ot-Bu DCM,0°Ctort X OH
S5
NHp-Ns
1N NaOH aq.
p-NsCI O
_—
THF, 0°C to rt X" 0H
53h
NHBoc
0]
AN
Ot-Bu
S5

tert-Butyl (E)-7-|(tert-Butoxycarbonyl)amino]hept-2-enoate (S5) To a stirred solution of

tert-butyl 2-hydroxypiperidine-1-carboxylate*® (275 mg, 1.37 mmol) in toluene (8 mL) was
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added tert-butyl 2-(triphenylphosphoranylidene)acetate (572 mg, 1.5 mmol) in toluene (5 mL)
at room temperature. After being stirred at room temperature for 6 h, the reaction mixture was
warmed up to 50 °C. After being stirred for 16 h at the same temperature, the reation mixture
was concentrated in vacuo. The crude product was purified by column chlomatography on silica
gel (hexane : EtOAc = 6 : 1) to give afford S5 (204 mg, 50%): colorless amorphous; 'H NMR
(CDCIL) 6: 6.86-6.80 (m, 1H), 5.74 (d, J = 15.8 Hz, 1H), 4.51 (br s, 1H), 3.16—3.08 (m, 2H),
2.23-2.15 (m, 2H), 1.48 (s, 9H), 1.44 (s, 9H) ppm; C NMR (CDCl;) &: 166.0, 155.9, 147.3,
123.3, 80.0, 79.0, 40.2, 31.5, 29.6, 28.4, 28.1, 25.2 ppm; IR (ATR): 3372, 2978, 2936, 1703,
117lcm_1; HRMS (ESI): calcd. for C,¢H,0NO,Na [M+Na]" 322.1989, found 322.1991.

NHp-Ns

O

N OH

53h

tert-Butyl (E)-7-(4-nitrophenylsulfonamido)hept-2-enoate (53h) To a stirred solution of S5
(0.683 mmol, 204 mg) in DCM (20 mL) was added TFA (2.5 mL) at 0 °C. After being stirred
for 4 h at the same temperature, the reaction mixture was concentrated in vacuo to afford the
crude product as colorless oil, which was used for the next step without further purification. To
a stirred solution of the crude aminocarboxilic acid (98 mg, ca. 0.683 mmol) in THF (20 mL)
were added 1IN NaOH aq. (2.0 mL) and p-NsCl (1.02 mmol, 227 mg) at 0 °C and the reaction
mixture was stirred for 2 h. After the reaction mixture was warmed up to room temperature and
stirred for 2 h, the mixture was acidified to pH 1.0 with 1IN HCI aq. and diluted with EtOAc.
The organic layer was separated and the aqueous layer was extracted with EtOAc twice. The
combined organic extracts were washed with brine, dried over Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by column chromatography on silica gel
(hexane : EtOAc : CH;COOH = 16 : 4 : 1) to afford 53h (60 mg, 27% in 2 steps): yellow solid;
mp 139-140 °C (EtOAc : hexane); 'H NMR (acetone-d6) &: 8.44 (d, J = 8.9 Hz, 2H), 8.13 (d, J
= 8.9 Hz, 2H), 6.91-6.81 (m, 2H), 5.77 (d, J = 15.8 Hz, 1H), 3.07-3.00 (m, 2H), 2.23-2.15 (m,
2H), 1.58—1.45 (m, 4H) ppm; C NMR (acetone-d6) &: 167.4, 150.9, 149.6, 147.7, 129.1, 125.2,
122.5, 43.6, 31.9, 29.7, 25.6 ppm; IR (ATR): 3268, 2942, 2868, 1688, 1641, 1529, 1167cm ';
HRMS (ESI): calcd. for C;3H;N,OsSNa [M+Na]" 351.0621, found 351.0620.
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-Ns
p-NsCl, AZADOL (cat) P

OH DCM rt DCM rt

S7

F’haP\)k NHp-Ns NHp-Ns
O -Bu
toluene rt Ot-Bu DCM 0°C, tort
NHp-Ns
@/\/OH

S6

N-[2-(3-Hydroxypropyl)phenyl]-4-nitrobenzenesulfonamide (S6) To a solution of
3-(2-aminophenyl)propan-1-ol*” (1.26 g, 8.33 mmol) in DCM (50 mL), was added p-NsCI (1.1
eq) in DCM (40 mL) at room temperature. After being stirred for 14 h, the reaction mixture was
quenched with 1N HCI aq. and diluted with water and CHC]l;. The organic layer was separated
and the aqueous layer was extracted with CHCI; twice. The combined organic extracts
werewashed with brine, dried over Na,SO,, and concentrated in vacuo. The crude product was
recrystallized (EtOAc : hexane) to give S6 (2.2 g, 78%): white solid; mp 132—133 °C
(EtOAc : hexane); 'H NMR (CDCLs) &: 8.79 (s, 1H), 8.26 (d, J = 9.2 Hz, 2H), 7.89 (d, J = 9.2
Hz, 2H), 7.52-7.48 (m, 1H), 7.25-7.20 (m, 1H), 7.18=7.13 (m, 1H), 7.10-7.05 (m, 1H), 3.51 (t,
J = 5.4 Hz, 2H), 2.30 (t, J = 6.6 Hz, 2H), 2.07 (s, 1H), 1.75-1.70 (m, 2H) ppm; “C NMR
(CDCl,) 8: 150.0, 145.8, 134.6, 134.3, 130.5, 128.2, 127.5, 126.8, 124.9, 124.1, 59.6, 31.9, 25.6
ppm; IR (ATR): 3549, 3106, 1523 cm '; HRMS (ESI): calcd. for C;sHsN,OsS [M—H]
335.0707, found 335.0707.
;I)-Ns

S7
1-(4-Nitrophenylsulfonyl)-1,2,3,4-tetrahydroquinolin-2-ol (S7) To a solution of S6 (2.2 g,
6.54 mmol) in DCM (80 mL), were added AZADOL (50 mg, 0.33 mmol) and PhI(OAc),(2.32
g, 7.19 mmol). After being stirred for 3 h, the mixture was quenched with saturated Na,S,05 aq.
(30 mL) and NaHCOs aq. (30 mL). The organic layer was separated and the aqueous layer was
extracted with CHCI; twice. The combined organic extracts werewashed with brine, dried over
Na,SOy, and concentrated in vacuo. The crude product was purified by column chromatography

on silica gel (hexane : EtOAc =4 : 1 — 7 : 2) to afford S7 (1.5 g, 69 %): yellow amorphous; 'H
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NMR (CDCl,) 6: 8.25 (d, J = 8.0 Hz, 2H), 7.77 (d, J = 7.4 Hz, 2H), 7.70 (d, J = 8.0 Hz, 1H),
7.28—7.22 (m, 2H), 7.13 (dd, J = 7.4, 7.4 Hz, 1H), 7.05 (d, J = 7.4 Hz, 1H), 5.86—5.78 (br m,
1H), 3.44 (s, 1H), 2.55-2.45 (m,1H), 2.23-2.13 (m, 1H), 1.86-1.74 (m, 2H) ppm; *C NMR
(CDCL) &: 150.2, 144.4, 134.0, 132.7, 128.1, 128.0, 127.5, 126.0, 124.6, 124.3, 81.0, 30.9, 23.8
ppm; IR (ATR): 3519, 3106, 1529 cm'; HRMS (ESI): calcd. for C;sHsN,OsSNa [M+Na]”
357.0516, found 357.0514.
NHp-Ns
= Ot-Bu

@)
S8

tert-Butyl (E)-5-]2-(4-Nitrophenylsulfonamido)phenyl]pent-2-enoate (S8) To a solution of
S7 (15 g 449 mmol) in toluene (30 mL), was added (tert-butyl
2-(triphenylphosphoranylidene)acetate (3.36 g, 8.88 mmol) at room temperature. After being
stirred for 20 h, the mixture was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane : EtOAc =4 : 1) to afford S8 (1.83 g, 94 %): white solid;
mp 131-132 °C (EtOAc : hexane); 'H NMR (CDCl;) &: 8.31 (d, J = 8.6 Hz, 2H), 7.92 (d, J =
8.9 Hz, 2H), 7.25-7.13 (m, 3H), 7.05 (d, J = 8.0 Hz, 1H), 6.76 (dt, J=15.7, 6.9 Hz, 1H), 6.43
(brs, 1H), 5.69 (d, J = 15.5 Hz, 1H), 2.63 (t, J = 7.9 Hz, 2H), 2.38-2.31 (m, 2H), 1.49 (s, 9H)
ppm; “C NMR (CDCl;) &: 165.8, 150.2, 145.6, 145.2, 136.6, 132.8, 130.1, 128.6, 128.0, 127.5,
126.2, 124.3, 124.1, 80.5, 32.2, 29.4, 28.1 ppm; IR (ATR): 3106, 2978, 1676, 1530 cm™'; HRMS
(ESI): caled. for C,;H4N,04SNa [M+Na]" 455.1247, found 455.1254.
NHp-Ns
= OH

0]
53i

(E)-5-|2-(4-Nitrophenylsulfonamido)phenyl|pent-2-enoic Acid (53i) To a stirred solution of
S8 (1.62 g, 3.74 mmol) in DCM (15 mL) was added TFA (7 mL) dropwise at 0 °C. After being
stirred for 4 h, the reaction mixture was warmed up to room temperature and concentrated in
vacuo. After the addition of hexane to the residue, the solvent was evaporated at 40 °C to
remove the remaining TFA. The same manupilation was conducted once again with hexane and
twice with toluene to give 53i (1.37 g, 84%): white solid; mp 177-178 °C (EtOAc : hexane); 'H
NMR (acetone-d6) o: 8.81 (s, 1H), 8.41 (dt, J = 9.2, 2.2 Hz, 2H), 8.00 (dt, J = 9.3, 2.2 Hz, 2H),
7.31(dd, J=7.7, 1.4 Hz, 1H), 7.26-7.22 (m, 1H), 7.17-7.13 (m, 1H), 7.08 (dd, /= 8.0, 1.1 Hz,
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1H), 6.87 (dt, J = 15.7, 6.7 Hz, 1H), 5.74 (dt, J = 15.6, 1.6 Hz, 1H), 2.77 (t, J = 8.0 Hz, 2H),
2.44-2.39 (m, 2H) ppm; BC NMR (acetone-d6) 6: 167.2, 151.1, 148.9, 146.9, 138.8, 134.7,
130.9, 129.5, 128.3, 128.0, 127.8, 125.2, 122.5, 33.0 (One carbon couldn’t be observed.) ppm;
IR (ATR): 3215, 3105, 1691, 1651, 1529 cm '; HRMS (ESD): caled. for C;;HsN,OsSNa
[M+Na]" 399.0621, found 399.0630.

(0] OH Q
&/o DIBAL do PhSP\)]\olr-lau _ @\i
toluene, hexane, -78 °C toluene, rt X" “0t-Bu
S9
TEMPO O. OH i) (COCI),, DMF (cat.), O. NHR

Phi(OAc), w EtOAc, 0 °C w
1 solution N Ot-Bu i X Ot-Bu

water : MeCN =1 : ) NH,NHR ot NH,OH

S10 EtOAC/Hzo, 0 oC (R = TS, CbZ, OH)
0._ _NHR st
= w
DCM, 0 °C to rt X" 0H
OH
P
™
Ot-Bu

S9

tert-Butyl (E)-6-Hydroxyhex-2-enoate (S9) To a solution of dihydrofuran-2(3H)-one (2.58
2)30 mmol) in toluene (60 mL) was slowly added DIBAL (45 mL, 45 mmol, 1.0 M solution in
hexane) at —78 °C, After being stirred for 2 h, the reaction mixture was quenched with MeOH (5
mL). To the mixture were added MgSO,4(10.0 g) and Celite (10.0 g). After being stirred for 30
min, the mixture was filtered through Celite, and the filtrate was concentrated in vacuo. The
crude tetrahydrofuran-2-01** was used for the next step without further purification. To a
solution of tetrahydrofuran-2-ol in toluene (150 mL) was added tert-butyl
2-(triphenylphosphoranylidene)acetate (13.5 g, 36 mmol). After being stirred for 14 h, the
mixture was concentrated in vacuo and the residue was purified by column chromatography on
silica gel (hexane : EtOAc = 3 : 1) to afford S8 (3.63 g, 65% in 2 steps), which was identical to

that reported previously. ¥’

(@) OH
\I\;/\)OJ\
X Ot-Bu

S10
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(E)-6-(tert-Butoxy)-6-oxohex-4-enoic Acid (S10) To a stirred solution of S9 in DCM (20 mL)
were added TEMPO (83 mg, 0.537mmol) and PhI(OAc), (3.43 g, 10.7 mmol) at room
temperature. After being stirred for 2 h, the reaction mixture was quenched with a saturated
Na,S,0; solution and the organic layer was separated. The aqueous layer was extracted with
CHCI, twice and the combined organic extracts were washed with saturated Na,S,0; solution
and brine, dried over Na,SQO,, filtered and concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (hexane : EtOAc =8 : 1) to afford S9 (588 mg,

59%), which was identical to that reported previously. >

X Ot-Bu

S11k

Benzyl (FE)-2-|6-(tert-Butoxy)-6-oxohex-4-enoyl]hydrazinecarboxylate (S11k) To a stirred
solution of S10 (120 mg, 0.6 mmol) in EtOAc (5 mL) were added two drops of DMF and
(COCl), (52 uL, 2.4 mmol) at 0 °C, and the mixture was stirred for 2 h. In another flask a stirred
solution of Cbz-hydrazine in EtOAc (5 mL) and saturated NaHCOj; aq solution (5 mL) was
prepared. The carboxlic acid chloride prepared above was added dropwise to the stirred solution
of Cbz-hydrazine. After being stirred for 2 h, the reaction mixture was quenched with 1N HCl
aq.. The organic layer was washed with 1N HCI aq. twice and brine. The organic extracts were
dried over Na,SO,, filtered, and concentrated in vacuo. The residue was purified by column
chromatography (hexane : EtOAc=3:1— 2: 1) to give S11k (123 mg, 59%): colorless oil; 'H
NMR (CDCly) 6: 7.42—7.28 (m, SH), 6.85-6.73 (m, 1H), 5.75 (d, /= 15.8 Hz, 1H), 5.12 (s, 2H),
2.51-2.44 (m, 2H), 2.31 (t, J = 7.3 Hz, 2H), 1.46 (s, 9H) ppm; *C NMR (CDCl;) &: 171.7,
166.0, 156.5, 145.4, 135.5, 128.5, 128.3, 128.1, 123.9, 80.4, 67.7, 31.8, 28.1, 27.1 ppm; IR
(ATR): 3285, 2979, 1692, 1500cm '; HRMS (ESI): calcd. for CsH»3N,Os [M—H] 347.1612,
found 347.1602.

(@] NHNHT:
w
X Ot-Bu

S11j

tert-Butyl (E)-6-Oxo0-6-(2-tosylhydrazinyl)hex-2-enoate (S11j) A procedure similar to that
described for the preparation of S11k afforded S11j (43% yield from S10): colorless
amorohous; 'H NMR (CDCl;) &: 8.60 (s, 1H), 7.78 (d, J = 7.7 Hz, 2H), 7.46 (s, 1H), 7.31 (d, J =
8.0 Hz, 2H), 6.69 (dt, J = 15.5, 6.4 Hz, 1H), 5.70 (dd, J = 15.5, 1.1 Hz, 1H), 2.43 (s, 3H),
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2.34-2.27 (m, 2H), 2.27-2.21 (m, 2H), 1.47 (s, 9H); "C NMR (CDCl;) &: 170.1, 165.7, 145.1,
144.7, 133.1, 129.6, 128.5, 124.2, 80.5, 31.9, 28.1, 27.0, 21.7 ppm; IR (ATR): 3310, 3048, 2979,
1679, 1653, 1152 cm’l; HRMS (ESI): calcd. for C;;H,3N,OsS [M-H] : 367.1333, found
367.1334.

o NHOH
m
X Ot-Bu

S110

tert-Butyl (E)-6-(Hydroxyamino)-6-oxohex-2-enoate (S110) A procedure similar to that
described for the preparation of S11k afforded S11o (32% yield from S10): colorless oil; 'H
NMR (CDCl;) 6: 6.83—6.77 (m, 1H), 5.79 (d, J = 15.5 Hz, 1H), 2.58-2.51 (m, 2H), 2.31 (t, J =
6.9 Hz, 2H), 1.47 (s, 9H) ppm; "C NMR (CDClL;) &: 170.1, 166.2, 145.4, 124.1, 80.7, 31.1, 28.1,
27.4 ppm; IR (ATR): 3247, 2981, 1704, 1655cm™'; HRMS (ESI): calcd. for C,oH;NO,Na
[M+Na]" 238.1050, found 238.1047.

N OH
53k

(E)-6-]2-|(Benzyloxy)carbonyl]hydrazinyl]-6-oxohex-2-enoic Acid (53k) To a stirred solution
of S11 (123 mg, 0.353mmol) in DCM (5 mL) was added TFA (2 mL) dropwise at 0 °C. After
being stirred for 1 h, the reaction mixture was warmed up to room temperature. After being
stirred for another 4 h, it was concentrated in vacuo. After the addition of hexane to the residue,
the solvent was evaporated at 40 °C to remove the remaining TFA. The same manupilation was
conducted once again with hexane and twice with toluene to give 53k (100 mg, 98%): white
solid; mp 146-147 °C (EtOAc : hexane); 'H NMR (acetone—d6) &: 8.98 (br s, 1H), 8.24 (br s,
1H), 7.44—7.27 (m, 5H), 6.99-6.93 (m, 1H), 5.86 (d, J= 16.0 Hz, 1H), 5.12 (s, 2H), 2.59-2.34
(m, 4H) ppm; BC NMR (acetone-d6) o: 171.8, 167.3, 157.2, 148.5, 137.7, 129.2, 128.7, 128.7,
122.7, 67.2,32.4, 28.1 ppm; IR (ATR): 3332, 3207, 3036, 1688, 1615cm'; HRMS (ESI): calcd.
for Ci4H5sN,Os [M—H] 291.0986, found 291.0974

O NHNHTs
w
X OH
53;
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(E)-6-Ox0-6-(2-tosylhydrazinyl)hex-2-enoic Acid (53j) A procedure similar to that described
for the preparation of 53k afforded 53j (93.8 mg, 81%): white solid; mp 170—171°C (EtOAc :
hexane); '"H NMR (acetone-d6) &: 9.43 (s, 1H), 8.39 (s, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.35 (d, J
= 8.0 Hz, 2H), 6.82-6.74 (m, 1H), 5.75 (d, J = 15.8 Hz, 1H), 2.40 (s, 3H), 2.36-2.27 (m, 4H)
ppm; °C NMR (acetone-d6) 5: 172.8, 172.3, 145.0, 136.9, 130.2, 129.1, 56.8, 36.7, 27.2, 23.2,
21.5 ppm; IR (ATR): 3336, 3191, 3070, 2922, 1682, 1639cm™'; HRMS (ESI): calced. for
C13HsN,0sS [M—H] 311.0707, found 311.0695.

N OH

530
(E)-6-(Hydroxyamino)-6-oxohex-2-enoic Acid (530) A procedure similar to that described for
the preparation of 53k afforded 530 (63.7 mg, 67%): white solid; mp 135-136 °C (EtOAc :
hexane); "H NMR (acetone-d6) &: 10.06 (br s, 1H), 8.22 (br s, 1H), 6.94—6.88 (m, 1H), 5.83 (d,
J =16.0 Hz, 1H), 2.54-2.46 (m, 2H), 2.29 (t, J = 6.9 Hz, 2H) ppm; C NMR (acetone-d6) :
169.5, 167.3, 148.5, 122.7, 31.5, 28.3 ppm; IR (ATR): 3215, 3064, 2891, 1699, 1622, 1555

cm '; HRMS (ESI): caled. for C¢H oNO, [M+H]" 160.0604, found 160.0604.
o}

\)LOt-Bu , Cul

OH OH

©;/\ Grubbs 2nd catalyst @E/\)(J)\ TFA OH o

N Et,0, 40 °C ~"“NotBy DCM, 0°C tort NNon

S12

OH

C 2
AN
Ot-Bu

$12

1m

tert-Butyl (E)-4-(2-Hydroxyphenyl)but-2-enoate (S12) To a stirred solution of 2-allylphenol
(0.26 mL, 2.0 mmol) in Et,0 (30 mL) were added fert-butyl acrylate (0.73 mL, 5.0 mmol),
copper iodide (6.7 mg, 0.04 mmol), and Grubbs 2™ catalyst (34 mg, 0.04 mmol) at room
temperature and the reaction mixture was warmed up to 40 °C. After being stirred for 19 h, the
reaction mixture was concentrated in vacuo. The residue was purified by column
chromatography (hexane : EtOAc =30:1 — 4 : 1) to give S12 (430 mg, 92%): white solid; mp
64—66 °C (EtOAc : hexane); 'H NMR (CDCl;) 8: 7.15-7.07 (m, 2H), 7.04 (dt, J = 15.7, 6.4 Hz,
1H), 6.88 (dd, J = 7.4, 7.4 Hz, 1H), 6.77 (d, J = 7.4 Hz, 1H), 5.73 (dt, J = 15.7, 1.6 Hz, 1H),
5.02 (s, 1H), 3.50 (dd, J = 6.6, 1.4 Hz, 2H), 1.46 (s, 9H) ppm; *C NMR (CDCl;) 3: 166.8, 154.0,
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146.3, 130.6, 128.0, 124.3, 123.4, 120.6, 115.4, 80.6, 33.1, 28.1 ppm; IR (ATR): 3308, 2986,
1676, 1641 cm_l; HRMS (ESI): caled. for C4H,50;Na [M+Na]" 257.1148, found 257.1143.

N OH
53l

(E)-4-(2-Hydroxyphenyl)but-2-enoic Acid (531) To a stirred solution of S12 (392 mg, 1.67
mmol) in DCM (5 mL) was added TFA (5 mL) dropwise at 0 °C. After being stirred for 1 h, the
reaction mixture was warmed up to room temperature. After being stirred for another 4 h, the
reaction mixture was concentrated in vacuo. After the addition of hexane to the residue, the
solvent was evaporated at 40 °C to remove the remaining TFA. The same manupilation was
conducted once again with hexane and twice with toluene to give 531 (300 mg, quant): brown
solid; mp 107—108 °C (EtOAc : hexane); 'H NMR (acetone-d6) &: 7.15—7.04 (m, 3H), 6.88 (d, J
= 8.0 Hz, 1H), 6.83-6.75 (m, 1H), 5.80 (d, J = 14.3 Hz, 1H), 3.55 (d, J = 6.9 Hz, 2H) ppm; °C
NMR (acetone-d6) o: 167.5, 155.9, 148.5, 131.1, 128.7, 125.4, 122.4, 120.6, 116.0, 33.4 ppm;
IR (ATR): 3403, 2981, 2922, 1671, 1638 cm '; HRMS (ESI): calcd. for C,;Hs0; [M—H]
177.0557, found 177.0550.

O
PhgP
o_OH Phs \)kopsu OH TFA OH
toluene, rt = Ot-Bu DCM, 0 °C = OH
s13 © 53m o)
OH

= Ot-Bu

s13 O

tert-Butyl (E)-5-(2-Hydroxyphenyl)pent-2-enoate (S13) To a solution of chroman-2-ol’' (730
mg, 4.80 mmol) was added tert-butyl 2-(triphenylphosphoranylidene)acetate (2.89 g, 7.67
mmol) at room temperature and the reaction mixture was stirred at the same temperature for 5 h.
To the mixture, was added a solution of another tert-butyl
2-(triphenylphosphoranylidene)acetate (367 mg, 0.96 mmol) in toluene (10 mL). After being
stirred for 1 h, the mixture was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane : EtOAc = 6 : 1) to afford S13 (918 mg, 76%): colorless
oil; 'TH NMR (CDCl3) &: 7.14-7.06 (m, 2H), 6.94 (dt, J = 15.5, 6.9 Hz, 1H), 6.87 (dd, J = 7.4,
7.4 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 5.80 (d, /= 15.5 Hz, 1H), 4.98 (s, 1H), 2.76 (t, /= 7.7 Hz,
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2H), 2.54-2.46 (m, 2H), 1.48 (s, 9H) ppm; “C NMR (CDCL;) &: 166.3, 153.5, 147.4, 130.2,
127.4,127.3, 123.3, 120.9, 115.2, 80.2, 32.2, 28.8, 28.2 ppm; IR (ATR): 3398, 3018, 2981, 1688
cm '; HRMS (ESI): caled. for C,sH,00;Na [M+Na]™ 271.1305, found 271.1306.
OH
= OH

53m 9

(E)-5-(2-Hydroxyphenyl)pent-2-enoic Acid (53m) To a stirred solution of S13 (918 mg, 3.70
mmol) in DCM (10 mL) at 0 °C, was added TFA (3 mL) dropwise. After being stirred for 2.5 h,
the reaction mixture was warmed up to room temperature and concentrated in vacuo. After the
addition of hexane to the residue, the solvent was evaporated at 40 °C to remove the remaining
TFA. The same manupilation was conducted once again with hexane and twice with toluene to
give 53m (711 mg, quant.): white solid; mp 116-117 °C (EtOAc : hexane); 'H NMR
(acetone-d6) 5: 10.46 (br s, 1H), 8.22 (s, 1H), 7.12 (d, J = 7.4 Hz, 1H), 7.05-6.97 (m, 2H), 6.84
(d, J=8.0 Hz, 1H), 6.77 (dd, J = 7.4, 7.4 Hz, 1H), 5.83 (dt, /= 15.7, 1.4 Hz, 1H), 2.79 (t, J =
7.7 Hz, 2H), 2.57-2.52 (m, 2H) ppm; “C NMR (acetone-d6) &: 167.4, 155.9, 149.9, 130.9,
128.1, 122.3, 120.4, 115.9, 32.9, 29.6, 29.3 ppm; IR (ATR):3331, 2945, 2861, 1667, 1626 cm';
HRMS (ESI): caled. for C;;H;,03Na [M+Na]" 215.0679, found 215.0671.

O

Cbz . /\/\)J\
2 N N-"otBu

OH  s14

tert-Butyl (E)-5-[[(Benzyloxy)carbonyl](hydroxy)amino]pent-2-enoate (S14) To a solution
of benzyl 5-hydroxyisoxazolidine-2-carboxylate”” (2.68 g, 12 mmol) in toluene (60 mL), was
added tert-butyl 2-(triphenylphosphoranylidene)acetate (6.77 g, 18 mmol), and the mixture was
stirred at room temperature for 24 h. The reaction mixture was then concentrated in vacuo, and
the residue was purified by column chromatography on silica gel (hexane : EtOAc =6 : 1) to
afford S14 (54.4 mg, 59%): colorless oil; '"H NMR (CDCls) &: 7.45 (br, 1H), 7.33 (m, 5H), 6.82
(dt, J=15.8 Hz, 6.9 Hz, 1H), 5.81 (d, J = 15.8 Hz, 1H), 5.15 (s, 2H), 3.65 (t, J/ = 7.2 Hz, 2H),
2.50 (q, J = 7.2 Hz, 2H), 1.46 (s, 9H) ppm; *C NMR (126 MHz, CDCl;): 5165.7, 157.4, 143.6,
135.7, 128.6, 128.3, 128.1, 125.0, 80.4, 68.1, 48.9, 29.6, 28.1 ppm; IR (CHCI;): 3345, 2978,
1715, 1699 cm™'; MS (FAB"): 322 (MH", 15), 91 (100); HRMS (ESI): calcd. for C;,H,3NOsNa
[M+Na]" 344.1468, found 344.1462.
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CbZ\NWJ\OH

)
OH
53n

(E)-5-[[(Benzyloxy)carbonyl](hydroxy)amino]pent-2-enoic Acid (53n) To a stirred solution
of S12 (148 mg, 0.46 mmol) in DCM (10 mL) was added TFA (3 mL) dropwise at 0 °C. After
the addition of hexane to the residue, the solvent was evaporated at 40 °C to remove the
remaining TFA. The same manupilation was conducted once again with hexane and twice with
toluene 53n (128 mg, quant): colorless oil; 'H NMR (CDCls) &: 7.39-7.32 (m, 5H), 7.01 (dt, J =
15.7,7.2 Hz, 1H), 5.89 (d, J = 15.8 Hz, 1H), 5.18 (s, 2H), 3.72 (t, J= 6.6 Hz, 2H), 2.59-2.55 (m,
2H) ppm; “C NMR (CDCls) &: 170.9, 157.6, 147.7, 135.5, 128.6, 128.4, 128.2, 122.8, 68.4,
48.7, 29.9 ppm; IR (ATR): 3223, 3018, 1703 cm'; HRMS (ESI): calcd. for C;3H;sNOsNa
[M+Na]" 288.0842, found 288.0843.

2. General Procedure for Bifunctional Amino Boronic Acid-Catalyzed Intramoecular

Michael Reactions of a,p-unsaturated carboxylic acids.

) ’ \ P
: i G XN o
S AN L
n OH cat. 55 n OH
53a-k (10 mol%) 54a—k
—_—
_~.._.OH MeCN //-_::\\
T TN"oH WOH
53l-o0 541-o0

To a stirred solution of 53 (0.1 mmol) in MeCN (1 mL), was added amino boronic acid catalyst
55 (2.4 mg, 10 mol%) at room temperature. The reaction mixture was warmed up to appropriate
temperature and stirred for appropriate time. It was concentrated in vacuo and was purified by

column chromatography on silica gel (MeCN) to afford 54.

54a
2-(1-Tosylpyrrolidin-2-ylacetic Acid (54a) white solid; mp 146—147 °C (MeCN); [0]*p —62.6
(c 0.21, CHCI;, for 50% ee); 'H NMR (CDCl;) &: 7.74 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 8.0 Hz,
2H), 3.98-3.90 (m, 1H), 3.50-3.42 (m, 1H), 3.18-3.10 (m, 2H), 2.56 (dd, J = 16.3, 10.0 Hz,
1H), 2.44 (s, 3H), 1.87-1.74 (m, 2H), 1.74-1.63 (m, 1H), 1.59-1.49 (m, 1H) ppm; *C NMR
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(CDCl,) 6: 176.3, 143.6, 133.9, 129.8, 127.6, 56.3, 49.2, 41.1, 31.7, 23.7, 21.5 ppm; IR (ATR):
3060, 2988, 2952, 2881, 1701cm '; HRMS (ESI): calcd. for C;3H;;NO,SNa [M+Na]* 306.0771,
found 306.0771. HPLC [Chiralpak IC, hexane/2-propanol = 50/50, 1.0 mL/min, A = 254 nm,

retention times: (major) 15.3 min (minor) 22.6 min].

NMs O
NOH

54b
2-[1-(Methylsulfonyl)pyrrolidin-2-yl]acetic Acid (54b) white solid; mp 108—109 °C (MeCN);
'H NMR (acetone-d6) &: 4.06-3.94 (m, 1H), 3.42-3.27 (m, 2H), 2.88 (s, 3H), 2.87-2.81 (m,
1H), 2.48 (dd, J = 16.0, 10.3 Hz, 1H), 2.22-2.12 (m, 1H), 2.00—1.86 (m, 2H), 1.86—1.77 (m,
1H) ppm; BC NMR (acetone-d6) o: 172.6, 57.5, 49.6, 41.4, 34.0, 32.3, 24.7 ppm; IR (ATR):
2965,2929, 1411 cm '; HRMS (ESI): caled. for C;H;3sNO,SNa [M+Na]™ 230.0458, found
230.0458.

OH

54c
2-[1-[(Trifluoromethyl)sulfonyl|pyrrolidin-2-yl]acetic Acid (54c) colorless oil; 'H NMR
(acetone-d6) &: 4.27—4.17 (br m, 1H), 3.49 (t, J = 6.6 Hz, 2H), 2.72 (dd, J = 16.0, 2.9 Hz, 1H),
2.55 (dd, J = 16.0, 10.3 Hz, 2H), 2.21-2.11 (m, 1H), 2.06—1.97 (m, 1H), 1.90-1.82 (m, 1H)
ppm; BC NMR (acetone-d6) o: 171.8, 121.4 (q, Jc.r = 325Hz), 59.3, 50.6, 40.1, 32.3, 24.6 ppm;
IR (ATR): 2985, 1714, 1388 cm '; HRMS (ESI): calcd. for C;H;(NO,F;SNa [M+Na]" 284.0175,
found 284.0166.

Np-Ns O
P

54d
2-[1-[(4-Nitrophenyl)sulfonyl|pyrrolidin-2-yl]acetic Acid (54d) white solid; mp 186—187 °C
(MeCN): 'H NMR (acetone-d6) &: 8.36 (d, J = 9.2 Hz, 2H), 8.05 (d, J = 8.6 Hz, 2H), 3.91-3.81
(m, 1H), 3.44-3.33 (m, 1H), 3.20-3.10 (m, 1H), 2.83 (dd, J = 16.0, 3.4 Hz, 1H), 2.47 (dd, J =
16.0, 9.7 Hz, 1H), 1.85-1.58 (m, 3H), 1.51-1.40 (m, 1H) ppm; °C NMR (acetone-d6) &: 172.6,
151.2, 143.9, 129.8, 125.3, 57.9, 50.0, 41.3, 32.2, 24.3 ppm; IR (ATR): v 3113, 2937, 2884,
1699, 1538 cm™'; HRMS (ESI): calcd. for C,H 4N,O¢SNa [M+Na]" 337.0465, found 337.0480.
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54e
2-[(55)-5-(Hydroxymethyl)-1-[(4-nitrophenyl)sulfonyl|pyrrolidin-2-yl]acetic ~Acid (54e)
colorless amorphous; 'H NMR (acetone-d6) &: 8.48 (d, J= 8.9 Hz, 1H), 8.42 (d, J= 8.9 Hz, 1H),
8.19 (d, J= 8.9 Hz, 2H), 4.34—4.24 (m, 0.5H), 4.05-3.93 (m, 1H), 3.80—-3.66 (m, 2H), 3.52 (dd,
J=10.7,7.0 Hz, 0.5H), 3.07 (dd, J=15.8, 2.9 Hz, 0.5H), 2.96 (dd, J = 16.2, 4.2 Hz, 0.5H), 2.63
(dd, J=16.0, 9.7 Hz, 0.5H), 2.44 (dd, J = 15.8, 10.6 Hz, 0.5H), 2.32-1.91 (m, 1.5H), 1.79-1.69
(m, 1.5H), 1.61-1.49 (m, 0.5H), 1.40-1.26 (m, 0.5H) ppm; “C NMR (acetone-d6) &: 175.8,
172.4,151.3, 150.8, 148.7, 143.9, 129.9, 129.1, 125.4, 125.2, 65.1, 64.1, 63.1, 63.0, 59.5, 58.8,

41.5, 39.4, 30.9, 30.5, 27.0, 26.7 ppm; IR (ATR): 3311, 3106, 2960, 2931, 1708, 1526 cm ';
HRMS (ESI): calcd. for C;3H;N,O;SNa [M+Na]" 367.0570, found 367.0585.

TBDPSO P-Ns
m
OH

2-[(58)-5-[[(tert-Butyldiphenylsilyl)oxy] methyl]-1-[(4-nitrophenyl)sulfonyl]pyrrolidin-2-yl]
acetic Acid (54f) colorless amorphous; 'H NMR (CDCl5) &: 8.28 (d, J= 8.3 Hz, 1H), 8.03 (d, J
= 8.6 Hz,1H), 7.85 (d, J= 8.3 Hz, 1H), 7.70 (d, J = 8.6 Hz, 1H), 7.64—7.58 (m, 2H), 7.51-7.47
(m, 1H), 7.47-7.27 (m, 7TH), 4.23—-4.16 (m, 0.5H), 4.04-3.96 (m, 0.5H), 3.90-3.77 (m, 1H),
3.69-3.60 (m, 1H), 3.58-3.51 (m, 0.5H), 3.33 (dd, /= 10.3, 7.7, 0.5 H), 3.21 (dd, J = 16.5, 3.0
Hz, 0.5H), 3.07 (dd, J = 16.3, 4.0 Hz, 0.5 H), 2.49 (dd, J = 16.3, 9.5 Hz, 0.5H), 2.42 (dd, J =
16.2,9.9 Hz, 0.5H), 2.19—-1.90 (m, 2H), 1.77-1.64 (m, 1H), 1.64—1.54 (m, 0.5H), 1.50—1.40 (m,
0.5H), 1.03 (s, 4.5H), 0.95 (s, 4.5H) ppm; °C NMR (CDCl3) &: 150.1, 149.5, 147.2, 142.7,
137.8, 135.7, 135.6, 135.6, 135.4, 133.2, 132.9, 132.8, 130.0, 129.9, 129.9, 129.0, 128.8, 128.2,
127.8, 127.8, 127.8, 125.3, 124.4, 124.2, 65.9, 63.5, 62.4, 61.6, 58.4, 57.5, 30.4, 29.9, 26.9, 26.8,
26.6,25.7,21.4,19.2, 19.1 ppm; (Three carbons could not be observeed.) IR (ATR): 3020, 2961,
2860, 1711, 1532, 1350 cmfl; HRMS (ESI): caled. for CyoH34N,O;SiSNa [MJrNa]+ 605.1748,
found 605.1765.
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2-[(48,55)-5-Benzyl-2-0x0-3-tosylimidazolidin-4-yl]acetic Acid (54g) white solid; mp.
143-144 °C; [0]*p +17.7 (c 0.65, acetone); '"H NMR (acetone-d6) &: 7.79 (d, J = 8.0 Hz, 2H),
7.39 (d, J= 8.0 Hz, 2H), 7.27-7.17 (m, 3H), 7.14 (d, J = 6.3 Hz, 2H), 6.71 (s, 1H), 4.40-4.30 (m,
1H), 3.85-3.75 (m, 1H), 2.99 (dd, J = 16.3, 3.2 Hz, 1H), 2.90 (dd, J = 13.7, 4.6 Hz, 1H), 2.81
(dd, J = 16.6, 9.7 Hz, 1H), 2.62 (dd, J = 13.5, 7.2 Hz, 1H), 2.44 (s, 3H) ppm; “C NMR
(acetone-d6) &: 154.3, 145.2, 137.5, 137.1, 130.4, 130.3, 129.3, 128.7, 127.5, 58.6, 57.0, 56.9,
423, 399, 21.5 ppm; IR (ATR): 3298, 2925, 1722 cm '; HRMS (ESI): caled. for
C1oH3N,0sSNa [M+Na]" 411.0985, found 411.0985.

OH

54h

2-[1-[(4-Nitrophenyl)sulfonyl]piperidin-2-yl]acetic Acid (54h) white solid; mp 173—174 °C
(MeCN); "H NMR (acetone-d6) &: 8.44 (d, J = 8.9 Hz, 2H), 8.15 (d, J = 8.9 Hz, 2H), 4.59—4.52
(m, 1H), 3.89-3.83 (m, 1H), 3.17-3.10 (m, 1H), 2.79-2.73 (m, 1H), 2.46 (dd, J = 15.3, 5.6 Hz,
1H), 1.68—1.52 (m, 5H), 1.39—-1.27 (m, 1H) ppm; >C NMR (acetone-d6) &: 172.1, 150.9, 148.2,
129.2, 1254, 51.1, 420, 353, 28.6, 256, 188 ppm; IR (ATR):
3096, 2919, 2862, 1710, 1523 cm™'; HRMS (ESI): caled. for Cj3H;(N,OsSNa [M+Na]"
351.0621, found 351.0620.
CLAR

'Tl OH

p-Ns

54i

2-[1-[(4-Nitrophenyl)sulfonyl]-1,2,3,4-tetrahydroquinolin-2-ylacetic Acid (54i) yellow solid;
mp 184-185 °C (MeCN); 'H NMR (acetone-d6) &: 8.35 (d, J = 9.2 Hz, 2H), 7.81 (d, J = 8.6 Hz,
2H), 7.65 (d, J=8.0 Hz, 1H), 7.28 (dd, J=7.7, 7.7 Hz, 1H), 7.19 (dd, J= 7.4, 7.4 Hz, 1H), 7.08
(d, J= 7.4 Hz, 1H), 4.78—4.70 (m, 1H), 2.75 (dd, J = 15.8, 5.4 Hz, 1H), 2.58-2.45 (m, 2H),
2.10-2.01 (m, 1H), 1.90—1.82 (m, 1H), 1.62—1.53 (m, 1H) ppm; °C NMR (acetone-d6) &: 171.7,
151.3, 145.3, 135.3, 134.6, 129.4, 129.3, 128.0, 127.6, 127.3, 125.2, 54.5, 40.5, 28.6, 24.9 ppm;
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IR (ATR): 3105, 2956, 1703, 1527 cm '; HRMS (ESI): calced. for C,;H;¢N,OsSNa [M+Na]"
399.0621, found 399.0636.
@) H s
OH

54j
2-(6-Oxo-2-Tosylhexahydropyridazin-3-yl)acetic Acid (54j) colorless amorphous; 'H NMR
(acetone-d6) &: 7.79 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 4.28—4.18 (m, 1H), 2.98-2.90
(m, 1H), 2.51 (dd, J=16.0, 9.7 Hz, 1H), 2.37-2.27 (m, 1H), 2.27-2.15 (m, 1H), 2.15-2.06 (m,
1H), 1.93-1.82 (m, 1H) ppm; BC NMR (acetone-d6) o: 172.8, 172.3, 144.9, 136.9, 130.2, 129.1,
56.8, 36.7, 27.2, 23.2, 21.5 ppm; IR (ATR): 3169, 2928, 2901, 1719, 1661 cm ; HRMS (ESI):
caled. for C3H;sN,OsS [M—H] 311.0707, found 311.0695.
o H Cb

OH

54k
2-[2-[(Benzyloxy)carbonyl]-6-oxohexahydropyridazin-3-yl]acetic Acid (54k) white solid;
mp 127-128 °C (MeCN); 'H NMR (acetone-d6) &: 8.41 (s, 1H), 7.42—7.28 (m, 5H), 5.14 (s,
2H), 4.14-4.03 (m, 1H), 2.79 (dd, J = 16.0, 4.6 Hz, 1H), 2.47 (dd, J = 16.3, 8.3 Hz, 1H),
2.40-2.18 (m, 3H), 1.86-1.74 (m, 1H) ppm; “C NMR (acetone-d6) &: 173.6, 172.1, 156.4,
137.5, 129.2, 128.8, 128.8, 67.6, 563, 38.6, 28.2, 241 ppm; IR (ATR):
3240, 2947, 2896, 1722, 1660, 1240 c¢cm '; HRMS (ESI): caled. for C;4H;sN,Os [M—H]
291.0986, found 291.0972.

e} O
©/\)\)J\OH

2-(2,3-Dihydrobenzofuran-2-yl)acetic Acid (541) white solid; mp 83-84 °C (MeCN); [a]*%p
+35.6 (c 0.62, CHCls, for 67% ee); '"H NMR (acetone-d6) &: 7.18 (d, J = 7.4 Hz, 1H), 7.08 (dd,
J=6.9,6.9 Hz, 1H), 6.81 (dd, /= 7.4, 1.1 Hz, 1H), 6.70 (d, /= 8.0 Hz, 1H), 5.16-5.09 (m, 1H),
3.40 (dd, J=15.8, 8.9 Hz, 1H), 2.97 (dd, /= 15.5, 7.4 Hz, 1H), 2.77 (ddd, J = 33.9, 15.9, 6.4 Hz,
2H) ppm; “C NMR (acetone-d6) &: 171.8, 160.1, 128.7, 127.6, 125.9, 121.2, 109.9, 80.0, 40.9,
35.8 ppm; IR (ATR): 3049, 2962, 2923, 2856, 1703 cm™'; HRMS (ESI): calcd. for C,oH;,0;Na
[M+Na]® 201.0522, found 201.0520; HPLC [Chiralpak IB, hexane/2-propanol = 95/5, 1.0
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mL/min, A = 254 nm, retention times: (major) 6.2 min (minor) 6.8 min].
@) OH
LY

2-(Chroman-2-yl)acetic Acid (54m) white solid; mp 89-90 °C (MeCN); [a]**p +74.0 (¢ 1.56,
CHCl;, for 93% ee); '"H NMR (acetone-d6) o: 7.06—7.00 (m, 2H), 6.80 (dd, /= 7.4, 7.4 Hz, 1H),
6.57 (dd, J = 7.2, 2.0 Hz, 1H), 4.33—-4.25 (m, 1H), 2.81-2.68 (m, 1H), 2.67-2.49 (m, 1H),
2.03-1.95 (m, 1H), 1.70-1.56 (m, 1H) ppm; C NMR (acetone-d6) &: 171.9, 155.5, 130.4,
127.9, 122.7, 120.9, 117.3, 73.5, 40.7, 27.7, 25.1 ppm; IR (ATR): 3040, 2927, 2853, 1696 cm ';
HRMS (ESI): calcd. for C;;H;,NO;Na [M+Na]" 215.0679, found 215.0675; HPLC [Chiralpak
0J-3, hexane/2-propanol = 98/2, 1.0 mL/min, A = 254 nm, retention times: (major) 10.0 min

(minor) 11.4 min].

54n

2-[2-[(Benzyloxy)carbonyl]isoxazolidin-5-yl]acetic Acid (54n) white solid; mp 82-83 °C
(MeCN); 'H NMR (CDCl;) &: 7.40—7.30 (m, 5H), 5.21 (s, 2H), 4.51—4.46 (m, 1H), 3.83-3.76
(m, 1H), 3.75-3.69 (m, 1H), 2.77 (dd, J = 16.0, 6.9 Hz, 1H), 2.57 (dd, J = 16.0, 6.6 Hz, 1H),
2.54-2.46 (m, 1H), 2.03-1.95 (m, 1H) ppm; °C NMR (CDCl;) &: 175.0, 158.1, 135.6, 128.5,
128.3, 128.2, 76.3, 68.2, 47.0, 38.0, 33.2 ppm; IR (ATR): 3151, 1686, 1402 cm™'; HRMS (ESI):
caled. for C;3H;sNOsNa [M+Na]" 288.0842, found 288.0847.

OH
540

2-(3-Ox0-1,2-0xazinan-6-yl)acetic Acid (540) colorless oil; 'H NMR (CD;0D) &: 4.09-3.98
(m, 1H), 2.84 (dd, J = 16.0, 4.6 Hz, 1H), 2.71 (dd, J = 6.6, 1.4 Hz, 1H), 2.59-2.26 (m, 3H),
1.84-1.74 (m, 1H) ppm; “C NMR (CD;OD) &: 180.7, 179.7, 78.8, 30.9, 29.4, 28.4 ppm; IR

(ATR): 3282, 2925, 2854, 1724 cm '; HRMS (ESI): caled. for CcHsNO, [M—H] 158.0459,
found 158.0460.
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General procedure for asymmetric reaction

To a stirred suspension of substrates (0.1 mmol) in solvent (1 mL) and MS4A (100 mg) at
appropriate temperature, were added chiral catalyst (0.02 mmol) and boronic acid (0.02 mmol).
After being stirred at room temperature for appropriate time, the mixture was filtered through a
pad of Celite and silica gel (eluent was EtOAc:AcOH = 30 : 1). The filtrate was concentrated in
vacuo. The residue was purified by PLC (CHCI; : AcOH = 30 : 1) to give the corresponding
Michael adduct. Enantio excess of the product was estimated after the transformation of
carboxylic acid into methyl ester by the treatment with TMSCHN,. The spectral data of the

products except for 54p are shown above.

o 0]
54p

2-(7,8-Dihydro-6H-[1,3]dioxolo[4,5-g]chromen-6-yl)acetic Acid (54p) white solid; mp 122—
124 °C (MeCN); [a]*®p +59.0 (¢ 0.40, CHCls, for 94% ee); '"H NMR (CDCl3) &: 6.49 (1H, s),
6.36 (1H, s), 5.86 (2H, s), 4.43—4.37 (1H, m), 2.83-2.80 (2H, m), 2.67-2.63 (2H, m), 2.07-2.05
(1H, m), 1.80—1.75 (1H, m) ppm; "C NMR (CDCl;) &: 176.4, 148.7, 146.4, 141.5, 112.8, 108.1,
100.8, 98.7, 71.9, 40.2, 27.1, 24.3 ppm; IR (ATR): 3251, 2925, 1715 cm™'; HRMS (ESI): calcd.
for C;,H,,0sNa [M+Na]" 259.0577, found 259.0567; HPLC [Chiralpak IC, hexane/2-propanol

=90/10, 1.0 mL/min, A = 254 nm, retention times: (major) 10.9 min (minor) 12.7 min].
Synthesis of thioureas (urea, tosyl amide)

L0

NMez

Iz
Iz

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-(4-methoxyphenyl)thiourea (66h) To a stirred
solution of (1R,2R)-N',N'-dimethylcyclohexane-1,2-diamine (284 mg, 2.0 mmol) in THF (5
mL), was added 4-methoxyphenylisothiocyanate at room temperature. After being stirred at
room temperature for 6 h, the mixture was concentrated in vacuo. The residue was purified by
column chromatography on silica gel (CHCl; : MeOH : NEt; = 100 : 10 : 1) to afford 66h (587
mg, 96%): colorless amorphous; [a]*°y —90.7 (¢ 0.95, CHCl3); "H NMR (CDCls) &: 8.72 (1H, br
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s), 7.13 (2H, d, J = 8.9 Hz), 6.94 (1H, br s), 6.83 (2H, d, J = 8.9 Hz), 3.93-3.87 (1H, m), 3.69
(3H, s), 2.60-2.58 (1H, m), 2.31-2.23 (1H, m), 2.07 (6H, s), 1.79—-1.72 (2H, m), 1.62—1.59 (1H,
m), 1.31-0.82 (4H, m) ppm; “C NMR (CDCly) 3: 179.9, 157.8, 130.0, 126.9, 114.3, 66.4, 55.8,
55.3,39.7, 32.7, 25.0, 24.4, 21.2 ppm; IR (ATR): 3256, 2932, 1508 cm '; HRMS (ESI): calcd.
for CsHN;0S [M+H]" 308.1791, found 308.1778.

Tso,
N
H

NMe
66i 2

N-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-4-methylbenzenesulfonamide (66i) To a stirred
solution of (1R,2R)-N',N'-dimethylcyclohexane-1,2-diamine (284 mg, 2.0 mmol) and NEt; (303
mg, 3.0 mmol) in THF (5 mL), was added tosyl chrolide (380 mg, 2.0 mmol) at room
temperature. After being stirred for 3 h, the mixture was diluted with sat. NaHCO; aq. The
mixture was extracted with EtOAc three times. The combined organic extracts were washed
with brine. The organic phase were dried over Na,SQ,, filtered, and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (CHCI; : MeOH : NEt; = 100 :
10 : 1) to afford 66i (410 mg, 69%): colorless oil; [0]*p —83.4 (¢ 1.12, CHCl;); '"H NMR
(CDCly) &: 7.77 (2H, d, J= 8.2 Hz), 7.30 (2H, d, J = 8.2 Hz), 2.63-2.61 (1H, m), 2.42 (3H, s),
2.38-2.35 (1H, m), 2.19-2.17 (1H, m), 1.95 (6H, s), 1.75-1.73 (2H, m), 1.66—1.64 (1H, m),
1.23-1.00 (4H, m) ppm; *C NMR (CDCl5) &: 143.1, 136.8, 129.5, 127.3, 66.2, 54.0, 39.6, 32.5,
25.0,24.2, 21.5, 21.0 ppm; IR (ATR): 3205, 2935 cm '; HRMS (ESI): caled. for C;sHasN,0,S
[M+H]" 297.1631, found 297.1620.

NMe2

1-[(IR,2R)-2-(dimethylamino)cyclohexyl]-3-phenylurea (66j) A procedure similar to that
described for the preparation of 66h afforded 66j (810 mg, 62%). White solid; mp 120121 °C
(CHCl, : hexane); [0]*’p —63.7 (¢ 0.65, CHCLy); '"H NMR (CDCls) &: 7.32—7.24 (5H, m), 7.01
(1H, t, J= 7.2 Hz), 5.72 (1H, br s), 3.46—3.42 (1H, m), 2.47-2.42 (1H, m), 2.26—2.22 (1H, m),
2.23 (6H, s), 1.85-1.80 (2H, m), 1.69-1.63 (1H, m), 1.36-1.05 (4H, m) ppm; “C NMR
(CDCl,) o: 156.6, 139.3, 129.0, 120.2, 66.8, 51.9, 40.0, 33.8, 25.2, 24.7, 21.4 ppm; IR (ATR):
3317, 2930, 1650 cm™'; HRMS (ESI): caled. for C,sH,,N;0 [M+H]" 262.1914 found 262.1914.
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66k

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-(o-tolyl)thiourea (66k) A procedure similar to
that described for the preparation of 66h afforded 66j (414 mg, 71%): colorless amorphous;
[0]*p —42.8 (¢ 1.57, CHCl;); 'H NMR (CDCl3) &: 7.66 (1H, br s), 7.27—7.21 (4H, m), 6.44 (1H,
br s), 3.92-3.86 (1H, m), 2.74-2.70 (1H, m), 2.31-2.29 (1H, m), 2.30 (3H, s), 2.14 (6H, s),
1.82—1.76 (2H, m), 1.70-1.64 (1H, m), 1.35-0.98 (4H, m) ppm; “C NMR (CDCl;) &: 180.4,
135.3, 135.1, 131.2, 127.7, 127.2, 126.9, 66.7, 56.1, 3, 32.6, 25.1, 24.5, 21.6, 17.7 ppm; IR
(ATR): 3204, 2930, 1524 cm '; HRMS (ESI): calcd. for C;¢HysN3S [M+H]™ 292.1842, found

292.1831.
M
it
Me NMez
66l

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-(2,6-dimethylphenyl)thiourea (661)

A procedure similar to that described for the preparation of 66h afforded 661 (572 mg, 94%):
white solid; mp 153-154 °C (CHCl; : hexane); [0]*’p —37.6 (¢ 0.52, CHCl3); '"H NMR (CDCl5)
d: 7.39 (1H, br s), 7.20-7.07 (3H, m), 5.84 (1H, br s), 3.87-3.81 (1H, m), 2.76-2.70 (1H, m),
2.27 (6H, s), 2.09-2.07 (1H, m), 2.08 (6H, s), 1.76—1.60 (3H, m), 1.40—0.92 (4H, m) ppm; "°C
NMR (CDCl;) &: 180.1, 137.9, 133.1, 128.5, 66.5, 55.8, 39.7, 32.6, 25.2, 24.4, 21.4, 18.0 ppm;
IR (ATR): 3154, 2931, 1521 cm™'; HRMS (ESI): caled. for C;;H,sN;S [M+H]" 306.1998, found
306.1983.

MeO
e I
N~ ONY
e N H

NM62
660

1-[(1R,2R)-2-(Dimethylamino)cyclohexyl]-3-(4-methoxy-2-methylphenyl)thiourea (660)
A procedure similar to that described for the preparation of 66h afforded 660 (521 mg, 81%):
white solid; mp 105-106 °C (CHCI; : hexane); [0]*p —55.2 (¢ 0.70, CHCl;); '"H NMR (CDCls)
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8:7.48 (1H, brs), 7.12 (1H, d, J = 8.6 Hz), 6.80 (1H, s), 6.74 (1H, d, J = 8.6 Hz), 6.22 (1H, br s),
6.22 (1H, s), 3.90-3.84 (1H, m), 3.81 (3H, s), 2.73-2.67 (1H, m), 2.26 (3H, s), 2.23-2.17 (1H,
m), 2.13 (6H, s), 1.81-1.75 (2H, m), 1.68-1.62 (1H, m), 1.36-0.92 (4H, m) ppm; *C NMR
(CDCl3) &: 180.1, 137.9, 133.1, 128.5, 66.5, 55.8, 39.7, 32.6, 25.2, 24.4, 21.4, 18.0 ppm; IR
(ATR): 3204, 2930, 1524 cm'; HRMS (ESI): caled. for C;;HsN;0S [M+H]' 322.1948, found
323.1946.

Total synthesis of erythrococcamide B
1) PPhsCHCO,t-Bu

THF, 1t, 12 h
0) O.__OH > <o OH
2) TFA, CH,Cl,
<O]©/\j/ r,1h 9 = OH
2 steps 80%

53p

49 (20 mol%) H
660 (20 mol%) HZN/ﬁ/ (1.0 eq) <OI:QOj/\H/N\)\
- - - 5

MTBE/CCI4(1:2), MS4A  MTBE/CCI4(1:2), MS4A

rt, 24 h 50°C,48 h
(+)-erythrococcamide B
62%, 94% ee
o) OH
<O:@/\/\I(OH
o

53p
(E)-5-(6-Hydroxybenzo|d][1,3]dioxol-5-yl)pent-2-enoic Acid (53p) To a stirred mixture of
7,8-dihydro-6H-[1,3]dioxolochromen-6-ol *' (1.60 g, 8.24 mmol) in THF (20 mL), was added
tert-butyl 2-(triphenylphosphoranylidene) acetate (4.65 g, 12.4 mmol) at room temperature.
After being stirred for 12 h, the mixture was concentrated in vacuo. The residue was purified by
silica gel chromatography (hexane : EtOAc = 1 : 1). Although a byproduct could not be
removed, a mixture of the products was used in next step without further purification. To a
solution of the procuct mixture in CH,Cl, (15 mL), was added TFA (15 mL) at room
temperature. After being stirred for 1 h, the mixture was concentrated in vacuo. The residue was
purified by recrystallization (Et,O : hexane) to afford 53p (802 mg, 47%). Additionally, the
filtrate was purified by silica gel chromatography (hexane : EtOAc =2 : 1 — 1: 1) to afford 53p
(562 mg, 33%): white solid; mp 153-154 °C (Et,O : hexane); '"H NMR (acetone-d6) &: 10.52
(1H, br s), 8.01 (1H, s), 6.98 (1H, dt, J = 15.8, 6.9 Hz), 6.65 (1H, s), 6.44 (1H, s), 5.83 (2H, s),
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5.81 (3H, d, J = 15.8 Hz), 2.70 (2H, t, J = 7.6 Hz), 2.52-2.46 (2H, m) ppm; "C NMR
(acetone-d6) 6: 167.5, 150.2, 149.9, 147.0, 141.3, 122.2, 119.8, 110.1, 101.5, 98.5, 33.2 ppm
(one carbon coudn’ t be observed due to overlapping); IR (ATR) 3361, 2928, 1653 cm'; HRMS
(ESI) calcd for C;,H,,0sNa [M+Na]" 259.0577, found 259.0569

e} O~ H\)\

SOUR

(+)-Erythrococcamide B To a stirred suspension of 53p (23.6 mg, 0.1 mmol) and MS4A (100
mg) in a mixture of CCly and MTBE in a ratio of 1 : 2 (1 mL), were added 660 (6.4 mg, 0.02
mmol) and 49 (5.2 mg, 0.02 mmol) at room temperature. After being stirred for 24 h,
isobutylamine (10 pL, 0.1 mmol) was added. After being stirred at 50 °C for 24 h, the mixture
was filtered through a pad of Celite and silica gel (eluent was EtOAc : AcOH = 30 : 1). The
residue was purified by PLC (EtOAc : hexane =1 : 1) to give (+)-erythrococcamide B (18.1 mg,
62%, 94% ee). All stectral date were identical to that of the literature*'®. [a]*’p+59.6 (¢ 1.81,
CHCls, for 94% ee); 'H NMR (500 MHz, CDCly): 8 6.50 (s, 1H), 6.32 (s, 1H), 6.13 (br, 1H),
5.87 (d, J=5.5 Hz, 2H), 4.35-4.29 (m, 1H), 3.20-3.15 (m, 1H), 3.12-3.06 (m, 1H), 2.83-2.80
(m, 1H), 2.78-2.51 (m, 3H), 2.04-2.00 (m, 1H), 1.85-1.67 (m, 2H), 0.94 (d, J = 9.0 Hz, 6H)
ppm; “C NMR (126 MHz, CDCl;): § 170.2, 148.4, 146.4, 141.7, 113.2, 108.2, 100.8, 98.3, 73.0,
46.8,42.8,28.4,27.3,24.5,20.2 ppm
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