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NMR: nuclear magnetic resonance
(B 5 )

HPLC: high performance liquid

chromatography
(BRI o~ N 757 4—)

HOMO: highest occupied molecular orbital
(L H0E)

LUMO: lowest unoccupied molecular orbital
(AR ZEHE)

DFT: density functional theory
(7 BE L PSR

NMR DAY b VFERIZET DS
s: singlet peak (— E#H)

d: doublet peak (— E#i)

t: triplet peak (= E )

q: quartet peak (VU E )
qui: quintet peak (TLE#R)
sext: sextet peak (7~ HAR)
sep: septet peak (£ E )
m: multiplet peak (£ E#R)

J : coupling constant (A & A E £%)

II

Me: methyl

Et: ethyl

Pr: propyl

Bu: butyl

Ac: acetyl

Ph: phenyl

Bn: benzyl

R: alkyl

Ar: aryl

Ts: p-toluenesulfonyl

TMS: trimethylsilyl

TBS: tert-butyldimethylsilyl

BOC: tert-butoxycarbonyl

Nu: nucleophile

E: electrophile

MS4A: molecular sieves 4A

HMPA: hexamethylphosphoric triamide
THEF: tetrahydrofuran

MTBE: methyl tert-butyl ether
DMF: N,N-dimethylformamide
LAH: lithium aluminium hydride
TBALI: tetrabutylammonium iodide
TBAF: tetrabutylammonium fluoride
BINAP: 2,2'-bis(diphenylphosphino)-
1,1'-binaphthyl

DMAP: N,N-dimethylaminopyridine

DMSO: dimethyl sulfoxide



PS: polystyrene

MeOH: methanol

EtOH: ethanol

BuOH: butanol

BINOL.: 1,1'-bi-2-naphthol
equiv: equivalent

guant: quantitative

rt: room temperature

n: normal

tert: tertiary

aqg: aqueous

TS: transition state

de: diastereomeric excess
dr: diastereomer ratio

ee: enantiomeric excess

er: enantiomer ratio
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%5 ARLAMO AR, EIH O 585y TR OB T 1T 2Rk 2B 0
BRI & LTRERITERZED TV D, FIZIEX, NEOMEEE - AR E < B 2 EHEL O
FERASE Y EFIC R\ TR, 1983 4E70 5 2003 4E £ TO 21 AERICHE R TH L < R Sh - ARER M
(%1600 i H)DH T, F TN 7eiE 2R oEHEK LN 330 MAICH BV, E6I2ZE05E EEE ., 2000
RO 13 {5 A7 B 2008 FEITIE LT KL LA 2 B L TU %

FINRAEWORERE LT, T VT 4 —RRRD NG DEMIERN R D561 05
(Figure 1-1), FIZIX, EARDTHDH 7 NEZ I T MU U AL, SEREAZRL, RIKNSER
ERTZENRMBNTND, 7o, HEE LTHWLND Y Fr—/UWE, SEBRA L TDFD
RIKI G X —DED 2 ZNEHELTND

HOOC\J/\T/COONa NaOOC\r/\\/COOH

NH, NH,
sodium (S)-glutamate  sodium (R)-glutamate (S)-linalool (R)-linalool
[umami] [bitterness] [orange] [lavender]

Figure 1-1. Effects of Optical Isomers

EIMIZBNTIE, LEMOXFT VT 4 —DEWIZ K > TAKIZIEA 72 2% RFTHE N H
% (Figure 1-2), Bz X, =% 7 b —/LDGHE . (S, SYEITFELE Z M+ 21/EH 277325, (R, R)
HAERT 5 & KO BRMER B 5 |, ZOMICIE, KEMETIER 2R 729 Y Ko F2b 5,
T IEROVY R~ A ik, 1957 I O 72 D OREIRFE & L CTIRFE Sz, L L7esd s, 1961
T Lenz & McBride H5i12L > T, ¥ U K~A RZIFBREORGFEELSI S EZTRIEARSH 5 2
LM ST, 1962 I Z DRREEN L Shis L £ 0RO T, R%’iﬁ%@
MAR& 50, S KITIFBRDOIEFR 2B EZHELCLEIMERAR S L Z &35 Yot o IHIT
FU F~A FIIEATTEILRT WAL, YR RIEDHLEZGRTHIENTELLE LT,
ZORWEMDORBZIMZ 5 Z L IXRE#ETH - 727 lH EMEAS R X\ o LOZLBUETIK, Y F~A R
1, SRR BB AS A DRI 351 B MEAS IS SN TV B ) BT SR BRIk L I3z

2



DEMENFEA SN TEY . HATS 2008 4 10 AICEHMEMIEOIGRIEL LTHY F~vA K
WA E T,

OH HO 0 0
H H
N ~ N\\ Z N /\/ .

H H (0] o
H H o o

mTI
mI

N® 0O O© N

OH HO H H
(S,S)-ethambutol (R,R)-ethambutol (S)-thalidomide (R)-thalidomide
[tuberculostatic] [blindness] [teratogen] [sedative]

Figure 1-2. Effects of Two Enantiomers

ZORDINFHEEWEIL, ENoDFXF T VT 4 —IZ Ko TEBEHRICENAAELCTLE > S
BWDDLR, HFMEORWNT T o FAY—Z2FO T Z L3O CTEETHD, ZNETILE
RENTE ML AW D HECIE, OEERE LN T R E DT AT Ld~v—n
LA L CHRARIC L 0 T R ORISR T A n~ h S5 T o s
BRI LTI D OB A% ST 5 715, OFRRIA(ET 2 W HE LA W %
RMTL LT, 20% 7 U 7 1 — & EHE ARSI B OWICEAT 2% 57—k . @F
5 VTR % A TOHAE ML A % SR T 5 R A MRS 2 V0 2 HIESR S 5, O, DRV
QLW o TmFELEHTH D Z LIXFEW WD, KIGa A NOBERCT b A2 /) I —0O# A
FEETD L. OOFRFMBLEIS % A2 HESEARNTH D | IHE TR A D B
TETW5,

1-2  ZEMRMRIE N O 28 il o> 58 i

1952 4, a TV A (V U~ T OREE) (27 ADEEMEE LTHWS &, BRO
PRADGF DN D20 T < T DALEMDPOFEEE 2 RT 2 L3070 | 1950 FFREDN B IEE
PALB W DGR BT DEEFHREE O ARMBEO G FAMED A < Wik S D K 91272 > T& 72 (Scheme
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1-1) 7,



bio-
oxygenation

progesterone monohydroxyprogesterone cortisone

Scheme 1-1. Synthesis of Cortisone

AR A T P2 SIS, R - BE & o T R e TR 5 L R0 ) — 2 T 5 =
L, BAETHERSED LTS, L LAansh, ARMEIE, B 7A0Y - &ike v
SAMFTHRIELTLE D = &%, BRI BT 2 CHO RIS T X RSO K 155
S, O LD, 1980 F D 90 FREZIZ, TAI=T LA AX - =wh - RXTVY
DEOER R L AT RAE OIS, HRE RTINS L5 Thot , FHA
He A BARIE . 2 E TICIRERT 5 = &S TE Do Tebix RS & TR L=, Bl iE,
Sharpless HiX, 7 74 VY 7 aRF o F X EXTNURBEABT AT VERS LI LI-F 2 >
LamELBMBYL LTHWSZ LT, TUATAI—ALORFIHEE A% R St
(Scheme 1-2) ', T DRI, ALY = F L OMRTELIT &> TART % 4% o Fo
NREDTZDIC, MFOZF o TFA~—2RHEGEDENTE S,

L Ti(O'Pr),, (+)-DET, TBHP, 3A-MS 5
R2 OH CH,Cl, R2 OH

up to 95% yield, 90-95% ee

Scheme 1-2. Sharpless Asymmetric Epoxidation of Allylic Alcohols

i BKOIE, AT =Y AR ATRASRMEEZ BTS2 LT h L ORKRE AR &
W7 (Scheme 13) . T L— kb b TUT I VAR T LT ARFAT = ML, b
EHTRA IV ORFRTRIGIC S AVD = LN TE D EAMCEAEETHY . K%<
DISHBIREE SN TN



HCO,H-Et;N R’
up to 99% yield, 66-99% ee

Scheme 1-3. Asymmetric Hydrogenation of Aromatic Ketones Using Noyori Catalyst

AFARREME 2 W DF T, AFRIEPAFETOMIZ, R S AFRE KBRS
B TELHZ L ThD, Ak, RFE—IREBBOHEFHEEILIT RV —MICLER o FEATHY .
Z DR » GO SO 3HRD TINEE L 72 513 TH D, Lol KEFENRVILA ZFL LT
FERET 2 AR Z I D & B ITHTRR R — IRA R ST FIREIC 72 D, BIAIE, K
HlE. (5)-(R)-PPFOMe ZBifi &3 2=y iz WA FE s v 25 7Y o 7 K% BAsE
L. ¥TNREF 7T ILOEMIIEET L= (Scheme 1-4) 180

R1
b | S
NiBr,[(S)(R)-PPFOMe] R OMe

+
ether-toluene R? Fe PPh,
.. (2

Br up to 92% yield, up to 95% ee | (S)-(R)-PPFOMe

Scheme 1-4. Asymmetric Synthesis of 1,1'-Binaphthyls

Z DX HIZ 1990 FFREE T, AMRMBECAFT ARG R Z Aok % 7o SOBH BT S d, R
BHERDO 7B IIRE < #EHR L7z, Seebach 235 3CH ¢, ['New synthetic methods are most likely to be
encountered in the fields of biological and organometallic chemistry.]] &8T5 X 912, S%ITFEIC
AR R F AT B AL % F T2 R A AR ORISR0 T EEZ BTV
Lo LIS, AERAREEORF A B AEI /e < B =D REMEEE L THERZED TV D OR
AHAHREL DB . —RECRA R L 13, T RB% & ETICHE - kF - B - ERE

DILFHENSEY | =T F A BRI G KEIEE O FUSHIE 21T 5 & 7 VAU ER 2 & S8R0 74
5



BLam) LEBESATVS

1-3  AF ARG DOREAL:

1970 RO W), Eder 5 & Hajos Hid, ZNEMBICT 1 ) v &2 RFEMBEE L THWD 01
WARFE TV R— Vi % #is L7z (Scheme 1-5) 220 TORIEIE. AT aA R TFAR) A RER
SR A R D 8 JFEHT IV B 5 EEZE 72 Hajos-Parrish 7 b > ORIEFMAN AR TE 5 H#ESH LWLF
N 23
ETHD

O o o
O (L)-proline (3 mol%) [ :l:/@ H : I [f
> —_—
0] DMF o o
ol Hajos-Parrish Ket
100% yield, 93% ee | ajos-Parrish Ketone |

Scheme 1-5. Intramolecular Aldol Reaction

UL, YREOARFALLT, A RS BAES ERTH Y . ZORISPER SNLDH 2 &1
Fetno e, — . IRIERBIC R ST L 7 L R—UROSIE (Scheme 1-6) . Z 0% bEE 4
PRWFFEEIC K > CEMMZ B, 80 A5 90 ARITHT T, 8% < OBFFERLE N HE S
72 LT L R VRIS B, A b R BETRE A s U b ) — b5 LTEEE LT, Lewis
MR SE5 2 L CRIBZEITS €5 LD Th S,

TMS
o~ O OH

j\ TiCl, (1.02 eq)
+ > Ph
Ph™ "H CH,Cl,

82% vyield, syn:anti = 3:1

Scheme 1-6. Mukaiyama Aldol Reaction

—WIZT BT — MHROT ) T — NI, B OSLREIRYEDOFBLNEE L & F DTy,
Carreira &%, Ti filifitz 5 Z & TR % 7T HEIC L 7= (Scheme 1-7)260
ZORLT N R—= VM IEBEN AR FIETH D 2 LITHEEWIZR WD, IV R={bEMmE
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VU )= V=T VI E LT R b e VW RIETHY, v v ) — L m—T

LR LR WEBERARE TV K= VRSO BN E Tz,

0 OSiMe,
H OR?

1. Ti catalyst

(2 or 5 mol%)

Et,0, 4h %OL

2. Bu,NF R! R?
THF

72-98% yield
up to 97% ee

D,

X /,O Bu

O--Ti.
SOl
o o)

Bu

Bu

Ti catalyst

Scheme 1-7. Aldol Reaction of Alkyl Acetate Ketene Acetal

1997 FIZERIG HIX La- T A A V&R BT 7 h—ANbAH~T a/ (4 A2 v 7 it (LLB)

ZAIBIL, 7AT b RE7 N OEHENARF T IV R— VS OB TRZh L= (Scheme

1-8)7, TRUE. S UT S LA AR NEIE RE T L RS TCd ) L R

FrULER 2 FEHL L 72 SE BB 2 JERR T o 72,

(R)-LLB (20 mol%) OH O
H,0 (100 mol%)
> R1 R2
THF, — 20 °C )
up to 90% vyield

up to 94% ee

(R)-LLB _

Scheme 1-8. Direct Catalytic Asymmetric Aldol Reaction



Z O LLB &, fIENIC Lewis FRERAL & Bronsted M KL ERA7 2 5> % e A O R AT H 5,
LLB Z HW\o STl il o Bransted HIEEALIC LD 7 b= 2 T — MRS fU, Lewis
BREREIC L 0 7 AT E FEIE SN EEX LTS, $SICThIE, Zn % Fe S04E
AT VWANR= NIRRT D2 LT/ T — MEREZRESE 2 DAY L K7 —8 OfilifE
& AT

ORI S DWFEMRRICER L, HETr Y VEREZ Y TEON List b Tholo, MR, i
DITRIRIAFET DR DAFT T NV R— A RnE TS5 2 LICER LT, TRV RT—8
BT DA 21T o TV e, BMEMICHEET 2 TR T AV R —8iX, 20 ) VUo7 I /&
Ve Rexy 7 bV Ui (DHAP) O EUSHEEO = F I V2B L, TADERNO R
7y hTD-ZU®ATITE R-3-U U (GAP)ZK L TR 21T\ A D7 v 7 h—A
1,6-7 U VB (FBP) & IKEININIC S 2 5 D Th By 2 LT 2000 4F, HIC List Hiz7m ) v
DIRT LRI —BLERKOMBAERNAZAELTEBY, Y0 FEFNTT AT E REST M UEIR
BT DT THICPEITL, BOAFWNETT NV R—AfIERENnD Z L2 R LTE

29, 30
(Scheme 1-9) o

O 0
o (L)-proline (30 mol%)
N -
DMSO
NO, NO

68% yield, 76% ee

2

Scheme 1-9. L-Proline-Catalyzed Direct Asymmetric Aldol Reaction

List & OWELIEE, REARBEABEO 3B OMFZEREANATON D K 912y | 2 OWREEITIZ
FEHNTH 2 T o fe, ARMENER 28D BB 0o—2l2, £, AEML R KRoREEOKS
NHb, BlzIE, AITL, BLUVXITARXD X ) e RBITIAMEICHT 2 HENGR ST
HOTC, EEGFEOSKIBIRICEB O T, ARH 5 ppm i ppb A4 — & — T A AR 2 B0 B
DIRFIUZNT 2, LsLZDBITIE, < ORI E BABNLEL 720 | /e OAHEE L 72
D, Flo, EMliZR LT A X NVOREPERRMEE 7o TWDBUE, RIS Bl v &
il 72 AR D B SE 1T ARFFARBED TR AT THEFICEEIT > TV D, EREIEOHE TS,
AR I SEMEE L D b RERAY v FEF LTS, ZILE TICHFRE SN eE M X

AN 22 RROAKITARLE TH D DT, ANEMET AT T TIT O MER D DA —J7 THARE
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E, KB EIZH L TLRETHDLZ ENEZNDT, BiK « HEEFHE &\ o o B MHE7 EBRBRER AR
B DG EDREN,

Bl IE, MOIEAELZ I ELOEAEKIZBWNT, AFMEcY 7= 1r7m ) J—Lv )L
T—TNVEHWAHZ LT, @ T AEFTTERNTLTE RE tert-7 F-3-=bn 727 ) J7—
FOARFE A TAATMBOSIZEII L, SN TR LN~ A T AAIME L U g 27 VEEERD
DRI~ ATV, FRUCHES G NA—F— « TEUCAKS, SHICELRZYZ rattk
VEREATDILEME MR F AN DA TIAINEIED 3 AT T a2 T Ay b TH#AT
S, #BPHEZY Ry FTERT D Z LI L7z (Scheme 1-10) N - ORISR R A
WaHWsE, e FAFFTTE T AT E RE tert- 7 FA-3-= hr 7 7 ) 77— FORE~
A T AT DI BB RN LB e D L B X B D,

Ph
iy

N Ph
0 OTMS o
o N, (Bmol%) o Il STol
~P.___CO,Et E
CICH,COOH Et0” T 0, A_ ~CO.Et
(20 mol%) TolSH ,I::j
+ : o
CO.BY CH,Cl,, rt Cs,CO;3 _15°C,36h BUOC” ™
2 0°C~rt, 4h NO,

ON \ evapo; EtOH, rt, 15min j ¢¢ l

Y
O,

One-pot CO,Et
70% vyield (3 steps)
AcHN

NH,
(-)-oseltamivir

Scheme 1-10. Synthesis of Anti-Influenza Neuramidase Inhibitor (-)-Oseltamivir



S OIZHRIE T, AREERALEZ V5 Z & ASHEEZR FEF I BUOSMED @O BOSHEE 2 W T2
ST, AHEAEAEA TE 2 2 EMRAHINTE TV D, FIZIERIEEREWT 2 R LT R
ZREAIE LTHWD Z E1E, —RICHELWEZEZ N5, List HiX L-7'e ) AFHEFTT &
RTAFE REA I Dvr =y e XA PRIGHETT S 2 L 2 AH L, i HIV AlogT KD
BRRICHT) L7 (Scheme 1-11)

LIS

Boc N COOH Boc
/
/ H HN

N| )(J)\ (20 mol%)
. . CHO
[:::(J H  CH4CN, 0°C, 2-3h

54% vyield, >99:1 er

UK-427,857

Scheme 1-11. Proline-Catalyzed Mannich-Type Reaction of Acetaldehyde

IHNETHEBSBMEA VSN TEERISICBN TS, ARAE %58 T T X 260385 S
TW5, BIZiE, EBE, $ik7 v 2 v 7Y VI RIRICBWT, /T V0 MMl CrEie <
BRI E UREHND Z L TRGEMEITES 5 2 & I2Eh L7z (Scheme 1-12) X ORIEOE
X, FPIFA [TV A ARAIRINT 5 Z LTI URDOE T WGIMEZ R LS, BV v FRIFHER
& CT $ERZ IS E T, —EBTFBLORICH T AL IV INERESELRTHD, T< &I
TiE, Ok TR vREER N TARED y 7Y 7RG HE STV D

34
(Scheme 1-13)
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Me O OMe
OMe ~
CgF5l(OCOCF3), o
MeO OMe BF, E,O
00 - :
CH.Cl, R
OMe R OMe
R = Me or OMe
(quant.)
i F3COCO_ 7
: OMe PN MeO
; FPIFA F3COCO” 'z “CqFs e
0 —=
: - = E
OMe OMe e cation radical
: Charge-Transfer complex
| FPIFA = C4F5l(OCOCF,), L (CT-complex) _
Scheme 1-12. Cross-Coupling by Hypervalent lodine Reagent
OH

lodoarene (5-15 mol%)

OO >CO,H mCPBA (1.3 equiv) _
0°cC

83% yield, 87% ee (CHCl5) lodoarene
56% yield, 92% ee (CHCls-hexane)

Scheme 1-13. Asymmetric Cross-Coupling by Hypervalent lodine Reagent

S HIZHAETIE, WHATIARD L 512 < OWFEEE N ARFAEMBEOBI R K OFN S &2 vz
HIR 72 ARF A RS DIFGEE 1T > TN D,
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1-4 RSB OEMEALITIEIC L 5 RF A O /345

BITE & TlThk 2 R AA AR STV B8, 23S Ol 2 KOS FE OTE AL 715 T
YT D L REEMBEAREL (R A A i), RAEEERERER T VSR, KRR
B HE VD RF AR, RN A AR ONF T 0727 I UiEIC e s LB B D, L
T, ENENOMPEIZ SN TR D,

1-4-1  ARFAHMERBENREE (RFF A A 2 et i)

REFFS AR O FE S 3 < | IR TIlR7z List 5O 7 a U UfliED 38 7 X 0 ) 16 4R &
TEINDIEDH, 1984 &, Dolling Hidkvra=>7araA KE p(hU 7ZFdm AT )Ry
N7 RLER LI FEEENRT =0 A7 I RERSHEEBEfE L LTHWS
ZLT a-T == A E ) CDARFATF IR @ FARRANETT 5 2 L 2 FE A
L7= (Scheme 1-14) ", Z 0% 2 Bi% & - FAHIBBEMEOIE L L Yy aFTAG oA R
HRTHDLZLEREEEZR DL, ZORETMD THEHETH D,

Cl o (10 mol%) C o

CF3
o “
MeO toluene/50% NaOH aq MeO Ph

95% yield, 92% ee

Scheme 1-14. Efficient Catalytic Asymmetric Alkylation Using Phase-Transfer Catalyst

1989 4, O’Donnell &I > 2= nbREICE K ATRE/R RAMHFEIBEAELZ A2 2 & T,
TV et-T FINVTEARATNANDNR Y T x ) oy THIEORET VX LG =) v T 4%
R%K@ﬁé@é:kmﬂ%bk(&MMLﬁfi:@ﬁﬁf%%héwa%w7i/%%%
RiZ, BRILIECTA I L= AT VDOIMKSRZRIFFIZIT) 28T, -7 I/ BA~LHFETELH
Ml ThH %, BUETIE. ZORISHHBBEIMEOREIZRBIT LN F~v—7 LR>TWH

2.
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o (10 mol%) 0 0
Ph N
Ph\(/N\)J\OtBu PhCH,Br - \(/ fLOtBU H* HZNﬁOH
Ph
Ph CH,CI,/50% aq NaOH Ph oh
75% yield, 66% ee

Scheme 1-15. Alkylation of the tert-Butyl Ester Schiff Base Using Phase-Transfer Catalyst

20X RARFHMBEEOSE TIX, S aF T b uA RO ARF BB B R %
SHOWONTELER, ZOLIRTNATuA ReMBEWE & LEGE MEREHIRA R H 572,
B 2L, FBIURT =7 DIEARDT=ODT VX NANT A REEIRIEIIHZ 50, voat
TNAaA ROKBEEZRETLHIRETHDL, IHIT, vYraFT e FERORHEHEEE
BB EBAKFE ZFF > TND DT, 7/4H Y KEERIC L Y Hofmann BiBEASE 2 0 | fildl B (K235)
T D AREEN DD, DX D7, 1999 AL HI1%, (S)-EF 7 h—/LHED N-A B r AR
FARRIRS BRI 2 FI% L 7= (Scheme 1-16) . = (MO FEET~ X A%, 37> 1 moloeod filist bt
THMAWICKIEDET L, S OICET T FAERCAERD NGO Z & ThH D,

OO S
X e

o)
o) (1 mol%) Ar=p-Np oh Nj)k
Ph. N RBr z O'Bu
D \)kOtBu - T

Bh toluene/50% aq NaOH Ph R
up to 95% vyield, up to 96% ee

Scheme 1-16. Asymmetric Alkylation Using the Maruoka Catalyst

3 3ALNCB-F 7 FNELAEE N U T AR F R B 2 72356 OB IRAEIL, Figure 1-3 1271
TEICEZLNTWND, ZORIL, 33NN EBR S IV TOARVIEEEIEE T 7 F VRN, B -
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FTIFNEEZFANLAEEE T 7 F A L > THENTZBICR>TNDL 2 & ThDH, I
WL ST 33N ERR SN TWARVEHER T 7 FLESE 7 v tert- 7 F L A5 )L )
T—=h DRV T =) A IS, e AR Ko TR EkSh, 7Y v tert-7F
WERT VT ) T — bD—FOET FAENADER SN D DT, BRI R RO
"oz BEZLNTND,

Figure 1-3. Space-Filling Model of a Plausible Transition State Structure
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FEMIRBENAREE 2 FHWTE RO D A 7 = X NTIE, B O 5, —Di%, Starks HIZ X > T
FLIE X 1U7- Extraction Mechanism T2 o 7 U v tert- 7 FAT AT ADNL Y T = ) iy T
HWIEDARET VX ALBIEZ BN 2T % & | Extraction Mechanism (23Tl A & KFH % H
HIZAT & kT B AR B (Q Br)ds A TA A4 Az L 2 LT, Q OH 2t 5. 2 L T,
ZOQOH A, FHHIICHENTZ U v tert 7 FATATADNRY Y T = ) vy TR
7 hAbT 5, TO%, W7 hiAbSHTCEIEIER T =4 LN I ART VRV & RUST
5L T, BiRFE-RBEBEEVDERIND EEZ LN TS (Scheme 1-17),

o
1 + -_— '
i cat=Q Br + -
' Ph\(/N\)kOtBu + Q OH
J

@)
Ph N _
P s g
Ph R
R—-Br organic
phase
aqueous
' phase
+ - + -
MOH + Q Br = = MBr + Q OH

Scheme 1-17. Extraction Mechanism for Phase-Transfer Catalyst

9 —~oOfIE. Makosza B2 & - THEIE 417 Interfacial Mechanism T %, Makosza & 0
BUZIN T, Starks HOFL L RO RE S RARD AT, XY T =/ vy THEOB T v kAL
. AHEARE KO RBTRE L2 EEXDHZETHS (Scheme 1-18), F7o, AFLTIE, AlfiIK
FZIIA & THEBEIED ZAAFTE L, JRETED SRR A A BRI T 2 B2 b T D,
BIEIE, BUKPEDERIEZ 2 < R OMMBEMMES KARICREI T2 £ 135 210 WA, HEBE)
il 2 N 72 SOSHEE 2DV T, Makosza & ORI TRl S LT 5,
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cat = Q+ BF ' O Q B (@]
= = E Ph. _N —Br ph_ N
base = MoK Aoy N Ao,
Ph Ph R
S
Ph N
\(/ OBu
Ph Q+ BF organic
O - +
Ph N O M
\T;\/Mdm Ph._N._ ;
Ph 4 Y O'Bu © M0 interface
MOH Ph
WWW
MOH phase

Scheme 1-18. Interfacial Mechanism for Phase-Transfer Catalyst

ZDEHIT, INETITHBSINEAFMHEREMLL, oy ratbT7aras RUier
7b~wm%®%mﬁ7y%:¢Aﬁﬂﬁgﬂokﬁ0 THETIE, EARRH RO FEIHRT o F
=L} @T%mﬁ%%%ﬁ %%@ﬁfxf N @T%mﬁ%%%ﬁ %ﬁiémfmé

1-4-2 AHGEFRBEHRBE T VA il

BEFEFREAD NN NL, BRRAFICL o TREMES N —BHEALXThDH, 1960 FAX
DA Wanzlick 513, —EHD AR O EZRE L TV, FEBRIRGERIIZ2 SN T2
ote . ZH BRI 30 R4 D 1991 41T, Arduengo B IXREERMED /L L0 X AR SRS AT
U, EBINC DT E DR LT

DN T TR 7R AFSE & LT, 1943 SR ICHE O O IC L 5T VU v A A
WY A ARRRISAET NG, MR, B DIL, FT YU DAL ST AT E B
EROSSHTT NV a—nLz2G L5 ER-ALN, PRI L TR Y A UHEE ST L TRy
VA E BV (Scheme 1-19), & OIRE R TIEREM e SOCERE I TE S Ve o Te iy, 7V
U LR R YA UREE RSO e LT < 2 E RN S, AEFE RSO ERIZOW T,

1966 412 Sheehan & 23)6D THFIEMERTF T Y U 0 LA WA R Y A UHEE OGS &
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L7 o b A5 (Scheme 1-20) . K& 2R WSAIEHET 7/ U 7 MMV S U7,

Ph  OH
- +
o o s
r + I—
[» HJ\Ph aq KOH
S Ph OH
L
o Ph

Scheme 1-19. Benzoin Condensation in the Presence of Thiazolium Salt

T,

N
\Q_\; Br

o) 10 mol% o O
Et;N (10 mol%
H o, H 3N ( o) - )
OH

0] MeOH

(+)

50% yield, optical purity of 22%

Scheme 1-20. Asymmetric Benzoin Condensation Catalyzed by Optically Active Thiazolium Salt

LRSS, Ba a7 YU & D% FAAREE L TR b i SR A 2153 %
T LRk o T (1-5T% e8) . 2O X 5 72th. 1995 4E|C Enders BiX, TX I AR KU TV Y
o AEBR L T BIED 1006 4B N U TV U U AEEIEOBRIC R L, K5
. Z DRF A FITRA R Y A AR ORF~A = AT w5 — U AT,
BAFRAFINRTHM DA 21525 Z & ITAE) L7z (Scheme 1-21),
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~N H

CHO

=

cat (1.25 mol%)

K2CO3 (0.45 mol%)

THF, rt

cat (20mol%)

K5COs (10 mol%)

O)‘Y@

= OH

/ N—
/

CO,R3

THF, rt

Ph
+/
N —
W\ CIO,4
up to 72% vyield, up to 86% ee N H
(?\‘\\\Ph
o.__0O
| N SCO,R® ><
/ = cat

up to 73% yield, up to 74% ee

Scheme 1-21. Enantioselective Synthesis Using Optically Active Thiazolium Salt

Z D%, 1998 (T Leeper B, RFR Y A UHEE i
RNV T YU U LA L, BROAERY E B 83% ee T Z & A L7z (Scheme
. Rovis & I3HTHLIUERME B

1-22) 510 5

VT YA A LT (Figure 1-4), Enders O Ofilfitix, REXY VA UHEE BOG

12, Enders S0

BHER U 7YY A R BR L

BV . Rovis HMMBA%E L7-EIX, REAT v X — SR F o TN A UGS T

Y

R1

30 mol%
Et3N (33 mol%)

MeOH, rt

> R1
OH

R1
up to 50% yield, up to 83% ee

Scheme 1-22. Enantioselective Synthesis Using Optically Active Thiazolium Salt
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N @ @QXN -

(Enders) (Rovis)

Figure 1-4. Chiral Triazolium Salts Developed by Enders or Rovis

GREFBEBERAR A NN E N RSO A B =X M%, 1958 4EIZ Breslow 512 & - T
Shufs (Scheme 1-23) . FT VU @ BHLE FINE R AL A AR AU O SUSHEHE A 112 215
HE, FETFTVUAEICHEENMEAT ST RN THOLRUPAERT D, T, X
AT7NT e REELTT e U BEIZRDZ LT, B Refoxoi I (Breslow HHR)2NE
Eis, £ LT, Breslow F1fifE L 9 — 2D XT AT v RRKIETHZ LT, XUy Ay
PELND LWV RIS TH D, ZOISEBIZIBNT AN L EBITERTRES ) —D
DRI ASRITREFIR T VT & ROREFRF B IJERENIIRER L 2> T L 2L TH D,
= OREAIE. 1970 4ERIT Seebach ANk~ T B LAY T2 b DTHS

OHPh N> )k Ph

) )

N N
/ )\(OH Q [)%(OH
R S
S (bh HJ\Ph . Ph
J\ Breslow intermediate
- H Ph

transition state

Scheme 1-23. Postulated Reaction Mechanism for N-Heterocyclic Carbene Catalyst

DX, AEGEFREREA DA UMEEL LTI, EXFTY IV VLR NI TV D
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MERTE R AED TR o Fi. IR TR S B M OB 712 S D BHR 7 &
ERWEFEAD LA OBRELEATEY . 2D & R ST 5 = E b8 SR
TW5b,

1-4-3  JKFAEE & IV D AR F A At

IKFEREEN L THRBEATEM LS D 2 A TORFERMENC L, RICT L 2Ty Nl
(V ERfdlE, T2 LR RS AL AR CERIEAE), U LT MO AT LT il 7T = b
XL TADDOL %43 d 5, A F T, T H DR THEE Mt ST g Y Uil R OF 4o L
TR DOV T, BT NOSEERIN LRI K OV O SUSHREIZ DV TR R B,

1-4-3-1 F TV U o Hifibgs

TV ATy REEIL, &< MO RIGOMEEE L THWOLNTE 722, REMBEA~DIEHITITH
NTIimoie, 7Ly ATy R EZ WIS TR, —RICT L AT > REBRO AR T
bH7TH FBRISHEBOT Vo ATy FIRIEERT LKFRE 21D 2 & TS E 2L S
HETWDIN, TV ATy FIROMBEIEONE Z EET 2 DIXNETH 2 810, LERNFY
DR TX 2o l2 B2 B 5 (left model in Figure 1-5), ¥4, FKiLS EFMASHIX, ThEh
MSLZ, TV ATy REEEETH - Th MAklk & WRIEIL QKB G 25 2 & THRERR
FHEEVHT I ENRTELOTIEARVWNEBZZ T, FHRF T VY VEBMBEORIICETF Lz

(right model in Figure 1-5),

weak interaction

+

conjugate base ,

hydrogen bonding hydrogen bonding

Figure 1-5. Conventional Brgnsted Acid and Novel Chiral Phosphoric Acid Catalyst

Z LT, 2004 FZRKII BIE, 330012 4-= b e 7 = = VA FOF T 1 U A2 e A
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VLV UATRI—ADT L= e A TR L FH BT, 33T 4-(B-F 7 F )T == )b
%%%O%?wvV%%ﬁ%%wt4iyk7t%w7t%y@vy:yt&4fﬁmw@%%
WZENEIERE) L7z (Scheme 1-24),

(Akiyama's group) OO Ar
o o]

NpZ
/P\

o 7
Ar
HO]@ OTMS Ar = 4- N0206H4 :@ @
H 10 mol%)
" \%\OR3 ( °) - + HN

N
| R2 toluene, — 78 °C LCO,R? C02R3
R" W

R1
R? R?
up to 100% yield, up to 96% ee (syn)

(Terada's group) OO Ar
O O

o
/P\

SO
Ar

Ar = 4-(ﬁ—N p)-C6H4
N~ o O (10 mol%)

toluene, — 78 °C

up to 99% yield, up to 95% ee

Scheme 1-24. Mannich-Type Reactions Catalyzed By Chiral Phosphoric Acid

ZOX TN Ao R0, BEMEE Sy (-OH, Brensted Acidic Site) & HgFEMERR 4y (P=0,
Brensted Basic Site) D D DERELX — D D'HREAH DI ETNWL 2L Th D, £/, BFT7F
JVERGERY IS CoRFETH D Z &, 7a hUBNKRAKRY VRS E (P=O)cBE L CTHIE—D
FRIBERE & 70D 2 & iF, O THERRTH D, SHIT, EF 7 FVED 330 Em\ B
ZEATLH LT, LY BOIKHTEZT 5 2 DARFERE DA LT\ % (Figure 1-6),
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-----------------------------------------------------------------------------

O ):?O < Brgnsted Basic Site dual functions by

P\ monofunctional catalyst

OH <&— Brensted Acidic Site

O/

< Stereocontrolling Site

Figure 1-6. Phosphoric Acid Catalyst as Dual Functions

CHETICERBENTVDRIED A B = X LIZHOWNT, KIS BSEE LRSI TZ
Ofifgt A 7 VA" F (Scheme 1-25), E9. U Rl A X > L CREETCAKRER A LA L .
U BRI X o TIEML S NIZA S S U AT B Z—RKIGET 5 Z & T, FrlaRFmRHE
— IRFREE DAL S AL, RS AREEE o 7 VIR D LB X BTV D, £z, i 5 LRSI,
DFT 25 T & 0 3672 SUSH OB 21T - T B s
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________________________________________________________

B OH ] | Ar
©:NH o OO o\P//o o *CO\P//O
R OR® OO 0" YoH 0" “oH
H R? E
' Ar
T Hs0 e
- oTMS HO@
©[NH o) *Co\p//o N
o RS O/ \OH R1J|
H R2

H W HO
C('):\ Oy, O™ | *CO\P/O
@E TMS - N 7 NoHmm

NH O R1J|
R? OR3
H R? ]
H||||| O /
: :N HO' OTMS
W/kw R2
transition state —

Scheme 1-25. Plausible Reaction Mechanism of the Mannich-Type Reaction Using Phosphoric

Acid Catalyst

LRI, REE— R EREOTOREIC IR &, R — ~T o R SR . LR X
BLIC ST b % 0 ) SRR U BTN D

\

1-4-3-2 X T )VipF A7 L7 fillgt
1998 4£. Jacobsen Hlx, FA U LT MBESTER SN D EMK L 7o o T BB 72 AR R A R L
7o MIRE% & 1%, Schiff YL JG AL & w7 U 7 AL & 3 5 E AR R O BIFE 217 > T iz, F OFE,

SREZMATENFTZTZHNTAFA My D —USZET2 a1, kbm\o ) F A
23



YGRS = L& R LT (Scheme 1-26)

O f fugn
)KWN : )\J\\Ph

N
HO
metal
(4 mol%) By By o
NN (CF4CO),0 F3C)kN/\/
/)I + TBSCN > >
Ph toluene, — 78 °C Ph” >CN
metal | Ti Mn Fe Ru Co Cu Zn Gd Nd Yb Eu none
ee (%)| 4 5 10 13 0 9 1 2 3 0 5 19
95 84 94 34 59

conv. (%) 30 61 69 63 68 55 91
Scheme 1-26. Enantioselective Strecker-Type Reactions Using Polymer Supported Catalyst

= D%, i E O ol 2 ET L7z & 2 A, Schiff SERSE L & F4 7 LT LA AT D HELTF

T LT ORI L. ZOFA T LT A FHWIEAREFE A R Ly I —ROSIZE VT,
5TV 5 (Scheme 1-27), & 512, Jacobsen (%, Schiff HFLERNL & F

5 91% ee TS A
T LT AT D S A T ORI A TR AL — =y B ORFE Ra kA ks

MERIE ™ b HE LT\ B,

O
HO OMe
‘Bu o)
N/\/ (2 mol%) (CF5CO),0 Fsc)kN/\/
Pl + HCN - - PY
R toluene, — 78 °C R™ "CN
up to 78% yield, up to 91% ee

Scheme 1-27. Enantioselective Strecker-Type Reactions Using Novel Thiourea Catalyst
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Jacobsen H723BRFE L7=F AU LTk, 4T LT EMLCRE A O E ML - TEEL S
TWLHDIZR LT, MALIZ, REFAAEME « LS E DT 47 L 7L & SRR A 2 Al
& IEMEL S B DHIENAL O O DORREE BWVNIILE L H H I & 22 < HRMICHERET 5 miE s
F AT VT OB 21T~ 7= (Figure 1-7), = L C, 2003 (2 F AT LT EALE T 2 VML 24
T OGN T AU LT ORI L, otz ne=tetL 7 s rbvry
BRSO R F~ A 4 MR BT, o T4 BRI AL % 3 7= (Scheme 1-28)

S s chiral
scaffold/ | scaffold
R : R
NP | NP
H H : L H H
activation of  : : i activation of = :
electrophile  %.--..: ... | electrophile  =.--- = =~ activation of
{ E ONu Yo (. E :  Z  nucleophile
AT N
(Jacobsen's catalyst) i (Takemoto's catalyst)
Figure 1-7. Novel Bifunctional Thiourea Catalyst
CF3
/@\ )'S]\
N
Me Me R3
2 2
< NO j\s (10 mol%) R Oij;CiDZR
1 NP2 i
R RZOZC C02R2 toluene, rt R NO>

up to 95% yield, up to 93% ee

Scheme 1-28. Enantioselective Michael Reaction Using Takemoto’s Catalyst

BRI IE AT A0 LT 2 W TZSUS D A ) = X LIZHOWTHE, BIE LIRS HED b T
WHERPTHLR, ZHETIC 2EIMEE SN TS (Scheme 1-29), TIA S OB TIE, BeHE L
BAT AT LT MIBEOF AT LT EMR= hat L7 o= bkl kKFH-EALT, 7/
ER~wa VY ATF VNGRS ) 77— N EKER-FEEIED . RIEREITT 5B b0
TV 5 (transition state A), —J7C. 2006 (2 Papai H 12 k- THRIE Szt Tld, filfitoF 4o
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VTR~ 1 AR A TF L LIKFBREE ZIED . UKo T U AFILOEET 1 |
DORRPEERR L, 7 ERZOFENET 0 b 25| KW TT U E= U LD TF A LR =
B EKRFREE ZAE> TRISWEITT 2 &5 D TH S (transition state B), Péapai 1%, DFT
FH % FAVC transition state A & transition state B 0= /L X —ZE &R #7273, transition state B 0 J5

73 transition state A £ 0 £ 1.6 kcal/mol LZE T L, REREITIR LN T= 660

CF;

B CF; ] B CF; ]
S S
z z z : —CH
N CHj;
= O’HO
P§<f§J{
transition state A ] L transition state B ]

Scheme 1-29. Plausible Reaction Mechanism of Michael Reaction Using Thiourea Catalyst

BUETIL, MREEOIIEIALIC R« A ERIE AN TX % = L AULH SR TV 5, #il2IE, Ricci
Bk TR ST I 2 EORDYICE FuF o L8 A L7-fillt ' %> Jacobsen 12 & -
THISE SV H T I LB EA LIt 72 SAEE SN TS, T, FoA LT s
RIS, O LT 24 TOMBERR S T 5 3 KA T ORI LTI SED 5T D
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1-4-4  RFFIA AHE Lt

1993 I/ BIE, TU AR 7anas T XU XT LT ROT Y ABKISIZBW T,
DMF Z ¥ & L THWIUT, A AFRR T o AbMIA F 2 2272 < TORUSHEIT 5 Z L &2 i
HiL 7= (Scheme 1-30) . Z 0%, M 5IC ko TS BICHISEAED LRz L 25, EKOs nF L
M) ZwvarZrmnbikanti (K23, ZROZ7aF ) r7aa s b syn (KRZE g
SEROIAE H B T LM B NS A2 5 7= (Scheme 1-31)

OH
2 - H,O
RICHO + RWS'CI?, 2 1/%(%
3 DMF, 0 °C R
R RZ R3

82-91% yield
Scheme 1-30. Allylation of Aldehydes in DMF

OH
SiCl
PhCHO + Mes A\ SiCls ———— Me\//\y// e ”)\T/Q§
DMF, 0 °C
(E:Z = 97:3) Me
transition state syn:anti = 3:97
OH
SiCl; v/&ma )\VA\
= —_—
PhCHO +
I\Q\/ DMF, 0 °C ’/\ T ph M =
e
(E:Z=<1:>99) tranS|t|on state

syn:anti = >99:1
Scheme 1-31. Crotylation of Benzaldehyde in DMF

E LI BT WL OO EREEZFHNTT UL MY Zaus T o0 ®SiNMR JlEZ T 72 &
Z 4. CDCl; 1 T+8.0 ppm, CD3CN H1T+8.6 ppm, CgDg 1 T+7.9 ppm, THF-dg 1 T+8.5 ppm 7=
T AFOr I N7 MED, DMF-d; FTIE-170 ppm £ TEMSY 7 FLTWDH Z & &% A
L7z, ZNHDOFEBFERNS ., ZORISTEE Al A Faxaie 6 BEREBIRIEA KRB LIETL
TWLDO TR e EZ b, BIFFMEEY &1, MR 15~18 DO TTFE 2T LT &

72

THGFHIHINNIAA T, A7 7y Vel BolirMmET=2 b5 bEémoZ Lt Thsd
DX Ty NEBRTEEROBTENETHT-000E2 LT, OF=RLX—UHENITH D2
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O d BRIV T Lewis DA 2 7 v MUZ B IRREGEEIES . OF SR FET S 3
TH DTN BN D A PEHE & ERE G IEIUEICE 25 2 835 AD 3 Hls 4 EFH5E (3c-de
bond) &\ 9 3 FHEILEE T V& VS 2 T O SRR S Tz (Figure 1-8) o LU, A
FEOMAGTIRD 3d WUl 2 D & B2 T2 E IR HUEDNEDR Y T ETHRE BB S RN s
ERFRALFOMEAEIC LY | BUETIEQOMER —RINICZ T AN TN

anti-bonding 8 ? 8 — LUMO
non-bonding 8 ° 9 % HOMO
bonding 8 8 8 %

Figure 1-8. Schematic Molecular Orbitals for 3c-4e Bond Model

1994 FE|Z Denmark S, F T NRARART 2 RHEEREZHND Z & THOD T F o F 4RI
RET V) MERIE ORI L7 (Scheme 1-32) . LA L7735, 10 mol%d /LA A4
WERRTiE, ABFIER S ARFINR L LK F LT L E -7,

(I/NQ

(100mol%)  ©H

SiCl
RCHO + A \°"8 >
CH,Cl,, — 78 °C R

up to 85% vyield, up to 65% ee

Scheme 1-32. Allylation of Aldehydes Using Chiral Lewis Base

1996 4£, FEDIC L - T, IO THIBEAIARE T UV LRI HE Sz, 51k, 7ue U Ml
KDX T IWIRHRART I REA T DONA ALGIAEZ BHFE L Z Ol &% 10 mol% X % 20 mol%

W29 % Z LITRkE L7z (Scheme 1-33) .
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R'CHO

+

RZY\/SiC@

Lo

_p-N

071

)

(10 or 20 mol%)

OH

=R1 X

THF, - 60 °C

Lo

R5 R®

up to 95% vyield
up to 82% ee (syn from Z isomer)
up to 73% ee (anti from E isomer)

0.0
o
npr’ n-Pr OH
(10 or 20 mol%)
> R1 A X
R? R?
up to 90% vyield

up to 83% ee (syn from Z isomer)
up to 83% ee (anti from E isomer)

Scheme 1-33. Organocatalytic Crotylation of Aldehydes

IHNE TIREIN TN DA RIS Z I T ROE D A J1 = ZLIZHOUT, FET S O fififie
Z N2 CTRd (Scheme 1-34), £7°, filEERT VL MU 7 av v T O A FBIRFIZEAT 5
ZLT, TARENSEMNORBIR M A FEE D, 3HL 4 BREA T, EEMERLE LIRSS
PEIEIZE F A AD 2P LORT S)NEFAR LR FAHOET CHAEFEEICRD
(Figure 1-8), =L T, ZDOS5ENLDOT A FRFIZT AT b RBENIT 52 & T 6 BERERIREL

TR U, R BT 2 & & I 7 VIR S LB BTV D,
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N\
/'U

OH o os|C|3 N ASiCl
O \&

Q N, Q
N /P\\O"
P N =
/\O !
N = :
H
N e
Ph O\\“Sll\C|
cl PhCHO
L transition state ]

Scheme 1-34. Plausible Reaction Mechanism of Allylation Using Chiral Lewis Base

Denmark &-CHES HBAFE L7 A AEFEMEIL, & A RISk U CHEEERINL T2 2 A 7 Ok
Th oM SEETIE. SRR ZHA SRR LI E AR AT I R LD 2 JERIT 5
Nt RIS L BI%E STV D (Scheme 1-35) . FEMIICOWTIE, 5 2 ECHE B,

R

N
O/N\CHO
ity N /CHO

o o H

H 4+ =\.-SiCly (5 equiv) - N
dry CHQC|2, —-78°C

up to 66% yield, up to 58% ee (R)

-nlllO

Scheme 1-35. Allylation of Benzaldehyde Using Chiral Bisformamide-Type Organocatalyst
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1-4-5 XTI 07R7 I fili

FTVIRT I R EE T 5 SR e gEIE, [1-83 AREABAMEOFELR] TR XD,
1970 4EfXIZ Eder & Hajos HRME L7710 U 2 WSS TFHAFT IV R—ILKIETH 5D
(Scheme 1-5), Znn 5 MUtRdtE . OV 2 UM EH Li=d23, List Sk 571 U o fifie
RO BAEFT v R— VK (Scheme 1-9), 72 5 ONZ MacMillan B2k 54 X4 ) ¥
A TN R AT 4 — LA« T LA — S (Scheme 1-36) T o7z,

o) /Me
N
rjf)fMe
N~ ™
PR H Ve
*HCl
o,
oo o () L e Ao
MeOH-H,0, 23 °C
CHO R
(2S)-endo (2S)-exo

up to 99% vyield, up to 93% ee (exo)

Scheme 1-36. Enantioselective Diels-Alder Reaction Using MacMillan’s Catalyst

ING ZOOWMEPBO THETH/2DlE, 7 I UEEZ N TV DI b 5T,
HEOIEMALTIEN RIS TN DENH TH D, List LOWE L7 oV U, F39HRE &K
JET 5 2 L TR e =) X R ETERL L (HOMO-activation), = & AN RE 74 (7 /v
TER)ERIETDHZET, ERWBESLND (Scheme 1-37), —J7. MacMillan 5D A I XY ¥
U, ETREE LIS T AL TREFNRAI =T LA T PRIKEZEMR L
(LUMO-activation), Z O HREHAN KR (V=) &t 5 2 & THEBRMAE S D (Scheme
1-38), 2F V., T IUHEEEHVIUR, TV R KRRV =y E N EORIR LT, T 4 —
WA - TS — ISR A AT BT S &5 - LR TE SRS S D . S bIC,
7 X U IROS A L AR S E LTV A DT, BIAEE T 5 Lewis FEAMEKSERE AT DT
VU ATy RS L0 & MRERAFIGEMETEHLEEILND,
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H,0O H,0

0] O
“ [
@/9\ HOMO-activation “OH

transition state

Scheme 1-37. Plausible Proline-Catalyzed Reaction Mechanism
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Scheme 1-38. Plausible Reaction Mechanism Using MacMillan Catalyst
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7 AL A HRMECH DA, ERREORE, @RAREE L D b Ao EIERZh RSN 2
L. IS O &2 MNE LT 52 EEOMERRHoT, T2 T, LENET 1Y VU
SEIROIIFRICKE R H D D,

BIZIE, IWARDIX, 7 h I Y=L EFTLH7 0 ) UFEERERRE L, TV R— VRIS N T,
Mm%®%ﬁifﬁjwﬁﬁwméﬁ%%%5:kKﬁ%Lt(&Mmrwfo:@%ﬁ@%@
X, 7a ) I 0 b AERIEICIETRT L, EREIAVRVEEE Y LT T — OB O
BN AR LTHLOT, MBEEEAR EL TS ZETH D,

N,
NN
H HN-N
5 mol%
o 0 (5 mol%) O OH

U H0(100 mol%)
+ Cl,C” H - ccl
), 3 MeCN, 30 °C T

n = 1: 85% yield, 80% de (syn), 84% ee
n = 2: 78% yield, 92% de (syn), 98% ee

Scheme 1-39. Asymmetric Aldol Reaction Using Proline-Derived Tetrazole Catalyst

HNR LA T I RIS LT v ) UBEER B HE IS Tnd, Gong bk, ¥ 71
RB-T X TNaA— LA LTl T I RFEROBBIZHKII L, DT 2mol% s v H
DI R TROR 2T S, O ITE WAL RERETT L RV AN 23TV D
Smmmrmfo:@%ﬁ@\%ﬁ@TiF%k?w?tF@@%ﬁ%ﬁ%%%@%%ﬁ?é@ﬁ
mHF, o Fu kLl 7T e ROBRER T bKE-E LT 20T, L0 mE~z
ERREEEVH T ENTEREEZLR TS,
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Q\/(O CO,Et T
H HNT 2 NN/SM\COZEt
N H
Ho' /COEt 72 HO
O 0] (2 mol%) OH O ==
H o
+ . <

R1JLH )J\RZ neat, rt R1/\)LR2 >\\H

R
up to 99% yield, up to >99% ee (R)_ transition state _

Scheme 1-40. Asymmetric Aldol Reaction Using a Catalyst Derived from Chiral S-Amino Alcohol

and Proline

DX, Tal rER—RZ LT 2 7T I UMBEOBRR TIX, EIZH AR BRI E T b
TV =, TR 2R I FEXTE R L ERICTEES N D Z ERHEINL T
72

AFRE LTT U 2w 2 7 < AREZIE, MacMillan oAtz FLkE & 23587
Ui B 7 FAME At & T B R A A % (Scheme 1-41) .

l ! COOH
NH

R)LH ’ )J\ neat, rt g R;\)J\

up to 82% yield, up to 96% ee (R)

Scheme 1-41. Asymmetric Aldol Reaction Using Axially Chiral Amino Acid

ZOM, THETISRARTE R 287 L A K Y~ — S S 7K U~ — <
RTF REATOMYE HWESN TN,

S BT TiE, MacMillan 512 & - T, HOMO-activation T % 72 < LUMO-activation T% 721>
B LUWEMAL 7 (SOMO-activation) 23 BH %€ S #17= (Scheme 1-42) 860 ZORSITBWTIE, —&
FRALANC Lo T F I AN T P fbsiv, 7 PV ANVBUSIZ & o TH FVIRHRURSE — Ik
FREAVBREND LELLR TS,
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N/
JrmMe
N" “Me

Ph H
« CF;COOH
(20 mol%)
o =2 CAN (2 equiv) R’
J\ )\/ NaHCO3(1.2 equiv) Oﬁ)»,,,, R2
+ i > ’
H SiMes " bME, —20°C !
1
R up to 88% yield, up to 94% ee (R)

“Me
Me;SiOH % Ph H "
H.O H,O Q e
2 N
0O /Me SOMO-activation /’ﬁkMe
N N “Me

f_j?:)T-Me o Me Ph

N™ “Me N = ceV
Ph 1 | + )‘:,,‘Me R1

R N” “Me ce'l

Ph |
+ R2 R1\.) o Me

Ce“l SiMe3 Ph
transition state =

Me3Si

Scheme 1-42. Enantioselective a-Allylation Using MacMillan Catalyst

UEDXSIT, ZHET 2T I A RE STER S, BRx & A T OffiER®E ST
e, TOBEAO—DF, Tu ) UEFEEERO X D RmERERE AT D 25k I UEOSE,
R DOSIERTIEDN RS 506 ThDH, L Lo, 7VF BT 4 —DOREW 1
BT I PREET S AR OSARRIIAFRETH D LV ) T EDRRHINT, RERTFHEZED T
WD, TOFEHNCHOWTIE, 53T TR,
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1-5  ARWF5Eo Hi) &

1-1 2D 13 H TR K D 1T, BREA~OFM, ZeM S 5133 2 MRS L HET 8K
DHEDOI VIZBWT, REGHME~OHFIIA 2 RE{RoTWDE, EFETIE, ZNETH
BB D BN T SOGTZT TR <. A@ B2 FIV % 2 & BINEE R BUSI b A #
iz W TE 2 Z ENRESNTETEY . AEAREE OB IZATAIIC & T3 bR THE
BRODIZRHEZZBND, I4HTRLIZK 91T, ZHVE TITBF SN AR A AL D
B A TIE, REMEBEIfE, RFEERERREXD VU, KBS ERAT 5485
BEARAEE . RNE A ZIEEEAME T V0T I UMIEER D D, L LR, EERRFENED S
AT D R AR 32 R FRRR DAL 2 2 < | B —RMEICRIT T LR WA e R OG

A ST ZENHLWEER DD, £z, MRS OBRICEZEMONGEET L L bdH
oz, ZDF, THE TRV LWAFABRMBE ORI EZ1T S Z L1k, ZO0HOS 6055
JBOZITHRD CHERBEO —D L EZ bND, £ THRIE, FRx RBISICEMFETH Y .
DL TED TG TE 2 HHARF ARAE DO BT & 21D & VTR F G RSUSR ORI E F
THZ LT LT, AMFETIE, ETUMRE TSR LT EARAV LT I RV A 2 HL
(Scheme 1-35 ZZ M) & MV % RO F 7 U JABEUR & R R R T OGS 2 a4 2 Lic L
Teo Elo, ZOMEDO RN I VAL BRE L THK LIEBTHEAE 2 77 I A W TRET
IV R—IVEOGEHAT, (REFLOURTE - BLIRTE D TRk &2 72 SUGIZ38 F © & 5 R A A H Al O F7¢
AT o To, WICFAE, L0 v TV R Lk 7 < iz 35 H L, Scheme 1-37 2 OF Scheme 1-38
TRLEZ T IVEEL A I =0 AEBOTEME CRUSEEIT S5 2 LN TE, Ha RIS
W ATREZR BT Y X I DB I B F LT,

AR SCOEEIZHOWTIE, LTl ThHo (Figure 1-9), 3 1 ETlX, RAAAKROEENM,E, R
FAMERBEOEA . K OBSHEE OTEMHAL I EIC X DD /2RI OW TR L. ABF7EO B Y
WZHOWTEmR L7z, 8 2 ETIX, BEARNVLT I NARDULA RIEEMAIE 2 W2 AR5 T U ARG
EARFETTSE, B OE OO RV I VI DR LT8R 2 7 X b2 iV 5 R
TN R—=NRISERET L, U YA 7 VRO 21T o7, 3 HTIE, ZiiTHS
WA TEDHHAK LT I VORI E 2N 62 AW EFRT VT & REBRS Fro
ARET N R=VEOGZBRE L, & 5 DFT 3R 2 W CEERR SUSEE OB R 21T o7, 4 E
Tl 5 3 E TSRS LIZHAHK 1 fkT I A W T, v ran~dt ) T
HDORET IV F—=NVEOGEATV, FUSSHER 2~ A BNEM L G OGE Et Lz, 55 & T
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(T, BA%E L7 2 AW CHEBET AT E REE Rrf v 7 hrORET IV R— LR EEIT-
T2o HBOETIL, HBEEOMAARKIZ, B Raxo T oAV FUEORET IV R—/VG
ATV, TMC-95A~D (28 N5 HATMOGRAZ BT Uiz, % 7 T Cld, BI% Lotz v
THRMET VT8 REA B FUHORET NV K=V E {To7z, 5 8 T TIX, B Lo il
AT 4t FaX s < v EXUYP LT b ORE~A 7RG EZATU, Higt A o6
AR Lz, 89 W TIR, AMIELHRIE L., A% DOREREIZ OV TR,

Amine Catalyst

i chapter 2 chapter 2
' R! R2

\ deprotection W

o
g ~CHO T

: “NH
J protection J
R1 R2
Novel Bisformamide Novel Secondary Amine

Asymmetric Reduction (Asymmetric Aldol Reaction)

< Asymmetric Allylation >

chapter 3~8
RE OF
H,N HN

F
Novel Primary Amine

< Asymmetric Aldol Reaction )
Asymmetric Michael Addition

Figure 1-9. This Work
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2-1 Lol

B 1 ED 1-4 HTIRATZ L DI, I TR & AR AR AR BRI STV TW D A8, filfieod I
KB Z D ZTIREEORE - MREDH THEM TE D RISOIREZINT 5 2 &3 ATREIZ 72 H A
FAMMIITE STV, 22 TRBIR TR, T ERRALT I R RS
WA R /BT VT e RET UL N Z7aas T 0 ORET VLS (2-2 HESR)
EREL. SHICTUAYTUEHVA LTI LV ORFBITKIG (23 HEBR)EITH 2 LIl
7oo ZLTRIZ, ZOERRNLT I REYLA 2 BRI D ARV IV HZ Bifki# U TR 2
W7 S A AR L, FNUHERWETE R 4= FaR_RCXTLTE RORFT L R—)L
BOG (2-4 a2 ZR)ORET 21T 9 Z &1 L7z (Figure 2-1),

deprotection of
formyl groups
R R

RECYCLABLE
"’//N/CHO \\_/ "’//N’H
P p

R R
Lewis base catalyst protection of secondary amine catalyst

ﬁ formyl groups

Figure 2-1. Novel Design Concept of Asymmetric Organocatalyst

Asymmetric Aldol Reaction
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2-2 EARNELT I RBRULA ZGEHFEE L 2 W= HB/ET VT e K27 UV R Zan v s

v 3DOARET U ABKIG
2-2-1 #ES
RET VIALKIGE, T Ve fiiRE — IRBREATEREOG & L TR TEER SO —DT

8

b1 P RN CHHARET UAT AT — L, EEREO SRR L UL < R &
NT2 ™ S E T STV BRET U LRI 7 U AR T v el REe
XTI AR R VTS BB, L LARE, TUART R A SEAICE,
{LZERBEOARFT VN RRKELRD | X T AR E2 V285512, &EIC
Ko TREMESENELDGANH D, £ 2 CTHFERZED TNDLON, H 1 ED 1-4-4 IH TR
R L B EOVRORFAA AR DD o A AR % RS & LA A S
EFINEBUSIC 31T %R E RV, Zh 5 OBEBIRIEC 8 %, LA AR 72 SUS T
% < BB IRIEA TR T 5 L B2 BT\ D, —, A ARSI 75520121,
B FT A AT AR URBIE T A BA TS % = & T A BOMA AR
TV, TAT b ROREFR IR A FICENLATREIC 72 D5 O C (Figure 1-8), K 0 J[E 7257
WEBREZIERT 5 B2 5T % (Scheme 1-31),

RETIEH, 77UV Z7mas 70T AT ROAET U IBRINICEH T&E Dkkx 722 A
FORFNA AIRBEBE SITND (Figure 22), B2 1E. 4 Flo skt L C RS2 fil
BECIE, GBI ABAR LI /AL AT S REIOME * . MRS A3BI%E L7z AL % R ol
it *° . MacDonald 78B% 7=k 2 7 ¢ > A%+ RO . Kosovsky & A8HI%E L7 N-4% o F
ot " 05, Fie. 2 FEENT B EBNTIL. Denmark B2SHI%E Lz PR A AT I RO
fibdgt . Juaristi & ASHI%E L7z U AR F Y NHOMEE " B L ASBR LIm YR AT 4 oAk
R RO A R OfRE S d B, 2 FERIACLL BT B & 2 BT BT I,
Kwong & 3B% 7= b U -N-A% o REIO ittt 73 5.,
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Ph” >N~ Ph é+ E
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(Iseki) (Kobayashi) (MacDonald) (Ko&ovsky)
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I‘D'Elﬁe 0 0 ﬂfu‘n‘D g
\P// (CHy) \\P/ \N
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OO v N/ BT ptolyl/S: ’Siptolyl
\ \ | § Y - - i
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(0]

(Nakajima) (Nakajima)

Figure 2-2. Various Lewis Base Catalysts

I DA RIS Z W= T VT e ROAET U EROGTiX, IINAlE LT TBAI X°
DIPEA S CTh o7z, R, RSN L72E /) RV LT I REULA ZIFIARE A VW 2
BaliEx, 7 I T oD A RIS ENLT D HMPA BB THh o7z, 2O K 9 7R ENL )
ZFFO HMPA BHWHNT=DIE, T UV T DA FITk LV A AEIENENTT 5 7210) TIEK
JEHEITE T, LA AHEIE L HMPA D IEICEUI T2 Z & TRIGBEITT 54 Th 5,

T, BMFRETIE, TIAVSTUrOTrARICH LT 2 RN TE HEAFRLLT I R
A AIEEE A OIUE, AFEIEDE D H D HMPA O X 9 7e B EOTRWIRINA &2 v 5 2 L 7
SBUSHETT 2D TRV EB X A FRITH LT 2 HEEMTE DFHREARLLT I R
oA AR DMITE 2 M D TNz, £ LTS, B B ARV L7 X PR VA ZHEL 1a DBE%E
WZEEE) L7z (Scheme 2-1)770
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Ph

O/N\CHO
"’//N/CHO
OH
0 Ph)
4+ ~_-SiCly Lewis base 1a (5 equiv) AN
dry CH,Cl,, — 78 °C, 72 h
3 4a
2a 66% yield, 58% ee (R)

Scheme 2-1. Asymmetric Allylation of Benzaldehyde 2a Using Chiral Lewis Base la

L2 L2RnG, A 2ER a2V X7 T Ra 7V 7uuesr o2 304K
HT7 VIEEISICEBNTIE, KcEEITSEL 815 YED la NN ETH -7, I TRIE. 1
WO 1a TSR T S5 BICTRIMFI O Rt 517 > 7= (Table 2-1)°,

Table 2-1. The Effect of Additives on Enantioselectivities and Yields
Ph

N
[::T*N\CHO
"'//N/CHO

P

o Ph OH
1a (40 mol%) H

H + /\/SiC|3 additive . ©/\/\
dry CH,Cl,, —78°C, 72 h

2a 3 4a
entry additive (equiv to aldehyde) yield (%)? % ee (config.)b
1 Li,CO;  (8) 49 48 (R)
2 Na,CO; (8) 15 34 (R)
3 K,CO;  (8) 95 60 (R)
4 KHCO; (8) 85 49 (R)
5 KsPO,  (8) 24 70 (R)
6 K,CO3 (4) + K3PO,(4) 68 67 (R)
7 K,CO; (4) + KCI(4) 41 55 (R)

%solated yield. "Determined by chiral HPLC.
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FTP. xR A RN CRIGE R ZRol e 2A, KBEA Y UL EHWESAEICR S BV
FERCERMESED Z LN TE 72 (95% yield and 60% ee (R) in entry 3), KIZ, WRL=F T4
BRI T D 0 =T = F DORRERRTT D%, WAk ) U AR Y U A KETR
NI B =T = e GTHNIY T AT TR UL WEEOENNY 7 v
AR ANIR BTN T DFEORRLIR A UL, SOIIEENLSNDOT ) U LRI E L
THWER, WIFNOBE BRI U v Lz NG E X0 BORERTERM /LS Z LI3TE
727> 7= (up to 38% yield, up to 55% ee (R)), L72>L7R3 B, Vel U v Az Hnzgaicit,
R 24% Tdh - 7273, 70% ee (R) & @@= v F AR ERD S S 7= (entry 5), & Z TIY
Ram bEISEL8, KBEAVVOLEY VAT LD 2 EENNZE ZA, ERHOINEE
68%E T LSH2D Z LTI LT (entry 6), #iat L7I2IRIIFOMEE (A A > £, Donor Number
LY AR OTF T AERVEOM OMBERIRE RN T Z LT TERD TR, AT —AF
F U DINA ARG < BALT 2 WANT, AR O F o FARRELAN T S, KEED Y
UDLEY I Y T DDOMPIZONTIE, ZPOMEBOKE bT v 7T HBUKERC, Rho~7
0k Ty 7T oREEE L COERER R ST,

WINFIOBEHIIN A T, KB U 7 SFEE T TRl 1 0% H EoBEBEOREF $1T -7 (Table

88
2:2) .

Table 2-2. Asymmetric Allylation of Benzaldehyde 2a Using Chiral Lewis Base Catalyst 1

™
[::T‘N\CHO
""WJ\I/CHO
R
o 1 (40 mol%) oH
H + ~_-SiCl3 K2COj3 (8 equiv) . ©/\/\
dry CH,Cl,, —78°C, 72 h
2a 3 4a
entry 1(R) yield (%)® % ee (config.)”
1 1b (2-methylphenyl) 95 66 (R)
2 1c (2-isopropylphenyl) 95 76 (R)
3 1d (2-tert-butylphenyl) 89 68 (R)

%lsolated yield. °Determined by chiral HPLC.
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FP. BELOBEBBIETHIRDVIEONUP UBRO o i, mALXIE p AL WD A F
NI T DA AR A W TRIS 2T o272 & 24, o (L2 A F VI Z AT DAl 1b 235
LW U F AR TR Z 5 25 Z L3 nro7c (95% yield and 66% ee (R) in entry 1),
LT NUBUVRD o MDA E RIS mm < LciiiEz Gk LT BUSICHWD Z Lz Lz,
EEROFER, A Y T n VR AT O 1c 2 V25 & HOE Y IZmT T F AR AR
WMFFEHAILTZDS (95% yield and 76% ee (R) inentry 2), X 0 @& & tert-7 F /L2 A3 2 filli 1d %
MWD & APOINER K R F o FAERMIT, Y T e A2 /T 5 1c D55 X0 6
XN L7= (89% yield and 68% ee (R) inentry 3), Z OfthiZik, X VIO L B EZEHERIIIC
me < LIZAEER, R D AIEDO R R VBRI N1 S U R AR LT il ARl L CROS IS
W2, WTFROHE b RWRIR TERM 2155 2 LTk o T,
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2-2-2 OSSO fEE

T ZTCAMIFE TR, E ML la, SOSIREE - 78°C, SOGKFR % 72 IFEIC L TR X7 L
TeR2 LTI NI Iras Ty 3ORET VIS ZITV, TRINFI O 8D AR DI K
N o F A BRI KT T HEIZ OV TRETE21T > 72 (Table 2-3),

Table 2-3. Effect of Additive Loading on Enantioselectivities and Yields®

Ph

N
O’ ~CHO
25 -CHO

>

Ph OH
o 1a (40 mol%) H
H + =~_-SiCl; additive N ©/\/\
dry CH,Cl,, — 78 °C, 72 h
2a 3 4a
entry additive (equiv to aldehyde) yield (%)b % ee (config.)*

1 K,CO3(5) + K3PO,4(5) 46 49 (R)
2 K,COs (7)) +  K3PO,(1) 78 58 (R)
3 K,CO;(6) + K3PO,(2) 64 65 (R)
4 K,CO3 (3) + K3PO,(5) 48 66 (R)
5 K,CO;(2) + K3PO,(6) 44 68 (R)

2All reactions were carried out with 2a (2.5 mmol) and 3 (6 equiv to aldehyde) in CH,Cl, (2.0 ml).
®|solated yield. °Determined by chiral HPLC.

EP.RBAVOLEY U U LELZ S HETOHWLEZA, 4 HETOHWESS
(68% yield, 67% ee) X 0 & AERD DULE L O F o F A @ERMEIT KT LT LE -7 (entry 1),
AT, BINFOBENSTE T, JOSRIKZ ToICR BTl ol B2 b5, £ 2
T, RBBHV LY D) T AORTESINES 8 Y&IZL T, KISEIT->7- (entries 2~ 5), &
FLTHBORBA Y v LE 1L EBEOY VA Y T LW TRISZIT 1256, Bl o=~ T
VT ABEINEL 58% ee £ 72V 8 UEDKIEN U U L& AWTHE (60% ee) & IXIEF USSR & 7
STz (entry 2), WIZ, REH VU LAOWMEZD S, VA Y 7 AORMEZHEINIET
RIGEAT T8 25, R OIEEIL 64%0° 5 44%~ AR F L TV o723, iIc = F o F A58
PEIL 65% ee 2> 68% ee ~ & < 72> Ty o 7z (entries 3~5), LLEDRFIMNS, REEH Y 7 ALY

VRN Y U LT A GETOMWESEIC, RBBWRRTEMDZRLZENTE LT
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EnbhoTz,
2T BRI 2 T2 R R U O L U U ) U L EZENE 4 Y& SHWT,
B ARG L7 (Table 2-4),

Table 2-4. Effect of Reaction Temperature on Enantioselectivities and Yields®

Ph

ﬁ
N.
CHO
O:N,CHO

P

Ph
1a (40 mol%) OH

o K,COs (4 equiv) E

H + —=~_-SiCl3 KsPO4 (4 equiv) AN

dry CH,Cl,, 72 h
2a 3 4a
entry  temp (°C) yield (%)° % ee (config.)®

1 ~ 60 76 68 (R)

2 ~50 79 61 (R)

3 — 40 40 55 (R)

All reactions were carried out with 2a (2.5 mmol) and 3 (6 equiv to aldehyde) in CH,Cl, (2 .0 ml).
P|solated yield. °Determined by chiral HPLC.

FT. 60 CTRIGEIToTo& A, —18°CTITo 285 (67% ee, entry 6 in Table 2-1) & XX A
FLEED68% ee CEMM A 1D Z LN TE - (entryl), LML 5, —60°CHh 510 CToHE S
VIR EToTo & 2 A, BRI DO F o FARIRIEIL, - 50 "COYE1361% ee (entry 2), — 40 °C
DA 1355% ee (entry ) E R A IIKF LTV o7z, 2D DOBF G, MINREIZ- 60 °CE TH-
REFDLZLENTEDLZ ENDNoTZ,
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2-2-3 KEATERIBETATE R2ETUL NI 70T 30ORET U AALKIS
W El LT OSSR R ¢, filllE 1c 2 W ki &2 R B E/RT VT e K2 27U v U Zan
T 3DARET VIR ETT > T2 (Table 2-5),

Table 2-5. Asymmetric Allylation of Various Aromatic Aldehydes 2 with Allyltrichlorosilane 3%

N
O’ “CHO
... .CHO

N

1¢ (40 mol%)

0 K>,CO5 (4 equ_iv) OH
)j\ + A_-SiCly K3PO, (4 equiv) . B
R™ "H dry CH,Clp, —60°C, 72h R "X
2 3 4
entry 2 (R) 4  vyield (%)" % ee (config.)®
1 2a (phenyl) 4da 80 77 (R)
2 2b  (o-tolyl) 4b 64 83 (R)
3 2c  (m-tolyl) 4c 57 61 (R)
4 2d  (p-tolyl) 4d 67 67 (R)
5 2e (1-naphthyl) 4e 60 76 (R)
6 2f  (2-naphthyl)  4f 40 38 (9)

All reactions were carried out with 2a (2.5 mmol) and 3 (6 equiv to aldehyde) in CH,Cl, (2.0 ml).
®|solated yield. °Determined by chiral HPLC.

T RXUXTATE R 2a e HOCRUGEIToT L 2A, T1% ee THEBMEHRL ZENTE
7= (entry 1), HIEIE LCHREED U 7 ADDH% FWZ G T, 85N ERY DT F 4%
RIED T6% ee THHT-Z L 2HE 25D & (entry 2in Table 2-2), WIIFIOZNE L v bkt %EHE |
DEWIENFEO ST D, ERD OSTAREIRMEIZ LY REREEZRKITLTWDLZ LN ghoTe, K
(2. o-h LT FT B R 20, m-hLT7 5k K 2, p-hT LT R 2d #HNCTRIGEIT->T- &

ZA.0-bMLT T E K20 OFEAICIE. BEbEV83%ee. m-r LT LT B R 2c DIFETE 61% ee,
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p- MLT AT B R2d DAL 67% ee TENENHBIOAERM 2155 Z LIZHS LT (entries 2~4),
72, 177 b7 AT R 2e ZHWTEIETIE 76% ee THIIDERMZRD Z LN TEN,
— /T 27 87Tk R2f OEX, ERMO=T T A EIRPED 38% ee Th o7 (entries
5~6), Z DA, [ CEMHD FTIRMET VT B RORFT U ALKIE HIT o 7228, SOGIEHETT L
ot

2-2-4  BUSHEAEIZEE T 5B %2

WIT, REOGEDEZ BNDMIEY A 7 Vv Zmd, EFTT VAN 7rns T 310 A
file 1c 75 2 JEEANL S5 Z & T 6 BN ORI A FEL 2V T A RO A AFRPEEE D E < 72
%, LT, RUXT AT R 2a DR T A RBICENLT 5 & RRFCHERIRE 234807 T, B8R
WEBIRENTER S ND, DR, /A AHEEMIE 1c 2SBES 2 & & biT, BRIDOAERNY 4 515
bivd EEZHND (Figure 2-3),

OH 0SiCl,

/\/SIC|3
| AN H |‘\ X CHO CHO
4 X

R2 R?
A R E
z B a GHO
| [::T’N\CHO | (/Féb \x;;4
: » L - cHO=—S
,,JN/CHO T, CH ? + i l H
E : Ccl, H
' R1 H 70 e ootV
i R' = 2-isopropylphenyl (1¢): CHQ/S“‘O\\Ji
H ' N 0
| I | g
: : H
' * ' H)K©
. Cg)—\ CHO L transition state\\R2 _ 9 /KRZ

Figure 2-3. Plausible Reaction Mechanism of Allylation Using 1c

BRRIREEDOREEIX, NI AREBLEEETDHLE, TUNED N T ATV A AEFEO R L
AT IRE 9 —FDORNAMLT I RED N T U ALICITEERT. XVATALFE RO RNT v
APINIEFBRF N ESIND Z & TREILRDEEZ DD, i, 6 BEROBRIERINIER

EZZ2 AT, 2RETICHBE SN TWA LA AERAE 2 W=7 L5 e RErzaFLrs s
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DFF 2 0 F ARG DR R b b LR SN 5 (Scheme 1-31) o & L. HELREBBARIE 2 $8H L
TRISHHEITLTCWA LUET B L. RV AT AFE REZuF AR 7 ans T ORFE—R
SO, N X7 AT RBEESNARNED, IRERBREL-L 57, E oo
FLrVrsaarIrnbidanti ik, ZEROZ7aF ) 7aea T bl syn KeZnEh
BERANCEOND Z EITREIC /2 D L HEZR S D (Figure 2-4),

Cl ,
(LB : Lewis base) i LB
Cl/ Si ‘\\ R1 i I
~S H i Cl,
LB \{ | /&“\Q\\w
i (¢]] & ’ >(
wod) e
(fixed) (rotatable)
cyclic transition state ' acyclic transition state

Figure 2-4. Cyclic and Acyclic Transition States

12 ABISDOEBIRIBIZIN T, 2O A AFEMIED RV LT I REDER — REFHGIT
spP IR DA te 5F sp’ IR A 5 WTHEMEA B 5 (Figure 2-5), Lﬂbﬁﬁﬁxs&ﬁﬁﬂﬁﬁ®%é
CiE, MO RFRFENPSERIAT E~F T VT A =N TV AT 7 —ENRLRDD T A%
MOARFLGRELS 720 AERIO XS Eno ) U FARREORBUIRETH 5 L HEER SN D,
ZD%, AfEEOFRL I VL P RO EE T A BRI L TWD EE T,

N o) <+ 0O
N—< - » N—<
/ H / H
Figure 2-5. Two Contributing Structures of Formyl Group

UboEBZEHEZDE, RUXTATERET IR 70y T ORISIZEBWTIE, K
D ODBEBIRENE Z BN D (Scheme 2-2), TS 2-1 ¢ L CAUSNEITT 5 & RIKDARL
WngHav, TS2-2 2k U CRIGDET T2 & STROERMA R OND LB 2 HD, TS2-2
IZBWTIE, XU X7 AT R2aDRUBUEREMIE 1c D 21 Y e LT = =V E OSLR
RN D%, FOSMIEEIIZ TS2-1 M L RIEPRETF o FA~—L LTHELNTEEEZ
HBILd, FFIT, 0- FAT AT E R 20 Z WG DSGEIT, b m o o F AR PRWE TR
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NEHTZD1E (entry 2 in Table 2-5), o- L7V & K 2b D 2-A F LMk L filgt 1c D 2-14 Y 7'
BT 2 =V E ORI N R E < K VEBREAIC TS 2-1 288 U CRISD ST L 7o 2 & HESR
Ihd,

_ -/ +
Q, ol
N~ ?
z H
= OH
' ¢ :
— (@) — Ph/\/\
H \CI”"’u.Sl-...-n“‘”\ H (R)_4a
o— ‘l\o\\\ik favored
PhCHO cl H
. 1c TS 2-1
E—
_~_-SiCl3 ’
Cl~
OH
— — Ph/'\/\
(S)-4a
unfavored

Scheme 2-2. Plausible Transition State Models

277 "7 T e R2Af ZHWERIETIE, 177 h7 AT R 2e Z AW IEOHE LD b
RO T o FARPFNEE DR VIR T L, & DICSHEAETF U FA~—L LTHELNE (entry
5vsentry 6 in Table 2-5), Z DJRKZ B4 5212, £7 TS 2-3~8 & 2 7= (Scheme 2-3, 2-4), 1-
FTT7ET AT R 2 ZHWISIZENT, REDRFEZF o FA~—L LTH LRI, N
VAT VTR R la DA LROE 2 T CHAT 5 Z LA TE D (Scheme 2-3), —F, 277 |k
TNATE R 2o ZHWERIET S KRB ONTDOE, 2277 7T R 2f OF 7 F /LK & filfl
lcD2-A Y7 r N7 ==/VIER n-n HEEMIZL Y TS2-8 NLTEL STV D & TR
EHEEZZ LD (Scheme 2-4),

51



2e

1c

_~_SiCls

Clu, |
H \o/"s‘i-"\‘
Cl
TS 25

Cl~

(R)-4e
favored

OH

X

(S)-4e
unfavored

Cl™
OH
— — \
(S)-4e
unfavored

Scheme 2-3. Plausible Transition State Models in Allylation of 2e
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2f

Cl

TS 2-8

interaction

Cl~

favored

Cl~
OH
— —
(S)-4f
unfavored
+
Cl™

OH

favored

Scheme 2-4. Plausible Transition State Models in Allylation of 2f
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2-3 RENA AFFfBEL N2 N 7aa v T 91k 7T 0 8 DARFRTIL
2-3-1 W=

FITNRT I UMEEIL., TAYNA T —IBRREIEDVANATF 7 I v BERFIBRED L X7 ) =
RS IMREEEIIHIFED 7 v v R 7 LV B < OABYEMAL AR b, £ ORI
BWIEOBIRNIR AENT NS (Figure 2:6) -

Rivastigmine Repaglinide Clopidogrel

therapeutic agents ] [ . ; ] [ C ]
for alzheimer's disease antidiabetic drug platolet aggregation inhibitor

Figure 2-6. Bioactive Compounds Having Chiral Amine Moieties

XTART I VEOARITIE, B 1 E TR L DT, B S BT LB A R AL
BA I DKEBBRRFETIS (Scheme 1-3)R0 R # AFLISENAN B TNS A, Zh
BOFETIE, LT A X ARER - BIEF &5 RUSEEELEL TR0 H5 . 22 Th
B 51, SBBABAMECILA < RA A AMIEAIEE AT VLY TSk B4 L v ORFAR
TEROSICEH L CFgE 2= L 2 A, 2001 RIS N-R L 2 e e ) DU FEkR 28R L, AO
R % 66% ee TS = & ITHkTh L7= (Scheme 2-5) » = OfMIL . EBIREIZINT, A3
NIHET I RED 2 OBRT VNI T D7 A FRITENLT D AT, 6 BUALOBIR 77 A 5% FRK

LTWbEEZLNTWD,

— +
o,
{ P
N~ ~CONHPh HN H//—F\\
|
CHO QSJK: AN
Ph Ph iy, 1S
- HN™ N Qg Y Me

N 2 19
| + SiClgH omol% . "% >;o”“‘m Ar
Ar” “Me CHyCly, rt Ar” Me H ’
Cl
up to >99% yield, up to 66% ee (R) | transition state h

Scheme 2-5. Enantioselective Reduction of Ketimines Catalyzed by Lewis Base
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2004 =2 Kodovsky 5 id, N-R/L 2N U UEBEROBIRIZKRII L, 7F I v ORFE TG
BT, T o T ASRIRAC DA 4157 = L 2845 L7= (Scheme 2-6) o 4% & 1.
B DGE L 7 F 2 L OBERRICLE S nn FEMERIC L 0 EBIRERZ L SN L 2T
%)o

Me—N\ O N
Ph CHO Ph Me™ \‘JkNH @

N 9 HN” T\ H
)I\ +  SiClH 10 mol% _ /
Ar Me toluene, rt Ar Me interaction
up to 94% yield, up to 92% ee (S) transition state

Scheme 2-6. Enantioselective Reduction of Ketimines Catalyzed by N-Formyl-L-Valine Derivative

N-RV VAT 50 A ASE MDA Cld, 2006 4E12 Sun H3PEA%E L72 S-3F T /L A LR
T REA T DN ASHFE (Scheme 2-7) Ko, AT B 2SBR L= N-E = ) ) A A IS HT 5
S A A HARIE (Scheme 2-8) . DHE I TWD,

(l? OH
TN
N/RS 20 mol% F HN/R3
R1J'\R2 TSI s, —20°C RN

up to 98% vyield, up to 93% ee

Scheme 2-7. Enantioselective Reduction of Ketimines Catalyzed by S-Chiral Sulfinamide
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_ on _
= Me=—
l X N wH
SN )L d
Ph
o) Ph @ Ph
_R? HO Ph _R? SN Ph
o
N+ siciH 10mol%e _ HN Cl—Ssi—0
Ar” R CHCly, t AR | g ‘
up to 90% yield, up to 80% ee (S) Cltransition state

Scheme 2-8. Enantioselective Reduction of Ketimines Catalyzed by N-Picolinoyl Pyrrolidine

TOEIT, NI D N Y A BT B A AR, S-% T L
AR T IR A T DA AR BBIRE S TVDR, ZAUE DA AL,
THOHEIZEBNTS M) 7maa I D7 A F#IC 2 ERNLT S Z & TERMONARZ HiliEl LT
WHEBEZBND, £ZT, FAUIT I NN Zunas T 4D A FIT2EBENNT DHEEZ L
DEARNLT I PRV ZIGREMEE L &, 7T I 2 8 OAFIRILSUS Z il T& 5D Tidie
W EB R VA AL L AW N s ee T 91k F IV 8 OARFIEILKIGD
ERICET LT,
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2-3-2 A AMGHSME 1 2 A2 TR 2 8 OARFIRITTIE

RFET VIALIGE DR F% 8 LT, 40 mol%dD /LA A AL 1, FInAl & LT 8 M ED I
AV TL L LTy mr Ay OSKRZ 72 I LT F 2 2 8 OARFIRILSUSZAT
VN BUSIREEDS AR DS o F A RINMEIC G- 2 5 5B %2 1~ 7- (Table 2-6),

Table 2-6 Enantioselective Reduction of Ketimine 8 Using Organocatalyst 1%

R

B

N<
CHO /1a:R=Ph
“uup~CHO \16: R = 2-Isopropylphenyl

J

~Ph K 10(61% rgOl%)' P
equiv
)Nl\ * SiCkH dry Cli c:|3 §2.0qml))72 h H/NL
Ph Me 2>z ’ Ph Me
8 9 10
entry cat temp (°C) yield (%)b % ee (config.)°
1 la rt 97 15 (S)
2 la 0 95 21 (S)
3 la -20 92 21 (S)
4 la —40 87 28 (S)
5 la -78 81 39 (S)
6 1ic -78 71 24 (S)

3All reactions were carried out with 8 (2.5 mmol) and 9 (2 equiv to ketimine). "Isolated yield.
‘Determined by chiral HPLC.

FP. A A 1a 2 AW TER TARFEILMUSEIT o728 TA, IR 97%, 15% ee D
T U F AR CTH O AR A E ST (entry 1), entry 2~5 (23T X 9 IS KSIRE 24k % (2
KT SETRINEAT T lmE ., BOSHENIE 2R o 72 e DITPCRITIR A IR N L2y, =F o F
ABPRMEEE < 220 . SORIREEN- 78 °C DIFIZ 39% ee (S) THMDAERMZ1GD Z LN TE T
(entries 2~5), KIZ, 2-2 HTHEARTZARET U IACKISIZIBW T b @ OALAREIRME TR 2 5
Z T 1c Z TS E T T2 & 2 A, IR T1%, =) > F A RIRMED 24% ee (S) TH MDA
M aF3H Z LN TELA, M la 2 HWGE K0 bAERMO = F o F A RIRMITE T L

(entry 5 vs entry 6),
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2-3-3  [USHEREIZBET 5B 5

XU OIZ, REFIRITCSNC BT Dkt 1 7 V%779 (Scheme 2-9), 9 filffi1la A b 7 un
T 9 DT AR 2 ERNLTHZ LT, 6 BB AR LRV A RONA A
ER@mL b, T FIVBENLT D Z L TEBRIEERERT 5, ZTO%, LA AR
laBiBET 2 & &b, BRIOAEBMBEONS B2 bND,

Ph\] i i TN HSICls
| 9

N | CHO CHO
[::I, cHo | we
. | 10

Ph E
1a ; " (‘ CHO
' Cl
: //’« . \\\H
|H E — 4 CHO/ S||\
* '
YN ; x~— CHO cl- c ©
. CHO cHO | CM,J“ oH
N il ; CHO/
CI Ph
4 .
- transition state -
8

Scheme 2-9. Plausible Reaction Mechanism of Enantioselective Reduction

filfit 1a 2 A2 RFFEITSUS TIXL TS 2-9 ZR i L TRISAETTT 5 & RIKD AR, TS 2-10

T D & SIROAFMBEOND EEZ LD (Scheme 2-10), TS2-9 B W TiX, ¥ F I
DEFZEDOT 2= VEEEMIED 7 ==V MOV F I Db ) =207 2=k M) Zun
T OWERIETD 2 T CINMRRENEL D, —J7 T, TS2-10IZBWTiE, 7 FIvD7 ==
NEET VN T U ORRIFA L DSRFED I TEH DD T, AEUSIEIEAINT TS 2-10 Z & H
L CRISDEITT A7, ExF o TFA~—L LT SHERELNT EHEIND, mILFER
BN DG B Te o T2 Bl & U C ARBUSSFEBRIRERSIRRE 2 #8H L T\ 5 Z & <> Scheme
2-10 (27K L2 LIS DIBERIRRE (BTl 7 A F DT © I NALITKFB I IMIE T 55 2 8H LT
FOSWEITL T LE-TZ EBRET 6D,
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N;H\Q HN’Ph
. ©\/NQ T/ >—=< . H

Ph" Me
H \Clﬂm"'Si utH (R)-10
(Ol NG N unfavored
Ph ~
N~ ‘ "N7 "Me
)l\ Cl Si face attack
Ph” "Me 1a /
/= L TS 29 |
HSICl5 Q +

H N/\Q CI B
®\/N 7//H HN/Ph
LD o B
— N Clm, | wH —— P “Me
H s‘ (S)-10

favored
% Me
Re face attack

TS 2-10

Scheme 2-10. Plausible Transition States in Enantioselective Reduction of Ketimine

2-4 XTI 2T I U6 W 4= h e RO XTAT e R2gE TR 1L ORFT IV

R— V&
2-4-1 =

RET IV B—=NVBUSIE, F T VIR HBURE — REREEEMET D& b AMNRKIEDO—2THY |
Eﬁ%ﬁ%g%@éﬁﬁﬁ%<%w%hfwéni:@ﬁmfﬁ%héﬂtPn%Vﬁwﬁ:w
LA NEE DFAKIZE > TH LN D a, B-AEIFI VAR = ALEWE, S OIS [ REZR L
RO TWOHAMRMEENTH D,

INFETICHESN TV DR HIARARE TV R—ILRE LT, F TV A A%
WD HIVR =AM E S Vv ) — L —F DT AT L AERAE LT L R— VRSN
HBATNS (5 1 80> 1-3 L O Scheme 2-11) o = O RIGIE, —HEHIT SEIRER R HE 2408 L
TRIGBETT D2 EMmb, YU AT ) — LT —F LOEHL R LT AT b RO@EHE R 0
RO ERET D720, EROT ) —=—FT b h Z KO ) —Lo—F b, FEIT syn
ROERHPEOND, ZORFHEILT IV R—ERE, %< OAFZEEIT X > TEAICHFZED
HonTEY, YU = SO ) T — R EHW b HRE STV D, BIIXILARS
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1%, BINAP-AQOT §k & IV 2 AR ) F— F LT AT E RORKET L F— A RIGICBN T, B
REBREZRBHSEL L TAXT ) 77— FNOEKMAMIZE VAR O T AT U A R4
WL, & 5ICiEm S o F BRI E TR 5 = &1 L7z (Scheme 2-12)

ZOMDOARFT IV K=V, TV Ro—v %ﬁ?&ﬁikﬁ“é}im%\ LRIRy & 8BTS LT
LLB filift (Scheme 1-8) 31 Trost & A3FH%E L 7= —£Zilighss (A (Scheme 2-13) TR B AR
TV R=VREHAERE S TWD

OSiMe, o) Lowis acid
ewiIs acl

(E)-isomer
anti (mlnor) syn (major)

Scheme 2-11. Syn Selective Aldol Reaction Catalyzed by Lewis Acid
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OSnBus o (R)'(Ez'(')\‘AP'I@S;OTf O OH
2 mol*/o
17X R > 1% 4
R J\( + g THF,-20°c R R
R® R2 R3
up to 98% yield

anti:syn = up to <1:99, up to 95% ee (syn from (Z)-isomer)
anti:syn = up to 93:7, up to 96% ee (anti from (E)-isomer)

(R)-BINAP P P P P
S O N
* / ..SnBuj / .-SnBuj
/-\ R2 R4/’I =z0" / R3 R4; =0 /
P P =0 “ o]
R3 R2
— transition state = transition state -
((E)-enolate) ((Z)-enolate)

Scheme 2-12. Asymmetric Aldol Reaction Catalyzed by BINAP-Silver Complex

ligand (5 mol%), Et,Zn (10 mol%)
9 PhsP=S (15 mol%), MS4A OH O

0
+ » H
RJ\H Ar THF, 5 °C R/\)J\Ar

up to 67% yield, up to 98% ee (S)

Ph R
Ph.| OH Ho."Pen ArJ\/o—\‘ \
; "N

Ph o~ "o
OH N Ph-Ou}uzn—01 Ph
Zq/
11, “
“N () N

ligand

transition state

Scheme 2-13. Direct Asymmetric Aldol Reaction Using Dinuclear Zinc Catalyst

ZD XD BARFEHRE B A WSS STV A RIS, RAE AR 2 V72815
FAFIRURE T L R— VUGS s Sz, 12 0% Denmark & 1%, 3 T /L7201 A Fafditt 2 FHu
=77 RNy Y ) —Lo—T)LORET IV R—IVRIEORZIZKII LTS

117
(Scheme 2-14)
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Ph,, :
IN\P’”O B N ) i
/\N /_N

pr” N Q =P

OSiCly O OH

0 |
(10 mol%) ] Ph.__Ou, ). .wCl -
+ )J\ 1 o > R H /’,’ O/SI\ l?l
H”"R'"  CH,Cl,, -78°C . ‘ 0PN

R = phenyl: 95% vyield, anti/syn = 65/1, 93% ee (anti)
R = (E)-cinnamyl: 94% vyield, anti/syn = >99/1, 88% ee (anti)

transition state _

Scheme 2-14. Asymmetric Aldol Reaction Catalyzed by Lewis Base

oA ZMGEEARIE 2 N T AREF T R— VRS PSMZIZ B 1 D 1-4-5 TR 727 m ) 0%
DFEEFED 2 77 I A O FIREE R S TnD, RENRZ A T ofilE s LT
. Kokotos © 1 NN e N LAy 7 al XA 7o, Gong ©H 120’?3 Xiao B 78
B%E L7700 ) 7 S KA O, IWAD % Barbas & SBRELIE DY Ov AT D
gt | AR & 2y Jrargensen125 ONENEFNEEEICHE L aa-L- T V=7l ) =2 A4
DR Sk Pericas B MBS L7z R U~ —HIEE & FORBESE 1D % (Figure 2-7), O
(X, AR S 23BR%E L2l AR 2 7 I UM AR W ARE T L R=AROSBRHE I TV D

(Scheme 1-41),

o
s—0 ’BuPhZS|O
0, O\ & NH HN
N~ ~COOH COOH O)L
H
(Kokotos) (Hayashl) (Gong) (Xiao)

P EL
C H o
"
C(\ R = H or trialkylsilyl group N~ COOH
(Yamamoto) (Barbas) (Hayashi, Jgrgensen) (Pericas)

Figure 2-7. Various Secondary Amine Catalysts
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ZDOEIIT, TNETITHE STV DAL W ARET )V F— VRIS T, 1FEALE
TRCBAT 0 Y UFERED 2 T I UMEAANONTWD, T TR, ARIGICT R Y v
EHAERTZ 220 258k 7 I U 6 2 VD 2 E R TE AU, AREEBHRE OMEANL VD FANANCIER
WCHBERLDOIZRDEEZ, il 6 4= XU XT AT K29 &7 b 1L OFRKE
TV RIS DRFHIE T LT,

2-4-2 VI VE DO NiRGE

XU OIT, RENA REEAEE 1 ORNVINVEORRELRGT LTz 2 A, il 1 224 %4
> & 10% HCl ag DIRAEIEF TR S H 5 2 & T, A INVIEOBUREICHKRII L, HIOA Y
6 % 80%LL EOUER TS Z LA TE 72 (Scheme 2-15),

" ™
(T o G

"/,,N/CHO dioxane:10% HCl aq = 1:1 'w,N/H

110 °C, 10~24 h

g g

1 6
1a: R=Ph 6a: R = Ph (82% yield)
1c: R = 2-isopropylphenyl 6b: R = 2-isopropylphenyl (84% yield)
1e: R = tert-butyl 6¢: R = tert-butyl (86% yield)

Scheme 2-15. Deprotection of Formyl Groups
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2-4-3 FHIARK 287 I UAE 6 2 W AREF T L R— Vi
PITER LTS 2807 I i 6 Z VW T 4= ha XU X7 LT R2g &7 1L
DARFT v R=)V G 24T - T2 SOSIZIE .50 mol% D it 6,10 &0 7 & b 11 % v 7= (Table

2-7),

Table 2-7 Asymmetric Aldol Reaction of Acetone 11 with 4-Nitrobenzaldehyde 2g Using
Organocatalyst 6%

rR
NH 6a: R = Ph
. 6¢: R = tert-butyl
//Nkl_|
N 0 R O OH o)
6 (50 mol%) P
)]\ +H > ﬁ:
solvent (1.0 ml), rt
NO
entry cat solvent t (h) temp (°C)  yield (%) % ee (config.)

1 6a dry CH,CI, 48 rt 0 -
2 6a dry DMF 48 rt 0 -
3 6a dry MeOH 48 rt trace -
4 6a H,O 48 rt 45 3(S)
5 6¢c H,O 48 rt 47 14 (R)
6 6¢ brine 48 rt 66 20 (R)
7 6¢c NH,Cl aq 48 rt 82 14 (R)
8 6¢c [BMIM]OTF* 48 rt 79 5(S)
9 6¢ brine 72 0 81 29 (R)
10 6¢C brine 72 -20 0 -

2All reactions were carried out with 11 (10 equiv to aldehyde) and 2g (1.0 mmol). "Isolated yield.
‘Determined by chiral HPLC.
BMIM]OTf = 1-butyl-3-methylimidazolium trifluoromethanesulfonate.

. mEAY 7o A X DMF XEA X ) — /W2 LT 48 BRI G &2 T o728 2 A, HlY
DEEIE N>R B2 03K LT LB 2 55 1303V &ES 57z (entries 1~3),
KE2AWTEIGZIT > T25A8121%, 45%DIR T H IO LS ntG b=, =) o F A EiR M

64



FIFEAERBL L2 o72 (entryd), = 2T, entry 4 & [E USUGSMHO T, filll 6¢c ZH\\ =L 2
A, WEI L entry 4 O FIZFEFEED 4T% T > 7203, 14% ee TEBMEHD Z LN T2
(entry 5), & BITIEEEOMNEE FIF 5 %12, BEK, HT =0 20KEHK, [BMIM]OTE ( 4
RIR)E W T R E T2 & A, B KERWEGE IR D mWT T T A28 IRE (20% ee)
TERM ZFFD Z LS TE I (entries 6~8), KRIZ, W2 &K, POGKEH Z 72 B, SOSIRE
Z0°C XiF-20°CIC L TG E /T2 L 2 A, — 20 °C TIEIGHEIT Ligh o 7283, 0°C DS
[ IR 81%, 29% ee D) 2 FATRINMECTHMDERM 2155 Z &N T 7= (entries 9~10),

2-4-4  FUSHEREIZBIT DB %2

F. AFT IV RGBT Dl 7 V%773 (Scheme 2-16), F il 6¢c & 7 k
211 OPBKEORIZ & 0 KR =T I AT S D, RIZ, 2O F I ks 7L
T b R 2g BRUG L TR TARFHURSE —RFEFEDIER S, A I =0 LA U BNKRSRE

52T AR 12 RO ND L LB IE 6c 1T 7 VICR D EEZDBND,
o OH

”NH
11

= tert butyl

UM@ cr

71 enamine mtermedlate

Cr“lﬁf’@ /N
A

H

2

L transition state -

Scheme 2-16. Plausible Reaction Mechanism of Asymmetric Aldol Reaction

filbi 6¢ & e ARFE 7 0 R — VDS TIL TS 2-11 288 L CTRISDETTT 5 & RIKD AR,
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TS 2-12 &9 5 & SIKOAFKMBE LD B X Hd (Scheme 2-17), TS 2-12 128\ T
4-= b XX XT T R 2g OB UBR S 6c O 7 m Y E Sy & ONRRREDAE T
HEBZHNDHMN, —FFT, TS 2-11 IZHB W TUEZ D KL 5 RNLARKFE MR A Ul Al BRI
TS 2-11 %M U CROSITHETT 2 LR IND, LLARRS, 4= XU X7 LTk R 2g
DB BRI 6c DT mAF Y S E DONRKFENENE ERE REF LR L0
7oz, BRIOAER DT o F A RIRMED e 29% ee Th o7 LEZX HILD,

NO,
H (R)-12
0 Re f K favored
)]\ e face attac NO

2
L TS 211

— 5 N WH - »)‘\/\@
>‘\/ N (S)-12 NO,
= unfavored
Jv\”
Si face attack

L TS 212

Scheme 2-17. Plausible Transition States in Asymmetric Aldol Reaction
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25 £&0

WA, FATSIFRE O ZHER LR LT E ARV LT I UL A R OABA LIz Eh LTz
221 HH B, 2 2 CAPE T, TFIOERRLLT I RAL 2 AL % I 7 4
REBEET VT E RORHET VMLRISEITV. & BICARE 2 A5 7 F 3 2 O RFBIERS
WZOWNWTHRBRIEIT o2, WRICEAE. AR AT I REDL A A IEfREE D R L S V& iy
U CHIHL 2 7 X Ul 2 Gk U, R ARE T VU BRSO RRGEHE1TV, ARV VRO -
AR D A Thk A 7o SOSZ#E H fTREZR U WA 7 VAR A AL O B3 21T > 7= (Scheme 2-18),

FPRG LI SOSERGDO T, fx RGEHRT AT R2 LTV VR 7ary Ty 3 DR
T UMM E TS T2 2 A, i 83% ee (RYCTHMODAERM 2155 Z LIk Lz, ®IZ, R
FA AMHEMPEE L Z W2 R 70us T 910k A7 F I 8 DARFETHIGEIT T & 2
A, RIGEEITSE D Z LT TE N, = F o F AR 3k 39%ee Tho7z, £ LT, /LA
AMEFEAIE 1 DRV INFEEDiRET HZ L THERTE DL 2 %7 I Al 6 27z 4-= b
BARVAT TR R4Ag LT N 1L OREFT IV R VEORGT Z2{To728 2 A, WL LT
BIAKZHND Z &L CRRIGERTHBROARY 12 2155 Z LTI LTy, =7 o F A 3Rk
I3k 29% ee TH - 7=,

ZDE DI, FATF N INVEDORE - BIRED S TARET U IALEIER, REKFBCEOE K O
HT N R—=IVORZEHATE 2 Y YA 7 VR F O BRI TR LTz, RAKBSIE &
OARET IV R—=VORZDOW TR, REFT VLIS D%E 0 K 5 \ZBINHIE O FUGS S % feii
3252 LT, LUESESERMICHKICEZETSEL ZENABTH L EEZLND, Fo, fil

8

1 R O8 6 IR S AT B A DR T & LCHWS = E RS CE B
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1c (40 mol%)
KQCO3 (4 equiv)

O OH
. K3PO, (4 equiv)
o+ _~_-SiCls
; 2 /\/\
: H ) R 3 dry CH,Cly, — 60 °C, 72 h ) R
A :
R" = 2-isopropylphenyl up to 80% vyield, up to 83% ee (R)

R? = aryl group

Ph 1 (40 mol%) Ph
N~ _ K,COj5 (8 equiv) HN”
)l\ + S|C|3H > /'\
Ph” Me dry CHzCl Ph” “Me
8 9 10
up to 95% vyield, up to 39% ee (S)
| deprotection
@ Q’
.,”/) / ///NH
R™4 6 R
protection [l
, o O OH
| O 0
E )K + H 6 (50 mol%)
5 brine :
: NO :
11 29 2 12 N02 .

up to 81% yield, up to 29% ee (R)

Scheme 2-18. Asymmetric Reactions Catalyzed by Novel Recyclable Organocatalysts
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2-6 EBRIH

2-6-1 General information

FTRTORISIF, 70 °C 33 110 °C DR TR S E TN T A EZ W TUT - 72, s
REEE, BBRICHEHA LA A NAR U —=F—="A TE b AN RAEORRBREDORE 2R L
oo HIHA O Z v~ b7 T 7 4 —IZHWIZEEIT, A LZEEZORETHEA LI, U7
NThru~x NI 77 4—F, ANT RSO MTY B41 60 (0.040-0.063 mm) % FediA] &
LTHEM L7z, 74 ME. BRI aho Celite 545 2 W e, RUSICHW=Y 7 mm X 2
NEL KBV DEANVTIHAKSELbDOEFER Lz, XUXT AT RiE, KBRS Y U
L ANTEA LI bOZE L, Pz id, ASHTWLbOZEAL, £OEEMEM
L7zo BB O ARELE 1L, i STV D F 710 7 A O retention time 22512 L CTIRE
L7z,

2-6-2  (1R,2R)-N,N’-dibenzyl-N,N’-bisformyl-1,2-cyclohexanediamine 1a ® &k ®

Ph-CHO fPh (Ph Ph
MS4A k " |
[::T* ambawm15 NaBH,4 CH3CO,CHO [::T— ~CHO
_— ol
wﬂgmgw %¢1 myNFOH “INH dry CH,Cl, “11yp—~CHO
r rt
L‘F>h Ph Ph/J
5a 6a 1a

2-6-2-1 (1R,2R)-N,N’-dibenzylidene-1,2-cyclohexanediamine 5a 4%
72T, Dean-Stark ., YAanm— MREIRE R =FH =y 7 ZIW0 fHF72200ml O =17 7 &

={Z (1R,2R)-1,2-cyclohexanediamine (2.0 g, 17.5 mmol), MS4A (6.0 g). Amberlyst 15 (0.4 g), ~~> X

TATE R (45ml,43.8 mmol) X O kv (80 ml) & NNz T, DIRATAIR 2 20 FFREE T S 872,
D%, RAWEKREE 7 A MER L CRIE T CREAHEE L, BoNTENEAMEY 7 an

AHTHD Z & T, MEOEWAHADOTEIE S UTHARY 5a M5 5L, D E F 6a DERKIC
R LT,

2-6-2-2  (1R,2R)-N,N’-dibenzyl-1,2-cyclohexanediamine 6a @& ik
=Jiay 7 R AT 72100ml O 07 T A 22 5a (2.8 g, 9.6 mmol) & AFUVEL AR X721
TNIAFERERATTAY 7 —/ (50 m)ZINZ, 0°CIZHmE%L, KFEATEF Y 74 (094 g,
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23.7mmol) & - < V&, =i CT—Buff#k Lz, 15572 ISIEAIZ 10% HCl ag (50 ml)Zz N
R 5 IR LS 245 1 ST, TR OBEMEREDS pH 71272 % £ T 10% NaClaq 2Nz 7=, £ D
Wiz yr7an A4 T3 i L, G5N - AHE % BRI~ 7 %0 A THIR S E-1%,
I LBJE T T2 E LT, BoNTHAERME S VAN A T AIa~ NTT7 4 — (F
FTYorsuu AL FBTT L =31, WIC KNV ZFLT IV)TRERT L2 LT BT
LR L LT HARY 6a (2.4 g, 85%) M35 B aLT=,

Data for 6a; "H NMR (300 MHz, CDCl3) & 7.19-7.31 (m, 8H, Ph), 3.89 (d, 2H, J = 13.0 Hz, -NHCH,-),
3.65 (d, 2H, J = 13.0 Hz, -NHCH,-), 2.24-2.27 (m, 2H, -CHy-), 2.13-2.21 (m, 2H, -CH,-), 1.89 (brs, 2H,

-NH-), 1.70-1.73 (m, 2H, -CH,-), 1.15-1.25 (m, 2H, -CH,-), 1.01-1.04 (m, 2H, -CH,-).

2-6-2-3  (1R,2R)-N,N’-dibenzyl-N,N’-bisformyl-1,2-cyclohexanediamine 1a ® &k

ZHay 7 RO AHF7Z100ml 0 07 A 2|2 6a (2.8 g, 9.6 mmol) &2 A B ZE R S 7214
TNAIEFEHRA T Ty 7aa A% (50 m)ZMZ, 0°C IZmEitk, JREEREREKY) (2.2 ml, 24.5
mmol)Z W~ < Wiz, |IR T WL, TO%, BEFCEME2BEL. BONTENES
WMaE VAN T hra~ NI 7 40— (YVr/ra XX o frI L = 13)THRET 52 LT,
HWEEADORMED & 2k AR L LTHRY 1a (2.5 g, 75%) 035 H A7z,
Data for 1a; "H NMR (mixture of rotamers) (300 MHz, CDCl3) & 8.24 (d, 2H, J = 9.7 Hz, -CHO) (8.03, s,
1H, rotamer), 7.17-7.37 (m, 10H, Ph), 4.66 (brs, 1H, -NCH,-), 4.42-4.47 (m, 2H, -CHN), 4.23 (d, 1H, J =
15.2 Hz, -NCH,-), 3.92 (brs, 1H, -NCH,-), 3.43 (d, 1H, J = 9.4 Hz, -NCH,-), 1.48-1.79 (m, 4H, -CH,-),

1.16-1.20 (m, 4H, -CH,-).
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2-6-3  (1R,2R)-N,N’-bisformyl-N,N’-bis(2-isopropylbenzyl)-1,2-cyclohexanediamine 1c D&k .

H__O
NH; 1)NaNO, 5" 1) Mg
2) CuBr 2) DMF
HBr dry THF
7a 7b
R R R
6b ” f N
O/NHz p-TSOH O/N NaBH, O/NH CH,CO,CHO O/N\CHO
_— B — >
"Ny,  dry toluene “uy  dry MeOH “NH dry CH,Cl, "1y~ CHO
reflux | rt rt
L . o
5b 6b

1c
R = 2-isopropylphenyl

2-6-3-1 2-isopropylbromobenzene 7a M &k

2R T3y 7 BV AT 72500 ml 7 A2 =2, HBr (300 m)& U 2-1 Y Fr LT =1
> (70.8 ml, 500 mmol)Z A41, 0°C {2/ A%, NaNO; (38.0 g, 550 mmol)zp -~ < W iz, 0°C O
FF T30 R Lz, HHR%, ZOWHKIC CuBr (43.0 g, 300 mmol) &2 iz T, =RIET 6
L7z, BoNKNREAYE Y =F N x—7 )L C 3 |l L, 1§57 aiE 2 fafi kit
U D LK, K, BRI EEAKDIE TR, KIS~ 7R 7 LTRSSk, I8 LR
FETF T AR E L, Bon/MAENRY 2 EZRR (52°C, 3mmHg)S¥ 52 LT, AV 7a
(35.1 g, 35%) A3 3 B 7=,
Data for 7a; *H NMR (300 MHz, C¢Dg) & 7.41 (d, 1H, J = 8.1 Hz, Ph), 6.92-7.01 (m, 2H, Ph), 6.64-6.70 (m,
1H, Ph), 3.37 (sep, 1H, J = 6.8 Hz, -CH(CHa),), 1.06 (d, 6H, J = 6.8 Hz, -CH(CH3),).

2-6-3-2  2-isopropylbenzaldehyde 7b D& k%

a7 Y AHF72300ml 7 F A =22, Mg (13.5 g, 146.0 mmol) & AfL, IEASE72 RN 5 E
ZeHR X T, D%, TV U FEHAF T THF (20 ml)J OF 2-isopropylbromobenzene 6a (26.0 g,
130.6 mmol)x > < V%, ZiR T 3 Wik L7z, & OWHRIZ DMF (20.2 ml, 261.0 mmol) % il
AT, SO T I8 Kpfeff L7z, & T, 1M HCl ag (100 ml) TrUSZfFIESH, 55
NEONRGMZY 7 na 2 2T 3 EHIH L, B oo AiE 4 fafnikigkE T U v LKE
. K, SRR ONETH, Bk~ 7 %> 7 A TR S 714, I60 LIRJE T CiEiiz
ME L, BONT-HARYZRERE (120°C, 3mmHg)SE5 Z & T, AR 7b (9.6 g, 49%)
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ML,

Data for 7b; "H NMR (300 MHz, CDCls) & 10.34 (s, 1H, -CHO), 7.81 (d, 1H, J = 7.7 Hz, Ph), 7.51-7.56(m,
1H, Ph), 7.44 (d, 1H, J = 7.5 Hz, Ph), 7.32 (t, LH, J = 7.4 Hz, Ph), 3.97 (sep, 1H, J = 6.8 Hz, -CH(CH),),
1.29 (d, 6H, J = 6.8 Hz, -CH(CH3),).

2-6-3-3  (1R,2R)-N,N’-his(2-isopropylbenzylidene)-1,2-cyclohexanediamine 5b dD 4 ik,

72T, Dean-Stark &, Y Aw— MRAIBAO=Fay 7 ZWOfFF727 T 2=l
(1R,2R)-1,2-cyclohexanediamine (2.90 g, 25.7 mmol), p- h /L= ALK U f—KFnd (i), 2-1
VIRENLR T LTE R T (9.55 ml, 64.4 mmol), K OWLEL (60 m)EMNZ T, ZDRS
Wik % 20 IR S ¥ o, £ D%, JONREMZ T A MEw L TRIE F ChRELZEELTLE 2
A, MAERM L LTBb 23 5 b, £DEE 6b DERICHWV,
2-6-3-4  (1R,2R)-N,N’-bis(2-isopropylbenzyl)-1,2-cyclohexanediamine 6b M & %

2-6-2-2 & [AIERO#R{E T, 5b (6.32 g, 16.9 mmol), NaBH, (1.60 g, 42.3 mmol), A % /—/ L (150 ml)
EHRAWCRIGEIT-T2E 24, 6b 73 2 BT 0.71 g (11%) 35 H 17z,
Data for 6b; *H NMR (300 MHz, CDCls) § 7.15-7.35 (m, 8H, Ph), 4.01 (d, 2H, J = 12.9 Hz, -NHCH,-),
3.72 (m, 2H, -NHCH,-), 3.20-3.31 (m, 2H, -CHNH-), 3.09 (sep, 2H, J = 6.8 Hz, -CH(CHs),), 2.44-2.47 (m,
2H, -CH,-), 2.24-2.27 (m, 2H, -CH,-), 1.80 (brs, 2H, -NH-), 1.25 (d, 6H, J = 6.8 Hz, -CH(CHs),), 1.21-1.24

(M, 4H, -CH,-), 1.14 (d, 6H, J = 6.8 Hz, -CH(CHs),).

2-6-3-5 (1R,2R)-N,N ’-bisformyl-N,N ’-bis(2-isopropylbenzyl)-1,2-cyclohexanediamine 1¢ &%
2-6-2-3 & [AIEEO#EA/ET, 6b (9.89 g, 26.1 mmol). acetic formic anhydride (6.78 ml, 76.8 mmol),
rana AKXy G0m)EHNTRIEETo72E 2 A, 1c(4.79 9, 42%) 135 BTz,
Data for 1b; *H NMR (mixture of rotamers) (300 MHz, CDCl5) 6 8.29 (s, 1H, -CHO) (8.21, s, 1H, rotamer),
8.05 (s, 1H, -CHO), 7.03-7.26 (m, 8H, Ph), 4.67-4.69 (m, 1H, -CHN(CHO)-), 4.59 (d, 2H, J = 16.5 Hz,
-N(CHO)CH,-) (4.45, d, 1H, J = 15.8 Hz, rotamer), 4.34 (d, 2H, J = 16.5 Hz, -N(CHO)CH,-), 4.10-4.14 (m,
1H, -CHN(CHO)-), 3.06-3.17 (m, 2H, -CH(CHj3),) (2.78-2.87, m, 1H, rotamer) (2.94-3.03, m, 1H, rotamer),
1.57-1.83 (M, 4H, -CH,-), 0.87-1.25 (m, 16H, -CH,-, -CH(CH,),). Anal. Calcd for CpsHsgN,0,: C, 77.38; H,

8.81; N, 6.45. Found: C, 77.61; H, 8.67; N, 6.42.
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2-6-4-1 XUAXTATER2aETI NN 7y T 3DOAREFET UIMLE (entry 1 in Table
2-3) (HLAL{51])

1a (40 mol%)

i K,CO3 (5 equiv) (;H
H + —~_-SiClg K3POy4 (5 equiv) _ N
dry CH,Cl,, —78°C, 72 h
’ 4a
2a

T 7T A fill 1a (1.0 mmol), REES Y T A (Sequiv)X VY VEES U T A (5 equiv)E I Z
THZEGBEIE % TAIAVFEHATTCY7ra A2y 2ml), X X7 /L7t K 2a(2.5mmol)
DNETINZ 72, —78°C I IZHEIE, TORABEEIZT VNV MY Zar 7 3 (6equiv)z iz T 72
RefEIfEHE L7, 15 D SOSIRE I R AKFE T MU O LKEKR (1 m)Zhnzx Ths 251k
S, BT A MEE THRIAZRE L72RICEBE T ChREEAEE L, BoncHeERYZ T
HFNTDT LI~ NTTT7 40— (YVr7naRXF~Fdr = L) TERYT S 28T, BREOEK
& LTHRY 4a(0.17 g, 46%) 35 H vz, = F v F A4~ —mE=IL, 49%ee (R) TH>7-, NMR
Fsx, oL B LE ",

Data for 4a; 'H NMR (300 MHz, CDCl3) § 7.34-7.23 (m, 5H, Ph), 5.85-5.71 (m, 1H, -CH=CH,), 5.16-5.10
(M, 2H, =CH,), 4.68 (t, 1H, J = 6.3 Hz, -CH-), 2.50-2.45 (m, 2H, -CH,-), 2.30 (s, 1H, -OH); **C NMR (75
MHz, CDCly): 6 143.8, 134.4, 128.3, 127.4, 125.7, 118.3, 73.2, 43.7; Enantiomeric excess was determined
by HPLC with Chiralcel OD column (hexane/2-propanol = 19:1), flow rate = 1.0 mL/min, A = 254 nm,

retention time: 9.6 min (major), 11.9 min (minor).

2-6-4-2 NUXTIITE RaltT VNN Zuuay T 30ORET VBRI (entry 2 in Table
2-3)

2-6-4-1 L RERDOBAET, 7 HEOKIED )V UL L 1 HEDY VIEH VU LE N TRIGEIT>
& Z A, 4a(0.269, 18%) 3 fF bl = v F A~ —imEI=IL, 58%ee (R)TH-o7,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.4 min (major), 11.7 min (minor).
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2-6-4-3 XUXTATER2a LTIV NN Z7any T 3DOAREFET UIMEE (entry 3 in Table
2-3)

2-6-4-1 L [FERDEIET, 6 HEDKIERA Y VL L 2UEDY VDY U L& MNTRIEEIT-
7oA, 4a(0.24 9, 64%) 3 F DTz, T=FrF A~ —mEIERIT, 65%ee (R)THH7,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.8 min (major), 11.5 min (minor).

2-6-4-4 NUATNTER2ETINNIZuRTT Y 3DOARET UIALKIE (entry4in  Table
2-3)

2-6-4-1 L [ARRDEAET, 3L EDOKIEH )V UL L 5 HBEDY VWEH ) U LENNTRIGEIT>
7o& A, 4a(0.189, 48%) 3 G H V-, =T A~ —iREIEEIL, 66%ee (R)Th o7z,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.7 min (major), 12.2 min (minor).

2-6-4-5 NUATNTE R LTI Zuny Ty 3ORET VALK (entry 5 in Table
2-3)

2-6-4-1 L [ARRDEMET, 2 B EOKMEH ) UL L 6 UBDOY VBN VU LEANTRIGEIT-
7oA, 4a(0.16 g, 44%) 3 G BTz, = T A~ —imREERIL, 68%ee (R)Th o7z,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.3 min (major), 11.8 min (minor).

2-6-4-6 NURXTIITE RalT VNN Zuuy T 3ORET Y IMEEIL (entry 1 in Table
2-4)

2-6-4-1 L [FABROEET, IRREZ-60°CIZ L CRBEITo72 L 24, 4a(0.28 g, 76%) A3 15 5
Nic, =FrFA~—mFl=iL, 68%ee (R)TH-o7,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.6 min (major), 12.0 min (minor).
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2-6-4-7 NUXTNATE R2alT VU NN sunay Ty 30ORET VALK (entry 2 in Table
2-4)

2-6-4-1 L [FAIEROEIE T, BUNEEZ-50°CIC L CRIGEIT 72 & 2 A, 4a(0.29 g, 79%) 135 5
Nic, =FrFA~—mE=RT, 61%ee (R)TH-oT,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.9 min (major), 12.0 min (minor).

2-6-4-8 NUATNATFE R2alT VAN Zaas 5 3DRET UL (entry 3 in Table
2-4)

2-6-4-1 & [FIREOEMET, MNRE A2 -40°C I L CRUSEIT»T2& Z A, 4a(0.15 g, 40%) 7345 5
Nic, =FrFA~—mflFiL, 55%ee (R)ThH-o7,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.5 min (major), 11.8 min (minor).

2-6-4-9 NUATNTEe R ETUNRNYIZuny Ty 3ORET VALK (entry 1 in Table
2-5)

2-6-4-1 & [AIBROEME T, SONRE % —60°C O T, /LA AHEFEAME 1c (1.0 mmol) % v TG %
1To72L T4, 4a(0.309,80%) 13 FbNTc, =) U FA~—imRlRIL, 77%ee (R) Th o7z,
Data for 4a; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 19:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 9.9 min (major), 12.4 min (minor).

2-6-4-10 o-~LT AT E R20 T UK 7 may Ty 3DOARET VIALKIG (entry 2 in Table
2-5)

2-6-4-1 L [FIEROEAE T, BRUGIRE % - 60 °C O T, /bAoA AHIARE 1c (1.0 mmol) & o- R AT VT
t N 2b (2.5 mmol)z W TG Z T>72& 2 A, 4b (0.26 g, 64%) 3G b7z, = F v F A4 ~—if
FISIZ, 83% ee R) T 72, NMR F— 4%, Xikofie —s L ",
Data for 4b; *H NMR (300 MHz, CDCl3) & 7.47 (d, 1H, J = 7.5 Hz, Ph), 7.24-7.11 (m, 3H, Ph), 5.92-5.78
(m, 1H, -CH=CH,), 5.20-5.13 (m, 2H, =CH,), 4.98-4.94 (m, 1H, -CH), 2.52-2.39 (m, 2H, -CH,-), 2.33 (s,
1H, -CH3), 2.03 (d, 1H, J = 2.9 Hz, -OH); *C NMR (75 MHz, CDCl,): 5 141.9, 134.7, 134.3, 130.3, 127.2,
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126.2, 125.2, 118.2, 69.7, 42.6, 19.0; Enantiomeric excess was determined by HPLC with CHIRALPAK
AD-H column (hexane/2-propanol = 19:1), flow rate = 0.5 mL/min, A = 254 nm, retention time: 18.5 min

(major), 21.2 min (minor).

2-6-4-11 m-hATATE R2c TV RNY 7T 3DORET U LKE (entry 3 in Table
2-5)

2-6-4-1 & [FIRROEAET, KISIEEZ— 60 °C O T, /LA AHHESARE 1c (1.0 mmol) & m- F L7 L
7 b K 2c(25mmol) =W TR E{To72 & 2 A, 4¢(0.23 9, 57%) 035G Hivlz, = F > F A4~ —ih
FIRIX, 61%ee (R)TH-o7=, NMR T —H L, XHkOME L —E L7 1290
Data for 4c; *H NMR (300 MHz, CDCls) & 7.19 (t, 1H, J = 7.5 Hz, Ph), 7.12-7.04 (m, 3H, Ph), 5.82-5.69
(M, 1H, -CH=CH,), 5.14-5.06 (m, 2H, =CH,), 4.60 (t, 1H, J = 6.5 Hz, -CH), 2.47-2.45 (m, 2H, -CH,-), 2.43
(s, 1H, -OH), 2.32 (s, 1H, -CHs); °C NMR (75 MHz, CDCly): & 143.8, 137.8, 134.5, 128.1, 128.1, 126.4,
122.8, 117.9, 73.3, 43.6, 21.3; Enantiomeric excess was determined by HPLC with Chiralcel OD column
(hexane/2-propanol = 99:1), flow rate = 0.5 mL/min, A = 220 nm, retention time: 8.5 min (major), 10.8 min

(minor).

2-6-4-12 p-hATATE R2dET UL 7Y T2 304RKFT JIULKIE (entry 4 in Table
2-5)

2-6-4-1 & [FIRROEAET, RUNREEZ—-60°C O T, /LA AH ISR 1¢c (1.0 mmol) & p- kv T L7
t K 2d (25 mmol)E W TS E{To72 & 2 A, 4d (0.27 g, 67%) 033 H vz, =F rF A4 ~—il
FISEI%, 67%ee (R)Ti->72, NMR F— %1%, CHOEE —H L
Data for 4d; "H NMR (300 MHz, CDCls) § 7.24 (d, 2H, J = 8.1 Hz, Ph), 7.13 (d, 2H, J = 8.1 Hz, Ph),
5.80-5.67 (M, 1H, -CH=CH,), 5.13-5.04 (m, 2H, =CH,), 4.84 (t, 1H, J = 7.3 Hz, -CH), 2.90-2.72 (m, 2H,
-CH,-), 2.31 (s, 1H, -CHs); *C NMR (75 MHz, CDCls): & 138.3, 138.0, 134.1, 129.2, 126.9, 118.0, 62.6,
44.0, 21.1; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol =

99:1), flow rate = 1.0 mL/min, A =220 nm, retention time: 37.9 min (majro), 39.9 min (minor).
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2-6-4-13 177 7 ATk K2 ETUNNIZERYT Y 3 ORET U ALKIG (entry 5 in
Table 2-5)

2-6-4-1 L [FEROEET, BUSIRE %260 °C O, /LA AHHAE 1c (1.0 mmol) & 1-F7 F 7L
7k K 2e@5mmol)Z VTG A ITo72 & 2 A, 4e(0.30 g, 60%) 3 G Hivlz, =) FA~—il
FIEIL, 76% ee (R)Cdoo72, NMR F— ¥ 13, CikofiEe 8L ",
Data for 4e; "H NMR (300 MHz, CDCl,) 5 8.05 (d, 1H, J = 7.9 Hz, Ph), 7.87-7.84 (m, 1H, Ph), 7.76 (d, 1H,
J = 7.9 Hz, Ph), 7.64 (d, 1H, J = 7.9 Hz, Ph), 7.53-7.43 (m, 3H, Ph), 5.98-5.84 (m, 1H, -CH=CH,),
5.51-5.49 (m, 2H, =CH,), 5.23-5.15 (m, 1H, -CH), 2.77-2.70 (m, 1H, -CH,-), 2.63-2.53 (m, 1H, -CH,-),
2.43 (d, 1H, J = 3.1 Hz, -OH); °C NMR (75 MHz, CDCl,): 5 139.4, 134.7, 133.8, 130.2, 128.9, 127.9,
126.0, 125.5, 125.4, 123.0, 122.8, 118.3, 70.0, 42.8; Enantiomeric excess was determined by HPLC with
Chiralcel OD column (hexane/2-propanol = 9:1), flow rate = 0.7 mL/min, A = 254 nm, retention time: 13.5

min (minro), 15.3 min (majro).

2-6-4-14 2-F7 hT7 AT R 2f LTV LN ZmavT L 3 ORET VLK (entry 6 in
Table 2-5)

2-6-4-1 & AR OEAET, RUNREEZ—-60°C O T, /LA ABHSARE 1c (1.0 mmol) & 2-F7 7L
7k R 2f (25 mmol)Z HW TG AE1T o7& 2 A, 4f(0.20 g, 40%) 03 G bz, =FrF A4~ —ii
FIIL, 38%ee (5) T o7m, NMR F— 4211, CHROME —H L~
Data for 4f; "H NMR (300 MHz, CDCl;) 6 7.78-7.71 (m, 4H, Ph), 7.43-7.38 (m, 3H, Ph), 5.83-5.69 (m, 1H,
-CH=CH,), 5.13-5.06 (m, 2H, =CH,), 4.78 (t, 1H, J = 6.4 Hz, -CH), 2.53 (t, 2H, J = 6.6 Hz, -CH,-), 1.66 (s,
1H, -OH); Enantiomeric excess was determined by HPLC with Chiralcel AS column (hexane/2-propanol =

19:1), flow rate = 0.5 mL/min, A = 254 nm, retention time: 9.3 min (minro), 14.9 min (majro).

2651 LA AMTHAMEE 1a Ok L L OB o)
Ph Ph

h N

(j/N\CHO ( j/N\H
"//,N/CHO dioxane:10% HCl ag = 1:1 ”"’N/H

) 110°C, 10 h )

Ph Ph
1a 6a
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THAIAEER LT =7 T A2 A A AR 1a (5.0 mmol), 10% HCI aq (20 ml) & T8 1,4-
FFH (20 m)Z Mz T, 10 FEEERS iz, BUSK TR, WikZ=EE ThIsE, KEgx
Vrmnu i L, B AHE Y BOKEIEET N Y U A TR ST, BUE T TR A /&
ELI%., BonWAeERMES VDSV T A a~w N TT7 40— (FifRF /oo XA
v =3 TR 5 Z & T, BHIIDARW 6a (1.2 g, 82%) 7035 H 7=,

Data for 6a; "H NMR (300 MHz, CDCls) & 7.19-7.31 (m, 8H, Ph), 3.89 (d, 2H, J = 13.0 Hz, -NHCH,-),
3.65 (d, 2H, J = 13.0 Hz, -NHCH,-), 2.24-2.27 (m, 2H, -CHy-), 2.13-2.21 (m, 2H, -CH,-), 1.89 (brs, 2H,
-NH-), 1.70-1.73 (m, 2H, -CH,-), 1.15-1.25 (m, 2H, -CH,-), 1.01-1.04 (m, 2H, -CH,-); *C NMR (75 MHz,

CDCl,): 6 141.0, 128.0, 127.8, 126.4, 60.8, 50.7, 31.4, 24.8.

2-6-5-2 LA RIS 1c DAL I VIO PR GE

R R

N~cHo N~
'w,,N/CHO dioxane:10% HCl aq = 1:1 "u,N/H
110°C, 24 h
R) R)
1c 6b

R=2-isopropylphenyl
2-6-5-1 & [FIREDEAET, /LA AHHEAE 1c (5.0 mmol), SJSIEE % 24 B L CRGZ24T -
7ol 2 A, BHHIDOARY) 6b (1.6 g, 84%) 035 ALz,
Data for 6b; "H NMR (300 MHz, CDCls) & 7.15-7.35 (m, 8H, Ph), 4.01 (d, 2H, J = 12.9 Hz, -NHCH,-),
3.72 (m, 2H, -NHCHj,-), 3.20-3.31 (m, 2H, -CHNH-), 3.09 (sep, 2H, J = 6.8 Hz, -CH(CHy),), 2.44-2.47 (m,
2H, -CHy-), 2.24-2.27 (m, 2H, -CH,-), 1.80 (brs, 2H, -NH-), 1.25 (d, 6H, J = 6.8 Hz, -CH(CH3),), 1.21-1.24
(m, 4H, -CH,-), 1.14 (d, 6H, J = 6.8 Hz, -CH(CH3),); *C NMR (75 MHz, CDCls): § 147.0, 137.2, 129.1,

127.1,125.4,125.1, 61.6, 48.4, 31.5, 28.3, 25.0, 24.0, 23.8.
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2-6-5-3 LA AHGILfREE 16 DAL IV EORIRE

uy—CHO  dioxane:10% HCl ag = 1:1 g~ H
>‘) 110°C, 24 h >H
1e 6¢c

2-6-5-1 & [AIREDOHRME T, /LA AHEEAEE 1e (5.0 mmol), SUGHEEZ 24 BEIC L CRUG&24T -
7oA, BHIOERY 6c (1.1 g, 86%) 1315 H ATz,
Data for 6¢; *H NMR (300 MHz, CDCl3) & 5.91 (brs, 2H, -NH), 2.79-2.85 (m, 4H, -NHCH,- and -CH-),

2.42 (d, 2H, J = 11.4 Hz, -NHCH,-), 2.20 (d, 2H, J = 13.2 Hz, -CH,-), 1.80-1.83 (m, 2H, -CH,-), 1.51-1.64
(M, 2H, -CH,-), 1.29-1.39 (m, 2H, -CH,-), 1.03 (s, 18H, -CHs); **C NMR (75 MHz, CDCl5): § 60.9, 57.1,

30.7, 28.3, 27.3, 24.0.

2-6-6-1 /LA AR 1a 2 W=7 F 2 2 8 OARFFIEITCSUL (entry 1in Table 2-6) (H7545)

Ph 1a (40 mol%) Ph
N~ K,CO4 (8 equiv HN”
/l +  SIClH 2CO3 (8 equiv) .
Ph Me dry CH2C|2, 72 h Ph Me
8 9 10

FIR T, ZA 77 A2 |ZHE 1a (1.0 mmol), fXEEH U ¥ L (8.0 equiv) & TV F X o 8 (2.5 mmol)
EMACEEGESERZ%, TVIVERKTFTTCYZ7aa A&y 20 mENzlz, RiZ, €0
BAERICKN) 7am 79 (2.0 equiv)Z Nz T 72 FFREEEE L=, SO SR EWIZiFn
pRIEEKFET B U 7 LOKEHE (1.0 m)Z N2 ChIGZE IS, 74 Mg CRnAIZBRE L
BIZHE T T EEE LTz, BONTHAERMZ L VDTN T LI u<x NI T7T7 44— (V7
nu A ARty = L) TRRIT S LT, EBEORKE LTHRY 10 (048 ¢, 97%)75%% 5
Too TF T A —IBEIFRIL, 15%ee (S) TH o7, NMR T —Z 1L, CEkOfE & —gLe
Data for 10; *H NMR (300 MHz, CDCly) 6 7.34-7.26 (m, 4H, Ph), 7.21-7.16 (m, 1H, Ph), 7.06 (t, 2H, J =
7.9 Hz, Ph), 6.62 (t, 1H, J = 7.3 Hz, Ph), 6.48 (d, 2H, J = 7.7 Hz, Ph), 4.45 (q, 1H, J = 6.6 Hz, -NHCH-),
3.97 (s, 1H, -NH-), 1.47 (d, 1H, J = 6.6 Hz, -CH3); *C NMR (75 MHz, CDCly): § 147.2, 145.2, 129.0,
128.6, 126.8, 125.8, 117.2, 113.2, 53.4, 24.9; Enantiomeric excess was determined by HPLC with Chiralcel

OD column (hexane/2-propanol = 9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 8.2 min
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(major), 10.1 min (minor).

2-6-6-2 /LA AMLHSE 1a W27 T2 8 OARFIZEICK L (entry 2 in Table 2-6)

2-6-6-1 L [RIEROBIET, KISEEE 0 °CIZ L CRLEIT-o72E 2 A, B 10 (0.47 g, 95%)
nfEbilc, =7 F A~ —mEIERIL, 21%ee (S)ThH o7,
Data for 10; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 14.2 min (major), 16.3 min (minor).

2-6-6-3 LA AMGHRIE 1a 2 V-7 F 2 2 8 DARFFE LG (entry 3 in Table 2-6)
2-6-6-1 & [FIREOHEME T, BUNREZ-20°C I L TSz T2 & 2 A, BHI 10 (0.45 g, 92%)
NELNTE, = FA~—lEHRIL, 21%ee (S ThH-o7,

Data for 10; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 13.4 min (major), 16.7 min (minor).

2-6-6-4 LA RIS 1a Z W2 T2 2 8 OARFREITLL (entry 4 in Table 2-6)
2-6-6-1 & [FIREDEAET, BUNREZ-40°CIC L CRGEITo72 8 2 A, HEYY 10 (0.43 g, 87%)
BfEblc, =FrF A~ —mElERIL, 28%ee (S)ThH o7,

Data for 10; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 14.8 min (major), 18.1 min (minor).

2-6-6-5 LA AGEfRIEE 1a 2 W24 T2 2 8 OARFIE T (entry 5 in Table 2-6)

2-6-6-1 & [FIREDEAET, FUNREZ-78°CIC L T EITo728 2 A, HAEYY 10 (0.40 g, 81%)
DLz, = FrF A~ —mE=RIL, 39%ee (S)ThH-o7,
Data for 10; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

=9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 13.2 min (major), 16.4 min (minor).

2-6-6-6 /LA AMGILAREE 1c 2 W=7 T 2 0 8 ORFIETTL (entry 6 in Table 2-6)
2-6-6-1 & [AIRRDEIET, A AMEHARE 1c 2 VT, RONIRE - 78 °C I L TG Z1T 272
L2 A, HEY 10 (0.35 9, 7T1%) 13 5 bz, =) F A~ —imfl#HEiL, 24%ee (S)ThH o7,
80



Data for 10; Enantiomeric excess was determined by HPLC with Chiralcel OD column (hexane/2-propanol

= 9:1), flow rate = 1.0 mL/min, A = 254 nm, retention time: 15.8 min (major), 19.1 min (minor).

2-6-7-1 FTNIR28ET I M6 ZHNWET B R 1L & 4= b R_XUXT LT B R 2g DARK
7V R—JVIJE (entry 1in Table 2-7) (#i/5!451))

rF>h
O,NH
O Ph O OH
o) 0
)J\ N H 6a (50 mol%) _
dry CH,Cl,, t, 48h
NO
11 2g 2 12 NO;

HR T, A7 7 A3 2fldt 6a (0.5 mmol), 4-= F X2 X7 /L7t K 4g (1.0 mmol) % /il x C
BRI %, TAIUVEREA T TYzaa A&y (L0 mEIMZT, RIC, FORAEK
\Z7 & b 11 (10.0 equiv)Z N % TR T 48 BEEEFE L7, SO TH, BE F T2 -5 L
T, YIVATNI T La~x NTTT7 40— (BT F ~FH o = 202 VT b AR
MORER AR AT, B9 12 (0.00 g, 0%)IX1& S e o 72,

2-6-7-2 X T V72 2k 7 I R 6 2 W2 ARF TV R— VG (entry 2 in Table 2-7)
2-6-7-1 L [AIBROBMET, %A DMFIZ LTRSS EIT-72& 2 A, HEU 12 (0.00 g, 0%) 1545 5
otz

2-6-7-3 ¥ T V72 28T I U 6 A W ARFE TV R—/LE (entry 3 in Table 2-7)
2-6-7-1 L FIREDEMET, WA A X ) — I L RIS E T2 2 A, B 12 1XFL AL
‘Bohnnroi,

2-6-7-4 X TV 70 24k 7 I U 6 A2 W2 AR TV R—/VE (entry 4 in Table 2-7)
2-6-7-1 L [AERDEAET, WA KIZ L CRURZIT o To, UG T, IBREWKEZY 7 na 2 4
CCHI L, BEE N Y U A CHBEE A iR S, BT T ORI AR E L, 15O HARY)
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BV ATNAT LT NI T T 40— (BT L~F s = 20)F TS5 Z & T,
HE9% 12 (0.09 g, 45%) 3 & ALz, = v F A~ —ilEHiL, 3% ee (S) ThH -7, NMR 7 — X | %,
RO e —F LT ",

Data for 12; '"H NMR (300MHz, CDCls) & 8.20 (d, 2H, J = 8.8 Hz, Ph), 7.54 (d, 2H, J = 8.8 Hz, Ph),
5.25-5.29 (m, 1H, -CHOH), 3.67 (brs, 1H, -OH), 2.85-2.87 (m, 2H. —CH,-), 2.23 (s, 3H, -CH3); °C NMR
(75 MHz, CDCl): 6 208.5, 150.0, 147.2, 126.4, 123.7, 68.8, 51.4, 30.7; Enantiomeric excess was
determined by HPLC with Chiralpak AS column (hexane/2-propanol = 95:5), flow rate = 1.0 mL/min, A =

254 nm, retention time: 10.6 min (minor), 13.6 min (major).

2-6-7-5 X T )70 2 kT I Ul 6 &2 W ARE TV R— VG (entry 5 in Table 2-7)

2-6-7-1 & [FERDOEAET, F T 072 287 I Ul 6c. WA KIC L CRISEAT 270, BUGSHK T
%, RAEWREZY 7 no A2 o THI L, BiEgT N U U A CTHBBALE A So S, BUE T T
ZEEL, BONTHMERMZT VBTN T L a< 7T 74— (HR=Fv~FH o =
2:1)Z AW TRRIT 2 Z LT BRI 12 (0.10 g, 47%) 035 Hiviz, =) F 4~ —ilEI=RIL, 14%
ee (R)ThH -7z,
Data for 12; Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol

= 95:5), flow rate = 1.0 mL/min, A = 254 nm, retention time: 12.1 min (major), 16.0 min (minor).

2-6-7-6 X T V72 2k 7 I UM 6 2 W2 ATV R—/VE (entry 6 in Table 2-7)

2-6-7-1 L[RIRRDERIET, & T 070 24k 7 X il 6¢, T2 BHKIZ L TRISEAT > 7o, SUS
KT#HR, BRAERREZY7an A2 o THI L, BiigT MU U LA THREH LIRS, BETT
WiEEBE L, BonHeERME S VDAV T LT a~ NI T 7 40— (BT F L ~FH
=2:11)Z AW TR 2 Z & T, BRI 12 (0.14 g, 66%) 235 H L7z, =) v F 4~ —i@mEI=R 1T, 20%
ee (R)Th -7z,
Data for 12; Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol

= 95:5), flow rate = 1.0 mL/min, A = 254 nm, retention time: 10.5 min (major), 13.5 min (minor).
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2-6-7-7 FT)72 28T X Ll 6 &2 - AEF TV R—/VIiE (entry 7 in Table 2-7)

2-6-7-1 L [FIRROERIET, T 172 2k 7 X Ul 6c, WA HEALT > F =7 JOKIRIKIZ LT
JNEAT oo, BN TR, IRAWIKREZY 7 ana A2 Tt L, filgT N 7 A CHBIAE A W
BrsE, WIETCEEZEEL, GONTHMAERMEZ S Y DTN I T Do u<x N IT T 4— (B
BT~ =222 HWTORERT 2 Z LT, B 12 (017 g, 82%) 035 bz, = F o F
T~ —mEIFEIL, 14%ee (R)THH- 7=,
Data for 12; Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol

= 95:5), flow rate = 1.0 mL/min, A = 254 nm, retention time: 10.8 min (major), 13.9 min (minor).

2-6-7-8 X T )L70 24k T I Ul 6 &2 WK TV R— VG (entry 8 in Table 2-7)

2-6-7-1 & [FIRROEAET, T 072 28k 7 I il 6¢, YA [BMIM]OTF IZ L TG ZTT -7,
BOSHE T, R Z Y= F Lo —7 /L CTHIE L, filET U U A THBREZ RS S, 3
JEFNTHEZEEL, GONIMAERMZ L VBTN AT I ax 7T 74— (BT F /v
Xy =20)FHWTHERT 52 LT, B 12 (0.16 g, 79%) 3 G H Lz, =) > F A4~ —imFl
L, 5%ee(S)THHo7,
Data for 12; Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol

= 95:5), flow rate = 1.0 mL/min, A = 254 nm, retention time: 12.8 min (minor), 16.8 min (major).

2-6-7-9 X T V7 2k 7 I Ul 6 2 W2 ATV R— VG (entry 9 in Table 2-7)

2-6-7-1 L[RIRRDERIET, F T 072 28k 7 X fll 6c, SOSIREEZ 0 °C. BUGHEH] & 72 IRefH],
WA K LTS ZEAT o7z, BUSKTH, BeWiREzY 7 nn A2 T L, Bz k
VU LTHEEH A GRS Y, BETCEEZREEL, GONTHMAERMZ )V DTNV T N7
n~v N7 0 — (Hig T~ FH s = 20)EHWTRERST 52 LT B9 12 (0.17 g, 81%)
DL, =) F A~ —mERIL, 29%ee (R)TH-o7,
Data for 12; Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol

= 95:5), flow rate = 1.0 mL/min, A = 254 nm, retention time: 12.2 min (major), 16.2 min (minor).

2-6-7-10 F F V72 25k 7 X U 6 & W o ARF T L R— LG (entry 10 in Table 2-7)
2-6-7-1 & [FERDOEAET, ¥ 7070 287 X bl 6¢, SOGNREE % — 20 °C, RULREHE] 2 72 ¢
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iz UK U CRISZE T o 7o, BOSKE TR, IREEKEZ Y7 na A2 o THil L, Bitig 7 b
U LTHMREZRSE, BIETCTRELZEEL, BONIHERMZ L VDTN T L7
n~ K777 40— (BT VAT =220 AW CORERL L7223, HR9®) 12 (0.00 g, 0%) 1345 5
iR holz,
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2-6-8 F+— b4 (NMR, Chiral HPLC)
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Figure 2-8. "H NMR Spectrum of 6a
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Figure 2-9. 'H NMR Spectrum of 1a
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Figure 2-12. *H NMR Spectrum of 6b
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Figure 2-13. *H NMR Spectrum of 1c
87



INE QWW%’&TQféiu’z\wmQ'me‘l’itTW'? T :ng’ﬂ'
BHARKY U5 BRREINRL2LEODUCOZRAER 825 g8
L R N R N R N R R R R R R R N R N R AR N oooio

Eees

; E
IS4
”'I"”I””I”"|IIII'IIIIIIIII|I'|III[IIIlIIII'Il'
59 58 &7 46 26 22
. 1 N %ﬁ\%\ [[I QN
r2Bg0 oV N® ny ®
reeeeeee - §RRRERRARE geBusses §§§ ERERR RS
N 8 < 8 i
LLLLLLLL - 4

PP M
L LR R Rl Rl LRl LR LRl R LRl LR R AR R R RN LR AR RLRLY L
10 -] s 7 4 2

Figure 2-14. "H NMR Spectrum of 4a

— 1437
— 73217

—_— 43720

Figure 2-15. **C NMR Spectrum of 4a

88



PEM
PPM

o
g6 — - 5
Ess Ty i
| o
2
2 [
- . — liga9 = -
> o ey s o
| <~ coiy L
[ o _ o e
w auny S
- -
=
B 6215 (S}
[ = enn 01— b
lz.n:N 2018 @7 rj 2 o
L] s
- n f0CBLL —~
|~ o $61521 -
a o0l J = S GLZ 9Tk |J/|,F B
L /e © oz Tt =
/- sun Z §l£0EL — =
[e 2/ zws lzevel
"2~ s T
F T~ oy 3 fozver —~ —~ =
E - oms . GLEIYL
In)u/(; ewg O
[ e -1..M —
L 116G 1
7 z0'l - AM_V
B o 3
—— GOz K=y
nl(l( 961°L LL
eZ'L
3|/| 621
~
o
-
N
—GSV'L
0n=— e E
~
°
w i I
N

Figure 2-17. *C NMR Spectrum of 4b

89



255 250 245 240

NN
3

004 —
@|9% —

LS
2Ly
LS
SrLs
oLy
LS
L%

ol ==

PPM
lllllllll|llllllIIllllIIIIIIlIII.IIIIIlIlIIlIIIIIIIIISIIIIIIIIIIIIIIIlIIlllIIIIIIlll[lllllllll'lIIIIIlllIII

10

(]

1

2

3

4

6

]

9

Figure 2-18. "H NMR Spectrum of 4c
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Figure 2-30. ~°C NMR Spectrum of 10
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Figure 2-31. *H NMR Spectrum of 12
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— 208504
— 14996
—— 147.22

ot
— 51,443
— 30665

—— 123

—— 68833

— 128

NO,

HoIhUSAET - 11

SERE NP |55
[T 2255 2. .
02 11,244 NjA 3137 N 0,959

2 Unknown | 1 12408 2739350 80843

Figure 2-33. Chiral Column Chromatography of 4a (entry 1 in Table 2-4)
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150000

Time [min]
E-DiEsk: 11
= CH [tR fisiid =& | HE TER(E (NP 5B [30

1 Unknown 18,492 8851431 158615 91,322 91126 NfA 2716 1.520
2 Unknown | 1 21,225 B41088 15447 8678 B.AT4 NA 3501 NiA 0,823

Fladil: CH1

CH IR fiafid e |
1 Unknown 8458 16639126 602608 80,352 82452 MiA 24% 3198
2 Unknown | 1 10,842 4068887 126354 19.648 17.548 MiA 2815 i 0924

Figure 2-35. Chiral Column Chromatography of 4c (entry 3 in Table 2-4)

98



i e | SERE NP [SBIE [2
1 Unknown 37,858 36347181 409824 B3.460 82,596 MiA 4269 HJA A
2 Unknown | 1 3%.867 7203321 86357 16.540 17,404 MiA WA HA A

Faled i GHA

13.542 2617282 109036 11,833 13615 NjA F6ED 2,556
2 Unknown | 1 15267 19501246 691753 &8.167 86,384 /A E911 WA 1,474

Figure 2-37. Chiral Column Chromatography of 4e (entry 5 in Table 2-4)
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11.0 12.0
Retention Time [min]

SERE NP [58IE
9,325 13843246 585902 31.035 39.548 MfA 3757 7,241
14,575 30765569 860772 €3.967 60,052 MiA 4107 WA 1.830

Figure 2-38. Chiral Column Chromatography of 4f (entry 6 in Table 2-4)

OIS AEL—

Tntensity. V]

cH EiE =e  EifE%
1 13175 20470909 561447 69.259 67.411 N/A
1

4298  3.910
16.442 9086083 271427 30.741 32.589 N/A

5696 N/A 1.259

Figure 2-39. Chiral Column Chromatography of 10 (entry 5 in Table 2-5)
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110 12.0
Retention Time [min]

E=bifFE: 11

e EiEn SE% EB(E NP S%iE
10,500 9047559 256859 59.969 64837 NJA 2383 3.062
2 Unknown | 1 13.542 6039565 133301 40.031 35.163 NJA 2292 NjA 1461

Figure 2-40. Chiral Column Chromatography of 12 (entry 6 in Table 2-6)
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31 FLaic

H 1D 1-4-5 HROH 2 D 2-4 T2 K DI, FTAR7 I UAED B ICIS W TIE, 7
2 UHEESEDO LS Uy MR EAT DB 2 BT I USRI A LD DT,
T T 0 ) B R TR0 o T IVIRBTRANTY 2T X DRSS I AED LT, £ 2 TIRIZ,
FT 2 887 X b &N T SRR D BRR VR A A D LR S UMENIAE R L, WgERED D 2
T

Bl ZIE, o MEDE DI L TR WV R = /LGN b =) I U HRRZ R S 55612
I%. Figure 3-1 12" T X DIC LT 2 UfiiEZ WD & A X AN E#RME->CLE D A, 28T
U A IWTE RS EEATSERTWEB I OGN TET, LNLRN D, OSSR % fxiE
b iid, 17 I UM CH e 2 EITSE LN Z NI TE TV D,

O
H N H N
N + R2& |
H R H.0 sz\/H H.0 sz\

secondary amine R’ R’
L SR o Q-
+ Rz& P — | P — | ==
NH2 R1 HZO sz\(H sz\(H sz\
primary amine R R! R!

Figure 3-1. Activating Models of Unbranched Carbonyl Compound

72, BEOHIRS LA ST S L LRI E TR S S5 AIC 2 BT L A AL
B L. Figure 3-2 10T & 5 10T S o BRI SUIBME A 42 RICSRRCRAE U T LE 5 0T,
5FE =S I URREASHR S AN BRI, © 7 2 T AR % T o Ok
TIPNLTE a, B~REEFIT VT B RInHA I =T LA F U E2EMRSED 2 i, —RNICRETH
BLHESITND, . SOERAIC LIRT S A T 5 & 4T RIS SRR B A U
DT, 2 T I UMD LD b 1T S A O RS S A TS D = &
MTED,
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secondary amine R’

R’ R
o O‘\N/H o O_\N,H O-\N,H
* R2 y | 3 3 | 3
NH H,O 2 R 2R 2~ R
2 R R R
primary amine R R R

Figure 3-2. Activating Models of Branched Carbonyl Compound

1T X I 2 FA 72 BSOS O JEBRAO 22 A 581 %, 2004 4712 Pizzarello & Weber 23%% L7227V =
— AT AFE RORAEELT T A F— ARG TS (Scheme 3-1) o #5I%, REFXT U T 4 —
ORJFIZEET DI AT O 212, HIEKS D DK L 72 RFEEBEA (Murchison FEA K O Murray [&
) I EENTNERTIART I I BThHBA VA v EANT, OB ThS FLA—2 L
TY ha—ADREERET T2 A YN UBRAVLNEZEBIE, T =000 VEDH v
SNZET X BRIZE L ROBRIRHSNT X RNTET I BTHLA YN T L AED
WRIBRSNTNETHD, EBROME, BATICEENTWILIREDXF IV T 1 —2HT 51
VR & FAWTE (Murchison FEAT H Tl 18.5+2.6% ee) B B L T AR A
B arroinsd Z ENAH I T,

O (0]
O isovali \OH OH
) HO \)J\ isovaline ~ H L H
H triethylammonium acetate buffer o OH OH
(pH5.4) HO HO
isovaline L-Threose D-Erythrose
(% ee) (% ee) (% ee)

100 10.7 4.8

25 3.5 0.2

10 1.4 0.8

Scheme 3-1. Asymmetric Aldol Reaction of Glycolaldehyde Catalyzed by Isovaline

OIZIEFE TR, BlxIL AmedjkouhmJQD Cordova & DHRE LT LAY R LT 7= %D
FIRT L AT D E EREE LTS, Wei 5 %> Cordova b N LTm T K2 A
Ol Chen & 141%3 Connon & w NPLE L raFrTahad REROME. Luo & Chen
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L ERBR LI s a AR L UT I LA FOMIE. LS RBEE L EF T FATT S
LB A T OB ST\ S (Figure 3-3), %77, Jacobsen & ABE L= F A LT B A
HT5H2 7 a~%Hr 207 Uk, Lang & Ye b BB LES L aFTASOAL K, FoF

YLT RS T B DT R Dk S A, List & ASPASE L R A Ak S AT
Oft s B ST % (Figure 3-3),

H
Oy N._COCH J\
ir I HN” >COOH
COOH Me, _COOH v, S N
Y H2N 7 \ /> HzN,,/‘ o
NH2 N H2 N
(Amedjkouh) (Cordova) (Wei) (Cordova) (Chen, Connon)

(Liang and Ye) (List)

Figure 3-3. Various Primary Amine Catalysts

LIRT X V0T F REA T OMBIE 1 ED 145 H Tk 771 U U & [T X9z,
TR U I H VIR =AW L RS LT L VRS A R =T A AU PRIRE TR L.
HNERFLNIEE S S —DORIGEBENRFER-EE LT D 2 & TERMOSLIKE 2 hr—)L
LTWBHEEZHLNTWD (Scheme 1-37 & U Scheme 1-40 % £ [R),

SFETIL. D OO T h F 4 L7 B A AT o0 o aF T A ns Rk
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DR DL WE ST WA (FAY LT R BI LTI 1 50 1-4-32 A BIE), Hlz
IX, Jacobsen HBAZE L7=TF A4 7 LT fillit & 1 #k7 X U A2 M A A o T U REMEARBLIX, fid
BEDOT I ERG NN R = AL E L ROG L TR W RZER Z RO I IR EER L, T
TV TR DNAKBRERICL Y = e T v o EEH LS E T % (Figure 3-4 and Scheme 3-2)
HKBIL, COKFRAICEY = FRTADUREE SRS 2 & T RO TSI S
TN EBEZLNTND

| Bu S leophilic activati
Ph N H nucleophilic actlv_atlo_n
~ j(\NJ\N‘ ﬁf (or electrophilic activation)
H H
O NH»
electrophilic activation /
and stereocontrol

Figure 3-4. Primary Amine Catalyst Having a Thiourea Moiety

YEi¥e

o) NH2 R2

NO (10 or 20 mol%) : R3
RITSNT2 + (mm = ON
toluene, rt 2 m

up to 94% yield
up to 20:1 dr, up to 99% ee

Ph. N_ = - Ph. N_ A -
N T(\H H\ N j(\” H\
o : EHMTR3 z:
é\\ltl O_ R2 é /

g Si face Si face

R attack R1 attack

favored transition state disfavored transition state

L (Z-enamine) _ L (E-enamine) _

Scheme 3-2. Bifunctional Catalyst Having a Primary Amine and a Thiourea

Flo, vraFTadiaA FEERO LT I oA V7o OB LT, il 20 List 523
R LIAFTRF AMBUSITEBNT, ETMBEL o f—AEMT b DBOG L TREFHIRA L

= LA AR ZEAT % (Figure 3-5 and Scheme 3-3) 1500 XLz, vra T ieA KR
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KD IMT I EHSBERLE LTER LT, WA MY 7 v Ao v w7y Y
DI ENCEVT =T LAT LD, WINRIDOT T 2 2 =T =42 EKRFARE 2B L TV
LML AKFEIL, ¥/ U VBRICE TRy 7 ENTHDHA I =0 AL F UKD Re 725 T
(Z72< . Si D HERANRIELIEZFTH Z LN TE DO T, IAERBRIICSIS ST L7z &5

ZHNTWD,
easily forms a tertiary
ammonium ion

electrophilic activation
(or nucleophilic activation)

Figure 3-5. Primary Amine Catalyst Having a Thiourea Group

NH,

N A
= |
_N

MeO
O (10 mol%) o 0]
RVQ*/MRsTFAUOmd%LHﬂbwowﬁht&ﬁemWL R1/<+)LRE

1,4-dioxane, 32 or 50 °C R2

up to 94% yield

R2
- up to >99:1 dr, up to 99.5:0.5 er
-
H\o :_g 3’””
- H
O-o N
s
2
Si face 1
attack MeO
TFA= (X n=12
_transition state (cyclic enones) |

Scheme 3-3. Cinchona Primary Amine-Catalyzed Asymmetric Epoxidation

BOETIE, Ye B EITSARBEFIC X 0 AR OSLAEIRYEZ HIE 2 1k 7 < itz vz
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0H =k a R b DRF A IR & W Lo (Scheme 3-4) . REHIZR SIS HE
RBETEE SN TRV, ZOMBIIA FF TP T 2=V AFVEE D AT AT 2 ORI
R ST R BRI OSIRZFIE L T D LB ZHILTWD, Ye bABESS Lo iiiliTIEa1c
UTNIREKTH LN, EOAMITIL I BEBEOMISE LB L LTW5,

Ph
Ph
\N/\YJ<OMe
R4 | NH2 0O R1 S
o ;Ts (10mol%) S~
R R? i o} S xylene, 40 °C "R 4 N
N | R “R®
R3 O

up to 99% vyield
up to 99:1 dr, up to 98% ee (major)

preparation of the catalyst

HO/\_./COZMe TrCl HO/\:/COZMG TsCI TSO/\;/COZMe

NH, NHTr NHTr
D-serine methyl ester Et;N, THF
reflux
T T T |
| '
N Ome < CHalNaH N o PhMgBr N 5
A\unéph A"”éph A"'(302'\/'8 E
H Ph H Ph H E
1) TFA
2) NsCl, EtsN

Ns 1) CHsNHCH;, CH;CN /\\/J<Ph
N OMe 2)K;COs, 3-mercaptophenol _ N OMe

Scheme 3-4. Asymmetric Michael Addition Catalyzed by Bulky Primary Amine

DL, W ONDEALTDORE LET I UMEREREINTETWAEDR, £< D84,
A R SR IE DS R D 2 SR b D, £, FA ULV TEHREAT HHEAITIE.
IGSIBRPIZ T AT LT HEDO S OB L THEENRIE L CLE ) ffieEnd o, voath 7
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1A RECROMBED LA I, O BRGNS RE > TLE O O THEDOLRAEEL < | FRkx
REONZEAT 5 Z EnNEIC e D, ZOM, 7TV BELEOEEMICITHWD & EEA~OE
FRMEDRIENAET D Z ENE L, XTI TF REA TOMBIZONTIL, BEREZHWZRISOSE &
FARIC, FRERFEMEIC I SO —ENARITTLE S, ZHETIZ, 2 %7 I U Th 54k
i DL S AT I MR U 2 = A A D B BT b RS AT S S T kS
T& (Figure 3-6). Ek4 Z2SUSIZISHTE 28 L#k T X IR IZPAFE S LTV 72R0,

HOMO LUMO
jvati O activation

activation o

() RSH O
+

1 %RZ () .

17 3

20 H
| Hayashi

. catalyst
enamine y iminium

catalyst poh catalyst

(ND H,0 Hzo

RJ\( _____________________
E = electrophlle

Nu = nucleophlle

o]
fm

s

%
>_//LZQ

Figure 3-6. Organocatalyzed Asymmetric Reactions via Enamine or Iminium lon

% ZCRAIE, Figure 3-3 (2R L72 & 9 0% MGERIM O 18k 7 < A TId7e <O = X B &

2 =T MO TR E TS D Z & TRARSICEATE, SSICZMTES
BT E DD T TNIFHRAT LT 2 UABEOBRRICE B Lz, PARTEICEB VUL,
FHAARF LT I U2 W= ARE TV F— G (2T 2 B ORE 2179 Z LT LT,
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3-2 flEDOERK
Figure 3-3 [Z/R L7 L 91T, IR SN TNDE L OARFE LT I iliiE, £ aG8akil ofi

BECo D AT MBI RIT TLEI LA o7, 2T, FATAME 24k % 2 SOSICHEH S
oA, K0TV T 5 Z LT Lz,

EP. R CESICAFARR 0-7 I/ BOP T, REREN 1L OD b D& O BAERK L
TLHZ LT, Zhud, MBENEROARKFRELGT D56 AR OSLIREIERE T LT

LEDRREERHENOTH D, £, ERMOSIREIRMEZ M LS5 8, RFRIENLITND
MEIEEmOERLEZAETL7 I 8 E LT LY UAREE B 2 57 (Figure 3-7),
OH SH
OH COOH
CO CO OH COOCOH COOCH
NH2 NH2
alanine argmme asparagine aspartic acid cysteine
NH, OH =N
HN
o o 7
COOH COOH COOH COOH COOH
NH, NH, NH,
glutamine glutamic acid glycme hlstldlne isoleucine
2
|
S
\QCOOH COOH R/COOH COOH Q‘COOH
NH NH, NH, NH, H
leucine lysine methionine phenylalanine proline
HN
OH =
kj/COOH HO/KW/COOH COOH COOH COOH
NH, NH, NH,
serine threonine tryptophan tyrosme valine

Figure 3-7. Various a-Amino Acids
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LAY 22O EEAE L UTHWEISEITE, WIS 2 s ME L 25, £ 2T,
Rt 1 B S 5412 LAY Y OBNVRF UV E T AT LT T R Mt H 2 iz LT,
7 X UM A DTS SOSIZRW TR, it s o R CUIT VT e RE)D G S IVD =) 3
CHRUROREEDR . R OSIRZ SIS 2 R CTHEEICZ/R D, £IZ T, LAY VOALRF UL
B2 AT AL LTt L > 7 mnFk ) b E NS = I ok, KO X MMeLT:
il & > 7 mXH ) U B R EN D = I U RKOREEE N E Ny FELERE Y 7 by
=7 (MOPAC)Z MW THETT % Z &iC L7z, RHEORER, Scheme 3-5 IR L 912, HARFT
NEEZ T AT AL LTE L 0 &7 I ME L7 MiENSIER S o =) I RO G, =7
RUO—FOmELY T ay s LIEEIC R LR INT- A, 7 NMeLfiit a2 &5kd 5 2
iz,

He b~

enamine e
intermediate A 3D model of

enamine intermediate A

H,O

enamine .
intermediate B ‘
3D model of
enamine intermediate B

Scheme 3-5. Plausible Enamine Intermediate Models
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filX, FIT N-AFALEARI AV TF L roaRbA—rE2HNT, FiIilRENTWAS
Boc-L-NU & LT I U EISSETT 2 REEZBKR S E, RICKY 74 afifE T Boc &%
ARFE S D &V ) ) 2 BefECHENT 2 2 & 23 T& 72 (Scheme 3-6),

R—NH,

NMM o o
icocm BCF M _ TR ﬂ
HN dry THF HN HN- R dry CH,Cl, H,N  HN- R
Boc Boc 14

H,N HN% H,N HN@ H,N HN@OMe

14a 14b 14c
56% yield 73% yield 70% yield

O F 0 F
H,N  HN H,N  HN
H,N  HN F

14d 14e 14f
83% yield 58% yield 61% yield

R
H,N HN

149
68% yield

Scheme 3-6. Preparation of Novel Primary Amine Catalysts
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3-3 FHAAE LT I UREAE AWEBRIR T b 15 EEFERT AT B K 2 ORFT IV R—IVK
5

RET N R—=VEISE, 82 D 2-4 HTRATZ L S, F TV HBlRE — IRFEAEA &
TELAMBBIED—2TH D, IHETIE, BRIZELVWRISE LT, KEEFTOARFT IV
— VLD PR EIREREZEHTEY | Frlo, BEKTCRISEIT O &AM OIE K Y
T AT LA« L F AR LT AR DB LD WERRDD . 22T, T
2, I A RIEOK, AR 14 Z#FWTr 7 a~F Y v 1ka bl 4= Fa XU XTI LT R R 2g DR
BTN K= S EATV, O ERLIL R O 21T > 72 (Table 3-1),

Table 3-1. Asymmetric Aldol Reaction of 4-Nitrobenzaldehyde 2g with Cyclohexanone 15a
Catalyzed by L-Valinamides 14a-g*

O
o) O H,N HN-R O OH
ij . HJ\©\ 14 (25 mol%) _ é/\(j
NO, brine, rt NO,
15a 2g 16a
entry 14 (R) time (h)°  vyield (%)° synanti® % ee®

1 1l4a (tert-butyl) 30 79 48:52 51
2 14b  (phenyl) 24 72 38:62 64
3 1l4c  (4-methoxyphenyl) 12 49 31:69 83
4 14d  (4-fluorophenyl) 24 70 2773 81
5 14e (2,6-difluorophenyl) 70 81 29:71 96
6 14f  (3,5-difluorophenyl) 48 82 24:76 85
7 14g (2,6-dimethylphenyl) 24 76 50:50 69

3All reactions were carried out with 5 equiv of 15a and 0.5 mmol of 2g in brine (0.5 ml). "Monitored
by TLC. “Isolated yield. “Determined by *H NMR. ®Determined by chiral HPLC analysis for anti
product.

F9. R VRIS EEW tert-7 FARKIC L TRIGEIT 2T 8 2 A, VT A7 UASRPEILIZ
E A ETRBL LR o 128 T9% DI ER [ 51% ee (anti) D F A BRIV TH D S H iz (entry
1), WIZ, R ZFEMICEmmEmW\ T = = VEEIC L TN E T T2 8 2 A, B OIEEIL R 3 tert-

T FOVIEDMEE 148 & WA ERIRE CTH -T2, VT AT LA~ —L) synianti = 38:62,
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TF T RN 64% ee (anti)F TH L L7z (entry 2vsentry 1), & 2T, filillt 14 D7 = = /L3
blchx R EAZEAT H 2 LI LTz, £ RZ 4-A FF U7 2=V HIC L TRISEIT 72
LA R BT x=VEOGAE LY QERFH CTRISNTE T L, V7 A7 LA~ —AY synanti =
31:69. 83% ee (anti)D T o FABRRMETHRM ZIGD Z LN TE (entry 3), LML S,
RO 49% L 720 . R N7 = = /VIEOMEE 14b 2 W2 35E8 L0 b REETLTLE
o7z (entry 3vsentry 2), ZDOUEROIK L, HMER BB /IO LB T VT e K 2g &fil
B 14c BEOET 2% ORIGHETT U TABER I 7 MRS o Te 4 b B2 B D,
RIZ, RZ 4-TNF 0T 2= VI L TRICEIT> T8 24, MBEORIGITR LN T, D
WRIE 70%, 7 AT LA~ —LbAs synanti = 27:73, ) > FATRINMED 81% ee (anti) & 720 . R
INT = = VEE ORI 14b 2 W858 L LT A O SIRBRFE AR T S5 2 L 722 <Y
Ram bEIEsZ LN TE7 (entry4dvsentry3), 2 CT.R % 26-V7 /b4 v 7 = =)LH T 3,5-
VINF R T == VI LTS EAT o Tc, EBROFER, B DT T 27 L ARRMEIL, iz,
RN 4-T A n 7 = =/VIOME 14d 2 W72 ha CRBE TH 722, R 26-Y 7 vAnu”
= = VI DOfEE 14e %2 7285418 96% ee (anti), R 2% 3,5-2 7 /b4 1 7 = = LI fildE 14f % H
W25 A 13 85% ee (anti) ThH V. mm v FABRINMNC AR 2155 Z L3 TE - (entries 5~6),
WIZ, ZORmNTF U FAEPWERR B VR EOBHRIEO S E EOBIUKFET DB DN E S H
ERRETT D412, R 26-VAF N7 = =)L EEOfEE 149 2 W CSE T2 2 A, Al
DY T AT LA~ —kld syn:anti = 50:50, =7 F A RN 69% ee (anti) & 72 b N BB B
27 v R T D 14e ZHWTZHE XV QERMO DT ZT LA RO T T o F AR
IIRESIETFLTLE -7 (entry 7vsentry5), Z OfERIL, ERYOSLAERMER NV U B
DEBIEDEH S DL > THEI SN TV L DT TIERN I L AR LTS, U EoE#EL
DRRFN G AKMIPEDO R BUBROD 2,6 ALO T v RIFEFD, SO SLASRIRVED FEH IR THEE
BEFEREZLTNDZENBEZ LN,
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T TRIZ, 26-V7NF T == )VEEZ ROl 14e 2 T, BEOKET 21T -7 (Table
3-2),

Table 3-2. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

O F
H,N  HN
0 o - O OH
ﬁ H)k@\ 14e (25 mol%) ij/\@
+ -
NO, solvent, rt NO,
15a 2g 16a
entry solvent time (h)°  vyield (%)° syn:anti® % ee®

1 brine 70 97 24:76 96
2 LiCl aq 70 85 52:48 75
3 dry CH,Cl, 100 92 58:42 63
4 H,O + MeOH 70 41 16:84 96
5 H,O 70 94 16:84 96

All reactions were carried out with 10 equiv of 15a and 0.5 mmol of 2g in solvent (0.5 ml).
®Monitored by TLC. “Isolated yield. “Determined by *H NMR. *Determined by chiral HPLC analysis
for anti product.

FPMEE A LS E LB 10 BEDO Y7 mFy ) s a v, B E BRI LTS ELT
o7 ZA B YEOYV 7 unFY ) UEMWEGE XV AR OINER R EL, IR 97%,
DT AT LA —LS synanti = 24:76, 96% ee (anti) D = o F AR TCHBO AR A 15D =
L3 TE 72 (entry 1in Table 3-2 vsentry 7 in Table 3-1), £ Z T, 10 Y&2D T 7 u~FH /2 o EHWN
HZ LT LT, WIS, VFULA AL DFL—r 3 VRIS L 0 AR O SERBERYED ) E
TLMEIDERRIT 28I, VFU LI u T4 FAKRERZ O TRISEAIT 1208, BHEKE M
WA X VAR O T T AT LA RO F o FARRMEII IR T LT LE -7 (syn:anti =
52:48, 75% ee (anti) in entry 2 vs syn:anti = 24:76, 96% ee (anti) inentry 1), Ziuix, U F 7 LA F N0
fRBECOC B FE L F L —2a v Leb 0D, EERWEBBIREELZER L TLE- T2/ LEEZXD
No, €I T, HFEBIEED TCORISZRRT 2 8ICBKRMETTY 7 nn X 2 2 DTG
BAT-o12L 2 A, B YT AT L A~ —LiT synianti = 58:42, 63% ee (anti) D 2 F ATEIR
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PTHY, BOEREED Z LKk -72 (entry 3), KRIZ, K& XX ) —IVOIRABTAB A
WIS ZEAT 272 & T A AFROIERIT 41% Th > 72, BREKZHAWZSE LKL T, =
FUF BT SED 2 &AL KVEWY T AT LA~ —L (syn:anti = 16:84) THRM A

SO (entry 4vsentry 1), UUEEDNMEN S TZJRIRIL, A ¥ 2 — VR RS HEIT L7 5; ~
YEv e IATORIGENEITLTLE TR L EZI BN, TI T, WEEZKOHIZ L TG
EAToTe L ZA, KEAZ )= NVOREERZ WG E LRBREDO YT AT LA RO T o F
TR TR D 2 E N TE (syn:anti = 16:84, 96% ee (anti)). ULR%E 94%F Tl E&H5
Z LAZEEI L7z (entry 5 vs entry 4),

I, KRB EB OSREFIEIZ AU ERBEL T D O0EETT 2%, BAKEMAETTY
JaaFkt ) LN AR LTaA R 1T £ 4= h e R XT LT R R 2g DRFT IV K—b
Kt EATo T, TORER., 7 A7 LA~ —Lb)s syn:anti = 58:42, 53% ee (anti)D x5~ F A4 2R
PETHERM G BT (Scheme 3-7), KIBEEH TIT T BUSDGE LV b DO T AT L
FROTTF U F AT IR E IR T LI LD, KRB EL Y @O RRIRPEOF B K X
CFEHELTWDHDEEZ HILD (Scheme 3-7 vs entry 5 in Table 3-2),

0 O K
_§_4 ;I;pF
. HN HN | HN
toluene
F

15a 14e F

t[%' * O OH
H,O X
H —_—
neat, rt
NO,

17 (100 mol%) 2g 16a
syn:anti = 58:42, 53% ee (anti)

NO,

Scheme 3-7. Asymmetric Aldol Reaction under Dry Conditions
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I, 2K, ROSFF#Z 70 e L TR & O FT 21T - 72 (Table 3-3),

Table 3-3. Optimization of Conditions for the Aldol Reaction: Catalyst Loading®

O F
H,N  HN

O 0] . o ?H

é + HJK@ 14e N ij/\@\

NO, H,O, rt, 70 h NO,

15a 29 16a

entry catalyst loading (mol%) yield (%)b syn:anti° % ee®
1 20 91 16:84 96
2 15 61 16:84 96
3 10 42 16:84 96
4 5 trace - -

2All reactions were carried out with 10 equiv of 15a and 0.5 mmol of 2g in H,O (0.5 ml). "Isolated

yield. “Determined by *H NMR. “Determined by chiral HPLC analysis for anti product.

fili £ 2 20 mol%7> 5 10 mol% % T 5 mol%§ D H L TS Z T 72 & 24, WTIDHEAIS
BWTH, MO T AT LA~ —L)s synianti = 16:84, =5 > F A ERPED 96% ee (anti) TH
7= (entries 1~3), L2>L722 5 il & 23072 < 72 21F E RS E DMK T U 72 BRGSO SRR
&L END X D120 | flfiEE2 5 molwdDH&Icit, R iZE A /oot
(entry 4),
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2T, UG ENINE S 5 &I RINEIORE 21T - 7= (Table 3-4), FUGZIE, 20 mol% D filili %
Az,

Table 3-4. Effect of Additives on Diastereo- and Enantioselectivities?

ﬂm

HN - HN
Q Q 14e (20 mol%) o OH
ij N H)K©\ additive _ iﬁ/\©\
NO, H,O, rt NO,
15a 2g 16a
entry additives (mol%) time (h)®  yield (%)° synanti® % ee®
1 benzoic acid (10) 30 96 30:70 94
2 3-nitrophenol (10) 40 59 16:84 96
3 2,4-dinitrophenol  (10) 24 95 8:92 78
4 2,4-dinitrophenol  (5) 30 96 7:93 90
5 2,4-dinitrophenol  (20) 24 95 9:91 87

2All reactions were carried out with 10 equiv of 15a and 0.5 mmol of 2g in H,O (0.5 ml). "Monitored
by TLC. “Isolated yield. “Determined by *H NMR. ®Determined by chiral HPLC analysis for anti

product.

ET. BINAE LTREFEREM N TS EAToT2 L 2A, EFIOTT 2T LA~ —hid
syn:anti = 30:70 T, T2 FARIRIEN 94% ee (anti) & 72 V) | WK Z NN 2 7254 (syn:anti =
16:84, 96% ee (anti)) & el T 5 & | =F o FARRMEIIIZZFRRE TH o722, T A7 LA
PEAME R LCLZE -7 (entry 1in Table 3-4 vs entry 1 in Table 3-3), &IZ, ZEERR LD HLIHTWVEET
b5 3=hadz/)—NLVEN24-V=tr 7=z /)= NVEHNTRLEToTZ, EORE, 3-=
07z /)= )VEMZTHORIGEMESES Z T ko728 (entry2). 24- =07 = /) —
W RWTEGEX, U7 AT LA —L) synanti = 8:92, 78% ee (anti)(D = T A EBRIMETAE
&5 5 2 LA L, IRINAIZ D1 2 7254 (synianti = 16:84, 96% ee (anti)) L W & =F  FF
BIPEZE T L2 b 00, KIEBIES L, EHICVT AT UARFMEDR EBSRS7 (entry 3
in Table 3-4 vs entry 1 in Table 3-3), =2 T, 24-Y=btu 7 =/ —/LORMNEZ RS CRIGE

172720 5 mol%®d 24-= a7 = /) —)LEH\W5EERYD I o FAERMIL, 10 mol%d
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24-V=btua 7z /) —NERNEHEEID bR ELERS, KSHEENMETLTLEY (90% ee
(anti) in entry 4 vs 78% ee (anti) in entry 3), 20 mol%® 2,4-Y =7 = /) —L&E A5 L KT
IR XD, AR DT F o F A BIRVEIL 87% ee (anti) TH > 7= (entry 5), Table 3-4 (2~ L7=
BB, B2 IE TFA R0 p- ML 2 2Lk VR — K & AW CROS 21T o 7243, BRIO
B BGEONIRIoT, THHDORRND, BRZIRINT 5 ERISENMESESL Z LITTE LD
DO, LEROVEBREZEH L TRUSHET L TLE D %S, B Ox T o F A BRIEIME
T2 &nmnol,
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2 TUIIAE WIS, Rl LSOO T, BRIk b 16 kxR S E/ERT VT e R
2 DRET IV R—)VIJEEIT -7 (Table 3-5),

Table 3-5. Asymmetric Aldol Reactions of Various Aldehydes 2 with Cyclic Kenones 15 Catalyzed
by 14e?

O Fk
H,N  HN
o) O OH
O 14e (20 mlcz)l%) : A
o - f
X : Hzo, rt X
16

15a: X = CH,

15b: X =0

15c: X =S

15d: cyclopentanone

time  yield d .
entry 15 2 (R) 16 b . Synanti % ee
)" (%)

1 15a 2h (3-NO,Ph) 16b 3 93 16:84 92
2 15a 2i  (2-NO,Ph) 16¢ 3 89 19:81 >99
3 15a 2j  (2,6-Cl,Ph) 16d 3 92 1:>99 98
4 15a 2k (4-CIPh) 16e 7 88 20:80 90
5 15a 2a (Ph) 16f 11 91 29:71 93
6 15a 2l (4-MeOPh) 169 15 85 12:88 87
7 15b 29 (4-NO,Ph) 16h 3 90 16:84 83
8 15¢ 29  (4-NO,Ph) 16i 3 92 11:89 >99
9 15d 29 (4-NO,Ph) 16j 3 69 28:72 56

2All reactions were carried out with 10 equiv of 15 and 0.5 mmol of 2 in H,O (0.5 ml). ®"Monitored by
TLC. “Isolated yield. “Determined by *H NMR. ®Determined by chiral HPLC analysis for anti

product. fHZO and MeOH were used as solvent.

T, v~k 15a EREARERET VT E K2 ZHWEMGNE T2 2 A, &
R FEEZFFOEFBET VT RO BB A MEREZFEFSOEFR T LT FET, WTHOBAICE
WT b @SRRI AR S D, IERITER S 93%., V7 A7 LA~ —lhidfs synanti =

1:>99, T > F AR I35 5>99% ee (anti) T > 7= (entries 1~6), F7=, ~T i T2 HT5H
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6 BERDOBINZ b (15b and 15¢) & AW RUSICB W T H, @B IR A 2155 Z &1
%2 L7= (syn:anti = up to 11:89, up to >99% ee (anti) in entries 7~8), 7 u X % /> 15d % H\ 7=
BOS T, BISSEST LTz BICICRITAE D o T2, 7 AT LA~ —LAs synianti = 28:72, 56%
ee (anti) D =F » FABRIRMETHRM A 1EDH Z LD TE T (entry 9),

3-4  SUSHEIBICBE 2 5%

LU DT, ARG TE 2 b A A 7 V%73 (Scheme 3-8), 3 it 14e |%, BRI b
215 LS LR = T I VAR E R L, 2o I RS T AT e R 2 BROGT
HZ LT, FTNRPHURE —RBHEEVERIND, ZOH, ZOISHERDINAK MRS L
% Z & CfibfE 1de (TAEY A I NVICRD LEZ BN D,

H,N HN
16 R X
F
14e 15
H
20 H,O
OF
OF

H
X H
- R
transition state _| 2

Scheme 3-8. Plausible Reaction Mechanism of Asymmetric Aldol Reaction

2o CEP AR OSBRI KX BT B L £ 2 bR T I L RREKICOWT . DFT
HEAENCREREEZRDD D LI L o ARETIE. v/ a~dH ) v 15a b7 ==Lk
AT DRk 14b SR S D =) T R (enamine 3-1), 7 m~F Y o 16a & 2,6-Y

AFNT 2 = VB G T Db 14g 22 BB S LD =F X A (enamine 3-2), XM 7 B
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X 16a b 26-U7NA R T == VI E R T LA 14e OIS ILD =) I UK

(enamine 3-3)(Z DV TH i i b 21T > 72 (Figure 3-8),

H N i Hlm \\§er "
e N nee Huwe N
C >~c ~
T R WD)
C C
Me/ F/
@ (HNCC) =-179.8 @ (HNCC)=-132.5 @ (HNCC) =—145.8

enamine 3-1 enamine 3-2 enamine 3-3

Figure 3-8. Structures of Enamine Intermediate Calculated at B3LYP/6-31G(d,p) Level

B3LYP/6-31G(d,p) L~ L CREE AT o 72 & = A, enamine 3-1137 = = /L3 & 7 X RAEMEIE
— A LICfTE LTz, — 5T, enamine 3-2 X3 enamine 3-3 O55121F, HNCC @ 2 4 A3
~1R2 ENIF- 145 ETHY | 7 FREIZH L TRUVEBVRBMEWTE Y, 26-VAF LT == LT
T REXIF26-T7 AR T 2= LT S FREICEZVZF I UOReENDN T 1 v 7 SNTAEEIC o
TWNWDZ ENbhoT-, enamine 3-3 128 WT, 26-P 7/ A0 7 == )LENT I RHEIZk LT
WTWDHDIE, 7 REOBBFRFE_XVEBUVREO Y v RBFE L OFENNE BERTLE 7
v HRFTHORER =28 AL, 7 FEOKERTFERVEVEREDL ) —FHD7 v EFT LD
KBS OKBERAL 7 v FBFRFBOERE 25 AL 2D EE 2 B 5, enamine 3-3 D X Hikfk
P REAT 2 3R T2 23 AR L 22 W BIZIE I LR 2 v o 72

enamine 3-2 & enamine 3-3 Z i35 L HIC=F IO ReEN T Ry 7 SHTAFIEIC o
TV DA, fildit 14g 2 H W 2484 L 0 & (syn:anti = 50:50, 69% ee (anti)), filfit 14e % W =356 D
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JFH% (syn:anti = 29:71, 96% ee (anti)), LV @Y7 AT LA KO F o F AR A S S
TW5, TOHMAIEZ, #5< enamine 3-3 £ 7T b KRBT H8A, 74Tk RRA=FI v
? Re EMNDHIEANTL D ET VT v ROBEERT & D 7 v R CHEE T O FFERY 72
P Z DA, 7T b RITEEMIC SN HIEONWTL 2D TETF v F A BRI AR
NELN-EEZ BT, LovL, enamine3-2 L 7T & KRBT %A, 20 L5 2iEN
BB Z 20O THERE DO F > F AR o 72 LR ST,

WA, fildle 14e 2 N2 R XT T K2a b v 7kt ) v 15a OREFT )V R—)VIERIC
B 2EBIREEZRF Lz, = I UKL, 26- 70407 2= AT 2 REOa 7 4 A—
v a YDOFEWZ X - T, enamine 3-3 & enamine 3-4 O "> % & x 7= (Figure 3-9), fillfit 14e DA
VIR ENIEERVXT AT R 2aDRUR VB E ONRRE, RO L UHRIRD T I UER
5 DKFIA &R XTIVT v R 2a DRI T & OKERHEIT L HLEN 6 BERFIREBIRED
BB AND &, X ONHEBIRREIZTS 3-1~8 (272 %, enamine 3-3 L XU X7 LT b
R 2a DU L7288 2 DL HERIRAEN TS 3-1~4, enamine 3-4 & X2 X7 /LT & R 2a 3K
S LTE BB R DIV D ERBIRIED TS 3-5~8 Th 5, TS 3-1 XL TS 3-5 ik L TG AHETT
T 5 & (2R, US)DAEMM), TS 3-2 XULX TS 3-6 Z##%H L CTRISHHEITT 5 & (25, PR)DAERMY.,
TS 3-3 UL TS 3-7 Zf%H L CIIGHEITT 5 & (2R, PRYDAMM), TS 3-4 UL TS 3-8 Zf%H L
TRUSHEITT D & (2S, 'S DERMNELND LEZBND,
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NH NH H> NH H NH
o] e} Q O
o\ A
H/ H H
&/
Z
TS 3-5 TS 3-6 TS 3-7 TS 3-8

Figure 3-9. Plausible Transition State Models in Asymmetric Aldol Reaction

Catalyzed by 14e

Figure 3-9 |28 L7 #EBBIKAEDOH T TS 3-3~4 LN TS 3-7-8 1%, =F I U HEfEDT 7 o~k
VERYE T VT B ROFBEFEROSNAKFE, & 52 TS 3-4 KNTS 3-8 DAITIL, il 14e  2,6-
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CINFaT 2= T I REERUXT LT R2a & DONKKFEN RIS, FZ T TS 3-1-2
KRTS 3-5~6 (22O T, KOBHEY R ZE 0 7- DFT 3HEICL D FREFNDO T RV F—EL KD
% Z &2 L7z (Figure 3-10),

hydrogen electrostatic

bond repuIS|on
H
AG = 0.0 kcal/mol AG = - 0.1 kcal/mol AG = - 3.5 kcal/mol
(front view of TS 3-1)  (front view of TS 3-2) (front view of TS 3-5) (none)

(side view of TS 3-5) (top view of TS 3-5) (back view of TS 3-5)

Figure 3-10. Calculated Transition State Models for Asymmetric Aldol Reaction

Catalyzed by 14e

W% 8 D ih B & Ff o ToE i BAK & A 729 B O HEA5 KOG (Self-Consistent Reaction
Field: SCRF)HEGAZ X W K DVEBEZNF % I %2 T, B3LYP/6-31G(d,p) L'~V C DFT L &24T1-7-& =

A, TS3-1X°TS3-2 LV H TS3-5 D53 3.5 kcal/mol ZE Tdh-7-, TS3-5 2 LTS
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BITLIEGRIEOND EEZEX DNL T U TFA~—0, EEOFERTHELN T TFA~—
E—ET LD, ZOFEMRIIERGEREM T L bOLELHND,

TS 3-5 NDOEBRE LV b LETH -2 D—>& LT, side view of TS 3-5 (TR L7cx T
IR OERIE S L KB FFOKER G L DMEDLENE 2 B D, Figure 3-8 T
M U= X RIS 2R X T LT e RO Si B (TS 3-1) % OV Re % E (TS 3-2)i2
BLTIE, 2o 0BBREO= X LF—ETFTLEA LA LN ehoTz, TS 3-6IC OV THEHE
BRBTIZN, RERBBIREIIR SO R0o7z, Tk, =F I HREEOT I RO NH &
IR ZTIVT e R 2a DEERIRT 25| &2 TLEWV, TF I U060 X705 b RN
NBE CEBIRENER TE R o TCLEomALtEX LN, £, U EBUVEBREDT vFH
JRFENHE L OKRFEFREAIZL VTSN TELRXT LT b R 2aDEEHF T & OFFERLEIC
LD XN F - RARLEBER BIRRDO—D L HEZ ST,

AR IR AN A D 2 WG T, W TH K% & i ER 2 Ff o lodifeih B
LB L TWD BT, Ke RSB 14e OICHI< E B2 DN KBEEELEBETHZ L
NHIEZR o T, FEEOBEBIRIETIE, 26-P 704 n 7 =2 =17 2 REDOEMICKE-ESZTL
THZL OKRSTVFIELTEY , 2RI LY =F I U HfED Re HIZE HIZRU AT VTR K
DIESEHELS o T2l &b B2 biud (Figure 3-11),

II/”/

‘0
R
F{

NH

mom TF

O
7,
Figure 3-11. Plausible Transition State Model Including H,O Molecules

ZIT ARRIEDBZ bNDH TR NX—T a7 7 A V&Y (Figure 3-12), £3°, SUGBRAART
DIRKE A X, il 14e, XU XT VTR R2a K7 a~FH /2 15a ThbH, RO B XL C
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DOEEPETIL, il 14e L > 7 v > 15a ORKKGIZ L W =) 2 U HREA (enamine 3-3 or
B LABEKESNTND, ZLT, =F I VKL T VT R 2an s+ % D, EX
FIZRWTH LWARF KR — KFE A DB S, T D%, G DB TR 16a MG H11 D,
KON F % N2 T, B3LYP/6-31G(d,p) L'~V T DFT atHi 21T o7& 2 A, =) 2 kD
FERLEERE TlX, enamine 3-4 25T B &V 4 enamine 3-3 Z 5 1e C D J7 534 8.2 keal/mol % E T
ST, LinL7eR5, enamine 3-3 & XU X7 LT b R2a BT 5 DXE XY %, enamine 3-4
ERVZT AT R 2aBRIET D FOLNTFNX =MLY LZETH Tz, ARG Cnb F
Ao TEITT 88T, =P I oFED 26-Y 7 A a7 2=V EDary Ty A— gy
DRELZEDLLRITFIUT RO T, TR VX —ICRLEIZRD EEZHND, £ 2T, Figure 3-13
T L 92, =F 2 UFEA (enamine 3-4)D ¢ (HCCO) % 30 £ SRS H, TNENDONLE
T I RO ERE(L ATV, TR AT — AR T D 2 LT L, AfRFHI VT
FHRAN 2B S 5 ALK CoERE L 21T o 72, R OSSR, ¢ (HCCO)A3-120 £ KT
90 DR =L F —RREN K E <720 | FFIZ- 120 FEOREIEIZ OV TIE, enamine 3-4 £V H#Y
9.4 kcal/mol = /L ¥ —73 &> 7= (Figure 3-13), ¢ (HCCO)AS 90 FE DEED = /L F —[REE )N K) 2.2
kcal/mol TH 2 Z & #EEICAND &, enamine 3-4 75 enamine 3-3 ~D > 7 A— 3 VB
{bIX. Figure 3-13 O H TR LT IRFE —RBEAEDARERT D LEICE Z D [EERH 5 &5 2
bivd, DFEV, Cb F~ERIGHHEITT 554 121%, enamine 3-3 & XU X7 /L7 E R 2a M
ERIREA AT 2 ERTC, £ 2.2 kcal/mol D= RV —[EEEA 2 T 2,6-Y 7/ A0 7 ==Lk
DEHE L2 AU e Han e S D, EBEOKGIE, KEEFCTHEITLTWD A, =7 I
TRED 27 3 A= a VEBICKER T RV —REEDO R E SITEMT D28, =x /L F—[E
BENHELS 7205 LITEZITW, U EOEBERZEE 2 5 & RRUGT A-C—F-G ORI TH#EITY

HAHEME D B DA, FEIZ ASB—-F—G ORI THEHITL TN D B2 LD,
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Relative Free Energy (kcal/mol)

10

9.4 kcal/mol

2.2 kcal/mol

o—

-180 -150 -120 -90  -60  -30 0 30 60 90 120 150
Dihedral Angle (¢ HCCO)

180

F F;k F

NH F
//O ;C// N~ //O
3': H\C//// )\ o 1 /,,,/IC e H C//,///

. C .
LS difficult > easy &

NH -~ S E— NH

¢ (HCCO) =-180 @ (HCCO)=0 @ (HCCO) = 150

a structure
of enamine 3-4

Figure 3-13. Energy Profile of Enamine Intermediate Structures
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35 i

R, VYUY MREREAT28ROF T 07 287 I O, T 17 18T X b
BEAREZIERHZED TND, LM LB D, ZIVE TITBHE ST DGR O fil i1 13,
Bz I BONCE T 5 2 & BRI 722 2 5 B0 S U Z BB DO UGS & LB E T 25850 &
o7 (Figure 3-3), & Z THRAE, kA4 RBUSICHEAT 5 Z EBAHETH Y . S HIZLMMTESIZH
FRT & DD T TNIRBIAFK L#kT I UM E R L, ARICBW T, EFARFT7 VR
— VOG0 T & D DB 24T - 7,

e Iofidt 2 T o 72 & 2 A Boc-L-N Y Uin BN 2 BABECHR T E 2IEFIT T TV L
T X AR 14e DOBAFSICETI L, lde Z W HFRT VT B K2 LBIKT R 15 ORFT L
R =V Tl BRDOAERY 16 % @IUENDE YT AT LA « = F U F AR S 2 &R
TX 7= (upto93% vyield, syn:anti = up to 1:>99 and up to >99% ee (anti) in Scheme 3-9), iZ. DFT &t
R MO TRISEEORN 21T-72 & 25, Hiim bRk b LEL BN DEBREZEH L2
Ao bsFrFA~—n, BRGON =T U FAv——K L2 b, ARSI
TIZ TS 3-5 LHRIOMEZ LIEBIREBARE L THEITL T2 LRSI,

ARG 14e 13, TRETITHE SN TOLIAFAMMED L D12, AT LT LI NV RFT
W DOKRFEREEIT LV AR OSSR ZHIEHT 20 TIER< T 26-7vAn 7 =17 I Fi&
(XD AR DOSRZHET D LW Z A T E 2 b b,

O F ? O;H/u ,,,,, F
14e (20mol%) Ar H NH
fﬁ o5 ) fﬁﬂ i
H Ar Hzo, rt

X X s\
15a: X = CH, 2 16
15b: X =0 up to 93% yield
15¢: X = S syn:anti = up to 1:>99
up to 99% ee (anti) TS 3-5 —

15d: cyclopentanone

Scheme 3-9. Asymmetric Aldol Reactions Using Novel N-Aryl-L-Valinamide 14e
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3-6 FEHIHA
3-6-1 General information

FTRTORISIE, )70 °C T 110 °C DRI TR S E - T ABMEB 2N T T o 72, filith
KO/ a~ 7T 7 4 —ICHAWTEEIE, BALCEEORETHER L, YISV BT LY
n~v N7 40—, ANTERASHEO RS U #4570 60 (0.040-0.063 mm)Z FeiEAl & LTt
L7z, B4 M, BB AH0 Celite 545 Z V2, KISICHW =Y 7 aa 24 2 KEDY
THF I%, KFEINL T T L ERONTRAKSELbDEFEH LIz, N-XAFLELRY V| AV TF
NraaRNA—R TFA, 7I VRO AT E RE21E, AL LOEZZOEEHEHA L,
A= R DORERSEARELE 1, s STV D F 71 7 A retention time & 23512 L CHRIE L 7=,

3-6-2-1 (S)-2-amino-N-tert-butyl-3-methylbutanamide 14a @&k (HLALH5)

e

NMM o o
‘éfCOOH IBCF ‘g—/( FA ‘é—/(
HN\ dry THF, — 20 °C HN\ HN‘% dry CH,Cl,, rt HoN HN‘%
Boc Boc

14a

(7 2 MMeS) =2y 7 280 1572 100 ml © .17 F A 2|2 Boc-L-NU > (3.26 g, 15.0
mmol)Z AV CEZE ST 2%, 7T RS T T THF (50 ml) &l 2 72, % Ok % — 20 °C
WALz, N-AFLELHR Y > (1529, 15.0 mmol) KON Y 7 F )07 mr kL A— K (2.050,
15.0 mmol) & N % 7=, 15 4y fElEER SE 7%, Z OIRATAIKIC THF (10 mI)IC¥AD L7z tert- 7 F L7
I (1439, 195 mmol)Z o< Vi F S, —5°C T 24 FEEIG S Wz, 5oz KISIRAEY
(220 ml @ 5%REEAKFET R U U LKERZNZ CRISZEIESE T, ZOWREY 7aa A8
T3 EMH L. BON T AHE S SOk~ 7 %> U A TR S 1%, IR L CIRUE T CIREE
EE LT, BONTHAERMIZE D E ERO UV,

(RFEERDORIRE) a2y 7 ZWYfHT72 100 ml @ 07 7 22T L5 LT HAERY
EANTEEE I, TVIVFERHKA T Y7 &y G0m)ENZT, €K% 0
OC [ZHEIL 7%, TFAOm)Z Nz T, =R T 3RS ST, FUSK TH. RO AT
JEALTHEL T, BONTEUSEEMIZRIEAKSZET M) U LKEREMATHESE2, Hbh
MR E S Y DTN T La~ NTFT7 40— (X UERBEET L = L) THRETLZ &
T, ERRWEARE LCHARY 14a (2.20 g, 85%) 035 H ATz,
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Data for 14a; *"H NMR (CDCls, 300 MHz) & 7.27 (br s, 1H, -NH), 3.13 (d, 1H, J = 4.0 Hz, -CHNH,-),
2.34-2.24 (m, 1H, (CH3),CH-), 1.45 (br s, 2H, -NH,), 1.40 (s, 9H, NH(CHs),-), 1.02 (d, 3H, J = 6.9 Hz,
(CH3),CH-), 0.87 (d, 3H, J = 6.9 Hz, (CH3),CH-); **C NMR (CDCls, 75 MHz) 173.3, 60.1, 49.9, 30.5, 28.3,

19.3, 15.6; Anal. Calcd for CgH»N,O: C, 62.75; H, 11.70; N, 16.26. Found: C, 62.70; H, 11.81; N, 16.20.

3-6-2-2  (S)-2-amino-3-methyl-N-phenylbutanamide 14b &%

£
H,N HN@
14b

3-6-2-1 L [AREDEMET, 7=V > (1.829,19.5 mmol)Z AW TS ETT-72 L Z A, 14b (2.11 g,
73%) 235 AT,
Data for 14b; "H NMR (CDCls, 300 MHz) 6 9.50 (br s, 1H, -NH), 7.54 (d, 2H, J = 8.1 Hz, Ar), 7.24 (t, 2H,
J = 7.7 Hz, Ar), 7.02 (t, 1H, J = 7.3 Hz, Ar), 3.26 (d, 1H, J = 3.7 Hz, -CHNH,), 2.36-2.26 (m, 1H,
(CH3),CH-), 1.52 (s, 2H, -NH), 0.95 (d, 3H, J = 6.9 Hz, (CH3),CH-), 0.80 (d, 3H, J = 6.9 Hz, (CH3),CH-);
C NMR (CDCls, 75 MHz) 172.9, 137.8, 128.8, 123.9, 119.5, 60.4, 30.8, 19.7, 16.0; Anal. Calcd for

C1H16N,0: C, 68.72; H, 8.39; N, 14.57. Found: C, 68.70; H, 8.51; N, 14.47.

3-6-2-3  (S)-2-amino-N-(4-methoxyphenyl)-3-methylbutanamide 14c @Ak

$
H,N HNOOMe
14c

3-6-2-1 L [FAREDEMET, 4-A FF 7=V (2409, 195 mmol)Z AW TG EIT-T2 & Z A,
14c (2.33 g, 70%) 7315 H L7z,
Data for 14c; *H NMR (CDCls, 300 MHz) & 9.39 (br s, 1H, -NH), 7.50 (d, 2H, J = 8.9 Hz, Ar), 6.84 (d, 2H,
J =89 Hz, Ar), 3.77 (s, 1H, -OCH,), 3.33 (d, 1H, J = 3.7 Hz, -CHNH,), 2.44-2.34 (m, 1H, (CH3),CH-),
1.63 (s, 2H, -NH,), 1.02 (d, 3H, J = 7.0 Hz, (CH3),CH-), 0.86 (d, 3H, J = 7.0 Hz, (CHj;),CH-); **C NMR
(CDCl3, 75 MHz) 172.3, 156.0, 130.9, 121.0, 113.9, 60.2, 55.3, 30.7, 19.6, 15.9; Anal. Calcd for

C1,H1sN20,: C, 64.84; H, 8.16; N, 12.60. Found: C, 64.98; H, 8.01; N, 12.61.
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3-6-2-4  (S)-2-amino-N-(4-fluorophenyl)-3-methylbutanamide 14d @&k

<7
H,N HN@—F

14d

3-6-2-1 L [AEEDOEET, 4-7 A uT7 =1 (2179, 19.5 mmol)Z AW CRG&EFTo 728 2 A,
14d (2.62 g, 83%) 735 HALT-,
Data for 14d; *H NMR (CDCl;, 300 MHz) & 9.54 (br s, 1H, -NH), 7.55 (dd, 2H, J = 8.8, 4.9 Hz, Ar), 7.00 (t,
2H, J = 8.8 Hz, Ar), 3.36 (d, 1H, J = 3.5 Hz, -CHNH,), 2.44-2.39 (m, 1H, (CH3),CH-), 1.62 (s, 2H, -NH,),
1.03 (d, 3H, J = 6.9 Hz, (CH3),CH-), 0.86 (d, 3H, J = 6.9 Hz, (CH5),CH-); **C NMR (CDCl;, 75 MHz)
172.6,121.0, 120.9, 115.4, 115.1, 60.1, 30.6, 19.5, 15.8; Anal. Calcd for Cy;H15FN,O: C, 62.84; H, 7.19; N,

13.32. Found: C, 62.57; H, 7.28; N, 13.50.

3-6-2-5 (S)-2-amino-N-(2,6-difluorophenyl)-3-methylbutanamide 14e @&k,

O F
H,N  HN

F
14e

3-6-2-1 L RIEEDEIET, 26- 7 A7 =1 (2529,19.5 mmol)z AW T E{To72 & =
7. 14e (1.99 g, 58%) 2315 H ALz,
Data for 14e; *H NMR (CDCls, 300 MHz) § 9.09 (br s, 1H, -NH), 7.18-7.09 (m, 1H, Ar), 6.93-6.85 (m, 2H,
Ar), 3.38 (d, 1H, J = 4.0 Hz, -CHNH,), 2.34-2.23 (m, 1H, (CH5),CH-), 1.54 (br s, 2H, -NH,), 1.00 (d, 3H, J
= 6.9 Hz, (CH3),CH-), 0.90 (d, 3H, J = 6.9 Hz, (CH;),CH-); *C NMR (CDCls, 75 MHz) 173.3, 159.2,
155.9, 126.9, 113.8, 111.4, 111.1, 60.0, 30.9, 19.1, 15.7; Anal. Calcd for Cy;H;4F,N,0: C, 57.89; H, 6.18; N,

12.27. Found: C, 57.86; H, 6.29; N, 12.19.
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3-6-2-6  (S)-2-amino-N-(3,5-difluorophenyl)-3-methylbutanamide 14f &%

Mo F

H,N  HN

14f
3-6-2-1 L [FEREDOHRIET, 35-Y 7 /LA 7T =1 (252¢,19.5 mmol)Z AW TG &EIT- 72 & &
7. 14f (2.09 g, 61%) 7575 H LT,
Data for 14f; '"H NMR (CDCls, 300 MHz) § 9.74 (br s, 1H, -NH), 7.27-7.19 (m, 2H, Ar), 6.57-6.50 (m, 1H,
Ar), 3.37 (d, 1H, J = 3.7 Hz, -CHNH,), 2.49-2.39 (m, 1H, (CHs),CH-), 1.51 (s, 2H, -NH,), 1.04 (d, 3H, J =
7.0 Hz, (CH3),CH-), 0.86 (d, 3H, J = 7.0 Hz, (CH5),CH-); *C NMR (CDCl,, 75 MHz) 173.2, 139.8, 102.3,
101.9, 98.7, 60.2, 30.6, 19.3, 15.6; Anal. Calcd for Cy;H4F,N,O: C, 57.89; H, 6.18; N, 12.27. Found: C,

57.94; H, 6.29; N, 12.11.

3-6-2-7 (S)-2-amino-N-(2,6-dimethylphenyl)-3-methylbutanamide 14g D& ik

0

H,N  HN

149

3-6-2-1 & [AREDEAET, 26-PAF LT =V (2369, 19.5mmol) & WKL ZIT-o72& 2 A,
149 (2.25 g, 68%) 235 H 417z,
Data for 14g; 'H NMR (CDCl3, 300 MHz) § 8.94 (br s, 1H, -NH), 7.04 (m, 3H, Ar), 3.38 (d, 1H, J = 3.5 Hz,
-CHNH,), 2.49-2.38 (m, 1H, (CH3),CH-), 2.20 (s, 6H, -CHa), 1.49 (s, 2H, -NH,), 1.04 (d, 3H, J = 7.0 Hz,
(CH3),CH-), 0.92 (d, 3H, J = 7.0 Hz, (CH3),CH-); *C NMR (CDCls, 75 MHz) 172.5, 134.7, 134.1, 128.0,
126.7, 60.3, 30.5, 19.8, 18.6, 15.9 ; Anal. Calcd for C13H,N,O: C, 70.87; H, 9.15; N, 12.72. Found: C,

70.77; H,9.27; N, 12.70.
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36-3-1 v/ m~FHY s 15a b 4= v R_RUOXT LT E R2g DARFE TV R—/ViE (entry 1 in
Table 3-1) (#R!431])

R
HoN HN% 0] OH

0 0 C
H)K©\ 14a (25 mol%) 6/\@\
+ >
[ ] brine, rt
NO, NO
15a 2g

EE T, 077 A2 14a (0.125 mmol), 7 m -~/ > 15a (5 equiv to aldehyde), &

OE'HEAK (05m)Z M=%, 4-= F X2 X7 /L5 K29 (0.5 mmol), 1z C=IETHEESE
Too RUSKETH, Y7 mu A2 T3 | L, /b AHE Z BKIER~ 718 &0 L TR
SHIE, Tl L CEE T Tz B E L, BonTlERME L Y DTN DT D a< T
T 74— (~FVUEHBTT L = 41) TR S 2 LT, SOEHREIR S LCHAY 16a (98.5
mg, 79%) 035 H iz, V7 AT L~ —Lid synaanti = 48:52, =) F A~ —iE =1L 36% ee (syn)
KN 55% ee (anti) T -7, NMR T —X %, SCHROE E —E L7- 1250

Data for 16a; "H NMR (CDCls3, 300 MHz) 6 8.21-8.17 (m, 2H, Ar), 7.52 (d, 2H, J = 8.8 Hz, Ar), 4.91 (d,
1H, J = 8.3 Hz, -CHOH), 4.15 (s, 1H, -OH), 2.67-2.58 (m, 1H, Cy), 2.52-2.32 (m, 2H, Cy), 2.15-2.08 (m,
1H, Cy), 1.86-1.80 (m, 1H, Cy), 1.75-1.50 (m, 3H, Cy), 1.46-1.31 (m, 1H, Cy); Enantiomeric excess was
determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 80:20), flow rate = 0.5
mL/min; A =254 nm; t, = 17.5 min (syn, minor), t. = 19.4 min (syn, major), t; = 20.9 min (anti, minor), t, =

27.8 min (anti, major).

3-6-3-2 vr/mu~FH /168 b 4-= haR_RUXT LT B R 29 DARFT L R—/VG (entry 2in
Table 3-1)

3-6-3-1 & [AIERDOERAE T, filtfif 14b (0.125 mmol) Z H W TS E1T -7 & 2 5, 16a (89.7 mg, 72%)
NEHTZ, T AT L~ —id synanti = 38:62, T L F A~ —iEEIRIL 46% ee (syn) K& O 55%
ee (anti) TH -7z,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.1 min (syn, minor), t, = 22.0 min
(syn, major), t; = 23.7 min (anti, minor), t, = 30.3 min (anti, major).
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3-6-3-3 v/ u~FH /) 15at 4-= b _XUXT LT R 2g DARFT IV R—/LE (entry 3in
Table 3-1)

3-6-3-1 & [AIEE D EE T, il 14¢ (0.125 mmol)Z FVW TG E{T 72 & 2 A, 16a (61.1 mg, 49%)
DO, U7 AT L~ —Lhld synanti = 31:69, =7 > F A~ —iEFEIZ X 31% ee (syn) &z OF 83%
ee (antiy TdH > 7,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.9 min (syn, minor), t. = 21.9 min

(syn, major), t; = 23.4 min (anti, minor), t, = 29.9 min (anti, major).

3-6-3-4 T ru~FH /158 L 4-= b R_UXTILTE R 29 DARFT IV R—/LEJE (entry 4 in
Table 3-1)

3-6-3-1 & [AIEE D EE T, filtt 14d (0.125 mmol) z AW TR &2 1T > 72 & Z A, 16a (87.2 mg, 70%)
DEFEONT-, U7 AT L~—Hid synanti = 27:73, =7 U F A~ —imFEIEIT 44% ee (syn) 2 OF 81%
ee (anti) TH -7z,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 14.6 min (syn, minor), t, = 16.6 min

(syn, major), t, = 18.2 min (anti, minor), t, = 24.9 min (anti, major).

36-35 vZma~FHY s 15a b 4= b RUXT LT E R2g DARFET IV R—/VE (entry 5 in
Table 3-1)

3-6-3-1 & [AlkRO#EE T Al 14e (0.125 mmol) Z H W TS &4T > 72 & Z A, 16a (101.0 mg, 81%)
NEONTZ, U7 AT L~<—id synanti = 29:71, —F > F A~ —i@FIZRIT 32% ee (syn) 2 OF 96%
ee (antiy TH -7z,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.4 min (syn, major), t, = 21.3 min

(syn, minor), t, = 22.7 min (anti, minor), t, = 29.0 min (anti, major).

137



3-6-3-6 v/ u~FHY /) 15a L 4-= b RXUXT TR R 2g DARFT IV R—/VE (entry 6 in
Table 3-1)

3-6-3-1 & [AlEE D E/E T, il 14f (0.125 mmol) & AW TG & T 72 & 2 A, 16a (102.2 mg, 82%)
DGO, U7 AT L~ —Lhld synanti = 24:76, = > F A~ —iEFIZ X 52% ee (syn) &z Y 85%
ee (antiy TdH > 7,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.5 min (syn, minor), t, = 21.3 min

(syn, major), t; = 22.8 min (anti, minor), t, = 29.3 min (anti, major).

3-6-3-7 v ru~FH /158 L 4-= b _UXTILTE R 29 DARF TV R—/LEJE (entry 7 in
Table 3-1)

3-6-3-1 & [AIEE D EE T, filldt 149 (0.125 mmol) & AW CRUS 21T > 72 & 2 A, 16a (94.7 mg, 72%)
DO, U7 AT L~—Hid synanti = 50:50, 7 T A~ —im T 19% ee (syn) 2 Y 69%
ee (anti) TH -7z,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.2 min (syn, minor), t, = 21.1 min

(syn, major), t, = 22.7 min (anti, minor), t, = 29.3 min (anti, major).

3-6-3-8 v ru~FH /158 s 4= b R_RUORXT LT R 2g DARFT L R—/VUE (entry 1in
Table 3-2)

3-6-3-1 L [AREDFIET, v 7 m~F¥ 7 15a (10 equiv to aldehyde) }z UMk 14e (0.125 mmol)
ZRWTRISEIT -T2 & 2 A, 16a (120.9 mg, 97%) 7035 H L=, 7 A7 L~ —tkid syn:anti = 24:76,
T U F A= —iE =L 29% ee (syn) & Y 96% ee (anti) TH o 7z,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 18.8 min (syn, major), t, = 20.9 min

(syn, minor), t, = 22.5 min (anti, minor), t, = 29.3 min (anti, major).
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3-6-3-9 v u~FH /) 15at 4-= b R_UXT TR R 2g DARFT IV R—/VE (entry 2 in
Table 3-2)

3-6-3-1 & RIEEDEMET, fafn ) F 7 L7 0T A RAKEK (0.5 ml), > 7 a~F%+% /> 15a (10
equiv to aldehyde) & UMk 14e (0.125 mmol)Z W TG &E{T o 72 & Z A, 16a (105.9 mg, 85%) 7345
bz, U7 AT L=—Ikid synanti = 52:48, = > F A~ —ilAEIEIL 12% ee (syn) & TN 75% ee
(ant)y ThH o7,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.6 min (syn, major), t, = 22.8 min

(syn, minor), t, = 24.2 min (anti, minor), t, = 31.1 min (anti, major).

3-6-3-10 7 u~Fxt /) 15abd-= ha XU XT )T R2gDARFE TV R—/ViE (entry 3in
Table 3-2)

3-6-3-1 LRIEEDOERIET, Y7 um A& (05ml), 7 ma~FH /> 15a (10 equiv to aldehyde)
S UM 14e (0.125 mmol) & W TS 2T o 72, OGHKE T %, FhEEL2 1T, JlE T Ciat
EHEL, BONTMESME S VDTN AT L0~ N T T T 40— (T g TV =
A1) TR 2% Z & ¢, 16a (114.7 mg, %) 57z, V7 AT L~ —id syn:anti = 58:42, =
F o F A~ —imEER T 33% ee (syn) K ) 63% ee (anti) TdH - 7,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.3 min (syn, major), t, = 22.2 min

(syn, minor), t, = 23.8 min (anti, minor), t, = 30.3 min (anti, major).

3-6-3-11 v Zu~F¥ /o 15a b 4-= XU XT)T B R2gDOARFT v R—/ Vi (entry 4 in
Table 3-2)

3-6-3-1 L [AEEDEMET, K (0.25ml), A%/ —/L (0.25ml), 7 m~F¥ /> 15a (10 equiv to
aldehyde) & UMt 14e (0.125 mmol) & W TG Z T 72 & 2 A, 16a (51.1 mg, 41%) 7353 H L7z,
VT AT L~ —Lthid synianti = 16:84, =7 F A~ —1mFIF 1T 87% ee (syn) L TN 96% ee (anti) T
27,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 18.4 min (Syn, major), t, = 20.7 min
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(syn, minor), t, = 22.2 min (anti, minor), t, = 29.0 min (anti, major).

3-6-3-12 7 u~Ft /) 15abd4-= XU XT T R2gDOARF TV K=V (entry 5in
Table 3-2)

3-6-3-1 L [AERDOEAET, 7K (0.5 ml), 7 a~F+H /> 15a (10 equiv to aldehyde) K UMl 14e
(0.125 mmol) &= W T s E1T-7- & 2 A, 16a (117.2 mg, 94%) 1315 Hivic, Y7 A7 L~ —hiX
syn:anti = 16:84, T > T A~ —iFI=ZL 1% ee (syn) &2 T} 96% ee (anti) TdH - 7=,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.3 min (syn, minor), t, = 21.4 min

(syn, major), t, = 23.0 min (anti, minor), t, = 29.9 min (anti, major).

3-6-3-13 v/ mr~FH v 1ba b 4-= b XU XT LT v R2gDARFT IV K—/LUE (entry 1in
Table 3-3)

3-6-3-1 L [AREDBAE T, SUSFEZ 70 BFRIZ LT, 7K (0.5 ml), 7 v ~F 7 > 15a (10 equiv
to aldehyde) }z OVt 14e (0.1 mmol) % W TS Z1T > 72 & 2 A, 16a (113.4 mg, 91%) 7315 B A7,
T AT L —Lhld syn:anti = 16:84, =7 U F A~ —1mEIZIL 1% ee (syn) & Y 96% ee (anti) T >
7=
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.2 min (syn, major), t, = 22.2 min

(syn, minor), t, = 23.8 min (anti, minor), t, = 30.7 min (anti, major).

3-6-3-14 7 u~FxH /v 15abd4-= FaRUOXT TR R2gDARF T v R—/ Vi (entry 2 in
Table 3-3)

3-6-3-1 L [AREDOFNE T, SUSFEM % 70 FEfGIZ LT, K (0.5 ml), 7 e ~F4 /> 15a (10 equiv
to aldehyde) }z UMl 14e (0.075 mmol) 2 W CRUGAAT > 72 & 2 A, 16a (76.0 mg, 61%) 735 H L7z,
VT AT L= —id syn:anti = 16:84, =) 2 F A~ —iAFEIKIL 12% ee (syn) & N 96% ee (anti) TH
27,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.5 min (syn, major), t, = 22.6 min
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(syn, minor), t, = 24.1 min (anti, minor), t, = 31.0 min (anti, major).

3-6-3-15 Y7 u~FH¥ /v 1bat 4= b XU XT LT B R2gDARF TV R—/LEUE (entry 3in
Table 3-3)

3-6-3-1 & [RAEEOHERIE T, SOGFER 2 70 BFERIIC LC, 7k (0.5 ml), 7 v~/ > 15a (10 equiv
to aldehyde) }z UMt 14e (0.05 mmol)Z W TS AT 272 & 2 A, 16a (52.3 mg, 42%) 345 LT,
DT AT L~ —Hld synanti = 16:84, T L F A~ — iR 34% ee (syn) & UF 96% ee (anti) T
27,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.4 min (syn, major), t, = 22.6 min

(syn, minor), t, = 24.1 min (anti, minor), t. = 30.9 min (anti, major).

3-6-3-16 L7 u~FxH ) 15al 4= Fu R RXTILT B R2gDARFT L R—/LJE (entry 4 in
Table 3-3)

3-6-3-1 & [AIEE D EE T, K 2 70 BEfEIC LT, 7K (0.5 ml), 27 B ~%4 / > 15a (10 equiv
to aldehyde) & UMl 14e (0.025 mmol) & W CRUL Z{T 272 & T A, 16aldiE & A EH{G LN -
720

3-6-3-17 7 u~FxH /) 15atd4-= ha_XUXT T R2gDARHKT v K=V (entry 1in
Table 3-4)

3-6-3-1 & [AEEDEAET, K (0.5ml), ¥ 7 m~FH /> 15a (10 equiv to aldehyde), #IIAIE L
T2 B (0.05 mmol), K OV 14e (0.05 mmol) & AW Tz T -7 & 2 A, 16a (119.6 mg,
96%) 35 HaLlz, V7 AT L~ —Lkid syn:anti = 30:70, =7 F A~ —i@FEER L 12% ee (syn) X Y
94% ee (anti) ThH ~ 7=,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.2 min (syn, major), t, = 22.2 min

(syn, minor), t, = 23.7 min (anti, minor), t, = 30.5 min (anti, major).
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3-6-3-18 7 u~FH ) 15ald4-= XU XT LT E R2gDARHE TV R—/ Ve (entry 2 in
Table 3-4)

3-6-3-1 L [AREDEMET, /K (05 ml), > 2 m~F¥ /o 15a (10 equiv to aldehyde), #ANAIE L
T3=hrr7=/—/L (0.05mmol), KUYl 14e (0.05 mmol)z= HW\CILEIT-72 & 2 A, 16a
(73.5mg, 59%) 33 LTz, T AT L~ —kid synanti = 16:84, = F A~ —ila g% 18% ee
(syn) % T} 96% ee (anti) T > 7=,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.5 min (syn, minor), t. = 21.4 min

(syn, major), t, = 22.9 min (anti, minor), t, = 29.6 min (anti, major).

3-6-3-19 7 u~Ft /) 1babd4-= XU XT T R2gDOARFE TV R—/ViE (entry 3in
Table 3-4)

3-6-3-1 & [FAEROEIET, /K (0.5ml), ~Z7 m~FH /- 15a (10 equiv to aldehyde), #IIAIE L
T24-Y=Fru 7= /—/ (0.05 mmol), M UMl 14e (0.05 mmol)Z HWNTIISEAToT2E 2 A,
16a (118.4 mg, 95%) 7235 HiLiz, ¥ 7 A7 L~ —Lthid syn:anti = 8:92, =) F A~ —il =13 69%
ee (syn) & (X 78% ee (anti) ThH ~ 7=,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; t, = 20.1 min (syn, minor), t. = 22.1 min (syn, major),

A =254 nm; t, = 23.6 min (anti, minor), t, = 30.2 min (anti, major).

3-6-3-20 v/ ua~FH /v 16a b 4-= b XU XT LT B R2gDARFT IV K—/LOE (entry 4 in
Table 3-4)

3-6-3-1 L [AEEDEAET, /K (05 ml), 7 m~F+ /> 15a (10 equiv to aldehyde), ¥RINAI& L
T24-v="btnr 7= /—/L (0.025 mmol), K& UMl 14e (0.05 mmol)Z W TS EIT o2& 2 A,
16a (119.6 mg, 96%) 7235 HiL7z, ¥ 7 AT L~ —Lkid syn:anti = 7:93, =) U F A~ —i@ =L 72%
ee (syn) &2 1) 90% ee (anti) T~ 7=,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 19.9 min (syn, minor), t, = 21.9 min
(syn, major), t, = 23.3 min (anti, minor), t, = 29.9 min (anti, major).
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3-6-3-21 v Zu~FH ) 15ald4-= RO XT T E R2gDOARE TV R—/ VS (entry 5in
Table 3-4)

3-6-3-1 L [AREDEMET, /K (05 ml), > 2 m~F¥ /o 15a (10 equiv to aldehyde), #ANAIE L
T24-Y=Fru7=x/—/ (0.1 mmol), Uk 14e (0.05 mmol)Z HWCTRIGEAT-T2& 2 A,
16a (118.4 mg, 95%) M & Hv7=, 7 AT L~ —Ltid syn:anti = 9:91, = > F 4~ —iEF| =R 1T 84%
ee (syn) & O* 87% ee (anti) Td > 72,
Data for 16a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 20.0 min (syn, minor), t, = 22.0 min

(syn, major), t, = 23.5 min (anti, minor), t, = 30.1 min (anti, major).

3-6-3-22 v Zu~nFH /) 15al3-= ha XU XTNT B R2hDOARFET )V R—/LE (entry 1in
Table 3-5)

3-6-3-1 & [FAEROEIET, /K (0.5 ml), >Z m~FH /> 15a (10 equiv to aldehyde), 3-= kX
> A7 7 & R 2h (0.5 mmol)., & Ok 14e (0.1 mmol) %z W C s Z24T - 72 & Z 4. 16b (115.9 mg,
9% G Bz, VT AT L~ —Lhid synanti = 16:84, T F A~ —iwFHK L 37% ee (syn) L
92% ee (anti) T -7, NMR 7 —H (%, XkOfE L —E L= o

O OH
: NO,

16b
Data for 16b; *H NMR (CDCls, 300 MHz) § 8.21-8.15 (m, 2H, Ar), 7.67 (d, 1H, J = 7.7 Hz, Ar), 7.56-7.50
(m, 1H, Ar), 4.90 (dd, 1H, J = 8.4, 3.1 Hz, -CHOH), 4.14 (br s, 1H, -OH), 2.67-2.59 (m, 1H, Cy), 2.53-2.47
(m, 1H, Cy), 2.43-2.32 (m, 1H, Cy), 2.16-2.09 (m, 1H, Cy), 1.86-1.82 (m, 1H, Cy), 1.74-1.51 (m, 3H, Cy),
1.46-1.36 (m, 1H, Cy); Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 11.5 min (syn, minor), t, = 12.0 min

(syn, major), t, = 12.8 min (anti, major), t, = 15.5 min (anti, minor).
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3-6-3-23 vz u~Ft /) 15ak 2-= hrR_UXT T B R2ADOARFT IV R—/VE (entry 2 in
Table 3-5)

3-6-3-1 L [AEEDEMET, /K (05 ml), > 7 m~%+% /> 15a (10 equiv to aldehyde), 2-= bk 1z
VAT T B K 2i (0.5 mmol), } OV 14e (0.1 mmol)Z W C & 1T-7- & Z A, 16¢ (110.9 mg,
89%) 3G LTz, VT AT L~ —Lthld synaanti = 19:81, =7 > F A~ —ila | F|E>99% ee (anti) T

BT, NMR F—#1%. Ctofi e — L .
O OH NO,

16¢

Data for 16¢; "H NMR (CDCls, 300 MHz) & 7.85 (dd, 1H, J = 8.1, 1.2 Hz, Ar), 7.77 (dd, 1H, J = 8.1, 1.2 Hz,
Ar), 7.64 (td, 1H, J = 7.7, 1.2 Hz, Ar), 7.43 (td, 1H, J = 7.7, 1.2 Hz, Ar), 5.45 (d, 1H, J = 7.0 Hz, -CHOH),
2.80-2.72 (m, 1H, Cy), 2.49-2.43 (m, 1H, Cy), 2.39-2.28 (m, 1H, Cy), 2.14-2.07 (m, 1H, Cy), 1.87-1.80 (m,
1H, Cy), 1.79-1.53 (m, 4H, Cy); Enantiomeric excess was determined by HPLC with Chiralcel OD-H
column (hexane/2-propanol = 95:5), flow rate = 1.0 mL/min; A = 254 nm; t, = 14.1 min (anti, minor), t, =

16.8 min (anti, major).

3-6-3-24 LU HA~FH )L 15a L 26-U 7 B a Ry RT AT R2j ORFT L R—KIE (entry
3 in Table 3-5)

3-6-3-1 L AIREDERIET, 7K (0.5ml), > 7 g ~F¥ /> 15a (10 equiv to aldehyde), 2,6-2 7 1
R AT VT B R 2j(0.5mmol), K UMHREL 14e (0.1 mmol)Z W TS EIT 72 & 2 A, 16d (125.7

mg, 929%) 235G H Tz, VT AT L= —Lbid synanti = 1:>99, =) > F A~ —iE =R IL 98% ee (anti)

Thott, NMRF—X 1%, CROME 5 LE
(@) QH Cl

Data for 16d; 'H NMR (CDCls, 300 MHz) § 7.32-7.27 (m, 2H, Ar), 7.18-7.12 (m, 1H, Ar), 5.84 (d, 1H, J =
9.5 Hz, -CHOH), 3.68 (br s, 1H, -OH), 3.54-3.44 (m, 1H, Cy), 2.54-2.35 (m, 2H, Cy), 2.13-2.06 (m, 1H,

Cy), 1.84-1.75 (m, 1H, Cy), 1.73-1.59 (m, 2H, Cy), 1.55-1.49 (m, 1H, Cy), 1.44-1.30 (m, 1H, Cy);
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Enantiomeric excess was determined by HPLC with Chiralcel OJ column (hexane/2-propanol = 95:5), flow

rate = 1.0 mL/min; A = 254 nm; t, = 9.4 min (anti, minor), t, = 10.5 min (anti, major).

3-6-3-25 vrvu~FtH ) 1babl 4 aa X XTIV T B R2KOARF T /L R—/VG (entry 4 in
Table 3-5)

3-6-3-1 L [FIEED#EAET, /K (0.5 ml), >Z7 m~FH /7 15a (10 equiv to aldehyde), 4-7 2z~
Y AT T B R 2k (0.5 mmol), K& UMk 14e (0.1 mmol)Z W C s E1T>7- & Z A, 16e (105.0 mg,
88%) 1 1F H ALz, YT AT L~ —LkiX syn:anti = 20:80, T F A~ —i =T 74% ee (syn) L Y
90% ee (anti) T o7, NMR F— ¥ 1%, Cikole —8 L7

O OH

Cl
16e

Data for 16e; *H NMR (CDCls, 300 MHz) & 7.47 (dd, 2H, J = 8.8, 2.2 Hz, Ar), 7.20 (dd, 2H, J = 8.8, 2.2
Hz, Ar), 4.75 (dd, 1H, J = 8.6, 2.8 Hz, -CHOH), 3.99 (br s, 1H, -OH), 2.60-2.44 (m, 2H, Cy), 2.40-2.29 (m,
1H, Cy), 2.13-2.04 (m, 1H, Cy), 1.86-1.78 (m, 1H, Cy), 1.73-1.46 (m, 3H, Cy), 1.35-1.21 (m, 1H, Cy);
Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol =
95:5), flow rate = 0.5 mL/min; A = 254 nm; t, = 18.0 min (syn, minor), t, = 20.2 min (syn, major), t, = 27.3

min (anti, minor), t, = 31.9 min (anti, major).

3-6-3-26 V7 u~FH /) 15a ERXUXT AT E R 2a OARFT IV K=V (entry 5 in Table
3-5)

3-6-3-1 L [AERDOHEAET, 7K (0.5 ml), 7 m~FH /- 15a (10 equiv to aldehyde), <> X7 )L
7 & K 2a (0.5 mmol), KLUl 14e (0.1 mmol)z HWTRISEITo 72 & Z A, 16f (92.9 mg, 91%) 73
B, Y7 AT L~ —id synanti = 29:71, = > F A~ —imFEIZIL 33% ee (syn) X O 93% ee

@ty Tl -7, NMR F—Z 1%, TlOmE —H% L,
O OH

16f
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Data for 16f; *H NMR (CDCls, 300 MHz) § 7.38-7.29 (m, 5H, Ar), 4.79 (dd, 1H, J = 8.8, 2.8 Hz, -CHOH),
3.96 (br s, 1H, -OH), 2.67-2.58 (m, 1H, Cy), 2.51-2.31 (m, 2H, Cy), 2.12-2.05 (m, 1H, Cy), 1.81-1.48 (m,
3H, Cy), 1.37-1.24 (m, 1H, Cy), 1.16-1.11 (m, 1H, Cy); Enantiomeric excess was determined by HPLC
with Chiralcel OJ column (hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 5.6 min

(syn, major), t, = 7.1 min (syn, minor), t, = 7.9 min (anti, minor), t, = 10.0 min (anti, major).

3-6-3-27 vrvu~FHh ) 15al 4- A NIRRT IIVT B R2ADOREFT )V R—/LiE (entry 6
in Table 3-5)

3-6-3-1 & [FAEROEIET, /K (0.5 ml), > 7 m~FH /> 15a (10 equiv to aldehyde), 4-A k&
R X7 T e R 2105 mmol), KO 14e (0.1 mmol)z W TG E{T- 72 & 2 A, 169 (99.6
mg, 85%) N5 H 7=, 7 AT L~ —Lkid synaanti = 12:88, =7 F A~ — il |X 87% ee (anti)

Thott, NMRF—X2 1%, CROEE —FLE
o oH

OMe
169

Data for 16g; *H NMR (CDCl3, 300 MHz) & 7.40 (dd, 1H, J = 7.5, 1.3 Hz, Ar), 7.28-7.22 (m, 1H, Ar), 6.98
(t, 1H, J = 7.5 Hz, Ar), 6.87 (d, 1H, J = 7.5 Hz, Ar), 5.26 (dd, 1H, J = 8.5, 4.5 Hz, -CHOH), 3.84 (br s, 1H,
-OH), 3.81 (s, 3H, -OCHjy), 2.78-2.69 (m, 1H, Cy), 2.49-2.29 (m, 2H, Cy), 2.07-2.03 (m, 1H, Cy),
1.81-1.39 (m, 5H, Cy); Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 0.5 mL/min; A = 254 nm; t, = 35.3 min (anti, minor), t, = 37.3 min

(anti, major).

3-6-3-28 4-AFVTFT hTk Fut 7 16b & 4-= ha_RUXTILTE K29 DRFT IV R—/LK
J& (entry 7 in Table 3-5)

3-6-3-1 L [AREDFRIET, K (05 ml), 4-4F Y7 F7 b FuEZ > 15b (10 equiv to aldehyde),
KOkt 14e (0.1 mmol)z W TR Z1T 72 & 2 A, 16h (113.1 mg, 90%) 235 Hivtz, YT AT
L~ — i syn:anti = 16:84, =7 F A~ — i@ =R 1T 43% ee (syn) & Uf 83% ee (anti) T& - 72, NMR

Femx. o —F L
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Data for 16h; *H NMR (CDCls, 300 MHz) & 8.24 (dt, 2H, J = 9.2, 2.1 Hz, Ar), 7.52 (dd, 2H, J = 9.2, 2.1 Hz,
Ar), 4.99 (dd, 1H, J = 8.1, 3.3 Hz, -CHOH), 4.25-4.17 (m, 1H, Cy), 3.82-3.70 (m, 2H, Cy), 3.49-3.42 (m,
1H, Cy), 2.94-2.85 (m, 1H, Cy), 2.74-2.63 (m, 1H, Cy), 2.57-2.50 (m, 1H, Cy), 1.57 (br s, 1H, -OH);
Enantiomeric excess was determined by HPLC with Chiralpak AS column (hexane/2-propanol = 70:30),
flow rate = 1.0 mL/min; A = 254 nm; t, = 13.5 min (syn, major), t, = 15.4 min (syn, minor), t, = 18.8 min

(anti, minor), t, = 21.8 min (anti, major).

3-6-3-29 4-AFXYVFT 2 15¢ & 4= ba XU XTI)LT v K29 DRET L R—/VJE (entry 8 in
Table 3-5)

3-6-3-1 & [FAEROEIET, /K (05ml), KT A A% /7 —)L (0.1 ml), 4-4F% Y F7 > 15¢ (5 equiv to
aldehyde), K UMt 14e (0.1 mmol)Z W TS EAT > 72 & 2 A, 16i (123.0 mg, 92%) 7315 B A7,
UT AT L~—ld synanti = 11:89, T2 F A~ —i#l =K (3>99% ee (anti) TH->72, NMR T —

RUx, SCHROE S~ L
O OH

S NO
16i 2

Data for 16h; *H NMR (CDCls, 300 MHz) § 8.24 (d, 2H, J = 8.6 Hz, Ar), 7.55 (d, 2H, J = 8.6 Hz, Ar), 5.05
(dd, 1H, J = 7.5, 3.1 Hz, -CHOH), 3.64 (br s, 1H, -OH), 3.06-2.91 (m, 3H, Cy), 2.89-2.74 (m, 2H, Cy),
2.72-2.64 (m, 1H, Cy), 2.55-2.49 (m, 1H, Cy); Enantiomeric excess was determined by HPLC with
Chiralpak AS column (hexane/2-propanol = 70:30), flow rate = 1.0 mL/min; A = 254 nm; t, = 14.4 min (anti,

minor), t, = 17.1 min (anti, major).

36-3-30 v ruXrF ) 15d b 4= bR ARUXT AT E R2gOARFET IV R—/LE (entry 9 in
Table 3-5)
3-6-3-1 L [AREDEMET, K (05ml), > 7 1m~2% /> 15d (10 equiv to aldehyde), K UMl 14e
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(0.1 mmol)Z HWCRnEITo72L 2 A, 16) (81.2 mg, 69%) 1315 H iz, V7 A7 L~—IhiX
syn:anti = 28:72, = > F A~ —imFIZRIT 17% ee (syn) M 1) 56% ee (anti) TdH > 72, NMR 7 — ¥ [,
RO L —F L7z

16j NO,

Data for 16j; "H NMR (CDCls, 300 MHz) & 8.22 (d, 2H, J = 8.8 Hz, Ar), 7.54 (d, 2H, J = 8.8 Hz, Ar), 4.85
(d, 1H, J = 8.3 Hz, -CHOH), 4.77 (s, 1H, -OH), 2.52-2.21 (m, 3H, Cy), 2.07-1.98 (m, 1H, Cy), 1.84-1.70
(m, 2H, Cy), 1.62-1.49 (m, 1H, Cy); Enantiomeric excess was determined by HPLC with CHIRALPAK
AD-H column (hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 27.6 min (syn,

major), t; = 36.0 min (syn, minor), t, = 44.7 min (anti, minor), t, = 46.9 min (anti, major).

3-6-4-1 DFT &% (B3LYP/6-31G(d,p) level)Z H W 7=5AHHIZ81F % enamine 3-1 Ok
(Figure 3-8)
Data for enamine 3-1;

E(RB+HF-LYP) = — 847.062030489 AU.
Zero-point correction = 0.385457 (Hartree/Particle)
Thermal correction to Energy = 0.405196

Thermal correction to Enthalpy = 0.406140

Thermal correction to Gibbs Free Energy = 0.334609

Sum of electronic and zero-point Energies = — 846.656835
Sum of electronic and thermal Energies = — 846.637096
Sum of electronic and thermal Enthalpies = — 846.636152

Sum of electronic and thermal Free Energies = — 846.707684

Atomic Coordinates (Angstroms)
Number X Y z

1 -5.077770  -0.962456 3.720701
6 -4.230082  -0.637047 3.125850
6 -4.301012  -0.640230 1.732604
1 -5.209749  -0.970424 1.237554
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e N a2 T i == T o =2 =2 T =N (R e S S ) S T S SN o )R S N« SR S e I < I I e T e T i 2 I T =

-3.222834
-3.276405
-2.044331
-1.969718
-1.056806
-3.054910
-2.979236
-0.902879
-0.122661
-0.714205
-1.553067
0.671622
1.344248
0.537038
-0.105155
1.902159
2.402099
1.787423
2.556215
-0.152471
-0.231501
-1.163805
0.423138
1.258606
0.571349
1.812984
1.534157
0.803674
2.200507
2.896992
1.448858
2.955400
3.616727
2.235758
3.754219
4471768

-0.226189
-0.229121
0.201992
0.206307
0.537869
-0.210414
-0.200379
0.637530
0.914393
0.758504
0.472387
1.280646
1.354122
2.689975
2.569606
3.223318
2.512541
4.174993
3.402339
3.676205
4.663561
3.356689
3.798451
0.344730
0.174035
-0.875995
-2.047606
-2.062500
-3.355959
-3.644653
-4.155721
-3.292573
-4.160319
-3.340772
-1.989408
-1.935835

0.950362
-0.128776
1.580025
2.981590
3.471891
3.746659
4.829992
0.869813
1.448104
-0.484610
-1.331969
-0.917171
-0.054429
-1.548408
-2.431745
-1.999096
-2.659900
-2.528368
-1.136043
-0.594017
-1.059437
-0.325954
0.332547
-1.881764
-2.612897
-1.426034
-2.024260
-2.832459
-1.681053
-2.484972
-1.647147
-0.345840
-0.241207
0.482391
-0.239994
-1.069136
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4339128  -1.964113 0.686697
2.823010 -0.769587  -0.300545
3.408732 0.148879  -0.431424
2.300964 -0.667368 0.663237

I e

3-6-4-2 DFT #t% (B3LYP/6-31G(d,p) level)Z AV /=& A+ 81T 5 enamine 3-2 OffidiximE b
(Figure 3-8)
Data for enamine 3-2;

E(RB+HF-LYP) = — 925.690825421 AU.
Zero-point correction = 0.440881 (Hartree/Particle)
Thermal correction to Energy = 0.463718

Thermal correction to Enthalpy = 0.464662

Thermal correction to Gibbs Free Energy = 0.388303

Sum of electronic and zero-point Energies = — 925.237944
Sum of electronic and thermal Energies = — 925.215107
Sum of electronic and thermal Enthalpies = — 925.214163

Sum of electronic and thermal Free Energies = — 925.290522

Atomic Coordinates (Angstroms)
Number X Y z

1 -4.797309  -0.904180 3.629343
6 -3.942501  -0.600870 3.032023
6 -3.462827  -1.433786 2.025973
1 -3.939836  -2.393293 1.845603
6 -2.358246  -1.075546 1.242233
6 -1.841675 -2.023316 0.191358
6 -1.757508 0.174283 1.488191
6 -2.221701 1.027171 2.510609
6 -1.554926 2.356098 2.778020
6 -3.316561 0.619567 3.276622
1 -3.683415 1.272146 4.064196
7 -0.614213 0.591375 0.739435
1 0.159807 0.965731 1.270335
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R R R R R R RO R RO R R O R P O R OO0 R NR R R O R P R O R O R O 0O

-0.556767
-1.482405
0.801282
1.507975
0.625824
-0.053212
1.963079
2.447962
1.812388
2.649055
-0.038653
-0.153080
-1.034220
0.571100
1.360021
0.660692
1.943459
1.672220
0.927686
2.377281
3.066126
1.647457
3.155051
3.835292
2.451671
3.929833
4.632035
4.530325
2.976256
3.543758
2.472016
-0.541716
-1.464245
-2.126493
-0.747413
-2.220822

0.772163
0.524191
1.256773
1.434968
2.572965
2.341012
3.059923
2.277933
3.936075
3.353377
3.660866
4.584192
3.360613
3.900785
0.209206
-0.040155
-0.946627
-2.179629
-2.288954
-3.433365
-3.781446
-4.243889
-3.223307
-4.064178
-3.201092
-1.902170
-1.921412
-1.772854
-0.709706
0.197959
-0.513781
2.237631
2.954952
2.934473
-2.059819
-3.033681

-0.621442
-1.384713
-1.170500
-0.351802
-1.963888
-2.795448
-2.534469
-3.122305
-3.173690
-1.729512
-1.107625
-1.684060
-0.767312
-0.226923
-2.036274
-2.731982
-1.470041
-1.937515
-2.725499
-1.484300
-2.271183
-1.358302
-0.177887
-0.000614

0.665444
-0.219627
-1.063354

0.688152
-0.385386
-0.625427

0.572950

3.186860

1.865723

3.507802
0.183084
0.366688
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1 -2.147974  -1.697778  -0.807196

3-6-4-3 DFT & (B3LYP/6-31G(d,p) level)Z AV /=& HHZ 81T 5 enamine 3-3 OffidfimE b
(Figure 3-8)

Data for enamine 3-3;

E(RB+HF-LYP) = — 1045.51599066 AU.

Zero-point correction = 0.368599 (Hartree/Particle)

Thermal correction to Energy = 0.390198

Thermal correction to Enthalpy = 0.391142

Thermal correction to Gibbs Free Energy = 0.315015

Sum of electronic and zero-point Energies = — 1045.127950
Sum of electronic and thermal Energies = — 1045.106351

Sum of electronic and thermal Enthalpies = — 1045.105407
Sum of electronic and thermal Free Energies = — 1045.181534

Atomic Coordinates (Angstroms)

Number X Y z

1 0.000000 0.000000 0.000000
6 0.000000 0.000000 1.084811
6 1.210206 0.000000 1.777930
1 2.164535  -0.008339 1.264237
6 1.199789  -0.008431 3.168485
9 2.362084  -0.064452 3.831063
6 0.005483 0.013958 3.897800
6 -1.181968 0.008432 3.159786
9 -2.340976 0.008545 3.860117
6 -1.214061  -0.007332 1.774198
1 -2.169535  -0.011702 1.262873
7 -0.036200 0.011248 5.307044
1 -0.812611  -0.486413 5.720365
6 0.580504 0.972621 6.089204
8 1.331962 1.819184 5.635007
6 0.271854 0.904895 7.597404
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-0.227810  -0.038915 7.842323
-0.670128 2.073725 7.992059
-0.142509 2.999104 7.722194
-0.937361 2.081496 9.502005
-0.003238 2.098424  10.066301
-1.534200 2.956025 9.781447
-1.498899 1.188013 9.803517
-1.989848 2.028840 7.206187
-2.624820 2.877027 7.479842
-1.841401 2.065800 6.122945
-2.553081 1.115176 7.437513
1.528403 0.974855 8.347827
2.070822 1.753815 7.979947
2.338299  -0.181689 8.463723
3.664385  -0.140702 8.245620
4.109368 0.789716 7.894815
4601164  -1.296082 8.493135
5213646  -1.097810 9.387824
5316228  -1.375927 7.663651
3.853281  -2.625409 8.667385
4524461  -3.388510 9.078051
3.522686  -2.988820 7.685176
2.629326  -2.440529 9.570173
2.955365 -2.072275 10.551761
2123911  -3.397686 9.743257
1.643243  -1.435213 8.956920
0.880348  -1.154703 9.693940
1106710  -1.917922 8.126053

e =2 T T = = > T = ' ) B o B < B N I N S N e I N T 2 T < T o

3-6-4-4 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) %z F\ 7= TS 3-1 O
Al (Figure 3-10)
Data for TS 3-1;

E(RB+HF-LYP) = - 1391.0682086  A.U.
Zero-point correction = 0.479701 (Hartree/Particle)
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Thermal correction to Energy = 0.507788

Thermal correction to Enthalpy = 0.508732

Thermal correction to Gibbs Free Energy = 0.418898

Sum of electronic and zero-point Energies = — 1390.568960
Sum of electronic and thermal Energies = - 1390.540873
Sum of electronic and thermal Enthalpies =— 1390.539929
Sum of electronic and thermal Free Energies = — 1390.629764

Atomic Coordinates (Angstroms)
Number X Y z

-7.301903  -2.210432  -1.370794
-6.422974  -1.693668 -1.001167
-5.176043  -2.318092  -1.072335
-5.057149  -3.313840  -1.483095
-4.063891  -1.645155 -0.584764
-2.859480  -2.249504 -0.610626
-4.144651  -0.356308  -0.048340
-5.412529 0.229331 0.000752
-5.505707 1.470054 0.523119
-6.553775  -0.414865 -0.456157
-7.512539 0.085927  -0.390878
-3.007757 0.315634 0.452130
-3.061386 0.689552 1.390156
-1.922563 0.627989  -0.325662
-1.839504 0.336047  -1.510273
-0.800355 1.385658 0.415759
-0.958735 1.305347 1.498730
-0.808539 2.891155 0.037925
-0.536037 2.944846  -1.024752
0.227190 3.667593 0.867405
1.233665 3.252383 0.766951
0.251720 4.713769 0.545662
-0.048853 3.653645 1.928801
-2.202602 3.514163 0.207598
-2.168231 4570611 -0.073541

O F P P O kB O kB O 0 OO Fk N P O O OO O © OO kB O O B
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-2.962951
-2.533187
0.476536
1.227203
0.973115
2.256936
2.835179
3.581970
3.377643
1.776544
2.259528
1.112501
0.958049
1.634288
0.241929
0.195033
-0.149125
-0.716064
2.362216
3.401761
2.856669
3.405086
4.719659
4.992906
5.705512
6.931943
6.212465
7.186937
5.518220
7.688258
4.238419
6.410002
8.139584

3.030364
3.462839
0.778109
1.385617
-0.365021
-0.764283
-2.100964
-1.931279
-2.563503
-3.062788
-3.955372
-3.402003
-2.353484
-2.009293
-3.034542
-1.154958
-0.493398
-1.510920
-0.577400
0.762622
1.820302
0.647859
0.305422
0.525101
-0.285586
-0.671701
0.137517
-0.465949
-0.430787
-1.126300
1.015452
0.310494
-0.763958

-0.411631
1.251622
0.041982

-0.356115
0.513903
0.023639
0.486710
1.274163

-0.343345
1.040021
1.453160
0.233435
2.120905
2.913653
2.591549
1.538930

2.342809
1.036813

-1.041719
0.443456

-0.062545
1.547236

-0.145865

-1.503683
0.654137
0.105642

-2.054695

-1.251180
1.715294
0.739396

-2.111308

-3.109109

-1.679437

155



3-6-4-5 DFT #% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) % i\ 7= TS 3-2 Ok
ici{b (Figure 3-10)

Data for TS 3-2;

E(RB+HF-LYP) = — 1391.070052 AU.

Zero-point correction = 0.478826 (Hartree/Particle)

Thermal correction to Energy = 0.506896

Thermal correction to Enthalpy = 0.507840

Thermal correction to Gibbs Free Energy = 0.418295

Sum of electronic and zero-point Energies = — 1390.569429
Sum of electronic and thermal Energies = — 1390.541359
Sum of electronic and thermal Enthalpies = — 1390.540415
Sum of electronic and thermal Free Energies = — 1390.629961

Atomic Coordinates (Angstroms)

Number X Y 4
1 -6.331871  -3.157717 -1.657012
6 -5.623918  -2.454424  -1.232474
6 -4.320390 -2.870405  -0.955720
1 -3.990926  -3.884939  -1.147140
6 -3.429167  -1.960550 -0.402178
9 -2.180883 -2.366314  -0.094960
6 -3.783978  -0.634498  -0.135633
6 -5.098712  -0.263243  -0.432794
9 -5.454539 1.014479  -0.176967
6 -6.027853  -1.144661  -0.965782
1 -7.034201  -0.800148  -1.172840
7 -2.883670 0.292752 0.433098
1 -3.227476 0.850749 1.203317
6 -1.696649 0.646902  -0.159070
8 -1.286703 0.133261  -1.190611
6 -0.915295 1.758765 0.573576
1 -1.299022 1.869413 1.594599
6 -1.091549 3.113028 -0.168936
1 -0.693416 2.962068 -1.181641
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-0.290154
0.775836
-0.403153
-0.655142
-2.569655
-2.654172
-3.178738
-3.008335
0.510481
1.106889
1.048305
0.176611
-0.597732
-0.359275
0.951338
1.230248
0.292865
2.216482
2.739322
1.943585
3.142942
3.518509
4.026015
2.457365
3.012629
2.585920
2.104468
2.002563
4.062011
4.554714
3.866273
5.915582
6.282345
6.800091
7.857906
6.314534

4.229366
3.997307
5.165057
4.399840
3.515402
4.449023
2.764666
3.688598
1.441069
1.645624
0.418469
-0.549508
0.006242
-1.162249
-1.461400
-0.895851
-2.271900
-2.006272
-2.691763
-2.586531
-0.848307
-0.378575
-1.226211
0.215053
1.149873
0.001818
1.086812
-0.933507
-0.263315
-1.571822
-2.409172
-1.808828
-2.829101
-0.736301
-0.917843
0.573979

0.516347
0.573575
-0.039862
1.535977
-0.285839
-0.849442
-0.796398
0.704162
0.654913
-0.210724
1.320013
2.082678
2.623046
1.343687
3.043915
3.942007
3.372562
2.378300
3.054074
1.486305
1.991974
2.912636
1.467806
1.141077
1.098556
-0.781946
-1.310502
-0.903536
-0.972380
-1.059444
-0.970876
-1.272135
-1.341453
-1.401196
-1.567883
-1.324366
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1 6.997121 1412325 -1.433876
6 4.956079 0.806785  -1.117656
1 4.562430 1.817706  -1.081443

3-6-4-6 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) %z fi\ 7= TS 3-5 O
Hi#fl. (Figure 3-10)

Data for TS 3-5;

E(RB+HF-LYP) = — 1391.0706621 AU.

Zero-point correction = 0.479758 (Hartree/Particle)

Thermal correction to Energy = 0.507616

Thermal correction to Enthalpy = 0.508560

Thermal correction to Gibbs Free Energy = 0.419297

Sum of electronic and zero-point Energies = — 1390.574797
Sum of electronic and thermal Energies = — 1390.546939
Sum of electronic and thermal Enthalpies = — 1390.545995
Sum of electronic and thermal Free Energies = — 1390.635258

Atomic Coordinates (Angstroms)

Number X Y z
1 -6.448702  -3.382914  -0.736997
6 -5.613199  -2.695714  -0.661750
6 -5.839852  -1.320937  -0.741793
1 -6.833171  -0.912604 -0.887406
6 -4.758688  -0.453079  -0.656123
9 -4.970931 0.871135  -0.789749
6 -3.449561  -0.906361 -0.457885
6 -3.271855  -2.292724  -0.390979
9 -2.009337  -2.746252  -0.229224
6 -4.319745  -3.194864  -0.495564
1 -4.116377  -4.257691  -0.437491
7 -2.342965  -0.039530 -0.377335
1 -1.481030  -0.345707  -0.812353
6 -2.252336 1.013741 0.497795
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-3.137459
-0.957600
-0.874367
-1.059147
-0.971628
0.101372
1.072374
0.048548
0.036091
-2.411330
-2.416949
-3.249308
-2.584968
0.195852
0.835413
0.886470
2.015943
2.789484
3.710357
3.111591
1.985041
2.616231
1.145346
1.457769
2.306777
0.940619
0.497639
0.391339
-0.510108
1.816551
3.108918
2.363228
3.441562
4.232923
4.089442
5.446242

1.326235
1.839642
2.381504
2.881502
2.323105
3.885819
3.384708
4.589717
4.466773
3.609703
4.359892
2.929888
4127342
0.959886
1.145412
0.345367
-0.423735
-1.223970
-0.691908
-2.172299
-1.469568
-1.957218
-2.148021
-0.136571
0.531888
-0.266641
0.526625
1.594930
0.102797
-0.969780
0.874194
1.466407
1.462160
0.000679
-0.677062
-0.101030

1.283075
0.369469
1.316403
-0.781426
-1.723847
-0.694385
-0.729384
-1.531325
0.233367
-0.786598
-1.582891
-0.958890
0.163151
0.154042
-0.673659
1.122005
0.702197
1.749626
2.022901
1.309373
3.032349
3.783357
2.829624
3.567922
3.757209
4.523645
2.568582
2.792630
2.683592
-0.216203
-0.232372
-1.114315
0.646557
-0.748482
-1.967667
-0.056788
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6.489797  -0.882690  -0.560532
5.126328  -1.460178  -2.470495
6.330998 -1.568085 -1.766104
5.580782 0.446322 0.872904
7.426707  -0.949810  -0.014755
3.159264 -0.566194  -2.516615
5.001735 -1.982551  -3.415059
7.141066  -2.174897  -2.160135

L = T = T = < - W <}

3-6-4-7 DFT #+% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) % f\ 7= 540128
i7 % enamine 3-3 D E AR (Figure 3-12)
Data for enamine 3-3;

E(RB+HF-LYP) = — 1045.5069245 A.U.

Zero-point correction = 0.368635 (Hartree/Particle)

Thermal correction to Energy = 0.390058

Thermal correction to Enthalpy = 0.391003

Thermal correction to Gibbs Free Energy = 0.317462

Sum of electronic and zero-point Energies = — 1045.128138
Sum of electronic and thermal Energies = — 1045.106714
Sum of electronic and thermal Enthalpies = — 1045.105770
Sum of electronic and thermal Free Energies = — 1045.179311

Atomic Coordinates (Angstroms)
Number X Y z

1 -0.010409  -0.003927 0.011312
6 0.004906 0.000313 1.095634
6 1.224015 0.087057 1.769746
1 2.167735 0.142449 1.239596
6 1.228667 0.079440 3.158721
9 2.408162 0.109471 3.809946
6 0.050475 0.019374 3.911710
6 -1.145577  -0.070155 3.191149
9 -2.294229  -0.151552 3.901641
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-1.194302
-2.153534
0.048735
-0.678166
0.625708
1.230021
0.499587
0.507965
1.737718
1.650301
1.713854
0.777682
2.539133
1.831727
3.073746
3.898935
3.166950
3.193326
-0.713612
-0.603628
-1.996235
-2.965883
-2.738979
-4.368471
-5.069085
-4.709930
-4.449479
-5.495200
-3.981406
-3.716724
-4.174945
-3.821064
-2.226380
-1.774794
-1.693684

-0.089229
-0.162278
0.003878
-0.547268
0.998085
1.945327
0.821552
1.846159
0.078861
-0.971604
0.127183
-0.262860
-0.463440
1.158377
0.615107
0.074178
0.495053
1.679152
0.140781
-0.866831
0.531121
-0.373773
-1.433005
-0.010705
-0.140150
-0.709305
1.430108
1.734678
1.477455
2.381412
2.316217
3.421525
2.023190
2.529215
2.403779

1.805166
1.306196
5.320264
5.759471
6.081673
5.592265
7.608976
7.997838
8.193261
7.877769
9.728968
10.134463
10.139075
10.082339
7.659820
8.133550
6.578374
7.891213
8.058696
8.108790
7.621310
7.380418
7.504220
6.960804
7.801693
6.185847
6.439209
6.318749
5.447223
7.390961
8.386637
7.063340
7.493764
8.356110
6.610527
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3-6-4-8 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) % F\ 7= 540128
i7 % enamine 3-4 O E AR (Figure 3-12)

Data for enamine 3-4;

E(RB+HF-LYP) = — 1045.5075135 A.U.

Zero-point correction = 0.368139 (Hartree/Particle)

Thermal correction to Energy = 0.389741

Thermal correction to Enthalpy = 0.390686

Thermal correction to Gibbs Free Energy = 0.315037

Sum of electronic and zero-point Energies = — 1045.139375
Sum of electronic and thermal Energies = — 1045117772

Sum of electronic and thermal Enthalpies = — 1045.116828
Sum of electronic and thermal Free Energies = — 1045.192476

Atomic Coordinates (Angstroms)

Number X Y z
1 0.179407  -0.243415 0.110639
6 0.128735  -0.188581 1.192580
6 1.303844  -0.255793 1.942821
1 2.274877  -0.369071 1.474981
6 1.222197  -0.195611 3.328364
9 2.346560  -0.302962 4.059633
6 0.003835  -0.043317 3.998169
6 -1.145489 0.022473 3.204462
9 -2.329807 0.163882 3.839656
6 -1.111718  -0.055889 1.819864
1 -2.037106  -0.001992 1.258519
7 -0.088908 0.014231 5.406041
1 -0.824231  -0.531324 5.835706
6 0.526682 0.977543 6.168083
8 1.294477 1.810458 5.697942
6 0.209535 0.944418 7.675142
1 -0.319847 0.020367 7.928711
6 -0.697221 2.146993 8.047781
1 -0.140566 3.054253 7.773275
6 -0.980849 2.183312 9.554838
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-0.056217 2.211766  10.134611
-1.578055 3.065488 9.807604
-1.547907 1.296896 9.864674
-2.012102 2.133097 7.252068
-2.610835 3.015469 7.497683
-1.853094 2.132545 6.169520
-2.610532 1.248677 7.502619
1.461859 0.985357 8.437793
1.986321 1.810165 8.154388
2.302450  -0.154953 8.453229
3.633389  -0.053795 8.279449
4.060563 0.923666 8.055118
4595966  -1.208112 8.414232
5.179160 -1.105929 9.343827
5.335786  -1.168566 7.603537
3.880087  -2.566064 8.403535
4562246  -3.357517 8.734031
3.580680 -2.812479 7.376015
2.631377  -2.523168 9.290511
2.926161 -2.273534  10.318402
2.147172  -3.505268 9.329896
1.631694  -1.474724 8.780263
0.847714  -1.303223 9.528212
1121124  -1.863729 7.887491

= T T = T = T = S o ) S N S )N SN o ) S« > S ST N SENR SN SENYC M S O = S =

3-6-4-9 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) %z FV /=X X7 LT
bt R 2a O dEfoE b (Figure 3-12)
Data for 2a;

E(RB+HF-LYP) = — 345.5905296 A.U.

Zero-point correction = 0.110009 (Hartree/Particle)

Thermal correction to Energy = 0.116307

Thermal correction to Enthalpy = 0.117251

Thermal correction to Gibbs Free Energy = 0.079476

Sum of electronic and zero-point Energies = — 345.480521
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Sum of electronic and thermal Energies = — 345.474223
Sum of electronic and thermal Enthalpies = — 345.473279
Sum of electronic and thermal Free Energies = — 345.511054

Atomic Coordinates (Angstroms)

Number X Y z
6 2.021890 -0.526464  -0.886080
1 3.013998 -0.778634  -1.248196
6 1.803902  -0.362449 0.488284
6 0.971060 -0.367653  -1.793639
6 -0.302390  -0.043850  -1.327151
6 0.534532  -0.039477 0.955524
6 -0.525908 0.121497 0.047801
1 1.145538  -0.495854  -2.857115
1 -1.126953 0.082057  -2.024057
1 2.625751  -0.487684 1.186263
1 0.343111 0.092333 2.015506
6 -1.879093 0.464141 0.523108
1 -2.639570 0.566061  -0.277763
8 -2.186125 0.632214 1.695098

3-6-4-10 DFT #+#% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) % f V7= filli 14e D
1 b (Figure 3-12)
Data for 14e;

E(RB+HF-LYP) = — 812.0509979 A.U.

Zero-point correction = 0.241409 (Hartree/Particle)

Thermal correction to Energy = 0.257209

Thermal correction to Enthalpy = 0.258153

Thermal correction to Gibbs Free Energy = 0.197649

Sum of electronic and zero-point Energies = — 811.809589

Sum of electronic and thermal Energies = — 811.793789

Sum of electronic and thermal Enthalpies = — 811.792845

Sum of electronic and thermal Free Energies = — 811.853349
164



Atomic Coordinates (Angstroms)

Number X Y z
1 -5.093527  -0.211544  -0.426457
6 -4.013146  -0.267815 -0.352769
6 -3.261934 0.906226  -0.279993
1 -3.727333 1.884799  -0.305929
6 -1.877960 0.818972  -0.197821
9 -1.152368 1.956503  -0.191124
6 -1.203806  -0.407287  -0.149145
6 -2.000997 -1.554811  -0.236058
9 -1.365866  -2.749449  -0.221166
6 -3.382883  -1.514105 -0.342442
1 -3.940866  -2.441059  -0.405281
7 0.193477  -0.511393  -0.073139
1 0.660932  -1.283377  -0.543993
6 0.977891 0.107194 0.866944
8 0.549130 0.856062 1.739680
6 2473215  -0.188375 0.683170
1 2.927642  -0.007357 1.667986
6 3.108957 0.802109  -0.335508
1 2.752096 0.494354  -1.328023
6 4.642897 0.696390  -0.314352
1 5.006510 -0.314703 -0.523636
1 5.076952 1.356748  -1.071632
1 5.038598 0.999370 0.661932
6 2.679978 2.258622  -0.100983
1 3.183862 2.913767  -0.818493
1 1.602286 2.395206  -0.219708
1 2.952326 2.592934 0.906293
7 2.631816  -1.571484 0.206933
1 3.571874  -1.714240 -0.151436
1 2527917  -2.220133 0.984146
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3-6-4-11 DFT % (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) & i\ /=3 7 m~F%4
/ v 15a D& RE Y (Figure 3-12)
Data for 15a;

E(RB+HF-LYP) = — 309.9129133 AU.

Zero-point correction = 0.150674 (Hartree/Particle)

Thermal correction to Energy = 0.157169

Thermal correction to Enthalpy = 0.158113

Thermal correction to Gibbs Free Energy = 0.120264

Sum of electronic and zero-point Energies = — 309.762240
Sum of electronic and thermal Energies = — 309.755745
Sum of electronic and thermal Enthalpies = — 309.754800
Sum of electronic and thermal Free Energies = — 309.792649

Atomic Coordinates (Angstroms)

Number X Y Z
6 -1.000998 -0.010683 0.511362
8 -1.856953  -0.498518 1.237224
6 -0.949146  -0.290233  -0.980358
6 0.070143 0.927092 1.039854
6 1.505966 0.381885  -0.990037
6 1.478533 0.543172 0.535559
6 0.474882  -0.655469 -1.453684
1 -1.677063 -1.071370 -1.219193
1 0.745149  -1.641243 -1.051548
1 0.480754  -0.748525  -2.545451
1 1.292806 1.349788  -1.465702
1 -1.267399 0.631840 -1.490791
1 2.509174 0.083747  -1.316530
1 1783410 -0.401266 1.006298
1 2.198580 1.303026 0.859283
1 -0.176122 1.935130 0.672078
1 0.013879 0.948168 2.132313
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3-6-4-12 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water))% F\ 7= enamine 3-4
DS Few l (Figure 3-12)

Data for enamine 3-4;

E(RB+HF-LYP) = — 1045.5069245 A.U.

Zero-point correction = 0.368635 (Hartree/Particle)

Thermal correction to Energy = 0.390058

Thermal correction to Enthalpy = 0.391003

Thermal correction to Gibbs Free Energy = 0.317462

Sum of electronic and zero-point Energies = — 1045.128138
Sum of electronic and thermal Energies = — 1045.106714
Sum of electronic and thermal Enthalpies = — 1045.105770
Sum of electronic and thermal Free Energies = — 1045.179311

Atomic Coordinates (Angstroms)

Number X Y Z
1 -0.010409  -0.003927 0.011312
6 0.004906 0.000313 1.095634
6 1.224015 0.087057 1.769746
1 2.167735 0.142449 1.239596
6 1.228667 0.079440 3.158721
9 2.408162 0.109471 3.809946
6 0.050475 0.019374 3.911710
6 -1.145577  -0.070155 3.191149
9 -2.294229  -0.151552 3.901641
6 -1.194302  -0.089229 1.805166
1 -2.153534  -0.162278 1.306196
7 0.048735 0.003878 5.320264
1 -0.678166  -0.547268 5.759471
6 0.625708 0.998085 6.081673
8 1.230021 1.945327 5.592265
6 0.499587 0.821552 7.608976
1 0.507965 1.846159 7.997838
6 1.737718 0.078861 8.193261
1 1.650301 -0.971604 7.877769
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1.713854 0.127183 9.728968
0.777682  -0.262860  10.134463
2.539133  -0.463440  10.139075
1.831727 1.158377  10.082339
3.073746 0.615107 7.659820
3.898935 0.074178 8.133550
3.166950 0.495053 6.578374
3.193326 1.679152 7.891213
-0.713612 0.140781 8.058696
-0.603628 -0.866831 8.108790
-1.996235 0.531121 7.621310
-2.965883  -0.373773 7.380418
-2.738979  -1.433005 7.504220
-4.368471  -0.010705 6.960804
-5.069085  -0.140150 7.801693
-4.709930  -0.709305 6.185847
-4.449479 1.430108 6.439209
-5.495200 1.734678 6.318749
-3.981406 1.477455 5.447223
-3.716724 2.381412 7.390961
-4.174945 2.316217 8.386637
-3.821064 3.421525 7.063340
-2.226380 2.023190 7.493764
-1.774794 2.529215 8.356110
-1.693684 2.403779 6.610527

N = T = T = = T =N = N S S o ) N SN )N o> S SR R SN SN SENYC NS O S = =)

3-6-4-13 DFT 7% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = water)) % f\ 7= H,0 O
Il (Figure 3-12)
Data for H,0;

E(RB+HF-LYP) = — 76.4316635 A.U.
Zero-point correction = 0.020444 (Hartree/Particle)
Thermal correction to Energy = 0.023280

Thermal correction to Enthalpy = 0.024224

Thermal correction to Gibbs Free Energy = 0.002760
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Sum of electronic and zero-point Energies = — 76.411219
Sum of electronic and thermal Energies = — 76.408384
Sum of electronic and thermal Enthalpies = — 76.407439

Sum of electronic and thermal Free Energies = — 76.428904

Atomic Coordinates (Angstroms)

Number X Y z
8 -0.031338 0.000000 -0.021944
1 0.030679 0.000000 0.949537
1 0.902747 0.000000  -0.296002

169



3-6-5 F+¥— 4 (NMR, Chiral HPLC)
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Figure 3-14. *H NMR and **C NMR spectra of 14a
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Figure 3-15. *H NMR and *C NMR spectra of 14b
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Figure 3-16. *H NMR and *3*C NMR spectra of 14c
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Figure 3-17. *H NMR and **C NMR spectra of 14d
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Figure 3-19. *H NMR and *C NMR spectra of 14f
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176



2

SRR R R e L R D LR E R R
OO O T NN NNNNNNNNNNNNNNNNNNNNNNNNT rrrrr rrrrrrrrrr e e -
5 - 8 g g -
e - S
o . JE
1
W ' WW l””z!:,o””zlzsnllzéo””LI,HII|Ig°”ll|lzsl
582 38 B g
DD - - -
o e
b 5 8
=
J S ]

Figure 3-21. "H NMR spectrum of 16a
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Figure 3-22. *H NMR
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Figure 3-24. *H NMR spectrum of 16d
178



| - . o a7 BT B T R B AR R ar B
J“L,JJ | j L S A e AN

1 8859338 ER2BIUBRBE2S SR
Wrn—' NANNNNNNNNNNS o o o oo o -
28 24 13 22 a7 AI,ol 3.975
N AN AN :
3338 sREs 44 BERBR 28
e P bt 19 === e 8

PEM

ll]IYIII‘IIII'IIITI1"1lllll]l‘]llTlll"]lllll]l"llIIIIl'l'lll'llllll]I’]lll"llll‘llll']lill’""'l'l‘l
10 ] 3 6 s 3 2

Figure 3-25.'H NMR spectrum of 16e
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Figure 3-26. *H NMR spectrum of 16f
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8.232
8.203

E

3 2
- N 8
i !Il Il‘ll"l]lfll"]lllll
' 22 18 1.6 1.4
| I N
- L ELILE
9 _ﬁﬁ—'ﬁ_r
B4 82 76 74 48
THRTON S T
¥ 8 | s j
PPM
llllll|l||||||lll'|||l|||l||llllllllll|l||||ll||l||l||l||Illlll|||||||||lllll[lllllll||l||lllllll'lllllllllllllllll
10 -] 3 7 [} s 4 2 1
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1000000,

=
=
£
&

e . EEE NP e [,
22,700 795346 28393 2,042 78 NjA 14656  7.296
2 Unknown | 1 28.958 38150002 1031708 97,958 97.322 N/A 14257 NjA 1.133

Figure 3-31. Chiral Column Chromatography of 16a (anti) (entry 5 in Table 3-1)

1000000

Intensity [u4]

20,0 2.1 23, 300

.0 24.0 25.0
Retention Time [mir]

i 5 | EE% SER(E NP | HBEE [V
19.433 3908297 138153 66.236 66.175 NfA 12308 2.608 NjA
2 Unknown | 1 21,300 1992255 70617 33.764 33.825 NjA 13451 NjA 1.106

Figure 3-32. Chiral Column Chromatography of 16a (syn) (entry 5 in Table 3-1)
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Z
z
5
&

& FEE(E [NTP
12,800 17561535 949029 95.966 96.254 NjA 11104 5.279
2 Unknown | 1 15500 738219 36938  4.034  3.746 NjA 13196 NjA 1.079

Figure 3-33. Chiral Column Chromatography of 16b (anti) (entry 1 in Table 3-5)

CH [tR [ =E EiES [&E% |EEE NP
11542 1941858 113002 69.198 69.614 NjA 10036 NjA
2 Unknown | 1 11950 864362 49324 30.802 30.386 NJA  N/A  NjA_ NjA

Figure 3-34. Chiral Column Chromatography of 16b (syn) (entry 1 in Table 3-5)
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HORRISAEL —

400000

=
=
£
5

11,0 12,0 13.0
Retention Time [min]

SER{E (NP [ HBEE |0 —{REL
14.050 92108 1502 0.318 0243 NjA  NA NA A
2 Unknown | 1 16767 28835670 617441 99.682 99.757 NjA 3085 MfA 1,349

Figure 3-35. Chiral Column Chromatography of 16¢ (anti) (entry 2 in Table 3-5)

800000

400000

z
=
%
B
&

200000

9.5 10.0 105
Retention Time [min]

SESE NTP SRR
9.400 252695 1.067  1.640 NjA 4970 1.608
2 Unknown [ 1 10.475 23437454 782603 98.933 98.360 N/A 2696 NfA 1333

Figure 3-36. Chiral Column Chromatography of 16d (anti) (entry 3 in Table 3-5)
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600000

=
Z
s
2
&

24.0 26.0
Retention Time [min]

E-DffsE: 11

# [P-92 |cH [R e TER(BE NP | HBEE

27.275 1862849 53561 4.972 5.885 NjA 13540 4.553
1 31.900 35607042 856628 95.028 94.115 NjA 13465 NjA 1.144

AN R TS

Figure 3-37. Chiral Column Chromatography of 16e (anti) (entry 4 in Table 3-5)

400000

g
£
£

200000

FESHE (NTP
17.992 215104 6257 13.143 25679 NjA  NA  NA  NjA
2 Unknown | 1 20217 1421542 18110 86.857 74.321 NjA 1937 Nfi 1.073

Figure 3-38. Chiral Column Chromatography of 16e (syn) (entry 4 in Table 3-5)
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DOIMISAER -

600000

400000

Intensity [u¥]

E-Diesg: 1

¥ |E-0% |CH R Eix S /% |ER(E (NP | HFHE |V
1 7.933 741000 25323 3.485 4.139 NjA 1906 2455 NjA
1 9.950 20521293 586495 96.515 95.861 NjA 1869 /A 1.671

Figure 3-39. Chiral Column Chromatography of 16f (anti) (entry 5 in Table 3-5)

Tntensity W]

Retention Time [min]

FEE(B NTP [ SEEE
5.617 3082824 214015 66.534 76.886 NjA 4079 3.188
2 Unknown | 1 7.133 1550610 64338 33.466 23.114 NjA 2245 NjA NjA

Figure 3-40. Chiral Column Chromatography of 16f (syn) (entry 5 in Table 3-5)
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Intensity [u¥]

30.0 32,0
Retention Time [rmin]

E-Difs: 11

# [P=03 [CH & &% |TERIE [NTP [ B [N —(RE
35.325 313473 7290  6.645  7.378 NjA 15400 1665

2 Unknown | 1 37.300 4403710 91523 93.355 92.622 NjA 14490 NjA 1.447

Figure 3-41. Chiral Column Chromatography of 16g (anti) (entry 6 in Table 3-5)

Tntensity (1]

SEE(E [NTP
18.833 50079 395 A 10637 05
2 Unknown | 1 21758 5499569 170596 91.654 90.267 NjA 10544 NjA 1123

Figure 3-42. Chiral Column Chromatography of 16h (anti) (entry 7 in Table 3-5)
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g
5
=

16,0
Retention Time [rmin]

[ = |EES [EE% [ERIE (NP [SHE SN R [BE
13.500 1586617 75672 71.295 73.960 NjA 9892 3.274
2 Unknown | 1 15392 638824 26643 28705 26.040 NjA 9996 NjA 1124

Figure 3-43. Chiral Column Chromatography of 16h (syn) (entry 7 in Table 3-5)

Intensity [1v]

& TER(E NP | HEEE
114350 70122 1153 0330 0.464 NjA 1z 1422
2 Unknown | 1 17.058 21163873 247376 99.670 99.536 NjA 1057 NjA 2,022

Figure 3-44. Chiral Column Chromatography of 16i (anti) (entry 8 in Table 3-5)
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g
5
=

200000

25.0
Retention Time [rmin]

SERE INTP | SBEE [N —(RE [T
44,658 8319046 145399 22.030 24.025 NjA 13829 1.401
2 Unknown | 1  46.875 29443275 459804 77.970 75.975 NfA 12862 NfA 1.393

Figure 3-45. Chiral Column Chromatography of 16j (anti) (entry 9 in Table 3-5)

400000

2
£
£
S

2 Unknown | 1  36.033 251728 5254 41.689 38.807 NjA 12548 NjA 1.074

Figure 3-46. Chiral Column Chromatography of 16j (syn) (entry 9 in Table 3-5)
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z
2
5

200000

[z BE B, mc ERIE NP SR
23458 9360737 294181 23.529 27.153 NfA 12780 7.012
2 Unknown | 1 29.908 30423920 789257 76.471 72.847 NjA 13906 NjA 1,135

Figure 3-47. Chiral Column Chromatography of 16a (anti) (Scheme 3-6)

800000

400000

Intensity (Y]

CH [tR [z S EiE SEE(E |NTP 3
19.925 4354536 124256 67.491 64.156 NjA 7514 2.3%
2 Unknown | 1 21,967 2097444 69421 32509 35.844 NfA 12393 WjA 1.224

Figure 3-48. Chiral Column Chromatography of 16a (syn) (Scheme 3-6)
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4-1 IL®IZ

TR I 55 0 AL BT ML AN R B D M TEE AR ABH Do L LT v F—L
BENMONTEY, 7vhad FRPUVEWE CEMlaBEBAERSO—>THD N FaxHZF
2 AT B M AR R B MRS A R () TR R R Y SR O
COTHHELTTAFL A ER TS (Figure 4-1),

MeO \
Me

(-)-Alstonerine
Tryprostatin A to exhibit cytotoxic activity against
[ cell cycle inhibitor] two human lung cancer cell lines

(+)-Vinblastine
[antineoplastic drug]

Figure 4-1. Bioactive Compounds Having Indole Unit

FRZUTHE, 3 MLiCA~T uf 2 B89 5FX TN AF v A v R—V &% of 722 A B S L
BYRNL ODEESNTED L FTH 3 b RRF AT A v R VI L, A 2 AR
PR AWA S < RSN T WA, BIZIE, ¥ U BESREEE T 0T 7 ) — h ORI
FHEAICHSH TMC-95A 1L, a7 7 V— A0 MG, /b, 78 h— A JEBESSRIAE D%
FESICE LT B 4, B AR L L COMRMA RO TG T Zofl, RERLE
S UM T2 ) SM-130686  HL-60 (7% L A itk 2ot o R 2 S UL =0
Sy B RV ERO Y R L BLWER YY) AV R v A 70 CPCL 4
REES TS (Figure 4-2) .
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NEt,-HClI

TMC-95A SM-130686
[proteasome inhibitor] [growth hormone secretagogue]

HO,

R = CH,COCHzs: (R)-convolutamydine A

R = CH,CH,CI: (R)-convolutamydine B

R = CHa: (R)-convolutamydine C

R =CH=CH,: (R)-convolutamydine D

R = CH,CH,OH: (R)-convolutamydine E madindoline A

[to exhibit a potent activity] [inhibition of interleukin]
Q H
N~ MeQ,
HO NMe
N H
Me
madindoline B CPC1

[inhibition of interleukin]

Figure 4-2. Bioactive Molecules Containing 3-Hydroxyoxindole Structural Motif

ZDEO% 3 FurfiAFi Ay R—EROGKIES LTE, #lxiE, Scheme 4-1 /R
Antilla B ABEZE L7 S 8% o BB, EFXRTARAAL T AEAT =4 FEFINT tert-
TRV INVRENVETHRESINTZAF VAV R—=LD 3 fiE XV AL, tert-7 X7
VIR =V iR LTtk X A L% DIBAL-H #5595 2 L CHIOARM 2155 Z &1
R Uiz, ZOROGE, ERBRFIEO—DTHDHEEBEZXOLNLIN, ZEBEOEMELEL LT
Do
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Ph

\\\\O
(2.5 mol%) \
o + (PhCOz)z > (0]
N ELO, rt N

Boc Boc
up to 96% yield, up to >99% ee (S)

Ph %‘/ Ph %I/ Ph

\\\\O \\\\O \\\\O H
m o TFA m o DIBALH ©\)>: o
N CH,Cl,, rt ” toluene, 0 °C — rt N

Boc
95% ee (S) 90% vyield 88% vyield, 95% ee (S)

Scheme 4-1. Benzoyloxylation of 3-Aryloxindoles Using Chiral VAPOL Calcium Phosphate

TR Fr U LA AT S L LCIE. B2 FEE M 510 K o RS & U7 da il
EHVD A A Y R EAMORFE o % LRSS EE ST\ 5 (Scheme 4-2) s

Me
0]
/
o
S
O,
(1.2 equiv) o)
R2 Zn(OAc), (10 mol%) HO R2 |o 0
. DBFOX (11 mol%) R |\\/N N’
o MS4A _ o| ))
N CH,Cl,, rt N Ph Ph
Boc Boc DBFOX

up to 97% yield, up to 97% ee (S)

Scheme 4-2. Enantioselective Hydroxylation Reactions of Oxindoles Using DBFOX Ligand

ITHETIE, REAREAREEZ W= ARE TV R— U KZ 8D 3-8 Rex o4 oA v R—l
EMOERRbEE SN TWD, #Hlz X, 2006 451 Tomasini H1Z &> T, 287 I il 2 -
T UF AR T L F— VISR RS E T HR)-2RAEZ I A OEAEBYID TR
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7= (Scheme 4-3) 1690

NO, Br
Br Br
i, i, i \©/ iv /@\ _NOH
—_— > R —— /E
Br N (@]
NH, H

NH,-HCI

H O
! 5'” (N\(\(
NT OBn o
Br o H o Mh Br H \f
(10 mol%)

\\\\\

—_— 0 > \
acetone/toluene, — 15 °C
Br ” Br ”

o

(i) AcOH, Br,, 98% yield:; (i) EtOH, NaNO,, H,SO,, 98% vield; (i) EtOH, Raney
Ni, H,, then HCI in H,O/EtOH, 96% yield; (iv) chloral, (H,NOH),*H,S0,, Na,SO,,
H,O/EtOH (3:1, viv), 88% yield; (v) 86% H,SO,, 86% yield.

Scheme 4-3. Total Synthesis of (R)-Convolutamydine A

F72. 2009 FEITHBIE, DTV =T 0l )= E A T ORFAEMEZ W7 T LT
EREAYFUEHOARFT IV R— AL ERE L, BOoNDEMY 2@k E T3 R L
SVVE RV RV UCARDRBON—TT7 T 7 A b KIRCPC-1 OEERKIZEE) L= (Scheme
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CHO
R HO |
CF
To0 (30 mol%)  ° o
o . JOL CICH,COZH (60 mol%) | R N
R N H” “Me DMF, rt CH,OTIPS
\CH20T|PS key intermediate

R =H: 73% yield, 85% ee (R)
R = Br: 86% yield, 82% ee (S)

_ _ NaBH, NH,F
(key intermediate) —— - "
MeOH, rt MeOH, 70 °C Br
convolutamydine E
\/OH HQ__ OH
_ _ NaBH, _ NHF
(key intermediate) ———» (0]
MeOH, rt MeOH, 70 °C N
CHZOTIPS H
HO
NaBH,
B
THF, rt o
N H

half fragment of madindoline A and B

\/OH \/OMS
(key intermediate) — 204 ©\)>: _ MsCl @f>:
MeOH, rt pyrldlne rt

CH,OTIPS CH,OTIPS
_NaNg \/ PONHF \/ ® Mel,NaH _
"DMF,60°C "MeOH, 70°C T TR
CHZOTIPS
MeO . MeO .
\/Ns S HCHO ST
_ Red-Al wNH _ NaBH,CN ~NMe
toluene rt N H MeOH, rt N H
Me Me
CPC-1

Scheme 4-4. Asymmetric Aldol Reaction of Acetaldehyde and Isatin Derivatives
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ZOEIC, T RVBEXIET AT R REEA T UEHOARKE TV F—ARGIZ L > TH LD
BRI, A A7 AAREE LS TR ERIC BT 2 EERGEERREIRIC RS Z RS, £
SOMBEEDHEBZLEDTEL, LOLRN L, ZTHVE TICHEE SAUFRERED L TE 7201,
TN K= R E UCIBRIRS hrZ2HOWDRIENIZEAETHY , BT N2 05 G
HIEL A S ST I oty

Bl 21X, Figure 4-3 IZR" > 7t ) v E A B FUDORFET IV K=V B GBI D R
WiE, HUSER 2R D B BR TSR L COMEMEND TEYT 27 LARGT S
T AR E R L7 flIE, 2010 4FIZFEEK S 417 Singh H DA TH S (Scheme 4-5) e

(3R, 2'S) (3S, 2'R) (3R, 2R) (2'S, 3S)

Figure 4-3. Aldol Products Having Potential Anticonvulsants

197



preparation of the organocatalyst

| Ve
Nap/\ NH, OH Me
5 LiCIO Me  DIAD, PPh
(po—o (T ¥ o (I
CH3CN “N"“Nap  THF Nap
H
NaN; E
CuCly2H,0 | CHaCN/H0
| H H
\\\\N\_/Nap Mel, K,CO4 _\\\N\_/Nap N\_/Nap
H - H + H
Me CH5CN Me ., Me
N3 N3 N3

PPh; | toluene/H,O

Me

o NHy -TFA
[:I%ﬁ: (10 mol%)
+ 0
N DMF, rt
H

93% vyield, syn:anti = 98:2, >99% ee (syn)

Scheme 4-5. Highly Enantioselective Preparation of 3-Hydroxy-3-(2-oxocyclohexyl)indolin-2-one

WHIZ, 27 aAFH DT IV A TORKE LT Il E Ty uakt ) b A
PFUDRET N R—= IS EITO, BIERNOE YT AT LA -« =F VF AR B4
a5 Z LT LTz (93%, syn:anti = 98:2, >99% ee (syn)), L2>L72i3 5. Z OfiEd ARk
(21, 5 BEOIENBETH Y . & HIZEDRUSET THFE

OB AT O ZITIERME T LTL

Folt, 2. TONMIHAWVWSN TS DMF X, BNAMEOAREMERN S 2B IR E SN TR
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&

. RGN D & IERIH S RNICE D A ERARICERE L RETRARD 5410, K&
BRI RV L B 2 b D,

Singh © OFEFREZIT Ricei HIX, il L TEEHO—FHTHLF M ZHWTZORIGE
1TV, FREO=F U FARRMETHOLEME AR T 5 Z LIZREI LT (syn:anti = 2:98 and

80% ee (anti) in Scheme 4-6) UL, BB A R O ST R RS STV R,

OH
o .
HO NH, o)

chitosan
(22 mol%)
+ O >
N Hzo, rt
H

86% vyield, syn:anti = 2:98, 80% ee (anti)

Scheme 4-6. Asymmetric Aldol Reaction Catalyzed by Chitosan

F72 2012 R Liu Hid, FIART T u~FTH U7 I el L THW TRRIGZITV,
YT AT LA RO T U F AR BOOER Y 2155 Z LI L7 (syn:anti = 1:20, 99%
ee (anti) in Scheme 4-7) T B IR, R BRI R T DA T B A RS BT o 7278,
RO o FARRERKESEFLTCLE D EHELTWD (77-91% ee (anti)),

0 0 HoN - NHy  adipic acid
[ii] [::Ij%ﬁ: (20 mol%) (20 mol%)
+ o -
N MeOH:H,O = 1:1, rt
H

90% yield, syn:anti = 1:20, 99% ee (anti)

Scheme 4-7. Asymmetric Aldol Reaction Catalyzed by Chiral Cyclohexanediamine

FZCHAE, B3 ETBFRICHE) U728 1T X il 14e L 7 m ¥/ 2 15a BB
BENDT I UHREENE AR RER Lol 2 E D, 2Ol 14e ZHWIEY 7 ok

W 15a AT I8 DARFT IV R— VUGS @SRRI HEI T T 2 D TlE e & B 2 72,
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ARG THOIND TV R—VERPIZ DN T, BEROENC X5 AEBEEOZITHRE ST
WRWDY, THETIZEMR SN TV W BR, 2SYEDARME AT 5 Z LT, AH%
BARIED—DIZe b EEZLND,

4-2 TX TN/ 3B Rax v AF A R—/LHH 19 DAL

ZHIVE TOHETIE, 7V R=VARW) 19 2% 7L HPLC THFEIT D 2% OFE 72 54 H
LS TWehoTe, I TETHIOIL, TXTNRT IV F—NLVARM 19 5L, 71
HPLC |2 LB 7R R PR I D AT o T2,

Bt LIZ OSSO T, TR INRv 7 a7 IVFETF Ty 7 a~d¥ /2 15a
EAYF U8 DT IV R— IS EIToT2E 2 A, BHIOARY 19 2 EBICHED Z LR TE
7= (Scheme 4-8),

(trans) —
HoN NH, o
o) o (200 mol%) HO
R malonic acid R
+ o) (200 mol%) o)
: N
N MeOH:H,0 = 1:1, 1t, 12 h H
15a 18 19
18a:R=H >99% vyield
18b: R = methyl 19a: R =H
18¢: R = bromo 19b: R = methyl
18d: R = nitro 19¢: R = bromo
18e: R = methoxy 19d: R = nitro

19e: R = methoxy

Scheme 4-8. Preparation of Achiral 3-Hydroxy-2-oxindole Derivatives 19
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WIZ . FILENDOERY) 19a-e 12%F3 5 % /L HPLC O EBIAI S 2 /it L7 & = A Table 4-1

WRTHRR L o T,

Table 4-1. Chiral HPLC Data for 3-Hydroxy-2-oxindole Derivatives 19

eluent HPLC syn anti
entry compound column [hexane: flow ) ) ) .
iPrOH] [nm] mifmin] t.(min) t,(min) t (min) t (min)
1 19a OJ-H 80:20 254 0.75 14.4 17.8 11.6 13.2
2 19b OJ-H 80:20 254 0.8 27.5 30.7 24.4 24.9
3 19¢c AD-H 80:20 254 0.5 7.5 9.5 4.7 54
4 19d AD-H 80:20 210 0.7 21.9 28.0 23.8 33.0
5 19e AD-H 80:20 254 0.5 29.3 33.1 26.0 26.8
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4-3 HFEL LT I AR 14e Z AV ey masF Y ) v 1ba LA Y TFURH 18 DARF T L R—L
B

F. i 14e VT L 2 a2 15a & A F 2 18a DARF T IV R— LS AT,
I ORFH 21T > 7= (Table 4-2),

Table 4-2. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

O ;
14e (25 moI%
+ 0 ¢
N solvent, rt N
H

H
15a 18a 19a
time yield 4 Yoee % ee’
entry solvent b . syn:anti )
(d) (%) (syn) (anti)
1 H.O 3 85 99:1 3 63
2 methanol 4 81 97:3 4 77
3 2-propanol 4 84 86:14 14 95
4 tert-butanol 4 83 41:59 53 98
5 4-methoxybenzyl alcohol 3 73 99:1 49 35
6 ethylene glycol 4 73 99:1 27 17

All reactions were carried out with 20 equiv of 15a and 0.5 mmol of 18a in solvent (1.0 ml).
®Monitored by TLC. “Isolated yield. “Determined by chiral HPLC analysis.

IXUDIT, 5 3 EOMEEBEE 2. WA KICL TS EIToToE ZA, MY T AT LABRR
B BRI DA S AL (85% yield, syn:anti = 99:1), £V 7 AT LA~ —0D ) F A BN M:
2R 3%ee(syn). b9 —HDTT AT LA ~v—DTF 2 F AIRINMED 63% ee (anti) TH 7= (entry 1),
WIZA L ) =N TRIBZIT T2 & A, MO, T A7 VAERME, KOEYT
AT LA~ —DxF o FARPEIIKE W56 L IZIEFRE TH > 72 (81% vyield, syn:anti =
97:3and 4% ee (syn) inentry 2vsentry 1), = Z T, A X —/L L0 HRENME . > OSAEKIIZE
BV A=V EEEICAND Z 8 LT, £ 227 m ) = E W TS E T T8 25,
AB ) —=VERWEGAELY YT AT UABRRMEITIKT L722Y (synanti = 86:14), 237 A7 L
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I~ —OxF o F AIRIRVED 14% ee (syn)iZm) L L7z (entry 3vsentry 2), £7- tert-7 % / — /L% H
WA, BT THININETLEEFIWOTT AT LA~ —0N@BIRICE S5 (synanti =
41:59), 98% ee (anti)D = F > FABRMECTET T AT U A~—%1EHZ L TE72 (entry 4 vs
entries 1~3), Z D, 4-A FF IRV AT N A= LR F LS Y a— L EAWTRIGE{ T -
LA DWTNOEAELE YT AT VAR syn (K252 Z LN TE 20, 4-2 hF oy
NTNaA—LERWEGEDOETT A VT A~ —0OxF o F A RIEIT 49% ee (syn), =F L > 7
Va—LzZfWESEADEY T AL T A~—0DxF 0 FABIRMEL 27% ee (syn) TH D . B WG R
Ry H 2 LXK 572 (entries 5~6),
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FITWRIZ, mbEWT T T ARIRVETERMZGEDL ZENTE T tert-7 % ) — )L IR &

LT, WA oM 217> 72 (Table 4-3),

Table 4-3. Optimization of Conditions for the Aldol Reaction: Additives®

wm

H,N  HN
. 0]
0]
O 14e (25 mol%) HO
additive
+ 0] > 0]
N tert-BuOH, rt N
H H
15a 18a 19a
additive time  yield 4 %ee’  %ee
entry b . syn:anti .
(mol%) (h) (%) (syn) (anti)
1 2,4-DNP°® (10) 36 92 98:2 65 3
2 benzoic acid (10) 36 89 97:3 4 12
3 (R)-BINOL' (10) 72 82 90:10 8 86
4 p-TsOH-H,0  (10) 36 90 92:8 87 50
5 p-TSOH-H,O0  (5) 40 87 98:2 86 26
6 p-TSOH-H,0  (20) 36 91 95:5 75 17
p-TsOH-H,O (10)
7 12 94 97:3 93 43
H,O (20)
p-TsOH-H,0  (10)
8 12 93 >00:1 >99 66
H,O (20)
p-TsOH-H,0  (10)
9 12 93 98:2 95 2
H,O (30)
p-TSOH-H,O  (10)
10 12 92 98:2 92 6
H,O (40)

Al reactions were carried out with 20 equiv of 15a and 0.5 mmol of 18a in tert-BuOH (1.0 ml).

®Monitored by TLC. “Isolated yield. “Determined by chiral HPLC analysis.
®2,4-DNP = 2,4-Dinitrophenol. (R)-BINOL = 1,1’-Bi-naphthol.

FPU 3 ETIT - IR INAI OFFHE B (Table 3-4) &2 $£ 2 T, 10mol% D 2,4-P=hn 7 = ) —
NEWTRISEIT 728 2 A, BAIZINZ220WEE L0 AR CRUSHE T L, ERo
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DT AT LA~ — synanti = 98:2, EVT AT LA —DTF L F A BRINMEN 65% ee (syn).
H )= HDTT AT VA~ — DT U F AN 3% ee (anti) T - 7= (entry 1in Table 4-3), %
ITCWIL. 24-Y=hua 7= /) — LI OB TH DL EER L 55O TH 5 (R)-BINOL % v
TRISZEAT-STE ZA, HIZEmPT AT UVARIRIIZ syn K&21G5 2 LN TELR, REEWRE
WG G DT T AT VA~ —0DxF o F A BIRVEIT 4% ee (syn). (R)- BINOL & W\ 28513
8% ee (Syn) TH UV, 24-YV=ru7=x/)— 2l HEXY HRE LT L (entries 2~3 vs
65% ee (syn) inentry 1), L22L72n 6, ZEEFMREL D S HIZHWETH D p- MV ALK g
— KIS &L ToT2 2 A, RO T T AT LA~ —hs synanti = 92:8, £V 7 A
T LA —OxTF T A RPUED 87% ee (syn) & 72 0 | ORMF LV L ROERCTERMEZ S D
Z LN TET- (entry 4 vs entries 1~3), & Z T, p- ML= 2 ALK U ER— K FNH) O HNN & 2 B S
TRISZATV, B ONEE KR ONHEIRMEIC RIE T B2 mat T2 2 i L, 3 p-hr=
¥ AR R KF & 5 mol% W TG ZAT 728 24 10 mol% W72 Ha kv 627 27
U A IREA A E L7228 (syn:anti = 98:2), KIGEFIMNE L 72> TLE -7 (entry5Svsentry4), %
72 p- V= ZJVIR VR KR & 20 mol%H W R E . AR OIE R N T AT LA SRR
1%, 10 mol% AWV 7=3A S ZIERFLE TH -7 (synanti = 95:5), BV T AT LA ~—DxF
FEPPENME T LT LE o772 (75% ee (syn) in entry 6 vs entry 4), A7 7 /L R—/L UGB W T,
IR DOPCERSIARBRIRPEIC R ESBEHE L TND EBZ LTINS Z &b, WITIRINA &
LCKEMZ S Z &2 L7z (entries 7~10)1520 entry 4 7>5 entry 6 OFERARE 2. IIIANZIE 10
mol%® p- k)L 2 ALK R KFI & . K% 10 mol%2> 5 40 mol% % T 10 mol% 3 SN &+
TENENRICEIT T2, BEROFER, WITHOGEIZENTH, p- ML= ZLR U fg—KFn
Y% 10 mol% D 2354 K 0 b EIRFR CRUGDS5E T L, FFIT entry 8 12753 20 mol% D 7K Z N
2T BOB T, BT T AT LA~ —A synanti = >99:1, £V T AT LAY —DZF T
RS 99% ee (syn) & 72D, MLDOFIG LY bEIRNOE YT AT LA « =) U F AR
AR a5 5 Z £ T 72 (entries 7~10),
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Z 2T, WEIE LT 10 mol%d p- /L Z VAR R KT & 20 mol% DK Z VT, fil
EORFZ1T>7- (Table 4-4),

Table 4-4. Optimization of Conditions for the Aldol Reaction: Catalyst Loading®

O kK
H,N  HN
F
o 14e ©
o p-TsOH-H,O (10 mol%) HO
H,O (20 mol%)
+ 0 - o
N tert-BuOH, rt N
H H
15a 18a 19a
catalyst loading time yield y % ee’ % ee’
entry . . synanti _
(mol%) (h) (%) (syn) (anti)
1 20 16 93 97:3 92 9
2 15 20 92 97:3 89 32
3 10 48 88 88:12 83 58
4 5 120 89 84:16 60 66

All reactions were carried out with 20 equiv of 15a and 0.5 mmol of 18a in tert-BuOH (1.0 ml).
®Monitored by TLC. “Isolated yield. “Determined by chiral HPLC analysis.

fil i 7 4 20 mol%7 & 5 mol% E T 5 mol% ¥ DI S CENENSUSEIT T2 & ZA VB
DIRITIZE A END B RRDoTen, MEER D7 R DIZERIRTE T ETOREAEL 2D |
FIAERPO YT AT LA~ —)N synzanti = 97:3 2> 5 synanti = 84:16 £ TIKF L, EBHICEVT
AT VAT —OIF U F AR 92% ee (syn)H> 5 60% ee (syn) £ TR L7= (entries 1~4),
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WAL LT SO SED F v 7 a~dy ) 158 Lhkx oA b F ¥ 18 DARF T /L K—L
i %47 - 7= (Table 4-5),

Table 4-5. Asymmetric Aldol Reaction of Cyclohexanone 15a with Isatin Derivatives 18?

O F
H,N  HN

F o
14e (25 mol%)

o R O p-TSOH-H,0 (10 mol%) HO
H,0 (20 mol%)
+ 0 - o
” tert-BuOH, rt, 20 h N

H
15a 18 19
_ ) . % ee” % ee”
entry 18 (R) yield (%) syn:anti ]
(syn) (anti)
1 18b (methyl) 89 98:2 98 >99
2 18c (bromo) 88 99:1 93 2
3 18d (nitro) 87 95:5 59 14
4 18e (methoxy) 85 99:1 38 >99

All reactions were carried out with 20 equiv of 15a and 0.5 mmol of 18a in tert-BuOH (1.0 ml).
P|solated yield. °Determined by chiral HPLC analysis.

£ AT AT T2 180 ZHOTRISZEATH72 & T A, 8INDILHR, VT AT LA~ —H
23 syn:anti = 98:2, ETVT AT LAV — D) T ARIMED 98% ee (syn) & 720, FEFWIC RO
RCTEMOAERY 190 2155 Z LN TE 7= (entry 1), E-FEERIC, 5-7 0 EA HF > 18¢c ZHW
TEROSIZBNT S, GIEENDE YT AT VA BRIRIIT AR 19 21525 Z L3 T (88% yield
and syn:anti =99:1), FUT7 AT LAV —D ) o F AL 93% ee (syn) Th 7= (entry 2), =
DAY 19¢ DHEHES X SEEMT 21T 72 & 2 A, AR OH SRR E X 3R, 2°S) TH - 7=
(Figure 4-4), XIZ, 5-= b A ¥ F 2 18d XL 5-A hF A+ F 2 18 ZHWVTISEITH T2 &
25, WINOHBELREIERP SR YT AT VAERIIC BROER AT O N2, 19d OF
VT AT LA —OxTF T ATRIRVED 59% ee (syn), 19e D EVT AT LAV —DITF T A%
RIED 38% ee (syn) & 72 0 | AR DO F 2 FARIRMEIIML T L7c (entries 3~4), Z DFERMNG,

= hRERA MR VREEROA T T UHB EMND L, LV EDKRFHEEBRLTLED B
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(ZAER OSLARERMEDME T Lz EHER ST,

Figure 4-4. X-ray Crystal Structure of 19¢
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4-4  FUSHERE D5

IZUOIZ, RRIETHE X BIVDIEY A 7 V% 7~3 (Scheme 4-9), £ 9l 14e (%, 7 v~
FH /o 15a &S L TRER =T I R 2B L, Zox=F I ik s o YT o HH 18
MBS 22 & T, FTNVRFRIRE - IRBRHEDRSND, ZO%, ORISR DINK
SIS Z & TR 14e IIREEY A 7 VIR D EE A BN D,

0
HO
R OF o
0
N H,N  HN
19
14¢ 15a
H
20 H,O
R
oH N —%;%?F

transition state

O
R
O
N
H
- 18

Scheme 4-9. Plausible Reaction Mechanism of Asymmetric Aldol Reaction

with Isatin Derivatives 18

ARESE, 33 B TR EITo 2R L= I MR ERET 20T, 22Ty 7 a~Fi
/v 15a LA B F 2 18a DAFT NV F—IVISIZBIT 5 EBIRENS BELE1TH Z LI L
(Figure 4-5),

AP TIE, AR O SEARIRME O [ EICIRINAIARD CERERES 2R L TR0, il
25 mol%, 7K7%% 30 mol% (p- ~ /L2 ALK R — KRN DK 531 6 E T0) D BRI R SRR IS
MBI TUWN S (entry 8 in Table 4-3), %= Z T, 150 FOfilfit 14e (2% L TK 1 &Mz 7=

AOBBIRREEEZ 2D LT Uiz, filllt 14e OA Y T a BNV A YT OFHFERE ONIRK
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FE. U mAFR S LA YT 18a DFFER & ONKKTE, KO T I RO T I ER
Gy DRFIRA & A T T 182 ORFF 1 & DKFERAIT L DRERRIREBREDOIR A2 B I
AD &, BZONHEBIRREIX TS 4-1~8 12725 (Figure 4-5), Kor11E. b KEHEE %
T % & B2 BN LA 14e OT I FEAEICHAET 2 & B2 T, =F I kT, 26-07
NFAn 7 2=V T I REOa T 3 A= 9 UOEWIZ L - T, enamine 4-1 & enamine 4-2 O
DEZEFTHZLIT LT, enamine 4-1 LA T F 2 18a BEUL LTEHAITE 2 BV HERBIREN
TS 4-1~4, enamine 4-2 & A 5> 18a BLUS L2 HEICHE 2 LD EBIRREN TS 4-5~8 TH 5,
TS 4-1 XX TS 4-5 2% L TSP HETT 2 & (3S, 2R)DAERM, TS 4-2 XL TS 4-6 Z#EH L
THROGHHETT 5 & (3R, 2°S)DAERM) TS 4-3 XL TS 4-7 kM L CAUGHHEITT 5 & (3R, 2°R)
DR, TS 4-4 LTS 4-8 M L CTISHEITT 5 &3S, 2°S)DAERMINHELNDL EHE XD
N5,
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@3S, 2'R) (3R, 2'S)

* :
HN—4/,,O
H H\muo
% dﬁi) Se
TS 4-5 TS 4-6 TS 4-7 TS 4-8

Figure 4-5. Plausible Transition State Models in Asymmetric Aldol Reaction with Isatin 18a

Figure 4-5 1278 L7 EBBARAED T TS 4-3~4 LN TS 4-7~-8 1%, filli 14e O 7 I D7 1 b
YIRA YT 18a D 3NLTHER L TV OB R FITBE LW, TS4-1~2 KN TS4-5~6 LV b
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TRNLF—RICRELEN R DEZ NS, ©ZTTS4-1~2 LN TS 4-5~6 [ZDOW T, tert-7 & J —
VOB R A G 7= DFT fHRICE W ZhEhoREfEZ k25 Z L1z L (Figure 4-6),

F
//”Il
o=
F
S
),
e
/Ollllllllllll
H
TS 4-2 2

(top view of TS 4-2)

AG = - 0.6 kcal/mol AG =—-11.4 kcal/mol
(front view of TS 4-1) (front view of TS 4-2)

(back view of TS 4-2)

AG = - 1.5 kcal/mol AG = 0.0 kcal/mol
(front view of TS 4-5) (front view of TS 4-6)

Figure 4-6. Calculated 3D Models of TS 4-1~2 and TS 4-5~6
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SCRF BEG@IZ LV tert-7 % — VORISR % N 2 T, B3LYP/6-31G(d,p) L' ~~/L " C DFT &HE %
Toleb ZA TS4-1,TS45 LINTS4-6 LV b TS4-2 DJ7H3 10 keal/mol Z2E Td > 72, TS 4-2
ERRE LU CKEDEIT LB ICEOND L EX N v FA~—0, EEOEBRTHLN
et o FA~v—b—HT52Lnb, ZOFEMBRIIEREREZBIIFHTLHDOLEZZIHN
Do

TS 4-2 OB BIRE LV b LETH 2B HD—>& L T, back view of TS 4-2 [Z7-4 K 512,
filfi 14e DT I RE L A YF 1 18a OIERIFT L DRKFEFEGIC K DMEDOZENRHET b d,
EBIBETHAI Ly 7t ) UV ERVAT LT E ROARET IV R—VRRicBWTiE, =)
SUHREIERDO ReEA~T AT E RBEEELE S &5 7T FEERUXT AT R 2a DfEH
JRF-DRARFEREGZ TR LT LE D B0 SUSRER LA RIS R BT LE -7 (FHMIX Figure
3-10 5 M), L LAaBbARIGRIZEBW T, AV 18a BNEEEF 7% 2 AL T\ 55,
AHF o 18a & =F I AN 2 DT CKRFER-EG LT H 2 &N TE, =F I U HIEIAD Re
M~ Y F 2 18a NEHL LZBRICRIS D EIT LI & B2 b5, TIANCKEZRWS & Lo EmT
T U F A ERAN AR G ST DX, side view of TS 4-2 IR X 91T, A HF o 18a DFEHE
JiT &7 o RIFF L OFFBERIRKIEN, KT 520 LI KER-AEIC L VIS A L RS,

S REIFHRIZH 2 SCRF BRFaClE, 8 3 ETIRA~72 L )10, Wil L ROGIEHF ORI < &5
A DNDKERMEEBET DI ENTERVMN, EEOBBRRE CIIKEME Z I L RS T
LEBIREBICHEEG LTV DAL DD, L L, AR CTERLEEES 728 £ R0ET L
IZBWT TS 4-2 2MOERIREE L V § 10 keal/mol LA L= L X —fICZETH Y RIS
THEGNEETNE TR X 2 ITo7 L LTH TS42 BB REICRD EZEZHND,

WIZ, REEDOZ AN X —T 17 7 A V&7 (Figure 4-7), 9. MUGBRGARTO A 1T, fildit
lde, /K, 7 ua~FxH /v 15a KOS YT 18a Th D, KD B Xk C DEFETIL, il 14e
Ly maaFt ) v 15a OWKRIGIZ LD =F I U HfEAE (enamine 4-1 or 4-2) & KSR ST
W5, LT, D, E, FXIXGIZHNT, = F I HfEkE AT 18a UG L, #H LA
R — IRFREEDIELE AL, H OBFETARY 19a BMFON D, tert-7 & ) — )L ORI R % N
% C. B3LYP/6-31G(d,p) L'~/ C DFT §tHZ{To7o & 2 A, £7. =F I VKO REME T
I%. enamine 4-1 Z & T2 B XV % enamine 4-2 &1 C D J77547 0.9 keal/mol ZE Tdh - 7=, BLIE
RN LI, FIFETHRA LIZAKRERTTHOB & C O R/LF—7%13#% 8.2 keal/mol TH -7
e (Figure 3-12), WIEORMEN/ NS K B E I VRO a7 A — 3 V OEN
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WL DR —ENNEL 70D T EBDD o T2, REUGH C 0D G & il - THITT 2855121,
TFIUHERD 26-P 7N A0 T 2=V EO Ay T g A= a URRELEDLRITNIERD
TLERAX—WIIARLZEIL2 D EBEZHD (FHMIX Figure 3-13 22 8), LI EOREHE RS |
AKBISIFEFEIT A5B—-G—-H DR THEITL TV D LRI D,

o T
A
=0
ZN
H
%9a
(syn or anti isomer)

H
/\\\.—
=
H:product 19a
cat 14e
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45 L

b Re¥oAdxo A F—/EE, AHREREEZ R ITLEMIZE < oD EAREHK
ThHY ., ZOMERERIEOMHALITD CHRELREO —2>Th D, Kif, ZOERIED—DL
U CAF AR 2 DT IEBRIR T B RO BRIRT AT e REA T F UHDOAFT )V R—/V Ik
WA SN, RERFHEZEDTVD, LLRBs, BT b eA T F U EHOARFT )V F—
VOGS DHREFNTA 72 < F T D BRI Z B O SO & B L T2 2 & RA R D LRI
PERPRRETh o7z, £ T THRIE, & 3 FETHZEITHE) LB B 1T < gl 14e 75, &
gma~tt o 15a b A TF U8 DARFT IV R—/VEINMIHNWD Z N TE LD TN M E
FR. Rt EiT o7,

e b L7 BUSSRFEO R, il 14e Z VT 7 m~dH /v 15a L A F U HH 18 DARFK T )V
K=V Z AT 2T & 2 A BINRNOE YT AT LA BRI BROARY 19 21525 Z LI
ZhL (upto 93% yield, syn:anti = up to >99:1), 37 A7 LA~ —D ) o F AR VE T 5>99%
ee (syn) T > 7= (Scheme 4-10), DFT 5 2 W CUSHEEORMET T, BHin LIk b ZETH D &
B2 ONLEBIRKEZRA LG AIGONI =T T A~—0, RGN T F A4~
—L—E LI END ARUSIFETEIZ TS 4-2 LEHOMEZ LICBRBIREZ & H L TEfTL TV
D EHEEREND, 3 ETIE, anti (KO T /L F— VAN E DT, ABETIT TS 4-2 2%
LTRSS HEFTT 5 2 & T syn BIRIGICA RIS DD &0 9 BIBREWA R 2155 2 & A HK
oo REBRTHONE BR, 229)EDT v R— VAT, iV E TICARE AR 2 - SO6
TIIERAIZERL SN TORNE, AROSITED THHTH D L EZ BT,

L e

F o
14e (25 mol%)

Q R o p-TsOHH0 (10 mol%) HO
H,0 (20 mol%)
+ ¢} > o
N tert-BuOH, rt, 20 h N
H H
15a 18 19

up to 93% yield, syn:anti = up to >99:1
up to >99% ee (syn),up to >99% ee (anti)

Scheme 4-10. Asymmetric Aldol Reactions of Cyclohexanone 15a and Isatin or

Isatin Derivatives 18
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4-6  FEHIA
4-6-1 General information

FTRTORISIE, )70 °C T 110 °C DRI TR S E - T ABMEB 2N T T o 72, filith
KO/ a~ 7T 7 4 —ICHAWTEEIE, BALCEEORETHER L, YISV BT LY
n~ b7 77 =%, ANT RSO RS Y 170 60 (0.040-0.063 mm) A FEIEAI L L CREH
L7, BOGICHWEEEE, v a~fH v 15a, KOA T U 181E, AL b D220 F
FREH LT,

4-6-2-1 THX TN AT UoUT I v ERW Y7 a~dt ) 15a & A T2 18a DA
F 7V R— Vi (Scheme 4-8) (HiLR{31])

(trans) — Q o

o o)
HoN NH; malonic acid HO
" @E/g:o (200 mol%) (200 mol%)= S
N MeOH:H,0 = 1:1, rt, 12h N
H
15a
18a 19a

FR N, A7 7RAIZTXRIARY 7 a7 I (L.0mmol), 7 m~FH 2 15a
(10.0 mmol), A%/ —/ (20 ml), KUK (2.0 m)ZIz7=%. A ¥ F > 18a (73.5 mg, 0.5 mmol)
E~va g (Lommol)E Nz, 12 Refiifitik S w7, KN TR, MNREWE Y7 an A X T
3 EIhH L., B oAl L EKNIE~ 7R3 U LT S 7%, I8 L CRUE T Ot %
WMELLZ, BONICHERMZ L VTN T Lo a<x N7 TT7 4 — (~FHFg- TV =
1:4) TR 5 Z & ¢, EAHHRERE LTHMY 19a (122.6 mg, >99%) 435 H 7z,

Data for 19a; *H NMR (DMSO-ds, 300 MHz) (syn isomer) & 10.2 (s, 1H, -NH), 7.23-7.13 (m, 2H, Ar),
6.87-6.77 (m, 2H, Ar), 5.82 (s, 1H, -OH), 3.10-3.05 (m, 1H, Cy), 2.60-2.57 (m, 1H, Cy), 2.36-2.25 (m, 1H,
Cy), 2.04-1.64 (m, 5H, Cy), 1.51-1.43 (m, 1H, Cy); *C NMR (DMSO-ds, 75 MHz) 209.2, 178.8, 143.5,
130.9, 128.6, 124.8, 120.9, 109.4, 73.9, 57.4, 41.5, 26.7, 24.5; Anal. Calcd for C;4H;sNO3: C, 68.56; H,
6.16; N, 5.71. Found: C, 68.49; H, 6.16; N, 5.78. Enantiomeric excess was determined by HPLC with
CHIRALCEL 0J-H column (hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.4
min (syn), t; = 17.8 min (syn), t, = 11.6 min (anti), t, = 13.2 min (anti).

4-6-2-2 TxR TN a~FH U7 IvEMNW Y 7 uaanF Y ) 16a & 5- A FIA YF
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18b DARF T )V K— Vit (Scheme 4-8)
4-6-2-1 L [AREDOEAE T 5- 2 F /LA HF 2 18b (80.6 mg, 0.5 mmol) & WV Tt E T 72 & 2 A,

19b (129.6 mg, >99%) 315 5 1u7=,

O

HO
Me

@]

N

H

19b
Data for 19b; *H NMR (DMSO-dg, 300 MHz) (syn isomer) & 10.1 (s, 1H, -NH), 7.03 (s, 1H, Ar), 6.96 (d,
1H, J = 7.7 Hz, Ar), 6.67 (d, 1H, J = 7.7 Hz, Ar), 5.76 (s, 1H, -OH), 3.05 (dd, 1H, J = 13.2, 5.0 Hz, Cy),
2.60-2.55 (m, 1H, Cy), 2.37-2.26 (m, 1H, Cy), 2.22 (s, 3H, -CH3), 2.09-1.91 (m, 3H, Cy), 1.86-1.77 (m, 1H,
Cy), 1.72-1.61 (m, 1H, Cy), 1.56-1.46 (m, 1H, Cy); *C NMR (DMSO-ds, 75 MHz) 209.1, 178.7, 140.9,
130.9, 129.5, 128.7, 125.6, 109.1, 74.0, 57.4, 41.5, 26.7, 24.5, 20.7; Anal. Calcd for C;4H;7NO3: C, 69.48;
H, 6.61; N, 5.40. Found: C, 68.59; H, 6.57; N, 5.33. Enantiomeric excess was determined by HPLC with
CHIRALCEL 0J-H column (hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 27.5

min (syn), t; = 30.7 min (syn), t, = 24.4 min (anti), t; = 24.9 min (anti).

4-6-2-3 TxX TN a7 IV ERW LY s~k 15a & 5T VEA T
18c DARF TV K— Vi (Scheme 4-8)

4-6-2-1 L [FREDHEAET, 5-7 11 ¥F > 18c (113.0 mg, 0.5 mmol)Z W TS &Z T 7- & =
4. 19c (162.0 mg, >99%) 735 H a1z,

O

HO
Br.

(@]
N
H
19¢c
Data for 19¢; *H NMR (DMSO-dg, 300 MHz) (syn isomer) 6 10.4 (s, 1H, -NH), 7.36-7.29 (m, 2H, Ar), 6.76
(d, 1H, J =8.1 Hz, Ar), 6.00 (s, 1H, -OH), 3.17-3.06 (m, 1H, Cy), 2.59-2.55 (m, 1H, Cy), 2.38-2.27 (m, 1H,
Cy), 2.07-1.83 (m, 3H, Cy), 1.79-1.64 (m, 2H, Cy), 1.60-1.43 (m, 1H, Cy); Anal. Calcd for C4H14BrNO3:

C, 51.87; H, 4.35; N, 4.32. Found: C, 51.87; H, 4.35; N, 4.32. Enantiomeric excess was determined by
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HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254

nm; t, = 7.5 min (syn), t, = 9.5 min (syn), t, = 4.7 min (anti), t, = 5.4 min (anti).

4-6-2-4 TXIART I OANFHUOT IV EMNZY 7 ekt ) v 15a & 5= kg T
18d DARF T )V K— Vit (Scheme 4-8)

4-6-2-1 & [ABEDBIET.5-= b a2 A % F 2 18d (96.1 mg, 0.5 mmol) & AWV T2 1To7= & 2 A,
19d (145.1 mg, >99%) A3 15 H 7=,

HO

Iz

Data for 19d; *H NMR (DMSO-dg, 300 MHz) (syn isomer) & 11.0 (s, 1H, -NH), 8.19 (dd, 1H, J = 8.7, 2.3
Hz, Ar), 7.98 (d, 1H, J = 2.3 Hz, Ar), 7.01 (d, 1H, J = 8.7 Hz, Ar), 6.29 (s, 1H, -OH), 3.19 (dd, 1H, J = 13.0,
5.0 Hz, Cy), 2.68-2.65 (m, 1H, Cy), 2.37 (td, 1H, J = 13.5, 6.0 Hz, Cy), 2.10-1.64 (m, 5H, Cy), 1.63-1.45
(m, 1H, Cy); *C NMR (DMSO-ds, 75 MHz) 209.6, 179.1, 150.2, 141.5, 131.6, 126.3, 120.1, 109.6, 73.4,
57.6, 41.3, 26.7, 26.6, 24.3; Anal. Calcd for C14H14N,Os: C, 57.93; H, 4.86; N, 9.65. Found: C, 58.20; H,
4.91; N, 9.65. Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.7 mL/min; A = 210 nm; t, = 21.9 min (syn), t, = 28.0 min (syn),

t, = 23.8 min (anti), t, = 33.0 min (anti).
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4-6-2-5 TxX TN a7 IV EHWy a2 15a & 5- A XU AT
> 18e DARFF T /v R —/LI)i& (Scheme 4-8)

4-6-2-1 L [AIFEDO#AET.5-= b A HF > 18e (88.6 mg, 0.5 mmol) Z WV TG EITo72 & Z A,
19e (137.6 mg, >99%) A3 & 417

O

HO
MeO

0]

N

H

19e
Data for 19¢; *H NMR (DMSO-ds, 300 MHz) (syn isomer) & 10.0 (s, 1H, -NH), 6.79-6.68 (m, 3H, Ar), 5.83
(s, 1H, -OH), 3.67 (s, 3H, -OCH?3), 3.06 (dd, 1H, J =12.8, 5.1 Hz, Cy), 2.58-2.53 (m, 1H, Cy), 2.32 (td, 1H,
J =13.6, 5.9 Hz, Cy), 2.09-1.79 (m, 4H, Cy), 1.75-1.60 (m, 1H, Cy), 1.55-1.42 (m, 1H, Cy); Anal. Calcd
for CisH7NOg4: C, 65.44; H, 6.22; N, 5.09. Found: C, 65.44; H, 6.32; N, 5.09. Enantiomeric excess was
determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 80:20), flow rate = 0.5

mL/min; A =254 nm; t, = 29.3 min (syn), t, = 33.1 min (syn), t, = 26.0 min (anti), t, = 26.8 min (anti).

4-6-2-6 fillft 14e # V= 7~k ) v 15a b A YT 18a DAF T L K—/LEUE (entry 1in
Table 4-2)

4-6-2-1 & [FREDEMET, WA Z 27, 25 molvedfil 14e, ¥AEZ K (1.0 m)iZ L TG %
{To7=& A, 19a(104.1 mg, 85%) 235 Hiviz, Y7 A7 L~—[kid syn:anti = 16:84, =+ F 4
~ —IEBE T 87% ee (syn) & N 96% ee (anti) T -7, 7 AT L~ —Lkld synanti = 99:1, =)
F A~ —1m =1L 3% ee (syn) & Y 63% ee (anti) TH - 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.2 min (syn, major), t, = 18.8

min (syn, minor), t, = 12.2 min (anti, major), t, = 14.0 min (anti, minor).

4-6-2-7 fii 14e W= 7 sk ) v 15a b A YT 18a DA TV R—/LUi (entry 2 in
Table 4-2)
4-6-2-1 L [FREDEMET, WIIFIZ A3, 25 mol%dfilfit 14e, IAE%A A % /—/v (L.OmI)iZ L
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THRIGEATSTo, BUSKETH%, Y7 an 2 2 AL 2 EEEITOT, WEL 2B E L,
BoNIMERNZ L DTN AT LI~ N7 T7T7 40— (~FHUFigT /L = L4) TR
% Z &TC, 19a(99.9 mg, 81%) R Hiiz, YT AT L~ —Lhid synanti = 97:3, =) F A~ —ifE
==X 4% ee (syn) e OY 77% ee (anti) Td > 7=,

Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column (hexane/2-propanol =
80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.6 min (syn, major), t, = 18.1 min (syn, minor), t, =

11.6 min (anti, minor), t; = 13.5 min (anti, major).

4-6-2-8 fillt 14e # V= 7~ ) L 15a b A YT 18a DARF TV K—/LiUE (entry 3 in
Table 4-2)

4-6-2-1 & [AREDEE T, WINAIZ 23, 25 mol%dDfilifit 14e, WiEA 2-7 /3 7 —/L (1.0 ml)
WL TRISEAT ST, RO TR, Y7 nn A2 A X5 MHBEEZ 1T, BIEL CHIE4 %
EL., BoNIMERMZ L DI TN T DT ax T T 74— (NFY UL = 1:14)T
FE#l4 5 Z & C, 19a(103.1 mg, 84%) M3 fF b7z, ¥ 7 A7 L~ —Lid syn:anti = 86:14, —F 5
F= —i\ R IL 14% ee (syn) K Y 95% ee (anti)) TH - 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.6 min (syn, major), t, = 18.1

min (syn, minor), t, = 11.8 min (anti, minor), t, = 13.5 min (anti, major).

4-6-2-9 filft 14e # V= 7~k ) v 1B5a b A YT 18a DARF TV K—/LEUE (entry 4 in
Table 4-2)

4-6-2-1 L [FIREDEAET, WINAIZ M Z T, 25 mol%dDfikilt 14e, VA% tert-—7 % / —/L (1.0 ml)
LTS EAT 5T, OB TR, Y7 nn A2 2 X5 MHBESCREERE E 2177, Foh
TRONREMEZDEEL VDTN T LI a~x N T T 7 4 — (¥ BTV = 14)TH
#4252 &C, 19a(101.7 mg, 83%) A3 5 Hiv7z, VT AT L~ —id synianti = 41:59, = T A
~ — B FER 1L 53% ee (syn) K TX 98% ee (anti) T - 7,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.1 min (syn, major), t, = 19.0
min (syn, minor), t, = 12.1 min (anti, minor), t; = 13.8 min (anti, major).
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4-6-2-10 filift 14e % =2 7 m~FH 2 16a & A HF L 18a DA T L F—/L L (entry 5
in Table 4-2)

4-6-2-1 & AR DEAE T, USINAIZ N Z 97, 25 mol% Dkt 14e, RIEA 4- 2 R ¥ R DLT L
=L (L0 mIC LTS EAT o T2, BUGK T, 7 mn X 2 AT X DM Rt £ %
TOT, JBONTINREMEEDEE VDTN T LI a~ 8T TT 41— (~FH o FigET
FL = 14) TR % 2 & T.19a(89.1 mg, 73%) 235 H A7z, ¥ 7 A7 L~ —Lkid syn:anti = 99:1,
T T A= — iR 49% ee (syn) &2 ) 35% ee (anti) T o 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.7 min (syn, major), t, = 18.5

min (syn, minor), t, = 11.9 min (anti, minor), t, = 13.4 min (anti, major).

4-6-2-11 it 14e 2 V7= 7 W v 15a & A T 18a DARE T /L K—/Lii& (entry 6
in Table 4-2)

4-6-2-1 & [RIER OERME T WINAIZ N 277, 25 mol% D filfif 14e VAl Z =5 L > 7Y =2—/1(1.0 ml)
WL TRISEAT ST, UG TR, Y7 nn A2 0 5B ESCREERE 22177, Foh
TNREE M EZDEE Y W TN DT HIa~ NT T T 40— (~FH U EERTTF L = 14)TH
#4252 LT, 19a(89.9mg, 73%) NG SNz, T AT L~—titsynanti=99:1, =) F A4~
—IEIZR 1T 27% ee (syn) L UF 17% ee (anti) Tdb - 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.8 min (syn, major), t, = 19.2

min (syn, minor), t, = 12.6 min (anti, minor), t, = 14.3 min (anti, major).

4-6-2-12  filft 14e & V2> 7 o~ ) v 15a & A B F L 18a DAF TV K—)V s (entry 1
in Table 4-3)

4-6-2-1 & [FARDOEAE T, 25 mol% D i 14e, ¥ % tert-7 % / —/L (1.0 ml), #MNAlIE LT 10
mol%® 24-= 7 x /) =NV Mx TRIGETT>Te, BUSKTHR, Y7 nn X2 A2 X 5HH
BECWIERE B2 1Th T, BONRINEEMEZDEELV VI FND T LI a~ NI T T 4 —
(¥ UEEB TV = L4) TR 5 2 & T, 19a (113.0 mg, R2%) B3 & iz, VT AT Lv—
el syn:anti = 98:2, —J F A~ —iERIZ 1T 65% ee (syn) & U 3% ee (anti) Td» > 7=,
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Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.5 min (syn, major), t, = 19.1
min (syn, minor), t, = 12.5 min (anti, major), t, = 14.3 min (anti, minor).
4-6-2-13  filifit 14e Z V= 7 o~ ) o 15a & A B F 2 18a DARFE TV K— Vit (entry 2
in Table 4-3)

4-6-2-1 & [ERROEAE T, 25 mol% D filifif 14e, ¥iE% tert-7 % 7 —/L (1.0 ml), #INAlIE LT 10
mol% D% BA&EME Z MA TS ZAT > 1o, PO T, 7 mm A Z A2 K2 M ECIE I %=
ZTOT, BONTINERNEEDEE VDTN T LI ax N7 T T 40— (~FH ol
TF/L = LA)THRT % Z £ ¢, 19a (109.0 mg, 89%) )35 Hiiz, ¥ T AT L~ —LkiE syn:anti =
97:3, =) F A~ —imFEIFIL 4% ee (syn) L TN 12% ee (anti) Th - 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.6 min (syn, major), t, = 18.0

min (syn, minor), t, = 11.7 min (anti, minor), t, = 13.6 min (anti, major).

4-6-2-14 il 14e W= 7 o~ v 15a & A Y F 2 18a DAF TV K—/L Rt (entry 3
in Table 4-3)

4-6-2-1 L [FARROEAE T, 25 mol% D fihlit 14e, VR4 tert-—7" % 7 — L (1.0 ml), ¥R & LT 10
mol% ™ (R)-BINOL Z % TG AT -T2, I THh, ¥ 7 mr A X2 A K 2 B EOrR I
BETOT, BONTISEEMEETDEEL IV AITNAT LI u~x T T T 4 — (~FH Uk
ferF /L =1:4)THH4 5 Z & T, 19a(101.1 mg, 82%) 235 HiLiz, ¥ 7 AT L~ —LkiZ syn:anti =
90:10, —J > F A~ —iEFI=(L 8% ee (syn) L\ 86% ee (anti) THh -~ 7=,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.6 min (syn, major), t, = 17.9

min (syn, minor), t, = 11.7 min (anti, minor), t; = 13.5 min (anti, major).

4-6-2-15 filifit 14e & VN2> 7 X ) o 15a & A S F L 18a DAFF TV R—IVIS (entry 4
in Table 4-3)
4-6-2-1 & [FRRDOEAE T, 25 mol% D filifif 14e, ¥t % tert-7 % / —/L (1.0 ml), #INAIE LT 10

mol%® p- b /L= Z)VIR AR —KF 2 A CRISEAT > 7, BUSK TR, Y7 nn A 202X
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LB IR R 21T O BONTINREMEEDEEL VW TN T Lo v~ T T
T4 — (T UER BTV = LAY TR S 2 LT, 19a (110.5 mg, 90%) A3 G v, T AT
L~—id synanti = 92:8, =7 F A~ —wFI=RIT 87% ee (syn) 2 UF 50% ee (anti) ToH -7,

Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.5 min (syn, major), t, = 18.1
min (syn, minor), t, = 11.7 min (anti, minor), t, = 13.5 min (anti, major).

4-6-2-16 it 14e Z W= 7 o~ v 15a LA Y F 2 18a DAF TV K—/L i (entry 5

in Table 4-3)

4-6-2-1 & [AAROEAE T, 25 mol% D fitlit 14e, ¥iEZ tert-7" % 7 —/L (1.0 ml), #MNFE LTS
mol%® p- b /L AV U — KT & N A TR ZAT > 7o, IS TH%, Y7ra A X2 02k
LB ORI 2T BoNTNEEM e ZDEEL VDTN DT LI u<x N T T
T4 — (~FYUER BTV = L4 TR S 2 L T, 19a(107.2 mg, 87T%) R & L, T AT
L~—id synanti = 98:2, =7 F 4 ~—1mF=R 1T 86% ee (syn) & U 26% ee (anti) TdH -7,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 13.9 min (syn, major), t, = 17.6

min (syn, minor), t, = 11.4 min (anti, minor), t, = 12.9 min (anti, major).

4-6-2-17 it 14e Z W= 7 o~ v 15a & A Y F 2 18a DAF TV K—/L i (entry 6
in Table 4-3)

4-6-2-1 & [FARDOEAE T, 25 mol% D il 14e, ¥ % tert-7 % / —/L (1.0 ml), ¥#MNAIE LT 20
mol%® p- b )L ALK R — KR & N2 TG ZE T > T2, IS TH%, Y7ra 2 X2k
LB IR R 21T O T, BONTINEEME LT DEEL VA TN T LI a~ T T
T4 — (~FHUERB T L = LAY TR S 2 & T, 19a (111.3 mg, 91%) 3 fE bl T AT
L~—id synanti = 95:5, = F A~ —1wFI=R 1T 75% ee (syn) L Y 17% ee (anti) Toh - 7,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.4 min (syn, major), t, = 18.0

min (syn, minor), t, = 11.6 min (anti, minor), t; = 13.2 min (anti, major).
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4-6-2-18 fillii 14e % JAVN= 2 7 m~FH 2 v 16a & A Y F o 18a DA T /L F—/Lis (entry 7
in Table 4-3)

4-6-2-1 L [FREDOEAET, 25 mol% D il 14e, A% tert-—7 % / —/L (1.0 ml), #MAlIE LT 10
mol%® p- b /L Z LR g — KT & 10 mol% D /K & Iz CRUGZ1T > T2, BUNE T, 7
AL AL K DB R B2 T BoNNREMETDEEL VDTNV T
Lra<w 8 TT7 40— (~NFYUERT T L = 1A) TR S Z & T 19a (115.3 mg, 94%) 35 5
Niz, 7 AT L~—Lbid synanti = 97:3, T F 4~ —iaFI=Z L 93% ee (syn) } O* 43% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.4 min (syn, major), t, = 18.1

min (syn, minor), t, = 11.7 min (anti, minor), t; = 13.2 min (anti, major).

4-6-2-19  fili 14e Z = 7 m~F%H ) v 15a & A P F 2 18a DARFK T L R—/L S (entry 8
in Table 4-3)

4-6-2-1 & [FARDOEAE T, 25 mol% D filifif 14e, ¥IE% tert-7 % 7 —/L (1.0 ml), #MAlIE LT 10
mol%® p- b L= ALK U —KFI & 20 mol% DK Z N2 TR & T2 T2, KIS TH, V7
0 R AL LD BRIESCIRBER B 21T, BOoNTOSREME LT DE I VTNV T
Lrua< N TT7 4 — (NEYUERTF L = 1A) TR S Z L T, 19a (114.5 mg, 93%) 35 5
Ni=, U7 AT L~—lbid synaanti = >99:1, =) > F A~ —i\ T 13>99% ee (syn) M U} 66% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.1 min (syn, major), t, = 17.6

min (syn, minor), t, = 11.4 min (anti, minor), t; = 12.9 min (anti, major).

4-6-2-20 filiit 14e Z o> 7 maFk ) v 15a & A YT 18a DARK TV K—/L I (entry 9
in Table 4-3)
4-6-2-1 & [FRRDOEAE T, 25 mol% D filifif 14e, ¥iiE% tert-7 % / —/L (1.0 ml), #INAlIE LT 10
mol%® p- b /L= > AL R —KFI & 30 mol% DK Z A TS EIT>T0, KIS THR, ¥
Bu R Al KON ERCEIER B2 TOT . BONENREMEZDEEL )V ISV HZ
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Lrva<w 8 TT7 40— (N UERT T L = 14) TR S Z & T 19a (113.9 mg, 93%) 35 5
iz, V7 A7 L~—idsynanti = 98:2, =7 > F A4~ —iF=1L 95% ee (syn) & * 2% ee (anti)
ThoT,

Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.0 min (syn, major), t, = 17.6

min (syn, minor), t, = 11.4 min (anti, minor), t, = 12.9 min (anti, major).

4-6-2-21 filltt 14e Z FAVV =2 7 m~F W L 15a & A H T 18a DARFE T L R—/L i (entry 10
in Table 4-3)

4-6-2-1 L [FREOEAET, 25 mol% D fitlif 14e, A% tert-—7 % /7 —/L (1.0 ml), #MAlI& LT 10
mol%® p- b L Z LR U — KT & 40 mol% D /K & Iz TR Z1T > 12 BUE TH, 7
B AL AL LSBT ERCIE I BT, BONTRISREMECDEEL VDTN T T
Lrva< N TT7 4— (NEYUERT T L = 14A) TR S Z & T. 19a (113.4 mg, 92%) 315 5
Nz, U7 AT L~<—kidsynanti = 98:2, = > F A~ —i@mFEIHIL 92% ee (syn) & X 6% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 14.0 min (syn, major), t, = 17.6

min (syn, minor), t. = 11.4 min (anti, major), t, = 12.9 min (anti, minor).

4-6-2-22 it 14e W= 7 o~k v 15a & A Y F 2 18a DAF TV K—/L R (entry 1
in Table 4-4)

4-6-2-1 & AR DOEAE T, 20 mol% D il 14e, ¥ % tert-7 % / —/L (1.0 ml), A& LT 10
mol%® p- kL2 ALk UK F & 20 mol% DK &N Z2 TG E T T2, BUGK TR, V7
B a A2 A KD HHBECEBERE R 2T DT, (BONIERISEEMECDEEL )V DTN T
Lrva< N TT7 4 — (~NFYUERTF L = 14) TR S Z & T, 19a (113.8 mg, 93%) 315 5
Nz, U7 AT L~—kidsynanti = 97:3, = > F A~ —i@FEIFIT 92% ee (syn) & T} 9% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 16.1 min (syn, major), t, = 20.2

225



min (syn, minor), t, = 13.0 min (anti, major), t, = 14.7 min (anti, minor).

4-6-2-23 filfl 14e AV 7 a2 15a LA T 18a DAF TV R—/LIE (entry 2
in Table 4-4)

4-6-2-1 & [ERROEAE T, 15 mol% D filfif 14e, ¥ % tert-7 % 7 —/L (1.0 ml), #INAIE LT 10
mol%® p- kL2 Z LR U E—KF & 20 mol% DK &2 CRIGEIT T2 BUSK T, V7
B AL A LSBT ERCI I BT, BONTRISREMECDEEL VDTN T T
Lrva< N TTT 40— (Y UERT T L = 14) TR S Z L T, 19a (113.0 mg, 92%) 35 5
Nz, 7 A7 L~—id synanti = 97:3, =7 > F A~ —i@FIHIL 89% ee (syn) K& X 32% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.0 min (syn, major), t, = 18.9

min (syn, minor), t, = 12.1 min (anti, major), t, = 13.8 min (anti, minor).

4-6-2-24 il 14e Z v 7 v~ > 15a & A B F 2 18a DARF TV K—/L It (entry 3
in Table 4-4)

4-6-2-1 L [FREOEAET, 10 mol% D fitlif 14e, A% tert-—7 % 7 —/L (1.0 ml), @Al & LT 10
mol%® p- kL ZJLAR R —KFI & 20 mol% DK &% TG EIT - 12, FUSK T#H, ¥
B AL A LSBT ERCIE I B 21T BONTISREMECDEEL VDT NT T
Lrva< NI 5T 40— (N UERT T L = 14) TR S Z L T, 19a (107.8 mg, 88%) A3 15 &
Nz, V7 AT L~ —Lkid syn:anti = 88:12, =7 > F A~ —id =% 83% ee (syn) K UF 58% ee (anti)
ThoT,
Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 15.1 min (syn, major), t, = 18.9

min (syn, minor), t, = 12.1 min (anti, major), t, = 13.8 min (anti, minor).

4-6-2-25 filfit 14e Z =7 v~ ) o 15a & A B F 2 18a DARF TV K—/L It (entry 4
in Table 4-4)

4-6-2-1 L [FREDOEAET, 5 mol%dfitif 14e, ¥EiE% tert-—7 % / —/v (1.0 ml), #MAlIE LT 10
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mol%® p- kL2 Z LR U E—KF & 20 mol% DK &2 CRIGEIT T2 BUSK T, V7
AL AL K DB R B2 T BoNNREMETCDEET VDTNV T
Lorva< NTT7 40— (N UERT T L = 14) TR S Z L T, 19a (108.7 mg, 89%) 1315 &
N, 7 AT L~ —Lthld syn:anti = 84:16, =7 > F A~ —imFIZF X 60% ee (syn) & U 66% ee (anti)
ThoTl,

Data for 19a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.75 mL/min; A = 254 nm; t, = 16.0 min (syn, major), t, = 19.9

min (syn, minor), t, = 12.8 min (anti, major), t, = 14.6 min (anti, minor).

4-6-2-26 il 14e W= 7 a~xY ) o 15a L 5-AF LA Y F 180 DAREFE T )L K—I)VEs
(entry 1 in Table 4-5)

4-6-2-1 L [FREOEE T, filt &% 25 mol%, 5-A F /LA ¥ 18b (80.6 mg, 0.5 mmol), &%
tert-7" % / — L (1.0ml), #ANAIE LT 10 mol%®d p- k)L AL 7R U EE— KT & 20 mol% /K
EMA CRISEAT > To, RIS TR, ¥ 7 mnm A2 A 5B ERREE E2 1707, 556
NI OSREME X DEEL IV ATNAT L ax 8T T 7 — (T i F )L = 1:14)T
FE#4 % Z & C, 19b (115.1 mg, 89%) 315 b, Y7 AT L~ —kiX synanti = 98:2, =) F
F~—1EF= 1% 98% ee (syn) &z O>99% ee (anti) T - 7=,
Data for 19b; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 80:20), flow rate = 0.8 mL/min; A =254 nm; t, = 27.2 min (syn, minor), t, = 30.6 min

(syn, major), t, = 24.8 min (anti).

4-6-2-27 fil 14e Z N v msF Y ) 2 16a & 5-TLEA Y F 2 18 DARF TV R—I/V IS
(entry 2 in Table 4-5)

4-6-2-1 & FREDFRMET, fillfit &% 25 mol%, 5-7 = F A ¥ F > 18¢ (113.0 mg, 0.5 mmol), A%
tert-— % 7 —/L (L.Oml), #&IIAIE LT 10 mol%®d p- kb= ALk U EE—/KFn & 20 mol% D 7K
EMACRIGEAT> T2, ISR TH, Y7 ru A4 00 L MR ERCRIEE £ 21Th T, 155
NSOGB ENEFDEE VDTN T L ra~ NI T 7 40— (~FH U FfETTF L = 1:4)7T
FE#4 2% Z & T, 19c (138.9 mg, 88%) 3 fF b AL/, 7 AT L~ —[kid synianti = 99:1, =S > F
Z= —ia 2% 93% ee (syn) L N 2% ee (anti) TH - 7=,
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Data for 19c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 10.4 min (syn, major), t, = 12.1 min

(syn, minor), t, = 4.7 min (anti), t, = 5.5 min (anti).

4-6-2-28 fillfit 14e ZH\ v 7 m X v 16a b 5-= b A Y F 2 18d DAF TV R— /LG
(entry 3 in Table 4-5)

4-6-2-1 L [AREOERE T, fillfE &% 25 mol%, 5-= k1 H > 18¢ (96.1 mg, 0.5 mmol), A%
tert-=7"% / —/L (1.0ml), @Al E LT 10 mol%®d p- kL= ALk U EE— KT & 20 mol% 7K
EMZTRIGEAT>Te, RIGKE TH, Y7 a2 2 A2 X5 HHBIECHRIERE £ 421707, H6
NICSONREMEEDEEL VI ITNAT LI ax T T 74— (NFH Ui F/L = 1:14)T
FEfl4 25 Z & ¢, 19d (125.9 mg, 87%)\ 57z, VT AT L~ —kld syn:anti = 95:55, =) F
Z~—iE =1 59% ee (syn) K O 14% ee (anti) TH > 7=,
Data for 19d; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.7 mL/min; A = 210 nm; t, = 23.5 min (syn, major), t, = 33.0 min

(syn, minor), t, = 21.6 min (anti, minor), t, = 27.9 min (anti, major).

4-6-2-29 filfit 14e Z v/ kY v 15a £ 5- A XA YT 18 DAET L K—ILIK
Ji&» (entry 4 in Table 4-5)

4-6-2-1 L [FREOEMET, fillfEfE% 25 mol%, 5-A b1 ¥F 2 18e (88.6 mg, 0.5 mmol), &L
Z tert-7 % J —/v (1.0ml), IiIIAI & LT 10 mol%d p- V= Z )Lk i —/KFid & 20 mol%d
KEMA TG ZEAT T2 2A, UK THR, Y7 rnu A2 A2 XD ESCREEE L2170
T JONTINREMEEDEEL VN ITNTD T LI a~ N7 T7T 41— (~FH U FigTF L
= 14) TR 5 Z LT, 19 (117.5 mg, 87%) 1315 bz, Y7 A7 L~—IklT syn;anti = 99:1, —
T TF A~ — i EIFR L 38% ee (syn) & TUN>99% ee (anti) T -7z,
Data for 19e; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 0.5 mL/min; A = 254 nm; t, = 30.5 min (syn, minor), t, = 34.4 min

(syn, major), t, = 27.0 min (anti).
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4-6-3-1 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % FH v 7=
TS 4-1 DR L (Figure 4-6)

Data for TS 4-1;

E(RB+HF-LYP) = - 1635.0061843 A.U.

Zero-point correction = 0.508932 (Hartree/Particle)

Thermal correction to Energy = 0.542345

Thermal correction to Enthalpy = 0.543289

Thermal correction to Gibbs Free Energy = 0.441657

Sum of electronic and zero-point Energies = — 1634.474427
Sum of electronic and thermal Energies = — 1634.441014
Sum of electronic and thermal Enthalpies = — 1634.440070
Sum of electronic and thermal Free Energies = — 1634.541702

Atomic Coordinates (Angstroms)
Number X Y Z

1 7.225712 2.272684  -0.450775
6 6.287815 1.728381  -0.439316
6 6.297043 0.334795  -0.512808
1 7.220235 -0.227631  -0.590425
6 5.088959 -0.350812  -0.510492
9 5.096856 -1.691294  -0.637818
6 3.857267 0.305857  -0.402917
6 3.904989 1.701466  -0.337515
9 2.712229 2.353454  -0.259231
6 5.083030 2430241  -0.361308
1 5.034819 3.512445  -0.311257
7 2.623919 -0.373219  -0.405399
1 1.856233 0.060347  -0.903015
6 2.306971  -1.391861 0.459993
8 3.074743  -1.832532 1.303239
6 0.908783  -2.003868 0.245315
1 0.673317  -2.507574 1.187047
6 0.913387  -3.065740 -0.891976
1 0.955432  -2.513189  -1.841140
6

-0.384811  -3.887753  -0.853626
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-1.272268
-0.416418
-0.424877
2.142735
2.075211
3.079724
2.192666
-0.073601
-0.645789
-0.737603
-1.723051
-2.375874
-3.390716
-2.487460
-1.585168
-2.140642
-0.625995
-1.338907
-2.303901
-0.847949
-0.477769
-0.623946
0.587819
-1.403350
-2.912431
-2.195713
-3.594529
-3.988201
-4.034739
-5.106384
-6.273276
-5.202062
-6.302112
-4.835224
-7.134335
-3.178410

-3.251250
-4.572366
-4.492372
-3.983592
-4.738065
-3.437942
-4.506912
-0.954216
-1.030962
-0.245812
0.674360
1.647360
1.317525
2.620095
1.787788
2.415069
2.288677
0.401638
-0.092076
0.470338
-0.465943
-1.528875
-0.265693
1.148452
-0.480452
-1.114073
-1.277070
0.491017
1.414062
0.304484
1.041168
2.167910
1.982113
-0.710907
0.889777
1.542372

-0.887701
-1.707421
0.060130
-0.824506
-1.613907
-0.959733
0.136338
-0.050487
-0.935983
0.864111
0.368526
1.354556
1.607195
0.866930
2.662643
3.368045
2.474191
3.262408
3.428558
4.237936
2.331067
2.557311
2.507430
-0.556194
-0.637771
-1.502533
0.517770
-1.058082
-2.092699
-0.229987
-0.396130
-2.277741
-1.434793
0.706339
0.247307
-2.748828
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-5.255041 2.896196  -3.080970
-7.201513 2.571089  -1.587792
-3.131292  -2.217930 1.148439
-5.502133  -1.063035 1.379836
3.352040 5.303333  -0.085477
3.466491 5.398264 0.869660
2.877091 4464748 -0.170196

B B 0 Bk 0

4-6-3-2 DFT #t% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) & f v 7=
TS 4-2 DG RIEAL (Figure 4-6)

Data for TS 4-2;

E(RB+HF-LYP) = - 1635.0097454 A.U.

Zero-point correction = 0.509952 (Hartree/Particle)

Thermal correction to Energy = 0.542619

Thermal correction to Enthalpy = 0.543563

Thermal correction to Gibbs Free Energy = 0.444285

Sum of electronic and zero-point Energies = — 1634.473567
Sum of electronic and thermal Energies = — 1634.440900
Sum of electronic and thermal Enthalpies = — 1634.439956
Sum of electronic and thermal Free Energies = — 1634.539234

Atomic Coordinates (Angstroms)

Number X Y z
1 -7.348465  -2.206515  -1.257820
6 -6.505494  -1.640814 -0.876378
6 -5.343031  -2.310864  -0.492243
1 -5.255198  -3.389036  -0.555701
6 -4.277721  -1.570412 0.002470
9 -3.162618  -2.205399 0.410105
6 -4.315458  -0.177202 0.101580
6 -5.501058 0.449654  -0.293891
9 -5.559391 1.795014  -0.192259
6 -6.597315  -0.251310 -0.774580
1 -7.490190 0.288900  -1.066319
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N O P O R RO R RO R R O R R OO0 OO R NP R R O R R R O R O R O 0o kN

-3.233169
-3.452935
-2.005063
-1.683535
-1.064140
-1.391756
-1.125092
-0.763936
-0.201144
0.846670
-0.262902
-0.505423
-2.552467
-2.535296
-3.242943
-2.964418
0.331678
0.995668
0.848303
2.287985
2.960503
3.257599
3.894084
2.060065
2.561023
1.888189
0.714564
0.878832
0.082029
-0.021393
-0.917236
-0.368838
2.801599
2.736216
2.594832
3.825035

0.575051
1.245437
0.660387
-0.005402
1.698569
1.880713
3.048154
2.828750
4.098656
3.789957
5.033485
4.309899
3.604549
4.541870
2.928094
3.828420
1.267807
1.686398
0.156806
0.074757
-1.101350
-0.774240
-1.363920
-2.335628
-3.088414
-2.792558
-1.940459
-1.476903
-2.818555
-0.966219
-0.558554
-1.518490
0.420845
1.030018
-0.991237
-1.601989

0.616898
1.341866
0.012721
-0.963890
0.657766
1.689918
-0.122674
-1.136111
0.515476
0.526788
-0.049570
1.547160
-0.227665
-0.790976
-0.735260
0.764040
0.708134
-0.001879
1.219595
1.191129
1.895184
2.901598
1.387508
2.030884
2.648899
1.047886
2.644489
3.625751
2.807997
1.715009
2.195974
0.829846
-0.696044
1.453252
-1.312750
-1.329070
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1551658 -1.479364 -1.731810
2.101857 1411899  -1.123922
3.972741  -2.520522  -1.725460
4.300370 0.500448  -0.544359
4855761 -0.729354  -0.929909
5.126823 1.544067  -0.153678
6.513480 1.339523  -0.131703
6.227034  -0.955050 -0.912816
7.050464 0.102811  -0.502757
4.699574 2.503820 0.123581
7.175067 2.145133 0.171159
6.647035 -1.909812 -1.213176
8.126147  -0.044058  -0.481348
-0.827110 -2.851840 -1.124811
0.028929  -2.483887  -1.402839
-1.394388  -2.066337  -1.112773

= 00 +r + B O O O O O O == 0 o0

4-6-3-3 DFT #% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % 7=
TS 4-5 D& RKIEAL (Figure 4-6)

Data for TS 4-5;

E(RB+HF-LYP) = - 1635.0066713 A.U.

Zero-point correction = 0.509267 (Hartree/Particle)

Thermal correction to Energy = 0.542654

Thermal correction to Enthalpy = 0.543598

Thermal correction to Gibbs Free Energy = 0.441176

Sum of electronic and zero-point Energies = — 1634.472054
Sum of electronic and thermal Energies = — 1634.438667
Sum of electronic and thermal Enthalpies = — 1634.437723
Sum of electronic and thermal Free Energies = — 1634.540144

Atomic Coordinates (Angstroms)

Number X Y Z
1 7.765887  -1.974394 0.122292
6 6.815964 -1.467978 -0.009212
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>» P Ok kP O o OO P N P kP OO P P OO Ok OO 0O P Nk O O OO0 © O kO

5.631817
5.630327
4.427720
3.271379
4.356996
5.567550
5.513040
6.795388
7.704322
3.125914
3.028288
2.146550
2.214797
0.920306
0.924499
0.954213
0.823712
-0.193586
-1.170630
-0.200378
-0.049404
2.303446
2.285234
3.148709
2.494419
-0.281604
-0.967120
-0.829839
-2.062107
-2.628443
-3.495252
-3.004352
-1.611311
-2.107822
-0.828496
-0.980014

-2.205782
-3.277377
-1.539521
-2.238982
-0.158720
0.539519
1.872276
-0.087429
0.501387
0.508215
1.047841
0.603934
0.087702
1.436756
1.570360
2.841662
2.677414
3.718851
3.245367
4.674977
3.933689
3.542601
4.525046
2.986909
3.703432
0.709117
1.190894
-0.315167
-0.834540
-2.128687
-1.909209
-2.754232
-2.906056
-3.745405
-3.332931
-1.968514

0.033941
0.193677
-0.142131
-0.132425
-0.340836
-0.373443
-0.569656
-0.218233
-0.253174
-0.547236
-1.397423
0.398631
1.509141
-0.024381
-1.113048
0.638447
1.716451
0.113207
0.238275
0.646293
-0.952405
0.418935
0.899033
0.833670
-0.648721
0.385338
1.004269
-0.256991
0.276244
-0.317660
-0.952361
0.497231
-1.164115
-1.662979
-0.522688
-2.195590
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-1.770973  -1.522108  -2.810332
-0.316860  -2.511112  -2.876379
-0.180668  -0.854487  -1.505495
0.000926  -0.026839  -2.201024
0.808899  -1.236474  -1.217623
-2.064796  -0.824795 1.363376
-3.223926 0.711260 0.259872
-2.653376 1.632389 0.955994
-3.415449 0.914658  -1.277595
-4.541595 0.104818 0.682222
-5.033038  -0.229754 1.935444
-5.349499  -0.051585  -0.454910
-6.639775  -0.562196  -0.373936
-6.331875  -0.747164 2.040082
-7.118733  -0.912527 0.896157
-4.652109 0.396370  -1.592419
-7.258299  -0.679332  -1.258247
-4.416730  -0.086129 2.818584
-6.731067  -1.016941 3.012887
-8.123829  -1.313248 0.988555
-2.630837 1421325 -2.069172
-5.039515 0.430483  -2.525878
3.296404  -2.230483 2.831065
3.008057  -1.376081 2.466330
3.020606  -2.847927 2.142156

e e T i T i e e e < T < B < > N o B = > M« B = ) S o < B o B N T Y« PR Ce N =

4-6-3-4 DFT #% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % 7=
TS 4-6 D& (Figure 4-6)

Data for TS 4-6;

E(RB+HF-LYP) = - 1635.0216152 A.U.

Zero-point correction = 0.510642 (Hartree/Particle)

Thermal correction to Energy = 0.542899

Thermal correction to Enthalpy = 0.543843

Thermal correction to Gibbs Free Energy = 0.446798

Sum of electronic and zero-point Energies = — 1634.493545
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Sum of electronic and thermal Energies = — 1634.461288
Sum of electronic and thermal Enthalpies = — 1634.460344
Sum of electronic and thermal Free Energies = — 1634.557388

Atomic Coordinates (Angstroms)
Number X Y z

-5.405660 -3.989042  -0.954072
-4.727667  -3.158222  -0.791191
-4.937478  -1.953488  -1.464661
-5.763812  -1.817223  -2.152448
-4.052022  -0.907074  -1.246721
-4.238302 0.257695  -1.899442
-2.961345  -1.005716  -0.375760
-2.806920  -2.223951 0.291786
-1.789652  -2.350353 1.171719
-3.657826  -3.303829 0.092255
-3.481853  -4.226076 0.633557
-2.067758 0.079092  -0.197240
-1.086495  -0.092126  -0.430633
-2.466364 1.194066 0.482080
-3.579833 1.312135 0.984201
-1.483910 2.381482 0.550479
-1.699089 2.858688 1.512176
-1.756327 3.414714  -0.586825
-1.374582 2.961316  -1.512187
-0.976508 4712019 -0.317646
0.094341 4535290 -0.185119
-1.100450 5405597  -1.154625
-1.352509 5.205253 0.586211
-3.246097 3.719935  -0.792201
-3.351654 4484669 -1.567891
-3.809959 2.839450 -1.105135
-3.703037 4.104280 0.125498
-0.056344 2.050684 0.506570
0.421257 2.101901 -0.431696

P N FP P P O R P P O PR OPRFR, O 0O R NPRFP O © OO0 © OO R O O
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0.640381
2.034549
2.912781
3.406211
3.721958
2.141058
2.814594
1.780496
0.953271
1.315241
0.422400
-0.029840
-0.792431
-0.569915
2.001236
2.489471
1.558161
2.666705
0.396408
1.234205
2.592667
3.476191
3.817016
4.437953
5.749380
5.110834
6.076699
4.172707
6.514841
5.364353
7.096031
1.100152
1.140959
0.546605

1.304460
1.107044
0.381365
1.136997
-0.146985
-0.578687
-0.967194
-1.444313
0.142935
1.002219
-0.510059
0.619224
1.281097
-0.246325
0.418698
2.028876
-1.035942
-1.824115
-1.421339
1.177060
-2.826216
0.258436
-1.092969
1.170115
0.721525
-1.557537
-0.623504
2.211846
1.420827
-2.603767
-0.958115
-4.090783
-4.211338
-3.292416

1.350493
1.016066
2.035215
2.662014
1.522024
2.949907
3.721088
2.379664
3.589992
4.168258
4.289577
2.511916
2.937061
2.103175
-0.797514
0.657813
-0.534928
-0.541372
-0.346018
-1.508484
-0.361598
-1.081201
-0.904384
-1.490206
-1.702557
-1.105332
-1.506500
-1.647255
-2.024096
-0.967011
-1.674000
0.212910
1.171046
0.096168
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4-6-3-5 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % FH 7=
T m~FH ) 1ba ORI (Figure 4-7)

Data for 15a;

E(RB+HF-LYP) = — 309.9104193 A.U.

Zero-point correction = 0.151027 (Hartree/Particle)

Thermal correction to Energy = 0.157513

Thermal correction to Enthalpy = 0.158457

Thermal correction to Gibbs Free Energy = 0.120637

Sum of electronic and zero-point Energies = — 309.759392
Sum of electronic and thermal Energies = — 309.752906
Sum of electronic and thermal Enthalpies = — 309.751962
Sum of electronic and thermal Free Energies = — 309.789783

Atomic Coordinates (Angstroms)

Number X Y Z
6 1.157261 0.000000 0.064527
8 2.310466 0.000000  -0.339025
6 0.393410  -1.285132 0.339598
6 0.393410 1.285132 0.339598
6 -1.792160 0.000000 0.112694
6 -1.019543 1.265305  -0.282557
6 -1.019543  -1.265305  -0.282557
1 0.988362 -2.131263 -0.014664
1 -0.931015 -1.309525  -1.375956
1 -1.564283  -2.164490 0.024491
1 -1.966409 0.000000 1.197655
1 0.299129 -1.377178 1.431621
1 -2.778716 0.000000  -0.364260
1 -0.931015 1309525  -1.375955
1 -1.564283 2.164489 0.024491
1 0.299129 1.377178 1431621
1 0.988362 2131263  -0.014664

238



4-6-3-6 DFT #+% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % i\ 7=

A YF 2 18a DG RIE L (Figure 4-7)

Data for 18a;

E(RB+HF-LYP) = - 513.0850875  A.U.

Zero-point correction = 0.115475 (Hartree/Particle)
Thermal correction to Energy = 0.123446

Thermal correction to Enthalpy = 0.124391

Thermal correction to Gibbs Free Energy = 0.082525

Sum of electronic and zero-point Energies = — 512.969613
Sum of electronic and thermal Energies = —512.961641
Sum of electronic and thermal Enthalpies = —512.960697
Sum of electronic and thermal Free Energies = —513.002562

Atomic Coordinates (Angstroms)

Number X Y Z
6 -0.653788 0.056382 0.056739
6 -0.163901 1.436669 0.060151
6 0.471662  -0.792996 0.022427
7 1.655934 -0.036121 0.003128
6 1.401204 1.313903 0.023317
6 0.330940 -2.173425 0.011614
1 2587032 -0.428266 -0.021526
8 -0.757008 2.497637 0.085036
8 2.203611 2.226990 0.014830
6 -1.945004 -0.468912 0.080691
6 -2.100723  -1.856016 0.069944
6 -0.973181  -2.687569 0.035920
1 -2.802234 0.196397 0.106935
1 -3.092777  -2.293920 0.087897
1 -1.108830 -3.764746 0.028031
1 1192623 -2.831635 -0.014572

4-6-3-7 DFT #t% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % 7=
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filiiE 14e OREEREAL (Figure 4-7)

Data for 14e;

E(RB+HF-LYP) = - 812.0469057 AU.

Zero-point correction = 0.241477 (Hartree/Particle)
Thermal correction to Energy = 0.256464

Thermal correction to Enthalpy = 0.257408

Thermal correction to Gibbs Free Energy = 0.199278
Sum of electronic and zero-point Energies = — 811.805429
Sum of electronic and thermal Energies = — 811.790442
Sum of electronic and thermal Enthalpies = — 811.789497

Sum of electronic and thermal Free Energies = — 811.847628

Atomic Coordinates (Angstroms)
Number X Y z

-5.096482  -0.214758  -0.425035
-4.015942  -0.270354  -0.351023
-3.265467 0.903830 -0.278479
-3.731028 1.882322  -0.304638
-1.881169 0.818474  -0.196120
-1.158101 1.955845  -0.191855
-1.206674  -0.407971  -0.146734
-2.003143  -1.556318 -0.232696
-1.368066  -2.750434  -0.219336
-3.385051  -1.515984  -0.340056
-3.941875  -2.443676  -0.402802
0.189910 -0.512856 -0.070353
0.658056  -1.285320  -0.539953
0.977257 0.114262 0.863762
0.554754 0.870229 1.730468
2.472658  -0.187375 0.680345
2.926311 -0.009286 1.666224
3.114062 0.802759  -0.335027
2.761563 0.494507  -1.329074
4.648297 0.697265 -0.306992
5.014864 -0.313462 -0.513598
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5.086324 1.357049  -1.062392
5.039395 1.001394 0.670767
2.683971 2.258988  -0.102680
3.193435 2.914401 -0.816078
1.607350 2.395220 -0.228183
2.947974 2.592246 0.906966
2.627073  -1.570464 0.201177
3.559455  -1.715642  -0.174227

2.527964  -2.222762 0.975621

L e I = T =W = Nc ) S SN SS

4-6-3-8 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % H v 7=

KOMEEFEAL (Figure 4-7)

Data for water;

E(RB+HF-LYP) = — 76.4260076  A.U.

Zero-point correction = 0.021337 (Hartree/Particle)
Thermal correction to Energy = 0.024172

Thermal correction to Enthalpy = 0.025116

Thermal correction to Gibbs Free Energy = 0.003676
Sum of electronic and zero-point Energies = — 76.404671
Sum of electronic and thermal Energies = — 76.401835
Sum of electronic and thermal Enthalpies = — 76.400891

Sum of electronic and thermal Free Energies = — 76.422331

Atomic Coordinates (Angstroms)

Number X Y 4
8 -0.027012 0.000000 -0.018915
1 0.030441 0.000000 0.945273
1 0.898659 0.000000 -0.294766

4-6-3-9 DFT &5 (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) & H v 7=
enamine 4-1 OISR (Figure 4-7)
Data for enamine 4-1;

E(RB+HF-LYP) = —1045.5056518 A.U.
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Zero-point correction = 0.368233 (Hartree/Particle)

Thermal correction to Energy = 0.389690

Thermal correction to Enthalpy = 0.390635

Thermal correction to Gibbs Free Energy = 0.316759

Sum of electronic and zero-point Energies = — 1045.137419
Sum of electronic and thermal Energies = — 1045.115961
Sum of electronic and thermal Enthalpies = — 1045.115017
Sum of electronic and thermal Free Energies = — 1045.188893

Atomic Coordinates (Angstroms)
Number X Y z

-5.480637  -1.814883 0.163146
-4.496720 -1.372741 0.051299
-4.348042 0.012847 0.127770
-5.194241 0.670706 0.288719
-3.083601 0.566130  -0.028887
-2.948832 1906378  -0.010515
-1.942255  -0.218749  -0.229920
-2.143021  -1.601461 -0.303881
-1.054841  -2.375944  -0.522987
-3.390568  -2.193677 -0.176439
-3.478389  -3.271634  -0.245407
-0.658190 0.335005  -0.398205
-0.030902  -0.177080  -1.006743
-0.075314 1.168007 0.536458
-0.649601 1.529421 1.555685
1.347474 1.656688 0.193749
1.828506 1.785631 1.169941
1.313403 3.046956  -0.508366
0.929572 2.874015  -1.525223
2.733929 3.623012  -0.618485
3.418074 2.929777  -1.112759
2.720217 4558335  -1.186957
3.136832 3.842522 0.377281
0.378403 4.053531 0.176785

» kB P O P O kP O 00 OO P NP OO O OO0 O © O BB O O
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0.431348 5.013613  -0.346299
-0.662098 3.722728 0.174459
0.673712 4.221735 1.218019
2.141988 0.739606  -0.621954
2.010675 0.886956  -1.617372
2.295243  -0.620905 -0.286273
2.331261  -1.581669  -1.231603
2.216471  -1.294926  -2.277418
2.545595  -3.044860 -0.934649
3.567765  -3.348939  -1.212780
1.879226  -3.647055  -1.565865
2.296470  -3.366019 0.545041
2.637034  -4.381192 0.777978
1.216780  -3.333061 0.740665
3.004649  -2.341485 1.437553
4.081647  -2.363719 1.225072
2.886778  -2.595908 2.496526
2.467458  -0.924046 1.188026
3.143454  -0.180683 1.628388
1.505272  -0.797844 1.704710

= T T = = T N Y o > S =S S o ) S SN« ) S« > S SO S SN S SN

4-6-3-10 DFT % (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = 2-Methyl-2-Propanol)) % f\»
7= enamine 4-2 DS (Figure 4-7)

Data for enamine 4-2;

E(RB+HF-LYP) = —1045.5059799 A.U.

Zero-point correction = 0.368286 (Hartree/Particle)

Thermal correction to Energy = 0.389831

Thermal correction to Enthalpy = 0.390775

Thermal correction to Gibbs Free Energy = 0.315625

Sum of electronic and zero-point Energies = — 1045.137694
Sum of electronic and thermal Energies = — 1045.116149

Sum of electronic and thermal Enthalpies = — 1045.115205
Sum of electronic and thermal Free Energies = — 1045.190355
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Atomic

Coordinates (Angstroms)

Number X Y z
1 -5.684593  -2.214884  -0.251969
6 -4.736455  -1.707047  -0.112912
6 -3.577611  -2.240876  -0.678151
1 -3.592605 -3.160735 -1.251124
6 -2.367049  -1.587058  -0.482903
9 -1.241652  -2.126919  -0.982949
6 -2.274378  -0.391659 0.238063
6 -3.461910 0.103720 0.786470
9 -3.381577 1.249591 1.499629
6 -4.686462  -0.529278 0.635545
1 -5.571240  -0.096127 1.087135
7 -1.054109 0.284620 0.450238
1 -0.914395 0.679321 1.370739
6 -0.234635 0.723412  -0.564084
8 -0.440667 0.472582  -1.745629
6 0.993164 1.542861  -0.123902
1 1.096930 1.512848 0.965553
6 0.823421 3.021345  -0.559880
1 0.727377 3.014297  -1.654756
6 2.052489 3.856816  -0.180645
1 2.966709 3433501 -0.601221
1 1.942665 4.882886  -0.546655
1 2.170485 3.902948 0.909083
6 -0.454576 3.640780 0.027169
1 -0.571356 4670532  -0.324052
1 -1.357996 3.091937  -0.255718
1 -0.408341 3.670074 1.122781
7 2.202263 0.964101  -0.719474
1 2.073533 0.912721  -1.727656
6 2.708421  -0.260801  -0.219627
6 3.108157 -1.248156  -1.042070
1 2972057  -1.123815 -2.116311
6 3.776998 -2.518808 -0.578661
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4846706  -2.499465  -0.843478

3.359699  -3.375738  -1.124144

3.626024  -2.737761 0.933223
4308994  -3.524567 1.273157
2.607125 -3.084617 1.151400
3.882996  -1.432986 1.694366
4899756  -1.080763 1.475760
3.830389  -1.595919 2.776693
2.872629  -0.351205 1.284833
3.187261 0.626321 1.670833
1.900816  -0.566296 1.752519

I = T T = N> S S Y. ) S SN TN

4-6-4 TV R—/ VAR 19¢ O HiRE S X SREERENT (Figure 4-4)

Data for 19c (major isomer);

Table 4-6. Crystal data and structure refinement for 19c.

Identification code 19¢
Empirical formula CiaH1a BrN O;
Formula weight 324.17
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Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.79°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

296(2) K

0.71073 A

Orthorhombic

P2,212;

a=8.208(8) A o =90°.
b =10.131(10) A B = 90°.
¢ =15.493(15) A y = 90°.
1288(2) A3

4

1.671 Mg/m®

3.194 mm™*

656

0.22 x 0.14 x 0.10 mm®

2.40 to 28.79°.

-11<h<10, -12<k<13, -20<1<20
15243

3167 [R(int) = 0.0622]

96.4 %

Analytical

0.7407 and 0.5401

Full-matrix least-squares on F
3167/0/173

0.951

R1=0.0325, wR2 = 0.0713

R1 = 0.0464, wR2 = 0.0739
-0.011(8)

0.336 and -0.342 e. A

Table 4-7. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A%x 10°) for 19c.

U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X
Br(1) 3145(1)
c(1) 3077(3)
C(2) 3376(3)
c@3) 3611(3)
C(4) 4234(3)

y
1539(1)
4201(3)
5528(3)
3353(2)
5976(3)

z U(eq)
4704(1) 57(1)
5252(2) 37(1)
5196(2) 34(1)
4606(2) 31(1)
4485(2) 25(1)
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C(5) 4788(3) 5148(2) 3846(2) 22(1)
C(6) 4466(3) 3803(2) 3903(2) 27(1)
c(7) 5566(3) 5961(2) 3148(2) 21(1)
C(8) 5460(3) 7373(2) 3540(2) 23(1)
C(9) 10358(4) 4088(4) 2915(3) 57(1)
C(10) 7529(3) 4376(3) 2376(2) 35(1)
C(11) 9305(4) 4153(3) 2131(2) 47(1)
C(12) 7328(3) 5666(2) 2881(2) 23(1)
C(13) 8525(3) 5779(3) 3606(2) 29(1)
C(14) 10242(4) 5325(4) 3425(2) 53(1)
0(1) 4555(2) 6040(2) 2403(1) 28(1)
0(2) 6015(2) 8363(2) 3212(1) 30(1)
0(@3) 8151(2) 6252(2) 4294(1) 36(1)
N(L) 4621(3) 7292(2) 4279(1) 28(1)

Table 4-8. Bond lengths [A] and angles [°] for 19c.

Br(1)-C(3) 1.883(3)
C(1)-C(2) 1.370(4)
C(1)-C(3) 1.390(4)
C(2)-C(4) 1.384(4)
C(3)-C(6) 1.375(4)
C(4)-C(5) 1.376(3)
C(4)-N(1) 1.407(3)
C(5)-C(6) 1.391(4)
C(5)-C(7) 1.502(4)
C(7)-0(1) 1.424(3)
C(7)-C(12) 1.533(4)
C(7)-C(8) 1.556(4)
C(8)-0(2) 1.213(3)
C(8)-N(1) 1.339(3)
C(9)-C(14) 1.485(5)
C(9)-C(11) 1.493(5)
C(10)-C(11) 1.523(4)
C(10)-C(12) 1.532(4)
C(12)-C(13) 1.497(4)
C(13)-0(3) 1.207(3)
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C(13)-C(14) 1.509(4)

C(2)-C(1)-C(3) 120.4(3)
C(1)-C(2)-C(4) 117.6(3)
C(6)-C(3)-C(1) 121.8(2)
C(6)-C(3)-Br(1) 119.5(2)
C(1)-C(3)-Br(1) 118.8(2)
C(5)-C(4)-C(2) 122.8(2)
C(5)-C(4)-N(1) 109.8(2)
C(2)-C(4)-N(1) 127.3(2)
C(4)-C(5)-C(6) 119.3(2)
C(4)-C(5)-C(7) 109.0(2)
C(6)-C(5)-C(7) 131.6(2)
C(3)-C(6)-C(5) 118.2(2)
0(1)-C(7)-C(5) 111.5(2)
0(1)-C(7)-C(12) 110.01(19)
C(5)-C(7)-C(12) 119.2(2)
0(1)-C(7)-C(8) 103.45(18)
C(5)-C(7)-C(8) 101.5(2)
C(12)-C(7)-C(8) 109.7(2)
0(2)-C(8)-N(1) 127.0(2)
0(2)-C(8)-C(7) 125.1(2)
N(L)-C(8)-C(7) 107.9(2)
C(14)-C(9)-C(11) 111.0(3)
C(11)-C(10)-C(12) 110.9(2)
C(9)-C(11)-C(10) 111.0(3)
C(13)-C(12)-C(10) 112.2(2)
C(13)-C(12)-C(7) 113.7(2)
C(10)-C(12)-C(7) 113.95(19)
0(3)-C(13)-C(12) 121.7(2)
0(3)-C(13)-C(14) 121.5(3)
C(12)-C(13)-C(14) 116.8(3)
C(9)-C(14)-C(13) 114.6(3)
C(8)-N(1)-C(4) 111.6(2)

Symmetry transformations used to generate equivalent atoms:
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4-6-5 J v — h4E (NMR, Chiral HPLC)
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Figure 4-8. "H NMR and *C NMR Spectra of 19a (syn isomer)
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Figure 4-9. 'H NMR and *C NMR Spectra of 19b (syn isomer)
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Figure 4-10. 'H NMR and *C NMR Spectra of 19d (syn isomer)
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Figure 4-11. 'H NMR Spectrum of 19¢ (syn isomer)
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Figure 4-12. *H NMR Spectrum of 19e (syn isomer)
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=
=
2
2
=

15.0 16.0
Retention Time [min]

# e EfE% &E% ER{E NP SRE AR [ EE
3 11.617 5372 7.537 NjA 3381 1852

2 Unknown | 1 13.192 4054867 117884 5.666 7.205 N/A 3388 1.210 N/A

3 Unknown | 1 14.383 31827915 758759 44.474 46.373 N/A 2903 2.898 1781

4 Unknown | 1 17.767 31837316 636261 44.488 38.886 N/A 3114 N/A 1.594

5
&

# £ H

1 Unknown | 1 12046232 395516 15.115 19.964 NjA NiA - NA

2 Unknown | 1 24925 17687539 449054 22.193 22.666 NJA  NjA  N/A

3 Unknown | 1 27.517 24966189 592823 31,326 29.923 NjA 10278 2.844 1.195
4 Unknown | 1 30,742 24997504 543788 31365 27.448 NjA 10711 WA 1.263

Figure 4-14. Chiral Column Chromatography of Racemic Compound 19b
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=
2
2
2
s

Unknown
Unknown
Unknown

FNITINEY o

SEE(E NP SR S
. 0.211  0.640 N/A 4591 2.085
5.350 87815 5697 0.236 0.491 N/A 3192 4176 1,463
7.500 18620417 680150 49.999 58.576 N/A 2126 2454 2.253
9.517 18454753 467871 49.554 40.294 N/A 1457 N/A 1461

Figure 4-15. Chiral Column Chromatography of Racemic Compound 19c

&
g
8

Intensity (V]

Unknown
Unknown
Unknown

FITRNETY 5

240 26.0
Retention Time [min]

i = EE%
21.917 29708967 773938 47.227
23.775 1903170 44344 3.025 3.016 N/A 7531  3.643 N/A
28.017 29586600 621202 47.032 42.252 N/A 8183 3.735 1.197
33.033 1708471 30746 2716  2.091 N/A 8255 N/A 1.144

Figure 4-16. Chiral Column Chromatography of Racemic Compound 19d
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1000000

=
g

6.0 b
Retention Time [min]

# H NTP

1 1 53186 15, . T NA - NjA

2 Unknown | 1 26750 42401382 BB17i1 23.342 23832 NMA  N/A N Nk

3 Urknown | 1 29342 55054195 1080348 30.307 29.217 NjA 8176  2.734 1134
4 Urknown | 1 33083 55221922 978309 30.399 26,459 N/A 8365 N/A 133

Figure 4-17. Chiral Column Chromatography of Racemic Compound 19e
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DOYMDSAER

11

Tntensity (1]

200000

&iE & |@ FEEE NTP 5B (2
1 11,400 31286 1119 17.042 19.303 N/A 3607 1.824
2 Unknown | 1 12.883 152298 4678 82.958 80.697 N/A 3493 /A NjA

Figure 4-18. Chiral Column Chromatography of 19a (anti) (entry 8 in Table 4-3)

Intensity [uv]

14.0 16.0
Retention Time [min]

EiE s | EiE SEEE NTP
14.075 21690706 549826 99.567 99.620 NjA 3123 3. i
2 Unknown | 1 17.633 94372 2100  0.433  0.380 NjA 3386 NjA 1.243

Figure 4-19. Chiral Column Chromatography of 19a (syn) (entry 8 in Table 4-3)
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Intensity [1V]

Figure 4-20. Chiral Column Chromatography of 19b (anti) (Table 4-5)

:
2

Intensity [WV]

% &% ERE NP
27175 580095 15039 1227 L.470 N/A 10729 3.067
2 Unknown | 1 30.625 46714394 1008182 98.773 98.530 N/A 10314 N/A 1.282

Figure 4-21. Chiral Column Chromatography of 19b (syn) (Table 4-5)
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=
=
2
2
s

8.0
Retention Time [min]

CH R EE & HE% GER(E NP SHBEE Lo -{RE BE
4.700 78720 6867 44.830 55.758 N/A 4093  2.184
2 Unknown | 1 5.533 96878 5448 55.170 44.242 N/A 2204 N/A 1.259

Figure 4-22. Chiral Column Chromatography of 19¢ (anti) (Table 4-5)

Intensity [uV]

8.0 2.0
Retention Time [min]

e &% TERE NP SEIE :
10.425 11912665 268962 96.973 1 N/A 1350 N/A
2 Unknown | 1 12100 371895 9897 3.027 3.549N/A  N/A NA  NA

Figure 4-23. Chiral Column Chromatography of 19¢ (syn) (Table 4-5)
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=
=
2
2
s

24.0 26.0
Retention Time [min]

EE% [F% ESE NP AFE AN -(FE (BE
21.608 7676871 198803 20.738 24.571 N/A 7535 5.641
2 Unknown | 1 27.925 29341027 610285 79.262 75.429 N/A 7987 N/A 1.208

Figure 4-24. Chiral Column Chromatography of 19d (anti) (Table 4-5)
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=

23.525 1079909 25116 56.834
33.025 820203 14610 43.166 36.778 N/A 8019 N/A 1.145

CH fisd s EiE% SEEE NP
1
1

Figure 4-25. Chiral Column Chromatography of 19d (syn) (Table 4-5)
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DORRDSAEZ— 11

)44 4|5 : AN A] U | Feeal oH-1 ]

Intensity [1V]

26.992 190883 4846 100.000 100.000 N/A 10662 N/A

Figure 4-26. Chiral Column Chromatography of 19e (anti) (Table 4-5)

DORMDSAER - 11

Intensity [V]

26.0
Retention Time [min]

e EfE% S&% ERIE NP SBE | VUAN —{RE
30.475 10892418 217602 30,988 32.311 N/A 9062 2.93
2 Unknown | 1 34375 24257592 455866 69.012 67.689 N/A 9864 N/A 1323

Figure 4-27. Chiral Column Chromatography of 19e (syn) (Table 4-5)
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5=
FHRAFT 1LRT I VEEHAWEZE FrXd U Tk
FBEHEEFBBRET VT E RORET IV R—IVE)G
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5-1 ZL®IZ

X TARE LT AT AL, KRR EIL SO AL SRS < RN D AR
D—DTHY . LATFRAALPOREES N T FA -1 (5H) . BH ML =TT
T4U U RH L RIS B IO Ch oo A R LT hv g vr e s n T4 R

BAMED 1> CThoxY Anvf Ly A Bz EN TS (Figure 5-1).

Me,,,

streptomycin erythromycin A

Figure 5-1. Chiral 1,2-Diol Unit in Bioactive Compounds

ZORMREREROEREE LT, #121F 1980 412 Sharpless 1%, PUfg{bA 2 I 7 AL ¥
FAEMNE T (P Frd=—% DHQXIIVt Fu¥=> (DHQD)Z MW7 ax I LT
NI syn EREGRF U b r S SARKIS 2 BI%E LT (Scheme 5-1) . 20, HEKOEIT
TTERL T XTIV UBRAN U — (PHAL)Z I L CF 7 VBN 1% &K (DHQ).PHAL <X°
(DHQD),PHAL)IZ T 555, #fix 2tk BBMZ HiLTz, BIETIL, AAI T AED U 7 5 K,

T2 VT ALH U T A, REES D 7 LK (DHQ),PHAL X% (DHQD),PHAL DIEAWHR /N
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=&, AD-mix-a XiE AD-mix-f &\ D LR TR ST\ 5 (Figure 5-2),

0sQO4 (110 mol%) HO OH

R!' R® 0
N , DHQ or DHDQ (110 mol/o)= R1-) { R3
R2 R4 dry toluene R2 R4

up to 90% yield, up to 83% ee

Scheme 5-1. Asymmetric Reaction of Osmium Tetroxide with Olefins

(DHQ),PHAL in AD-mix-a (DHQD),PHAL in AD-mix-3

Figure 5-2. (DHQ),PHAL and (DHQD),PHAL

= DD R SR A IS FIECIE, S0 5 3% L7z LLB <2 Trost 5 23BA%E L= 4%
Ttk Y A ab Rus i by ETATE RORET L F— SR EE Sh T3
20 RIS % = R T F— A RSIC £ D 1,2-0 A — VB OBk b s
ENTWD (LLB OFEAHIL Scheme 1-8 2 2[R, “KZHENGEIROFEAMIL Scheme 2-13 % & [R),

REABMEE A Faxs 72 2T AT e RORET IV R—VEISIZBIT 5 JeBErY
RRFZEIE, List 510 ko TIFbNE o b1, il LT7 0 ) %2 M5 & T anti BRA
CRFT L R A RSERT S8, o FARRIIC O ERY 2155 = LIS L

(Scheme 5-2),

i o] line (20 or 30 mol%) 7 " H
L-proline or 30 mol%
)J\ 4 )]\ =MR H Q
— 0
O

on H R DMSO, rt OH HO L "'i,'\o
up to 90% yield R
syn:anti = up to 1:>20, up to >99% ee (anti) transition state

Scheme 5-2. Asymmetric Aldol Reaction of Hydroxyacetone with Aldehydes Using L-Proline
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BT ClX. Barbas H23BHIE L7z VAR T IV RO K FEFE ST L 0 B O SEAR 2§14 5 L- k

LA = U OFFIRE W72 i (Scheme 5-3)185\ Gong HAPARE LT I Rk b Rk
NINZ K DKRFBHREEINZ LV S DOSLRZFIEH T 5T F KE A 7O L-aA ¥ UFERE V-

S (Scheme 5-4)186\ X% Cheng HRBHFE LT-7 L E =7 AA A1 L OKERHEGIT L B
SR A BT 5 R 18T X LAkl A 7= SO (Scheme 5-5) - S5 /8IS S LT B,

MeIOR3
HoN COOH
o o R3=H or tert-Bu 6 OH
I )L (20 mol%) R2
2
R1 OH H R NMP, rt R1 OH

up to >95% yield
syn:anti = up ot 18:1, up to 98% ee (syn) -

~ |
HO Olum,,,”H/O

R2

OR3

O
HN

R’I
H

transition state |

Scheme 5-3. Asymmetric Aldol Reaction Using L-Threonine or L-Threonine Derivative

CF;
P, T .
N CF, 0
NH H
2 HO O CF5 SHIII Y
9 O OH Ouyre'H
O (20 mol%) F4C Ho)&\ oo g
’ ene. it RIR | H R
OH H R m-xylene, r OH H
up to 95% vyield R'=3,5-(CF3),Ph
syn:anti = up to >20:1, up to 98% ee (syn) | transition state ~ _|

Scheme 5-4. Asymmetric Aldol Reaction Catalyzed by L-Leucine Derivative

Ph/Y\r\D
NH,

(20 mol%)

0] H3PW12040 (667 mOl%) (@) OH
N )OL (or TFOH (10 mol%)) ,
- R
R'  OH H R2 NMP-hexane, rt R' OH

up to 97% yield

syn:anti = up to 30:1, up to 99% ee (syn)

[H3PW 50,40 (polyoxometalate): molecular metallic oxide]

Ph

\‘H’}l +
O\unnmuH\N
Od w1
R [ °H
H

transition state

Scheme 5-5. Asymmetric Aldol Reaction Catalyzed by Chiral Primary-Tertiary Diamine
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ZOMIZIZ, Miynarski H23BAFE LIzF =T (v aF T ahaA R)EHW7H# (Scheme

5-6)188\ Headley 623 U7X T 72y 7 a~x ¥ 07 I UFFEMARE W24 (Scheme 5-7)189

BN ST

Ph

H/I:, N\
0 5 O OH { }/ /9H gj\
(10 mol%) : ~ A OH =
)H + JJ\ > )K:/\R 7 \
OH H R CH20|2, rt OH N .
up to 96% yield R=
syn:anti = 90:10, up to 44% ee (syn) | _ transition state
Scheme 5-6. Asymmetric Aldol Reaction Catalyzed by Quinidine
0
o o H
S [l S H
NH HN—ﬁ@ Og N HN
3 o HO_ll—
o] o NH O OH R H O\F}N H
15 mol% : H \
)H I )J\ ( mo 0) - )J\E/\R O//
OH H R CH20|2, rt OH
up to 74% yield
syn:anti = up to 90:10, up to 93% ee (syn) | __ transition state

Scheme 5-7. Asymmetric Aldol Reaction Catalyzed by Cyclohexanediamine Derivative
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HERFIMFINFRECH Y | AR TR RIS R A 7 R — VRS & AT S 7
DIX, Lu H3BRAFE LT VAR F VI K D KERE A LAl > ) VI X 5 Vi RREEIZ L - T
RO ST T % Lk LA = 3k E AV S B E (Scheme 5-8) . Lu & ODfiiik & R
FHE TR DS % I 5 Teo BT L= Lt U (k% V50 (Scheme 5-9) D
Th5s.,

preparation of the catalyst

. OH OH RCI OR OR |
5 /'\‘/COOH (2 steps) /H/COZBn imidazole )\rcozsn Pd/C, H, /H/COOHE
: —_— —_— —_— :
§ NH, NHCbz ~ PMF NHCbz ~ MeOH NH, |
§ R = TIPS or TBDPS or TBS!
OR
//LW/COOH
0] O NH, 0] OH
Nt L A
+ H - :
H,0, rt :
OTBS R OTBS R

up to 95% vyield
syn:anti = up to 8:1, up to 98% ee (syn)

Scheme 5-8. Threonine-Derived Organocatalyst for Asymmetric Aldol Reaction in Water

NH,
TBDP :
Q o SO~ cooH Qo OH
. (10 mol%) - )J\/\R
H™ R :
H,0, 1t oTBS

OTBS

up to 90% yield
syn:anti = up to 92:8, up to 90% ee (syn)

Scheme 5-9. Siloxy-L-Serine-Catalyzed Asymmetric Aldol Reaction in Water

T3 E TSI U8 Lk T S At 14e 13, KPR Co 7 a~F4 /) 15a & BHK
BT NTE K2 ORET I R—=IVEIna#ITSE, hoOlFlZHns Z &Y T AT LA
MO F o F AR OES 5 2T (B3 8 E2SM), €2 THRIX. 20 1#H#7 I fih
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B 14e ZHWAUR, IINAIZ WD Z LR KKEBEETTH e Rexo 7k Fo 20a & HEEKET IV
Tt R 2DORET I R—=)VEn % BNARERFNCHEI TS E L2 ENTE DO TR R WL EE X T,

5-2 HBIAF LT X b 14e /e e 7k hr20a b 4-= XU X707 R

20 DARFT IV R— IV

XU OIC, |IR T, 25 mol%Ofillt 14e Z W Tk Fafxs 7E® b 20a & 4-= ha X X7 )L

T N 2g DARFT IV F—=/V RIS ZATV, WO BET 21T > 72 (Table 5-1),

Table 5-1. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

~€_/<o .

H,N  HN
0] O F O OH
)J\ . 14e (25 mol%) _
OH solvent, rt OH
20a 2g NO: 21a NO-
entry solvent timf ield syn:anti® % ee”
(h) (%)° (syn)
1 H,O 48 trace - -
2 H,O/MeOH 144 89 61:39 38
3 dry DMF 36 53 69:31 33
4 dry THF 21 87 71:29 54
5 dry CH,Cl, 52 90 75:25 55
6 dry CHCl; 14 88 74:26 54
7 NMP 36 87 69:31 45
8 dry toluene 14 80 71:29 53
9 dry hexane 14 83 68:32 50
10’ dry CH,Cl, 90 89 68:32 62

2All reactions were carried out with 10 equiv of 20a and 0.5 mmol of 2g in solvent (0.5 ml).
®Monitored by TLC. CIsolated yields. “Determined by 'H NMR. °Determined by chiral HPLC

analysis for syn product."The reaction was performed at 0 °C.

FP BRI LCRISE T 128, ERIITIEL A BB bR (entry 1), AU,
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B Red U7 b 20a 2VKICIT T LES7ZR, il 14e b & Fud o7& b 20a b= )
IR SN 2o ZERFKRE LTEXHBNLD, TI T, KERAZ ) —LDRE
W Z WIS E T2 2 A, T AT LA~ —HS synanti = 61:39, 38% ee (syn)D=F >
FARRMECTHMOAERM 2155 Z L8 TE T2 (entry 2), KIZ, entry 3 225 entry 9 IRk 4 72
BRI A TN TG E T2 2 A, Y7aa A2 o2V EEaIcRks BV R CAEKRY &
525 Z LN TE = (90% yield, syn:anti = 75:25 and 55% ee (syn) inentry 5), & Z C. IGIEE % 0°C
LT, 7 A X PTCRINEITST2E A, 62%ee (syn)E THEMKY O =T o F AR %
) ESED T ERTEZN (entry 10), HITmiE T DR A2/FD 2 LS HIRR -T2,

BRI DT FARPENFRRE THTZJFNIE, & Frdv 7 b 20a Ot Krfiob
B b OGO 148 DKFEREEEHR L TLEN 26-P 7 A r 7 2= /LT I FREIZL-T
ERA DSIEZRIET 2 2 L R R o Te % L BEZ HND,
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5-3 AT LT I iAWz TBS-E R 7 & b 200 L BHFHET LT B K2 DR
BTV K=V
ZZTRIZ, B Rafxy 7R bt Faxifz tert-7F LU AF Ly Y LEE (TBS H)T

PRifE L7z 20b 2 FIWCRIBRD SR AAT 5 & &1 Lz (Table 5-2), ARISIE, ERMIO—FHDOE R
R IVEZERICKETE 8, RRIERFCBNT—H0E RrX i VoL 2 R# L
WG RIEFICARATH L,

Table 5-2. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

Mo ;

H,N  HN
(0] 0] F O OH
)H . 14e (25 mol%)
OTBS solvent, rt OTBS
N02 NOZ
20b 2g 21b
time yield d .
entry solvent b . syn:anti % ee
(days) (%)
1 dry CH,CI, 5 90 82:18 66
2 H,O 3 96 83:17 82
3 brine 3 94 83:17 85
4 brine 5 94 81:19 85

All reactions were carried out with 10 equiv of 20b and 0.5 mmol of 2g in solvent (0.5 ml).
®Monitored by TLC. CIsolated yields. “Determined by *H NMR. °Determined by chiral HPLC

analysis for syn product.'The reaction was performed at 0 °C.

F£3°, Table 5-1 OFERABEE X, WIEEZ 7 mm A X L TRIGEIT2T2 L 25, D
U7 AT LA —lE synanti = 82:18, = U F A IRINMEDS 66% ee (syn) /2D, B RrF Tk
Froe Ra i Va0 LaWigEs (synanti = 75:25, 55% ee (syn)) L ¥ & @O SRS T
BRODOERM 152 Z L3 T& 7= (entry 1 in Table 5-2 vs entry 5 in Table 5-1), A28V TIE,
FOSHE T % 20 23l 14e 27 VT & R 2 23720 DKREIGRIELTWDH, & Frfy
7 b 20a & WA ITIEKIZ 208 A3 EERE LEOGEETIT L2 r > 7273 (entry 1 in Table 5-1),
TBSETHR#E L Pk 7 & b 20b (3KITIZE A LML 2V O TRIGITETT 2 L B2
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bBd, ZITRIZ, KEBEIC L TRISETo7c & 2AH, HINOAERMZILE 96%, T AT

L A~ —EE78 syn:anti = 83:17, 82% ee (syn) D) > FABINMETIH S Z L N TE 72 (entry 2), UT4E,
IR 72 B 1350 7> TRV, RET IV R— U RIRIZ B W TR & LKLY bRtk E

WA, BRI HIO R AR BN & VS BERB DS\ RICRKUKE T

REKX O 0°C TRISZEATH Z LiZ Lic, ORISR, BOSRE Z 70 2 T AR O SLASER VLR

FREETH o 7oy, WIKEET TR ZAT o 7256 £ 0 b AR O = F o F A IR 3 ) b

L7 (85% ee (syn) in entries 3~4 vs 82% ee (syn) in entry 2),

FZ T, WA AR, FOGIREZ=RICLTCTBS-t Fufxs7& b 20b Lkix R BHKET

}1/5‘: v }\ 2 @Z:%?ﬂ/ }\P«/I/ﬁﬁ:\ %?:IO 7L: (Table 5'3)0

Table 5-3. Asymmetric Aldol Reactions of TBS-protected Hydroxyacetone 20b with Various

~§_/<o .

Aromatic Aldehydes 2°

H,N  HN
) o F O OH
14e (25 mol%)
+ M : R
H R brine, rt
OTBS OTBS
20b 2 21
time yield d .
entry 2 (R) b 21 . Synanti % ee
(days) (%)
1 2h  (3-NO,Ph) 3 21c 94 85:15 80
2 2i (2-NO,Ph) 4 21d 92 84:16 94
3 2k  (4-CIPh) 5 2le 79 78:22 79
4 2m (4-CF3Ph) 3 21f 89 82:18 84
5 2a (Ph) 7 21g 76 81:19 67

4All reactions were carried out with 10 equiv of 20b and 0.5 mmol of 2 in solvent (0.5 ml).
®Monitored by TLC. CIsolated yields. “Determined by *H NMR. ®Determined by chiral HPLC

analysis for syn product.

P BTUSIREZATLIHERT AT e FEHWTRISEIT272& 2A, WTFhOBE L&

IR B OVE NSRBI B DO 25 2 Z LIl L, #lc 2-= b e _U X7 L5k R2i &
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MAWTZHEITIE, FiE D 94% ee (syn) TN FF HALTZ (entries 1~4), £72, XU X7 LTk R
2a Z WS TIL, 7 A7 LA~ —H)s syn:anti = 81:19, 67% ee (syn) D) o F A #IRNMET
HHIDAERM RGO (entry 5), ZOftl, 4-2 ¥ XU X7 LT REHWKIEEIT-o 72
D, BONTHEIT Lo T,

5-4  SUSHHIBIZB 5552

FZLOIZ, REISTHEZ AL DAY A 7 V%757 (Scheme 5-10), £ 3l 14e (X, TBS KT
RSN/ FurX 7 b 20b &S L TRER =T I v EEZER L, 2oz Iv
HRERE T LT R 2 BRET 5 2 LT FT7ARPHBIRE - RE-EDER SN D, Dk,
Z DORISHTRHEIAR S D Z L THE 14e 13 1 7 WICRD L EZ DL D,

——g;_<? R 0
H,N  HN //M\j
OTBS
14e F

20b
H,O
g
HN HN

— TBSO._ _~
F

(0]
H | N
L transition state _| 2 ’\/\

Scheme 5-10. Plausible Reaction Mechanism of Asymmetric Aldol Reaction
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INET, AFELZET I UMl Feds 7 o UL TBS ETHRESN-E Fexo Tk
FoMBER SIS ) I RO EIZ OV T, DFT §HE 2 AW =& L

S EZEITITE A TN T
IR tls, I TET, M 14e L TBSHETHR#EINT-E Rafx o7& o 200 O S
B 2 RO TR 2 DFT

stREICELVRDD Z LT LT,
FIEZLND TS I BRI, Figrue 5-3 (2753 enamine 5-1~4 @ 4 SO

ine 5- EllhoT, Z

NHEOPT, & Frx 7 b HROEIR T & il 14e O I 5 & OFTKHERE ETE

Kb EEZLND (Z)-enamine D J575, (E)-enamine £V & = R /LF—HIZLEL
VwinkHEREns, &5

(SR TENT T2 D D TR
b Reo 7 b EROBRER S &l 14e O 7 I FERIC HK
EEEERTDEEZLND (2)-enamine 5-2 D573, (Z)-enamine 5-1 LV 4
bz,

IhHEEZ

Z

L

//\

\\\\\\\I
M

NH
\\0\
©. TBS O TBS
(Z)-enamine 5-1 (Z)-enamine 5-2 (E)-enamine 5-3 (E)-enamine 5-4
Figure 5-3. Plausible Enamine Structures
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BUED L Z 5, SCRF B TIIBHI/KDOBWHEANREZFRITNA D Z ENTE RV, ARFHS
BWTIIRHEF TOREMIELZ RO D Z £IZ L7z, B3LYP/6-31G(d,p) L~V TCEHEZ{To72 & =
A, (2)-enamine 5-2 23 b = RV F—HIZLE TH - 72 (AG = - 4.2 keal/mol in Figure 5-4), il
X, B Rexo 7% b rlROBER T EBLO T I U OKFIFR-RIOEREN 23A, B No
F T N UHOROBERER 7 EAEO T I RIEEBOBERED 238 LW RS MHIE X T
WYIZ= T I UHEERRO 2 BETOKBEREAIC L DEEDLZERONRICL D D LHEIND
(back view of (Z)-enamine 5-2 in Figure 5-4), L 7>L. (Z)-enamine 5-1 & (Z)-enamine 5-2 M TR /L ¥
— 721349 1.0 kecal/mol TH Y | KELWEIEAKFTHEITL TWDZ EEEBET D L, EBEOZ XL

—H 7R ZEMEITER L TV D ATt b 3B 2 T,

LS gy SE S

m\\\N
N-H N-H H F
L, AL 7
X _O NJe)
~TBS ~TBS 0 ON
(Z)-enamine 5-1 (Z)-enamine 5-2 (E)-enamine 5-3 (E)-enamine 5-4

front view of front view of front view of front view of
(Z)-enamine 5-1 (Z)-enamine 5-2 (E)-enamine 5-3 (E)-enamine 5-4
(AG =—3.2 kcal/mol) (AG =-4.2 kcal/mol) (AG=-2.2 kcal/mol) (AG = 0.0 kcal/mol)

top view of back view of
(Z)-enamine 5-2 (Z)-enamine 5-2

Figure 5-4. Calculated 3D Structures of Enamines
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Wiz, Kbz F I K (enamine 5-1~4) D 2 B F x . il 14e # VW ize Fafx o7
B R UFH200 ERUXT VT B R2aDAREFET IV R— VST 5 @BIREEIC SOV TRET 21T -
Too T I UHEEDOT I G OKRFERA X XTVT v R 2a OFERIRF & ORKFFREEIT K
DUEEN 6 BROEREBREBOVMELEET DL, BALNIERIRREIT TS 5-1~16 (T2 5
(Figure 5-5), (Z)-enamine 5-1 & X X7 /L7 b K 2a i LIZAICE 2 B D EBIREEN TS
5-1~4, (Z)-enamine 5-2 &£ X X7 /L7 k& R 2a D4 1E TS 5-5~8, (E)-enamine 5-3 & X X7 )L
7 b K 2a D%ETL TS 5-9~12, (E)-enamine 5-4 & X X7 /L7 & R 2a DAL TS 5-13~16 Th
%, TS5-1, TS5-5, TS5-9 XX TS5-13 Z#H L TS HEATT 5 & (3S, AR)D AR, TS 5-2,
TS 5-6, TS 5-10 /L TS 5-14 Z#% 1 L TSI T35 & (3R, 4S)D M), TS 5-3, TS 5-7,
TS5-11 X% TS5-15 ##% 1 L TS HEITT 5 & (3S, 4S) DAk, TS5-4, TS5-8, TS5-12 X
13 TS5-16 Z % L CRULDEITT 5 & @R AR)DERMPHEHNL L EZBND,

274



OTBS OTBS OTBS OTBS
(3S, 4R) (3R, 4S) (3S, 4S) (3R, 4R)

N\
TBS TBS
TS 5-13 TS 5-14 TS 5-15 TS 5-16

Figure 5-5. Plausible Transition State Models for Asymmetric Aldol Reaction of TBS-protected

Hydroxyacetone 14b with Benzaldehyde 2a
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ZOHRT, X VEERZ)-enamine &R RXTILT B R 2a UG L, 2xofile 14e @ 2,6-3 7
NATT 2= VT 2 REERUVXT LT R 2a DNARKENNSNWEEZEZ HND TS 5-1~3 K
TS5-5~7 IZOW T DFT ftHEZ VW TENEND =R LX—%2Kd D Z L2 L7 (Figure 5-6),

front view of TS 5-1 front view of TS 5-2 front view of TS 5-3
(AG = - 1.0 kcal/mol) (AG = 0.0 kcal/mol) (AG = - 1.6 kcal/mol)

1.85 A
(top view of TS 5-6)

‘ | (back view of TS 5-6) |
front view of TS 5-5 front view of TS 5-6 front view of TS 5-7 !
(AG =—3.1 kcal/mol) (AG =-11.9kcal/mol) (AG =-6.6 kcal/mol) ‘------------commmmmcoaeas 2

Figure 5-6. Calculated 3D Structures of TS 5-1~3 and TS 5-5~7
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B3LYP/6-31G(d,p) L VTR AZ{To72 & 2 A, TS 56 DI HBLEETH -7 (AG = - 11.9
kcal/mol in Figure 5-6), TS5-6 Z ¢ L CRISDEIT LI GAICEOND B X bNDL =T T4
~ =0, FREOFERTHON =T TFA~Y—L—HT 2200, ZOFERMBRITERERE
M XFFTHbDEEZHND,

TS 5-6 OB RBIRIE LV b ZETh ol O—>2L LT, top view of TS5-6 (TR L7c=F
LUHERND T X REOKFERF &R AT AT K 2a OFEEETROKFEREEC K DS
DEENEZDND, BIRRNZ LT, HIETITo/lev 7 ma~nFH /o 1ba L XU AT VT
b K 2a DARFT IV R—)VGIZEBWCIE, Figure 3-10 TR L7 X H12=F 2 RO Re I
RUXT AT R 2a T HBBIREBITEHE kD 2 LK o723 RRISIZEWT
TR D Z LN TE, ZAUL RIS b 16 Ll 14e BB SN HEIROTF I K0 b
HBLIRT b 20 LR 14e N DIERR SN D HBRRD =T I DT, a7 A—a Y OHHMH
JERREL RV EEREDESERLT L R 2 R FEX U T hr O TBS LRV X7 )L
T b ROFEFR & OBHKMMAENOR EHEZSIND, £/, TS 57 28 TS 55 ALV HKJ 35
kcallmol ZE T >7-DIE, TBSHE R X7 /LT b K 2a DFEFER & OSAREEN DR NE L&
2B,

RE, ARREHRERIISHAP COIEGRHREICESC LD TH Y | EEDOINIEEAKF TIT-T
WD %, BRBIREIZOKG FRORBENES LTV D ARENE X b D, L, KEEH T
JEEAT S Te B B IV BB & BHUKT TRUS ZAT > e B IR b NI AR DT AT L
F e 2 FUFABIMENRFRE Ch o7 2 b, kT MY U AR ERPOSIARRRIEIC K E
SEBLZRIEFL TS E1E3E 2 v (82% ee (syn), entry 2 in Table 5-2 vs 85% ee (syn), entry 3 in
Table 5-2), Z#L 5 OMRFHERN D, EEEOLE S EIC TS 5-6 L FALIOEIEE LB AEZ X H
LCTHEITLTWD R ST,
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55 &

F TN 12-VA— VIR, ARREBREEEEMICE TN L EAFTHRO—DTHY | D
fH{ER B RIEDORRIT, MO TEETHD, INETITFE, AFFHESBMEL M- FrX
TR RLTATE ROREFET IV R=AISICED . T 070 12-V 4 —VEREAT 2LE
W OEBGEDREZ S BRFE STV DD, T TIIAF AL VRIS b E I TN D,
L L7 b AFREINHE Z AWFIOKEEE D TS Z T S 26, 2 floATHY . H
WHENTWDARMBLT, 7 I/ BROP TIEER &G L- b LA = FFEARS L-E U RE SR
Tholz, LTI THIE, 53 HETHRE LIAKBER TRET NV F—ARISEEITSEL ZENT
E DA LT X bl 14e THIUT, ABUS &K CTESLEERNICETTSED 2 &
WTEDLDOTIERONEEZ, BitEiToT,

A LT BOSSMEO T, il 14e 2 V2t FeS o7& b iFEk 20b & /KT LT B
R 2 DARET N R=NVIEET-12E 24, BROER Z @INERNOmY T AT VA« =)
FATRINANAFD Z LN TE 72 (up to 94% vyield, syn:anti = up to 85:15, up to 94% ee (syn) in Scheme
5-11).,

ZOX T, ZOFHAF LIRT S T, TV Rl ERE UCBRIRT bR TR L,
EReXo 7 b AHWERISICOEATE D Z Enbhot, Fi2, I H 7oz o/
NXY ) L LHFEBET VT RORFT L F—=/VBUSICE W T anti BRI BRI G H vz

N, RETITol-e Faxv 7R AL HFEFRT VT B ROAREFT )V R—)VIKGTIZEIZ TS

5-6 Z ¢ L CRUGA LT L2 2 & T syn BRI E 155 Z LN TE T,

S ] _

0 F O OH ,

14e 9 “
+ H | N (2.5 mol%) . | N
OTBS X brine, rt OTBS ¢
20b 2 R 21 R
up to 94% vyield

syn:anti = up to 85:15, 94% ee (syn) TS 5-6

Scheme 5-11. Asymmetric Aldol Reaction of TBS-protected Hydroxyacetone 20b with Various

Aldehydes 2 Catalyzed by 14e
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56 FZHRIA
5-6-1 General information

FTANTOROGIE, # 70 °C T 110 °C DOHLGHE TRIR ST 7 A B a2V TT o 72, #ilit
kO a< b 777 4 —=ITHWERIL, BALTCEEORETER LI, VBTNV BT L0
n~v N7 40—, ANTKERASHEO RS U #4570 60 (0.040-0.063 mm) % FeiEAl & LTt A
L7z, B4 M, BEFHASEo Celite 545 & AV o, BOGICHW-E Rr¥ o7& b
20a, 7/V7 b REH 2, dry DMF, K OVdry R AL DEZZDOEEMHA Lz, BISIC
MWieyrzmm X2 THR, 7 aa i, ROSFF ATKRFEA V> T b FV TR S
Hic, R O ARELE X, W S TWDHF T /L0 7 LD retention time 2 2&12 L TIRE
L7z,

5-6-2-1 fillt14e Z -k FuX v 7T b 20at 4= b XU X7 Tk K2g DRFT VR

e

O O O OH

—/UIZJE& (entry 1 in Table 5-1) (#7531

F
)H . 14e (25 mol%)
OH solvent, rt OH
N02 NO2
20a 29 21a

SIE T, A7 7 A2 14e (0.125 mmol), & Re 7+ k2 20a (10 equiv to aldehyde).,
KROEHEAK (05m)ZMZ 2%, 4-= F X X7 /L5 B R 29 (0.5 mmol) % iz CTEIR TS
2o BUSK TR, Y7 unm A2 T3 L, 5507 AHEZ MgSO, TRl S 72k, 5l
LTRET CHRBEEZRE L, BoNTREMME S VDTN T LI u~ T T 7 4 — (~F
YUFHRT T L = L) THRL2Y, BRI 2laldid b A E/onahoTe,

5-6-2-2 fillfi14e -k Faf o TR i 20at 4-= b XU X7 LT R2g DRET VR
—/VIZ)E (entry 2 in Table 5-1)

5-6-2-1 & [FIREDEAET, 7 AT UFHA T, w4 K (025 m)&L A% 7 —/v (0.25 ml)DiE
BB L CTRURZE T 7o & 2 A EAE 2 FER L LT HARY 21a (101.0 mg, 89%) 2345 H L7z,
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VT AT L~ —thid synianti = 61:39, =7 U F A~ — 1l FIERIL 61% ee (syn) L TN 42% ee (anti) TH
57, NMRF—% %, SHkOEe 8 Le

Data for 21a; "H NMR (CDCl;, 300 MHz) & 8.25 (d, 2H, J = 8.6, Ar), 7.61 (d, 2H, J = 8.6 Hz, Ar), 5.22 (m,
1H, -CHOH), 4.42 (dd, 1H, J = 4.2, 2.6 Hz, -CHOH), 3.73 (d, 1H, J = 4.2 Hz, -OH), 2.75 (d, 1H,J =8.1
Hz, -OH), 2.37 (s, 3H, -CH5); Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H
column (hexane/2-propanol = 90:10), flow rate = 0.8 mL/min; A = 254 nm; t, = 13.6 min [anti, (3S, 4S)
isomer, major], t; = 14.3 min [anti, (3R, 4R) isomer, minro], t; = 15.5 min [syn, (3S, 4R) isomer, minor], t, =

18.2 min [syn, (3R, 4S) isomer, major].

5-6-2-3 filft 14e Z ok Fux v T b 20a k4= b XU X7 ATk K2g DRFT VR
— Vit (entry 3 in Table 5-1)
5-6-2-1 & AR DEAET, 7 AT FEFHR T, A DMF (05 m)IC L CRISEIToT2 & 2 A,
et B 7 R & L C H ) 21a (59.4 mg, 53%) 315 H ALz, ¥ 7 AT L~ —Lkld syn:anti = 69:31,
T F A~ —imE =X 33% ee (syn) & TN 10% ee (anti) T - 7=,
Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (anti, major), t, = 6.6 min

(anti, minor), t, = 7.3 min (syn, minor), t. = 9.0 min (syn, major).

5-6-2-4 fillfit 14e Z -k Refxov T b 20at 4-= ha XU X7 LTk R2gDARFT LR
— Vit (entry 4 in Table 5-1)

5-6-2-1 & [AERDEMET, 70 = IR A . AIEA THF (0.5 m)iZ L TR EITo T2, UG
TR, M EE2 SIS, BIE T OB EL, BonTHERMZ LV TN T AT a~
NTZT 4 — (~FYEB TV = L2)TRE LI 2 A, BAZHREERE LTHRY 21a
(98.1 mg, 87%) R Hiiz, YT AT L~ —Lid synanti = 71:29, ) > F A~ —imEIF L 54% ee
(syn) X 1* 31% ee (anti) T - 7=,
Data for 21a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (anti, major), t, = 6.8 min

(anti, minor), t, = 7.4 min (syn, minor), t, = 9.0 min (syn, major).
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5-6-2-5 filifit 1de Z -k R TR b 20a s 4-= ha XU X7 LTk R2gDARFET LR
—/VIZ) (entry 5 in Table 5-1)

5-6-2-1 & [AERDEAET, 7AITUFHRA T, wilEA Y 7am 22 (05 m)iZ L TRISEIT-
Tz BOSRET#, MHEIEL I, BET TRz R L, GonRAERWE Y 7V
TLIO~ NTTT 4= (NFYUEHRT T L = 1) TR LZE 2 A, BEFHAREKRE LT
H %) 21a (101.5 mg, 90%) 235 HAL7=, V7 AT L~ —Lbid syn:anti = 75:25, =) > F A4~ —i |
213 55% ee (syn) 2 ) 30% ee (anti) T - 7=,
Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 7.4 min (anti, major), t, = 8.3 min

(anti, minor), t, = 9.5 min (syn, minor), t, = 12.1 min (syn, major).

5-6-2-6 fillfit 14e Z -k R 7T b 20at 4-= ha XU X7 LTk K29 DARFT LR
—/VIZ)E (entry 6 in Table 5-1)
5-6-2-1 L [FARRDOEAET, 7V T FRHK T it A2 7 v mas/L A (05 m)ic L CRIGEIT > T2,

BOSKE T, MiHEEZE T, MET CBEZREL, fonTMAeERMZ ) BTNV T M
78~ 777 4— (NFYPUEHBETT L = L) TRRLZE 2 A, MaEHRERE LTHEB
¥ 21a (99.6 mg, 88%) 3\ F HNT-, T AT L~ —Lbid synanti = 74:26, T2 F A~ —iEEI=R T
54% ee (syn) &% TX 41% ee (anti) TdH - 7=,

Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (anti, major), t, = 6.6 min

(anti, minor), t, = 7.3 min (syn, minor), t, = 9.0 min (syn, major).

5-6-2-7 fillit 14e Z# -k FuXxv 7 b 20a b 4= XU X7 AT K2g DARFT VR
—/VIZJ& (entry 7 in Table 5-1)
5-6-2-1 L [FAERDEAET, 7T RS T, % NMP (0.5 m)IZ L CRIGZEIT o 7o, RUOGHE
T, MEEREEZ SIS, BE T TR E L, BONTHAERE L ) DSV T AT av
N7 40— (TR T = 12)THRRLEEZA, BAEHREKRE LTHNY 21a
(97.8 mg, 87%) M3 G DALz, ¥ T AT L~ —LkiT syn:anti = 69:31, —J > F A~ —iE@RE=IL 45% ee
(syn) X UF 28% ee (anti) T - 7=,
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Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.3 min (anti, major), t, = 6.9 min

(anti, minor), t, = 7.6 min (syn, minor), t, = 9.2 min (syn, major).

5-6-2-8 filifit 1de Z -k R TR h20a s 4-= ha XU X7 LTk R2gDARFET LR
—/VIZ)E (entry 8 in Table 5-1)

5-6-2-1 L [FAEROEMET, 7 AT HRERT, WiEE b= (05 m)Z L TRIGEIT>70, K
JERET %, B EZ SIS, WIET CHREAEEL, GoNTMERMZ L Y BTNV T LY
0~ NI 7 40— (R YUEHBRTT L = L) TR Lz 2 A, BEaFEHRERE L THMY
21a (89.6 mg, 80%) 3 3 HALTz, ¥ 7 AT L~ —Lhid symanti = 71:29, =) U F A~ —i@ =1 53%
ee (syn) & ¥ 39% ee (anti) T~ 7=,
Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (anti, major), t, = 6.6 min

(anti, minor), t, = 7.3 min (syn, minor), t. = 9.0 min (syn, major).

5-6-2-9 filft 14e ZH\\ e Fafxov 7k R 20a b 4-= XU X7 VT R2gDARFET VR
—/VIZ)E (entry 9 in Table 5-1)

5-6-2-1 L [AERDOEMET, 7T RAR T, WA ~FH 2 (0.5 m)Z L TRISEIT>7, X
JERE T, HEMEZ ST, BMIET T2 E L, BoNTMAERMZ SV DTNV T KT
0~ NI 7 40— (Y UEHRTT L = 1) THRRILZE 2 A, W\AFBHQEKRE LCHMY
21a (93.2 mg, 83%) 3 53 H ALz, 7 AT L= —Lhid syn:anti = 68:32, =) F A~ —i@ =X 50%
ee (syn) &2 Of 32% ee (anti) T~ 7=,
Data for 2l1a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.0 min (anti, major), t, = 6.6 min

(anti, minor), t, = 7.3 min (syn, minor), t, = 9.0 min (syn, major).

5-6-2-10 fifit 14e #H\ /2 Fufxv 7k hr20a & 4-= ha XU X7 /LT R 2g DRFT IV
R— VRt (entry 10 in Table 5-1)
5-6-2-1 & [AEROEIET, 7N UFHR T, KINREE 0°C, A7 am A% (0.5 ml)
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LTS EIT o T, ROGHK T, B EZ 3, BE T ClEEEsEE L, 5o MAR
ME VDTN T A~ NTTT7 40— (X UEBT TV = L) TR L 2 A, BE
BB E LT HB®) 21a (99.9 mg, 89%) 3 G DLz, 7 A7 L~ —Lkid syn:anti = 68:32, —
T T A= —Im R IL 62% ee (syn) & TN 51% ee (anti) ToH o> 7=,

Data for 21a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (anti, major), t, = 6.6 min

(anti, minor), t, = 7.3 min (syn, minor), t, = 9.0 min (syn, major).

5-6-2-11 il 14e 2\ e b R o7& F U dFEAR 200 & 4-= b XU XT LT B R 2g DA
HT )V R— V& (entry 1in Table 5-2) (#i75145))

Mo ;

H,N  HN
(0] (0] F O OH
)H . 14e (25 mol%)
OTBS solvent, rt OTBS
N02 NO2
20b 2g 21b

TITUFFK T, 07 7 A 32l 14e (0.125 mmol), & Re %7 & k> 20a (10 equiv to
aldehyde), X O'>Z7unm A% (05m)EINZ7=%, 4-= h a2 X7 /L7t K 2g (0.5 mmol) % i
A TR TS, USK TR, BETCTREZREEL. BonMeERMZ ) 7T
T NTTT 4 — (NFYVUFERTTF L = 12) TR 5 Z LT EABPHRERE LT
H 9% 21b (158.9 mg, 90%) 135 H 7=, 7 AT L~ —Lld syn:anti = 82:18, —F > F F~ —if |
F (X 66% ee (syn) TH 72, NMR T —# L, CHROME L —F L7z o
Data for 21b; 'H NMR (CDCls3, 300 MHz) 6 8.23 (d, 2H, J = 8.6 Hz, Ar), 7.53 (d, 2H, J = 8.6 Hz, Ar), 5.02
(dd, 1H, J=8.7, 2.5 Hz, -CHOH), 4.18 (d, 1H, J = 2.5 Hz, -CHOTBS), 3.17 (d, 1H, J = 8.7 Hz, -OH), 2.21
(s, 3H, -CHjy), 0.87 (s, 9H, -TBS), -0.03 (s, 3H, -TBS), -0.35 (s, 3H, -TBS); Enantiomeric excess was
determined by HPLC with Chiralcel OD-H column (hexane/2-propanol = 90:10), flow rate = 0.5 mL/min, A

= 254 nm, t, = 13.2 min (syn, minor), t, = 17.7 min (syn, major).
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5-6-2-12  filllif 14e ZH e b Rr %o 7 & FUFFEK 200 & 4-= Fr XU XT LT R R 2g DA
H7 )V R—/VIE (entry 2 in Table 5-2)

5-6-2-11 & [RIEROEAET, 225, WA K (05 m)IC L TRIGZEIT T2, BUGCHE T, RIS
G rsar A2 o THIN L, EAKREEST MY U A THEBESE, BIE T CEEZEEL, 56
NWIZHAERMZE S VTN T BT a~x 8T T 7 40— (T UERTT L = 12) THR Lz L
Z A, EAFHAREAR S LT HBY 21b (169.6 mg, 96%) 735 Lz, 7 AT L~ —Lhid synanti
=83:17, =) U F A~ —iagI=I% 82% ee (syn) ThH > 7=,
Data for 21b; Enantiomeric excess was determined by HPLC with Chiralcel OD-H column
(hexane/2-propanol = 90:10), flow rate = 0.5 mL/min, A = 254 nm, t, = 13.5 min (syn, minor), t, = 17.8 min

(syn, major).

5-6-2-13  filiif 14e Z b Rr %7 & M FFEA 20D & 4-= F XU XT LT R R 2g DA
H7 )V R—/VIE& (entry 3 in Table 5-2)

5-6-2-11 & [FERDESET, ZERP, Wtz &K 05 m)i LTS ETT o7, FUSHK T#., X
JSREME Y 7 ma A2 o THI U, BKEREE T Y U LA TR SE, BE FCREAREEL,
BoONTHERDE T VBTN T BT a~ NI T T 40— (AT UEHRTT L = 12) TRELL
o2 A EAFHH2ERE L THMY 21b (166.7 mg, 94%) 3G bz, T AT L~ —Lhi
syn:anti = 83:17, =7 F A~ —iH /=% 85% ee (syn) T - 7=,
Data for 21b; Enantiomeric excess was determined by HPLC with Chiralcel OD-H column
(hexane/2-propanol = 90:10), flow rate = 0.5 mL/min, A = 254 nm, t, = 13.7 min (syn, minor), t, = 18.0 min

(syn, major).

5-6-2-14 fillfif 14e Z Vb %o 7 & FUFFER 200 & 4-= b XU XT LT B R 2g DR
FHT )V R—/VE (entry 4 in Table 5-2)

5-6-2-11 & [AIFROEAET, ZZKH ., SOGREZ 0°C, EEHCAEK (0.5 m)E AW TS E1T-
oo ROBKETH, BONEGWZ Y7 an A X T L, BKAREE R Y U ATz S ¥, BT
TCHEEEEL, JBONCHERMZ L YV ATNAT LI ax 8T T 74— (~FH BT
F = L) THRLZEZ A, EaBHRBERE LTHY 21b (166.7 mg, 94%) 3% Hitlz, ¥
7 AT L~ —bid synaanti = 81:19, =) > F A~ —idFI= (L 85% ee (syn) ThH - 7=,
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Data for 21b; Enantiomeric excess was determined by HPLC with Chiralcel OD-H column
(hexane/2-propanol = 90:10), flow rate = 0.5 mL/min, A = 254 nm, t, = 15.9 min (syn, minor), t, = 21.3 min

(syn, major).

5-6-2-15 filfit 14e Z# W -8 Fa o7& FUaFEk 200 & 3-= h XU X7 LT B R 2h OFR

F 7V R— Vi (entry 1in Table 5-3)

O OH
NO,

OTBS
21c

5-6-2-11 & [RREDEE T, Z25H, W2 BIEK (0.5 m)IZ L CRIGE T 572, RIS T, X
JISREME Y 7 ma A2 o THI U, KBRS Y U LTRSS E, BE F TR EAREEL,
BONIHERMZ L VDTN T LI 0~ 8T T 7 40— (NFY fFRTF /L = 12) TRELL
T2 A, mAFHRERE L CHRY 21c (166.7 mg, 94%)NELNT-, YT AT L~ —Lhi
syn:anti = 85:15, =) > F A~ —iBFEIFIL 80% ee (syn) TH->7-, NMR T —Z L, LkDfiE & —
L 1920
Data for 21c; *H NMR (CDCl3, 300 MHz) 5 8.17 (s, 1H, Ar), 8.07 (d, 1H, J = 7.7 Hz, Ar), 7.59 (d, 1H, J =
7.3 Hz, Ar), 7.45 (t, 1H, J = 7.9 Hz, Ar), 4.94 (dd, 1H, J = 8.7, 2.3 Hz, -CHOH), 4.09 (d, 1H, J = 2.3 Hz,
-CHOTBS), 3.16 (d, 1H, J = 8.7 Hz, -OH), 2.13 (s, 3H, -CH3), 0.76 (s, 9H, -TBS), -0.12 (s, 3H, -TBS),
-0.46 (s, 3H, -TBS); Enantiomeric excess was determined by HPLC with Chiralcel OD-H column
(hexane/2-propanol = 90:10), flow rate = 0.5 mL/min; A = 254 nm; t, = 10.1 min (syn, minor), t. = 12.1 min

(syn, major).

5-6-2-16 filfit 14e # ok ReX o7 b UBER 200 & 2-= e XU X7 LT B R 2i OFR
77 v R— Vi (entry 2 in Table 5-3)

O OH NO,

OTBS
21d

5-6-2-11 & [RIARDOEET, 28K H . WA BHEK 0.5 m)IZ L CRIGNEITo T2, ISR TH. X
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JNEEWE Y 7 nu X Z o TH U, #KEEEE T U U LA TR S, BUE T ChREAREEL,
BONTHAERMZ L Y I TND T DI a< 8T T 74— (~NFH U FRTF L = 12) TREL
ol A, mAFHHEAREE S LAY 21d (163.0 mg, 2% G b7, VT AT Lw—Lhix
syn:anti = 84:16, =7 > F A~ —iBFIFIL 94% ee (syn) TH>72, NMR 7 — ¥ 1L, LkDfiE & —K
L7 1920

Data for 21d; *H NMR (CDCls, 300 MHz) 6 8.05 (d, 1H, J = 8.1 Hz, Ar), 7.77 (d, 1H, J = 7.7 Hz, Ar), 7.67
(t, 1H, J = 7.5 Hz, Ar), 7.47 (t, 1H, J = 7.7 Hz, Ar), 5.76 (d, 1H, J = 8.8 Hz, -CHOH), 4.47 (d, 1H, J = 1.5
Hz, -CHOTBS), 3.18 (d, 1H, J = 8.8 Hz, -OH), 2.34 (s, 3H, -CHs), 0.75 (s, 9H, -TBS), -0.12 (s, 3H, -TBS),
-0.48 (s, 3H, -TBS); Enantiomeric excess was determined by HPLC with Chiralcel OD-H column
(hexane/2-propanol = 95:5), flow rate = 0.5 mL/min; A = 209 nm; t, = 13.5 min (syn, minor), t; = 16.5 min

(syn, major).

5-6-2-17 filif 14e ok R o7& FUgFER20b & 4-7 v XU X7 LT R 2k DR
F 7V K= Vi (entry 3 in Table 5-3)
O OH

B

21e

5-6-2-11 & FRRDEIET, 2P, WiEZ &K 05 m)Z L TRIGETT o7, RIS T#H., K
JISREME Y 7 ma A2 o THI U, BKEREE T Y U A TR SE, BE FCREAEEL,
BonNTHERMES VDTN T L a~< NI T T 4— (T R TV = 12)THRIL
T2 A mAFEPREARE L CHMY 21e (130.1 mg, 79%)13 5 b7, T AT L~ —Lhik
syn:anti = 78:22, =) > F A~ —iEIH L 79% ee (syn) TH o 72, NMR 7 — X (X, CHROAE & —3
Lz 1920
Data for 21e; *H NMR (CDCls, 300 MHz) & 7.33 (d, 2H, J = 8.4 Hz, Ar), 7.26 (d, 2H, J = 8.4 Hz, Ar), 4.88
(dd, 1H, J =8.3, 2.4 Hz, -CHOH), 4.11 (d, 1H, J = 2.4 Hz, -CHOTBS), 3.03 (d, 1H, J = 8.3, -OH), 2.18 (s,
3H, -CH3), 0.87 (s, 9H, -TBS), -0.05 (s, 3H, -TBS), -0.32 (s, 3H, -TBS); Enantiomeric excess was
determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 95:5), flow rate = 0.5

mL/min; A = 254 nm; t, = 10.3 min (syn, minor), t, = 11.3 min (syn, major).
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5-6-2-18 fiif 14e Z 2B FeX o7& FUFER200 L 4-F Y 704 A F R XT VT

t K 2m OARFT IV R— V8 (entry 4 in Table 5-3)
O OH

B

21f
5-6-2-11 & [RARDEAE T, 225, W2 BHEK (0.5 m)IZ LRI E T 572, BOSHKE T, X
JSREME Y 7 ma A2 o THI U, KBRS Y U LA TR SE, BE FCEEAHEL.
BONTMAERMZ L VI TN T L Ia~ 8T TT 4— (NFHF R T = 12) THEL
o2 A, mAHEWNRIKE LCTHY 21f (161.1 mg, 89%) 3\ G Hiiz, VT AT L~ —Lhi

3

syn:anti = 82:18, = > F A~ —iAFIZRIX 84% ee (syn) TH - 72, NMR T — X%, CERDfE & —E
L7z 1920

Data for 21f; *H NMR (CDCls, 300 MHz) § 7.33 (d, 2H, J = 8.4 Hz, Ar), 7.26 (d, 2H, J = 8.4 Hz, Ar), 4.88
(dd, 1H, J = 8.3, 2.4 Hz, -CHOH), 4.11 (d, 1H, J = 2.4 Hz, -CHOTBS), 3.03 (d, 1H, J = 8.3, -OH), 2.18 (s,
3H, -CH3), 0.87 (s, 9H, -TBS), -0.05 (s, 3H, -TBS), -0.32 (s, 3H, -TBS); Enantiomeric excess was
determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 95:5), flow rate = 0.5

mL/min; A = 254 nm; t, = 10.3 min (syn, minor), t, = 11.3 min (syn, major).

5-6-2-19 filfit 14e ZH\ 2k FrX o7& FUFEMAR 200 E XU XTI LT R R 2a ODAFT VR
— Vs (entry 5 in Table 5-3)
O OH

OTBS
21g

5-6-2-11 & [AIRRDERIET, 225, itz Bk 05 mi)Z LTS ZE T2 7, BUGK T, X
ISRAEMAE Y 7 ua A2 T L, BOKIERE T~ U U A TR S, BIE N CRIEEZEEL,
BONTHERME L ) DTN I T L0~ N TF7 4— (¥ FRBETT L = 12) THERL
el 2 A, EAFHRRE LTHBY 21g (1131 mg, 76%)0N S bNT-, U7 AT Lw—LiE
syn:anti = 81:19, T J > F A~ —iERIRIL 67% ee (syn) TH - 7=, NMR F—# %, CHERDOMHE & —F

L7 1920
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Data for 21g; *H NMR (CDCl,, 300 MHz) § 7.38-7.27 (m, 5H, Ar), 4.92 (dd, 1H, J = 8.5, 2.9 Hz, -CHOH),
4.14 (d, 1H, J = 2.9 Hz, -CHOTBS), 2.98 (d, 1H, J = 8.5 Hz, -OH), 2.19 (s, 3H, -CHj), 0.86 (s, 9H, -TBS),
-0.09 (s, 3H, -TBS), -0.38 (s, 3H, -TBS); Enantiomeric excess was determined by HPLC with Chiralcel
OD-H column (hexane/2-propanol = 95:5), flow rate = 0.5 mL/min; A = 254 nm; t, = 11.0 min (syn, minor),

t, = 13.5 min (syn, major).

5-6-3-1 DFT &% (B3LYP/6-31G(d,p) level) & V7= AHHIZEBIT 5 (Z)-enamine 5-1 D& i
1t. (Figure 5-4)
Data for (Z2)-enamine 5-1;

E(RB+HF-LYP) = — 1530.6401791 AU.

Zero-point correction = 0.494507 (Hartree/Particle)

Thermal correction to Energy = 0.526902

Thermal correction to Enthalpy = 0.527846

Thermal correction to Gibbs Free Energy = 0.429756

Sum of electronic and zero-point Energies = — 1530.145672
Sum of electronic and thermal Energies = — 1530.113277
Sum of electronic and thermal Enthalpies = — 1530.112333
Sum of electronic and thermal Free Energies = — 1530.210423

Atomic Coordinates (Angstroms)

Number X Y z
1 -3.837424  -4.963181  -0.170344
6 -3.523490  -3.932024  -0.048806
6 -2.173820  -3.601075 -0.164509
1 -1.415670  -4.349261  -0.364873
6 -1.778799  -2.279230 0.004135
9 -0.469257  -1.982747  -0.040444
6 -2.700100  -1.253937 0.250427
6 -4.040809  -1.637594 0.369124
9 -4.936242  -0.661627 0.648301
6 -4.472032  -2.947669 0.234132
1 -5.526684  -3.173870 0.339018
7 -2.338236 0.095193 0.421029
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e e = T T e =2 T =2 T TN B e e S o S T Y S o PR S« N SN =2 B < B =2 T =

14

R P P P O O O O O O

-2.917356
-1.550828
-1.028865
-1.313826
-1.936638
-1.674420
-1.026483
-1.398215
-0.367412
-1.575687
-2.061889
-3.133150
-3.375641
-3.327313
-3.827319
0.093161
0.692003
0.531395
1.628712
2.056757
2.299088
-0.188087
0.349678
-0.277129
-1.204319
3.382432
2.638818
4.986073
3.632125
2.302505
4117704
4.692023
5.446658
4.798139
5.717646
2.536656

0.625289
0.810281
0.303607
2.284442
2.566045
3.204899
2.900779
4.675268
4.816052
5.307721
5.026771
3.001434
3.656707
1.972560
3.246265
2.454130
2.044228
2.045843
1.282668
1.077660
0.802214
2.598865
2.350855
3.689879
2.196503
-0.500159
-1.944754
0.050750
-0.895472
-1.370992
0.365899
-2.009227
0.890142
0.375163
-0.763556
-1.699287

1.056854
-0.466125
-1.446592
-0.092251

0.765274
-1.280859
-2.113605
-0.946694
-0.615794
-1.822818
-0.146207
-1.717105
-2.559456
-2.034613
-0.902848

0.291789
-0.421316

1.573285

1.711729

2.689765

0.612245

2.771111

3.689694

2.706295

2.876723

0.596693

1.556676

1.430710
-1.253473
-1.877937
-1.999828
-1.405160

0.900568

2.460409

1.474640

2.619565
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1.645955  -2.202466 1.178393
3.274310 -2.834678 1.488407
1932295 -2.286303  -1.404146
1511279  -0.620201  -1.796919
2447173  -1.590499  -2.944942
3.396494 1.185076  -1.920104
5.079424 0.727013  -1.617398
4.254190 0.145211 -3.067388
5666868 -1.711723  -1.001755
4390300 -2.936937  -0.904989
4.839649  -2.248425 -2.466944

e T = T = T = T SN =

5-6-3-2 DFT #1% (B3LYP/6-31G(d,p) level)Z H\ 7= 8 HI2351F % (Z2)-enamine 5-2 D i
1t. (Figure 5-4)

Data for (Z)-enamine 5-2;

E(RB+HF-LYP) = — 1530.6418152 A.U.

Zero-point correction = 0.494760 (Hartree/Particle)

Thermal correction to Energy = 0.527037

Thermal correction to Enthalpy = 0.527982

Thermal correction to Gibbs Free Energy = 0.429774

Sum of electronic and zero-point Energies = — 1530.147055
Sum of electronic and thermal Energies = — 1530.114778
Sum of electronic and thermal Enthalpies = — 1530.113834
Sum of electronic and thermal Free Energies = — 1530.212041

Atomic Coordinates (Angstroms)

Number X Y z
1 -2.306978 5.486062  -0.405705
6 -2.131532 4.418568  -0.325486
6 -3.043643 3.615630 0.359064
1 -3.930770 4.025867 0.827513
6 -2.802071 2.251667 0.465103
9 -3.652371 1.496953 1.180857
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e e = T T T < T < T e S e e S o I N N . T = T = T < T = T =N R Yo )R (e B ) R 2}

[EEN
SN

oSS OO O O

-1.686059
-0.799520
0.302411
-0.989361
-0.259428
-1.439391
-0.465312
-2.373781
-3.472372
-1.958514
-2.550658
-2.360290
-1.673838
-2.164174
-1.154250
-2.347810
-2.871194
-3.792289
-4.033420
-3.927626
-4.518171
-0.538598
0.035502
0.070827
1.193993
1.737012
1.688381
-0.552975
0.070846
-0.680663
-1.542755
3.271410
3.613909
4.473068
3.301196
2.331875

1.640062
2.488632
1.927610
3.858406
4.455376
0.259733
-0.022875
-0.689417
-0.395919
-2.157211
-2.7122474
-2.636757
-2.139835
-4.155102
-4.456755
-4.480612
-4.687291
-2.238295
-2.642665
-1.155495
-2.639419
-2.439493
-2.148426
-2.094382
-1.358610
-1.148522
-0.814271
-2.626323
-2.395065
-3.713420
-2.190303
-0.223787
1.063820
-1.667666
0.526050
1.723039

-0.121553
-0.793271
-1.346645
-0.898931
-1.433283
-0.015969
0.005631
-0.408046
-0.848879
-0.178383
-0.906124
1.245340
1.949105
1.371310
1.084945
2.400530
0.723765
1.630627
2.619090
1.663500
0.915418
-0.395319
0.389328
-1.620975
-1.638175
-2.554065
-0.464094
-2.879716
-3.746872
-2.820618
-3.062568
-0.271860
-1.607248
-0.451495
1.484915
1.582564
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2.892296  -0.537925 2.526044
4.733293 1.014523 1.800133
4323768 -2.420711 0.328568
4332008 -2.164778 -1.417518

5.514892  -1.332942  -0.403670

3.663960 0.602559  -2.599648
2.827321 1.823001  -1.633907
4.572418 1.566138  -1.437219
2.581705 2.514302 0.867825
1.295139 1.424876 1.398762
2.373387 2.163367 2.587943
1.877508  -0.908692 2.348886
3.568400  -1.400054 2.522181
2.915566 -0.109643 3.537145
5.464330 0.198721 1.771971
5.068017 1.789750 1.101400
4.771367 1.449487 2.807693

e i e e e e T Y = S T o PR < 2}

5-6-3-3 DFT 71 (B3LYP/6-31G(d,p) level)Z H =& AHHIZ8B1F % (E)-enamine 5-3 DA & A
{t. (Figure 5-4)

Data for (E)-enamine 5-3;

E(RB+HF-LYP) = — 1530.6372446 A.U.

Zero-point correction = 0.494281 (Hartree/Particle)

Thermal correction to Energy = 0.526834

Thermal correction to Enthalpy = 0.527778

Thermal correction to Gibbs Free Energy = 0.428354

Sum of electronic and zero-point Energies = — 1530.142963
Sum of electronic and thermal Energies = — 1530.110411

Sum of electronic and thermal Enthalpies = — 1530.109466
Sum of electronic and thermal Free Energies = — 1530.208891

Atomic Coordinates (Angstroms)
Number X Y z




b O 0 O o = NP P P OO, P P OOk OOk O 0ok, NP OO O OO0 ©O o Pk o O

-3.537654
-3.298777
-2.043968
-1.287482
-1.746142
-0.515196
-2.674205
-3.916964
-4.816677
-4.246755
-5.227838
-2.390382
-2.786933
-1.998320
-1.751689
-1.866812
-1.829983
-3.081892
-3.087525
-2.926615
-1.975347
-3.742860
-2.957110
-4.411943
-5.251911
-4.578594
-4.454725
-0.609534
-0.584639

0.586530

1.375126

1.075761

2.616446

0.921088

1.864061

1.003285

-5.248801
-4.206543
-3.712552
-4.342743
-2.378482
-1.918093
-1.502326
-2.043701
-1.208546
-3.374321
-3.731572
-0.145558
0.243489
0.741439
0.388885
2.215365
2.285107
3.035360
2.933619
4.519794
4.910898
5.105540
4.665605
2.484595
3.062153
1.436329
2.565701
2.755036
2.510604
2.291868
1.397064
0.955474
1.039588
2.935725
2.548120
4.022343

-0.363638
-0.181083
-0.538323
-0.991294
-0.290294
-0.577970
0.282248
0.624682
1.193387
0.416837
0.707120
0.534712
1.378789
-0.451369
-1.594077
-0.020721
1.073672
-0.528341
-1.622841
-0.174670
-0.539175
-0.610425
0.912470
0.009862
-0.388281
-0.255285
1.104097
-0.556891
-1.545522
0.085479
-0.530579
-1.480235
-0.065924
1.400970
1.789169
1.282786
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[SY

0.144292 2.756970 2.155965
3.227820  -0.540842 -0.067768
2.853114  -1.371229 -1.721780
2408206 -1.518134 1.321947
5.102313  -0.301660 0.215445
5.705430 0.501534  -0.956930
5.336582 0.476778 1.528115
5.802432  -1.674398 0.306736
2.559346  -1.042672 2.296087
1.331048 -1.587182 1.140956
2.799559  -2.539935 1.380687
1.779987  -1.556201 -1.832981
3.183655 -0.764827 -2.571088
3.359116  -2.340889  -1.789657
5602316  -0.027555  -1.910999
5.225959 1.479944  -1.061998
6.778516 0.670904  -0.792454
4.856743 1.460118 1.502343
4949841  -0.063354 2.399825
6.411818 0.632712 1.692324
5425610 -2.274450 1.142817
5678060 -2.262419 -0.609878
6.881795  -1.542674 0.462506

[EEN
IS

-~ +~ + =+ B P B O O O O O O

5-6-3-4 DFT % (B3LYP/6-31G(d,p) level)Z H W\ /=& A0HIZ8B1F % (E)-enamine 5-4 DA% iE i
. (Figure 5-4)

Data for (E)-enamine 5-4;

E(RB+HF-LYP) = — 1530.6340538 A.U.

Zero-point correction = 0.494230 (Hartree/Particle)

Thermal correction to Energy = 0.526652

Thermal correction to Enthalpy = 0.527596

Thermal correction to Gibbs Free Energy = 0.428734

Sum of electronic and zero-point Energies = — 1530.139824
Sum of electronic and thermal Energies = — 1530.107402
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Sum of electronic and thermal Enthalpies = — 1530.106458
Sum of electronic and thermal Free Energies = — 1530.205320

Atomic Coordinates (Angstroms)
Number X Y z

2.383625 5.603444  -0.004183
2.290232 4523336  -0.040216
3.422072 3.736615  -0.255111
4.404575 4171815  -0.396665
3.288878 2.355086  -0.310632
4371013 1.605915  -0.580255
2.056753 1.714771  -0.126152
0.952214 2.546670 0.082366
-0.255557 1.948585 0.236839
1.037079 3.930120 0.118824
0.138470 4.513404 0.282834
1.912847 0.317321  -0.198137
0.986915 -0.012345 -0.451900
2.663572  -0.537039 0.605336
3.491643  -0.137030 1.404728
2422937  -2.043480 0.373577
2.501276  -2.490248 1.371346
3.545676  -2.664953  -0.512265
3.374755  -2.293552  -1.535537
3.419514  -4.197143  -0.526091
2415190 -4.522224  -0.805613
4136651 -4.631531 -1.230081
3.640178  -4.606061 0.467053
4964370 -2.249111  -0.097990
5.693156 -2.768223  -0.729354
5129612 -1.175173  -0.194421
5.165631 -2.519644 0.943481
1.127947  -2.407005 -0.207718
1.135024  -2.326978  -1.219558
-0.083276  -1.952656 0.364198

P N P POk PO 0O, OO0 00O P NP OO O OO OO0 O Ok OO O
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6 -1.068557  -1.475551  -0.423234
1 -0.927352  -1.393436  -1.502406
8 -2.308175  -1.152312 0.063402
6 -0.229479  -2.105786 1.851709
1 -1.245669  -1.852927 2.153766
1 -0.015199  -3.138130 2.151134
1 0.460690  -1.455241 2.402301
14 -3.559795  -0.376258  -0.770188

-4.439411  -1.640208 -1.861888

-2.845766 0.998089  -1.850362
-4.687393 0.298683 0.612877
-5.149658  -0.855913 1.527970
-3.907700 1.329128 1.458413
-5.927238 0.981095  -0.005220
-2.160363 1.635882  -1.285383
-2.293499 0.588841  -2.703667
-3.642977 1.629239  -2.258619
-3.740736  -2.085258  -2.579252

-4.868187  -2.456452  -1.272293

-5.248588  -1.178311 -2.438443

-5.737600  -1.602032 0.981791
-4.301275  -1.370658 1.989515
-5.785175  -0.468182 2.335853
-3.015880 0.886526 1.912958
-3.583671 2.189247 0.861952
-4.541231 1.713319 2.269479
-5.656747 1.827088 -0.647480
-6.526290 0.284688  -0.602947
-6.579495 1.372229 0.787002

-~ +~ + =+ = P B O O O O O O

5-6-3-5 DFT #1% (B3LYP/6-31G(d,p) level) Z H\ =& IC 81T 5 TS 5-1 Ol (Figure
5-6)
Data for TS 5-1;

E(RB+HF-LYP) = — 1876.1840228 A.U.
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Zero-point correction = 0.604400 (Hartree/Particle)

Thermal correction to Energy = 0.643232

Thermal correction to Enthalpy = 0.644176

Thermal correction to Gibbs Free Energy = 0.529841

Sum of electronic and zero-point Energies = — 1875.579623
Sum of electronic and thermal Energies = — 1875.540791
Sum of electronic and thermal Enthalpies = — 1875.539847
Sum of electronic and thermal Free Energies = — 1875.654181

Atomic Coordinates (Angstroms)
Number X Y z

-7.664778 2.310840 -1.087668
-6.820351 1.645200 -0.944452
-5.555371 2.030013  -1.390723
-5.386249 2978091  -1.887687
-4.484686 1.163942  -1.210012
-3.274584 1.499785  -1.688926
-4.628100 -0.068904  -0.565040
-5.913351  -0.414547  -0.139932
-6.062618 -1.616666 0.459211
-7.013240 0.410013  -0.323026
-7.986100 0.086177 0.027710
-3.542789  -0.949313  -0.382286
-3.738553  -1.934879  -0.490305
-2.393675  -0.589771 0.300667
-2.205273 0.531414 0.733691
-1.364300  -1.731246 0.437104
-1.615560  -2.523736  -0.285000
-1.383695  -2.352618 1.860132
-0.963336  -1.589526 2.527698
-0.508423  -3.616115 1.911740
0.508193  -3.439620 1.548416
-0.446924  -3.985174 2.940475
-0.957531  -4.412320 1.303904
-2.810914  -2.668586 2.332121

> P P OO kP OO B OO 0O O P NP O O OO OO0 © Ok O O
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-2.777856
-3.448937
-3.297338
-0.044792
0.797643
0.395647
1.770063
2.169004
-0.400950
0.218559
-0.803085
-1.250291
1.991547
0.325391
3.374134
2.138402
1.193909
3.588572
1.753557
4.355133
3.254720
3.376509
0.263241
-0.518823
0.200009
0.151571
1.490101
1.229955
3.917818
4.295655
3.666058
2.384513
0.709759
1.875382
2.606080
2.137420

-3.110478
-1.781685
-3.401153
-1.175830
-1.464619
-0.836245
-0.407052
0.451835
-1.058545
-0.873032
-2.076392
-0.365588
2.133527
2.622716
2.885927
2.609296
1.719563
2.396005
4.092058
2.524126
2.619707
3.980160
2.319189
2.172105
3.711160
1.790557
0.668301
2.020116
1.363144
3.053041
2.616699
4.765484
4.284426
4.380886
-1.996187
-0.141806

3.332159
2.384495
1.674969
0.152314
0.756080
-1.049334
-1.087352
-0.067103
-2.300161
-3.179448
-2.361279
-2.335775
-0.064707
-0.807780
-1.109545
1.780390
2.617925
2.265740
1.974203
-0.787894
-2.165969
-1.048217
-1.859463
-0.277262
-0.784077
2.288086
2.556200
3.674494
2.113730
1.746932
3.339569
1.381203
1.703386
3.027187
-0.554756
-2.081003
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4.062729  -1.628169  -0.744702
2.192602  -2.237045 0.654265
4831821 -1.254141 0.361980
4662222 -1.678087  -2.008319
6.008042 -1.348167 -2.168662
6.177276  -0.923448 0.203831
6.769004 -0.966142 -1.061318
4.073036  -1.985481 -2.870742
6.464722  -1.394915  -3.153668
4350758  -1.250636 1.333614
6.769317 -0.637824 1.069333
7.818422  -0.712402  -1.182909
2.283681  -2.694600 -1.359244

r P P PO O O O O 0 O

5-6-3-6 DFT 1% (B3LYP/6-31G(d,p) level)Z H\ 7= ICE1F 5 TS 5-2 Okl (Figure
5-6)

Data for TS 5-2;

E(RB+HF-LYP) = — 1876.1806618 A.U.

Zero-point correction = 0.602351 (Hartree/Particle)

Thermal correction to Energy = 0.641442

Thermal correction to Enthalpy = 0.642386

Thermal correction to Gibbs Free Energy = 0.528108

Sum of electronic and zero-point Energies = — 1875.578310
Sum of electronic and thermal Energies = — 1875.539220
Sum of electronic and thermal Enthalpies = — 1875.538275
Sum of electronic and thermal Free Energies = — 1875.652554

Atomic Coordinates (Angstroms)

Number X Y z
1 8.240704 2.142742 0.217203
6 7.325619 1.561896 0.259845
6 6.155376 2.150471 0.739124
1 6.129146 3.178388 1.081503
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4.991219
3.881244
4.944871
6.142800
6.111895
7.331498
8.225776
3.772358
3.910102
2.601453
2.456010
1.493124
1.683183
1.503587
1.320439
0.375431
-0.604147
0.371358
0.517471
2.856517
2.820804
3.689725
3.088399
0.168778
-0.173177
-1.452035
-2.508578
0.769961
1.565235
0.229973
1.253377
-3.517659
-4.408817
-2.507910
-4.720320
-5.666883

1.394336
1.947224
0.065881
-0.480653
-1.771265
0.230387
-0.253787
-0.715800
-1.698654
-0.352497
0.729224
-1.429151
-2.111482
-2.254692
-1.532921
-3.295947
-2.833810
-3.838490
-4.032213
-2.936439
-3.495174
-2.232699
-3.659609
-0.840244
-0.059029
0.576016
-0.163750
0.339519
0.997916
0.851140
-0.544475
-1.180937
-0.185805
-2.548812
-1.882897
-0.767757

0.799281
1.317426
0.363312
-0.106526
-0.514091
-0.159607
-0.534026
0.413621
0.605439
-0.239775
-0.774608
-0.205878
0.635943
-1.525313
-2.332217
-1.532385
-1.399663
-2.483202
-0.731023
-1.778636
-2.718467
-1.848749
-0.984995
-0.032054
0.988842
0.864686
0.346402
2.091000
1.726872
2.889754
2.521628
1.236591
2.573084
2.066273
-0.072123
-0.564892
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-3.905269
-5.559943
-2.003629
-1.739691
-3.147882
-4.912311
-5.163549
-3.710151
-6.307207
-5.113058
-6.328065
-3.287739
-3.241154
-4.577364
-4.937330
-6.157929
-6.261413
-1.724682
-1.003092
-0.849224
-2.194798
-2.264374
-3.233715
-4.329035
-3.359662
-4.397893
-3.144598
-5.128261
-1.450377
-3.401313
-5.249742
-0.099512
-0.306425

-2.420045
-3.027874
-3.183578
-2.125896
-3.187570
0.688373
-0.796485
0.168972
-0.392037
0.081607
-1.151203
-1.635181
-3.240479
-2.811811
-3.865754
-2.693663
-3.421951
1.253677
1.627600
0.731808
2.539971
3.690459
2.266425
3.125345
4.548374
4.265796
1.387529
2.909793
3.916894
5.440000
4.935995
2.158474
-0.354300

-1.268302
0.534041
1.331220
2.722990
2.684772
2.149482
3.081490
3.338765
0.241060

-0.975630

-1.354389

-1.714803

-0.970824

-2.044275
0.867194
1.390614

-0.213916
1.674802

-0.721989

-1.648848

-0.797876

-0.001856

-1.694658

-1.784795

-0.089529

-0.980918

-2.322841

-2.488921
0.684095
0.530166

-1.055169

-0.368257

-0.957023
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5-6-3-7 DFT 1% (B3LYP/6-31G(d,p) level) Z W 7= K HHICEIT 5 TS 5-3 O L (Figure
5-6)

Data for TS 5-3;

E(RB+HF-LYP) = — 1876.1861413 A.U.

Zero-point correction = 0.604965 (Hartree/Particle)

Thermal correction to Energy = 0.643806

Thermal correction to Enthalpy = 0.644750

Thermal correction to Gibbs Free Energy = 0.531059

Sum of electronic and zero-point Energies = — 1875.581176
Sum of electronic and thermal Energies = — 1875.542335
Sum of electronic and thermal Enthalpies = — 1875.541391
Sum of electronic and thermal Free Energies = — 1875.655083

Atomic Coordinates (Angstroms)

Number X Y Z
1 7.880805 -1.863561 -1.975668
6 6.984609  -1.448940 -1.526717
6 5.794262  -1.429110 -2.253919
1 5.734348  -1.811404  -3.266202
6 4.655109 -0.885709 -1.673090
9 3.523610 -0.812873 -2.394419
6 4.655388 -0.385881 -0.366531
6 5.871597  -0.423381 0.321753
9 5.884447 0.080760 1.576609
6 7.036503  -0.933556  -0.230304
1 7.948613  -0.932470 0.354809
7 3.508442 0.168564 0.236928
1 3.667045 0.956804 0.849226
6 2.324858  -0.535579 0.388720
8 2139109 -1.636164  -0.090449
6 1.260643 0.214210 1.216262
1 1.511205 1.285870 1.240312
6 1.214300 -0.314971 2.678404
1 0.778749  -1.320439 2.615367
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0.321574
-0.671360

0.201027

0.793623

2.613525

2.525796

3.260032

3.120446
-0.045351
-0.900392
-0.387788
-1.790299
-2.303065

0.538321
-0.017766

1.047231

1.304746
-3.715569
-3.169875
-4.790433
-4.614475
-3.651316
-5.065759
-5.847287
-5.149452
-4.245450
-5.668910
-2.660393
-2.470125
-4.020750
-3.310717
-2.768895
-4.154567
-4.215151
-S5.777737
-5.576963

0.575599
0.745270
0.119753
1.555489
-0.438952
-0.801957
-1.134351
0.533242
0.017789
-0.022514
0.410872
0.251555
-0.981952
1.160986
1.585753
1.975941
0.489063
-1.800930
-3.340940
-0.742055
-2.257895
-3.045584
-0.980455
-3.133173
0.173164
-0.455359
-1.311945
-3.059208
-3.942696
-3.976952
-3.979097
-2.450194
-3.312025
-0.338804
-0.394971
-1.251280

3.559313
3.135610
4.547202
3.705966
3.300261
4.328368
2.758428
3.346367
0.588878
1.205594
-0.625156
-0.932376
-0.543765
-1.528567
-2.365142
-1.002371
-1.931733
-0.962557
-1.907888
-2.103878
0.662738
1.577174
1.403573
0.348188
-1.623896
-3.010615
-2.426763
-2.835900
-1.319903
-2.175574
1.114414
1.829562
2.516872
1.658549
0.809383
2.338252
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-6.571790 -2.612049  -0.288852

-5.574989  -4.070816  -0.150072

-6.369129  -3.399808 1.277186
-2.532903 1.421813 0.253022
-2.057654 0.554542  -1.946951
-3.566691 1.220010  -0.098455
-2.241512 1.003998 1.452240
-2.121885 2.835086  -0.132071
-2.572919 3.430853  -1.318094
-1.282393 3.569668 0.712626
-0.884422 4.863368 0.370429
-2.175825 4722233  -1.664179
-1.324985 5442508 -0.821261
-0.980047 3.110896 1.648524
-0.239655 5.426852 1.040264
-3.250475 2.881860  -1.969588
-2.536073 5171608  -2.585783
-1.019739 6.450873  -1.086143

i e = I = T = T =2 T = W = p M e < B S e ) B S S S

5-6-3-8 DFT &% (B3LYP/6-31G(d,p) level) & H W 7= 50281 5 TS 5-5 &R L (Figure
5-6)
Data for TS 5-5;

E(RB+HF-LYP) = —1876.1911144 AU.

Zero-point correction = 0.604683 (Hartree/Particle)

Thermal correction to Energy = 0.643088

Thermal correction to Enthalpy = 0.644033

Thermal correction to Gibbs Free Energy = 0.533626

Sum of electronic and zero-point Energies = — 1875.586431
Sum of electronic and thermal Energies = — 1875.548026
Sum of electronic and thermal Enthalpies = — 1875.547082
Sum of electronic and thermal Free Energies = — 1875.657488

Atomic Coordinates (Angstroms)
Number X Y z
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6.799431
5.987205
6.262560
7.272358
5.213766
5.484228
3.881286
3.658572
2.373226
4.672025
4.422920
2.810979
1.927725
2.776201
3.660506
1.547753
1.521566
1.718927
1.555230
0.666281
-0.353403
0.778543
0.809984
3.135749
3.198186
3.904287
3.377251
0.330082
-0.407142
-0.377776
-1.626670
-1.622138
-0.044899
-0.736696
-0.091657

3.176920
2.461890
1.130075
0.779548
0.225037
-1.039424
0.594412
1.942137
2.331887
2.883306
3.912122
-0.311741
0.037573
-1.524696
-1.919679
-2.393306
-3.144692
-3.132510
-2.385646
-4.243363
-3.854927
-4.734424
-5.009297
-3.703805
-4.253740
-2.927896
-4.400359
-1.568616
-1.696598
-1.318467
-0.643807
0.396476
-1.923601
-1.569772
-3.019373

0.232128
0.157706
-0.150779
-0.329822
-0.256595
-0.618288
-0.028283
0.270055
0.457868
0.358457
0.590523
-0.130778
-0.483512
0.529750
1.269068
0.200675
0.996656
-1.157438
-1.947094
-1.304769
-1.236940
-2.276900
-0.532239
-1.322748
-2.266694
-1.332449
-0.512561
0.195787
-0.620878
1.296740
1.080849
0.158637
2.630774
3.396609
2.596236
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0.972103
-1.929552
-0.748090
-3.698922
-1.635526
-0.324097
-2.803314
-1.538342
-4.422550
-3.841431
-3.941340
-0.873435

0.300895
-0.956754

0.545186
-0.368957
-0.149410
-2.918204
-3.757605
-2.622731
-2.445025
-0.687860
-1.404692
-2.478064
-2.214257
-3.889423
-1.789772
-4.327676
-4.783494
-6.093096
-5.638107
-6.523238
-4.453788
-6.779979
-3.626230
-5.973437

-1.657126
2.019570
2.574898
2.217111
2.950679
2.467709
2.692638
4.466929
1.794058
1.714809
3.275731
1.951560
2.515893
3.607900
2.642927
1.398449
3.006489
1.627093
3.056776
3.212992
4.859516
4712137
5.017741

-2.028878

-0.464486

-1.504441

-2.142633

-0.917129

-1.630338

-1.165198

-0.452222

-0.570977

-2.104695

-1.271749

-0.860161

-0.004090

2.937213
0.534601
1.901780
1.158114
-1.111211
-1.766102
-2.087717
-0.832240
0.456198
2.121187
1.307119
2.794628
1.600761
2.200841
-1.124121
-1.995354
-2.707827
-2.308803
-1.692181
-3.038412
-0.356111
-0.186911
-1.773030
0.096980
1.982195
-0.005282
-1.002137
-1.196630
1.065202
0.953327
-1.310758
-0.236161
1.987774
1.788358
-2.021363
-2.242161
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1 -7.544989  -0.213610 -0.327731
1 -2.431193  -2.869047 0.822260

5-6-3-9 DFT 1% (B3LYP/6-31G(d,p) level) Z W =K HICI T 5 TS 5-6 O L (Figure
5-6)
Data for TS 5-6;

E(RB+HF-LYP) = — 1876.2048532 AU.

Zero-point correction = 0.605652 (Hartree/Particle)

Thermal correction to Energy = 0.643972

Thermal correction to Enthalpy = 0.644917

Thermal correction to Gibbs Free Energy = 0.533404

Sum of electronic and zero-point Energies = — 1875.599201
Sum of electronic and thermal Energies = — 1875.560881
Sum of electronic and thermal Enthalpies = — 1875.559937
Sum of electronic and thermal Free Energies = — 1875.671449

Atomic Coordinates (Angstroms)

Number X Y z
1 7.055008 2.787428  -0.099811
6 6.173082 2.155469  -0.091499
6 6.150746 0.990359  -0.859307
1 6.993235 0.689724  -1.471312
6 5.010162 0.198366  -0.841587
9 4975073 -0.917222  -1.592858
6 3.881529 0.517493  -0.078192
6 3.962085 1.682858 0.687717
9 2.904709 2.002018 1.472857
6 5.074329 2.513906 0.689864
1 5.069981 3.407566 1.303027
7 2.716323  -0.278883  -0.088746
1 1.802166 0.144067  -0.474847
6 2.752112  -1.524073 0.459415
8 3.724543  -2.040954 0.995690
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[EEN
SN

e i e e == B < T = B < > N < ) R < 2

1.438106
1.448428
1.363734
1.236378
0.147153
-0.791027
0.066342
0.246112
2.658789
2.548396
3.518762
2.881409
0.246876
-0.112775
-1.089553
-2.127946
0.625464
1.414901
-0.039968
1.109883
-3.635201
-4.423890
-3.393809
-4.634703
-4.995934
-3.797354
-5.935705
-2.947559
-2.736463
-4.346701
-3.901170
-4.408134
-5.465994
-5.639599
-4.105932
-5.542815

-2.337656
-3.026044
-3.151132
-2.419557
-4.089219
-3.550194
-4.615112
-4.845163
-3.931247
-4.518640
-3.269743
-4.621937
-1.480564
-0.725005
0.317384
-0.179351
-0.689760
0.071707
-0.408603
-1.639524
-0.697966
0.677393
-2.222852
-1.103632
0.197755
-2.005360
-1.841582
-3.056498
-1.997972
-2.568697
0.823217
1.629782
0.439298
0.848950
0.771515
-0.037426

0.346005
1.195815
-0.972517
-1.783401
-0.962980
-0.800086
-1.919088
-0.174781
-1.239445
-2.156239
-1.358065
-0.419243
0.439570
1.446065
1.074327
0.263234
2.743215
2.669156
3.562090
2.977868
0.833418
1.857907
1.927831
-0.742159
-1.490571
-1.674058
-0.355085
1.376110
2.775700
2.343192
2.809784
1.319747
2.098664
-0.888966
-1.765295
-2.414060
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-2.883023  -1.501700  -2.001562
-3.511368  -2.945617  -1.187403
-4.376260 -2.267318  -2.570115
-5.737288  -2.800747 0.135724
-6.566094  -1.245596 0.315472
-6.531064  -2.052704  -1.253343
-1.449110 0.877171 1.943215
-0.186251 1.349601 0.089619
0.373093 0.654364 -0.912681
-1.164193 2.438084  -0.347749
-1.590168 3.429229 0.543430
-1.622075 2.468032 -1.667658
-2.499978 3.468336  -2.087073
-2.470887 4.429268 0.127580
-2.930848 4.449504  -1.190873
-1.255405 1.706765  -2.347105
-2.844028 3.487466  -3.117831
-1.220215 3.430410 1.567356
-2.788261 5.197222 0.827865
-3.610922 5230367 -1.519415
0.539388 1.806464 0.792503
-0.092119 -1.077416  -0.458210

L e e = == T = T = M < R ) B < > N o'« B = S S e T T S T S

5-6-3-10 DFT Ft% (B3LYP/6-31G(d,p) level) # W 7= K AHHFIZH1F 5 TS 5-7 Dk iciiifb
(Figure 5-6)
Data for TS 5-7;

E(RB+HF-LYP) = — 1876.1938508 A.U.

Zero-point correction = 0.603944 (Hartree/Particle)
Thermal correction to Energy = 0.642699

Thermal correction to Enthalpy = 0.643643

Thermal correction to Gibbs Free Energy = 0.530862

Sum of electronic and zero-point Energies = — 1875.589907
Sum of electronic and thermal Energies = — 1875.551152
Sum of electronic and thermal Enthalpies = — 1875.550208
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Sum of electronic and thermal Free Energies = — 1875.662989

Atomic Coordinates (Angstroms)
Number X Y z

-7.134540 0.741650  -1.585376
-6.165073 0.393087  -1.246009
-6.044449  -0.876428  -0.681416
-6.898172  -1.532753  -0.558659
-4.800747  -1.309335  -0.237507
-4.706651  -2.503366 0.369442
-3.647575  -0.525761  -0.373559
-3.823099 0.744132  -0.933691
-2.723790 1531850 -1.029331
-5.049571 1.224062  -1.364253
-5.112620 2.219733  -1.787484
-2.380875  -0.939593 0.069618
-1.742581  -0.217254 0.384005
-1.803008  -2.151239  -0.259451
-2.336750  -2.999454  -0.951527
-0.421575  -2.370491 0.391139
0.035410 -3.190983 -0.173272
-0.567921  -2.804884 1.875842
-0.892946  -1.915237 2.433016
0.779042  -3.274623 2447743
1548399  -2.501503 2.381683
0.662040 -3.547483 3.501516
1129819 -4.167021 1.914464
-1.639263  -3.893806 2.043389
-1.683197  -4.205635 3.091261
-2.634446  -3.550947 1.751025
-1.402248  -4.777183 1.440427
0.355207  -1.130768 0.282721
0.964090 -0.764666 1.128309
0.971624  -0.747233  -0.832825
1.678668 0.492818  -0.709589

oo o P N P kP o P P OO Ok OO0 0o OOk NP O O OO OO0 © Ok O O
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0.992662
1.125443
1.643194
1.702386
0.149794
0.999342
-0.026914
2.761744
0.242804
-1.143219
1.166446
0.091327
3.417250
3.210432
2.763441
0.431169
-1.043520
-0.089993
-1.838308
-1.060265
-1.595710
1.341598
2.140927
0.712681
1.052073
-0.589454
-0.319434
2.982054
2.199089
3.339031
2.341375
4.000119
4.892497
4.077349
5.013479
5.828217

1.483996
-1.639543
-1.117889
-2.536472
-1.970560

3.153391

3.563061

3.777258

3.824945

3.187151

3.455338

5.359108

3.567962

3.319503

4.860742

3.130560

3.168200

4.645183
3.376029
2.103143
3.594345

2.375704

3.951358

3.773439

5.860783

5.665449
5.749524
-0.001536

0.825001

1.043252
-0.448071
-0.890530
-0.360249
-2.254225
-3.072282
-1.174792

-0.013122
-2.028039
-2.833843
-1.769279
-2.399557

-0.257750
-1.789027

-0.538839

1.360056
1.596904
2.542757
1.280954
0.311522

-1.427850

-0.703381
-2.686135
-1.715276
-1.948560

0.771851
1.724033
2.511415
2.597123
2.469561
3.491373
1.116039
0.478338
2.221705
0.563852
-1.608641
0.621266
1.606001
-0.114567
-1.057358
0.192703
-0.442378
-1.692777
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L =2

5.889090
3.412589
5.067345
4.858981
6.515153
6.620171

-2.537421
-2.652819
-4.127966

0.703486
-0.747534
-3.173718

-1.389058

0.951236
-0.190110
-1.285798
-2.418185
-1.879408
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5-7-4 % — b4 (NMR, Chiral HPLC)
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Figure 5-7. "H NMR spectrum of 21a (syn isomer)
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Figure 5-8. "H NMR spectrum of 21b (syn isomer)
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Figure 5-9. "H NMR spectrum of 21c (syn isomer)
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Figure 5-10. *H NMR spectrum of 21d (syn isomer)
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Figure 5-11. *H NMR spectrum of 21e (syn isomer)
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Figure 5-12. "H NMR spectrum of 21f (syn isomer)
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Figure 5-13. 'H NMR spectrum of 21g (syn isomer)
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DORMISAER -

EEIE (NP [SEE [
Tou 1 6075 4501907 298725 75.6 6 NjA 3628 1,255 NjA
2 Unknown | 1 6592 1447331 89351 24328 23.024 NjA 3895 NjA_ NjA

BB NP [HBEE

1 NfA 5140 4,
2 Unknown | 1 9.000 9242392 549669 80.943 79.609 NjA 6772 NiA 1.280

Figure 5-15. Chiral Column Chromatography of 21a (syn) (entry 10 in Table 5-1)
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DORMISAER - 11

Tntensity (1]

10.0 12.0
Retention Time [min]
E-hifs: 1

[ SER(E INTP | ABIE [
1 Unknown | 1 13.733 1837847 47357 7. 972 NjA 2813 3.774
2 Unknown | 1 18.017 22771345 480470 92.532 91.028 NjA 3376 MiA

=
z
3
<

10,108 4077864 112359 9. 9.314 NjA 1778 §
2 Unknown | 1 12,067 37689768 1093979 90.237 90.686 NjfA 2767 NjA 1.187

Figure 5-17. Chiral Column Chromatography of 21c (syn) (entry 1 in Table 5-3)
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DORMDSAER - 11

fisfi3 =& FER(E NP ([ SBEE (oM R
13533 1579976 23606  3.146  3.393 NjA 822 1528
2 Unknown | 1 16508 48648630 672039 96.854 96.607 NjA 1073 NjA 0.840

800000

600000

200000

CH [IR it e E - [FES{E NTP
10,333 5016420 220090 10,448 59 NjA  NjA N
2 Unknown | 1 11,317 42998565 830031 89.552 79.041 NfA 1039 NjA WA

Figure 5-19. Chiral Column Chromatography of 21e (syn) (entry 3 in Table 5-3)
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400000

3
5
=
5
&

200000

E-Disg: 11

# |08 |cH [iR [ e |EEY (&% [EEIE NP [SBE [N
1 17.383 170012352 726292 92.112 84.327 NjA 92 1931 0819
1 27.008 14558635 134967  7.888 15.673 NjA 1349 NjA 1154

400000

2z
5
£

12,0 14.0
Retention Time [min

S ) b |TER(E NTP | HEEE
10.958 5372324 121883 16.286 14.903 N/A 1421
2 Unknown | 1 13.533 27614390 695962 83.714 85.097 NjA 2707 NjA 0.960

Figure 5-21. Chiral Column Chromatography of 21g (syn) (entry 5 in Table 5-3)
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6-1 1TLWIC

B4 FESHE b TR LT, FT AT oAU R—EROX T V7R 1,2-U 4 — )V E#
X, AARAEBNEMEEDIC R ON D BEREREEO—D>TH D FHMILE 4 RO 5 =
#Z M), I ZIE. 2D oD FEAT H2{bEWE LT, TMC-95A~D 23#is ST\ % (Figure
6-1), £ 4 TED 4-1 T TR ~_7= K 5 12, TMC-95A IZ LA AKIRCHIIIEAI & L THIRF ST\ 5203,
EBITT YN 7 —iEOMRROFRE G S ZTHRAOBEIEL L THHIfFS T2,
ZDH, FTNIR 12-VA—VEKEAT DA VT ULE OFERO MG RIEORENT I,
WD CTHERBFEO—D2>TH 5,

TMC-95A: R'=H, R?= OH, R®=Me, R*=H
TMC-95B: R'=H, R?>= OH, R®*=H, R*= Me
TMC-95C: R'=OH, R?=H, R®=Me, R*=H
TMC-95D: R'= OH, R?=H, R®=H, R*= Me

Figure 6-1. Structures of TMC-95A~D

O HU DI, 0P T Y T AT KOS HF o UEE DR T 3 RS 2T,
XTI 12T A — VB EAT AV F U HFEEOE DT AT L AR AR L
(Scheme 6-1) . ZORIIE. ETHIL P T VT AT AN AN A KISHR S AL, LK
LRSTHIETE REF LA U RAERSHS, BT, ZOE RaXof U REf$Fon
KRS L. D THARBEIZRS 2 L CHNOERDABOND L EZ LTS,
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HO R

(@) HO :< )
R
X CuSO, (10 mol%) X c0,
corz T HO+ | o - | 0
2 3// H H,0, rt AZ N
R

R3 H
up to 92% vyield, syn:anti = up to 9:91

=F

R‘l

HO
HO 1

H
R HO = R
| SN COOR? | N COOR?
o) o)
3/ = N + 3/ = N
R H R H

(intramolecular H shift)

wO

_ ! _
(@] R1 ) R1
B COOR Cu(ll)
| o R200C
3/ = N
LR H _ H,O (1,2-H shift)
o) R!
_ OH
X (ICu H )
» © R200C——0O* R7O0C
7N R' H

Scheme 6-1. CuSO,4-Catalyzed Three-Component Reactions in Water

Hu 2303 L7 ZOROGIE. KT Rex A U REAR S RISV 2 moMb P i
RV D TH D0, RISZETSHE D703 @B AN LB 5,

ZZCRME, BB LA LT R Uit R A viuEe Raso 7 b 20a &4 F 2 18a
DAFT IV R= VRIS bETSEDLZENTE, SHITHFTNNR 122V —VEKEGT DAY
FUHERE BNLRRIIICARTE D LB X, ZNETIC, e kXU TR N AT
DARFET IV F=ARISIERE SN TE LT, B THERZRISZR D LB b,
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6-2 T X TNIRA YT UEEEK 22 DEK

A Y F UFHEER 22 2% T L HPLC THFESEIT D22 ORMIT, ZHETIZEES L TH U,
ZZTETHIOIL, THRINIA VT UFHEMAR 22 2G5 L, F 7V HPLC (2237 B BRVA IR 5
BEtE1T9 ZLic L,

e l L2 SOSERUED T, TX I 078 1.7 ) 2-7aX ) —LEHNTE ReXxv7& b
20a & A YT UFHEK I8 DTNV R— VIR EAT 72 ZA, ARDAERM 22 24525 Z LT
7= (Scheme 6-2),

0
H,N  OH
0 HO
O (200 mol%) OH
)S N %o malonic acid (200 mol%) _ o
OH N dry MTBE, rt N
20a 18 22
18a:R = H 22a:R=H
18f. R = Ph 22b: R = Ph
18g: R =Bn 22c: R =Bn
18h: R = PMB 22d: R = PMB

Scheme 6-2. Preparation of Achiral Isatin Derivatives Using 2-Aminopropan-1-ol

Wiz, FNENOLEWIZ 5T 55 /0 HPLC ORI S A3t L= = A, Table 6-1 |[27%
THRER L Ao,

Table 6-1. Chiral HPLC Data for Isatin Derivatives 22

eluent \ HPLC syn anti
entry compound column [hexane: flow . .
i [nm] ] t:(min) t,(min) t (min) t (min)
ProH] [ml/min]
1 22a OJ-H 85:15 254 0.5 26.8 28.7 31.9 34.7
2 22b OJ-H 90:10 254 1.0 145 19.4 253 304
3 22c AD-H 90:10 254 1.0 235 35.3 42.0 46.3
4 22d IA 80:20 254 1.0 31.2 34.1 51.9 55.2
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6-3 filii 14 Z /- B X 7® i 20a & A F o 18a XA U F B 18f-h DARF
7L R— L
ITUDIT, il 14e ZFHVVTCE FeXx> 7T o 20a b A HF 18a DARFET N R—ILKnk

T, IO RRET 21T > 72 (Table 6-2),

Table 6-2. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

O R
H,N  HN O
0 ? F "] ~on
/ﬂﬁ . [i:[%§=o e (25 mol%) 0
OH ” solvent (1.0 ml), rt ”
20a 18a 22a
time®  yield® y % ee®
entry solvent syn:anti
(h) (%) (syn) (anti)
1 dry CH,CI, 20 79 75:25 8 2
2 dry MeOH 40 59 76:24 21 1
3 tert-BuOH 24 75 85:15 10 4
4 dry CH3CN 24 72 82:18 11 5
5 dry THF 40 67 75:25 31 6
6 dry Et,O 24 70 79:21 33 5
7 dry MTBE 72 74 84:16 29 14
8 (neat) 24 73 79:21 27 4

2All reactions were carried out with 10 equiv of 20a and 0.5 mmol of 18a. "Monitored by TLC.
“|solated yields. “Determined by *H NMR. ®Determined by chiral HPLC analysis.

FT. B 7 n e X2 WIS AT 2728 2A, T AT LAY —HA synanti =
75:25, T9% DR THMIDERMN ZIFLH Z LN TE RN, =F o FARRIETIT L A LRI L7
Mol (entry 1), KIZ, 7u FAMERBHERECTH D A X — T tert-7 % ) —)v, FETE b
PERRMERIE CH 578 b= P U AV EHWTRISEIT 2720, WTROHE S RWRER TR &
55 Z LlIHskARR o 7= (entries 2~4), = Z TRIZ, =—T VREEE A WS Z Lic Lz, 7,
THF Z W TG EIT -T2 & 2 A, DT A7 LA~ —s synanti = 75:25, 31% ee (syn)
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DZF U FARRETEDT AT LAY—2 /(L5 LNTE, ZNETITRALEEEELY &
W FARIRVE TAMM DS Bz (entry 5 vs entries 1~4), =2 C, &its = Fro—7
NXAT tert-7 F A F N =T VI LTI EIT 2T & 2A, Y2 TF LT —FT VDE1E, R
MOTT AT LA~ =k synanti = 79:21, VT AT LAY —OxF U F AIRRMED 33% ee
Sy THY, Fo tert- 7 TNV AF LT —T VOEEIL, EFRMOTT AT VA — NI ET
THbHEV synanti = 84:16, £V T AT LA~—D S > F A RIPEN 29% ee (syn) Th -7z
(entries 6~7), WIZ, WEZHWTIZILEIT -T2 & 2 A, EFID YT A7 LA~ —Lhid syn:anti
=79:21, EVT AT LA~ —DOTF T AIRIRMEN 27% ee (syn) & 72 0 | TEBEIZ A & 7 — & A
T OFE R L [RIFLE CTdh o 7= (entry 8 vs entry 2),

ZITRIS, BilAE V2 F L —T LT tert-7 F VA F LT —T U2 LT, WINAI O %

Fi-7- (Table 6-3),

Table 6-3. Optimization of Conditions for the Aldol Reaction: Additive Effect®

~§_/<o :

HoN  HN
O
o F HO
O 14e (25 mol%) OH
/ﬂ\j . o _ additive 20mol%) ) o
OH H solvent (1.0 ml), rt N
20a 18a 22a
N time®  yield® y % ee®
entry additive solvent syn:anti
(h) (%) (syn) (anti)
1 p-TsOH-H,O dry Et,0O 24 trace - - -
2 benzoic acid dry Et,0O 10 96 86:14 13 11
3 malonic acid dry Et,0O 5 95 89:11 23 3
4 2,4-DNP dry Et,O 12 91 43:57 3 2
5 Boc-L-valine dry Et,0O 10 95 85:15 9 9
6 H,O dry Et,O 48 74 88:12 3 0
7 Boc-L-valine dry MTBE 10 91 78:22 36 15

2All reactions were carried out with 10 equiv of 20a and 0.5 mmol of 18a. "Monitored by TLC.
“|solated yields. “Determined by *H NMR. ®Determined by chiral HPLC analysis.
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FIRMANS p- bV ZVIR R — K 2 N T Y = F L — T VR CRUG 21T 2 1278,
EEITIEE A EBR LR -T2 (entry 1), ZOFKDO—>L LT, IMFNCEY B Faxo 7
TR BEATTAR—ARIEERILTLESTZENEROND, £I T, REFM, v
g, 24-U=Ftu 7z ) —), Boc-L-NU U TR E AN TRIGZAT S 1203, WTNOBHE b
AN Z N2 720 GE KD BWDRERCAERM 2155 Z L 1THiked > 7= (entries 2~6 in Table 6-3 vs
entry 6 in Table 6-2), & Z TIRIZ, W% tert-7 F /L A F/L=—F )LIZ LT, Boc-L--NY UAF(E T
TRISEATS T2 2 A, IR 1%, V7 A7 LA~ —ds synanti = 7822, £V 7 AT LA~
— DT T AFIRMED 36% ee (syn) & 72 V) | IRINFIZINZ 72056 LT, £V T AT LA
v =D U TF AR E S T ESE 5 2 LN TE 72, (entry 7 in Table 6-3 vs entry 7 in Table
6-2), BLBRIRWZ L, V=TI m—T B WIS Boc-L-oNY U EINZ D &L Bl E N
ABWGE LD BAERIO T o FARFPEIRE AR T LT LE 722, —FH T tert-7 F /L A
FNT—T V& AWIZRIGIZ Boc-L-NY U EMZ 5 & BIAIZ N2 2 0WiGE L0 bAoA O~
U FARPUEIIE TR L L7z (entry Svsentry 7), Z OFERN G ARBISOEBERBIRREIL, fillft7s
T T LTINS 5 L TV D BHERBRB KB AT L TV D SR ST,
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Wz, W tert-7 F LA F L —T LB HWT, A F o DR EORH#ELEL R K OYRINIAID
Bt &b TITH Z LIz L= (Table 6-4),

Table 6-4. Optimization of Conditions for the Aldol Reaction: Effects of Additive and Protecting

Group?
<
H,N  HN
o]
o} F HO
O 14e (25 mol%) OH
//Kj N o additive (20 mol%)_ o
OH Q dry MTBE, rt ﬁ
20a 18 22
N time®  yield® § % ee®
entry additive 18 (R) 22 syn:anti
h)y (%) (syn) (anti)

1 - 18f (Ph) 22b 50 81 84:16 47 24
2 - 18g (Bn) 22c 24 89 85:15 55 22
3 - 18h (PmBh 22d 120 81 85:15 56 28
4 Boc-L-valine 18f (Ph) 22b 3 85 81:19 56 26
5 Boc-L-valine 18g (Bn) 22¢ 1 90 84:16 59 27
6 Boc-L-valine 18h (PMBY) 22d 6 87 8119 43 7
7 Boc-L-valine + H,O  18g (Bn) 22¢ 3 88 83:17 50 18

Boc-L-valine
8 18g (Bn) 22c 3 83 82:18 61 21

+ MS4A (0.1 g)

9 N,N'-diphenylurea 18g (Bn) 22c 20 83 84:16 57 25

10  N,N'-diphenylthiourea 18g (Bn) 22c 24 80 83:17 56 23
Boc-L-valine

11 ) 18g (Bn) 22c 4 86 83:17 61 27
+ N,N'-diphenylurea

2All reactions were carried out with 10 equiv of 20a and 0.5 mmol of 18. "Monitored by TLC.
°|solated yields. “Determined by *H NMR. ®Determined by chiral HPLC analysis.
"PMB = p-Methoxybenzyl.

P, R 27 ==L (18f), XU (18g), Xid p-A FF I ULEL (18h)IZ L TRUG
BT 2 A, WTNOEHAELA VT 18a ZHWZHE L0 b SRR AR 135 B
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7= (entries 1~3 in Table 6-4 vs entry 7 in Table 6-2), (2. Boc-L--NU U IFAE T, 1-7 = =)L A HF
v 18f, 1-_U VA FF o 18g i 1-(p- A R F U)o Y F o 18h AW CKIG AT o722 A,
R DT AT VA RO F o FARRIEIL, Boc-L-NY 2 HWRWEE LRIFRETH -7
D, OG22 VS0 2 SISk L, 1D HF 2 18g Z WS Bl by
T F A BPUE (59% ee (syn)) THBIDARM 2135 Z & D3 TE 72 (entries 4~6 vs entries 1~3),
Z O, = A Boc TR Lo A HF B EARSC A F VI TRE LA - F U iFEERIZ O
TURIEAT oD, =T F BRI LA LRI L 2 oTe, £I T, LI AHF
189 ZHWT, S HICHWMAIORE 21T Z &I LT, £7 . ARUNITKR KIFTHELBLET
D% WINANC Boc-L-NY o &K E W86 & Boc-L-/3 Y & MSAA Z W58 & fat LT
TLHZLIC L, EROME, KFEFTTOEYT AT LAY —OTF »FAERMEIT 50% ee
(syn). MSAA FFIE F CTHOEY T AT LA ~—0DxF U FABIRMEIL 61% ee (syn) & 72V . KEMNZ
TR D F A EIRVEIIE T L= (entry 7 vsentry 8), 25 3 #2555 5 3 CIT - 72 Ui
AT AKRBEBROSLERIRVED A EIZKE <75 L TR, REUSHR TIESLARZERRIEOE
FEHEFLTLES 7, WIC, VLT XIITF AT LTICEDKREREIT LY | BRI OSTIRER
WD BT 2008 9 0 ERETT 5%, WINAICNN -7 2= LT NN-U7x=LF4+v
L7 XL Boc-L-NY > &N, N-T 7 = =0 LT WSS 2 TN EIURG LT3, Ao
VT AT VA s = T AR E R X5 2 LTk o 72 (entries 9~11),
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B 5 TR LIEARET L R—ASISIZBWTIE, B Redx o7& by 20a 28IV 5 &
DH. B FeFi L4 TBS A TR L7- 20b 2 W 257725, KU @I AR 7315
Nz, T TCAKGIZEBWTYH, B RaX 72 hH20b & 1-XU DA+ F 2 180 DAFT
R VRIS R 5 2 L1 L7z (Table 6-5), AR SEAERIEIL, TBS H 2 B ARH# L 7= 14
WZIRE LT,

Table 6-5. Asymmetric Aldol Reaction of TBS-protected Hydroxyacetone 20b with Isatin

~§_/<o .

Derivatives 18g®

Ho,N  HN
(0]
0 F HO
O 14e (25 mol%) OH
/lj N o additive (20 mol%)  TBAF o
N solvent, rt N
OTBS Bn Bn
20b 18¢g 22c
- time  yield y % ee®
entry additive solvent b . Symant
(h) (%) (syn) (anti)
1 - dry MTBE 96 trace - - -
2 - dry MeOH 96 trace - - -
3 - H,O 120 78 85:15 21 16
4 Boc-L-valine H,O 3 83 90:10 1 44
5 Boc-L-valine H,O 3 80 52:48 4 4

2All reactions were carried out with 10 equiv of 20b and 0.5 mmol of 18g. "Monitored by TLC.
°Isolated yields. “Determined by *H NMR. ®Determined by chiral HPLC analysis.

"TMS-protected hydroxyacetone 20c was used.

FTEEE tert-7 F VA TF N —FT VT A X ) — W LTS EAT 2 To D3, BTz & A
ER BN o7z (entries 1~2), & 2T, IEHEZKIC L THIGEITo T2 & 2 A, 78%DILHETH M)
DERMEGD Z ENTER, = U FARREIZEVETH 72 (entry 3), E-UAIE L
T Boc-L-NU U EIMZA TG EOBRFT bAT o720y, ROWREREZGD Z L1THkRn o7 (entry 4),
TBS EAEE T & D BIERDONREIREDE T LT LESTZONE I DEBFrT o8, B R
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B3 L LA TMS B O L7z 20c 2 W RIS ZAT 2 T2id, DT A7 vA - = F v F
ABRPEITIT & A EFBLLZR D o7 (entry 5), ZHUHDFERND, ARISIZBWTIEE FrXy
TE R 20aDE RrXUVER EFEMOTT AT LA - mF o FARRPEOR Bl RE <
HLTWbZ EmEZ b,

WiZ, B RaFxFv 7R R 20a b 1A T2 189 ORFT Vv R— V&7V, il
14 DL R % Mtd 5 2 &z L7z (Table 6-6),

Table 6-6. Optimization of Conditions for the Aldol Reaction: Organocatalyst 14%

o]
O HO
(0] 14 (25 mol%) OH
it o,
)S . ©\//g: o _ additive (20mol%) o
N dry MTBE, rt N
OH Bn Bn
20a 189 22c
O R
HoN - HN
HoN OH
F
NO
B 14h 14i 14 2
N time vyield y % ee®
entry 14 additive b . Symant
(h) (%) (syn) (anti)
1 14h - 36 84 85:15 69 13
2 14h Boc-L-valine 2 89 84:16 70 17
3 14i Boc-L-valine 2 82 83:17 39 34
4 14 Boc-L-valine 40 76 89:11 0 9

2All reactions were carried out with 10 equiv of 20a and 0.5 mmol of 18g. "Monitored by TLC.
“|solated yields. “Determined by *H NMR. ®Determined by chiral HPLC analysis.

F AZEMICEE O DOV E AT DM 14h 2 W TRISEIT T2 & A, RUGRKFH]

1% 36 B[], 7 AT LA~ —Lkas syn:anti = 85:15, 69% ee (syn)D = > F A IR T H A D AR

WMESDZ LN TE (entry 1), £ 2T, WAL LT Boc-L-/NU & FHWTCIRBRD G Z 1T >

To & ZAIGKMZ 2R F CHEM ST D Z LI LU ERM DO VT AT LA~ —Lhid syn:anti
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=84:16, EVT AT LAY —DO TS U F AIRPUED 70% ee (syn) TH o7 (entry 2), AR TI,
F T VIREINFIZ O TW D2, Boc-L-NY Y Z A TEE LMALWEE 2B L TH, AR
MOTT AT VA KRR T o FARREDZEFRBRETHDL 2 00, INFIOXFZ U7 1 —I
DX T )T 4 —ITBEEZ RIFTL TR EHEE SN (entry Lvsentry 2), RIZ, & Re¥
UNVEERT DML 140 2 W TRISZITV, & R e L OKRFERE IS K> TERY O
ZHIECE D0 E I DERBILIZE Z A, 39%ee (syn)DTF o FARIMETED T AT LA ~—
BB LN TERL (entry 3), £ 2T, b NRX I LEOBMEESL HIF 5410 35-Y=Fu7x
=V EAN LTl 14) 28K L. FRRICRIS ZAT > 7203, B o =7 o FABRIEZIZ &
A EFRBIET, I 141 2 WG E K o U T ARIRIEIME T L7z (0% ee (syn) in entry 4 vs
entry 3), Z #LiZ., Figure 6-2 (279 model A Z#%H L CRUGHHEITT 5 & B 2 TV hs EZEITIE,
il 14] OEWEBEEAE TS Fed o b8R8 v Rex o7& M lROmBER & 51 W
KFEREG & AT D model B Z#%HI L CRIRSHEIT L, =7 I 20> Re @ & O Si D25 1-
NRUVNAYF 18 NS LT Z EENRZ X BILD,

model A model B

Figure 6-2. Plausible Transition States of Asymmetric Aldol Reaction Catalyzed by 14|
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6-4 SULHEREIZBE T 5542

IZUDIT, RRISTEZ DILLAEY A 7 V% "$ (Scheme 6-3), £l 14h (X, & Fe ¥
TR R 20a & RS LTCOREN RS I ok ETER L. ZoxF I Uk E A T X
ITA B FUFER I8 NG T DI & T, FINRFHIKRE - RBEEDIER S ND, D%, Z
DR RPMA MRS D 2 & THUEE 14h 13RS 1 2 VIR LB 2 v,

o)
HO Ph o F o)
OH )H
H,N  HN
o OH
N E 20a
R 14h
22

H,O

Ph O R

Ph oF M
M HN  HN

N. HN HO. -

R \ O
[transition state] Eji;gzo

\

R
18

Scheme 6-3. Plausible Reaction Mechanism of Asymmetric Aldol Reaction

of Hydroxyacetone 20a with Isatin Derivatives 18
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il 14h L& R 7k o 20a oSS =T I UHREIRIE, 5 FED 54 IHT{T-
T IREt BB T 5 &, Figure 6-3 |2 R T 2 DOEENLZETHDH EEZX IV, ZILHDOWNTHTWH

KFFREBOENRL N (Z2)-enamine 6-1 23, b TRV X—WITLEITR D EHEERIND,

N-HH F N-H
NNy N0,
(Z)-enamine 6-1 (Z)-enamine 6-2

Figure 6-3. Plausible Enamine Structures

Wiz, il 14h Z Wb ey 7 & b 20a & 1-X2 VA $F 2 189 DARFT L K—)b
B3 T 2 BRBARIEIZ DWW TRET &2 1T - 72,

FTEBIREICE G350 728, il 14h L& e 7 hr 20a bR Ehb =3I v
FEIR L 1-_U DA YT 189 DHTH D EAUE Liz, =) I U PIED T I 5 DKER
T & 1RV A BT 189 DIERIRA & OKBREGIZ L DRER 6 BEROERIKEBIRIEDIZ K
BEETDHE, BEXONDHERINEEILTS 6-1~8 (272 5 (Figure 6-4), (Z)-enamine 6-1 & 1-~_3
oA HF 18 BBUS LTe B I2B 2 BV L BBIRRED TS 6-1~4, (Z)-enamine 6-2 & 1 P)L
A YT 189 BIS LTEHEICE 2 G5 EBIRAED TS 6-5~8 ThH D, TS 6-1 UL TS 6-5 2%
B L CRISSHEITT 5 & (3S, S)D/E#, TS 6-2 i TS 6-6 % L TRISHSH#EITT 5 & (3R,
PRYDARM, TS 6-3 UL TS 6-7 ¢ L CRUSHEITT 5 & (3S, PR)DARM, TS 6-4 XiZ
TS 6-8 Z %M L CIIEDHEITT 5 & BR, ') DA ELND L EZ bND, AERTIE, 4
R D o FASERIRNED e T0% ee T o 72 2 & RAERIDFESAL LR o 72 2 &0 s | B
pn X BAEIEARHTIZ K 0 AR DA SRR E A RET 5 2 LIXTE R o723, syn EIRAIITK
JEARHEIT L7 Z & 2B E 2D & ARBUGITEIC TS 6-1~2 XX TS 6-5~6 DV Tz kil L CHfT
LTWSEEZBND,

Figure 6-4 |2/~ L72@ERIRRBICIT, TS L CTHW tert-7 TV A F V2 —T V53 -5 F 78
ST, FEEOEBRBIITAEE S T RESEG LTV D EEX O, K EMEREBREZ
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R LT\ 5 EHEER STz,

B\"'\\m Ph)\m\\\g Ph->\m\\\ Phhﬁ\z\g
,,,H

TS 6-5 TS 6-6 TS 6-7 TS 6-8

Figure 6-4. Plausible Transition State Models for the Asymmetric Aldol Reaction

of Hydroxyacetone 20a with Isatin Derivative 189
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6-5 £&

XINIRV2-VF—)VEMERT HA Y F UFHEMRIL, Figure 6-1 1277 L7z TMC-95A~D 1275 %
NOLEERFERTHY, TOMEREHIEORFEIT. MO THELHFEO—DOTH D, ki, &
JEAREE A N2 3 R IRICE Y . TN 12-UA— VB EET DA FF B OA Rk
WHRE SNTeD, RIEARF AR Z -7 SOSMNITHE S TV, £ 2 CRIE, 5 5 ®iZ
BOWTE FrXx T b EER/BET VT E FORET NV R—ARISEEITSED Z LR TEE
BAAE LT X il 14 THIUE, e FaXxv 7 R 20a LA F I8 DAKFT L R—
VRS S ESLRERIICHEIT S B 5 Z E B TE 5O TIEHARNMNEE X, Rtz 1To72,

Bt LT BOSSMEO T, il 14h Z -k Rafo 7 & b 20a & A 3 F o #FiElk 18g
RET N R=NVRISEAT T2 & A SR OBAF R VT A7 LA BRI T HB DLW 22 %
525 Z LN TE (up to 89% vield, syn:anti = 84:16), =7 AT L A~ —D T F o F A FRMIT 70%

@Mo :

ge (syn) Té - 7= (Scheme 6-4),

H,N  HN
0]
o) F HO
0 14h (25 mol%) OH
] - i (o)
)J\ N ©\//g:0 Boc-L-valine (20 mol%) o
N dry MTBE, rt, 2 h N
OH Bn Bn
20a 18g 22c

89% vyield, syn:anti = 84:16
70% ee (syn), 17% ee (anti)

Scheme 6-4. Asymmetric Aldol Reaction of Hydroxyacetone 20a with Isatin Derivative 18c
Catalyzed by 14h
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6-6 SEHRIA
6-6-1 General information

FTANTOROGIE, # 70 °C XiT 110 °C DOHLEHE TRIR ST 7 A B eV TT o 72, fili
k7 v< 777 4 =W, BALCEEORETHERA L., VBTV T L7
n~v N7 40—, ANTERASHEO RS U #4570 60 (0.040-0.063 mm)Z FeiEAl & LTt
Lice T4 MI, BB EHRASHO Celite 545 # Vo, SOSICHW:-E R o7& b
20a, AV FUFFEAKLS, dry AFZ =L dry TER=FUMEBALIZGDOEZZDOEEMEML
7o FUSICHAWEZY Z7oa A%y THF, Y=F Lo —T L KN tert-7 F /L X F Lo —F L%,
KBV T DN THKSEIZb DA L, LMD syn (K& TR anti (K13, #HE S

TOBEELOLEMD NMR F— 4 B0 LCRELE

6-6-2-1 T X TN 1L-T I /-2-TunN)—EHW-e Rex Tk F20a kA 18a D
RFET IV R—IVEE (Scheme 6-2) (#1751 45))

O
H,N  OH

0] HO

(0] (200 mol%) OH

)% N @E@ZO malonic acid (200 mol%) 0

N N
oH N dry MTBE, rt, 6 h N
20a 18a 22a

TNITAFRKT, ZA7 7 A7 X700 1-7 3 /-2-7 1,3/ —/L (1.0 mmol), tert-
TFNAFNLT—T/L 20ml), & R 7+ b (10.0mmol) &Nz 7=, A ¥F . 18a (735
mg, 0.5 mmol) &~ = i (1.0 mmol)& N %, 2l T C 6 K S w7-, IS T#H, fFohr
FISRENZEDEE ) BTN T AIa~ NTTT7 40— (Yr7uan XL g F v = 2:3)
TRRILZE 2 A, EAHBPARER L LTHAY 22a (68.1 mg, 62%) 734 Hiu7-,

Data for 22a; "H NMR (CD30D, 300 MHz) & (syn-22a) 7.52-7.49 (m, 1H, Ar), 7.27-7.21 (m, 1H, Ar),
7.04-6.99 (m, 1H, Ar), 6.87-6.82 (m, 1H, Ar), 4.41 (s, 1H, -CHOH), 2.09 (s, 3H, -COCHy); (anti-22a)
7.27-7.21 (m, 1H, Ar), 7.04-6.93 (m, 2H, Ar), 6.87-6.82 (m, 1H, Ar), 4.57 (s, 1H, -CHOH), 2.48 (s, 3H,
-COCHy); BC NMR (CD30D, 75 MHz) 6 211.2, 210.2, 179.8, 143.7, 131.1, 130.8, 130.7, 126.2, 126.1,
123.4,123.2, 111.2, 111.1, 81.4, 79.5, 78.9, 78.5, 29.5, 27.6; Anal. Calcd for Cy;H3;NOy: C, 59.73; H, 5.01;

N, 6.33. Found: C, 59.45; H, 5.31; N, 6.51. Enantiomeric excess was determined by HPLC with Chiralcel
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0J-H column (hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.8 min (syn), t, =

28.7 min (syn), t, = 31.9 min (anti), t, = 34.7 min (anti).

6622 TXTINRLTI/2-T ) —LEANEE Refxv T b 20ak 1-7 = =0
F 2 18f ODARF TV K—/VIZJE (Scheme 6-2)

6-6-2-1 & [AIERO#RIE T, 1-7 = = /LA ¥ > 18f (111.6 mg, 0.5 mmol) = AW TS EITo 72 & =
7. 22b (89.5 mg, 60%)7H3 5 A7,

0
HO
OH
0
N
Ph
22b

Data for 22b; (syn-22b) *H NMR (CDCls;, 300 MHz) & 7.51 (t, 3H, J = 6.1 Hz, Ar), 7.44-7.41 (m, 3H, Ar),
7.29-7.24 (m, 1H, Ar), 7.10 (t, 1H, J = 7.3 Hz, Ar), 6.79 (d, 1H, J = 7.7 Hz, Ar), 459 (d, 1H, J = 3.7 Hz,
-CHOH), 3.97 (brs, 1H, -OH), 3.89 (brs, 1H, -OH), 2.21 (s, 3H, -COCHs); *C NMR (CDCls, 75 MHz) &
207.7,174.7, 144.1, 133.7, 130.4, 129.7, 128.5, 126.9, 126.4, 124.8, 123.7, 110.0, 80.3, 27.3; (anti-22b) 'H
NMR (CDCls, 300 MHz) & 7.51 (t, 2H, J = 7.5 Hz, Ar), 7.44-7.37 (m, 3H, Ar), 7.28 (t, 1H, J = 6.6 Hz, Ar),
7.17 (d, 1H, J = 7.3 Hz, Ar), 7.09 (t, 1H, J = 7.5 Hz, Ar), 6.79 (d, 1H, J = 8.1 Hz, Ar), 4.70 (d, 1H, J = 7.5
Hz, -CHOH), 4.21 (d, 1H, J = 4.8 Hz, -OH) , 3.65 (d, 1H, J = 7.5 Hz, -OH), 2.39 (s, 3H, -COCH3); *C
NMR (CDCl3, 75 MHz) 6 207.5, 175.7, 144.7, 133.6, 130.5, 129.7, 128.5, 126.5, 125.4, 124.6, 123.5, 110.0,
79.5, 28.9; Anal. Calcd for Ci7yHsNO,: C, 68.68; H, 5.09; N, 4.71. Found: C, 68.74; H, 5.08; N, 4.66.
Enantiomeric excess was determined by HPLC with Chiralcel OJ-H column (hexane/2-propanol = 90:10),
flow rate = 1.0 mL/min; A = 254 nm; t, = 14.5 min (syn), t, = 19.4 min (syn), t, = 25.3 min (anti), t, = 30.4

min (anti).

6-6-2-3 TXTNMRL-T I /2-T e — ANk FrXx T R 20a k 1N DA
F 189 DARF T L R—/V i (Scheme 6-2)

6-6-2-1 L [FIERDEAET, 1 VLA YF 1 18g (118.6 mg, 0.5 mmol)Z W TG & 1T - 7= &
Z A, 22¢(90.5 mg, 58%) 735 H L7z,
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O

HO
OH
o
N
Bn
22c

Data for 22c; (syn-22c) 'H NMR (CDCls, 300 MHz) 6 7.45 (d, 1H, J = 7.5 Hz, Ar), 7.32-7.21 (m, 6H, Ar),
7.07 (t, 1H, J = 7.5 Hz, Ar), 6.71 (d, 1H, J = 7.5 Hz, Ar), 4.94 (d, 1H, J = 15.6 Hz, -CH,-), 4.81 (d, 1H, J =
15.6 Hz, -CH,-), 4.54 (d, 1H, J = 3.7 Hz, -CHOH), 3.76 (brs, 1H, -OH), 3.72 (d, 1H, J = 3.7 Hz, -OH), 2.28
(s, 3H, -COCH3); *C NMR (CDCl;, 75 MHz) & 207.8, 175.2, 143.3, 135.0, 130.5, 128.8, 127.8, 127.5,
127.3, 124.4, 123.4, 109.8, 79.4, 44.0, 27.5; (anti-22c) 'H NMR (CDCl;, 300 MHz) & 7.31-7.19 (m, 6H,
Ar), 7.10 (d, 1H, J = 7.3 Hz, Ar), 7.02 (t, 1H, J = 7.3 Hz, Ar), 6.67 (d, 1H, J = 7.3 Hz, Ar), 5.12 (d, 1H, J =
16.0 Hz, -CH,-), 4.72 (d, 1H, J = 7.3 Hz, -CHOH), 4.66 (d, 1H, J = 16.0 Hz, -CH,-), 3.94 (brs, 1H, -OH),
3.57 (d, 1H, J = 7.3 Hz, -OH), 2.41 (s, 3H, -COCHs); ®*C NMR (CDCls, 75 MHz) & 207.3, 143.8, 134.9,
130.6, 128.8, 127.7, 127.1, 125.7, 124.4, 123.1, 109.9, 79.3, 44.0, 28.9; Anal. Calcd for C;gH;7NO,: C,
69.44; H, 5.50; N, 4.50. Found: C, 69.45; H, 5.50; N, 4.49. Enantiomeric excess was determined by HPLC
with CHIRALPAK AD-H column (hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, =

23.5 min (syn), t, = 35.3 min (syn), t; = 42.0 min (anti), t, = 46.3 min (anti).

6-6-2-4 TXTNIe1-T X -2-7ask ) —AEMNZE Rexy T hr20ad 1(p-A hF o
»UMNA BT 18h OARF TV K—/ViE (Scheme 6-2)

6-6-2-1 & [AIEROEIE T, 1-(p-A b F X VL) A HF 2 18h (133.6 mg, 0.5 mmol) %\ THU&
ZATHo7- & 2 A, 22d (121.3 mg, 71%) 235 5 7=,

O

HO
OH

o
N

\

PMB
22d

Data for 22d; (syn-22d) ‘H NMR (CDCls, 300 MHz) & 7.44 (d, 1H, J = 7.6 Hz, Ar), 7.26-7.20 (m, 3H, Ar),

7.05 (t, 1H, J = 7.6 Hz, Ar), 6.83 (d, 2H, J = 8.4 Hz, Ar), 6.72 (d, 1H, J = 7.6 Hz, Ar), 4.86 (d, 1H, J = 15.4
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Hz, -CH,-), 4.72 (d, 1H, J = 15.4 Hz, -CH,-), 4.54 (d, 1H, J = 3.5 Hz, -CHOH), 3.92 (brs, 1H, -OH), 3.81
(d, 1H, J = 3.5 Hz, -OH), 3.76 (s, 3H, -OCH3), 2.25 (s, 3H, -COCHs); *C NMR (CDCl3, 75 MHz) § 207.9,
175.3, 159.2, 143.2, 130.4, 128.7, 127.5, 127.0, 124.4, 123.3, 114.2, 109.8, 79.5, 55.2, 43.5, 27.5;
(anti-22d) *H NMR (CDCls, 300 MHz) 6 7.26-7.19 (m, 3H, Ar), 7.08 (d, 1H, J = 7.3 Hz, Ar), 7.01 (t, 1H, J
= 7.3 Hz, Ar), 7.83 (d, 2H, J = 8.4 Hz, Ar), 6.68 (d, 1H, J = 7.3 Hz, Ar), 5.04 (d, 1H, J = 15.4 Hz, -CH,-),
4.74 (d, 1H, J = 7.3 Hz, -CHOH), 4.58 (d, 1H, J = 15.4 Hz, -CH,-), 4.39 (brs, 1H, -OH), 3.76 (s, 3H,
-OCHj), 3.59 (d, 1H, J = 7.3 Hz, -OH), 2.44 (s, 3H, -COCH,); *C NMR (CDCls, 75 MHz) & 207.8, 176.7,
159.1, 143.7, 130.4, 128.4, 126.8, 125.9, 124.4, 123.0, 114.2, 109.9, 79.0, 55.2, 43.4, 29.0; Anal. Calcd for
Ci9H19NOs: C, 66.85; H, 5.61; N, 4.10. Found: C, 66.88; H, 5.60; N, 4.08. Enantiomeric excess was
determined by HPLC with CHIRALPAK IA column (hexane/2-propanol = 90:10), flow rate = 1.0 mL/min;

A =254 nm; t, = 31.2 min (syn), t, = 34.1 min (syn), t; = 51.9 min (anti), t, = 55.2 min (anti).

6-6-2-5 fillfit 14e Z V2 Rk o7& hr20a L A - F 2 18a DAF T /L K—/LE (entry 1
in Table 6-2)

6-6-2-1 & [AIERDERIE T filllt % 1de WA A Y7 oo A 2 v (LOM)IZ L CRIGEI T2 & 25,
22a (87.6 mg, 79%) 23 5% HAL7=, 7 AT L~ —hid synanti = 75:25, = T A~ —ibEIERIT 8%
ee (syn) &2 Of 2% ee (anti) T - 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.0 min (syn, major), t, = 27.7 min

(syn, minor), t, = 31.2 min (anti, minor), t, = 33.9 min (anti, major).

6-6-2-6 filifit 14e - V- R X 7® hr20a L A HF 2 18a DAF TV R—/LRUG (entry 2
in Table 6-2)

6-6-2-1 & [FIEEDEAET, il % 14e A A % 7 — L (LOmD)IZ L TR EITH-T- & 2 A, 22a
(65.7 mg, 59%) 315G H iz, T AT L~ —Lhid synanti = 76:24, =) 2 F A~ —imFIFEIL 21% ee
(syn) & ¥ 1% ee (anti) T - 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 25.9 min (syn, major), t, = 27.6 min
(syn, minor), t, = 30.6 min (anti, major), t, = 33.1 min (anti, minor).
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6-6-2-7 filfit14e Z 2k Ruxs 7 b 20a A YF o 18a DARF 7V F—/LEUE (entry 3
in Table 6-2)

6-6-2-1 & [FIREDOHRME T il A 1de WRIEA tert-7 % / —/L LOmM)IC L TR Z T o728 2 A,
22a (83.4 mg, 75%) 23 % H 7=, V7 AT L~ —LbiT syn:anti = 85:15, = > F A~ —iAR =KL 10%
ee (syn) & O 4% ee (anti) Td > 7,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 28.1 min (syn, major), t, = 30.0 min

(syn, minor), t, = 33.7 min (anti, major), t, = 36.7 min (anti, minor).

6-6-2-8 fillfit 14e Z V2 Rk o7& hr20a L A - F 2 18a DARF T /L K—/LE (entry 4
in Table 6-2)

6-6-2-1 & [RIERDEAET Ml % 14e WA 72 F= MU /L LOmIZ L CRIGEIT72& 25,
22a (79.8 mg, 72%) 23 5 H ALz, 7 AT L~ —Lhid syn:anti = 82:18, =7 F A~ —iWFIFIL 11%
ee (syn) &2 1Y 5% ee (anti) T - 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.2 min (syn, major), t, = 27.6 min

(syn, minor), t. = 31.1 min (anti, minor), t, = 33.4 min (anti, major).

6-6-2-9 fillil 14e Z V=B Ry 7 & b 20a Lt A Y F 2 18a DAREF T /L K—/Lii& (entry 5
in Table 6-2)

6-6-2-1 & [FIREDEMET, % 14e. A THF LOmMNIC L CRUSEAITo72 8 2 A, 22a(74.1
mg, 67%) 3% H Tz, 7 AT L~ —Lhid synianti = 75:25, =) T A~ —i@FZR 1L 31% ee (syn)
KON 6% ee (anti) ThH - 7z,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.0 min (syn, major), t, = 27.9 min

(syn, minor), t, = 30.5 min (anti, minor), t, = 33.0 min (anti, major).
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6-6-2-10 fill 14e Z M- b R %o 7 & b 20a & A YF 2 18a DARF T /L R—/LJ (entry
6 in Table 6-2)

6-6-2-1 & [AIREDHRME T, il % 14e, WA A V= F Lo —F )L (LOm)Z LTS EFT-T28 2
7. 22a (77.9 mg, 70%) 035 bz, V7 AT L~—Hld synanti = 79:21, =) v F A~ —imf=R
1% 33% ee (syn) &2 T} 5% ee (anti) Td> > 7,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.3 min (syn, major), t, = 27.9 min

(syn, minor), t, = 31.2 min (anti, minor), t, = 33.6 min (anti, major).

6-6-2-11 filift 14e Z iV =& R o7& h 20a & A 5 18a DARF T /L K—/LiE (entry
7 in Table 6-2)

6-6-2-1 & [FIERDOFRME T, il % 1de, IEIE% tert-7F /L A F L —F L (LOmIIC L TG ELT
S7=L 2 A, 22a (81.9 mg, 74%) MG HiT-, YT AT L~ —Lbid synaanti = 84:16, = F A~
—IE =1 29% ee (syn) & U 14% ee (anti) Tdb - 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 27.7 min (syn, major), t, = 29.4 min

(syn, minor), t, = 33.3 min (anti, minor), t, = 36.0 min (anti, major).

6-6-2-12 fillt 14e Z V- Refx o7& b 20a & A HF 2 18a DARF T /L K—/L & (entry
8 in Table 6-2)

6-6-2-1 L [FIEROERIET, Lz 1de, MERBLCTRUSZIT T2 L 24, 22a (811 mg, 73%) 23155
Nz, U7 AT L~—id synanti = 79:21, =7 > F A~ —i@EI=FIL 27% ee (syn) & T 4% ee (anti)
ThoT,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 29.6 min (syn, major), t, = 32.1 min

(syn, minor), t, = 35.5 min (anti, minor), t, = 38.9 min (anti, major).
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6-6-2-13 il 14e Z I\ /- b R %o 7 & b 20a & A YF o 18a DARF T /L R—/LJi (entry
1in Table 6-3)

6-6-2-1 & FAEDEAET, % lde, WA Y= F Lo —F L (1.0 ml), #MAIE LT p-~b
T AJVIR KR (20 mol%) & N A TS ZAT - 7c & 2 A, 22al3fFbivizhoiz,

6-6-2-14 il 14e Z M- b Fr %o 7 & b 20a & A YF o 18a DARF T /L R—/LJ (entry
2 in Table 6-3)

6-6-2-1 & [FIRRDOEE T, il % 1de, WA P =F Lo —7 b (LOml), BINAIE L CLEER
(20 mol%) & MM x TS EIT 72 & T A, 22a (106.7 mg, 96%) 23 G Hiviz, 7 AT L~—lE
syn:anti = 86:14, =7 > F A~ —iEFI=RIT 13% ee (syn) X T 11% ee (anti) ToH > 7,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 25.9 min (syn, major), t, = 27.2 min

(syn, minor), t, = 31.0 min (anti, major), t, = 33.3 min (anti, minor).

6-6-2-15 fifit 14e # HIV N /- Krd o7& ko 20a & A HF 2 18a DAFKT /L K—/LKE (entry
3 in Table 6-3)

6-6-2-1 & [FIREDEAET, it % 14e, WIEEZ P =F Lo —F )L (1.0ml), FAlE LT~ o R
(20 mol%) &= MM x TS EIT- 72 & T A, 22a (105.1 mg, 95%) 23 G Hiviz, 7 AT L~—IhlE
syn:anti = 89:11, =7 > F A~ —i@RI= (L 23% ee (syn) X U} 3% ee (anti) T > 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.0 min (syn, major), t, = 27.5 min

(syn, minor), t, = 30.5 min (anti, minor), t, = 32.6 min (anti, major).

6-6-2-16 filll 14e Z /b Re % 7 & b 20a & A 5 18a DAFT IV R—/VE (entry
4 in Table 6-3)
6-6-2-1 & [AIRRDOFRIE T, il % 14e, W2 P F L o—F L (L.0ml), FSIFIE L T24-V =
ka7 = /= (20 mol%) %= M x T EIT-72 & 2 A, 22a(101.1 mg, 91%) 23 5 Hiiz, 7 A
7 L~ —thld synianti = 43:57, = U F A~ — il RIERIT 3% ee (syn) & U 2% ee (anti) T o 72,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
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(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.1 min (syn, minor), t, = 27.4 min
(syn, major), t, = 30.5 min (anti, minor), t, = 32.6 min (anti, major).
6-6-2-17 filli 14e ZH\ /=& Fa o7& h20a & A % F 2 18a DARF TV K— Vi (entry
5 in Table 6-3)

6-6-2-1 & FIREDIIET, A 1de, WA Y =F Lo —F /L (1.0 ml). #I#AIE LT Boc-L-
NY > (20 mol%) &2 N2 CRUSEAT -T2 & 2 A, 22a(104.9 mg, 95%) 3% Hivlz, 7 AT L~—
FelX syn:anti = 85:15, =7 F A~ —i@ g =13 9% ee (syn) L X 9% ee (anti) T > 72,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 26.8 min (syn, major), t, = 27.4 min

(syn, minor), t, = 32.0 min (anti, minor), t, = 34.2 min (anti, major).

6-6-2-18 filit 14e Z V- Refx o7& b 20a & A HF 2 18a DARF T /L K—/V i (entry
6 in Table 6-3)

6-6-2-1 & [FIREDEMET, fililtz 1de, WA Y =F L= —F /L (1.0 ml), #hAIE LTK (20
mol%) & Iz TG ZIT- 7= & Z A, 22a (82.1 mg, 74%) 55 7-, ¥ 7 A7 L~ —Lbid syn:anti =
88:12, = > F A~ —iEFIZFIL 3% ee (syn) L N 0% ee (anti) TH - 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 25.5 min (syn, major), t, = 26.7 min

(syn, minor), t, = 30.6 min (anti, minor), t, = 33.0 min (anti, major).

6-6-2-19 fillt 14e # U /b R 7 & h v 20a & A 5 18a DARF T /L R—/L it (entry
7 in Table 6-3)

6-6-2-1 & [FIREDHERME T, ikl A 14e, RIEE tert-7 F L A F L= —F /L (L.Oml), A E LT
Boc-L-/3 U > (20 mol%) & N 2 TG % 4T-7-& 2 A, 22a(100.5 mg, 91%) 3G Lz, ¥ 7 AT
L~ —id synianti = 78:22, —J > F A~ —@ =1L 36% ee (syn) X T* 15% ee (anti) T > 7=,
Data for 22a; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 27.5 min (syn, major), t, = 28.9 min

(syn, minor), t, = 33.0 min (anti, minor), t, = 35.5 min (anti, major).
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6-6-2-20 filflt 1de Z VM ok Rr¥ v T b 20a b 1-7 = =LA HF 2 18f DAFKT Vv K—)L
St (entry 1 in Table 6-4)
6-6-2-1 & [FIEEDOHRME T, il % 14e, IBIE% tert-7F /L A F L —F L (LOmIIC L TG AT
Sl Z A, 22b(121.1 mg, 81%) 3G BTz, V7 AT L~ —Lkid syn:anti = 84:16, =} F 4~
WS IE 47% ee (syn) S TN 24% ee (anti) T - 72,
Data for 22b; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 12.4 min (syn, minor), t, = 17.3 min

(syn, major), t; = 23.0 min (anti, major), t, = 28.7 min (anti, minor).

6-6-2-21 filft 14e Z VN 2k R o7& hr20a & 1-_0 2o F o 189 DARF T /L R—/L
)& (entry 2 in Table 6-4)
6-6-2-1 & [FIERDOFRME T, il % 1de, IEIE% tert-7F /L A F L —F L (LOmIIC L TG ELT
S7=E 2 A, 22¢(138.5mg, 89%) b, VT AT L~ —lkid synanti = 85:15, =) F A~
132 1% 55% ee (syn) K& TN 22% ee (anti) T - 72,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 23.5 min (syn, minor), t, = 35.3 min

(syn, major), t, = 42.3 min (anti, major), t, = 46.8 min (anti, minor).

6-6-2-22 filit 14e ZH\\ ok Ref o7& h20a & 1-(p-A b F XU D) A HF 2 18h DA
H 7TV R—)LE (entry 3 in Table 6-4)
6-6-2-1 & [AIRRDFRIE T, il % 14e, VEIEA tert-7F L XA FL—F L (LOm)IZ L CRURELT
S7= & 2 A, 22d (138.1 mg, 81%) A& HiT-, VT AT L~ —Ltid syn:anti = 85:15, =} F A4~
21T 56% ee (syn) M O 28% ee (anti) Tdh - 7=,
Data for 22d; Enantiomeric excess was determined by HPLC with CHIRALPAK 1A column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 31.0 min (syn, minor), t, = 33.8 min

(syn, major), t. = 51.7 min (anti, major), t, = 55.1 min (anti, minor).
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6-6-2-23 filflt 1de Z VN ok Fr¥ v TR b 20a b 1-7 = =LA HF 2 18f DK TV K—)L
S (entry 4 in Table 6-4)

6-6-2-1 & [FIBEDEET, il % 14e. I % tert-7 F /L XA F L= —F L (L.0ml), H#FlE LT
Boc-L-NU > (20 mol%) = NI 2 TR EIT-72 & 2 A, 22b(125.9 mg, 85%) 3 G bz, 7 AT
L~ —thid synianti = 81:19, =7 F A~ — il JI=RI% 56% ee (syn) K Tf 26% ee (anti) T o 7z,
Data for 22b; Enantiomeric excess was determined by HPLC with CHIRALCEL OJ-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A =254 nm; t, = 12.7 min (syn, minor), t, = 17.3 min

(syn, major), t; = 23.8 min (anti, major), t, = 29.3 min (anti, minor).

6-6-2-24 filft 14e Z V2 R f o7& hr20a & 1-_0 DA P F 2 189 DARF T /L R—/L
)i (entry 5 in Table 6-4)

6-6-2-1 & [FIREDEET, il % 1de, R % tert-7 F /L A F Lo —F /L (L.0ml), H#FlE LT
Boc-L-/3V > (20 mol%) & Ml 2 TG & {T- 7= & 2 A, 22¢ (139.7 mg, 90%) 23 % H vz, 7 AT
L~ —Fbid syn:anti = 84:16, =7 2 F A~ —1@ =13 59% ee (syn) & Y 27% ee (anti) Tdh > 7,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 23.1 min (syn, minor), t, = 34.5 min

(syn, major), t, = 41.4 min (anti, major), t, = 46.2 min (anti, minor).

6-6-2-25 filfi 14e & iV 2t R ¥ o7& b 20a & 1-(p- A R F TR P HF o 18h DR
H 7V R—)LIIE (entry 6 in Table 6-4)

6-6-2-1 & [FIREDOHRME Tk A 14e. . WIEA tert-7 F L A F L= —F L (L.0Oml), A& LT
Boc-L-/NV > (20 mol%) & M2 TS EIT- 7= L 2 A, 22d (148.1 mg, 87%) M3 G Hivlz, 7 AT
L~ —thid syn:anti = 81:19, =7 F A~ —iWHIFRIL 43% ee (syn) L T 7% ee (anti) Th o 7,
Data for 22d; Enantiomeric excess was determined by HPLC with CHIRALPAK 1A column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 30.8 min (syn, minor), t, = 33.6 min

(syn, major), t. = 51.4 min (anti, major), t, = 54.8 min (anti, minor).
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6-6-2-26 filfit 14e A U 2k R o7k b 20a L 10 DA HF 2 189 DARF T L K— L
S (entry 7 in Table 6-4)

6-6-2-1 & [FIBEDEET, il % 14e. I % tert-7 F /L XA F L= —F L (L.0ml), H#FlE LT
Boc-L--N U > (20 mol%) K 7K (20 mol%) Z= Il 2 CRUSEIT - 72 & 2 A, 22¢ (139.9 mg, 88%) 70315
bz, T AT L=—Iid synanti = 83:17, =) > F A~ —ilaFI= L 50% ee (syn) & TN 18% ee
(ant)y ThH o7,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.3 min (syn, minor), t, = 32.1 min

(syn, major), t, = 40.4 min (anti, major), t, = 43.0 min (anti, minor).

6-6-2-27 fillit 14e Z -k Fufxo 7t ho20a & 1-X VLA $F 2189 DARF T /L K—b
)i (entry 8 in Table 6-4)

6-6-2-1 & [AIEROERIE T, fiklfiz 14e, I tert-7 F L A F L= —F L (LOml), A E LT
Boc-L--3 U > (20 mol%) K Y MS4A (0.1 9) & N2 TR E T -7 & 2 A, 22¢ (129.9 mg, 83%) 5315
bz, YT AT Lw—bid synanti = 82:18, = > F A~ —imFIZ L 61% ee (syn) LT 21% ee
(ant)y TdH -7,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 24.4 min (syn, minor), t, = 33.3 min

(syn, major), t; = 42.8 min (anti, major), t, = 44.0 min (anti, minor).

6-6-2-28 filit 14e Z V2 Rk 7 hr20a & 1-_0 VLA HF 1 189 DAFE T /L K—/L
S (entry 9 in Table 6-4)

6-6-2-1 & [FIREDHERME T, ikl A 14e, RIEE tert-7 F L A F L= —F /L (L.Oml), A E LT
N,N-27 ==L 7 L7 (20 mol%)Z Mz TS aIT>7-& Z A, 22¢ (129.5 mg, 83%) 73 1% H A7z,
VT AT L~ —thid synanti = 84:16, =) T A~ —imFEIEIL 57% ee (syn) L TN 25% ee (anti) TH
-7,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.6 min (syn, minor), t, = 32.5 min

(syn, major), t, = 40.3 min (anti, major), t, = 43.3 min (anti, minor).
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6-6-2-29 fifit 14e # 2k R %o 7k b 20a L 10 LA HF 2 189 DARF T L K— L
S (entry 10 in Table 6-4)

6-6-2-1 & [FIBEDEET, il % 14e. I % tert-7 F /L XA F L= —F L (L.0ml), H#FlE LT
N, N-U7 ==L F AT LT (20 mol%) % Nz CRIGZEIT>7-& 2 A, 22¢ (124.2 mg, 80%) 7345 5
iz, 7 A7 L~—LkiE syn:anti = 83:17, =7 > F 4~ — i Fl=R 13 56% ee (syn) & T 23% ee (anti)
Th-oT,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.2 min (syn, minor), t, = 32.0 min

(syn, major), t, = 39.6 min (anti, major), t, = 42.4 min (anti, minor).

6-6-2-30 filit 14e # A\ /b KXo 7& b 20a & 1-_ VA Y F 2 18g DARFT )V K—b
)& (entry 11 in Table 6-4)

6-6-2-1 & [AIEROERIE T, fiklfiz 14e, I tert-7 F L A F L= —F L (LOml), A E LT
Boc-L--3V > (20 Mol%) X TXN, N°- 7 = =/LF A7 L7 (20 mol%)Z M2 CTRISEAT-T2 & 2 A,
22¢ (134.1 mg, 86%) 3% L7z, 7 A7 L~ —Lthl synaanti = 83:17, = F > F A~ — W EIZ (X 61%
ee (syn) & O} 27% ee (anti) ThH ~ 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.0 min (syn, minor), t. = 31.7 min

(syn, major), t; = 39.4 min (anti, major), t, = 42.0 min (anti, minor).

6-6-2-31 filifi 14e Z 72t R 7 b Bk 20b & 1-X 2L A $F 189 DAFE TV
R—/ V)i (entry 1 in Table 6-5)

6-6-2-1 & [FIREDHRME T, il % 14e, VEBE% tert-7F /L A F /L —F )L (L.OmIZ L CRUGELT
Stz OGS TH, OSIEREHME Y a— T M@ L, BIEFCREZ®EE L, 7TAa 05k
PHSCT. 50ml © — 1 7 7 A2 2245 L AVITHAERMW) . THF (10 ml), FEfg (0.66 )& OV7 v b7 ~ 5
N-TFNT =Y LT A, BT 2 R\ S, £o%, BETTHEEZEEL. 556
NT-WAERME S VBN TAIa~ N TT7 40— (Y7 unAX oL = 2:3) TR
L&A, 2ciiFE A BN T,
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6-6-2-32 fillit 14e Z Wz R o7& b U8R 200 & 1-X VLA HF 189 DARFT IV
R—/ V)i (entry 2 in Table 6-5)

6-6-2-1 & [FIERDEAE T, il A 1de, IWIEA A &% 7 —L (LOMN)IC L CRIGEAT > 70, BUGCE T
%, BUNEEWZE S a— M7 LB, BEFCTRELZ®EE L, 70T R, 50ml @
AT T A AR, THF (10 ml), FEE2 (0.66 ml) &k N7 v{bT ks F-n-7F T F
=ULEMA, FET 2 BHBHESEL, £O%, BET TEELEE L, BoNHAERD Z
SUBENAT A uS NI TT 40— (Yran R T =23) TR L-E 25, 22¢
FFEEAEHBLN T,

6-6-2-33 fillfit 14e Z o Rr o7& FUFFER 200 & 1-X 0 DL A HF 189 DK TV
R—/ Vi)t (entry 3 in Table 6-5)

6-6-2-1 & [FIERDEAE T, b4 1de, WHEZK (LOMNC L TRINEITo 70, RIS TH. BUG
BEWazryrsuon A2 TR L, BET LR E L, 7V AT, 50ml o -0~
T A G LAY, THF (10 ml), EE#2 (0.66 m)&X N7 v{b7 R T7-n-TF LTV E=T A
A, iR T 2 R S &7, 2%, WE T THREZREEL, GonTHAERYMEZT Y h
FNRNTAIa<w NTTT7 40— (Yrana X oL =23)THRELL-E 24, 22¢ (121.1
mg, 78%) 35 LTz, V7 AT L~ —Lhld synaanti = 85:15, =) F A~ —i@ =X 21% ee (syn)
KON 16% ee (anti) TH - 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 23.1 min (syn, minor), t, = 32.4 min

(syn, major), t, = 39.7 min (anti, major), t, = 43.1 min (anti, minor).

6-6-2-34 fillit 14e Z o Rr o7& b UFFER20b & 1-X 0 LA Y F 189 DAE TV
R— VI (entry 4 in Table 6-5)

6-6-2-1 & [FIERDOFEAE T, il % 1de, WA K (1.0 ml), #A0#AI & LT Boe-L--3 U 7 (20 mol%)
EMACRIGEAT o7z, BOSK T %R, RIGRGHME Y7 nnr 22 Tt U, BUE T TRtz &
F LTz, T UFEAR T 50ml 0 A7 T A a5 b AR, THF (10 ml), FiE2 (0.66 ml)
KT o467 b T-n-TFAT CE=T LEMA, HILT 2 RFHESHESE 2, Zo%, BIET TF
BARBMEL, HSONTCHERMEZE L Y ATV T Asa~ NTT7 40— (Y7 uan X ¥ ik
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FU =23)THI L7- & 2 A, 22¢ (129.9 mg, 83%) 35 ATz, ¥ 7 A7 L~ —Lkid syn:anti = 90:10,
T F A= —iBEIER L 1% ee (syn) & TN 44% ee (anti) TH - 7=,

Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 20.9 min (syn, minor), t, = 30.8 min

(syn, major), t, = 37.5 min (anti, major), t, = 41.3 min (anti, minor).

6-6-2-35 filit 14e Z W ok Re o7& F 8K 20c & 1 VA YF 189 DAFT L
R—/ V)i (entry 5 in Table 6-5)

6-6-2-1 & [FIERDEIET, il 4 14e, TMS K CREI N/ e ¥ 7 & b #FEK 20c (10.0
mmol), ¥AEA /K (1.0ml), #HEl & LT Boc-L--3Y > (20 mol%) & Il 2 TS ZIT o To, BUGHK
T’ ISREMZY 7 nn AL T L BE T T AR E Lz, 7V RIHACT, 50ml
DT T AL N AR, THF (10 ml), Eig (0.66 m)& X7 vibT FT7-n-7F 7
F=U LT, FWIRT 2 FFMBHRI T, £0%., BETFTHREZREEL, 5o MARY
YV ATNAT LI NTTT 40— (VA X FBRTTF L = 23) THR LZEZ A,
22¢ (123.9 mg, 80%) 3 1% H L7z, ¥ 7 AT L~ —Lhid syn:anti = 52:48, =) > F A4~ — i@ EIERIT 4%
ee (syn) & ) 4% ee (anti) ThH - 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 20.5 min (syn, minor), t, = 30.2 min

(syn, major), t; = 36.3 min (anti, major), t, = 39.4 min (anti, minor).

6-6-2-36 fillt 14h A 2 Re o7& b 20a & 11X VLA HF 189 DARE TV R—b
s (entry 1 in Table 6-6)

6-6-2-1 & [FAROEAET, fiklftz 14h, FEEZ tert-7 F /L A F/L—F L (1.0 ml)iZ L CE%
1Tol=& A, 22¢(131.7 mg, 84%) 13 15 7=, V7 A7 L~ —[kid syn:anti = 85:15, =) T4
~ — B FER L 69% ee (syn) X X 13% ee (anti) TH - 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 23.1 min (syn, minor), t, = 32.2 min

(syn, major), t; = 39.9 min (anti, major), t, = 42.0 min (anti, minor).
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6-6-2-37 filfif 14h Z Vb R 7+ b 20a d 10 DA HF 1 18g DARF T L F—/L
it (entry 2 in Table 6-6)

6-6-2-1 & [AAEDERET, il % 14h, I % tert-7 F L A FLo—F L (1.0 ml), WAL L
T Boc-L--3U > (20 mol%) & Nz TR ZIT 72 & 2 A, 22¢ (138.1 mg, 89%) A& bi-, V7T A
7 L~ —thid synianti = 84:16, =7 > F A~ — il RI=RIT 70% ee (syn) & U} 17% ee (anti) TH > 7,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.9 min (syn, minor), t, = 32.1 min

(syn, major), t; = 39.7 min (anti, major), t, = 41.8 min (anti, minor).

6-6-2-38 filt 14i # -k KXo 7® b 20a & 1-_U LA HF 2 180 DRFT L K—/b
St (entry 3 in Table 6-6)

6-6-2-1 & [AIRRDOERAET, A 141, WA tert-7 F L A F L —7 /L (LOml), WAL LT
Boc-L-/3V > (20 mol%) & Ml 2 TG & {T- 7= & 2 A, 22¢ (127.9 mg, 82%) 3 G H vz, 7 AT
L~ —id syn:anti = 83:17, =7 > F A~ —i@FIFRIE 39% ee (syn) S U 34% ee (anti) Toh - 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 21.7 min (syn, minor), t, = 31.7 min

(syn, major), t, = 39.2 min (anti, minor), t, = 42.4 min (anti, major).

6-6-2-39 it 14j ZH\\ -k Fefx o7k b 20a & 1-_0 Db A HF 2 18g DAREF T L R—)b
St (entry 4 in Table 6-6)

6-6-2-1 & [FIREDHRIE T, fillfil % 14i, IEHE% tert-7F /L A F L —F /L (1.0ml), FIFIE LT
Boc-L-/3 U > (20 mol%) & N2 Tt a1{T- 7= & 2 A, 22¢ (1185 mg, 76%) G Hiviz, ¥ 7 AT
L~ —hid syn:anti = 84:16, =7~ F A~ — i H/=RI% 0% ee (syn) & TF 9% ee (anti) Td> - 7=,
Data for 22c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:10), flow rate = 1.0 mL/min; A = 254 nm; t, = 22.2 min (syn, major), t, = 31.8 min

(syn, minor), t, = 39.0 min (anti, major), t, = 41.9 min (anti, minor).

351



6-6-3-1 (S)-2-amino-N-(2,6-difluorophenyl)-3-phenylpropanamide 14h MDAk

O F
H,N  HN

14h F

3-6-2-1 & [AREDEMET, Boc-L-7 = =/L' 7 7 = (3.98 ¢, 15.0 mmol) Z AW T &4T 72 & =
7. 14h (2.25 g, 54%) H3 15 AL 7-,
Data for 14h; 'H NMR (CDCls, 300 MHz) & 8.98 (brs, 1H, -NH), 7.37-7.26 (m, 5H, Ar), 7.21-7.14 (m, 1H,
Ar), 6.88-7.02 (m, 2H, Ar), 3.83 (dd, 1H, J = 9.2, 4.0 Hz, -CHNH,), 3.36 (dd, 1H, J = 13.7, 4.0 Hz, -CH,-),
2.88 (dd, 1H, J = 13.7, 9.2 Hz, -CH,-), 1.58 (brs, 2H, -NH,); *C NMR (CDCl,, 75 MHz) 172.9, 159.42,
159.35, 156.1, 156.0, 137.4, 129.3, 128.7, 127.3, 126.9, 113.9, 111.8, 111.5, 56.5, 40.6 ; Anal. Calcd for

C1sH14F2N20O: C, 65.21; H, 5.11; N, 10.14. Found: C, 65.29; H, 5.07; N, 10.11.

6-6-3-2  (S)-2-amino-1,1-bis(3,5-dinitrophenyl)-3-methylbutan-1-ol 14j D& %

_NH dryTHF Boc—NH OH dryCHZCIZ H,oN OH

=hay 7 ZRY AT 100 ml o 17 F A2 Boc-L--NY A F LT AT )L (250 ml, 10.9
mmol) & A CEZLEEE Sk, TV FHKA T T THFE (5 m)Z Nz 72, €O % 0°C 12
MmAILT7-%%. 3,5-bis(trifluoromethyl)phenylmagnesium bromide solution (0.5 M in THF)% 50 ml (25
mmol)Il 2 7=, =Rill T—Befftk S ¥/, TORAWRIZEAMELT o E =7 LKEHK (20 ml)%
MAZTRIGZAFIE ST, TORKEY 7 nn A2 T3 EHIH L, 672 AE %2 MgSO, T
WO ST, TR L CRUE T CIRIE A B E Lic, B ONTHAERYIZZ O E RO IS
7o

=Jiay 7 &R0 AT 2100 Ml O TR T T A SISEIE ES S HA R & A CE 2 S
Bith, TAIVFEHATTY 7 A%y (30 maENziz, ZOEERE 0 °CIlTmAEAI L=,
TFA (10 ml)Z Nz T, =R T 3RS S ¥To, KIS 7%, RO RERZBFELTEEL T
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oI SONRAEWTIRIEKFZ T N U U LK Z M TR, Fon/cfAemmz s
HNTNHT RO~ "NTTT 4— (~FH oy rnu ALy =32 THRT 52 LT, BHRK
& LT HABY 14) (3.40 g, 72%) 35 H 7=,

Data for 14j; *H NMR (CD5OD, 300 MHz) & 8.25 (s, 2H, Ar), 8.15 (s, 2H, Ar), 7.82 (s, 2H, Ar), 3.95 (s, 1H,
-CHNHy), 2.14 (s, 2H, -NH,), 1.61 (sep, 1H, -CH(CHj)3), 0.97 (d, 3H, J = 7.0 Hz, -CH(CHs)3), 0.89 (d, 3H,
J = 7.0 Hz, -CH(CHs)3); **C NMR (CDCls, 75 MHz) 149.6, 145.9, 132.9, 132.6, 132.5, 132.2, 132.0, 131.7,
131.6, 131.3, 128.6, 126.1, 125.6, 125.0, 121.7, 121.6, 121.4, 121.3, 117.8, 78.9, 60.3, 28.2, 22.6, 15.6;

Anal. Calcd for C7H17N5Oq: C, 46.90; H, 3.94; N, 16.09. Found: C, 46.80; H, 3.99; N, 16.14.
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6-6-4 ¥ — L% (NMR, Chiral HPLC)
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Figure 6-5. 'H and **C NMR spectra of 22a (mixture of diastereomers)
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Figure 6-9. *H and *C NMR spectra of 22¢ (anti-isomer)
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Figure 6-10. *H and *C NMR spectra of 22d (syn-isomer)
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Figure 6-11. *H and *3C NMR spectra of 22d (anti-isomer)
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Figure 6-13. *H and *C NMR spectra of 14j
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) CH-1

(6}
HO
— OH
6]
N
H

racemic compound

:

(¢}

Inkensity (u¥]

N
~H
racemic compound

25.0 S0

30.0
Retention Time [min]

ERIE NP SR (D
1 34.940 NjA 6364  1.269 NJA
1 2B.658 20266227 297863 31.465 29.514 N/A 4924  1.986 N/A
1
!

31.858 13034159 202274 20.235 20.042 NjA 6364 1.611 NjA
34.742 12882973 156466 20.000 15.503 NjA 4872 NJA 2.441

(0}
HO

/ N
\
Ph

racemic compound

racemic compound

=
3
2
3
5
s

H i 5 |EiE% . |ESE NP HHE

1 38.565 NjA 5426 5.213

1 19.392 24007352 S600SS 25.966 28.497 N/A 5196  4.644 1.772
1 25283 22229634 378400 24.043 19.254 NJA 4746 2,919 2133
1 30.417 22008631 268914 23.804 13.683 NjA 3493 N/A 2,334

Figure 6-15. Chiral Column Chromatography of 22b (Scheme 6-2)
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racemic compound racemic compound

)
=
i
5
<

35.0 40.0
Retention Time [min]

H ERE NP HHE
1 23450 1807321 41891 14.901 22.154 NjA 7229 8.809
1 35275 1673570 27449 13.799 14.516 N/A 7887 4.039 1271
1 42025 4362822 64515 35.972 34.119 NJA 9098 2252 1213
1 46.275 4284753 55235 35.328 29.211 NjA 8382 NJA 1.472

racemic compound racemic compound

!

)
3
z
5
5
&

42.0 4,0
Retention Time [min]

# G B{E NP HRUZ

1 Unknown | 1 13154788 226681 27.681 34.148 NjA

2 Unknown | 1 34.050 13482690 205663 28.371 30.982 NjA 6994  9.387 1212
3 Unknown | 1

4 Unknown | 1

51.908 10310071 120587 21.695 18.166 NjA 9019 1.421 NjA
55.167 10575902 110889 22.254 16.705 NjA 8361 NjA NiA

Figure 6-17. Chiral Column Chromatography of 22d (Scheme 6-2)
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DORRMDSAEL— 11

=
&
T
2
2
]

20.0
Retention Time [fin]

CH_|tR fisiid =E | HiEY
1 27.450 30119690 592613 68.067 73.015 N/A 6477 0.989 N/A
2 Unknown | 1 28.917 14130160 219024 31.933 26,985 M/A 5155 NjA_ NjA

600000

400000

Intensity [pv]

200000

iz s |EiEY GER(B INTP | 5BEE |22 AR —{%
33.000 5442949 87355 42.413 47.349 NfA 7031 1.433 NjA
2 Unknown | 1 35,450 7390309 97138 57.587 52.651 NjA 5856 NjA 2.103

Figure 6-19. Chiral Column Chromatography of 22a (anti) (entry 7 in Table 6-3)
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1000000

500000

Z
=
i
2
&

0,0 22.0
Retention Time [min]

& (1% TER(E NP | HEEE
12667 13667822 405834 21.922 28.297 NjA 3783 4.574
2 Unknown | 1 17.250 48678809 1028351 78.078 71.703 NjA 3388 NjA 2,151

S00000

Intensity [Ly]

E-Din: 1

# |P-53& |cH [R i e | BB NP [HEE
1 Unknown | 1 23.817 4837928 83456 63.146 69.749 NfA 4310 3.202 1.607
2 Unknown | 1 29.317 2823542 36196 36.85¢ 30.251 NjA 3462 NfA 1.524

Figure 6-21. Chiral Column Chromatography of 22b (anti) (entry 4 in Table 6-4)

366



o i GH-1

400000

S
=
i
3
&

40.0 42.0 4410
Retention Time [min]

it e [ JER(E NP | HEIE [
30.808 12948535 226251 28.735 31.484 N/A 7627 1.870
2 Unknown | 1 33.600 32113325 496726 71.265 68.516 N/A 7216 NjA 1,359

Intensity [uv]

38.0 0.0 42.0 44.0
Retention Time [min]

CH [tR fisiid e | EiE ER(E NP | H3EE |2
1 51,383 2643812 32949 53.654 55.408 NjA 9526  1.577
2 Unknown | 1 54.817 2283698 26517 46.346 44.592 NjA 9418 NjA 1.136

Figure 6-23. Chiral Column Chromatography of 22d (anti) (entry 6 in Table 6-4)
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DORRYSAEL— 11

400000

300000

=
5
&

100000

FER(E [NTP | 55 [JLAH
22.925 3997779 102704 14.85¢ 19.422 NjA 5248 7.638
2 Unknown | 1 32117 22915594 426088 85.146 80.578 M/A 5379 NjA 1.355

DORRYSAE

400000

300000

Intensity [uv]

100000

30,0 32.0
Retention Time [min]

& &% |TER(E NTP | SBEE [N -7 [BE
39.742 3472330 57215 56.594 60.935 NjA 9893 1.262 NjA
2 Unknown | 1 41,842 2453776 36680 41.406 39.065 NjA 9275 A NjA

Figure 6-25. Chiral Column Chromatography of 22¢ (anti) (entry 2 in Table 6-6)
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71 EUmIc

A RO 6 BT K 91T, AR T v R LR R ¢ 2 BT A I R B
HRBHD—oTHY | ZOEWFED BRI CEEARERED > Th 5, T, RF
BRI 2 VN2 IEBRIR T S A B TF VO ARF TV R—/VEORIZE LT, WL O OMF%E
FCRDHE SN TWDR GEMIE 4-1 HA M), a (TN LIZIENIBET V7T REA T
L OARFET A F—LSIE. Wang B 2584 L7 1 BIOZTH 25 (Scheme 7-1) o 4 51, IIAD

BB LT h TV —AafT 570 ) Vs . 2 AWCRISEIT. BIOERD & 5
84% ee (S)THH Z LTI LT,

OYN\
N N

H  HN-N .
o) 0 (15 mol%) HOR&JQ
1 HZO (100 mol%) ~N~CHO
H)K(R . o HsPO, (15 mol%) o
1 N 2-propanol, 0°C N
R R2 H prop R2 H

up to 92% yield, up to 84% ee (S)

Scheme 7-1. Enantioselective Aldol Reaction Using Proline-Derived Tetrazole Catalyst

5 3 B CBAFICAT LBl 1 #k 7 X Al A W2 ORI EB N TIE, v 7 ekt oot
Rexs 78 BT R— UGk E T2 2 EMTE, 7V R—VZRIRICIIEEE T VT
ERROAYFUEHERANWD Z LN TEZ GEIZE 3 ENLH 6 HAas M), T2 CTRIE, 20
1T I R IENRT VT e REA Y F U DARAFET L F—ARISICbEA S TS 2 N T
AU, A2 WD Z LB TEDRIED—RMEZ S BITIAT 52 LN TED EERT,
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72 TXRINIA YT UFHEIR 24 DERK

ZINETOWETIE, AV TF ¥ 24 2% 7LV HPLC THFLEIT DA OFM 250, o0
2725 TNR, ZZTETUOIL, THXINRAVFUFER 24 285 L, %7 /L HPLC (244
LR RIS ORR 2175 Z LIl LT,

Bt LIZ OSSO T, 770407 1-7 2 7 -2-7 a8 ) —vEHWCIEET VT e K 23
AV T UHHIB DT NV R— NS EIToTo & 2 A BHIOAERRY) 24 %455 Z L )3 T& 7= (Scheme
7-2),

H,N  OH R R
O =2 Q (200 mol%) » HO Y o
/U\(R1 m malonic acid (200 mol%)
R N dry EtOH (2.0 mi), rt, 6.5 h N
H H
23 18 24
23a: R'= Me 18a: R2=H 24a:R'=Me, R?=H
23b: R'= —(CH,)s— 18b: R2 = methyl 24b: R' = Me, R? = methy
18¢: R2 = bromo 24c: R' = Me, R? = bromo
18e: R? = methoxy 24d: R' = Me, R? = methoxy

24e: R'= —(CH,)s—, R?=H

Scheme 7-2. Preparation of Achiral Isatin Derivatives Using Achiral 2-Aminopropan-1-ol

RIT, ZNENDERY 24 23T 5 ¥ 7V HPLC O EBIBES 2t Uiz, £ 24a KOt
24e |[ZOWTIL, Table 7-1 1T/ HEF & 72~ 7= (entry 1 and entry 5 in Table 7-1), £k 24b, 24c
KO 24d DxF U F A —IBRIROWRE LRSI, HFREISED Z LRHkRhoTz, 22
T, 24b, 24c KU 24d OT VT R E2ZTNENIRTLT D 2 & TH O S AR 25b, 25¢ K&
N 25d 7 W CREBIABLS OMGT 21T -7 & 2 A (Scheme 7-3), entry 2 7> 5 entry 4 (279X 5 I
T UTFFT—anET L LNTEI,
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Table 7-1. Chiral HPLC Data for Isatin Derivatives 24 and 25

eluent R-isomer  S-isomer
A HPLC flow
entry compound column  (hexane: ] ) )
: (nm) (ml/min) t, (min) t, (min)
PrOH)
1 24a AD-H 85:15 254 1.0 8.2 9.9
2¢ 25b AD-H 85:15 254 1.0 8.7 11.6
3 25¢c AD-H 85:15 254 1.0 9.2 11.3
42 25d AD-H 85:15 254 1.0 12.4 22.2
5 24e AD-H 85:15 254 0.5 25.1 27.0

& Determined by chiral HPLC analysis after reduction.

1

Ho RUR' Ho " R' oH
R? CHO R?
o NaBH, _ o
N dry EtOH, rt, 3 h N
24 1 ’ 25 1
24b: R" = Me, R? = methyl 25b: R' = Me, R? = methyl
24c: R' = Me, R? = bromo 25¢: R'=Me, R?=H
24d: R' = Me, R? = methoxy 25d: R' = Me, R? = methoxy

Scheme 7-3. Reduction of Aldol Products 24 with NaBH,
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7-3 il 14e 2 FHWTZHENGIR T VT v K23 LA B F U FH 18 D) U F AIRIRAY T /L K—IVIis
PO, il 14e Z WA VY T F LT ILTE K23a &A% F 2 18a DARFT /L K—IL K
JEZATV, IO 21T > 7= (Table 7-2)

Table 7-2. Optimization of Conditions for the Aldol Reaction: Solvent Effect®

Mo .

H,N  HN
o F HO \/
o 14e (25 mol%) ~=CHO
H n 0 additive (1.0 equiv) . 0
N solvent (1.0 ml), rt N
H H
23a 18a 24a
time yield % ee
entry solvent additive b . g

(h) (%) (config.)
1 dry CH,Cl, - 240 0 -
2 dry MeOH - 240 0 -
3 dry EtOH - 240 0 -
4 dry MeCN - 240 0 -
5 dry CH,Cl, malonic acid 24 74 29 (S)
6 dry DMF malonic acid 72 trace -
7 dry MeCN malonic acid 24 67 4 (S)
8 dry MeOH malonic acid 72 20 28 (9)
9 dry 2-Propanol malonic acid 48 80 10 (S)
10 dry EtOH malonic acid 48 82 94 (S)
11 tert-BuOH malonic acid 240 12 2(S)

2All reactions were carried out with 10 equiv of 23a and 0.5 mmol of 18a. "Monitored by TLC.
“|solated yields. “Determined by chiral HPLC analysis.

T, ey sau Az AE )= 2Z )=V EITE =PI LTS EITo
ey, WTNOGE S OSBEITE T B OAERITG 6N/ o7 (entries 1~4), £ Z T, 7-2
HOMRAEREE 2. RIREETSE28ICHRMAE LTvr U BEHWD 2 LI L, ETRE
Y 7ma AR AT L TRINEIT2Te L T & RN 74%, 29% ee (S)D 7 F A BT HAY
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DHERRDG T2 (entry B), RIZ, FET 1 N UAMEBMHEEECH S DMF X7 b=k U L& H
WTRIRZAT T2, Y7 mm A% e VT2GE K0 AR OIR K O > F o F A8,
I F LT LE »7= (entries 6~7 vs entry 5), = Z Tk, 7'vu b UMEBMERECTH DL A X ) —
by 2-F R = 2 Z =T tert-7 F ) =V E VTS T2 T2 8 2TA, Wihol
BB RISHETLHBIDOERM Z S5 Z LN TE I (entries 8~11), Fric=¥ / — /L ZHW X
JETTIE, EIEOE T T AR (82% yield, 94% ee (S))IZ B DAL 1315 5 1u7=, entry 8
TG DAV AR 24a D HLAEG X SIS 21T o7 & 2 A, BT F 4~ — OfExi LIRRE
LS ThH -7z (Figure 7-1),

Figure 7-1. X-Ray Crystal Structure of 24a
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T ITRIC, =& ) =V EBEBC U TR O 21T > 7= (Table 7-3),

Table 7-3. Optimization of Conditions for the Aldol Reaction: Effect of Additive®

O F
H,N  HN
0 F HO \/

] 14e (25 mol%) ~=CHO

Ky Ol e L
H ’ H
23a 18a 24a
additive time yield % ee
ety (equiv to isatin) (h)° (%)° (config.)*

1 p-TSOH-H,O0  (1.0) 20 25 1(R)
2 benzoic acid (2.0 120 64 6 (R)
3 2,4-DNP (1.0) 72 77 32 (S)
4 acetic acid (2.0 72 77 4 (R)
5 succinic acid (2.0 20 82 11 (R)
6 malonic acid (0.5) 72 79 33(9)
7 malonic acid (1.5) 20 75 47 (S)
8 malonic acid (2.0) 17 77 35 (S)

2All reactions were carried out with 10 equiv of 23a and 0.5 mmol of 18a. "Monitored by TLC.

“|solated yields. “Determined by chiral HPLC analysis.

EFEF L LC p- MLx 2 ZIVR B KR T2 B AR E IV TR 2T 7oL 25,
BRI D T o FABRPPEIRIT L A EFBL L) o 72 (entries 1~2), & Z T, p- NV ALK
g KR EL D VR THD24-V= a7 = ) —LERAVTHIGET> T2 & 2 AR TT%,
32% ee (S)DTF v FABPRMETERMEZGEDL Z N TEIEN, HETEH/ETIE o7
(entry3), T Z T, VHNRUEX A T OB TII/RL ~ 0 UL [FEREOBRYEE CHh HEE, i
vRUBEFRCANVRABTIEH LN YR VLI S ATF L UEBRR W any @a VTG
EBITol2& ZA, WINOEE b RINTET L CHMOAERM PG DT, =) v F A @R
IR VARVMEToH o7 (entries 4~5), ZILHDFERN G, w1 VERLIAN DD VAR U EETIE, fil
I 14e RFUGHKEE L 2 EFTCKEM ALK T D 2 ENREHC 2528, mx ) v FARRIIC
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ERDPE OIS TDTIERVINEE X D, RIT, 1 VEEOIRINES 05 H&, 154
BXIE 20 BEICLTHUSZEIToT2E 2A, WTILOHAEITEW TS PRRE O 2 F A
TERIIESNTZA (33~47%ee (S). 1.0 Y EDO~ VA HWEZHA LY LR D EVWETSH
-7z (entries 6~7 in Table 7-3 vs entry 10 in Table 7-2),

WAL LIZ OGSO T, BIET VT e K23 LA B F o XIA F U H 18 DARFT L
N—/VIR)E%&1T > 7= (Table 7-4),

Table 7-4. Enantioselective Aldol Reactions of Aliphatic Aldehydes 23 with Isatin Derivatives 18*

~§_/<o .

H,N  HN
R! n1
0 F HO "\ R
o R2 14e (25 mol%) R? ~=CHO
] e :
HJ\/R N \@E/gzo malonic acid (1.0 equiv) . 0
R ” dry EtOH (1.0 ml), rt ”
23 18 24
23a: R'= Me 18a: R2=H 24b: R'= Me, RZ= methyl
23b: R"'= —(CH,)s— 18b: R? = methyl 24c: R" = Me, R? = bromo
18¢: R2 = bromo 24d: R' = Me, R? = methoxy
18e: R? = methoxy 24e: R"=—(CH,)s—, R*=H
R! o1
HO "\ R OH
R2 \\\\\\\Q/O
NaBH, (3 equiv) o
dry EtOH (10 ml), rt, 3 h H
25
25b: R' = Me, R? = methyl
25¢: R'=Me, R?=H
25d: R" = Me, R? = methoxy
time yield % ee
entry 23 18 product b . o
(h) (%) (config.)
1 23a 18b 25b 48 82 33(S)°
2 23a 18¢c 25¢ 48 83 19 (S)°
3 23a 18e 25d 90 65 87 (S)°
4 23b 18a 24e 120 81 87 (S)

2All reactions were carried out with 10 equiv of 23 and 0.5 mmol of 18. "Monitored by TLC.

‘|solated yields. “Determined by chiral HPLC analysis. ®Determined by chiral HPLC analysis after
reduction.

376



FT.5-AFAAYF 180, 5-7 wEA P F L 18c XL 5-A FF A HF L 18e AUV TG
AT 2A, WTNOHE S OMITET L ENOERNE1GD Z E N TE 2R, K2 5-4 |k
F oA BT 18e MWL IRIZIBWTIE, M= FAEIRA (87% ee Q))ZAEBM B3 HEH LT
(entries 1~3), L 7L, entries 1~2 OFERMN G, A F L O EER EOEERIEIZ X > THIEKD O
TFUTFARREZRE B TS TCLEIRERH D Z ENmhole, WIT, BIROIENIEY
NTE RThHYZa~Fh o HVRT AT K23 ZHWTRIGE T2 A, BT
RN B DA 215D Z LN TE 7= (87% ee (S) in entry 4),

7-4  SUSHEREIZBE S 5 B 5%

XD, RIS TEZ DI DAY A 7 V%773 (Scheme 7-4), F 3l 14e 1Z, 77t
R 23 EROG L TR 2T I R EZ R L. ZOxT I IR L A Y8 18 SRS
THZET, FTNRPHURE —KFE-EEDEREND, ZO%, 2 ORIST EEINAK i S
D Z L Ol 1de 3B A 2 VTR D LB R BILD,

R' 1
Ho "\ R
RZ ~N=CHO O K (@]
o )K(w
N HN  HN H
H R
24 146 F 23
H,0
R2 2 Hzo

0 R1 O%: ...... \F RH/
H F
NHO R1
Il R o
O\ R2
R R?
H (@]
N
— transition state — 18 H

Scheme 7-4. Plausible Reaction Mechanism of Enantioselective Aldol Reaction of Aliphatic

Aldehydes 23 with Isatin Derivatives 18

WIZ, £V TFNLTNT e K23a A VTF 18a ODARF T IV K=V ST BIT A BEIREE X
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ATz kicLi,

IXUDIT, il 1de b A VT T AT AT E R 28anbERIN D) I UK (enamine 7-1
and enamine 7-2)IZ2V\T, DFT §HHEZ AW CLEiE %2 R 5 Z &2 L7z (Figure 7-2), SCRF
I K 0 =& ) — L DRSNS A N 2 T, B3LYP/6-31G(d,p) L'~V C DFT SR 21772 & 2 A,
CODTRLF—ETIFTE AL R bR o7 (Figure 7-2),

enamine 7-1 enamine 7-2

AG = 0.0 kcal/mol AG = - 0.1 kcal/mol
(front view of enamine 7-1) (front view of enamine 7-2)

Figure 7-2. Two Enamine Structures and Calculated 3D Models
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WIZ, ROz F I PR OHEIE 2 B U TEBIRBIZOWTE R 21T o7z, Al 14e A
Y7me A YT 18a DIFER & ONAKGE, KO T I HRHED T I ERS DOKER
F LAY F 2 18a DEEHEIFT & DABEHAIC L D LRERBIEBRIEOK 2 ZEICAND &
EZONDEBINRRIZ TS 7-1~8 1272 %5 (Figure 7-3), enamine 7-1 & A ¥-F > 18a N UST 24
125 2 HIVHEBBIRAEN TS 7-1~4, enamine 7-2 & A HF 2 18a BIKILT LA ICE 2 LI HER
WHEN TS 7-5~8 ThH D, TS7-1, TS7-3, TS7-5. XX TS7-7 i L CRISHHEITT 5 & RIK
DY), TS 7-2, TS 7-4, TS 7-6, XX TS 7-8 ##%H L TS HEITT 5 & SIRO AR 315
bNDHEBEZLND,

R-isomer

4

F
/SHN: %
e
H 0

NH

O

Ox

N
H

TS 7-5 TS 7-6 TS 7-7 TS 7-8

NH

Figure 7-3. Plausible Transition State Models in Enantioselective Aldol Reaction
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Figure 7-3 |28 L7ZIBRIREDH T TS 7-4 LY TS 7-8 IZHB W T, filllf 14e » 26-V 7 /04 1
T7x=)VT7 I REEA YT 18a DRI, £/ TS7T-3 KONTS7-7 Tlk, = F I m e A+
T 18a DFHFER & DNERFENEZ bIvd, £ TTST-1~2 LTS 7-5~6 IZ DWW T, =4 /) —
VORI R 2 GO - DFT S RIC L D Zh o= 3 X —24Kb 5D Z L2 L7z (Figure 7-4),

AG = - 2.0 kcal/mol AG =—4.4 kcal/mol AG = - 3.5 kcal/mol AG = 0.0 kcal/mol
(front view of TS 7-1) (front view of TS 7-2) (front view of TS 7-5) (front view of TS 7-6)

(back view of TS 7-2) (top view of TS 7-5)

Figure 7-4. Calculated 3D Models of TS 7-1~2 and TS 7-5~6

B3LYP/6-31G(d,p) L~V CRIRZ(T o7& ZA TST-2 BN b L E Th o7 (AG = - 4.4 keal/mol
in Figrue 7-4), TS7-2 & L CRISDEITLEEBAIEOND LBz 6N =) v F A ~—I,
EEOERTH LN TFA~—E—F LM, TST-2 &£ TS7-5 DR/ —203 )
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0.9 kcal/mol TH -7z, ZHUE, TS7-2 & TS7-5 DWTNOHAIZB W TH, A F 2 18a DEEH
JFF- & il 14e T X NI & O KO B2 18a OFEFIF 1 & il 14e O T I U FR DD 2
EAT CARER G &2 LEBIREMEN LB SN T DA B2 b/ (back view of TS 7-2
and top view of TS 7-5),

ABOGSIE, Table 7-2 128 L72 K 912, BWHEOFEFHIC K > TEBM O = F o FABIRPEIC K E 72
ZPECTZ L, BERREBIITEELBCBEALGE LTS EEILND, LNLRBL, Ak
FICHVZ SCRF BEARIC K DA TId. FOGEE % L RO AR < KFEHEE & Z BT
D NSRS (B3 ED ZAHAESM), D%, TST-2 & TST-5 DARD TR /LF—7
LV EOZ RN F =N NEL o TLE SO TRV EHEE Sz, £7-, Table 7-3
TAT S L RIMMBIOBEHERD O, ~ v VL ARH O T T o F AR KR E e B2 KT LT
W5 EEZ BV, EBREOEBIREIIIINALZ & OEME R EBIREBER L T\ D LRI,
WAFETITolzy 7 u~dd ) 15a LA B F U8 18 DARF TV R— VUG Tk, SOSOEB IR
REIZBWTC, = F I Uk E A T 18a BWAKEN T HKBRAICLVLELINTNWDHZ &
DIHELL S LTe (side view of TS 4-2 in Figure 4-6), Z OFERAZEEE 2 5 & ARSUSIZIWTIX, Figure
75 OERNIRT LI, = F I PR E AT 18a N~ UEENT HKE/BEICLVEE
(LENTWDDOTIE W EFE 2 b= (left side of model TS 7-9 in Figure 7-5), % Z TC.
B3LYP/6-31G(d,p) L'~/ "C DFT &1 % FW TR IE D fii{b 217 > 7= & Z A, Figure 7-56 O KIZR
THEEDS S A7 (right side of model TS 7-9 in Figure 7-5),

TS 7-9 TS7-9
(back view of TS 7-2 with malonic acid)

Figure 7-5. Plausible Transition State Model Including Malonic Acid
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75 F&®

b FEFoFFi A0 F—LFIT, Ha REBEMEEMIC R O 5 EER ARG O—
OThD, TH, Wang HIZ K-> T, a i TN LIZRIET VT e REAHF L ORFT IV
R— VRS BR%E SN2, A O = > F A BRI 13 5 84% ee (S) Th o 7=, & 2 THAL,
55 3 TECBHFITH) LB L/ T X Ul A O RN IR IR I AR SR 2 T S 5 2
ENTEIUL, AHARRIED—DI2 5 EE X, BEt&iTo7,

Bt LT SUOSERFEO T, IBIAET VT e R 23 A B F U 18 O =) U F A BRI T L F—
WG EAT T2 25, B 94% ee () THRIDAMY) 24 #1525 Z LIZHZh L7= (Scheme 7-5),
DFT 32 W TARIG OB IRIEZ Mt Lo iR, ARBBIREITAME 14e & ROGHE 210 T
<L BB ToWNANL B EN MR b OTH D LR Sz, WINFITH D~ 1 VIO E
D—2& LT, KEMBEICLVEBRELZLEIETND I ENER LN,

ZOXIIT. ZOFHAK LT I R, T F—afiBR s LTRSS PRk P X
TR NG TR BB AT e REAWERIRIC OB TE 2 2 L8 0nhotz,

O F
H,N  HN
]
o F Ho R’
o} R2 14e (25 mol%) R2 ~=CHO
H)K(Fv + 0 malonic acid (1.0 equiv) e}
e H dry EtOH, rt N
23 18 24

up to 82% yield, up to 94% ee (S)

TS7-9
(TS 7-2 with malonic acid)

Scheme 7-5. Enantioselective Aldol Reactions of Aliphatic Aldehydes 23 with Isatin Derivatives 18

Catalyzed by 14e
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7-6-1 General information

FTRTORISIE, )70 °C T 110 °C ORI TR S - 7 ABMB 2 W T T o 72, filitt
KO v~ s7T7 4 =IO EEE, ALCEEORBTHER L, VB TADT LT
n~v N7 40—, ANTKERASHEO RS U #4570 60 (0.040-0.063 mm) % FeiEAl & LTt A
L7z, BOSMCHWEE Fa®o 7 hr20a, 77k REE23, A F U 5H 18, dry A%/ —)L,
dry =% /—/L dry 72 b=k UL, dyDMFIZIEA L7202 ZOEEEHA L, Y7 rm X
B, 2-7 N ) —E, KERA N T LTRSS T b OEMH Ui, AR Offs RS
BiX, ®ESNTNDF T4 T A0 retention time #2552 L TRE LT,

7-6-2-1 7XTINR1-T X /-2-TFaX)—LvERW-A Y TFALTITE R23a & A %F 2 18a
DARFT /v R—/V it (Scheme 7-2) (HLR1 1)

HoN OH
o 200 mol% HO
o (200 mol%e) CHO
malonic acid (200 mol%)
H + ) > O

N dry EtOH (2.0 ml), rt, 6.5 h N

H H
23a 18a 24a

TNUIFERRT, A7 AT %I04 1-7 2 /-2-7asN/— (L.0mmol), A V7 F

LT VT B R 23a(10.0 mmol), =% /—)L 20ml&E Nz 7=#%. « ¥ F > 18a (73.5 mg, 0.5 mmol)
E~vu g (Lommol)Z Nz, 6.5 REMBIE Iz, RUNE TH, ME T CIREAREET 2 &7
<, FUNREEWME VBTN T LT a~ NI T 74— (Y7 uruAZ 2 filigoT v = 7:3)TH
Y5 LT, WEFEHAREARE LTHRY 24a (81.5 mg, 74%) 35 b7,
Data for 24a; "H NMR (CD;0D, 300 MHz) § 10.2 (s, 1H, -CHO), 7.36 (d, 1H, J = 7.7 Hz, Ar), 7.28 (t, 1H,
J=7.7Hz, Ar), 7.04 (t, 1H, J = 7.7 Hz, Ar), 6.88 (d, 1H, J = 7.7 Hz, Ar), 1.12 (s, 3H, -CHj), 0.86 (s, 3H,
-CH3); *C NMR (CD30OD, 75 MHz) 206.7, 181.2, 143.4, 130.9, 130.8, 126.5, 123.4, 111.2, 81.2, 52.1, 17.2,
16.8; Anal. Calcd for C;,Hi3NO3: C, 65.74; H, 5.98; N, 6.39. Found: C, 65.84; H, 5.93; N, 6.34.
Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol =
85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.2 min (R), t, = 9.9 min (S).
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7-6-2-2 TXTINIRL-T X 22T anN ) —vERWCA Y TFAT VTR R23a & 5-AF LA
T 18b DARFT v R—/LE (Scheme 7-2)

7-6-2-1 & [AIBE DO EAET.5- A F /LA HF > 18b (80.6 mg, 0.5 mmol) & AW C K& 1T-7-2 & Z A,
H B9 24b (89.4 mg, 77%)755 H 7=, 3 T /1 HPLC Z W CTARM 24b D=5 o F A~ — il Fl=R
DRE LRI, FERTNSHE D EntikiehoTc, 22T, AR 24b 22t L, 15641
TR 25b Z MW T F o FA~Y—WRIRZRET D2 LI Lic, 7T FHKT, B
24b (89.4 mg, 0.38 mmol), =% /—/L (10 m)Z Iz 7=%., D> Y EAKFEFATVEST R T A
(0.05¢, 1.3mmol) &Nz, 3 MBS E7z, Tk, gl v E=v 2KEE Gm)ZEIz
TG ZFIESE, Y7 X2 2Tl U, BOKEEE T Y O LT SHE, Bl L7
BIZWE T T A E LTz, BoNTHAERDZ S YA TN T L a~x NI TT 14— (V7
H AR gL = T3)THRY 5 Z LT, EBEEHLREIRE L THRY 25b (89.4 mg,
>99%) 735 H ATz,

HO OH

O
N
H
25b

Data for 25b; "H NMR (CD50D, 300 MHz) & 7.20 (s, 1H, Ar), 7.05 (d, 1H, J = 7.7 Hz, Ar), 6.72 (d, 1H, J
= 7.7 Hz, Ar), 3.82 (d, 1H, J = 10.8 Hz, -CH,-), 3.63 (d, 1H, J = 10.8 Hz, -CH,-), 2.31 (s, 3H, -CH3), 1.07
(s, 3H, -CHs), 0.86 (s, 3H, -CHj); **C NMR (CD30OD, 75 MHz) 182.2, 140.9, 132.6, 131.9, 130.7, 127.9,
110.6, 83.3, 69.3, 41.3, 21.2, 20.0, 19.5; Anal. Calcd for C;3H;7NO3: C, 66.36; H, 7.28; N, 5.95. Found: C,
66.30; H, 7.41; N, 5.91. Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.7 min (R), t, = 11.6 min (S).

7-6-2-3 TXTINIRL-T X 2T ) —LERWIEA Y TFAT VT e R23a & b-7rEAY
T 18c DAFE TV K—)VEt (Scheme 7-2)
7-6-2-1 L [AIEEO#RIET, 5-7 BEA % F > 18¢ (113.0 mg, 0.5 mmol) & W T & o7 =
A, B 24¢ (99.5 mg, 67%) 3% H A7z, F 7V HPLC % W THERM) 24c D=F > F A~ —if
RIEOWREZABRTN, KFNESED Z LB HKAnotz, 2T, A 24c ZiE L, 15
LT AR 25¢c W TZF o FAY—RRIRLRET HZ &I LT, T EEKT, A&
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%4 24¢ (99.5 mg, 0.33 mmol), =%/ —/L (10 m)Z Mz 7%, b-< W EARFARTHEF Y T
2 (0.05 g, 1.3 mmol)Z %, 3 S BT, 2Dk, faffiiby =7 LKEHK (5 ml)z
Mz TRISEAFIL S, Yr7ma 22 2Tt U, JoKiEEE T R U U A TS, T8l
L7EZICBIE T T2 E L, BoNTcMERMEZ S Y TN T8 u~ NT T 7 14—
(Y/mna Ry oEigrT L =73 THIT 5 2 LT BEEHRERE L ORRFELSh Y
¥ 25¢ (73.0 mg, >99%) 723 5 7,

HO OH

O
N
H

25¢c
Data for 25¢; *H NMR (CD;0D, 300 MHz) § 7.37 (d, 1H, J = 7.5 Hz, Ar), 7.23 (t, 1H, J = 7.5 Hz, Ar), 7.01
(t, 1H,J=7.5Hz, Ar), 6.83 (d, 1H, J = 7.5 Hz, Ar), 3.83 (d, 1H, J = 10.8 Hz, -CH,-), 3.62 (d, 1H, J = 10.8
Hz, -CH,-), 1.08 (s, 3H, -CHs), 0.86 (s, 3H, -CHs); *C NMR (CD30D, 75 MHz) 182.1, 143.4, 131.8, 130.4,
127.1, 123.0, 110.8, 83.2, 69.3, 41.4, 20.0, 19.5; Anal. Calcd for C1,H:sNO3: C, 65.14; H, 6.83; N, 6.33.
Found: C, 65.24; H, 6.93; N, 6.30. Enantiomeric excess was determined by HPLC with CHIRALPAK
AD-H column (hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 9.2 min (R), t, = 11.3

min (S).

7-6-2-4 TXINIRL-T X 22T anN) —VERWNCA Y TFAT VT R23a & 5-A ¥ A
+F 2 18e DARF TV R— Vit (Scheme 7-2)

7-6-2-1 & [AIRRO#RIET, 5-2 hF 21 ¥ F > 18e (88.6 mg, 0.5 mmol) & H W\ TS EIT-72 & =
A, B 24d (82.5 mg, 66%) 235G H A7z, F 7LV HPLC % VW CAERM) 24d D) > F A~ —iff
RIEOWREZRABTN, HFNESED Z LB HKAnotz, 2T, A 24d ZiE L, 15
bR 25d Z W T o U FA Y —RRIRELRET HZ LI L, 7T FERKT, &
%4 24d (82.5 mg, 0.33 mmol), =% /—/L 10 m)&E Mz 7=%., b->< W EXRFE(ARTHES YT
2 (0.05 g, 1.3 mmol)Z %, 3WfEfEFE S 7o, 2Dk, fafmf{b” =7 LKEK (6 m)%E
MR TS ZAFIESE, Y7unr A& o2 HWChitt U, KRR MY U ATz S, I8
L7-RBICBE T CRIEZEE L, BonclAERME L VDSV T A a~ NI 57 4 —
(Y7 mu Xy eI =73) TR 2 & ¢ MEEHZRERE LCHAMY 25d (82.9 mg,
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>99%6)/% & 172,

HO OH
MeO

@)

N

H

25d
Data for 25d; ‘H NMR (CD;0D, 300 MHz) & 7.00-6.99 (m, 1H, Ar), 6.82 (dd, 1H, J = 8.5, 2.0 Hz, Ar),
6.76 (d, 1H, J = 8.5 Hz, Ar), 3.82 (d, 1H, J = 11.0 Hz, -CH>-), 3.77 (s, 3H, -OCH3), 3.64 (d, 1H, J = 11.0
Hz, -CH,-), 1.08 (s, 3H, -CH3), 0.88 (s, 3H, -CHs); *C NMR (CD30D, 75 MHz) 182.0, 157.0, 136.6, 133.1,
114.9, 1145, 111.2, 83.5, 69.3, 56.3, 41.4, 20.0, 19.5; Anal. Calcd for C;3H;NO,: C, 62.14; H, 6.82; N,
5.57. Found: C, 62.10; H, 6.84; N, 5.49. Enantiomeric excess was determined by HPLC with CHIRALPAK
AD-H column (hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 12.4 min (R), t, =

22.2 min (S).

7-6-2-5 TXTNIRL-T X 22T an ) —vEANEy 7 and U LAR T VT R23b & A
+F 2 18a DAF TV K—/LEE (Scheme 7-2)

7-6-2-1 L RIERDOBIET, v 7 a~FH o B RT7/L7 e K 23b (1.21 ml, 10.0 mmol) % AW T K
JGEITo T 2 A, B 24e (95.3 mg, 7T4%) 3 5% H LTz,

H 0
HO
0]
N
H
24e

Data for 24e; "H NMR (CD50D, 300 MHz) & 9.88 (s, 1H, -CHO), 7.30 (d, 1H, J = 7.8 Hz, Ar), 7.26 (t, 1H,
J=7.8Hz, Ar), 7.03 (t, 1H, J = 7.8 Hz, Ar), 6.85 (d, 1H, J = 7.8 Hz, Ar), 2.22 (d, 1H, J = 11.7 Hz, Cy),
2.09 (d, 1H, J = 11.7 Hz, Cy), 1.64-1.55 (m, 4H, Cy), 1.37-1.08 (m, 3H, Cy), 1.03-0.90 (m, 1H, Cy); ©*C
NMR (CD;0D, 75 MHz) 207.4, 180.8, 143.4, 130.9, 126.9, 123.2, 111.0, 82.4, 55.5, 26.5, 25.9, 23.4, 23.3;
Anal. Calcd for C4H17NO3: C, 68.00; H, 6.93; N, 5.66. Found: C, 68.11; H, 7.02; N, 5.60. Enantiomeric
excess was determined by HPLC with CHIRALPAK AD-H column (hexane/2-propanol = 85:15), flow rate
= 0.5 mL/min; A = 254 nm; t, = 25.1 min (R), t, = 27.0 min (S).
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7-6-2-6 filllf 14e oA VY T FAT AT K23a b A T 18aDARHKT /L R—/VE (entry
1in Table 7-2)

7-6-2-1 & [FIEROEAET, WA Z I 27, il 14e (0.125 mmol), 7 v A %> (1.0 ml)%
WTRREAT S T2, AR 24a 1345 b o T2,

7-6-2-7 filllf 14e oA VY T FAT AT R K23a b A T 18aDARK TV R—/VE (entry
2 in Table 7-2)

7-6-2-1 L [AIEROEME T, WINAIZ N %9, filfE 14e (0.125 mmol), A % / —/L (L.0ml), v
TR ZEAT S T2y, B 24a 131G DN Do T,

7-6-2-8 fillif 14e Z I\ To A VY T F LT ILT kB K23a L A YT 18a D ARF T /L K—/VE (entry
3in Table 7-2)

7-6-2-1 & REROEAET, IINFIZ N2 3, Al 14e (0.125 mmol), =% / —/v (1.0 ml)% VT
BOGZAT o125, AR 24a 1345 e o Tz,

7-6-2-9 fillif 14e ZH\ oA VY TF AT AT E R23a L A HF 2 18aDAK T /L R—/L i (entry
4 in Table 7-2)

7-6-2-1 & [FIEROEAE T, BINAIZ N7, il 14e (0.125 mmol), 7k F= K UL (1.0 ml)% ]
WIS ZAT 2 123, AR 24a 135 b e o Tz,

7-6-2-10 fihftt 14e WA VY TFIAT LT K 23a LAY F o 18a ODAFT IV R—/L s
(entry 5 in Table 7-2)

7-6-2-1 L [FREDO#EIET, il 14e (0.125 mmol), 7 rr A % > (1.0ml), <~ > (1.0 equiv to
isatin) = AW CRURZ T -T2 & 2 A, AR 24a (81.1 mg, 74%) B &Sz, =) F 4~ —iafg
KL 29% ee (S) TH -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.3 min (R), t, = 9.9 min (S).
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7-6-2-11 fikfit 14e Z A A Y TFAT AT E R 23a LA BT 18a DAKT IV R—V G
(entry 6 in Table 7-2)

7-6-2-1 & [AlERO#AE T, filli 14e (0.125 mmol), DMF (1.0 ml), ~ = > % (1.0 equiv to isatin) % /7]
WIS EAT T2 & 2 A, AR 24a 13T L A /LR T,

7-6-2-12  fillit 14e Mo A Y TF AT LT E R 28a A Y F 2 18a DAFT IV R—/LRIE
(entry 7 in Table 7-2)

7-6-2-1 & [FIREDOEET, il 14e (0.125 mmol), 7 b=k UL (1.0ml), ~ 2 > (1.0 equiv to
isatin) & W CRUGZ T o 7o & 2 A, ARk 24a (73.9 mg, 67%) 35 H iz, = F A4~ —ilaf
L 4% ee (S)TH 7=,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.3 min (R), t, = 9.9 min (S).

7-6-2-13  fillif 14e ZH\\ oA Y TFALT AT R R 23a LAY F 2 18a DARET NV K—VEE
(entry 8 in Table 7-2)

7-6-2-1 L [AIAR O#RIE T, il 14e (0.125 mmol), A % / — L (1.0 ml),~ = > fiZ (1.0 equiv to isatin)
ERWCRISEIT o728 2 A R 24a (21.9 mg, 20%) 135 S iz, = F o F A4~ —i# =R 11 28%
ee () Th -7z,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.4 min (R), t, = 9.9 min (S).

7-6-2-14 ittt 14e Z AW A VY TFITILFE K 23a LAY F o 18a ODAFT IV R—/L i
(entry 9 in Table 7-2)

7-6-2-1 L [FIREDO#EAIET, fillfi 14e (0.125 mmol), 2-7 =3/ —/L (1.0 ml), ~ 2 > (1.0 equiv to
isatin) &z W CRURZ T o 7o & 2 A, ARk 24a (87.9 mg, 80%) 13 1% H iz, =) F A4~ —ilaf
1L 10% ee (S) TH -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.4 min (R), t, = 10.0 min (S).
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7-6-2-15  fillit 14e Mo A Y TF AT LT E R 28a A Y F 2 18a DAFK TV R—ILRIE
(entry 10 in Table 7-2)

7-6-2-1 & [AIEROEE/E T filfif 14e (0.125 mmol), =% / —/L (1.0 ml), ¥ = > (1.0 equiv to isatin)
EHOWTRIGEIT-T- & 2 A AR 24a (90.1 mg, 82%) 7235 B A7z, =7 v F 4~ —ilaFI=R 1% 94%
ee (S)Th -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.2 min (R), t, = 10.0 min (S).

7-6-2-16 il 14e Z oA Y TFLT AT E R 23a LAY F 2 18a DAREFT NV K—VEE
(entry 11 in Table 7-2)

7-6-2-1 & [FIREDOEET, filif 14e (0.125 mmol), tert-—7" % / —/L (1.0 ml), ~ 2 > (1.0 equiv to
isatin) & AW CRURZ T o 7o & 2 A, AR 24a (13.5 mg, 12%) B3 & Hiiz, = F 4~ —iaf
HIL 2% ee (S)TH 7=,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.3 min (R), t, = 9.9 min (S).

7-6-2-17 fiblif 14e ZH\\ oA Y TFALT AT R R 23a LAY F 2 18a DARET NV K—LEE
(entry 1 in Table 7-3)

7-6-2-1 & [AIREOHERME T, fili 14e (0.125 mmol), =% / —/L (1.0ml), p- h /LT A LR g —
KF# (1.0 equiv to isatin) = W TS EIT o 72 & 2 A, £ 24a (27.9 mg, 25%) 235 Hiv7-, —
FrF A~ —ilmEEIT 1%ee (R) TH -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.4 min (R), t, = 9.9 min (S).

7-6-2-18 fiftt 14e Z AW A VY TFIATILTFE K 23a LAY F o 18a ODARFT IV R—/L I
(entry 2 in Table 7-3)
7-6-2-1 & [RIEROEAE T il 14e (0.125 mmol), =% / —/L (1.0 ml), Z2 27/ (1.0 equiv to isatin)
ERWCRIGE T2 & 2 A, Ak 24a (70.1 mg, 64%) 135 H 7z, =) o F 4~ —iBEIHL 6%
ee Ry Th -7,
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Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.5 min (R), t, = 10.0 min (S).

7-6-2-19 filfi 1d4e oA VT F AT AT R R 238 LAY F 2 18a OARFT L R—/L Kk
(entry 3 in Table 7-3)

7-6-2-1 & [FEROEMET, Mt 14e (0.125 mmol), =% /—/L (1.0ml), 24-Y=tr 7=/ —/L
(1.0 equiv to isatin) & JHWN TR Z T2 72 & & A, ERW) 24a (84.1 mg, T7%) 3 5 6z, =) F
F~—iBFEFRIL 32% ee () TH -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.4 min (R), t, = 10.0 min (S).

7-6-2-20 il 14e AW A Y T FILT AT R 23a A B F L 18a ODAFT IV R—IL i
(entry 4 in Table 7-3)

7-6-2-1 & [AIBROEAE T, il 14e (0.125 mmol), =% / — L (1.0 ml), EEEE (1.0 equiv to isatin)
EHOWTKISEIToT- 8 2 A, ERW) 24a (84.0 mg, 77%) M5 b T-, =) F 4~ —iEEIHIL 4%
ee (R)ThH -7z,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.3 min (R), t, = 10.2 min (S).

7-6-2-21 fikfiE 1de 2o A Y TF AT TR R 28a LAY T 18a DAFT IV F—/LUS
(entry 5 in Table 7-3)

7-6-2-1 & [FIER OER/ET Al 14e (0.125 mmol), =% / —/L (1.0 ml), =~7 [ (1.0 equiv to isatin)
ERWCRIGE T2 & 2 A B 24a (89.5 mg, 82%) 135 H iz, =) v F 4~ —ilafEIHRIL 11%
ee (R)Th -7z,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.9 min (R), t, = 10.9 min (S).
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7-6-2-22 ikl 14e A Y TFLT AT R 23a LAY F 2 18a ODAFT IV K—IL i
(entry 6 in Table 7-3)

7-6-2-1 & [FIER O #EAE T il 14e (0.125 mmol), =% / —/v (1.0 ml), ~ = > fi# (0.5 equiv to isatin)
ZRWCRISE T o128 2 A Bk 24a (87.1 mg, 79%) 1315 H iz, = o F A4~ —iE =R 1% 33%
ee (S)Th -7,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.3 min (R), t, = 9.8 min (S).

7-6-2-23 fillif 1de ZFH\\ oA Y TFALT AT R R 23a LAY F 2 18a DARET NV K—VUE
(entry 7 in Table 7-3)

7-6-2-1 & [RIAROHEAE T, filtfi 14e (0.125 mmol), =% / —/L (1.0 ml),~ = £ (1.5 equiv to isatin)
FRWCRIREToT & 2 A ERM 24a (82.1 mg, 75%) 735 BTz, =F > F 4~ —iBRIFEIT 47%
ee () Th -7z,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.5 min (R), t, = 10.0 min (S).

7-6-2-24  fiblif 14e ZFH\\ oA Y TFALT AT R R 23a LAY F 2 18a DARET NV K—IVEE
(entry 8 in Table 7-3)

7-6-2-1 L [RIARO#RIE T, il 14e (0.125 mmol), =% / — L (1.0 ml),~ = > fiZ (2.0 equiv to isatin)
EHOWTKIGEITo T2 & 2 A AR 24a (84.5 mg, 7T7%) 235 B iz, =) v F 4~ —ilafl =% 35%
ee () Th -7z,
Data for 24a; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 8.5 min (R), t, = 10.0 min (S).

7-6-2-25 fillt 14e oA Y T F AT AT K238 & 5- A FLA HF 180 DARFT L K—)L
S (entry 1 in Table 7-4)
7-6-2-1 L [FIERDOFEAET, filli 14e (0.125 mmol), 5- A F /LA ¥ >~ 18b (80.6 mg, 0.5 mmol), =
2 /=) (1.0ml), v = UfE (1.0 equiv to isatin) & W TS Z1T > 72 & 2 A, HAJY 24b (95.9 mg,
82%) 7353 BTz, TV U FEHART. ARk 24b (95.9 mg, 0.41 mmol), =% / —/L (10 ml)Z /%
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2, @o< 0 EkFEATHEF FY A (0059, 1.3mmol)Z %, 3RFRIHBHR S ¥ -, 2D,
BRI T e =T LOKESHE (5 m)Z A CRISZIFIESE, Y 7mma X2 2 HnThitiL,
BEOKBREET b U U LTRSS, B LCRICHE F TRz E Lz, BohncoiAemh e v
VHTFNAT A a~ NTT 74— (YVrZan AR fiffgoT v = T:3)THRT S Z LT, BE
B 72 [E AR & L C H A% 25b (96.4 mg, >99%) 7135 H L7z,

Data for 25b; 'H NMR (CD;OD, 300 MHz) & Enantiomeric excess was determined by HPLC with
CHIRALPAK AD-H column (hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 9.1

min (R), t, = 11.8 min (S).

7-6-2-26 fill 14e Z N2 A VYT F AT TR F23a Lk 5-7 mEA P F 18 DK T L F—/b
)& (entry 2 in Table 7-4)

7-6-2-1 & [FIEROERAE T, filti 14e (0.125 mmol), 5-7 = E A #F - 18c (113.0 mg, 0.5 mmol), =
% 7 —/v (L.0ml), v = EE (1.0 equivtoisatin)Z W TGS EZ1T > 72 & 2 A, BRI 24c (124.3mg,
83%) N BTz, TV EA T, AW 24c (124.3 mg, 0.42 mmol), =% /—/ L (10 ml)%& 0
21, Do D EAFATFEF FU UL (0059, 1.3 mmol)E Nz, 3RS E-, D
. BFEALT BT DK 6 m)EMA TG EEIESE, Y7 e A 2 vl
L. BOKmfRT B U U LA THRBESE, il LZRICHIE T TRt 28 E Lz, 557 MAemy
EVUATNANTEIa~x NI T T 40— (YVr/ana AR ERT T = T3)THRY 5 2 & T,
(0 H B 22 [E A & L C B A9 25¢ (92.9 mg, >99%) 735 H A7z,
Data for 25c; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 9.4 min (R), t, = 12.2 min (S).

7-6-2-27 il 14e oA VY T F AT TR R23a L 5-A b F A Y F L 18e DARFT L F—
JVECHS (entry 3 in Table 7-4)
7-6-2-1 & [FIREOFRME T, il 14e (0.125 mmol), 5-# 3 A #F > 18e (88.6 mg, 0.5 mmol).
X /—)b (1L.0ml), ~2 > (1.0equivtoisatin)z W CISEITo72& 2 A, HEOY 24d (81.1
mg, 65%) 72315 L7z, TV UFRMKT, AR 24d (81.1 mg, 0.33 mmol), =% /—/L (10 ml)%
Mz T, do< 0 EARFLADFEF FY 74 (0059, 1.3 mmol) &Nz, 3Ff#EHEIE, £
D, fFEALT E=T DK 5 m)Z I CRIGEEIL S, Y7 mu 2 & %y T
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MU, BAKMEET FY U LTS, I8 L72RICHEIE N ChRIEZEE L, oAk
WME VDTN T Ara~v NI 74— (Yrra A Z U ffigeT v = T3)THMTHZ LT,
MBI 72 [E R & L C H 9% 25d (82.7 mg, >99%) 2345 H a7,

Data for 25d; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 1.0 mL/min; A = 254 nm; t, = 10.7 min (R), t, = 23.9 min (S).

7-6-2-28 fililli 14e N e 7 mAsHH U ILART AT e R 23b & A HF L 18a DAK T L R—
JUIZ)E (entry 4 in Table 7-4)

7-6-2-1 & [AIERO#RIE T, fillfit 14e (0.125 mmol), ¥ 7 B ~FH 2 AR T LT & K 23b (1.21 ml,
10.0 mmol), =4 /—/L (1.0 ml), ~ v @& (1.0 equiv to isatin)zZ W Cs&fT-72L 2 A, H
B4 24e (105.1 mg, 81%) 235 S 7,
Data for 24e; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column

(hexane/2-propanol = 85:15), flow rate = 0.5 mL/min; A = 254 nm; t, = 25.9 min (R), t, = 27.4 min (S).

7-6-3-1 DFT % (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) % F\ 7= enamine 7-1
DS R L (Figure 7-2)
Data for enamine 7-1;

E(RB+HF-LYP) = — 968.0825522 A.U.

Zero-point correction = 0.330308 (Hartree/Particle)

Thermal correction to Energy = 0.351483

Thermal correction to Enthalpy = 0.352427

Thermal correction to Gibbs Free Energy = 0.278692

Sum of electronic and zero-point Energies = — 967.752244

Sum of electronic and thermal Energies = — 967.731069
Sum of electronic and thermal Enthalpies = — 967.730125
Sum of electronic and thermal Free Energies = — 967.803860

Atomic Coordinates (Angstroms)

Number X Y z
1 -5.697244  -1.526827 0.875395
6 -4.689775  -1.174824 0.682615
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-4.317241
-5.012303
-3.026977
-2.688805
-2.070379
-2.494547
-1.592239
-3.779073
-4.044134
-0.764841
-0.318486
0.100030
-0.178612
1.457945
2.159702
1.399409
0.855864
2.815518
3.398540
2.762726
3.373496
0.639741
0.667248
-0.407214
1.097162
1.851974
2.353060
2.409393
3.352051
4.050650
3.747476
1.955766
4.824438
3.211373
3.543777
3.893430

0.109358
0.778629
0.551477
1.813325
-0.257864
-1.533807
-2.317907
-2.006297
-3.004874
0.176275
-0.139044
0.705965
0.894130
1.110300
1.111179
2.549072
2.469918
3.078129
2.417758
4.054464
3.201907
3.535469
4.534712
3.252084
3.597306
0.157056
0.595085
-1.068995
-1.793852
-1.360720
-3.147669
-1.459710
-3.192786
-3.397040
-3.942936
-0.306923

1.082369
1.576066
0.818513
1.151293
0.193989
-0.195279
-0.826769
0.027418
-0.299862
-0.086548
-0.943161
0.837934
2.015871
0.236846
1.082776
-0.354348
-1.306391
-0.637915
-1.287479
-1.129261
0.297082
0.544913
0.099594
0.674804
1.538214
-0.808525
-1.571244
-0.398121
-1.025923
-2.290661
-0.491386
0.510730
-0.279364
0.429238
-1.222077
-2.540228
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1 5.133456  -1.515414  -2.203995
1 3.719199  -1.952459  -3.154834

7-6-3-2 DFT 1% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) % i\ \ 7= enamine 7-2
DI g L (Figure 7-2)
Data for enamine 7-2;

E(RB+HF-LYP) = — 968.0815558 AU.

Zero-point correction = 0.330170 (Hartree/Particle)

Thermal correction to Energy = 0.351537

Thermal correction to Enthalpy = 0.352481

Thermal correction to Gibbs Free Energy = 0.277498

Sum of electronic and zero-point Energies = — 967.751386
Sum of electronic and thermal Energies = — 967.730018
Sum of electronic and thermal Enthalpies = — 967.729074
Sum of electronic and thermal Free Energies = — 967.804058

Atomic Coordinates (Angstroms)

Number X Y z
1 -5.049020  -0.952193 2.566900
6 -4.057662  -0.696277 2.209276
6 -3.412063  -1.538509 1.302771
1 -3.870816  -2.453239 0.945766
6 -2.137464  -1.204219 0.861964
9 -1.493250  -2.034985 0.022902
6 -1.488021  -0.036540 1.275395
6 -2.175573 0.777165 2.181377
9 -1.556096 1.906036 2.592364
6 -3.439032 0.470011 2.664221
1 -3.919738 1.139345 3.367975
7 -0.191254 0.313650 0.839160
1 0.448303 0.652593 1.545404
6 0.138970 0.518826  -0.477637
8 -0.636702 0.303642  -1.402962
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1.565766 1.035478  -0.741328
2.175800 0.944582 0.165981
1.515672 2.528757  -1.161799
0.895076 2.575733  -2.067859
2.915849 3.054736  -1.500237
3.391218 2447499  -2.273020
2.858015 4.088896  -1.855003
3.561346 3.041688  -0.613463
0.855334 3.401361  -0.082835
0.796849 4440343  -0.421253
-0.159889 3.076241 0.163320
1.443826 3.389314 0.842822
2.193493 0.217065 -1.779656
1.590599 0.175767  -2.596288
2.696554  -1.040191  -1.403949
2.623030 -2.193145  -2.094324
1.858614  -2.347966  -3.386242
3.364572  -3.414804  -1.612353
3.258305 -1.010780 -0.471340
4116607  -3.745859  -2.342761
3.882076  -3.230804  -0.665741
2.682903  -4.264142 -1.467134
1104770  -1.567874  -3.534091
2.523551 -2.333834 -4.261081
1.334573  -3.311409  -3.408609

N = T = T = T = T =< N < N> N > N =N R =N SN S o )R S T N - T = e T =)

7-6-3-3 DFT 1% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) %z f\ 7= TS 7-1 O
il (Figure 7-4)
Data for TS 7-1;

E(RB+HF-LYP) = — 1481.1411226 A.U.
Zero-point correction = 0.446578 (Hartree/Particle)
Thermal correction to Energy = 0.475700

Thermal correction to Enthalpy = 0.476644

Thermal correction to Gibbs Free Energy = 0.386326
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Sum of electronic and zero-point Energies = — 1480.674869
Sum of electronic and thermal Energies = — 1480.645747
Sum of electronic and thermal Enthalpies = — 1480.644803
Sum of electronic and thermal Free Energies = — 1480.735121

Atomic Coordinates (Angstroms)
Number X Y z

-7.068964  -3.063159 0.012616
-6.182214  -2.440418  -0.030229
-6.313259  -1.064762  -0.225903
-7.282024  -0.594101  -0.346566
-5.168403  -0.280754  -0.290849
-5.288937 1.038387  -0.535227
-3.886334 -0.818180 -0.133316
-3.805042  -2.202335 0.053611
-2.569401  -2.738930 0.177680
-4.920475  -3.024444 0.100946
-4.792450  -4.090598 0.246619
-2.715498  -0.039207 -0.203051
-1.912650  -0.463663  -0.650223
-2.478817 1.064483 0.577934
-3.285777 1.525187 1.372417
-1.116849 1.742748 0.331141
-0.904820 2.306417 1.246413
-1.173839 2.718582  -0.876982
-1.217315 2.095474  -1.781385
0.096518 3.580428  -0.932995
1.003054 2.971388  -0.946459
0.082079 4.204224  -1.832552
0.144244 4247148 -0.064101
-2.432812 3.598027  -0.849517
-2.405938 4295899  -1.691549
-3.352175 3.012290  -0.926359
-2.483292 4.186542 0.072909
-0.080189 0.722598 0.128035

~N B B P O F P P O FPF OO kP OO 0O & kP NP O O OO0 OO0 OO0 kB O O
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0.501770 0.694503 -0.772112
0.632993 0.224298 1.117334
1.653789  -0.750154 0.858152
2.374061  -1.241729 2.107147
0.471237 0.625579 2.118256
1.222481 -1.885308 -0.077114
2.768945 0.320219  -0.335433
2.020428 0.727391  -1.314524
3.326814 1.365007 0.682514
3.966717  -0.564121  -0.592200
4182451 -1.583080 -1.511228
5.021501 -0.136840 0.233150
6.273312  -0.739323 0.202175
5438693 -2.204564  -1.559390
6.464295 -1.790748 -0.705231
4.604705 0.966943 0.996841
7.079338  -0.398804 0.844511
3.389834  -1.887039  -2.187180
5617344  -3.006954  -2.268305
7.433168  -2.278928  -0.751464
2.749834 2.342062 1.140832
5.201170 1.487565 1.625689
2.602483  -0.428434 2.801710
1.759083 -1.976748 2.640858
3.312629  -1.736327 1.843175
0.319470  -2.372967 0.307707
1.010569 -1.518411 -1.084186
2.011041 -2.637643 -0.144993

S N N T N < - T S S N N - B B B B B B B B B N e B R T

7-6-3-4 DFT 1% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol))Z f\ 7= TS 7-2 O
1E Al (Figure 7-4)
Data for TS 7-2;

E(RB+HF-LYP) = —1481.1438362 A.U.
Zero-point correction = 0.447378 (Hartree/Particle)
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Thermal correction to Energy = 0.476338

Thermal correction to Enthalpy = 0.477282

Thermal correction to Gibbs Free Energy = 0.387939

Sum of electronic and zero-point Energies = — 1480.679543
Sum of electronic and thermal Energies = — 1480.650583
Sum of electronic and thermal Enthalpies = — 1480.649639
Sum of electronic and thermal Free Energies = — 1480.738982

Atomic Coordinates (Angstroms)
Number X Y z

-5.386239  -4.110709  -0.092341
-4.728449  -3.248437  -0.082597
-5.186204  -2.026333  -0.578489
-6.185803  -1.910131  -0.980717
-4.326636  -0.935681  -0.565707
-4.749754 0.241699  -1.067536
-3.025330  -1.011073  -0.060122
-2.615988  -2.253028 0.435058
-1.369740  -2.344614 0.950832
-3.434753  -3.373704 0.427052
-3.061827  -4.310981 0.823098
-2.143340 0.092944  -0.067022
-1.229560  -0.057108  -0.510656
-2.377905 1.211380 0.679584
-3.394145 1.389942 1.342231
-1.300966 2.309300 0.597818
-1.570827 3.017780 1.388540
-1.339097 3.053632  -0.768971
-0.923325 2.365963  -1.516775
-0.467790 4319752  -0.732536
0.583813 4109049 -0.519165
-0.505290 4821779  -1.703882
-0.835402 5.022478 0.023716
-2.778840 3.407368 -1.170706
-2.771488 3.957739  -2.115954

O F P P O kB O kB O 0 OO Fk N P O O OO O © OO kB O O B
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-3.401800
-3.252947
0.071013
0.835522
0.432200
1.822337
2.054787
1.998421
3.050131
1.318275
-0.340613
2.259275
2.748168
1.445193
2.314713
0.247553
1.956409
2.036540
3.677124
3.647029
4.900173
6.080891
4.803070
6.028169
4.938666
7.042502
4.762325
6.949583
2.762041
2.420481
3.768278

2.519720
4.044076
1.843551
2.168297
0.725378
0.354855
-0.996160
-0.904442
-1.379040
-1.742303
0.037453
0.409013
1.453039
-0.815232
-1.864476
-0.865717
1.588656
-2.774740
-0.110886
-1.469960
0.526243
-0.218058
-2.227236
-1.578471
1.587197
0.267357
-3.276472
-2.143775
2.322950
1.778475
1.074238

-1.305360
-0.415497
0.861017
0.203111
1.445284
1.522605
2.187011
3.278996
1.946218
1.874914
1.784279
-0.403061
2.051041
-0.916929
-1.019100
-1.199211
-0.840285
-1.361204
-0.435980
-0.790245
-0.266848
-0.402489
-0.926859
-0.717703
-0.042516
-0.268421
-1.201678
-0.819393
1.390309
3.044876
2.142410
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7-6-3-5 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) % F\ 7= TS 7-5 D%
S il (Figure 7-4)
Data for TS 7-5;

E(RB+HF-LYP) = - 1481.1417912 A.U.

Zero-point correction = 0.447301 (Hartree/Particle)

Thermal correction to Energy = 0.476252

Thermal correction to Enthalpy = 0.477196

Thermal correction to Gibbs Free Energy = 0.387676

Sum of electronic and zero-point Energies = — 1480.677893
Sum of electronic and thermal Energies = — 1480.648943
Sum of electronic and thermal Enthalpies = — 1480.647998
Sum of electronic and thermal Free Energies = — 1480.737519

Atomic Coordinates (Angstroms)

Number X Y 4
1 5.285168 -4.161820 0.787825
6 4.655024  -3.315923 0.535501
6 3.947265  -2.658382 1.543485
1 4.000331 -2.971552 2.579575
6 3.140240  -1.583681 1.197013
9 2415973  -0.970037 2.157710
6 3.026413  -1.116193 -0.116444
6 3.749139  -1.811146  -1.091366
9 3.643423  -1.394388  -2.368487
6 4554774  -2.902297  -0.793574
1 5.091414  -3.401475  -1.591847
7 2.201841  -0.022898  -0.470857
1 1373575 -0.228522 -1.034612
6 2.326591 1.211835 0.099565
8 3.207552 1.506212 0.898539
6 1.248918 2.221097  -0.364661
1 1.126161 2.106002  -1.450076
6 1.660645 3.682146  -0.071168
1 1.951402 3.721855 0.984999
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0.502681
-0.343873

0.842130

0.143030

2.875414

3.187695

3.726672

2.628012
-0.076674
-0.907524
-0.375055
-1.752108
-1.917051

0.427507
-2.644172
-2.324598
-2.116577
-1.489552
-3.711305
-4.948889
-3.636042
-4.756998
-6.094880
-5.994487
-2.306915
-4.682044
-5.026330
-7.067077
-6.889020
-0.323066
-2.013207
-1.221263
-1.745715
-2.933042
-2.243826
-2.716939

4.662876
4.468408
5.686525
4.616143
4.071924
5.094127
3.411648
4.037107
1.905409
2.110108
0.921196
0.586575
-0.606841
0.299185
1.769416
0.278239
1.376925
-0.983543
-0.294668
0.313428
-1.692870
-2.506648
-0.488756
-1.880079
-2.069623
-3.585455
1.394939
-0.025389
-2.490350
-1.033622
-3.012303
-1.417595
-0.308970
-1.005851
2.273822
2.497203

-0.305441
0.358265
-0.120453
-1.340474
-0.927474
-0.693034
-0.748106
-1.995275
0.201971
-0.431261
1.015501
1.282269
2.214826
1.407144
1.664088
-0.568298
-1.223844
-0.946521
-0.394793
-0.225753
-0.511551
-0.411938
-0.125281
-0.207795
-0.783729
-0.505215
-0.183072
0.010581
-0.128144
-1.334651
-1.003299
1.980145
3.256851
2.155601
2.550732
0.853065
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1 -3.650625 1.419459 1.903893

7-6-3-6 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) %z F\ 7= TS 7-6 D%
&l (Figure 7-4)

Data for TS 7-6;

E(RB+HF-LYP) = — 1481.1411226 A.U.

Zero-point correction = 0.446578 (Hartree/Particle)

Thermal correction to Energy = 0.475700

Thermal correction to Enthalpy = 0.476644

Thermal correction to Gibbs Free Energy = 0.386326

Sum of electronic and zero-point Energies = — 1480.674869
Sum of electronic and thermal Energies = — 1480.645747
Sum of electronic and thermal Enthalpies = — 1480.644803
Sum of electronic and thermal Free Energies = — 1480.735121

Atomic Coordinates (Angstroms)

Number X Y Z
1 -7.068964  -3.063159 0.012616
6 -6.182214  -2.440418 -0.030229
6 -6.313259  -1.064762  -0.225903
1 -7.282024  -0.594101  -0.346566
6 -5.168403  -0.280754  -0.290849
9 -5.288937 1.038387  -0.535227
6 -3.886334  -0.818180 -0.133316
6 -3.805042  -2.202335 0.053611
9 -2.569401  -2.738930 0.177680
6 -4.920475  -3.024444 0.100946
1 -4.792450  -4.090598 0.246619
7 -2.715498  -0.039207  -0.203051
1 -1.912650 -0.463663  -0.650223
6 -2.478817 1.064483 0.577934
8 -3.285777 1.525187 1.372417
6 -1.116849 1.742748 0.331141
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-0.904820
-1.173839
-1.217315
0.096518
1.003054
0.082079
0.144244
-2.432812
-2.405938
-3.352175
-2.483292
-0.080189
0.501770
0.632993
1.653789
2.374061
0.471237
1.222481
2.768945
2.020428
3.326814
3.966717
4.182451
5.021501
6.273312
5.438693
6.464295
4.604705
7.079338
3.389834
5.617344
7.433168
2.749834
5.201170
2.602483
1.759083

2.306417
2.718582
2.095474
3.580428
2.971388
4.204224
4.247148
3.598027
4.295899
3.012290
4.186542
0.722598
0.694503
0.224298
-0.750154
-1.241729
0.625579
-1.885308
0.320219
0.727391
1.365007
-0.564121
-1.583080
-0.136840
-0.739323
-2.204564
-1.790748
0.966943
-0.398804
-1.887039
-3.006954
-2.278928
2.342062
1.487565
-0.428434
-1.976748

1.246413
-0.876982
-1.781385
-0.932995
-0.946459
-1.832552
-0.064101
-0.849517
-1.691549
-0.926359

0.072909

0.128035
-0.772112

1.117334

0.858152

2.107147

2.118256
-0.077114
-0.335433
-1.314524

0.682514
-0.592200
-1.511228

0.233150

0.202175
-1.559390
-0.705231

0.996841

0.844511
-2.187180
-2.268305
-0.751464

1.140832

1.625689

2.801710

2.640858
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3.312629  -1.736327 1.843175
0.319470  -2.372967 0.307707
1.010569 -1.518411 -1.084186
2.011041 -2.637643 -0.144993

N

7-6-3-7 DFT &% (B3LYP/6-31G(d,p) level, SCRF = (PCM, Solvent = ethanol)) %z F\ 7= TS 7-9 D%
Al (Figure 7-5)

Data for TS 7-9;

E(RB+HF-LYP) = — 1898.8173218 AU.

Zero-point correction = 0.526196 (Hartree/Particle)

Thermal correction to Energy = 0.563861

Thermal correction to Enthalpy = 0.564805

Thermal correction to Gibbs Free Energy = 0.453123

Sum of electronic and zero-point Energies = — 1898.264175
Sum of electronic and thermal Energies = — 1898.226510
Sum of electronic and thermal Enthalpies = — 1898.225566
Sum of electronic and thermal Free Energies = — 1898.337248

Atomic Coordinates (Angstroms)

Number X Y Z
1 4717311 4.454374  -0.218709
6 4.251441 3.475623  -0.190468
6 4.813091 2422343  -0.913198
1 5.709085 2.551905  -1.508801
6 4.200605 1.176693  -0.867512
9 4.730716 0.156697  -1.568173
6 3.041487 0.934972  -0.123283
6 2.532194 2.019577 0.590956
9 1.417249 1.789989 1.346232
6 3.097399 3.284566 0.572890
1 2.657449 4.086503 1.153989
7 2424780 -0.337428  -0.079345
1 1451029 -0.390280  -0.398677

405



o OO OO O O O B 0 00 N OO0 O F P P Pk o0 o O, NP P P OO P P P Ok OO Pk O o o

3.027816
4.127432
2.307156
2.755995
2.587939
1.985399
2.141698
1.083934
2.298658
2.728520
4.064706
4.218708
4.384518
4.714824
0.854827
0.235739
0.171584
-1.262839
-1.928494
-1.876989
-2.987708
-1.460861
0.700734
-1.644630
-1.804284
-1.377492
-2.588186
-0.283084
-0.903230
-2.696122
-3.150741
-3.654921
-4.020094
-5.394906
-5.012532
-5.881338

-1.368753
-1.271508
-2.727469
-3.275904
-3.516050
-3.041168
-4.980511
-5.082153
-5.510420
-5.489219
-3.448162
-4.055209
-2.428579
-3.841574
-2.683657
-3.108471
-1.794175
-1.880033
-0.767150
-0.980766
-0.684385

0.207091
-0.952141
-1.808203
-3.270506
-0.295506

0.324682

0.270793
-2.689196

1.311537
-1.888418
-0.592657
-2.972286
-2.740205
-0.338896
-1.438459

0.584628
1.119227
0.574447
1.409551
-0.740341
-1.525610
-0.597681
-0.338892
-1.541838
0.175488
-1.154145
-2.051057
-1.379379
-0.365417
0.792725
0.043898
1.478540
1.528477
2.326443
3.401482
2.066797
2.157110
1.924284
-0.428953
1.872001
-0.681404
-0.756957
-0.779385
-1.016721
-0.975960
-0.496283
-0.688218
-0.511644
-0.658933
-0.836562
-0.808926
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-3.637818
-6.085528
-5.385525
-6.948245
-1.524123
-1.416013
-2.893445
-1.798255
-0.873523
-2.716304
-1.748441
-3.294947
-0.548658

0.008437
-1.558952
-0.868335
-2.644375
-0.019997

-3.983470
-3.577617
0.669322
-1.272164
-4.018660
-3.595280
-3.245245
4.199841
3.696910
3.263145
5.288605
3.635350
2.673187
4.342639
3.741824
3.194567
4.241393
2.823610

-0.418741
-0.663790
-0.985827
-0.922771
1.126674
2.844208
1.938360
-1.176609
-0.091259
-1.513434
-1.699243
-2.202036
-0.314564
-0.066936
1.273126
2.288808
1.467462
1.989421
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7-6-4 TV R— VAR 24a O S X BAEEAEAT (Figure 7-1)

Crystal data and structure refinement for 24a.;
Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

24a
C12 H13N 03
219.23
296(2) K
1.54178 A
Orthorhombic
P2(1)2(1)2(1)
a =6.98220(6) A
b =10.41340(8) A
¢ = 14.46600(11) A
1051.800(15) A3
4
1.384 Mg/m3
0.826 mm-1
464
0.14 x 0.08 x 0.06 mm3
5.23 to 68.14°.
-8<=h<=8, -12<=k<=12, -17<=I<=17
7372
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Independent reflections

1921 [R(int) = 0.0233]

Completeness to theta = 68.14° 99.9 %
Absorption correction Empirical
Max. and min. transmission 0.9498 and 0.8917

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Extinction coefficient

Full-matrix least-squares on F2
1921 /44 /198

1.070

R1=0.0283, wR2 = 0.0756
R1 =0.0286, wR2 = 0.0759
0.01(18)

0.0118(12)

Largest diff. peak and hole 0.337 and -0.159 e.A-3

Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for 24a.  U(eq)
is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
C(1) 7444(2) 6868(1) 4257(1) 13(1)
C(2) 7084(2) 7329(1) 5137(1) 16(1)
C(3) 7201(2) 8654(1) 5268(1) 17(1)
C(4) 7667(2) 9469(1) 4539(1) 16(1)
C(5) 8035(2) 8981(1) 3659(1) 13(1)
C(6) 7908(2) 7664(1) 3517(1) 12(1)
C(7) 8282(2) 6837(1) 2672(1) 11(1)
C(8) 8039(2) 5459(1) 3082(1) 12(1)
C(9) 6843(2) 7068(1) 1859(1) 12(1)
C(10) 7297(2) 6136(1) 1082(1) 20(1)
C(11) 4784(2) 6793(2) 2171(1) 22(1)
C(12) 6987(2) 8435(1) 1488(1) 18(1)
N(1) 7481(2) 5572(1) 3971(1) 13(1)
0(1) 10209(1) 6883(1) 2349(1) 14(1)
0(2) 8317(1) 4453(1) 2665(1) 17(1)
0(3) 7836(2) 6432(1) 330(1) 29(1)
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7-6-5 F ¥ — M4 (NMR, Chiral HPLC)
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Figure 7-6. 'H and *C NMR spectra of 24a
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Figure 7-7. *H and *C NMR spectra of 25b
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Figure 7-9. 'H and *C NMR spectra of 25d
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DORRMISAEL - 11

Intensity [uV]

7.0 8.0
Retention Time [min]

CH R & e EiE% &% (EE@E NP S5
1 8192 13336276 609169 50.286 53.261 N/A 3684 2.
1 9.917 13134493 534578 49.714 46.739 N/A 4143 N/A 1.298

Figure 7-11. Chiral Column Chromatography of 24a (entry 1 in Table 7-1)

DORRISAEL - 11

Intensity [1V]

3 iz g [t EiE% &% ERE NP HREE
8.767 12119751 392366 57.070 55.487 N/A 2012
1 11575 9116768 314767 42.930 44.513 N/A 4005 N/A 1.300

Figure 7-12. Chiral Column Chromatography of 25b (entry 2 in Table 7-1)

415



DORMISAE2 -

Intensity [uV]
8

HE  (dE% &E% ESE NP
9.150 21582249 781125 50.037 52 N/A 2741 2857
1 11250 21550277 696392 49.963 47.133 N/A 3372 NJA 1.633

Figure 7-13. Chiral Column Chromatography of 25c (entry 3 in Table 7-1)

DORMISAEL -

Intensity [wV]

16.0 18.0
Retention Time [min]

E-hfE: 1

# B-D%B CH R i d e k% &% ERE NP SRE Lo -(RE FE

1 1 12375 18177671 615855 50.031 60.703 N/A 4349 10.216

2 1 22.217 18154857 398682 49.969 39.297 N/A 5660 N/A 1.341

Figure 7-14. Chiral Column Chromatography of 25d (entry 4 in Table 7-1)
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g
g

=4
=
g
£

[ii e EiE% EE% ERE NP SHE U2
25.075 4390721 98270 49.961 51.085 N/A 7417 1587
Unknown | 1 26.958 4397587 94096 50.039 43.915 N/A 7879 NJA 1.093

Intensity [WV]

9.0
Retention Time [min]

EE(E NP %
1 8242 625441 25055 3.010 2.999 N/A 2653 2.714 N/A
2 Unknown | 1 9.958 20155891 810325 96.990 97.001 N/A 4018 N/A 1.243

Figure 7-16. Chiral Column Chromatography of 24a (entry 10 in Table 7-2)
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=
=
g
2
=

9.0 10.0
Retention Time [min]

E-Disk: 1

& |CH R HE% &% ERE NP HHE
9.050 6908142 265074 33.716 35.830 N/A 914 3.998
2 Unknown | 1 11842 13580923 474727 66.284 64.170 NjA 4215 N/A 1273

s
£

Intensity [WV]

9.0
Retention Time [min]
E-Dias: 1
# [P-b& R EEEiE% me% TR NP HBE

1 9.408 7868266 255683 40.502 41.875 N/A 2489 3.573
2 Unknown | 1 12.242 11558592 354907 59.498 58.125 NJA 3431 N/A 1.429

Figure 7-18. Chiral Column Chromatography of 25c¢ (entry 2 in Table 7-4)
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=
=
2
2
S

20.0
Retention Time [min]

# H e EE% SE% ERE NP SEIE UL R EE
1 own | 1 10.667 606035 22373 6.262 10.421 N/A 4145 14111
2 Unknown | 1 23.858 9071616 192371 93.738 89.579 N/A 6200 N/A 1322

Intensity [1V]

20 24,0
Retention Time [min]

EE% S5% EEE NP | SHE
25.900 2950163 71490 6.607 7.062 NjA 8480 1310
2 Unknown | 1 27.417 41699471 940782 93.393 92.938 N/A 8411 N/A 1122

Figure 7-20. Chiral Column Chromatography of 24e (entry 4 in Table 7-4)
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8-1 FL®IZ

B 1D 1-4-5 TR X H 12, 7 R A= I U CRUB DS EITT 2 7V R—L i
FRET TR, A=A A VB CTEIT T2~ A S AMIMBISFEICO NS ZENTED
(Figure 8-1), %5 3 EN D 7 FIZHBWTIE, FEIARE LT I U 14 Z W= RET7 L R—v
FORMZ B 5 % 2 CalFgE 2 6 C & 7= (enamine catalyst in Figure 8-1), & Lfilfft 14e 23, 4 I = A
PR CROSDMETT 2 1A-MINBOS 2 AT S5 Z R Araic 2, LV 2 < ORISICHEM T
EHLEAOND, T I TRETHE, Ml 1de ZMWEARF~A T AIBIRICERT 2 Z &1

L7z (iminium catalyst in Figure 8-1),

~§_/<0F

Ho,N  HN
F
novel primary amine catalyst
HOMO activation \ LUMO activation
W 5
RS R+
NH R? r, \PH
R1/L>1 NH, RSJ\TL\
RZ
A A H,O R*
enamine iminium Nu
catalyst catalyst
R
|N E HZO Hzo NH
R1J\/ & J stj\
2
R } (')/ Nu R*
0]
E 37NL emmmmmmmemeeeeeeeeeeee- N
Rka R ﬁ i E* = electrophile !
R2 Nu~ R4 E Nu = nucleophile |

asymmetric aldol reaction asymmetric Michael addition

Figure 8-1. Organocatalytic Asymmetric Reactions via Enamine or Iminium lon
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RF~A T IATIBISE, T NVRHHIRE — IRFERETRSUS & L TEERIED—DTH
0. THETICREA RRFEHE BAE % - SUS S s S TWA2 . EETIE
RFATHERE A T S5 b B ASED BT S L il Z1E. 2008 4T Jorgensen %, ¥ 7
Wi 12-V 7 2 =V F L DT I VHROBBIAF 2 87 I U E Az 48 ReEr o<
Vo eRXRVHFAT P DR F AT VM MRIGIT &> T, JeEEME R
(R)-4-hydroxy-3-(3-oxo-1-phenylbutyl)-2H-chromen-2-one (Warfarin: vV /v 7 7 U 2 )DOU KR v N ARk
Z D CRkEh &H7= (Scheme 8-1) TOAT ) s~ ) RO o TH Y | Mm%
BIEDIBIR L O FRHEICHA SN TW B IEFICAERRLAMTH D, AARTIEZ, VL7700
VU LEHRIT SNTND, ZOEMDORHRIT. SIKDITH R KLY HIHTED 5~8 7RV
EThHDH, TNVT7 VNIRRT, AMBEDOTA B Ao TV KkE Y 4 A3 v KR
2% Wisconsin Alumni (Agriculture) Research Foundation @ WARF & . coumarin 5% 34 0 #E 2 coumarin

@ ARIN 64 ST,

Ph, N
): HarCO,H

OH Ph OH Ph O
(10 mol%) X

+ /\)J\ o > Me
Ph CH2C|2 rt
O "0 O "0
warfarin

96% yield, 82% ee (R)

Scheme 8-1. One-Step Preparation of Optically Active Warfarin

Jorgensen © DFEF LUK, K}im WHTEDLDX I N 12-0V 7 2=V F L UT I VUHED
HR AR A RS Chin & \Wang 5T KIm B E DU B T s TR S (Figure
8-2), ZDOMIZIX, Chen LR RM LIz atrTrrmaAf Ref05D KIS “ Hansen 573 L
127w 2 U BROMEE HC B RIS Feng AR L7 n U LRI E BV B IO
204%‘?%)%&%éhfb\é (Figure 8-2), Hansen HX> Feng & 23BH%E L 7= AN A ARAMLIX, 7 /%
BEAFKELTHNTWD A, XT3 12207 2= V2 F LU U7 I VRO L 0 & g
2T ARk FTRECdo 578, ERRM D =+ F AR IUMEAS 84% ee (R) - 13 83% ee (R) T
oo & TR, BB Lk X il 14e 2V 4-E Faxs 7<) 26 EXUFATE
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ko 271 DRE~ A FNAIINBS &Rt 5 2 i Lz,

NH2 b NH, OQ Ph :

7, ),

. S N—
©\ NHp N)LN,Bn OO —Ph
N“ON H,N

(Chin) (Wang) (Kim)

O
Ph Ph NH HN—Z
Ph _TMS 7
\A)<O NH HNO
NH,
(Chen) (Hansen) (Feng)

Figure 8-2. Reported Organocatalysts for Michael Addition
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8-2 WA L#T X UMbl 14e Z V2 4 FuF s s~ 26 LU ALTE R 27T OR
B~ A ARG

XU OIZ, | T. 25 mol%dfitl 14e # VT 4-v FaFx o/~ 26 EXUHFALTE RV
27T DARF~ A T ASINBOS Z ATV, IR ORI Ot 217 - 72 (Table 8-1),

Table 8-1. Optimization of Conditions for Michael Addition: Effects of Solvent and Additive®

MOF

H,N  HN
OH e) 14e (25 m(IJ:I%) on Fho O
©\)1 N Ph/\)J\ e additive (25 mol%) _ Mme
o X0 solvent, rt 0 0
26 27 28
entry solvent additive timf yield Yee
(h) (%)° (config.)®
1 dry CH,Cl, - 36 73 6 (R)
2 dry THF - 50 78 10 (R)
3 tert-BuOH - 72 78 10 (S)
4 CH,Cl,/H,0 - 50 82 11 (R)
5 MeOH/H,O - 50 74 11 (R)
6 dry CH,Cl, TFA 48 69 18 (S)
7° dry CH,Cl, TFA 72 66 3(S)
8 dry CH,Cl, p-TSOH-H,0 72 89 20 (S)
9 dry CH,Cl, benzoic acid 22 74 6 (S)

2All reactions were carried out with 2 equiv of 26 and 0.5 mmol of 27 in solvent (2.0 ml). "Monitored
by TLC. “Isolated yields. “Determined by chiral HPLC analysis. ®1.0 equiv of TFA was used.

FT. A I rr A X THE XL tert-7 % / — M L CRIRE T2 72 2 A, WTio
GEIlBOTHO BNOER 210 2 ENTEER, = F U FAEPPEIRIZE A ERE L 2o
7= (entries 1~3), £ ZC, Y7 mua A X L KROIBETEBE, I A X 7 —v KOG
THRIGEATS T2, A O T o FAERPEE [ ESH5H 2 L1ETEAed o 7= (entries 4~5), &
W2 Wi Y7 ma AL A L TTIRINFI O 21T o o, IRIIAI & LT TRA, p- /b Z)LaR
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Ul KF) T BER E VTR E T2 728 2 A, 25 mol%d p- b Lo Z L7k U EE—IK
¥z N T-5612 20% ee (S) CHBIDAMM 2155 Z LIS TE A /R TE SRR TIE R -
7= (entries 6~8),

FIEMNDHE T ETITH e ARFE TV R— /RIS T, il 14e @ 26-70A 07 2 =17
RILIZ L0 B DOSLARZFIES 5 2 L B ATRETd - 7223, LAAHINE T 5 RE~ A 7 A0
FUSIZBWTIE, DR S OGS E TORMNRE 2V, 26-Y7vAn 7 2=L7 I K
EOHBTIINVEERIH TE R RoTcbEZERXbND, £ T, ikl 14 DR B ZHFTT22L1CL
7= (Table 8-2),

Table 8-2. Optimization of Conditions for Michael Addition: Effects of Organocatalyst 14%

OH OH Ph O

O
14 (25 mol%) A
+ Ph/\)L _ Mme

0o Me " 4ry CH,CI, (2.0 mi), rt N6
26 28

HO
14k 141
time yield % ee
entry 14 b . -

(h) (%) (config.)

1 14k 72 82 11 (R)

2 14| 72 90 5(R)

3 14m 48 79 9 (R)

4 14n 48 65 1(S)

2All reactions were carried out with 2 equiv of 26 and 0.5 mmol of 27 in solvent (2.0 ml). "Monitored
by TLC. “Isolated yields. “Determined by chiral HPLC analysis.

FP, il 14k 2OV TRISZITV, DX P U Eo bt Fr i L 5I2 X v AR osr
RZHIETE 5008 9 a2 et Loy, Ao o F AR 11% ee (R)TH Y. EEW
DR Z T D 2 & IZREETH o7 (entry 1), WU, Ml 141 Z2 IO TERISZATV, 26 (LD
EWVEHLILIC L0 AR OSHERE R TE D08 D 0 E et L7eh, BWLRRE/R L 2 &1Lk
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7einoTz (5% ee (R)inentry 2), 5 1 B CTIR_7= K 912, 7 X T Ul A W= AEFET 4 — LA -
TN =N BNTIE, MO RBUBREA I =T LA TFF S E DI TF A —n AL
FIZ X0 BRI ONAERHEH SN TND EEZ BN TWD (FEAIZE 130 Scheme 1-38 % 2 ),
% ZC. Figure 8-3 {2779 X 9 (b 14m 2 VLR, il 14m ORUBUEREA I =T AN T
TG EDRTF A —n FEERIC LV AEFD OSSR ZHIETE 2D TIE RV LB 2 ER%E
{Totzm, B O F o F AiERMEIL 9% ee (R) TH o7 (entry 3),

< Cation-=n no calculated 3D model
Interaction of iminium ion intermediate

I

Figure 8-3. Plausible Transition State Model

Hansen 5%, 7 ==L 7 U U NHFE L ARE LT 2 Uiz v 5 & 81% ee (R)YD =
VFABRPVETCHBOEBMDBEONDD, vA U PbiFE Lotz Hnws & o v F A4k
P IE & A BIEBL L2 LS ST (Scheme 8-2) . % =T, bl 14n % VTR %
T3, O o FA@ERMEEZ R ESE5 Z Ltk o72 (1% ee (S) inentry 4),
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Ph  Ph

Ph
OH HN  OH OH Ph O
o (20 mol%)
X CH3CO,H (1.0 equiv) X Me
" Ph/\)LMe THF, rt
o Yo : o Yo
Ph 76% yield, 81% ee (R)
Ph
OH HN  OH OH Ph O
0] (20 mol%)
X CH3CO,H (1.0 equiv) X Me
" Ph/\)L'V'e THF, rt -
o Yo : o Yo

11% yield, 4% ee (R)

Scheme 8-2. Asymmetric Michael Addition Using Novel Primary Amine Catalysts

8-3 SUCHEMEICEE T 5558

LU OIZ, ARG THE 2 D DHEY 1 7 L% 7Rk3 (Scheme 8-3), F 9 fillt 14e 1, N> ¥
TR 27T LS LU TORETFIRA I =0 AL AU HRIEEER L, 204 I =0 51 A HH
e 4 X7~ 26 3GT 22 LT, FTVRFHKRE - REBEDIEEIND, £
D, ZORISFEUEAMK AR S5 2 L TRl 14e 13MBE 1 7 VTR D LB 2 BivD,

OH Ph O
O F
X Me |
H,N  HN Ph
O (@] 27
28 14¢ F

H0 H,0
< g
Lo i )
HN:© f\ F
Ph F

HN
e} =
o Ph
iminium ion intermediate
OH
\ OH

[transition state] @\)\l
o” 0

26

Scheme 8-3. Plausible Reaction Mechanism of Michael Addition
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WA fihiE 14e Z Wz 4-8 KXo 7~ 2 26 EXUHALT & b 2T ORF~A 7 VAKX
SR DEBIRREIZ DWW TEREITo T,

filfit 14e 13, 2,6- 7 LA 7 2 =T 2 REICE > TT IV R— V6 & STATRINAG I AT S
HZEMTELN, —HTA T NIISIZEB N T, AR OSARZ G2 2 & BN RET
bole, ZORKRD—>L LT, vA T AAINBIS D EITIIARF 506 UGS R E TOMMEN R
KBV AI=TLAF D Re EMO SIEIOMEND 4-8 RuX 7~ 26 3L TLE
Sl EtHEZ 5% (Figure 8-4),

H , H ﬂ/
(@] :
//F\Em ! ///Eg\/ o)
H >Ph | |
| Ph
enamine i iminium ion

aldol reaction Michael addition

Figure 8-4. Plausible Transition State Models for Aldol Reaction and Michael Addition
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84 L

FIWMDOE T EE T, FHAE LT I UMl 14e 2 W72 ARE TV K=V URIZ DWW T
FRET 2T > CTE o), ARETIIAMEE 14e 2 AW ARF~ A T AMAISIZEH ULIIFEEIT> 72,
IR STV D ARFAMEEZ AT~ A FIUSIEIED—>& LT, 4-E Frfi 7
TV ENUYP LT D DARFYA TIPSR RE STV D, KEIED S5 B 5 LR
Wiz, V77U rEmASnTnD 7 <Y CRIEEEIEO—D>THY | L0 2l CRtEZ &
EOBISITMD CHETH D, £ 2 THRIE, Boc-L-/3U 0D 2 BB CARITE 2l 14e % F
W4t RrFv <226 EXUPILT R R 2T ORF~A T IVAIIRIEDERZIT- 72,

B OGS 2 mpt Lz 24, Wit 2 Y 7 uan 22 INFNS p- L@ A ViR g —
KF 2= W55 10k D BWER THIOLRY 28 3354072 (89% yield, 20% ee (S) in
Scheme 8-4),

ARBFFECIE, BIFRICRCERME SRS Z LN TE N, ERYO=F o FAEMEEm E&
L ELIERETH ST, LLARREL, 7 ETIToARE TV R—V ST, IINF ofE
FHIZ L o THEBDOSLIREIREN R E L Db o ZEE2HE X D & RRUGIZBWTH Al 14e
EIRMAI DS DE KLU, 4%, = FARRMEz LS E o5 arRetEn K&
WwWeEZLHND,

< g
OH F OH Ph O
1) 14e (25 mol%)
N L pTsOHH20 (25 moi%) N Me
+
[::ITEJQ_ Ph™ ™" "Me dry CH,Cls, rt
o Yo o Yo
26 27 28

up to 89% vyield, up to 20% ee (S)

Scheme 8-4. Asymmetric Michael Addition of 4-Hydroxycoumarin 26 to Benzalacetone 27

Catalyzed by 14e
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8-5 FZBRIA
8-5-1 General information

FTRTORISIE, )70 °C T 110 °C ORI TR S - 7 ABMB 2 W T T o 72, filitt
RO a~ 757 4 —ICHWRENE, AL EEORECHERALZ, VBTSN DT LY
n~v N7 40—, ANTKERASHEO RS U #4570 60 (0.040-0.063 mm) % FeiEAl & LTt A
Lz, ROGICHWE 48 FaXxo s <) 026 EXUYPALTE R 271, AL LOEZEDE
EFHEH LT, RISICHW Y Z7aa 2% RO THR X, KFEEI VD A CHEBESETZ O %
ML, TS OEEEITHA L7 b D& 2O EEMEH Lz, Bl OMIIARE X, #EIh

TWAHF T )L T LD retention time 25 &2 L CIRE LT,

8-5-2-1 fiftt 1de ZH W= 4-t RFux 7 <UL 26 XYL T & h 27 ODRF~A 7 I/LAHN

ﬂ‘”

)& (entry 1in Table 8-1) (75U 5))

HN  HN
OH OH Ph O
/\)OL 14e (25 F|°/)
AN e (25 mol% A Me
—+ >
Ph™N" "Me  dry CH,Cly, 1t
0 Yo o Yo
26 27 28

TNAIUFERAT. 077 ATl 14e (0.125 mmol), 7 e X% 20ml), <2 ¥
T hr27 (L.O0mmol)Z NNz 2% . 4-8 R 7 < U o 26 (0.081 g, 0.5 mmol) % i z - &7,
BUSHT#H, WIE TN Tl el L7228 JNEEME L VATV T o n<x 8T 7
A= (~FYUEFB T TV = 53) TR S Z LT, EAEI RS LTHMY 28 (0.113 g,
3NN O, =) F A ~—imRE=RIL6% ee (R)TH-7-, NMR F—Z L, LHROE L —F
L 1970
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t. = 6.1 min (majro), t, = 15.2 min

(minor).
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8-5-2-2 fill 14e 2 4-v R 7~ 026 EXUYALT R B 2T OREFE~A TN
St (entry 2 in Table 8-1)

8-5-2-1 L [AREDEMET, BIEZ THE QO m)IZ L TRIGEIT-7-& 25, 28(0.121 g, 78%) 71315
bivlz, =F rF A~ —EmR=RIL 10% ee (R) ThH > 7z,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (majro), t; = 15.1 min

(minor).

8-5-2-3 fillft 14e Z Vo 4-v R U~ 26 EXUYP LT N 2T ORFE~A AN
St (entry 3 in Table 8-1)

8-5-2-1 & [AEEDEMET, W% tert-7 % / —/L 2.0mI)IZ L CRIGZEIT 7= & 2 A, 28(0.120 g,
18%) 1 G, =) F A~ —imEERIT 10% ee () TH -7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.2 min (minor), t, = 15.7 min

(majro).

8-5-2-4 filt 14e Wz 4-v KXo 7~ 226 EXUFALT R b2 2T OREFE~A 7N
St (entry 4 in Table 8-1)

8-5-2-1 L [AIERDERIET, i AZ Y 7 mu X 2 2 JFOUK (LY)DREVER (2.0 m)iZ L TRIEETT
o7& 25, 28(0.126 g, 82%) 1M MF H LT, TF v F A~ —iRIEIT 1% ee R) TH > 7=,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.1 min (majro), t, = 15.1 min

(minor).

8-5-2-5 filflif 14e Z V2 4-8 R ¥/~ 26 EXUYP LT R R 27T ORF~A 7 AN
s (entry 5 in Table 8-1)
8-5-2-1 & [AIKEDEME T, B A A % ) — VR OUK (L) DIRATER 2.0 m)iZ L CRIGEIT- 7
LA, 28(0.114 g, 74%) 035 HivTc, = F rF A~ —imFEIHRIL 11% ee R) TH -7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
432



(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.2 min (majro), t, = 15.8 min

(minor).

8-5-2-6 filllif 14e Z Az 4-8 R ¥/~ 26 LRV LT & R 27T ORF~A 7 AN
it (entry 6 in Table 8-1)

8-5-2-1 L [AREDEMET, HWINAIE LT TFA (0.25 mol%) & Il 2. TRt AT 7= & 2 A, 28(0.106
g, 69%) 1\ 53T, = F A~ —mEERIL 18% ee () TH -7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t. = 6.5 min (minor), t, = 16.9 min

(major).

8-5-2-7 filiit 14e Z Nz 48 R/~ 26 EXUPFLT R R 2T ORFE~A TN
St (entry 7 in Table 8-1)

8-5-2-1 L [AEEDEAET, WINAIE LT TFA (1.0 equiv to 26)Z NZ CRISEIT-T-& 25, 28
(0.101 g, 66%) 1315 LTz, =F v F A ~—iaEHEIL3%ee (S)TH-7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.6 min (minor), t, = 16.9 min

(major).

8-5-2-8 fillt 14e /o 4-v Rk r <1 026 EXUYPLTE R 27T DR~ A A
S ts (entry 8 in Table 8-1)

8-5-2-1 L [AREDEAE T, WANAIE LT p- hbm v ALk R —/KFa¥) (0.25 mo%) % Jn 2 C K
ZAToT2L T A, 28(0.1379,89%) 3G HivTc, =) U F A~ —ilbFIERIL 20% ee (S) TH o 7=,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.3 min (minor), t, = 16.2 min

(major).
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8-5-2-9 fillt 14e 2 4-v R 7~ 026 EXUYALT R b2 2T OREFE~A AN
St (entry 9 in Table 8-1)

8-5-2-1 L [FABROEMET, IINF L L TLEEME (0.25 mol%w) =Mz CRInEIT-o7-L 2 A, 28
(0.115 g, 74%) G iz, =) v F A4~ —ilaf=RIT 6% ee (S) TH - 7=,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.3 min (minor), t, = 15.3 min

(major).

8-5-2-10 filfif 14k Z Vo 4- RuFx o 7 <1 226 L _UHPLTE h 2T ODRFE~ A 7 AN
)t (entry 1 in Table 8-2)

8-5-2-1 & [AIEEDEAE T, Ml 14k Z W TRISZIT o7& 2 A, 28 (0.127 g, 82%) 235 H LT,
TF o F A~ —mREIERIL 11%ee R) Th o7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.8 min (majro), t, = 16.8 min

(minor).

8-5-2-11 il 141 Z FiW /o 4-8 R o7 <V 026 L XUHFALT & R 2T OREFE~ A 7 /AN
)it~ (entry 2 in Table 8-2)

8-5-2-1 & [AIEEDEAE T, Al 14l Z W TRIGZIT>72& 2 A, 28 (0.139 g, 90%) 7345 H L7,
T F A~ —iaEE L 5% ee (R)ThH o7z,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t. = 6.4 min (majro), t, = 16.8 min

(minor).

8-5-2-12  fillif 14m Z M7z 4-v Pk 7 <1 26 LXUPFAT R 2T ORF~A TV
TS (entry 3 in Table 8-2)
8-5-2-1 L [AIERDEAE T, il 14m Z H W TS EIT 72 & T 5, 28 (0.122 g, 79%) 2345 HavT-,
TF o F A~ —mEIEHRIL 9% ee R)TH o7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
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(hexane/2-propanol = 80:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 6.2 min (majro), t, = 15.6 min

(minor).

8-5-2-13 i 14n Z /o 4-v KXo 7 <1 026 & XUHN T b 2T ORF~ A 7N
Jiis (entry 4 in Table 8-2)

8-5-2-1 L [FIEROENET, Ml 14n Z VTG Z{T o7& 2 A, 28 (0.100 g, 65%) 315 H 417,
TF U F A~ —IEmEERIL 1% ee (S) TH o7,
Data for 28; Enantiomeric excess was determined by HPLC with CHIRALPAK AD-H column
(hexane/2-propanol = 90:20), flow rate = 1.0 mL/min; A = 254 nm; t, = 19.6 min (minor), t, = 29.9 min

(major).

8-5-3-1 (S)-2-amino-N-(2-hydroxyphenyl)-3-methylbutanamide 14k @&k

<7
H,N HN@

HO
14k

3-6-2-1 L[AREDEMET, 2-7 2/ 7=/ —/b (2139, 195 mmol) W TS EIT-T2 & 2 5,
14k (1.43 g, 46%) 2315 B 7=,
Data for 14k; "H NMR (CDCls, 300 MHz) & 9.84 (brs, 1H, -OH), 9.70 (brs, 1H, -NH), 7.12 (d, 1H, J = 7.6
Hz, Ar), 7.02 (t, 1H, J = 7.6 Hz, Ar), 6.94 (t, 1H, J = 7.6 Hz, Ar), 6.84 (d, 1H, J = 7.6 Hz, Ar), 3.48 (d, 1H,
J = 3.3 Hz, -CHNH,), 2.53-2.43 (m, 1H, -CH(CHs),), 1.58 (brs, 2H, -NH,), 1.07 (d, 3H, J = 7.0 Hz,
-CH(CHsz),), 0.89 (d, 3H, J = 7.0 Hz, -CH(CH3),); *C NMR (CDCls, 75 MHz) 174.6, 149.2, 127.2, 125.1,

122.0, 120.1, 120.0, 59.6, 30.7, 19.8, 19.7, 15.8, 15.7.
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8-5-3-2  (S)-2-amino-N-(2,6-dimethoxyphenyl)-3-methylbutanamide 141 D&k

141
3-6-2-1 L [AREDBRIET, 26-P A ¥ 7=V (2.99¢,19.5 mmol)Z W TG EIT-T- & =
7. 141 (1.59 g, 45%) 7375 H 7=,
Data for 141; "H NMR (CDCls, 300 MHz) & 8.39 (br s, 1H, -NH), 7.16 (t, 1H, J = 8.3 Hz, Ar), 6.58 (d, 2H,
J = 8.3 Hz, Ar), 3.81 (s, 6H, -OCHs), 3.42 (d, 1H, J = 3.3 Hz, -CHNH,), 2.39-2.33 (m, 1H, -CH(CHj),),
1.51 (brs, 2H, -NH,), 1.05 (d, 3H, J = 7.0 Hz, -CH(CHs),), 0.97 (d, 3H, J = 7.0 Hz, -CH(CHa),); *C NMR

(CDCl3, 75 MHz) 173.0, 155.5, 127.4, 114.4, 104.4, 60.7, 56.0, 31.3, 19.7, 19.6, 16.1.

8-5-3-3  (S)-2-amino-N-benzyl-3-methylbutanamide 14m &%

0
H,N  HN
14m_%;>
3-6-2-1 L[AREDEMET, RUVALT 2 (2090, 195 mmol)Z W TG EFT 72 & Z 5, 14m
(1.68 g, 54%) 25 B 7=,
Data for 14m; 'H NMR (CDCls, 300 MHz) & 7.75 (br s, 1H, -NH), 7.34-7.23 (m, 5H, Ar), 4.44 (d, 1H, J =
4.8 Hz, -CH,-), 4.42 (d, 1H, J = 4.8 Hz, -CH,-), 3.28 (d, 1H, J = 4.0 Hz, -CHNH,), 2.36-2.26 (m, 1H,
-CH(CHs),), 1.84 (s, 2H, -NH,), 0.97 (d, 3H, J = 7.0 Hz, -CH(CH3),), 0.83 (d, 3H, J = 7.0 Hz, -CH(CHa),);

3C NMR (CDCl;, 75 MHz) 173.9, 138.4, 128.5, 127.6, 127.2, 60.0, 43.0, 42.9, 30.7, 19.6, 19.5, 16.0.
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8-5-3-4  (S)-2-amino-N-(2,6-difluorophenyl)-2-phenylacetamide 14n @& %

Ph O R

b

H,N  HN

F
14n

3-6-2-1 L [AREDEMET, 2,6-P 747 =1 (252¢g,19.5 mmol), Boc-L-7 ==L 7
(3.77 9, 15.0 mmol) z AW TS EIT - 72 & 2 A, 14n (2.25 g, 48%) 73 5 H L7z,
Data for 14n; *H NMR (CDCls, 300 MHz) & 8.92 (br s, 1H, -NH), 7.44 (d, 2H, J = 7.0 Hz, Ar), 7.37-7.25
(m, 3H, Ar), 7.21-7.11 (m, 1H, Ar), 6.91 (d, 2H, J = 8.1 Hz, Ar), 4.67 (s, 1H, -CHNH,), 1.96 (s, 2H, -NH,);
3C NMR (CDCl;, 75 MHz) 171.8, 159.5, 156.2, 140.5, 128.9, 128.2, 127.6, 127.4, 127.3, 127.1, 113.8,

111.8, 111.5, 60.0.
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8-5-4 F ¥ — 4 (NMR, Chiral HPLC)
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Figure 8-5. 'H NMR spectrum of 26
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Figure 8-6. 'H and *C NMR spectra of 14k
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Figure 8-7. *H and *C NMR spectra of 14l
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B EifE% S&% ERE NP SBE VAN R
kn 6.275 10489919 486013 39.907 57.864 N/A 2419 12.710
known | 1 16,175 15796120 353915 60.093 42.136 N/A 3786 NJA 1.362

Figure 8-10. Chiral Column Chromatography of 26 (entry 8 in Table 8-1)
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KL a FFLD £ O ITHEET 2,

EAE, RFEAEOSE TiE, AR ARG B B0 RSt LT, AF
28 A MO DARF AR S R E RER 20 T\ D, BUEE TIZW S D OB 72 HT#
AHE AR SN TE TN, REMA STV RVEDERZFE-TEY . HLOA
FARMBE ORI FERONHOR BRI FLETLLDLEERAONR D, £ I TR
TIE. Bfex 72 U H FTRE 7T BN AR AR DAL L 2 & 2 FI W T RFF & SR DB S %
1To7,

W52 TR, TR BB LIC RS L2 B AL AT I RV A R HEAREE 1 2 WD RET
U IWACEOR e O FIE TSR 21TV, IRICAREE 1 ORI VIR BRET D 2 & ARk L7 BiHiA
2T I b 6 NS ARF T ARG ERE L, U A 7 AVERE A AR OB %S &
1T~ 7= (Figure 9-1),

deprotectlon

R
w
SR Of
,,,,,N/CHO U
J

1 protection 6

U U

Asymmetric Allylation

i ‘ Asymmetric Aldol Reaction
Asymmetric Reduction

Figure 9-1. Development of Recyclable Novel Organocatalysts

FP R LOSERMET, EARVLAT 2 REDLA ZHgHAE 1c 2 W BB R T VT e R
2L TV RNY 7muuy T 3DOARET VIEEIGEIT -T2 & 2 A fiem 83% ee (R) T HAYDARL
MERFD Z LTI LT (Scheme 9-1), F7o, A/ A REFAIE 1 W Y Zemrs 09
(&7 F I 8 DAFEITIISCITEB N TIE, i 39% ee THRIDAERM 10 2155 2 LA TE
72 (Scheme 9-1), WKIZ. AF/A AHEILFREE 1 DRV I VI Z Pife U F AR 2T 2 ik
6 ZHNT, 4= bu_UXT AT R2g &7 b 1l OFRFET IV R—ARIEEITTZE 2
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7. e 29% ee THIYDAERY) 12 2455 Z L ST /= (Scheme 9-1),

Asymmetric Allylation
: 1c (40 mol%)

K,CO5 (4 equiv)

Q : OH
. K3PO, (4 equiv) =
J .+~ SiCh _
H, R’ s dry CH,Clp, ~60°C, 721 RE 7
R'= 2-isopropylpheny! up to 80% yield, up to 83% ee (R)
R?= aryl group
Asymmetric Reduction
5 Ph 1 (40 mol%) Ph
5 N” K,COj3 (8 equiv) HN™
| T SiChH dry CH,CI = L
L Ph” “Me ry CH,Cl, Ph Mo
5 8 9 10

up to 95% yield, up to 39% ee (S)

Asymmetric Aldol Reaction
' o O OH

E O 6 0 i
5 brine 5
L1 NG 12 NO, |

2 :
g up to 81% yield, up to 29% ee (R) !

Scheme 9-1. Asymmetric Reactions Catalyzed by Recyclable Cyclohexanediamine Derivatives

53 ETIL, ZIMTHESGICEKATETHY, SHICTNV R VINED L HI=F I HET
AT DO LAINBED X9 12A 2 =0 LA THEAT 3 5 BSOS O SUS 2 AT S ik %
PR TE 2HHRAF 1T I oA Z Rt L. £ ARF 7V F— A RIRIZ#EH T
& DB R 21T o 7,

Fex Ieat 1T o728 2 A, Boc-L-2NY Winh 2 BeBECARCE DIEHIC Y TV 1 #k
T U 14e OBRFEIC A LTz, il 14e AW FFBET VT B R 2 LERS b2 15 O
TV R—=VRJSIZB W TIE, BIENOE Y T AT LA RO F o F AR B O LY 16
D57 (up to 93%, syn:anti = up to 1:>99 and up to >99% ee (anti) in Scheme 9-2), DFT &% % H
W ORFI 21T o 72 & 2 A, RRGIEEIC TS 3-5 LRI OfEIE %2 LT @B RE &/ m L
T D LHEE ST, bl 14e 13, 2,6-0 7 v A v 7 = =)L 7 I REET &0 AR O SLAR % il 3
LRHLWIA TOMBETHD LB BID,
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O R — —

F
HoN - HN NH
2 O?’qu ,,,,, F
o) G OH H
0 F B NH
14e (20mol%) Ar O
+ HJ\A ; = o\
X Hzo, rt X >
15 2 16
syn:anti = up to 1:>99, up to 99% ee (anti) | _ ]

Scheme 9-2. Asymmetric Aldol Reactions Using Novel N-Aryl-L-Valinamide 14e

B4 BT B LT S L 14e 2 W2 AEBEME LA 19 OB RIS 5T AT
27,

B3 EDMIEAE RN D, FHIAK LT I Ufildl 14e Lo m~FH ) v 1Ba bR Eh D
TF X RN BVREER L 72 o 7o DT, KRFETIIAE 14e 2 AWz 7 m~FH ) 2 15a &
AYF I8 DARFT )V R— VIS E MR 2 Z LI LT, faifb L2 ISEED T CRISZAT
STl 2 A BIOERMNEIEEN OB Y T AT LA =) o F AR S 172 (up to 93%,
syn:anti = up to >99:1, >99% ee in Scheme 9-3), DFT 35 % W\ C USROG CIE, B Bk b
TEREBSRELZ KA LEGAIEON B2 oNL=F T A~—n, EEIELRTTS
VI KL D RIS TS 4-2 /6 H L CTHEIT LTV D b &z, K
EBRTH LN GBR, 2RO T )V R— VAL, ZvE TICARF A2 72 SOG Trise
TN ERR STV WA AR IO THRR b DI D & B2 b,

14e (25 mol%)

Q R o p-TSOHH,0 (10 mol%) HQ
H,O (20 mol%)
+ o) 0
N tert-BuOH, rt, 20 h N
H H
15a 18 19

up to 93% yield, syn:anti = up to >99:1
up to >99% ee (syn),up to >99% ee (anti)

Scheme 9-3. Asymmetric Aldol Reactions of Cyclohexanone 15a and Isatin or

Isatin Derivatives 18
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58T, BIEIRH LR S LR 14e 2 FVVESUSICBVT, B Re® LT R a2 T L
K=l Gk e LTHOW AR E21T -T2,

Bl LT ROSSMED R, filtllt 14e 2 Vb Ru o7& b UMK 20b & BHFKRT LT b
R 2 DRFT N R—=NRIGET>To & A, ARDEMD SN RPOEY T AT LA RO T
VI ARG D Z E N TE T (up to 94% vyield, syn:anti = up to 85:15, up to 94% ee (syn) in

Scheme 9-4),

O O O OH
/ﬂ\7 oy 14e (25 mol%) _
OTBS brine, OTBS
20b 2 R 21 R
up to 94% yield
syn:anti = up to 85:15, 94% ee (syn) TS 5-6

Scheme 9-4. Asymmetric Aldol Reaction of TBS-protected Hydroxyacetone 20b with Various
Aldehydes 2

76 T T, 5B 4 FEROH 5 BORMBLEEE X, FBAF 1RT I Ml 14 2 HnTF 717
12-VA— VB E R T 24 HF VHERO GRS D58 21T - 7,

B b LIRS T filli 14e Z Aok R 77 & b 20a & A 5 K 18 DA
HT N R—=ARIEEAITo12 8 2 A, BERNOEY T AT VBRI B O LSRN %155 = &
\ZREh L (up to 89% vyield, syn:anti = 84:16), 7 A7 LA~ —0D T o F A RPUEIL 70% ee

(syn) Td > 7= (Scheme 9-5),

o)
0] HO Bn O R
O 14h (25 mol%) OH >_4
/J\W N [::Ii¥>:o Boc-L-valine (20 mol%) _ o |HN HN
N dry MTBE, rt, 2 h N
OH Bn Bn 1an F
20a 18¢ 22c

89% vyield, syn:anti = 84:16
70% ee (syn), 17% ee (anti)

Scheme 9-5. Asymmetric Aldol Reaction of Hydroxyacetone 20a with Isatin Derivative 18c
Catalyzed by 14h
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— W AEERE L THWAIIREEIT 72,

Fcibifb LI BOGSRIEO R, BRIET VT e R 23 LA HF ¥ 18 D= F » FA BRI T /L K —
WG ZAT -T2 8 24, B 94% ee (S) THEID AR 2155 Z L1THzh L7z (Scheme 9-6), DFT
FREAROCTANRISOEBIRBE MG L& 2 A, Al 14e & RIBE T T WS 70
BINA S & ENDEHERBRREAZ MR L TV D EHEZE SN, BINEITH D~ r L BOEE O
—OL LT, KEMAICLIVEBREBZZELSETND I LNERLNT,

~§_/<o :

H,N  HN
R1
0 F HO "\ K
o R2 14e (25 mol%) R2 ~CHO
H)k(w + o _malonic acid (1.0 equiv) o
B} N
R H dry EtOH, rt N
23 18 24

up to 82% yield, up to 94% ee (S)

TS 7-9
(TS 7-2 with malonic acid) |

Scheme 9-6. Enantioselective Aldol Reactions of Aliphatic Aldehydes 23 with
Isatin Derivatives 18
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> 21 DARF A T ATMBOSICE T 2058 21T~ 72,

B I OGS ERFT LIm e 2 A, WilEE Y7 aa 222 WIAINC p- MLV v AR U —
KFn & AW HA IR D BWERCTHIOAERY 28 35172 (89% yield, 20% ee (S) in
Scheme 9-7), AMWFFETIZ, Wi 2T 2 ARRIMEZ I ST D Z L BRHRARD o723, 55 8 B TIT
STARET N R=NVRIGDFRRZEEEZ D & ARISIZBWTHIRMAIOMRIZ L > T=F > F
FBERMEZ M ESEONDAREERARENEEZOND,

< o
F
OH o 14e (25 mol%) OH Ph O
AN /\)k p-TsOH-H,0 (25 moI%L AN Me
PN Me T g chcho
o Yo o Yo
26 27 28

up to 89% yield, up to 20% ee (S)
Scheme 9-7. Asymmetric Michael Addition of 4-Hydroxycoumarin 26 to Benzalacetone 27

Catalyzed by 14e

U bEDXDICAETIE, £5, AAVINEEFT L7 a7 I UFEEK (R
A AL 2 55T ) ABOE R O FEITSOGT#EE &8, S bRV I VE L BifRE L7z
U aANFY U UT I UK (RE 28T 2 UMD 2 RF TV RV RRICHE S ¥ 5 Z LT
U A 7 VAREARABEOBRTE 2 LIRS 72, £, =F I U (70 F— A BU8) RO L
=0 LR (A TSNS D R 2 B L CRUG A TS5 2 LAV A[RER 2,6-F 7 VA
07 =7 I NEZFETHIEFIC T NRAFLRT I A ORIEIT S L7z (Figure 9-2),
ZOFBIAF LT I T, TV Rt R E LTBRIRS b ol BRSO
TNATE REMWDZ LR TE, 7N R—=VZEIRIITEERT VT & REROA B F 8% v
HZENARETH Tz, AMBEHIL, TV E TICHRE STV DL SRR O R A fildlt L v & IFH
o VIR RS T d D 8, Figure 9-3 12" K 9 IZK (TS 3-5, TS 4-2), AR & TBS A&
DBUKMERTAER (TS 5-6)XiT~ g (TS 7-9)5%I2 L » TEBIRELZLELSHED Z L T,
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Figure 9-2. Organocatalyzed Asymmetric Reactions via Enamine or Iminium lon
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Figure 9-3. Stereocontrol Methodology
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