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-
Ac = acetyl

aq. = aqueous

Ar, Ar', Ar? = aromatic, aryl

BINOL = 1,1°-bi-2,2’-naphthol

Boc = t-butoxycarbonyl

Bu = butyl

°C = degrees Celsius

conv. = conversion

COSY = correlation spectroscopy

CPA = chiral phosphoric acid

“Pant = cyclopentanyl

CSA = 10-camphorsulfonic acid

d = day(s)

DCE = dichloroethane

DCM = dichloromethane

DEPT = Distorsionless Enhancement by
Polarization Transfer

DFT = discrete Fourier transform

DKR = dynamic kinetic resolution

DMAP = 4-Dimethylaminopyridine

DME = 1,2-Dimethoxyethane

DMF = N,N-dimethylformamide

DMSO = dimethyl sulfoxide

dr = diastereomeric ratio

ee = enantiomeric excess

Et = ethyl

G = aromatic, aryl

h = hour(s)

Hex = hexyl

HMBC = Heteronuclear Multiple-Bond
Correlation

HMQC = Heteronuclear Multiple Quantum
Coherence

HPLC = high performance liquid
chromatography

i=1s0

Int. = intermediate
IPA = Iso-Propyl Alcohol
M = molar per liter

m = meta

Me = methyl

min = minute(s)

mol = mole(s)

MS = molecular sieves
N = nitrogen

n = normal

NIS = N-Todosuccinimide

NMR = nuclear magnetic resonance

NOE = nuclear Overhauser effect

Nu = nucleophile

o = ortho

p = para

PG = Protective Group

Ph = phenyl

PPA = polyphosphoric acid

Pr = propyl

R, R’, R!, R? = an organic group

r.t. = room temperature

s = selectivity factor

SPINOL = 2,2'-diphenyl-3,3'-
biphenanthrene-4,4'-diol

t = tertiary

Tf = trifluoromethanesulfonyl

THC = tetrahydrocarbazole

THF = tetrahydrofuran

TIPS = triisopropylsilyl

TMS = trimethylsilyl

TS = transition state

UV = ultraviolet

X = an organic group, hetero atoms

Zn = zinc



Chapter 1. Introduction

1-1. (FU&IC
1-1-1. XFFHEEMERFTSH

JEEMAL BT 2 DH IS AFAEL TV D, HEMHELEW L 13 50 FRICARFE
BWHE(FT7 VT 4—) AL, EWIHEGRREE (=T FA~—) OBRICH 2LEHD
L EfEY, AMEMICRSEb o T\ X T E | HEE, RVES E VS TEARILEY
DIFEDPHAEMALEW TH D, To, BEMHA SN TV L EEMEEWDOLITFT Y T
A —EHTONHFEREDTHY | EENITF TNV FBAS TELRE KFxDxF o F
F~—TRAT DEMEEDRRDGE1 D D,
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2T o T,

ZOE T, FINMEEMOR—DTF o FA~— 2RI RR S GT 2 Hilix
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Figure 1-1. Structure of thalidomide
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HN ; NH
O O ! (0]
R)

O
(R)-thalidomide (S)-thalidomide

WG G E ATT 57200 )ikE LT, 7% IMEEMORFESEIAFK ikl %
WTITHOAREARIER ERH T 5D, 78 UMEAEBORESFNTH < L E b T
TFUTF AT —HAFTTHRETHY, S FTITHEA R FIEPRBINTEZ, L2rL, &
DRIEELT, K 50% LR Oz FA~—%G52 LRTERY, —J, Rt
WER T RO F v FA~—DRHEAERK L, il & U CTORORFAGELEWE
D12 RN R R A 5155 Z LN TE D, AAMBLLOG X B2 7 ik
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TH Y. 1980 4RI Noyori, Knowles H D AFAKFESE, 3 LT Sharpless & D AF (L
Bt DA % BRI R ANTIR £ o 72, ZDEBORE SIL, 34—~V FE RS
INTZZENBLLALNTHD % BUETIT, REGHEIN 2RI U7 im M e R 3
RFLEOEGHK S TERA 7 — /L THEAIITDIL T2 (Figure 1-2),

Figure 1-2. Examples of Chiral Drug Produced by Using Asymmetric Synthesis

HO

L-DOPA Montelukast Ramelteon

B3 - A DAV [ S B ¥ ) Nt 28 € AN LRt VA S o & B IR 2 20 ek 1 U ST I e 4
bhCT&7e, 5T, RAEAHSTE2MEE UTHWERISORRE bIED i, 1970 4%
(21X 7 v U % 72 Hajos-Parrish-Eder-Sauer-Wiechert It 2 & 0 FpE e 7 a2
VOB Sz 33 Zo%, 2000 4EIC List, Barbas, Larner ik 5, 71U &R
FEE L L CTHWDARFK T L R— /L5 3, MacMillan HIZE 54 4 U 27 v & Rishil
L U CTHW D AF Diels—Alder )& 3ty Sz, 2 OfEZZEIC, REAHSY
TR DG - PR NENCED b D K 5T, Ay i, &R cELEE
TR - KE - B - EFR MR EOIENO D, A EH A RS A LAY
D EThDH, A TIBLIIE B T TEEN DR B VWNRES Th 5
ZEMG, REAMDERR LT A Z O BE N LERE & WV o Io 2B R RIS 2 D
LET & LTI EMME OBLEN D BIEHZELD TS Y 29 LEERNL, HEHIE
W EARBET 5 72 D O T 72 H RSy Al 2 B DN e R AR SOS OB A3 R O TV 5,

2O LI S B E 2 ERIIARE LRSIV T, 71 U o ERfiliiE oD A #tFE L
FaxBHBE L, =7 va— Lot Fax bz ilm & L ARFMBEIS O 217 -
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1-2. #35)JU Brgnsted E&ARIRZ A LN T= A F AR R I s
1-2-1. F3)LY > EMIEDEET - RS
Figure 1-3. BINOL-Derived Chiral Phosphoric Acid Catalyst

3,G ] Steric & electronic Effect
OO OH O o 0 ] Bronsted basic site | Dual Function by
—_— P/

} Monofunctional
Catalyst

g OH |Bransted acidic site

OH : | Bransted aci
(Activation site)
3G

(R)-BINOL -« privileged structure  (R)-CPA
« easily available
« easily modifiable

JFEPEE S 7 b —/L (BINOL) M HiFE I 5 F 70U VEE(CPA) ° 1, BUER HILH
ENTWDHEXRTINLT L ATy REgfiito—>T&H %5 (Figure 1-3), Hicx 71U U EROD
BEELMEME LT, ) VRO R o VIR BREERAL, S AR U VIR SE A IR AL &
L C, REEHI & RE 1 Hl A KFEREEIT L0 FRICTEE L ATRE R R D T b d, U iRk L
LTCIE—oOFERETHIN, BLEEDO —>OMEE% 1 2 7= [Dual Function by
Monofunctional Catalyst] & L COfEREZ R OBFREETH D L FR D,

M FSE=EE D Uraguchi 1X, 2004 I FIROFHEE AT HF T 00 A2 BHFE L, A
YETEFATE L OEBEFARF Mannich SOGIZEH L7- ®° (Scheme 1-1), & DR,
U VR OFRYEAAIIZ K DA I o ofEMHE & AR X T EFATE RO
J = ARDIEHAL A RIFICE X 5 2 L TaWDF U FARREN I L- & BE STV
Do

Scheme 1-1. Chiral Phosphoric Acid-Catalyzed Direct Mannich Reaction

Boc .

! Ar
. (R)-CPA (2 mol%) NH ! OO o o
.Boc = 4.(0. - I N\
N 0O 0 (Ar=4-2Naph)CeHs) o o | b
Joovks
0 )
i Ar

(R)-CPA

H CH,Cly, 1t

99% yield, 95% ee

F YRR OWE LA A U< LT, Akiyama & IR F T L U L Fafiliit 2 BR %S L.
TV YT REE—LE A 2 L On LU Mannich S EE#E LTV 5 % (Scheme 1-
2),

Scheme 1-2. Chiral Phosphoric Acid-Catalyzed Mukaiyama-Type Mannich Reaction

OH | Ar
HO (R)-CPA (10 mol%) @: ! OO o
OTMS  (Ar= 4-(0,N)CgHy) NH ! N
N + N |
PR 7~ "OEt __CO.Et | o OH
toluene, -78 °C Ph Y '
Ph” “H : !
i Ar

>98% yield, syn/anti = 87/13

(R)-CPA
96% ee (syn)
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D ODOWSE LTEFE 2 BB 0 T, % T 1 Y RIS R S, T 1)
ERfIE & RN T2 bk 2 e RERMEEROS SBAFS S iz, F72, T b o 2515 T BINOL LA
HOEEHEZAT DX TV VEEfRESS, Bronsted BEMEEIAL & LTV VEALIAN O B RER: &
N L7l b k2 (ZBIE SN TE T 5 (Figure 1-4) 57, Z 9 L7=filiEBAR L X7 v
Bronsted Ffili i oD &P OIER Z %ML LT 5D,

Figure 1-4. Various Types of Chiral Brgnsted Acid Catalyst
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HDHON, BHERREREDOIEE I Z K E LIS TH D 5

ZOH T, NS 72 DX Yamamoto 12 85 ap-AEaF17 b OIEMELEZFIH L
72K Diels-Alder St~ TéH % (Scheme1-3) °, ZOULTIXT b OIEMHE(LEIT > T
D, FINY I BBIEEORWNE T VY VA I MEAZ WS Z ENEETH
Do

Scheme 1-3. Asymmetric Diels-Alder Reaction Catalyzed by Stronger Chiral Brgnsted
Acid

)-cat. (5 mol%) : (ﬁ\ ! Ar
Ar 246/Pr3C6H2) SN OO
Et i O 0
TIPSO toluene, -78 °C TIPSO Y : , ¢
: NE
levud
>99%, >98/2 endo | Ar
1

85% ee

F7o, BAFFEED Soga (XF TV U VAL AV, Y AT NI AT IVET T
R — R EDRFET Y — U ISOBFIZKEI LTS (Scheme 1-4) ', Z DG T
I, FTNVY VERE T VARV T ATV EN CEHAEEEEN LIZHAEEAT S Z L
T, VAREIRICOG D EITT 5 2 W0 FHLEFRICE 2BEN ORI TN D,

Scheme 1-4. Enantioselective Aza-Ene-Type Reaction between Glyoxylate and

Enecarbamate
| Ar
(R)-CPA (5 mol%) ! OO
/COZMG |
EtO,C” "H Z "Ph . EtO,C” Y~ “Ph | / “OH
2 CH,Cly, MS 4A, rt; : ! o
then H3O* o
73%, >99/1 anti ! Ar
99% ee i (R)-CPA

2O LIERE, AR =V EOBFR R EREH L % 7 /L Brensted F2IZ KV Hiffilz ~
2 AL L THEMALT 2RO NISTH D, DF 0 A I VHEOIEM L Z A & 5 KR
& ARFF IR | T AR I L T 5,

— 5T, MHFZE=ED Tanaka H1E, ¥ 7V VEEfELIZ LA ) — L —FT LT XT U
Ny DEHEARE T )V R— VIS &2 ®)E LTS (Scheme 1-5) ', Z Z CldfF b
MBS ERIOT X7 7 b BRERET 52 & T, B-b Fu¥ia-7 I/ BFEE~L
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WA D LI L TWD, ARG T, =/ —V=—FrO7a h A IV AT 54
XV INR=G DAFNREFHEE D EBESND, &EZAN, ZORISHRTIZY Vg
DX T NI AL LR L ORI ZRKFER A (X—H...0) 2T D EMNT
0, TDOTD, TNE TN L TE A I VS VR = VORI 2 R B+ 5 ]G
ERFHIEHEREN KRE S B2 D B2 BND,

Scheme 1-5. Enantioselective Direct Aldol-Type Reaction of Azlactones with Enol Ethers

(Ar = 3,5-(Me0);CeHs) 99%, syn/anti = 98/2

98% ee (syn)

0 (R)-CPA (5 mol%) tBu0 O : A
OLBu Phw//< (Ar = 2,4,6--PrsCgH,)  MeONa Aowe ! OO
+ o) S ! (0]
Z NS CH,Cl, 0 °C MeOH P i P
Ar Ar” ~0O i
|

e ™
Ar

(R)-CPA

ZO@WELRE, Scheme 1-5 (ZHEL L I AFMBERSRICIER SR E > TO D28, KR L
L THEBNIRON TV D, £, ZOSLREFIED BB L TR AL < A
A = X LIS BIRROEOSHE T D, £ D72, 41 % 7 /L Brensted Fefitfiz V72~
FROGRZiET 2 L TH BERNFEHEEE 52 5,
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1-2-3. AEOBBZEIDFSI/IVY > EAEDRETE

Birman {3 1999 (2 AJIC 1,1'-Spirobiindane-7,7'-diol(SPINOL) & Ak L. Je52mEl %17
7212, %12 Zhou 51X SPINOL ‘B#&#HT 5V A2 RERH L= 3, SPINOL ‘B % £
BCAL AR 3R F K FRAC USRI INSUS O BIFE TG S 4v, LK, SPINOL ‘H 4% 23
HzxHEDT,

List 513 2010 4H2065E M SPINOL X Vi L7z U o fefilii 2 406D THRAYE L. Al 2
FIALIEAEF R T v AT X — ARSI B W T, @ o J o F RNV T H R 3
BonsZ Lt R L (Scheme 1-6) 4

Scheme 1-6. Kinetic Resolution of Homoaldols via Catalytic Asymmetric Transacetalization

OFt (S)-CPA (5 mol%)  EtO,

n (Ar=24,6::PriCoHy) /i> |
EtO O—/ |

OH 4AMS, 20 °C R

up to 68% yield
up to 96% ee

LIFE. SPINOL ‘B A H T 5 X T 1 U il BINOL UL b~ T X 0 e KOs
NEH &, AFF Pictet-Spengler fiix ', Friedel-Crafts [is 10, BEEFHEALG V7 72 KT
g A < IS E vz,

2016 4, Tan & IIAKFIENE SPINOL D& HiEA #E L7z (Scheme 1-7) '8, Z DT
BT T T A RPWE ThR & 2R E LA A 2 FEME SPINOL A 2By 2 2 &3
T& %, kDT I D SPINOL Z G L, £ D8 21T 5 kI~ Zo5EI
FEME SPINOL Z i HICER TE BN FIETH D,

Scheme 1-7. Synthesis of SPINOL Catalyzed by Chrial SPINOL-Derived Phosphoric Acid

R R |
MeO.__OMe (R)-CPA (10 mol%) . 5

O O (Ar = 9-phenanthryl) = !

i

Ar AT CHCIs, 100 °C i
OH OH !

i

1

1

up to 99% yield
up to 96% ee

2014 4F, Rueping H(X¥ T /L7 L U A7 v REA T2 RE 72 1,3- P08 INER LG
FWELTWS (Scheme 1-8) Y, ZOKIGNIE KTV v EZF L= LT A= —T LI
L, FTVT VAT v REEMBLAZ/EH &2 2 & T3 +2) BLGAE T L, BO
VI VAR E ST T AIRIRME TR DS 2 N TE D, ARRISIEEEMEE Ok
X 7Y R CITIPERITE S . K EWBEEEZ AT D HFEEX T LY VB A LR
TR RbEE WD Z L TINERE RIBIC W ET 2 2 LI LTV 5D,
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Scheme 1-8. (3* + 2) Cycloaddition between Hydrazones and Alkenes

R-CHO(3 eq)

H (S)-CPA (5 mol%) Oﬁ/Ph
N/N\H/Ph SEt  (Ar = 2,4,6--PrsCqHy) vH
a8 e
R H DCE, 0 °C _
R4

up to 75% yield
up to 92% ee

2017 4, Sun 5% SPINOL ‘B#a2HT 5V VW7 I REEIZ L2 XTI LvT7 Lo OB E
i L7 (Scheme1-9) “, ARJSITY VEET I FIMEAEE T, =7 o L7 Lo
— XL, TaRERIZIERSEAZ L TA4BHBIF I LT L OERRIZERII L TWA,

Scheme 1-9. Organocatalytic Synthesis of Chiral Tetrasubstituted Allenes from Racemic
Propargylic Alcohols

HO OH
R-CHO(3 eq)
R2 (S)-CPA (5 mol%)
+ (@] (AI’ B 2,4,6-i—PI’3CeH2) 2
HO X )j\ R . SCOR
A
R" HS™ "R DCE, 0 °C E

up to 96% yield
up to 94% ee

DX DT SPINOL B#EZATHXTILT Ly AT v RERAMBL I EN - A S Tl &
LTHLNTED, EFTETWIENEAILTHOILTN S,
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REBEBLOSITAE B O TR O RN R G AR O FiEO—2Thb, 20
BOGSIE—AXAIIZ Snl & S2 IS 4L, B2 AL B OGRS S TV 5 HELR
BOSERTH %, RSBSOS Z2FH L7 ERERLPREDOEMITEANATOATEY, &6
CHFEE LB OTER B E > TOAHRES TlE, =) F A BRI 72 REL B L SU6 O
BRFIT ARG R b, EERREE oo T D,

REEHSOED SIS D 5 B, SN2 SIGDHA ., BRGNS & 5 IRF%E EORFIEFRIL
HE LeWe | #EmIEF R ZBRE | A TE 206RIFZ < ey, Fiz, HEmA
WA ENTBNT S, KRILERD 50%I122> T LEIRE, DFOLEBROBEID L
MENEINTND, —F5, SNl BUSOHE . AVRIF A HhERRA T 5 2 & TRIGA
DARBFBEBREBEREEDL ZENTE D720, 77 IEOFEEND 100% OPEFHINEE THAAE
MALEME BT DFENAIREIC /2 D, ZhvE =T o F A NRAREZE LR & RS, L
L. BRI FFHUPEEZRRD SNl BISCE TS, 2 < OB IINBEE & OBl 4
VRO K o T, I HNI SRR & POV EB SO ET LT LE D FERAM ST
% (Figure1-5.), ZDOHE. 7% IKTH DB O F-OIF RPN ERM~ & KBS
TLEI D, MO F U FABRMEOFEFUIIRETH D, LIz > Tt o F AR A
FRME IS & T HI2iE,. 77 IRETFHOSREFOBERE ERITHELSEDL Z
EMWHTH D, LI AFEREDRAUTHESE DL Z LT L < ERICEW T
AP 2 ERL L 72 ARFF Snl SR OMEBNTNE R BTN D 5K

Figure 1-5. Various Types of Chiral Brgnsted Acid Catalyst

R1 R? R%\RZ RZR1
3 — | Nu-H @\ — Nu—
R3 A R3 _<R3

contact ion pair inversion

ZHIVE TIZEERK S LT SN SUSIZDOWT, WL O 8T 5, 2012 45, Peng HI%F
TN M A W, AV TFUNLFHE LI =R va— e s bk oG T
R AREZ B WSS DB IR LT % (Scheme 1-10) 2!, ASJiEiE, 3-8 Kr ¥ o-3-
A RUNAXR U R—=etiaRr b ERIG L, 7 MDD a L TT XA ETT
% 2 L TRERNER T T o T ARRE CIRRAE P OEEE LTV D,
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Scheme 1-10. The Direct Asymmetric a Alkylation of Ketones by Bransted Acid Catalysis.

Ar
L), ,
N

e
Ar

(S)-CPA (10 mol%)
(Ar =4-MeOCgHy)

_ =

toluene

up to 98% yield
up to 95:5 dr
up to 97% ee

F 720 2016 FHMIEED Ota X, T 7 /0 U VEEfREE & Nicolas L /A G DOE T, —F
VT AULH 72 Sl BUREZEHSOGZ 5 LT D (Scheme1-11) 2, Z OIS TIE, =
PV NEIRIZ K D F A RO R EIC K DR B ORFIHEROWERE, T
VIBEOBNIZAFRENHAEDIH LT, VTS U F RO LT
Do —HT, HEOa L MEKREFEICHN R TUT R 6 R20nWRE 7 hAaza /) I—0
BLRCRREEAE L T D,

Scheme 1-11. Chiral Phosphoric Acid-Catalyzed Intermolecular Nicolas reaction via enantio-

convergent syntheses.

\ Ar
R)-CPA (5 mol%)  R3 : OO

OH (R)-CPA s : o
COx(CONLy , 3oy, (A= S-Anthryl) Cop(CONL, | PO
RIS R%-SH RIS 242 /' OH

N R2 cyclohexane, rt N R2 ! OO o

racemic up to 97% ee Ar

(R)-CPA

ZD XD ICARFREEBBI SIS B T 2EN - FERORENR SN TVWDEHDOD, FEEH
FHITHIN L WD . WEEICEDOHEFNIE STV 5,
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1-4. AHR

B2 ETIE, T R A WO FEMET R T e Re Ny — VSR =)
F AN KBIERIZ DN T OBFHE R 4R~ (Scheme1-12), 7=, L L THEOLND N
FIEMET LoD ORGSR, MOHEIEIZEI T 5B R IOV T L I Tab R 5,

Scheme 1-12. Enantioselective 1,4-Reduction via 1-Benzopyrylium lon as a Reactive

Intermediate

Chiral
R3 Pho:gi?’orlc _ R3
\ (CPA) g “H-O Nu-H \
N OH  activation of N 2 N .
H \\ Hydroxy group \\ H )
Mpc
PG PG Nu

R3= Br, Me, OMe, etc.

4 BT, FTY VBAIHC LB 27 B — RO RE BRSO B
#ik~% (Scheme1-13), £7-, SUSHRHTTAEL BF T A7 h F 4 v FRAZRET 5 L
ZLHIE OMREIC O T DO BER LR AR5,

Scheme 1-13. Asymmetric Dehydration Reaction via Chiral o-Quinone Methide Intermediate

oH S @
CcPA B ~
0, O - P/ + H,0
U Activation of asymmetric R+

R
Hydroxy group | R™* dehydration
achiral cyclohexanol enantio-enriched
derivatives chiral intermediate cyclohexene derivatives

I Uil 2 - =7 L a— Lot Rae X fbail b s +5xzF o F 4L
RSO K O F KOG DOBRFE] & T 2 ARG 3X, ¥ 70U il oo @ H &t k7
ZHIE L, =7 va— Lot Rafx i bz iflm & Lo fBiR A il s o R 217 -
bDTHD, AT, AMROMRZIR~D,
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

F28 | FSIVUSEMBEZRAVWZAZEEST S E RO
HIVINY —ILFEBED I F > F AR S

2-1. [XU&IC
2-1-1. XFEFEEFT FSEROBIVINY—-ILEEERDER

7T FTZ & Re XY —) L (THC) I3k 4 7o RIRSCIEIMICE TN D EHE LB TH D
(Figure 2-1) ', HFIZEAIENE THC IXZEE R AEMTEHALEMICZ RN ETH D =
LG BIEE TICARFME A W B2 2 B RIERBRR STV 5,

Figure 2-1. Biologically Active Compounds Containing the THC Motif.

NHMe H
O .
N cl /
N H,N N\ N —N A\
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N N 0 N Me
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INE TICHE SN TWA EREHTEM THC OERRIEITZS TN T ) —F V7 7Y K
RAMRF[AR2IBRALE S 72 £ BRIEEE M) AliETH D (Figure 2-2) 23,

Figure 2-2. Catalytic asymmetric synthesis of tetrahydrocarbazoles.
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

il 21X, Hit. Nielsen Hi%, ¥ 0V UBAMEGFET, /1> F—L, IV — AV
B =, FANBIOAS v RN E2ELSESEhREREL DA v F—13-7 % F
—NAORKI )7V =T TZ7YRIKISIZEY, 1-E# THC OREAREZHRE L TW5D
(Scheme 2-1) %, E£7=, 1% HITREAIDOAREE R T F 0 FABRMEICRE S EELTH
HT EamRH L,

Scheme 2-1. Intramolecular Friedel—Crafts-type alkylation of indoles.

Ar

0 1) (R)-CPA (5 mol%) 5 Ar
o
N H DCM, -50 °C to rt. O \ : o o
+ H-Nu N E o/P\OH
N 2) 4M HCI (aq.) N OO
|

up to >99% ee

F 72 2014 £, Melchiorre 537 /1Y VR A V- 2-E =LA R— v v T s
XU EEHT D 24U ) COARK[4 + 2QFNERILE S = HE L7z (Scheme 2-2) 3,
AR MTIANEE — A2 B L TB Y, Hx REBREEZ TR 2N ENRTE 5,

Scheme 2-2. Chiral Phosphoric Acid Catalyzed Enantioselective Reduction of Imines

Using Hantzsch Ester

: Ar
1
O 0, 3 1
1 2 (R)-CPA (5 mol%) _, R Qo | OO .
RWR @\/\ (Ar - 3Y5-CF3-CGH3) R "\\ E \P//O
' | / "OH
P2 |
H Z R3  toluene, 40 °C \ R | OO o
” : Ar

up to 97% ee

Z DX DKk A IR AT BOR F R LI FTENE THC OB AR SN TWDR, 2D%
RO A -T2 GRiIETH D, —FH T, BRTHE I/ THC B4 = v F AR
TRITHEIC X0 EFEMEZR THC BB~ EFFET D HEm OB E TV EZR SN TS, £Z2T
A REEH 1T, SHFSEE TUTAERE HICHTZE L T\ D = o F IR AR B4 & i )
L7265 ME THC BRO G R A FHE LT,
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

2-1-2. TF>FAURBRZBEIRR T

F—mCHAIL X DT, =T U F A ICRESREZ BB 1T 100% OFFRIGE T T & J{K
DR WA R B~ E B D Z N TE BN FiEwRTH D, L, BF 7
T IR TH D FE ORI FEOEHR ., BB & OBt 4 L RO ERIZ X » —E AR
NERMEINTLEI 2D, W U FARREOESIINETH D, Len->T, |\
4%@%ifif/%ﬁwﬁ%T%*#%@ﬁm%%ﬁ¢5 X, 7B IRTHDEEO
SARTER A SERICHL ST D Z EBMETH 5,

%H%%imm$~%7w)/mﬁﬁ%%mt IR % “EE G ORMIAT D7
0oL F LT a— VBB LT 5 F A= O S o F FURA R B S 2 RS LT
W% (Scheme2-3) °, AL, BERX U VEBMEAAET, ZEI0T 00X LT v a—
NI, o= T AR, G T DT A —T N~ BT 52 LN TE
Do

Scheme 2-3. Enantioconvergent Propargylic Substitution Reaction

OH (R)-CPA (5 mol%) g~ MCeH7 |

A /\ Cortoogp A= 24.6-(c-Pent)sCeHy) : |
r N + n-CgHy7 Ar/\ |
N\ PMP toluene (0.03 M), rt X S PMP
racemic (6.0 eq.) up to 90% vyield i
99% ee !

17 examples '

WL, Sun HIEA ¥ F—= VSN2 FGT 57 EI DT 0/ LX LT b a— Ukt L, RKEZA
TFETY VT I REZEH S E5 2 8T 1L8-MIMAR SR OB =T o F 43R
WZEONLDF WG LTV D RRUSIFEAMBEDEN TA I A F R ER L, 2
HIEARIT R U CoREZAIN Y R X 2 A ERZ N L TR 35 2 &L T v F 4%
RH72 LA HEITT 5 B2 b TUvD (Scheme 2-4) 7,

Scheme 2-4. Remote Asymmetric 1,8-Addition of Indole Imine Methides
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

2-1-3. {FEEREHR

THC B#& AT 57107 a0 LT b a— Lk ) o F AR REZ & HLSOG I
£ 0 HFENE THC ~ & B3 5 ROSORFRICE T Lz, 1EENGLZ L TIZRT (Scheme
2-5), RIOSITHEEIZ L THFR I Y Ui FH S5 2 & T, A v AF FHEER
AR L, WEOARFERE TRICHEETHZ LN TEDL L EZ LD, i< REFIOFIM
X OO AREAR USRI N TFAE L TV 5D, —D0F 1L6-Mn3 795 2 & TIRAFE b
AT D1, 6-MINERBBEHELNIRETHD (BRI A, b —2F 1L8-(MIAEiT+ 5
TETXINTLUNELNIRETHD (BRI B), ARG TIE= T v F AR D 772
B9 REAIOALERPEIC S BRSNS R =N D, 7. ZOIEEEHD T L% KD
BIEDOSTRRE F I REZAI O ERIEICEE L 5.2 5 L TR,

Scheme 2-5. Working hypothesis
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

2-2. RERER
2-2-1. ARIRARET

ARIGOFFIC B CREL 2 2 D, EEDOBR7E D (1) REZELC DAL EER
Mo, Wi (2) =+ v FHBERERIE, o “fitchbd, $3. ETALEELLT
TAF VR TMS f2EA LY racl ZHWTCEROKIGE1T-> 7= (Table 2-1),

TLF RN TMS 2 AT 278 IEOT m L F LT V3 —)b rac-1a & N-A F )L
Er—/L 2 1IZX L b T 0 °C T BINOL ‘B2 A 5% 7 /00 U CPA (R)-Al

(R=2,4,6-Pr-CeHy) Z{EASH TG EITo 72 (entry 1), SOUGITHCMIHETT L 1,8-F10
B, bbb T L 3a BRAFRINERE BATR T o F AEPYE (85% ee) THOLHN
7o Flo. TORISSEMETIE, Le-IME, TR0 bMMAF T LEROAMY 42 1TF -
7= AR Lo Tz, RIZ, BINOL #UfilifE(R)-A2 (R = 9-anthryl) % JSICHWZEZ A,
T T ABRPRVEIIRIEIZIS T L7z (entry 2), —J7. SPINOL ‘B¥EZHTHXT LU g
(R)-B1 (R =24,6-Pr-CeHy) ZHWTI5E, OGSO T T 2 FABRPMERBIRNIZH L, 95%
ee LWV IEFIZE NS U FARIETH T LT L 3a G (entry3), £72, 2D
g5 ¢ BINOL AU [EIAR, 1,6-FHINRIZ < 5 b e d o 7=, I SPINOL ‘B % 3 % CPA
DEBILNREATE L= (entries4-7), WTHOHBAITHENTEH, BHARNETEFI LT L
VEELNIZN, = U F RO RIER R TR SN, 20D OfERIL, o @i
FAC E DR EN, RGBT =) v FARREOHBEICEE CHL 2R LT
W5, 2B, LIRTEAZEERE O e Uiz o F AR R BSOS Tl b RO 2 5 %
7B RV UEEER R T 5 MIBE(R)-C1 (R=2,4,6-pent-CeH,) % W= & 2 A, BEFRINERT
L-HIAERHE LN b DD, ZDOxF U FARFIEFE N DO TH -T2, ZOHAED 1,6-
FIMRIZ R SN2 Do 7o Z LD D | fBEIZ X D ATEBHR M~ ORI e B2 b, L
Bt (R)-B1 ZBcifibiil & U, Fix Bt a21To72, F7o. B 3a O IRELE X, Bk
i X BREITEIC L > T TH D LRES NI,

DX BROENTII AT D SI 5 H(2-6-5)
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles

with Allenylsilanes from Racemic Indolylmethanols

Table 2-1. Investigation of catalysts?

S s Sy OF
CPA (5 mol%) N \\ |
Toluene (0.1 M) ﬂ \
™S

time, 0 °C T™MS
rac-1a (S)-1,8-product 3a 1,6-product 4a
(not obtain)

R
OO O\ ,/O
P.
o™
R

(R)-A1 (R =2,4,6-Pr-CeH,) (R)-B1(R=246-Pr-CeHy) (R)-C1 (R =2,4,6-Pent-CgHy)
(R)-A2 (R = 9-anthryl) (R)-B2 (R = 9-phenanthryl)
(R)-B3 (R = 2-naphthyl)
(R)-B4 (R = 1-pyrenyl)
(R)-B5 (R = 4-Ph-CgH.)
entry CPA Time (h) yield (%)° ee (%)°
1 (R)-A1 1.0 89 -85¢
2 (R)-A2 0.1 86 -6¢
3 (R)-B1 0.5 80 95
4 (R)-B2 3.0 75 74
5 (R)-B3 0.3 87 4
6 (R)-B4 0.5 88 26
7 (R)-B5 1.5 74 15
8 (R)-C1 2.0 91 58

“Unless otherwise noted, all reactions were carried out using 0.20 mmol of rac-1a, 0.40 mmol

of 2, and 0.010 mmol of CPA catalyst(5 mol %) ® Isolated yield of 3a. ¢ Enantiomeric excess

was determined by chiral stationary phase HPLC analysis. “(R)-3a was obtained. nd: not

determined.
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with Allenylsilanes from Racemic Indolylmethanols

2-2-2, BB

AR AN (R)-B1 & RTE ST T, e\ TROEEEIZ DWW TG L7 (Table2-2), b
Nz Ofbizyrzaa A2 U EFEREE L THWEEZ A, IEREFE (L L7 D
O, = FARREOK TR A SN (entry2), —F., =—T /L ROEBC, DIF 07 &
h= R UL &0 o T RIETARE CIXSOR B R HETT L7e o 72 (entries 3-6) . Z 4L 5 O R
5. MR CH D NV L B ESEIALE L e LT,

Table 2-2. Investigation of solvent?®

\

N
J
\ 5 (2eq) \
OH  (R)}-B1 (5 mol%) N \

N
" \\ solvent (0.1 M) " \ N
"'Ms  time, 0°C ™s N\ _J
rac-1a 3a
entry solvent Time (h) yield (%)° ee (%)°

1 Toluene 0.5 80 95
2 CH,CI, 7.0 80 85
3 Et,O 35 8 nd
4 THF 22 5 nd
5 DMF 19 0 nd
6 CH,CN 17 17 nd

?Unless otherwise noted, all reactions were carried out using 0.20 mmol of rac-1a, 0.40 mmol
of 2, and 0.010 mmol of CPA catalyst(5 mol %) ® Isolated yield of 3a. ¢ Enantiomeric excess

was determined by chiral stationary phase HPLC analysis. nd: not determined.
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2-2-3. BEHEO7 I F> XKinDEREIMNER

RN THE rac-1 DT L U RKIEOBHIELIZHOWTHET 21T -7 (Table 2-3), TMS LV
NI @AWY VRERILTH S TIPS (1b) ZHWHE, AT AL T, it
KA TH D b DHRBPELNT (entry2), PhEAE RIICATHEE (1) DBHAE. Kt
BRBNEHAL L, Lo-MAR X O 8-MHMAD W 452 k722 0v - 72 (entry3), —
FHT, E@EN2- Q- U AAFY) T iz HT 58 (1d) Tl L8-fIED A7 6
T L-AIMAR D AR A HERR S huT- (entry4) PRIl S Z OEMILE AT D AT AL
ETHY, FTNHT L ETOREREITL, = FARIEOREIZITE L 2o T2,
I B DORBEHERN D, TJVﬂEVﬂiﬁ%@[ETﬁ%@LﬁWﬁ% BB FE DS SO D BIRE RS &
WMEE DL TENTR EICKREREEE G TODER NI,

Table 2-3. Investigation of Protecting Groups of Terminal Alkyne?

(2 eq)
(5 mol%)

Toluene (0.1 M)

time, 0 °C
rac-1
(S)-1,8-product 1,6-product elimination product

entry R time (h) 3 (%)’ 4 (%) 5 (%)" ee (%)°

1 1a: TMS 0.5 80 0 trace 95

2 1b: TIPS 24 0 0 64 -

3 1c: Ph 3.5 0 0 - -

4 g %Xcmps 05 (24)* 36 14 nd

@ Unless otherwise noted, all reactions were carried out using 0.20 mmol of rac-1, 0.40 mmol
of 2, and 0.010 mmol of CPA catalyst(5 mol %) ”Isolated yield. ¢ Enantiomeric excess was

determined by chiral stationary phase HPLC analysis. nd: not determined.
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2-2-4, 8wl

HiLﬂﬁ LTeBORRIED S & IE— MO 21T > 72 (Table 2-4) . £ EHILNLE I
LB ERRE LTz, ZORER. 4, SO BrEEEA LS AE, @BOVNE L= T 458
?R PECHMIO AR DG ALz (entries 3,7), 6 (ZIZ Br AT 2 E 2 W56, =)
FAIBIRMED S TRT U, —H KA 2 /L D72 72 OISR AME T L7z (entry 10) . £ 72,
TALZ Br B2 A L7A . ROGXIZE A EEIT L7 (entry 11), 471C MeO %
BT HHRECRICEToT2E 2 A, —HBAKERDDB oL, A TICRIMET L2005
W FARRMETHOMOSE L (entry 2),

W, SALDBEHIEN R OW TR 21T 272, TOFRER., MeO ° Me & W o 7= FE 5
HIZT T Ph L W o 2 AN W B TR S PEE AL TIISER I My = 0 F iR
PECHMMMRG DT (entries4-6), — 77, CF3 HXo NOy B &\ o 738 ) 22 BB 15K 5 [P 42
HAEAFTHIRETIE, ICR, RENERL LTI D5ER & 72 o7 (entries 8,9),

Table 2-4. Substrate Scope?

R
6 \ , (5ed) O \ I\\l
N \

o
Py
IS
&

7 H \\OH (R)-B1 (5 mol%)
Toluene (0.1 M)
™S time, T °C ™S
rac-1 3
entry R T(C) time (h) yield (%)° ee (%)°

1 1a: H 0 0.5 80 95
2 1e: 4-MeO 20 1.5 54 91
3 1f: 4-Br 20 8.0 85 87
4 1g: 5-MeO 0 0.5 83 94
5 1h: 5-Me 20 3.0 64 93
6 1i: 5-Ph 20 18 83 89
7 1j: 5-Br 20 6.0 94 93
8 1k: 5-CF, 20 10 58 67
9 11: 5-NO, 20 24 43 69
10 1m: 6-Br 20 6.0 56 78
11 1n: 7-Br 20 24 trace nd

@ Unless otherwise noted, all reactions were carried out using 0.20 mmol of rac-1, 0.40 mmol of
2, and 0.010 mmol of CPA catalyst(5 mol %) ® Isolated yield of 3. ¢ Enantiomeric excess was
determined by chiral stationary phase HPLC analysis. nd: not determined.
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2-2-5. RISERMFSITL >DFEE(L

BENT, BUSER TdH 2 HTEMF T 07 L U iBER(S)-3a DB 23 I iz, ARk
WD Boc (RELZAToTo & 2 A, RUSIEZIE e <H#EAT L. @mIEETHRBID N-Boc PREMK(S)-6a
IMAFINERE R H Z LG bz (Scheme 2-6),

Scheme 2-6. Derivatization of Allene 3a to 6a

{ DMAP (20 mol%) {
Boc,0O (5 eq)
NooY NN
W N MeCN (0.1 M) Boc \ N
] rt,12h ﬂ
™s N\ ™S\

(S)-3a (S)-6a
95% ee 94%, 95% ee

BT, TL(8)-3a kL NIS Z#/EH &H7= & 2 A, BRILKGNHETL, THC B %
AT HAELEY Ta DS BARIEEPORFICREZ e 5 Z L 72 <{F bz (Scheme 2-
7o ZOXIIT, RRISEFH LIEAFIRRFELZ AT 2 HFIEN THC OERIZH S L
77

Scheme 2-7. Derivatization of Allene 3a to 7a

N | NIS (1.2 eq)

et
DCM (0.05 M) \
™s N\ 3h 40 °C ™S
(S)-3a (R)-7a
95% ee 72%, 94% ee
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Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
with Allenylsilanes from Racemic Indolylmethanols

2-3. RIGHBICET 5ER

Z T Sun L3 L TW D 1,8-(HINEUG DHEE R SHAE % ~7 (Figure 2-3 a) Sun 5
ITERE T D SO Tl SO DERBIRAE TS-Z1 & TS-E1 3 USSRME T TRk ag
TS-Z1 IZBWTEHEL R & R OMONESENH 55 EIZHB N TH,  TS-Z1 ﬁx?ﬁ%l fc.c
BIRETHL LIBEL TS, 772205, EBIREE TS-Z1 OHD Y Rt G AT
B oHENHRD —F5 T, TS-E1 TIXV BN A TERIZE D 5 FA SRR W2
TS-E1 BNE 0 AR 2BEEIRRETH D & Sun BITHEEL T D, ZHUIFT LY /ﬁaﬁﬂﬁiﬁ
BT B BERARRED — 72 58RI DWW T HEE SO EHERE 8 CTlddh 2 b 0| EBRI R
AR S TW o T,

AEIBHTS LT Fe 2 ORISIZBNT, HWHEEIX THC B2 A LT\ D72, FREIET
ZIRULDVELRWEEZ LS (Figure 2-3 b), T72bb, ARKISIZEW T, EBIREE
TS-Z2 OHZERE L TKIENET L TWD EEX NS, Fx OIS TH L AR &
Sun & DS TELNTARY ., 250 ZSOERY O RRLE 4 g2 & [ U
SHETHDLZ LW phole, EHLHLDOKISTHIA L SPINOL ‘B2 AT 5 R ROl
7] U SEARRLE 2+ 2 BSOS N TW A HEN D, Fx OFEFIE, Sun b OHEE RS
WL XRL T D EEZLNRD,

Figure 2-3. Proposed mechanism

a) proposed mechanism by Sun . (b) this work

i

CE%—/ | 5
! N
I
/Nu ; 02 0., C T™S
| P2
0 o _Nu ! \@
® ¢ H e N
(R) \ » E /
TS-Z1 (favored) TS-E1 (disfavored) TS-22
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2-4, F¥&H

A TIX, THC #EEZFH ST EI0Fa AR AT L a— L& T4, T v
FRfib i A N e =) o F A NURASRIZE UG 2 BR%E LTz, ZOFER. 1,810 75341
FICHEAT L, MW U FAEPRETT U AL 2 A3 5 % 7 /0 THC FH8 RO B HEHI A B
R L7z (Scheme 2-8),

AT EBNT, FEFIEm @O ERILEZ AT 25 SPINOL AR (R)-B1 2 V2 FRE
SAREIRMEA S D ECEETHD Z LA A Lic, £72, 7% RGO EHIES R 2 Et
T5HZ & T, BEHEEO S S OE BSOS O EER MR L ORI O EMEIC K E
TR A 2 CWDENY I,

Scheme 2-8. Chiral Brgnsted Acid Catalyzed Enantioconvergent Synthesis of Chiral

Tetrahydrocarbazoles with Allenylsilanes from Racemic Indolylmethanols

R3 '\\l (R-B1 (5mol%) R3
\ + —_ \
N OH @ Toluene (0.1 M) N
H

)

!

up to 85% yield H . |

\\ P 95‘%yee \ N i
)

MS ™s A\

3= .
R°= Br, Me, OMe, etc. (R)-B1 (R = 2,4,6-Pr-CgHy)
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1. General Information

2. Preparation of substrates

3. Synthesis of Chiral Tetrahydrocarbazoles with Allenylsilanes
4. Derivatization

5. Determination of Absolute Configuration

6. NMR Spectra

7. HPLC Chart

1. General Information

All reactions were carried out under nitrogen atmosphere in flame-dried glassware. Dichloromethane
(CH2Cly), diethyl ether (Et;0), and tetrahydrofuran (THF) were supplied from KANTO Chemical Co., Inc.
as “Dehydrated solvent system”. Other solvents and reagents were purchased from commercial suppliers
and used without further purification. Purification of reaction products was carried out by flash column
chromatography using silica gel 60 N ((Merck 40-63 pum). Analytical thin layer chromatography (TLC)
was performed on Merck precoated TLC plates (silica gel 60 GF 254, 0.25 mm). 1H NMR spectra were
recorded on a JEOL ECA-600 (600 MHz) spectrometer. Chemical shifts are reported in ppm from
tetramethylsilane or solvent resonance as the internal standard (CDCls: 7.26 ppm, TMS: 0.00 ppm). '*C
NMR spectra were recorded on a JEOL ECA-600 (151 MHz) spectrometer with complete proton
decoupling. Chemical shifts are reported in ppm from the solvent resonance as the internal standard
(CDCl3: 77.0 ppm). *'P NMR spectra were recorded on JEOL ECA-600 (243 MHz) spectrometer with
complete proton decoupling. Chemical shifts are reported in ppm from the PPhs (-6 ppm) resonance as the
external standard. '’F NMR spectra were recorded on JEOL ECA-600 (565 MHz) spectrometer. Chemical
shifts are reported in ppm from the CsHsCF3 (-67.2 ppm) resonance as the external standard. Infrared
spectra were recorded on a Jasco FT/IR-4100 spectrometer. Chiral stationary phase HPLC analysis was
performed on a Jasco LC-2000 Plus Series system with DACIEL chiral analytical column (4.6 mm®* 250
mm length). Optical rotations were measured on a Jasco P1020 digital polarimeter with a sodium lamp and
reported as follows; [o]” “p (c = g/100 mL, solvent, % ee). High resolution mass spectra analysis was
performed on a JEOL JMS-T100GCV Time-of-Flight Mass Spectrometer at the Research and Analytical
Centerfor Giant Molecules, Graduate School of Science, Tohoku University. X-ray crystallography analysis
was carried out using a Bruker D8 goniometer using graphite monochromated Cu-Ka radiation at the

Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku University.
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2. Preparation of substrates
2.1 Preparation of S2
2,3,4,9-tetrahydro-1H-carbazol-1-one (S2a) was the known compound and prepared according to the

literature procedure.'

PPA(15 equiv)

0~ OH  Toluene(0.1 M) N
reflux, 5 h, 90 % H o)

(_,;,IZ/

Ketones (S2e, S2f, S2g, S2h, S2j, S2m) were the known compounds and prepared according to the

literature procedure.’

_NH5*HCI
HN
o) AcOH, conc. HCI R
+ \
MeOH N
R 110 °C, 24 h H (0]
S1 S2

S1e R=m-MeO 9 %
S1f R= m-Br 26 %
S1g R=p-MeO 48 %
S1h R= p-Me 65 %
S$1j R= p-Br 34 %
S1m R=m-Br 50%

6-phenyl-2,3,4,9-tetrahydro-1H-carbazol-1-one (S2i)

PhB(OH), (1.2 eq)
Br KsPOy (2 eq)
Pd(PPh3), (2 mol%)
\
N DME/H,0
H (@) 120 °C, 48 h
S2j S2i

A two-neck round-bottom flask was charged with S2j (3 mmol, 792 mg), phenylboronic acid (3.6 mmol,
439 mg), Pd(PPhs)4 (0.06 mmol, 69 mg) and K3PO4 (6 mmol, 3.21g). The Schlenk flask was evacuated and
back-filled with Ar (3 times), and the component solvent of DME/H,0 (15 ml, 4:1 v/v) was added via a
syringe. After the reaction mixture was stirred at 120 °C until complete consumption of compound S2j
(TLC, 48 hours). It was allowed to cool down to room temperature and was concentrated under reduced
pressure. The residue was extracted with EtOAc. The organic layers were washed with brine and dried over
anhydrous Na,SOs. After removing the solvent under reduced pressure, the crude product was purified by
column chromatography on silica gel (Hexane/AcOEt = 30/1 to 10/1) to give S2i as a white foam (279 mg,
36 %).
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pale brown foam; "H NMR (CDCls, 600 MHz) § 9.13 (s, 1H), 7.84 (d, J = 0.7

O Hz, 1H), 7.62-7.65 (m, 3H), 7.50 (d, ] = 8.6 Hz, 1H), 7.44-7.47 (m, 2H), 7.32-

7.35 (m, 1H), 3.05 (t, ] = 6.0 Hz, 2H), 2.69 (t, ] = 6.4 Hz, 2H), 2.27-2.32 (m,

O \ 2H); 13C NMR (CDCLs, 151 MHz) & 191.5, 141.8, 137.4, 134.1, 132.0, 130.0,

N O 129.0,1274,1272,126.9,126.5,119.7, 112.9, 38.4,25.1,21.5: IR (ATR): 3257,

1652, 1542, 1473, 1435, 1390, 1369, 1327, 1257, 1183, 1136, 1086, 767, 750, 702, 677, 634 cm™'; HRMS
(FD) Caled for CisHisNO [M]* 261.1154, Found 261.1153.

Ketones S2k and S2I were the known compounds and prepared according to the literature procedure.’

_NH,*HCI
HN™ 2 o 1) H,0
o rt., 12 h R
+ > \
2) 1M HCI N
120 °C, 72 h H O
S1 S2

S1k R=p-CF; 85%
S11 R=p-NO, 46%
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2.2 General procedure of rac-1

R =—TMS (2.2 eq) R
n-BuLi (2.1 eq)
\ \
N THF(0.1 M) N [
-78 ° t. H HO "
H (0] 78°Ctort.,1h ™S
S2 1

To a solution of trimethylsilylacetilene (2.2 mmol, 0.31 mL) in anhydrous THF (2 ml) at -78 °C, n-BuLi
(1.6 M in hexane, 2.1 mmol, 1.3 ml) was added dropwise. The solution was warmed to room temperature
slowly and stirred at this temperature. After stirring it for 1 h, a solution of compound S2 (1 mmol) in THF
(3 ml) was added to the reation vessel dropwise at -78 °C. The solution was allowed to warm to room
temperature and stirred until consumption of compound S2. The reaction was queched with H,O and the
water phases were extracted with CH>Cl» (2 x 10 ml). The combined organic layers were washed with brine,
dried over Na>SOs, filtered and concentrated in vacuo. The crude product was purified by column

chromatography (Hexane/EtOAc = 5/1) to give rac-1.

1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1a)
87 % yield; white foam; "H NMR (CDCls, 600 MHz) § 8.21 (s, 1H), 7.50 (d, J =

\ 7.6 Hz, 1H), 7.34 (d, J= 7.9 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H), 7.10 (t, J = 7.4 Hz,
N \OH 1H), 2.75-2.80 (m, 1H), 2.67-2.71 (m, 1H), 2.43-2.50 (m, 1H), 2.25-2.29 (m, 1H),
\ 2.19-2.23 (m, 1H), 1.99-2.06 (m, 2H), 0.17 (s, 9H); '3C NMR (CDCls, 151 MHz)

™S 5 136.2,133.9, 126.9, 122.9, 119.6, 119.2, 112.2, 111.4, 106.8, 89.4, 64.9, 40.2,
20.8, 20.1, 0.0; IR (ATR): 3410, 2955, 2922, 2839, 2162, 1452, 1237, 1088, 845, 630 cm™'; HRMS (FD)
Calcd for C17H2iNOSi [M]" 283.1392, Found 283.1392.

5-methoxy-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1e)

o— 77 % yield; white foam; 'H NMR (CDCls, 600 MHz) § 8.15 (s, 1H), 7.09 (t, J =
7.9 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 6.46 (d, J=7.9 Hz, 1H), 3.88 (s, 3H), 3.02-

N\ oy  306(m.1H),2.88-2.92 (m, 1H),2.29-2.31 (m, 1H), 2.18-2.23 (m, 2H), 1.97-2.00

H \\ (m, 2H), 0.17 (s, 9H); 1*C NMR (CDCl3, 151 MHz) § 155.3, 137.6, 132.1, 123.6,

117.1,112.3,106.9,104.7,99.7, 89.1,77.3,77.1,76.9, 64.9, 55.3,39.9, 23.0, 20.3,

0.0; IR (ATR): 3402, 2953, 2163, 1623, 1591, 1562, 1508, 1455. 1434. 1358.
1331. 1254. 1166. 1108, 984, 960, 887, 841, 759, 733, 623 cm™'; HRMS (FD) Calcd for C1sH23NO,Si [M]*
313.1498, Found 313.1497.

T™MS

5-bromo-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1f)
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Br 78 % yield; white foam; 'H NMR (CDCls, 600 MHz) & 8.36 (s, 1H), 7.26 (dd, J
= 8.1, 0.9 Hz, 1H), 7.22 (dd, J = 7.6, 0.7 Hz, 1H), 6.99 (t, J = 7.9 Hz, 1H), 3.20

N\ on (AtJ=16557Hz, 1H), 3.05 (dt,J = 164,67 Hz, 1H), 2.46 (s, H), 2.22-2.27

H W\ (m, 1H), 2.14-2.18 (m, 1H), 2.00-2.04 (m, 2H), 0.17 (s, 9H); 13C NMR (CDCl;,

\ g 151 MH2) 8 137.2,134.9, 1257, 123.6, 123.5, 1149, 112.8, 1106, 106.6, 89.8,

65.0,39.7,22.9,20.2, 0.0; IR (ATR): 3401, 2954. 2853, 2166, 1558, 1424, 1318,
1251, 1187, 1130, 1087, 987, 922, 886, 858, 842, 739, 609 cm™'; HRMS (FD) Calcd for C;7H20BrNOSi
[M]"361.0498, Found 361.0497.

6-methoxy-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1g)
99 % yield; white foam; "H NMR (CDCls, 600 MHz) & 8.08 (s, 1H), 7.24 (d,

_0
J=8.9 Hz, 1H), 6.94 (d, J= 2.4 Hz, 1H), 6.87 (dd, J= 8.6, 2.4 Hz, 1H), 3.85

N\ oy (& 3H), 2.73-2.76 (m, 1H), 2.63-2.68 (m, 1H), 2.40 (s, H), 2.19-2.27 (m,

H W\ 2H), 2.01-2.05 (m, 2H), 0.17 (s, 9H); '3C NMR (CDCls, 151 MHz) § 154.2,

134.8, 131.3, 127.3, 113.0, 112.1, 112.0, 106.8, 101.2, 89.3, 64.9, 56.1, 40.2,

20.9, 20.1, 0.0; IR (ATR): 3406, 2953, 2836, 2163, 1627, 1569, 1486, 1456,
1289, 1249, 1215, 1167, 1141, 1087, 1030. 970, 883, 845, 758, 700, 628 cm™'; HRMS (FD) Calcd for
Ci3H23NO:Si [M]" 313.1498, Found 313.1497.

TMS

6-methyl-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro- 1H-carbazol-1-ol (rac-1h)
56% yield; white foam; "H NMR (CDCls, 600 MHz) § 8.07 (s, 1H), 7.29 (s, 1H),

\ 7.25(d,J=8.2 Hz, 1H), 7.03 (dd, J= 8.2, 1.4 Hz, 1H), 2.74-2.78 (m, 1H), 2.64-
N OH 269 (m, 1H), 2.44 (s, 3H), 2.32-2.34 (m, 1H), 2.19-2.28 (m, 2H), 1.99-2.05 (m,
W 2H), 0.17 (s, 9H); 3C NMR (CDCL, 151 MHz) & 134.6, 134.0, 128.8, 127.2,

TMS  124.5,118.9,111.7,111.0, 89.3, 65.0,40.2, 21.5, 20.8, 20.1, 0.0; IR (ATR): 3410,
2953, 2859, 2842, 2163, 1455, 1308, 1251, 1184, 1139, 1040, 989, 843, 796, 760 cm™'; HRMS (FD)
Calcd for CisH23NOSi [M]" 297.1549, Found 297.1548.

6-phenyl-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1i)

49 % yield; white foam; '"H NMR (CDCls, 400 MHz) § 8.25 (s, 1H), 7.70

(t,J=0.8 Hz, 1H), 7.64 (dd, J= 8.2, 1.1 Hz, 2H), 7.39-7.47 (m, 4H), 7.30

O ' (t,J = 7.3 Hz, 1H), 2.82 (dt, J = 16.0, 5.6 Hz, 1H), 2.73 (dt, J = 16.0, 6.7
N\ on Hz 1H),2.43 (s, 1H), 2.19-2.32 (m, 2H), 2.01-2.08 (m, 2H), 0.18 (s, 9H);
H \\ 3C NMR (CDCls, 101 MHz) § 142.6, 135.7, 134.7, 133.3, 128.8, 127.5,

126.4, 122.8, 117.8, 112.6, 111.6, 106.7, 89.6, 65.0, 40.3, 20.8, 20.2, 0.2;

IR (ATR): 3412, 2952, 2839, 2163, 1600, 1471, 1458, 1314, 1145, 988,
963, 846, 699 cm™'; Caled for C23H2sNOSi [M]"359.1705, Found 359.1705.

£

TMS
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6-bromo-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1j)
69 % yield; white foam; "H NMR (CDCls, 600 MHz) § 8.27 (s, 1H), 7.62 (d,

Br J=2.1Hz, 1H), 7.27 (dd, J = 8.6, 1.7 Hz, 1H), 7.21 (dd, J= 8.6, 2.4 Hz, 1H),
\ 2.69-2.71 (m, 1H), 2.64-2.66 (m, 1H), 2.53-2.40 (m, 1H), 2.24-2.28 (m, 1H),

N OH 219221 (m, 1H), 2.00-2.03 (m, 2H), 0.16-0.19 (m, 9H); '3C NMR (CDCls,

\ 151 MHz) § 135.1, 134.8, 128.7, 125.6, 121.9, 112.8, 112.7, 111.9, 106.5, 89.9,

TMS  64.8, 40.2, 20.6, 20.0, 0.0; IR (ATR): 3416, 2959, 2922, 2166, 1469, 1442,
1306, 1251, 1236, 1089, 881, 844, 632 cm™'; HRMS (FD) Calcd for C17H20BrNOSi [M]" 361.0498,
Found 361.0497.

6-(trifluoromethyl)- 1 -((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro- 1H-carbazol-1-ol (rac-1k)
24 % yield; white foam; "H NMR (CDCls, 600 MHz) § 8.46 (s, 1H), 7.79 (s,

F
© 1H), 7.39-7.43 (m, 2H), 2.76-2.81 (m, 1H), 2.69-2.74 (m, 1H), 2.48-2.52 (m,
N\ OH 1H), 2.27-2.32 (m, 1H), 2.20-2.24 (m, 1H), 2.02-2.07 (m, 2H), 0.17 (s, 9H);

H \\ 3C NMR (CDCls, 151 MHz) § 137.5, 135.6, 126.3, 125.4 (q, J = 271.2 Hz,

s 2C), 122.0(q,J=31.8 Hz, 1C), 119.5, 117.0 (d, J= 4.3 Hz, 2C), 113.0, 111.6,

106.4 (d, J=10.1 Hz, 1C), 90.1, 64.9 (d, /= 7.2 Hz, 1C), 40.2, 20.6, 20.0, -

0.1; ’FNMR (CDCls, 565 MHz) § -60.15 (d,J = 16.7 Hz, 3F); IR (ATR): 3392, 2956, 2162, 1630, 1592,
1456, 1327, 1270, 1251, 1054, 988, 965, 880, 843, 811, 648, 640 cm™'; HRMS (FD) Calcd for
Ci3H20F3N203Si [M]" 351.1266, Found 351.1266.

6-nitro-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-11)
64 % yield; yellow foam; '"H NMR (CDCls;, 600 MHz) & 8.73 (s, 1H), 8.46

OaN (d,J=2.1 Hz, 1H), 8.10 (dd, J = 8.9, 2.4 Hz, 1H), 7.37 (d, J = 8.9 Hz, 1H),
\ 2.79-2.83 (m, 1H), 2.71-2.76 (m, 1H), 2.60 (s, 1H), 2.30-2.34 (m, 1H), 2.22-

N O 526 (m, 1H), 2.04-2.11 (m, 2H), 0.17 (s, 9H); 3C NMR (CDCl, 151 MHz)

W\ 5 141.6, 139.2, 137.1, 126.4, 118.4, 116.6, 114.5, 111.3, 106.0, 90.5, 64.7,

TMS 402, 20.6,20.0,-0.1; IR (ATR): 3374, 2955, 2843, 2166, 1626, 1581, 1519,
1474, 1321, 1250, 1144, 1092, 1075, 1044, 989, 937, 881, 845, 653 cm™!; HRMS (FD) Calcd for
C17H20N>0s3Si [M]" 328.1243, Found 328.1242.

7-bromo-1-((trimethylsilyl)ethynyl)-2,3,4,9-tetrahydro-1H-carbazol-1-ol (rac-1m)
83 % yield; white foam; 'H NMR (CDCls, 600 MHz) & 8.25 (s, 1H), 7.49 (d,

. { J=1.7 Hz, 1H), 7.34 (d, J = 8.6 Hz, 1H), 7.19 (dd, J = 8.2, 1.7 Hz, 1H),
N OH  2.72-2.76 (m, 1H), 2.63-2.68 (m, 1H), 2.45-2.47 (m, 1H), 2.24-2.28 (m, 1H),

H I\ 2.18-2.22 (m, 1H), 1.99-2.04 (m, 2H), 0.17 (s, 9H); '*C NMR (CDCl, 151

MHz) § 137.0, 134.5, 125.9, 122.9, 120.5, 116.3, 114.3, 112.4, 106.5, 89.8,

T™MS
77.3,77.1,76.9,64.8,40.2,20.7, 20.0, 0.0; IR (ATR): 3412, 3330, 2954, 2897, 2842, 2163, 1620, 1587,

1555, 1465, 1441, 1361, 1320, 1302, 1252, 1147, 1049, 987, 960, 900, 883, 845, 799, 760 cm’'; HRMS
(FD) Caled for C17H0BrNOSi [M]* 361.0498, Found 361.0497.
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3. Synthesis of Chiral Tetrahydrocarbazoles with Allenylsilanes

\
N
R R
|
{ @ (2 eq) {
N OH (R)-CPA B1 (5 mol%) N
H \ - H : \
\ toluene (0.1 M) \ N
S time, T °C s N\
1 3

To a solution of rac-1 (0.2 mmol) and /-methylpyrrole (0.4 mmol) in toluene (2 ml, 0.1 M) was added (R)-
B1 (7.2 mg, 0.01 mmol, 5 mol%) at reaction temperature and the solution was stirred at this temperature
for 2 h. The reaction was queched with saturated aqueous NaHCO3 and the water phases were extracted
with EtOAc. The combined organic layers were washed with brine, dried over Na>SOs, filtered and
concentrated in vacuo. The crude product was purified by column chromatography (Hexane/AcOEt=50/1)

to give 3. The enantiomeric excess of 3 was determined by chiral stationary phase HPLC analysis.

(5)-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro-1H-carbazole (3a)

80 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA = 98/2,

\ 1.0 mL/min, 254 nm, 30 °C) 5.0 min (minor), 7.0 min (major); [a]*~p=-210.9

H : | (c= 1.0, CHCl3, 96% ee); "H NMR (CDCls, 600 MHz) § 7.75 (s, 1H), 7.47 (d,

TMS\\\\ﬁ J =179 Hz, 1H), 7.26 (d, J = 8.2 Hz, 1H), 7.12-7.15 (m, 1H), 7.06-7.08 (m,

1H), 6.61-6.62 (m, 1H), 6.22-6.23 (m, 1H), 6.14-6.15 (m, 1H), 3.63 (s, 3H),

2.77-2.85 (m, 2H), 2.64-2.66 (m, 2H), 2.00-2.04 (m, 2H), 0.29-0.30 (m, 9H); '*C NMR (CDCls, 151

MHz) 6 202.8, 136.5, 129.8, 128.2, 126.0, 124.5, 122.1, 119.4, 118.1, 112.6, 110.5, 110.2, 107.3, 97.5,

93.2,36.0,28.8,23.8,21.3,0.1; IR (ATR): 3465, 3406, 3055, 2938, 2839, 1903, 1467, 1447, 1319, 1300,

1284, 1179, 1092, 1017, 899, 868, 840, 714, 630 cm™'; HRMS (FD) Calcd for C22Ha6N»Si [M]* 346.1864,
Found 346.1865.

(S)-5-methoxy-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro- 1H-

carbazole (3e)

o— 54 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA = 98/2,
1.0 mL/min, 254 nm, 30 °C) 5.8 min (minor), 9.1 min (major); [a]*"*p=-204.8

\ (c = 1.0, CHCls, 91% ee); '"H NMR (CDCls, 600 MHz) & 7.75 (s, 1H), 7.04

” | (dd, J=17.6, 8.2 Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H), 6.62 (dd, /= 1.2, 1.9 Hz,

TMS\\\\\X\N4/7 1H), 6.47 (d,J=7.6 Hz, 1H), 6.24 (dd, J=1.9, 3.1 Hz, 1H), 6.16 (dd, /= 1.2,

3.1 Hz, 1H), 3.88 (s, 3H), 3.60 (s, 3H), 3.02-3.11 (m, 2H), 2.62-2.64 (m, 2H),
1.98-2.02 (m, 2H), 0.31 (s, 9H); *C NMR (CDCls, 151 MHz) § 202.9, 154.5, 137.8, 127.9, 126.2, 124.5,
122.8, 118.4, 112.7, 110.1, 107.3, 104.1, 99.8, 97.5, 93.4, 55.4, 36.1, 28.6, 24.1, 23.4, 0.1; IR (ATR):
3467, 3392, 2940, 2836, 1902, 1586, 1507, 1463, 1339, 1285, 1258, 1166, 1105, 1060, 1017, 899, 870,
840, 758, 732 cm™'; HRMS (FD) Calcd for C23HsN,OSi [M]"376.1971, Found 376.1970.
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(8)-5-bromo-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro- 1H-
carbazole (3f)
85 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA = 98/2,

& 1.0 mL/min, 254 nm, 30 °C) 5.7 min (minor), 8.5 min (major); [a]*>*p=-96.4

{ (c= 1.0, CHCls, 87% ee); "H NMR (CDCls, 600 MHz) 5 7.82 (s, 1H), 7.18 (d,

NN\ U=79H 1), 707 (U= 7.9 Hz, 1H), 692 (.= 7.9 Hz, 1H), 6.62 (dd, ]

N N =29,2.1 Hz 1H), 6.23 (dd, J = 3.8, 2.1 Hz, 1H), 6.14 (dd, J = 3.8, 2.9 Hz,
™S\

1H), 3.61 (s, 3H), 3.13-3.25 (m, 2H), 2.60-2.62 (m, 2H), 1.98-2.02 (m, 2H),
0.29 (s, 9H); *C NMR (CDCls, 151 MHz) § 202.6, 137.5, 131.0, 127.0, 125.7, 124.7, 123.5, 122.8,
113.8, 112.95 110.4, 109.6, 107.4, 97.7, 93.1, 36.0, 28.3, 23.8, 23.2, 0.1; IR (ATR): 3457, 3429, 2942,
2849, 1902, 1553, 1479, 1461, 1421, 1352, 1319, 1284, 1181, 1091, 1017, 899, 869, 840, 755, 738, 713,
632 cm'; HRMS (FD) Caled for C22HasBrN,Si [M]* 424.0969, Found 424.0970.

(8)-6-methoxy-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro-1H-

carbazole(3g)
/ 83 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA =
O 95/5, 1.0 mL/min, 254 nm, 30 °C) 5.8 min (minor), 6.7 min (major);
\ [0]*"°p=-199.8 (¢ = 1.0, CHCl3, 94% ee); '"H NMR (CDCls, 600 MHz) &
H \ | 7.65 (s, 1H), 7.16 (d, J= 8.8 Hz, 1H), 6.94 (d, J= 2.3 Hz, 1H), 6.80 (dd, J
\ N =8.8,2.3 Hz, 1H), 6.62 (dd, J=2.4, 3.8 Hz, 1H), 6.23 (dd, /= 1.8, 3.8 Hz,

™S\ 1H), 6.15 (dd, J= 1.8, 2.4 Hz, 1H), 3.86 (s, 3H), 3.63 (s, 3H), 2.75-2.82 (m,
2H), 2.64-2.66 (m, 2H), 2.00-2.04 (m, 2H), 0.30 (s, 9H); '*C NMR (CDCls, 151 MHz) & 202.8, 154.1,
131.7, 130.7, 128.6, 126.1, 124.5, 112.4, 111.9, 111.2, 110.2, 107.3, 100.5, 97.4, 93.3, 56.1, 36.0, 28.8,
23.8, 214, 0.1; IR (ATR): 3458, 3379, 2938, 2833, 1902, 1623, 1584, 1483, 1456, 1436, 1350, 1288,
1248, 1211, 1172, 1147, 1091, 1065, 1030, 900, 868, 839, 713, 627 cm™'; HRMS (FD) Calcd for
Ca3HasN>0Si [M]* 376.1971, Found 376.1970.

(8)-6-methyl-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro-1H-
carbazole (3h)
64 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA =98/2,
\ 0.7 mL/min, 254 nm, 30 °C) 8.2 min (minor), 9.0 min (major); [0]*’p=-221.9
\ | (c=1.0, CHCI3, 93 % ee); 'H NMR (CDCls, 600 MHz) § 7.64 (s, 1H), 7.25
\ N (d,J=1.1 Hz, 1H), 7.13 (d, J= 8.2 Hz, 1H), 6.95 (dd, /= 8.2, 1.1 Hz, 1H),
™S\ /69 (dd, J=2.7, 1.9 Hz, 1H), 6.21 (dd, J=3.7, 1.9 Hz, 1H), 6.13 (dd, J =
3.7, 2.7 Hz, 1H), 3.60 (s, 3H), 2.70-2.82 (m, 2H), 2.61-2.64 (m, 2H), 2.43 (s, 3H), 1.96-2.03 (m, 2H),
0.28 (s, 9H); '*C NMR (CDCl;, 151 MHz) § 202.9, 134.8, 129.9, 128.6, 128.5, 126.1, 124.5, 123.6,
117.9, 112.2, 110.2, 107.3, 97.4, 93.3, 36.1, 28.9, 23.9, 21.6, 21.4, 0.1; IR (ATR): 3464, 3416, 2937,
1902, 1653, 1582, 1560, 1531, 1464, 1439, 1412, 1351, 1305, 1284, 1248, 1178, 1092, 1059, 1016, 900,
867, 839, 795, 755, 713, 628 cm™'; HRMS (FD) Calcd for C23HasN>Si [M]™360.2021, Found 360.2022.

Irz
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(8)-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-6-phenyl-2,3,4,9-tetrahydro- 1 H-
carbazole (3i)

83 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA
O =98/2, 1.0 mL/min, 254 nm, 30 °C) 5.4 min (minor), 15.5 min (major);
[0]**?p=-206.0 (¢ = 1.0, CHCl3, 89 % ee); '"H NMR (CDCls, 600 MHz)
O \ 8 7.78 (s, 1H), 7.67 (d,J = 1.7 Hz, 1H), 7.64 (dd, J = 8.4, 1.3 Hz, 2H),
” } | 7.43 (t, J=17.8 Hz, 2H), 7.39 (dd, J = 8.4, 1.7 Hz, 1H), 7.32 (s, 1H),
TMS\w 7.30 (dt,J=17.8, 1.3 Hz, 1H), 6.62 (dd, J=2.7, 1.7 Hz, 1H), 6.23 (dd,
J=3.8,1.7Hz, 1H), 6.15 (dd, J=3.7,2.7 Hz, 1H), 3.63 (s, 3H), 2.78-
2.90 (m, 2H), 2.64-2.67 (m, 2H), 2.00-2.06 (m, 2H), 0.30 (s, 9H); '*C NMR (CDCls, 151 MHz) § 202.8,
142.8, 136.0, 133.1, 130.6, 128.7, 127.4, 126.3, 125.9, 124.6, 121.9, 116.7, 112.9, 110.7, 110.3, 107.3,
97.5,93.2,36.8,28.8,23.8,21.3, 0.1; IR (ATR): 3650, 3461, 2939, 2838, 1902, 1599, 1472, 1455, 1351,

1310, 1285, 1248, 1092, 1017, 900, 867, 840, 759, 700, 610 cm’'; HRMS (FD) Calcd for CagH3oN2Si
[M]* 422.2177, Found 422.2178.

(5)-6-bromo-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro- 1 H-

carbazole (3j)
Br 94 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA =
98/2, 0.7 mL/min, 254 nm, 30 °C) 10.8 min (minor), 12.5 min (major);
N\ [a]?'p=-178.5 (c = 1.0, CHCl3, 93% ee); 'H NMR (CDCls, 600 MHz) &
H

\ ,L 7.76 (s, 1H), 7.57 (s, 1H), 7.19 (dd, J = 8.4, 1.9 Hz, 1H), 7.11 (d, J = 8.6

™S N\ / Hz 1H),6.61(dd,J=2.7,1.9 Hz, 1H), 6.22 (dd, /= 3.8, 1.9 Hz, 1H), 6.14

(dd, J = 3.8, 2.7 Hz, 1H), 3.61 (s, 3H), 2.69-2.78 (m, 2H), 2.62-2.64 (m,

2H), 1.98-2.02 (m, 2H), 0.29 (m, 9H); '*C NMR (CDCls, 151 MHz) & 202.6, 135.1, 131.3, 130.1, 125.7,

124.7, 120.7, 112.6, 112.1, 111.9, 110.4, 107.4, 97.6, 92.8, 36.1, 28.7, 23.7, 21.2, 0.1; IR (ATR): 3458,

2941, 2839, 1903, 1570, 1474, 1440, 1350, 1304, 1249, 1091, 1017, 900, 868, 841, 794, 757, 714, 630 cm
I HRMS (FD) Calcd for C2;H,sBrN,Si [M]* 424.0970, Found 424.0970.

(S)-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-6-(trifluoromethyl)-2,3,4,9-tetrahydro-
1H-carbazole (3k)

Fs;C 58 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA =
99/1, 0.7 mL/min, 254 nm, 30 °C) 10.7 min (minor), 15.2 min (major);
N [0]**p=-105.8 (c = 1.0, CHCls, 67 % ee); '"H NMR (CDCl;, 600 MHz)
H \ | 0 7.95 (s, 1H), 7.73 (s, 1H), 7.36 (d, J = 8.6 Hz, 1H), 7.30 (d, /= 8.6 Hz,
™S \ / 1H),6.63(dd,J=27,1.7Hz, 1H), 6.23 (dd, /= 3.8, 1.7 Hz, 1H), 6.15
(dd, J= 3.8, 2.7 Hz, 1H), 3.62 (s, 3H), 2.77-2.85 (m, 2H), 2.65-2.67 (m,
2H), 2.01-2.05 (m, 2H), 0.29 (s, 9H); '*C NMR (CDCls, 151 MHz) § 202.5, 137.8, 131.8, 127.7, 125.6,
125.5 (q,J =271.7 Hz, 1C), 124.7, 121.8 (q, J = 31.8 Hz, 1C), 118.7 (d, J=4.3 Hz, 1C), 115.7 (d, J =
4.3 Hz, 1C), 113.1, 110.5, 110.5, 107.5, 97.8, 92.7, 36.0, 28.7, 23.6, 21.1, 0.1; °F NMR (CDCls, 565
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MHz) § -60.2 (s, 3F) ; IR (ATR): 3464, 3368, 2948, 2842, 1904, 1468, 1412, 1327, 1286, 1270, 1250,
1159, 1114, 1075, 1051, 1018, 883, 868, 841, 757, 720, 653, 627 cm”; HRMS (FD) Calcd for
C23HasF3NoSi [M]+414.1737, Found 414.1739.

(5)-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-6-nitro-2,3,4,9-tetrahydro- 1H-carbazole
3D

O,N 43 % yield; white foam; HPLC analysis Chiralpak IA-3 (Hexane/IPA =

98/2, 1.0 mL/min, 254 nm, 30 °C) 15.9 min (minor), 23.2 min (major);

[a]***p=-95.3 (¢ = 0.78, CHCl3, 69 % ee); 'H NMR (CDCl;, 600 MHz)

'\ l\ll 6 8.38 (d,J=2.1 Hz, 1H), 8.24 (s, 1H), 8.01 (d, /=8.9 Hz, 1H), 7.26 (d,

™sS \ / J=89Hz 1H),6.63-6.63 (m, 1H), 6.24-6.24 (m, 1H), 6.14-6.15 (m, 1H),

3.63 (s, 3H), 2.78-2.87 (m, 2H), 2.67-2.68 (m, 2H), 2.03-2.05 (m, 2H),

0.39-0.22 (9H); *C NMR (CDCl3, 151 MHz) § 202.4, 141.5, 139.7, 133.5, 127.8, 125.3, 124.8, 117.8,

115.1, 114.2, 110.7, 110.2, 107.5, 98.0, 92.4, 36.0, 28.6, 23.5, 21.1, 0.2; IR (ATR): 3354, 2924, 2853,

1902, 1620, 1518, 1472, 1324, 1285, 1249, 1219, 1096, 1057, 1018, 899, 867, 841, 713 cm™'; HRMS

(FD) Calcd for C22HasN30,Si [M]"391.1715, Found 391.1716.

Irz

(S)-7-bromo-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-2,3,4,9-tetrahydro- 1 H-
carbazole (3m)

56 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA =
\ 98/2, 1.0 mL/min, 254 nm, 30 °C) 5.5 min (minor), 11.0 min (major);

[0]*°p=-169.1 (¢ = 1.0, CHCls, 78 % ee); '"H NMR (CDCls, 600 MHz)

\ I\ll 6 7.74 (s, 1H), 7.39 (d, J = 1.5 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 7.16

™S\ (dd,J=8.6, 1.5 Hz, 1H), 6.62 (dd, J=2.4, 1.7 Hz, 1H), 6.22 (dd, J=3.8,
1.7 Hz, 1H), 6.14 (dd, J = 3.8, 2.4 Hz, 1H), 3.61 (s, 3H), 2.72-2.80 (m, 2H), 2.62-2.64 (m, 2H), 1.98-
2.02 (m, 2H), 0.28 (s, 9H); 1*C NMR (CDCls, 151 MHz) & 202.6, 137.2, 130.6, 127.2, 125.8, 124.6,
122.6, 119.2, 115.4, 113.4, 112.5, 110.4, 107.4, 97.7, 92.9, 36.0, 28.6, 23.6, 21.2, 0.1; IR (ATR): 3320,
2947, 1719, 1685, 1654, 1615, 1537, 1505, 1439, 1250, 1220, 1090, 842, 632 cm™'; HRMS (FD) Calcd
for C22HosBrN,Si [M]" 424.0969, Found 424.0970.

Br

Iz

1-(1-methyl-1H-pyrrol-2-yl)-1-(3-methyl-3-((triisopropylsilyl)oxy)but-1-yn-1-yl)-2,3,4,9-tetrahydro-1H-
carbazole (4d)

36 % yield; white foam; '"H NMR (CDCls, 600 MHz) § 7.49-7.51 (m, 1H), 7.29

\ IL (s, 1H), 7.12-7.13 (m, 1H), 7.05-7.10 (m, 2H), 6.57 (dd, J = 2.7, 1.0 Hz, 1H),
\ 6.09 (d, J = 1.0 Hz, 1H), 6.00 (d, J = 2.7 Hz, 1H), 3.98 (s, 3H), 2.88-2.90 (m,

\\ 2H), 2.20-2.22 (m, 1H), 2.09-2.13 (m, 2H), 1.93-1.96 (m, 1H), 1.70 (s, 3H), 1.68

(s, 3H), 1.28-1.34 (m, 3H), 1.06-1.09 (m, 18H); '*C NMR (CDCls, 151 MHz) &
145.0,138.2,138.1, 135.7,135.6, 135.5,127.9, 125.0, 121.2, 118.9, 117.9, 110.5,
110.4, 103.0, 72.0, 46.0, 36.7, 33.5, 30.8, 30.5, 22.5, 21.3, 18.3, 14.0; HRMS (FD) Calcd for C3;H44N>OSi

[M]" 488.3223, Found 488.3220.

Iz

TIPS-g
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4. Derivatization

\ DMAP (20 mol%) \
Boc,0 (5 eq)
NN N
\ N MeCN (0.1 M) Boc \RNJ
TMS\\ \ / I'.t., 12 h TMS\\ \ /
(S)-3a (S)-6a

To a solution of 3a (0.1 mmol, 34.8 mg) in MeCN (1 ml) was added Boc,O (0.5 mmol, 109 mg) and DMAP
(0.02 mmol, 4.8 mg) at room temperature and the solution was stirred at this temperature for 12 h. Then
H>O was added and the water phases were extracted with EtOAc. The combined organic layers were
washed with brine, dried over Na,SOs, filtered and concentrated in vacuo. The crude product was purified
by column chromatography (Hexane/AcOEt = 30/1) to give 6a as a white foam ( mg, 94 %). The

enantiomeric excess of 6a was determined by chiral stationary phase HPLC analysis.

tert-butyl-1-(2-(1-methyl-1H-pyrrol-2-yl)-2-(trimethylsilyl)vinylidene)-1,2,3,4-tetrahydro-9H-carbazole-
9-carboxylate (6a)

94 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/EtOH =

Q_Q 99.5/0.5, 1.0 mL/min, 254 nm, 30 °C) 8.48 min (minor), 9.40 min (major);
:oc | ’\\l [0]*'p=-60.1 (¢ = 1.0, CHCl3, 95% ee); 'H NMR (CDCl3;, 600 MHz) & 7.75
TMS\C\K\J (d,J=8.6 Hz, 1H), 7.40 (d, J=7.6 Hz, 1H), 7.21 (t,J = 7.7 Hz, 1H), 7.17 (4,
J=17.4 Hz, 1H), 6.59 (t, J = 2.1 Hz, 1H), 6.06-6.09 (m, 2H), 3.71 (s, 3H),
2.62-2.82 (m, 4H), 1.97-2.06 (m, 2H), 1.48 (s, 9H), 0.24 (d, J = 0.7 Hz, 9H); '*C NMR (CDCls, 151
MHz) 6 205.1, 150.1, 137.5, 131.8, 129.6, 126.2, 123.8, 123.4, 122.1, 118.8, 118.2 113.9, 109.5, 106.7,

93.5,91.7,83.4,35.8,31.6, 28.2,23.3, 21.5, 0.0; HRMS (FD) Calcd for C27H34N20:Si [M]" 446.2390,
Found 446.2392.
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NIS(1.2 eq)
N \\JN_\) DCM(0.05 M)
™s ) -40°C, 3 h
3a 7a

To a solution of 3a (0.2 mmol, 69.2 mg) in DCM (4 ml) was added NIS (0.24 mmol, 54 mg) at -40 °C and
the solution was stirred at this temperature for 3 h. The reaction was queched with saturated aqueous
Na>SO; and the water phases were extracted with EtOAc. The combined organic layers were washed with
brine, dried over Na,SOs, filtered and concentrated in vacuo. The crude product was purified by column
chromatography (Hexane/AcOEt = 20/1) to give 7a as a white foam (68 mg, 72 %). The enantiomeric

excess of 7a was determined by chiral stationary phase HPLC analysis.

5'-iodo-1'-methyl-6'-(trimethylsilyl)-2,3,4,9-tetrahydro- 1'H-spiro[ carbazole- 1,4'-cyclopenta[b]pyrrole]
(7a)
72 % yield; white foam; HPLC analysis Chiralpak OD-3 (Hexane/IPA = 98/2,
1.0 mL/min, 254 nm, 30 °C) 4.9 min (major), 5.5 min (minor); [a]*'p="-7.1 (¢
= 1.0, CHCl3, 93% ee); 'H NMR (C¢Ds, 600 MHz)  7.55 (d, J = 7.9 Hz, 1H),
T™S 7.10 (t, J= 7.4 Hz, 1H), 7.06 (t, J= 7.2 Hz, 1H), 6.83 (s, 1H), 6.64 (d, /J=7.9
Hz, 1H), 6.11 (d, /= 2.6 Hz, 1H), 6.08 (d, /= 2.6 Hz, 1H), 3.09 (s, 3H), 2.83 (dd, J= 15.6, 3.6 Hz, 1H),
2.72 (ddd, J = 15.8, 11.0, 4.8 Hz, 1H), 2.44 (td, J = 12.9, 2.6 Hz, 1H), 2.25 (qdd, J = 12.6, 5.2, 2.4 Hz,
1H), 1.98-2.02 (m, 1H), 1.58 (dt, J= 12.3, 3.4 Hz, 1H), 0.39 (s, 9H); '*C NMR (C¢D¢, 151 MHz) § 140.6,
139.8,138.7,136.2,133.2,128.2, 124.8, 122.5,121.6, 119.2, 118.3, 113.1, 110.8, 103.8,57.2, 36.4, 35.5,
21.3, 21.3, 2.0; IR (ATR): 3465.5, 3418.2, 3001.7, 2943.8, 2889.8, 2841.6, 1516.7, 1497.5, 1462.7,
1448.3, 1403.9, 1313.3,1295.0, 1266.0, 1252.5, 1229.4, 1215.9, 1229.4,1215.9, 1174.4, 1149.4, 1088.6,
1005.7, 988.3, 897.7, 842.7, 760.8, 697.1, 670.1, 663.4 cm™'; HRMS (FD) Calcd for Co,H,sIN,Si [M]*
472.0832, Found 472.0831.
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5. Determination of Absolute Configuration

3a (>99% ee) was recrystallized from hexane/DCM to give a clear yellow block. The absolute

configuration of 3a was determined to be (S) by X-ray crystallographic analysis.

> Prob = 50
% Temp = 100
5
N
®
\ 5
N
HooY | 8
N &
N N
™S\ o
]
3a g
-
c
_C;
=z
o
o
T
Z 133 c22h26n2st _p21212P 21 21 21 R = 0.03 RES= 0-107 X
Crystal Data
Empirical Formula C22H26N2Si
Formula Weight 346.54

Crystal Color, Habit
Crystal System
cell_length_a
cell_length_b
cell_length_c
cell_angle_alpha
cell_angle_beta
cell_angle_gamma
cell_volume

Z value

Space Group

Dcalc

FO00

FO00’

h, K, lmax

Nref

Trmin, Tmax

clear yellow, block
orthorhombic
10.7366 (2)
13.1115 (2)
13.8986 (2)
90

90

90

1956.55 (5)
4

P 212121
1.176 g/lcm?
744.0

746.73

12, 15,16
3460 [1981]
0.883, 0.911
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6. NMR Spectra
"H NMR (600 MHz) and *C NMR (151 MHz) spectra of S2i (CDCls)
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"H NMR (600 MHz) and *C NMR (151 MHz) spectra of 1a (CDCls)
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"H NMR (600 MHz) and '*C NMR (151 MHz) spectra of (S)-3a (CDCl;)
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"H NMR (600 MHz) and '*C NMR (151 MHz) spectra of 4d (CDCls)

Chapter 2. Chiral Brensted Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydrocarbazoles
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"H NMR (600 MHz) and '*C NMR (151 MHz) spectra of 6a (CDCls)
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"H NMR (600 MHz) , '*C NMR (151 MHz), DEPT, NOE, COSY, HMQC and HMBC spectra of 7a
(CeDe)
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DEPT NMR (CeDs)
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NOE NMR (C¢De) (6.11 ppm)
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HMQC NMR (CsDe)
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7. HPLC Chart
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BI3IF | FSIWILDATY REMRIC K DAFBRAKRE

(EUHIC
3-1-1. FHERKRIE

T a— VO BUKSIZ IR R T A VBRIED—DTH Y | —RICERCHEIED
f71E FC#EfT9 % (Figure 3-1), Bi/KSISIESEEROE NI L Y E2 8L, E1 5, ElcB !
WZRBEns,

Figure 3-1. Dehydration Reaction for Syntheses of Alkenes from Alcohols

OH . B
acid or base
B, C D
A , A X + Hzo
N D E2 or E1 or E1cB-type ¢
Dehydration
alcohols Reaction alkenes

BB I AR L, B b ARG TH DI 0 b b3 R A2 72 ik
FOSOBNIR SN TN D, ZOHE D& LT, Park Hid, REBKKEZFIHLE B-
b Ry m 27 VOB ERIEFESENEORREICK LT\ 5 (Scheme3-1) ', Z D
BOSTIX, HEU Eoe Rt L &0 R FRMNF2HNWD 2T Ao F A4~
— B ERAYIZ EleB B OGS 2 AT S8, RSO FEE % @O L TR T 25 2

IZHREI LTV D, Z ORISR WTHRKKIL B AERY Tidle <. H< ETHREERDIC
2%,

Scheme 3-1. Kinetic Resolution of B-Hydroxy Esters through Dehydration Reaction

Ph Ph
Ph/l\”/\/N

HO

chiral ligand (5 mol%)
BrZnCH,CO,t-Bu OH co
H t-B
_A__CO,t-Bu A _COptBu * RTATO2EY
R THF, reflux R
racemic Kinetic Resolution 39% recov.
(R = m-MeOCgHj,-) 55% conv., s =23 95% ee
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Scheme 3-2. Kinetic Resolution of -Hydroxy Ketones through Dehydration Reaction
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R1E\)J\R2 Kinetic Resolution R1/\)J\R2 R R
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xt LRI, REBKSIGIZ X DERM BN FIEIER T Vo v & 702 X5 22 RS 5 OB 3
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(% U Bl RO BUKBUGR 24T, J2EEME S 7 ms e VB8R 2 2 5T 5 SUG&2 #% G L
7= (Scheme 3-3), = ZC, Ffitift & LCx 70U v EEE HOUE, REBKEISIZ X 59
SEMENE Z 0 BHEEN R 7 uad v UBERRE LN L E X T,

Scheme 3-3. Asymmetric Dehydration Reaction Catalyzed by Chiral Brgnsted Acid

® (0] A
OH o= ~
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v, O, - . = + H,0 —————>
R U Activation of asymmetric R

1 Hydroxy group | R dehydration 2
cyclohexanol hiral int diat enantio-enriched
derivatives chiratintermediate cyclohexene derivatives

KIIEDER Tdo HIFIEME RS 7 a~F b UFEERIT, L7 0 VIR LT
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2 LIEARFMASISNZ L DT X T N7 =k T v a— )L OIENFMbIE, EFHEDOMBERY |
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Scheme 3-4. Precedent Work: Attempt of Asymmetric Dehydration Reaction
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Figure 3-2. Working Hypothesis: Asymmetric Dehydration Reaction Catalyzed by Chiral
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Figure 3-3. Working Hypothesis: Asymmetric Dehydration Reaction Catalyzed by Chiral
Phosphoric Acid

rate
determining

E,1<<Epr<Esns

""" =

(S)-product

stereo e
determining ®
step R
(R)-product
[ major |
R TS1 M1 TS2 P

i By s d %V NE B r D E b 570478 Ba & W EVEATH DKR 2T 5,

S7



Chapter 3. Chiral Brensted Acid catalyzed Asymmetric Dehydration Reaction

3-2. StE{LFRER

UTDOXSBRETND ) R CPA-S1 2 W, 5 B OEBREEIZ O\ CHFR A
%#1T-7- (Figure 3-4), i3 B> 2 b AL BEE, T T O T e v T4
R T7 7V BOT e b WFICY VERT =4 MR EAERT 5 2 & 2EE L CHIEIE
AL, BIRREA RO T,

LU d s, U UBEET TIEOFNTHAEERZT 5 2 L3RS ZhCTAR L7k
ST T 8 B AEDOBEBIRIEICE 5 L TWD Z ENRIBE N, oF 0, U Rl A A
BOGRIZHWTZG 6 K053 2 HREDORWVERIREBZRH T2 2 b H B
BECOSRHIEIIREECH D = R TR I,

Figure 3-4. 3D Structures of The Transition State from Chiral Phosphate Catalyst

/< 4 calculated at
¥ \ B97D/6-31g(d)
,7/ >/ in gas phase

A

r Y . 2.03
/ ',/
F~NA Qe
B { r ‘\3 137 %

N ?

TIT T m b ARIZEB N T LD JEREBREL & 5 X 51T 5720, Mt ORRIEE
RERLCAER LT, 3bb, U VBB RDY | U U BRAL R T X M A V2 a2
BRI VR L B2y () CERAVIR T X R CIT A VIR IR DR b Mk
PERAL L L CEBREBICEG TE D L PSS, ERICET VDY VALK T IR
filliE CPA-S2a & IV CHIGREIH 21T o 7o & 24, UTIORTEBIRENSG 72 (Figure
3-5), RERDENNHEY .V UBANVR LT I MEEOEA . ALk = Vi O
TIT NITAMLOT R b e BTFALEDOT R b EHEENLTRY, HIZHRARY
WERRNEHEEEOT X7 ALOT v b EMEERT D Z LB’ nnoT, ZOX5IC
U UBRANAR T I M Z VD 2 & T U IR OS5 & B Y | KRGy OB
S THMPBEOHR TR T v b ALEAT 5 FRFREIC R 5 FHRERFF L VR Ehie, 2o
ZEMND U VAR YT X Rl A WA £ 0 TREZES R IR W o TG A
T2 LTHlcsns,
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Chapter 3. Chiral Brensted Acid catalyzed Asymmetric Dehydration Reaction

Figure 3-5. 3D Structures of The Transition State from Chiral Phosphate Sulfonamide

Catalyst

calculated at
B97D/6-31g(d)
in gas phase

%0 §=o

1 IN“D

OHCF3

CPA-S2a

ST, U AR T X M A W TE G Y A D b E OB 2 FEEL T
LT ENARETH D, MM 2w 5 F T, BH—BERED T F A4 A DTG = L £ —13
T2 EMFSND, MA T, MEEEROEEMENMRL D2 D, B a b AbDE:
BERELS 8D B bND, Thbb, HBEBOEM (b= L —% T >0, 5 B
DIEHAL =R N —% @D L HNTE, DKR OBER~ LTS H5ERTE 5 (Figure 3-

6),
Figure 3-6. Asymmetric Dehydration Reaction Catalyzed by Chiral Phosphate
Sulfonamide Catalyst
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W, VAR T X N E 2SS OMERICOWTEE Lz, 77205,
UUBRANKR T I FETIE, BT m b ARICEE G D BRES DS R AR U Vlksd & AL
RENBROELLIZR D0 PMEE D, ZOBR, WF A OARFIRFLHIZ, U
FRICEAN LT ARBRREEBET AVNERNDH D EE X, 6o T, RAKRVBETORT
2 R AEBEIT L2 R, STV TF A ONFDENRETHD Z ENTHRIN
72y & ZTAVIKRUEROBEHILIZOWT, CF ik, Me Mk, PhEZEA LG AICBITD
il 7 2 R ALDEAIRREICE L C TR 7225 R 41T > 72 (Figure 3-7), ZO#ER, &K
FIHTHD CR RAEA LA, RARYAVBENLT 7 N ACICBE S 2 &8Ik 0E
N, ANVKR=VEBENEG T 555X TIVRETH D Z Lot

Figure 3-7. Initial Results of DFT Calculation

calculated at
B97D/6-31g(d)

S-SO ;
in gas phase

[4.7 kcal/mol]
[1.9 kcal/mol]
[0.7 kcal/mol] O

9

CPA-S2a: R= CF4
CPA-S2b: R= CHj4
CPA-S2c: R= Ph

S-PO
CPA-S2a: [2.1 kcal/mol]
CPA-S2b: [1.8 kcal/mol]
CPA-S2c: [2.5 kcal/mol]

o} .
Poy-S
(6]

R-PO
[0.0 kcal/mol]
[0.0 kcal/mol]
[0.0 kcal/mol]

R-SO
[6.6 kcal/mol]
[3.8 kcal/mol]
[2.3 kcal/mol]

5 UTEERD A B E 2. EF1TY VAR Y T I Mz W= 7 a~xH
—VEBERDOARFBKSIEDBIFICETF LTz, LLTF. EEOFEBRFEREZBRD,
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Chapter 3. Chiral Brensted Acid catalyzed Asymmetric Dehydration Reaction

3-3. &R
3-3-1. ¥IHARET
9. LIS R 9IE 21T -7~ (Scheme 3-5), B & L T4 AL Ph A AT 5 cis
RO 7 a~Ft ) —)cis-1 Z V2, UG 5 mol% D 7 /1 U FRfillii(R)-CPA Al 17
ETF, MUt 25°C TITo7z, ZORER, BRER THL 7 a~Ftr 2R
81% L EWINETHE LN, TR, 7 a~xtl 2 ONFMEIT 35%ee THY . AKX
MBI DS o TF A TR OB R Tx7-, F7-. dimer 3 DEIFEHME LT 18 %
Boniz, ZNOLOTHERZRMEEZ S 22, LU SR ORF 21T - 72,

Scheme 3-5. |Initial Study

Ph

O R)-CPA A1 (5 mol%) - Qo
,(j Toluene (0.2 M) ¥ @ |

02h25C Ph™ «

cis-1 2 Ph

81%, 35% ee dimer 3
18%

(R)-CPA A1
t (Ar = 9-Phenanthryl)
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Chapter 3. Chiral Brensted Acid catalyzed Asymmetric Dehydration Reaction

3-3-2. ARiRARE

EI. Mo 3,3 (LOBHILALMRE L7z (Table3-1), Fix afofE R, SPINOL B2
9-Phenanthryl A4 F 9 5 ftE(R)-A1 D56, FRRED = F o F AR IRPETHKERD 2 5
BFohniz (entry 1), —J7, (S)-A2 R(R)-A3 LW o @@ WERLEZH T 556, BICET
BRI GEon 200, 1FEAEZF U T AEPRIENRREL L Z2h o 72 (entries 2, 3), F
72, BINOL ‘BE#&IZ 9-Phenanthryl 52 53 2 filtfif B1 OG5, 13 A KT o F A RPN
HBLLRD o7 (entry 4), ZD I & DO EHILTZ T T REKOEEL =
FARIPEORBUIIEE TH D Z LR olz, PLEDOFERNG | e b @O EIRUED S 5
ATl (R)-CPA A1 IZDWTC, & b7 B & MHRFTE1T - 72,

Table 3-1. Screening of Catalysts?

Ph
OH o (R)-CPA (5 mol%) \_0
/(j”” \ Toluene (02 M) &
Ph time, 25 °C (6]
cis-1 dimer 3
R
X,
/P\
™
R
(R)-CPA A1 (R = 9-phenanthryl) (R)-CPA B1 (R = 9-phenanthryl)
(S)-CPA A2 (R = 2,4,6-Pr-CgH,)
(R)-CPA A3 (R = 3,5-Bu-CgH3)
entry (R)-CPA time (h) 2 (%)° dimer 3 (%)° ee (%)°
1 (R)-CPA A1 0.2 81 18 35
2 (S)-CPA A2 1 95 5 6
3 (R)-CPA A3 3 98 2 9
4 (R)-CPA B1 1 99 0 5

@ Unless otherwise noted, all reactions were carried out using 0.005 mmol of (R)-CPA (5
mol%), 0.1 mmol of cis-1 in tolene (0.5 mL, 0.2 M) at 25 °C. ? Isolated yield. ¢ The
enantiomeric excess of 2 was determined by chiral stationary phase HPLC analysis. Absolute

stereochemistry of 2 had not been determined yet.
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3-3-3. BaRR

W, BRI OV CTRRET 24T - 72 (Table 3-2), 0.5 M Tl dimer 3 7% 28%7%%F & 17
DIZXF L, 02M TIE 18% £ TULEIME T L7z (entries 1,2), EEZ FIF 512240 T dimer
ROAERKEDJHD L, 01 MIZ NP 72546, 58 & dimer (RO ARKIT R Hiv7e i o7 (entry 3)
T, VETF AT VRN CRIGEIT T2 2 A, T T ARIRMEIL 45% M EL
T2 DRSS EE S KIBIC AR T L7= (entry 4) . & 7= THF W CIIS 23 HEFT L7273 7= (entry
5o INOHOMFEHERNG, MU EZREMEME L, 5% OKFHT 0.1 M TITHoHEE L
72

Table 3-2. Effects of Solvent?

Ph
(R)-CPA A1(5 mol%) \_0
/O O solvent (X M) 7 /
time, 25 °C 0
cis-1 dimer 3
solvent time 2b dimer 3 ee’
entry
(XM) (h) (%) (%) (%)
1 toluene (0.5 M) 0.2 71 28 36
2 toluene (0.2 M) 0.2 81 18 35
3 toluene (0.1 M) 0.2 96 4 38
4 Et,0(0.2 M) 24 96 4 45
54 THF(0.2 M) 48 0 0 -

¢ All reactions were carried out using 0.005 mmol of (R)-CPA A1 (5 mol%), 0.1 mmol
of cis-1 in solvent at 25 °C. ?Isolated yield. ¢ The enantiomeric excess of 2 was
determined by chiral stationary phase HPLC analysis. Absolute stereochemistry of 2

had not been determined yet. ¢ Starting material cis-1 was recovered.
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3-4. RIGHIBICEATIER
3-4-1. FRILDHE?

RICERI TH DY 7 u~Ftr 2 NOEFEASDOHWRISHFEL TV D el L7z

(Scheme 3-6), ARG TIEETORENERMIEREINTHE, Him b 1 YEDOKHR
ERT D EICRD, I T, Myt 2 LK 1YEFET, il Al %
INZ T3 W EE Lz, ZORER, 96% DJFEIENY S 41, KB LTz 7 st ) —
L 1R dimer (ROAERIT—UIfER SN o7z, Flo, B Ly 7 m~FRr 202 F
FAMEIRITIE ELEL Lo Tz, LEDORERN S | KBUSEFIZE N T, 7 raFktkr
2 ITARBMIML T 7 a~Ft ) —b 1 ~ERDURISITEHE T E DT ERENFENS1-o
7

Scheme 3-6. Confirmation of the Retro Pathway from Alkene 2

(Ar = 9-Phenanthryl)

1
0\ (R)-CPA A1 (5 mol%) 2\ OH |
- H,0 (1.0 eq.) X O
1
\ /1
P toluene (0.1 M) Ph” Ph :
2 rt,3h recov.-2 1 E
-23 % ee 96 % recovery not obtained E (R)-CPA A1
-22 % ee E
1
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3-4-2. KD3HR

TEERF TR LT K910, REUSTIEIEE D HIEE L 72K B LT=X T 72 F A4
*HJJD?“E) & TIRBHIR 2 iR 2 18E LT 5, 77205, ZOER L7 KE D FRu
Tea . BB O NS 72D 70 ) T AR PE T B A D K D B S TR E S
hé;t_@éo;@W%ﬁﬁk\%%@K@%%%ﬁwbét@\MT®i9@%Mﬁ®
it &4 o7= (Table 3-3),

Table 3-3. Effects of Water?

(R)-CPA A1 (5 mol%) /L
O.|.-.|. 0 | additives(1 eq) \ o ° o
J[j J N
Ph Toluene (0.1 M) Ph
time, 25 °C

cis-1

dimer 3 cis/trans-4a
» time 2b dimer 3° 4(%)° ee’
entry additive _
(h) (%) (%) cis/trans (%)
1 none 0.2 96 4 0 38
2 MS5A 1 (min) 88 12 0 16
3 IPA+MS5A 1 93 7 0 42

¢ All reactions were carried out using 0.005 mmol of (R)-CPA A1 (5 mol%), 0.1 mmol of cis-
1 in solvent at 25 °C. ’Isolated yield. ¢ The enantiomeric excess of 2 was determined by
chiral stationary phase HPLC analysis. Absolute stereochemistry of 2 had not been determined
yet.

WEEIIAIE LT MSSA 242 &, RIS BRIIGEOoNTR, =) F 4
PFHEDIK TR R b7z (entry 2), MSS5A F77E T TITRF N GARBIY BRIV D 72D, T F
RIS K BINT B OG8 H St E 2 5 d (Scheme3-7), T7abb, &
WIDOBFETIER S NP RO ARFE RN Z DO E EEFMIIKMT D B2 615, £O
FESR. RIGO T o FABIRVEDME T LIz EHEE S LD, o T, KOBBEZES T v h
F A AEREBEPE TOARF OFIEIIN 7 = S ALOBRE L b REETH D Z LRI T,

Scheme 3-7. Reaction with MS5A

®
o= O™\
HO H,0 Y ~
0 -Ha —
T ) —
MS 5A Ph™ « Ph™ «
cis-1 chiral intermediate 2
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MS5A & FAWIRWERAETIIER E TV F 4 U ISP RFE L, 6 EBfEOx 7 v
HFF L OFEERRINFDEINEZY, = F o TFARRERRM ELZEEZ OS5 (entry
Do IT, TS T 0T F 4 ROV 2 BT D720, MSSAFER, A4V T rs/R) —
N 1B EIRINL TR EIT>72 (entry 3), Z D6, MS5A 12 TRWGEH & IR
LTS U FARINETHIMAE O, SOIKEDBT TS Y 7 a /LT —T )UK 4a
DAERDHER S T2, ZORERIL. RPIAFAET 24 Y T a8 ) —)Li3 g F 7 RIS A
g% To—T ) iKda ZERK L, 4a & B F A PREIKOBN DS FEST D 2 L &R
LT\ 5 (Scheme 3-8), Z OfEFIL, kL U F A4 L HRHED R O BAFET H 2 &
T, % BPICEBIT S DKR A Z 0 | entry 2 ([ZHlE L CmF o FA@IRMENH EL- & %5
ZBHZEWTED,

Scheme 3-8. Reaction with MS5A and IPA

HO
o_ -H,0 NS | +ipA O
R \ / “mssA
Ph -IPA Ph”
cis-1 chiral intermediate cis/trans-4a
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3-4-3. BER

WIIRE ORRFT 21T > 7= (Table3-4), -20°CCRUGEIT 72 & 2 A, UL 65% CHHIMY
25BN, = F A RN 56% F Tl E L7 (entry 2), ZOFE, JFEID b7 2 2k
B 6% INTZ &0 D O EMAAISEE T TEZ o TS Z ERH LN E R -
7o WIT, SGSIRE 2 -20°CIZHB VT MSSA 2T % & |IB TR ZIT > 1254 & Rk
[Z= U FAEIREDE T L, 20% ee THMMNE L (entry 3),

Table 3-4. Effects of Temperaturea

Ph
§H o (R)-CPA A1 (5 mol%) \ 0 OH o |
o St
Tol (0.1 M)
Ph o:;neeT °C o Ph
cis-1 dimer 3 cis/trans-1
T time cis/trans-1° 2b dimer 3% ee
entry .
(C) (h) (%) (%) (%) (%)
1 25 0.2 0 96 4 38
2 -20 24 24/6 65 5 56
34 -20 2 0 80 20 20

¢ All reactions were carried out using 0.005 mmol of (R)-CPA A1l (5 mol%), 0.1 mmol of cis-1 in
solvent at 25 °C. ?Isolated yield. ¢ The enantiomeric excess of 2 was determined by chiral

stationary phase HPLC analysis. Absolute stereochemistry of 2 had not been determined yet. ¢ With
MSS5A.

WIZVAKDA Y T a2 —T )b 4a ZHEWEIZH, 20 CTRIGEIT- 72
(Scheme 3-9), ZDOfER., T a— ik 1 W58 ERIREDOINRE =) F 4538
FHETHIOBKIE 2 2157, ZO%E. BT 2K 30%EIN S 2721 TR, 52
ML T o AROZ—T b 5% b7, ZOREIT, REIC=—7 /L 4a ZHNT
. Toa— K 1 LR EE LA F AR RERORICH RIS NFIEL TS 2 & &R
LT\ 5,

Scheme 3-9. Effects of Temperature

Ph
O_” 0 ] (RFCPA A1 (5 moi%) =~ \0 o o
JoRS c ey OFC
Toluene (0.1 M)
Ph time, -20 °C Ph™» Ph 0 Ph
cis-4a 2 dimer 3 cis/trans-4a
60%, 56% ee 4% 30% / 5%
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3-4-4. BESIND RILHE

PLEDOEBFERN G RICHEIZOWTEL D X 512E% L7z (Figure 3-8), U V2R
VIRV TR R A I T ALK B T, IR 72 30 7 0 T4 L AR B & | R ATl
e e N ALD ZODBEMENFEL TR, 7 e AL IS DAL & 72> T
%, TLT, Bire hAicisd s RIKE SREDEBRED= R LX—EIZL-T, =
FUTFATERENRFEE L TN D EEZBND,

ZDEIT, VUERANK YT X Rl E VS F T, FEL L T v h A RO
I CHEMERFIE L. TNl FA U MO IBEIIC L D7 v b AL THEEIT
5. Tl b LEIREE R 0B ThITnD EE XN, 5%IZY VBBANLK ST

I RfREISE AT DR RERIL A, DFT stES2FH L CRGIL, LovEunt o
TIRMENG BN D RIS R AL T D,

Figure 3-8. Plausible Mechanism

0, .0 QcF,
\~P\ PN B ]
O N "0 \
H \ 3
HO “H,0 . ©
R o) +H,0 — R
cis/trans (R)-product
dehydration step (R)-Int. o) deprotonation step
rotation — _ stereo determining step
Dynamic Kinetic Resolution irreversible reaction
— ®n= _
o7
HO minor 2/
o __HO R H — =
R ! H '
+H,0 H o f R
. / =S
cis/trans @o‘PI' \CF3 (S)-product
W
L (S)int -

chiral intermediate
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3-5. ¥&H

ARETIE, FT7 0 VBRANVKRST I R X5 R BRSO B % &2 3 7 72

(Scheme 3-10), FEF., o7 oW ) — )LaBER) B W AIEVEY 7 ot VB E R E
FREDOT ;U FARPNETHS Z LI LT, £, Fix OFRIZL VB SRR
5. UVBRANKRYT X Rkl Al ZHW28E . B e b At B 3 s B >
enantio-determining step Té» ¥, DKRIZ K > T F U FABRER B L TWDH Z L2 5
Mz LT,

Scheme 3-10. Asymmetric Dehydration Reaction via Chiral Cation Intermediate

(R)-CPA A1 (5 mol%) o
OH Toluene (0.1 M) \

., O 24 h, -20 °C
R D Dynamic Kinetic Resolution R

asymmetric dehydration

achiral cyclohexanol enantio-enriched
derivatives cyclohexene derivatives

_ o _ up to 56 % ee
viar (—\9 A /CF3® p o
Orp_
11

,S=0 ’
P—N :, Ar

enantio-determining step

(R)-CPA A1

+H,0
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3-7. EBRIA

Contents:

1. General information

2. Asymmetric Dehydration Reaction
3. Preparation of Cyclohexanol cis-1
4. Preparation of cis-4a

5. 'H and '3C NMR Spectra

6. HPLC Charts

1. General Information:

All reactions were carried out under nitrogen atmosphere in flame-dried glassware.
Dichloromethane (CH»Cl,), diethyl ether (Et,O), and tetrahydrofuran (THF) were supplied from
KANTO Chemical Co., Inc. as “Dehydrated solvent system”. Other solvents and reagents were
purchased from commercial suppliers and used without further purification. Purification of reaction
products was carried out by flash column chromatography using silica gel 60 N ((Merck 40-63 pm).
Analytical thin layer chromatography (TLC) was performed on Merck precoated TLC plates (silica
gel 60 GF 254, 0.25 mm). 1H NMR spectra were recorded on a JEOL ECA-600 (600 MHz)
spectrometer. Chemical shifts are reported in ppm from tetramethylsilane or solvent resonance as the
internal standard (CDCls: 7.26 ppm, TMS: 0.00 ppm). *C NMR spectra were recorded on a JEOL
ECA-600 (151 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in
ppm from the solvent resonance as the internal standard (CDCls: 77.0 ppm). *'P NMR spectra were
recorded on JEOL ECA-600 (243 MHz) spectrometer with complete proton decoupling. Chemical
shifts are reported in ppm from the PPh; (-6 ppm) resonance as the external standard. °F NMR spectra
were recorded on JEOL ECA-600 (565 MHz) spectrometer. Chemical shifts are reported in ppm from
the CsHsCF3 (-67.2 ppm) resonance as the external standard. Infrared spectra were recorded on a Jasco
FT/IR-4100 spectrometer. Chiral stationary phase HPLC analysis was performed on a Jasco LC-2000
Plus Series system with DACIEL chiral analytical column (4.6 mm®* 250 mm length). Optical
rotations were measured on a Jasco P1020 digital polarimeter with a sodium lamp and reported as
follows; [a]" “p (¢ = g/100 mL, solvent, % ee). High resolution mass spectra analysis was performed
on a JEOL JMS-T100GCV Time-of-Flight Mass Spectrometer at the Research and Analytical

Centerfor Giant Molecules, Graduate School of Science, Tohoku University.
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2. Asymmetric Dehydration Reaction

O
OH (R)-CPA A1(5 mol%)

0 N
SRS :
Toluene (0.1 M) [
Ph '

0.2 h,25°C Ph™ «

cis-1 2

(R)-CPA A1
(Ar = 9-Phenanthryl)

Representative Procedure: To a test tube were added cyclohexanol cis-1 (24.2 mg, 0.10 mmol)
and toluene (1.0 mL). To the mixture was added (R)-CPA A1 (5.0 mol%, 4.0 mg, 0.005 mmol) at
room temperature. The mixture was stirred at room temperature for 10 min. The reaction mixture
was quenched by Et;N and saturated aqueous NaHCO3, and then extracted with AcOEt (x3). The
combined organic layers were dried over Na,SOy, filtered, and concentrated.  After purification by
flash column chromatography on silica gel (Kanto 40-50 um, Hexane as eluent), cyclohexene 2 was
obtained in 96% yield as a white solid. The enantiomeric excess was determined by chiral stationary

phase HPLC analysis.

2-(4-phenylcyclohex-1-enyl)phenol (2):  96% yield; White solid; HPLC

2\
= analysis Chiralpak OD-3 (Hexane/IPA = 99/1, 1.0 mL/min, 254 nm, 30 °C) 6.14
Ph (minor), 6.77 (major) min, (56 % ee); 'H NMR (CDCls, 600 MHz), § 7.34 (d,J =
2 1.0 Hz, 1H), 7.32 (t,J= 7.6 Hz, 2H), 7.26 (d, J = 6.9 Hz, 2H), 7.20-7.22 (m, 1H),

6.37 (q,J = 1.7 Hz, 2H), 6.19 (d, J = 3.1 Hz, 1H), 2.83-2.88 (m, 1H), 2.42-2.54 (m, 3H), 2.31-2.37
(m, 1H), 2.06-2.09 (m, 1H), 1.84-1.91 (m, 1H); 13C NMR (CDCls, 150.9 MHz), 5 155.3, 146.8, 141.3,
128.5, 127.2, 127.0, 126.2, 121.9, 111.0, 104.0, 40.0, 33.4, 29.6, 25.7; HRMS (ESI) Calcd for
Ci6H1602 [M]" 224.1201, Found 224.1202.

Configuration Assignment: The absolute configuration had not been determined yet.
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3. Preparation of Cyclohexanol cis-1

r
Ph OH OH
o) n-BuLi (2.6 M, 1.1 equiv)  S2 (1.0 eq)
(\ 7/ v, O, o)
THF, 0 °C to r.t. 0°Ctort. Ph D Ph D

81 cis-1 trans-1
(1.2 eq) 31% 48%

To a solution of S1 (0.44 mL, 6.0 mmol) in THF (15.0 mL) was added a 2.6 M solution of n-BuLi in
hexane (1.92 mL, 5.5 mmol) at 0 °C. The mixture was stirred for 1 h at room temperature. To the
mixture was added a solution of S2 (5.0 mmol) in THF (3.0 mLI) at 0 °C. The mixture was stirred for 2
h at room temperature. The reaction mixture was quenched by water, and then extracted with AcOEt (x3).
The combined organic layers were washed with brine, dried over Na>SOs, filtered, and concentrated.
After purification by flash column chromatography on silica gel (Merck 40-63 pm, Hexane/EtOAc = 20/1

to 5/1, as eluent) , cis-2 was obtained in 31% yield as a white solid.

(1s,4s)-1-(furan-2-yl)-4-phenylcyclohexan-1-ol (cis-1): 31% yield; White solid;

OH o
""@ R¢= 0.5 (Hexane/AcOEt = 3/1); '"H NMR (CDCl3, 600 MHz), 6 7.37 (dd, J= 1.0, 0.7
Ph Hz, 1H), 7.27-7.33 (m, 4H), 7.20 (td, J= 7.1, 1.6 Hz, 1H), 6.33 (dd, J=3.1, 1.7 Hz,
cis-1 1H), 6.22 (dd, J =2.4,0.7 Hz, 1H), 2.58 (tt,J=12.1, 3.4 Hz, 1H), 2.15 (dd, J = 14.3,

2.2 Hz, 2H), 2.02 (qd, J = 12.8, 2.4 Hz, 2H), 1.92 (td, J = 13.3, 3.6 Hz, 2H), 1.78-1.83 (m, 3H); *C NMR
(CDCl;, 1509 MHz), 6 161.2, 146.8, 141.8, 128.5, 127.0, 126.2, 110.2, 103.5, 69.1, 43.8, 36.6, 28.9;
HRMS (ESI) Calcd for Ci¢H 302 [M]" 242.1307, Found 242.1305.
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4. Preparation of cis-4

oH (PhO),POOH (10 mol%)

g o (Ar = CGFS
Ph | IPA (0.2 M)

25°C

cis/trans-4

A
trans 2% 33% / 25%

To a solution of cyclohexanol trans-1 (484 mg, 2 mmol) in IPA (10 mL) was added (PhO),POOH (10
mol%, 50 mg, 0.2 mmol) at room temperature. The mixture was stirred at room temperature for 48 h. The
reaction mixture was quenched by Et;N and saturated aqueous NaHCO3, and then extracted with AcOEt
(x3). The combined organic layers were dried over Na>SOg, filtered, and concentrated.  After
purification by flash column chromatography on silica gel (Merck 40-63 pm, Hexane/AcOEt = 100/1 as

eluent), cis-4 were obtained in 33% as colorless oil.

2-((I1s,4s)-1-isopropoxy-4-phenylcyclohexyl)furan (cis-4): 33% yield; Colorless

OPr
o oil; '"HNMR (CDCl;, 600 MHz) & 7.38 (d, /= 1.0 Hz, 1H), 7.30 (t, J = 7.6 Hz, 2H),
Ph | /) 7.26(d,J=6.9 Hz, 2H), 7.19 (t, /= 7.2 Hz, 1H), 6.33 (dd, /= 3.3, 1.9 Hz, 1H), 6.22
cis-4 (d, J=3.1 Hz, 1H), 3.61-3.67 (m, 1H), 2.53 (tt, J = 12.2, 3.5 Hz, 1H), 2.44 (dd, J =

14.6, 2.6 Hz, 2H), 1.99 (qd, J = 12.9, 3.1 Hz, 2H), 1.76 (dd, J = 13.4, 3.1 Hz, 2H),
1.66-1.72 (m, 2H), 0.95 (d, J = 6.5 Hz, 6H); HRMS (ESI) Calcd for C19H240, [M]* 284.1776, Found
284.1777.
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5.'H and ®C NMR Spectra

"H NMR (600 MHz) spectra of 2 (CDCl)
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"H NMR (600 MHz) and *C NMR (151 MHz) spectra of cis-1 (CDCl;)

4.
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6. HPLC Charts
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Scheme 4-1. Chiral Bronsted Acid Catalyzed Enantioconvergent Synthesis of Chiral

Tetrahydrocarbazoles with Allenylsilanes from Racemic Indolylmethanols
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Scheme 4-2. Chiral Bronsted Acidcatalyzed Asymmetric Dehydration Reaction
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