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HH b, ARSI OV TEU M ISR ISR R OS5 &2 IV Tz,

Ac acetyl

acac acetylacetonate

APCI atmospheric pressure chemical ionization
aq. aqueous solution

Ar aryl

BINAM 1,1°-binaphthyl-2,2’-diamine

BINAP 2,2’-bis(diphenylphosphino)-1,1°-binaphthyl
BINOL 1,1°-bi-2-naphthol

Bn benzyl

Boc tert-butoxycarbonyl

BOX bis(oxazoline)

BOXAX 2,2’-bis(oxazolyl)-1,1’-binaphthyl

BSA N,O-bis(trimethylsilyl)acetamide

Bu or n-Bu butyl or normal butyl

Bz benzoyl

Cbz or Z benzyloxycarbonyl

cod 1,5-cyclooctadiene

Cy cyclohexyl

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DIOP 4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxalan
DMA N,N-dimethylacetamide

DMEDA N,N’-dimethylethylenediamine

DMF N,N-dimethylformamide

DMPU N,N’-dimethylpropyleneurea

DMSO dimethyl sulfoxide

ee enantiomeric excess

equiv equivalent

ESI electrospray ionization

Et ethyl

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry

Hz hertz



i-Pr

Mes
MS

MTBE
nbd

ND
NMP
NMR
Ns

PG

Ph

ppm

Pr or n-Pr
Py
quant

R

rac

t
SEGPHOS
SFDP
SILOP
SPINOL
SPRIX
TBAB
TBDM
t-Bu

Tf

T{O
THF
TMEDA
TMS

Ts

X

isopropyl

ligand

methyl

mesityl (2,4,6-trimethylphenyl)

mass spectrometry

mesyl (methanesulfonyl)

methyl tert-butyl ether

norbornadiene

not determined

N-methylpyrrolidone

nuclear magnetic resonance

nosyl (2-nitrobenzenesulfonyl)
protecting group

phenyl

parts per million

propyl or normal propyl

pyridyl

quantitatively

alkyl

racemic

room temperature
5,5’-bis(diphenylphosphino)-4,4°-bi-1,3-benzodioxole
9,9’-spirobifluorene-1,1’-diphosphine
2,3-bis(siloxy)-1,4-bis(diphenylphosphino)butane
1,1’-spirobiindane-7,7’-diol

spiro bis(isoxazoline) ligand
tetrabutylammonium bromide
tert-butyldimetyl

tert-butyl

trifluoromethanesulfonyl
trifluoromethanesulfonate
tetrahydrofuran
N,N,N',N'-tetramethylethylenediamine
trimethylsilyl

tosyl (p-toluenesulfonyl)

halogen
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FEi ARBER AR AR

%?U?4~k . SIRICOMIRRLBIR N ZE DOHFMSIKE AWICER Y GbRWHEETH S, Z
BrATH0TEXTNGT LR, AWV ORBRICE D SIIREMERPFET D 2 L he
E\%ﬂ%iﬁ@ﬁé%%éwiif/%ﬁv*kﬁéM5 INH XTI FENE (b
MR ARG, T, RFEIEME AL, EES, BE, BB SOHITRERKIK v T
77 4 —HOXZ VERBIFIE W o TR BHIRIH STl 0 . ZDOAEBIEDORIS T4 7243
PIZBWCTHEERPEHE 2> T D, BIZIXERMLEEIZBWN T, Y M~ A REELZZEIC
HFIEEERA~ORFENTRE Y . 7' IEKIT 50% R & EONDETOZXHFNES L, G
PEZR R 2 HEIN L T 5,

HAEMALE M E 1G5 ik L LTI FRENE. ¥ 77— ik, BRI, R R 56 Rk
RERFETFEND, KFRENET A MR TIIARTHLI DD, — DS FA~v—Dh%E
VLT DB BITB N TEORMEITET 5, 73 /B EORKOX T VIEEFIAT S
FINT—WEL, ALZERES D WVIIETNU LOF T UVERMEE 725 BT, WY DS
NELNRWEA L E, BERIEITIEFICEOERE CAERYIE SN OO, AN, pH
KA, ERFRME L W TeRFOHIRAZ VD, 2D DHEICH L, DEOARFRN O KED
FATEMEAR & A C & DA R A RIEIZIERICHEATH Y | 1 E TILHZ < ORIGBFE
INTWD, 2001 FFEED ) —~UALFEDN TR AR F G OB Crllll L7 iK% R 729y
K BTG#EEE., W. S. Knowles f#1:, K. B. Sharpless Zi% D 3 KIZHE OGN Z &b b, ZOHERF
fif & FEZEDOMHE T CEHECTH D &N D, ITFEOMBE AT GHREMOIEIZL D | REFK
FD, REZRF AL IR EORKIEN TELEINDICEY | 5% b %< OIS TERALD TS
EHIFF STV D, AR R G RICIB W TEZR D DN, SR EAREE, 23D SLARSRPUE 2 il 8
T5 Mt CThDH, —MICHVOR DAL, BRI, SBEZEERWAEES TR, B X
OB Z B0 RO =S Rl S D, BERAEECA S AL, FA 22l CHOD Hv
<. ﬁﬂ@f&é&woﬂﬁ%ﬁorw —Ji. AR IR AR TR LV b
FVIEMEZ R L, % DS T %ﬁl%@ TR A FERR T E D720, WRIAWEG~O 23
WFREEN TN D, il L TEHL ¥ 7V BEBSEIRITERTLEF T NVEN T DY, 2
N ZOORMMBNEERLAFHEEZ L TD, TORD, FTVEBERBIBKOE TN - SLIK
FTEH 2 LIS U TSR L. @OSIRSRIRMES & — o — N — 5 & TR T BT AR A A %
BIFET D 2 LA, B AE SR W TR EERFEO—2TH 5.



B WhER T VT —E2 A TLET U =LA L XD RFE A

DFDOXT VT 4 —ZRETDHARFFITROMOIZKANT S Z ENTED (Figure 0-1) Y,
O PEXFTIT 40— HHRETDEDYD 4 SOFREBITETRRLEHRILEL G T HHEIT/E
C%
© #MERT VT ¢ — AR T2 B DRI O 0 12k TVICEET 55 A 1AL D
@ mHEXZ VT 4—  —DDEDS %W@%k%fﬁ%ﬁﬂﬂﬁ@%&éiu\ BT D
@ ~VvT4— BEAMEICHRT 5 ZRoEiEE & 25EITAEL 5,

HLEFSYT— WMEFS)T4— EEFSUT4— ANTA—

o L, Qac%
H O ROy

L-Alanine (R)-BINOL (S)-Pyridinophane (M)-Oxa[9]helicene

Figure 0-1. R JROFELH

INHMESORFFEOR TS, WitEF T U 7 1 —2H T 2LEMOIIIEITR b EAIITOA T
W5, FRCET U =/ EWTA MR AREFMB A, RERAL B L OREAES Al F ] &
NTOLIEF T, RAVICHLRZ T ONLHEREK TH S (Figure 0-2) 9,

Natural products

NH, HO OH O Me

OH
ot ] ooo O v
OH Me
(0]

OMe
O Cl *
o HO OH
OH

0 H 0 OMe O
N\NJ:‘/N\”\ ” «NHMe Knipholone Murrastifoline-F
o
(0]
Vancomycin Q_\

Ligands and Catalysts

5 W,
| BUZN OO
Ph,P NS +
2 * * HO Me
Ph,P l l Ph,P l l O

BINAP QUINAP aminophenol Mn complex

Figure 0-2.
~2 ~



THEMHEHA SN TNDHIE LT, BHEEIR LI > TSz 22-E R (V7 2= /LR A
74 /) -1,I-EF 7T /L (BINAP) -1 27 LPEERAMME L 325 (-)- A > b — /L OREE R D AR 7
IKBIEENSGR DIMEN ST 5 (Scheme 0-1)

2 Li, Et,;NH N NEt,  (SHBINAP-RA() cat. ®
— M ||
| | 2 B-Ph. ©
FI’LPhS
Ph

®
H30 ZnBr, cat. H,, Ni cat.
= - E— (S)-BINAP-Rh(I) cat.
e} Y OH Y OH
PN

H (S = solvent)
N

(=)-Mentol
Scheme 0-1.

HEX T VT 0 —2 G T 5T U — A LEWITHN - EEREOm BB CEEREE 2 H -
TR, TOHENRIBESCERIEOREN B EZENTND, INETIKRESNLTVWDA
iEX, KEL =i ans (Figure 0-3) 9, —2l&, —45F07 ) —UbEWREICEBIT S
RFB-IRBIEATREEI ET V=T v 7V U IRIGETH S, AR TFEIL, REFENEZ
5 LRFECT U — LV ORSAEDER SN D, Kb EENREGRIETHD, Z2HIF, 7V —
LA DI EIRLIEA SIS 2R T 2E8MIETH D, T7205, T ILARERI 2 G
WZEDET V= VERAMBELZEZ, 78 IEROGEIEFT T AMBESLT I LT 7 M- Tk
FoEL BDHNET X TN OHAE TR AR U LR ER 2 555 2 & TR
ET Y —bemE 52 5, ZOFIETIE 2 BB LG, BEHEZOE A ER L EmEOF
FNVRIEEZVIEL T 5, = DOHIE, BKBCRISRCMIERLRNC Ko THFREMEL, v
U —bEMmEGRT 5 FETH D, ZOMGE AW THRAERE T UV — b5 % 5 2 5545
FOGIHGNEFOFRMEX T U T 4 —DEEX T V7 —~IE S D,

R—@\
A @ X @ X
B

| — R ——]

Y Y
2 )
Y
R‘©/ Resolution or desymmetrization of
? ﬂ

stereochemically not yet defined biaryls

Direct asymmetric
biaryl coupling

Cnon-aryl

Y
R Asymmetric biaryl synthesis by
construction of an aromatic ring

Figure 0-3.



U ARSI BIT A RF U L0

NFEDT BIEMFHIINCMEATRZ DO EDTH D, "NEFXF I H—ER= e —ED
EORBRICEENTEY , ERBILE TSI W TZOEER LR LTINS, AT UY
IMEEME G TNV T AR, T O ORELIREE & BT ATE LT3 i H+5 i E TOE
RO LIRREE CHAEA Y | —RITIE—E LR R R CEORILIREBEER 5, Dk
PERANT VT DB DLV Ry 7 TR Z I L, BRx 2GRSO Z L LT 5,

T HNFRIIEEERICB W THAZFETHY | T2 DV EBIICIAE S 5 FiEI
B B EIN TS (Scheme 0-2), BEDOL Ry 7 ZHRIZ L > THI & Z Sh 5 6ELEY

—ETIBILODWVIEI—ETILIX, T=F 2 T INHDLWVEITH TN ERESED
FERWR2TIETHY, FRIANT VT A, FHZ LTI RV Y L EERRIEER SRS

HNTWVD, VIS VIO L Ry 7 AT —E FiE e RS2 2 &8 mon Tk, V()
b EFEROBEITCH & LTERT 5, 5 i Yo aba&miE. —IZ V(V)-VAV)ET—&
ibzolEfi 7, £, —ETFBEIX VAV)-VADM TH AIEETiEEdH 5,

one-electron reduction one-electron oxidation

V(i v(Il) V(V) V(IV)

><
NN

Scheme 0-2.

NT DY LZBETTAD D WDIEREA & L TRISICHAT 256, /&7 Féﬁét e aic =
i D WITIER B0 BRE A LT 5 2 k#AWL@%@@ DLl o TG, BRELRFA
7nﬁx%hﬁ?éﬁﬁﬁ%m%_%mf\%ﬂ%@ﬁ%g%%ﬁgumzé_kﬂﬁgf%éo
Z DR, AbFERmEOLIETTAI D D W ILRRILA O U] 72 P BED RIS 22 YA 7 L D 328
DIDIZMEARRTH D, wBRRTH 2NN D56 . T OIS 2R ED
KU mWERE~E LS, Lewis B2 & LT & EITAOS e 2 rlREME 8 5 —J7 T, fill
BEOSHEZ BT LR S H D, o, BALTF 2 HWAUISZARR 226 & "rRE & 72 0 | 2K
BRI E 7213/ D D WITSLIRR A LRI G LT 5 Z L8 TE .



NPV LADENTZL K v 7 AR Lewis FRPE 2T L, i85 30 41Tz 0 V7 Ak
RISV R 2 20, AL FOSIICE W CEERER S o T d, flziE, NFYy
DEERIT AR F ALK, AV T 4 ROBLRIER AR LA X7 — 2 3 U2 EHE < OfEbX
ISR T V= T TR, v =y BRIKIERR Y v — Gk EDRFE IR FREE TR
JEOfiE & U TR TH D D, Hali TiX, RIS ~DISH ISFITT oI 9, F T 03 F
VU LEHROBFE B LT o TN D, ERRIZ, ZARF AR 0, AT 4 ROALKRF TR
~OBLIOE 89, 2-F 7 b= VOB » 7 ) U TS W, o-b Rr ¥ a R = ke
DAL 8, Diels-Alder [iis 89, VA= ALEW DT LG 0, A Y ZRF T ROBHER
G 8B X ONT = ) — LV E 7L 2 D Friedel-Crafts B JE 8972 & ORFFMIBER 6 A3 FERR &
NTW5, £z, XNFPTLDOL Ky 7 AHEL Lewis BRMEO M 7 2 Wi iE 4 2k s b
il ST D 8o

FHWET AT DU LR E DD ARFIACN T v 7Y 7 BUS

HPEXZ VT =2 AT 2T V) — /LB DR b EHENRERIED—DI137 =/ — VEHDA
HBCHI T > 7 ) TR T D, 7 = ) —/VEHDOBICHI T > 7V o T RIS b D
i, VT =0 LB FEERIC, NTF YU ABRKSERET D,

2001 4T Chen © & Uang HIXENEAVMNL LT, ATV 0 Mz X% 2-F 7 b—1 51
DARFBALNI S » 7V T ROGEEHE LT D, 703000 AEEIRS)-3 IXBRLRER NP
2 (VOSOs), 7T b RILAEWME L TAERTH H(S)-7 2 /0 Hi# L, BINOL #E K 2 %
E 68% ee TIHA Z LTI LT 5 (Scheme 0-3) 80D, U2> U 7222038 & | fildd B AR DOTEM KL .
SO 5ERS & CLlZ e T 360 IEfi] 2 25 L 7=, Uang B3t & R U 21> U2 U R(TMSCI)
EWRINT 52 LT, RISFEROEREIZEE L TWD DD, AW DT F v F AR T R
I E->TW5,

A) Chen R! R?
V cat. (S)-3 R

R! R2 (10 mol %) 3

; e " o GRS
3 Z
HO R3 CCly, 0, HO R oV
rt, 48-360 h o)
1 R1 R2

(S)-3
R' =H, OMe, OBn, CPh,(OH) . 2 R = i-Pr, Bn
— 75%-quant.
R2=H, Br, OMe
R3 = H, OMe 35%-68% ee
B) Uang

R1
V cat. (S)-4 (2 mol %) Bn
R TMSCI (2 mol %) ,
2 soeHhewss
2 Z
HO R? CHCl3, 0, HO R o0
rt, 24 h 00-H
1 R1 |

R'=H, Br 2 (S)-4
50%-91%
51% ee

Scheme 0-3.
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ARHEWNEDO S 572510 EE BEZ, 2002 4512 Chen 5IE N-ketopinidene FH3D/NF 27 AGEIA
(S)-5 ZBA%E L 9, 2003 4E{Z Uang 51337 7 LR D4y F-PNIZ Bronsted BRHAL &5 A L 7= filit
(Sa,R)-6 ZFHHL L 10 Z 1 E s 87% ee, 73% ee (2 C BINOL (KA1 T 5, 2002 412 Gong
HIZDONF VT AR PR TG SN AT YU AVEEERT NG Th DL L %
AL, 0°C, BEEFFHS T CHITL, & 98% ee TBINOL #FEk%Z 5225 2 L& AH LT
W, LNLRNRG, ATV AEERORBIEMEITR S . ROSFERIZIZRFEH (36-168 ) %
VB L35 (Scheme 0-4),

V cat.
2 1 _ 2
mononuclear vanadium complexes
Chen (2002) Uang (2003)

Bn

CC -
t-Bu O/Yl\o
N )
o N OH
O—I\I/\ 0
g ©

V cat. (S)-5 V cat. (S,,R)-6
(3 mol %) (5 mol %)
61%-quant., 42%-87% ee trace-96%., 18%-73% ee
(CCly, Oy, 40-45 °C, 168-240 h) (CHCI3, Oy, 1t, 8-60 h)

dinuclear vanadium complexes

Gong (2002) Gong (2002)

O\N/l;o
oiv?
o. P
/-0
/V

(_Lei o
_N /

-/
V cat. (R,,S,S)-7a V cat. (S,S)-7b V cat. (R,,S,S)-7¢
(10 mol %) (10 mol %) (5 mol %)
83%-quant., 92%-98% ee 89%-quant., 48%-98% ee 58%-quant., 60%-97% ee
(CCly, Oy, 0 °C, 144-168 h) (CCly, Oy, 0 °C, 96-168 h) (CCly, air, 0 °C, 36-96 h)
Scheme 0-4.

EZOMIEE TS Scheme 0-5 T/ L7z, [ HEIEMHEACHERE ] (23S < BT U0 A(V)filde
(Ra,S,S)-8 ZBAFE LT % 19, AfELITIE —3FHND oD F VU LWRFRENENEETH D
2-F77 b= ETEMAL L, 7N v 7Y T ROGEREET 2 & RIS AL A 21TV iR,
T F AR B A O (S)-BINOL #8452 5 1200,



= ]

0| o
~

/(I)l © ! HO

O N /O HO OG
=N" 0

2N
— R
tBi O (S)-BINOL

— - up to 97% ee
Dual Activation

Chiral dinuclear
R vanadium catalyst
_—
:
HO Air O

reaction condtions: 2-naphthol (0.2 mmol), CH,Cl,, 30 °C, 24 h, air

t-Bu
S
o) t-Bu
S
~N
O OH \:/\/QFO
07\ ©
O OH
Vcat. (R,,S,S)-8 Y Veat (S,,8,9)-8 V cat. (S)-9
(5 mol %) (5 mol %) (10 mol %)
(S)-BINOL: 96%, 85% ee (S)-BINOL: 15%, 47% ee (S)-BINOL: 37%, 81% ee
match mismatch low catalytic activity

Scheme 0-5.

ZBAT = ) — VIBEROREFWALKI T v 7V TG 129

MWFIEE TR L7 B d D WITHLEE AT U 0 AR IRIIRE AR PR AZE T I E TR
B ki » 7Y v T RIERREECH o 72287 = /7 — VSR 10~13 IZXF L CTH A TH |
IR DA TV v T ER E RO T T AR TE S Z ST H LTS (Scheme 0-6),
Bz, 2-F7 b= O g REZPELZ2-T > b7 — (10) £721L9-7=F AL/ —/b

(1) ZROGEE L L, AT U0 A (R,S.S)-8 Z#IEASEIEZ A, 3T dhED v
U 7K 14 73 80%IH, 75% ee T, 15 BEEMINT 93% ee TENENFOHND, 3- T =F A
/ =)V (12) % H8-BINOL HI2RD ZHZ/3F 27 LEEIR(R,,S,S)-18 DIF(E F CRIGSE D &, KFE
71 7N TR 16 B 2%, 68% ee THDHIVD, ZDN v 7 U v THERMIT T HBKERL
BOS %R T, bR ARIEFREFFBRLED TH DAV~ B ~OFELRATRETH 5, 4
DORUEUVBEDMER LTz 5-7 Utk —v (13) ORFEBILH T v 7Y 7 b RERICHET L,
LD AT U7 BZEERES)19 Z WD Z & T HRO D v 7V & T AR 1T 23 83%IUE, 75% ee
THLILD,




A) 2-anthracenol V cat. (R,,S,S)-8
(5 mol %)
o oo\

CHCl3, air
-10°C,72h
14 not obtained

B) 9-phenanthrenol

V cat. (R,,S,S)-8 I
(5 mol %)
HO
OO o
CH,Cl,, O,
HO ~10°C, 48 h O

100%, 93% ee

C) 3-phenanthrenol

V cat. (R,,S,S)-18
(5 mol %)
2 Ho

CHCl3, O,
10°C, 72 h

V cat. (R,,S,S)-18

D) 5-chrysenol OO
V cat. (S)-19 ‘O O t-Bu
) O (10 mol %) HO O h N/QFO
/V\
CH,Cl,, O, HO 07\ ©
—-10°C, 36 h O OH
OO V cat. (S)-19

17
83%, 75% ee

Scheme 0-6.

AFEEAEI T 7V T ROSEFIE L 72 RGO B 1

2012 4 Shaw HIEF T ANF V7 MK E WD RNEREHI T v 7)) o 7 GEB & T 5 A
TEEE DBhRI e A & s LT D (Scheme 0-7), & 7 L7 ZE8:DF 7 hET /v (20)
ZHE L L, 20 mol %D Gong H 23 L7z /T2 0 AEEIR(RLS,S)-22 WS & xtIST %
B 7V T HERPI(RLR,R)-21 INERBINCE WY T AT LAERME (88% de) THEHIL. TDH%
D _BEBED G % #% T, Pigmentosin A DR % % 2K L TV 5, Shaw B IX[FEIEED SR EZ W T,
RN T B Telaroderxine A B LB OEGKG S THE L T\ 5,




Oi-PrOMe O

Qi-PrOMe O V cat. (Sa,R,R)-ZZ
, . (20 mol %) HO
OO R CH,Cly, 05, 15h  HO
HO Me
(R)-20 Oi-PrOMe O
(Ra,R,R)-21

99%, 88% de

OH OH O OH OH O
V cat. (S,,R,R)-22 Talaroderxine A Talaroderxine B
Scheme 0-7.

AEBCHI T >~ 7Y T ROSEFIH LAY ~— B OF] 19

2005 FTIF AT VT LAEEREZTEAT S BINOL ‘B# 4 T E T 5K ~—DxF o F A3ERN
IR ARSI HRE E TV 5 (Scheme 0-8), Habaue b3 NN U A EF T LV E R LYV D o~
BOAZF(R)-Phbox ZflAEbH, 23-Pk FudvF 74 L (DHN) OARFELED v 7V v 7
EIRERGET DAY = —(Iic X Y DHN OZ&EOGIZHKII L T b, AU ~—{kilfEics
F ORI T T DT FARIRMEL, 80% ee U ETH D LHERNSND, £/, TV
VLADATT Y U E X T AN AL L TGEARY F U LB L L2GE . K0 E0ILk
BRPUEDBLII STV D,

(R)-Phbox (10 mol %) AcO OAc
VOSO, (10 mol %) Acetylation )/—\< {,/ A \08

CH,Cl,/MeOH, O, — NN
O i, 24 h PR Ph

HO OH

n (R)-Phbox
2,3-dihydroxynaphthalene poly(DHN")
(DHN) 58%, 80% ee
D-tartaric acid Li salt
(10 mol %)
VO(OCOC7H35) 0 0o
K .
OHN (10 mol %) Acetylation poly(DHN') Lio oLi
42%, 89% ee /
THF, O, P
it, 96 h HO OH
D-tartaric acid Li salt

Scheme 0-8.



FHIE ARFFEOREE

D XSz, EF, FIAF D0 LEERETE T 2 R F MRS OBRFE A TEF I T T
W5, BIETCIXFRICRFRBILAI D » 7 ) U ZIZEB L, 2-F7 7 h— AR EREAT = 7 — ik
REILE & Lifl, REBEWERE LORY ~—B RIS Ll alk 7=, LnLzns, %<
DFIET AT R AL+ 25 2 L0, BUSHEN 2-7 7 h— B ERICR O TV D722
E. ZLOEERNPESTWD, TS, NT 2T AOF T KIS OBRECHH AT T A
PEROBRRIL, AN REFGRO S SR DRBBICEND LHIMFTE 5, T TEHRIT, YUY
LBEIR D= 72 AT REME A2 B9 72 Ok D > ORFFEREICE F LT,

' 2277 =D S U F ARRN R RKPER T v 7Y T O
B ARV B ORI T A RIRAE R

....10....
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B—E 2277 b= AOF U FABRRAREEKTERIC S v 7Y T RIE

3
3

i

il

H—IH BRBEREIEENND 2-T7 7 P VEHOARFRRAI T v 7Y T ROG

TR BINOL #ERIIAH A b FIchs W TR b AR 7 VERIED—>2 L LTH
TS D, BINOL HEBARFENL & L TEHL 7210 Th {Hlix OREISIZHAZ) 72 BINAP
B0, U VBT AT MICRE SN D RF A TR~ L K G EHTE 5728, BINOL D
AREERIEOBRBIIZ OO TEETHS (Figure 1-1) 2, ZiLE TIZ BINOL ORI ARF A RRIE

%< DIFFEH I L > TEAITHIZE STV 5 1o,
X
| O P\
HO

Ligand Auxiliary Organocatalyst
Shibasaki—Sasai Yamamoto Akiyama-Terada
1992 22) 1983 2b) 2004 2¢.9)

Figure 1-1.

BINOL #FEARD IO THOARFEHIL 1978 4, Wynberg & (T & > T Him f O iHIEHT & (5)-7
TNV TFNT I E AV TGERSLTW S (Scheme 1-1A) 3, L L72R235, 554172 BINOL
(2a) D F U F AWML T D 3% ee Th Y EMAMREIE EITE 27202 72, 1985 4 Brussee
SIEF 7R E LTCES)a-7 > 72X I 0% 2-F7 h—/b (1a) 1T LTS8 YEHNDLZ LITLD
2a DARFULRE 96% ee \ICE THFEL TS (Scheme 1-1B) 4, Z4 5 OWELIFE, HEIEOE
BaEEB X O 7 VBN 1O A2 BET 2 72912, BINOL O flE) R A S ER I S D
X2t oTn5,

A) Cu(NO3), * 3H,0 (1.0 equiv) OO
(S)-phenylethylamine (1.0 equiv) Ph
. LI b C
HO MeOH HO HN" "Me
. 20°C,20h (S)-phenylethylamine
a

2a
63%, 3% ee

B) Cu(NO3); + 3H,0 (2.0 equiv)
(S)-a-amphetamine (8.0 equiv) Ph
2 1a 2a
MeOH 98%, 96% ee H,N' “Me
20°C,20h (S)-a-amphetamine
Scheme 1-1.
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BINOL #FE (R OER 4B MBI X5 REBI T v 7' v 7 OSIE, Famsh U TRk~ 735
DU NEROM, R, LT =T LB X OSSR Z AV TER SN TS,

FEGE AR AR S5 H OO, BINOL #FERO LA AR5 A RO O TR BT = & LT
F 7L Cu i1 & > TR ST E 72, 1993 4EIZ Koovsky H1E, 10 mol % CuClx, 20 mol %
D(—)-sparteine X ONFRILAIE LT 1.1 ¥ &ED AgCl Z 5 1a DL v 7 U 72 k0 | b5
IER 70%, AEUE 3% ee 12T 2a DEFKUTHII LTV D I, L LR HIKIRE L TRFIEEIT
&7 > 7= (Scheme 1-2),

CuCl, (10 mol %)
(=)-sparteine (20 mol %) H
AgCl (1.1 equiv) N
2 1a 2a |
MeOH 70%, 3% ee N g
20°C,72h (-)-sparteine

Scheme 1-2.

T T ARPWE B DA 72 BINOL 538K D AR A AR, 1999 4F Koga HIZ K-> T
BERENTWD O, FTAR2T7m ) UnbiFEIND YT I U2 ARFRAIZHWT Cu(DSEERIC
X% 2-F77 b= VB EROABEI AT D >~ 7V T ROSZRE LT 5 (Scheme 1-3), 3 fifiZT
AT OVERRILEEH T 5 G DITEO T o F AR IRIEDN B S, FE 78% ee T(S)-BINOL #%
BERBELNTND, SHIZCuDbAlE LThkEEFREZ AV TEY | BEARNNIL 7Y

ST

— IR EWVNZ D,
R
CuCl (10 mol %) OO
H H H 0,
, R chiral diamine (11 mol %) Ho Oﬁ

Ho N N—Et

HO CH20|2, 02 ‘O H Ph/

R

rt, 24 h
chiral diamine

R =H:89%, 17% ee
R = CO,Me : 85%, 78% ee

Scheme 1-3.

2001 2 Kozlowski &%, 1,5-diaza-cis-decaline Z Flf7 1 & 925 Cu(DEEARZBHFE L, HEH 23 %
HOWTAFIEE 93%ee (ZFETH ESHTWS (Scheme 1-4) 7, LM LZRMRL, 2-F77 h—/b
D 3PN AT NI ZFFIZ R WIEE D6 AAFEIBI S THRWY,

Cul (10 mol %) MeO,C
MeO,C (S,S)-1,5-diaza-cis-decaline (10 mol %) 2
HO ( _/Nd

2
HN—/ )
HO MeCN, 02 HO
40 °C,48h
MeOQC

(S,S)-1,5-diaza-cis-decaline

23 (R)-24
85%, 93% ee

Scheme 1-4.
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—J7. 2000 FFIZF A H1%F 7 /L Ru(salen)fitlit 25 2 VN SRAMRIEH T2V T, 1a OARFEE
LI~ 7V > T ROSIZEB VT 65% ee DARFFEEZER L TV D (Scheme 1-5) ¥, Afilgix
2-F7 7 b=V D 3N AT )VEBIL A VIEL LRV W 9 5T, Bifd L7 Cu AR & 134 < &
25,

(NO)Ru(ll)-salen 25

(2 mol %)
2 1a (R)-2a
toluene, air, hv 72%, 65% ee
25°C,24h

(NO)Ru(ll)-salen 25

Scheme 1-5.

RO TLREME OBLEN S, Ay 7 ) T ROSIZEWT S K0 2l T4 74 @ At o Bl 7
MNIEBA I TWD, 2009 H12FH H1%. Fe-salan iz W T, 2-F 7 h— L 3FE RO RFERL
W7 7V 2 TSI TR 96% ee D) o F A ERPEA 2R L T\ 5 (Scheme 1-6)
%) ZZAl TARFEME 2R Fe A AW TWA SO0, RHIABETE MR A R A SE 51213 60 °C 12 %
THETDZBENRD o=, AMLITERLZEEOIE L 5 Lo~T ol v 7 o ZRIGIZ S H
SNTND N, EFIEEN R D RO 2-F 7 b= NVEHO~T a7 TR iR
FIRAE L, C3. C3 KLU CONLITHE A~ DEHIELE & DN FIEMER C RIFRE T 7 b — VD i {#
TR AR LTS, fogkz AW fl L LTiE, 2016 42 Pappo HIZL D T /L) UL A
TIVEENL - & T DA A N2 2-F 7 b= VDO REBLI T » ) TR E SN TWS

10)
o

R1 R2
Fe-salan cat.
(4 mol /o) OO
3
HO R3 toluene, air HO OO R
60 °C, 24-96 h
R’ R?

2
64%-94%
16%-96% ee &"{o Fe-salan cat. 2

Scheme 1-6.
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BOTH KBRS L 2-F 7 h— Ok h v 7Y v TR

WA, KREWELE U THOW A AEARRBISNER ZHED TN D D, KITAEEL L T, K
M IRFEIECTH Y | BEMENRE N EL L OFRER LT\ D, RIFH « BREERI 72 W53 B OB
OIKZEBARE T2 2 LIFFRFEICHRTES | BEMME O 7Tt 20—> L TR SN,
FramsB Ui & B —RmE—H TR L O 10, EBaREMEL WD 2-F7 b — L OfR{r s v 7
NS N L VN ﬁuﬂﬂﬁ/ﬁ%ﬁ¢T%MéﬂTW5 Zhicxt LT, ZhE Tk
BEIEE T2 2-F 7 M= DB v 7Y o TS OENTA I,

2005 412 Mizuno O X, MAEF (LW K EICE B8R L2 KEEIL LT = 0 A 85K
Ru(OH)J/ALO; 23, 70 FIREER ZBRibAl & 95 2-F 7 b — L DOKHFERALE S » 7V > 72BN THE
WIS A R 2 L 2 E L TWD, REIGR TIE, WL Loy T =0 AR G ICE
HLTW5DOTiE7a <, Ru(OH)WALO; R ECUGIEIT L TR Y | fillEoEy « FFIH &
A[HET& D (Scheme 1-7A) 2, 2007 412 Reddy H 1L, 74X T MU v A (ALG) _EIZ8 (D)
wREF Lo AR — 7N 2-77 b — L OKPERILEI T » 7Y U TITRTH D L HE LTV D
(Scheme 1-7B) '3, 2009 4F{Z Eshghi & 1%, (b F&EFmED Fe(HSO4); ZfHEH L THAKHFT2-F7 |k
— VORI T 7Y TN EERICHEITT S5 2 & A WE LTS (Scheme 1-7C) W, ZitbL
T =0 A, S XOBEFIH U7 KH S BINOL 2 @SR TH 25 5 OO0, 100 °CO UG RE
EELAEBMIIZEIRTH S,

A) Mizuno (2005) i B) Reddy (2007) i C) Eshghi (2009)
Ru(OH),/Al,03 ' Cu(ll)-alginate - Fe(HSOy4);3
(Ru: 5 mol %) ' (21 mol %) ' (100 mol %)
2ta —————> 2a | 21a ——— 2a | 212 ——— 2a
water, O, ! water, air ! water, air
100 °C, 5 h 98% | 100 °C. 18 h 83% . 100 °C, 0.3 h 92%
Scheme 1-7.

2015 -2 Addo & Pessoa HIE7T X/ ER L B D KIZ AR T L HifiifE 2 BAs L, =% /

— VK ODIRGVEBEF, 40 °C 12T 2-F7 b=V ORFBILH T » 7V o 7 R#ITT 5 Z & & R
LTW5 (Scheme 1-8) 9, L7 L7ZeA 5, BINOL DL HRE L OAFICRIL 33%., 39% ee &
fifi /2 T & DETIEZR W0,

Adéo and Pessoa (2015)

CulL* (1.3 mol %)

morpholine (100 mol %) Bn O

K1 (100 mol %) H )—/<
21a 2a N',, /O
EtOH/water (1:1), air =\ e Cu
40°C, 2(4 h) 33%, 39% ee N\ N TOAc
Cu/L
Scheme 1-8.
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INETICAVT=U L, SABIOEEMHLT2-F7 h—VEHOBRL S v 7V v 7 OB
TN TVWD 0D, = F o F AR 72 SONT—FI DAL ToH O 726 R TG S TR,
F I THEFRIT, YHFEE TR L AT VT AEERD A & ) — R K~DZEMEIZEH L,
ARG Z K HFIZ BT b @ ONLRRPPED DR EAIRE TE 2D Tl e B 1 FRICE
FL7
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B USRI ORM

WHFZEE TIX 2 E TIZ, 5mol %D 43T 20 LEEIR(R,,S,S)-8 DIFIE T, 225 D5y 1 IRER
FredibAlE Ly 7 on A X 1 30°C 12T 2-F 7 b=V OERLEI D ~» 7V v 7RO ETT L.
BINOL 723 & &HIIZ 90% ee ([Z T B D Z & A LT\ % (Table 1-1. entry 11) 19, AAFFETIL,
RISES A 7 maa 22 UinbAKICER L, FMEORFEIT o7, WEZKIC LD B TG
T4 < HEATE T, FEAEI S 72 (entry 1), ZERFFFAK N0 HEER R FIZZE 2 UGS Otk
EHR LI O0, EEIT N%ET, 7EIRTHo7 (entry2), 2-F7 b=tV
DEEAR DK~ OEIRFE O & S0 SR DA & 23 SOSEE DR WFIK &5 2, iV TR s A
DN & FERF 2T - 72, REEERE LTT =40 RF Y LEIRET U 74 (SDS), &
FAANMDT T TFAT E=U LT E IR (TBAB) B L UHPED Triton X-100 % % 412 71l
BERML7ZbDD, b5« RFWE L BICRERUGETR ONh 57 (entries 3-5), KITK
JSIREZ 40 °CIZ ES- LT & 2AETOARFFHENHERINI, L LN L, AR OIERIT
%I E -7 (entry 6), FUGIREE 50 °C TIT - 7= BRI SUSIZ LS /L B4, BINOL 78 91% 0 Hi

Table 1-1.

V cat. (R,,S,S)-8 OO
(5 mol %) HO
2 _—_—
HO water, 24 h HO OO
1a

2a V cat. (R,,S,S)-8
entry air or Oy temp. additive yield ? ee”

(1 atm) °c) (5 mol %) (%) (%)
1 air 30 — no reaction —
2 0, 30 — 11 rac
3 O, 30 SDS 9 rac
4 0, 30 TBAB 5 17
5 0O, 30 Triton X-100 26 26
6 0O, 40 — 11 28
7 0, 50 — 92 (91Y 80
8 0O, 70 — >99 74
9 O, 90 — >99 66
10 O, 50 — no reaction —
11°¢ air 30 — quant 90

2 1H NMR yield, 1,3,5-trimethoxybenzene was used as an internal standard.
b Determined by HPLC.

¢ Yield of isolated product.

d Without V cat. (R,,S,S)-8.

€ Result when the reaction was carried out in CH,Cl, ¢
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B ER, 35 11N 80% ee DIINMEL I b RWVAER TR O (entry 7). BUGIREEZE 70 °C & 5\
90 °C & X LIZEIRIC EA X284, BINOL IZEEMIZHE LN DD, =) FARRMED
KB &7 (entries8and9), TN HDJFKE LT, @ik FCOAEEY D Z & (bl EDF]
REPEN I DD, RHERE LT, NF VT AMEIEFLE T CIIORIT 2 EIT Lo 7z
(entry 10) Z & D . 2-FT 7 b—=ADDHNF VT A RB~O—BEFBENV AR L, HEIEME0HE
W% HBLT 572 90121% 50 °C LU EDOISIRENMLETH 5 Z L AV L7z, & - T, Table 1-1. entry
7T DRISGMEZ AR OGO Fi Gt & LT,

Ho EE A RIEORE

Table 1-2.
R
) 9@
) 3 Oe 6 V cat. (R,,S,S)-8 (5 mol %) HO
HO 7 water, Oy, 24-48 h HO ‘Q
1
2 R
HO | I HO | I OMOM HO | I OMEM
HO ! l HO ] l OMOM HO ! l OMEM
2a 2b 2c
91%, 80% ee 78%, 83% ee 65%, 63% ee
(50 °C) (50 °C) (50 °C)
oL s 90 9@
HO (0] HO Br HO OMe
HO (0] HO Br HO OMe
L 90 9@
2d 2e 2f
78%, 85% ee 85%, 73% ee 87%, 94% ee
(50 °C) (70 °C) (50 °C)

] l OMe ] O Me OO MeO OO
HO HO HO HO
HO ] l HO ! l HO ! l HO O l
OMe Me

MeO
Ph
29 2h 2i 2j
95%, 63% ee 89%, 77% ee 82%, 85% ee 69%, 44% ee
(70 °C) (70 °C) (70 °C) (70 °C)
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RIERIEO T, Fix 0 2-F77 b —/FEREEH L, KBTI T 2 ARG O RE — MM DO fEt
Z1T7->7- (Table 1-2), 2-F77 b—v®D THL, 6 (L DT 4 (LIZE FHLGMEELEL (MOM-O %,
MEM-O . allyl-O £, MeO &, Me #, PhKL) OB ROIMEEHIL (Brik) ZEALTEkA 2R
2-F 7 M VBRI R VIR & @t o T A RRETHRIS T 5 BINOL ~ & B TX 7=, 34
(12 MeO & Fi B 2 W56, Al 25 13 69%INR, FREED 44% ee THOHNT-, ok
BIZHA_TF U F AR ME T L2B B E LT, 3MOBREO RN EENEEL, —
HIEVELEERE (FrmsBlusi) #HEL WD EE2 HND,

U BINOL © 7 & 21k

ASGGAE T CTARP O BINOL 7 b EE Z LT D NEHLNNCT D72 OICEBR AT
ST, TS DT 6,607 A B F VD ERL ST IR MR BINOL F538(K 2f (94% ee (5))
£ 28(81%ee(S) 2 v 7 U v ZRUGSD ST (100 mol %D 2-F 7 b—/1 & 5 mol %0 (R,,S,5)-8)
70°C DKFHDH WL 1,2-T 7 ma o R TEREIREE LT, 24 REEZICEI L7z 2f & 2g D
SR 2 JE L, BERRTOZ S & 21T -7 (Scheme 1-9), KHDHE, BN L7 2f (X
93% ee (S). 2g 1L 77%ee ()& R L., £ T D ee DMV VR STz, FHUZXLT12-¥ 7=
Z UHOBATIE, B L7 2f 13 74% ee (). 2g 1L 11%ee (R)Z 7/~ L7z, LA EDFERMNE, K
TIX BINOL #FEARD 7 7 I(KIZ LD ee DN IHEMIBBAIZHA_RTELIMZAOND Z &DH
Bk o721, Zid BINOL #FEAD KK D REDIK SITER L TWD B b D,

(Ra,S,S)-8
(5 mol %)
() HO oMe HO OMe , HO
HO OMe HO solvent, O, HO OMe HO
70°C,24h
2f 1a Recovered 2f 2a
94% ee (100 mol %)
water 93% ee 82% ee
CICH,CH,CI 74% ee 13% ee
OMe (Ra»S,S)-8 OMe
O (5 mol %) O
HO HO
@ HO 1a N HO 2a
(100 mol %) solvent, O,
70°C, 24 h
OMe OMe
2g Recovered 2g
81% ee
water 77% ee 78% ee
CICH,CHCI -11% ee 23% ee
Scheme 1-9.
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BHEN T LA —VERK

AFEOGHAMEZRTTZOIL, 7T LA —/VTARKIGEIT>7- (Scheme 1-10), 1.2g ® 1a &
HUNE If % 5 mol %D (R,,S,S)-8 1F1E F TG SHT=E Z A, (5)-2a 1% 83%IUEK, 77% ee T, (S)-2f
1E 63%INE, 94% ee TENENSGHIL, /NAT—/VDIJLDORE & RIFRE OFE RAHER TE 72, X
JEAE TSN T 7 D D[R 2320 72 S O D, TH NMR O 52> B ANK 3 i & 0 it oo —
WIS L TWVD Z &R ST,

V cat. (R,,S,S)-8 (S)-2a (R =H)
(5 mol %) 0.95¢g
HO R 83%, 77% ee
2
HO R water, O, HO R
50 °C, 36-48 h (S)-2f (R = OMe)
1

0.76 g
124 (S)-2 63%, 94% ee

Scheme 1-10.

HANE E LW

KHIZEBNT, FTV N T T AERR.S,S)-8 Zfikiit & L, 2-F7 7 h—/LHH 1 OFRFERAL
W17 v 7 EER LT, S2RKP CTET T U F ARG (K 94% ee) (R LAIH T
BT % O, AHEERIE T O FSIZH T 50~70 °C DJSIRENSLETH D b OO K TIE 70 °C
IZBWTH BINOL 58D 72 {RITIZ LA ER I HRWZ ERH LN E R o T, KRSIET T
DR — )L COFERMEARETH D,

(Ra,S,S)-8 (5 mol %)
2
o
HO In water under O, ‘Q
50-70 °C, 24-48 h

R
(S)-2
* High enantioselectivity
% Suppressed racemization 65-95% vyield
% Gram scale synthesis up to 94% ee
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KERIH

'H and '3C NMR spectra were recorded with JEOL JMN ECS400 FT NMR, JNM ECA600 FT NMR or
Bruker AVANCE II ("H NMR 400, 600 or 700 MHz, 3C NMR 100, 150 or 175 MHz). '"H NMR spectra are
reported as follows: chemical shift in ppm relative to the chemical shift of TMS at 0 ppm, integration,
multiplicities (s = singlet, d = doublet, t = triplet, m = multiplet), and coupling constants (Hz). *C NMR
spectra are reported in ppm relative to the central line of triplet for CDCIs at 77 ppm. Optical rotations were
measured with JASCO P-1030 polarimeter. HPLC analyses were performed on a JASCO HPLC system
(JASCO PU 980 pump and UV-975 UV/Vis detector) using a mixture of hexane and 2-propanol as eluents.
Column chromatography on SiO; was performed with Kishida Silica Gel (63-200 pm). Commercially
available organic and inorganic compounds were used without further purification. (R,,S,S)-8, 1b, 1d, 1h,
1i, and 1j were prepared following the reported procedures.!®2° Products 2a, 2b, 2d, 2e, 2f, 2g, 2h, 2i, and
2j were identical in all respects with the data reported in the literature.!®?! Absolute configurations were

assigned by comparison of the specific rotation reported in the literature.!®?!

Preparation of 7-((2-methoxyethoxy)methoxy)-2-naphthol (1c)

MEMCI (1.1 equiv)

i-Pr,NEt (1.1 equiv) OO
HO oH CH,Cl, HO 0o O
1c

rt, 24 h
26

To a solution of 2,7-dihydroxynaphthalene (26, 961 mg, 6.0 mmol) in CH>Cl, (30 mL) were added
i-ProNEt (1.15 mL, 6.6 mmol) and 2-Methoxyethoxymethyl chloride (MEMCI) (0.75 mL, 6.6 mmol) at
0 °C. The mixture was warmed to rt, and then stirred for 24 h. After the reaction was completed, water was
added to the reaction mixture and the solution was extracted with CH>Cl,. Organic layer was washed with
brine, dried over Na;SO4, and evaporated in vacuo. After the purification via SiOz column chromatography
(hexane/acetone = 3/1), the desired product was obtained as yellow oil (675 mg, 45%). '"H NMR (400 MHz,
CDClz): 0 7.67 (d, J= 8.7, 2H), 7.27 (d, J = 2.3 Hz, 1H), 7.05 (dd, /= 8.7, 2.3 Hz, 1H), 7.04 (d, /= 2.3 Hz,
1H), 6.96 (dd, J= 8.7, 2.3 Hz, 1H), 5.37 (s, 2H), 5.01 (s, 1H), 3.88-3.86 (m, 2H), 3.60-3.57 (m, 2H), 3.39 (s,
3H); 3C NMR (100 MHz, CDCl;): 6 155.2 (C), 154.4 (C), 135.6 (C), 129.1 (CH), 129.1 (CH), 124.4 (C),
116.0 (CH), 115.9 (CH), 108.7 (CH), 108.4 (CH), 93.1 (CH>), 71.3 (CH>), 67.3 (CH>), 58.6 (CH3); HRMS
(ESI) caled for Ci14H6NaOs, m/z = 271.0946 [(M + Na)*], found m/z = 271.0938; IR (KBr): v 3360, 3062,
2931, 1635, 1515, 1448, 1200, 1159, 1007, 833 cm’'.

General procedure for coupling reactions of 2-naphthols 1 using (R.,S,S)-8 in water

A test tube was charged with a water (1 mL) heterogeneous solution of coupling substrate 1 (0.2 mmol)
under O, (1 atm) atmosphere. Vanadium catalyst (R,S,5)-8 (0.01 mmol, 5 mol %) was added to the solution.
The reaction mixture was stirred at 50 °C (for 1a, 1b, 1¢, 1d and 1f) or 70 °C (for 1e, 1g, 1h, 1i and 1j)
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until the reaction had reached completion by monitoring with TLC analysis. Then the reaction mixture was
directly purified by silica gel column chromatography eluting with ethyl acetate/hexane to give the

coupling product.

(S)-1,1°-bi-2-naphthol (2a)*®

Reaction time: 24 h; Reaction temperature: 50 °C; 91% vyield; [a]3* = -26.9 (c 1.0, THF, 80% ee); 'H
NMR (400 MHz, CDCls): 6 7.98 (d, J = 8.7 Hz, 2H), 7.89 (d, J = 7.8 Hz, 2H), 7.43-7.34 (m, 4H), 7.31 (td,
J=7.8Hz 1.6 Hz, 2H), 7.15 (d, J = 8.2 Hz, 2H), 5.04 (s, 2H); The enantiometric excess was determined
by HPLC with a Daicel Chiralpak AS-H column (hexane:2-propanol = 7:1, A = 229 nm, flow rate = 1.0

mL/min); tr (Major enantiomer) = 9.8 min, tz (Minor enantiomer) = 15.1 min, 80% ee.

(S)-7,7°-bis(methoxymethoxy)-1,1°-bi-2-naphthol (2b)6

HO | I OMOM
HO ! l OMOM

Reaction time: 48 h; Reaction temperature: 50 °C; 78% vyield; [a]L® = +127.6 (c 1.1, CHCls, 83% ee); 'H
NMR (400 MHz, CDCls): ¢ 7.87 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H),
7.14 (dd, J = 8.7, 2.3 Hz, 2H), 6.65 (d, J = 2.3 Hz, 2H), 5.08 (s, 2H), 4.99 (s, 4H), 3.31 (s, 6H); The
enantiometric excess was determined by HPLC with a Daicel Chiralpak AS-H column (hexane:2-propanol
= 7:1, A = 235 nm, flow rate = 1.0 mL/min); tz (major enantiomer) = 16.5 min, tz (Minor enantiomer) =
27.9 min, 83% ee.

(S)-7,7’-bis((2-methoxyethoxy)methoxy)-1,1°-bi-2-naphthol (2c)

HO | I OMEM
HO ‘ l OMEM

Reaction time: 48 h; Reaction temperature: 50 °C; 65% yield, yellow oil; [a]3? = +61.9 (c 0.7, CHClIs,
63% ee); *H NMR (400 MHz, CDCls): § 7.88 (d, J = 9.2 Hz, 2H), 7.80 (d, J = 8.7 Hz, 2H), 7.26 (s, 2H),
7.23(d, J = 9.2 Hz, 2H), 7.16 (dd, J = 8.7, 2.3 Hz, 2H), 6.71 (d, J = 2.3 Hz, 2H), 5.15 (s, 2H), 5.10 (s, 4H),
3.70-3.62 (m, 4H), 3.45-3.34 (m, 4H), 3.28 (s, 6H); 3C NMR (100 MHz, CDCls): 6 156.4 (C), 153.3 (C),
134.6 (C), 131.1 (CH), 130.0 (CH), 125.4 (C), 116.0 (CH), 115.8 (CH), 110.2 (C), 107.9 (CH), 93.4 (CH>),

~23~



71.4 (CHy), 67.5 (CH), 59.0 (CH3); HRMS (ESI) calcd for CogH3oNaOs, m/z = 517.1838 [(M + Na)*],
found m/z = 517.1826; IR (KBr): v 3390, 3058, 2931, 1621, 1512, 1203, 1159, 1019, 982, 834 cm™; The
enantiometric excess was determined by HPLC with a Daicel Chiralpak AS-H column (hexane:2-propanol
=4:1, A = 220 nm, flow rate = 1.0 mL/min); tz (major enantiomer) = 22.0 min, tr (minor enantiomer) =
30.1 min, 63% ee.

(S)-7,7>-bis(allyloxy)-1,1’-bi-2-naphthol (2d)*®

HO OO O/\/
RO e

Reaction time: 48 h; Reaction temperature: 50 °C; 78% yield; [a]3? = +177.6 (c 1.5, CHCI3, 85% ee); 'H
NMR (400 MHz, CDCls): § 7.85 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H),
7.04 (dd, J = 8.7, 2.4 Hz, 2H), 6.47 (d, J = 2.4 Hz, 2H), 5.90-5.80 (m, 2H), 5.15-5.09 (m, 4H), 5.06 (s, 2H),
4.32-4.21 (m, 4H); The enantiometric excess was determined by HPLC with a Daicel Chiralpak IA column
(hexane:2-propanol = 7:1, A = 235 nm, flow rate = 1.0 mL/min); tr (major enantiomer) = 12.2 min, tg

(minor enantiomer) = 22.7 min, 85% ee.

(S)-7,7°-dibromo-1,1°-bi-2-naphthol (2e)?

HO i]n'li Br
HO ! l Br

Reaction time: 48 h; Reaction temperature: 70 °C; 85% vyield; [a]3! = +129.1 (c 1.8, CHCls, 73% ee); *H
NMR (400 MHz, CDCls): § 7.94 (d, J = 9.2 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 7.47 (dd, J = 8.7, 1.8 Hz,
2H), 7.38 (d, J = 9.2 Hz, 2H), 7.23 (d, J = 1.8 Hz, 2H), 5.05 (s, 2H); The enantiometric excess was
determined by HPLC with a Daicel Chiralcel OD-H column (hexane:2-propanol = 9:1, A = 235 nm, flow

rate = 1.0 mL/min); tr (major enantiomer) = 15.9 min, tz (minor enantiomer) = 33.4 min, 73% ee.

(S)-7,7’-dimethoxy-1,1’-bi-2-naphthol (2f)*°

HO l I OMe
HO O l OMe

Reaction time: 48 h; Reaction temperature: 50 °C; 87% vyield; [a]3? = +122.3 (c 1.0, CHCls, 94% ee); 'H
NMR (400 MHz, CDCls): 6 7.86 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 8.7 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H),
7.02 (dd, J=8.7, 2.7 Hz, 2H), 6.47 (d, J = 2.7 Hz, 2H), 5.04 (s, 2H), 3.56 (s, 6H); The enantiometric excess
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was determined by HPLC with a Daicel Chiralpak AS-H column (hexane:2-propanol = 9:1, A = 235 nm,

flow rate = 1.0 mL/min); tr (major enantiomer) = 18.8 min, tr (minor enantiomer) = 28.0 min, 94% ee.

(S)-6,6>-dimethoxy-1,1°-bi-2-naphthol (2g)*®

l ! OMe
HO
0
OMe

Reaction time: 48 h; Reaction temperature: 70 °C; 95% yield; [a]3° = +25.6 (¢ 1.6, CHCls, 63% ee); *H
NMR (400 MHz, CDCl3): 6 7.83 (dd, J = 9.2, 1.8 Hz, 2H), 7.33 (dd, J = 9.2, 1.8 Hz, 2H), 7.19 (s, 2H), 7.05
(d, J=9.2 Hz, 2H), 6.97 (dd, J = 9.2, 1.8 Hz, 2H), 4.94 (s, 2H), 3.89 (s, 6H); The enantiometric excess was
determined by HPLC with a Daicel Chiralpak AS column (hexane:2-propanol = 4:1, A = 260 nm, flow rate

= 1.0 mL/min); tz (major enantiomer) = 12.1 min, tz (Minor enantiomer) = 21.8 min, 63% ee.

(S)-6,6>-dimethyl-1,1°-bi-2-naphthol (2h)*6

<408
HO
e
Me

Reaction time: 48 h; Reaction temperature: 70 °C; 89% yield; [a]y’ = +51.9 (c 0.7, CHCls, 77% ee); 'H
NMR (400 MHz, CDCls): 6 7.88 (d, J = 9.2 Hz, 2H), 7.66 (s, 2H), 7.34 (d, J = 9.2 Hz, 2H), 7.14 (d, J = 8.2
Hz, 2H), 7.05 (d, J = 8.2 Hz, 2H), 4.96 (s, 2H), 2.47 (s, 6H); The enantiometric excess was determined by
HPLC with a Daicel Chiralpak AS-H column (hexane:2-propanol = 7:1, A = 229 nm, flow rate = 1.0

mL/min); tr (Major enantiomer) = 8.2 min, tz (Minor enantiomer) = 12.9 min, 77% ee.

(S)-4,4’-diphenyl-1,1°-bi-2-naphthol (2i)?1?

Ph
Reaction time: 48 h; Reaction temperature: 70 °C; 82% vyield; [a]3? = -22.1 (c 1.0, CHCls, 85% ee); *H

NMR (400 MHz, CDCls): 6 7.97-7.94 (m, 2H), 7.64-7.48 (m, 10H), 7.38 (s, 2H), 7.36-7.31 (m, 6H), 5.16 (s,
2H); The enantiometric excess was determined by HPLC with a Daicel Chiralcel OD-H column
(hexane:2-propanol = 4:1, A = 220 nm, flow rate = 1.0 mL/min); tr (minor enantiomer) = 8.4 min, tz (Major

enantiomer) = 13.3 min, 85% ee.
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(S)-3,3’-dimethoxy-1,1°-bi-2-naphthol (2j)®
e
HO
Bee
MeO
Reaction time: 48 h; Reaction temperature: 70 °C; 69% yield; [a]3® = —6.2 (¢ 1.2, CHCls, 44% ee); *H
NMR (400 MHz, CDCl3): 6 7.78 (d, J = 8.2 Hz, 2H), 7.34-7.29 (m, 4H), 7.18-7.12 (m, 4H), 5.88 (s, 2H),
4.09 (s, 6H); The enantiometric excess was determined by HPLC with a Daicel Chiralpak AS column

(hexane:2-propanol = 1:1, A = 236 nm, flow rate = 1.0 mL/min); tr (major enantiomer) = 19.2 min, tr

(minor enantiomer) = 46.4 min, 44% ee.
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Figure 2-2.
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Scheme 2-1.
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| hv (Hg lamp) O‘ 0 " ) ]
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(0.003 M) OO ' Q (0.0006 M) G

rac-[4]helicene . rac-[7]helicene
64% : 66%

Scheme 2-2.
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‘O (5 mol %), 0,
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HO — 0
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36 37
>99% ee 49%, 94% ee
Scheme 2-6.
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D%, m—Y URIEE D5 FHBARMIGIZE Y X P9~V (40a) ZFEINETHDL Z &
WA LT % (Scheme 2-7. eq 1) %9, 2014 RIZ1E, KRB v 7Y v F RSB F o F AR
WCHEITT AL L AL TEY, - 7007 I UEHRGEET, BEROX ) VSR 39 % &Y
O 9% ee THOND LA L TW% (Scheme 2-7. qu) WO L L b, RRISIZEN
TR TH / VBB E 1G5 - O b P B S o 5 VO TR & OSSR & R\ S RER 23 24
BCTHD,

CuCI(OH)-TMEDA a Lawesson's a
(2.5 equiv) 0 O reagent Q
2 - = -
EtOH, air, rt o O‘, O‘,

8a rac-39a rac-40a
82% 87%

CuCl R
(0.5 or 1.5 equiv)

Chiral diamine 6’
‘O (0.5 or 1.5 equiv) O 0
2 D
0 N -
O O MeCN, air (0] \ % Me '}l ’}l Me
rt, 4 or 5 days QQ Bn Bn

R Chiral diamine

39
R =H:96%, 67% ee
R =Br:81%, 97% ee

Scheme 2-7.

2015 4£{Z Bedekar &%, BINOL 7>5H#% %ﬂﬁ%&%ﬁf7m/~w WK 41 2B, gk
K& DI T > 7 ) 7 L BRIZ X D5 T NBKBRILEOS DB MR 72 FHEIZ L 0 A H[11]
AU?V%§%B®éﬁ%ﬁ%waé(wmm}w”kuh®%:\yﬁﬂ7m/~wﬁﬁ
KO T » 7 ) » TRISEBEREE T DA~V 2 U ERBEANATOR TN DE DD,
SR A B L BhERM M R E AR OB ERCTH D,
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CuCl,*2H,0
(10 equiv)
OO TMEDA
HO 0 (10.5 equiv)
OO MeOH, rt

M L 42

2

(not isolated)

Scheme 2-8.

p—MeCeH4SO3H

toluene,reflux

rac-43
36% (2 steps)

Jram ik _7z K D12, MHFSEE TS L7z BT 20 LEEHA(R.,S,S)-8 A3, 2-F 7 h—/LFiE
KORFBAL T » 7V TRISICBWTERTZL Ry 7 AfMEEREZ R L, £/2, 4> F—L
FINL 2-FT T b= A IV EDRE TV =T N7 T 7Y RN W TRl & L Ciae
L2 EEAMLTND, £FZTERIL, RKISEEIIZEA 72/ — L ThHD 2-E FrF Y
[c]7 =F > LA 38 ZHVAUE, NPT AEERO L Ry 7 A /FEEfEVERIC L 0 REERILE
B 7N 7 LRI BEAL OGSO 2N EFT LT A F I [9]~ Y B U RFER 40 Z2 SR D
BT FARNICER TE 2O TRV & B 2 Rit%#1T>7- (Scheme 2-9),

R Single operation

me Chiral vanadium complex

U
Enantioselective

sequential synthesis

OH
38

é QO%
""" " | Ho -

HO Oe

or

=

g \ 2

isey

Scheme 2-9.
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B 2-B ReXoR_u Y ]7=F Y b Ly OB

2-t RrFX XY [c]7=F > by (38a) OEKIEOREITHHHLOD 10, TREOE IR
MO EHILZH T DFHERDO NI TWVEENZ LD Fi7o 72 B ED R 2 Mat L7z (Scheme
2-10), HiflRD 7-A ¥ F FTu (44) 12 LT, HikAZA Y L (POCl) & DMF Z{EH &
B m RIS EITO BT 45 £ 7 = =)LR e Vg & O Suzuki-Miyaura 7~ 77 7
B &0y 7 v 7iK 46 2457-, DDQ & M\ T 46 2k L TF 7 & L U ifiifk 47 ~ L i
L VFULYSAYTrEALT IR (LDA) & MY AFATYALTT Y AL (TMSCHN,) % 1F
RASETNF AR48 & Lo, TAX AR 48 2L ASIDAMBAF/E F CRIL S W7otk A F v
fbF 52 L2k B 38a %426 TR 2UUHE 51% THRK L2, REAIEIZ I T 45 O Suzuki-
Miyaura 77 v 7°Y U VOGS TRIR 27 ) —Ahm VBEER T2 2 LT, £z 49 OALEZBER 7
FEBEREF BSOS LD w7 AT K0 | Hx REWEZ AT 5 2-8 FrF Y []7
= ML UHERL AR TH D,

PhB(OH), (1.1 equiv)

POCI5 (1.6 equiv) CHO Pd(OAC), (2 mol %) CHO
DMF (2.0 equiv) TBAB (1.0 equiv)
) O OAe
rt, 6 h K5CO3 (2.5 equiv)
OMe 90% H,O-dioxane (3:1)
OMe 45°C. 1h OMe
44 45 93% 46

n-BuLi (1.3 equiv)

gz
CHO 7

i-ProNH (1.35 equiv) ‘
DDQ (1.3 equiv) I ] TMSCHNj, (1.3 equiv) O ‘

benzene, reflux, 4 h THF, =78 °C tort,3 h
quant OMe 84% OMe

47 48

PtCl, (10 mol %) BBrj (1.5 equiv) ‘O 6 steps
overall yield
° 51%
toluene, 80 °C, 30 h CH.Clo, rt, 2 h
75% OMe 97% OH
49 38a

Scheme 2-10.

5BH USSR ORES

ARk LT SOGHVE 38a 12k L CAMBER D % 70 "3 7 LEER(R,,S,S)-8 % FAW TS SA:
DOFEt 21T 7= (Table 2-1), 7 v AL AT, 5 mol %0D(R.,S,S)-8 FA1E T, ZE H DOERE % Mk
A& L, 38a & 2GRS SHIZE 2 A, REUSD 38a DEIULE & HiT, BT v 7Y 7
& T NBAL S OEFE RS HEFT LAERL L2491~V £ (40a) 25 22%ILK, 34% ee T
BEoni (entry 1), ZOBE, KISHBAE LTEXLND VA —EK 50a, LT, F/ K 39a
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DAERITHER SN2 o7, WICRIGIRES 60 °C £ T LA IERIEEITo72L 2 A, AFD
INH L ee DA LR A7 (entry 2) , SOSIREE 60 °C & CRUSIREEDMR T 24T > 72, hvm |
raaXrBr - 1,122-7 8T 7unx X B IO LR #EEZR LA
R (entries 3-7), MUHEALIRSE 2 T2 B 1T Lo TlddR & @O ARFINER  (58% ee) A3ELH
STz (entry 7)., EMOINEEZ M EXE 572010, ZREHRA TP OBAFRHK T ~EETH
T ETAFUU At OFIR{ 2 e L, POSKRZ 72 RFfRjE TR S22 A ~ U v
40a 75 81%INH, 58% ee THEOALIZ (entry 9), KIZ, 7R DL FUNR & = F o FABEIFNED M I
ZHBL T, BRx R ATV T LEHAZ R LTz,

Table 2-1.

(Ra,S,S)-8
SO - e
: (L) — -
solvent (0.2 M) o O
OH air or Oy Oe

temp., time
38a 40a
. temp. time yield ee
entry solvent air or O, ¢C) (h) (%) (%) aé
1 CHCl, air 10 72 22 34 HO ‘
2 CHCl, air 60 48 35 50 HO Oe
3 toluene air 60 48 44 43
50a
4 CgHsCl air 60 48 36 43
5 0-CgH4Cly air 60 48 39 26 O‘O
6 CIl,CHCHClI, air 60 48 41 34
g \ 2
7 ccl, air 60 48 45 58 o O‘,
8 CCly 0O, 60 48 73 58
39a
9 CCly 0O, 60 72 81 58 .
L Not isolated —

TN TF VT BEER(R,S,S)-8 1T BT T FVEASH R OMINEX TV T 4 — & T X ko Hn
HEXZ7 VT 4 — %208 TWD, 22T, WITNORFRDERIOXF TV T 4 —%WREL T
WD D T2IZ, (S)-BINOL BN LB L= T AT LA A Y » 7 723 F U0 AR
(54,5,9)-8 Z FHWTIREED i & 1T - 7= (Table 2-2) , = DR, 40a 1% 36%ILHE, 31% ee TH O,
(R0,S,S)-8 M L= E LRl —D=F v FA~—nMBE L L, (o T, EloxT Y
T4 —ERELTNDIDOET X BT OFIMERFT VT 4 —ThdEEXDH, BF 7T NVEK
D 6,627 1 EIAEH T DHME(RLS,S)-S1 1, IEE R%ICETH ETEZLOD, =) F
TR FIT R O e o7, T RERO LS REFRIMEBEREALFOUEG, N T YU LE
JBOETFEIIRT LB 2 & OISR E L7z & B2 b b, WwIZ, sEAMRRO
BRICHWD T 2 VWA L, ANHIRE EOBEHE DSR2 s @ S ST o F A IR 8
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FTOMRHELZ, LNV L7227 T=0, LAY aAg v BEWY O-tert-7 F/b-L- s LA
= OWNHEZMHEN LR 21T 272 b 00, WTNOSE b BRI R = F o F @R O YR
BT,

Table 2-2.

V cat. (5 mol %)
2 38a 40a
CCl4 (0.2 M), 05,60 °C, 72 h

o}
V cat. (S,,S,S)-8: V cat. (R,,S,S)-51: V cat. (Ra,S,S)-52:
36%, 31% ee 92%, 60% ee 71%, 60% ee
t-Bu
/
0}
0]

V cat. (R,,S,S)-53: V cat. (R,,S,S)-54: V cat. (R,,S,R,S,R)-55:
56%, 19% ee 51%, 39% ee 79%, 61% ee

NI DT LEHRDIRE 21T > TV DI T, ARRISIZIBWTHEBE OV 0 MMl —i 5
D LEER L [RRRE O RMEER R A LTS Z LNy (Table 2-3) . (Ra,S,S)-8 D ER/HE
& & R OB N TV T LEEIR(S)-56 % 10 mol %V T 38a DL v 71 v IR E{ToT2 L
ZA, ~U 'Y 402 D 61%IFE, 14%ee THOLNTE, S HIZ, (R)-BINOL MHiFE L7z )75
JVE R T RO BAE R U T BBEIR(R,LS)-57 1E 40a & 8T%ILR, 58%ee ThH- 2. ({LFINEK « =)
FABPVEIZBI LT H RN T U0 AEEIR(R,,S,S)-8 & Al UABETENEZ /R LTz, Fram Cilk 72 & 9
(2. 2-F 7 b= VORI » 7 7B T AT DT AR T BRI IC X B
BEEE 72 SUGRHERN R & Bl 2 A U, — 5 THAEZ ST O 0 ABEIRIT B TH PR LAY S
7o, WE OMBIEMEIZIIRE RZNH D, AR TIEEIEELEEIC TEITL T nZ &
R INTZLL EOFERNG, Wb o F AR Eom 4 HiE L, BINOL ZR/H&ICHE T 5 H
BT o0 MERERTCRE T2 L L Lz,
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Table 2-3.

V cat.
2 38a 40a
CCl4 (0.2 M), Oy
60 °C
Dinuclear Mononuclear

vanadium complex

vanadium complex

V cat. (R,,S,S)1

81%), 58% ee
(5 mol %, 72 h)

V cat. (S)-56

61%, 14% ee

(10 mol %, 48 h)

87%, 58% ee
(10 mol %, 48 h)

o5 DU i

Figure 2-3 (2T B 7 FIVEREZ AT 5N U0 LR
EOHR T, ALHHEM N B INONARINT B LY KT T E W/ TE 5,
T EDOR, BEF 7T IER 2O R2EB L ONIALO R B

HH L.

P CNOOEMEERTIT D0, VT AT VAR v

t-Bu 0]
Y i
~
11
O/O © !
o_©O 0 i
\

OO TS

WSSO MK O

BT T DEREFR L, ©F 7 FVEROMER T Y T 4 —L

T BEROFLMEXFT T =D TF - I A T OERE

Figure 2-3.

L7z (Table 2-4), (Ra,S)-57 B L UNSu,S)-57 ZHWTH, KSIEhRLETL, Fl—D=F
FA~v—%FEFME L THEX T, AFHOXT VT 4 —137 2 BHEKOTLEXT Y T
A4 —IZEoTHRDOLNTND Z MR LT, BT F U FABRIRMEZ R L 72 (RS IR & RIS T
Bz BRI 2 AT o T2, RV tert-7 FOVEELIAMT . A Y 70 EVEEDSEIR(R,,S)-58 &~ L
FEOEER(R,S)S9 AT b DD, WT b =T o F AR O M) BT S e o7z,
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Table 2-4.

V cat. (10 mol %)
2 38a 40a
CCl4 (0.2 M), O,, 60 °C, 48 h

V cat. (R,,S)-57: V cat. (S,,S)-57: V cat. (R,,S)-58: V cat. (R,,S)-59:
87%, 58% ee 91%, 41% ee 91%, 57% ee 90%, 41% ee

RIZ R % tert-7 FVEE, R 2 KFEIEICEE L, R2OBHELRE Lz, 7=/ — /L HKERE
B RAE TR RAONARI IR 8 S DAL 12010, A PFTH, A
V7uRFVEBLONT = = VRICEBR LR ETIR L, 2 a2 K
SRS LTz (Table 2-5), 7 = = /L HEHUAR(R,,S)-62 & IV -BE, —
T U FABPEDE TR T LI DA TREREMITA NP2 6D
D, PERICEA L TidE Fr X URRLS)-ST b BWERE 5 X 72, [F
— 3 FND T = ) — KB T NV T A L I IR 38a A TR

Fi 2-4.
ftLTHY (Figure 24), REFEIEZIEEL TN EEZ HND 1, e
Table 2-5.
V cat. (10 mol %)
2 1a 2a

CCl, (0.2 M), O, 60 °C, 48 h

V cat. (R,,S)-57: V cat. (R,,S)-60: V cat. (R,,S)-61: V cat. (R,,S)-62:
87%, 58% ee 71%, 60% ee 72%, 58% ee 76%, 50% ee
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Table 2-6.

V cat. (10 mol %)
2 38a 40a
CCl, (0.2 M), O,, 60 °C, 48 h

t-Bu
(0]
V cat. (R,,S)-57: V cat. (R,,S)-63: V cat. (R,,S)-64: V cat. (R,,S)-65:
87%, 58% ee 91%, 69% ee 95%, 64% ee 86%), 66% ee
t-Bu t-Bu
(0] (0]
OH
e
V cat. (R,,S)-66: Me V cat. (R,,S)-67: V cat. (R,,S)-68:
95%, 75% ee 95%, 75% ee 37%, 66% ee
82%, 77% ee (50 °C) 90%, 75% ee (50 °C)
t-Bu t-Bu t-Bu
N
N
v (0] (0]
07/\ ©
OH
V cat. (R,,S)-69: V cat. (R,,S)-70: V cat. (R,,S)-71:
52%, 42% ee 93%, 75% ee 95%, 72% ee
91%, 79% ee (50 °C) 92%, 78% ee (50 °C)
76%, 79% ee (40 °C) 83%, 77% ee (40 °C)
t-Bu t-Bu
(0] (0]
OH OH
CF3  Vecat. (R, S)-72: iPr V cat. (R,,S)-73: Ph V cat. (R,,S)-74:
98%, 66% ee 96%, 59% ee 99%, 75% ee

95%, 78% ee (50 °C)
91%, 76% ee (40 °C)
74%, 77% ee (30 °C)
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R' % tert-7 T VI R2 & b Ru & UEICEE L R OBEHILIC OV TOMGT 21T - 72 (Table 2-6),
EF T FNERED A AF L, I — FEBIOY = = V2 E A U2 85A(R,,S)-63-65 % T
A AW & Z A, WTENOEAITBW T B AR O =) o F @R MEA M L L (64%
ee - 69% ee) . INA~DEEWEHRILOE AN S o F ARREOKFEICHRNTH D Z EBN0n
STz, £ T, BB REE S NER DTV — VA FFofaip Uy A’fﬂ{z&%pﬁ
LT (Ra,S)-66-74), RARHIZMEHIE LT, 7 U — VA EA LTSRN EMEH LI2GE. Al
DR & =F o FARREOM G Rm E Lz, B CH m-¥Z—7 ==V % B Lf:(Ra,S)-74 N3
HEWETR AR L, 40a 28 60 °C 12T 99%., 75% ee THEHAL, 50 °C TIX 95%. 78% ee TIEHN
72 BUSIREEA 40 °C DL F CIESNEE DK T & & bicmF o FARPMEDK T LB S vz,
R R e LT, ALV EBUVEDOA LV B u EHIL A T 5 (R.,S)-68 (R =
2,6-MexCeHs-) °(Ra,S)-69 (R? = 9-anthryl) Zik L7286, AP OIENRE LK T L, i
i/\ﬂ"/'7Aﬁﬁ@ﬁfﬁi’C\_ﬂg@%?ﬁ%@;ﬁ:%ﬁ%%éﬁl%’é‘sﬁb MISEE L % 2
HiLd, PLEDORERDG . REINICE T ARl 72 BEZ 3T U 0 A RIZ(R.S)-74 & L. MU kK
FH, 50°C, R T., 48 RIS TARURNEAT 9 Z & Ty 95%INR, 78% ee & Y@V = F-
CFABEIRME TNV B 40a 25D 2 LIk LT,

‘ ‘ (R.,S)-74 (10 mol %) Q
2

I, (0.2 M o
OH CCs?J ("OC 48)}102
38a ’

95%, 78% ee
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EIE A XYY & o DL E DR E

ARG T B D SEFTENE /e A 91~ U & (40a) 13— OFRESRERIEIC L W ES I
FHISHMFE IR~V o d0a ~ LB ZENTE 2, bbb, MEA LT 40a D~FH /7 mn
AL ARBER D> 0 EWAIT D &, T8 IMMAEL L TITH L, eI 40a %
FHEH 22 BEITE 7o, 2O 40a O EFERE 2 HE L7fE R, [a]y =-2647 (c0.32, CHCL) &~
U HEOREREEZR LTZ, 551072 40a DHEHEEZIH L MNICT D720, AX ) — /Py
B E A2 ARG CHAS S 2R S X BEEMRAT 21T o 7o, AR CIama — 5y
T & UTIFE L ARG TR LD TR 72~V £ 2 40a (T8 ES(MO L AMEEZ A LT
HZ EnbhoTe (Figure 2-5),

e

4 L2
Sy

40a

top view
Crystal DATA
Space Group P2, (#4),Z=2
R =0.0615, wR2 = 0.1567
GOF =1.008
Flack Parameter = 0.003 (16) (M) side view

Figure 2-5.

~42 ~



FHNHE AE - RIEO RS

BOBBSRIE T, E OB 21T -7 (Table 2-7), FED 6 (LT UV — L iaFT 5K
& 38b-38d [TUNZR 61~72% CTxHiT 2~V 40b-40d % 52 7L DD, HTORFIEDIK T
(44-50% ee) DB STz, TAXNVEEFFORE 38e-38f 2 W -G SUSITRAFIZHELT L,
ZTIET 40e 7% 88% ee, 40f 7% 69% ee T LTz, B ROIMMED T v €A FiD 38g & H 7=
B BOSOEITHEENTZ 60 °C, 72 KIC TN EAT 72, fEik. ~U -t 40g & 56% & I
IXHFRERN D 94% ee LRV T U T ARIRME TR D Z LN TE R, WEHO 1002 A TF V%

Table 2-7.
R

(Ra,S)-74 (10 mol %) QO@

CCl, (0.2 M), O, 3 6‘
T 50 °C, 48 h Oe
OH >95% conv.

e e
0 - 0 _— 0 — 0o e
O‘, h -toI O FCeH,4

86%, 78% ee 72%, 45% ee 61%, 44% ee

(72 h)
Me CgH13 Br
s e S
- - -
o P ° P o <
SeH Seu I,
40e 40f 409
70%, 88% ee 72%, 69% ee 56%, 94% ee
(60 °C, 72 h)
s e
- -
o < ° Z )
S I
40h 40i 40j

68%, 80% ee

22%, 37% ee
84%, 60% ee

60 °C
10 mol % TMSCI

not observed

trace

60 °C
10 mol % TMSCI
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FFOXE 38h 51, ~ U 2 40h 23 68%IH, 80% ee T HALIZ—FH T, 9L & 11 (LIZ =>D
A FNFEEFFOIVE 381 O SONTEEITAK o 72 (40i: 22%I0E, 37% ee), Uang HIL b U XA F 1
Usvzual R (TMSCD) ZIRINT 52 & TR YU AEAOMBIEMENR L35 2 L 285 LT
WA, 22T, ARICBWTHAMEE (10 mol %) @ TMSCL Z ¥R L, 60 °C (2T 38i & 48 HF
MG SETo e Z A, LT U FAEPUER E L, ~U &2 40i 23 84%ILE, 60% ee T
STz, 1200 A FIVEEE FF O 38) # W 256, &< SFE T3, TMSCL ORI K
JMEESN B R & o Tz, ZORIRIE 12 LD A FIOVEEDNEUG D 1 LIS =002, UG ASBE
EINLEOELEEZLND,

ey o T ARINME T H A7 40e (88% ee) & 40g (94%ee) (2B L T, SUSHIZH
FERBIEED BN Z 0 | ERRIOD ee N EFR L TWDDMNE I NEHRT DDLU O 5D
FEREAT o2, — DI, 40e DAERIRIEICIIT D ee DRERFZA( A B> 72 (Table 2-8), WHMEHEY
BELTIL135 M)A MR NUBUOFEE T, RESRMA T T 38e 250G S, 6 FFEfE, 24 Rifi
%, 48 IFfEt2 DIE DR ER O NMR IR L ee ZE LTz, T OREE. 38e Diisffg &
40e DIRITITIT KL, 40e D ee bAKRFR TREREWT e olz, ZOHIZT BEEREFO
R 40g ERUCERIEICA L, ZOREREZMB LIZE A, 40g ORI E T\ o T
(Scheme 2-11), 7 2 ERDOICEDOK T OFKIZIE O3 R0A4 Y I~ — O & 03 Al &
LCEZBND, ULEORRNS, ARG TR OE RIS E 2 2F D i C I35 E
LTWRWZ ERB LN ERoT,

Table 2-8.

Me M

e
‘O V cat.(R,,S)-74 (10 mol %) Qa%

2
O O CCly, 0,, 50 °C d ‘
with 1,3,5-trimethoxybenzene Oe
OH y Me

as an internal standard

38e 40e
time conv. of 38e NMR yield of 40e ee of 40e
6 h 56% 54% 90% ee
24 h 92% 89% 85% ee
48 h >95% 94% 88% ee

(70%, isolated yield)

V cat.(R,,S)-74 (10 mol %)
0 “ CCly, O,
Oe 60°C,72h
Br

Scheme 2-11.
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FHUHET ATV L OFFERG K

B LTeAF V9~ & UV EHOISAEICE N T, ZOFERERIIEETHD, £ TN
T AOEBILEANZBRE L. (Scheme 2-12), £91%, HHN72 40a OFFELEAE LT, L
B 7 a LS Z T 272, ~U B 4027 mE{LAIE LT105 YEOE Y V=7 A K
U7 w3 K (PyHBr3) Z27 muA/LAM 25 °C TIEMSE S LE/ 7 0ER 40k 78, 2.1 HED
PyHBr; 2 7 B B AR/V L 40 °C TIER &/ 5 & 27 0 £ 1K 401 23 2N EHEIRIC BLAF L3 T
57z (Scheme 2-12A), WKIZ, 7 1 & £ 40g 12%F L T Suzuki-Miyaura 7 @ A0 v 7 >
TEIF, TV =L EOEAE{ToT, T35, 10 mol %? PA(PPhy)s &M & L CREED U
A (KoCOs) fAAETT4A0g (02%ee) & 3 UEDT = =LA (PhB(OH)) %S ESEmE 2
By L ZARTR 5 Z Lo < v 7V 7R 40b 75 81%INHR TR H 7z (Scheme 2-12B).

A) bromination of rac-40a Br I

PyHBr3 (1.05 equiv)
rac-40a o

CHCl,
25°C, 24 h

J

8@

rac-40k
77%

Br.
"5

PyHBr; (2.1 equiv)

Ay

rac-40a CHCl, o ‘O
40°C, 24 h Oe
Br
rac-401
72%
B) Suzuki-Miyaura coupling of 40g
Br Ph
Pd(PPhjz)4 (10 mol %) a
Qa% K,CO3 (4.4 equiv) Q %
+  PhB(OH),
g 6‘ (3.0 equiv) toluene/EtOH 3 6‘
Oe reflux, 12 h Oe
Br Ph
40g 40b
92% ee 81%, 92% ee
Scheme 2-12.
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FINET SO O E 5

I RER OB

BOGHAEIZ DWW TR 215 2 T2 DI HEERR IR 21T o 72, /3T ¥ 0 KOl &% 5,10, 15 mol %
& LTZBEDOA PR DORNERE 2 F i, Sl )2 0 MO R D% (In [V cat]) . MEIIZ K
ISHIEREEDOREL (In[v]) (ZL, oz fiad 7 e v b L7z (Figure 2-6), £ DFEE, 7o v b
U7z 20U EMR ISR | TR HRDIZZOMEEIE 1.012 Thoto, 77205, ALK
JE AN T DT ARSI R L T IRIKIF Ch D Z E DA LN o Te, REERND, 10N
DU LSRN ZEN TN EE AT L L, EEOT AN ATF A LR DT HN-T I T
TV UTPEITL T LB L B2 H6ND 19, LLELY, NP U AR X o TRA
LIEEEDT AN AF AU, b ) —DF OGN RELE U RBE-RBBEDIER LTV
EHERIL 72 20,

‘O V cat. (R,,S)-74 ag

(5, 10 or 15 mol %)

2
O O CCl, (0.2 M), O, 50 °C © ‘:?
OH
V cat. (R,,S)-74
38a 40a (Ar = 3,5-Ph,CgHy)
0.6
04
In vy =1.012In [V cat.] - 3.005
o2 | R2 = 0.9935
>c> 0 | | 7 |
c T T T T
— 0 1 2 3 4 5
-0.2 1
04 t
-0.6 1
-0.8
In [V cat.]
Figure 2-6.
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I AR OHEERAE

PLED#E R B ARG OHEERERE % Scheme 2-13 (2397, 9, TV 07 A(V)EEHA(R,S)-74 78
38a UL L. FEEKAZ G525, WICNNT T ANVN)SO—BLBENCLY Z VBNV hFA4
B WERT 2, #i< 38a DORBBE L 5y FIRBERIZ L 537V 0 A(AV)DOFEEIC X 0 ik C
WDFOND, RBITHAZED o FNBRILEAR Z 0 . BWERMEZ 525 & & HICHRIE A
AT D, REHMUEH TR XL 91, TR A, BBLOCIZBWTAT VT LAHEO B
TFNVERE DT = ) — KBRS FNKSBERE A EZ T LT, NTF YT LAEBRD Lewis BEMEE
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Scheme 2-13.
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Figure 2-7.
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Scheme 2-14.
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Tanaka, Osuga (1997) Nozaki (2005) Stara, Stary (2008) Nozaki (2012) Shibata (2012)

Figure 2-8.
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o >
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HO
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(antihypertensive) (natural product) 1 -blpneny .
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Figure 2-9.
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Scheme 2-15.
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Figure 2-10.
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Scheme 2-16.
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KERIH

'H-, 3C-, and ""F-NMR spectra were recorded with JEOL JMN ECS400 FT NMR, JNM ECA600 FT NMR
or Bruker AVANCE II ("H-NMR 400, 600 or 700 MHz, '*C-NMR 100, 150 or 175 MHz, 'F-NMR 565
MHz). '"H-NMR spectra are reported as follows: chemical shift in ppm relative to the chemical shift of
tetramethylsilane (TMS) at 0 ppm, integration, multiplicities (s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet), and coupling constants (Hz). '3C-NMR spectra are reported in ppm relative to the central
line of triplet for CDCl3 at 77 ppm and of multiplet for CD30D at 49 ppm. CF3CO:H used as external
standards for "’F-NMR. FT-MS spectra were obtained with LTQ Orbitrap XL (Thermo Fisher Scientific).
ESI-MS and APCI-MS spectra were obtained with JMS-T100LC (JEOL). Optical rotations were measured
with JASCO P-1030 polarimeter. HPLC analyses were performed on a JASCO HPLC system (JASCO PU
980 pump and UV-975 UV/Vis detector) using a mixture of hexane and 2-propanol or hexane and
dichloromethane as eluents. FT-IR spectra were recorded on a JASCO FT-IR system (FT/IR4100). Column
chromatography on SiO, was performed with Kanto Silica Gel 60 (40-100 um). Commercially available

organic and inorganic compounds were used without further purification.
Synthesis of substrates

1-chloro-7-methoxy-3,4-dihydronaphthalene-2-carbaldehyde (45)
‘ CHO
(e

OMe

The compound 45 was prepared according to the literature procedure.?® POCI; (4.52 mL, 48 mmol) was
added dropwise to DMF (4.65 mL, 60 mmol) at 0 °C. The mixture was warmed to room temperature and
stirred for 15 min, then cooled to 0 °C before the dropwise addition of 7-methoxy-1-tetrarone (44) (5.45g,
30 mmol) in DMF (15 mL). The mixture was again warmed to room temperature and stirred for 6 h. The
reaction mixture was poured into ice and quenched with sat. NaHSO3 aq. (40 mL). The mixture was
extracted with Et:O (200 mL) and washed with H,O and brine. The combined organic layers were dried
over anhydrous Na;SOs, filtered, and concentrated in vacuo. The crude product was purified by silica gel
column chromatography to afford 1-chloro-3,4-dihydro-7-methoxy-naphthalene-2-carbaldehyde (45) in
90% yield as yellow solid.

'"H NMR (400 MHz, CDCls): 6 10.38 (s, 1H), 7.41 (d, J = 2.8 Hz, 1H), 7.13 (d, J = 8.3 Hz, 1H), 6.92 (dd,
J =238, 8.3 Hz, 1H), 3.86 (s, 3H), 2.79-2.76 (m, 2H), 2.63-2.60 (m, 2H).
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7-methoxy-1-phenyl-3,4-dihydronaphthalene-2-carbaldehyde (46)

CHO
' Ph

OMe

The compound 46 was prepared according to the literature procedure.?”’ A suspension of 45 (1.11 g, 5
mmol), phenyl boronic acid (671 mg, 5.5 mmol), tetrabutylammonium bromide (3.22 g, 10 mmol),
Pd(OAc); (22.5 mg, 0.10 mmol) and potassium carbonate (1.73 g, 12.5 mmol) in degassed water (10 mL)
and 1,4-dioxane (3.3 mL) was stirred for 1 h at 45 °C. After cooling, the mixture was diluted with water,
the aqueous layer was extracted with EtOAc. The combined organic layers were dried over anhydrous
NaxSOs, filtered, and concentrated in vacuo. The crude product was purified by silica gel column
chromatography to afford 1-phenyl-3,4-dihydro-7-methoxy-naphthalene-2-carbaldehyde (46) in 93% yield
as yellow solid.

'"H NMR (400 MHz, CDCl3): d 9.56 (s, 1H), 7.43-7.47 (m, 3H), 7.29-7.27 (m, 2H), 7.18 (d, J = 8.2 Hz,
1H), 6.84 (dd, J = 2.8, 8.2 Hz, 1H), 6.42 (d, J = 2.8, 1H), 3.65 (s, 3H), 2.87-2.82 (m, 2H), 2.69-2.65 (m,
2H).

13C NMR (100 MHz, CDCl3): § 193.5, 158.2, 154.4, 136.1, 135.1, 134.8, 130.7, 130.4, 128.51, 128.49,
128.3,114.8, 114.7,55.3, 26.7, 20.7.

HRMS (APCI): calcd for CisHisNaO,: m/z 287.1048 [M + Na]”, found 287.1042.

IR (KBr): 3051, 2960, 2839, 1659, 1563, 1365, 1046, 823, 706 cm™'.

mp: 71-73 °C.

7-methoxy-1-phenyl-2-naphthaldehyde (47)

‘ CHO
O Ph

OMe

The compound 47 was prepared according to the literature procedure.?® A suspension of 46 (2.64 g, 10
mmol) and DDQ (3.04 g, 13.0 mmol) in benzene (50 mL) was stirred for 5 h at 80 °C. After cooling to
room temperature, the mixture was filterd through a pad of celite and the solvent was evaporated. The
residue was washed with 1 M NaOH aq. and the aqueous layer was extracted with toluene. The combined
organic layers were dried over anhydrous Na,SOg, filtered, and concentrated in vacuo. The crude product
was purified by silica gel column chromatography to afford
1-phenyl-7-methoxy-naphthalene-2-carbaldehyde (47) in quantitative yield as yellow solid.

'"H NMR (400 MHz, CDCl5): 6 9.87 (d, J = 0.9 Hz, 1H), 7.93 (d, J = 8.6 Hz, 1H), 7.86 (d, J = 8.6 Hz, 1H),
7.83 (d,J =9.0 Hz, 1H), 7.56-7.50 (m, 3H), 7.42-7.40 (m, 2H), 7.28 (dd, J = 9.0, 2.5 Hz, 1H), 6.93 (d, J =
2.5, 1H), 3.70 (s, 3H).
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13C NMR (100 MHz, CDCl3): 6 193.0, 158.2, 145.2, 135.4, 133.7, 131.59, 131.57, 130.9, 129.7, 128.34,
128.30, 128.0, 121.0, 120.0, 106.1, 55.2.

HRMS (APCI): calcd for CisHi4NaO,: m/z 285.0891 [M + Na]”, found 285.0887.

IR (KBr): 3061, 3002, 2862, 1680, 1423, 1273, 1231, 1032, 726 cm™.

mp: 70-72 °C.

2-ethynyl-7-methoxy-1-phenylnaphthalene (48)
Z

i Ph

OMe
The compound 48 was prepared according to the literature procedure.?® n-BuLi (1.64 M in hexane, 6.27
mL, 10.3 mmol) was added to a solution of diisopropylamine (1.5 mL, 10.7 mmol) in THF (53.4 mL) at
0 °C. After 10 min, the mixture was cooled to —78 °C before TMSCHN (0.6 M in hexane, 17.1 mL, 10.3
mmol) was added dropwise and stirring was continued for 30 min. A solution of 47 (2.07g, 7.9 mmol) in
THF (26.4 mL) was then added dropwise and the mixture was stirred for 3 h at room temperature. The
reaction was quenched with water and the aqueous layer was extracted with MTBE. The combined organic
layers were washed with brine, dried over anhydrous Na,;SOs, filtered, and concentrated in vacuo. The
crude  product was purified by silica gel column  chromatography to  afford
2-ethynyl-7-methoxy-1-phenylnaphthalene (48) in 84% yield as colorless oil.
'H NMR (400 MHz, CDCls): 6 7.74 (d, J = 9.0 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.52-7.49 (m, 3H),
7.46-7.41 (m, 3H), 7.14 (dd, J = 9.0, 2.5 Hz, 1H), 6.86 (d, J = 2.5, 1H), 3.67 (s, 3H), 2.97 (s, 1H).
13C NMR (100 MHz, CDCls):  158.0, 142.3, 138.7, 133.3, 130.2, 129.4, 128.8, 128.1, 127.6, 127.2, 126.9,
119.2,119.0, 105.2, 83.6, 80.6, 55.1.
HRMS (APCI): calcd for Ci9H;s0: m/z 259.1123 [M + HJ", found 259.1111.
IR (KBr): 3288, 3063, 2833, 1622, 1508, 1231, 1036, 840, 629 cm™'.

2-methoxybenzo[c]phenanthrene (49)

OMe

The compound 49 was prepared according to the literature procedure.”® A solution of 48 (1.18g, 4.55
mmol) and PtCl, (121 mg, 0.46 mmol) in toluene (45 mL) was stirred for 30 h at 80 °C under N». The
reaction mixture was filtered through a short plug of a silica gel (hexane/CH»Cl, = 2/1). The filtrate was
concentrated under reduced pressure and the residue was purified by silica column chromatography to

afford 2-methoxy-benzo[c]phenanthrene (49) in 75% yield as white solid.
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H NMR (400 MHz, CDCls): 6 9.20 (d, J = 8.2 Hz, 1H), 8.60 (d, J = 2.3 Hz, 1H), 8.02 (dd, J = 8.7, 1.4 Hz,
1H), 7.94 (d, J = 8.7 Hz, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H),
7.71(d,J = 8.4 Hz, 1H), 7.71-7.61 (m, 3H), 7.29 (dd, J = 8.8, 2.5 Hz, 1H), 4.01 (s, 3H).

Benzo[c]phenanthren-2-ol (40a)

OH

BBr3; (1.0 M in CH2Cl,, 1.77 mL, 1.77 mmol) was added to a solution of 49 (304.2 mg, 1.18 mmol) in
CHClI; (11.8 mL) at 0 °C. The mixture was stirred for 1 h at room temperature. After cooling to 0 °C, the
reaction was quenched with sat. NaHCOs aq. The aqueous layer was extracted with CH,Cl,. The combined
organic layers were dried over anhydrous Na,SOs, filtered, and evaporated under vacuum. The crude
product was purified by silica gel column chromatography to afford benzo[c]phenanthren-2-ol (40a) in
97% yield as white solid.

'H NMR (400 MHz, CDCl3): § 9.13 (d, J= 8.7 Hz, 1H), 8.56 (d, J= 2.3 Hz, 1H), 8.01 (dd, J=7.8, 1.4 Hz,
1H), 7.93 (d, /= 8.7 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.84 (d, J= 8.7 Hz, 1H), 7.80 (d, J = 8.7 Hz, 1H),
7.69 (d, J=8.7 Hz, 1H), 7.67 (td, J= 7.5, 1.6 Hz, 1H), 7.61 (td, J= 7.5, 1.6 Hz, 1H), 7.22 (dd, /= 8.5, 2.5
Hz, 1H), 5.04 (d, /= 2.7 Hz, 1H).

13C NMR (100 MHz, CDCls): d 154.1, 133.3, 131.7, 131.6, 130.5, 130.4, 128.6, 127.6, 127.2, 126.9, 126.3,
126.1, 125.7, 124.7, 116.3, 111.2.

HRMS (APCI): calcd for Ci1gH30: m/z 245.0966 [M + H]*, found 245.0955.

IR (KBr): 3230, 3045, 1604, 1525, 1497, 1415, 1309, 1218, 745 cm™.

mp: 112-115 °C.
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OMe OH
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Scheme 2-17.

OMe

6-bromo-2-methoxybenzo[c]phenanthrene (81)

OMe

To a solution of 49 (857 mg, 3.3 mmol) and pyridinium tribromide (1.06 g, 3.3 mmol) in CHCl3 was stirred
for 24 h at room temperature. The reaction was quenched with 10w% Na»S,03 aq. and extracted with
CHCls. The combined organic layers were dried over anhydrous Na;SOg, filtered and evaporated under
vacuum. The  crude  product was  recrystallized  from  cyclohexane to  afford
6-bromo2-methoxybenzo[c]phenanthrene (81) in 92% yield as white solid.

'"H NMR (400 MHz, CDCl3): 6 9.12 (d, J = 8.7 Hz, 1H), 8.48 (d,J =2.3 Hz, 1H), 8.31 (d, J = 8.7 Hz, 1H),
8.16 (s, 1H), 8.04-8.02 (m, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.69-7.62 (m, 2H), 7.28
(dd, J =8.7,2.3 Hz, 1H), 4.00 (s, 3H).

13C NMR (100 MHz, CDCls):  158.3, 133.3, 130.8, 130.4, 130.0, 129.5, 129.0, 128.5, 128.3, 127.5, 126.4,
126.3, 125.5, 118.8, 117.2, 109.4, 55.6. (Two carbon overlapped.)

HRMS (APCI): calcd for C19Hi30: m/z 257.0961 [M — Br]*, found 257.0960.

IR (KBr): 3170, 2952, 2830, 1609, 1500, 1219, 1050, 877, 742, 539 cm™!.

mp: 121-123 °C.

6-bromobenzo|[c]phenanthren-2-ol (40g)

OH
The procedure followed that for preparation of compound 40a. 40g was obtained in quantitative yield as

white solid.
TH-NMR (400 MHz, CDCl3): § 5.21 (br, 1H), 7.22 (dd, J = 8.7, 2.3 Hz, 1H), 7.66 (m, 2H), 7.83 (d, J = 8.2
Hz, 1H), 7.96 (d, J= 8.7 Hz, 1H), 8.03 (dd, /= 8.2, 1.8 Hz, 1H), 8.16 (s, 1H), 8.32 (d, /= 8.7 Hz, 1H), 8.46
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(d, J=2.3 Hz, 1H), 9.06 (d, /= 8.2 Hz, 1H).

3C-NMR (400 MHz, CDCl3): 6 112.0, 117.1, 118.9, 125.5, 126.4, 126.4, 127.7, 128.2, 128.4, 128.5, 128.6,
129.5, 129.6, 129.9, 130.5, 130.9, 133.3, 154.3.

HRMS (APCI): caled for CigH11BrO: m/z 321.9993 [M]", found 321.9984.

IR (KBr): 3341, 3052, 1609, 1502, 1356, 1194, 873, 815, 798, 741 cm..

mp: 191-194 °C.

Br Ar Ar

Suzuki-Miyaura )
‘O coupling ‘O BBr; (1.5 equiv) ‘O
O O O O DCM, rt, overnight O O

OMe OMe OH
81 82 (Ar = Ph) 40b (Ar = Ph)
83 (Ar = p-tolyl) 40c (Ar = p-tolyl)
84 (Ar = p-FCgH,) 40d (Ar = p-FCgHy)
Scheme 2-18.

2-methoxy-6-phenylbenzo[c]phenanthrene (82)

A suspension of 81 (101 mg, 0.30 mmol), phenyl boronic acid (44 mg, 0.36 mmol), Pd(PPhs)4 (3.5 mg,

OMe

0.003 mmol) and potassium carbonate (91 mg, 0.66 mmol) in toluene (1.0 mL) and ethanol (0.9 mL) was
stirred for 18 h under reflux condition. After cooling, the reaction mixture was quenched with 0.5 M NaOH
aq., and extracted with CH>Cl,. The combined organic layers were dried over anhydrous Na>SQOs, filtered,
and evaporated under vacuum. The crude product was purified by silica gel column chromatography to
2-methoxy-6-phenylbenzo[c]phenanthrene (82) in 80% yield as white solid.

TH NMR (400 MHz, CDCl3): 6 9.20 (d, J = 8.2 Hz, 1H), 8.57 (d, J = 2.3 Hz, 1H), 8.00 (dd, /= 7.6 Hz, 1.4
Hz, 1H), 7.94 (d, J= 8.7 Hz, 1H), 7.85-7.77 (m, 3H), 7.67 (td, J= 7.6 Hz, 1.4 Hz, 1H), 7.62 (td, /= 7.6 Hz,
1.4 Hz, 1H), 7.56-7.43 (m, 5H), 7.31 (dd, J = 8.7 Hz, 2.3 Hz, 1H), 4.03 (s, 3H).

13C NMR (100 MHz, CDCl3): J 158.2, 141.0, 136.4, 133.0, 130.9, 130.5, 130.4, 130.0, 129.9, 128.33,
128.29, 127.84, 127.80, 127.6, 127.4, 127.2, 127.0, 125.89, 125.87, 124.8, 116.9, 109.1, 55.6.

HRMS (APCI): calcd for CosHi90: m/z 335.1436 [M + H]*, found 335.1426.

IR (KBr): 3047, 2961, 1597, 1502, 1252, 1215, 1034, 829, 758, 541 cm™..

mp: 127-129 °C.
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2-methoxy-6-(p-tolyl)benzo[c]phenanthrene (83)

(J
(I
U
The procedure followed that for preparation of compound 82. 83 was obtained in 76% yield as white solid.
'H NMR (400 MHz, CDCl3): 6 9.19 (d, J = 8.2 Hz, 1H), 8.55 (d, J = 2.3 Hz, 1H), 7.98 (dd, J= 7.6 Hz, 1.4
Hz, 1H), 7.91 (d, J = 8.7 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 8.7 Hz, 1H), 7.76 (s, 1H), 7.65 (td,
J=17.6 Hz, 1.4 Hz, 1H), 7.60 (td, /= 7.6 Hz, 1.4 Hz, 1H), 7.42 (d, J= 8.2 Hz, 1H), 7.32-7.28 (m, 3H), 4.01
(s, 3H), 2.47 (s, 3H).
13C NMR (100 MHz, CDCls): 6 158.0, 138.0, 136.9, 136.3, 133.0, 130.8, 130.4, 130.3, 130.1, 129.9, 129.0,
128.3,127.9, 127.3, 127.6, 127.3, 126.9, 125.84, 125.82, 124.8, 116.8, 109.0, 55.6, 21.3.
HRMS (APCI): caled for Ca6H210: m/z 349.1592 [M + H]*, found 349.1582.
IR (KBr): 3044, 2959, 1607, 1503, 1424, 1214, 888, 827, 761 cm’!.
mp: 117-119 °C.

OMe

6-(4-fluorophenyl)-2-methoxybenzo[c]phenanthrene (84)

E
(]
(I

U

The procedure followed that for preparation of compound 82. 84 was obtained in quantitative yield as white

solid.

TH NMR (400 MHz, CDCls): § 9.20 (d, J = 7.8 Hz, 1H), 8.56 (d, J = 2.3 Hz, 1H), 8.00 (dd, /= 7.8 Hz,1.4

Hz, 1H), 7.93 (d, /= 9.2 Hz, 1H), 7.81-7.75 (m, 3H), 7.68 (td, /= 7.6 Hz, 1.4 Hz, 1H), 7.63 (td, /= 7.6 Hz,

1.4 Hz, 1H), 7.51-7.46 (m, 2H), 7.31 (dd, J= 8.7 Hz, 2.3 Hz, 1H), 7.23-7.18 (m, 2H), 4.03 (s, 3H).

13C NMR (100 MHz, CDCl3): 6 162.2 (d, 'Jcr = 246.3 Hz), 158.2, 136.9, (d, *Jc_r = 3.8 Hz), 135.2, 133.0,

131.9 (d, 3Jcr = 7.7 Hz), 131.0, 130.4, 129.94, 129.88, 128.3, 127.9, 127.7, 127.6, 127.4, 127.1, 125.99,

125.95,124.5,117.0, 115.2 (d, 2Jc_r = 22.0 Hz), 109.0, 55.6. (One carbon overlapped.)

F NMR (565 MHz, CDCls): § —114.9.

HRMS (APCI): calcd for CosHisFO: m/z 353.1342 [M + HJ*, found 353.1331.

IR (KBr): 3050, 2959, 1610, 1505, 1251, 1218, 829, 760, 543 cm’!.

mp: 131-133 °C.

OMe
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6-phenylbenzo[c]phenanthren-2-ol (40b)

()
(I
U
The procedure followed that for preparation of compound 40a. 40b was obtained in 96% yield as light red
solid.
'TH NMR (400 MHz, CDCl3): 6 9.14 (d, J= 8.2 Hz, 1H), 8.54 (d, J=2.3 Hz, 1H), 7.99 (dd, /=7.8, 1.4 Hz,
1H), 7.93 (d, J= 8.7 Hz, 1H), 7.84 (d, /= 9.2 Hz, 1H), 7.80-7.76 (m, 2H), 7.69-7.65 (m, 1H), 7.64-7.60 (m,
1H), 7.56-7.45 (m, SH), 7.25 (dd, J = 8.5, 2.1 Hz, 2H), 5.24 (s, 1H).
13C NMR (100 MHz, CDCls): d 154.0, 141.0, 136.4, 132.9, 131.1, 130.4, 130.4, 130.1, 128.3, 128.3. 127.9,
127.8,127.8,127.2, 127.1, 127.0, 126.0, 125.9, 124.7, 116.7, 111.7.
HRMS (APCI): caled for Co4H70: m/z 321.1279 [M + H]*, found 321.1266.
IR (KBr): 3504, 3438, 3062, 1600, 1500, 1442, 1208, 1191, 886, 819, 703 cm’'.
mp: 167-170 °C.

OH

6-(p-tolyl)benzo[c]phenanthren-2-ol (40c)

(]
(I
(U
The procedure followed that for preparation of compound 40a. 40c was obtained in 94% yield as white
solid.
TH NMR (400 MHz, CDCl3): 6 9.11 (d, J = 8.2 Hz, 1H), 8.51 (s, 1H), 7.96 (dd, J = 7.7, 1.5 Hz, 1H), 7.89
(d, J=8.7 Hz, 1H), 7.84 (d, J= 8.7 Hz, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.66-7.54 (m, 2H), 7.41 (d, J=7.8
Hz, 2H), 7.31 (d, J= 7.8 Hz, 2H), 7.22 (dd, /= 9.2, 1.8 Hz, 1H), 5.46 (s, 1H), 2.47 (s, 3H).
13C NMR (100 MHz, CDCls): 6 154.0, 138.0, 136.9, 136.3, 132.9, 131.0, 130.4, 130.3, 130.3, 130.2, 129.0,
128.2,127.9, 127.8, 127.0, 125.9, 125.8, 124.8, 116.7, 111.6, 21.3.
HRMS (APCI): calcd for CosHi9O: m/z 335.1436 [M + H]*, found 335.1425.
IR (KBr): 3343, 3049, 2925, 1610, 1498, 1209, 889, 826, 755, 543 cm’".
mp: 169-172 °C.

OH
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6-(4-fluorophenyl)benzo[c]phenanthren-2-ol (40d)
F

OH
The procedure followed that for preparation of compound 40a. 40d was obtained in 93% yield as yellow

solid.

'TH NMR (400 MHz, CDCl3): 6 9.12 (d, J= 8.2 Hz, 1H), 8.52 (d, J=2.3 Hz, 1H), 7.98 (dd, /=7.8, 1.4 Hz,
1H), 7.91 (d, J = 8.7 Hz, 1H), 7.80-7.34 (m, 3H), 7.66 (dd, J = 7.4, 1.4 Hz, 1H), 7.61 (dd, /= 7.4, 1.4 Hz,
1H), 7.50-7.45 (m, 2H), 7.24 (dd, J = 8.5, 2.3 Hz, 1H), 7.20 (t, J= 8.7, 2H), 5.38 (s, 1H).

13C NMR (100 MHz, CDCl3): 6 162.2 (d, 'Jcr = 246.3 Hz), 154.2, 136.9 (d, “Jcr = 2.9 Hz), 135.3, 132.9,
131.9 (d, *Jcr = 7.7 Hz), 131.1, 130.3, 130.3, 130.0, 128.3, 127.9, 127.8, 127.2, 127.1, 26.1, 126.0, 124.4,
116.8,, 115.2 (d, 2Jcr = 21.1 Hz), 111.6. (One carbon overlapped.)

F NMR (565 MHz, CDCl3): § —114.8.

HRMS (APCI): caled for Co4H6FO: m/z 339.1185 [M + H]", found 339.1175.

IR (KBr): 3593, 3460, 3043, 1604, 1507, 1250, 1227, 1208, 1154, 829 cm™,

mp: 174-176 °C.

Br Me Me

"BuLi (1.5 equiv)
‘O Mel (1.5 equiv) ‘O BBr; (1.5 equiv) ‘O
saeh=——risagirmdlisag

OMe OMe OH
81 85 40e

Scheme 2-19.

2-methoxy-6-methylbenzo[c]phenanthrene (85)

OMe
To a solution of 81 (168.6 mg, 0.50 mmol) in THF (5 mL) was added "BuLi (2.5 M in hexane, 0.30 mL,

0.75 mmol) at —78 °C. After 30 minutes, Mel (0.050 mL, 0.75 mmol) was added and the solution was
stirred at room temperature for 12 h. The reaction mixture was quenched with saturated aqueous NH4Cl.

The aqueous layer was extracted with ethyl acetate, the combined organic layer was washed with brine,
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dried over Na,SOys, filtered, and evaporated under vacuum. The crude product was purified by GPC using
chloroform as the eluent to give 2-methoxy-6-methylbenzo[c]phenanthrene (85) in 53% yield as white
solid.

'"H NMR (400 MHz, CDCl3): 6 9.17 (d, J = 8.2 Hz, 1H), 8.51 (d, J=2.3 Hz, 1H), 8.02 (d, /= 8.7 Hz, 1H),
7.93 (d, J = 8.7 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.68-7.59 (m, 3H), 7.26 (dd, J = 8.7 Hz, 2.3 Hz, 1H),
4.00 (s, 3H), 2.78 (s, 3H).

3C NMR (100 MHz, CDCl3): § 157.5, 132.9, 131.1, 130.6, 130.5, 129.8, 129.1, 128.4, 128.2, 127.5,
127.22,127.19, 127.1, 125.8, 125.6, 122.7, 116.4, 109.3, 55.5, 20.2.

HRMS (APCI): caled for CioH130: m/z 257.0961 [M — Me]*, found 257.0959.

IR (KBr): 3049, 2997, 2928, 1609, 1501, 1235, 1034, 809, 600 cm’.

mp: 97-99 °C.

6-methylbenzo[c]phenanthren-2-ol (40e)

OH

The procedure followed that for preparation of compound 40a. 40e was obtained in quantitative yield as
white solid.

"H NMR (400 MHz, CDCls): 6 9.10 (d, J = 7.8 Hz, 1H), 8.47 (d, J = 2.3 Hz, 1H), 8.03-8.01 (m, 2 H), 7.93
(d,J=8.7 Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.68-7.59 (m, 3H), 7.19 (dd, J= 8.7 Hz, 2.7 Hz, 1H), 5.09 (bs,
1H), 2.78 (s, 3H).

13C NMR (100 MHz, CDCls): 6 153.4, 132.9, 131.3, 130.6, 130.5, 129.9, 129.5, 128.3, 127.7, 127.4, 127.2,
126.8, 126.0, 125.7, 122.7, 116.3, 111.8, 20.2. (One carbon overlapped.)

HRMS (APCI): caled for Ci9H;50: m/z 259.1123 [M + HJ", found 259.1109.

IR (KBr): 3333, 3057, 2937, 1608, 1504, 1196, 873, 795, 741 cm’'.

mp: 124-126 °C.
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Scheme 2-20.

6-(hex-1-yn-1-yl)-2-methoxybenzo[c]phenanthrene (86)

OMe

A mixture of 1-hexyne (0.038 mL, 0.33 mmol), triphenylphosphine (63 mg, 0.24 mmol), Cul (11 mg, 0.06
mmol), Pd(OAc), (14 mg, 0.06 mmol), and the mixture of 81 (101 mg, 0.30 mmol) in the mixture of 1:1
THEF/diisopropylamine (4.4 mL) degassed by bubbling of N for 30 minutes was stirred under reflux for 14
h. After the reaction, the reaction mixture was cooled to room temperature and diluted with chloroform.
This mixture was extracted with 10% HCI aq. The organic layer was washed two more times with water,
dried with MgSOs, and the solvent was evaporated under vacuum. The crude product was purified by silica
gel column chromatography to 6-(hex-1-yn-1-yl)-2-methoxybenzo[c]phenanthrene (86) in 89% yield as
yellow solid.

'"H NMR (400 MHz, CDCl3): 6 9.15 (d, J = 8.7 Hz, 1H), 8.51 (d, J = 2.3 Hz, 1H), 8.44 (d, J= 8.7 Hz, 1H),
8.04-8.02 (m, 2H), 7.94 (d, J= 8.7 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1H), 7.68-7.60 (m, 2H), 7.28-7.26 (m, 1H),
4.01 (s, 3H), 2.61 (t,J= 7.3 Hz, 1H), 1.77-1.70 (m, 2H), 1.65-1.55 (m, 2H), 1.02 (t, /= 7.3 Hz, 1H).

13C NMR (100 MHz, CDCls): 6 158.5, 133.3, 131.3, 131.2, 131.1, 130.4, 129.7, 128.5, 127.8, 127.7, 127.3,
126.9, 125.94, 125.87, 124.9, 118.0, 116.8, 109.2, 94.5, 79.0, 55.6, 31.1, 22.2, 19.5, 13.7.

HRMS (APCI): calcd for C2sH230: m/z 339.1749 [M + H]*, found 339.1741.

IR (KBr): 3050, 2959, 1607, 1501, 1210, 889, 749, 543 cm™'.

mp: 70-72 °C.
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1-(2-hydroxybenzo[c]phenanthren-6-yl)hexan-1-one (40f)

OH

A mixture of 86 (107 mg, 0.32 mmol) with 10% Pd/C (11 mg) in MeOH (3.2 mL) was stirred at rt under H»
(balloon) for 24 h. After the reaction, the mix was filtrated through Celite and then evaporated under
vacuum. The crude product was purified by silica gel column chromatography to
6-hexyl-2-methoxybenzo[c]phenanthrene (87). A subsequent deprotection of methyl group was performed
following the procedure for preparation of compound 40a to give
1-(2-hydroxybenzo[c]phenanthren-6-yl)hexan-1-one (40f) in 23% overall yield in 2 steps as yellow oil.

'TH NMR (400 MHz, CDCls): 6 9.07 (d, J = 7.8 Hz, 1H), 8.44 (d, J = 2.3 Hz, 1H), 8.04 (d, J= 8.7 Hz, 1H),
7.99 (dd, J="7.8 Hz, 1.8 Hz, 1H), 7.90 (d, J = 8.7 Hz, 1H), 7.85 (d, J= 8.7 Hz, 1H), 7.66 (s, 1H), 7.65-7.57
(m, 2H), 7.18 (dd, J = 8.7 Hz, 2.3 Hz, 1H), 5.03 (bs, 1H), 3.12 (t, J = 7.8 Hz, 1H), 1.84-1.76 (m. 2H),
1.50-1.45 (m, 2H), 1.40-1.30 (m, 4H), 0.90 (t, /= 7.1 Hz, 3H).

13C NMR (100 MHz, CDCls): § 153.6, 134.4, 132.8, 130.7, 130.5, 129.6, 128.23, 128.18, 127.8, 127.2,
127.1, 126.5, 125.8, 125.6, 122.5, 116.4, 111.8, 33.7, 31.8, 30.8, 29.5, 22.7, 14.1. (One carbon overlapped.)
HRMS (APCI): calcd for Co4H240: m/z 328.1827 [M]*, found 328.1818.

IR (KBr): 3350, 3049, 2953, 2855, 1605, 1499, 1210, 803, 749, 539 cm’!.

....65.....



ArB(OH), (1.1 equiv)
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n-BulLi (1.3 equiv) /
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THF, rt O O r2 toluene, 80 °C O O R2
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Scheme 2-21.

7-methoxy-1-(p-tolyl)-3,4-dihydronaphthalene-2-carbaldehyde (88)

OMe

The procedure followed that for preparation of compound 46. 88 was obtained in 90% yield as yellow
solid.

'"H NMR (400 MHz, CDCl5): d 9.51 (s, 1H), 7.25-7.23 (m, 2H), 7.17-7.14 (m, 3H), 6.82 (dd, J = 8.2 Hz,
2.8 Hz, 1H), 6.46 (d, ] = 2.8 Hz, 1H), 3.64 (s, 3H), 2.84-2.80 (m, 2H), 2.67-2.63 (m, 2H), 2.42 (s, 3H).

13C NMR (100 MHz, CDCls): 6 193.4, 158.1, 154.4, 138.3, 136.2, 134.6, 131.9, 130.7, 130.3, 128.9, 128.3,
114.7, 114.6, 55.1, 26.6, 21.2, 20.7.

HRMS (ESI): calcd for C19HisNaO> : m/z 301.1204 [M + Na]*, found 301.1198.

IR (KBr): 3000, 2943, 2852, 1654, 1596, 1362, 1038, 828, 711 cm!.

mp: 65-67 °C.
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1-(3,5-dimethylphenyl)-7-methoxy-3,4-dihydronaphthalene-2-carbaldehyde (89)

O
(2

OMe

The procedure followed that for preparation of compound 46. 89 was obtained in 90% yield as white solid.
'TH NMR (400 MHz, CDCl3): § 9.59 (s, 1H), 7.15 (d, J = 8.2 Hz, 1H), 7.05 (s, 1H), 6.89 (s, 2H), 6.82 (dd, J
= 8.2 Hz, 2.8 Hz, 1H), 6.49 (d, J=2.8 Hz, 1H), 3.66 (s, 3H), 2.84-2.80 (m, 2H), 2.67-2.63 (m, 2H), 2.34 (s,
6H).

13C NMR (100 MHz, CDCl3): 6193.5, 158.0, 154.6, 137.6, 136.1, 134.8, 134.4, 130.6, 130.0, 128.3, 128.1,
114.9,114.4, 55.1,26.6, 21.1, 20.6.

HRMS (EIS): calcd for CooH20NaOa: m/z 315.1361 [M + Na]*, found 315.1354.

IR (KBr): 3003, 2959, 1659, 1565, 1362, 1280, 1038, 861, 712 cm’.

mp: 114-116 °C.

7-methoxy-1-(p-tolyl)-2-naphthaldehyde (90)

OMe

The procedure followed that for preparation of compound 47. 90 was obtained in quantitative yield as
yellow solid.

"H NMR (400 MHz, CDCls): 6 9.88 (s, 1H), 7.92 (d, J = 8.7 Hz, 1H), 7.86-7.82 (m, 2H), 7.35-7.26 (m, 5H),
6.98 (d, J=2.3 Hz), 3.72 (s, 3H), 2.49 (s, 3H).

I3C NMR (100 MHz, CDCls): 6 192.9, 158.1, 145.1, 137.9, 133.7, 132.1, 131.6, 131.4, 130.7, 129.5, 128.9,
127.7,120.8, 119.9, 106.4, 55.0, 21.2.

HRMS (ESI): calcd for C19H16NaOx: m/z 299.1048 [M + Na]*, found 299.1042.

IR (KBr): 3050, 2939, 1678, 1509, 1391, 1237, 1178, 1037, 739 cm™..

mp: 66-68 °C.
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1-(3,5-dimethylphenyl)-7-methoxy-2-naphthaldehyde (91)

o}
(1

OMe

The procedure followed that for preparation of compound 47. 91 was obtained in quantitative yield as
yellow oil.

'TH NMR (400 MHz, CDCl3): 6 9.89 (s, 1H), 7.90 (d, J= 8.7 Hz, 1H), 7.80 (d, /= 8.7 Hz, 1H), 7.78 (d, J =
8.7 Hz, 1H), 7.24 (dd, J= 8.7 Hz, 2.8 Hz, 1H), 7.12 (s, 1H), 7.01-7.00 (m, 3H), 3.71 (s, 3H), 2.39 (s, 3H).
13C NMR (100 MHz, CDCls): 6 193.1, 158.0, 145.6, 137.7, 135.1, 133.7, 131.5, 129.8, 129.5, 128.7, 127.6,
120.6, 119.8, 106.4, 55.1, 21.2.

HRMS (ESI): calcd for C2oH1gNaOa: m/z 313.1204 [M + Na]", found 313.1198.

IR (KBr): 3013, 2858, 1683, 1599, 1457, 1292, 846, 730 cm™'.

2-ethynyl-7-methoxy-1-(p-tolyl)naphthalene (92)

OMe

=

The procedure followed that for preparation of compound 48. 92 was obtained in 79% yield as pink oil.

"H NMR (400 MHz, CDCl3): 6 7.74 (d, J = 9.0 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.49 (d, J = 8.2 Hz, 1H),
7.34-7.29 (m, 4H), 7.14 (dd, J = 9.0 Hz, 2.3 Hz, 1H), 6.91 (d, J = 2.3 Hz, 1H), 3.69 (s, 3H), 2.98 (s, 1H),
2.46 (s, 3H).

13C NMR (100 MHz, CDCls): 6 158.0, 142.3, 137.1, 135.7, 133.4, 130.1, 129.4, 128.8, 127.0, 126.9, 119.3,
118.8, 105.3, 83.8, 80.5, 55.0, 21.3.

HRMS (APCI): calcd for CoH;70: m/z 273.1279 [M + H]*, found 273.1265.

IR (KBr): 3287, 3053, 2934, 1621, 1507, 1273, 1035, 839, 600 cm™'.
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1-(3,5-dimethylphenyl)-2-ethynyl-7-methoxynaphthalene (93)

Z
(J
She

OMe
The procedure followed that for preparation of compound 48. 93 was obtained in 71% yield as white solid.
'"H NMR (400 MHz, CDCls): 6 7.74 (d, J = 8.7 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.49 (d, J= 8.2 Hz, 1H),
7.15 (dd, J = 8.7 Hz, 2.3 Hz, 1H), 7.07 (s, 1H), 7.04 (s, 2H), 6.92 (d, J= 2.3 Hz, 1H), 3.71 (s, 3H), 2.99 (s,
1H), 2.39 (s, 6H).
13C NMR (100 MHz, CDCl3): 6 157.9, 142.7, 138.5, 137.4, 133.4, 129.4, 129.2, 128.8, 128.0, 127.0, 126.9,
119.1, 118.7, 105.7, 83.9, 80.4, 55.2, 21.4.
HRMS (ESI): calcd for C2;H13NaO: m/z 309.1255 [M + Na]*, found 309.1252.
IR (KBr): 3308, 3004, 2938, 1618, 1506, 1424, 1226, 845, 622 cm’.
mp: 127-129 °C.

2-methoxy-10-methylbenzo[c]phenanthrene (94)

OMe

The procedure followed that for preparation of compound 49. 94 was obtained in 72% yield as white solid.
'"H NMR (400 MHz, CDCl3): 6 9.07 (d, J = 8.7 Hz, 1H), 8.56 (d, J = 2.5 Hz, 1H), 7.90 (d, J = 8.7 Hz, 1H),
7.80-7.73 (m, 4H), 7.66 (d, J = 8.7 Hz, 1H), 7.48 (d, J = 8.7 Hz, 1H), 7.26 (dd, J = 8.7 Hz, 2.5 Hz, 1H),
3.99 (s, 3H), 2.58 (s, 3H).

13C NMR (100 MHz, CDCls): § 158.1, 135.3, 133.6, 131.5, 131.1, 129.9, 128.53, 128.50, 128.0, 127.9,
127.1,127.0, 126.9, 126.7, 126.6, 124.7, 116.3, 109.0, 55.5, 21.3.

HRMS (APCI): calcd for CoH;70: m/z 273.1279 [M + H]*, found 273.1268.

IR (KBr): 3009, 2912, 1624, 1513, 1424, 1218, 836, 552 cm™.

mp: 116-118 °C.
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11-methoxy-2,4-dimethylbenzo[c]phenanthrene (95)

OMe

The procedure followed that for preparation of compound 49. 95 was obtained in 52% yield as white solid.
'H NMR (400 MHz, CDClz): 6 8.89 (s, 1H), 8.58 (d, J=2.3 Hz, 1H), 8.04 (d, /= 8.7 Hz, 1H), 7.91 (d, J=
8.7 Hz, 1H), 7.81 (d, J= 8.7 Hz, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.32 (s, 1H), 7.27
(dd, J=8.7,2.3 Hz, 3H), 4.02 (s, 3H), 2.80 (s, 3H), 2.60 (s, 3H).

13C NMR (100 MHz, CDCl3): 6 157.9, 135.0, 134.5, 131.6, 131.2, 130.8, 130.2, 129.8, 128.7, 128.4, 126.9,
126.7,125.8,125.2, 124.5, 123.1, 116.4, 109.1, 55.4, 22.1, 20.1.

HRMS (APCI): caled for C21H90: m/z 287.1436 [M + H]*, found 287.1425.

IR (KBr): 3057, 2913, 1608, 1494, 1448, 1216, 1023, 834 cm™.

mp: 129-131 °C.

10-methylbenzo[c]phenanthren-2-ol (40h)

OH

The procedure followed that for preparation of compound 40a. 40h was obtained in 87% yield as white
solid.

TH NMR (400 MHz, CDCls): 6 9.00 (d, J = 8.7 Hz, 1H), 8.54 (d, J = 2.3 Hz, 1H), 7.90 (d, J = 8.7 Hz, 1H),
7.81-7.74 (m, 4H), 7.47 (dd, J= 8.7, 1.8 Hz, 1H), 7.20 (dd, J = 8.7, 2.3 Hz, 1H), 5.18 (s, 1H), 2.58 (s, 3H).
13C NMR (100 MHz, CDCls): 6 154.0, 135.4, 133.5, 131.6, 131.1, 130.3, 128.6, 128.5, 128.0, 127.3, 127.1,
127.0, 126.8, 126.3, 124.7, 116.2, 111.6, 21.3. (One carbon overlapped.)

HRMS (APCI): caled for Ci9H50: m/z 259.1123 [M + H]", found 259.1115.

IR (KBr): 3207, 2921, 1519, 1420, 1307, 1203, 832, 789, 548 cm™'.

mp: 147-149 °C.
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9,11-dimethylbenzo[c]phenanthren-2-ol (40i)

OH

The procedure followed that for preparation of compound 40a. 40i was obtained in quantitative yield as
white solid.

'H NMR (400 MHz, CDCl3): 6 8.72 (s, 1H), 8.51 (s, 1H), 7.98 (d, /= 8.5 Hz, 1H), 7.84 (d, /= 8.7 Hz, 1H),
7.75 (d, J= 8.7 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.62 (d, J= 8.5 Hz, 1H), 7.23 (s, 1H), 7.16 (dd, J = 8.7,
2.3 Hz, 1H), 5.79 (s, 1H), 2.73 (s, 3H), 2.50 (s, 3H).

13C NMR (100 MHz, CDCls): 6 153.9, 135.1, 134.3, 131.8, 131.2, 130.8, 130.2, 128.7, 128.5, 127.0, 126.3,
125.7,125.1, 124.5, 123.1, 116.1, 112.0, 22.1, 20.0.

HRMS (APCI): caled for Co0H70: m/z 273.1279 [M + H]*, found 273.1269.

IR (KBr): 3349, 3044, 2917, 1609, 1498, 1423, 1353, 1207, 835, 533 cm™..

mp: 70-73 °C.

Preparation of dinuclear vanadium complexes

Dinuclear vanadium complexes was prepared according to the literature procedure.?

Preparation of mononuclear vanadium complexes

|
OO 1) "BuLi (0.9 equiv) H ArB(OH), (1.2 equiv)
oo Et,0, —78 °C, 20 min Pd(OAC), (10 mol %)

0
Ba(OH), (2.5 equiv)

OO\ 2) DMF (5.0 equiv) 0O
rt, 1h ~ 1,4-dioxane/H,0 (3:1)
| | 80°C,2h

96 97 (AI' = 3,5-Ph2-CeH3)

H
OO L-tert-leucine (1.1 equiv)
OH

TFA (excess) VOS0,4-H,0 (2.2 equiv)

OH
CH2C|2 OO MeOH/CHC|3, 02
rt,2h reflux, overnight

98

Scheme 2-22.
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(R)-3"-i0do-2,2'-bis(methoxymethoxy)-[1,1'-binaphthalene]-3-carbaldehyde (97)

To a solution of 96 (1.25 g, 2.0 mmol) in Et;O (20 mL) was added "BuLi (2.0 M in hexane, 0.90 mL, 1.8
mmol) at —78 °C. After 20 minutes, DMF (0.78 mL, 10 mmol) was added and the solution was stirred at
room temperature for 1 h. The reaction mixture was quenched with 1.0 M HCI aq. The aqueous layer was
extracted with ethyl acetate, the combined organic layer was washed with saturated aqueous NaHCO3; and
brine, dried over Na,SOs, filtered, and evaporated under vacuum. The crude product was purified by silica
gel column chromatography to give
(R)-3'-i0do-2,2'-bis(methoxymethoxy)-[1,1'-binaphthalene]-3-carbaldehyde (97) in 47% yield (450 mg) as
yellow solid.

'TH NMR (400 MHz, CDCl;): 6 10.55 (s, 1H), 8.59 (s, 1H), 8.58 (s, 1H), 8.05 (d, /= 8.2 Hz, 1H), 7.81 (d, J
= 8.2 Hz, 1H), 7.54-7.47 (m, 1H), 7.47-7.43 (m, 1H), 7.43-7.38 (m, 1H), 7.34-7.28 (m, 1H), 7.25 (d, J= 8.8
Hz, 2H), 7.15 (d, J = 8.8 Hz, 1H), 4.82 (d, J = 6.0 Hz, 1H), 4.74 (d, /= 6.0 Hz, 1H), 4.71 (d, J = 6.0 Hz,
1H), 4.66 (d, J= 6.0 Hz, 1H), 2.92 (s, 3H), 2.52 (s, 3H).

13C NMR (100 MHz, CDCls): 6 190.8, 154.0, 152.3, 140.3, 136.9, 133.6, 132.3, 131.7, 130.1, 129.9, 129.4,
128.8, 127.3, 127.0, 126.6, 126.5, 126.2, 126.0, 125.5, 100.4, 99.7, 92.4, 57.0, 56.5. (One carbon
overlapped.)

HRMS (ESI): calcd for CosH21NaOs: m/z 551.0331 [M + Na]*, found 551.0319.

[a]3t +47.3 (c 0.56, CHCl5)

(R)-3'-([1,1"3",1"-terphenyl]-5'-yl)-2,2'-dihydroxy-[ 1,1'-binaphthalene]-3-carbaldehyde (98)
(0]

SO
OH

OH

OO O Ph
Ph

A suspension of 97 (52.8 mg, 0.10 mmol), (3,5-Diphenylphenyl)boronic acid (32.9 mg, 0.12 mmol),
Pd(PPh3)s4 (11.6 mg, 0.010 mmol) and Ba(OH) (42.8 mg, 0.25 mmol) in degassed water/1,4-dioxane (1/3,
1 mL) was stirred for 2 h at 80 °C. After cooling, the reaction mixture was then filtered through a short pad
of silica gel and the solvent was evaporated. The crude product was purified by silica-gel column
chromatography to give coupling product. A subsequent deprotection of methoxymethyl group was

performed. Trifluoroacetic acid (excess) was added to a solution of coupling product in CH»Cl, (1.0 mL) at
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room temperature. The mixture was stirred for 1 h. After concentrated, the reaction mixture was purified by
silica gel column chromatography to afford
(R)-3'-([1,1"3",1"-terphenyl]-5"-yl)-2,2'-dihydroxy-[1,1'-binaphthalene]-3-carbaldehyde (98) in 86% overall
yield in 2 steps as yellow solid.

'TH NMR (400 MHz, CDCl3): 6 10.66 (s, 1H), 10.18 (s, 1H), 8.36 (s, 1H), 8.08 (s, 1H), 8.04-7.96 (m, 1H),
7.97-7.89 (m, 3H), 7.84 (t, J = 1.6 Hz, 1H), 7.74-7.68 (m, 4H), 7.50-7.31 (m, 10H), 7.31-7.25 (m, 1H), 7.11
(d, J=8.2 Hz, 1H), 5.30 (s, 1H).

I3C NMR (100 MHz, CDCls): 6 196.7, 154.5, 149.1, 142.3, 141.1, 139.1, 138.7, 137.8, 133.2, 131.3, 130.8,
130.4, 130.2, 129.4, 128.9, 128.6, 127.9, 127.6, 127.5, 127.0, 125.6, 125.2, 125.0, 124.5, 124.1, 122.3,
115.9, 114.4.

HRMS (APCI): calcd for C3oH26NaOs: m/z 565.1780 [M + Na]”, found 565.1772.

[a]3? +19.68 (c 1.06, CHCls)

mononuclear vanadium complex (R,,S)-74

A round-bottomed flask was charged with 98 (46.6 mg, 0.086 mmol), L-tert-leucine (12.4 mg, 0.094 mmol),
VOSO4xH>O (34.2 mg, 0.19 mmol), MS 3A (86 mg), MeOH (4.3 mL) and CHCI; (2 mL) under O>
(balloon). The reaction mixture was refluxed, and the consumption of 97 was monitored by TLC. The
resulting solution was gradually cooled down to r.t. and filtered through celite to remove MS 3A. The
filtrate was evaporated, and the resulting black solid was dissolved in CH,Cl, and washed with H,O. The
organic phase was dried over anhydrous Na;SOs and concentrated in vacuum to give desired vanadium
complex (R,,S)-74 in 66% yield as dark green solid.

TH NMR (400 MHz, CDCIs):  8.93 (s, 1H), 8.47 (s, 1H), 8.06 (s, 1H), 8.04-8.01 (m, 1H), 7.97-7.92 (m,
3H), 7.81 (s, 1H), 7.73 (d, J= 7.3 Hz, 4H), 7.46-7.23 (m, 13H), 4.25 (s, 1H), 2.13 (s, 1H), 1.24 (s, 9H).

13C NMR (100 MHz, CDCls): 6 168.5, 150.9, 143.1, 142.5, 139.2, 138.6, 134.9, 133.0, 131.2, 130.9, 130.8,
130.7, 130.6, 129.9, 129.4, 129.0, 128.6, 128.3, 127.4, 127.1, 126.7, 126.3, 125.8, 125.6, 125.3, 124.7,
124.4,123.8, 119.3, 118.5, 84.3, 38.5, 28.2.

HRMS (ESI): calcd for C4sH3sNNaOsV: m/z 774.2036 [M + OMe — OH + Na]*, found 774.2027.
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Vanadium-catalyzed enantioselective synthesis of oxa[9]helicenes

A test tube was charged with benzo[c]2-phenanthrol 38 (1.0 eq), mononuclear vanadium catalyst (10
mol %) and CCly (0.2 M) under O, at 50 °C or 60 °C. The mixture was stirred for 48-72 h. The reaction
mixture was then filtered through a short pad of silica gel and the solvent was evaporated. The crude

product was purified by silica gel column chromatography to afford oxa[9]helicene 40.

benzo[5,6]phenanthro[3,4-b]benzo[5,6]phenanthro[4,3-d]furan (40a)
D=
Re%s

86% yield.

'TH NMR (400 MHz, CDCl;): J 8.30 (d, J = 8.5 Hz, 2H), 8.26 (J = 8.5 Hz, 2H), 8.00 (d, J = 8.2 Hz, 2H),
7.59 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H), 6.75
(td, J=7.5Hz, 1.4 H, 2H), 6.19 (d, J= 8.7 Hz, 2H), 5.72 (td, J= 7.5 Hz, 1.4 H, 2H).

13C NMR (100 MHz, CDCls): 6 154.2, 129.9, 129.5, 129.5, 127.6, 127.3, 126.9, 126.5, 126.3, 126.2, 125.3,
125.2,124.6, 124.3, 124.0, 122.2, 121.0, 110.9.

HRMS (APCI): caled for C3sH210: m/z 469.1592 [M + H]*, found 469.1573.

IR (KBr): 3044, 1581, 1489, 1342, 1245, 1221, 1063, 834, 756 cm’'.

mp: 280-283 °C. Yellow solid.

Enantiomeric excess: 78%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 6.2 min, second peak: tr = 8.6 min.

[a]y —2647.2 (c 0.32, CHCl3) for 99% ee (M isomer).

3,11-diphenylbenzo[5,6]phenanthro[3,4-b]benzo[5,6]phenanthro[4,3-d]furan (40b)
Ph
(1
s
s N2
OO Ph
72% yield.
'"H NMR (400 MHz, CDCl3): 6 8.29 (s, 4H), 7.96 (s, 2H), 7.69-7.45 (m, 14H), 7.35 (d, J = 7.6 Hz, 2H),
6.89 (t,J="7.6 Hz, 2H), 6.42 (d, J = 8.2 Hz, 2H), 5.87 (t, J= 8.2 Hz, 2H).
13C NMR (100 MHz, CDCls): 6 154.3, 141.0, 137.0, 130.3, 129.3, 128.8, 128.2, 127.8, 127.4, 127.3, 127.2,
126.9, 126.6, 126.5, 126.0, 124.4, 123.7, 122.4, 122.2, 121.1, 111.4.

HRMS (APCI): calcd for CagH290: m/z 621.2218 [M + H]*, found 621.2200.
IR (KBr): 3051, 1577, 1475, 1240, 1062, 822, 751, 702 cm’!
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mp: >300 °C. Yellow solid.

Enantiomeric excess: 45%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 12.8 min, second peak: trg = 33.1 min.

[a]3? —685.2 (c 0.46, CHCIs) for 45% ee.

3,11-di-p-tolylbenzo[5,6]phenanthro[3,4-b]benzo[ 5,6 ]phenanthro[4,3-d]furan (40c)

Me

&
s
T\ =

<
OOO

Me

61% yield.

"H NMR (400 MHz, CDCl5): 6 8.25 (s, 4H), 7.95 (s, 2H), 7.51 (m, 8H), 7.39 (d, J= 7.8 Hz, 4H), 7.34 (d, J
=6.9 Hz, 2H), 6.87 (td, J=7.4, 1.1 Hz, 2H), 6.40 (d, J= 8.2 Hz, 2H), 5.90-5.81 (m, 2H), 2.53 (s, 6H).

13C NMR (100 MHz, CDCls): d 154.3, 138.0, 137.0, 136.8, 130.1, 129.3, 128.9, 128.8, 128.4, 127.7, 127 .4,
127.2,126.8, 126.6 (C), 126.4, 126.0, 124.3, 123.6, 122.4, 122.3, 121.2, 111.3, 21.3.

HRMS (APCI): caled for CsoH330: m/z 649.2531 [M + H]*, found 649.2518.

IR (KBr): 3036, 2916, 1693, 1508, 1239, 822, 747, 563 cm’.

mp: >300 °C. Yellow solid.

Enantiomeric excess: 44%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 8.9 min, second peak: trg = 18.0 min.

[a]Z® ~720.0 (c 0.41, CHCIs) for 44% ee.

3,11-bis(4-fluorophenyl)benzo[ 5,6 phenanthro[3,4-b]benzo[ 5,6 |phenanthro[4,3-d]furan (40d)

F

&
e

(0] 6‘
LIS ~

F

68% yield. The reaction was performed for 72 h.
'"H NMR (400 MHz, CDCls): 6 8.30 (s, 4H), 7.94 (s, 2H), 7.57-7.52 (m, 4H), 7.51 (d, J = 8.7 Hz, 2H), 7.44
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(d, J=8.7 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 7.29-7.26 (4H), 6.87 (td, /= 7.4 Hz, 1.2 Hz, 2H), 6.40 (d, J =
8.7 Hz, 2H), 5.87 (td, J= 7.4 Hz, 2H).

13C NMR (100 MHz, CDCl3): 6 162.3 (d, 'Jcr = 246.3 Hz), 154.4, 136.8 (d, *Jcr = 3.8 Hz, C), 135.9,
131.7 (d, *Jcr = 7.7 Hz), 129.3, 128.7, 128.3, 127.8 (CH), 127.4 (CH), 127.0, 126.7, 126.5, 126.0, 124.3,
123.7,122.5,122.0, 121.1, 115.2 (d, 2Jc_r = 22.0 Hz), 111.5. (One carbon overlapped.)

F NMR (565 MHz, CDCl3): 6 —116.1.

HRMS (APCI): caled for C4gHa7F20: m/z 657.2030 [M + H], found 657.2014.

IR (KBr): 3047, 1604, 1510, 1221, 1157, 824,799, 752 cm’!.

mp: >300 °C. Yellow solid.

Enantiomeric excess: 50%, determined by HPLC (Chiralcel OD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25°C; 280 nm) first peak: tg = 10.1 min, second peak: tr = 29.6 min.

[a]3® —758.6 (c 0.44, CHCls) for 50% ee.

3,11-dimethylbenzo[5,6]phenanthro[3,4-b]benzo[5,6]phenanthro[4,3-d]furan (40e)
Me

[ N

4 2

L

Me
70% yield.
TH NMR (400 MHz, CDCls): § 8.23-8.18 (m, 4H), 7.84 (d, J = 0.9 Hz, 2H), 7.62-7.67 (m, 4H), 7.31 (dd, J
= 8.2 Hz, 0.9 Hz, 2H), 6.71 (td, /= 7.6 Hz, 1.4 Hz, 2H), 6.21 (d, /= 8.7 Hz, 2H), 5.69 (td, /= 7.6 Hz, 1.4
Hz, 2H), 2.72 (s, 6H).
13C NMR (100 MHz, CDCls): 6 153.8, 130.7, 129.4, 129.1, 129.0, 127.2. 126.7, 126.6, 126.5, 126.4, 126.3,
125.8,123.4,123.2,122.1, 121.1, 120.4, 110.8, 19.8.
HRMS (APCI): caled for C3sHa50: m/z 497.1905 [M + H]*, found 497.1887.
IR (KBr): 3064, 2932, 2857, 1580, 1482, 1260, 1119, 865, 747, 597 cm’'.
mp: >300 °C. Yellow solid.
Enantiomeric excess: 88%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tg = 5.7 min, second peak: tg = 10.0 min.
[a]ly —2252.5 (c 0.35, CHCls) for 88% ee.
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3,11-dihexylbenzo[5,6]phenanthro[3,4-b]benzo[5,6]phenanthro[4,3-d]furan (40f)

CeH13
s
2
Se

72% yield.
'"H NMR (400 MHz, CDCl5): 6 8.21 (s, 4H), 7.82 (s, 2H), 7.65-7.59 (m, 4H), 7.30 (d, J = 6.9 Hz, 2H), 6.68
(td, J = 1.5, 1.1 Hz, 2H), 6.26 (d, J = 8.2 Hz, 2H), 5.71 (td, J = 7.5, 1.1 Hz, 2H), 3.16-2.98 (m, 4H),
1.95-1.77 (m, 4H), 1.62-1.12 (m, 12H), 0.99 (t, J= 7.1 Hz, 6H).
13C NMR (100 MHz, CDCl3): 6 153.8, 135.2, 129.1, 129.0, 128.8, 127.5, 127.0, 126.8, 126.6, 126.0, 125.9,
125.7,124.0, 123.2, 122.1, 121.1, 120.2, 110.9, 33.4, 31.9, 30.8, 29.7, 22.8, 14.2.
HRMS (APCI): caled for C4sHasO: m/z 637.3470 [M + H]*, found 367.3443.
IR (KBr): 3049, 2928, 1578, 1480, 1349, 1234, 821, 797, 748, 602 cm’'.
mp: 65-67 °C. Yellow solid.
Enantiomeric excess: 76%, determined by HPLC (Chiralpak IB, hexane/dichloromethane = 9/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 12.4 min, second peak: tr = 22.1 min.
[a]3® —1490.0 (c 0.54, CHCls) for 76% ee.

3,11-dibromobenzol[5,6]phenanthro[3,4-b]benzo[ 5,6 [phenanthro[4,3-d]furan (40g)
Br
s
s
LI,

56% yield. The reaction was performed at 60°C for 72 h.
"H NMR (400 MHz, CDCl5): 6 8.34 (s, 2H), 8.28 (d, J = 8.7 Hz, 2H), 8.22 (d, J = 8.7 Hz, 2H), 7.90 (d, J =
8.9 Hz, 2H), 7.68 (d, J= 8.9 Hz, 2H), 7.38 (d, /= 7.8 Hz, 2H), 6.87 (td, /= 8.7 Hz, 1.1 Hz, 2H), 6.15 (d, J
=7.8 Hz, 2H), 5.78 (td, /= 8.7 Hz, 1.1 Hz, 2H).
13C NMR (100 MHz, CDCls): 6 154.4, 129.6, 129.4, 129.4, 127.9, 127.8, 127.3, 126.9, 126.7, 126.4, 125.5,
124.8,123.4,123.3, 122.7, 120.9, 119.7, 111.9.
HRMS (APCI): caled for C3sHisBr2O: m/z 623.9724 [M]*, found 623.9710.
IR (KBr): 3063, 1577, 1474, 1248, 1226, 1065, 817, 744 cm™.
mp: >300 °C. Yellow solid.
Enantiomeric excess: 94%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate

0.3 ml/min; 25 °C; 350 nm) first peak: tr = 22.7 min, second peak: tr = 32.5 min.
[a]s —~1667.7 (c 0.35, CHCIs) for 94% ee.
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15,20-dimethylbenzo[5,6]phenanthro[ 3,4-b]benzo[ 5,6 phenanthro[4,3-d]furan (40h)
i 7
O

68% yield.

TH NMR (400 MHz, CDCls): 6 8.29 (d, J = 8.2 Hz, 2H), 8.24 (d, J = 8.2 Hz, 2H), 8.01 (d, J = 8.2 Hz, 2H),
7.59 (d, J=8.7 Hz, 2H), 7.48 (d, J= 8.7 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.06 (s, 2H), 6.03 (d, /= 8.2 Hz,
2H), 5.50 (d, J= 8.2 Hz, 2H), 2.15 (s, 6H).

13C NMR (100 MHz, CDCl3): d 154.2, 133.5, 129.8, 129.6, 129.4, 127.4, 126.6, 126.25, 126.16, 126.0,
125.3, 125.01, 124.98, 124.43, 124.36, 123.8, 121.0, 110.8, 20.8.

HRMS (APCI): caled for C3sH250: m/z 497.1905 [M + H]*, found 497.1891.

IR (KBr): 3041, 2917, 1580, 1488, 1253, 1212, 831, 630 cm’.

mp: 160-163 °C. Yellow solid.

Enantiomeric excess: 80%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 5.6 min, second peak: tr = 8.3 min.

[a]y —2515.5 (c 0.36, CHCIs) for 80% ee.

14,16,19,21-tetramethylbenzo[ 5,6 Jphenanthro[3,4-b]benzo[ 5,6 phenanthro[4,3-d]furan (40i)

84% yield. The reaction was performed in the presence of TMSCI (10 mol %) at 60 °C.

"H NMR (400 MHz, CDCls): 6 8.33 (d, J = 8.2 Hz, 2H), 8.27 (d, J= 8.2 Hz, 2H), 7.98 (d, J = 8.2 Hz, 2H),
7.74 (d, J= 8.2 Hz, 2H), 7.62 (d, /= 8.2 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 6.42 (s, 2H), 5.80 (s, 2H), 2.58
(s, 6H), 1.04 (s, 6H).

13C NMR (100 MHz, CDCl3): 6 153.9, 131.7, 131.6, 129.9, 129.2, 127.5, 127.4, 127.3, 126.5, 126.0, 125 4,
125.2,124.6, 124.2, 123.4, 122.0, 121.6, 110.5, 20.3, 20.1.

HRMS (APCI): calcd for C4H280: m/z 525.2218 [M + H]*, found 525.2198.

IR (KBr): 3049, 2915, 2866, 1579, 1482, 1373, 1255, 1080, 829, 561 cm™'.

mp: >300 °C. Orange solid.

Enantiomeric excess: 60%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 10.4 min, second peak: tr = 13.1 min.

[a]3! —~1465.4 (c 0.43, CHCI;) for 60% ee.

....78.....



Vanadium-catalyzed enantioselective oxidative hetero-coupling

V cat. (R,,S)-74 Qé%

38a + 38g —— > 6 + 40a . 40g
O 28%, 69% ee 13%, 94% ee

cCly, 0, 0
50 °C, 72 h Oe
40ag
30%, 84% ee

Br

Scheme 2-23.

A test tube was charged with 38a (0.02 mmol), 38g (0.02 mmol), mononuclear vanadium catalyst (0.004
mmol) and CCls (0.2 mL). The mixture was stirred for 72 h under O at 50 °C. The reaction mixture was
then filtered through a short pad of silica gel and the solvent was evaporated. The crude product was
purified using PTLC to afford 40ag (30% yield, 84% ee) along with homo-coupling products 40a (28%
yield, 69% ee) and 40g (13% yield, 94% ee).

3-bromobenzo[5,6]phenanthro[3,4-b]benzo[ 5,6 ]phenanthro[4,3-d]furan (40ag)

s
gt
Seu

'TH NMR (400 MHz, CDCls): ¢ 8.34-8.26 (m, 4H), 8.21 (d, J = 8.7 Hz, 1H), 8.01 (d, J = 8.7 Hz, 1H), 7.88
(d, J=8.7 Hz, 1H), 7.65 (d, J= 8.7 Hz, 1H), 7.56 (d, J = 8.7 Hz, 2H), 7.42 (d, /= 8.7 Hz, 1H), 7.37 (dd, J
=7.6 Hz, 1.4 Hz, 1H), 7.32 (dd, J=7.6 Hz, 1.4 Hz, 1H), 6.87 (td, /= 7.6 Hz, 1.4 Hz, 1H), 6.77 (td, /= 7.6
Hz, 1.4 Hz, 1H), 6.19 (d, /= 8.7 Hz, 1H), 6.14 (d, J = 8.7 Hz, 1H), 5.79-5.71 (m, 2H).
13C NMR (175 MHz, CDCls): § 154.4, 154.2, 130.1, 129.53, 129.49, 129.4, 129.3, 128.0, 127.64, 127.56,
127.1, 126.9, 126.8, 126.64, 126.57, 126.44, 126.35, 125.9, 125.43, 125.35, 125.2, 124.7, 124.1, 123.5,
123.2,122.6, 122.2, 121.3, 120.6, 119.6, 111.8, 111.0. (four carbons overlapped.)
HRMS (APCI): calcd for C3sHi9BrO: m/z 546.0619 [M]*, found 546.0600.
IR (KBr): 3040, 2923, 2851, 1578, 1473, 1250, 1065, 835, 744, 591 cm™'.
mp: 132-135 °C. Yellow solid.
Enantiomeric excess: 84%, determined by HPLC (Chiralpak AD-H, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 400 nm) first peak: tr = 7.3 min, second peak: tg = 10.7 min.
[a]d! ~1642.9 (c 0.31, CHCI;) for 84% ee.
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Derivatization of 2g

Br Ph
PhB(OH), (3 equiv)

e iRy L

6 toluene/EtOH 6
0 O P reflux, 12 h o O P
e Br e Ph

409 40b
92% ee 81%, 92% ee

Scheme 2-24.

A suspension of 40g (7.2 mg, 0.01150 mmol), phenyl boronic acid (4.2 mg, 0.03449 mmol), Pd(PPh;3)4
(1.33 mg, 0.00115 mmol) and potassium carbonate (6.98 mg, 0.05058 mmol) in toluene/ethanol (10/9, 0.20
mL) was stirred for 12 h under reflux condition. After cooling, the reaction mixture was then filtered
through a short pad of silica gel and the solvent was evaporated. The yield (81% yield) of 40b was
determined by 'H NMR using 1,2-dichloroethane as an internal standard.

Enantiomeric excess: 92%, determined by HPLC (Chiralpak AD-3, hexane/2-propanol = 99/1; flow rate
1.0 ml/min; 25 °C; 280 nm) first peak: tr = 10.7 min, second peak: tr = 26.0 min.
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Bromination of oxa[9]helicene (40a)

Table 2-9.
Br. Br.
= o R =t
S S =S N A=
LD o S e
temp., 24 h
Br
rac-40a rac-40k rac-401

entry PyHBr3 (equiv) Temp. (°C) 40k : 401° yield®
1 1.05 25 81:19 40k : 77%
2 1.2 25 69 :31 ND
3 2.1 25 40 : 60 40Kk : 38%, 401 : 58%
4 3.0 25 36: 65 ND
5 2.1 40 20: 80 401 : 72%

“The ratio was estimated by '"H NMR. “Isolated yield of product. ND: Not determined.

To a solution of 40a and pyridinium tribromide (1.05 - 3.0 equiv) in CHCIl3 was stirred for 24 h at 25 °C or
40 °C. The reaction was quenched with 10% Na>S,03 aq. and extracted with CHCl3. The combined organic
layers were dried over anhydrous Na,SOys, filtered and evaporated under vacuum. The crude product was

purified using PTLC and brominated products were obtained.

5-bromobenzo[5,6]phenanthro[3,4-b]benzo[5,6]phenanthro[4,3-d]furan (rac-40Kk)
Br.

s
<y

77% yield.

"H NMR (400 MHz, CDCl5): 6 8.60 (s, 1H), 8.43 (d, J= 8.7 Hz, 1H), 8.31 (d, /= 8.7 Hz, 1H), 8.24 (d, J=

8.7 Hz, 1H), 7.99 (d, J = 8.7 Hz, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.62-7.55 (m, 3H), 7.43-7.37 (m, 2H),

7.36-7.27 (m, 2H), 6.82-6.77 (m, 1H), 6.77-6.71 (m, 1H), 6.17 (d, /= 8.2 Hz, 1H), 6.11 (d, J = 8.2 Hz, 1H),

5.80-5.74 (m, 1H), 5.74-5.65 (m, 1H).

13C NMR (100 MHz, CDCl3): J 154.3, 153.2, 130.1, 130.0, 129.63, 129.59, 129.56, 128.2, 127.6, 127.2,

127.1, 126.64, 126.56, 126.3, 125.96, 125.94, 125.49, 129.46,125.2, 125.0, 124.7, 124.3, 124.23, 124.22,

124.1,122.5, 122.4, 121.2, 120.9, 120.6, 115.2, 111.0. (four carbons overlapped.)

HRMS (APCI): calcd for C3sH20BrO: m/z 547.0692 [M + H]", found 547.0686.

IR (KBr): 3044, 1596, 1565, 1487, 1258, 908, 833, 733 cm™'.
mp: 213-215 °C. Yellow solid.
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5,9-dibromobenzo[5,6phenanthro[3,4-b]benzol[5,6]phenanthro[4,3-d]furan (rac-401)
[ N3
(@) i‘

(]

Br.

72% yield.

'TH NMR (400 MHz, CDCl3): 6 8.58 (s, 2H), 8.42 (d, J = 8.7 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 7.60 (d, J =
8.2 Hz, 2H), 7.41 (d, J= 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 6.81-6.75 (m, 2H), 6.10 (d, J = 8.2 Hz, 2H),
5.80-5.74 (m, 2H).

13C NMR (100 MHz, CDCls): 6 153.3, 130.1, 129.7, 129.0, 128.6, 127.8, 127.0, 126.7, 125.7, 125.3, 125.1,
125.1, 124.5, 124.44, 124.39, 122.7, 121.8, 120.5, 115.2.

HRMS (APCI): caled for C36H9Br2O: m/z 624.9803 [M + H], found 624.9791.

IR (KBr): 3046, 1735, 1565, 1485, 1318, 1259, 926, 830, 748 cm’!.

mp: 230-233 °C. Yellow solid.
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Mechanistic studies

Kinetic study

According to the general procedure of the vanadium-catalyzed enantioselective synthesis of
oxa[9]helicenes, the reaction of 38a was conducted with varying the catalyst loading (5, 10 and 15 mol %).

An aliquot of the reaction solution was sampled periodically (30, 45, 60, 75 min) and analyzed by 'H

NMR.

Table 2-10.
catalyst [V cat.] product time (min) initial rate
loading | (mmol/L) 30 45 60 75 (mmol/min)
(mol %)
5 10 40a 0) 0 0.00075 0.0015 0.00005000
10 20 (mmol) 0 0.00175 0.00325 (0.00475) 0.0001083
15 30 0 0.00325 0.0045 (0.0055) 0.0001500
2
18 ¢
= 16 |
£ 14 ¢t
IS L
e 1.2
E 1}
é 08 t
x 06
o 04 r
S 02|
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catalytic loading (mol %)
Figure 2-11.
0.6
04 initial rate X 10* | [V cat.]
' In vo=1.012In [V cat.] - 3.005 vo (mmol/min) (mmol/L)
02 L R2 = 0.9935
o N 0.5 10
= 0 % % { %
- 1 2 3 4 5 1.083 20
02 ¢ 1.5 30
0.4 r In vo In [V cat.]
06 1 —0.6931 2.303
-0.8 0.07973 2.996
In [V cat.]
0.4055 3.401
Figure 2-12.
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Confirmation of kinetic resolution from 39a to 40a

e ——

(Ra,S)-74 (10 mol %)

g \ 2 \ )
o O ‘ CCly, O,, 50 °C, 24 h 0 ‘
- S
rac-39a rac-40a

Scheme 2-25.

A test tube was charged with rac-39a (1 eq), mononuclear vanadium catalyst (10 mol %) and CCl4 (0.2 M)
under O;at 50 °C. The mixture was stirred and stopped at the 71% conversion. The reaction mixture was
then filtered through a short pad of silica gel and the solvent was evaporated. The product’s ee was

analyzed and kinetic resolution was not observed in the reaction from 39a to 40a.

Vanadium-catalyzed enantioselective oxidative homo-coupling of 3-hydroxycarbazole

A test tube was charged with 9-phenyl-9H-carbazol-3-ol (75), dinuclear vanadium catalyst (R,,S,S)-8 (5
mol %) and CCls (0.2 M) under airat 30 °C. The mixture was stirred for 72 h. The reaction mixture was
then filtered through a short pad of silica gel and the solvent was evaporated. The crude product was
purified by silica gel column chromatography to afford 9,9'-diphenyl-9H,9'H-[4,4'-bicarbazole]-3,3'-diol
(76) in 50% yield as orange solid.

9,9'-diphenyl-9H,9'H-[4,4'-bicarbazole]-3,3'-diol (76)

TH NMR (400 MHz, CDCls): § 7.67-7.64 (m, 8H), 7.56 (d, J = 8.7 Hz, 2H), 7.53-7.49 (m, 2H), 7.36 (d, J=
7.8 Hz, 2H), 7.33 (d, J = 8.7 Hz, 2H), 7.26 (td, J= 7.8, 0.9 Hz, 2H), 7.04 (d, J = 7.8 Hz, 2H), 6.87 (td, J =
7.8, 0.9 Hz, 2H), 5.02 (s, 2H).

13C NMR (100 MHz, CDCls): 6 148.5, 141.5, 137.6, 136.2, 129.9, 127.5, 127.3, 126.1, 122.4, 121.8, 121.5,
119.8,115.0, 111.8, 111.6, 109.6.

HRMS (ESI): calcd for C3sH24N202Na: m/z 539.1735 [M + Na]*, found 539.1730.

Enantiomeric excess: 84%, determined by HPLC (Chiralcel OD-H, hexane/2-popanol = 4/1; flow rate 1.0
mL/min; 25 °C; 230 nm) first peak: tr = 10 min, second peak: tr = 15 min.
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Acid-mediated Intramolecular cyclization of 76

A test tube was charged with 76 (20.66 mg, 0.040 mmol), TsOH*H>O (1.0 equiv, 7.61 mg) and o-xylene
(0.20 M, 0.20 mL) under air. The mixture was stirred for 5 d under reflux condition. The reaction mixture
was then filtered through a short pad of silica gel and the solvent was evaporated. The crude product was
purified by PTLC to afford 1,7-diphenyl-1,7-dihydrofuro[2,3-c:5,4-c"|dicarbazole (77, 5.5 mg) in 28%
yield as yellow solid.

1,7-diphenyl-1,7-dihydrofuro[2,3-c:5,4-c [dicarbazole (77)

avs
oy

H NMR (400 MHz, CDCL): 6 8.22 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 7.70-7.66 (m, 8H), 7.56
(d, J= 8.7 Hz, 2H), 7.58-7.53 (m, 2H), 7.40 (d, J= 7.8 Hz, 2H), 7.41 (td, J= 7.8, 1.1 Hz, 2H), 7.04 (td, J =
7.8, 1.1 Hz, 2H).

13C NMR (151 MHz, CDCLy): § 152.7, 141.5, 138.6, 138.0, 130.0, 127.9, 127.8, 127.6, 125.5, 122.89,
118.2, 117.4, 117.1, 109.3, 109.3, 109.1.

HRMS (APCI): caled for C3sHasN>O: m/z 499.1810 [M + HJ*, found 499.1792.

Vanadium-catalyzed Enantioselective Oxidative Hetero-coupling of 3-Hydroxycarbazole with
2-naphthol

A test tube was charged with 9-(p-tolyl)-9H-carbazol-3-ol (78), 2-naphthol (1a, 1.0 equiv), mononuclear
vanadium catalyst (R,,5)-57 (10 mol %) and CLCHCHCI, (0.1 M) under air at 50 °C. The mixture was
stirred for 24 h. The reaction mixture was then filtered through a short pad of silica gel and the solvent was
evaporated. The crude product was purified by silica gel column chromatography to afford

4-(2-hydroxynaphthalen-1-yl)-9-(p-tolyl)-9H-carbazol-3-o0l (80) in 80% yield as yellow solid.

4-(2-hydroxynaphthalen-1-yl)-9-(p-tolyl)-9H-carbazol-3-ol (80)

Me

%
o QO
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'H NMR (400 MHz, CDCls): ¢ 8.04 (d, J = 9.2 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.49-7.30 (m, 10H),
7.25-7.21 (m, 2H), 6.77-6.81 (td, J = 7.8, 0.9 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 5.32 (s, 1H), 4.75 (s, 1H),
2.51 (s, 3H).

13C NMR (100 MHz, CDCls): 6 152.4, 148.4, 141.6, 137.5, 136.3, 134.80, 132.9, 131.4, 130.5, 129.4,
128.4, 127.5, 127.1, 126.0, 124.2, 124.0, 122.3, 122.1, 121.3, 119.6, 117.8, 114.9, 111.84, 111.80, 110.6,
109.6, 21.2.

HRMS (ESI): calcd for C2oH2iNO;Na: m/z 438.1470 [M + Na]*, found 438.1466.

Enantiomeric excess: 40%, determined by HPLC (Chiralpak 1A, hexane/2-propanol = 4/1; flow rate 1.0

ml/min; 25 °C; 365 nm) first peak: tr = 12 min, second peak: tr = 17 min.
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X-ray crystallographic data for compound 40a.
The single crystal was obtained by recrystallization from CH>Cl,/MeOH.
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Experimental

Data Collection

A yellow platelet crystal of C73H4>Cl»O5 having approximate dimensions of 0.237 x 0.200 x
0.076 mm was mounted on a glass fiber. All measurements were made on a Rigaku R-AXIS RAPID 191R

diffractometer using filtered Cu-Ka radiation.

The crystal-to-detector distance was 191.00 mm.

Cell constants and an orientation matrix for data collection corresponded to a primitive

monoclinic cell with dimensions:

a = 15.0088(4)A
b = 10.2881(3)A b = 105.568(8)°
c = 16.7852) A

V = 2496.7(3) A3
For Z =2 and F.W. = 1022.04, the calculated density is 1.359 g/cm3. Based on the reflection conditions of:
0k0: k=2n

packing considerations, a statistical analysis of intensity distribution, and the successful solution and

refinement of the structure, the space group was determined to be:

P2| (#4)

The data were collected at a temperature of -150 + 19C to a maximum 2q value of 136.49. A total
of 72 oscillation images were collected. A sweep of data was done using w scans from 80.0 to 260.0° in
20.09 step, at ¢=54.00 and f = 0.00. The exposure rate was 5.0 [sec./9]. A second sweep was performed
using w scans from 80.0 to 260.0° in 20.0° step, at ¢=54.00 and f = 60.00. The exposure rate was 5.0
[sec./9]. Another sweep was performed using w scans from 80.0 to 260.0° in 20.0° step, at ¢=54.00 and f=
120.00. The exposure rate was 5.0 [sec./9]. Another sweep was performed using w scans from 80.0 to
260.00 in 20.00 step, at ¢=54.00 and f = 180.0°. The exposure rate was 5.0 [sec./®]. Another sweep was
performed using w scans from 80.0 to 260.0° in 20.0° step, at c=54.0° and f = 240.0°. The exposure rate
was 5.0 [sec./9]. Another sweep was performed using w scans from 80.0 to 260.0° in 20.00 step, at ¢=54.00

and = 320.00. The exposure rate was 5.0 [sec./9]. Another sweep was performed using w scans from 80.0
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to 260.0° in 20.0° step, at ¢=20.0° and f = 0.00. The exposure rate was 5.0 [sec./0]. Another sweep was
performed using w scans from 80.0 to 260.0° in 20.0° step, at ¢=20.0° and f = 120.0°. The exposure rate

was 5.0 [sec./9]. The crystal-to-detector distance was 191.00 mm. Readout was performed in the 0.100 mm
pixel mode.

Data Reduction

Of the 48714 reflections that were collected, 9074 were unique (Ript = 0.0462); equivalent

reflections were merged.

The linear absorption coefficient, m, for Cu-Ka radiation is 15.768 em’l. An empirical absorption

correction was applied which resulted in transmission factors ranging from 0.704 to 0.887. The data were

corrected for Lorentz and polarization effects.

Structure Solution and Refinement

The structure was solved by direct methods! and expanded using Fourier techniques. The

non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model.

The final cycle of full-matrix least-squares refinement? on F2 was based on 9074 observed reflections and

737 variable parameters and converged (largest parameter shift was 0.00 times its esd) with unweighted and

weighted agreement factors of:
R1 =S ||Fo| - |Fc||/ S [Fo| = 0.0554
WR2 =[S (w (Fo2 - Fc2)2 )/ S w(Fo2)2]1/2 = 0.1567

The standard deviation of an observation of unit weight3 was 1.01. A Sheldrick weighting
scheme was used. Plots of S w (|Fo| - |Fc\)2 versus |Fo|, reflection order in data collection, sin g/l and
various classes of indices showed no unusual trends. The maximum and minimum peaks on the final
difference Fourier map corresponded to 1.63 and -2.45 e /A3, respectively. The absolute structure was

deduced based on Flack parameter, 0.003(16), refined using 4231 Friedel pairs.4

Neutral atom scattering factors were taken from Cromer and Waber>. Anomalous dispersion
effects were included in Fcalc6; the values for Df' and Df" were those of Creagh and McAuley7. The values
for the mass attenuation coefficients are those of Creagh and Hubbell8. All calculations were performed

using the CrystalStmcture9910 crystallographic software package.

~89 ~



References

(1) SIR92: Altomare, A., Cascarano, G., Giacovazzo, C., Guagliardi, A., Burla, M., Polidori, G., and
Camalli, M. (1994) J. Appl. Cryst., 27, 435.

(2) Least Squares function minimized:
Sw(Foz-Fcz)2 where w = Least Squares weights.
(3) Standard deviation of an observation of unit weight:
[Sw(Fo2-Fc?)2/(No-Ny)] /2
where: Ny = number of observations
Ny = number of variables
(4) Flack, H. D. (1983), Acta Cryst. A39, 876-881.

(5) Cromer, D. T. & Waber, J. T.; "International Tables for X-ray Crystallography", Vol. IV, The Kynoch
Press, Birmingham, England, Table 2.2 A (1974).

(6) Ibers, J. A. & Hamilton, W. C.; Acta Crystallogr., 17, 781 (1964).

(7) Creagh, D. C. & McAuley, W.J .; "International Tables for Crystallography", Vol C, (A.J.C. Wilson, ed.),
Kluwer Academic Publishers, Boston, Table 4.2.6.8, pages 219-222 (1992).

(8) Creagh, D. C. & Hubbell, J.H..; "International Tables for Crystallography”, Vol C, (A.J.C. Wilson, ed.),
Kluwer Academic Publishers, Boston, Table 4.2.4.3, pages 200-206 (1992).

(9) CrystalStructure 4.0: Crystal Structure Analysis Package, Rigaku Corporation (2000-2010). Tokyo
196-8666, Japan.

(10) CRYSTALS Issue 11: Carruthers, J.R., Rollett,].S., Betteridge, P.W., Kinna, D., Pearce, L., Larsen, A.,
and Gabe, E. Chemical Crystallography Laboratory, Oxford, UK. (1999)

~90 ~



Empirical Formula

Formula Weight

Crystal Color, Habit

Crystal Dimensions

Crystal System

Lattice Type

Lattice Parameters

Space Group

Z value

Dcalc

Fooo

m(CuKa)

EXPERIMENTAL DETAILS

A. Crystal Data

C73H42C10,

1022.04

yellow, platelet

0.237 X 0.200 X 0.076 mm

monoclinic
Primitive

a= 15.0088(4)A
b= 10.2881(3)A
c= 16.785(2) A

b =105.568(8) ©
V =2496.7(3) A3

P2| (#4)

1.359 g/cm3

1060.00

15.768 cm™1



Diffractometer

Radiation

Voltage, Current

Temperature

Detector Aperture

Data Images

w oscillation Range (c=54.0, £=0.0)

Exposure Rate

w oscillation Range (c=54.0, {=60.0)

Exposure Rate

w oscillation Range (c=54.0, f=120.0)

Exposure Rate

w oscillation Range (c=54.0, f=180.0)

Exposure Rate

w oscillation Range (c=54.0, =240.0)

Exposure Rate

w oscillation Range (c=54.0, £=320.0)

Exposure Rate

B. Intensity Measurements

~902 ~

R-AXIS RAPID 191R

CuKa (1= 1.54187 A)

45kV, 55mA

-150.00C

783 x 382 mm

72 exposures

80.0 - 260.00

5.0 sec./©

80.0 - 260.0°

5.0 sec./©

80.0 - 260.00

5.0 sec./©

80.0 - 260.0°

5.0 sec./0

80.0 - 260.00

5.0 sec./©

80.0 - 260.0°

5.0 sec./0



w oscillation Range (c=20.0, £=0.0)

Exposure Rate

w oscillation Range (c=20.0, f=120.0)

Exposure Rate

Detector Position

Pixel Size

2qmax

No. of Reflections Measured

Corrections

~903 ~

80.0 - 260.00

5.0 sec./©

80.0 - 260.0°

5.0 sec./©

191.00 mm

0.100 mm

136.40

Total: 48714

Unique: 9074 (Rijnt = 0.0462)

Friedel pairs: 4231

Lorentz-polarization

Absorption
(trans. factors: 0.704 - 0.887)



C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

2qmax cutoff

Anomalous Dispersion

No. Observations (All reflections)

No. Variables

Reflection/Parameter Ratio

Residuals: R1 (I>2.00s(I))

Residuals: R (All reflections)

Residuals: wR2 (All reflections)

Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 4231)

Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map
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Direct Methods (SIR92)
Full-matrix least-squares on F2
S w (Fo2 - Fc2)2
1/[0.0033F02+1.0000s(Fo2)]/(4F02)
136.40

All non-hydrogen atoms

9074

737

12.31

0.0554

0.0615

0.1567

1.008

0.003(16)

0.000

1.63 /A3

2.45 /A3
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