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Ac acetyl FT fourier transform

aq. aqueous GC gas chromatography

Ar aryl h hour(s)

ATR attenuated total reflection HMDS hexamethyl disilazane

BArF tetrakis[3,5-bis(trifluoromethyl)  HPLC high performance
phenyl]borate liquid chromatography

BINAP 2,2’-bis(diphenylphosphino)- HRMS high resolution mass spectroscopy
1,1’-binaphthyl

BINOL 1,1°-bi-2-naphthol i iso

Bn benzyl ICR ion cyclotron resonance

Boc t-butoxycarbonyl IR infrared spectroscopy

Bu butyl LDA lithium diisopropyl amide

°C degree Celsius M molar

Cat. catalyst Me methyl

CD circular dichroism min minute(s)

Cl chemical ionization MOM methoxy methyl

Cy cyclohexyl Ms methane sulfonyl

d day(s) MS mass spectroscopy

DBU 1,8-diazabicyclo[5.4.0] MS4A molecular sieves, 4A
undec-7-ene

DFT density functional theory MTBD N-methyl-1,5,7-triazabi-

cyclo[4.4.0]dec-5-ene

DIAD diisopropyl azodicarboxylate n normal

DIBAL-H diisobutyl aluminium hydride N.D. not determined

DMF N,N-dimethyl formamide NMR nuclear magnetic resonance

DMSO dimethyl sulfoxide N.R. no reaction

DPP diphenyl phosphoryl Nu nucleophile

DPPA diphenylphosphoryl azide Oct octyl

dr diastereomeric ratio PG protecting group

ee enantiomeric excess Ph phenyl

El electrophile Pr propyl

eq. equivalent quant. quantitative

ESI electrospray ionization R an organic group

Et ethyl r.t. room temperature



TBD

Temp.
Tf

TFA
THF
TMEDA
TMG
Troc

Ts

uv

tertiary
1,5,7-triazabicyclo[4.4.0]dec-5-e
ne

temperature
trifluoromethylsulfonyl
trifluoroacetic acid
tetrahydrofuran

tetra methyl ethylene diamine
N,N,N’,N -tetramethylguanidine
trichloroethyl carbonyl
p-toluene sulfonyl

ultraviolet

an organic group
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Figure 1-1. Structure of Thalidomide
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Scheme 1-1. Proline-Catalyzed Direct Asymmetric Aldol Reaction
O

)?\ . J\|/ Cat. (30 mol%) . )j\/H/ Q—COZH
H
DMSO/Acetone H

rt,48h 97% yield, 96% ee Cat.

Scheme 1-2. The First Highly Enantioselective Organocataliels-Alder Reaction
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rt,8h 99% yield
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Figure 1-2. Representative Organocatalysts
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Scheme 1-3. Enantioselective Michael Reaction of Malonateblitnoolefins

CF;
Cat. (10 mol%) EtO,C._ CO5Et s
EtOQCvC02Et + Ph/\/NOZ - NO JL o
toluene Ph 2 | FsC ” ”
rt,24h 86% yield, 93% ee _N_
[ CF3 ] Cat.
A5
FsC N
H H

. @
1 |\
@.0 H@

N
208
H O
L Ph
ZORISRIZBNT, FAULTIE= btk ZHKRHA 2B L CREFEZ R L
S, TIVEMLEN T e S ARDE, = T — b LKFERE LT D ERE L, £
D% ZDIIED AT = AL L TUTFTIESN TS, ZHICE L TEHE 3E|ICTFFL

KBRD, HERZLIZINO ORI L > THEOREZFEES 2 Z LT, flff
BGOSR ENT T o FABRIFMETHETT 5L LTV LR TH D,
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Scheme 1-4. Enantioselective Michael Addition Reaction Catatyby Chiral Cyclopropeneimine
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Scheme 1-5. Enantioselective Vinylogous Michael Addition Cgtzdd by Axially Chiral
Guanidine Base
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Scheme 1-6. Enantioselective Amination of Cyclic Ketones Cygtald by Chiral Bis(guanidino)
-iminophosphorane
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Scheme 1-7. Construction of Unsymmetrical Biaryl Skeletons &hen Ferrier Type

Rearrangement Catalyzed by Strong Organobase
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Scheme 1-8. Development of Novel Bifunctional Organocatalysilizing Quaternary
Ammonium as a Key Functional Group
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Figure 2-1. Representative Chiral Ligand and Organocatalyss&ssing Axially Chiral Biaryl

Structures
o, oo, O
PPh, o\ BY QP,,O
o™ O« oo™
S
Ar Br Ar
BINAP Maruoka Cat.® Chiral Phosphoric acid

O LTEARFERIIZIINET, GRIHHEOET Y —fbamnZ< Ao TE e,
L LIEFE TR, L0 ®ERS FEMRKICDORE ZMETT 20 T, ENBOERZAT
% B F-OflE b i S B K 9IS/ TE T A (Figure 2-2)%

Figure 2-2. Representative Ligand and Catalyst Based on Unsrival Biaryl Skeletons
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Scheme 2-1. Enantioselective Ring Opening Reactionm&to-epoxide

OH
Cat. (10 mol%) OH
(o - O
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OMe 75°C,96 h 72% yield, 91% ee

F7-. Buchwald & /3% Ken-Phos & FEIEAL 5 A A B+ A W2, A% Suzuki-MiyauraZ =
AH v 7V TG E S LT D (Scheme 2-2), ASUSRITH DD AR b IS FELD
BT U =AM TH B P,

Scheme 2-2. Enantioselective Suzuki-Miyaura Cross-coupling ¢tiea
Pd(OAc), (5 mol%)
H 0,

Br O B(OH), ngan}g l(DEBOmoIA)) @ Et OO
N%h e 5
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Shibasaki © @ Linked-BINOL (X, x{#i72 BINOL O IERFRLIZ L » THABREINL TN D
(Scheme 2-3),

Scheme 2-3. Synthesis of Linked-BINOL Ligand
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Scheme 2-4. Oxidative Coupling of 2-Hydroxy Naphthols

— —
on PP
i N
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52% yield, 90% ee
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Scheme 2-5. This Work
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FT. RUSEIFEDOR#ELD T O RO 24T > 72, BOSIZT 7 b—/v laizxi L,
Hi SR 10 mol%(7(E . DMSO ¥R, 100 "CTiT > 72 (Table2-1),

Table 2-1. Screening of Catalyst

L, estomomy QI
O Nr"Me  DMSO (0.2 M) OO OH
0 100 °C, 12 h

Me
OH 2a
1a
entry Cat. yield (%)® PKens
1 T™MG 25 23.3
2 DBU 36 24.3
3 MTBD 46 25.5
4 TBD 80 26.0
5 P1!Oct 43 27.6
6 P4Bu 84 42.7

2 Determined byH NMR spectroscopy.
® pKgps in CHCN. € pKgns of P1:Bu.

s A
t
\ BU
( ’j Joct \N N N7y
- /j 2N \ N/ N-P=N-P-N=P-N
N N N-P-N / N N N \
| / NN TLN-B-NT
T™MG DBU R = Me: MTBD 7N // N \\
H: TBD P1-{Oct NQ
P4-Bu
|\ J

FRETORE R, MBSO RN W] LT 21220 TIERIZH EN R b, Frlo, AR
WETHD PARAT7 7 B2 HWEERICHR S RO R L 5-2 72 (entry 6) L7 LBLBEZR U
LT, BRIRZ T =V U TBD 2 WEERIS, AR RELSHDITHE20DLT, P
zkx77Jz/<Ela EOEWVICE TR DS D viz(entry 4) & O @\ WO ARBETEMEIX, [FIFRE
DI Z7RT MTBD, P1AHR A7 7B Lkl L THEH L THh 5 (entry 3-5)
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WA REERR G CRIF 70k R 2k L7z TBD 2t & U CTHW, W R IOV THRET L7
(Table 2-2),

Table 2-2. Solvent Effect

e mvctomany K g0

OMe >
0 XY""Me  Solvent (0.2 M) 00 OH
o} 100 °C, 12 h
Me
OH 2a
1a
entry Solvent yield (%)
0 DMSO 80
1 CH,CN 81
2 THF quant.(96)
3 THF quant.(92)

2 Determined byH NMR spectroscopy.
®|solated yield.
° P4!Bu 10 mol% used as a catalyst.

T F= I VEHWTRISZIT > 7ef . BERIZH BT 672> 7z(entry 1) THF
ZRWIEEA. MOINERTERY 2155 Z LIk Liz(entry 2) £7=. S CRIZ%D
IR TG BT PATR A7 78 o Z A I THR B TG 217 - 7= (entry 3)
Z OfR, TBD LIXERFOMRNFF LN, £ 2T, LVBONES TH Y | ZAfi/e TBD
Zlrcm AR, F7o. THF Z st & Uiz,
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2-2-2. RISHEEE S

Z 2T, ARIIED TBD Z e W72 55 1B S AV 7 R 2 7 BOSMIREE RN AT DUV TH LR
L 7z (Figure 2-3),

Figure 2-3. Plausible Reaction Mechanism

1) Ring Opening Process [ Ar =
Ar IR Ar
XY R O.. XY R
O. N Og
H. L | ®
OH NN O [TBD-H]
1 " N
2) Formation of Regioisomeric Enolate “
[ AR |
Ar Ar
H
s —| R =y
O ~———— | \ —~——— O
TBD-H
Cc [ ] B LN i B

Ar Ar
O -HO
R +H,0
OH R 2 R

AISE. 77 b= OB, 7V K=, FERILEZRDEHRKCTH D, £,
77 b= 10Oli7me koAb, BRICEY, =/ F7—FMAZ4EL D, fiNT=/T7—FA
mwrm hAkE=ZT, SR AT RBEAKT D, 7 7 ATE RBD, A OfER
PR THD, BTN ) T —F C BNERLIEE, 5 FAT IV R—fis, K&
BALEZRRC, EETHHET VLAWY 2 ICED EEZDND, ZOEKEMKISIZB
T, FERCLSNOBEBEII TR TEERIETH DL B2 bNDH, ZTNUNHDAT v TDH 5,
T ARFELR ISR TR Y | ARRB AL, 727 b—v 1 OB &A@ R R
J 7 — K COEKRD 220135 2 5D, TBD O SMEERNRIL, 216 ORIz 5 TBD
O TEARBEAITER L TWDSDOTIERWNEELZLE, $hbbI 7 b—L 1OREREY
2B T, TBD NEEE “HEHAEEEGEA L, BRBRRCEZMRET S, £72, fE
MR ) T — F C OAEKDERIL, FHAETHL 7 FT VT RB & TBD A ZHAKEHMG
BT HZETHT e M ALERET L EZ 2 6D, 2O _HAKERBAIE. AR
ORI IZ R 5N WIRTHY . LD TBD BEWVAEEEEZ /R LT & BT
&%,
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2-2-3. FEE M

B 72 SOGFRIF DT BE— L

Table 2-3. Substrate Scope (1)

L

ZOWTHRE L7z (Table 2-3),

(A
b OO

TBD (10 mol%)

OMe - OMe
O R THF (0.2 M) O OH
o) 100 °C, 12 h
R
OH 2
1
entry R product yield (%}
1 1b "Pr 2b 96
2 1c 'Pr 2c 82
3 1d OMe 2d 83
4 le SMe 2e 79

% |solated yield.

FT. B RICOWTHREZITo70, E#HO 7 AVF VI TIIREZR SO EIT LT
(entry 1) SRR @@ W EBIEOL A TS T ONEEOIR T SR, @R TR
MBELNT-(entry 2) £7o, ~T R AEALLEECHRISITHET L, RF2RINET
HOERD 2152 2 L IZEh Lz (entry 3, 4)
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Wiz, T 74 LB EOBBIEORG 1T 5 72 (Table 2-4),

Table 2-4. Substrate Scope (2)

(X0
NN
H Ar
©¢(\Me TBD (10 mol%) OH
0 - O
THF (0.2 M) Me

OH 100 °C, 12 h
1 2

Entry Ar product  vyield (%}

MeO
1 1f 2f 99
OMe

[}

2 1g MeOOMe 29 98

I

Me

3 1h /[:t]\ 2h 96
Me x OMe

% |solated yield.
26-CA RXUFTFNEL 2T VRA KU TFAREGTHEEATIE, FHLLER
BN S b Z(entry 1,2) £72., T 7F TR, 7=V EaFT 58T
bR < ROSTHEIT L, FEFITE VIR TAEBM 2152 Z LI L7z (entry 3)
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2-3. ARERE~DRH

BEWNT . F 7 L7 AR 2 WD TR S D AR F RO ~D BB 2 32 72, W 5 filfit &
LT, ZBRAOI 7 =V U HHEAEICER L2 8 Coreybid, E#LEL LTPhELZAT S
7T = AR A e, = F AR e StreckersR Y mIE, & LRI
THEITT 5 2 & &2 LT 5 (Scheme 2-6).,

Scheme 2-6. Catalytic Enantioselective Strecker Synthesis luf&l o-Amino Nitriles

Ph—('\l\,j\':,\}-nph

Ph N )P\h
N)\Ph : o HN" Ph
J HCN, toluene &
Ph 40 °C Ph™ *cN

96% vyield, 86% ee

Flo, Tan bid, EHIEE LT BNk A 5R 7T = UM EZ VW5 Z &k -
<. Vl//(\l\@ﬁﬁﬂ}iﬁ:?)iﬁiﬁi SEIRANCHEITT D Z & & LTV % (Scheme 2-7),

Scheme 2-7. Chiral Bicyclic Guanidine-Catalyzed EnantioseleetAddition Reactions
OH O OH

Bn—(:l\j:»-"Bn
k¥ OO0
N-Ph > B
oD Ei 7
-20 °C N'Ph

0]
80% yield, 99% ee

ZZC, TBD CHMIL7- “mRAMEEEZH T2 Z Oy, Ao RIS 6 H TEe
RN & B 2R 3 A 72 (Scheme 2-8),

Scheme 2-8. Enantioselective Reaction

Bn—(r\j:]\:\?"'Bn
OO OMe (S,S)-3 (20Hmol%) _ OO OMe

N >
O ! Me THF (0.2 M) OO OH
100 °C Vo

OH o

1a 12 h: 30% yield, 12% ee (S)
48 h; 81% yield, racemic

AFFETlL, BHIL L LTBn 2 OF T/ 7 = R 3 2 /-, fUsiE 20
mol%dD ¥ 7 )V 7T = UL 3TFE T, THRIEEH . 100 *CTIr o7, 12 BFRE DR S T
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JSEAEI Uiz & 2 A ARIERZR N b BERM NG bz, o ERM O T F A
BIRPEZE LI2 & 2 A, 12% eel DT INRNLT T U FABRMEOREAN R 6Tz, L
PAUZR78 B OGS A2 A8 IFHICAER L7 & 2 A, WERITM L L7726 D DG b2 AR
TZEIKRThHol, ZHIRISHKRETIZEBWT, AFHO 7 & MEAEITL TS 2 L%
RLTWD,

2-4,  NEHEEOEA

REMPE IS ~DREANRETH D EEZ -, HFHEW R AR 25 oo )7
£ & LT, Kawashimab (2 Lo TS SNz, T 07T 7T 2 a0 D %08 %2R T
(Scheme 2-9)°,

Scheme 2-9. Resolution of BINOL Derivative

PhINHz
L, e L, ey, O,
oH —————> OoH————> OH
OO CH,Cl, Oe toluene OO
Me Me

Me
2a 4 (R)-4
22% yield, 95% ee
[a]p2°3 = +22.1 (¢ = 1.5, CDCls)
R 2a DA NI EIKBEIE~EBW LTI%, (S-V 7 2=V F L UT IVICE
STHFERENEIT -T2, TORER, KRN 5 H (R-RDOIEXTFR BINOL 755K 4 5% 95%

ee T L. BB RRD LT,
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25, ¥
AREDF & %773 (Scheme 2-10),

Scheme 2-10. Construction of Unsymmetrical Biaryl Skeletons Basa Ferrier Type

Rearrangement Catalyzed by Strong Organobase

9

€ I
OMe TBD (10 mol% OMe 1) BBI’3
@ \o R THF (02 M) OO NH2
100 °c 12 h
OH
1

(R)- 4
8 examples 22% yield, 95% ee
79 ~ 99% yield

OMe 3 (20 mol% OMe Bn—(\J\w 11BN
THF (0.2 M)
100 °C, 12 h (S.5)-3

30% yleld 12% ee

AR AR 2 F T2 | Ferrier RN IC FE S < FEXFRE T U — /LG DA BIE D BHFE I
R LTz, BOSHEHIR W T, “BR7 7 =0 VA TBD 23, @ WA M2 R4 2
k%ﬁﬁbkoik\%?wﬁT:VVﬁ%%ﬁ%%wtify%ﬁﬁﬁ%éﬂ%ﬁ&k

 IBERHETIZE D 7' RIS Ko TRAFMBRS~DORERIINE CH 2 Z L 23H L
Tofesh, BRI R A AR EZWIE LTc, ERIINRE DR, TP aFNT L > TEH T

JEPE BINOL #58K 4 ~ LB TEHZ L2 R LT,
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Experimental Section.

General Information: Infrared spectra were recorded on a JASCO FTlI634pectrometer. *H
NMR spectra were recorded on JEOL JNM-ECS400 (4GzMand JEOL JNM-ECA600 (600
MHz) spectrometer. Chemical shifts are reported ppm from the solvent resonance or
tetramethylsilane (TMS) as the internal standarD@: 7.26 ppm, TMS: 0.00 ppm). Data are
reported as follows: chemical shift, integratioryltiplicity (s = singlet, d = doublet, t = tripleg, =
quartet, m = multiplet), and coupling constants)(HZ°C NMR spectra were recorded on JEOL
JNM-ECS400 (100 MHz) and JEOL JNM-ECA600 (150 MHipEectrometer with complete proton
decoupling. HPLC analysis was performed on a JASIDOO0 Plus system with UV and CD
detectors and Daicel chiral stationary phase col@hiralpak IA-3 and AD-3. Mass spectra
analysis was performed on a JEOL JMS-T100GC speeter, a JEOL JMS-700V spectrometer,
and a Waters Xevo QTof-MS spectrometer at the D@i@nkyo Co., Ltd., a Thermo Fischer
Scientific Exactive FT-ICR-MS spectrometer at theaduiate School of Engineering, Nagoya
University, and a Bruker Daltonics sorariX FT-ICRSMspectrometer at the Instrumental Analysis
Center for Chemistry, Graduate School of Sciena#oku University. Optical rotations were
measured on a JASCO P-1020 digital polarimeter wisiodium lamp and reported as follove; |

< (c = g/100 mL, solvent). Analytical thin layer chratagraphy (TLC) was performed on Merck
precoated TLC plates (silica gel 60 GF254, 0.25 mnfjlash column chromatography was
performed on silica gel 60N (spherical, neutrat5®Qum; Kanto Chemical Co., Inc.).

All reactions were carried out under an argon aphese in dried glassware.

Material: Unless otherwise noted, materials were purchased $Vako Pure Chemical Industries,
Ltd., Tokyo Chemical Industry Co., Ltd., Aldrichdn and other commercial suppliers were used
without purification. Chiral bicyclic guanidine teédyst 3 was prepared according to the literature
proceduré. THF was supplied from Kanto Chemical Co., Inc.“Behydrated solvent system”.
Other solvents were purchased from commercial gnspas dehydrated solvents, and used under
argon atmosphere.
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Synthesis of Substrate.
1. Preparation of N,N-Dimethylbenzamide 6

Br
o
: OO, oz
CE:E AICl3 o~ CuSO,
| O >
CH,CI O
272 OH

(0] 0°C—ort,1d

\

NH3 ag.
reflux, 1d

O

oC e

- -
v

0 DMF/CH,Cl, CH,Cl, O |
OH 0°C,4h 0°C—rt,o.n. N

o O

To a solution of 2-bromo-6-methoxynaphthalene (8586 mmol) and phthalic anhydride (2.96 g,
20 mmol) in CHCI, (40 mL) was added AlgI(4.00 g, 30 mmol) at 0 °C. After the reaction
mixture was stirred at room temperature for 1 diag,reaction was quenched by saturated aqueous
NH4Cl (40 mL), and the water layer was extracted WitH,Cl, (30 mL x 3). The combined
organic layers were added aqueous NaOM)8intil pH 10, stirred for 5 min, and extracted with
Et,O (50 mL). The water layer was added HCI M2until pH 1, stirred for 20 min, and extracted
with CH,Cl, (30 mL x 3). The combined organic layers were hedswith brine, dried over
NaSQy, and concentrated under reduced pressure aftatibh. The residue was used for the next
step without further purification.

To a mixture of obtained product, Zn dust (13.2@0 mmol), and CuS{(128 mg, 0.8 mmol) was
added aqueous NH?28 %, 100 mL). The reaction mixture was stiregdreflux for 1 day with
addition of aqueous NH40 mL) every 8 h. After filtration, the solutiomas added HCI (1R)
until pH 1, and extracted with G&l, (30 mL x 3). The combined organic layers wereeadd
aqueous NaOH (8l) until pH 10, stirred for 5 min, and extracted with@t(50 mL). The water
layer was added HCI (1) until pH 1, stirred for 20 min, and extracted with &H) (40 mL x 3).
The combined organic layers were washed with brined over NgSO,, and concentrated under
reduced pressure after filtration. The residue wasd for the next step without further
purification.

To a solution of obtained product in gEl, (40 mL) was added DMF (0.153 ml, 0.2 mmol) and
oxalyl chloride (6.86 mL, 80 mmol) at 0 °C. Aftére reaction mixture was stirred for 3 h, the
mixture was pumped up for 2 h. The residue wagadtimethylamine hydrochloride (2.12 g, 26
mmol), CHCl, (40 mL), and NE#(7.61 mL, 60 mmol) at 0 °C. After the reactionxture was
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stirred at room temperature overnight, the reactias quenched by saturated aqueous@H20
mL), and the water layer was extracted with,CH (20 mL x 3). The combined organic layers
were washed with brine, dried overJS&, and concentrated under reduced pressure aftatith.
The residue was purified by silica gel column chatmgraphy (hexane/AcOEt = 1/1 as the eluent) to
give producba (4.22 g, 66% yield from phthalic anhydride).

\oo/ g Oe o O o
S N S SN '}

N,N-Dimethylbenzamid@&b,?>*° 6¢,*>°>° and6d*>° were prepared according to the modified literature

procedures.

2. Representative Procedure for the Synthesis of 1a

soUN
7

O~ propionyl chloride p-TsOH-H,0
O | THF CH,Cl,
N~ -78°C,2h 0°C > rt., on.
o
6a

To a solution of LDA [prepared froifBuLi (1.6 M solution in hexane, 2.71 mL, 4.4 mmol) and
diisopropylamine (0.617 mL, 4.4 mmol) at 0 °C in AH8 mL)] was added a solution of
N,N-dimethylbenzamidéa (1.28 g, 4.0 mmol) in THF (8 mL) at -78 °C. Tharkl blue solution
was stirred for 1 h, and transferred into a sofutbpropiony! chloride (0.489 mL, 5.6 mmol) in THF

(4 mL) at -78 °C. After the reaction mixture wasgred for 2 h, the reaction was quenched by
saturated aqueous NEI (40 mL), and the water layer was extracted WitlDEt (30 mL x 3). The
combined organic layers were washed with brineeddiover NaSO,, and concentrated under
reduced pressure after filtration. The residue passed through shortpass column chromatography
(hexane/AcOEt = 1/1 as the eluent). The obtaimedyct was used for the next step without

further purification.
To a solution of the obtained product in £ (8 mL) was addedp-toluene sulfonyl acid

monohydrate (1.67 g, 8.8 mmol) at 0 °C. Aftertbaction mixture was stirred at room temperature
overnight, the reaction was quenched by saturajegéaus NaHC®(50 mL), and the water layer

was extracted with C}€l, (30 mL x 3). The combined organic layers were hgdswith brine,
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dried over NaSQO,, and concentrated under reduced pressure aftetibh. The residue was
purified by silica gel column chromatography (hex@tOEt = 2/1 as the eluent) to give the product
7 (601 mg, 46% yield frorBa).

OH
1a

To a solution of isochromenorie (601 mg, 1.82 mmol) in Ci€l, (9 mL) was added DIBAL-H
(1.03M solution in hexane, 1.94 mL) at -78 °C.  After thaction mixture was stirred for 2 h, the

reaction was quenched by saturated aquBlbiy€l (10 mL), and the water layer was extracted with
CH.CI; (20 mL x 3). The combined organic layers werehgdswith brine, dried over N8O,
added one drop of triethylamine (to avoid self camghtion), and concentrated under reduced
pressure after filtration. The residue was pulifiey silica gel column chromatography
(hexane/BO = 2/1 as the eluent) to give the prodle{567 mg, 94% yield).

3. Representative Procedure for the TBD Base-Catalyzed Synthesis of 2a

OO o~ TBD (10 mol%) OO -

- @
O N THF OH
0 100 °C, 12 h OO
OH 2a
1a

To a sealed tube were added isochromé&adb6.4 mg, 0.2 mmol), THF (1 mL), and TBD (2.78 mg,
20 umol) under an argon atmosphere. After the reactidture was stirred at 100 °C for 12 h, the
reaction was quenched by saturated aqueougCN&hd the water layer was extracted with ACOEt
(20 mL x 3). The combined organic layers were wdskvith brine, dried over N&8Q,, and
concentrated under reduced pressure after filtratidrhe residue was purified by silica gel column
chromatography (hexane/AcOEt = 8/1 as the eluerg)ve the produc®a (56.8 mg, 90% vyield).
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4. Procedure for the Chiral Bicyclic Guanidine Base-Catalyzed Enantioselective Synthesis of
2a

Bn—(:l\l:x-'an
N=~N
- " e
o (S,5)-3 (20 mol%) o
S >
Se: o O
100°C, 12 h

OH 2a
1a

To a solution of isochromendh (33.2 mg, 0.1 mmol) in THF (0.5 mL) was add&$)-3 (5.83 mg,

20 umol) under an argon atmosphere. After the reactidture was stirred at 100 °C for 12 h, the
reaction was quenched by saturated aqueougCN&hd the water layer was extracted with AcOEt
(20 mL x 3). The combined organic layers were wdskvith brine, dried over N&8Q,, and
concentrated under reduced pressure after filtratidrhe residue was purified by silica gel column
chromatography (hexane/AcOEt = 8/1 as the elueng)ve the produc2a (9.4 mg, 30% vyield, 12%

ee Q).

5. Procedurefor the Demethylation of 2a

., w,  CL,
OO sen QA
0°C,2h

2a 4

To a solution of naphthdta (1.16 g, 3.7 mmol) in C¥Cl, (12 mL) was added BBr(2.0 mL, 21
mmol) at 0 °C. After the reaction mixture wasrsiir for 2 h, the reaction was quenched by water
(30 mL), and the water layer was extracted with,Clkl(20 mL x 3). The combined organic layers
were washed with brine, dried overS&, and concentrated under reduced pressure aftatith.
The residue was purified by silica gel column chatmgraphy (hexane/AcOEt = 4/1 as the eluent) to

give the product in quantitative yield.

6. Resolution of 4

Resolution of4 was performed according to the literature procefur

To a solution of racemic binaphthol derivati¢€718 mg, 2.4 mmol) in toluene (4 mL) was added

(§9-5 (507 mg, 2.4 mmol). After the mixture was heatatll turning the suspension to be clear,
the heated solution was allowed to stand at roonpégature. White crystalline solid was collected
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by filtration, and dissolved in methanol. The santwas added aqueous HCIN) and stirred for 30
min. CH.CI, was poured into the reaction mixture to dissohee firecipitate, the organic layer was
separated from the water layer, and the water |lsyes extracted with Ci&l,. The combined
organic layers were washed with brine, dried ovaiS®,, and concentrated under reduced pressure
after filtration. The residue was purified by siligel column chromatography (hexane/AcOEt = 4/1
as the eluent) to give the produB)-4 (158 mg, 22% yield, 95% ee).

Absolute configuration was determined in accordamcth the literature value of the optical
rotation®

Optical rotation of prepared sample[o]p?*> = +22.1 ¢ = 1.5, CDC}) (95% ee)
Optical rotation of literature value aR(-4:2 [a]p?® = +25 € = 1.5, CDC})

7. Racemization of 4
To a solution of R)-4 (60.0 mg, 0.2 mmol, 95% ee) in THF (1 mL) was add8&D (2.78 mg, 20

umol) under an argon atmosphere. The reaction meixiuas stirred at 100 °C. Enantiomeric
excess was dropped as shown in the following Table.

time (h) ee (%)
12 57
24 43
36 29
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Analytical Data

L
9@

OH

1a
3-Ethyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1a): white solid; R = 0.20
(hexane/BO = 2/1); diastereomeric mixturea( 1:1 mixture)*H NMR (600 MHz, GDg) & 1.08 (3H,
t,J=7.8 Hz), 1.09 (3H, tJ = 7.8 Hz), 2.07 (2H, g} = 7.8 Hz), 2.19 (2H, gq] = 7.8 Hz), 3.20 (3H,
s), 3.32 (3H, s), 6.22 (1H, s), 6.37 (1H, s), 6(54, d,J = 7.8 Hz), 6.63 (1H, dJ = 7.8 Hz),
6.82-6.97 (5H, m), 7.04-7.21 (7H, m), 7.68-7.77 (Bh), 8.10 (1H, dJ = 7.8 Hz);**C NMR (150
MHz, GsDg) 6 11.20, 11.37, 25.61, 25.73, 55.87, 56.09, 93.2%% 106.39, 113.67, 113.76, 119.51,
119.69, 123.09, 123.11, 124.06, 124.15, 125.40,5625125.82, 125.89, 126.03, 126.21, 127.12,
127.28, 128.29, 128.36, 128.53, 129.26, 129.28,622929.67, 129.69, 129.74, 129.89, 131.65,
131.95, 134.88, 135.19, 152.76, 152.84, 155.50,5P53R (ATR) 3396, 2971, 2936, 1641, 1507,
1489, 1260, 1246, 1061, 993 ¢mHRMS (ESI) Calcd for gHi60; (M) 331.1334, Found
331.1333.

L
9@

OH
1b

3-Butyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol  (1b): white solid; R = 0.30
(hexane/BO = 2/1); diastereomeric mixturea( 1:1 mixture)*H NMR (400 MHz, GDg) & 0.67 (3H,
t,J = 7.6 Hz), 0.67 (3H, tJ = 7.2 Hz), 1.05-1.20 (4H, m), 1.60-1.73 (4H, mPE&2.20 (2H, m),
2.26 (2H, tJ = 7.6 Hz), 3.20 (3H, s), 3.34 (3H, s), 6.23 (1M,6s38 (1H, s), 6.56 (1H, d,= 7.6
Hz), 6.64 (1H, d,J = 7.6 Hz), 6.85-6.97 (6H, m), 7.04-7.10 (3H, m16¢7.22 (3H, m), 7.69-7.74
(4H, m), 7.78-7.80 (1H, m), 8.09 (1H, 3= 8.0 Hz);**C NMR (100 MHz, GDg) & 13.97, 22.37,
22.53, 28.96, 29.09, 31.80, 32.00, 55.78, 55.923733.72, 107.01, 107.10, 113.54, 119.49, 119.63,
123.07, 123.13, 124.04, 124.13, 125.35, 125.61,7925125.88, 126.09, 126.22, 127.07, 127.29,
128.49, 129.30, 129.64, 129.71, 129.84, 131.65,9¥3134.87, 135.19, 151.92, 152.09, 155.52; IR
(ATR) 3397, 2955, 2929, 1639, 1508, 1489, 1462514@49, 1060, 984 ch HRMS (CI) Calcd
for Cy7H330:Si (M+SiMes)™ 433.2199, Found 433.2195. HRMS sample was prdgesen mixing
1b andN,O-bis(trimethylsilyl)trifluoroacetamide, before HRM#halysis.
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L
9@

OH

1c
3-1sobutyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1c): white solid; R = 0.15
(hexane/EO = 4/1); diastereomeric mixturea( 1:1 mixture)'H NMR (400 MHz, GDg) & 0.76 (3H,
d,J=6.8 Hz), 0.79 (3H, d] = 6.4 Hz), 0.84 (3H, d] = 6.8 Hz), 0.86 (3H, d] = 6.4 Hz), 1.97 (1H,
dd,J = 14.0, 8.8 Hz), 2.14-2.19 (2H, m), 2.23-2.34 (84, 3.21 (3H, s), 3.34 (3H, s), 6.25 (1H, s),
6.39 (1H, s), 6.56 (1H, d,= 7.6 Hz), 6.63 (1H, d] = 8.0 Hz), 6.84-6.97 (6H, m), 7.04-7.11 (3H, m),
7.16-7.24 (3H, m), 7.69-7.74 (4H, m), 7.78-7.81 (1), 8.09 (1H, dJ = 8.8 Hz);**C NMR (100
MHz, CiDg) 8 21.99, 22.57, 22.82, 23.06, 26.53, 26.57, 41.a864 55.76, 93.20, 93.66, 107.82,
107.89, 113.33, 113.50, 119.46, 119.53, 123.12,2123124.02, 124.09, 125.36, 125.63, 125.76,
125.90, 126.24, 126.28, 127.00, 127.29, 128.41,5828129.29, 129.32, 129.56, 129.61, 129.69,
129.75, 129.79, 131.63, 131.96, 134.79, 135.14,3551151.57, 155.48, 155.56; IR (ATR) 3392,
2953, 1637, 1508, 1463, 1266, 1250, 1060, 985; ¢#iRMS (CI) Calcd for GHs40:Si (M+SiMe;)*
433.2199, Found 433.2184. HRMS sample was prepafemn mixing 1c and
N,O-bis(trimethylsilyl)trifluoroacetamide, before HRM#halysis.

OH
1d

3-(Methoxymethyl)-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-ol (1d): white solid; R =
0.20 (hexane/AcOEt = 2/1); diastereomeric mixtwa {:1 mixture)'H NMR (400 MHz, GDg) &
3.05 (3H, s), 3.10 (3H, s), 3.17 (3H, s), 3.26 (8}4,3.82 (1H, dJ = 12.4 Hz), 3.99 (1H, d = 12.4
Hz), 4.01 (1H, dJ = 12.4 Hz), 4.26 (1H, dl = 12.4 Hz), 6.30 (1H, s), 6.41 (1H, s), 6.57 (HH] =

8.0 Hz), 6.64 (1H, dJ = 8.0 Hz), 6.80-6.88 (2H, m), 6.92-6.97 (4H, mP (1H, d,J = 8.8 Hz),
7.07 (2H, t,J = 8.0 Hz), 7.12-7.21 (3H, m), 7.67-7.73 (5H, mN®B8.11 (1H, m)**C NMR (100
MHz, CsDg) 6 55.91, 56.21, 57.45, 57.60, 69.78, 69.87, 93.349 110.80, 110.93, 113.41, 113.94,
118.32, 118.47, 123.56, 123.70, 124.12, 124.20,2825125.87, 126.06, 126.45, 126.88, 127.08,
127.33, 127.41, 128.53, 129.12, 129.17, 129.50,7129.29.75, 129.99, 130.05, 131.29, 131.47,
135.01, 135.10, 147.27, 147.49, 155.56, 155.73(ARR) 3372, 2937, 1591, 1508, 1460, 1267,
1249, 1090, 979 cth HRMS (ESI) Calcd for @H1604 (M) 347.1283, Found 347.1285.
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OH
1e

4-(2-M ethoxynaphthalen-1-yl)-3-((methylthio)methyl)-1H-isochromen-1-ol (1€): white solid; R

= 0.40 (hexane/AcOEt = 2/1); diastereomeric mixi@ee 1:1 mixture)'H NMR (400 MHz, GDs) &
1.75 (3H, s), 1.90 (3H, s), 3.03 (1H, 3= 14.0 Hz), 3.09 (1H, d) = 14.0 Hz), 3.19 (3H, s),
3.28-3.29 (5H, m), 6.21 (1H, s), 6.33 (1H, s), 6(%Hl, d,J = 8.0 Hz), 6.60 (1H, d) = 7.2 Hz),
6.81-6.88 (2H, m), 6.89-7.00 (4H, m), 7.02-7.07 (2h), 7.11-7.22 (4H, m), 7.66-7.74 (5H, m),
8.00-8.04 (1H, m)**C NMR (100 MHz, GD¢) & 15.49, 15.65, 34.89, 35.20, 55.78, 55.87, 93.31,
93.69, 108.99, 109.37, 113.45, 113.48, 118.41,3823123.56, 124.13, 125.58, 125.65, 125.87,
126.42, 126.49, 126.71, 127.17, 127.47, 127.75,4428128.53, 128.98, 129.23, 129.27, 129.53,
129.68, 130.02, 130.07, 131.42, 131.73, 134.67,023347.79, 148.05, 155.33, 155.670; IR (ATR)
3394, 2918, 1621, 1508, 1267, 1250, 1061, 979;cHRMS (ESI) Calcd for GH160sS (M)
363.1055, Found 363.1052.

ace
o
O AN
0]
OH
1f
3-Ethyl-4-(2,6-dimethoxynaphthalen-5-yl)-1H-isochromen-1-ol (1f): white solid; R = 0.25
(hexane/EO = 1/1); diastereomeric mixturea( 1:1 mixture)'H NMR (400 MHz, GDg) & 1.11 (6H,
t,J=7.6 Hz), 2.11 (2H, gl = 7.6 Hz), 2.23 (2H, q] = 7.6 Hz), 3.21 (3H, s), 3.36 (3H, s), 3.40 (3H,
s), 3.44 (3H, s), 6.20 (1H, s), 6.36 (1H, s), 684, d,J = 8.0 Hz), 6.70 (1H, d] = 7.6 Hz), 6.87
(1H,td,J=7.6, 1.6 Hz), 6.89-6.96 (4H, m), 7.01 (1HJd& 8.8 Hz), 7.04-7.12 (6H, m), 7.64 (1H, d,
J = 8.8 Hz), 7.65 (1H, d] = 8.8 Hz), 7.69 (1H, d] = 8.8 Hz), 7.99 (1H, d] = 9.6 Hz);"*C NMR
(100 MHz, GDg) 6 11.23, 11.40, 25.64, 25.77, 54.77, 54.85, 56.6726 93.20, 93.70, 106.34,
106.40, 106.55, 114.39, 114.42, 119.94, 120.02,1%20120.32, 123.13, 123.19, 125.38, 125.79,
125.88, 126.22, 127.30, 128.59, 129.22, 129.25,772930.32, 130.60, 130.67, 130.89, 131.74,

132.06, 152.71, 152.83, 154.05, 154.10, 156.88,0057R (ATR) 3400, 2969, 2937, 1596, 1506,
1338, 1251, 993 cih HRMS (ESI) Calcd for @H,,0, (M") 361.1440, Found 361.1432.
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O A
O
OH
19
3-Ethyl-4-(2,7-dimethoxynaphthalen-8-yl)-1H-isochromen-1-ol (1g): white solid; R = 0.25
(hexane/AcOEt = 2/1); diastereomeric mixtuca. (1:1 mixture)'H NMR (400 MHz, GDs) & 1.11
(3H,t,J=7.6 Hz), 1.15 (3H, t) = 7.6 Hz), 2.17 (2H, ¢] = 7.6 Hz), 2.23 (2H, g] = 7.6 Hz), 3.18
(6H, m), 3.36 (3H, s), 3.43 (3H, s), 6.19 (1H,637 (1H, s), 6.69 (1H, d,= 7.2 Hz), 6.78 (1H, d]
= 8.0 Hz), 6.84 (1H, d] = 8.4 Hz), 6.89 (1H, td] = 7.6, 1.6 Hz), 6.91-6.99 (4H, m), 7.05-7.09 (2H,
m), 7.14-7.18 (2H, m), 7.20 (1H, s), 7.48 (1H,&h9 (1H, dJ = 8.8 Hz), 7.61 (1H, d] = 8.8 Hz),
7.64 (1H, d,J = 8.8 Hz), 7.69 (1H, d] = 8.8 Hz);**C NMR (100 MHz, GDg) & 11.33, 11.41, 25.65,
25.70, 54.62, 54.84, 55.75, 55.95, 93.19, 93.74.01%) 104.00, 106.82, 107.35, 110.79, 110.85,
117.41, 117.59, 118.44, 118.59, 123.07, 123.14,1825125.37, 125.46, 125.63, 125.88, 126.31,
128.71, 129.32, 129.41, 129.46, 129.77, 129.98,1530131.50, 131.85, 136.33, 136.76, 152.48,
152.72, 156.15, 159.14, 159.55; IR (ATR) 3418, 298887, 1624, 1509, 1492, 1259, 1222, 1056,
1036 cnm; HRMS (CI) Calcd for GeHz:0.Si (M+SiMes)* 435.1992, Found 435.1984. HRMS
sample was prepared from mixidg and N,O-bis(trimethylsilyltrifluoroacetamide, before HRMS

analysis.

3-Ethyl-4-(2-methoxy-4,6-dimethylphenyl)-1H-isochromen-1-ol (1h): white solid; R = 0.25
(hexane/EO = 2/1); diastereomeric mixturea( 1:1 mixture)'H NMR (400 MHz, GDg) & 1.18 (6H,
t,J=7.2 Hz), 2.11-2.12 (6H, m), 2.18 (2H,XF 7.2 Hz), 2.23-2.29 (8H, m), 3.07 (3H, s), 3.3HI(

s), 6.16 (1H, s), 6.29 (1H, s), 6.38 (1H, s), 644, s), 6.69 (1H, s), 6.71 (1H, s), 6.78 (1HJ) &

8.8 Hz), 6.81 (1H, dJ = 8.0 Hz), 6.94-7.07 (6H, m}’C NMR (100 MHz, GD¢) & 11.16, 11.31,
19.58, 19.95, 21.66, 25.27, 25.50, 55.01, 55.2104393.61, 107.42, 107.61, 109.40, 109.58,
122.12, 122.38, 122.62, 123.47, 123.64, 125.43,8P25126.19, 128.80, 129.20, 129.22, 130.00,
131.23, 131.63, 138.14, 138.23, 139.42, 139.87,5151151.68, 158.30, 158.49; IR (ATR) 3406,
2967, 2934, 1643, 1608, 1574, 1462, 1311, 1094, @83 HRMS (CI) Calcd for GsHz;O5Si
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(M+SiMe;)" 383.2043, Found 383.2040. HRMS sample was prdpé@n mixing 1h and
N,O-bis(trimethylsilyl)trifluoroacetamide, before HRM#halysis.

(L
OO OH

2a
1-(2-M ethoxynaphthalen-1-yl)-3-methylnaphthalen-2-ol  (2a): white solid; R = 0.35
(hexane/AcOEt = 4/1); HPLC analysis Chiralpak A[(héxanéPrOH = 95/5, 1.0 mL/min, 254 nm,
30 °C); 8.0 (major), 23.5 min; 12% e®);(*H NMR (400 MHz, CDC}) 5 2.51 (3H, s), 3.80 (3H, s),
4.96 (1H, s), 6.97 (1H, &, = 8.0 Hz), 7.13-7.17 (2H, m), 7.25-7.29 (2H, mB6&7(1H, td,J = 7.6,
1.2 Hz), 7.49 (1H, dJ = 9.2 Hz), 7.73 (1H, s), 7.78 (1H, @= 8.4 Hz), 7.90 (1H, d] = 8.0 Hz),
8.05 (1H, d,J = 9.2 Hz);"*C NMR (100 MHz, CDG)) 5 17.07, 56.65, 113.78, 114.37, 115.56,
123.12, 124.13, 124.55, 124.93, 125.36, 126.52,2827127.31, 128.10, 129.05, 129.25, 129.41,
130.99, 132.50, 134.06, 150.48, 156.01; IR (ATR}B3057, 2934, 2839, 1620, 1592, 1507, 1266,
1249, 1205, 1077 ¢l HRMS (Cl) Calcd for GH140, (M+H)* 315.1385, Found 315.1389.
cf. 86% eeR): [a]p?**=-25.5 €= 0.75, CHC)).

2
OO OH

2b

1-(2-M ethoxynaphthalen-1-yl)-3-propylnaphthalen-2-ol  (2b): white solid; R = 0.70
(hexane/AcOEt = 2/1)*H NMR (400 MHz, CDC}) § 1.04 (3H, tJ = 7.6 Hz), 1.81 (2H, m), 2.85
(2H, m), 3.80 (3H, s), 4.94 (1H, s), 6.97 (1HJd& 7.6 Hz), 7.13-7.16 (2H, m), 7.25-7.29 (2H, m),
7.36 (1H,tJ=7.6 Hz), 7.48 (1H, d] = 8.8 Hz), 7.72 (1H, s), 7.80 (1H, #= 8.0 Hz), 7.89 (1H, d,
J=8.4 Hz), 8.05 (1H, d)=8.4 Hz);13C NMR (100 MHz, CDGJ) 6 14.12, 22.84, 32.93, 56.65,
113.85, 114.52, 115.67, 123.07, 124.11, 124.51,9924125.38, 127.26, 127.38, 128.10, 128.43,
129.02, 129.42, 130.89, 130.97, 132.39, 134.08,25056.03; IR (ATR) 3532, 2958, 2932, 1592,
1507, 1266, 1249, 1203 éMHRMS (CI) Calcd for GH,30, (M+H)" 343.1698, Found 343.1693.
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2c
3-1sopropyl-1-(2-methoxynaphthalen-1-yl)naphthalen-2-ol  (2c): white solid;, R = 0.70
(hexane/AcOEt = 2/1)}H NMR (400 MHz, CDC}) & 1.40 (6H, tJ = 7.6 Hz), 3.49 (1H, m), 3.80
(3H, s), 4.98 (1H, s), 6.96 (1H, @~ 8.0 Hz), 7.13-7.17 (2H, m), 7.25-7.29 (2H, mB6&/(1H, t,J =
7.6 Hz), 7.48 (1H, d) = 9.2 Hz), 7.77 (1H, s), 7.82 (1H, 8~ 8.4 Hz), 7.89 (1H, d] = 8.4 Hz),
8.05 (1H, dJ = 9.2 Hz);**C NMR (100 MHz, CDG)) § 22.56, 22.80, 27.80, 56.66, 113.88, 114.59,
115.73, 123.06, 124.13, 124.42, 124.94, 125.01,4425127.28, 127.73, 128.11, 129.08, 129.45,
131.00, 132.14, 134.09, 136.80, 149.77, 156.09(ARR) 3531, 2960, 2934, 1592, 1507, 1265,
1249, 1146 cit; HRMS (CI) Calcd for GiH»30, (M+H)* 343.1698, Found 343.1694.

L
O,

O
2d

3-Methoxy-1-(2-methoxynaphthalen-1-yl)naphthalen-2-ol  (2d): white solid; R = 0.40
(hexane/AcOEt = 2/1)'H NMR (400 MHz, CDCJ) & 3.79 (3H, s), 4.09 (3H, s), 5.77 (1H, s), 7.04
(1H, d,J = 8.4 Hz), 7.12 (1H, td] = 6.8, 0.8 Hz), 7.18 (1H, d,= 8.4 Hz), 7.22-7.35 (4H, m), 7.47
(1H, d,J = 8.8 Hz), 7.77 (1H, d] = 7.6 Hz), 7.87 (1H, d] = 8.0 Hz), 8.01 (1H, d] = 8.8 Hz);"*C
NMR (100 MHz, CDC}) & 55.84, 56.85, 105.75, 114.05, 116.05, 117.58,7123123.82, 124.23,
124.80, 125.07, 126.64, 126.76, 128.01, 128.96,2629.30.08, 133.74, 143.30, 147.30, 155.23; IR
(ATR) 3526, 2939, 2837, 1594, 1462, 1428, 1266,812d"; HRMS (Cl) Calcd for GH;4O;
(M+H)" 331.1334, Found 331.1326.

O,
OO OH
2e s”

1-(2-M ethoxynaphthalen-1-yl)-3-(methylthio)naphthalen-2-ol (2€): white solid; R = 0.55
(hexane/AcOEt = 2/1)*H NMR (400 MHz, CDC}) & 2.58 (3H, s), 3.80 (3H, s), 5.81 (1H, s), 7.02
(1H, d,J = 8.8 Hz), 7.14 (1H, d] = 8.4 Hz), 7.18 (1H, = 8.0 Hz), 7.24-7.37 (3H, m), 7.48 (1H, d,
J=8.8 Hz), 7.80 (1H, d] = 7.6 Hz), 7.86 (1H, s), 7.89 (1H, 3+ 8.4 Hz), 8.04 (1H, d] = 9.2 Hz);

%C NMR (100 MHz, CDGJ) § 16.86, 56.67, 113.77, 115.23, 116.21, 123.73,983.24.86, 126.07,
126.28, 127.08, 127.19, 127.97, 128.10, 129.23,312930.73, 132.75, 133.77, 149.09, 155.58; IR
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(ATR) 3524, 3389, 2935, 2838, 1592, 1508, 1264,812u147 crit; HRMS (Cl) Calcd for
Ca2H190,S (M+H)" 347.1106, Found 347.1107.

CC
O/
OO OH
2f

1-(2,6-Dimethoxynaphthalen-5-yl)-3-methylnaphthalen-2-ol  (2f): white solid;, R = 0.25
(hexane/AcOEt = 2/1)*H NMR (400 MHz, CDC}) & 2.50 (3H, s), 3.77 (3H, s), 3.91 (3H, s), 4.98
(1H, s), 6.93-6.98 (2H, m), 7.06 (1H,H= 9.2 Hz), 7.15 (1H, dd} = 8.4, 6.8 Hz), 7.20 (1H, d,=
2.8 Hz), 7.27 (1H, dd) = 8.0, 6.8 Hz), 7.45 (1H, d,= 9.2 Hz), 7.72 (1H, s), 7.77 (1H, 8= 8.0
Hz), 7.94 (1H, d,) = 8.8 Hz);*3C NMR (100 MHz, CDGCJ) § 17.06, 55.32, 56.85, 106.10, 114.46,
114.58, 116.06, 120.00, 123.11, 124.56, 125.36,5P26126.62, 127.30, 129.02, 129.24, 129.38,

129.50, 130.45, 132.49, 150.45, 154.47, 156.46(ARR) 3533, 2935, 2837, 1595, 1506, 1251,
1078 cni; HRMS (ESI) Calcd for @Hz00sNa (M+Na) 363.1305, Found 363.1303.

wee

0 o~
OO OH
29
1-(2,7-Dimethoxynaphthalen-8-yl)-3-methylnaphthalen-2-ol  (2g): white solid;, R = 0.40
(hexane/AcOEt = 2/1)*H NMR (400 MHz, CDCJ) & 2.51 (3H, s), 3.47 (3H, s), 3.77 (3H, s), 5.03
(1H, s), 6.42 (1H, dJ = 2.0 Hz), 7.02 (2H, dd] = 8.8, 2.4 Hz), 7.16 (1H, td, = 8.0, 1.2 Hz),
7.24-7.31 (2H, m), 7.71 (1H, s), 7.77 (1HJds 8.0 Hz), 7.78 (1H, d] = 9.2 Hz), 7.95 (1H, d] =
9.2 Hz);**C NMR (100 MHz, CDGJ) 5 17.07, 54.97, 56.43, 103.34, 110.96, 114.37, Bl4.16.60,
123.05, 124.58, 124.86, 125.27, 126.45, 127.25,0029.29.21, 129.68, 130.60, 132.26, 135.50,

150.39, 156.60, 158.77; IR (ATR) 3526, 2937, 28B&3, 1509, 1264, 1248, 1223 ¢rHRMS
(Cl) Calcd for GsHp103 (M+H)* 345.1491, Found 345.1497.

O,
OO OH

2h
1-(2-M ethoxy-4,6-dimethylphenyl)-3-methylnaphthalen-2-ol  (2h): white solid; R = 0.35
(hexane/AcOEt = 8/1)'H NMR (400 MHz, CDC}) & 1.88 (3H, s), 2.44 (3H, s), 2.47 (3H, s), 3.63
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(3H, s), 5.00 (1H, s), 6.75 (1H, s), 6.86 (1H,7510 (1H, d,J = 8.0 Hz), 7.20-7.28 (2H, m), 7.63 (1H,
s) 7.72 (1H, d,J = 8.0 Hz);**C NMR (100 MHz, CDGJ) & 17.01, 19.57, 21.73, 55.74, 109.89,
115.85, 118.29, 122.95, 123.83, 124.06, 125.24,2526127.30, 128.69, 128.97, 131.94, 139.82,
140.43, 149.70, 158.40; IR (ATR) 3527, 2917, 160872, 1461, 1390, 1313, 1217, 1091tm
HRMS (CI) Calcd for GgH20, (M+H)* 293.1542, Found 293.1543.

L,
OO OH

4
1-(2-Hydroxy-3-methylnaphthalen-1-yl)naphthalen-2-ol  (4): white solid; R = 0.30
(hexane/AcOEt = 4/1); HPLC analysis Chiralpak IAh’éxanéPrOH =90/10, 1.0 mL/min, 254 nm,
30 °C); 11.2, 14.1 min (major); 95% eR)y([a]p?°>= +22.1 ¢ = 1.5, CDC}); *H NMR (400 MHz,
CDCl;) 4 2.51 (3H, s), 5.03 (1H, s), 5.09 (1H, s), 7.08 (@H) = 8.0 Hz), 7.15 (1H, d] = 8.0 Hz),
7.22-7.40 (5H, m), 7.81-7.83 (2H, m), 7.90 (1H,Jd; 7.6 Hz), 7.98 (1H, d] = 8.4 Hz);"*C NMR
(100 MHz, CDC}) 6 16.98, 110.12, 111.09, 117.71, 123.95, 123.97,012424.26, 126.42, 127.03,
127.45, 127.57, 128.38, 129.42, 129.46, 130.80,38311.32.09, 133.43, 152.03, 152.77; IR (ATR)
3524, 3491 3059, 2952, 2925, 1385, 1218, 1134, @d8 HRMS (ESI) Calcd for GH;0,Na
(M+Na)" 323.1043, Found 323.1043.

6a
2-((2-M ethoxynaphthalen-1-yl)methyl)-N,N-dimethylbenzamide (6a): orange solid; R= 0.35
(hexane/AcOEt = 1/1)'H NMR (400 MHz, CDC}) & 2.88 (3H, s), 3.13 (3H, s), 3.89 (3H, s), 4.43
(2H, s), 6.75 (1H, d) = 7.2 Hz), 7.07 (1H, td] = 7.6, 1.6 Hz), 7.15 (1H, §,= 7.2 Hz), 7.20 (1H, dd,
J=7.6, 1.6 Hz), 7.29-7.33 (2H, m), 7.40 (1H, dd¢, 8.4, 6.8, 1.6 Hz), 7.78-7.83 (2H, m), 7.87 (1H,
d, J = 8.8 Hz);*3C NMR (100 MHz, CDG)) 5 27.57, 34.53, 38.49, 56.46, 113.20, 120.34, 123.37
123.92, 125.56, 125.77, 126.66, 128.21, 128.49,5628128.69, 129.17, 133.48, 136.39, 137.19,
155.03, 171.54; IR (ATR) 2935, 1631, 1597, 151194131252, 1084 ciy HRMS (CI) Calcd for
C21H22NO, (M+H)" 320.1651, Found 320.1649.
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3-Ethyl-4-(2-methoxynaphthalen-1-yl)-1H-isochromen-1-one (7): white solid;, R = 0.55
(hexane/AcOEt = 2/1)H NMR (400 MHz, CDCJ) § 1.10 (3H, tJ = 7.6 Hz), 2.24 (2H, q] = 7.6
Hz), 3.84 (3H, s), 6.64-6.67 (1H, m), 7.34-7.46 (&k), 7.86-7.89 (1H, m), 8.00 (1H, 3= 8.8 Hz),
8.36-8.39 (1H, m);*C NMR (100 MHz, CDGJ) & 11.53, 25.06, 56.26, 109.12, 113.18, 116.03,
120.34, 123.88, 124.31, 124.36, 127.12, 127.23,2128129.04, 129.44, 130.45, 133.71, 134.57,
138.79, 155.19, 157.09, 163.26; IR (ATR) 2977, 298832, 1593, 1509, 1483, 1263, 1092'cm
HRMS (ESI) Calcd for gH,s0sNa (M+Na) 353.1148, Found 353.1147.
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Spectra Data

'H & 3C NMR spectra of substrates & products
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o B
HART =T L EREEREICHW
TEREAIAE Y AR O ETBA %

3-1. X C®HIZ
3-1-1 ERREMAHE S TRz W T

IR L CTW D AR FRESOS DB o T, 7 -F A4y LT icRER s b
TUERERAALIEIZ < OFRUSEREICHW SR TV L IR b ok, FA T LT SO
FAPEERESE & 3T S VOB ERERE D 2 o2 R4 FNICA L TEB Y., MIEEEE
FIKFERES N —, HEMEEREIT Bronstedti k& L CERT 5, B 1LETHLHEN L
£ 912, TakemotobH |37 X -F A 7 LT iz v io~ v g X7 L0 Michael £+ 1)
SRS, IR D ENAREBRIICHEI T 5 2 & 2 L T 5 (Scheme 3-L

Scheme 3-1Enantioselective Michael Reaction of Malonates tinddlefins

CF3
Cat. (10 mol%)  EtO,C._CO,Et S
EtO,CCOzEt + 5, X NO> > L M
toluene Ph NO2 | FsC NN
rt,24h 86% yield, 93% ee C; H NS

TS O A W G D A F1 = X NTHOWT, ESHNTRO X5 ITRE S Twn
72(Scheme 3-2

Scheme 3-2Proposed Reaction Mechanism

S - JSL . S
S Nu-H R NJLN \ El N N/W R NJLN \
R M~ N - HH o -
N N A-» H H ?N\ A_» \\‘ / /N\ e H H /N\
H H i H
_N_ : B o +
A °Nu ‘?/N“ Nu-EI-H

FP IO RIBALS 7 v SREAN 7 0 b AE U RO T =4 A C S (A),
— T, REFHNITF AIRFELE DKFREEIZ L > THEELZZ T D (B), TD%, RiZ
RO DORBHEL, 7o o BEIZR T, ERINRON, MEENTFET L E NS AL
SALBEBINTWD, ZHBAEMAMEIIZ 0 X 512, KA KREFHOMm S &KFE
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FEAEERT DI ECHRINEZMREL TEBY ., INETIZE < O B ReETUAREE 2 5 5B %
A, BRA RBOSIZRIH S v Cu % (Figure 3-2),

Figure 3-1.Representative Acid-Base Bifunctional Organocatalys

CFs

JSL Bu

FsC N NJ\
H H

N-pph,

Dixon 2013

0 N
Jacobsen 1998 Rawal 2008

3-1-2. §ERM EREERIAEE ORI A

D HRERABIAMEORIBEA L LT, AL TV DBEEREAOBMIEE N RV Z &2
#1F b5 (Figure 3-2%,

Figure 3-2. Limitation of Conventional Bifunctional Organochyst

S Introduction of S

R NJLN/\* Istrong base(SB):> R‘NJ\N/W*

H H
Acidic proton N ®g
K, ~ 10 ~ 13 Weak base >B

pKgH+~9.0 H
\\ J

pKa and pKgy+ in DMSO deactivation of catalyst

TE R AR — oy NS BEVEERRAL S AR RERE L O L MCT D BRI
Bzamd 2 DOOFRELZA L TWD, MRE0FZIHITIT 2 SOBEREEM O AAEH Z il
Lt hid e by, 207w, BAT HEEMEREEIIHVERXOLEAFETH Y |
W R 7 m SR A O FEPHITHE MR L, <2 D, KV BRIV 7 1 sREEANZ 56 H]
T ONNTREEEL DO H AR KBTI R A AT D LS FRTOR T 7~ AL E
U, MERENRIE LT LE S, £D7, LA T AT 5 &EiEME2R ZERE LY Al oD BA
FITIX, ko7 v F MOKRERE N —ICRO S EREDEANMLETH L, £ZT
AWFFETIL, BMEEREORE LA D Z & T, il il 1 Okt 2 A 7,
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3-2. AR
321 TR

AWFFE TRRGET L 7o il sy -+ D Fa$t % 7= 37 (Figure 3-3),

Figure 3-3. Concepts of Catalytic Design

SB
Introduction of ammonium moiety as a hydrogen bond donor

Formation of multi-hydrogen bonds between bifunctional organocatalyst
and nucleophile/electrophile

Free from charge separation to reduce activation energy

1mE L LT, BRIEEDIRWE ART E=0 L0 a /KRIER L, KFEHE FF—&L
THWSZ &, 258H & LT, SREAI L REFA & DL AUKEMETERZ TEEE § 5 HEE
ERUA Sy FR e 3252 L, 3RA & LT, ARGRDS LIFRESRICI T 2 w0 B 2 i
HTLHZ&T E b= X —DRBEN L D FRGtETH5Z L TH D,

Zh b 3ROEEHIEL T, FEMzHT 5,

3-2-2. FREHEST
3-2-2-1. KERHEFRF—LLTOELIRT LV E=T L

BART =T NI TRERE L THTF A UEEALTEY, @FORILKELDY b
BEEREL 2o T0D S, L LR G, ZOMEEOMEITKL . AHRELIC X287
o kAL E T S 2 & A ATEE T d % (Figure 3-4),

Figure 3-4.pKj, Values of Hydrocarbons and Ammonium CompoundsMSD

H H o %
CH H H—NMe o X
4 ph)<|_| :> H 3 XNMe;:,

pK,in DMSO = 56(estimated) 43 (estimated) 42 (estimated) 31.9

—J5, RUSHE & OREFBEMAIERIL, C-H-- X BOKEREEIZ L > THRTHETH S
EZzx T2, C-H X OKRFFEGITTHFHAENEH & LT, TR EOSBClIfssn T
EbOO, AEARORISISH SO T KIEICR> TS TH S 4 AT
B ART E=T LD a KFEDN C-H X BOKFERE R —L LTRHRETH D L& %,
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BREEE L THWD Z L Z5HE LT,

FEEIC, TrE=T L afLOKFEDN C-H- X OKFERBEEZN L, T =4 F LB <A
VERT 5 2 ERRITIT R > THE STV S 2, D ak#E L DZEKRBEEEITMAZ, B
FA T =A L OMANER & 7 BAERITH AR IER T 725 & TRRENDA,

ZOLTET U= A a/KRITEDKRE-EZFIH LG & LT, Z < &L, Maruoka,
Shirakawa> D 7 /v—7 L0 BEXRY P UHEDOT o=y MEEW E AL W,

— N T—F DAV x ) CFHERA~DMINEIERNRE E 417~ (Scheme 3-F%,

Scheme 3-3Recent Paper Utilizing-Protons to Quaternary Ammonium as a Hydrogen-bandi

Donor
. A
E:I:E OSiMe;  Cat. (10 mol%) 1 EAjex
. + Z ’ : (e J,
Troc j)\OMe - Troc | \eo,C™ N~ “CO,Me
THF, -78 °C, 6 h /\
Cl CO,Me Cat
B N . 90% yield at
5+N (w/o catalyst 16% yield)
"Troc
Q Jolle

| E =ester group

ERY UMD FTHBEEDOE N ATV a L, B LT =T A afLOKFED,
WERFT L ZRAKRERE LT 52 & TGRS Lz L EE HITE~TnD, (Y
¥ U UK & i AR A LT NMR ZIE L7ZBSC, B D AbEEsko H v

ATy MEEMET =4 U OKFBREAHASEH O 2L X —FB (reference 4hk
DB, FRETEEICLD)
C-H--OIZ L DL HKEBRAVDIEFITHN ENRINTND,

Table 2 Binding energies (AZPE) of complexes of trimethylammonium with methyl acetate. Solid green lines show electrostatic interactions. Computations were
performed at MP2/6-311++G**, with interaction free energies given in kcal mol ™"

HiC

HyC HaCupy«CH.
H;é-,ﬁcm H® 3 N “a ( \
) ) H } H
H Hac™ N cH T H o
8 S oH O H Ho~ o,
ve. L e} Me=O Hs
1 1M Moo e sl o e Oy,
A N "< .
N r 1.69 SA”
329 | 3415 3.22 N
1.67 234 ) I
\ / 2.32 T 2.34 /~ 2.46 2.40
2103 2,02
- K\ L‘( ~7 9
’ | A . \
Solvent N"-H-*Ocarbony! C(sp*)-H-+Ocarbonyl N--H-Ocnol C(sp*)-H-++Ocnotare/T &
Gas -19.7 -12.9 -10.9 -95.1 1.0
PhMe -10.3 —5.2 -8.1 —-40.9 2.4
CHCl; -7.5 -3.4 -7.8 —-22.2 4.7
THF —6.2 2.2 -7.2 —-15.2 7.6
MeOH +0.3 +2.0 —4.3 +0.7 32.7

H,0 +0.8 +2.4 -3.9 \ +2.3 J 80.1
60




T, BEORZRT L afid BC L ZFANENENEMSGY 7 b L2 &b, RUSHEE
L L OB OKRFREANH D EBLEIN TN D,

NNzl KFBHEAERTIT—LLTTrE=UL o AFE2FHATIIZET, OF
RERLARUARAE I 2 oW CHRIE L DS A AT REIC 72 D 2B 2 72,

3-2-2-2. EBRFBEOEBEC & ATEHL T 2L F— DR

A5y BEDEIREIC DWW T, ko EREMAGH S i, 7 I T4y LT D
Fhts A J1 = KX % HWCRELBE 9 % (Figure 3-5),

Figure 3-5.Proposed Mechanisms of Conventional BifunctionajaDocatalyst
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WY, ZOMBERIX, a TRTAD=ALATETT D LEBINTW, £37°, fitlitoX
B T e kAW 7 0 hoAb L, RO T =4 a4 T 5, —FH. KREFHNT
FH T UTEHALE OKRFEFREEIC L o TEMALZZ T D(ar). EDH., REBEBEIZ LY LR
LD T Ly 7 ARG LD (A), T DA T = AL TIE, REFINE(ERR)D =2
TV I A BB T ABRICEMDBELICREEEZ D Z L D, T70bb, fATEEGET
%O 2 SDOEREIBALN, FERR(a) Tl TR &SRB =4 ) + [F4 T b
T ERBETH EVHILBERFHEREEZIS DI L, ElR@)TIE [F4Hy L7 ET7 =
FoRE] + THEREE] bW O BN LTIREEZ L D52 LT D, T OEMIHEITEBRIR
fea REZENT D Z ENTFHEND,

—F T, RIED Papai b OWFZEL D, b ITRT AN =X LBIBEBSN TS S 2650
AH=ANTIHES, WEBMOBR 72 b AL > TEU RO 7 =4 U ffias, F
FU LT ML L KFEREAETRR L, BEMEZ T 5, —JF, HIEMEEREEO LB ITRE
TR EAKRFBREG LT L, REFHLTEELT D (), TO%., KREHBEIZLY, £lR=
YTV I AR ZH0), THLDAN=ALTIL, FEROI T Ly 7 A b B L
TeBRICEM OB L CRBA D 2 & LD, ZOEMABEHEA =X L a OHERERIZE
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BiIREZ A ZET 5 & TIREND,

Takemoto ST SGHEREIZBE T 2 21TV, ~ B VR AT VD= ka2 X 2 ~DOFN
FtiE, Papaiv D FIRICHESS b DA A=A AR b oL b H LNEHREL TS B Lin
LINGDAD=ALFREICL>THLEDDIZENEESH, EHLONRELWEWIWF
TIXWREETH S ™S, BEAZLIE, abWPFROREA =X LL b, AR LIk
ROALT Ly 7 ATBWT, BaSEELIIREBE 2D | BREIREBOARLELLZH N TY
LAREMENR D Z L TH D, ZOEMOBELZ BT 5 2 & A HPRVTEE b= R L F—D
P FTRE & 72 0 | RS D @z b, A& ORI & ) o 72 ETEPERLEE SR O BIFE 23 FTEE I
5 EHGTE D,

3-2-3. 1EEARE

b0 b &2, SRR LET U= AR BAT D R A S i
K DVEENGLZ 77 (Scheme 3-% Z OFS, AR a7 Ly 7 A TEMDPBEDEE IS,
b DA N = A LEFRITELET S,

Scheme 3-4Working Hypothesis

*

R.© El R.© .
R..ONT LR \ R(~-NC-R R.®
9 ﬁ Cl: 9 R\C/N\C,R

H H 5 H H ®
u e

Nu \\y

FP. RO K> T rREADBB T 7 hoAbx T, RO T =4 Ff
AT D, REWT =AU FILT U E=0 LA EKRFER/ELER L, BEMEZIT 5,
—J5, WEMERREO AT RE AL KFEMEEZHER L, REFHZIEELLT D, £
D%, RELBIZIVAERRa T Ly 7 2% 525, ZOB, b Oifez i@ L Cfil
BLUIE AT A U MEHOTEBY | BB oBERELZ L2 2 Lix2y, T7bb, 7
= URRIIFICH T AR EMAEREZ LTS 2 E05, MREO T R X — |2 K&/
ZITRWEREL TS, ORI ICH B EEZERT 5 2 & T, BRREORE
b, T2bbiEM b kL X —DIEA KN S & BIFE L7z,

(€]

U EDBEZNG, HEROBRIEEREICRDY 5 4 7 =0 A B AL Bk
TR OREHBITE 21T 9 2 & & L7=(Figure 3-6),
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Figure 3-6.Newly Designed Bifunctional Organocatalyst

R\@ *
; m
H H

- N
Less acidic proton J\
PKax32~42 R N7 ONR,
Strong base
pKBH+ ~13.6

PERE D HLEEMEEDOIRNE 4 T T AEEANTH I LT, SRR OB AN FEE
720 BB OISO B O &V o T EIEERREE OB S IF TE B,

AWFFETIELL TR T 3 DOt 2 5% L7z (Figure 3-7), > a7 inA ROET
TFNE NS TETIRDOARFEE 2 REE I, R L 4 7 =T 22 F—0F
NIZEAT D,

Figure 3-7.Structures of Newly Designed Bifunctional Organabzts

|
OMe NH
caVIllce AN Feet
N N N\ = NN
/N\) L (-
1-X 2:-X 3-X

63



3-3.
3-3-1. &R

vrvaFrahuaA REEOfE

FT. vratrraiad REEOfE 1 0O& A 1T > 72 (Scheme 3-5,

Scheme 3-5Synthesis of Catalyst- Cl

=

PPh; (1.1 eq.)
DIAD (1.1 eq.)

PPh3 (1.1 eq.)
THF

DPPA (1.1 eq.) 50°C,2h
XY “OH THF then, H,O
NI P rt. (12 h) - 50 °C (3 h) rt,18h

Boc,O (1.2 eq.)
NaOH (1.5 eq.)

=

e
- N
1 Y 'NH,
Nz
4
93% yield (2 steps)

-

MeOTf (1.2 eq.)

- N -
THF/H,O N toluene X
rt, 14 h P NHBoc o0 vt o, h NHBoc
5 6
87% yield 51% yield
Cl ©
o ok © 2%
7%t NN 8(2.0eq) //\Zg7
HCI (5.0 eq.) \g NEts (3.0 eq.) w®
> | >
1,4-dioxane/MeOH X CHyCl, T N,
50°C, 2 h P NH. reflux, 4 h N =N
. 7 . then, ion exchange 1-Cl
90% yield 66% yield

RO Y v a =y v & HRFEHT WV,
Staudingef i lZ K> TT7 v 4~ LA
5 Z @I TR, 56472 51X L,

Z iR

Mitsunobu S K> TT7 ¥ REEZEA L7214,
L7z, 72 /3% Boc Kl k> TIR#EL ., (LEW
MeOTf Z{EFSEDH Z L THX 7 U VUL %
TURSTASNEEHL, FREOIETHINE T HLEY 6 21572, BEIZ X > T Boc %
L, TUE=U LT IUACEW T & BAFRIGE TR, 07z TITk L, M
FIET 8 ZEHSE, /7 =V VMO AT ook, A A REBIRIC L > Tho v
=T = A EEESER L, PREOIGE B A 1-Cl 21572, filko v

a=Ur 0, 6 TRERRINE 25% THIO 1-Cl DAk E R LT,
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3-3-2. L&Y 1 ZMECHVWIAFRIEOME, BLUOREROBE

AR LTAEEY 1 2LV, = U F AR RS ZRet Lz, T VRIGE L
T.= b AZ DT F I ~OANINBIS Z BT LTz, & OARF AR ST, 20134E (2 Dixon
Szl o TSN TS Y Dixon Hid, £ 2/ HRAKT -F A7 LT LAY % fildii o
WD Z LT, @mINERNOEAARRRINICAERD RGO Z & 2WmE LTy (Table 3-1,
entry 0)

Table 3-1.Investigation of Enantioselective Aza-Henry Reatti

©
N2 /@\ S Bu

|
A F3C NJLN
| N /
Nz N?:)N H H Neppp,
- Dixon's Cat.
1-Cl
(0] o
X 1-Cl (10 mol%) x
MeNO, + N-PPh2 Y o unPPh2
20 eq, N rt, 48h Ph/i\,No2
entry Cat. yield (%)? ee (%)
0 Dixon’s Cat. (98) 85
1 1-Cl 24 <1
2 1-CI® 43 <1
3 1-BArF <5 N.D.

2 Determined byH NMR spectroscopy. Conversion was shown in
parenthesis’ Extract with NaOH ag. before using.

ROSE, % EIZ DPPEAFTH7F I ICKH LT 20 Y EDO= A X & Hn, 10
mol%D AL AFAE T, RIE T 48R L TIT o7, £, WU 7 =7 =4 RO
A iz (entry 1) EOFER, RINRZR N SR IE L., (LAY 1ICHILAEEREN &
LT EWgole, LML, BONTAEMMIIT T U F BRI RBELL TR o7,
[FER DB T, RiLEE & UCKER LT b U 7 DK TOHREBAEZAT - T fiblie, o2
=T =FrET NTT U= AR L— MEAS L EE LTt E DT ERE RS &G L
7z(entry 2,3) L2>LWFNDEA S HEMOIRITL L | Ao o F AR M0 %
BUIR B NIRI > T2, £ 2T, DFT GHAEIC & Y il 1 o 522 iEA# i % 5HEL L 7= (Figure 3-8),
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Figure 3-8.Result of DFT Calculation of Most Stable Structafd

B3LYP/6-31G*

FRORE, 7=V N T BT ADOFEWTE Y | HIEEAL & &by
T =T Lo KHEEDORREN 2200 AL | T L TCOSEEREME DN, ZHICED ., S
T =V UEMEFNOT BT L o KFREMHAEMEH L, KIELTHDLZENTRIN
Toco T2 T TUEZULLT T =V OMICHMZR T Mt 2 FERT2Z28 &L
77
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3-4.  ©FI7FIVERROAILE
3-4-1. HFEREr

KD vaFT A aA REROMBOKELY ., [OL1-07 2 VIR REREMAE
B, D FRAEERZHR LT, [QRFEKA TR sP RFEEHR TIZLDESER
T, DFPRERBAEBR LTV &L, Z0 2 Sk L7 fias s LT,
REERICHIE 22 e 7 FARREZ IV, 33MICHREEZ AT 2L 2 L. 6,6 ICHAE
HT Dk 3 %7 1 > L7 (Figure 3-9),

Figure 3-9. Structures of Newly Designed Catalgsind3
@/ © 0 @
o€ ik aes
OMe O)
OMe NH NH ol
SO - S
3-X

2061 A S 2731A
B3LYP/6-31G*

2 ODERERB O DFT HREICL > TABEL b, &ZbITWIEEETEN T 2.961 A
L 2731ATH-T-,
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3-4-2. 3INCITERELA T LG 2 DGR
ET. 33NLUTEHRES AT LA 2 DG A 1T - 72(Scheme 3-§,

Scheme 3-6Synthesis of Cataly&- OTf

1) "BuLi (4.4 eq.)
TMEDA (5.0 eq.)

CHO
OO K,COs (3.3 eq.) OO Et,0
OH Mel (5.0 eq.) _ OMe 0 °C — reflux, 15 h OMe
10

OO OH acet;)ne ) OO OMe 2) DMF (8.0 eq. ) OMe
r.t. - reflux, 2 h o
: 0°C,6h CHO

quant. 82% yield
1) MsClI (3.0 eq.)

NEt; (6.0 eq.)
O toluene/AcOEt
NaBH, (2.1 eq.) 0°C,2h
EtOH one 2)NaNs (10 cq) OMe
0°C—>rt,14h
12

rt o.n.
99% yleld 87% yield (2 steps)
PPhs (2.1 eq.)
THF/HO NH3 NaOH (1.0 eq.) O NH3 CI
rt,5h 2CI Boc,0 (1.0 eq.)
then, HCI OMe MeOH/H,0 O OMe
Qe NH3 0°C—>rt,on. NHBoc
13
94% yleld 53% y|eId
HCHO (5 eq.)
AcOH (3.3 eq.) O O ot
NaBH,CN (3eq.) MeOTf (1.1 eq.)
MeOH/H,0 O oe CH,Cl 00 oe
0°C—>rt,6h NHBoc rt,5h NHBoc
3% yleld 8% yleld
Br
\/\N (1.2 eq.)
N— OTf CN N ot
HCI (5.0 eq.) Na,CO5 (100% wt)
MeOH/Et,0 onge EtOH O'V'e "
50 °C, 3 h L reflux, 24 h
2 OTf

36% yield (2 steps)

(R-BINOL D/KEEH%E AF AL L, L&YW 9 ZEEMITHSTZ, A PR EZRAE LT
33DV F A& T o7, DMFIZE > CHRALINVEEZEAL, TA7Tt K10 % B2
WRTHZ, W T, KFILFRTFET F U UL L DRV INEDETLET, P4 —
W A~EEH LU, L1OT IV a—LEh a2 AL LI, 7Ok MY D AZERESES
ZET, TUREEBAL, VTV R LR2E2EHWVIETHE, 7Y FE% Staudingef il
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FOT7 I EALEHR UG B S e 2 R 1310 L7z, Y7 2 Ik LT Boc
BICL DT/ RELITO, PREOIGETILAEY 14 21572, LADMEWO T I /7 KAE2ET
7 I MBI Ko TORATFAT I ) EA~EEB L, (AW 15 2157, 567 15 DTV A
FNT % MeOTFIZL > TT VB AEEH L LG 16 % BAF 72 IR T2,
B2 & % Boc EOBRFEIZ L > CT e = A7 I ALAY) 17 ~ L B O% SEIEAFET
T REERESES 2 LT BHNOfBHERM{LEY 2-OTf 2 1%7=,

HIROKFAEEE T 7 =L L0 11 TREBIRE 9% T, 2 D48 EER LT,
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3-4-3. 6,6NIZEREEEZ AT S 3 DERR

feWN T, 6,6 ERER A A DAk 3 DA ZAT > 72 (Scheme 3-,

Scheme 3-7Synthesis of Catalyg: OTf

CH,Cl,
78°C >r.t,4h

1) "BuLi (4.1 eq.)
THF

-78°C,5h

2) DMF (6.0 eq.)
-78°C >rt,10h

OHC
O>
0)
OHC

91% yield

1) MsCl (3.0 eq.)

NEt; (6.0 eq.)

toluene/AcOEt N3 OO

0°C,2h O>
2) NaN;3 (10 eq.) 0o
DMF N3
rt.,4h 21

70% yield (2 steps)

Bry (2.5 eq.) Br OO
Br 00

CHal, (3.0 eq.)
K,COs (6.0 eq.)

Br
),

> )
CJ°
Br 18

86% yield (2 steps)

OH
OH DMF
80°C. 16 h

NaBH4 (2.1 eq.)

EtOH
0°C—>rt,4h

o LT
20

94% yield

PPh;3 (2.1 eq.) o>
THF/H,O O
rt., o.n. HoN
22
> 99% yield

HCHO aq. (5 eq.)
AcOH (3.3 eq.)

T

€] @
Boc,O (1.1eq.) CIHgN OO
HCI (1.0 eq.) o> NaBH;CN (3 eq.) o>
MeOH/Et,O o] MeOH/H,0 0
0°C > r.t,o0.n. BocHN 0°C—rt,7h BocHN
23 24
46% yield 99% yield
o @ e ®
ikaee ke
MeOTf (1.1 eq.) ' o> TFA (5.0 eq.) ' o>
' o ' o
CH,Cl, 0 CH,Cl, CF3CO; o o
rt.,o.n. BocHN 40°C,5h H3N
25 26
82% yield
B~~~
';IN (1.1eq.) 5~
N
NEt; (3.0 eq.) IO e OO o>
EtOH W o
reflux, 24 h ~N""N
s
3-OTf
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25% yield (2 step)



(R-BINOL (Zxf L CRFEAZEHIEDLZ L T6,6'MICT aEHDOEAEIT -2, KR
BT R =N~ EEEL . LAWY 18 & BRAFRIE TRz, ~a b v U F U LAAZHOG % %
T, AAVINEEZEAL, TATE F19ZEWIERTHEE, E0®RIMEEY 2 DAL [F
BOTFIEIC XL > THIOMB LAY 3-OTfF A LT, filkoeF 7 h—L kv 12T
P, RN 5% T 3 DA AR LT,

3-4-4. RSB0 RRR
B LA D 5 5, £ 33 ICHEEEA AT H{bEW 2 it L THW, =)
F AR R SR L, £, Yo a=U Hskoflt 2 LR, = Fa A X 20

I X U ASOINROG & T L 72 (Table 3-2),

Table 3-2.Investigation of Enantioselective Aza-Henry ReatiCatalyzed by-BArF

@/ ©
OO N BArF
0

0
i 2-BArF (10 mol%) s OMe

MeNO, + N PPh2 > HNTPN2 OMe NH

20eq.  pN t. erpno. | (O WA

LY

2a-BArF (R = Me)
2b-BArF (R = Bn)

entry Cat. Conditions yield (%} ee (%)

1 No solvent, 24 h > 95 (92 2

2 toluene (0.9), 72 h 80 3
2a:BArF

3 THF (0.5M), 72 h 88 2

4 CH,Cl, (0.5M), 72 h 71 3

5 toluene (0.9M), 60 h 54 3
2b-BArF

6 THF (0.5M), 60 h 60 2

2 Determined byH NMR spectroscopy. Isolated yield.

EFT ST =V REIIMeEE WY E =T = A NT NI T VAR L— N AT Ll
i 2a V., RIR T CRIGZITo7=(entry 1-4) RIS T CRIGZIT-T2L 2 A, 24
REfEIIRE R CHVEITER L TR Y | B EEMICAERM SO I-(entry 1) LirL, 51
TR =T o FAEREORBUI R N2> T, £ 2T, Hx OFEEEE TS
ZiTol=(entry 2-4) kx| THF, Y7 oo XX o EEEICHWER, WTFThogs b
72 KRR CRINMITER L TR LT, /JONTAEFMITZET IR Th o7, K\ T,
TT =Yy BT Bn i EE T A 2b 2 W TS EIT o 2 (entry 5, 6) IRt L LT =
¥, THF ZHWTRISZAT 7203, EH 0 O5E AR OIRITERS . iz, Al
T U FARRIEOEHII A bR Do T,
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T, fba 2a W T F o F A RIRMEDORBLUZ M CTROSRE O 21T > 72
(Table 3-3,

Table 3-3.Investigation of Substrates

®/ ©
OO N BArF
2a-BArF (10 mol%)

OMe
Nucleophile + Electrophile » Product 00 OMe NH
CH,Cl, (0.1 M) NJ(N_
rt.24h L
2a-BArF
. . . a dr®
entry Nucleophile Electrophile Product yield (%) ) ee (%)
(anti/syn)
Ts Ts
N HN
1 54 - 1
MeNO, e P ~-NO2
10 eq. .Boc HN-Boc
2 | 58 - N.D
ph Ph)\/NOZ
NrTS Ac o
3 J TsHN 0O N.R N.D. N.D
Ph
Ph
.Boc Ac
4 Bl BocHNj)éO 84 36/64 3/5
Ph
Ph
(0] (0]
b Q N.Boc Ac
5 O P! BocHN 0 <5 N.D. N.D.
1.5 eq. Ph Ph
(0]
N-P(O)Ph, Ac
6 i Ph,(O)PHN 0 N.R. N.D. N.D.
Ph Ph
N,COZiPr ) Ac
7 ¢ Pro,C. 0 > 95 (909) - <5
ipro,cN N j
2 NHCO,'Pr
2 Determined byH NMR spectroscopy.Reactionwas conducted at 0 “€lsolated yield.

EFT. = b AZ UEREHAICHW, 7T e FHEKROA I THT 2 INERE L7z
(entry 1, 2) ZEFE EOEHILN Tstk, BockkD A 2 U2 HWTHREIZITo 7208, WThoi
ABINRIIPREICEEFY ., 72, EAFic=F o FARREORBUIR ST,

ZTIZT, RKEAIE LTACKEZETST 7 bl TsEI{To7z(entry 3-7) €% L Ts
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KA I ZREFANTINT GG BRERMITED 2 LDk > 7 (entry 3) {1
EROT I R7 0 b OFREEENEW DI RIGHEIT L s & 2, L0 BRIEE DK
WEESE B BockD A I U EHWTRIGZIT S 72 (entry 4) Z DOFER, RAF72 IR TARRM D
Bohd iz, DTV TESLINZF U FARREORIAN R LN, T2 T, =)
FABRRMEOM L2 HfE L, 0°CERE T CRISZITo7-(entry 5) LU, RUSIZIZEA L
HEITLTEOT, AMAERDIIE SN Tz, fit\ T, EHE LI DPPREEZAT LA I
EHOTRISE T T-(entry 6) L)L, A I OREHENMEL . RISIFEETLTY
o te, OEOR EEKY | REFEOEW DIAD & W TR E{To> = (entry 7) %
DRGSR, HEAERDITENERTH LN DD, AT o FABPFEITIE & A EF
HLTWhihote,

INHLO/REY, R E Boc DA I U EAREFAICH W, EEOLEIZ OV TR
%17 7-(Table 3-4),
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Table 3-4.Investigation of Ratio of Substrates

®/ © <)
X S e AT
OMe BArF O)
OMe NH NH
SO G e ©
N N""N
J

N_
2a-BArF 3-BArF
o © N-Boc Cat. (10 mol%) Ac 0
)l\do | > BocHN 0
Ph CH,Cl, (0.1 M)
XX eq. yy eq. rt,24h Ph
Lactone Imine )
entry Cat. yield (%)? _ ee (%)
(xx eq.) (yy eq.) (anti/syn)
15 1.0 84 36/64 3/5
2a*BArF
1.0 1.2 58 45/55 1/-4
15 1.0 57 35/65 6/10
b 3-BArF
3 1.0 1.2 > 95 24/76 -3/10

2 Determined byH NMR spectroscopy. Reaction was finished at 1 h.

77 FASK LTA I a2/ MR WIS/ TRISZAT 728 24, HRYERY DI

TR T L, = F BRI M RIT R 57> 7-(entry 1)

ZZETOMFT, B 2 il L THWEGEISEREOm EAR S Roie
729, 6,60 ERERAH T H{LAW 3 I W TR O KIS Z /5 L= (entry 2, 3) %
DFEF, 77 MK LTA L v a2/MBRIFAWV D &EICB VT, BRAER A & WIEE T
oz (entry 3) ZDRE, = U FAEIMEITDT N TIEHLINM ELE, ZoRES

T, R 3 2 N T S B2 D RISRIEDRR 21T 2 72,
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FT. BEARE A 1T - 72 (Table 3-5,

Table 3-5.Solvent Effect

<@
Nee
o e
. o) BArF | Q
o N-BOC  3-BArF (10 mol%) Ac NH )
%O o > BocHN_X 0 [ OO °
Ph Solvent NN
(.

12eq. rt,24h Ph SBAF

entry Solvent yield (%)? d_ra ee (%)
(anti/syn)

0° CH,Cl, > 95 24/76 -3/10

1 THF 91 35/65 6/4

2 1,4-dioxane > 95 27173 1/1

3 AcOEt > 95 33/67 7/5

4 CH;CN 86 43/57 0/6

5 DMF 93 60/40 -1/0

2 Determined byH NMR spectroscopy.
® Reaction was finished at 1 h.

T—TILRERELE LCTHF & 144 v 2V TRt 24T-7=(entry 1,2) EH 50
DG E GICR LS ARIIEONT-bOD, Yr7aa XX B2 DT ) v F AR
PEORBUIR SN oTe, BFB=FT LV EZRHWIZHE, BONETERDIIELONTE LD
O GEIPED] EIxA b7 oT=(entry 3y FET 1 b MEARMREEE LT h= R VU L,
DMF # W= 5E, U7 AT LAth, = o FA@RRMEE IR T D585 & 72> 7= (entry
4,5), 2 CVrun A U wEEICHNT, ISREIZ DWW TRE 21T - 72 (Table 3-6),
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Table 3-6. Temperature Effect

9
i | I
) O | BAF Q
o N-BOC  3:-BArF (10 mol%) Ac NH !
Lo BN S AR S
Ph CH,Cl, (0.1 M) NN

3-BArF
. . _ dr?
entry  Temp. (C) time (h)  vyield (%) ] ee (%)
(anti/syn)

0 r.t. 1 > 95 24/76 -3/10

1 -20 1 > 95 28/72 4/8
2 -40 2.5 94 41/59 6/14
3 -60 55 > 95 49/51 8/19
4 -78 8 > 95 58/42 10/20

2 Determined byH NMR spectroscopy.

BOSIRE 2 2l 72 5-78°C £ T I THET 24T o 72, -20 "COSRMETIT 1 R ThUG 3 &
TL, EEMICENERMDE LN, L L, Eox ) o F A @R MECm B3RS
niginolz(entry 1) 0%, WEZ T T TW T2, A O T F A RN DT
DIZ A B L7z (entry 2-4) fRETORER, -78 *CTHIG & 1T > 72 K&, 8 FEf TLAUL X 78R L. 20%
ee L i b m\\ T U F ARPWE TAR DG S A7z (entry 4)
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RBIZ, AMESRORKREN 2 B 7 M EAREET D720, SRR %2 1T - 7 (Table 3-7),

Table 3-7.Confirmation of Catalytic Concept

o .Boc 0 Q
0] N Cat. (10 mol%) Ac
)3\&/0 + i » BocHN o)
Ph CH,Cl, (0.1 M)

1.2 eq. -78°C Ph
~ T ST :
s N I R o
r : o ®_ © i '
NH (9 P b OOIND BAF di
ST LT Twe A T
' 3.BArF L 28 :
. _ dr?
entry Cat. time (h)  vyield (%) ] ee (%)
(anti/syn)
0 3-BArF 8 > 905 58/42 10/20
1 TMG 15 > 95 30/70 -
2 TMG + 27 15 > 95 31/69 -
3 28 5 > 05 66/34 -6/0

2 Determined byH NMR spectroscopy.

T TV TMG 2 VT, -78 "CRIF N TRIGZAT 72 & T4, RUSIE 1.5
MRS CHERE LTz (entry 1) FWC TMG IZHRMNAIE LTRUDIL N AF AT UE=
TAT RTT U —ARL— b 27T RN U BOSE IR BN E U 2 0MRET 21T - 72 (entry 2)
L2 L, LRI R T CICRISIEFERE L THR Y |, TMG O A%z VTG R & K& 72

TR BRI o T Fe W TR G AL L7 kB9 28 Z il N RS 21T - 7= (entry 3)
%ODﬁS'E\ 5 M) CROS T TERS L IR ERINTERI PO, BN AEmm DT
CFABRMELZIE LT2E A, 20% eel3FHLL Tz syn (RIZEB W T, Apin 7 &
KTHDLEVWIRER LRI, TDOZLinh | ARIGRIZBWTTF o FARIRMEDIEH
IZT7 BT AR T L TWD Z EREESND,
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35. FllREYE
KEDE L% ~7 (Scheme 3-8

Scheme 3-8Development of Highly Active Bifunctional Organaalyst Having

Quaternary Ammonium as a Key Functional Group

SN
ot I
o)
o BArF
o @ N'BOC  3-BArF (10 mol%) Ac NH o>
gyl - sl OIS
Ph CH,Cl, (0.1 M) N N

Ph -
78 C, 8 h
1.2eq. 8°c.8 >95% yield, 20% ee 3-BArF

HART =T b o KFBEKEBS R —ICHW T, BRGSO B %
W4T -7, B 7 FIVEREZREHKIC, 6,6ICERREEZ AT D3 2Tz )
FARIRN 2 RE BT, BBTOFEE, TEF LT 7 FrOA I U ~ORIRIRIZE
T, ERRPEBEETHE LI, 20% eel DTN TIEH DB F v FABIRMED TIN5
Nic, TUVE=ULREVATAT I BRI A TALED & W S8 = T v T
AFRIRED I LA o 72 2 &b RO T v = 7 AR SIRERIRE DR B F 5
LTWDZ EDRBEhT,

SBITT E= T L EOBEBEZBE L, CKEREORBUCOWNWT S HROBE 21T
WeWEEZ TN 5,
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J. M.; Dixon, D. JJ. Am. Chem. Soc. 2013 135, 16348. (g) Farley, A. J. M.; Sandford, C.;
Dixon, D. J.J. Am. Chem. Soc. 2015 137, 15992. Also see: chapter 1 ref 4a, 4h, 6.

(2) pKap+ valuesof various base in DMSO were shown: (a) Kaljurand, I.; Kiitt, A.; Soovili, L.;
Rodima, T.; Maemets, V.; Leito, I.; Koppel, I. A.Org. Chem. 2005 70, 1019.
pK, values of various amine-thiourea catalysts in DM&De shown: (b) Jakab, G.; Tancon,
C.; Zhang, Z.; Lippert, K. M.; Schreiner, P. Bg. Lett. 2012 14, 1724.
Also see: Bordwell K, Table http://www.chem.wisc.edu/areas/reich/pkatabl

(3) ZzZhang, X. M.; Bordwell, F. GJ. Am. Chem. Soc. 1994 116, 968.

(4) (a) Cannizzaro, C. E.; Houk, K. N.Am. Chem. Soc. 2002 124, 7163. (b) Johnston, R. C.;
Cheong, P. H.-YOrg. Biomol. Chem. 2013 11, 5057.

(5) (a) Yamamoto, E.; Gokuden, D.; Nagai, A.; KamaghiYoshizawa, K.; Hamasaki, A.; Ishida,
T.; Tokunaga, MOrg. Lett. 2012 14, 6178. (b) Shirakawa, S.; Liu, S.; Kaneko, S.; ktabara,
Y.; Fukuda, A.; Omagari, Y.; Maruoka, KWngew. Chem,, Int. Ed. 2015 54, 15767.

(6) Hamza, A.; Schubert, G.; Sods, T.; Papai, I. J. Am. Chem. Soc. 2006 128, 13151.

(7) For selected examples of reactions undergoes patsee: (a) Badiola, E.; Fiser, B.;
GOmez-Bengoa, E.; Mielgo, A.; Olaizola, I|.; Urrupyn.; Garcia, J. M.; Odriozola, J. M.;
Razkin, J.; Oiarbide, M.; Palomo, €.Am. Chem. Soc. 2014 136, 17869. (b) Qi, Z.-H.; Zhang,

Y.; Ruan, G.-Y.; Zhang, Y.; Wang, Y.; Wang, X.-\RSC Adv. 2015 5, 34314.

(8) For selected examples of reactions undergoestpatbe: (a) Azuma, T.; Kobayashi, Y.; Sakata,
K.; Sasamori, T.; Tokitoh, N.; Takemoto, ¥.Org. Chem. 2014 79, 1805. (b) Arakawa, Y.;

79



Fritz, S. P.; Wennemers, H. Org. Chem. 2014 79, 3937. (d) Quintard, A.; Cheshmedzhieva,
D.; Sanchez Duque, M. M.; Gaudel-Siri, A.; Naubrdry.; Génisson, Y.; Plaquevent, J.-C.;
Bugaut, X.; Rodriguez, J.; ConstantieuxChem. Eur. J. 2015 21, 778.

80



KBRIE

Experimental Section.

General Information: ‘H NMR spectra were recorded on JEOL JNM-ECA600 (60Hz)
spectrometer. Chemical shifts are reported in fpem the solvent resonance or tetramethylsilane
(TMS) as the internal standard (CRCI.26 ppm, TMS: 0.00 ppm, GDD: 3.31 ppm). Data are
reported as follows: chemical shift, integrationyltiplicity (s = singlet, d = doublet, t = tripleg, =
quartet, br = broad, m = multiplet), and couplirnstants (Hz). **C NMR spectra were recorded
on JEOL JNM-ECA600 (150 MHz) spectrometer with ctetg proton decoupling. Chemical
shifts are reported in ppm from the solvent resomaas the internal standard (CRCI7.0 ppm,
CDsOD: 49.0 ppm). HPLC analysis was performed on 83@ 2000 Plus system with UV and
CD detectors and Daicel chiral stationary phasaral Chiralpak OD-H and OD-3. Mass spectra
analysis was performed on a Bruker Daltonics skr&i4T FT-ICR-MS spectrometer at the
Instrumental Analysis Center for Chemistry, Gradu&chool of Science, Tohoku University.
Analytical thin layer chromatography (TLC) was merhed on Merck precoated TLC plates (silica
gel 60 GF254, 0.25 mm). Flash column chromatograplas performed on silica gel 60N
(spherical, neutral, 100-210m; Kanto Chemical Co., Inc.), and NH silica gel (&% um; Fuji
Silysia Chemical Ltd.).

All reactions were carried out under an argon @mosphere in dried glassware.

Material: Unless otherwise noted, materials were purchased $Vako Pure Chemical Industries,
Ltd., Tokyo Chemical Industry Co., Ltd., Aldrichdn and other commercial suppliers were used
without purification. CHClI,, toluene, BJO and THF were supplied from Kanto Chemical Ccc, In
as “Dehydrated solvent system”. Other solventsewmirchased from commercial suppliers as
dehydrated solvents, and used under argon atmaspher

1. Synthesis of Substrate

oo o CF3
Br- R . ® 06
© X /Cl NN N Na B
N“°N ! N
/ 8 CN Ph” R
CF3 4

Compound8,' cyanamide$,imines® and NaBArE were prepared according to the literature

procedures.
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2. Synthesis of Catalyst iCl

Compoundb was prepared according to the literature procefure

N MeOTf N2

toluene
§ AN
i NHBoc 0°C —>r.t,o.n. NI = nHBee

5 6

Yy

To a solution ob (1.56 g, 4 mmol) in toluene (40 mL) was added ME@GR5 uL, 4.8 mmol) at 0
°C. After the reaction mixture was stirred at rommperature overnight, the solvent was removed
invacuo. The residue was purified by silica gel colummnochatography (CkCl,/MeOH = 15/1 to
10/1 as the eluent) to give prodéofl.13 g, 51%yield).

N@ HCI N@

| )
Ny “NHBoc 4-GioxanelteoH Y NH,

6 7

/

|
Nz

To a solution o6 (951 mg, 1.7 mmol) in MeOH (8.5 mL) was added HEM in 1,4-dioxane, 2.1
mL, 8.5 mmol). After the reaction mixture was it at 50 °C for 2 h, the solvent was remoired
vacuo. The residue was added aqueous NaOM,(20 mL), and extracted with GBI, (10 mL x
3). The combined organic layers were washed witheb dried over N&50O,, and concentrated
under reduced pressure after filtration. The olg@iproduc (703 mg, 90% yield) was used for
next step without further purification.

Cl ©

Cl
PN )
Qj"” S qN@J
NEt

¢ - OLf

CH,CI N N
RS ALY) | /
NI/ NH, reflux, 4 h N~ )LN
7 -NJ

1-Cl

To a solution of8 (710 mg, 4.2 mmol) in C}Cl, (11 mL) were added (982 mg, 2.1 mmol) and
NEt; (880uL, 6.3 mmol). After the reaction mixture was strat reflux for 4 h, the solvent was
removedin vacuo. The residue was added saturated aqueou N0 mL), and extracted with

Et,O (20 mL). The water layer was added aqueous N&DM) until pH 10, and extracted with
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Et,O (20 mL), and CKCl, (20 mL x 3). The combined GBI, layers were washed with brine,
dried over Na@SQOy, and concentrated under reduced pressure aftetibh. The residue was
passed through the column of ion exchange resirheklite® IRA 400 (CI) (EtOH as the eluent), to
exchange counter anion triflate to chloride. Thedpct1-Cl was obtained by recrystallization
from CH,CI, and hexane (610 mg, 66% yield).

3. Representative Procedure for the Synthesis of Gdyst 2a-OTf

CompoundLl was prepared according to the literature procedure

Se ol S8 &
OMe NEt3 > NaN3 > OMe
OMe toluene/AcOEt DMF OMe
O OH 0°C,2h r.t., o.n. N3
1 12
To a solution ofl1 (2.02 g, 5.4 mmol) and NE{4.5 mL, 32 mmol) in toluene (18 mL) and AcOEt

(18 mL) was added MsCI (1.2 mL, 16 mmol) dropwis€aC. After the reaction mixture was

stirred at 0 °C for 2 h, the precipitate was renibbg filtration. The filtrate was concentrated
under reduced pressure. The residue was dissoiVeF (36 mL), and added NaN3.51 g, 54
mmol).  After the reaction mixture was stirredrabm temperature overnight, the reaction was
quenched by water. The water layer was extractid AcOEt (30 mL x 3). The combined
organic layers were washed with aqueous HCM{lfollowed by brine, dried over N&0O,, and
concentrated under reduced pressure after filtratidrhe residue was purified by silica gel column
chromatography (hexane/AcOEt = 8/1 as the eluerg)\e producti2 (1.99 g, 87% yield).

@
o &
PPh;

OMe > OMe
OO OMe THF/H,0 OMe
N3 r.t., 5h OO NH

12 then, HCI N

To a solution ofLl2 (1.97 g, 4.6 mmol) in THF (23 mL) and,@ (830uL) was added PRI{2.55 g,
9.7 mmol). After the reaction mixture was stirr@droom temperature for 5 h, the solvent was
removedin vacuo. The residue was added aqueous HQW(20 mL), and extracted with AcOEt
(25 mL), CHCI; (25 mL), and BO (25 mL). The water layer was added aqueous N&OM)
until pH 10, stirred for 5 min, and extracted with &H, (20 mL x 3). The combined organic

layers were washed with brine, dried over,®{&, and concentrated under reduced pressure after
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filtration. The residue was dissolved in MeOH, amted HCI (4M in 1,4-dioxane, 1.5 mL).
The solvent was removed vacuo. The obtained produdi3 (1.94 g, 94% vyield) was used for next

step without further purification.

® @ S)

OO NHs o NaOH OO NH; CI
OMe 2Cl Bocz0 - OMe
OMe MeOH/H,0 OO OMe

OO NHs 0°C > r.t,on. NHBoc

13 14

Ll

To a solution ofL3 (1.40 g, 3.1 mmol) in MeOH (25 mL) was added agsedaOH (1M, 3.1 mL)

at 0 °C. After the mixture was stirred at 0 °C &6r min, BogO (685 mg, 3.1 mmol) in MeOH (6
mL) was added dropwise to the reaction mixture & @ver 1 h. After the reaction mixture was
stirred at room temperature overnight, the solwess removedn vacuo. The residue was added
aqueous HCI (M, 15 mL), and extracted with CH{C(20 mL x 3). The combined organic layers
were washed with brine, dried overJS&, and concentrated under reduced pressure aftatith.
The residue was purified by silica gel column chatmgraphy (CHCI./MeOH = 8/1 as the eluent)
to give produck3 (774 mg, 53% vyield).

@ © HCHO /
COCHe g OQ0K
OMe NaBHCN OMe
Ol e o252, CCL
NHBoc 0°C—>rt,6h NHBoc
14 15

To a solution ofLl4 (967 mg, 1.9 mmol) in MeOH (10 mL) were added aqiseldCHO (20M, 475
pL, 9.5 mmol) and AcOH (38QL, 6.3 mmol). NaBHCN (358 mg, 5.7 mmol) was added to the
mixture at 0 °C. After the reaction mixture wasretl at room temperature for 6 h, the reaction
was quenched by saturated aqueoug@IKILO mL), and the organic solvent was remoiedacuo.
The remained water layer was added aqueous NaOQW (intil pH 10, and extracted with CHEI
(20 mL x 3). The combined organic layers were wdskvith brine, dried over N&8Q,, and
concentrated under reduced pressure after filtratidrhe obtained produdb (882 mg, 93% vyield)

was used for next step without further purification
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— OTf
OMe
O NHBoc

To a solution ofl5 (882 mg, 1.8 mmoljn CH,CI,(9 mL) was added MeOTf (212, 1.9 mmol)

dropwise. After the reaction mixture was stirrddr@om temperature for 5 h, the solvent was

Y

OO

O'V'e CH,Cl
NHBoc rt,5h

O MeOTf

removedin vacuo. The residue was purified by silica gel colummnochatography (CkCl,/MeOH
= 8/1 as the eluent) to g&6 (917 mg, 78% yield).

O N— o O N— OTf
Oe O'V'e MeOH/Et,0 O O'\{'De
NHBoc 50°C, 3h NH3C|

16

To a solution ofL6 (917 mg, 1.4 mmol) in MeOH (7 mL) was added HCM2n EtO, 3.5 mL, 6.9
mmol). After the reaction mixture was stirred 8t°& for 3 h, the solvent was removiedvacuo.

The obtained produdf7 was used for next step without further purification

Br\/\N

®/0
N OTf R o
OMe N82CO3
0|v(|9e EtOH O'V'e -
! reflux, 24 h

2a- OTf

To a solution ofL7 (301 mg, 0.5 mmol) in EtOH (1 mL) were added,B@; (301 mg) and\-Me
cyanamide (98 mg, 0.6 mmol). After the reactiontome was stirred at reflux for 24 h, the solvent
was removedn vacuo. The residue was added saturated aqueowCNE mL), and extracted
with AcOEt (5 mL x 2). The water layer was addegieous NaOH (M, 5 mL), and extracted
with CHCL (10 mL x 3). The combined CH{hyers were washed with brine, dried over3@;,
and concentrated under reduced pressure aftatifitr.  The residue was purified by NH silica gel
column chromatography (GBIl./MeOH = 6/1 as the eluent) to giZa-OTf (95 mg, 36% vyield).
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4. Synthesis of Catalyst 30Tf

CompoundL9 was prepared according to the literature procetlure

OHC
Oy e O
(0] EtOH O
OHC 0°C—>rt,4hn
19

To a solution ofl9 (4.37 g, 12 mmol) in EtOH (49 mL) was added NaB#81 mg, 26 mmol) at 0
°C. After the reaction mixture was stirred at rommperature for 4 h, the reaction was quenched

by saturated aqueous NEl (15 mL). After the organic solvent was removiedvacuo, the
remained water layer was extracted by AcOEt (20>mB). The combined organic layers were
washed with brine, dried over p&0,, and concentrated under reduced pressure aftatith.

The obtained produ@o (4.12 g, 94% yield) was used for next step witHaudher purification.

o, 0
o) NEt, NaN, o)

O toluene/AcOEt DMF (0]
0°C,2h rt,4h N3
20 21

To a solution 020 (4.12 g, 11 mmol) and NEf9.6 mL, 69 mmol) in toluene (38 mL) and AcOEt
(38 mL) was added MsCI (2.7 mL, 35 mmol) dropwis€aC. After the reaction mixture was

stirred at 0 °C for 2 h, the precipitate was renibbg filtration. The filtrate was concentrated
under reduced pressure. The residue was dissoiveiF (76 mL), and added NaN7.48 g, 115
mmol).  After the reaction mixture was stirred #bh, the reaction was quenched by water. The
water layer was extracted with AcCOEt (30 mL x 3Jhe combined organic layers were washed
with aqueous HCI (M) followed by brine, dried over N80O,, and concentrated under reduced
pressure after filtration. The residue was pulifiey silica gel column chromatography
(hexane/AcOEt = 8/1 to 4/1 as the eluent) to grazlpct21 (3.28 g, 70% yield).

9¢ Qe A 3
O THF/H,O O
r.t., o.n.
21

To a solution oR1 (2.90 g, 7.1 mmol) in THF (35 mL) and® (1.3 mL) was added PP[(8.82 g,

15 mmol). After the reaction mixture was stirrddr@m temperature overnight, the solvent was
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removedin vacuo. The residue was added aqueous H®4,(20 mL), and extracted with AcCOEt
(20 mL), CHCI; (20 mL), and BO (15 mL). The water layer was added aqueous N&OM)

until pH 10, and stirred for 5 min. The white precipitai@s obtained by filtration, and dried under
reduced pressure at 50 °C overnight. The obtgmeduct22 (2.51g, > 99% yield) was used for

next step without further purification.

S) @
H,N OO Boc,0 Cl H3N OO
o HCI 0]
) > )
(0] MeOH/Et,0 (0]
HoN 0°C > r.t,o0.n. BocHN
22 23
To a solution o022 (2.51 g, 7.1 mmol) in MeOH (65 mL) was added HEZM in EtO, 3.6 mL, 7.1

mmol) at 0 °C. After the mixture was stirred at® for 20 min, BogO (1.70 g, 7.8 mmol) in

MeOH (6 mL) was added dropwise to the reaction umixtat 0 °C over 1 h. After the reaction

mixture was stirred at room temperature overnitite,solvent was removed vacuo. The residue
was added aqueous HCI {4, 20 mL), and extracted with CHC(30 mL x 3). The combined
organic layers were washed with brine, dried ovaiS®,, and concentrated under reduced pressure
after filtration. The residue was purified by &digel column chromatography (&H,/MeOH =

8/1 as the eluent) to give prod@3(1.61 g, 46% yield).

© e HCHO aq. -
Cl H3N OO AcOH N OO
o> NaBH;CN l o>
O 0 MeOH/H,0 0
BocHN 0°C—>rt,7h BocHN
23 24

To a solution 023 (1.50 g, 3.0 mmol) in MeOH (15 mL) were added aqseldCHO (20M, 750pL,

15 mmol) and AcOH (60QiL, 9.9 mmol). NaBHCN (566 mg, 9.0 mmol) was added to the
mixture at 0 °C. After the reaction mixture wasretl at room temperature for 7 h, the reaction
was quenched by saturated aqueoug@IKILO mL), and the organic solvent was remoiedacuo.
The remained water layer was added aqueous NaOQW (intil pH 10, and extracted with CHEI
(20 mL x 3). The combined organic layers were wdskvith brine, dried over N&8Q,, and
concentrated under reduced pressure after filtratid’he obtained produ2d (1.46 mg, 99% yield)

was used for next step without further purification
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\ /

O o AT
! o) MeOTf ' o)
o} CH,Cl, o}
BocHN r.t., o.n. BocHN
24 25

To a solution o024 (485 mg, 1.0 mmol)n CH,CI, (5 mL) was added MeOTf (126L, 1.1 mmol)
dropwise. After the solution was stirred at ro@mperature overnight, the solvent was remawed
vacuo. The residue was purified by silica gel columnochatography (CkCl,/MeOH = 8/1 as the
eluent) to give25 (531 mg, 82% yield).

Y

€] [e) @
AT oA
' o) TFA ' o)
CO° ™ & e OO
BocHN 40°C,5h HsN
25 26

To a solution of25 (531 mg, 0.8 mmol) in C}Cl, (4 mL) was added TFA (310L, 4.0 mmol).
After the reaction mixture was stirred at 40 °C foh, the solvent was removeéd vacuo. The

obtained produc26 was used for next step without further purification

Br\/\N/

0 ® | ~
e "N UL
| OO o> NEts O e o>
CF4COS, J god  )f J
H3N reflux, 24 h ~N""N
(-
26 3-0Tf
To a solution 026 (663 mg, 1.0 mmol) in EtOH (2 mL) were added NE20 uL, 3.0 mmol) and
N-Me cyanamide (179 mg, 1.1 mmol). After the reactmixture was stirred at reflux for 24 h,

NaOEt (20% EtOH solution, 390L, 2.0 mmol) was added to the reaction mixture. e Bblvent

was removedin vacuo. The residue was purified by NH silica gel colurohromatography
(CH.CIy/MeOH = 6/1 as the eluent) to gieOTf (156 mg, 25% vyield).
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5. Synthesis of Catalyst 28

BI'\/\,;I/ -
jges SERASe
' o> HCl Na,CO3 | o)
o MeOH/Et,O EtOH j‘,‘\” o
BocHN 50°C, 3h reflux, 24 h ~N""N
24 o 28

To a solution o4 (242 mg, 0.5 mmol) in MeOH (2.5 mL) was added HEM in EtO, 1.3 mL,
2.5 mmol). After the reaction mixture was stirrad50 °C for 3 h, the solvent was removad
vacuo. The crude product was used for next step withather purification.

To a solution of obtained product in EtOH (1 mL) reveadded N#O; (192 mg) andN-Me
cyanamide (97.8 mg, 0.6 mmol). The reaction mixtwas stirred at reflux for 24 h. After
filtration, the filtrate was evaporated. The residwas added aqueous HCI NI, 5 mL), and
extracted with ACOEt (10 mL x 3). The water layeas added aqueous NaOHM1 10 mL), and
extracted with CHGI(10 mL x 3). The combined CHgLlayers were washed with brine, dried
over NaSQ,, and concentrated under reduced pressure attatibh. The residue was purified by
NH silica gel column chromatography (gE,/MeOH = 6/1 as the eluent) to gi28 (29.5 mg, 13%
yield).

6. Representative Procedure for the Aza-Henry Reaicin Catalyzed by 1-Cl

Q 1-Cl ]
MeNO, + N-PPh2 > NP
N rt, 24 h Ph’i\’NOZ
$1 P1

To a sealed tube were added nitromethane (2154.0 mmol), N-DPP imineS1 (63.9 mg, 0.2
mmol), and1-Cl (8.8 mg, 20umol) under argon atmosphere. After the reactiortuné was
stirred at room temperature for 48 h, the reacttas quenched by saturated aqueoug@®Kb mL),
and extracted with C}l, (10 mL x 3). The combined organic layers were hedswith brine,
dried over NgSQ,, and concentrated under reduced pressure aftatibh. The yield oP1 (24%
yield) was determined by NMR spectroscopy using CHBas an internal standard.
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7. Representative Procedure for the Aza-Henry Reaicin Catalyzed by 2aBArF

0 2a-OTf o
z NaBArF D
MeNO, + N-PPha > nnPPR2
N rt, 24 h prrNNO2
$1 P1

To a sealed tube were add2d-OTf (10.7 mg, 20umol), NaBArF (17.7 mg, 2Qumol), and
nitromethane (21mlL, 4.0 mmol) under argon atmosphere. After thetunx was stirred at room
temperature for 10 milN-DPP imineS1 (63.9 mg, 0.2 mmol) was added to the mixture. eAthe
reaction mixture was stirred at room temperature2fb h, the reaction was quenched by saturated
aqueous NECI (5 mL), and extracted with GBI, (10 mL x 3). The combined organic layers
were washed with brine, dried overJS&, and concentrated under reduced pressure aftatith.

The residue was purified by silica gel column chatography (hexane/AcOEt = 1/1 as the eluent) to
give producP1(69.9 mg, 92% vyield).

8. Representative Procedure for the Mannich ReactioCatalyzed by 3 BArF

3-OTf o
o © N.Boc NaBArF Ac
)l\éo o »  BocHN 0
Ph CH,Cl, T
s3 -78°C, 8 h
S2 P2

To a sealed tube were add&dDTf (6.3 mg, 10umol), NaBArF (8.9 mg, 1@umol), and CHCI, (1

mL) under argon atmosphere. After the mixture st@sed at room temperature for 10 min, the
mixture was cooled to -78 °@nd stirred for 10 min. To the mixture were ad@eaketyl lactone

S2 (11 pL, 0.1 mmol) followed byN-Boc imine S3 (24.6 mg, 0.12 mmol) at -78 °C. After the
reaction mixture was stirred at -78 °C for 8 h, teaction was quenched by saturated aqueous
NH,4CI (5 mL), and extracted with AcOEt (10 mL x 3). hel’combined organic layers were washed
with brine, dried over N&O, and concentrated under reduced pressure afteatibh. The
residue was purified by silica gel column chromaaply (hexane/AcOEt = 4/1 to 1/1 as the eluent)
to give productP2 (syn: 14.5 mg, 43% vyieldanti: 21.0 mg, 63% yield (along with an unidentified
byproduct)).
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Analytical Data

]
/) OTi

N2

|
1 A NHBoc

N~
6

white solid;*H NMR (600 MHz, CDC}) § 0.96 (1H, d, J = 11.4 Hz), 1.36 (9H, s), 1.79-1(®4, m),
2.01 (1H, br), 2.13 (1H, br), 2.88 (1H, br), 3.48( s), 3.55 (1H, br), 3.76-3.97 (2H, m), 4.12 (1H,
br), 4.78 (1H, br), 5.23 (1H, d,= 10.2 Hz), 5.28 (1H, d] = 17.4 Hz), 5.81 (1H, ddd,= 7.2, 10.2,
17.4 Hz) 6.03 (1H, br), 6.51 (1H, d,= 8.4 Hz), 7.60-7.85 (3H, m), 8.18 (1H, Xz 9.0 Hz), 8.23
(1H, d, J = 8.4 Hz), 8.97 (1H, s).

white solid;'H NMR (600 MHz, CDCJ) § 0.95-1.06 (1H, m), 1.96-2.08 (2H, m), 2.18 (2H), br
2.79-2.87 (1H, m), 3.50-3.59 (1H, m), 3.62 (1H, ddi¢ 2.4, 7.2, 12.6 Hz), 3.69 (3H, s), 3.77 (1H,
dd, J = 10.8, 12.6 Hz), 4.11-4.20 (1H, m), 4.3B4%H, m), 5.13 (1H, d] = 10.2 Hz), 5.16 (1H, br),
5.17 (1H, dJ = 16.8 Hz), 5.73 (1H, ddd,= 7.2, 10.2, 16.8 Hz), 7.60-7.69 (2H, m), 7.73 (LK =
7.2 Hz), 8.11 (1H, dJ = 8.4 Hz), 8.29 (1H, d] = 8.4 Hz), 8.89 (1H, d] = 4.8 Hz).

o
7 Cl
"
XY N
NI/ ?‘N/

1-Cl
light yellow solid;*H NMR (600 MHz, CDCJ) & 1.83 (1H, br), 1.98-2.27 (4H, m), 2.41-3.43 (15H,
m), 3.69 (1H, br), 4.50 (1H, br), 4.74 (2HJt= 11.4 Hz), 5.07 (1H, dl = 18 Hz), 5.17 (1H, d] =
10.2 Hz), 5.68-5.81 (2H, m), 7.44-8.04 (4H, m),18(2H, d,J = 7.8 Hz), 8.92 (1H, dJ = 4.8 Hz);
13C NMR (150 MHz, CDGJ) § 25.17, 26.14, 27.31, 33.98 (br), 37.45, 47.43, G0)40 (br), 51.17,
53.89, 58.90 (br), 65.89, 70.67 (br), 116.84, 121221.90 (br), 125.08, 127.35, 129.33, 131.04,
137.29, 148.61 (br), 148.61, 150.18, 157.43 (Ogeadiwas lost); HRMS (ESI) Calcd fopgEizaNs®
404.28087, Found 404.28093.
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Ko

oM
OMe

OO

colorless oil;lH NMR (600 MHz, CDCY) § 3.29 (6H, s), 4.63-4.71 (2H, m), 7.18 (2H,)& 8.4 Hz),
7.29 (2H, tJ = 8.4 Hz), 7.43 (2H, 1] = 8.4 Hz), 7.92 (2H, d] = 8.4 Hz), 7.99 (2H, s).

NH3
OM ZCI
O

OO

Me

NH3

yellow SO|Id;lH NMR (600 MHz, CROD) & 3.39 (6H, s), 4.37-4.49 (4H, m), 7.13 (2HJd; 12.0
Hz), 7.35 (1H, tJ = 12.0 Hz), 7.50 (1H, 1 = 12.0 Hz), 8.02 (1H, dl = 12.0 Hz), 8.19 (2H, s).

NH3 CI
oM
OMe
NHBoc

OO

white solid;'*H NMR (600 MHz, CDC{) § 1.46 (9H, s), 3.22 (3H, s), 3.28 (3H, s), 3.48 (&M
4.38-4.62 (4H, m), 5.18 (1H, br), 7.10 (1H, d J.4 Bz), 7.13 (1H, dJ = 8.4 Hz), 7.18 (1H, ¥ =
7.8 Hz), 7.23 (1H, dddl = 1.2, 6.6, 8.4 Hz), 7.28-7.32 (1H, m), 7.36 (1H,= 7.8 Hz), 7.78 (1H, d,
J=7.8Hz), 7.85 (1H, d] = 8.4 Hz), 7.90 (1H, s), 8.13 (1H, s).

Ko

15
white solid;*H NMR (600 MHz, CDCJ) 5 1.49 (9H, s), 2.39 (6H, s), 3.28 (3H, s), 3.30,(8H 3.69
(1H, d,J = 14.4 Hz), 3.77 (1H, di = 14.4 Hz), 4.49-4.69 (2H, m), 5.17 (1H, br), 7(1#, d,J = 8.4
Hz), 7.15 (1H, dJ = 9.0 Hz), 7.19-7.24 (2H, m), 7.35-7.41 (2H, mB77(1H, d, J = 9.6 Hz), 7.90
(1H, d, J = 9.6 Hz), 8.04 (1H, s).

oM
OMe
NHBoc

OO
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®/ o
IS o

OMe

OMe
OO NHBoc

16

white solid;'*H NMR (600 MHz, CDCJ) 8 1.50 (9H, s), 3.21 (3H, s), 3.25 (3H, s), 3.49 (3}
4.42-4.73 (2H, m), 5.02 (1H, d,= 19.2 Hz), 5.10 (1H, br), 5.44 (1H, 3= 19.2 Hz), 7.09 (1H, d]

= 12.6 Hz), 7.18 (1H, d] = 8.4 Hz), 7.24-7.32 (1H, m), 7.36 (1H, ddds 1.8, 10.2, 12.6 Hz), 7.44
(1H, t,J = 10.2 Hz), 7.49 (1H, ddd,= 1.8, 10.2, 12.6 Hz), 7.90 (1H, 8= 12.6 Hz), 7.95 (1H, s),
8.07 (1H, dJ = 12.6 Hz), 8.59 (1H, s).

@/_@
SO
OMe
OMe
L s
3
17
white solid;*H NMR (600 MHz, CROD) § 3.23 (9H, s), 3.32 (3H, s), 3.35 (3H, s), 4.38 (iH) =
13.8 Hz), 4.46 (1H, d] = 13.8 Hz), 4.76 (1H, d] = 13.2 Hz), 4.80-4.92 (1H, m), 7.16 (1H,JXk
7.8 Hz), 7.19 (1H, dJ = 8.4 Hz), 7.37 (1H, ddd,= 1.2, 7.2, 7.8 Hz), 7.42 (1H, ddb= 1.2, 6.6, 8.4
Hz), 7.51 (1H, tJ = 6.6 Hz), 7.55 (1H, §) = 7.2 Hz), 8.03 (1H, d] = 8.4 Hz), 8.10 (1H, d] = 8.4
Hz), 8.19 (1H , s), 8.37 (1H, s).

@/ ©

seo

OMe

OMe NH
LA

|\/N-Me
2a<Cl

light yellow solid;'H NMR (600 MHz, CDCJ) & 2.91 (3H, s), 3.20 (3H, s), 3.24 (3H, s), 3.3223.4
(4H, m), 3.50 (9H, s), 4.65 (1H, d= 16.2 Hz), 4.75 (1H, d} = 16.2 Hz), 5.02 (1H, d} = 12.6 Hz),
5.33 (1H, dJ = 12.6 Hz), 7.08 (1H, dl = 8.4 Hz), 7.17 (1H, d] = 8.4 Hz), 7.23 (1H, t] = 8.4 Hz),
7.32 (1H, tJ = 8.4 Hz), 7.39 (1H, 1) = 8.4 Hz), 7.42 (1H, 1] = 8.4 Hz), 7.89 (1H, d] = 8.4 Hz),
7.96 (1H, s), 8.03 (1H, d = 8.4 Hz), 8.55 (1H, s)*C NMR (150 MHz, CDGJ) & 33.31, 45.40,
45.73, 47.77, 53.32, 60.89, 61.51, 64.69, 120.24,18, 124.50, 125.31, 125.54, 125.80, 126.84,
128.25, 128.41, 129.05, 129.23, 129.80, 130.36,66301L33.42, 135.64, 136.39, 154.96, 155.27,

162.14; HRMS (ESI) Calcd forgHs/N,O," 497.29110, Found 497.29110.
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@y ©

seo

OMe
OMe NH
O
2b-Cl
yellow solid; '"H NMR (600 MHz, CROD) & 3.23 (9H, s), 3.28 (6H, s), 3.51-3.58 (2H, m),
3.59-3.66 (2H, m), 4.61 (2H, s), 4.76 (1HJ&; 13.2 Hz), 4.82 (1H, d} = 15.6 Hz), 4.85-4.93 (2H,
m), 7.15 (1H, dJ = 8.4 Hz), 7.21 (1H, d] = 8.4 Hz), 7.31-7.45 (7 H, m), 7.49 (1H, ddd; 1.2, 6.6,
8.4 Hz), 7.54 (1H, dddl = 1.2, 6.6, 7.8 Hz), 8.01 (1H, d~ 7.8 Hz), 8.06 (1H, s), 8.10 (1H, 3=
8.4 Hz), 8.38 (1H, s)}°C NMR (150 MHz, CROD) & 46.47, 46.60 (br), 46.70, 50.14, 61.42, 61.77,
65.92, 122.43, 125.51, 125.97, 126.39, 126.59,7R6127.05, 128.32, 129.00, 129.22, 129.42,
129.47, 129.58, 130.02, 130.09, 131.01, 131.40,0032035.28, 136.40, 136.94, 137.54, 156.13,

156.57, 159.92; HRMS (ESI) Calcd fog841N40," 573.32240, Found 573.32240.

U
o JCILJ°
20

white solid;*"H NMR (600 MHz, CDC})  4.85 (2H, s), 4.87 (2H, s), 5.70 (2H, s), 7.29 (@) =
13.2 Hz), 7.30 (1H, dJ = 13.2 Hz), 7.49 (4H, d] = 13.2 Hz), 7.92 (2H, s), 7.98 (2H, 3= 13.2
Hz).

U 3
N3 O °

colorless oil*H NMR (600 MHz, CDC})) & 4.51 (4H, s), 5.70 (2H, s), 7.25 (2H, dd; 1.8, 9.0 Hz),
7.51 (2H,dJ =8.4 Hz), 7.51 (2H, d1= 9.0 Hz), 7.88 (2H, s), 7.99 (2H, 3= 8.4 Hz).

H,N OO o)
HaoN 00 °
22

white solid;*H NMR (600 MHz, CROD) 8 4.15 (4H, s), 5.69 (2H, s), 7.34 (2H, dds 1.8, 9.0 Hz),
7.41 (2H, dJ = 9.0 Hz), 7.55 (2H, d] = 9.0 Hz), 8.03 (2H, d] = 1.2 Hz), 8.09 (2H, d] = 9.0 Hz).
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white solid; rotamer mixturéH NMR (600 MHz, CDC}) & 1.30-1.41 (9H, br), 4.00 (2H, br), 4.31
(2H, br), 5.03 (1H, br), 5.48 (1H, br), 5.59 (1H),l$.99 (1H, br), 8.09 (2H, d,= 9.0 Hz).

white solid;*H NMR (600 MHz, CDCY) 5 1.48 (9H, s), 2.29 (2H, s), 3.57 (2H,X= 3 Hz), 4.47
(2H, br), 4.92 (1H, br), 5.68 (2H, s), 7.22 (1H,Jds 8.4 Hz), 7.28 (1H, dd] = 1.8, 9.0 Hz), 7.44
(1H, d,J = 9.0 Hz), 7.46 (1H, d] = 8.4 Hz), 7.47 (1H, d] = 9.0 Hz), 7.49 (1H, d] = 9.0 Hz), 7.80
(1H, s), 7.83 (1H, s), 7.94 (1H, 8i= 8.4 Hz), 7.95 (1H, d] = 9.6 Hz).

@
TfO °N O
' 0
0
BocHN
25

white solid;*H NMR (600 MHz, CDCY) & 1.46 (9H, s), 3.24 (9H, s), 4.47 (2H, br), 4.781(Dr),
5.01 (1H, br), 5.68 (1H, s), 5.69 (1H, s), 7.22 (tHJ = 8.4 Hz), 7.28 (1H, dd] = 1.8, 9.0 Hz),
7.32-7.35 (2H, m), 7.46 (1H, d,= 8.4 Hz), 7.56 (2H, m), 7.82 (1H, s), 7.96 (1HJ& 9.0 Hz),
8.06 (1H, dJ = 9.0 Hz), 8.20 (1H, s).

o ®

LEaee

' 0

o )
CF3CO; 0

H3N
26

yellow SO|id;lH NMR (600 MHz, CROD) ¢ 3.17 (9H, s), 4.30 (2H, s), 4.69 (1H, s), 4.69 ,($H
5.71 (2H, m), 7.40-7.43 (2H, m), 7.50 (H,Jds 13.8 Hz), 7.51 (1H, dl = 13.8 Hz), 7.60 (1H, d =

9.0 Hz), 7.65 (1H, dJ = 8.4 Hz), 8.12 (1H, s), 8.14 (1H, 8= 9.0 Hz), 8.21 (1H, dJ = 8.4 Hz),
8.28 (1H, s).
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5100
7
TfO < | @ o
NH )
A LT
~NTN
—/

3-OTf

yellow solid;*H NMR (600 MHz, CROD) & 2.90 (3H, s), 3.17 (9H, s), 3.32-3.47 (2H, m)84(5H,
d,J=15.0 Hz), 4.63 (1H, dl = 15.0 Hz), 4.68 (1H, dl = 15.0 Hz), 4.71 (1H, dl = 15.0 Hz), 5.69
(1H, d,J = 6.6 Hz), 5.70 (1H, d] = 6.6 Hz), 7.28 (1H, dd} = 1.8, 9.0 Hz), 7.41 (1H, d,= 9.0 Hz),
7.44 (1H, ddJ = 1.8, 9.0 Hz), 7.54 (1H, d,= 9.0 Hz), 7.55 (1H, d] = 9.0 Hz), 7.63 (1H, d] = 9.0
Hz), 7.94 (1H, s), 8.08 (1H, d,= 9.0 Hz), 8.19 (1H, dJ = 9.0 Hz) 8.26 (1H, dJ = 1.8 Hz);**C
NMR (150 MHz, CBOD) & 32.89, 46.28, 50.33, 53.22, 70.44, 104.65, 122123.59, 125.66,
126.60, 127.36, 127.97, 128.48, 128.63, 130.18,8B31132.26, 132.71, 132.81, 133.24, 134.06,
134.61, 135.34, 153.17, 154.38, 162.79. (One sig@al overlapped at GDD position); HRMS
(ESI) Calcd for GoHz3N40," 481.25980, Found 481.25980.

Y
| OO o>
NH
S ees

28
white solid;"H NMR (600 MHz, CDCJ) § 2.29 (6H, s), 2.82 (3H, s), 3.11-3.28 (4H, m)A3(5H, d,
J=12.6 Hz), 3.58 (1H, d] = 12.6 Hz), 4.50 (1H, d] = 15.0 Hz), 4.53 (1H, d] = 15.0 Hz), 5.67
(2H, s), 7.23 (1H, dd] = 1.8, 8.4 Hz), 7.28 (1H, dd,= 1.8, 8.4 Hz), 7.45 (1H, d,= 8.4 Hz), 7.47
(2H, d,J = 9.0 Hz), 7.49 (1H, d] = 9.0 Hz), 7.81 (1H, s), 7.82 (1H, S), 7.94 (1H) & 9.0 Hz), 7.95
(1H, d,J=9.0 HZ);13C NMR (150 MHz, CDCJ) 6 33.03, 44.66, 45.50, 47.42, 50.04, 64.29, 103.09,
120.89, 121.15, 125.89, 126.11, 126.83, 126.89,3P27127.64, 127.94, 130.04, 130.10, 131.35,
131.45, 131.69, 131.72, 134.20, 135.70, 150.98,1P5162.52.

Q
hn-PPh2

Ph/i\’Noz

P1

white solid; HPLC analysis Chiralpak OD-H (hexéﬁEIDH = 80/20, 1.0 mL/min, 220 nm, 40 °C);
6.9, 16.6 min (major); 3% e&4 NMR (600 MHz, CDC}) & 1.55 (3H, s), 4.48 (1H, d,= 4.8 Hz),
5.05 (1H, dJ = 13.8 Hz), 5.46 (1H, d} = 13.8 Hz), 7.28 (1H, ] = 7.2 Hz), 7.37 (2H, 1 = 7.2 Hz),
7.43-7.56 (8H, m), 7.82 (1H, dd,= 1.2, 12.6 Hz), 7.84 (1H, d,= 12.6 Hz), 8.01 (1H, dd, = 1.2,
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12.0 Hz), 8.03 (1H, d] = 12.0 Hz).

(0]
Ac
BocHN O

Ph

P2
syn-isomer: white solid; HPLC analysis Chiralpak OD[IrﬁexanéPrOH = 80/20, 1.0 mL/min, 215
nm, 30 °C); 6.0 (major), 8.4 min; 20% ekl NMR (600 MHz, CDC}) & 1.38 (9H, s), 2.22 (1H, td,
= 8.4, 13.8 Hz), 2.32-2.38 (1H, m), 2.42 (3H, sY3(1H, br), 4.00 (1H, g} = 8.4 Hz), 5.30 (1H, d,
J=8.4Hz), 6.63 (1H, dl = 8.4 Hz), 7.28-7.38 (5H, m).
anti-isomer: white solid; HPLC analysis Chiralpak OlllciexanéPrOH = 80/20, 1.0 mL/min, 215
nm, 30 °C); 4.4 (major), 6.8 min; 10% ekl NMR (600 MHz, CDC}) & 1.40 (9H, s), 2.08 (1H, td,
= 8.4, 13.2 Hz), 2.48 (3H, s), 2.85-2.93 (1H, mp733.65 (1H, m), 3.98 (1H, d,= 8.4 Hz), 4.91
(1H, d,J = 8.4 Hz), 5.80 (1H, d] = 8.4 Hz), 7.29-7.38 (5H, m).
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4 =
AL

AT LRI T, AR REAREE & KSR S EE 2 £ < TE M L2 ROSBASEMRIE & fi
BEBRFEMTIE 21T - T,

5 2 T [ A R ALt & F ) 72 Ferrier RN IZ S < FERFRE T U — LB DA Rk
T, AP, &2 VIIRERMFOEAEKE LTEASND, ERHET Y —
IEEY DA I ALED L 7= (Scheme 4-1),

Scheme 4-1. Construction of Unsymmetrical Biaryl Skeletons &hen Ferrier Type
Rearrangement Catalyzed by Strong Organobase

CO
< 0 g O OO
OMe TBD (10 mol% OMe 1) BBr3 OH
THF (0.2 M) \NH2
100 °C, 12 h l

8 examples (R)
79 ~ 99% yield 22% yield, 95% ee

O'V'e (s S)-Cat. (20 mol%) OO oMe |Bn=—" *’3 1B
THF (0.2 M) OO OH
100 °C. 12 h (S,S)—Cat.

Me

30% yieﬁ)n% ee
TRAT T =V UM, TBD A HWIZBRICRAF RN GO Z AR L, 2D
Mz, fhofi iR oy, BE LML O ZFHAKREBAICER LTS EELL
Too REMBEISICEH LTS, DT RPN o= U FARRMEORER L R Lz, L
MU USRI TIZRB T 24E80 78 IfbbBllls iz, £2 T, FonAEmh i
P %@ﬁé M EN AT o T, ZEORER, @V TEN I PR BINOL 758k 2 15
EITERED LTz,
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WIEFE AT =y AZEERREICHW T B AR A OB Tix. B
4T =T b a KFBEKBREE R T =L LTEATHZ LT, mtEEOEANATRE R
B RE A A5 o B FEMIFSE 2 1T - 72 (Scheme 4-2),

Scheme 4-2. Development of Highly Active Bifunctional Organaalyst Having

Quaternary Ammonium as a Key Functional Group

@

~N
i | LI
BArF Q

0
o © N-Boc Cat. (10 mol%) Ac NH )
+ I > BocHN&O A 00 ©
o) M ~
Ph CH,Cl, (0.1 M) NN
126 -78°C, 8 h Ph —
2 eq. > 95% yield, 20% ee Cat.

T FIVEKEREERIC, 6,6 ERER A B A LAl 2305 L. IO E M
BINOL 725 12 TREZR THEMEZEM LTz, B LIAbEW A LTHW, = FF
BRI EZRATE ZA, TEFAT 7 DA I U ~OMIIBISIZBW T, BIE
THEBRDNE LN, BN ARYIE. 20% eek DTN TILH 5N T o FARIRMED
BN SNz, T2y L EET I ) EANEEX Il =L 2 A, A=
FUFABIRMEDRBUI R SN2 -T2 2 LD RSO T o F A RIREDFEHIIE
TR LAENEELTWD Z ERREBINT,

AWFFEL D . A RSO IV TROSMEEE, 36 X ONLARRIRME DR BLUKFE RS
FERMRS B LTS Z ERHLMNE o7z, FRIZ, TUE=T L o KFKIZL DKHER
AlIAERFEERTH Y . Zie s U CRBEE R ICHLAGAA T ENTIE & A Ee v,
AN Lo TH BN E 2o T KEREREZ T, 4%, mIEMED D@ LR 72 A
By 1Al oo BAFE 2 W3 2,
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FFRam 3 H %

Chapter 2.) Synthesis of unsymmetrically substituted 2,2’-dihydroxy-1,1’-biaryl derivatives using
organic-base-catalyzed Ferrier-type rearrangement as the key step
Terada, M.; Dan, K. Chem. Commun. 2012, 48, 5781.

N8 - WARAZ —FFKHGF

OrgEz*R

1) THHEYEHIENE P2 R A 7 7 B oAb M D% 3B % |
HA LSAE 93 FEZES(2013) mfERTE ObZ - < &0F ¥ L3R
Rk 25 4E 3 A 22 H(4)~25 H(H)

2) T MR Sk 2 FlV 72 Ferrier RURAZICJES < FEEFRE T 7 F LB M DA
A AR 92 HEES(2012) BISKRY KEF v /382
Rk 24 4E 3 A 25 H(H)~28 HOK)

3) ARG ELihit 2 I\ 7= Ferrier BB 123 < IR E T 7 FAALED DB AL
HA LSS 91 HFF2(2011)  ME)IIKRY: MiEX v 3%
Rk 23 4E 3 A 26 H(+)~29 H (k)

Q@RA L —3F

1) TDevelopment of highly active bifunctional organocatalyst having quaternary
ammonium as a key functional group]

Pacifichem2015 Hawaii Honolulu

Wk 27 45 12 A 15 A(k)~20 A(A)

2) [Construction of Unsymmetrical Binaphthyl Skeletons Based on Ferrier Type
Rearrangement Catalyzed by Organic Super Base]

55 B AL SO Y A EEBERE H A% S

WK 24 4E 10 A 26 H(4)~27 B(+$)
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3) [Construction of Unsymmetrical Binaphthyl Skeletons Based on Ferrier Type
Rearrangement Catalyzed by Organic Super Base]

HAEKRZEX ¥ LR T U7 ~v—27 —b FAKRFE EHFEELF ¥R

Pk 24 45 8 H 20 A(H)~23 A(CK)

4) THFEFRE LA A N 72 Ferrier BRI EE S < FERIFR BT 7 F AL AW DAL
Rk 23 AR FHERIERS HJIERE JIINF v /3R
SRR 2349 H 17 H(+)~18 H(H)

5) AR SRR 2 IV 72 Ferrier TUEAALIZ IS S FERFR E T 7 F /LA DA R

%28 MAMAALFEE I — [WBRKEER WO
Rk 234E 8 H 31 HOK)~9 H 2 H(%&)
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