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Ac acetyl

acac acetylacetonate

Ar aryl

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
bod bicyclooctadiene

BOX bisoxazoline

Bu butyl

CMD concerted metalation-deprotonation

conv. conversion

dba dibenzylideneacetone

DCE dichloroethane

DiPAMP 1,2-Bis[(2-methoxyphenyl)phenylphosphino]ethane
DIOP 4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxalan
DMA N,N-dimethylacetamide

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DPEphos 2,2'-bis(diphenylphosphino)diphenyl ether
DPPBz 1,2-bis(diphenylphosphino)benzene

DPPE 1,2-bis(diphenylphosphino)ethane

DPPF 1,1'-bis(diphenylphosphino)ferrocene

DuPhos 1,2-bis[2,5-dimethylphospholano]benzene

ee enantiomeric excess

equiv equivalent

Et ethyl

FG functional group

HMPT hexamethylphosphoric triamide

i-Pr isopropyl

KIE Kinetic isotope effect

nbd norbornadiene

Me methyl

mp melting point

MS4A molecurar sieves 4A

NMP N-methylpyrrolidone

Ph phenyl

PHOX phosphinooxazoline

PQXPhos polyquinoxaline-based phosphine

Piv pivaloyl

quant quantitatively

Quinap 1-(2-Diphenylphosphino-1-naphthyl)isoquinoline
QuinoxP* 2,3-bis(tert-butylmethylphosphino)quinoxaline
Salen N,N'-bis(salicylidene)ethylenediamine

SDP spirodiphosphine

SFDP spirobifluorene diphosphine

SEGPHOS 4,4'-bis(diphenylphosphino)-3,3'-bi(1,2-methylenedioxybenzene)
SpirOP 1,6-bis(diphenylphosphinoxy)spiro[4.4]nonane

SPRIX spiro bis(isoxazoline) ligand



TADDOL
TBAF
TBAI
t-Bu

TfO

THF

THP
TMS
Xantphos
XDR

a,0,0,0- tetraaryl-1,3-dioxolane-4,5-dimethanols
tetra-n-butylammonium fluoride
Tetrabuthylammonium iodide

tert-butyl

triflate (trifluoromethanesulfonate)
tetrahydrofuran

tetrahydoropyran

trimethylsilyl
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
X-ray diffraction



|

&
L

|

Gl R i
BRBRB

HE [

\
/!

N

/:

N

/:

EBRERE
ZERZBZRE |

.

/!

v

/

v

/

CHEBEHIHE | BB B R

I
= ]

3

|

¥ W B W
g g g

=R

B &

s R

=

X 7 VBN 1

P g =RitE I WA S
A A X =
AHRGE DAL

2 Rk

Pd fitic L B4 VA XV — VR 5 TO

E#K C-H 7 UV — LK DOR% L % 7 NVENLF DEH
s

A RBIA Y T2 — )V ENL - O FT HUE A 1 BR A O g
C—H fEAIEMALIC & A ERERE A

AT O EFBRICE T EENT U —UAbRIE

AV FXY =B E LI EEN T ) —AE s

BT NVHEE ORGE & WIHIRES

OGS D Beifb

FE — et oGt

AR St DAL (8 R

B SR T B % Rt

C-H &0k o B

HETE BUSARAE

BOG A R R O FRA

BTV — Ik B A n A Y F % — R A DER
A a2 ZOVEL - O A RSO~ i
HBOEOELD

Z7E 3R

FEBRIA

A IFFY Y —NVOBERELTHIZLS
AR ERET Y —)VENLF D%
=

2 ERAE T — VBT DB
BB AR L OATER

ANFE A S s~ 0D 3

10
12
13

17
18
20
21
23
26
33
36

40
43
44

52
54
55
58

76
80
86
88



FHEEmOE LD
57 SCHR
FBRIA

WG

A

90

91

92

104

105



B—E MEER

Paivaxd

=1

il

—fi &
FFEEFOLIICEZRITOMENREHGZERAEDEONRWEE, TOMEEZFTLEF S, 1
MEINTHLGE. [F— TR BEWNZEBR ORI D DR EEKREZ RS, 26 DO BMEARITE
BEMARD DI o TF A~ — LTI D, T o F A~ —I TSR Ut 2~ 305, AW
EHEICBWTIREVWAEL D, £UE NMERORE D ZH S Z IV BT —HoxF o FA~—Thd
LIKOT X JBEOHTHER SN TEY, DIEROT IV BEEERVNLTHD, Tz AMOERN
SRR CIEmM = F A~ —RNER e bEME LGRS D, B2, = v FA4~—MTAMM
KL DTV ITEVO D 26EMDH Y . MRTHER T 2 AP - TR FEOMWE N R D b D HIF
FEL TV %, 1957 FRICfIREEFFIR & U TR Sz ¥ U R~ Rid, RIKICIHEIRIER ., BEFIERAN S
B—J7. SIKICIHETER (FEHBIEM) b5 & L THRABOIRER G252 Lz, Zoff
B L TlE, REEDAEZEE L TH HEREHSICEMRN T & b3 25 2 &A% 1994 4R ICGIES 1L
TWh, 20X F U FAY—DBENI LV EYEENRR L5808 5720, = F rFAh~—0
BROGHITHERER SN TV D, TF, BHEHEEEY 2 B0 ERL ORI ITHIMERIZH Vv | REE,
BT S IR 72 & OBEREMAEHZ B W T PR L EMOFTEITE L > TWD, Thwx, )
FIEMEAL G 2 KENOBEICHHE T 2 FIEORBITBEROAEE ML FICRBT 2 BEEREO—D &
2o TN D,

HAEMACEMEGL FEEL LTI, (1) 7 2 7B & RIRITHAET 2 224l CAF rTRE 2 0 FHE
ML EW 2 BN W2 51k (707 —0ik) | (2) BRSSP 2351 2 EWN G Rkik, ()L
ENE. (8) L RE S EIEIC KIS N D, TN —VETIE, (b¥EEREH D WIFZENL Eox
FNEPLETH Y | 82 2 HBEFEARONRWIEE B2 < B 5, EWRIE RUE TIXIER @WK
BIRMUENHEONDRBMELIINTND b OO, THEENE, pH - IREKFM, SO EEE Rt & o i
FAETHIRDA Z W, PR ENETIE T B I RO GO F v FA~—%25FT 570, —Hox=F v
FFAw—DHENE LT HHERITBN O T4~ —IBEEY & 720 | FORRIT T D,
O DHEIK L, DEOAREFND REOHAEERZ G TE ., MBEGEMAROIED 43 1F % "6
T 5 MR A F G AL ITIERICAARFETH Y | 2 E TIZEEZ < ORIEHERE STV 5, 2001
T Z OB ORBIZE S Lo Bk BIR#d%,. W. S. Knowles i1, K. B. Sharpless 4% ® 3 K2/ —
SUVEBRBEONTZZEND S ZOSEOMRILFM & EEOMNE THENA LR FHMiiS N TWD &
525,

FR IR AN 75 B B C I AR S SO TE M & SERBERME D822 > TV D, RIS, IEMEHLTH 288 I
fLL7z TR IAERMLF) IR Y | @ROEFIIMEE MO ARFRESHE S TWDH 72D, AHAMED
BV T VR A DR EH K O AIAIR T B A AL ROS I O R E R BEHR A2 HO TN D
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1966 FIZEK HIx, vy ZHEEA X T RN & L THWE Cu kiR Z it s L, Ay s rrmx
NSO BIFEIZ TN LT 5 (Scheme 1-1) Y, Z ORISIZEBIT DAY O F o F A~ —iFIHRIT
DT 10% ee TiXd o723, [T VENA TEM L @B AR AL L THWT T vx 7 1725y

AL SO % it X — 5 OB 2 RBIRAITAE D T 2 L TE | BFEEER G LN Lol
LW ZFTHH LIS Th 5, OFILFEE IS A TR BITIRE <. Thae IR
bR D BT ARG AL FIZ BT DRI R D—>o L 7r o7,

Scheme 1-1. First example of catalytic asymmetric reaction

\
Ph \ ”, N ’/H

% H H Ph
10% ee 6% ee

\

Cu cat.

HIDOARF BSOS DBIFE LK, R OF 7 VBN A8 2 E TICHE SN TWD 2, 1ThH,
MoV VHEF%2 RF—8 LIeBR A7 4 VEALFIEY 7 R VIRFICHKRT 2L AE Fxt 2 o7
B, Y7 FRAREAe R T L & O R ERERE L OB WBIRIME bR > THF I RN~ &
ISR SN TE 3, HAIOFIE LT, 1968 12 Knowles © I RIHFMEAR HRE AR A 7 ¢ BN 1% U
7o Rh filtif |2 & 5 R KBS & s LT (Scheme 1-2) 9, #oi%, B—FRMEETH 25 Wilkinson fif
BED PPhs % P M 69% DA A 7 4 VEML FIZE E X 5 2 & T, BADOAEM % 15%ee THHH Z &
2R L7z,

Scheme 1-2. First catalytic asymmetric hydrogenation using chiral phosphine ligand
Rh(L);Cl3

Me" P
Ph Et;N fh pH iHPr
COOH benzene/EtOH COOH
H, (20 atm), 60 °C (69% ee)

Knowles & D% Z JVHER A 7 ¢ B 12xF LT, 1973 #121E, Kagan 512 & - T Co X% £F
DOF TV JER AT 4 VBT DIOP 3B S 47z (Scheme 1-3) 9, AREUL 1% R K EALBE 2 3t
L72fESR. 95%I % 72% ee D) o F A TRPWE THEMM DG HAL TV 2D, DIOP DBAFIL, (1) )R
A7 4 B DF L— MR K D IR AFRESEGE SN D, 2) LT L b YU SITRFFLHR
B DB L TR < BT OB RACFET D IRBIFE T OARFHLTHEN- = FA&RMEEZ T, (3)
Co RIRDMEEN AN RAF R L AT L Vo Tt HERIMA AL b2 b LT,



Scheme 1-3. Rh/DIOP-catalyzed asymmetric hydrogenation

H
0=
Ph, :NHAC RhL)CIS ~ Ph. NHAc Me>< PPhy
— _< * Me O PPh2
cooH Hz2(1atm) rt COOH H
S = benzene 95% vyield L
72% ee (R,R)-DIOP

D%, C2 MWMEZFFOF T IV JER AT 4 LI OV T DOHIENEAATDID K D27 -o
7o FTH ) — LB ZEFE Th D Knowles, BFHEK & ABHZE L2 7 VBN 13BN 776 L =
Y FABERNMEEZRT, Knowles & 723B%8 L7= DIPAMP (ZHi/3—F% 2 Y ViR TH %S L-DOPA D7)>> T
DTHENEEICBOCHASLTEY (Scheme 1-4a) 9, FFK HEA%E L7= BINAP I3FEFEOFECH
% (-)-Menthol ® T3#89ERK 7 & 2 AW S5 (Scheme 1-4b) 7,

Scheme 1-4a. Rh/DiPAMP-catalyzed asymmetric hydrogenation

Qo
MeOWCOOH [Rh(L)cod]BF MeO:©/\‘/COOH HO:©/\‘/COOH oo [ OMe
—_—
— P.
NHA NHA NHA "
AcO ¢ Ha AcO ¢ HO ¢ @ ©
L-DOPA .
(R,R)-DIPAMP

Scheme 1-4b. Rh/BINAP-catalyzed asymmetric isomerization

SO P ”
X NNE, X > Net, OO 2

OH

PN

(-)-Menthol L

(S)-BINAP

INETHERTELART ¢ VTS WE G A2 R TR T 523, — 5T EFEEOEN
NI —#Arz A Lo 7 VBT 28 S 22 SOSTER M 2 R 3701 b s STV %,
Scheme 1-5. Rh/chiral diene-catalyzed asymmetric reaction

(@ O [RhCI(CaH4)2l2

O
ArB(OH "
. E)r )2 (R,R)-Bn-nbd _ Ph%b/\lph
dioxane, 30 °C “IAr (R,R)-Bn-nbd*

(b) [RhCI(C,H4)sl,
NS , (R,R)-Ph-bod* HNTTS ; Ph
+ (Ar?BO -~
1J'\ ( )s KOH/H,0 A

dioxane, 60 °C (R,R)-Ph-bod*




2003 HETHRDIEAL T 4 & FF— L LR T A vy
B Bn-nbd*DBAFIZ R L=, — DX T AR F L r
U AN S IR D RFMEEET V=V E T V=R e
FED af-REAFNS N~ LA 35\ T il

Figure 1-1. Chiral diene ligand
reported by Carreira and Suzuki

T L 37 UK 2 B LTV 5 (Scheme 1-52) ®), A Me., OMe MeO., Me
ISOBIFELHNL E AR AT 4 VBT Th % BINAP 73 7 R~
TR T & SALTUV2 O, i S B f D5 B YARS VAR

DU LGN EVEEE R T ENEAIN 0, T LY Ar = Ph or 4--Bu-CgHg
T RN FORBICE S TWVWD, ¥ T LT UEAT

BINAP & W72 fillfi % & bl U 72356 . SERIEIRIMEITOH 2 00, filllii &4 0.3 mol %2 E THlL
LTHIERR S LAMINBIEEIT LT D, E72, 2004 4EICHRE L 7= Ph-bod*Ahz 113 = 27 w7 it
ERWIZA I ~OT U — LR U FERIEO RF AN & @, @SRRI T S % (Scheme
1-5b) 9, ZOFERIF. F TN T UENLA O R EEY 22 SOMEEN AT K0 AT ORI ET e BRI 72 451]
EEZ D, Fio, [FREHIC Carreira, 88ASIZ L > THXF TV U ENFHBHFE ST 5 (Figure 1-
1.) 10,

YDA IVREERERFAFE RN LTI ARMFH Y VRF R =R TELSFIHE
NTCWD, FHRENL IR AT ¢ VBN & LT, — RRERFICHRT 2 IEAE x5 FF
D, EREET OISR T RNV ERREEE LTHETOND, BRI R —42F7T 5% 7
B DORFEF & LTHFH Y U % R —ICHW2 BOX Bl 7+ 2321 Bt b 1,

Scheme 1-6. Asymmetric catalysis using BOX ligands

R = allyl or Bn

(a) BHTO CuOTf/ L1
9 R, LAH
RNe DHTONSy, _(tmal) R PRA o
O CHC|3, r.t. CO2BHT

up to >99% ee

(b) H
FeCl, /L2 O 0 o
0 o (10 mol %) / I | IJ
; N~ O N N L1:R=1tBu
)v I, (0.5 equiv) - 4
*+Q N g ‘ R BOX R

@ o L2:R = Ph
-/ CH,Cly, -50 °C  85% (endo:exo=97:3)
80% ee (endo)

BOX Bifiz 13 1990 T IER HIZ K o THID TEHML S, £ DORFIG~DIETER A AED R E
721D RFFRPES S ~D MOV TIE, 1991 41T Evans 578 Cu()gAZ2 W=V 7 VY = AT LDy
7 a7 asN A% (Scheme 1-6a) 13, & 512 Corey & 73 Fe(lll)
% FV 7= Diels-Alder it % [RIREIZ 32 L7 (Scheme 1-6b) 14,
I 6 OHE EZHIZ BOX B 1% W2 R F b R D RFSE
MEBIZTER L, TV R— VT U AL EEL N I H &
TS W,

e R —%2 67 2% 7 VB 7121, TADDOLX°BINOL
DEI T F—NVENL TR HITND, 2 S ORI 71ET = TADDOL BINOL

Figure 1-1. Chiral diol ligand




FUMRNL & LTEE T v ax s REfAZ 52 5, AiEMIEREE & 0P R 23— i
B & — RSB LOIFE LWHMAGDEITER L CWb, A — VBN 12D 7 B8R
(ZLewisfigfilit & U CHRIH &4, TADDOLIZ T VT & Rig EOREFET X NALKIEDIZ, BINOLIZARAE
TV R—= IV IRORARFE~ A 7 WAINEOR 72 EIZHWH TV D,
ZO LI, FF—8inideE .o & OMESCEFIMEIZ L o THBHEMICE#EN 2 ELY 5 2
— T, BT DORERFHIB WAL ARRMHE b BERER TH D, RNAT 4 VRNV TR
%%®EEM@t%E<%%ﬁ NITHITEY . Tolman "8 L= & R—h A 7 « 8k [ #fh
(cone angle) (XENL D &R S & ERALT HIIE L L CHINL OSSO FHI BT 2 A & 72>
TWBW ) FEEITR R T ¢ VENL O i SITPOSTEEIC R & < BE 5.2 5, Bl xE, RIGHEOR
WAL 7T V= EHW = a2k v 7Y 7 TiE, Pt-Bu)se EDE @V AT 4 VBN FBIERITH D
ZEBMBNTNDE, ZhE, RAT 4 VENL I K DR LDA~OEWE TGS, BT
D ST L SRR E U, BOSTEMERE CTd 2 B A EFfgE A O ERPMEES N D06 TH D, S
HIZ, EE ST L DR RIT, BB ORI BB L TV B,
X 7 NVENL A DOBAFEICIBN T, SAREIMEE O BEERK & L TRFIR & 72 2 NA B OBRIRN T
D, BUEE TICHTE SNIoRERRF T BN+ 42 UL FIZRd (Figure 1-1.)
Figure 1-2. Chiral ligands

tBu
j><(\> : IP<Me
+Bu i >
PHOX Salen DuPhos QuinoxP*
SOuRed
_N PPh; PCy,
PPh, O PPh, thp%
PPh, o PPh, PPh, H Me
YOERed
0]
BINAP SEGPHOS Quinap PhanePhos Josiphos

ZZTRLEFINMVEN A Z2XT VT =N T 2 & R EXRT T 0 — HEX 7 U T ¢ —,
EMEX 7 VT 4 =K EN 5, FLEX 7 V7 4 —1ZZ < OF T BN IR ST D, 620,
BOX X° PHOX [ FEM 72 7 X /e B A S, IRFIZHF T AFLE RO, STk ~7- DIPAMP <
QUINOXP*|EL U N F T NHL L 72> TEY | @R LIEHFICAFR A5 TE L, W7 V7 1 —
T U =T V= EEDOREENRHIE SIS 2 TX T U T 0 =B LTV, fREH & LT BINAP
K> SEGPHOS. Quinap 72 ENZET b D, WERFIMELZF > T\bH 7o), < OfRICHWLN D
M, FRREREA 2 5 XD 2 @mIR T IR 7 I E SN S, miEF T U7« —IiX PhanePhos <°
Josiphos ® X 9 (CEH DO EHEAHIME S AL, HFFROEFEEN R ENDE ZETHRT VT 4 —NEHL TV
Do HAFKE LTHWONLI 70T 7007 = ut UTHECEWEZEEEZ b OFK Th D, 77,



Josiphos (% 150 Ffi &, DOFERBHFE S TE Y | TV H#H 2 R 3 29,

INHITMZT, BEEXZ V7 14— (NI YT 4—) ZALEXFI7AERMFBB STV D,
2009 4, KEFE OIOLFEMRIEIEMEZ AT OR Y v —IZR AT 4 UENLER A B U723 e AR Y
~—% 7 VB PQXPhos Z BH%E L7, RENLFZ2 AT LD e AKICEAT 5 Z & T, 94%
IR, 97% ee T U MAKIKDR G HAL TS (Scheme 1-6) 29,

Scheme 1-6. Asymmetric hydrosilylation using helically chiral ligand

SiCly Me
N._ \H
[Pd(u~Cl)(773-C3Hs)]2 Pro O
(0.05 mol %) PrO Pz PPh;
(P)-or(S)-P(I-m-n) N N
R N
(0.2 mol %) SiCl, Me
X + HSiCI3 >~ R : Me z
0°C N N .
up to 87% PrO N/ Ar*
Me I (P)-or(S)-P(I-m-n)

ZD X, FIAERNM IR O B L ORFEREEOBEICBW O TEETH S, Hil-7e
BRESCAFTEROEANZRALD Z LT, BFEO L DR 2 5 BB T VENL A DBIFE~DEN
BRI, ZHE TICRWVEWABENE, SRR O EREN G TE 5,



B A aB% T LENL S

WO k5T X T AR ORIz sy Figure 1-2. Chiral spiro skeleton
T, AAE %iﬁ%%@?%%ﬁ%ﬁ L O HERER

Th b, EOSTHSRIRME S EBT 2 7= DICIERICH ( >
B ORIE S NBERB ARSI D), = BT Ol - \ / \

SRR 2 R BB SARTE RS & AT L.
EWVBRMEZ BT L LEZ N2 TH D, TH,
MIE 2 BRI T VT 40— %25 TE52 00, AV {LAEWOREFERKE L TCORMANER 2%
DTS 2, 2 fbEME T SORND—ODRFZ LA L7TbEMTH Y . BRI O ERIFRIZ
o AavehLnxZ U7 o —%F> (Figure1-2), BIEE CICHIE INTREN R A G267
%% Z VBN F A LU FIZRT (Figure 1-3) 23,

Figure 1-3. Spiro chiral ligands

)-isomer (M)-isomer

> HON
\
X
PhoP PPh; HO OH NOH
Chan, A. S. C. Birman, V. B. Dupont, J.
1997 1999 2002
Ph,P (@)
7
N
’ PPh, Ph,P
Keay, A. Ding, K. Ding, K.
2004 2009 2012

1997 4£IZ Chan BT A B EZA T HF 7 /VENL & LT, A R[44]) T BHEICHR AT ¢ T A
k& R —& U THAIAAT SpirOP % Bi%E L7- 29, Z OME 2 3210 kk ~ 72 A B a B Z VBT -3
BIFE S TS, HTH, Zhou B, FEARICHIZEZ R L TRV, EEIZET DR EHRE L T
%2, Bz X, 2003 T L1-A BB EA U F EEZ 10 TR T VES ISR L7z SDP B+ % BA %S
LTCW% 2, REN % AWV T =0 A X 2 7 R ORFRFEIS T, < b3 nhofil
B THST AT L a— L EZIEFEICE N T F @R TE 2 %5 (Scheme 1-7),



Scheme 1-7. Ru/SDP-catalyzed asymmetric hydrogenation of ketones

Ru/L
(0] (0.003 mol %)

t-BuOK, i-PrOH
Hy

Ar R

OH

PN

Ar”* 'R
up to >99% ee

F7o, 2005 FFIZFAE R E T VA L EX TVERICHIA L2 7 VBN f- SFDP & BH¥E L7, ARD

LT Z T iR Cix. BINAP %
JVIR R D AT K FEALSO
8) 24b)o

DEAFD ¥ Z VN2 W2 TIEREECTH -7 o p-RE8FH
IBWT, @R - @S TSR HENAERY % 5 25 (Scheme 1-

Scheme 1-8. Ru/SFDP-catalyzed asymmetric hydrogenation of unsaturated carboxylic acids

OAC)2L

_

H, (6 atm)
MeOH, r.t.

R/\(COOH

R = Me, Et, n-Pr,
n-Bu,t-Bu

VIR T h % T L A B B SRS 2 R L 7 RSB BRI
A Y AFAY gL B e L 20,

25,260-f)
A

R/\\‘/COOH

Me
88~92% yield
up to 97% ee

Me

Me

Ar2P PAr2 L

7 — )1 268

WHRSEFRL, A A9V Y~
FHT I ZNB A IF =)L

BN T I )IRAT 42BN TSk e R A R AIA TS A B r B T VB T A B LT

% (Figure 1-4),

Figure 1-4. Development of Spiro chiral ligands in our group

~N 3\\ Br,’/
H,, \ H
R R M
[ _N N\N

R -N N~y R N
(@] R; R

isoxazoline pyrazole

isoxazoline,
isoxazole

isoxazoline,
isoxazole

HTh, xzm%%

FAZF (SPRIX) 1, BRIEAIZRIFIC

Ixt LT

thiolactam

H\“ o/ N N ~0 H

isoxazoline

imidazole aminophosphine

Rb—Er e LTA Y AFH Y U U EMBPIALTEAE B EAL VY AXH VY
FEMEL AV AFF VY LTHRT BIE 0 R —4

%ﬁ?éﬂ?7/lx@ﬂ¢€’—“(%6 Z DRFEATED U TARFRILIIBL LS & & = T o F A R IR A2 i



T5 20, BRI, SHFZEE TIL SPRIXIVNT 20 Al 2 e = = AL S DOBRALEURIZ B\ T, B
IO BRILIR A 89%ILH, 92% ee TH- 25 Z & A HM L TW\% ) (Scheme 1-9a) , AT HIAH] & 72
2 i) AR 7 PA(IN/PA(IV) S DB T o %o AT IBW T, BEFOEML 1 ToH 5 BINAP X° t-Bu-BOX
EHWZEZ A, }iﬁm‘ii@ﬁuﬁ%f#@ﬂwﬁf HI DA E LTS A, SPRIX O X 9 ICmE»=
FUFABPEIIE LN TR, Fi2, BT T SPRIXIRTZ U0 MMl L 5T v =7 mas
YT COBRIBT T & %ﬂevft)ﬁﬁs%i&% LCW5 29 (Scheme 1-9b), ALJiiE Pd =/ T —
N ORRMERRHARSREZ ) T 2 R AL HIOWERH T 5, AREUSIZIB W TEAFADORNLF Th 5 BINAP
X Bn-BOX Wz & 2 A, BROARMITR LR, 26 ORRIL, SPRIX IZ X K2 7e
MEHER R AR LT D,

Scheme 1-9. Pd/SPRIX-catalyzed asymmetric cyclization

(@ Ph Pd(OCOCF5), Ph _
|| ve Ligand . Ve L1 L2 L3(R=tBu)
j/ PhI(OAC), 0 yield (%) 89 56 39
0%~ o AcOH, 50 °C 00 ee (%) 92 rac 2
(b) Me Pd(OCOCF3;), Me QAC 0 L1 L2 L3(R=Bn)
| | 0 Ligand AcO™
/Ej - yield(%) 81 0 0
0, \
(0] (AcOH/toluene = 9:1), 0 RA ee (%) 58 - -
Me 60 °C
3 0 0
i-Pr H -Pr PPh; m)
\ 5 PPh, N N
i-Pr” - N\o i-Pr 5 R
L1 L3
(M,S,S)-i-Pr-SPRIX (R)- BINAP (S,S)-BOX
LbD X 5z, A el Z g%, WIE 725k 2 7 GREF OB L 0 BT RS EERD R

R LD B b EE STV D, B LotéﬂF7/1/EP/u0)7‘YZ:ﬂ:%>t_ DIZ< < RAEMRBEROS
IZBWTEmWA TR TE 5,



FIET A YA X —L

AV AFY Y —/LiE, 1888 4F|Z Claisen HIZ L > THRASNZERZ -—BIEHFEA L LD 12-T YV —L
HONTuHEHRRTHD B, A RT U EDRERYOLANNVT axy 7 XY U DL RAEY
TEMAL G 20 OMREAMEL N b b2 EE el => hd 1->ThH 5 (Figure 1-5),

Figure 1-5. Example of isoxazole compounds

O\\ /NH2 %/OH
V) O O
[ \ COOH
ZN\O 5
1 / \
Isoxazole
valdeCOX|b Ibotenic acid oxacnlm
C10H210
N %OCSH1?
1
N

Liquid Crystal Ar

Flo AV AXH Y = MIEER RO E R T T ARPEEE LTH RIS TW5 3 (Figure
1-6), BlZIE, T/VF ALK TS D Z L TH=U AEOIENFIRETH U 2, FALIRFBICHBITHE
RERALBATA D 3, /2, HRMICE 2T DV VERAOEHB M BTV 5 3, BIrsiE T Tl N-
OfADRAERT, p—=F I/ h a2, SOOI TS5 Z & TL13— VNV R=/bEY
BFEHND B, vy MEEOFET, U7 VIEEMEDKIRIZ IV AF PO UL B TE D D
ELHEIN TN D ),

Figure 1-6. Transformation of isoxazoles

""" T 7\ i"ﬁ . RL_COR? :
X N/ \ N R" “CO,R? N~ O 5
R™+0 \0 _ !
isoxazolium Rh cat. R R I

Isoxazole .
salt ____Oxazine !

__________________________________________

' R R'

IX=CI,NH,  X=Brl, , . | .

! 2 NO P azirine p-enamino ketone 1,3-diketone
2 1

___________________________________________ o
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IHIT, AV FFH Y —VEOEFR L OMHRE EOINLE T3
Bfr R —& LTliE, Mhae @@ L8R T 5 2 L2 b T
%3, X INEAMF~BFHINTE Y, 1999 4T Steel H XAV
T — VB E R —EALE Lo X T VBRI F 2 FID TR L, £
IXT DT DGR O BLRS X SRS REATIC O W THE LT % % (Figure
1-7), L Lenb, ZOWETITAEK - S5REROMEZR DA L 72> T
SS/IN K%%ﬁﬁﬁ«@ﬁ%iﬁiéﬂfm@#oto

BoEI TR DT, UHREETHA VAV Y —VREAT DX T ENL T ORI LT
W% (Figure 1-8) 260, 2004 4E(ZA Y A4V — VBN Z H)8O TARFMBER G~ L1 L6 & L
T, AR ERAL Y FH ) —AFNFEWE LT, 72, 2007 I, A VY AF VY — e AV FFH
V) E R ROIERITR R A B RN 2 BA%E LT D L2010 4RI21E 5 BB & 6 BERNERS L72[4.5]
TAVERERT DAV AXY Y =V —A VAV ) VEMNFEZBE LTS, ZhbDAf Y 4%
P — VBT 8T 7 Al 2 AN 7 VA = )L T )L i — LD Wacker BUBRAV S IZ BV T, F:
EHER M 252 %,

Figure 1-7. Spiro-type chiral isoxazole ligands

Figure 1-7. Pd complex of chiral

isoxazole ligand

Spiro Bis(isoxazole) Ligand Spiro Isoxazoline-lsoxazole Ligand

ZDLXHT, A VA F T BN D

Figure 1-8. pKaH value of heterocycles
R —& U THRET 23, EERICX T BN & L

Ph Ph

THA SN2 2 Tl 72 4 Fl L vESh 0
FIH wF i b N/—\// \ j|/> D

TR, o N~g N
Figure 1-8 (21X, A VA F ¥V — BB L OYEBI L . . . :

isoxazole isoxazoline oxazoline
— f ;H\: )L N
fenT BRI DO PR AR LTHY. o 2194 0.02 s

COEORE SIFERED o N —1EOME 2 KB L

TW5 ), 3 HiCik 7z BOX B 7D RF—ThHorAXH VU LI L T, 4V AFH V) o
AVFHXHY =D ¢ FFT—HITIEFIZHTH, R TR X 912, 7 VBN SPRIX Tk, 1V
XYYV UBRICHKT DK ¢ R P—EIC K-> T, BNL L7=&EP L0 Lewis BAVERREES LD T2
D, BB OMRHEIC T 5T 5, (6o T, 4 Y AFYY — AL A VAXH Y U VB EFRERIC
KW o R —MA2 R BN & L CORMMARHRMGFTE 5,
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WEAHET Ao

BTN L 9e, A e T AR ITANE BRI Bk 2 mE R AN Rt TE S
7o, BEFOERNLA K0 S ENTROMBED R Z R T56 03 0 | AFMEBERISIZB W Ty APER
HFCE D, YMRERICB W THEkA 2 A B R M Z LR ORFICES) L T\ 5, EHEALTIT
DOWTERIR T A 7T V) — 15 LORAL ¥ ORRNERIEDHRE N ZEX TE T, A rix L
BN FOffifEZ S HIZEH D T ENTE D, £z, BUFH TR/ X D124 Y A F W — /VIRIRIE)
FEBPTADE EHIT, FTNAVENAFD R —L LTHFIHTE S, T2 TEHRIT A VA FH Y —
IVERDBEREREM A AR L Lo A a B J VB ORI L ORE/RE BfE L, WF5EICEF
L7,

AL OH FETIX, A n AL Y AV — VUL OB EREVERTEOMESL A S L, s o M
moled VA FH Y —)VE S AL TOEERNT VU —/UUSUS DBRFE 21T > 72, iy - FLE I
DWTHAET 5 & & HITKIMEBOFEMICOWTHH LT L, 51T, BENT U —/ kA V4
XU — BN OEMICEHAFTRE CH D Z L2 R L, AR LB AR A A S 2@ 5
Z LT IEMNLA L LT OMRERT 21T - 7=,

EEETII A VAT ARSI Y = VBRAOEREFA L, FHA R AT Y — L
WA DEREAT T2, £, B OREELCHIRNEREEZ AT 5 & HBIT, RAEMIBESOGS~EH L ¥ 7
VBN & L COMREFHm 21T - 72,

Figure 1-8. Outline

R1
/
N\\5
0
(b) Isoxazole -
N Transformation \
| 728\ R\
R 7\ I\ y R N NL R
_N N R N N
O O R2 |‘Q2

Spiro Bis(isoxazole) Spiro Bis(pyrazole)
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Figure 2-1. Spiro-type isoxazole ligands
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Scheme 2-1. Divergent synthesis of spiro-type chiral isoxazole ligands
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Scheme 2-2. Co-catalyzed carbonylation of aromatic imine 7
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Scheme 2-3. Pd-catalyzed dehydrogenative alkenylation of benzene

cat. Pd(OAc),
© /\@ cat. Cu(OAc),
+ L
AcOH ~ O
9 10

reflux, 8 h 45%,
02 or air 11

1993 fE(272 1 | AT, N, BB OIC & - TEEINZR C-H S TERELISNHE Sh- 9, v7
=0 LA WS EFR S b2 12 AL MEEIRT VX b Th S, Z ORI T, EEIFEE
TOHNRNVENEERERZHSTND, T7205, HAR=VEBENLT =T LITEAL L 72 F1#
KAZ, BFHICH DAV ML C-HEGOUW ARG T2 LIz, A2 TH A 7 VB ZJEk L THIH
ROREIZEFG L TWD, ZDO%, TA7 2 130 AL C 24K L, BBz Tl
Rl 14 5.2 % (Scheme2-4), ZD L 512, Bz L a¥Lb—a UHBhOIERIZ LY, @b
DOENEIRI e C-H RSB B RERALRIS 2 30k LTz, Z OMELRE, Bl R H7 % C-H f5A TR L
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BT AN REICHR L T o Tz,
Scheme 2-4. Ru-catalyzed ortho-alkylation using a directing group
0 0

RuH,(CO)(PPh3)3 (2 mol %) )
R1 + /\RS . , R 1375 1000/|o
R? toluene, reflux R examples
R3

12 13 14

[ 1
oot R@ﬁ 2 o (L]
mm [Ru]

¢

H [Rul -

HIETIX, CCHREAEZITTH2<, C-N, C-O, C-B, CSi, C-X X=r1a7) FEEDENNHE
o TS T, ELITHRITICAR Y AV M Tl A ZAERIR e C-H FEEaE R LD RH &
TW5 9, il 21X, 2012 4 Yu Bk, A AL C-H %*A%@?RE"J Yﬁ‘éﬂﬁ“éﬁﬂrﬁ]%k LT FTempIateJ
ZBFE L7 9, Z @ Template (3737 20U L& A ZWATEDIT 57202, = MU VEBRMCE & LERTIC
EWEIL A BEANT 570 8 U eeE _%Ob\fﬁﬁ%éﬂfb\é (Scheme2-5)o

Scheme 2-5. Pd-catalyzed meta-selective functionalization

T 'T= -
T Pd(OPiv), (10 mol %) mono, 55% NC ff\o !
. COEt _ AgOPWv (3.0 equiv) m:op =93:5:2 | Bu £Bu
I ﬂ, DCE _ di. 31% | iBu E
90 °C, 42 h y. ~ 8812 :
CO,Et (m,m'):others = 88:12 | "
15 16 17 R s o

su ARy TV TGS EFAT 287 V= VEROEHKIL. 774 7 I ANVAEEICBNTK
BEERTO VA THD, TOD, C-H fEETEHILE R DR F2RO @RI 7 v 27 » 7
VU TRIENZNETIZEZ S AB I TS O 2o L5 REHENT U — LIS ORI OH % LU T
\ORT, 1997 I =JHBIE, 27 == b7 = ) —/LiEEK 18 LI — F_UP L (19) % Pd fillErEfE
TICTHESED &, e FaxvEox L —ra VHIRICE ST 2O CHEGRHERLLS 7=
&R, ST DHTNT = = VB8R 20 M55 5 Z & 2l L= (Scheme 2-6) W, ARU&IE, BEIR
— 5P (Scheme2-3) TRIEE STV eArE S IRVEZ i U, BT U — /HBRIE R T 5
kL 7r o7,
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Scheme 2-6. Pd-catalyzed regioselective direct arylation of phenol derivatives

® R
20-1 R=H,76%
| =] A K O ’
Ho, d(OAc), (5 mol %) O 201 R = Me, 76%
OH Cs,CO5/ MS4A OH 20-lI R = OMe, 88%
O DMF O 20-IV R =NO,, 87%
100 °C

18-1 — 18-V 19a

FRICB T HEENT U —/ALBOE

/m}l
7
\u
ErFF

AT EFRIL, RERFICHIRAFEL TW DAL EM ORIl = > FTh 5, AWM
LGS0 o AR E O IIIFFER-~T e FEERBEZ B ATV D E LW, ZDEEE
B2 EHEESUI AR AN LEETH H, ~T m HHER L TOEENT U — /ORI TOWRE 1T A H,
HN, BB D OFRICHEA U T 1982 FFICHF HIZ L o THlRENTWD 12, Z OWE Tl 3,5 i A
VAXH Y=L 21 D 4 fLTOT = =/ by, RIGEEZR 23 5 PA(OAC), iz K-> TRESI LTV D

(Scheme 2-7)
Scheme 2-7. First example of direct arylation for heteroarenes

THPO 4 |\© Pd(OAc), (10-20 mol %) THpPO
7\ + - 22 R =Me, 30%
N\o . NaHCO; 7\ 23 R =Ph, 43%
HMPT N R
21 19a 95-125 °C o

Flo, ~TRERREAEE L LIEHENT V) — /U0 TliE, o 8 EOSRREE, Wi, @il
DWW ENRISHEEI B 52, (EEIRMENRZLT 5 2 LndEshTngd, 20 1 il LT
2003 (2 Sharp L3 E L723- (A v dR=N) T4 7 (24) L3 =buroEEBY

(25) LBy TV RIS ET B D B, Pd(PPhs)s & IEMEARED hv = & W5 & Heck 7Y
DINVIR A Z AL Z R DB S L, C2 (37T U —fbsivic 26 #E4ABME L THX 5, —

7. Pdy(dba)s & FET v N AMERRMEIALECTd D NMP Z/AG bR %6, Pd-Br #ED A A iz L v 4
CTeREFMEDES NI F A AN RT D0 DEOEM T, BT EE 7R C5 L TOREFEBRSISHETT L
21 WEARM E LTHL S (Scheme 2-8),

Scheme 2-8. Regioselective Pd-catalyzed direct arylation for thiophene ring

MeO,C Br COzMe COzMe
N Pd catalyst NO,
2 5 KOAc
S NO, Solvent
24 25 110 °C

Pd(PPh3), (5 mol %), toluene 26 : 73% (C-2)
Pd,(dba)s (5.5 mol %), NMP 27 : 51% (C-5)
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PLERARIZE S, AT e EHRREZLE L LIZEENT U — LS Tk %%F’ﬁ¢é7

U — AL BB R Z VT & SALE SR 2B S 5 b, Figure 2-2 121X, —ixmIIZE S
TS, BT o EFER EOSHENEWHFTZ R I T/RL TN D 100 ikh&#“Tﬂﬁ%:%ﬁ
LIZIRFETH Y, BIEERENEEL WL EEI LD,

Figure 2-2. Reactivity toward direct arylation of hetroarenes

___________________________________________________________________________

ANT RGFFRIIEAE SN TVEAT nJF OB L > TENThEAORISEE =T B2, RIE
R L > THREN AL T 572 & ROSORIBENIRIZWNETH 5, 18- T, T 0 FFRILEMITIE
U720y 72 il R OBRFE AR RO B TH Y . BUEEFICHE S h T d W,

FIWIE A VA — a2 EE LI EERNT U — b6

BB TR X, A VAT VARG LAY E I AN EE =y T
boHLEbIT, ZBHERE ‘éﬁ%/ﬁﬁ‘%#ﬂ ECHLZOEMTHIEE LTOAMRMEEY TH LD, APIEN

ERTA Y FAFRY Y AT FEREZF OO L L Ao, 2hEMICT ) — LV EZEATE

X, BEFEOA Y AR Y — L ORIE L MAEDED Z L TR B A VAT — VR
HHICEY e SN D, 207D, A VA XYY —VEBRZILE L LT E#ENT U — ARG
BIR SR THR Y. Scheme2-7 Dfl7e & 2 E T 7 HildE ST\ 5 219 it 2009 412 Santelli
HIZ Lo THE SN/ T V0 A2 AW T BOSIE, AT V— v b RETH Y | A 2 7 U —
NIEEENTE DIE MO @mWERNZR D v 7 ) I TH S (Scheme2-9) 15, L L7gAs
5, INETOA YV AFY Y —NERZIE L LIE#NT U —/HEiEET 4 fLTORSIZR BT
72
Scheme 2-9. Pd-catalyzed direct arylation of isoxazole 28 at the C4 position

Me 4 H PdCl, (0.5 mol %) Me 4 Ar
! + X—Ar > ;/ g
N. g\Me KOAc (2.2 equiv) N Me

© DMA O
(1.5 equiv) (1 equiv) 130 °C, 20 h up to 91%
X =Cl, Br, | 39 examples
28 29

Figure 2-3 lZ/ R XL 512, EWIEEEZRTA YV AXV Y — AL EMITIES M HFEREZA LTSS
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DHDIR TR,
Figure 2-3. Bioactive compounds of isoxazoles incruding aryl group at C5 position

MeO
OMe OH
0 >\
_ 0]
i NH NH
HN OH HN
/
N\\ N/\
(@] ~0
OH
Cl .
L TRPV1 antagonist NVP-AUY922,
cell growth inhibitor analgesic anticancer drug

Z D=, SALUCHFRZEAT DUEORBNRLENTWDN, SSA—FI/nAh >y 7 ) 7
L7V =R ZNETICHRE SN TVDLDHRTH 7210, o T, A VA FH Y — /LS TD
BT V= ALRSZ B CEUE, ZRETICHESNTWD A VX3 — LB OALE IR
7RG LR > T, 7 U — 2 TERIEFERNS BIMED S WIS TR D L E R BND,

DX AVFXH Y —VEESNTOESET U —/HbEURE, UHIOHBTHLF T LA
AV F X — VBN A OB RANEMIE DB 720 T <L FBBUGBRSE & 2 BLED B I 1Tk
T TH 5,

UL bz E 2 EFIL, ZHETITHIOR C-H FEATEMHIL AR D A Y AF W — VB 5 AL COEHE
BTV —ALBUS & FEBL S SHFFRICE T LT,

Figure 2-4. Outline of this chapter

R' R? Direct Arylation
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B T NVEE ORE & RS

AV FFHY =B 5 AL TOEENT U —/HEOBRFEICH D . T TRISRIERFNI AN ET L
FEORREI 2Tl B EHEAH TR L OIC, EHIF, AR RS VAV — L ENF 1D
SHEMEMIZ T D EBEN T U — LG OIEAZHE L T\ 5, 207D, 1 OFEO—HTHY |
A VA XY —VBRD CENT DI Copr—H FEAZH LT D 30 1, S i N7 BB O &
MSETAREE L TRECTHD EEZT,

Spiro Bis(isoxazole) Ligand Model Substrate
1 30

N3

30 IFBEEN D /L— MIREV, i CATFES v 7 u~xi /2 (31) b, 32 ~DOAF v Mk, Hi
RNV IIUAL BRI L0 4 U7z 33 DRSS X » THEICAK T& 7= (Scheme 2-10) 19,
Scheme 2-10. Synthesis of isoxazole 30

n-BulLi (2.2 equiv)
Q NH2OH-HCI (2.0 equiv) Q DMF (2.0 equiv) conc. H,SO, /\
> > —_—
pyridine (0.5 M) il THF N reflux, 1h  Nag
o] overnight, 50 °C “OH 0°C,2h ~o” OH
81% 65%
31 32 33 30

ETNVHEANEG LD T, EBRIZ 29 ZHWTA VA XYY — VB SALCTOEHENT U — b % it

L7, XU ®DIT, FiE Scheme 2-9 TlkR72/X7 U Ml 2 oA YV A X% — LR AL TDT Y

— DG 2 BB POS il ATe, ZORE, RICRRN O AR » 7Y & TR AR K5,

AVFFRYY = NEREANTOT V=)L HEATT 2 Z &3 mirotz, T7205, 1.0 mol % PACl, %

filfit & LC, 2 4D KOAC fF(E T, 47 =% hLx= (19b-Br) & 1.5 2% 30 4 DMA #1130 °C
IZTC 24 BRI L= & 2 A, 34b 23 14%IR T S 7= (Scheme 2-11),

Scheme 2-11. First trial of direct arylation of isoxazole 30 at the C5 position

N ; i i/ \;
o) DMA(02M)
130 °C, 24 h

Br PdCl, (1.0 mol %
+
N Ve  OAc (2.0 equiv
(1.5 equiv) (1.0 equiv)

30 19b-Br 34b : 14% 35:18%

~

=y

OB, 308 8 kL7 35 AREEFICE SN, Zd 35 OFIZEN, B v U 7K 34b DILER
DIRTFICHEL TWDHEERTZ, 22T, _#mfbSEMZ D701 a7 Ab7T U —/L O E5ClR
FERR P AEE L CINEDN FA2X 57~ (Table 2-1), PdCl, ® &% 2.5 mol %(Z#5<° L. 5.0 mol %® PPhs
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ZUIML T, 1.2 5D 19b-Br & UG S, #RICRER -T2 (Entry1), RSIREE % 100°C 12
T e ZA WEERPMEDNT B LTS O 81K 35 OAERIEEAIZ /R >72 (Entry2), £ Z T, 3.0
BED 190-Br Z HHWTHIRZIT 272, TDOREER, DEROUBEND LA OGNS L LB, &K 3B D
AN T Lz (Entry3), X0 BUSHEOE W 43— K hbxmr (19b) % 2.0 YEAW TGS E
Toe A BOEREMZDZ ENTELELODOIRFA ELZ2h->7- (Entryd), Z OfilrTldz
UL EDIERSE TR LB %2 Bip 2 RISt Lz,

Table 2-1. Screening of reaction conditions

PdCl, (2.5 mol %)
\Q PPh; (5.0 mol %)
~ /]
Me KOAc (2.0 equiv) N\ / \
X=Br:19b-Br DMA (0.2 M)

X=1-19b Temp., 24 h
Entry 19 / (equiv) Temp. (°C) NMR yield (%) 34b / 35
1 Br/1.2 130 18 /20
2 Br/1.2 100 24 /56
3 Br/3.0 100 35/39
4 1/2.0 100 28173

WNT, 1,3-7 V=IO —DTH IR AF VY — L aE & LEEENT U — AL D S5
30 1A Lz, L L2t s, i Nit® o Cul® #HWT b US T e < #7893, Bos v
7Y TR 34b 1T AL B H RN o7z (Scheme 2-12),

Scheme 2-12. Direct arylation of isoxazole 30 using Ni or Cu catalyst
Ni(OAc), * 4H,0 (10 mol %)

|\©\ bipyridyl (10 mol %)
1 30 +
(1) Me t-BuOLi (2 equiv)

Y

(1 equiv) dioxane T

19b 100 °C, 24 h N

(@)
Me
| Cul (10 mol %) 34b
@) 30 + \©\ - no reaction
Me t-BuOLi (2 equiv)

(3 equiv) DMA

19b 100 °C, 24 h

A FXY Y — VOBBEMBICES R TA YT T — NV EE L L COLTOEENT U —L
{b723, Koutentis 512K - T 2011 FFlCE SN TWH O, 4V F TV —)136 LI fbT7 UV —LafHn
D ZDORIETIE, 23T V7 AL PPhs il & U AgF 2952 & T, HIIOH v 7 ) 7K
T MEINETHELN T WA, Fi-, LT U — LIEHE FIC TRl &2 3425 L, B 36 0 &
{23 4T L 38 2343 % (Scheme 2-13).,
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Scheme 2-13. Pd-catalyzed direct arylation of isothiazole

Ar-l (2 equiv)
NC Br  PdCIx(PPhj3); (5 mol %) NC Br
/ N\ PPh3 (10 mol %) / { PdC|2(PPh3)2 (20 mol %)
Ar N AgF (2 equiv) Z N AgF (2 equiv)
S MeCN MeCN
37 82 °C, 0.5-20 h 36 82°C,2h 38
34-98% 67%

I T, ZOFRMNESZIZL TN EIT> T2, filllit & LT 5mol % PACIx(PPhs), & 10 mol %@ PPhs
ZHNT, 248D AGFIFE R, A VAFH Y —1-30 & 2 48D 43—z (19b) % MeCN
H182°C T 24 Isflfft#R L7 & 2 A, Table2-1 OfER & iz LT, INERIE 34% & [FIFREE T 528 35 DA

Rl 12%1C £ T2 5B OUEN R 5z (Scheme 2-14)
Scheme 2-14. Direct arylation of isoxazole ring at C5 position

PdCly(PPhj3), (5 mol %)
l PPh3 (10 mol %)
7\ ' \©\ AgF (2 equiv) / \
N
Me MeCN, 82 °C

24 h
35

30 19b

(2 equiv)
NMR yield (34b / 35)
34% 1 12%
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M PGSR ORE b

ATETCk~_7= L 91z,
7 v RI 7Y TR 34b DIERIT 34%ICHE £ o7, T
EEZLND, £Z T, 35 ORIEEZMEIT 5729
T A —HX O b E4T\ 34b DU A& HiE LT,

PdCl,(MeCN), (5 mol %)
Ligand (P/Pd =4/ 1

HEOE T DA Y AFY Y —/VE S AL TOEZRT U —/H ki

HEITLIZHDD,
LB EEHEZ ARG 30 0 BN EREIK

\Z. Scheme 2-14 T/R L7= o2 HEuE L U CTH UGN

Ligand / mol %

@

Table 2-2a. Ligand screening

AgF (2 equiv) conversion (%)
MeCN 0" NMR yield 34b / 35 (%))
82°C,24nh T ol
19b
(2 equiv)
Ph
Without Ligand PPhg P(n-Bu)s FI’ P(o-tolyl); P@OMe)
PR
Me Ph 3

L1 (20 mol %)
40%
34% / 12%

L2 (20 mol %)
43%
29% /1 12%

L3 (20 mol %)
51%
41% / 10%

L4 (20 mol %)
67%
46% / 20%

L5 (20 mol %)
62%
24% 1 31%

20%
5% / 1%

olle
P
OMe 3

L10 (20 mol %)
60%
18% 1 22%

L6 (20 mol %)
32%
9% / 15%

L7 (20 mol %)
41%
6% / 30%

L8 (20 mol %)
75%
24% [ 25%

L9 (20 mol %)
71%
45% [ 24%

FT, BRSSOV R E B2 KIFT 2 EDRMON TV DR T2 R4 REf LTz, /N
T LFEICIE, BRTP TR 2MDNRT VT AR AT 4 R E 5 2 D PACly(MeCN), Zf# i L7z, Table
2-2al21%, BHERRAT ¢ UBNLF (L1—L10) TORERZRT, B ZRWIZEE T TIRTZE ALK
JRITHEIT LR o I B EER NI TARARAT 4 2RV T Y —/LE ) TILFRILKRAT 4 L3
ZHWZ & Z A, PPhg EIRIFEEDULEET 34b 23554172, LA LS O X 5 ik E T B ER MU 7
U—WRAT 4R, L8, LODE I REF AR NI T U —IVR AT ¢ &2 HWTGE T, iI3bE
DO FIXR 672 b DD 35 DRI LT, F72, L6, L7 <° Buchwald RS- & L TEIH A5 L10

(RuPhos) ZHW\2% &, 35 Z#BEMICEXT., WTNLb@mEWRAT 4 THDHZ &b, EFIE
BRI OIRHEEPBER L TS EEXBND, ZDOX DI, BERRT ¢ RN+ 2 W56 T
%, BEEO ZEZHECE FIUROm BIZIZBE S Rh o T,
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Table 2-2b. Ligand screening

PdCIx(MeCN), (5mol %) /N /7N /N .
\©\ Ligand (P / Pd 4/ 1 % ' Ligand / mol %
AgF (2 equiv) N:  conversion (%)

NMR vyield 34b / 35 (%)

MeCN

82°c,24n > ve o G TERIET TN
30 19b
(2 equiv)
Ph,P”  PPh, ph,p” P2 P "ppn, e SN PP
L11 (10 mol %) L12 (10 mol %) L13 (10 mol %) L14 (10 mol %)
66% 57% 58% 77%
32% / 28% 44% 1 3% 34% / 17% 44% | 22%
Ph O PPh2 PPh2 Pph2 PPh2
Q @ 2 PPh,
PPh
Ph,  PPh, @Pphz 2
L15(10mol %) | L16 (10mol %)  L17 (10mol %)  L18 (10 mol %) L19 (10 mol %)
80% 52% 62% 62% 43%
59% / 12% 40% / 8% 40% / 18% 38% / 23% 26% / 12%

Wi, TR AT 4 VR TR RO TR AT o7 (Table2-2b), L1125 L14 O & 5 2 REMOE
SIMENENEL DL DEH WL Z A, L12 (DPPE) DG DI 35 DA ZMA D Z LT LT,
Z DRSS, DPPE LHHELOEH 25O L15 (DPPBZ) BRIV E 2 A, ILERDS 59%IC E Tl k- L
2. L16 (DPPF) X°L17 (BINAP) % H\\7oi& Tld, HWEO Z#iTd £ 0T LRV, RS
D UK L7z, %7z, L18 (DPEphos) < L19 (Xantphos) 7% &0 Bite Angle 73K & WELAL 2 2 &
A, IUEMRME R L 35 ORI 2 77, L12 %0 L15 TRUVERAE b7z, Bite Angle 3/ X
< 5 EB% L— MRMIT 5 b ORI Tl B2 bhD, 0L T, “HEOKRAT ¢ VELT
BHND LT, ELOHE L MEEE O BN RS, b B WIS 5 2 7- L15 (DPPBz) %
S AB T & LT R R 72
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Table 2-3. Solvent screening
PdCI,(MeCN), (5 mol %)

I\©\ DPPBz (10 mol %)

+ - /] 0\ +

/ i ! \
N \ Me AgF (2 equiv) N_ N \ / N

° e T we 07
30 19b 34b 35
(2 equiv)
Entry Solvent NMR yield 34b / 35 (%) Entry Solvent NMR vyield 34b / 35 (%)

1 EtCN 59/4 6 DMSO 61/19
2 DMA 86/0 | 7 CI,CHCHCI, 8/1
3 NMP 72/0 8 toluene 12/1
4 DMF 5870 9 1,4-dioxane 25/0
5 n-BuOH 56/0

W, ROSPEZE N ESE 5720 SOSIRE % 100 °CIZE%E LT, TAUSHEV, 100 °C O FIC b ifi
2.9 Db IR O W THRE 21T o 72 (Table2-3), ZOFER, MeCN & [F L= k U /L REEED EtCN
Tl E VRN AN >T7- (Entryl), —J5, DMA Z HIW2 STl 35 ORIAEITER TE 7,
34b % 86%IU TH- 2 7= (Entry2), FALIO T I RRELEETH S NMP <° DMF 72 5 NI 77 /L 2 — /LRI
n-BuOH T4, 35 OEIAIZR S 7e -7z (Entries3-5), £72. DMSO ZIRBUCH WD & s PR m
EL72b ORI HEIT L2 (Entry 6), fRPEDIRWELL A 2556 Tl bR MR <RIRER I
F o7 (Entries7-9), ZiLHDFERNG, DMA % i 72 it & Lz,

Table 2-4. Pd source screening

| Pd source (5 mol %)
\©\ DPPBz (10 mol %)
/ +
N \ Ve AgF (2 equiv)

() DMA
30 19b 100 0C 24 h
(2 equiv)
Entry Pd source  NMR yield 34b / 35 (%) Entry Pd catalyst NMR vyield 34b / 35 (%)

1 PdCly(MeCN), 86/0 | 5 Pd(NO3), 59/6
2 Pd(OAc), 69/0 6 [Pd(u-CI)(7°-C3Hs)l 375
3 Pd(OCOCF3) 60/0 7 Pd(dba), 67/0
4 Pd(acac), 54/3 8 none 0/0

WU, FREEHTERA & 72 53T D0 AFEIZHOWTHRET A 1T > 72 (Table 2-4) , PdClo(MeCN), Z Hv 7235
B 35 DAEMNINZ B 34b & 86%INE TH- 27, (Entry 1), Pd(OAc).=X> Pd(OCOCF3), T% 35 Dl
AR O T2h, Z 6 DOIEEIX 69%, 60% & HREFEEIZEH £ 7= (Entries2and 3), Pd(acac), <°
PA(NO3), Z W2 IR OIL TR 5T (54%,59%) & & 612, 35 DAERBIEN 2N biER I

(Entries4and5), [Pd(u-Cl)(17°-CsHs)]s & W5 & SUSMT & A EHEITE T, 34b IEB &4 L 72D
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72o7- (Entry6), 0ffi/x7 0 AT 5 Pd(dba), Tid 34b % 67% ThH- 272 (Entry7), /X7 T 0 LFED
IEFIET TlE, EREL T L7220 o7 (Entry 8),
Table 2-5. Ag salt screening

PdCl,(MeCN), (5 mol %)
DPPBz (10 mol %)

/ + > / \
N \ Me Ag salt (2 equiv) N\O
DMA
30 19b 100 °C, 24 h 34b
(2 equiv)

Entry Ag salt NMR vyield 34b / 35 (%) Entry Ag salt NMR yield 34b / 35 (%)
1 AgF 86/0 | 6 AgOTf 0/0
2 AgOAc 50/0 7 AgPFg 0/0
3 Ag0 45/0 8 AgOCOCF; 0/0
4 Ag,CO3 37/0 9 none 0/0
5 AgNO; 0/0

WIZ, LMOEREEIC SN T ALY U —=2 T %{T>7- (Table 2-5), AgF TiX86% T 34b % 52 7-DiZ
%f L. AgOAc X° Ag0 Tl 35 DEIEITR LN -T2 DD 34b DILHRIE 50%, 45% LK T L7z

(Entries 1-3), Ag2CO3 DIE & [FIERIT 37% L ARINER T 34b O35 b7z (Entry 4), £/, fild$R
a2 AW BE0, SEA RN L 2> 2B A3 IE N 2 1T L7e /v 7= (Entries 5-9) , $RIE DI
IMIARTIED X5 BT U — AL 2V kgl » 770 7 2 ORI, C-H fEETEME L OfedER] &
TFB A e LTLIE LIRS TWD,, ARICRICEBWTHLEND RO E 2 L Tn5D
AREMEN B D, AgF & ZNLUSNOHIEICB W TIRIZEN S H 2 LD, 7 b1 4 v PEEREE
ZLTWDETREIND,
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Table 2-6. Base screening

. I\©\ PdCIl,(MeCN), (5 mol %) /\ .
DPPBz (10 mol %) i \
N/‘o\ Me Base (2 equiv) N\O Me N\O\ /O/N
30 19b DMA 34b 35
(2 equiv) 100 °C, 24 h
Entry Base NMR yield 34b / 35 (%) Entry Base NMR yield 34b / 35 (%)

1 KF 0/0 8 Na,CO3 0/0
2 CsF trace /0 9 Ko,CO5 0/0
3 TBAF trace / 0 10 Cs,CO; 1710
4 LiOH trace / 0 1 KOAc 13 / trace
5 NaOH 0/0 12 KsPOq4 30/0
6 KOH 0/0 13 BusN 0/0
7 KOt-Bu 0/0 14 i-ProNEt 0/0

Na AT V=D EENT U —ALRGR T, R CTRAET DA IR T 5 ook
DIMESNDZ b0, 22T, $EORDVICEEZHWTRAZ V—=2 7 %17 -7 (Table 2-6),
Table 2-5 VT AgF BAKIGRICBWTH TH o727, 7 bWt = AV CTlRigt21T7-7-, L
L7eMR 5, KF TS E 2 T8, CsF<° TBAF IZB\\ T 34b R ERE S X 72721 Th -
7z (Entries 1-3) . /KEZ{L# T & 5 LIOH & W 72556 IR E D 34b 231 C & 7212 £ 727> 72 (Entry
4), NaOH, KOH <> KOt-Bu TIIt A2 #EAT L7227 o 72 (Entries5-7), IRIZ, REEHE TH % NaxCOs
R KoCO3 Z W= Z DA S SUGTHEIT L7 hy> 7= (Entries 8 and 9), — 7T, Cs,COs & % &
17% WK THRBID A v 7V 7K 34b % 5-2 7= (Entry 10), KRIZ. BV 7 A TH D KOAC X KPO,
ZWINT 5 &, 34b NENTI 13%., 30%IFE T H 17z (Entries 11 and 12), AREEILOUSING Mgt
L7, BOSITEI TE 9 34b 0 35 (X & b 7e i ~7-, (Entries13and 14), Z D X H 12, kxR %
AL bODIFEAEEN RN o727, AgF O 2 st & Uiz,
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Table 2-7. Temperature screening

PdCl,(MeCN), (5 mol %)

, |\©\ DPPBz (10 mol %) — .\
N Me AgF (2 equiv) \R N /Y

\O DMA O Me \O O/
30 19b Temp. 24 h 34b 35
(2 equiv)

Entry Temp. (°C) NMR yield 34b / 35 (%)

1 80 65/0

2 90 77/ 10

3 100 86/0

4 110 70/0

5 120 56/ 4

WIZ, BUSIRED A ) —= 7 %1T-7- (Table 2-7), 80 °C X° 90 °C TILSUEDEL 22 D T2 h,
1%V 100 °C TO T HA 34b OYLERAME T L7z (Entries 1-3) . BE#H7T U — /A LRIG T, 120~
130 °C T CORIGRENL EORKINREZ ML E T HHDONREZMESNTWND, LM LReR D,
120°C CTRISEAT o T286 . 35 MEIAE L 34b DICEME T 525 Z LR oiro7z (Entry5), FRETOREHR
M5, 100 °C % feih 72 SOGIREE & RGE LTz,

Table 2-8. Amount of the catalyst and AgF

I PdClz(MeCN)z (X mol %)
DPPBz (Y mol %)
A \Q . - N ) o\
N Me AgF (Z equiv) e} N _N
Me (0) (0)
34b 35

o DMA
30 19b 100 °C, 24 h
(2 equiv)

Entry X /1Y (mol %) Z (equiv) NMR yield 34b / 35 (%)

1 1/2 2 66/0
2 25/5 2 75/0
3 5/5 2 69/0
4 5/10 2 86/0
5 5/15 2 53/0
6 5/10 3 48/0
7 5/10 1.5 55/0
8 5/10 1 32/0
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RRIT, fEESC AgF D&, NT VT LERRAT 4 VEML T DOFEIEIZOW TG EZTT o 72 (Table 2-
8), filit & % Pd/DPPBz = 2.5/5 (mol %). Pd/DPPBz = 1/2 (mol %) & I8 53712 L7228 > T, IEDS 75%.,
66% &K N L7= (Entriesland2), RIZ, NT VU LERAT ¢ VEMNLFOE 11, 12, 1.3 &2k E
Vel ZhH 1208 ITHRBNBEISIEDEIT L2, (Entries3-5), L1 TIINRNTTTALAT T v 7D
ERRDPHER TE 22D, MEEHEETH D 0fli N7 U0 AEERN LG LT B2 65, 13D
Lra i, WMEIZRAR AT 4 A K0 RN AR 7R 18 FEF- 0 fili/ X T 20 AFEASRH TSI & 7R 0 OIS DNE
Klpofclbivsd, AgF OEIT 2 YENFRE THY , HOLTHHEL LTHINEOIKR TR AL

(Entries 6-8) ,

il L= OSSRt 2 £ & 05, fill: e LT 5 mol %® PACl,(MeCN), & 10 mol %@ DPPBz % ffu>
TO2YED AQGFIFETF, A VY AFH Y =130 & 245D 43— K Lz (19b) % DMA 100 °C
THEET DL, 24 ERB BN v 7Y 7K 34b HINER 84% THEE T X 7= (Scheme 2-15)

Scheme 2-15. Result of optimization

PdCIl,(MeCN), (5 mol %)

I DPPBz (10 mol %)
~ - QL -
N Me AgF (2 equiv) N,

o H DMA © Me
19b 100 °C, 24 h
30 (2 equiv) 84% 34b
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UG OB

st LR 2 T BE o217 - 72,

Table 2-9. Substrate scope of Ar—I

PdCl,(MeCN), (5 mol %)
DPPBz (10 mol %)

I + Ar—I| 7
N . AgF (2 equiv) N
o~ H (2 equiv) DMA o~ TAr
19 100 °C, 24 h 24

34a
7%

Br

3
?

34f
62%

NO,

<
¢

34k
Complex Mixture

Br

S}
S}

34p
43%

g

34u
No Reaction

Me

3

34b
84%
(19b-Br : 26%)

OMe

@)

34g
74%

341
No Reaction

MeO

34q
45%

AN
=

34v
Complex Mixture

34c
50%
(48 h:71%)

34h
47%
(48 h : 65%)

: OH
O

34m
trace

34r
63%
(48 h:79%)

34w
Complex Mixture

A

34d
63%

O

34i
11%
(48 h : 51%)

P

34n
68%

34s
69%
(48 h:79%)

Ao~~~

34x
No Reaction

Cl

<

34e
70%

Me

\

Me

¢

34j
No Reaction

é%

340
65%

65

Me

34t
No Reaction




Table 2-9 Tix, F VLT U — LT OWTHE 21T o7z, I — FRRXUEBUVEZHWESGE, IR 77%T
LLDH TV TR 3ba s bii-, &7 vE bz (19b-Br) ZHW/=-%TlX, &3 —FK 1=
> (19b) DHE & EA_TRISHRB 72 VKT L, 34b DULRIL 26%ICH E o 7o, KEHEH D » 7Y
VRS EIRE S EITSEA T I TV =L ERWALERH L EEZBND, BRI
ZRDTZ0OIZ, 19¢ 75 19m T AT AICERE 2 Fiofx 03 vb7 U — 2 AW TS EZIT > 72,
BAEER 4 A N7 o= VAR 19¢ Tk, RIS &V 24 FEZ OIERIZ 50% Th -T2, Z
D BFETITIE DR > T 272 KOSKE# 2 48 BFEICIE R L7z & 2 AU 71% £ T kL7, F,
Cl. Br CE#fis N a Vb7V — DG4 TIE, BHELEY 34d. 3de, 34f NENE4 63%. 70%.
62% N TH LNz, 43— FLZEEFRA TV (199) #H\5 & 349 3 74% THOLNLTZDIZXI L, 4-
N 7 A a AFREZRD 19h Tk, RISEEPES 20 BOGE T £ TIZ 48 R A E L7, B3R
SIED XV sRNT T 2 A AT S 191 TIE, 34i OIERILB1%ICE E > 70, HARN®Z THNMR (2T
BT D L EFEHRERICE O —7 NS0, ©7 ) — VAR EORIFUSHRING &5 2
bd, ZNETOMAEE LT, EFEERI VLT V= AT EL  EFRE2a 7T VU —
VTR OE TR R ST, FEE DAFAT 2 A5 19) TSN e EwITE, = bk
Z RO 19k TITEMRIEEW 2 5 2 34Kk OERITMR TE o7z, 191 R 19m O KL 9 et~ v k
CERFEOI VTV =L EHWTHED v T U AR E A B LN o T, L LR,
4R DEINCATFILF Y v FENTND LD TIESISHEIT L2, Bid 5\ idzh b ok
WHNPFOGEEFE LTS L EZ BND, ISR EELZA O MNNCT D720, A0 Mo A Z LT
B AR Oa b7 UV — &AWz, 3-3— K by (19n) X°2-3— K b=y (190) #xiESc
R LT A, 17U 7R 34n X0 340 Z ZHLE A 68%ILH, 65%IHETH 2 7o, [FEkIC, 2-7
BET o VR 2 A N T 2o VBT HA VAFH Y —1 34p R0 34q b, HTIEEOEK T
RoNTbDODZNEN 43%, 45% TH LI, MEFFRODEAFRETHY | 1-FT 7 F L EEFD
34r X° - L= VA RO 34s 23 & BT 48 HEfT T9% IR CTH Lz, L L7ed 6, 34t 34u &\
572 26-F VY NER 2-E 7 2 = VDO LS i m W EEOENITEEIT Lo, ~T e
BIRILE 19v 0 19w [ THEMERIEAW A 5212, Vb7V —/VBE S C-HEE 2GS, (750
DORIKISER Z LTcrgetEnd 5, £z, a7V —nonbiza— KT ATl y 7Y 7R
— h =& LTHWED, BiIfF L7z 3dx TG 6oz,
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Table 2-10. Substrate scope of isoxazole

PdCl,(MeCN), (5 mol %) R R?
\©\ DPPBz (10 mol %)
>—§\ Me A\

(2 equiv) AgF (2 equiv) N_

0
DMA
19b 100 °C, 24 h Me
cl cl
20 Q &
/ A\ N \
N\O Ar Ar
40ab 40bb 40cb 40db 40eb
60% 51% 73% 70% 86%
Table 2-10 |C1%. &ONEEDORR DAV FAFXT Y —ICONWTHRFLIEEREEZRLTHSL, 0T

HA VA XY —VERD AL E ANLICEEIL Z FFO RS 39 &2 WV Rl S T2 T 19 & s S,
ANLOBHIEIL, 7TV —VETE T AT AT OSITEIT L, B v 77U o 7{K 40ab & 40bb %%
NWENE 60%, 51% CTH A7, ZORE, 30D 477 == VRIS T A2 L<ZDFE
FEo TV, BT AVEE EHEPOERKEZEF>T  F 7=/ (39) Tl Copr—H FESITHEMEL SN
T AV FFY Y VRO 5D HBBRIRANTT U — L b 7z 40ch 23 73% DUIR TR L, ¥ 7
JZFNIEEFTHIE 39d LEHAARETH Y, 70% & BAFRICECTHEAY 40db 2 5 2 7=, = b
XFUHNR=NVEE/T D 3% XEWISEEZ R L, 4 b U VEEOEA X7z 40eb 73 86% T H L
2o ZOWE DA, T AT VOB ARIINED DT H VAR = VORI & LT OMERED i 2112
HELIZEEZ LD,
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F I AP ONALIE R

AT T _72 K 512, C-H EATEMHAL R Chkx e /R Z A VA XY — /LB 5 (LICEBEEAT
LT EMBELMNE oI, T ARERHENT V—UHLNA VA XV — VRO 4L THEITT 50
L7,

HEELTAYAFY Y — VRO 4 LD C-H fEG & Fi> 28 MV, RS T T 19 & & %)
W2 24 RIS S/ T, L LR 6, RO T2 < ETE 3 REH I S #u7- (Scheme 2-16 (1)) .

A I FX —)VERD 3N E SAICEFR 2R OEE 42 TlE, JOSITET L2000 v 7Y /7%
43 DILHIE 31% LKA~ 7= (Scheme 2-16 (2))

Scheme 2-16. Direct arylation of 3,5-disubstituent isoxazoles
Me

PdCl,(MeCN), (5 mol %)

Me H
4 ! DPPBz (10 mol %) Me
) J : . ,
o~ Me Me AgF (2 equiv) N ~Me
DMA, .
(2 equiv) 100 °C, 24 h No reaction
28 19b 41

PdCl,(MeCN), (5 mol %)

|\©\ DPPBz (10 mol %)
Me AgF (2 equiv)
DMA,
100 °C, 24 h

(2 equiv)
42 19b
ZOREREZT KSR TIEA Y AT Y — LB 5 (L CORISHED & < BIRPY AR BT U —L
EBEZDEWFF LT, 22T, 40& 547 bIZ C-H #EGEFFO>A Y AFH Y —LE2EG L, (&
BEHPEIZOWTOMFI 21T o7z, WE 46 ZBAME CHL 7 undF T L4906 =) LAF o R
BALAHINEOS, & BB TMS b2 C — TR Gl ¢ & 7= (Scheme 2-17),
Scheme 2-17. Synthesis of 46

Cl =—TMS (2 equiv)
\@\(Cl EtzN (2.5 equiv) CsF (10 equiv)
I CHCI; EtOH
N»L 50 °C, overnight rt,3h / \
OH 63%

78%

44

WIZ, 46 ZHNT L YED 4TI — Ry (19b) & & HICRESET Ty 7Y v I RISEIT-
7o TOFRER. SN ORIZT V—)LENBEAINT 2 PTEARIE L TELIL, ANVOHDBT U —ik
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ST 47T DAERITIZE A ETERTE erole, £o, 400, 53T UV —/AfbSiiz 43 05 T% &
BTIEHH0ER L T2 (Scheme 2-18).,
Scheme 2-18. Regioselective direct arylation of isoxazole at C5 position

cl 4-iodotoluene (1 equiv)
PdCl,(MeCN), (5 mol %)

DPPBz (10 mol %)

7\ AgF (2 equiv)
N 5 DMA
100 °C, 24 h
46 42 47 43

64% trace 7%
LrLed b, MEPERICHE SN TR LT, RUGKHIRIRE 78 & &2 T UL E 22 5 IR D
M ERRIAD D EF X R TILH D BN DO RE L Z K> 72 (Table 2-11),
Table 2-11. Optimization of regioselective direct arylation of isoxazole
PdCl,(MeCN), (5 mol %)

' DPPBz (10 mol %)
46 + > 42 + 47 + 43
Me AgF (2 equiv)

(X equiv) TemDpl\./I'#ime
Entry Temp. (°C) Time (h) X (equiv) Recoverd 46 (%) Yield 42 /47 / 43 (%)
1 60 24 1 44 49 /trace/ 6
2 80 24 1 28 64 /trace/ 7
3 100 24 1 29 64 /trace/ 7
4 120 24 1 35 52 /trace /12
5 100 24 0.9 43 51 /trace/ 4
6 100 24 1.2 25 61 /trace /13
7 80 24 0.9 46 48 /trace/4
8 60 48 1 38 51 /trace/ 10
9 80 48 1 17 70 /trace/ 12
10 100 48 1 17 69 /trace/ 10

F9. KNREIZOWTHRET 21T 572 (Entries 1-4), 60 °C OA, BOREEDSEL 720 42 3LHE
49% THRHND & & bIT, FEED 44%[EULS L7z, 80 °C X° 100 °C OHE TILEAL LI 64% & HFEHE
DIETHRION » 7V o 7R A2 3G B ivlc, RE%E 120°C £ T EASEL L 2HHA DT U — b3
AT LB K720 43 DILRD 12% LENIHEM LZ, wiZ, 3 7TV — A OYBEHIZ OV TR Z
17-7= (Entries5-7), LT U —/LO&E% 0.9 &IOS LA, 483 DAEEBIHI SN 0D,
42 DWHRMET L, —JF, 3TV —/vE 1.2 BYEIZHESCT L, 43 OERED 13%I28nL 7=,
WRIZ, Entries 1-3 O S5AF TIHREIDERITHE SR> 127, ROGKRE Z 4E K L7z (Entries 8-10),

37



ZOREF, 60°C TiL 24 FE DA &l L TIE & A EELRN 2o 72703, 80°C KT 100°C DR Tik
IR 70% I £ Tk LTz,

2D XD I EBRIREDORBL, C-H #EEOBIEEDEWVICER LTS L&
ZABND, A VAFHY — VR TOBME DR ST 5 MA@V MEE RS 2, 319 34.0
ALOGCTIEEETERE D XV @ 5 AL CESERIIC C-H S STRMHLBSEIT LI 2B 25 NC}bZ”
N5,

T, B3 BED L RRBICE > TER L THD00EFET 5725, Scheme
2-18 & [FIRRD S TS CHRE L OVER ORI A THNMR IZ X VBB L7z, % OfER % Figure 2-5
W,

Figure 2-5. Time course of direct arylation of isoxazole 46

0.14
4 <
0.12
0.1
— 0.08
o
g
g 0.06
0.04

0.02

0 10 20 30 40 50 60 70
time [min]

INHOP TR OFENZRDIL, 43 L 4T DELTH 5, 4T IFFRVEENGAER L TR | RUSEHS
% 30~40 SPEHA B CIRENME T L T o7z, £ &35 AT, 43 13BUGBIAGT: 30 /0t BARKD IG
£0 ., BHZB D ZEICHFITP oD & LT3 TRENEIML TWholo, ZhuE, WIHEBRE T 4 41
TOEENT V—/AUIC KD AR LTZ 47 23, SHIZ5MTHT U — /b, 431872 & &R
L TWoD, LL7ZR285, Scheme 2-16 (2R L7 K D12, (RILRTIEH 22342026 6 43 3155 T
B, 42 2R E UTR- LR b BIRF R TITmE TE U,

VI Eo#fE R A% &9, Figure 2-6 IR T, ARISICEBIT 5P v 7V o 7K 43 DERMKE LT, 5
WA YT VTR i DN—NE ANy T ) TRAT R DN — 2D OO RN H D,
RRIFALDOFER & 42 D7 V— AL IEFITBN E 2 ZET D L. 43 1T CAR L= &
DATRIBIZEMTHET V=M SN THLNIELDEEB X bD,
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Figure 2-6. Reaction pathway of direct arylation of isoxazole 46

Cl fast Q_)\ slow
H / 3o Q—ﬁ\

/ \ \ ’ /
NoosH slow Q_ﬁ fast

46
Ar = p-tolyl
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FNER PO Z B D By
55— C-H #t & Ul OBk

KREFET V) —/ALD SOSHAERRIN 7T T SRR AN A RIC OV Lz, £, A VA
X — VB S LA EAKF L SN ET VI 30-d ZRLaA K Lz, T OREIX, Scheme2-10 T/Rd°
FIEEZHWT 32 205 33 DERIZM A L7 DMF % DMF-d7 12825 2 & T E‘f%hto ETNENOEE %
ML= RAE W TRIESRMED T, 43— R hlxy (19b) LRSS, 20 45 & & IR ORI,
ZE Lz, BOGBRER B 1 R #% £ TOULERDZEAIZ DU THEAT u‘_n’i% PR EE L 3.4 AMELH &
L. C-H A 2 UIWrd 2 B N ALHEL M Chh D L - S L7z (Table 2-12a, Table 2-12b, Figure 2-7)

Table 2-12a. Time course of 30 Table 2-12b. Time course of 30-d
Me ) ;/ 7\
2 equw N ) 2 equw Q@\
(0]
optlmal optlmal
conditions 34b 0-d conditions
Entry Time (min) Yield (%) Entry Time (min) Yield (%)
1 20 16 1 20 5
2 40 29 2 40 8
3 60 44 3 60 13
Intial rate = 0.000998 (mmol/min) kylkp = 3.4 Intial rate = 0.000295 (mmol/min)

Figure 2-7. Chart of the reaction rate

50
45
40
35

t [min]
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AN I 1T HC-HiE GBI OBEIIZ O\ TELET 5, BT Y — U KIZB 1T 2 CHfSE DUk o

EEITFIT4 ORI KB D (Figure 2-8) 109, —>H X, sRE B EEEH (SeAr) HETH 5,
BERGFRTEI VLT KEPIMNIHESLBIEIC L > T e bt LTSN, ZoH

X, A A Z U b= 7" 1 kb (CMD) B CTh 5, A TlI, KEN@RE EORMFIZE->T
7 m hAb S D & RIRFIC @B IR B RE S DTERDBZEANCE Z 5, BRIV O @O C-HEERE
RRFGTHETHEIT LTV, =D BT, C-HEEG ~DOELRIINToH 5, ABEREIL. Ni(0), Rh(1), Ru(0).
Ir(l) & W o 2B BRI 2 0 R WEB O AT 2, WO, ~y 7?'&0)#3%?{212%%6,‘5%
KT, BT m FEERERTOEZENT UV —/HEIZBWTABER LoD, — R, E7F8E
RIEIZ S 0D 6 T, B OB WCHASE 2N STV 5558 AR O v R 735 zb:hé
Figure 2-8. C—H activation

SgAr mechanism

M \\

N

X @ &

I ~
M H L ]
—>  Ar-Ar

i X< BE: -Hx
"TH
Pd(Il), Rh(lll), Ru(ll) ©/M :

CMD mechanism

MH LM X—Ar
/\© 7 A O - > — » Ar-Ar

Ni(0), Rh(1), Ru(0), Ir(l) oxidative addition

oho-eP-g O~ -

Heck type

AN U 72 s G R AR N R OFER 2 BT 2 &, RRISIEWHEN A Z i fb—RBi~7 v kot (CMD)
LR THEITL TV D EEB R BILD, C-HEBTEMEILEUG Tld, —MXAYICCMDIERE 2 12 5 55512 1T
B HE B (knfkp) = 3.5~6.0F2FE DO K & WMEZ R LY | HEIRE 18 Bk 0551213, kalko = 1.2~2.0
FEED/NSUVMEZ -T2 RS T, 348 ) IR & 2 SO A B Sz Z L 225 CMD
FECTHEITL TV D LRI XD,

Fo. REUSIZEWTA VA FH Y — LB CEIEMIZC-HERTEMH (LR EZ > TnDH 2 &b b
CMDIE N SR SV D, EAUL, ARRICHSEAEE CTH 570 B, I b ETEE R TORISHESL
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ENHMNLTH D, fFilxlE. Scheme2-19(127% L7-Santelli 512 X W & S - A Vﬁ%*f\/“-ﬂ&%Mﬁf“
DEBERT YV —bO%GE BB 7228% Az & x| ’Fxb\@.ﬂi%rb BB 48% T

RINETH v 7Y /MM» BONTWD, ZORRIT, EFEERA Y AFH Y —/LERALOC- Hrf*/\
TEMEALDSSEAEREIC L DV #EFIT L TV D Z & 2R LTV 5,
Scheme 2-19. Direct arylation of isoxazole at C4 position reported by Santelli
Me Me PdCl, (0.2 mol %) Me = Ar
m + Br4©—§ >/—_§\
N.g” Me o) KOAc (2.2 equiv) N.g” ~Me
DMA 29
(1.5 equiv) 130°C, 20 h 93%
MeO,C [PA(C3Hs)Cll; (2 mol %) MeO26 ~ Ar

i O~

7\ - m

Me o KOAc (2.2 equiv) N.g” ~Me
DMA 49

(1.5 equw) 80°C,18h 27%

_ electoron rich
SEAr

\)
N\O \CS' electoron poor
’ CMD

ARPOE TR, BUEH TR~ L 912, BFEERA VAT Y —VRMLTIERLS B TR
FEDSENSAL T O SHED BT @, 2O DI G | RSO C-HfE A B I XCMDIEREIZ X
bOEZLEEAD,
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IR USRS

CNETORERNS, HESIND oML R~T (Figure2-9) , £9°, fBEATEMATH H2Mli 8T ¥
U LEERAGFOEIC K VRIS N0 ST ¥ ASEHEARAET 527, Wiz, FvikT U — e piEEk
BRI 5 Z & TBOAERK L, W Ca ik A A L7 it Ao DT =4 U ZWMBREZ Y, CE
5.2 2%, CHA VY AFH Y —VEROC-HFEG ZTEMALT 2 2 & TDORAEL, FiExhligkc kv A
BIDH v 7V v TiRE G525 & TN AT S,
Figure 2-9. Plausible mechanism

I-Ar TN
Oxidative Addition “pq” \
Reductlve Elimination
/‘\

77\
P p RZ P P
~ _ ~N 7~

Pd Pd\

I/ \Ar \
B

AgF KIE Value : 3.4
Anion Exchange P/\P C—H Bond Activation
\ / R2 | Rate-Determining Step

" N>/_§\H

AR R OBERR LY . C-H WA OO ABOS OHHEEPFIZ L L T D LRk S
zhéo T, RBUSZBWTHE 22> TV D DIX AGF ThH D, 2008 FEICHEDIL, TAH T = 0F 7T
—NEEEE La b7 UV — L EOEHENT V) — kAR #RE L TWD 29, ZoRETIE, AgF £/
I%. AgNOs/KF Z 5 Z & T C-H fEATEMHL DB Z R L TV 5D LR TH Y . XRD 73t a
TS TIZ Agl DAL TS Z E BB LN LTS, REIGRIZZ O & IEFITHEIL T
W72, BE D RERD AgF (2 X 2 EERBPFLNTND EEZ DD,

Scheme 2-20. Direct arylation of thiophene reported by Mori

R1

R{ PdCl,(dppb) (3 mol %)
Ty, + o~ AL
R2 s ~H AgF R s o

DMSO, 60-100 °C

up to 93%
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HoIH OGS HPRA O R

W72 5 BOCHIEIZ BT 2 M LA 15 5 1o DI BUSH A DOMAE 21T > 72, £, Figure 2-9 T/RLTZX
JEHSAE D — BEBE TR 237 U0 AGEE B ORI AT, BEROBE N0, T T L
K B IZFHY§ 5 52 % Pd(PPhs)s 725 2 BeB¥IZ CTHER L7z,

Scheme 2-21. Synthesis of Pd complex 52

|
\T:::l\Me I PPh;

; ,Pd ]
PA(PPh3), (1.1 equiv) . PhyP DPPBz (1.2 equl\g thP\Pd/Pth
toluene toluene yZ
60 °C, 1 h 40 OC, 30 min |
92% 51 Me 76% 52
Me

WIZ, 52 #HWT 30 L DEGFRMISZE R, L LR L, RISFe<ETES. B v 7Y v
VA N %E‘hiﬁﬁ)of_ (Scheme 2-22a), Z DJFKNZHO>WTIE, ®RIFEF KT D, —F T, 52 il &
LIS EAT> 2358, BIIO S v 7 U o 7R 67T%INE TR 7z (Scheme 2-22b), Z OFER X 0 |
Kﬁﬁﬁ&%&mbfﬁﬁbfwé_k#m@éﬂéo
Scheme 2-22. Direct arylation using Pd complex 52

. pth\ /F’th AgF (2 equiv) _ I
7\ Pd N,
N / DMA o
o) I 100°C, 4 h Me
30 52 34b
e Me ___
(b) 52 (5 mol %)
| DPPBz (5 mol %)
7\ F ji:L
N_ Me AgF (2 equiv)
(0) DMA
30 19b 100 °C, 24 h
(2 equiv) 7%

WIT, RT VT LGEEB & AQF L DT =F U ZHUT Ko TEMT 2/37 20 LK CITHY 35 55
DO 2 A 7= (Scheme 2-23), Grushin &%, 2006 (2 Xantphos Z BN 1-& L7277 v A{b/XT 20 Ak
K54 DAMEBRE L TND 89, ZOHiETIX, T 73T V0 LGSHE 53 125 L THREFIRE T, 7
AR E SR S5 2 L CHMOSEKR 54 Z AL T 5, £ 2 C, FROFEEZHAWT, 5207 =4
VIRMUZ LD T oAb T VT LEER 55 DB AT T, L LR s, HROSEKRIIHE O T, M
RIREME G5 25D TH -T2, Grushin B DA L 785K 54 13 bite angle K X 7 Xantphos 734 J&
DMNZENLT D ZE TR T U AX L— MERZTER L TV 523, —5 T DPPBz 2Ll % /37 ¥ LEIR
T AF L — MEAZIERR L TV D, ZD X RIEEDIEND /T VT L—T VA Y REEROZLEN
B L7200, BHRIEAMPEONIZEEZEZ LD,
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Scheme 2-23. Synthesis of Pd complex 55 (Grushin’s method)

@ onstin 1) (L1
o AgF o
PhoP__

_—
Ph
PhoP Fppn, - Perzene 1 PPh,
Pd g Pd
4 sonication Y
l 92% F
53 54
(b) </ \> </ \>
PhP PPh, AP (B2eaulV) — pnp  bph,
I/Pd toluene F/Pd
20°C,5h
sonication
52 Me 55 Me

complex mixture

TJEFR AT 4 VBNV ABML LT T v AbNT VT ABEHRO AR DY 2012 4EIT Hartwig 512X - T
HEIN TS O (Scheme 2-24)
Scheme 2-24. Synthesis of Pd complex 55 (Hartwig’s method)

(a) Hartwig : »
I PPhs iodobenzene (5 mol %) F. _PPhs Ph,P 5gPPh,
/Pd AgF (2.2 equiv) ,Pd 1.0 equiv Ph.B PPh
PhyP ~ PhyP (1.0equv) _ Phy oyl
toluene toluene ,
20°C,5h r.t., 30 min F
56 sonication 57 59
(b)
Il ,PPhs 4-iodotoluene (5 mol %) F. PPhs _
“Pd AgF (2.2 equiv) “Pd DPPBz (1.0 equiv)

PhyP’ > PhyP’ Ph,P_  PPh,
Q toLuene Q toluene \Pd/
20°C,5h r.t., 30 min

£
51 Me sonication 60 Me 55
65%

Me
ARERIETIE, 7 RT D0 LR 56 OT =4 U AZHUZ LY T U ARID T v bXT DT LEER 5T
IR, B BN FACHRIZ KW HID 7 v b/ RT U0 AEIR B9 ~EFHE L TS, £ 2T, RO
FIEEHWT 55 OERKE T > 72, Scheme 2-21 Tilk~_7- 3 UL 3T 20 APEKR 51 12%F L T E I RS
T, 7 oABRE G S E D 2 L THIIOEK 60 2 65%D IR TARK L7, &iZ, 60 % H\ T DPPBz
& OB A28 AR T2 28, THNMR, 3P NMR (2B W CEMERIRAM OB SN, ZOHAICBW
T, BN T OREEDEWRIEERDOLEMICRESEEL TND LB OND, o T, NT7 VT L
K55 HIRIZAEMR L T2 b ODORUGHENE < | 55 BofiEd 5 = & THMRIEAMZ 5 2 7= LR &
%o HRHMEE LT, 3 7{b/3T 07 AEK 52 OF =F o AW A B A FIZTYT > 7= (Scheme 2-
25), ZOHEITBNTH HIOGER 55 13560 o 7o), RHEEHAE L & 2 A 4,4-dimethyl-1,1'-
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biphenyl (61) 2AEM L TNWDHZ EBRHENERoT-, ZO/RREZIT, 7 b/ T7 20 APEK 55 13X
MR E S, REHEE R Z LY 7 A Y REEE T Y — LA E 52 TB Y, 7 = =)LFFEk 61
(XT7 U —VEEIR DR ITTHIIEEC K > THER L 72D T nwh b B 27,

Scheme 2-25. Synthesis of Pd complex 55 (by stirring)

AgF(1.1 equiv)

thP\ /Pth _ thP\ /Pth " Q O "
e e
'/PdQ CH,Cl,, 35 °C, 3 h F/Pd . .
Z Z 61
52 55 e

Me Me
N\ AR 77N Reductive
P\Pd/P Disproportionation P\ /P + P\Pd/P Elimination Ar—Ar
L _
F~ Ar F© F Ar”~ Ar

FOSHF R D AR O FTREMEIZ B L CHER D H L2152 72 012, AU DAl EEARAFEIZ DT
WA L7, Figure2-10 121X, BT NGB 537 U0 AOfilit &% 0.5mol %, 1mol %, 2.5mol %,
5mol % & 284t S W72 RF D45 SO EE 22 3K o | A |2 i & | ME pOSWIRE L 7 ey LTI T 7
R LTz, ORGSR, RN 2 2 ICHEWBUSHNEE 2ME T L, i3 e b 720 0.5mol % D54
2. b BUSHTRE D E < 7o Tz,

Figure 2-10. Kinetic Study

PdCI,(MeCN), (X mol %)

|
DPPBz (2X mol %)
7\ + > 7\
N Me N

< AgF (2 equiv N
o gF (2 equiv)

(@)
30 19b 1%3" LAC 34b Me
(2 equiv)
0.8
=
E 0.7
2
50.6
) ¢
< 0.5
24
;S 0.4
k=
0.3
0 1 2 3 4 5 6
Catalyst Loading (mol %)
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INETORREZESE 2. Figure 2-11 |21 AR ORI &G0 D o AR S OHEE SRS 2 R L=, &K
BB T, AEENRZ OGS, CH A OUIBIAREM CTh 5 Z & bR > TRUSHIMIERE Tlik
HOT7 oAb/ T VU0 AEEIR C ORIENFE L 725, TORER, AKOMBEEY A 7 L Th 5D C-H &R
{EDBEBENHETT H R0 &7 v b/ X7 V0 AgEE C ORBULBERICEZ Y | fERELTUT A
U REERE DT U —EERBER L, #i< 7 U — L5 ROIRTHIBEEC L 0 © 7 = = VB8R4
T 5, T DORELORRIE ST L= 55, Figure 2-10 T L7z K 9 ISR 2 8 2 5 120 W BUSATE
EMETLZEEZ BN D, Scheme2-22 725 Scheme 2-25 (2B T 7 v k8T 207 LgEK 55 DA RN
REECd ) BHEZR BRI E L TN 2 ERRGHE TRICE 7 = = VSRR BIRI Sz & o FER
EHL—HLTEY, ZORRND BRI LOREDIFIENIFF S5,

Figure 2-11. Possible reaction mechanism

R! R?
P\ /
Ar—Ar Pd N/ \
\o Ar
Reductive Reductive
Elimination Oxidative Elimination
Addition
P. P P. P P. P R® P_ P
Pd + Pd _Pd__ Pd
F~ \F Ar” \A = \Ar
\
N—O

Anion
Exchange C-H Bond Activation
Rate-Determining Step
Disproportionation KIE Value : 3.4

{———= Concentration —
high low O
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W EEENT U —IC L B A0 A Y F S — LB D

B HNOEARE TR L DI, A VAT Y — VB 5 (L COEENT VU — N ALIGDBF 21T
Slc, FZTOARBEENT Y — LIS ZIGH L TAE v A Y T30 — VENL T 1, 2 DES & A7,
£ AR YRV Y —VERAA 1 2EE L L TEENT U — /M be et Lic, fifits LT
10 mol % PdCl,(MeCN), & 20 mol %@ DPPBz % T, 6 ¥ &ED AgF DFE T, 1 L 4 ¥ E2D I Uik
7 U —/1 19 % DMA 1 100 °C T 48 FE[EIfB#E L /- fE £ % Table 2-13 (27777,
Table 2-13. C—H arylaiton of spiro bis(isoxazole) 1

Spiro bis(isoxazole) ligand

PdCl,(MeCN), (10 mol %)
DPPBz (20 mol %)

/NN * o I—Ar > /NN
o,N N\O H AgF (6 equiv) Ar O/N N\O Ar
1 19 DMA 62
(4 equiv) 100 °C, 48 h

62d o)
65% vyield 73% yield

A— 33— R Mz & DORISIZMBICET L, BRO T » 7Y 71K 62a 28 75% DI TH LTz,
62c DL HIZNT VT AAFE TICBW TS 7 e a0 Z &R UGB ETT L, BROARY)
NEbhlc, BFEERI— AN T 2=V EERT L6200, EF AR THDL4—A XU IR
=NEERT S 62d ICBWTH MR KHIET D20 v 7V VI RE 272, EHIC, SEMICE & 1
—FT7FNEOEBEBANGWRETHY , By 7Y 7K 62e 73 T3%IERTH LI,

BWT, ARAS VY AXH Y v — A VAT — N 2 288 s L CEENT U — b a2k
Friz, filfE & 1T 5 mol % PdCI(MeCN), & 10 mol %™ DPPBz Z VT, 2 4 &D AgF DFE T, 2
HED I 7T U —/ 19 Z DMA 1 100 °C C 48 IR #E L 72 H5 % Table2-14 (Z/R 3, AR E A A
VR — AET T 1 OBE EREEIC 4-F— R ML & ORISIETEICEIT L. BRIOH » 7Y v
71K 63a 23 TT% DILHETHE LI, 63b, 63c DL IZT RELESLT AT NV EZAT 2 EE LEH T
b, TNODOEREEZ RN ICHERDEM IR TE 5, £o, SMEMIZE&EWI—T » MU LVEL
R1I-ELV=VEOBEALFETHY 7V —/bSic v 7Y 7R 70, 71 D3 E N EFL 46%ILER
66% N E TR BT,
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Table 2-14. C—H arylaiton of spiro isoxazoline-isoxazole 2

Spiro Isoxazoline-lsoxazole Ligand

PdCl;(MeCN), (5 mol %)
DPPBz (10 mol %)

+ |—Ar >
AgF (2 equiv)
19 DMA
(2 equiv) 100 °C, 48 h

OMe

63d
46% yield

F 72, Scheme2-1 Til 7= X 92, UHMFEECIE7 uEik6 2 E L Lz Ak—8Hb v 7V 7T
XA AV AXH VA IV F XA DEA N2 FERERE L TWD
(Scheme 2-26) 19,
Scheme 2-26. Divergent synthesis of spiro isoxazoline-isoxazole ligand
Pd(PPh3)4 (5 mol %)

ArB(OH), (1.5 equiv) P Ho.
> i-Pr
SRR
K2CO3, THF iPr” NN N
or 0 o~ TAr

Ba(OH),#8H,0, DME up to 99%
ARFETIE, @l 9% CHIO D v 7Y v 7 EE 52, 52 A €aBlX J VEA O &k &

LTEATIIND DD, MATLHT Y =LKL TUHMBNRICEEL DL H D, Bz, 1—F

TFNROUEREDT TV U TITB VT 63 23 43% L FREDOIERTHE LN TEY, &522—F

TFNRB R AT IVEDT v 7Y 7 TR, 63g RO TN 21% LESLN TRV, £Z T, 21

RTHEENT UV — RN LD 1—F 7 F VB L 2—F 7 FAEOEAEHA T, ZOREE,

72 23 74%., 73 7 S5NDINERTENENG LI, B8Rl v A v 7Y 7 TORR%Z Bl -7
(Table 2-15),
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Table 2-15. C-H arylaiton of spiro isoxazoline-isoxazole 2

Spiro Isoxazoline-Isoxazole Ligand

PdCly(MeCN), (5 mol %)
DPPBz (10 mol %)

+ |—Ar >
AgF (2 equiv)
19 DMA
(2 equiv) 100 °C, 48 h

)
_NN
O ~
63g ©
55% yield

R 1R 2 i D FE L U CHERRADE AR BRI AEE & 2T BT 1t AR
NEED, &I Yu B, NIV LMBIC L AUV T S VEFEEIRD Csp-H TV — UL
W, BERRIISE R BN 2 D CREME 2R 7 U — bk 245 5 FIEBA%E LT\ % (Scheme 2-27) 31,
Scheme 2-27. Kinetic Resolution of Benzylamines via Palladium(l1)-Catalyzed C—H Cross-Coupling

NHNs
X R
Y Ph
NHNs  pg(0Ac), H
up to 99% ee N.
y R __tgand PR BocHN OMe
Ar-BPi
’ r-BPin NHNs | 0
h Ligand

R
58
Ar

up to 96% ee

F T, EESMIETH S DPPBz 2% TV R AT 4 VML ICEE A H 2 L T REHENT Y
— L EOSIZ B TR EE R BN ATED A L 72 (Table 2-16), 2 Z5E & L THW., ARG D

R G SR A BT S D T2 O MUGTRE 2 100°CH 5 80°CIZ T, MUSHEM 2 3.5 ] & 3% & LIRat &
1To72, Table 2-2b (23T 7 & I{KD BINAP % WA ICEEE T U — WAL SUG OHEFT 2 g8 L
Tmttb\ifQBmMP%%wTﬁm%ﬁéto79~wkﬁﬁ#ﬁﬁbﬂ%ﬂﬁfﬁy7j/ﬁ
ERELNTZHOD, ZEIRTH-Tz, ZOREND, B F 7 FOVEKEKORES & HEDOARHE A

E DOFBENIE N2 RFFRHEN ) <L HE T ARNWEEZ T, 22T U VRN T ALFLTHY
[wmz&%u@%L%ﬁoDmmw QuinoxP*, &mw%m&%kbfmwfﬁm%ﬁotobﬁb
RRH, WO kWT%7t DI TV TR E G ZDHDH T o1z, BenzP* % VW25
®ﬁﬁmmf%ww TR 5%%&@#&K%%ﬁ#ﬁ%ht_&m6\%%#7»$x74/
B 7 DREHRER Tl SEREIRPER M BT 2 aTaEE R STV b

50



Table 2-16. Enantioselective C—H arylaiton of spiro isoxazoline-isoxazole 2 by using kinetic resolution

PdCI,(MeCN), (5 mol %)

I ; ) Hi., \
. \O\ ligand (10 mol %) i-Pr |
Me AgF (2 equiv) -Pr” Ng-N N

i-Pr
i-Pr

DMA O
(2 equiv) 80°C,3.5h (R,Sg;63a Me
Kinetic Resolution (S,R)-63a
t-Bu  Me t-Bu  Me
OMe NP P
PPh, P P
99 T W
t-Bu Me t-Bu Me
(S)-BINAP (R,R)-DIPAMP (R,R)-QuinoxP* (S,S)-BenzP*
27%, rac 38%, rac 48%, rac 35%, rac
60°C,4.5h

16%, 5%ee
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FINE A r B Z VR T O NP BRSO~ 00 36

AIEICIE, BOBR LA VY AXH Y — VRS COEBENT ) —UbEIGHL T, At ALY
XYY — VB LB LAY R, VY AXH Y v~ A VA — VRN 2B EE LT, £ 2
T, fFHNTIZF T VB OV THRRERHI 21T O 72 O R F LSS~ DM 27Tz, 7 VIR &
LC. YU THRE LI2/NT D0 MMl L5 7 V7 =L 7 )L a— )Le64dDWacker! # o5 LBRAV
Ji & W T=32 20 mol %D PA(OCOCF3). 72 5 N2 22 mol %D % Z VEMIF1FE F. 737 V7 A DOFHERL
Al & L Tp-benzoquinonex V>, 7 am A& /AR ) —)VOIREEEEH ., 0°C T CA8RFHI SR 21T -
7= (Table 2-17) ,
Table 2-17. Pd-catalyzed Wacker-type tandem cyclization of 64

Pd(OCOCF3),
(20 mol %)

ligand
(22 mol %)
p- benzoqumone
(4.0 equiv)

CH,Cl,/MeOH = 1/1

0°C,48h
entry ligand yield (%) 65 :66 : 77 ee of 65 (%)
1 (R,S)-2 64:3:18 97
2 (R,S)-63f 72:6:19 99
3 (S,R)-63¢g 54:4:26 95
4 (S,R)-63d 61:2:17 84

AFJETIE, AERAIFXRH VY o — A VA — VBN 2% FW 7235 A12655364%1IU =R, 97%
el ik bEmWT U FARRETHEONDS &% NETICHE LTV DI, *EAﬁLtL¥T7%
NIEEFT DO TIXT2%ILE, 99% ee & IFIFEEE L 5 2 DiBINETEEREHNT-, FENHE LA

BT ) = bRS 2GR T B ADRETRIC—EEMZ 2 Z TR 2—r g VICE AR T
HNRTICAD L) ot ZOfER, BEREN T A7 V==V 0NAEEE 720 | @SSR IRMES
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B ENTELLLD, KMEMETIARTE LS 25, 2— T 7 FVEEZH T 5639 TIE54%I0HE, 95% ee
TES G HiTc, = F U FARRMEIC OV TIIEVMEZ R L72s, BEYAERMESDIEEPME T L, EIE
BTN L T b, 9—7 > b U LVIEA AT 563d TIZ61%ILHE, 84% ee TE523F B, 9—7 > b
U NFED X HIZREWEHRILEOGEIZIIM OB & X T F U FARPREDNR T T2 Z & 23R
SV W

1—F7FNREET LA QAL VAV Y v — oV F D — VB T-63F B R 72 A B b
AREET DLV HMANE LN, RICAE R EZA Y XV —LEF (1) Ik LTl—F 7 F
VI N L 72628 % RAMMER S ~E W L7z, Table 2-15 & [A££(220 mol %®Pd(OCOCF3),7 B NE
22 mol %D Z AENLFAFAE T, /37 YU LD FEE{LAl L L Tp-benzoguinonex VY, 7 mw X &
i, SRIE T CL7RERI G 21T - 72 (Table2-18) . £ OfER, 62e% WA ICEEHOLL » HEV T
FUFABPNETHBDO X T LABRILIKES S HivTe, —FC, HIARMES D IR T 3 L ORI
WTH 2566, 6TOHEMM R LT,
Table 2-18. Pd-catalyzed Wacker-type tandem cyclization of 64

Pd(OCOCF3;),
(20 mol %)
ligand
— — (22 mol %) H _ - —
p-benzoquinone 0 OBz
HO OBz (4.0 equiv) 0] OBz (0] OBz
CH,Cl,
64 tt. 17 h 65 66 67

63% yield (65:66:67 = 22:67:11 )
65 :71% ee

(-)-62e

ERE 74% vyield ( 65:66:67 = 35:59:6 )
65 : 56% ee

/N N\

H o o H

(-1

Lo kol BTV — I XV EMZIToTc A e, Y AFH ) v —A VFFH T —)b
BN B LA E R B AL Y X0 — VR & RAEMBSRICEA Lz, £O/RR, 1—F 7 F Lk
ZEALT 63FI2BVT, 9% ee &V olmmn S U F AR AR L, AR AT EREAHET D
Z BRI NI,
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FILH FE_EOEED

(D AREEEZ, §iflORWNA Y FFHY — VB 5L TOEENT U — /SISO LTz,
2 fi/3F 27 Lt (PACI(MeCN)y) & 2 iR 2 7 ¢ i+ (DPPBz) Zfilfi& LTV, AgF
EWRNTHZ LX), 4V AFH Y —LERSATO C-HREETEMHEINIELSEITL, BWY
DI aRT 7Y TR eI 86% T H L7,

PdCI(MeCN), (5 mol %) R, R?

R : :
) \SS N | oPPBz (10mol%h) [ i
N\O H AgF (2 equiv) (o) {Ph,P Pth:

(2 eqUiV) DMA, 100 C’ 24 h up to 86% oo -- J

(2) 441 & SO0 C-H B ZR A Y A X —bEWE AW T, RSN 5 AEIRICETT 2
ZEEP LM LT, T ONEEFIEIL C-H G ORME OBWIZER U, RS TIIFHED LY
B 5 AL TESERITTEMAE N EIT LTI B2 b D,

R’ R' A R' Ar
4 )&5\ I \ W
ZQ + P%"} N o™ Ar N\g N
N o 5 Direct Arylation ) o
(1 equiv) major product minor product

(3) BUSHEREIZBAT DA Cld, MERRIIRINARZI I L U C-H K& OOl s BRI B G- L Ty
5T EEHGMNT LTz, £lo, BUSTRIKD GRS ERRICE SN T, RRISTH T 2 RELREE D17
EEPLMT LT,

(4) AV AXH Y —NEES M TOEENT V—ARISEIH LT, Avafls Y 44 — VB
DFHUEINEDMESLITHE) LTz, AFEIZL Y, AR ERAAL Y AFH Y — VRN FRAE R A Y 4%
TV =AY FFRY Y= BT L TR 2 27 ) — VAR GITEANTE ., 612, AL
BN A WTART VT A X BT r = AT v a— 10X T ARIBRLRIG~E WA L2 A,
1—F 7 TFNEEETHAE O, Y AXH VY —A VA H Y — B &2 NG E I BROERIL
K% 2%, 99% ee THDH Z LTI LT,

Pd(OCOCF3), (20 mol %)
— — Ligand 24mol%) ~ H
p-benzoquinone (4.0 eq) - o
HO OBz CH20|2/MGOH =1/
0°C,48h .
72% yield
99% ee
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FERIA

1. General

All reactions were carried out with standard Schlenk techniques under a nitrogen atmosphere. All NMR spectra were
recorded at 25 °C on a JEOL ECS400 spectrometer (400 MHz for 'H and 100 MHz for '3C). Chemical shifts are reported
in § ppm referenced to an internal tetramethylsilane standard for '"H NMR. Chemical shifts of '3C NMR are given relative
to CDCl; (6 77.0). ESI mass spectra were recorded on a Thermo Fisher LTQ ORBITRAP XL. Melting points were
measured using a Yanaco melting point apparatus MP-S9 and were uncorrected. IR spectra were obtained using a JASCO
FT/IR-4100 instrument. Anhydrous dichloromethane, diethylether, THF, and toluene were purchased from Kanto
Chemicals and further purified by passage through activated alumina using a GlassContour solvent purification system. !
Other solvents were purified prior to use by standard techniques.? 4,5,6,7-Tetrahydrobenzo[c]isoxazole (30),® 3-(3-
phenethylisoxazol-4-yl)propanenitrile (39d),* [Pd(4-tolyl)(I)(DPPBz)] (52), spiro-type chiral ligand 1,2,63a,63c,63d5’
and dialkenyl alcohol 64° were prepared according to the reported procedures. Ethyl 3-methylisoxazole-4-carboxylate
(40e) was purchased from Alfa Aesar. Anthranil (39¢) was purchased from Wako. All other chemicals were purchased
from commercial suppliers and used as received. Column chromatography was conducted on Kishida Silica Gel

(spherical, 63—200 um).

2. Preparation of Substrates

3-(4-Chlorophenyl)-4-phenylisoxazole (39a).’
cl To a solution of pyrrolidine (0.19 mL, 2.3 mmol) and EtzN (0.15 mL, 1.05 mmol) in CHCl> (8
O O mL) was added phenylacetaldehyde (0.49 mL, 4.2 mmol) at 0 °C. To this mixture was added a
Y solution of 4-chloro-N-hydroxybenzimidoyl chloride® (200 mg, 1.05 mmol) in CH,Cl, (2 mL)
kY in five portions in five-minute intervals. After its complete addition, the reaction mixture was
stirred for a further 10 min at 0 °C, which was allowed to warm to room temperature slowly and then stirred for
another 1.5 h. The volatiles were removed under reduced pressure. The residue was purified by flash column
chromatography on silica gel (hexane/EtOAc =10/1) to afford corresponding isoxazoline. The resulting isoxazoline
was stirred with m-CPBA (394 mg, 1.6 mmol) in 4 mL of CH.Cl, at room temperature for 4 h. After being quenched
by the addition of water, the mixture was extracted with CH,Cl,. The organic layer was washed with brine and
dried over Na,SOs. After removal of the volatiles under reduced pressure, the residue was purified by flash column
chromatography on silica gel (hexane/EtOAc = 5/1, Rs = 0.4) to afford 39a (185 mg). 69% yield. Yellow oil. HRMS
(ESI): calcd for C15sH10CINNaO: m/z 278.0349 ([M+Na]*), found: m/z 278.0341. 'H NMR (400 MHz, CDCls): 6
8.50 (s, 1H), 7.44 (d, 2H, J = 8.7 Hz), 7.37-7.31 (m, 5H), 7.25-7.21 (m, 2H). *C{*H} NMR (100 MHz, CDCly): §
159.3 (C-0), 156.6 (C=N), 135.9 (C, Ar), 130.1 (CH, Ar), 129.1 (CH, Ar), 129.0 (CH, Ar), 128.9 (CH, Ar), 128.7
(C, Ar), 128.3 (CH, Ar), 127.2 (C, Ar), 120.3 (C, isoxazole). IR (KBr): 3112, 3060, 1906, 1664, 1602, 1508, 1491,
1410, 1369, 1314, 1118, 1094, 1302, 972, 834, 737, 562, 522 cm.
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3-(4-Chlorophenyl)-4-(n-heptyl)isoxazole (39b).°

cl To a solution of pyrrolidine (57 pL, 0.70 mmol) and EtsN (44 pL, 0.31 mmol) in CH2Cl; (2
mL) was added n-heptanal (176 pL, 1.26 mmol) at 0 °C. To this mixture was added a solution
of 4-chloro-N-hydroxybenzimidoyl chloride® (60 mg, 0.31 mmol) in CH,Cl, (2 mL) in five
portions in five-minute intervals. After its complete addition, the reaction mixture was stirred
for a further 10 min at 0 °C, which was allowed to warm to room temperature slowly and then stirred for another
1.5 h. The volatiles were removed under reduced pressure. The residue was purified by flash column
chromatography on silica gel (hexane/EtOAc = 5/1) to afford corresponding isoxazoline. The resulting isoxazoline
was stirred with m-CPBA (118 mg, 0.47 mmol) in 1.5 mL of CH2Cl; at room temperature for 4 h. After being
guenched by the addition of water, the mixture was extracted with CH,Cl,. The organic layer was washed with
brine and dried over Na;SO4. After removal of the volatiles under reduced pressure, the residue was purified by
flash column chromatography on silica gel (hexane/EtOAc = 5/1, R¢ = 0.3) to afford 39b (52.9 mg). 67% yield.
Yellow oil. HRMS (ESI): calcd for C14H16CINNaO: m/z 272.0818 ([M+Na]*), found: m/z 272.0819. *H NMR (400
MHz, CDCls): § 8.25 (s, 1H), 7.60 (d, 2H, J = 8.5 Hz), 7.45 (d, 2H, J = 8.5 Hz), 2.52 (dt, 2H, J = 7.8 Hz, J = 0.9
Hz), 1.61-1.53 (m, 2H), 1.34-1.29 (m, 4H), 0.90-0.86 (m, 3H). *C{*H} NMR (100 MHz, CDClIs): § 160.5 (C-0O),
156.1 (C=N), 135.7 (C, Ar), 129.5 (CH, Ar), 129.1 (C, Ar), 128.1 (CH, Ar), 118.6 (C, isoxazole), 31.5 (CHy), 29.2
(CHy), 22.7 (CHy), 22.4 (CHy). 14.0 (CHs3). IR (KBr): 3448, 2956, 2929, 2858, 1602, 1504, 1467, 1438, 1372, 1349,
1119, 1094, 1012, 932, 897, 838, 815, 721, 684, 509, 498 cm L.

3-(4-Chlorophenyl)isoxazole (46).1°
cl A mixture of 4-chloro-N-hydroxybenzimidoyl chloride® (1.0 g, 5.26 mmol) and
trimethylsilylacetylene (1.0 g, 10.5 mmol) was stirred in the presence of EtsN (1.8 mL, 13.1 mmol)
) in CHCI; (13 mL) at 0°C, which was then allowed to warm to 50 °C. After stirring for 12 h, the
0" reaction mixture was diluted with CH,Cl,. The organic phase was washed with water and brine, and
dried over Na;SO,. The filtrate was concentrated under reduced pressure to afford isoxazole having TMS group at
the 5-position. Next, CsF (8.0 g, 52.6 mmol) and ethanol (100 ml) were added to the crude product, which was
stirred at room temperature for 1 h. The reaction mixture was diluted with CH2Cl,, washed with water, dried over
NazSO4, and concentrated. The residue was then purified by column chromatography on silica gel (hexane/EtOAc
=10/1, Rf = 0.3) to give the titled compound (584 mg). 62% yield. White solid. Mp: 74-76 °C. HRMS (ESI): calcd
for CoHCINNaO: m/z 202.0036 ([M+Na]*), found: m/z 202.0034. *H NMR (400 MHz, CDCls): 6 8.47 (d, 1H, J =
1.8 Hz), 7.77 (dt, 2H, J = 8.7 Hz, J = 2.3 Hz), 7.45 (dt, 2H, J = 8.7 Hz, J = 2.3 Hz), 6.64 (d, 1H, J = 1.8 Hz).
BBC{'H} NMR (100 MHz, CDCls): 6 160.5 (C-0), 159.2 (C=N), 136.2 (C, Ar), 129.3 (CH, Ar), 128.3 (C, Ar),
127.4 (CH, Ar), 102.4 (C, isoxazole). IR (KBr): 3152, 3129, 3079, 1600, 1547, 1501, 1504, 1432, 1372, 1275,
1097, 1094, 887, 840, 786, 508, 361 cm ™.
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Tetrahydrobenzo[c]isoxazole-d: (30-d)

To a solution of cyclohexanone oxime (706 mg, 6.2 mmol) in THF (16 mL) cooled to 0 °C was added
/\ n-BuLi in hexane (28 mL, 13.7 mmol), which was stirred for 1 h. To this solution was added DMF-
N\o D d;(1.0g,12.5mol) at 0 °C slowly, which and stirred at that temperature for another 1 h. The mixture
was warmed to room temperature and stirred for additional 12 h. Then, a solution of concentrated H2SO4 (2.46 Q)
in THF-water (4:1, 20 mL) was added to the reaction mixture, which was refluxed for 1 h. After cooling to room
temperature, the layers were separated. The organic layer was washed with ag. NaHCOs3, water, and brine, and then
dried over Na,SO.. The filtrate was concentrated under reduced pressure and the residue was purified by flash
column chromatography on silica gel (DCM/hexane/acetone = 50/4/1, R¢= 0.7) to afford 30-d (573 mqg). 74% yield.
Orange oil. HRMS (ESI): calcd for C;HsDNNaO: m/z 147.0645 ([M+Na]*), found: m/z 147.0633. *H NMR (400
MHz, CDCl3): 6 2.75 (t, 2H, J = 6.0 Hz), 2.55 (t, 2H, J = 6.0 Hz), 1.83-1.68 (m, 4H). 3C{*H} NMR (100 MHz,
CDCls3): 6 160.0 (C=N), 152.8 (C-D) (t, Jc-p = 30.2 Hz), 114.3 (C, isoxazole), 22.7 (CH,), 22.5 (CHy), 21.4 (CHy),
18.6 (CH>). IR (KBr): 3483, 2944, 2861, 1590, 1443, 1398, 1327, 1166, 1146, 964, 797, 686, 655, 527 cm™*.

3. Catalysis
General Procedure of Pd-catalyzed Direct C5 Arylation of Isoxazoles
R31 fz X catzcliyst R R

To a Schlenk tube containing a magnetic stirring bar were added PdCl,(MeCN) (1.7 mg, 7 pumol), DPPBz (6.0 mg,
13 pmol), isoxazole (0.13 mmol), aryliodide (0.27 mmol), AgF (33.9 mg, 0.27 mmol), and DMA (0.5 mL), which
was heated at 100 °C for 24 h. After cooling to room temperature, the reaction mixture was directly filtered through
a short pad of silica gel and eluted with EtOAc. The filtrate was concentrated under reduced pressure and the

residue was purified by flash column chromatography on silica gel to afford coupling product.

5-Phenyltetrahydrobenzo[c]isoxazole (34a).
77% yield (19.9 mg). Ry= 0.3 (hexane/EtOAc = 10/1). Yellow solid. Mp: 63—64 °C. HRMS (ESI): calcd
— for C13H;3NNaO: m/z 222.0895 ([M+Na]*), found: m/z 222.0890. *H NMR (400 MHz, CDCls): 6 7.67
Ny (d, 2H, J = 8.8 Hz), 7.46 (td, 2H, J = 8.1 Hz, J = 1.4 Hz), 7.39 (td, 1H, J = 8.1 Hz, J = 1.4 Hz), 2.80—
2.77 (m, 4H), 1.87-1.77 (m, 4H). 3C{*H} NMR (100 MHz, CDCl3): 6 162.5 (C-0), 161.8 (C=N), 129.2
(CH, Ar), 128.9 (CH, Ar), 128.8 (C, Ar), 126.0 (CH, Ar), 110.7 (C, isoxazole), 22.9 (CH,), 22.1 (CH,), 22.0 (CH), 21.2
(CH,). IR (KBr): 3062, 2963, 2942, 2916, 2865, 1625, 1504, 1442, 1420, 1154, 1074, 847, 778, 701, 680 cm™™.
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5-(4-Tolyltetrahydrobenzo[c]isoxazole (34b).

84% yield (23.3 mg). Ry = 0.4 (hexane/EtOAc = 10/1). White solid. Mp: 93-95 °C. HRMS (ESI):
N/ \ caled for C14H;sNNaO: m/z 236.1052 ([M+Na]"), found: m/z 236.1049. 'H NMR (400 MHz,
CDCl3): 6 7.61 (d, 2H, J =8.2 Hz), 7.24 (d, 2H, J = 8.2 Hz), 2.76 (t, 2H, J = 6.0 Hz), 2.74 (t, 2H, J
= 5.5 Hz), 2.37 (s, 3H), 1.82-1.78 (m, 4H). BC{*H} NMR (100 MHz, CDCls): 6 162.7 (C-O),
161.8 (C=N), 139.4 (C, Ar), 129.6 (CH, Ar), 126.1 (C, Ar), 125.9 (CH, Ar), 110.0 (C, isoxazole), 22.9 (CH,), 22.1 (CH,),
22.0 (CHy), 21.5 (CHs3), 21.2 (CH>). IR (KBr): 2945, 2865, 1626, 1516, 1442, 1420, 1106, 832, 964, 822, 500 cm™.

3

Me

5-(4-Methoxyphenyl)tetrahydrobenzo[c]isoxazole (34c).

71% yield (21.2 mg). Rr = 0.3 (hexane/EtOAc = 10/1). White solid. Mp: 79-81 °C. HRMS (ESI):
calcd for CisHisNNaO,: m/z 252.1001 ([M+Na]*), found: m/z 252.0995. 'H NMR (400 MHz,
CDCly): 6 7.67 (d, 2H, J = 8.4 Hz), 6.97 (d, 2H, J = 8.4 Hz), 3.84 (s, 3H), 2.76 (m, 4H), 1.85—
1.79 (m, 4H). BC{*H} NMR (100 MHz, CDCls): § 162.6 (C-O), 161.7 (C=N), 160.3 (C, Ar),
1275 (CH, Ar), 121.7 (C, Ar), 114.3 (CH, Ar), 109.2 (C, isoxazole), 55.4 (CHs), 22.9 (CH,), 22.1 (CH5), 22.0 (CHy),
21.2 (CHy). IR (KBr): 3004, 2938, 2861, 1609, 1514, 1439, 1421, 1305, 1247, 1179, 1106, 1031, 961, 833, 710, 671,
594,517 cm™.

!
N\\

3

OMe

5-(4-Fluorophenyl)-tetrahydrobenzo[c]isoxazole (34d).

63% yield (17.8 mg). Ry= 0.3 (hexane/EtOAc = 10/1). White solid. Mp: 80-82 °C. HRMS (ESI):
N/\ \ caled for Ci3H12FNNaO: m/z 240.0801 ([M+Na]"), found: m/z 240.0791. 'H NMR (400 MHz,
F CDCl): 6 7.75-7.69 (m, 2H), 7.15 (dd, 2H, J = 8.7 Hz), 2.80-2.73 (m, 4H), 1.89-1.78 (m, 4H).
BC{'H} NMR (100 MHz, CDCl;): 6 164.4 (C-0O), 161.9 (C=N), 161.8 (C, Ar, d, Jc.e = 22 Hz), 128.0 (CH, Ar, d, Jc.r =
8.6 Hz), 125.2 (C, Ar, d, Jcr = 2.9 Hz), 116.1 (CH, Ar, d, Jc.r = 22 Hz), 113.0 (C, isoxazole), 22.8 (CHy), 22.1 (CH>),
22.0 (CHy), 21.2 (CHy). IR (KBr): 3072, 2952, 2870, 1623, 1606, 1514, 1446, 1423, 1228, 1163, 1100, 841, 587 cm™™.

&

5-(4-Chlorophenyl)-tetrahydrobenzo[c]isoxazole (34e).
70% yield (21.3 mg). Rr=0.2 (hexane/EtOAc = 10/1). Yellow solid. Mp: 133-136 °C. HRMS (ESI):
— caled for C13H12CINNaO: m/z 256.0505 ([M+Na]*), found: m/z 256.0498. *H NMR (400 MHz,
No CDCls): § 7.67 (d, 2H, J = 8.8 Hz), 7.43 (d, 2H, J = 8.8 Hz), 2.79 (t, 2H, J= 6.2 Hz), 2.75 (t, 2H, J
@ 62 Hz), 1.85-1.80 (m, 4H). 2C{*H} NMR (100 MHz, CDCl3): 6 161.9 (C-O), 161.5 (C=N),
135.2 (C, Ar), 129.2 (CH, Ar), 127.3 (C, Ar), 127.2 (CH, Ar), 111.0 (C, isoxazole), 22.8 (CH,), 22.0 (CHy), 21.9 (CHy),
21.2 (CHy). IR (KBr): 3090, 3067, 2937, 2860, 1625, 1500, 1442, 1422, 1087, 1009, 495 cm.
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5-(4-Bromophenyl)-tetrahydrobenzo[c]isoxazole (34f).
62% yield (22.9 mg). Rr = 0.3 (hexane/EtOAc = 10/1). Yellow solid. Mp: 134-137 °C. HRMS
— (ESI): calcd for Ci3H12BrNNaO: m/z 300.0000 ([M+Na]*), found: m/z 299.9991. 'H NMR (400
Ny MHz, CDCls): 6 7.62-7.57 (m, 4H), 2.80 (t, 2H, J= 5.8 Hz), 2.75 (t, 2H, J= 5.8 Hz), 1.87-1.80 (m,
° 4H). BC{*H} NMR (100 MHz, CDCls): 6 161.9 (C-0), 161.5 (C=N), 132.2 (CH, Ar), 127.7 (C,
Ar), 127.4 (CH, Ar), 1235 (C, Ar), 111.1 (C, isoxazole), 22.8 (CHy), 22.0 (CHy), 21.9 (CH;), 21.2 (CHy). IR (KBr):
3088, 3065, 2934, 2857, 1499, 1442, 1421, 1398, 1104, 1067, 1004, 959, 848, 829, 716, 659, 493, 480 cm™.

Methyl 4-(tetrahydrobenzo[c]isoxazol-5-yl)benzoate (34g).
74% yield (25.4 mg). Ry = 0.4 (hexane/EtOAc = 5/1). White solid. Mp: 146149 °C. HRMS
N/ \ (ESD): caled for CisH;sNNaOs: m/z 280.0950 ([M+Na]"), found: m/z 280.0943. *H NMR (400
) OMe MHz, CDCls): 6 8.12 (d, 2H, J = 8.2 Hz), 7.80 (d, 2H, J = 7.8 Hz), 3.9. (s, 3H), 2.84-2.77 (m,
4H), 1.87-1.80 (m, 4H). BC{*H} NMR (100 MHz, CDCls): § 166.5 (C=0), 162.0 (C-O,
isoxazole), 161.4 (C=N), 132.6 (C, Ar), 130.4 (C, Ar), 130.2 (CH, Ar), 125.8 (CH, Ar), 112.4 (C, isoxazole), 52.4 (CHs),
22.7 (CHy), 22.0 (CHa, two peaks overlapped), 21.3 (CH>). IR (KBr): 2949, 2905, 1719, 1608, 1432, 1276, 1179, 1107,
895, 776, 704 cm™.

$

5-(4-Trifluoromethylphenyl)-tetrahydrobenzo[c]isoxazole (34h).
65% yield (23.2 mg). R¢= 0.4 (hexane/EtOAc = 5/1). White solid. Mp: 130-133 °C. HRMS (ESI):
caled for CisH12FsNNaO: m/z 290.0769 ([M+Na]*), found: m/z 256.0763. *H NMR (400 MHz,
/\O\ CDCls): §7.82 (d, 2H, J =8.2 Hz), 7.69 (d, 2H, J = 8.2 Hz), 2.80-2.76(m, 4H), 1.85-1.80 (m, 4H).
©F2  15C{1H} NMR (100 MHz, CDCly): 8 162.0 (C-0), 160.9 (C=N), 131.9 (C, Ar), 130.8 (C, Ar, q,
Jcr = 22 Hz), 126.1 (CH, Ar), 125.9 (CH, Ar), 123.9 (CF3, q, Jcr = 180 Hz), 112.3 (C, isoxazole), 22.7 (CH.), 22.0
(CHy, two peaks overlapped), 21.2 (CHy). IR (KBr): 2952, 2866, 1616, 1576, 1442, 1409, 1333, 1169, 1068, 1013, 848

e

cm™.

4-(Tetrahydrobenzo[c]isoxazol-5-yl)benzonitrile (34i).

51% yield (15.4 mg). Rr= 0.3 (hexane/EtOAc = 5/1). White solid. Mp: 180-182 °C. HRMS (ESI):
caled for C14H12NoNaO: m/z 224.0848 ([M+Na]"), found: m/z 224.0841. 'H NMR (400 MHz,
CDCls): 6 7.84 (d, 2H J = 8.5 Hz), 7.75 (d, 2H, J = 8.5 Hz), 2.81-2.76 (m, 4H), 1.87-1.80 (m, 4H).
BC{*H} NMR (100 MHz, CDCls): § 162.2 (C-0), 160.3 (C=N), 132.7 (CH, Ar), 132.6 (C, Ar),
126.3. (CH, Ar), 118.5 (C, Ar), 113.2 (C=N), 112.5 (C, isoxazole), 22.6 (CHy), 21.93 (CHy), 21.89 (CHy), 21.3 (CH,).
IR (KBr): 2942, 2861, 2224, 1605, 1576, 1442, 1420, 1154, 1108, 962, 836, 546 cm™™.

pd
S
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5-(3-Tolyltetrahydrobenzo[c]isoxazole (34n).
68% yield (19.4 mg). Rr= 0.4 (hexane/EtOAc = 5/1). Yellow solid. Mp: 43-46 °C. HRMS (ESI):
%Me calcd for C14H sNNaO: m/z 236.1052 ([M+Na]"), found: m/z 236.1042. "H NMR (400 MHz, CDCl;):
N\O 0 7.57 (s, 1H), 7.53 (d, 1H, J =8.0 Hz), 7.35 (t, 1H, J = 8.0 Hz), 7.21 (d, 1H, J = 8.0 Hz), 2.81-2.77
(m, 4H), 2.42 (s, 3H), 1.85-1.80 (m, 4H). BC{*H} NMR (100 MHz, CDCls): § 162.7 (C-0O), 161.8
(C=N), 138.6 (C, Ar), 130.1 (CH, Ar), 128.8 (CH, Ar), 128.7 (C, Ar), 126.6 (CH, Ar), 123.2 (CH, Ar), 110.6 (C,

isoxazole), 22.9 (CHy), 22.1 (CH2), 22.0 (CH2), 21.6 (CHa), 21.3 (CH,). IR (KBr): 2949, 2860, 1597, 1583, 1445, 1422,
1157, 1089, 804, 710 cm L.

5-(2-Tolyl)tetrahydrobenzo[c]isoxazole (340).
65% yield (18.5 mg). Re= 0.4 (hexane/EtOAc = 5/1). Yellow oil. HRMS (ESI): caled for C14H sNNaO:
Me m/z 236.1052 ([M+Na]"), found: m/z 236.1051. '"H NMR (400 MHz, CDCls): d 7.36 (m, 4H), 2.82 (t,
N/\O\ 2H, J = 6.4 Hz), 2.55 (t, 2H, J = 6.4 Hz), 2.41 (s, 3H), 1.87-1.74 (m, 4H). *C{*H} NMR (100 MHz,
CDCls): 6 164.6 (C-0), 161.1 (C=N), 137.5 (C, Ar), 131.1 (CH, Ar), 129.6 (CH, Ar), 129.1 (CH, Ar),

128.1 (C, Ar), 125.7 (CH, Ar), 112.1 (C, isoxazole), 22.9 (CHy), 22.3 (CH,), 21.8 (CH,), 20.6 (CHs), 20.5 (CH2). IR
(KBr): 3235, 2942, 2861, 1719, 1693, 1626, 1447, 1419, 1118, 959, 766, 725 cm.

5-(2-bromophenyl)tetrahydrobenzo[clisoxazole (34p).
43% vyield (16.0 mg). Ry = 0.4 (hexane/EtOAc = 10/1). Yellow wax. HRMS (ESI): calcd for
% C13H12BrNNaO: m/z 300.0000 ([M+Na]"), found: m/z 299.9996. 'H NMR (400 MHz, CDCl5): § 7.68 (d,
N‘o 1H,J =8.2 Hz), 7.44-7.37 (m, 2H), 7.33-7.29 (m, 1H), 2.83 (t, 2H, J = 6.5 Hz), 2.55 (t, 2H, J = 6.5 Hz),
1.89-1.82 (m, 2H), 1.78-1.73 (m, 2H). *C{*H} NMR (100 MHz, CDCls): 6 162.9 (C-0), 161.2 (C=N),
133.6 (CH, Ar), 131.5 (CH, Ar), 131.2 (CH, Ar), 130.2 (C, Ar), 127.3 (CH, Ar), 122.6 (C, Ar), 113.4 (C), 22.7 (CHy),

22.3 (CHy), 21.9 (CH,), 20.5 (CH>). IR (KBr): 3234, 2942, 2860, 1636, 1443, 1418, 1157, 1047, 1029, 958, 847, 761,
724,663 cm L.

5-(2-methoxyphenyl)-tetrahydrobenzo[clisoxazole (34q).
45% yield (13.8 mg). Ry = 0.4 (hexane/EtOAc = 5/1). Colorless oil. HRMS (ESI): calcd for
OMe Ci4HisNNaOy: m/z 252.1001 ([M+Na]*), found: m/z 252.0998. 'H NMR (400 MHz, CDCL): 6 7.54 (dd,
N/\o\ 1H, J = 7.6 Hz, J = 2.0 Hz), 7.42-7.37 (m, 1H), 7.05-7.01 (m, 1H), 6.98 (d, 1H, J = 8.0 Hz), 3.88 (s,
3H), 2.81 (t, 2H, J = 6.4 Hz), 2.56 (t, 2H, J = 6.4 Hz), 1.86-1.73 (m, 4H). *C{*H} NMR (100 MHz,
CDCls): 6 161.6 (C-0O, isoxazole), 161.3 (C=N), 156.6 (C, Ar), 131.1 (CH, Ar), 130.2 (CH, Ar), 120.7 (CH, Ar), 118.0

(C, Ar), 112.9 (C, isoxazole), 111.4 (CH, Ar), 55.5 (CHs), 23.0 (CHy), 22.4 (CHy), 22.0 (CH), 21.0 (CHy). IR (KBr):
2940, 2859, 1629, 1596, 1579, 1502, 1444, 1250, 1091, 1024, 757 cm™.
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5-(1-Napthyltetrahydrobenzo[c]isoxazole (34r).

79% yield (26.3 mg). Ry = 0.3 (hexane/EtOAc = 10/1). Colorless wax. HRMS (ESI): caled for
C17H1sNNaO: m/z 272.1052 ([M+Na]"), found: m/z 272.1045. '"H NMR (400 MHz, CDCl;): 6 8.08—
8.05 (m, 1H), 7.96-7.90 (m, 2H), 7.61-7.53 (m, 4H), 2.89 (t, 2H, J = 6.4 Hz), 2.56 (t, 2H, J = 6.4 HZ),
1.93-1.87 (m, 2H), 1.80-1.74 (m, 2H). °C{*H} NMR (100 MHz, CDCl5): 6 163.9 (C-0), 161.4 (C=N),
133.8 (C, Ar), 131.0 (C, Ar), 130.3 (CH, Ar), 128.5 (CH, Ar), 127.7 (CH, Ar), 127.1 (CH, Ar), 126.4 (CH, Ar), 126.1
(C, Ar), 125.8 (CH, Ar), 125.1 (CH, Ar), 113.2 (C, isoxazole), 22.9 (CHy), 22.4 (CHz), 22.0 (CHz), 20.6 (CHy). IR (KBr):
3051, 2941, 2859, 1626, 1592, 1509, 1446, 1391, 1152, 1132, 944, 847, 803, 776, 572, 425 cm™*.

5-(1-Pyrenyl)tetrahydrobenzo[clisoxazole (34s).

79% yield (34.1 mg). Rr = 0.4 (hexane/EtOAc = 5/1). Yellow solid. Mp: 166-167 °C. HRMS
(ESI): calcd for C3H7NNaO: m/z 346.1208 ([M+Na]"), found: m/z 346.1194. '"H NMR (400 MHz,
CDCls): 0 8.31(d, 1H J = 9.2 Hz), 8.25-8.22(m, 3H), 8.16 (d, 2H, J = 8.9 Hz), 8.10 (d, 2H, J =8.9
Hz), 8.11-8.03 (m, 1H), 2.95 (t, 2H, J = 6.4 Hz), 2.64 (t, 2H, J = 6.4 Hz), 1.98-1.92 (m, 2H), 1.84—
1.78 (m, 2H). B¥C{*H} NMR (100 MHz, CDCls): 6 164.3 (C-0O), 161.6 (C=N), 132.3 (C, Ar), 131.3 (C, Ar), 130.9 (C,
Ar), 129.2 (C, Ar), 128.75 (CH, Ar), 128.67 (CH, Ar), 127.3 (CH, Ar), 126.9 (CH, Ar), 126.4 (CH, Ar), 125.9 (CH, Ar),
125.8 (CH, Ar), 125.0 (CH, Ar), 124.64 (CH, Ar), 124.57 (C, Ar), 122.9 (C, Ar), 113.5 (C, isoxazole), 22.9 (CHy), 22.4

(CHy), 22.0 (CHy), 20.8 (CHy). The signal for an aromatic quaternary carbon was overlapped with another peak.
IR (KBr): 2939, 1655, 1609, 1543, 1509, 1446, 1420, 957, 840 cm™.

3-(4-Chlorophenyl)-4-phenyl-5-(4-tolyl)isoxazole (40ab).

60% yield (31.7 mg). Ry = 0.3 (hexane/EtOAc = 10/1).White solid. Mp: 204-207 °C. HRMS
(ESI): caled for CyoH sCINNaO: m/z 368.0818 ([M+Na]"), found: m/z 368.0811. 'H NMR
(400 MHz, CDCls): 6 7.43-7.35 (m, 7H), 7.27-7.22 (m, 4H), 7.12 (d, 2H, J = 8.2 Hz), 2.34
(s, 3H). BC{*H} NMR (100 MHz, CDCls): 6 166.1 (C-0), 161.3 (C=N), 140.3 (C, Ar), 135.6
(C, Ar), 130.5 (CH, Ar), 129.8 (CH, Ar), 129.5 (CH, Ar), 129.3 (CH, Ar), 128.8 (CH, Ar), 128.4 (CH, Ar), 127.7 (C,
Ar), 127.0 (CH, Ar), 124.3 (C, Ar), 114.6 (C, isoxazole), 21.5 (CH3). The signal for an aromatic quaternary carbon was
overlapped with another peak. IR (KBr): 2921, 1625, 1491, 1421, 1091, 832, 749, 698, 500 cm™.

3-(4-Chlorophenyl)-4-(n-hephyl)-5-(4-tolyl)isoxazole (40bb).

51% yield (23.9 mg). R¢ = 0.2 (hexane/CH,Cl, = 2/1). White solid. Mp: 73-75 °C. HRMS
(ESI): calcd for C21H2CINNaO: m/z 362.1288 ([M+Na]"), found: m/z 362.1279. '"H NMR (400
MHz, CDCls): d 7.67 (d, 2H, J = 8.0 Hz), 7.59 (d, 2H, J = 8.7 Hz), 7.47 (d, 2H, J = 8.7 Hz),
7.31(d, 2H, J = 8.0 Hz), 2.67 (t, 2H, J = 8.0 Hz), 2.43 (s, 3H), 1.50-1.42 (m, 2H), 1.25-1.20
(m, 4H), 0.83-0.79 (m, 3H). BC{*H} NMR (100 MHz, CDCl3): § 166.2 (C-0), 162.8 (C=N),
140.0 (C, Ar), 135.6 (C, Ar), 129.72 (CH, Ar), 129.69 (CH, Ar), 129.1 (CH, Ar), 128.6 (C, Ar), 126.9 (CH, Ar), 125.7
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(C, Ar), 113.6 (C, isoxazole), 31.6 (CHz), 29.4 (CHy), 22.8 (CH,), 22.2 (CH,), 21.5 (CHs), 14.0 (CHs). IR (KBr): 2923,
2867, 1506, 1428, 1092, 1013, 935, 841, 822 cm'.,

5-(4-Tolyl)benzo[c]isoxazole (40cb).

73%yield. (20.5 mg). Rr= 0.3 (hexane/EtOAc = 10/1). White solid. Mp: 90-92 °C. HRMS (ESI):
caled for CisHiiNNaO: m/z 232.0739 ([M+Na]"), found: m/z 232.0737. '"H NMR (400 MHz,
CDCl3): 6 7.90 (d, 2H, J = 8.5 Hz), 7.80 (d, 1H, J = 8.9 Hz), 7.58 (d, 1H, J = 8.9 Hz), 7.34 (d, 2H,
J=8.5Hz), 7.31-7.28 (m, 1H), 7.04-7.00 (m, 1H), 2.42 (s, 3H). BC{*H} NMR (100 MHz, CDCls):
0 164.8 (C-0), 157.9 (C=N), 140.8 (C, Ar), 130.7 (CH), 130.0 (CH, Ar), 126.6 (CH, Ar), 125.8 (C, Ar), 124.3 (CH),
120.9 (CH), 115.5 (CH), 114.1 (C, isoxazole), 21.7 (CHz3). IR (KBr): 3042, 2917, 1627, 1611, 1509, 1454, 1428, 1119,
988, 915, 902, 812, 753, 737, 654, 495 cm ™.

3-(3-Phenethyl-5-(4-tolyl)isoxazol-4-yl)propanenitrile (40db).

70% yield. (29.6 mg). R¢ = 0.3 (hexane/EtOAc = 5/1). White solid. Mp: 95-96 °C. HRMS
(ESI): calcd for C21H2oN2NaO: mi/z 339.1474 ([M+Na]*), found: m/z 339.1474. "H NMR (400
MHz, CDCl;): 6 7.53 (d, 2H J = 7.8 Hz), 7.34-7.22 (m, 7H), 3.12 (t, 2H, J = 8.2 Hz), 3.0 (t,
2H, J =8.2 Hz), 2.79 (t, 2H, J = 7.8 Hz), 2.42 (s, 3H), 2.30 (t, 2H, J = 6.4). BC{*H} NMR
(100 MHz, CDClz3): ¢ 166.3 (C-0), 163.0 (C=N), 140.8 (C, Ar), 140.6 (C, Ar), 130.0 (CH,
Ar), 128.7 (CH, Ar), 128.6 (CH, Ar), 126.7 (CH, Ar), 126.6 (CH, Ar), 125.1 (C, Ar), 118.6 (C=N), 110.0 (C, isoxazole),
34.3 (CHy), 27.4 (CHy), 21.5 (CH3), 19.2 (CH>), 17.2 (CH>). IR (KBr): 3033, 2937, 2859, 2246, 1620, 1604, 1517, 1497,
1440, 1186, 817, 720, 699 cm™™.

Ethyl 3-methyl-5-(4-tolyl)isoxazole-4-carboxylate (40eb).

2 O/_ 86% yield (56.4 mg). Ry = 0.3 (hexane/EtOAc = 10/1). Colorless oil. HRMS (ESI): calcd for
C14H1sNNaOs: m/z 268.0950 ((M+Na] "), found: m/z 268.0942. 'H NMR (400 MHz, CDCl3): 6 7.80
(d, 2H, J = 8.2 Hz), 7.28 (d, 2H, J = 8.2 Hz), 4.31 (q, 2H, J = 7.3 Hz), 2.50 (s, 3H), 2.42 (s, 3H),
1.32 (t, 3H, J = 7.3 Hz). ®C{*H} NMR (100 MHz, CDCly): 6 173.2 (C=0), 162.4 (C-0, isoxazole), 160.8 (C=N), 141.8
(C, Ar), 129.1 (CH, Ar), 129.0 (CH, Ar), 124.3 (C, Ar), 107.9 (C, isoxazole), 60.9 (CHy), 21.7 (CHs), 14.2 (CHs), 12.4
(CHs). IR (KBr): 3423, 2983, 2938, 1719, 1617, 1594, 1419, 1310, 1231, 1128, 1095, 823, 784, 504 cm™™.
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4. Regioselective Direct Arylation

Scheme 2-S1
Cl Cl
H | standard
conditions
(A + —
N\O H Me 24 h
19b
46 (1 equiv)

The present strategy proved to take place regioselectively in the reaction of 3-(4-chlorophenyl)isoxazole (46)
having C-H bonds both at the 4- and 5-positions. Thus, when 46was reacted with 1 equiv of 19b under the standard
conditions, the C5-H bond was allowed to be activated predominantly to produce 42 in 64% yield, along with a
trace amount of C4-arylated 47 and 7% of doubly arylated 43 (Scheme 2-S1): According to the general procedure
of the Pd-catalyzed direct C5 arylation, the reaction was conducted using PdCl,(MeCN), (1.7 mg, 7 umol), DPPBz
(6.0 mg, 13 pumol), isoxazole 46 (0.13 mmol), 4-iodotoluene (19b) (0.13 mmol), AgF (33.9 mg, 0.27 mmol), and
DMA (0.5 mL).

Time-course analysis of this reaction indicated that 43 was derived from 47 via the direct C5 arylation (Figure 2-
S1): A small amount of the reaction solution was sampled every 5 minutes. The mixture was filtered through a
short pad of silica gel, which was rinsed with EtOAc. The crude product was then analyzed by *H NMR.

0.14
012 |
0.1
_ 46
=008
£
E.0.06
42
0.04
0.02 43
47
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Figure 2-S1. Time-Course Analysis
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3-(4-Chlorophenyl)-5-(4-tolyl)isoxazole (42).

64% yield. Rs= 0.4 (hexane/EtOAc = 10/1). White solid. Mp: 203-205 °C. HRMS (ESI): calcd
for C16H13CINO: m/z 270.0685 ([M+H]*), found: m/z 270.0677. *H NMR (400 MHz, CDCls):
07.80 (dt, 2H,J=8.7 Hz, J = 2.3 Hz), 7.72 (d, 2H, J = 8.2 Hz), 7.45 (dt, 2H, J =8.7 Hz, J =
2.3 Hz), 7.29 (d, 2H, J = 8.2 Hz), 6.75 (s, 1H), 2.42 (s, 3H). 3C{*H} NMR (100 MHz, CDCls):
§171.0 (C-0), 162.1 (C=N), 140.8 (C, Ar), 136.1 (C, Ar), 129.8 (CH, Ar), 129.3 (CH, Ar),
128.2 (CH, Ar), 127.8 (C, Ar), 125.9 (CH, Ar), 124.7 (CH, Ar), 96.8 (CH, isoxazole), 21.6 (CHs). IR (KBr): 3112, 2953,
2922, 2866, 1922, 1601, 1498, 1430, 1381, 1110, 1015, 948, 917, 809, 528 cm™.

3-(4-Chlorophenyl)-4,5-bis(4-tolyl)isoxazole (47).

7% yield. Rf = 0.5 (hexane/EtOAc = 10/1). White solid. Mp: 175-178 °C. HRMS (ESI):
calcd for C23H1sCINNaO: m/z 382.0975 ([M+Na]*), found: m/z 382.0962. 'H NMR (400
MHz, CDCls): 6 7.44 (d, 2H, J = 8.2 Hz), 7.38 (d, 2H, J = 8.7 Hz), 7.28 (d, 2H, J = 8.7
Hz), 7.20 (d, 2H, J = 7.8 Hz), 7.14 (d, 2H, J = 7.8 Hz), 7.12 (d, 2H, J = 8.2 Hz), 2.41 (s,
3H), 2.35 (s, 3H). *C{*H} NMR (100 MHz, CDCls): 6 166.0 (C-0), 161.3 (C=N), 140.1
(C, Ar), 138.2 (C, Ar), 135.6 (C, Ar), 130.3 (CH, Ar), 130.0 (CH, Ar), 129.8 (CH, Ar), 129.4 (CH, Ar), 128.8 (CH,
Ar), 127.8 (C, Ar), 127.4 (C, Ar), 126.9 (CH, Ar), 125.1 (C, Ar), 114.6 (C, isoxazole), 21.5 (CHs), 21.4 (CH3). IR
(KBr): 2924, 1601, 1499, 1426, 1386, 1091, 1015, 836, 821, 751, 501 cm™™.

Scheme 2-S2
A
| standard
\©\ conditions
+ —_—
Me 24 h
19b
(2 equiv)
B
standard
Me H I conditons ~ Me
e o A
N\O Me 1ob Me 24 h N\O Me
28 (2 equiv) 41

The reactivity of the C4-H bond was found to be much lower than that of the C5-H bond. The reaction of 47 with
2 equiv of 19b produced 43 only in 31% vyield (Schemes 2-S2A): According to the general procedure of the Pd-
catalyzed direct C5 arylation, the reaction was conducted using PdCl2(MeCN); (1.7 mg, 7 umol), DPPBz (6.0 mg,
13 umol), isoxazole 28 (0.13 mmol), 4-iodotoluene (19b) (0.26 mmol), AgF (33.9 mg, 0.27 mmol), and DMA (0.5
mL). The chemical yield of 43 was determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as an internal
standard. Furthermore, no reaction occurred for 3,5-dimethylisoxazole (28) (Schemes 2-S2B). This selectivity
would be attributable to the acidity of the proton at reaction sites. Hence, the more acidic C5-H appears to be more

readily cleaved under these conditions.
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5. Preliminary Mechanistic Study

Scheme 2-S3

standard standard
conditions conditions
A\ - U\ '\
N\O H | N\O | N\O D
30 \©\ 34b \©\ 30-d
Me Me

19b 19b
(2 equiv) (2 equiv)

According to the general procedure of the Pd-catalyzed direct C5 arylation, the reaction was conducted using
substrate 30 or 30-d with 2 equiv of 4-iodotoluene (19). An aliquot of the reaction solution was sampled

periodically (20, 40, 60 min) and analyzed by 'H NMR after short column chromatography.

Table 2-S1. Kinetic Isotope Effect

Substrat oroduct Time (min) Initial rate
e 0 20 40 60 (mmol/min) KIE
30 34b 0 0.0106 0.0193 0.0293 0.00048 24
30-d (mmol) 0 0.0033 0.0053 0.0087 0.00014 '
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Figure 2-S2. Kinetic Isotope Effect
Scheme 2-S4.
I 52 (5 mol %)
/\ . \©\ DPPBz (5 mol %) /\ thp\ /Pph2
N\O H Me AgF (2 equiv) N\O ' Pd

19b DMA, 100 °C, 24 h T
30 (2 oquiv) 34b ;
q 67% : 52

........................
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According to the general procedure of the Pd-catalyzed direct C5 arylation, the reaction was conducted using Pd
complex 52 (5.2 mg, 7 umol), DPPBz (3.0 mg, 7 umol), isoxazole 30 (16.4 mg, 0.13 mmol), 4-iodotoluene (19b)
(58.2 mg, 0.27 mmol), AgF (33.9 mg, 0.27 mmol), and DMA (0.5 mL). The chemical yield of 34b was determined

by 'H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.

Scheme 2-S5.

Ph,P  PPh, Ph,P  PPh,
N / +  AgF Me Me N /
Pd (1.1 equiv) CH2Clp, 35°C, 3 h Pd
e 61 7
Q 0
52 Ve 55 Me
To a Schlenk tube equipped with a magnetic stirring bar were added Pd complex 52 (25 mg, 0.032 mmol), AgF
(4.6 mg, 0.036 mmol), and DMA (0.2 mL). The reaction mixture was stirred at 35 °C for 3 h and then directly
filtered through a short pad of silica gel, which was rinsed with EtOAc. The filtrate was concentrated under reduced
pressure. Biphenyl derivative 61 was formed in 24% yield based on the 'H NMR analysis using 1,3,5-

trimethoxybenzene as an internal standard.

Kinetic Study
According to the general procedure of the Pd-catalyzed direct C5 arylation, the reaction of 30 and 2 equiv of 19b
was conducted with varying the catalyst loading (0.5, 1, 2.5, and 5 mol %). An aliquot of the reaction solution was

sampled periodically (20, 40, 60 min) and analyzed by *H NMR after short column chromatography.

Table 2-S2. Time-Dependence of Product 34b at Different Catalyst Loadings in the Reaction of 30 and 19b

Catalyst Time (min -
Loading Product (min) InltlaII/Rat_e
(mol %) 0 20 40 60 (mmol / min)
0.5 0 0.012 0.0400 0.0574 0.00095
1 0 0.0133 0.0294 0.0427 0.00071
34b (mmol)
2.5 0 0.0107 0.0213 0.0360 0.00058
5 0 0.0080 0.0173 0.0293 0.00047
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Figure 2-S3. Plot of Initial Rate versus Catalyst Loading in the Reaction of 30 and 19b
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6. Application

PdCly(MeCN), (10 mol %)
DPPBz (20 mol %)
H/\NNI\H+ A AgF (6 i A /\NN/\A
o o gF (6 equiv) r o 0 r

DMA

1 14 100 °C, 48 h 62
(4 equiv)

According to the general procedure of the Pd-catalyzed direct C5 arylation, the reaction was conducted for 48 h
using PdCI>(MeCN); (1.1 mg, 4.3 umol), DPPBz (3.9 mg, 8.7 umol), isoxazole 1 (10.0 mg, 43 umol), aryl iodide
(0.127 mmol), AgF (33.9 mg, 0.26 mmol), and DMA (0.4 mL). After cooling to room temperature, the reaction
mixture was directly filtered through a short pad of silica gel and eluted with EtOAc. The filtrate was concentrated
under reduced pressure and the residue was purified by flash column chromatography on silica gel to afford

coupling product.

3,3’-(4-tolyl)- 4,4°, 5,5, 6,6°, 7,7°-pctahydro-7,7°-spirobi[benzo[c]isoxazole] (62a).

75% vyield. Rs = 0.4 (hexane/EtOAc = 5/1). Yellow solid. HRMS (ESI): calcd for C27H26N2NaO2: m/z 433.1892
([M+Na]*), found: m/z 433.1883. *H NMR (400 MHz, CDCls): 6 7.65 (d, 4H, J = 8.2 Hz), 7.27 (d, 4H, J = 8.2 Hz),
2.95 (dt, 2H, J = 16.5 Hz, J = 6.9 Hz), 2.83 (dt, 2H, J = 16.5 Hz, J = 6.9 Hz), 2.48-2.39 (m, 8H), 2.31-2.20 (m,
2H), 2.01-1.89 (m, 8H). 3C{*H} NMR (100 MHz, CDCls): § 166.4 (C-0O), 163.2 (C=N), 139.5 (C, Ar), 129.6
(CH, Ar), 126.0 (CH, Ar), 109.8 (C, isoxazole), 35.8 (C), 35.7 (CH>), 21.5 (CHa), 21.1 (CH>), 19.1 (CHy). The

signal for an aromatic quaternary carbon was overlapped with another peak.

3,3’-(4-methoxyphenyl)- 4,4°, 5,5, 6,6°, 7,7’-pctahydro-7,7°-spirobi[benzo[clisoxazole] (62b).

62% vyield. Rf = 0.4 (hexane/EtOAc = 5/1). Yellow solid. HRMS (ESI): calcd for C27H26N2NaO4: m/z 465.1790
(IM+Na]*), found: m/z 465.1783. 'H NMR (400 MHz, CDCls): 6 7.69 (d, 4H, J = 8.7 Hz), 6.98 (d, 4H, J = 8.7 Hz),
3.68 (s, 6H), 2.93 (dt, 2H, J = 16.0 Hz, J = 6.4 Hz), 2.81 (dt, 2H, J = 16.0 Hz, J = 6.4 Hz), 2.47-2.39 (m, 2H),
2.30-2.18 (m, 2H), 2.01-1.89 (m, 4H). 3C{*H} NMR (100 MHz, CDCls): 6 166.4 (C), 163.0 (C), 160.4 (C), 127.6
(CH, Ar), 121.7 (C, Ar), 114.3 (CH, Ar), 108.9 (C, isoxazole), 55.4 (CH3), 35.8 (C), 35.7 (CHy), 21.1 (CH), 19.2
(CHy).
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3,3’-(4-bromophenyl)- 4,4°, 5,5°, 6,6°, 7,7’-pctahydro-7,7’-spirobi[benzo[c]isoxazole] (62c).

67% yield. R = 0.3 (hexane/EtOACc = 5/1). Yellow solid. HRMS (ESI): calcd for CasH20BraN2NaO-: m/z 560.9789
([M+Na]*), found: m/z 560.9780. *H NMR (400 MHz, CDCls): §7.63-7.56 (m, 8H), 2.92 (dt, 2H, J=16.5Hz, J =
6.4 Hz), 2.80 (dt, 2H, J = 16.5 Hz, J = 6.4 Hz), 2.46-2.39 (m, 2H), 2.30-2.19 (m, 2H), 2.01-1.89 (m, 4H). BC{*H}
NMR (100 MHz, CDCls): 66 166.4 (C), 162.0 (C), 132.2 (CH, Ar), 127.5 (CH, Ar), 127.3 (C, Ar), 110.8 (C,
isoxazole), 35.8 (C), 35.6 (CH>), 21.1 (CH), 19.0 (CHy).

The signal for an aromatic quaternary carbon was overlapped with another peak.

3,3’-(4-methoxycarbonylphenyl)- 4,4°, 5,5°, 6,6°, 7,7’-pctahydro-7,7’-spirobi[benzo[c]isoxazole] (62d).

65% vyield. Rs = 0.1 (hexane/EtOAc = 5/1). Yellow solid. HRMS (ESI): calcd for Ca9H2sN2NaOs: m/z 521.1689
([M+Na]"), found: m/z 521.1683. *H NMR (400 MHz, CDCls): 6 8.13 (d, 4H, J = 8.2 Hz), 7.82 (d, 4H, J = 8.2 Hz),
3.95 (s, 6H), 3.01 (dt, 2H, J = 16.5 Hz, J = 6.4 Hz), 2.89 (dt, 2H, J = 16.5 Hz, J = 6.4 Hz), 2.50-2.41 (m, 2H),
2.32-2.22 (m, 2H), 2.04-1.88 (m, 4H). 3C{*H} NMR (100 MHz, CDCls): 6 166.5 (C), 166.4 (C), 161.9 (C), 132.5
(C, Ar), 130.6 (C, Ar), 130.2 (CH, Ar), 125.9 (CH, Ar), 112.1 (C, isoxazole), 52.4 (CH3), 35.8 (C), 35.5 (CH>),
21.2 (CHy), 18.9 (CH>).

3,3’-(1-naphthyl)- 4,4°, 5,5°, 6,6, 7,7°-pctahydro-7,7’-spirobi[benzo[c]isoxazole] (62e).

73% vyield. Rs = 0.5 (hexane/EtOAc = 3/1). Brown solid. HRMS (ESI): calcd for CssH2sN2NaO2: m/z 505.1892
([M+Na]*), found: m/z 505.1884. *H NMR (400 MHz, CDCls): § 8.13-8.06 (m, 2H), 7.96 (d, 2H, J = 8.2 Hz),
7.96-7.90 (m, 2H), 7.66 (d, 2H, J = 6.0 Hz), 7.59-7.51 (m, 6H), 2.77 (dt, 2H, J = 17.4 Hz, J = 6.0 Hz), 2.63 (dt,
2H, J = 16.0 Hz, J = 6.4 Hz), 2.59-2.50 (m, 2H), 2.34-2.23 (m, 2H), 2.01-2.03 (m, 2H), 2.01-1.90 (m, 2H).
BBC{*H} NMR (100 MHz, CDCls): & 166.2 (C), 164.3 (C), 133.8 (C), 131.0 (C), 130.5 (CH, Ar), 128.5 (CH, Ar),
127.9 (CH, Ar), 127.1 (CH, Ar), 126.5 (CH, Ar), 126.0 (C), 125.9 (CH, Ar), 125.1 (CH, Ar), 112.9 (C, isoxazole),
36.6 (CHy), 36.2 (C), 20.6 (CH>), 19.4 (CH,).
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3 PdCly(MeCN), (5 mol %) S
. Hu DPPBz (10 mol %) __Hu
T I o+ A . HPr SRR
i-Pr O’N N\O H AgF (2 equiv) i-Pr O’N N Ar

2 o ;(?uiv) 1009?)/I,A:18 h 5

According to the general procedure of the Pd-catalyzed direct C5 arylation, the reaction was conducted for 48 h
using PdCI>(MeCN); (1.7 mg, 7 pumol), DPPBz (6.0 mg, 13 pmol), isoxazole (38.0 mg, 0.13 mmol), aryl iodide
(0.26 mmol), AgF (33.9 mg, 0.27 mmol), and DMA (0.5 mL). After cooling to room temperature, the reaction
mixture was directly filtered through a short pad of silica gel and eluted with EtOAc. The filtrate was concentrated
under reduced pressure and the residue was purified by flash column chromatography on silica gel to afford

coupling product.

3-(4-bromophenyl)-3°,3’-diidopropyl-3°,3a’,4°,5,5°,6-hexahydro-4H-spiro[2,1-benzisoxazole-7,6°-
cyclopenta[c]lisoxazole] (63b).

71% vyield. Rs = 0.5 (hexane/EtOAc = 5/1). Yellow solid. HRMS (ESI): calcd for C24H29BrN2NaO,: m/z 479.1310
([M+Na]*), found: m/z 479.1302. 'H NMR (400 MHz, CDCls): § 7.59-7.55 (m, 4H), 3.79 (dd, 1H, J = 11.7 Hz, J
= 8.2 Hz), 2.94-2.84 (m, 2H), 2.68-2.58 (m, 1H), 2.46-2.35 (m, 1H), 2.31-2.22 (m, 2H), 2.17-2.05 (m, 1H), 2.02—
1.70 (m, 5H) 1.06 (d, 3H, J = 6.9 Hz), 0.99 (d, 3H, J = 6.9 Hz), 0.95 (d, 3H, J = 6.9 Hz), 0.92 (d, 3H, J = 6.9 Hz).
BC{*H} NMR (100 MHz, CDCls): 6 173.0 (C), 165.8 (C), 161.9 (C), 132.5 (C), 132.2 (CH, Ar), 127.6 (C), 127.4
(CH, Ar), 123.7 (C), 110.8 (C), 96.0 (C), 55.64 (CH), 44.90 (CH>), 39.43 (C), 34.68 (CH>), 31.81 (CH), 31.3 (CH),
24.0 (CHy), 20.9 (CHy), 20.2 (CH>), 18.8(CH3) , 18.7 (CH3), 18.4 (CHs3), 17.8 (CHa).

3-(1-pyrenyl)-3°,3°-diidopropyl-3°,3a’,4°,5,5°,6-hexahydro-4H-spiro[2,1-benzisoxazole-7,6°-

cyclopenta[c]isoxazole] (63e).

66% vyield. Rf = 0.1 (hexane/EtOAc = 5/1). Yellow solid. HRMS (ESI): calcd for CzsH3zaN2NaO2: m/z 525.2518
([M+Na]*), found: m/z 525.2509. 'H NMR (400 MHz, CDCls): ¢ 8.30 (d, 1H, J = 9.2 Hz), 8.25-8.21 (m, 3H),
8.17-8.02 (m, 5H), 3.87 (dd, 1H, J = 11.5 Hz, J = 8.2 Hz), 3.07-3.00 (m, 1H), 2.79-2.72 (m, 1H), 2.63-2.45 (m,
2H), 2.40-2.30 (m, 2H), 2.18-2.02 (m, 3H), 1.96-1.85 (m, 3H), 1.18 (d, 3H, J = 6.9 Hz), 1.05 (d, 3H, J = 6.4 Hz),
1.02 (d, 3H, J = 6.9 Hz), 0.97 (d, 3H, J = 6.4 Hz). 3C{*H} NMR (100 MHz, CDCl5): 6 173.1 (C), 165.4 (C), 164.6
(C), 132.4 (C), 131.3 (C), 130.9 (C), 129.2 (C), 128.8 (CH, Ar), 128.7 (CH, Ar), 127.3 (CH, Ar), 127.0 (CH, Ar),
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126.4 (CH, Ar), 125.9 (CH, Ar), 125.8 (CH, Ar), 125.1 (CH, Ar), 125.0 (C), 124.6 (CH, Ar), 124.6 (C), 122.8 (C),
113.1 (C), 96.0 (C), 55.7 (CH), 45.2 (CH2), 39.7 (C), 35.3 (CH,), 31.9 (CH), 31.4 (CH), 24.0 (CH>), 20.5 (CH>),
18.8 (CHs3), 18.8 (CH3), 18.4 (CH3), 17.9 (CHs).

The signal for an aliphatic CH2 carbon was overlapped with another peak.

Pd(OCOCF3),
(20 mol %)

ligand

(22 mol %)

p- benzoqumone
(4.0 equiv)

solvent
0°C,48h

According to the reported procedure,® a solution of Pd(OCOCFs;): (3.3 mg, 10 umol) and ligand (5.1 mg, 12 umol)
in a solvent was stirred at room temperature for 2 h. To this solution were added solution of 64 (16 mg, 50 umol),
and p-benzoquinone (22 mg, 0.2 mmol) at 0 °C, which was then stirred for 48 h. The reaction mixture was directly
passed through a short pad of silica gel, which was rinsed with EtOAc. The filtrate was evaporated to dryness under
reduced pressure and the residue was purified by column chromatography on silica gel (hexane/EtOAc = 30/1) to
afford 65. The enantiomeric excess was determined by HPLC analysis using a chiral stationary phase column
(Daicel Chiralpak AD, hexane:i-PrOH 200:1, flow rate = 1.0 mL/min, wave length = 215 nm: tz (major) 15.6 min,
tr (minor) 24.2 min).

74



7. References

© N o 0 &> W

10.
11.

Pangborn, A.; Giardello, B. M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 15,
1518.

Armarego, W. L F.; Chai, C. L. L. Purification of Laboratory Chemicals, 7th ed.; Butterworth-Heinemann:
Oxford, UK., 2013.

Barber, G. N.; Olofson, R. A. J. Org. Chem. 1978, 43, 3015.

Grecian, S.; Fokin, V. V. Angew. Chem., Int. Ed. 2008, 47, 8285.

Mann, G.; Baranano, D.; Hartwig, J. F.; Rheingold, A. L.; Guzei, I. A. J. Am. Chem. Soc. 1998, 120, 9205.
Wakita, K.; Arai, M. A.; Kato, T.; Shinohara, T.; Sasai, H. Heterocycles 2004, 62, 831.

Takenaka, K.; Nakatsuka, S.; Tsujihara, T.; Koranne, P. S.; Sasai, H. Tetrahedron: Asymmetry 2008, 19, 2492.
Koranne, P. S.; Tsujihara, T.; Arai, M. A.; Bajracharya, G. B.; Suzuki, T.; Onitsuka, K.; Sasai, H. Tetrahedron:
Asymmetry 2007, 18, 919.

Jia, Q.-f.; Benjamin, P. M. S.; Huang, J.; Du, Z.; Zheng, X.; Zhang, K.; Conney, A. H.; Wang, J. Synlett 2013,
79.

Mossetti, R.; Pirali, T.; Tron, G. C.; Galli, S. Org. Lett. 2011, 13, 3734.

Lee, B.; Kwak, J.-H.; Huang, S.-W.; Jang, J.-Y.; Lim, S.; Kwak, Y.-S.; Lee, K.; Kim, H. S.; Han, S.-B.; Hong,
J.-T.; Lee, H.; Song, S.; Seo, S.-Y.; Jung, J.-K. Bioorg. Med. Chem. 2012, 20, 2860.

The pKa values of isoxazole estimated by DFT calculation were as follows: For 4-position, 34.0; for 5-position,
27.7. See Shen, K.; Fu, Y.; Li, J.-N.; Liu, L.; Guo, Q.-X. Tetrahedron 2007, 63, 1568.

75



BEE AV Y- NVOBEREERIZIDIAY R ALY T Y — )VEML T DR
%%

=1

il

LT
7Y = VE 12-7 Y = VI SN DT B GERTH VR L. _>OERFT2A L TE

0, 1883 HEIZ Knorr HIZ & o THIO THRDNER S 4172 Y, LALD%E S FIZ1T Brensted FED 7w | >

D, 2L DOEFRFRIZITINNLE 7% &2 £ 72 912 Brensted Y3tk 2~ W ILEM TH D, ARG

WIRIFE A EFEL TRV, BT Y — VERE G2 RAEMTEME LSRN Tl Y | BE M

=y hD 1oL FEZ% (Figure3-1) 2,

Figure 3-1 Example of isoxazole compounds
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Scheme 3-1. Cu-catalyzed asymmetric cyclopropanation using chairal pyrazole ligand
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Scheme 3-2. Cu-catalyzed asymmetric ene reaction using chairal pyrazole ligand
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Scheme 3-3. Knorr pyrazole synthesis
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Scheme 3-4. Transformation of isoxazolium salt to f-enamino ester
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Scheme 3-5. Transformation of spiro bis(isoxazole) to spiro bis(pyrazole)
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Scheme 3-6. Transformation of spiro bis(isoxazole) to spiro bis(pyrazole)
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Scheme 3-7. Benzyl protection of 86
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Scheme 3-8. Benzyl protection of 86 using 2 equiv of BnBr
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Scheme 3-8. Complexation of 87 with Pd salt
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Scheme 3-9. Derivatization of 86

SRS tiow

1. O-substitution

or
—_— - . 7\ N
2. Deprotection (Q/N’N N\N\j
— - R\ — - /R
HO—SN _N N. 7 —OH O~ _NN.~7—0
N ’[\l | N N ’\Il I N
PG PG

3—k RrF v 7Y —/Ixtd % Boc {kiT%EH L CERICHEITT 2 2 L2 Diaz HIZ K- THE S
NTW5 10, %2 T, Diaz b % K2 86 @ Boc {b & fi L7z (Scheme3-10), 86 (Zxt L T, EtsN %
HEE L UTHIW, K R C BocO A 7ok, Eild E CHIR S 4 R L7z, TR, EF LT
1370 <P L7 Boc b S AL AE R 89 78 0% DR THE LIz, ZD X 5 7B MED R & LT,
BulkOmm S AL TB Y, MEREEFEDO DI WEERMN TOCHET LB b D,

Scheme 3-10. Boc protection of 86
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Figure 3-4 'H NMR and NOE chart of 89
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—VHOT 2 F U IZBWT 3 FEOBMEAENAEL, REICEMEZEZ T L2RELTND
(Scheme 3-11a) 2, it~ T, 86 DT EF /LICBW T H BN Z -~ THY . ZTORMEL LM
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Scheme 3-11. Boc protection of 86
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T2o ZOFERZZIT T, Scheme 3-9 Tk 7=, %EHE EOLRERLEZIEH L7- BN R bEIIR#ETH S
R L7,

ZZTIKIZ, 86 D OH B L UINH Z /28012, —BEETOBRILEUS Z et L7z, Scheme3-12 (Z7%
FTEHIT, Patel ik Ruxv BTy —LaFEk 93 #5E L LT, HEDHFET, qa’—Y72EF
LY (94) ERIGEREDLZET, 3ODEMHER L. 95 BMEONDHZ EERE LTS B, i,
Scheme 3-7 THR~_72 L 912, 86 IZxtT D VKT < AT 25, £ 2T, Scheme 3-7 DS
ZMFIZHBWT, 94 % BnBr O D IZHWIUSEBRILEUG NI TT 5 & AR L7,

Scheme 3-12. Cyclization of 86 with 94
Br
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Figure 3-5. Structure of 96

Crystal Data
P2 /c (#14)

. z=4
°  R:0.0822
B24
W25
NH 9 R1:0.0628
C{/_\H__ " WR2:0.2068
/ — v.'v
C=NH 6=90.41 GOF : 1.006

84



WIZ, AR LTZ 96 O ZEMZRET A2, FELX LT 96 2Nz F Db 28 L7~ (Scheme 3-
13), 96 DY 7 o A X UERRTPIC IM KR LT N U o AKIEIEINZ . |IR T 12 Bl L= 25

Brlo BRI o 72, — 5T, 1M HRERKIAIR 200 2 12 BRI U 72 35-8101T 96 23 & &R I Ha et ~
A LT, FT. BERLKE R AN 2 T 12 BRI U=824121%. 1H NMR A7 R b8

M — I DB SN2 06 96 B LB 2 bilb,
Scheme 3-13. Investigation of stability of 96
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B BB & ORI

B OEITCTARICKRS LA R EA YT Y —)L 96 ICBI L T, BT & L COMREZET 57201
T2 OEBAIE & OSSR E R AT,
(1) NFZTVULELOEREK

T, BRI THHEMZEIAFEL MS JIEICB W TEWEEZ RTI T AU 7 VAT Y
7 LEEIR O A AT (Scheme 3-14), THF {&1EH 96 & 0.5 4 & D[PACI(n-allyl)], & 2 X £ KPFs
FAETICTRIR T 4 RS SHE, ELED Y v LEEZ Y T4 FABICK VR BRE, AIRE ML
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m/z 611.1633 calcd. for [97-PFe]*) MBI S 7=, L L7 5, IHNMR A7 M b MR E— 7
DEHISNTEBY, H—DOF L— MEKRPH{OLN T RWNWEEZ b,
Scheme 3-14. Complexation of 96 with Pd salt
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(Scheme 3-15), ¥7 mm A & ¥ 96 & 0.5 4 & D[Rh(cod)Cl]; % 1.1 248D AgOTF fF{E FIZ T
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Scheme 3-15. Complexation of 96 with Rh salt
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(3)  High & OEHATERK

Hign A2 FV T 96 & DAL 27 7+ 7= (Scheme 3-16) , THF IAIEH 96 & 1 4 &0 ZnCl, & i T 24
WEFEI PR L7, AR A MG L CHEaERZ 1572, ESI-HRMS JIE O#E R, $5K 100 O 7 F A AL &
JHECTE 5 —2 (m/z563.1180; m/z 563.1187 calcd. for [100-CI]*) 2ELHI & 7=, THNMR A7 kv
NH Y CoMEE RTE—7 R —URELNTEY, FL— MEROERHB X7 (Figure 3-
6).
Scheme 3-16. Complexation of 96 with Zn salt

7\ N\ i 7\ N\
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Figure 3-6. 'H NMR chart of 96 (green) and 100 (brown)
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Figure 3-7. Structure of complex of 96

AR SR
O [ _N N. o O 4 _N N. (0]
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X X
M = Pd, Rh M = Zn
square planar tetrahedral
complex complex

FEOUET AP R SOS ~ oD i

HIEi T~ 72 L 912, AL BERE T Y —/L 96 13 fli#ligh & DAL X b— RITHEFTS 5 2 &
il LTz, AREITIX, 96 OF T ABNLT & L TOMREZ T 5 7o OISR F ARG ~ O FH 217
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Figure 3-8. pKaH value of heteroaromatic compounds
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Scheme 3-17. Asymmetric Friedel-Crafts reaction
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Scheme 3-18. Asymmetric Michael addition
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Scheme 3-19. Synthesis of 96
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FERIA

General considerations

All 1H and 13C NMR spectra were recorded at 25 °C on a JEOL ECS400 spectrometer (400 MHz for 1H, 100
MHz for 13C) or Avance 1II 700 (BRUKER) (700 MHz for 1H, 176 MHz for 13C). Chemical shifts are reported
in 6 ppm referenced to an internal tetramethylsilane standard for 1H NMR. Chemical shifts of 13C NMR are given
relative to CDCI3 (8 77.0). ESI mass spectra were recorded on a Thermo Fisher, LTQ ORBITRAP XL. Melting
points were measured using a Yanaco melting point apparatus MP-S9 and were uncorrected. Optical rotations were
measured with a JASCO P-1030 polarimeter. HPLC analyses were performed on JASCO HPLC system (JASCO
PU 2080 pump and MD-2010 UV/Vis detector). Anhydrous dichloromethane, THF and toluene were purchased
from Kanto Chemicals and were used without further purification. Other solvents were purified prior to use by
standard techniques. All other chemicals were purchased from commercial suppliers and used as received. Column

chromatography was conducted on Kishida Silica Gel (spherical, 63-200 um).

4,4°,5,5’, 6,6°, 7,7°-pctahydro-7,7’-spirobi[benzo[c]isoxazolium]; trifluoromethanesulfonate (84).

To a solution of spiro bis(isoxazole) 1 (23 mg, 0.1 mmol) in toluene (2 mL) was added MeOTf (44 uL, 0.4 mmol),
and stirred at 85 °C for 12 h. After cooling to room temperature, the reaction mixture was concentrated under
reduced pressure and the residue was purified by flash column chromatography on silica gel (DCM/MeOH = 10/1-
3/1) to afford 84 (50 mg). 90% yield. Brown solid. HRMS (ESI): calcd for Ci6H23N20s: m/z 291.1703 ([M-
20Tf+MeO]*), found: m/z 291.1703. *H NMR (400 MHz, Acetone-D6): § 9.51 (s, 2H), 4.31 (s, 6H), 3.15 (d, 2H,
J = 16.5 Hz), 3.08-2.97 (m, 2H), 2.71 (d, 2H, J = 14.7 Hz), 2.37 (t, 2H, J = 14.2 Hz), 2.27-2.17 (m, 2H), 2.14—
2.02 (m, 2H). BC{*H} NMR (100 MHz, CDCls): 6 161.1 (CH), 157.1 (C), 122.65 (C), 41.02 (CHs), 37.22 (C),
31.1 (CHy), 29.1 (CFs), 17.2 (CH,), 17.4 (CHy).

Dimethyl 1,7-bis(methylamino)spiro[5.5]undeca-1,7-diene-2,8-dicarboxylate (85).

To a solution of 84 (500 mg, 0.9 mmol) in CH,CI; (10 mL) cooled to 0 °C was added i-Pr,NEt (0.3 mL, 1.8 mmol),
which was stirred for 5 minutes. To this solution was added MeOH (80 uL, 1.98 mmol) at 0 °C slowly, and stirred
at room temperature for overnight. The reaction mixture was concentrated under reduced pressure and the residue
was purified by flash column chromatography on silica gel (Hex/EtOAc = 5/1) to afford 85 (290.0 mg). Quant.
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White soild. HRMS (ESI): calcd for C17H26N2NaO4: m/z 345.1790 ([M+Na]*), found: m/z 345.1785. *H NMR (400
MHz, CDCls): 6 9.59-9.51 (br, 2H), 3.64 (s, 6H), 2.90 (d, 6H, J = 5.5 Hz), 2.64-2.56 (m, 2H), 2.22-2.21 (m, 2H),
1.99 (d, 2H, J = 13.7 Hz), 1.79 (td, 2H, J = 12.8 Hz, J = 4.6 Hz), 1.69-1.61 (m, 4H). 3C{*H} NMR (100 MHz,
CDCls): 6 171.5 (C), 164.9 (C), 88.6 (C), 50.6 (CH3), 42.6 (C), 32.4 (CH2), 30.4 (CHs), 23.9 (CH>), 18.4 (CHy).

2,2'4,4'55'6,6'-octahydro-7,7'-spirobi[indazole]-3,3'-diol (86).

7\ \

HO
NN N.y~OH
H H

To a solution of 85 (100 mg, 0.3 mmol) in EtOH (4.5 mL) was added hydrazine hydrate (45 uL, 0.9 mmol), and
AcOH (17 uL, 0.3 mmol) at room temperature. The mixture was stirred at 85 °C for overnight. After cooling to
room temperature, the reaction mixture was filtered and washed with EtOAc. After removal of volatiles, desired
product 86 was afforded in 83% yield (64.8 mg). White soild. HRMS (ESI): calcd for C13H16N4NaO,: m/z 283.1171
([M+Na]*), found: m/z 283.1165. *H NMR (700 MHz, DMSO-D6): 6 10.9 (br, 2H), 9.38 (br, 2H) 2.32-2.24 (m,
4H), 1.94 (t, 2H, J = 10.5 Hz), 1.79-1.74 (m, 2H), 1.71-1.63 (m, 4H). 3C{*H} NMR (176 MHz, DMSO-D6): ¢
158.2 (C), 144.3 (C), 99.2 (C), 36.6 (CH>), 35.0 (C), 20.0 (CHy), 19.5 (CH>).

1,1'-dibenzyl-3,3'-bis(benzyloxy)-1,1',4,4' 5,5',6,6'-octahydro-7,7'-spirobi[indazole] (87).

O30

N N

To a solution of NaH (60% in oil, 9.2 mg, 0.23 mmol) in DMSO (1.5 mL) was added 86 (10 mg, 0.038 mmol) at
0 °C, and the reaction mixture was stirred for 1 h at rt. To the mixture was added a solution of BnBr (21.3 pL, 0.18
mmol) in DMSO (0.25 mL) and a solution of TBAI (1.4 mg, 3.8 umol) in DMSO (0.25 mL). The reacion mixture
was stirred for 24 h at rt. The reaction was quenched by addition of sat. aq. NH4Cl. This mixture was extracted
with ethyl acetate, and the organic layer was washed with brine, successively dried over Na,SO4 and concentrated.
The residue was purified by silica gel column chromatography (Hex/EtOAc = 30/1-20/1) to give 87 (10.3 mg, 43%
yield). White solid. HRMS (ESI): calcd for C41HaoN4NaO2: m/z 643.3049 ([M+Na]*), found: m/z 643.3043. *H
NMR (400 MHz, CDCls): ¢ 7.51 (d, 4H, J = 6.8 Hz), 7.42-7.31 (m, 6H), 7.25-7.19 (m, 6H), 6.95-6.91 (m, 4H),
5.32 (d, 2H, J = 12.8 Hz), 5.28 (d, 2H, J = 12.8 Hz), 4.67 (d, 2H, J = 16.3 Hz), 4.45 (d, 2H, J = 16.3 Hz), 3.64 (s,
6H), 2.64-2.56 (m, 2H), 2.31-2.24 (m, 2H), 1.90 (d, 2H, J = 13.3 Hz), 1.70-1.61 (m, 4H). *C{*H} NMR (100
MHz, CDCly): 6 159.1 (C), 142.6 (C), 137.7 (C), 128.5 (CH), 128.3 (CH), 128.1 (CH), 127.9 (CH), 127.2 (CH),
127.1 (CH), 127.1 (CH), 102.6 (C), 70.3 (CHy), 52.4 (CH,), 36.0 (C), 33.8 (CH>), 19.5 (CH>), 19.4 (CHy). The

signal for an aromatic quaternary carbon was overlapped with another peak.
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Di-tert-butyl (2,2',4,4',5,5',6,6'-octahydro-7,7'-spirobi[indazole]-3,3'-diyl) bis(carbonate) (89).

(@] (@)
><oJ< §/ ;\ ;/ \i >\\o>4
O _N N. (@]

N N
H H

To a solution of 86 (132 mg, 0.51 mmol) and Triethylamine (0.16 mL, 1.1 mmol) in DMSO (8 mL) was added
Boc,0 (223 mg, 1.0 mmol) in DMSO (2 mL) at 0 °C, and the reaction mixture was stirred for 12 h at rt. The
reaction was quenched by addition of sat. ag. NaH2PO4. This mixture was extracted with ethyl acetate, and the
organic layer was washed with brine, successively dried over Na>SO. and concentrated. The residue was purified
by silica gel column chromatography (Hex/EtOAc = 2/1) to give 89 (208 mg, 90% vyield). Colorless solid. HRMS
(ESI): calcd for C23H32NsNaOg: m/z 483.2220 ([M+Na]*), found: m/z 483.2212. 'H NMR (400 MHz, CDCls): 6
11.0 (br, 2H) 2.50-2.36 (M, 4H), 1.99-1.92 (m, 4H), 1.85-1.76 (m, 4H), 1.50 (s, 18H). 3C{*H} NMR (100 MHz,
CDCls): §152.5 (C), 151.24 (C), 144.63 (C), 105.63 (C), 83.81 (C), 35.2 (C), 35.2 (CHy), 27.7 (CH2), 19.5 (CH>),
18.7 (CHy).

2,2'3,3'7,7',12,12'-octahydro-1H,1'H-4,4'-spirobi[benzo[5,6][1,3]oxazepino[3,2-b]indazole] (96).

To a solution of NaH (60% in oil, 20 mg, 0.51 mmol) in DMSO (6 mL) was added 86 (30 mg, 0.12 mmol) at 0 °C,
and the reaction mixture was stirred for 1 h at rt. To the mixture was added a solution of 1,2-
bis(bromomethyl)benzene 94 (66.8 mg, 0.25 mmol) in DMSO (5 mL) and a solution of TBAI (4.25 mg, 12 pmol)
in DMSO (1 mL). The reacion mixture was stirred for 24 h at rt. The reaction was quenched by addition of sat. aq.
NH4CI. This mixture was extracted with ethyl acetate, and the organic layer was washed with brine, successively
dried over Na2SO. and concentrated. The residue was purified by silica gel column chromatography (Hex/EtOAc
= 30/1-20/1) to give 96 (21.2 mg, 40% yield). White solid. HRMS (ESI): calcd for Ca9H2sN4NaO2: m/z 465.2291
(IM+HT*), found: m/z 465.2281. *H NMR (400 MHz, CDCly): § 7.36-7.27 (m, 8H), 5.45 (d, 2H, J = 15.3 Hz), 5.38
(d, 2H, J = 15.3 Hz), 5.25 (d, 2H, J = 13.1 Hz), 5.19 (d, 2H, J = 13.1 Hz), 2.50-2.32 (m, 4H), 2.17-2.08 (m, 2H),
1.98-1.89 (m, 2H). 3C{*H} NMR (100 MHz, CDCls): §153.2 (C), 149.1 (C), 136.2 (C), 135.3 (C), 129.2 (CH),
128.7 (CH), 128.6 (CH), 128.5 (CH), 99.2 (C), 70.9 (CH>), 54.2 (CH>), 37.4 (CH>), 36.8 (C) , 19.5 (CH>), 19.4
(CHy).
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[ZNnCl,-96] (100).

A mixture of ZnClI2 (1 equiv) and 96 (1 equiv) in THF was stirred at room temperature for 2 h. After removal of
valatiles, the desired product was afforded 100. Quant. White solid. HRMS (ESI): calcd for C29CIH2sN4NaO»Zn:
m/z 563.1187 ([M-CI]*), found: m/z 563.1180. 'H NMR (700 MHz, CD,Cl,): 67.54 (d, 2H, J = 6.0 Hz), 7.46-7.42
(m, 6H), 6.00 (d, 2H, J = 15.1 Hz), 5.52 (d, 2H, J = 12.9 Hz), 5.41 (d, 2H, J = 15.1 Hz), 5.23 (d, 2H, J = 12.9 Hz),
2.44-2.40 (m, 4H), 2.08 (dt, 2H, J = 13.3 Hz, J = 3.4 Hz), 1.88-1.82 (m, 4H), 1.61-1.55 (m, 2H). *C{*H} NMR
(176 MHz, CDCls): 6 154.2 (C), 152.8 (C), 134.2 (C), 133.3 (C), 129.2 (CH), 128.6 (CH), 128.4 (CH), 101.0 (C),
70.4 (CHy), 53.8 (CH>), 36.3 (C), 32.5 (CHy), 15.9 (CHy), 15.6 (CH>).

The signal for an aromatic CH carbon was overlapped with another peak.
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Experimental

Data Collection

A colorless block crystal of C9gH9gN40O9 having approximate dimensions of
0.327 x 0.254 x 0.191 mm was mounted on a glass fiber. All measurements were made

on a Rigaku Mercury70 diffractometer using graphite monochromated Mo-Ka radiation.
The crystal-to-detector distance was 44.93 mm.

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

primitive monoclinic cell with dimensions:

= 10.902(6) A

a

b = 16.517(8) A B = 105.645(7)0
c = 13.206(7) A

V = 2290(2) A3

For Z = 4 and FW. = 464.57, the calculated density is 1.348 g/cm3. The reflection
conditions of:

hOl: 1=2n

0kO: k=2n

uniquely determine the space group to be:

P21/c #14)

The data were collected at a temperature of -149 + 19C to a maximum 20 value
of 55.00. A total of 744 oscillation images were collected. A sweep of data was done using
¢ oscillations from -80.0 to 100.0° in 0.5° steps. The exposure rate was 30.0 [sec./0]. The
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detector swing angle was 20.26°9. A second sweep was performed using o oscillations
from -20.0 to 28.00 in 0.5° steps. The exposure rate was 30.0 [sec./0]. The detector swing
angle was 20.26°9. Another sweep was performed using o oscillations from -20.0 to
28.00 in 0.50 steps. The exposure rate was 30.0 [sec./0]. The detector swing angle was
20.269. Another sweep was performed using o oscillations from -20.0 to 28.00 in 0.50
steps. The exposure rate was 30.0 [sec./0]. The detector swing angle was 20.260.
Another sweep was performed using o oscillations from -20.0 to 28.0° in 0.50 steps. The

exposure rate was 30.0 [sec./0]. The detector swing angle was 20.26°. The crystal-to-
detector distance was 44.93 mm. Readout was performed in the 0.137 mm pixel mode.

Data Reduction

Of the 17582 reflections that were collected, 5225 were unique (Rijnt = 0.0418);
equivalent reflections were merged. Data were collected and processed using
CrystalClear (Rigaku).

The linear absorption coefficient, p, for Mo-Ko radiation is 0.863 cm™l. An
empirical absorption correction was applied which resulted in transmission factors
ranging from 0.707 to 0.984. The data were corrected for Lorentz and polarization
effects.

Structure Solution and Refinement

The structure was solved by direct methods2 and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms

were refined using the riding model. The final cycle of full-matrix least-squares

refinement3 on F2 was based on 5225 observed reflections and 344 variable parameters
and converged (largest parameter shift was 0.00 times its esd) with unweighted and

weighted agreement factors of:

R1=ZX | |Fol| - [Fecl| /%2 |Fo| =0.0628

wR2 = [ = (w (Fo - Fe2)2)/ £ w(Fo2)2]1/2 = 0.2068
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The standard deviation of an observation of unit weight4 was 1.01. A Sheldrick

weighting scheme was used. Plots of X w (| Fo| - | Fc| )2 versus | Fo| , reflection order
1n data collection, sin 6/A and various classes of indices showed no unusual trends. The

maximum and minimum peaks on the final difference Fourier map corresponded to
0.93 and -0.50 e'/AS, respectively.

Neutral atom scattering factors were taken from Cromer and Waber®.
Anomalous dispersion effects were included in Fealc6; the values for Af and A" were
those of Creagh and McAuley”’. The values for the mass attenuation coefficients are

those of Creagh and Hubbell®. All calculations were performed using the
CrystalStructure9.10 crystallographic software package.
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Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group

Z value

Dealc

Fooo

n(MoKa)

EXPERIMENTAL DETAILS

A. Crystal Data

Co9H28N402

464.57

colorless, block

0.327 X 0.254 X 0.191 mm
monoclinic

Primitive

a= 10.902(6) A

b= 16.517(8) A

c= 13.206(7) A

B =105.645(7) 0
V =2290(2) A3

P21/c #14)

1.348 g/em3

984.00

0.863 cm™1



Diffractometer

Radiation

Voltage, Current

Temperature

Detector Aperture

Data Images

o oscillation Range

Exposure Rate

Detector Swing Angle

o oscillation Range

Exposure Rate

Detector Swing Angle

o oscillation Range

Exposure Rate

Detector Swing Angle

o oscillation Range

B. Intensity Measurements

Mercury70

MoKa. (A = 0.71075 A)

graphite monochromated
50kV, 100mA
-149.80C

70 x 70 mm
744 exposures
-80.0 - 100.0°
30.0 sec./0
20.260

-20.0 - 28.00
30.0 sec./0
20.260

-20.0 - 28.00
30.0 sec./0
20.260

-20.0 - 28.00



Exposure Rate

Detector Swing Angle

o oscillation Range

Exposure Rate

Detector Swing Angle

Detector Position

Pixel Size

20max

No. of Reflections Measured

Corrections
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30.0 sec./0
20.260

-20.0 - 28.00
30.0 sec./0

20.260

44.93 mm

0.137 mm

55.00

Total: 17582
Unique: 5225 (Rint = 0.0418)

Lorentz-polarization
Absorption
(trans. factors: 0.707 - 0.984)



C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

20max cutoff

Anomalous Dispersion

No. Observations (All reflections)

No. Variables

Reflection/Parameter Ratio

Residuals: R1 (I>2.005(1))

Residuals: R (All reflections)

Residuals: wR2 (All reflections)

Goodness of Fit Indicator

Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map
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Direct Methods (STR92)
Full-matrix least-squares on F2
> w (Fo2 - Fc2)2

1/[0.0047F02+1.00005(Fo02)]/(4F02)

55.00

All non-hydrogen atoms
5225

344

15.19

0.0628

0.0822

0.2068

1.006

0.000

0.93 e7/A3

-0.50 e /A3
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