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FHEFACEWTIEIE BRI 72 & OEYIEMALE M PIOBIE S 2 HEMETH Y |
AR OIHERGLARIC O TEERBEE ZH S L B2 bW, TOD, FERILE
W 5 L LTALFABIEORRBIZHEFT ICHETH D,

AW BN TEHR X, FEBRICEME G LT 2 @mDE DR ICHER L7,
F— VRIS DRI T U — ki, EREIEE 2 S0A o FoOmEAE, S
BICHEBEHE~DOEKRFEEEATFIEORN 2R T2, ZNLEERIEAMERICENT
W R A AT Ar— XD DREEHR L7 Ar—Nu 2 A3k 20— R 28R L7z,
TRIZRT & 912, EBARAE M) &R (L) OMAADE Z#EEIC RN
ﬁ\:h%@%ﬁm%%%m%ék%ﬁbkoT@b%%k%ﬁM%iU@ﬁ%%%%
BRI A 7 NV a B T T bR G R R B L CARMIZE 21T o 72, £ D
R BTV —VEE LTYT Y =3 — =y A2 W=D 4 — L O 4R Y
T T U= ARG OBRE & 4T, MR RO~ & RS 2 L AR, E o,
BHEBRAT LT R+ 2~707 U —Ra VBoOMIN L2 7 va— v of
L 2 L 2 R D EEBR 7 b U OB T VR Y MR A ER LTZ, S Hic,
JR - % LSS & U 7= 5 /IR AL IS4 D b SRk & SR MR IS - KR AL OB
BIZRED LT,

Ar—Nu L - MO Ar—X

reductive oxidative
elimination addition

(,Ag Ar

. n+2) 2

Lm M\N L - Mgﬁ )

u X

base

x° NuH



FoH UA—NEORBRBNWE TV — AL

VA= DF )T V=LK TH D B-aryloxy alcohols (FA AR EKFHIAETHY D,
TV =N EEEOBEBILICE > TIMRERL E LR VS50, U4 — VTR T D8I
TV = ALRIS ORI A# ALY FEZETH D, 1981 4FIZ David HIZL Y 7
==V B R~ AR E W IR 72 O A — v DF ) T = = ARG AL T 6D T
HETz Y, & 5IZ Brunner 52 XY SR A N2 U A — VEHO =) T AR E
J 7 2 = ALROSDBRR ST %9, L LN B 2V ORGSR IS Il sh =R <0
Bt KL ORI OB BRED R - TV B,

David (1981)

[OH Ph3Bi(OAC), (1 equiv) [OPh
OH CH,Cl,, reflux OH
85%

Brunner (1989)

&,

(9 mol %)
OH ) o
<:[ . PhiBi(OAc), CU(OAC) (3 mol %) CE
Lequ
OH (1 equiv) CHCly, 1t oo

56%, 50% ee

TR, BRGNP SIEREBEETH DL Z L ITMATERBAES YT Y —La— K= A
WREHESNTEY Y, 7V —HE L TEL OFRRMGIIERA S LTS >9,
AElL TV —E3— R=0 AEOERIGHEZTERT 5 L3, EBEeRICL > Ty

TRk & SOSMEEZ FIRFIZ I 20D Z L Ic X 0 A — VEORIWE /) 7 U — LG
ZRE LTz, SHIT, FTIABNAFZIWMNT 52 &2 L0 AREFT D 2 & TRIERAFE
BOG~D B & 5Tz

Asymmetric monoarylation of vicinal diols.

OH - Chiral Ligand

R + X cat. M OAr
I A Nar b—’
R” ~OH ase R” YOH
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BRERT b B, REMILE MO EMIEEMED ENT 4 7Ty 7 L0155
T2, FONRIERTFIEOHENIL, AHEE LTI N THERD TEEMER W 7Y,
ZIVE TIZER AR AR A W 7R 72 B kiE & LT three-component coupling )it
& cross-coupling St O3S STV A, WL G il sh SR s IOV i I
B L CRIEIE EICd D, 2004 4RIC Darses & Genet 237 /LT b K & AT 7 FEE A H
WY T U=l b ORI S REERE L TUR 20X RT AT e ROT Y
— L& D B RIEIT R LTk & 72 B O BRR 23T o & 128 | BB (2 iR
WiESTHRY PUATaT V=7 M OERBITER I TR,

Dareses and Genet (2004)

S i R KF3B\©/CF3 [Rh(ctigg:;))zg]zm(?l.;/%ol %) s i CFs

Y 1 4-dioxane / acetone, 80 °C  \!

(2 equiv) 83%

LR TIE AV E TIZ N-~T BRI LA URUL T LB SR ) S 7 2 SER R
MTNT e ROT U —/HEcis W TERZIEEIMEZ 79 2 L2 AL T D, 20
MR ZHE X, T AT e RO & D7 v a3 — L O ARk L R il 2 /% 2 H#
BT N OBE Y Ry N ERIEDREEIT 72,

One-Pot Synthesis of Heteroaryl and Diheteroaryl Ketones.

OH

o} 1) Ligand 2) Ar-X o
cat. M
e —
(Het)Ar-B(OH),
base

a



FAH FERCEWTT 2 EARFREANE

B SNTALAWITIEIR SO EMIE RIS L CE W 2 RT 2 L85
NTHD YW, ZOEDICEBEEMICHR T 2 BEKFEANENILE, FHEED TN,
HERIIAREWIEEYE \BET 2 EERMOBETHY Y, FEREZNGE L
xR EKFEAREOMBIZEE THDH, ZHETIZ, FHH SN TE N FiED
RFEH L LT H/D SHSOSHEE SN TWAR, KISSOHBEANETHY . S5I1C
FAFERICEHLTHIELDENELD LWV ) KiEaFF-o 1017,

Rousseau (2014)

B ©%)D 7N
J RuNP@PVP (3%) P
N N~ D(80%)
D, (1b
2 (1 bar) D(90%)

THF, rt.

—7 . KM E SERIEICEN TS EREFR M 2 E & 45 CUD SRS DBHFE D
R DTN D 3 ALFRINEDR I L2 L DINx THEAKREWEZEEEE LT
D Z EREmATRIEDEKE N A 2 RET D RAELE LTET 6D 5,

Sajiki (2008)

S COH D (58%)
10% Pd/C /©/\/ COLH
(10wt%) ¢l

D,0 / Hy D (48%)

- D
(D A7) (95%)

89%

2014 412 Donald 51337 ¥ 0 MMz L 5 CIUD &SR G A& s L7220, Lo L7s
WO ZOMBERIZIT~A 70 T = —TREHNZ X - TRIGEMRET D Z L 1Tl x TR
BEOHEKFRDBLETH D, ERMHBARBICBONTI, BEREICEKRZEATLILERD
DT EMh ., B LGEIRVEICRD TN ERR R BEARBEMEDOHE R L END,

Donald (2014)
Bn SPhos (30 mol %) Bn

N Pd(dba), (10 mol %) N
@ )—ci )—D (>95%)
N (CD3),CDOD / MeCN / MW N

91%

EFNLRTE DR 72 5 ALY 2 B W2 CUD R#ZHEH L, BIlS %[
WET D72 DI UK & B-KBBERRHIZED D Z LT L0 M & SEIREICENT
FAKFEATLEOBRE 2R 2T,

Deuterodechlorination of Aryl/Heteroaryl Chlorides

OH Ligand

CI /|\ cat. M D
+
1 2 ———>
R D R base
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Monoarylation of vicinal diols.

R._OH + X catM R OAr
Lo
R OH R OH

T RS ORGH

TV —a— K=y AR EHED B SN D RE THEICEN T 3 Mgs 2V E
FOSHRITHAIATe Z & & 2 1o, LARIZAMEY 1 7 L 27~ (Figure 1), 1 D&Y
7Y —d— F=7 AEICRERIIN L, 3 MoOSF AR SN D, Z OHFREIRIZ
DA —IVBEL L L— REHAD TR S AL, e < SBITHIMAEIC LV ' T U — RIS
BT D EE LTz, 2OmWRKRETFHEZG T 5 3 MOESEARD A — L 25l LT
EHAL L, S HICMBOEE S TT UV — b z2EITSE 5 2 & TERIERHOEER
72e ) 7 ) — /UL ATREIC 70 D L it LT,

R._OAr [Ar—I-Ar]OTf
I Cu(l)OTf
R OH
Ar—|
RIO\Cﬁﬁr
/N m
R (e} OoTf [Ar-Cu™OTf]OTf

base + H* diol + base

Figure 1

WO Yy x=/a3— K=Y AEOKRE

ET VI & LT cis-1,2-cyclooctanediol (la)Z &R L, 7 ==/L3— =1 LD
REt & T o7 (Table ) "R A F 2 HT 53— F=0U L EZHW5H & BRAERY
3aa [HEURTLVE LN -T2 (entries 1-3), — 7. E@5REE O IR IGIL A L E
IXE Y EWIGIEZ R L (entries 4-6), [PhoIlOTS 1% 72% & BAF72UUR THMWLE W &
B2 72 (entries 6), S HIZ, T h T 7 AFA R UBBIONT Y 704w ) VA 4o &
HT5a— = A Z2 G L2 2MCRIIE R L7z (entries 7 and 8),



Table 1. Screenig of diphenyliodonium salts.?

QOH : «  cat. Cu(OTf), QOPh
+ AN _—
oH Ph Ph kPO, (2 equiv) OH

toluene
1a 100 °C, 15 h 3aa
entry X yield (%)°  entry X yield (%)°
1 Cl 13 5 ClOy4 37
2 Br 21 6 OTf 72
3 | 11 7 BF4 61
4 NO; 20 8 PFg 61

aReaction conditions: diol 1a (1.0 mmol), diphenyliodonium salt
(1.5 mmol), Cu(OTf), (10 mol%), K3POy4 (2.0 mmol), solvent (2.0 mL),
100 °C, 15 h. P Isolated yield.

Table 2. Optimization of the reaction conditions?®

OH . i off cat. Cu OPh
OH Ph Ph base (3 equiv) OH

1a 2a 1089}(\3??5 h 3aa
entry Cu base solvent vyield (%)° entry Cu base solvent yield (%)P
1 Cu(OTf),  K3PO4 toluene 76 10 CuBr, NazPO, toluene 79
2 Cu(OTf), NagPO4 toluene 89 11 CuBr NasPO, toluene 75
3 Cu(OTf),  LigPO4 toluene 73 12 CuCl, NazPO4 toluene 75
4 Cu(OTf), Cs,CO3  toluene 39 13 CuCl NazPO,4 toluene 88
5 Cu(OTf), K,CO3 toluene 0 14  Cu(acac), NazPO, toluene 54
6 Cu(OTf), Nay,CO3 toluene 56 15 - NasPO, toluene 18
7 Cu(OTf), NaF toluene 54 16 Cu(OTf), NagPO, dioxane 79
8¢ (CuOTf),tol NagPO,  toluene 79 17 Cu(OTf), NazPO, DMA 44
9 Cul NazPO, toluene 81 18¢  Cu(OTf), NazPO, toluene 93

@ Reaction conditions: diol 1a (1.0 mmol), diphenyliodonium triflate 2a (1.5 mmol), Cu (10 mol %), base (3.0
mmol), solvent (2.0 mL), 100 °C, 15 h. ° Isolated yield. ¢ Cu (20 mol %). 4 Toluene (1.5 mL) was used.
cis-1,2-Cyclooctanediol (1a) & diphenyliodonium triflate (2a) % &7 /LEEE & L THULY,

SRR D Eciift 21772 > 7= (Table 2), ¥i1E NasPOs 03 e b B 72U % 5. X (entries
1-7), $fEEIZ RS L Tl Cu(OTH, 255 & AL T- il fiiyEPE 4 7 L 72 (entries 2 and 8-14),
— 77, SAEEIEFE T CIXE AR IO T LG o iZen -7 (entry 15), A
toluene 23 b L TWDH T ENHLNERY | S HICHEEEL 1.5 mL 2O L TR
BEAY B 5 & IGhE0GE S L7z (entries 2, 16, 17, and 18),
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Table 3. Copper(ll)-catalyzed monophenylation of diols with diphenyliodonioum triflate®

R .
OH 1 orf cat. Cu OTf), @
(Qn +
OH N63PO4
R

toluene
1a-n 2a 100 °C, 15 h
entry 1 product 3 yield (%)° entry 1 product 3 vyield (%)°

o) Me o@

1 1a Q 3aa 93 8 1h I 3ha 75
OH Me” ~OH
O4C> Meo%c>

2 1b O 3ba 75 9 1i j 3ia 57
"OH Me”~ “OH

) )
3 e <:>[ 3ca 94 10 1 < 3ja 83
4 1d C[ : 3da 70 11 1k >< @ 3ka 83

0@ BzHN —@
C[ 3ea 78 12 1l )C dla 62

5 1e
OH
W o)
6 Af o/;[ 3a 88 13 1m <: 3ma 90
OH
-0 ¥
7 19 Ts—Ni:[ 3ga 83 14 <: 3na 37
oH

@ Reaction conditions: Diol 1 (1.0 mmol), diphenyliodonium triflate 2a (1.5 mmol), Cu(OTf), (10 mol %), Na;PO,4
(3.0 mmol), toluene (1.5 mL), 100°C, 15h. P Isolated yield. ¢ Diphenyliodonium triflate 2a (2.5 mmol) and toluene
(2.0 mL) were used.

BB W TR % 72 VA — VO RGET 21T - 7 (Table 3), AR A — L& A7z
e, find 25 F 2 7 U — ALK 3aa-3ea & 5 URTH 272 (entries 1-5), & BT,
R A — VIO EHAEETH S Z & &2 RV L7 (entries 6 and 7). iV T, $HIR
AV O EIT 572, meso-2,3-butanediol 75 1L RAFRINETHMLEMRIED
LR TE TN, threo-2,3-butanediol 2 V2% & R IFHFFREIZ & EF 57 (entries 8 and
9), EHIZ, 13-VA—LTHD 1j-k MHIFEIRMCE ) TV — bk~ B S
7= (entries 10 and 11), ZAUTIAZ T, B M7 I REFTDH VA —MIZHONWTHT U —



JAGITHELT L, FREDOIRTHICT 5t E6W) 3la 52 7 (entry 13), £72 1,4- A4 —
TN TR THSCI HI LAY 3ma ~ & B X 7= 23, 1,5-UA4— VB L Cid
RINERIZ & EF 572 (entries 13 and 14),

BHEI YT VU—NI—KR=UA M) T7T— KO

Table 4. Copper(ll)-catalyzed monoarylation of cis-1,2-cyclooctanediol with diaryliodonium triflates®

OH + OTf cat. Cu(OTf),
+ PUANNA
OH A Ar NazPO, (3 equiv)
toluene (1.5 mL)
1a 2b-k 100 C 15h

entry  Ar? Ar' 2 3 vyield(%)° entry AR

QON
1 (=Ar") @—t-Bu 2b 3ab 93 (=Ar") @
OMe 2c¢ 3ac 92 4@ 2h 3ah 94

2 3 yield (%)°

2g 3ag 99

2d 3ad 94

2i  3ai 94

Cl 2e 3ae 96 Tep 2j 3aj 61

@@%@

Br 2f 3af 99 10°  (Mes®) 4@ 2k 3ak 70

@ Reaction conditions: diol 1 (1.0 mmol), diphenyliodonium triflate 2 ( 1.5 mmol), Cu(OTf), (10 mol %), NasPO4 (3.0 mmol),
toluene (1.5 mL), 100°C, 15 h. b Isolated yield. ¢ Diphenyliodonium triflate 2 was used. 9 Tep: 2,4,6-triethylphenyl. € Mes:
2,4,6-trimethylphenyl.

[fl—4= T2 T cis-1,2-cyclooctanediol (1a) %Fﬁb‘ BRx REHEZ ROV T U —
NA—=R=U L) 7T —aEf Lz (Table 4), fleGEds X OVE TR 5 MR E
EBRFETIHAETLT V=K EDE %%&%@%xfé_&&<EMKW¢T%
TV =K% 5 2 7= (entries 1-7), MAKFEEZF> I — F= LM H ARG # H
AIRETCTH 0 BAFCEUSHHEIT LT (entry 8), £7o. ERB I OWIHIE T4 H T 25 H
PEAEFRER OEANIZ H ) LT (entries 9 and 10),

F 6 bR MR KO E SR O R

(LS IR & ST 5 72 91T cis-1,2-cyclooctanediol (1a) & cyclooctanol % 1:1 MDE /L
HCIRA LIREETT U — b RIS 2 R A T, ZORER, ®IETE 7V — /bR
3aa 2155~ T/ A=NDOT U —=/HELERDERIL b%IC L EE o7, RIRPICY
=BT A= NVOMGRIFET 558106, VA — A NMER T L FRIRETE
T V=MD Z ERH LN E o T,



Scheme 1. Copper(ll)-catalyzed phenylation with cis-1,2-cyclooctanediol
and cyclooctanol

QOH Qoph
OH OH
1 Cu(OTf),

(10 mol %) 3aa

(1 mmol) 4 oTf 92% yield
Ph " Ph NasPO, (3 equiv) +
(1.5 equiv) toluene
O/OH 100 °C, 15 h O/OPh
(1 mmol) 5% yield

WA FR721,2-V A — v 1o & 13-V A=/ 1p & WV TALEBIRME O MG 217 7=,
lo BL U 1p & BITSUNITRAF 2RISR THEAT L, SEARRET D/ S W —floK RIS R 4172
BIETT U — i b E i,

Scheme 2. Copper(ll)-catalyzed monophenylation of unsymmetrical diols
Cu(OTf), (10 mol %)

n-Bu_OH Ph,I*OTf~ (1.5 equiv) n-Bu__OH n-Bu.__OPh
\[ NazPOy (3 equiv) \[

N

OH OPh OH

10 toluene 30a 3o0a'

100 °C, 15 h 60% (7:3) 28%

Me Me Me
OH OH OPh
> +
OH OPh OH
1p 3pa 3pa’

64% (8:2) 16%
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Asymmetric monoarylation of vicinal diols.

R__OH X Ch'gg't_““ﬁa”d R ,OAr
I * A Nar T oase
R” ~OH ase R” YOH

H1E REFENLTIC X D RS OIS R

BANZ cis-1,2-cyclooctanediol (1a) & diphenyliodonium triflate (2a) % €5 VIE & L
THWT, BNEAIZ K D BOSDINEN R 2 5 L7z (Scheme 3), (R,R)-Ph-Box Z V72
WCHURE1T72 D EIRIT 19%I28 £ - 7=—75. (R,R)-Ph-Box ZifINT 5 = & TILRIT
94%IZ 1A = L. MRS M ST,

Scheme 3.

OH . T oTf catalyst (5 mol%) OPh
OH Ph Ph NagPOy, (3 equiv) OH
toluene, 80 °C, 15 h

1a 2 3aa
(1.5 equiv)

CuCl, + L1:94%
CuCl; : 79%

Fofl Y7 x=)d— R= LEHOMES

cis-1,2-cyclooctanediol (1a) ZHE L LTV 7 ==/ — K= LMEDOKRFZ{T- 72
(Table 5), NEF UROMEEA A 2 AT 53— F=0 AEEHWSA, D TERWIY
RINOFRMETHBEAY 3aa 3551072 (entries 1-3), —J7. [PhoIlOTE 2B L Tl
BEWRISEZ R L, BIRAFICRCEMLEYE 5 272 (entry 4), IUHEL L =T
FABIRMEORBELRLTT T INAARRTBB LA 740 Y VA 4 %
BT 5HI— F=0U AEERE L7223 & SR PET LI N L72 (entries 5 and 6),

Table 5. Screening of diphenyliodonium salts?
OH + X Cu(OTf),/L1 (5 mol%)
+ 7 I\
OH Ph - Ph NazPO, (3 equiv)

toluene, 80 °C, 15 h
1a 2 3aa

entry X yield (%)° ee (%) entry X vyield(%)? ee (%)°

Br 4 3 4 OTf 90 59
| 1 2 5 BF, 50 29
NO; 15 1 6 PFs 64 0

@ Reaction conditions: diol 1a (1 mmol), diphenyliodonium salt 2 (1.5 mmol), Cu(OTf), (5 mol
%), NagPO, (3 mmol), solvent (1.5 mL), 80° C, 15 h. P Isolated yield. ¢ Determined by HPLC.

10
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£ VBT cis-1,2-cyclooctanediol (1a) & diphenyliodonium triflate (2a) % FHV T Z&F:
Rt 21T72 > 72 (Table 6), MEMEIEIL T NasPOs 38 & BAFR IR L= F 7 4 1%
RMETHPEAEY 3aa & 5 2 7-—7J. N,N-diisopropylethylamine % FH\ 72455, RN
FITHREIZLE EF o7 (entries 1-6), F7=. 2 MliDEEMAIL 1 Ml DOHFEER &[R4 DK
JeMEZ R L, CulCLb Z HWT T U — b & T2 o7& 2 A, 94%IR, 76% ee TE/ T
U —/AbiR % 5 % 7= (enrries 2 and 7-16), ¥ #EIE toluene & JH W26 DA Rif 7=
FEMETHIMEE W% 5- %272 (entries 2 and 17-20),

Table 6. Optimization of the reaction conditions?

OH T OTf Cu/L1 (5 mol %) OPh
*  Ph” "Ph
OH base (3 equiv) OH

solvent, 80 °C, 15 h

1a 2a 3aa
entry Cu base solvent {;Z ')ﬂ (;)e)c entry Cu base solvent {;Z I)g (;SC
1 Cu(OTf), K3POy4 toluene 21 3 11 CuCl, NazPO,; toluene 94 76
2 Cu(OTf), NagPO, toluene 90 59 12 CuCl NazPO,  toluene 89 43
3 Cu(OTf), LisPO4  toluene 52 9 13 CuF, NazsPO,  toluene 9 0
4 Cu(OTf), Nay,CO3 toluene 50 41 14 Cu(OAc), NazPO, toluene 82 54
5 Cu(OTf), NaF toluene 88 9 15 CuOAc NazPO, toluene 77 67
6 Cu(OTf), DIPEA  toluene 95 33 16 Cu(tfac),¥ NazPO, toluene 82 54
7  (CuOTf),'tol NazgPO, toluene 84 64 17 Cu(OTf), NagPO4 DCE® 93 2
8 Cul NazPO, toluene 89 65 18 Cu(OTf), NazPO, dioxane 74 11
9 CuBr, NazPO,  toluene 93 69 19 Cu(OTf), NagPO4 DMA 55 11
10 CuBr NazPO, toluene 42 39 20 Cu(OTf), NagPO,; i-PrOH 27 27

@ Reaction conditions: diol 1a (1 mmol), diphenyliodonium triflate 2a (1.5 mmol), Cu (5 mol %), L1 (5 mol %), base
(3.0 mmol), solvent (1.5 mL), 80 °C, 15 h. ® Isolated yield. ¢ Determined byHPLC. 9 tfac: trifluoroacetylacetonate. ©
DCE: 1,2-dichloroethane.

FAH BN OGS

cis-1,2-Cyclooctanediol (1a) & diphenyliodonium triflate (2a) % FV T 4%
TV B AERT D S X O RENL T O &2 T/ o 7 (Table 7). ¥ 7 /LB A A
FHY URNFHOANICB T HERE L ARFT LI A, 7 = = VR EHA
WZRF OB TR W E NSO Rl F ARG THOLEY 3aa 2 5 272
(entries 1-5), F£7c, AF L U BEMN 7 F NV IITEI SNV BNLFIEXT U AR
JVEETCERR I NN T K0 BN S & IR %2 7R L 7= (entries 6-8), & 7 /L B A
FXY Y RO S AN EBR SR 2 WG A FA EARFITSHE S e
o7 (entries 9 and 10), & HIZ, OF T AAXH U UEALFEZHWTAREE )T
V=GB T205, WIS D TIRWAFUER T 3aa 5% 72 (entries 11-18),

11



Figure 2. Chiral ligands based on optically active oxazolines

T D XTIX

R Ph
L1: R=Ph L6: R=n-Bu L9
L2: R=4-MeOPh L7: R=allyl
L3: R= 2-naph L8: R=Bn
L4: R= 2,4,6-Me3Ph
L5: R=Bn
\OMO Q Q
AN N 0 £ Yy 0 0 { 7 0
Cvil 3 Ol
Ph  Ph Ph  Ph
L10 L11 L12

Sl
* o) N @)
s s
SN MY P

Ph Ph Ph Ph
L13 L14 L15: X= CH
L16: X= N
o o o
S {37
P N N7"pp N N7"pp
L17 L18

Table 7. Screening of chiral ligands in the copper-catalyzed asymmetric mono-
phenylation of cis-1,2-cyclooctanediol®

OH t oTf CuCly / L (5 mol%) OPh
+ AR
Ph” “Ph
OH NazPOy, (3 equiv) OH
toluene, 80 °C, 15 h
1a 2a 3aa

entry L yield (%)° ee (%)° entry L yield (%)° ee (%)°

1 L1 94 76 10 L10 8 2
2 L2 96 68 1" L11 59 4
3 L3 75 53 12 L12 60 6
4 L4 51 30 13 L13 49 6
5 LS 78 40 14 L14 64 3
6 L6 87 77 15 L15 65 2
7 L7 84 74 16 L16 56 12
8 L8 71 50 17 L17 82 0
9 L9 81 0 18 L18 77 0

@ Reaction conditions: diol 1a (1 mmol), diphenyliodonium triflate 2a (1.5 mmol),
CuCl, (5 mol %), L (5 mol %), NazPO4 (3.0 mmol), toluene (1.5 mL), 80 °C, 15 h.
b |solated yield. ¢ Determined by HPLC.

12
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Table 8. The chiral copper-catalyzed asymmetric monophenylation of meso-1,2-diols with diphenyliodonium triflate®

R.,OH T_OTf CuCly / L1 (5 mol%) R._,OPh
I *  Ph "Ph I

NazPOy4 (3 equiv)
R” TOH 3704 R” YOH
toluene, 80 °C, 15 h
1 2a 3
entry 1 product 3 vyield (%)° ee (%) entry 1 product 3 vyield (%)° ee (%)°

OPh OPh
1 1a 3aa 94 76 4 1c Q: 3ca 89 59
OH OH

oPh OPh
20e  1qq 3qa 84 85 5  1d O: 3da 47 24
OH OH

OPh Me.__,OPh
3d 1r 3ra 70 64 6f 1h I 3ha 54 37
OH Me” YOH

@ Reaction conditions: diol 1 (1 mmol), diphenyliodonium triflate 2a (1.5 mmol), CuCl, (5 mol %), L1 (5 mol %), NazPO,
(3 mmol), toluene (1.5 mL), 80°C, 15h. ° Isolated yield. ¢ Determined by HPLC. 9 L6 was used instead of L1. € toluene
(2.5mL).f Cu(OTf), was used instead of CuCl,.

RIS T, BB KOOSR A=V 2 HOWTAEFET Y — bSO RGET 21T/ > 72,
cis-1,2-cyclododecanediol (1q) % FV 7=IKFIE cis-1,2-cyclooctanediol (1a) (ZEb~"T H{L
EWMOPEEMET Lie—07, REFNEEOM LB S 7 (entries 1 and 2), n e & H
T % cis-1,2-diol Z# VTG E AT 072 & 2 A BUSICER L= J v F sk dkic
RN 2RERo7 (entry 3), E£72. BIR 1,2-diol IZBI L TII/NERIZZRDIZONT
IR ERFUEOML T NEM S 4v7- (entries 1, 4, and 5), $HIR A — L TH D
meso-2,3-butanediol 7> IXHFEEE DULHE D= o F A RIRMETHLAED RGO
(entry 6),

BH5HI T V—a—FKR=uAM)T7T— KOKE

Bk L2 BW T YT Y — b3 — R= 0 MO EIT R~ T2, BFEERT
V=NV EzEzFfFoa— =0 LAENOIET7 & I £ 3ac MG 57 (entry 2), 7 U —/L
RGBT RBMEENGFET LT Y — a3 — R AEEROWESEAICB OV TILR
IR DO REE O F o F AR TE /) 7V — bR % 5 X 7= (entry 3), SLIKEE
FEEATLHI— R=U L 20 ZHWESEES, KOSTESCHITEIT Lc—F . RFIE
LTIy 7 z=1r3— R=U AHIZHATIK T L (entry 1 and 4), 7V —/L 5 —
R=0 AR OBEBRLITZOWEICEDL LT, KSOETE L 2N ER B E 72

>7,
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Table 9. The chiral copper-catalyzed asymmetric monoarylation of
cis-1,2-cyclooctanediol with diaryliodonium triflates

OH ¢ OTf  CuCly /L1 (5 mol%) OAr
+ I
on Ao NasPO, (3 equiv) OH
toluene, 80 °C, 15 h
1a 2 3

entry product 3 yield (%)° ee (%)°

o~
1 Q 3aa 94 76
OH
(e}
2 O: <> OMe  3a¢ 84 0
OH

o—< >—
3 Q CFs 3aj 94 54
OH
Me
4 Qo—@ 3ai 89 63
OH

@ Reaction conditions: diol 1a (1 mmol), diaryliodonium triflate 2
(1.5 mmol), CuCl, (5 mol %), L1 (5 mol %), NazgPO4 (3 mmol),
toluene (1.5 mL), 80 °C, 15 h. ? Isolated yield. ¢ Determined by
HPLC.

|

56 Hi SRR T B

N _N N _N
PR _Cu PR N
Ph .- “OH <  Ph I OH
HO = : l
2~ H HO )
O
H
A B
N/
o N A
..
—N_ N oPh

5: Cu
N z \OH “ N base :> O:
ol.3 s
17\ (1S, 2R)

Figure 3
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3ca B LUV 3da DFENE 2l EITHE S 72 STHRIZREIR STV B HEeE 22 & g5
% Z & THaxtECE 2 W3V E (1S,2R) IR IE Lz, Z OfE R % IR A I BL O % HEE
L7z (Figure 3),

HIgER DO Y7 = =3 — K= LI 2B LA I X R &7z 3 i
AR L T A — b OKEEEED 1 DB T L. (RR)-Ph-Box & |2 i PUEL B4
KEBKT D, b o —HOKEERIL, (RR)-Ph-Box D7 = = /L5 & ONAKKFE 2588 T 5
LT HENE T EHNANLIZENLT D (A in Figure 3), A — /L O BRI AR T-/17
ZRWTENLT D86 & B Z AW TR T 2GR E 2 b0, $llCEf L7 =
=NV ONHRRK R ZRET H X DI B OMEZES L TS & X 5% (Bin Figure
3 ZDh, TEINMMIED $EWEREICH DY 5 —HOKBENEIRIZ L 7 0

N AbEZ T O CRITHBEENEITT T2 5252 LI2KY (1S2R) AT 2 HIW
MZzhx %52 L& 3 5 Z & TE 5H(C in Figure 3).
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FI3®W HERT FOMBMT Ry NERRIEDORSS

One-Pot Synthesis of Heteroaryl and Diheteroaryl Ketones.

o} 1) Ligand OH 2) Ar-X o
cat. M
L —
(Het)Ar-B(OH),

base

HI1HE WAL ORRET

MR TIERIENLE & L CF A —T VBN 2 AT 5 N-~T a Bk i L T
FERT DT LD IR HEE RN, TLT e RICkT ST U —LR a CEROA NG
Zxf L CER M AR T S E A RN LTS B, 2 2 CAMMBE O R R 21T
HZ ALY EERS FDORRNRT Ry AN FREE D L TC—S
WIENL 1 DR E 21772 o 7= (Table 10), &7 /VILEIZ 3-quinolinecarbaldehyde (4a) &
phenylboronic acid (5a) Zi®R L7=, AT INEEFT HENLT L19-21 2 H V728545,
WT VBRI THINEA Y 6aa & 5% HFEHR L 72572 (entries 1-3), — 77, m@E\ > 2,6-
VAT RENT 2 = VEICE SR TR A2 D SRR BB ST, 72
MNTH, V== VFFEEZATL L23 ZMat Lzl TA, 7 b AR 6aa IR 82%T
B2 . NNT VT NIKTBET AT VOB B X OE I ENEETHDH Z L
DRIE S A7 (entries 4-6), E/o/XT VUL LR OEIGEFEL R LIZE Z AT
DU LK U TONMBRIOENLF 2 W SRHCR R OERE 525 Z NN E D
(entries 5 and 7-8). & 52 Pd OfiiE & % 3 mol % ZHE<°9 2 & TURIL 95%!I ) L L7=
(entries 6 and 9-10), BIfZ7ZWM L7 WGEIXEIMLEYW 2155 Z Lidtikero7z
(entry 11),

Figure 4. Precursors of N-heterocyclic carbene ligands.

& e

Me PhS Me i-PrS
L20 L21
i-Pr i-Pr i-Pr
C(“\ “@ @( @ C( @
i-Pr MeS i-Pr PhS i-Pri-PrS
L22
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Table 10. Screening of thioether-imidazolinium chlorides?.

Ligand 0
[Pd(allyl)Cl], Ph-I|
| N H > | X Ph
_ PhB(OH), (5a) _
N 082003 N
4a dioxane 6aa
entry L Pd (mol %) Pd/ligand yield (%)b

1 L19 1.0 1:1.5
2 L20 1.0 1:1.5
3 L21 1.0 1:1.5
4 L22 1.0 1:1.5 58
5 L23 1.0 1:1.5 82
6 L24 1.0 1:1.5 65
7 L23 1.0 1:1 80
8 L23 1.0 1:2 80
9 L23 2.0 1:1.5 94
10 L23 3.0 1:1.5 95
11 none 1.0 - 0

@ Reaction conditions: 3-quinolinecarbaldehyde 4a (1 mmol),
Phenylboronic acid 5a ( 1.5 mmol), Cs,CO3 (2.5 mmol), dioxane (2
mL), 100 °C, 1 h (addition), Phl (2 mmol), 100 °C, 15 h (oxidation),
b |solated yield.

F2H Mk Lokt

WIZ, ~7 a7 U—/Lr K 6aa DFEFIZIWTHIE & IRIEE OGS %1772 - 72 (Table
1), HERIT C2COs b L TWDB I ENRBH BN E TR -7 (entries 1-5), BWEEIX
1,4-dioxane & H\\ 7z & TR L ENTZICR TR EW & 5 2 7-— 5, et 2 H
WG B I RIERINER O T2 R 54172, (entries 1 and 6-8),

Table 11. Screening of bases and solvents?

L23 O
[Pd(allyl)Cl], Ph-I
| N H N Ph
P PhB(OH), (5a) |
N base N
4a solvent 6aa
entry base solvent vyield (%)° entry base solvent yield (%)°

1 Cs,CO3 dioxane 82 5 CsF dioxane 12
2 Ky,CO3 dioxane 10 6 Cs,CO3; toluene 61
3 Nay,CO3 dioxane 2 7 Cs,COs3 DMF 27
4  KzPO, dioxane 32 8 Cs,CO3; DMSO 0

@ Reaction conditions: 3-quinolinecarbaldehyde 4a (1 mmol), Phenylboronic
acid 5a ( 1.5 mmol), L23 (1.5 mol %), Pd (1 mol %), base (2.5 mmol), 100 °C,
1h (addition), Phl (2 mmol), 100 °C, 15 h (oxidation), ° Isolated yield.
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FI3E AT U — L Ok

FefbF & U CHERET 2 7 AL T V) — L OfaRt 24772 - 7= (Table 12), BAb~_ ¥
B LTI EIT Le o 7o —05 ., K0 ISR @V 3 T8 %2 H
WD EICRITRIEICH B L7z (entries 1-2), KIZ, 7V —/ Vi EOEHIL A FE 4 FREt L
e ZAhH, MU TNAFaAFNREREBANT D L DT RN BIEROM LB S 7
(entries 3-5), & BT, VKEFEZAGT 53 VLT U — L ZBUNZHWZ & 2 ABHEIZIL
FRINBGE S HU, 2-MePh-1 1ZB LTI 95%IR T HIL G 6aa & G- X 7= (entries 6-9),
ST U= DT U — VP SRREE 2 FF2 2 & TR O B MR S 41T
WD ZEDREENT, Flo. e T A ERII L WS ITIZ ARG &5 15
5D Z &R N> T2 (entries 10),

Table 12. Screening of aryl halides?

0 L23 0
[Pd(allyl)Cll,  Ar-X
| ~x H | ~x Ph
_ PhB(OH), (5a) _
N CSZCOS N
4a dioxane 6aa
entry Ar-X yield (%)°  entry Ar-X yield (%)°
1 PhBr 21 6 3-MePhl 87
2 Phl 82 7 2-MePhl 95
3 4-CF4Phl 86 8 2-i-PrPhl 93
4 4-MeOPhI 79 9 26-(Me),Ph-l 92
5 4-MePhl 83 10 none 5

@ Reaction conditions: 3-quinolinecarbaldehyde 4a (1 mmol), Phenyl
boronic acid 5a (1.5 mmol), L23 (1.5 mol %), Pd (1 mol %),100 °C,
1 h (addition), 100 °C, 15 h (oxidation), ? Isolated yield.
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FAHi ~T a7 V=T BRI ATeT Y= h DR

i lk L72551FC phenylboronic acid (5a) Ltk%x7e~7 a7 U —/L7 /LT b K&
TA~7Ta7 U= N OEKREITI: -7 (Scheme 4), EH#1 L OBEIR 1% FFoEHH#
BRT VT E R 4b-d4g DOXHST D7 N UARREIETH L AL (6ba-6ga), E7-, N
SFFT 2 B EAT DY 4h-4i 2B L CTH SIZBAFICHEIT LT (6ha-6ia),

Scheme 4. One-Pot Synthesis of Heteroaryl Ketones.?

L23

o)
[Pd(allyl)Cl], 2-MePh-I
PhB(OH), (5a) @ 6 O

Cs,CO3, dioxane

O (o) (0] (0]
O T
(1O U SA® T
(o)
o 6ea 6fa Q 6ga
81% o 84% o 87%
I
s s
6ha 6ia
91% 95%

@ Reaction conditions: aldehyde 4 (1 mmol), Pd (1 mol %), L23 (1.5 mol %),
phenylboronic acid 5a (1.5 mmol), Cs,CO3 (2.5 mmol), dioxane (2 mL), 100°C, 1h
(addition), 2-MePhl (2 mmol), 100 °C, 15h (oxidation). ® 3-MePhl (2 mmol) was used. ©
The catalyst (3 mol %).

W, BRBEEATLT7AVTE FREROAR R Vv BEHNWTY~T o T U —ATr o
TRy MR ELT7 572 (Scheme 5), 9-Phenylcarbazole-3-boronic acid (5b) % V72 &
EFX IV R TITUBRIUOR Y FE T 2 A ERFOT VT B NMED G &I
RTENTNEEERT b B3MF 572 (6ab, 6bb, 6gb, and 6hb), F7=, 77 o LF 47
TR EOEFBREZAGT HAR VB ABISICHEHAFRETH Y , ENENERRT VT
b N EDMIM—BALSOS Z#H LTS T 23 ~T a7 U —7 bz 84-95%ILRT
5. Z 7=(6ac, 6hc, 6ad, and 6ae),



Scheme 5. One-Pot Synthesis of diheteroaryl Ketones.?

0 L23 O
H [Pd(allyl)Cl]» 2-MePh-I
@ 4 HetAr-B(OH), (5b-e) @ O
Cs,CO3, dioxane 6

6ab Ph 6bb Ph

9
81% (Pd:3 mol%) 81% (Pd:3 mol%)

s lieenlioy

6hc 6ad
87% (Pd:1.5 mol%)

6ae
91%¢ (Pd:1.5 mol%) 95% (Pd:1 mol%)

@ Reaction conditions: aldehyde 4 (1 mmol), Pd /L23 (1/1.5), arylboronic acid 5 (1.5 mmol),
Cs,CO3 (2.5 mmol), dioxane (2 mL), 100°C, 1h (addition), 2-MePhl (2 mmol), 100 °C, 15 h
(oxidation). ® 3-MePhl (2 mmol) was used. ¢ Cs,CO3 (3 mmol), 80 °C, 1 h (addition).

L23 2-MePh-I| R O
[Pd(allyl)Cl], (2.0 equiv)
N H - R'
| (HO),BR (5a or 5¢) 100 °C, 15 h |
N Cs,CO3 (2.5 equiv) N
dioxane
CFs 100 °C, 1 h CFa

4j : R= phenyl
4k: R= 3-furyl

6ja
CF; 80%:2 CF3 91%2

6ke
CF; 70%P

Scheme 6. Synthesis of quinoline-based lead agonist and its derivatives for liver X receptor

Reaction conditions: aldehyde 4 (1 mmol), arylboronic acid 5 (1.5 mmol).2 L23 (4.5 mol %), Pd
(3 mol %). P L23 (2.25 mol %), Pd (1.5 mol %).

SIHIZ, KT Ry PERIZED XV B2 AT DR X B KT T=2 K »

BLOZOHEBIKD A K % 1T 72 > 72 (Scheme 6), i s3T5 3 SLAK B IC

3
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4-phenyl(8-trifluoromethyl)quinoline-3-carbaldehyde (4j)% 7o & &, 7 == )Lh v U §
BLOERERNAEA =2 V820 5 IR THBEEY 6ja & 6je MG biTc, iz, 7
TUBREROX ) UBROT AT B FEDD K0 EHERITIR X AT T =2 MR
%K (6ke)DE LA ZERK LTz,

5 HT USRS

Figure 5. Proposed pathway for one-pot synthesis of ketones through palladium-catalyzed
1,2-addition and oxidation

transmetalation oxidative
R2 YZB RZ Ar-Pd-X addition
Ar X
insertion R2
Ar-Pd- o—(
ﬁ-hydrogen ellmlnatlon /\
Ar-Pd-H Ar=H
reductive
elimination

HEE SN D OS2 FIZRT (Figure 6) AV AR v MEBUTATINES & Befb &
D 2ODTREENLMD, £, IO TR VT Pd 5K L FHER VBEORIT R T v
AAZ AL Z Y | PA-R BB SN D, T/T & RO ARMAEITT 2 2 &
TT N a— VERAERT D, #i< b TRICBWTIX, PA0)D a7 Ak T Y —u
SO LV . Ar-Pd(ID-X 23R L5, RIS, ARSI BWTAE T T v
T — RS PAIZEANE L, BAKENEEZ R CHRLEM TH L7 b K E Ar-Pd(1)-H 73
AT 5, RmITPIBLEEZ XV PAAD)IE PAOO)Z AT B,
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H 5 FERTFM NHC AL+ 2 -V 7o SRR x4 %
HKFEALSOE D B €

Deuterodechlorination of Aryl/Heteroaryl Chlorides

& e By
R1DR2 base
% 1ET BEAKRFEAIOERK

ARSI W THEAKRF E L THY B LD a-deuterioalcohols D15 %% % Scheme 7 (2
N, ANFRES 2 b ARDY D lithium aluminium deuteride (2 X VD @ &1 99% % i 2
% BEKFE{LHE T o-deuterioalcohols (7a-7d)Z 137, HFFlZ, Ta IXLERERTH 572 DL
DIRNNEL THD, —F5. Th-Td ICB L TE=IRICB W TRIK L LTH LT,

Scheme 7. Synthesis of a-Deuterioalcohols

o LiAID,4 (0.5 equiv) OH

_ =

1 2 1 2
R R® THF0°c,o5n R R

OH OH H H
O b O @Me b n Bu/l\n Bu
7a 7b 7c 7d
96%, >99% D 95%, >99% D 99%, >99% D 99%, >99% D

F28 BN OGS

1-Chloro-3,5-dimethoxybenzene (8a) & B /K# (LA a-deuteriobenzhydrol (7a) Z VT
BNL 7 DRRFT 21T 72 o 72 (Table 13), BfZ F-IEAFEME N CTIEISIIIA EH#EIT Lo 72
(entry 1), #EV T, HAFZEE THIZE S 72 IERIFREL NHC BN+ OGS 2 57+ 72 (entries
2-6), A I H VS —VERD 4L L 5SALIZ A FIVEEE FF- 22 WO ECAL T-RITBRIAR 125 %2 V7=
G, HREDOIRIZE E >T-(entry 2), A4 I XY —/LVED AN E 5L A TF VI EEA
U 7 BN RIS 126 Z et L7z & 2 A IURIT 68%I2 M) L7z (entry 3), N2 P7/LH
iz L0 hEE L LESGEIFICEROR T RER S vic—F ., 1o 7T V — Vi % TR
IZNEELTHIETWEROLENREL D L2 AL, L29 2V & X1
94% UL DD 99% &t % H FHAKF(LFE THILEY 9a #1537- (entries 3-6), F£7-. Pd
EENL T DEIGE 11 TRISEIT/R-o728 2 A, IERIT 76%I2(K T L= (entry 7).

RIZ, BEEITdH %772 NHC BN+ 2 AR SOSIZ VN (entries 8-13), WAL H IR
EFRREICHEE Y | SRRV T S @O FRZZ2BLALF L30 35 L OV L31 (I2 oW T
HAELFEOR TN 572 (entries 10-11), 24U 5 OFEFRD 6 IEXTFA NHC BLAL 112
B BRSO VEMNEE BB 2 R L TWA Z LR ENT, BT, By TV
T RO TRHRDENE A7 A VL2 OWT S et 21772 o 72 (entries 14-20),

22



Triphenyl phosphine Tl348 & H/KFIK 9a 3G N2 -T2 KV E BTHY,
SEARBIIZ N E @ T U — VA £F triarylphosphine & W5 Z & 12XV ﬂlﬁio’ QON:EX
KFALRD L E ST (entries 14-17), LA EDOFERZILIC, Lo r&E<, EFEExR
trialkylphosphonium ¥§ Z i\ 7= & Z A, HFREOIETHIMEAY 9a % 5 2 7= (entries
18-19), Z D & X H/KF(LHEIT 98% F Tl E L7, F7., SPhos ZiEH L T HILFEL &
O HEAKFELR L BICWFE TSN D> 72 (entry 20),

Figure 6. Unsymmetrical, or Symmetrical NHC Precursors, and SPhos

R R
C'G@H C'@@H C'@
N\\/N R
R
L29

L25 (R =H) R L27 (R = Me)
L26 (R = Me) L28 (R = i- Pr
Ph Ph
PN Ph Ph
GL)N o N GL)N N N GL)N o N
NV AV N
Cle Cle Cle
i-Pr QP Ph Ph
IMes-HCI IPr-HCI (R = H) Ph 3 P
L30 (R = Me)
i-Pr i-Pr O PCy:
®/\ @\ OMe
N& N N& N
e V@
Cl
| wo-{
i-Pr i-Pr
SIMes-HCI SIPr-HCI SPhos
Table 13. Screening of ligands 2
Cl Ligand (2 mol %) D
OH [Pd(allyl)CI], (0.5 mol %)
P
Ph™ 5 Ph Cs,CO5 (1 equiv)
MeO OMe tclluene MeO OMe
8a 7a 90 °C, 16 h 9a
(1.2 equiv)
yield D content yield D content
entry L (%)b (%)° entry L (%)b (%)°
1 none trace ND 11 L31 42 93
2 L25 42 >99 12 SIMes-HCI 36 99
3 L26 68 >99 13 SIPr-HCI 31 99
4 L27 74 >99 14 PhsP trace ND
5 L28 66 >99 15 (4-FPh)sP 19 33
6 L29 94 >99 16 (4-MeO)sP 20 50
79 L29 76 >99 17 (2-MePh);P 23 72
8 IMes-HCI 53 >99 18t-BusP-HBF, 62 98
9 IPr-HCI 63 >99 19 CysP-HBF, 44 98
10 L30 62 96 20 SPhos 62 98

2 Reaction conditions: 8a (1 mmol), 7a ( 1.2 mmol),ligand (2 mol%), Pd (1 mol %),
Cs,CO3 (1 mmol), toluene (2 mL), 90 °C, 16 h. b |solated yield. € Determined by
"H NMR. 9 Pd/L29 = 1/1.
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H 3 EAELAIORES

AP RIZ B W THEAKFEEH & L THERET %5 o-deuterioalcohol DI % 57 7
(Scheme 8), o fiLiZ 2 DD 7 = = )VENEWE S 72 Ta & FHWTZIREIC, I b 2RI E K
REEANT D LRI LTc, RUBUVERE T VR VEICE SR 72T L 3 — LRI
L TR DR T 2B S 47z (Tb-7d),

Scheme 8. Screening of a-Deuterioalcohols

cl L29 (2 mol %) D
OH [Pd(allyl)Cl], (0.5 mol %)
-
RV, R Cs,CO0; (1 equiv)
MeO OMe tciluene MeO OMe
8a 7 90°C, 16 h 9a
(1.2 equiv)
OH OH OH /T\H
7a 7b 7c 7d
94%, >99% D 87%, 99% D 83%, 99% D 78%, >99% D

FHAH  OSORRFZ(L

BOAZ - 129,  IPr-HCl % 7= SPhos % FAWTARRG ORI L & BB L 7= (Figure 7).
L29 % W2 35A O ROGEEITFHE I 2 R - %I 20fIc BH L, 3 FFILINIZ 90%% i
2 HINRTHEAKFEAEE G 2 7=, —J7. IPr-HCl & SPhos 0 S htas 12ROkt & 4
AR L. IR 60%ICEZET 501 12 FFLL EMETH L Z R LN o7,

Cl Ligand (2 mol %) D
OH [Pd(allyl)CI], (0.5 mol %)
+ /|\
Ph D Ph Cs,CO3 (1 equiv)
MeO OMe toluene (2 mL), 90 °C  MeO OMe

8a 7a 9a
(1 mmol) (1.2 equiv)

100

90

80
70
60
50

yield (%)

40

—4— SPhos
—=— |Pr-HCI
—— L29

30
20

0 5 10 15
time (h)
Figure 7. Time courses for the conversion of 8a to 9a in the palladium-catalyzed

deuterodechlorination with L29, IPr-HCI, and SPhos. Isolated yields were usded
for the plotting.
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%S5 HEI PA-NHC 85D G R & X Bk b S T

i R B35 K 0 FE 72 B L2 15 5 7212, PA-NHC 51K A fk % 5 A 7= (Scheme
8), HBCUNZFRIBR{A L29 & lithium tert-butoxide, 35 LT [Pd(allyl)Cl], 7> 585K C1 % 89%
IR THM L, Z OFHESEA C1 2 AgSbFs THULERT 5 Z L THF A 85K C2 IT&H#H L
7o X BAEAEEMANTIC LY C1 B X O C2 OAEEZE LT (Figure 9), 7T 4>

PER C2IZBI L TIEPd & XU DVE D IFEBR & DRI Pd-arene fH A/ER 2MBLI S Tz,
AFEAER TSR OZELSR, GRS L OFMOm LICHF 535 2 EnHE S hTwn
5 24)0

Scheme 9. Synthesis of Pd-NHC Complexes.
C,@ Ph_Ph £, LPh

1) LiOt-Bu
N\ N 2) [Pd(allyl)Cll, @— AgSbF,
§\i§: THF it T CH20|2
SbFg™

1
89% vyield 80% y|e|d

Figure 8. (a) The crystal structure of neutral complex C1. Hydrogen atoms were
omitted for clarity. (b) The crystal structure of cationic complex C2. Hydrogen
atoms, a hexafluoroantimonate anion, and a residual dichloromethane molecule
were omitted for clarity.

FIACI B LU C2 2T NVRISICHE T % & 21T 75%F LTV T6%IL R T 9a 1345
Biviz, ZHUE, RFICBWT/RT U7 A L EUL T ATBRAR L29 OFIA % 1:1 THiARTHR
L TR Z1T72 > 7= Table 16 @ entry 7 & %3 iR & 72 > 72 (Table 17, entries 1 and
3), WIZ, $EA C1 HDH WL C2 & L29 & vy, SRH CEMATRLZ L 7= 1% I EAKEILK
JSERBTE A WTNOBAICE L TH/NT DU A L RALTFRIBEE L29 OFIG %
1:2 CEERFASL U C IS %2 1T 72 > 7= Table 16 @ entry 6 DFE R & —%r L7z (Table 17, entries
2 and 4), YL EOBFHHERN G, BRI AMEIERE A R T 512133 T DU A1 Tkt
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LT 1 FOBRNFRIEMANS LA TH Y | 2 53 B OBNLFRIEEAILZE E 7o Al TR
ZIEHT DD ETH DL LB BN,
Table 17. Palladium-Catalyzed Deuterodechlorination with Pd-NHC Complexes.?

Cl D

/T\H Catalyst (1 mol %)
+
Ph™ Ph Cs,CO;3 (1 equiv)
MeO OMe toluene MeO OMe
8a 7a 90°C, 16 h 9a
(1.2 equiv)
entry catalyst yield (%)° D content (%)°
1 C1 (Pd/L29 = 1/1) 75 >99
2d C1+ L29 (Pd/L29 = 1/2) 94 >99
3 C2 (Pd/L29 = 1/1) 76 >99
4d C2+ L29 (Pd/L29 = 1/2) 94 >99

@ Reaction conditions: 8a (1 mmol), 7a ( 1.2 mmol),ligand (2 mol %), C (1 mol %),
Cs,CO3 (1 mmol), toluene (2 mL), 90 °C, 16 h. P Isolated yield. ¢ Determined by
"H NMR. ¢ The catalyst was formed from C (1 mol %) and L29 (1mol %) in situ.

956 81 ALEE R O M

WIESIE FIZB W TR RERAEEZ AT 2 F FHRE(ITR L TEAKFZEAZ A
72 (Scheme 9), BT EE ThH V| FoSRITIHICNREE 2 Ko7 UV — A bid
D TEWIER CTHRAFLAERZE SN2 9b, ¢), TR UEN 2 G T IR T S
ZERRLKARRINEIICH 2 9 D2 Z EBWLNERD X T N7 RE URIEIZONT
BT MR LT 2 AN AEETH 72 (9d, ), ELEZITIDH=hbudbHdn
X ) VLR AT D EFARERIEEICOWT S ATEIC L 0 e TEN - RIRMET
BHARFT DI LTI LT (9, g). 7o, = AT NART I I 2RO HEIZB N T
T AT NVEHFEORISOSITE Z 53 @R omWEKF(ERTHIEEDE 5 2
72 (9h, i), AfERIT, FAT—T N2 L NNCT I UEMLE G e BHERELWIZEE L T
LG EZZIT A Z L BAHCEHFTEE TH 72 (9, k)0 S DIT, VAR R X
O 2 7 X REAFTE FIZEB W TH R ERITIRT T2 2 & 72 < @RI EAKR
bik%z 5 2 7= (91, m), EEOHEHELE —3FITEKFE & AH LB S 50 e g s
BB = E B BN /257 (9n),
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Scheme 9. Scope of Aryl Chlorides in Palladium-Catalyzed
Deuterodechlorination®

L29 (2 mol %)

@Cl /T\H [Pd(allyl)ClI], (0.5 mol %) @D
R + R
Ph™ Ph Cs,CO;3 (1.5 equiv)

toluene
8 7a 90°C,16h 9
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Me 0
o oo
BnO BnO Me
9 9c od®
99%, >99% D 99%, >99% D 94%, >99% D
D 0 D o
Cjﬂ/ﬁ ijz I:r%k\
D
9e of 9g°
93%, >99% D 98%, >99% D 98%, >99% D
(0] (0] Bn
N
/[::j/ﬂ\OmBu /[::T)kNMez /I:::r “Bn
D D D
oh 9i 9j¢
94%, >99% D 99%, >99% D 96%, >99% D
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D. : ,s\( D\©)LOH D\O)‘\N.Me DD/D
H
BnO
gkd,e 9|d,e,f 9me gnd,e,f,g
82%, >99% D 80%, >99% D 99%, >99% D 95%, >99% D"

@ Reaction conditions: 8 (1mmol), 7a (1.2 mmol), L29 (2 mol %), Pd (1 mol %),
Cs,CO0;3 (1.5 mmol), toluene (2 mL), 90 °C, 16 h.? The substrate 8f (91% ee)
was converted to 3f with 91% ee. ¢ IPr-HCI and SPhos led to 54% (>99% D)
and 0% yields, respectively. ¢ The catalyst. (3 mol %). ¢ 100 °C.  Cs,CO;3 (3
equiv). 9 7a (2.4 equiv). N Both reactive sites gave >99% D.

Wiz, BREXGERE I3 L CTEAKEEAEZIT/ -7 (Scheme 10), S mA
flix W72 DB ARE ) O URBED G bR TEN IR D EAKF(EFE THEK
FEPE O, BRI T ~EBENL LY DT I /K2 THE ) DV URBEICK LT
LIEZRCEAFRE CH -2 (a-d), ¥/ U FEEFFOEREZHWEAICB 0T
G SOSTHEICHEIT Lz (e, £), Z D & X 10f (2B L Tl ARt % 0.5 mol %35 LTV 0.1
mol %2 5 L TG AT > THHEARFLRIMR T T2 2 L. ZNEI 85%F &
D 46%IFE TEHARFAN G LN, — 7, EFEERA LV F— LBV Y 7T
FEAEOARSITHEARETHY R F AT = OV KREELZ AT HF 47 =
KR L T @R BKFEEANCKTI L. (11g, k), & B2, BEo~T nf+%
BT DEFRBRGEREA O 21T o7z, BV IV, Vo Vv ERR YT
T =V NER T D EEEEA A AN TEAKFOEIT R 72 & 2 ARG
IFEITL, Wb 99% % % 5 EAKFE(LETHMEEY ZG (ln), B2, 7
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AT HZEIRPILTEY, EN AR & BB MR Sz,

Scheme 10. Scope of Heteroaryl Chlorides in Palladium-Catalyzed

Deuterodechlorination®
Cl OH [Pd(allyl)Cl], (0.5 mol%) D
+
Ph/{\ Ph 052003 (1.5 equiv)
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| |
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@ Reaction conditions: 10 (1 mmol), 7a (1.2 mmol), L29 (2 mol %), Pd (1
mol %), Cs,CO3 (1.5 mmol), toluene (2 mL), 90 °C, 16 h. The catalyst

(0.5 and 0.1 mol %) led to 85% (>99% D) and 46% (>99% D), respectively.
¢ The catalyst (3 mol %) 100 °C. € Cs,CO5 (2 equiv). | CsZCO3 (3 equiv),
7a (2.4 equiv). 9 32 h. " Both reactive sites gave >99% D

APPSR D S 672 D8 MM A2 R 72 OIZEB O B RN LA T 2 EMTEM L EWIC
*f L CHEAKFZEANEZ{T/2 o7 (Scheme 11), = A b1 UFHERIZOWTIEAR Y UL
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Scheme 11. Catalytic Deuterodechlorination of Bioactive Compounds and their Derivatives?

13a 13bPC
92%, >99% D 95%, 97% D
(from an estrone derivative) (from (+)-griseofulvin)

NMe J\H’
HO 2 NEt,
D o 5 r(\/ HN G,
N\%*@ T ®
3 ~
F ° N
d
13¢ 13d 13¢

0 0 90%, >99% D 98%, >99% D
(frilr‘wﬁa:gggic?ol) (from chlorpromazine HCI salt) (from chloroquine)

@ Reaction conditions: 12 (1 mmol), 1a (1.2 mmol), L29 (2 mol %), [Pd(allyl)Cl], (0.5 mol %), Cs,CO3
(1.5 equiv), toluene (2 mL), 90 °C, 16 h.P Cat. (3 mol %). ¢ 7a (1.5 equiv). ¢ Cs,COj3 (2.5 equiv).

BTE T T LA — BT D EAEKG

Chloroquine (12¢) Z TV T AR —/VIZHBIT HHAKBEANZHALTZEZ A 99%
IR, 99% & 2 % BHAKFERTHMLEMZ155 Z LTk L72 (Scheme 12),
FARFKR 13e [ TWFHH AT 2 O 2T THORYAETH H, S HIT, ABURITE VAT
7= benzophenone % & &2 A1 L T lithium aluminium deuteride {Z &2 ¥ a-deuterioalcohols
(7a) & L7=, ZOHEKFILAIE Chloroquine (12e) % HAWTILNZITR > 725G 1C
BRI L OEAFERIIET 52 & 7< 13e BELNT,

Scheme 12. Gram-Scale Deuterodechlorination with Chloroquine as a substrate?

JW,NEQ J\ﬁ%NEQ
HN T, L29 (2 mol%) HN™ 17,
m [Pd(allyl)CI], (0.5 mol%) m

cl N/ Ph,CDOH (7a: 1.2 equiv) p N/

Cs,CO3 (1.5 equiv)
12e toluene 13e

(10 mmol) 90 °C, 16 h 99%, >99% D2
(99%, >99% D)P

@ Reaction conditions: 12e (10 mmol), 7a (12 mmol), L29 (2 mol %), Pd (1 mol %),
Cs,C0O3 (15 mmol), toluene (20 mL), 90 °C, 16 h b Benzophenone was recovered
in 99%. ¢ 1 mmol scale synthesis with 7a prepared from recovered benzophenone.
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Figure 10. Proposed Pathway for Palladium-Catalyzed Deuterodechlorination

Pd

reductive oxidative
elimanation addition
Ar-Pd-D Ar-Pd-Cl
R,CD-OH
p-hydrogen base
elimination Ar—Pd—Q
R
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Experimental Section
Chapter 2

General. All melting points are not corrected. 'H, "*C, and '’F NMR spectra were taken at 400,
100, and 376 MHz, respectively. Chemical shift values of "H NMR are given in ppm relative to
internal or external TMS. In 'F NMR, they were expressed in ppm relative to fluorobenzene
(-113.6 ppm in CDCls, -112.6 ppm in DMSO-ds, and -113.7 ppm in CD30OD). Abbreviations are
as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. Mass spectra (MS)
and high-resolution mass spectra (HRMS) were recorded using electron ionization (EI) or fast
atom bombardment (FAB) mass spectrometry. The products were isolated by silica gel column
chromatography.

The diols 1a-b, 1d-f, 1h-k, 1m-n, iodonium triflates 2a-b, all of copper sources, sodium
phosphate tribasic, lithium phosphate tribasic, cesium carbonate, potassium carbonate, sodium
carbonate, and sodium fluoride were used as received. Potassium phosphate tribasic was ground
to a fine powder prior to use. Toluene and dioxane were distilled from sodium benzophenone
ketyl under argon atmosphere. DMA was distilled from calcium hydride under argon
atmosphere. The diols 1¢ ', 1g?, 11°, iodonium triflates 2d-f*, and 2k > were prepared as

previously reported.
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Synthesis of Organoiodonium Triflates. The iodonium triflates 2¢ and 2g-i were prepared
based on the previous report by Olofsson.® On the other hand, the iodonium triflate 2j was

synthesized according to the reported synthetic procedure by MacMillan.’

Di(4-methoxyphenyl)iodonium triflate (2c).

. OTf

IO RN
MeO OMe

Under argon atmosphere, MCPBA (9.0 mmol, 77% active oxidant) was charged in a reaction
flask and dissolved in CH,Cl, (31.2 mL). To the solution was added 1-iodo-4-methoxybenzene
(8.1 mmol) and the reaction mixture was stirred at 80 °C. After 10 min, the reaction flask was
cooled to -78 °C, and then the mixture of BF3-OEt, (20.25 mmol) and 4-methoxyphenylboronic
acid (9.0 mmol) in CH>Cl, (31.2 mL) was transferred to the reaction flask at 0 °C. The resulting
dark solution was stirred for 30 min at -78 °C. Then, triflic acid (9.0 mmol) was added at room
temperature and the reaction mixture was stirred for 15 min. The crude was applied on a silica
plug (24.9 g) and eluted with CH,Cl> (300 mL) and CH»Clo/MeOH (20:1, 900 mL). The latter
fraction eluted with CH,Cl,/MeOH was concentrated and Et;O (31.2 mL) was added to the
residue to induce a precipitation of 2¢. The solution was stirred for 15 min, and then the ether
phase was decanted. The solids were washed twice more with Et;O (31.2 mLx2) and dried in
vacuo to give 2¢ as white solids of mp 114-115 °C in 50% yield. '"H NMR (400 MHz, CDCl;): &
3.83 (s, 6H), 6.96-6.95 (m, 4H), 7.86-7.90 (m, 4H). >*C NMR (100 MHz, CDCls): § 55.5 (CH3),
102.3 (C), 117.7 (CH), 120.2 (C) (q, J = 318.6 Hz, CF5S05), 136.9 (CH), 162.6 (C). "F NMR
(376 MHz, CDCl3): § -78.7. IR (ATR): 1220, 1490 cm™. HRMS (FAB) m/z Calcd for C14H;410,
([M-TfO7"): 341.0038. Found: 341.0031.

Di(4-trifluoromethylphenyl)iodonium triflate (2g).

' OTf
FSC/©/ \©\CF

Under argon atmosphere, MCPBA (4.95 mmol, 77% active oxidant) was charged in a flask and
dissolved in CH»Cl, (17.3 mL). To the solution was added 1-iodo-4-(trifluoromethyl)benzene

3

(4.50 mmol) followed by BF;-OEt, (11.25 mmol) at room temperature. The resulting yellow
solution was stirred for 60 min. Then, 4-(trifluoromethyl)phenylboronic acid (4.95 mmol) was
added at 0 °C and the mixture was stirred at room temperature. After 30 min, triflic acid (4.95

mmol) was added and the mixture was stirred at room temperature for 15 min. The crude was
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applied on a silica plug (13.8 g) and eluted with CH,Cl, (170 mL) and CH,CI,/MeOH (20:1,
517 mL). The latter fraction eluted with CH,Cl,/MeOH was concentrated, and Et;O (17.3 mL)
was added to the residue to induce a precipitation of 2g. The solution was stirred for 15 min, and
then the ether phase was decanted. The solids were washed twice more with Et,O (17.3 mLx2)
and then dried in vacuo to give 2g as white solids of mp 209-210 °C in 56% yield. '"H NMR
(400 MHz, DMSO-dg): & 7.95 (d, J = 8.3 Hz, 4H), 8.51 (d, J = 8.3 Hz, 4H). *C NMR (100 MHz,
DMSO-ds): 6 120.8 (C) (q, J = 320.0 Hz, CF3S05), 121.0 (C), 123.4 (C) (q, J = 271.7 Hz),
128.5 (CH) (d, J = 3.3 Hz), 132.3 (C) (q, J = 32.5 Hz), 136.4 (CH). ”F NMR (376 MHz,
DMSO-ds): § -61.6 (6F), -77.3 (3F). IR (ATR): 1160, 1220, 1240, 1600 cm™. HRMS (FAB) m/z
Calcd for C4HsFgl ([M-TfOT"): 416.9575. Found: 416.9587.

Di(3-trifluoromethylphenyl)iodonium triflate (2h).

F3C\©/T\6/CF3

After preparation in the same manner as 2g, the purification through column chromatography
(AcOEt) gave 2h as white solids of mp 90-91 °C in 42% yield. '"H NMR (400 MHz, DMSO-ds):
8 7.80 (t, J = 7.8 Hz, 2H), 8.08 (d, J = 7.8 Hz, 2H), 8.61 (d, J = 7.8 Hz, 2H), 8.82 (s, 2H). °C
NMR (100 MHz, DMSO-dg): 6 117.3 (C), 120.8 (C) (q, J = 320.3 Hz, CF3S05’), 123.0 (C) (q, J
=271.7 Hz), 129.1 (CH), (d, J = 2.5 Hz), 131.7 (C) (q, J = 32.9 Hz), 132.2 (CH) (d, J=2.5 Hz),
132.9 (CH), 139.5 (CH). "’F NMR (376 MHz, DMSO-ds): & -60.8 (6F), -77.3 (3F). IR (ATR):
1130, 1170, 1190, 1220, 1240, 1600 cm™. HRMS (FAB) m/z Calcd for Ci4HsFgl ([M-TfO]"):
416.9575. Found: 416.9580.

Di(2-methylphenyl)iodonium triflate (2i).

Me OTf Me
+
Preparation of 2i was conducted in the same manner as 2g with the exception that the half
reaction time was adopted, giving 2i as white solids of mp 170-171 °C in 71% yield. '"H NMR
(400 MHz, DMSO-ds): 6 2.61 (s, 6H), 7.28-7.32 (m, 2H), 7.55-7.60 (m, 4H), 8.30-8.32 (m, 2H).
C NMR (100 MHz, DMSO-ds): § 25.0 (CH3), 119.2 (C) (q, J = 320.0 Hz, CF3S05), 120.6 (C),
129.3 (CH), 131.6 (CH), 132.7 (CH), 137.2 (CH), 140.7 (C)."”F NMR (376 MHz, DMSO-ds): &

-77.31. IR (ATR): 750, 1020, 1160, 1240 cm”. HRMS (FAB) m/z Caled for Ci4Hjal
([M-TfOT"): 309.0140. Found: 309.0150.
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(6-Bromo-3-pyridyl)(2.,4,6-triethylphenyl)iodonium triflate (2j).

Bt o
Jf:[l ;
L

Et Et N~ Br

The mixture of MCPBA (19.4 mmol, 77% active oxidant) and 2-bromo-5-iodopyridine (17.6
mmol) in CH>Cl, (78.5 mL) were heated to 80 °C for 2 h. Then, 1,3,5-triethylbenzene (19.4
mmol) and triflic acid (58.1 mmol) were added at 0 °C and the mixture was slowly warmed to
room temperature over 6 h. The solvent was removed in vacuo, and then Et,O was added. The
heterogeneous mixture was cooled to -20 °C for at 60 min. The solids were collected via
filtration, washed with Et,0O, and dried under vacuum. Then, 2j was obtained as white solids of
mp 169-170 °C in 31% yield. '"H NMR (400 MHz, CD;0D): § 1.23-1.32 (m, 9H), 2.73 (q, J =
7.6 Hz, 2H), 3.01 (q, J = 7.6 Hz, 4H), 7.33 (s, 2H), 7.73 (d, J = 8.8 Hz, 1H), 8.06 (dd, J =24,
8.8 Hz, 1H), 8.74 (d, J = 2.4 Hz, 1H). >*C NMR (100 MHz, CD;0D): § 15.5 (CH3), 15.6 (CHs),
29.4 (CHy), 34.6 (CH), 112.4 (C), 121.6 (C) (g, J = 317.0 Hz, CF3S0ys"), 121.7 (C), 129.4 (CH),
133.0 (CH), 144.4 (CH), 146.4 (C), 149.0 (C), 152.7 (C), 153.8 (CH). ’F NMR (376 MHz,
CD;OD): § -78.37. IR (ATR): 1020, 1080, 1220 cm™. HRMS (FAB) m/z Calcd for Ci7Ha0’BrIN
([M-TfO7"): 443.9824. Found: 443.9834.

Typical procedure for copper(II)-catalyzed monoarylation of diols with diaryliodonium
salts. Under argon atmosphere, a reaction tube was charged with Cu(OTf), (36.2 mg, 0.1 mmol)
and sodium phosphate tribasic (492 mg, 3.0 mmol), and then toluene (1.5 ml) was added. The
mixture was stirred for 10 min at room temperature. Then, cis-1,2-cyclooctanediol 1a (144 mg,
1.0 mmol) and diphenyliodonium triflate 2a (645 mg, 1.5 mmol) were added and the reaction
mixture was stirred at 100 °C for 15 h. The mixture was cooled to room temperature and water
and saturated NH4Cl were added. The resulting mixture was extracted with CH,Cl,. The
combined organic layers were dried over MgSQO4. Concentration and purification through silica

gel column chromatography gave the desired product 3aa.

cis-2-Phenoxycyclooctanol’ (3aa).

@AY

OH

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 205 mg (0.93 mmol, 93%
yield) of the product as colorless oil. '"H-NMR (400 MHz, CDCl;): § 1.45-1.86 (m, 10H),

1.89-1.99 (m, 1H), 2.09-2.18 (m, 1H), 2.52 (brs, 1H), 4.06-4.10 (m, 1H), 4.45-4.49 (m, 1H),
6.88-6.91 (m, 2H), 6.93-6.98 (m, 1H) 7.26-7.32 (m, 2H). *C-NMR (100 MHz, CDCL): & 21.7
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(CHa), 25.1 (CHa), 25.3 (CH,), 26.1 (CHa), 26.9 (CHa), 29.2 (CHa), 71.6 (CH), 79.5 (CH), 115.9
(CH), 120.9 (CH), 129.5 (CH), 157.2 (C). IR (ATR): 690, 730, 750, 840, 890, 1240, 1270, 1490,
1590, 1600, 3580 cm'. HRMS (EI) m/z Calcd for C14Hx0, (M): 220.1463. Found: 220.1471.

trans-2-Phenoxycyclooctanol (3ba).

OO
"'OH

Silica gel column chromatography (hexane/AcOEt = 10/1, benzene/Et,O = 20/1) gave 165 mg
(0.75 mmol, 75% yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): & 1.43-2.02
(m, 12H), 2.70 (s, 1H), 3.90-3.95 (m, 1H), 4.23-4.27 (m, 1H), 6.91 (d, J = 8.1 Hz, 2H), 6.96 (t, J
= 8.1 Hz, 1H), 7.29 (t, J = 8.1 Hz, 2H). "C-NMR (100 MHz, CDCl5): § 23.0 (CH>), 24.7 (CH),
25.3 (CHy), 26.4 (CH»), 27.9 (CH), 29.6 (CH), 74.5 (CH), 82.9 (CH), 116.2 (CH), 121.1 (CH),
129.5 (CH), 157.4 (C). IR (ATR): 690, 730, 750, 850, 880, 1230, 1490, 1590, 1600, 3570 cm™.
HRMS (EI) m/z Calcd for C14H2002 (M"): 220.1463. Found: 220.1447.

cis-2-Phenoxycycloheptanol’ (3ca).

o

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 194 mg (0.94 mmol, 94% yield)
of the product as colorless oil. "H-NMR (400 MHz, CDCl): & 1.38-1.50 (m, 2H), 1.54-1.92 (m,
7H), 1.98-2.08 (m, 1H), 2.40 (s, 1H), 4.07-4.12 (m, 1H), 4.36-4.40 (m, 1H), 6.89-6.97 (m, 3H),
7.23-7.31 (m, 2H). ®C-NMR (100 MHz, CDCl;): § 21.4 (CH»), 22.5 (CH>), 26.2 (CH>), 27.6
(CH>), 31.7 (CH»), 72.0 (CH), 80.6 (CH), 116.0 (CH), 121.0 (CH), 129.5 (CH), 157.4 (C). IR
(ATR): 690, 750, 860, 1200, 1240, 1490, 1590, 1600, 3420 cm™. HRMS (EI) m/z Calcd for
Ci3Hi502 (M"): 206.1307. Found: 206.1312.

cis-2-Phenoxycyclohexanol® (3da).
oh
OH

Silica gel column chromatography (hexane/AcOEt = 5/1, benzene/Et,O = 20/1) gave 134 mg
(0.70 mmol, 70% yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): § 1.29-1.42
(m, 2H), 1.60-1.76 (m, 4H), 1.86-2.02 (m, 2H), 2.18 (d, J = 5.6 Hz, 1H), 3.93-3.97 (m, 1H),
4.37-4.40 (m, 1H), 6.93-6.98 (m, 3H), 7.26-7.31 (m, 2H). >C-NMR (100 MHz, CDCl;): § 21.4
(CH,), 21.7 (CH,), 26.4 (CH,), 30.4 (CH>), 69.2 (CH), 77.3 (CH), 116.4 (CH), 121.2 (CH),
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129.5 (CH), 157.3 (C). IR (ATR): 690, 750, 890, 1230, 1490, 1590, 1600, 3420 cm™'. HRMS
(EI) m/z Calced for Ci2H1602 (M7): 192.1150. Found: 192.1125.

cis-2-Phenoxycyclopentanol® (3ea).
-
OH

Silica gel column chromatography (hexane/AcOEt = 5/1, benzene/Et,O = 20/1) gave 139 mg
(0.78 mmol, 78% yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCl3): § 1.55-1.64
(m, 1H), 1.78-1.97 (m, 4H), 1.99-2.09 (m, 1H), 2.40 (d, J = 5.4 Hz, 1H), 4.23-4.28 (m, 1H),
4.53-4.57 (m, 1H), 6.92-6.99 (m, 3H), 7.26-7.32 (m, 2H). *C-NMR (100 MHz, CDCl5): § 19.6
(CH,), 28.2 (CH>), 31.1 (CH»), 73.2 (CH), 79.6 (CH), 115.6 (CH), 121.1 (CH), 129.5 (CH),

157.5 (C). IR (ATR): 690, 750, 800, 820, 870, 890, 1240, 1490, 1590, 1600, 3460 cm™. HRMS
(EI) m/z Calced for CiiHi40, (M): 178.0994. Found: 178.0988.

cis-4-Phenoxy-3-tetrahydrofuranol (3fa).
)

L
OH

Silica gel column chromatography (hexane/AcOEt = 2/1) gave 158 mg (0.88 mmol, 88% yield)
of the product as white solids of mp 68-69 °C.'H-NMR (400 MHz, CDCl3): § 2.62 (d, J = 6.3
Hz, 1H), 3.83 (dd, J =4.9, 9.5 Hz, 1H), 3.93 (dd, J=4.4, 10.0 Hz, 1H), 4.04 (dd, J = 5.6, 9.5 Hz,
1H), 4.14 (dd, J = 5.6, 10.0 Hz, 1H), 4.47-4.52 (m, 1H), 4.74-4.78 (m, 1H), 6.91-6.94 (m, 2H),
7.01-7.05 (m, 1H), 7.29-7.34 (m, 2H). *C-NMR (100 MHz, CDCl;): § 70.2 (CH,), 70.7 (CH>),
72.6 (CH), 76.7 (CH), 115.4 (CH), 121.7 (CH), 129.5 (CH), 157.0 (C). IR (ATR): 690, 750, 810,
880, 910, 1070, 1240, 1490, 1580, 1600, 3350 cm™. HRMS (EI) m/z Calcd for CioH1205 (M"):
180.0786. Found: 180.0776.

cis-4-Phenoxy-1-(4-toluenesulfonyl)-3-pyrrolidinol (3ga).
CC x

OH
Silica gel column chromatography (hexane/AcOEt = 2/1) gave 278 mg (0.83 mmol, 83% yield)
of the product as white solids of mp 99-100 °C. "H-NMR (400 MHz, CDCl;): § 2.37 (d, J = 6.8
Hz, 1H), 2.43 (s, 3H), 3.24 (dd, J = 5.8, 10.3 Hz, 1H), 3.37 (dd, J=4.4, 11.0 Hz, 1H), 3.69-3.74

(m, 2H), 4.35-4.41 (m, 1H), 4.64 (m, 1H), 6.71-6.73 (m, 2H), 6.99-7.03 (m, 1H), 7.24-7.29 (m,
4H), 7.67 (d, J = 8.0 Hz, 2H). "C-NMR (100 MHz, CDCl;): & 21.4 (CH3), 49.6 (CH,), 51.8

Ts—N
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(CHa), 70.2 (CH), 75.9 (CH), 115.5 (CH), 122.0 (CH), 127.3 (CH), 129.5 (CH), 129.6 (CH),
133.2 (C), 143.6 (C), 156.2 (C). IR (ATR): 750, 810, 1150, 1160, 1210, 1230, 1340, 1490, 3370
en'. HRMS (EI) m/z Caled for C17H;sNO4S (MY): 333.1035. Found: 333.1038.

erythro-3-Phenoxy-2-butanol’ (3ha).

O

Me~ "OH

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 124 mg (0.75 mmol, 75% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): § 1.24 (d, J = 6.6 Hz, 3H), 1.27 (d,
J = 6.1 Hz, 3H), 2.05 (brs, 1H), 4.00-4.06 (m, 1H), 4.31-4.36 (m, 1H), 6.90-6.97 (m, 3H),
7.26-7.31 (m, 2H). "C-NMR (100 MHz, CDCl3): & 13.4 (CH3), 17.8 (CHs), 69.4 (CH), 77.2
(CH), 116.0 (CH), 121.0 (CH), 129.5 (CH), 157.5 (C). IR (ATR): 690, 750, 800, 900, 1230,

1490, 1590, 1600, 3400 cm”. HRMS (EI) m/z Caled for CioHi40> (MY): 166.0994. Found:
166.0965.

threo-3-Phenoxy-2-butanol (3ia).

Y

Me” “"OH

Silica gel column chromatography (hexane/AcOEt = 7/1) gave 94 mg (0.57 mmol, 57% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCls): § 1.253 (d, J = 6.1 Hz, 3H), 1.255
(d, J = 5.9 Hz, 3H), 2.53 (brs, 1H), 3.81-3.87 (m, 1H), 4.12-4.18 (m, 1H), 6.92-6.99 (m, 3H),
7.26-7.31 (m, 2H). "C-NMR (100 MHz, CDCl3): § 15.5 (CH3), 18.4 (CH3), 70.8 (CH), 78.8

(CH), 116.1 (CH), 121.1 (CH), 129.5 (CH), 157.6 (C). IR (ATR): 690, 750, 900, 1240, 1490,
1590, 1600, 3420 cm'. HRMS (EI) m/z Calcd for C1oH140, (M"): 166.0994. Found: 166.0974.

3-Phenoxy-1-propanol® (3ja).
.Y
OH

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 127 mg (0.83 mmol, 83% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): & 1.79 (brs, 1H), 2.05 (quintet, J =
5.9 Hz, 2H), 3.88 (t, J = 5.9 Hz, 2H), 4.13 (t, J = 5.9 Hz, 2H), 6.90-6.97 (m, 3H), 7.29 (t,J = 8.3
Hz, 2H). *C-NMR (100 MHz, CDCls): § 31.8 (CH>), 59.9 (CH>), 65.2 (CH>), 114.3 (CH), 120.7
(CH), 129.3 (CH), 158.6 (C). IR (ATR): 690, 750, 880, 1240, 1500, 1600, 3350 cm™. HRMS
(EI) m/z Caled for CoH 2,0, (MF): 152.0837. Found: 152.0826.
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2,2-Dimethyl-3-phenoxy-1-propanol (3ka).

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 149 mg (0.83 mmol, 83% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): § 1.04 (s, 6H), 1.91 (brs, 1H), 3.57
(s, 2H), 3.78 (s, 2H), 6.89-6.97 (m, 3H), 7.26-7.30 (m, 2H). *C-NMR (100 MHz, CDCl3): &
21.5 (CH;3), 36.2 (C), 69.4 (CHy), 74.4 (CHy), 114.4 (CH), 120.6 (CH), 129.3 (CH), 159.0 (C).
IR (ATR): 690, 750, 1240, 1500, 1600, 3400 cm™. HRMS (EI) m/z Calcd for CiiH60, (M"):
180.1150. Found: 180.1146.

2-Benzoylamino-3-phenoxy-1-propanol (3la).
o)

Silicagel chromatography (hexane/AcOEt = 3/2) gave 167 mg (0.62 mmol, 62% yield) of the
product as yellow solids of mp 81-82 °C. 'H-NMR (400 MHz, CDCl;): § 2.58 (brs, 1H), 3.92
(dd, J=4.2, 11.2 Hz, 1H), 4.08 (dd, J =4.2, 11.2 Hz, 1H), 4.24 (dd, J = 4.6, 9.5 Hz, 1H), 4.28
(dd, J =4.6, 9.5 Hz, 1H), 4.52 (quintet, J = 3.7 Hz, 1H), 6.84 (d, J = 7.8 Hz, 1H), 6.96 (d, J =
7.8 Hz, 2H), 7.00 (t, J = 7.8 Hz, 1H), 7.31 (t, J = 7.8 Hz, 2H), 7.45 (t, J = 7.3 Hz, 2H), 7.52 (t, J
= 7.3 Hz, 1H), 7.80 (d, J = 7.3 Hz, 2H). *C-NMR (100 MHz, CDCl;): § 50.8 (CH), 62.7 (CH,),
67.1 (CH,), 114.5 (CH), 121.4 (CH), 127.0 (CH), 128.6 (CH), 129.6 (CH), 131.8 (CH), 134.0
(C), 158.2 (C), 167.9 (C). IR (ATR): 1240, 1490, 1600, 1640, 3320 cm™ HRMS (EI) m/z Calcd
for C1¢H17NO; (M"): 271.1208. Found: 271.1211.

4-Phenoxy-1-butanol® (3ma).

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 150 mg (0.90 mmol, 90% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCls): § 1.62 (brs, 1H), 1.73-1.80 (m, 2H),
1.86-1.92 (m, 2H), 3.73 (t, J = 6.3 Hz, 2H), 4.01 (t, J = 6.3 Hz, 2H), 6.89-6.96 (m, 3H),
7.25-7.31 (m, 2H). ®C-NMR (100 MHz, CDCl;): § 25.7 (CH»), 29.4 (CH>), 62.4 (CH>), 67.5
(CH,), 114.4 (CH), 120.6 (CH), 129.3 (CH), 158.8 (C) . IR (ATR): 690, 750, 810, 880, 1240,
1500, 1590, 1600, 3320 cm”. HRMS (EI) m/z Calcd for CioH1402 (M"): 166.0994. Found:
166.0965.
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5-Phenoxy-1-pentanol® (3na).
<)

G
OH

Silica gel column chromatography (hexane/AcOEt = 2/1) gave 66 mg (0.37 mmol, 37% yield)
of the product as colorless oil. "H-NMR (400 MHz,CDCl;): § 1.51-1.68 (m, 5H), 1.78-1.85 (m,
2H), 3.67 (t, J = 6.6 Hz, 2H), 4.00 (t, J = 6.6 Hz, 2H), 6.87-6.95 (m, 3H), 7.25-7.30 (m, 2H)
BC-NMR (100 MHz, CDCls): & 22.3 (CH,), 29.0 (CHa), 32.4 (CHy), 62.8 (CH»), 67.6 (CH»),
114.4 (CH), 120.5 (CH), 129.4 (CH), 159.0 (C). IR (ATR): 690, 750, 810, 880, 1240, 1500,
1590, 1600, 3350 cm™. HRMS (EI) m/z Calcd for Ci1H;602 (M"): 180.1150. Found: 180.1147.

1-Phenoxy-2-hexanol’ (30a).
/\/\EOH

)
Silica gel column chromatography (hexane/AcOEt = 7/1) gave 116 mg (0.60 mmol, 60% yield)
of the product as pale yellow oil. '"H NMR (400 MHz, CDCl3): § 0.93 (t, J = 7.1 Hz, 3H),
1.32-1.63 (m, 6H), 2.30 (brs, 1H), 3.81-3.85 (m, 1H), 3.97-4.04 (m, 2H), 6.90-6.99 (m, 3H),
7.25-7.33 (m, 2H). *C NMR (100 MHz, CDCl3): § 13.9 (CH3), 22.6 (CHa), 27.6 (CH>), 32.7

(CH,), 70.0 (CH), 72.1 (CH,), 114.5 (CH), 121.0 (CH), 129.4 (CH), 158.5 (C). IR (ATR): 690,
750, 1500, 3400 cm™'. HRMS (EI) m/z Caled for C1oH 50, (M*): 194.1307. Found: 194.1298.

2-Phenoxy-1-hexanol (302a’).

/\/\EOO
OH

Silica gel column chromatography (hexane/AcOEt = 7/1) gave 54 mg (0.28 mmol, 28% yield)
of the product as pale yellow oil. '"H NMR (400 MHz, CDCl3): & 0.89 (t, J = 7.1 Hz, 3H),
1.29-1.42 (m, 4H), 1.60-1.77 (m, 2H), 1.89 (brs, 1H), 3.73 (dd, J = 6.1, 11.7 Hz, 1H), 3.81-3.83
(m, 1H), 4.32-4.38 (m, 1H), 6.93-6.98 (m, 3H), 7.26-7.30 (m, 2H). *C NMR (100 MHz,
CDCl): 6 13.9 (CHz3), 22.7 (CH>), 27.4 (CH»), 30.2 (CH,), 64.4 (CH>), 78.9 (CH), 116.1 (CH),
121.1 (CH), 129.5 (CH), 158.2 (C). IR (ATR): 690, 750, 880, 1490, 3390 cm™'. HRMS (EI) m/z
Calcd for C12H30, (M"): 194.1307. Found: 194.1303.

4-phenoxy-2-butanol'® (3pa).
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Silica gel column chromatography (hexane/AcOEt = 5/1) gave 106 mg (0.64 mmol, 64% yield)
of the product as colorless oil. '"H NMR (400 MHz, CDCl3): § 1.27 (d, J = 6.4 Hz, 3H),
1.90-1.95 (m, 2H), 2.12 (brs, 1H), 4.07-4.20 (m, 3H), 6.91 (d, J = 7.6 Hz, 2H), 6.96 (t, J = 7.6
Hz, 1H), 7.29 (t, J = 7.6 Hz, 2H). *C NMR (100 MHz, CDCl;): § 23.5 (CH3), 38.0 (CH,), 65.5

(CHa), 66.0 (CH), 114.4 (CH), 120.8 (CH), 129.4 (CH), 158.6 (C). IR (ATR): 690, 750, 1500,
1600, 3370 e’ HRMS (EI) Caled for C1oH140, (M"): 166.0994. Found: 166.0971.

3-phenoxy-1-butanol'’ (3pa’).
Y
OH

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 27 mg (0.16 mmol, 16% yield)
of the product as colorless oil. 'H NMR (400 MHz, CDCls): & 1.33 (d, J = 6.1 Hz, 3H), 1.79 (brs,
1H), 1.85-2.03 (m, 2H), 3.78-3.89 (m, 2H), 4.58-4.66 (m, 1H), 6.92 (d, J = 7.8 Hz, 2H), 6.95 (t,
J = 7.8 Hz, 1H), 7.28 (t, J = 7.8 Hz, 2H). *C NMR (100 MHz, CDCl;): § 19.7 (CH3), 39.0
(CHy), 60.1 (CHy), 72.3 (CH), 116.1 (CH), 121.0 (CH), 129.5 (CH), 157.6 (C). IR (ATR): 690,
750, 1490, 1600, 3360 cm™. HRMS (EI) Calcd for C1oH 1402 (M"): 166.0994. Found: 166.0971.

cis-2-(4-tert-Butylphenoxy)cyclooctanol (3ab).

Oaa
OH

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 256 mg (0.93 mmol, 93%
yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCls): § 1.30 (s, 9H), 1.45-1.85 (m,
10H), 1.88-1.98 (m, 1H), 2.05-2.17 (m, 1H), 2.52 (d, J = 3.4 Hz, 1H), 4.05-4.07 (m, 1H),
4.41-4.45 (m, 1H), 6.81-6.84 (m, 2H), 7.28-7.32 (m, 2H). *C-NMR (100 MHz, CDCl;): § 21.8
(CH,), 25.1 (CH>), 25.4 (CH>), 26.2 (CH>), 26.9 (CH>), 29.2 (CH>), 31.5 (CH3), 34.1 (C), 71.7
(CH), 79.6 (CH), 115.4 (CH), 126.3 (CH), 143.7 (C), 155.0 (C). IR (ATR): 810, 830, 890, 1240,
1270, 1510, 1610, 3400 cm”. HRMS (EI) m/z Caled for CisHys0, (M"): 276.2089. Found:
276.2076.

cis-2-(4-Methoxyphenoxy)cyclooctanol (3ac).
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Silica gel column chromatography (hexane/AcOEt = 5/1) gave 231 mg (0.92 mmol, 92% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): & 1.49-1.84 (m, 10H), 1.88-1.98 (m,
1H), 2.04-2.13 (m, 1H), 2.57 (s, 1H), 3.77 (s, 3H), 4.04-4.07 (m, 1H), 4.32-4.36 (m, 1H),
6.83-6.86 (m, 4H). C-NMR (100 MHz, CDCl;): § 21.9 (CH>), 25.2 (CH>), 25.3 (CH>), 26.1
(CH>), 26.8 (CH>), 29.3 (CH>), 55.7 (CH3), 71.6 (CH), 80.8 (CH), 114.7 (CH), 117.5 (CHy),
151.3 (C), 154.1 (C). IR (ATR): 820, 1040, 1220, 1500, 3480 cm™. HRMS (EI) m/z Calcd for
Ci5sH2,03 (M"): 250.1569. Found: 250.1553.

cis-2-(4-Bromophenoxy)cyclooctanol (3ad).

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 297 mg (0.99 mmol, 99% yield)
of the product as yellow solids of mp 45-46 °C.'H-NMR (400 MHz, CDCl;): § 1.50-1.85 (m,
10H), 1.88-1.98 (m, 1H), 2.08-2.17 (m, 1H), 2.41 (s, 1H), 4.04-4.08 (m, 1H), 4.40-4.43 (m, 1H),
6.75-6.79 (m, 2H), 7.36-7.40 (m, 2H). *C-NMR (100 MHz, CDCls): § 21.7 (CHa), 25.1 (CHa),
25.2 (CH>), 25.9 (CH»), 26.8 (CH>), 29.3 (CH»), 71.6 (CH), 80.1 (CH), 113.1 (C), 117.8 (CH),
132.4 (CH), 156.4 (C). IR (ATR): 800, 820, 1070, 1240, 1490, 1590, 3420 cm™. HRMS (EI) m/z
Calcd for C14H;9""BrO; (M¥): 298.0568. Found: 298.0547.

cis-2-(4-Chlorophenoxy)cyclooctanol (3ae).

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 244 mg (0.96 mmol, 96%
yield) of the product as white solids of mp 44-45°C. '"H-NMR (400 MHz, CDCls): § 1.50-1.84
(m, 10H), 1.89-1.98 (m, 1H), 2.08-2.17 (m, 1H), 2.43 (s, 1H), 4.05-4.08 (m, 1H), 4.40-4.42 (m,
1H), 6.82 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H). >C-NMR (100 MHz, CDCl;): & 21.7
(CH>), 25.1 (CH>), 25.2 (CHa), 26.0 (CH>), 26.8 (CH>), 29.3 (CH), 71.6 (CH), 80.3 (CH), 117.3
(CH), 125.8 (C), 129.4 (CH), 155.9 (C). IR (ATR): 800, 820, 1090, 1240, 1490, 1590, 3410 cm".
HRMS (EI) m/z Caled for C14H;9°°CI1O, (M"): 254.1074. Found: 254.1066.

cis-2-(4-Fluorophenoxy)cyclooctanol (3af).
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Silica gel column chromatography (hexane/AcOEt = 10/1) gave 224 mg (0.94 mmol, 94%
yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCl3): & 1.45-1.85 (m, 10H),
1.89-1.99 (m, 1H), 2.05-2.16 (m, 1H), 2.46 (d, J = 3.7 Hz, 1H), 4.04-4.08 (m, 1H), 4.36-4.39 (m,
1H), 6.81-6.86 (m, 2H), 6.94-7.00 (m, 2H). *C-NMR (100 MHz, CDCl;): & 21.8 (CH»), 25.07
(CH>), 25.12 (CH>), 26.0 (CH>), 26.7 (CH>), 29.3 (CH»), 71.5 (CH), 80.7 (CH), 115.8 (CH) (d, J
=23.1 Hz), 117.2 (CH) (d, J = 8.2 Hz) 153.3 (C) (d, J = 2.5 Hz), 157.3 (C) (d, J =239.2 Hz). IR
(ATR): 800, 830, 900, 1100, 1130, 1200, 1240, 1500, 3410 cm™. HRMS (EI) m/z Calcd for
C14sH19FO, (M™): 238.1369. Found: 238.1358.

Ccis-2-(4-Trifluoromethylphenoxy)cyclooctanol (3ag).

O
OH

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 286 mg (0.99 mmol, 99% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): & 1.48-1.84 (m, 10H), 1.90-2.00 (m,
1H), 2.10-2.22 (m, 1H), 2.37 (d, J = 2.4 Hz, 1H), 4.09-4.11 (m, 1H), 4.52-4.54 (m, 1H), 6.95 (d,
J = 8.5 Hz, 2H), 7.55 (d, J = 8.5 Hz, 2H). *C-NMR (100 MHz, CDCl;): § 21.6 (CH,), 25.1
(CH,), 25.2 (CHy), 26.0 (CH»), 26.8 (CH>), 29.3 (CH,), 71.6 (CH), 80.0 (CH), 115.6 (CH),
123.0 (C) (q, J = 33.0 Hz), 124.3 (C) (q, J = 270.0 Hz), 127.0 (CH) (q, J = 3.3 Hz), 159.8 (C).
IR (ATR): 740, 840, 1250, 1520, 1590, 1610, 3430 cm™ HRMS (EI) m/z Calcd for C;sH;oF50,
(M"): 288.1337. Found: 288.1327.

cis-2-(3-Trifluoromethylphenoxy)cyclooctanol (3ah).
CF;

e

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 272 mg (0.94 mmol, 94% yield)
of the product as colorless oil. 'H-NMR (400 MHz, CDCl;): § 1.47-1.87 (m, 10H), 1.91-2.01 (m,
1H), 2.10-2.23 (m, 1H), 2.39 (d, J = 3.6 Hz, 1H), 4.08-4.11 (m, 1H), 4.50 (dt, J = 2.4, 6.6 Hz,
1H), 7.04-7.07 (m, 1H), 7.12 (s, 1H), 7.21 (d, J = 8.1 Hz, 1H ), 7.40 (t, J = 8.1 Hz, 1H).
BC-NMR (100 MHz, CDCls): & 21.7 (CH,), 25.0 (CH,), 25.1 (CH,), 26.0 (CH,), 26.8 (CH,),
29.4 (CHy), 71.6 (CH), 80.2 (CH), 112.9 (CH) (q, J=4.1 Hz), 117.6 (CH) (q, J = 4.1 Hz), 119.0
(CH), 123.8 (C) (q, J = 272.3 Hz), 130.1 (CH), 131.9 (C) (q, J = 32.1 Hz), 157.4 (C). IR (ATR):
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700, 740, 750, 780, 860, 880, 900, 1230, 1490, 1590, 1610, 3430 cm™. HRMS (EI) m/z Calcd
for CisH;9F30, (M"): 288.1337. Found: 288.1337.

Ccis-2-(2-Methylphenoxy)cyclooctanol (3ai).
Me

(0

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 221 mg (0.94 mmol, 94%
yield) of the product as colorless oil. 'H-NMR (400 MHz, CDCl3): & 1.44-1.87 (m, 10H),
1.93-2.02 (m, 1H), 2.09-2.19 (m, 1H), 2.23 (s, 3H), 2.54 (s, 1H), 4.08-4.11 (m, 1H), 4.47-4.50
(m, 1H), 6.82 (d, J = 7.3 Hz, 1H), 6.87 (t, J = 7.3 Hz, 1H), 7.13-7.17 (m, 2H). *C-NMR (100
MHz, CDCl3): & 16.5 (CH3), 21.9 (CH>), 25.2 (CH»), 26.3 (CH»), 26.7 (CH), 29.3 (CH,), 72.0
(CH), 79.6 (CH), 112.8 (CH), 120.6 (CH), 126.7 (CH), 127.6 (C), 131.0 (CH), 155.2 (C). IR
(ATR): 710, 750, 800, 830, 840, 870, 1240, 1490, 1600, 3590 cm™. HRMS (EI) m/z Calcd for
Ci5sH2.0, (M): 234.1620. Found: 234.1604.

Ccis-2-(6-bromo-3-pyridyloxy)cyclooctanol (3aj).

Silica gel column chromatography (hexane/AcOEt = 5/1) gave 183 mg (0.61 mmol, 61% yield)
of the product as yellow oil. 'H-NMR (400 MHz, CDCl): § 1.44-1.82 (m, 10H), 1.85-2.00 (m,
1H), 2.12-2.21 (m, 1H), 2.28 (brs, 1H), 4.08-4.11 (m, 1H), 4.44-4.46 (m, 1H), 7.10 (dd, J = 3.2,
8.6 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 8.06 (d, J = 2.9 Hz, 1H). *C-NMR (100 MHz, CDCl3): &
21.6 (CH>), 24.9 (CH>), 25.2 (CH»), 25.9 (CH>), 26.7 (CH>), 29.5 (CH»), 71.6 (CH), 81.1 (CH),
126.2 (CH), 128.3 (CH), 132.3 (C), 138.9 (CH), 153.4 (C). IR (ATR): 1230, 3390 cm™. HRMS
(EI) m/z Calcd for C13H;s"”BrNO, (M¥): 299.0521. Found: 299.0520.

cis-2-(3-thienyloxy)cyclooctanol (3ak).

(A
OH

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 158 mg (0.70 mmol, 70%
yield) of the product as green oil. "H-NMR (400 MHz, CDCls): § 1.44-1.96 (m, 11H), 2.05-2.24
(m, 1H), 2.40 (brs, 1H), 4.08-4.13 (m, 1H), 4.31-4.33 (m, 1H), 6.25-6.26 (m, 1H), 6.74-6.76 (m,
1H), 7.19 (m, 1H). *C-NMR (100 MHz, CDCl3): § 21.5 (CH>), 25.0 (CH>), 25.5 (CH>), 26.0
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(CHa), 26.8 (CHa), 29.2 (CHa), 71.3 (CH), 82.1 (CH), 99.0 (CH) 120.0 (CH), 124.6 (CH), 155.8
(C). IR (ATR): 750, 1230, 3440 cm™. HRMS (EI) m/z Calcd for CioHis0,S (MY): 226.1028.
Found: 226.1006.
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Chapter 3

General. All melting points are not corrected. IR spectra were expressed in cm™. 'H and “*C
NMR spectra were taken at 400 and 100 MHz, respectively. Chemical shift values of '"H NMR
are given in ppm relative to internal or external TMS. Abbreviations are as follows: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br, broad. Mass spectra (MS) and high-resolution
mass spectra (HRMS) were recorded using electron ionization (EI) mass spectrometry. The
products were isolated by silica gel column chromatography. The absolute configuration of
several desired products was determined by reference to the previous report by Zhou,' and that
of the others was shown in the tables as expected configuration (1S,2R) based on an empirical

enantioinduction mechanism with chiral bis(oxazoline) ligands bearing (R,R) configuration.

Cis-1,2-cyclooctanediol ~ 1a, cis-1,2-cyclohexanediol 1e, meso-2,3-butanediol  1f,
diphenyliodonium triflate 2a, all of copper sources, chiral ligands L1, L5, L16, sodium
phosphate tribasic, lithium phosphate tribasic, sodium carbonate, sodium fluoride,
N,N-diisopropylethylamine, anhydrous 1,2-dichloroethane, anhydrous DMA, and anhydrous
i-PrOH were used as received. Potassium phosphate tribasic was ground to a fine powder prior
to use. Toluene and dioxane were distilled from sodium benzophenone ketyl under argon
atmosphere. Cis-1,2-cyclododecanediol 1b?, cis-cyclooct5-ene-1,2-diol 1¢?, cis-1,2-cyclo-
heptanediol 1d*, di(2-methylphenyl)iodonium triflate 2b°, di(4-methoxyphenyl)iodonium
triflate 2¢°, di(4-trifluoromethylphenyl)iodonium triflate 2d°, and chiral ligands L2°, L3" L4,
L7-8°, 19", L10", L11"2, L12", L13-14", L15", L17', L18" were prepared as previously
reported.

Synthesis of (R,R)-2,2'-(nonane-5,5-diyl)bis(4-phenyl-2-oxazoline) (L6)

Chiral ligand L6 was prepared on the basis of the previous report by Wong'®. To the solution
of 2,2’-methylene-bis[(4R)-4-phenyl-2-oxazoline] (172 mg, 0.56 mmol), TMEDA (130 mg,
1.12 mmol) and diisopropylamine (57 mg, 0.56 mmol) in THF (10 mL) was added n-BuLi (1.6
M in hexane, 1.12 mmol) at —65 °C. The solution was stirred at —25 °C for 20 min, then cooled
to —65 °C and l-iodobutane (206 mg, 1.12 mmol) was added dropwise. The mixture was
warmed to room temperature and stirred for 12 h. The reaction was quenched with saturated
NH4CI and diluted with Et,O. The layers were separated, and organic layer was concentrated.
Silica gel column chromatography (hexane/AcOEt = 3/1) gave 212 mg (0.51 mmol, 90% yield)
of the product as colorless oil. [a]*’p+69.1 (¢ 0.64, CH,Cly). 'H-NMR (400 MHz, CDCl3): §
0.93 (t,J =7.2 Hz, 6H) 1.27-1.40 (m, 8H), 2.04-2.18 (m, 4H), 4.12 (t, J = 8.4 Hz, 2H), 4.66 (t, J
= 8.4 Hz, 2H), 5.25 (t, J = 8.4 Hz, 2H), 7.26-7.35 (m, 10H), *C-NMR (100 MHz, CDCl;): §
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13.9, 22.8, 26.1, 32.2, 46.1, 69.5, 74.9, 126.7, 127.5, 128.6, 142.4, 169.2. IR (ATR): 700, 1450,
1650, 2960 cm™. HRMS (EI) m/z Caled for C27H34N20, (M"): 418.2620. Found: 418.2637.

Typical procedure of chiral copper-catalyzed asymmetric monoarylation of vicinal diols
with diaryliodonium triflates

Under argon atmosphere, a reaction tube was charged with CuCl, (6.7 mg, 0.05 mmol),
(R,R)-Ph-BOX L1 (16.7 mg, 0.05 mmol), and sodium phosphate tribasic (492 mg, 3.0 mmol).
After toluene (1.5 mL) was added, the mixture was stirred at 80 °C for 15 min and cooled to
room temperature. Then, cis-1,2-cyclooctanediol (1a) (144 mg, 1.0 mmol) and
diphenyliodonium triflate (2a) (645 mg, 1.5 mmol) were added and the reaction mixture was
stirred at 80 °C for 15 h. The mixture was cooled to room temperature, and water and saturated
NH4CI were added. The resulting mixture was extracted with CH,Cl,. The combined organic
layers were dried over MgSQOs4. Concentration and purification through silica gel column

chromatography gave the desired product 3aa.

(—)-2-Phenoxycyclooctanol (3aa).

O:OPh

OH

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 207 mg (0.94 mmol, 94%
yield) of the product as colorless oil. [a]*p —3.1 (¢ 1.0, CHCl;). 76% ee (HPLC, Daicel
Chiralcel OD-H, hexane/i-PrOH = 200/1, 1.0 mL/min, 254 nm, major 23.5 min and minor 20.2
min). "H-NMR (400 MHz, CDCl;): § 1.51-1.86 (m, 10H), 1.89-1.99 (m, 1H), 2.09-2.18 (m, 1H),
2.51(d, J=3.6 Hz, 1H), 4.06-4.10 (m, 1H), 4.46-4.49 (m, 1H), 6.90 (d, J = 8.0 Hz, 2H), 6.96 (t,
J=17.6 Hz, 1H), 7.26-7.31 (m, 2H). >*C-NMR (100 MHz, CDCl;): § 21.6, 25.0, 25.2, 26.0, 26.8,

29.2, 71.6, 79.5, 116.0, 121.0, 129.6, 157.3. IR (ATR): 750, 1110, 1240, 1490, 1610, 2920,
3440 cm. HRMS (EI) m/z Caled for C14HO, (M): 220.1463. Found: 220.1465.

(-)-2-Phenoxycyclododecanol (3ba).
OPh
OH

Silica gel column chromatography (benzene/Et,O = 20/1) gave 233 mg (0.84 mmol, 84% yield)
of the product as white solids of mp 72-73 °C. [0]*’b —7.4 (¢ 1.0, CHCl3). 85% ee (HPLC,
Daicel Chiralcel OD-H, hexane/i-PrOH = 200/1, 1.0 mL/min, 254 nm, major 22.4 min and
minor 28.6 min). '"H-NMR (400 MHz, CDCls): § 1.36-1.59 (m, 17H), 1.70-1.85 (m, 3H), 1.91 (d,
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J =6.0 Hz, 1H), 3.95-4.00 (m, 1H), 4.44-4.80 (m, 1H), 6.91-6.98 (m, 3H), 7.26-7.31 (m, 2H).
PC-NMR (100 MHz, CDCl5): § 21.4, 21.6, 21.68, 21.74, 23.9, 24.0, 24.2, 24.3, 24.8, 28.4, 70.2,
79.6, 116.2, 121.1, 130.0, 158.2. IR (ATR): 690, 750, 1230, 1490, 1600, 2930, 3500 cm™.
HRMS (EI) m/z Calcd for CisHa50, (M"): 276.2089. Found: 276.2082.

(+)-8-Phenoxycyclooct-4-enol (3ca).
O:OPh
OH

Silica gel column chromatography (benzene/Et,O = 100/1) gave 153 mg (0.70 mmol, 70%
yield) of the product as colorless oil. [0]*°p +15.9 (¢ 0.84, CHCl3). 64% ee (HPLC, Daicel
Chiralcel OD-H, hexane/i-PrOH = 50/1, 1.0 mL/min, 254 nm, major 20.1 min and minor 17.2
min). '"H-NMR (400 MHz, CDCls): § 1.80-1.89 (m, 2H), 1.97-2.18 (m, 5H), 2.60-2.72 (m, 2H),
4.17-4.20 (m, 1H), 4.61 (dd, J = 3.9, 9.2 Hz, 1H), 5.67-5.79 (m, 2H), 6.89-6.95 (m, 3H),
7.25-7.30 (m, 2H). *C-NMR (100 MHz, CDCl;): § 22.0, 22.5, 28.5, 32.6, 73.7, 80.6, 116.1,

120.9, 1294, 129.6, 130.7, 157.9. IR (ATR): 790, 1000, 1020, 1240, 1260, 1490, 1600, 2930,
3410 cm™. HRMS (EI) m/z Calcd for C14sH;50, (M"): 218.1307. Found: 218.1305.

(1S,2R)-(-)-2-Phenoxycycloheptanol' (3da).
OH

Silica gel column chromatography (benzene/ Et,O = 50/1) gave 183 mg (0.89 mmol, 89% yield)
of the product as colorless oil. [a]**p —8.3 (¢ 1.0, CHCl3). 59% ee (HPLC, Daicel Chiralcel
OD-H, hexane/i-PrOH = 200/1, 1.0 mL/min, 254 nm, major 47.3 min and minor 30.2
min).'H-NMR (400 MHz, CDCl3): § 1.38-1.50 (m, 2H), 1.56-1.91 (m, 7H), 1.99-2.07 (m, 1H),
2.38 (d, J=4.8 Hz, 1H), 4.09-4.11 (m, 1H), 4.37-4.40 (m, 1H), 6.91 (d, J = 8.4 Hz, 2H), 6.96 (t,
J=7.2Hz, 1H), 7.26-7.31 (m, 2H). >*C-NMR (100 MHz, CDCl3): § 21.4, 22.5, 26.2, 27.6, 31.6,

72.1, 80.7, 116.1, 121.1, 129.6, 157.5. IR (ATR): 750, 1010, 1030, 1230, 1490, 1590, 1600,
2930, 3420 cm™. HRMS (EI) m/z Calcd for Ci3H;302 (M"): 206.1307. Found: 206.1312.

(1S,2R)-(-)-2-Phenoxycyclohexanol' (3ea).
L,
OH
Silica gel column chromatography (benzene/Et,O = 20/1) gave 90 mg (0.47 mmol, 47% yield)

of the product as colorless oil. [0]*p—9.6 (¢ 0.75, CHCl;). 24% ee (HPLC, Daicel Chiralcel
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OD-H, hexane/i-PrOH = 50/1, 1.0 mL/min, 254 nm, major 17.5 min and minor 13.2 min).
'H-NMR (400 MHz, CDCl;): & 1.30-1.44 (m, 2H), 1.62-1.76 (m, 4H), 1.86-2.00 (m, 2H), 2.18
(d, J=5.2 Hz, 1H), 3.94-3.95 (m, 1H), 4.37-4.40 (m, 1H), 6.94-6.98 (m, 3H), 7.26-7.31 (m, 2H).
BC-NMR (100 MHz, CDCl5): § 21.3, 21.6, 26.4, 30.3, 69.2, 77.3, 116.4, 121.3, 129.6, 157.5. IR
(ATR): 690, 750, 980, 1050, 1070, 1220, 1490, 1600, 2940, 3430 cm™. HRMS (EI) m/z Caled
for C12H160, (M¥): 192.1150. Found: 192.1143.

(25,3R)-(-)-3-Phenoxybutan-2-ol' (3fa)
OH

. Silica gel column chromatography (hexane/AcOEt = §/1) gave 90 mg (0.54 mmol, 54% yield)
of the product as colorless oil. [0]*’b—11.2 (¢ 1.23, CHCl;). 37% ee (HPLC, Daicel Chiralcel
OD-H, hexane/i-PrOH = 30/1, 1.0 mL/min, 254 nm, major 27.5 min and minor 14.4
min).'"H-NMR (400 MHz, CDCl3): § 1.24 (d, J = 6.5 Hz, 3H), 1.27 (d, J = 6.5 Hz, 3H), 2.02 (brs,
1H), 4.01-4.06 (m, 1H), 4.31-4.37 (m, 1H), 6.90-6.98 (m, 3H), 7.26-7.31 (m, 2H). C-NMR
(100 MHz, CDCl): 6 13.4, 17.8, 69.3, 77.3, 116.1, 121.1, 130.0, 157.6. IR (ATR): 690, 750,

1050, 1080, 1230, 1490, 1590, 1600, 2980, 3370 cm”. HRMS (EI) m/z Calcd for CioH 40>
(M"): 166.0994. Found: 166.0989.

(—)-2-(2-Methylphenoxy)cyclooctanol (3ab).
Me

(0

Silica gel column chromatography (hexane/ AcOEt = 12/1) gave 209 mg (0.89 mmol, 89%
yield) of the product as colorless oil. [a]**p —5.7 (¢ 1.0, CHCl;). 63% ee (HPLC, Daicel
Chiralcel OD-H, hexane/i-PrOH = 200/1, 1.0 mL/min, 254 nm, major 15.9 min and minor 24.8
min). '"H-NMR (400 MHz, CDCls): § 1.52-1.86 (m, 10H), 1.93-2.02 (m, 1H), 2.07-2.17 (m, 1H),
2.23 (s, 3H), 2.53 (d, J = 4.0 Hz, 1H), 4.08-4.11 (m, 1H), 4.48-4.50 (m, 1H), 6.81 (d, J =7.8 Hz,
1H), 6.87 (d, J = 7.8 Hz, 1H), 7.13-7.17 (m, 2H). >*C-NMR (100 MHz, CDCl;): § 16.4, 21.9,
25.2,26.3,26.7,29.2,72.1,79.7, 112.9, 120.7, 126.8, 127.7, 131.1, 155.4. IR (ATR): 750, 1030,
1050, 1240, 1450, 1460, 1490, 2920, 3420 cm”. HRMS (EI) m/z Calcd for CisH»0, (M"):
234.1620. Found: 234.1620.

(£)-2-(4-Methoxyphenoxy)cyclooctanol (3ac).
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OH

Silica gel column chromatography (hexane/ AcOEt = 5/1) gave 210 mg (0.84 mmol, 84% yield)
of the product as colorless oil. 0% ee (HPLC, Daicel Chiralcel OD-H, hexane/i-PrOH = 100/1,
1.0 mL/min, 254 nm, 19.2 min and 25.5 min). '"H-NMR (400 MHz, CDCls): § 1.49-1.84 (m,
10H), 1.88-1.98 (m, 1H), 2.04-2.13 (m, 1H), 2.57 (s, 1H), 3.77 (s, 3H), 4.04-4.07 (m, 1H),
4.32-4.36 (m, 1H), 6.83-6.86 (m, 4H). *C-NMR (100 MHz, CDCl): § 21.9, 25.2, 25.3, 26.1,
26.8,29.3,55.7,71.6, 80.8, 114.7, 117.5, 151.3, 154.1. IR (ATR): 820, 1040, 1220, 1500, 3480
cm™'. HRMS (EI) m/z Calcd for Ci5sH2,0;3 (M¥): 250.1569. Found: 250.1553.

(+)-2-[4-(Trifluoromethyl)phenoxy]cyclooctanol (3ad).

e
OH

Silica gel column chromatography (hexane/AcOEt = 9/1) gave 271 mg (0.94 mmol, 94% yield)
of the product as colorless oil. [0]*'p+3.1 (¢ 2.40, AcOEt). 54% ee (HPLC, Daicel Chiralcel AS,
hexane/EtOH = 400/1, 1.0 mL/min, 254 nm, major 17.5 min and minor 13.4). 'H-NMR (400
MHz, CDCl3): 6 1.48-1.84 (m, 10H), 1.90-2.00 (m, 1H), 2.10-2.22 (m, 1H), 2.37 (d, J = 3.4 Hz,
1H), 4.08-4.11 (m, 1H), 4.52-4.54 (m, 1H), 6.95 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.8 Hz, 2H).
BC-NMR (100 MHz, CDCl): § 21.5, 25.0, 25.1, 25.9, 26.8, 29.3, 71.7, 80.0, 115.7, 123.1 (q, J
=33.0 Hz), 124.4 (q, J = 270.0 Hz), 127.1 (q, J = 3.3 Hz), 159.9. IR (ATR): 830, 1070, 1110,
1160, 1250, 1320, 1520, 1610, 2920, 3420 cm™ HRMS (EI) m/z Calcd for C;sHioF30, (M):
288.1337. Found: 288.1339.
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Chapter 4

Genaral. All melting points are not corrected. '"H and >*C NMR spectra were taken at 400 and
100 MHz, respectively. Chemical shift values are expressed in ppm relative to internal or
external TMS. Abbreviations are as follows: s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; br, broad. Aldehydes, organoboronic acids, iodoarenes, and palladium sources were
used as received. Toluene and dioxane were distilled from sodium benzophenone ketyl under an
argon atmosphere. DMF and DMSO were distilled from calcium hydride under an argon
atmosphere. Cesium carbonate, potassium carbonate, sodium carbonate, and cesium fluoride

were used as received. Potassium phosphate tribasic was ground to a fine powder prior to use.

Typical procedure for the one-pot synthesis of heteroaryl and diheteroaryl ketones via
palladium-catalyzed 1,2-addition and oxidation. Under an argon atmosphere, a reaction tube
was charged with [Pd(allyl)Cl], (1.83 mg, 0.005 mmol), imidazolinium chloride L.23 (6.77 mg,
0.015 mmol), and cesium carbonate (815 mg, 2.5 mmol), and then dioxane (2.0 mL) was added.
The mixture was stirred at 80 °C for 15 min and cooled to room temperature. Then,
3-quinolinecarbaldehyde (4a) (157 mg, 1.0 mmol) and phenylboronic acid (5a) (183 mg, 1.5
mmol) were added. After the reaction mixture was stirred at 100 °C for 1 h and cooled to room
temperature, 2-iodotoluene (436 mg, 2.0 mmol) was added. The reaction mixture was stirred at
100 °C for 15 h and cooled to room temperature. Water and saturated NH4Cl were added, and
then the resulting mixture was extracted with CH,Cl,. The combined organic layers were dried
over MgS0O,. Concentration and purification through silica gel column chromatography gave the

product 6aa.

Phenyl(3-quinolinyl)methanone' (6aa).

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 222 mg (0.95 mmol, 95% yield)
of the product as pale yellow solids of mp 67-68 °C. 'H NMR (CDCl;): § 7.55 (t, J = 8.0 Hz,
2H), 7.62-7.69 (m, 2H), 7.85-7.89 (m, 3H), 7.94 (d, J = 8.0 Hz, 1H), 8.20 (d, J = 8.0 Hz, 1H),
8.57 (d, J = 2.0 Hz, 1H), 9.33 (d, J = 2.0 Hz, 1H). *C NMR (CDCl): & 126.6, 127.5, 128.6,
129.1, 129.5, 130.0, 131.8, 133.0, 137.0, 138.8, 149.4, 150.3, 194.8. IR (ATR): 1650 cm™.
HRMS (EI) m/z Calcd for CisHi1NO (M"): 233.0841. Found: 233.0839.

Phenyl(4-quinolinyl)methanone (6ba).
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Silica gel chromatography (hexane/AcOEt = 2/1) gave 197 mg (0.85 mmol, 85% yield) of the
product as pale yellow oil. '"H NMR (CDCls): § 7.41 (d, J = 4.2 Hz, 1H), 7.47-7.57 (m, 3H),
7.63-7.67 (m, 1H), 7.76-7.80 (m, 1H), 7.85-7.88 (m, 3H), 8.21 (d, J = 8.6 Hz, 1H), 9.04 (d, J =
4.2 Hz, 1H). *C NMR (CDCl): § 119.6, 124.9, 125.4, 127.6, 128.8, 130.0, 130.3, 134.2, 136.6,
144.4, 148.6, 149.5, 196.1. IR (ATR): 1660 cm™. HRMS (EI) m/z Calcd for CisHiiNO (M"):
233.0841. Found 233.0839.

9-Benzylcarbazol-3-yl(phenyl)methanone (6ca).
)

Ysons

Bn

Silica gel chromatography (hexane/AcOEt = 10/1) gave 291 mg (0.81 mmol, 81% yield) of the
product as white solids of mp 132-133 °C. '"H NMR (CDCl): 8 5.56 (s, 2H), 7.14-7.16 (m, 2H),
7.25-7.31 (m, 4H), 7.40-7.53 (m, 5SH), 7.58-7.61 (m, 1H), 7.83-7.85 (m, 2H), 7.98 (dd, J=1.7,
8.5 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 8.64 (d, J = 1.2 Hz, 1H). >*C NMR (CDCl): § 46.7, 108.4,
109.4, 120.3, 120.7, 122.6, 123.1, 123.9, 126.3, 126.6, 127.7, 128.1, 128.6, 128.8, 128.9, 129.8,
131.6, 136.4, 138.9, 141.3, 143.2, 196.5. IR (ATR): 1590 cm™. HRMS (EI) m/z Calcd for
CaH19NO (M"): 361.1467. Found: 361.1458.

1-Methylindol-6-yl(phenyl)methanone (6da).

Me o
N

The starting material, 1-methylindole-6-carbaldehyde (4d), was prepared according to the
reported method”. Silica gel chromatography (hexane/AcOEt = 5/1) gave 191 mg (0.81 mmol,
81% yield) of the product as pale brown solids of mp 94-95 °C. '"H NMR (CDCls): & 3.86 (s,
3H), 6.56 (dd, J = 1.0, 3.2 Hz, 1H), 7.25 (d, J = 3.2 Hz, 1H), 7.47-7.51 (m, 2H), 7.57-7.61 (m,
2H), 7.66 (dd, J = 0.8, 8.4 Hz, 1H), 7.82-7.84 (m, 2H), 7.92 (s, 1H). >*C NMR (CDCl;): & 32.9,
101.3, 112.3, 120.1, 121.7, 128.0, 129.8, 130.7, 131.6, 131.9, 132.4, 135.9, 138.8, 197.1. IR

(ATR): 1640 cm™. HRMS (EI) Calcd for C16Hi3NO (M"): 235.0997. Found: 235.0985.

2,3-Dihydro-1,4-benzodioxin-6-yl(phenyl)methanone (6ea).
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Silica gel chromatography (hexane/AcOEt = 7/1 ) gave 195 mg (0.81 mmol, 81% yield) of the
product as pale yellow oil. '"H NMR (CDCl3): & 4.29-4.35 (m, 4H), 6.93 (d, J = 8.3 Hz, 1H),
7.36-7.41 (m, 2H), 7.45-7.49 (m, 2H), 7.54-7.59 (m, 1H), 7.75-7.77 (m, 2H). *C NMR
(CDCl3): 6 64.1, 64.6, 117.0, 120.0, 124.4, 128.1, 129.7, 130.9, 131.9, 138.0, 143.1, 147.7,

195.3. IR (ATR): 890, 1650 cm™. HRMS (EI) m/z Calcd for CisH1,03 (M"): 240.0786. Found:
240.0770.

4-Dibenzofuranyl(phenyl)methanone (6fa).

o O

A
T

Silica gel chromatography (hexane/AcOEt = 10/1) gave 228 mg (0.84 mmol, 84% yield) of the
product as white solids of mp 64-65 °C. '"H NMR (CDCl): § 7.38 (t, J = 7.5 Hz, 1H), 7.43-7.56
(m, 5H), 7.63 (t, J ="7.5 Hz, 1H), 7.71 (d, J = 7.5 Hz, 1H), 7.91 (d, J = 7.5 Hz, 2H), 8.00 (d, J =
7.5 Hz, 1H), 8.16 (d, J = 7.5 Hz, 1H). *C NMR (CDCl): & 112.1, 120.6, 122.4, 123.1, 123.2,
124.1, 125.5, 127.7, 128.3, 128.6, 130.2, 133.1, 137.7, 153.8, 156.3, 193.9. IR (ATR): 1650
cm’'. HRMS (EI) m/z Caled for CioH1,0, (M™): 272.0837. Found: 272.0818.

2-Benzofuranyl(phenyl)methanone® (6ga).
@)

S
e
Silica gel chromatography (hexane/AcOEt = 5/1) gave 193 mg (0.87 mmol, 87% yield) of the
product as pale yellow oil. '"H NMR (CDCls): § 7.32-7.36 (m, 1H), 7.49-7.56 (m, 4H), 7.63-7.66
(m, 2H), 7.73 (d, J = 8.1 Hz, 1H), 8.04-8.06 (m, 2H). *C NMR (CDCl;): § 112.4, 116.5, 123.2,

123.9, 126.9, 128.3, 128.4, 129.3, 132.8, 137.1, 152.1, 155.9, 184.3. IR (ATR): 1630 cm™.
HRMS (EI) m/z Calcd for CisH100, (M"): 222.0681. Found: 222.0662.

2-Benzothienyl(phenyl)methanone (6ha).
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e
Silica gel chromatography (hexane/AcOEt = 10/1) gave 217 mg (0.91 mmol, 91% yield) of the
product as yellow oil. '"H NMR (CDCl;): § 7.42 (t, J= 7.6 Hz, 1H), 7.47-7.56 (m, 3H), 7.63 (t, J
=7.6 Hz, 1H), 7.86-7.93 (m, 5H). >*C NMR (CDCl;): § 122.9, 125.0, 126.0, 127.4, 128.5, 129.2,

132.2,132.5, 137.8, 139.0, 142.7, 143.1, 189.6. IR (ATR): 1630 cm™. HRMS (EI) m/z Calcd for
Ci5H100S (M"): 238.0452. Found: 238.0441.

3-Benzothienyl(phenyl)methanone* (6ia).

Silica gel chromatography (hexane/AcOEt = 15/1) gave 226 mg (0.95 mmol, 95% yield) of the
product as yellow oil. '"H NMR (CDCl): & 7.42-7.53 (m, 4H), 7.57-7.62 (m, 1H), 7.85-7.91 (m,
3H), 7.99 (s, 1H), 8.56-8.58 (m, 1H). *C NMR (CDCls): § 122.3, 125.1, 125.6, 125.7, 128.4,
129.5, 132.3, 134.8, 137.4, 138.3, 139.2, 140.0, 191.0. IR (ATR): 1640 cm™. HRMS (EI) m/z
Calcd for CysH;oOS (M"): 238.0452. Found: 238.0441.

9-Phenylcarbazol-3-yl(3-quinolinyl)methanone (6ab).

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 357 mg (0.90 mmol, 90% yield)
of the product as pale yellow solids of mp 97-98 °C. 'H NMR (CDCl): & 7.33-7.37 (m, 1H),
7.42-7.69 (m, 9H), 7.86-7.90 (m, 1H), 7.96 (dd, J = 1.2, 8.4 Hz, 1H), 8.02 (dd, J = 1.6, 8.4 Hz,
1H), 8.15-8.18 (m, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.64 (d, J = 1.2 Hz, 1H), 8.71-8.72 (m, 1H),
9.39 (d, J = 2.0 Hz, 1H). >*C NMR (CDCl;): & 109.6, 110.2, 120.6, 120.9, 123.1, 123.7, 126.6,
126.8, 126.9, 127.3, 128.1, 128.3, 128.9, 129.3, 130.0, 131.25, 131.30, 136.6, 138.2, 141.7,
143.5, 149.1, 150.4, 194.2. IR (ATR): 1600 cm™. HRMS (EI) m/z Caled for CosHisN,O (M™):
398.1419. Found: 398.1410.

9-Phenylcarbazol-3-yl(4-quinolinyl)methanone (6bb).
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Silica gel column chromatography (hexane/AcOEt = 2/1) gave 330 mg (0.83 mmol, 83% yield)
of the product as pale yellow solids of mp 88-89 °C. 'H NMR (CDCl;): § 7.31-7.35 (m, 1H),
7.40 (d, J = 8.4 Hz, 2H), 7.44-7.56 (m, 6H), 7.63-7.66 (m, 2H), 7.76-7.80 (m, 1H), 7.91 (d, J =
8.4 Hz, 1H), 7.95-7.98 (m, 1H), 8.09 (d, J=8.4 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.63 (s, IH),
9.08 (d, J = 4.4 Hz, 1H). *C NMR (CDCl5): § 109.8, 110.3, 119.3, 120.7, 121.2, 123.2, 123.3,
124.1, 125.3, 125.6, 127.0, 127.4, 128.3, 128.4, 128.9, 129.90, 129.91, 130.1, 136.5, 141.8,
144.1, 145.6, 148.6, 149.6, 195.3. IR (ATR): 1590 cm™. HRMS (EI) m/z Caled for CasH;sN>O
(M"): 398.1419. Found: 398.1409.

2-Benzofuranyl(9-phenylcarbazol-3-yl)methanone (6gb).

Silica gel column chromatography (hexane/AcOEt = 8/1) gave 355 mg (0.92 mmol, 92% yield)
of the product as pale yellow solids of mp 64-65 °C. 'H NMR (CDCls): § 7.34-7.40 (m, 2H),
7.44 (d, J = 8.1 Hz, 1H), 7.47-7.61 (m, 7H), 7.65-7.71 (m, 3H), 7.77 (d, J = 8.1 Hz, 1H), 8.21
(dd, J=1.7, 8.8 Hz, 1H), 8.24 (d, J = 8.1 Hz, 1H), 8.96 (d, J = 1.6 Hz, 1H). >*C NMR (CDCl5):
6 109.2, 110.0, 112.1, 115.4, 120.4, 120.7, 122.90, 122.93 123.1, 123.6, 126.6, 126.7, 126.9,
127.6, 127.7, 127.8, 128.9, 129.8, 136.5, 141.4, 143.2, 143.2, 152.7, 155.5, 183.3. IR (ATR):
1590 cm™. HRMS (EI) m/z Calcd for Co7H7NO, (M™Y): 387.1259. Found: 387.1271.

2-Benzothienyl(9-phenylcarbazol-3-yl)methanone (6hb).

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 324 mg (0.80 mmol, 80%
yield) of the product as pale yellow solids of mp 76-77 °C. 'H NMR (CDCls): § 7.35-7.38 (m,
1H), 7.42-7.56 (m, 6H), 7.59-7.61 (m, 2H), 7.65-7.68 (m, 2H), 7.92 (d, J = 7.6 Hz, 1H),
7.94-7.96 (m, 2H), 8.07 (dd, J = 1.7, 8.6 Hz, 1H), 8.22 (d, J = 7.6 Hz, 1H), 8.81 (d, J = 1.0 Hz,
1H). *C NMR (CDCls): & 109.4, 110.1, 120.5, 120.8, 122.6, 122.7, 123.0, 123.1 124.7, 125.7,
126.7, 126.8, 126.9, 127.7, 127.9, 129.6, 129.9, 131.2, 136.6, 138.9, 141.5, 142.1, 143.2, 143.6,
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188.7. IR (ATR): 1590 cm'. HRMS (EI) m/z Caled for Co7Hi7NOS (M*): 403.1031. Found:
403.1010.

3-Furanyl(3-quinolinyl)methanone (6ac).
O

= N
)T

N

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 168 mg (0.75 mmol, 75% yield)
of the product as pale yellow solids of mp 117-118 °C. 'H NMR (CDCls): § 6.97-6.98 (m, 1H),
7.58-7.59 (m, 1H), 7.67 (t, J = 8.0 Hz, 1H), 7.85-7.89 (m, 1H), 7.96 (d, J = 8.0 Hz, 1H),
8.02-8.03 (m, 1H), 8.20 (d, J = 8.0 Hz, 1H), 8.65 (d, J = 2.0 Hz, 1H), 9.35 (d, J = 2.0 Hz, 1H).
B3C NMR (CDCl3): 8 109.9, 126.4, 126.6, 127.6, 129.0, 129.4, 131.1, 131.7 137.3, 144.4, 148.6,
149.3, 149.5, 187.3. IR (ATR): 750, 1650 cm™. HRMS (EI) m/z Caled for C14HoNO, (M"):
223.0633. Found: 223.0610.

2-Benzothienyl(3-furanyl)methanone (6hc).
O

Silica gel column chromatography (hexane/AcOEt = 10/1) gave 185 mg (0.81 mmol, 81%
yield) of the product as pale yellow solids of mp 96-97 °C. "H NMR (CDCl;): § 6.97-6.98 (m,
1H), 7.41-7.51 (m, 2H), 7.55 (dd, J = 1.6, 3.2 Hz, 1H), 7.91 (dd, J = 1.6, 7.8 Hz, 2H), 8.03 (s,
1H), 8.19 (d, J = 1.2 Hz, 1H). *C NMR (CDCl;): & 110.0, 122.8, 125.1, 125.9, 126.3, 127.3,
129.6, 138.9 142.2, 143.4, 144.1, 147.3, 181.6. IR (ATR): 740, 1610 cm™. HRMS (EI) m/z
Calcd for C13HsO2S (M"): 228.0245. Found: 228.0232.

3-Quinolinyl(3-thienyl)methanone (6ad).

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 167 mg (0.70 mmol, 70% yield)
of the product as pale yellow solids of mp 103-104 °C. "H NMR (CDCl;) : § 7.47 (dd, J = 2.8,
5.2 Hz, 1H), 7.64-7.68 (m, 2H), 7.85-7.89 (m, 1H), 7.96 (dd, J = 1.2, 8.2 Hz, 1H), 8.03 (dd, J =
1.2, 2.8 Hz, 1H), 8.21 (dd, J = 0.8, 8.2 Hz, 1H), 8.64 (d, J = 1.6 Hz, 1H), 9.36 (d, J = 2.4 Hz,
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1H). C NMR (CDCls): § 126.5, 126.7, 127.4, 128.2, 128.9, 129.3, 130.9, 131.6 134.2, 137.7,
140.8, 149.3, 149.7, 187.8. IR (ATR): 790, 1630 cm™. HRMS (EI) m/z Calcd for C;sHyNOS
(M"): 239.0405. Found: 239.0403.

4-Dibenzothienyl(3-quinolinyl)methanone (6ae).

Silica gel column chromatography (hexane/AcOEt = 3/1) gave 308 mg (0.91 mmol, 91% yield)
of the product as white solids of mp 164-165 °C. 'H NMR (CDCl;) & 7.52-7.59 (m, 2H), 7.63
(t, J =7.8 Hz, 1H), 7.66-7.70 (m, 1H), 7.86-7.91 (m, 1H), 7.96-8.01 (m, 3H), 8.23 (d, J = 8.6
Hz, 1H), 8.26-8.28 (m, 1H), 8.49 (dd, J = 1.2, 7.8 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 9.35 (d, J
= 2.0 Hz, 1H). °C NMR (CDCl): § 121.4, 122.7, 123.9, 124.6, 126.2, 126.5, 127.3, 127.5,
128.9, 129.4, 129.8, 130.6, 131.4, 131.6, 133.7, 137.5, 138.1, 140.8, 141.6, 149.1, 149.9, 193.6.
IR (ATR): 1640 cm™. HRMS (EI) m/z Calcd for C2H;3NOS (M"): 339.0718. Found: 339.0716.

Phenyl[4-phenyl(8-trifluoromethyl)quinolin-3-yljmethanone (6ja).

The starting material, 4-phenyl(8-trifluoromethyl)quinoline-3-carbaldehyde (4j), was prepared
on the basis of previous reports.™® Purification through silica gel column chromatography
(hexane/AcOEt = 3/1) gave 308 mg (0.91 mmol, 91% yield) of the product as white solids of
mp 164-165 °C. "H NMR (CDCls) § 7.52-7.59 (m, 2H), 7.63 (t, J = 7.8 Hz, 1H), 7.66-7.70 (m,
1H), 7.86-7.91 (m, 1H), 7.96-8.01 (m, 3H), 8.23 (d, J = 8.6 Hz, 1H), 8.26-8.28 (m, 1H), 8.49
(dd, J=1.2,7.8 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 9.35 (d, J = 2.0 Hz, 1H). *C NMR (CDClL):
o 121.4, 122.7, 123.9, 124.6, 126.2, 126.5, 127.3, 127.5, 128.9, 129.4, 129.8, 130.6, 131.4,
131.6, 133.7, 137.5, 138.1, 140.8, 141.6, 149.1, 149.9, 193.6. IR (ATR): 1640 cm™. HRMS (EI)
m/z Caled for C2oH;3NOS (M"): 339.0718. Found: 339.0716.

4-Dibenzothienyl[4-phenyl(8-trifluoromethyl)quinolin-3-yljmethanone (6je).
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Purification through silica gel column chromatography (hexane/AcOEt = 3/1) gave 308 mg
(0.91 mmol, 91% yield) of the product as white solids of mp 164-165 °C. 'H NMR (CDCls)
6 7.52-7.59 (m, 2H), 7.63 (t, J = 7.8 Hz, 1H), 7.66-7.70 (m, 1H), 7.86-7.91 (m, 1H), 7.96-8.01
(m, 3H), 8.23 (d, J = 8.6 Hz, 1H), 8.26-8.28 (m, 1H), 8.49 (dd, J= 1.2, 7.8 Hz, 1H), 8.60 (d, J
=2.0 Hz, 1H), 9.35 (d, J = 2.0 Hz, 1H). *C NMR (CDCl;): § 121.4, 122.7, 123.9, 124.6, 126.2,
126.5, 127.3, 127.5, 128.9, 129.4, 129.8, 130.6, 131.4, 131.6, 133.7, 137.5, 138.1, 140.8, 141.6,
149.1, 149.9, 193.6. IR (ATR): 1640 cm”. HRMS (EI) m/z Caled for CpH;sNOS (M"):
339.0718. Found: 339.0716.

4-Dibenzothienyl{[4-(3-furanyl)|(8-trifluoromethyl)quinolin-3-yl}methanone (6ke).

The starting material, [4-(3-furanyl)](8-trifluoromethyl)quinoline-3-carbaldehyde (4k), was
prepared on the basis of previous reports.™® Purification through silica gel column
chromatography (hexane/AcOEt = 3/1) gave 308 mg (0.91 mmol, 91% yield) of the product as
white solids of mp 164-165 °C. 'H NMR (CDCl3) & 7.52-7.59 (m, 2H), 7.63 (t, J = 7.8 Hz, 1H),
7.66-7.70 (m, 1H), 7.86-7.91 (m, 1H), 7.96-8.01 (m, 3H), 8.23 (d, J = 8.6 Hz, 1H), 8.26-8.28
(m, 1H), 8.49 (dd, J = 1.2, 7.8 Hz, 1H), 8.60 (d, J = 2.0 Hz, 1H), 9.35 (d, J = 2.0 Hz, 1H). *C
NMR (CDCl3): & 121.4, 122.7, 123.9, 124.6, 126.2, 126.5, 127.3, 127.5, 128.9, 129.4, 129.8,
130.6, 131.4, 131.6, 133.7, 137.5, 138.1, 140.8, 141.6, 149.1, 149.9, 193.6. IR (ATR): 1640
cm’'. HRMS (EI) m/z Caled for C5,H13NOS (M¥): 339.0718. Found: 339.0716.
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Preparation of aldehydes (4j and 4k)

cl o o] Swen cl o
A OEt DIBAL-H A OH oxidation AN H
» — | — |
N (©9%) N (7o%) N
CF, ? Fs CF, c
Pd(PPha), A O
ArB(OH), XN OH
- . |
K3PO, NG
dioxane
(81-86%) CF3 4j :Ar=Ph
4k : Ar = 3-furyl

(4-Chloro-8-(trifluoromethyl)quinolin-3-yl)methanol ’ (B).
Cl
| N OH

/

N
CFj3

To ethyl 4-chloro-8-(trifluoromethyl)quinoline-3-carboxylate® (A) (9.7 g, 32 mmol) in dry THF
(300 mL) was added DIBAL-H (17% solution in toluene) (201 mL, 201 mmol) at —78 °C over
30 min. The reaction mixture was stirred for 1 h with rising temperature from —78 °C to room
temperature. Then, saturated NH4Cl1 (100 mL) was added after the resulting mixture was cooled
to 0 °C. The precipitate was removed by filtration and washed with ethyl acetate. The filtrate
was washed with water (300 mL x3). The organic layer was separated and dried over Na;SOs.
Concentration and purification through silica gel column chromatography (hexane/AcOEt =
2/1) gave 8.32 g (32 mmol, 99% yield) of the product as white solids of mp 128-129 °C. 'H
NMR (CDCls): 6 2.09 (brs, 1H), 5.07 (d, J = 6.0 Hz, 2H), 7.72 (t, J = 8.0 Hz, 1H), 8.14 (d, J =
8.0 Hz, 1H), 8.50 (d, J = 8.0 Hz, 1H), 9.17 (s, 1H). *C NMR (CDCl;): & 60.8, 123.8 (q, J =
272.5 Hz), 126.4, 126.5, 128.0 (q, J = 30.5 Hz), 128.4, 128.5 (q, J = 5.7 Hz), 131.7, 140.6,
144.8, 150.9. IR (ATR): 1120, 3340 cm™. HRMS (EI) m/z Calcd for C;;H, CIF;NO (M"):
261.0168, Found: 261.0161.

4-Chloro-8-(trifluoromethyl)quinoline-3-carbaldehyde’ (C).
Cl O
N H

b

N

CF3
DMSO (3.2 mL, 45 mmol) was added to oxalyl chloride (1.95 mL, 22.7 mmol) in CH,Cl, (22.5
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mL) at —78 °C. After 15 min, compound B (7.5 mmol, 1.96 g) in CH,Cl, (5.8 mL) and
triethylamine (90 mmol, 12.6 mL) were added. The reaction mixture was allowed to warm to
room temperature and stirred for 3h. The resulting mixture was washed with saturated sodium
bicarbonate (20 mL) and dried over Na,SO4. Concentration and purification through silica gel
column chromatography (hexane/AcOEt = 8/1) gave 1.48 g (5.7 mmol, 76% vyield) of the
product as pale yellow solids of mp 120-121 °C. 'H NMR (CDCls): § 7.83 (t, J = 7.8 Hz, 1H),
8.29 (d, J = 7.8 Hz, 1H), 8.65 (d, J = 7.8 Hz, 1H), 9.41 (s, 1H), 10.7 (s, 1H). *C NMR (CDCl):
0 123.4 (q, J =272.5 Hz), 124.7, 126.2, 127.4, 128.7 (q, J = 30.4 Hz), 129.3, 131.3 (q, J = 5.8
Hz), 147.2, 147.9, 149.3, 188.3. IR (ATR): 1130, 1680 cm”. HRMS (EI) m/z Calcd for
C11Hs*CIF;NO (M"): 259.0012, Found: 258.9995.

4-Phenyl-8-(trifluoromethyl)quinoline-3-carbaldehyde'® (4j).

A solution of compound C (260 mg, 1.0 mmol), phenylboronic acid (146 mg, 1.2 mmol), KzPO4
(828 mg, 3.9 mmol), and Pd(PPhs)s (95.9 mg, 0.083 mmol) in dioxane (8.3 mL) was stirred
under reflux. After 20 h, the reaction mixture was cooled to room temperature and water was
added. The resulting mixture was extracted with ethyl acetate and the organic layer was dried
over Na;SOs. Concentration and purification through silica gel column chromatography
(hexane/AcOEt = 10/1) gave 259 mg (0.86 mmol, 86% yield) of the product as white solids of
mp 111-112 °C. '"H NMR (CDCl;): § 7.41-7.44 (m, 2H), 7.59-7.63 (m, 4H), 7.92 (d, J = 8.6 Hz,
1H), 8.21 (d, J = 7.3 Hz, 1H), 9.57 (s, 1H), 9.97 (s, 1H). *C NMR (CDCl): & 123.8 (q, J =
272.5 Hz), 125.6, 126.3, 127.3, 128.4 (q, J = 30.5 Hz), 128.8, 129.6, 130.2, 130.3 (g, J = 5.8
Hz), 131.7, 131.8, 146.6, 148.9, 153.1, 191.0. IR (ATR): 1120, 1690 cm™. HRMS (EI) m/z
Calcd for C17H;oF3NO (M"): 301.0714, Found: 301.0706.

4-(3-Furanyl)-8-(trifluoromethyl)quinoline-3-carbaldehyde (4Kk).
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Compound 4k was prepared with the same procedure as that for 4j. Concentration and
purification through silica gel column chromatography (hexane/AcOEt = 6/1) gave desired
product 4k as pale yellow solids of mp 139-140 °C in 81% yield. 'H NMR (CDCls): § 6.70-6.71
(m, 1H), 7.67 (t, J = 8.0 Hz, 1H), 7.71-7.72 (m, 1H), 7.76 (t,J = 1.7 Hz, 1H), 8.22 (d, J = 8.0 Hz,
2H), 9.54 (s, 1H), 10.23 (s, 1H). *C NMR (CDCl): § 113.1, 116.3, 123.7, (q, J = 272.5 Hz),
126.4, 126.5, 127.5, 128.6 (q, J = 30.4 Hz), 130.4 (q, J = 5.8 Hz), 131.2, 143.2, 144.3, 144.4,
146.7, 149.0, 190.9. IR (ATR): 1130, 1680 cm™'. HRMS (EI) m/z Calcd for C;sHsF3NO, (M"):
291.0507, Found: 291.0510.
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Chapter 5

1. General. All melting points are not corrected. IR spectra were expressed in cm . 'H and *C
NMR spectra were taken at 500 and 100 MHz respectively. Chemical shift values are expressed
in ppm relative to internal or external TMS. Abbreviations are as follows: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; br, broad. Mass spectra (MS) and high-resolution mass spectra
(HRMS) were recorded using electron ionization (EI) mass spectrometry or fast atom bombard-
ment (FAB) mass spectrometry. The products were isolated by silica gel column
chromatography. The degree of deuterium incorporation was determined by 'H-NMR (500
MHz). All reactions were performed under argon atmosphere unless otherwise specified.
Toluene was distilled from sodium benzophenone ketyl under argon. Ary chlorides 8b-e, 8h,
8j-k, 8m-n, 10c-d, 10h, 10k, and 12b were synthesized as new compounds. On the other hand,
10a', 10b% 10g’, 10j°, 10m*, 100°, 10p°, and 10q’ were prepared as previously reported.
Chloroquine 6f was obtained from purchased chloroquine diphosphate salt by treatment with

aqueous 10% NaOH solution. All other chemicals were purchased and used as received.
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2. Synthetic procedures and physical data of compounds.

2.1. Synthesis of unsymmetrical NHC ligand precursors.

2.1.1. General synthetic procedure of 1-arylimidazoles. This modified procedure for
synthesis of 1-arylimidazoles was optimized on the basis of Orru’s method.® Exceptionally,
1-(2,4,6-trimethylphenyl)-1H-imidazole was prepared according to Waymouth’s report.” To a
aniline derivative (12 mmol) in dry CHCI; (20 mL), diacetyl (861 mg, 10 mmol), acetic acid
(3.0 g, 50 mmol), NHsOAc (925 mg, 12 mmol), paraformaldehyde (480 mg, 10 mmol), and
H>0 (0.5 mL) were added and the mixture was refluxed for 48 h. After removal of the solvent,
the dark residue was dissolved in Et,O and basified to pH 14 in an ice bath with aqueous 40%
KOH solution. The resulting mixture was extracted with Et;O and the combined organic layers
were washed with H>O and dried over Na,SOs4. Concentration and purification through silica gel

column chromatography gave a 1-arylimidazole.

1-Mesityl-4,5-dimethyl-1H-imidazole (Im-1).

Silica gel chromatography (hexane/AcOEt = 3/1) gave 1.46 g of the product (6.8 mmol, 68%
yield) as pale brown solids of mp 130-131 °C. '"H-NMR (500 MHz, CDCl3): § 1.84 (s, 3H), 1.93
(s, 6H), 2.24 (s, 3H), 2.34 (s, 3H), 6.97 (s, 2H), 7.25 (s, 1H). *C-NMR (100 MHz, CDCl;): &
8.0 (CHs), 12.8 (CH3), 17.2 (CH3), 20.9 (CH3), 122.5 (C), 128.9 (CH), 132.4 (C), 133.8 (C),
134.4 (CH), 136.0 (C), 138.6 (C). IR (ATR): 770, 1490 cm™. HRMS (EI) m/z: (M") Calcd for
Ci4HisN2: 214.1470; Found: 214.1461.

1-(2,6-Diisopropylphenyl)-4,5-dimethyl-1H-imidazole (Im-2).
H i-Rr
NN

i-Pr
Silica gel chromatography (hexane/AcOEt = 1/2) gave 1.59 g of the product (6.2 mmol, 62%
yield) as brown oil. "H-NMR (500 MHz, CDCl3): § 1.09 (d, J = 7.1 Hz, 6H), 1.14 (d, J = 7.1 Hz,
6H), 1.85 (s, 3H), 2.26 (s, 3H), 2.32-2.40 (m, 2H), 7.24 (s, 1H), 7.27 (d, J = 7.8 Hz, 2H), 7.42 (t,
J=7.8 Hz, 1H). ®C-NMR (100 MHz, CDCl5): § 8.1 (CH3), 12.6 (CH3), 22.8 (CH3), 24.8 (CH3),
27.6 (CH), 123.3 (C), 123.5 (CH), 129.5 (CH), 131.5 (C), 133.4 (C), 135.3 (CH), 146.7 (C). IR
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(ATR): 770, 1490 cm™. HRMS (EI) m/z: (M") Calcd for C17H24N»: 256.1939; Found: 256.1933.

1-(2,6-Dibenzhydryl-4-methylphenyl)-4,5-dimethyl-1H-imidazole (Im-3).

HPh Ph

Ny N
Ph
Ph

This 1-arylimidazole was prepared with 2.5 mmol of diacetyl. Silica gel chromatography (hex-
ane/AcOEt = 2/1) gave 585 mg of the product (1.13 mmol, 45% yield) as pale yellow solids of
mp 87-88 °C. 'H-NMR (500 MHz, CDCl;): & 1.30 (s, 3H), 2.15 (s, 3H), 2.26 (s, 3H), 4.99 (s,
2H), 6.61 (s, 1H), 6.86 (s, 2H), 6.89 (d, J = 7.2 Hz 4H), 6.95 (d, J = 7.2 Hz, 4H), 7.15-7.25 (m,
12H). PC-NMR (100 MHz, CDCls): § 7.6 (CH3), 12.8 (CHs), 21.7 (CH3), 51.3 (CH), 123.3 (C),
126.5 (CH), 128.3 (CH), 128.4 (CH), 129.2 (CH), 129.5 (CH), 129.6 (CH), 132.3 (C), 133.8 (C),
135.6 (CH), 138.8 (C), 142.4 (C), 142.78 (C), 142.85 (C). IR (ATR): 700, 1490 cm™. HRMS
(EI) m/z: (M) Calcd for C3sH34N,: 518.2722; Found: 518.2719.

2.1.2. Benzylation of 1-arylimidazoles. Arylmethyl chloride (2.0 mmol) was added to a 1-aryl-
imidazole (2.0 mmol) in dry THF (2 mL). The mixture was refluxed for 15 h and then
evaporated. The resulting solids were filtered and washed with THF to give a desired

imidazolium chloride.

3-Mesityl-1-(2,4,6-trimethylbenzyl)imidazolium chloride (L25).

o
e ™

Ny N

The desired product was obtained in 59% yield (414 mg, 1.17 mmol) as white solids of mp
286-287 °C. "H-NMR (500 MHz, CDCl5): § 2.08 (s, 6H), 2.30 (s, 3H), 2.349 (s, 3H), 2.354 (s,
6H), 6.05 (s, 2H), 6.94 (s, 2H), 7.01 (s, 2H), 7.03 (t, J = 1.8 Hz, 1H), 7.11 (t, J = 1.8 Hz, 1H),
11.01 (s, 1H). "C-NMR (100 MHz, CDCl;): § 17.2 (CH3), 19.5 (CHs), 20.70 (CHs), 20.72
(CH3), 48.0 (CH,), 121.3 (CH), 123.6 (CH), 125.7 (C), 129.6 (CH), 129.7 (CH), 130.6 (C),
133.9 (C), 137.9 (C), 138.1 (CH), 139.5 (C), 141.0 (C). IR (ATR): 760, 1190, 1540 cm™'. HRMS
(FAB) m/z: [M—CI]" Calcd for C2H»7Na: 319.2174; Found: 319.2157.
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3-Mesityl-4,5-dimethyl-1-(2,4,6-trimethylbenzyl)imidazolium chloride (L.26).

C'@@H Q
NVN

The desired product was obtained in 70% yield (535 mg, 1.40 mmol) as white solids of mp
285-286 °C. "H-NMR (500 MHz, CDCl5): § 1.91 (s, 3H), 2.01 (s, 6H), 2.13 (s, 3H), 2.28 (s, 3H),
2.34 (s, 6H), 2.35 (s, 3H), 5.99 (s, 2H), 6.89 (s, 2H), 7.02 (s, 2H), 9.92 (s, 1H). *C-NMR (100
MHz, CDCl): 6 7.8 (CH3), 8.8 (CH3), 17.1 (CHj3), 19.6 (CH3), 20.5 (CHs), 20.6 (CH3), 47.1
(CH,), 125.4 (C), 127.5 (C), 128.1 (C), 128.6 (C), 129.6 (CH), 129.7 (CH), 134.3 (C), 135.1
(CH), 137.3 (C), 138.9 (C), 141.0 (C). IR (ATR): 850, 1550 cm™. HRMS (FAB) m/z: [M—CI]"
Calcd for Co4H31N»: 347.2487; Found: 347.2488.

3-(2,6-Diisopropylphenyl)-4,5-dimethyl-1-(2,4,6-trimethylbenzyl)imidazolium chloride
(L27).

i-Pr
o [
Cl @H
NVN—% >
i-Pr

The desired product was obtained in 48% yield (403 mg, 0.95 mmol) as white solids of mp
267-268 °C. '"H-NMR (500 MHz, CDCl;): § 1.17 (d, J = 6.9 Hz, 6H), 1.19 (d, J = 6.9 Hz, 6H),
1.92 (s, 3H), 2.21 (septet, J = 6.9 Hz, 2H), 2.23 (s, 3H), 2.27 (s, 3H), 2.34 (s, 6H), 6.04 (s, 2H),
6.89 (s, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.53 (t, J = 8.0 Hz, 1H), 9.71 (s, 1H). *C-NMR (100
MHz, CDCl3): & 8.2 (CHzs), 9.2 (CHs), 19.6 (CHs), 20.7 (CH3), 22.7 (CH3), 24.8 (CH3), 28.4
(CH), 47.3 (CH»), 124.7 (CH), 125.3 (C), 128.0 (C), 128.5 (C), 128.6 (C), 129.9 (CH), 131.8
(CH), 134.8 (CH), 137.7 (C), 139.4 (C), 145.5 (C). IR (ATR): 810, 1460 cm. HRMS (FAB)
m/z: [M—CI]" Calcd for C22H»7N>O: 389.2957; Found: 389.2955.

1-(2,4,6-Triisopropylbenzyl)-3-(2,6-diisopropylphenyl)-4,5-dimethylimidazolium chloride
(L28).

i-Pr
@ |
cl @H
Ny N

i-Pr i-Pr

i-Rr

i-Pr
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The desired product was obtained in 51% yield (515 mg, 1.01 mmol) as white solids of mp
208-209 °C. 'H-NMR (500 MHz, CDCl;): § 1.07 (d, J = 6.8 Hz, 6H), 1.18 (d, J = 6.8 Hz, 6H),
1.22-1.25 (m, 18H), 2.02 (s, 3H), 2.24 (septet, J = 6.8 Hz, 2H), 2.69 (s, 3H), 2.88 (septet, J = 6.8
Hz, 1H), 3.16 (septet, J = 6.8 Hz, 2H), 5.79 (s, 2H), 7.08 (s, 2H), 7.29 (d, J = 7.8 Hz, 2H), 7.51
(t, J = 7.8 Hz, 1H), 8.00 (s, 1H). >C-NMR (100 MHz, CDCl;): & 8.5 (CH3), 9.8 (CH3), 23.1
(CH3), 23.5 (CH3), 24.1 (CHs), 24.7 (CHzs), 28.2 (CH), 29.6 (CH), 34.0 (CH), 45.0 (CH>), 121.5
(C), 122.1 (CH), 124.8 (CH), 127.9 (C), 129.4 (C), 129.7 (C), 131.9 (CH), 132.1 (CH), 145.6
(C), 148.7 (C), 151.4 (C). IR (ATR): 760, 1540 cm”. HRMS (FAB) m/z: [M—CI]" Calcd for
C33H49N2: 473.3896; Found: 473.3901.

3-(2,6-Dibenzhydryl-4-methylphenyl)-4,5-dimethyl-1-(2,4,6-trimethylbenzyl)imidazolium
chloride (L29).

o th Ph
CI® g )=
NN

Ph
Ph

The desired product was obtained in 69% yield (941 mg, 1.37 mmol) as white solids of mp
214-215 °C. "H-NMR (500 MHz, CDCl5): § 1.26 (s, 3H), 2.15 (s, 6H), 2.23 (s, 6H), 2.28 (s, 3H),
4.99 (s, 2H), 5.66 (s, 2H), 6.80 (s, 2H), 6.83 (s, 2H), 6.92-6.95 (m, 8H), 7.20-7.28 (m, 12H),
8.63 (s, 1H). ®C-NMR (100 MHz, CDCl;): § 7.6 (CH3), 9.1 (CH3), 19.8 (CH3), 20.7 (CH3), 21.5
(CH3), 47.0 (CH»), 51.4 (CH), 125.2 (C), 127.0 (CH), 127.1 (CH), 128.2 (C), 128.5 (CH), 128.6
(CH), 128.7 (CH), 129.2 (CH), 129.7 (CH), 130.4 (CH), 134.7 (CH), 137.4 (C), 139.2 (C),
140.7 (C), 141.1 (C), 141.4 (C). IR (ATR): 700, 1490 cm™'. HRMS (FAB) m/z: [M—CI]* Calcd
for C4sH47N3: 651.3739; Found: 651.3743. Anal. Calcd for CssH47N,Cl: C, 83.87; H, 6.89; N,
4.08. Found: C, 83.77; H, 7.04; N, 4.01.

2.2. General synthetic procedure of a-deuterioalcohols. Under argon atmosphere, benzo-
phenone (546 mg, 3 mmol) in THF (5 mL) was added to the suspension of lithium aluminum
deuteride (63 mg, 1.5 mmol) in THF (4.2 mL) at 0 °C. After the reaction mixture was stirred for
30 min at 0 °C, water was added. The resulting mixture was extracted with CH»Cl, and the
combined organic layers were dried over Na,SO4. Concentration and purification through silica

gel chromatography gave a-deuteriobenzhydrol (7a).

a-Deuteriobenzhydrol'® (7a).
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Silica gel chromatography (hexane/AcOEt = 5/1) gave 531 mg of the product (2.87 mmol, 96%
yield) as white solids of mp 64-65 °C. >99% D (D content was judged with the peak at 5.80
ppm (a deuterated site) compared to the peak at 7.32-7.40 ppm by 'H-NMR). '"H-NMR (500
MHz, CDCl3): & 2.20 (s, 1H), 7.25-7.28 (m, 2H), 7.32-7.35 (m, 4H), 7.37-7.40 (m, 4H).
BC-NMR (100 MHz, CDCl;): § 75.4 (t, J = 22.4 Hz, C), 126.5 (CH), 127.3 (CH), 128.3 (CH),
143.7 (C). IR (ATR): 730, 1040, 1190, 1490, 1600, 3260 cm™'. HRMS (EI) m/z: (M") Calcd for
C3H11DO: 185.0951; Found: 185.0958.

a-Deuterio-a-phenylethanol (7b).

@@e

This compound was prepared from acetophenone (4 mmol). Silica gel chromatography (hexane/
AcOEt = 7/1) gave 468 mg of the product (3.80 mmol, 95% yield) as colorless oil. >99% D (D
content was judged with the peak at 4.90 ppm (a deuterated site) compared to the peak at
7.34-7.39 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): § 1.50 (s, 3H), 1.76 (s, 1H),
7.26-7.29 (m, 1H), 7.34-7.39 (m, 4H). *C-NMR (100 MHz, CDCl;): § 24.8 (CH3), 69.6 (t, J =
21.5 Hz, C), 125.3 (CH), 127.3 (CH), 128.3 (CH), 145.8 (C). IR (ATR): 700, 750, 1130, 1450,
2970, 3330 cm™. HRMS (EI) m/z: (M") Caled for CsHyDO: 123.0794; Found: 123.0796.

a-Deuterio-a-cyclohexylbenzenemethanol (7¢).
OH

0%

This compound was prepared from cyclohexyl(phenyl)methanone (8 mmol). Silica gel
chromatography (hexane/AcOEt = 8/1) gave 1.52 g of the product (7.94 mmol, 99% yield) as
colorless oil. >99% D (D content was judged with the peak at 4.37 ppm (a deuterated site)
compared to the peak at 1.97-2.01 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCls): § 0.89-0.97
(m, 1H), 1.01-1.27 (m, 4H), 1.36-1.40 (m, 1H), 1.59-1.68 (m, 3H), 1.75-1.79 (m, 2H), 1.97-2.01
(m, 1H), 7.25-7.36 (m, 5H). ®C-NMR (100 MHz, CDCl5): § 25.8 (CH>), 25.9 (CH>), 26.2 (CH»),
28.6 (CH»), 29.0 (CH), 44.6. (CH), 78.6 (t, J = 21.5 Hz, C), 126.6 (CH), 127.2 (CH), 128.0
(CH), 143.6 (C). IR (ATR): 700, 760, 1450, 2850, 2920, 3370 cm™. HRMS (EI) m/z: (M") Caled
for C;3H7DO: 191.1420; Found: .191.1420.
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5-Deuterio-5-nonanol (7d).

OH

n-B /}\n-B
u D u

This compound was prepared from nonan-5-one (8 mmol). Silica gel chromatography (hexane/
AcOEt = 10/1) gave 1.15 g of the product (7.92 mmol, 99% yield) as colorless oil. >99% D (D
content was judged with the peak at 3.59 ppm (a deuterated site) compared to the peak at 0.91
ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): § 0.91 (t, J = 7.1 Hz, 6H), 1.25 (s, 1H),
1.27-1.50 (m, 12H). *C-NMR (100 MHz, CDCl;): § 13.7 (CH3), 22.5 (CH), 27.6 (CH,), 36.8
(CHy), 71.0 (t, J = 21.5 Hz, C). IR (ATR): 2860, 2870, 2930, 2960, 2970, 3340 cm'. HRMS
(EI) m/z: (M") Calcd for CoH19DO: 145.1577; Found: 145.1571.

2.3. Synthesis of Pd-NHC complexes.

Allylchloro{4,5-dimethyl-3-[2,6-bis(diphenylmethyl)-4-methylphenyl]-1-(2,4,6-trim
ethylbenzyl)imidazol-2-ylidene}palladium(II) (C1).

p
%Ph

h
N
T Ph
Pd_ ., Ph
c” \/'
Under argon atmosphere, a reaction flask was charged with ligand precursor L29 (289
mg, 0.42 mmol) and LiOt-Bu (39 mg, 0.49 mmol). After dry THF (28 mL) was added.

The reaction mixture was stirred for 4 h at room temperature. Then, [Pd(allyl)Cl]2 (77

N
J

mg, 0.21 mmol) was added. After the mixture was stirred for 3 h at room temperature,
the resulting mixture was filtered through celite. Concentration and purification through
silica gel chromatography (hexane/AcOEt = 4/1) gave 311 mg of the product (0.37
mmol, 89% yield) as pale yellow solids of mp 205-206 °C, which were recrystallized
from CH2Cla/hexane. 'H-NMR (500 MHz, CDCl3): & —0.07 (s, 3H), 1.56-1.57 (m, 1H),
1.61 (s, 3H), 2.28 (s, 3H), 2.29 (s, 3H), 2.44 (s, 6H), 2.66 (d, J = 6.7 Hz, 1H), 3.06 (d, J
= 13.5 Hz, 1H), 4.18 (dd, J = 1.5, 7.5 Hz, 1H), 4.75-4.83 (m, 1H), 5.75 (d, J = 15.7 Hz,
1H), 5.77 (s, 2H), 5.86 (d, J = 15.7 Hz, 1H), 6.85 (s, 2H), 6.96-7.25 (m, 22H). *C-NMR
(100 MHz, CDCI3): 6 7.21, 8.93, 20.8, 21.1, 21.7, 49.6, 50.0, 50.7, 50.9, 71.9, 114.4,
125.8, 126.2, 126.3, 128.03, 128.05, 128.08, 129.4, 129.56, 129.63, 129.7, 129.8, 129.9,
130.0, 130.7, 135.2, 137.3, 137.5, 138.0, 142.1, 142.3, 142.4, 142.5, 143.1, 143.4, 181.3.
IR (ATR): 700, 1450, 1490 cm™'. HRMS (FAB) m/z: [M—CI]" Calcd for CsiHsiN2'°Pd:
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797.3082; Found: 797.3095. Anal. Calcd for Csi1Hs1CIN2Pd: C, 73.46; H, 6.16; N, 3.36.
Found: C, 73.36; H, 5.83; N, 3.26.

Allyl{4,5-dimethyl-3-[2,6-bis(diphenylmethyl)-4-methylphenyl]-1-(2,4,6-trimethylb

enzyl)imidazol-2-ylidene}palladium(II) hexafluoroantimonate (C2).

2 SbFg

Complex C1 (50 mg, 0.06 mmol) in dry CH2Cl2 (16 mL) was treated with AgSbFe (21
mg, 0.06 mmol) for 1 h at room temperature. The resulting mixture was filtered through
celite. Concentration and purification through silica gel chromatography (hexane/AcOEt
= 1/1.5) gave 50 mg of the product (0.048 mmol, 80% yield) as pale yellow solids of
mp 147-148 °C, which were recrystallized from CH2Cl2/pentane. '"H-NMR (500 MHz,
CDCl): 6 1.02 (s, 3H), 1.20 (d, J = 11.7 Hz, 1H ), 1.77-1.78 (m, 1H), 2.32 (s, 3H), 2.34
(s, 3H), 2.32-2.34 (m, 1H), 2.41 (s, 3H), 2.51 (s, 3H), 2.69 (s, 3H), 2.90 (d, J = 13.7, Hz,
1H), 4.67-4.77 (m, 1H), 4.93-5.04 (m, 4H), 6.90 (t, J = 7.3 Hz, 4H), 6.97 (d, J = 7.8 Hz,
2H), 7.04 (s, 1H), 7.09-7.12 (m, 3H), 7.20-7.28 (m, 13H), 7.39 (s, 1H). *C-NMR (100
MHz, CDCls): & 8.19, 9.10, 20.77, 20.84, 21.8, 46.4, 51.6, 51.7, 52.1,90.2, 112.8, 118.1,
126.1, 126.9, 127.0, 127.16, 127.19, 128.49, 128.55, 128.6, 128.82, 128.83, 129.0,
129.1, 129.5, 129.6, 129.7, 140.0, 141.50, 141.53, 141.58, 141.61, 141.65, 141.70,
142.1, 174.2. IR (ATR): 700, 1450, 1490 cm™'. HRMS (FAB) m/z: [M-SbFs]* Calcd for
Cs1Hs1N2!%Pd: 797.3082; Found: 797.3090. Anal. Calcd for CsiHsi1FsN2PdSb: C, 59.23;
H, 4.97; N, 2.71. Found: C, 59.36; H, 4.82; N, 2.74.
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2.4. Crystal data of Pd-NHC complexes.

Allylchloro{4,5-dimethyl-3-]2,6-bis(diphenylmethyl)-4-methylphenyl]-1-(2,4,6-trimethyl-
benzyl)imidazol-2-ylidene}palladium(II) (C1)

#1606a

C51H51CINpPd (M, = 833.83)
orthorhombic

a=10.5786(10) A
b=17.4231(17) A
c=22.099(2) A
a=pB=y=90°

V =4073.1(7) A®

Space Group: P212121 (#19)

Z value =4
Deaie = 1.360 g/cm’
R =0.0271

(Hydrogen atoms were omitted for clarity.)

Allyl{4,5-dimethyl-3-[2,6-bis(diphenylmethyl)-4-methylphenyl]-1-(2,4,6-trimethylbenzyl)-
imidazol-2-ylidene}palladium(II) hexafluoroantimonate (C2)

#1619b

C59HyeCloFgNoPdSb (M, = 1112.00)
monoclinic

a=14.091(2) A

b=12.527(2) A

c=27.256(4) A
a=7y=90°pB=92.1283)°

V =4807.9(12) A’

Space Group: P21/c (#14)

Z value =4

Deate = 1.536 g/em’®

R =0.0638

(Hydrogen atoms and a residual dichloromethane molecule were omitted for clarity. The central
carbon of allyl group was disordered and refined over two positions with occupancies of 0.75
and 0.25.)
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2.5. General procedure for palladium-catalyzed deuterodechlorination of aryl/heteroaryl
chlorides. Under argon atmosphere, a reaction tube was charged with ligand precursor L29
(13.7 mg, 0.02 mmol), [Pd(allyl)Cl], (1.83 mg, 0.005 mmol), and Cs,CO; (489 mg, 1.5 mmol).
After toluene (2.0 mL) was added, the mixture was stirred for 15 min at 80 °C and cooled to
room temperature. Then, aryl chloride 8b (219 mg, 1.0 mmol) and a-deuterioalcohol 7a (222
mg, 1.2 mmol) were added. The reaction mixture was stirred for 16 h at 90 °C and cooled to
room temperature. Water was added, and then the resulting mixture was extracted with CH>Cl,.
The combined organic layers were dried over MgSO,. Concentration and purification through

silica gel column chromatography gave desired product 9b.

1-Deuterio-3,5-dimethoxybenzene (9a).

D

MeO i OMe

Silica gel chromatography (hexane/ether = 100/1) gave 137 mg of the product (0.99 mmol, 99%
yield) as colorless oil. >99% D (D content was judged with the peak at 7.19 ppm (a deuterated
site) compared to the peak at 6.47 ppm by 'H-NMR). "H-NMR (500 MHz, CDCl;): & 3.80 (s,
6H), 6.47 (t, J = 2.4 Hz, 1H), 6.51-6.52 (m, 2H). *C-NMR (100 MHz, CDCl3): § 55.2 (CHs),
100.5 (CH), 106.1 (CH), 129.6 (t, Jc.o = 24.0 Hz, C), 160.9 (C). IR (ATR): 1200, 1430, 1600
cm’. HRMS (EI) m/z: (M") Calcd for CsHoDO,: 139.0744; Found: 139.0756.

1-Benzyloxy-4-deuteriobenzene (9b).

oy
BnO

Silica gel chromatography (hexane/ether = 100/1) gave 184 mg of the product (0.99 mmol, 99%
yield) as white solids of mp 38-39 °C. >99% D (D content was judged with the peak at
6.97-7.00 ppm (a deuterated site) compared to the peak at 5.07 ppm by 'H-NMR). 'H-NMR
(500 MHz, CDCl3): 6 5.07 (s, 2H), 6.97-7.00 (m, 2H), 7.28-7.34 (m, 3H), 7.37-7.40 (m, 2H),
7.44 (d, J = 7.6 Hz, 2H). *C-NMR (100 MHz, CDCl3): § 69.8 (CH>), 114.8 (CH), 120.7 (t, Jc-p
= 24.0 Hz, C), 127.5 (CH), 127.9 (CH), 128.6 (CH), 129.4 (CH), 137.1 (C), 158.9 (C). IR
(ATR): 1010, 1240, 1590 cm™. HRMS (EI) m/z: (M") Caled for Ci3Hy;DO: 185.0951; Found:
185.0938.

1-Benzyloxy-4-deuterio-3,5-dimethylbenzene (9c¢).
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Silica gel chromatography (hexane/ether = 100/1) gave 211 mg of the product (0.99 mmol, 99%
yield) as colorless oil. >99% D (D content was judged with the peak at 6.62 ppm (a deuterated
site) compared to the peak at 7.30-7.44 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl): § 2.29
(s, 6H), 5.03 (s, 2H), 6.62 (s, 2H), 7.32 (t,J = 7.2 Hz, 1H), 7.38 (t,J = 7.2 Hz, 2H), 7.43 (d, J =
7.2 Hz, 2H). *C-NMR (100 MHz, CDCl;): § 21.3 (CH3), 69.7 (CH,), 112.6 (CH), 122.4 (t, Jc-p
=23.2 Hz, C), 127.5 (CH), 127.8 (CH), 128.5 (CH), 137.3 (C), 139.1 (C), 159.0 (C). IR (ATR):
850, 1060, 1590 cm™. HRMS (EI) m/z: (M") Calcd for C;sH;sDO: 213.1264; Found: 213.1262.

(S)-(+)-2-[(3-Deuteriophenoxy)methyl]oxirane (9d).

o

Silica gel column chromatography (hexane/benzene = 1/1) gave 142 mg (0.94 mmol, 94%
yield) of the product as colorless oil. >99% D (D content was judged with the peak at 7.28-7.31
ppm (a deuterated site) compared to the peak at 4.31 ppm by 'H-NMR). [a]*'p +11.8 (C 1.58,
EtOH). 91% ee (HPLC: Daicel Chiralcel OD-H, hexane/i-PrOH = 9/1, 0.8 mL/min, 220 nm,
(s)-isomer 14.3 min and (R)-isomer 9.0 min). '"H-NMR (500 MHz, DMSO-de): & 2.71 (dd, J =
2.7, 5.1 Hz, 1H), 2.84 (dd, J = 4.3, 5.1 Hz, 1H), 3.31-3.34 (m, 1H), 3.82 (dd, J = 6.5, 11.4 Hz,
1H), 4.31 (dd, J = 2.7, 11.4 Hz, 1H), 6.94-6.97 (m, 3H), 7.28-7.31 (m, 1H). *C-NMR (100
MHz, CDCl;): 6 44.3 (CH>), 49.9 (CH), 68.5 (CH,), 114.4 (CH), 114.5 (CH), 121.0 (CH), 129.1
(t, Jep = 24.0 Hz, C), 129.4 (CH), 158.4 (C). IR (ATR): 790, 840, 1050, 1220, 1590 cm™.
HRMS (EI) m/z: (M) Calcd for CoHoDO,: 151.0744; Found: 151.0737.

2-[(2-Deuteriophenoxy)methyl]joxirane (9e).
D 0]

ond

Silica gel chromatography (hexane/benzene = 1/1) gave 140 mg of the product (0.93 mmol,
93% yield) as colorless oil. >99% D (D content was judged with the peak at 6.93-6.97 ppm (a
deuterated site) compared to the peak at 4.31 ppm by 'H-NMR). 'H-NMR (500 MHz,
DMSO-de): 6 2.71 (dd, J = 2.7, 5.1 Hz, 1H), 2.84 (t, J = 5.1 Hz, 1H), 3.31-3.37 (m, 1H), 3.82
(dd, Jcp = 6.3, 11.2 Hz, 1H), 4.31 (dd, J = 2.7, 11.2 Hz, 1H), 6.93-6.97 (m, 2H), 7.28-7.31 (m,
2H). “C-NMR (100 MHz, CDCl;): § 44.4 (CH,), 49.9 (CH), 68.5 (CH,), 114.2 (t, J = 24.2 Hz,
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C), 114.5 (CH), 121.1 (CH), 129.3 (CH), 129.4 (CH), 158.4 (C). IR (ATR): 760, 840, 1050,
1230, 1590 cm™. HRMS (EI) m/z: (M") Caled for CyHyDO»: 151.0744; Found: 151.0746.

1-Deuterio-2-nitrobenzene (9f).
D

Silica gel chromatography (hexane/benzene = 3/1) gave 121 mg of the product (0.98 mmol,
98% yield) as pale yellow oil. >99% D (D content was judged with the peak at 8.23-8.25 ppm (a
deuterated site) compared to the peak at 7.54-7.57 ppm by 'H-NMR). 'H-NMR (500 MHz,
CDCls): § 7.54-7.57 (m, 2H), 7.71 (dt, J = 1.0, 7.5 Hz, 1H), 8.23-8.25 (m, 1H). >*C-NMR (100
MHz, CDCl3): 8 123.2 (t, Je.po = 25.7 Hz, C), 123.5 (CH), 129.2 (CH), 129.3 (CH), 134.6 (CH),
148.2 (C). IR (ATR): 1340, 1520 cm™'. HRMS (EI) m/z: (M") Calcd for C¢HsDNO,: 124.0383;
Found: 124.0362.

(E)-4-(4-Deuteriophenyl)but-3-en-2-one (9g).
O

S

Silica gel chromatography (hexane/AcOEt = 10/1) gave 144 mg of the product (0.98 mmol,
98% yield) as pale yellow solids of mp 39-40 °C. >99% D (D content was judged with the peak
at 7.40 ppm (a deuterated site) compared to the peak at 6.73 ppm by 'H-NMR). 'H-NMR (500
MHz, CDCls): 6 2.39 (s, 3H), 6.73 (d, J = 16.4 Hz, 1H), 7.40 (d, J = 8.1 Hz, 2H), 7.52 (d, J =
16.4 Hz, 1H), 7.55 (d, J = 8.1 Hz, 2H). *C-NMR (100 MHz, CDCls): § 27.4 (CH3), 127.2 (CH),
128.3 (CH), 128.9 (CH), 130.2 (t, Jc-o = 24.0 Hz, C), 134.5 (C), 143.5 (CH), 198.5 (C). IR
(ATR): 990, 1190, 1680 cm”. HRMS (EI) m/z: (M) Calcd for CioHsDO: 147.0794; Found:
147.0771.

Butyl 4-deuteriobenzoate (9h).

0]

/©)J\On-8u
D

Silica gel chromatography (hexane/Benzene = 5/1) gave 168 mg of the product (0.94 mmol,
94% vyield) as colorless oil. >99% D (D content was judged with the peak at 7.55 ppm (a
deuterated site) compared to the peak at 7.45 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
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0.99 (t, J = 7.5 Hz, 3H), 1.45-1.52 (m, 2H), 1.73-1.79 (m, 2H), 4.33 (t, J = 6.5 Hz, 2H), 7.45 (d,
J = 8.0 Hz, 2H), 8.05 (d, J = 8.0 Hz, 2H). *C-NMR (100 MHz, CDCl;): & 13.6 (CH3), 19.1
(CH»), 30.6 (CH»), 64.7 (CH»), 128.1 (CH), 129.5 (CH), 130.5 (C), 132.4 (t, Jc-p = 24.8 Hz, C),
166.6 (C). IR (ATR): 1100, 1270, 1720, 2960 cm™. HRMS (EI) m/z: (M") Calcd for C;;H;3DO::
179.1057; Found: 179.1056.

4-Deuterio-N,N-dimethylbenzamide (9i).
O

/©)J\NMe2
D

Silica gel chromatography (benzene/AcOEt = 2/1) gave 149 mg of the product (0.99 mmol,
99% vyield) as colorless oil. >99% D (D content was judged with the peak at 7.04 ppm (a
deuterated site) compared to the peak at 7.32 ppm by 'H-NMR). 'H-NMR (500 MHz,
benzene-ds): 6 2.29 (brs, 3H), 2.76 (brs, 3H), 7.04 (d, J = 7.8 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H).
BC-NMR (100 MHz, CDCls): § 34.9 (CHs), 39.2 (CH3), 126.8 (CH), 128.0 (CH), 128.9 (t, Jc.p
= 24.8 Hz, C), 136.2 (C), 171.4 (C). IR (ATR): 860, 1080, 1620 cm™. HRMS (EI) m/z: (M")
Calcd for CoH10DNO: 150.0903; Found: 150.0906.

4-Deuterio-N,N-dibenzylbenzeneamine (9j).

N.
o
D

Silica gel chromatography (hexane/ benzene = 10/1) gave 263 mg of the product (0.96 mmol,
96% yield) as colorless oil. >99% D (D content was judged with the peak at 6.73-6.75 ppm (a
deuterated site) compared to the peak at 4.65 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
4.65 (s, 4H), 6.73-6.75 (m, 2H), 7.16 (d, J = 8.8 Hz, 2H), 7.23-7.26 (m, 6H), 7.31-7.34 (m, 4H).
BC-NMR (100 MHz, CDCl;): & 54.1 (CH,), 112.4 (CH), 116.5 (t, Jcp = 24.8 Hz, C), 126.6
(CH), 126.9 (CH), 128.6 (CH), 129.1 (CH), 138.6 (C), 149.2 (C). IR (ATR): 730, 1350, 1590
cm™'. HRMS (EI) m/z: (M") Calcd for CH;sDN: 274.1580; Found: 274.1576.

Isopropyl 3-deuteriophenyl sulfide (9k).
RO
Silica gel chromatography (hexane/i-Pr,O = 200/1) gave 126 mg of the product (0.82 mmol,
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82% yield) as colorless 0il. >99% D (D content was judged with the peak at 7.30-7.33 ppm (a
deuterated site) compared to the peak at 3.43 ppm by 'H-NMR). '"H-NMR (500 MHz, CD;CN):
8 1.26 (d, J = 6.5 Hz, 6H), 3.43 (septet, J = 6.5 Hz, 1H), 7.24 (dt, J = 1.0, 7.5 Hz, 1H),
7.30-7.33 (m, 1H), 7.38-7.40 (m, 2H). >*C-NMR (100 MHz, CDCl;): & 23.0 (CHs), 38.1 (CH),
126.6 (CH), 128.5 (t, Jc.o = 24.0 Hz, C), 128.8 (CH), 131.8 (CH), 131.9 (CH), 135.5 (C). IR
(ATR): 660, 1580, 2960 cm™. HRMS (EI) m/z: (M") Caled for CoHy;DS: 153.0722; Found:
153.0726.

3-Deuteriobenzoic acid (91).

Deuterated product 91 was directly converted into allyl 3-deuteriobenzoate (91’) for purification.

(0] 0]
D\©)J\OH D\©)‘\O/v/
9l 9

The allylation of 3-deuteriobenzoic acid (91) was carried out according to the reported pro-
cedure.!" To the reaction mixture was added water, and the mixture was acidified with 10% HCI.
The resulting mixture was extracted with CH,Cl,. The combined organic layers were dried over
MgSO,4 and concentrated to give the crude product. The solution of crude product in THF (1
mL) was added to the mixture of N-BusNHSO4 (20 mg, 0.05 mnol) and KF (290 mg, 5.0 mmol)
in THF (1 mL). Subsequently, allyl bromide (133 mg, 1.1 mmol) was added, and then the
reaction mixture was stirred at room temperature for 3 h. After water was added, the resulting
mixture was extracted with i-Pr,O. The combined organic layers were dried over Na,SOa.
Concentration and purification through silica gel column chromatography (hexane/benzene =
5/1) gave 131 mg of allyl 3-deuteriobenzoate (91’) (0.80 mmol, 80% yield) as a colorless oil.
>99% D (D content was judged with the peak at 7.43-7.46 ppm (a deuterated site) compared to
the peak at 4.83 ppm by 'H-NMR). '"H-NMR (500 MHz, CDCl3): § 4.83 (dt, J = 1.0, 5.6 Hz,
2H), 5.29 (dd, J = 1.0, 10.5 Hz, 1H), 5.42 (dd, J = 1.5, 17.3 Hz, 1H), 6.01-6.09 (m, 1H),
7.43-7.46 (m, 1H), 7.56 (d, J = 7.5 Hz, 1H), 8.06-8.08 (m, 2H). >*C-NMR (100 MHz, CDCl;): &
65.4 (CH»), 118.2 (CH>), 128.1 (t, Jc.o = 24.8 Hz, C), 128.4 (CH), 129.5 (CH), 129.6 (CH),
130.2 (C), 132.3 (CH), 132.9 (CH), 166.3 (C). IR (ATR): 640, 1090, 1110, 1250, 1430, 1720,
3080 cm™. HRMS (EI) m/z: (M") Calcd for C10HoDO,: 163.0744; Found: 163.0747.

3-Deuterio-N-methylbenzamide (9m).

Silica gel chromatography (Benzene/AcOEt = 3/1) gave 135 mg of the product (0.99 mmol,
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99% yield) as white solids of mp 74-75 °C. >99% D (D content was judged with the peak at
7.42-7.50 ppm (a deuterated site) compared to the peak at 7.75-7.77 ppm by 'H-NMR).
'H-NMR (500 MHz, CDCl): § 3.03 (d, J = 4.8 Hz, 3H), 7.43 (dd, J = 7.5, 8.2 Hz, 1H), 7.49 (d,
J = 7.5 Hz, 1H), 7.75-7.77 (m, 2H). *C-NMR (100 MHz, CDCls): & 26.5 (CH3), 126.8 (CH),
126.9 (CH), 128.0 (t, Jc.o = 24.8 Hz, C), 128.2 (CH), 131.0 (CH), 134.4 (C), 168.5 (C). IR
(ATR): 690, 1550, 1630, 2930, 3320 cm’. HRMS (EI) m/z: (M") Calcd for CsHsDNO:
136.0747; Found: 136.0749.

1-Benzyloxy-2,4-dideuteriobenzene (9n).
bR

BnO

Silica gel chromatography (hexane/benzene = 50/1) gave 177 mg of the product (0.95 mmol,
95% yield) as colorless solids of mp 33-34 °C. >99% D (D content was judged with the peak at
6.98 ppm (deuterated sites) compared to the peak at 5.07 ppm by 'H-NMR). '"H-NMR (500
MHz, CDCls): 8 5.07 (s, 2H), 6.98 (d, J = 8.5 Hz, 1H), 7.29-7.34 (m, 3H), 7.37-7.40 (m, 2H),
7.43-7.45 (m, 2H). *C-NMR (100 MHz, CDCl3): § 69.8 (CH»), 114.5 (t, J = 24.8 Hz, C), 114.9
(CH), 120.7 (t, Jco = 24.8 Hz, C), 127.5 (CH), 127.9 (CH), 128.6 (CH), 129.3 (CH), 129.4

(CH), 137.1 (C), 158.8 (C). IR (ATR): 1010, 1050, 1230, 1580 cm™. HRMS (EI) m/z: (M")
Calcd for C13H10D,0: 186.1014; Found: 186.1016.

2-Benzyloxy-4-deuteriopyridine (11a).

Silica gel chromatography (hexane/benzene = 1/1.5) gave 185 mg of the product (0.99 mmol,
99% vyield) as colorless oil. >99% D (D content was judged with the peak at 7.62 ppm (a
deuterated site) compared to the peak at 8.18 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
5.38 (s, 2H), 6.81 (s, 1H), 6.88 (d, J = 5.1 Hz, 1H), 7.32 (t, J = 7.3 Hz, 1H), 7.38 (t, J = 7.3 Hz,
2H), 7.46-7.48 (m, 2H), 8.18 (d, J = 5.1 Hz, 1H). *C-NMR (100 MHz, CDCl3): § 67.3 (CH>),
111.0 (CH), 116.6 (CH), 127.7 (CH), 127.8 (CH), 128.3 (CH), 137.3 (C), 138.2 (t, Jc-p = 24.8
Hz, C), 146.8 (CH), 163.5 (C). IR (ATR): 700, 990, 1220, 1560 cm”. HRMS (EI) m/z: (M")
Calcd for C12H10DNO: 186.0903; Found: 186.0902.

2-Benzyloxy-5-deuteriopyridine (11b).
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Silica gel chromatography (hexane/benzene = 1/1) gave 181 mg of the product (0.97 mmol,
97% vyield) as colorless oil. >99% D (D content was judged with the peak at 6.88 ppm (a
deuterated site) compared to the peak at 8.18 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
5.38 (s, 2H), 6.81 (dd, J = 1.5, 8.4 Hz, 1H), 7.30-7.33 (m, 1H), 7.36-7.39 (m, 2H), 7.46-7.48 (m,
2H), 7.58 (dd, J = 1.5, 8.4 Hz, 1H), 8.18 (d, J = 1.5 Hz 1H). ®C-NMR (100 MHz, CDCl;): §
67.3 (CHy), 111.2 (CH), 116.5 (t, Jc-o = 24.8 Hz, C), 127.7 (CH), 127.9 (CH), 128.3 (CH),
137.3 (C), 138.4 (CH), 146.7 (CH), 163.6 (C). IR (ATR): 740, 990, 1590 cm™. HRMS (EI) m/z:
(M") Calcd for C12H;oDNO: 186.0903; Found: 186.0899.

2-Benzyloxy-6-deuteriopyridine (11c).

Silica gel chromatography (hexane/benzene = 1.5/1) gave 185 mg of the product (0.99 mmol,
99% vyield) as colorless oil. >99% D (D content was judged with the peak at 8.18 ppm (a
deuterated site) compared to the peak at 6.88 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
5.38 (s, 2H), 6.81 (dd, J = 1.0, 8.3 Hz, 1H), 6.88 (d, J = 7.1 Hz, 1H), 7.30-7.33 (m, 1H),
7.36-7.39 (m, 2H), 7.46-7.48 (m, 2H), 7.58 (dd, Jcp = 7.1, 8.3 Hz 1H). "C-NMR (100 MHz,
CDCl3): 6 67.3 (CH»), 111.2 (CH), 116.7 (CH), 127.7 (CH), 127.9 (CH), 128.4 (CH), 137.4 (C),
138.5 (CH), 146.5 (t, J = 27.3 Hz, C), 163.6 (C). IR (ATR): 1250, 1590 cm™. HRMS (EI) m/z:
(M) Calcd for C12H;oDNO: 186.0903; Found: 186.0907.

2-(Dibenzylamino)-5-deuteriopyridine (11d).

!
N” “NBn,

Silica gel chromatography (hexane/benzene = 1.5/1) gave 254 mg of the product (0.92 mmol,
92% vyield) as colorless oil. >99% D (D content was judged with the peak at 6.58 ppm (a
deuterated site) compared to the peak at 7.38 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
4.80 (s, 4H), 6.46 (dd, Jc.o = 0.8, 8.5 Hz, 1H), 7.23-7.26 (m, 6H), 7.29-7.32 (m, 4H), 7.38 (dd, J
=2.0, 8.5 Hz, 1H), 8.20-8.21 (m, 1H). *C-NMR (100 MHz, CDCl;): § 50.8 (CH,), 105.7 (CH),
111.9 (t, J = 25.7 Hz, C), 126.9 (CH), 127.0 (CH), 128.5 (CH), 137.3 (CH), 138.4 (C), 148.0
(CH), 158.6 (C). IR (ATR): 1240, 1490, 1580 cm™. HRMS (EI) m/z: (M") Calcd for C9H;7DNa:
275.1533; Found: 275.1530.
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8-Deuterioquinoline (11e).

Silica gel chromatography (benzene/AcOEt = 10/1) gave 126 mg of the product (0.97 mmol,
97% vyield) as colorless oil. >99% D (D content was judged with the peak at 8.12 ppm (a
deuterated site) compared to the peak at 7.73 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
7.41 (dd,J=4.2,8.3 Hz, 1H), 7.56 (dd, J = 7.0, 8.1 Hz, 1H), 7.73 (d, J = 7.0 Hz, 1H), 7.83 (dd,
J=1.7,8.1 Hz, 1H), 8.17 (dd, J = 1.7, 8.3 Hz, 1H), 8.93 (dd, J = 1.7, 4.2 Hz, 1H). "C-NMR
(100 MHz, CDCls): 6 120.8 (CH), 126.2 (CH), 127.5 (CH), 128.0 (C), 128.9 (t, Jc.-p = 24.8 Hz,
C), 129.0 (CH), 135.7 (CH), 148.0 (C), 150.1 (CH). IR (ATR): 790, 1490 cm™. HRMS (EI) m/z:
(M") Calcd for CoHgDN: 130.0641; Found: 130.0645.

4-Deuterio-2-(trifluoromethyl)quinoline (11f).

Silica gel chromatography (hexane/benzene = 3/1) gave 192 mg of the product (0.97 mmol,
97% yield) as colorless solids of mp 53-54 °C. >99% D (D content was judged with the peak at
8.37 ppm (a deuterated site) compared to the peak at 7.92 ppm by 'H-NMR). 'H-NMR (500
MHz, CDCls): 6 7.67-7.70 (m, 1H), 7.75 (s, 1H), 7.82-7.85 (m, 1H), 7.92 (dd, J = 1.0, 8.5 Hz,
1H), 8.24 (d, J = 8.5 Hz, 1H). *C-NMR (100 MHz, CDCl5): § 116.5 (q, J = 2.5 Hz, CH), 121.6
(q,J =275.6 Hz, C), 127.6 (CH), 128.5 (CH), 128.7 (C), 130.0 (CH), 130.8 (CH), 137.7 (t, Jc-p
= 24.8 Hz, C), 147.1 (C), 147.9 (q, J = 34.8 Hz, C). IR (ATR): 770, 1120, 1200 cm”'. HRMS
(EI) m/z: (M") Calcd for C1oHsDF3N: 198.0515; Found: 198.0505.

2-Deuterio-1-methyl-1H-indole (11g).

L
N

Me
Silica gel chromatography (hexane/benzene = 10/1) gave 128 mg of the product (0.97 mmol,
97% vyield) as colorless oil. >99% D (D content was judged with the peak at 7.31 ppm (a
deuterated site) compared to the peak at 7.53 ppm by 'H-NMR). 'H-NMR (500 MHz,
DMSO-ds): 6 3.78 (s, 3H), 6.40 (d, J = 0.7 Hz, 1H), 7.00-7.03 (m, 1H), 7.12-7.15 (m, 1H). 7.42
(dd, J=0.7, 8.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H). *C-NMR (100 MHz, CDCls): § 32.4 (CHs),
100.6 (CH), 109.1 (CH), 119.2 (CH), 120.8 (CH), 121.4 (CH), 128.4 (C), 128.5 (t, Jc-p = 27.3

84



Hz, C), 136.6 (C). IR (ATR): 730, 1230, 1470 cm™'. HRMS (EI) m/z: (M") Calcd for CoHsDN:
132.0798; Found: 132.0801.

5-Butyl-2-deuteriobenzofuran (11h).

n-Bu
wD
(0]

Silica gel chromatography (hexane/i-Pr,O = 400/1) gave 164 mg of the product (0.94 mmol,
94% vyield) as colorless oil. >99% D (D content was judged with the peak at 7.58 ppm (a
deuterated site) compared to the peak at 7.39-7.41 ppm by 'H-NMR). 'H-NMR (500 MHz,
CDCl): 6 0.93 (t, J = 7.5 Hz, 3H), 1.33-1.41 (m, 2H), 1.60-1.66 (m, 2H), 2.70 (t, J = 7.5 Hz,
2H), 6.70 (d, J = 0.8 Hz, 1H), 7.11 (dd, J = 1.5, 8.3 Hz, 1H), 7.39 (s, 1H), 7.40 (d, J = 8.3 Hz,
1H). ®C-NMR (100 MHz, CDCl;): § 13.9 (CHs), 22.2 (CH>), 34.2 (CH), 35.5 (CHa), 106.2
(CH), 110.9 (CH), 120.4 (CH), 125.0 (CH), 127.5 (C), 137.3 (C), 144.7 (t, Jc-o = 30.6 Hz, C),
153.5 (C). IR (ATR): 810, 1030, 1450 cm”. HRMS (EI) m/z: (M) Calcd for C;2H;3DO:
175.1107; Found: 175.1107.

2-Deuterio-3-n-hexylthiophene (5i).

/\/\/jf\>

D~ S
Silica gel chromatography (hexane/i-Pr,O = 200/1) gave 163 mg of the product (0.96 mmol,
96% vyield) as colorless oil. >99% D (D content was judged with the peak at 6.93 ppm (a
deuterated site) compared to the peak at 0.88 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
0.88 (t, J = 6.5 Hz, 3H), 1.30-1.35 (m, 6H), 1.62 (quintet, J = 7.5 Hz, 2H), 2.62 (t, J = 7.5 Hz,
2H), 6.93 (d, J = 4.8 Hz, 1H), 7.23 (d, J = 4.8 Hz, 1H). “C-NMR (100 MHz, CDCl;): § 14.0
(CH3), 22.5 (CH>), 29.0 (CH>), 30.2 (CH>), 30.5 (CHa»), 31.6 (CHy), 119.6 (t, Jc.o = 27.3 Hz, C),
124.9 (CH), 128.3 (CH), 143.1 (C). IR (ATR): 720, 830, 1460 cm™. HRMS (EI) m/z: (M") Caled
for CioHsDS: 169.1035; Found: 169.1039.

2-Deuteriobenzothiophene (11j).

LI
S

This reaction was conducted at 100 °C. Silica gel chromatography (hexane/benzene = 400/1)
gave 122 mg of the product (0.90 mmol, 90% yield) as colorless oil. >99% D (D content was
judged with the peak at 7.44 ppm (a deuterated site) compared to the peak at 7.82-7.90 ppm by
'H-NMR). 'H-NMR (500 MHz, CDCl;): 7.32-7.38 (m, 3H), 7.83 (dd, J = 1.8, 7.0 Hz, 1H),
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7.88-7.90 (m, 1H). PC-NMR (100 MHz, CDCl3): 122.5 (CH), 123.6 (CH), 123.7 (CH), 124.17
(CH), 124.21 (CH), 126.1 (t, Jc.o = 28.1 Hz, C), 139.6 (C), 139.7 (C). IR (ATR): cm™ 730, 840,
1450, 2920. HRMS (EI) m/z: (M") Calcd for CsHsDS: 135.0253; Found: 135.0254.

3-Deuteriobenzothiophene (11k).
D

Yy

Silica gel chromatography (hexane/benzene = 400/1) gave 125 mg of the product (0.93 mmol,
93% vyield) as colorless o0il. 99% D (D content was judged with the peak at 6.96 ppm (a
deuterated site) compared to the peak at 7.55-7.59 ppm by 'H-NMR). 'H-NMR (500 MHz,
benzene-dq): 6.91 (s, 1H), 7.04-7.07 (m, 1H), 7.12-7.15 (m, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.58
(d, J = 8.0 Hz, 1H). >C-NMR (100 MHz, CDCl;): 122.5 (CH), 123.58 (CH), 123.62 (t, Jcp =
25.7 Hz, C), 124.1 (CH), 124.2 (CH), 126.2 (CH), 139.5 (C), 139.7 (C). IR (ATR): cm™ 720,
860, 1460, 2920. HRMS (EI) m/z: (M") Calcd for CsHsDS: 135.0253; Found: 135.0252.

2-Deuterio-4,6-dimethoxypyrimidine (111).

D
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Silica gel chromatography (hexane/AcOEt = 15/1) gave 101 mg of the product (0.72 mmol,
72% vyield) as colorless oil. >99% D (D content was judged with the peak at 8.46 ppm (a
deuterated site) compared to the peak at 6.06 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
3.95 (s, 6H), 6.06 (s, 1H). *C-NMR (100 MHz, CDCl;): & 53.9 (CH3), 90.3 (CH), 157.2 (t, Jcp
= 31.0 Hz, C), 171.3. (C). IR (ATR): 700, 1190, 1260, 1590 cm™. HRMS (EI) m/z: (M") Calcd
for CsH7DN>O»: 141.0649; Found: 141.0645.

4-Deuteriocinnoline (11m).

D
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Silica gel chromatography (benzene/AcOEt = 4/1) gave 113 mg of the product (0.86 mmol, 86%
yield) as pale yellpw oil. >99% D (D content was judged with the peak at 8.24 ppm (a
deuterated site) compared to the peak at 9.40 ppm by 'H-NMR). 'H-NMR (500 MHz,
DMSO-dg): & 7.88-7.91 (m, 1H), 7.96-8.00 (m, 1H), 8.10 (dd, J = 0.7, 8.5 Hz, 1H), 8.48 (dd, J =
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0.7, 8.5 Hz, 1H), 9.40 (s, 1H). *C-NMR (100 MHz, CDCl3): § 122.0, (t, Jcp = 25.7 Hz, C),
125.6 (C), 126.4 (CH), 129.5 (CH), 130.4 (CH), 130.9 (CH), 144.8 (CH), 150.6 (C). IR (ATR):
770, 1140, 1570 cm™. HRMS (EI) m/z: (M") Calcd for CsHsDN,: 131.0594; Found: 131.0597.

5-Deuterio-2-methylbenzo[d]thiazole (11n).

D N
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This reaction was conducted with the catalyst (3 mol%) at 100 °C in the presence of Cs,COs (2
equiv). Silica gel chromatography (benzene/i-Pr,O = 20/1) gave 137 mg of the product (0.91
mmol, 91% yield) as colorless oil. >99% D (D content was judged with the peak at 7.48 ppm (a
deuterated site) compared to the peak at 7.39 ppm by 'H-NMR). 'H-NMR (500 MHz,
DMSO-ds): 6 2.80 (s, 3H), 7.39 (d, J = 8.0 Hz, 1H), 7.91 (s, 1H), 8.03 (dd, J = 0.5, 8.0 Hz, 1H).
BC-NMR (100 MHz, CDCl;): & 19.8 (CH3), 121.2 (CH), 122.1 (CH), 124.4 (CH), 125.5 (t, Jcp
= 24.8 Hz, C), 135.5 (C), 153.2 (C), 166.8 (C). IR (ATR): 1170, 1520 cm™. HRMS (EI) m/z:
(M") Calcd for CsHgDNS: 150.0362; Found: 150.0365.

6-Deuterioimidazo[1,2-a]pyridine (110).

Silica gel chromatography (AcOEt and AcOEt/MeOH = 10/1) gave 118 mg of the product (0.99
mmol, 99% yield) as pale yellow oil. >99% D (D content was judged with the peak at 6.78 ppm
(a deuterated site) compared to the peak at 8.14 ppm by 'H-NMR). 'H-NMR (500 MHz,
CDCl3): 7.17 (d, 3 = 9.1 Hz, 1H), 7.58-7.60 (m, 1H), 7.62-7.64 (m, 2H), 8.14 (s, 1H). *C-NMR
(100 MHz, CDCl3): 111.6 (t, Jc.o = 25.7 Hz, C), 112.0 (CH), 117.3 (CH), 123.9 (CH), 125.4
(CH), 133.0 (CH), 145.0 (C). IR (ATR): 710, 1130, 1500, 1630 cm™. HRMS (EI) m/z: (M")
Calcd for C;HsDN»: 119.0594; Found: 119.0594

1-Butyl-6-deuterio-3-phenyl-1H-pyrrolo[2,3-b]pyridine (11p).

Ph
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Silica gel chromatography (hexane/benzene = 1/1) gave 238 mg of the product (0.95 mmol,
95% yield) as pale yellow oil. >99% D (D content was judged with the peak at 8.37 ppm (a
deuterated site) compared to the peak at 8.22 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;): §
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0.96 (t, J = 7.4 Hz, 3H), 1.37-1.44 (m, 2H), 1.88-1.94 (m, 2H), 4.35 (t, J = 7.4 Hz, 2H), 7.12 (d,
J=17.9 Hz, 1H), 7.27-7.30 (m, 1H), 7.43-7.46 (m, 3H), 7.64 (dd, J = 1.2, 8.3 Hz, 2H), 8.22 (d, J
= 7.9 Hz, 1H). *C-NMR (100 MHz, CDCl): § 13.6 (CHs), 20.0 (CHa), 32.3 (CH), 44.2 (CH,),
114.8 (C), 115.8 (CH), 118.6 (C), 125.1 (CH), 126.0 (CH), 126.9 (CH), 128.0 (CH), 128.9 (CH),
135.1 (C), 142.7 (t, Jep = 27.3 Hz, C), 148.0 (C). IR (ATR): 750, 760, 1430, 1540, 1600 cm".
HRMS (EI) m/z: (M") Caled for Ci7H;7DN,: 251.1533; Found: 251.1532.

5-Deuterio-2-phenyloxazolo[5,4-b]pyridine (11q).

AN
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Silica gel chromatography (hexane/Et,O = 5/1) gave 146 mg of the product (0.74 mmol, 74%
yield) as white solids of mp 97-98 °C. >99% D (D content was judged with the peak at 8.36
ppm (a deuterated site) compared to the peak at 8.08 ppm by 'H-NMR). 'H-NMR (500 MHz,
CDCl3): 6 7.36 (d, J = 7.8 Hz 1H), 7.54-7.61 (m, 3H), 8.08 (d, J = 7.8 Hz, 1H), 8.29-8.32 (m,
2H). "C-NMR (100 MHz, CDCl3): § 120.7 (CH), 126.4 (C), 127.7 (CH), 128.1 (CH), 128.9
(CH), 132.1 (CH), 133.8 (C), 144.2 (t, Jc.o = 28.1 Hz, C), 159.7 (C), 163.0 (C). IR (ATR): 680,
1540, 1600, 1610 cm™. HRMS (EI) m/z: (M") Caled for C;,H;DN,O: 197.0699; Found:
197.0701.

4,7-Dideuterioquinoline (11r).

Silica gel chromatography (benzene/AcOEt = 10/1) gave 127 mg of the product (0.97 mmol,
97% yield) as colorless oil. >99% D (D content was judged with the peaks at 7.73 and 8.17 ppm
(deuterated sites) compared to the peak at 8.12 ppm by 'H-NMR). 'H-NMR (500 MHz, CDCl;):
87.41(d,J=4.2Hz 1H), 7.56 (d,J = 8.2 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 8.12 (s, 1H), 8.93
(d, J=4.2 Hz 1H). C-NMR (100 MHz, CDCl5): & 120.8 (CH), 126.3 (CH), 127.6 (CH), 128.1
(C), 129.0 (t, Jc.p = 24.8 Hz, C), 129.2 (CH), 135.6 (t, J = 24.8 Hz, C), 148.2 (C), 150.3 (CH).
IR (ATR): 710, 1490, 1560 cm™. HRMS (EI) m/z: (M") Caled for CoHsD,N: 131.0704; Found:
131.0707.

(8R,9S5,135,145)-3-Benzyloxy-2-deuterio-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-deca
hydro-6H-cyclopentala]phenanthren (13a).
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This reaction was conducted in 0.5 mmol scale. Silica gel chromatography (hexane/i-Pr,O =
3/1) gave 167 mg of the product (0.46 mmol, 92% yield) as white solids of mp 126-127 °C.
>99% D (D content was judged with the peak at 6.79 ppm (a deuterated site) compared to the
peak at 6.74 ppm by '"H-NMR). "H-NMR (500 MHz, CDCl;): § 0.91 (s, 3H), 1.40-1.67 (m, 6H),
1.94-2.08 (m, 3H), 2.11-2.18 (m, 1H), 2.23-2.28 (m, 1H), 2.38-2.42 (m, 1H), 2.48-2.53 (m, 1H),
2.88-2.92 (m, 2H), 5.04 (s, 2H), 6.74 (s, 1H), 7.20 (s, 1H), 7.30-7.33 (m, 1H), 7.37-7.44 (m, 4H).
BC-NMR (100 MHz, CDCls): § 13.7 (CH3), 21.4 (CH,), 25.8 (CH,), 26.4 (CH,), 29.5 (CH,),
31.4 (CH»), 35.7 (CH>), 38.2 (CH), 43.8 (CH), 47.9 (C), 50.3 (CH), 69.8 (CH>), 112.0 (t, Jc.0 =
24.0 Hz, C), 114.9 (CH), 126.2 (CH), 127.4 (CH), 127.8 (CH), 128.5 (CH), 132.3 (C), 137.2
(C),137.8 (C), 156.8 (C), 220.9 (C). IR (ATR): 700, 1020, 1220, 1490, 1730 cm™. HRMS (EI)
m/z: (M") Caled for CosH27DO2: 361.2152; Found: 361.2157.

(2S,6'R)-7-Deuterio-2',4,6-trimethoxy-6'-methyl-3H-spiro[1-benzofuran-2,1'-cyclohexan]-2
'-ene-3,4'-dione (13b).

Silica gel chromatography (hexane/AcoEt = 1/1) gave 304 mg of the product (0.95 mmol, 95%
yield) as white solids of mp 180-181 °C. [a]'"p +358.2 (¢ 1.00, acetone). 97% D (D content was
judged with the peak at 6.23 ppm (a deuterated site) compared to the peak at 5.54 ppm by
'H-NMR). 'H-NMR (500 MHz, CDCl): 6 0.98 (d, J = 6.7 Hz, 3H), 2.42 (dd, J = 4.8, 16.8 Hz,
1H), 2.73-2.80 (m, 1H), 3.08 (dd, J=13.5, 16.8 Hz, 1H), 3.64 (s, 3H), 3.91 (s, 3H), 3.92 (s, 3H),
5.55 (s, 1H), 6.06 (s, 1H). >*C-NMR (100 MHz, CDCls): § 14.0 (CHs), 36.3 (CH), 39.8 (CH>),
55.88 (CHs), 55.90 (CH3), 56.4 (CH3), 88.2 (t, Jc.o = 25.7 Hz, C), 89.7 (C), 93.2 (CH), 104.1
(C), 104.5 (CH), 159.0 (C), 170.3 (C), 171.3 (C), 175.9 (C), 192.4 (C), 197.2 (C). IR (ATR):
810, 1210, 1610 cm™. HRMS (EI) m/z: (M") Calcd for C17H;7DOg: 319.1166; Found: 319.1161.

4-[4-(4-Deuteriophenyl)-4-hydroxypiperidino]-4'-fluorobutyrophenone (13c).
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Silica gel chromatography (CH,Cl,/MeOH= 10/1) gave 322 mg of the product (0.94 mmol, 94%
yield) as white solids of mp 136-137 °C. >99% D (D content was judged with the peak at
7.21-7.25 ppm (a deuterated site) compared to the peak at 7.30-7.39 ppm by 'H-NMR).
'H-NMR (500 MHz, CD;CN): § 1.50-1.55 (m, 2H), 1.79 (dt, J = 4.5, 12.6 Hz, 2H), 1.88-1.94
(m, 3H), 2.34 (dt, J = 2.6, 12.6 Hz, 2H), 2.40 (t, J = 6.8 Hz, 2H), 2.64 (m, 2H), 2.97 (t, J = 6.8
Hz, 2H), 7.21-7.25 (m, 2H), 7.31 (d, J = 8.4 Hz, 1H), 7.37-7.39 (m, 2H), 8.05-8.09 (m, 2H).
BC-NMR (100 MHz, CDCls): & 21.8 (CH,), 36.2 (CHa), 38.3 (CHy), 49.3 (CH»), 57.8 (CH»),
71.1 (C), 115.6 (d, Jcr = 21.5 Hz, CH), 124.5 (CH), 126.6 (t, Jc.o = 24.0 Hz, C), 128.1 (CH),
130.7 (d, Jcr = 9.1 Hz, CH), 133.7 (d, Jc.r = 3.3 Hz, C), 148.5 (C), 165.6 (d, Jcr = 254.1 Hz,
C), 198.5 (C). IR (ATR): 830, 1200, 1600, 1680, 3180 cm™. HRMS (EI) m/z: (M") Calcd for
C21H23DFNO;: 342.1854; Found: 342.1843.

2-Deuterio-10-[3-(dimethylamino)-1-propyl]phenothiazine (13d).
//\/NMez
D N
T

This reaction was conducted with chlorpromazine hydrochloride as a substrate. Silica gel chro-
matography (AcOEt/Ets:N = 60/1) gave 258 mg of the product (0.90 mmol, 90% yield) as brown
oil. >99% D (D content was judged with the peak at 7.14-7.22 ppm (a deuterated site) compared
to the peak at 3.90 ppm by '"H-NMR). 'H-NMR (500 MHz, DMSO-ds): & 1.79 (quintet, J = 6.9
Hz, 2H), 2.08 (s, 6H), 2.30 (t, J = 6.9 Hz, 2H), 3.90 (t, J = 6.9 Hz, 2H), 6.92-6.95 (m, 2H),
7.02-7.03 (m, 2H), 7.15 (d, J = 7.6 Hz, 2H), 7.18-7.22 (m, 1H). *C-NMR (100 MHz, CDCl5): &
25.0 (CHy), 45.1 (CH»), 45.4 (CH3), 56.9 (CH»), 115.3 (CH), 115.4 (CH), 122.1 (CH), 122.2
(CH), 124.9 (C), 126.8 (t, Jc.o = 24.0 Hz, C), 127.1 (CH), 127.3 (CH), 145.1 (C). IR (ATR):

740, 1220, 1240, 1450 cm™. HRMS (EI) m/z: (M") Calcd for Ci7H19DN,S: 285.1410; Found:
285.1417.

7-Deuterio-4-[4-(diethylamino)-1-methylbutylamino]quinoline (13e).
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Silica gel chromatography (CH>Cl,/MeOH= 9/1 and CH,Cl,/MeOH/Et:N= 10/1/0.1) gave 281
mg of the product (0.98 mmol, 98% yield) as pale yellow solids of mp 69-70 °C. >99% D (D
content was judged with the peak at 7.61 ppm (a deuterated site) compared to the peak at 7.41
ppm by 'H-NMR). '"H-NMR (500 MHz, CDCls): § 1.01 (t, J = 7.0 Hz, 6H), 1.33 (d, J = 6.5 Hz,
3H), 1.58-1.78 (m, 4H), 2.45 (t, J = 7.0 Hz, 2H), 2.53 (q, J = 7.0 Hz, 4H), 3.70-3.77 (m, 1H),
5.10 (d, J=7.0 Hz, 1H), 6.44 (d, J = 5.5 Hz, 1H), 7.41 (dd, J = 1.0, 8.5 Hz, 1H), 7.72 (d, J = 8.5
Hz, 1H), 7.97 (s, 1H), 8.54 (d, J = 5.5 Hz, 1H). *C-NMR (100 MHz, CDCl;): § 11.0 (CHs),
19.6 (CH3), 23.3 (CH>), 33.9 (CH,), 46.2 (CH»), 47.7 (CH), 52.1 (CH), 98.4 (CH), 118.6 (C),
119.7 (CH), 123.7 (CH), 128.1 (t, Jc.o = 22.4 Hz, C), 129.1 (CH), 148.3 (C), 148.9 (C), 150.5
(CH). IR (ATR): 1150, 1330, 1540, 1570, 3250 cm’. HRMS (EI) m/z: (M) Caled for
CisH26sDN3: 286.2268; Found: 286.2265.

2.6. Synthesis of aryl/heteroaryl chlorides

1-Benzyloxy-4-chlorobenzene (8b).

or
BnO

This aryl chloride was prepared based on the previous report.'? To a mixture of K,COj3 (885 mg,
6.4 mmol) and 4-chlorophenol (1.23 g, 9.6 mmol) in dry acetone (6.0 mL) was added benzyl
bromide (547 mg, 3.2 mmol) followed by heating to 50 °C overnight. The reaction mixture was
then poured into 2 M NaOH solution and extracted with AcOEt. The organic extracts were dried
over MgSO4. Concentration and purification through silica gel chromatography (hexane/AcOEt
= 10/1) gave 698 mg of the product (3.2 mmol, 99% yield) as white solids of mp 66-67 °C.
'H-NMR (500 MHz, CDCl;): & 5.04 (s, 2H), 6.89-6.91 (m, 2H), 7.22-7.26 (m, 2H), 7.32-7.35
(m. 1H), 7.37-7.42 (m. 4H). *C-NMR (100 MHz, CDCl;): § 70.2 (CH,), 116.2 (CH), 125.8 (C),
127.5 (CH), 128.1 (CH), 128.7 (CH), 129.4 (CH), 136.6 (C), 157.4 (C). IR (ATR): 830, 1040,
1240, 1490, 1580 cm™. HRMS (EI) m/z: (M") Caled for Ci3H;;*ClO: 218.0498; Found:
218.0489.

1-Benzyloxy-4-chloro-3,5-dimethylbenzene (8d).
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This aryl chloride was prepared from benzyl bromide (6.4 mmol) with the same procedure as 2b.
Silica gel chromatography (hexane/AcOEt = 10/1) gave 1.58 g of the product (6.4 mmol, 99%
yield) as white solids of mp 52-53 °C. 'H-NMR (500 MHz, CDCls): § 2.34 (s, 6H), 5.01 (s, 2H),
6.72 (s, 2H), 7.31-7.34 (m, 1H), 7.37-7.42 (m, 4H). C-NMR (100 MHz, CDCl;): & 20.8 (CH3),
69.9 (CH»), 114.8 (CH), 126.5 (C), 127.4 (CH), 127.9 (CH), 128.6 (CH), 136.9 (C), 137.1 (C),
156.7 (C). IR (ATR): 700, 750, 850, 1030, 1160, 1590 cm™. HRMS (EI) m/z: (M") Calcd for
CisHi5*°ClO: 246.0811; Found: 246.0808.

(S)-(+)-2-[(3-Chlorophenoxy)methyl]oxirane (8f).
O

C|\(>/o\/A

This aryl chloride was prepared based on the previous report."* A solution of 3-chlorophenol
(1.13 g, 8.8 mmol) in dry DMF (7.4 mL) was added to a suspension of NaH (60% in mineral oil,
420 mg, 10.5 mmol) in dry DMF (29 mL) slowly at room temperature. Within a period of 10
minutes, the turbid mixture became a clear solution. After this clear solution was stirred for 30
min, a solution of (2S)-(+)-glycidyl tosylate (1.83 g, 8.0 mmol) in dry DMF (5.4 mL) was added
slowly. The resulting mixture was stirred for 15 h at room temperature and quenched with
saturated NH4Cl. The two-phase mixture was diluted with water and extracted with i-Pr,O. The
combined organic extracts were washed with saturated NaHCO3 and brine, and then dried over
Na,SO4. Concentration and purification through silica gel column chromatography (hexane/ben-
zene = 1/1) gave 1.00 g (5.4 mmol, 68% yield) of the product as colorless oil. [a]*’p +11.8 (C
9.41, EtOH). 91% ee (HPLC: Daicel Chiralcel OD-H, hexane/i-PrOH = 200/1, 1.0 mL/min, 254
nm, (S)-isomer 17.3 min and (R)-isomer 15.3 min). "H-NMR (500 MHz, CDCl;): § 2.76 (dd, J
=3.0,4.8 Hz, 1H), 2.92 (dd, J = 4.2, 4.8 Hz, 1H), 3.33-3.36 (m, 1H), 3.93 (dd, J = 5.8, 11.0 Hz,
1H), 4.23 (dd, J = 3.0, 11.0 Hz, 1H), 6.82 (ddd, J = 0.8, 2.0, 8.3 Hz, 1H), 6.93 (t, J = 2.0 Hz,
1H), 6.96 (ddd, J = 0.8, 2.0, 8.0 Hz, 1H), 7.20 (dd, J = 8.0, 8.3 Hz, 1H). *C- NMR (100 MHz,
CDCl): 6 44.4 (CH»), 49.8 (CH), 68.9 (CH>), 113.1 (CH), 115.0 (CH), 121.4 (CH), 130.3 (CH),
134.8 (C), 159.2 (C). IR (ATR): 770, 1070 1280, 1590 cm™. HRMS (EI) m/z: (M") Calcd for
CoHo™Cl02: 184.0291; Found: 184.0289.

2-[(2-Chlorophenoxy)methyl]oxirane (8e).
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This aryl chloride was prepared based on the previous report.'* To a solution of 2-chlorophenol
(1.03 g, 8 mmol) in dry acetone (21 mL) were added K,COs (3.31 g, 23.9 mmol) and epi-
chlorohydrin (2.96 g, 31.9 mmol). The reaction mixture was refluxed for 24 h. Additional epi-
chlorohydrin (2.96 g, 31.9 mmol) was added and the solution was refluxed for 24 h. The
mixture was cooled to room temperature, and the solids were filtered off. The solvent was
removed under reduced pressure and the resulting oil was taken up in toluene (20 mL). The
organic layer was washed with H,O, 1 M NaOH solution, and H,O. The organic layer was dried
over Na,SQOqs. Silica gel chromatography (hexane/AcOEt = 10/1) gave 1.40 g of the product (7.6
mmol, 95% yield) as colorless oil. 'H-NMR (500 MHz, CDCls): § 2.83 (dd, J = 3.1, 5.0 Hz, 1H),
2.92 (t, J = 5.0 Hz, 1H), 3.39-3.42 (m, 1H), 4.07 (dd, J = 5.3, 11.3 Hz, 1H), 4.30 (dd, J = 3.1,
11.3 Hz, 1H), 6.93 (dt, J = 1.5, 8.0 Hz, 1H), 6.97 (dd, J = 1.5, 8.0 Hz, 1H), 7.19-7.23 (m, 1H),
7.37 (dd, J = 1.5, 8.0 Hz, 1H). "C-NMR (100 MHz, CDCls): § 44.4 (CH,), 49.9 (CH), 69.5
(CH,), 114.0 (CH), 122.0 (CH), 123.1 (C), 127.7 (CH), 130.3 (CH), 154.0 (C). IR (ATR): 740,
1060, 1280, 1590 cm”. HRMS (EI) m/z: (M") Caled for CoHo™ClO,: 184.0291; Found:
184.0294.

|Butyl 4-chlorobenzoate (8h).

0]
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This aryl chloride was prepared based on the previous report.'> To a solution of 4-chlorobenzoyl
chloride (1.31 g, 7.5 mmol) in dry THF (24 mL) was added butanol (838 mg, 11.3 mmol). The
reaction was refluxed for 12 h and cooled to room temperature. Water was added, and then the
resulting mixture was extracted with i-Pr,O. The combined organic layers were washed with
water and brine, and then dried over Na;SOs. Concentration and purification through silica gel
chromatography (hexane/ AcOEt = 50/1) gave 1.59 g of the product (7.4 mmol, 99% yield) as
colorless oil. '"H-NMR (500 MHz, CDCls): & 0.98 (t, J = 7.4 Hz, 3H), 1.44-1.51 (m, 2H),
1.72-1.78 (m, 2H), 4.32 (t, J = 6.7 Hz, 2H), 7.40-7.42 (m, 2H), 7.96-7.99 (m, 2H). *C-NMR
(100 MHz, CDCls): 6 13.6 (CHs), 19.1 (CH»), 30.6 (CH»), 64.9 (CH>), 128.6 (CH), 128.9 (C),
130.9 (CH), 139.2 (C), 165.8 (C). IR (ATR): 760, 1090, 1170, 1720 cm™. HRMS (EI) m/z: (M")
Calcd for C1H;3*°Cl0;: 212.0604; Found: 212.0602.

4-Chloro-N,N-dibenzylbenzeneamine (8j).
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This aryl chloride was prepared based on the previous report.'® To a mixture of 4-chloroaniline
(1.28 g, 10 mmol) and K>COs (2.76 g, 20 mmol) in dry CH3CN (10 mL) was added benzyl
bromide (4.10 g, 24 mmol). The reaction mixture was stirred at 120 °C for 5 h and cooled to
room temperature. Water was added, and then the resulting mixture was extracted with Et,O.
The combined organic layers were dried over Na,SO4. Concentration and purification through
silica gel chromatography (hexane/ i-Pr,O = 50/1) gave 2.80 g of the product (9.1 mmol, 91%
yield) as white solid of mp 98-99 °C. "H-NMR (500 MHz, CDCl;): § 4.63 (s, 4H), 6.62-6.65 (m,
2H), 7.07-7.10 (m, 2H), 7.22 (d, J = 7.1 Hz, 4H), 7.24-7.27 (m, 2H), 7.31-7.34 (m, 4H).
BC-NMR (100 MHz, CDCls): & 54.4 (CH,), 113.7 (CH), 121.5 (C), 126.6 (CH), 127.1 (CH),
128.7 (CH), 129.0 (CH), 138.1 (C), 147.7 (C). IR (ATR): 800, 1090, 1170, 1350 cm™. HRMS
(EI) m/z: (M") Caled for CaoH;s*CIN: 307.1128; Found: 307.1118.

Isopropyl 3-chlorophenyl sulfide (8k).

C|\©/S\(

This aryl chloride was prepared based on the previous report.'” To a solution of NaOEt (20% in
ethanol, 11 mmol) was added 3-chlorobenzenethiol (1.45 g, 10 mmol). The reaction mixture
was stirred at room temperature for 30 min and treated with 2-iodopropane (2.04 g, 12 mmol).
The reaction mixture was stirred for 16 h at room temperature and water was added, and then
the resulting mixture was extracted with CH,Cl,. The combined organic layers were washed
with 2 M NaOH solution and brine, and then dried over Na,SO4. Concentration and purification
through silica gel chromatography (hexane/i-Pr,O = 100/1) gave 1.80 g of the product (9.6
mmol, 96% yield) as colorless oil. 'H-NMR (500 MHz, CDCls): § 1.31 (d, J = 6.7 Hz, 6H), 3.40
(septet, J = 6.7 Hz, 1H), 7.17-7.26 (m, 3H), 7.36 (t, J = 1.6 Hz, 1H). ®C-NMR (100 MHz,
CDCl3): 6 22.9 (CH3), 37.9 (CH), 126.5 (CH), 129.2 (CH), 129.8 (CH), 130.7 (CH), 134.4 (C),
138.0 (C). IR (ATR): 680, 1080, 1580 cm™. HRMS (EI) m/z: (M") Calcd for CoH;;*CIS:
186.0270; Found: 186.0273.

3-Chloro-N-methylbenzamide (8m).
o)
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This aryl chloride was prepared based on the previous report.'® To a solution of 3-chlorobenzoyl
chloride (1.75 g, 10 mmol) in dry Et;O (20 mL) was added MeNH; (40% in methanol, 15
mmol) and EtN (2.02 g, 20 mmol). The reaction mixture was stirred for 1 h at room
temperature. The resulting mixture was extracted with Et;O. The combined organic layers were
dried over Na;SOs. Concentration and purification through silica gel chromatography
(hexane/AcOEt = 1/1) gave 1.69 g of the product (9.9 mmol, 99% yield) as white solids of mp
68-69 °C. 'H-NMR (500 MHz, CDCl3): & 3.02 (d, J = 4.9 Hz, 3H), 6.11 (brs, 1H), 7.37 (t, J =
7.8 Hz, 1H), 7.47 (ddd, J = 1.2, 2.0, 7.8 Hz, 1H), 7.61-7.63 (m, 1H), 7.75 (t, J = 2.0, 1H).
BC-NMR (100 MHz, CDCls): & 26.7 (CH3), 125.0 (CH), 127.3 (CH), 129.6 (CH), 131.2 (CH),
134.4 (C), 136.2 (C), 167.3 (C). IR (ATR): 680, 1080, 1170, 1550, 1640, 3310 cm™. HRMS (EI)
m/z: (M") Caled for CsHg*>CINO: 169.0294; Found: 169.0298.

1-Benzyloxy-2,4-dichlorobenzene (8n).
Cl Cl

BnOD/

This aryl chloride was prepared based on the previous report."” To a solution of 2,4-dichloro-
phenol (1.63 g, 10 mmol) and Cs,COs (6.52 g, 20 mmol) in dry DMF (27 mL) was added
benzyl bromide (1.71 g, 10 mmol). The reaction mixture was stirred for 30 min at room
temperature and water was added, and then the resulting mixture was extracted with Et;O. The
combined organic layers were washed with water and brine, and dried over MgSOas.
Concentration and purification through silica gel chromatography (hexane/i-Pr,O = 100/1) gave
2.51 g of the product (9.9 mmol, 99% yield) as colorless solids of mp 33-34 °C. "H-NMR (500
MHz, CDCl3): 8 5.14 (s, 2H), 6.88 (d, J = 8.8 Hz, 1H), 7.14 (dd, J = 2.6, 8.8 Hz, 1H), 7.33 (t, J
= 7.3 Hz, 1H), 7.38-7.41 (m, 3H), 7.43-7.45 (m, 2H). C-NMR (100 MHz, CDCl;): & 71.0
(CH,), 114.8 (CH), 124.1 (C), 126.0 (C), 127.1 (CH), 127.5 (CH), 128.1 (CH), 128.7 (CH),

130.0 (CH), 136.1 (C), 153.0 (C). IR (ATR): 730, 1000, 1060, 1270 cm™. HRMS (EI) m/z: (M")
Calcd for C13H10*°CL0: 252.0109; Found: 252.0107.

2-Benzyloxy-6-chloropyridine (10c).

Cl N~ "OBn

This heteroaryl chloride was prepared based on the previous report.”’ A mixture of 6-chloro-
2-hydroxypyridine (4.66 g, 36 mmol) and NaH (60% in mineral oil, 1.44 g, 36 mmol) in DMF
(144 mL) was stirred for 30 min followed by adding benzyl chloride (4.56 g, 36 mmol) and

further stirring for 3 h at room temperature. Water was added, and then the resulting mixture
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was extracted with CHCl,. The combined organic layers were dried over NaxSOs.
Concentration and purification through silica gel chromatography (hexane/AcOEt = 4/1) gave
2.53 g of the product (11.6 mmol, 32% yield) as colorless oil. 'H-NMR (500 MHz, CDCl;): §
5.36 (s, 2H), 6.70-6.72 (m, 1H), 6.91-6.93 (m, 1H), 7.32-7.35 (m, 1H), 7.37-7.40 (m, 2H),
7.46-7.47 (m, 2H), 7.51-7.54 (m, 1H). *C-NMR (100 MHz, CDCl5): § 68.2 (CH,), 109.3 (CH),
116.4 (CH), 128.0 (CH), 128.2 (CH), 128.5 (CH), 136.6 (C), 140.7 (CH), 148.2 (C), 163.2 (C).
IR (ATR): 790, 1160, 1260, 1590 cm”. HRMS (EI) m/z: (M") Calcd for CiyH;¢*>CINO:
219.0451; Found: 219.0451.

2-(Dibenzylamino)-5-chloropyridine (10d).

N” “NBn,

This heteroaryl chloride was prepared based on the previous report.”! NaH (60% in mineral oil,
2.72 g, 68 mmol) was suspended in dry DMF (60 mL) and cooled in an ice bath. 2-Amino-
S5-chloropyridine (3.86 g, 30 mmol) was added, and the mixture was stirred for 15 min. Then,
benzyl bromide (1.16 g, 68 mmol) was added, and the reaction mixture was allowed to warm
slowly to room temperature with the control of exotherm and gas evolution. Stirring at room
temperature was continued for 1 h. DMF was evaporated and the residue was extracted with
AcOEt. The combined organic layers were washed with brine and dried over Na,SO4. Concent-
ration and purification through silica gel chromatography (hexane/AcOEt = 20/1) gave 4.36 g of
the product (14 mmol, 47% yield) as colorless solids of mp 83-84 °C. '"H-NMR (500 MHz,
CDCl3): 6 4.77 (s, 4H), 6.38 (d, J = 9.1 Hz, 1H), 7.20-7.22 (m, 4H), 7.24-7.26 (m, 2H),
7.29-7.32 (m, 5H), 8.12-8.13 (m, 1H). *C-NMR (100 MHz, CDCls): & 51.2 (CH,), 106.7 (CH),
119.2 (C), 127.0 (CH), 127.1 (CH), 128.7 (CH), 137.1 (CH), 138.0 (C), 146.3 (CH), 157.0 (C).
IR (ATR): 690, 730, 1140, 1360, 1490 cm”. HRMS (EI) m/z: (M") Calcd for Ci9H;7°°CINy:
308.1080; Found: 308.1069.

5-Butyl-2-chlorobenzofuran (10h).

n-Bu
(0]

This heteroaryl chloride was prepared based on the previous report.® To a solution of 5-butyl-
benzofuran® (888 mg, 5.1 mmol) in dry THF (27 mL) at —78 °C was added n-BuLi (1.6 M in
hexane, 6.2 mmol) dropwise. After 30 min, hexachloroethane (5.1 mmol) was added. The result-
ing mixture was warmed to room temperature over 1 h, and then quenched by slow addition of

saturated NH4Cl. The crude product was extracted with AcOEt, washed with water, and then
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dried over MgSQOs4. Concentration and purification through silica gel chromatography
(hexane/i-Pr,O = 400/1) gave 1.04 g of the product (5.0 mmol, 98% yield) as colorless oil.
'H-NMR (500 MHz, CDCls): § 0.93 (t, J = 7.3 Hz, 3H), 1.32-1.39 (m, 2H), 1.59-1.65 (m, 2H),
2.67 (t,J = 7.9 Hz, 2H), 6.51 (s, 1H), 7.07-7.09 (m, 1H), 7.27 (s, 1H), 7.32 (d, J = 8.5 Hz, 1H).
BC-NMR (100 MHz, CDCls): § 13.8 (CHs), 22.2 (CH,), 34.1 (CH,), 35.5 (CH>), 103.0 (CH),
110.4 (CH), 119.5 (CH), 124.9 (CH), 128.4 (C), 138.2 (C), 141.3 (C), 152.7 (C). IR (ATR): 790,
930, 1190, 1460 cm”. HRMS (EI) m/z: (M") Caled for Ci2H;5>>ClO: 208.0655; Found:
208.0655.

3-Chlorobenzothiophene (10k).
Cl

)

This heteroaryl chloride was prepared based on the previous report.”® A mixture of 3-chloro-
benzo[b]thiophene-2-carboxylic acid (1.70 g, 8.0 mmol), copper (254 mg, 4.0 mmol), and
quinoline (19.6 g, 152 mmol) was stirred for 3 h at 150 °C and cooled to room temperature.
Hexane was added and then the copper was removed by filtration. The filtrate was washed with
6 M HCI solution, 1 M HCI solution, and brine, and then dried over MgSO4. Concentration and
purification through silica gel chromatography (hexane/i-Pr,O = 400/1) gave 1.16 g of the pro-
duct (6.88 mmol, 86% yield) as colorless oil. 'H-NMR (500 MHz, CDCl): 7.31 (s, 1H),
7.40-7.44 (m, 1H), 7.45-7.49 (m, 1H), 7.83-7.87 (m, 2H). *C-NMR (100 MHz, CDCl;): 120.7
(CH), 121.1 (C), 121.8 (CH), 122.8 (CH), 124.8 (CH), 125.3 (CH), 136.1 (C), 138.4 (C). IR
(ATR): 720, 750, 1060, 1420 cm™. HRMS (EI) m/z: (M") Caled for CsHs*CIS: 167.9800;
Found: 167.9803.

(8R,95,135,14S)-3-Benzyloxy-2-chloro-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahy-
dro-6H-cyclopentala]phenanthren (12a).

MeO

BnO

This aryl chloride was prepared based on the previous report** To a mixture of
2-chloroestrone® (183 mg, 0.6 mmol) and K,COs (331 mg, 2.4 mmol) in dry acetone (3.0 mL)
was added benzyl bromide (188 mg, 1.1 mmol). The reaction mixture was refluxed for 2 h and
cooled to room temperature. The resulting mixture was filtered with CH,Cl, and the filtrate was

collected. Concentration and purification through silica gel chromatography (hexane/AcoEt =
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8/1) gave 216 mg of the product (0.55 mmol, 91% yield) as white solids of mp 194-195 °C.
'H-NMR (500 MHz, CDCl3): § 0.91 (s, 3H), 1.37-1.66 (m, 6H), 1.93-2.07 (m, 3H), 2.11-2.18
(m, 1H), 2.20-2.25 (m, 1H), 2.33-2.37 (m, 1H), 2.50 (dd, J = 8.1, 19.3 Hz, 1H), 2.83-2.85 (m,
1H), 5.12 (s, 2H), 6.70 (s, 1H), 7.29 (s, 1H), 7.30-7.34 (m, 1H), 7.37-7.40 (m, 2H), 7.46-7.48 (m,
2H). *C-NMR (100 MHz, CDCL): § 13.7 (CH3), 21.4 (CH>), 25.7 (CHa), 26.2 (CH,), 29.1
(CH>), 31.3 (CH>), 35.7 (CH»), 37.9 (CH), 43.6 (CH), 47.8 (C), 50.2 (CH), 70.7 (CH,), 114.4
(CH), 120.4 (C), 127.0 (CH), 127.2 (CH), 127.9 (CH), 128.5 (CH), 133.5 (C), 136.1 (C),136.8
(C), 152.0 (C), 220.7 (C). IR (ATR): 740, 1060, 1250, 1730 cm™'. HRMS (EI) m/z: (M") Caled
for C2sH27*°Cl0,: 394.1700; Found: 394.1686.
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