PLUHAEOET 22 W 2 SRR PG A R & L T2 RSB FARE B TERSUGIZ B9 D BFE

2018

5
N
3

(724






H X

Bl O HD

BOE WREE R &P

Hi o RRsE 2 WV DAL BOG

TH O EIEM T D RFERFERME TG
B riRgE L A e DETHWD G

= AT a— VAV & LT WA EER 2R aldol K
i Jiﬁﬁﬂdﬁlﬁ@ﬁiﬁ?ﬂ:&()\% 430 FH & PH O R
R SOSHEE

WE o7 ARSIk enm A Y F ) ) B OREIE
B—H SORRME O Rl f O E 0 #EH O e
5E BUSHERE

BT T U AVEHR A BRI & 5 BRIERS
[RFE-3 U FERE A DR ITTHIBIA LA & T 5 T B BREEE
—IH OGSO Femfb S OVEYE i 1 i PH O F e
PO HA
RBE-FHFEEDORAELNT DV RuFA4 T VERREIE
B G4 D et A b S OB 3 FH i [ oD At
PO HA

&
g%

|

N
/

.

N
/

*
BRI E B
| by

\[E

|

#
>
i
O

Y

oh
_H\



FHoFHITBT R
FIUTEICREI 5 R
I HilC B892 R

H—H
MBI 5 R

51 A 3Rk

FERODES

-~
.35
a1
.45



PG
i D






B—E

ERIZB T DRIEMIEDORBIZIIAREE LS ORH Y | TERDIRS FERM & ik U TR R
SBHERDBD 72N WS FRZATHHUREIELICARIND L) REn FIERELDBEAITFE ST
Wh, LLRND, @aFEEMIIR NG 2 EIEEERIC L0 SRS iv, MERIZERDIAENnN 2
ED, BURTIHREEM 72 BAI & LCRIH ST D, E7, BUEIZBIT 28— EOH#ERO M E & B
FOHELINHELE LTET LN, —RICHET R FE2ER<IMAD ZENHELY, FioEERERICH
D725 ERERBESIE Z BTV ABRO BRIZEBN T, EREOEBIIFER T WETH L,
— 07, R T ERMIMEFEIFOTERRE CllbgEa 2 N 2 RR M 2 Z e T SR
HL— NORENFRRTH D, £072d, SHOMZITIIT 5 EFREHI, K OEE O QOL A LA
INHH T, ALFEFA LIRS FEELOERENHORES 226 5,

oy FEIEL OMFZERFEIC BN T AR R THENIRE < Zoi2ni b d, — D3 A HRERED
ENRANANEDZETHY, ZLTH ) —DIIEEOEWERLZAIL Z L THD, AiFIETrERS
AN = BEEFAT AT I A M) — LT, ZRENDEIFETSE 2 HEME S 2 720 O i
Thd, ZOMmOERE &b E 2 DILFEN ROV ERZ BT D3RRI L E 5 2 <,
BRI ICB T 254 ORERETFIIMEFORBRS LTUIEEL Z LN TERNWEE > THIRE TIER
W, OB IZIE, EMHES T 7 2AF v 7 INTRERH SN TEY | ik LS FEEMH DML A
AR - AECH IR & FAENRROBIRT 5 DI I 2 bILFEOEMNEEN TS, 2F0 | Fx
DEDH L LT > THE Y B2V BIRICH 2,

ZD—J T, NENETKEDOM EOZZ BV RDI-FER, MEKIRRR L., BN, 4 V@i L
RFESN DGR RBREBGYNMBE E 7o o T2, ZNEZT T ALFEWEOGRIZB W CTEEHOER ., O
PEH 2RI T 5 _R&ETHDH NS T U —2 7 I A MU —OE&2 P A, Anastas & J. C. Warner (2 X - T
RS, M T, ZOXIRFADES LICRDTZLOTERWEEWE 6T 5 £ T, Bk
OSSR N OEBERKIED—2TH D, ¥R 5F LA OAETEIZRPERNE S OILFEEIT,
REICE L SN RILKFE T AMERBL L TEAHI N DO THY | E-fx DFHRbEHD
BERBIIIDFTOE R L2 DAR=VE, HAVIEIARF NI S~ LT 5 L)
RERACEOS M EIEHERITHAA TN TS, 2B OWN, HILAZREME RS O FEM] & LT, Jones 33K
X0 Collins 33, PCC & W5 7 v AL ST bNb, B £/, W~ Ui h ) va, b~
YA WA AI T AL VSTt HERHAEZFMT L FELMONLTNDR, ZbldmWEtts
FE ORI & REIZHEH T 5 &\ 5 BLR D DR 2R HITHERE S sy, BIRO Z &2 b, AERIC
AW EELOMEFERICENTH, HE T 2AWPICEmWEEEZFFOBETEMMNIEAT DY A7 1
KL<IMADONDRETH D, M IFREMAES LT COW D BMRICHA LD Z &<, BB
REEZHNT L LA EORRE G5 FIELBEEICTH L 22, B ORKIZBIT 25705
HRELRTHAI,

FEBRIEEZ AV OEBLIED —D L LTV AF L ALKRFY K (DMSO) ZiEM bk L CTHWS Fik
O—FETH 5 Swern & (Scheme 1.1, eq. 1) Bl 3% F b b, AIEIISUGR T TERKRT 5 FRIKOAR L
ES DT, ARR CTRISZAT O MERH D LWV I HlKIEH D b DODOEEMEIEWE TR D, £z 1983 4
(IRl = 7 IR T H 5 Dess-Martin ik (DMP) % V> % Dess-Martin Fg{b 238 < #17- (Scheme
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1.1,eq.2), ¥ ZOFEITEMARSLETICNETT D5, BWVMEFRIREZ 6T 2 8R EORENRDH Y
HREARRIZBWTIEIA AWns T g,

(COCl),, DMSO;
OH Et3N, low temp. o 0
R1 R2 = R1JLR2 ( )
AcO\l,OAC
+ -
o OAc Dess-Martin
Periodinane
OH (0] (DMP) 0] @)
R" “R? B R1JLR2

Scheme 1.1. Examples of metal-free oxidation.

ERU72LMT b . SRS BILSOS AR T OEF I L > THES N TE 2, L Laens, it
KiEDL  ZAEFERBERY ZBIET DR FHERBIEDS RO b D R JRF 2RO EHE B &
fbFERBEULLEL THRREL VS TEBEORMZE L TS, o T, REICELI 7Y =27
I A MY — ORI - T RIETFEORBITHADEARE ICRE O N M TH D L E > Thilis Tl
AN

Z OFRERAY A R & R T D T O DR T e —F & LT, [ FIRERFR ] 2W(bAl L 35 FIED
FIRPER 28RO TN D, o FIREERITIEFRIRPE <. BOSK TRIZITHER LAKOBZ AT 2 L
MBIEFIZ T V=0 bR THDH L EA D, T LTERL, RRPITK 20%E £ 5 77 FIRBER Y
DHAERIZ LY HAEWETHL120, TOEMIENRNNCHIfFFSND, & ZAH00FIRIESE ORI
R < L BOSICRIAT 2 7203 ML D DR S 24 9 TRPABETH D, £ I TEHIZOSHKITIE
B, 7 )= RRAlL LTHeED5 D) IS8R L, $72bb, [FRikFE) . kU Dt
ZHAE D TRE SN D MUSRIFIEORE L 13—zl L BRBEF e 2 & LTI S, Zh
O DALFEICR W TRAREPTRE R IR & 225 | T D MERFI R — TR D L B A b ILD,



BE HRERCHRS#
B o iREREE WD EBRIEER

BbAlE LT rIRBFAFIAT 22 L1280, BENRERIA T e e ARBEOLO LD L
IR TR _7238 Y TH D, BIEH DK %hﬁ&%%s«ﬁ/@% CROICFIAT 5720, L bRk 72
FERHBEINTE 2, X, =FLonb 7' N7 AT v REGET 57290 Wacker B2{EIZ3\ T
L Pd Z il UTHWD Z & THBR IS DOHEIT 232/ L T % (Scheme 2.1), B

0,, PdCl, (cat.), CuCl, (cat.) 0

H,O > RJI\

R

Scheme 2.1. Wacker oxidation.

FRALE R DRFEBITH 5 7 v a2 — VEOBAL S k% 72 BB S B AMEATE FIZlW T HIREERE 215 A
T5HZETERSNTEY, Pt, Ru, Co, Pd, Cu7zE&FIHT2HERMLNATND, O

5 TREESE T X AL R O3 L 7 L 2 — VBEIZIRE S5 6O TRV, B2 IE Y. Ishii 1%
Co filifif & N-hydroxyphthalimide (NHPI) & & WA AR IZISUVN T, RFBIKFFE S OBEHE 72 BEEIZ X
%R E OB NIRRE L T2 (Scheme 2.2), [

O . 0, NHPI (cat.)/Co(acac), cat) CCOZH
(1 atm) AcOH, 75 °C COH

conv. 30%

48% 30%
©/Me 0 NHPI (cat.)/Co(OAc), (cat.) ©/CHO ©/CO2
+ 2
(1 atm) AcOH, 25 °C
conv. 84% 2% 81%

Scheme 2.2. Cobalt/NHPI catalyzed aerobic oxidation.

BB AT L7 IRBRIC L SBEROSTBETHRAICIFEINTEBY . 22 TR L
T OSSR P O L2 H I Ko TR SN ERD Z< —ETH 5, T4 TIIHFERRFE O Fffse v 6E
PRIV EH I TS 72D, Fe X° Cu 72 & O HRRYZ AN 724 8 22 FI D il - SOSBHISICIER 238 %
LEINTRoTZ E BB RTHDL LEFRD, 6

—Ji, BRERMIEEZ WO FELEEZImESINTWD, TOFRTHLRERER= X LT 0
e LTHBLRTWD 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) ZFH 92 K23 0 . 2004 412
Hu 512 & > T TEMPO/Bra/NaNO; D ittt 2 2 K L 72 7 /v 2 — VI O e R Ab SOG 2S Hds S vz
(Scheme 2.3), Bl Z O FIRITFHIH —H T N a— VA RINIZT LT & RIZEBTEX 520000, A%
BRRICBIT A HERERENEE 25, £72. Y. lwabuchi 3= b X /LT VWL OklE L B IEEZE
BT 5 LB BN RELS AT &2 /AL, B8 BHITERA 27 /L a— VEOBAIZEH T
2 EHBHLMILTVND, [0



air (0.4-0.9 MPa), TEMPO (cat.)
OH Bry (cat.), NaNO; (cat.) 14 examples

O
R1J\R2 DCM, 80 °C R1JJ\R2 88-99% yields

Scheme 2.3. Transition-metal-free aerobic oxidation process with TEMPO.

DTRBEEZFIRT OBEONITH#MICLEETHY, 7=/ — L ETE R COEKRICHNGNLS
I A ENRLBLSHAONT-TEO—DTHDH LS 2D (Scheme 2.4), fikilt&E DT ¥ B VBIMEEITFIE T,
T AKX L THFIRBELNISIEAEZ LTI A Fa~ bty REeAERR S, @mihdilic L 55

NS ZERTT = ) —I)VENERT D, 7 A ETERICBIT 27 2 ) —VAERO TR TH DN, =3
IV —HESCEIER N2\ & ) R %mszétw\%%%&&E&ﬂétk%&hfnéom
X

]

R OOH .
H 2 H OH @
¥ )l\
radical

initiator

Scheme 2.4. Cumene Process.

B ARG D 0 RSO

—RIAL IR Z AT S D 72D AT DRV F — N NE L 22 5, RVMEFEORELIZEHE N
THERAE A 2 FER LIFLIEAVWSL R TE 7, —F, ORI X 255 T OiEMAL (k) 2179 & &
WIS S 1T B2 D RO EZ R T2 EDNMBLNTE Y, BWIRIGZME L 9 DHEELTFETHDLES X D,
HRFA OISIZONWTORERITH <, ZHETICE S O EFICL > T &¢+Méhf%toﬁ%m
E LT 1) BAR= VD n-n*ihiflc X 5 Norrish I, & 5 W) 1 BRSSO Fries #5047, 2) &

FHEMS GO E-Z BN TN EE TR+ 2B b0, 3) BEKEA X BRL, 6n ¢ %ﬁk&k#
2Fohns, LrUaens, EroRCE a6 T o 5 B IXERIHEEIIC I 2 FF b &I iE
REINTWD, EANIIABICEETHD b, SR T 25720 _i%%ﬁ%%ﬁﬁﬁf%ét
D WHOEIIT OO BNZFIHT 5 IEORBNEEND, KBS, AIENET 2 =R X —0D%)
R Z B L, AR RRENC & o Thbl &2 YA 2 V2 BOSBIZE S EH 2 4ED T 5
ZORTYH, WEO—BEFILE —E RO G I L THEEZ RTIEL Ky 7 Al 2 F 3 5 K
JilE, 1978 AT R. M. Kellogg 512 Kk % A /LR =7 L DEIC (Scheme 2.5) 128 % Bz 8] 0 (28~ O 3
pENTCE R, 12

Et0,C CO,Et Visible light o
BF H Ru(bpy)sCly (cat)
Ph)l\/ S+ o > Ph)LMe

Me™ ‘N Me MeCN
Me 99%

Scheme 2.5. Photomediated reduction of sulfonium ion.

PEIZBWTIE, BL Ry 7 At L 5 F 07 I Uil & 24738 5 4128 D. W. C. MacMillan 5|2
FoTHESN, AFBHRICBT LT VA7 ANV—Lo0z (Scheme25) W] = OROG T, Sefidlitic
Ko THRPTEILMICAER LTZEFRERTIVXILT U IIVHE Bem I PR~ EINT D
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EEENEE SN TWD, BIC Ir K2 WD Z & T, REEDOKINREH WA ARF U 7 v4m X F 4tk
RN NI OV THEREINTEBY , IR VED o (P2 LT ) o F A BRIRAIC IR BIRE G
AR TEXALAFEL L TELSHMsh TS, B4

(0] Me
0 R2 Visible light, Ru(bpy)sCl, (cat.) o R2 N ‘HOTf
Cat. A (20 mol%) 11 examples oy Me
H * BI‘)\FG - > 4 EG 66-93% yields | Me N IﬁMe
R 2,6-lutidine R 88-99% ee H Me
DMF, 23 °C Cat. A

Scheme 2.5. Direct asymmetric alkylation of aldehydes with photocatalytic method.

£72T.P.Yoon 52k~ T, &3FH, KU% %Fﬁ[2+2]fmmbu75>$&¢éymws (Scheme 2.6), 151 fill
BRRWNZ LI, ZORISTHWS AR b ISR L TEIDE A BHEIRS L T b [2+2]8R AN
HEATET, MESNIIER KL By 7 AR A Th 2 2 LR E N TND

Visible light
o} o) o o
Ru(bpy);Cl, (cat.)
Ar)Jm * H)j\R PrNEt, LIBF; R 27 examples
s MeCN o 8-98% yields

Scheme 2.6. [2+2] Cycloadditions via visible light photocatalysis.

ZZETCRUSKAZFIAT 2L Ky 7 AROSE RIS L TE IR, 20 L5 BREXOKIRIEL T
AZNTV—=DFRMETICBNTHITH 2 &N TE 5, 2012 F1Z B Konig H I AL Z W5 Z & T,
VT =g MEEME T RO v T T RN ERE LTS (Scheme 2.7), B8 Z o I TIXZAT
TAFES L eosinY Z IV TEY | BERERBEMESIN 772 ENARETH L b, SiRAHT O 50k
D FTRISHEATT 2 E NS FEBAE LTS, —J7, 2015 4T P. Melchiorre 51X, FHTHEL H =7
I UHEMRD AT A I T E S AR S LTI Z 22 R L, TAFRANT A R BIETTIC
TNAXNTOHNEELSE, 2 F 0 FARINICRFE-REMEEZERSEDL I LICEIILTVD
(Scheme 2.8), [17]

Visible light I N
s N N,BF, . {/ \} Eosin Y (cat.) > ¥ 20 examples
(A X DMSO, 20 °C R 40-86% yields

= r
X=0,S, NBoc Eosin Y
Scheme 2.7. Direct C—H arylation of heteroarenes with aryl diazonium salts under photoirradiation.

CF;
- . E CF
o COLEt Visible light 0 COEt 3C 3

JH 2 Cat. B (20 mol%) \%CO Et (
+ R 2
R o -94% H OTMS
MTBE, 25 °C R’ 83-94% ee ot B

Scheme 2.8. Direct photoexcitation of enamines for enantioselective C—C bond formation.
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BT TIREREE LS AL A DN B R

SN E TlEa FIRBEEAVD S, £ L THREHAOD ISIZOWTENENSNEICER Y 72238,
ENENPMMEFTFICB W TRERAREEZMO TS Z EITHLNTH DL, (E- T, ZNUHDMAE
bEIZL > THIZENET T u—FRNELHEIND Z ERRKWICHIfFE SN D,

DTREESE L A S DE THWD MG & LTIE, ABOLAMBAFAE FICRW TR A L. —EIEER
FERAT2HLORELNOIES, 72 b T7® U ~DOEEEMIN (Scheme 2.9, eq. 1) 18 o7 )L =33
REED - b U FHA~DEER{E (Scheme 2.9, eq. 2) 1801 7o U3 ST\ b, —BHIHBELZHREIE L1201
BB L LTIEATF LU T —ou — AR A EOGBERBEHN, EREE LI Z I AT
I rTReNa T T RANSEND Z ENS,

O,, hv

Oee Methylene blue (cat.) o O@O 1
CHCl, o @
30%
02, hv
OH Rose bengal (cat. o
1 gal (cat) > J]\ 8 examples  (2)
R1R2 base R' “R? 61-100% yields

Scheme 2.9. Examples of reactions employing singlet oxygen with photosensitizers.

AT TR BTty Ky 7 223 % )ik & LT, C.R.J. Stephenson %3 2010 412 Ir $5{K %
fife & U TV, 22 P IZB W T aza-Henry SUSEITT 2 Z & A2 E LT\ % (Scheme 2.10),
W Z DFOSRICEN T Ir$EARORDO VY IC RUSEER BRI ARETH D 2 &, o FIRBEORDY IZ=
BT VH AR KIRIALAIE 720 9D Z E b LMICENTWS, £/, N.Jiao 51T 2011 AFEIHEF & L
TKREERND Z & T, e T AT VHAZ BTGNS o-7 b= AT VN EEWS 5 Z LI
LT\ % (Scheme 2.11), 120

air, Visible light R =
R@G |r(ppy)2(dtbbpy)PF6 (Cat_) - 4 N\Ar 8 examp|es
> o
Z N\Ar RCH,;NO, 90-96% yields

R” NO,

Scheme 2.10. Photooxidative aza-Henry reaction.

X air, Visible light
Ru(bpy)sCl; (cat.) )
Ar)\R 3Lla - )J\ 11 examples
X =Br Ol 4-methoxypyridine Ar” "R 60-85% yields
=B base, DMA
R = EWGs

Scheme 2.11. Aerobic oxidation of benzyl halide under photooxidative condition.

ERSBEMIEEZFIHA L 20BE LTI, A ltoh SIZkoTHESNT L m Yy —2 0 RO
AR 2 D SRR SUG R 2T DL D, Bl IXHE T R 2R WS T2 O DL,
KOT VLT a2 — VR HIGT 27 VT & R~ &I (L S 41D (Scheme 2.12,eq. 1), P F 7=
FRESERBECH DT v N T % VAR E UL CHW A RBBERILISICB W T, FER EO XA F )L
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F—ih, FF RT3 = VEHE SR THIST D ANR W, HDOWET M AR S 2
WZREN LT % (Scheme 2.12, eq. 2 and eq. 3), [Pl

R oH Oy, Visible light, I (cat) j\ 8 examples
EtOAc -87% vyiel
R = Aryl or Vinyl R H 53-87% yields
air, Visible light, 2-CI-AQN (cat. 11 |
Ar—Me 2 ) o A—com XAmPES — 2)
K,CO3 or TFA, H,O 39-99% vyields
EtOAc
e or 2 alopoye 2 Visible ight, 2-CIAQN (cat,) Carboxylic acids | o amples
° or 2° alcohols > or )
KoCO3 or TFA, H,O Ket 32-99% vyields @)
EtOAC etones

Scheme 2.12. Aerobic photooxidation with molecular iodine or a derivative of anthraquinone.

FIZ T Fukuzumi & 13 A BOEABEE IV, NUB U EBRET 5 2 E CEENIZ Y = /=L E2BDH I LI
fEh LT\ % (Scheme 2.13), [221 = ® T35 Tl 3-cyano-1-methylquinolinium ion (QUCN™) 23l & L T {#)
AN B OB RIELZ FTRRIC LTV D, IVHOEDEAT 200 & L TR 2 2 13 TE 208,
wfbtﬁf/%@ﬁﬁ&ﬁbﬁé7x/—wAW&T%@ ES (A= S AN TS bl I U S et g
Do

Oy, hv
oM
N (@uen?) o
© Me (cat.) > ©/
MeCN/H,0 o

Scheme 2.13. Direct oxygenation of benzene to phenol employing photooxidative method.

U bD XS, 5 FiRkIEHRECEZRAT D ISORT v VEEHD vy, Zan b ok %5
kwf%tﬁﬁm:k%ﬁ%ﬁﬁ##éo%:m%wmtﬂ#%®%%%\&Uﬁﬁﬁoliﬁgf%
FEY OB HIEWEREAEEE AV DRIRIEZ ) = 7 I A N —OESERBE L WD EEX, B
LHf5e % B L CHRAED OOMHARHZ LK L TS BEBERH DL EEX D, ZOXHIREENL, &
FITAWEBAL AN T T2 T 5 BT, EERNIEL (5 D IRFB-IRER A TS 2 FHFIE
DT Z HEE L U TRETZITV, A7 aldol St (55 =), 1,3- 3G FBLAMINEUSR GEIUE), KOVT ¥
T VR B GBS L 3 D RIEASOS (BILE) ORI KV | Bkx b S a T 5 FiExz i+ 2 &
RN LTz 72, LLFIZZE ORI DWW THITT 5,



F=EF RXUUOAMTAVa—)VERPEEE L THWAEERNZRARFE aldol i

RF-IRFREB H AT D05 E LT, aldol BREEARPSEH TE L FIETH DL EF 2D, 1971 4F
\ZF31F % (S)-proline Zfilfit & L TRV 2 SeBRAY 22 5 % . 31 B, List 1% 2000 2 Z O/NgF 3R
aldol S L ChlfAT& 5 2 & & R L7z (Scheme3.1), 24 Z OGN % < OAFZEE & A5y il
BEOBAFEMFZEIZER U 37T, aldol KUSZ 1L U & LC, Diels-Alder )&, Michael )&, Mannich SOt 72 £
2 % T T & D LR RAES FRIEEABRFRE ST 2 LA B S TV D, Ao Fililize)E %
TEPEHL & DA L RZEQOKICZETH Y, R TREICE L WRED A v FEF LTS
B, BEICZBOWTHRERIELVENTLUG, HDWVIEIERIETIIRETH T2 E BFE L LTt
THIEPMTHIL TN D,

{ decon
0 N 2 OH O

O H (s)-Proline H 12 examples
JJ\H * Hl\ DMSO = R! 38-97% yields

R2 R2 60->99% ee

R1

Scheme 3.1. Asymmetric aldol reaction catalyzed by proline.

Flo, V=7 I AN — ORI - 7o R EAT 9 BT 24 - Zli CREICHEE Th 5K & it
ELTHWAKIENERZHED TS, BIA Itoh HIFUSEREE LK, Edfafgfikze v, A
%) %%ﬁ%ﬂ%#é?ﬁmmuﬂtgowfﬁdbﬁ ZHAE LTS, 12

. R OBE R AT D RN [ — R4 TIT 2 il i) 72 & 7 DRIEOGIE, =RV F — L FEIEY)
%mz%né&woﬁfﬁntigfké& 25, Bl zZiE, Tova— VT ES AL, K2
A2 R THRNRT WD, RPTT AT NEEZAERT 57200 BEME L LTT va— 2 E 2 VWD F
ERHE SN TWD, P 7 ra— VEEHNEME L L THWD RIS ZLT D 72dIi2id, LUFICRT L 97
W OMWORENRH S, T7hbb, (1) 7/va—/VHEIET VT B REICERR ﬁg‘%ﬂjéﬂ}g)%gﬁiﬁ)@\
(2) FHEY TROE, &AM 7 E RN REIATAETE 5 L9 RUBKIECRITER LR, 22T, #
FIXA Ioh HIZ XK TRMESNTET VR T7% 7 VEHERWD R D VT v a— VO KEESR R L EUGIT
FHL, P B Ona Mt TR AT S D8N 2T 57 2 M T % 7 VHE AR L L
THIHT 22 & T, B E T DEENZRAF aldol SUG & R CE D & & X MET21T -7 (Scheme 3.2),

air, Visible light
AQN derivative (cat.)

1

o Proline-type

T OH catalyst (cat.)
RT + » R
— H,0

Scheme 3.2. Oxidative direct asymmetric aldol reaction from benzyl alcohol.

Lg
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B RURSRAT O Bl K OB i R O RS

T, RS ERE{L T 5 72912 4-bromobenzyl alcohol (1a) & cyclohexanone (2a) & %z 7 A hIE
& UGRIR LTz, MUSEBZ A Z -V KEENED AQN-2-SO3Na- H20 (512 300—-400 nm D 2 R Y [281)
FOfEA2 7 v ) RIS T | 22N CHOBAT & 12 R B35 &9 S/ THRGT 21T 72
(Table 3.1), Mt L7=7" v U Wit HH-Clid, Y. Hayashi 51Z iof%&ﬂ:éz}%ﬁﬂiﬁ: aldol ()i P91 T
T 72 i C & o 7= trans-4-tert-butyldiphenylsiloxy L-proline (4a) % H\ N 7=355A 12D Fx 28% DU, L ONE
TFUFABRIRETHEE TS B-b k¥ 7 bk 3a 2527 (entry 1), 7o, AXHITRENT
WD AR OMEBLE L, \mEOREITESE, VDX 700 7 LAOMEH, HPLC OJERMz [F—I2
THLETENENDOZF v TFA~Y—%FELee ZHREL TN

Table 3.1. Study of proline-type catalyst.

air, Visible light OH O
AQN-2-SO3Na‘H,0 (0.1 equiv) H
Proline-type catalyst (0.1 equiv)
2a H,O (3 mL), 12 h Br 3a
0.3 mmoI) (5 equiv)
Entry Proline-type catalyst Yield (%) [@ anti : syn 1! % ee [°

TBDPSO,

1 O\ 28 1701 >99
N~ YCO
H

4a

OTMS

2 0
Ph Ph  4b

: (e :
HPH Ph 4
H 4ad

5 . 0

8l |solated yields. ! Determined by 'H NMR spectroscopic analysis. [l Determined by HPLC.

i 2 DIFIER AQN FHER DI AH oH 2 W TofERIL, Table 3.2 [ZR3# Y TH Y . HO & AQN-2-
SO3Na- H,0 @%ﬂﬁébﬂiﬁ%%ﬂb\%%%ﬁifwé (entry 5), & O — i T A2 AQN-2-SOsNa
“HO (2 E L, HO LIS ZEEE L L CTHWEHEITIZERO aldol 14534 < Ef%i’biﬁﬁ")?io
Hayashi X% H,0 @%L:iofﬂﬂ%%ﬁ%?ﬂﬁﬂk% SELIemot=Z Enn, [H0 OFFETIZ
W R SN AET CTRISHEITT 2L 55 L0idie LA, THO0 ik W T B—DINES %
LD T ETRIGDEITT 2 E VORI EIB L TRV, 230 KRB W TH Z O & — 8T 5%
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BREONT-LEE 25, FIZ, IO RE OMER E2 GO x ORRtoFER., BOGRR % 48 R
WCEER L, 7'a U Uikl r R AR E D I VIR A EESE S Z LA B E LT ACOH Nz 5
ERBBWREREZ 525 2 Lol (entry 12),

Table 3.2. Optimization of the reaction condition.

air, Visible light

AQN-derivative (0.1 equiv) ?H Q
4a (0.1 equiv) ‘
Br é ’a Solvent (3 mL), 12 h o Br/@i:é
(0.3 mmoI (5 equiv)

Entry AQN-derivative Solvent Yield (%) [ anti : syn [l % ee [
1 AQN-2-CO,H H,0 13 14 : 1 >99
2 AQN-2,7-diSO3Na H,O 24 14 : 1 >99
3 AQN-1,8-diSO;K H,O 6 18:1 >99
4 AQN-2-Cl H,0 10 >20: 1 >99
5 AQN-2-SO;3Na-H,0 H,0 28 17 : 1 >99
6 AQN-2-SO3Na-H,0 Hexane 0
7 AQN-2-SO3Na-H,0 PhCI 0
8 AQN-2-SO;3Na-H,0 EtOAc 0
9 AQN-2-SO3Na-H,0 MeOH 0
10 AQN-2-SO;3Na-H,0 CHCl, 0
11 1l AQN-2-SO3Na-H,0 H,0 62 16 : 1 94
12 [d1[e] AQN-2-SO3Na-H,0 H,0 71 13:1 94
13 [0 AQN-2-SO3Na-H,0 H,0 53 14:1 94

@l |solated yields. P! Determined by "H NMR spectroscopic analysis. [l Determined by HPLC.
[ The reaction was conducted for 48 hours. ! AcOH (0.5 equiv) was added. [ 2a (10 equiv) was employed.

R il S VT2 SOR G2 -V T FRE O HFiPH 2514 L7, Table 3.3 (TR K512, ®IST 5
aldol I HFRREE D & BAFR R, KOMBEN /e U FARPRETH LTz, X7 v a—LfH
DFHFE LD pAr, I miiic= ez 6T 5 EZ2HWEGAIE, Tva— LV HOR b2 et
THID, BEREK T TITV., PREOIGETCHMOILEWH G 5Lz (entries 8 and 9), L7o>L72H3
5. EERE o MLICEWILE AT HEE (entries 10and 11), 3 5 WEE 7RSI EE 2 Fi7- 7o WIVE (entries
12and 13), ~7 v BRILEY (entries 14and 15) TIZRWEERIFE LN -T2, NUB U EOE KT
PRI T DR XT AT v NEDOANVR=VRFE LB FARRITT 2 Z LT, aldol fUs A LT
LEBEZOND, £c, v unFdY ) LUANAOT N U TUREF ATV, RRISIZT 7 mXo & ) R
WHTEHZ ENBHOLMNE ST (entries16-18) 23, 7 a~7 % /> (entries 19-21), & VM FIEERIK
7 N ¥E (entries 22 and 23) TIZHM ETHMIMEKREIZE A G Z ENTE o7z,
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Table 3.3. Scope and limitation.

air, Visible light
AQN-2-SO;Na-H,0 (0.1 equiv)
Ar/\OH . ketone 4a (0.1 equiv), AcOH (0.5 equiv) -~ product
1(0.3 mmol) 2 (5 equiv) H,0, Time (h) 3
Entry Product H,O (mL) Time (h) Yield (%)@ anti:syn®! % ee(®
1 4-BrCgH, (3a) 3 48 71 13:1 94
2 3-BrCgH, (3b) 3 48 60 16 : 1 >99
3 4-CICgH, (3¢c) 2 48 63 141 95
4 3-CICgH, (3d) 3 48 65 17 :1 97
5 4-CF4CgH, (3e) 3 60 62 12:1 98
6 4-CNCgH, (3f) 3 60 58 7.4:1 >99
7 [lfe] 4-CO,MeCgHj (39) oH 0 2 48 73 15: 1 >99
8 (a7 4-NO,CgH, (3h) Ar! 0.5 120 61 9.7 :1 94
9 [ 3-NO,CgH, (3i) 0.5 120 54 8.5: 1 >99
10 (1] 2-NO,CgH, (3i) 1 120 (14) - -
11 [ CeFs (3k) 0.5 120 (0) - -
1210 4-OMeCgH, (31) 0.5 120 @ - -
13 2-Naphthyl (3m) 0.5 48 (4) - -
14 4-Pyridyl (3n) 3 48 @) . .
15 2-Furyl (30) 3 48 0) - -
16 14 4-CICgH, (3p) OH o 2 48 50 24:1 >99
17 4-CNCgH, (39) Argf\é 3 60 53 221 >99
18 [l 4-NO,CgH, (3r) 0.5 120 55 3.2:1 >99
19 [ 4-CICgH, (3s) OH O 2 48 () - -
20 4-CNCgH, (3t) AR 3 60 @) - -
21 e}l 4-NO,CgH, (3u) 0.5 120 (8) - -
oH O
27 (L0l 05 120 (5) i i
0,N 3v)
oH O
23 1900l O,N (3w) 0.5 120 (trace) - -

@l |solated yields. Numbers in parentheses are yields determined by 'H NMR. [’ Determined by "H NMR spectroscopic
analysis. [ Determined by HPLC. [ Without AcOH. [ Ketone (10 equiv) was employed. [1 Reactions were conducted
under O, atmosphere. [9] Ketone (27 equiv) was employed.

5 SOCHERE

SORHERE 2 B 52T B 7201 T T2 > h— VEBROFE R %A Table 3.4 (2R LTz, 73 U FHK
T, B TORR LY . RRISICIT S FIREESR & AR DO REF RN TH D Z L BRI (entries
2and3), £/ T VHAHERIE L THOLNS L-7T ALV N oAz b e, RUVALT L
— IVEHDO AL N —H I S iz (entry4), 2LV, 7 b7 % VEHERWD R DT L a— VD
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M RPBALSORNTIT T P HNADEEL TS EEZBILD,

Table 3.4. Control experiments.

o air, Visible light

OH O
on AQN-2-SO3Na-H,0 (0.1 equiv) :
/©/\ 4a (0.1 equiv)
+ >
Br 1a 2a H,O (3mL), 12h Br

©3mmol) (5 equiv) 3a

Entry Change from the standard conditions Yield (%) @
1 - (28)
2 Under argon atmosphere 7
3 In the dark 0
4 With sodium L-ascorbate (1 equiv) 14

@ Yields were determined by "H NMR. Number in parentheses is isolated yield.

DL EOFE R 2 FIC, ARBOSHHESTT 5 SO %Z Scheme 3.3 (1278 L=, F9° AQN-2-SO3 38 64T D3¢
RAHZ Lo TRiE S, NPTV a—VEHOR U DANLDOKFEZGIEIRE, XUV T P hnet
Y%, 2OT7VHNFRITSFIRBEL T v 7L, ~AFXRTUHL KO e~ vd %2 ROJE
A LC, MBI BORIEZ LN XT VT v RE 52 5, KBERBILSEEZ W 2EEO#H
HIZBNTH, FHTEBIPELTHD Z ERRMINTWER, Rl REX 7 —1L~DJsHT 5
ETEH, A2 v )72 —0fARE, FHRTAELLZBBIEHOIR Y BN TRBRDHND B2
TW5, Zic7 e ) R X o TR (b S B VDR XT LT B REE &30S G Ly
HIf) &3 2% aldol fHM#AERKT 5, 723, AREUSIZE T DNARERIRIEDFEBLUZ OV T, B.List 512X
STEE SN, KEHEHPEET % Zimmerman-Traxler B OEBIRREIC L » SRS NS, 4

_2‘

N /.\
Ar OH Ar OH

*AQN-2-SO3 *AQH-2-SO5

h V( Photooxidation

AQN-2-SO5"

proline-type
ketone + catalyst
OOH 0
Ar)\OH > U Ar)LH aldol product
H,0, proline-type
catalyst

Scheme 3.3. Plausible reaction mechanism.
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EWNE XUoFARIKRICEAERES, VX ) Y U BREROBEEE

Z< DEFELSRIDIEFR 2 EOEIRRBELZ AT LI L00, EREAERRITOVTOWEIZ
IEF %I D ETHWMANFRRSTFICBNTCEERMELY HDOTWD, ZOHTH, pyrolo[2,1-
aJisoquinoline A& X L2 BRMEIERRY T 5 lamellarin HIC L < RN AEETHY . ZOWEEHTH
CEWO 2 =—7 AEEVENER 28D TV D, B FIZIX & b RARA Y AT =8 I HFEH, B2
FITRIR e HIV A 07 77 —BEER B2 2p D2 RI{bEMNA LN TR Y, B 5ot
JEIZ X0 Bl A TE M 2 R b OB IR ST D

k9% & 9 72 pyrrolo[2,1-a]isoquinoline ‘B & & Z T b EMOHRMEN S 26 OILEWRED G RN
BHEAFFE SN TELRN, B ZLoTRAVE LT 50, BE @ﬁﬁﬁiulwﬁéxaéhé ER E DM ED SR
HIZFEL Tz, ZOX D RERITBWT, 1,30 BRALATINIIERE & ik L Ch TR, £ LT
FMRIED B HIEFIETH D L 525, Cu, Rh, Ru, Bodipy ${K72 & D& @ikl % V2 IOG% B LIsk
IZh . AREEAEEZ VD FiE B H i STV D8, 2 b DO FEDSE IIBRILINO®BICERK &
ni-vn ) PUBREEERILT 7012, NBS O X 9 (bl 2t FEimELl EENT 2 68135 5,
#it> T, pyrrolo[2,1-alisoquinoline “F#& A EE Al RE e L U flifE, 2> DR FNEDEWFIEOFRENLE E L
Do Z 2T DO Ko T Z OBMER 4 2 4L 2 F1EIT CUITBHP, B4l 15/H,0,, % TBAI/TBHP E6]
EHWDIER TERSITWD D, o IREESREZ R LA & T 263 E S Tniny, —FH, A
Itoh H51F7 hJ e FaAgAYXx ) U EHOAI=U LA A FRIEKR~DOEH %8 L T, Cross
Dehydrogenative Coupling S it Z 2K L T 5, B 2 Z T 13- 8B LN EZ R Z L1557 Y A F A
U FMEZRZRCTERSELREHNY & U TOMBERICUSEFT T2 2L 2B R, FHx ORFHIET L
72 (Scheme 4.1),

EWG __FWC 4, visible light R _
X T Orgno-photocatalyst 7 \N/ =e
RT }
P N EWG
- EWG EWG

azomethine ylide aromatization

Formation of Oxidative
. . l [O] T[O] o

A

R TN
NN EWG [3+2] RT __ N

EWG

Y

EWG EWG EWG EWG

Scheme 4.1. Sequential 1,3-dipolar cycloaddition/aromatization reactions.

W SOGZlE  Ro (S OSBRI B O Rt

O 4tt: DBk 121, 1,4-naphthoquinone (5a) & ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (6a) %
iz, _ZI“L%@tH%E% g & K FRAFECARMEE & ZVRBEICIRA L CL BRRRIAR T, H0GAT % 200 FR 5
T 5 LN R KV IT o TR O RIC OV CTable 41127, MEtofE S, PrOHS ., methylene blue
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(MB) ZABLARE L35 & B OLE Y Taans I RVERTH LD 2 L Ao 72 (entry 5), %
DHEDORFHZ I T, I E L TMeCNE HW D & TaaDEEITE Wb DD 6asi 7 X Fk6a’~ L Bk &
NDLELRVEIFENIH SND Z ENRHE ST (entry 6), & Z T, PrOHEMeCN & DIRETAREE &
% Z & TTaand15% D HEEIGE TR L L2720, Ziva et & Lz (entry8), RIS DOHEITICHEER
FRFEOW R 2 B9 572012, 405 nm, 610 nm, 660 nm O EDONAEZNENBE L7-L 25, 660
nm OFSEEHOWZSE TR D EWIEE T7aan G Hiv7e (entry 11), MBOARKWLINEE KX 660 nm fF
ETHDHH, B8 e SNEMBR Z OIS Z B L TWD Z EAVRIR SN D, 723, AROEAREEA
FELR WA b TaaM G oD 2 E MR S TE Y (entry 12), £ O 44 F i3l 5a (312480 nm
IR O 2RI B 295¢mE S, MBOD Y Ic6az{ib L TW\Wb EEXHND,

Table 4.1. Optimization of the reaction condition.

o~ o
O ot
(0.3 mmol)

+
C o

0O,, Visible light, Organo-photocatalyst
Solvent, 20 h

Y

6a
(1.2 equiv)
Entry Organo-photocatalyst (mol%) Solvent (mL) Yield of 7aa (%) [
1 2-1Bu-AQN (10) IProH (5) 35
2 9,10-Dicyanoanthracene (10) iPrOH (5) 24
3 Rose bengal (10) iPrOH (5) 47
4 Eosin Y (1) IProH (5) 28
5 Methylene blue (MB) (1) 'PrOH (5) 62
6 MB (1) MeCN (5) 34
7 MB (1) PrOH/MeCN (4/1) 64
8 MB (1) 'PrOH/MeCN (2/1) 69 (75)
g ol MB (1) PrOH/MeCN (2/1) 14
100 MB (1) PrOH/MeCN (2/1) 17
11 1 MB (1) PrOH/MeCN (2/1) 54
12 - PrOH/MeCN (2/1) 38

@ vields were determined by "H NMR. The number in parentheses is the isolated yield. [’! Irradiation with a 300 W
Xe lamp at 405 nm. [ Irradiation with a 300 W Xe lamp at 610 nm. [ rradiation with a 300 W Xe lamp at 660 nm.

Ot D Bt b B o i #PH 2 58X 572, 1,4-naphthoquinonelié s 7 & KA V& 7 1
VHE DORJSIZOWTHRES L. (Tabled.2), 7 Tt KA V& U VEOT AT IVERZEE LI-IE,
Z L CHBFRAERLZEANLZREZ VD & B E T 2ERM B TRENS B RIETH NS
ZEBH LML T,
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Table 4.2. Substrate scope 1.

R
R N
/—\ m O,, Visible light, MB (1 mol%) R CO,R
EWG  EWG + g N COR— > \ J ?
5 6 'PrOH/MeCN (2 mL/1 mL), Time (h) EWG 7
(0.3 mmol) (1.2 equiv) EWG
Entry Product Time (h) Yield (%) @ | Entry Product Time (h) Yield (%) [
7aa: CO,Et
1 20 75 5 50 73
CO,R
o 7ab: 7ca
2 7aa:R=Et 20 74
or
7ab: R =Me 75¢:
3 or 20 58 CO,Et
7ac: R = Bu
6 20 34
o}
7ad
4 30 61 CO,Et
7 o) 20 61
7bd

[l |solated yields.

Table4.3, KUTable44TIET AF UL~V VA I NHA, Tl T o Faasyx /U v
HEDRIGIZOWTHRFI LTS, THETICHWTE IS 2EA L TH B OILRITIE» -
721z, PrOHOI W IZTHF, PrO, £7213CHCLAE WS & RO LR RO EE b H o7z, L
DU, RPCTHREN DML CLE S 7200, ethylacrylate, 72 F°7 h 26T 57 /1% > N-
methylmaleimide, acrylonitrile, Z IV \72 355 I B BI OIGRITH £ 0 S S 41T (Table 4.3, entries 4-7,
J U'Table 4.4, entries 2-4), maleic anhydride = IV N2 i 5 Tl HIE 2 < G bR - 72 (Table4.4, entry
5 £T FT b FuAYx/ VAT T/ EEAT A2 MOTZ5E 1213, 30%D HERIRR N 5
HIE T 280N ELND Z &Mooz (Table 4.4, entry 6),
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Table 4.3. Substrate scope 2.

R
— . . N
O,, Visible light, MB (1 mol%) R CO,Et
EW j@G N._-CO,Et , > \ / 2
Solvent/MeCN (2 mL/1 mL), Time (h) 7
EWG R
(0.3 mmoI) 1.2 equw)
Entry 5 6 7 (Product) Solvent Time (h) Yield (%) [@
CO,Et
1 EtO,C CO,Et @3 vCOZEt @QZ/ 2 THF 100 48
co,Et 7da
2 7ea: 'Pr,0 20 69
CO,Et
=—CO3R @ngozEt 2 ,
3 RO,C 7ea:R=Et 7fa: Pr,0 20 66
5e or 5f 2 or
7fa: R = Me
CO,Et
4 =/ @O“\/Coza %Cozﬂ THF 20 21
5¢’ 6a EtO,C
O
/L @ \N/ wo
5 F NQ N._CO,Et [ '\N THF 70 18
5g 6a ol 79a
MeO.
(0] MeO. N
/J\ j@:) MeO (" ycosE
6 = N N CO,Et THF 70 12
=z Q MeO ~N-~2 ! N
59 6d o 7gd

~

0 @() { N ) CO,Et
///J\Ph N _-COEt Ph THF 50 10

5h 6a o) 7ha

[l |solated yields.
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Table 4.4. Substrate scope 3.

R
]@g 0,, Visible light, MB (1 mol%) R \N/ EWG
~* Solvent/MeCN (2 mL/1 mL), Time (h) 7
EWG R
(0.3 mmol) (1.2 equw)
Entry 5 6 7 (Product) Solvent Time (h) Yield (%) [@
1 A N 7ia: CHCl; 120 49
CO,Et .
N-CO2 ‘R=
2 Si o 5 o TaR=Ph i GHel, 40 17
i or 5j N o or
R 7ja: R = Me
~o OO :
3 CN N._CO,Et | ) CoaEt CHCl; 20 24
5k 6a NC 7ka
MeO.
MeO
N
4 AN j@@ MeO CO,Et CHClg 20 19
MeO N._-CO,Et \ ) 2
5k 6d NC 7kd

- N )

5 vo \ COEt 'ProH 20 0
0) N._-CO,Et /)
51 6a

o~ o
; ¢
W, o
5a 6e

@l |solated yields.

THF 120 30

5B SOCHEE

KD Z B ST D708 H D 2 e — LV EER 21T > 7= (Table 4.5), 7 /L= RS
T KROWERMFICE W T AR & T2 SO RIEICHH Sz 2 &b . RO a0 ST 411K
WENVLIETHDZ ENRBEIND (entries 2 and 3), F7-. —EHEMBMEA L L THMbND14-
diazabicyclo[2.2.2]octane (DABCO) AN Z 72 &1l BRMIDONERBIZE AV EZL LIRnoTo 2 L vk,
AN BT 5 —HEBFEOBE GIT/NSWEZ X LD (entry 4), FITISHKE THOKISEAEY %
T, — KA R —%479 & 0.13mmol DIREE(EMA I I D &V I FERBE D7 (Scheme 4.2),
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Table 4.5. Control experiments.

o 0,, Visible light, MB (1 mol%
@() vCOZEt - 2 9 ( ) -
'PrOH/MeCN (2 mL/1 mL), 20 h
(0 3 mmoI

1.2 equw)

Entry Change from the standard conditions Yield (%) [@
1 - 69 (75)
2 Under argon atmosphere trace
3 In the dark 0
4 With DABCO (1 equiv) 54

1@l Yields were determined by "H NMR. Number in parentheses is isolated yield.

o isi i 9 Peroxide
@G vCOZEt .02, Visible light, MB (1 mol%) -
O 5a iPrOH/MeCN (2 mL/1 mL), 20 h 0.13 mmol

(0.3 mmol) (1.2 equlv)

Scheme 4.2. lodometry analysis.

LLEDOBGEHER, KOAF Lo T A—N—E a2 L C =T I VEEZRBET 5 L0 o mEOR
B A JLIT, ARSUSOHEE OGS % Scheme 4.3 128 L7z, XU, ST OREICL Y A TF L
7 IV—73 %ﬂ%téh\_h#7b7thﬂ4/%/J/ BTV NINHTF A ~EBRbT S, DBk
BEDSHEATT 2 Z LIE, WMEORE CHE INERBIZE T2 ATF L7 —0f{bEE)) (+1.21 V),
11 K ) 6a DER{LE ﬂ (+0.75 V vs. Fc/Fc* in MeCN) 42 7> %%i%ﬁéﬂé HCT=T U hNhTF A 135y
FRBEEPBILSIN TELUTEA—NR—FF T FT U INT =F Y, KON F T =42 L HKHE
BIEREERTT VAT UA Y REEHIIL, ZORE, ek 1 B EOBBILKENERT D, RIZT
AF A Y RERMUIBAHI & ORIT 1,3- 8B -ERALAM, K OERLR) 72 5 FRAL S EIT L, pyrrolo[2 1-
alisoquinoline ‘B EE NS, BIERFFHELIZEME SN AT Lo 7 —20F0—E FBENINC
LEHELTNDLR, RPTELTND EEZ N D —HEBESWBRIEY DL HEETE R,

1,3-Dipolar
(:(? ©:> cycloaddltlon
+
N _ EWG 2 NvEWG
+0.75 V +* =
MB hv H.O A N\ EWG

EWG
vs. Fc/lFc® | /44 24 \7\ 2 2 EWG EWG

Oxidative

% / aromatization
N EWG
O e ©@ -
Z EWG EWG WG

Scheme 4.3. Plausible reaction mechanism.
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BRE TUINVEAREBEERE LT LRI

T OANIERH LWFES Z KT 2 E TRy — L e 0155 2 LIXE _FE i ik iE
D ThHD, BMUSED T P ANOFAETIEZX, D.W. C. MacMillan HIZ L 28ED X 57t Ky 7 2 il
BEZFIHT D IRF—~ a7 AEE OBEITTIBRRIZIRE SN D & DO Tidlew, #Z1E, E.J. Alexanian 5%, %
FRE~T T L OMAERAHEIERIICL > TESICHAT L LICER L, mm<<BETARRRT IV
WTUANEERSEDZ & T, MNEMERIRFKBZFEEEZEHRERETHZ LTI LTS (Scheme
5.1), W F£7-. K. Maruoka 5 (X mW\ YAV T 4 RORE-EG A 2RI T L TFANLTUhN
EALUSHE, INEZAEHAFMEEL ULCHWD Z &2k 0 | BBREWERIER MG 2 #AS L Cuv5  (Scheme
52), M ZO XTIV HNKIRIZE DT I —FIFFEFIC2=—0 b ONREL, SHBbT7 LI VT
VIR EARAER DO TR DT DICEH R DICHP SN2 0B Th D L FE X D,

(0}

FsC JBu Ar or NZ X =Br, Cl
R—H I}l Visible light RoX s
-H + > -
X &
\SJ\OEt

CF3

Scheme 5.1. C—H functionalization staring from N-hetero bond cleavage.

Ar, hv

Ar Ar
Cat. C (cat.), BPO CO,Bn R! OH SHAT, /
\/Arcozan,t/\a() - Z R y
CO.B BuO Toluene, 0 °C R SRy
250 ' BuO™ CO,Bn
93% yield
93:7 dr (C3:C4) cat.C  Me
88% ee

Ar = 4-CF3CgH,
R' = 10-"Bu-9-anthryl

Scheme 5.2. Enantioselective cyclization catalyzed by organic thiyl radical catalyst.

HHh PRFE-I U RMEOETHIBRE R &5 ARSI

T I HNVONEE OMEE R OO T | ERIE L TR R AENLOT T a—F 2 EBT52 L1
TE 5, flxiX, TEREAMET I-DOERTHDLEFEZHA LT 4 A XA, B RS, 4
ARYBRIREOG B Zp Bzt ok E LT, VBN ERIAT A RIEE L THBNS Beckwith-Dowd
BRALAS S 81 238> % (Scheme 5.3),

Beckwith-Dowd BRILKBUGIEY 7 v 7 r /N BRDIEA & £ e < Ul 2R BRBURIC K> THRY &
DERIERAER M 2 5 2 2 BIRIRNFIETH 525, FEICE W T AIBN X° "BusSnH 72 EDHLY iz <
WRHEZ WD MER D o To, T D%, [FERDBOSHRE THEIT 2 SOLD R & 2588 12 L - THRF S
Ao, B 2013 4EIZ1X Y. Yoshimi & 12 X o T a-(w-carboxyalkyl) B-keto esters & & & L CHWD TS A
SIh7z (Scheme5.4), BU Z D X5 2t 52V T, BEICE LWFIEEZFINT 2 2 & Ol IRV i #iH
EHTOPERAMIEZHL TERWNEBE T, ST, A ltoh BIZ K> TUTONTZRETORE RN D |
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MRS SRIFITIB W T, BE LUVEN O FIRBEREAS~OEFBEN R SN TW D, B8 E 7o
FIZHBWTIE, a7 2 /iE@ﬁET\ fil i B OSSR X RSB ~m TR A R S
RFE-IRFRG A T D FIEP R SN TS, B 22T, FHIDOUESOSEFAT 2 A 2171
— 72 Beckwith-Dowd BR LR SUNT Ko TRIRA 22 h BEREE L B & U THRENIE T LT,

X
—_— Olefin metathesis
=
CQ C;) |Fragmentat|on reactlonl

LG: leaving group

—_— |Per|cyc||c reaction |
=
® O O o o 0 o0 N
OR
&OR—» @ékope — iﬁ/u\oR — @
n X h n n o

Scheme 5.3. Approaches to medium-sized rings. (a) Olefin metathesis, fragmentation reaction, pericyclic reaction; (b) Beckwith-

Dowd ring expansion reaction.

0
R
1 (-com hv (n=1) CO,Et
nwY2 Phen, DCB m 2 6 examples
) CO,Et HO 20-84% yields
m )

(m=1,2) N "
(n=3,4) ) CO,Et

m

Scheme 5.4. Radical ring expansion and cyclization reactions of a-(w-carboxyalkyl) p-keto esters.
F—IH SO SR D S b K O i T i P O e

FOSEAEORGEIbICB O TIL, 7 A MEE & LT methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate
(8a) Z®ATZ, 8a, Flix DT I HH, MOHEMOLAIEOIREGYE DMSO 1, EXEEMHR FIZB\\ T4
DHCAT 2 T 20 BRI 2 &0 O SF D T TR 21T o 72, MRt ORi R IT Table 5.1 (Z7R33@ Y
&1 . erythrosine B (EB) & 'ProNEt DA HEN Z OLEHICB W TR b AN REAEHLETHY . HX
DERY) 9a % 83%N DN TH- 25 Z LR STz (entryl), Z OFESRIET EB ORI R (532 nm)
B3 Lt AT ORREER & O&EZR D N RKEWZ &L PRNEt OETAIHIEAR L L TOREANENE W2
& (Eox (PraNEt®*/PrNEt) = +0.68 V vs SCE; e.9.: Eox (NEt3® */NEts) = +0.99 V vs. SCE) 152254 = X~ CHii
END, MOFELAE, 7 I VEOREOMA G bEE VD L 9a DIERIFKL 72V, £ —J7T 8a
DEULRLE E 72\ 8a’ ~DIKFE(LAMESE L7z (entries 2-9),
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Table 5.1. Optimization of the reaction condition.

O O o
N,, Visible light 0O O
OMe Organo-photocatalyst (5 mol%) O oM
> e
| Amine (5 equiv), Solvent (5 mL), 20 h oM * Me
8a 9a e 8a’'
(0.15 mmol)
£ h | | Ami Yield of Yield of Yield of
ntry  Organo-photocatalyst Solvent mine 9a (%) al 8a' (%) [l 8a (%) fal
1 Erythrosine B (EB) DMSO iPr,NEt 78 (83) 5 10
2 Eosin Y DMSO iPr,NEt 50 18 0
3 AQN-2-CI DMSO iPr,NEt 12 10 63
4 EB DMSO EtsN 51 26 22
5 EB DMSO 1-Methyl imidazole 11 15 74
6 EB DMSO iPr,NH 36 21 40
7 EB MeCN iPr,NEt 70 0 26
8 EB DMF Pr,NEt 18 15 18
9 EB CHCl3 iPrNEt 0 79 14

@l vields are determined by "H NMR spectroscopy using 1,1,2,2- tetrachloroethane as an internal standard.
The number in parentheses is isolated yield.

el ST et A FET . RSO IEE O LRI OV T L7z (Table5.2), METOREHR., Hnb
NEROEEIZB W T, RARIERETHICT DA E 5 25 Z &N S L7c (entries 1-5), 1,2,3,4-
Tetrahydro naphthalene ! JL8 2 H W 7541213 B OO SO IXFVEICHEIT L7228, (entry 6) —J5. indane
ROREE RO GE TR & FERIE SN2 ERMOIREM R E 6Tz, £ 2T, 3% &D LIOH
B2 D55 A0S L EFEIL SN AR OB N FFLE DR TE LT (entry7), RICIRFE-RFE
fEa a4 2B LTORE 2T o723, RS2 v 2 &t ind 2 B OIERIE 10%H1# &
ofe, LALLM, BOGHR IR D AgCOs Z i L, PUGK M A LR % IR O L5
iz, ZORERIZ, T OFIEIC LV RFE-— a1 T UG OBRTTHIBAMEEI N D LW ) mEORE
EFIELRWVEERTH D, B LI EOREFERICM A, RSN ZELREHR FIZB W TH HFIcET L,
WREIZEAEHE LT RSB E S 25 Z LITERTRETHD, ZORBENS, RHPTAERT
DT VANPESHICE ENDHIEHEKICK LTI E A EREEZZ TN LB,

Scheme 5.5 T, F&E O H#FHIC DWW CHICHHA L72fE R A2 R L TW\W5b, {l#{ L L iodopropyl &%
AT 2HEZ RO 5GEI2id, ORI & SORRERIOIERIZ LV | = RFHGDERIER L2 AR DR
DY ICHEGERMEIE Z RO =T Va3 — L RPREDOIERTHE LN (eq. 1), AU ARBISSRIFIC
BWT, BRIV OGRELNNESLSKLERLBRZ B OMEBETRIACHOGCEIE LIERERTH D, £
7oy FEBRAREBALIC 7 R 2 AT 2 HEIZHOW TS SO HIICHET 5 Z AR S, s d 24k
WD RAF 72N T H 72 (eq. 2 and 3),
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Table 5.2. Substrate scope 1.

Na, Visible light, EB (5 mol%) Ring expanded

Substrate - > d
8 iPr,NEt (5 equiv), DMSO (5 mL), 20 h product
(0.15 mmol) 9
Entry Substrate Product Yield (%) [ | Entry Substrate Product Yield (%) [#

OMe 83%
83%

\ 9 62%

2 (%\OMe OMe 82% w w 67%

| 8b 9b 81% | 8f

H
O o
Me
JO) @ Ci%« e
| 8¢ 9c 4% 10g
M o
4 OMe 67% g 71%
OMe
I 76%

9d

[al |solated yields. Numbers with underline are yields when the reactions were carried out under air atmosphere.
(°1 3 equiv of LIOH was added. [ 5 mol% of Ag,CO3 was added, 40 h.

N,, Visible light
EB (5 mol%), Ag,CO3 (5 mol%) HO

Y

. OMe (1)
iPr,NEt (5 equiv), DMSO (5 mL), 40 h
o 10i,51%

8i \I
o 0
%OMe N, Visible light, EB (5 mol%) )K)\"/OMe
8

Y

Pr,NEt (5 equiv), DMSO (5 mL), 20 h (6] 9j, 50% @)
(82% in "H NMR yield)

0

Ny, Visible light, EB (5 mol%) _ OMe

\
3

iPr,NEt (5 equiv), DMSO (5 mL), 20 h o 3)
9k, 78%

Scheme 5.5. Substrate scope 2.
HIH RUGSHERS

SORHERE 2 B DT B 720 T2 v e — L EBROFE R % Table 5.3 (2R L7z, XERE Lawn
G, EB. &5 \WIE PRNEt 23MFE L2WSRMICB W TIL, BN Eon/anz LTz (entries
2-4), 1 % &ED TEMPO Z N2 72355121, BRIEK L7 AR ORI T4 5 — ¢, TEMPO £ Anfk
LB SN (entry5), B Z OfERIT. AKKIGNT VO KR CTHEITT A Z L 2B KFLTVWD LS
%,
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Table 5.4. Control experiments.

o O
Q o O
OMe Ny, Visible light, EB (5 mol%) O
- . + MeOMe
| 'ProNEt (5 equiv), DMSO (5 mL), 20 h
8a 9a OMe 8a'
(0.15 mmol)

Entry Change from the standard conditions Yield of 9a (%) @ Yield of 8a' (%) [@ Yield of 8a (%) [@

1 - 78 (83) 5 10
2 In the dark 0 4 91
3 Without EB 0 trace 66
4 Without Pr,NEt 0 trace 72
5 With TEMPO (1 equiv) 34 10 23

@] Yields were determined by "H NMR. Number in parentheses is isolated yield.

IR DOREET TR b fE R & Beckwith-Dowd BRYEK LS ORIH], M ONRFE— v 7 U fEEBRE b BRA
1% 7“/7‘J/1/Ji5|§033_fﬁ0>$&% [521 % JEiZ, Scheme 5.6 ICAKIGEDHETE A = A L&k L2, ZUHIC
EB 2VEEAT 20 5 OIS L 0 il Shu, bt &7z EB 5 EEICK L C—BFBEINE Z 5 L FFIC
& =] ??%fi/\rbxf"ﬁf” L. ST DT NFNTOHNNAELD, ZOBEBEITREOREICB VTR X
N7 FhEIRREIZ 1T D EB DR ITRE ST (-1.29 V) 51 LiF & A EDRFE-T U FFEE OB ITLENN-04 705
-1.0V 0>%El IHDHEVIFHEREND LIFEEND, B ZOT XL T I HNANT R :Iﬁ%“é z
ETyra T a XU HBENET, SRRAEOHIIRT D 2 L CRILKUSDEITT 5, AREUGIC
WU, R KB GARZ N Z TWOZ2 WA, iBEORE CTRENTZE IS, AT OKFERFIL Y
TAXNLNT VBT LNT DIV F A ATHKT D EEZTND, B

Radical ring
expansion reaction

Scheme 5.6. Plausible reaction mechanism.
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B RFBMAERMEORKENTT 5V RrF A e T CERIEEE

BREFEREBEOMD HRT VY ANENZ LIXHENETRZ@ 0 203, BRESHERERED
NEOEIFIZRPERWEAZ I D E T HLEMICEENLEETH L7, ZOWRITITRE E
BHRDHY, 2L OFEFIZL > TEOAEME - FIFEDNRRFE SN TE 2, HIZ, BREOFKELETH HH
HIIETHOME LA L TN D DD, Hx 2 EGTLEMIIETHERLI LD THL L E 2D, BlxIE,
Diels-Alder BRLMAIISINZINT, BIESAHEHILEM THL 77130 L LCHELIEEETH
H—HT, 77V OFEEARTH LT A7 = v EAVDIHEAICIE, ZTOREWEEEEOT-O, &R - &
JEGEELEEL T 5, OO Z xR 1 LR BT 5 2 & T O M E NI IZ A b LT
D—2ThHY ., MELZHAEREHOMBBIT A Z IR0 E & 2 TALEMIEA ORI R R 72
N, L LR s, MESHEFZRAIIAARARCBN T, BESGAERRERL MK T2 EHEV LN
RN EMND . EOWRITMEXIICHEA TV W e § 2 5, B IERIZE N T, EEAERREDO—
FCThOTAYT R EDRBABREMIEREA G T2 EBHLNERY . 2L EFIAT HIHFEED
BIZICEANEE - TN D, 62

Wi & A HEFR IR 2 BT 5 F4EIT Pummerer 857 1831 <2 thia-Prins B&{k. [©4 Michael/aldol 5% AU
5FE B PSS HEEI DN TOE R, B8 L0 7 L& o T BRI 2 B4 5 -0 i3Eiiz 2 )7
ERR ORI IFF S D, —J7, 1997 4E1Z M. Journet 1%, 3 FRICT IV E8E TV Vi E AT 5
EEER., ZEOTVHANREE B-RREZRBTIKINCEY, Y RuF4 7o U, F2id
Vb FrFAE T A G T D ERROFEL WS LTS (Scheme5.7), B1 LasLZzins, ZoOF
BIIRISEEITSE D120 T PANEE L THBERARMEEDERMA L T\ aA, EENRENTH
LRI EDOUFEORMEEL TS, LZAT, A ltoh HIET7 2 M T/ VA AREfE L LRI
LANT 4 VRO —B LI KD R=T VA a T AX VT VAN ERPTRAESEDZ LT, /38—
A a TV VIR E HER FICE AT A S EZBEICEHE LT\ 5 (Scheme5.8), 81 % = TEHIILEE
ERIEZEFIRAT2 2 L12 X0, MG A EEREE DRNIHEET 2 FIEE2ML T X B FIR T~
DORRFIEIT> T2,

R R R .

%“EWG R %EWG . ewg B-fragmentation

) Ry & — RN e
Zz " g

n=1or2 R'fM/ "
R B R R
Rl/t\/EWG @)\/EWG B-fragmentation Q)\/EWG
— g T> IS =
) - -
Se

Scheme 5.7. Double radical cyclization/B-fragmentation of acyclic o-yne vinyl sulfides.

Ar, Visible light
N AQN-2-CO,H (cat.) N
T +  NaSO,R > Ry
O 2 " TFA (cat), MeCN O

Scheme 5.8. Direct C—H perfluoroalkylation of arenes and heteroarenes employing photoredox method.
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FHIH OSSR O md b & OB i PH O f et

1L U OIZEE & LT methyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (E-11a), 7 34 /LE & LT sodium p-
toluenesulfinate % 1\ THUG SO AL 24T > 72, PRI ZRBEHI W T BUSRICHEE DL &L Lo
pyridine Z /M x. % Z & CHREHKDOILEMOENLER M E L, £72 500ul DK E 0.5 ¥ ED TFA ORI

IZE D BAOY 12a BWHREREONRTELND Z ENAH I, O LTS TSR ZRE LT
RAZLUT @ Table 5.5 (TR, fix OABCAEZETT 2 & #OCT2b ORRFDE OB R & R I
REDERVNVREVEBAEROAD THY | BB E L TIAKE L ERITHEET D5 DCM & FW 25512
&b BEWREREZ 5 X7 (entry 4),

Table 5.5. Optimization of the reaction condition.

N,, Visible light
| | COM Organo-photocatalyst (5 mol%)
2Me “TolSO,Na (2 equi x_COMe
J/ p 2 quiv) S
S Pyridine (1.2 equiv), TFA (0.5 equiv)
E-11a H,0O (500 pL), Solvent (56 mL), 20 h 12a
(0.15 mmol)
Yield of Yield of Yield of
Entry Organo-photocatalyst Solvent 12a (%) E-11a (%)@ Z-11a (%)

1 AQN-2-CO,H DCM 44 31 5
2 Rhodamine B DCM 58 10 3
3 Eosin Y DCM 59 3 trace
4 Erythrosine B (EB) DCM 83 (81) trace 0
5 EB CHCl3 77 6 trace
6 EB THF 29 28 6
7 EB MeCN 64 12 trace
8 EB EtOAc 57 16 trace
9 EB DMF 43 6 trace

8] vields are determined by "H NMR spectroscopy using 1,1,2,2- tetrachloroethane as an internal standard.
The number in parentheses is isolated yield.

HE b ST S 2 IV CRVE o P 284 L 72 (Table 5.6), = A7 VLSO EFRAIMERE L

T=hU, RVERY, 72 THEECBOTCHOARKSIZEATE 5 Z LN AH SN (entries
3-6), =M VEATHEETIE, SEZMET LB Z K2 ERLFRESONTZTZD, Zhz
HOTRFZ1Tolcl 2A, BREWZ LIZ E REHWGE LR—DESME 52 5 Z &R RS
72 (entries 3 and 4),

LOALRIN D, TR AMUDREEHN —DFWEE 2 A5G0, MLt EZm L TRz
DOHPDFINTNEE W EETET, A THL L TFRINDE =272 1HNMR ThTNIIiERIND
DFIHTo 7= (Scheme 5.9),
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Table 5.6. Substrate scope.

| | EWG N,, Visible light, EB (5 mol%)
L/\ J/ p-TolSO,Na (2 equiv) X X-EWG
S Pyridine (1.2 equiv), TFA (0.5 equiv)
11

H,0 (500 uL), DCM (5 mL), Time (h) 12

(0.15 mmol)

Entry Substrate Product Time (h) Yield (%) [

CO,Me x_CO,Me
1 | | J/ ?:j/\/ 20 81
NNs7Edla 12a

It COaE o CO,Et
2 | S 20 77
\/\S
E-11b 12b
CN

_CN
S(j/\/ 20 85
S” Bt 12

c

NC
Il ] @NCN
4 20 84
S” z41c 12¢"
0.0
X %
5 INOURS AN U g
S E1d 12d

0
6 [°] 60 57
S ST [0}
E-11e 12e

[al |solated yields. ! The reaction was carried out at 60 °C.

X CO,Me N, Visible light, EB (5 mol%)
J/ p-TolSO,Na (2 equiv) X COzMe
> S
S Pyridine (1.2 equiv), TFA (0.5 equiv)
E-13a o 14a
H L), DCM L 20 h
(0.15 mmol) 20 (500 L), DCM (5 mL), 80 °C, 20 trace (detected by 'H NMR)

Scheme 5.9. Further substrate scope.

IR RUGTERE

A D S ] 5T 5 720 EE 0 2 b —/VEER %17 > 7= (Table 5.7), Kf&ff. KOVEB
DIFAE LR WERFIZB W T, BE T 2EAMOIERIZRKIBIZI T L, RS EIT IR LSS &
THRBECTHEITL TS Z RIS Lo 72 (entries 2 and 3), F£7= 1 48D TEMPO Z 2 7=H41C
X, HIOE T EAMNIELE A LB/ ONR N2 b, KGN T VAR THEIT LTV D & HE
gZEn5 (entry4),
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Table 5.7. Control experiments.

N,, Visible light, EB (5 mol%)
It COzMe - X COzMe
J/ p-TolSO ,Na (2 equiv) - S 2
Pyridine (1.2 equiv), TFA (0.5 equiv) o
E 11a H,0 (500 pL), DCM (5 mL), 20 h 12a
(0.15 mmol)

Entry Change from the standard conditions  Yield of 12a (%) ! Yield of E-11a (%) @ Yield of Z-11a (%) (@

1 - 83 (81) trace 0
2 In the dark trace 86 6
3 Without EB 11 78 8
4 With TEMPO (1 equiv) trace 74 7

[l vields were determined by 'H NMR. Number in parentheses is isolated yield.

FIROFER L M. Journet 512 XA 1 1TSS & | REUSHHEITT 2 BUCHERE 2 Scheme 5.10 (2777

INZEZ TS, BRICHE SN RERIRREIZI1T 5 EB O ILEN (-1.05 V vs. Ag/AgCI) 1 L EB @
“HEIAE T RV X—OfE (Ee=2.24eV) BT % Rehm-Weller 7> 5 & )i 5 BAF%= (Scheme 5.10 H74v)
WZE AT 5 Z & CREREEICH T D EB OFE(LEE) (+1.19 V) BRENICEHEN S, T Zofi L
sodium p-toluenesulfinate OFR{LFENL (+0.60 V vs. Ag/AgNQO3) M1 785 FBHEIREED EB & A7 ¢ U EEA
FUICBIT 2 —EFBEIORMEIIF D, HBIERIRIFIC K > THE LT ANVR S T DA NVITHE
DT VF VRIS, TS FWN 6-exo-trig Btz = L2110, RE-REHENRAT L
THRIET DT ANTZANPAEL D, ZOFANT TANMILE Eﬁ4&7JW7/ﬁw%$mﬁéio
(2 6-endo-trig BRfL 2L 29, Z D%, BTSN EB NSO —EFBENE AV T ¢ VA A 2 DA
T, HWOALEWMRAERT 5,

Il EWG
EWG
9 s s
S. o
p-tol” " “ONa g 0, .0 CTee
p-tol”7 "0 p-tol 7 s 6-exo-trig
TFA Ts
Pyridine EB* | H
EWG
S
"
h
pt01 S0 Ered = Erod (EBYEB) + Eggle | ™"
+0.60 V -1.05 +2.24
vs. Ag/AgNO .- =119V Ts
: 3 EB |
=
EWG
EB s*
6-endo-trig
Ts~

Ts Ts Ts

EWG E EWG EWG EWG
S A X S 77N S 770N - S X
2

Scheme 5.10. Plausible reaction mechanism.



LLED & 91, FH T IRERE S PUHOE0ET, £ L TABEAEEZ R+ 25082 L0 | BEDOK
Je& T 2 LSS Lz, TSR b ZE =T 5,

1) NUUAT A EREE LTHY, BMBERLIC L > TRHETRY X7 AT e NEE AR S &
721402, EEERRF aldol SIS E TS E D Z ST Lz, BEBEMRILSLME T, 7 a ) Al oM
PRFFEND Z ER A &N,

air, Visible light
Organo-photocatalyst

(0]
R_:(j/\OH . é Proline-type catalyst R
P -

10
I
O

up to 73%
up to >99% ee

2) 7 13- BB ERALAIN, ROB LIS EIRLIGZ E T V% ) U B E#EET S
LTS LT, AR L THOWABNEATF LU T A—IZL D, TR Rus VX)) voikE
KO—FBABEINARSINDIE R o TNDHLEEZTND,

EWG EWG 0,, Visible light R—: X
\=./ + Organo-photocatalyst = N
A \ /

Z N _EWG EWG EWG

R

up to 75% yield

3) BRELAMTIKIAL D Beckwith-Dowd S &V | fR3E— 1 7 UGG OB, M OBRIERBOG 2185 T B
BRARSUEDOBIFEIT L) UTc, RFEIE, BN SN iEam D7 BERIEEICR T 5 AMRURET
HHEE XD,

o 0 o

Visible light
OR Organo-photocatalyst OR
X

n n o
up to 83% yield

4) T VANMPIME RFIRE RGO B-BIRZ TN LI 2 AR D RIHEMICLY, e FeFAeT U5
EREET D FIEORFICKEI L, TV ANV E LTHIRWES ANV T 4 VA2 HVWENDZ 8 b
AKFEOFHRLE LTREITOND,

Visible light
Organo-photocatalyst

X _EWG
|L\ J/EWG Sulfinic acid salt o S(j/\/
S

up to 85% yield
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B

o DA AMFFEITER U TR NI AR SLOVERIC & 72 RAGIARE 70 2 H5 8 & H#ELE 2 15
D E L7 B Rl BRI AR A A T8 2« RN REUR B L RS AT TEE - JHER I BRI TR
LR sEHOEEFRLET,

ARWFFEDOHERE I BT W AR 70BN S . BRI ONS IR 2 TH & &£ U7 HOCER R ER A= - =
TN I BB R 22 G R A RS P IR S - 25 BsTEAD, (7] - (U 1SRRI TR L2 D Gt O &
KLET,

AWPZECER L THARLMEBE, LA 7V v 7RV Z A M) —DRIEZIT> TIHS £ LIZEE
R RFHSEDHALFIIEE - TH L _BRICHL IV EHOEEZR L ET,

LRI B IO AAXRT MLVOREZRZ L TIHE £ L RER RS 7 — - TR, T
ERRIEH L 7,

MNAT, SEBRICER Ll ), Rt E & £ Lo b AWML, fRIARME -, Bk iaE 1, BmsEi
Fhzhhe, WFEERERICEHE L £,
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VAT IR O MoK ELSE (BIRILS), I3 AE Licb oz v, BUH TLC 13X Kieselgel F-254
(Merck, 0.5mm) %, TLC Z3#7iZiZ silica gel 60 Fass (Merck, 0.25mm) % H\\/=, #T7 L7 a~ T T 7
¢4 =¥ U B iR, SilicaGel 60N (40-50 mm, Bk, i), #6 & UV YMC-GEL SIL 8 nm S-25 um (SLF
08S25) Z FH\ /=, HNMR, 3C NMR % JEOL ECA 500 spectrometer (500 MHz for *H NMR, 125 MHz for 13C
NMR) CHlE L7, (b5 7 MEIX *HNMR TlE MesSi (0.00 ppm) %, BCNMR TixiEo v —27 (77.0
ppm/CDCls) Z NHEBAEHE L L C ppm HAL TR LTz, v A A7 hiE JMS-T100TD AccuTOF TLC
(DART-MS) THIE L7z, fil 1% Yanaco # sl sl E 24 & CHIE L7z (RMTIEMR), IR A2 k/LiX Perkin
Elmer Spectrum 100 FTIR spectrometer % F N THIE L 72, JEIR1E Philips 4 23 W BBER 64T (EL/mdT2),
Panasonic % 22 W B ERT4 Y AT (EFR25ED/22-SP F). ¥ 7-1% TOSHIBA i 21 W B EREH 4T (EFD21EN)
AWz, 7ad, GRS & ITHMEA D BVAIN A 2 BUSIE, IKA OB (RCT basic) MW\ TiT-
77
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5 =BT 5 R

NPT a—)VEEIE L LW S B 22 AT aldol UG D — xR FIE

4-Bromobenzylalcohol (56.1 mg, 0.3 mmol, 1.0 equiv), anthraquinone-2-sodiumsulfonate monohydrate (9.8 mg,
0.03 mmol, 0.1 equiv) % pyrex sRBRE IZ AAL, A /K 3mL) # 2V T 7=#%IZ, cyclohexanone (155
uL, 1.5 mmol, 5.0 equiv), trans-4-TBDPSO-L-proline (11.1 mg, 0.03 mmol, 0.1 equiv), AcOH (8.6 uL, 0.15 mmol,
0.5equiv) ZMx 5, ZD#%k, ZERFEHEK T, FHEE LN S 23W BERIEE G 142 AV C k4 48
RE AN IR 3 2, SR BEK 2 M TR A5 1L S, B —F L& VT 3 B 217 5 . Aitlg
RTAVY LMK DR, WIEARIERET S, BON7iRiEE H NMR I THIE L2, 2 BUH
TLC (CHCI; : MeOH = 60 : 1) I TH 4+ 5 2 & THB® (2SS 1'R)-2-[hydroxy(4-
bromophenyl)methyl]cyclohexan-1-one (3a) % %7= (60.2 mg, 71%), 7233, AR OBl (X8 £ O H L
(ZHESE MWD XTI 00 7 A0, HPLC OHIERFZF—IC 5 Z L TENTLDOT T F A~ —
ZRE L ee Z#HH LT\ %, [TBDPSO = tert-butyldiphenylsiloxy]

(28, 1’R)-2-[Hydroxy(4-bromophenyl)methyl]cyclohexan-1-one (3a) [260:72.73.7475]

HPLC analysis chiralpak AS-H ('PrOH : hexane = 2 : 98, 0.5 mL/min, 217 nmM) tmajor = 56.3 Min, tminor = 60.9 min;
IH NMR (500 MHz, CDCls): & 7.49-7.46 (m, 2H), 7.20 (d, J = 8.0 Hz, 2H), 4.74 (dd, J = 9.2 and 2.9 Hz, 1H), 4.00
(d, J = 2.9 Hz, 1H), 2.58-2.45 (m, 2H), 2.36-2.32 (m, 1H), 2.11-2.07 (m, 1H), 1.82-1.79 (m, 1H), 1.72-1.50 (m,
3H), 1.33-1.26 (m, 1H); 3C NMR (125 Hz, CDCls): § 215.33, 139.93, 131.45, 128.71, 121.69, 74.16, 57.28, 42.64,
30.71, 27.69, 24.67.

(28, 1’R)-2-[Hydroxy(3-bromophenyl)methyl]cyclohexan-1-one (3b) 73!

HPLC analysis chiralpak AD-H (‘PrOH : hexane = 10 : 90, 0.5 mL/min, 210 nM) tmajor = 27.9 MinN, tminor = 28.3 Min;
IH NMR (500 MHz, CDCls): & 7.49 (m, 1H), 7.42 (m, 1H), 7.25-7.19 (m, 2H), 4.74 (dd, J = 9.2 and 2.9 Hz, 1H),
4.02 (d, J = 2.9 Hz, 1H), 2.60-2.55 (m, 1H), 2.51-2.42 (m, 1H), 2.40-2.33 (m, 1H), 2.13-2.07 (m, 1H), 1.89-1.78
(m, 1H), 1.75-1.52 (m, 3H), 1.39-1.26 (m, 1H); 1*C NMR (125 Hz, CDCls): $ 215.30, 143.22, 130.97, 129.99, 129.87,
125.75, 122.55, 74.21, 57.22, 42.65, 30.74, 27.70, 24.65.

(28, 1’R)-2-[Hydroxy(4-chlorophenyl)methyl]cyclohexan-1-one (3c) [72737576]

HPLC analysis chiralpak AD-H (‘PrOH : hexane = 10 : 90, 0.5 mL/min, 254 nm) tminor = 25.4 MiN, tmajor = 31.7 min;
'H NMR (500 MHz, CDCl5): & 7.31 (m, 2H), 7.25 (m, 2H), 4.76 (dd, J = 8.6 and 2.3 Hz, 1H), 4.01 (d, J = 2.9 Hz,
1H), 2.59-2.53 (m, 1H), 2.50-2.46 (m, 1H), 2.39-2.32 (m, 1H), 2.12-2.06 (m, 1H), 1.82-1.78 (m, 1H), 1.70-1.50
(m, 3H), 1.33-1.24 (m, 1H); *C NMR (125 Hz, CDCls): 6 215.49, 139.55, 131.66, 128.63, 121.49, 74.22, 57.45,
42.77,30.84, 27.82, 24.80.

(2S, 1’R)-2-[Hydroxy(3-chlorophenyl)methyl]cyclohexan-1-one (3d) [
HPLC analysis chiralpak AD-H (‘PrOH : hexane = 10 : 90, 0.5 mL/min, 210 nM) tmajor = 26.4 Min, tminor = 29.0 Min;
'H NMR (500 MHz, CDCls): 6 7.33 (br-s, 1H), 7.27-7.25 (m, 2H), 7.20-7.16 (m, 1H), 4.75 (dd, J = 10.9 and 2.3 Hz,
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1H), 4.04 (d, J = 2.3 Hz, 1H), 2.61-2.55 (m, 1H), 2.50-2.45 (m, 1H), 2.41-2.32 (m, 1H), 2.13-2.06 (m, 1H), 1.87—
1.73 (m, 1H), 1.72-1.51 (m, 3H), 1.35-1.25 (m, 1H); 13C NMR (125 Hz, CDCls):  215.24, 142.96, 134.24, 129.55,
127.98, 127.06, 125.25, 74.17, 57.18, 42.60, 30.69, 27.67, 24.61.

(28, 1’R)-2-[Hydroxy(4-trifluoromethylphenyl)methyl]cyclohexan-1-one (3¢) [260:74.76]

HPLC analysis chiralpak OD-H ('PrOH : hexane = 20 : 80, 0.5 mL/min, 210 nm) tmajor = 12.4 Min, tminor = 13.9 min.;
1H NMR (500 MHz, CDCls): § 7.61 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 4.84 (dd, J = 8.6 and 2.9 Hz, 1H),
4.04 (d, J = 2.9 Hz, 1H), 2.62-2.48 (m, 2H), 2.40-2.33 (m, 1H), 2.13-2.09 (m, 1H), 1.83-1.80 (m, 1H), 1.72-1.51
(m, 3H), 1.38-1.33 (M, 1H); 3C NMR (125 Hz, CDCls): § 215.15, 144.90, 130.02, 127.33, 125.30, 125.27, 74.23,
57.22,42.65, 30.72, 27.68, 24.66.

4-((R)-Hydroxy((S)-2-oxocyclohexyl)methyl)benzonitrile (3f) [260.72.74.75.76]

HPLC analysis chiralpak AD-H ('PrOH : hexane = 10 : 90, 0.5 mL/min, 254 nm) tminor = 48.0 Min, tmajor = 61.7 min;
'H NMR (500 MHz, CDCl3): § 7.64 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 4.84 (dd, J = 8.6 and 2.9 Hz, 1H),
4.09 (d, J = 2.9 Hz, 1H), 2.59-2.50 (m, 1H), 2.48 (M, 1H), 2.40-2.33 (m, 1H), 2.14-2.09 (m, 1H), 1.84-1.78 (m, 1H),
1.71-1.51 (m, 3H), 1.39-1.31 (m, 1H); 3C NMR (125 Hz, CDCls): § 214.81, 146.29, 132.09, 127.70, 118.80, 111.53,
74.07,57.02, 42.57, 30.62, 27.56, 24.57.

Methy! 4-((R)-hydroxy((S)-2-oxocyclohexyl)methyl)benzoate (3g) ['27°]

HPLC analysis chiralpak AS-H ('PrOH : hexane = 20 : 80, 0.5 mL/min, 254 nm) tmajor = 32.5 Min, tminor = 51.0 min;
!H NMR (500 MHz, CDCl5): & 8.02 (d, J = 8.6 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 4.84 (dd, J = 8.6 and 2.9 Hz, 1H),
4.03 (d, = 2.9 Hz, 1H), 3.92 (s, 3H), 2.63-2.57 (M, 1H), 2.50-2.48 (m, 1H), 2.37-2.34 (m, 1H), 2.12-2.08 (m, 1H),
1.81-1.79 (m, 1H), 1.71-1.51 (m, 3H), 1.37-1.30 (m, 1H); *C NMR (125 Hz, CDCls): § 215.13, 166.80, 145.98,
129.60, 129.42, 126.95, 74.28, 57.20, 52.07, 42.60, 30.68, 27.65, 24.61.

(2, 1’R)-2-[Hydroxy(4-nitrophenyl)methyl]cyclohexan-1-one (3h) [260.72.73,74.75,76]

HPLC analysis chiralpak OD-H ('PrOH : hexane = 20 : 80, 0.5 mL/min, 254 nm) tmajor = 17.3 Min, tminor = 21.6 min;
IH NMR (500 MHz, CDCls): 8 8.21 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H), 4.89 (dd, J = 8.0 and 2.9 Hz, 1H),
4.08 (d, J = 2.9 Hz, 1H), 2.62-2.56 (m, 1H), 2.52-2.49 (m, 1H), 2.39-2.34 (m, 1H), 2.14-2.10 (m, 1H), 1.85-1.82
(m, 1H), 1.71-1.35 (m, 4H); 3C NMR (125 Hz, CDCls): § 214.79, 148.30, 147.52, 127.83, 125.52, 73.95, 57.11,
42.62, 30.69, 27.59, 24.62.

(28, 1’R)-2-[Hydroxy(3-nitrophenyl)methyl]cyclohexan-1-one (3i) [260.72.73.74.75.76]

HPLC analysis chiralpak AD-H ('PrOH : hexane =5 : 95, 0.8 mL/min, 254 nm) tmajor = 37.9 MiN, tminor = 48.5 min;
'H NMR (500 MHz, CDCls): 6 8.22 (t, J = 2.0 Hz, 1H), 8.17-8.15 (m, 1H), 7.67 (d, J = 7.5 Hz, 1H), 7.54 (t, J = 8.0
Hz, 1H), 4.90 (d, J = 8.6 and 2.9 Hz, 1H), 4.16 (d, J = 2.9 Hz, 1H), 2.66-2.61 (m, 1H), 2.53-2.48 (m, 1H), 2.42-2.37
(m, 1H), 2.15-2.10 (m, 1H), 1.85-1.81 (m, 1H), 1.74-1.55 (m, 3H), 1.44-1.36 (m, 1H); 23C NMR (125 Hz, CDCls):
6 214.89, 148.16, 143.17, 133.18, 129.25, 122.80, 121.94, 73.93, 57.04, 42.59, 30.65, 27.56, 24.57.
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(28, 1°R)-2-[Hydroxy(4-chlorophenyl)methyl]cyclopentan-1-one (3p) 778

The result of HPLC analysis and *H NMR data were referred to previous reports.

HPLC analysis chiralpak AD-H ('PrOH : hexane =5 : 95, 1 mL/min, 254 nm) tmajor = 13.9 mMin, tminor = 15.6 min;

IH NMR (500 MHz, CDCly): & 7.33-7.31 (m, 2H), 7.30-7.27 (m, 2H), 4.69 (d, J = 9.2 Hz, 1H), 4.63 (s, 1H), 2.50—
2.44 (m, 1H), 2.47-2.36 (M, 2H), 2.29-2.21 (m, 1H), 2.01-1.95 (m, 1H), 1.80-1.68 (m, 2H), 1.53-1.44 (m, 1H); 13C
NMR (125 Hz, CDCls): § 222.87, 139.93, 133.65, 128.60, 127.89, 74.60, 52.26, 38.68, 29.91, 20.36.

4-((R)-Hydroxy((S)-2-oxocyclopentyl)methyl)benzonitrile (3q) 778

The result of HPLC analysis and *H NMR data were referred to previous reports.

HPLC analysis chiralpak AD-H ('PrOH : hexane =5 : 95, 1 mL/min, 254 nm) tmajor = 45.7 Min, tminor = 47.5 min;

IH NMR (500 MHz, CDCls): 6 7.65 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 4.79 (d, J = 9.2 Hz, 1H), 4.75 (s,
1H), 2.51-2.40 (m, 1H), 2.37-2.12 (m, 2H), 2.07-1.92 (m, 2H), 1.78-1.67 (m, 2H); 13C NMR (125 Hz, CDCl): &
222.37, 146.64, 132.32, 127.22,118.69, 111.79, 74.63, 55.04, 38.59, 26.83, 20.34.

(28, 1’R)-2-[Hydroxy(4-nitrophenyl)methyl]cyclopentan-1-one (3r) [260.72.73,74,76]

HPLC analysis chiralpak AD-H ('PrOH : hexane =5 : 95, 1 mL/min, 265 nm) tmajor = 40.3 Min, tminor = 43.0 min;

IH NMR (500 MHz, CDCls): § 8.23-8.21 (m, 2H), 7.54 (dd, J = 8.6 and 1.7 Hz, 2H), 4.85 (d, J = 8.6 Hz, 1H), 4.79
(s, 1H), 2.50-2.44 (m, 1H), 2.42-2.36 (M, 1H), 2.32-2.24 (m, 1H), 2.05-2.00 (m, 1H), 1.80-1.70 (m, 2H), 1.60-1.53
(m, 1H); 3C NMR (125 Hz, CDCls): § 222.24, 148.60, 147.52, 127.29, 123.65, 74.33, 55.00, 38.54, 26.75, 20.30.

Table 3.4, entry 2 (2R3 2 FEBR Tk

4-Bromobenzylalcohol (56.1 mg, 0.3 mmol, 1.0 equiv), anthraquinone-2-sodiumsulfonate monohydrate (9.8 mg,
0.03 mmol, 0.1 equiv) ZpyrexalBRE (Z AfL, Z&EK B3mL) 22V P THMA72#IZ, cyclohexanone (155
pL, 1.5 mmol, 5.0 equiv). trans-4-TBDPSO-L-proline (11.1 mg, 0.03 mmol, 0.1 equiv) &Nz %, fii) CHEifsbL
K[EATo %, 7T/ T o TEBT D, ArballooniZ L 5 RNEMET AFRFAK T, kL 523 WEERZ &
JEAT LA 2 TR 2 12 AN RS9 2, fafn Bk 2 N2 TS ZFIE Stk Bile—F /L%
MAWTIEHIH 21T 5, FilE~ 722U MM K D%, W2 RIERET 5, FocfkiEzH NMR
(ZCHE L7z,

Table 3.4, entry 3 (2B~ 2 BTk

4-Bromobenzylalcohol (56.1 mg, 0.3 mmol, 1.0 equiv), anthraquinone-2-sodiumsulfonate monohydrate (9.8 mg,
0.03 mmol, 0.1 equiv) ZpyrexalBRE (Z AfL, Z&EK B3mL) 22V Y TIMA72#IZ, cyclohexanone (155
pL, 1.5 mmol, 5.0 equiv). trans-4-TBDPSO-L-proline (11.1 mg, 0.03 mmol, 0.1 equiv) Z Iz %, Z Dk, kb
BaTIVIRA )N TESTOREETERIRMR T, L7220 523 WEEKIBAOLATLE 2 Vv TRl 412
RFR AN RN 9~ 5, S BEKZ N TS EAF I SE 2%, BT v a2 O CIEM 217 5, Wik
VTR MK DS, WIABIERE BT 5, 075 AH NMRICTRIE L7z,
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Table 3.4, entry 4 (2R3 2 FEBR T4

4-Bromobenzylalcohol (56.1 mg, 0.3 mmol, 1.0 equiv), anthraquinone-2-sodiumsulfonate monohydrate (9.8 mg,
0.03 mmol, 0.1 equiv) ZpyrexstBRE I AL, ZZE/K 3mL) =3V > P T 7=#%IZ. cyclohexanone (155
pL, 1.5 mmol, 5.0 equiv), trans-4-TBDPSO-L-proline (11.1 mg, 0.03 mmol, 0.1 equiv), L-7" A /L & EEF
U2 (59.4mg,0.3mmol, 1.0equiv) #I1Z %5, =Dk, EXFEHK T, B LR 523 WEEKZE LT
Ul 2 AN TR A L2 IS RS 9~ 5, Bafn &K 2N 2 CTROG A 4F 1L S ¥ 7%, Hig—F v % v
TIEHhH 21T 9, Wilg~ 7% U DT K DHc% ., W2 TR ET 2, 5072 2 H NMRIZ T
WE LTz,

CALE NS AN

AT PRI LD e a A VX ) U B OREEEDO I FE

1,4-Naphthoquinone (47.4 mg, 0.3 mmol, 1.0 equiv), ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (78.9 mg,
0.36 mmol, 1.2 equiv) % pyrex sRBRE (Z AZL. methyleneblue 7 & k= k U /L& (0.003 mmol/mL, 1 mL,
1mol%), RO Y FrsR)—n 2mL) 23V P TIMR D, T D%, Ox-balloon (2 L 5 EHEFIAR T .
PR L7203 5 23 W S ERIZHOEAT 1 842 W TRl D 2SRRI 95, 20 B2, PSR OB 2 ok
JEREEL, BoiiiEiE%E tHNMR ICTHIE Lz, REORBMIIN Z L7~ N7F 7 ¢4 — (CHCl) 12
Ko TITvw, BHI® Th % ethyl 9,14-dioxo-5,6,9,14-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-
carboxylate (7aa) #1572 (83.3 mg, 75%),

Ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (2a) @ 5L FHIE

BALRAIE D72 D OERAFHIEIL, BAS100B XL F:V —7 AT —v a3 W T ZEMERDOH A1 7 )
I RNVE A N ) =L X o T To T, TEREMITXT 4 AT T o v — D —R %M (B 1.6 mm),
KR IE 2 A RO A ARR, F =B IREMITIIEKH Ag/AgNO; A (BASRE-5) % /=, WA HXET T A
HEX, BEAT Y T CTREBROR, EFRKE T, 100 mV/s OfF5HEE TITV, S OIREIZS
WCIERO=Z ) — )V EPEERSE D Z LIk - T 25°C Il L=, HEREE 0.1M O H#EmET b
Z7aENLNT =T A (TPAP) 2 XFFEME L L TEARE T h= MU vEH W, E7=, TPAP (If#
MENCEEZE T CHoICHBES - O& M Lz, TIZ IUPAC IZ X 281EI2HEV, FE7 1 b M
BT A EOKIEIX 7 = ot v oigfbiEext (FelFe) & vz,
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Ethyl 9,14-dioxo-5,6,9,14-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate (7aa) (362

Yellow solid, yield 75% (83.3 mg); *H NMR (500 MHz, CDCls): § 9.01 (d, J = 7.5 Hz, 1H), 8.32-8.30 (m, 1H),
8.24-8.22 (m, 1H), 7.74—7.70 (m, 2H), 7.47 (t, J = 7.4 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.29-7.26 (m, 1H), 4.55 (q,
J=75Hz, 2H), 4.30 (t, J = 6.3 Hz, 2H), 3.12 (t, J = 6.3 Hz, 2H), 1.51 (t, J = 7.5 Hz, 3H); 13C NMR (125 Hz, CDCl5):
3 179.7, 179.5, 161.4, 135.6, 134.6, 133.6, 133.3, 132.9, 130.0, 128.8, 127.40 (2C), 127.38, 127.2, 126.6, 126.3,
123.2,117.4,62.5,43.1, 29.1, 14.0 (the peak of 127.40 seems to be overlapped); Rt=0.66 (CHCI3); IR vicm™ (ATR):
1702, 1658, 1511, 1464, 1413, 1383, 1309, 1263, 1225, 1140, 1107, 1047, 1009, 984, 790, 728, 710.

Methyl 9,14-dioxo-5,6,9,14-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate (7ab) (36

Orange solid, yield 74% (79.8 mg); *H NMR (500 MHz, CDCls): & 9.01 (d, J = 8.1 Hz, 1H), 8.32-8.31 (m, 1H),
8.24-8.22 (m, 1H), 7.75-7.72 (m, 2H), 7.47 (t, J = 7.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.30~7.28 (m, 1H), 4.32 (¢,
J=6.9 Hz, 2H), 4.09 (s, 3H), 3.13 (t, J = 6.6 Hz, 2H); 23C NMR (125 Hz, CDCls): 5 179.6 (2C), 161.9, 135.8, 135.6,
134.6, 133.6, 133.4, 133.0, 130.1, 128.8, 127.4 (2C), 127.2, 126.6, 125.4, 123.4, 117.5, 53.1, 43.2, 29.1 (both of the
peaks of 179.6 and 127.4 seem to be overlapped); Rs = 0.57 (CHCIs); IR vicm™ (ATR): 1710, 1655, 1465, 1412,
1386, 1313, 1263, 1216, 1139, 1113, 1060, 1011, 799, 730.

tert-Butyl 9,14-dioxo-5,6,9,14-tetrahydrobenzol[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate (7ac) [6al
Orange solid, yield 58% (69.5 mg); *H NMR (500 MHz, CDCls): & 9.01 (d, J = 8.0 Hz, 1H), 8.31-8.29 (m, 1H),
8.24-8.22 (m, 1H), 7.73—7.70 (m, 2H), 7.46 (t, J = 7.5 Hz, 1H), 7.38 (t, J = 6.9 Hz, 1H), 7.38-7.26 (m, 1H), 4.27 (t,
J = 6.6 Hz, 2H), 3.12 (t, J = 6.9 Hz, 2H), 1.71 (s, 9H); *C NMR (125 Hz, CDCls): 5 179.8, 179.4, 160.6, 135.7,
135.0, 134.8, 133.5, 133.2, 132.9, 129.9, 128.7, 127.7, 127.43, 127.40, 126.2, 126.5 (2C), 122.4, 117.1, 84.1, 43.0,
29.1, 28.0 (the peak of 126.5 seems to be overlapped); Rt = 0.74 (CHCI3); IR vicm™ (ATR): 1719, 1668, 1467, 1421,
1369, 1266, 1228, 1140, 1010, 982, 712.
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Ethyl 11,12-dimethoxy-9,16-dioxo-5,6,9,16-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate
(7ca)

Yellow solid, yield 73% (94.0 mg); *H NMR (500 MHz, CDCls): & 9.01 (d, J = 8.0 Hz, 1H), 7.75 (s, 1H), 7.76 (s,
1H), 7.46 (t, J = 7.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.29-7.27 (m, 1H), 4.55 (q, J = 7.5 Hz, 2H), 4.28 (t, J = 6.3
Hz, 2H), 4.04 (s, 3H), 4.03 (s, 3H), 3.12 (t, J = 6.9 Hz, 2H), 1.51 (t, J = 6.9 Hz, 3H); 23C NMR (125 Hz, CDCl3): &
179.3,179.0, 161.6, 153.0, 152.8, 135.5, 133.7, 130.4, 130.0, 129.4, 128.8, 127.4, 127.3, 126.4, 126.0, 123.2, 117.4,
108.6, 108.0, 62.5, 56.4 (2C), 43.1, 29.1, 14.1 (the peak of 56.4 seems to be overlapped); R = 0.51 (CHCI); IR
viem™ (ATR): 1695, 1662, 1582, 1506, 1464, 1421, 1364, 1276, 1207, 1189, 1086, 1015, 886, 803, 773, 743; HRMS
(DART): Found 432.1435, Calcd. for CosH22NOs [M + H]*: 432.1447; m.p.: 212213 °C.

Ethyl 2,3-dimethoxy-9,14-dioxo-5,6,9,14-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate
(7ad) 364

Orange solid, yield 34% (44.0 mg); *H NMR (500 MHz, CDCls): 6 8.93 (s, 1H), 8.30 (d, J = 6.9 Hz, 1H), 8.19 (d, J
= 6.9 Hz, 1H), 7.71-7.68 (m, 2H), 6.75 (s, 1H), 4.55 (q, J = 7.5 Hz, 2H), 4.27 (t, J = 6.3 Hz, 2H), 4.1 (s, 3H), 3.94
(s, 3H), 3.06 (t, J = 6.3 Hz, 2H), 1.50 (t, J = 6.9 Hz, 3H); 23C NMR (125 MHz, CDCls): & 179.7, 179.6, 161.6, 150.2,
147.7, 136.3, 135.9, 134.7, 133.2, 132.8, 127.3, 127.0, 126.6, 126.0, 123.0, 119.1, 116.4, 112.4, 110.2, 62.5, 56.3,
56.0, 43.3, 28.6, 14.0; Rf = 0.23 (CHClI3); IR vicm™ (ATR): 1717, 1654, 1531, 1470, 1385, 1280, 1253, 1204, 1152,
1127, 1043, 1015, 995, 722, 702.

Ethyl 2,3-dimethoxy-9,16-dioxo-5,6,9,16-tetrahydronaphtho[5,6]isoindolo[1,2-a]isoquinoline-8-carboxylate
(7bd) [36al

Orange solid, yield 61% (87.4 mg); *H NMR (500 MHz, CDCls): 6 9.01 (s, 1H), 8.86 (s, 1H), 8.76 (s,1H), 8.09-8.05
(m, 2H), 7.66—7.64 (m, 2H), 6.78 (s, 1H), 4.57 (q, J = 6.9 Hz, 1H), 4.30 (t, J = 6.3 Hz, 2H), 4.15 (s, 3H), 3.96 (s, 3H),
3.09 (t, J = 6.9 Hz, 2H), 1.53 (t, J = 7.5 Hz, 3H); 1¥*C NMR (125 MHz, CDCl3): § 179.7, 179.5, 161.8, 150.1, 147.7,
136.3, 134.9, 134.6, 132.3, 131.3, 129.8 (2C), 129.3, 128.9, 128.8, 128.5, 126.9, 126.1, 123.8, 119.2, 117.2, 112.4,
110.1, 62.5, 56.3, 55.9, 43.3, 28.6, 14.0 (the peak of 129.8 seems to be overlapped); R = 0.37 (CHCIs); IR v/icm™
(ATR): 1717, 1660, 1530, 1482, 1382, 1256, 1238, 1234, 1184, 1132, 1036, 915, 761.

Triethyl 5,6-dihydropyrrolo[2,1-a]isoquinoline-1,2,3-tricarboxylate (7da) (34!

White solid, yield 48% (55.5 mg); *H NMR (500 MHz, CDCls): 5 8.19-8.17 (m, 1H), 7.32-7.31 (m, 2H), 7.26-7.25
(m, 1H), 4.54 (t, J = 6.3 Hz, 2H), 4.37 (q, J = 7.5 Hz, 2H), 4.34-4.29 (m, 4H), 3.00 (t, J = 6.9 Hz, 2H), 1.41 (t, J =
6.9 Hz, 3H), 1.36—1.32 (m, 6H); *C NMR (125 Hz, CDCls): 6 166.1, 163.4, 159.9, 136.7, 134.3, 129.2, 128.5, 127.3,
126.9 (2C), 126.4, 118.9, 110.7, 61.5, 61.0, 60.7, 42.5, 29.3, 14.10, 14.08, 14.03 (the peak of 126.9 seems to be
overlapped); Rf = 0.29 (hexane : EtOAc =4 : 1); IR vicm™* (ATR): 1704, 1661, 1532, 1464, 1426, 1384, 1253, 1186,
1109, 1028, 760.

Diethyl 2,3-dimethoxy-5,6-dihydropyrrolo[2,1-a]isoquinoline-1,3-dicarboxylate (7ea) 3¢
Yellow solid, yield 69% (64.8 mg); *H NMR (500 MHz, CDCls): § 8.43 (d, J = 8.0 Hz, 1H), 7.49 (s, 1H), 7.35-7.27
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(m, 2H), 7.25 (d, J = 8.6 Hz, 1H), 4.59 (t, = 6.3 Hz, 2H), 4.35-4.30 (m, 4H), 3.01 (t, J = 6.9 Hz, 2H), 1.40-1.37
(m, 6H); 3C NMR (125 Hz, CDCls): § 164.5, 160.9, 137.7, 134.0, 128.8, 128.5, 127.2, 127.0, 126.8, 121.3, 121.0,
112.3, 60.3, 60.2, 42.3, 42.2, 29.4, 14.4; Ry = 0.66 (hexane : EtOAC = 4 : 1); IR vicm™* (ATR): 1702, 1538, 1452,
1417, 1252, 1206, 1156, 1078, 1028, 768, 753, 744.

3-Ethyl 1-methyl-5,6-dihydropyrrolo[2,1-a]isoquinoline-1,3-dicarboxylate (7fa) 341

Yellow solid, yield 66% (59.2 mg); *H NMR (500 MHz, CDCls): § 8.43 (d, J = 7.5 Hz, 1H), 7.49 (s, 1H), 7.35-7.28
(m, 2H), 7.25 (d, J = 8.6 Hz, 1H), 4.59 (t, J = 6.3 Hz, 2H), 4.31 (q, J = 7.5 Hz, 2H), 3.85 (s, 3H), 3.01 (t, J = 6.9 Hz,
2H), 1.38 (t, J = 7.2 Hz, 3H); 3C NMR (125 Hz, CDCls): § 164.9, 160.9, 137.8, 134.0, 128.9, 128.4, 127.2, 127.0,
126.9,121.3,121.1, 111.8, 60.3, 51.4, 42.2, 29.4, 14.3; Ry = 0.57 (hexane : EtOAc =4 : 1); IR v/icm™ (ATR): 1698,
1540, 1458, 1407, 1252, 1205, 1164, 1079, 1015, 771, 755, 741.

Ethyl 1-(1-pyrrolidinylcarbonyl)-5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate (7ga)

Yellow gum, yield 18% (18.3 mg); *H NMR (500 MHz, CDCls): § 7.65-7.63 (m, 1H), 7.25-7.22 (m, 3H), 7.07 (s,
1H), 4.61 (t, J = 3.2 Hz, 2H), 4.30 (q, J = 7.5 Hz, 2H), 3.67 (t, J = 7.5 Hz, 2H), 3.26 (t, J = 6.9 Hz, 2H), 3.06 (t, J =
6.9 Hz, 2H), 1.93 (quint, J = 7.3 Hz, 2H), 1.80 (quint, J = 6.9 Hz, 2H), 1.36 (t, J = 7.5 Hz, 3H); 3C NMR (125 Hz,
CDCls): 5 166.5, 161.1, 132.6, 132.2, 128.0, 127.8, 127.6, 127.4, 124.8, 121.2, 117.2 (2C), 60.1, 48.5, 45.8, 42.2,
29.1, 25.9, 24.6, 14.4 (the peak of 117.2 seems to be overlapped); Ri = 0.31 (hexane : EtOAc =1 : 1); IR vicm™
(ATR): 1696, 1615, 1549, 1455, 1401, 1241, 1185, 1082, 846, 757; HRMS (DART): Found 339.1698, Calcd. for
C20H23N203 [M + H]*: 339.17009.

Ethyl 1-(1-pyrrolidinylcarbonyl)-2,3-dimethoxy-5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate (7gd)
Yellow gum, yield 12% (14.3 mg); *H NMR (500 MHz, CDCls): § 7.36 (s, 1H), 7.07 (s, 1H), 6.74 (s, 1H), 4.58 (t, J
= 6.6 Hz, 2H), 4.29 (q, J = 7.5 Hz, 2H), 3.91 (s, 3H), 3.84 (s, 3H), 3.65 (t, J = 7.4 Hz, 2H), 3.25 (t, J = 6.9 Hz, 2H),
2.99 (t, J = 7.2 Hz, 2H), 1.92 (quint, J = 7.5 Hz, 2H), 1.80 (quint, J = 6.9 Hz, 2H), 1.35 (t, J = 7.5 Hz, 3H); 13C NMR
(125 Hz, CDCls): 6 166.8, 161.1, 148.8, 148.0, 132.5, 125.6, 120.8, 120.4, 117.4, 116.2, 110.7, 108.0, 60.1, 55.93,
55.88, 48.6, 45.9, 42.3, 28.8, 26.0, 24.7, 14.4; Rs = 0.23 (hexane : EtOAc = 1 : 2); IR vicm™ (ATR): 1691, 1609,
1463, 1399, 1241, 1215, 1190, 1145, 1077, 859, 759; HRMS (DART): Found 399.1908, Calcd. for C22H27N20s [M
+ H]*: 399.1920.

Ethyl 1-benzoyl-5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate (7ha)

White gum, yield 10% (10.4 mg); *H NMR (500 MHz, CDCls): § 7.92 (d, J = 7.4 Hz, 2H), 7.87 (d, J = 8.0 Hz, 1H),
7.56 (m, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.25—7.24 (m, 2H), 7.19-7.17 (m, 2H), 4.66 (t, J = 6.9 Hz, 2H), 4.30 (q, J =
7.4 Hz, 2H), 3.09 (t, J = 6.9 Hz, 2H), 1.34 (t, J = 6.9 Hz, 3H); *C NMR (125 Hz, CDCls): § 192.3, 161.0, 139.1,
137.5, 133.6, 132.4, 129.9, 128.8, 128.3, 127.5 (2C), 127.0 (2C), 122.2, 120.9, 120.0, 60.4, 42.4, 29.3, 14.4 (both of
the peaks of 127.5 and 127.0 seem to be overlapped); Rs = 0.32 (hexane : EtOAc =5 : 1); IR v/cm™ (ATR): 1698,
1645, 1449, 1410, 1247, 1214, 1184, 1082, 888, 731; HRMS (DART): Found 346.1445, Calcd. for C22H20NO3 [M +
H]*: 346.1443.
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Ethyl 9,11-dioxo-10-phenyl-6,9,10,11-tetrahydro-5H-pyrrolo[3°,4°:3,4]pyrrolo[2,1-a]isoquinoline-8-
carboxylate (7ia) (34

White solid, yield 49% (56.7 mg); *H NMR (500 MHz, CDCls): § 8.59 (d, J = 7.5 Hz, 1H), 7.49 (t, J = 8.1 Hz, 2H),
7.42-7.37 (m, 5H), 7.29 (d, J = 6.9 Hz, 1H), 4.79 (t, J = 6.6 Hz, 2H), 4.44 (g, J = 6.9 Hz, 2H), 3.20 (t, J = 6.9 Hz,
2H), 1.47 (t, J = 7.5 Hz, 3H); 1*C NMR (125 Hz, CDCls): & 163.1, 161.6, 159.7, 133.5, 132.5, 132.4, 130.3, 128.9,
128.0, 127.8, 127.7, 127.1, 125.5, 125.2, 118.6, 116.2, 61.7, 43.4, 28.3, 14.2; R; = 0.37 (hexane : EtOAc =3: 1); IR
viem™ (ATR): 1756, 1699, 1547, 1472, 1418, 1383, 1345, 1276, 1196, 1155, 1111, 1089, 1049, 945, 894, 861, 822,
755, 724.

Ethyl 9,11-dioxo-10-methyl-6,9,10,11-tetrahydro-5H-pyrrolo[3°,4°: 3,4]pyrrolo[2,1-a]isoquinoline-8-
carboxylate (7ja) 341

White solid, yield 17% (16.8 mg); *H NMR (500 MHz, CDCls): 6 8.51 (d, J = 8.0 Hz, 1H), 7.41-7.39 (m, 1H),
7.38-7.36 (m, 1H), 7.26 (d, J = 7.5 Hz, 1H), 4.71 (t, J = 7.2 Hz, 2H), 4.41 (g, J = 6.9 Hz, 2H), 3.15 (t, J = 6.9 Hz,
2H), 3.10 (s, 3H), 1.48 (t, J = 6.9 Hz, 3H); *C NMR (125 Hz, CDCls): 6 164.1, 162.8, 159.6, 132.8, 132.3, 130.1,
127.9, 127.8, 127.6, 125.8, 125.6, 118.1, 116.6, 61.5, 43.2, 28.3, 24.2, 14.1; Rt = 0.34 (hexane : EtOAc =3 :1); IR
viem™ (ATR): 1753, 1690, 1546, 1475, 1380, 1349, 1270, 1192, 980, 774, 738; HRMS (DART): Found 325.1217,
Calcd. for C1gH17N204 [M + H]*: 325.1189.

Ethyl 1-cyano-5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate (7ka)

White solid, yield 24% (19.2 mg); *H NMR (500 MHz, CDCls): 6 8.21 (d, J = 7.5 Hz, 1H), 7.39-7.33 (m, 2H),
7.29-7.28 (1H, m), 4.66 (t, J = 7.2 Hz, 2H), 4.33 (q, J = 7.5 Hz, 2H), 3.10 (t, J = 6.9 Hz, 2H), 1.38 (t, J = 7.4 Hz,
3H); 13C NMR (125 Hz, CDCls): 6 160.2, 139.3, 132.6, 129.6, 128.0, 127.8, 126.0, 124.8, 122.5, 121.5, 116.7, 88.8,
60.7, 42.6, 28.6, 14.3; R = 0.31 (hexane : EtOAc =5 : 1); IR v/cm™ (ATR): 2224, 1706, 1457, 1410, 1251, 1190,
1101, 836, 768, 722, 689; HRMS (DART): Found 267.1130, Calcd. for CiH1sN202 [M + H]*: 267.1134; m.p.:
105-106 °C.

Ethyl 1-cyano-2,3-dimethoxy-5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate (7kd)

White solid, yield 19% (18.6 mg); *H NMR (500 MHz, CDCls): 8 7.77 (s, 1H), 7.24 (s, 1H), 6.77 (s, 1H), 4.63 (t, J
= 7.2 Hz, 2H), 4.31 (q, J = 7.5 Hz, 2H), 3.97 (s, 3H), 3.93 (s, 3H), 3.03 (t, J = 6.9 Hz, 2H), 1.38 (t, J = 6.9 Hz, 3H);
13C NMR (125 Hz, CDCl3): § 160.3, 150.0, 148.4, 140.0, 125.8, 122.1, 121.3, 118.5, 117.2, 110.7, 107.5, 87.6, 60.6,
56.1, 56.0, 42.7, 28.2, 14.3; R = 0.31 (hexane : EtOAc = 1 : 1); IR vicm™ (ATR): 2213, 1697, 1612, 1546, 1466,
1251, 1217, 1196, 1151, 1015, 850, 721; HRMS (DART): Found 327.1352, Calcd. for CisH1gN20O4 [M + H]*:
327.1345; m.p.: 133—134 °C.

9,14-Dioxo-5,6,9,14-tetrahydrobenzo[5,6]isoindolo[1,2-a]isoquinoline-8-carbonitrile (7ae)

Yellow solid, yield 30% (28.9 mg); *H NMR (500 MHz, CDCls): 6 9.01 (d, J=8.1 Hz, 1H), 8.33 (d, J = 7.4 Hz, 1H),
8.28 (d, J = 6.9 Hz, 1H), 7.80~7.77 (m, 2H), 7.50 (m, 1H), 7.46 (m, 1H), 7.35-7.33 (m, 1H), 4.37 (t, J = 6.9 Hz, 2H),
3.24 (t, J = 6.9 Hz, 2H); 13C NMR (125 Hz, CDCls): 5 178.7 (2C), 137.9, 135.7, 134.1, 133.6, 133.4, 133.3, 131.1,
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129.8, 129.1, 127.9 (2C), 127.7, 126.8, 125.7, 117.9, 111.1, 104.7, 43.8, 28.7 (both of the peaks of 178.7 and 127.9
seem to be overlapped); R = 0.51 (CHCIs); IR vicm™ (ATR): 2222, 1657, 1588, 1546, 1504, 1463, 1420, 1267, 1245,
1197, 1186, 1156, 1061, 1008, 985, 745, 730, 717, 689; HRMS (DART): Found 325.0982, Calcd. for C1H13N20>
[M + H]*: 325.0977; m.p.: >295 °C.

Table 4.5, entry 2 (ZB4 2 EBR Tk

1,4-Naphthoquinone (47.4 mg, 0.3 mmol, 1.0 equiv), ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (78.9 mg,
0.36 mmol, 1.2 equiv) % pyrexiABRE 12 A4L. methylene blue?® 7 & k= k U /L (0.003 mmol/mL, 1 mL,
1 mol%), KA Y7 u,X/)— 2mL) 22V P TMR D, Hil) CHENREITo72%, 73T
B 5, Arballoon|Z & 2 ARIEMEA AFRHR T, HiHk LS 523 WEBIEHOLAT UE 2 F v Tt &
SNBSS 5, 205 R, BONAIR OB ZRERE £ L, 5078 2 H NMRIZ THRIZE L7,

Table 4.5, entry 3 (ZB33 % EERFIE

1,4-Naphthoquinone (47.4 mg, 0.3 mmol, 1.0 equiv), ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (78.9 mg,
0.36 mmol, 1.2 equiv) % pyrexiXER4 12 A4L, methylene blue?® 7 & k= k U L (0.003 mmol/mL, 1 mL,
1mol%), KA Y7 aX/)—)L 2mL) 22V TP TMZb, D%, RBREEZ T IVIKRA L TEST-
HKEETOz-ballooniZ K HEAFEFFHS T, $7#RE L72R2DN 523 WEEKIE AT LE 4 FH T RG24 S -
%, 20WEfHITR . SUSAIR OUIEAWER £ L, 155725 2 H NMRIZ THIE L7,

Table 4.5, entry 4 (ZB33 % EERFIE

1,4-Naphthoquinone (47.4 mg, 0.3 mmol, 1.0 equiv), ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (78.9 mg,
0.36 mmol, 1.2 equiv), DABCO (33.7 mg, 0.3 mmol, 1.0 equiv) % pyrexatB (2 A4L, methylene blue®> 7
h= K UL (0.003 mmol/mL, 1 mL, 1 mol%), KO Y 7masX/—/L 2mL) 2 V>V TMxb, £
D% . Op-ballooniZ L AR FRIASR T, ik L7223 523 WEEEKIZ B AT U 2 H T RIS 2 S5 B i 5
%, 200§, SURAIR OB A BIEE L L, 1551 727%E 2 H NMRIZ THIE L7,

Scheme 4.2 |ZBH9 % FEBRFIL

1,4-Naphthoquinone (47.4 mg, 0.3 mmol, 1.0 equiv), ethyl 2-(3,4-dihydroisoquinolin-2-(1H)-yl)acetate (78.9 mg,
0.36 mmol, 1.2 equiv) % pyrexiRE4 |2 A4L, methylene blue?® 7 &= k= k U L (0.003 mmol/mL, 1 mL,
1 mol%), K OA Y 7rs)— 2mL) 22V TMZD, £D%, Op-ballooniZ L 25 BEEFHEA T,
FEER L7203 B 23 WRBERTZ RO AT U 2 IV TRl 2 AN IR 9~ 5, 200F 1% . OIS A Y Fa sy
—/L (10mL), AcOH (ImL), fafn=a vkl U 7 LKL 3mL) Zlx THIRIC TSR 5, €0
%, BRIZHH LIRS 201 M FAREET bV U LK CHRE L7z, fiRE LT, 26 mLO0.1 M
FAMEBET MY U LRIKREBE LI Z LD, BONEDOERIZIZ0.13 mmol DRt 237 E L T\ % &
L7,
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Methyl 1-iodemethyl-2-oxocyclopentanoate (8d) ® & akik

Hexamethylphosphoric triamide (2.15 g, 12.0 mmol, 1.2 equiv) & NaH (0.48 g, 12.0 mmol, 1.2 equiv, 60%, i)
RT T 4 AT, ~FY Y B0mL Ik o T 2 EYEE) LT hT e Ka T T UBER (12 mL) 12,
methyl 2-oxocyclopentanoate (1.42 g, 10.0 mmol, 1.0 equiv) @7 k7 & R 7 7 UK (8mL) &7 /L3 5%
P T, |iRICB N T o< D LA D, FONEEMZEIRIZIH VT 1 KRR L7-#%. diiodomethane
(13.49,50.0 mmol, 5.0 equiv) Z Mz, 80°C (233 T 10 BRI INBGEHK 2175, RE/KEMZ 5 Z & TG
EL SE%, YT =T E AW T 3 EHI 21T 5, KEEH U U LI K D%, A B
ET 5, BonNEEE Y WSV T A a~ 7T 7 1 — (hexane : EtOAc = 9 : 1) ([ THfl4 % =
& T H % methyl 1-iodemethyl-2-oxocyclopentanoate (8d) % 57~

Colorless oil; TH NMR (500 MHz, CDCls): 8 3.76 (s, 3H), 3.62 (d, J = 10.3 Hz, 1H), 3.36 (d, J = 10.3 Hz, 1H), 2.70—
2.60 (M, 1H), 2.53-2.45 (m, 1H), 2.43-2.34 (m, 1H), 2.16-1.97 (m, 3H); *C NMR (125 MHz, CDCls): § 211.0,
168.8, 61.0, 53.1, 38.1, 34.6, 19.1, 7.0; R¢= 0.35 (hexane : EtOAc = 9 : 1); IR vicm ! (ATR): 2955, 1753, 1726, 1435,
1277, 1205, 1168, 1123, 968, 919, 826; HRMS (DART): Found 282.9831, Calcd. for CgH12103 [M + H]*: 282.9826.

Benzyl 1-iodemethyl-2-oxocyclohexanecarboxylate (8e) D& Ak

Hexamethylphosphoric triamide (2.15 g, 12.0 mmol, 1.2 equiv) & NaH (0.48 g, 12.0 mmol, 1.2 equiv, 60%, &)
INT T 4 AT ~FY L 50mL Ik T 2 BYES) LT R Re T T BT (12 mL) 12,
benzyl 2-oxocyclohexanecarboxylate (2.32 g, 10.0 mmol, 1.0 equiv) @7 F 7 & K7 J 8K (8 mL) =7 /L
TUFHR T, BHRICBWTW-< D EMMA D, RSEEWZ ERICEWT 1 RFHEEHR L&,
diiodomethane (13.4 g, 50.0 mmol, 5.0 equiv) Z /1%, 80 °C |23\ T 10 FERIMMBNER 21T 5, 7R /KZ NN
2D TRIGEEIESE%, YoTFAxz—T L EZHWT 3 Eit %175, R Y U LK D
%, WIEZWIEREET 5, BonlkEE VWSV T L7 a~ 7T 7 ¢ — (CHCl) IZTHET 5
Z & T HBI® benzyl 1-iodemethyl-2-oxocyclohexanecarboxylate (8e) % 157-.

Colorless oil; *H NMR (500 MHz, CDCls): § 7.40-7.33 (m, 5H), 5.24-5.18 (m, 2H), 3.64 (d, J = 10.3 Hz, 1H), 3.36
(d, J = 10.3 Hz, 1H), 2.70-2.65 (m, 1H), 2.46-2.33 (m, 2H), 2.03-1.95 (m, 1H), 1.88-1.75 (m, 2H), 1.71-1.55 (m,
2H); 13C NMR (125 MHz, CDCls): 6 205.0, 168.8, 135.0, 128.7, 128.6, 128.5, 67.7, 60.9, 40.8, 37.3, 27.4, 22.2, 8.4;
Rf= 0.28 (CHCl3); IR vicm™ (ATR): 2945, 1710, 1455, 1263, 1212, 1155, 1101, 975, 750, 697; HRMS (DART):
Found 373.0301, Calcd. for C1sH15103 [M + H]*: 373.0295.

Methyl 2,3-dihydro-2-(iodomethyl)-1-ox0-1H-indene-2-carboxylate (8q) DA%k

Hexamethylphosphoric triamide (2.15 g, 12.0 mmol, 1.2 equiv) & NaH (0.48 g, 12.0 mmol, 1.2 equiv, 60%, JiiE)
INT T 4 NTHE, T B0mL Lo T 2 BEEE) 0T M T Fe 7T URREK (12 mL) (2,
methyl 2,3-dihydro-1-oxo-1H-Indene-2-carboxylate (1.90 g, 10.0 mmol, 1.0 equiv) ®7 T & K1 7 7 UIRIK
@8 mL) ZT7 NI UEHKT, FIRIZBW TP D LR D, KISNEEYZFIRIZIBWT LRI L
7-#4. diiodomethane (13.4 g, 50.0 mmol, 5.0 equiv) % iz, 80 °C |23\ T 10 R INEGE R 21T 5, K
KEMZDZ ETHGEEILESEE, YT Lo—T7 L HWT 3 B ZITY, RED U U7 ALK
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LG WA WIERE LT 5, BonEEE s VSN AT 57 v~ N7 F 7 1 — (hexane : EtOAC
=5:1) [T THERT 5 Z & THPY methyl 2,3-dihydro-2-(iodomethyl)-1-oxo-1H-indene-2-carboxylate (8g) %
=,

Light brown solid; *H NMR (500 MHz, CDCls): 6 7.78 (d, J = 8.0 Hz, 1H), 7.67 (t, J= 7.5 Hz, 1H), 7.53 (d,J =75
Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 3.84-3.78 (m, 2H), 3.73 (s, 3H), 3.55 (d, J = 9.7 Hz, 1H), 3.28 (d, J = 17.8 Hz,
1H); 13C NMR (125 MHz, CDCls): § 199.1, 169.1, 153.0, 136.2, 134.7, 128.3, 126.7, 125.5, 61.4, 53.5, 39.2, 7.7; R¢
= 0.35 (hexane : EtOAc = 5: 1); IR vicm™ (ATR): 2953, 1736, 1710, 1607, 1589, 1465, 1435, 1253, 1209, 1172,
1043, 1004, 954, 921, 891, 865, 824, 801, 752, 693; HRMS (DART): Found 330.9834, Calcd. for C12H120sl, [M +
H]*: 330.9826; m.p.: 64-65 °C.

Methyl 1-bromomethyl-2-oxocyclohexane-1-carboxylate (8h) @& Eik

Hexamethylphosphoric triamide (2.15 g, 12.0 mmol, 1.2 equiv) & NaH (0.48 g, 12.0 mmol, 1.2 equiv, 60%, i)
INT T 4 AT ~FY L 50mL Ik T 2 BYEH) LT FT e Re T T BT (12 mL) 12,
methyl 2,3-dihydro-1-oxo-1H-indene-2-carboxylate (1.90 g, 10.0 mmol, 1.0 equiv) ®7 ~F 7 & Fr 7 7 &R
B8 mL) 7 VI UEHKT., BRIZBW TP D LA 5, KINREWZFEIRIZBWT LRRIFEE L
7-1%. diiodomethane (13.4 g, 50.0 mmol, 5.0 equiv) Z i %, 80 °C |23\ T 10 R MBGE R 2179, 7&K
KEMZDZ ETHINEEIESEZE, 2T Ao —T L ZHWT 3 BHhHZ1TY, RED D 7 AKX
LG, WA BIERE ET D, JBONTEEEZ S VDTN AT 57 n~ 757 1 — (hexane : EtOAC
=9:1) [T THET 5 Z & T HBY methyl 1-bromomethyl-2-oxocyclohexane-1-carboxylate (8h) % 157z,
Colorless oil; *H NMR (500 MHz, CDCls): 6 3.85 (d, J = 10.3 Hz, 1H), 3.78 (s, 3H), 3.52 (d, J = 10.3 Hz, 1H), 2.75-
2.69 (m, 1H), 2.51-2.40 (m, 2H), 2.10-2.01 (m, 1H), 1.91-1.78 (m, 2H), 1.74-1.55 (m, 2H); 13C NMR (125 MHz,
CDCls): 6 205.5, 169.5, 61.5, 52.9, 40.9, 35.4, 35.3, 27.3, 22.2; Ry= 0.28 (hexane : EtOAc = 9: 1); IR v/cm™ (ATR):
2952, 1711, 1437, 1267, 1196, 1174, 1126, 1108, 1059, 996, 817; HRMS (DART): Found 249.0130, Calcd. for
CyH1403Br, [M + H]*: 249.0121.

Methyl 1-(3-iodopropyl)-2-oxocyclohexanoate (8i) P& akik

Hexamethylphosphoric triamide (430 mg, 2.4 mmol, 1.2 equiv) & NaH (96.0 mg, 2.4 mmol, 1.2 equiv, 60%, JiiE)
NG T 4 AT AT 10mMLIC KL > T2EBES) EOT F T Ru 7 J MRETK (9mL) (2, methyl
2-oxocyclohexanoate (0.31 g, 2.0 mmol, 1.0 equiv) @7 hZ & R 77 ¥R (6 mL) 27 V3 U RAK T,
HIRICBN TP - Y LIz 5, MISEAYZRIEICB VT 1B L7-#%. 1,3-diiodopropane (2.96 g,
10.0 mmol, 5.0 equiv) ZA0Z. 80 °C IZHV T 20 RFRINBVETT 21T 9, AEAKEZIMZ 5 Z & TRISZEIE
S¥k, YFLz—T e HWT 3 BRI AT O, REES Y U LIS K DS, WA RBIERET
Lo BONTEEEL YD FNAT LI~ 7T 74— (hexane : EtOAc =7 : 1) I THRT L2 LT
H B4 methyl 1-(3-iodopropyl)-2-oxocyclohexanoate (8i) % 457-,

Colorless oil; *H NMR (500 MHz, CDCls): § 3.75 (s, 3H), 3.21-3.11 (m, 2H), 2.52-2.42 (m, 3H), 2.05-1.64 (m, 8H),
1.50-1.44 (m, 1H); *3C NMR (125 MHz, CDCls): 6 207.6, 172.3, 60.3, 52.4, 41.0, 36.2, 35.7, 28.6, 27.5, 22.5, 6.3;
R¢=0.40 (hexane : EtOAc=7:1); IR vicm (ATR): 2946, 1712, 1449, 1209, 1164; HRMS (DART): Found 325.0311,
Calcd. for C11H1g0sl, [M + H]*: 325.0295.
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[RFE-3 U FERG DR uHIBHR A R & 3 5 W B BRI EIE ORI FiE

Methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate (44.4 mg, 0.15 mmol, 1.0 equiv), erythrosine B (6.6 mg,
0.0075 mmol, 5 mol%). 'ProNEt (131 uL, 0.75 mmol, 5.0 equiv) % pyrex sk IZ AL, ¥ A FIL ALK F v
K GmL) 230 Y TMxd, fild THRERAEZITo 72k, £R TEHT 5, Ne-balloon |2 X 5 ARGk
AR T, R L2y 5 22W SBERIZ AT 4 82 AW TRIBDE 2SRRI 5, 20 Refil#2 . SOGH
R 2 Fip— F /L CAIR L, B K 2 VT 3 BITEH T 2, it~ 7% 37 MM K D Holpth , Hih 2 ek
JERET 2, 5072 EZ HNMR I TRIE L7, U BTN T a~ N7 T 7 ¢ — (hexane:
EtOAc = 4 : 1) |2 CTHHRIT 5 Z &L THMY methyl 3-oxocycloheptane-1-carboxylate (9a) % 157= (21.2 mg,
83%).

Methyl 3-oxocycloheptane-1-carboxylate (9a) 8¢l

Light brown oil; *H NMR (500 MHz, CDCls):  3.70 (s, 3H), 2.84-2.67 (m, 3H), 2.58-2.45 (m, 2H), 2.15-2.05 (m,
1H), 1.96-1.53 (m, 5H); 3C NMR (125 MHz, CDCl3): & 212.1, 175.0, 52.0, 45.5, 43.9, 41.1, 33.2, 28.2, 23.9; R¢=
0.27 (hexane : EtOAc =4 :1).

Methyl 3-oxocyclooctane-1-carboxylate (9b) 48]

Light brown oil; *H NMR (500 MHz, CDCls): & 3.70 (s, 3H), 2.96-2.91 (m, 1H), 2.80 (t, J = 12.6 Hz, 1H), 2.58—
2.38 (m, 3 H), 2.03-1.37 (M, 8H); 13C NMR (125 MHz, CDCls): & 214.8, 175.0, 52.0, 42.9 (2C), 42.7, 29.7, 27.2,
24.7, 23.3 (the peak of 42.9 seems to be overlapped); R¢= 0.34 (hexane : EtOAc =4 :1).

Methyl 3-oxocyclononane-1-carboxylate (9c) (48]

Light brown oil; *H NMR (500 MHz, CDCl3):  3.70 (s, 3H), 3.05-2.99 (m, 1H), 2.87-2.82 (m, 1H), 2.65-2.62 (m,
1H), 2.54-2.43 (m, 2H), 1.93-1.20 (m, 10H); 3C NMR (125 MHz, CDCl3): & 215.1, 175.8, 52.0, 44.3, 43.8, 41.3,
29.7, 25.6, 25.5, 24.1, 22.9; Rt = 0.34 (hexane : EtOAc =7 : 1).

Methyl 3-oxocyclohexane-1-carboxylate (9d) (484
Light brown oil; tH NMR (500 MHz, CDCls): § 3.71 (s, 3H), 2.85-2.79 (m, 1H), 2.56 (d, J = 8.6 Hz, 2H), 2.42-2.30
(m, 2H), 2.16-2.04 (m, 2H), 1.89-1.69 (m, 2H); 3C NMR (125 MHz, CDCls): § 209.3, 174.2, 52.1, 43.10, 43.07,
40.9, 27.7, 24.5; Ry = 0.29 (hexane : EtOAc =4:1).

Benzyl 3-oxocycloheptane-1-carboxylate (9¢)

Light brown oil; tH NMR (500 MHz, CDCls): § 7.39-7.32 (m, 5H), 5.13 (s, 2H), 2.85-2.69 (m, 3H), 2.55-2.44 (m,
2H), 2.15-2.10 (m, 1H), 1.94-1.76 (m, 3H), 1.69-1.61 (m, 1H), 1.56-1.49 (m, 1H); 3C NMR (125 MHz, CDCly): &
212.3,174.4,135.8, 128.7, 128.5, 128.4, 66.8, 45.6, 44.0, 41.4, 33.3, 28.4, 24.0; Rr= 0.36 (hexane : EtOAc =4: 1);
IR vicm™ (ATR): 2929, 1731, 1700, 1456, 1276, 1155, 1011, 751, 698; HRMS (DART): Found 247.1344, Calcd.
for C1sH1903, [M + H]*: 247.1329.
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Methyl 6,7,8,9-tetrahydro-5-oxo-5H-benzocycloheptene-7-carboxylate (9f)

Colorless oil; *H NMR (500 MHz, CDCls): § 7.73 (d, J = 6.9 Hz, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.32 (t, J = 7.5 Hz,
1H), 7.22 (d, J = 7.5 Hz, 1H), 3.65 (s, 3H), 3.10-2.85 (m, 5H), 2.32-2.25 (m, 1H), 2.18-2.10 (m, 1H); 13C NMR (125
MHz, CDCls): 6 203.0, 175.0, 141.0, 138.4, 132.8,130.0, 129.0, 127.3,52.4, 43.0, 38.4, 31.3, 28.8; Rt=0.42 (hexane :
EtOAc = 3:1); IR viem™ (ATR): 2952, 1731, 1676, 1599, 1449, 1435, 1294, 1254, 1198, 1171, 1092, 1065, 1028,
956, 922, 888, 830, 771; HRMS (DART): Found 219.1018, Calcd. for C13H1503[M + H]*: 219.1016.

Methyl 4-hydroxy-2-naphthoate (10g) [

Light brown solid, *H NMR (500 MHz, CDCls): 6 8.26 (d, J = 8.0 Hz, 1H), 8.21 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H),
7.63-7.54 (m, 3H), 6.44 (s, 1H), 4.00 (s, 3H): 3C NMR (125 MHz, CDCls): & 167.6, 152.0, 133.8, 129.1, 127.6,
127.3,127.2, 126.9, 123.6, 122.0, 107.5, 52.4; R¢= 0.38 (hexane : EtOAc =3: 1).

Methyl 7a-hydroxy-octahydro-1H-indene-3a-carboxylate (10i)

Colorless oil; *H NMR (500 MHz, CDCls): § 3.77 (s, 1H), 3.72 (s, 3H), 2.27-2.20 (m, 1H), 2.04-1.95 (m, 2H), 1.92—
1.82 (m, 2H), 1.80-1.71 (m, 3H), 1.68-1.65 (m, 1H), 1.62-1.51 (m, 2H), 1.42-1.33 (m, 2H), 1.20-1.12 (m, 1H); °C
NMR (125 MHz, CDCls): 6 178.1,81.4,56.1,51.8, 34.5, 34.2, 34.1, 33.2, 23.8, 22.8, 19.0; Rt= 0.59 (hexane : EtOAc
=3:1); IRvicm™ (ATR): 2936, 2862, 1710, 1453, 1326, 1293, 1233, 1194, 1164, 1142, 1084, 1046, 1026, 985, 888,
851; HRMS (DART): Found 199.1324, Calcd. for C11H1903 [M + H]*: 199.1329.

Methyl 2-methyl-4-oxopentanoate (9j) 48l

Colorless oil; *H NMR (500 MHz, CDCls): 6 3.68 (s, 3H), 2.99-2.89 (m, 2H), 2.51-2.45 (m, 1H), 2.16 (s, 3H), 1.19
(d, J = 6.9 Hz, 3H); 3C NMR (125 MHz, CDCls): & 206.7, 176.3, 51.9, 46.6, 34.6, 30.0, 17.1; Rf = 0.27 (hexane :
EtOAc=3:1).

Ethyl 2-methyl-4-ox0-4-phenylbutanoate (9k) [

Light brown oil; *H NMR (500 MHz, CDCls): & 7.99-7.96 (m, 2H), 7.59-7.55 (m, 1H), 7.47 (t, J = 7.5 Hz, 2H), 4.15
(9, J =6.9 Hz, 2H), 3.49 (dd, J = 17.8 and 8.0 Hz, 1H), 3.16-3.08 (m, 1H), 3.02 (dd, J = 17.8 and 8.0 Hz, 1H), 1.29
(d, J=6.9Hz, 3H), 1.26 (t, J = 6.9 Hz, 3H); *C NMR (125 MHz, CDCls3): § 198.3, 176.2, 136.9, 133.4, 128.8, 128.2,
60.8, 42.1, 35.2, 17.5, 14.3; Rs= 0.27 (hexane : EtOAc =3 :1).

Methyl 1-[[(2,2,6,6-tetramethyl-1-piperidinyl)oxy]methyl]-2-oxocyclopentanoate

Colorless oil; 'H NMR (500 MHz, CDCls): § 4.23 (d, J = 8.6 Hz, 1H), 3.85 (d, J = 8.6 Hz, 1H), 3.76 (s, 3H), 2.80—
2.74 (m, 1H), 2.42-2.35 (m, 2H), 2.06-1.98 (m, 1H), 1.84-1.75 (m, 2H), 1.71-1.59 (m, 2H), 1.55-1.35 (m, 5H),
1.33-1.25 (m, 1H), 1.15-1.00 (m, 12H); *3C NMR (125 MHz, CDCls): & 206.2, 170.5, 77.6, 61.3, 60.0, 52.3, 41.1,
39.7,34.3,32.8, 32.6, 27.4, 22.1, 20.1, 20.0, 16.9; R¢= 0.39 (hexane : EtOAc =9 : 1); IR v/cm™* (ATR): 2931, 1714,
1452, 1375, 1360, 1266, 1200, 1147, 1133, 1103, 1083, 1046, 960, 847, 808, 713; HRMS (DART): Found 326.2345,
Calcd. for C1gHz,04N [M + H]*: 326.2326.
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Table 5.4, entry 2 (ZB4 2 EBR T4

Methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate (44.4 mg, 0.15 mmol, 1.0 equiv), erythrosine B (6.6 mg,
0.0075 mmol, 5 mol%). 'Pr,NEt (131 pL, 0.75 mmol, 5.0 equiv) % pyrexstBRE (2 AL, ¥ A F VALK X
K (GmL) 22V P TZ S, fitld CHEEMRZITo 7%, ERCTEMRT L, BREELT L IFA LT
7 - T2 IRBE TN-balloonlZ £ 2 AIEME AT ASRFHSU T, R L7223 522 WEEKIZaOEAT 48 4 Fl VTRl
AN IRSATT 5, 20K . SONRIR A HiE = F L AR L, fafn&fka W 3RS 2, ik~
TARTY BT KDL, BIEEABIERE L, 155725k 2 H NMRIC THRIE L7z,

Table 5.4, entry 3 (ZB4 2 EBR Tk

Methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate (44.4 mg, 0.15 mmol, 1.0 equiv). "ProNEt (131 pL, 0.75
mmol, 5.0 equiv) ZpyrexikBREIZ AL, DA F L ZLKRFT R GmL) 22U P TMA S, T CHiis
B EAT > 7o, EHRTHEAT D, No-ballooniZ & 2 RIEMEA AFRHS T, Hifk L72gs 522 WK E0
STAE 2 I TRMEDE 2 MRS 5, 2005 #2 . SOGIRIR Z |FR = )L TAVIR L. fafng ik z v
BMVEFT D, Wi~ 7R U MK D%, WA RIERE L, BN 2 H NMRICTHIE L
72

Table 5.4, entry 4 (ZB33 % EERFIE

Methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate (44.4 mg, 0.15 mmol, 1.0 equiv), erythrosine B (6.6 mg,
0.0075 mmol, 5mol%) % pyrexikBRE& IZAfL, P AFILZNAKRFT R 5mL) 23U P TA %, fiF T
BHER AT o 7o th, EFRTEBT S, No-ballooniZ & 5 RIEMH AFHK T, ik L7273 522 WEIKE
dOCKTAME 2 D TRMEDE 2 SRR 5, 2005 #R . SOGTRIR 2 R —F /L CAdik L. fafnetikz M
W3R T 5, Mk~ 7 %20 ML DHoRE, W2 TR A L, 50N A H NMRICTH
E LT,

Table 5.4, entry 5 (2B~ 2 BTk

Methyl 1-(iodomethyl)-2-oxocyclohexane-1-carboxylate (44.4 mg, 0.15 mmol, 1.0 equiv), erythrosine B (6.6 mg,
0.0075 mmol, 5 mol%). 'ProNEt (131 uL, 0.75 mmol, 5.0 equiv), TEMPO (23.4 mg, 0.15 mmol, 1 equiv) % pyrex
WEBRE AN, DAFNANLEKRFUR 5mL) 22U U TR S, fld THENRREZITo 2%, €K T
EH#LT 5, No-balloonlZ & 2 ANVEVEN ZFZPHAUT ., $7ERE L 7228 622 WEERTZHOCAT 408 2 v Crlioe 2
SMEBRRIN %, 200RHI#% . SO IR Z2 B —F /L CAariR L, fafn ik 2 iV C3EIed4 5, hilfg~ 7
RUT DK DEE R IR RIERE A L B D72 2 H NMRIZ THIE L7,

BRE IR 5 ER

Methyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (E-11a) D& pkik

BHREFPL T, KIBHIZEBVT 4-pentyn-1-thiol (500.9 mg, 5.0 mmol, 1.0 equiv) & methyl propiolate (417 pL,
5.0 mmol, 1.0 equiv) @7 v A & R (20 mL) 12, N-methylmorpholine (605 L, 5.5 mmol, 1.1 equiv)
ZMZ, FONREGYZBRICR L C 2 RS 5, 20k, Y7emxZ 2 (50mL), kO LT
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VE= U LRIR (50mL) N, ARE & AR K T 2 BITER T 5, Mk~ 7 R T AT K D
I 2 e 555, BohlEkEEs > VSN T L7 a~ 757 ¢— (hexane : EtOAc=10:1) IZ
THRLS % = & T H H% methyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (E-11a) % 457=,

Colorless oil; TH NMR (500 MHz, CDCls): § 7.68 (d, J = 15.5 Hz, 1H), 5.81 (d, J = 15.5 Hz, 1H), 3.73 (s, 3H), 2.94
(t, J = 6.9 Hz, 2H), 2.35 (td, J = 6.9 and 2.9 Hz, 2H), 2.02 (t, J = 2.9 Hz, 1H), 1.91 (quint, J = 6.9 Hz, 2H); 13C NMR
(125 MHz, CDCls): 6 165.6, 146.5, 113.6, 82.5, 69.6, 51.4, 30.5, 27.2, 17.4; Rt= 0.40 (hexane : EtOAc=10:1); IR
viem™ (ATR): 3293, 2949, 1704, 1579, 1434, 1250, 1163, 948, 826; HRMS (DART): Found 185.0635, Calcd. for
CyH130.S, [M + H]*: 185.0636.

Ethyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (E-11b) 61 @ & pkik

BHEFEHLK T, KBHIZEBUWT 4-pentyn-1-thiol (500.9 mg, 5.0 mmol, 1.0 equiv) & ethyl propiolate (508 L,
5.0 mmol, 1.0 equiv) ® Y7 ar A ¥ ¥ (20 mL) (2, N-methylmorpholine (605 pL, 5.5 mmol, 1.1 equiv)
ZINZ, ROSREM 2RISR LT 2RHEHRT D, 0%, Y7ru X (50mL), kO
VEST LRI (50mL) EIN x| AiE & faFn Rk C 2 BIYEE T D, i~ 7 R U AT K DR
W2 B 535, BohlikEEs s VSN T L7 a~ K757 ¢— (hexane : EtOAc=10:1) I
TR % Z & CH A ethyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (E-11b) % 4537=,

Colorless oil; TH NMR (500 MHz, CDCls):  7.67 (d, J = 15.5 Hz, 1H), 5.79 (d, J = 15.5 Hz, 1H), 4.19 (4, J = 7.5
Hz, 2H), 2.94 (t, J = 7.5 Hz, 2H), 2.35 (td, J = 6.9 and 2.9 Hz, 2H), 2.02 (t, J = 2.9 Hz, 1H), 1.91 (quint, J = 7.5 Hz,
2H), 1.29 (t, J = 7.5 Hz, 3H); °C NMR (125 MHz, CDCls): 5 165.2, 146.1, 114.1, 82.5, 69.6, 60.2, 30.5, 27.2, 17.4,
14.3; R= 0.43 (hexane : EtOAc = 10 : 1); IR vicm™! (ATR): 3294, 2981, 1699, 1578, 1301, 1248, 1160, 1036, 947,
830; HRMS (DART): Found 199.0797, Calcd. for C1H1502S, [M + H]*: 199.0793,

(2E). K 1¥(22)-3-(4-Pentyn-1-ylthio)-2-propenenitrile (E. } O* Z-11¢) DO EAkE

ERFHK T, KIBHIZE T 4-pentyn-1-thiol (200.4 mg, 2.0 mmol, 1.0 equiv) & propionitrile (102.1 mg, 2.0
mmol, 1.0 equiv) D7 1 r X X K (8 mL) (2. N-methylmorpholine (242 pL, 2.2 mmol, 1.1 equiv) %
Z\ BONREEWZRIBICRE LT LR IEET 2, TO%, YZ7uen A X2 (20mL), kOl 7T v+
=T AR (20 mL) #Nx. AHE A AR T 2 BIBEET 5, Wik~ 7 R U AT X DS, U
WABTEEET D, BN EEEZV VTSNV T A a~ N7 T 74— (hexane : EtOAc =9 : 1) (2T
FEtl-4 7% Z & THAW (2E)-3-(4-pentyn-1-ylthio)-2-propenenitrile (E-11c), K& % (2Z)-3-(4-pentyn-1-ylthio)-2-
propenenitrile (Z-11¢) % 457=,

(E-11¢) Colorless oil; H NMR (500 MHz, CDCl3): § 7.35 (d, J = 16.0 Hz, 1H), 5.24 (d, J = 16.1 Hz, 1H), 2.95 (t, J
= 7.5 Hz, 2H), 2.38-2.34 (m, 2H), 2.04 (t, J = 2.9 Hz, 1H), 1.88 (quint, J = 6.9 Hz, 2H); 3C NMR (125 MHz, CDCls):
5151.5,117.4,91.7, 82.2, 70.0, 30.5, 27.1, 17.3; Rr= 0.34 (hexane : EtOAc =9 : 1); IR v/lcm™* (ATR): 3293, 2927,
2211, 1559, 1431, 1283, 1261, 955; HRMS (DART): Found 152.0533, Calcd. For CsHioNS, [M + H]*: 152.0534.
(Z-11c) Colorless oil; 'H NMR (500 MHz, CDCls):  7.17 (d, J = 10.9 Hz, 1H), 5.30 (d, J = 10.3 Hz, 1H), 3.04 (t, J
= 7.5Hz, 2H), 2.38-2.35 (m, 2H), 2.02 (t, J = 2.9 Hz, 1H), 1.90 (quint, J = 6.9 Hz, 2H); *C NMR (125 MHz, CDCl5):
5152.7,115.9, 93.1, 82.4, 69.9, 32.9, 28.9, 16.9; Rr= 0.29 (hexane : EtOAc =9 : 1); IR v/icm™* (ATR): 3293, 2934,
2212, 1564, 1431, 1259, 930, 848; HRMS (DART): Found 152.0543, Calcd. for CgH1oNS, [M + H]*: 152.0534.
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4-Methyl-1-[[(E)-2-(4-pentyn-1-ylthio)ethenyl]sulfonyl]-benzene (E-11d) D& AkiE

BHEFEHL T, KBTFIZEBWT 4-pentyn-1-thiol (200.4 mg, 2.0 mmol, 1.0 equiv) & ethynyl p-tolyl sulfone
(360.4 mg, 2.0 mmol, 1.0 equiv) DO 7 mr X ¥ ¥EEE (8 mL) (2. N-methylmorpholine (242 uL, 2.2 mmol,
1.1lequiv) 2Nz, SONBEWZEIRICE L CLRHEHRET 5, £0%, ¥Z7uer A2 (20mL), KW
AR T o E =T AR (20 mL) ZNx. AHEE 2 faf Kk T 2 B4 5, g~ 7 22U LI
K DR WA WIEE BT 5, ok E Y B SV T Ay a~ 7T 7 ¢ — (hexane : EtOAC
=4:1) \ZTREWT 52 L THHIY 4-methyl-1-[[(E)-2-(4-pentyn-1-ylthio)ethenyl]sulfonyl]-benzene (E-11d) %
=,

White solid; 'H NMR (500 MHz, CDCls): 5 7.75 (d, J = 8.6 Hz, 2H), 7.69 (d, J = 14.9 Hz, 1H), 7.33 (d, J = 8.0 Hz,
2H), 6.20 (d, J = 14.9 Hz, 1H), 2.91 (t, J = 7.5 Hz, 2H), 2.44 (s, 3H), 2.34-2.31 (m, 2H), 2.00 (t, J = 2.9 Hz, 1H),
1.87 (quint, J = 6.9 Hz, 2H); 3C NMR (125 MHz, CDCls): & 144.6, 144.1, 138.2, 129.9, 127.4, 122.3, 82.3, 69.9,
30.9, 27.0, 21.6, 17.4: Rr= 0.29 (hexane : EtOAc = 4 : 1); IR vicm ! (ATR): 3281, 3053, 2926, 1596, 1550, 1302,
1139, 1083, 937, 809; HRMS (DART): Found 281.0669, Calcd. for C1aH1702S2, [M + H]*: 281.0670; m.p.: 93-94
°C.

(2E)-5,5-Dimethyl-3-(4-pentyn-1-ylthio)-2-cyclohexen-1-one (E-11e) D RIE

KBTI T 4-pentyn-1-thiol (200.4 mg, 3.0 mmol, 1.0 equiv) O Y =F /L= —F LIEHE (10 mL) (2, /K
F{bF ~ U 7L (144 mg, 3.6 mmol, 1.2 equiv, 60%, JREN/NT 7 4 L, ~FH L 10mLIZ Ko T 2 [H
Veif) AT %, 30 5. ZOSIEAWIC 5,5-dimethyl-3-oxocyclohex-1-en-1-yl methanesulfonate
(720.3 mg, 3.3 mmol, 1.1 equiv) O =F /LT —T VK 2mL) 2z, FTIRIZE LT 24 FFREET 2,
D%, KIBPIZIRW T, fafiffbT U E=0 AR 20 ML) 2Nz 5 2 & TG ZFIE S &5, Hig
TFNE T IERHIHZITV, WiEE~ 7 %227 MM X D%, W E R E7 5, o ikks
SUBFNDT AT a~ 7T 74— (hexane : EtOAc =5 : 1) ([CTH+ % Z & THAEYY 5,5-dimethyl-
3-(4-pentyn-1-ylthio)-2-cyclohexen-1-one (E-11e) % 157z,

Light yellow oil; *H NMR (500 MHz, CDCls):  5.89 (s, 1H), 2.95 (t, J = 6.9 Hz, 2H), 2.35 (td, J = 6.9 and 2.3 Hz,
2H), 2.32 (s, 2H), 2.26 (s, 2H), 2.03-2.02 (m, 1H), 1.90 (quint, J = 6.9 Hz, 2H), 1.06 (s, 6H); 3C NMR (125 MHz,
CDCls): 6 195.8, 163.1, 118.3, 82.4, 69.7, 51.0, 44.5, 34.0, 29.5, 27.8, 26.5, 17.7; Rt=0.30 (hexane : EtOAc=5: 1);
IR vicm™ (ATR): 3294, 2958, 1648, 1574, 1304, 1278, 1244, 1145, 1025, 730; HRMS (DART): Found 223.1157,
Calcd. for C13H190S, [M + H]*: 223.1157.

Methyl (2E)-3-(3-butyn-1-ylthio)-2-propenoate (E-13a) D& %k

EHRFHK T, KigH 2T 3-butyn-1-thiol (430.8 mg, 5.0 mmol, 1.0 equiv) & methyl propiolate (417 pL,
5.0 mmol, 1.0 equiv) @7 v A & ¥R (20 mL) 12, N-methylmorpholine (605 uL, 5.5 mmol, 1.1 equiv)
ZMZ, FONREGY 2 BIRICR L C 2 R 5, 20k, Y7uerx & (50mL), kO LT
VEZT LR (50mL) AN | A HE A K T 2 RIBEE T S, il ~ 7k T AT K DA
W2 EE 535, BohiliEEs v VSN T A7 a~ K757 ¢— (hexane : EtOAc=10:1) I
THRL 5 = & CH % methyl (2E)-3-(3-butyn-1-ylthio)-2-propenoate (E-13a) % 57=,

Colorless oil; *H NMR (500 MHz, CDCls): 6 7.68 (d, J = 14.9 Hz, 1H), 5.80 (d, J = 15.5 Hz, 1H), 3.73 (s, 3H), 2.99
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(t, J = 7.4 Hz, 2H), 2.58 (td, J = 6.9 and 2.3 Hz, 2H), 2.09 (t, J = 2.9 Hz, 1H); 3C NMR (125 MHz, CDCls): & 165.6,
146.0, 114.0, 81.1, 70.4, 51.5, 30.8, 18.9; Ry= 0.38 (hexane : EtOAC = 10 : 1); IR vicm™ (ATR): 3293, 2951, 1705,
1580, 1435, 1254, 1159, 947, 828; HRMS (DART): Found 171.0476, Calcd. for CgH1,05S, [M + H]*: 171.0480.

RFE A B DR AT 50 RaFAE T VERBFEEO R FIE

Sodium p-toluenesulfinate (53.5 mg, 0.3 mmol, 2.0 equiv), pyridine (14.6 pL, 0.18 mmol, 1.2 equiv), erythrosine
B (6.6 mg, 0.0075 mmol, 5 mol%), ZXE/K (500 L) % 4 7 AREERE IC AL, 2 OSUSEEWIZ methyl
(2E)-3-(4-pentyn-1-ylthio)-2-propenoate (27.6 mg, 0.15 mmol, 1.0 equiv) O 7 o w A Z U ¥EiE (5 mL), &
TFA (5.7 uL, 0.075 mmol, 0.5 equiv) ZMN% %, T THRMAR AT > 721%., R TEIT D, Ne-balloon (2
K DARTEMET ZAFFRT, R L2 5 21 W SBERIZA0EAT 12 -V CrIE 2 AN G0 %, 20 RF
M., SOSTRIZEFIRIEKE T Y U LKEREZINZ D 2 & TRISEEIES Y, Big=F /LT 3 [
21TV, WiliE~ 7 22U LS Ko TR S B RIC, WA BIERET 2, GO oikiE% THNMR
ICCTHIE LIRS, YV AFNVI T A a~ 7T 7 ¢— (hexane : EtOAc=10:1) (CTHRT 5 LT
H %) methyl (2E)-3-(3,4-dihydro-2H-thiopyran-5-yl)-2-propenoate (12a) % #+7= (22.4 mg, 81%),

Methyl (2E)-3-(3,4-dihydro-2H-thiopyran-5-yl)-2-propenoate (12a)

Colorless oil; 'H NMR (500 MHz, CDCls): § 7.24 (d, J = 16.1 Hz, 1H), 6.62 (s, 1H), 5.64 (d, J = 16.1 Hz, 1H), 3.74
(s, 3H), 2.90-2.88 (m, 2H), 2.28 (t, J = 6.3 Hz, 2H), 2.12-2.08 (m, 2H); 1*C NMR (125 MHz, CDCls): 5 168.2, 146.6,
132.2,128.8, 110.9, 51.4, 26.3, 22.8, 21.7; Rs = 0.40 (hexane : EtOAc = 10 : 1); IR v/icm™* (ATR): 2946, 1702, 1606,
1565, 1432, 1306, 1152, 974, 819; HRMS (DART): Found 185.0635, Calcd. for CoH130,S, [M + H]*: 185.0636.

Ethyl (2E)-3-(3,4-dihydro-2H-thiopyran-5-yl)-2-propenoate (12b) [67]

Colorless oil: tH NMR (500 MHz, CDCls): § 7.24 (d, J = 15.5 Hz, 1H), 6.61 (s, 1H), 5.64 (d, J = 15.5 Hz, 1H), 4.17
(@, J = 7.5 Hz, 2H), 2.90-2.87 (m, 2H), 2.29 (t, J = 6.3 Hz, 2H), 2.12-2.08 (m, 2H), 1.30 (t, J = 7.5 Hz, 3H); 13C
NMR (125 MHz, CDCls): 8 167.8, 146.3, 132.0, 128.8, 111.4, 60.1, 26.3, 22.9, 21.7, 14.3; Rf = 0.43 (hexane : EtOAc
=10 :1); IR vicm™ (ATR): 2929, 1698, 1607, 1565, 1365, 1303, 1149, 1036, 974, 820; HRMS (DART): Found
199.0798, Calcd. for C19H150,S, [M + H]*: 199.0793.

(2E)-3-(3,4-Dihydro-2H-thiopyran-5-yl)-2-propenenitrile (12c)

Light yellow oil; *H NMR (500 MHz, CDCls): § 6.92 (d, J = 16.1 Hz, 1H), 6.62 (s, 1H), 5.03 (d, J = 16.1 Hz, 1H),
2.91-2.88 (m, 2H), 2.22 (t, J = 6.3 Hz, 2H), 2.12-2.07 (m, 2H); 3C NMR (125 MHz, CDCls): § 151.4, 133.7, 128.3,
119.3, 88.6, 26.3, 22.1, 21.4; Rr= 0.34 (hexane : EtOAc = 9 : 1); IR v/cm™ (ATR): 3056, 2924, 2206, 1587, 1561,
1283, 1176, 957, 767; HRMS (DART): Found 152.0536, Calcd. for CgH1oNS, [M + H]*: 152.0534.

3,4-Dihydro-5-[(E)-2-[(4-methylphenyl)sulfonyl]ethenyl]-2H-thiopyran (12d)

Yellow gum; *H NMR (500 MHz, CDCls): § 7.76 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 14.9 Hz,
1H), 6.74 (s, 1H), 6.04 (d, J = 14.9 Hz, 1H), 3.06-2.85 (m, 2H), 2.43 (s, 3H), 2.18 (t, J = 6.3 Hz, 2H), 2.07-2.04 (m,
2H); 13C NMR (125 MHz, CDCls): 6 143.8, 143.7, 138.6, 135.1, 129.8, 127.3, 126.9, 120.5, 26.2, 22.9, 21.6, 21.4;
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Rr= 0.26 (hexane : EtOAc = 4 : 1); IR vicm™ (ATR): 3051, 2923, 1580, 1139, 1083, 848, 700; HRMS (DART):
Found 281.0670, Calcd. for C14H1702S;, [M + H]*: 281.0670.

(2E)-3-(3,4-Dihydro-2H-thiopyran-5-yl)-5,5-dimethyl-2-cyclohexen-1-one (12e)

White solid; *H NMR (500 MHz, CDCls): 6 6.80 (s, 1H), 5.96 (s, 1H), 2.89-2.86 (m, 2H), 2.36 (s, 2H), 2.35-2.33
(m, 2H), 2.25 (s, 2H), 2.13-2.11 (m, 2H), 1.06 (s, 6H); 13C NMR (125 MHz, CDCls): & 200.8, 154.9, 129.4, 126.4,
118.9,50.9, 39.5, 33.1, 28.5, 25.9, 23.9, 22.3; Rr=0.30 (hexane : EtOAc =5: 1); IR v/cm™ (ATR): 2955, 1651, 1575,
1312, 1281, 871, 814; HRMS (DART): Found 223.1157, Calcd. for C13H100S, [M + H]*: 223.1158; m.p.: 73-74°C .

Table 5.7, entry 2 (ZB4 2 EBR Tk

Sodium p-toluenesulfinate (53.5 mg, 0.3 mmol, 2.0 equiv), pyridine (14.6 pL, 0.18 mmol, 1.2 equiv), erythrosine
B (6.6 mg, 0.0075 mmol, 5 mol%), ZKE/K (500 L) % 4 7 AREERE IC AL, 2 OUSEEWIZ methyl
(2E)-3-(4-pentyn-1-ylthio)-2-propenoate (27.6 mg, 0.15 mmol, 1.0 equiv) ® Y7 v r A ¥ EFKE (5 mL), K
TFA (5.7 uL, 0.075 mmol, 0.5 equiv) =Nz %, it CHAEN R EZIT-> 2%, R CTEMET D, TO%, o
BRE & 7 VIR A VTR T2 REE T No-balloon |2 X 2 EHE R T, L7203 5 21 W BBERIEHLAT 1
il 2 AW TRHDE 2RI 2, 20 Bfil#R. PUSTEHRIZ BRI KZ T R U U DK EZ A 5 Z &
TRIGZFIE S5, Filik—F /LT 3EHIH ATV, Bk~ 732 7 DML > TR S E-RIC, Wik a
WIEREET 5, BN 2EE % 'HNMR IS THIE L7z,

Table 5.7, entry 3 (2R3 % EERFIE

Sodium p-toluenesulfinate (53.5 mg, 0.3 mmol, 2.0 equiv). pyridine (14.6 uL, 0.18 mmol, 1.2 equiv), 7&847/K (500
pl) % 47 ABERBRAE I AN, Z OFRUSIEEWIZ methyl (2E)-3-(4-pentyn-1-ylthio)-2-propenoate (27.6 mg,
0.15mmol, 1.0 equiv) Y7 v A X K (5 mL), KO TFA (5.7 uL, 0.075 mmol, 0.5 equiv) 1% 5,
el CHAE R 21T > T2, EFE TEHT S, Np-balloon 12 & 2 REMEN ZAFFHA T, HEELARNS 21W
BERIZAEAT 18 %2 W TR 2 AN IS 9%, 20 BRI, SOSRIRIC AR ER K FET R U o7 LKIE
REMZDZ ETHGNEEILESES, BT LT 3 [BEHHEZITV, g~ 7 32T AL - THES
BkIC, WIEEZRIEREET 5, SoN7FEL 'HNMR 2 THIE LT,

Table 5.7, entry 4 (2B~ 2 BTk

Sodium p-toluenesulfinate (53.5 mg, 0.3 mmol, 2.0 equiv), pyridine (14.6 pL, 0.18 mmol, 1.2 equiv), erythrosine
B (6.6 mg, 0.0075 mmol, 5 mol%), ZKE/K (500 L) % A7 ABRERERE IC AL, 2 OSUSESWIZ methyl
(2E)-3-(4-pentyn-1-ylthio)-2-propenoate (27.6 mg, 0.15 mmol, 1.0 equiv) D7 11 X Z U IR{E (5 mL).
TEMPO (23.4 mg, 0.15 mmol, 1 equiv), & X TFA (5.7 uL, 0.075 mmol, 0.5 equiv) %Nz %, it THAETLA
AT T, R TEIT S, No-balloon (2 L D RNIEMET AFPFHK T, W LR S 21 W BEKIE AT
1 faZ2 AW TRIgE 2SR5, 20 B, SUSEIRICEIFNRERKSE T U 0 DOKIIRZ A % Z
TG EEIES S, BT /L C 3B ATV, Fili~ 7 22 ¥ AT X > T SE 72112, IR
ZWIERET D, BOI25EE % HNMR I THIE L7z,
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