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RO FHM ORERITE L, BB, iR &b FREA R A L AR E
NTHEYEBOHE A DEIFBIZRPERNED L5 TS, FHRHIFOREBIZELY, Fx
DEFIZE VD ENCRVMARARORWAEIEEZIED Z ENHR TS —FH T, KRELE,
REWE, AFESLTIOPRE, (P RGORIERFIZ W THE R DR AESE
EHOHEBRESBOMET, B RO OM FOmR S LS 7 CHERBREICKE <A
ME G2 TWOIONEIRTH D, MR TIIREGREE/ Y HEL M & LA ER O
DA DBREE R AT E OB B IRE ¥ Efkx R AP TORL TWA T, H
B A R B 3T D X0 RN TR 72 G RO D BR RS 1 IRk rTRE At b R AT 5
ETHERENTH Y B A TH D, RiaSCTIHEA Y BRIRRIRNC I 1T 2 KIR, A AR
AR TR L2 gh S SR8 e OB SR OBR 2 B & LTz,

B U BRIRBUS

AN U BRBOGE © TR &2 & ol T IE D B IRBEB NG 28 THZERICERIL T 5 5UG T
HY. 4 AOHBERILT TROEA SN TV L EMMIGD—>ThD 1, 1965 42 R.B.
Woodward & R. Hoffman |2 & o Cor1-#aE 5> O S DRI S 4
(Woodward-Hoffmann RI)) K & < 731 CERALAHMEULS (cycloaddition) . #&1-EIR S0
(electrocyclic reaction) & 37~ k1 B —Hifif (sigmatropic rearrangement) @ 3 FffH
WS ND, TOFTHLERILMIMKISTIE, ZOOREFD T8 20 o fiEH %2 ROHT
LoD o iR ZER LBIILEWE 52 A IS TH D, b L AMBN TSRS
MBS, e ET N U NDBARBEREEKRT S [4+2] BRILMIIBUSTHY . T
Maplld 2oLy DanBEF LT TAND 2 BEFPERROEBIRELET2 50
B L o G 2 2RI 5 (Fig.1-1), Z OBLAINEEORFER & LT, Diels-Alder

SO (DA) T B b,
/\ ’”
\\»’" _—

Diene Dienophile [4+2] cycloadduct
4r 21

Fig. 1-1



%5 —#fi Diels-Alder St & 1822555 Diels-Alder i
BT BA>TOVDOREEMESFHIED 5 B, kb T F/LF—OmV#uEZ HOMO (i
#liE. Highest Occupied Molecular Orbital) . #1743 A > TV R W SRS APES T8l
BEDOI L, T RLF—DEW#LEEZ LUMO (Fikz¢fiE, Lowest Unoccupied
Molecular Orbital) & FES,

ek DA Tlxv = BT 5 E(EDG) Z E#i L HOMO O = /L X —HERr % i
T ) 7 4 ZEFRGIFEHEWG) Z B3 5% T LUMO O /LF —Hfr 2 TiF 5 Z &1
£ 0 G OHETHMIERE S 5 (Fig.1-2) 2, O —J5 TR DA RS & LT,
7 Diels-Alder SUSIEDDA) % 3, ZiULY = U NZE R LEWR A EH L, v
® LUMO O = VX —Hifr & FiF, =/ 7 4 VZEFGIEEDG) Z B 5HT
HOMO O /v¥ —¥ER A2 BIF 5 Z L0k 0 RIGHRES D &9 K Téd 5, IEDDA
DR L LTONR =N EFOBETFRIIIEZATo~T v oo 2 HE & LB BN
JSINTTREIC 2 DA Th D,

R

E=3
LG ]
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EDG EWG
_ EWG _ _ EDG
SN ﬁ E; X ﬁ
— LUMO LUMOf Lumo
E -i R s A ;ﬁ .......... TR - * -
HOMO HOMO - _ HOMO

Fig. 1-2

BRI S & LT, BFRBIETCHI AT NEEL T A ) v BTG RAHT 5
V)74 EDIEDDAIC LY HERTHIE T VEDNESHRENIWMENH H()

(Scheme1l-1)4,

AT B 25,

1k D TEDDA K& V& Rl 55 o

ZOMIZS P AT NVIREFTHEY XV VB LEETE
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oS

BU 10 OTf 'Bu H

r. cat. 10 mol% Jl\/j 1)
CH20|2 78 C EtO C O .',OEt
100% conv.

>97% ee
Johnson, J. S.; Evans, D. A. Acc. Chem. Res. 2000, 33, 325.

MeO,C Me
|| + (2)
CH3CN
reflux MeO2C NEtz

74%
H. Neunhoeffer, G. Werner, Tetrahedron Lett. 1972, 13, 1517.
Scheme 1-1

%5 JUf Radical Cation Diels-Alder Si(RCDA)

t ) — DO ORFEA 72 Diels-Alder it & LT, 7 ¥ /v 5 F 4 Diels-Alder <Ji-(RCDA)
N5 (Fig.1-3)6, ity = / 7 4 V) —E 1 {t(single electron transfer, SET) X 1%
ZEIZX TN BT AEURER L, Y= E RCDAT5Z LI gIMbLEMD BT
T TN D, R ETIEILT HZ I LY BRORILAERM DG B D KIS

Thod, ZORISOFHEE LT, P2 ROVE ) 7 4 VOl OEEIZE FREEE L W

7R CHEE 2 H 5 EHREZ FFOIREICB WO CTHIBICISBET T2 LW H S Th D,

4 SET = : [4+1] +SET
QNN ]
Fig. 1-3

B pEIE LT, ) T4 MTEFEGETH D OMe 3, P 2R U< E kG
Th % Me Ex AT 2HEIZB W TEMKISIZ LY RCDA BEITT 52 FAMEINLTVD
(3) (Scheme1-2)7, ®(Z(4)D X 5124 > K—/L & prmethoxyphenyl ZE(PMP)Z A4 5 =

Y EDOWELHY 8, HEKIT 2,4,6-triphenylpyrylium (TPT) % D YR A & ez UV 6%
WD HIER. T =T AN E T UHNVEERE LT 1,8 7 a0 " &
bt ST 5 (5)9,



1.0 V vs Ag/AgCl

N 0.1 F/mol

+ o

+
Z @ 1.0 M LiCIO4/MeNO,
carbon felt electrodes
MeO

| o

Y. Okada, Y. Yamaguchi, A. Ozakia, K. Chiba Chem. Sci. 2016, 7, 6387.

N ()
Os + TPT (2.0 mol% N
" =~ hv(r > 345 nm% y |
o
Ty b
BF,"

28% (dr 1:1)

OMe TPT

U. Haberl, E. Steckhan, S. Blechert, O. Wiest Chem. Eur. J. 1999, 5, 2859.

H 4 Br )
ArsN*SbCl5™ (5.0 mol%)
>
CH20|2, 0 OC, 15 min
70% (endo : exo =5 :1) H _ SbCls’

ArsN*SbCls"

L@@H ey Q.

D. J. Bellville, D. W. Wirth, N. L. Bauld J. Am. Chem. Soc. 1981, 103, 718.

Scheme 1-2
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BIET V% v & VT[4 2] BRI
TOX AT, By TV T 8T, 7V v I RO, Bk ROV S ILTD
LHENT 477y 7 THY A ARLAKERTHHAINEED—>Th % (Fig.1-4),

R
R' R'
Cycloaddition
—
R R
R'
Coupling
R————R
R————R'
Alk
yne Reduction R _
-
R'
N\
Click N” “N-R
. R R'
Fig. 1-4
| Alkyne Alkene
S character 50 % 33%
C-C bond length 1.20 A 1.34 A
C-C bond strength| 839 kj/mol 591 kj/mol

Fig. 1-5

ZDO—JT, TAFLDSHEB0%, 7% RFBOFAEREIT 1.20A, AT FLX—I%
839 kj/mol TH W 7 /L /r v LR LA R X —0N @\ <, ISHEMEWFERH ST
% (Fig.1-5)10, 7 /L% > & H\ /= IEDDA H #E SN TN EH, NS 7 A% A2k - TR
JOVEDRIR IR B2 2 F PN TWD, BAEMICIE, MO EF 5 (NMes2, OMe) & A3
L7 NF CTIRHBI OGS EIT T2 OISR L, LIS OIE TS OHEIT A < fik
LW BUSRSREN VI TEH 5 (Schemel-3) 11,



Ari/EO Ar (0]
N N R

N condition NT X
1l | —_ |l
N_ ~2N N 2
R’
Ar O Ar 0]

Te H T H I‘Dh
NEt, OEt Ph CO,Me Ph
1,4-dioxane  benzene toluene  1,4-dioxane mesitylene
23°C,2h 60°C,35h 110°C,2d 95°C,5d 100°C,1d
100% 66% 70% 65% 0%

D. R. Soenen, J. M. Zimpleman, D. L. Boger, J. Org. Chem., 2003, 68, 3593
Scheme 1-3

TNF L@ IEDDA ZMiEIZH#EIT S5 FiEL L CEBSRBAMLIC X2 7 1% - OfE M
{E3E 53T % (Scheme 1-4)12, 7 /L3 2 (34 R AR & 58\ W AAER 26 292 & 3
5 TH Y., HCL R HOSOCF: %07 L v 27 v REETIEFINDIZH L Ag <0 Au D%
Ba B CIIIE IO HEER AR Z96), oL REFA L, FFITDRn
BITIEH DN T VF & D IEDDA A I THY | Ni °° Cu & 5o EBGE AR A
FAWTZBREAT A 8 % (7) (8)13,

L L2236, fE3k D IEDDA IXREIRSCE i CHEIED & 5 EBR AR A % A 72 SOSIZR
HAILTEY L VMR LUSKRMEDORIEITIFFICEETH D,



Electrophile  AH/kcal mol’

,E\ HCI -3.4

O = Q HOSO,CF; -8.4 ©)
AgClI -20.8
CH,N; AuCl -35.2

Y, Yamamoto, |. D. Gridnev, N. T. Patild, T. Jin Chem. Commun., 2009, 5075.

1)/Ni(cod), (5.0 mol%
S _CO,Me )Ni(cod); ( " %) Ph
PhT PPh3 (6.0 mol%) Ph CO,Me
toluene, 100 °C, 6 h
CO,Et . >
+ 2) DBU, under air Ph (7)
Ph————~"Ph
rt,2h CO,Et
56 %
H. Horie, T. Kurahashi, S. Matsubara Chem. Commun. 2012, 48, 3866.
OTIPS - ‘
N {Cu(MeCN),PFg ;10 0 mo:/%) OTIPS
2,2'-bipyridine mol
e pyridine (20 mol%)_ (8)
. CH,Cl,, 25 °C By

80%
C. S. Sumairia, Y. E. Tu.rkmen, V. H. Rawal Org. Lett. 2014, 16, 3236.

Scheme 1-4



FEONHT AT SC O

IRBRBE A DB RG22 FR 1A L2 BRI, 7k @D Diels-Alder S I RS04 B AL D 1E
PAL DB VEL T I o 7o, R TIEFHEY 72 Inverse-Electron-Demand Diels-Alder reaction
X Radical Cation Diels-Alder reaction Z HVv>, AHAMIEIZ X 21EMAL, (KIR, "THE

Ze N TR 72 BSOS DB 2 AR AR & LTz,

UTFICARGGLORELZFTL L, AELHHEODHET D,

F_EIAFNRX ) AT RETAF=LT T D Inverse-Electron-Demand Diels-Alder
BOS K 8- U207 1 A v OTCBS/ OS] T Y FAT AT E RhbHES
D EIEWRSORPRIETH DL AN FF ) U AF RETAF =T v AT AL A
AR X 2 A E IR E) IEDDA FUSZ DWW TR L 72(Fig.1-6), 7 /L% d
Inverse-Electron-Demand Diels-Alder i 308 % LA 0F £ 72 135 filh 72088 4 g il o
EHIZRON TN D, £ TH_ETEEEEROCTHETH LAV M) U ATF Fa
VEELTHNLHIZLY, KORRMTHRNLRIOSREMETE L L5270, HIZK
JE TR LN BRALMAIETH D -2 UV N-2H 7 1 A 2 % FWTZ MR &2 B/ NS D
WTHEDE THRFZITo 72,

R2——R3

1 CHO catalyst R! X R2
OH 0~ "R3

Chromenes
OMe
1
E(f 4 N\
N (L’//

ortho-quinone
methide

(' 1EDDA reaction )
Fig. 1-6
EE8 (NI ) AFREDT Y — LT EF L oD Inverse-Electron-Demand
Diels-Alder [Jis| TIEY 7TV —ATEFLrEHNT, fillilEOT L AT > RERE HW
Tz EAE S IRE IEDDA SUSIZ DWW TG L7, o7 v o K0 b RSHEMERN T U —
NTEF L0 IEEDA FOGIEEL LW BSOS SRACIER &8 AL, (b7 S O M AR D 7112
RO TV, AR T EOFEBMEETH L7 L A7 v FERIZ LV 1812 IEDDA
BiAmmnGsnsHEE RH L, BICo7 U —ATvF L U AcE B R OE Tk

Salicylaldehydes

R
I

2
R3
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SIRAFTDHOT VAT EF LU 2N FICEL Y @UWVLEERREN LS5 2 &0
Mmool

25 V0 = [ HLA 1% photoredox filtiiE 2 FH V72 k858 2 Y6 & L 72 Radical Cation Diels-Alder
i) TliE, Thioxanthylium Zf-EH & L7ZFHAK 7 + ML Ry 7 ZOBFITEII L.
A7 4 b L Ry 7 2 T4 723 S 71TV RCDA SUGS~D ISR LTz
(Fig.1-7), ZHIFIERME SN TNWD 7+ L Ry 7 Al OME R Th 2 H a2 LR &
BT, K VEMARREETHW L ERER D FN o7, FIOtE L TREDEZ v
77 KA =)L TORIGIZB N TS RAFICSUSHAEITT 5 Z L 2 i LTz,

* ot
‘long wavelength absorption
-high excited reduction potential
-good solubility

R catalyst
| - —
R light
MeO MeO

Fig. 1-7

B IFE THIANFEORITE 21T 9

10



HLHE —ERE IR

1. I. Fernandez Phys.Chem.Chem.Phys., 2014, 16, 7662

2. (a) O. Diels, K. Alder Justus Liebigs Ann. Chem. 1928, 460, 98. (b) M. Behforouza, M.
Ahmadian 7etrahedron 2000, 56, 5259. (c) L. R. Domingo, J. A. Saez Org. Biomol. Chem.
2009, 7, 3576. (d) V. V. Kouznetsov Tetrahedron 2009, 65, 2721. (e) A. Kumar Chem. Rev.
2001, 101, 1

3. (a) A.-C. Knall, C. Slugovc Chem. Soc. Rev., 2013, 42, 5131. (b) B. L. Oliveira, Z. Guo,
G. J. L. Bernardes Chem. Soc. Rev: 2017, 46, 4895 (c) X. Jiang, R. Wang Chem. Rev.
2013, 113, 5515. (d) H. Wu, N. K. Devaraj 7op. Curr. Chem. 2016, 374, 1.

4.d.S. Johnson, D. A. Evans Acc. Chem. Res. 2000, 33, 325.

5. H. Neunhoeffer, G. Werner 7etrahedron Lett. 1972, 13, 1517.

6. (a) N. L. Bauld 7Zetrahedron 1989, 45, 5307. (b) W. Yueh, N. L. Bauld J. Phys. Org.
Chem, 1996, 9, 529. (c) N. L. Bauld, D. J. Bellville, R. Pabon, R. Chelsky, G. Green J. Am.
Chem. Soc. 1983, 105, 2378. (d) D. J. Bellville, N. L. Bauld J. Am. Chem. Soc. 1982, 104,
2665.

7.Y. Okada, Y. Yamaguchi, A. Ozakia, K. Chiba Chem. Sci. 2016, 7, 6387.

8. U. Haberl, E. Steckhan, S. Blechert, O. Wiest Chem. Eur. J. 1999, 5, 2859.

9. D. d. Bellville, D. W. Wirth, N. L. Bauld J. Am. Chem. Soc. 1981, 103, 718.

10. I. Omae Appl. Organometal. Chem. 2008, 22, 149. (b) J. Lei, L. Su, K. Zeng, T. Chen ,
R. Qiu, Y. Zhou, C.-T. Au, S.-F. Yin Chem. Engineer. Sci. 2017, 171, 404.

11. D. R. Soenen, J. M. Zimpleman, D. L. Boger /. Org. Chem. 2003, 68, 3593

12.7Y, Yamamoto, I. D. Gridnev, N. T. Patild, T. Jin Chem. Commun. 2009, 5075.

13. (a) H. Horie, T. Kurahashi, S. Matsubara Chem. Commun. 2012, 48, 3866. (b) C. S.
Sumaria, Y. E. Tu.rkmen, V. H. Rawal Org. Lett. 2014, 16, 3236.

11



ShAs — s

o
FNWVEX ) AFRET V=V T D
Inverse-Electron-Demand Diels-Alder )i
JSq0)
3=V UN-2H 7 1 A % W8 NG

12



S
2.1.1. AN bEF ) AF RIZDONT

94

ortho-quinone
methide

(H3N )505
(OTf),

Ar

Fig. 2-1
VR 2 AF RiE 1907 41T Fries HIC k> TIBENTALEWTHY 1, 6-AF L
vrmanxHUx ) K ERT DILEMORECTH 5 (Fig. 2-1), Z DILAEWITIEFITAR
TE, FIEMETH Y —KANZITHBECE 2V, ZHITAV MR U AT FEEN LV ZE
RN UBRREICEG ICELT 2N Th D, AV X U AT RIZZEIRKOEG R
&2 MS FEOWETFIEIZ LY ZOFEDRFHEST B 2, 1994 4RI Os $51K72° NMR (2L Y
MR S 7=1%(1) 3, 1997 1T Ir $ERDS X BRAE AEREATIC KV 91D CTRIE S 72(2)4, L
> UEiEE e RS REIR CTH 5 2 LoD 2 O BB RIT R IiT L Vs, G X H i
HRZEM L EE THNIL, BN THLFHN D> TND 5, L LRRLEDRE
WEOGRPEIN G | Bk x 238 EE R OGRS DIGH R 2 S TE T,
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2.1.2. A/ FF ) U AF RO
LG R

acid or base Michael
promoted accepter
_— —_—
rR®
OH OH

=

(:( oxidation <:\f Dlenophlle
- 1 O

OH

ortho-quinone
methide

©j>=o photolysis “Oxadiene > ©fj\
- [IEDDA
o [ ] 0" >R

L

R

Fig. 2-2
FANVRX ) AT REIATNT 78T H— V) T 40, FXHF T L L TOSER
IRRENEE R > T 5 (Fig. 2-2)6, FlcA 9= & LT IEDDA SO KISHEE & L
THEHATHY ., BAEMICIZ Pd DA, BEEONOHRATHANV T )V AF REETY vF
2V ) 7 4O IEDDAMR 7, EAKRY COBEENOHEINDOA N R ) U ATF R
%%w#%%%fbéxﬂ&&ﬂ@éﬁ&:m%én1m5W%ﬁiém1w5@)
(Scheme 2-1)8, TIEAN X ) P ATF FEHWTEAFEROBENPEZ L, FT 70
)/%%ﬁ@%%@&Lt%ﬁﬁﬁ%%ﬁ%mwtﬁ%#&éhfwé%
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?oc
. 3 ) N
OH szdba3 (50 mol A)) f

H Boc
o | W R
P(Cy)3 (17 mol%) > (1)
KHCOs (1.0 equiv.) electron-rich
C,4HgClI (6.0 equiv.) N

dienophile H H
100 °C, 72 h, toluene Me

63%
ortho-quinone methide >20:1 dr
Tejas P. Pathak, Matthew S. Sigman Org. Lett. 2011, 27, 2774.
Me
O OH il Y o} OH
Mest4 O
Me N/\ —> (Me —— 3 Me
K/O benzene electron-rich 2
OH reflux 4 (6} dienophile O o
3 days . ) Me
ortho-quinone methide

(-)-xyloketal
J. D. Pettigrew, R. P. Freeman, P. D. Willson Can. J. Chem. 2004, 82, 1640.

Ar
o OO
| O /o
\P/
PMP+ catalyst (5.0 mol%) 0° SNHTf 3)
d\ -60 °C, 3 d, toluene ©fj
OH 4A MS
Ar

89%, 83% ee, d.r. 20;1 Ar = 1-naphthyl
C.-C. Hsiao, S. Raja, H.-H. Liao, I. Atodiresei, M. Rueping Angew. Chem. Int. Ed. 2015, 54, 5762

Scheme 2-1

WHFZEEEOH ESITV UV F AT AT e RERFT Vo — v, Bl 40 - b
UAF UL VFEINDT X —/L®O0OMe EOBEEIC L VEFfIZANL M ) U AF R E

AL EEZRH LTS 10(Scheme 2-2), Z D F /L K /o AF K& 457N IEDDA
WLV, transiiEER LT ZBRAULED 2 IR, SEERRICEG 22 F2®E LTV 5,

HO
@[CHO //E p-TsOH, CH(OMe);
+ | s

benzene, rt, 1 h

intramolecular
@f‘ - MeOH d __EDDA

ortho-quinone methide Y. 86%
H. Miyazaki, K. Honda, M. Asami, S. Inoue J. Org. Chem. 1999, 64, 9507.

Scheme 2-2
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2.1.3. &R A V72T v o O 40218 LA

SRR ZE A2 NT A O [4+20BLAINBOS T IER IR DN 7= E DA TH O AL
EimE OHEIEE AW OSSR BTV D)1, (5)12 (Scheme 2-3), EIZH U FAT LT
b REHREE & LIRS T, Stz AWE RS ERE AT 57V HREICR OGN
THBV )18, EFEERT X TIEREER S THRN,

P
CH,OH
-
NH,

h
- Ph
'KOH (1.0 equiv.) S
| >
DMSO, 90 °C, 16 h N/ 4)

H 80%
R. K. Saunthwal, M. Patel, A. K. Verma J. Org. Chem. 2016, 81, 6563.
OMe NMe
OMe Z
@iﬂws ﬁNMez o OMe NMe,
. CO,Me
ots © CsF (3.0 equiv.) X OH2 > 0
* DMF, 25 °C, 2 h
Me,0,C—=—=—CO,Me, ’ T 0" "CO;Me;

85%
E. Yoshioka, H. Tamenaga, H. Miyabe Tetrahedron Lett. 2014, 55, 1402.

COzMez o

CHO FeCl; (10 mol%) C02M82

+ I I piperidine (20 moI%)»
H toluene, reflux, 8 h
o CO,Me, COzMez
87%
G. Maiti, R. Karmakar, U. Kayal, R. N. Bhattacharya Tetrahedron 2012, 68, 8817.

Scheme 2-3

#U%w?w?tP&%%@?ﬁ7w%y%%wk&mfi$&%kLTE@%@%E@
REAEPERTRHC LD U5 2,3 Al BB E AR ERIE A B LT 2 A B SAERT  2 &
BEZLRDIZ0, _OD/E,\EE%@B%J%E iﬁﬁﬂfﬁ)é(Flg. 2-3) 14,

16



antiestrogen recepter angiotensin Il receptor antagonist

g

photochromic material
Fig. 2-3
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2.1.4. KEDOHH
FZTAEOHIME LT, FUFATIATE ROOLHEIND@EIEERKSTEETH D
FILEX ) AFRE BTY vF T IAXrEOAKEE - IEDDA s % Hig &

Lice ZOMCEY . ZHETITHV SN TV B LW EISSRIOER & B Al b
LEFI e FHEO—DLE LTHMATH D L& % 7-(Fig. 2-4),

L eno R?>——R® R R
@[ CHOMe); mOMe
oH ‘Organocatalyst » 0~ "R3
Salicylaldehydes {Electron-Rich Alkynes Chromenes
OMe R2

T

( IEDDA reaction

Fig. 2-4
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WO ANV RR ) U AF RET AR =TT D IEDDA G

2.2.1. ANV ¥ AF KET %D IEDDA Ktk

FPTHDIZTAF L E LT T 2T F LU 2 HWTRISEEITo7-E 24, TLC FT%
SR T2 D BMEIRIR AW & 5- 2 72 (Scheme 2-4), ZAUIIGHED N7 = = LT EF L DR
A OROGE I ER I LI EEZRDND, EZTT AU ORMEE Y Y NRE LT
NX= N TrrEfnicd 24, BILRIGHET L PEENS 4H 7 v A Tid7< OMe
N 1,307 N LB TH D 2H- 7 1 A L3 4% TR LN, OB LAY
ol &b, IEDDARHEITL TWD EE X, FARICEHERET S22 L & LT,

TfOH OMe
O,N CHO CH(OMe)3 OoN H
= S )
OH toluene o
rt, 1h
Complex

Mixture

TfOH
CH(OMe)3 O2N
+ TMS—< >
\©: toluene

0,N ™S

OMe

2H-Chromene

Scheme 2-4

2.2.2. 7/V¥ =17 O IEDDA )i

T vF =T O IEDDA FIEFITHRERI A 72 < B TR CTholi /L L 72—l o T
& 5 (Table 2-1)15, E'v 2 & OGTIE, @EEE FICBWTEICGETHIY 2 5 2 7
(entry 1), O 7 LG L, U NIEEFT 57 /L F AISTEER BN Z &R0
7o 3, entry 5 IZHBWTRIGIRE Z reflux IZ T 72 & ZIZPEDREIR T LIZZ &0 T
NFZNNT T ATBW TS EEROE LWBISRUEDRLETH D Z ENbhoTz,

19



Table 2-1

_— 2
FOL~A~0 R—R EtO,C R
(0.5 mmol)
NS o
EtO,C O  xylene, 200 °C EtO.C R2
(0.8 mmol) sealed tube, 24 h 2
entry R’ R? yield (%)
1 T™MS Ph quant.
2 H Ph 68
3 Ph Ph 24
4 COZMe CO2Me 0
5@ TMS Ph 32
a reflux

Y. Hoshino, Y. lkeda, Y. Nakai, K. Honda Chem. Lett. 2017, 46, 1743.
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2.2.3 FefibifE D RRET

K VARIRSRME CROG & AT S8 2 7o OISR C X D15 LA #5) L 7= (Table 2-2), 7' L v
AT v RETH D p'TsOH - HoO & iz & Z 5 32% CHAME BT (entry 1), HIC
FEMEE D E > TFOH 2 Wi & 2 A, IR 52%F T E L7 (entries 2 and 3), & D —
FT YT bphA A TH 5 PA(OAc): Z VW= & & ARUGNTHEIT L722 v » 7228 (entry 3)
N— RPEDOEWLA ZAFEZE W & Z AR I KISHEIT L, BFs - OEte # HW 56
68% DR THEIMNE ST (entries 4 and 5), ZHUd — FEOBER 4% < FT
HZHUFATATE RELOIEHEIL L, A0 % v AF ROLRAERICES LT
D2 ENREEND, HIOMIZ trace EOREERIH ORI TR S iz oIS R
[ 72 > 7o 7m0, RO R 2 X9~ & 7o AR B 2 30 L2 BRET 21T o 7203, IR o m) k
X 5720 o 7= (entries 6 and 7), FIZSSHE THIZIEFEIO MeOH Z N2 7273, R U<
WEOM EIXR o727 entry 5 st & Lz,

Table 2-2
2
(4.0 equiv.)
OaN \@[CHO CH(OMe); (1.0 equiv.) O2N O X gmi
catalyst (20 mol%)
: - YC
1 CH,Cl,, reflux,12 h 3
(1.0 mmol)
entry catalyst yield (%)
1 p-TsOH-H,0 32
2 TfOH 52
3 Pd(OAc), N.R
4 Sn(OTf)3 60
5 BF5-OEt, 68
62 BF3- OEt, 59
7° BF;-OEt, 57
8¢ BF3-OEt, 64

336 h P BF;- OEt, (40 mol%)
¢ MeOH (5.0 mL) was added during
work-up
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2.2.4. ARG

e THLEZ DUV TIRET 21T - 72 (Table 2-3).

A > DMF, MeCN, MeOH TIZSULAHEST L7xdro> 72 (entries 1-3), ZAUH 1%
BB RIT %2 & ie - OB A BN LR 2R T2 2 THIF AT AT E R
BRI AEML L2722 L0, MeOH BIETIEA L b ) U AF FETRZ =1 D
A AEE O MeOH (IC LV T X — VIRl B2 55, ISHREEESE ST
FRHEN CH S T2 FEN AN b o ATF ROABGBRENPEITL TWRZ LR EIN5,
DAARARPEIR I C & 5 toluene & VN2 & SUGEETT L(entry 4, 32%). (2 CH2Clz % H
W5 LRI BURDETT L 68% CHEIM % 5 2 7-(entry 5), toluene, DCE % Tl
BT ZANEOR EIXR oozl b ZOKIGRIZEWTHESED IEDDA
BOSIZHW SN TN D £ 9 @i S IR TIRENZ L 2300 T,

Table 2-3
ms%@
2
oN cHo (4.0 equiv.) | O,N N ™S
\@i CH(OMe); (1.0 equiv.) O OMe
BF ;- OEt, (20 mol%)
OH > o O
1 CH,Cl,, 40 °C,12 h 3
(1.0 mmol)
entry catalyst yield (%)
1 DMF 0
2 MeCN 0
3 MeOH 0
4 toluene 32
5 CH,Cl, 68
62 toluene 32
78 DCE 55
@ reflux
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2.2.5. FLEL i P O fes

trimethylsilyl %& (TMS)JZ Dt EmE tertbutyldimethylsilyl (TBS). triethylsilyl &
(TES)Z HWI=IGE I b RIGH R L HETT 5 2 L 3bdro7(Table 2-4), ZDZ &b
2 U VELD SR iiﬁk@% %i@ﬂﬁéﬁfﬁw:kﬁb#oto%%ﬁﬁﬁéﬁ
T HEE CITPRRETHMY OIS O7-—F T, IEDDA ORE & LT HOMO 73 F23
%*glﬁ%ﬁﬁ"éﬁ FCITICREME T L7, EIZOMe 2 H LIV U FAT LT E &M
WEGEEITIE, 1T% TRIEMA S b, A RGIMEOTRV NO2 B4 | FRREEDE K 5]
‘@75’%0 COsMe £X° OAc FEICER T2 L 2 A, TRETHMYA GO Enb, $U
FAT LT RIZEFRGIMEIE, T X= 0y T 3B G2 A9 2 HE 5w &
DR &b oTz,

Table 2-4
CH(OMe); (1.0 equiv.) R! R2
2 BF3-OEt; (20 mol%)
+ R >
R®  CH,Cl,, reflux,12 h
(1.0 mmol (4.0 equiv.) -

6: 0-Me 40%
7: m-Me 60% R
8: p-Me 32%
9:'Pra7%

4: TBS 57%
5: TES 51%
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2.3.1 / FHLEFHRIC L DAL E B E DB 2R 17

BRI EL OB AEEEZGT2T I FATATE FTIE, WThof4a s C-A 2 0-B
0 BHERERE O E B0 (Fig. 2-T), TAF =0y T 0 TIREBERA, Bt
HE EBRBEZETHOTNOLHATEH C-A OBLERENE N &b, 2 TORE
IZBWT, O 2,3 (ilZEB 1T 2 EHEON ERFWEN IR SN HERE o T,

OMe
OoN A
o TMS%@ TMS%@—Me ™S :_< >—OMe
B AB AB AB
LUMO -1.83ey ~ HOMO -9.07 eV HOMO -8.89 eV HOMO -8.68 eV
Coefficients Coefficients Coefficients Coefficients
C-A: 0.574 C-A:0.414 C-A: 0.389 C-A: 0.361
0-B: 0.215 C-B: 0.303 C-B: 0.269 C-B: 0.232
OMe
MeO A TMS%@—CFS TMS%@—NOQ oMe
\Ci AB AB LUMO T
OB HOMO -9.60 eV HOMO -9.85 eV
Coefficients Coefficients -
LUMO -0.93 eV C-A: 0.425 C-A: 0.422
Coefficients C-B: 0.348 C-B: 0.269
C-A: 0.522
0-B: 0.309

(a) Coefficient values calculated by using Winmostar version 8.004(MOPAC
PM3); (b) N. Senda, /demitsu Tech Rep.2006, 49, 106.

Fig. 2-7
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2.3.2. USRI DELL

A ABRIZ LYY F AT AT ROIILR=VNE LS, AV X U XA FLH
kDAY ) —NVISREREST DL TT X —ANER L, BAX ) — kDAL R
J U AF RNERT HFig. 2-5), ZDANL X U AF RETAF=L T 0 DEIT 2
WRE—2FZ B, BBEMICERILT 2 )83 HEMICRIL T2 % —Th b, 2D
B SR U 7 O SOGHRE THEAT L CW D AR H B8, XU UMLK B> e =
IANZREIR T A BAERT H 2 ERHE SN TND Z Lnd 16 BERERICBRL N HETT L
TNAHIENEZLND, D FHGEHFEICE Y VU VOB L -#0ERE O K E VKRR
M BAL, 7 = = VI EE U 7o WOEAREL D /N S WV ERFED 2 ML BRI (ET 5 2 &
NEZOLND, BONTERIEMADOIA Y /) — ko ) U o Atie NEKL, A M
VENR T VRO 2ANRERET D 2 L TREMICEIIM E RGO D, NV Y
T VRO 2NN AN R LT AT 2 MR DAL TH DN O — AT
HOIZXK L, AP A V7 4 VL THAZ LY T MEEFETHEB X b, ~— R
DREAITHD AL ) —/WIX2H0C 1,8- 7 ML EE X BILD,

_BF3-OFEt, BF3-OEt,
o , QMe OMe]
! 4 CH(OMe), R OMe _MeOH | Ra
— o H —
OH (o o |
a c
OMe

R'l P Si
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HEH 8- U IL-2H- 7 v A v DB NS

2.4.1.3- 2V I-2H 7 v A DIEHUG

PUVFATATE RETAF=ZAT T UDRINCE > TR BV 2H 7 1 A OZEBGR
EAToT 3V IN2H 7O A L I aRA Ry ) U TRETUE LT EZ A, THERIND
BTV TERTHD 2,37 V=L 2H 7 0 A A3 LNT B _R&E 2 LIZBRE/ N LE
2- R VNN T T G BT (Scheme 2-5), $EIC Pd flEIETA(E FC b RS AR X
<HEAT L. IR 64% T HIINE b,

O2N PP
Pd(PPh3)4 (5.0 mol%) mOMe
O:N x~1MS CsF (2.0 equiv.) 0~ ~Ph
mOMe Phl (1.0 equiv.) - 0%
DMF, 80 °C, 1 h +
O” 'Ph O,N OMe
T

O  Ph

49%
OsN TMS .. Oy5N OMe
S 2
mOMeCSF (2.0 equiv.) \©\/\>_<
0~ <ph DMF,80°C,1h O Pph

64%

Scheme 2-5
LKA 21T -T2 & 2 A, 2016 FEIHEP L= ER N HVEFY v F 72 3-v U IL-2H 7 10
A% TBAF TG A2 L0 RV 7T 0B ELNDENRS Do 7-(Scheme 2-6)18,
LU D, ZORIGIEIYEETHOTWDIEFRER 3V U N-2H 7 a A TlEiR
KEFVvFR3VINT A ZHWRIETH L ROEEOMADN 4 T NDHT
HDHZE USRI OWTITHAEL TW AW &b, ZOEBBSICEEN -5,
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N—R1

Ts ,R1 TBAF ( ZOequwz
N 0°Cto 18 °C <

N,, THF, 18 h
< S TIPS 2 2a 59%
, 2b 64%
o o A’PMP —
H R1
1aR'=Bn N’
or
TBAF (2.0 equi
1b R1 = S
R = 20\F 0°Cto 18 °ClL <
0,, THF, 18 h
3a 86%
3b 97%

Y. Yang, H. Liu, C. Peng, J. Wu, J. Zhang, Y. Qiao, X.-N. Wang, J. Chang Org. Lett., 2016, 18, 5022.

Scheme 2-6
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2.4.2. 2H-7 1 X OBERE/ N
1) LDA, THF

R
NG 0 2Ac0
B 3) DMSO, 60 °C
_—
0o

7%

R = 2-oxopyridin-1(2H)-yl
R. Gericke, I. Lues Tetrahedron Lett. 1992, 33, 1871.

O OMe

Ho N Br K>COj3 (5.0 equiv.) HO
DMF, 5% H,0 > O N
O o 80 °C, 4 h O o
;

M. N. V. Sastry, S. Claessens, P. Habonimana, N. D. Kimpe J. Org. Chem. 2010, 75, 2274.
Scheme 2-7

W SRR 21T o 72 & 2 A RIS 2H-7 1 A U B DB/ NS BB ST s
Z L0372 (Scheme 2-7), L TH D LDA Z{EA S8 5 & 3MLOKFENREELE %
TV UBER LIRS Y T T U RNERT B UG 19, L ke 61 E BRI GIC
FNRF ) AT RPAERL, BERETDZZEICE TR Y T T URHG LD UGN
&% 20,
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~

n_L

MgBr2 (1.0 equiv.)
EtZO

98%
T. H. Black, W. J. DuBay, P. S. Tully J. Org. Chem. 1988, 53, 5922.

Me3S| OSlMe3 MesSi( ,OSiMe;
Si Mes
Me3Si— Sl Me3Si/
250 C 24 h

53%
A. Naka, S. Ueda, J. Ohshita, A. Kunai, T. Miura,
H. Kobayashi, M. Ishikawa Organometallics 2008, 27, 2922.

Scheme 2-8

70, RSO FREIED —o L LTV ha By 7 BT 515 (Scheme 2-8)21, =
AT 1972 212 Reets HIZ Ko TR SNIHEMSUETH Y 22, D0 o fEE 03— BRE CTla
i BRIGETH Y | 63k MgBra=X° AlCls, ZnCla 2D /LA A% IV RSS2, miR gt
TIZERIT 2 U VO X 2 BM/NOR B HRE S TWD 24, 2L b D 2H-7 v AV DB
g/ N FTRIE R FIRG RN E Th o7z, TN OMAZEE X AFEO A& LT,
BT ARIEIR 8-V U IL-2H 7 11 A 2 s B IFHAlIE 2 FI 72 A2 70 SOR S RIS & 2 B/ NSO
ZHM & L=(Fig. 2-8),

R! Si R OM
e A €
rPoMe — »

0" R? o K

electron-deficient | under mild conditions
3-silylchromenes

Fig. 2-8
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2.5.1 e omEt

Table 2-5
O,N TMS
mow' base (1 0 equw) \©E>—<
o Ph DMF rt, 4 h Ph
3
entry base yield (%)
1 / 0
2 TBAF 34
3 KF 0
42 KF 53
5 CsF 78
6° CsF 73
@ 18-crown-6-ether (1.0 equiv.) was added.
80 °C.
O,N X H O,N 0]
OMe N
(0) Ph (0] Ph
16
2~5% 4~8%

byproduct
WHFETFAE T CIISUSE LT L7 o> 7= (entry 1) (Table 2-5), TBAF % H\\ % & KIS

1TL. 4% TRV 776N T (entry 2), Z OWF, FUEI O IR S -0 s
DFFE T X 72 VRIZERM DR STz, KF 2 W5 & IEEEA~OVEMENIELS | IS HETT
L7pnotz (entry 3), FIZYZ T U T—T )L EIFRINT 5 & RIGITH—%IZ2 0 . BHEHO
MM E L7z (entry 4), WifiEED & 5 CsF Z V5 & SUSIEFIEICHEIT L, 78% CHIWY
Wt ST (entry 5), Z i CsF OfifRIz kv 7'a b —2 & LT H:0 WNIRA LT
HEZEZ LI, FELIISHEE DT T~ %, entry 6 (2B W THREZ L7 & Z AU
RIZEIT o T2 Z b IR TIEI o Tz, ENENOEE CTRIARM DS Yo i
I,
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2.5.2. EHLFE OGS

Table 2-6
A: CsF (1.0 equiv.) R!

DMF, rt, 4 h Ei:[1>—<?Me
-
B: CsF (1.0 equiv.) o) R?

DMF, 80 °C, 2 h

o

14 Q

iPr B: 10%?
a8 TBS was used as a silyl group

QMO B VBRICE R LA AT 5L TIIMBICSUS S HEST L, miIEE T H %35
b7z (-CO2Me, -Cl, -CF3) (Table 2-6), —J5 T NO2 2k B 1t 55 CTH 5 OMe I %
Pl 2 A, ISIFHEIT Lie o Tz, ZHIRE T VEROBER OB FHEEN LR -FIC
K VN OEITRIE SN2 Y 7 VROBARENAE SN Z LR EIND, KRIZ
NUB VB BICE AR AE WL, | T TSP EIT Lo b oD, B
T DHZ L2k BN FRRES Sz ((OMe, -Pr), ZHUTE -G OBRIZ LY G
PRUKIZAEL 27 =4 DAL ES I, JUSHEIT LSO o TS EEZXBND,

NO2 LSO FFEE DO E T3R5 (-COMe) T b SUSHHEIT L HAERAH N F 7 F L5
BV THEIRTHEMY IS b, LA, TMS % X &0 TBS &Kok
RTI2& T A IERD 10%ITAR T L, JEEHEINAS Z WD ZAUIREEIC IV > U I —
FNE LS AR LD TEFEREZZ DD,
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2.6.1 SUCHEAESRAT

FANEF ) AT RERISERBNE END 1,1V 7 2=V F Ly B 5zl 25,
FTHRINDB(EDIHFLNT XY 77 U REIEETH O (Scheme 2-9), 2D Z &»
HAN X AT RERH LIS CTIER W2 ENE X LN D RICEE S E T2 CsF
ZHWTEAKBEERZIT 12 & Z AR DL 80%D b 7= BRI T2% DR T
BonlzEND, CsFIcaEND HO R b uiié LTI T DRI DL
T =F BT DT E R ol

Ph
T™MS
Z “OMe
) G
Ph Ph
(3.0 equiv.)

O2N ™S CsF (1.0 equiv.)
oMe — 3
(@) Ph DMF, rt, 4 h

w

O2N L CsF (1.0 equiv.)
‘ OMe D,0 (6.0 equiv.)
o

-
10 O DMF, rt, 4 h

CF3

Scheme 2-9
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2.6.2. 3V IL-2H-7 v A 2 & BT BRHE /NSOt D BSOS HERE 0D % 2%
v e

F
. F
R SiMe, R’ OSiMe [1.2] R! o
(E(ﬁZOMe3 path A m *rearrangement WIM%
— —
0" Ph o ph o on;) h
a OMe c e
f‘ ionic +

R! ring

a

SlMe3 1
BN path B closure R
Q P o)
f

R']

SlMe s)(\a 1
N oM 3 pathC % iMe3 F R A OMe
) retro oxa- 61: N
O Ph o] O Ph
pericyclic O e
reaction 9 e

Scheme 2-10
SOGHEREIL 3 X — B 2 Bb (Scheme 2-10),

CETHOICT vRT =AY VIR ES 52T U = b BERT D, £
D% L2425 Z LI KV BRI/ LI e Mg bis U 1 — FOBBED. 7= kA

LV HH e NE LD (path A),

T ORT ANV NVIEEREREL, HRTHZ IOV T VA EDRAERT D, 7=
=D Rad o7 =40 N T VSRR ET S Z ETHER L. 7 u oA

X0 EHY e NERKT D (path B),

L b6 ETRIGICKVAN X U AF RgNERL, 7y HRT =F 2L Dv UL
EOBBEC X O FRRICT L EDVERRT D, BE FRFIT =F 0 NT LV ASKREREBEL, 7

R AETEZ IOV T T e’ EHND (path C),

INETOMB LD SHERT D 1,17 == )L F L v & OBLAERD DG b

Mol Y path A, BAFNITHL EEZBND,
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R! “BF3- OEt, (20 mol%)
|| CH(OMe); (1.0 equiv.)
o
CH,Cly, reflux,12 h
ielectron-rich alkynes

L 9

Ph
[4+2]
cycloaddition

K. Tanaka, Y. Hoshino, K. Honda Heterocycles, 2017, 95, 474-486.
K. Tanaka, Y. Hoshino, K. Honda Tetrahedron Lett. 2016, 57, 2448-2450.

R ) ~ ) R!
B Si {CsF (1.0 equiv.) A OMe
OMe —m8Mm™m )
0~ “R? DMF, rt, 4 h 0 R

12 example up to 85%

K. Tanaka, M. Sukekawa, Y. Hoshino, K. Honda Chem. Lett. 9, January, 2017, accepted.
Scheme 2-11

P UFAT AT ROLFEEIND EIEIICTHETH LAV FF ) o AF RET L
XNy T U B RO AL A ABRAEEC X 5 @A E RN IEDDA SRR LT
(Scheme 2-11), Z #VXKIR T, AHEREARE CH D BFs - OBt & 5 = & THER5| %
BT HHVFATATE REKREFGEZET LT AR =10 T o TohsR I it

TT 22 ENHmnoTo, T ORISR TIXHZM & OBERER 72 BRALSOG 0 1 7 O SOGHERE T
EITLTODATREMENR B D03, R VAN KRB -2 VIV E S AT R ETIR T F A 2 I8 ARL
THZ D, BEEMICERIENEITL TWD I EREZ NS, ANV EXF ) AT RET
NF=)NT T O FHGERFIC LY U VRO E#R U HGERER O K& WERFED 3107,
7 = =)V ERE U TS WLERRER D/ N S WRFED 2 ML E R ERE T 52 FnR R S
720 NS Z O SUSIENER BRSO B ARBE A LT 722 77 L% > @ TEDDA KJis & i L, CHzCle
reflux &\ 95~ A )L RStk B oFEAE CHEIT T ARG E LT kA SN TWA EIR
FUREBG R Z W e WHiT- BB FIETH D, BILHONEETRER 7 1 A
YTChD 3V IN2H T v R b AR A T2 BRGNS RRED LTz, ZAUEIER
WA SN TV A HIEERECERSM T TIER < EIRT CsFIC X U ST L, RrICE 13K
BIEAETD 3T UN-2H 7 v A RS ENEMICRIENEITT D 2 LR’ o,

FOSHAERNTIC L 0 il S 72 CsF L HAKEHOWKILEITH) &, XUV T T DRV
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L3 80%D b ENTALBEIIN T2% THLNT=Z &b, CsFICEEND H20 71 R
LR TNWDZENDMY . RUDANIZT =AU PNER L TWDER ST, KIS
BAEIZONWT T v BT = A DV Y IVEAORBKBEIZL DU 1 — R, BB X
LRSIV EONDG T L= T = ) — VR R LRS- 13 U h—
FOERKE VA b u 'y LI X BRI NSO E 2 HID,
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2.8. 5 _EIFERE

Infrared (IR) spectra were recorded on a JASCO FT/IR 4100. 'H NMR spectra were
recorded on a Bruker DRX-300 (300 MHz) spectrometer or a Bruker DRX-500 (500
MHz) spectrometer with tetramethylsilane (TMS) as internal standard. Chemical shifts
are reported in ppm from TMS. Data are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants,
integration, and assignment. 13C NMR spectra were recorded on a Bruker DRX-500
(125 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported
in ppm from TMS with the solvent resonance as the internal standard (CDCls: § 77.0).
Column chromatography was carried out with Cica-reagent silica gel 60 N (spherical,
particle size 63-210 pm). Thin-layer chromatography (TLC) was carried out with Merck
TLC plates with silica gel 60 Fzs4. Unless otherwise noted, reagents were commercially

available and were used without purification.

General procedure for the synthesis of 2 H-chromenes

To a mixture of 5-nitrosalicylaldehyde (0.167 g, 1.0 mmol),
trimethylsilylethynylbenzene (0.789 mL, 4.0 mmol), and trimethyl orthoformate (0.106
mL, 1.0 mmol) in dry CH2Cl2 (5.0 mL) under nitrogen, borontrifluoride diethyl ether
complex (0.025 mL, 20 mol%) was added. After being stirred at reflux for 12 h, the
reaction mixture was quenched with 5% aq NaHCOs. The organic layer was separated
and the aqueous layer was extracted with EtOAc. The combined organic layer was
washed with brine, dried over MgSOQO4, and filtered. The filtrate was concentrated in
vacuo. The resulting residue was purified by column chromatography on silica gel

(hexane / EtOAc = 20 : 1) to afford 2 H-chromene product.

2-Methoxy-3-trimethylsilyl-6-nitro-2-phenyl-2 A-1-benzopyran (3)

Yield 68%, brown solid; mp 88.7-89.2 °C; IR (neat): 3084, 2954, 1612, 1515, 1336, 1242,
1068, 835, 748, 693 cm'!. TH NMR (500 MHz, CDCls): 5 -0.07 (s, 9H), 3.34 (s, 3H), 6.95 (d,
J=8.7Hz, 1H), 7.15 (s, 1H), 7.35-7.39 (m, 3H), 7.50-7.53 (m, 2H), 8.12-8.15 (m, 2H). 13C
NMR (125 MHz, CDCls): § -0.90, 50.7, 105.6, 115.8, 118.3, 122.8, 125.8, 126.3, 128.1,
128.9, 133.4, 138.0, 141.4, 142.1, 158.2. HR-MS (ESI+) m/z calcd. for C1sH1sNOsSi
(IM-OMel¥): 324.10505, found: 324.10484.

3-tert-Butyldimethylsilyl-2-methoxy-6-nitro-2-phenyl-2 H-1-benzopyran (4)
Yield 57%, yellow solid; mp 101.1-101.7 °C; IR (neat): 2962, 2931, 2857, 1610, 1516,

1337, 1259, 1064, 993, 819, 808, 747, 695 cm'l. '"H NMR (500 MHz, CDCls) : § -0.04 (s,
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3H), -0.02 (s, 3H), 0.79 (s, 9H), 3.39 (s, 3H), 6.94-6.96 (d, /= 9.0 Hz, 1H), 7.20 (s, 1H),
7.36-7.38 (m, 3H), 7.50-7.51 (m, 2H), 8.06-8.18 (m, 2H). 13C NMR (125 MHz, CDCls) : §
-4.46. -3.90, 17.8, 27.0, 50.90, 106.0, 115.7, 118.2, 122.9, 126.0, 126.4, 128.1, 129.0, 135.2,
136.4, 141.4, 142.5, 158.0. HRMS (ESI+) m/z caled. for C21H2405Si ((IM-OMel*):
366.15200, found: 366.15197.

2-Methoxy-6-nitro-2-phenyl-3-triethylsilyl-2 H-1-benzopyran (5)

Yield 51%, yellow amorphous solid. IR (neat): 2955, 2874, 1608, 1518, 1338, 1261, 1091,
995, 698 cm't. TH NMR (500 MHz, CDCls) : § 0.26-0.55 (m, 6H), 0.85 (t, 9H), 3.35 (s, 3H),
6.91-6.98 (d, J= 8.7 Hz, 1H), 7.11 (s, 1H), 7.38-7.40 (m, 3H), 7.50-7.52 (m, 2H), 8.15-8.18
(m, 2H), 13C NMR (125 MHz, CDCls):§ 3.09, 7.18, 50.78, 105.5, 115.8, 118.4, 122.9, 125.8,
126.3, 128.0, 129.0, 134.3, 135.1, 141.5, 142.0, 158.1. HRMS (ESI+) m/z calcd. for
C21H24NOsSi ([M-OMe]*): 366.15200, found: 366.15348.

2-Methoxy-3-trimethylsilyl-6-nitro-2-(2-methylphenyl)-2 A-1-benzopyran (6)

Yield 40%, brown solid; mp 119.6-119.7 °C; IR (neat): 2943, 1605, 1518, 1338, 1265, 1245,
992, 838, 750 cm'l. 'TH NMR (500 MHz, CDCls): § -0.11 (s, 9H), 2.07 (s, 3H), 3.30 (s, 3H)
7.01-7.03 (m, 1H), 7.18-7.20 (m, 2H), 7.29-7.32 (m, 2H), 7.87-7.89 (m, 2H), 8.17-8.20 (m,
2H). 13C NMR (125 MHz, CDCls): § -1.32, 20.1, 49.7, 104.1, 115.6, 118.6, 123.1, 125.5,
126.0, 129.2, 132.1, 134.2, 135.7, 138.0, 139.3, 141.6, 158.7. HRMS (ESI+) m/z calcd. for
C19H20NO3Si ([M-OMel+): 338.12070, found: 338.12161.

2-Methoxy-3-trimethylsilyl-6-nitro-2-(3-methylphenyl)-2 A-1-benzopyran (7)

Yield 60%, brown solid; mp 95.5-95.7 °C; IR (neat): 2955, 1609, 1518, 1338, 1092, 995,
832 cm'l. TH NMR (500 MHz, CDCls): 6 -0.06 (s, 9H), 2.39 (s, 3H), 3.34 (s, 3H), 6.97-6.99
(d, J=8.5 Hz, 1H), 7.15 (s, 1H), 7.24 (m, 1H), 7.29-7.31 (m, 4H), 8.12-8.16 (m, 2H). 13C
NMR (125 MHz, CDCls): § -0.86, 21.5, 50.7, 105.6, 115.8, 118.4, 122.9, 123.5, 125.8,
127.1,128.1, 129.0, 129.6, 132.5, 133.4, 137.8, 138.0, 141.4, 142.0, 158.2. HRMS (ESI+)
m/zcaled. for C1eH20NO3Si ([M-OMel+): 338.12070, found: 338.12257.

2-Methoxy-3-trimethylsilyl-6-nitro-2-(4-methylphenyl)-2 H-1-benzopyran (8)

Yield 32%, brown amorphous solid. IR (neat): 2958, 1611, 1515, 1337, 1259, 1244, 834,
812 cm'l. 'H NMR (500 MHz, CDCls): § -0.06 (s, 9H), 2.39 (s, 3H), 3.34 (s, 3H), 6.95 (m,
1H), 7.13 (s, 1H), 7.20-7.21 (m, 3H), 7.38-7.39 (m, 2H), 8.12-8.20 (m, 2H). 13C NMR (125
MHz, CDCls): § -0.83, 21.2, 50.7, 105.8, 115.8, 118.4, 122.8, 125.8, 126.3, 128.8, 129.0,

37



131.9, 133.4, 138.2, 138.8, 139.3, 141.4, 158.3 HRMS (ESI+) m/z calcd. for C190H20NO3Si
(IM-OMel*): 338.12070, found: 338.12075.

2-Methoxy-6-nitro-2-(4-isopropylphenyl)-3-trimethylsilyl-2 A#-1-benzopyran (9)

Yield 47%, brown solid; mp 116.9-117.6 °C; IR (neat): 2960, 1610, 1514, 1336, 1262, 1068,
998, 837, 823 cm-1. 1H NMR (500 MHz, CDCls) : § -0.07 (s, 9H), 1.27 (m 6H), 2.97-3.01
(m, 1H), 3.34 (s, 3H), 6.97 (d, /= 8.5 Hz, 1H), 7.12 (s, 1H), 7.25 (m, 2H), 7.42 (m, 2H),
8.11-8.18 (m, 2H). 13C NMR (125 MHz, CDCls) : § -0.93, 24.0, 33.9, 50.7, 105.7, 115.8,
118.5, 122.8, 125.8, 126.1, 126.4, 132.0, 133.2, 138.3, 139.6, 141.4, 149.8, 158.3. HRMS
(ESI+) m/z calcd. for C21H24NO3Si ([M-OMel+): 366.15200, found: 366.15368.

2-Methoxy-6-nitro-2-(4-trifluoromethylphenyl)-3-trimethylsilyl-2 H-1-benzopyran (10)
Yield 29%, yellow solid; mp 98.5-99.0 °C; IR (neat): 2962, 1611, 1519, 1324, 1260, 1067,
999, 824 cm''. 'TH NMR (500 MHz, CDCls) : § -0.06 (s, 9H), 3.36 (s, 3H), 6.96-6.97 (d, J=
8.7 Hz, 1H), 7.20 (s, 1H), 7.64 -7.68 (m, 4H), 8.14-8.17 (m, 2H). 13C NMR (125 MHz,
CDCls) : 5-0.84, 50.8, 105.0, 115.8, 118.1, 123.0, 125.1, 126.1, 126.9, 134.3, 137.1, 141.7,
145.8, 157.8. HRMS (ESI+) m/z calcd. for C190H17NO3F3Si ((M-OMe]*): 392.09243, found:
392.09230.

2,6-Dimethoxy-2-(4-nitrophenyl)-3-trimethylsilyl-2 4-1-benzopyran (11)

Yield 17%, yellow solid; mp 117.6-118.5 °C; IR (neat): 2955, 1521, 1348, 1236, 1038, 1003,
836 cm'. TH NMR (300 MHz, CDCls) : § 0.06 (s, 9H), 3.49 (s, 3H), 3.98 (s, 3H), 6.91 (s,
1H), 6.99 (s, 1H), 7.00 (s, 1H), 7.44 (s, 1H), 7.88-7.91 (d, J= 9.0 Hz, 2H), 8.37-8.40 (d, J =
9.0, 2H). 13C NMR (125 MHz, CDCls) : § -0.61, 50.63, 55.86, 103.1, 111.3, 115.9, 116.8,
118.6, 123.2, 128.0, 134.1, 136.3, 146.8, 147.7, 149.8, 154.0. HRMS (ESI+) m/z calcd. for
C19H20NO4Si ([M-OMel*): 354.11561, found: 354.11670.

Methyl 2-methoxy-6-nitro-2-phenyl-3-trimethylsilyl-2 HA-1-benzopyran-6-carboxylate
(12)

Yield 46%, colorless solid; mp 73.8-74.2 °C; IR (neat): 2952, 1715, 1616, 1247, 999, 758,
695 cm'l. TH NMR (500 MHz, CDCls) : 6 -0.09 (s, 9H), 3.33 (s, 3H), 3.92 (s, 3H), 6.93-6.95
(d, J=9.1 Hz, 1H), 7.14 (s, 1H), 7.36-7.37 (m, 3H), 7.52 (m, 2H), 7.93-7.94 (m, 2H). 13C
NMR (125 MHz, CDCls) : §-0.84, 50.5, 51.9, 104.8, 115.3, 118.2, 122.7, 126.5, 128.0,
128.6, 129.0, 131.9, 134.6, 135.8, 142.7, 157.0, 166.7. HR-MS (ESI+) m/z calcd. for
C20H2103Si ((M-OMe]*): 337.12545, found: 337.12520.
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2-Methoxy-7-acetyloxy-2-phenyl-3-trimethylsilyl-2 H-1-benzopyran (13)

Yield 35%, yellow solid; mp 103.8-104.7 °C; IR (neat): 1756, 1617, 1492, 1202, 1007, 836,
750, 694 cm'l. 'TH NMR (500 MHz, CDCls) : § -0.09 (s, 9H), 2.30 (s, 3H), 3.36 (s, 3H),
6.83-6.71 (m, 2H), 7.08 (s, 1H), 7.20 (d, /= 8.2 Hz, 1H), 7.28-7.48 (m, 3H), 7.49- 7.70 (m,
2H). 13C NMR (125 MHz, CDCls) : §-0.75, 21.1, 50.7, 104.2, 108.8, 114.2, 116.7, 126.7,
127.6, 128.0, 128.5, 134.3, 134.4, 142.9, 151.9, 153.9, 169.1. HRMS (ESI+) m/z calcd. for
C20H2103Si ((M-OMe]*): 337.12545, found: 337.12573.

Procedure for the synthesis of 2-benzylbenzofurans
2-(Methoxy(phenyl)methyl)-5-nitro-benzofuran (14)

A mixture of 2-methoxy-3-trimethylsilyl-6-nitro-2-phenyl-2 4-1-benzopyran (3, 0.1785 g,
0.50 mmol) and CsF (0.0769 g, 0.51 mmol) in DMF (5.0 mL) under nitrogen was stirred
at room temperature for 4 h. Then the reaction mixture was quenched with H20. The
organic layer was separated and the aqueous layer was extracted with ethyl acetate.
The combined organic layers were washed with brine, dried over MgS0O4, and filtered.
The filtrate was concentrated in vacuo. The resulting residue was purified by column
chromatography on silica gel (hexane / ethylacetate = 40 : 1) to afford
2-(methoxy(phenyl)methyl)-5-nitro-benzofuran 14 in 78% (0.1114 g) as a yellow solid. 'H
NMR (500 MHz, CDCls): § 8.44 (d, 1H, J= 2.0 Hz), 8.18 (dd, 1H, J= 9.0, 2.5 H2),
7.52-7.34 (m, 6H), 6.68 (s, 1H), 5.41 (s, 1H), 3.47 (s, 3H); 13C NMR (126 MHz, CDCls): &
160.7, 157.8, 144.0, 137.6, 128.6, 128.6, 128.3, 127.2, 120.0, 117.5, 111.6, 105.1, 79.1,
57.3; IR (ATR): 3031, 2825, 1521, 1450, 1343, 1262, 1088, 1068, 752, 730, 699, 683
cm'l; HRMS (ESI+): m/z caled for C16H14NO4 ([M+H]*): 284.0917, found: 284.0930.

Methyl-4-(5-nitro-benzofuran-2-yl(methoxy)methyl)benzoate (15)

Yield 78%, white solid. 'H NMR (300 MHz, CDCls): § 8.46 (m, 1H), 8.18 (m, 1H), 8.08 (d,
2H, J=8.3 Hz), 7.56 (d, 2H, J= 8.3 Hz), 7.51 (d, 1H, J= 9.0 Hz), 6.72 (s, 1H), 5.48 (s, 1H),
3.93 (s, 3H), 3.49 (s, 3H); 13C NMR (126 MHz, CDCls): § 166.6, 159.8, 157.9, 144.2, 142.6,
130.5, 130.0, 128.2, 127.1, 120.3, 117.7, 111.7, 105.6, 78.7, 57.6, 52.2; IR (ATR): 3005,
1716, 1524, 1450, 1344, 1268, 1082, 1064, 820 cm'; HRMS (ESI+): m/z caled for
C17H12NOs5 ([M-OMe]*): 310.0710, found: 310.0700.

2-(Methoxy(4-chlorophenyl)methyl)-5-nitro-benzofuran (16)

Yield 81%, yellow solid. 'H NMR (300 MHz, CDCls): § 8.45 (d, 1H, /= 2.3 Hz), 8.19 (1H,
dd, J=9.0, 2.3 Hz), 7.51 (d, 1H, &= 9.0 Hz), 7.44-7.36 (m, 4H), 6.70 (s, 1H), 5.39 (s, 1H),
3.47 (s, 3H); 13C NMR (126 MHz, CDCls): § 160.2, 157.9, 144.3, 136.3, 134.6, 128.9, 128.6,
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128.3,120.3, 117.6, 111.7, 105.3, 78.6, 57.4; IR (ATR): 2822, 1520, 1447, 1340, 1266, 1138,
1079, 816 cm'l; HRMS (ESI+): m/z caled for C15sHoNOsCl ([M-OMel+): 286.0266, found:
286.0275.

2-(Methoxy(4-trifluoromethylphenyl)methyl)-5-nitro-benzofuran (17)

Yield 85%, yellow solid. tH NMR (500 MHz, CDCls): 68.45 (s, 1H), 8.18 (d, 1H, J= 8.5
Hz), 7.61-7.62 (m, 4H), 6.76 (s, 1H), 5.50 (s, 1H), 3.51 (s, 3H). 13C NMR (126 MHz,
CDCl»): § 159.6, 157.9, 144.2, 141.8, 131.2 (q, J= 93.9 Hz), 128.2, 127.5, 125.6 (q, J= 3.7
Hz), 123.9 (q, J=272.7 Hz), 120.3, 117.6, 111.7, 105.6, 78.5, 57.5. IR (ATR): 2830, 1523,
1449, 1345, 1322, 1263, 1091, 1065, 819 cm'l; HRMS (ESI+): m/z caled for C2:H1sNOs
(IM+H]*): 352.0791, found: 352.0791.

2-(Methoxy(4-methoxyphenyl)methyl)-5-nitro-benzofuran (19)

Yield 62%, yellow solid. tH NMR (500 MHz, CDCls): § 8.41 (d, 1H, J= 2.5 Hz), 8.15 (dd,
1H, J=9.0, 2.0 Hz), 7.48 (d, 1H, J=9.1 Hz), 7.39-7.38 (m, 2H), 6.95-6.93 (m 2H), 6.66 (s,
1H), 5.36 (s, 1H), 3.82 (s, 3H), 3.44 (s, 3H); 13C NMR (126 MHz, CDCls): § 161.0, 159.9,
157.8, 144.1, 129.6, 128.6, 128.4, 120.0, 117.5, 114.1, 111.6, 104.9, 78.8, 57.1, 55.2; IR
(ATR): 2830, 1521, 1446, 1346, 1259, 1243, 1098, 1035, 815 cm'’; HRMS (ESI+): m/z
calcd for C16H12NO4 ([M-OMe]*): 314.1023, found: 282.0769.

2-(((4-Isopropylphenyl)methoxy)methyl)-5-nitro-benzofuran (20)

Yield 51%, brown oil. 'H NMR (500 MHz, CDCls): § 8.44 (d, 1H, J= 2.5 Hz), 8.18 (dd, 1H,
J=19.0,2.0 Hz), 7.51 (d, 1H, 9.1 Hz), 7.41-7.40 (m, 2H), 7.29-7.28 (m, 2H), 6.70 (s, 1H),
5.40 (s, 1H), 3.48 (s, 3H); 13C NMR (126 MHz, CDCls): § 160.9, 157.8, 149.4, 144.1, 134.9,
128.4, 127.3, 126.7, 120.0, 117.5, 111.6, 105.0, 79.1, 57.3, 33.8, 23.9; IR (ATR): 2960,
2824, 1523, 1448, 1343, 1262, 1086, 1068, 818 cm''; HRMS (ESI+): m/z caled for
C1sH12NOs ((M-OMel+): 294.1125, found: 294.1129.

Methyl 2-(methoxy(phenyl)methyl)benzofuran-5-carboxylate (21)

Yield 42%, yellow oil. 1H NMR (500 MHz, CDCls): § 8.24 (d, 1H, J= 2.0 Hz), 7.97 (d, 1H,
J=8.5,3.5 Hz), 7.49-7.43 (m, 3H), 7.42-7.37 (m, 2H), 7.36-7.33 (m, 1H), 6.59 (s, 1H),
5.39 (s, 1H), 3.91 (s, 3H), 3.45 (s, 3H); 13C NMR (126 MHz, CDCls): § 167.1, 158.5, 157.6,
138.0, 128.5, 128.4, 127.9, 127.2, 126.0, 125.1, 123.5, 111.2, 105.1, 79.3, 57.3, 52.0; IR
(ATR): 2824, 1715, 1442, 1264, 1085, 699 cm'l; HRMS (ESI+): m/z caled for C17H1303
(IM-OMel*): 265.0859, found: 265.0867.
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2-(Methoxy(2-naphthalenyl)methyl)-5-nitro-benzofuran (22)

Yield 80%, yellow oil. tH NMR (500 MHz, CDCls): 6 8.41 (s, 1H), 8.15 (d, 1H, J= 8.9 Hz),
7.95 (s, 1H), 7.90-7.83 (m, 3H), 7.57-7.24 (m, 4H), 6.70 (s, 1H), 5.57 (s, 1H), 3.51 (s, 3H);
13C NMR (126 MHz, CDCls): 6 160.6, 157.8, 144.1, 134.9, 133.4, 133.1, 128.7, 128.3,
128.0, 127.7, 126.7, 126.5, 226.4, 124.5, 120.1, 117.5, 111.6, 105.3, 79.3, 57.4; IR (ATR):
2825, 1521, 1447, 1342, 1262, 1085, 1068, 751 cm'l; HRMS (ESI+): m/z calcd for
C19H12NOs3 ([M-OMe]*): 302.0812, found: 302.0807.

The reaction of 3 in the presence of 1,1-diphenylethylene

A mixture of 2-methoxy-3-trimethylsilyl-6-nitro-2-phenyl-2 4-1-benzopyran (3, 0.1776 g,
0.50 mmol), CsF (0.0767 g, 0.50 mmol), and 1,1-diphenylethylene (0.438 mL, 2.5 mmol)
in DMF (5.0 mL) under nitrogen was stirred at room temperature for 4 h. After that, the
reaction mixture was quenched with H20. The organic layer was separated and the
aqueous layer was extracted with ethyl acetate. The combined organic layers were
washed with brine, dried over MgSOQOy4, and filtered. The filtrate was concentrated in
vacuo. The resulting residue was purified by column chromatography on silica gel
(hexane / ethyl acetate = 50 : 1). Any intermediates were obtained, but 14 was produced
in 73% yield (0.1041 g).

Procedure for the synthesis of 2-((D)(Methoxy)(phenyl)methyl)-5-nitro-benzofuran 24

In an oven-dried round-bottom flask, CsF (0.0764 g, 0.50 mmol) was added, heated by
heatgun for 30 min in vacuo. D20 (3.0 mmol, 54 pL), and a solution of

3-silyl-2 H-chromene (0.2116 g, 0.50 mmol) in dry DMF (5.0 mL) was added, then stirred
at room temperature for 4 h. After being stirred, the reaction mixture was quenched
with H20. The organic layer was separated and the aqueous layer was extracted with
ethyl acetate. The combined organic layer were washed with brine, dried over MgSO4,
and filtered. The filtrate was concentrated in vacuo. The resulting residue was purified
by column chromatography on silica gel (hexane / ethyl acetate = 50 : 1) to afford the
product in 72% (0.1257 g) as a yellow oil. 1H NMR (500 MHz, CDCls): § 8.44 (s, 1H), 8.17
(d, 1H, J= 9.0 Hz), 7.68-7.62 (m, 4H), 7.50 (d, 1H, J= 9.0 Hz), 6.76 (s, 1H), 5.49 (s,
0.20H) 3.50 (s, 3H); 13C NMR (126 MHz, CDCls): § 159.5, 157.9, 144.2, 141.7, 130.8 (q,
=32.1 Hz), 128.2, 127.5, 125.7 (q, J= 3.8 Hz), 123.9 (d, J= 272.7 Hz), 122.8, 120.4, 117.7,
111.8, 105.6, 78.5, 57.6; IR (ATR): 2828, 1523, 1449, 1345, 1322, 1262, 1094, 1065, 818
cm'l; HRMS (ESI+): m/z caled for C16HsDFsNO3s ([M-OMel+): 321.0592, found: 321.0603.

41



92.9. 45 EHE

1. K. Fries, K. Kann Ann. 1907, 353, 339.

2. (a) M. Letulle, P. Guenot, J.-L. Ripoll Zetrahedron lett, 1991. 132.2013. (b) H.
Tomioka, T. Matsushita Chem. Lett. 1997, 399. (c) A. Reisinger, I. Bytheway, C.
Wentrup /. Org. Chem. 1998, 63, 9806.

3. M. E. Kopach, W. D. Harman . Am. Chem. Soc. 1994, 116, 6581.

4. (a) H. Amouri, Y. Besace, J. L. Bras J. Am. Chem. Soc. 1998, 120, 6171. (b) H. Amouri,
J. Vaissermann Organometallics 2000, 19, 1740. (c) M. A. Todd, M. L. Grachan, M.
Sabat, W. H. Myers, W. D. Harman Organometallics 2006, 25, 3948.

5. L. Jurd. Tetrahedron 1977, 33, 168.

6. (a) R. W. V. D. Water, T. R. R. Pettus 7etrahedron, 2002, 58, 5367. (b) A. A. Jaworski,
K. A. Scheidt J. Org. Chem. 2016, 81, 10145. (c) W.-J. Bai, J. G. David, Z.-G. Feng, M. G.
Weaver, K.-L. Wu, T. R. R. Pettus Acc. Chem. Res. 2014, 47, 3655. (d) M. S. Singh, A.
Nagaraju, N. Anand, S. Chowdhury BSC Adv: 2014, 4, 55924. (e) T. P. Pathak, M. S.
Sigman . Org. Chem. 2011, 76, 9210.

7. Tejas P. Pathak, Matthew S. Sigman Org. Lett. 2011, 27, 2774.

8. J. D. Pettigrew, R. P. Freeman, P. D. Willson Can. J. Chem. 2004, 82, 1640.

9. C.-C. Hsiao, S. Raja, H.-H. Liao, 1. Atodiresei, M. Rueping Angew. Chem. Int. Ed.
2015, 54, 5762.

10. (a) H. Miyazaki, K. Honda, M. Asami, S. Inoue J. Org. Chem. 1999, 64, 9507. Other
reference: (b) H. Miyazaki, Y. Honda, K. Honda, S. Inoue Zetrahedron Lett. 2000, 41,
2643. (¢) S. Inoue, P. Wang, M. Nagao, Y. Hoshino, K. Honda Synlett 2005, 3, 469. (d) K.
S. Shrestha, K. Honda, M. Asami, S. Inoue Bull. Chem. Soc. Jpn. 1999, 72, 73.

11. R. K. Saunthwal, M. Patel, A. K. Verma /. Org. Chem. 2016, 81, 6563.

12. E. Yoshioka, H. Tamenaga, H. Miyabe Tetrahedron Lett. 2014, 55, 1402.

13. G. Maiti, R. Karmakar, U. Kayal, R. N. Bhattacharya Tetrahedron 2012, 68, 8817.
14. (a) A. Saeed, A.-P. Sharma, N. Durani, R. Jain, S. Durani, R.-S. Kapil J. Med. Chem.
1990, 33, 3210. (b) N. Ishizuka, K.-I. Matsumura, K. Sakai, M. Fujimoto, S.-I. Mihara, T.
Yamamori J. Med. Chem. 2002, 45, 2041. (c) K. Arai, Y. Kobayashi J. Abe, Chem
Commun. 2015, 51, 3057.

15.7Y. Hoshino, Y. Tkeda, Y. Nakai, K. Honda Chem. Lett. 2017, 46, 1743.

16. X VB F 40 (a) T. Okuyama Ace. Chem. Res. 2002, 35, 12. (b) P. A. Byrne, S.

42



Kobayashi, E.-U. Wurthwein, J. Ammer, H. Mayr J. Am. Chem. Soc. 2017, 139, 1499. (c)
X. Wang, T. Gensch, F. Glorius Org. Chem. Front., 2016, 3, 1619. (d) S. J. Gharpure, Y. G.
Shelke, D. P. Kumar Org. Lett. 2015, 17, 1926. (e) S. N. Chavre, H. Choo, J. H. Cha, A. N.
Pae, K. I. Choi, Y. S. Cho Org. Lett. 2006, 8, 3617.

B-> U =,vl1F 4> ()P O. Miranda, M. A. Ramirez, V. S. Martin, Juan I. Padron
Chem. Eur. J. 2008, 14, 6260. (g) H.-U. Siehl Pure & Appl. Chem., 1995, 67, 769. (h) S. G.
Wierschke, J. Chandrasekhar, W. L. Jorgensen J. Am. Chem. Soc. 1985, 107, 1496. (i) B.
Chiavarino, M. E. Crestoni, J. Lemaire, P. Maitre S. Fornarini /. Chem. Phys. 2013, 139,
071102. () K. C. Sproul, W. A. Chalifoux Org. Lett. 2015, 17, 3334. (k) T. Muller, M.
Juhasz, C. A. Reed Angew. Chem. Int. Ed. 2004, 43, 1543. (1) H. Arii, K. Nakabayashi, K.
Mochida, T. Kawashima Molecules 2016, 21, 999.

17. (a) Coefficient values calculated by using Winmostar version 8.004 (MOPAC

PM3). (b) N. Senda, Idemitsu Tech Rep.2006, 49, 106.

18.Y. Yang, H. Liu, C. Peng, J. Wu, J. Zhang, Y. Qiao, X.-N. Wang and J. Chang Org.
Lett. 2016, 18, 5022.

19. R. Gericke, 1. Lues Tetrahedron Lett. 1992, 33, 1871.

20. M. N. V. Sastry, S. Claessens, P. Habonimana, N. D. Kimpe /. Org. Chem. 2010, 75,
2274.

21. (a) I. Fernandez, F. P. Cossio, M. A. Sierra Chem. Rev. 2009, 109, 6687. (b) O.
Gutierrez, D. J. Tantillo . Org. Chem. 2012, 77, 8845.

22. (a) Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1972, 11, 129. (b) Reetz, M. T. Angew:
Chem., Int. Ed. Engl. 1972, 11, 131.

23. (a) C. A. Leverett, V. C. Purohit, A. G. Johnson, R. L. Davis, D. J. Tantillo, D. Romo /.
Am. Chem. Soc. 2012, 134, 13348. (b) V. C. Purohit, A. S. Matla, D. Romo J. Am. Chem.
Soc. 2008, 130, 10478. (c) Y.-J. Chen, R.-Y. Bao, X.-D. Zhang, Y.-F. Tang Chin. Chem.
Lett. 2013, 24, 953. (d) R. L. Davis, C. A. Leverett, D. Romo, D. J. Tantillo J. Org. Chem.
2011, 76, 7167. (e) W. Ren, Y. Bian, Z. Zhang, H. Shang, P. Zhang, Y. Chen, Z. Yang, T.
Luo, Y. Tang Angew. Chem., Int. Ed. 2012, 51, 6984. (f) J. Mulzer, K. Hoyer, A.
Muller-Fahrnow Angew. Chem., Int. Ed. Engl. 1997, 36, 1476.

24. (a) A. Naka, S. Ueda, J. Ohshita, A. Kunai, T. Miura, H. Kobayashi, M. Ishikawa
Organometallics 2008, 27, 2922. (b) A. Naka, S. Ueda, S. Sakaguchi, T. Miura, H.

43



Kobayashi, M. Ishikawa /. Organomet. Chem. 2010, 695, 2499. (c) X. Zhang, K. N. Houk,
S. Lin, S. J. Danishefsky J. Am. Chem. Soc. 2003, 125, 5111. (d) R. Wolfgramm, T. Muller,
U. Klingebiel Organometallics 1998, 17, 3222.

25. (a) K. Mal, S. Das, N. C. Maiti, R. Natarajan, 1. Das J. Org. Chem. 2015, 80, 2972. (b)
E. E. Allen, C. Zhu, J. S. Panek, S. E. Schaus Org Lett. 2017, 19, 1878. (c) J. Liu, X.
Wang, L. Xu, Z. Hao, L. Wang, J. Xiao Tetrahedron 2016, 72, 71642.
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3.1.1. 7 U —n7EF LD IEDDA K&

("BF3-OEt, (20 mol%)’

OaN CHO  cH(OMe); (1.0 equiv.)
CH,Cly, reflux.12 h

OH

K. Tanaka, Y. Hoshino, K. Honda Heterocycles 2017, 95, 474.
K. Tanaka, Y. Hoshino, K. Honda Tetrahedron Lett. 2016, 57, 2448.

Scheme 3-1

BOETHRREZLIC NS A W= A N R ) o ATF REDO IEDDA Kk Tl 7 /v =¢
=NV T OGRS TIEICEITT 5 2 LR nhole, LU, [FAEED
OSSR BNTT AT LTOT U —AT v F Lo A5 &AM trace TH Y
POSHEICRELS EZN DD Z ERah o1,
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3.1.2. 7V —NTEFLrDORISME

Ph—=——H
o) 0
>
toluene, 110 °C, 2 W
Ar N=N Ar
0 Y. 70%
Me  NEt,
N NN Me—=——NEt, e) (o)
I > 780\

N 1,4-dioxane, 23 °C, 2 h

Z , ,
Ar N=N Ar
Y. 100%
O O N g
— (0] (0]
- 5034

mesitylene, 100 °C, 1d Ar N=N Ar
N.R.

D. R. Soenen, J. M. Zimpleman, D. L. Boger J. Org. Chem. 2003, 68, 3593
Bu

—
S0,
= Bu Ph
tBU .-
+ CeHe, 230 °C, 45 h
. Bu Ph
— “harsh reaction conditions 27 %

J. Nakayama, S. Yamaoka, T. Nakanishi,M. Hoshino J. Am. Chem. Soc. 1988, 110, 6598.

o— 2
EOL A o R——R EtO,C R'
(0.5 mmol)
N
EtO,C 0] xylene, 200 °C

2
(0.8mmol)  sealed tube, 24h -0 R
entry R! R? yield (%)
1 TMS Ph quant.
2 Ph Ph 24

Y. Hoshino, Y. Ikeda, Y. Nakai, K. Honda Chem. Lett. 2017, 46, 1743.
Scheme 3-2

ST VAT F L ORIEEERET D & ﬂﬁ@?zvﬂ? YTIEROSR L EITT S
DIZH L, TV =ATEF L TRESUSBEIT LW L0357z 1, I
Nakayama & O#E TId, ;72 OSSR TIC iab\fﬁfﬂlﬂ#—fgboﬁ o U= Tlmal
o % vz IEDDA }im%%@&% LTBY ., TAF= s T TEEBEE CRALM g A3
/oD L, Y7V —ATEF L TIEEESEFICBWTHEIETH D Z LM
o TUND 3,
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3.1.3 itz W=7 U — 7 EF L ® IEDDA Xk

. _CO,Me  1)WNi(cod), (5.0 mol%) Ph
Phw PPh; (6.0 mol%) Ph CO,Me
CO,Et toluene, 100 °C, 6 h>
2) DBU, under air Ph

+
7\ _— _n2h . CO,Et
— (transition metal catalyst
= 56 %

H. Horie, T. Kurahashi, S. Matsubara Chem. Commun. 2012, 48, 3866.

o /s
DMS_O, »90 C Ph
‘base

R. K. Saunthwal, M. Patel, A. K. Verma. Org Lett. 2016,18, 2200.
Scheme 3-3
fif 2 N2 o7 ) — 7 £ F L o IEDDA RUGIIHEBIHRE STl Nifiific X2
TEMAL AL P ERR E O E N MEN H D 4 L LRB S AR 2 W basix
Z OHEMIED 1 BIDOH T D Z & ORI & 5 IHMERIIRIZITER S TR o 73
BRTh D, 2EOFERND, YU FAT AT RETT V=T EF L ORI
IZBWTAERIND BRIWIX 2,3 (A2 T V) —VEZ AT 2 AWM PRI, ZHUTAERE
PEWES7 4 b7 a X v VMO TFEFEK S L TERESNTEY ZOERIEOHREITAH

ThobrEELLND 5,
0
N o O N
J

antiestrogen recepter

<I\OH
_— . Ph
NH, KOH (1.0 equiv.) m
. >
N

photochromic material antiestrogen recepter

Fig. 3-1
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3.1.4. KEDHM

cho Vo < > O:N

O,N X TMS
Y OMe
OH Lewis acid BF5- OEt, 68% (0)
Bronsted acid TfOH 52%

R2

R! CHO .
. | |  Brensted acid catalyst
>
OH

‘ O F OMe ]
3 Ph

R* | Rt PPV RN

) |

{L_//

|
Ph

(high reactive intermediate)

\ortho-quinone methide )

Fig. 3-2

BOEIZBWTC, MUSEOEWT VX = vy T v E WA TRV A TH D BFs -
OEt: # W= GBI R LS RIEBETLIZR, 7LV ATy RiETH 5 TIOH % -
SE CHRBRICRICETT 2 2 & 2R LTV 5,

ZZTA R, ERflE AR D T L ATy R A WA SR RE T A FICL Y,
FNERF ) AFREDT Y =T EF LD IEDDA FUSHEMRTE DD TIHRN e
Ex, KEOHME Lz,

49



B U7V —ATEF L O IEDDA Kt
3.2.1. ¥7 U —nTEF LD IEDDA MGIZ

Table 3-1

TfOH (20 mol%)

OoN CHO
\@[ CH(OMe); (2.0 equiv. L
OH solvent, 60 °C, 15 h

OoN X
OMe

B HIIERAT

W=

2 (2.0 equiv.)

g

1 (1.0 mmol) O

entry solvent yield (%)

1 DMF 0

2 THF 2

3 CH5;CN 2

42 CH,Cl, 9

5 benzene 23

6 toluene 38

74 toluene 34
2 reflux

FE s Cd 5 DMF, THF, CH3CN TIIELA 2h3 K < AT

L72h o 7= (entries 1-3),

INDHIIMBERERZFF A GO T LU AT v RN IR IS U F AT LT R
ZIEGMAL Lo Telob L& 2 B D, RIS Cd 5 CH2Cle T RIERICIRINE &
72 o T=0Mentry 4). FEBEMEAEBECTH 2 benzene, toluene % V5 & UG 8hR L < T
L toluene Tlid 38% & 72 o 7-(entry 6), ZiUIHERE % GLERYOLZEICTE L
TWAHZENEZOLND, REE reflux ICE X7 & T ANERICEGITR D> To Z L b,

ek D TEDDA St THW B D Bk LW SUSSRMEE 2 ORISR

7-(entry 7).,
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3.2.2. 7L AT v Ntk

Table 3-2
2 (2.0 equiv.)
O,N CHO CH(OMe)s (2.0 equiv.) o O
lyst (20 mol? N
\@[ catalyst (20 mol%) - O OMe

OH toluene, 60 °C, 15 h

1 (1.0 mmol) (3) O

entry catalyst yield (%)

O,N
1 TfOH 38 O I O OH
(0)

2 benzenesulfonic acid 29 ° O g O
3 HBF,OEt, 14 <%

10 ~ 15%
byproducts

FENWTT LU AT v R ORF 21T o7 & 2 A, BRIMEEOE W TOH 2 V% & 38%
DILRTHBRE LT (entry 1), ZDO—F T, XV B O EREE T B A OIL
FNE T T HHERE o7 (entries 2-3), ZDZ E0E, BRIEEOROEEfREED HNR XY
NELSANIF ) U AF REERTETCND I ENBZZ LD,

F7-byproduct & LTLLTFD4- A hF7m A2t Fafdvrsaxongoni-l s
ME, RO XD BROCHEZ B2 LT,

3.3. BUGHERE DB %2

HIH, ANV RX ) U AF REDT U —=ATEFLUNER{EL OMe JEABEEST 2 Z 212XV
U U U AENERT D, ZHUDREATHDH MeOH & H20 & OYHERISIZE D BRI
KO byproduct 3fFHTCWA EEZHND, DFE D, MeOH ZBEIZIHRNT 5 Z & TH
IS DM D O Tl b B 2 7=,

OMe —
O,N CHO o,N P . ; . O.N
—_— [
stepwise
1 OH (6] or

ortho-quinone concerted
methide

3 _ O,N o
+ MeOH O
O — o
— MeOH O,N X — MeOH
- | U
+MeOH @0/ H,0
Oorr = oN X
L Pyrylium salt J H,0 O
Fig. 3-3



3.4. MeOH Z Nz 7=##t
ZDEBENG KGNS T %I MeOH Z i EIC N2 5 Z & T, byproduct DAL ]
HA DR 52%F Tlaj b L7,

OZN\@iCHO
OH CH(OMe); MeOH O,N O
1(2.0 equw) TfOH (5.0 mL‘ O N oM
e
s

toluene
60 °C, 15 h
H W, :

(1.0 equiv.) 52%

(0)
4
<5% 0%
byproducts

Scheme 3-4
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3.5.1. 7V — LT EFL O
Table 3-3

CH(OMe)3 (2.0 equiv.)
O,N CHO 2
2 , ,  TIOH(20mol%) = MeOH O2N R
* RP—=—7—R B » > OMe
toluene, 60 C,15h
OH o

OyN X O
OMe

"
6: R =Me 69 % R

7 R="Pr70 % 10: R = 3-OMe trace
8: R=Ph 50 % 11: R =4-OMe 52 %

O2N N O O2N
OMe
(6)

13: R = 2-naphtyl 57 %
14: R = 1-naphtyl trace

15: R = NO, 24 %
16: R = CO,Me 28 %
17: R = CF;38 %

18: R = Br 45 %?

O,N R R3

O,N X O,N
OMe
0 R*

20: R = Me 80 % . Y
21:R=Et99 % 23R =Me R ="PrNR 26:R=0ON.R
22: R="Bu 52 % 24:R°="Buy, R"="BuNR 27:R=S13 %

25: R3, R* = CO,Me N.R

T UV=NATBTF Ll R LToRER, BIRTRD 2 LIS @E O AL ERFENFEBL L T
D ENghoT, EIMEREET HEE TIPS EIT L, ZHidy 77—
TEF LD HOMO O )VF =N ER-T-Z EMB2 6D, LnLRNG,

3-OMe M4 A9 2 HHE TITHIGIZ K 2 LEMEZ T WD ISHNEIT Lol L& 2
BB, 22 7 FOVEBAR TR L S ISHHEIT LIZoxt L, L @@y 17751
EHRCIISIEREIT LR o7o 2 L h | BILOBRICRREEREEL TV D 2 LR
WX iz, EEREIEEZHWZSE TP RE THPIMDE DT, EHATIT
PLEIEIRMEDS B2 DB 111 DR THE LN, ZORRNS TV F pRFEF LD

HOMO O /LF —HR NN EARBE NS, B REER RS IEEZFTHIEE T
TRWVERTHIMNE LN, DT U —AT®F L L0 b RISHEDE T L LB
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ETIEEERTHAMNEOND Z DR/ ONDFHRTN 0T, HERRERTZRNWT V%
YIS EST LiehoTe, 2O Db, HEERIZHOMO O3/ —HEfL 4 LiF %
FIFBISH R VER DL EVIZ T E L TWD ZENEZDND, BEFRNRRT IV
FUKROT V=NV PUSNDTFERZ AT 5 E TR I S RISHEST LR o7z,

3.5.2. VU F T IT v KOKH

Table 3-4 :

1 CH(OMe); (2.0 equiv.)

R CHO
@: TIOH (20 mol%)
OH toluene, 60 C,15h

3:NO, =52 %

31: OTs = 20 %

28:OTs = 32% 32:Br =NR
20:CN =23% 33: OAc = N.R
30: CO,Me =14%

34: OMe =N.R 37:86 %

35: NO, = 99%
36: CO,Me = 94%

PV FATNTE RO EITo7 L ZA, MOETRFIIEELHFT 25 EENOz, OTs, CN)

TITHRRE THRIPE LN L DI L, PRREDOE KRG E(CO2Me, Br, OAc) TIEUE
BHEITL OB W EBbhoTz, ZORENOLKEEDIRNS TV — LT 2F Lo DR
BIZIZA N b ) o AF ROV U NROWE T RS HEIZ LY LUMO O = )L F —HE(7 4
TS Z BT 2 ENMETHD Z LRIz, —JF CRIEDEN T L% L E
TEFLUERAVDE, BUFATATE K EOBRENE TGS CIISUSAET L
Mo 7=t OD(OMe), FWVEFRE[FEINO) D & FFEE DFE K51 H(CO2Me) T b HIFIZK
JEHELT L, mETHMR RO FER o T,
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Gy FHEFHRIC & DAL EEIRMED E 2R 6

P UFAT AT E RITEFRIE, LOEFEGRIZENTE C-A OBUEREA &N &
Woyinote, VT V=T EFLACKWTL, EFHEENEBR LGS TIX C-A, &

TRBIFEXR T L VIR B L7286 Tk C-B OWLEMREAE W E B350 0 A
DN ERIRNEZ ST DGR & 72 o7z, Br BHUA TIFIUERI OIS WD L BALE

BMERD 11 OETHONTZERE X LI, VTS VERIKTIEZ HOMO O3 /L¥—
YERL DML DT L3 2 & i UARWFD B IS HEIT LR o 72 2 & DR S iz,

HOMO -8.89 eV

Cooff HOMO -8.63 eV
LUMO -1.83 eV Coz' 'g'gztzs Coefficients
Coefficients C:B: 0.342 C-A: 0.333
C-A: 0.574 T C-B: 0.283
0-B: 0.215
O=0 O=O
OMe A B A B
MeOzC A HOMO -9.28 eV HOMO -8.78 eV
Coefficients Coefficients
C-A: 0.307 C-A: 0.340
OB C-B: 0.359 C-B: 0.318
LUMO -4.34 eV MeH — O NO, <: :>—: Et
Coefficients A B A B
C-A: 0.384
O-B: 0.117 HOMO -9.30 eV HOMO -9.20 eV
Coefficients Coefficients
OMe (C:-g: gigg C-A: 0.292
MeO Ia -b: U C-B: 0.401
Q — O Br pr—==—rpr
(0]
B A B A B
LUMO -0.93 eV HOMO -9.02 eV HOMO -10.34 eV
Coefficients Coefficients Coefficients
C-A: 0.522 C-A: 0.329 C-A: 0.22
0O-B: 0.309 C-B: 0.340 C-B: 0.19
Fig. 3-4
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3.7. BUGHEME D %%

INETOMBEIE ZSUSHEZHET D L. TTHDINA ARIZE Y BLAR =L
EMEALESNA L R R Y AT VRO MeOH REZKRET 5 Z & TP 88X — /U3 ER L,
BAH ) —NFTDHZETAENIX ) AT RBERT D, ZOFNVEF ) AFREDT
V=T EFLUORIGIE 2 N¥—0FZ biv, BFEMICRLT 5506 F 72 13 22a0I 8
bd 22— Th V| ZORIGFR T ORIGHME THEIT LTV D ATREMEN & 2 53
VUNMLZEEIR AT A BERT D720 7, BEREMICERILT 2 2 BB 265,

PRI A2 6 ORBHBIZ L VEKd BE6Nn5, GoNEREw d DA % /) —/iZ
Fo e U T AENER L, HiO & MeOH (2 L 5 UG E 2 B, i@ MeOH
TINCE VRO LETHLEIMENEOND EEZOND,

1 ®!
0® . QMe OMe
1 OMe 1
> by CH(OMe) SNH - MeOH PN
—_—
p— —_—
OH - H,0 £oH o
a b [
R OMe Ar? OMe
O,N Ar?
2n_ |l |7
— Q81 ~ "0
oMo SH s OH AP
1
R~z
.
OMe 2
c (6] R! Ao A
..
— A
0--
Ard
H
®0Me

H,O
. MeOH
R! 2 : R! 2
N Ar Ar
| I | ;OH | I | ;OMe
0~ "AP 07 “AR
g f
Fig. 3-5
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= 2,3-C 7V —L 2H- 7 1 A v O ES
3.8. 2H-7 1 A L DIEH

(0]
MeO—@—OMe JL
Ph” ~OTMS Ph
TfOH (10 mol%) TfOH (20 mol%) O,N S
60°C,7h 60 °C, toluene, 4 h O |
(@)

- o

@
s

42%

( )

O.N X O
OMe

(@)

3

\_ J

OH
o ) een Py

BF3 Ot (25 mol%) | 1oH (20 mol%)
CH,Cly, -78 °C, 18 h 60°C. 5h

|
o -
40

77% Scheme 3-5

O,N I

B 2,37 U=V 2H 7 0 A U OEWMISRERET LTIz 2 A8, V7 MEOKEZ v
7HA TR, BIBRRENZ LI 4 MITER LA RS 6h, ~— N2 AT 5HE TiX 2
AEATSREZAIDS B LT AN S bz, Zhid, © T U BROMBER OB O N— R
PEDOBEWN 2L, AV T 4 /T DY 7 MEOBEW AN ENENRBEOWE 2 H T 5K
ERINEHR L /272DEEZ bR, ZOMmFNPOH, ZHE TORFHIIBWT 4 L TiEAR
< 2PLIT/— RYEDEHRILTH H OMe VBT DFER N LRSI ND,
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RS CHO _ N
“TfOH (20 mol%)
CH(OMe), MeOH
o

toluene, 60 °C,15 h
+

L=

K. Tanaka, Y. Shigematsu, M. Sukekawa, Y. Hoshino, K. Honda Tetrahedron Lett. 2016, 57, 5914.
K. Tanaka, M. Sukekawa, Y. Shigematsu, Y. Hoshino, K. Honda Tetrahedron 2017, 73, 6456.

Scheme 3-6

fili B O A IR Tdo 5 TOH Z vy, @IEMRA N RX ) UV AF REDT V=L T ®
F L& @D IEDDA RUSIZHEE LTz, ZORIGHR T, ISHEETH LY U o A A R
M U7 P SOGEIE T 2 LB 2 b, SO TH# IR & MeOH 2R+ 2 2 L2 X
DR O RIE 72U LT, IEOBA#EEICS W T, BEREEZGTL50T7 Y —1 T
TFLUEAWE ZABBRENZ LITEWIERIRZ R L, B EEE AT 5 EEIC
BOWTRWICETHIR S LN, ZHUE MOPAC Oy fHUEFHRE LD, 7% iRE
® HOMO O =L —HENL DO R/NT K0 (LESRIRPES B L T D Z LAvVRIR S Ll B
T VFRLVEBRT V=N T2 F L2 & RICETHIMR S LI FERSh 5T,

FNEF ) AFRETT VAT vF Lo OBRGIZEMEE I3 ENCERILT 5 3%
—UMWBHDD, RUVMLTREIR T AU PERT D720, BEEICERIET 52 &1 5
ADND, 2,3V T V=V 2H 7 1 A DEMFISTILY 7 MEDOKREAIZ WD & 47
REHENEZ D AH 7 0 A B BELNLDICx L, ~— RHEOREAIZ WD & 271
SREZEHL LT B DBRONDEN 0 oTe, U, BT EBROMBEIFF OB D/
— KMEDOEW 201, AV T4 v EET LY T MEOEW AL ENENRBEOWE 26T
DREARINELR LTZ72HEEZBND, I ORIRITMERESE STV 2 EB A B A
b Eim O & W T2 BOSIZHRE < Bz 2872 BUS Td 5,
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3.10. % = FFEHRIA

Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR PARAGON 1000
spectrometer or a JASCO FT/IR-4100. 1H NMR spectra were recorded on a Bruker
DRX-300 (300 MHz) spectrometer, or a Bruker DRX-500 (500 MHz) spectrometer with
tetramethylsilane (TMS) as internal standard. Chemical shifts are reported in ppm
from TMS. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet), coupling constants, integration. 13C
NMR spectra were recorded on a Bruker DRX-500 (125 MHz) spectrometer with
complete proton decoupling. Chemical shifts are reported in ppm from TMS with the
solvent resonance as the internal standard (CDCls: § 77.0). Column chromatography
was carried out with Cica-reagent silica gel 60 N (spherical, particle size 63-210 pm).
Thin-layer chromatography (TLC) was carried out with Merck TLC plates with silica
gel 60 Fas54. Unless otherwise noted, reagents were commercially available and were

used without purification.

General procedure for the synthesis of 2,3-disubstituted 2H-1-benzopyrans

To a solution of nitrosalicylaldehyde (2.0 mmol), diphenylacetylene (1.0 mmol) and
trimethyl orthoformate (2.0 mmol) in toluene (5.0 mL) under nitrogen,
trifluoromethanesulfonic acid (18 pL, 0.20 mmol, 20 mol%) was added. After being
stirred at reflux for 15 h, methanol (5.0 mL, 0.12 mol) was added. Then the reaction
mixture was quenched with H20. The organic layer was separated and the aqueous
layer was extracted with ethylacetate. The combined organic layer was washed with
brine, dried over MgS0O4, and filtered. The filtrate was concentrated in vacuo. The
resulting residue was purified by column chromatography on silica gel (hexane /

ethylacetate = 100 : 1 to 20 : 1) to afford product.

2-Methoxy-6-nitro-2,3-diphenyl-2H-1-benzopyran (3)

Yield 52%, yellow solid. IR (ATR): 3063, 2839, 1511, 1480, 1446, 1336, 1249, 1181, 1125,
1107, 1087, 1016, 987, 962, 903, 827, 772, 748, 697, 595, 566 cm'!. 1H NMR (300 MHz,
CDCls): 6§ 8.17 (d, 1H, J= 2.6 Hz), 8.11 (dd, 1H, J= 2.6, 9.0 Hz), 7.44-7.55 (m, 2H),
7.31-7.35 (m, 2H), 7.17-7.31 (m, 7H), 7.15 (s, 1H), 7.00 (d, 1H, /= 9.0 Hz), 3.44 (s, 3H).
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13C NMR (125 MHz, CDCls): § 157.3, 142.0, 140.7, 136.3, 134.7, 128.3, 128.1, 127.8,
126.5, 125.5, 124.7, 122.9, 119.7, 115.8, 105.2, 51.2. HRMS (ESI+): m/z calcd for
C21H13NOs ([M-OMel+): 327.0895, found: 327.0911.

4-Methoxy-6-nitro-2,3-diphenyl-4H-1-benzopyran (4)

Yield 11%, yellow solid. IR (ATR): 3089, 2925, 2844, 1577, 1511, 1485, 1337, 1251, 1108,
1084, 1047, 987, 957, 901, 828, 801, 782, 765, 743, 697, 645, 606, 581, 568 cm™!. 'H NMR
(500 MHz, CDCl3): § 8.19 (d, 1H, J= 8.8 Hz), 7.92 (s, 1H) , 7.35 (s, 3H), 7.25 (d, 1H, J=
9.1 Hz), 7.14-7.23 (m, TH), 5.72 (s, 1H), 3.64 (s, 3H). 13C NMR (126 MHz, CDCl3): § 155.5,
142.5, 136.6, 135.1, 133.0, 130.4, 128.9, 128.7, 128.2, 128.1, 127.6, 124.6, 124.2, 122.6,
117.5, 100.3, 56.0. HRMS (ESI+): m/z caled for C21HisNO3 ([M-OMel*): 327.0895, found:
327.0904.

2-Hydroxy-6-nitro-2,3-diphenyl-2H-1-benzopyran (5)

Yield 16%, yellow solid. IR (ATR): 3428, 3066, 2924, 1644, 1612, 1577, 1505, 1478, 1446,
1380, 1337, 1268, 1200, 1172, 1129, 1092, 1072, 1036, 996, 969, 947, 910, 899, 829, 767,
748, 728, 693, 651, 592, 566 cm'l. 1TH NMR (500 MHz, CDCls): 6 8.19 (s, 1H), 8.14 (d, 1H,
J=8.8 Hz), 7.52 (d, 2H, J= 7.6 Hz), 7.26-7.34 (m, 5H), 7.21 (s, 3H), 7.05 (d, 1H, J= 8.8

Hz), 6.94 (s, 1H), 3.76 (s, 1H). 13C NMR (126 MHz, CDCls): § 155.5, 142.2, 140.6, 138.5,

136.3, 128.8, 128.1, 126.4, 125.2, 122.6, 120.4, 117.0, 101.0. HRMS (ESI+): m/z calcd for
C21H1sNO4 ((M+H]*): 346.1079, found: 346.1079.

2-Methoxy-2-(4-methylphenyl)-6-nitro-3-phenyl-2H-1-benzopyran (6)

Yield 69%, white solid. IR (ATR): 1515, 1338, 1255, 1183, 1104, 1084, 988, 962, 901, 824,
763, 702, 611, 566 cm*. 'H NMR (500 MHz, CDCls): § 8.12 (dd, 1H, J= 2.6, 8.7 Hz),
8.03-8.06 (m, 1H), 7.28-7.44 (m, 4H), 7.18-7.20 (m, 3H), 7.12 (s, 1H), 7.04 (d, 2H, J=17.9
Hz), 6.93 (d, 1H , /= 8.8 Hz), 3.40 (s, 3H), 2.22 (s, 3H). 13C NMR (125 MHz, CDCls): §
157.3, 141.7, 138.4, 138.0, 136.3, 134.5, 128.7, 128.1, 127.6, 126.2, 125.3, 124.6, 122.7,
119.5, 115.6, 105.3, 51.0, 21.0. HRMS (ESI+): m/z caled for C2sH20NO4 ([M+H]):
374.1392, found: 374.1394.
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2-(4-Isopropylphenyl)-2-methoxy-6-nitro-3-phenyl-2H-1-benzopyran (7)

Yield 70%, yellow solid. IR (ATR): 3089, 2964, 2871, 1614, 1578, 1514, 1479, 1414, 1335,
1258, 1184, 1126, 1090, 1057, 1021, 974, 905, 886, 849, 824, 804, 768, 748, 725, 616, 567
cml. TH NMR (300 MHz, CDCls): § 8.13 (d, 1H, /= 2.6 Hz), 8.05 (dd, 1H, J/= 2.6, 9.0 Hz),
7.38-7.48 (m, 2H), 7.31-7.38 (m, 2H), 7.06-7.27 (m, 5H), 6.94 (d, 1H, J= 9.0 Hz), 3.40 (s,
3H), 2.82 (m, 1H), 1.13-1.20 (m, 6H). 13C NMR (126 MHz, CDCls): § 157.5, 149.5, 141.9,
138.1, 136.4, 134.8, 128.2, 127.8, 126.3, 126.2, 125.4, 124.6, 122.8, 119.8, 115.8, 105.5,
51.2, 33.7, 23.8. HRMS (ESI+): m/z caled for C24H20NOs ([M-OMel*): 370.14377, found:
370.14461.

2-Methoxy-6-nitro-3-phenyl-2-(4-phenylphenyl)-2H-1-benzopyran (8)

Yield 50%, yellow solid. IR (ATR): 2937, 1508, 1480, 1338, 1274, 1252, 1091, 975, 824,
762, 745, 699, 684 cm'. 'H NMR (500 MHz, CDCls): 6§ 8.23 (d, 1H, J= 2.5 Hz), 8.15-8.17
(d, 1H, J= 8.7 Hz), 7.62-7.63 (m, 2H), 7.54-7.58 (m, 4H), 7.42-7.45 (m, 4H), 7.35-7.38 (m,
1H), 7.28-7.29 (m, 3H), 7.22 (s, 1H), 7.04-7.06 (d, 1H, J= 8.8 Hz), 3.50 (s, 3H). 13C NMR
(125 MHz, CDCls): §157.4, 142.0, 141.5, 140.3, 139.7, 136.3, 134.5, 128.8, 128.4, 127.8,
127.6, 127.1, 126.9, 126.8, 125.5, 124.9, 123.0, 119.7, 115.8, 105.3, 51.28. HRMS (ESI+):
m/z caled for C27H1sNOs ([M-OMe]*): 404.1281, found: 404.1269.

2-Methoxy-2-(2-methoxyphenyl)-6-nitro-3-phenyl-2H-1-benzopyran (9)

Yield 47%, yellow solid. IR (ATR): 1602, 1578, 1517, 1489, 1338, 1271, 1253, 1184, 1128,
1089, 1061, 1027, 970, 888, 833, 749, 699, 595, 562 cm'’. 'H NMR (300 MHz, CDCls): §
8.18 (d, 1H, J= 2.6 Hz) 8.12 (dd, 1H, J= 3.4, 6.4 Hz), 7.84 (dd, 1H, J=1.7, 7.7 H2),
7.83-7.40 (m, 2H), 7.17-7.24 (m, 4H), 7.07 (s, 1H), 6.92-6.99 (m, 2H), 6.72 (d, 1H, J= 8.0
Hz), 3.49 (s, 3H), 3.48 (s, 3H). 13C NMR (126 MHz, CDCls): § 158.9, 157.3, 141.5, 136.8,
133.7,130.4, 128.1, 127.8, 125.1, 124.0, 122.8, 119.8, 119.6, 114.9, 111.6, 102.7, 55.5,
50.0. HRMS (ESI+): m/z calcd for C23H20NOs ([M+H]*): 390.1341, found: 390.1349.

2-Methoxy-2-(4-methoxyphenyl)-6-nitro-3-phenyl-2H-1-benzopyran (11)
Yield 52%, yellow solid. IR (ATR): 3009, 2972, 2937, 1667, 1608, 1580, 1509, 1483, 1337,

1246, 1175, 1091, 1054, 1022, 976, 879, 830, 807, 768, 746, 694, 635, 564 cm'.. 1H NMR

61



(500 MHz, CDCls): § 8.10-8.19 (m, 2H), 7.38-7.46 (m, 2H), 7.24-7.28 (m, 3H), 7.17 (s, 1H),
7.02 (d, 1H, J/= 8.8 Hz), 6.82 (m, 2H), 3.77 (s, 3H), 3.45 (s, 3H). 13C NMR (125 MHz,
CDCls): § 159.7, 157.4, 141.8, 136.4, 133.1, 131.6, 130.0, 128.2, 127.7, 125.4, 124.6, 122.8,
119.7, 118.9, 115.7, 113.4, 105.3, 55.1, 51.1. HRMS (ESI+): m/z calcd for C2sH19NOs
(IM-OMel*): 390.1341, found: 390.1343.

2-Methoxy-2,3-bis(4-methoxyphenyl)-6-nitro-2H-1-benzopyran (12)

Yield 39%, yellow solid. IR (ATR): 1609, 1336, 1243, 1172, 1090, 1028, 972, 877, 823, 749,
573 cm'l. TH NMR (500 MHz, CDCl3): § 8.09-8.14 (m, 1H) 8.03 (dd, 1H, J= 8.8, 2.5 Hz),
7.39-7.46 (m, 2H), 7.27-7.34 (m, 2H), 7.08 (s, 1H), 6.92 (d, 1H, J/=9.1 Hz), 6.69-6.81 (m,
4H), 3.72 (s, 3H), 3.71 (s, 3H), 3.40 (s, 3H). 13C NMR (125 MHz, CDCls): § 159.6, 157.2,
141.7, 134.0, 133.3, 128.9, 127.6, 125.0, 123.3, 122.5, 119.8, 115.5, 113.6, 113.3, 105.4,
55.1, 51.1. HRMS (ESI+): m/z calcd for C24H22NOs ([M+H]*): 420.1447, found: 420.1448.

2-Methoxy-2-(2-naphthyl)-6-nitro-3-phenyl-2H-1-benzopyran (13)

Yield 57%, yellow solid. IR (ATR): 3055 , 2932, 1732, 1663 , 1611, 1578, 1518 , 1338,
1260, 1245, 1175, 1091, 972, 835,760 , 749 , 696 , 634 , 566 cm'1. 1H NMR (300 MHz,
CDCl): 6 8.29 (d, 1H, J= 2.6 Hz), 8.15 (dd, 1H, J=2.8, 8.9 Hz), 8.03 (d, 1H, J= 7.5 Hz),
7.97 (d, 1H, J= 7.9 Hz), 7.69-7.82 (m, 2H), 7.35-7.49 (m, 3H), 7.28-7.35 (m, 3H), 7.23 (s,
1H), 7.07-7.16 (m, 2H), 7.04 (d, 1H), 8.55 (s, 3H). 13C NMR (126 MHz, CDCls): § 157.4,
136.3, 135.4, 134.9, 130.7, 130.3, 128.9, 128.4, 128.2, 128.0, 127.8, 126.2, 125.6, 125.3,
126.1, 124.6 124.2, 123.2, 116.1, 60.4, 50.9, 21.1, 14.2. HRMS (ESI+): m/z calcd for
C25H1sNO3 ([M-OMe]*): 378.1132, found: 378.1139.

2-Methoxy-6-nitro-3-(4-nitrophenyl)-2-phenyl-2H-1-benzopyran (15)

Yield 24%, yellow solid. IR (ATR): 1591, 1505, 1332, 1255, 1108, 972, 851, 831, 748, 696,
584 cml. 'H NMR (500 MHz, CDCls): § 8.24 (d, 1H, J= 2.5 Hz) 8.17 (dd, 1H, J=9.0, 2.7
Hz), 8.02-8.09 (m, 2H), 7.50-7.54 (m, 2H), 7.45-7.49 (m, 2H), 7.25-7.32 (m, 4H), 7.06 (d,
1H, J=9.1 Hz), 3.45 (s, 3H). 13C NMR (125 MHz, CDCls): § 157.2, 147.2, 142.8, 142.1,
139.9, 132.6, 129.1, 128.6, 128.3, 126.8, 126.4, 126.3, 123.4, 118.8, 116.0, 104.4, 51.2.
HRMS (ESI+): m/z caled for C22H17N206s ((M+H]*): 405.1087, found: 405.1087.
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2-Methoxy-3-(4-methoxycarbonylphenyl)-6-nitro-2-phenyl-2H-1-benzopyran (16)

Yield 28%, yellow solid. IR (ATR): 1712, 1658, 1602, 1522, 1481, 1434, 1341, 1281, 1190,
1106, 1077, 977, 932, 8717, 835, 773, 760, 747, 700, 643, 611 cm'’. 'H NMR (300 MHz,
CDCls): 6 8.20 (d, 1H, /= 2.6 Hz) 8.15 (dd, 1H, J= 2.6, 6.4 Hz), 7.90 (m, 2H), 7.42-7.48
(m, 4H), 7.23-7.27 (m, 5H), 7.04 (d, 1H, J= 8.7 Hz), 3.89 (s, 3H), 3.45 (s, 3H). 13C NMR
(125 MHz, CDCls): § 166.5, 157.3, 142.0, 140.8, 140.3, 133.7, 129.7, 129.5, 128.2, 127.7,
126.4, 125.9, 125.8, 123.1, 119.2, 115.9, 104.8, 52.1, 51.2. HRMS (ESI+): m/z calcd for
C24H20NOs ((M+H]¥): 418.1291, found: 418.1287.

2-Methoxy-6-nitro-2-phenyl-3-(4-trifluoromethylphenyl)-2H-1-benzopyran (17)

Yield 38%, white solid. IR (ATR): 1614, 1516, 1480, 1323, 1264, 1164, 1106, 1067, 1017,
990, 969, 911, 834, 746, 700, 608 cm'.. 'H NMR (500 MHz, CDCls): § 8.20 (m, 1H),
8.10-8.14 (m, 1H), 7.47-7.52 (m, 6H), 7.22-7.31 (m, 4H), 7.01 (d, 1H, J= 8.8 Hz), 3.44 (s,
3H). 13C NMR (125 MHz, CDCls): § 157.2, 142.0, 140.2, 139.8, 133.3, 130.1, 129.8, 128.9,
128.2,128.0, 126.4, 125.9, 125.2, 125.1, 124.9, 123.1, 122.8, 119.1, 115.9, 104.7, 51.1.
HRMS (ESI+): m/z caled for CasH17FsNO4 (IM+H]*): 428.1110, found: 428.1107.

3-(4-Bromophenyl)-2-methoxy-6-nitro-2-phenyl-2H-1-benzopyran,
2-(4-Bromophenyl)-2-methoxy-6-nitro-2-phenyl-2H-1-benzopyran (18)

Yield 45%, yellow solid. IR (ATR): 1516, 1481, 1335, 1255, 1090, 1073, 1010, 975, 879,
820, 748, 697 cm't. TH NMR (500 MHz, CDCls): § 8.06 (s, 1H) 7.99 (dd, 1H, J=8.8, 2.5
Hz), 7.38 (d, 1H, J= 6.9 Hz), 7.10-7.28 (m, 8H), 7.04 (d, 1H, J=9.5 Hz), 6.88 (d, 1H, J=
9.1 Hz), 3.32 (s, 3H). 13C NMR (125 MHz, CDCls): § 157.1, 156.9, 141.9, 140.3, 139.8,
135.9, 135.1, 133.9, 131.3, 131.1, 128.8, 128.3, 126.3, 125.6, 124.9, 122.5, 119.4, 119.3,
115.6, 104.8, 104.6, 51.1. HRMS (ESI+): m/z caled for C21H1:BrNOs (IM+H]+): 438.0343,
found: 438.0337.

2-Methoxy-2-(4-methylphenyl)-6-nitro-3-(4-nitrophenyl)-2H-1-benzopyran (19)
Yield 54%, yellow solid. IR (ATR): 3069, 2927, 2884, 1657, 1614, 1592, 1507, 1474, 1335,

1291, 1259, 1228, 1180, 1092, 1032, 1017, 971, 906, 851, 817, 800, 750, 612, 570 cm™. 1H
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NMR (500 MHz, CDCls): § 8.23 (d, 1H, J/= 3.0 Hz), 8.15 (dd, 1H, J= 2.6, 9.0 Hz),
8.03-8.10 (m, 2H), 7.52-7.60 (m, 2H), 7.37 (d, 2H, J= 8.3 Hz), 7.29 (s, 1H), 7.01-7.10 (m,
3H), 3.44 (s, 3H), 2.27 (s, 3H). 13C NMR (126 MHz, CDCls): § 157.3, 147.1, 142.8, 141.9,
139.0, 137.1, 132.5, 131.5, 129.6, 128.9, 128.5, 126.7, 126.2, 123.4, 123.3, 119.3, 118.8,
115.9, 104.6, 51.1, 21.0. HRMS (ESI+): m/z calcd for C22H15N205 ([M-OMel*): 387.0975,
found: 387.0947.

2-Methoxy-3-methyl-6-nitro-2-phenyl-2H-1-benzopyran (20)

Yield 80%, yellow solid. IR (ATR): 3074, 3005, 2942, 2838, 1666, 1577, 1513, 1476, 1450,
1335, 1271, 1234, 1195, 1124, 1092, 1075, 1025, 948, 910, 834, 758, 748, 696, 665, 627,
565 cm'l. TH NMR (500 MHz, CDCls): § 8.04 (d, 1H, J= 8.7 Hz), 8.02 (s, 1H), 7.50 (d, 2H,
J=17.9Hz), 7.32-7.41 (m, 3H), 6.97 (d, 1H, J= 8.8 Hz), 6.63 (s, 1H), 3.35 (s, 3H), 1.68 (s,
3H). 13C NMR (126 MHz, CDCls): § 157.2, 141.7, 140.2, 132.7, 128.7, 128.1, 126.1, 124.6,
122.5,121.7, 119.6, 115.4, 105.1, 50.5, 18.6. HRMS (ESI+): m/z caled for C16H14NOs3
(IM+H]+): 298.1081, found: 298.1074.
3-Ethyl-2-methoxy-6-nitro-2-phenyl-2H-1-benzopyran (21)

Yield 99%, yellow oil. IR (ATR): 2969, 2938, 2834, 2360, 1736, 1614, 1579, 1518, 1482,
1450, 1336, 1268, 1091, 1076, 983, 903, 829, 760, 750, 698 cm'1. TH NMR (400 MHz,
CDCls): § 8.04-8.11 (m, 2H), 7.51 (d, 1H, /= 6.8 Hz), 7.49-7.50 (m, 1H), 7.33-7.42 (m, 3H),
6.99 (d, 1H, J= 9.2 Hz), 6.66 (s, 1H), 3.33 (s, 3H), 2.10 (ddd, 1H, J= 1.4, 7.4, 17.3 Hz),
1.71-1.84 (m, 1H), 1.03 (t, 3H, J=7.3). 13C NMR (126 MHz, CDCls): § 156.9, 141.8, 140.5,
138.4,128.7, 128.1, 126.2, 124.5, 121.9, 120.2, 119.8, 115.4, 105.1, 50.6, 23.8, 11.4.
HRMS (ESI+): m/z caled for C17H16NOs ([M-OMe]+): 280.0968, found: 280.0975.

3-Buthyl-2-methoxy-6-nitro-2-phenyl-2H-1-benzopyran (22)

Yield 52%, yellow oil. IR (ATR): 2957, 2871, 2360, 1738, 1615, 1579, 1519, 1482, 1450,
1336, 1261, 1089, 1075, 1025, 952, 905, 827, 761, 749, 698 cm'L. TH NMR (500 MHz,
CDCls): § 8.06 (s, 1H), 8.06 (d, 2H, J= 5.1 Hz), 7.47-7.55 (m, 2H), 7.32-7.42 (m, 3H),
6.95-7.01 (m, 1H), 6.66 (s, 1H), 3.29-3.36 (m, 3H), 1.98-2.06 (m, 1H), 1.76-1.86 (m, 1H),
1.36-1.46 (m, 1H), 1.18-1.34 (m, 3H), 0.82 (t, 3H, J= 7.3 Hz). 13C NMR (126 MHz,
CDCls): § 156.9, 141.8, 140.4, 137.1, 128.7, 128.1, 126.2, 124.5, 121.9, 120.9, 119.8, 115 4,
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105.1, 50.7, 30.5, 29.4, 22.3, 13.7. HRMS (ESI+): m/z caled for C10H20NOs ([M-OMel*):
308.1281, found: 308.1299.

2-Methoxy-6-nitro-2,3-bis(2-thienyl)-2H-1-benzopyran (27)

Yield 13%, yellow solid. IR (ATR): 3102, 2963, 2932, 2855, 1732, 1610, 1576, 1515, 1479,
1434, 1336, 1268, 1234, 1183, 1091, 1047, 961, 908, 822, 747, 698, 576 cm'!. 'H NMR
(500 MHz, CDCls): § 8.13 (s, 1H), 8.06 (d, 1H, <~8.6 Hz), 7.31-7.35 (m, 1H), 7.22-7.25 (m,
3H) 6.86-7.00 (m, 4H), 3.47 (s, 3H). 13C NMR (126 MHz, CDCls): § 156.6, 144.2, 142.1,
138.1, 128.6, 127.8, 127.5, 126.7, 127.0, 126.4, 126.4, 125.3, 122.7, 122.6, 119.3, 116.0,
103.9, 51.8. HRMS (ESI+): m/z caled for C17H12NOsSs2 ([M+H]+): 372.0366,
found:372.0362.

2-Methoxy-2,3-diphenyl-6-(4-tosyloxy)-2H-1-benzopyran (28)

Yield 32%, white solid. IR (ATR): 2937, 1598, 1484, 1447, 1370, 1247, 1218, 1176, 1133,
1092, 985, 955, 899, 844, 814, 766, 726, 696, 658, 547 cm'L. TH NMR (300 MHz, CDCls): §
7.74 (d, 2H, J= 8.1 Hz), 7.46 (dd, 2H, J= 7.8, 1.8 Hz), 7.15-7.33 (m, 10H), 6.97 (d, 1H, J
= 2.7 Hz), 6.93 (s, 1Hz), 6.80 (d, 1H, J= 9.0 Hz), 6.70 (dd, 1H, J= 8.4, 2.4 Hz), 3.39 (s,
3H), 2.45 (s, 3H). 13C NMR (126 MHz, CDCls): § 150.8, 145.3, 143.3, 141.0, 136.9, 133.9,
132.4, 129.7, 128.5, 128.3, 128.0, 127.8, 127.8, 127.7, 126.6, 125.2, 123.2, 120.6, 120.3,
115.9, 103.9, 51.0, 21.7. HRMS (ESI+): m/z caled for CesH2104S ([IM-OMel*): 453.1155,
found: 453.1162.

6-Carbonitrile-2-methoxy-2,3-diphenyl-2H-1-benzopyran (29)

Yield 23%, white solid. IR (ATR): 3060, 2937, 2834, 2224, 1599, 1487, 1447, 1258, 1132,
1102, 1076, 977, 895, 824, 757, 736, 695, 591, 574, 543, 510, 502 cm'1. 'TH NMR (300 MHz,
CDCls): § 7.52 (d, 1H, J= 1.9 Hz), 7.45-7.50 (m, 3H), 7.29-7.33 (m, 2H), 7.18-7.25 (m, 6H),
7.05 (s, 1H), 6.98 (d, 1H, /= 8.3 Hz), 3.42 (s, 3H). 13C NMR (126 MHz, CDCls): § 155.6,
140.7, 136.4, 134.5, 133.5, 131.0, 128.6, 128.1, 128.1, 128.0, 127.7, 126.4, 124.4, 120.4,
118.9, 116.3, 104.7, 104.7, 51.1. HRMS (ESI+): m/z calcd for C2eH14aNO ([M-OMe]+):
308.1070, found: 308.1058.
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2-Methoxy-6-methoxycarbonyl-2,3-diphenyl-2H-1-benzopyran (30)

Yield 14%, yellow solid. IR (ATR): 3394, 2949, 1715, 1609, 1490, 1436, 1239, 1201, 1101,
1075, 976, 891, 836, 763, 695, 566 cm'*. 'H NMR (500 MHz, CDCls): § 7.95-8.00 (m, 1H)
7.91(d, 1H, J= 8.4 Hz), 7.43-7.58 (m, 2H), 7.30-7.36 (m, 2H), 7.18-7.29 (m, 7H), 7.13 (s,
1H), 6.97 (d, 1H, J= 8.5 Hz), 3.91 (s, 3H), 3.43 (s, 3H). 13C NMR (126 MHz, CDCls): §
166.6 156.2, 141.2, 137.0, 133.1, 131.5, 129.0, 127.9, 128.1, 127.8, 126.5, 125.8, 123.3,
119.3, 115.2, 104.5, 52.0, 51.0. HRMS (ESI+): m/z caled for C2sH1603 ((IM-OMel+):
340.1099, found: 340.1105.

2-Methoxy-2,3-diphenyl-7-(4-tosyloxy)-2H-1-benzopyran (31)

Yield 20%, white solid. IR (ATR): 3068, 2983, 2942, 2840, 1597, 1490, 1445, 1372, 1253,
1192, 1178, 1130, 1111, 1091, 1057, 1032, 985, 957, 867, 839, 814, 765, 754, 732, 695, 676,
657, 628, 607, 584, 557 cm'!. TH NMR (300 MHz, CDCls): § 7.71 (d, 2H, J= 7.4 Hz), 7.44
(d, 2H, J= 6.8 Hz), 7.13-7.29 (m, 11H), 6.99 (s, 1H), 6.70 (d, 1H, J= 8.1 Hz), 6.51 (d, 1H,
J=2.2Hz), 3.35 (s, 3H), 2.41 (s, 3H). 13C NMR (126 MHz, CDCls): § 152.7, 150.0, 145.4,
137.1, 133.2, 132.3, 129.7, 129.0, 128.4, 128.3, 128.2, 128.0, 127.8, 127.8, 127.6, 127.6,
126.6, 125.1, 118.8, 155.5, 109.6, 103.9, 50.9, 21.7. HRMS (ESI+): m/z calcd for
C29H2405S ([M+Nal*): 507.1242, found: 507.1234.

3-Ethyl-2-methoxy-6-methoxycarbonyl-2-phenyl-2H-1-benzopyran (36)

Yield 94%, IR (ATR): 2967, 2834, 1715, 1610, 1583, 1493, 1441, 1286, 1269, 1247, 1212,
1124, 1092, 984, 907, 835, 759, 732, 698, 512 cm'L. 'H NMR (300 MHz, CDCls): §
7.86-7.88 (m, 2H), 7.53-7.52 (m, 2H), 7.31-7.39 (m, 3H), 6.95 (d, 1H, J= 8.3 Hz), 6.63 (s,
1H), 3.89 (s, 3H), 3.31 (s, 3H), 1.99-2.13 (m, 1H), 1.69-1.82 (m, 1H), 1.00 (t, 3H, J=17.5
Hz). 13C NMR (126 MHz, CDCls): § 166.3, 155.6, 140.9, 136.3, 130.4, 128.2, 127.9, 127.8,
126.2, 122.9, 120.8, 119.3, 114.7, 104.3, 51.6, 50.3, 23.6, 11.4. HRMS (ESI+): m/z calcd
for C19H1703 ((M-OMe]*): 293.1172, found: 293.1169.

7-Bromo-3-ethyl-2-methoxy-2-phenyl-2H-1-benzopyran (37)
Yield 86%, yellow oil. IR (ATR): 2966, 2935, 1595, 1568, 1480, 1448, 1409, 1299, 1227,

1189, 1124, 1063, 985, 920, 856, 802, 759, 698, 582 cm'.. 'H NMR (300 MHz, CDCls): §
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7.36-7.38 (m, 2H), 7.15-7.21 (m, 3H), 6.99 (s, 1H), 6.80 (d, 1H ,J/= 8.0 Hz), 6.37 (s, 1H),
3.15 (s, 3H), 1.87-1.92 (m, 1H), 1.58-1.61 (m, 1H), 0.83 (t, 3H, = 7.5 Hz). 13C NMR (126
MHz, CDCls): § 152.4, 140.9, 136.3, 128.2, 127.9, 127.1, 126.4, 124.1, 121.1, 120.4, 118.8,
118.2, 104.0, 50.4, 23.9, 11.5. HRMS (ESI+): m/z calcd for C17H140Br ((M-OMel*):
313.0223, found: 313.0220.

Procedure for the synthesis of
4-(2,5-dimethoxyphenyl)-6-nitro-2,3-diphenyl-4H-1-benzopyran (38)

To 2-methoxy-6-nitro-2,3-diphenyl-2 #-1-benzopyran (8, 0.179 g, 0.5 mmol) and
1,4-dimethoxybenzene (2.5 g, 18 mmol) under nitrogen were heated to 60 °C, then
trifluoromethanesulfonic acid (8.8 pL, 0.05 mmol, 10 mol%) was added. After being
stirred at 60 °C for 7 h, the reaction mixture was quenched with H20. The organic layer
was separated and the aqueous layer was extracted with ethylacetate. The combined
organic layers were washed with brine, dried over MgS0O4, and filtered. The filtrate was
concentrated in vacuo. The resulting residue was purified by column chromatography
on silica gel (hexane / ethylacetate = 100 : 1) to afford 4-substituted-4 H-1-benzopyran
product (38) (0.120 g, 53%) as a yellow solid. IR (ATR): 1585, 1523, 1497, 1340, 1251,
1236, 695 cm'l. TH NMR (500 MHz, CDCls): § 8.25 (d, 1H, J/= 2.5 Hz), 8.06 (dd, 1H, J=
2.7,9.0 Hz), 7.37 (d, 2H, J= 6.9 Hz), 7.21-7.29 (m, 5H),7.05-7.12 (m, 3H), 6.82 (d, 2H, J=
9.1 Hz), 6.71 (dd, 1H, J= 3.2, 8.8 Hz), 5.49 (s, 1H), 3.80 (s, 3H), 3.68 (s, 3H). 13C NMR
(126 MHz, CDCly): § 155.7, 154.0, 150.4, 147.6, 143.6, 138.4, 134.1, 133.5, 129.4, 129.3,
128.6, 128.1, 127.9, 127.0, 126.3, 125.1, 123.3, 116.8, 115.4, 114.3, 112.4, 56.1, 55.6.
HRMS (ESI+): m/z caled for C2oH24NOs ([M+Nal*): 488.1468, found: 488.1450.

Procedure for the synthesis of
6-nitro-4-(2-oxo-2-phenylethyl)-2,3-diphenyl-4H-1-benzopyran (39)

To 2-methoxy-6-nitro-2,3-diphenyl-2 4-1-benzopyran (3, 0.359 g, 1.0 mmol) in toluene
under nitrogen, BFsOEt2 (18 pL, 20 mol%) was added and heated to 60 °C. Then
trimethyl([1-phenylvinylloxy)silane (0.613 mL, 3.0 mmol) was added. After being
stirred at 60 °C for 4 h, the reaction mixture was quenched with H20. The organic layer

was separated and the aqueous layer was extracted with ethylacetate. The combined
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organic layers were washed with brine, dried over MgSOs4, and filtered. The filtrate was
concentrated in vacuo. The resulting residue was purified by column chromatography
on silica gel (hexane / ethylacetate = 50 : 1) to afford 4-substituted-4 H-1-benzopyran
product (39) (0.187 g, 42%) as a yellow solid. IR (ATR): 3089, 3056, 2887, 1665, 1583,
1524, 1482, 1445, 1338, 1247, 1120, 1091, 1074, 1039, 1009, 983, 939, 928, 914, 834, 788,
764, 747, 703, 691, 634, 586, 570, 553 cm''. 'TH NMR (500 MHz, CDCls): § 8.27 (d, /= 2.6
Hz, 1H), 8.06 (dd, 1H, J= 2.6, 9.0 Hz), 7.78 (s, 1H), 7.76 (s, 1H), 7.42-7.55 (m, 1H),
7.27-7.39 (m, 4H), 7.15-7.27 (m, 8H), 7.12 (d,1H, J= 8.7 Hz), 4.69 (dd, 1H, J= 3.8, 7.9
Hz,), 3.28 (m, 1H). 13C NMR (126 MHz, CDCls): § 197.4, 156.9, 147.4, 143.4, 137.5, 136.6,
133.9, 133.2, 129.6, 128.9, 128.7, 128.5, 127.9, 127.8, 127.4, 125.6, 125.0, 123.7, 116.8,
115.3, 45.2, 36.8. HRMS (ESI+): m/z caled for C29H22NO4 (IM+H]*): 448.1549, found:
448.1532.

Procedure for the synthesis of 6-nitro-2,3-diphenyl-4H-1-benzopyran? (40)

BFs OEt2 (6.3 nL, 0.05 mmol) was added dropwise to a stirred solution of
2-methoxy-6-nitro-2,3-diphenyl-2 4-1-benzopyran (3, 74 mg, 0.2 mmol) in
dichloromethane at -78 °C under nitrogen atmosphere. The contents were stirred for 30
min at the same temperature, and triethylsilane (48 pL, 0.3 mmol) was added dropwise
over a period of 15 min. After 18 h, the reaction was quenched with water and diluted
with CHCIls. The organic phase was dried over NasSO4 and filtered. The filtrate was
concentrated in vacuo. The resulting residue was purified by column chromatography
on silica gel (hexane / ethylacetate = 20 : 1) to afford

6-nitro-2,3-diphenyl-4 H-1-benzopyran (40) (0.0519 g, 77%) as yellow solid. IR (ATR):
3084, 3062, 3029, 2960, 2923, 1670, 1586, 1516, 1516, 1496, 1481, 1446, 1426, 1343,
1252, 1108, 1089, 1068, 1003, 991, 926, 888, 830, 789, 764, 745, 696, 635, 572, 552 cm™L.
'H NMR (500 MHz, CDCl3): § 8.00-8.12 (m, 2H), 7.16-7.29 (m, 9H), 7.12-7.16 (m, 2H),
7.10 (d, 2H, J= 8.8 Hz), 3.91 (s, 2H). 13C NMR (126 MHz, CDCls): § 156.5, 146.2, 143.3,
138.9, 133.9, 129.2, 128.7, 128.5, 127.9, 127.2, 124.7, 123.7, 121.3, 116.8, 110.6, 30.8.
HRMS (ESI+): m/z caled for C21H16NOs ([IM+H]*): 330.1125, found: 330.1114.
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Procedure for the synthesis of 2-isopropoxy-6-nitro-2,3-diphenyl-2H-1-benzopyran (41)
To 2-methoxy-6-nitro-2,3-diphenyl-2 H-1-benzopyran (3, 0.359 g, 1.0 mmol) in
2-propanol (5.0 mL) under nitrogen, TfOH (18pL, 0.2 mmol, 20 mol%) was added and
heated to 60 °C. After being stirred at 60 °C for 5 h, the reaction mixture was quenched
with H20. The organic layer was separated and the aqueous layer was extracted with
ethylacetate. The combined organic layers were washed with brine, dried over MgSOQs,
and filtered. The filtrate was concentrated in vacuo. The resulting residue was purified
by column chromatography on silica gel (hexane / ethylacetate = 100 : 1 to 20 :1) to
afford 2-isopropoxy-6-nitro-2,3-diphenyl-2 H4-1-benzopyran (9) (0.265 g, 69%) as a yellow
solid. IR (ATR): 3066, 2971, 1634, 1612, 1578, 1516, 1480, 1448, 1334, 1257, 1233, 1178,
1091, 1072, 1042, 1019, 971, 926, 910, 877, 833, 808, 757, 750, 695, 650, 589, 571 cm1.
'H NMR (300 MHz, CDCls): § 8.16 (s, 1H), 8.07 (dd, 1H, J= 2.6, 8.7 Hz), 7.47-7.63 (m,
2H), 7.32-7.40 (m, 2H), 7.17-7.32 (m, 6H), 7.16 (s, 1H), 6.91 (d, 1H, J= 9.0 Hz), 4.01-4.16
(m, 1H), 1.26 (d, 3H, J= 6.0 Hz), 0.99 (d, 3H, J= 6.0 Hz). 13C NMR (126 MHz, CDCl3): §
156.9, 141.7, 141.5, 136.4, 135.7, 128.6, 128.1, 128.0, 126.4, 125.3, 123.8, 122.8, 119.8,
115.9, 105.4, 68.2, 24.5, 23.3. HRMS (ESI+): m/z caled for C24H21NO4 ((M+H]*): 388.1549,
found: 388.1551.
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4.1.1. Radical Cation Diels-Alder Reaction (RCDA)

z SET =z ' [4+1] .+SET
dE-SdEENgIE"
Fig. 4-1

HHAIZR 7= X 9 12, Radical Cation Diels-Alder Reaction |Z ™ / 7 ¢ Lid—EARfb &
NHZEWCEVTUANAFARERL, Y& RCDAT5Z LI X W BRRILAMO
NFFH TN D, &t IR ILT 5 Z & CHBDBRILAERY S B AL D i
TH D (Fig. 4-11,

ArsN*SbCls™ (5.0 mol%)
'
CH,Cl,, 0 °C, 15 min

70% (endo exo =5:1) L. SbCls”

@QP OTC,

D. J. Bellville, D. W. Wirth, N. L. Bauld J. Am. Chem. Soc. 1981, 103, 718.

TPT (1 0 mol%)
| N
+ hv (A>330 nm) |
| rt, 18 h, CH,Cl, PR 67 “ph
34% (endo : exo =5 :3) BF,

TPT

J. Mlcoch, E. Steckhan Angew. Chem. Int. Ed. Engl. 1985, 24, 412.
Scheme 4-1

RCDA X 1981 4EICT R =T P HIVE TV HIVEEAIE LT-1,3- v 7 e~y o
=LA Bauld 512 & o Tt Sh7z(Scheme 4-1)2, TIZ 1985 421213 TPT % JeHyidAl & L
72 RCDA 28 S72 3, LI L6 ZORIRIFNEI E LT UVIEEZ N TND 72,
FKE O BALEORISIST £ 2 EDOFIRNRZT 50 &0 ) R d 5,
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4.1.2. AR E T 4+ b U Ry 7 Al A 72 RCDA

catalyst (1.0 mol%)
| +
CH2C|2 or CH3N02
air, hv, rt
MeO
1 2 .

7

1
_ \N Ph

/'.Ru2+
N=
~ °N |
| \,N
N> N _ Ph
‘e
] 2BArF
>
N
Ph
fluoresein light 300-418 nm (NUV light)
98%, 1h 86%, 24 h
S. Lin, M. A. Ischay, C. G. Fry, T. P. Yoon S. M. Stevenson, M. P. Shores, E. M. Ferreira
J. Am. Chem. Soc. 2011, 133, 19350. Angew. Chem. Int. Ed. 2015, 54, 6506.

Scheme 4-2

B2 0 i & 7+ U Ky 7 Al 2 Fi\ 727 2 7V 71 F 7 Diels-Alder A3
W ST & 72(Scheme 4-2)4, ZHUTARBALETH D Ru £721% Cr 7 4 kL Ky 7 2 filift
WYL )T 4 NVE—BIBEELY T L RCDA T2 2 LTI VDT A4 BRI A AL
L., IR —BTRITENIFICLY BOBRELND LW R TH D, AT
Je L0 IR TH 2 72D E O Z BALSE ORISR IH S, AMEIZ b B /D72 <
AR TH D, F7oHER BT RIS THRINREK(250-380 nm).,
AT E(380-780 nm), ITARIMRFEIK(780-2500 nm) D I FRIZZNZE UK 3%, 47%. 50%
ThHO ., KEEE AW EMR O3 L F—HIfIcB N TH, AIEEEFIE LAk
ITHEIHTH D,
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4.1.3. 7 b L Ky 7 AfilgEo J5E 5

187
%_\ L SOMO BfE ™
D
FE" PC* . '-E-‘
Lb . smm — . | Lk
;; PC Eﬁ{taﬁ E%Jgt PG
o) i ;&
TN J ®/ 1t
1@; 18F
Eﬁ"ﬂ: —_— LUMO i%i
HOMO
Fig. 4-2

74 M Ry 7 2SI E THIOIAEEPC) I KV i St oo H#uEH
SOMO, L SOMOIA B 5§ % 1 FEFBENC L 0 SUSA Bk S5 (Fig. 4-2), 20 >0
HHUEIXEN TN —E R - BIERZ R L, BT AERA) 713t 55D & —E B
Ao LTIV HVRRIEA Y, D O)ERET D, BIZEKLZPC Y, PCT IFkD
Bt C, A FT DRI 0EICKT T 20— E B F BTl AR T2 T UL
fE A2 S CREREICK S, BIbEA, £RY ORBENTIOEHE S —i&K3 5 RIZE5E
B2 —E LB E T —EFE LB ET) 2N TEDL, ZO—ETBEIRE,
O OHREZE LB LT D AMS L AAbED Z L2k, e E B4 5 D4 TR
BRAN O AT O INERESETHBYMOBERMMEEZZERTEDL Z LT D,

F 7o, ANBIE DR L I D ISGERND ) TIRSERhE ARSI S b 7= DI, FhiEfEo
ZAZ el TR LANEYE A 7 v) ERET, AED OSIE TETAEE A 7 1) &
MRS,
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4.1.4. 7 b L Ky 7 AR SIZ oW T

Ru(bpy); (0.5 mol%)

imidazolidinone (20 mol%) 0 CO,Et

o) CO,Et o
. 2,6-lutidine (20 mol%) » H CO,E
H Br COEt 15W fluorescent lamp
DMF, 23°C
83%, 95%ee
D. A. Nicewicz, D. W. C. MacMillan Science 2008, 322, 77. [Ru(bpy)s]
2 Ph——= Ph X CgHap-Cl
T(p-CI)PPT (30 mol%) |
* > P> S
N=—Me blue LED, rt, 12 h Me N Ph | ) )
56 % p-CICgH,~ O CgHap-Cl
K.Wang, L.-G. Meng, L.Wang Org. Lett. 2017, 19, 1958. T(p-CI)PPT

C[NZBF“ eosin Y (5.0 mol%) O A
+ —_< > —_—
s green s

| DMSO, 14 h, 20 °C

D. P. Hari, T. Hering, B. Konig Org. Lett. 2012, 14, 5334. Br cosin Y Br
Scheme 4-3

74 ML Ry 7 ZfEROSIE 2008 4E12 MacMillan 2345 L7- 6, Ru filtii & 6 & L Cit
AT ARFRE L LT~ 7 T Ui A W AR A (D & B0 12, 2 2 10 42[#7C 4000
W ORPERORH S STV % (Scheme 4-3),

74 MU Ry 7 ZfEI0ER, Ru <0 Ir % O @i 22 & B Ak S 9 T - 7223, Boli TITA
74 P Ry 7 2RI SN TE2T, A7+ b L Ry 7 Zl34e)8 2 Avien
=DM BET 5 2 LR TE, ARBFRICHE W TR NES Th D = & bitlo
FetE 2 28 b S5 2 L RMHE R0, BRI &k O L Ztam LIc G RBUS I8V TR
CHEHTH D, HIEMITITAEH 7 + b L Ky 7 24l & LT T-CHPPT % My, HFIC
blue LED % ] L 7= [2+2+2]B LA L A B Y ¥ DA K(2)X° 8, eosinY & green
LED ZHW\W=_o Yy F 47 = o DOEKEB) R ENRE SN TN 9,
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4.1.5. 74 MU Ry 7 Ao R RE A

- ®
*, \ \\\\\N\ l O
Ru?:_ CO,H
/ \N/ \ 2
N S | O A O | — Br X Br
0
- +2
2CI N7 - O B O O ‘
| BF, BF4 HO o 0
Br Br

[Ru(bpy);]Cly Acr*-Mes TPT eosin Y
Amax = 425 nm Amax=425 nm, Amax = 415 nm, Amax = 524 nm,
E12(CIC)=+0.77V  E,,(CC)=+2.08V E4,(C7IC)=+255V Eq; (C*/C) = +0.83 V
Acr-Mes
TPT
Metal catalyst
eosin'Y
| = > | = > |
400 450 500 575 600 (nm)
Fig. 4-3

IRETICAVLNTEZ 74+ bL Ry 7 AT &R, AEMESOZDIZE A LN
BFEIRIZ I T 400-450nm (ZWIH 2 A L TR Y (Fig. 4-3). UV HITH bW VAL R
DEFRLF—=DRNHIFETH L HE AN ZHNTNDE 720, AME~DEESLT XL X —R
MO BER D B

F ORI E RFTERS > TND—FH T, LML TH DTz
D BB KIEI DT 2 F03 @ ST D 10 N E IR E LTHWD 2 & Ok 5 fil
BaxbdhLoied 0, BIfER S 74+ b L Ry 7 ZRUESOSICHW ST 2 fillt & LT
eosin Y 23 % 12, L7 L72RAY B Z AU Vb e BN (E1e (C*/C-) = +0.83 V)ZH T 5
Z e B ORMISFPHICHIRZ 21 TV D 2 0, ARRIRBEA~OIRMMEDMEN 2 & 235
L LTHET b5,
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4.1.6. KEDOHB

Thioxanthilium
A= 383, 496 nm

T. Erabi, M. Asahara, M. Miyamoto, K. Goto, M.
Wada Bull. Chem. Soc. Jpn., 2002, 75, 1325.

OMe OMe
O NC._CN O
NaH
TTHE
O & O O \ CN
BF, 49 %

M. Hagel, J. Liu, O. Muth, H. J. E. Rivera, E. Schwake,
L. Sripanom, G. Henkel, G. Dyker Eur. J. Org. Chem. 2007, 3537.

Fig. 4-4

% Z CTAHFZE L Thioxanthylium (235 H U7z, Z A USSR EEAHTICRINE 26425 Z & n
Mo TS (Fig 4-4)18, 74 ML Ry 7 2 IS+ 2 2 L3 cEiud, et
EHIRE T ORISR AT D ENRTE DL EZLND, LLARRS, SFFO
ABNERIEFIREB R 2 Z O TOWERMBER L L TR bND 4, 2 TRMICED
AUD IR D A AL EHAIL 2 FF Bk I 2RI 2 A 7 5 Thioxanthylium % & 153 %
Z L EAMEOBR L Liz(Fig. 4-5), Z OFXFHI XV filli & U CoOmPAMER M L, B2
A BN OEHILE U TEFHEGMHO OMe 2B AT 25 Z L 1T K0 AREEDORIHE 2 1 0 KK
Ry 7 MR Z EnBEX O, LIRS LB ~SISHERD L& 272, Al
BHA R L7z Thioxanthylium 7 4 b L N 7 A fillil % &A@tz AW /-7+ FL Ky 7 A
IR L2 S/ Cuh/e L Radical Cation Diels-Alder SUs~iH L7z,
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MeO

OMe —_—

Br MeO

This work

oTf
-long wavelength absorption
-high excited reduction potential
-good solubility

j catalyst “u,,
Ilght
RCDA reaction
MeO

g
R

Fig. 4-5
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% _fi Thioxanthilium 4 Bk
4.2.1. Thioxanthilium ®& % & UV-Vis (2 L 55l

(¢]
Cl
CS,
Cul
‘BuLi, |2 _DBU TfOH
1 h, THF toluene chlorobenzene
Br -78°C MeO | reflux, 12 h MeO OMe 12405 8CZ°/1 h
62% o
89% ° 11 examples
Scheme 4-4

FPZMEONLIEE 1N TH D Bulill LY Br a2 liBtsE7 ) — 17 =4
ERAESETHRICATRESAOREKREICLY avRE2 /B 505 15, FIZZe
IRFEED Cul ZHWC-S Ty TV I E D FAE=—T)L 3 BHELND 16, kI~
YA N7 1Y REO Friedel-Crafts SIS L ¥ 17, HAY® Thioxanthylium % 4> 3 B
THRRIZAE) L7 (Scheme 4-4),

0.8 - .
absorption
0.6 -
0.4 -
0.2 -
O T T T |
400 450 500 550 600

Fig. 4-5
ZOfEED UV-Vis ZHIE L7= & 2 A, B & Z L12 400-600nm D AR TR A VIR
WEHT DL ENDD-oT-(Fig. 4-5), BIH., IR E U CTH O Ok ONE R B
FCHBRMINMNIISHTE 5 Z EAVRR I T,
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o-Me thioxanthylium (Fe/Fe+)
1.00E-05

-1.5 0.5

-1.00E-05

-2.00E-05
-3.00E-05
-4.00E-05
-5.00E-05
-6.00E-05
-7.00E-05

Fig. 4-6
VA7) w7 RAE LAY — IR T ICEm AR L, BAE < 0IR UG LB
AL 2B A WE L TR LN D ER-BAMHREG A 7V v 7 RVEET T N CV)EMIT L,
FRALETTRER E 2R DEETH D, ZOTEE AV OB TEMAZNE L& 2
% Eprz =-0.686 V vs Fe/Fcr TH VD, S 512 SCE ~Z#9 5 & Epe=-0.36 Vvs SCE TH
% &N yhho - (Fig. 4-6),

1.2 ——emission
absorption
1 .
0.8 -
B
= 0.6
c
3 ]
S 0.4
[}
0.2 -
0 I | I 1
400 500 600 700
-0.2 -
wavelength (nm)

Fig. 4-7

DAl D e i e A B U7z, bt i o B

A E*pe= Epet+Eoo

WCEVEHTHZENTE T, Eoo TR R & EERREORFICEIVES Z R TE D,
FROK LY R FIE 563 nm TH Y (Fig. 4-7), ZOWREBALIEWRS 5 &
1240nm/563 nm = +2.2 eV
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Lilgole, ZoEEMWEEETEMEZFE TS &

E*y2=2.2-0.38=+1.82V

THDHZ ENIIoT,

T, WERAVWSN TV S eosin Y(E*12=+0.83 V) L ¥ & 2 LA @V bkl & o BN &
AT 2FEND, BIRNEEICETTED ZENREEND,

4.2.3. #k*4 73 Thioxanthylium O fif g4 ZFAM
@OZ OMe
O O TK4 ?

Table 4-1

TK10
photocatalyst ( Ep,Q(C*/C') Epp(C*/C)? absorption " excitation emission
(V) V) Amax (NM)/g x1073 A (nm)lg x1073 Amax (NM)
TKA1 +1.77 -0.38 465/28.9 520/5.4 630
TK2 +1.74 -0.39 468/31.7 520/5.5 636
TK3 +1.83 -0.38 463/26.0 520/5.7 656
TK4 +1.92 -0.30 467/31.7 520/5.9 670
TK5 +1.93 -0.29 461/28.3 520/6.7 659
TK6 +1.79 -0.28 476/24.8 520/5.8 673
TK7° +1.68 -0.46 478/32.8 520/6.9 666
TK8 +1.77 -0.29 474/34.2 520/6.9 662
TK9 +1.89 -0.32 463/42.2 520/7.4 620
TK10 +1.82 -0.42 463/28.8 520/6.4 590

2 Determined by cyclic voltammetry in acetonitrile versus SCE.
b Redox potentials of TK7 was determined by half wave potential (E).

Thioxanthylium Zff % &5k L7265 5. 2 TOEEIZBW TEVVEE R TEA (Epe(C*/C-))
EHTDHIENSMY, eosin Y(E*12=+0.83 V)LV & 2 5L L@\ R TEMNEEHT D
FNO, BRWVEEICHEH CE 5 2 L 2VRME S5 (Table 4-1), 72 400-600nm (ZWR LAY
ERTLHZ LD, RTOMBICEWTHEEA KON E I ND Z R TELHH
REEA L TWDZ Enghoalz,
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%5 =i Thioxanthylium fift#f:{Z J: % Radical Cation Diels-Alder it
4.3.1. Thioxanthylium ® RCDA ~®JiH

Table 4-2 .,
TK1 (1.0 mol%) *
| « >
air, CH3N02
15 min, hv, rt
MeO MeO
6 7 8
0.5 mmol 1.5 mmol
entry LED light yield (%)
) 1 blue 93 )
€2 green 92
3 no light 0
42 blue 0
5. blue 8
64 solar 87

@ no catalyst.
b Degassed CH3NO, was used under No.
© NMR yield. 45 min.

A% L7z Thioxanthylium % RCDA St~ L7z(Table 4-2), < ~& Z &2, HJHIC
Blue, Green LED Z W2 &AW LD E & BSOS EIT L, BRI SR T
o7z, 1XITE CREHCRIERFERH L TND Z &b, EAVRREO I/ L D 2D
FOSFHA~DFEEIT S E D 7202 & D33 hvo 7o, i entries 3-5 123\ T Z DR D blank
EBREIToT A, WTNOLAE LSBT Uo7 Z b ZORIGRIZIZNE
TR, R, BRSEDME TH D Z L D3ypoTe, BISHIRZ KGICEZ oL 25, RISIES
53 CoEfE L. BHEIA 8T% DR T bivic, BUSNERFF TR T L7cBilh & LTiL, fil
BET AT VUV SEEIC BRI 2 A L TR Y . 2R E < KD OIE RGN L
JCRET L2 ENEB BN,
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4.3.2. BEAIfRIEE & D ELi

Table 4-3
. I

catalyst (1.0 mol%)

r
air, CH;NO,
MeO s ; time, hv, rt MeO
Eqp=+1.24V
catalyst Ru(bpy); eosinY Acr'-Mes TPT
Blue LED light time (h) 15 15 1.5 1.5
Yield (%) ____ NR ____NR_____ N%___N% __
me (h) 15 15 15 15
yield (%) N.R N.R 11%°2 N.R

[Ru(bpy)s]Cl,
Amax = 425 nm
E1/2 (C /C ) =+0.77V

HE 1 OBLEL LY HIRWIEE TEM &2 AT 5 Rulbpy)s & O eosin Y 173 1
WXL, m O b= ST

IR oT-D

aNMR yield

E1,2(C IC) = +0.83 V

+ 2 + 2
N™ - Ph (0) Ph

| BF, BF,
Acr -Mes TPT
=524 nm, =425 nm, Amax = 415 nm,

E1/2(C /C)—+208V E1/2(C /C)—+255V

1T L

BN EHT D Acr+-Mes X O'TPT 1% 1.5h, &INETHR

Y7315 57z (Table 4-3), L7» L7223 S EI 22N & Ff 72 7 ik 2 R & LI 5a1

VEBOS DOHEIT AN F 7o 13tk

ITLZ2 N E

WIORERE IR T,
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4.3.3. Thioxanthylium 7 #+ k L R 7 Afiltifod 56 FH & BH O Mst

Table 4-4 | ;\: catalyst (1.0 mol%)
+ *
air, CH3NO,
time, hv, rt
MeO MeO
6 7

8

catalyst | TK1 TK2 TK3 TK4 TK5 TK6  TK7Z  TK8  TK9 TKI10
blue light

time 15min 15min 25h 3h 15h 45min 45min  30min 1.15h 4.5h
yield (%) 93%  92%  90% 93% 40%® 90%  89%  94%  89%  85%
greenlight =~~~ Tt
time 15min 15min 25h 3h 72h  45min 30min 30min 1.15h 45h
yield 92%  88%  87% 96% 80%® 95%  89%  95%  91%  88%
a8 NMR vyield

RGO
Mﬁiu}@@@”

TK10

ARk LT filltt % ff 2 RCDA 1ZJi A L7=(Table 4-4), & COfECRIEAHET L, MINET
HHOWMMAHG Oz, A0 MLCERE A G T LM TR ORI USHEITL, 15645 T
FOSET LT2(TK1,TK2), A/ MIZEWRE A G T 2 FIC LV LEEERRES ko722
& T SO RTADMEHE SR L BIEDHEIT Lo Z ERB SRS, RUEUER E
(BTG A2 AT DAL TSR OEITREL 725 2 L B0 o 72(TKS, TK5), /X7 i
IZEFREIEAET D HEICBNTH AL MICEBREE A G T 5 & Holg U RS R
L T2 DN EIEETHM G HNIZ(TKY), ~a b v 23 AT H 2R L <K
JSHELT L72(TK6, TK7, TK8), EHIEN 22 2 35\ Tid 1.15 h THRISH5ERE L 72D
2% L(TKO) AR E DK Z W 1-F 7 FOVIETIISOE OEITRE N 2 & 23555 72(TK10),

84



4.3.4. D ZZEMEIZHOWNT

protective activity

...T against nucleophiles and radicals

BF4
Y.-C. Lin, C.-T. Chen Org lett. 2009, 11, 4858. E. Alfonzo, F. S. Alfonso, A. B. Beeler Org. Lett. 2017, 19, 2989.
Scheme 4-5

filfl DL EVEIZ DWW C BRI E 21T o 72 & 2 A, o fLICEHRIEE G S 2 WIRE TR STk
BB Z 5 DIt L, o LIS B2 A3 2L TITE OREZBERIHI s D Z &
W53y 72 (Scheme 4-5)18, B|ZHUT, TPT DRV B VB A A VT VIRICEBRT L Z Lk
. SREEBCESCARER £ O B IH S, BEKSh L ENRES N Y, b, o
NI E AR A 9 % Thioxanthylium A CIIAMEN 2 E S D —07 T, S OHET TN IE
noTz 4-OMe 22T 2 TIIRLEL SN TND 2 LRI I L7,
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4.4.1. Stern-Volmer Plot

3.5 y=10839x+1
R*=0.9947

Lo/l
[Sv]

0 0.0005 0.001 0.0015 0.002 0.0025

concentration [M]

® anethole ®butadiene

Fig. 4-8

Stern-Volmer Plot 247 -7~ & 2 A 7 X P2 & VT8I BN E - - D% L.
TR =V ERAWERHOE R L EENR D BONTMER/RRI LY 2T A 7+
N~w—T 1y NEATH L RS D= (Fig. 4°8), ZOZ b, TR h—L
NOAEEA~DOEBEFBENSE Z > CTWD Z ERGho T,

4.4.2. Light on/off %5z
45y Z LITYEIR® ON,OFF B &2 17T 9 & OFF OEA UG EIT LW 2 E RNy hoiz,
ZOZENDL, ZORINTITHRENPLETH D Z L KW, T VI VEERL TITENT &
DRI X7 (Fig. 4-9),
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Fig. 4-9
4.5. FUCHERED B 52

©

hv/> pPC*

PC PCorg -, 0O,

02‘\_ PC
- PC or 10 0,

MeO MeO
10 1

Scheme 4-6

JSERRFHC KV L7277+ R L Ry 7 ZfiE(PC* (E*p2 = +1.80 ~ +1.97 V vs SCE) 2 7
2 = (Ep2 =+1.24 Vvs SCE)&Z (kL. TV AF AL 10 & 725 (Scheme 4-6), =
OBFRITIRITCAITHIEER LV R a5, Eoo SNl (PC )NEREHEIC L v b =i, fil
e oA 7 VKR SND, —HTIVINIF AL 10137 F P L RCDATHILET
FOINIT AN B Z, QLD SETICL Y —EFEIESNDZ EICL Y B 12
D33 5D, Light on/off EHrds L O Ne KX FIZH1T 5 02 & R HH0 5 RV - blank B
LV, ZORISET VHNVEGESOETIERL . EBERLETH DL ENLMBENDD
SET N Frsh b,

4.6. 77 LA —)L~DIH

KIGHH T 7T D2 — VST 2 L RISIZ 5 TRM L, @R TERM TGS
7=(Scheme 4-7), ZORISITHOT ) 1mol%. 5 55, KB &0 5 FEFITARBR B A ff
DERIETEHD Z LN mnoTe,

i TK1 (1.0 mol%)
air, CH3NO,, rt
sunlight
MeO

(10 mmol)
1484 Scheme 4-7
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catalyst (1.0 mol%)
| - >
air, CH3N02

time, hv, rt
MeO MeO
Blue light up to 15 min 93%
Green light up to 15 min 92 %
400 450 500 550 600 (nm)

A =400-600 nm

Ep2=+1.80 ~ +1.96 V
‘long wavelength absorption
-high excited reduction potential

-good solubility
\_ J

Scheme 4-8
Kenta Tanaka, Yujiro Hoshino, Kiyoshi Honda J. Am. Chem. Soc. 22, December, 2017, submitted

A ClE Thioxanthylium # RFE# & LIoHBIARK 7 + ML Ry 7 AOBFICHI) LT
(Scheme 4-8), Z OFEITZAGICAR SN DFENH 2 B BB TERTHZ LN TE, 55
NIALAE O UV-Vis ZJIE LIz & 2 A, 400-600nm O A WIS 2 OV O bk 32 o 78
MERELTNWDZ ERDhole, ZHUTERHRESN TS 7+ L Ry 7 il 10§
AV 23 2T 0 . B nikELHEE TRV D Z L DR i Th 5,
B Z ofiti A2 RCDA RS ~IGHT 5 & blue X green LED Z YR & L, @iIRTH
B %152 = LICKII Lz, 6RO 7+ b L Ry 27 il ClE green LED BRE Tl ]
THZLENTERDNST=DIZx L, Thioxanthylium fil I @I 92%., 15 55 &9 H
WIS TR ZRD Z IS Lz, Ei-mVaiR oEM 2615
Thioxanthylium filf£{37¢ >k green LED FH FTHWHAL TS eosin Y £V blEAVEE
BIZHEHATE D2 &03minole, BITAN MIICE#ILAZ A3 2T ) TS 3
ZEnD, ZO@EBEIC L VM OREENT ELIb DL EZLBND, KR T
7 DA = VROSIZB N TOT ) Imol% D, FUGKFH bmin TGN TEHE L sl T
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HEDRONLHN 0, K0 BRI CRERAR L USRZMET 5 2 LIk LT,
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4.8. 50 EEERIH

Infrared (IR) spectra were recorded on a JASCO FT/IR-4100. '"H NMR spectra were
recorded on a Bruker DRX-300 (300 MHz) spectrometer, or a Bruker DRX-500 (500
MHz) spectrometer with tetramethylsilane (TMS) as internal standard. Chemical shifts
are reported in ppm from TMS. Data are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants,
integration. 13C NMR spectra were recorded on a Bruker DRX-500 (126 MHz)
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm
from TMS with the solvent resonance as the internal standard (CDCls: § 77.0). 19F NMR
spectra were recorded on a JEOL JNM AL-400 (376 MHz) spectrometer with
hexafluorobenzene (CsF¢: § -164.9) as internal standard. Column chromatography was
carried out with Cicareagent silica gel 60 N (spherical, particle size 63-210 mm).
Thinlayer chromatography (TLC) was carried out with Merck TLC plates with silica gel
60 F254. Unless otherwise noted, reagents were commercially available and were used
without purification. The UV absorption spectra were measured with a JASCO V-630
spectrometer and fluorescence spectra were obtained on a JASCO FP-8500
spectrofluorometer. Linear sweep voltammetry measurements were carried out with a
computer-controlled potentiostat Model 660C (ALS Co., Ltd.). Irradiation of
photochemical reactions was carried out using a 7W Green LED (Amax = 518 nm,
LB1526G) or 7TW Blue LED (A\max = 459 nm, LB1526B) made by Beamtec.

Photophysical and Redox Properties of Catalysts

Samples for electrochemical measurements were prepared with 10 mL of a 0.01 M
tetra-n-butylammonium tetrafluoroborate solution in dry CHsCN and 0.01 mmol of
substrate. Linear sweep voltammetry measurements were carried out with a
computer-controlled potentiostat Model 660C (ALS Co., Ltd.). Linear Sweep
Voltammetry was recorded using an undivided cell equipped with a working electrode
(Pt disk electrode, @ 3mm), a counter electrode (Pt wire), and a reference electrode (Ag
wire), and a scan rate of 100 mV/s. The ferrocene/ ferrocenium couple (Fc/Fc*) was also
measured in the same electrochemical system, and the electrode potential was reported
as values referred to the apparent standard potential of the system. The referenced

value was converted to SCE by adding 0.31 V.
Samples for photophysical measurements were prepared using high purity acetonitrile.
Solutions of the substrates were diluted to a concentration of 10 pM (TK1, TK2, TK4,

TK5, TK7, TKS8, TK9, TK10) or 100 uM (TK3, TK6) and a total volume of 3.0 mL before
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being transferred to a 3.5 mL quartz cell. The solvent absorbance background was

subtracted from the reported spectra.

Excited state reduction potentials (£y2*) were calculated by subtracting the
ground-state reduction potential (%), obtained by cyclic voltammetry, from the
excitation energy (#0,0); Foois determined by calculating the energy of the wavelength

at which the substrate’s UV-Vis absorption and emission spectra overlap.

General procedure for the synthesis of thioxanthylium catalyst
(0]

G
CS,
Cul
'BuLl —DBU
/@\ THF /@\ toluene /@\ /@\ chlorobenzene
Br -78°C1h MeO | reflux, 12h MeO Me 120°C1h

89% 62% 45-82%
) (21 131

OMe

[1]20

To a solution of 1-bromo-3,5-dimethoxybenzene 1 (4.3 g, 20 mmol) in THF (30 mL) at
-78 °C was added dropwise tert-buthyllithium (34 mL, 50 mmol, 1.49 M in hexane).
After the reaction was stirred for 1 h at -78 °C, a solution of iodine (7.6 g, 60 mmol) in
THF (20 mL) was added via cannula. The resulting mixture was stirred at -78 °C for 1 h
and then was warmed to room temperature, quenched with water and diluted with
CH:Clz. The organic layer was washed with saturated aqueous Na2S203 and brine. It
was dried over MgSQy, filtered and concentrated in vacuo. The crude mixture was
purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford iodoarene 2
(4.70 g, 89% yield) as a white solid.

'H NMR (300 MHz, CDCls) § 6.85 (d, /= 2.3 Hz, 2H), 6.40 (t, /= 2.3 Hz, 1H), 3.76 (s,
6H).

[2] 21, 22

A mixture of iodoarene 2 (6.6 g, 25 mmol), carbon disulfide (1.5 mL, 25 mmol), Cul
(0.48g, 2.5 mmol), and DBU (7.5 mL, 50 mmol) in toluene (40 mL) was stirred at reflux
under N2 for 12 h. After H20 was added, the solution was extracted with CH2Cl2. The
organic layer was dried over MgSO4 and concentrated in vacuo. The crude mixture was
purified by column chromatography on silica gel (hexane/ethyl acetate = 10/1) to provide
the corresponding diaryl thioether 3 (2.38 g, 62 % yield).
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1H NMR (300 MHz, CDCls) § 3.74 (s, 12 H), 6.34 (t, J= 2.3 Hz, 2 H), 6.52 (d, J= 2.3 Hz, 4
H).

(3]

To a solution of thioether 8 (0.25 mmol) and benzoyl chloride 4 (0.75 mmol) in
chlorobenzene (5.0 mL) was placed in a 50 mL recovery flask under N.
Trifluoromethanesulfonic acid (0.75 mmol) was slowly added to the solution, which was
heated to 120 °C for 1 h. It was cooled to room temperature and excess Et2O was added
to precipitate a solid. After stirred for 1 h, the mixture was filtered. The solid was

washed with Et20 and dried in vacuo, affording the desired thioxanthylium product 5.

9-(2-Methylphenyl)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK1)

OoTf
Brown solid (110.7 mg, 80% yield). 'TH NMR (500 MHz, CDCls) § 7.50 (d, J= 2.2 Hz, 2H),
7.28 (dd, J=17.3, 1.3 Hz, 1H), 7.26-7.23 (m, 1H), 7.23-7.17 (m, 1H), 6.73 (d, J= 7.3 Hz,
1H), 6.54 (d, /= 2.2 Hz, 2H), 4.15 (s, 6H), 3.40 (s, 6H), 2.03 (s, 3H); 13C NMR (126 MHz,
CDCls) 6 168.3, 166.0, 165.5, 147.7, 142.1, 134.2, 128.0, 127.5, 125.1, 124.0, 116.7, 102.0,
101.3, 57.7, 56.9, 20.1; 19F NMR (376 MHz, CDCls) § -81.3; IR (ATR): 1584, 1220, 1151,
1028, 637 cm'l; HRMS (ESI+) m/z caled for C24H2304S*: 407.1312, found: 407.1324.

9-(2-Trifluoromethylphenyl)-1,3,6,8-tetramethoxythioxanthylium
trifluoromethanesulfonate (TK2)

oTf
Brown solid (104.5 mg, 69% yield). 1H NMR (500 MHz, CDCls) § 7.77 (d, J= 7.0 Hz, 1H),
7.61-7.54 (m, 2H), 7.53 (d, /= 2.5 Hz, 2H), 6.98 (dd, J= 8.2, 3.5 Hz, 1H), 6.53 (d, 2.5 Hz,
2H), 4.15 (s, 6H), 3.39 (s, 6H); 13C NMR (126 MHz, CDCls) § 168.5, 164.9, 162.4, 147.4,
140.1 (q, J= 2.8 Hz), 131.1, 127.7, 127.5 (q, J= 30.9 Hz), 126.0, 125.0 (q, J= 4.6 Hz),
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124.3 (q, J=274.0 Hz), 120.9 (q, J= 320.5 Hz, OTf ), 116.4, 102.1, 101.2, 57.7, 56.9; IR
(ATR): 1585, 1237, 1222, 1029, 637 cm'l; HRMS (ESI+) m/z caled for C24H2004F3S :
461.1029, found: 461.1037.

9-(2-Methoxyphenyl)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK3)

oTf

The reaction was carried out in the same manner as for the preparation of [3] employing
the following materials: Thioether (0.25 mmol), benzoyl chloride (0.5 mmol), TfOH (0.5
mmol) in chloro benzene (5.0 mL) were used.

Red solid (106.7 mg, 75% yield). 'TH NMR (500 MHz, CDCls) § 7.49 (d, J= 2.2 Hz, 2H),
7.38 (td, J= 8.0, 1.7 Hz, 1H), 6.98 (t, J= 7.5 Hz, 1H), 6.95 (d, /= 8.2 Hz, 1H), 6.72 (dd, J
=1.3, 1.6 Hz, 1H), 6.53 (d, J= 2.5 Hz, 2H), 4.15 (s, 6H), 3.73 (s, 3H), 3.43 (s, 6H); 13C
NMR (126 MHz, CDCls) 6 168.1, 165.4, 163.6, 156.4, 147.8, 132.2, 129.0, 125.2, 120.3,
117.4, 108.5, 101.7, 101.4, 57.7, 56.8, 55.7; IR (ATR): 1585, 1217, 1149, 1026, 636 cm™’;
HRMS (ESI+) m/z caled for C24H2305S : 423.1261, found: 423.1256.

9-(4-Nitrophenyl)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK4)

Black solid (124.5 mg, 85% yield). 1H NMR (500 MHz, CDCls) § 8.33 (d, /= 8.8 Hz, 2H),
7.55 (d, J= 2.5 Hz, 2H), 7.42 (m, 2H), 6.53 (d, J= 2.2 Hz, 2H), 4.15 (s, 6H), 3.38 (s, 6H);
13C NMR (126 MHz, CDCls) § 168.7,164.6, 161.3, 149.4, 148.0, 146.8, 127.1, 122.2, 116.1,
102.3, 101.7, 57.8, 56.7; IR (ATR): 1584, 1219, 1150, 1027, 837, 634 cm'; HRMS (ESI+)

m/z caled for C2sH20NO6S : 438.1006, found: 438.0991.
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9-(4-Methoxyphenyl)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK5)

Brown solid (88.5 mg, 62% yield). tTH NMR (500 MHz, CDCls) § 7.40 (d, J= 2.2 Hz, 2H),
7.03 (d, J=8.0 Hz, 2H), 6.97 (d, J= 8.2 Hz, 2H), 6.54 (d, J= 2.2 Hz, 2H), 4.14 (s, 6H),
3.91 (s, 3H), 3.45 (s, 6H); 13C NMR (126 MHz, CDCls) § 168.3, 165.9, 165.8, 159.2, 147.3,
134.4,127.2, 117.3, 112.5, 101.7, 101.2, 57.6, 56.8, 55.5; IR (ATR): 1587, 1219, 11486,
1027,635 cm'l; HRMS (ESI+) m/z caled for C24H2305S : 423.1261, found: 423.1253.

9-(2,6-Difluorophenyl)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK6)

Brown solid (122.0 mg, 84% yield). "H NMR (500 MHz, CDCls) § 7.61 (d, J= 2.2 Hz, 2H),
7.45-7.40 (m, 1H), 7.02-6.98 (m, 2H), 6.60 (d, J= 2.5 Hz, 2H), 4.18 (s, 6H), 3.54 (s, 6H);
13C NMR (126 MHz, CDCls) § 168.5, 164.9, 158.5 (dd, J= 252.0, 11.0 Hz), 151.7, 147.9,
129.9 (t, J=9.6 Hz), 120.9 (q, J= 320.8 Hz, OTf ), 118.9 (t, J= 20.2 Hz), 116.9, 110.3 (dd,
J=19.3, 5.5 Hz), 102.2, 101.5, 57.9, 57.4; IR (ATR): 1593,1245, 1148, 1026, 634 cm'1;
HRMS (ESI+) m/z caled for C2sH1904F2S : 429.0967, found: 429.0966.

9-(2,4,6-Trichlorophenyl)-1,3,6,8-tetramethoxythioxanthylium
trifluoromethanesulfonate (TK7)
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Brown solid (72.0 mg, 45% yield). tH NMR (500 MHz, CDCls) § 7.68 (d, J= 2.2 Hz, 2H),
7.45 (s, 2H), 6.60 (d, J= 2.2 Hz, 2H), 4.19 (s, 6H), 3.58 (s, 6H); 13C NMR (126 MHz,
CDCls) § 168.5, 164.5, 156.9, 148.3, 139.0, 134.1, 132.0, 126.8, 115.8, 102.6, 101.5, 58.0,
57.7; IR (ATR): 1586, 1222, 1154, 1029, 636 cm''; HRMS (ESI+) m/z calcd for
C23H1804SCls : 494.9986, found: 464.9999.

9-(2,3,4,5-Tetrachlorophenyl)-1,3,6,8-tetramethoxythioxanthylium
trifluoromethanesulfonate (TK8)

Red solid (125.3 mg, 74% yield). TH NMR (500 MHz, CDCls) § 7.60 (d, J= 2.5 Hz, 2H),
7.10 (s, 1H), 6.61 (d, J= 2.2 Hz, 2H), 4.18 (s, 6H), 3.57 (s, 6H); 13C NMR (126 MHz,
CDCls) 6 168.6, 164.2, 156.9, 148.5, 141.9, 132.1, 131.9, 131.3, 130.2, 125.0, 115.9, 102.5,
102.0, 58.0, 57.4; IR (ATR): 1594, 1248, 1231, 1161, 1024, 638 cm'; HRMS (ESI+) m/z
caled for CesH1704SCls: 528.9596, found: 528.9614.

9-Phenyl-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate (TK9)

oTf

Red solid (110.3 mg, 82% yield). 'TH NMR (500 MHz, CDCls) § 7.51 (d, J= 2.2 Hz, 2H),
7.44-7.38 (m, 3H), 7.14-7.10 (m, 2H), 6.51 (d, J= 2.5 Hz, 2H), 4.15 (s, 6H), 3.37 (s, 6H);
13C NMR (126 MHz, CDCls) § 168.3. 165.5. 165.2. 147.8. 142.2. 127.2. 127.0. 125.6. 116.9.
101.8. 101.4. 57.7. 56.7; IR (ATR): 1585, 1219, 1143, 1026, 634 cm'’; HRMS (ESI+) m/z
caled for C2sH2104S : 393.1155, found: 393.1171.
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OMe OMe
Q 9 | MeO” t 57 t ~OMe
3 o
cl

O OH (COocCl),
DMF__J TfOH
dry CH,Cl, chlorobenzene
O i, 2 h O 120°C,1h
85%

13 14

TK10

To a solution of the carboxylic acid 5 (0.34 g, 2.0 mmol) in dry CH2Clz (5.0 mL) at 0 °C
under N2 was added dropwise (COCD)z (0.21 mL, 2.4 mmol). After a catalytic amount of
dry DMF (2 drops) was added, the solution was allowed to warm to room temperature,
and stirred at that temperature for 2 h. The reaction mixture was evaporated in vacuo
to afford the corresponding crude acid chloride 6. After the residue was dissolved in
chlorobenzene, thioether 3 (0.15 g, 0.5 mmol) and trifluoromethanesulfonic acid (0.132
mL, 1.5 mmol) were added. The reaction temperature was increased to 120 °C and the
solution was stirred for 1 h. It was cooled to room temperature and excess Et20 was
added. After it was stirred for 1 h, filtered, and the solid was washed with Et20 and
dried in vacuo to afford the desired thioxanthylium 7 (246.5 mg, 83% yield).

9-(Naphthalene-1-y1)-1,3,6,8-tetramethoxythioxanthylium trifluoromethanesulfonate
(TK10)

OoTf
Red solid (246.5 mg, 83% yield). 'TH NMR (500 MHz, CDCls) § 7.95 (d, J= 8.2 Hz, 1H),
7.88 (d, J=8.2 Hz, 1H), 7.56 (d, J= 2.2 Hz, 2H), 7.53-7.45 (m, 2H), 7.36-7.32 (m, 1H),
7.28 (d, J=8.0 Hz, 1H), 6.93 (dd, J= 7.1, 1.1 Hz, 1H), 6.43 (d, /= 2.2 Hz, 2H), 4.15 (s,
6H), 2.96 (s, 6H); 13C NMR (126 MHz, CDCls) § 168.4, 165.2, 164.7, 147.6, 140.7, 132.1,
132.0, 128.2, 127.5, 126.4, 125.9, 125.0, 124.4, 121.3, 117.6, 102.0, 101.5, 57.7, 56.6; IR
(ATR): 1593, 1245, 1148, 1026, 634 cm''; HRMS (ESI+) m/z caled for C27H2304S
443.1312, found: 443.1316.

General procedure for [4+2] cycloaddition with photocatalyst under visible light

irradiation
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Z catalyst (1.0 mol%) '..
air, CH3NO, O
time, light, rt MeO
8
trans-Anethole (6) (0.075 mL, 0.5 mmol), 2,3-dimethyl-1,3-butadiene (7) (0.168 mL, 3.0
mmol), photocatalyst (1.0 mol%) and CH3sNOz (8.0 mL) were added into a 10 ml recovery
flask. The resulting solution was stirred at room temperature under air and visible light

irradiation. After the reaction was completed (checked by TLC), the desired cycloadduct

8 was isolated by column chromatography on silica gel (hexane/ethyl acetate = 100/1).

{(4R,5R)-1,2,5-Trimethyl-4-(4-methoxyphenyl)}-cyclohexene-1-yl4a

A clear colorless oil. 1TH NMR: (500 MHz, CDCls) § 7.08 (d, J=8.5 Hz, 2H), 6.87 (d, J=8.5
Hz, 2H), 3.82 (s, 3H), 2.38 (td, J= 10.6, 5.7 Hz, 1H), 2.14 (m, 3H), 1.87 (m, 2H), 1.68 (s,
3H), 1.65 (s, 3H), 0.74 (d, J= 7.0 Hz, 3H).

Procedure for the gram scale synthesis of cyclohexene 8 via [4+2] cycloaddition with

photocatalyst (T'K1) under sunlight irradiation

I TK1 (1.0 mol%)
air, CH3NO, O

5 min, rt MeO

sunlight 8
trans-Anethole (6) (1.5 mL, 10 mmol), 2,3-dimethyl-1,3-butadiene (7) (3.4 mL, 30 mmol),
TK1 (0.056 g, 1.0 mol%) and CH3sNOz (160 mL) were added into a 200 mL recovery flask.
The resulting solution was stirred at room temperature under air and sunlight
irradiation. After the reaction was completed (checked by TLC (5 min)), the solution was
concentrated by rotary evaporation. The resulting residue was purified by column

chromatography on silica gel (hexane/ethyl acetate = 100/1) to afford the desired
product 8 (1.9 g, 83%) as a clear oil.
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Stern-Volmer Plot of TK1

Emission intensities were recorded using a JASCO FP-8500 Fluorescence Spectrometer.
All solutions were excited at 465 nm and the emission intensity at each peak top was
observed. In a typical experiment, the emission spectrum of a 1x104 M solution of TK1
in CH3CN was collected. Then, appropriate amount of quencher was added to the
measured solution and the emission spectrum of the sample was collected. Here Io and 1

represent the intensities of the emission in the absence and presence of the quencher.

.

3.5 y=10839x+1
R*=0.9947

Lo/l
[Sv]

1.5
1 9
0.5
0
0 0.0005 0.001 0.0015 0.002 0.0025

concentration [M]

® anethole ®butadiene

On/off irradiation experiments with visible light

A solution of trans-anethole (0.075 mL, 0.5 mmol), 2,3-dimethyl-1,3-butadiene (0.168
mL, 3.0 mmol) and TK1 (2.7 mg, 1.0 mol%) and CH3sNOz (8.0 mL) was added into a 10
mL recovery flask. The reaction was stirred at room temperature under air and visible
green light irradiation, and kept in the dark for 4 minutes. Aliquots (0.5 mL) were taken
at the start and after each intervals, the solvent was removed in vacuo. The yields of the

product 3 were measured by 1H NMR.
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