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Development of Oxidation Using Light and Oxygen, or Hydrogen Peroxide

Tomoya NOBUTA?, Norihiro TADA, Tsuyoshi MIURA?,
Akichika ITOH""

Abstract: Oxidation is one of the most important reactions in organic synthesis; however, classical methods require toxic heavy
metal reagents or complex organic molecules. On the other hand, oxidation using oxygen or hydrogen peroxide has received much
attention in organic synthesis recently since these reagents are effective oxidants of larger atom efficiency and theoretically produce
only water as the end product. With this perspective, we have studied oxidation using oxygen or hydrogen peroxide as a terminal
oxidant. As a result, we found that styrenes can be oxidized to corresponding phenacylhalides under aerobic photo-oxidative
conditions in the presence of halogen sources. We also developed one-pot synthesis of acetophenones and bis-indolylmethanes from
styrenes and benzylalcohols, which includes aerobic photo-oxidation followed by iodine catalyzed reaction, respectively.
Furthermore, we developed a cross-dehydrogenative coupling reaction between tertiary amines and carbon nucleophiles using
hydrogen peroxide or oxygen as a terminal oxidant in the presence of catalytic iodine.

Key phrases: aerobic oxidation, photo oxidation, hydrogen peroxide, iodine, cross-dehydrogenative coupling

1. #

H¥7edicit, 5 rOBRERE 21T 5 BDEXDHD DT

HY . AMMLELROMESPBILEIETH S, REFE
{LEEROPTHLRERSIE, LRI 2 AT SRIEBVTHEBLRGREETHY . hETioie

TERLEENHOBEREROOE2THD, ZhixmEs FHEAMRB SN TE T, Lo LR LRERORLETIZY
CREShEREARTCHIEHEZESE LERE2ESD BARRUH YV FRAIVALVoBEORVESRE

3 Max Planck Institute of Colloids and Interfaces, Department of Biomolecular Systems

(Arnimallee 22 D-14195 Berlin, Germany)

)i B SRR AR S A R SR B R R (T 501-1196 I B IR B K274 1 T H 25-4)

Laboratory of Pharmaceutical Synthetic Chemistry, Gifu Pharmaceutical University

(1-25-4 Daigaku-nishi, Gifu 501-1196, JAPAN)

O BB EREI SRS (T 192-0392 HUCHS\ £ 7 idi 2 N 1432-1)

Pharmaceutical Chemistry, Tokyo University of Pharmacy and Life Sciences (1432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan)



34 fEHE S & MRAIBON BRI R 2 WO D BRALSUS DBIFEIZBE 3 D458

fbHIOME A, JEHEE, REOHWILEWHPLE, &
Wo TS Z 2 TV,

DD T B AR, I LK FE S TIRERSE & Fv 7o
BALBOGMZIER BNEEFE > TV B, 2105 OEEFNT 0%
WWERT 203G LEAkOARTHY , HEhREnm<,
TN EBRBEICR & LWFRGE rl B2 B2l CTh D7) —
VI AN ORI S B bEEE WA B D, BTy
FIRFRFRIIRER DK 20%% Lo, FTz, MDA RIT &
DFERBERERTH D Z Lo HEEN BRI &
WO ZERTE D, 7, ALFREA~DT R F— a5
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DTS, HITIFEIN e ISR E L L2
U= RRRNEBRTZENTE S, ESIDITRBENE
BN TZ D B OALF SO TR B SURBEE DR & )
BT CHERT2 2N TE, o, BEOTNICEH T
FNKX—% G225 ENTEDI0H, 0T O —E8 % 3R
WIEMHEET 228 b TE D, Lo X S Iz@bAl s LTo
N K] E720E T FREgE], = —FHe L
To Bty i 21 ki 2 RROG & Bs T 5 BT
WICHEBER 7 7 72 —LF 59 LENTED,

ORI BRBERIIBVWTEELIL, B{bv /Ry v LR
Hika oREO N F o &t & U TRV S a8tk
BEERILICOWTHE LTW5D 2, Bk~ % v ax
WD ZETHBFER EAFAESLT Va—VEHERGT D
HIVR U~ BRI R EHND L TRUVLT L
— VBT I NT NV a— VEERIGT 57 VT b REA~
ENETNRILTEAZLZAHLTWS, 2D DOKIGT
AT TG IHNRNT T AN K S THEN L T PN
FNEL, ZEHAEBEL N7 v 7 T52 L TRISHHEITL
TN5EBZLNTND, £, RO EERIL S
BOWTHAKITELAYR=FAL )V IO—HETHD
FSM-16 71E F. AF L VENDL 7 =3 —Y NEE
BRTHZEITHETI LTS (Scheme1) 9,

Plok oz, RUOSMEERIE LTo T, BfkipbAl
ELTo HREREAFE) BT [ +REBF%E 2HWD K

Oy, hv (VIS)
Ar—Me MgBr, EOEt; (cat.) Ar—CO,H
R-CH,OH R-CO,H
(R = aryl, alkyl)
Oy, hv (VIS)
I> (cat.)
R-CH,OH R-CHO
(R = aryl, vinyl)
Oy, hv (VIS) o
FSM-16, |,
AT Ar)J\/I

Scheme 1. Our previous study

IEDOBRITEFEEANATON TS, L LR L0 7
V=27 I AN — ORI o T FIEOBR DD
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Wat 21T 7=,
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[ 347N

72N T A FRITRA RERREBROBIRAE L
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FINNTGA FELEFZFTIFREEDE LY IS
iX Hantzsch & LTaIbh, F7Y—-ARERICELA
wWbHhd, 2hb7x2F NS4 FEOSREL L TE
7 bh7x) YEBONe TS AURERET N, ZhE
TIARL RFERBE SN TVER, LY BRLEOBEVR
FLUBEEB L TARENROATVNS 9, RF LU
BT E 7= VEIDLRETHY . KESRIC
EVELTWBLEZOND, LOLAERL, ZhETIC
MESNTVWEIRFLUVENL T = FYMNT A FE~
DOEREIIELBEECEFHROEVH RS T, ERE
onaFr)—2e YBT3, —F, EEBIIIhET
Bka oRLAYR—-FRAVY I O—METH S FSM-16 7
ET. AFVVEEXEBRRBRILT 5 LIC XV T57
zFna—Y FEERERSARTHZLITRIIL, BE
CHELTVWS I, LALRRDZOFETH, B
TH 5 FSM-16 L ERRERTILERDH Y, £, LR
R7=Fra—Y FRCRONS, T CEELIE
RBYHEEAPO—BIEDOHEN T = F T ANT A FEER
EOMRBRNETo,

BRI RN ORR. BESHEK P, 0.6 YEROREK
UL 80l OAFET ., R FAPICTAF LV UE
CHADBATH S OFEEE 10 REMRRNTZ L
kY. Mt d 7= e —Y FERIERRSBS S
LIZHRZILTe (Table 1), B2 RMBREFHFTHIAF LY
AW TRNZITo R, FER LORRECTRIC
BboF, WThb BRERNETCEND 7 =Fra—o
FERBLNDZ LRSI o (2a8-2c, 2f-29), FHDOH
e LTRFEEZF T3 EREBV R EE R L.
ZRIXIUORTFPINVERBFRRIZINTHE D
LEZOND, )V MIKRREEZFT5ERICBAL T,
MHREEOR D BRD 2d IXPREOINRIZL LEY | ¥
ZdZ2HAVWVERARITHELELLONDS
2-lodo-1-(2-methyiphenyl)ethanol 2% 27% &/ bhiz, F7 %
VoRERTAERCEALTR, REERZERT L
&Y, PREOINETENY 2h 28k, ¥k,
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4-Methoxystyrene (le)&JEEIZH W2 &R Y ~— (L BIE
ENtz, TZTNISEZI—FY—A L LTHW, 512
Tz a—U R 2e RBRIETEDS Z LI L
T BUD VRO XS AT aRE AT AEEICEALTYH
HRka vFEORDDIZ NIS ZHWDZ L THIET Da-3
— N7 b2 2i Z BIFRINETHEZ, L Lansh, BALIC
B AT 5 HLBECNENET V7 R LT 2
DV FEREED Z ENTERI-T2 (2], 2K),

Table 1. Aerobic photo-oxidative synthesis of phenacyl iodide
Io (0.6 equiv), Ho0 (80 pL)

Oy, visible light
AT Ar/u\/I

EtOAc (3 mL), 10 h

1 (0.3 mmol) 2
o] (@] (0] (0]
/@)K/l O)‘\/l /@)J\/l d/'
Bu 2a 2b Me 2c Me 2d
10 h, 85% 10 h, 77% 10 h, 88% 10 h, 43%
o] o} o} o}
/@)‘K/l /[jkz' /@)K/l '
MeO 2e o] 2f o,N 29 2h
7 h, 76%? 10 h, 78% 15 h, 67% 24 h, 46%
o] o}
Cﬁbl | \Mi/l
|
=N 9 2j Ph n 2k
7 h, 72%? 10 h, 0% 10 h, trace®
Isolated yield.

2With NIS (1.2 equiv), H2O (180 pL), EtOAc (5 mL).
Pwith I, (1 equiv), EtOAc (5 mL).

ELIEARKIED A — VT v FIZONT BB 21T -
72 I X UDIZHNR ORISR TDO R — VT v T ok
L Z A, 1-ethoxy-1-(4-tert-butylphenyl)-2-iodoethane @ g4
IR S AT ZAUTIRIEC o 2 Filg — F )L OISR
KoTHELIZZ 7 =W 3 URIHAET AT L A~
MUAER LIS DEZERZDBND, £ 2T THF & OGS
WCHW2E Z A, 10mmol ETDOART—L7 v FITEE L,
BRIOZ7 = F v ha—Y K 2a % BIFRINETHD Z &0
Tx7- (Scheme?2),

o)
I, (0.6 equiv), HyO (2.7 mL) |
Jij/\ 0, visible light
Bu Bu 2a

THF (100 mL), 52 h
1a (10 mmol) 75%

Scheme 2. Large scale synthesis

WIZT7 = F 27w I FEHOAKERT LTz, £ ORER,

BRI 0RITRA T B8RE(MKFEBEHND Z LIZLY,
Hg % BIF 720 RTE 5 Z &2 T L7z (Table 2), Bk %
REWMEEFT ATV UBE AWV TR EIT o iR,
FR EOBHILOFEICEDL STV b BRI
THMOZ7 = v7na I REE2EDZENTEZ (3a,
3b, 3f, 3g), 7x=F I —Y RAMELEARY, ETK

SIEEFETDAT UV UENEWEEEZ R Lz, ZHUXE T
HHEETH D tert-7 FNLEEH T HHE la TiEA L7 4
YADBRFBOMMAFEFR L TLE >N, BT RK5IZEE2ET
HIEETIRFEAERIBRWED EEZOND, HEER
FIEATFNEEZET D EEICE L T FAEGE T AT
BEBEENTLE EDPRIENSERIEICE EE o7
(B¢, 3d), A MFTEEATLIHE le WL Z A,
BHEIRAEME S 2, B 3e 1IXIZ LA LB/ LD -
Too Flo, TT7EVUBREAT HEE 1h TIEPREDIX
RT3 &, VU VUBREAT LAY 1i T 48% R Ak
ROV IZ NBS WS Z & CHREEDIERTHIO
a-7 BET B EB/DIENTE T, 51T, PALIC A
FNFERT 2= VAT HHEE (U, 1)) I2BWTH RIS
DETL, ZNERHREDINERCTHAY 31,3) 255
ZENTE, BUET AV IKICELTYH, RIET
HHLLOOERM K 2155 Z LTS Lz,

Table 2. Aerobic photo-oxidative synthesis of phenacyl

bromide
48% aq HBr (1.1 equiv)

H,0 (50 pL) o
0, visible light
A EOQA Lg h ArkBr
(OBmmoI) 10AC (5 mL), 7
0
@* ©’“ @* SO
Me 3d
7h, 74% 7h, 74% 5h, 50% 5h, 22%
0 0 0 o)
MBT /©)‘\/Br /@/lk/ar BI’
MeO el 3f ON 3g 3h
7 h, trace 7h, 84% 12 h, 86% 7 h, 48%
i 0
Br Br
=
| @% e
G):, 3 Me Ph 1
10 h, 39%° 7h, 45% 7h, 41% 10 h, 28%"
Isolated yield.

aWith NBS (1.2 equiv), Hz0 (50 pL).
b With 48% aq HBr (1.5 equiv).

T, RRGEEFICBWTT AR VAR W E 25,
SIET Do, T BT N UFHERD Z LN TE = (Table
3), Ethynylbenzene $H% VT E21To/-& 25, HE
B EOBRIEICED LT, WIhb RIFARIETHHO
ao-Y7uETE N7z VEHESD Z LR TE T (55,
5m, 5e, 50), BLERIEVWZ Lz, FEER X FVEOEBELIX
Abnpnotz (50), N7 /L& VHEICBI L TH BATFR
INECHMMZRST (BI,5n), BV YDk ) RBiREE
BT HEBEICEL TP REDOINE Too-¥ 7 2ES b
VE/HZENTE (B, £, BHET VX TR
WA E T2 2 A, 78 b= F U LTI IEiE
TURD oo iy, WA Fi =TIz 5 2 & ¢, {RIX
ETHEHLLOOHMWMEHD Z LTI L (5k),
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Table 3. Aerobic photo-oxidative synthesis of o,o-dibromo
ketones
48% aq HBr (2.1 equiv)

H0 (50 L) o
Q,, visible light
Ar—=-R 2 9 AR
4 (0.3 mmol) MeCN (5 mL) Br Br 5
0 o] o] 0
Br ©)K‘/Br /©)K(Br Q)KrBr
‘Bu 525" 5% Me 5B ph s5m°"
7h, 77% 10 h, 84% 10 h, 73%" 10h, 71%
o] o] o] o]
/©)kr8r @&& ©)S(Me ©/LS(B“
Br Br Br Br Br Br
MeO 5e OzN 59 51 5n
24 h, 66% 15 h, 75% 10 h, 75% 10 h, 69%
i o]
Br
| \Mﬂ\/Br
~.N_Br 7
5i Br 5k
10 h, 55% 10 h,17%°
Isolated yields.

@ With 48% aq HBr (2.3 equiv). ® With H,0 (100 uL). ©With EtOAc (5 mL) as solvent.

WIZER DITOCHERE & fEIA T 5 72O 2L T OfRGt &
Tole, IXULOICHkEEZEZ NS 7 rEE R 4b
EARRIGGEECA Ll 2 A BHIOZ = F v 7 m I K
% 54% DU T/~ (Scheme 3,eq. 1), KT/ \vF > —
ZIFAET . 4-tert-butylstyrene (Zxt L. 22 FPHAIZ TR
WEBHLIZEZA, ~ot FU ¥ (6aand7a) 1HIF &
AEEBLNE o7 (eq.2and 3), ZNHDFERND, 4
T DT 2 F I ANT A REO VR = VEEF KR
TRWZ ERIND,

48% aq HBr (1.1 equiv)

OH 5 0,, visible light 0 5 o B
©/‘y r H,0 (50 uL) ©)& r ©)Kr r
i
EtOAc (5mL), 5 h g Br (™
6b (0.3 mmol) 3b 54% 5b 26%
12 (0.6 equiv), H,0 (80 uL) OH
/@/\ No, visible light m. -
‘Bu EtOAc (3mL), 10 h ‘Bu
1a (0.3 mmol) 7a 0%
48% aq HBr (1.1 equiv)
Ny, visible light
H20 (50 L)

OH
Br
\ @)
Bu

6a trace

o
‘Bu

1a (0.3 mmol)

EtOAc (5mL), 7 h

Scheme 3. Study of mechanism

Pl EoMEEERICZ. ~a e RUEN H-NMR 12
Ko THER SN TS Z &b | RSO SGHERE 2 R D
X I1EEZ TS (Scheme 4), 7', BRI vEEZHW
THEIE, HRHIC Lo TavERITIALNELD, Bib
KFEW A HWTZGE1E, RS TRETZ O an
ELDHDEEZ TS, BRFET VAN ET DR &
Ui, BALKED SRR L S VR B RAE L7221
BN TRFZ OB AEL DRI L B F7a I K
LRFA~OBFBEINCLVEBERFE T AN AEL DR
BNREZOND, BILKENSRET D HANEET B A
H=RBFINETEH LD TIIEND, JUSERNH O 2
THE.BLOREIERME LTA LT 4 U ~DRFOF

MAEBR/ELENTND ZENLRFEOREEZHERL TN D,
WIZHE LT e F TP ANBE LT 4 o ~IT 5 2
LT RUDALTUHNFESNER L, HFIREEL T
T TBHIETINAFTTIHNI, IRWTE Re~L
FX R0 MELD, B Rty Rid a7 ik
KFIZELoTrERY Y (Bor7) ~EETSh, e
PTG E S TR UNANLDOKENG| XK ILD
TETRUULT VAN LL L0, Bk & EREOBR L
RIGERET, Z=F T4 K 2or3) ~EEWHIN
HbDEBZZLND, KERMT A Z & TWENE ET S
PRI AR TH D, LOLARRL, 7o a—
T RERIEIZBW T, KETRM L2 WEEIZIE_ U X7 L
T RBBREEINDDIZH L, KEMZ WA ITE -7
<HRHEINZNZ L6 BRIOBbEZIZ TWnDHbo L
EZ TN,

h ]
) 1.
Oy, hv hv O3, hv
HBr————= Br; =—==Br+ and/or HBr Br+ + HOO -
O+ solvent or O,OH
. 03 HX or 4 or 6
2) ArTS A Ar/K”X—" Ar/k”x
1 (X=LBn) 8 9 10
HX X3 OH X+ HX OH o OH
ApX SNV G AX
r Ar Ar o
6 or 7 ("H-NMR) 1 0-
solvent or HX  Xo
OH OH o]
HXor6or7
xorsors D S
O\OH 2o0r3

Scheme 4 . Plausible path

3. BFIAOREAVSIURY FRIG

3. 1. RFLVUENILTE LI/ VFE~ADTUR
AT —BEL
HESTFREREAVERERIGICEAREE o T
BN, TORBELREIEDOUL 25 Wacker B{LFGT
H3 9, TRMBEEDOEN_RT DT b LEREET., B
BPICTZF LI 2T FTATE FIZEMET S Wacker
BIEESIX, AFVUVERD T 7= ) VEEZRSFE
LLTHWRZLRTES, 7T 7=/ VEIZERS,
PR, EOMOERBDOTEEL LTEETHY, Zh
¥ Tl 72 Wacker ¥4 7D7k b7 = ) VARENHR
RENTVER, WEOMBRY AZLT ) =0T R
Y RCORFLVENPLTE M7 =) VE~DERER
MoNTHWRY, —F, RO LBV EELIZZhETIZ
RAFVVEOEBRRRBILIZE D7 = F Y ANT A FROD
BRELZHARL T3, 72T YANT AL FRITAAED
BVARPM&EL LTHLATEY , FORBEDVEDIC
B ALtk d37E2 b7 = ) VE~ORTRERM
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LNTWD O, 5 513 2N S NEEERLEIS & e &
NeEMHAGDEDLZ EIZLY, TRy DA X LT
U—TAFLVENLT B N7 = /) VHEHEART LR
BMETo7,

I LIt 3 v HE LS oRGE bR 21T > 7 (Table
4), A-tert-butylstyrene (la) Z7 A MEEHE LTHW, £
0.6 YEBOHEKI UFEL 80 ul OKFEEF, BEFHEK
W iR LIS TR & 10 RERETRRST L 7=, = D1k,
T TEEEE =T V&2 bRE L, Bl Rz hn z . Wesi o5
KPR Z BT 2 2 & TR EIT o 72, Bix 2RIRIEE %
R LR, 7' b 2 WG E O BAF 2RI T
IUFEBNEITL, BIOT & 7 =/ > 12a 73 BAFRIR
KTH 5N (entries 1-10), £/, i3 vHFEicidt e
FRSRIT LT/ EVHIBH L7z (entries 11-13), & BT
MR A 0.3 mL IS L, RS 4 3 RERRNICAEME L TH
IWNERITIE & A ERBE B 2727 (entry 14),

WIS % X 0 fifEIC T 5720, SRR bk I Ei
FLuEBRS ZERSEETE o 2NMA, BEEITo2

(Table 5), % OFER, RIETIISUSH TR ICHEIT L
S7eBy, 60°C £ THIRT D &= v H#HA R L— 1T

Table 4. Study of reaction condition

12 (0.6 equiv)
H20 (80 L) o 0, I
O/‘\ Oy, visible light /@k‘ visible light /©)\
B [

Bu EtOAc (3 mL) By solvent By

1a (0.3 mmol) 10h 2a 12a
entry solvent (mL) time (h) 2a (%) 12a (%)
1 EtOAc (5) 10 71 2

2 MeCN (5) 10 73 3

3 MeOH (5) 10 68 1

4 'PrOH (5) 10 63 3

5 THF (5) 10 73 2

6 hexane (5) 10 62 3

7 benzene (5) 10 72 3

8 CHCl; (5) 10 71 1

9 H20 (5) 10 76 1

10 acetone (5) 10 trace 82

11# acetone (5) 10 trace 76

120 acetone (5) 10 trace 74

13¢ acetone (5) 10 trace 85

14¢ acetone (0.3) 3 trace 81

'H-NMR yields. # The reaction was carried out under N, atmosphere in deiodination step.
% The reaction was carried out in the dark in deiodination step.
©The reaction was carried out under air and negative irradiation in deiodination step.

Table 5. Study of reaction condition

17 (0.6 equiv), H;O (80 pL)
0,, visible light, 10 h

then acetone (0.3 mL), temp (°C) o 9
/@A time (h) I
Bu EtOAc (3 mL) By ‘Bu

1a (0.3 mmol) 12a 2a

entry acetone temp time 12a 2a
(uL) (°C) (h) (%) (%)

1 1.0 rt 12 47 40
2 1.0 40 3 78 3
3 1.0 60 3 80 trace
4 0.3 60 3 83 (85) trace
5 0.1 60 3 60 33
TH-NMR yields. Number in parenthesis is isolated yield.

T35 2080 hotz (entries1-3), T LTT & hDif
&% 0.3 mL F ClE L7256 85%D HEEINECHMD
T N7/ 12a %1585 2 LIZFI LTz (entries 4-5)

LRt & Bz — b ORE &2 1T - 72 (Table 6)
HEER EOBBLICEDL T WITNG BEGRIGETHM
OTE N7 U ESGD T & DTE Tz (entries 1-3,5-8)
AN MUZ ATV EEFT 5 HE T, SREED O 7
= F I —E A RADBE3E PREDOINRIZE &
Fofz (entry 4), BV T UREAETHIEEICEHLTIE b
VI NA itz s Z & TREZIGETH 3 v %1k
EEATIE D Z LITAEILT (entry 9),

Table 6. One-pot and metal free synthesis of acetophenones
from styrenes
12 (0.6 equiv), H,O (80 pL)
Oy, visible light, 10 h

O
then acetone (0.3 mL
AT 60 °C, 3(h ) - AN
1 (0.3 mmoI) EtOAC (3 mL) 12
entry Ar product yield (%)
1 CgHs (1b) 12b 69 (85)
2 p-1Bu-CgHs (1a) 12a 85
3 p-Me-CgHs (1c) 12¢ 86
4 0-Me-CgHs (1d) 12d 42
59 p-MeO-CgHs (1e) 12e 75
6 p-Cl-CgHs (1f) 12f 85
7° p-NO,-CeHs (19) 12g 76
8¢ 2-naphthalenyl (1h) 12h 60
gad 2-pyridinyl (1i) 12i 64

Isolated yields. Number in parenthesis is "H NMR vyield.

@The reaction was carried out with NIS (1.2 equiv) and H,0 (180 pL)
in EtOAc (5 mL) for 7 h in oxidation step.

bThe reaction was carried out for 15 h in oxidation step.

®The reaction was carried out for 24 h in oxidation step.

9 Trifluoroaceticacid (1.0 equiv) was added in deiodination step.

A OG22 72912, DR L= 7 =) v
A=Y FEHWTIE vHEIO R T =X LB 21T -
7oo ZxFuoa—Y R2bizxtL, 7 b UAFET. BEER
T F)LH 60 °C IZHNRT % Z & THRETE1T - 7= (Table 7).,
FORER, FhrE LTCT R M rEAWEE Z A, FRE
W ECHR S URBIFEET 2561 3 v E L BAT
WZHEAT T2 Z B LT (entries1-2), F7=, 7k b
DRIV T 2-heptanone % 1 YEAWERIZH |, Hifka
RVFET DH G ORI U R EETT L, B & L
T 2-heptanone DA R= IO 3 VHELES T
3-iodo-2-heptanone & 1-iodo-2-heptanone 2345 & 417 (entries
3-4), 7 FUBFELZRWEEITIE, a v RbTIEL A
EHAT L7257 (entry 5), LA EOMEHERNO . ABL
I URMOSIIIfEEREOHKI vHR L 1 4RO
MUETHDLZ ERNahol,

UL RO R & BRSO 2 R D L 5 IcE 2T

(Scheme 5), £¥°, KT URFETFT AT L UL DN
MEFEBILIC LY 7=2F v a—Y R2B/EL D, RITK
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Table 7. Study of mechanism

o} e}
| ketone, iodine source
— T -
EtOAc (1 mL)
60 °C
2b (0.3 mmol) 12b
entry ketone iodine source time 12b 2b
(equiv) (h) (%) (%)
1 acetone (0.3 mL) 12 (Q) 3 trace 90
2 acetone (0.3 mL) 15 (0.2) 3 82 3
320 2-heptanone 15 (0.2) 7 79 11
(1 equiv)
4b 2-heptanone Iz (0) 7 0 100
(1 equiv)
5 - 12 (0.2) 3 trace 88
'H-NMR-yields.

@ 3-lodo-2-heptanone (68%) and 1-iodo-2-heptanone (7%) were obtained.
b EtOAc (0.3 mL) was used.

ERMECTHE SN R TLBEI RNV A AL L
T, yhrae=)—mbkd5, LT/ — AR, B
WA DRICL > THNVR=NVEEEERLESN 7 = F
NIA—Y ROIAYHETS2 N EREZT, LT, Tk
N7z /D) —AREST 52T, 7o ra—
RO E UEIENETTALEEX LN, —J, S b
1 S\2 RS DER, ANR=AFEoafinda v#RiLInd &
E %z bbb, p-Methoxystyrene & 2-vinylpyridine O Yfz5E
FRLIZIZ NIS 2 3 TR E L THW TN D A, JSRVER D
BOEEFETZZL00, FHRTIUEDBEL, T
IUHEMICEE LTS EEZTND,

I
A 02 visible light 0
X
Ar Ar

/\

(o} (o}

N PN
Scheme 5. Plausible path
3. 2. RUDLTFIIA—NENSERS YV FYILA

BUEADIURY FERE

UED7E M7 =) VEBREIEBRERILLB 2 VX
{LOENETNOBRE CHEAI Y RRBET TRy b
BiETHs, 7Ry MEISIER—OERN CHEE ORI
ZEP L T/T 5 FETH I8, BORGITAVWERETHE
DFE % M T & hid, RFHROBRITB WV TRIRR S
BLERABD M, TI T, kMBI A AL LTOHEE
EROBKIVRZFALEAERZ YV Ry FRIBOK
NEfToMk.

4 v F—BREIIEL ORRYOMEIZS TN RF
BThy .  EXRO/FIZEWTHEHR L LTHVWOHh
BRY. FARLAHTHD, BITLRL RINRAEZ Y
JIXEAEERRMER L LTALhTEY | ITFERKE
HenTn3 9, TOPHAREL LT, WY LMl
ETIAR= AWML A v R—AE L OWA RIS %
Fohd, ThETiIcHlE: LTIV RT y FEBEOAA

ZAREAWER 2 RFENBREATVWS VP, —F, &
4 C-H IFELRIEAER 2D TRY . LYBLEDE
WP a—AVBREALV F—AVERL ORI Y v 7Y 7
BEEAESh T3 00 9 &% 50m3 R Y Ml
POBRRAREIIERMTH S, KE DX, Bka vk
BAVALRABRELTTATE FEE AL F—AEOBEK
BEMECEZZLICHE LMD EELN I ETIRAH
LTWAREI OREMB L LERVIAT Va—VIR
ORBRBILICLE7ALTE MEAR D oA v F—
WVEEMRDBZLTEARAL VY FINVAS VEETVRY
FNCARTEZDTRRVPLBIRNZT o,
TOREE., Bfka VREET., RESJESKPICTRAVY
AT a— VR LR 20 REABRE L&kic
A Y P&z, XEREFEFcReTsz L, ik
FTEHEEVRL VYV RINAZ UV BHEZ/BBI I LTRIILE
(Table 8), X ERLEIZTAZNERST e HTIE
K. 50T 77 Vv REFTHIERTCOThHREFR
INRCEHROEAL VY RUNAZ U EHERD LR TE
7= (15aa-15ea), /XFfLiZ7 v v X E2FOEK T, 0.2
YUROHHE T R TILB—BROBRBLEE 23082
WCHT LYok, 22T, toZBRMEEZM ELIESEH
THEIUROYES 0.1 YEKIZHE L KR, tBRER

Table 8. One pot synthesis of bis-indolylmethanes from
benzylalcohols

I (0.2 equiv)
Qp, visible light, 20 h
then indole derivative (14) (2.2 equiv)

temp, time .
~ bis-indolylmethane
Ar” "OH EtOAC ' v
13
A N A & 4
= = =
1 vl L .Q\J ® \\/)
¥ I\ [
; P NH p NH Z NH
Bu 15aa 15ba Me 15ca
rt, 10 min, 86% rt, 10 min, 84% rt, 10 min, 80%
N -”5/ NH C,NH
N A A
[~ /-;7 ‘
N g , \)
L 1
“NH L ~NH
Br 15da 15ea ¢ 15fa
t, 10 min, 74% t, 10 min, 80% 60°C, 2.5 h, 51%7
C; NH ';f NH 'F:)}N\Me
A A \’J\/
— F —
o Lo Xo
| \ 1
NH ~NH —NMe
MeO 15ga ON 15ha 15¢ch
40°C, 2.5 h, 73% 40°C, 36 h, 62%"° tt, 10 min, 86%
HO,C 0,C =\
a5 NH ((5C0aH : 5 NH
‘ = = ‘ = ==
— "/
MeQ” % HN 3N Me = HN
15gc 15hd 15ce
40°C, 36 h, 31% 40°C, 36 h, 42% t, 10 min, 18%

Isolated yields.

0.1 equiv of |, was used in the first step, and another 0.1 equiv of 1, was added in the second step.

£0.15 mmol scale
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{COWEZIN ELE DD, A v R—L & OREA RIS
JEANTHEIT L2RWFE R & 7R o7, ZDT20A v R—L L e
SELBRIC 0L Y BEORKI vRLBMNT S Z L Thdtz

TV PRREOIRTHMY 2155 Z L1k Lz (15fa),

A MFUHESL= A AT L EEICE L Cix40°C (20
BL, SLICOGHMEEETZ & T Wb B
RCTHMMEED Z LN TE7- (150a, 15ha), F7=.

N-methylindole 7= & 2 A, BAFRINETHY 215
5T LITRkB LT (15ch), 3 L@k sH 35614 v K
—NERAWESEICE, 2B T RSN B R A

RUNAZ A2 PREOIWRTHE S Z &2 TE 72 (15gc,

15hd), A v F—AFEEKORDYIZE T — L% H\iz b
A, R E T X B B N B B O
5-(4-methylphenyl)dipyrromethane (15ce) % I 18% T 5
ZEMWTET,

4. MBEROBEFEIVREAVSBRIEMRT—K
REARRRIE

EXNCHBELAPIIRRBREE LTV H, Hif
BRIZBNTRE - RGBSR CEETH
5, EDFERD—> & LT Cross Coupling SIiH83 5 243,
REERORFHDVEFEHFI e 75—,
HPARPHRURLEVSESREOHBAEZH LN TLHUA
L., B SR RERDH B, ZhbEELIZAVENS
WREX, 2 OBRAERMITMYAENRD Z LHBRL,
BERMH L 12D, T, FHAL OB AV b S RIERBE,
TRNX—EORRP L HREER LTS, 2ThboH
# b5, JLEE Cross-Dehydrogenative Coupling (CDC) R:
REBACHEINTVS Y, CDC RIS =20ERZH
B LBHIEEET S Z L2 HERR-—AREESR L
LRR—RREEEZERTIFETHY . RFYHRDORT
v 7Fxa) I—DREPLARBH S, PTH, =&7 3
VEBOEROfIIEBERERBH L RAT EFRER., A
RESD> A A 72 Mannich ¥ A 7O4ARB %, &
Y RIEBEOBEVWER /LIS D, FATHS, S.
Murahashi 5i3r YT AEREAVWS Z LICk > T=RT
IVEOREH YT JERIBICRIIL TS B, (i,
C.-l. Ui HIdRpIRZRA\\3Z LT, ZRT7 IVH LB
DRFERBH L O CDCRIGEZWELTVWBE I, &bl
£, Ir°Ru LV =EBBER T ST EMEBE, BV i Eosin
Y DX 5 2ABOERBHIE R\ 5 CDC RIGHEMKD I v
—ZhoBEINTNE YW, —F, AFNVT ) —DFEL
L T PhI(OAC), ®° DDQ. hr ¥ Y 7 AL F> & AV 3 Fik
REESHTHER D M2 2 Z V7 ) —DFER
BohTW3,

— ., Bt R THEa—FY—RBEE
EREORLAFET. I AV S BERRICHER 23

#F -5 TW3B, BT K. Ishihara & DBRZE L U7 &
=2y Aa—YF2ERIEAXKRD 3 X
tert-butylhydroperoxide % 3:tR{LAI & L THMKEIZAWS
FX, BIERWHR KD B\ iX tert-butanol NHTHB &
WHRIEZELTVS 9, 22 CHE D ILBRLARE
BT, Bka oREME L 35 =87 I VE L RERBA
& D CDC RIS DRNEIT 272,

MR ERNORRE, 0.1 YEOBEa RL 2 4K
DBERLARAFEET. T FFe Fufyx ) U HEe=
ha A& R TRERT 3 Z L THET 5 aza-Henry £
BENERBHZLITRZLE (Table 9), T FFEF
v Y%7V D N7V —NEEORBREICED ST,
Wb BEFRINER T HB D aza-Henry £ 2B Z &
BT& (18aa-18fa), ¥, RBAL L T=buxyr
ZAVERATS, PREIO RGRNRCTENHEZES
Z LR T& e (18ab-18M),

Table 9. lodine catalyzed oxidative aza-Henry reaction

I3 (0.1 equiv)

aq H,05 (2 equiv N.
@i)‘l + RCH3NO, M.. i ; Ar
“Ar (3 mL)

R™ "NO2

16 17 18
S
O T, T
Q2N OoN Me Q2N Cl

18aa 18ba 18ca
40°C, 12 h, 93% 40°C, 12 h, 84% 40 °C, 16 h, 89%?

OMe
“CL L O
02N Br 02N OMe O,N

18da 18ea 18fa
40°C, 16 h, 85%° 40°C, 12 h, 76% 40°C, 12 h, 64%

Uiy Gy iy

O,N™ "Me ON™ "M O,N” "Me OMe
18ab 18bb 18eb
60°C, 12 h, 68%” 40°C, 14 h, 66%° 40°C, 12 h, 43%°
OMe
O
0N "Me

18fb
40°C, 12 h, 55%°

Isolated yields. 2 MeNO,/MeOH (2/1 mL) was used.
bdr = 61:39. ©dr = 65:35. 9 dr = 64:36. °dr = 60:40.

WIZERLAY Mannich RIS IZ W THRE L7 (Table 10),
REEH & LT, BiEAF LV 2F T 5 Dimethyimalonate %
Rl 25, BEF2RIRTHBORE —RFERESTERK
31T L7 (18ac and 18cc), & bizHEMEEh TV
W b 2REFL LTAWEE Z A, BiiRoR#EEH T
IXENORSITEIT LR ofe, LALERD, 5 4&D
H:Re %0 2. 5 & B#{bAY Mannich KIS ASHEIT L, SREAI& L
T7 & bR 4-methyl-2-pentanone 2 V=4, T 5
EFasf Y%/ YV VON-T Y —NVEORREIZEDL LT,
Wh b REFRINERTCHRO Mannich £RWE2B5Z L



40 (EIEEET AN Ry &= AL B

Ak KSR 2 I D BRAE RS DB SE

(ZBE3 DT

M T& 7= (18ad-18ae),
Table 10. lodine catalyzed oxidative Mannich reaction

2 (0.1 equiv) N
3 mL '
( ""') R 18
N
Me @

MeO,C COzMe MeO,C co Me
o 18ad

18ac 18cc
50°C, 12 h, 70%"

40°C, 12 h, 63%° 50 °C, 12 h, 73%7
N N
Me [ :LCI Me [ )\Br

0 o}
18bd 18cd 18dd
40°C, 20 h, 64%" 80 °C, 24 h, 69%" ° 60 °C, 24 h, 76%" ©

0L T

18ed 18ae
40°C, 20 h, 51%° 70°C, 12 h, 67%°

Isolated yields.
@ Dimethylmalonate (1 mL) was used.
b AcOH (5 equiv) was added. © acetone/MeOH (2/1 mL) was used.

ABUSITEAE S v REE T BERRFIC VT

AT 52 &R h o7 (Table11), 0.05 4 EDHAI
FL b YEOFMAE T, BEFFESP, 7 7 FrA
VXU UHE 5 YBEORBANCK L, AT DR
SemPBF LR, BOD v 7Y v SR EINERR LGS
TP LIz, REAIE LT=hrAX o= hax ¥
VERWIRER, 7T e RS YF ) VU DONT Y —

Table 11. Aerobic photo-oxidative CDC reaction

15 (0.05 equiv)
O, visible light
C@L + Nu-H AcOH (5 equiv) N‘A
Ar (5 equiv) MeCN r
16 17 Nu
: }”O :}”O\ :}
O;N” 48aa O,N” 18ba Me O;N 13
12 h, 84% 12 h, 75% 22 h, B4%
: J’ L, : £© : i\@
O:N” 1gea OzN Me Me
5h, 73% 20 h, 74%% 20 h, 64%" 180b

o Yo, Yo

cl cl
e Me0,C~ ~COMe 18ec EtO,C” "CO,EL 18cf

12 h, 53%° 12h, 75%7

N
w L
© cl

O 12h, 320" 18¢d

12 h, 76%7

Isolated yields. @ dr = 63:37. ©dr = 66:34. °dr = 65:35.
92 equivalent of dimethylmalonate was used. ° 2 equivalent of diethylmalonate was used.
f L-Proline (0.1 equiv) was used instead of AcOH.

NEE EOBHILICED ST WIS B RINETHRHO

aza-Henry B 21525 Z L ICEEh L 7= (18aa-18ca, 18ea,

18ab, 18bb, 18eb), F7=, JEMEA F L &2 H T 5 KiZH %

AWGa, BHRNECHMIMEZGL LR TER
(18cc, 18cf), 7 & b & KA & L THWIZGEIZITEE

ORIV IZ 0.1 480D L-proline 2 W5 Z & T, R

DWHFETHR O Mannich A% 15252 LI LTz
(18cd).

RIS ZMA T 520N TOEREZIT- 12
(Scheme 6), 7 hZ7 b ReAYXx /U ix, =&/ —L
H LR EREORKI VHICL->T 34V FrafYF
JUV~NEBILENDZ ENMBNTND 1D, 22T 1
M EOHR T U HEO LR TELE aza-Henry ik % A 7223,
HAOITIRNECH Y | FESEIR Sz (eq. 1, 2), 2

Y B INTN X A a1 7 3 A s ol
BRI THDLZ ENGND, BTV v TFREFRSA LY
4V T NEOREK S URICK D 3 v R biTEm bk
TS, ZOEMHEDO—o L LT—lina v#ETHD
W= U H#ERE (HOD &2 bR TWnWA S, FE, Wil
THEBRDHHDITEDOT 0 hALEERAESE L HiEE L
THI B TU S NallH0y/acid % TG & 1T o7& = A9,
IR —IRFBIEBTED 65%DILR THATT 5 2 &3 bhs
o7 (eq.3), £72. T VHAERTH 5 BHT TR
BIEEAEHE LRV &S ARISIXT VA NVEIET
rnwkEZ 65 (eq.4,5),

U EORREEEE 2 RKED A= AL ELL D LD
IZ#& % 7= (Scheme7), £7°. Wi bAkFEELHNDHEIC

9
N Ph 3NO2 40 o 16a (75%) (1)
17a (3 mL) 12h NO;
18aa (16%)
Iz (1 equiv)
Ny, darik
AcOH (5 equiv)
+ CH3NO, o
CO NO2 —— e 16a (76%) (2)
17a (5 equiv) 12h NO,
18aa (trace)
Nal (1.05 equiv)
aq H202 (20 equiv)
H2S04 (1.25 equiv)
@i}_% + CHaNO; —2 440 o 16a (trace) (3)
16a 17a (3 mL) 12h NO;
18aa (65%)
I3 (0.1 equiv)
aq H037 (2 equiv)
BHT (1 equiv
@CIL Ph+ CH3NO; 4; c ) 16a (trace) (4)
17a (3 mL) 12h NO2
18aa (71%)
I3 (0.1 equiv)
0O;, visible light
BHT (1 equiv)
AcOH (5 equiv)
+ CH3NO 1 o
m o 2 ——een 6a(0%) (5)

17a (5 equiv) 12h NO;
18aa (92%)

Scheme 6. Study of mechanism
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IEEAR S RN S UHEEE (HOD) ~&mfbahd,
FRRERL A TSR T DIEMERL I & Tl Ay, kil
3 URMBEVIIIRFE I UHEET BTV (AcOD) AL
TNAbDEZBZTWAL, RICT hFE R Yx U
16NN OIEEMIC L > THMb S A I =T A3 19 &
20 REFINMINTHZ L CHAM 18 LD, ZDk
/BT % 3 UbKRFITEBLAKETEE T SV onme R
b4 PR L S AL, RS U RSO ITHEE S VRNE
AL, A 7 VRN B EB X TV A,

H20,

1) I, ————— 2HOI

O,, visible light
lp —— 2ROl (R=HorAc)

ROI I NuH
2) N, T~ NV N
“Ar Z A -HI “Ar
16 19

Nu 18

H202

3) HI HOI + H,O

O,, visible light
- "~ s 1, + H0

Scheme 7. Plausible path

5. #&H

LB ARTER LD IC, FEH IO BE, sV Tams
bKFEE O DBALL DR E1T o 12, EOFER. HiK
I THER BN RV KERE L Vol A — REE T,
AF LU T VR VB RIEERRLT D Z LTk
D, ETD7 =TT A REE W Ta,o-Y 7 aEr
NHEENENGD Z LIRS L 2, F7- | Hiks
UREHANWD T Ry MNURDRFEEIT, AT LN
L7 N7z ) VR D RUUALT AT — VRS B R
A RYNAE AR B ZRERAKRT D 2 LT L
7o SOICHKI UHREEMEE L L7 CDC KEDOREHE1T
W, EEEEAKRIFLET 2, BB T 2 omiskt:
TIZRBWT, ZfkT IV RFEREAIOBAL D » 7Y
VIRIGEITH T EIZRBI LTz, 25 ORUSTfiisE & L
TLMCREFIER BRI v R 2V, BEAl L L TReR
i IR NROEmNy T EBBEBB b ARFEE NS, &
V=0 I AN —DOE&SIC#E > T-BILIETHD EE 2
Do
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