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Figure 1. Examples of transition-metal photocatalysts and organophotocatalysts.
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Figure 2. Rhodamine B and rhodamine 6G.
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Figure 3. Oxidative methoxyhydroxylation of cinnamaldehyde derivatives 1
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Figure 4. Photoredox cycles of thodamine 6G.
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Table 1. Methoxyhydroxylation of a,B-unsaturated ketones.
Rhodamine 6G (5 mol%)

&)?\ BrCCls (3 equiv) MeO MeO MeO O
RTTX R2 KOH (2.5 equiv) R1)\H<ph R1J\Hj\ph
> +
3a-e MeOH, rt, white LED OH Br
4a-c 5a-b
M
meo Ve §
MeO,C Ph
6
Entry  Substrate R! R? Time (h)  Product (% yield)
1° 3a Ph Ph 5 4a (45)¢, syn-5a (4)
20 3b 4-F-CsHs Ph 5 4b (53)¢, syn-5b (9)
30 3¢ 4-MeO-CéHs  Ph 5 4c (75)¢
4" 3d 4-MeO-CeHa Me 5 complex mixture
5¢ 3e EtO,C Ph 19 6 (21)

“In the presence of rhodamine 6G (5 mol%), the reactions of 3a-e were carried out with BrCCl;
(3 equiv) and KOH (2.5 equiv) in MeOH with white LED light irradiation at rt. ® Reactions of
3a-d were run under argon atmosphere containing air (ca. 50 mL). ¢ Reaction of 3e was run
under argon atmosphere in the absence of air. “ Based on isolated yields. © 4a-¢ were obtained

as a mixture of diasterecomers (anti:syn = ca. 6:4).
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Methoxyhydroxylation
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Step 2: Ketal formation and substitution
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ba-c ketals F 4a-c

Non-selective generation of radicals from 3d
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3d anion G1 anion G2 anion G3
(Ar = 4-MeO-CgHy,) l Ox l Ox l Ox
0 MeO O MeO O
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Figure 5. Possible reaction pathways.
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) Rhodamine 6G (5 mol%) MeQ_ OMe MeQ OMe
BrCCls (3 equiv), KOH (2.5 equiv) 1O OH
> +
MeOH, rt, white LED OMe OMe
7 8 (60%) after 1 h 9 (not detected)
under Ar containing air
8 (90%) after 20 h
under Ar
Study by Y. Tamura
| MeO\» MeQ MeO OMe !
! OH
| MeOH OMe OMe |

Scheme 1. Alkoxyhydroxylation of cyclohex-2-en-1-one 7.
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Figure 6. Stability of anions and radicals by relative energy.
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O Rhodamine 6G (5 mol%) MeO_OMe CO,Me CO,Me
BrCCl3 (3 equiv), KOH (2.5 equiv)
>~ + +
MeOH, rt, white LED, 3 h OMe OMe OMe
10 under Ar 11 (31%) 12 (10%) 13 (not detected)
0 O Favorskii O,E)OMe
Ox Br rearrangement -
OMe OMe
10 a-brominated ketone
CO,Me Br. CO,Me COMe
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Scheme 2. Oxidative transformation of other cyclic ketones 11 and 13.
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MeOH, rt, white LED, 23 h

14 under air atmosphere

enone

Q Br 0
@AOMe T» é/ﬂome — é}\
HBr
15

16 (52%)

O OMe

Ox
OMe —> 16

acetal

Scheme 3. Oxidative transformation of a,B-unsaturated carbonyl compounds.
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KD C-H #5E ZIEMHALT 28 LWL & U TR & 7o 588 % %1 F 72 [18], 2012 4, DiRocco &
Rovis (%, NHC filtfit & Ru St O WIEHERH ZIEH L7277 V7 & REOR{ER = 2 7 W bK
I 2 A L 72[19],

FEHOMIEETEH, NHC fillit & HHEAREE thodamine 6G DWFEIEMIZIESL v F AT
LT B RBER A OBL T A7 WAL % BR%E L= (Figure 7) [9], AKJSIZBWT, 7478 K
11X, NHC gifAD V7> U w7 A AT L i L, #1825 72 Breslow FKICE R S5,
-5 72 Breslow AL, BMEAEH ZFr oA DIEMEREIC K-> Tk b, £z,
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Rhodamine 6G (5 mol%)
0 Triazolium 17 (5 mol%) 0

BrCCl; (3 equiv)
A : - A ome
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1 MeOH-THF, rt. 3 h 18
white LED
C -
/N\ @
M COZE;A N Me
° A eC| © ©
® Mé cl
EtHN o) NHEt
Rhodamine 6G Triazolium 17
Co-oxidant

+1e

: | +1e
' BrCCl; —> Br+ «CCly! = | C,Cls —— CI® +C,Clg

Figure 7. Cooperative organocatalysis using NHC and rhodamine 6G.
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Breslow R DOELNER TE D Z & AW S4L72[20], % 2T, FFILNHC il & A1
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rhodamine 6G <° eosin Y-Na %Z % 0)75!@]%5’9?3@0 72191,

NHC cycle 18 —N 1
\
N N\
MeOH N, AFQ\\<Q
NHC
o o
/N\Ar N N-ar
J/\\[ | OH
Ar
acyl azoliums Breslow intermediates
CIZC CCI2
Ox 1 <:|3c—c.:c:|3
Cl,C-CCl, ci®
N —N
O’ \ @ O’ \ @
® N N=ar N N\Ar ®
Ho*r el o <= o *+H
r° r°
Ar Ar
L radicals —

Photoredox cycles

Breslow intermediates or radicals

radicals or acyl azoliums \_/)/ Cycle 1\%/

___LED
cle
+ Cl3C— CCIz’K 4 /ﬁ Breslow intermediates or radicals
ClsC—CCl3

radicals or acyl azoliums

+ Cl,C-CCly
Cl,C—CCly

cl®

Figure 8. Possible catalytic cycles for oxidative esterification using C,Cls.
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PR DRI = 2T WALRSIZ I, Jefik & LT
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Table 2. NHC-catalyzed reaction of cinnamaldehyde derivatives 1a and 1b with methanol.

Eosin Y-Na
0 Triazolium 17 (5 mol%) ©

Ar/\)J\H Co-oxidant (3 equiv) N Ar/\)J\OMe

K2CO3 (25 equiv)

1a: Ar=Ph 18a: Ar = Ph
1b: Ar = 4-MeO-CgH,  MeOH-THF, rt 18b: Ar = 4-MeO-CgH,
white LED, Ar (0]
B O ] Q OMe
O * Ar/\)kOMe o Ar

O
Br Br 19a: Ar = Ph MeO
NaO g 0 : 0
Br

ONa
Br di-20a: Ar = Ph
L Eosin Y-Na ] dl-20b: Ar = 4-MeO-CgH,

Entry  Substrate Eosin Y-Na Co-oxidant Time (h)  Product (% yield)

1 1a none none 2 18a (7), 19a (25)

2° 1a none C,Clg 2 18a (54), 19a (9)

3¢ 1a 5 mol% CCls 3 18a (63), dl-20a (25)
4¢ 1b 5 mol% CxCls 3 18b (70), dl-20b (26)
5¢ 1a 5 mol% BrCCls 3 18a (70)

6° 1b 5 mol% BrCCls 3 18b (96)

“In the presence of triazolium 17 (5 mol%) and K>COs (2.5 equiv), all reactions of 1a or 1b
were carried out in MeOH-THF (1:1, v/v) with white LED light irradiation under argon
atmosphere at rt.” C,Cls (3 equiv) was used. ¢ C,Cls or BrCCls (3 equiv) was used in the presence
of eosin Y-Na (5 mol%).

BN, eosin Y-Na & (LA Z2 AW 72 WIERRESM T T, 74T e Ra DORInE T 7=
(entry 1), Z DfER, fafn— 27 /v 19a N EERM & L TR LI, BREAIZ VR WGE
LB REFIT LT & RO AT ALRIGIE, C=CRiADE T &2 1E 5 BRL - & ek L i
TL AT AT NV E 52D 2 ENMBNTE V23], TORELE —H Lz, B\i-Z Lic,
HI9DOBALRI = A7 1K 18a HIE 7% THONIZ &b, YT AT AT E R1a DAk
INEFZILC=CHREAGD BBILH = 2T AL OFIW IR LAl & UCER Lz alietEn s 5,
CoClg Dl & Z 3§ 57212, eosin Y-Na OIEAEE T, CoCls B ¥ wm) & HW TS ZIT 272
(entry 2), CoCls T2 & BRI AT WML AMERE S 4v. BRI OER{LI = R 7 LR
18a DK 54% TR L= D EOAIFI= A7 L 19a & Ak L 72, YIZ, eosin Y-Na (5 mol %)
& CoCle (3 M) & FH W 2 S T ¢, IR b= 2 7 /WAL Z 15 L7 (entry 3), HIfFiH
DIz, fAfIT A7V 19a OARITINSI S, B = X7 /11K 18a 2MUNLE 63% THEH T
M, TS, R dlF20a 23, B DR E LT 25%DIETAR LTz, 723, d-20a O
SRR T, S ST D dl BEERB IO Y BERO THEB X OV PCNMR 7 — % & g
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THZ LWL, dl BERTHD EE LT[22ab], & HIT, ST T, 7T e R
1b OFRLI = AT WALKE Z et LTz & & A L= 2 7 /LK 18b 23U 70% T3 H i,
T 8K dlF20b 1 26% DU TR L7z (entry 4), d-20b ONAK L | HESINTWVWD HEB XY
BCNMR 7—# 06, dl BYEKTH D ERE LT2[22¢,d],

ffn— 27V 19a & &K d-20a 255 5 IV D SOGHEE Z 773 (Figure 9), 241D OAERIT
Breslow KD DIEE D, A= 27/ 19a (%, AT/ T— D71 vk,
ZHUZHES TV U U A Q & MeOH DR L » THERT 5, —FH, &K d-20a X, =/

—FTZRELTERLEZEEBZZXOND, &K d-20a |3, eosin Y-Na DIE(FTE T TlE
R L7Zemnol=Z Evb(entries 1and2), R ET /) 7 — DO F AT AT E K1a~D~A
VAT EE R TIE W E & 2 eosin Y-Na NEEET 5T VW V&5 2 7=,
Tbb, =/ 77—k TiL, Breslow FRAD T P H /L R ~DfL, TV HNLVR DY T A
TATE Ka~OfIN, 73708 OFfc X 2Bz L TAR L EE X T,

MeOH 19
(@] ;
1a protonation NHC
MeOH Ph
NHCl azolium Q
=Ng
N N N~ar O

Q“\ Q

N=ar N~pr
1a Z>OH MeOH Sﬁﬂe
- ) _______ >
Ph
J o o e
Ho NHC

ph” ©
_ Bresloyv homoenolate 00 O
intermediate

enolate T adduct

ON\ ® Red H Ox
N

~N-ar 0

OZN‘@ 1a

N /N\Ar E— = OH OMe

Ph Ph
ZOH Ph Ph
H . MeO
Ph” *
(0]

radical R )
radical S dl-20a

Figure 9. Possible pathways leading to 19a and d/-20a.

ERAEAZ CoCle 225 BrCCLIZER 5 & —BIK dl-20a 35 LU d-20b DI &
AU7=(entries 5 and 6 in Table 2), 7 /L7 & K1a O)i% ., eosin Y-Na (5 mol%)& BrCCls (3 34
2% WO D YIS T T1T 5 &L BRORRER) = 2 7 /LR 18a 3R 70% TiEIRIIZH S



M7 (entry 5) [FIBRIC, BRILAO= AT /LK 18b 1 96%DILF T LAV (entry 6), > F AT
T e M 1a 38 LM 1b O 2T ALK %5 BrCCly ORI 72 h 5233 %
7202, 7 VA VIR Z BrCCl TR 2 SUSHEE 2 %5 % 72 (Figure 10), CxCls & V245
A, TVAVRITVUFTATIVTE K 1a (AL T &K di-20a % 5z % 23 (Figure 9),
BrCCL Z# % &, T U 1/V R BrCCly & (Ui LT B-RBHHIR E 72 5 & 5 % 7= (Figure
10), FEWT, p-RF(LFEENS HBr BT 2 &, 7T U O LR TIAT Y
U he MeOH LS L T, ARIDLERY 18a 5 L1 18b NSNS,

18a, 18b O:N 1a. 1b
oo

NHC
(e oy
N N

ZN=pr N~ar
| @] | OH
Ar Ar
acyl azoliums Breslow intermediates
HBr \; Ox 1 ‘%
N
7 N\Ar
/ N\Ar
e o
B bromlnated «CCl; BrCCly radicals R

intermediates

Figure 10. Possible mechanism for the reaction using BrCCls.

ATV T e FE1a B L Nb ORI = AT ALKIS TIEL, 7 ¥ AV HEE R 23K
IS D72, Clls DEE 27+ 2 DR NETH 7=, £ 2 T, REEFEO R AT~ M
WTC, FVAINHBUEDRISZEIHT 5 Z L &2B 20, SMREEORESREE L LT, 33-V
T =)V T 7 VAT T E R 21 @O R A T AL & R L 72 (Table 3), S AIC
eosin Y-Na & (b2 WV WIERRLSAE T T, 747 & N 21 OIS ETT 5 7 (entry 1),
ZORER, AL AT UK 22 LfIFI= 27 )L 23 DIREWNR, 416 DR THFHILEN
68% THEH Tz, ML= AT AR 22 LEIFI= AT V231X, YU SN T hra~ T
77 4 =X TLC TIEmBECE 0o 72, KIZ, eosin Y-Na OIEFFIE T T, CoCls (3 M)
W TGS ZIT o T2 (entry 2), CCls T 5 & ML= AT ALESMEE S v, B
DAL= AT AR 22 O EEENKRIEIZ E L7228, D E&OfEafn= A7/ 23 4Rk LT,
HEWE 21 B 15%ONERTEIR S22, SffdE 0 | SREEO RS RAE 21 #1795
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&L TV HNVHRRDS BT D e LEOSIFIH S 7o, & BT, eosin Y Na (5mol%) & CoCle
(3 M) & HWW 2 ISR T CRISZAT 9 &0 BRIDR LAY = X 7 /LK 22 3R 94% Tk
RIS 7=, —J5. eosinY-Na(5mol%) & BrCCl; (3 4 &)& 5 & BRbiy= 2T LK
22 DILRNPRE KT L. 76% DUILRTHREWE 21 2N EU S FL7z(entry 4), T O F i3, K
H21 ZHW5 &, BriCCLIZ X5 T ¥ BV H RO B FZCSS 03] S 4, Figure 10 [Z/R L
TR CRUGEIT Lo Z L ZRBE LT D, T72bh, B 21 O AERTH T Oh
AR 22D 7 = = VEEIZ K o TR ZEL S NN EKEEORE 2T VIV Th DT
DIZFUSHEAMEL | BrCCl & L TERNoTe B2 bivd,

Table 3. NHC-catalyzed reaction of 3,3-diphenylacrylaldehyde 21 with methanol. ¢

Eosin Y-Na
Ph O Triazolium 17 (5 mol%) Ph O Ph O
PhMH Co-oxidant (3 eq'ulv) - PhMOMe . Ph)\/U\OM
KoCOs3 (2.5 equiv)
21 MeOH-THF, rt 22 23
white LED, Ar

e

Entry EosinY-Na  Co-oxidant Time (h)  Product (% yield; ratio)

1 none none 3 a mixture of 22 and 23 (68; ca 4:6)
2° none C.Cls 3 a mixture of 22 and 23 (81; ca 20:1)¢
3¢ 5 mol% CCls 3 22 (94)

4¢ 5 mol% BrCCl; 15 22 (12)¢

“ In the presence of triazolium 17 (5 mol%) and K,COs (2.5 equiv), all reactions of 21 were
carried out in MeOH-THF (1:1, v/v) with white LED light irradiation under argon atmosphere
at rt. * CoCls (3 equiv) was used. ¢ C2Clg or BrCCls (3 equiv) was used in the presence of eosin
Y -Na (5 mol%). ¢ The starting material 21 was recovered in 15% yield. ¢ The starting material

21 was recovered in 76% yield.
O op-REFIT LT e NEOBLRT X T LR G

FEfb A= A T WAL BUSIT /S5 eosin Y-Na (5 mol%) & CoCls (3 24 8) % VN D W filfi gk o
AREMEZ TR D 72012, WL 20D o,f—FRAaFn7 LT & RED S %G L 72(Scheme 4),
eosin Y-Na (5 mol%) & C,Cls (3 M &E)E HWT, XUV BT UiFEK 24 O i % 2 FEEAT 9
&L BRI = X T AR 25 DNER 47% TR b, —JF7, BrCCL &= W5 & 26 RSt %
fToTH, BB AT UK 25 DIHEIL 35% Th o7z, YT AT AT E RO afill A F
NIHEAEHEAN LT HE 26 72 FV 5 & LI = 2 T MBS I RANTHETT L 72> 72, CoCle
& BrCCL 2 LW T NDORET TH ., BET X T LK 27 DIRIZ 13% Th oz, &
BT, BTSN EE 28 DRISTH, MR AT /ALET L, BALAEFHE S
Nz A7)V 29 AR LTz,
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o) Eosin Y-Na (5 mol%) @)

L o
MeO N H Trlazolllum 17 (5 m.ol %) MeO N OMe
Co-oxidant (3 equiv)
0 K,CO3 (2.5 equiv) O
24 MeOH-THF, rt 25 (47%) using C,Clg after 2 h
white LED. Ar 25 (35%) using BrCClj after 26 h
o) Eosin Y-Na (5 mol%) O
AN H Triazoli‘um 17 (5 mgl%) AN OMe
Me Co-oxidant (3 equiv) N Me
K2COs (2.5 equiv) 27 (13%) using C,Clg after 3 h
“ MeOH-THF, rt 27(130/0) g 8 c?:|a tef; 15 h
white LED, Ar (13%) using BrCCl, after

Eosin Y-Na (5 mol%)
Triazolium 17 (5 mol%) ¢ o

O‘ H C,Cls (3equiv) O‘ OMe
K>,CO3 (2.5 equiv)
28 MeOH-THF, rt, 3 h 29 (47%)
white LED, Ar

Scheme 4. NHC-catalyzed reaction of several o,-unsaturated aldehydes.
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FHIT, RO TREICE LWL T OO VBMEOG OB % B L. et cH
% rhodamine 6G X eosin Y-Na & I\ 72 ATHOEFE EOAMESAE T T O o p—AREaFn 2 L3R =14k
B OWACSS 2 fEt LT,

HHE AR & L T rhodamine 6G % L 7= o,f—AREIF17 b o OFRLAOZEHTIX, A P
E R UALKEREITL, A hFv b Radvfbanizr¥—wnGoniz, £/, <
OND o, p-AEUFIT b ORLIZER TIE, A FF T b Fed bk Tidnd, 7eE 4 b
X UL ERT 2 Z b oz, 2B ORERN D, LA BrCClL 225 7 ¥ 1 L HIH
K~ORBIFTBE 2O BFENEBELRLISREE TH D Z &V Lz,

NHC filiff & eosin Y-Na YefiliE ot IEHIZ S < a,p-Afafn 7 LT b KO AT
JAL T, Breslow FIRICKIT LN Z2HTH~FH 7 armx & CCls & B CfEHT
LML S, HEELAI CCls & eosin Y-Na & H 3 2 iS00 525, b= 27 1
LRSI R TH D Z L &R LT,
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T

ABFEICBEL T, fehh, SHOEANSY & LB AR, STRIEIEBIRI L X Y
W LET, B SHE & SR TEE £ L MASEIE. )IBREBIEICD & Y 7
L7

KR L . SHATH ¥ LA RS ORYEL, A EA% . RS AR, I
HEf e, KIPREPE L, OB b, BRI T, AR, RIS, B
SN SRS O« T LT
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Experimental Section

General. Infrared spectra were measured on a JASCO FT/IR-4100. '"H-NMR spectra were measured
on a JEOL ECX-400 PSK (400 MHz) with CDCl; as an internal standard (7.26 ppm). '*C-NMR spectra
were measured on a JEOL ECX-400 PSK (100 MHz) with CDCl; as an internal standard (77.0 ppm).
"F-NMR spectra were measured on a JEOL ECX-400 PSK (376 MHz) with C¢Fs as an internal standard
(~=162.2 ppm). High-resolution mass spectra were recorded on a time-of-flight (TOF) mass spectrometer
by use of microTOF-Q LC/ESI-TOF (Bruker Daltonics) and LCMS™-9030 LC/ESI(APCI)-TOF
(Shimadzu) mass spectrometers. For silica gel column chromatography, SiliCycle Inc. SiliaFlash F60

was used. Preparative TLC separations were carried out on precoated silica gel plates (E. Merck 60F2s4).

E—EDOER
TROERBIEL L OMLAEWT — 213, BIHEFHLTHIME L TRV, FERm XD
N & & L Cilisit L72[12],

Typical procedure A for methoxyhydroxylation under argon atmosphere containing air: A 50 mL
round-bottom flask was equipped with crashed KOH (140 mg, 2.5 mmol), undegassing MeOH (10 mL),
3a-c (1.0 mmol), bromotrichloromethane (296 uL, 3.0 mmol) and rhodamine 6G (24 mg, 0.050 mmol)
at room temperature. After the flask was capped with argon-balloon, the stirring reaction mixture was
irradiated with white LED lamp (1000 Im) at room temperature. After being stirred for 5 hours, the
reaction mixture was filtrated with folded filter paper which was then washed with MeOH several times.
The filtrate was concentrated under reduced pressure. Purification of the residue by flash silica gel
column chromatography (AcOEt:hexanes = 1:30—1:3) afforded the methoxyhydroxylated products 4a-
¢ as a mixture of anti/syn-isomers and a-brominated ketones 5a-b. The ratio of 4a-¢ was determined by
"H NMR analysis of the mixture. In the case of 4a-c, second purification of the mixture by preparative

TLC afforded the isolated isomers.

1,1,3-Trimethoxy-1,3-diphenylpropan-2-ol (4a) Following typical procedure A, the reaction of 3a
was carried out. First purification by flash silica gel column chromatography afforded the product 4a
(135 mg, 45%) as a mixture of ca. 6:4 anti/syn-isomers and products 5a (13 mg, 4%). The anti/syn-
isomers was separated by second purification by preparative TLC (chloroform, 2-fold development).
Anti-isomer (Major isomer having the higher polarity): Colorless oil. IR (KBr) 3491 (br), 2940, 1493,
1451 cm™. "H NMR (400 MHz, CDCl3) 8 7.57 (2H, dt, J = 6.9, 1.4 Hz), 7.42-7.33 (3H, m), 7.31-7.15
(3H, m), 7.20 (2H, br dd, J=7.8, 1.6 Hz), 4.19 (1H, dd, /= 6.9, 2.3 Hz), 3.69 (1H, d, /= 6.9 Hz), 3.29
(3H, s), 3.23 (3H, s), 2.97 (3H, s), 2.38 (1H, br d, J = 2.3 Hz). *C{'H} NMR (100 MHz, CDCl3) &
138.8, 137.8, 128.4, 128.1, 127.9 (3C), 127.8, 102.9, 83.2, 76.5, 56.1, 49.7, 49.6. HRMS (ESI'/TOF)
m/z: [M + Na]" Caled for C1sH2204Na: 325.1410, Found: 325.1410.

Syn-isomer (Minor isomer having the lower polarity): Colorless oil. '"H NMR (400 MHz, CDCls) &
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7.56 (2H, dt, J= 6.9, 1.6 Hz), 7.41-7.25 (8H, m), 4.15 (1H, d, /= 2.3 Hz), 3.99 (1H, dd, /= 7.8, 2.3
Hz), 3.29 (3H, s), 3.21 (3H, s), 2.90 (1H, d, J = 7.8 Hz), 2.82 (3H, s). HRMS (ESI"/TOF) m/z: [M +
Na]" Calcd for CisH2,04Na: 325.1410, Found: 325.1409. During NMR measurement, syn-isomer of 4a
was gradually deketalized to give 2-hydroxy-3-methoxy-1,3-diphenylpropan-1-one and methanol in
NMR measuring tube. Syn-2-hydroxy-3-methoxy-1,3-diphenylpropan-1-one: Colorless oil. IR (KBr)
3473 (br), 2930, 1598, 1450, 1263 cm™. '"H NMR (400 MHz, CDCl;) & 7.94 (2H, dd, J = 8.2, 1.4 Hz),
7.62 (1H, tt,J=17.6, 1.4 Hz), 7.51 (2H, br t,J= 7.6 Hz), 7.37-7.28 (5H, m), 5.17 (1H, br d, J = 3.2 Hz),
4.56 (1H, d,J=3.2 Hz), 3.78 (1H, br s) , 3.11 (3H, s). The peak of methanol (2 equiv) was obseved at 6
3.49 (6H, s). *C{'H} NMR (100 MHz, CDCl5) 5 199.3, 137.2, 134.7, 133.7, 128.7, 128.6, 128.3, 128.2,
127.4, 84.2, 79.6, 57.3. The peak of methanol was obseved at 6 50.9. HRMS (ESI*/TOF) m/z: [M +
Na]" Calcd for CisHi603Na: 279.0992, Found: 279.0992.

2-Bromo-3-methoxy-1,3-diphenylpropan-1-one (syn-5a): Colorless oil. IR (KBr) 2931, 1689, 1596,
1449 cm™. '"H NMR (400 MHz, CDCls) & 8.06 (2H, br dd, J = 8.2, 0.9 Hz), 7.62 (1H, m), 7.53-7.39
(7H, m), 5.14 (1H, d, J = 10.1 Hz), 4.86 (1H, d, J = 10.1 Hz), 3.20 (3H, s). *C{'H} NMR (100 MHz,
CDClz) & 193.1, 137.7, 133.8, 130.3, 128.8 (2C), 128.5, 128.3, 128.2, 83.2, 57.7, 47.1. HRMS
(ESI'/TOF) m/z: [M + Na]" Calcd for CiHs"°BrO,Na: 341.0148, Found: 341.0156; [M + Na]* Calcd
for C1His*'BrO,Na: 343.0129, Found: 343.0138.

3-(4-Fluorophenyl)-1,1,3-trimethoxy-1-phenylpropan-2-ol (4b) Following typical procedure A, the
reaction of 3b was carried out. First purification by flash silica gel column chromatography afforded
the product 4b (171 mg, 53%) as a mixture of ca. 6:4 anti/syn-isomers and products 5b (31 mg, 9%).
The anti/syn-isomers was almost separated by second purification by preparative TLC (chloroform, 2-
fold development). Anti-isomer (Major isomer having the higher polarity): Colorless oil. IR (KBr)
3485 (br), 2927, 1604, 1508, 1224 cm™'. "H NMR (400 MHz, CDCls) § 7.54 (2H, m), 7.32-7.27 (3H,
m), 7.19 (2H, dd, J=7.8, 1.6 Hz), 7.07 (2H, m), 4.16 (1H, dd, /=7.3, 1.8 Hz), 3.65 (1H, d, /= 7.3 Hz),
3.29 (3H, s), 3.23 (3H, ), 2.97 (3H, s), 2.37 (1H, br d, J = 1.8 Hz). “C{'H} NMR (100 MHz, CDCl5)
5 162.6 (d, J =247 Hz), 138.6, 133.6 (d, /=3 Hz), 129.7 (d, /=9 Hz), 128.3, 128.0 (2C), 114.6 (d, J
=21Hz), 102.6, 83.2,76.2,56.1,49.7,49.6. F{'H} NMR (376 MHz, CDCl3) § —115.1 (1F, s). HRMS
(ESI'/TOF) m/z: [M + Na]" Calcd for CisH21FO4Na: 343.1316, Found: 343.1316. Syn-isomer (Minor
isomer having the lower polarity): Colorless oil. IR (KBr) 3491 (br), 2940, 1493, 1451 cm™. '"H NMR
(400 MHz, CDCl;) 6 7.53 (2H, m), 7.35-7.25 (§H, m), 7.06 (2H, m), 4.13 (1H, d, J= 2.5 Hz), 3.99 (1H,
dd, J=17.8, 2.5 Hz), 3.26 (3H, s), 3.18 (3H, s), 2.89 (1H, d, J = 7.8 Hz), 2.84 (3H, s). *C{'H} NMR
(100 MHz, CDClz) 6 162.6 (d, J =247 Hz), 140.1, 133.5, 129.5 (d,J=9 Hz), 128.3, 127.8, 127.1, 114.4
(d,J=21Hz), 102.4,79.7,76.3, 56.0, 49.4, 49.1. F{'H} NMR (376 MHz, CDCl3) § —115.4 (1F, s).
HRMS (ESI"/TOF) m/z: [M + Na]* Calcd for CisH2 FO4Na: 343.1316, Found: 343.1319.

2-Bromo-3-(4-fluorophenyl)-3-methoxy-1-phenylpropan-1-one (syn-5b): Colorless oil. IR (KBr)
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2925, 1689, 1598, 1507 cm™. '"H NMR (400 MHz, CDCls) 8 8.08 (2H, m), 7.48-7.39 (5H, m), 7.18 (2H,
m), 5.07 (1H, d, J = 9.8 Hz), 4.83 (1H, d, /= 9.8 Hz), 3.19 (3H, s). “C{'H} NMR (100 MHz, CDCls)
d 191.6, 166.1 (d, J = 257 Hz), 137.6, 132.5 (d, J = 3 Hz), 131.6 (d, J = 10 Hz), 128.9, 128.4, 128.2,
116.0 (d, J =22 Hz), 83.2,57.7,47.1. YF{'H} NMR NMR (376 MHz, CDCls) 5 —104.3 (1F, s). HRMS
(ESI'/TOF) m/z: [M + Na]* Calcd for Ci¢H14”’BrFO>Na: 359.0053, Found: 359.0051; [M + Na]" Calcd
for CisH14*'BrFO,Na: 361.0035, Found: 361.0030.

1,1,3-Trimethoxy-3-(4-methoxyphenyl)-1-phenylpropan-2-ol (4c) Following typical procedure A,
the reaction of 3¢ was carried out. First purification by flash silica gel column chromatography afforded
the product 4¢ (261 mg, 75%) as a mixture of ca. 6:4 anti/syn-isomers. The anti/syn-isomers was
separated by second purification by preparative TLC (acetone:chloroform = 1:20, 2-fold development).
Anti-isomer (Major isomer having the higher polarity): Colorless oil. IR (KBr) 3505 (br), 2939, 1611,
1512, 1448 cm’'. '"H NMR (400 MHz, CDCls) & 7.56 (2H, br dt, J = 6.4, 1.6 Hz), 7.42-7.33 (3H, m),
7.13 (2H, dt,J=8.7,2.3 Hz), 6.83 (2H, dt,J=8.7,2.3 Hz), 4.16 (1H, dd, ] = 6.9, 1.8 Hz), 3.78 (3H, s),
3.64 (1H, d,J=6.9 Hz), 3.28 (3H, s), 3.24 (3H, ), 2.96 (3H, s), 2.38 (1H, d, /= 1.8 Hz). *C{'H} NMR
(100 MHz, CDCl3) 6 159.1, 137.7, 130.6, 129.4, 128.0, 127.8 (2C), 113.3, 102.9, 82.6, 76.4, 55.8, 55.1,
49.7 49.6. HRMS (ESI"/TOF) m/z: [M + Na]" Calcd for C19H240sNa: 355.1516, Found: 355.1521. Syn-
isomer (Minor isomer having the lower polarity): Colorless oil. IR (KBr) 3540 (br), 2939, 1611, 1512,
1247 cm™. "TH NMR (400 MHz, CDCl3) § 7.54 (2H, br dt, J = 6.9, 1.4 Hz), 7.40-7.30 (3H, m), 7.19 (2H,
dt, J=38.7,2.3 Hz), 6.85 (2H, dt, J= 8.7, 2.3 Hz), 4.07 (1H, d, J= 2.7 Hz), 3.99 (1H, dd, /= 7.8, 2.7
Hz), 3.80 (3H, s), 3.28 (3H, s), 3.18 (3H, ), 2.93 (1H, d, J = 7.8 Hz), 2.80 (3H, s). *C{'H} NMR (100
MHz, CDCl3) 6 159.1, 137.7, 132.3, 128.3, 127.9, 127.7, 127.6, 113.6, 102.7, 79.3, 76.6, 55.7, 55.2,
49.4,49.1. HRMS (ESI"/TOF) m/z: [M + Na]* Calcd for Ci9H240sNa: 355.1516, Found: 355.1509.

Typical procedure B for oxidation under argon atmosphere: Under argon atmosphere, to flask
containing crashed KOH (140 mg, 2.5 mmol) was added a solution of 3e (204 mg, 1.0 mmol),
bromotrichloromethane (296 uL, 3.0 mmol) and rhodamine 6G (24 mg, 0.050 mmol) in degassing
MeOH (10 mL) at room temperature. The stirring reaction mixture was irradiated with white LED lamp
(1000 Im) at room temperature. After being stirred for 5 hours, the reaction mixture was filtrated with
folded filter paper which was then washed with MeOH several times. The filtrate was concentrated
under reduced pressure. Purification of the residue by flash silica gel column chromatography
(AcOEt:hexanes = 1:10—1:2) afforded the products 6 (53 mg, 21%).

Methyl 2,2-dimethoxy-4-oxo-4-phenylbutanoate (6): Colorless oil IR (KBr) 2952, 1763, 1743, 1688,
1448, 1208 cm™'. "H NMR (400 MHz, CDCls) 8 7.94 (2H, dd, J=8.2, 1.4 Hz), 7.58 (1H, tt, J=7.3, 1.4
Hz), 7.47 (2H, m), 3.80 (3H, s), 3.70 (2H, s), 3.31 (6H, s). *C{'H} NMR (100 MHz, CDCls) § 194.9,
168.7, 136.3, 133.5, 128.7, 128.1, 99.9, 52.7, 50.0, 42.2. HRMS (ESI'/TOF) m/z: [M + Na]" Calcd for
C13H160sNa: 275.0890, Found: 275.0888.

22



2,2,4-Trimethoxycyclohexan-1-ol (8): Following typical procedure B, the reaction of 7 (96 mg, 1.0
mmol) was carried out for 20 hours. Purification by flash silica gel column chromatography
(AcOEt:hexanes = 1:6—1:2) afforded the product 8 (171 mg, 90%) as a mixture of ca. 5:1 diastereomers.
Since 8 was obtained as ca 5:1 mixture, the presence of diasterecomers precluded a comprehensive
assignment of all proton and carbon resonances. Colorless oil. IR (KBr) 3474 (br), 2943, 1452 cm™. 'H
NMR (400 MHz, CDCls) 6 3.72 (5/6H, m), 3.55 (1/6H, dd, J = 8.2, 3.2 Hz), 3.41 (3/6H, s), 3.39 (3/6H,
s), 3.322 (15/6H, s), 3.318 (15/6H, s), 3.30 (15/6H, s), 3.36-3.30 (9/6H, m), 2.59 (1/6H, d, J= 3.2 Hz),
2.22 (5/6H,d,J=4.6 Hz),2.17 (5/6H, ddd, J=13.8, 4.1, 1.8 Hz), 2.05-1.85 (13/6H, m), 1.60-1.24 (3H,
m). BC{'H} NMR (100 MHz, CDCI3) 6 100.1, 99.3, 81.6, 77.7, 75.9, 72.7, 57.3, 56.3, 50.6, 49.6, 48.6,
35.1, 30.7, 27.7, 27.0, 26.8, 18.4; One carbon peak of minor isomer was missing due to overlapping.
HRMS (ESI*/TOF) m/z: [M + Na]" Calcd for CoH1s04Na: 213.1097, Found: 213.1101.

2,2,4-Trimethoxycycloheptan-1-ol (11). Following typical procedure B, the reaction of 10 (110 mg,
1.0 mmol) was carried out for 3 hours. Purification by flash silica gel column chromatography
(AcOEt:hexanes = 1:10-1:2) afforded the product 11 (64 mg, 31%) and 12 (17 mg, 10%). Colorless oil.
IR (KBr) 3480 (br), 2938, 1456 cm™'. 'TH NMR (400 MHz, CDCls) & 3.85 (1H, m), 3.39 (1H, m), 3.30
(3H, s), 3.29 (3H, s), 3.28 (3H, s), 2.64 (1H, d, /= 2.3 Hz), 2.31 (1H, dd, J = 15.1, 4.3 Hz), 2.00 (1H,
m), 1.82-1.46 (6H, m). *C{'H} NMR (100 MHz, CDCl5) 8 101.3, 76.8, 73.4, 56.2, 49.1, 48.9, 37.6,
33.0, 30.6, 17.9. HRMS (ESI"/TOF) m/z: [M + Na]* Calcd for CioH2004Na: 227.1254, Found: 227.1267.
Methyl 3-methoxycyclohex-1-ene-1-carboxylate (12). Colorless oil. IR (KBr) 2943, 1719, 1437, 1264
cm™. "TH NMR (400 MHz, CDCl3) 8 6.94 (1H, m), 3.89 (1H, m), 3.74 (3H, s), 3.41 (3H, s), 2.28-2.24
(2H, m), 1.92-1.78 (2H, m), 1.62-1.51 (2H, m). *C{'H} NMR (100 MHz, CDCl;) & 167.7, 137.6, 132.7,
74.5,56.3,51.8,27.3,24.3, 19.2. HRMS (ESI"/TOF) m/z: [M + Na]" Calcd for CoH1403Na: 193.0835,
Found: 193.0835.

3-Bromo-3-(methoxymethyl)bicyclo[2.2.1]heptan-2-one (15). Following typical procedure B, the
reaction of 14 (122 mg, 1.0 mmol) was carried out for 5 hours. Purification by flash silica gel column
chromatography (AcOEt:hexanes = 1:20—1:6) afforded the product 15 (183 mg, 79%). Colorless oil. IR
(KBr) 2986, 1756, 1452 cm™. '"H NMR (400 MHz, CDCl3) 6 3.74 (1H, dt, J = 11.9, 1.4 Hz), 3.59 (1H,
dt, J=11.9, 1.4 Hz), 3.44 (3H, s), 2.95 (1H, br m), 2.76 (1H, br m), 2.33 (1H, br d, J = 11.0 Hz), 1.93-
1.68 (3H, m), 1.63 (1H, br d, J = 11.0 Hz), 1.50 (1H, m). “C{'H} NMR (100 MHz, CDCl3) & 210.2,
74.4, 66.3, 59.7, 49.5, 47.8, 36.7, 24.1, 23.3. HRMS (ESI/TOF) m/z: [M + Na]® Calcd for
CoH137’BrOsNa: 254.9991, Found: 254.9994; [M + Na]* Calcd for CoH; 3" BrO,Na: 256.9971, Found:
256.9975.

3-Bromo-3-(dimethoxymethyl)bicyclo[2.2.1]heptan-2-one (16): The reaction of 14 (122 mg, 1.0

mmol) was carried out for 23 hours under air atmosphere. Purification by flash silica gel column

23



chromatography (AcOEt:hexanes = 1:20—1:6) afforded the product 16 (136 mg, 52%).Colorless oil. IR
(KBr) 2931, 1759, 1449 cm™. '"H NMR (400 MHz, CDCl;) 6 4.75 (1H, s), 3.58 (3H, s), 3.48 (3H, s),
2.92 (1H, br m), 2.72 (1H, br m), 2.26-2.20 (2H, m), 1.81 (1H, m), 1.67-1.56 (3H, m). *C{'H} NMR
(100 MHz, CDCl3) & 209.6, 109.7, 68.1, 59.6, 58.3, 50.4, 47.1, 37.1, 24.3, 23.6. HRMS (ESI'/TOF)
m/z: [M + Na]" Caled for CjoH;s”’BrO;Na: 285.0097, Found: 285.0097; [M + Na]® Caled for
CioH1s*'BrOsNa: 287.0077, Found: 287.0077.

Calculation study

Calculation studies were performed on Density Functional B3LYP 6-311+G** by using Spartan '14 and
'18 (WAVEFUNCTION, INC). The energies of anions K-L and radicals N-M at ground state were
calculated (Table 4). These calculation results indicate that anion K (Eanion = 0 kJ/mol) is stabler than
anion L (Eanion = 19 kJ/mol). In the case of radicals, radical N (Eragicat = —11 kJ/mol) is stabler than
radical M (Eragical = 0 kJ/mol) generated by the oxidation of anion K.

Table 4. The energies of anions K-L and radicals N-M at ground state.

Anion Energy of equilibrium Radical Energy of equilibrium
geometry (kJ/mol) geometry (kJ/mol)
O@ —1112705.67 0 —1112528.66
©\OMG é\OMe
Anion K Radical M
O@ —1112686.84 0 —1112539.85
i “OMe % OMe
Anion L Radical N
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General procedure for oxidative esterification using C>Clg: A suspension of powdered K,CO3 (172
mg, 1.25 mmol) in dehydrated THF-MeOH (1:1 v/v, 5 mL) was degassed using three pump-thaw cycles
under argon atmosphere at 0 °C. To this suspension were added aldehyde (0.5 mmol), hexachloroethane
(355 mg, 1.5 mmol), triazolium 17 (6.6 mg, 0.025 mmol) and eosin Y -Na (16 mg, 0.025 mmol) at room
temperature. The stirring reaction mixture was irradiated with white LED lamp (1000 lm) at room
temperature. After being stirred for 2-26 hours, the reaction mixture was filtrated with folded filter paper
which was washed with MeOH several times. The filtrate was concentrated under reduced pressure.

Purification of the residue by flash silica gel column chromatography afforded ester.

Methyl cinnamate (18a) Following general procedure, the reaction of 1a was carried out for 3 hours.
Purification by flash silica gel column chromatography (AcOEt:hexanes = 0:1-1:1) afforded the
products 18a (51 mg, 63%) and d/-20a (20 mg, 25%). Colorless crystals. Mp 33-35 °C (hexanes). IR
(KBr) 2952, 1719, 1637, 1315, 1278 cm™'. '"H NMR (400 MHz, CDCls) 8 7.70 (1H, d, J = 16.0 Hz),
7.53 (2H, m), 7.39 (3H, m), 6.45 (1H, d, J = 16.0 Hz), 3.81 (3H, s). *C{'H} NMR (101 MHz, CDCls)
0 167.4, 144.9, 1344, 130.3, 128.9, 128.1, 117.8, 51.7. HRMS (ESI'/TOF) m/z: [M + Na]" Calcd for
CioH1002Na: 185.0573, Found: 185.0571.

Dimethyl dI-3,4-diphenylhexanedioate (d/-20a) Colorless oil. IR (KBr) 3030, 2952, 1738, 1437, 1257
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cm’. 'TH NMR (400 MHz, CDCl;) 8 7.20-7.12 (6H, m), 6.90-6.86 (4H, m), 3.55 (6H, s), 3.50 (2H, m),
2.74 (2H, dd, J = 15.6, 6.0 Hz), 2.63 (2H, dd, J = 15.6, 8.2 Hz). 3C{'H} NMR (101 MHz, CDCls) §
172.5, 139.9, 128.7, 127.8, 126.7, 51.7, 46.2, 37.5. HRMS (ESI'/TOF) m/z: [M + Na]" Calcd for
Cy0H2204Na: 349.1410, Found: 349.1409.

Methyl (E)-3-(4-methoxyphenyl)acrylate (18b) Following general procedure, the reaction of 1b was
carried out for 3 hours. Purification by flash silica gel column chromatography (AcOEt:hexanes = 0:1—
1:1) afforded the products 18b (67 mg, 70%) and dI-20b (25 mg, 26%). Colorless crystals. Mp 85-86 °C
(hexane). IR (KBr) 2952, 1716, 1604, 1513, 1255 cm™. "H NMR (400 MHz, CDCl5) 8 7.65 (1H, d, J =
16.0 Hz), 7.47 (2H, d, J = 8.7 Hz), 6.90 (2H, d, J = 8.7 Hz), 6.30 (1H, d, J = 16.0 Hz), 3.84 (3H, s),
3.79 (3H, s). PC{'H} NMR (101 MHz, CDCl3) 5 167.8, 161.4, 144.5,129.7, 127.1, 115.3, 114.3, 55.4,
51.6. HRMS (ESI'/TOF) m/z: [M + Na]* Calcd for C;1Hi,03Na: 215.0679, Found: 215.0689.

Dimethyl dl-3,4-bis(4-methoxyphenyl)hexanedioate (d/-20b) Colorless oil. IR (KBr) 2952, 1737,
1611, 1513, 1251 em™. "H NMR (400 MHz, CDCl3) § 6.77 (2H, br d, J = 8.7 Hz), 6.72 2H, br d J =
8.7 Hz), 3.76 (6H, s), 3.56 (6H, s), 3.40 (2H, br m), 2.69 (2H, dd, J = 15.6, 6.0 Hz), 2.54 (2H, dd, J =
15.6, 8.7 Hz). *C{'H} NMR (101 MHz, CDCl3) 6 172.7, 158.2, 131.8, 129.8, 113.1, 55.1, 51.6, 45.4,
38.0. HRMS (ESI"/TOF) m/z: [M + Na]" Calcd for C22H260sNa: 409.1622, Found: 409.1605.

Methyl 3,3-diphenylacrylate (22) Following general procedure, the reaction of 21 was carried out for
3 hours. Purification by flash silica gel column chromatography (AcOEt:hexanes = 0:1-1:6) afforded
the product 22 (112 mg, 94%). Colorless oil. IR (KBr) 3057, 2949, 1726, 1616, 1265, 1166 cm™. 'H
NMR (400 MHz, CDCl5) & 7.41-7.21 (10H, m), 6.38 (1H, s), 3.62 (3H, s). *C{'H} NMR (101 MHz,
CDCl) 6 166.4, 157.1, 140.8, 138.8, 129.4, 129.1, 128.4, 128.3, 128.2, 127.9, 116.8, 51.2. HRMS
(ESI"/TOF) m/z: [M + Na]" Calcd for Ci6Hi40:Na: 261.0886, Found: 261.0904.

Methyl 6-methoxy-2H-chromene-3-carboxylate (25) Following general procedure, the reaction of 24
was carried out for 2 hours. Purification by flash silica gel column chromatography (AcOEt:hexanes =
0:1-1:4) afforded the product 25 (52 mg, 47%). Colorless crystals. Mp 52-53 °C (CH»Cl:-hexane). IR
(KBr) 2952, 1708, 1641, 1579, 1492, 1238 cm™. "H NMR (400 MHz, CDCl3) 8 7.41 (1H, t,J = 1.4 Hz),
6.80 (2H, m), 6.68 (1H, t, J = 1.6 Hz), 4.93 (2H, d, J = 1.4 Hz), 3.82 (3H, s), 3.77 (3H, s). *C{'H}
NMR (101 MHz, CDCls) & 165.0, 154.3, 149.1, 133.7, 123.3, 121.5, 117.6, 116.8, 113.1, 64.4, 55.8,
51.9. HRMS (ESI'/TOF) m/z: [M + Na]* Caled for Ci2H204Na: 243.0628, Found: 243.0640.

Methyl (E)-2-methyl-3-phenylacrylate (27) Following general procedure, the reaction of 26 was
carried out for 3 hours. Purification by flash silica gel column chromatography (AcOEt:hexanes = 0:1—
1:6) afforded the product 27 (12 mg, 13%). Colorless oil. IR (KBr) 2951, 1714, 1636, 1492, 1435

cm™. "TH NMR (600 MHz, CDCl3) 6 7.70 (1H, q, J = 1.5 Hz), 7.40-7.31 (5H, m), 3.82 (3H, s), 2.12 (3H,
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d,J=1.5Hz). BC{'H} NMR (162 MHz, CDCL3) 5 169.2, 138.9, 135.8, 129.6, 128.3 (2C), 128.2, 52.1,
14.1. HRMS (ESI*/TOF) m/z: [M + Na]* Caled for C1;H1,0:Na: 199.0730, Found: 199.0743.

Methyl 1-chloro-3,4-dihydronaphthalene-2-carboxylate (29) Following general procedure, the
reaction of 28 was carried out for 3 hours. Purification by flash silica gel column chromatography
(AcOEt:hexanes = 0:1-1:3) afforded the product 29 (52 mg, 47%). Colorless oil. IR (KBr) 2950, 1724,
1709, 1603, 1566, 1433, 1281, 1200 cm™. 'H NMR (400 MHz, CDCl;) & 7.80 (1H, m), 7.32-7.27 (2H,
m), 7.17 (1H, m), 3.85 (3H, s), 2.86 (2H, dd, J= 8.7, 6.4 Hz), 2.70 (2H, m). *C{'H} NMR (101 MHz,
CDCl3) 6 167.3, 137.2, 135.1, 1324, 129.8, 127.2, 126.9, 126.7, 126.3, 52.0, 27.5, 26.4. HRMS
(ESI'/TOF) m/z: [M + Na]" Calcd for C12H;1**Cl1O,Na: 245.0340, Found: 245.0338 and Calcd for
C12H1*’ClO;Na: 247.0314, Found: 247.0290.
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